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High-Throughput Heterogeneous Catalytic Science


Reed J. Hendershot,[a, c] Christopher M. Snively,[a, b] and Jochen Lauterbach*[a]


Introduction


The theoretical parameter space for possible active catalytic
materials combinations is larger than 38 million combina-
tions for 10 elements at 25 different concentration levels.[1]


When one, in addition, considers the variety of preparation
methods and reaction conditions that a given catalyst could
be subjected to, the total number of possible experimental
combinations grows even larger. It is therefore easy to un-
derstand the appeal of high-throughput experimentation
(HTE) in catalysis. The application of HTE to the develop-
ment and study of heterogeneous catalysts in particular has
experienced significant growth recently. For instance, the
number of scientific publications referring to HTE in heter-


ogeneous catalysis has grown exponentially since 1991, as
can be seen in Figure 1, which shows the results of a search
performed using the phrase “high and throughput and cata-
lyst*” on the ISI Web of Science database. Similarly, a large
number of high-throughput patents and pending applications
have been submitted by various companies and universi-
ties.[2]


The Early Beginnings


The genesis of combinatorial experimentation in materials
science has been reviewed recently by Schubert et al.,[3] in
which they discuss “combinatorial” experiments that have
been performed as early as the late 1800s. In 1970, Hanak
outlined the basic methodology still in use today in high-
throughput experimentation, seen in Figure 2,[4] when he
searched for new binary superconducting compositions. To
our best knowledge, the first reference in the open scientific
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Figure 1. Numbers of papers published each year related to high-through-
put catalysis. The line shows an exponential fit to the frequency of papers
each year. Note: The data for 2004 are an extrapolation based on the
number of papers in the ISI database on May 15, 2004.
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literature in heterogeneous catalysis that refers to the use of
parallel reactors to study catalysts appeared as early as
1980.[5] The authors later reported that the idea of testing
catalysts in parallel was not seen as very novel to catalysis
researchers at that time, and therefore few detailed reports
appeared about parallel reactors in the open literature.[6] In
1986, Creer et al. published a detailed report about the im-
plementation and verification of six parallel reactors for
testing heterogeneous catalysts.[7] Figure 3 is a reproduction
of the schematic of their “automatic catalyst screening mi-
croreactor system.” This publication clearly describes the
multiple sample concept in heterogeneous catalysis. It has
unfortunately not received much credit from the high-
throughput community, as can be seen from the fact that it
had only five citations as of May 2004. These initial studies,
however, already demonstrated the allure of high-through-
put experimentation to catalysis researchers.


An excellent review of the field of high-throughput heter-
ogeneous catalysis was published by Senkan in 2001,[1] and
the majority of the work cited there will not be repeated in
this article. Likewise, the patent literature will not be re-
viewed since this was recently covered by Dar.[2] This article
will mainly focus on recent advances in the field of high-
throughput studies of heterogeneous catalysts, reported in
the open scientific literature, demonstrating the evolution of
the field from often qualitative studies to more quantitative
experimental studies incorporating chemical and statistical
models. This brings us closer to the development of new cat-


alysts and, even more important, will aid us in acquiring
new scientific understanding of heterogeneous catalysts
using the high-throughput methodology.


The Maturation of High-Throughput
Experimentation


The argument has often been presented that data collected
through high-throughput experimentation has only modest
scientific value, because the data were not collected in the
traditional, one-at-a-time approach and therefore the quality
must be reduced. Indeed, initial studies in high-throughput
experimentation, as applied to heterogeneous catalysis, fre-
quently focused on rapid and qualitative yes/no answers to
catalytic activity questions. Researchers were chiefly con-
cerned with the development of techniques to screen very
large arrays of catalysts, a so-called primary screen. As the
field progressed, an increasing number of studies displayed
the development of experimental methodologies that were
more quantitative and comparable to the traditional single
reactor studies. In addition to quantitative catalytic testing
tools, high-throughput characterization techniques have also
been developed to aid in understanding catalytic behavior.
The large quantities of data collected, and the large parame-
ter space that can now systematically be investigated in
high-throughput experimentation, also led to the need to
implement experimental planning and data analysis tools to
navigate the multidimensional experimental space. All of
these recent developments demonstrate the evolution of
high-throughput catalytic science from high-throughput
screening.


Synthesis of Catalysts


Although the main focus of this article is the recent devel-
opment of high-throughput screening methods, we will brief-


Figure 2. A representative flow chart of the high-throughput experimen-
tation paradigm. This Figure was first published in 1970. Reproduced
with permission from J. Mat. Sci. 1970, 5, 964–971. Copyright 1970 Chap-
man and Hall Ltd.


Figure 3. Six channel reactor for heterogeneous catalyst testing first published in 1986. Reproduced with permission from Appl. Catal. 1986, 22, 85–95.
Copyright 1986 Elsevier Science Publishers B.V.
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ly review synthetic methods for solid state material libraries.
For primary screens, continuous compositional spreads or
discrete compositions can be employed.[8] Such libraries are
typically produced using techniques such as rf sputtering,
pulsed laser deposition, molecular beam epitaxy, and chemi-
cal vapor deposition.[8,9]


Although useful for the primary screening of composi-
tions, it can be difficult to extrapolate final catalyst proper-
ties from thin film libraries to supported catalyst materials.
For supported heterogeneous catalysts, a typical synthesis
requires the reaction of solution precursors with support
materials. Liquid precursors can be used with automated
dispensing robots to synthesize libraries of more realistic
catalytic materials. Another approach was developed for
parallel hydrothermal synthesis for zeolites.[10]


The design of libraries is another research area that con-
nects directly with the various synthetic methods. The syn-
thesis of supported catalysts has a multitude of variables, in-
cluding precursor materials, support materials, mixing tem-
perature, and calcinations parameters. Different approaches
within the design of experiments (DOE, see below) meth-
ods, such as split/pool synthesis can be used to initially de-
termine library composition and synthesis control varia-
bles.[8,9]


High-Throughput Screening


One of the first approaches reported in the mid-1990s in
high-throughput heterogeneous catalysis consisted of a reac-
tor capable of holding 16 catalyst pellets combined with an
infrared camera for analyzing the temperature of the pellets
under reaction conditions. The system was used to test the
catalytic activity of 16 catalysts for the oxidation of H2.


[11]


Temperature differences upon catalyst light-off were detect-
ed in parallel, as seen in Figure 4, indicating relative activity
differences. Later, IR thermography was extended to less
exothermic reactions[12] and even to endothermic reac-
tions.[13]


Another pioneering approach applied resonance-en-
hanced multiphoton ionization (REMPI) to rank various
catalysts for the conversion of cyclohexane to benzene.[14]


Although it was stated that quantitative studies were possi-
ble, no attempts to correlate the signal intensity to the con-
centration were shown. This technique was well suited for
the reaction studied, but has been found to be difficult to
apply to a larger diversity of reactions. To the best of our
knowledge, there have been no published reports detailing
the use of REMPI to study catalysts since these early re-
ports, possibly due to its difficulty in implementation.


These initial studies concentrated on the development of
screening tools for catalytic activity through heats of reac-
tion or the monitoring of a single reaction product. Howev-
er, this is often insufficient for more detailed studies and
consequently, more quantitative experimental methodolo-
gies that incorporated selectivity measurements were devel-
oped.


High-Throughput Experimentation under Realistic
Conditions


For most applications, the selectivity of a catalyst is more
important than its activity. To this end, the development of
high-throughput tools to test the activity and selectivity of
heterogeneous catalysts were developed. Research efforts
were focused on three fronts: the development of reactors
capable of testing multiple catalysts under realistic condi-
tions, the development of analytical techniques to quantify
the reaction products, and the development of analytical
tools capable of high-throughput characterization.


Most of the initial work on the development of reactors
for high-throughput testing of heterogeneous catalysts con-
sisted of the development of reactor systems amenable to a
specific analytical technique.[11, 12,15,16] Many researchers
began to recognize the value in developing high-throughput
reactors that tested catalysts under nearly conventional con-
ditions.[17] The results from these reactors could be validated
using accepted techniques, and the confidence in the data
quality thereby increased. One of the first academic groups
to report on the development and testing of such a reactor
was the research group of Sch�th.[18] They developed a flow
through reactor capable of testing 16 catalysts simultaneous-
ly under well controlled similar conditions, and compared
results to conventional catalytic studies. They found that


Figure 4. The first implementation of parallel catalyst activity screening
employed IR thermography during H2 oxidation. In this experiment, the
Ir, Pd, Pt, and Rh catalysts are identified as the most active. Reproduced
with permission from Ind. Eng. Chem. Res. 1996, 35, 4801–4803. Copy-
right 1996 American Chemical Society.
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their high-throughput experimental setup gave results simi-
lar to single reactor studies. They further developed a paral-
lel reactor that could be pressurized to 50 bar and test 25
catalysts in gas or liquid phase reactions.[19, 20] Other research
groups also developed reactors to test catalysts under realis-
tic conditions.[21–23]


Our group developed a high-throughput reactor that ther-
mally isolated each reactor channel and maintained plug
flow conditions for all reactor channels.[24] For example, our
reactor is capable of following oscillations in temperature
and reaction products during reaction over supported transi-
tion metal catalysts during CO oxidation. Thus, it was dem-
onstrated that it was possible to investigate not only steady
state reactions, but also transient and non-linear phenomena
in a high-throughput fashion.


To progress towards high-throughput catalytic science,
chemically sensitive and quantitative high-throughput ana-
lytical tools must be developed to enable researchers to
study and compare the selectivity as well as the activity of
multiple catalysts. The majority of high-throughput analyti-
cal techniques consisted of the adaptation of traditional ana-
lytical tools to high-throughput experimentation. The mass
spectrometer has proven to be one of the most popular ana-
lytical tools due to its analysis speed, established technology,
and versatility. Various approaches have been developed to
transport the reaction products corresponding to different
catalysts to the mass spectrometer. These techniques ranged
from the straightforward use of switching valves,[23,25,26] to
the more complex use of x,y,z motion control devices.[15,27]


Other analytical tools followed similar methods of adapta-
tion of existing technologies to the analysis of multiple cata-
lysts. These techniques included the use of gas chromatogra-
phy,[20, 21,28,29] gas sensors,[30] and other analytical techni-
ques.[16,26, 31] One technique implemented the use of a focal
plane array detector in place of the standard single element
IR detector in traditional IR spectroscopy, allowing the col-
lection of spatially resolved IR spectra.[32] This instrument
was the first chemically sensitive, quantitative, and parallel
analytical technique applied to high-throughput experimen-
tation.[26,33,34] More, recently this analytical tool has been ex-
tended to the analysis of multiple transient reactions in par-
allel.[35] One of the important uses of this rapid chemically
sensitive parallel technique is the ability to observe transient
reaction products, as seen in Figure 5. Here the absorbance
intensity of the antisymmetric stretching band of nitrous
oxide (N2O) at 2240 cm�1 is followed for 16 NOx storage
and reduction (NSR) catalysts[36] during a change in the re-
action conditions from fuel rich to fuel lean. The reaction
products were monitored using FTIR spectroscopic imaging
of the products from 16 parallel reactors. In Figure 5a, the
intensity of the N2O band is minimal in the effluent from all
16 reactors. In Figure 5b–f, the intensity of the N2O band in-
creases for 7 of the reactors and then decays to a small
steady state value. Without the temporal analysis, the identi-
fication of N2O would not have been possible and a key re-
action intermediate would have gone undetected. In a relat-
ed transient study development, a temporal-analysis-of-


product (TAP) reactor has been constructed that permitted
the rapid sequential TAP testing of up to 12 catalysts.[37]


These developments of analytical techniques that can per-
form transient studies in a high-throughput manner extend-
ed the usefulness of high-throughput experimentation fur-
ther into the kinetic modeling community. Transient studies
are beneficial for distinguishing between competing kinetic
models and in extracting kinetic and thermodynamic con-
stants.


High-Throughput Catalyst Characterization


To further advance the field of high-throughput experimen-
tation from one of empirical models to truly high-through-
put catalytic science, high-throughput characterization tech-
niques are necessary to understand the catalytic chemistry.
One of the first groups to report on the automated charac-
terization of combinatorial materials was Maier and co-
workers[38] using an X-ray diffractometer to characterize
bulk material properties. Similarly, one of the first groups to
develop a high-throughput surface characterization techni-
que was our group. In 1999 and 2001,[33,39] reports were pub-
lished detailing the construction and use of a system capable
of analyzing adsorbates on 7 different supported catalysts
using transmission IR imaging, as seen in Figure 6. This
setup was used to observe how different IR absorption
bands of adsorbed molecules changed with temperature[33]


and dosing time.[39] Recently, details about a similar reactor
system were published.[40] In this paper, a reactor capable of
collecting transmission IR spectra of eight samples simulta-
neously was reported. As a validation study, they probed
both physisorbed and chemisorbed pyridine on three differ-
ent zeolites.


Figure 5. Spectral images of the anti-symmetric bending mode of nitrous
oxide for the reaction products from 16 NSR catalysts during a reactant
composition switch from fuel rich to fuel lean. The center circle is not
connected to the effluent from a reactor. The images are each separated
in time by 3 s.
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Recently, a different characterization technique was utiliz-
ed to probe surface acidity of 10 zeolites.[41] Temperature
programmed desorption (TPD) studies were carried out
using a 10 well reactor attached to a multi-stream valve and
a mass spectrometer. The results for an NH3-TPD are seen
in Figure 7. The authors claimed that almost all temperature
programmed techniques could be similarly carried out using
appropriately designed reactors. Other high-throughput
serial characterization techniques have also been developed
including XPS[42] and X-ray fluorescence.[43]


The development of parallel, chemically sensitive and
quantitative analytical methods and parallel high-throughput
characterization studies demonstrate the recent progress of
the high-throughput experimentation field towards high-
throughput catalytic science. High-throughput experimenta-
tion data can currently be collected in a fashion where the
quality is similar to traditional studies, and characterization
techniques are being developed to assist in understanding
the chemistry of the systems studied.


Methodological Developments


With the development of parallel reactors and quantitative
analytical tools for testing multiple catalysts under realistic
conditions, new testing methodologies and modeling ap-
proaches are needed that can keep pace with the rate at
which catalysts are tested. In the development of high-
throughput experimentation, it was realized that it was not
possible to collect data for all possible experimental combi-
nations. Several research groups therefore started applying
different experimental design strategies to reduce the
number of experiments required to sample the parameter
space.[8,44,45] Some have approached the experimental design
using well established techniques, such as response surface
methodology[29,46] and D-optimal designs.[47]


We recently displayed the use of statistical experimental
design during all stages of the high-throughput experimenta-


tion process in optimizing NOx storage and reduction cata-
lysts.[36, 46] In the screening design, the catalysts were synthe-
sized following a full factorial design[48] of the three metals
of interest, Pt, Ba, and Fe. In addition, the reaction condi-
tions were also considered as a variable of interest in the ini-
tial screening design. A fractional factorial design was im-
plemented in testing the catalysts for performance as a func-
tion of six different variables. Combining these two designs
led to a nested experimental design, where all catalysts were
tested at all reaction conditions. These screening experi-
ments led to the conclusion that all six reaction conditions
and metals were statistically significant in predicting the cat-
alytic performance and led to a more comprehensive re-
sponse surface study. The initial results from the response
surface study indicated that this statistical methodology
could be used to optimize the catalyst formulation.[46] The
full response surface study for the reaction conditions and


Figure 6. Parallel transmission FTIR imaging of adsorbates on pellets.
Here the characteristic CO adsorbed on Cu-ZSM5 stretching frequency
of 2157 cm�1 is shown. The three areas with high absorbance correspond
to the location of the three zeolite pellets. The white circles show the re-
maining members of the catalyst library with no absorbance at this fre-
quency. Reproduced with permission from Opt. Lett. 1999, 24, 1841–1843.
Copyright 1999 Optical Society of America.


Figure 7. The application of NH3 temperature programmed desorption
for the high-throughput characterization of multiple catalysts. Repro-
duced with permission from Catal. Commun. 2004, 5, 55–58. Copyright
2003 Elsevier B.V.


Chem. Eur. J. 2005, 11, 806 – 814 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 811


CONCEPTSHigh-Throughput Catalysis



www.chemeurj.org





catalyst composition has recently been completed.[49] The re-
sults indicated that the influence of the reaction conditions
on the catalytic performance could also be statistically mod-
eled. An example of this for a 0.5 % w/w, 7.5 % w/w Ba, and
2.5 % w/w Fe on g-Al2O3 catalyst is seen in Figure 8, where


the saturation NOx storage is modeled as a function of the
reactor temperature and the composition of the reducing
gas. The maximum in the saturation NOx storage, which is
known to be between 350–400 8C,[35,50] depended on the
composition of the reducing gas. When the reducing gas was
carbon monoxide the maximum in saturation NOx storage
was around 370 8C, while the maximum for ethylene as the
reducing agent was around 400 8C and intermediate fractions
of the two reducing agents fall between these two tempera-
ture maxima. This example demonstrated that experimental
design techniques are beneficial for all stages of the high-
throughput experimentation process to maximize the infor-
mation obtained from the experiments performed.


Other approaches in guiding high-throughput experimen-
tation include the use of artificial neural networks[51] and the
holographic research strategy.[52] A novel approach incorpo-
rating factor based methods from chemometrics,[53] that is,
principle component analysis (PCA) was proposed to initial-
ly decrease the dimensionality of the experimental parame-
ter space.[44,54] Once the parameter space has been reduced,
D-optimal designs are performed to maximize the informa-
tion content available in the experiments to be performed.
After the D-optimal design has been completed, factor
based methods such as principle component regression
(PCR) or partial least squares (PLS) are then used to corre-
late the experimental parameters with the characteristics of
interest. An adaptation of this methodology using chemo-
metric techniques at all levels of the high-throughput experi-
mentation strategy is presented in Figure 9. Another meth-


odological development of particular interest has been the
work presented by the group of Rothenberg,[55] which focus-
es on the problem of the time at which species concentra-
tion data should be collected if one is determining reaction
rate constants for multiple catalysts in parallel using a serial
analytical device. Additionally, Caruthers et al. has investi-
gated the process of analyzing high-throughput data in
order to extract chemical understanding using a process that
was named “knowledge extraction.”[56]


Conclusion


High-throughput catalytic science is the marriage of tradi-
tional catalytic research with the advances in high-through-
put experimentation and modeling. The advent of high-
throughput experimentation is not the demise of the think-
ing scientist, but it is another tool at the disposal of the re-
searcher to augment current research capabilities. Thomas
Edison was quoted as saying, “The only time I become dis-
couraged is when I think of all the things I like to do and
the little time I have in which to do them.” (as quoted in
ref. [8]). As scientists, we normally have more ideas to test
than time to test them. High-throughput experimentation
does not supplant thinking; it actually requires more think-
ing because it allows researchers to explore more ideas.


In the field of catalysis, HTE has evolved from high-
throughput screening to high-throughput catalytic science


Figure 8. Saturation NOx storage modeled for a NOx storage and reduc-
tion catalysts as a function of reactor temperature and the fraction of the
reducing that was carbon monoxide.


Figure 9. Workflow for high-throughput experimentation in catalysis, in-
corporating the use of principle component analysis, experimental design,
and modeling techniques.
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through the development of realistic parallel reactors, quan-
titative analytical tools, high-throughput characterization de-
vices, and new methodologies to track the data and guide
the discovery process. The use of HTE in the development
and testing of heterogeneous catalysts and other fields will
continue to grow as more research groups and companies
recognize the value in high-throughput experimentation and
implement HTE tools.
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Multipoint Recognition of Catecholamines by Hydrindacene-Based
Receptors Accompanied by the Complexation-Induced Conformational
Switching


Hidetoshi Kawai,* Ryo Katoono, Kenshu Fujiwara, Takashi Tsuji,* and Takanori Suzuki[a]


Introduction


The design of novel artificial receptors for the molecular
recognition of biogenic compounds is an important area of
supramolecular chemistry.[1] Mimicking the binding process-
es observed in nature[2] has recently attracted considerable
interest. Dynamic molecular recognition, in which the guest
determines the conformation of the receptor,[3] is of particu-
lar importance in terms of allosteric binding, regulation, or
feedback.[4] To date, there are several examples of dynamic,
molecular recognition systems exhibiting complexation-in-
duced atropisomerism or conformational changes.[5,6]


Catecholamines, such as adrenaline and dopamine, are
important hormones and neurotransmitters. They are in-
volved in vital signal-transduction processes, which them-
selves consist of multipoint molecular recognition by G-pro-
tein-coupled receptors (GPCRs),[7] the subsequent dynamic
structural transformation of receptors, and the resultant acti-
vation or inactivation of enzymes, such as adenylate cyclase
or phospholipase. Hence, the mechanistic understanding and
realization of signal-transduction processes by using artificial
receptors has attracted great interest in the field of supra-
molecular chemistry. In the past decade, numerous studies
have been conducted on the construction of artificial recep-
tors toward catecholamines.[8,9] However, as reported by
Schrader,[8] there are a limited number of examples that ex-
hibit functional selectivity towards catechol amino alcohols.
Furthermore, to the best of our knowledge, no precedents
have realized a conformational change of the receptor upon
binding with catecholamines, despite it being of importance
in the signal-transduction processes of natural adrenergic re-
ceptors.[7]


These mechanistic aspects of GPCRs,[7] such as adrenergic
receptors, led us to study the dynamic molecular recognition
and functional selectivity of catecholamines on the hydrin-
dacene-based receptor 1, since we recently found the posi-
tive homotropic allosteric binding of catechol derivatives to
1.[10] This study could provide a basis for the development of
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author: Synthetic details
of receptor 3 ; Experimental details of 2D-EXSY NMR, Job plots,
NMR titrations, and molecular modeling; Complexation-induced
shifts (CISs) data of various guests.


Abstract: The molecular recognition of
catecholamines by hydrindacene-based
receptors 1 and 2, as well as the
durene-based receptor 3, and the
guest-induced conformational changes
are reported. These receptors selective-
ly bind adrenaline and dopamine salts
through the guests� ammonium group
and 3-hydroxyl group on the aromatic
ring. In the case of adrenaline, an addi-
tional hydrogen bond with a benzylic
hydroxyl group is formed. In 2 %


CD3CN/CDCl3, the association con-
stants are of the order of 104


m
�1, which


is much larger than with guests without
the 3-hydroxyl groups (103


m
�1). The


two amide groups of receptor 1 can
rotate freely around the Caromatic�Camide


bond, whereas the tert-amide in 2


changes between two stable conforma-
tions at a slow enough rate to allow de-
tection by 1H NMR spectroscopy. In
the absence of a guest molecule, the
syn-conformer is less stable than the
anti-conformer. On complex formation
with adrenaline, the syn-conformer be-
comes dominant due to an intramolec-
ular dipole-reversal effect in addition
to multipoint hydrogen bonding.


Keywords: adrenalines · amides ·
atropisomerism · dopamines ·
molecular recognition · receptors
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artificial signal-transduction systems, as well as insights into
local structural changes of natural receptors on the binding
of catecholamines. The preferential conformation of 1 has
the two amide groups twisted about the plane of the hydrin-
dacene platform. In a guest-free state, the syn- and anti-con-
formers of this twisted state are easily interconverted by ro-
tation around the Caromatic�Camide bonds (Scheme 1). Al-
though the anti-conformation is preferred in terms of polari-
zation of the amide groups, upon complex formation with
catecholamines a dynamic structural change to the syn-con-
former may be induced.


Here we report the complex formation properties of the
hydrindacene-based receptors 1 and 2, as well as the durene-
based receptor 3, with catecholamines, such as adren-
aline and dopamine, in 2 % or 10 % CD3CN/CDCl3. The
multipoint hydrogen bonding to catecholamines makes
these receptors functionally selective. Moreover, the syn-
preference of the complex is caused not only by multipoint
hydrogen bonding, but also by the reversed dipole moment


of one receptor amide group upon complex formation with
the guest ammonium group. This last result might indicate
that this induced-fit effect on complexation of charged mol-
ecules could be a useful aid in designing artificial allosteric
systems that exhibit selective molecular recognition.


Results and Discussion


Design and preparation of receptors : Receptor 1 was de-
signed to incorporate the hydrindacene (1,2,3,5,6,7-hexahy-
dro-s-indacene) skeleton as the platform. It consists of a
rigid aromatic ring and two flexible five-membered alicyclic
rings puckered into an envelope conformation. This receptor
is provided with two secondary amide groups and four ester
groups as hydrogen-bonding sites to the periphery. The
former are the main moieties involved in the binding and
recognition of catecholamines. Receptor 1 was readily pre-
pared in three steps from 1,4-dibromo-2,3,5,6-tetrakis(bro-
momethyl)benzene 4[11] (Scheme 2).


Treatment of 4 with the sodium enolate of diethyl malo-
nate in EtOH gave tetraester 5. Cyanation of the aromatic
rings of 5, and the subsequent Ritter reaction of 6 gave the
secondary amide 1. To further examine the role of each
binding site, receptors 2 and 3 were also designed here. Ter-
tiary amide 2, without an acidic NH, was prepared by meth-
ylation of 1. The durene-type receptor 3, without any ester-
binding sites, was prepared by condensation of the corre-
sponding acid chloride 7[12] with tBuNH2.


[13] Catecholamine
salts and their analogues were prepared as tetraarylborate
salts by metathesis of the commercially available hydrochlo-
ride salts with sodium tetrakis[3,5-bis(trifluoromethyl)phen-
yl]borate,[14] which are soluble in 2 % CD3CN/CDCl3.


Structure and conformational dynamics of receptors : For
each receptor, 1–3, there are two rotational isomers that can
be interconverted by rotation of the two amide groups


Scheme 1. The atropisomeric interconversion of receptors 1, 2, and 3, and
a schematic representation showing plausible mechanisms of shifts in
equilibrium to the syn-conformation upon complexation with catechol-
amines.


Scheme 2. Preparation of receptors 1 and 2 ; reagents and conditions:
a) CH2(CO2Et)2, EtONa, EtOH, reflux (64 %); b) CuCN, HMPA, 150 8C
(60 %); c) tBuOH, H2SO4, Ac2O, AcOH, 65 8C (90 %); d) NaH, MeI,
DMF, 25 8C (97 %).
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through their Caromatic�Camide bonds (Scheme 1). In CDCl3,
the 1H NMR signals of the secondary amides 1 and 3 exhib-
ited higher symmetry (D2h) than expected due to rotational
freedom around the Caromatic�Camide bonds (Figure 1).


By contrast, the spectrum of tertiary amide 2 exhibited
two set of less-symmetric resonances with a ratio of 85:15 in
CDCl3 at 303 K. These were assigned as the C2h-symmetric
anti- and C2v-symmetric syn-conformers.[15] The methylene
protons of the ethyl ester groups for the major conformer
seem to appear as two sets of a doublet of quartets signal;
therefore the preferential conformer is anti-geometry. This
assignment was supported by computational calculations for
receptors 1 and 2. Monte-Carlo conformer searches using
MacroModel 6.5 (Amber*, GB/SA solvation model for
CHCl3) showed that the anti-conformer is more stable than
the syn and the calculated energy difference (5.4 kJ mol�1


for 1 and 4.7 kJ mol�1 for 2) is similar to the experimental
value (4.4 kJ mol�1 for 2). This preference for the anti- over
the syn-conformation in receptors 1–3 is in accord with the
generally observed offset effect of dipole moments in non-
polar solvents.[16,17] The atropisomers of 2 could not be sepa-
rated by column chromatography. Furthermore, X-ray struc-
tural analysis of a single crystal of 2 revealed that all the
molecules adopt the anti-conformation, with the two amide
groups[17] oriented in opposite directions (Figure 2). They
are significantly twisted about the Caromatic�Camide bonds (63.2
and 77.78 for two crystallographically independent mole-
cules of 2, respectively). This is also true of the crystal struc-


ture of 1 (49.58). Additionally, once crystals of 2 are dis-
solved in CDCl3, the above-mentioned spectrum containing
two isomers was recovered.


Rotation of the amide groups around the Caromatic�Camide


bonds in 2 was studied by 1H NMR spectroscopy in terms of
a nondegenerate four-site exchange process.[6f, 18,19] In vari-
able-temperature (VT) NMR experiments on 2, the coales-
cence of the NMe proton signals occurred at 103 8C in
C6D5Cl, corresponding to barriers of DG1 = 82.1 and DG�1 =


80.2 kJ mol�1 at 376 K (anti :syn=70:30, at 298 K in C6D5Cl)
for Caromatic�Camide rotation. The rate of the rotation in 2
could be independently determined by 1H NMR 2D-ex-
change spectroscopy (2D-EXSY) experiments.[18] Cross
peaks were observed between the NMe signal assigned to
both isomers, indicating that the two sets of resonances are
those of interconvertible conformers (Figure 3).


The rate of rotation was determined by measuring the
ratios between the heights of the diagonal and cross peaks
for each isomer at several mixing times (500–800 ms). The
rate of the rotation (k=k1 +k�1) at 303 K was thus deter-
mined to be 0.117�0.002 s�1, which corresponds to barriers
of DG1 =84.4�0.1 and DG�1 = 80.1�0.1 kJ mol�1 at 303 K
in CDCl3. These values are in good agreement with those
derived from VT NMR experiments. The rotation around
the Caromatic�Camide bonds[19] in 2 is much slower than in 1 and
3, due to the increased steric hindrance of the tertiary amide
group and the five-membered rings of the hydrindacene
skeleton.


Figure 1. 1H NMR spectra (300 MHz) of receptors a) 1 and b) 2 in CDCl3


at 298 K.


Figure 2. X-ray crystal structures of 1 (top) and 2 (bottom: one of two
crystallographically independent molecules). ORTEP representations
with 50% probability. Hydrogen atoms except for amide NH groups are
omitted for clarity.
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Binding studies of receptors with adrenaline : Binding be-
havior of 1 with an adrenaline salt was initially investigated
by 1H NMR spectroscopy in 2 % and 10 % CD3CN/CDCl3


(v/v). Under these conditions, no indication of self-associa-
tion of 1 was observed. Mixing receptor 1 with the adrena-
line salt resulted in significant changes in the chemical shifts
of adrenaline protons and moderate shifts of the receptor
protons (Figure 4). The preservation of the symmetry of the
receptor resonances on complex formation indicates this


complexation is at the fast-exchange limit. The 1:1 stoichi-
ometry of receptor 1/adrenaline complexes was shown by a
Job plot,[20] which indicates that this complexation is clearly
different from that of the previously observed 1:2 complexa-
tion of anti-conformation 1 with catechols.[10] This difference
in the binding of adrenaline, as opposed to benzenediols,
with 1 was also indicated by a surprisingly small shift of the
amide NH protons of receptor 1 on binding. The binding
constants (Ka =~50 000 m


�1 and 2600 m
�1 in 2 % and 10 %


CD3CN/CDCl3, respectively) were determined by NMR ti-
tration experiments, whereby the titration isotherms were
analyzed by nonlinear-regression methods (Figure 5,
Table 1).[21]


The complexation-induced
chemical shifts (CISs) derived
from NMR titration of the
adrenaline salt with 1 supply a
great deal of information about
their binding (Figure 5,
Table S1[13]). The guest binding
based on multipoint hydrogen
bonding was evidenced by the
significant downfield shifts of
one of the ammonium protons
(NH+), the phenolic OH at C3
(OH3), and the benzylic OH
(OHb). Conversely, the phenolic
OH at C4 (OH4) was shifted
upfield, indicating that this
group does not participate in
hydrogen bonding upon com-
plexation. It is noteworthy that
the aliphatic CH protons (Ha


and Hb) and only one of the ar-
omatic protons at C2 (H2) were
shifted upfield by �0.29, �0.88,
and �1.58 ppm, respectively.
This suggests that these protons


Figure 3. The NMe region of the 1H NMR 2D-EXSY spectrum
(600 MHz) of 2 in CDCl3 at 303 K with tm =800 ms.


Figure 4. Complexation of receptor 1 with adrenaline salt. 1H NMR spectra (300 MHz, 2% CDCl3/CD3CN
(v/v)) from a titration experiment of adrenaline salt with 1, the equivalents of which are indicated on the right
of the spectra. a) Adrenaline salt. b) 0.41 equiv, c) 0.83 equiv, and d) 1.30 equiv of receptor 1 was added.
e) Receptor 1.


Figure 5. NMR titration curve showing the complexation-induced shifts
(CISs) of adrenaline salt (OH3 (*), OH4 (&), OHb (^), NH+ (~), H2 (&),
H5 (� ), H6 (*), Hb (^) and NMe (~)) upon addition of receptor 1.
[adrenaline salt]=2.0 mm in 2% CDCl3/CD3CN (v/v) at 298 K.
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are magnetically shielded by the p cloud of the hydrinda-
cene skeleton.


The Monte-Carlo simulations (MacroModel 6.5, Amber*,
GB/SA solvation model for CHCl3, 5000 steps) for the com-
plex formation between 1 and adrenaline salt in chloroform
suggest the energy-minimum structure shown in Figure 6.


The adrenaline molecule is located above the hydrinda-
cene aromatic plane in accordance with the observed upfield
shifts of H2, Ha, and Hb signals in the 1H NMR spectrum.
Each of the two ammonium protons, NH2, of adrenaline is
hydrogen bonded to the amide carbonyl and ester carbonyl
of the receptor, respectively. The phenolic OH at C3 (OH3)
is bound to another amide carbonyl, thus conferring the syn
orientation on the receptor amide. The phenolic OH at C4
(OH4) does not form any hydrogen bonds, whereas there is
an additional hydrogen bond between the benzylic OH
(OHb) and the ester carbonyl. In total, three out of four
functional groups of adrenaline are involved upon complex-
ation with 1, forming four hydrogen bonds. Due to the fast
equilibration between free and complexed 1, as well as the
fast rotation of the two amide groups, the CISs for the pro-
tons of receptor 1 are relatively small and do not unfortu-
nately provide significant supporting information about the
proposed geometry of the complex.


To obtain more detailed information about the geometry
of the complex, titration experiments for 2 and 3 in 10 %
CD3CN/CDCl3 were performed (Ka = 4900 and 480 m


�1 for 2
and 3 ; Table 1). Similar CISs for adrenaline protons were
observed upon complexation of the tertiary amide 2 with
adrenaline. This indicates that 2 also complexes with adrena-
line in an identical binding manner, confirming that the
amide NH part of 1 does not participate in complex forma-
tion with adrenaline. A weaker complexation with 3 indi-
cates that the ester groups of 1 and 2 substantially stabilize
the complex by forming hydrogen bonds with adrenaline.


Guest selectivity : Molecular recognition based on multipoint
hydrogen bonding enables the receptors to be guest selec-
tive towards various catecholamine analogues. To evaluate
the contribution of each hydrogen bond to the binding
strengths, we systematically examined the properties of 1
when complexed with various truncated guests (Scheme 3
and Table 1; see also Table S1: CIS data[13]).


Table 1. Binding constants of complexes of receptor 1, 2 and 3 with vari-
ous guest molecules. Calculated from NMR titrations in 2 % and 10 %
CD3CN/CDCl3 (v/v) at 298 K.


Guest Solvent (v/v) Ka (Ka1
[c]) DG


molecules[a,b] CD3CN/CDCl3 [m�1] [kJ mol�1]


1 adrenaline 2:98 ~50 000�7%[c] �26.8�0.2
1 dopamine 2:98 ~50 000�18%[c] �26.8�0.5
1 phenylephrine 2:98 42 000�8%[c] �26.4�0.2
1 tyramine 2:98 2600�37%[c] �19.4�0.9
1 halostachine 2:98 2200�21%[c] �19.1�0.5
1 phenethylamine 2:98 2800�11%[c] �19.7�0.3
1 PhCH2CH2N


+Me3 2:98 98�47%[d] �11.4�1.3
1 adrenaline 10:90 2600�17%[d] �19.5�0.4
2 adrenaline 10:90 4900�21%[d] �21.0�0.5
3 adrenaline 10:90 480�24%[d] �15.3�0.6
1 dopamine 10:90 1200�10%[d] �17.7�0.2
3 dopamine 10:90 500�18%[d] �15.4�0.4


[a] As HBAr4 salts. [b] [Guest] =2.0mm. [c] Macroscopic binding con-
stants analyzed as complexation with 2:1 stoichiometry of receptor-guest.
All binding constants of the second step (Ka2) are smaller than 5m


�1 and
therefore omitted from the table for clarity. See Supporting Information.
[d] Analyzed as complexation with 1:1 stoichiometry.


Figure 6. Energy-minimized geometry for the complex of 1 with adrena-
line salt according to Monte-Carlo simulations in CHCl3. Top: side view.
Bottom: top view.


Scheme 3. Guest molecules for binding experiments with 1, 2, and 3.
Ar=3,5-(CF3)2C6H3.
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The binding constant of 1 with dopamine in 10 % CD3CN/
CDCl3 (Ka =1200 m


�1) is reduced to one-half of that with
adrenaline (Ka = 2600 m


�1). Since the lack of an N-methyl
group cannot account for such a drastic change, this result
demonstrates the important contribution of the benzylic OH
of adrenaline in hydrogen bonding with the ester group of 1.
In fact, both guests bind with a similar strength to the recep-
tor that is without the ester groups, 3 (Ka =480m


�1 for adren-
aline and 500 m


�1 for dopamine in 10 % CD3CN/CDCl3).
Complex formation between 1 and halostachine is much
weaker than with catechol derivatives in 2 % CD3CN/CDCl3


(Ka =2200 m
�1), which indicates that the phenolic OH of


adrenaline is important in obtaining the large binding con-
stant. However, the phenolic OH at C4 (OH4) is not impor-
tant as phenylephrine binds 1 (Ka = 42 000 m


�1) as strongly as
adrenaline. Similarly, comparisons of the binding constants
of 1 with tyramine (Ka =2600 m


�1), phenethylamine (Ka =


2800 m
�1), and dopamine (Ka =~50 000 m


�1) clearly show that
removal of the phenolic OH at C4 has a minimal effect on
the binding strength; by contrast, the lack of OH at C3
(OH3) leads to a marked drop of the binding constant.
These results strongly support the validity of the complex


geometry postulated in Figure 6. At the same time, the hy-
drindacenes 1 and 2 are proven to be functionally selective
receptors for the catecholamines as a result of multipoint
hydrogen bonding.


Complexation-induced conformational changes of receptor
2 : Complexation of 2 with adrenaline induced switching of
conformational preference from the anti- to the syn-con-
former (Scheme 1). Upon titration of 2 with adrenaline, the
proportion of the anti- and syn-conformers (85:15) gradually
changed to favor syn, which provides the suitable orienta-
tion of the two carbonyl sites for binding, and only the syn-
rotamer was eventually observed after addition of 1.2 equiv-
alents of adrenaline to 2 (Figure 7 I).


These results clearly indicate that the orientation of the
amide groups of 2 is switched from the inherently more
stable anti- to the syn-conformation upon binding with adren-
aline acting as an effector molecule. This process of induced
structural changes partly resembles complex formation be-
tween adrenaline and natural adrenergic receptors,[7] and
might provide a unique prototype as an artificial signal-
transduction system.[5,6]


Figure 7. 1H NMR spectra (300 MHz) of mixtures of receptor 2 (anti- 2 (&), syn-2 (*)) and I) adrenaline salt or II) phenethylamine salt in CDCl3 at
298 K. I: a) Receptor 2, b) 0.12 equiv, c) 0.32 equiv, d) 0.66 equiv, and e) 1.20 equiv of adrenaline salt were added. II: a) Receptor 2, b) 0.35 equiv,
c) 0.45 equiv, d) 0.75 equiv, and e) 1.37 equiv of phenethylamine salt were added. The assignments of guest protons correspond to the lettering shown in
Scheme 3. Methylene protons of the ester groups for the major conformer of 2 in the presence of guest appear as two sets of quartet signal (Hs2 and
Hs2’), which is in accordance with the assumption that syn-conformer is involved for complex formation.
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To obtain more information on this switching process, the
complexes of 2 with other catecholamines were examined.
One might expect that multipoint hydrogen bonding of the
ammonium NH proton (NH+) and phenolic OH proton at
C3 (OH3) with the two amide carbonyl groups are solely re-
sponsible for the conformational switching. Surprisingly,
even the complexes with tyramine or phenethylamine that
are without those OH protons caused a similar conforma-
tional switch (Figure 7 II). Since a bifurcated hydrogen bond
formation of the ammonium NH3 groups with the two
amide carbonyl groups of 2 is unlikely, these results clearly
show that conformational switching is not only caused by
multiple hydrogen bonds, but also by a dipole-reversal effect
(Scheme 4). Rotation of the amide group on one side in the
anti-conformer can partially offset the reversed dipole gen-
erated by hydrogen bonding between the ammonium group


and the amide group on the other side. This mechanism was
supported on a computational calculation. A conformational
search for the complex formation between 2 with pheneth-
ylammonium salt in CHCl3 showed that complexation with
the syn-confomer is more stable than that with the anti-con-
former (�18.5 kJ mol�1), as opposed to guest free state, in
which the syn-confomer is more unstable (+4.4 kJ mol�1).


Hence, the conformational switching properties in this
system are induced mainly by the ammonium group, which
can make a stronger hydrogen bond with a carbonyl group.
This is true even in the case of catecholamines that have
both an ammonium group and phenolic OH protons, al-
though the effect of multiple hydrogen bonding is also im-
portant. During the complexation of 2 with adrenaline or
dopamine, such conformational switching accompanied by


binding of the guest ammonium group has the advantage of
pre-organizing the amide group for recognition of the phe-
nolic OH proton at C3; the successive binding of the OH
proton at C3 no longer accompanies enthalpy loss caused by
the rotation of the amide groups on forming the syn-confor-
mation. Thus, this induced-fit mechanism, based on com-
plexation-induced dipole reversal, can serve as an important
means to effect the construction of an artificial allosteric
system as well as the selective molecular recognition of
highly functionalized biomolecules, such as catecholamines.


Conclusion


This work has revealed the molecular recognition properties
of hydrindacene-based receptors 1 and 2, as well as their
guest-induced conformational changes on binding catechol-
amines. These receptors selectively bind adrenaline and dop-
amine, which have an ammonium group and a phenolic hy-
droxyl group at C3 on the aromatic ring. Additional binding
of the ester groups with the benzylic hydroxyl group and the
ammonium group further stabilizes complexes with adrena-
line. In 2 % CD3CN/CDCl3, the association constants are in
the range of 104


m
�1, and are therefore much larger than


those with guests without hydroxyl groups at C3 (103
m
�1).


The two amide groups of receptor 1 rotate freely around
the Caromatic�Camide bond. However, receptor 2 changes be-
tween the two stable conformations at a rate that is slow
enough to permit 1H NMR detection. The syn-conformer is
less stable than the anti-conformer in the absence of a guest.
When 2 forms a complex with adrenaline, the syn-conform-
er becomes dominant due to intramolecular dipole-reversal
effect in addition to multipoint hydrogen bonding. These re-
sults could make important contributions to the design of ar-
tificial signal-transduction systems, and also provide useful
information in the understanding of local structural changes
in the binding of catecholamines to natural receptors.[7] We
are now planning to use these hydrindacene-based receptors
to construct an artificial signal-transduction system with al-
losteric control. Preliminary studies show that the positive
homotropic allosteric binding of 1 with benzenediols[10] is ef-
fectively inhibited by the addition of adrenaline, implying
that adrenaline functions as an allosteric inhibitor. These re-
sults will be reported in due course.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a JEOL ECP-300
(1H/300 MHz, 13C/75 MHz) spectrometer in CDCl3 at 25 8C unless other-
wise indicated. ROESY and 2D-EXSY spectra were recorded on a
JEOL a600 spectrometer. IR spectra were taken on a Hitachi Model 215
grating spectrometer. Mass spectra were recorded on a JEOL JMS-
01SG-2 (FD) spectrometer. Column and thin-layer chromatography
(TLC) were performed on silica gel 60 (Merck) of particle size 63–200
and 5–20 mm, respectively. Elemental analyses were taken on a Yanako
MT-6 CHN corder at the Center for Instrumental Analysis of Hokkaido
University. 1,4-Dibromo-2,3,5,6-tetrakis(bromomethyl)benzene (4)[11] and


Scheme 4. The atropisomeric interconversion of receptors 2, and a plausi-
ble mechanism of the equilibrium shift to syn-conformation upon com-
plexation.
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2,3,5,6-tetramethylterephthaloyl dichloride (7)[12] were prepared following
the known procedures. All commercially available compounds were used
without further purification unless otherwise indicated.


Tetraethyl 4,8-dibromo-1,2,3,5,6,7-hexahydro-s-indacene-2,2,6,6-tetracar-
boxylate (5): An EtONa solution was prepared by dissolving Na metal
(14.2 g, 617 mmol) in absolute EtOH (1.0 L). Diethyl malonate (49.1 g,
306 mmol) and then compound 4[11] (62.3 g, 103 mmol) were added. The
reaction mixture was heated under reflux with stirring for 7 h under Ar,
after which the solvent was removed under reduced pressure. The residue
was neutralized with HCl (0.5 m, 400 mL) and extracted with CHCl3


(200 mL � 3). The extracts were combined, dried over MgSO4, and fil-
tered, and the filtrate was concentrated under reduced pressure. The resi-
due was recrystallized from CHCl3/EtOH (1:1) to give pure 5 (39.7 g,
64%) as colorless crystals. M.p. 203.0–204.0 8C; 1H NMR: d =4.23 (q, J =


7.3 Hz, 8H), 3.64 (s, 8H), 1.27 ppm (t, J=7.3 Hz, 12 H); 13C NMR: d=


170.97, 140.60, 114.78, 62.03, 58.53, 42.44, 14.00 ppm; IR (KBr): ñ=2984,
1736, 1446, 1282, 1246, 1160, 1072, 862, 802 cm�1; MS (FD): m/z (%): 602
(48) [M+], 604 (100) [M++2], 606 (56) [M++4]; elemental analysis calcd
(%) for C24H28O8Br2: C 47.70, H 4.67; found: C 47.29, H 4.63.


Tetraethyl 4,8-dicyano-1,2,3,5,6,7-hexahydro-s-indacene-2,2,6,6-tetracar-
boxylate (6): A mixture of 5 (7.50 g, 12.4 mmol), CuCN (3.57 g,
39.8 mmol), and hexamethylphosphoric triamide (HMPA, 10 mL) was
heated with stirring at 150 8C for 8 h under Ar, and then poured into
aqueous FeCl3 solution (10.8 g, 40.1 mmol in H2O 50 mL) to decompose
the complex. The resulting solid was separated from the liquid layer by
filtration and washed successively with water, aqueous NaHSO4, and
water. The residue was dissolved in CHCl3 and washed with aqueous
FeCl3 solution, water, and brine, and was then dried over MgSO4. The
brown solid obtained by evaporation of the solvent was subjected to
chromatography on silica gel eluting with CHCl3. The resulting yellow
solid (4.38 g) was recrystallized from CHCl3/EtOH (1:2) to give pure 6
(3.77 g, 60%) as colorless crystals. M.p. 196.5–198.0 8C; 1H NMR: d =4.24
(q, J=7.2 Hz, 8 H), 3.75 (s, 8 H), 1.28 ppm (t, J=7.2 Hz, 12 H); 13C NMR:
d=170.12, 144.31, 114.63, 109.06, 62.47, 59.61, 39.87, 13.97 ppm; IR
(KBr): ñ= 2984, 2228, 1732, 1304, 1250, 1192, 1074, 858 cm�1; MS (FD):
m/z (%): 496 (100) [M+]; elemental analysis calcd (%) for C26H28N2O8:
C 62.90, H 5.68, N 5.64; found: C 62.63, H 5.55, N 5.58.


Tetraethyl 4,8-bis(t-butylcarbamoyl)-1,2,3,5,6,7-hexahydro-s-indacene-
2,2,6,6-tetracarboxylate (1): Concentrated H2SO4 (54 mL, 1.0 mmol) was
added to a mixture of 6 (200 mg, 0.40 mmol), tBuOH (386 mL, 4.0 mmol),
Ac2O (380 mL, 4.0 mmol), and AcOH (5.0 mL). After stirring at 65 8C for
20 h, the reaction mixture was poured slowly into 5% aqueous NaHCO3.
The resulting suspension was extracted with EtOAc. The organic layer
was washed with 5 % aqueous NaHCO3, water, and brine, dried over
MgSO4, and then filtered. The white solid was obtained by evaporation
of the solvent was subjected to chromatography on silica gel eluting with
EtOAc/hexane (4:6). The resulting white solid was recrystallized from
EtOH to give pure 1 (233 mg, 90%) as colorless crystals. M.p. 242.0–
242.5 8C; 1H NMR: d= 5.56 (s, 2H), 4.20 (q, J =7.2 Hz, 8H), 3.59 (s, 8H),
1.48 (s, 18 H), 1.25 ppm (t, J =7.2 Hz, 12 H); 13C NMR: d =171.20, 166.76,
137.54, 131.35, 61.94, 60.52, 52.06, 39.14, 28.96, 14.01 ppm; IR (KBr): ñ=


3384, 2988, 1732, 1668, 1534, 1276, 1078, 860 cm�1; MS (FD): m/z (%):
644 (100) [M+]; elemental analysis calcd (%) for C34H48N2O10: C 63.34,
H 7.50, N 4.34; found: C 63.17, H 7.62, N 4.33.


Tetraethyl 4,8-bis(t-butylmethylaminocarbonyl)-1,2,3,5,6,7-hexahydro-s-
indacene-2,2,6,6-tetracarboxylate (2): 60% NaH in oil (ca. 70 mg,
1.75 mmol) was added to a solution of 1 (200 mg, 0.31 mmol) in DMF
(4.0 mL), while stirring at 25 8C. After the evolution of hydrogen gas had
ceased, MeI (0.6 mL, 9.3 mmol) was added to the suspension and the re-
action mixture was stirred for 12 h. It was then poured into EtOAc
(30 mL) and aqueous HCl (1 m, 30 mL). The aqueous layer was extracted
with EtOAc. The combined organic layers were washed with aqueous
HCl (1 m), water, and brine, then dried over MgSO4, and filtered. The
white solid obtained by evaporation of the solvent was passed through a
short silica-gel column eluting with EtOAc/CHCl3 (2:8) to afford 2 as a
white solid (202 mg, 97 %). The analytical sample was obtained by recrys-
talization from EtOH. M.p. 158.0–158.5 8C; 1H NMR: d =4.29–4.08 (m,
8H; anti and syn), 3.58 (d, J =15.9 Hz, 4 H; anti), 3.55 (d, J =15.9 Hz,


4H; syn), 3.36 (d, J=15.9 Hz, 4H; anti), 3.32 (d, J =15.9 Hz, 4 H; syn),
2.81 (s, 3 H; anti), 2.76 (s, 3 H; syn), 1.54 (s, 18H; anti), 1.53 (s, 18H; syn),
1.28–1.20 ppm (m, 12 H; anti and syn); 13C NMR: d= 171.24, 169.78,
136.08, 131.83, 61.90 (anti), 61.69 (syn), 60.29, 56.97, 38.49 (anti), 38.30
(syn), 33.01, 28.03, 14.00 ppm; IR (KBr): ñ =2980, 1734, 1642, 1482, 1370,
1280, 1240, 1188, 1078, 860 cm�1; MS (FD): m/z (%): 672 (100) [M+]; ele-
mental analysis calcd (%) for C36H52N2O10: C 64.27, H 7.79, N, 4.16;
found: C 64.12, H 7.66, N 4.19.


Preparation of catecholamine HBAr4 Salts : These salts were prepared by
modified metathesis[22] of appropriate hydrochloride salts with sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate[14] under argon in the dark
in freshly purified CHCl3, and subsequent removal of resulted NaCl by
filtration and concentration. 1H NMR data are as follows.


dl-Adrenaline salt : 1H NMR (2 % CD3CN/CDCl3): d=7.69 (br s, 8H),
7.54 (br s, 4H), 6.90–6.50 (br s, 2H), 6.85 (d, J=8.2 Hz, 1H), 6.82 (d, J=


2.2 Hz, 1 H), 6.69 (dd, J =8.2, 2.2 Hz, 1H), 6.28 (s, 1H), 6.00 (s, 1 H),
4.86–4.80 (m, 1H), 3.08 (d, J =3.1 Hz, 1 H), 3.09–3.01 (m, 2 H), 2.60 ppm
(t, J =5.8 Hz, 3 H).


Dopamine salt : 1H NMR (2 % CD3CN/CDCl3): d=7.70 (br s, 8H), 7.54
(br s, 4 H), 6.82 (d, J =8.0 Hz, 1H), 6.67 (d, J =2.2 Hz, 1H), 6.54 (dd, J=


8.0, 2.2 Hz, 1 H), 6.30–6.04 (br s, 4H), 6.04–5.90 (br s, 1H), 3.08 (t, J =


6.6 Hz, 2 H), 2.79 ppm (t, J =6.6 Hz, 2 H).


dl-Phenylephrine salt : 1H NMR (2 % CD3CN/CDCl3): d =7.69 (br s,
8H), 7.54 (br s, 4 H), 7.23 (t, J=8.0 Hz, 1H), 6.84–6.79 (m, 3H), 6.82–6.62
(br s, 2H), 6.03 (s, 1 H), 4.92–4.87 (m, 1H), 3.30 (br s, 1 H), 3.15–3.03 (m,
2H), 2.62 ppm (s, 3H).


Tyramine salt : 1H NMR (2 % CD3CN/CDCl3): d =7.70 (br s, 8H), 7.54
(br s, 4H), 7.00 (d, J =8.5 Hz, 2H), 6.82 (d, J =8.5 Hz, 2H), 6.17 (br s,
3H), 5.89 (s, 1H), 3.09 (t, J =6.7 Hz, 2H), 2.83 ppm (t, J =6.7 Hz, 2 H).


dl-Halostachine salt : 1H NMR (2 % CD3CN/CDCl3): d=7.70 (br s, 8 H),
7.54 (br s, 4H), 7.42–7.36 (m, 3 H), 7.33–7.28 (m, 2 H), 7.10–6.84 (br s,
2H), 6.10–5.80 (br s, 1 H), 4.96 (dd, J =8.5, 4.4 Hz, 1 H), 3.38 (br s, 1H),
3.12 (dd, J= 12.6, 4.4 Hz, 1H), 3.06 (dd, J =12.6, 8.5 Hz, 1H), 2.64 ppm
(s, 3 H).


Phenethylamine salt : 1H NMR (2 % CD3CN/CDCl3): d=7.70 (br s, 8H),
7.54 (br s, 4H), 7.39–7.30 (m, 3 H), 7.18–7.14 (m, 2 H), 6.30–5.90 (br s,
3H), 3.15 (t, J =7.0 Hz, 2 H), 2.92 ppm (t, J =7.0 Hz, 2 H).


Phenethyltrimethyl ammonium salt : 1H NMR (2 % CD3CN/CDCl3): d=


7.69 (br s, 8H), 7.54 (br s, 4 H), 7.38–7.32 (m, 3H), 7.18–7.14 (m, 2H),
3.43–3.37 (m, 2 H), 3.04–2.98 (m, 2H), 2.98 ppm (s, 9H).


X-ray analyses


Crystal data for 1: Single-crystalline sample was obtained by recrystalliz-
ing from EtOH. C34H48N2O10, Mr =644.75, colorless block, 0.5 � 0.4�
0.4 mm3, monoclinic P21/c, a =8.287(3), b =20.037(8), c =10.151(4) �, b=


95.856(6)8, V=1676(1) �3, 1calcd(Z=2)= 1.277 g cm�1. A total of 3779
unique data (2qmax = 558) were measured at T =153 K by a Rigaku Mer-
cury CCD apparatus (MoKa radiation, l=0.71069 �). Numerical absorp-
tion correction was applied (m=0.94 cm�1). The structure was solved by
the direct method (SIR92) and refined by the full-matrix least-squares
method on F with anisotropic temperature factors for non-hydrogen
atoms. All the hydrogen atoms were located in the D map and refined
with isotropic temperature factors. The final R and Rw values are 0.037
and 0.048 for 2539 reflections with I>3s(I) and 208 parameters. Estimat-
ed standard deviations are 0.002 � for bond lengths and 0.18 for bond
angles, respectively.


Crystal data for 2 : Single-crystalline sample was obtained by recrystalliz-
ing from EtOH. C36H52N2O10, Mr = 672.81, colorless block, 0.25 � 0.25 �
0.25 mm3, monoclinic P1̄, a =11.387(8), b =12.905(9), c =13.76(1) �, a=


102.286(8), b= 107.869(9), g=98.866(9)8, V=1827(2) �3, 1calcd(Z=2)=


1.223 gcm�1. A total of 7887 unique data (2qmax =558) were measured at
T= 153 K by a Rigaku Mercury CCD apparatus (MoKa radiation, l=


0.71069 �). Numerical absorption correction was applied (m =0.89 cm�1).
The structure was solved by the direct method (SIR92) and refined by
the full-matrix least-squares method on F with anisotropic temperature
factors for non-hydrogen atoms. All the hydrogen atoms are located at
the calculated positions. The final R and Rw values are 0.078 and 0.089
for 3104 reflections with I>3s(I) and 433 parameters. Estimated stan-
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dard deviations are 0.006–0.010 � for bond lengths and 0.4–0.68 for bond
angles, respectively.


CCDC-228165 (1) and 242814 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (+44) 1223-336-033; or deposit@ccdc.cam.ac.uk).
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Self-Assembly of the Octanuclear Cluster [Cu8(OH)10(NH2(CH2)2CH3)12]
6+


and the One-Dimensional N-Propylcarbamate-Linked Coordination Polymer
{[Cu(O2CNH(CH2)2CH3)(NH2(CH2)2CH3)3](ClO4)}n**


Fabienne Bramsen,[a] Andrew D. Bond,[a] Christine J. McKenzie,*[a] Rita G. Hazell,[b]


Boujemaa Moubaraki,[c] and Keith S. Murray[c]


Introduction


In their seminal work of over half a century ago, the Danish
chemist Bjerrum and his co-workers described in some
detail the aqueous complexation chemistry of Cu2+ with
simple alkyl amines and ammonia.[1] Using predominantly


solution spectroscopic techniques, Bjerrum and co-workers
identified the dinuclear diol species [Cu2(OH)2(am-
(m)ine)4]


2+ at low amine concentrations and the mononu-
clear species [Cu(am(m)ine)5]


2+ and [Cu(am(m)ine)4(OH)]+


at higher amine concentrations. Between these extremes of
concentration, the more familiar [Cu(am(m)ine)4]


2+ and
[Cu(am(m)ine)4(H2O)2]


2+ are probably also present.[2] Sur-
prisingly, there is a relative paucity of solid-state data for
these simple ammonia and mono-N-alkylamine (aquo/hy-
droxo) complexes. One plausible explanation for this is a
difficulty associated with the preparation of single-phase
crystalline products; in many cases, mixtures are isolated
that contain very closely related compounds, indistinguish-
able by sight and routine solid-state spectroscopy. In the
course of other research, we have had reason to revisit the
chemistry of simple copper–amine systems under predomi-
nantly nonaqueous conditions and have been surprised to
discover chemistry somewhat more complex than that de-
scribed for the aqueous environment. We report here the
formation and isolation of two quite unexpected products
generated from simple mixtures of Cu(ClO4)2·6 H2O and n-
propylamine in methanol. At high amine concentrations, the
system fixes carbon dioxide from air to form the one-dimen-


Abstract: The reaction of Cu(ClO4)2·6 -
H2O and n-propylamine in methanol
gives two high-nuclearity products of
well-defined compositions. At amine
concentrations greater than seven
equivalents compared to copper ion
concentration, the system fixes carbon
dioxide from air to form the one-di-
mensional carbamate-bridged coordi-
nation polymer, {[Cu(m2-O,O’-
O2CNH(CH2)2CH3)(NH2(CH2)2CH3)3]-
(ClO4)}n ({1-ClO4}n). Lower relative
amine concentrations lead to


the self-assembly of an octanuclear
copper-amine-hydroxide cluster
[Cu8(OH)10(NH2(CH2)2CH3)12]


6+ (2).
Both compounds exhibit unique struc-
tures: {1-ClO4}n is the first m2-O,O’-
mono-N-alkylcarbamate-linked coordi-
nation polymer and 2 is the largest
copper-hydroxide-monodentate amine


cluster identified to date. The crystal
structures indicate that the size of the
n-propyl group is probably crucial for
directing the formation of these com-
pounds. Magnetic susceptibility studies
indicate very weak antiferromagnetic
coupling for 1. The octanuclear cluster
2 displays slightly stronger net antifer-
romagnetic coupling, despite the pres-
ence of a number of Cu-O(H)-Cu
angles below the value of about 978
that would normally be expected to
yield ferromagnetic coupling.


Keywords: copper · magnetic
properties · N ligands · octanuclear
complexes · self-assembly
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sional (1D) N-propylcarbamate-bridged coordination poly-
mer, {[Cu(m2-O,O’-O2CNH(CH2)2CH3)(NH2(CH2)2CH3)3]-
(ClO4)}n ({1-ClO4}n), while lower amine concentrations lead
to the self-assembly of an octanuclear copper-amine-hydrox-
ide cluster [Cu8(OH)10(NH2(CH2)2CH3)12]


6+ (2).


Results and Discussion


Preparation and characterization of {1-ClO4}n : Reaction of
Cu(ClO4)2·6 H2O with 1–20 equivalents of n-propylamine in
dry methanol under air gives blue precipitates of variable
composition (indicated by powder X-ray diffraction
(PXRD) and elemental analyses; the products are effective-
ly indistinguishable by IR spectroscopy). When this reaction
is performed with 20 or more equivalents of amine, howev-
er, PXRD analysis of the product suggests the presence of
only a single phase. Evaporation of this reaction mixture
over four days yielded thin, fragile crystals that were shown
by single-crystal X-ray diffraction to be the perchlorate salt
of the 1D coordination polymer, catena(n-propylcarbama-
to)tripropylaminecopper(ii), {[Cu(m2-O,O’-O2CNH(CH2)2-
CH3)(NH2(CH2)2CH3)3](ClO4)}n ({1-ClO4}n).[3] The homoge-
neity of the bulk product was confirmed by comparison of
its PXRD profile with that simulated from the crystal struc-
ture of {1-ClO4}n. Identical reaction mixtures under an N2 at-
mosphere yield only the tetra-primary amine copper(ii)
complex, Cu(NH2(CH2)2CH3)4(ClO4)2 (3-(ClO4)2),[4] demon-
strating that atmospheric CO2 is required for carboxylation
of the primary amine.


The crystal structure of {1-ClO4}n contains 1D polymeric
chains of copper(ii) ions linked by CH3CH2CH2NHCO2


�


groups in a syn-anti m2-O,O’ coordination mode (Figure 1a).
The perchlorate counteranions adopt positions between the
polymeric chains, accepting hydrogen bonds from the N�H
groups of the coordinated n-propylamine ligands (Fig-
ure 1b). Each counteranion is surrounded by a set of eight
NH2 groups from two adjacent polymers at the vertices of a
monoclinic prism with (N···N) dimensions about 2.9 � 4.9 �
6.5 � (Figure 1c). The anions display orientational disorder
within this N�H donor-rich environment. The polymer {1-
ClO4}n is of some chemical interest since to the best of our
knowledge it is the first example of a carbamate-bridged co-
ordination polymer in which the carbamate moiety is de-
rived from a primary amine (i.e. one H atom remains bound
to N). Structurally characterised coordination complexes
with mono-N-alkylated carbamates are rare in general,[7] the
vast majority containing di-N-alkylated carbamate moiet-
ies.[8] Amongst the dialkylated carbamates, there is only one
example of a polymeric complex, namely {[Ag(m3-O,O’-
O2CN(CH3)2)]}n, containing N,N’-dimethylcarbamate in a m3-
bridging mode.[9]


The formation of carbamate-bridged metal complexes via
fixing of CO2 is well known in biology: metalloenzymes
such as dinickel(ii) urease,[10] dizinc phosphotriesterase[11]


and dihydropyrimidinases[12] contain dinuclear sites in which
metal(ii) ions are bridged by carboxylated lysine, formed by


fixing of CO2. In synthetic metal-containing systems, fixing
of CO2 is relatively common for secondary amines,[8] but
rather more rare for primary amines. Two examples have
been reported recently: carboxylation of propylenediamine
by CO2 has been shown to occur in the presence of FeIII,
AlIII and GaIII complexes of the dinucleating ligand hpdta5�


(hpdta= 2-hydroxypropane-1,3-diamine-N,N,N’,N’-tetraace-
tate), and a calixarene-encapsulated di-uranyl site has been


Figure 1. a) Section of the carbamate-bridged polymer in {1-ClO4}n (H
atoms bound to C omitted). The Cu1···Cu1’ distance within the polymer
is 4.867(2) �. The O atoms of the carbamate occupy one axial coordina-
tion site (O1) and one equatorial coordination site (O2) on each square-
pyramidal Cu centre; b) view of the structure approximately along the di-
rection of polymer propagation (the crystallographic a axis) showing dis-
ordered perchlorate anions sited between polymer chains; c) the environ-
ment of one perchlorate anion illustrated by the monoclinic prism de-
scribed in the text. The solid and dashed lines illustrate two orientations
modelled for the perchlorate moiety.
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shown to trap CO2-carboxylated n-butylamine.[7] The car-
boxylation of n-propylamine in 1 differs from these exam-
ples in two respects. Firstly, the existing literature cases[7] in-
volve strongly Lewis acidic and oxophilic MIII and MVI cat-
ions. Secondly, the formation of 1 proceeds in the absence
of any pre-organising dinucleating or macrocylic ligand. The
presence of borderline soft metal(ii) ions in the present case
is more closely comparable to the dimetal sites (Ni, Zn) in
metalloenzymes, although the degree to which the formation
of the carbamate bridging group is metal-assisted has not
yet been established in either the chemical or biological en-
vironments.


Preparation and characterization of 2-(ClO4)6·2 H2O : From
a methanol solution of Cu(ClO4)2·6 H2O and n-propylamine
in 1:6 proportions under air, the cluster 2 crystallises repro-
ducibly as a hydrated perchlorate salt 2-(ClO4)6·2 H2O. The
structure of the octanuclear cation core (Figure 2 and
Table 1), elucidated by single-crystal X-ray diffraction,[13]


comprises a trinuclear–dinuclear–trinuclear stack topology
that approximates a distorted face-sharing double cubane
flanked with “wings” on two opposing cube vertices. The
[Cu8(OH)10(NH2(CH2)2CH3)12]


6+ cluster is close to centro-
symmetric, although its environment in the solid state is not
so. Each of the Cu atoms adopt tetragonally distorted octa-
hedral coordination geometries typical of Cu2+ . In the cen-
tral dinuclear unit, [Cu2(OH)2(NH2(CH2)2CH3)4], both axial
sites of Cu4 and Cu5 are occupied by O atoms of trinuclear
units, [Cu3(OH)4(NH2(CH2)2CH3)4]. For the central atoms in
each trinuclear unit, Cu2 and Cu7, one axial coordination
site is occupied by an O atom of a dinuclear unit, and the
second is occupied at a somewhat greater distance by an O
atom of a lattice water molecule. For the outer Cu atoms of
the trinuclear units, two (Cu3 and Cu8) have both axial sites
occupied by O atoms of perchlorate anions, whereas two
(Cu1 and Cu6) have one axial site occupied by the O atom


of a perchlorate anion and one occupied by a lattice water
molecule. The lattice water molecule O100 might be consid-
ered to provide a loose m2-bridge between Cu1 and Cu2.
The two perchlorate anions (containing Cl1 and Cl4) sand-
wiched between the trinuclear units “push apart” the Cu
atoms so that the double cubane arrangement is significantly
elongated at the Cu1···O6 and Cu6···O5 edges. Indeed, the
perchlorate moieties clearly occupy the axial coordination
sites of Cu1 and Cu6, so that the cubane edges might be
considered to lie in a “second coordination sphere”. On ac-


count of poor crystal quality,
the precision of the structure is
relatively low so that the de-
rived bond distances and angles
cannot support conclusively the
assignment of hydroxide
bridges rather than oxo or
water bridges. However, charge
balance within the structure ne-
cessitates that any oxo bridge
would require the presence of
an accompanying Cu3+ cation,
whereas any water bridge
would require the presence of
Cu+ , both cases being unlikely.


The characterisation of 2 is
significant in several respects.
1) It is by some margin the
largest Cu-am(m)ine-(hydr)ox-
ide cluster containing monoden-
tate amine ligands that has


Figure 2. Octanuclear cluster in the crystal structure of 2-(ClO4)6·2H2O,
showing the complete coordination environments of the Cu atoms. O100
and O101 are lattice water molecules. H atoms and two non-coordinated
perchlorate moieties (containing Cl2 and Cl5) are omitted for clarity.
Primed atoms are related to unprimed atoms by the symmetry operation:
x, 1.5 +y, 0.5 +z.


Table 1. Selected bond lengths [�] and angles [8] for 2-(ClO4)6·2H2O


Cu1�O1 1.88(2) Cu5�O2 2.61(2) Cu1-O1-Cu2 93.8(9)
Cu1�O2 1.94(3) Cu5�O5 1.96(2) Cu1-O2-Cu2 92.1(11)
Cu1�O6 3.82(2) Cu5�O6 1.94(2) Cu2-O3-Cu3 98.7(11)
Cu2�O1 1.94(2) Cu5�O7 2.64(2) Cu2-O4-Cu3 98.0(11)
Cu2�O2 1.93(2) Cu6�O5 3.68(2) Cu4-O5-Cu5 99.7(9)
Cu2�O3 1.86(2) Cu6�O7 1.96(2) Cu4-O6-Cu5 100.4(9)
Cu2�O4 1.94(2) Cu6�O8 1.91(2) Cu6-O7-Cu7 95.6(10)
Cu2�O5 2.24(2) Cu7�O6 2.28(2) Cu6-O8-Cu7 97.5(11)
Cu3�O3 1.96(2) Cu7�O7 1.92(2) Cu7-O9-Cu8 98.8(12)
Cu3�O4 1.90(2) Cu7�O8 1.92(2) Cu7-O10-Cu8 98.8(11)
Cu4�O1 2.55(2) Cu7�O9 1.92(3)
Cu4�O5 1.97(2) Cu7�O10 1.96(2)
Cu4�O6 1.97(2) Cu8�O9 1.95(3)
Cu4�O8 2.61(2) Cu8�O10 1.90(2)


Cu1�O100[a] 3.17(4) Cu6�O101 3.22(5)
Cu1�O1A 2.76(2) Cu6�O4D 2.79(1)
Cu2�O100[a] 3.02(4) Cu7�O100 3.66(4)
Cu3�O4A 2.62(2) Cu8�O1B 3.08(3)
Cu3�O3B 3.11(2) Cu8�O6D 2.64(2)


[a] Symmetry code: x, 1.5 +y, 0.5 +z.
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been identified to date. A surprisingly small number of
these simple compounds are present in the Cambridge
Structural Database. Two tetranuclear species exist:
{[Cu2(OH)2(NH2C6H11)4](ClO4)2}2


[14] and {[Cu2(OH)2-
(NH2CH3)4]SO4·H2O}2.


[15] In both cases, the authors describe
these systems as dinuclear, although further Cu···O contacts
of 2.61 � and 2.40 � in the two cases, respectively, suggest
that a tetranuclear description is more appropriate. Three
genuine dinuclear species are also found: in two of
these, [Cu2(OH)2(C5H7N3)4](ClO4)2


[16] and [Cu2(OH)2-
(C4H6N2)4](ClO4)2·2 H2O,[17] perchlorate anions provide an
additional bridge across the two Cu atoms, whereas in the
third, [Cu2(OH)2(C4H5N3)4](F3CSO3)2·2 (C4H5N3),[18] triflate
anions are bound to each Cu atom in a fifth coordination
site. 2) The wing-tipped double cubane arrangement of 2
represents a new topology for multinuclear copper-(hy-
dr)oxo clusters. The most closely related existing copper-hy-
droxide species with nuclearities higher than four are the
heptanuclear vertex-sharing double cubane found in {[Cu3-
(bipym)3(OH2)(m3-OH)4]2Cu}(NO3)6


[19] (bipym =2,2’-bipyri-
midine), [Cu7(OH)6Cl2(pn)6(H2O)2](C(CN)3)4Cl2


[20] and
{[Cu3(HpztBu)3(m3-Cl)(m3-OH)3]2Cu}(Cl)6


[21] (pn =1,3-diami-
nopropane; HpztBu= tert-butyl-1-pyrazolyl), and the other
is the octanuclear ring-shaped molecule [Cu8(dmpz)8-
(OH)8]


[22] (dmpz=3,5-dimethylpyrazol), in which dmpz�


ligands bridge between copper atoms. Several heterometallic
Cu-lanthanide-hydroxide species have also been described,
each based on a cuboctahedron of 12 Cu2+ ions, bridged by
24 OH groups in a m3-bridging mode: [Cu12La8(OH)24-
(NO3)22(MeLH)13(H2O)6]


2+ (MeLH=6-methyl-2-hydroxypyr-
idine) includes La3+ ions capping the eight triangular faces
of the Cu12 cuboctahedron,[23] and [Cu12Ln6(OH)24(ClO4)-
(pyb)12(H2O)18]


17+ (pyb= pyridine betaine, Ln=Gd, Y or
Nd) includes Ln3+ ions capping the six square faces of the
Cu12 cuboctahedron.[24] We have found no homometallic
copper-hydroxide cluster with nuclearity higher than four in
the absence of auxillary multidentate ligands. 3) Compound
2 does not contain multidentate ligands, and its formation
requires the self-assembly of at least 30 discrete components
(12 n-propylamine, 10 hydroxide, 8 Cu2+ cations, plus coun-
ter anions[25]), itself a record for copper-(hydr)oxo clusters.
4) Finally, and perhaps most remarkably, the formation of 2
is reproducible and quite controllable.


Controlled isolation of {1-ClO4}n and 2-(ClO4)6·2 H2O : Semi-
quantitative PXRD analyses were performed for the prod-
ucts of the reactions with Cu2+ :n-propylamine ratios in the
range 1–20 (Figure 3).[26] As mentioned previously, a pure
phase of {1-ClO4}n may be obtained at Cu2+ :n-propylamine
ratios of 1:20 and higher. At amine concentrations between
6 and 20 equivalents, the products are a mixture of {1-ClO4}n


and 2-(ClO4)6·2 H2O. A pure phase of 2-(ClO4)6·2 H2O is ob-
tained with a Cu2+ :n-propylamine ratio of 1:6. Reducing the
amine concentration below this level leads to increasing pre-
cipitation of amorphous Cu(OH)2. The PXRD analyses
reveal a relatively narrow window of composition available
for production of a pure phase of 2-(ClO4)6·2 H2O; increas-


ing the Cu2+ :n-propylamine ratio from 1:6 to 1:7 leads to
formation of about 90 % of the carbamate {1-ClO4}n.


The controlled isolation of 2-(ClO4)6·2 H2O is perhaps
somewhat surprising given the vast number of possible prod-
ucts that might be envisaged from combining primary n-al-
kylamines and hydroxide ions with Cu2+ in multinuclear
clusters. Indeed, this complexity is likely to be one contribu-
tor to the paucity of pure phases of simple copper (hydrox-
ide) amines that was alluded to previously. One approach
often employed to impart some degree of synthetic control
in such systems is the incorporation of multidentate chelat-
ing ligands that cap and thereby block uncontrolled forma-
tion of polymeric metal (hydr)oxides. In the formation of 2,
the key factor appears to be something different. Inspection
of the gross crystal structure highlights one notable feature:
interactions between the charged and hydrophobic regions
of the clusters are segregated (Figure 4). The clusters them-
selves lie in columns running along the crystallographic c
axis, with the trinuclear and dinuclear moieties of the clus-
ters lying in the perpendicular planes (110) and (2̄20). The
perchlorate anions also lie exclusively in these planes, so
that the charged regions of the structure form a channel-
type (44) network that appears square in projection along
the channel direction. The water molecules included within
the lattice lie close to the charged regions (loosely coordi-
nated to Cu atoms and also hydrogen-bonded to each other
and to the perchlorate moieties) so that the channels are oc-
cupied exclusively by the hydrophobic n-propyl chains.
Clearly, the dimensions of the n-propyl chain are significant:
shorter alkyl chains would leave voids within such a struc-
ture, whereas longer chains would disrupt the network
formed by the clusters and the perchlorate moieties. This
suggests that the thermodynamic stability associated with
the crystal lattice controls the formation and crystallisation
of 2-(ClO4)6·2 H2O, and that the stabilisation of 2 is specific
to n-propylamine ligands. It is possible that systematic ex-


Figure 3. Relative proportions of the carbamate polymer {1-ClO4}n and
octanuclear cluster 2-(ClO4)6·2H2O as a function of n-propylamine con-
centration, determined from semi-quantitative PXRD analyses of the
bulk solids obtained from the reaction mixtures (see Supporting Informa-
tion). Error bars are shown at a fixed estimate of �10 % and the solid
lines are sketched to provide a guide to the eye. Mixtures of 2-
(ClO4)6·2H2O and amorphous Cu(OH)2 are obtained below six equiva-
lents of n-propylamine.
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ploitation of other n-alkyl amines and metal hydr(oxo) sys-
tems may provide an elegant means to the controlled forma-
tion of other novel multinuclear clusters, although our at-
tempts to prepare characterisable analogues of 2 using other
n-alkylamines have been unsuccessful to date.


Magnetic properties of 1 and 2 : The O atoms of the bridging
carbamate groups in {1-ClO4}n occupy one axial coordina-
tion site (O1) and one equatorial coordination site (O2) on
each square-pyramidal Cu centre; thus, they interact with
orthogonal d orbitals on adjacent CuII ions in the 1D chain
(Figure 1a). This arrangement has been predicted to provide
a ferromagnetic superexchange pathway,[27] and intrachain
ferromagnetic coupling has indeed been observed previously
in the structurally similar carbonate-bridged polymer {[Cu-
(m-O,O’-CO3)(4-aminopyridine)2]H2O}n.


[28] Magnetic meas-
urements for {1-ClO4}n, however, indicate only very weak
antiferromagnetic interactions (see Supporting Information).
The magnetic moment per Cu remains constant at 1.85 mB


between 300 and 25 K, then decreases to reach 1.57 mB at
2 K. The intrachain Cu···Cu distance in 1 is large (ca. 4.9 �)
and the four-bond superexchange pathway of the �O�C�
O� bridge is probably too long for significant magnetic cou-
pling. Alternatively, it is possible that the weak antiferro-
magnetic interaction could also be inter-chain in its origin
and that this may conceal any weaker intra-chain ferromag-
netism.


The magnetic moment of the octanuclear cluster 2 per
Cu8 decreases gradually from 4.49 mB (cT= 2.52 cm3 mol�1 K)
at 300 K to reach 2.75 mB at 2 K with the moment still de-
creasing rapidly (Figure 5). This is indicative of net antifer-


romagnetic coupling. There is no field dependence in meff at
all temperatures for H=20, 100, 1000 and 10 000 Oe thus
ruling out any long-range effects or field dependent Zeeman
mixing of levels.[29] Eight uncoupled S= 1=2 CuII centres
would lead to meff = 4.89 mB (g=2.0) at 300 K and thus the
coupling is weak. There is no levelling off in the magnetic
moment (or cT) at low temperatures which would indicate
an isolated coupled ground state. This is also borne out in
the magnetisation versus field data (at 2, 3, 4, 5.5, 10 and
20 K) which show a linear dependence of M at 20 K and
gradual curvature at temperatures down to 2 K, without sat-
uration being achieved in the highest field of 5 T (Figure 6).
The M value of 2.38 NmB in the 5 T field at 2 K is possibly
indicative of an S=1 ground state. The magnetisation data
are generally in agreement with weak antiferromagnetic
coupling, probably with low lying S levels being close in
energy. From the structural details of the bridging interac-
tions (Figure 2 and Table 1), the full exchange calculations
would require a 256 matrix. This could conceivably be re-


Figure 4. Projection of the crystal structure of 2-(ClO4)6·2 H2O along the
c direction (approximately along the stacking direction of the double
cubane units), highlighting segregation of the interactions between the
charged components and the hydrophobic n-propyl chains (H atoms
omitted for clarity). The charged components form a (44) square network
in the (110) and (2̄20) planes and the n-propyl chains lie in channels be-
tween them.


Figure 5. A plot of meff per Cu8 versus temperature for 2-(ClO4)6·2H2O in
a field of 1 T. The solid line is not calculated, but provides a guide to the
eye.


Figure 6. Plots of magnetisation per Cu8 vs. applied field for 2-
(ClO4)6·2H2O. The solid lines provide a guide to the eye.
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duced to a four-J model assuming, for instance, J12 =J23 =


J67 = J78 =JA; J13 = J68 =JB; J24 =J25 =J47 =J57 =JC; J45 =JD with
all other Js equal to zero. These assumptions are limited,
however. Past experience with Cu2(OH)2 dimers,[27] for ex-
ample, suggests that the dihedral angles of about 408 and
308 formed across the O1···O2 and O7···O8 edges, respec-
tively, will lead to different (less negative) J values com-
pared to the almost planar Cu�O(H)�Cu pathways across
O3···O4 and O9···O10. The Cu�O(H)�Cu bond angles—
available only to limited precision from the crystal structure
of 2-(ClO4)6·2 H2O—vary from 92.1(11)8 to 100.4(9)8, close
to the angle of about 97.58 expected for changeover from
antiferromagnetic to ferromagnetic coupling in planar dihy-
droxo-bridged systems.[30] Out-of-plane pathways such as JC


will also play some part. Full treatment of such a complex
problem would require numerical analyses using irreducible
tensor operator methods[31] or density functional theory/
broken symmetry techniques;[32] we have not undertaken
these studies to date.


Conclusions


The results described here demonstrate that “simple” reac-
tions of Cu2+ with monodentate amines can lead to a multi-
tude of feasible products, including not only the well-known
binary compounds and dimeric diols reported 50 years ago
by Bjerrum and co-workers, but also higher-nuclearity hy-
droxo-bridged clusters, and products derived from fixing of
CO2 (i.e. carbamates and carbonates). The composition pro-
files obtained via PXRD analyses indicate that the composi-
tion window available for isolating products such as 2-
(ClO4)6·2 H2O can be extremely narrow. Given this observa-
tion, together with the more or less identical colours of the
Cu:amine complexes and lack of salient spectroscopic signa-
tures, it is not surprising that these more complex multinu-
clear structures have not been discovered earlier. It might
reasonably be concluded that related species can potentially
be formed for most copper-am(m)ine systems, and that
these have rarely been recognised.


Experimental Section


Synthetic procedure : Caution : while we have not experienced any difficul-
ties, perchlorate salts of metallo-organic complexes are potentially explo-
sive and should be handled with care in small quantities.


{[Cu(O2CNH(CH2)2CH3)(NH2(CH2)2CH3)3](ClO4)}n, {1-(ClO4)}n : With
vigorous stirring, n-propylamine (4.6 mL, 55.9 mmol) was added dropwise
to Cu(ClO4)2·6H2O (1.034 g, 2.79 mmol) dissolved in methanol (10 mL)
in an open flask until the pH reached about 11.3 to give a dark blue so-
lution. On standing in the open flask at room temperature blue needles
suitable for single-crystal X-ray diffraction appeared over several days.
On evaporation to dryness, the homogeneity of the bulk sample was con-
firmed by powder X-ray diffraction (PXRD) analysis. Elemental analysis
calcd (%) for {1-ClO4}n, C13H35ClCuN4O6: C 35.30, H 7.97, N 12.67; found:
C 34.59, H7.75, N 12.13.


[Cu8(OH)10(NH2(CH2)2CH3)12](ClO4)6·2H2O, 2-(ClO4)6·2H2O : With vigo-
rous stirring, n-propylamine (1.5 mL, 18.6 mmol) was added dropwise to


Cu(ClO4)2·6H2O (1.150 g, 3.1 mmol) dissolved in methanol (10 mL) in an
open flask until the pH reached about 9.9–10 to give a dark blue solution.
On standing in the open flask at room temperature, violet-tinged plates
suitable for single-crystal X-ray diffraction appeared over several days.
On evaporation to dryness, the homogeneity of the bulk sample was con-
firmed by PXRD analysis. Elemental analysis calcd (%) for 2-
(ClO4)6·2H2O, C36H122Cl6Cu8N12O36: C 21.40, H6.08, N 8.32; found:
C 21.68, H5.88, N 8.22.


[Cu(NH2(CH2)2CH3)4](ClO4)2, 3-(ClO4)2 : With vigorous stirring under
N2, n-propylamine (4.6 mL, 55.9 mmol) was added dropwise to Cu-
(ClO4)2.6H2O (1.034 g, 2.79 mmol) dissolved in methanol (10 mL) until
the pH reached about 11.3 to give a dark blue solution. On standing at
room temperature, violet crystals of 3-(ClO4)2 appeared over several
days. On evaporation to dryness, the homogeneity of the bulk sample
was confirmed by PXRD analysis. Elemental analysis calcd (%) for 3-
(ClO4)2, C12H36Cl2CuN4O8: C 28.89, H 7.27, N 11.23; found: C 28.04,
H7.04, N10.67.


Magnetic measurements : These were made using a Quantum Design
MPMS 5 Squid magnetometer, in a field of 1 T, with the sample (ca.
20 mg) contained in gel capsule fixed to the end of the sample rod. The
field was calibrated by use of a standard palladium sample obtained from
Quantum Design and checked by use of chemical calibrants such as
CuSO4·5 H2O. Diamagnetic corrections for the ligands were calculated
from Pascal�s constants. The field-dependent magnetisation data were ob-
tained using fields of 0–5 T.
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Sixfold Symmetry: Self-Assembly, Luminescence, and Coordination
Compounds
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Introduction


Highly branched molecules or molecules that have a star
shape (or starburst) are an important class of molecules for
materials scientists owing to some of their very attractive
features. It has been demonstrated by several research
groups[1] that starburst molecules often perform better than
nonstarburst molecules in organic light emitting diodes
(OLEDs), either as charge-transport materials or as emit-


ters, owing to their tendency to form stable amorphous films
with a relatively high Tg. Furthermore, starburst molecules
make it possible to incorporate multiple charge-transfer (or
redox) sites in a single molecule, thus facilitating their use
as charge-transport materials in organic devices.[2a–c] It has
been envisioned that starburst molecules functionalized by
donor atoms can be used for binding to multiple catalytical-
ly active metal centers, thus enhancing the overall catalytic
activity and perhaps, more importantly, introducing new ca-
pability to the catalyst that is not possible to achieve in a
mononuclear metal complex.[2d–h] In addition, starburst mol-
ecules with Lewis base sites have been shown to be effective
building blocks for the assembly of unusual extended supra-
molecular structures through either hydrogen bonds or coor-
dination bonds.[3] In contrast to starburst molecules with
threefold symmetry[1,3a,4] (e.g., trisubstituted benzene, trisub-
stituted 1,3,5-triazine or triarylamines), which are becoming
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Abstract: Two novel star molecules
functionalized with 7-azaindolyl and
2,2’-dipyridylamino groups have been
synthesized. Both molecules possess a
sixfold rotation symmetry. Molecule
L 1 is based on the hexaphenylbenzene
core with the formula of hexa[p-(7-
azaindolyl)phenyl]benzene, while mole-
cule L2 is based on the hexakis(biphe-
nyl)benzene core with the formula of
hexa[p-(2,2’-dipyridylamino)biphenyl]-
benzene. Both compounds have been
characterized by single-crystal X-ray
diffraction analyses. Molecule L 1
forms extended two-dimensional lay-
ered structure, while L 2 forms inter-
penetrating columnar stacks in the
solid state, as revealed by X-ray dif-
fraction analyses. Nanowire structures


based on columnar stacks through self-
assembly of L2 on a graphite surface
were revealed by an STM study. Mole-
cules L 1 and L 2 are capable of binding
to metal ions, resulting in unusual
structural motifs. Two AgI complexes
with the formulae of [(AgNO3)2(L1)]
(1) and [(AgNO3)3(L1)] (2) were iso-
lated from the reactions of AgNO3


with L 1. Compound 1 displays extend-
ed intermolecular p–p stacking interac-
tions that are responsible for its ex-
tended two-dimensional structure in


the crystal lattice. Complex 2 has a
“bowl” shape and forms polar stacks in
the crystal lattice. A CuII complex with
the formula of [{Cu(NO3)2}6(L 2)] (3)
was isolated from the reaction of
Cu(NO3)2 with compound L 2. The six
CuII ions in 3 are chelated by the 2,2’-
dipyridylamino groups of the star
ligand L 2. Intermolecular Cu�O (ni-
trate) bonds lead to the formation of
an extended two-dimensional coordina-
tion network of 3. Both L 1 and L 2 are
blue luminescent. Their interactions
with AgI or CuII cause drastic quench-
ing of emission. In addition, the lumi-
nescence of L1 and L 2 is sensitive to
the presence of protons, which cause a
reduction of emission intensity and a
red shift of the emission energy.


Keywords: luminescence · molecu-
lar stars · self-assembly · structure
elucidation · supramolecular
chemistry
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abundant in literature, examples of functionalized starburst
molecules with sixfold symmetry that are emissive and capa-
ble of binding to metal ions remain scarce. Our group has
recently reported a series of highly luminescent trisubstitut-
ed benzene and triazine molecules with 7-azaindolyl or 2,2’-
dipyridylamino functionality and their uses in OLEDs and
luminescent supramolecular assembly.[3a,4] We have now ex-
tended our investigation to hexasubstituted benzene mole-
cules. The behavior of the hexasubstituted benzene mole-
cules is very different from that of trisubstituted ones in
term of extended structures, self-assembly, and supramolec-
ular network formation with metal ions. Herein we report
two new hexasubstituted benzene molecules that contain
either 7-azaindolyl functional groups or 2,2’-dipyridylamino
functional groups, their structural and luminescent proper-
ties, their interactions with Lewis acids such as metal ions
and protons, and their uses in self-assembly and the forma-
tion of supramolecular structures.


Results and Discussion


Syntheses of star molecules L 1 and L 2 : The molecular stars
L 1 and L2 were synthesized by using the procedure shown
in Scheme 1. The key starting material, hexakis(4-bromo-


phenyl)benzene, was synthesized by using a modified litera-
ture procedure.[5] The Ullmann condensation[6] reaction of
hexakis(4-bromophenyl)benzene with 7-azaindole with
K3PO4 and CuI (as a base and a catalyst, respectively) pro-
duced compound L 1 in moderate yield (40%). Pd-catalyzed
Suzuki–Miyaura cross-coupling[7] of hexakis(4-bromophe-


nyl)benzene with p-(2,2’-dipyridylamino)phenyl boronic
acid[8] afforded compound L 2 in good yield (61 %). Com-
pound L1 is fairly soluble in most common polar solvents
such as THF, CH2Cl2, and CH3COOEt. Compound L 2 has a
poor solubility in THF, CH2Cl2, or CH3COOEt, but is mod-
erately soluble in chloroform. Both compounds display a
very high melting point (316 8C for L 1, 358 8C for L 2). Com-
pounds L 1 and L 2 display oxidation peaks at 1.44 and
1.20 V (versus AgCl/Ag), respectively, in the cyclovoltame-
try diagrams recorded in CH2Cl2. Both compounds were
fully characterized by NMR spectroscopy, and elemental
and single-crystal X-ray diffraction analysis. NMR spectra of
L 1 and L 2 established that the six legs in these two mole-
cules are equivalent in solution.


Crystal structures of L 1 and L2 : The crystal structure of L 1
is shown in Figure 1. The six 7-azaindolylphenyl legs in L 1
are all perpendicular to the central benzene ring to mini-
mize steric interactions. In the crystal lattice, molecules of
L 1 form extended two-dimensional layered structures.
Within each layer, the molecules of L 1 interdigitate through
the six legs with weak interleg p–p interactions, as depicted
in Figure 1 (middle). These layers are all oriented in the
same direction, but do not form columnar stack. Instead the
layers alternate in an ABAB fashion with the neighboring
layers off-setting each other, and between the layers there is
little interaction other than van der Waals forces.


The molecule of L2 has a crystallographically imposed in-
version center as shown in Figure 2. All 2,2’-dipyridylamino
units in L2 are disordered (see Supporting Information),
which along with many not fully resolved solvent molecules
in the lattice contribute to the poor quality of the crystal
data. Nevertheless, the X-ray data revealed some distinct
features for L 2. The diameter of molecule L 2 is ~3 nm. It is
a flat molecule with the thickness varying from 0.35–
0.45 nm. In contrast to the extended two-dimensional lay-
ered structure of L 1, molecules of L 2 form extended colum-
nar stacks (Figure 2 middle and bottom). These stacks inter-
penetrate through the legs. There is, however, no significant
p–p interaction between the legs. The disordering of the di-
pyridyl units on the periphery of the molecule is clearly
caused by the large size of the molecule and the lack of
strong intermolecular p stacking interactions in the crystal
lattice.


Self-assembly of molecular star L 2 on a graphite surface :
The crystal structures of L 1 and L2 demonstrated that such
molecular stars are capable of self-assembling into a highly
ordered structure in the solid state. To determine if the
same is true on surfaces, we examined the behavior of mole-
cule L 2 on a graphite surface by using STM imaging meth-
ods. After a diluted solution of L 2 in CHCl3 was placed on
the surface of a highly oriented pyrolitic graphite (HOPG),
the resulting graphite surface was examined by STM, which
revealed the presence of many wirelike structures on sur-
face. The width of these wires ranges from 14 nm to 26 nm
(the height of the wires cannot be accurately measured.).


Scheme 1. Reagents and conditions: a) [PdCl2(PhCN)2] acetone; b) Br2,
CH2Cl2; c) 7-azaindole, CuI, K3PO4, trans-diaminocyclohexane, 110 8C;
d) p-(2-py)2PhB(OH)2, Na2CO3, [Pd(PPh3)4], toluene, ethanol, H2O,
reflux.
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An STM image of a wire is shown in Figure 3. This image
bears striking resemblance to the columnar stacks of L 2 in
the crystal lattice as revealed by X-ray diffraction. We there-
fore believe that these wires are probably a consequence of
self-assembly by molecules of L 2 that form stacks with the
molecular plane being perpendicular to the graphite surface.
This behavior is not surprising, considering the fact that the
six biphenyl legs in L2 are all perpendicular to the molecu-
lar plane, hence there is little advantage for the molecules


to stack with the molecular plane parallel to the graphite
surface. Taking into consideration of interpenetration of the
columns shown in Figure 2 (middle and bottom), the ob-


Figure 1. Top: The molecular structure of L 1 shown as space-filling dia-
gram (blue: nitrogen). Middle: A diagram showing the intermolecular in-
teraction within a single layer. Bottom: Side view of the same layer de-
picted in the middle.


Figure 2. Top: The molecular structure of L 2 shown as a space-filling dia-
gram (blue: nitrogen). Middle: A diagram showing the inter-penetrated
columns. Bottom: Side view of the same columns depicted in the middle.
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served widths of the wires correspond to ~6–14 molecules.
The STM images established that molecules of L 2 can
indeed self-assemble into ordered, nanoscale structures on
surfaces.


Coordination compounds of L 1 and L 2 : To establish the
utility of L1 and L 2 as building blocks for the formation of
extended structures through coordination bonds, we exam-
ined the reactions of L 1 and L2 with three representative
metal ions AgI, ZnII, and CuII in various ratios. For ligand
L 1, complex 1 with the formula of [(AgNO3)2(L 1)] was iso-
lated from the reaction of L 1 with AgNO3 in CH2Cl2/MeOH
with either a 1:1 or a 1:2 ratio of the ligand and AgNO3 in
the reaction. When the reaction of L 1 with AgNO3 was car-
ried out in a 1:6 ratio, complex 2 with the formula of
[(AgNO3)3(L1)] was obtained in good yield. Complex 2 can
also be obtained by using a 1:3 ratio of L 1 versus AgNO3.
Complex 1 is only slightly soluble in CHCl3, while 2 only
shows appreciable solubility in methanol. For ligand L 2,
complex 3 with the formula of [{Cu(NO3)2}6(L 2)]·xH2O was
isolated in good yield from the reaction of L2 with
Cu(NO3)2 in a 1:6 ratio by using a CH3CN/THF/CHCl3 sol-
vent-layering technique. Complex 3 exists in at least two
crystalline forms—small blue-green needles and dark green
hollow needles with thin walls. The difference between
these two forms appears to be the number of H2O ligands
associated with the CuII centers, based on CHN analysis.
Complex 3 is insoluble in most organic solvents except
DMF and DMSO. No ZnII complexes were isolated from
the reactions of ZnCl2 or Zn(O2CCF3)2 with L 1 or L 2.


Crystal structures of complexes : Crystals of 1 and 2 suitable
for X-ray diffraction analyses were obtained and both struc-
tures were determined successfully by single-crystal X-ray
diffraction analysis. For complex 3, the dark green crystals
were capable of producing weak diffraction and were there-
fore used for X-ray diffraction. However, the data obtained
are very poor.


The molecular structure of complex 1 is shown in
Figure 4. Two AgI ions are coordinated to the star ligand L 1
and are related to each other by an inversion center. Each
AgI ion is bound by two 7-azaindolyl groups through the ni-
trogen atoms. The third position is occupied by the nitrate


anion as a terminal ligand. The remaining oxygen atoms of
the nitrate are more than 3 � away from the AgI center.
The geometry around the AgI is approximately trigonal
planar. The most striking feature of 1 is the intermolecular
interaction present in the crystal lattice. Molecules of 1
form extended two-dimensional layers through p–p stacking


Figure 3. An STM image of a self-assembled wire of L2 on a graphite
surface (width=20.2�0.6 nm).


Figure 4. Top: The molecular structure of 1 shown as a stick and ball dia-
gram (blue: nitrogen; red: oxygen; yellow: silver). Middle: A diagram
showing the intermolecular interaction within a single layer. Bottom:
Side view of the same layer depicted in the middle.
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between the 7-azaindolyl rings of adjacent molecules. As
shown in Figure 4 (middle), each of the six legs of molecule
1 is paired up with a leg from the neighboring molecule with
the atomic separation distances between the two 7-azaindol-
yl rings ranging from 3.6–4.0 �. In other words, each mole-
cule of 1 is locked into position by pairing up with six neigh-
boring molecules in the crystal lattice. Unlike the free
ligand, the two-dimensional layers of 1 stack in the lattice.
The binding of the AgI ion to the ligand clearly causes a
change in the extended structure. In solution, complex 1 dis-
plays a highly dynamic behavior. The 1H NMR spectrum of
1 in CD2Cl2 at ambient temperature shows one set of broad
chemical shifts for the protons on the 7-azaindolylphenyl
leg, which are resolved into two distinct sets of chemical
shifts with ~1:1 ratio at low temperature (Figure 5), an indi-
cation that compound 1 undergoes a dynamic exchange in


solution. This exchange is likely an intramolecular process,
that is, involving the migration of the AgI ions among the
six 7-azaindolyl binding sites, based on the behavior of com-
plex 2 (see discussion below). However, since the two sets
of chemical shifts are not 1:2 ratio, the structure of 2 in so-
lution at low temperature (183 K) is probably not the same
as the crystal structure.


The molecular structure of 2 is shown in Figure 6. Com-
pound 2 possesses crystallographically imposed C3 symme-
try. Each AgI ion is bound by two 7-azaindolyl groups in a
manner similar to that in 1. One notable difference is that
the second oxygen atom of the nitrate ligand is weakly
bound to the AgI ion in 2 (Ag···O =2.66(1), 2.599(9) � for
the two independent molecules). In addition, in contrast to
1, in which the two AgNO3 units are on the opposite sides
of the molecular plane, the three AgNO3 units in 2 are all
on the same side. As a consequence, complex 2 has a
“bowl” shape. The “bowls” are all oriented along the same
direction in the crystal lattice of 2, perhaps driven by the
electrostatic interactions between the electronegative nitrate
and the electropositive protons on L1. As a consequence,
the crystals of 2 belong to the polar space group R3. There


Figure 5. Variable-temperature 1H NMR spectra of 1 in CD2Cl2.


Figure 6. Top: The molecular structure of 2 shown as a stick and ball dia-
gram (blue: nitrogen; red: oxygen; light blue: silver). Middle: A diagram
showing the orientation of three AgNO3 units and the stacking of 2.
Bottom: A diagram showing the intermolecular interactions within a
single layer.
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are weak intermolecular p–p interactions among the 7-
azaindolyl groups in the crystal of 2, as shown by Figure 6,
but not all 7-azaindolyl legs are paired up with legs from
neighboring molecules. The shortest atomic separation dis-
tance between two neighboring 7-azaindolyl rings is 4.0 �.
In contrast to the behavior of 1, compound 2 does not dis-
play any dynamic exchange in solution, as evidenced by its
1H NMR spectrum. The lack of dynamic exchange of 2 can
be explained by the fact that all the 7-azaindolyl binding
sites in 2 are occupied by the AgI ions; hence there are no
vacant sites available for AgI ions to undergo intramolecular
migration. The absence of dynamic exchange of 2 also lead
us to conclude that the exchange phenomena displayed by 1
must be caused by the vacant 7-azaindolyl binding sites in 1,
hence most likely an intramolecular exchange process. Dy-
namic exchanges involving metal ions and vacant binding
sites on starburst molecules have been observed previous-
ly.[4b]


The molecular structure of complex 3 is shown in
Figure 7. Due to the weak diffraction, the twinning of the
crystal, the disordering of the Cu(NO3)2 and pyridyl units,
and the unresolved large number of solvent molecules in the
crystal lattice, the structural data is poor, despite our repeat-
ed efforts (four data sets from four different crystals were
collected for 3 at 120 K, which all showed consistently the
same structural features.). The bond lengths and angles for 3
are not accurate. However, we have confidence in the basic
structural features revealed by the X-ray data. The molecule
of 3 possesses a crystallographically imposed inversion
center. There are six CuII ions
chelated to the six 2,2’-dipyrid-
ylamino groups in 3. Each CuII


ion is also bound by two intra-
molecular nitrate ligands. Two
of the CuII ions (Cu(1),
Cu(1A)) are bound by a H2O
ligand. Most interestingly, the
Cu(1) and Cu(1A) centers are
linked to Cu(3’) and Cu(3A’)
from neighboring molecules
through a nitrate bridge
(Cu(3’)�O(2) �2.48 �). As a
result, the Cu(1) and Cu(3) cen-
ters can be best described as
five-coordinate. Due to the dis-
ordering of the nitrate ligands
(and the pyridyl rings which
cannot be modeled), there are
some uncertainties on the
bonding modes of some of the
intramolecular nitrate ligands
(i.e., terminal versus chelating).
There are no intermolecular co-
ordination bonds between the
Cu(2) and Cu(2’) centers. Nev-
ertheless, as a consequence of
the nitrate bridges between


Cu(1) and Cu(3’), molecules of 3 form an extended two-di-
mensional network, as shown in Figure 8. This two-dimen-
sional network is in sharp contrast with the one-dimensional
columnar stack of the free ligand L 2. In addition, the two-
dimensional network of 3 forms ladderlike stacks with adja-
cent layers. The structure of 3 demonstrates again that coor-
dination bonds can be used to modulate the extended struc-
ture of large molecular star molecules such as L2.


Figure 7. The molecular structure of 3 shown as a stick and ball diagram
(blue: nitrogen; red: oxygen; green: copper). The direction of intermo-
lecular Cu�O bonds is indicated by arrows.


Figure 8. Top: A diagram showing the Cu�O bond linked two-dimensional network of 3. Bottom: Side view of
the same layer.
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Luminescence : Molecules L 1 and L2 are luminescent in so-
lution and the solid state with the emission maximum in the
violet (~380 nm) and blue (~400 nm) regions, respectively.
Compared to 4,4’-bis(7-azaindolyl)-1,1’-biphenyl (lmax =


405 nm), the emission band of L1 is significantly blue-shift-
ed, which can be attributed to the lack of conjugation of the
7-azaindolylphenyl leg with the central benzene ring in L 1,
imposed by steric interactions. The emission band of L 2 is,
however, similar to that of 4,4’-bis(2,2’-dipyridylamino)-1,1’-
biphenyl (lmax =401 nm); this is not surprising, since the
2,2’-dipyridylamino biphenyl leg in L 2 has a similar conjuga-
tion length as 4,4’-bis(2,2’-dipyridylamino)-1,1’-biphenyl.
However, the emission quantum yields (~24 %) for L 1 and
L 2 are considerably lower than that of the corresponding
disubstituted biphenyl compound (>50 %); this difference is
very likely caused by the close proximity of the six legs in
L 1 and L 2, hence significant interleg quenching of lumines-
cence. The luminescent data are listed in Table 1.


Effect of metal ions on luminescence of L 1 and L 2 : The for-
mation of metal complexes such as 1–3 causes a drastic
change in the luminescence. The AgI complexes 1 and 2 dis-
play a blue emission in solution with lmax similar to that of
the free ligand L1. Both complexes are also luminescent in
the solid state with a distinct difference. For 1 the solid
emission maximum is at 438 nm, considerably red-shifted,
relative to that found in solution. For 2, the solid emission
maximum is at 392 nm, also red-shifted, but much less than
that found for 1, relative to the solution emission spectrum
(in CH3OH). The red shift of the emission bands of 1 and 2
in the solid state is most likely caused by intermolecular p–
p interactions between the 7-azaindolyl portions of the mol-
ecule; such interactions are known to shift the emission
energy to a longer wavelength.[9] The different extent of red
shift displayed by 1 and 2 is clearly associated with the dif-
ferent extent of p–p interactions present in the crystal latti-
ces of 1 and 2, as revealed by the crystal structures. Because
1 has much more intense and more extensive intermolecular
p–p stacking interactions than 2 does in the solid state, com-
plex 1 shows a greater emission red shift than 2. To quantify
the effect of AgI ions on the emission of ligand L1, we re-
corded the emission band change in the presence of AgI


ions. As shown in Figure 9, the addition of one equivalent of
AgNO3 (in CH3CN) to the solution of L 1 (8.12 � 10�5


m) in
CH2Cl2 resulted in the decrease of emission intensity by
~55 %. The addition of two equivalents of AgNO3 resulted
in the reduction of emission intensity to ~4 % of the initial
intensity. Further addition of AgNO3 did not lead to further


decrease of emission intensity. The coordination of AgI ions
to ligand L 1 as demonstrated by the structures of 1 and 2 is
clearly responsible for the observed luminescence quench-
ing.


The paramagnetic CuII ions completely quench the emis-
sion of the ligand L 2, as demonstrated by the absence of lu-
minescence of 3. To determine the amount of CuII ions re-
quired to cause complete quenching of luminescence from
L 2, we did a titration experiment; the results are shown in
Figure 10. The addition of one equivalent of CuII ions


(Cu(NO3)2 in THF) to the solution of L 2 (5.0 � 10�6
m) in


CHCl3) causes a decrease of emission intensity ~60 %. The
addition of two equivalents of CuII ions essentially com-
pletely quenches the emission of the ligand. The binding of
CuII ions to the dipyridylamino units in L 2 brings the para-
magnetic CuII center close to the chromophore, which is
clearly responsible for the observed luminescence quench-
ing.


Effect of protons on luminescence of L 1 and L 2 : Protons
are attracted to the lone pair electrons of the nitrogen


Table 1. Luminescent data of compounds L 1, L2, 1, and 2


Emission (excitation)
in CH2Cl2, lmax [nm]


Emission (excitation)
solid, lmax [nm]


L1 379 (307) 380 (358)
L2 401 (360) 409 (372)
1 380 (315) 428 (371)
2 376 (328) (CH3OH) 392 (328)


Figure 9. Excitation and emission spectra of L 1 (8.12 � 10�5
m in CH2Cl2)


with various ratios of L 1 versus AgNO3.


Figure 10. Excitation and emission spectra of L2 (5.0 � 10�6
m in CHCl3)


with various ratios of L 2 versus Cu(NO3)2.
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atoms in L1 and L 2 just as the metal ions are. Therefore,
one would anticipate that protons are also likely to exert
some effects on the emission of L 1 and L 2. Indeed, both
compounds were found to have a very sensitive response to
the presence of protons. For L 1, as shown by Figure 11, the


addition of one equivalent of protons ([H(Et2O)2][BAr’4] ,
Ar’=3,5-bis(trifluoromethyl)phenyl) to the solution of L 1
(8.12 �10�5


m) in CHCl3 resulted in ~82 % reduction of the
emission intensity without significantly shifting the emission
energy. The addition of two equivalents of protons to the so-
lution of L1 caused a decrease of emission intensity by
~98 % and the shift of the emission band from lmax =379 to
~400 nm. Interestingly, however, further addition of protons
resulted in a gradual shift of the emission band to lmax =


460 nm and a steady increase of emission intensity, which
reaches the maximum (~10 % of the initial emission intensi-
ty) at the 1:9 ratio of L 1 versus protons. Further increase of
the proton concentration does not change the spectrum fur-
ther. The emission color of the solution of L1 changed visi-
bly from dark blue to sky blue after the addition of three
equivalents of protons. Cleary the overall effect of the addi-
tion of protons is luminescent quenching. The partial recov-
ery of the emission intensity after the addition of more than
three equivalents of protons is likely due to the formation of
proton chelating between two pyridyl groups; this may en-
hance the rigidity of the molecule, and, hence, the emission
intensity.


The addition of one equivalent of protons ([H(Et2O)2]
[BAr’4]) to the solution of L 2 ( 2.50 � 10�6


m) in CHCl3


caused about 62 % decrease of emission intensity without
change of emission energy (Figure 12). The addition of two
equivalents of protons resulted in a decrease of ~90 % emis-
sion intensity. Addition of five or more equivalents of pro-
tons caused the emission maximum to shift from 400 to
422 nm with very weak emission intensity (~2 % of initial in-
tensity). The red shift of emission peak is similar to the be-
havior of L1. However, in contrast to the behavior of 1, no


recovery of emission intensity was observed at a higher ratio
of protons versus L2 (>6:1). Luminescence quenching by
protons by means of acid–base interactions has been well
documented previously.[9] Protonated forms of L1 and L 2
are most likely responsible for the observed luminescence
quenching.


Conclusion


We have demonstrated that 7-azaindolyl- and 2,2-dipyridyl-
amino-functionalized star molecules based on the hexaphe-
nylbenzene core can be synthesized in good yield by either
Ullmann condensation or Suzuki coupling methods. These
molecules form layered or columnar structures in the solid
state. The large star molecule L 2 is capable of self-assem-
bling into nanowire structures on surfaces. The 7-azaindolyl
and 2,2’-dipyridylamino Lewis base sites in the star mole-
cules L 1 and L 2 make it possible to assemble them together
through metal–ligand bonds, as demonstrated by the two-di-
mensional extended structure of complex 3. In addition, the
binding of metal ions such as AgI to the star molecule such
as L 1 considerably alters the extended arrangement of the
star molecules in the solid state. Based on the results of our
preliminary study, the new functionalized star molecules are
very promising in forming various organized structures in
the solid state and on surfaces. The binding of metal ions to
the star molecules causes a drastic quenching of lumines-
cence from star ligands. When AgI ion is used, the resulting
complexes are still luminescent, but with a much lower in-
tensity relative to that of the free ligand. In contrast, para-
magnetic metal ions such as CuII can lead to a complete
quenching of the luminescence. Such a luminescent response
toward metal ions by the functionalized star molecules may
be useful for selective and sensitive detection of various
metal ions. The luminescent quenching phenomena dis-
played by protons resemble that of the AgI ions. However,


Figure 11. Excitation and emission spectra of L 1 (8.12 � 10�5
m in CH2Cl2)


with various ratios of L 1 versus [H(Et2O)2][BAr’4].


Figure 12. Excitation and emission spectra of L 2 (2.50 � 10�6
m in CHCl3)


with various ratios of L 2 versus [H(Et2O)2][BAr’4].


Chem. Eur. J. 2005, 11, 832 – 842 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 839


FULL PAPERMolecular Stars



www.chemeurj.org





unlike AgI ions, which only cause the decrease of emission
intensity, protons cause both emission intensity decrease and
the shift of emission energy, depending on the concentration
of protons. Therefore, the new star molecules also have the
potential as a pH probe. Systematic and quantitative exami-
nation on this aspect of application is underway in our labo-
ratory.


Note Added in Proof


Since this manuscript was submitted for publication we have
taken some very high-resolution images of molecular wires
on graphite. These images clearly show both the corrugation
produced by beta-site carbon atoms and the internal struc-
ture of the wires. Concurrently, we found in the published
work of C. R. Clemmer and T. P. Beebe[10] an image collect-
ed from a cleaved graphite surface that contains a wire-like
feature that the authors associated with a step edge. Al-
though we have been able to induce large surface-defect
densities of the familiar moir� type[11] by exposing graphite
to solvents, we have not yet observed wirelike features on
graphite without adsorbing molecules. However, we are now
extending our experiments to other surfaces to exclude the
possibility that in some or all cases the wirelike features
arise from defects in the underlying graphite and not from
the molecular compound. These experiments will be de-
scribed in a future publication.


Experimental Section


All starting materials were purchased from Aldrich Chemical Company
and used without further purification. Solvents were freshly distilled over
appropriate drying reagents. All experiments were carried out under a
dry nitrogen atmosphere by using standard Schlenk Techniques unless
otherwise stated. TLC was carried out on SiO2 (silica gel F254, What-
man). Flash chromatography was carried out on silica (silica gel 60, 70–
230 mesh). 1H and 13C spectra were recorded on Bruker Avance 300,
500 MHz spectrometers. Excitation and emission spectra were recorded
on a Photon Technologies International QuantaMaster Model 2 spec-
trometer. Elemental analyses were performed by Canadian Microanalyti-
cal Service, Delta, British Columbia (Canada). Melting points were deter-
mined on a Fisher–Johns melting point apparatus. p-(2,2’-Dipyridylami-
no)bromobenzene, p-(2,2’-dipyridylamino)phenylboronic acid,[8] and hexa-
phenylbenzene[12] were synthesized by using modified literature methods.


Preparation of hexakis(4-bromophenyl)benzene : Br2 (2 mL) was slowly
added to a solution of hexaphenylbenzene (1.2 g) in CH2Cl2 (10 mL).
The mixture was stirred overnight, then saturated Na2SO3 aqueous so-
lution (30 mL) was added slowly with stirring. The aqueous phase was ex-
tracted with CH2Cl2 (3 � 15 mL). The product (2.25 g) was obtained after
the solvent was removed by vacuum in 99% yield, and was used without
further purification. 1H NMR (CDCl3, 25 8C): d=7.08 (d, J =8.4 Hz,
12H), 6.63 ppm (d, J=8.4 Hz, 12H).


Preparation of hexakis[p-(7-azaindolyl)phenyl]benzene (L 1): A mixture
of hexakis(4-bromophenyl)benzene (0.80 g, 0.79 mmol), 7-azaindole
(0.60 g, 5.0 mmol), CuI (0.051 g), K3PO4 (2.12 g), trans-1,2-diaminocyclo-
hexane (0.37 mL), and 1,4-dioxane (8 mL) was stirred at 110 8C for 48 h.
After workup, colorless crystals of the product were obtained in 40%
yield (0.40 g). 1H NMR (CDCl3, 25 8C): d= 8.27 (dd, J=4.8, 1.5 Hz, 6 H;
7-azain), 7.85 (dd, J=7.8, 1.5 Hz, 6H; 7-azain), 7.53 (d, J =8.7 Hz, 12 H;
Ph), 7.44 (d, J=3.6 Hz, 6 H; 7-azain), 7.15 (d, J =8.7 Hz, 12 H; Ph), 7.03


(dd, J=7.8, 4.8 Hz, 6H; 7-azain), 6.48 ppm (d, J =3.6 Hz, 6H; 7-azain);
13C NMR (CDCl3, 25 8C): d=147.95, 143.82, 141.09, 138.55, 136.99,
133.09, 129.40, 128.28, 122.49, 122.10, 117.09, 102.12 ppm; elemental anal-
ysis calcd (%) for C84H54N12: C 81.95, H 4.39, 13.66; found: C 81.48, H
4.52, N 13.34; m.p. 316 8C.


Preparation of hexakis[p-(2,2’-dipyridylamino)biphenyl]benzene (L 2): A
mixture of hexakis(4-bromophenyl)benzene (0.50 g, 0.496 mmol),
Pd(PPh3)4 (0.15 g), and toluene (40 mL) was stirred for 10 min. p-(2,2’-
Dipyridylamino)phenylboronic acid (0.953 g, 3.27 mmol) in EtOH
(20 mL) and NaOH (0.8 g) in H2O (20 mL) were subsequently added.
The mixture was stirred and refluxed for 48 h and allowed to cool to
room temperature. The water layer was separated and extracted with
CHCl3 (3 � 30 mL). The combined organic layers were dried over MgSO4,
and the solvents were evaporated under reduced pressure. Purification of
the crude product by column chromatography (CH2Cl2/Hexane/THF,
1:2:3) afforded 2 as a colorless solid in 61% yield. 1H NMR (CDCl3,
25 8C): d=8.32 (dd, J=5.0, 1.0 Hz, 12H; Py), 7.54 (ddd, J=8.5, 7.0,
2.0 Hz, 12 H; Py), 7.50 (d, J =8.5 Hz, 12H; Ph), 7.20 (d, J =8.5 Hz, 12H;
Ph), 7.17 (d, J= 8.5 Hz, 12H; Ph), 7.02 (d, J=8.5 Hz, 12H; Ph), 6.98 (d,
J =8.5 Hz, 12H; Py), 6.92 ppm (dd, J =7.0, 5.0 Hz, 12 H; Py); 13C NMR
(CDCl3, 25 8C): d =158.50, 148.90, 144.32, 140.68, 140.04, 138.28, 137.88,
137.35, 132.34, 128.39, 127.72, 125.57, 118.49, 117.41 ppm; elemental anal-
ysis calcd (%) for C138H96N18·CH2Cl2: C 79.85, H 4.69, N 12.06; found: C
80.08, H 4.74, N 11.90; m.p. 358 8C.


Preparation of [(AgNO3)2(L 1)] (1): AgNO3 (5.6 mg, 0.033 mmol) in
MeOH (2 mL) was added to a solution of L1 (20 mg, 0.016 mmol) in a
minimum amount of CH2Cl2 and stirred for 0.5 h. After the solution was
allowed to stand for two days in the dark, colorless crystals of 1 were ob-
tained in 45% yield. 1H NMR (CD2Cl2, 25 8C): d=8.24 (br s, 6 H; 7-
azain), 8.14(br s, 6 H; 7-azain), 7.56 (br s, 12 H; Ph), 7.46 (br s, 6 H; 7-
azain), 7.40 (br s, 12H; Ph), 7.17 (br s, 6H; 7-azain), 6.60 ppm (br s, 6 H;
7-azain); elemental analysis calcd (%) for C84H54Ag2N14O6·CH2Cl2: C
61.63, H 3.38, N 11.84; found: C 61.84, H 3.18, N 11.87.


Preparation of [(AgNO3)3(L 1)] (2): AgNO3 (17 mg, 0.098 mmol) in
MeOH (2 mL) was added to a solution of L1 (20 mg, 0.016 mmol) in a
minimum amount of CH2Cl2 and stirred for 0.5 h. After the solution was
allowed to stand for a few days in the dark, colorless crystals of 2 were
obtained in 88 % yield. 1H NMR (CD3OD, 25 8C): d=7.66 (d, J =7.5 Hz,
6H; 7-azain), 7.47 (d, J= 4.5 Hz, 6H; 7-azain), 7.10 (d, J =3.5 Hz, 6 H; 7-
azain), 6.90 (d, J=8.0 Hz, 12 H; Ph), 6.81 (d, J= 8.0 Hz, 12 H; Ph), 6.74
(dd, J=8.0, 5.0 Hz, 6H; 7-azain), 6.60 ppm (d, J =3.5 Hz, 6H; 7-azain);
elemental analysis calcd (%) for C84H54Ag3N15O9·2.5H2O: C 56.48, H
3.31, N 11.77; found: C 56.21, H 3.18, N 11.81.


Preparation of [{Cu(NO3)2}6(L 2)] (3): A solution of Cu(NO3)2·2.5H2O
(14 mg, 0.06 mmol) in THF (5 mL) was added to a solution of L 2 (19 mg,
0.01 mmol) in CHCl3 (5 mL). The mixture became cloudy. The mixture
became a clear solution after addition of CH3CN (8 mL). The solution
was stirred overnight and toluene (2 mL) was added. After the solution
was allowed to stand for two weeks, dark green crystals of 3 were ob-
tained in 68% yield. Elemental analysis calcd (%) for C138H96Cu6N30O36


·6H2O: C 51.16, H 3.34, N 12.97; found: C 51.39, H 3.11, N 12.31.


STM imaging : Highly oriented pyrolitic graphite (HOPG) samples (Ad-
vanced Ceramics, grade ZYH), were mounted on glass slides by using
conductive epoxy (Epoxy Technologies, H21D). Surfaces with large re-
gions of atomically flat (0001) crystal orientation were prepared by re-
moving several graphite layers with cellophane tape. Subsequently, two
drops of an approximate 0.1 mg mL�1 solution of L2 in chloroform were
added. STM images were acquired in air under ambient conditions by
using a home-built beetle-type microscope.[13] The images were obtained
in constant-current mode by using mechanically-formed PtIr tips. Lateral
calibration of the piezoelectric scanner was based on the 0.246 nm spac-
ing of beta-site atoms on the graphite surface. Images are presented with-
out filtering, although a background subtraction was applied.


X-ray crystallographic analysis : Single crystals of L 1 were obtained from
slow diffusion of hexane into a solution of L 1 in CH2Cl2. Crystals of L 2
were obtained from mixed solvents of hexane, toluene, CH2Cl2, and THF.
The crystals of 1 and 2 were obtained from hexane, CH2Cl2, and metha-
nol. The crystals of 3 were obtained from a mixture of solvents of tolu-
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ene, CHCl3, and CH3CN. Crystals L 1, 1, and 2 were mounted on thin
glass fibers for data collection. Crystals L2 and 3 were sealed in glass ca-
pillaries along with solvents. Data were collected on a Siemens P4 single-
crystal X-ray diffractometer with a CCD-1000 detector and graphite-
monochromated MoKa radiation, operating at 50 kV and 30 mA at 293 K
for L1, at 120 K for L2 and 3, at 180 K for 1 and 2. No significant decay
was observed for all samples. Data were processed on a PC using Bruker
SHELXTL software package[14] (version 5.10). Crystals of L2, 1, and 3
belong to the triclinic space group P1̄. Crystals of L1 belongs to the
monoclinic crystal space group P21/n and crystals of 2 belong to the
rhombohedral space group R3. All structures were solved by direct meth-
ods. All non-hydrogen atoms except those of disordered solvent mole-
cules in L1, 1, and 2 were refined anisotropically. All hydrogen atoms
except those of disordered solvent molecules in L1, 1, and 2 were calcu-
lated and their contributions were included in structural factor calcula-
tions. Crystals of the big star molecule L2 and its complex 3 diffract
poorly and weakly. In addition, the groups along the periphery of mole-
cules L 2 and 3 display severe thermal disordering, perhaps due to the
large size of the molecule (~3 nm in diameter). The CuII ions in 3 also
display significant thermal disordering. However, due to the limited
number of reflections, this disorder could not be fully addressed. Further-
more, there are a large number of solvent molecules in the crystal lattices
of L 2 and 3 (3 CHCl3, 3 THF, 3 toluene molecules per molecule of L 2
were located in the crystal lattice; 5.5 toluene and 1 H2O molecules per
molecule of 3 were found in the lattice). These solvent molecules were
all disordered and were only partially resolved and refined. As a conse-
quence of poor diffraction, disordering of the molecules, disordering of
solvent molecules, and perhaps missing solvent molecules, the crystal
data of L 2 and 3 are poor, despite repeated data collections and the use
of different crystals. The results from our best efforts for L2 and 3 along
with crystal data for L 1, and its complexes 1 and 2 are included in
Table 2. CCDC-246905 (L1), CCDC-246906 (L 2), CCDC-246902 (1),
CCDC-246903 (2), and CCDC-246904 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.cam.uk).
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c]/3. [c] Weakly diffracting crys-
tals with a large number of lattice solvent molecules missing or partially located.
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A Dinuclear MnIII–CuII Single-Molecule Magnet


Hiroki Oshio,*[a] Masayuki Nihei,[a] Ayano Yoshida,[a] Hiroyuki Nojiri,[b]


Motohiro Nakano,*[c] Akira Yamaguchi,[d] Yoshitomo Karaki,[d] and Hidehiko Ishimoto[d]


Introduction


Magnetic relaxation through spin flipping (from up to down
spins) along the magnetic anisotropy axis occurs slowly in
high-spin molecules with easy axis magnetic anisotropy, and
at very low temperature the spin does not thermally flip but
flips through quantum processes. Such molecules have a
double minimum potential for the reversal direction of the
magnetic moment and are called single-molecule magnets
(SMMs). SMMs,[1] which have possible applications as very
small memory devices, are fundamentally interesting due to
quantum phenomena.[2] HFEPR and solid-state NMR spec-
troscopy have become important tools for studying quantum
phenomena in SMMs,[3] and the quantum spin tunnelling
and magnetic structures of [Mn12O12(O2CMe)16(H2O)4]


n�


(n=0, 1, and 2)[4] and [Fe8O2(OH)12(tacn)6]
8+ (tacn=1,4,7-


triazacyclononane)[5] have been extensively studied. To be
an SMM, a molecule should have a high-spin ground state
with a negative uniaxial zero-field splitting (ZFS) parameter
(D). A molecule with the high-spin ground state can be pre-
pared by arranging metal ions orthogonally with respect to
their magnetic orbitals.[6] MnIII and CuII ions, with a ds hole
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Abstract: The reaction of 1/3 equiva-
lent of CuCl2·2 H2O with MnCl2·4 H2O
and 5-bromo-2-salicylideneamino-1-
propanol (H25-Br-sap) in methanol
gave dark brown crystals of [MnIII-
CuIICl(5-Br-sap)2(MeOH)] (1). Com-
plex 1 has an alkoxo-bridged dinuclear
core of MnIII and CuII ions, which have
elongated octahedral and square-
planar coordination geometries, respec-
tively. In dc magnetic susceptibility
measurements, cmT values increased as
the temperature was lowered, followed
by a sudden decrease below 20 K. This
behavior is indicative of the occurrence
of intramolecular ferromagnetic inter-
actions, and fitting gave an S=5/2 spin


ground state with an exchange coupling
constant JMnCu of +78 cm�1. Magnetiza-
tion data collected as a function of
temperature and applied magnetic field
were analyzed by using a spin Hamilto-
nian with isotropic Zeeman and axial
zero-field splitting (ZFS) terms, and a
negative D5/2 value (�1.86 cm�1) was
obtained. A high-field EPR (HFEPR)
spectrum (342.0 GHz) at 4.2 K was
composed of four peaks, and two addi-
tional peaks at higher magnetic field


appeared as the temperature was in-
creased. The temperature dependences
in the HFEPR spectra are indicative of
a negative D5/2 value, and fitting of the
data gave D5/2 =�1.81 cm�1. In the ac
magnetic susceptibility measurements,
frequency dependent in-phase (cm’)
and out-of-phase (cm’’) signals with
peak maxima at 0.7–1.5 K were ob-
served and small peaks below 0.7 K ap-
peared. The ac susceptibility data sup-
ports that 1 is a single-molecule
magnet (SMM). Arrhenius plots for
the cm’’ peaks from 0.7–1.5 K gave the
re-orientation energy barrier (DE) of
10.5 K with a pre-exponential factor of
8.2 � 10�8 s.


Keywords: copper · magnetic prop-
erties · manganese · single-molecule
magnets
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and a ds unpaired electron, respectively, might be a suitable
combination to cause ferromagnetic interactions through
strict orthogonality. In the present work, we have prepared
a new dinuclear MnIII–CuII complex using a tridentate Schiff
base ligand in which fairly strong ferromagnetic interactions
are present. We describe the synthesis, crystal structure, and
magnetic properties of the MnIII–CuII complex, which is a
new SMM.


Results and Discussion


Descriptions of structure : The reaction of 1/3 equivalent of
CuCl2·2 H2O with MnCl2·4 H2O and Schiff base ligand 5-
bromo-2-salicylideneamino-1-propanol (H25-Br-sap) in
methanol gave dark brown crystals of [MnIIICuIICl(5-Br-
sap)2(MeOH)] (1). Complex 1 crystallizes in the monoclinic
space group P21/c. An ORTEP diagram and projection view
on the bc plane are shown in Figure 1 and selected bond
lengths and angles are listed in Table 1.


Complex 1 has a dinuclear structure composed of an MnIII


and CuII core doubly-bridged by two alkoxo groups. The dc
magnetic susceptibility data and valence sum considerations
support a mixed-metal system and not a 1:1 mixture of ho-


mometal system. The dinuclear unit has a crystallographic
inversion, and, therefore, the MnIII and CuII sites are posi-
tionally disordered.[7] Each metal ion in the molecule stays
on an N1O3 coordination plane with a deviation of
0.031(3) � from the least-squares N1O3 plane, and the MnIII


and CuII ions are presumed to have distorted octahedral and
square-planar coordination geometry, respectively. It is
noted that the possibility of square-pyramidal coordination
geometry about the metal ions is ruled out, because metal
ions with square-pyramidal coordination geometry are dis-
placed from the equatorial coordination plane. The equato-
rial positions of the MnIII ion are occupied by three oxygen
atoms and one nitrogen atom from the Schiff base ligand
with bond lengths in the range of 1.880(4)–1.964(4) �. The
axial positions of the MnIII ion are occupied by a chloride
ion and an oxygen atom of the coordinated MeOH and
these positions exhibit Jahn–Teller elongation with bond
lengths of 2.661(3) (Mn�Cl) and 2.550(8) � (Mn�O). Coor-
dination bond lengths involving the CuII ion and the equato-
rial atoms are the same as those for the corresponding bond
lengths of the MnIII ion due to the crystallographic inversion
center. The metal ion separation is 3.000(2) � and the MnIII-
O-CuII angle is 102.1(2)8.


Magnetic properties : The dc magnetic susceptibility mea-
surements for 1 were performed in the temperature range
of 1.8–300 K (Figure 2 left). The cmT value at 300 K


is 3.92 emu mol�1 K, which is larger than the value
(3.375 emu mol�1 K with g= 2) expected for uncorrelated
MnIII and CuII ions. The cmT values gradually increased as
the temperature was lowered and reached a plateau value
(4.20 emu mol�1 K) at 100 K, followed by a decrease below
20 K. The plateau value is somewhat smaller than the value
of the Curie constant (4.375 emumol�1 K with g=2) for an
S= 5/2 state, which is due to the MnIII ion with d4 configura-
tion, leading to the smaller g value of 2.0. Based on temper-
ature-dependent susceptibility data there is substantial fer-
romagnetic interaction between the MnIII (S= 2) and CuII


(S=1/2) ions. Therefore, the spin ground state S equals 5/2.
The decrease in the cmT values below 20 K is due to zero-


Figure 1. ORTEP diagram (top) and projection view on the bc plane
(bottom) of 1 with 30% probability. Manganese and copper sites are po-
sitionally disordered.


Table 1. Selected interatomic distances [�] and bond angles [8] for 1.[a,b]]


M�O1 1.880(4) M�O2 1.913(3)
M�O2# 1.944(4) M�N1 1.964(4)
Mn�O1S 2.550(8) Mn�Cl1 2.661(3)
Mn-O2-Cu# 102.1(2) Mn···Cu# 2.9986(15)


[a] Key to symmetry operation (#): �x +1, �y+ 1, �z. [b] Metal sites are
positionally disordered with octahedral MnIII and square-planar CuII ions,
and M represents either Mn or Cu ion.


Figure 2. Plots of cMT versus temperature (left) and M/NmB versus B/T
(right) for a powder sample of 1. The solid curves on both plots were
fitted using the parameters described in the text.
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field splitting and/or intermolecular antiferromagnetic inter-
actions.


Magnetization data for 1 were collected as a function of
the temperature and applied magnetic field (Figure 2, right).
The M/NmB values did not show saturation up to 5 T, and
the magnetic field dependences of the magnetization did not
follow the Brillouin function for S=5/2. The magnetic sus-
ceptibility and low-temperature magnetization data for the
powder sample were simultaneously analyzed by using a
Heisenberg–Dirac–Van Vleck spin Hamiltonian with inter-
molecular interactions (zJ’) based on a mean field approxi-
mation [Eqs. (1)–(5)], in which JMnCu is the intramolecular
exchange interaction parameter, DMn is the uniaxial zero-
field splitting parameter for the MnIII ion, gCu and gMn are
isotropic g factors for CuII and MnIII ions, respectively, mB is
the Bohr magneton, and B is the external magnetic field.


H ¼ Hex þHzfs þHZeeman ð1Þ


Hex ¼ �2JMnCuSMn � SCu ð2Þ


Hzfs ¼ DMn½SZðMnÞ
2�SMnðSMn þ 1Þ=3� ð3Þ


HZeeman ¼ ðgCumBB�2zJ0 < S >Þ � SCuþ
ðgMnmBB�2zJ0 < S >Þ � SMn


ð4Þ


< S >¼ ðgCu < SCu > þgMn < SMn >Þ=gav ð5Þ


Conventional projection procedures give the relation be-
tween the molecular and atomic anisotropy parameters as
D5/2 = (16/25)DMn.


[8] The spin Hamiltonian was solved by
iterative diagonalization of a 10 � 10 matrix followed by a
powder average procedure, in which the ground state (S= 5/
2) and the first excited state (S= 3/2) were included.[9] , [10]


By using nonlinear least-squares calculations, the best fit pa-
rameters JMnCu, D5/2, gCu, gMn, and zJ’ were determined to be
+78 cm�1, �1.86 cm�1, 2.095, 1.967, and �0.01 cm�1, respec-
tively. It is noted that a more reliable D5/2 value
(�1.81 cm�1) was estimated from HFEPR experiments. Sim-
ulation curves calculated using these spin Hamiltonian pa-
rameters were in good agreement with experimental values
(Figure 2).


Under tetragonally elongated octahedral coordination ge-
ometry, d orbitals split into eg (dxz and dyz), b2g (dxy), a1g


(dz2), and b1g (dx2�y2) orbitals in the order of lower energy.
With the square-planar CuII ion (d9), an unpaired electron
resides in the dx2�y2 (b1g) orbital, and the MnIII ion (d4) in the
tetragonally elongated octahedral coordination geometry
has four spins in the eg, b2g, and a1g orbitals, which are or-
thogonal to the b1g orbital of the CuII ion. This orthogonality
of the magnetic orbitals leads to ferromagnetic interactions
between the MnIII and CuII ions.


HFEPR spectra for orientated single crystals, in which the
magnetic field was applied along the c axis, were collected
at several frequencies (381.5–208.4 GHz) and temperatures.
Selected spectra are shown in Figure 3 along with simulated
spectra that were generated using estimated parameters.[11]


The spectrum at 4.2 K and 342.0 GHz has four peaks at


4.97, 5.49, 9.10, and 12.48 T. Two signals with the peak sepa-
ration of 0.5 T appeared around 5 T. These signals were con-
sidered to result from the same origin of the Ms =�5/2!
�3/2 transition, because the peak separation is about ten
times larger than the value expected from intermolecular
magnetic interactions. The origin of the splitting is not clear,
but it might be due to inhomogeneity of the crystal. The res-
onance at 9.10 T corresponds to Ms =�3/2!�1/2 transition
and that at 12.48 T corresponds to the Ms =�1/2!1/2 tran-
sition. When the temperature was increased from 20 to
60 K, two new peaks, assigned to the Ms = 1/2!3/2 and 3/
2!5/2 transitions, appeared at 15.03 and 16.59 T, respective-
ly. When a molecule has a negative D value, the transition
at the lowest field becomes the most intense at lower tem-
perature, and more EPR fine structure at higher tempera-
tures is observed at higher magnetic fields. This is due to the
appreciable thermal energy required to populate higher
energy Ms levels. The temperature dependence of HFEPR
measurements indicates that 1 has a negative D5/2 value.


The HFEPR spectrum at 342.0 GHz and 60 K was ana-
lyzed to obtain a more reliable value of D5/2. The spin Ham-
iltonian used for the HFEPR simulation has the same form
as the one used for the powder magnetization analyses
except for the Zeeman term, which includes anisotropic g
factors and no mean-field contribution [Eqs. (6)–(8)].


HZeeman ¼ ~gCumBB � SCu þ ~gMnmBB � SMn ð6Þ


Figure 3. Single-crystal HFEPR spectra (342 GHz) at various tempera-
tures for 1. The magnetic field was applied along the c axis. The solid
curve at the bottom was calculated with D5/2 =�1.81 cm�1 and external
magnetic field tilted 21.88 away from the magnetic easy axis.
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It should be noted that an angle between the principal
axis of the magnetic anisotropy tensor and the applied mag-
netic field was taken into account in the calculation. In a
unit cell two molecules are related by a twofold screw axis
and each molecule is canted relative to the crystallographic
c axis (Figure 1, bottom). The external magnetic field for
single-crystal HFEPR measurements was applied along with
the c axis. The angle between the c axis and the Mn�Cl
bond (Jahn–Teller elongation axis) is 14.288 ; however, the
principal axis of the magnetic anisotropy tensor on a mole-
cule may slightly differ from the molecular Jahn–Teller axis.
Thus the angle q between the external magnetic field and
the anisotropy axis of the molecule was treated as a variable
in the fit. Simulation was done by using conventional meth-
ods in the references.[8] , [11] Simulation curves were evaluated
by successive exact diagonalization procedures at every
0.004 T from 0 to 20 T, which was followed by a convolution
of Lorentzian shape function. We used well-formed crystals
for HFEPR measurements and we obtained excellent quali-
ty spectra. The simultaneous optimization of the adjustable
parameters (gMn, gCu, D5/2, q, and line width) was, therefore,
carried out without overparametrization. A least-squares
calculation on the HFEPR spectrum recorded at 342.0 GHz
and 60.0 K gave the best fit parameters of gMn, gCu, D5/2, and
q values of 1.994, 2.179, �1.81 cm�1 and 21.88, respective-
ly.[12] This value of q is a little larger than the crystallograph-
ic tipping angle of 14.288, but the discrepancy is not signifi-
cant. The resulting simulation curve is depicted in Figure 3.
Figure 4 (top) shows plots of HFEPR frequencies versus ob-
served resonance magnetic fields in the HFEPR spectra.
Resonance fields for transitions from an Ms to Ms +1 state
can be approximated by the conventional perturbative for-
mula Br =hn/gmB�(2 Ms +1)(3cos2q�1)D5/2/(2 gmB);[3a] howev-
er, this expression was not sufficient to reproduce the exper-
imental data. Therefore, we used the resonance magnetic
fields in 20 simulated EPR spectra with varying frequencies
from 200 to 400 GHz and the fixed values of D5/2


(�1.81 cm�1) and q (21.88). We plotted the resonance mag-
netic fields versus HFEPR frequencies (solid curves in
Figure 4, top). The values were in good agreement with the
experimental magnetic resonance fields from the HFEPR
spectra over a wide frequency range (381.5–208.4 GHz). The
calculated Zeeman splitting of the S=5/2 spin ground state
under magnetic field tilted 21.88 with respect to the molecu-
lar easy axis is shown in Figure 4 (bottom), in which vertical
lines correspond to the calculated transitions from Ms to
Ms +1 state with n=342.0 GHz. A small peak at 8 T ob-
served in the spectra of 40 and 60 K was assigned to the
DMs =2 transition from Ms =1/2!5/2 state.


Complex 1 possesses the S=5/2 spin ground state with a
negative value of D5/2, and, therefore, it can be concluded
that 1 is an SMM. Thus in complex 1, magnetic relaxation
via spin flipping along the magnetic anisotropy axis should
be slow at very low temperature. The ac magnetic suscepti-
bility measurements for aligned single crystals were per-
formed down to 26 mK with a 0.1 mT ac field oscillating at
18.5–618.5 Hz (Figure 5). Both in-phase (cm’) and out-of-


phase (cm’’) signals were found to be frequency dependent.
cm’ and cm’’ values increased as the temperature was low-
ered, reaching the maximum value at 0.7–1.5 K, which was
followed by a decrease and the peak maxima shifted to
lower temperature region as the ac frequency decreased
from 618.5 to 18.5 Hz. The ac susceptibility data supports
the conclusion that 1 is an SMM. Small bumps observed
below 0.7 K are possibly due to a species with a faster relax-
ation rate. The analysis of the ac magnetic susceptibility
data gives the values of the energy barrier DE to reorienta-


Figure 4. Plots of frequency dependence of resonance field in HFEPR
spectra at 60 K (top) and Zeeman splitting of the S=5/2 state calculated
with D=�1.81 cm�1, gCu =2.179, gMn = 1.994, and q =21.88 (bottom).
Solid curves in the upper diagram were drawn by using resonance mag-
netic fields in simulating 20 EPR spectra varying frequencies from 200 to
400 GHz and using the above parameters. The vertical lines in lower dia-
gram represent EPR transitions from Ms to Ms +1 state with n=


342.0 GHz.


Figure 5. Plots of in-phase (cM’, left) and out-of-phase (cM’’, right) ac
magnetic susceptibility versus temperature (T) in a 0.1 mT ac field oscil-
lating at the indicated frequencies and with a zero dc field for 1.
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tion between two possible directions of magnetization (Ms =


5/2 and �5/2). Assuming the relaxation time (t) at the peak-
top temperature is well approximated by the inverse of the
ac frequency, the Arrhenius plot for the peaks at 0.7–1.5 K
gave the DE value of 10.5 K with pre-exponential factor of
8.2 � 10�8 s and blocking temperature (TB) of 0.5 K
(Figure 6).


Magnetization experiments for oriented single crystals of
1 were performed down to 0.1 K with applying the magnetic
field tilted 21.58 with respect to the easy axis (Figure 7).


SMMs usually exhibit steplike features in a magnetic hyste-
resis loop, which are due to a sudden increase in the quan-
tum tunnelling rate at a specific magnetic field. The ac mag-
netic susceptibility measurements indicated that 1 is an
SMM with the TB of 0.5 K, and preliminary solid-state NMR
experiments revealed that no magnetic ordering occurs
down to 0.4 K. Hence, complex 1 is expected to show step-
like features in the magnetic hysteresis loop below TB. The
plots of magnetization versus external field showed very
small coercive fields below 0.2 K. However, the coercivity of
the loops did not increase remarkably as the temperature
decreased and no steplike features were observed; the
reason for this remains unlcear.


Conclusion


A dinuclear MnIII–CuII SMM containing a bridging triden-
tate Schiff base ligand was successfully prepared and stud-
ied. From dc susceptibility measurements, complex 1 has an
S= 5/2 spin ground state, which is due to substantial ferro-
magnetic interactions between MnIII and CuII ions. The ac
susceptibility measurements support that 1 is an SMM, and
DE and TB values were calculated to be 10.5 K and 0.5 K,
respectively. From analysis of both the magnetization and
HFEPR data, SMM 1 was shown to have a negative D5/2


value (�1.81 cm�1). Tridentate Schiff base ligands are excel-
lent bridging ligands to assemble heterometal ions. Ligand
modifications, such as introduction of another alcohol
group, and combinations of different metal ions allow for
preparation of polynuclear molecules with higher spin
ground states.


Experimental Section


Synthesis of [MnIIICuIICl(5-Br-sap)2(MeOH)] (1): A solution of
MnCl2·4H2O (198 mg, 1.0 mmol) in methanol (10 mL) was added to a
mixture of 5-bromosalicylaldehyde (152 mg, 1.0 mmol), 2-amino-1-etha-
nol (61 mg, 1.0 mmol), and Et3N (101 mg, 1.0 mmol), resulting in a dark
brown solution, due to air oxidation to MnIII species. CuCl2·2H2O (56 mg,
0.33 mmol) in methanol (10 mL) was then added and the mixture was
stored for one week. The microcrystalline solid was collected by filtration
and recrystallized from methanol to give dark brown crystals of [MnIII-


CuIICl(5-Br-sap)2(MeOH)] (1) in high yield (40 %). Elemental analysis
calcd (%) for C21H24Br2Cl1Cu1Mn1N2O5: C 36.13, H 3.64, N 4.07, Mn
7.87, Cu 9.10; found: C 36.25, H 3.54, N 3.95, Mn 7.52, Cu 8.94.


Physical measurements : Magnetic susceptibility data were collected over
a temperature range of 1.8 to 300 K and in an applied field of 500 mT of
a Quantum Design model MPMS SQUID magnetometer. Pascal�s con-
stants were used to determine the diamagnetic corrections.[13] The ac
magnetic susceptibility measurements were performed by using a self-
built SQUID magnetometer equipped with a 3He–4He dilution refrigera-
tor. Magnetization measurements below 1.7 K were carried out using a
home-made Faraday Force Magnetometer (FFM) installed on a 3He–4He
dilution refrigerator. The FFM detects the Faraday force as a change of
capacitance between rigid electrode and movable plate on which the
sample is mounted. The details of the ac and dc magnetometer are de-
scribed elsewhere.[12] HFEPR spectra were measured by using a simple
transmission method with three types of radiation sources: Gunn oscilla-
tors, backward wave oscillators, and a far-infrared laser. An InSb bolome-
ter was used as a detector. A single-shot pulsed field up to 20 T was gen-
erated with a capacitor bank of 90 kJ. Details are described elsewhere.[14]


Crystallography : A dark brown crystal (0.2 � 0.2� 0.3 mm3) was mounted
with epoxy resin on the tip of a glass fiber. Diffraction data were collect-
ed at 203 K on a Bruker SMART APEX diffractometer fitted with a
CCD-type area detector and a full sphere of data was collected using
graphite-monochromated MoKa radiation (l =0.71073 �). The first
50 frames of data were recollected to establish that the crystal had not
deteriorated during data collection.


Data: Mr : 685.54; space group: P21/c ; a=10.869(2), b= 17.733(4), c=


7.3442(15) �; b =97.080(4)8, V =1404.8(5) �3, Z=2, T=�70 8C; 1calcd =


1.621 gcm�3 ; m =43.958 cm�1; observed data: 6243; R1: 0.0495 wR2=


0.1529; R1 =� j jFo j� jFc j j /� jFo j . wR2= [�[w(F2
o�F2


c)
2]/�[w(F2


o)
2]]0.5.


Calcd w =1/[s2(F2
o)+ (0.1273)2 +0.0000P], where P= (F2


o +2F2
c)/3.


Data frames were integrated by using the SAINT program and were
merged to give a unique data set for structure determination. Absorption
correction by integration was applied on the basis of measured indexed
crystal faces using XPREP, and maximum and minimum transmissions


Figure 6. The natural logarithm of the relaxation time (t) versus the in-
verse of temperature (T�1) plot for 1.


Figure 7. Plots of magnetization (normalized to the saturation magnetiza-
tion) versus applied magnetic field for 1 at sweep rate of 1.4 mT s�1.
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were 0.76 and 0.44, respectively. A total of 6243 reflections (2.28<q<


23.38) were collected which contained 2021 (Rint =0.0294) independent
reflections. The structures were solved by direct methods and refined by
the full-matrix least-squares method on all F2 data using the
SHELXTL 5.1 package (BRUKER Analytical X-ray Systems). Non-hy-
drogen atoms were refined with anisotropic thermal parameters. Hydro-
gen atoms were included in calculated positions and refined with isotrop-
ic thermal parameters riding on those of the parent atoms. Full matrix
least-squares refinements on F2 converged to R1/wR2 [I>2s(I)] of 0.050/
0.15. CCDC-219721 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_re-
quest/cif.
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One-Pot Synthesis of Sialo-Containing Glycosyl Amino Acids by Use of an
N-Trichloroethoxycarbonyl-b-thiophenyl Sialoside


Hiroshi Tanaka, Masaatsu Adachi, and Takashi Takahashi*[a]


Introduction


Sialic acids such as N-acetylneuraminic acid (Neu5Ac), N-
glycolylneuraminic acid (Neu5Glc), and 3-deoxy-d-glycero-
d-galacto-non-2-ulopyranosonic acid (KDN) are often at-
tached at the nonreducing end of glycoconjugates on the
cell surface through a-glycosidic bonds and they play a cen-
tral role in cell-surface recognition phenomena.[1] For exam-
ple, Galb(1!3)–[Neu5Aca(2!6)]–GalNAca(1!3)–Ser
(1 a) or -Thr (1 b) and Neu5Aca(2!3)–Galb(1!3)–GalNA-
ca(1!3)–Ser (2 a) or -Thr (2 b) are important tumor-associ-
ated antigens carried on the MUC1 and MUC4 proteins
(Scheme 1).[2–4] Additionally, various related glycoforms con-
taining a-sialosides are found in related antigens.[5] There-
fore, sialo-containing glycosyl amino acids and peptides


have been synthesized to generate tumor-selective immuno-
stimulating antigens.[6]


One-pot glycosylation[7–11] to form two or more glycosidic
bonds by chemoselective activation of glycosyl donors is an


[a] Dr. H. Tanaka, Dr. M. Adachi, Prof. Dr. T. Takahashi
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Graduate School of Science and Engineering
Tokyo Institute of Technology
2-12-1 Ookayama, Meguro, Tokyo 152–8552 (Japan)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: We describe an efficient syn-
thesis of 2,6- and 2,3-sialyl T antigens
linked to serine in a one-pot glycosyla-
tion. We first investigated the glycosi-
dation of thiosialosides by varying the
N-protecting group. Modification of
the C-5 amino group of b-thiosialosides
into the N-9-fluorenylmethoxycarbon-
yl, N-2,2,2-trichloroethoxycarbonyl (N-
Troc), and N-trichloroacetyl derivatives
enhanced the reactivity of these com-
pounds towards glycosidation. Addi-
tion of a minimum amount of 3 � mo-
lecular sieves was also effective in im-


proving the yield of a-linked sialosides.
Next, we conducted one-pot syntheses
of the glycosyl amino acids by using
the N-Troc sialyl donor. The N-Troc
derivative can be converted into the N-
acetyl derivative without racemization
of the amino acids. Branched-type one-
pot glycosylation, initiated by regiose-
lective glycosylation of the 3,6-dihy-


droxy galactoside with the N-Troc-b-
thiophenyl sialoside, provided the pro-
tected 2,6-sialyl T antigen in good
yield. Linear-type one-pot glycosyla-
tion, initiated by chemoselective glyco-
sylation of galactosyl fluoride with the
N-Troc-b-thiophenyl sialoside, afforded
the protected 2,3-sialyl T antigen in ex-
cellent yield. Both protected glycosyl
amino acids were converted into the
fully deprotected 2,6- and 2,3-sialyl
T antigens linked to serine in good
yields.


Keywords: glycosyl amino acids ·
glycosylation · oligosaccharides ·
sialic acids · thioglycosides


Scheme 1. Structures of 2,6- and 2,3-sialyl T antigens 1 and 2.
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effective solution-phase method, not only for the high-speed
synthesis of a target oligosaccharide but also for the parallel
synthesis of oligosaccharide libraries[11] because it circum-
vents the need for purification of the synthetic intermedi-
ates. Wong and co-workers have reported the Optimer
method, involving sequential activation of thioglycosides
whose reactivity was tuned by the protecting groups on the
basis of the armed and disarmed concept.[8j, l] We have inves-
tigated one-pot glycosylation based on chemoselective acti-
vation of glycosyl donors with different leaving group-
s[8a,c,k,9–11] by appropriate activators. The order of activation
of glycosyl donors can be tuned, not only by their protecting
groups but also by the combination of their leaving groups
and activators. If sialylation could be adapted to one-pot
glycosylation, this would be an effective and attractive way
for the synthesis of sialo-containing oligosaccharides. How-
ever, a-selective sialylation is a problematic step in the
chemical synthesis of oligosaccharides.[12] Therefore, the suc-
cessful synthesis of glycosyl amino acids by one-pot glycosy-
lations including sialylation requires the development of a
new effective sialylation method. Herein we report an effec-
tive sialylation method that uses N-Troc-, N-Fmoc-, and N-
trichloroacetyl-b-thiophenyl sialosides and the application of
the N-Troc sialyl donor to the synthesis of two sialo-contain-
ing glycosyl amino acids, 1 and 2, by using branched and
linear one-pot glycosylations.[13]


Results and Discussion


In 1998, Demchenko and Boons reported that di-N-acetyl-
thiomethyl sialoside was effective for glycosidation in terms
of reactivity in comparison with N-acetyl-thiomethyl sialo-
side.[14] Recently, modification of the C-5 amino group of
the sialyl donor into an azido group[15] or an N-TFA
group[16] has been reported to improve reactivity toward gly-
cosidation. Based on this information, we first investigated
glycosidation of b-thiophenyl sialosides 3 a–i with various N-
protecting groups (Scheme 2). Although b-thiophenyl sialo-
sides are less reactive to glycosidation than a-thiophenyl sia-
losides, they can be simply prepared from N-acetylneura-
minic acid (Neu5Ac).[17] Thiosialosides 3 b–h were synthe-
sized by removal of all acetyl groups from the N-acetyl thio-
sialoside 3 a under acidic conditions,[18] followed by selective
acylation of the amino group with various acid deriva-
tives[19,20] and acetylation of the remaining hydroxy groups.
All compounds except for N-Fmoc derivative 3 e were ob-
tained in good yields (63–89 % in three steps).


Glycosylation of the primary alcohol of glucose 4 with the
sialyl donors 3 a–i was examined. Acetonitrile was used as
the solvent because it is known to improve a selectivity in
sialylation.[21] We first examined activation of thiosialosides
3 a–i by DMTST,[22] which is a mild activator for thioglyco-
sides. Treatment of donors 3 b–i with 1.5 equivalents of ac-
ceptor 4 and DMTST in the presence of 3 � molecular
sieves (MS; 10 g mmol�1) in CH3CN at �10 8C resulted in no
significant improvement in the yields of 5 b–i in comparison


with the result of glycosidation of N-acetyl derivative 3 a
(Table 1). We next applied NIS and TfOH to the glycosida-
tion; these are the most common and strongest reagents for
activation of thioglycosides, and the N-Boc and N-Alloc pro-
tecting groups, unfortunately, might not survive these condi-
tions. The sialyl donors 3 a–i were treated with acceptor 4
(1.5 equiv) and NIS (1.20 equiv)/TfOH (0.20 equiv)[23] in the
presence of 3 � MS (10 g mmol�1) in CH3CN at �35 8C
(Table 2). Glycosidation of N-TFA derivative 3 g provided


Scheme 2. Synthesis and glycosidation of b-thiophenyl sialosides 3 a–i.
Reagents and conditions: a) MsOH, MeOH, 60 8C, 12 h; b) Z-OSu,
Alloc-OSu, Fmoc-OSu, Troc-OSu, or (Boc)2O, NEt3, CH3CN/H2O, RT,
5.5 h; c) CF3CO2Me or CCl3CO2Me, NEt3, MeOH, RT, 1 h; d) Ac2O, Py,
DMAP, 63 % for 3 b, 76% for 3c, 68 % for 3 d, 27 % for 3 e, 89% for 3 f,
77% for 3 g, and 70% for 3h in three steps from 3 a ; e) 3 a–i
(1.00 equiv), 4 (1.50 equiv), NIS (1.20 equiv), TfOH (0.20 equiv), CH3CN,
3 � MS (10 g mmol�1), �35 8C, 1 h; f) 3 a–i (1.00 equiv), 4 (1.50 equiv),
DMTST (1.50 equiv), CH3CN, 3 � MS (10 gmmol�1), �10 8C, 8 h.
Alloc =allyloxycarbonyl, Bn=benzyl, Boc = tert-butoxycarbonyl,
DMAP = 4-dimethylaminopyridine, DMTST= (dimethylthio)methylsulfo-
nium trifluoromethanesulfonate, Fmoc=9-fluorenylmethoxycarbonyl,
MsOH =methanesulfonic acid, NIS=N-iodosuccinimide, Py=pyridine,
Su= succinimidyl, Tf = trifluoromethanesulfonyl, TFA= trifluoroacetyl,
Troc= 2,2,2-trichloroethoxycarbonyl, Z =benzyloxycarbonyl.


Table 1. Glycosylation of 4 (1.50 equiv) with b-thiophenyl sialosides 3 a–i
(1.00 equiv) by DMTST.


Entry Donor Disaccharide Yield a :b[a] Glycal Yield
of 5 [%] of 6 [%]


1 3a 5a 40 85:15 6a 41
2 3b 5b 24 84:16 6b –
3 3c 5c – – 6c –
4 3d 5d 56 84:16 6d 39
5 3e 5e 55 86:14 6e 40
6 3 f 5 f 40 85:15 6 f 35
7 3g 5g 35 87:13 6g 42
8 3h 5h 41 76:24 6h 38
9 3 i 5 i 36 75:25 6 i 47


[a] The a :b ratio was determined by HPLC analysis based on refractive-
index detection.
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disaccharide 5 g in excellent yield (92 %, a :b=92:8) along
with a small amount of glycal 6 g in 5 % yield. The N-Fmoc
and N-Troc derivatives 3 e and 3 f[24] served as effective gly-
cosyl donors to afford the corresponding disaccharides 5 e
and 5 f in excellent yields and with acceptable a selectivity
(91 %, a :b= 86:14 for 5 e ; 91 %, a :b=89:11 for 5 f). The N-
trichloroacetyl derivative 3 h was converted into disacchar-
ide 5 h in good yield. The anomeric configurations of the re-
sulting sialosides were determined by analysis of 1H NMR
spectra based on the chemical shift values of the H-3eq and
H-4 signals, the coupling constant J7,8, and the value of
Dd(H-9’�H-9), which were in accordance with the empirical
rules for defining the anomeric configuration of N-acetyl
sialic acid glycosides (Table 3).[25] Additionally, the structural
confirmation for the a- and b-N-Troc sialosides 5 f was ac-
complished by transformation of these compounds into the
corresponding a- and b-N-acetyl sialosides 5 a.


To adapt the sialylation to the synthesis of glycosyl amino
acids and peptides, removal of the C-5 protecting group
without racemization of the amino acid is required. Unfortu-
nately, deprotection of the N-TFA group requires relatively
strongly basic conditions, in which racemization of the
amino acid would occur. On the other hand, the N-Fmoc
and N-Troc groups can be converted into various N-acyl
groups under mildly acidic or basic conditions. Therefore,
the N-Fmoc and N-Troc-b-thiophenyl sialosides 3 e and 3 f


would be suitable for the synthesis of glycosyl amino acids
and glycopeptides. Recently, Kiso, Ando, and co-workers
have reported the effectiveness of an N-Troc-a-thiophenyl
sialoside for the synthesis of sialo-containing glycosides.[26]


To demonstrate the feasibility of the sialylation method,
we planned the one-pot syntheses of 1 and 2. We first exam-
ined a one-pot two-step synthesis of 2,6-sialyl T antigen
1 a.[27] Our strategy for the synthesis of 1 a involved a
branched-type one-pot glycosylation initiated by regioselec-
tive glycosylation (Scheme 3). 3,6-Dihydroxy galactoside 7
linked to serine was chosen as the glycosyl acceptor.[27d,e, 28, 29]


The N-Troc-b-thiophenyl sialoside 3 f was selected as the
glycosyl donor because the availability of 3 f from N-acetyl-
neuraminic acid was better than that of the N-Fmoc deriva-
tive 3 e. Regioselective glycosylation of the primary alcohol
on position 6 of 7 with the N-Troc derivative 3 f, followed by
glycosylation of the alcohol on position 3 with galactoside 8
would provide the protected 2,6-sialyl T antigen. Transfor-
mation of the azido and N-Troc groups into N-acetyl groups
followed by deprotection of all protecting groups should be
achieved without racemization of the amino acid to provide
the fully deprotected 2,6-sialyl T antigen 1 a.


Stepwise synthesis of the protected trisaccharide 11 was
undertaken (Scheme 4). We first examined the glycosylation
of the primary alcohol of 7 with an equivalent of N-Troc-b-
thiophenyl sialoside 3 f (Table 4). Treatment of diol 7 with
the sialyl donor 3 f (1 equiv) in the presence of NIS
(1.20 equiv), TfOH (0.20 equiv), and 3 � MS (10 g mmol�1)
in CH3CN (10 mL mmol�1) at �35 8C for 1 h provided disac-
charide 9 in moderate yield (57 %, a :b= 84:16), along with
disialyl trisaccharide 10 in 4 % yield and glycal 6 f in 20 %
yield (Table 4, entry 1).[30,31] Further optimization of the re-
action revealed that the quantity of 3 � MS and the concen-
tration of the substrates influenced the efficiency of the gly-
cosidation. Glycosylation of 7 with 3 f (1 equiv) in the pres-
ence of TfOH (0.20 equiv) and 3 � MS (0.50 g mmol�1) in
CH3CN (5 mL mmol�1) provided disaccharide 9 in 75 %
yield (a :b=80:20), along with disialyl trisaccharide 10 in
4 % yield and glycal 6 f in 8 % yield (entry 7). Use of propio-


Table 2. Glycosylation of 4 (1.50 equiv) with b-thiophenyl sialosides 3 a–i
(1.00 equiv) by NIS/TfOH.


Entry Donor Disaccharide Yield a :b[a] Glycal Yield
of 5 [%] of 6 [%]


1 3a 5a 47 85:15 6a 28
2 3b 5b 68 84:16 6b 8
3 3c 5c – – 6c –
4 3d 5d 44 88:12 6d 20
5 3e 5e 91 86:14 6e 7
6 3 f 5 f 91 89:11 6 f 6
7 3g 5g 92 92:8 6g 5
8 3h 5h 83 91:9 6h 4
9 3 i 5 i 65 62:38 6 i 23


[a] The a :b ratio was determined by HPLC analysis based on refractive-
index detection.


Table 3. Partial 1H NMR signal assignment for disaccharides 5 e–g.


R3R2N dH-3eq


[ppm]
dH-4


[ppm]
J7,8


[Hz]
Dd(H-9’�H-9)
[ppm]


AcHN 5a-a 2.65 4.84 9.3 0.29
5a-b 2.48 5.17 1.9 0.94


FmocHN 5e-a 2.70 4.90 9.2 0.31
5e-b 2.54 5.21 8.7 0.93


TrocHN 5f-a 2.72 4.98 – 0.27
5f-b 2.54 5.25 4.8 0.91


TFAHN 5g-a 2.70 4.99 8.8 0.30
5g-b 2.45 5.21 – 0.91


Scheme 3. Strategy for the one-pot two-step synthesis of 1 a. Bz=benzo-
yl.
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nitrile as the solvent requires a higher reaction temperature
(�25 8C) and longer reaction time (3 h) and resulted in a re-
duced yield of 9 (58%, a :b=82:18; entry 8). Finally, mini-
mization of the amount of remaining acceptor 7 and the
side products 10 and 6 f was accomplished by glycosidation
of sialyl donor 3 f (1.2 equiv) with NIS (1.44 equiv), TfOH
(0.10 equiv), and 3 � MS (0.50 g mmol�1) in CH3CN
(5 mL mmol�1) at �35 8C to provide disaccharide 9 in 93 %
yield (a :b= 78:22) along with trisaccharide 10 (6 %) and
glycal 6 f (entry 9). The yield of glycal 6 f was 12 %, based
on donor 3 f.


Next, glycosylation of the remaining secondary alcohol of
9 with galactoside 8 was examined. In the one-pot glycosyla-
tion, galactosylation should be achieved after the sialylation.
Therefore, we first examined glycosylation of 9 a with 8 in
CH3CN. Galactosyl fluoride 8 b was not completely activat-
ed by ZrCp2Cl2/AgOTf[32] in CH3CN. On the other hand,
treatment of disaccharide 9 a with thiogalactoside 8 a in the
presence of NIS/TfOH in CH3CN at room temperature pro-
vided trisaccharide 11 in 60 % yield and with b selectivity
(a :b=19:81).[33, 34] The anchimeric effect of the C-2 acyl pro-
tecting group to provide 1,2-trans glycosidic linkage did not
work well under these reaction conditions. After optimiza-
tion of the reaction conditions, we found that treatment of
disaccharide 9 a with 8 a (1.50 equiv) in CH2Cl2/CH3CN
(9:1) at �30 8C afforded trisaccharide 11 in 82 % yield and
with acceptable selectivity (a :b= 6:94).


One-pot glycosylation with 3 f, 7, and 8 a was examined.
Treatment of diol 7 with the N-Troc-b-thiophenyl sialoside
3 f under the above-described conditions provided disacchar-
ide 9. Dilution of the reaction mixture with CH2Cl2 followed
by addition of thioglactoside 8 a and additional NIS/TfOH
afforded the protected trisaccharide 11. Purification of the
crude mixture was achieved by silica-gel column chromatog-
raphy and gel-permeation chromatography (GPC) to pro-
vide trisaccharide 11 in 77 % overall yield, based on 7, and
with good selectivity (a :b=78:22). The analytical data of
the trisaccharides 11 a and 11 b were identical to those of
authentic sample synthesized by the stepwise synthesis.


Transformation of 11 a into 1 a proceeded as follows. The
simultaneous reduction of the azido and N-Troc groups of


11 a,[35] followed by acetylation,
provided the corresponding N-
acetyl derivative 12 in 92 %
yield. Complete deprotection of
12 was accomplished in two
steps, involving hydrogenolysis
of the benzyl ethers and subse-
quent hydrolysis of the ben-
zoates, acetyls, and the methyl
ester, to provide the fully de-
protected 2,6-sialyl T antigen 1 a
in 85 % overall yield. The ana-
lytical data (1H NMR spec-
troscopy, optical rotation) were
identical to those previously re-
ported.[27a]


Scheme 4. Synthesis of 2,6-sialyl T antigen 1a by a a stepwise process and
by a branched-type one-pot glycosylation. Reagents and conditions: a) 3 f
(1.20 equiv), NIS (1.44 equiv), TfOH (0.10 equiv), CH3CN
(5 mL mmol�1), 3 � MS (0.50 g mmol�1), �35 8C, 93 %, a :b= 78:22; b) 8 a
(1.50 equiv), NIS (2.00 equiv), TfOH (0.20 equiv), CH2Cl2/CH3CN (9:1,
5 mL mmol�1), 3 � MS (0.50 g mmol�1), �30 8C, 82 %, a :b =6:94; c) 3 f
(1.20 equiv), 7 (1.00 equiv), NIS (1.44 equiv), TfOH (0.10 equiv), CH3CN
(5 mL mmol�1), 3 � MS (0.50 gmmol�1), �35 8C; then 8 a (1.80 equiv),
NIS (2.70 equiv), TfOH (0.20 equiv), CH2Cl2 (45 mL mmol�1), �30 8C,
77%, a :b=78:22; d) Zn dust, THF, AcOH, Ac2O, 0 8C, 1 h, 92%;
e) Pd(OH)2, THF, MeOH, AcOH, H2O, 2 h; f) 0.1m aq. NaOH, MeOH;
then H2O, 85% over two steps. THF= tetrahydrofuran.


Table 4. Optimization of regioselective sialylation of diol 7 with the N-Troc-b-thiophenyl sialoside 3 f.[a]


Entry Donor TfOH Concentration Solvent 3 � MS Yield a :b[b] Yield Yield
[equiv] [equiv] [mL mmol�1] [gmmol�1] of 9 [%] of 10 [%] of 6 f [%][c]


1 1.0 0.2 10 CH3CN 10 57 84:16 4 20
2 1.0 0.2 10 CH3CN 5.0 65 78:22 5 12
3 1.0 0.2 10 CH3CN 2.5 55 79:21 4 17
4 1.0 0.2 10 CH3CN 0.50 71 80:20 4 12
5 1.0 0.2 10 CH3CN 0.25 69 81:19 5 10
6 1.0 0.2 5 CH3CN 0.50 70 79:21 5 17
7 1.0 0.1 5 CH3CN 0.50 75 80:20 4 8
8[d] 1.0 0.1 5 EtCN 0.50 58 82:18 6 25
9[e] 1.2 0.1 5 CH3CN 0.50 93 78:22 6 12


[a] Conditions: NIS (1.2 equiv based on 3 f) and TfOH at �35 8C for 1 h. [b] The a :b ratio was determined by
HPLC analysis based on refractive-index detection. [c] Yields are based on donor 3 f. [d] The reaction was car-
ried out at �25 8C for 3 h. [e] 1.44 equivalents of NIS were used.
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Next, we planned to conduct the one-pot synthesis of 2 a
by a method involving chemoselective glycosylation of gal-
actoside 13 with thiosialoside 3 f (Scheme 5).[36] Subsequent


coupling of the resulting disaccharide and the galactosyl
serine 14[29,37] would provide the protected 2,3-sialyl-T anti-
gen. The glycosyl acceptor 13 must survive under the activa-
tion conditions for 3 f. Additionally, the resulting sialo-con-
taining disaccharide should smoothly undergo glycosidation
by the secondary hydroxy group. The glycosyl fluoride 13 a
and thioglycoside 13 b were candidate acceptors in the gly-
cosylation. We selected the glycosyl fluoride 13 a as the gly-
cosyl acceptor in the chemoselective glycosidation with thio-
sialoside 3 f[38, 39] and avoided the use of thioglycoside 13 b as
it is tuned to have lower reactivity than the sialoside. Deac-
tivation of the acceptor by the protecting groups in compari-
son with the sialoside 3 f would result in a reduced yield of
the following glycosylation because sialosides are known to
be one of the most unreactive glycosyl donors.


Stepwise synthesis of the protected trisaccharide 16 was
examined (Scheme 6). We first conducted the chemoselec-
tive glycosylation of galactosyl fluoride 13 a with the N-
Troc-b-thiophenyl sialoside 3 f (Table 5). Treatment of the
galactosyl fluoride 13 a with the sialyl donor 3 f (1 equiv) in
the presence of NIS (1.35 equiv), TfOH (0.30 equiv), and
3 � MS (0.50 g mmol�1) in CH3CN (5 mL mmol�1) at �30 8C
for 15 min provided disaccharide 15 in 56 % yield with rela-
tively low anomeric selectivity (a :b=70:30), along with
glycal 6 f in 35 % yield (Table 5, entry 1).[40,41] Further opti-
mization of the reaction revealed that control of the reac-
tion temperature was critical for improving the a selectivity
of the glycosylation. Finally, we found that glycosylation of
13 a with an equivalent of 3 f in CH3CN/CH2Cl2 (2:3) at
�78 8C provided disaccharide 15 in moderate yield (65 %)
with excellent selectivity (a :b=93:7), along with glycal 6 f
in 31 % (entry 11). Use of CH2Cl2 as the solvent resulted in
a reduced yield (17 %) of disaccharide 15 but provided
products with moderately a-selective glycosylation
(entry 12). These results indicated that acetonitrile would be
effective for improving the coupling yield as well as the a


selectivity. Minimization of the remaining acceptor 13 a was
accomplished by glycosidation of sialyl donor 3 f (1.5 equiv)


with NIS (2.00 equiv), TfOH (0.30 equiv), and 3 � MS
(0.50 g mmol�1) in CH3CN/CH2Cl2 (2:3; 5 mL mmol�1) at
�78 8C to provide disaccharide 15 in 86 % yield (a :b= 93:7),
along with glycal 6 f (entry 13). The yield of glycal 6 f was
44 %, based on donor 3 f. This chemoselective glycosylation
method should be effective for the preparation of various
glycosyl fluorides attached to a-sialosides.


Next, glycosylation of the glycosyl amino acid 14 with dis-
accharide 15 was examined. In the one-pot glycosylation,
the galactosylation should be achieved after the sialylation.
Therefore, we examined glycosylation of 14 with disacchar-
ide 15 a in CH3CN/CH2Cl2 (2:3). Treatment of the glycosyl
fluoride 15 a with the glycosyl amino acid 14 in the presence
of [ZrCp2Cl2]/AgOTf in CH3CN/CH2Cl2 (2:3) at �5 8C pro-


Scheme 5. Strategy for the one-pot two-step synthesis of 2 a.


Scheme 6. Synthesis of 2,3-sialyl T antigen 2a by a stepwise process and
by a linear-type one-pot glycosylation. Reagents and conditions: a) 3 f
(1.50 equiv), NIS (2.00 equiv), TfOH (0.30 equiv), CH3CN/CH2Cl2 (2:3,
5 mL mmol�1), 3 � MS (0.50 g mmol�1), �78 8C, 86 %, a :b =93:7; b) 14
(1.30 equiv), ZrCp2Cl2 (1.50 equiv), AgOTf (3.00 equiv), CH3CN/CH2Cl2


(2:3, 5 mL mmol�1), 3 � MS (0.50 g mmol�1), �5 8C, 96%; c) 3 f
(1.50 equiv), 13a (1.00 equiv), NIS (2.00 equiv), TfOH (0.30 equiv),
CH3CN/CH2Cl2 (2:3, 5 mL mmol�1), 3 � MS (0.50 gmmol�1), �78 8C;
then 14 (1.50 equiv), ZrCp2Cl2 (2.00 equiv), AgOTf (4.00 equiv), �5 8C,
88%, a :b= 93:7; d) Zn dust, THF, AcOH, Ac2O, 0 8C, 1 h, 93%;
e) Pd(OH)2, THF, MeOH, AcOH, H2O, 2 h; f) 0.1 n NaOH, MeOH; then
H2O, 90 % over two steps.
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vided trisaccharide 16 in 96 % yield and with excellent b se-
lectivity (a :b=< 1:99).


One-pot glycosylation with 3 f, 13 a, and 14 was examined
next. Chemoselective glycosylation of the glycosyl fluoride
13 a with the N-Troc-b-thiophenyl sialoside 3 f under the
above-described conditions provided disaccharide 15. Subse-
quent addition of acceptor 14, [ZrCp2Cl2], and AgOTf af-
forded the protected trisaccharide 16 as two diastereomers
in 88 % overall yield, based on 13 a, and with excellent selec-
tivity (a :b=93:7). The analytical data of the trisaccharides
16 a and 16 b were identical to those of authentic samples
synthesized by the stepwise synthesis.


Transformation of 16 a into 2 a proceeded as follows. Si-
multaneous reduction of the azido and N-Troc groups of
16 a followed by acetylation provided the corresponding N-
acetyl derivative 17 in 93 % yield. Complete deprotection of
17 was accomplished in two steps, involving hydrogenolysis
of the benzyl ethers followed by hydrolysis of the benzoates,
acetates, and the methyl ester, to provide the fully depro-
tected 2,3-sialyl T antigen 2 a in 90 % overall yield. The ana-
lytical data (1H NMR spectroscopy) were identical to those
previously reported.[42]


Conclusion


We have described an effective sialylation method that uti-
lizes the N-Fmoc, N-Troc, and N-trichloroacetyl-b-thiophen-
yl sialosides 3 e, 3 f, and 3 h. Additionally, use of a minimum
amount of 3 � molecular sieves improved the yield of the
coupled products. An application of this sialylation with N-
Troc-b-thiosialoside 3 f to the synthesis of glycosyl amino
acids by one-pot glycosylation was demonstrated. A
branched-type one-pot two-step glycosylation initiated by
regioselective glycosidation of 3 f on the primary alcohol of
acceptor 7 provided the protected 2,6-sialyl T antigen 11 in


good yield. A linear-type one-
pot glycosylation initiated by
chemoselective glycosylation of
glycosyl fluoride 13 a with the
sialyl donor 3 f afforded the
protected 2,3-sialyl T antigen 16
in excellent yield. Modification
of the N-Troc and azido groups
into N-acetyl groups followed
by removal of all protecting
groups without racemization of
the a position of the amino
acid was accomplished to pro-
vide sialo-containing glycosyl
amino acids 1 a and 2 a. Appli-
cation of the glycosylation
method to the synthesis of an
oligosaccharide library is in
progress.


Experimental Section


General : NMR spectra were obtained on a JEOL model ECP-400
(400 MHz for 1H, 100 MHz for 13C) instrument in the indicated solvent.
Chemical shifts are reported in parts per million (ppm) relative to the
signal (0 ppm) for internal tetramethylsilane for solutions in CDCl3.
1H NMR spectral data are reported as follows: CDCl3 (7.26 ppm) or D2O
(4.7015 ppm at 303 K; as an internal standard with 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt as anexternal standard). 13C NMR spec-
tral data are reported as follows: CDCl3 (77.0 ppm) or [D6]acetone
(30.3 ppm; as an internal standard for D2O). Multiplicities are reported
by using the following abbreviations: s= singlet, d=doublet, t= triplet,
q=quartet, m=multiplet, br=broad; J=coupling constant values in
Hertz. FT-IR spectra were recorded on a Perkin–Elmer Spectrum One
spectrometer. Data are given in cm�1 with only significant diagnostic
bands reported. Optical rotations were measured with a JASCO P-1020
polarimeter. Column chromatography was performed with silica gel
(Merck). Gel-permeation chromatography (GPC) for qualitative analyses
was performed on a Japan Analytical Industry model LC908 (recycling
preparative HPLC) instrument, with a Japan Analytical Industry model -
RI-5 refractive-index detector and a Japan Analytical Industry model 310
UV detector, on a polystylene gel column (JAIGEL-1 H, 20� 600 mm),
with chloroform as the solvent (Flow rate: 3.5 mL min�1). HPLC was per-
formed on a Waters apparatus with a Senshu Pak Silica-3301-N column
and a Waters 2414 refractive-index detector. Dry tetrahydrofuran (THF),
hexane, benzene, toluene, diethyl ether, and 1,2-dimethoxyethane
(DME) were distilled from sodium wire contained with a catalytic
amount of benzophenone. Dry dichloromethane was distilled from P2O5.
Dry N,N-dimethylformamide (DMF), triethylamine, and pyridine were
distilled from CaH2. Dry methanol and ethanol were distilled from mag-
nesium contained with a catalytic amount of iodine.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-5-(benzyloxycarbonylamino)-3,5-di-
deoxy-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 b): Meth-
anesulfonic acid (0.66 mL, 10.2 mmol) was added to a stirred solution of
methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-d-
glycero-b-d-galacto-2-nonulopyranosid)onate (3 a ; 595 mg, 1.02 mmol) in
methanol (20 mL) at room temperature. After being stirred at 60 8C for
24 h, the reaction mixture was neutralized with triethylamine and concen-
trated in vacuo. The residue was used for the next reaction without fur-
ther purification. Benzyl succinimidyl carbonate (254 mg, 1.02 mmol) and
triethylamine (0.21 mL, 1.53 mmol) were added to a stirred solution of
the residue in CH3CN/H2O (17:1; 9.00 mL) at 0 8C. After being stirred at
room temperature for 2.5 h, the reaction mixture was concentrated in


Table 5. Optimization of regio-selective sialylation of galactosyl fluoride 13a with the N-Troc b-thiophenyl
sialoside 3 f.[a]


Entry Donor Acid Solvent T Yield a :b[b] Yield
[equiv] [equiv] [8C] of 15 [%] of 6 f [%][c]


1 1.0 TfOH (0.3) CH3CN �30 56 70:30 35
2 1.0 TfOH (0.3) CH3CN �35 61 75:25 31
3 1.0 TMSOTf[d] (0.3) CH3CN �35 55 75:25 35
4[e] 1.0 TfOH (0.5) EtCN �30 45 72:28 47
5 1.0 TfOH (0.3) CH3CN/CH2Cl2 5:1 �35 45 75:25 45
6 1.0 TfOH (0.3) CH3CN/CH2Cl2 1:1 �50 45 84:16 46
7 1.0 TfOH (0.3) CH3CN/CH2Cl2 1:1 �55 63 85:15 31
8 1.0 TfOH (0.3) CH3CN/CH2Cl2 1:1 �60 64 87:13 28
9 1.0 TfOH (0.3) CH3CN/CH2Cl2 1:1 �65 65 91:9 25
10 1.0 TfOH (0.3) CH3CN/CH2Cl2 2:3 �70 66 91:9 30
11 1.0 TfOH (0.3) CH3CN/CH2Cl2 2:3 �78 65 93:7 31
12[f] 1.0 TfOH (0.3) CH2Cl2 �78 17 62:38 82
13[g] 1.5 TfOH (0.3) CH3CN/CH2Cl2 2:3 �78 86 93:7 44


[a] Conditions: NIS (1.35 equiv based on 3 f) for 15 min. [b] The a :b ratio was determined by HPLC analysis
based on refractive-index detection. [c] Yields were based on donor 3 f. [d] TMS= trimethylsilyl. [e] The reac-
tion time was 3 h. [f] The reaction time was 5 h. [g] 2.00 equivalents of NIS were used.
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vacuo. The residue was used for the next reaction without further purifi-
cation. Acetic anhydride (0.86 mL, 6.12 mmol) and a catalytic amount of
DMAP were added to a stirred solution of the residue in pyridine
(0.99 mL, 12.2 mmol) at 0 8C. After being stirred at room temperature for
3 h, the reaction mixture was poured into ice-cooled water. The aqueous
layer was extracted with two portions of ethyl acetate. The combined ex-
tracts were washed with 1m HCl, saturated aq. NaHCO3, and brine, dried
over MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by chromatography on silica gel with chloroform/methanol (98:2) to
give 3b (426 mg, 0.630 mmol, 63% over three steps); 1H NMR
(400 MHz, CDCl3): d =7.27–7.45 (m, 10H, aromatic), 5.55 (br s, 1H, H-
7), 5.36 (ddd, 1H, H-4, J3ax,4 =11.7, J3eq,4 =4.4, J4,5 =10.3 Hz), 5.17 (d, 1 H,
Jgem =12.2 Hz), 5.01 (br d, 1 H, H-8, J =8.3 Hz), 4.93 (d, 1H, Jgem =


12.2 Hz), 4.86 (d, 1H, NH, J=10.6 Hz), 4.61 (dd, 1 H, H-6, J5,6 =11.0,
J6,7 = 2.0 Hz), 4.48 (br d, 1 H, H-9’, Jgem = 12.2 Hz), 4.03 (dd, 1 H, H-9,
J8,9 = 8.8, Jgem =12.2 Hz), 3.81 (ddd, 1 H, H-5, J4,5 =J5,6 =J5,NH =10.3 Hz),
3.59 (s, 3 H, OMe), 2,69 (dd, 1 H, H-3eq, J3eq,4 =4.4, Jgem =13.7 Hz), 2.08
(dd, 1H, H-3ax, J3ax,4 =11.7 Hz), 1.84, 1.98, 2.07, 2.13 (4 s, 12H, Ac) ppm;
IR (KBr): ñ =3480, 2801, 1703, 1489, 1460, 1045, 861 cm�1.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-5-(tert-butoxycarbonylamino)-3,5-
dideoxy-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 c):
Methanesulfonic acid (1.32 mL, 20.3 mmol) was added to a stirred so-
lution of methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 a ; 1.12 g,
2.03 mmol) in methanol (40 mL) at room temperature. After being stir-
red at 60 8C for 24 h, the reaction mixture was neutralized with triethyla-
mine and concentrated in vacuo. The residue was used for the next reac-
tion without further purification. Di-tert-butyldicarbonate (2.20 g,
10.2 mmol) and triethylamine (0.85 mL, 6.09 mmol) were added to a stir-
red solution of the residue in dioxane/MeOH/H2O (1:1:1; 9.00 mL) at
0 8C. After being stirred at room temperature for 2.5 h, the reaction mix-
ture was concentrated in vacuo. The residue was used for the next reac-
tion without further purification. Acetic anhydride (1.71 mL, 12.1 mmol)
and a catalytic amount of DMAP were added to a stirred solution of the
residue in pyridine (1.97 mL, 24.4 mmol) at 0 8C. After being stirred at
room temperature for 3 h, the reaction mixture was poured into ice-
cooled water. The aqueous layer was extracted with two portions of ethyl
acetate. The combined extracts were washed with 1 m HCl, saturated aq.
NaHCO3, and brine, dried over MgSO4, filtered, and concentrated in
vacuo. The residue was purified by chromatography on silica gel with
chloroform/methanol (98:2) to give 3c (889 mg, 1.38 mmol, 68% over
three steps); 1H NMR (400 MHz, CDCl3): d= 7.30–7.45 (m, 5H, aromat-
ic), 5.57 (br s, 1H, H-7), 5.33 (ddd, 1 H, H-4, J3ax,4 =10.8, J3eq,4 = 4.9, J4,5 =


10.8 Hz), 5.00 (br d, 1H, H-8, J=8.8 Hz), 4.67 (m, 1H, NH), 4.59 (dd,
1H, H-6, J5,6 = 10.8, J6,7 =2.4 Hz), 4.53 (dd, 1H, H-9’, J8,9’=1.5, Jgem =


12.2 Hz), 4.00 (dd, 1H, H-9, J8,9 =8.8, Jgem =12.2 Hz), 3.81 (ddd, 1H, H-5,
J4,5 = J5,6 =J5,NH = 10.7 Hz), 3.59 (s, 3H, OMe), 2.70 (dd, 1 H, H-3eq,
J3eq,4 =4.9, Jgem =13.7 Hz), 2.11 (dd, 1H, H-3ax, J3ax,4 =10.8 Hz), 1.84, 1.97,
2.05, 2.17 (4 s, 12H, Ac), 1.40 (s, 9 H, Me) ppm; 13C NMR (100 MHz,
CDCl3): d =170.9, 170.4, 170.2, 169.7, 168.2, 155.2, 136.1, 129.6, 129.0,
128.8, 88.8, 80.0, 73.2, 72.8, 69.3, 68.9, 62.7, 54.5, 50.7, 37.6, 28.6, 21.0,
20.7, 20.7, 20.6 ppm; IR (KBr): ñ =3373, 2979, 1741, 1524, 1370, 1235,
1037, 752 cm�1.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-5-(allyloxycarbonylamino)-3,5-di-
deoxy-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 d): Meth-
anesulfonic acid (0.434 mL, 6.70 mmol) was added to a stirred solution of
methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-d-
glycero-b-d-galacto-2-nonulopyranosid)onate (3a ; 391 mg, 0.670 mmol)
in methanol (13 mL) at room temperature. After being stirred at 60 8C
for 24 h, the reaction mixture was neutralized with triethylamine and
concentrated in vacuo. The residue was used for the next reaction with-
out further purification. A 0.5m dioxane solution of allyl succinimidyl
carbonate (1.35 mL, 0.670 mmol) and triethylamine (0.14 mL, 1.01 mmol)
were added to a stirred solution of the residue in CH3CN/H2O (9:1;
6.00 mL) at 0 8C. After being stirred at room temperature for 2.5 h, the
reaction mixture was concentrated in vacuo. The residue was used for the
next reaction without further purification. Acetic anhydride (0.65 mL,
4.20 mmol) and a catalytic amount of DMAP were added to a stirred so-
lution of the residue in pyridine (0.65 mL, 8.04 mmol) at 0 8C. After


being stirred at room temperature for 3 h, the reaction mixture was
poured into ice-cooled water. The aqueous layer was extracted with two
portions of ethyl acetate. The combined extracts were washed with 1 m


HCl, saturated aq. NaHCO3, and brine, dried over MgSO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with chloroform/methanol (98:2) to give 3d (319 mg,
0.510 mmol, 67 % over three steps); 1H NMR (400 MHz, CDCl3): d=


7.33–7.45 (m, 5 H, aromatic), 5.88 (dddd, 1H, J=5.8, J=5.8, J=10.3, J=


10.3 Hz), 5.54 (br s, 1 H, H-7), 5.39 (ddd, 1 H, H-4, J3ax,4 =J3eq,4 =J4,5 =


10.2 Hz), 5.26 (dd, 1H, J=10.3, Jgem =1.0 Hz), 5.20 (dd, 1 H, J =10.3,
Jgem =1.0 Hz), 5.00 (br d, 1 H, H-8, J =8.3 Hz), 4.87 (d, 1 H, NH, J =


10.2 Hz), 4.62 (dd, 1H, H-6, J5,6 = 10.7, J6,7 =2.4 Hz), 4.57 (dd, 1H, J =5.8,
Jgem =13.6 Hz), 4.48 (dd, 1H, H-9’, J8,9’=2.0, Jgem =12.2 Hz), 4.44 (dd, 1 H,
J =5.8, Jgem =13.6 Hz), 4.02 (ddd, 1 H, H-5, J4,5 =J5,6 =J5,NH =10.2 Hz),
3.60 (s, 3 H, OMe), 2.72 (dd, 1 H, H-3eq, J3eq,4 =4.9, Jgem =14.2 Hz), 2.11
(dd, 1H, H-3ax, J3ax,4 =11.2 Hz), 1.97, 2.03, 2.06, 2.11 (4 s, 12H, Ac) ppm;
13C NMR (100 MHz, CDCl3): d =170.9, 170.5, 170.3, 170.0, 168.2, 155.8,
136.1, 132.6, 129.7, 129.1, 128.8, 117.6, 88.8, 73.1, 72.8, 69.0, 65.9, 62.6,
52.5, 51.5, 37.5, 21.0, 20.8, 20.7, 20.7 ppm; IR (KBr): ñ =3454, 2998, 2911,
1730, 1487, 1123, 790 cm�1.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(9-fluorenylmethoxy-
carbonylamino)-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate
(3 e): Methanesulfonic acid (0.86 mL, 13.2 mmol) was added to a stirred
solution of methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 a ;
770 mg, 1.32 mmol) in methanol (26 mL) at room temperature. After
being stirred at 60 8C for 24 h, the reaction mixture was neutralized with
triethylamine and concentrated in vacuo. The residue was used for the
next reaction without further purification. 9-Fluorenylmethyl succinimid-
yl carbonate (445 mg, 1.32 mmol) was added to a stirred solution of the
residue in CH3CN/H20 (11:1; 12.0 mL) at 0 8C. After being stirred at
room temperature for 2.5 h, the reaction mixture was concentrated in
vacuo. The residue was used for the next reaction without further purifi-
cation. Acetic anhydride (1.10 mL, 7.92 mmol) and a catalytic amount of
DMAP were added to a stirred solution of the residue in pyridine
(1.30 mL, 15.8 mmol) at 0 8C. After being stirred at room temperature for
3 h, the reaction mixture was poured into ice-cooled water. The aqueous
layer was extracted with two portions of ethyl acetate. The combined ex-
tracts were washed with 1m HCl, saturated aq. NaHCO3, and brine, dried
over MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by chromatography on silica gel with chloroform/methanol (98:2) to
give 3 e (296 mg, 0.387 mmol, 27% over three steps); 1H NMR
(400 MHz, CDCl3): d =7.30–7.77 (m, 13H, aromatic), 5.61 (br s, 1H, H-
7), 5.45 (ddd, 1 H, H-4, J3ax,4 =10.7, J3eq,4 =4.8, J4,5 =10.7 Hz), 5.00 (br d,
1H, H-8, J= 8.3 Hz), 4.89 (d, 1H, NH, J=10.2 Hz), 4.67 (dd, 1 H, H-6,
J5,6 = 10.2, J6,7 =1.9 Hz), 4.49 (dd, 1 H, H-9’, J8,9’= 2.0, Jgem =12.2 Hz), 4.35
(m, 1H), 4.17–4.25 (m, 2H), 4.03 (dd, 1 H, H-9, J8,9 =8.8, Jgem =12.2 Hz),
3.84 (ddd, 1 H, H-5, J4,5 =J5,6 = J5,NH =10.2 Hz), 3.60 (s, 3H, OMe), 2.74
(dd, 1H, H-3eq, J3eq,4 = 4.9, Jgem =13.7 Hz), 2.13 (dd, 1 H, H-3ax, J3ax,4 =


10.7 Hz), 1.96 � 2, 2.05, 2.13 (3 s, 12H, Ac) ppm; 13C NMR (100 MHz,
CDCl3): d =170.9, 170.6, 170.2, 170.0, 168.2, 155.9, 144.3, 143.5, 141.3,
141.1, 136.1, 129.7, 129.1, 128.8, 127.6, 127.6, 127.0, 126.4, 125.0, 119.9,
119.8, 88.8, 77.2, 73.2, 72.9, 68.9, 67.5, 62.6, 52.5, 51.5, 46.9, 37.5, 21.0,
20.8, 20.3 � 2 ppm; IR (KBr): ñ =3354, 3022, 2952, 1740, 1534, 1234,
741 cm�1.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-5-(2,2,2-
trichloroethoxycarbonylamino)-d-glycero-b-d-galacto-2-nonulopyrano-
sid)onate (3 f): Methanesulfonic acid (0.46 mL, 7.07 mmol) was added to
a stirred solution of methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-
3,5-dideoxy-2-thio-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 a ;
421.8 mg, 0.707 mmol) in methanol (14 mL) at room temperature. After
being stirred at 60 8C for 24 h, the reaction mixture was neutralized with
triethylamine and concentrated in vacuo. The residue was used for the
next reaction without further purification. Succinimidyl 2,2,2-trichloro-
ethyl carbonate (205 mg, 0.707 mmol) and triethylamine (0.15 mL,
1.06 mmol) were added to a stirred solution of the residue in CH3CN/H20
(15:1; 6.40 mL) at 0 8C. After being stirred at room temperature for 2.5 h,
the reaction mixture was concentrated in vacuo. The residue was used for
the next reaction without further purification. Acetic anhydride
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(0.40 mL, 4.24 mmol) and a catalytic amount of DMAP were added to a
stirred solution of the residue in pyridine (0.69 mL, 4.84 mmol) at 0 8C.
After being stirred at room temperature for 3 h, the reaction mixture was
poured into ice-cooled water. The aqueous layer was extracted with two
portions of ethyl acetate. The combined extracts were washed with 1 m


HCl, saturated aq. NaHCO3, and brine, dried over MgSO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with chloroform/methanol (98:2) and recrystallized from ethyl
acetate/hexane to give 3 f (450 mg, 0.64 mmol, 89 % over three steps);
1H NMR (400 MHz, CDCl3): d=7.31–7.46 (m, 5H, aromatic), 5.51 (dd,
1H, H-7, J6,7 =1.9, J7,8 =2.4 Hz), 5.45 (ddd, 1 H, H-4, J3ax,4 =11.2, J3eq,4 =


4.9, J4,5 = 10.3 Hz), 5.09 (d, 1H, NH, J=10.2 Hz), 5.01 (d, 1H, Jgem =


12.2 Hz), 4.67 (dd, 1H, H-6, J5,6 = 10.8, J6,7 =1.9 Hz), 4.49 (d, 1H, Jgem =


12.2 Hz), 4.46 (dd, 1H, H-9’, J8,9’= 2.0, Jgem =12.7 Hz), 4.03 (dd, 1H, H-9,
J8,9 = 8.3, Jgem =12.7 Hz), 3.76 (ddd, 1H, H-5, J4,5 = 10.3, J5,6 = 10.8, J5,NH =


10.3 Hz), 3.60 (s, 3H, OMe), 2.73 (dd, 1H, H-3eq, J3eq,4 =4.9, Jgem =


13.6 Hz), 2.07 (dd, 1H, H-3ax, J3ax,4 =11.2 Hz), 1.83, 2.01, 2.05, 2.12 (4 s,
12H, Ac) ppm; 13C NMR (100 MHz, CDCl3): d=171.0, 170.4, 170.3,
170.0, 168.1, 154.3, 136.1, 129.7, 129.1, 128.7, 95.4, 88.8, 77.2, 74.5, 72.8,
69.0, 68.6, 62.5, 51.7, 37.5, 21.0, 20.8, 20.7, 20.7 ppm; IR (KBr): ñ =3329,
2954, 1743, 1540, 1371, 1253, 1039, 755, 694 cm�1; elemental analysis
calcd (%) for C27H32Cl3NO13S: C 45.23, H 4.50, N 1.95; found: C 45.04,
H 4.48, N 1.95.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-5-trifluoro-
acetamido-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 g): Meth-
anesulfonic acid (0.86 mL, 13.3 mmol) was added to a stirred solution of
methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-d-
glycero-b-d-galacto-2-nonulopyranosid)onate (3 a ; 775 mg, 1.33 mmol) in
methanol (26 mL) at room temperature. After being stirred at 60 8C for
24 h, the reaction mixture was neutralized with triethylamine and concen-
trated in vacuo. The residue was used for the next reaction without fur-
ther purification. Trifluoroacetic acid methyl ester (1.34 mL, 13.3 mmol)
and triethylamine (0.37 mL, 2.66 mmol) were added to a stirred solution
of the residue in methanol (13 mL) at 0 8C. After being stirred at room
temperature for 2.5 h, the reaction mixture was concentrated in vacuo.
The residue was used for the next reaction without further purification.
Acetic anhydride (0.75 mL, 7.98 mmol) and a catalytic amount of DMAP
were added to a stirred solution of the residue in pyridine (1.30 mL,
16.0 mmol) at 0 8C. After being stirred at room temperature for 3 h, the
reaction mixture was poured into ice-cooled water. The aqueous layer
was extracted with two portions of ethyl acetate. The combined extracts
were washed with 1 m HCl, saturated aq. NaHCO3, and brine, dried over
MgSO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography on silica gel with chloroform/methanol (98:2) and re-
crystallized from ethyl acetate/hexane to give 3g (656 mg, 1.03 mmol,
77% over three steps); 1H NMR (400 MHz, CDCl3): d=7.32–7.43 (m,
6H, NH, aromatic), 5.55 (ddd, 1H, H-4, J3ax,4 =13.7, J3eq,4 =4.9, J4,5 =


10.0 Hz), 5.51 (br s, 1 H, H-7), 5.02 (ddd, 1H, H-8, J7,8 = 2.0, J8,9’=2.4,
J8,9 = 8.0 Hz), 4.86 (dd, 1H, H-6, J5,6 =10.8, J6,7 =2.4 Hz), 4.53 (dd, 1H, H-
9’, J8,9’=2.0, Jgem = 10.2 Hz), 4.13 (ddd, 1 H, H-5, J4,5 =J5,6 =J5,NH =


10.2 Hz), 4.05 (dd, 1H, H-9, J8,9 =8.8, Jgem =10.2 Hz), 3.57 (s, 3 H, OMe),
2.73 (dd, 1H, H-3eq, J3eq,4 =4.9, Jgem =12.9 Hz), 2.16 (dd, 1H, H-3ax,
J3ax,4 =13.7 Hz), 1.95, 2.07, 2.11, 2.12 (4 s, 12H, Ac) ppm; 13C NMR
(100 MHz, CDCl3): d =171.7, 171.1, 170.3 � 2, 169.9, 167.9, 136.5, 136.0,
130.0, 129.8, 129.1, 128.9, 128.6, 89.1, 73.2, 72.1, 68.5, 68.4, 62.5, 52.6, 50.0,
37.4, 21.0, 20.7, 20.6, 20.5 ppm; IR (KBr): ñ =3056, 2971, 1708, 1410,
1205, 760 cm�1.


Methyl (phenyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-5-trichloro-
acetamido-d-glycero-b-d-galacto-2-nonulopyranosid)onate (3 h): Meth-
anesulfonic acid (1.95 mL, 30.0 mmol) was added to a stirred solution of
methyl (phenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-2-thio-d-
glycero-b-d-galacto-2-nonulopyranosid)onate (3a ; 1.75 g, 3.00 mmol) in
methanol (30 mL) at room temperature. After being stirred at 60 8C for
24 h, the reaction mixture was neutralized with triethylamine and concen-
trated in vacuo. The residue was used for the next reaction without fur-
ther purification. Trichloroacetic acid methyl ester (3.57 mL, 30.0 mmol)
and triethylamine (0.84 mL, 6.00 mmol) were added to a stirred solution
of the residue in methanol (30 mL) at 0 8C. After being stirred at room
temperature for 2.5 h, the reaction mixture was concentrated in vacuo.


The residue was used for the next reaction without further purification.
Acetic anhydride (1.70 mL, 18.0 mmol) and a catalytic amount of DMAP
were added to a stirred solution of the residue in pyridine (2.90 mL,
36.0 mmol) at 0 8C. After being stirred at room temperature for 3 h, the
reaction mixture was poured into ice-cooled water. The aqueous layer
was extracted with two portions of ethyl acetate. The combined extracts
were washed with 1 m HCl, saturated aq. NaHCO3, and brine, dried over
MgSO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography on silica gel with chloroform/methanol (98:2) and re-
crystallized from ethyl acetate/hexane to give 3h (1.44 g, 2.10 mmol, 70%
over three steps); 1H NMR (400 MHz, CDCl3): d=7.31–7.47 (m, 5H, ar-
omatic), 7.19 (d, 1H, NH, J =10.3 Hz), 5.57 (ddd, 1H, H-4, J3ax,4 =10.8,
J3eq,4 =4.9 Hz), 5.53 (dd, 1H, H-7, J6,7 =2.4, J7,8 =2.4 Hz), 5.07 (ddd, 1H,
H-8, J7,8 = 2.4, J8,9’=2.0, J8,9 =8.8 Hz), 4.89 (dd, 1H, H-6, J5,6 =10.7, J6,7 =


2.4 Hz), 4.55 (dd, 1H, H-9’, J8,9’= 2.0, Jgem =12.7 Hz), 4.08 (dd, 1 H, H-9,
J8,9 = 8.3, Jgem =12.7 Hz), 4.06 (ddd, 1 H, H-5), 3.58 (s, 3H, OMe), 2.72
(dd, 1H, H-3eq, J3eq,4 = 4.9, Jgem =12.7 Hz), 2.12 (dd, 1 H, H-3ax, J3ax,4 =


10.8 Hz), 1.92, 2.04, 2.11, 2.14 (4 s, 12H, Ac) ppm; 13C NMR (100 MHz,
CDCl3): d =172.0, 170.5, 170.2, 170.0, 167.8, 162.4, 136.2, 129.8, 129.1,
128.9, 128.8, 128.1, 92.0, 89.2, 73.6, 72.3, 68.5, 68.1, 62.5, 52.6, 51.4, 37.5,
21.1, 20.8, 20.6, 20.5 ppm; IR (KBr): ñ=3319, 2953, 1744, 1526, 1232,
1038, 941, 751 cm�1.


General procedure for sialylation of methyl 2,3,4-tri-O-benzyl-a-d-gluco-
pyranoside (4) with thiosialosides 3 a–i :


Method A (NIS/TfOH, CH3CN): A mixture of the appropriate thiosialo-
side (3a–i ; 1.00 equiv), methyl 2,3,4-tri-O-benzyl-a-d-glucopyranoside (4 ;
1.50 equiv; azeotroped three times with toluene), and pulverized activat-
ed 3 � MS (10 g mmol�1) in dry CH3CN was stirred at room temperature
for 10 min under argon to remove any trace amounts of water. The reac-
tion mixture was then cooled to �35 8C. N-Iodosuccinimide (1.20 equiv)
and a catalytic amount of trifluoromethanesulfonic acid (0.20 equiv) was
added to the reaction mixture at �35 8C. After being stirred at the same
temperature for 1.0 h, the reaction mixture was neutralized with triethyl-
amine and filtered through a pad of celite. The filtrate was poured into a
mixture of saturated aq. NaHCO3 and saturated aq. Na2S2O3 with cool-
ing. The aqueous layer was extracted with two portions of ethyl acetate.
The combined extracts were washed with saturated aq. NaHCO3/Na2S2O3


and brine, dried over MgSO4, filtered, and concentrated in vacuo. The
residue was purified by chromatography on silica gel with chloroform/
methanol (97:3) to give the respective disaccharide (5 a–i). The a :b ratio
was determined by HPLC analysis (Senshu Pak Silica-3301-N column;
eluent: hexane/2-propanol 94:6; flow rate: 3.0 mL min�1).


Method B (DMTST, CH3CN): A mixture of the appropraite thiosialoside
(3a–i ; 1.00 equiv), methyl 2,3,4-tri-O-benzyl-a-d-glucopyranoside (4 ;
1.50 equiv; azeotroped three times with toluene), and pulverized activat-
ed 3 � MS (10 g mmol�1) in dry CH3CN was stirred at room temperature
for 10 min under argon to remove any trace amounts of water. The reac-
tion mixture was then cooled to �10 8C. A 1.5 m CH3CN solution of di-
methyl(methylthio)sulfonium trifluoromethanesulfonate (1.50 equiv) was
added to the reaction mixture at �10 8C. After being stirred at the same
temperature for 8 h, the reaction mixture was neutralized with triethyl-
amine and filtered through a pad of celite. The filtrate was poured into
saturated aq. NaHCO3 with cooling. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extracts were washed
with saturated aq. NaHCO3 and brine, dried over MgSO4, filtered, and
concentrated in vacuo. The residue was purified by chromatography on
silica gel with chloroform/methanol (97:3) to give the respective disac-
charide (5a–i). The a :b ratio was determined by HPLC analysis (condi-
tions as for method A).


Methyl 2,3,4-tri-O-benzyl-6-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
5-(2,2,2-trichloroethoxycarbonylamino)-d-glycero-d-galacto-2-nonulopyr-
anosylonate)-a-d-glucopyranoside (5 f): In accordance with method A,
thiosialoside 3 f (17.2 mg, 0.0239 mmol) was treated with methyl 2,3,4-tri-
O-benzyl-a-d-glucopyranoside (4 ; 16.7 mg, 0.0360 mmol) and N-iodosuc-
cinimide (10.8 mg, 0.0478 mmol) in CH3CN (0.25 mL) to provide disac-
charide 5 f (23.2 mg, 0.0217 mmol, 91%, a :b =89:11). In accordance with
method B, thiosialoside 3 f (17.7 mg, 0.0247 mmol) was treated with
methyl 2,3,4-tri-O-benzyl-a-d-glucopyranoside (4 ; 17.2 mg, 0.037 mmol)
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and DMTST (25 mL, 0.037 mmol, 1.50 equiv) in CH3CN (0.25 mL) to pro-
vide disaccharide 5 f (55.0 mg, 0.0136 mmol, 55%, a :b=86:14).


5 f a isomer : Rt =19.2 min; 1H NMR (400 MHz, CDCl3): d=7.30–3.74
(m, 15H, aromatic), 5.31 (br s, 2H, Neu-H-7, H-8), 4.98 (ddd, 1 H, Neu-
H-4, J3ax,4 = 12.7, J3eq,4 = 4.9 Hz), 4.91 (d, 1H, Jgem =10.8 Hz), 4.89 (d, 1 H,
Jgem =12.2 Hz), 4.85 (d, 1H, Jgem =10.8 Hz), 4.84 (d, 1 H, Neu-NH, J=


10.7 Hz), 4.79 (d, 1 H, Jgem =12.7 Hz), 4.78 (d, 1H, Jgem =10.7 Hz), 4.74 (d,
1H, Jgem =11.2 Hz), 4.66 (d, 1H, Jgem =12.2 Hz), 4.61 (d, 1 H, Glc-H-1,
J1,2 = 3.9 Hz), 4.44 (d, 1H, Jgem =12.2 Hz), 4.21 (dd, 1 H, Glc-H-6’, J5,6’=


3.9, Jgem =11.2 Hz), 4.18 (br d, 1H, Neu-H-6, J5,6 =10.2 Hz), 4.00 (br d,
1H, Neu-H-9’, Jgem =10.2 Hz), 3.95 (dd, 1 H, Glc-H-3, J2,3 =9.3, J3,4 =


9.3 Hz), 3.73–3.80 (m, 5H, Neu-OMe, H-5, H-9), 3.60 (dd, 1 H, Glc-H-4,
J3,4 = 9.3, J4,5 =9.3 Hz), 3.56 (ddd, 1 H, Glc-H-5, J4,5 =9.3, J5,6’=3.9, J5,6 =


2.0 Hz), 3.52 (dd, 1 H, Glc-H-2, J1,2 =3.9, J2,3 =9.3 Hz), 3.42 (dd, 1H, Glc-
H-6, J5,6 =2.0, Jgem =11.2 Hz), 3.36 (s, 3 H, Glc-OMe), 2.72 (dd, 1 H, Neu-
H-3eq, J3eq,4 =4.9, Jgem = 12.7 Hz), 1.89 (dd, 1H, Neu-H-3ax, J3ax,4 =


12.7 Hz), 1.82, 2.01 � 2, 2.12 (3 s, 12H, Ac) ppm; 13C NMR (100 MHz,
CDCl3): d =170.6, 170.4, 169.9, 169.7, 167.8, 154.0, 138.8, 138.6, 138.2,
128.4, 128.3, 128.1, 128.0, 127.9, 127.7, 127.6, 98.4, 98.2, 95.3, 82.0, 82.0,
79.4, 77.7, 75.8, 74.7, 74.5, 73.4, 71.7, 69.5, 68.4, 67.4, 66.9, 63.5, 61.7, 55.2,
52.8, 51.6, 38.3, 21.1, 20.8, 20.4 ppm; IR (KBr): ñ =3333, 2927, 1744, 1535,
1454, 1369, 1218, 1042, 735, 699 cm�1.


5 f b isomer : Rt =24.9 min; 1H NMR (400 MHz, CDCl3): d=7.29–7.42
(m, 15H, aromatic), 5.44 (br s, 1 H, Neu-H-7), 5.31 (br d, 1H, Neu-H-8,
J =9.3 Hz), 5.25 (ddd, 1H, Neu-H-4, J3ax,4 =11.7, J3eq,4 =5.4 Hz), 5.06
(br d, 2H, Neu-NH, H-9’), 4.97 (d, 1 H, Jgem = 10.8 Hz), 4.95 (d, 1H, Jgem =


12.2 Hz), 4.89 (d, 1H, Glc-H-1, J1,2 =3.4 Hz), 4.87 (d, 1 H, Jgem =10.8 Hz),
4.83 (d, 1H, Jgem = 11.2 Hz), 4.80 (d, 1 H, Jgem =11.7 Hz), 4.76 (d, 1H,
Jgem =11.2 Hz), 4.70 (d, 1H, Jgem =10.8 Hz), 4.43 (d, 1H, Jgem =12.2 Hz),
4.39 (dd, 1 H, Neu-H-6, J5,6 =10.8, J6,7 = 2.0 Hz), 4.13 (dd, 1H, Neu-H-9,
J8,9 = 9.3, Jgem =12.2 Hz), 3.97 (dd, 1 H, Glc-H-3, J2,3 =8.8, J3,4 =8.8 Hz),
3.71–3.84 (m, 8 H, Neu-OMe, H-5, Glc-H-4, H-5, H-6’, H-6), 3.63 (dd,
1H, Glc-H-2, J1,2 =3.4, J2,3 =9.8 Hz), 3.35 (s, 3 H, Glc-OMe), 2.54 (dd,
1H, Neu-H-3eq, J3eq,4 =5.4, Jgem =13.2 Hz), 1.98, 2.00, 2.04, 2.15 (4 s, 12 H,
Ac), 1.83 (dd, 1H, Neu-H-3ax, J3ax,4 =11.7 Hz) ppm; IR (KBr): ñ =3428,
2927, 1745, 1568, 1454, 1229, 1215, 1005, 733 cm�1.


Methyl 2,3,4-tri-O-benzyl-6-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
5-(9-fluorenylmethoxycarbonylamino)-d-glycero-d-galacto-2-nonulopyra-
nosylonate)-a-d-glucopyranoside (5 e): In accordance with method A, thi-
osialoside 3e (23.0 mg, 0.030 mmol) was treated with methyl 2,3,4-tri-O-
benzyl-a-d-glucopyranoside (4 ; 21.0 mg, 0.0452 mmol) and N-iodosucci-
nimide (8.12 mg, 0.0361 mmol) in CH3CN (0.30 mL) to provide disacchar-
ide 5e (30.7 mg, 0.0275 mmol, 91 %, a :b =86:14). In accordance with
method B, thiosialoside 3e (20.0 mg, 0.0262 mmol) was treated with
methyl 2,3,4-tri-O-benzyl-a-d-glucopyranoside (4 ; 18.2 mg, 0.0393 mmol)
and DMTST (26 mL, 0.039 mmol) in CH3CN (0.25 mL) to provide disac-
charide 5 e (16.4 mg, 0.0147 mmol, 56%, a :b=86:14).


5e a isomer : Rt =19.3 min; 1H NMR (400 MHz, CDCl3): d=7.76 (d, 2 H,
aromatic), 7.53–7.60 (m, 2H, aromatic), 7.30–7.40 (m, 19H, aromatic),
5.31–5.41 (m, 2 H, Neu-H-7, H-8), 4.91 (d, 1H, Jgem =11.2 Hz), 4.90 (m,
1H, Neu-H-4), 4.87 (d, 1H, Jgem =10.8 Hz), 4.80 (d, 1 H, Jgem =12.2 Hz),
4.79 (d, 1H, Jgem = 11.2 Hz), 4.75 (d, 1 H, Jgem =10.7 Hz), 4.66 (d, 1H,
Jgem =12.2 Hz), 4.60 (d, 1 H, Glc-H-1, J1,2 =3.4 Hz), 4.59 (d, 1 H, Neu-NH,
J =11.2 Hz), 4.10–4.34 (m, 5 H, Neu-H-6, Glc-H-6’), 4.03 (dd, 1 H, Neu-
H-9’, J8,9’= 2.0, Jgem =12.7 Hz), 3.95 (dd, 1H, Glc-H-3, J2,3 =9.8, J3,4 =


9.8 Hz), 3.73–3.77 (m, 5 H, Neu-H-9, OMe, Glc-H-5), 3.71 (m, 1 H, Neu-
H-5), 3.60 (dd, 1 H, Glc-H-4, J3,4 =9.8, J4,5 =3.4 Hz), 3.51 (dd, 1H, Glc-H-
2, J1,2 =3.4, J2,3 =9.8 Hz), 3.43 (br d, 1H, Glc-H-6, J =9.8 Hz), 3.36 (s, 3 H,
Glc-OMe), 2.70 (dd, 1 H, Neu-H-3eq, J3eq,4 =4.4, Jgem =12.7 Hz), 1.83,
1.93, 1.97, 2.13 (4 s, 12H, Ac), 1.92 (dd, 1 H, Neu-H-3ax) ppm; 13C NMR
(100 MHz, CDCl3): d =170.6 � 2, 169.8, 167.9, 155.7, 155.7, 144.2, 143.4,
141.3, 141.1, 138.8, 138.6, 138.2, 128.6, 128.4, 128.3, 128.1, 127.9, 127.9,
127.7, 127.5, 127.0, 125.2, 124.9, 119.9, 119.9, 98.5, 98.2, 82.0, 75.8, 74.8,
73.3, 72.3, 69.5, 68.8, 67.6, 67.4, 66.8, 63.5, 61.8, 55.2, 52.8, 51.4, 46.9, 38.3,
21.0, 20.8, 20.7, 20.5 ppm; IR (KBr): ñ=3385, 2928, 1745, 1532, 1452,
1217, 1040, 740 cm�1.
5e b isomer : Rt =23.9 min; 1H NMR (400 MHz, CDCl3): d=7.75 (d, 2H,
aromatic), 7.56–7.63 (m, 2H, aromatic), 7.26–7.47 (m, 19H, aromatic),


5.54 (br s, 1 H, Neu-H-7), 5,32 (br d, 1 H, Neu-H-8, J= 8.8 Hz), 5.21 (ddd,
1H, Neu-H-4, J3ax,4 =11.7, J3eq,4 =4.9 Hz), 5.09 (dd, 1 H, Neu-H-9’, J8,9’=


1.5, Jgem =12.2 Hz), 4.98 (d, 1 H, Jgem =11.2 Hz), 4.92 (d, 1 H, Glc-H-1,
J1,2 = 3.4 Hz), 4.90 (d, 1 H, Neu-NH, J=10.2 Hz), 4.89 (d, 1H, Jgem =


11.2 Hz), 4.83 (d, 1H, Jgem =10.7 Hz), 4.79 (2 d, 2 H), 4.71 (d, 1H, Jgem =


11.2 Hz), 4.20–4.38 (m, 4H, Neu-H-6), 4.15 (dd, 1H, Neu-H-9, J8,9 =9.3,
Jgem =12.2 Hz), 3.98 (dd, 1 H, Glc-H-3, J2,3 =9.3, J3,4 =9.3 Hz), 3.71–3,86
(m, 8 H, Neu-H-5, OMe, Glc-H-4, H-5, H-6’, H-6), 3.65 (dd, 1 H, Glc-H-
2, J1,2 =3.4, J2,3 =9.3 Hz), 3.36 (s, 3H, Glc-OMe), 2.54 (dd, 1H, Neu-H-
3eq, J3eq,4 = 4.9, Jgem =12.7 Hz), 1.93, 1.97, 2.02, 2.17 (4 s, 12H, Ac), 1.86
(dd, 1H, Neu-H-3ax, J3ax,4 =11.7 Hz) ppm; 13C NMR (100 MHz, CDCl3):
d=170.7, 170.6, 170.4, 170.3, 167.2, 155.9, 144.3, 143.5, 141.3, 138.7, 138.5,
138.2, 128.6, 128.4, 128.3, 128.0, 128.0, 127.8, 127.6, 127.5, 127.0, 125.4,
125.0, 119.9, 97.9, 97.8, 82.0, 80.1, 77.3, 75.8, 75.1, 73.6, 73.2, 71.7, 69.2,
69.1, 68.8, 67.4, 62.9, 62.1, 54.9, 52.7, 51.4, 47.0, 37.6, 29.7, 21.0, 20.9, 20.8,
20.7 ppm; IR (KBr): ñ =3387, 2928, 11742, 1518, 1452, 1370, 1224, 1074,
741, 698 cm�1.


Methyl 2,3,4-tri-O-benzyl-6-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
5-trifluoroacetamido-d-glycero-d-galacto-2-nonulopyranosylonate)-a-d-
glucopyranoside (5 g): In accordance with method A, thiosialoside 3 g
(22.5 mg, 0.0353 mmol) was treated with methyl 2,3,4-tri-O-benzyl-a-d-
glucopyranoside (4 ; 24.6 mg, 0.0529 mmol) and N-iodosuccinimide
(9.50 mg, 0.0424 mmo) in CH3CN (0.35 mL) to provide disaccharide 5 g
(32.1 mg, 0.0323 mmol, 92 %, a :b=92:8). In accordance with method B,
thiosialoside 3 g (17.7 mg, 0.0277 mmol) was treated with methyl 2,3,4-tri-
O-benzyl-a-d-glucopyranoside (4 ; 19.3 mg, 0.0416 mmol) and DMTST
(28 mL, 0.042 mmol) in CH3CN (0.28 mL) to provide disaccharide 5g
(10.9 mg, 0.011 mmol, 40%, a :b=85:15).


5g a isomer : Rt =22.6 min; 1H NMR (400 MHz, CDCl3): d=7.18–7.39
(m, 15H, aromatic), 6.50 (d, 1H, Neu-NH, J =10.3 Hz), 5.31 (ddd, 1 H,
Neu-H-8, J7,8 =8.8, J8,9’=2.0, J8,9 =4.9 Hz), 5.22 (dd, 1H, Neu-H-7, J6,7 =


2.0, J7,8 =8.8 Hz), 4.99 (m, 1H, Neu-H-4), 4.92 (d, 1H, Jgem =11.2 Hz),
4.80–4.84 (2 d, 2H), 4.79 (d, 1H, Jgem =11.7 Hz), 4.75 (d, 1 H, Jgem =


11.2 Hz), 4.66 (d, 1H, Jgem = 12.2 Hz), 4.60 (d, 1H, Glc-H-1, J1,2 =3.4 Hz),
4.25 (dd, 1H, Neu-H-6, J5,6 =10.7, J6,7 =2.0 Hz), 4.20 (dd, 1H, Glc-H-6’,
J5,6’=3.9, Jgem =10.8 Hz), 4.06 (dd, 1 H, Neu-H-9’, J8,9’=2.0, Jgem =


10.2 Hz), 3.95 (dd, 1 H, Glc-H-3, J2,3 =9.8, J3,4 = 9.8 Hz), 3.90 (ddd, 1 H,
Neu-H-5, J5,6 =10.7, J5,NH =10.3 Hz), 3.76 (dd, 1H, Neu-H-9, J8,9 =4.9,
Jgem =10.2 Hz), 3.74 (s, 3H, Neu-OMe), 3.58 (dd, 1 H, Glc-H-4, J3,4 =9.8,
J4,5 = 9.3 Hz), 3.51 (dd, 1 H, Glc-H-2, J1,2 =3.4, J2,3 =9.8 Hz), 3.45 (dd, 1H,
Glc-H-6, J5,6 =1.4, Jgem =10.8 Hz), 3.36 (s, 3H, Glc-OMe), 2.70 (dd, 1H,
Neu-H-3eq, J3eq,4 =4.9, Jgem =13.2 Hz), 1.84, 1.99, 2.00, 2.13 (4 s, 12H, Ac),
1.96 (dd, 1 H, Neu-H-3ax, J3ax,4 =12.7 Hz) ppm; 13C NMR (100 MHz,
CDCl3): d =170.8, 170.6, 169.9, 167.7, 157.7, 157.3, 138.7, 138.5, 138.1,
128.9, 128.6, 128.4, 128.3, 128.2, 128.1, 127.9, 127.9, 127.7, 127.7, 127.6,
98.6, 98.2, 81.9, 79.4, 79.1, 75.8, 74.7, 73.3, 71.4, 69.4, 68.2, 67.8, 66.6, 63.6,
61.7, 55.2, 52.9, 50.2, 38.0, 21.0, 20.6, 20.5, 20.3 ppm; IR (KBr): ñ =3318,
2929, 1751, 1562, 1456, 1371, 1216, 1056, 752 cm�1.


5g b isomer : Rt = 27.0 min; 1H NMR (400 MHz, CDCl3): d=7.10–7.33
(m, 15 H, aromatic), 7.02 (d, 1 H, Neu-NH, J =10.3 Hz), 5.27 (br s, 1 H,
Neu-H-7), 5.15–5.24 (m, 2H, Neu-H-4, H-8), 4.97 (dd, 1 H, Neu-H-9’,
J8,9’=2.4, Jgem =12.7 Hz), 4.90 (d, 1H, Jgem =11.2 Hz), 4.79 (d, 1H, Jgem =


12.7 Hz), 4.78 (d, 1H, Glc-H-1, J1,2 =3.9 Hz), 4.77 (d, 1 H, Jgem =10.7 Hz),
4.74 (2 d, 2H), 4.61 (d, 1 H, Jgem =12.7 Hz), 4.39 (dd, 1H, Neu-H-6, J5,6 =


10.7, J6,7 =2.0 Hz), 4.04 (dd, 1 H, Neu-H-9, J8,9 =9.3, Jgem =12.7 Hz), 3.88–
4.01 (m, 2H, Neu-H-5, Glc-H-3), 3.64–3.75 (m, 7H, Neu-OMe, Glc-H-4,
H-5, H-6’, H-6), 3.27 (s, 3 H, Glc-OMe), 2.45 (dd, 1H, Neu-H-3eq, J3eq,4 =


5.4, Jgem =12.7 Hz), 1.90, 1.92, 1.98, 2.07 (4 s, 12H, Ac), 1.80 (dd, 1 H,
Neu-H-3ax, J3ax,4 = 12.2 Hz) ppm; IR (KBr): ñ =3374, 2926, 2855, 2749,
1456, 1372, 1229, 1029, 803, 745, 699 cm�1.


N-(Benzyloxycarbonyl) 3-O-(2-azido-4-O-benzyl-2-deoxy-6-O-(methyl
4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(2,2,2-trichloroethoxycarbonylami-
no)-d-glycero-d-galacto-2-nonulopyranosylonate)-a-d-galactopyranosyl)-
l-serine benzyl ester (9): A mixture of thiosialoside 3 f (20.0 mg,
0.0279 mmol), N-(benzyloxycarbonyl)-3-O-(2-azido-4-O-benzyl-2-deoxy-
a-d-galactopyranosyl)-l-serine benzyl ester (7; 14.1 mg, 0.0232 mmol;
azeotroped three times with toluene), and pulverized activated 3 � MS
(11.6 mg) in dry CH3CN (0.116 mL) was stirred at room temperature for
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10 min under argon to remove any trace amounts of water. The reaction
mixture was then cooled to �35 8C. N-iodosuccinimide (7.52 mg,
0.0334 mmol) and a catalytic amount of trifluoromethanesulfonic acid
(0.20 mL, 4.64 mmol, 0.10 equiv) were added to the reaction mixture at
�35 8C. After being stirred at the same temperature for 1 h, the reaction
mixture was neutralized with triethylamine and filtered through a pad of
celite. The filtrate was poured into a mixture of saturated aq. NaHCO3


and saturated aq. Na2S2O3 with cooling. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extracts were washed
with saturated aq. NaHCO3/Na2S2O3 and brine, dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was purified by chromatog-
raphy on silica gel with chloroform/methanol (97:3) and further purified
by gel-permeation chromatography to give 9 (26.2 mg, 2.16 mmol, 93 %,
a :b= 78:22). The a :b ratio was determined by HPLC analysis (Senshu
Pak Silica-3301-N column; eluent: hexane/2-propanol 90:10; flow rate:
3.0 mL min�1; retention times: a isomer =10.7 min, b isomer=11.7 min).
The a,b isomers were separated by chromatography on silica gel with tol-
uene/acetone (86:14) to give the a isomer and with toluene/acetone
(88:12) to give the b isomer.


9a isomer: [a]21
D +43.4 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.30–7.60 (m, 15H, aromatic), 5.89 (d, 1H, Ser-NH, J =8.3 Hz), 5.40
(ddd, 1H, Neu-H-8), 5.36 (dd, 1H, Neu-H-7, J6,7 = 1.4, J7,8 = 8.8 Hz), 5.35
(d, 1H, Jgem =12.2 Hz), 5.14 (d, 1H, Jgem =12.6 Hz), 5.11 (2 d, 2H), 5.00
(br dd, 1 H, Neu-H-4, J3ax,4 =4.9, J3eq,4 =10.8 Hz), 4.94 (d, 1 H, Neu-Troc-
NH, J= 10.3 Hz), 4.90 (d, 1H, Jgem =12.2 Hz), 4.79 (d, 1H, Jgem =


11.7 Hz), 4.78 (d, 1H, GalNAc-H-1, J1,2 =3.4 Hz), 4.65 (d, 1H, Jgem =


11.2 Hz), 4.60 (m, 1H, Ser-a), 4.36 (d, 1 H, Jgem =12.2 Hz), 4.24 (d, 1 H,
Neu-H-9’, J8,9’=1.9, Jgem =12.7 Hz), 4.16 (br d, 1 H, Neu-H-6, J =10.8 Hz),
4.06 (dd, 1H, Neu-H-9, J8,9 =4.9, Jgem =12.7 Hz), 3.91–4.01 (m, 3H,
GalNAc-H-6’, Ser-b), 3.79–3.85 (m, 3 H, GalNAc-H-3, H-4, H-6), 3.65–
3.69 (m, 4H, Neu-H-5, OMe), 3.52 (br dd, 1H, GalNAc-H-5), 3.36 (dd,
1H, GalNAc-H-2, J1,2 =3.0, J2,3 =10.3 Hz), 2.66 (dd, 1 H, Neu-H-3eq,
J3eq,4 =4.9, Jgem =13.2 Hz), 2.25 (d, 1 H, GalNAc-3OH, J=8.8 Hz), 1.97,
2.00, 2.09, 2.11 (4 s, 12H, Ac), 1.92 (dd, 1 H, Neu-H-3ax, J3ax.4 =


10.8 Hz) ppm; 13C NMR (100 MHz, CDCl3): d= 172.0, 170.7, 170.5, 169.8,
166.6, 156.0, 154.5, 138.0, 136.0, 134.9, 128.6, 128.6, 128.5, 128.4, 128.1,
127.9, 127.8, 98.7, 98.2, 95.5, 77.9, 77.2, 75.4, 74.4, 72.3, 71.8, 70.7, 69.2,
68.4, 68.2, 68.1, 67.9, 67.2, 63.3, 62.7, 60.4, 53.8, 52.7, 50.9, 37.0, 20.9, 20.8,
20.7, 20.6 ppm; IR (KBr): ñ =3347, 2534, 2109, 1745, 1523, 1369, 1218,
1038, 738, 738, 698 cm�1; elemental analysis calcd (%) for
C52H60Cl3N5O22: C 41.47, H 4.98, N 5.77; found: C 51.03, H 5.02, N 5.47.


9b isomer: [a]22
D +37.5 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3): d=


7.30–7.39 (m, 15 H, aromatic), 6.36 (d, 1H, Ser-NH, J =8.8 Hz), 6.22 (d,
1H, Neu-Troc-NH, J =10.3 Hz), 5.54 (ddd, 1H, Neu-H-4, J3ax,4 =12.2,
J3eq,4 =4.4 Hz), 5.47 (br s, 1 H, Neu-H-7), 5.37 (d, 1H, Jgem =13.9 Hz), 5.34
(m, 1H, Neu-H-8), 5.12 (d, 1H, Jgem =13.9 Hz), 5.11 (2 d, 2H), 4.96 (br d,
1H, Neu-H-9’, J=11.2 Hz), 4.89 (d, 1 H, GalNAc-H-1, J1,2 =2.9 Hz), 4.76
(m, 1 H, Ser-a), 4.75 (d, 1 H, Jgem =12.2 Hz), 4.69 (2 d, 2H), 4.53 (d, 1 H,
Jgem =11.7 Hz), 4.10 (m, 1H, Ser-b’), 4.03 (dd, 1H, Neu-H-9, J8,9 =8.8,
Jgem =12.7 Hz), 3.94 (m, 2H, Neu-H-6, H-5), 3.62 (m, 9H, Neu-H-5,
OMe, GalNAc-H-3, H-4, H-6’, H-6), 3.36 (dd, 1H, GalNAc-H-2, J1,2 =


2.9, J2,3 =10.8 Hz), 2.51 (dd, 1H, Neu-H-3eq, J3eq,4 =4.4, Jgem =13.9 Hz),
1.96 (d, 1H, GalNAc-3OH), 1.91, 1.97 � 2, 2.01 (3 s, 12H, Ac), 1.83 (dd,
1H, Neu-H-3ax, J3ax,4 =12.2 Hz) ppm; 13C NMR (100 MHz, CDCl3): d=


170.7, 170.3, 170.0, 169.8, 169.7, 167.7, 156.0, 154.0, 138.0, 156.0, 138.0,
136.1, 135.1, 128.5, 128.5, 128.1, 128.0, 128.0, 127.8, 99.3, 98.4, 95.3, 76.6,
75.1, 74.4, 71.9, 69.6, 69.1, 68.3, 68.0, 67.9, 67.5, 67.3, 67.0, 63.0, 62.2, 60.8,
54.4, 52.8, 51.4, 37.7, 21.0, 20.8, 20.7, 20.6 ppm; IR (KBr): ñ =3368, 2955,
2110, 1744, 1530, 1370, 1223, 1036, 944, 736, 696 cm�1.


N-(Benzyloxycarbonyl) 3-O-(2-azido-4-O-benzyl-2-deoxy-3-O-(2-O-ben-
zoyl-3,4,6-tri-O-benzyl-d-galactopyranosyl)-6-O-(methyl 4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-5-(2,2,2-trichloroethoxycarbonylamino)-d-glycero-a-d-
galacto-2-nonulopyranosylonate)-a-d-galactopyranosyl)-l-serine benzyl
ester (11): A mixture of 9a (21.4 mg, 0.0176 mmol), phenylthio 2-O-ben-
zoyl-3,4,6-tri-O-benzyl-b-d-galactopyranoside (8 a ; 17.1 mg, 0.0265 mmol;
azeotroped three times with toluene), and pulverized activated 3 � MS
(8.80 mg) in dry CH3CN/CH2Cl2 (1:9; 2.00 mL) was stirred at room tem-
perature for 10 min under argon to remove any trace amounts of water.


The reaction mixture was then cooled to �30 8C. N-iodosuccinimide
(7.90 mg, 0.0352 mmol) and a catalytic amount of trifluoromethanesul-
fonic acid (0.50 mL, 8.80 mmol) were added to the reaction mixture at
�30 8C. After being stirred at the same temperature for 1 h, the reaction
mixture was neutralized with triethylamine and filtered through a pad of
celite. The filtrate was poured into a mixture of saturated aq. NaHCO3


and saturated aq. Na2S2O3 with cooling. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extracts were washed
with saturated aq. NaHCO3/Na2S2O3 and brine, dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was purified by chromatog-
raphy on silica gel with chloroform/methanol (97:3) and further purified
by gel-permeation chromatography to give 11 (25.3 mg, 0.0145 mmol,
82%, a :b=6:94). The a–a :a–b ratio was determined by HPLC analysis
(Senshu Pak Silica-3301-N column; eluent: hexane/2-propanol 95:5; flow
rate: 3.0 mL min�1; retention times: a–a isomer=12.9 min, a–b isomer=


16.1 min). The a–a,a–b isomers were separated by chromatography on
silica gel with toluene/acetone (91:9) to give the a–a isomer and with tol-
uene/acetone (90:10) to give the a–b isomer.


11a–b isomer : [a]21
D +23.8 (c 1.36, CHCl3); 1H NMR (400 MHz, CDCl3):


d=8.05 (d, 2 H, aromatic), 7.13–7.57 (m, 33 H, aromatic), 5.74 (dd, 1 H,
Gal-H-2, J1,2 =7.3, J2,3 =8.2 Hz), 5.74 (d, 1 H, Ser-NH, J =6.8 Hz), 5.39
(m, 1 H, Neu-H-8), 5.35 (dd, 1H, Neu-H-7, J6,7<1, J7,8 =8.3 Hz), 5.09–
5.17 (m, 4H), 5.05 (d, 1 H, J =11.2 Hz), 4.97 (ddd, 1H, Neu-H-4, J3ax,4 =


12.2, J3aq,4 =4.9, J4,5 =9.6 Hz), 4.94 (d, 1 H, J =11.7 Hz), 4.90 (d, 1 H, J=


12.7 Hz), 4.87 (d, 1 H, J =10.8 Hz), 4.77 (d, 1 H, Gal-H-1, J1,2 =7.8 Hz),
4.69 (d, 1H, GalNAc-H-1, J1,2 =3.4 Hz), 4.67 (d, 1H, J=12.2 Hz), 4.61 (d,
1H, J =11.2 Hz), 4.58 (d, 1H, J =11.7 Hz), 4.56 (m, 1 H, Ser-a), 4.53 (d,
1H, J =12.7 Hz), 4.46 (d, 1H, J =12.2 Hz), 4.45 (d, 1H, J =12.2 Hz), 4.29
(dd, 1H, Neu-H-9’, Jgem =11.2 Hz), 4.14 (dd, 1H, Neu-H-9, J8,9 =4.9,
Jgem =11.2 Hz), 4.13 (dd, 1 H, Neu-H-6, J5,6 =9.8, J6,7<1 Hz), 4.05 (br dd,
1H, Gal-H-4), 3.89–3.99 (m, 4H, Ser-b, GalNAc-H-3, H-6’), 3.67–3.69 (m,
6H, GalNAc-H-4, H-6, Gal-H-3, H-5, H-6, H-6’), 3.59–3.64 (m, 4 H, Neu-
H-5, OMe), 3.50 (dd, 1H, GalNAc-H-2, J1,2 =3.0, J2,3 =11.2 Hz), 3.20
(ddd, 1 H, GalNAc-H-5, J= 4.9, J=9.3 Hz), 2.56 (dd, 1H, Neu-H-3eq,
J3eq,4 =9.3, Jgem = 12.7 Hz), 1.97, 1.99, 2.07, 2.11 (4 s, 12 H, Ac), 1.84 (dd,
1H, Neu-H-3ax, J3ax,4 =12.2 Hz) ppm; 13C NMR (100 MHz, CDCl3): d=


170.6, 170.3, 170.1, 169.8, 169.6, 169.6, 167.7, 165.3, 156.0, 154.0, 138.6,
138.5, 137.7, 137.6, 136.2, 135.1, 132.8, 132.8, 130.2, 129.8, 128.7, 128.6,
128.5, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6,
127.4, 127.3, 102.6, 99.3, 98.4, 95.4, 79.7, 77.2, 76.8, 75.3, 74.5, 74.4, 74.3,
73.6, 73.4, 72.6, 72.1, 72.0, 71.8, 69.8, 68.7, 68.6, 68.4, 68.3, 67.5, 67.1, 63.8,
62.1, 59.4, 54.5, 52.7, 51.5, 37.7, 21.0, 20.7, 20.7 ppm; IR (KBr): ñ =3347,
2952, 2109, 1745, 1520, 1454, 1218, 1040, 737, 698 cm�1.


11a–a isomer : 1H NMR (400 MHz, CDCl3): d=6.88–7.91 (m, 35 H, aro-
matic), 5.89 (d, 1H, Ser-NH, J= 7.9 Hz), 5.61 (dd, 1H, Gal-H-2, J1,2 =3.4,
J2,3 = 10.3 Hz), 5.55 (d, 1H, Gal-H-1, J1,2 =3.4 Hz), 5.36 (br s, 2H, Neu-H-
7, H-8), 5.20 (d, 1H, Jgem =12.2 Hz), 5.10 (d, 1 H, Jgem =12.3 Hz), 5.09
(2 d, 2 H), 4.91 (m, 3H, Neu-H-4), 4.81 (d, 1H, Neu-Troc-NH, J=


10.3 Hz), 4.79 (d, 1H, GalNAc-H-1, J1,2 =3.4 Hz), 4.63 (d, 1H, Jgem =


12.3 Hz), 4.62 (2 d, 2 H), 4.57 (d, 1H, Jgem =12.0 Hz), 4.52 (d, 1H, Jgem =


11.7 Hz), 4.50 (m, 1H, Ser-a), 4.46 (d, 1 H, Jgem =12.2 Hz), 4.42 (d, 1 H,
Jgem =12.2 Hz), 3.98–4.26 (m, 8H, Neu-H-6, H-9’, H-9, GalNAc-H-3, H-4,
Gal-H-3, H-4, Ser-b’), 3.88 (dd, 1 H, Ser-b, Ja,b =2.9, Jgem = 12.2 Hz), 3.54–
3.81 (m, 7 H, Neu-H-5, GalNAc-H-2, H-6’, H-6, Gal-H-5, H-6’, H-6), 3.25
(dd, 1 H, GalNAc-H-5, J =8.3 Hz), 2.51 (dd, 1 H, Neu-H-3eq, J3eq,4 =4.9,
Jgem =12.2 Hz), 1.97, 2.03, 2.06 � 2 (3 s, 12H, Ac), 1.76 (dd, 1 H, Neu-H-
3ax, J3ax,4 =11.2 Hz) ppm; 13C NMR (100 MHz, CDCl3): d=170.6, 170.3,
170.1, 169.6, 169.6, 167.5, 166.4, 156.1, 154.0, 138.5, 138.1, 138.0, 136.3,
135.3, 133.1, 130.9, 129.9, 129.5, 128.8, 128.6, 128.5, 128.4, 128.3, 128.2,
128.1, 128.1, 127.9, 127.9, 127.6, 127.1, 126.7, 99.3, 98.3, 95.4, 94.7, 77.2,
74.9, 74.5, 74.5, 74.1, 73.9, 73.5, 73.0, 72.8, 71.9, 71.7, 69.7, 69.1, 68.4, 68.3,
68.1, 68.1, 67.3, 67.3, 67.0, 62.5, 62.0, 59.4, 54.5, 52.7, 51.5, 38.0, 21.0, 20.8,
20.8, 20.7 ppm; IR (KBr): ñ =3473, 2850, 2115, 1707, 1554, 1493, 1212,
1059, 594, 690 cm�1.


One-pot glycosylation procedure for the synthesis of N-(benzyloxycar-
bonyl) 3-O-(2-azido-4-O-benzyl-2-deoxy-3-O-(2-O-benzoyl-3,4,6-tri-O-
benzyl-b-d-galactopyranosyl)-6-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-5-(2,2,2-trichloroethoxycarbonylamino)-d-glycero-d-galacto-2-non-
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ulopyranosylonate)-a-d-galactopyranosyl)-l-serine benzyl ester (11): A
mixture of thiosialoside 3 f (24.0 mg, 0.0335 mmol), N-(benzyloxycar-
bonyl)-3-O-(2-azido-4-O-benzyl-2-deoxy-a-d-galactopyranosyl)-d-serine
benzyl ester (7; 16.9 mg, 0.0279 mmol; azeotroped three times with tolu-
ene), and pulverized activated 3 � MS (14.0 mg) in dry CH3CN
(0.140 mL) was stirred at room temperature for 30 min under argon to
remove any trace amounts of water. The reaction mixture was then
cooled to �35 8C. N-iodosuccinimide (9.40 mg, 0.0419 mmol) and a cata-
lytic amount of trifluoromethanesulfonic acid (0.50 mL) were added to
the reaction mixture at �35 8C. After being stirred at the same tempera-
ture for 1 h, the reaction mixture was warmed to �30 8C. A solution of
phenylthio 2-O-benzoyl-3,4,6-tri-O-benzyl-b-d-galactopyranoside (8a ;
32.5 mg, 0.0502 mmol; azeotroped three times with toluene) in dry
CH2Cl2 (1.25 mL) was added to the reaction mixture. After 10 min, N-io-
dosuccinimide (17.0 mg, 0.0753 mmol) and a catalytic amount of trifluor-
omethanesulfonic acid (0.50 mL, 5.58 mmol) were added to the reaction
mixture at �30 8C. After being stirred at the same temperature, the reac-
tion mixture was neutralized with triethylamine and filtered through a
pad of celite. The filtrate was poured into a mixture of saturated aq.
NaHCO3 and saturated aq. Na2S2O3 with cooling. The aqueous layer was
extracted with two portions of ethyl acetate. The combined extracts were
washed with saturated aq. NaHCO3/Na2S2O3 and brine, dried over
MgSO4, filtered, and concentrated in vacuo. The residue was purified by
chromatography on silica gel with chloroform/methanol (97:3) and fur-
ther purified by gel-permeation chromatography to give 11 (37.3 mg,
0.0214 mmol, 77%, a :b =78:22). The a :b ratio was determined by HPLC
analysis (Eluent: hexane/2-propanol 95:5; flow rate: 3.0 mL min�1; reten-
tion times: a isomer =15.2 min, b isomer=12.4 min). The a isomer was
separated by chromatography on silica gel with toluene/acetone (92:8).


N-(Benzyloxycarbonyl) 3-O-(2-acetamido-4-O-benzyl-2-deoxy-3-O-(2-O-
benzoyl-3,4,6-tri-O-benzyl-b-d-galactopyranosyl)-6-O-(methyl 5-acetami-
do-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-galacto-2-nonulopyra-
nosylonate)-a-d-galactopyranosyl)-l-serine benzyl ester (12): Activated
zinc dust (30 mg) was added to a solution of trisaccharide 11a (15.0 mg,
8.57 mmol) in dry THF/AcOH/Ac2O (3:2:1; 0.60 mL) at 0 8C. After being
stirred at the same temperature for 1 h, the reaction mixture was filtered
through a pad of celite. The filtrate was concentrated in vacuo. The resi-
due was purified by chromatography on silica gel with chloroform/metha-
nol (98:2) to give 12 (12.8 mg, 7.85 mmol, 92 %); [a]27


D +24.8 (c 0.985,
CHCl3); 1H NMR (400 MHz, CDCl3): d= 8.00 (d, 2H, aromatic), 7.14–
7.57 (m, 33H, aromatic), 5.74 (d, 1 H, Ser-NH, J=11.2 Hz), 5.73 (d, 1H,
GalNAc-NH, J =7.3 Hz), 5.68 (dd, 1H, Gal-H-2, J1,2 =7.8, J2,3 =9.8 Hz),
5.38 (m, 1 H, Neu5Ac-H-8), 5.30 (dd, 1 H, Neu5Ac-H-7, J6,7 =2.0, J7,8 =


7.8 Hz), 5.16 (m, 2H, Neu5Ac-NH), 5.09 (m, 2H), 5.03 (d, 1H, Jgem =


12.2 Hz), 4.99 (d, 1H, Jgem =12.2 Hz), 4.84 (m, 2 H, Neu5Ac-H-4,
GalNAc-H-1), 4.76 (d, 1 H, Gal-H-1, J1,2 =7.8 Hz), 4.38–4.68 (m, 6 H,
GalNAc-H-2, Gal-H-4, H-5, H-6’, H-6, Ser-a), 4.31 (dd, 1H, Neu5Ac-H-
9’, J8,9’= 2.4, Jgem =12.7 Hz), 4.11 (m, 1 H, Neu5Ac-H-9, J8,9 =5.8, Jgem =


12.2 Hz), 3.51–4.05 (m, 9H, Neu5Ac-H-5, H-6, GalNAc-H-3, H-4, H-6’,
H-6, Gal-H-3, Ser-b’, Ser-b), 3.48 (s, 3 H, Neu5Ac-OMe), 3.27 (dd, 1H,
GalNAc-H-5), 2.52 (dd, 1H, Neu5Ac-H-3eq, J3eq,4 =4.9, Jgem =12.2 Hz),
2.00 (m, 1H, Neu5Ac-H-3ax), 1.87, 1.98 � 2, 2.02, 2.07, 2.10 (6 s, 18 H,
Ac) ppm; 13C NMR (100 MHz, CDCl3): d=170.9, 170.6, 170.2 � 2, 170.0,
169.9, 167.8, 165.1, 155.9, 138.9, 138.2, 137.5, 137.4, 136.1, 134.9, 133.1,
130.1, 130.0, 129.9, 128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 128.2, 128.2,
128.1, 128.1, 128.0, 128.0, 127.9, 127.8, 127.7, 127.6, 127.6, 126.9, 100.9,
98.8, 98.6, 79.7, 72.2, 75.1, 74.8, 74.2, 74.0, 73.5, 72.6, 72.1, 71.7, 69.5, 69.1,
69.0, 68.8, 68.3, 67.5, 67.4, 67.2, 63.2, 62.3, 54.6, 52.6, 49.4, 37.7, 23.2, 22.6,
21.0, 20.8, 20.8, 20.7 ppm; IR (KBr): ñ=3358, 2923, 2856, 1732, 1660,
1530, 1455, 1368, 1213, 1036, 736, 697 cm�1.


3-O-(2-Acetamido-2-deoxy-3-O-(b-d-galactopyranosyl)-6-O-(5-acetami-
do-3,5-dideoxy-d-glycero-a-d-galacto-2-nonulopyranosylonic acid)-a-d-
galactopyranosyl)-l-serine (1 a): Pd(OH)2 (30 mg) was added to a so-
lution of 12 (13.3 mg, 8.15 mmol) in THF/MeOH/AcOH/H2O
(100:80:10:7; 1.97 mL). The reaction mixture was hydrogenolyzed for 2 h
under an H2 atmosphere. The reaction mixture was filtered and the fil-
trate was concentrated in vacuo. The residue was used for the next reac-
tion without further purification. 0.1m aq. NaOH (350 mL) was added to
a stirred solution of the residue in methanol (1.20 mL) at 0 8C. After


being stirred at the same temperature for 4 h, H2O (0.30 mL) was added
and the reaction mixture was neutralized with Dowex 50W-4X. After fil-
tration and evaporation of the solvent, the residue was purified by re-
versed-phase column chromatography (Bond Elut-C18 column) to give
1a (5.28 mg, 6.94 mmol, 85 % over two steps); [a]26


D +67.0 (c 0.16, H2O);
1H NMR (400 MHz, D2O, 303 K): d=4.88 (d, 1H, GalNAc-H-1, J1,2 =


3.9 Hz), 4.43 (d, 1H, Gal-H-1, J1,2 =7.8 Hz), 4.31 (dd, 1H, GalNAc-H-2,
J1,2 = 3.4, J2,3 =11.2 Hz), 4.22 (br d, GalNAc-H-4, J=2.9 Hz), 4.10 (dd,
1H, Ser-b’, Ja,b’=2.4, Jgem =10.7 Hz), 4.04 (dd, 1H, GalNAc-H-3, J2,3 =


11.2, J3,4 =2.9 Hz), 4.01 (m, 1 H, GalNAc-H-5), 3.97 (dd, 1 H, Ser-a, Ja,b’=


2.4, Ja,b =4.9 Hz), 3.90 (dd, 1 H, Ser-b, Ja,b =4.9, Jgem = 10.7 Hz), 3.61–3.88
(12 H, Neu5Ac-H-4, H-5, H-6, H-7, H-8, H-9’, H-9, GalNAc-H-6’, H-6,
Gal-H-5, H-6’), 3.58 (dd, 1H, Gal-H-3, J2,3 = 10.3, J3,4 = 3.9 Hz), 3.55 (dd,
1H, Gal-H-6, J5,6 =1.0, Jgem =10.3 Hz), 3.48 (dd, 1 H, Gal-H-2, J1,2 =7.8,
J2,3 = 10.3 Hz), 2.70 (dd, 1H, Neu5Ac-H-3eq, J3eq,4 =4.9, Jgem =12.7 Hz),
2.00, 2.01 (2 s, 6H, Ac), 1.65 (dd, 1H, Neu5Ac-H-3ax, J3ax,4 =


12.2 Hz) ppm; 13C NMR (100 MHz, D2O, acetone-d6): d =175.8, 175.4,
173.9, 172.0, 105.5, 100.9, 99.1, 77.4, 75.8, 73.5, 73.4, 72.4, 71.4, 70.3, 69.4,
69.3, 69.7, 68.9, 67.3, 64.6, 63.5, 61.8, 54.8, 52.6, 49.2, 40.9, 22.9 � 2 ppm;
IR (KBr): ñ =3330, 1641, 1572, 1393, 1121, 1055, 930, 669 cm�1; HRMS
(ESI-TOF): calcd for C28H48N3O21 [M+H]+ : 762.2775; found: 762.2772.


2-O-Benzoyl-4,6-O-benzylidene-3-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-5-(2,2,2-trichloroethoxycarbonylamino)-d-glycero-d-galacto-2-non-
ulopyranosylonate)-b-d-galactopyranosyl fluoride (15): A mixture of thi-
osialoside 3 f (45.0 mg, 0.0627 mmol), 2-O-benzoyl-4,6-O-benzylidene-b-
d-galactopyranosyl fluoride (13 a ; 15.6 mg, 0.0418 mmol; azeotroped
three times with toluene), and pulverized activated 3 � MS (21.0 mg) in
dry CH3CN/CH2Cl2 (9:13; 0.22 mL) was stirred at room temperature for
10 min under argon to remove any trace amounts of water. The reaction
mixture was then cooled to �78 8C. N-iodosuccinimide (18.8 mg,
0.0836 mmol) and a catalytic amount of trifluoromethanesulfonic acid
(1.10 mL, 0.0125 mmol) were added to the reaction mixture at �78 8C.
After being stirred at the same temperature for 1.5 min, the reaction mix-
ture was neutralized with triethylamine and filtered through a pad of
celite. The filtrate was poured into a mixture of saturated aq. NaHCO3


and saturated aq. Na2S2O3 with cooling. The aqueous layer was extracted
with two portions of ethyl acetate. The combined extracts were washed
with saturated aq. NaHCO3/Na2S2O3 and brine, dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was purified by chromatog-
raphy on silica gel with chloroform/methanol (97:3) and further purified
by gel-permeation chromatography to give 15 (35.2 mg, 0.0360 mmol,
86%, a :b=93:7). The a :b ratio was determined by HPLC analysis
(Senshu Pak Silica-3301-N column; eluent: hexane/2-propanol 89:11;
flow rate: 3.0 mL min�1; retention times: a isomer =20.6 min, b isomer=


22.7 min). The a,b isomers were separated by chromatography on silica
gel with toluene/acetone (86:14) to give the a isomer and with toluene/
acetone (88:12) to give the b isomer.


15a isomer : [a]23
D +59.6 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3):


d=8.13 (d, 2 H, aromatic), 7.34–7.62 (m, 8 H, aromatic), 5.51–5.63 (m,
3.5H, Neu-H-8, Gal-H-1’, Gal-H-2), 5.45 (d, 0.5H, Gal-H-1, J1,2 =7.3 Hz),
5.40 (s, 1 H, benzylic-H), 5.31 (dd, 1 H, Neu-H-7, J6,7 =1.4, J7,8 =9.8 Hz),
4.85 (d, 1H, Jgem =12.2 Hz), 4.83 (m, 1H, Neu-H-4), 4.75 (d, 1 H, Neu-
Troc-NH, J=9.8 Hz), 4.61 (dd, 1H, Gal-H-3, J2,3 =10.3, J3,4 =3.4 Hz), 4.44
(d, 1 H, Jgem =12.2 Hz), 4.37 (br d, 1H, Gal-H-6’, J= 12.7 Hz), 4.32 (dd,
1H, Neu-H-9’, J8,9 =2.4, Jgem =12.7 Hz), 4.17 (br d, 1 H, Gal-H-6, J =


12.7 Hz), 4.05 (br s, 1H, Gal-H-4), 4.03 (dd, 1H, Neu-H-9, J8,9 =6.3, Jgem =


12.2 Hz), 3.97 (dd, 1H, Neu-H-6, J5,6 =10.8, J6,7 =2.0 Hz), 3.71 (br s, 1H,
Gal-H-5), 3.59 (s, 3H, Neu-OMe), 3.52 (ddd, 1H, Neu-H-5, J5,6 =10.8,
J5,NH =9.8 Hz), 2.68 (dd, 1 H, Neu-H-3eq, J3eq,4 =4.4, Jgem =12.2 Hz), 1.83,
1.94, 2.07, 2.22 (4 s, 12H, Ac), 1.66 (dd, 1 H, Neu-H-3ax, J3ax,4 =


12.7 Hz) ppm; 13C NMR (100 MHz, CDCl3): d= 170.8, 170.4, 170.2, 169.9,
168.5, 165.0, 154.0, 137.4, 133.2, 129.9, 129.8, 129.0, 128.3, 128.1, 126.3,
(108.6, 106.4 (JC-F =217 Hz)), 100.9, 96.5, 95.2, 74.4, 72.7, 71.9, 71.3, 71.2,
70.3, 70.0, 68.6, 68.2, 67.3, 67.0, 66.5, 66.4, 62.5, 52.8, 51.2, 38.3, 21.4, 20.7,
20.7, 20.7 ppm; 19F NMR (376 MHz, CDCl3): d=�144.2 (dd, J1,F =55.0,
J2,F =14.7 Hz) ppm; IR (KBr): ñ =3319, 2959, 1743, 1715, 1549, 1337,
1265, 1097, 821, 737, 716 cm�1; elemental analysis calcd (%) for
C41H45Cl3FNO19: C 50.19, H 4.62, N 1.43; found: C 49.99, H 4.71, N 1.39;
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HRMS (ESI-TOF): calcd for C41H45Cl3NO19Na [M+Na]+ : 1004.1533;
found: 1004.1528.


15b isomer : [a]24
D +81.2 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3):


d=8.03 (d, 2 H, aromatic), 7.39–7.65 (m, 8 H, aromatic), 5.68 (s, 1H, ben-
zylic-H), 5.65 (m, 1 H, Gal-H-2), 5.45 (dd, 1 H, Gal-H-1, J1,2 =7.8, JH-F =


53.5 Hz), 5.34 (ddd, 1 H, Neu-H-8, J7,8 =2.9, J8,9’=2.9, J8,9 =8.8 Hz), 5.27
(br s, 1 H, Neu-H-7), 5.10 (ddd, 1H, Neu-H-4, J3ax,4 =12.7, J3eq,4 = 4.4, J4,5 =


10.8 Hz), 5.06 (dd, 1 H, Neu-H-9’, J8,9’=2.9, Jgem =12.6 Hz), 4.83 (d, 1 H,
Jgem =12.2 Hz), 4.49 (br s, 1H, Gal-H-4), 4.41 (br d, 1 H, Gal-H-6’, J=


11.7 Hz), 4.38 (d, 1H, Jgem =12.2 Hz), 4.29 (dd, 1H, Gal-H-3, J2,3 =10.3,
J3,4 = 3.9 Hz), 4.17 (br d, 1H, Gal-H-6, J =11.7 Hz), 4.03 (dd, 1H, Neu-H-
6, J5,6 = 12.7, J6,7 =2.4 Hz), 3.90 (dd, 1 H, Neu-H-9, J8,9 =8.8, Jgem =


12.6 Hz), 3.78 (br s, 1 H, Gal-H-5), 3.71 (ddd, 1 H, Neu-H-5), 3.36 (s, 3 H,
Neu-OMe), 2.58 (dd, 1H, Neu-H-3eq, J3eq,4 =4.4, Jgem =13.7 Hz), 1.97,
2.05, 2.09 � 2 (3 s, 12H, Ac), 1.77 (dd, 1H, Neu-H-3ax, J3ax,4 =


12.7 Hz) ppm; 13C NMR (100 MHz, CDCl3): d= 171.1, 170.8, 170.3, 169.7,
166.9, 164.7, 154.3, 137.3, 133.8, 129.8, 129.7, 129.5, 128.6, 126.1, (108.1,
105.1 (JC-F = 217 Hz)), 99.2, 95.3, 74.5, 73.8, 73.7, 73.5, 73.0, 71.5, 70.6,
70.3, 68.9, 68.7, 68.1, 66.7, 66.7, 62.6, 52.7, 51.2, 36.5, 20.9, 20.8, 20.8,
20.7 ppm; 19F NMR (376 MHz, CDCl3): d=�144.4 (dd, J1,F =57.4, J2,F =


13.4 Hz) ppm; IR (KBr): ñ =3397, 2952, 2896, 1742, 1516, 1369, 1238,
1218, 1095, 1033, 709 cm�1; elemental analysis calcd (%) for
C41H45Cl3FNO19: C 50.19, H 4.62, N 1.43; found: C 49.83, H 4.62, N 1.46;
HRMS (ESI-TOF): calcd for C41H45Cl3NO19Na [M+Na]+ : 1004.1533;
found: 1002.1528.


N-(Benzyloxycarbonyl)-3-O-(2-azido-4,6-O-benzylidene-2-deoxy-3-O-(2-
O-benzoyl-4,6-O-benzylidene-3-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-5-(2,2,2-trichloroethoxycarbonylamino)-d-glycero-a-d-galacto-2-
nonulopyranosylonate)-b-d-galactopyranosyl)-a-d-galactopyranosyl)-l-
serine benzyl ester (16): A mixture of disaccharide 15a (20.0 mg,
0.0204 mmol), N-(benzyloxycarbonyl)-3-O-(2-azido-4,6-O-benzylidene-2-
deoxy-a-d-galactopyranosyl)-l-serine benzyl ester (14 ; 16.0 mg,
0.0265 mmol; azeotroped three times with toluene), and pulverized acti-
vated 3 � MS (60.0 mg) in dry CH3CN/CH2Cl2 (2:3; 0.25 mL) was stirred
at room temperature for 10 min under argon to remove any trace
amounts of water. The reaction mixture was then cooled to �5 8C.
ZrCp2Cl2 (9.00 mg, 0.0309 mmol) and silver trifluoromethanesulfonate
(15.7 mg, 0.0612 mmol) were added to the reaction mixture. After being
stirred at the same temperature for 2 h, the reaction mixture was neutral-
ized with triethylamine and filtered through a pad of celite. The filtrate
was poured into saturated aq. NaHCO3 with cooling. The aqueous layer
was extracted with two portions of ethyl acetate. The combined extracts
were washed with saturated aq. NaHCO3 and brine, dried over MgSO4,
filtered, and concentrated in vacuo. The residue was purified by chroma-
tography on silica gel with toluene/acetone (90:10) to give 16 (30.6 mg,
0.0195 mmol, 96%); [a]24


D +63.4 (c 1.00, CHCl3); 1H NMR (400 MHz,
CDCl3): d=8.11 (d, 2 H, aromatic), 7.18–7.54 (m, 23H, aromatic), 5.86
(d, 1H, Ser-NH, J=8.3 Hz), 5.52 (m, 2 H, Neu-H-8, Gal-H-2), 5,46 (s,
1H, benzylic-H), 5.38 (s, 1 H, benzylic-H), 5.32 (dd, 1 H, Neu-H-7, J6,7 =


1.4, J7,8 =9.3 Hz), 5.16 (2 d, 2 H), 5.11 (2 d, 2H), 5.07 (d, 1H, Gal-H-1,
J1,2 = 7.8 Hz), 4.85 (d, 1 H, Jgem =9.3 Hz), 4.83 (d, 1H, GalNAc-H-1, J1,2 =


2.9 Hz), 4.80 (m, 1H, Neu-H-4), 4.72 (d, 1H, Neu-Troc-NH, J=10.2 Hz),
4.57 (dd, 1H, Gal-H-3, J2,3 =10.2, J3,4 =3.4 Hz), 4.52 (m, 1H, Ser-a), 4.43
(d, 1 H, Jgem =12.7 Hz), 4.40 (br s, 1 H, GalNAc-H-4), 4.31 (2 br dd, 2H,
Gal-H-6’, Neu-H-9’), 4.16 (br d, 1 H, Gal-H-6), 4.00–4.11 (m, 5 H, Neu-H-
9, Gal-H-4, GalNAc-H-3, H-6’, Ser-b’), 3.99 (br d, 1H, Neu-H-6, J =


10.7 Hz), 3.93 (dd, 1H, Ser-b, Ja,b =2.4, Jgem =10.8 Hz), 3.84 (br d, 1 H,
GalNAc-H-6, J=12.2 Hz), 3.66 (br s, 1 H, Gal-H-5), 3.62 (dd, 1 H,
GalNAc-H-2, J1,2 =3.4, J2,3 = 10.8 Hz), 3.55 (s, 3 H, Neu-OMe), 3.44–3.51
(m, 2H, Neu-H-5, GalNAc-H-5), 2.65 (dd, 1H, Neu-H-3eq, J3eq,4 =4.4,
Jgem =12.7 Hz), 1.83, 1.92, 2.06, 2.22 (4 s, 12 H, Ac), 1.62 (dd, 1 H, Neu-H-
3ax, J3ax,4 =12.7 Hz) ppm; 13C NMR (100 MHz, CDCl3): d=170.8, 170.3,
170.2, 170.0, 169.6, 168.7, 165.1, 155.9, 154.0, 137.8, 137.5, 136.1, 135.0,
132.8, 130.4, 129.8, 129.0, 128.6, 128.6, 128.4, 128.3, 128.2, 127.9, 126.4,
126.0, 101.4, 100.9, 100.4, 100.2, 96.5, 95.3, 77.2, 75.6, 74.5, 73.1, 72.9, 72.2,
71.9, 70.2, 69.8, 69.1, 68.8, 68.2, 67.7, 67.5, 67.1, 67.0, 66.2, 63.6, 62.3, 58.6,
54.6, 52.7, 51.3, 38.4, 21.4, 20.8, 20.7, 20.5 ppm; IR (KBr): ñ =3353, 2951,
2110, 1736, 1521, 1367, 1211, 1088, 1037, 741, 698 cm�1; elemental analysis
calcd (%) for C72H76Cl3N5O28: C 55.23, H 4.89, N 4.47; found: C 55.01, H


5.00, N 4.35; MS (ESI-TOF): calcd for C72H76Cl3N5O28 [M+NH4]
+ :


1583.4; found: 1583.4.


One-pot glycosylation procedure for the synthesis of N-(benzyloxycar-
bonyl)-3-O-(2-azido-4,6-O-benzylidene-2-deoxy-3-O-(2-O-benzoyl-4,6-O-
benzylidene-3-O-(methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(2,2,2-tri-
chloroethoxycarbonylamino)-d-glycero-d-galacto-2-nonulopyranosylo-
nate)-b-d-galactopyranosyl)-a-d-galactopyranosyl)-l-serine benzyl ester
(16): A mixture of thiosialoside 3 f (43.1 mg, 0.0602 mmol), 2-O-benzoyl-
4,6-O-benzylidene-b-d-galactopyranosyl fluoride (13a ; 15.0 mg,
0.0401 mmol; azeotroped three times with toluene), and pulverized acti-
vated 3 � MS (20.0 mg) in dry CH3CN/CH2Cl2 (2:3; 0.50 mL) was stirred
at room temperature for 30 min under argon to remove any trace
amounts of water. The reaction mixture was then cooled to �78 8C. N-io-
dosuccinimide (18.3 mg, 0.0812 mmol) and a catalytic amount of trifluor-
omethanesulfonic acid (1.10 mL, 0.0120 mmol, 0.30 equiv) were added to
the reaction mixture at �78 8C. After being stirred at the same tempera-
ture for 1.5 min, the reaction mixture was warmed to �5 8C. N-(Benzyl-
oxycarbonyl)-3-O-(2-azido-4,6-O-benzylidene-2-deoxy-a-d-galactopyra-
nosyl)-l-serine benzyl ester (14 ; 36.4 mg, 0.0602 mmol) was added to the
reaction mixture. After 10 min, ZrCp2Cl2 (23.4 mg, 0.0802 mmol) and
silver trifluoromethanesulfonate (41.2 mg, 0.1604 mmol) were added to
the reaction mixture at �5 8C. After being stirred at the same tempera-
ture for 2 h, the reaction mixture was neutralized with triethylamine and
filtered through a pad of celite. The filtrate was poured into a mixture of
saturated aq. NaHCO3 and saturated aq. Na2S2O3 with cooling. The aque-
ous layer was extracted with two portions of ethyl acetate. The combined
extracts were washed with saturated aq. NaHCO3/Na2S2O3 and brine,
dried over MgSO4, filtered, and concentrated in vacuo. The residue was
purified by chromatography on silica gel with chloroform/methanol
(97:3) and further purified by gel-permeation chromatography to give 16
(55.5 mg, 0.0355 mmol, 88%, a :b=93:7). The a,b isomers were separated
by chromatography on silica gel with toluene/acetone (90:10) to give the
a isomer and with toluene/acetone (92:8) to give the b isomer.


N-(Benzyloxycarbonyl)-3-O-(2-acetamido-4,6-O-benzylidene-2-deoxy-3-
O-(2-O-benzoyl-4,6-O-benzylidene-3-O-(methyl 5-acetamido-4,7,8,9-
tetra-O-acetyl-3,5-dideoxy-d-glycero-a-d-galacto-2-nonulopyranosylo-
nate)-b-d-galactopyranosyl)-a-d-galactopyranosyl)-l-serine benzyl ester
(17): Activated zinc dust (100 mg) was added to a solution of trisacchar-
ide 16 a (113 mg, 0.0722 mmol) in dry THF/AcOH/Ac2O (3:2:1)
(1.20 mL) at 0 8C. After being stirred at the same temperature for 1 h,
the reaction mixture was filtered through a pad of celite. The filtrate was
concentrated in vacuo. The residue was purified by chromatography on
silica gel with chloroform/methanol (97:3) to give 17 (97.4 mg,
0.0672 mmol, 93%); [a]27


D +68.3 (c 1.00, CHCl3); 1H NMR (400 MHz,
CDCl3): d=8.12 (d, 2 H, aromatic), 7.11–7.60 (m, 23H, aromatic), 5.96
(d, 1 H, GalNAc-NH, J= 6.4 Hz), 5.91 (d, 1H, Ser-NH, J =8.8 Hz), 5.52
(m, 2H, Neu5Ac-H-8, Gal-H-2), 5.39 (s, 1 H, benzylic-H), 5.26 (s, 1 H,
benzylic-H), 5.21 (dd, 1 H, Neu5Ac-H-7), 5.17 (d, 1H, Gal-H-1, J1,2 =


8.2 Hz), 5.13 (d, 1 H, Jgem =11.2 Hz), 5.12 (br s, 1 H, GalNAc-H-1), 5.07
(d, 1H, Neu5Ac-NH, J=10.2 Hz), 5.06 (d, 1 H, Jgem =11.2 Hz), 5.05 (d,
1H, Jgem =12.2 Hz), 5.00 (d, 1H, Jgem =11.2 Hz), 4.74 (m, 1H, Neu5Ac-H-
4), 4.58 (dd, 1 H, Gal-H-3, J2,3 =9.8, J3,4 =2.9 Hz), 4.23–4.38 (m, 6 H,
Neu5Ac-H-9’, Gal-H-6’, GalNAc-H-2, H-3, H-4, Ser-a), 4.14 (2 br d, 2H),
3.81–4.05 (m, 6 H, Neu5Ac-H-5, H-6, H-9, Gal-H-4, GalNAc-H-6, Ser-b’),
3.72 (br d, 1H, Ser-b, J=11.7 Hz), 3.70 (br s, 1H, Gal-H-5), 3.62 (s, 3 H,
Neu-OMe), 3.42 (br s, 1H, GalNAc-H-5), 2.60 (dd, 1 H, Neu5Ac-H-3eq,
J3eq,4 =4.4, Jgem =12.7 Hz), 1.71, 1.81 � 2, 1.94, 2.04, 2.22 (6 s, 18H, Ac),
1.72 (dd, 1 H, Neu5Ac-H-3ax) ppm; 13C NMR (100 MHz, CDCl3): d=


170.8, 170.8, 170.4, 170.2, 170.1 � 2, 169.8, 168.7, 165.3, 156.1, 137.5, 137.5,
136.3, 135.0, 133.3, 130.0, 129.8, 129.2, 128.6, 128.6, 128.5, 128.4, 128.2,
128.1, 128.0, 127.8, 126.4, 126.1, 101.3, 100.7, 99.7, 99.1, 96.8, 77.2, 75.0,
73.5, 72.2, 72.0, 69.9, 69.5, 69.4, 69.2, 68.7, 67.5, 66.9, 66.9, 66.4, 63.4, 62.7,
54.8, 52.8, 49.0, 48.7, 38.1, 23.1, 22.9, 21.4, 20.8, 20.7, 20.4 ppm; IR (KBr):
ñ= 3356, 2955, 1723, 1661, 1518, 1453, 1369, 1269, 1031, 696 cm�1; HRMS
(ESI-TOF): calcd for C73H81N3O28Na [M+Na]+ : 1470.4899; found:
1470.4899.


3-O-(2-Acetamido-2-deoxy-3-O-(3-O-(5-acetamido-3,5-dideoxy-d-glyc-
ero-a-d-galacto-2-nonulopyranosylonic acid)-b-d-galactopyranosyl)-a-d-
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galactopyranosyl)-l-serine (2 a): Pd(OH)2 (30 mg) was added to a so-
lution of trisaccharide 17 (26.0 mg, 0.0180 mmol) in THF/MeOH/AcOH/
H2O (100:80:7:10; 1.97 mL). The reaction mixture was hydrogenolyzed
for 2 h under an H2 atmosphere. The reaction mixture was filtered and
the filtrate was concentrated in vacuo. The residue was used for the next
reaction without further purification. 0.1 m aq. NaOH (120 mL) was added
to a stirred solution of the residue in methanol (1.00 mL) at 0 8C. After
being stirred at the same temperature for 4 h, H2O (0.35 mL) was added
and the reaction mixture was neutralized with Dowex 50W-4X. After fil-
tration and evaporation of the solvent, the residue was purified by re-
versed-phase column chromatography (Bond Elut-C18 column) to give
2a (12.3 mg, 0.0162 mmol, 90% over two steps); 1H NMR (400 MHz,
D2O, 303 K): d=4.90 (d, 1 H, GalNAc-H-1, J1,2 =2.4 Hz), 4.50 (d, 1 H,
Gal-H-1, J1,2 = 7.8 Hz), 4.32 (dd, 1 H, GalNAc-H-2, J1,2 = 2.4, J2,3 =


10.3 Hz), 4.20 (br s, 1H, GalNAc-H-4), 4.11 (br d, 1H, Ser-b’, J=11.2 Hz),
4.02–4.05 (m, 2 H, Gal-H-3, GalNAc-H-3), 3.57–4.01 (m, 16 H), 3.50 (dd,
1H, Gal-H-2, J1,2 =7.8, J2,3 =8.8 Hz), 2.73 (dd, 1 H, Neu5Ac-H-3eq,
J3eq,4 =4.9, Jgem =12.7 Hz), 2.00 (s, 6H, Ac), 1.75 (dd, 1 H, Neu5Ac-H-3ax,
J3ax,4 =12.7 Hz) ppm; 13C NMR (100 MHz, D2O, acetone-d6): d=175.8,
175.5, 174.7, 172.4, 105.3, 100.5, 99.0, 77.0, 76.5, 75.6, 73.6, 72.7, 72.0, 71.7,
69.8, 69.4, 69.1, 68.9, 68.2, 67.3, 63.4, 62.0, 61.8, 55.4, 52.5, 49.1, 40.6, 23.0,
22.9 ppm; IR (KBr): ñ =3332, 1614, 1401, 1031, 932, 823, 668 cm�1;
HRMS (ESI-TOF): calcd for C28H48N3O21 [M+H]+ : 762.2775; found:
762.2767.
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A New Class of Low-Molecular-Weight Amphiphilic Gelators


Nils Mohmeyer and Hans-Werner Schmidt*[a]


Introduction


Organogelators are a family of low-molecular-weight organ-
ic molecules that can gel organic solvents at low concentra-
tions. The subject of organogels has generated enormous in-
terest due to industrial potential in different areas ranging
from cosmetics to advanced materials.[1–16] The process of
self-assembly of these small organic molecules into supra-
molecular structures is complex and different for each indi-
vidual compound. However, although the sequence of the
gelation process is understood, up to now it has been impos-
sible to predict from the molecular structure the gelation ef-
ficiency in a given solvent. Low-molecular-weight organic
gelator molecules are capable of self-organizing into finely
dispersed anisotropic structures within the organic solvent,
forming a three-dimensional network resulting in gelation.
Specific noncovalent interactions of gelator molecules such
as hydrogen bonding, hydrophobic interactions, p–p interac-
tions, electrostatic interactions, and metal-ion coordination
can be employed and are required to form the supramolec-
ular aggregates and subsequently the three-dimensional net-
work structure. These structures are thermoreversible, de-


stroyed upon heating and reformed during cooling. In the
literature 1,3:2,4-di-O-benzylidene-d-sorbitol (DBS),[17] cho-
lesterol derivatives,[18] bolaform amides,[19] symmetrical di-
alkylamides,[20] symmetrical bisureas,[3,4,21] and N-n-octyl-d-
gluconamide[22,23] are examples of investigated organogela-
tors. An analysis of the utilized building blocks of gelator
molecules indicates that an efficient organogelator must
contain defined molecular units. Important factors are geo-
metrically defined ring systems, functional groups like
amides or urea units to form hydrogen bonds, and long alkyl
chains to tune the melting point and the solubility.[4]


The various combinations of these molecular units moti-
vated us to synthesize a new class of asymmetrical substitut-
ed para-phenylendiamines based on readily available start-
ing materials and simple organic reactions. The different
structural units were varied in order to systematically ex-
plore their influence on the gelation ability, especially with
regard to the sol–gel phase-transition temperature and the
mechanical properties. In the literature the gelation ability
of most gelators is examined, in addition to apolar solvents,
in polar solvents like THF, acetone, or methanol. Of special
interest to us is the gelation of polar solvents such as g-bu-
tyrolactone and valeronitrile with respect to their applica-
tion possibilities as solvents in dye-sensitized solar cells.[24–27]


Results and Discussion


The gelation ability of the synthesized low-molecular-weight
compounds in organic solvents depends strongly on the
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Abstract: A new powerful class of low-
molecular-weight amphiphilic com-
pounds has been synthesized and their
structure–property relationships with
respect to their gelation ability of or-
ganic solvents have been investigated.
These compounds are able to gel or-
ganic solvents over a broad range of
polarity. Especially polar solvents such
as valeronitrile and g-butyrolactone


can be gelled even at concentrations
far below 1 wt %. It was found that the
gelation ability of these asymmetrically
substituted p-phenylendiamines de-
pends on a well-balanced relation of


the terminal head group, the units in-
volved in hydrogen bonding (amide or
urea groups), and on the length of the
alkyl chain. With this class of new gela-
tors it is possible to tailor thermal and
mechanical properties in different or-
ganic solvents and open various appli-
cation possibilities.


Keywords: amphiphiles · amphi-
philic gelators · gels · self-assembly ·
supramolecular chemistry
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structural fragments of the molecules. Therefore we have
varied systematically the different units within the amphi-
philic molecule. The investigated molecules consist of three
different structural units, shown here: an apolar terminal
head group, a hydrogen-bonding segment based on p-phe-
nylendiamines, and a long alkyl chain with more than eight
carbon atoms.


In this work we selected as terminal head group an aro-
matic phenyl, a cycloaliphatic cyclohexyl, and a bulky tert-
butyl group. Within the hydrogen-bonding segment amide
and urea units were selected.


Synthesis of the amphiphilic molecules : The synthetic routes
to the asymmetrically substituted p-phenylendiamine-based
bisamide derivatives 3 a–e and amide/urea functionalized de-
rivatives 4 a–e are shown in Scheme 1. In the first step 4-ni-
troaniline was treated in dry N-methyl-2-pyrrolidone (NMP)
and triethylamine with the different acid chlorides, benzoyl
chloride, cyclohexane carboxylic acid chloride, and pivaloyl
chloride. These acid chlorides were selected to represent ar-
omatic, flexible cycloaliphatic, and bulky aliphatic end
groups. The resulting nitro compounds 1 a–c were reduced
with hydrogen, using palladium on activated carbon as cata-
lyst, to the corresponding amine derivatives 2 a–c. These dif-
ferent amines were treated with aliphatic acid chlorides of
different chain lengths resulting in a series of asymmetrically
substituted p-phenylendiamine-based bisamide derivatives
3 a–e. For cyclohexane-based derivatives 3 a–c we chose oc-
tanoyl chloride (3 a), tetradecanoyl chloride (3 b), and octa-
decanoyl chloride (3 c) in order to discuss the influence of
the chain length on the gelation ability. To discuss the influ-
ence of the terminal head group we treated the phenyl- (2 b)
and tert-butyl-terminated amines (2 c) to the octadecanoyl
chloride to obtain bisamides 3 d and 3 e. The amide/urea-
functionalized compounds 4 a–e were synthesized by the ad-
dition of amino compounds 2 a–c to the different isocyanates
(-C8, -C14, and -C18 chain length). This resulted in the amide/
urea-functionalized derivates 4 a–e, which can be compared
with the bisamides 3 a–e to discuss the influence of the type
of hydrogen-bonding unit on the gelation ability.


The synthetic route to obtain the urea/amide-functional-
ized derivatives 7 a–c and the bisureas 8 a–c (Scheme 2)
starts with the reaction of cyclohexylamine with nitrophen-
yleneisocyanate. The resulting nitro compound 5 was re-
duced to amino compound 6 in a procedure similar to that
used in the synthesis of compounds 2 a–c by using palladium
on activated carbon. To retrieve the urea/amide-functional-
ized derivatives 7 a–c, the amino compound 6 was subse-


quently treated with three different aliphatic acid chlorides.
These urea/amide-functionalized derivatives 7 a–c are iso-
meric structures of compounds 4 a–c. Only the position of
the amide and the urea unit are changed. The corresponding
bisureas 8 a–c to the bisamides 3 a–c were synthesized by the
addition of amino compound 6 to the three different isocya-
nates. With the synthesized amphiphilic molecules we want
to investigate the structure–property relationships with re-
spect to their gelation ability in organic solvents. Especially
the well-balanced interactions of the terminal head group,
the hydrogen-bonding unit, and the alkyl chain are the
major factors to tailor efficient organogelators.


Structure–property relationships on the gelation ability : In
the following we would like to discuss the influence of the
different structural units on the gelation behavior. The aim
is to find a well-balanced situation of attractive and repul-
sive forces and to optimize the gelation efficiency. First, the
influence of the terminal head group of the asymmetrically
substituted p-phenylendiamines on the capability to gel or-
ganic solvents is discussed. We compared the gelation ability
in p-xylene of two series of compounds at a concentration of
1 wt %. For this purpose, mixtures of each compound in p-
xylene were heated until the solid was completely dissolved.
The resulting solution was slowly allowed to cool to room
temperature and gelation was visually observed. Gelation
was considered to have occurred when a homogenous
sample was obtained that exhibited no gravitational flow.
This process was repeated many times, demonstrating the
thermoreversibility of the gelation and dissolution process.
The molecules of the first series were the asymmetrically
substituted p-phenylendiamine-based bisamide derivatives
3 c–e. They all have an alkyl chain with seventeen carbon
atoms and the same hydrogen bonding unit, but have differ-
ent terminal head groups. Compound 3 c has a flexible cyclo-
hexane ring, 3 d an aromatic phenyl ring, and 3 e a bulky
tert-butyl group. The derivatives 4 c–e were used as a com-
parison; they have the same terminal groups but one of the
amide groups has been replaced by a urea group with a -C14


moiety. Table 1 shows the initial trend of the gelation ability
of these kinds of molecules in p-xylene. Within both the bi-
samide derivatives 3 c–e and the amide/urea-functionalized


Table 1. Comparison of different terminal groups with respect to the ability
to gelate p-xylene at a concentration of 1 wt %.


3 c
gel


3d
no gel


3 e
no gel


4 c
gel


4d
no gel


4 e
no gel
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derivatives 4 c–e, the cyclohexyl-terminated derivatives 3 c
and 4 c are the only ones to gel p-xylene at a concentration
of 1 wt %. In both cases transparent stable gels were ob-
tained. The derivatives with phenyl (3 d, 4 d) or tert-butyl
(3 e, 4 e) groups exhibit no gelation ability. The molecules
precipitated during cooling from solution. These results
show that in p-xylene the terminal head group of this class
of molecules greatly affects the gelation ability. The gelation


ability depends strongly on the
balanced intermolecular inter-
actions of the hydrogen-bond-
forming units. In these cases,
the bulky tert-butyl group could
disturb the intermolecular inter-
actions of the adjacent amide
group so much that the gel
state cannot be reached. Also,
the derivatives with a terminal
phenyl group as a conjugated
planar rigid unit are not able to
form gels. As a result it seems
that the flexible cyclohexane
ring as a terminal head group in
this class of molecules promotes
the intermolecular interactions
of the hydrogen-bonding unit
for p-xylene in the required
way.


The second comparison dis-
cusses the structure–property
relationship of the gelation abil-
ity with respect to the influence
of different hydrogen-bonding
units in combination with the
length of the pendent alkyl
chain. We investigated the ge-
lation ability of selected mole-
cules in p-xylene as an apolar
hydrocarbon, and in valeroni-
trile and g-butyrolactone as
more polar solvents. The last
two solvents are of immense in-
terest with regard to their po-
tential application in dye-sensi-
tized solar cells.


Table 2 summarizes the mini-
mum required additive concen-
tration necessary to form a
stable gel. If a gel is not formed
the molecules are either insolu-
ble (insol) at the boiling point
of the solvent or they precipi-
tate (ppt) during the cooling
process. The structure of the
hydrogen-bonding unit was sys-
tematically varied. Starting
from the bisamides 3 a–c, the


amide groups were successively replaced by one urea group
yielding amide/urea- and urea/amide-functionalized deriva-
tives 4 a–c and 7 a–c, respectively, and subsequently the bis-
urea series 8 a–c. In addition, the length of the aliphatic
chain was increased within each of these four classes from 7
(a), to 13 (b) and to 17 carbon atoms (c). Although the
chemical structures of the presented molecules are rather
similar, only selected compounds are efficient gelators. Most


Scheme 1. Synthesis of asymmetrically substituted p-phenylendiamine-based bisamide derivatives 3 a–e and
amide/urea-functionalized derivatives 4a–e.
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of the investigated compounds show good gelation efficiency
in the nonpolar solvent p-xylene. The minimum required
concentration of the bisamides 3 a–c in p-xylene is about 1–
1.5 wt %. However, the amide/urea-functionalized deriva-
tives 4 a–c are able to gel p-xylene at much lower concentra-
tions, that is, 0.2–0.3 wt %. This more efficient gelation is
caused by increasing the intermolecular interactions through
the replacement of the amide moiety with a urea group and


by the additional asymmetry.
By changing the position of the
amide and urea groups in the
molecule (7 a–c) the gelation ef-
ficiency decreases. The mini-
mum required additive concen-
tration in p-xylene is in the
range of 0.6–0.8 wt %. Com-
pound 7 a, with the shortest
(octyl) alkyl chain is not soluble
in boiling p-xylene. The re-
placement of the second amide
group by a urea leads to the ob-
tained bisureas 8 a–c, which are
completely insoluble in boiling
p-xylene. These results indicate
that the intermolecular interac-
tions increase proportional to
the number of introduced urea
groups, at the expense of solu-
bility in boiling p-xylene.


This trend was also observed
in the two investigated polar
solvents, valeronitrile and g-bu-
tyrolactone. The amide/urea-
functionalized class of com-
pounds 4 a–c are by far the best
gelators and are able to gel
these polar solvents. For valero-
nitrile the most efficient orga-
nogelator is compound 4 c. Gels
were obtained at a concentra-
tion as low as 0.05 wt %. By de-
creasing the length of the alkyl
chain the gelation efficiency in
valeronitrile decreases. The re-
quired concentration is
0.25 wt % for 4 b and 0.5 wt %
for 4 a. The bisamide deriva-
tives 3 a–c precipitate in valero-
nitrile upon cooling, whereas
the amide/ureas 7 a–c and bis-
ureas 8 a–c are, with the excep-
tion of 8 c, not completely solu-
ble in valeronitrile even at boil-
ing point. Surprisingly, com-
pound 8 c with the longest alkyl
chain is able to form a gel at a
concentration of 0.2 wt %. The


results in g-butyrolactone are similar to those in valeroni-
trile. From the amide/urea series, compounds 4 b and 4 c
form stable gels at 1.0 and 0.75 wt % respectively, whereas
compound 4 a precipitates during cooling. The urea/amides
7 a–c and the bisureas 8 a–c are not soluble enough in g-bu-
tyrolactone. Surprisingly, an efficient gelator was found in
compound 3 c, the bisamide with the longest alkyl chain. Ge-
lation occurs readily at 0.5 wt%. The derivatives 3 a and 3 b


Scheme 2. Synthesis of asymmetrically substituted p-phenylendiamine-based urea/amide-functionalized deriva-
tives 7 a–c and bisurea derivatives 8 a–c.


Table 2. Minimum required concentration given in wt % of the compounds 3a–c, 4a–c, 7 a–c, and 8a–c to
form a stable gel in different solvents (insol: compound is not completely soluble at the boiling temperature of
the solvent; ppt: additive precipitates during the cooling process).


n p-xylene valeronitrile g-butyrolactone


3a
3b
3c


6
12
16


1.1
1.5
1.5


ppt
ppt
ppt


ppt
ppt
0.5


4a
4b
4c


7
13
17


0.3
0.25
0.2


0.5
0.25
0.05


ppt
1.0
0.75


7a
7b
7c


6
12
16


insol
0.8
0.6


insol
insol
insol


insol
insol
insol


8a
8b
8c


7
13
17


insol
insol
insol


insol
insol
0.2


insol
insol
insol
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precipitate during cooling and do not form a gel. The optical
appearance of the gels is also different. All p-xylene gels are
transparent, whereas the gels of g-butyrolactone are opaque.
The transparency of valeronitrile gels increases with de-
creasing gelator concentration with all investigated com-
pounds. The differences in the optical appearance of the
gels can result either from differences in refractive indices
or from differences in the width of the fibres forming the
gel.


The morphology of the different organogelators was in-
vestigated by transmission electron microscopy after evapo-
ration of the solvent. Figure 1 shows the transmission elec-
tron microscopy pictures of the dried three-dimensional net-
work of amide/urea-functionalized derivatives 4 c, 4 c, and
the bisurea 8 c gelled at 0.5 wt % in valeronitrile. The elec-
tron micrographs show differences in the morphology of the
different compounds. Compound 4 b forms fine cylindrical
fibrils in valeronitrile with a diameter of 100–150 nm; com-
pound 4 c also forms these fine cylindrical fibrils, but with
lower diameters of 50–70 nm. However, bisurea 8 c forms a
more twisted ribbonlike structure with an average width of
100–300 nm. These different morphological structures and
dimensions show the strong influence of the hydrogen bond-
ing and packing in the formation of the supramolecular
structures.


Concentration dependence of gel formation : For selected
compounds the concentration dependence of gel formation
and sol–gel transition was studied in more detail. The ther-
mal behavior of 3 c, 4 b, 4 c, and 8 c gels with, in order, g-bu-
tyrolactone, valeronitrile, and p-xylene were investigated by
the dropping ball method to determine the sol–gel transition
temperature (Tgel) of the gels dependent on the additive
concentration. As shown in Figure 2 the Tgel value is de-
pendant on the concentration of the gelator. As expected, in
all investigated gels the sol–gel transition temperatures in-
crease with increasing gelator concentration. Figure 2 dis-
plays comparisons of the sol–gel transition temperatures at
different gelator concentrations of the gels of 4 b and 4 c in
p-xylene, valeronitrile, and g-butyrolactone. In all cases the
maximum investigated additive concentration was about
3 wt %. The transition temperature Tgel depends on the alkyl
chain length of the gelator. Increasing the alkyl chain length
from derivative 4 b to 4 c increases the Tgelin all three cases.
At a first look this is unexpected, since generally the melting
point of amphiphilic molecules and liquid crystals is lowered
with increasing chain length.[28,29] However, it seems that in
the supramolecular aggregates of the present amphiphilic
molecules the packing and the formation of the intermolec-
ular hydrogen bonds is stabilized with increasing chain
length. The transition temperatures decrease with increasing
polarity of the solvent. For example at a concentration of
1 wt % of 4 c in p-xylene a Tgel value of 107 8C was obtained.
With increasing polarity of the solvent, the transition tem-
perature in valeronitrile decreases to 100 8C and in g-butyro-
lactone to 84 8C. Also, the maximum concentration needed
to dissolve these two derivatives is much lower in p-xylene


than in both polar solvents. In summary it was found that
the amide/urea derivatives in particular are efficient gelators
for organic solvents and that the transition temperature can
be tuned by changing the concentration and the chain
length of the alkyl substituent.


In the following we would like to compare the structural
variations of the hydrogen-bonding unit from selected exam-
ples. For this comparison the bisamide 3 c, the amide/urea-
functionalized derivative 4 c, and the corresponding bisurea
8 c were selected. The dependence of the concentration on
the sol–gel transition temperature of bisamide 3 c and of de-
rivative 4 c in p-xylene is shown in Figure 3 (top). In both
cases the Tgel values increase with increasing gelator concen-
tration. However, the concentration range in which stable
gels are reached differs immensely. With bisamide 3 c, a con-


Figure 1. TEM pictures of network structures a) 4 b, b) 4 c, and c) 8 c after
evaporation of valeronitrile (initial concentrations: 0,5 wt %). Scale bars
are 1 mm.
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centration range of 1.75–2.5 wt % is required to obtain a
stable gel with p-xylene. In comparison, the amide/urea-
functionalized derivative 4 c gels p-xylene at a lower concen-
tration range from 0.2 to 1 wt %. It seems that this behavior
and also the higher Tgel values achieved for derivative 4 c are
due to the increased intermolecular interaction of the hydro-
gen-bonding unit. Additionally, we examined the sol–gel
transition temperatures of 4 c and the bisurea 8 c in valeroni-
trile. The effect is even more pronounced. The 4 c/valeroni-
trile forms, over a broad concentration range, a gel with Tgel


starting at 65 8C and levelling off between 105 and 110 8C.
However, the Tgel values of 8 c in valeronitrile are 40 8C
higher than that of 4 c. At the gelator concentration of
0.5 wt % the transition temperature of 8 c/valeronitrile is


about 132 8C and increases to almost 150 8C at 0.75 wt%.
Higher concentrations are not possible due to the limited
solubility of gelator 8 c up to 0.75 wt %.


Rheology measurements were carried out on the selected
examples of the best gels. Figure 4 shows a rheology meas-
urement of amide/urea compound 4 b in g-butyrolactone
(c= 2 wt %) at different frequencies. The viscoelastic behav-
ior of the gels is characterized by the storage (G’) and loss


Figure 2. Sol–gel transition temperature as a function of the gelator con-
centration of compounds 4 b (open squares) and 4c (filled squares) in p-
xylene (top), valeronitrile (middle) and in g-butyrolactone (bottom) de-
termined by the dropping ball method.


Figure 3. Sol–gel transition temperature as a function of the gelator con-
centration of bisamide 3 c (triangles) and the amide/urea-derivative 4 c
(squares) in p-xylene (top) and of the amide/urea-derivative 4 c (squares)
and the bisurea derivative 8 c (circles) in valeronitrile (bottom) deter-
mined by the dropping ball method.


Figure 4. Dynamic rheological behavior of 4b in g-butyrolactone at a
concentration of 2 wt %. The plot shows the storage modulus G’ (filled
triangle) and loss modulus G’’ (open triangle) versus frequency.
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(G’’) moduli, which are independent of frequency over the
range from 0.01–10 Hz. At this concentration the storage
modulus G’ is about 10 kPa. The value indicates a good re-
sistance against mechanical stress.


Derivative 4 c forms stable and transparent gels in valero-
nitrile between concentrations of 0.5 to 2 wt %. Figure 5
shows the different storage moduli of 4 c/valeronitrile gels at


the different investigated concentrations. The moduli are
also independent of the frequency. It was found that by in-
creasing the gelator concentration from 0.5 to 2.0 wt %, the
storage moduli increase from 150 to 1200 Pa. However, the
storage modulus of the 4 c/valeronitrile gel at a concentra-
tion of 2 wt % is about 2.5 kPa and four times lower that of
the 4 b/valeronitrile gel (10 kPa).


Figure 6 compares the influence of gelator concentration
on storage and loss moduli of the two amide/urea-function-
alized compounds 4 b and 4 c in valeronitrile. In both cases
the storage modulus G’ and the loss modulus G’’ increase, as
expected, with increasing gelator concentration from 0.5 to
2 wt %. The stability of the gel network and the elastic be-
havior both increase with increasing gelator concentration
and thus form a denser network structure. The mechanical
properties of the resulting gels from 4 b are substantially
higher than those of 4 c. As shown in the transmission elec-
tron microscopy pictures from valeronitrile (Figure 1) the
network structure of compound 4 b consists of thicker fibres
that are well interconnected. In contrast, 4 c has a finer net-
work structure. This difference may contribute to the higher
values of G’ and G’’ for gels with compound 4 b. The same
trend was observed in g-butyrolactone. The storage moduli
of 4 b/g-butyrolactone gels are higher than those of 4 c in g-
butyrolactone at the same concentration. Compared to the
bisamide 3 c gels, both storage moduli of the gels of 4 b and
4 c are much higher.


Conclusion


In the present work the influence of the chemical structure
on the gelation ability of a new class of amphiphilic com-
pounds is described. It was demonstrated that a well-bal-
anced relationship between the terminal head group, the
groups involved in hydrogen bonding (amide or urea
groups, or combination of both), and the length of the alkyl
chain is required to optimize the gelation ability in organic
solvents. It was possible to find candidates that were able to
gel even polar solvents such as valeronitrile and g-butyrolac-
tone at concentrations far below 1 wt %. Depending on the
employed gelator and the concentration, the thermal and
mechanical properties can be adjusted.


Experimental Section


Materials and methods : Solvents for synthesis were purified and dried
when necessary according to standard procedures. The used amines and
isocyanates were obtained from Aldrich and Fluka and purified by distil-
lation or recrystallization. Solvents for gelation tests were obtained from
Merck-Suchardt and Fluka and used as received. 1H and 13C NMR spec-
tra were recorded at room temperature on a Bruker AC 250 instrument.
IR spectra were recorded on a BIO-RAD Digilab FTS-40 (FT-IR) as
thin films on an Si-Wafer (after evaporation of the solvent on hotstage)
or as KBr pellets. Mass spectra were recorded on a VARIAN MAT CH-


Figure 5. Comparison of the elastic storage modulus G’ values versus fre-
quency at different concentrations of gelator 4c in valeronitrile.


Figure 6. Influence of the concentration of the amide/urea-functionalized
derivatives 4 b (circles) and the 4c (squares) and bisamide 3 c (triangle)
in valeronitrile (top) and in g-butyrolactone (bottom) on storage modulus
G’ (filled symbols) and on loss modulus G’’ (open symbols) at a frequen-
cy of 1 Hz.
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7-instrument (direct probe inlet, electron impact ionization) at the central
analytic laboratories of the University of Bayreuth. Elemental analysis
was carried out with a EA 3000 (HEKAtech) at the department of chem-
ical engineering laboratory (Prof. A. Jess) of the University of Bayreuth.


N-(4-Nitrophenyl)cyclohexanecarboxamide (1 a): 4-Nitroaniline (22.61 g,
163.7 mmol) was dissolved in N-methyl-2-pyrrolidone (180 mL) and
added to triethylamine (30 mL) and a spatula-point of LiCl. Cyclohexane
carboxylic acid chloride (18 mL, 136.4 mmol) was added and the mixture
was stirred for 2 h at 80 8C. After cooling to room temperature, the mix-
ture was precipitated in ice water (500 mL). The mixture was filtered
(glassfilter G3), and the residue was washed with water and dried. Chro-
matography (3:1 hexane/EtOAc) provided the nitro-compound 1 as an
orange–yellow solid (28.6 g, 84 %). Rf =0.55 (3:1 hexane/EtOAc);
1H NMR ([D6]DMSO, 250 MHz): d =1.51 (m, 10H)„ 2.35 (m, 1H), 7.83
(d, J =9.2 Hz, 2 H), 8.17 (d, J=9.2 Hz, 2H), 10.43 ppm (s, 1H); 13C NMR
([D6]DMSO, 62.5 MHz): d=175.5, 146, 142.1, 125.3, 125, 119, 118.8, 45.3,
29.3, 26.7, 25.4 ppm.


N-(4-Nitrophenyl)benzamide (1 b): This compound was prepared as de-
scribed for 1 a, starting from 4-nitroaniline (6.0 g, 43.4 mmol) and benzoyl
chloride (5.04 mL, 43.4 mmol). The product was purified by recrystalliza-
tion from acetone/water. Yield: (8.17 g, 78%). Rf =0.27 (3:1 hexane/
THF); 1H NMR ([D6]DMSO, 250 MHz): d=7.59 (m, 3H), 8.00 (d, J =


6.8 Hz, 2 H), 8.06 (d, J =9.3 Hz, 2 H), 8.27 (d, J =9.3 Hz, 2H), 10.80 ppm
(s, 1 H).


2,2-Dimethyl-N-(4-nitrophenyl)propionamide (1 c): This compound was
prepared as described for 1a, starting from 4-nitroaniline (27.63 g,
0.2 mol) and 2,2-dimethylpropionyl chloride (29.53 mL, 0.24 mol). The
product was purified by recrystallization from methanol. Yield: (37.3 g,
85%); 1H NMR ([D6]DMSO, 250 MHz): d=1.24 (s, 9 H), 7.94 (d, J =


9.3 Hz, 2 H), 8.20 (d, J=9.3 Hz, 2H), 9.77 ppm (s, 1H).


N-(4-Aminophenyl)cyclohexanecarboxamide (2 a): Compound 1a (25 g,
100.7 mmol) was dissolved in a mixture of THF (200 mL) and methanol
(40 mL) and Pd/C (0.6 g; 10 wt % Pd on activated carbon) was added.
This mixture was stirred in an autoclave for 24 h at 40 8C with H2 pres-
sure of 3.5 bar. The colorless mixture was filtered (Alox N) and the sol-
vents were evaporated. The solid was subjected to chromatography on
silica gel (1:1 hexane/EtOAc) to give the slightly magenta amino com-
pound 2a (21.32 g, (97 %). Rf =0.25 (1:1 hexane/EtOAc); 1H NMR
([D6]DMSO, 250 MHz): d =1.51 (m, 10H), 2.24 (m, 1 H), 4.75 (s, 2 H),
5.83 (s, 1H) 6.67 (d, J= 8.7 Hz, 2H), 7.05 ppm (d, J=8.7 Hz, 2H).


N-(4-Aminophenyl)benzamide (2 b): This compound was prepared as de-
scribed for 2a starting from compound 1b (7.94 g, 32.8 mmol). The prod-
uct was purified by recrystallization from methanol/water. Yield: (6.9 g,
99%); Rf =0.2 (1:1 hexane/THF); 1H NMR ([D6]DMSO, 250 MHz): d=


4.91 (s, NH2, 2 H), 6.54 (d, J=8.9 Hz, 2H), 7.38 (d, J =8.7 Hz, 2 H), 7.52
(m, 3 H), 7.90 (d, J=7.3 Hz, 2H), 9.86 ppm (s, 1 H).


2,2-Dimethyl-N-(4-aminophenyl)propionamide (2 c): This compound was
prepared as described for 2a starting from compound 1 c (30.0 g,
0.147 mol). Yield: (24.25 g, 94%); 1H NMR ([D6]DMSO, 250 MHz): d=


1.24 (s, 9 H), 4.69 (s, 2H), 6.82 (d, J=8.7 Hz, 2 H), 7.22 (d, J =8.7 Hz,
2H), 9.62 ppm (s, 1H).


N-(4-Octoylaminophenyl)cyclohexanecarboxamide (3 a): This compound
was prepared as described for 1a, starting from compound 2 a (1.09 g,
5.0 mmol) and octanoyl chloride (1.07 mL, 6.6 mmol). The product was
purified by recrystallization from EtOAc. Yield 1.3 g of a white powder
(76 %, 3.7 mmol); m.p. 225 8C; Rf =0.8 (1:1 hexane/THF); 1H NMR (5:1,
CDCl3, CF3COOD, 250 MHz): d=0.85 (t, J=6.9 Hz, 3H), 1.31 (m, 14H),
1.73 (m, 3 H), 1.87 (m, 2 H), 2.00 (m 2H), 2.36 (m, 1H), 2.53 (t, J=


8.1 Hz, 2 H), 7.40 pm (s, 4 H); MS: m/z (%): 344 (95) [M+]; elemental
analysis calcd (%) for C21H32N2O2 (344.25): C 73.22, H 9.36, N 8.13;
found: C 73.23, H 9.41, N 8.12.


N-(4-Tetradecoylaminophenyl)cyclohexanecarboxamide (3 b): This com-
pound was prepared as described for 1a, starting from compound 2 a
(1.09 g, 5.0 mmol) and tetradecoyl chloride (1.7 mL, 6.25 mmol). The
product was purified by recrystallization from EtOAc. Yield 0.85 g of a
white powder (40 %, 2.0 mmol); m.p. 215 8C; Rf =0.85 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t, 3 H), 1.31 (m,


25H), 1.71 (m, 3H), 1.87 (m, 2 H), 2.00 (m, 2H), 2.36 (m, 1 H), 2.51 (t,
2H), 7.40 ppm (s, 4 H); MS: m/z (%): 428 (100) [M+]; elemental analysis
calcd (%) for C27H44N2O2 (428.34): C 75.65, H 10.35, N 6.54; found: C
75.45, H 10.37, N 6.49.


N-(4-Octadecoylaminophenyl)cyclohexanecarboxamide (3 c): This com-
pound was prepared as described for 1a, starting from compound 2 a
(1.09 g, 5.0 mmol) and octadecoyl chloride (1.51 g, 5 mmol). The product
was purified by recrystallization from methanol. Yield 2.1 g of a white
powder (87 %, 4.3 mmol); m.p. 211 8C; Rf =0.9 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t, J=6.9 Hz, 3H),
1.25 (m, 33H), 1.73 (m, 3 H), 1.87 (m, 2H), 2.00 (m, 2 H), 2.37 (m, 1H),
2.50 (t, 2H), 7.40 (s, 4H); MS: m/z (%): 484 (100) [M+]; elemental anal-
ysis calcd (%) for C31H52N2O2 (484.4): C 76.81, H 10.81, N 5.78; found: C
76.82, H 10.89, N 5.74.


N-(4-Octadecoylaminophenyl)benzamide (3 d): This compound was pre-
pared as described for 1a, starting from compound 2 b (1.0 g, 4.7 mmol)
and octadecoyl chloride (1.42 g, 4.7 mmol). The product was purified by
recrystallization from THF. Yield 1.46 g of a white powder (65 %,
3.1 mmol); m.p. 216 8C; Rf = 0.7 (1:1 hexane/THF); 1H NMR (5:1, CDCl3,
CF3COOD, 250 MHz): d=0.87 (t, J=7.0 Hz, 3H), 1.27 (m, 28 H), 1.77
(m, 2H), 2.56 (t, J =7.4 Hz, 2 H), 7.54 (m, 7H), 7.81 ppm (d, J =7.5 Hz,
2H); MS: m/z (%): 478 (38) [M+]; elemental analysis calcd (%) for
C31H46N2O2 (478.72): C 77.78, H 9.69, N 5.85; found: C 77.21, H 9.86, N
5.85.


2,2-Dimethyl-N-(4-octadecylaminophenyl)propionamide (3 e): This com-
pound was prepared as described for 1a, starting from compound 2 c
(1.1 g, 7.8 mmol) and octadecoyl chloride (2.84 g, 9.4 mmol). The product
was purified by recrystallization from methanol. Yield 2.8 g of a white
powder (83 %, 6.1 mmol); m.p. 196 8C; Rf =0.8 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.86 (t, J=7.0 Hz, 3H),
1.23 (m, 22 H), 1.35 (s, 9 H), 1.52 (m, 2H), 3.29 (t, J =7.8 Hz, 2H), 7.29
(d, J =7.4 Hz, 2H), 7.46 ppm (d, J= 7.4 Hz, 2 H); MS: m/z (%): 458 (49)
[M+]; elemental analysis calcd (%) for C29H50N2O2 (458.73): C 75.93, H
10.99, N 6.11; found: C 76.22, H 11.13, N 6.05.


N-[4-(3-Octylureido)phenyl]cyclohexanecarboxamide (4 a): A solution of
compound 2a (1.2 g, 5.5 mmol) in THF (40 mL) was added to a solution
of octylisocyanate (1.06 mL, 6.0 mmol) in THF (40 mL). The reaction
mixture was heated under reflux for 2 h. After cooling to room tempera-
ture, the mixture was added to methanol (80 mL) and evaporated to half
its original volume. The precipitation began while cooling to room tem-
perature. After 2 h the mixture was filtered (glassfilter G3), and the resi-
due was washed with water and dried. The product was purified by re-
crystallization from THF. Yield 1.83 g of a white powder (86 %,
4.7 mmol); m.p. >232 8C (decomp); Rf =0.7 (1:1 hexane/THF); 1H NMR
(5:1, CDCl3, CF3COOD, 250 MHz): d=0.82 (t, J= 6.8 Hz, 3H), 1.31 (m,
17H), 1.71 (m, 1H), 1.87 (m, 2 H), 1.98 (m, 2H), 2.38 (m, 1 H), 3.28 (t,
J =7.4 Hz, 2 H), 7.21 (d, J= 8.9 Hz, 2 H), 7.45 ppm (d, J =8.9 Hz, 2H);
MS: m/z (%): 373 (40) [M+]; elemental analysis calcd (%) for
C22H35N3O2 (372.27): C 70.74, H 9.44, N 11.25; found: C 70.79, H 9.50, N
11.12.


N-[4-(3-Tetradecylureido)phenyl]cyclohexanecarboxamide (4 b): This
compound was prepared as described for 4 a, starting from compound 2 a
(0.74 g, 3.4 mmol) and tetradecylisocyanate (1 mL, 3.6 mmol). The prod-
uct was purified by recrystallization from THF. Yield 1.22 g of a white
powder (79 %, 2.7 mmol); m.p. >230 8C (decomp); Rf =0.75 (1:1 hexane/
THF); 1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.86 (t, J=


6.8 Hz, 3H), 1.33 (m, 20 H), 1.75 (m, 1H), 1.89 (m, 2 H), 2.03 (m, 2H),
2.41 (m, 1 H), 3.30 (t, J=7.6 Hz, 2H), 7.23 (d, J=8.7 Hz, 2H), 7.48 ppm
(d, J =8.7 Hz, 2H); MS: m/z (%): 457 (25) [M+]; elemental analysis
calcd (%) for C28H47N3O2 (457.37): C 73.48, H 10.39, N 9.18; found: C
73.89, H 10.35, N 9.19.


N-[4-(3-Octadecylureido)phenyl]cyclohexanecarboxamide (4 c): This
compound was prepared as described for 4 a, starting from compound 2 a
(0.66 g, 3 mmol) and octadecylisocyanate (0.97 g, 3.3 mmol). The product
was purified by recrystallization from THF. Yield 1.26 g of a white
powder (82 %, 2.5 mmol); m.p. >215 8C (decomp); Rf =0.8 (1:1 hexane/
THF); 1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.86 (t, J=


6.8 Hz, 3H), 1.33 (m, 37H), 1.77 (m, 1 H), 1.89 (m, 2 H), 2.01 (m,
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2H),2.41 (m, 1 H), 3.30 (t, J =7.6 Hz, 2H), 7.23 (d, J =8.7 Hz, 2H),
7.48 ppm (d, J =8.7 Hz, 2 H); MS: m/z (%): 513 (28) [M+]; elemental
analysis calcd (%) for C32H55N3O2 (513.43): C 74.80, H 10.79, N 8.18;
found: C 72.46, H 10.53, N 7.85.


N-[4-(Tetradecylureido)phenyl]benzamide (4 d): This compound was pre-
pared as described for 4a, starting from compound 2 b (1.0 g, 4.7 mmol)
and tetradecylisocyanate (1.29 mL, 4.7 mmol). The product was purified
by recrystallization from THF. Yield 1.2 g of a white powder (58 %,
2.5 mmol); m.p. 183 8C; Rf =0.55 (1:1 hexane/THF); 1H NMR (5:1,
CDCl3, CF3COOD, 250 MHz): d=0.86 (t, J=6.9 Hz, 3H), 1.31 (m, 22H),
1.77 (m, 1H), 1.58 (m, 2H), 3.35 (t, J =7.4 Hz, 2H), 7.34 (d, J =8.9 Hz,
2H), 7.63 (m, 5H), 7.84 ppm (d, J=8.9 Hz, 2 H); MS: m/z (%): 452 (30)
[M++H]; elemental analysis calcd (%) for C28H41N3O2 (451.66): C 74.46,
H 9.15, N 9.30; found: C 74.07, H 9.33, N 9.35.


2,2-Dimethyl-N-[4-(3-tetradecylureido)phenyl]propionamide (4 e): This
compound was prepared as described for 4 a, starting from compound 2 c
(1.1 g, 7.8 mmol) and tetradecylisocyanate (2.6 mL, 9.4 mmol). The prod-
uct was purified by recrystallization from methanol. Yield 2 g of a white
powder (84 %, 5.0 mmol); no melting point (decomp); Rf =0.6 (1:1
hexane/THF); 1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t,
J =7.0 Hz, 3H), 1.24 (m, 22H), 1.37 (s, 9H), 1.55 (m, 2H), 2.59 (t, J=


7.8 Hz, 2H), 7.31 (d, J=8.7 Hz, 2H), 7.49 ppm (d, J=8.7 Hz, 2H); MS:
m/z (%): 431 (7) [M+]; elemental analysis calcd (%) for C26H45N3O2


(431.67): C 72.35, H 10.51, N 9.73; found: C 71.82, H 10.83, N 9.79.


1-(4-Nitrophenyl)-3-cyclohexylurea (5): This compound was prepared as
described for 4 a, starting from cyclohexylamine (3,99 mL, 35 mmol) and
nitrophenyleneisocyanate (5.74 g, 35 mmol). The product was purified by
recrystallization from methanol. Yield 6.3 g of a yellow solid (71 %,
23.9 mmol); Rf =0.6 (1:1 hexane/THF); 1H NMR ([D6]DMSO, 250 MHz):
d=1.49 (m, 10H), 3.48 (m, 1H), 6.31 (d, J =7.9 Hz, 1H), 7.58 (d, J=


9.0 Hz, 2 H), 8.11 (d, J=9.0 Hz, 2H), 9.11 ppm (s, 1H).


1-(4-Aminophenyl)-3-cyclohexylurea (6): The nitro-compound 5 (6.3 g,
23.9 mmol) was dissolved in a mixture of THF (200 mL) and methanol
(40 mL) and Pd on activated carbon (0.6 g of 10 wt %) was added. This
mixture was stirred in an autoclave for 24 h at 40 8C with an H2 pressure
of 3.5 bar. The colorless mixture was filtered (Alox N) and the solvents
were evaporated. Yield 5.1 g (90 %, 21.5 mmol); Rf =0.2 (1:1 hexane/
THF); 1H NMR ([D6]DMSO, 250 MHz): d =1.49 (m, 10 H), 3.48 (m,
1H), 4.66 (s, 2 H), 6.87 (d, J =7.9 Hz, 1 H), 6.48 (d, J =8.7 Hz, 2 H), 7.03
(d, J =8.7 Hz, 2 H), 7.76 ppm (s, 1H); IR (Si-Wafer): n =3322, 2928, 2852,
1623, 1566, 1518 cm�1.


N-[4-(Cyclohexylureido)phenyl]octanamide (7 a): This compound was
prepared as described for 1, starting from compound 6 (0.6 g, 2.6 mmol)
and octanoyl chloride (0.54 mL, 3.0 mmol). The product was purified by
recrystallization from methanol. Yield 0.7 g of a white powder (75 %,
1.9 mmol); m.p. >192 8C (decomp); Rf =0.7 (1:1 hexane/THF); 1H NMR
(5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t, J= 6.8 Hz, 3H), 1.27 (m,
15H), 1.72 (m, 5H), 1.93 (m, 2H), 2.51 (t, J=8.1 Hz, 2H), 3.67 (m, 1H),
7.25 (d, J =8.7 Hz, 2H), 7.50 ppm (d, J =8.7 Hz, 2 H); MS: m/z (%): 359
(25) [M+]; elemental analysis calcd (%) for C21H33N3O2 (359.26): C
70.16, H 9.25, N 11.69; found: C 69.94, H 9.12, N 11.07.


N-[4-(Cyclohexylureido)phenyl]tetradecanamide (7 b): This compound
was prepared as described for 1, starting from compound 6 (0.5 g,
2.1 mmol) and tetradecoyl chloride (0.68 mL, 2.5 mmol). The product
was purified by recrystallization from methanol. Yield 0.95 g of a white
powder (85 %, 1.8 mmol); m.p. >198 8C (decomp); Rf =0.76 (1:1 hexane/
THF); 1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t, 3H),
1.25 (m, 27 H), 1.59 (m, 5H), 1.95 (m, 2 H), 2.52 (t, J=8.1 Hz, 2H), 3.68
(m, 1 H), 7.23 (d, J =8.7 Hz, 2 H), 7.49 ppm (d, J= 8.7 Hz, 2H); MS: m/z
(%): 443 (8) [M+]; C27H45N3O2 (443.35): C 73.09, H 10.22, N 9.47; found:
C 73.02, H 10.23, N 9.31.


N-[4-(Cyclohexylureido)phenyl]octadecanamide (7 c): This compound
was prepared as described for 1, starting from compound 6 (0.93 g,
4.0 mmol) and octadecoyl chloride (1.3 g, 4.3 mmol). The product was pu-
rified by recrystallization from methanol. Yield 1.7 g of a white powder
(84 %, 3.4 mmol); m.p. >200 8C (decomp); Rf =0.8 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d=0.85 (t, J=6.8 Hz, 3H),
1.25 (m, 35 H), 1.73 (m, 5H), 1.95 (m, 2 H), 2.52 (t, J=7.4 Hz, 2H), 3.69


(m, 1 H), 7.24 (d J =8.7 Hz, H), 7.50 ppm (d, J= 8.7 Hz, 2H); elemental
analysis calcd (%) for C31H53N3O2 (499.41): C 74.50, H 10.69, N 8.41;
found: C 73.95, H 10.62, N 8.16.


1-[4-(Cyclohexylureido)phenyl]-3-octylurea (8 a): This compound was
prepared as described for 4a, starting from compound 6 (0.8 g, 3.4 mmol)
and octylisocyanate (0.67 mL, 3.8 mmol). The product was purified by re-
crystallization from DMF. Yield 0.9 g of a white powder (64 %,
2.2 mmol); m.p. >209 8C (decomp); Rf =0.5 (1:1 hexane/THF); 1H NMR
(5:1, CDCl3, CF3COOD, 250 MHz): d=0.87 (t, J= 6.9 Hz, 3H), 1.27 (m,
15H), 1.56 (m, 3H), 1.75 (m, 2H), 1.94 (m, 2H), 3.30 (t, J=7.3 Hz, 2H),
3.64 (m, 1 H), 7.31 ppm (s, 4H); MS: m/z (%): 388 (14) [M+]; elemental
analysis calcd (%) for C22H36N4O2 (388.23): C 68.01, H 9.34, N 14.42;
found C 68.04, H 9.38, N 14.23.


1-[4-(Cyclohexylureido)phenyl]-3-tetradecylurea (8 b): This compound
was prepared as described for 4a, starting from compound 6 (0.3 g,
1.3 mmol) and tetradecylisocyanate (0.4 mL, 1.5 mmol). The product was
purified by recrystallization from DMF. Yield 0.5 g of a white powder
(78 %, 1.0 mmol); m.p. >219 8C (decomp); Rf =0.6 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d 0.85 (t, J=6.8 Hz, 3H),
1.24 (m, 27 H), 1.57 (m, 3H), 1.74 (m, 2H), 1.94 (m, 2H), 3.30 (t, J =


7.3 Hz, 2H), 3.65 (m, 1 H), 7.31 ppm (s, 4 H); MS: m/z (%): 472 (6) [M+


]; elemental analysis calcd (%) for C28H48N4O2 (472.38): C 71.14, H
10.23, N 11.85; found: C 70.63, H 10.17, N 11.65.


1-[4-(Cyclohexylureido)phenyl]-3-octadecylurea (8 c): This compound
was prepared as described for 4a, starting from compound 6 (0.93 g,
4.0 mmol) and octadecylisocyanate (1.28 g, 4.3 mmol). The product was
purified by recrystallization from DMF. Yield 1.7 g of a white powder
(81 %, 3.2 mmol); m.p. >214 8C (decomp); Rf =0.68 (1:1 hexane/THF);
1H NMR (5:1, CDCl3, CF3COOD, 250 MHz): d 0.85 (t, J=6.8 Hz, 3H),
1.25 (m, 35 H), 1.56 (m, 3H), 1.74 (m, 2H), 1.94 (m, 2H), 3.30 (t, J =


7.3 Hz, 2H), 3.65 (m, 1 H), 7.31 ppm (s, 4 H); MS: m/z (%): 528 (6) [M+


]; elemental analysis calcd (%) for C32H56N4O2 (528.44): C 72.68, H
10.67, N 10.59; found: C 72.68, H 10.63, N 10.57.


Gelation tests : In a typical gelation test a weighed amount of the com-
pound was mixed with 2 mL of solvent in a test tube with a screw cap,
and then the mixture was heated until the solid was completely dissolved.
The resulting solution was slowly allowed to cool to room temperature.
Gelation was considered to have occurred when a homogenous substance
was obtained which exhibited no gravitational flow.


For the determination of the sol–gel transition temperature (Tgel) of the
gels the steel ball method was used.[4] A steel ball (260 mg) with a diame-
ter of 4.5 mm was placed on the top of the gel and the vial was sealed.
The samples were placed in a heating system, which was slowly heated,
typically 5 8C min�1, while the temperature was determined with a tem-
perature sensor that was dipped in a separate vial containing solvent.
The Tgel of the gel was defined as the temperature when the steel ball hit
the bottom of the vial.


Electron microscopy : For the transmission electron microscopy a formar/
carbon-coated copper grid (300 mesh) was dipped for a very short time
(t<1 s) into the solution of the gelator in the organic solvent and put on
a weighing paper to become a gel. After 1 h the grid was placed in a
round-bottomed flask and dried at low pressure (<10�2 mbar). The grids
were examined in a Zeiss CEM 902 electron microscope, operating at
80 kV.


Rheology : Rheological measurements were carried out with a stress rhe-
ometer Haake RS600 with a cone-plate (60 mm diameter). The width of
the gap was 0.052 mm. Oscillatory experiments were performed in a
0.001–100 Hz frequency range at constant stress in the linear regime of
deformation (1 Pa for a gel at 0.5 wt % and about 5 Pa for a gel at
2 wt %). The following procedure was used to load the sample: 1.5 mL of
solvent solution containing gelator was placed on the plate that was
about 95 8C and closed by a cone. The system was cooled down to 25 8C
at a rate of 20 8C min�1 as soon as the gap was totally filled with the gel;
the measurements were started after 30 minutes.


Chem. Eur. J. 2005, 11, 863 – 872 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 871


FULL PAPERAmphiphilic Gelators



www.chemeurj.org





Acknowledgements


We thank the group of Professor H. Hoffmann (physicochemistry I, Uni-
versity of Bayreuth) for the assistance with rheological measurements, N.
Glaser for the electron microscopy experiments and B. Brunner (Depart-
ment of Chemical Engineering, chair of Prof. A. Jess, University of Bay-
reuth) for performing the elemental analysis. We are also indebted to
P. Schroegel and D. Kropp for their assistance in the preparation of sev-
eral compounds.


[1] P. Terech, R. G. Weiss, Chem. Rev. 1997, 97, 3133 –3159.
[2] D. J. Abdallah, R. G. Weiss, Adv. Mater. 2000, 12, 1237 –1247.
[3] J. van Esch, S. De Feyter, R. M. Kellogg, F. De Schryver, B. L. Ferin-


ga, Chem. Eur. J. 1997, 3, 1238 –1243.
[4] J. van Esch, F. Schoonbeek, M. de Loos, H. Kooijman, A. L. Spek,


R. M. Kellogg, B. L. Feringa, Chem. Eur. J. 1999, 5, 937 – 950.
[5] P. Terech, Ber. Bunsen-Ges. 1998, 102, 1630 –1643.
[6] K. Hanabusa, M. Yamada, M. Kimura, H. Shirai, Chem. Mater.


1999, 11, 649 –655.
[7] R. H. C. Janssen, V. St�mpflen, C. W. M. Bastiaansen, D. J. Broer,


T. A. Tervoort, P. Smith, Jpn. J. Appl. Phys. Part 12000, 39, 2721 –
2726.


[8] M. Lescanne, P. Grondin, A. d’Al�o, F. Fages, J. L. Pozzo, O. Mon-
dain-Monval, P. Reinheimer, A. Colin, Langmuir 2004, 20, 3032 –
3041.


[9] S. Y. Ryu, S. Kim, J. Seo, Y. W. Kim, O. H. Kwon, D. J. Jang, S. Y.
park, Chem. Commun. 2004, 70– 71.


[10] K. J. C. van Bommel, C. van der Pol, I. Muizebelt, A. Friggeri, A.
Heeres, A. Meetsma, B. L. Feringa, J. v. Esch, Angew. Chem. 2004,
116, 1695 –1699; Angew. Chem. Int. Ed. 2004, 43, 1663 – 1667.


[11] U. Beginn, B. Tartsch, Chem. Commun. 2001, 1924 – 1925.
[12] S. Boileau, L. Bouteiller, F. Laupretre, F. Lortie, New J. Chem. 2000,


24, 845 –848.


[13] F. Lortie, S. Boileau, L. Bouteiller, C. Chassenieux, B. Deme, G. Du-
couret, M. Jalabert, F. Laupretre, P. Terech, Langmuir 2002, 18,
7218 – 7222.


[14] F. Lortie, S. Boileau, L. Bouteiller, Chem. Eur. J. 2003, 9, 3008 –
3014.


[15] R. P. Sijbesma, E. W. Meijer, Chem. Commun. 2003, 5– 16.
[16] A. d�Al�o, J. L. Pozzo, F. Fages, M. Schmutz, G. Mieden-Gundert, F.


Vçgtle, V. Caplar, M. Zinic, Chem. Commun. 2004, 190 –191.
[17] S. Yamasaki, H. Tsutsumi, Bull. Chem. Soc. Jpn. 1994, 67, 906 –911.
[18] Y.-C. Lin, R. G. Weiss, Macromolecules 1987, 20, 414 –417.
[19] K. Hanabusa, R. Tanaka, M. Suzuki, M. Kimura, H. Shirai, Adv.


Mater. 1997, 9, 1095 –1097.
[20] K. Hanabusa, M. Yamada, M. Kimura, H. Shirai, Angew. Chem.


1996, 108, 2086 – 2088; Angew. Chem. Int. Ed. Engl. 1996, 35, 1949 –
1951.


[21] V. Simic, L. Bouteiller, M. Jalabert, J. Am. Chem. Soc. 2003, 125,
13148 –13154.


[22] R. J. H. Hafkamp, M. C. Feiters, R. J. M. Nolte, J. Org. Chem. 1999,
64, 412 –426.


[23] K. Yabuuchi, A. E. Rowan, R. J. M. Nolte, T. Kato, Chem. Mater.
2000, 12, 440 –443.


[24] N. Mohmeyer, P. Wang, H.-W. Schmidt, S. M. Zakeeruddin, M.
Gr�tzel, J. Mater. Chem. 2004, 14, 1905 –1909.


[25] W. Kubo, S. Kambe, S. Nakade, T. Kitamura, K. Hanabusa, Y.
Wada, S. Yanagida, J. Phys. Chem. B 2003, 107, 4374 – 4381.


[26] W. Kubo, K. Murakoshi, T. Kitamura, Chem. Lett. 1998, 1241 –1242.
[27] W. Kubo, K. Murakoshi, T. Kitamura, S. Yoshida, M. Haruki, K. Ha-


nabusa, H. Shirai, Y. Wada, S. Yanagida, J. Phys. Chem. B 2001, 105,
12809 –12815.


[28] D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, V. Vill, Handbook
of Liquid Crystals, Vol. 1+2, Wiley-VCH, Weinheim, New York,
1998.


[29] P. J. Collings, J. S. Patel, Handbook of Liquid Crystal Research,
Oxford University Press, Oxford, 1997.


Received: July 13, 2004
Published online: December 9, 2004


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 863 – 872872


H.-W. Schmidt and N. Mohmeyer



www.chemeurj.org






Experimental and Computational Studies of Hydrogen Bonding and Proton
Transfer to [Cp*Fe(dppe)H]


Natalia V. Belkova,[a] Edmond Collange,[b] Pavel Dub,[a] Lina M. Epstein,[a]


Dmitrii A. Lemenovskii,[c] Agust� Lled�s,*[d] Olivier Maresca,[d] Feliu Maseras,[d]


Rinaldo Poli,*[e] Pavel O. Revin,[a, c] Elena S. Shubina,*[a] and Evgenii V. Vorontsov[a]


Introduction


Proton transfer processes to and from transition-metal cen-
ters and hydride ligand sites are of fundamental importance
for catalysis and are also relevant to the biochemical genesis
of dihydrogen.[1] It has now been quite firmly established


that when both a hydride ligand and a metal-based electron
pair are present in the same complex, proton donors show a
kinetic preference for the hydride site,[2–8] though exceptions
have recently been reported from studies carried out in our
laboratories.[9,10] It has also been established that hydrogen-
bonded adducts are well-defined intermediates along the
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Abstract: The present contribution re-
ports experimental and computational
investigations of the interaction be-
tween [Cp*Fe(dppe)H] and different
proton donors (HA). The focus is on
the structure of the proton transfer in-
termediates and on the potential
energy surface of the proton transfer
leading to the dihydrogen complex
[Cp*Fe(dppe)(H2)]+ . With p-nitrophe-
nol (PNP) a UV/Visible study provides
evidence of the formation of the ion-
pair stabilized by a hydrogen bond be-
tween the nonclassical cation
[Cp*Fe(dppe)(H2)]+ and the homocon-
jugated anion ([AHA]�). With tri-
fluoroacetic acid (TFA), the hydrogen-
bonded ion pair containing the simple


conjugate base (A�) in equilibrium
with the free ions is observed by IR
spectroscopy when using a deficit of
the proton donor. An excess leads to
the formation of the homoconjugated
anion. The interaction with hexafluor-
oisopropanol (HFIP) was investigated
quantitatively by IR spectroscopy and
by 1H and 31P NMR spectroscopy at
low temperatures (200–260 K) and by
stopped-flow kinetics at about room
temperature (288–308 K). The hydro-


gen bond formation to give [Cp*Fe(dp-
pe)H]···HA is characterized by DH8=


�6.5�0.4 kcal mol�1 and DS8=�18.6�
1.7 cal mol�1 K�1. The activation barrier
for the proton transfer step, which
occurs only upon intervention of a
second HFIP molecule, is DH� =2.6�
0.3 kcal mol�1 and DS� =�44.5�
1.1 cal mol�1 K�1. The computational in-
vestigation (at the DFT/B3 LYP level
with inclusion of solvent effects by the
polarizable continuum model) reprodu-
ces all the qualitative findings, provid-
ed the correct number of proton donor
molecules are used in the model. The
proton transfer process is, however,
computed to be less exothermic than
observed in the experiment.


Keywords: density functional
calculations · dihydrogen bonding ·
hydride ligands · iron ·
proton transfer
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proton transfer pathway.[11–13] Thus, referring to the general
Scheme 1, species II or III are usually generated faster than
species V or VI, a phenomenon that is not necessarily relat-
ed to the thermodynamic preference for hydrogen bond for-
mation at the hydride (I) or metal (IV) site. Whether indeed
there is a general correlation between the strength of the
hydrogen bonding at a particular site and the rate of proton
transfer at the same site is not yet known.


The kinetics of proton transfer to the hydride ligand has
been studied for several iron subgroup complexes. A
number of different acids (HBF4, CF3CO2H, CF3SO3H, HCl,
HBr) were used by Basallote et al.,[14–18] but they were too
strong to identify hydrogen-bonded intermediates, and spe-
cies like I or II have been only anticipated as transition
states. More recent work, on the other hand, has provided
kinetic evidence for the importance of species II in the re-
verse deprotonation reaction for the complex trans-[FeH(h2-
H2)(dppe)2]


+ .[19] Some of us have studied the kinetics of the
transformation of the dihydrogen-bonded complex I into the
nonclassical complex II in the case of [CpRuH(CO)(PCy3)]
by using fluorinated alcohols as proton donors.[20] The acti-
vation enthalpy and entropy of the proton transfer process
as well as the thermodynamic parameters for the dihydrogen
bond formation step have been obtained for the protonation
by perfluoro-tert-butanol (PFTB) in hexane. The low solu-
bility of the ion-paired complex in hexane prevented us
from determining the equilibrium thermodynamic parame-
ters of the proton transfer step. The enthalpies and entropies
of both the dihydrogen bond and the molecular hydrogen
complex formation steps have been obtained for [(triphos)-
Re(CO)2H]/PFTB,[21] [(triphos)Ru(CO)H2]/HFIP,[22]


[PP3OsH2]/TFE,[23] and [RuH2(dppm)2]/HFIP[24] systems (tri-
phos=CH3C(CH2PPh2)3; PP3 =P(CH2CH2PPh2)3; dppm=


Ph2PCH2PPh2; HFIP =hexafluoroisopropanol, TFE=2,2,2-
trifluoroethanol). The protonation of these hydrides is exo-
thermic and exoentropic, the equilibrium shifting toward
cationic dihydrogen complexes upon cooling. However, the
proton transfer step was too fast to be studied by conven-
tional spectroscopic methods (IR, NMR) and no activation


data were derived. To date, there is no example in the litera-
ture where both activation and equilibrium thermodynamic
data have been determined for the same system and where
a quantitative energy profile can be presented for the
proton transfer process to a transition-metal hydride.


Some of us have recently reported an experimental study
of the protonation of the complex [Cp*FeH(dppe)] in
CH2Cl2 with a variety of proton donors of different acid


strength (2-monofluoroethanol,
MFE; TFE; HFIP; PFTB; and
trifluoroacetic acid, TFA).[25]


Using weaker acids, we have
not only confirmed the results
of Hamon et al.[5,6] for the pro-
tonation with HBF4 whereby
the proton transfer is faster at
the hydride site to give an inter-
mediate dihydrogen complex,
[Cp*Fe(H2)(dppe)]+ , but also
found the spectroscopic signa-
tures for the establishment of a
hydrogen bond at the hydride
site. Furthermore, we have de-
termined the thermodynamic
characteristics of this interac-
tion. No evidence was obtained


for the establishment of a hydrogen bond with the metal
center. We have also determined experimentally that the
fluorinated alcohols are able to transfer the proton only
with assistance from a second alcohol molecule. No informa-
tion of this kind could be obtained in the case of trifluoro-
acetic acid (TFA), because of the faster rate of the proton
transfer process. In addition, we have established that the
isomerization yielding the final classical dihydride product
[Cp*FeH2(dppe)]+ occurs by means of an internal rear-
rangement process rather than a reversible deprotonation at
the hydride site followed by a slower protonation at the
metal site.[25] This conclusion followed the key observation
that the rate of isomerization is independent of the nature
of the proton donor, whereas the rate of proton transfer at
the hydride site increases with the hydrogen bond strength.


The main aim of the present study is to obtain more de-
tailed information on the structure of the proton transfer in-
termediates and on the proton transfer potential energy sur-
face, specifically: 1) the role of the second proton donor
molecule; 2) the hydrogen bonding status in the intermedi-
ate dihydrogen complex (i.e. as II or III) and final product
(i.e. as V or VI); 3) the energetic cost of the proton transfer
process and of the subsequent internal rearrangement lead-
ing to the final dihydride product; 4) the intimate mecha-
nism of this rearrangement. To address these questions, we
have carried out new experimental studies with additional
proton donors that contain UV/Vis and IR spectroscopic
probes that are more sensitive to the chemical environment
for the deprotonated acid. We have undertaken careful equi-
librium investigations of the proton transfer step for the
[Cp*Fe(dppe)H]/HFIP system. We have carried out a varia-


Scheme 1.
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ble-emperature stopped-flow kinetic study of the same
proton transfer process to gain information on the activation
parameters for the proton transfer step. Finally, we have
completed our study with a computational investigation of
the energetics of hydrogen bonding at the hydride and
metal sites, as well as the potential energy surface for the
proton transfer process at both sites. Herein, we present the
new spectroscopic results, the variable-temperature stopped-
flow results, and the computational analysis of the proton
transfer step and on the intimate nature of the conjugate
base. An accompanying computational study of the rear-
rangement mechanism will be presented separately.[26]


Experimental Section


All manipulations were carried out
under an argon atmosphere by stan-
dard Schlenk techniques. The
[Cp*Fe(dppe)H] hydride was synthe-
sized according to reference [27].


IR and UV/Vis investigations : IR
measurements were performed with a
“Specord M82” spectrometer (IR) on
0.1–0.15m (for the n(OH) measure-
ments) or 0.02–0.025 m (for the n(MH), n(CO) and nas(OCO) measure-
ments) hydride solutions in CH2Cl2 (0.12 cm path length) using CaF2


cells. UV measurements were performed on Specord M-40 and Varian
Cary 5 spectrophotometers in CH2Cl2. Low-temperature IR and UV
measurements were carried out by using a cryostat (Carl Zeiss Jena) in
the 200–290 K temperature range. The accuracy of the temperature ad-
justment was �0.5 K. The reagents were mixed at low temperature and
the cold mixtures were subsequently transferred into the pre-cooled cryo-
stat.


Variable-temperature UV/Vis spectra of the homoconjugated PNP anion
were obtained for the equimolar mixture of PNP and potassium p-nitro-
phenolate in the presence of excess [18]crown-6. As was shown by inde-
pendent measurements, PNP forms a hydrogen-bonded adduct with the
crown ether with a band at 330–346 nm. Subtraction of this band from
the spectra gives the band of the homoconjugated PNP anion presented
in Figure 1.


NMR investigations : NMR studies were carried out in standard 5-mm
NMR tubes containing solutions of the complexes in CD2Cl2. The 1H and
31P NMR data were collected with a Bruker AMX 400 spectrometer op-
erating at 400.13 and 161.98 MHz, respectively. The spectra were calibrat-


ed with the residual protonated solvent resonance (1H) and with external
85% H3PO4 (31P). The conventional inversion-recovery method (180-
t�90) was used to determine the variable-temperature longitudinal relax-
ation time T1. Low temperature experiments were carried out in the 180–
260 K temperature range by using a TV-3000 Bruker temperature unit.
The apparatus was calibrated with a methanol standard. The accuracy
and stability of temperature was �1 K. All samples were allowed to
equilibrate at every temperature for at least 10 min. All mixings between
the alcohols and the hydride complexes were performed at low tempera-
ture.


Proton transfer equilibrium constants from NMR and UV/Vis data : For
the calculation of the proton transfer equilibrium constant leading from
[Cp*Fe(dppe)H]···HOR and ROH to [Cp*Fe(dppe)(H2)]+ ···[ROHOR]�


[R = (CF3)2CH] (K1 =k1/k�1, see Scheme 2), the concentration of


[Cp*Fe(dppe)(H2)]+ ···[ROHOR]� , on one side, and the sum of
[Cp*Fe(dppe)H] and [Cp*Fe(dppe)H]···HOR, on the other side, were de-
rived from the measured relative intensities of the significant NMR reso-
nances (hydride ligand resonance in the 1H NMR spectrum and phos-
phine resonance in the 31P NMR spectrum) or from the measured intensi-
ty of the UV band in comparison with the spectra of pure [Cp*Fe(dp-
pe)H] and [Cp*Fe(dppe)(H2)]+ . The UV/Vis spectrum of pure
[Cp*Fe(dppe)H] did not change upon formation of the hydrogen bonded
adduct [Cp*Fe(dppe)H]···HOR as verified by the stopped-flow experi-
ment. The spectrum of pure [Cp*Fe(dppe)(H2)]+ was obtained by low-
temperature (200 K) protonation with HBF4 and it is also assumed to be
independent from the hydrogen bonding with the [ROHOR]� homocon-
jugated anion.


The sum of [Cp*Fe(dppe)H] and [Cp*Fe(dppe)H]···HOR equilibrium
concentrations could be partitioned to the individual species, given the
independent knowledge of KH0 (see Results section) and the calculation
of [ROH] from Equation (1). Using KH0 to express [[Cp*Fe(dp-
pe)H]···HOR] as a function of [ROH] and ([Cp*Fe(dppe)H] +


[[Cp*Fe(dppe)H]···HOR]) and insertion into Equation (1) gives a quad-
ratic equation from which the concentration [ROH] can be calculated.
From that, the calculation of K1 is straightforward.


½ROH� ¼CROH�½½Cp*FeðdppeÞH� � � �HOR�
�2 ½½Cp*FeðdppeÞðH2Þ�þ � � � ½ROHOR���


ð1Þ


Stopped-flow investigations : The stopped-flow kinetic runs were carried
out in the temperature range 15–35 8C with a Hitech SF-61-DX2 appara-
tus coupled to a Hitech diode-array UV/Visible spectrophotometer.
Given the extreme air-sensitivity of the hydride compound, unacceptable
results were obtained at the low concentrations required for work in a
suitable absorbance range when using a regular 1 cm cell (ca. 5x10�4


m).
This phenomenon is attributed to oxidation by oxygen diffusion through
the instrument transfer lines, as confirmed by the observation of small
and irreproducible signal evolutions when shooting the same hydride so-
lution from both syringes. Switching to a tenfold concentration and to a
smaller path length (1.5 mm) reduced the oxidation problem below ac-
ceptable noise levels. Only the data that were collected within the first
2 s were analyzed, and these yielded reproducible results. The tempera-
ture range was limited by the fact that the instrument leaks at T<15 8C,


Figure 1. UV/Vis spectra at 200 K in CH2Cl2 of a) PNP (0.001 m); b) po-
tassium p-nitrophenolate (0.001 m in the presence of [18]crown-6); c) ho-
moconjugated PNP anion (band derived from the spectrum of a 1:1 mix-
ture of (a) and (b)); d) PNP (0.001 m) in the presence of [Cp*FeH(dppe)]
(0.0005m).


Scheme 2.
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whereas it is too tight at T>35 8C. All experiments were run with the
same stock solutions during the same day. After each temperature
change, the thermal equilibrium was reached within approximately
15 min and was checked by the reproducibility of the first few shots. At
least three shots were used at each temperature to obtain the averaged
results reported in the Results section. The rate data were obtained by a
global fit using the SPECFIT software.[28]


Computational details : Quantum computations were performed with the
Gaussian98[29] package at the DFT/B3 LYP level.[30–32] Core electrons of
the Fe and of the P atoms were described by using the effective core
pseudopotentials of Hay–Wadt[33, 34] and valence electrons were described
with a standard double-z basis set.[29] In the case of the P atoms, a set of
d-type functions was added to the standard basis functions.[35] Carbon
atoms and hydrogen atoms nonbonded to the metal together with atoms
of proton donors (C, F, H) not involved in hydrogen bonds were de-
scribed with a 6–31G basis set.[36] The hydrogen atom directly bonded to
the Fe atom together with hydrogen and oxygen atoms of the proton
donors involved in hydrogen bonding were then described with a 6–
31G(d,p) set of basis functions.[37] Solvent effects were taken into account
by means of polarized continuum model (PCM) calculations[38, 39] using
standard options.[29] The free energies of solvation were then computed
in dichloromethane (e= 8.93) at the geometries optimized in the gas
phase. The complexation energies in the gas phase were also corrected
from the basis set superposition errors according to the counterpoise
method of Boys and Bernardi.[40] Test calculations on the real complex
[Cp*Fe(dppe)H] were carried out using the IMOMM method,[41] with a
program built from modified versions of Gaussian98[29] for the quantum
mechanics part and mm3(92)[42] for the molecular mechanics part. The
[Cp*Fe(dhpe)H] (dhpe= PH2CH2CH2PH2) plus the proton donor consti-
tuted the quantum mechanical part (QM) of the system while the four
phenyl ligands were described by molecular mechanics (MM). The QM
part of the calculations was done at the B3 LYP level using the same
basis defined previously. The MM part calculations used the mm3(92)
force field.[43] Torsional contributions involving dihedral angles with the
metal center were set to zero. All of the geometrical parameters were op-
timized except the bond lengths of atoms involved in the QM-MM fron-
tier. The frozen values were 1.41 � for the P�H bonds of the
[Cp*Fe(dhpe)] in the quantum part and the crystallographic values for
the P�C in the MM part.


Results


Interaction of [Cp*FeH(dppe)] with PNP: UV/Vis study :
The absorptions of substituted phenols in the visible spec-
trum are highly characteristic of their protonation and hy-
drogen bonding state.[44–46] Therefore, we used p-nitrophenol
(PNP) to distinguish between all species in equilibrium.
Whereas the visible bands of the phenol (ArOH), of its con-
jugate base ([ArO]�), and of the homoconjugated anion
([ArOHOAr]�) are centered at different positions as shown
in Table 1, the bands of the hydrogen-bonded complexes
ArOH···[X]� and [ArO]�···HX, appear at intermediate posi-
tions.[47] The exact band positions are dependent on the sol-
vent[46] and temperature. The values obtained in this work


for CH2Cl2 solutions (Table 1) are in good agreement with
the literature data. Figure 1 shows the spectra of the key
species obtained.


Visible spectra were recorded for CH2Cl2 solutions of
PNP (0.001–0.003 m) in the presence of [Cp*FeH(dppe)] at
different concentrations (PNP/Fe ratios from 1:0.1 to 1:2)
and at temperatures between 200 K and room temperature.
The spectra show wide bands with a complex shape, result-
ing from the overlap of both the phenol in its various forms
and the iron hydride complexes (both free and dihydrogen
bonded). The latter bands are wide (for [Cp*FeH(dppe)]
the half-height band width Dl1=2


is ca. 130 nm)[48] and have
lower molar absorption coefficients (for [Cp*FeH(dppe)] e


(lmax = 388 nm)=2370 Lmol�1 cm�1 at 200 K). Therefore,
they contribute only in a minor way to the total absorption,
affecting mainly quantitative results. An analysis of the spec-
tral changes indicates the overlap of three bands, with
maxima centered respectively at 312, 340, and 380 nm. On
the basis of literature precedents, the following assignments
could be made: on the acid side, the band centered at
312 nm is assigned to free PNP and the band at 340 nm is as-
signed to the nonclassical dihydrogen bonded complex
[Cp*(dppe)FeH]···HOAr (Ar= p-C6H4NO2). The 28 nm red
shift is caused by the effect of hydrogen bonding on the
electronic absorption by the phenol chromophore. On the
conjugate base side, the band at 380 nm is attributed to a hy-
drogen-bonded phenolate ion, since this is blue-shifted from
the free phenolate band by approximately 50 nm. The ab-
sence of free phenolate is signaled by the absence of a band
at 430 nm. There are two possibilities for this species: the
hydrogen-bonded ion pair [Cp*(dppe)Fe(H2)]+ ···[OAr]� ,
and the homoconjugated anion [ArOHOAr]� . The latter
could either be free or further hydrogen bonded to the cati-
onic dihydrogen complex.


Upon increasing the amount of [Cp*Fe(dppe)H] at con-
stant initial phenol concentration and at constant tempera-
ture, the bands at 340 nm and 380 nm grew in intensity,
whereas the free phenol band at 312 nm decreased
(Figure 2). The plot of the intensity changes at 380 nm
versus the [Cp*(dppe)FeH] mole fraction [Eq. (2)] gives a
break point for a mole fraction of (or near) 0.3, indicating a
1:2 binding stoichiometry for the ionic species, [Cp*(dppe)-
Fe(H2)]+[ArOHOAr]� , see Figure 3.[49] The blue-shift of


Table 1. Visible bands (lmax [nm]) and their molar absorption coefficients
(e [L mol�1 cm�1]) of the free p-nitrophenol and its conjugate base in
CH2Cl2.


T [K] ArOH [ArOHOAr]� [ArO]�


280 305 (8050) 398 (19750) 423 (21250)
200 312 (9970) 400 (25250) 430 (27605)


Figure 2. UV/Vis spectra for a CH2Cl2 solution containing PNP (0.001 m)
and [Cp*FeH(dppe)] at 200 K. The Fe/PNP molar ratios are, respectively
(bottom to top): 0.1, 0.2, 0.3, 0.5, 1, and 2.
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this band relative to free [ArOHOAr]� (Table 1), suggests
further hydrogen bonding of homoconjugated anion with
the cationic dihydrogen complex, [Cp*(dppe)Fe(H2)]+ ···[Ar-
OHOAr]� .


mole fraction ¼ CFeH=½CFeH þ CPNP� ð2Þ


The spectral changes are fully reversible in the 200–260 K
temperature range, showing that no significant isomerization
to the classical dihydride complex occurs below 260 K in
agreement with our previous report.[25] Upon lowering the
temperature, the band of the free phenol decreases and
those of hydrogen-bonded phenol (340 nm) and hydrogen-
bonded ion pair (380 nm) increase (Figure 4). Note that nei-


ther the free phenolate band, expected at 420–430 nm, nor
the band of homoconjugated anion [ArOHOAr]� , expected
at approximately 400 nm, is observed, suggesting that hydro-
gen-bonded ion pair essentially does not dissociate below
260 K. These qualitative observations are in agreement with
the equilibria depicted in Scheme 2 (R=p-O2N�C6H4) and
with the exothermicity for both the hydrogen bond forma-
tion and for the proton transfer steps.


The exothermicity of the hydrogen bond formation falls
in line with the hydrogen bond strength previously deter-
mined with the MFE and TFE proton donors (�4.6 and
�5.9 kcal mol�1, respectively) and with the fact that PNP has
a proton donor ability and acidity (Pi =1.27[50] and pKa =


10.8[51] or 10.4[52] in DMSO) comparable to those of PFTB
(Pi =1.33 and pKa =10.7[51] in DMSO). Therefore, the
strength of the hydrogen bonding interaction with PNP is
expected to be even greater. The exothermicity of the
proton transfer step is also in qualitative agreement with the
thermodynamic parameters previously determined for the
[Cp*Fe(dppe)H]/HFIP system (see also later).


Interaction of [Cp*FeH(dppe)] with the TFA: IR study :
The interaction of [Cp*FeH(dppe)] with TFA was previously
investigated kinetically, but the initial proton transfer is too
fast to measure within the stopped-flow time constraints.
Only the rate of isomerization of the intermediate dihydro-
gen complex was kinetically accessible, whereas the initial
proton transfer is quantitative within the minimum time
lapse for the first measurement (ca. 1 ms). Trifluoroacetate
is a weaker base than p-nitrophenolate or [(CF3)2CHO]�


and gives weaker bonding with the dihydrogen cation.[20] Al-
though the trifluoroacetate anion is colorless preventing the
use of UV/Vis spectroscopy, IR spectroscopy can be conven-
iently used in this case because the nas(OCO) bands are suf-
ficiently diagnostic of the hydrogen bonding state of the
TFA anion. The IR spectrum in the carbonyl stretching
region for a 2:1 [Cp*FeH(dppe)]/TFA mixture is shown in
Figure 5 a. Two new bands at 1692 and 1713 cm�1, assigned
respectively to the free and hydrogen-bonded [CF3COO]�


ion, are observed. At the same time, the acid band at
1780 cm�1 is completely consumed and the n(FeH) band at
1840 cm�1 has half the intensity of a stock solution with the
same concentration. When using a fivefold excess of the
acid, no bands attributable to the free anion or to the hydro-


Figure 3. Intensity changes at 380 nm versus the [Cp*(dppe)FeH] mole
fraction. The data are from the UV/Vis spectra shown in Figure 2.


Figure 4. UV/Vis spectra taken at each 10 K interval between 200 and
260 K for a CH2Cl2 solution containing PNP (0.001 m) and
[Cp*FeH(dppe)] (0.00033m).


Figure 5. IR spectra at 200 K of CH2Cl2 solutions containing
[Cp*FeH(dppe)] and TFA. a) [FeH] =0.06 m, [TFA] =0.03 m ; b) [FeH]=


0.006 m, [TFA]=0.03 m. The spectra of the solution containing only the
free acid is also shown for comparison in both (a) and (b).
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gen-bonded ion pair are visible (Figure 5 b), whereas a wide
and low intensity band is observed at 1620 cm�1. This corre-
sponds to the free homoconjugated ion, in which the
[CF3COO]� ion is bonded to two TFA molecules.[53] Evi-
dently, since TFA is a much stronger acid, the initial hydro-
gen bond between TFA and the hydride complex is not ob-
served because proton transfer occurs very rapidly and its
equilibrium position leaves no measurable amounts of the
hydride precursor in solution. On the other hand, the tri-
fluoroacetate anion is a relatively weak base, being energeti-
cally stabilized by resonance. Thus, it is a weak proton ac-
ceptor for hydrogen bonding and consequently it is present
in large proportions as the free base in solution, in equilibri-
um with the hydrogen-bonded base. In the presence of
excess acid, the only carbonyl species present in solution are
CF3COOH and [CF3COO(HOOCCF3)2]


� .


Interaction of [Cp*FeH(dppe)] with HFIP: thermodynamics
of the hydrogen bond formation : Our previous studies of
hydrogen bonding were limited to the proton donors MFE
and TFE, for which proton transfer does not occur at all or
only very slowly at room temperature.[25] By carrying out IR
studies in the nOH region at low temperatures (200–280 K)
according to our established protocol, we have now ob-
tained the thermodynamic parameters for the [Cp*Fe(dp-
pe)H]–HFIP hydrogen bonding interaction (DH8=�6.5�
0.4 kcal mol�1, DS8=�18.6�1.7 cal mol�1 K�1) (Figure 6).
These parameters indicate stronger bonding for HFIP rela-
tive to TFE (DH8�5.4�0.3 kcal mol�1 and DS8=�13.6�
0.9 cal mol�1 K�1),[25] as expected.


The same investigation could not be carried out for the
hydrogen bonding interaction with PNP, because this phenol
(whose acidity and proton donor strength are close to those
of PFTB as shown above) yields proton transfer processes,
as is evident from the low-temperature UV/Vis spectra (e.g.
see Figure 2).


Interaction of [Cp*FeH(dppe)] with the HFIP: thermody-
namics of the proton transfer equilibrium : We have previ-
ously analyzed the proton transfer equilibrium for the
[Cp*FeH(dppe)] with the HFIP system by UV/Vis spectro-


scopy, but the analysis did not take into account the hydro-
gen bonding equilibrium [KH0 in Scheme 2, R= (CF3)2CH]
for the starting material. The knowledge that is now availa-
ble for this equilibrium (see previous section), allows us to
recalculate the equilibrium and thermodynamic parameters
for the proton transfer step. However, knowledge is still
lacking about the hydrogen bonding equilibrium for the
ionic dihydrogen complex product (KH1 in Scheme 3, R=


(CF3)2CH). The hydrogen bond in the product ion pair is ex-
pected to be stronger relative to that of the neutral precur-
sor, because of the stronger Coulombic component for the
charge-separated species. Moreover [(CF3)2CHO]� is a
stronger base than p-nitrophenolate, for which no dissocia-
tion of the hydrogen-bonded ion pair was observed (see
above). Thus, the product is likely to remain as a hydrogen-
bonded ion pair in the relatively nonpolar dichloromethane
solvent, especially in the low temperature range used for the
equilibrium measurements (200–260 K). Under this hypoth-
esis, the equilibrium KH1 may be neglected, yielding K1


(=k1/k�1).
A van�t Hoff analysis of the K1 constants derived from the


previously published[25] UV/Vis data yields DH =�5.5�
0.3 kcal mol�1 and DS=�13.0�0.6 cal mol�1 K�1. It is neces-
sary to point out that, besides the neglect of the KH1 equili-
brium, this analysis also makes use of the hypothesis of a
temperature- and anion-independent UV/Vis spectrum for
species [Cp*(dppe)Fe(H2)]+ ···[ROHOR]� (see Experimen-
tal Section and Supporting Information).


An alternative way to analyze the proton transfer equili-
brium is provided by NMR spectroscopy. Our previous con-
tribution included 1H and 31P NMR investigations of the in-
teraction between [Cp*FeH(dppe)] and ROH (TFE, HFIP,
and PFTB),[25] but did not include the accurate measurement
of the proton transfer equilibrium position as a function of
temperature. The formation of the hydrogen bond occurs
without an energy barrier, thus the NMR resonances of free
and hydrogen-bonded hydride complexes are in the fast ex-
change regime at all temperatures, as are those of the dihy-
drogen complex [Cp*Fe(dppe)(H2)]+ and that of its hydro-
gen-bonded adduct [Cp*Fe(dppe)(H2)]+ ···[ROHOR]� ,
which are seen at d��17.3 and �12.5 ppm in the 1H NMR
spectrum and at d�93.8 and 108 ppm in the 31P NMR spec-
trum, respectively. The distinction of these two resonances,
on the other hand, shows that the proton transfer equilibri-
um is in the slow exchange regime. The positions of these
peaks do not shift significantly with temperature and with
the nature or concentration of the proton donor. Thus, the
chemical shifts cannot be used as indicators for the presence
and extent of hydrogen bonding, neither for the starting


Figure 6. Equilibrium constant at different temperatures for hydrogen
bond formation between [Cp*Fe(dppe)H] and HFIP.


Scheme 3.
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neutral hydride complex, nor for the cationic nonclassical
complex.


The measured relative intensities of the significant reso-
nances (hydride ligand resonance in the 1H NMR spectrum
and phosphine resonance in the 31P NMR spectrum) yield
the equilibrium concentration of the various species report-
ed in Table 2, as detailed in the Experimental Section. The


experiment cannot give equilibrium data at temperatures
above 270 K, because of the incipient isomerization to the
classical dihydride product. We should mention here that
the resonances of the neutral hydride complex were previ-
ously reported to broaden extensively as the temperature
was raised, a phenomenon that was attributed to a fast self-
exchange with the adventitious product of one-electron oxi-
dation.[25] The present experiment was carried out on a re-
crystallized, pure sample and under rigorous conditions. The
measured 1H NMR resonance for the neutral hydride com-
plex was sharp, with a well-resolved P coupling and much
longer T1 values relative to the previous report.


As Table 2 shows, the integration of both the 1H and the
31P data leads to very similar concentration data. Again,
under the assumption that the KH1 equilibrium favors the
hydrogen-bonded adduct quantitatively (i.e. [Fe(H2)] in
Table 2 corresponds to the concentration of the hydrogen
bonded species, [[Cp*Fe(dppe)(H2)]+ ···[ROHOR]�]), the
derived values of K1 in Table 2 correspond to the true equili-
brium constant for the proton transfer process, k1/k�1. The
van�t Hoff analysis on K1 yields DH1 =�3.2�0.1 kcal mol�1


and DS1 =�4.8�0.4 cal mol�1 K�1 from the 1H NMR data;
DH1 =�3.9�0.1 kcal mol�1 and DS1 =�7.4�
0.4 cal mol�1 K�1 from the 31P NMR data. These values are
rather close to those established from the low-temperature
UV/Visible data. Averages of the values obtained with the
three different methods are: DH1 =�4.2�1.2 kcal mol�1;
DS1 =�8�4 cal mol�1 K�1.


Interaction of [Cp*FeH(dppe)] with the HFIP: proton
transfer activation barrier : The proton transfer from HFIP
to [Cp*FeH(dppe)] has been investigated by the stopped-
flow method in the temperature range 288–308 K. Our pre-
vious kinetic investigation of this process was limited to
room temperature.[25] The transformation consists of the es-
tablishment of the proton transfer equilibrium, followed by
the rearrangement to the classical dihydride product. As al-


ready established by the previous study, the hydrogen bond
formations (KH0 and KH1) are instantaneous and equilibrat-
ed, the proton transfer step (k1, k�1; first measurable rate) is
equilibrated and [RFOH]-dependent, whereas the internal
rearrangement from dihydrogen complex to classical dihy-
dride (k2 ; second measurable rate) is irreversible and
[RFOH]-independent.


The values of k1 and k�1 were
previously obtained from the
slope and the intercept of the
kobs versus [RFOH] plot for
each alcohol. We have now
taken a more rigorous ap-
proach, consisting of the use of
the complete model A!B
(k1obs), B!A (k�1obs) and B!C
(k2). The use of SPECFIT[28]


allows in principle the inde-
pendent determination of the
values of the three rate con-


stants for each experiment. The A kinetic species is the
equilibrium mixture of free and hydrogen-bonded
[Cp*Fe(dppe)H], whereas B and C are the equilibrium mix-
tures of free and hydrogen-bonded intermediate dihydrogen
complex and final dihydride product, respectively. The ex-
pression relating the observed rate constant k1obs to the true
rate constants k1 and the equilibrium constant KH0 is given
in Equation (3). The value of k�1obs corresponds to k�1 under
the above approximation of quantitative formation of the
[Cp*Fe(dppe)(H2)]+ ···[ROHOR]� hydrogen bond.


k1obs ¼
k1KH0½ROH�2
ð1þKH0½ROH�Þ ð3Þ


This analysis method has the advantage of not requiring
the use of different ROH concentrations at each tempera-
ture to determine the individual rate constants. However,
the analysis requires precise knowledge of the spectrum of
the intermediate species B. In fact, the three rate constants
are highly correlated with each other and with the position
of the proton transfer equilibrium, thus equally excellent
data fits result from analyses carried out with different B
spectra that reflect different equilibrium situations. The cor-
rect fit is only obtained if the B spectrum is that of the pure
dihydrogen complex. Of course, this intermediate species
cannot be generated in solution in a pure state, in the pres-
ence of the same counterion and under the same tempera-
ture conditions of the kinetic measurement. To circumvent
this problem, we have generated several different solutions
of the “pure” dihydrogen complex under different condi-
tions and recorded their spectra, and we also constructed
spectra of the pure complex with the same counterion (see
Supporting Information). Consistent results were obtained
by using five different spectra, but only limited to the activa-
tion parameters related to the forward rate constant k1. The
most reliable results are believed to be DH�


1 =2.6�
0.3 kcal mol�1 and DS�


1 =�44.5�1.1 cal mol�1 K�1.[54] The


Table 2. Concentrations of different species as a function of temperature from the 1H and 31P NMR study of
the reaction between [Cp*FeH(dppe)] and HFIP.[a]


T 1H spectra 31P spectra
[FeH][b] [FeH···H][c] [Fe(H2)][d] K1 [FeH][b] [FeH···H][c] [Fe(H2)][d] K1


220 0.0323 0.0224 0.0127 125.17 0.0343 0.0204 0.0141 171.33
240 0.0373 0.0174 0.0120 72.58 0.0379 0.0168 0.0126 82.28
250 0.0393 0.0154 0.0109 55.10 0.0397 0.0150 0.0114 60.16
260 0.0411 0.0136 0.0095 41.31 0.0411 0.0136 0.0096 41.80
270 0.0430 0.0117 0.0082 32.82 0.0431 0.0116 0.0084 34.30


[a] CFe = CHFIP =0.0547 m. [b] [FeH]= [Cp*Fe(dppe)H]. [c] [FeH···H]= [Cp*Fe(dppe)H···HOR]. [d] [Fe(H2)]=


([[Cp*Fe(dppe)(H2)]+] + [[Cp*Fe(dppe)(H2)]+ ···[ROHOR]�]).
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full set of results is available as Supporting Information. The
activation parameters for the k�1 and k2 steps turned out to
be extremely sensitive to the nature of the B spectrum.
Their discussion is not warranted here (see Supporting In-
formation). The activation parameters for the reverse
proton transfer step (k�1) may be more appropriately esti-
mated from the independent knowledge of the activation
parameters of the forward step plus the equilibrium parame-
ters obtained from the UV/Vis or NMR studies (see previ-
ous section). The activation parameter for the isomerization
step (k2) will be measured independently and more accu-
rately using a stronger proton donor, and the results will be
reported in a separate contribution.[26]


In conclusion, the combination of the various techniques
used to investigate the interaction between [Cp*Fe(dppe)H]
and HFIP, to yield [Cp*Fe(dppe)(H2)]+ and [ROHOR]�


(R= (CF3)2CH), affords the following information: 1) the
equilibrated proton transfer process occurs starting from the
hydrogen-bonded adduct [Cp*Fe(dppe)H]···HOR only after
intervention of a second ROH molecule and leads to the hy-
drogen-bonded adduct [Cp*Fe(dppe)(H2)]+ ···[ROHOR]� ;
2) this product equilibrates with the free ions but this equili-
brium most probably lies on the side of the hydrogen
bonded ion pair, at least in dichloromethane at low temper-
atures; 3) the proton transfer process is exothermic (DH8
between �3 and �5 kcal mol�1) and with a negative entropy
(DS8 between �5 and �13 cal mol�1 K�1); 4) the proton
transfer has a low activation enthalpy (2.6�0.3 kcal mol�1)
and a very negative activation entropy (�44.5�
1.1 cal mol�1 K�1).


Theoretical study : Theoretical calculations have been car-
ried out on the reaction between models of the [Cp*Fe(dp-
pe)H] complex and different proton donors HA to highlight
some of the governing factors of each step of the protona-
tion reaction.[20] The presentation of the theoretical results is
divided in two parts. The first one will be devoted to the
thermodynamics of the formation of the initial hydrogen-
bonded complexes, both in the gas phase and in dichlorome-
thane (DCM). In the second part, we will focus on the ther-
modynamics and the kinetics of the proton transfer process
converting the hydrogen-bonded complexes to the ion pair.
The solvent and the homoconjugated pairing effects are also
discussed in this section.


Determination of the hydrogen bonding site : We have con-
sidered the interaction of the [Cp*Fe(dhpe)H] (dhpe=


H2PCH2CH2PH2) model complex with the following set of
proton donors of increasing acidity: MFE<TFE<HFIP<
PFTB<TFA, that is, the proton donors that were used in
our previous experimental investigation.[25] The formation of
the hydrogen bond was investigated at both the hydride and
metal sites. The optimized geometries of the hydrogen-
bonded adducts are presented in Figure 7 with the associat-
ed parameters in Table 3.


The geometrical parameters that describe the hydrogen
bond are quite similar to those computed previously[20] for


[CpRuH(CO)(PH3)], as a model of the [CpRuH-
(CO)(PCy)3] complex, interacting with moderate proton
donors. The computed dihydrogen bonds (AH···HFe) are
slightly shorter than those reported for the [CpRuH-
(CO)(PH3)] model complex due to the higher basicity of
[Cp*Fe(dppe)] (Ej = 1.35 for [Cp*Fe(dppe)H][25] compared
to Ej =1.02 for [CpRuH(CO)(PCy3)].[12] The formation of
the hydrogen bonds is reflected in the lengthening of the
OH bond lengths (Dd(OH)) from their values in the isolated
proton donors and consequently by the shift of n(O�H), see
Table 3. Note that Dd(OH) is greater for the hydride site,
signaling stronger bonding. The binding of the proton
donors at the hydride site also produces a Fe�H bond
lengthening, which follows the order of the acidic strength
of the proton donor. On the other hand, the Fe�H bond is
slightly shortened by the binding at the metal site.


Figure 7. Optimized geometries of the hydrogen-bonded adducts at the
hydride and metal sites with the set of proton donors. Hydrogen atoms
(except for those involved in the hydrogen bond) are omitted for clarity.
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The energy changes associated with the hydrogen bond
formation are more negative for the hydride site than for
the metal site for all the proton donors (Table 3). This trend
is observed both in the gas phase and in DCM. DG values
at the metal site are positive for TFE, HFIP and PFTB, and
very slightly negative for MFE and TFA, meaning that the
corresponding hydrogen-bonded complexes presumably do
not exist in solution. The gas phase complexation energies
of the different proton donors at the hydride site follow the
acidic strength order. The same trend is found at the Fe site,
except for the PFTB molecule. In comparison with the other
proton donors, PFTB is a quite bulky molecule due to the
three CF3 groups, preventing the PFTB from easily reaching
the Fe site. The complexation
energies are in the same range
as those obtained for the same
kind of interactions in other hy-
dride systems.[56–58]


The hydrogen bond forma-
tion enthalpies, DH8, reported
in Table 3 are calculated by
means of the Iogansen�s empiri-
cal rule,[55] using the computed
OH frequency shifts. There is rather good agreement be-
tween the computed hydrogen bonding enthalpies and those
obtained from the IR experiments (�4.6 kcal mol�1 for
MFE, �5.9 kcal mol�1 for TFE).[25] Our computed DH8
values are slightly more negative, possibly because the ex-
perimental values are obtained in dichloromethane solvent
whereas the frequency calculations were carried out in the
gas phase where the interaction between the proton donor
and the [Cp*Fe(dhpe)H] complex is stronger. As expected,
the more acidic the proton donor, the stronger the interac-
tion (as reflected by more negative values of DH8). This is
in agreement with the experimental trends of DH8 for MFE,
TFE and HFIP. In addition, bonding energies corrected by
the basis set superposition error (BSSE) have been also cal-
culated because previous results concerning M�H···H�OR
hydrogen bonds showed that the BSSE can be very impor-
tant in this type of system.[59] Indeed, the BSSE energy can
be up to 50 % of the interaction energy both at the hydride


and the metal site. Consequently, the BSSE-corrected ener-
gies at the hydride site are close to the enthalpies of forma-
tion of the hydrogen bond. At the metal site, the BSSE
causes the complexation energies to be close to zero or even
positive, meaning that the BSSE is the main component of
the complexation energies. These first computational results
identify the hydride site of the [Cp*Fe(dhpe)H] complex as
the initial bonding site for all proton donors prior to the
proton transfer process, in agreement with the experimental
results on the [Cp*Fe(dppe)H] complex.[25]


We have checked the suitability of the model used above
by carrying out additional calculations on different models
of the iron complex with TFE as proton donor (Table 4).


Whatever the model used, the complexation energy is
always more negative at the hydride site than at the metal
site. At the hydride site, going from [CpFe(dhpe)H] to
[Cp*Fe(dhpe)H], the complexation energy is slightly more
negative because the electron richer Cp* ligand enhances
the basicity of the hydride ligand. Adding the phenyl to the
P atoms at a molecular mechanics level does not change the
energy in a significant way, meaning that there is no steric
hindrance at the hydride site caused by the phenyl groups.
In fact, the Cp* is slightly tilted away from the hydride site
and the access to the proton acceptor site is consequently
easier at the hydride than at metal site (see Figure 7). To in-
troduce the electronic effects of the phenyl substituents
while keeping the computation affordable, B3 LYP interac-
tion energies on the real [Cp*Fe(dppe)H] system have been
calculated by means of full quantum-mechanical single-
point calculations at the IMOMM optimized geometries.
The reliability of such an approach has been discussed previ-


Table 3. Parameters describing the hydrogen-bonding interaction at the hydride and metal sites for complex [Cp*Fe(dhpe)H].


HA d(H···X)[a] Dd(Fe�H)[b] Dd(O�H)[b] Dn(O�H)[b] DE Gas[c] DE Gas BSSE[d] DG DCM[e] DH8[f]


[�] [�] [�] [cm�1] [kcal mol�1] [kcal mol�1] [kcal mol�1] [kcal mol�1]


MFE H···H[g] 1.617 0.007 0.016 �330 �10.6 �6.1 �3.7 �5.7
H···Fe[h] 2.949 �0.004 0.006 �122 �6.8 0.2 �0.7 �2.6


TFE H···H[g] 1.584 0.012 0.021 �432 �12.2 �6.1 �4.1 �6.8
H···Fe[h] 2.688 �0.004 0.012 �257 �7.2 �1.0 0.7 �4.8


HFIP H···H[g] 1.513 0.016 0.027 �571 �13.8 �7.4 �4.2 �8.0
H···Fe[h] 2.593 �0.005 0.015 �361 �8.1 �0.9 1.2 �6.0


PFTB H···H[g] 1.381 0.014 0.045 �898 �14.3 �7.6 �3.7 �10.0
H···Fe[h] 2.675 �0.006 0.017 �353 �7.2 0.6 3.6 �7.0


TFA H···H[g] 1.374 0.015 0.048 �954 �14.5 �10.7 �5.9 �10.4
H···Fe[h] 2.418 �0.007 0.021 �701 �9.1 �4.3 �0.1 �8.9


[a] X= (H, Fe). [b] Difference between the value in the free compounds and in the hydrogen-bonded adduct. [c] Complexation energy in the gas phase.
[d] Complexation energy in the gas phase corrected by the basis set superposition error. [e] Complexation free energy in dichloromethane. [f] Enthalpy
of the hydrogen bond formation from Iogansen�s empirical rule.[55] [g] Hydride site. [h] Metal site.


Table 4. Gas phase hydrogen bond energies (in kcal mol�1) at hydride and metal sites with TFE for different
models of the real [Cp*Fe(dppe)H] complex.


[CpFe(dhpe)H] [Cp*Fe(dhpe)H] [Cp*Fe(dppe)H] [Cp*Fe(dppe)]
B3 LYP B3 LYP IMOMM IMOMM/B3 LYP[a]


DE Gas H···H �10.6 �12.2 �12.8 �12.3
DE Gas H···Fe �7.5 �7.2 �4.4 �3.2


[a] Interaction energies computed at the B3 LYP level on the IMOMM optimized geometries.
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ously.[60,61] The interaction energy at the hydride site remains
almost unchanged, showing that the electronic effect of the
phenyl substituents is also small. The results at the metal
site contrast with those at the hydride site. [CpFe(dhpe)H]
and [Cp*Fe(dhpe)H] model complexes lead to comparable
energies, but adding phenyl ligands at the IMOMM level de-
creases the interaction energy considerably. This highlights
the steric hindrance caused by the phenyl substituents of the
dppe ligand when the proton donor comes close to the
metal site. The electronic effects of the phenyl groups, on
the other hand, seem less important than for the case of the
hydride site, as shown by the similar values of the IMOMM
and IMOMM/B3 LYP interaction energies.


As a conclusion of this calibration study, [Cp*Fe(dhpe)H]
seems a good model of the real system for what concerns
the interaction energies at the hydride site, whereas it over-
estimates the interaction energies at the metal site. This is
mainly due to the neglect of the steric effects introduced by
the phenyl substituents.


Proton transfer for TFA and HFIP : In some of the proton
transfer investigations we shall use a system comprising two
proton donor molecules, in line
with the experimental results of
the kinetics study and with pre-
vious computations on other
systems.[20] This considerably
enlarges the size of the system.
Therefore, for computational
limitation and in order to keep
the computation affordable, we
have only considered the
[CpFe(dhpe)H] model in this
part. However, we have first
carried out test computations to
check how the computational
level and the chosen model
affect the gas phase hydride
proton affinity (PA), that is, the energy change involved in
Equation 4, for the monohydride iron complex. The results
are reported in Table 5.


½Fe��HþHþ ! ½½Fe�ðh2-H2Þ�þ ð4Þ


The B3 LYP level of computation with the basis set used
appears suitable for our purpose. CCSDT proton affinities
are close to the B3 LYP results. The effect of adding polari-
zation functions to the carbon atoms of the Cp can be con-
sidered as unimportant because the values only change by
about 1.0 kcal mol�1. The proton affinity increases on going
from the simplest to the largest models. Substitution of Cp
by the more basic Cp* ligand increase the PA by
8.6 kcal mol�1. The electronic effect of the phenyl substitu-
ents further increases the PA by a similar amount (8.6 kcal -
mol�1). The model system adopted presents a slightly lower
proton affinity than the real system, but the difference
amounts to only 7 %.


TFA : Starting from the hydrogen-bonded adducts presented
in the previous section (Figure 7) we have studied the
proton transfer process both to the hydride and to the metal
site. We started by optimizing the geometry of the final
products: the ion pair comprising the dihydrogen complex
(protonation at the hydride site) or dihydride complex (pro-
tonation at the metal site) and [CF3COO]� .


In the gas phase, both ion pairs are found as minima
(Figure 8). In the optimized structures the O···H separations
are 2.053 � and 1.849 � at hydride and metal site, respec-
tively. The proton transfer therefore seems more accom-


plished at the hydride site, highlighting the stronger basicity
of the hydride ligand relative to the metal. One must notice
that ion pairs were previously reported as stable structures
along the pathway to the protonation of metal hydrides only
when a second molecule of a moderate proton donor was in-
volved in the transfer, by the homoconjugated pairing
effect.[20] Here, a second proton donor molecule is not re-
quired to obtain a stable ion pair. This is in good agreement
with the experimental result when protonation of the
[Cp*Fe(dppe)H] complex is carried out with a low concen-
tration of TFA (see next section).


Figure 9 reports the energetic profile for the proton trans-
fer from one molecule of TFA to [CpFe(dhpe)H]. The O�H
bond length of the TFA donor has been chosen as the reac-
tion coordinate. All the other geometrical parameters were
optimized for each fixed value of the reaction coordinate.
The profiles in DCM solvent were obtained from single-
point calculations on each point of the gas phase profiles
with the PCM continuum model of the solvent. The energy


Table 5. Proton affinity of the monohydride complex


Proton affinity [kcal mol�1]


[CpFe(dhpe)H]/B3 LYP 250.1 (251.1[a])
[CpFe(dhpe)H]/CCSDT[b] 255.1
[Cp*Fe(dhpe)]/B3LYP 258.7 (259.4[a])
[Cp*Fe(dppe)H]/IMOMM 256.5
[Cp*Fe(dppe)H]/B3 LYP 267.1


[a] Computed by adding polarization functions on the carbon atoms of
the Cp ring. [b] Single-point CCSDT computation on DFT/B3 LYP-opti-
mized geometries.


Figure 8. Optimized geometries of the [[Fe]-“H2”]+ ···[OOCCF3]
� ion pairs. Left: protonation at the hydride


site; right: protonation at the metal site. Hydrogen atoms of PH2CH2CH2PH2 are not displayed.
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of the dihydrogen-bonded adduct was taken as the zero of
energy.


The gas-phase energy barriers to form the ion pair at the
hydride site and at the metal site are 10.9 and 16.0 kcal -
mol�1, respectively. In DCM solvent the corresponding
values are 4.6 kcal mol�1 and 11.3 kcal mol�1. The kinetic
effect of the solvent is to lower the energy barriers in com-
parison to the gas phase. The ion pairs resulting from the
protonation at the hydride and metal site are found to be
10.2 and 15.8 kcal mol�1, respectively, above the hydrogen-
bonded complexes in the gas phase, and at 2.2 and
10.8 kcal mol�1 in DCM. We can see that there is also a ther-
modynamic effect of the solvent, stabilizing the charged spe-
cies to a greater extent than the initial neutral hydrogen-
bonded ones. Both solvent effects (kinetic and thermody-
namic) are more pronounced for protonation at the hydride
site, in good agreement with the experimental evidence that
proton transfer takes place at the hydride site to form the
ion pair with the nonclassical [Cp*Fe(dppe)(h2-H2)]+ ion
prior to the dihydrogen-dihydride isomerization.


We have also computed the energy profile of the proton
transfer with a second TFA molecule assisting protonation
by homoconjugated pairing. This situation can be related to
experiments with an excess of TFA. The resulting [Fe(H2)]+


···[OC(CF3)O···HOOCCF3]
� ion pairs are also found as


minima. The ion pairs together with the initial dihydrogen
bonded complexes are depicted in Figure 10.


In the initial hydrogen-bonded adducts with two TFA
molecules, the latter are joined by a O···H hydrogen bond,
with O�H separations of 1.735 � and 1.773 � for the hy-
dride and Fe bonded adducts, respectively. In the two corre-
sponding ion pairs there is a strong hydrogen bond in the


homoconjugated pair, with similar intermolecular hydrogen
bond length (1.351 � and 1.347 �, respectively). However,
the O···H separation between the homoconjugated anion
and the cationic [CpFe(dhpe)H2]


+ is shorter at the hydride
site (2.215 �) than at the metal site (2.439 �) reflecting the
greater basicity of the former. Moreover, these values are
longer than those computed with a single molecule of
CF3COOH, showing that the second molecule enhances the
acidity and favors the proton release.


Figure 11 reports the energetic profile of the proton trans-
fer process to [CpFe(dhpe)H] involving two hydrogen-
bonded TFA molecules. The role of the second TFA mole-
cule is to provide extra stabilization, through a strong hydro-
gen bond, to the [CF3COO]� base left over after the proton
release, thereby reducing its basicity. The same effect was
reported for the protonation of [CpRuH(CO)(PCy3)][20] and
[Cp*Fe(dppe)H][25] by weaker proton donors at the experi-
mental and computational levels. There is a low energy bar-
rier of about 3.0 kcal mol�1 to be overcome to form the pro-
tonated dihydrogen complex in the gas phase, and this com-
pletely vanishes in CH2Cl2, meaning that this is quite an
easy process. This result is in good agreement with experi-
ment, because the proton transfer is very fast for TFA and
the associated rate constant could not be estimated.[25]


Moreover, as the solvent stabilizes the charge-separated
proton transfer product to a greater extent than the neutral
hydrogen-bonded complex, the process is more exothermic
in dichloromethane than in the gas phase.


The situation is quite different when considering protona-
tion at the Fe site. The potential energy curve for protona-
tion exhibits a barrier of approximately 4.2 kcal mol�1 in the
gas phase, slightly higher than that for the protonation at


Figure 9. Potential energy curves for the proton transfer from one TFA
molecule to complex [CpFe(dhpe)H] at the hydride (top) and metal
(bottom) sites. The O�H length of the transferring proton is the reaction
coordinate. Energies are in kcal mol�1.


Figure 10. Top view of the optimized geometries of hydrogen-bonded
complexes (top) and of the ion pair (bottom) with two TFA molecules.
Left: hydride site protonation; right: metal site protonation. Hydrogen
atoms of Cp and PH2CH2CH2PH2 are not displayed.
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the hydride site. However, a barrier of 3.1 kcal mol�1 still re-
mains when adding the solvent effect. The kinetics of the
proton transfer are consequently enhanced by the dichloro-
methane solvent only at the hydride site as we have found
previously for the protonation with a single molecule of
TFA. On the whole, our theoretical results confirm that the
protonation is favored at the hydride site. In conclusion, the
results show that there is a correlation between the thermo-
dynamics of the hydrogen bond and the proton transfer ki-
netics for the two sites.


HFIP : We have performed the same computations reported
above for the protonation process with HFIP because both
kinetic and thermodynamic data are experimentally availa-
ble. Attempts to optimize ion pairs related to proton trans-
fer (at hydride and at metal sites) always failed when con-
sidering only one molecule of HFIP, the system going back
to the initial hydrogen bonded complexes without exception.
As HFIP is a weaker acid than TFA, its conjugate base is
consequently stronger than [CF3COO]� . The [(CF3)2CHO]�


ion is a stronger base than the [CpFe(dhpe)H] complex pre-
venting the loss of one proton. For HFIP, a second molecule
is needed to localize the ion pair as a minimum, by the ho-
moconjugate pairing effect. One may remark that, for HFIP,
the same oxygen atom of one conjugate base is involved in
two hydrogen bonds (Figure 12) in comparison to TFA
where one oxygen atom is involved in hydrogen bonding
with the homoconjugate acid and the other one with the
protonated complex (Figure 10). The O···H bond lengths be-
tween the homoconjugated anion and the protonated com-
plex are respectively 1.807 � and 2.031 � at the hydride and
the metal sites reflecting a stronger interaction in the former


case. Conversely, hydrogen bonding with the proton of the
second alcohol molecule is stronger in the latter case
(1.423 � and 1.381 �, respectively).


The potential energy curves of the proton transfer with
the two HFIP molecules (Figure 13) point out the same gen-
eral solvent effects as found with TFA. At the hydride site,
the energy barrier to formation of the ion pair in dichloro-


Figure 11. Potential energy curves for the proton transfer from two TFA
molecules to the Fe complex at the hydride (top) and metal (bottom)
sites. The O�H length of the transferring proton has been taken as the
reaction coordinate. Energies are in kcal mol�1.


Figure 12. Optimized geometries of hydrogen-bonded complexes (top)
and of the ion pair (bottom) with two HFIP molecules. Left: hydride site
protonation; right: metal site protonation. Hydrogen atoms of Cp and
PH2CH2CH2PH2 are not displayed.


Figure 13. Potential energy curves for the proton transfer from two HFIP
molecules to the Fe complex at the hydride (top) and metal (bottom)
sites. The O�H length of the transferring proton has been taken as the
reaction coordinate. Energies are in kcal mol�1.
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methane (5.6 kcal mol�1) is lower than in the gas phase
(8.7 kcal mol�1), illustrating the kinetic effect of the di-
chloromethane solvent. The proton transfer step with two
HFIP molecules appears as an endothermic process by
4.2 kcal mol�1. Concerning the proton transfer at the metal
site, the solvent lowers the energy barrier found in the gas
phase. However, a barrier of 12.9 kcal mol�1, more than
twice that for the protonation at the hydride site (5.7 kcal
mol�1) still remains.


We have also considered that, after the formation of the
dihydrogen-bonded complex at the hydride site, the second
HFIP molecule may form a hydrogen bond at the metal site.
In other words, the metal and the oxygen atom of the first
HFIP molecule may compete as basic centers for the incom-
ing HFIP proton. The optimized geometry of this adduct is
represented in Figure 14. This complex lies 5 kcal mol�1


above the adduct of the HFIP dimer hydrogen bonded at
the hydride site (Figure 12, top left). Consequently, it can be


stated that in the presence of an excess of HFIP the initial
complex involves the participation of an HFIP dimer form-
ing a dihydrogen bond at the hydride site. As for the TFA
case, we find a correlation between the thermodynamics of
hydrogen bonding and the kinetics of proton transfer, in
favor of the hydride site.


Although the calculations reproduce the main features of
the proton transfer process, there is a discrepancy between
the calculated and experimental thermodynamics. The ex-
periment shows that the proton transfer from a single TFA
molecule is possible, whereas the calculation shows this as
endothermic. The experiment also shows exothermicity for
proton transfer with two HFIP molecules, whereas the cal-
culation also shows this as slightly endothermic. In both
cases, the error has the same origin: the relative stability of
the protonation product (the dihydrogen complex) is under-
estimated with respect to that of the reactant (the monohy-
dride + the proton donor). The cause of this discrepancy is
evident from the calibration of the proton affinity discussed
above ([Eq. (4)] and Table 5). The model system adopted,
with Cp and dhpe instead of the actual Cp* and dppe li-
gands, presents a lower proton affinity than the real system.


Thus the protonation process in the model system will be
less exothermic than in the real one.


Discussion


Hydrogen bonding site : The calculations agree with the ex-
perimental study in terms of the identification of the hy-
dride ligand as the preferred hydrogen bonding site. Accord-
ing to the calculations, the interaction with the metal is
much less exothermic than the interaction with the hydride.
Steric effects probably play the most important role favoring
M�H···H over M···H hydrogen bonds for the
[Cp*FeH(dppe)] system. For this system, hydrogen bonding
at the hydride site involves only the hydride ligand, and hy-
drogen bonding at the metal site only the metal center,
since the two sites are mutually trans. The proton donor sub-
stituents get much closer to the metal coordination sphere
when binding occurs at the metal site. Indeed, our computa-
tional work shows that the interaction energy at the metal
site decreases considerably when moving from dhpe to
dppe, whereas a much smaller effect is observed for the in-
teraction energy at the hydride site. For all other previously
investigated hydride complexes, hydrogen bonding to the
metal site occurs in a cis position relative to the hydride site.
The cutoff between metal site and hydride site is not so
clear in those cases because even for M···H separations of
about 2.6 � (the usual distance for this kind of interaction)
there will also be relatively short H···H separation. These
hydrogen bonds could be more appropriately described as
bifurcated,[59, 63] and the steric effects may play more similar
roles for the two types of interactions.


There does not appear to be a clear correlation between
the hydrogen bonding site preference and the basicity
factor, which reflects the electronic effects. The basicity fac-
tors of hydride ligands reported to date vary from 0.7 to
1.6.[13] Relative to the complex [Cp*FeH(dppe)] (Ej =1.36�
0.02),[25] which prefers to use the hydride site, hydrogen
bonding has been shown to occur at the metal site for com-
pounds with both higher basicity factors, for example,
[(NP3)ReH3] (Ej =1.46�0.01) (NP3 = N(CH2CH2PPh2)3)


[10]


and (PP3)RhH (Ej =1.40),[64] and lower ones, for example,
[WH4(dppe)2] (Ej =1.20).[65] Thus, the reasons for the prefer-
ence of the metal or hydride site for hydrogen bonding are
not clear at the moment. This topic definitely needs further
work, both at the experimental and at the theoretical levels,
greater understanding and predictive power may be at-
tained.


The experimentally determined hydrogen bonding ener-
gies (�6.5�0.4 kcal mol�1 for HFIP, (cf. �5.9�
0.4 kcal mol�1 for TFE and �4.6�0.4 kcal mol�1 for
MFE)[25]) follow the acidity strength and are of the same
order than those reported for other M�H··H interac-
tions.[56–58,66, 67] The computed hydrogen bond formation en-
thalpy values are slightly more negative than those obtained
experimentally, possibly because the frequency calculations
were carried out in the gas phase where the interaction be-


Figure 14. Optimized geometry of a [CpFe(dhpe)H]·2 (HFIP) isomer with
one HFIP molecule hydrogen-bonded at the hydride site and the second
one at the metal site. Hydrogen atoms of Cp and PH2CH2CH2PH2 are
not displayed.


Chem. Eur. J. 2005, 11, 873 – 888 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 885


FULL PAPERHydrogen Bonding and Proton Transfer to [Cp*Fe(dppe)H]



www.chemeurj.org





tween the proton donor and the [Cp*Fe(dhpe)H] complex is
stronger than in the dichloromethane solvent. The basicity
of the complex [Cp*FeH(dppe)] is sufficiently high to allow
proton transfer even in the presence of a proton donor as
weak as TFE. The dihydrogen bond formed as the first
stage of the protonation reaction determines the direction
of the proton transfer process yielding the nonclassical dihy-
drogen complex.


Proton transfer activation barrier and equilibrium : The di-
hydrogen complex formation is reversible below 260 K, the
equilibrium shifts to the right with a temperature decrease
or with an acid strength increase. For the [Cp*FeH(dppe)]/
HFIP system the negative enthalpy (DH1 =�3.2 to
�5.5 kcal mol�1) and entropy (DS1 =�4.8 to �13.0 cal m-
ol�1 K�1) values for proton transfer step were estimated
from the low temperature NMR and UV/Vis studies. The
enthalpic profile for the reaction is summarized in
Figure 15.


Our previous kinetic investigation of [Cp*FeH(dppe)]/
HFIP, though limited to a single temperature (298 K), al-


lowed us to establish that the proton transfer process is
equilibrated and that the forward rate law has a first-order
dependence on the alcohol concentration. In combination
with the kinetics study involving the proton donors TFE
(weaker), PFTB and TFA (stronger), the study also revealed
that the proton transfer rate constant increases with the
proton donor strength.[25] The variable-temperature investi-
gation reported here has provided the activation parameters
for the proton transfer process, DH�


1 =2.6�0.3 kcal mol�1


and DS�
1 =�44.5�1.1 cal mol�1 K�1. Even though the activa-


tion enthalpy is relatively small, the entropic term is such
that the activation free energy is in the 12–16 kcal mol�1


range between 200 and 300 K, in agreement with the obser-
vation that the NMR resonances of the two equilibrating
species are observed separately (slow exchange limit). The
proton transfer equilibrium, however, is characterized by a
smaller negative entropy (�4 to �7 e.u. from the NMR


study; �13 e.u. from the UV/Vis study), indicating that the
transition state is much more ordered than both reagents
and products. This is so because the two entities that consti-
tute the starting and final systems are rather loose, the re-
agents having a hydrogen bond of moderate strength (H···H
length of 1.394 � for the [Cp*(dppe)FeH]·2HFIP adduct)
and the product featuring a hydrogen-bonded ion pair with
a relatively long H2-anion separation (H···O length of
1.807 �). On the contrary, in the TS there is a strong inter-
action between the two tightly bonded units. In fact, the
transition state can be regarded as an H2 entity (H�H
length 0.915 �) simultaneously bonded to both the
[Cp*Fe(dppe)]+ and the [AHA]� units (Fe�H and H�O
1.568 and 1.40 �, respectively). Therefore, the two units
have lost degrees of freedom in the TS leading to a negative
activation entropy.


The barrier is particularly sensitive to the strength of the
proton donor as shown by the computational study. The hy-
drogen bonds have been described as incipient proton trans-
fer reactions.[68] Thus it can be expected that a correlation
exists between the strength of the M�H··H interaction and


the proton-transfer activation
barrier. Indeed we have found
such correlation in the two
proton transfer reactions stud-
ied, with TFA and HFIP as
proton donors. In the limit, in-
creasing the dihydrogen bond
strength should lead to a com-
plete transfer of the proton
onto the hydride and result in
the formation of a h2-dihydro-
gen ligand.


In this respect, it is interest-
ing to analyze the role played
by the intervention of a second
proton donor molecule, leading
to the dihydrogen complex
[Fe(H2)]+ ···[AHA]� . This inter-
vention is crucial as shown both


experimentally and theoretically. During the proton transfer
from H�A···HA to the hydride site, several processes are si-
multaneously taking place: A) weakening of the H�A bond;
B) weakening of the Fe�H bond; C) establishment of the
Fe-(H2) three-center, two-electron bond; D) strengthening
of the hydrogen bond between A� (originating from the
proton donor) and the second HA molecule, leading to the
homoconjugated anion AHA� . Only contributions A and D
depend on the nature of the proton donor. The calculated
parameters (see Results Section) clearly show that the
second HA molecule increases the strength of the primary
dihydrogen bonding interaction (so-called cooperative effect
in hydrogen bonding)[69] and therefore facilitates proton
transfer. It is also possible to imagine that the slightly acidic
protons of the dichloromethane solvent molecules interact
in the same manner with the proton donor molecule, there-
by assisting the proton-transfer process.[62] On the other side


Figure 15. Enthalpic profile for the reaction between [Cp*Fe(dppe)H] and HFIP.
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of the equilibrium process, the anion stabilization provided
by the second proton donor molecule also contributes to
lower the activation barrier and to increase the reaction
exothermicity (e.g. compare Figure 9 with Figure 11).


Nature of the conjugate base : Our previous spectroscopic
study (see Introduction) could not provide detailed informa-
tion on the nature of the proton donor conjugate base,[25]


that is, whether it is free or hydrogen-bonded (as in II or
V), by itself or associated with the proton donor in a homo-
conjugated anion. The reason for this lack of information is
the fact that the conjugate bases of the fluorinated alcohols
used in that study are colorless species and do not exhibit
any typical IR absorptions that could signal their hydrogen
bonding with the product dihydrogen complex. The p-nitro-
phenol used in the current study show a diagnostic change
of the absorption maximum as a function of their protona-
tion status, whereas the anion of TFA exhibits IR absorp-
tions that are also quite sensitive to hydrogen bonding.


The experimental evidence, backed up by the computa-
tional work, show that the stronger proton donor TFA is ca-
pable of transferring the proton without assistance from a
second TFA molecule (equation (a) in Scheme 4). The ion
pair [Cp*(dppe)Fe(H2)]+ ···�[OCOCF3], in equilibrium with


the free ions, forms under conditions of a deficit of TFA.
Excess acid then quantitatively produces the free homocon-
jugated anion, [CF3COO(HOOCCF3)2]


� . On the other
hand, the phenol, like the fluorinated alcohols, is a much
weaker proton donor than TFA (in DMSO, pKa 3.45 for
TFA, 10.7 PFTB, 17.9 HFIP and 23.5 TFE).[51] It therefore
behaves in the same fashion as the fluorinated alcohols for
which the intervention of a second proton donor molecule
was proven by the kinetic investigation (equation (b) in
Scheme 4).


Solvent effects : The protonation of a neutral hydride is a re-
action involving the generation of charged species from neu-
tral reactants. In this type of process solvent effects are very
important. Polar solvents will assist the charge generation
process. This behavior can be observed comparing the com-
puted energy profiles for the proton transfer in the gas
phase and dichloromethane (see for instance Figure 13). The
stabilization caused by the solvent is greater on the product
side (ion pair) than at any other point along the pathway.
As a result, the monotonically growing energy profile ob-
tained in the gas phase is turned into a double well in DCM.
The polarity of the solvent will also play a major role in the
charge separation step which leads from the hydrogen-
bonded ion pair to the free ions.


Conclusion


The present study has allowed us to look more closely at the
energy profile and mechanism of the proton transfer process
to compound [Cp*Fe(dppe)H]. The general features of this
process are identical to those established for the protonation
of many other hydride complexes: faster proton transfer to
the hydride site, followed by isomerization. The combined
experimental and theoretical work has addressed the
strength of the hydrogen-bonding interaction, the energetic
barrier to the proton transfer step, and the thermodynamics
of the proton transfer equilibrium. The preferred site of hy-
drogen bonding and the strength of the resulting interaction
are shown to correlate with the site of the kinetic protona-
tion and with the proton transfer barrier. Finally, important
new information on the proton transfer assistance by a
second proton donor molecule was revealed by the compu-
tational study. The second molecule enhances the ability of
the proton donor and stabilizes the transition state and the
final product by homoconjugated anion formation. Howev-
er, sufficiently strong proton donors (in our case, TFA) are
capable of transferring the proton without the need of such
assistance.
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Hydroformylation and Isomerization of Allene and Propyne:
A Density Functional Theory Study
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Introduction


Hydroformylation (“oxo synthesis”) of olefins to give alde-
hydes as predominant products, discovered by Roelen in
1938, is an intriguing and well-studied reaction.[1–7] Today,
this method has developed into an extremely important in-
dustrial process with worldwide capacity over six million
tons per year.[4] Surprisingly, the product range of technical
hydroformylation has remained nearly unchanged in the
past five decades, although during the stage of 1965 to 1980
a remarkable diversification of products, refinement of
methods and further development of the Co-based processes
took place as did the initial penetration and substitution of
these processes by Rh-based catalysts.[8] Up until now, the
expansion of the products by modifying catalysts and utiliz-


ing the diverse feedstock is still a challenging and promising
project.


The hydroformylation of alkynes and allenes is a potential
route for producing a,b-unsaturated aldehydes, which are
valuable intermediates in fine chemicals and pharmacy.
Since the Co-catalyzed acetylene hydroformylation first re-
ported by Natta and Pino[9] in 1951, increasing attention[10–20]


has been devoted to this field. The early studies[10–16] found
that alkynes hydroformylation usually suffered from the low
selectivity and/or low yield of unsaturated aldehydes. Fortu-
nately, during the latest two decades, several effective cata-
lysts such as the catalyst system of [Rh(CO)2(acac)] and a
sophisticated bisphosphite ligand,[17] the heterobimetallic
catalyst [PdCl2(PCy3)2]/[Co2(CO)8],[18] and the zwitterionic
rhodium complex with triphenyl phosphite as ligand[19, 20]


were developed. These exciting achievements revealed that
the hydroformylation of acetylenic species to a,b-unsaturat-
ed aldehydes with high activity and selectivity is accessible.


Due to the presence of the cumulated diene structural
unit, allenes exhibit some unique reaction behaviors and
serve as potential precursors in the synthesis of highly com-
plex and strained target molecules of biological and industri-
al importance.[21] Therefore, the chemistry of allenes has at-
tracted much attention of chemists. For example, acylbora-
tion,[22] annulation,[23] addition of pronucleophiles,[24] carbon-
ylation,[25] hydroamination,[26] and insertion reaction[27] have
been studied extensively. However, the information about
the allenes hydroformylation is relatively scant. One experi-
mental study was carried out by Fell and Beutler in 1976,[28]
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Abstract: The [HCo(CO)3]-catalyzed hydroformylation of allene and propyne has
been investigated at the B3LYP level of density functional theory. It is found that
hydroformylation of allene favors the linear anti-Markovnikov product in high re-
gioselectivity both kinetically and thermodynamically. The origin of this regioselec-
tivity comes from the enhanced stability of the h3-allylic intermediate [(h3-
CH2CHCH2)Co(CO)3]. By contrast, propyne does not show any regioselectivity.
The possible interconversion between allene and propyne mediated by
[HCo(CO)3] has been explored.


Chem. Eur. J. 2005, 11, 889 – 902 DOI: 10.1002/chem.200400725 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 889


FULL PAPER







and they found that hydroformylation of 1,2-dienes gave
mixtures of mono- and dialdehydes. Nevertheless, no theo-
retical studies have been reported so far.


For terminal alkynes instead of acetylene as substrates,
the alkynes insertion into the Co�H bond can occur in two
ways, for example, anti-Markovnikov for linear isomers and
Markovnikov for branched isomers (Scheme 1).[29] The same
can also be found for allenes. In addition, it is possible for
mutual isomerization between alkynes and allenes. This may
also result in the diversification of products. Therefore, the
key problem of 1,2-dienes or terminal alkynes hydroformy-
lation is how to get the expected a,b-unsaturated aldehyde
products, that is to say, how to adjust the regioselectivity to
meet with the actual demands.


In our previous work,[30] the detailed mechanism of the
[HCo(CO)3]-catalyzed acetylene hydroformylation has been
explored by using the B3LYP density functional method,
and a characteristic catalytic cycle similar to the Heck–Bre-
slow mechanism[31] for olefin hydroformylation is found. The
present theoretical study is aimed at clarifying the regiose-
lectivity of [HCo(CO)3]-catalyzed hydroformylation of
allene and propyne. The entire catalytic cycles of allene/pro-
pyne hydroformylation are investigated with the B3LYP
density functional method, and three elementary steps, that
is, allene/propyne coordination, allene/propyne insertion,
and CO addition, are emphasized. Particularly, the detailed
mechanism of the catalytic isomerization of propyne and
allene is proposed and discussed. Based on these results, the
product distribution is predicted, and the origin of the regio-
selectivity is elucidated.


Computational Details


All calculations were performed at the B3LYP/6-311+G(d) density func-
tional level of theory as implemented in the Gaussian 03 program.[32] The
geometries of the intermediates and the transition states were fully opti-
mized without any symmetry constraints, if not noted otherwise. The fre-
quencies were analyzed at the same level to confirm the optimized struc-
tures to be ground states without imaginary frequency (NImag =0) or
transition states (TS) with one imaginary frequency (NImag=1). Espe-
cially, the lone imaginary frequency of each transition state displayed the
desired displacements orientation, and the validity of each reaction path
was further examined by the intrinsic reaction coordinate (IRC) calcula-
tions. In addition, the enthalpies and the Gibbs free energies[33] were cal-
culated at actual reaction conditions of 403.15 K and 200 atm. Consider-
ing the entropy effects, the following discussions are based on the free
energies (DG) of activation and reaction, and the corresponding enthal-
pies (DH) are provided in square bracket in energy profiles for compari-


son. The calculated total electronic energies, ZPE and thermal correc-
tions to enthalpies and Gibbs free energies are available in the Support-
ing Information.


Results and Discussion


As shown in Scheme 1, allene and propyne insertion into
the Co�H bond lead to the different anti-Markovnikov
products, although they share the same Markovnikov inter-
mediate. In this section, the [HCo(CO)3]-catalyzed allene/
propyne coordination and insertion are thoroughly investi-
gated at first. Next, the following steps, CO addition and in-
sertion, H2 oxidative addition and unsaturated aldehyde
elimination, are briefly discussed along three paths for yield-
ing H2C=CHCH2CHO (AL), H2C=C(CH3)CHO (AB) and
H3CHC=CHCHO (PL), respectively. After that, two possi-
ble reaction pathways for the catalytic isomerization of pro-
pyne and allene are proposed and explored in detail. Finally,
the influence of the isomerization on the product selectivity
of the hydroformylation is analyzed, and the origin of the
regioselectivity is revealed.


Allene coordination and insertion : Based on the structural
comparability of allene and propene, one can assume that
allene should have the similar mechanistic aspect as propene
in hydroformylation.[34] However, the cumulated double
bonds of allene may exhibit some unique reaction behaviors.
In this section, we focus our discussions on these character-
istics. The free energy profiles for allene coordination and
insertion steps are shown in Figure 1, whereas the corre-
sponding structures are depicted in Figure 2.


As reported previously,[35] the formation of [HCo(CO)3]
via the dissociation of the equatorial CO ligand is more fa-
vored than the axial alternative by 10.6 kcal mol�1. The
[HCo(CO)3] formed in C2v symmetry represents the most
stable singlet state, while other structural and electronic iso-
mers are higher in energy.


As shown in Figure 2, there are three p-coordination
forms of allene with the planar [HCo(CO)3]. One has the
C=C bond in the equatorial plane (A1), and the others have
the C=C bond parallel to the Co�H bond, while differ in the
=CH2 direction (A1-syn and A1-anti, in which syn and anti
mean the orientation of the =CH2 group to the Co�H
bond). On the potential energy surface, A1 is an energy
minimum structure, while A1-anti is a transition state for
the rotation of the coordinated allene and optimization
without symmetry constraint leads to A1. The computed
allene rotation barrier is 7.7 kcal mol�1. These conclusions
differ from those for the propene coordination to
[HCo(CO)3],[34] in which all initially constructed conforma-
tions are found to be energy minimum structures.


Interestingly A1-syn also does not correspond to an
energy minimum structure, and structure optimization from
A1-syn converges to A1-trans, in which both Co-H and
allene ligand are at the axial sites and three CO ligands are
at the equatorial sites. This trans arrangement of Co-H and


Scheme 1. Hydroformylation of allene and propyne.
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allene in A1-trans does not facilitate the subsequent reac-
tion of allene insertion into the Co�H bond. In addition, the
isomer A1-trans is higher in free energy than A1 by
2.6 kcal mol�1. Thus, A1 represents the most stable form of


allene coordination, and facilitates the subsequent reaction
of allene insertion into the Co�H bond. Additionally, the
formation of A1 is slightly exergonic by 0.3 kcal mol�1, and
highly exothermic by 12.9 kcal mol�1.


Figure 1. Free energy profiles (kcal mol�1, enthalpies in square brackets) for allene coordination and insertion (relative to [HCo(CO)3] + allene).


Figure 2. Bond lengths [�] of the stationary points involved in allene coordination and insertion.
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Starting with A1, allene insertion into the Co�H bond
takes place in two ways, anti-Markovnikov and Markovni-
kov. This process proceeds by the hydride attacking and
transferring to the internal or terminal carbon atom of
allene. In our latest work,[34] propene insertion into the Co�
H bond has been investigated in detail. It was found that
propene insertion reaction proceeds by stepping via propene
rotation and hydride migration leading to the agostic stabi-
lized intermediates, and is a thermally neutral and reversible
process. Due to the cumulated double bonds, the insertion
behaviors of allene differ strongly from those of propene.
As depicted in Figure 1, allene insertion reaction is a one-
step process. The anti-Markovnikov and Markovnikov inser-
tion go via the distorted square pyramidal transition states,
TS(A1/A2 L) and TS(A1/A2 B’), respectively. As compared
with A1, the characteristic change in TS(A1/A2 L) and
TS(A1/A2 B’) is the approach of the hydride and the allene
carbon atom (1.651 and 1.725 �) coupled with the rotation
of the allene moiety (Figure 2). Following the imaginary vi-
bration mode of TS(A1/A2 L) directing to the insertion
product, we have located an anti-Markovnikov intermediate
A2L ; [(CH2CHCH2)Co(CO)3], which has a square pyrami-
dal geometry with a h3-coordination of the allylic
CH2CHCH2 group to [Co(CO)3] unit instead of a h1-propen-
yl mode. To understand this difference, we are interested in
the Co···H-C agostic stabilized conformation of
[(CH2CHCH2)Co(CO)3]. The result shows that this agostic
species has one imaginary frequency, and is a transition
state TS(A2 L/A2 L) for the rotation of the allylic group.


However, for the Markovnikov insertion, two intermedi-
ates [(H2C=CCH3)Co(CO)3] have been located. One A2 B’
has a trigonal bipyramidal conformation with the Co···H-C
agostic interaction as in the case of (iso)propyl complexes
[(C3H7)Co(CO)3],[34] and the other A2B has a tetra-coordi-
nated Co center as in the case of vinyl complex [(H2C=


CH)Co(CO)3].[30] A2B is slightly more stable than A2B’ by
0.7 kcal mol�1, and the transformation from A2B’ to A2 B
needs a small barrier of 0.8 kcal mol�1.


The thermodynamic behavior of allene insertion into the
Co�H bond is remarkably different from that of propene.
The free energy profiles in Figure 1 clearly show that the in-
sertion of allene into the Co�H bond forming A2 L and
A2B is highly exergonic by 28.9 and 12.6 kcal mol�1, and has
the free energy barriers of 4.8 and 8.0 kcal mol�1, respective-
ly. These energetic data show that allene insertion reaction
is an irreversible process, and thus is responsible for the ob-
served regioselectivity. In addition, the anti-Markovnikov
species TS(A1/A2 L) and A2 L are lower in free energy than
the corresponding Markovnikov species TS(A1/A2 B’) and
A2B by 3.2 and 16.3 kcal mol�1. It indicates that the forma-
tion of A2L is more favored both kinetically and thermody-
namically, and A2 L represents the only principal intermedi-
ate. The successive consequence is the formation of linear
unsaturated aldehyde H2C=CHCH2CHO as shown in
Scheme 1.


Propyne coordination and insertion : Since allene and pro-
pyne have a joint product from the Markovnikov process
(Scheme 1), we are interested in the thermodynamic magni-
tudes of propyne. Because of the detailed analysis of acety-
lene hydroformylation reported previously,[30] the main re-
sults of propyne hydroformylation are discussed briefly,
while the origin of regioselectivity is emphasized. The free
energy profiles for propyne coordination and insertion steps
are shown in Figure 3, whereas the structures of the station-
ary points are given in Figure 4.


As expected from acetylene coordination, the most stable
propyne p-complex P1 [HCo(CO)3(h2-HC�CCH3)] has the
C�C bond in the equatorial plane. This process is endergon-
ic by 2.4 kcal mol�1, while exothermic by 9.7 kcal mol�1. The
other two complexes, P1-syn and P1-anti, with the C�C
bond parallel to the Co�H bond are transition states for the
degenerated enantiomerization of P1 with free energy barri-
ers of 4.7 and 5.1 kcal mol�1, respectively.


The subsequent propyne insertion into the Co�H bond
can occur in two ways leading to the different anti-Markov-
nikov intermediate P2 L [(H3CCH=CH)Co(CO)3] and the
joint Markovnikov intermediate A2B [(H2C=CCH3)Co-
(CO)3], which should also be P2 B according to our nomen-
clature. As illustrated in Figure 3, propyne insertion reaction
is a one-step and irreversible process, in which the hydride
migration is coupled with the skeletal Berry pseudorotation.
Furthermore, both insertion pathways are highly exergonic
by 16.4 and 15.7 kcal mol�1 with the free energy barriers of
7.6 and 7.4 kcal mol�1, respectively. These thermodynamic
values are much larger than those of propene hydroformyla-
tion.[34] Interestingly, either two transition states (TS(P1/
P2 L) and TS(P1/A2 B)) or two intermediates (P2 L and
A2B) are very close in energy. TS(P1/P2L) is only
0.2 kcal mol�1 higher in free energy than TS(P1/A2 B), while
P2 L is slightly more stable than A2 B by 0.7 kcal mol�1.
Hence, there is no distinct preference for two insertion
paths, and they are not regioselective.


Figure 3. Free energy profiles (kcal mol�1, enthalpies in square brackets)
for propyne coordination and insertion (relative to [HCo(CO)3] +


allene).
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Formation of unsaturated aldehyde : Following the allene/
propyne insertion reaction, the CO addition and insertion,
H2 oxidative addition and unsaturated aldehyde elimination
take place in turn along three pathways (AL, AB and PL,
Scheme 1) forming unsaturated aldehyde products, H2C=


CHCH2CHO, H2C=C(CH3)CHO and H3CHC=CHCHO, re-
spectively. The free energy profiles associated with these
processes and the structures of the stationary points are il-
lustrated in Figures 5–10.


As depicted in Figure 5 (top), the CO addition to the h3-
complex A2L forms the trigonal bipyramidal complex A3L
[(H2C=CHCH2)Co(CO)4]. For this step, two transition
states have been located. Structures TS1(A2 L/A3 L) and
TS2(A2 L/A3 L) represent the CO attack of A2L from the
front and back sides of the h3-H2CCHCH2 moiety, respec-
tively (Figure 6). Like A3L, both transition states have the
trigonal bipyramidal geometries with the allyl group at the
axial site, while the incoming CO ligand at the equatorial
site. Due to breaking two Co�C bonds, both attacks have
the high free energy barriers: 24.6 kcal mol�1 for TS1(A2 L/
A3L) and 25.4 kcal mol�1 for TS2(A2 L/A3 L). The close en-
ergetic data indicate that two CO attack modes are competi-


tive and possible. Furthermore, the CO addition to A2L
forming A3L is endergonic by 8.8 kcal mol�1. This thermo-
dynamic behavior also is opposite to that of propene,[34]


which is highly exergonic process.
From Figure 5 (right side of top, and bottom), we can see


that allene hydroformylation yielding linear aldehyde (path
AL) has the similar mechanistic aspect as propene[34] in the
processes of CO insertion, H2 oxidative addition and alde-
hyde reductive elimination. This similarity is actually expect-
ed and therefore, the energetic changes are discussed here,
while the structural parameters are presented for compari-
son. The CO insertion reaction (carbonylation) proceeds via
two [Co(CO)3] pseudorotated transition states (TS(A3 L/
A4La), TS(A4 La/A4 Lb)) and a Co···H-C agostic stabilized
intermediate (A4La) leading to the most stable acyl com-
plex [(H2C=CHCH2CO)Co(CO)3] (A4 Lb), which is stabi-
lized by the equatorial h2-O=C interaction. This stepwise
process is predicted to be endergonic by 8.2 kcal mol�1 and
exergonic by 3.6 kcal mol�1, with the free energy barriers of
11.5 and 9.6 kcal mol�1, respectively. Two H2 coordination
possibilities, A4Lb + H2 ! A5La and A4La + H2 !
A5La’, are competitive and endergonic by 11.2 and
9.4 kcal mol�1. The subsequent H2 oxidative addition (A5La
! A5 La’ ! A5 Lb) accomplishes via the acyl group rota-
tion and the H�H dissociation, and the whole process is
computed to be endergonic by 4.4 kcal mol�1 with small free
energy barrier of 5.8 kcal mol�1. The final unsaturated alde-
hyde elimination goes through the three-center transition
state TS(A5 Lb/A6 L) forming the adduct A6L, which is a
rapid and highly exergonic process (�12.6 kcal mol�1).


For allene/propyne hydroformylation yielding joint
branched aldehyde (path AB, Figure 7) and propyne hydro-
formylation yielding linear aldehyde (path PL, Figure 9), the
cases of CO addition and insertion, H2 oxidative addition
and aldehyde elimination are similar to those of acetylene
hydroformylation.[30] This similarity is also expected and we
only discuss the energetic changes, and the structural param-
eters are given for comparison. The CO addition to propen-
yl complex A2 B or P2 L giving A3B or P3L does not have
any barrier and is exergonic by 6.3 or 8.2 kcal mol�1 (Fig-
ures 7 and 9, top). It is also noteworthy that A3L is still
more stable than A3B by 1.2 kcal mol�1, but the energy dif-
ference decreases considerably relative to 16.3 kcal mol�1 be-
tween A2L and A2B.


The successive carbonylation of A3B or P3 L performs by
two steps. First, the propenyl group migrates to a cis carbon-
yl coupled with the skeletal change leading to the h3-acyl
complex (A4Ba or P4La). Second, A4Ba or P4 La trans-
forms to the h2-acyl complex (A4Bb or P4Lb) with acyl
group at the axial site and h2-O=C stabilization at equatorial
site. As illustrated in Figures 7 and 9 (top), for both reaction
paths AB and PL, these two steps have moderate free
energy barriers of 6.5/7.0 and 11.2/9.5 kcal mol�1. In addition,
for path AB, the first step is exergonic by 3.8 kcal mol�1, and
the second step is endergonic by 2.3 kcal mol�1, while two
steps for path PL are nearly thermal neutral processes (�0.8
and �0.3 kcal mol�1).


Figure 4. Bond lengths [�] of the stationary points involved in propyne
coordination and insertion.
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After that, H2 coordination to h2-acyl complex (A4Bb or
P4 Lb) forming the hydrogen complex (A5Ba or P5La)
occurs without additional free energy barrier, and is ender-
gonic by 13.5 or 13.6 kcal mol�1. The following H2 oxidative
addition (A5Ba ! A5Bb or P5 La ! P5Lb) is a one-step
process, and is also endergonic by 9.3 or 9.6 kcal mol�1 (Fig-
ures 7 and 9, bottom). Finally, the elimination of unsaturated
aldehyde from dihydride complex A5 Bb or P5 Lb proceeds
via the three-center transition state leading to the adduct
A6B or P6 L. This step is predicted to be a rapid and highly
exergonic process (�21.2 or �20.6 kcal mol�1).


Catalytic isomerization of propyne and allene : The thermal
isomerization of propyne and allene takes place at elevated
temperature, and this reaction has been well studied both
experimentally and theoretically.[36–42] Several mechanisms
have been proposed, and the most popular one is the step-
wise process involving the formation of cyclopropene inter-
mediate.[37,41] The kinetic experiments and the theoretical


calculations further revealed that this thermal process has a
barrier about 65 kcal mol�1.[38,41]


Apart from the thermal process, the catalytic isomeriza-
tion of propyne and allene can be mediated by transition-
metal complexes.[43] In this case, a mechanism involving the
cyclopropene intermediate is not operative. According to
the results discussed above (Figures 1 and 3), two possible
pathways can be thought for the catalytic isomerization, that
is, i) isomerization via the joint Markovnikov intermediate
A2B and ii) isomerization via the anti-Markovnikov inter-
mediates P2 L and A2L.


Isomerization via the Markovnikov intermediate (A2B):
Combining the results of propyne and allene hydroformyla-
tion, the free energy profiles for the catalytic isomerization
of propyne and allene via A2 B is depicted in Figure 11. For
the process of propyne to allene, the reaction A2B’ ! A1
has the highest free energy barrier of 19.9 kcal mol�1, while
for the reverse process of allene to propyne, the reaction


Figure 5. Free energy profiles (kcal mol�1, enthalpies in square brackets) for CO addition and insertion (relative to [HCo(CO)3] + allene + CO, top)
and for H2 oxidative addition and unsaturated aldehyde elimination of path AL (relative to [HCo(CO)3] + allene + CO + H2, bottom).
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A2B ! P1 has the highest free energy barrier of 23.1 kcal
mol�1. On the basis of this energetic difference and the rela-
tive stability between A1 and P1 (3.1 kcal mol�1 in free
energy), the isomerization from propyne to allene should be
more favored.


Isomerization via the anti-Markovnikov intermediates
(P2L and A2L): The essential of the interconversion be-


tween propyne and allene is accomplishing a 1,3-H shift.[36]


Considered as a substituted olefin, P2L has a trans configu-
ration. In this form, a direct transfer of the methyl hydrogen
to cobalt is not possible. Therefore, the intermediate P2 L
should first convert to the cis form 5, and then the formal
1,3-H shift occurs (5 ! A2 L). The free energy profiles for
this process are displayed in Figure 12, while the structures
of the stationary points are illustrated in Figure 13.


Figure 6. Bond lengths [�] of the stationary points involved in CO addition and insertion, H2 oxidative addition and unsaturated aldehyde elimination of
path AL.
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In the course of P2 L to A2L, the interconversion of the
trans and cis configurations of the propenyl complex
[(H3CHC=CH)Co(CO)3], P2L and 5, is the key process. It
proceeds by three steps: a) the a-H transfer from carbon
atom (-CHCHCH3) to cobalt, b) the vinylidene moiety (C=


CHCH3) rotation, and c) the hydride transfer from cobalt to
a carbon atom.


Starting from P2 L, the a-H transfer to cobalt results in
the trigonal bipyramidal complex 3, in which the C=CHCH3


group and the hydride occupy the axial sites. In particular,
the b-H of the C=CHCH3 group is eclipsed with one of the
equatorial carbonyl ligands. In the corresponding transition
state TS(P2 L/3), the hydrogen atom shifts to cobalt, while
at the equatorial site. The imaginary vibration mode indi-
cates that the late process of TS(P2 L/3) ! 3 goes by the si-
multaneous rotation of the hydride and the axial CO. As
shown in Figure 12, this step (P2 L ! 3) is endergonic by
23.9 kcal mol�1 with a high free energy barrier of 35.9 kcal
mol�1.


The rotation of the vinylidene group (C=CHCH3) is the
subsequent step, which is a rapid process with a low free
energy barrier of 2.0 kcal mol�1. Relative to complex 3, the
C=CHCH3 moiety rotates about 358 in the corresponding
transition state TS(3/4) and 678 in complex 4. In complex 4,


the methyl group is eclipsed with one of the equatorial car-
bonyl ligands.


Next, the hydride transfer to the 2-carbon atom goes via
the transition state TS(4/5) leading to the cis species 5. This
step (4 ! 5) is predicted to be exergonic by 24.2 kcal mol�1,
and has a moderate free energy barrier of 11.9 kcal mol�1.
As shown in Figure 12, both the trans- and cis-propenyl
complexes (P2 L and 5) are nearly equal in energy, and two
vinylidene complexes (3 and 4) are also approximately
equal in energy. The most interesting point is that the total
barrier for the formal C=C double-bond rotation via this
stepwise process is about 36 kcal mol�1, which is much small-
er than the thermal process of ethylene (64 kcal mol�1)[44]


and fluorine substituted olefins (52–65 kcal mol�1).[45]


In the following section, we will pay attention to the
formal 1,3-H shift. As depicted in Figure 12, the formal 1,3-
H shift (5 ! A2 L) is a stepwise process. It involves two ele-
mentary steps, that is, a) the hydrogen atom transfer from
methyl to cobalt with the formation of complex 6, and
b) the hydride transfer from cobalt to the terminal carbon
atom (=CH) of the CH=CHCH2 group with the formation
of allylic complex A2 L.


Starting with 5, the hydrogen atom of methyl transfer to
cobalt proceeds via the transition state TS(5/6) leading to


Figure 7. Free energy profiles (kcal mol�1, enthalpies in square brackets) for CO addition and insertion (relative to [HCo(CO)3] + allene + CO, top)
and for H2 oxidative addition and unsaturated aldehyde elimination of path AB (relative to [HCo(CO)3] + allene + CO + H2, bottom).
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the h2 intermediate 6. As shown in Figure 13, the h2 inter-
mediate 6 has a trigonal bipyramidal geometry, in which the
CH=CHCH2 group attaches to [HCo(CO)3] moiety through
the 1,3-carbon atoms forming a four-membered ring. More-
over, the corresponding transition state TS(5/6) is structural-
ly similar to the intermediate 6, and is a late transition state.
Form the free energy profiles in Figure 12, it is evident that
the h2 intermediate 6 is higher in free energy than the pro-
penyl complex 5 by 36.3 kcal mol�1, and the related hydro-
gen-transfer reaction (5 ! TS(5/6) ! 6) can be accomplish-
ed by overcoming a high free energy barrier of 41.0 kcal
mol�1.


Due to the low stability, the h2 intermediate 6 easily pro-
ceeds the hydrogen-transfer reaction via TS(6/A2 L) leading
to the more stable allylic complex A2L. The hydride trans-
fer from cobalt to the terminal carbon atom (=CH) of the
CH=CHCH2 group is highly exergonic by 51.8 kcal mol�1,
and has a very low free energy barrier of 0.9 kcal mol�1.


For the isomerization of propyne to allene (Figure 12),
the highest free energy barrier is associated with the reac-
tion 5 ! 6 (41.0 kcal mol�1), while that for the reverse proc-
ess is related to the reaction A2L ! 6 (52.7 kcal mol�1). On
the bases of this energetic difference and the relative stabili-
ty between A2 L and P2 L (15.6 kcal mol�1), the conversion
from propyne to allene is more likely.


At this stage, one might ask the most likely reaction path
for the interconversion of propyne and allene. As shown in
Figures 11 and 12, the conversion from A2 B to A1 has
lower barrier than that from P2L to A1, and this indicates
that the process from A2 B to A1 should be more favored.
On the other hand, the barriers for the reverse process of
propyne insertion reactions (P2 L and A2 B to P1; 24.0 and
23.1 kcal mol�1) are lower than that (35.9 kcal mol�1) for the
isomerization of trans to cis propenyl complexes (P2L !
5). This indicates that the former one is more favored, and
the latter one is not competitive. On the basis of these ener-


Figure 8. Bond lengths [�] of the stationary points involved in CO addition and insertion, H2 oxidative addition and unsaturated aldehyde elimination of
path AB.
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getic data, it is reasonable to consider the most likely con-
version path from propyne to allene as P2L ! P1 ! A2B
! A1. In contrast, the process from allene to propyne with
the highest barrier (A2L to 6, 52.7 kcal mol�1) is less likely.


Regioselectivity : As a potential competitive reaction, the
catalytic isomerization is likely to change the product com-
position and distribution of the allene and propyne hydro-
formylation. The corresponding Gibbs free energies of acti-
vation (DG �) and reaction (DG) are collected in Table 1.
These results clearly show that the CO addition reactions
have lower Gibbs free energies of activation and reaction
than the corresponding isomerization steps, and the energet-
ic differences are larger than 18.9 kcal mol�1. Therefore, the
isomerization is not competitive to the CO addition both ki-
netically and thermodynamically. Under the hydroformyla-
tion reaction conditions, the catalytic isomerization cannot
occur.


The hydroformylation of allene gives the anti-Markovni-
kov product H2C=CHCH2CHO and the Markovnikov prod-
uct H2C=C(CH3)CHO, while that of propyne forms the dif-
ferent anti-Markovnikov product H3CHC=CHCHO and the
mutual Markovnikov product H2C=C(CH3)CHO. In both


cases, the regioselectivity (anti-M:M) is determined by the
irreversible reaction step of allene or propyne insertion into
the Co�H bond. As depicted in Figure 1, the allene hydro-
formylation presents a kinetic and thermodynamic prefer-
ence for anti-Markovnikov insertion, for example TS(A1/
A2L) is lower in free energy than TS(A1/A2 B’) by
3.2 kcal mol�1, and the anti-Markovnikov intermediate A2L
is more favored energetically than the Markovnikov inter-


Figure 9. Free energy profiles (kcal mol�1, enthalpies in square brackets) for CO addition and insertion (relative to [HCo(CO)3] + allene + CO, top)
and for H2 oxidative addition and unsaturated aldehyde elimination of path PL (relative to [HCo(CO)3] + allene + CO + H2, bottom).


Table 1. Gibbs free energies [kcal mol�1] of activation (DG �) and reac-
tion (DG).


Reaction DG � DG


CO addition
P2 L + CO ! TS(P2 L/P3 L) ! P3 L 0.0 �8.2
A2 B + CO ! TS(A2 B/A3 B) ! A3 B 0.0 �6.3
A2 L + CO ! TS1(A2 L/A3 L) ! A3 L 24.6 8.8
trans–cis isomerization
P2 L ! TS(P2L/3) ! 3 35.9 23.9
reverse reaction of allene insertion
A2 B $ A2 B’ ! TS(A1/A2 B’)! A1 20.6 12.6
reverse reaction of propyne insertion
A2 B ! TS(P1/A2 B) ! P1 23.1 15.7
1,3-H shift
A2 L ! TS(6/A2L) ! 6 52.7 51.8
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mediate A2 B by 16.3 kcal mol�1. In terms of these energy
differences, a percentage ratio of 98:2 for anti-Markovnikov
to Markovnikov products is predicted kinetically. Further-
more, from the thermodynamic point of view, the predicted
product ratio would be quantitative. Therefore, the linear
unsaturated aldehyde should be the principal product (but it
is to note that the terminal C=C bond can be used for
second cycle reaction to form dialdehyde as found experi-
mentally[28]). As being much more stable than the allene and
propenyl complexes (A1 and A2B) by �28.9 and
�16.3 kcal mol�1, the allyl complex A2L should exist in
stable form. In addition, the free energy barrier of CO addi-
tion to A2 L by 24.6 kcal mol�1 indicates the enhanced kinet-
ic stability. Therefore, A2L could be isolated as stable inter-
mediate under the exclusion of CO. It is to note that A2L
can further react with CO/H2 to yield the same product as
allene hydroformylation under the actual reaction conditions.


However, the propyne hydroformylation is considerably
different. From the kinetic point of view, TS(P1/P2 L) is
0.2 kcal mol�1 higher in free energy than TS(P1/A2 B), and
no regioselectivity can be expected. On the other hand, the
intermediate P2 L is more stable than A2 B by
0.7 kcal mol�1, and this energy difference favors the anti-
Markovnikov over Markovnikov products (70:30). From the
kinetic and thermodynamic aspects, propyne hydroformyla-
tion would be not regioselective.


It is noteworthy that if carbon monoxide is not present,
the [HCo(CO)3]-catalyzed isomerization of propyne to
allene can take place. This property provides an opportunity
for the optimization or manipulation of reaction conditions,
such as the sequence and addition time, to get the desired
product distribution.


Figure 10. Bond lengths [�] of the stationary points involved in CO addition and insertion, H2 oxidative addition and unsaturated aldehyde elimination
of path PL.
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Conclusion


In this paper, we have presented a comprehensive computa-
tional study on the [HCo(CO)3]-catalyzed hydroformylation
of allene and propyne employing the B3LYP density func-
tional method.


For allene hydroformylation, it is found that allene inser-
tion step is an irreversible process, and is in control of the
regioselectivity. Both kinetic and thermodynamic effects
favor the linear anti-Markovnikov intermediate A2L [(h3-
CH2CHCH2)Co(CO)3], and the formation of the branched
Markovnikov intermediate A2B [(H2C=CCH3)Co(CO)3] is
not competitive. As a consequence, the linear aldehyde


would be the predominant product. By contrast, propyne
hydroformylation is computed to be not regioselective, since
the formation of the linear anti-Markovnikov P2 L
[(CH3CH=CH)Co(CO)3] and branched Markovnikov A2 B
intermediates has equal probability.


In addition to hydroformylation, the possible paths of iso-
merization between propyne and allene with [HCo(CO)3]
via anti-Markovnikov and Markovnikov intermediates have
been investigated. On the basis of the computed energetic
data, the conversion from propyne to allene should be more
likely, while that from allene to propyne should be less
likely.


Figure 11. Free energy profiles (kcal mol�1, enthalpies in square brackets) for isomerization via the Markovnikov intermediate (relative to [HCo(CO)3]
+ allene).


Figure 12. Free energy profiles (kcal mol�1, enthalpies in square brackets) for isomerization via the anti-Markovnikov intermediates (relative to
[HCo(CO)3] + allene).
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Metal-Binding Properties of the Peptide APP170–188: A Model of the ZnII-
Binding Site of Amyloid Precursor Protein (APP)


Eliza-Diana Ciuculescu, Yasmina Mekmouche, and Peter Faller*[a]


Introduction


The membrane protein known as amyloid precursor protein
(APP) plays a central role in Alzheimer�s disease (AD).
The peptide amyloid-b (Ab) is one of the APP cleavage
products. Ab is the major constituent of one of the hall-
marks of AD—the amyloid plaques. According to the amy-
loid cascade hypothesis,[1] an increased Ab production and
accumulation leads first to the formation of Ab oligomers
and then to amyloid plaques. These oligomers are thought
to provoke neuronal disfunction, and later-on dementia,
probably due to the production of reactive oxygen species.
There are also indications that the entire APP (or at least


fractions other than Ab) also forms part of the amyloid pla-
ques.[2] Moreover, several mutations in the APP gene have
been linked to familial early-onset AD. This agrees with the
fact that transgenic mice overexpressing human APP form
amyloid plaques similar to those found in AD patients.
These mice are used as animal models for AD.[3]


Studies in vitro, in cell cultures and AD model mice, indi-
cate an important role for metals in this context.[4,5] It has
been shown that high concentrations of Zn, Cu, and Fe are
found in the amyloid plaques (~mm), and that copper and
zinc metabolism is linked to the APP/Ab metabolism, that
is, they influence each other.[6–8] In vitro studies have re-
vealed that these metals promote the aggregation of amy-
loid-b.[4,9] Moreover, a metal chelator called clioquinol suc-
cessfully reduces the amyloid plaque burden in transgenic
mice. Clioquinol is currently being tested in humans (clinical
phase II trials).


APP is a transmembrane protein existing in different iso-
forms containing 695–770 amino acids. The location of the
Ab is partly in the transmembrane region (amino acids 597–
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Abstract: Amyloid precursor protein
(APP) plays a key role in Alzheimer�s
disease (AD), although the function of
this membrane protein is still unclear.
Metal ions are implicated in AD and
they also interact with APP. APP pos-
sesses a strong ZnII binding site, which
is evolutionary conserved. In this paper
a synthetic peptide, APP170–188, with a
sequence corresponding to the con-
served ZnII-binding domain of APP,
was synthesised and its metal-binding
properties analysed. Titration experi-
ments pointed to the binding of a stoi-
chiometric amount of divalent ions.
Further studies indicated that the bind-
ing of divalent metals like ZnII, CdII


and CoII induces the dimerisation of
the peptide. This dimer contains a di-


nuclear cluster in which the two diva-
lent metals are bridged by two thiolate
ligands from cysteine residues. The
other two ligands of the tetrahedral co-
ordination sites of each metal ion are
terminal thiolate ligands. This structure
was supported by the following argu-
ments. The complex formed with CoII


presents the characteristic features for
tetrahedral tetrathiolate coordination
in its UV-visible spectrum. The se-
quence of APP170–188 contains only
three cysteine residues, which is incom-


patible with a monomeric CoII–APP170–188


complex. EPR measurements of the
complex with one equivalent of CoII


show almost no signal at 4 K, which is
compatible with an antiferromagnetic
spin-coupling of the metal ions in a
cluster structure. Size-exclusion chro-
matography indicated that the elution
time for the complexes with ZnII and
CdII corresponds to the expected mo-
lecular weight of a dimer. The circular
dichroism (CD) spectrum of the com-
plex with one equivalent of CdII shows
a band at 265 nm(+), and an ellipticity
similar to those observed for similar
CdII–thiolate clusters. Possible biologi-
cal implications of the ZnII binding site
and the metal-induced dimerisation are
discussed.


Keywords: Alzheimer�s disease ·
amyloid precursor protein (APP) ·
circular dichroism · metalloproteins ·
zinc
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639 for the isoform APP 695). APP has been shown to inter-
act with metals and may even play a role as a metal chaper-
one.[4,5] APP contains a Cu-binding site that consists of four
ligands provided by the amino acids His-147, His-151, Tyr-
168 and Met-170.[10] Bush et al. have shown that APP is able
to bind ZnII relatively strongly, with a Kd of 765 nm, and
that the cysteine residues at positions 186 and 187 in APP
are essential for ZnII binding.[11] Further studies have dem-
onstrated a similar ZnII-binding behaviour for the APP-ho-
mologue proteins APLP1 and 2,[12] in which the two cysteine
residues proposed to be the Zn ligands are conserved.


All this indicates that ZnII binding to APP could play an
important role in the metabolism of APP and hence in AD
aetiology. To get a deeper insight into the nature of the
ZnII-binding site of APP, we have investigated in the present
work the metal-binding properties of a synthetic peptide
consisting of 19 amino acids corresponding to the sequence
of amino acids 170 to 188 of APP. This peptide corresponds
to the conserved ZnII-binding domain of APP and its homo-
logues APLP1 and 2. It contains the two key Cys ligands
(Cys186 and 187), but also other possible ligands, for exam-
ple Cys-174, Met-170, Asp-177 and Glu-184.


Results and Discussion


ZnII–APP170–188 : Figure 1 (top) shows the absorption spectra
of the titration of ZnCl2 against the peptide APP170–188. The
apoAPP170–188 curve shows the typical tailing of the absorp-


tion of the polypeptide backbone and a weak absorption
band at 257 nm for the two Phe moieties. Upon addition of
ZnII an increase of the absorption at around 220 nm was ob-
served up to the addition of one equivalent of ZnII. Further
addition of ZnII caused no additional change in the spec-
trum. This is better seen in the difference spectra depicted
in the lower part of Figure 1, in which the absorption of
apoAPP170–188 has been subtracted. The addition of ZnII in-
duces the formation of a band centred at about 220 nm. This
change in absorption is typical for the ligation of thiolates to
ZnII and is due to ligand-to-metal charge transfer (LMCT)
bands.[13,14] The fact that the absorption at 220 nm rises up
to the addition of one equivalent of ZnII and then reaches a
plateau (see inset in Figure 1) implies that all three cysteine
residues (Cys) are involved in the binding of the first equiv-
alent of ZnII. This is confirmed by the intensity of the ab-
sorption band at around 220 nm, which exhibits an extinc-
tion coefficient (e) of about 20 � 103


m
�1 cm�1. Based on an


extinction coefficient of 6 � 103
m
�1 cm�1 per Zn-bound


Cys,[13] approximately 3.2 cysteine residues are bound to
ZnII in ZnII–APP170–188. Titrations performed at pH 7.5 and
8.4 in phosphate and TRIS buffer, respectively, revealed no
significant differences. However, the fact that the LMCT
bands of Cys–ZnII overlap with the peptide bands makes the
analyses more difficult, since ZnII binding could also affect
the properties of the absorption of the peptide backbone.
Therefore ZnII was substituted by CdII, a strategy often ap-
plied to ZnII–Cys moieties in peptides/proteins, and also to
other ligands.[15,16]


CdII–APP170–188 : The titration curve of APP170–188 with CdII


shows the steady intensity increase of the typical LMCT
band of the Cys–CdII[15,17] bond at 250 nm (Figure 2). As in
the case of ZnII, this band increases with the addition of up
to one equivalent of CdII (Figure 2, inset). Above one equiv-
alent a slight shift to the red was observed, but no further
increase in intensity. This behaviour is similar to that ob-
served with ZnII and indicates that all three cysteine resi-
dues are bound to the CdII after the addition of one equiva-
lent of metal ion. As in the case of ZnII this is confirmed by
extinction coefficient of the band at 250 nm, about 16 �
103


m
�1 cm�1, which is in line with three cysteine residues


bound to CdII based on the well-established extinction coef-
ficient of about 5500 m


�1 cm�1 per Cys bound to CdII.[17]


The red shift of the shoulder at 250 nm upon the addition
of more than one equivalent CdII could be due to CdII-in-
duced aggregation and formation of large CdII–thiolate as-
semblies. This is supported by the large tailing into the visi-
ble region, which is probably due to light scattering
(Figure 2). Again, the spectroscopic features do not differ
significantly between pH 7.5 and 8.5. A Gaussian analysis of
the absorption increase upon binding of one equivalent of
CdII reveals a satisfying fit, with two bands centred at about
225 nm and 245 nm (see Figure 3, upper panel). These bands
are similar to LMCT bands of other Cd–thiolate moieties.[15]


The circular dichroism (CD) spectra of apoAPP170–188 and
CdII-APP170–188 are shown in Figure 3. Below 240 nm the CD


Figure 1. Absorption spectra of ZnII binding to the peptide APP170–188.
Top: Electronic absorption spectra of APP170–188 at pH 8.4, recorded as a
function of the addition of increasing equivalents of ZnII. The inset shows
the effect of increasing amounts of ZnII on l220 nm plotted as a function
of the Zn to peptide ratio. Bottom: Difference absorption spectra, ob-
tained by subtracting the spectrum of apoAPP170–188 from the spectra ob-
tained after addition of ZnII to APP170–188.
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features give information about the secondary structure of
the peptide backbone. In the present case the CD spectrum
is mostly in line with a predominantly random-coil structure
(negative band at ~198 nm, not shown) and a significant
contribution of an a-helix (negative band at 222 nm whose
intensity corresponds to approximately 7 % a-helix). Upon
addition of one equivalent of CdII to apoAPP170–188 the nega-
tive band at 222 nm becomes smaller and a new band ap-
pears at about 264 nm. Since LMCT transitions (Cys–Cd)
also occur at 222 nm (see above), and are likely to be opti-
cally active, it is not certain that the a-helical content of the
peptide decreases. However, the peptide backbone does not
absorb above 240 nm and, hence, the features in this region
can be attributed to the Cd binding, that is, to the Cd–Cys
LMCT transitions. The first LMCT band in the absorption
spectrum of CdII–APP170–188 is centred at 245 nm (see
above). It does not correlate with the first band observed at
265 nm in the CD spectrum of CdII–APP170–188. Such a mis-
match has also been observed in CdII–Cys clusters, in which
the absorption band is split into two bands in the CD spec-
trum due to excitonic coupling of the transition dipole mo-
ments.[18,19] In the case of metallothionein the first absorp-
tion band is at 250 nm and the CD spectrum shows a posi-
tive band at 260 nm and a negative band at 240 nm.[18] In
contrast, in the mononuclear CdII–Cys4 centre of Cd-substi-
tuted rubredoxin[17] the absorption and CD bands coincide
at 245 nm. The splitting of the first LMCT band in the CD
spectrum has been assigned to an excitonic coupling of the
transition dipole moments due to the cluster structure. In
this context, it is possible that CdII–APP170–188 also contains a
Cd–Cys cluster structure, which would explain the location
of the first CD band. However, the second, negative CD
band of the splitting is not observed for CdII–APP170–188, al-
though it could be possible that this band is masked by the
next transition at about 220 nm.


CoII–APP170–188 : CoII has often be used to probe ZnII sites in
proteins and peptides. The UV-visible spectrum of CoII con-
tains a lot of information about the coordination chemis-
try.[20] The spectra of APP170–188 with 0.5, 1 and 1.5 equiva-
lents of CoII are shown in Figure 4. The complex with one


Figure 2. Absorption spectra of CdII binding to the peptide APP170–188.
Top: Electronic absorption spectra of APP170–188 at pH 7.5, recorded as a
function of the addition of increasing equivalents of CdII. Bottom: Differ-
ence absorption spectra, obtained by subtracting the spectrum of
apoAPP170–188 from the spectra obtained after addition of CdII to
APP170–188. The inset shows the effect of increasing amounts of CdII on
l245 nm plotted as a function of the CdII to peptide ratio.


Figure 3. Top: Difference absorption spectra of the complex Cd–
APP170–188 (1:1) at pH 8.4 (solid line) with Gaussian analysis: individual
bands (dashed line) and sum (filled squares). Bottom: Circular dichroism
(CD) spectra of 40mm of apoAPP170–188 (dash line, curve 1) and of the
complex Cd-APP170–188 (1:1) (thin line, curve 2) at pH 8. Curve 3 repre-
sents the difference CD spectra obtained by subtracting apoAPP170–188


from Cd–APP170–188 (1:1).


Figure 4. Electronic absorption spectra of the complex CoII–APP170–188 at
pH 8.6, obtained for addition of 0.5, 1.0, and 1.5 equivalents of CoII, as in-
dicated. Left: charge-transfer region. Right: d–d ligand-field transition
region.
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equivalent of CoII–APP170–188 shows d–d transitions in the
region between 550 and 850 nm, with bands at 612 (e=337),
696 (e=458) and 742 nm (e=430 m


�1 cm�1). These d–d tran-
sitions are characteristic of a high-spin CoII ion in a tetrahe-
dral tetrathiolate coordination environment (i.e. [CoII(S-
Cys)4]


2�).[13,20–22] Octahedral and pentacoordinate CoII com-
plexes have smaller extinction coefficients, that is, e<50 and
50<e<300 m


�1 cm�1, respectively. The d–d bands of tetra-
coordinate CoII complexes show a strong dependence on the
type of ligands,[20] with a steady decrease of the wavelength
upon the replacement of a thiolate by a nitrogen ligand. The
relatively high wavelengths of the d–d transitions in CoII–
APP170–188 are in line with coordination by four thiolates.
Very similar bands have been observed in proteins with an
established tetrahedral tetrathiolate coordination.[13,21, 23,24]


The right-hand figure in Figure 4 depicts the bands at
340 nm and a shoulder at 387 nm, which have been assigned
to the thiolate-to-CoII charge-transfer transitions.[20] A molar
absorptivity of 1.1�0.2 � 103


m
�1 cm�1 per CoII–thiolate bond


is well established.[25] This implies that all three cysteine resi-
dues are bound to the CoII ion in CoII–APP170–188.


Although APP170–188 contains only three cysteine residues,
its spectroscopic data strongly indicate a tetrahedral tetra-
thiolate coordination of the CoII centre. Thus, a dimeric
model has been proposed (see Figure 5). In this model the


stoichiometry of one CoII ion per APP170–188 is maintained
and the CoII ion is in a tetrahedral tetrathiolate environ-
ment, in line with the spectroscopic data.


It has been shown in metallothionein that these bands un-
dergo a red shift upon going from a monomeric (band at
305 nm, shoulder at 370 nm) to a CoII–thiolate cluster (band
at 320 nm, shoulder at 400 nm).[26] The positions of the
LMCT band/shoulder at 340 and 387 nm, respectively, in
CoII–APP170–188 indicate a cluster structure rather than a
monomeric centre.


The addition of 0.5 equivalents of CoII to APP170–188 yield-
ed identical d–d and LMCT bands as for one equivalent but
with half the intensity (See Figure 4). This indicates that the
dimeric CoII–APP170–188 complex is formed in a cooperative
rather than a stepwise (sequential) manner. The addition of
1.5 equivalents of CoII to APP170–188 did not increase the in-
tensity of the the d–d and LMCT bands (Figure 4), indicat-
ing that all three cysteine residues are bound to the CoII ion
after addition of only one equivalent (see also above), and
that this additional half equivalent is not bound in a tetrahe-
dral geometry. However, the addition of more than one


equivalent (1.5 equivalents in total) induces a featureless ex-
ponential increase, which we assigned to light scattering due
to aggregation. Indeed, aggregation could be observed in
the cuvette.


In the proposed dimeric CoII–APP170–188 complex shown in
Figure 5, in which the two CoII ions are connected by two
bridging thiolates, a strong coupling of the two paramagnetic
CoII centres would be expected. In order to test this EPR
measurements were performed; these are shown in Figure 6.


CoII–APP170–188 shows almost no EPR signal (thick line)
when compared to a CoII hexaaquo complex of identical
concentration (thin line) measured under the same condi-
tions. The absence of an EPR signal is compatible with an
antiferromagnetic spin coupling of the metal ions mediated
by bridging cysteine thiolate ligands. Precedents for such a
situation have been reported for various metallothio-
neins[16, 26] as well as for other ligand-bridged dinuclear CoII


centres.[27]


Apparent mass of MII-APP170–188 : Since the spectroscopic
data suggested the dimeric nature of CoII-APP170–188, and
some evidence for a dimer was also found for CdII–APP170–188,
it was reasonable to assume that all the divalent metal-ion
complexes of APP170–188 are dimers. In order to test this hy-
pothesis the apparent molecular weight was determined by
subjecting the complexes to size-exclusion chromatography
(see Experimental Section for details). ZnII–APP170–188 and
CdII–APP170–188 exhibited elution times corresponding to an
apparent molecular weight of 4.5�0.5 kDa, which corre-
sponds to the expected molecular weight of a dimer. In con-
trast, apoAPP170–188 elutes with a much lower apparent mo-
lecular weight of about 1.4–2.5 kDa (depending on the con-
ditions), which is compatible with the mass of 2.17 kDa of a
monomer.


Apparent binding constant of ZnII-APP170–188 : Apparent
binding constants can be estimated by competition with a
chelator whose binding constant is known and in the same


Figure 5. Tentative model of the binding of one equivalent of divalent
metal ion to APP170–188.


Figure 6. EPR spectra of the complex CoII–APP170–188 (thick line) and
[Co(H2O)6]


2+ (thin line). Conditions: 300 mm Co–APP170–188 (1:1) in 20mm


TRIS·HCl buffer (35 vol.-% CH3CN), pH 8.6; 300 mm [Co(H2O)6]
2+ ; mi-


crowave power: 20 mW; microwave frequency: 9.25 GHz; temperature
4 K.
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range. The zinc chelator 4-(2-pyridylazo)resorcinol (PAR)
has been shown to be appropriate for Zn–thiolate protein
complexes.[28, 29] The titration experiment (see Experimental
Section) showed that PAR and APP170–188, at similar concen-
trations, compete for ZnII, and that PAR is a stronger ligand
(not shown). The binding constant of ZnII-APP170–188 was es-
timated to be 3 � 109


m
�1. This value is similar to other struc-


tural eukaryotic ZnII binding sites in proteins. Values in the
range from 1.6 �108 to 2 � 1012


m
�1 have been reported, with


most of them around 1010
m
�1.[28–31] This supports the impor-


tance of the ZnII–APP interaction. The ZnII binding con-
stant to the entire APP has been estimated to be about 1.3 �
106


m
�1.[11] This discrepancy can be explained by the fact that


Bush et al. measured the ZnII binding constant in the pres-
ence of 50 mm TRIS, which is known to bind only weakly to
ZnII.[11] Thus, their binding constant reflects the relative
ZnII–APP binding constant. In the present measurements
competition for ZnII binding is between an excess of two
strong ligands (APP170–188 and PAR), meaning that weak
ZnII binding to the buffer can be neglected. To compare the
two numbers, the reported binding constant has to be cor-
rected by the binding of Zn to TRIS at pH 7.5. An associa-
tion constant of 104


m
�1 has been reported for ZnII binding


to TRIS.[32] This leads to a calculated apparent binding con-
stant of about 2 � 103 at pH 7.5 when taking into account the
pKa (8.2) of TRIS. This yields a corrected apparent binding
constant of about 3 �109


m
�1 for ZnII to the entire APP,


which is identical, within the experimental limits, to the
binding constant of ZnII–APP170–188. Thus, the model peptide
APP170–188 reproduces well the binding constant of the entire
APP; this is of biological relevance.


Conclusion


In the present work we have analysed the binding of the di-
valent ions ZnII, CdII and CoII to APP170–188, which is a pep-
tide corresponding to the amino-acid sequence 170 to 188 of
amyloid precursor protein (APP). This is the conserved
domain of the formerly identified Zn-binding site.[11] The ob-
tained data suggest that the binding of divalent metals indu-
ces a dimerisation of the peptide. This dimer contains a di-
nuclear cluster in which the two divalent metals are bridged
by two thiolate moieties from cysteines. The two metals are
coordinated in a tetrahedral geometry, which is completed
by two terminal thiolate ligands for each metal (see
Figure 5). The spectroscopic titration experiments are more
in line with a cooperative binding of the metals than with a
sequential (stepwise) binding.


Possible biological consequences : Dimerisation of proteins
is an important process in biology and it is known that the
dimerisation of several membrane proteins is involved in
the functioning of receptors.[33] There is also evidence that
APP dimerisation occurs in vivo and that it plays an impor-
tant role in the function of APP.[34] A precedent whereby Zn
is involved or even regulates the dimerisation of proteins


and is important to their function has been described for the
DNA-binding protein Rad50,[35] as well as the Tat protein
from the human immunodeficiency virus.[36a] In the latter
case Zn-induced dimerisation has been mimicked successful-
ly by a model peptide.[36b] Hence, it is possible that Zn could
induce dimerisation of APP in vivo, and hence be important
for the function of APP (which is still not known), or it
could influence the processing of APP, and thus Ab produc-
tion, which is a key process in Alzheimer�s disease.


Zn binding has also been reported for the secreted form
of APP (consisting of the extracellular part, that is, amino
acids 1–596/612 in APP695 form). It has been shown that
this secreted form aggregates in the presence of Zn (at
lower concentrations than needed for Ab aggregation).[37]


Moreover, APP has been found in the amyloid plaques of
AD patients[2] along with high concentrations of Zn.[38] Thus,
it is conceivable that the Zn–APP interaction and the ten-
dency of the complex to dimerise could play a role in the
formation of amyloid plaques (e.g., as a nucleation site for
Ab). However, these considerations are limited by the use
of a model peptide in the present study, because the tertiary
structure of the entire protein could cause differences of the
metal-binding properties with respect to APP170–188, which is
mostly randomly structured (as determined by circular di-
chroism spectroscopy; see above). Thus, Zn-induced dimeri-
sation of the entire APP has yet to be shown.


An important feature of Zn–thiolate moieties in biology
is their connection with the redox reaction of cysteines
[Eq. (1)].[31]


ZnII þ CysS�SCys G
2e�


H CysS��ZnII��SCys ð1Þ


Zn binding is only strong when the cysteine group is re-
duced, and oxidation of the coordinating cysteine groups
leads to ejection of the Zn ion. On the other hand the bind-
ing of Zn to the reduced cysteine residues augments the
redox potential of Cys. From a biological perspective this
can be regarded in two ways: either the binding of Zn regu-
lates the oxidation state of the cysteine residues, or the
redox state of the cysteine residues regulates the Zn bind-
ing. These regulations, called a Zn–cysteine redox switch,
have been described for different proteins.[31,39, 40] Such a
Zn–cysteine redox switch would also explain the apparent
contradiction of the redox state of the cysteine groups in
APP. In the initial work,[11] the cysteines 186 and 187 were
identified as ligands for a strong Zn-binding site, which is
very likely to be reduced. In contrast, in one of the subse-
quent studies[10] the structure of the isolated domain from
amino acids 124 to 189 was resolved by NMR spectroscopy;
the three cysteines 174, 186 and 187 were involved in disul-
fide bonds and thus not available for Zn binding. This appa-
rent contradiction could be explained by the Zn–sulfur
chemistry described above.[39]
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Experimental Section


Source and analysis of synthetic peptide : The synthetic peptide (purity
>95%), with the sequence Ac-MLLPCGIDKFRGVEFVCCP-NH2


(APP170–188), was purchased from Advanced ChemTech Company. It was
acetylated at the N terminus and amidated at the C terminus in order to
mimic the peptide bonds occurring in the entire protein. Electrospray
ionisation mass spectrometry (ESI-MS) measurements revealed a mass of
2168.55, which is in agreement with the calculated mass of 2168.69 for
the peptide with all three thiols of the cysteines reduced.


The stock solutions of the peptide were prepared by dissolving the pep-
tide in a mixture of CH3CN/H2O (35:65 v/v). Peptide concentrations
were determined by two parallel methods: 1) by absorption measure-
ments at 257.5 nm using the molar extinction coefficient 390 m


�1 cm�1, cal-
culated from the contribution of the aromatic residues (two phenylala-
nines), which have an established molar extinction coefficient of
195 m


�1 cm�1;[41] 2) by the determination of the concentration of sulfhydr-
yl groups with 2,2’-dithiopyridine. The concentration (3 Cys per peptide)
was determined using e343 =7600 m


�1 cm�1.[42] The spectra were recorded
with a Perkin–Elmer Instruments Lambda 35 UV-Vis Spectrometer.


Metal derivatives of APP170–188 : The generation of metal–peptide deriva-
tives was performed by the addition of aliquots containing the desired
number of equivalents of a metal-ion (ZnSO4 or CdCl2) stock solution to
APP170–188, either by the addition of the metal-ion solution to the peptide
at pH 2 and raising the pH, or first raising the pH and then adding the
metal-ion solution to the peptide. In both cases the spectroscopic absorp-
tion signatures showed no significant differences. The pH was raised by
the addition of a stock solution of buffer at the desired pH (TRIS/HCl
for pH 8.4, HEPES/NaOH or phosphate for pH 7.4). However, at pH 8.4
the cysteines in apoAPP170–188 started to oxidise after a few minutes and,
hence, in the case of addition of the metal at higher pH, this was done
immediately after raising the pH. Once the peptide had bound to one
equivalent of Zn or Cd the cysteines were not oxidised. The reduced cys-
teine content of the peptide was systematically verified with the 2,2’-di-
thiopyridine test at the beginning and end of the measurements in order
to make sure that no oxidation occurred. The metal content of the stock
solutions and the metal–peptide complexes was verified by ICP-mass
spectrometry with a quadrupole Elan 6000 (Perkin Elmer) spectrometer.


The solubility of APP170–188 in the buffer was not very high, probably due
to the low number of charged amino acids in the peptide. It was found
that the solubility is higher in the absence of salt in the buffer. To avoid
precipitation, up to 8 % acetonitrile was present in the samples with
APP170–188 concentrations below 100 mm ; for higher concentrations 35%
acetonitrile was necessary.


The preparation of the CoII–APP170–188 complexes was carried out in a ni-
trogen-purged glove box. All solutions were degassed and then saturated
with argon on a vacuum line prior to their transfer into the glove box.
For the titration of the peptide with CoII, three independent CoII samples
were prepared that contained 0.5, 1 and 1.5 equivalents of CoII. The
APP170–188 concentrations were between 180 and 300 mm in water/35 %
acetonitrile (the pH of this solution was about 2). CoII was added from a
CoCl2 stock solution and then the pH was adjusted to 8.6 with 1m TRIS/
HCl buffer.


For spectroscopic measurements the CoII–APP170–188 complexes were
transferred into a cuvette in the glove box and sealed. The spectroscopic
measurements were performed immediately after the sample preparation.
For the EPR measurements, the CoII-APP170–188 complexes were frozen
immediately in liquid N2. After the EPR measurement they were reana-
lysed by absorption spectroscopy. The spectra were unchanged, meaning
that no oxidation occurred during the EPR measurements. EPR spectra
were recorded on a Bruker ESP 300E spectrometer at 4 K (microwave
power 20 mW, microwave frequency 9.25 GHz, modulation amplitude
10.515 G).


Size-exclusion chromatography (apparent molecular weight): The apo-
peptide and its complexes with ZnII and CdII were analysed by size-exclu-
sion chromatography in order to estimate the molecular weight. The sep-
arations were performed with a Waters Instrument equipped with an


Amersham Biosciences Superdex 75 10/300 GL size-exclusion column
(300 � 10 mm) under isocratic conditions. For the MeII–APP170–188 peptides
a buffer solution of 20mm of HEPES/NaOH at pH 8.0 containing 100 mm


NaCl was used. Since the cysteines of apoAPP170–188 were oxidised under
these conditions and formed polymers due to intermolecular disulfide
bridges two other methods were used. In the first case the generation of
intermolecular disulfide bridges was prevented by the reaction of
apoAPP170–188 with DTP (see above). In the second case the chromatogra-
phy was run at lower pH (10 mm HCl at pH 2 with 100 mm NaCl), which
prevented the oxidation of the cysteines. The flow rate was 0.4 mL min�1


and the separation was followed spectrophotometrically at 250 nm and
280 nm. Molecular weights were estimated from a calibration plot de-
rived from bovine serum albumin (Mr =67 000), cytochrome C (Mr =


13600), aprotinin (Mr =6512), vitamin B12 (Mr =1355) and tyrosine
(Mr =181.2) (all Sigma–Aldrich reagents)


Circular dichroism : Circular-dichroism spectra were recorded with a
Jobin–Yvon Mark VI circular dichrograph at a scan speed of 0.2 nm s�1


in 1 cm path-length cuvettes. apoAPP170–188 and CdII–APP170–188 (stoichi-
ometry 1:1) were measured at a concentration of 40mm in 2 mm TRIS/
HCl at pH 8.0.


Mass spectrometry : ESI mass spectra were recorded on an API-365
quadrupole mass spectrometer from Perkin–Elmer Sciex. The samples
were prepared at a concentration of 40 mm in 10mm CH3COO�NH4


+/
NH3 buffer at pH 8.0 and 35 vol % CH3CN. The ZnII and CdII complexes
of APP170–188 exhibited measured masses (based on the peaks of singly
and doubly positive charged species) of 2233.4 and 2279.2, respectively.
These fit well with the calculated masses of 2232.1 and 2279.1. However,
in all cases the spectra also showed peaks corresponding to apoAPP170–188.
We interpreted this to mean that the metal–peptide complex breaks up
during the measurement, as is known for several other metal–peptide
complexes.[36b,43] This probably also precluded the detection of the pro-
posed dimeric metal–peptide complexes (see above). The dissociation of
dimeric metal–peptide complexes during ESI-MS measurements has al-
ready been reported.[36b]


Apparent binding constant of ZnII-APP170–188 : The apparent binding con-
stant was estimated by a competition assay with the colourimetric Zn
chelator 4-(2-pyridylazo)resorcinol (PAR).[28] Zn(PAR)2 shows a distinct
absorption band at 500 nm (e= 66000 m


�1 cm�1) at pH 7.5. The apparent
binding constant of Zn(PAR)2 has been reported to be 4� 1012 at
pH 7.5.[29] As PAR forms both 1:1 and 2:1 complexes with ZnII, an excess
of PAR must be used to bind >99 % of the ZnII to PAR in the 2:1
Zn(PAR)2 complex. Thus, concentrations of 240 mm PAR and 10mm ZnII


were titrated with 2–40 mm APP170–188.[28] Under these conditions the bind-
ing equilibrium of ZnII between APP170–188 and PAR may be expressed as
Equation (2). :


ZnII�APP170�188 þ 2 PARÐ APP170�188 þ ZnðPARÞ2 ð2Þ


The apparent binding constant of Zn�APP170–188 can be calculated by re-
solving Equation (3) for Kapp(Zn�APP170–188).


½Zn�APP170�188�½PAR�2
½APP170�188�½ZnðPARÞ2�


¼
KappðZn�APP170�188 Þ


KappðZnðPARÞ2Þ
ð3Þ


The absorption band at 500 nm due to the Zn(PAR)2 complex decreased
upon addition of APP170–188(not shown). This decrease reflected the trans-
fer of ZnII from PAR to APP170–188, which yielded [Zn(PAR)2] and [ZnII�
APP170–188] for Equation (3). [PAR] and [APP170–188] could be calculated
by subtracting the Zn-bound fraction from the initial concentration (i.e.
[PAR] = [PAR]total�2[Zn(PAR)2]; [APP170–188]= [APP170–188]total�[Zn�
APP170–188]). By taking into account the reported binding constant of
Zn(PAR)2 (see above), the apparent binding constant of ZnII–APP170–188


could be calculated.[28]
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Crystal Overgrowth on Gold Nanorods: Tuning the Shape, Facet, Aspect
Ratio, and Composition of the Nanorods


Jae Hee Song,+[a, b] Franklin Kim,+[a] Daniel Kim,[a] and Peidong Yang*[a]


Introduction


Controlling the shape of nanoparticles is technologically im-
portant, since their optical, electronic, magnetic, and catalyt-
ic properties often depend critically not only on particle
size, but also on particle shape.[1–3] Hence, a major current
research direction is to develop methodology for size- and
shape-selective nanocrystal growth. There have been exten-
sive efforts focusing on the development of new synthetic
methodologies (e.g., reverse micelle templating, seed-medi-
ated growth, crystal growth regulated by surfactants and co-
surfactants, and magic-sized nucleation/growth)[4–12] for
making nanorods with uniform sizes and aspect ratios.


Synthesizing gold nanorods by means of wet chemical
routes has been demonstrated in several experimental sys-
tems. In all these cases, it is either certain or possible that a
templating mechanism is operating. The preparation of poly-


crystalline rodlike gold particles in the nanopores of alumi-
na or polycarbonate membranes by electrochemical reduc-
tion is a clear demonstration of the success of a hard tem-
plate.[13] Formation of gold nanorods by an electrochemical
or photochemical reduction method in a surfactant solution
has been demonstrated, and the templating mechanism re-
mains elusive.[5] Another method to produce long, threadlike
gold particles was reported by Esumi.[14] In their method,
gold particles are produced by photochemical reduction in
the presence of cationic surfactant micelles. The authors in-
dicated that the templating effect of rodlike micelles is criti-
cal to the formation of gold nanowires with diameters of
several tens nanometers. More recently, a seeded growth
methodology has been introduced to synthesize uniform Au
and Ag nanorods.[7] In this process, Au clusters were used as
seeds to initiate the nanorod growth although the exact
mechanism for the one-dimensional crystal growth remains
unclear.


On the other hand, metal nanoparticles composed of mul-
tiple elements are of significant interest from both techno-
logical and scientific points of view for improving catalytic
activity and properties.[15–19] The chemical and physical sta-
bility, as well as the selectivity of catalytic reactions for
these bimetallic nanoparticles would be different from those
of monometallic particles. For example, it was found that
the Au surface shows a lower enhancement factor in the
visible region relative to that of Ag; consequently, the bi-
metallic Ag–Au particles could serve as better substrates for
surface-enhanced Raman spectroscopy (SERS).[20] For these
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Abstract: Electrochemically prepared
Au nanorods were used as seeds for
the overgrowth of thin shells of gold,
silver, and palladium by using a mild
reducing agent, ascorbic acid, in the
presence of surfactants at ambient con-
dition. The unique crystal facets of the
starting nanorods results in anisotropic
crystal overgrowth. The overgrowth
rates along different crystallographical


directions can be further regulated by
adding foreign ions or by using differ-
ent metal reduction methods. This
overgrowth study provides insights on
how different metal ions could be re-
duced preferentially on different Au


nanorod surfaces, so that the composi-
tion, aspect ratio, shape, and facet of
the resulting nanostructures can be ra-
tionally tuned. These surfactant-stabi-
lized bimetallic AucoreMshell (M= Au,
Ag, Pd) nanorod colloids might serve
as better substrates in surface-en-
hanced Raman spectroscopy as well as
exhibiting enhanced catalytic proper-
ties.


Keywords: colloids · crystal growth ·
gold · nanorods · nanostructures
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reasons, many different preparation methods have been re-
ported for synthesis of core–shell nanoparticles. Most of the
studies involve chemical, photochemical, or electrochemical
reduction of metal ions in the presence of polymers or sur-
factants, while using spherical nanoparticles as seeds.


Despite many of these studies on bimetallic core–shell
nanoparticle preparation, there are only few reports on
core–shell metallic nanorods.[19] In this article, we describe
our systematic studies on the general overgrowth behavior
on pre-formed Au nanorods. Electrochemically prepared Au
nanorods were used as seeds for the overgrowth of thin
shells of gold, silver, and palladium by using a mild reducing
agent, ascorbic acid, in the presence of surfactants at ambi-
ent condition. Since the starting nanorods exhibit unique
crystal facets, the overgrowth exhibits interesting features
due to competing crystal growth on different side facets.
This overgrowth behavior should provide insights on how
different metal ions could be reduced preferentially on Au
nanorod surfaces so that the composition, aspect ratio,
shape, and facet of the resulting nanostructures can be ra-
tionally tuned.


Results and Discussion


Au overgrowth on nanorods : Figure 1 shows the UV-visible
spectra of Au nanorods with varied HAuCl4 addition.
Before the Au overgrowth, the solution appears light red-


dish–brown and displays two characteristic surface plasmon
absorption peaks at 513 and 814 nm. Upon addition of
HAuCl4 and ascorbic acid, the absorption spectra changed
depending on the HAuCl4 concentration. The transverse
plasmon absorption bands shift to the red slightly, while the
longitudinal plasmon absorption bands shift to the blue sig-
nificantly as the aspect ratio, the ratio of length to diameter,


of Au nanorods decreases; this is in good agreement with
previous theoretical predictions.[21] These UV-visible spectra
clearly imply that as the concentration of HAuCl4 increases,
the overgrowth of the Au reduces the aspect ratio of the re-
sulting Au nanorods gradually.


Figure 2 shows the TEM images of the as-made Au nano-
rods and the overgrown Au nanorod colloids as described in
Figure 1. The side facets of the as-made nanorods are domi-


nated by the {110} planes with possible smaller {100}
facets.[22] Each nanorod has a faceted shape and is enclosed
by at least four {110} facets. The ends of these nanorods are


Figure 1. UV-visible spectra for the as-made Au nanorods (a) and after
the Au overgrowth with addition of 7, 20, 60, 125, 250 mL (b–f, respective-
ly) of a solution of HAuCl4.


Figure 2. a) Transmission electron microscopy (TEM) image of the as-
made Au nanorods. Inset shows a high resolution TEM image of a as-
made nanorod displaying its {110} side surfaces and {111}, {100} end sur-
faces. b) TEM image of nanorods after initial overgrowth with addition
of a solution of HAuCl4 (7 mL). Inset shows a high resolution TEM
image of a thin dumbbell-shaped nanorod. c) TEM image of nanorods
after Au overgrowth with addition of a solution of HAuCl4 (60 mL).
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enclosed by predominantly {111} and {100} planes, as indi-
cated in Figure 2a inset. As the concentration of AuCl4


� in-
creases, dumbbell shapes of Au nanorods emerge promi-
nently (Figure 2b,c). The shape evolution of a single nano-
rod during the overgrowth is shown in Figure 3. The arrows


in Figure 3b indicate the preferred Au overgrowth sites so
that a dumbbell-shaped nanorod forms. These unusual
dumbbell shapes suggest that the end {111} facet of Au
nanorods is more amenable for overgrowth than the side
{110} facets. A previous study revealed that these electro-
chemically prepared Au nanorods are stabilized by bilayers
of the cationic surfactants. These surfactants are expected to
bind much more strongly to the less-close packed {110} sur-
face than to {111} or {100} facets.[2b] Our results imply that
these less stable {110} facets are less likely to be coated with
Au due to stronger interaction with the surfactant mole-
cules. Hence, the overgrowth rate along [111] directions
would be higher than that along [110] directions. Overall,
the two ends of nanorods get thicker and aspect ratio of the
nanorods gets reduced.


Effect of silver-ion addition : We further examined the effect
of silver-ion addition on the overgrowth of Au nanorods.
The importance of silver ions in the preparation of gold
nanorods has been previously observed in the electrochemi-
cal and photochemical synthesis of Au nanorods,[5] whereby
increasing silver-ion concentration resulted in increasing the
aspect ratio of the Au rods. This effect has also recently
been reported in seeded growth of Au nanoparticles/rods, in
which the authors consider these silver ions as “shape-regu-


lating agents”.[7] Hence, it would be fundamentally interest-
ing to explore how the silver-ion addition could control the
shape of the resulted nanorods in our process. After adding
AgNO3 to a solution mixture of cetyltrimethylammonium
bromide (CTAB; 0.08 m, 5 mL), ascorbic acid (0.1 m,
0.25 mL), and Au nanorod colloids (0.1 mL), we did not ob-
serve the characteristic silver plasmon band at ~400 nm in
UV-visible spectrum, from which we assume that the silver
ions are not reduced by the weak reducing agent ascorbic
acid; they most likely form AgBr in the solution and absorb
onto the nanorod surface.


Figure 4 shows the UV-visible spectra of as made Au
nanorods, Au overgrown Au nanorods, and Au overgrown
Au nanorods in the presence of AgNO3. Upon addition of


Au nanorod colloids to an Au overgrowth solution (contain-
ing 5 mL of 0.08 m CTAB, 0.25 mL of 0.1 m ascorbic acid,
and 0.125 mL of 0.01 m HAuCl4), the surface plasmon ab-
sorption peaks shift; the 513 nm band red-shifts to 523 nm
and the 814 nm band blue-shifts by ~67 nm due to short-
ened aspect ratio. When the seed was added to the Au
growth solution (containing 5 mL of 0.08 m CTAB, 0.25 mL
of 0.1 m ascorbic acid, and 0.125 mL of 0.01 m HAuCl4) in
the presence of AgNO3 (13 mL, 0.01 m), it was found that the
transverse surface plasmon absorption peak shifted to
568 nm with a shoulder near 513 nm, while longitudinal sur-
face plasmon absorption peak remained almost unchanged.


TEM images of the nanorods after the overgrowth are
shown in Figure 5. We observed a decreased tendency in the
growth of Au shell in the presence of silver ions that may
account for the unshifted longitudinal plasmon peak. The
exact roles that silver ions play in regulating the shape of
Au over-grown Au nanorods is not completely understood
at this moment; however, based on our UV-visible and
TEM studies, we propose that silver ions might adsorb on


Figure 3. TEM images of a gold nanorod after Au overgrowth. a) as-
made nanorod seed; b–d) after addition of 7, 125, 250 mL of a solution of
HAuCl4, respectively. The arrows in (b) indicate the preferred growth
sites.


Figure 4. UV-visible spectra for the as-made Au nanorods (a) and after
the Au overgrowth with addition of a solution of HAuCl4 (125 mL) with-
out Ag ion addition (b), and with addition of AgNO3 (7 mL) (c).
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the surface of the Au nanorods and further retard the over-
growth of Au on the {110} side surfaces. In addition, as can
be readily seen in Figure 5, the resulting nanorods became
much more faceted, in fact, many of them turn into rectan-
gular shape rather than the smooth dumbbell-shaped nano-
rods produced without silver-ion addition. This further indi-
cates that the Ag ions play a subtle role in regulating
growth rates on the {111}, {110}, and {100} planes; they may
indeed be capable of promoting one-dimensional crystal
growth. It is possible that the silver ions play similar roles in
the previously reported silver-ion effect during the electro-
chemical Au nanorod growth as well as the seeded nanorod
growth.[5,7]


Effect of different reducing methods : In parallel with the
chemical reduction method for Au overgrowth, we have also
explored another reduction process. In this alternative ap-
proach, aqueous solutions of CTAB (5 � 10�4


m) and HAuCl4


(2 �10�3
m) were prepared. Small amounts of each solution


(5 mL) were mixed together in a 20 mL vial. Aqueous
NaOH solution (100 mL, 0.5 m) was added to adjust the pH
to around 12. The solution became clear with the addition
of NaOH and the gold nanorod solution (100 mL; aspect
ratio ~4.5) then was added. The resulting solution was irra-
diated with UV light (365 nm) for 2–3 h, upon which it
turned blue. TEM studies (Figure 6) on the products indi-
cate a high yield of Au nanowires with an average diameter
of ~6 nm. These Au nanowires are thin, continuous, and


highly crystalline, as can be seen in Figure 6c–d. Control ex-
periments without the addition of the gold nanorod seed so-
lution were carried out; it was found that the nanowire yield
decreased significantly. These results suggest that it is possi-
ble to use nanorods as seeds to significantly promote one-di-
mensional nanostructure growth in the presence of surfac-
tants under photochemical conditions. Indeed, nanorod-
shaped tips (indicated by arrows in Figure 6b) are frequently
observed in these nanowires. The nanowires generated
through this seeding process are generally much thinner
than those reported by Esumi who used a similar surfactant
system (but without seeding).[14]


Au–Ag core–shell nanorods : Figure 7 shows the UV-visible
absorption spectra of nanorod colloids prepared by the re-
duction of AgNO3 with ascorbic acid in the presence of Au
nanorod seed, together with the spectrum of initial Au
nanorods. The addition of NaOH is necessary to enhance
the reducing capability of the ascorbic acid.[7] Upon the Ag
overgrowth, a visible color change occurred from yellow to
brown, depending on Au nanorod seed concentration. Both
transverse and longitudinal surface plasmon absorption
bands shift to the blue with silver coating. The transverse
plasmon band gradually red shifts (387 to 410 nm) as the Au
nanorod colloid concentration is decreased from 0.2 (Fig-
ure 7c) to 0.1 mL (Figure 7b), suggesting the formation of
thickly coated AucoreAgshell nanorods. The thickly coated
nanorods show the longitudinal plasmon band at a much
shorter wavelength (618 nm, Figure 7b) than the thinly
coated nanorods (744 nm, Figure 7c). It was clearly seen
that when the silver-layer thickness is increased as the seed
concentration is decreased, the transverse plasmon band of
the composite nanorods shifts to the red and the optical


Figure 5. TEM images of gold nanorods after Au overgrowth with the
AgNO3 (a, 50 mL; b, 75 mL) addition.


Figure 6. TEM images of thin gold nanowires produced with a photo-
chemical reduction process using Au nanorods as seeds. The arrows in
(b) indicate the possible nanorod seeds.
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properties of AucoreAgshell nanorods are dominated by the
silver shell.[23] This observation is also in agreement with the
previously reported nanorod overgrowth through NH2OH
reduction of AgCl4


3�.[19]


Figure 8 shows the TEM images of AucoreAgshell nanorods
prepared with 0.1 mL of Au nanorod solution. It is evident
from the TEM images that these core–shell nanorods have
good monodispersity. Note Au and Ag have similar lattice
parameters of 0.4078 nm and 0.4086 nm, respectively. This
allows epitaxial crystal growth of Ag on Au nanorod surfa-
ces. Figure 8b shows a high resolution TEM image of a
clean Ag/Au interface. In addition, elemental analysis was
also carried out across the interface by means of energy dis-
persive X-ray spectroscopy. Figure 8c shows a line profile of
the Ag and Au composition that traverses the Ag–Au core–
shell nanorod axis; this further demonstrates a sharp inter-
face between Ag and Au.


Au–Pd core–shell nanorods : Considerable efforts have been
made on the control of the size of palladium nanoparticles,
as it is well known that the catalytic reactivity and selectivity
are strongly dependent on their size. Palladium is an impor-
tant hydrogenation catalyst and it was found that that Aucore-
Pdshell nanoparticles are more efficient than Pd itself.[24] The
growth of a Pd shell on the Au nanorod surface could be
readily followed by UV-visible spectrophotometry. Figure 9
shows the UV-visible spectra of the as-made Au nanorods
and the AucorePdshell nanorod colloids. The color of the Au
nanorod colloids changed to brown, suggesting the forma-
tion of palladium nanoparticles. Figure 9b shows a brownish
absorption without any observable peaks. The AucorePdshell


bimetallic nanoparticles have been shown to exhibit no char-
acteristic absorption from Au clusters as the Pd shell thick-
ness increases.[25]


Figure 10 shows TEM images of AucorePdshell nanorods. We
observed uniform heterogeneous AucorePdshell nanorods,


which are built up by a gold core surrounded by palladium
nanocrystals of about 2–4 nm diameter. As the concentra-
tion of H2PdCl4 increases, individual Pd nanocrystals start
fusing together. The energy dispersive X-ray (EDX) micro-
analysis shows that the prepared core–shell nanorods mate-
rial consists of gold and palladium only. The compositional
line profile (Figure 10b) of the transversal cross-section of
AucorePdshell nanorod demonstrates that palladium shell is
uniform throughout the surface of Au nanorod.


Conclusion


The overgrowth on the nanorod surface is a quite complex
process that is directly related to nanorod formation mecha-


Figure 7. UV-visible spectra for the as-made Au nanorods (a) and after
the Ag overgrowth with addition of 0.1 mL (b) and 0.2 mL (c) Au nano-
rod stock solution.


Figure 8. a) and b) TEM images of gold nanorods after Ag overgrowth.
c) Line profile of Au (–^–) and Ag (–*–) concentration transversing the
nanorod axis probed by energy dispersive X-ray spectroscopy.
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nism. Among the three systems explored in this study, we
note that the Ag and Au overgrowth essentially yields
single-crystalline thin-shell coating, while the Pd overgrowth
is polycrystalline. We believe this is a direct result of lattice
mismatch between the Au nanorod and the overgrowth ma-
terials. The lattice constant of Pd (3.89 �) is smaller than
those of Ag and Au (4.08 �). This lattice mismatch may
induce the island nucleation/growth of Pd nanoclusters on
Au nanorod surfaces. However, this polycrystalline nature
of the Pd overgrowth may be beneficial for its potential cat-
alytic applications due to its high surface area.


Unlike spherical particles in which the {111} surface gen-
erally dominates, the electrochemically synthesized nano-
rods exhibit predominantly {110} side surfaces as well as
small percentage of {111} and {001} end surfaces. The com-
petition of the overgrowth on these different surface facets
results in highly anisotropic overgrowth pattern. In general,
it was found that the {110} facets are less accessible for the
overgrowth, due to possible stronger interactions with the
cationic surfactants, relative to the {111} and {100} surfaces.
This anisotropic overgrowth rate leads into the formation of
dumbbell shapes nanorods in the Ag and Au overgrowth
systems. The overgrowth rates can be further adjusted by
adding foreign ions and by using different reducing chemis-
try, as exemplified here by the Ag effect and the photo-
chemical nanowire formation using nanorods as seeds.


Electrochemically prepared Au nanorods were used as
seeds for the overgrowth of thin shells of gold, silver, and
palladium by using a mild reducing agent, ascorbic acid, in
the presence of surfactants at ambient condition. The use of
weak reducing agent is important in order to achieve well-
defined shell growth, while avoiding effectively undesired
homogeneous nucleation. Since the starting nanorods exhib-
it unique crystal facets, the overgrowth exhibits interesting
features due to competing growth on different side facets.
This overgrowth behavior should provide insights on how
different metal ions could be reduced preferentially on Au
nanorod surfaces so that the composition, aspect ratio,
shape, and facet of the resulting nanostructures can be ra-
tionally tuned. These surfactant-stabilized bimetallic Aucore-
Mshell (M= Au, Ag, Pd) nanorod colloids could serve as
better substrates for surface-enhanced Raman spectroscopy,
chemical/biological sensing, and catalysis.


Experimental Section


Gold nanorod synthesis : Gold nanorods were synthesized by using an
electrochemical reaction.[5a] An aqueous solution of hexadecyltrimetylam-
monium bromide (CTAB, 0.08 m) and tetradodecylammonium bromide
(4.2 mg/ml) was used as the electrolyte. Gold and platinum metal plates
were used as the anode and cathode. The electrolyte solution (4 mL), cy-
clohexane (48 mL), and acetone (88 mL) were used in each reaction. A
constant current of 5 mA was applied to the system for 27 minutes. In
order to produce rods, a silver plate was immersed in the electrolyte
before the reaction. The solution was collected after the reaction, and
centrifuged at 12 000 rpm for 20 minutes. The flocculates were collected,
redispersed in DI (4 mL) and used as stock solution.


Figure 9. UV-visible spectra for a) the as-made Au nanorods and b) after
Pd overgrowth.


Figure 10. a) TEM images of gold nanorods after Pd overgrowth. Inset
shows a high magnification view of the Au–Pd core–shell nanorods.
b) Line profile of Au (–*–) and Pd (–^–) concentration transversing the
nanorod axis probed by energy dispersive X-ray spectroscopy.
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Overgrowth of Au on Au nanorods : In a clean vial, HAuCl4 (0.007–
0.125 mL, 0.01 m) was added into a solution containing CTAB (5 mL,
80 mm), electrochemically synthesized Au nanorod[5] colloid as seeds
(0.1 mL), and freshly prepared ascorbic acid solution (0.012–0.25 mL,
0.1m). The solution was sonicated at room temperature during prepara-
tion. Absorption spectra of the nanorod dispersions were taken using a
HP8453 UV-visible spectrophotometer. The resulting Au nanorods were
separated from excess surfactants by centrifugation at 2000 rpm for
10 min. The supernatant was removed and the precipitate was redis-
persed in deionized water (0.5 mL), which was used later for transmission
electron microscopy (TEM) analysis.


Synthesis of AucoreAgshell nanorods : To make AucoreAgshell nanorods,
AgNO3 was reduced by ascorbic acid in the presence of Au nanorods, the
micellar template CTAB, and NaOH. Two sets of solution containing
CTAB (5 mL, 80 mm), AgNO3 (0.125 mL, 10 mm), and ascorbic acid
(0.25 mL, 0.1 m) were prepared. Next, different amount of Au nanorods
(0.1 and 0.2 mL) were added, respectively, and then NaOH (0.05 mL,
0.5m) was added slowly while stirring. UV-visible absorption spectra
were taken using a HP 8453 spectrophotometer. The AucoreAgshell nano-
structures were separated from excess surfactant by centrifugation at
2000 rpm for 15 min. The supernatant was removed and the precipitate
was redispersed in deionized water (0.5 mL), which was used later for
TEM and energy dispersive X-ray (EDX) elemental analysis.


Synthesis of AucorePdshell nanorod colloid : H2PdCl4 was prepared from
PdCl2 (0.0355 g), dissolved in HCl (2 mL, 0.2m), and diluted to 100 mL
with de-ionized water. Electrochemically prepared Au nanorod colloids
(0.1 mL) were added into the mixture of CTAB (5 mL, 0.08 m), H2PdCl4


(0.125 mL, 2 mm), and freshly prepared ascorbic acid (0.25 mL, 0.1 m).
All the solutions were under sonication during the preparation. UV-visi-
ble absorption spectra were measured using a HP 8453 spectrophotome-
ter. AucorePdshell nanorods were separated from excess surfactant by cen-
trifugation at 2000 rpm for 10 min. The supernatant was removed and the
precipitate was re-dispersed in de-ionized water (0.5 mL), which was
used later for TEM and EDX microanalysis.
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with Benzhydrylium Ions
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Introduction


Tertiary phosphanes are important ligands in transition-
metal complexes that find widespread use in organometallic
reactions. Subsequent to Tolman�s pioneering studies in the
1970s,[1] numerous investigations have dealt with the elec-
tronic and steric properties of phosphane ligands, and this
information was used to design novel organometallic cata-
lysts. In recent years, applications of phosphanes and phos-
phites as “organocatalysts” have been steadily increaseing.[2–9]


Apart from Morita–Baylis–Hillman reactions,[2] a wide
range of transformations have been catalyzed by tertiary
phosphanes, for example, additions of water and alcohols to
acceptor-substituted alkenes,[3] Michael cycloisomerizations


of acceptor-substituted dienes,[4] isomerizations of acceptor-
substituted alkynes to conjugated dienes,[5] a- and g-amina-
tions of alkynoates and alkynyl ketones,[6] [3+2]annulations
of buta-2,3-dienoates or but-2-ynoates with electron-defi-
cient olefins and imines,[7] [4+2]annulations of buta-2,3-dien-
oates,[8] or regiospecific allylic aminations of 2-acceptor-sub-
stituted allylic acetates.[9] Because all of these reactions are
initiated by nucleophilic attack of the phosphanes at the
Michael acceptors, knowledge of the nucleophilicities of
phosphanes compared to other classes of nucleophiles is
needed to define their potential in organocatalysis.


Results and Discussion


Method : Recently, we have recommended substituted benz-
hydrylium ions as reference electrophiles for quantifying the
reactivities of various types of nucleophiles.[10] It was shown
that the reactions of benzhydrylium ions with alkenes,
arenes, allyl silanes, allyl stannanes, silyl enol ethers, silyl
ketene acetals, enamines, diazoalkanes, carbanions, hydride
donors, as well as with N and O nucleophiles can be de-
scribed by Equation (1), where k is the second order rate
constant (m


�1 s�1), E is the electrophilicity parameter, N is
the nucleophilicity parameter, and s is the nucleophile-spe-
cific slope parameter (usually 0.5< s<1.2).[10–17]


[a] Dr. B. Kempf, Prof. Dr. H. Mayr
Department Chemie und Biochemie der Ludwig-Maximilians-Univer-
sit�t M�nchen
Butenandtstrasse 5-13 (Haus F), 81377 M�nchen (Germany)
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E-mail : Herbert.Mayr@cup.uni-muenchen.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. This information
includes procedures and characterized products of reactions of phos-
phanes and phosphites with benzhydryl cations, tables containing the
concentrations and rate constants for the individual runs of the kinet-
ic experiments, and the determination of equilibrium constants.


Abstract: The kinetics of the reactions
of benzhydrylium ions and quinone
methides with eight tertiary phos-
phanes and two phosphites were inves-
tigated photometrically. The nucleophi-
licity parameters N and slope parame-
ters s of these nucleophiles were de-
rived according to the equation
logk20 8C = s(N + E). Correlations of
the nucleophilicity parameters N with
pKHa and sp values as well as with the


rate constants of reactions with other
electrophiles are discussed. In some
cases, equilibrium constants for the for-
mation of phosphonium ions were
measured, which allow one to deter-
mine the Marcus intrinsic barriers of


DG0
� = 58 kJ mol�1 for the reactions


of triarylphosphanes with benzhydryli-
um ions. The N parameters [5.51
for P(OPh)3, 10.36 for P(OBu)3,
14.33 for PPh3, 15.49 for PBu3, 18.39
for P(4-Me2NC6H4)3] are compared
with the reactivities of other classes
of nucleophiles (see, www.cup.
uni-muenchen.de/oc/mayr).


Keywords: carbocations · intrinsic
barriers · kinetics · phosphites ·
tertiary phosphanes
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log k20oC ¼ sðN þ EÞ ð1Þ


We now report on the kinetics of the reactions of tertiary
phosphanes or phosphites with the reference electrophiles,
listed in Table 1, and use these data to determine N and s of
these phosphorus nucleophiles.


Results : Because the benzhydrylium ions shown in
Table 1 differ considerably in their electrophilicities[10] and
Lewis acidities,[18] not all combinations with the phosphanes
and phosphites give stable adducts [Eq. (2)].


Stable phosphonium salts from benzhydrylium ions and
phosphanes or phosphites that have been characterized by
NMR spectroscopy are listed in Table 2.


An analysis of the chemical shifts listed in Table 2 shows
that in phosphonium ions with the same PR3 group, dH and
dP increase, whereas dC decreases on switching from a less
reactive benzhydrylium ion to a more reactive one (excep-
tion: (lil)2CH-P+Bu3). This change is combined with a slight
increase of the coupling constants 2J(H,P) and 1J(C,P). A
comparison of the chemical shifts of the reaction products
of (dma)2CH+ with PPh3 and with P(4-MeOC6H4)3 indicates
that dH and dP decrease, whereas dC increases when elec-
tron-donating groups are introduced into the para positions
of the triaryl phosphanes.


Equilibrium constants : Although all reactions of benzhydry-
lium ions with trialkylphosphanes and phosphites investigat-
ed in this work proceeded with quantitative formation of
the corresponding phosphonium ions, reversible adduct for-
mation was observed for some combinations with triaryl-
phosphanes. Since benzhydrylium ions are colored, in con-


trast to the triarylphosphanes and the corresponding phos-
phonium salts, the equilibrium constants given in Table 3
can easily be derived from the UV/Vis absorbances of the
benzhydrylium ions in the presence of variable concentra-
tions of phosphanes.


Table 3 shows that the equilibrium constants increase with
increasing electrophilicities of the benzhydrylium ions as
well as with increasing electron-releasing abilities of the p-
substituents in the triarylphosphanes.


Combinations of some weakly electrophilic benzhydryl-
ium ions with P(4-ClC6H4)3 and PPh3 gave only small pro-
duct concentrations at 20 8C. Lowering the temperature
shifted the equilibrium to the side of the adducts and ena-
bled us to determine the equilibrium constants in these
cases. Extrapolation of the van�t Hoff plots of lnK versus
1/T yielded the equilibrium constants K at 20 8C as well as
the reaction entropies DrS8 and enthalpies DrH8.


Abstract in German: Die Geschwindigkeitskonstanten der
Reaktionen von Benzhydrylium-Ionen und Chinonmethiden
mit 8 terti�ren Phosphanen und 2 Phosphiten wurden photo-
metrisch bestimmt. Daraus konnten die Nukleophilieparame-
ter N und Steigungsparameter s f�r diese Nukleophile nach
der Gleichung log k208C = s(N + E) berechnet werden. Kor-
relationen zwischen den Nukleophilieparametern N und
pKaH- und sp-Werten sowie Geschwindigkeitskonstanten von
Reaktionen mit anderen Elektrophilen werden diskutiert. In
einigen F�llen wurden Gleichgewichtskonstanten f�r die Bil-
dung von Phosphonium-Ionen gemessen, sodass f�r die Re-
aktionen von Triarylphosphanen mit Benzhydrylium-Ionen
die intrinsischen Barrieren nach Marcus berechnet werden
konnten (DG0


� = 58 kJ mol�1). Die N-Parameter [5.51 f�r
P(OPh)3, 10.36 f�r P(OBu)3, 14.33 f�r PPh3, 15.49 f�r
PBu3, 18.39 f�r P(4-Me2NC6H4)3] werden mit den Reaktivi-
t�ten anderer Nukleophilklassen verglichen (www.cup.uni-
muenchen.de/oc/mayr).


Table 1. Abbreviations and electrophilicity parameters (E) of the refer-
ence electrophiles employed to determine the nucleophilicities of tertiary
phosphorus compounds.


Ar2CH+ X Y E[a]


(ani)2CH+ OMe OMe 0.0


(fur)2CH+ �1.36


(pfa)2CH+ N(Ph)CH2CF3 N(Ph)CH2CF3 �3.14
(mfa)2CH+ N(CH3)CH2CF3 N(CH3)CH2CF3 �3.85
(dpa)2CH+ NPh2 NPh2 �4.72
(mor)2CH+ N(CH2CH2)2O N(CH2CH2)2O �5.53
(mpa)2CH+ N(Ph)CH3 N(Ph)CH3 �5.89
(dma)2CH+ N(CH3)2 N(CH3)2 �7.02
(pyr)2CH+ N(CH2)4 N(CH2)4 �7.69


(thq)2CH+ �8.22


(ind)2CH+ �8.76


(jul)2CH+ �9.45


(lil)2CH+ �10.04


ani(Ph)2QM �12.18[b]


[a] From ref. [10]. [b] From ref. [15b].
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As shown in Figure 1, the free energies DrG8 (20 8C) of
the reactions of triarylphosphanes with benzhydrylium ions
[Eq. (2)] correlate linearly with sp


[19] of the corresponding


para substituents. The corre-
sponding plot of log K versus sp


yields Hammett 1 parameters
of �10.6 for (lil)2CH+ , �9.94
for (jul)2CH+ , and �10.8 for
(thq)2CH+ . The large negative
value of 1 is due to the fact that
the reaction constant reflects
the effect of three para sub-
stituents.


The linear correlations of
logK for the combinations of
triarylphosphanes with various
benzhydrylium ions versus pKHa


of the corresponding phos-
phanes in nitromethane[20] show


slopes of 1.5–1.6 (Figure 2). It is presently not understood
why substituent variation in the triarylphosphanes affects
carbon basicity to a greater extent than proton basicity. Pos-
sibly it reflects a solvent effect because carbon basicities [K,
Eq. (2)] refer to dichloromethane, whereas the pKHa values
refer to nitromethane solution.


Previously, Kane-Maguire and co-workers[21] determined
the kinetics of the reversible additions of a wide variety of
tertiary phosphanes to the (tricarbonyl)chromium-com-
plexed tropylium ion (acetone, 0 8C) according to Equa-
tion (3).


Forward and backward rate constants were derived from
the rate law kobs = k1[PR3] + k�1, and the equilibrium con-


Table 2. Chemical shifts (CDCl3) of 1H, 13C, and 31P nuclei in the central unit of the phosphonium ions
Ar2CH-P+R3 produced by reaction (2).


PR3 Ar2CH+ Products dH (2J(H,P) [Hz]) dC (1J(C,P) [Hz]) dP


P(4-ClC6H4)3 (mpa)2CH+ 1 (73 %) 6.45 (17.3) 46.7 (38) 20.3
(pfa)2CH+ 2 (81 %) 6.53 (17.5) 46.2 (41) 21.1


PPh3 (dma)2CH+ 3 (79 %) 6.10 (16.9) 47.9 (41) 20.4
(mfa)2CH+ 4 (87 %) 6.25 (17.1) 47.1 (42) 21.1


P(4-MeC6H4)3 (thq)2CH+ 5 (77 %) 5.65 (16.7) 48.8 (42) 19.4
(dpa)2CH+ 6 (79 %) 6.30 (17.2) 47.3 (43) 21.3


P(4-MeOC6H4)3 (jul)2CH+ 7 (76 %) 5.32 (16.6) – 18.2
(dma)2CH+ 8 (98 %) 5.76 (16.9) 48.7 (45) 19.3


PBu3 (lil)2CH+ 9 (85 %) 4.79 (18.4) 46.6 (41) 33.5
(thq)2CH+ 10 (83 %) 4.74 (18.1) 45.3 (41) 33.5
(dma)2CH+ 11 (93 %) 5.00 (18.3) 45.1 (41) 34.1


P(OPh)3 (mfa)2CH+ 12 (76 %) 4.66 (25.9) – 19.9
P(OBu)3 (dpa)2CH+ 13 (50 %) 5.43 (25.4) – 37.1


Table 3. Equilibrium constants (K) and reaction free energies (DrG8) at
20 8C for the reactions of triarylphosphanes with benzhydrylium tetra-
fluoroborates [Eq. (2), CH2Cl2].


PR3 Ar2CH+ K [m�1] DrG8 [kJ mol�1]


P(4-ClC6H4)3 (thq)2CH+ 6.22 �4.45[a]


(mpa)2CH+ 8.52 � 103 �22.1
(dpa)2CH+ 7.58 � 105 �33.0


PPh3 (lil)2CH+ 1.91 � 101 �7.19[b]


(jul)2CH+ 5.57 � 101 �9.80[c]


(thq)2CH+ 2.27 � 103 �18.8[d]


(dma)2CH+ 1.26 � 105 �28.6
P(4-MeC6H4)3 (lil)2CH+ 1.38 � 103 �17.6


(jul)2CH+ 2.41 � 103 �19.0
(thq)2CH+ 1.69 � 105 �29.3


P(4-MeOC6H4)3 (lil)2CH+ 1.79 � 104 �23.9
(jul)2CH+ 3.38 � 104 �25.4
(ind)2CH+ 5.45 � 105 �32.2
(thq)2CH+ 1.03 � 106 �33.7


[a] DrH8 = �34.2 kJ mol�1, DrS8 = �101.3 Jmol�1 K�1. [b] DrH8 =


�41.3 kJ mol�1, DrS8 = �116.2 Jmol�1 K�1. [c] DrH8 = �34.1 kJ mol�1,
DrS8 = �82.9 J mol�1 K�1. [d] DrH8 = �47.1 kJ mol�1, DrS8 =


�96.5 J mol�1 K�1.


Figure 1. Correlations of DrG8 (20 8C, CH2Cl2) with sp (from ref. [19]) for
the reactions of P(4-XC6H4)3 with Ar2CH+ [Eq. (2)].


Figure 2. Correlations of log K [Eq. (2)] versus pKHa (in CH3NO2, from
ref. [20]) for the reactions of P(4-XC6H4)3 with Ar2CH+ in CH2Cl2 at
20 8C. Slopes are 1.504 for (thq)2CH+ , 1.507 for (jul)2CH+ , and 1.619 for
(lil)2CH+ .
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stants were calculated as K = k1/k�1. Figure 3 shows that
the equilibrium constants K for Equation (2) correlate well
with the equilibrium constants K [Eq. (3)] for the reactions
of the tropylium complex with the same tertiary phosphanes


in acetone. Again, substituent variation in the triarylphos-
phanes affects basicity towards benzhydrylium ions to a
greater extent than basicity towards the tropylium complex
(slopes 1.4–1.6). Possibly, it is again solvation which accounts
for the slope¼6 1.


Kinetics : The kinetics were generally investigated under
pseudo-first-order conditions by combining the benzhydryli-
um tetrafluoroborate solutions in dichloromethane with 10–
100 equivalents of PR3 and monitoring the decay of the
benzhydrylium absorbances at wavelengths from 590–
680 nm. In cases of complete consumption of the benzhydry-
lium ions, the pseudo-first-order rate constants k1Y were ob-
tained from the slopes of the linear plots of �ln At versus t
(At = absorbance of Ar2CH+ at the time t).[22] The second-
order rate constants listed in Table 4 were calculated as kf =


k1Y/[PR3].
When the stopped-flow technique was employed, the


curve-fitting program KinetAsyst3 (HiTech Scientific) was
used to determine the pseudo-first-order rate constants k1Y


by means of the fitting function At = A0 exp(�k1Yt) + C
(Figure 4).


In the case of incomplete consumption of the benzhydryli-
um ions (Figure 5), the pseudo-first-order rate constants kobs


were obtained as the slopes of the linear plots of
ln [(A0�A¥)/(At�A¥)] versus t. As described in refer-
ence [23], the slope of the plot of kobs versus the nucleophile
concentration corresponds to the second-order rate constant
for the forward reaction kf, and the intercept on the ordinate


corresponds to the first-order rate constant for the backward
reaction kr [Eq. (4)].


kobs ¼ kf½PR3�0 þ kr ð4Þ


As shown in Table 4, all reactions of benzhydrylium ions
with phosphanes and phosphites could be evaluated by one
of these methods, and the equilibrium constants K = kf/kr


(see the Supporting Information) closely resemble those de-
rived from the concentrations of reactants and products (K
in Table 3). If the kinetic measurements were performed at
different temperatures, kf(20 8C) was calculated from the
Eyring activation parameters DH� and DS� (Table 5).


In previous work, we found that the rates of the reactions
of carbocations with noncharged nucleophiles are only
slightly affected by solvent polarity.[22, 30,31] Figure 6 illustrates
that the same is true for the reactions of (dma)2CH+ with


Figure 3. Correlation of log K ([Eq. (2)], CH2Cl2, 20 8C) versus log K
([Eq. (3)], acetone, 0 8C, from ref. [21]). Slopes are 1.443 for (thq)2CH+ ,
1.465 for (jul)2CH+ , and 1.576 for (lil)2CH+ .


Figure 4. Exponential decay of the absorbance at l = 601 nm in the reac-
tion of (pfa)2CH+ (c0 = 5.011 � 10�6


m) with P(4-ClC6H4)3 (c0 = 3.862 �
10�5


m).


Figure 5. Plot of the absorbance (l = 622 nm) versus t for the reactions
of P(4-ClC6H4)3 with (mpa)2CH+ (c0 = 4.5� 10�6


m) at different concen-
trations of P(4-ClC6H4)3 (CH2Cl2, 20 8C).
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triphenylphosphane. While poor correlations are found
between these rate constants and the ET(30) values[32] or
dielectric constants e[32] (see Supporting Information),
Figure 6 shows that the rate constants decrease slightly


with increasing Gutmann�s
donor number DN[32] of the sol-
vents.


Similar to the reactions of
[(ani)2CH+][BCl4


�] with 2-
methyl-1-pentene[22] and of
[(ani)2CH+][OTf�] with dime-
thylphenylsilane,[31] the solvent
effects are small because charg-
es are neither created nor de-
stroyed in reactions of ions with
neutral molecules. Comparably
small solvent effects (nitro-
methane, acetonitrile, acetone,
etc.) have also been reported
for the reactions of phosphanes
and phosphites with metal com-
plexes,[33] metal p com-
plexes[34,35] and tropylium ions.[36]


In several investigations, we
have demonstrated that the re-
actions of carbocations with p,
n, and s nucleophiles can be
described by Equation (1).[10–17]


Benzhydrylium ions Ar2CH+


were recommended as refer-
ence electrophiles to compare
the reactivities of different
types of nucleophiles.[10]


Figure 7 shows that the reac-
tions of benzhydrylium ions
with tertiary phosphanes and
phosphites also follow Equa-
tion (1). Nucleophilicity param-
eters N as well as the slope pa-
rameters s that were derived
from these correlations, as de-
scribed in references [10] and
[12], are listed in Table 4. Since
the slopes are closely similar
for structurally related nucleo-
philes, in accordance with hun-
dreds of correlations for other
classes of compounds,[10–17] relia-
ble values of N can also be ob-
tained if only three data points
(PCy3) are available. Because
of the special form of Equa-
tion (1), which defines N as the
intercept on the abscissa, it is
even possible to derive good es-
timates for N if only a single
rate constant is known (e.g., N


for PiPr3), as explicitly discussed in the section “Nucleophi-
licity Scales” of a recent review.[12]


It should be noted that even the rate constant for the re-
action of tris(4-dimethylaminophenyl)phosphane with the


Table 4. Second-order rate constants (kf, CH2Cl2, 20 8C) for the reactions of benzhydrylium tetrafluoroborates
and quinone methides with phosphanes and phosphites [kf for Eq. (2)].


PR3 N s Ar2CH+ E kf [m
�1 s�1]


P(4-ClC6H4)3 12.58 0.65 (thq)2CH+ �8.22 7.29 � 102[a]


(dma)2CH+ �7.02 3.34 � 103[a]


(mpa)2CH+ �5.89 2.09 � 104


(dpa)2CH+ �4.72 1.20 � 105


(mfa)2CH+ �3.85 4.97 � 105


(pfa)2CH+ �3.14 1.17 � 106


PPh3 14.33 0.65 (lil)2CH+ �10.04 4.85 � 102[a]


(jul)2CH+ �9.45 2.56 � 103[a]


(pyr)2CH+ �7.69 1.58 � 104[a]


(dma)2CH+ �7.02 5.73 � 104[a,b,e]


(mpa)2CH+ �5.89 2.93 � 105[c]


(mor)2CH+ �5.53 4.27 � 105[c]


(dpa)2CH+ �4.72 1.79 � 106


(mfa)2CH+ �3.85 8.27 � 106


P(4-MeC6H4)3 15.44 0.64 (lil)2CH+ �10.04 2.71 � 103[a]


(jul)2CH+ �9.45 7.15 � 103[a]


(thq)2CH+ �8.22 5.66 � 104


(dma)2CH+ �7.02 2.43 � 105


(mpa)2CH+ �5.89 1.27 � 106


(dpa)2CH+ �4.72 8.30 � 106


P(4-MeOC6H4)3 16.17 0.62 (lil)2CH+ �10.04 5.07 � 103[a]


(jul)2CH+ �9.45 1.93 � 104


(thq)2CH+ �8.22 1.03 � 105


(dma)2CH+ �7.02 4.87 � 105


(mpa)2CH+ �5.89 2.38 � 106


P(4-Me2NC6H4)3 18.39 0.64 ani(Ph)2QM �12.18 6.11 � 103


(lil)2CH+ �10.04 2.43 � 105


(jul)2CH+ �9.45 7.01 � 105


(ind)2CH+ �8.76 1.41 � 106


(thq)2CH+ �8.22 3.29 � 106


(dma)2CH+ �7.02 1.06 � 107


PiPr3 13.37 (0.70) (dma)2CH+ �7.02 2.77 � 104


PCy3 (tricyclohexylphosphane) 14.64 0.68 (jul)2CH+ �9.45 2.90 � 103


(thq)2CH+ �8.22 2.83 � 104


(dma)2CH+ �7.02 1.28 � 105


PBu3 15.49 0.69 (lil)2CH+ �10.04 6.07 � 103[a]


(jul)2CH+ �9.45 1.61 � 104[a,d]


(thq)2CH+ �8.22 1.08 � 105


(dma)2CH+ �7.02 7.68 � 105


(mpa)2CH+ �5.89 4.68 � 106


P(OPh)3 5.51 0.76 (dpa)2CH+ �4.72 3.55
(mfa)2CH+ �3.85 2.06 � 101


(pfa)2CH+ �3.14 5.85 � 101


(fur)2CH+ �1.36 2.37 � 103[a,f]


(ani)2CH+ 0.00 1.22 � 104[a,e]


P(OBu)3 10.36 0.70 (lil)2CH+ �10.04 1.62
(jul)2CH+ �9.45 4.55[d]


(ind)2CH+ �8.76 1.33 � 101[g]


(thq)2CH+ �8.22 3.64 � 101[a,g]


(pyr)2CH+ �7.69 5.78 � 101[a,h]


(dma)2CH+ �7.02 2.23 � 102[a,e]


(mpa)2CH+ �5.89 1.34 � 103[c]


(mor)2CH+ �5.53 1.87 � 103[c]


(dpa)2CH+ �4.72 8.25 � 103


(mfa)2CH+ �3.85 3.71 � 104


(pfa)2CH+ �3.14 1.09 � 105


[a] Activation parameters are given in Table 5. [b] From ref. [24]. [c] From ref. [25]. [d] From ref. [26].
[e] From ref. [27]. [f] Counterion: TfO� . [g] From ref. [28]. [h] From ref. [29].
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quinone methide ani(Ph)2QM (E = �12.18) nicely matches
the correlation line. This agreement demonstrates that the
previously determined E parameters for quinone meth-
ides[15b] are also applicable to reactions with P nucleophiles,
and that charged and uncharged electrophiles may be used
side-by-side for these analyses.


Intrinsic barriers : Rate equilibrium relationships provide im-
portant information about the factors that control organic
reactivity.[37,38] However, not many reaction types are
known, for which the dependence of rates and equilibria on
structural variation has been determined.[39,40] Kane-Maguire
and Sweigart reported that numerous reactions of tertiary
phosphanes and phosphites with metal-coordinated carbo-
cations, for which rate constants have been determined, pro-
ceed with incomplete formation of the adducts.[34] Tables 3


and 4 of this article also contain equilibrium constants and
rate constants for the same reaction and thus allow the de-
termination of the intrinsic barrier, that is, the activation
free energy at DrG8 = 0.


For only one electrophile, (thq)2CH+ , and for only a
single nucleophile, PPh3, there are four reaction partners for
which rate and equilibrium constants are available. The
slopes of the corresponding DG� versus DrG8 correlations in
Figures 8 and 9 (0.42 and 0.48) indicate that variation of the
nucleophile as well as variation of the electrophile affects
the activation free energies about half as much as the reac-
tion free energies.


The intercepts of the correlations in Figures 8 and 9 are
similar (57 and 59 kJ mol�1) and correspond to the activation
free energy at DrG8 = 0, which has been termed the intrin-
sic barrier DG0


� by Marcus.[41] Whereas the intrinsic barrier
has initially been assumed to adopt a characteristic (con-
stant) value for a reaction series,[41] it has later been recog-


Table 5. Eyring activation parameters[a] for the reactions of benz-
hydrylium ions with PR3 in CH2Cl2.


PR3 Ar2CH+ DH� [kJ mol�1] DS� [Jmol�1 K�1]


P(4-ClC6H4)3 (thq)2CH+ 31.18�1.00 �83.61�4.87
(dma)2CH+ 24.67�0.60 �93.19�2.90


PPh3 (lil)2CH+ 35.87�0.75 �71.00�3.62
(jul)2CH+ 34.74�1.13 �60.10�5.26
(pyr)2CH+ 26.25�0.49 �74.86�2.20
(dma)2CH+ 23.30�0.48[b] �75.00�1.20[b]


P(4-MeC6H4)3 (lil)2CH+ 36.18�0.44 �55.65�2.09
(jul)2CH+ 31.37�0.47 �63.99�2.22


P(4-MeOC6H4)3 (lil)2CH+ 34.84�0.36 �55.01�1.71
PBu3 (lil)2CH+ 22.44�0.37 �95.81�1.58


(jul)2CH+ 20.22�1.32[c] �95.29�5.95[c]


P(OPh)3 (fur)2CH+ 30.02�0.25 �77.77�1.48
(ani)2CH+ 24.32�1.25[b] �83.62�1.98[b]


P(OBu)3 (thq)2CH+ 47.11�0.31[d] �54.11�1.13[d]


(pyr)2CH+ 43.78�0.78[e] �61.72�2.90[e]


(dma)2CH+ 40.40�0.72[b] �62.00�2.56[b]


[a] As indicated by the error limits in DH� and DS�, the large number of
decimals is meaningless per se; however, it is needed for the reproduc-
tion of the rate constants in Table 4. [b] From ref. [27]. [c] From ref. [26].
[d] From ref. [28]. [e] ref. [29].


Figure 6. Correlation of the rate constants kf (20 8C) for the reactions
PPh3 + (dma)2CH+ BF4


� in different solvents with Gutmann�s donor
number DN[32] (kf = �1198 DN + 4.963 � 104, r2 = 0.9804, n = 5).


Figure 7. Correlations of the rate constants (log kf, 20 8C, CH2Cl2) for the
reactions of PR3 with the benzhydrylium ions Ar2CH+ versus their E pa-
rameters.


Figure 8. Correlation of DG� with DrG8 for the reactions of 4,4’,4’’-substi-
tuted triarylphosphanes with (thq)2CH+ in CH2Cl2 at 20 8C (DG� =


0.416 DrG8 + 57.4, r2 = 0.9988, n = 4). [a] DG� was calculated according
to Equation (1) with the reactivity parameters given in Tables 1 and 4.
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nized that intrinsic barriers may also vary within a reaction
series.[40]


As the last term in the Marcus equation [Eq. (5); where
DG� = activation free energy of reaction (2), DrG


0 = stan-
dard reaction free energy of reaction (2), and DG0


� =


Marcus intrinsic barrier] is usually negligible, linear DG�/
DrG8 correlations with slopes of a�0.5, as shown by Fig-
ures 8 and 9, imply that the intrinsic barriers for the reac-
tions of benzhydrylium ions with phosphanes are almost
constant.


DG� ¼ DG0
� þ 0:5 DrG


0 þ ððDrG
0Þ2=ð16 DG0


�ÞÞ ð5Þ


This conclusion is in accord with a recent theoretical anal-
ysis of the reactions of benzhydrylium ions with nucleo-
philes, which related the variability of intrinsic barriers with
the magnitude of the slope parameters s of Equation (1). It
was shown that linear log k versus E correlations with s>
0.67 imply a decrease of the intrinsic barriers with increasing
exothermicity, whereas s<0.67 indicates an increase of the
intrinsic barriers with increasing exothermicity.[18a] Conse-
quently, the s parameters close to 0.67, as listed in Table 4,
are in accord with constant intrinsic barriers.


A different situation was found in reactions of benzhydry-
lium ions with CH hydride donors (s�1), where the intrinsic
barriers decrease when exothermicity is increased by varia-
tion of the hydride acceptors, while the intrinsic barriers in-
crease when the exothermicity is increased by variation of
the hydride donors.[42]


With almost constant intrinsic barriers (DG0
� =


58 kJ mol�1) for the reactions of phosphanes with benzhy-
drylium ions, one can now use Marcus� theory to calculate
DG� for the reactions of phosphanes with benzhydrylium
ions from the reaction free energies DrG8 reported in
Table 3. Table 6 shows that the observed activation free en-
ergies DG� (derived from kf in Table 4) generally agree
within 4 kJ mol�1 with those calculated from Equation (5).


The fact that some reactions of benzhydrylium ions with
triarylphosphanes proceeded incompletely but with similar
rates as quantitatively proceeding reactions of benzhydryl-
ium ions with trialkylphosphanes and with phosphites im-


plies higher intrinsic barriers for the reactions of PBu3,
P(OBu)3, and P(OPh)3.


Quantitative analysis of ligand effects : Figure 10 shows a
good linear correlation between N of PAr3 and Hammett�s
sp constants, indicating that the electronic effects of the para


substituents in triarylphosphanes directly affect their nucleo-
philicities. Therefore, it is possible to employ Hammett�s
substituent constants[19] for a reliable prediction of the N
values of further triarylphosphanes. It should be noted that
the linear correlation shown in Figure 10 is a consequence
of the linear correlations depicted in Figures 1 and 8.


In analogy to the correlation between nucleophilicity N
and sp shown in Figure 10, there is also a linear correlation
between the nucleophilicity parameters N of triarylphos-
phanes and their pKHa values in nitromethane[20] (Figure 11).
Tris(4-dimethylaminophenyl)phosphane is considerably less
nucleophilic (N = 18.39) than expected from its pKHa value
(8.65), and this point was not used for the correlation shown
in Figure 11.


Figure 9. Correlation of DG� with DrG8 for the reactions of PPh3 with
Ar2CH+ in CH2Cl2 at 20 8C (DG� = 0.483 DrG8 + 58.8, r2 = 0.9420, n =


4). [a] DG� was calculated according to Equation (1) with the reactivity
parameters given in Tables 1 and 4.


Table 6. Comparison of experimental activation free energies with those
calculated from the Marcus equation [Eq. (5)] with DG0


� = 58 kJ mol�1


for the reactions of 4,4’,4’’-trisubstituted triarylphosphanes with Ar2CH+


in CH2Cl2 at 20 8C.


PR3 Ar2CH+ DrG8
[kJ mol�1]


DG�
calcd


[kJ mol�1]
DG�


exp


[kJ mol�1]


P(4-ClC6H4)3 (mpa)2CH+ �22.1 47.5 47.5
P(4-ClC6H4)3 (dpa)2CH+ �33.0 42.7 43.3
P(4-MeC6H4)3 (lil)2CH+ �17.6 49.5 52.5
P(4-MeC6H4)3 (jul)2CH+ �19.0 48.9 50.1
P(4-MeOC6H4)3 (lil)2CH+ �23.9 46.7 51.0
P(4-MeOC6H4)3 (jul)2CH+ �25.4 46.0 47.7


Figure 10. Correlation of the nucleophilicity parameter N with sp (from
ref. [19]) for 4,4’,4’’-substituted triarylphosphanes (N = �6.76 sp + 14.3,
r2 = 0.9939, n = 5).
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The half-wave oxidation potentials E1=2
of tertiary phos-


phorus compounds were measured by electrochemical oxi-
dation of these compounds.[43] The removal of one electron
by anodic oxidation results in the formation of the cation
radicals R3P


+ C, which then enter into fast chemical reactions
with nucleophilic components of the solution. Therefore, ter-
tiary phosphorus compounds are oxidized irreversibly and
consume less than one electron per molecule.[44] Figure 12
shows a good correlation of the nucleophilicities N of six
tertiary phosphanes and phosphites with their half-wave oxi-


dation potentials E1=2
towards


the reference electrode Ag/
AgNO3 (c = 0.01 m) in acetoni-
trile. The correlation in
Figure 12 shows that the oxida-
tion potentials of tertiary phos-
phanes and phosphites decrease
when nucleophilicity increases.
It is remarkable that P(OPh)3


(E1=2
= 1.64 V)[43] does not fit


into the correlation shown in
Figure 12. Multiplication of the


slope of the N/E1=2
correlation with an averaged value of s =


0.65 (for the employed phosphorus compounds) results in
an effective slope of �4.17 for the corresponding logk/E1=2


correlations. This value is much smaller than the slope,
which was found for the linear correlation between the E
parameters of benzhydrylium ions and their reduction po-
tentials in acetonitrile (E = 14.09 E8red�0.279),[45] in agree-
ment with an earlier observation that the rates of carbo-
cation nucleophile combinations are affected more strongly
by variation of the reduction potential of the electrophile
than of the oxidation potential of the nucleophile.[46]


Giering suggested the quantitative analysis of ligand ef-
fects (QALE procedure) to describe ligand effects in phos-
phorus(iii) compounds by three electronic and one steric
parameter.[47,48] The electronic parameters are the s-donor
capacity cd, the secondary electronic effect Ear, and the p


electron-acceptor capacity pp. The relevant steric parameter
is Tolman�s cone angle q.


Treatment of the nucleophilicity parameters N, listed in
Table 4, by the QALE procedure[49] gave Equation (6),
which expresses the nucleophilicity N by the four parame-
ters cd, q, Ear, and pp.


N ¼ �0:48588 cd�0:06565 qþ 1:5293 Ear�0:7921 pp þ 26:291


ð6Þ


The four stereoelectronic parameters in Equation (6) con-
tribute differently to the magnitude of the nucleophilicity
parameters N of the phosphorus(iii) compounds (Table 7).


The largest contribution comes from cd, which describes
the s-donor capacity. The small cd values of the trialkylphos-
phanes imply a high s electron-donor releasing ability which
increases the nucleophilicity. A large cone angle q is associ-
ated with a decrease in the N value of the phosphorus(iii)
compound. Thus, one can derive that the steric effect of the
compound with the largest cone angle, PCy3, compared with
the one with the smallest cone angle, P(OBu)3, accounts for
a difference of 3.9 units in N. The secondary electronic
effect Ear increases the nucleophilicity of triarylphosphanes
by 4.1 units in N. The large values for the p-electron capaci-
ty (p acidity) of the two phosphites account for the lowering
of their N values by 2–3 units.


Figure 11. Correlation of N with pKHa (CH3NO2, from ref. [20]) for para-
substituted triarylphosphanes (N = 1.01 pKHa + 11.5, r2 = 0.9999, n =


4).


Figure 12. Correlation of N with E1=2


[43] for tertiary phosphanes and phos-
phites (N = �6.41 E1=2


+ 20.2, r2 = 0.9815, n = 6).


Table 7. Stereoelectronic parameters[47, 48] of tertiary phosphanes and phosphites, and comparison of Nexp with
Ncalcd calculated with Equation (6).


PR3 cd q Ear pp Ncalcd Nexp


P(4-ClC6H4)3 16.8 145 2.7 0 12.74 12.58
PPh3 13.25 145 2.7 0 14.46 14.33
P(4-MeC6H4)3 11.5 145 2.7 0 15.31 15.44
P(4-MeOC6H4)3 10.5 145 2.7 0 15.80 16.17
P(4-Me2NC6H4)3 5.25 145 2.7 0 18.35 18.39
PBu3 5.25 136 0 0 14.81 15.49
PiPr3 3.45 160 0 0 14.11 13.37
PCy3 1.4 170 0 0 14.45 14.64
P(OPh)3 23.6 128 1.3 4.1 5.16 5.51
P(OBu)3 15.9 110 1.3 2.7 11.19 10.36
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Although the available data set is insufficient for rigorous
testing of the applicability of the QALE model for these
purposes, Table 7 shows that QALE reproduces the N
parameters of P nucleophiles with a precision of �0.7 units
[Eq. (6)]. For this reason, one may assume that Giering�s
parameters[47, 48] can be employed to estimate N parameters
of further phosphanes and phosphites.


Reactions of phosphanes and phosphites with other electro-
philes : Systematic investigations of the nucleophilic reactivi-
ties of phosphanes and phosphites have previously been per-
formed by Kane-Maguire and Sweigart.[34,50] From the kinet-
ics of the reactions of P and N nucleophiles with metal-coor-
dinated p hydrocarbons, the parameters NM were derived,
which represent the relative nucleophilic reactivities, as
mathematically expressed by Equation (7).


log ðk1=k0Þ ¼ NM ð7Þ


In this Equation k1 is the second-order rate constant for
the addition of an arbitrary nucleophile and k0 refers to a
reference nucleophile (chosen to be P(OBu)3). Figure 13


shows that NM correlates linearly with the nucleophilicity
parameters N determined in this work.


The similarity of the slope of this correlation with the
(almost constant) s parameters listed in Table 4 implies that
the relative reactivities of phosphanes toward benzhydryl-
ium ions are the same as toward electrophilic metal p-com-
plexes, in agreement with previous conclusions by Alavosus
and Sweigart.[36]


Previously reported rate constants for the reactions of
phosphanes and phosphites with carbocations and metal p-
complexes of known electrophilicity parameter E now allow
us to examine the reliability of Equation (1) to predict rate
constants on the basis of the N and s parameters of tertiary
phosphorus compounds determined in this work. If we
ignore slight changes in the reaction conditions (kf


calcd in
Table 8 refers to CH2Cl2 and 20 8C, while the literature data
kf


exp refer to acetonitrile, acetone, or nitromethane at 20 8C
or 25 8C) the two series of rate constants are directly compa-
rable. It is remarkable that in all cases the agreement be-
tween calculated and experimental rate constants is better
than a factor of 30 and that the largest deviations were
found for combinations with electrophiles (4-dimethylami-
notritylium ion and (4-dimethylaminophenyl)tropylium ion)
for which only indirectly determined E parameters were
available.[17a] In view of the wide range of reactivity covered
by Equation (1), presently 24 orders of magnitude in E as
well as in N, this agreement is considered to be most satis-
factory and suggests that it is now possible to estimate the
rate constants of the reactions of these PX3 compounds with
any C electrophile of known E parameter.


Conclusion


Phosphanes and phosphites are another class of compounds
whose nucleophilicity can be quantitatively described by


Figure 13. Correlation of NM
[34] with N for tertiary phosphanes and phos-


phites.


Table 8. Comparison of calculated [Eq. (1)] and experimental rate constants for the reactions of phosphanes and phosphites with electrophiles at 20 8C.


Electrophile E PR3 N s kf
calcd [m�1 s�1] kf


exp [m�1 s�1] solvent
used for kf


exp


[Fe(CO)3C7H9]
+ �9.21 [a] PPh3 14.33 0.65 2.19 � 103 2.15 � 102 [b] CH3CN


P(4-MeC6H4)3 15.44 0.64 1.00 � 104 4.20 � 102 [b] acetone
[Fe(CO)3(2-MeO-C6H6)]+ �8.94 [a] P(OPh)3 5.51 0.76 2.47 � 10�3 3.60 � 10�3 [b] CH3NO2


P(OBu)3 10.36 0.70 9.86 2.40 � 101 [b] CH3NO2


PPh3 14.33 0.65 3.19 � 103 1.90 � 103 [b] CH3NO2


P(4-MeC6H4)3 15.44 0.64 1.45 � 104 8.00 � 103 [b] CH3NO2


[Fe(CO)3(C6H7)]+ �7.76[a] P(OPh)3 5.51 0.76 1.88 � 10�2 3.50 � 10�2 [b] CH3NO2


P(OBu)3 10.36 0.70 6.40 � 101 1.35 � 102 [b] CH3NO2


PPh3 14.33 0.65 1.81 � 104 1.60 � 104 [b] CH3NO2


PBu3 15.49 0.69 2.09 � 105 3.40 � 105 [b] acetone
P(4-MeC6H4)3 15.44 0.64 7.99 � 104 4.10 � 104 [b] CH3NO2


3,6-(Me2N)2-xanthylium �8.25[c] P(OBu)3 10.36 0.70 3.00 � 101 6.80 [d] acetone
PBu3 15.49 0.69 9.90 � 104 7.00 � 104 [d] acetone


(4-Me2N-C6H4)Ph2C
+ �7.93 [c] P(OBu)3 10.36 0.70 5.02 � 101 4.20 [d] acetone


PBu3 15.49 0.69 1.65 � 105 5.60 � 103 [d] acetone
(4-Me2N-C6H4)(C7H6)


+ �6.24 [c] P(OBu)3 10.36 0.70 7.66 � 102 6.30 � 101 [d] acetone
PPh3 14.33 0.65 1.81 � 105 6.00 � 103 [d] acetone
PBu3 15.49 0.69 2.41 � 106 �6� 105 [d] acetone
P(4-MeC6H4)3 15.44 0.64 7.73 � 105 �2� 104 [d] acetone


[a] From ref. [12]. [b] From ref. [34]. [c] From ref. [17a]. [d] At 25 8C, from ref. [36].
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Equation (1). The close similarity of the slopes, which are
comparable to those of amines and alkoxides,[17a] indicates
that these reactions may also be described by Ritchie�s con-
stant selectivity relationship,[51] as previously noticed by
Sweigart and Alavosus.[36] On the basis of the N and s pa-
rameters listed in Table 4 we can now compare the reactivi-
ties of P nucleophiles with those of carbanions,[15] amines,[17a]


enamines,[13] silyl ketene acetals, silyl enol ethers, and allyl
stannanes[12] (Figure 14). Since the quaternary phosphonium


ions derived from triaryl- and trialkylphosphanes cannot un-
dergo consecutive reactions, fast backward reactions are re-
sponsible for the failure to observe reaction products with
certain electrophiles, even if high rate constants for the
phosphane–carbocation combinations are predicted by
Equation (1).


Experimental Section


The benzhydrylium salts Ar2CH+ BF4
�[10] and the quinone methide


ani(Ph)2QM[15b] were prepared as described earlier. Details will be pub-
lished separately. Commercially available P(4-ClC6H4)3, PPh3, P(4-
MeC6H4)3, P(4-MeOC6H4)3, PiPr3, PCy3, PBu3, P(OPh)3, and P(OBu)3


were purified by distillation or recrystallization prior to use. The phos-


phane P(4-Me2NC6H4)3 was prepared by adding 4-(dimethylamino)-
phenyl lithium[52] to phosphorus trichloride as described in reference [53].


Products of the reactions described in Equation (2) were synthesized by
mixing equimolar amounts of P nucleophiles and benzhydrylium tetra-
fluoroborates in dry CH2Cl2. After the blue color of the electrophile had
faded, the solvent was removed in vacuo. The residue was washed with
dry Et2O and dried in vacuo for several hours to obtain the phosphonium
tetrafluoroborates. For details and characterization of the products see
the Supporting Information.


The kinetics of the slow reactions of the benzhydrylium ions with the P
nucleophiles (t1=2


>10 s) were followed by UV/Vis spectroscopy with
working stations similar to that previously described.[22] These kinetic
measurements were made in Schlenk glassware under exclusion of mois-
ture. The UV/Vis spectra were collected at different times with either a
Schçlly KGS III photometer equipped with fiber optics and band-pass fil-
ters by Corion or with a J& M TIDAS diode array spectrophotometer
that was connected to a Hellma 661.502-QX quartz Suprasil immersion
probe (5 mm light path) through fiber optic cables with standard SMA
connectors. The temperature of the solutions during the kinetic studies
was maintained within �0.2 8C by means of circulating bath cryostats
and monitored with thermocouple probes that were inserted into the re-
action mixture. Eyring activation parameters DH� and DS� of the elec-
trophile–nucleophile combinations were calculated from second-order
rate constants that were measured at different temperatures (DT>30 K).


Thermostated, stopped-flow spectrophotometer systems (Hi-Tech SF-
61DX2 controlled by Hi-Tech KinetAsyst3 software) were used to inves-
tigate the more rapid reactions (t1=2 <10 s) at 20 8C. The kinetic runs were
initiated by mixing equal volumes of methylene chloride solutions of the
P nucleophiles and the benzhydrylium tetrafluoroborates. Concentrations
and rate constants for the individual kinetic experiments are given in the
Supporting Information.


Equilibrium constants K at 20 8C were derived from the UV/Vis absor-
bances of the benzhydrylium ions in the presence of variable concentra-
tions of phosphanes.
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A Study on the Influence of the Structure of the Glycosyl Acceptors on the
Stereochemistry of the Glycosylation Reactions with 2-Azido-2-Deoxy-
Hexopyranosyl Trichloroacetimidates


M. Bel�n Cid,*[a] Francisco Alfonso,[b] and Manuel Mart�n-Lomas*[b]


Introduction


A considerable number of oligosaccharides of biological sig-
nificance contain a-linked d-glucosaminyl or d-galactosa-
minyl units.[1] Therefore, the stereoselective construction of
these 1,2-cis glycosidic linkages is a matter of current inter-
est in areas of glycobiology where the synthesis of these
complex oligosaccharides is needed.[2] The major require-
ment for the stereoselective synthesis of 1,2-cis glycosidic
bonds is the presence of a non-participating group at C-2 of
the glycosyl donor, and the most commonly used non-partic-
ipating group to install the a-d-glucosaminyl and the a-d-
galactosaminyl linkages is the azido group.[3] The 2-azido
moiety, serving both as a latent function and as a non-partic-


ipating protecting group in glycosylation reactions, was first
introduced by Paulsen[4] and has been extensively used in
complex oligosaccharide synthesis ever since.[5] The stereo-
chemical outcome of glycosylations by using 2-azido-2-
deoxy sugars as glycosyl donors, however, is not always pre-
dictable and seems to depend on the nature of the anomeric
leaving groups and on that of the promoters used in the gly-
cosylations.[5] Furthermore, by using imidates as glycosyl
donors, the stereochemistry has been reported to be also
strongly dependent on the experimental conditions, the ori-
entation of the leaving group and the nature of the accept-
or.[5,6] Consequently, the stereoselectivity of these glycosyla-
tion reactions is difficult to forecast[6a] particularly when the
trichloroacetimidate method, which is most frequently em-
ployed in the synthesis of complex oligosaccharide mole-
cules, is used.[6b–d]


A remarkable example has been reported by Seeberger
et al.[7] In developing a modular synthesis of heparin-like oli-
gosaccharides, these authors have shown that, locking the
conformation of a glucuronic acid acceptor in the 1C4 form
1, the glycosylation reaction with a conveniently protected
2-azido-2-deoxy-d-glucopyranosyl trichloroacetimidate led
to the completely selective formation of the desired 1,2-cis
disaccharide; the reaction of the same donor with the un-
locked acceptor in the 4C1 conformation 2 gave mixtures of
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Abstract: The stereochemical outcome
of glycosylations with 2-azido-2-deoxy-
d-gluco- and d-galactopyranosyl tri-
chloroacetimidates as glycosyl donors
has been investigated by using a series
of chiro-inositol derivatives as glycosyl
acceptors. The influence of the abso-
lute configuration, the conformation
and the conformational flexibility of
the glycosyl acceptor has been studied
by using different glycosyl donors
under similar pre-established experi-
mental conditions. Although the struc-


ture of the acceptor may play a role in
governing the stereochemistry of these
glycosylations, the results show that, in
general terms, the relative influence of
these factors is difficult to evaluate.
For a given set of experimental condi-
tions, the stereochemical course of
these glycosylations depends on struc-


tural features of both glycosyl donor
and glycosyl acceptor. It is a balance of
these factors, where the structure of
the glycosyl donor always plays a
major role, which determines the ster-
eochemistry of the coupling reaction.
Therefore, the examples reported in
the literature in which the structure of
the glycosyl acceptor appears to be cru-
cial in determining the stereochemistry
of the reaction constitute particularly
favorable cases which do not presently
allow any further generalization.


Keywords: carbohydrates · glyco-
sides · glycosylation · oligosacchar-
ides
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1,2-cis and 1,2-trans isomers.[7] These results, which have also
been shown to occur when using fluorides as donors, seem
to indicate that the stereochemical outcome of these glyco-
sylations is, in this case, also related to the flexibility and the
conformation of the acceptor. We have found, also in the
field of synthetic heparin fragments, that the glycosylation
of a tightly locked l-iduronic acid lactone 3 gives the corre-
sponding a-glycoside with a good although poorer selectivity
than the glycosylation of the corresponding unlocked l-idur-
onic acid derivative 4 (Figure 1).[8]


There are many cases in the literature showing the stereo-
selective formation of both 1,2-cis and 1,2-trans glycosidic
bonds from donors bearing the 2-azido function, but the
possible influence of the structure of the acceptor on the
stereoselectivity has not been systematically investigated.[5,6]


The intrinsic reactivity of the hydroxyl groups, primarily in
terms of axial or equatorial orientation affecting the reactiv-
ity–selectivity balance[9] and steric factors resulting in match-
ed/mismatched donor–acceptor pairs[10a] could be major
players. However, our present understanding of the possible
role of the acceptor in the stereochemistry of these complex
reactions is still far from satisfactory.


As a consequence of our continued interest in the synthe-
sis of inositolphosphoglycan (IPG)-type compounds as po-
tential mediators in the insulin signaling process[11] we have
worked extensively with 2-azido-2-deoxy-d-gluco- and d-gal-
actopyranosyl trichloroacetimidates, as glycosyl donors, and
with a variety of myo- and chiro-inositol derivatives as gly-
cosyl acceptors. The stereoselectivity of these glycosylations
also seemed to be somehow dependent on the structure of
the acceptor. In the case of the d-chiro-inositol derivatives,
where a series of pseudodisaccharides were required having
the a1!1 glycosidic linkage, the reaction of acceptors 5, 6
and 7 with 2-azido-2-deoxy-d-glucopyranosyl trichloroaceti-
midates, afforded anomeric mixtures containing a considera-
ble amount of the b-anomers.[11c,g,h] By contrast, the a1!2
glycosidic linkage in the same d-chiro series and the a1!3
glycosidic linkage in the l-chiro series[11i] as well as the a1!6
glycosidic linkage in the d-myo series[11b,e] were formed with
fair to good stereoselectivity under similar experimental
conditions. These results apparently point to the conclusion
that the orientation of the OH acceptor influences the steric
course of the reaction as HO-1 has, in the chiro series, an
axial-like orientation, whereas HO-2 and HO-3 in this series


and also OH-6 in the d-myo series (see for instance com-
pound 8 frequently used in our laboratory as glycosyl ac-
ceptor) can be described as equatorial-like according to
NMR data. On the other hand, since no significant differen-
ces in the stereoselectivity were observed in the glycosyla-
tion of 5–7, conformational constrain did not appear to play
an important role in this case (Figure 2).


Because of our interest in obtaining building blocks for
the synthesis of l-chiro-inositol containing IPGs[11i] we now
have also investigated the stereochemistry of the formation
of the 1!1 glycosidic linkage in the l-chiro-inositol series.
Considering the difficulties found for the construction of
this structural motif in the d series, we thought that a paral-
lel study using the enantiomeric l-chiro-inositol acceptors
would offer a good opportunity to get some additional in-
sight into the influence of steric and conformational features
of the acceptor on the stereoselectivity by comparing the
data from both the d- and the l-chiro series. The results of
this study are presented and discussed below.


Results and Discussion


It was expected[10a] that, according to the principle of double
stereodifferentiation,[10b] the comparative study on the glyco-
sylation of enantiomeric cyclitols with glycosyl donors carry-
ing the 2-azido function should give additional information
on the role of the glycosyl acceptor, particularly on the in-
fluence of steric factors in the selectivity of the process.
Compound 9, the enantiomer of 5, was synthesized from d-
myo-inositol[12] and compounds 10 and 11, the enantiomers
of 6 and 7, respectively, from l-quebrachitol following the
protocol described for the preparation of 6 and 7 from d-
chiro-inositol (Figure 3).[11g]


Figure 1. Glucuronic and iduronic acid glycosyl acceptors.


Figure 2. d-myo- and d-chiro-inositol glycosyl acceptors.


Figure 3. l-chiro-inositol glycosyl acceptors.
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The stereochemical course of the glycosylation of these l-
chiro-inositol derivatives was investigated under the same
experimental conditions previously established for the glyco-
sylation of the corresponding d-enantiomers. A general view
of the reactions discussed is given in Scheme 1.


The glycosylation of 9 with glycosyl donors 12–14
(Figure 4) was studied under the same experimental condi-
tions as used before for the glycosylation of the d-enantiom-
er 5.[11c] These experimental conditions had been previously
established, from a preparative point of view, to obtain the
a pseudodisaccharides 15a, 17a and 19a as the main prod-
ucts from each of the glycosyl donors investigated.


The results—which should be taken only as a qualitative
indication of stereochemical outcome of these reactions as
all experiments have been performed on a preparative basis
and the yields calculated based on weight of isolated prod-
ucts—are summarized in Table 1 which also shows the re-
sults previously obtained for 5.[11c] Although in general
terms, the poor selectivity of the process in the d series was


also observed in the l series, the results were indicative of a
higher a selectivity in the case of the l-enantiomers. Howev-
er, in this case, under the same experimental conditions, the
steric course of the reaction leading to the l-chiro com-
pounds 16a and 16b, 18a and 18b, 20a and 20b, seemed to
essentially depend on the structure of the glycosyl donor,
the most reactive tri-O-benzyl trichloroacetimidate 13 lead-
ing to the less stereoselective reaction (Figure 5).


The glycosylation of the conformationally constrained l-
chiro-inositols 10 and 11 was next investigated in the condi-
tions previously used by us to obtain pseudodisaccharides
23a, 30a, 27 and 34 as the main products by coupling the d-
enantiomers 6 and 7 with trichloroacetimidates 13 and 21.
Also, the course of the glycosylation of the enantiomeric
pair 6 and 10 with trichloroacetimidate 14 under similar ex-
perimental conditions was examined (Figure 6). The struc-
tures of glycosyl acceptors 6–10 contain two equivalent ax-
ially oriented hydroxyl groups and therefore diglycosylated
pseudotrisaccharides could be formed as minor products
under the reaction conditions.


Scheme 1.


Figure 4. Glycosyl donors.


Table 1. Glycosylation of enantiomers 5 and 9. Reaction conditions, reac-
tion products and yields (%).


Donors Reaction Acceptors
conditions 5 9


(d series) (l series)


12 1 equiv acceptor, 1.3 equiv donor 15a (44) 16a (65)
0.1 equiv TMSOTf, 15b (31) 16b (15)


CH2Cl2, rt, 1 h
13 1.6 equiv acceptor, 1 equiv donor 17a (35) 18a (42)


0.06 equiv TMSOTf, CH2Cl2, 17b (25) 18b (42)
�25 8C (30 min) to rt (10 min)


14 1 equiv acceptor, 1.5 equiv donor 19a (49) 20a (47)
0.03 equiv TMSOTf, CH2Cl2, rt, 4.5 h 19b (21) 20b (5)
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Table 2 summarizes the results in comparison with those
previously reported by us for the d-chiro series.[11g] Glycosy-
lations with the per-O-benzylated d-glucotrichloroacetimi-


date 13, which had shown poor stereoselectivity in the d-
chiro series, showed no stereoselectivity in the l-chiro series
and compounds 25a and 25b and 32a and 32b were isolated
in similar proportions. However, as for the d-chiro com-
pounds, excellent stereoselectivity was observed with the
per-O-acetylated donor with d-galacto configuration 21,
compounds 29 and 36 being isolated as the only reaction
products. These results parallel those already obtained for
the conformationally restricted 3-O-methyl-d-chiro-inositol
(d-pinitol) derivative 37 which gave a 2:1 38a, 38b mixture
when reacting with 13, and 39 as the sole pseudodisacchar-
ide when reacting with the perbenzylated trichloroacetimi-
date 22 (Figure 7).[11h]


As in the glycosylation of 5 and 9 with donor 14 (Table 1),
the stereoselectivity of the reaction of 6 and 10 with donor
14 was higher than that observed in the glycosylation of
these diols with donor 13. Also, in this case, the glycosyla-
tion of the l-chiro compound 10, which afforded 41 as the
sole product, was more stereoselective than that of the d-
chiro derivative 6 which gave a mixture of 40a and 40b


(Figure 7). Noteworthy, the a,a-pseudotrisaccharides 24 and
31, respectively, could be isolated in the glycosylation of 6
and 7 with trichloroacetimidate 13 while the coupling of
their enantiomers 10 and 11 with the same donor afforded
the b,b-pseudotrisaccharides 26 and 33 in similar yields.
Also, in the reaction mixtures of the coupling of d-galacto


Figure 5. Pseudodisaccharides resulting from reaction of donors 12, 13
and 14 with acceptors 5 and 9.


Figure 6. Pseudodisaccharides resulting from reaction of donors 13 and 21 with acceptors 6,7,10 and 11.
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configurated trichloroacetimidate 21 the a,a-pseudotrisac-
charides 28 and 35 were found whereas no formation of
pseudotrisaccharide was observed in the glycosylation of
their enantiomers (10 and 11) with the same donor.


It can be concluded that the stereoselectivity of these gly-
cosylations of axially oriented hydroxyl groups of chiro-ino-
sitol derivatives, either of the d or the l series, with various
protection patterns and different conformational flexibility
and under similar experimental conditions, strongly depends
on the structure of the 2-azido-2-deoxy trichloroacetimidate
donor and on the orientation and, to some extent, the abso-
lute configuration of the OH acceptor but not, to an impor-
tant extent, on the conformational constrain of the inositol
ring. While glycosylation of equatorially oriented OH


groups of compounds belonging to either series occurs with
good selectivity in most of the cases studied,[11i] the stereo-
chemical outcome of the glycosylation of their axially ori-
ented counterparts much more strongly depends on the
structure and the reactivity of the donor.


But even the role of the orientation of the acceptor OH
group is difficult to assess as was demonstrated by the fol-
lowing model study. In this study the stereochemistry of the
glycosylation of trans- (42) and cis- (43) 4-tert-butyl cyclo-
hexanol with trichloroacetimidates 13, 14 and 44 was investi-
gated by using experimental conditions similar to those in
the experiments summarized in Tables 1 and 2. The results
are shown in Figure 8 and Table 3.


In the cases of glycosyl donors 13 and 44 both glycosides
45a and 45b and 46a and 46b were formed but the stereo-
chemistry was always predominantly b. As expected accord-
ing to the reaction conditions, the configuration of the leav-
ing group did not seem to have any effect on the selectivity.
In the case of glycosyl donor 14, glycosides 47a and 47b and
48a and 48b were formed as well but the stereochemistry


was predominantly a. There-
fore, all other things being
equal, it seems to be the glyco-
syl donor that mainly dictates
the stereochemical course of
the glycosylations in these spe-
cific cases.


The configuration of the ac-
ceptor also seems to play a role
as evidenced in some of the re-
sults shown in Tables 1 and 2,
particularly the glycosylation of
5 and 9 (Table 1) and that of 6
and 10 (Table 2) with trichlor-
oacetimidate 14. Both in the
case of the less sterically con-
strained 5 and 9 and in that of
the conformationally restricted
6 and 11, the glycosylations oc-
curred with higher a stereose-
lectivity in the l-chiro series.


This glycosyl donor gave a good stereoselectivity in all
cases, most likely as a result of the flattening and the restric-
tion of the conformational flexibility of the pyranoid ring,


Figure 7. Pseudodisaccharides resulting from reaction of donors 13 and
21 with acceptors 6, 7, 10 and 11.


Table 2. Glycosylation of enantiomers 6 and 10 and 7 and 11. Reaction products and yields (%).


Donor Acceptor
6 10 7 11 37


(d series) (l series) (d series) (l series) (d-pinitol)


A A A A B
23a (42) 25a (26) 30a (43) 32a (18) 38a (36)


13 23b (18) 25b (26) 30b (20) 32b (23) 38b (18)
24 (7) 26 (5) 31 (5) 33 (9)


C C C C
21 27a (51) 29 (37) 34a (52) 36 (69)


28 (14) 35 (11)


22 D
39 (46)


E E
14 40a (22) 41 (56)


40b (6)


[a] A: 1 equiv acceptor, 1.6 equiv donor, 0.1 equiv TMSOTf, CH2Cl2, �25 8C, 1 h. B: 1 equiv acceptor, 1.5 equiv
donors, 0.08 equiv TMSOTf, CH2Cl2, rt. C: 1 equiv acceptor, 2 equiv donor, 0.1 equiv TMSOTf, CH2Cl2, rt, 1 h.
D: 1 equiv acceptor, 1.3 equiv donor, 0.15 equiv TMSOTf, CH2Cl2/Hex, �40 8C. E: 1 equiv acceptor, 1.5 equiv
donor, 0.03 equiv TMSOTf, CH2Cl2, rt, 4.5 h.


Table 3. Glycosylation of 42 and 43. Reaction products and yields (%).[a]


Acceptor Donors
13 44 14


42 45a (12) 45a (17) 47a (48)
45b (52) 45b (51) 47b (17)


43 46a (12) 46a (13) 48a (48)
46b (37) 46b (42) 48b (22)


[a] Reaction conditions: 1 equiv acceptor, 1.2 equiv donor, CH2Cl2,
0.1 equiv TMSOTf, �25 8C, 1 h.
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caused by the benzylidene ring, which may also favor the
axial nucleophilic attack.[14]


The glycosylations with the per-O-acetylated trichloroace-
timidate with the d-galacto configuration 21 occurred with
excellent stereoselectivity and those with the per-O-benzy-
lated trichloroacetimidate with the d-gluco configuration 13
gave very poor results. It is known that the long range par-
ticipation of the 4-OH group of glycosyl donors with the gal-
acto configuration may stabilize the 4C1 conformation of the
pyranoid ring thus favoring axial nucleophilic attack on the
intermediate glycosyl oxocarbenium ion.[13] But the system
is too complex to draw precise conclusions on the relative
influence of the factors governing the stereochemistry of
these glycosylations, particularly when using reactive donors
with the d-gluco configuration.


Conclusion


In summary, we have examined the steric course of the gly-
cosylation of the relatively unreactive axially oriented hy-
droxyl groups of d- and l-chiro inositol derivatives with 2-
azido-2-deoxy-d-gluco- and d-galactopyranosyl trichloroace-
timidates. The influence of the absolute configuration of the
acceptor and the conformational flexibility and substitution
pattern of both donor and acceptor on the stereoselectivity
of the reaction has been investigated. The effect of the ori-
entation of the acceptor hydroxyl group and the orientation
of the leaving group of the donor have been further studied
by using cis- and trans-4-hydroxy-tert-butyl cyclohexanol and
a- and b-trichloroacetimidates. The results indicate that the
influence of the absolute configuration, the orientation of
the acceptor OH group and the conformational constrain of
the acceptor on the stereochemical outcome of the reaction
are difficult to asses and the existing data in the literature
difficult to rationalize. According to our data, it is the struc-
ture of the glycosyl donor that always plays the major role.
The control of the stereochemical course of these glycosyla-
tions with 2-azido-2-deoxy-trichloroacetimidates still re-


quires considerable experimen-
tation. Only a careful investiga-
tion of the effect of reaction
conditions, solvent, temperature
and promoter, and the choice
of a glycosyl donor that, fitting
the synthesis needs, matches its
reactivity–selectivity require-
ments with those of the given
acceptor may permit to achieve
the desired stereochemistry.
Two very recent cases in the
field of glycosaminoglycan syn-
thesis have clearly shown that
undesired stereochemical sur-
prises may arise when a glyco-
sylation step with a 2-azido-2-
deoxy glycosyl donor is in-


volved at the late stage of a complex synthetic process.[15]


The interesting results by Seeberger et al.[7] on the confor-
mational locking of the acceptor for stereocontrol of glyco-
sylations with these glycosyl donors and the impressive dem-
onstration by Spijker and van Boeckel of the double stereo-
differentiation in carbohydrate coupling reactions[10a] consti-
tute brilliant demonstrations of principles whose practical
consequences can be clearly observed only in particularly fa-
vorable cases.


Experimental Section


General remarks : Diethyl ether and dichloromethane were distilled from
sodium/benzophenone and calcium hydride, respectively. 4-tert-Butylcy-
clohexanol was purchased from Aldrich as a mixture of isomers that was
separated by flash chromatography (hexane/ethyl acetate 4:1) to give
pure cis-tert-butylcyclohexanol and trans-4-tert-butylcyclohexanol. Molec-
ular sieves (4 �, powered) was dried in the oven at 100 8C and activated
for 5 min under vacuum at 500 8C. All reactions were run under an at-
mosphere of dry argon using oven-dried glassware and freshly distilled
and dried solvents unless otherwise stated. TLC was performed on silica
gel GF254. Silica gel (230–400 mesh) was used for flash chromatography
and eluents are given as volume to volume ratios (v/v). All aqueous solu-
tions were saturated unless otherwise stated. 1H (300, 400 and 500 MHz)
and 13C (125 and 75 MHz) NMR spectra were recorded at 25 8C in
CDCl3 unless otherwise noted, chemical shifts are given in ppm relative
to CDCl3 (7.27 ppm) and coupling constants are reported in Hz. Reso-
nances were assigned by means of 2D spectra (COSY, HMQC).


2-Azido-3,4,6-tri-O-acetyl-2-deoxy-d-glucopyranosyl-a-(1!1)-6-O-allyl-
2,3,4,5-tetra-O-benzyl-l-chiro-inositol (16a) and 2-azido-3,4,6-tri-O-
acetyl-2-deoxy-d-glucopyranosyl-b-(1!1)-6-O-allyl-2,3,4,5-tetra-O-
benzyl-l-chiro-inositol (16b): A mixture of 2-azido-3,4,6-tri-O-acetyl-2-
deoxy-d-glucopyranosyl trichloroacetimidate (12) (86 mg, 0.181 mmol)
and 9 (35 mg, 0.06 mmol) was co-evaporated with toluene (3 � ), 4 � mo-
lecular sieves was added and the residue dried under vacuum overnight.
The mixture was dissolved in CH2Cl2 (2 mL) under argon and stirred at
room temperature for 30 min, then TMSOTf (0.1 equiv, 28.5 mL of a so-
lution 0.2 m in CH2Cl2) was added at rt. After 1 h the reaction mixture
was quenched with Et3N, concentrated and purified by flash chromatog-
raphy (cyclohexane/ethyl acetate 3:1) to yield 16a (36 mg, 65%) and 16b


(8 mg, 15 %). 16a : [a]D = ++78.5 (c =1.6, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.40–7.20 (m, 20H, 4Bn), 5.78–5.71 (m, 1 H, CH vinylic), 5.43
(d, 1H, J=3.8 Hz, H1’), 5.22 (t, 1 H, J= 9.9 Hz, H3’), 5.11 (m, 2 H, CH2 vi-


Figure 8. Pseudodisaccharides resulting from reaction of donors 13, 44 and 14 with cyclohexenol acceptors 42
and 43.
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nylic), 4.96 (t, 1H, J= 9.9 Hz, H4’), 4.98–4.58 (4 AB, 8H), 4.17 (dd, 1 H,
J =12.3, 4.6 Hz, H6’a), 4.08 (dd, 1H, J=10.3, 6.0 Hz, CH allylic), 3.96 (t,
1H, J=9.5 Hz, H3 or H4), 3.92 (br t, 1H, J =2.9 Hz, H1 or H6), 3.90–3.83
(m, 2H, CH allylic, H6’b), 3.82 (t, 1H, J=9.5 Hz, H4 or H3), 3.77 (dd, 1 H,
J =9.5, 2.9 Hz, H2 or H5), 3.72 (dd, 1 H, J= 9.5, 3.1 Hz, H5 or H2), 3.50
(m, 1H, H5’), 3.34 (dd, 1 H, J =9.9, 3.8 Hz, H2’), 3.23 (t, 1 H, J=3.1 Hz, H6


or H1), 2.10 (3 s, 9 H, 3OCOCH3); 13C NMR (125 MHz, CDCl3): d=170.8
(OCOCH3), 170.1 (OCOCH3), 169.8 (OCOCH3), 139.3 (C), 139.2 (C),
138.9 (C), 138.7 (C), 135.0 (CH vinylic), 128.9–127.7 (20 CH, Bn), 117.6
(CH2 vinylic), 98.4 (C1’), 82.3 (CH), 81.8 (CH), 79.8 (CH), 79.4 (CH),
76.7 (CH), 76.2 (2 CH2), 74.5 (CH2), 74.2 (CH2), 74.0 (CH), 72.5 (CH2),
70.3 (CH), 68.8 (CH), 68.0 (CH), 62.1 (CH2), 61.4 (CH), 21.1
(OCOCH3), 21.0 (OCOCH3), 20.9 (OCOCH3); FAB HRMS: m/z : calcd
for C49H55O13N3Na: 916.3632; found: 916.3645 [M+Na]+ .


Compound 16b : [a]D = �4.0 (c =0.4, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.40–7.20 (m, 20 H, 4Bn), 5.77 (m, 1H, CH vinylic), 5.14 (m,
2H, CH2 vinylic), 4.98 (m, 2H, H1’ and H6’a), 4.89–4.62 (4 AB syst, 8H),
4.23 (m, 3 H, CH allylic, H3’ and H6’b), 4.12 (br s, 1 H, H1 or H6), 4.09 (t,
1H, J=10.3 Hz, H4’), 3.95 (dd, 1H, J =13.0, 6.2 Hz, CH allylic), 3.86–3.80
(m, 4 H, H2, H3, H4, H5), 3.76 (br s, 1 H, H6 or H1), 3.57 (br t, 1H, J=


9.3 Hz, H2’), 3.53 (m, 1 H, H5’), 2.10 (s, 3H, OCOCH3), 2.00 (s, 6 H,
2OCOCH3); 13C NMR (125 MHz, CDCl3): d=170.9 (OCOCH3), 170.4
(OCOCH3), 169.8 (OCOCH3), 139.3 (2 C), 138.8 (C), 138.6 (C), 135.2
(CH vinylic), 128.7–127.7 (20 CH, Bn), 117.5 (CH2 vinylic), 100.7 (C1’),
82.0 (CH), 81.9 (CH), 80.2 (CH), 78.5 (CH), 77.7 (CH), 76.2 (2 CH2), 75.2
(CH), 74.2 (CH), 73.8 (CH2), 73.3 (CH2), 73.0 (CH), 72.5 (CH2), 68.6
(CH), 63.9 (CH), 62.4 (CH2), 30.0 (OCOCH3), 21.0 (OCOCH3), 20.9
(OCOCH3); FAB HRMS: m/z : calcd for C49H55O13N3Na: 916.3632;
found: 916.3637.


2-Azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl-a-(1!1)-6-O-allyl-
2,3,4,5-tetra-O-benzyl-l-chiro-inositol (18a) and 2-azido-3,4,6-tri-O-
benzyl-2-deoxy-d-glucopyranosyl-b-(1!1)-6-allyl-2,3,4,5-tetra-O-benzyl-
l-chiro-inositol (18b): The pseudodisacharides were prepared from 13
(50 mg, 0.08 mmol) and 9 (74 mg, 0.129 mmol) in dry CH2Cl2 (1 mL), as
described for the preparation of 16a and 16b adding TMSOTf
(0.06 equiv, 50 mL of a solution 0.1m) at �25 8C and stirring the reaction
mixture for 30 min at �25 8C, and 10 min at rt, yielding after flash chro-
matography (hexane/diethyl ether 4:1) 18a (35 mg, 42 %) and 18b


(35 mg, 42%). 18a : [a]D = ++48.2 (c =1.7, CHCl3); 1H NMR (500 MHz,
C6D6): d =7.50–7.10 (m, 35 H, 7Bn), 5.96–5.86 (m, 1H, CH vinylic), 5.50
(d, 1H, J =3.8 Hz, H1’), 5.29 (dd, 1H, J =17.2, 1.6 Hz, CH vinylic), 5.23–
4.41 (7 AB syst, 14H), 5.11 (dd, 1 H, J= 17.2, 1.6 Hz, CH vinylic), 4.43 (t,
1H, J= 9.5 Hz, H4), 4.34–4.30 (m, 2 H, CH allylic, H6), 4.28 (t, 1H, J=


9.5 Hz, H3), 4.14 (m, 1H, H5), 4.12 (m, 1H, H2), 4.07–4.02 (m, 1H, CH al-
lylic), 4.00 (t, 1 H, J=9.3 Hz, H3’), 3.95 (br t, 1H, J =3.1 Hz, H1), 3.94–
3.89 (m, 1H, H5’), 3.76–3.67 (m, 2H, H6’a, H6’b), 3.57 (t, 1 H, J =9.3 Hz,
H4’), 3.13 (dd, 1H, J=9.3, 3.8 Hz, H2’); 13C NMR (125 MHz, C6D6): d=


140.5 (C), 139.8 (2 C), 139.4 (C), 139.3 (C), 139.2 (C), 138.6 (C), 136.2
(CH vinylic), 129.3–128.0 (35 CH, Bn), 117.1 (CH2 vinylic), 99.7 (C1’),
83.1 (CH), 83.0 (CH), 80.8 (CH), 80.5 (2 CH), 79.5 (CH), 77.5 (C1), 76.5
(CH2), 75.9 (CH2), 75.8 (CH2), 74.8 (CH), 74.3 (2 CH2), 74.1 (CH2), 73.5
(CH2), 72.7 (CH), 70.1 (CH2), 69.0 (CH2), 64.5 (CH); FAB HRMS: m/z :
calcd for C64H67O10N3Na: 1060.4724; found: 1060.4668 [M+Na]+ .


Compound 18b : [a]D = �6.1 (c =1.7, CHCl3); 1H NMR (500 MHz,
C6D6): d= 7.50–7.10 (m, 35 H, 7Bn), 5.96–5.87 (m, 1H, CH vinylic), 5.31
(dd, 1H, J= 17.2, 1.6 Hz, CH vinylic), 5.20–4.55 (7 AB syst, 14H), 5.13
(dd, 1 H, J= 17.2, 1.6 Hz, CH vinylic), 4.56 (br t, 1H, J =3.4 Hz, H1 or
H6), 4.45 (m, 2H, CH allylic and H2 or H5), 4.40–4.30 (m, 2 H, H3, H4),
4.28 (d, 1H, J =7.7 Hz, H1’), 4.22 (dd, 1 H, J=9.3, 3.4 Hz, H5 or H2), 4.10
(m, 2H, CH allylic and H6 or H1), 3.66 (m, 3H, H4’, H6’a, H6’b), 3.43 (m,
2H, H2’ and H3’), 3.30 (m, 1H, H5’); 13C NMR (125 MHz, C6D6): d=140.7
(C), 140.6 (C), 140.1 (C), 140.0 (C), 139.4 (C), 139.3 (C), 139.2 (C), 136.1
(CH vinylic), 129.1–128.0 (35 CH, Bn), 117.1 (CH2 vinylic), 101.5 (C1’),
84.0 (CH), 83.0 (2 CH), 81.3 (CH), 79.5 (CH), 78.7 (CH), 76.5 (CH2), 76.4
(CH), 76.2 (CH2), 76.1 (CH2), 75.8 (CH), 75.5 (CH), 75.1 (CH2), 74.5
(CH2), 74.3 (CH2), 73.7 (CH2), 73.1 (CH2), 69.8 (CH2), 67.3 (CH); FAB
HRMS: m/z : calcd for C64H67O10N3Na: 1060.4724; found: 1060.4695.


2-Azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-a-(1!
1)-6-O-allyl-2,3,4,5-tetra-O-benzyl-d-chiro-inositol (19a) and 2-azido-3-
O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-b-(1!1)-6-allyl-
2,3,4,5-tetra-O-benzyl-d-chiro-inositol (19b): The pseudodisaccharides
were prepared from 14 (520 mg, 0.985 mmol) and 5 (382 mg, 0.657 mmol)
as described for the preparation of 16a and 16b, adding at rt TMSOTf
(0.1 equiv, 350 mL of a solution 0.2 m) and stirring the reaction mixture
for 4.5 h at rt, yielding after flash chromatography (hexane/ethyl acetate
8:1) 19a (302 mg, 49%) and 19b (130.5 mg, 21%). 19a : [a]D = ++5.6
(c= 1.2, CHCl3); 1H NMR (500 MHz, CDCl3): d= 7.47–7.21 (m, 30H,
6Bn), 5.79 (m, 1 H, CH vinylic), 5.51 (s, 1 H, CHPh), 5.17 (m, 1H, CH vi-
nylic), 5.13 (m, 1H, CH2 vinylic), 4.97–4.76 (5 AB, 10H), 4.70 (d, 1H, J=


3.8 Hz, H1’), 4.25–4.17 (m, 2H, H5’, CH allylic), 3.99 (t, 1 H, J =9.4 Hz,
H3’), 3.97 (m, 1H, CH allylic), 3.95 (m, 1H, H6’a), 3.97–3.74 (m, 6 H, H1,
H2, H3, H4, H5, H6), 3.64 (t, 1H, J= 9.4 Hz, H4’), 3.56 (t, 1 H, J =10.3 Hz,
H6’b), 3.49 (dd, 1H, J =9.4, 3.8 Hz, H2’); 13C NMR (125 MHz, CDCl3): d=


139.3 (C), 139.2 (C), 139.1 (C), 138.7 (C), 138.2 (C), 137.7 (C), 135.2 (CH
vinylic), 129.3–126.3 (30 CH, Bn), 117.5 (CH2 vinylic), 101.6 (CHPh), 98.0
(C1’), 83.2 (CH), 82.6 (CH), 82.1 (CH), 80.3 (CH), 78.5 (CH), 77.6 (CH),
76.4 (CH2), 76.1 (CH2), 75.5 (CH2), 75.5 (CH), 74.1 (CH), 73.7 (CH2),
73.7 (CH2), 72.8 (CH2), 69.1 (CH2), 63.7 (CH), 63.2 (CH); FAB HRMS:
m/z : calcd for C57H59O10N3Na: 968.4098; found: 968.4091 [M+Na]+ .


Compound 19b : 1H NMR (500 MHz, CDCl3): d =7.50–7.20 (m, 30H,
6Bn), 5.74 (m, 1 H, CH vinylic), 5.54 (s, 1 H, CHPh), 5.15 (m, 1H, CH vi-
nylic), 5.11 (m, 1 H, CH vinylic), 4.90–4.60 (5 AB syst, 10H), 4.54 (d, 1 H,
J =8.1 Hz, H1’), 4.21 (dd, 1H, J =10.4, 5.1 Hz, H6’a), 4.13 (m, 1 H, CH al-
lylic), 3.92–3.74 (m, 6 H, H1, H2, H3, H4, H5, H6), 3.70 (t, 1H, J =9.3 Hz,
H6’a), 3.61 (t, 1 H, J =9.3 Hz, H4’), 3.46 (t, 1H, J=9.4 Hz, H3’), 3.28 (t,
1H, J =8.1 Hz, H2’), 3.23 (dd, 1 H, J =9.3, 5.1 Hz, H5’); 13C NMR
(125 MHz, CDCl3): d=139.4 (C), 139.3 (C), 138.9 (C), 138.8 (C), 137.9
(C), 137.5 (C), 135.3 (CH vinylic), 129.9–127.2 (30 CH, Bn), 117.2 (CH2


vinylic), 103.2 (C1’), 101.7 (CHPh), 82.1, 81.8, 81.6, 79.9, 79.7, 78.8, 76.1,
76.1, 76.0, 75.9, 75.7, 75.2, 73.8, 73.4, 72.5, 68.8, 66.2 (CH); FAB HRMS:
m/z : calcd for C57H59O10N3Na: 968.4098; found: 968.4089.


2-Azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-a-(1!
1)-6-O-allyl-2,3,4,5-tetra-O-benzyl-l-chiro-inositol (20a) and 2-azido-3-
O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-b-(1!1)-6-allyl-
2,3,4,5-tetra-O-benzyl-l-chiro-inositol (20b): The pseudodisaccharides
were prepared from 14 (71 mg, 0.134 mmol) and 9 (52 mg, 0.09 mmol) in
dry CH2Cl2 (1 mL) as described for the preparation of 16a and 16b


adding at rt TMSOTf (0.1 equiv, 13.95 mL of a solution 0.2m) and stirring
the reaction mixture for 4.5 h, yielding after flash chromatography
(hexane/ethyl acetate 8:1) 20a (40 mg, 47%) and 20b (4 mg, 5 %). 20a :
[a]D = ++39.6 (c=2.0, CHCl3); 1H NMR (500 MHz, CDCl3): d=7.50–
7.10 (m, 30 H, 6Bn), 5.81–5.72 (m, 1H, CH vinylic), 5.57 (s, 1H, CHPh),
5.37 (d, 1H, J= 3.8 Hz, H1’), 5.18–5.12 (m, 2 H, CH2 vinylic), 4.98–4.60 (5
AB syst, 10H), 4.15 (dd, 1H, J=10.4, 4.9 Hz, H6’a), 4.09 (m, 1 H, CH al-
lylic), 4.01 (t, 1 H, J =9.5 Hz, H4), 3.96 (br s, 1 H, H6), 3.92 (m, 1 H, CH al-
lylic), 3.85 (t, 1H, J =9.5 Hz, H3), 3.82–3.69 (m, 4 H, H3’, H5, H2, H6’b),
3.65 (t, 1H, J=9.3 Hz, H4’), 3.58–3.52 (m, 1H, H5’), 3.47 (br s, 1H, H1),
3.36 (dd, 1 H, J =9.9, 3.8 Hz, H2’); 13C NMR (125 MHz, CDCl3): d=139.4
(C), 139.3 (C), 138.8 (C), 138.6 (C), 138.2 (C), 137.5 (C), 135.1 (CH vinyl-
ic), 129.4–126.2 (30 CH, Bn), 117.8 (CH2 vinylic), 101.6 (CHPh), 99.1
(C1’), 82.8 (CH), 82.3 (CH), 81.9 (CH), 80.1 (CH), 79.4 (CH), 76.3 (CH2),
76.2 (CH2), 76.1 (CH), 75.8 (C1), 75.5 (CH2), 73.9 (2 CH2), 73.3 (CH),
72.4 (CH2), 69.0 (CH2), 63.5 (CH), 63.4 (CH); FAB HRMS: m/z : calcd
for C57H59O10N3Na: 968.4098; found: 968.4108 [M+Na]+ .


Compound 20b : [a]D = �23.0 (c =0.2, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.50–7.20 (m, 30H, 6Bn), 5.80–5.70 (m, 1 H, CH vinylic), 5.60
(s, 1 H, CHPh), 5.15–5.08 (m, 2 H, CH2 vinylic), 4.94–4.63 (5 AB syst,
10H), 4.33 (dd, 1 H, J =10.4, 4.9 Hz, H6’a), 4.17 (m, 1H, CH allylic), 4.15
(d, 1H, J=8.2 Hz, H1’), 3.98 (br t, 1 H, J=3.1 Hz, H6), 3.92 (m, 1 H, CH
allylic), 3.88–3.77 (m, 6H, H6’b, H2, H3, H4, H5, H1), 3.76 (t, 1 H, J =


9.3 Hz, H4’), 3.60 (t, 1H, J =9.2 Hz, H3’), 3.50 (dd, 1 H, J =9.2, 8.2 Hz,
H2’), 3.36–3.30 (m, 1H, H5’); 13C NMR (125 MHz, CDCl3): d=139.4 (C),
139.3 (C), 139.0 (C), 138.8 (C), 137.9 (C), 137.4 (C), 135.2 (CH vinylic),
129.5–126.3 (30 CH, Bn), 117.3 (CH2 vinylic), 101.7 (CHPh), 101.6 (C1’),
82.1 (CH), 81.6 (CH), 80.3 (CH), 79.9 (C1H), 78.5 (CH), 77.1 (CH2), 77.0
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(CH), 76.3 (CH2), 76.2 (CH), 75.1 (CH2), 74.4 (CH), 73.7 (2 CH2), 72.9
(CH2), 68.8 (CH2), 66.8 (CH), 65.9 (CH); FAB HRMS: m/z : calcd for
C57H59O10N3Na: 968.409; found: 968.4100.


2,5-Di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol
(10): The compound has been prepared following the same experimental
procedure described for its d-enantiomer 6 in ref. [11g]. [a]D = �79.6
(c= 1, CHCl3).


2,3 :4,5-Di-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol (11): The
compound has been prepared following the same experimental procedure
described for its d-enantiomer 7 in ref. [11g]. [a]D = ++135.3 (c =1,
CHCl3).


Di(2-azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl)-a,a-1!1:1!6)-
2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-d-chiro-inositol
(24): Prepared by reaction of acceptor 6 with donor 13. [a]20


D = ++48.4
(c= 0.7, CHCl3); 1H NMR (500 MHz, CDCl3): d= 7.34–7.03 (m, 40H,
8Ph), 4.86–4.81 (m, 4 H, 4 CHPh), 4.76 (d, 2 H, JH1’,H2’=3.6 Hz, 2 H1’),
4.67–4.10 (m, 12H, 12 CHPh), 4.02–3.98 (m, 4H, H1, H3, H4, H6), 3.93–
3.90 (m, 2 H, H2, H5), 3.80 (dd, 2 H, JH3’,H2’=10.1, JH3’,H4’=9.6 Hz, 2H3’),
3.68 (dd, 2H, JH4’,H3’=10.1, JH4’,H5’=9.5 Hz, 2 H4’), 3.47 (dd, 2 H, JH2’,H3’=


10.1, JH2’,H1’=3.6 Hz, 2H2’), 3.33 (s, 6H, 2OCH3), 3.23 (dd, 2 H, JH6’a,H6’b =


11.1, JH6’a,H5’= 2.0 Hz, 2 H6’a), 3.03 (dd, 2 H, JH6’b,H6’a =11.1, JH6’b,H5’=1.5 Hz,
2H6’b), 1.36 (s, 6H, 2CH3).


Di(3,4,6-tri-O-acetyl-2-azido-2-deoxy-d-galactopyranosyl)-a,a(1!1:1!
6)-2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-d-chiro-inosi-
tol (28): Prepared by reaction of acceptor 6 with donor 21. [a]20


D = ++47.0
(c= 0.4, CHCl3); 1H NMR (500 MHz, CDCl3): d= 7.33–7.19 (m, 10H,
2Ph), 5.32 (br d, 2 H, JH4’,H3’= 3.2 Hz, 2 H4’), 5.20 (dd, 2H, JH3’,H2’=11,
JH3’,H4’=3.2 Hz, 2 H3’), 4.93 (AB, 2H, 2 CHPh), 4.85 (d, 2H, JH1’,H2’=


3.5 Hz, 2 H1’), 4.64 (AB, 2H, 2 CHPh), 4.60 (dd, 2 H, JH5’,H6’=7.1, JH5’,H6’=


6.9 Hz, 2H5’), 4.05–3.90 (m, 6H, H1, H2, H3, H4, H5, H6), 3.87–3.80 (m,
4H, 2H2’, 2H6’a), 3.57 (dd, 1 H, JH6’b,H6’a = 10.9, JH6’b,H5’= 6.9 Hz, 2 H6’b),
3.34 (s, 6H, 2OCH3), 2.08, 2.03, 1.85 (3 s, 18 H, 6 CH3CO), 1.35 (s, 6H,
2CH3); 13C NMR (75 MHz, CDCl3): d= 170.7, 170.4, 170.0 (6 CH3CO),
139.7 (2 C, Bn), 127.8 (4 CH, Bn), 127.6 (4 CH, Bn), 127.4 (2 CH, Bn),
99.7 (2 C, BDA), 96.9 (2 C1’), 76.5, 74.5, 74.2 (C1, C2, C5, C6, 2CH2Ph),
71.1 (C3, C4), 70.0 (2 C3’), 67.7 (2 C4’), 66.8 (2 C5’), 61.3 (2 C6’), 58.1 (2 C2’),
46.5 (2 OCH3), 21.1, 21.0 (6 CH3CO), 18.3(2 CH3).


Di(2-azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl)-a,a-(1!1:1!6)-
2,3 :4,5-di-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-d-chiro-inositol (31): Pre-
pared by reaction of acceptor 7 with donor 13. 1H NMR (500 MHz,
CDCl3): d=7.31–7.17 (m, 30H, 6 Ph), 4.87–4.80 (m, 6H, 4 CHPh, 2H1’),
4.77–4.41 (m, 8H, 8CHPh), 4.35 (br d, 2H, JH5’,H4’=9.2 Hz, 2H5’), 3.99–
3.85 (m, 8H, H1, H2, H3, H4 H5, H6, 2H3’), 3.76 (dd, 2 H, JH4’,H3’=9.9,
JH4’,H5’=9.2 Hz, 2 H4’), 3.73 (dd, 2 H, JH6’a,H6’b =10.9, JH6’a,H5’=2.5 Hz,
2H6’a), 3.63 (dd, 2 H, JH6’b’,H6’a =10.9, JH6’b,H5’=1.7 Hz, 2H6’b), 3.52 (dd, 2 H,
JH2’,H3’=10.0, JH2’,H1’=3.5 Hz, 2H2’), 3.25, 3.20 (2 s, 12H, 4OCH3), 1.28,
1.18 (2 s, 12 H, 4CH3).


Di(3,4,6-tri-O-acetyl-2-azido-2-deoxy-d-galactopyranosyl)-a,a-(1!1:1!
6)-2,3 :4,5-di-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-d-chiro-inositol (35):
Prepared by reaction of acceptor 7 with donor 21. [a]20


D = �33.6 (c =0.3,
CHCl3); 1H NMR (500 MHz, CDCl3): d=5.32 (dd, 2H, JH4’,H3’=3.2,
JH4’,H5’=1.2 Hz, 2 H4’), 5.23 (dd, 2 H, JH3’,H2’=10.9, JH3’,H4’=3.2 Hz, 2H3’),
4.86 (d, 2H, JH1’,H2’=3.5 Hz, 2 H1’), 4.81 (ddd, 2 H, JH5’,H6’a =7.6, JH5’,H6’b =


6.1, JH5’,H4’=1.2 Hz, 2H5’), 4.09 (dd, 2 H, JH6’a,H6’b =11, JH6’a,H5’=7.6 Hz,
2H6’a), 4.01 (dd, 2 H, JH6’b,H6’a =11, JH6’b,H5’=6.1 Hz, 2H6’b), 3.98–3.89 (m,
4H, H1, H3, H4, H6), 3.87 (dd, 2H, JH2’,H3’=10.9, JH2’,H1’=6.5 Hz, 2 H2’),
3.82 (br d, 2H, J= 2.0 Hz, H2, H5), 3.27, 3.20 (2 s, 12H, 4 OCH3), 2.14,
2.04, 2.00 (3 s, 9H, 3CH3CO), 1.28, 1.19 (2 s, 12H, 4 CH3); 13C NMR
(125 MHz, CDCl3): d= 170.3, 170.1, 169.5 (6 CH3CO); 99.9, 98.6 (4 C,
BDA), 96.4 (2 C1’), 73.4, 69.5, 67.5, 67.1, 66.5, 66.1 (C1, C2, C3, C4, C5, C6,
2C3’, 2 C4’, 2C5’), 61.1 (2 C6’), 57.9 (2 C2’), 48.2, 47.4 (4 OCH3), 20.7
(6 CH3CO), 17.6, 17.4 (4 CH3); MALDI-TOF: m/z : calcd for
C42H62N6O24Na: 1058.0; found: 1057.5 [M+Na]+ ; calcd for
C42H62N6O24K: 1074.1; found: 1073.8 [M+K]+ .


2-Azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl-a-(1!1)-2,5-di-O-
benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol (25a), 2-
azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl-b-(1!1)-2,5-di-O-
benzyl-3,4-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-l-chiro-inositol (25b) and


di(2-azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl)-b,b-(1!1:1!6)-
2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxy-butane-2’,3’-diyl)-l-chiro-inositol
(26): The pseudosaccharides were prepared from 13 (64 mg, 0.104 mmol)
and 10 (31 mg, 0.065 mmol) as described for the preparation of 16a and
16b, adding TMSOTf (0.1 equiv, 0.65 mL of a solution 0.01 m) at �25 8C,
in CH2Cl2 (2 mL) and stirring the reaction mixture for 1 h, yielding after
flash chromatography (hexane/ethyl acetate 4:1) 25a (16 mg, 25 %), 25b


(15 mg, 25%), and b,b-pseudotrisaccharide 26 (5 mg, 5 %). 25a : [a]D =


�1.5 (c=1.4, CHCl3); 1H NMR (500 MHz, CDCl3): d=7.40–7.10 (m,
25H, 5Bn), 5.44 (d, 1 H, J =3.8 Hz, H1’), 4.96–4.45 (5 AB syst, 10 H), 4.28
(t, 1 H, J =10.3 Hz, H3), 4.22 (br t, 1H, J =3.5 Hz, H1), 4.02 (t, 1H, J=


9.9 Hz, H4), 3.89 (dd, 1H, J=10.3, 3.5 Hz, H2), 3.87 (br t, 1H, J =3.5 Hz,
H6), 3.75 (dd, 1 H, J=8.2, 3.5 Hz, H5), 3.74–3.55 (m, 5 H, H3’, 2H6’, H4’,
H5’), 3.38 (dd, 1 H, J =10.1, 3.8 Hz, H2’), 3.31, 3.30 (2 s, 6 H, 2OCH3), 2.50
(s, 1H, C6OH), 1.39, 1.34 (2s, 6 H, 2CH3); 13C NMR (125 MHz, CDCl3):
d=139.5, 138.7, 138.4, 138.2, 138.1 (5 C, Bn), 128.8–127.4 (25 CH, Bn),
99.7, 99.5 (2 C BDA), 98.8 (C1’), 80.3, 78.4, 77.1, 76.6, 75.7, 75.6, 75.2,
74.3, 74.2, 74.0, 71.4, 71.2, 70.5, 69.8, 68.5, 64.2 (10 CH, 6CH2), 48.1
(2 OCH3), 18.3, 18.2 (2 CH3); elemental analysis calcd (%) for
C53H61O12N3+


1=2H2O: C 67.64, H 6.64, N 4.46; found: C 67.60, H 7.07, N
4.10.


Compound 25b : [a]D = �45.0 (c= 0.66, CHCl3); 1H NMR (500 MHz,
CDCl3): d=7.38–7.12 (m, 25 H, 5Bn), 4.91–4.35 (5 AB syst, 10 H), 4.26
(br t, 1 H, J =3.6 Hz, H1), 4.19 (d, 1H, J=7.7 Hz, H1’), 4.11 (br t, 1H, J =


3.5 Hz, H6), 4.07 (t, 1H, J =9.9 Hz, H3), 4.00 (t, 1H, J=9.9 Hz, H4), 3.86
(dd, 1H, J =9.9, 3.4 Hz, H5), 3.83 (dd, 1 H, J=10.0, 3.6 Hz, H2), 3.61–3.55
(m, 3H, H6’b, H4’, H3’), 3.45–3.40 (m, 2 H, H2’, H6’a), 3.35–3.30 (m, 1 H,
H5’), 3.26 (s, 6H, 2 OCH3), 2.48 (s, 1 H, C6OH), 1.34 (2 s, 6H, 2 CH3);
13C NMR (125 MHz, CDCl3): d=139.3, 138.5, 137.9, 137.8, 137.7 (5 C,
Bn), 128.8–127.4 (25 CH, Bn), 101.1 (C1’), 99.4, 99.2 (2 C BDA), 83.7
(CH), 77.7 (CH), 76.3 (2 CH), 75.4 (CH2), 75.2 (CH), 75.0 (CH2), 74.8
(CH), 73.6 (CH2), 73.5 (CH2), 72.4 (CH2), 69.8 (CH), 69.2 (CH), 68.9
(CH), 68.2 (CH2), 65.8 (CH), 48.1, 47.7 (2 OCH3), 17.8 (2 CH3); elemental
analysis calcd (%) for C53H61O12N3+H2O: C 67.00, H 6.68, N 4.42; found:
C 67.31, H 6.71, N 4.20.


Compound 26 : [a]D = �52.4 (c =0.25, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.40–7.10 (m, 40H, 8 Bn), 4.80–4.35 (8 AB syst, 16 H), 4.24
(d, 2 H, H1, H6), 4.16 (d, 2H, J= 7.9 Hz, 2H1’), 4.07 (m, 2H, H2, H5), 3.84
(m, 2 H, H3, H4), 3.60–3.52 (m, 6H, 4H6’, 2H4’), 3.40–3.27 (m, 6 H, 2H2’,
2H3’, 2H5’), 3.33 (s, 12H, 2OCH3), 1.36 (s, 12H, 2CH3); FAB HRMS:
m/z : calcd for C80H88O16N6Na: 1410.6156; found: 1410.6099 [M+Na]+ .


2-Azido-3,4,6-tri-O-benzyl-2-deoxy-d-glucopyranosyl-a-(1!1)-2,3 :4,5-di-
O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol (32a), 2-azido-3,4,6-
tri-O-benzyl-2-deoxy-d-glucopyranosyl-b-(1!1)-2,3 :4,5-di-O-(2’,3’-dime-
thoxybutane-2’,3’-diyl)-l-chiro-inositol (32b) and di(2-azido-3,4,6-tri-O-
benzyl-2-deoxy-d-glucopyranosyl)-b,b-(1!1:1!6)-2,3 :4,5-di-O-(2’,3’-di-
methoxybutane-2’,3’-diyl)-l-chiro-inositol (33): The pseudodisaccharides
were prepared from 13 (64 mg, 0.104 mmol) and 11 (27 mg, 0.066 mmol)
as described for the preparation of 16a and 16b, adding TMSOTf
(0.1 equiv, 0.26 mL of a solution 0.025 m) at �25 8C in CH2Cl2 (2 mL) and
stirring the reaction mixture for 1 h, yielding after flash chromatography
(hexane/ethyl acetate 4:1) 32a (10 mg, 18%), 32b (13 mg, 23%) and b,b-
pseudotrisaccharide 33 (8 mg, 9%). 32a : [a]D = ++ 98.0 (c =0.5, CHCl3);
1H NMR (500 MHz, CDCl3): d=7.40–7.10 (m, 15 H, 3 Bn), 5.57 (d, 1H,
J =3.8 Hz, H1’), 4.87–4.42 (3 AB syst, 6H), 4.16 (t, 1H, J= 10.2 Hz, H3),
4.13 (br t, 1 H, J =2.9 Hz, H1), 3.95 (dd, 1 H, J =9.9, 3.0 Hz, H2), 3.94 (t,
1H, J= 10.1 Hz, H4), 3.88 (br t, 1H, J=3.1 Hz, H6), 3.85 (dd, 1 H, J =9.9,
2.9 Hz, H5), 3.76–3.63 (m, 5 H, H3’, H4’, H5’, 2 H6’), 3.37 (dd, 1H, J =9.9,
3.8 Hz, H2’), 3.25, 3.23, 3.16, 3.18 (4 s, 12 H, 4OCH3), 2.50 (s, 1 H, C6OH),
1.30, 1.29, 1.25, 1.18 (4 s, 12 H, 4CH3); 13C NMR (125 MHz, CDCl3): d=


138.4, 138.3, 138.1 (3 C, Bn), 128.8–128.1 (15 CH, Bn), 100.6, 100.2, 99.3,
99.0 (4 C, BDA), 98.3 (C1’H), 80.1 (CH), 78.4 (CH), 75.7 (CH2), 75.5
(CH2), 73.9 (C1H), 73.6 (CH2), 71.5 (CH), 70.9 (CH), 69.4 (CH), 69.0
(CH), 68.6 (CH2), 66.6 (CH), 66.4 (CH), 60.7 (CH), 48.4, 48.3, 48.2, 48.2
(4 C, 2 OCH3) and 18.2, 18.1, 18.0, 18.0 (4 CH3); elemental analysis calcd
(%) for C45H59O14N3+


3=2H2O: C 60.52, H 6.99, N 4.70; found: C 60.40, H
6.95, N 4.38.
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Compound 32b : [a]D = ++64.3 (c =0.6, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.40–7.10 (m, 15 H, 3Bn), 4.85–4.52 (3 AB syst, 6H), 4.29 (d,
1H, J= 7.5 Hz, H1’), 4.08 (br t, 1H, H1), 4.06–4.02 (m, 2H, H6, H5), 3.96–
3.92 (m, 3H, H2, H3, H4), 3.77 (dd, 1H, J =11.1, 2.2 Hz, H6’a), 3.72 (dd,
1H, J =11.0, 3.7 Hz, H6’b), 3.68 (t, 1H, J=9.0 Hz, H3’), 3.46–3.39 (m, 2 H,
H2’, H4’), 3.36 (m, 1 H, H5’), 3.25–3.21 (3 s, 9H, 3OCH3), 3.17 (s, 3 H,
3OCH3), 2.50 (s, 1 H, OH), 1.30, 1.29, 1.25, 1.18 (4 s, 12H, 4 CH3);
13C NMR (125 MHz, CDCl3): d =138.6, 138.3, 138.3 (3 C, Bn), 128.7–
127.9 (15 CH, Bn), 101.4, 100.5, 100.2, 99.3 (4 C, BDA), 98.9 (C1’H), 83.9
(CH), 78.0 (CH2), 77.5 (C1H), 77.1 (CH2), 75.9 (CH), 75.6 (CH), 75.2
(CH), 74.2 (CH2), 69.7 (CH), 68.6 (CH2), 68.5 (CH), 67.7 (CH), 66.9
(CH), 66.5 (CH), 48.4, 48.2, 48.1, 47.9 (4 C, 2OCH3), 18.2, 18.1, 18.1, 18.0
(4 CH3); elemental analysis calcd (%) for C45H59O14N3+3H2O: C 58.74,
H 7.12, N 4.56; found: C 58.60, H 7.24, N 4.85.


Compound 33 : 1H NMR (500 MHz, CDCl3): d =7.40–7.10 (m, 30 H,
6Bn), 4.80–4.12 (6 AB syst, 12 H), 4.35 (d, 2H, J =7.8 Hz, 2H1’), 4.03 (dd,
2H, J=7.8, 3.2 Hz), 3.97 (m, 2 H), 3.80–3.69 (m, 6 H), 3.47–3.12 (m, 8H),
3.22 (s, 6H, 2OCH3), 3.18 (s, 6 H, 2 OCH3), 1.25 (s, 6 H, 2 CH3), 1.20 (s,
6H, 2CH3); elemental analysis calcd (%) for C72H86O18N6: C 65.34, H
6.55, N 6.35; found: C 65.31, H 6.57, N 6.25.


3,4,6-Tri-O-acetyl-2-azido-2-deoxy-d-galactopyranosyl-a(1!1)-2,5-di-O-
benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol (29): This
pseudodisaccharide was prepared from 21 (46 mg, 0.096 mmol) and 10
(23 mg, 0.048 mmol) as described for the preparation of 16a and 16b,
adding TMSOTf (0.1 equiv, 0.96 mL of a solution 0.05 m) at �25 8C in
CH2Cl2 (1 mL) and stirring the reaction mixture for 1 h, yielding after
flash chromatography (hexane/ethyl acetate 4:1) 28a (14 mg, 37%) and
the unreacted acceptor 10 (14 mg, 61%). 29 : [a]D = ++24.3 (c =0.7,
CHCl3); 1H NMR (500 MHz, CDCl3): d=7.40–7.20 (m, 10H, 2 Bn), 5.48
(d, 1 H, J =3.8 Hz, H1’), 5.34 (br d, 1H, J=3.0 Hz, H4’), 5.00 (dd, 1H, J=


11.2, 3.1 Hz, H3’), 4.95–4.64 (2 AB syst, 4 H), 4.23 (t, 1 H, J =10.1 Hz, H3),
4.16 (br t, 1H, J= 3.1 Hz, H1), 4.02–3.96 (m, 3 H, 2 H6’, H4), 3.88 (dd, 1 H,
J =10.1, 3.0 Hz, H2), 3.79 (m, 1H, H5’), 3.74–3.68 (m, 3 H, H2’, H5 and
H6), 3.28, 3.25 (2 s, 6 H, 2OCH3), 2.48 (s, 1H, C6OH), 2.10, 2.08, 2.06 (3 s,
9H, 3 CH3CO), 1.37, 1.35 (2 s, 6 H, 2CH3); 13C NMR (75 MHz, CDCl3):
d=170.7, 170.4, 170.1 (3 CH3CO), 139.4, 138.7 (2 C, Bn), 128.8–127.4
(10 CH, Bn), 99.8, 99.6 (2 C, BDA), 98.5 (C1’), 77.0 (CH), 76.3 (CH), 75.3
(C1), 74.5, 74.4 (2 CH2), 71.3 (CH), 70.2 (CH), 69.9 (CH), 68.7 (CH), 67.7
(CH), 67.0 (CH), 62.1 (CH2), 58.0 (CH), 48.1, 47.9 (2 OCH3), 21.0, 21.0,
20.9 (3 CH3CO), 18.2 (2 CH3); MALDI-TOF: m/z : calcd for C38H49


N3O15+Na: 810.8; found: 811.0 [M+Na]+ ; calcd for C38H49N3O15+K+ :
826.9; found: 828.0 [M+K]+ ; elemental analysis calcd (%) for
C38H49O15N3+2H2O: C 55.40, H 6.40, N 5.10; found: C 55.54, H 6.10, N
5.43.


3,4,6-Tri-O-acetyl-2-azido-2-deoxy-d-galactopyranosyl-a-(1!1)-2,3 :4,5-
di-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inositol (36): The pseudo-
disaccharide was prepared from 21 (40 mg, 0.084 mmol) and 11 (18 mg,
0.042 mmol) as described for the preparation of 16a and 16b, adding
TMSOTf (0.1 equiv, 0.84 mL of a solution 0.05 m) at �25 8C in CH2Cl2


(1 mL) and stirring the reaction mixture for 1 h, yielding after flash chro-
matography (hexane/ethyl acetate 2:1) 36 (21 mg, 69 %) and the unreact-
ed acceptor 11 (5 mg, 30 %). 36 : [a]D = ++78.3 (c =1.0, CHCl3);
1H NMR (500 MHz, CDCl3): d=5.63 (d, 1 H, J=3.7 Hz, H1’), 5.40 (d,
1H, J =3.0 Hz, H4’), 5.07 (dd, 1H, J= 11.3, 3.1 Hz, H3’), 4.15–4.09 (m, 4 H,
H5’, H6’a, H3, H1), 4.03 (m, 1H, H6’b), 3.97 (dd, 1 H, J=9.9, 2.7 Hz, H2),
3.92 (t, 1H, J =9.9 Hz, H4), 3.87 (br t, 1H, J =3.1 Hz, H6), 3.82 (dd, 1 H,
J =10.1, 3.1 Hz, H5), 3.72 (dd, 1H, J =11.2, 3.7 Hz, H2’), 3.25, 3.24, 3.22,
3.22 (4 s, 12H, 4OCH3), 2.12, 2.04, 2.00 (3 s, 9H, 3 CH3CO), 1.29, 1.27,
1.24, 1.21 (4 s, 12H, 4CH3); 13C NMR (75 MHz, CDCl3): d= 170.1, 170.4,
170.2 (3 CH3CO), 100.6, 100.2, 99.3, 98.9 (4 C, BDA), 98.0 (C1’H), 73.5
(C1H), 70.9 (CH), 69.5 (CH), 68.9 (CH), 68.1 (CH), 67.8 (CH), 67.2
(CH), 66.5 (CH), 66.4 (CH), 62.1 (CH2), 58.3 (CH), 48.4, 48.3, 48.2, 48.1
(4 OCH3), 21.0, 21.0, 20.9 (3 CH3CO), 18.1, 18.0, 17.9, 17.8 (4 CH3);
MALDI-TOF: m/z : calcd for C30H47N3O17Na: 744.7; found: 745.6
[M+Na]+ ; calcd for C30H47N3O17K: 760.8; found: 762.6 [M+K]+ ; elemen-
tal analysis calcd (%) for C30H47O17N3: C 49.92, H 6.56, N 5.82; found: C
50.05, H 6.84, N 5.60.


2-Azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-a-(1!
1)-2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-d-chiro-inosi-
tol (40a), 2-azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyrano-
syl-b-(1!1)-2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-d-
chiro-inositol (40b): The pseudodisaccharides were prepared from 14
(50 mg, 0.094 mmol) and 6 (30 mg, 0.063 mmol) as described for the prep-
aration of 16a and 16b, adding TMSOTf (0.03 equiv, 18.9 mL of a solution
0.1m) at �25 8C in CH2Cl2 (2 mL) and stirring the reaction mixture for
1 h at �25 8C, yielding after flash chromatography (hexane/ethyl acetate
4:1), 40a (12 mg, 22%) and 40b (3 mg, 6%). 40a : [a]D = ++58.5 (c =0.6,
CHCl3); 1H NMR (500 MHz, CDCl3): d=7.40–7.20 (m, 20H, 4 Bn), 5.45
(s, 1H, CHPh), 4.94–4.65 (4 AB syst, 8 H), 4.78 (d, 1 H, J= 3.7 Hz, H1’),
4.17 (m, 1 H, H5’), 4.06 (t, 1H, J= 3.1 Hz, H6), 4.06–4.02 (m, 3H, H1, H3,
H4), 3.95 (t, 1H, J=9.4 Hz, H3’), 3.92 (dd, 1 H, J =9.3, 2.6 Hz, H5), 3.87
(dd, 1 H, J=9.5, 2.7 Hz, H2), 3.70 (dd, 1H, J =10.0, 5.0 Hz, H6’a), 3.60 (t,
1H, J =9.4 Hz, H4’), 3.45 (m, 2 H, H2’, H6’b), 3.32 (2 s, 6H, 2 OCH3), 2.52
(s, 1 H, C6OH), 1.38, 1.33 (2 s, 6H, 2 CH3); 13C NMR (125 MHz, CDCl3):
d=139.3 (C), 138.8 (C), 138.2 (C), 137.8 (C), 129.2–126.3 (20 CH, Bn),
101.6 (CHPh), 99.7, 99.6 (2 C, BDA), 99.0 (C1’), 83.1 (C1), 78.4 (CH), 76.6
(CH), 75.2 (CH2), 75.1 (CH), 74.4 (CH2), 74.3 (2 CH2), 70.6 (CH), 70.3
(CH), 69.9 (2 CH), 69.4 (CH), 63.7 (CH), 48.2 (OCH3), 48.1 (OCH3), 18.2
(2 CH3); elemental analysis calcd (%) for C46H53O12N3: C 65.80, H 6.35,
N 5.00; found: C 65.53, H 6.29, N 4.53.


Compound 40b : [a]D = ++10.0 (c =0.1, CHCl3); 1H NMR (500 MHz,
CDCl3): d=7.40–7.20 (m, 20H, 4Bn), 5.52 (s, 1 H, CHPh), 5.01–4.61
(4 AB syst, 8 H), 4.59 (d, 1H, J =8.0 Hz, H1’), 4.26 (dd, 1H, J =10.4,
4.9 Hz, H6’a), 4.18 (t, 1H, J= 10.1 Hz, H3), 4.12 (br s, 1H, H1), 4.10 (br s,
1H, H6), 4.02 (t, 1H, J=10.1 Hz, H4), 3.90 (dd, 1 H, J =10.1, 3.1 Hz, H2),
3.80 (dd, 1H, J= 10.0, 3.2 Hz, H5), 3.71 (t, 1 H, J =10.4 Hz, H6’b), 3.61 (t,
1H, J= 9.3 Hz, H4’), 3.45 (t, 1H, J=9.3 Hz, H3’), 3.31–3.24 (m, 8 H, H2’,
H5’, 2OCH3), 2.52 (s, 1H, C6OH), 1.38, 1.33 (2 s, 6 H, 2 CH3); 13C NMR
(125 MHz, CDCl3): d=139.8 (C), 138.9 (C), 138.2 (C), 137.4 (C), 129.4–
126.3 (20 CH, Bn), 103.7 (C1’), 101.6 (CHPh), 99.8, 99.6 (2 C, BDA), 81.8,
79.3, 78.2, 76.9, 76.3, 75.4, 75.3, 74.1, 74.0, 70.1, 70.4, 68.9, 66.8, 66.3
(10 CH, 4 CH2), 48.2, 48.1 (2 OCH3), 18.2 (2 CH3); elemental analysis
calcd (%) for C46H53O12N3: C 65.80, H 6.35, N 5.00; found: C 65.71, H
6.43, N 4.77.


2-Azido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-d-glucopyranosyl-a-(1!
1)-2,5-di-O-benzyl-3,4-O-(2’,3’-dimethoxybutane-2’,3’-diyl)-l-chiro-inosi-
tol (41): The pseudodisaccharide was prepared from 14 (30 mg,
0.056 mmol) and 10 (18 mg, 0.038 mmol) as described for the preparation
of 16a and 16b, adding TMSOTf (0.03 equiv, 5.2 mL of a solution 0.22 m)
at �25 8C in CH2Cl2 (1 mL) and stirring the reaction mixture for 1 h at
�25 8C, yielding after flash chromatography (hexane/ethyl acetate 4:1) 41
(18 mg, 56 %) and unreacted acceptor 14 (8 mg, 42%). 41: [a]D = �30.7
(c= 0.6, CHCl3); 1H NMR (500 MHz, CDCl3): d= 7.50–7.20 (m, 20H,
4Bn), 5.56 (s, 1H, CHPh), 5.43 (d, 1 H, J =4.0 Hz, H1’), 4.97–4.62 (4 AB
syst, 8 H), 4.31 (t, 1 H, J =10.1 Hz, H3), 4.22 (m, 1H, H6’a), 4.20 (t, 1 H,
J =3.0 Hz, H1), 4.02 (t, 1 H, J =9.9 Hz, H4), 3.91 (dd, 1 H, J= 10.2, 2.9 Hz,
H2), 3.89 (t, 1 H, J =3.4 Hz, H6), 3.85 (t, 1H, J =9.4 Hz, H3’), 3.78 (dd,
1H, J =9.9, 3.4 Hz, H5), 3.73–3.64 (m, 3H, H5’, H6’b, H4’), 3.41 (dd, 1 H,
J =9.4, 4.0 Hz, H2’), 3.33, 3.32 (2 s, 6 H, 2 OCH3), 2.52 (s, 1H, C6OH),
1.38, 1.33 (2 s, 6 H, 2CH3); 13C NMR (125 MHz, CDCl3): d=139.5 (C),
138.6 (C), 138.3 (C), 137.5 (C), 129.3–126.2 (20 CH, Bn), 101.5 (CHPh),
99.8, 99.6 (2 C, BDA), 99.0 (C1’), 82.9 (CH), 77.5 (CH), 76.6 (2 CH), 75.5
(CH2), 75.1 (C1H), 74.4 (CH2), 74.3 (CH2), 71.2 (CH), 70.4 (CH), 69.8
(CH), 69.1 (CH2), 63.7 (CH), 63.4 (CH), 48.0 (2 OCH3), 18.2 (2 CH3); ele-
mental analysis calcd (%) for C46H53O12N3: C 65.80, H 6.35, N 5.00;
found: C 65.40, H 6.44, N 4.54.


trans-4-tert-Butylcyclohexyl-2-azido-2-deoxy-3,4,6-tri-O-benzyl-a-d-glu-
copyranoside (45a) and trans-4-tert-butylcyclohexyl-2-azido-2-deoxy-
3,4,6-tri-O-benzyl-b-d-glucopyranoside (45b): A) From trichloroacetimi-
date 13 prepared as the pure a isomer (95 mg, 0.153 mmol) and trans-4-
tert-butylcyclohexanol (42) (20 mg, 0.13 mmol) as described for the prep-
aration of 16a and 16b, adding TMSOTf (0.1 equiv, 130 mL of a solution
0.1m) at �25 8C in CH2Cl2 (2 mL) and stirring the reaction mixture for
1 h at �25 8C, yielding after flash chromatography (hexane/ethyl acetate
4:1) 45a (10 mg, 12 %) and 45b (42 mg, 52 %).
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B) From trichloroacetimidate 44, prepared as the pure b isomer, using
the experimental procedure described above 45a (14 mg, 17%) and 45b


(41 mg, 51%) were obtained.


Compound 45a : [a]D = ++77.1 (c=0.5, CHCl3); 1H NMR (500 MHz,
CDCl3): d= 7.40–7.20 (m, 15H, 3Bn), 5.06 (d, 1 H, J =3.6 Hz, H1’), 4.89–
4.46 (3 AB syst, 6 H), 4.00 (t, 1H, J =9.3 Hz, H3’), 3.91 (m, 1 H, H5’), 3.76
(dd, 1H, J =11.0, 3.8 Hz, H6’a), 3.68 (t, 1H, J =9.3 Hz, H4’), 3.64 (dd, 1H,
J =11.0, 2.0 Hz, H6’b), 3.48 (m, 1H, H1), 3.26 (dd, 1 H, J =9.3, 3.6 Hz, H2’),
2.10 (m, 1 H), 2.00 (m,1 H), 1.80 (m, 2 H), 1.40–1.20 (m, 2 H), 1.00 (m,
3H), 0.80 (s, 9 H, 3CH3); 13C NMR (125 MHz, CDCl3): d=138.4 (C),
138.3 (C), 138.2 (C), 129.8–128.0 (15 CH, Bn), 96.6 (CH), 80.4 (CH), 78.8
(CH), 77.9 (CH), 75.6 (CH2), 75.4 (CH2), 73.8 (CH2), 70.9 (CH), 68.7
(CH2), 63.5 (CH), 47.5 (CH), 34.1 (CH2), 32.6 (C), 32.3 (CH2), 27.9
(3 CH3), 26.0 (CH2), 25.8 (CH2); elemental analysis calcd (%) for
C37H47O5N3: C 72.40, H 7.71, N 6.84; found: C 72.13, H 7.70, N 6.62.


Compound 45b : [a]D = �3.0 (c =1.6, CHCl3); 1H NMR (500 MHz,
CDCl3): d =7.40–7.20 (m, 15 H, 3Bn), 4.89–4.52 (3 AB syst, 6H), 4.38 (d,
1H, J =7.5 Hz, H1’), 3.72 (dd, 1 H, J=11.0, 1.8 Hz, H6’a), 3.65 (dd, 1 H, J =


11.0, 5.1 Hz, H6’b), 3.61–3.52 (m, 3 H, H4’, H3’, H1), 3.42–3.36 (m, 2H, H5’,
H2’), 2.10 (br s, 2 H), 1.80 (m, 2 H), 1.30 (m, 2 H), 1.00 (m, 3H), 0.80 (s,
9H, 3CH3); 13C NMR (125 MHz, CDCl3): d=138.5 (C), 138.4 (C), 138.3
(C), 128.8–127.9 (15 CH, Bn), 101.0 (CH), 83.55 (CH), 79.7 (CH), 78.2
(CH), 75.8 (CH2), 75.4 (CH2), 75.3 (CH), 73.8 (CH2), 69.2 (CH2), 66.6
(CH), 47.5 (CH), 34.3 (CH2), 32.7 (CH2), 32.6 (C), 27.9 (3 CH3), 26.0
(CH2), 25.8 (CH2); elemental analysis calcd (%) for C37H47O5N3: C 72.40,
H 7.71, N 6.84; found: C 72.58, H 7.83, N 6.50.


cis-4-tert-Butylcyclohexyl-2-azido-2-deoxy-3,4,6-tri-O-benzyl-a-d-gluco-
pyranoside (46a), cis-4-tert-butylcyclohexyl-2-azido-2-deoxy-3,4,6-tri-O-
benzyl-b-d-glucopyranoside (46b): A) From trichloroacetimidate 13 pre-
pared as the pure a isomer (95 mg, 0.153 mmol) and cis-4-tert-butylcyclo-
hexanol (43) (20 mg, 0.13 mmol) as described for the preparation of 16a


and 16b, adding TMSOTf (0.1 equiv, 130 mL of a solution 0.1 m) at �25 8C
in CH2Cl2 (2 mL) and stirring the reaction mixture for 1 h at �25 8C,
yielding after flash chromatography (hexane/ethyl acetate 4:1) 46a


(10 mg, 12%) and 46b (30 mg, 37 %).


B) From trichloroacetimidate 44, prepared as the pure b isomer, follow-
ing the same experimental procedure described above to yield 46a


(11 mg, 13%) and 46b (34 mg, 42 %).


Compound 46a : [a]D = ++85.0 (c=0.4, CHCl3); 1H NMR (500 MHz,
CDCl3): d=7.40–7.20 (m, 15H, 3Bn), 5.00 (d, 1 H, J =3.6 Hz, H1’), 4.89–
4.46 (3 AB syst, 6H), 4.05 (dd, 1 H, J=10.3, 9.0 Hz, H3’), 3.91–3.85 (m,
2H, H5’ and H1), 3.76 (dd, 1 H, J =11.0, 3.6 Hz, H6’a), 3.71 (t, 1H, J=


9.0 Hz, H4’), 3.63 (dd, 1H, J= 10.6, 2.0 Hz, H6’b), 3.22 (dd, 1H, J =10.2,
3.6 Hz, H2’), 2.00 (m, 1H), 1.90 (m, 1H), 1.60–1.30 (m, 6H), 1.00 (m,
1H), 0.80 (s, 9 H, 3CH3); 13C NMR (125 MHz, CDCl3): d=138.4 (C),
138.3 (C), 138.2 (C), 128.8–128.1 (15 CH, Bn), 96.3 (CH), 79.9 (CH), 78.9
(CH), 75.5 (CH2), 75.4 (CH2), 73.9 (CH2), 71.8 (CH), 71.1 (CH), 68.7
(CH2), 63.6 (CH), 48.3 (CH), 32.9 (CH2), 32.4 (CH2), 30.0 (C), 27.8
(3 CH3), 22.1 (CH2), 21.7 (CH2); elemental analysis calcd (%) for
C37H47O5N3: C 72.40, H 7.71, N 6.84; found: C 72.48, H 7.73, N 6.70.


Compound 46b : [a]D = �13.8 (c =1.3, CHCl3); 1H NMR (500 MHz,
CDCl3): d=7.40–7.20 (m, 15 H, 3Bn), 4.89–4.52 (3 AB syst, 6 H), 4.31 (d,
1H, J= 7.7 Hz, H1’), 4.02 (br s, 1H, H1), 3.69 (dd, 1H, J= 11.0, 2.0 Hz,
H6’b), 3.64 (dd, 1H, J=11.0, 4.7 Hz, H6’a), 3.58 (t, 1H, J=9.2 Hz, H4’),
3.43–3.35 (m, 3H, H2’, H3’, H5’), 2.02 (br s, 2 H), 1.58–1.32 (m, 6H), 1.00
(m, 1H), 0.85 (s, 9 H, 3CH3); 13C NMR (125 MHz, CDCl3): d=138.5
(2 C), 138.3 (C), 128.8–127.9 (15 CH, Bn), 100.2 (CH), 83.5 (CH), 78.2
(CH), 75.8 (CH2), 75.4 (CH2), 75.3 (CH), 73.8 (CH2), 73.2 (CH), 69.1
(CH2), 67.3 (CH), 48.3 (CH), 32.9 (CH2), 32.6 (C), 30.0 (CH2), 27.8
(3 CH3), 21.8 (CH2), 21.6 (CH2); elemental analysis calcd (%) for
C37H47O5N3: C 72.40, H 7.71, N 6.84; found: C 72.38, H 7.61, N 6.72.


trans-4-tert-Butylcyclohexyl-2-azido-2-deoxy-3-O-benzyl-4,6-benzylidene-
a-d-glucopyranoside (47a) and trans-4-tert-butylcyclohexyl-2-azido-2-
deoxy-3-O-benzyl-4,6-O-benzylidene-b-d-glucopyranoside (47b): The
compounds were prepared from 14 (81 mg, 0.153 mmol) and trans-4-tert-
butylcyclohexanol (20 mg, 0.13 mmol) 42 as described for the preparation
of 16a and 16b, adding (0.1 equiv, 130 mL of a solution 0.1m) of TMSOTf
at �25 8C in CH2Cl2 (2 mL) and stirring the reaction mixture for 1 h at


�25 8C, yielding after flash chromatography (hexane/ethyl acetate 4:1)
47a (33 mg, 48%) and 47b (12 mg, 17 %). 47a : [a]D = ++52.6 (c =0.6,
CHCl3); 1H NMR (500 MHz, CDCl3): d= 7.50–7.20 (m, 10H, 2Bn), 5.56
(s, 1 H, CHPh), 5.01 (d, 1 H, J =3.5 Hz, H1’), 4.90 (AB syst, 2H), 4.25 (dd,
1H, J =10.3, 4.9 Hz, H6’b), 4.10 (t, 1H, J=9.3 Hz, H3’), 4.00 (m, 1 H, H5’),
3.73 (t, 1 H, J =10.4 Hz, H6’a), 3.68 (t, 1H, J= 9.3 Hz, H4’), 3.50 (m, 1H,
H1), 3.26 (dd, 1H, J =9.3 and 3.5 Hz, H2’), 2.10 (m, 2H), 1.80 (br s, 2 H),
1.40–1.20 (m, 3 H), 1.00 (m, 2 H), 0.80 (s, 9H, 3 CH3); 13C NMR
(125 MHz, CDCl3): d=138.3 (C), 137.6 (C), 129.3–126.3 (10 CH, Bn),
101.7 (CH), 97.4 (CH), 83.3 (CH), 78.4 (CH), 76.3 (CH), 75.3 (CH2), 69.3
(CH2), 63.2 (CH), 63.1 (CH), 47.5 (CH), 34.2 (CH2), 32.6 (CH2), 30.0 (C),
27.9 (3 CH3), 25.9 (CH2), 25.8 (CH2); elemental analysis calcd (%) for
C30H39O5N3: C 69.07, H 7.53, N 8.05; found: C 68.88, H 7.58, N 8.34.


Compound 47b : [a]D = �62.5 (c =0.6, CHCl3); 1H NMR (500 MHz,
CDCl3): d= 7.50–7.20 (m, 10H, 2Bn), 5.50 (s, 1H, CHPh), 4.80 (AB syst,
2H), 4.50 (d, 1H, J =7.9 Hz, H1’), 4.32 (dd, 1H, J =10.8, 5.3 Hz, H6’b),
3.78 (t, 1H, J =10.3 Hz, H6’a), 3.67 (t, 1H, J =9.3 Hz, H4’), 3.60–3.53 (m,
1H, H1), 3.49 (t, 1H, J =9.2 Hz, H3’), 3.42 (t, 1H, J=9.1 Hz, H2’), 3.36
(m, 1H, H5’), 2.10 (m, 2 H), 1.80 (m, 2 H), 1.40–1.20 (m, 3H), 1.00 (m,
2H), 0.80 (s, 9 H, 3CH3). 13C NMR (125 MHz, CDCl3): d=138.3 (C),
137.5 (C), 129.3–126.3 (10 CH, Bn), 101.6 (CH), 101.4 (CH), 81.8 (CH),
79.9 (CH), 79.3 (CH), 75.2 (CH2), 69.0 (CH2), 66.6 (CH), 66.5 (CH), 47.4
(CH), 34.2 (CH2), 32.6 (CH2), 30.0 (C), 27.9 (3 CH3), 25.9 (CH2), 25.8
(CH2); elemental analysis calcd (%) for C30H39O5N3: C 69.07, H 7.53, N
8.05; found: C 68.73, H 7.28, N 7.95.


cis-4-tert-Butylcyclohexyl 2-azido-2-deoxy-3-O-benzyl-4,6-benzylidene-a-
d-glucopyranoside (48a) cis-4-tert-butylcyclohexyl 2-azido-2-deoxy-3-O-
benzyl-4,6-O-benzylidene-b-d-glucopyranoside (48b): The compounds
were prepared from 14 (81 mg, 0.153 mmol) and cis-4-tert-butylcyclohexa-
nol (43) (20 mg, 0.13 mmol) as described for the preparation of 16a and
16b, adding (0.1 equiv, 130 mL of a solution 0.1 m) of TMSOTf at �25 8C
in CH2Cl2 (2 mL) and stirring the reaction mixture for 1 h at �25 8C,
yielding after flash chromatography (hexane/ethyl acetate 4:1) 48a


(33 mg, 48%) and 48b (15 mg, 22%). 48a : [a]D = ++68.8 (c =0.6,
CHCl3); 1H NMR (500 MHz, CDCl3): d=7.50–7.20 (m, 10H, 2 Bn), 5.60
(s, 1 H, CHPh), 4.97 (d, 1 H, J =3.8 Hz, H1’), 4.90 (AB syst, 2H), 4.27 (dd,
1H, J =10.1, 4.7 Hz, H6’b), 4.15 (t, 1H, J=9.5 Hz, H3’), 3.95 (m, 1 H, H5’),
3.90 (m, 1H, H1), 3.77–3.70 (m, 2 H, H6’a, H4’), 3.25 (dd, 1 H, J =9.6,
3.8 Hz, H2’), 2.00–1.90 (m, 2H), 1.60–1.30 (m, 6H), 1.00 (m, 1 H), 0.80 (s,
9H, 3 CH3); 13C NMR (125 MHz, CDCl3): d =138.3 (C), 137.5 (C), 129.3–
126.3 (10 CH, Bn), 101.7 (CH), 97.0 (CH), 83.5 (CH), 75.7 (CH), 75.3
(CH2), 72.2 (CH), 69.3 (CH2), 63.2 (2 CH), 48.2 (CH), 33.0 (CH2), 32.5
(C), 29.6 (CH2), 27.9 (3 CH3), 22.0 (CH2), 21.6 (CH2); elemental analysis
calcd (%) for C30H39O5N3: C 69.07, H 7.53, N 8.05; found: C 68.84, H
7.39, N 7.84.


Compound 48b : [a]D = �80.6 (c =0.7, CHCl3); 1H NMR (500 MHz,
CDCl3): d=7.50–7.20 (m, 10 H, 2Bn), 5.50 (s, 1 H, CHPh), 4.85 (AB syst,
2H), 4.40 (d, 1H, J =7.9 Hz, H1’), 4.32 (dd, 1H, J =10.3, 4.9 Hz, H6’b),
4.00 (br s, 1H, H1), 3.78 (t, 1H, J =10.3 Hz, H6’a), 3.69 (t, 1H, J =8.7 Hz,
H4’), 3.48 (t, 1H, J=8.7 Hz, H3’), 3.42 (dd, 1 H, J =8.7, 7.9 Hz, H2’), 3.45
(m, 1H, H5’), 2.00 (m, 2 H), 1.50 (m, 2 H), 1.47–1.33 (m, 4H), 1.00 (m,
1H) and 0.80 (s, 9 H, 3CH3); 13C NMR (125 MHz, CDCl3): d=138.4 (C),
137.5 (C), 129.3–126.3 (6 CH), 101.6 (CH), 100.7 (CH), 81.9 (CH), 79.3
(CH), 75.2 (CH2), 73.6 (CH), 69.0 (CH2), 67.3 (CH), 66.5 (CH), 48.2
(CH), 32.6 (CH2), 30.0 (C), 29.9 (CH2), 27.8 (3 CH3), 21.8 (CH2), 21.5
(CH2); elemental analysis calcd (%) for C30H39O5N3: C 69.07, H 7.53, N
8.05; found: C 69.17, H 7.67, N 8.13.
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Towards Enantioselective Nucleophilic Trifluoromethylation


Solveig Roussel,[a] Thierry Billard,*[a] Bernard R. Langlois,*[a] and Laurent Saint-James[b]


Introduction


Thanks to the intrinsic properties of fluorine, fluorinated or-
ganic compounds exhibit unique properties.[1] Among them,
trifluoromethyl-substituted molecules constitute a particular
class because of their specific properties, such as the high
lipophilicity associated with this moiety. These compounds
thus find wide application in the pharmaceutical field.[2]


Many reliable methods for the introduction of CF3 moieties
into organic compounds have been reported in the last two
decades,[3] and anionic trifluoromethylation has in recent
years emerged as one of the most powerful strategies. Nu-
merous reagents have been developed to overcome the
great instability of the CF3 anion and to allow nucleophilic
trifluoromethylation.[4,5]


Recently, the emergence of drugs such as Befloxatone
(antidepressant)[6] (1) and Efavirenz (anti-HIV)[7] (2), in


which the CF3 moiety is located at an asymmetric center,
has underlined another important synthetic challenge: asym-
metric trifluoromethylation.


To obtain compounds containing trifluoromethylated
asymmetric carbon moieties, the usual strategy is asymmet-
ric reduction of or nucleophilic addition onto a trifluoroace-
tyl moiety.[8] In contrast, there are very few methods for the
asymmetric nucleophilic addition of CF3. The best enantio-
meric excesses have been obtained from diastereoselective
methods; that is, addition of CF3SiMe3 onto chiral sulfini-
mides.[9] Another strategy involved chiral trifluoromethylat-
ing reagents, achieved by activation of CF3SiMe3 with a
chiral fluoride[10a] or a chiral Lewis base,[10b] both derived
from quinquina alkaloids, but the ee values did not usually
exceed 50 %. Better enantiomeric excesses have sometimes
been reached, with cinchonium fluoride and CF3SiMe3, but
only with especially hindered carbonyl substrates.[10c]


We have recently described new efficient reagents for nu-
cleophilic trifluoromethylation.[5] As some of them bear
chiral centers, we focused our interest on their use in asym-
metric reactions.


Results and Discussion


As examples, we have described the trifluoroacetamide 3 a
and the trifluoromethanesulfinamide 4 a prepared from O-si-
lylated ephedrine (Scheme 1). Both are able, under fluoride
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Universit� Claude Bernard—Lyon 1
B�t. Chevreul, 43, Bd du 11 novembre 1918
69622 Villeurbanne (France)
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E-mail : billard@univ-lyon1.fr


bernard.langlois@univ-lyon1.fr


[b] Dr. L. Saint-James
Rhodia Co., Centre de Recherche de Lyon
85, Av. des Fr�res Perret—BP 62
69192 Saint-Fons Cedex (France) Scheme 1. Trifluoromethylation of benzaldehyde with 3 a or 4 a.
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Abstract: Various trifluoroacetamides and trifluoromethanesulfinamides, derived
from chiral silylated amino alcohols, have been synthesized with the goal of ach-
ieving enantioselective nucleophilic trifluoromethylation. The best results were ob-
tained with (R)-phenylglycinol derivatives, but the ee values did not exceed 30 %.
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activation conditions, to trifluoromethylate carbonyl com-
pounds.[5] Such reagents, which were obtained in optically
pure forms (the two diastereomers of 4 a arising from the
chirality at the sulfur atom were separated), seemed to be
good candidates for asymmetric trifluoromethylation. How-
ever, their use in the trifluoromethylation of benzaldehyde
did not give any enantiomeric enrichment of the resulting
carbinol.


Faced with these disappointing results, we designed new
trifluoroacetamides 3 b–3 k, derived from various chiral


amino alcohols, with the goal of achieving stereoselective
trifluoromethylation. The reagents 3 b–3 k were prepared by
the previously described procedure (global isolated yields
are given in parentheses).[5a]


These new reagents were tested towards benzaldehyde
under two different sets of conditions to evaluate their po-
tential for stereoselective nucleophilic trifluoromethylation
(Table 1).


With regard to the ephedrine derivatives, it appeared that
increasing the size of the nitrogen substituent reduced the
trifluoromethylation yield (Table 1, entries 1–3). As previ-
ously described,[5a] (R)-phenylglycinol derivative 3 i did not
give rise to trifluoromethylation, but only to trifluoroacetyl
group migration from nitrogen to oxygen.


In the case of 3 j no reaction occurred, even with heating,
and the starting reagent was recovered. It could be conjec-
tured that the conformation of 3 j is not adapted to the in-


tramolecular nucleophilic attack of the alcoholate, generated
by desilylation, onto the trifluoroacetamide moiety
(Scheme 2).


To circumvent this problem, we tried to synthesize an
analogous reagent from a,a-diphenylprolinol, to favor the
right conformer. However, the only product obtained during
this synthesis was the bicyclic compound 6 (Scheme 3). Such
a substrate, which is an isolated and stable form of the tetra-
hedral intermediate postulated for the mechanism of tri-
fluoromethylation,[5a] could be an interesting reagent for our
purpose, since it was obtained enantiomerically pure. Un-


Abstract in French: Une grande vari�t� de trifluoroac�tami-
des et de trifluorom�thanesulfinamides, d�riv�s d’aminoal-
cools silyl�s chiraux, a �t� synth�tis�e afin de r�aliser des tri-
fluorom�thylations anioniques �nantios�lectives. Les meil-
leurs r�sultats ont �t� obtenus � partir de d�riv�s du (R)-ph�-
nylglycinol mais les exc�s �nantiom�riques n’exc�dent pas
30 %.


Scheme 2. Conformer equilibrium of 3 j.


Table 1. Trifluoromethylation of benzaldehyde with 3.


5 a : Yield (ee) [%][a]


Entry 3 method A[b] method B[c]


1 3a 89 (0) 83 (4)
2 3b 32 (12) 71 (10)
3 3c 15[d] (n.d.)[e] 4[d] (n.d.)[e]


4 3d 83 (3) 86 (5)
5 3e 36 (0) 82 (0)
6 3 f 46 (0) 72 (0)
7 3g 53 (0) 83[f] (0)
8 3h 86 (1)
9 3 i no trifluoromethylation no trifluoromethylation
10 3j no trifluoromethylation no trifluoromethylation
11 3k 70 (0) 81[f] (1)


[a] Isolated yield: The ee values were determined by chiral HPLC (Chir-
alcel OJ-H column; hexane/iPrOH 19:1). [b] Method A: CsF (10 % mol)
in DME (1,2-dimethoxyethane) for 24 h at room temperature
[c] Method B: TBAT (Bu4N


+Ph3SiF2
� ; 10 mol %) in THF for 7 h.


[d] Yield after six days. [e] n.d.: not determined. [f] Yield after 24 h.


Scheme 3. Formation and reactivity of 6.
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fortunately, no release of CF3 through desilylation of 6 was
observed, no doubt because the formation of the resulting
constrained oxazolidinone 7 is not favorable.


From a stereoselective point of view, the results from 3 a–
3 k were rather disappointing, since the ee values of the re-
sulting (trifluoromethyl)carbinol did not exceed 12 %
(Table 1, entry 2), the best result being obtained with the N-
benzyl norephedrine derivative 3 b. Performing the reaction
at lower temperatures (0 8C or �78 8C) clearly dramatically
decreased the reaction kinetics, since only few percents of
carbinol were obtained after several days.


Nevertheless, these results seemed to demonstrate the im-
portance of the nitrogen substituent, which must be larger
than a methyl to produce some excess (Table 1, entry 2) but
not so bulky as to suppress the yield dramatically (Table 1,
entry 3). Furthermore, it seems that a five-membered cyclic
intermediate should be more favorable to stereoselectivity
than a six-membered one (Table 1, entry 11).


To improve these first encouraging results, we then fo-
cused our interest on analogous trifluoromethanesulfina-
mide derivatives. Indeed, such compounds not only each
possess an additional chiral center, because of the chirality
of the sulfur(iv) atom, but this atom bears the CF3 moiety
directly, so we supposed that such reagents should be better
candidates for enantioselective trifluoromethylation.


Consequently, various reagents were prepared (4 b–4 g),
starting from diverse vic-amino alcohols, by a previously de-
scribed procedure (global yields and diastereomeric excesses
after purification are given in parentheses).[5b]


Generally these compounds were synthesized with low de
values, but enriched fractions of one diastereomer were ob-
tained after tedious chromatographic separation and then
treated with benzaldehyde as above. Since the two fluorides
(CsF, TBAT) had given almost the same results in the previ-
ous experiments, only CsF was used as activator here
(Table 2).


As far as ephedrine derivatives are concerned, the pres-
ence of a chiral center bearing the CF3 moiety did not seem
to have a great influence from a stereoselective point of
view. However, the best ee values did not arise from the
same type of reagents as with trifluoroacetamides, the best
enantioselectivity being obtained with 4 c and 4 g, whereas


the corresponding trifluoroacetamides 3 i and 3 k had not in-
duced any excess. In contrast, the 12 % ee achieved with 3 b
was not obtained with the corresponding sulfinamide 4 d.
These results led to the postulation of a geometry of the re-
active intermediates arising from trifluoromethanesulfina-
mides 4 different from that envisaged from trifluoromethyla-
cetamides 3, presumably because of the geometry of the
sulfur atom.


This hypothesis was also confirmed by the experiments
with the (R)-phenylglycinol derivatives 3 i and 4 c, since the
former did not release the trifluoromethyl group but under-
went a transfer of the trifluoroacetyl moiety from nitrogen
to oxygen,[5a] whereas the latter gave trifluoromethylation
with 20 % ee.


To improve the excess obtained with 4 c, the reaction was
carried out under different sets of conditions (Table 3).
Lower temperatures decreased the trifluoromethylation


yield but did not modify the ee
value (Table 3, entries 1, 2).
The use of a chiral, but hin-
dered, fluoride 8 to initiate the
reaction increased the ee value
slightly but decreased the yield
(Table 3, entries 3, 4).


With regard to enantioselec-
tivity, the disappointing results
obtained with reagents 3 and 4
led us to conclude that the various substituents in such re-
agents had only a moderate influence on the stereoselectivi-
ty of the reaction. The largest effect seemed to be that due
to the nitrogen substituents, though the presence of too
large a one decreased the reaction yield dramatically. This
difficult choice between low yield and ee is not really consis-
tent with the design of a useful and powerful stereoselective
reagent for trifluoromethylation.


Table 2. Trifluoromethylation of benzaldehyde with 4.


Entry 4 (de) [%] 5 a : yield (ee) [%][a]


1 4a (100) 73 (0)
2 4b (46) 64 (0)
3 4c (84) 65 (20)
4 4d (84) 68 (0)
5 4e (24) 3 (n.d.[b])
6 4 f (100) 23 (1)
7 4g (84) 33 (17)


[a] Isolated yield: The ee values were determined by chiral HPLC (Chir-
alcel OJ-H column; hexane/iPrOH 19:1). [b] n.d.: not determined.


Table 3. Trifluoromethylation with 4 c under various sets of conditions.


Entry Temperature Fluoride Yield ee
[8C] [%] [%]


1 0 CsF 49 19
2 �78 CsF 0 –
3 RT 8 31 30
4 0 8 0 –


Chem. Eur. J. 2005, 11, 939 – 944 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 941


FULL PAPERTowards Enantioselective Nucleophilic Trifluoromethylation



www.chemeurj.org





Attempts to model the transition states with 3 (cyclic
Zimmermann–Traxler type or linear Mukaiyama type)
seemed to confirm the weakness of the influence of the sub-
stituents other than the nitrogen one. In the case of sulfina-
mides 4, the unknown geometry of the sulfur atom in the in-
termediate reactive species made the modeling more diffi-
cult.


Conclusion


Although the trifluoroacetamides and trifluoromethanesulfi-
namides arising from silylated amino alcohols constitute a
family of powerful reagents for nucleophilic trifluoromethy-
lation, their propensity to induce stereoselectivity seems to
be limited, since the maximum achieved ee is 30 %.


The design of a chiral reagent efficient for highly enantio-
selective nucleophilic trifluoromethylation appears to be a
challenge that cannot be solved by the present strategy.
Other strategies must be now envisaged, and we are now fo-
cusing our interest on these new routes.


Experimental Section


General : DME and THF were dried over Na/benzophenone and freshly
distilled. CsF was dried at 300 8C overnight and stored at 100 8C. Benzal-
dehyde was freshly purified by distillation prior to use. Other reagents
were used as purchased.
1H, 13C, and 19F NMR spectra were recorded in CDCl3 at 300, 75, and
282 MHz, respectively.


Chemical shifts are given in ppm relative to TMS (1H, 13C) or CFCl3 (19F)
as internal references. Coupling constants are given in Hertz.


Flash chromatography was performed on silica gel 60 M (0.04–
0.063 mm). Melting points (uncorrected) were determined in capillary
tubes on a B�chi apparatus.


Typical procedure: synthesis of 3a : A flame-dried three-necked vessel
was successively charged, under nitrogen, with ephedrine (6.6 g,
40 mmol) and dichloromethane (40 mL). The resulting mixture was
cooled to 0 8C before addition of N-(trimethylsilyl)imidazole (6 mL,
41 mmol). The reaction medium was stirred at 0 8C for 40 min and then
allowed to warm to room temperature and kept stirring for 2 h. After
this period, diisopropylethylamine (7.2 mL, 41.4 mmol) was added, and
the mixture was again cooled to 0 8C. A solution of trifluoroacetic anhy-
dride (5.6 mL, 40 mmol) in CH2Cl2 (16 mL) was then added dropwise
over 1.5 h. After this addition, the temperature was kept at 0 8C for
10 min, then raised to room temperature. After stirring for 4 h, the reac-
tion medium was washed with 6% aqueous NaHCO3. The organic phase
was dried over Na2SO4 and evaporated in vacuo. The crude residue was
purified by chromatography over silica gel.


N-Trifluoroacetyl-O-trimethylsilylephedrine (3 a): (2 rotamers: 80/20;
white solid). M.p. 51–52 8C; 1H NMR: d = 7.25–7.38 (m, 5 H), 5.01 and
4.84 (d, 3J(H,H) = 4.4 Hz, 1 H), 4.38 (qd, 3J(H,H) = 6.9, 3J(H,H) =


4.6 Hz, 0.8H), 4.07 (qqd, 3J(H,H) = 6.8, 5J(H,F) = 1.1, 3J(H,H) =


4.6 Hz, 0.2 H), 3.05 (q, 5J(H,F) = 1.6 Hz, 3H); 1.26 and 1.19 (d, 3J(H,H)
= 6.6 and 7.1 Hz, 3 H), 0.03 ppm (s, 9H); 13C NMR: d = 157.5 (q,
2J(C,F) = 35.4 Hz), 141.9 and 141.6, 128.7 and 128.5, 128.3 and 127.9,
126.5 and 126.5, 117.0 and 116.9 (q, 1J(C,F) = 287.6 and 288.1 Hz), 78.1
and 76.2, 59.0, 58.7 (q, 4J(C,F) = 3.1 Hz), 32.2 (q, 4J(C,F) = 3.8 Hz),
30.8, 12.8 and 10.2, 0.3 and 0.2 ppm; 19F NMR: d = �68.28 (0.2) and
�70.57 ppm (0.8); elemental analysis calcd (%) for C15H22F3NO2Si: C
54.03, H 6.65, N 4.20, Si 8.42; found: C 53.75, H 6.58, N 4.21, Si 8.90.


N-Trifluoroacetyl-N-benzyl-O-trimethylsilylephedrine (3 b): (2 rotamers:
80/20; yellow oil). 1H NMR: d = 7.40–7.00 (m, 10 H), 5.25 (d, 3J(H,H) =


7.9 Hz, 0.8 H), 5.05 (d, 2J(H,H) = 15.4 Hz, 0.2H), 4.99 (d, 3J(H,H) =


3.6 Hz, 0.2 H), 4.73 (d, 2J(H,H) = 15.4 Hz, 0.2H), 4.50 (d, 2J(H,H) =


15.4 Hz, 0.8H; H3 a), 4.20 (m, 0.2H), 3.50–3.30 (m, 1.6 H), 1.28 (d,
3J(H,H) = 6.7 Hz, 2.4 H), 1.19 (d, 3J(H,H) = 6.7 Hz, 0.6H), 0.02 (s,
7.2H), 0.01 ppm (s, 1.8H); 13C NMR: d = 157.6 (q, 2J(C,F) = 35.1 Hz),
142.6, 141.6, 137.8, 135.6, 129.1, 129.0, 128.8, 128.6, 128.4, 128.1, 127.49,
127.45, 127.0, 126.9, 126.8, 126.6, 117.2 (q, 1J(C,F) = 287.8 Hz), 117.0 (q,
1J(C,F) = 288.3 Hz), 79.0, 74.4, 63.8, 59.4 (q, 4J(C,F) = 3.4 Hz), 52.8 (q,
4J(C,F) = 3.5 Hz), 48.1, 14.1, 12.9, 0.4, 0.0 ppm; 19F NMR: d = �68.00
(0.20), �69.50 ppm (0.80); elemental analysis calcd (%) for
C21H26F3NO2Si: C 61.59, H 6.40, N 3.42, Si 6.86; found: C 61.71, H 6.45,
N 3.31, Si 6.74.


N-Trifluoroacetyl-N-pentyl-O-trimethylsilylephedrine (3 c): (2 rotamers:
80/20; yellow oil). 1H NMR: d = 7.40–7.20 (m, 5H), 5.25 (d, 3J(H,H) =


8.0 Hz, 0.8H), 4.83 (d, 3J(H,H) = 4.5 Hz, 0.2 H), 4.00 (qd, 3J(H,H) = 4.5,
3J(H,H) = 6.6 Hz, 0.2H), 3.57 (m, 0.2H), 3.37 (bq, 3J(H,H) = 6.6 Hz,
0.8H), 3.05 (td, 2J(H,H) = 15.2, 3J(H,H) = 7.3 Hz, 0.8H), 2.46 (td,
2J(H,H) = 15.2, 3J(H,H) = 7.3 Hz, 0.8H), 1.78 (m, 0.2 H), 1.50 (d,
3J(H,H) = 6.6 Hz, 2.4 H), 1.40–1.00 (m, 6.6 H), 0.91 (t, 3J(H,H) = 6.8 Hz,
0.6H), 0.83 (t, 3J(H,H) = 7.2 Hz, 2.4 H), 0.02 (s, 1.8 H), 0.01 ppm (s,
7.2H); 13C NMR: d = 157.1 and 156.9 (q, 2J(C,F) = 35.4 Hz), 142.5,
141.7, 128.6, 128.3, 128.2, 128.1, 126.6, 126.5, 117.0 and 116.6 (q, 1J(C,F)
= 286.7 Hz; CF3), 78.6, 74.4, 60.8, 58.9 (q, 4J(C,F) = 3.2 Hz), 29.8, 29.1,
29.0, 28.9, 22.7, 22.52, 22.49, 22.4, 14.3, 14.1, 0.29, 0.27 ppm; 19F NMR: d


= �68.33 (0.20), �70.60 ppm (0.80); elemental analysis calcd (%) for
C19H30O2F3NO2Si: C 58.58, H 7.76, N 3.60, Si 7.21; found: C 58.65, H
7.94, N 3.7, Si 6.83.


N-Trifluoroacetyl-N-methyl-O-trimethylsilylpseudoephedrine (3 d): (2 ro-
tamers: 60/40; white solid). Mp: 60–61 8C; 1H NMR: d = 7.38–7.33 (m,
5H), 4.78 (d, 3J(H,H) = 7.5 Hz, 0.6H), 4.63 (br s, 0.6H), 4.56 (dq,
3J(H,H) = 8.2, 6J(H,F) = 1.2 Hz, 0.4 H), 4.10 (dqq, 3J(H,H) = 8.2,
3J(H,H) = 6.8, 4J(H,F) = 1.2 Hz, 0.4H), 3.08 (q, 4J(H,F) = 6.8 Hz,
1.8H), 2.97 (s, 1.2 H), 1.11 (d, 3J(H,H) = 6.8 Hz, 1.8H), 1.04 (d, 3J(H,H)
= 6.8 Hz, 1.2 H), 0.01 (s, 5.4 H), �0.04 ppm (s, 3.6H); 13C NMR: d =


158.2 and 157.3 (q, 2J(C,F) = 34.9 Hz), 141.9 and 141.8, 128.9 and 128.6,
128.6 and 128.2, 127.5 and 127.3, 117.3 (q, 1J(C,F) = 287.7 Hz), 117.1 (q,
1J(C,F) = 288.3 Hz), 76.3 and 76.1, 59.2 (q, 4J(C,F) = 2.9 Hz), 58.0 (br s),
31.0 (br s), 28.4, 14.9, and 13.6 (C3), �0.1 and �0.12 ppm; 19F NMR: d =


�67.87 (0.40), �70.69 ppm (0.60); elemental analysis calcd (%) for
C15H22F3NO2Si: C 54.03, H 6.65, N 4.20, Si 8.42; found: C 54.09, H 6.46,
N 4.37, Si 8.28.


(1S,2R)-N-Trifluoroacetyl-N-methyl-O-trimethylsilyl-1,2-diphenylethanol
(3 f): (2 rotamers: 90/10; white solid). M.p. 106 8C; 1H NMR: d = 7.60–
7.00 (m), 5.74 (d, 3J(H,H) = 7.5 Hz, 0.9H), 5.51 (d, 3J(H,H) = 7.5 Hz,
0.9H), 5.39 (d, 3J(H,H) = 6.2 Hz, 0.1H), 5.21 (d, 3J(H,H) = 6.2 Hz,
0.1H), 3.05 (s, 0.3 H), 2.89 (t, 5J(H,F) = 1.7 Hz, 2.7H), 0.04 (s, 0.9H),
0.02 ppm (s, 8.1 H); 13C NMR: d = 157.4 (q, 2J(C,F) = 35.5 Hz), 157.3
(q, 2J(C,F) = 35.1 Hz), 141.0, 140.8, 136.1, 135.9, 130.3, 129.8, 129.0,
128.8, 128.7, 128.64, 128.58, 128.5, 127.3, 127.1, 116.8 (q, 1J(C,F) =


288.3 Hz), 117.1 (q, 1J(C,F) = 288.1 Hz), 74.91, 74.86, 66.2 (q, 4J(C,F) =


2.7 Hz), 65.8, 32.7 (q, 4J(C,F) = 3.8 Hz), 32.4, 0.4, 0.3 ppm; 19F NMR: d


= �66.61 (0.10), �70.43 ppm (0.90); elemental analysis calcd (%) for
C20H24F3NO2Si: C 60.74, H 6.12, N 3.54, Si 7.10; found: C 60.47, H 6.25,
N 3.75, Si 6.93.


(1S,2R)-N-Trifluoroacetyl-N-benzyl-O-trimethylsilyl-1,2-diphenyl-ethanol
(3 h): (2 rotamers: 95/5; yellow oil). 1H NMR: d = 7.40–7.17 (m, 13 H),
7.15–7.14 (m, 2 H), 5.96 (d, 3J(H,H) = 8.9 Hz, 1 H), 4.30 (d, 1J(H,H) =


15.9 Hz, 1 H), 4.21 (d, 3J(H,H) = 8.9 Hz, 1H), 3.95 (d, 1J(H,H) =


15.9 Hz, 1 H), 0.26 ppm (s, 9H); 13C NMR: d = 158.1 (q, 2J(C,F) =


35.1 Hz), 142.2, 137.8, 134.5, 130.7, 129.02, 128.99, 128.6, 128.5, 128.4,
128.3, 127.4, 127.2, 116.8 (q, 1J(C,F) = 288.5 Hz), 73.4, 71.8, 53.0 (q,
4J(C,F) = 3.6 Hz), 0.09 ppm; 19F NMR: d = �66.62 (0.05), �69.07 ppm
(0.95); elemental analysis calcd (%) for C26H28F3NO2Si: C 66.22, H 5.98,
N 2.97, Si 5.96; found: C 66.38, H 6.02, N 2.86, Si 5.87.


(R)-N-Trifluoroacetyl-N-benzyl-O-trimethylsilylphenylglycinol (3 i): (2 ro-
tamers: 50/50; yellow oil). 1H NMR: d = 7.00–7.50 (m, 10 H), 5.36 (br. t,
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3J(H,H) = 6.7 Hz, 0.5H), 4.96 (br. dd, 3J(H,H) = 8.0, 3J(H,H) = 6.3 Hz,
0.5H), 4.69 (d, 2J(H,H) = 15.1 Hz, 0.5 H), 4.67 (s, 2 H), 4.43 (dd, 2J(H,H)
= 10.4, 3J(H,H) = 8.0 Hz, 0.5H), 4.27 (d, 2J(H,H) = 15.1 Hz, 0.5H),
3.94–4.12 (m, 1.5H), 0.12 and 0.11 ppm (s, 9H); 13C NMR: d = 158.6
and 158.1 (q, 2J(C,F) = 34.9 Hz), 137.1, 136.6, 135.9, 135.8, 129.3, 129.0,
128.9, 128.61, 128.58, 128.45, 128.42, 128.2, 128.0, 127.6, 117.4 and 117.1
(q, 1J(C,F) = 288.2 Hz), 61.9, 62.2, 61.2 (q, 4J(C,F) = 2.6 Hz), 61.4, 51.5
(q, 4J(C,F) = 3.5 Hz), 47.5, �0.3, �0.5 ppm; 19F NMR: d = �66.55 (0.5),
�68.69 ppm (0.5); elemental analysis calcd (%) for C20H24F3NO2Si: C
60.74, H 6.12, N 3.54, Si 7.10; found: C 60.62, H 6.23, N 3.61, Si 6.85.


(S)-N-Trifluoroacetyl-O-trimethylsilyl-2-pyrrolidinemethanol (3 j): (2 ro-
tamers: 90/10; yellow oil). 1H NMR: d = 4.22 (br m, 1 H), 3.80 (dd,
2J(H,H) = 10.3, 3J(H,H) = 5.5 Hz, 1 H); 3.70 (dd, 2J(H,H) = 10.3,
3J(H,H) = 2.9 Hz, 1H), 3.65 (m, 2H), 2.25–1.80 (m, 4H), 0.13 (s, 8.1H),
0.11 ppm (s, 0.9H); 13C NMR: d = 156.2 and 155.9 (q, 2J(C,F) =


36.6 Hz), 116.8 and 116.7 (q, 1J(C,F) = 287.5 Hz), 63.6 (q, 5J(C,F) =


1.3 Hz), 61.6, 60.7, 59.6 (q, 4J(C,F) = 2.4 Hz), 48.0, 47.8 (q, 4J(C,F) =


3.5 Hz), 28.7, 26.8, 24.9 (q, 5J(C,F) = 1.0 Hz), 20.9, �0.4, �0.5 ppm; 19F
NMR: d = �70.91 (0.10), �73.02 ppm (0.90); elemental analysis calcd
(%) for C10H18F3NO2Si: C 44.59, H 6.74, N 5.20, Si 10.43; found: C 44.47,
H 6.83, N 5.36, Si 10.22.


(1R,2S)-N-Trifluoroacetyl-O-trimethylsilyl-2-benzylamino-cyclohexane-
methanol (3 k): (2 rotamers: 70/30; colorless oil). 1H NMR: d = 7.41–
7.22 (m, 3 H), 7.21–7.14 (m, 2H), 5.12 (d, 2J(H,H) = 15.8 Hz, 0,3H), 4.80
(d, 2J(H,H) = 18.1 Hz, 0.7H), 4.66 (d, 2J(H,H) = 18.1 Hz, 0.7H), 4.40
(d, 2J(H,H) = 15.8 Hz, 0.3H), 4.22 (m, 1 H), 3.80 (m, 2H), 2.41 (br s,
0.7H), 2.16 (br s, 0.3H), 2.04–1.66 (m, 3 H), 1.64–1.12 (m, 5 H), 0.15 ppm
(s, 9H); 13C NMR: d = 158.2 (q, 1J(C,F) = 35.1 Hz), 158.1 (q, 1J(C,F) =


34.9 Hz), 138.4, 137.7, 129.0, 128.9, 127.7, 127.3, 126.7, 126.1, 117.3 (q,
1J(C,F) = 287.1 Hz), 116.9 (q, 1J(C,F) = 288.9 Hz), 61.7, 61.5, 60.7, 59.7
(q, 4J(C,F) = 2.7 Hz), 49.8 (q, 4J(C,F) = 3.8 Hz), 49.0, 43.1, 38.8, 29.5,
28.6, 27.6, 26.7, 26.6, 25.5, 21.03, 21.0, �0.3 ppm; 19F NMR: d = �68.67
(0.30), �69.21 ppm (0.70); elemental analysis calcd (%) for
C19H28F3NO2Si: C 58.89, H 7.28, N 3.61, Si 7.25; found: C 59.07, H 7.33,
N 3.88, Si 7.13.


Synthesis of N-trifluoromethanesulfinyl-O-trimethylsilylephedrine (4 a)


[CF3SO+] solution : A flame-dried three-necked vessel was successively
charged, under nitrogen, with potassium triflinate (CF3SO2K, 3.5 g,
20 mmol), dichloromethane (60 mL), and POCl3 (935 mL, 10 mmol). The
reaction medium was stirred at room temperature for 40 min.


Synthesis : A flame-dried three-necked vessel was successively charged,
under nitrogen, with ephedrine (1.65 g, 10 mmol) and dichloromethane
(47 mL). The resulting mixture was cooled to 0 8C before addition of N-
(trimethylsilyl)imidazole (1.5 mL, 10.2 mmol). The reaction mixture was
stirred at 0 8C for 20 min and was then allowed to warm to room temper-
ature and kept stirring for 2 h. After this period, diisopropylethylamine
(3.5 mL, 20 mmol) was added and the mixture was again cooled to 0 8C.
The [CF3SO+] solution was then added over 1 h. After the addition, the
temperature was kept at 0 8C for 10 min, then raised to room tempera-
ture. After stirring for 24 h, the reaction mixture was washed with 6%
aqueous NaHCO3. The organic phase was dried over Na2SO4 and evapo-
rated in vacuo. The crude residue was purified by chromatography over
silica gel.


N-Trifluoromethanesulfinyl-O-trimethylsilylephedrine (4 a): (Colorless
oil/de = 20 %). 1H NMR: d = 7.23–7.35 (m, 5H), 4.85 (d, 3J(H,H) =


3.9 Hz, 0.6H), 4.68 (d, 3J(H,H) = 5.7 Hz, 0.4 H), 3.70 (dq, 3J(H,H) = 5.7,
3J(H,H) = 7.0 Hz, 0.4H), 3.58 (dq, 3J(H,H) = 3.9, 3J(H,H) = 7.0 Hz,
0.6H), 2.84 (q, 5J(H,H) = 1.4 Hz, 1.8H), 2.70 (q, 5J(H,H) = 1.8 Hz,
1.2H), 1.32 (d, 3J(H,H) = 7.0 Hz, 1.2H), 1.22 (d, 3J(H,H) = 7.0 Hz,
1.8H), 0.06 (s, 5.4H), 0.04 ppm (s, 3.6H); 13C NMR: d = 141.8, 141.4,
128.7, 128.6, 128.4, 128.1, 127.0, 126.8, 124.5 (q, 1J(C,F) = 343.1 Hz),
124.5 (q, 1J(C,F) = 341.6 Hz), 77.9, 77.0, 64.5 (br s), 62.8, 29.1, 26.6, 13.9,
13.2, 0.34, 0.32 ppm; 19F NMR: d = �75,03 (0.6), �75.27 ppm (0.4); ele-
mental analysis calcd (%) for C14H22F3NO2SSi: C 47.57, H 6.27, N 3.96, S
9.07, Si 7.95; found: C 47.69, H 6.56, N 3.91, S 9.40, Si 8.20.


(1S,2R)-N-Trifluoromethanesulfinyl-N-benzyl-O-trimethylsilyl 1,2-di-
phenyl-ethanol (4 b): (Yellow oil/de = 60 %). 1H NMR: d = 7.47–6.92
(massif, 10H), 5.32 (d, 3J(H,H) = 5.1Hz, 0.8H), 5.21 (d, 3J(H,H) =


6.4 Hz, 0.2 H), 4.54–4.40 (m, 1 H), 4.37–4.21 (m, 1.8 H), 4.09 (d, 2J(H,H)
= 15.3 Hz, 0.2 H), 0.04 (s, 7.2 H), �0.1 ppm (s, 1.8H); 13C NMR: d =


141.2, 140.8, 136.8, 136.6, 135.5, 135.2, 130.4, 130.0, 129.7, 129.6, 129.2,
129.1, 128.9, 128.81, 128.75, 128.7, 128.57, 128.55, 128.43, 128.40, 128.38,
128.2, 127.8, 124.9 (q, 1J(C,F) = 343.0 Hz), 124.7 (q, 1J(C,F) =


341.0 Hz), 77.0, 76.0, 69.6, 69.3, 48.6, 48.4, 0.5, 0.2 ppm; 19F NMR: d =


�73.16 (0.20), �73.56 ppm (0.80); elemental analysis calcd (%) for
C25H28F3NO2SSi: C 61.07, H 5.74, N 2.85, S 6.52, Si 5.71; found: C 61.17,
H 5.67, N 2.73, S 6.44, Si 5.68.


(R)-N-Trifluoromethanesulfinyl-N-benzyl-O-trimethylsilylphenylglycinol
(4 c): (Yellow oil/dia. Maj.). 1H NMR: d = 7.43–7.18 (m, 10H), 4.54 (d,
2J(H,H) = 15.4 Hz, 1 H), 4.53 (bdd, 3J(H,H) = 8.9, 3J(H,H) = 5.6 Hz,
1H), 4.23 (d, 2J(H,H) = 15.4 Hz, 1 H), 4.01 (dd, 2J(H,H) = 10.9,
3J(H,H) = 8.9 Hz, 1H), 3.86 (dd, 2J(H,H) = 10.9, 3J(H,H) = 5.6 Hz,
1H), 0,14 ppm (s, 9H); 13C NMR: d = 137.5, 135.9, 129.3, 129.2, 128.99,
128.93, 128.5, 128.3, 127.1 (q, 1J(C,F) = 342.0), 65.1, 63.7, 47.5, 0.4 ppm;
19F NMR: d = �74.09 ppm; elemental analysis calcd (%) for
C19H24F3NO2SSi: C 54.92, H 5.82, N 3.37, S 7.72, Si 6.76; found: C 54.68,
H 6.07, N 3.13, S 7.89, Si 6.53.


(1R,2S)-N-Trifluoromethanesulfinyl-N-benzyl-O-trimethylsilylephedrine
(4 d): (Yellow oil/de = 80 %). 1H NMR: d = 7.49–7.09 (m, 10 H), 4.88
(d, 3J(H,H) = 3.0 Hz, 0.9 H), 4.72 (d, 2J(H,H) = 15.6 Hz, 0.9H), 4.56 (d,
2J(H,H) = 14.9 Hz, 0.1 H), 4.54 (d, 3J(H,H) = 6.0 Hz, 0.1 H), 4.24 (d,
2J(H,H) = 15.6 Hz, 0.9 H), 4.07 (d, 2J(H,H) = 14.9 Hz, 0.1H), 3.56 (m,
0.1H), 3.36 (qd, 3J(H,H) = 3.0, 3J(H,H) = 7.1 Hz, 0.9H), 1.42 (d,
3J(H,H) = 7.0 Hz, 0.3 H), 1.20 (d, 3J(H,H) = 7.2 Hz, 2.7H), 0.15 (s,
8.1H), 0.00 ppm (s, 0.9H); 13C NMR: d = 141.7, 136.1, 129.3, 129.1,
128.5, 128.4, 128.0, 126.8, 124.8 (q, 1J(C,F) = 340.9 Hz), 74.9, 61.2, 47.8,
14.0, 0.5 ppm; 19F NMR: d = �73.30 (0.10), �75.73 ppm (0.90); elemen-
tal analysis calcd (%) for C20H26F3NO2SSi: C 55.92, H 6.10, N 3.26, S
7.46, Si 6.54; found: C 56.01, H 5.89, N 3.40, S 7.27, Si 6.38.


(S)-N-Trifluoromethanesulfinyl-O-trimethylsilyl-2-pyrrolidinemethanol
(4 e): (Yellow oil/de = 0 %). 1H NMR: d = 3.88 (m, 2 H), 3.62 (m, 2 H),
3.28 (m, 0.5H), 3.07 (m, 0.5H), 2.17–1.70 (m, 4 H), 0.15 (s, 4.5H),
0.11 ppm (s, 4.5 H); 13C NMR: d = 126.6 (q, 1J(C,F) = 338.5 Hz), 124.2
(q, 1J(C,F) = 337.0 Hz), 65.9, 65.5, 64.0, 61.5, 46.6, 43.8, 28.7, 26.0, 24.6,
23.1, 0.45, 0.45 ppm; 19F NMR: d = �74.03 (0.50), �75.20 ppm (0.50); el-
emental analysis calcd (%) for C9H18F3NO2SSi: C 37.35, H 6.27, N 4.84, S
11.08, Si 9.71; found: C 37.51, H 6.36, N 5.03, S 10.95, Si 9.37.


(S)-N-Trifluoromethanesulfinyl-O-trimethylsilyl-1,1-diphenyl-2-pyrrolidi-
nemethanol (4 f): (Yellow oil/dia. maj.). 1H NMR: d = 7.52–7.27 (m,
10H), 4.89 (dd, 3J(H,H) = 9.2, 3J(H,H) = 4.0 Hz, 1H), 3.69 (m, 1 H),
2.16 (m, 1H), 2.09–1.87 (m, 2 H), 1.55 (m, 1 H), 0.95 (m, 1 H), �0.19 ppm
(s, 9H); 13C NMR: d = 142.5, 141.8, 130.03, 129.98, 128.6, 128.3, 128.0,
127.5, 124.3 (q, 1J(C,F) = 336.5 Hz), 83.4, 73.3, 43,1, 28.6, 26.0, 2.0 ppm;
19F NMR: d = �73.78 ppm; elemental analysis calcd (%) for
C21H26F3NO2SSi: C 57.12, H 5.93, N 3.17, S 7.26, Si 6.36; found: C 57.29,
H 5.72, N 3.33, S 6.92, Si 6.69.


(S)-N-Trifluoromethanesulfinyl-O-trimethylsilyl-1,1-diphenyl-2-pyrrolidi-
nemethanol (4 f): (Yellow oil/dia. Min.). 1H NMR: d = 7.56–7.29 (m,
10H), 4.87 (dd, 3J(H,H) = 8.9, 3J(H,H) = 2.7 Hz, 1H), 3.16 (m, 1 H),
2.54 (m, 1H), 2.20 (ddd, 3J(H,H) = 17.1, 3J(H,H) = 8.9, 2J(H,H) =


13.5 Hz, 1H), 1.97 (m, 1 H), 1.56 (m, 1H), 0.81 (dddd, 3J(H,H) = 17.1,
2J(H,H) = 12.5, 3J(H,H) = 8.3, 3J(H,H) = 6.1 Hz, 1 H), �0.13 ppm (s,
9H); 13C NMR: d = 142.4, 141.6, 130.2, 129.9, 128.7, 128.5, 128.1, 127.8,
125.4 (q, 1J(C,F) = 346.5 Hz), 83.7, 68.9, 45.8, 28.2, 23.6, 2.0 ppm; 19F
NMR: d = �72.33 ppm; elemental analysis calcd (%) for C21H26F3NO2S-
Si: C 57.12, H 5.93, N 3.17, S 7.26, Si 6.36; found: C 56.99, H 5.85, N
3.26, S 7.36, Si 6.51.


(1R,2S)-N-Trifluoromethanesulfinyl-O-trimethylsilyl-2-benzylaminocyclo-
hexanemethanol (4 g): (Colorless oil/de = 20 %). 1H NMR: d = 7.45–
7.24 (m, 5 H), 4.67 (d, 2J(H,H) = 15.6 Hz, 0.6 H), 4.66 (d, 2J(H,H) =


15.8 Hz, 0.4 H), 4.35 (d, 2J(H,H) = 15.8 Hz, 0.4H), 4.24 (d, 2J(H,H) =


15.6 Hz, 0.6 H), 3.91 (dd, 3J(H,H) = 6.0, 2J(H,H) = 12.0 Hz, 0.4 H), 3.70
(m, 1.6H), 3.37 (m, 1 H), 2.15 (m, 0.4H), 2.03 (m, 0.6 H), 1.97–1.59 (m,
5H), 1.49–1.11 (m, 3 H), 0.16 ppm (s, 9H); 13C NMR: d = 135.8, 135.7,
129.3, 129.2, 128.7, 128.6, 128.4, 128.2, 124.7 (q, 1J(C,F) = 342.0 Hz),
124.5 (q, 1J(C,F) = 340.9 Hz), 60.9, 60.8, 60.6, 60.1, 47.3, 46.8, 39.3, 38.7,
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28.9, 28.8, 28.0, 26.9, 26.49, 26.41, 21.5, 21.1, �0.2 ppm; 19F NMR: d =


�74.40 (0.40), �75.24 ppm (0.60); elemental analysis calcd (%) for
C18H28F3NO2SSi: C 53.04, H 6.92, N 3.44, S 7.87, Si 6.89; found: C 53.13,
H 7.06, N 3.71, S 7.74, Si 7.05.


Typical procedure for trifluoromethylation with 3 or 4 and CsF : Dried
CsF (15 mg, 0.1 equiv) was added to a solution of 3 or 4 (1 mmol) and
the electrophile (1 mmol) in DME (1 mL). After 24 h, the crude product
was desilylated with TBAF in THF (1 m, 1 mL) for 1 h and extracted with
pentane and brine. The organic phase was dried over Na2SO4, and the
solvent was evaporated in vacuo. The crude products were purified by
chromatography over silica gel.


Typical procedure for trifluoromethylation with 2 and TBAT: A solution
of tetrabutylammonium triphenyldifluorosilicate (TBAT, 54 mg,
0.1 equiv) in THF (0.5 mL) was added dropwise over 15 min to a stirred
solution of 3 or 4 (1 mmol) and the electrophile (1 mmol) in THF
(1 mL). After 6 h, the crude mixture was desilylated with TBAF in THF
(1 m, 1 mL) for 1 h, and then extracted with pentane and brine. The or-
ganic phase was dried over Na2SO4, and the solvent was evaporated in
vacuo. The crude products were purified by flash chromatography over
silica gel.
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Asymmetric Diethyl- and Diphenylzinc Additions to Aldehydes by Using a
Fluorine-Containing Chiral Amino Alcohol: A Striking Temperature Effect
on the Enantioselectivity, a Minimal Amino Alcohol Loading, and an
Efficient Recycling of the Amino Alcohol


Jin Kyoon Park,[a] Hong Geun Lee,[a] Carsten Bolm,*[b] and B. Moon Kim*[a]


Introduction


In asymmetric catalysis aimed at large-scale production of
chiral compounds, the cost of the catalyst is often too high.
To resolve this issue, recycling of catalysts has been recog-
nized as one of the most practical approaches. For this pur-
pose immobilization of a homogeneous catalyst onto a het-
erogeneous system has frequently been employed.[1] Even
though various chiral ligands have efficiently been attached
onto solid supports, heterogeneous applications of homoge-
neous chiral catalysts have often been associated with unde-
sirable properties such as a reduced kinetic profile and a
low enantioselectivity.


Recently, fluorous organic biphase systems (FBS) pio-
neered by Hov�rth have been recognized as highly effective


recycling methods for asymmetric reactions.[2] The FBS
strategy allows one to separate fluorous ligands from the re-
action mixture by simple phase separation at lower tempera-
ture after the reaction has been performed at elevated tem-
perature, where the fluorous ligand becomes soluble to both
phases.


Successful examples of FBS include asymmetric protona-
tions,[3] epoxidations,[4] diethylzinc and triethylaluminum-
mediated addition reactions,[5] and others.[6] Diorganozinc
addition reactions to carbonyl compounds have extensively
been studied and many excellent catalysts have been devel-
oped to give the resulting secondary alcohols with very high
enantioselectivities.[7] The first application of a diethylzinc
addition in FBS was reported by Kleijn et al.[5a] and since
then several similar approaches have been detailed by Na-
kamura et al.[5b, d, f] and Tian et al.,[5c,e] who employed fluo-
rous chiral binaphthol derivatives and fluorous chiral amino
alcohols, respectively. Herein, we wish to present an effec-
tive perfluoro catalyst for diorganozinc addition reactions
based on the modification of pyrrolidinylmethanol[8,9] deriv-
atives. We chose the perfluoro-prolinol system 5 due to the
high enantioselectivity described for reactions involving
known prolinol derivatives.
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School of Chemistry, Seoul National University
Seoul 151-747, (South Korea)
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Abstract: A chiral pyrrolidinylmetha-
nol derivative containing perfluoro-po-
nytails (5) was prepared from (S)-pro-
line. The use of this perfluoro-substitut-
ed amino alcohol in catalytic asymmet-
ric additions of organozinc reagents to
aldehydes affords products with high
enantioselectivities in both pure
hexane and a mixture of hexane and
FC-72 (perfluorohexane). Enantiomer-
ic excesses up to 94 and 88 % ee have


been achieved in Et2Zn and Ph2Zn ad-
ditions, respectively. For the reactions
in the biphasic solvent system a striking
temperature effect was observed. Thus,
when the temperature was raised from
0 to 40 8C the ee value of the product


increased from 81 to 92 %. Further-
more, the catalyst loading could be re-
markably low, and with only 0.1 mol %
of amino alcohol 5 a product with 90 %
ee was obtained in the Et2Zn addition
to benzaldehyde in hexane. The per-
fluoro-ligand was easily recovered by
simple phase separation, and until the
ninth repetition its reuse proceeded
without significant loss of enantioselec-
tivity and reactivity.


Keywords: amino alcohols · asym-
metric catalysis · biphasic catalysis ·
catalyst recycling
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Results and Discussion


Fluorous amino alcohol 5 was
synthesized from known (S)-
proline derivative 1 as shown in
Scheme 1.[10] For the introduc-
tion of a perfluoro-ponytail at
the 4-position of the aromatic
ring, 4-bromophenylmagnesium
bromide was prepared and cou-
pled in situ with ester 1, fur-
nishing compound 2 in 70 %
yield. Treatment of 2 with
NaOH in MeOH provided
cyclic carbamate 3 quantitative-
ly. Introduction of the fluoro-
ponytail was accomplished by
adding perfluoroalkyl iodide
slowly to the DMSO solution of
3 in presence of copper powder.
For this coupling reaction, it was critical to maintain the re-
action temperature at 120 8C and to add the perfluoroalkyl
iodide slowly over a period of 30 min. In this manner, the
desired product 4 a was obtained in 70 % yield. Removal of
the carbamate protecting group and introduction of N-
methyl functionality was achieved through reduction of 4 a
by using diisobutylaluminum hydride (DIBAL). The desired
N-methylated derivative 5 was obtained in a quantitative
yield. By using the same protocol, the synthesis of com-
pound 4 b bearing a longer perfluoro-ponytail was also at-
tempted, however, the reaction from 3 to 4 b was extremely
sluggish and only a trace amount of the desired product was
obtained. This result may be due to the lower solubility of
C10F21I in the reaction medium than C8F17I, which was spar-
ingly soluble. For a control experiment, non-perfluoropony-
tail containing ligand 6[10] was prepared.


Investigation of the asymmetric diethylzinc addition to
benzaldehyde was carried out by using 3 mol % of the
amino alcohol 5 or 6, which was deprotonated with n-butyl-
lithium (3.7 mol %) before starting the catalysis. Monophasic
(hexane) and biphasic (hexane/FC-72) solvent systems were
employed, and reactions at various temperatures were ex-
amined. The results are summarized in Table 1. Surprisingly
in the case of fluorous amino alcohol 5 in the biphasic sol-
vent system, the ee of the product increased from 81, 86 to


92 % when the reactions were performed at 0, 20 and 40 8C,
respectively, as clearly indicated in the plot in Figure 1. At
60 8C, the reaction proceeded very fast (in 10 min), however,


the enantioselectivity was somewhat reduced (88 % ee). This
increase in enantioselectivity is in sharp contrast to the reac-
tions involving non-fluorous amino alcohol 6 (Figure 1),
where the ee of the product gradually decreases from 92 to
89 % in the fluorous biphasic system as the reaction temper-
ature was increased from 0 to 60 8C, respectively. Although
the origin of this peculiar temperature effect is not clear, we
reason that it could be partly due to an increased solubility


of fluorous amino alcohol 5 at elevated temperature.
Consequently, more catalysts are available at higher
temperature, culminating in the unprecedented enan-
tioselectivity improvement. When the reaction with
amino alcohol 5 was run in hexane at 0 8C, the prod-
uct ee was 92 % (Figure 1). In hexane, reactions with
both amino alcohols 5 and 6 led to slightly reduced
enantioselectivities when the temperature was in-
creased. Amino alcohol 6 (Figure 1) gave products
with somewhat higher enantioselectivities than 5, but
the trend of decreasing selectivity according to the
temperature rise was the same. When n-butyllithium


Abstract in Korean:


Scheme 1. Preparation of amino alcohol 5. a) 1,4-Dibromobenzene, Mg, Et2O, 70%; b) MeOH, NaOH, quanti-
tative; c) Cu, C8F17I, DMSO, 120 8C, 70% or C10F21I, DMSO, 120 8C, trace; d) DIBAL, toluene, 50 8C, quantita-
tive.


Figure 1. Temperature profile of the enantioselectivity in the diethylzinc
addition reaction to benzaldehyde under monophasic and biphasic reac-
tion conditions.
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was omitted from the reaction employing 6 at 0 8C, the ee
dropped to 72 %. Moreover, product of only 57 % ee was
obtained by switching the solvent to toluene. The reaction
was relatively fast compared with the previously reported
ones.[7] Monitoring the aldehyde conversion in the reaction
using amino alcohol 5 at 40 8C with a React-IR indicated
that it was complete within 30 min. At 60 8C the reaction
took only 10 min.


In order to examine the scope of the fluorous ligand
system, Et2Zn addition reactions to other aldehydes were
carried out at 40 8C in fluorous biphasic solvents in the pres-
ence of the amino alcohol 5 (Table 2). While the reaction
with p-chlorobenzaldehyde exhibited similar enantioselectiv-
ity (90 % ee) to that of benzaldehyde, reactions with p-me-
thoxybenzaldehdye and cinamaldehyde showed somewhat
decreased selectivities (83 and 78 % ee, respectively).


The approximate partition coefficients of the fluorous
amino alcohol 5 between representative organic solvents
and FC-72 were determined experimentally, and the results
are summarized in Table 3. Hexane and FC-72 turned into a
homogeneous phase by addition of fluorous amino alcohol 5


at room temperature. After cooling to 0 8C, however, two
phases separated. When the reaction was carried out at
40 8C with the fluorous amino alcohol 5, the reaction
medium still remained separated in two phases. The
mixture was cooled to 0 8C before phase separation. It was
found by 1H NMR spectroscopy that the peaks of fluorous
amino alcohol 5 were not detected from the organic phase,
and the amino alcohol was recovered from the fluorous
phase almost quantitatively, although the partition coeffi-
cient of the free amino alcohol 5 in FC-72 over hexane is
only 2.3. This effect could be explained by the formation of
aggregates of the ligand 5-Li·Et2Zn complex,[11] which
should enforce the catalyst system to stay in the fluorous
phase.


Repetition experiments by using 5 were carried out in
FC-72/hexane, and it was found that the fluorous amino al-
cohol could be recovered by simple phase separation and
used at least nine times without significant loss of enantiose-
lectivity and reactivity. The results of these experiments are
summarized in Table 4. After the ninth reaction a product
of 81 % ee was obtained, which is about the value (80 % ee)
obtained from the reaction with 1 mol % of catalyst at the
same temperature. This result indicates that after nine runs
the remaining catalyst in the reaction mixture may be ap-
proximately 1 mol %.


Recently, Katagiri et al. reported that fluorinated amino
alcohol promoted unexpectedly higher aggregation of dieth-
ylzinc species, which showed an interesting concentration
effect on the enantioselectivity. Compared to the non-fluo-
rous ligand a higher concentration of the fluorous ligand
was required to give better enantioselectivities.[12] Gratify-
ingly, in our case a small quantity of 5 was sufficient to
ensure high enantioselectivity (Table 5). To our surprise, we
observed almost constant ee values irrespective of the cata-
lyst loading until 0.1 mol %, which may indicate to the
amount of the dissolved catalyst available in this reaction
mixture. This is in sharp contrast to the result obtained with
amino alcohol 6, where a gradual decrease of the enantiose-
lectivity upon decreasing amount of the amino alcohol was
observed. The most noticeable difference in that respect was
observed in reactions involving 0.05 mol % of amino alco-


Table 1. Enantioselectivities of the diethylzinc addition reactions to ben-
zaldehyde in monophasic and biphasic systems depending on the temper-
ature.


Solvent ee [%][b]


(ligand[a]) 0 8C 20 8C 40 8C 60 8C


FC-72/hexane (5) 81 86 92 (80[c]) 88 (84[d])
FC-72/hexane (6) 92 91 89 87
Hexane (5) 92 (72[d] , 57[e]) 90 90 86
Hexane (6) 95 94 93 91


[a] Reactions were carried out at 0.15 m concentration by using 3 mol %
of amino alcohol and 3.7 mol % of nBuLi. [b] Enantioselectivities and
yields were determined by HPLC and/or GC analysis using a Chiralcel
OD and/or a cyclodex b column. In all cases the yields were over 95%,
with 2–3 % of benzyl alcohol as a side product. [c] Results with 1 mol %
of amino alcohol. [d] Result without nBuLi addition. [e] Toluene was
used as a solvent.


Table 2. Enantioselectivity of the diethylzinc addition to aldehydes at 40 8C
in FC-72/hexanes (1/1).


Entry Aldehyde Catalyst nBuLi Reaction Yield ee
loading
[mol %]


[mol %] t [h] [%][a] [%][b]


1 p-chlorobenzaldehyde 3 3.6 1 90 90[c]


2 p-methoxybenzalde-
hyde


3 3.6 1 80 83[d]


3 cinnamaldehyde 3 3.6 1 85 78[e]


[a] After column chromatography. [b] Determined by HPLC analysis by
using chiral columns. [c] Chiralcel OD-H 99:1 heptane/2-propanol,
1.0 mL min�1. [d] Chiralcel AD 98:2 heptane/2-propanol, 1.0 mL min�1.
[e] Chiralcel OD-H 98:2 heptane/2-propanol, 1.0 mL min�1.


Table 3. Partition coefficients of amino alcohol 5 between representative
organic solvents and FC-72.


Solvent Partition coefficient[a]


(P =Cfluorous phase/Corganic phase)


CH3CN 47
CHCl3 1.6
hexane 2.3
THF 1.2


toluene 2.5


[a] Determined as follows: A mixture of 50 mg of amino alcohol 5 in FC-
72 (1 mL) and an organic solvent (1 mL) was stirred at rt for 10 min.
Then the two phases were separated at 0 8C and solvents in each phase
were evaporated in vacuo. The contents of the fluorous amino alcohol 5
in each phase were determined by measuring the weights of the residue.
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hols 5 and 6, which gave 71 and 30 % ee, respectively. The
results are summarized in Table 5.


Next, we examined the performance of the fluorous
amino alcohol 5 in phenyl transfer reactions to an aromatic
aldehyde.[13] Recently, Zhao et al. reported enantioselective
phenylations using pyrrolidinylmethanol derivatives.[9] Vari-
ous (S)-proline-derived amino alcohols were examined and
the best enantioselectivity (92.6 % ee, at �30 8C) was ach-
ieved with 15 mol % of 6, pure Ph2Zn and a slow addition of
the substrate (p-chlorobenzaldehyde). By using only
10 mol % of 6 at �30 8C, a product with 89.1 % ee was ob-
tained. In our study we followed the method developed by
one of the authors employing mixtures of Ph2Zn and Et2Zn
as aryl source.[13] With 10 mol % of amino alcohol 5 at 40 8C
the desired diarylmethanol having an ee of 88 % was ob-
tained almost quantitatively. No ethylation product was ob-
served. Thus, the enantioselectivity was close to the one ob-
tained with 6 at much lower temperature. After the catalysis
amino alcohol 5 was recovered almost quantitatively by


simple phase separation. When
nBuLi was employed as addi-
tive, a decrease in the enantio-
selectivity was observed, which
is in contrast to the results ob-
tained in the previously dis-
cussed diethylzinc additions
(Table 6).


In summary, we prepared a
pyrrolidinylmethanol derivative
from (S)-proline containing per-


fluoro-ponytails. It was successfully applied in catalyzed
asymmetric additions of organozinc reagents to aldehydes in
monophasic and biphasic solvent systems. At 40 8C enantio-
meric excesses of up to 94 and 88 % were achieved in Et2Zn
and Ph2Zn additions, respectively. Both reactions were com-
plete within one hour. Reactions employing the fluorous
amino alcohol 5 exhibited a striking temperature effect in
the biphasic solvent system. Thus, the ee of the product in-
creased from 81 to 92 % when the temperature was raised
from 0 to 40 8C. Under optimal conditions, use of only
0.1 mol % of the catalyst in hexane provided the ethylated
product of 90 % ee. The perfluoro ligand was easily recov-
ered by simple phase separation, and its reuse in nine se-
quential runs proceeded without significant loss of enantio-
selectivity and reactivity.


Experimental Section


Compound 2 : Magnesium turnings (484 mg, 19.9 mmol) were added to a
two-necked flask charged with Et2O (5 mL). The mixture was sonicated
for 1 h. A solution of 1,4-dibromobenzene (4.69 g, 19.9 mmol) in Et2O
(15 mL) was slowly transferred into the reaction mixture, and stirring
was continued for 2 h. Compound 1 was then added at 0 8C and the mix-
ture stirred for additional 2 h. After the addition of a saturated aqueous
solution of NH4Cl (100 mL) at 0 8C, the reaction mixture was extracted
with ethyl acetate (3 � 100 mL). Combined organic phases were dried
over anhydrous MgSO4 and concentrated under reduced pressure to give


Table 4. Enantioselectivities of diethylzinc addition reactions to benzaldehyde and recycling of amino alcohol
5 by simple phase separation.


Run 1st 2nd 3rd 4th 5th 6th 7th 8th 9th


ee (%) of the product 92 92 91 92 91 91 86 86 82


Table 5. Enantioselectivity in the diethylzinc addition reaction to benzal-
dehyde in hexanes depending on the catalyst loading.


Entry Amino Reaction ee [%][a]


alcohol time Amino alcohol
[mol %] [h] 5 6


1[b] 10 0.5 90 90
2[b] 3 1 91 93
3[c] 1 1 94 90
4[c] 0.5 2 90 87
5[c] 0.1 4 90 83
6[d] 0.05 20 71 30


[a] Enantioselectivities and yields were determined by HPLC and GC
analysis by using a Chiralcel OD and a cyclodex-b column, respectively.
In all cases the yields were over 95 % and benzyl alcohol was formed in
2–5 %. (The production of benzyl alcohol increased when the catalyst
loading was lowered). [b] Reaction concentrations were 0.15 m. [c] Re-
action concentrations were 0.3m. [d] Reaction concentration was 1m.


Table 6. Enantioselectivity in the phenyl transfer reaction to p-chloro-
benzaldehyde catalyzed by amino alcohol 5.


Entry Solvent T Reaction ee [%] Config.
[8C] time [h]


1 FC-72/hexane rt 1 77 S
2 FC-72/hexane 40 0.5 87 S
3[a] FC-72/toluene 40 0.5 78 S
4 FC-72/toluene 40 0.5 88 S


[a] nBuLi was added as additive.
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the crude product. Column chromatography (hexane/ethyl acetate 5:1)
gave the product (6.72 g, 13.9 mmol, 70%). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d =7.48–7.42 (m, 4 H), 7.28–7.26 (m, 4H), 4.85 (dd,
2J(H,H) =8.9, 4.0 Hz, 1H), 4.20–4.11 (m, 2 H), 3.47–3.41 (m, 1H), 3.00–
2.98 (m, 1H), 2.14–2.07 (m, 1H), 1.89–1.86 (m, 1 H), 1.59–1.52 (m, 1H),
1.27 (t, 3J(H,H) =7.1 Hz, 3H), 0.92–0.88 (m, 1H); 13C NMR (75 MHz,
CDCl3, 25 8C, TMS): d = 160.0, 142.0, 139.0, 132.1, 131.9, 127.9, 127.5,
85.3, 69.2, 46.5, 29.4, 25.2; HRMS (FAB + ): m/z : calcd for C35H30N2O4:
481.9961; found: 481.9989 [M+H]+ .


Compound 3 : Compound 2 (2.42 g, 5.00 mmol) was dissolved in MeOH
(15 mL), and after the addition of NaOH (400 mg, 10 mmol) the mixture
was stirred for 4 h at rt. Solvent was evaporated under reduced pressure,
and then water (30 mL) was added. The reaction mixture was extracted
with dichloromethane (3 � 50 mL). Combined organic extracts were dried
over anhydrous MgSO4, and the solvent was evaporated to afford the
product (2.19 g, 5.00 mmol) in a quantitative yield. 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d = 7.51–7.47 (m, 4H), 7.35 (d, 2J=8.3 Hz, 2 H),
7.23 (d, 2J =8.0 Hz, 2 H), 4.45 (dd, 2J =10.5, 5.4 Hz, 1H), 3.77–3.68 (m,
1H), 3.29–3.21 (m, 1H), 2.03–1.86 (m, 2H), 1.75–1.68 (m, 1H), 1.14–1.06
(m, 1 H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =159.0, 145.3,
142.8, 131.5, 131.1, 130.3, 129.7, 122.1, 122.0, 81.4, 77.6, 66.4, 62.6, 48.2,
30.1, 23.5, 15.0; HRMS (FAB+ ): m/z : calcd for C35H30N2O4: 435.9543;
found: 435.9547 [M+H]+ .


Compound 4 : Freshly activated copper (2.75 mmol, 200 mg) and com-
pound 3 (200 mg, 0.46 mmol) were added into a two-neck flask charged
with anhydrous DMSO (1.15 mL). The mixture was heated to 120 8C and
perfluorooctyl iodide (291 mL, 1.10 mmol) was slowly added to the reac-
tion mixture over 30 min. Stirring was continued for 24 h at 120 8C and
then the mixture was poured into ethyl acetate (10 mL). The precipitated
brownish solid was removed by filtration. The filtrate was concentrated
under reduced pressure to afford a yellowish solid. Recrystallization of
this crude solid from pentane gave the desired product (357 mg, 70%,
0.32 mmol). [a]20


D =�56.2 (c =0.01 in EtOAc); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d = 7.69–7.54 (m, 8 H), 4.55 (dd, 2J =10.6, 5.4 Hz,
1H), 3.78–3.72 (m, 1H), 3.32–3.24 (m, 1H), 2.07–1.90 (m, 2H), 1.79–1.75
(m, 1H), 1.14–1.07 (m, 1 H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d


=159.8. 146.7, 143.7, 127.7, 127.4, 126.4, 126.0, 85.0, 69.4, 46.4, 29.3, 25.1;
elemental analysis calcd (%) for C34H15F34NO2: C 36.61, H 1.36, N 1.26;
found C 36.71, H 1.40, N 1.21.


Compound 5 : DIBAL (0.915 mmol, 763 mL, 1.2m in toluene) was added
to the suspension of compound 4 (204 mg, 0.183 mmol) in toluene
(1 mL). The mixture was heated to 50 8C for 18 h and then water (5 mL)
was added. The mixture was extracted with ethyl acetate (3 � 5 mL).
Combined organic extracts were dried over anhydrous MgSO4, and sol-
vents were removed under reduced pressure to afford the resulting prod-
uct (202 mg, 0.183 mmol) in a quantitative yield. [a]20


D =++3.25 (c =0.02
in EtOAc); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d = 7.80 (d, 2J=


8.2 Hz, 2H), 7.68 (d, 2J =8.2 Hz, 2H), 7.51 (d, 2J =8.2 Hz, 4H), 5.2–4.8
(broad, 1 H; OH), 3.8–3.5 (m, 1H), 3.2–3.0 (m, 1H), 2.6–2.4 (m, 1H),
2.0–1.5 (m, 7H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d =126.9
(2C), 125.9, 125.8, 77.3, 59.0, 42.8, 29.9, 23.9, 1.1; elemental analysis calcd
(%) for C34H19F34NO: C 37.01, H 1.74, N 1.27; found C 37.45, H 1.80, N
1.26.


Typical procedure for the repetition reactions : nBuLi (14 mL,
0.022 mmol, 1.6 m solution in hexanes) was added to a solution of amino
alcohol 5 (20 mg, 0.018 mmol) in FC-72 (1.5 mL) and hexane (1.5 mL).
After stirring for 30 min, Et2Zn (188 mL, 1.83 mmol) was added. Stirring
was continued for additional 30 min at 40 8C, and benzaldehyde (61 mL,
0.60 mmol) was injected at 40 8C. After the reaction was complete, the
mixture was cooled to 0 8C and the upper organic phase was decanted
carefully under an Ar atmosphere. The organic solution was diluted with
hexanes (5 mL) and quenched with a saturated aqueous solution of
NH4Cl (5 mL). The mixture was extracted with hexanes (2 � 5 mL). The
combined organic layer was dried over anhydrous MgSO4 and filtered.
Enantioselectivities and yields were determined through HPLC and GC
analyses. In the repetition reactions, additional nBuLi (14 mL,
0.022 mmol, 1.6m solution in hexanes) and hexane (1.5 mL) were added
to the remaining fluorous phase. After stirring for 30 min, Et2Zn (188 mL,


1.8 mmol) was added again. Stirring was continued for additional 30 min
at 40 8C, and benzaldehyde (61 mL, 0.60 mmol) was injected at 40 8C. The
reactions were repeated 9� . The monophasic reaction conditions are the
same as those of the biphasic one except for the addition of FC-72.


Typical reaction procedure for the diphenylzinc addition : In a glove box
a dried Schlenk flask was charged with diphenylzinc (20 mg, 0.09 mmol).
The flask was sealed and removed from the glove box. Freshly distilled
toluene (500 mL) and FC-72 (500 mL) were added followed by diethylzinc
(24 mL, 0.225 mmol). After stirring the mixture for 30 min at room tem-
perature, compound 5 (10 mg, 0.009 mmol) was added. Stirring was con-
tinued for additional 10 min at 40 8C, and p-chlorobenzaldehyde (13 mg,
0.09 mmol) was then added directly in one portion. The Schlenk flask
was sealed, and the reaction mixture was stirred at 40 8C for 30 min. The
mixture was diluted with toluene (2 mL) and FC-72 (2 mL). The upper
toluene phase was decanted carefully under an Ar atmosphere. The or-
ganic phase was washed with water (2 mL). Drying with anhydrous
MgSO4 and evaporation of the solvent from the filtrate under reduced
pressure gave the product in almost quantitative yields. The purity of
product was checked by 1H NMR spectroscopy, and the enantiomeric
excess of the product determined through HPLC analysis.
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A Short and Concise Asymmetric Synthesis of Hamigeran B


Barry M. Trost,* Carole Pissot-Soldermann, and Irwin Chen[a]


Introduction


The hamigerans are a novel
bioactive family of metabolites
isolated from the poecilosclerid
sponge Hamigera tarangaensis
Berquist and Fromont (family
Anginoidae, syn. Phorbasidae)
from the Hen and Chicken Is-
lands off the coast of New Zea-
land.[1] These natural products
contain a unique carbon skele-
ton in which a substituted aromatic nucleus is fused onto a
[4.3.0] or [5.3.0] carbocyclic core that contains three or four
contiguous stereogenic centers one of which features an iso-
propyl group (Figure 1). The biological evaluation of these
compounds ranges from moderate in vitro antitumor activity


against P-388 leukemia cells (hamigeran D) to pronounced
antiviral activity. Indeed, hamigeran B showed 100 % virus
inhibition against both the herpes and polio viruses, with
only slight cytotoxicity throughout the host cells.


Despite the relatively small size, the hamigerans offer
both a challenge and an opportunity to apply new synthetic
tools developed in our laboratories. Moreover, the structural
features of hamigerans and the recent development of the
palladium catalyzed asymmetric allylic alkylation (AAA) of
ketone enolates[2] prompted us to devise a straightforward
route to this family. We chose hamigeran B as our target
due to its pronounced antiviral activity. In this paper, we de-
lineate our study culminating in a concise convergent syn-
thesis of hamigeran B.


[a] Prof. B. M. Trost, C. Pissot-Soldermann, I. Chen
Department of Chemistry
Stanford University
Stanford, CA 94305-5080 (USA)
Fax: (+1) 650-725-0002
E-mail : bmtrost@stanford.edu


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


Abstract: The interesting biological
properties of the hamigerans wherein
hamigeran B is a potent antiviral agent
with low cytotoxicity to host cells make
these deceptively simple looking struc-
tures challenging synthetic targets. A
strategy to hamigeran B evolved
wherein the three contiguous stereo-
centers are established ultimately from
a Pd catalyzed asymmetric allylic alky-
lation (AAA). The latter involves an
asymmetric allylation of a non-stabi-
lized ketone enolate in 77 % yield and
93 % ee. By using this process, (S)-5-


allyl-2-isopropyl-5-methyl-1-trifluoro-
methanesulfonyloxycyclopentene be-
comes available in four steps from 2-
methylcyclopentanone. Introduction of
the aryl unit by cross-coupling proceed-
ed intermolecularly but failed intramo-
lecularly. On the other hand, reductive
removal of the triflate permitted a
Heck reaction to effect intramolecular


introduction of the aryl ring. The un-
usual conformational properties of this
molecular architecture are revealed by
the regioselectivity of the b-hydrogen
elimination in the Heck reaction and
the diastereoselectivity of the reduction
establishing the stereochemistry of the
carbon bearing the isopropyl group.
The successful route consists of 15
steps from 2-methylcyclopentanone
and dimethylorcinol illustrating the ef-
ficiency of the route based upon the Pd
AAA.


Keywords: alkylation · asymmetric
catalysis · Heck reaction ·
palladium · total synthesis


Figure 1. Structure of hamigerans.
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Results and Discussion


Initial forays : Our interest stemmed from the question of
whether setting the stereochemistry of the quaternary center
from which all the remaining stereocenters may evolve
might be achievable by a Pd-catalyzed asymmetric allylic al-
kylation (AAA)[3–6] of a ketone enolate. The methodological
development described previously[7,8] sets a starting point
for our retrosynthetic blueprint depicted in Scheme 1. The
route envisioned was to form the central six-membered ring
at a late stage of the synthesis via an intramolecular Frie-
del–Crafts acylation of acid 3 (see Supporting Information).
The chiral cyclopentanone would stem from the ketone eno-
late derived from 5.


Racemic 5 was readily pre-
pared from commercially avail-
able 2-methylcyclopentanone
via a one-pot tandem formyla-
tion/vinylogous etherification
sequence. The palladium-cata-
lyzed AAA of 5 with allyl ace-
tate afforded the allylated prod-
uct 4 in 77 % yield and 93 % ee,
by using 0.5 mol% of p-allyl-
palladium chloride dimer and
1 mol % (R,R) “standard” Trost
ligand (see Scheme 1).[3b]


Reaction of 4 with two equiv-
alents of lithium dimethylcup-
rate afforded the ketone 7 in
89 % yield as a 1:1 mixture of
diastereomers. The vinyl triflate
8 was then obtained in 87 % yield by treatment of ketone 7
with LDA and N-phenyltrifluoromethanesulfonimide. We
were able to form the C4a�C5 bond via a Suzuki cross-cou-
pling reaction between aryl boronic 9 (synthesized in three
steps from commercially available 2-methoxy-6-methylani-


line[9]) and vinyl triflate 8 in 94 % yield in spite of the ex-
treme steric congestion. Carboxylic acid 3 was obtained in
two steps. First, selective oxidation of the terminal olefin in
the presence of the sterically congested tetrasubstituted
olefin by the dihydroxylation/periodate cleavage sequence
afforded aldehyde 13 in 86 % yield. Jones oxidation trans-
formed the intermediate aldehyde to the carboxylic acid 3
in 95 % yield (Scheme 2).


Under the acidic conditions of the Jones oxidation we
also observed the formation of a by-product in 5 % yield.
The NMR analysis of this side product allowed us to assign
its structure as a product of a Friedel–Crafts acylation reac-
tion. Unfortunately, NOE experiments on the compound
provided evidence that the regioselectivity of the acylation
was not ortho as we anticipated, but actually para to the meth-
oxy directing group. Indeed, the aromatic methoxy group
showed NOE correlations to two aromatic protons at d 6.66
and 6.80, the aromatic methyl group showed a NOE correla-
tion to the aromatic proton at d 6.66 and a methyl group of
by the isopropyl moiety showed correlation to the aromatic
proton at d 6.80 (Figure 2).


This result led us to assume that the preferred regioselec-
tivity of the Friedel–Crafts acylation is in the para position
to the alkoxy directing group. In order to confirm this as-
sumption, we decided to perform the Friedel–Crafts acyla-
tion on the acyl chloride in the presence of a Lewis acid pro-
moter, assuming that the Lewis acid would simultaneously
coordinate the aromatic alkoxy substituent and the acid
chloride in order to bring the ortho position in close proxim-
ity to the electrophilic center. We treated the in situ formed
acyl chloride of 3 with 3.5 equivalents of aluminium chloride
in benzene. However, isolation and characterization of the


crystalline compound formed indicated that under those re-
action conditions, we had obtained the tetracyclic product
12. This product presumably arose from an initial intramo-
lecular Friedel–Crafts acylation and, in the presence of HCl
generated in the course of the reaction, a subsequent Frie-


Scheme 1. Synthetic strategy envision for hamigeran B.


Scheme 2. Synthesis of carboxylic acid 3. a) NaOMe, HCO2Et, PhH, 0 8C to rt, then pTsOH, tBuOH, reflux,
61%. b) i) LDA, DME, �78 8C to 0 8C. ii) tBuOH, Me3SnCl, DME, 0 8C. iii) 0.5 mol % [(h3-C3H5)PdCl]2,
1 mol % (R,R)-ligand, allyl acetate, DME, �78 8C to rt, 77 %. c) LiCuMe2, Et2O, �20 8C to rt, 89 %. d) LDA,
PhNTf2, THF, 87 %. e) 2 equiv arylboronic acid 9, 2.5 mol % [Pd(PPh3)4], KBr, K3PO4, dioxane, 85 8C, 94 %.
f) 1.3 mol % OsO4, NMO, THF/H2O, 0 8C to rt, then NaIO4, THF/H2O, 86%. g) Jones reagent, acetone, 75 %.
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del–Crafts alkylation took place. Under protic conditions,
formation of the tertiary non-benzylic cation is preferred
due to carbonyl group destabilizing the benzylic cation. 1,2-
Hydride shift (or elimination to exocyclic olefin followed
by protonation) produced the tertiary isopropyl cation
which then underwent electrophilic aromatic substitution
(Scheme 3).


Following these results, we
decided to perform the intra-
molecular Friedel–Crafts acyla-
tion on the free phenol, assum-
ing that it should be a better
ortho-directing group, with a ni-
trile moiety as the electrophilic
partner. Indeed, there is one
precedent in the literature of an
exclusive ortho a-chloroacetyla-
tion of phenols using a combi-
nation of boron trichloride
(BCl3) and aluminium trichlor-
ide (AlCl3).[10] We treated alde-
hyde 13 with hydroxylamine to
give the corresponding oxime[11]


as a mixture of isomers, which
was dehydrated under neutral
and mild conditions using a cat-
alyst system of [RuCl2(p-
cymene)]2/molecular sieves[12] to give nitrile 14 in 75 % yield
from aldehyde 13. The phenol was then unmasked by treat-
ment with boron tribromide to give 15 in 85 % yield
(Scheme 4).


Unfortunately, no reaction was observed when phenol 15
was treated with BCl3 and AlCl3 in CH2Cl2. As rare earth
metal trifluoromethanesulfonates were found to be efficient
catalysts for Friedel–Crafts acylation and alkylation,[13] we
also treated phenol 15 with a catalytic amount of
[Yb(OTf)3], prepared from the corresponding oxide Yb2O3


and trifluoromethanesulfonic acid.[14] However, no reaction
was observed and the starting material could be recovered.


Unfortunately, this route was thwarted by the preferred
regioselectivity para to the alkoxy directing group. Thus, we
decided to revise our strategy for closing the central six-
membered ring considering the construction of C11a�C11
bond first and then establish the C4a�C5 bond via an intra-
molecular palladium-catalyzed, distannane-mediated reduc-
tive coupling of an aryl triflate with a vinyl triflate
(Scheme 5).


Our new strategy began with intermediate 8 and proceed-
ed along the lines depicted in Scheme 6. The aldehyde 17
derived from the vinyl triflate 8 by an oxidation of the ter-
minal olefin in the presence of the more electron-deficient
and sterically congested tetrasubstituted olefin. Dihydroxy-
lation/periodate cleavage sequence afforded 17 in 94 %
yield. Direct reaction with lithiated dimethoxymethylorcinol
18 followed by oxidation with Jones reagent gave the full
carbon skeleton of the target. Under the acidic conditions of
the Jones oxidation, a small percentage of the ketone was
also monodeprotected to afford the phenol 20 (8 %). No bis-
deprotected product was ever observed. Deprotection of
one of the two equivalent methoxymethyl protecting groups
to afford 20 was accomplished in 56 % yield from 19 by stir-
ring in the presence of 9m H2SO4. To complete the synthesis


of the cyclization precursor, phenol 20 was treated with trifl-
ic anhydride in the presence of pyridine to afford 16 in ex-
cellent yield (95 %). The stage is now set for the final car-
bon�carbon bond forming reaction to close the central six-


Figure 2. NOE correlations for 11.


Scheme 3. Proposed mechanism for the formation of 12.


Scheme 4. Formation of nitrile 15. a) NH2OH·HCl, CH3CO2Na, CH3CN/H2O, 1 h, rt, 98%. b) [RuCl2(p-
cymene)]2, MS 4 �, CH3CN, 80 8C, 15 min, 76 %. c) BBr3, CH2Cl2, �78 8C to 0 8C, 85%.


Scheme 5. Second retrosynthetic analysis.
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membered ring and complete the carbon skeleton of hami-
geran B.


The transformation we propose is an intramolecular palla-
dium-catalyzed, distannane-mediated reductive coupling of
an aryl triflate with a vinyl triflate (Figure 3).


An intermolecular Stille reaction between the aryl triflate
and the distannane afforded an arylstannnane intermediate
that could immediately cyclize under the reaction conditions
with the vinyl triflate via an intramolecular Stille reaction. It
is also reasonable to propose a vinylstannane intermediate
that cyclizes with the aryl triflate, but the vinyl triflate is far
more sterically congested, as well as less electronically acti-
vated for oxidative addition than the aryl triflate. Such intra-
molecular reductive Stille couplings are known for aryl


halide/aryl halide,[15] aryl triflate/aryl triflate,[15] aryl halide/
vinyl triflate,[16] and vinyl triflate/vinyl halide[17] as well as
allyl ester/allyl ester[18] coupling partners, so the aryl triflate/
vinyl triflate reductive coupling is a reasonable proposition,
even though no specific intramolecular or intermolecular
precedent exists. Our proposed coupling reaction will be es-
pecially challenging due to the extreme steric congestion
surrounding the vinyl triflate.


Several parameters were examined, including solvent, dis-
tannane, additive, palladium source, and exogenous ligands.
Table 1 shows that no conditions were found that yielded
any trace of 2. As a starting point for investigation, the reac-
tion conditions reported for the synthesis of arylstannanes
from aryl halides and distannanes were chosen.[19] However,
catalytically inactive palladium black crashed out of the re-
action mixture quickly upon heating, and only 16 and
phenol 20 were recovered from the reaction mixture, the
latter presumably formed by hydrolysis of the aryl triflate
by adventitious water (entry 1). To stabilize the palladium


species in solution, we switched
to more donating solvents such
as THF and DMF and added
exogenous triphenylarsine
ligand. Triphenylarsine was
chosen as the initial ligand be-
cause of its known ability to aid
intermolecular Stille couplings
of arylstannanes with vinyl tri-
flates.[20] Indeed, doing both,
precluded precipitation of pal-
ladium black and consequently
led to higher conversions of the
starting material. While none of
the desired cyclized product
was observed, using THF as the
solvent led to the promising iso-
lation of the intermediate aryl-
stannane 22 in 41 % yield, as
well as the reduced product 23
in 11 % yield (entry 2). This
suggests that the subsequent
coupling reaction with the vinyl
triflate is very slow, as we had
expected from the high degree
of steric congestion.


Therefore, we tried two ideas
to facilitate the reaction despite
the steric congestion around the


vinyl triflate. First, we added stoichiometric amounts of lithi-
um chloride to the reaction mixture because of its known
ability to accelerate the reactivity of triflates in cross-cou-
pling reactions by facilitating transmetalation. Next, we
switched from bis(tributyltin) to the less sterically demand-
ing hexamethylditin. However, switching to hexamethylditin
actually gave worse results (entry 2 vs 3, entry 5 vs 6). Em-
ploying a huge excess of lithium chloride and hexamethyldi-
tin in THF also gave inferior results (entry 4), although it


Scheme 6. Synthesis of substrate 16. a) cat. OsO4, NMO, THF/H2O then
NaIO4. b) Et2O, �78 to 5, 94%. c) Jones reagent, acetone, 78%. d) aq.
H2SO4, THF, 56 %. e) (CF3SO2)2O, pyridine/CH2Cl2, 95%.


Figure 3. Aryl triflate/vinyl triflate coupling.
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worked successfully for the Corey group to cyclize a vinyl
bromide with a vinyl triflate. We chose to revert back to
bis(tributyltin) and to continue employing three equivalents
of lithium chloride as an additive in addition to triphenylar-
sine as the exogenous ligand. Choosing DMF as the new sol-
vent gave the most promising result (entry 5). Complete
consumption of the starting material was witnessed, and a
product 21 was isolated in 29 % yield that had 1H NMR
spectral attributes that were suggestive of a tricyclic struc-
ture. Coupled with low-resolution mass spectroscopy data
(GC-MS), we have tentatively assigned the structure of 21
to be that depicted above.


A potential mechanism to arrive at 21 from 16 is depicted
in Figure 4. Following oxidative addition of palladium(0),
carbopalladation of the tetrasubstituted olefin forms the tri-
cycle. Expulsion of the triflate leaving group yielded the de-
sired tricycle 2 and palladium triflate. Triflate transfer from
the palladium(ii) species to the tricycle concomitantly re-
duced the palladium(ii) species to a palladium(0) species to
regenerate the catalytic cycle. Further investigations to opti-
mize the formation of 21 and delineate the reaction mecha-
nism were severely thwarted by the capriciousness and irre-
producibility of the reaction.


Other parameters such as palladium source and ligand
were also investigated but didn�t give any successful results.
Therefore, we decided to reconsider the construction of the
C4a�C5 bond via an intramolecular palladium catalyzed
Heck reaction of an aryl triflate with an olefin. This idea
was supported by the isolation
of the by-product 21 in the pre-
vious study.


Heck strategy : The formation
of 21 suggested that a Heck-
type strategy might be viable.
Oxidative addition of palladi-
um(0) to the sterically more ac-


cessible aryl triflate set the
stage for the carbopalladation
of a trisubstituted olefin to
form tricycle 24, after b-hydro-
gen elimination. The Heck
strategy involving attack on the
p-system of the double bond re-
duces the steric congestion rela-
tive to the oxidative addition to
the vinyl triflate. Further re-
moval of the vinyl triflate re-
duces the steric congestion for
the carbopalladation. Further-
more, the formation of a six-
membered ring via a 6-exo-trig
mode is less sterically demand-
ing and therefore favored. Fi-
nally, the Heck reaction should


lead to a trisubstituted olefin after syn elimination of the
palladium species which should be easier to hydrogenate in
the following step (Scheme 7).


Our new strategy began with intermediate 17 which react-
ed with lithiated dimethylorcinol 26. The change in the pro-


Table 1. Attempts to cyclize: selected conditions.[a]


Entry Solvent R LiCl AsPh3 Yield


1 PhCH3
[b] Bu none none 13% 20 and recovered 16


2 THF[b] Bu none 10 mol % 41% 22, 11% 23, 37 % 16
3 THF[b] Me none 10 mol % no reaction
4[d] THF[b] Me 6.0 equiv none mostly 16
5 DMF[c] Bu 3.0 equiv 40 mol % no 16, 29 % 21
6 DMF[c] Me 3.6 equiv 40 mol % complex mixture, including 16, but no 21


[a] All reaction were performed with [Pd(PPh3)4] as the Pd source. [b] Heated to reflux for about 12 h.
[c] Heated to 70 8C for about 12 h. [d] Corey�s conditions for cyclization of a vinyl triflate with a vinyl bromide.
See ref [17].


Figure 4. Proposed mechanism for the formation of 21.


Scheme 7. Final retrosynthetic analysis.
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tecting group was only directed towards a higher yielding
synthesis. Therefore, DME was employed as solvent at low
temperature (�55 8C) to guarantee the reproducibility of the
reaction. The resultant benzylic alcohol was then immedi-
ately oxidized with Dess–Martin periodinane in buffered
medium to avoid elimination of the activated benzylic alco-
hol. With the vision that the
last C�C bond would be
formed by an intramolecular
Heck reaction,[21] the vinyl tri-
flate was reductively cleaved to
alkene 29 and the aryl ether
converted to the requisite aryl
triflate 25. (Scheme 8)


We examined the intramolec-
ular Heck reaction of the sub-
stituted cyclopentene 25. Sur-
prisingly, it produced two iso-
meric alkenes 30 and 31 in ad-
dition to the expected alkene


24 [Eq. (1)], surprisingly since it involves a clearly highly
strained tetrasubstituted double bond exocyclic to the ring.
The assessment of the relative stereochemistry of the prod-


ucts syn to the C-9 methyl group was proved by NOE ex-
periment. Therefore, the stereodiscrimination during the C�
C bond formation was fully controlled by the C-9 quaterna-
ry center, installed by the asymmetric allylic alkylation. Re-
action conditions were surveyed to maximize the formation
of 24 and guarantee the reproducibility of the reaction
which turned out to be somewhat capricious. The latter was
rapidly addressed by performing successive freeze-pump-


thaw cycles on the solvent to remove any trace of oxygen.
Furthermore, the use of carbonate rather than tertiary
amine bases minimizes the problem of simple hydrogenoly-
sis of the triflate (entry 1 vs 2, Table 2). With either dppe or
dppp as ligands,[22] the desired alkene 24 was isolated in 42–
48 % yield which increased to 58 % with dppb.[23]


Hydrogenation from the least hindered convex face to
give the desired stereochemistry of C-6 seemed to be
straightforward. To avoid reduction of the carbonyl group,
the free phenol was liberated with BBr3 (CH2Cl2, �78 8C).
Upon hydrogenation over Pd/C, a single diastereomer did
result. X-ray crystallography, however, revealed the product
33 to have exclusively the C-6 epi configuration (Scheme 9,
path a).


Hypothesizing that this product must arise by an equili-
bration in the semihydrogenation intermediate because the
final reductive elimination step is too slow as summarized in
Scheme 10, attention turned to iridium since it is known to
minimize such equilibrations.[24,25] Gratifyingly, hydrogena-
tion once again proceeded with complete diastereoselectivi-
ty (Scheme 9, path b). X-ray crystallography confirmed the
correct stereochemistry as in structure 34 for all centers.


It is noteworthy to mention that no hydrogenation condi-
tions were found to make the tetrasubstituted double bond
30 a react. Nevertheless, this product could be separated


from 24 a by flash chromatogra-
phy. However, we focused our
attention on the isomerization
of the quaternary double bond
under acidic conditions. By
using p-toluenesulfonic acid as
catalyst in refluxing toluene led
to the thermodynamically more
stable conjugated double bond


35 which proved to be unreactive as well under all hydroge-
nation conditions [Eq. (2)]. By using Amberlyst 15 as a cata-
lyst provided a 1:1 mixture of products arising from the non
regioselective protonation of the double bond [Eq. (3)].
When the isopropylic carbocation is formed, an intramolec-
ular Friedel–Crafts alkylation occurred to irreversibly give
the tetracyclic product 36, as previously encountered
(Scheme 3).


Scheme 8. Synthesis of substrate 25 for Heck reaction. a) cat. OsO4,
NMO, THF/H2O, then add NaIO4. b) i) DME, �55 8C. ii) Dess–Martin
periodinane, NaHCO3, CH2Cl2, rt, 75 % from 8. c) BCl3, CH2Cl2, �20 8C,
86%. d) 10 mol % Pd(OAc)2, 20 mol % dppf, HCO2H, (C2H5)3N, DMF,
70 8C, 1 h, 94%. e) (CF3SO2)2O, pyridine/CH2Cl2, 0 8C, 94%.


Table 2. Intramolecular Heck reaction of aryl triflate 25.[a]


Entry Ligand Base T [8C] Conversion [%][b] 32 [%] 24 [%] 30 [%] 31 [%]


1 dppp K2CO3 107 100 5 48 29 4
2 dppp PMP 107 88 29 31 14 5
3 dppp CsCO3 107 100 2 37 18 21
4 dppe K2CO3 107 76 6 42 19 10
5 dppb K2CO3 107 100 5 58 14 15
6 Bdbpp K2CO3 107 86 8 8 38 26
7 Bdbpb K2CO3 107 83 8 25 39 6


[a] All reactions performed with 10 mol % [Pd(OAc)2], 20 mol % ligand, 3 equiv base, with a concentration of
c =0.1m in toluene and cycles of freeze, pump, thaw. [b] Determinated by GC of the crude. [c] Bdbpp=1,3-
bis(dibenzophospholyl)propane, Bdbpb=1,3-Bis(dibenzophospholyl)butane.
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Following these results, we did not further envision the
isomerization of the quaternary double bond as an attractive
and efficient option to recycle our product 30 a formed


during the Heck reaction and decided to attempt to mini-
mize its formation.


At this stage, only functional group manipulation is re-
quired to arrive at the targeted structure. We first needed to
oxidize the tetralone to the corresponding 1,2-diketone
(Scheme 11). For this purpose, we applied a methodology
developed in our group some years ago.[26] Treatment of the
enolate of compound 34 with phenyl benzenethiosulfonate
afforded the corresponding b-ketosulfides 37 which could be
acetoxylated by using lead tetraacetate in warm benzene.
The b-keto acetoxy sulfide 38 represents a monoprotected
form of the 1,2-dicarbonyl compound 39 which could be un-
masked by saponification of the acetate group under basic
conditions. However, the yield of the overall transformation
proved to be disappointingly low. The free phenol seemed
to be problematic for the acetoxylation step and the condi-
tions (K2CO3 in MeOH) for the saponification required ex-
amination as well.


On the other hand, selenium
dioxide oxidation of 34 effi-
ciently yielded 39. The reaction
proved to be very clean. Finally,
selective monobromination
ortho to the phenolic group
completed the sequence to the
natural product. This was
smoothly effected by following
the conditions described by
Krohn,[27] which entail the slow
addition via a syringe pump of
stoichiometric amounts of NBS
in the presence of catalytic
iPr2NH in CH2Cl2 at 0 8C. Com-
parison of the data to that pre-
viously reported[1,28, 29] con-
firmed their identify.


Conclusion


Prior to our work, Nicolaou et al. reported the first as well
as asymmetric synthesis utilizing a novel [4+2] photocy-
cloaddition from N-tert-butyl-2-methoxy-p-toluamide.[28, 29]


During the course of our studies, Clive reported a racemic[30]


and asymmetric synthesis, the
latter from g-butyrolactone and
2-bromo-6-methoxy-p-tolualde-
hyde.[31] Herein, a short and
concise synthesis of hamiger-
an B has been achieved in 15
linear steps in 10 % overall
yield from 2-methylcyclopenta-
none. This synthesis represents
the shortest reported to


date[23,28–31] and highlights the efficiency of the palladium
catalyzed asymmetric alkylation of ketone enolates. Indeed,
that key step allowed us to introduce the quaternary center


Scheme 9. Orthogonality between the thermodynamic and kinetic control
in hydrogenation by choice of catalyst.


Scheme 10. Kinetic versus thermodynamic control of diastereoselectivity of hydrogenation.
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in 93 % ee, which controls the relative configuration of the
C-5 and C-6 contiguous stereocenters. Thus, one asymmetric
step is necessary to install stereoselectively three stereocen-
ters. Furthermore, the unusual nature of the structure is
highlighted by two abnormal reactivities: first, the formation
of an exocyclic tetrasubstituted double bond during the
Heck studies and second, the high propensity to give net re-
duction of the trisubstituted double bond of 24 a from the
more hindered face. The orthogonality between the thermo-
dynamic and kinetic control in hydrogenation by choice of
catalyst is noteworthy.


Experimental Section


Pd AAA reaction


(S)-2-Allyl-5-tert-butoxymethylene-2-methyl-cyclopentanone (4): A 1 L
round bottom flask was charged with 1,2-dimethoxyethane (DME;
165 mL) and diisopropylamine (10.12 g, 14.18 mL, 100 mmol). The so-
lution was cooled to �78 8C and n-butyllithium (1.6 m in hexanes,
62.4 mL, 100 mmol) was added dropwise. The resultant clear solution was
stirred at �78 8C for 15 min and a solution of cyclopentanone 5 (9.115 g,
50 mmol) in DME (35 mL) was added via cannula. The resultant orange
solution was stirred at 0 8C for 15 min, charged with anhydrous tert-buta-
nol (25.94 g, 32.83 mL, 350 mmol), followed by a solution of trimethyltin
chloride (9.96 g, 50 mmol) in DME (35 mL). The resultant red orange so-
lution was stirred at 0 8C for 15 min and then re-cooled to �78 8C. To this
solution was added a heterogeneous mixture of allyl palladium chloride
dimer (219 mg, 0.6 mmol), (R,R)-Trost standard ligand (863 mg,
1.25 mmol), and allyl acetate (11.01 g, 11.89 mL, 110 mmol) in DME
(35 mL). The resultant red-orange heterogeneous mixture was stirred
overnight at room temperature. The reaction mixture was diluted with
water (200 mL) and the layers were separated. The aqueous layer was re-
extracted twice with Et2O (2 � 140 mL), and the combined organic phases
were washed with water and saturated brine (1 � 200 mL each) and dried
over magnesium sulfate. Concentration in vacuo, drying of the crude oil
under high vacuum (0.3 Torr) for 90 min and purification of the residue
on silica gel (15 % ether/petroleum ether) afforded 4 as yellow oil
(8.56 g, 77%). Rf =0.40 (20 % ethyl acetate/petroleum ether); determina-
tion of enantiomeric excess: chiral GC (cyclosil B, isotherm 120 8C),
tR(major) =70.162 min, tR(minor)= 71.370 min; [a]26:9


D =�75.28 (c = 1.47,
chloroform, 93% ee); IR (neat): ñ = 2977, 2868, 1708, 1631, 1456, 1371,
1264, 1206, 1156, 980, 945 cm�1; 1H NMR (CDCl3, 500 MHz): d = 7.51 (t,
J =2.3 Hz, 1 H), 5.76–5.68 (m, 1H), 5.05–5.00 (m, 2H), 2.49–2.38 (m,
2H), 2.19–2.11 (m, 2 H), 1.84 (ddd, J =12.8, 7.1, 8.2 Hz, 1 H), 1.58 (ddd,


J =12.8, 6.4, 7.7 Hz, 1H), 1.35 (s, 9H),
1.0 (s, 3H); 13C NMR (CDCl3,
125 MHz): d = 210.8, 149.0, 134.6,
117.6, 115.2, 79.7, 49.4, 41.2, 32.5, 28.2,
22.0, 21.2; elemental analysis calcd
(%) for C14H22O2: C 75.63, H 9.97;
found C 75.84, H 10.18.


Heck reaction


(3aS,9bR)-1-Isopropyl-6-methoxy-
3a,8-dimethyl-3,3a,4,9b-tetrahydro-cy-
clopenta[a]naphthalen-5-one (24): The
solvent used for the reaction was care-
fully degassed by successive freeze
thaw cycles. To a solution of
[Pd(OAc)2] (107 mg, 0.48 mmol,
10 mol %) in toluene (24 mL) in a
100 mL round bottom flask, was
added 1,3-(diphenylphosphino)butane
(dppb) (409 mg, 0.96 mmol, 20 mol %).
After 15 min, a solution of triflate 25


(2.084 mg, 4.8 mmol) in toluene (24 mL) was added, followed by K2CO3


(1.904 g, 14.4 mmol, 3 equiv). After 5 min, the reaction flask was fitted
with a reflux condenser and heated at 107 8C for 8 h (oil bath already at
desired temperature). The product distribution is then determinated by
GC.


After cooling down the reaction mixture, the mixture is filtered on silica
gel (5 % to 60% ether/petroleum ether) to afford the Heck products
(1.2 g, 91%) containing 58% of the desired endocyclic double bond 24 :
Rf = 0.25 (50 % ether/petroleum ether); [a]26:5


D =170.1(�0.5)8 (c = 0.39,
chloroform, 93% ee); IR (neat): ñ = 2957, 2869, 1681, 1606, 1567, 1455,
1413, 1328, 1298, 1103, 1042 cm�1; 1H NMR (CDCl3, 500 MHz): d = 6.69
(s, 1H), 6.65 (s, 1 H), 5.40–5.39 (m, 1H), 3.87 (s, 3 H), 3.56 (s, 1H), 2.80
(d, J =14.5 Hz, 1 H), 2.37 (s, 3 H), 2.31 (d, J =14.5 Hz, 1 H), 2.23–2.12 (m,
3H), 1.22 (s, 3H), 1.11 (d, J =6.7 Hz, 3H), 0.77 (d, J =6.7 Hz, 3H);
13C NMR (CDCl3, 125 MHz): d = 198.4, 159.4, 151.5, 145.2, 144.5, 122.9,
121.0, 119.5, 110.6, 57.0, 55.8, 50.6, 45.1, 44.4, 27.2, 25.7, 22.3, 22.2, 21.4;
HR-MS: m/z : calcd for C19H24O2: 284.1776, found 284.1784 [M]+ .


Hydrogenation


(1R,3aS,9bS)-6-Hydroxy-1-isopropyl-3a,8-dimethyl-1,2,3,3a,4,9b-hexahy-
dro-cyclopenta[a]naphthalen-5-one (34): Ir black from Aldrich (60 mg,
0.31 mmol, 15 mol %) was added to a solution of phenol 24 a (562 mg,
2.078 mmol) in EtOH (21 mL). The heterogeneous solution was then
charged with 1500 psi of hydrogen pressure. The mixture was stirred at
room temperature for 16 h and filtered over Celite to leave the desired
stereoisomer 34 as a white solid (564 mg, 99 %). Rf =0.60 (50 % ether/pe-
troleum ether); m.p. 142–143 8C (EtOAc/hexane); [a]25


D = �59.98 (c =


0.78, chloroform, 93% ee); IR (neat): ñ = 2952, 2872, 2360, 1635, 1566,
1467, 1450, 1364, 1350, 1307, 1256, 1225, 1190, 804 cm�1; 1H NMR
(CDCl3, 500 MHz): d = 12.48 (s, 1 H), 6.60 (s, 1H), 6.52 (s, 1 H), 3.00 (d,
J =11.7 Hz, 1H), 2.67 (d, J =17.3 Hz, 1H), 3.53–2.46 (m, 1H), 2.32 (s,
3H), 2.25 (dd, J=17.3, 1.4 Hz, 1 H), 1.86–1.81 (m, 1H), 1.70–1.55 (m,
4H), 1.10 (s, 3H), 0.72 (d, J =6.7 Hz, 3H), 0.48 (d, J =6.8 Hz, 3H);
13C NMR (CDCl3, 125 MHz): d = 205.2, 162.3, 147.5, 144.7, 123.2, 115.5,
114.6, 51.8, 49.2, 46.0, 43.8, 39.6, 28.6, 26.9, 25.6, 23.5, 22.2, 18.2; elemen-
tal analysis calcd (%) for C18H24O2: C 79.37, H 8.88; found: C 79.50, H
8.83.


(1R,3aR,9bR)-6-Hydroxy-1-isopropyl-3a,8-dimethyl-2,3,3a,9b-tetrahydro-
1H-cyclopenta[a]naphthalene-4,5-dione (39): SeO2 (132 mg, 1.18 mmol)
was added to a solution of phenol 34 (322mg, 1.18 mmol) in dioxane
(7 mL), H2O (225 mL) and 1 drop AcOH. The resultant suspension was
stirred for 24 h at 100 8C. The yellow solution was then cooled down to
room temperature and filtered through a silica gel pad to remove inor-
ganic products. After evaporation, the crude mixture was purified by
chromatography on silica gel (5 % to 10 % Et2O/PE) to give 39 as a
yellow solid (248 mg, 73 %) together with starting material 34 (60 mg,
90% based on reovered starting material). 39 : Rf =0.23 (10 % ether/pe-
troleum ether); m.p. 92–93 8C; [a]23:7


D = �189.08 (c = 0.29, dichlorome-
thane); IR (neat): ñ = 2959, 1725, 1634, 1567, 1453, 1368, 1338, 1303,


Scheme 11. Formation of diketone 39.
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1217, 1197, 1154, 1098, 1035, 936, 851, 743 cm�1; 1H NMR (CDCl3,
500 MHz): d = 11.92 (s, 1H), 6.72 (s, 1H), 6.69 (s, 1 H), 3.39 (d, J =


9.1 Hz, 1H), 2.61 (ddd, J =13.3, 7.7, 5.5 Hz, 1 H), 2.38 (s, 3 H), 2.30–2.24
(m, 1 H), 1.83–1.76 (m, 1H), 1.70–1.64 (m, 1H), 1.57–1.51 (m, 1 H), 1.29
(s, 3 H), 1.24–1.16 (m, 1 H), 0.54 (d, J =6.6 Hz, 3 H), 0.42 (d, J =6.5 Hz,
3H); 13C NMR (CDCl3, 125 MHz): d = 200.1, 184.3, 164.6, 150.8, 144.1,
123.4, 116.7, 116.2, 56.8, 56.4, 51.4, 33.8, 28.1, 26.9, 24.4, 23.2, 22.5, 19.8;
elemental analysis calcd (%) for C18H22O3: C 75.50, H 7.74; found: C
75.71, H 7.49.


Hamigeran B (1): A solution of NBS (50 mg, 0.03 mmol) in CH2Cl2


(20 mL) was added dropwise over �4 h (syringe pump) to a stirred and
cooled (0 8C) solution of diketone 39 (80 mg, 0.028 mmol) and iPr2NH
(ca. 0.2 mL, 0.14 mmol) in CH2Cl2 (40 mL). The ice bath was removed
and the mixture was stirred for 3 h. Evaporation of the solvent and flash
chromatography of the residue over silica gel, using 7:3 CH2Cl2/toluene
gave hamigeran B (86 mg, 85 %) as a yellow solid. Rf = 0.36 (30 % tolu-
ene/CH2Cl2); m.p: 162–163 8C (lit.[1] m.p. 163–165 8C;) [a]25:8


D =�211.18 (c
= 0.15, dichloromethane); IR (neat): ñ = 2958, 2361, 1996, 1725, 1634,
1540, 1436, 1397, 1280, 1169, 1030, 778, 743 cm�1; 1H NMR (CDCl3,
500 MHz): d = 12.6 (s, 1H), 6.82 (s, 1 H), 3.39 (d, J =9.2 Hz, 1H), 2.64
(ddd, J=13.1, 7.6, 5.2 Hz, 1 H), 2.51 (s, 3H), 2.34–2.27 (m, 1 H), 1.84–1.77
(m, 1 H), 1.72–1.65 (m, 1H), 1.58–1.52 (m, 1H), 1.29 (s, 3 H), 1.22–1.16
(m, 1 H), 0.51 (d, J =6.7 Hz, 3H), 0.45 (d, J =6.5 Hz, 3H); 13C NMR
(CDCl3, 125 MHz): d = 199.0, 184.4, 160.8, 150.2, 142.7, 124.2, 117.2,
111.5, 56.9, 56.2, 51.2, 33.7, 28.1, 26.7, 24.4, 24.3, 23.3, 19.7.
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Decharging of Globular Proteins and Protein Complexes in Electrospray


M. Isabel Catalina, Robert H. H. van den Heuvel, Esther van Duijn, and
Albert J. R. Heck*[a]


Introduction


Mass spectrometry has recently become an important tool
in structural biology for the study of globular proteins and
protein complexes.[1–3] In particular, electrospray ionization
(ESI) has emerged as a powerful technique for generating
ions of complex macromolecular species, in which the globu-
lar structure is at least partially retained by the ions.[4] By
maintaining the proteins in a physiologically relevant buffer
amenable to electrospray (e.g., aqueous ammonium acetate)
prior to the ionization process, even noncovalent protein as-


semblies such as protein oligomers,[5–8] ribosomes,[9,10] and
small viruses[11,12] can be transferred intact into the gas
phase. The retention of globular shape by ions in the gas
phase has been demonstrated by ion mobility measurements,
in which protein ions with a limited number of charges ex-
hibit collisional cross-sections comparable to those calculat-
ed from their crystal structures.[13–17] In addition, gas-phase
hydrogen/deuterium exchange experiments of protein ions
have revealed that low-charged proteins in particular prefer-
entially retain compact conformations.[17–19] Studies on the
gas-phase proton transfer rates of multiply protonated lyso-
zyme ions suggest that the reactivity of the lower charge
states corresponds to a gas-phase compact structure resem-
bling the crystal structure.[20]


Because mass spectrometric measurements are carried
out on ionized analytes in the gas phase, it is important to
bear in mind that during the transfer from the solution to
the gas phase the proteins become desolvated and often
highly charged. It is expected that the charged residue
mechanism (CRM) is dominant in the production of macro-


[a] Dr. M. I. Catalina, Dr. R. H. H. van den Heuvel, Dr. E. van Duijn,
Prof. Dr. A. J. R. Heck
Department of Biomolecular Mass Spectrometry
Utrecht Institute for Pharmaceutical Sciences and Bijvoet Center for
Biomolecular Research
Utrecht University, Sorbonnelaan 16
3584 CA Utrecht (The Netherlands)
Fax: (+31) 30-251-8219
E-mail : a.j.r.heck@chem.uu.nl


Abstract: Electrospray ionization mass
spectrometry (ESI-MS) is a valuable
tool in structural biology for investigat-
ing globular proteins and their biomo-
lecular interactions. During the electro-
spray ionization process, proteins
become desolvated and multiply charg-
ed, which may influence their structure.
Reducing the net charge obtained
during the electrospray process may be
relevant for studying globular proteins.
In this report we demonstrate the
effect of a series of inorganic and or-
ganic gas-phase bases on the number
of charges that proteins and protein
complexes attain. Solution additives
with very strong gas-phase basicities
(GB) were identified among the so-
called “proton sponges”. The gas-phase


proton affinities (PA) of the com-
pounds that were added to the aqueous
protein solutions ranged from 700 to
1050 kJ mol�1. Circular dichroism stud-
ies showed that in these solutions the
proteins retain their globular struc-
tures. The size of the proteins investi-
gated ranged from the 14.3 kDa lyso-
zyme up to the 800 kDa tetradecameric
chaperone complex GroEL. Decharg-
ing of the proteins in the electrospray
process by up to 60 % could be ach-
ieved by adding the most basic com-


pounds rather than the more common-
ly used ammonium acetate additive.
This decharging process probably re-
sults from proton competition events
between the multiply protonated pro-
tein ions and the basic additives just
prior to the final desolvation. We hy-
pothesize that such globular protein
species, which attain relatively few
charges during the ionization event,
obtain a gas-phase structure that more
closely resembles their solution-phase
structure. Thus, these basic additives
can be useful in the study of the bio-
logically relevant properties of globular
proteins by using mass spectrometry.


Keywords: electrospray ionization ·
mass spectrometry · noncovalent
protein complexes · proteins ·
proton sponges
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ions of proteins and protein complexes. This mechanism was
originally proposed by Dole[21] and validated by others.[22,23]


On the basis of the CRM model, de la Mora,[22] and Peschke
and co-workers[24] argued that the number of charges, ZR,
that globular proteins or protein complexes obtain upon ion-
ization is governed by the Rayleigh limit of the droplet, and
can simply be predicted from the radius of the droplet,
which is assumed to be the radius of the protein. This is de-
picted in Equation (1), in which g is the surface tension of
the water droplet, e0 is the electrical permittivity of a
vacuum, e is the elementary charge, and R is the radius of
the droplet.


ZR ¼ ð8p=eÞðge0R3Þ1=2 ð1Þ


By regarding protein structures as spherical entities and
by assuming that the radius is directly correlated to the mo-
lecular weight of a protein, and that the density of a protein
is similar to that of water, an even simpler equation can
been derived [Eq. (2)], in which M is the mass of the com-
plex in Dalton.


ZR ¼ 0:078 M1=2 ð2Þ


Considerable experimental data of the ESI of globular
proteins and protein complexes has confirmed that Equa-
tion (2) has some validity.[3,22,23] Furthermore, the charge dis-
tributions observed in the mass spectra are sometimes used
as indicators of protein conformations in solution.[25–29] In
such studies it is generally assumed that basic residues,
which are internally situated and involved in intramolecular
interactions (e.g., self-solvation), are unlikely to become
charged during the ionization process. Therefore, (partly)
unfolded open structures will attain more charges than com-
pact, folded structures. It has also been argued that these in-
tramolecular interactions are strongly dependent on the
number of available basic and acidic amino acids[30] in the
protein and that, therefore, the median charge observed is
dependent on the difference in the number of basic and
acidic amino acids.


The CRM model also predicts that the charging of globu-
lar proteins and protein complexes varies if the buffer salt is
changed or if other additives are present in the solution.
Indeed, it has been shown that the use of volatile salts of
bases, such as ethylammonium acetate and triethylammoni-
um bicarbonate (TEAB), which have higher gas-phase
proton affinities (PA), results in the formation of ions with
significantly fewer charges than is seen with the more com-
monly used ammonium acetate (NH4OAc).[31,32] These ob-
servations suggest that extensive proton transfer reactions
between the generated protein ions and the buffer base and
vice versa may occur in the source region.[32] It has been
proposed that these relatively low-charged protein ions are
more stable in the gas phase, making such spray solutions
more suited for the analysis of macromolecular noncovalent
complexes.[31] A systematic study of the effect of buffer cati-
ons on the charge states of globular proteins has recently


been reported;[32] however, this was limited to small model
proteins (ubiquitin, cytochrome C, and lysozyme) and to
alkyl ammonium buffer salts, with PA values of up to
982 kJ mol�1 in the case of TEAB. A continuous decrease in
the charge states of the proteins in the ESI mass spectra was
observed as the PA of the salt was increased.


Here we explore the possibility of using very strong or-
ganic bases to reduce the net charging in the positive elec-
trospray of proteins and protein complexes. Of particular in-
terest are the so-called strained systems, such as the proton
sponges,[33] which are known to remain strong bases in the
gas phase.[34–37] Their high PA is partly due to intramolecular
stabilization between two neighboring proton acceptors. The
properties of these organic base molecules in solution have
been reviewed.[38] Reducing the net charging may in turn
reduce the number of electrostatic repulsions in the protein
ions, giving gas-phase structures that resemble more closely
those found in the solution phase. To neutralize even the
very basic sites in proteins we explored the use of the
proton sponges 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), and 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (HPP); the amino acid arginine; isopro-
panol; and some basic inorganic salts as additives. Although
the proton-sponge-containing solutions were in practice
somewhat more troublesome for generating stable electro-
spray conditions, good mass spectrometric data could be ob-
tained even for very large 800 kDa macromolecular protein
complexes. The net charging of the proteins in the electro-
spray process could be reduced by up to 60 % by using these
strongly basic additives.


Results


In order to probe the degree of protein protonation during
the ESI process, a variety of inorganic and organic com-
pounds with a wide range of gas-phase basicities (GB) were
selected as solution additives. Aqueous solutions were pre-
pared from the following compounds, named in increasing
order of GB values: pure water in the absence of any addi-
tive, isopropanol, ammonium acetate, TEAB, DBN, argi-
nine, DBU, and HPP (Figure 1). The PA and GB values of
these compounds are given in Table 1. It has been shown[32]


that the effect of an additive is somewhat dependent on its
concentration within the range of 0.5 to 10 mm, with a maxi-
mum decharging effect at 10 mm and above. Therefore, we
decided to prepare all of our electrospray solutions in water
with 20 mm additive. The pH was adjusted to 7 with acetic
acid.


We initiated our ESI experiments with the model protein
lysozyme at a fixed concentration of 5 mm. The production
of protein ions became more difficult as the GB of the addi-
tive, together with the size of the protein, increased. The sig-
nals were particularly suppressed in cases with arginine as
an additive, due in part to the highly abundant, protonated
arginine clusters (discussed below). Figure 2 shows the ESI
mass spectra of lysozyme measured in the presence of the
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different additives. Our data for the uses of pure water, am-
monium acetate, and TEAB are in agreement with previous-
ly reported data.[32] A clear decrease in the charge states of
the protein ions was observed by increasing the GB of the
additives used. Lysozyme ions acquired on average ten
charges when sprayed from pure water and isopropanol
(20 mm) and only three charges when sprayed from the pro-
tein sponges DBU (20 mm) or HPP (20 mm). The calculated
mean charge states are summarized in Table 2.


We continued our studies with the heme-containing pro-
tein myoglobin. The binding of the noncovalent heme group
to myoglobin can be used to monitor the conformational
state of the protein, as holomyoglobin and apomyoglobin
have a molecular mass difference of 616 Da. The ESI mass
spectra of myoglobin (5 mm) showed a trend similar to that
observed for lysozyme; a clear decrease was observed in the
mean charge states of the protein ions as the GB of the ad-


ditives increased (Figure 3 and Table 2). Whereas myoglobin
ions acquired on average 10–11 charges when sprayed from
either pure water or isopropanol (20 mm), the number of
charges was reduced to only 3–4 when sprayed from solu-
tions containing the proton sponges DBN (20 mm) or DBU
(20 mm). For all of the solutions used, only holomyoglobin


Figure 1. Chemical structures of the additives used in this study. Corre-
sponding gas-phase basicities (GB) are indicated.


Table 1. Gas-phase proton affinities (PA) and gas-phase basicities (GB)
of the basic amino acids and additives used. All data is from the NIST
database (http://webbook.nist.gov/).


PA [kJ mol�1] GB [kJ mol�1]


water 691 660
isopropanol 793 763
ammonia 854 819
triethylamine 982 951
histidine 988 950
lysine 996 951
arginine 1051 1007
DBN 1038 1006
DBU 1048 1015
HPP 1055 1022


Figure 2. Nanoflow ESI mass spectra obtained from aqueous lysozyme
solutions (5 mm) in the presence of different additives (20 mm) at pH 7.
The different charge states of the 14.3 kDa protein are indicated.
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ions were observed. The exception was the solution (20 mm)
of the most basic proton sponge HPP, in which primarily
myoglobin was observed as the triply charged apoprotein.
This indicates that the solution with the HPP additive desta-
bilized the globular structure of the protein. A stable spray
was difficult to obtain with arginine as a solution additive at
concentrations greater than 5 mm. The protein signals
seemed to be heavily suppressed by the very intensely pro-
tonated arginine clusters. Evaluation of the spectra obtained
for myoglobin from neutral solutions containing 1, 2, and
5 mm arginine revealed a continuous charge reduction to an
average of four charges at 5 mm arginine, accompanied by
the release of heme from myoglobin. At a concentration of
5 mm arginine, the apomyoglobin ion signal was already four
times as intense as the holomyoglobin signal. Moreover, we
observed that arginine formed intense adducts, not only
with itself, but also with the apo and holo form of myoglo-
bin (data not shown). Similar observations were made with
lysozyme (see above); therefore, arginine was not used in
our further experiments.


To evaluate whether lysozyme and myoglobin remained
folded in aqueous solutions that contained any of the addi-
tives used, we used circular dichroism in the near-UV wave-
length region (260–320 nm) to analyze their tertiary struc-
tures. For both lysozyme and myoglobin the circular dichro-
ism spectra were almost independent of the additive in the
solution. Only in the case of HPP did both myoglobin and
lysozyme exhibit less tertiary structures (Figure 4, only lyso-
zyme data shown). Thus, this data is in agreement with the
mass spectra, which suggest that the HPP additive (partially)
unfolds myoglobin and lysozyme molecules already in so-
lution. Other additives such as isopropanol, DBN, and DBU
did not noticeably influence the tertiary structure of myo-
globin and lysozyme.


To probe whether larger protein complexes can be studied
by electrospray using the basic additives and proton spong-
es, and to examine the corresponding decharging effect, we
extended the mass range of the proteins studied. We mea-
sured the ESI mass spectra of the flavin-containing p-hy-
droxybenzoate hydroxylase (90 kDa), the flavin– and iron–
sulfur-containing glutamate synthase (166 kDa), and the
chaperone complex GroEL (800 kDa). Size-exclusion chro-


matography and X-ray data
have shown that p-hydroxyben-
zoate hydroxylase is biological-
ly active as a homodimer of ap-
proximately 90 kDa.[39] ESI
mass spectra of a 1 mm solution
of the enzyme sprayed from dif-
ferent additive solutions are
shown in Figure 5. p-Hydroxy-
benzoate hydroxylase was ex-
clusively detected as a dimer,
which included two flavin ade-
nine mononucleotide cofactors.
The protein dimer obtained an
average of 27 charges when


sprayed from pure water, compared to an average of only
ten charges when sprayed from the proton sponges DBN
(20 mm) or DBU (20 mm) (Table 2). Thus, by using basic ad-
ditives we observed around 60 % decharging of the p-hy-
droxybenzoate hydroxylase dimeric ions.


Next, we investigated glutamate synthase, a protein that
contains a flavin mononucleotide and an iron–sulfur cofac-
tor (total mass 166 230 kDa).[40,41] The mass spectrum of glu-
tamate synthase (1 mm) sprayed from ammonium acetate
showed that the enzyme is in an equilibrium between the
monomeric and dimeric conformations. The mass deter-
mined for the monomeric ions, 166 200�50 Da, revealed
that the cofactors were indeed bound to the protein. When
glutamate synthase was sprayed from solutions containing
ammonium acetate, TEAB, and DBN, we observed average
charge states of the monomeric protein ions of 24, 18, and
11, respectively (Table 2 and Figure 6).


This data is in accordance with the decharging observed
for the other proteins investigated. Intriguingly, in the mass
spectra relating to the additives TEAB and DBN, we ob-
served ions originating from only monomeric hologlutamate
synthase. This may indicate that the additives influence the
monomer–dimer equilibrium. Solutions containing the very
basic proton sponges were difficult to spray; therefore, this
data is not presented.


Finally, we studied the tetradecameric chaperone complex
GroEL (800 kDa).[42] In the case of the GroEL complex
sprayed from ammonium acetate we obtained spectra very
similar to those reported previously,[43] with ions covering
about ten different charge states with a mean charge of 67
(Figure 7 and Table 2). Upon spraying the protein complex
from TEAB (20 mm), we observed significant decharging to
an average charge state of 46. Although 46 charges are re-
garded as many, this corresponds to just a single charge per
18 000 Da, or some 3.5 charges per GroEL monomer. In
both ammonium acetate and TEAB we also observed some
weaker protein signals of the single heptamer ring of about
400 kDa (Figure 7). The average charge states observed for
these protein ions were 44 and 33 in ammonium acetate and
TEAB, respectively.


Table 2. Average charge states observed in the ESI spectra of several proteins. For comparison, the charge
states predicted from Equation (2) are also quoted.


H2O Iso- NH3 TEAB DBN DBU HPP Predicted
propanol from


MW [kDa] 660[a] 763[a] 819[a] 951[a] 1006[a] 1015[a] 1022[a] [Eq. (2)]


lysozyme 14.3 10 10 7.8 4.7 3.5 3.1 3 9.3
myoglobin 17.5 10 10.8 8.2 5.7 3.7 3.5 3 10.3
PHBH[b] 90 26.5 21.8 18.9 13.8 9.8 9.4 – 23.1
GltS[c] 166 – 32.5 24.8 17 11 – – 31.8
GroEL 400 – – 45 32.5 – – – 49.3
(heptamer)
GroEL 801 – – 69.5 46.5 – – – 69.8
(tetradecamer)


[a] GB [kJ mol�1]. [b] PHBH =p-hydroxybenzoate hydroxylase. [c] GltS=glutamate synthase.
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Discussion


ESI mass spectrometry in the presence of aqueous volatile
buffer solutions avoids the unfolding and/or denaturing of
proteins and is, therefore, an ideal method for the mass
spectrometric study of folded proteins and protein com-
plexes.[2,3] Protein ions observed during ESI are often multi-
ply charged and these multiple charges, together with the
complete desolvation of the protein, are expected to influ-
ence the quaternary and tertiary structure of the protein.


Consequently, it may be difficult to relate mass spectromet-
ric data, such as that used to measure the activation energies
for collision-induced dissociation or thermal decomposition
in the gas phase, to the free energy of dissociation in so-
lution (for a discussion, see references [44,45]). Some of the
structural changes occurring in the gas phase may be related
to Coulombic repulsions between neighboring charges in the
protein ions. It is, therefore, desirable to limit the number of
charges in the positive ion mode, which can be achieved by
using the method described in this report.


The origin of the charges on the proteins can be under-
stood by considering the mechanism of electrospray. The
CRM model is expected to be dominant in the production
of protein ions.[21–23] This model predicts that firstly, droplets
formed in the electrospray process will be charged at the
surface mostly by ammonium ions (or other ions obtained
from the added buffer salt), and secondly, that the charging
of globular proteins and protein complexes is affected by
buffer salts other than ammonium acetate. Our observations
are in good agreement with those of previous reports[32] and
indicate that extensive proton competition reactions be-
tween the generated protein ions and the buffer base and
vice versa may occur at the end of the desolvation process.
To confirm this hypothesis, we plotted the average charge
that the protein displays in the ESI mass spectra of the pro-
teins lysozyme, myoglobin, p-hydroxybenzoate hydroxylase,
and glutamate synthase as a function of the GB of the addi-
tive (Figure 8). This figure clearly shows that there is an
almost linear relationship (R2>0.98 for all linear fits) be-
tween the observed charge and the GB (or PA) of the addi-
tive. This validates our hypothesis that the protein decharg-
ing observed originates from proton transfer reactions be-
tween the protonated proteins and the additive molecules,
probably during the last desolvation step. We speculate that


Figure 3. Nanoflow ESI mass spectra obtained from aqueous myoglobin
solutions (5 mm) in the presence of different additives (20 mm) at pH 7.
The different charge states are indicated. In spectra (a) to (f) the ions
originate from holomyoglobin (17.5 kDa). The asterisks in spectrum (g)
indicate that the ions originate from apomyoglobin (16.9 kDa).


Figure 4. Near-UV circular dichroism spectrum of lysozyme (1 mg mL�1)
in different additive solutions (20 mm) at pH 7. The five similar continu-
ous lines are the circular dichroism spectra recorded in water, isopropa-
nol, TEAB, DBN, and DBU. The deviating dashed line corresponds to
the spectrum of lysozyme in HPP.
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in some of the final steps in the desolvation process the pro-
tein is still “solvated” by several molecules of the additive,
which bind to the protein in a proton-bound manner, as
shown schematically in Figure 9. In the final desolvation
step, the additive ligand dissociates from the protein and


either takes the proton with it or leaves it at the protein, de-
pending on the difference in the proton affinities of the ad-
ditive and the specific site on the protein. The only discrep-
ancy is the behavior observed in pure water for the proteins
lysozyme and myoglobin, which obtain a significantly lower
number of mean charges than predicted from the linear
plots in Figure 8 (see Table 2). This deviation can be ex-
plained: In these cases, charging is restricted only by the
Rayleigh limit [Eq. (1)], which predicts for lysozyme and
myoglobin a maximum of 13 charges in pure water. There-
fore, the potential average charge would be reduced to 10–
11, as observed in our experiments.


Although this explains the observed behavior reasonably
well, other parameters were also considered. In electrospray
ionization the surface tension of the solution may be an im-
portant parameter in the charging process, as indicated by
Equation (1) and suggested by others.[46,47] The surface ten-
sion is evidently related to the constituents of the spraying
solution. In general, droplets with a higher surface tension


Figure 5. Nanoflow ESI mass spectra obtained from aqueous p-hydroxy-
benzoate hydroxylase solutions (1 mm) in the presence of different addi-
tives (20 mm) at pH 7. The different charge states of the dimer (90 kDa),
which includes two cofactors, are indicated. The crystal structure of the
p-hydroxybenzoate hydroxylase dimer is also shown.


Figure 6. Nanoflow ESI mass spectra obtained from aqueous glutamate
synthase solutions (1 mm) in the presence of different additives (20 mm)
at pH 7. The different charge states of the monomer (166 kDa) are indi-
cated. The asterisks indicate that the ions originate from the glutamate
synthase dimer (332 kDa). The crystal structure of the glutamate syn-
thase monomer is also shown.
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should attain more charges before reaching the Rayleigh
limit, resulting in a higher charging of the proteins. It is diffi-
cult to estimate the surface tension of the solutions used in
the present study. We used aqueous solutions containing up
to 0.3 % by weight basic additives and up to 0.1 % by weight
acetic acid (the latter to achieve pH 7). The surface tension
g of pure water is 0.072 N m�1, and those of isopropanol,


TEAB, DBN, DBU, and HPP are 0.023, 0.023, 0.046, 0.042,
and 0.051 N m�1, respectively.[48] If surface tension was a
major factor, we would expect the charging behaviors with
the additives isopropanol and TEAB to be similar, as they
have identical surface tensions. In addition, 0.1 % acetic acid
in pure water reduces g only marginally to 0.0715 N m�1,[48]


and 0.12 % isopropanol reduces g only slightly further to ap-
proximately 0.067 N m�1.[48] When we consider Equation (1),
these changes have no significant effect on the charging.
Thus, we believe the surface tension of the solution is not a
major factor affecting the differences in protein charging in
our data.


The present method is not unique for the decharging of
proteins in the electrospray process. Smith and co-work-
ers[49, 50] developed a special radioactive 210Po source that in-
duces charge reduction during the ESI-MS of proteins. The
ions produced were reacted in an aerosol with the particles
produced from this source. The multiply charged protein
ions thereby react with the bath gas, which contains positive-
ly and negatively charged ions. Effective charge reduction
using this system was achieved for several medium-sized
proteins. The advantage of the method described in this
paper is that it can be used without modification on any ex-
isting ESI-MS system.


If the charge observed on the protein ions is assumed to
be a result of proton competition events between the pro-
tein ions and additives, our results may provide an alterna-
tive method to evaluate the GB/PA of proteins, and possibly
even the GB/PA of specific sites in gaseous protein ions. In
fact, the data presented here may be considered to be a sort
of titration experiment, somewhat similar to the proton


Figure 7. Nanoflow ESI mass spectra obtained from aqueous GroEL sol-
utions (1 mm) in the presence of a) ammonium acetate and b) TEAB at
pH 7. The different charge states of the GroEL tetradecamer (800 kDa)
are indicated. The asterisks indicate that the ions originate from the
single heptameric ring of GroEL (400 kDa). The crystal structure of
GroEL is shown.


Figure 8. Experimentally determined average charge states of the pro-
teins and protein complexes versus the gas-phase basicities (GB) of the
additives used. PHBH =p-hydroxybenzoate hydroxylase, GltS=gluta-
mate synthase.


Figure 9. Schematic representation of the proposed final stage of the
electrospray desolvation process. Prior to the final steps of desolvation,
the protein remains “solvated” by several molecules of the additive that
bind in a proton-bound manner. In the final desolvation, the additive
ligand dissociates from the protein and either takes the proton with it, or
leaves the proton at the protein, depending on the difference in proton
affinities of the additive and the specific site on the protein. In this figure
glutamate synthase is the protein and proton-bound DBN is the additive.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 960 – 968966


A. J. R. Heck et al.



www.chemeurj.org





transfer reactivity measurements of protein ions, usually per-
formed in a Fourier transform mass spectrometer.[20]


Finally, the decreased charging of proteins would mini-
mize the risk of eventual Coulombic repulsions on the mul-
tiply charged protein ions; these repulsions would otherwise
affect the tertiary and/or quaternary structure. The method
presented here could, therefore, be the method of choice to
“gently” decharge proteins in so-called “soft-landing” pro-
tein arrays, in which an array is made by landing protein
ions, prepared by ESI, on a solid surface.[51] Proteins may
retain (or regain) their biological activity following a soft
landing, even when they have traveled as gaseous ions
through the mass spectrometer. The method presented here
enables proteins to transfer from solution into the gas
phase, during which proteins and/or very large protein com-
plexes attain relatively few charges upon ionization. This re-
sults in a gas-phase structure that more closely resembles
the solution-phase structure. This method may be useful in
the study of the biologically relevant properties of globular
proteins by mass spectrometry.


Experimental Section


Proteins : The glsF gene from Synechocystis sp. PCC 6803 encoding gluta-
mate synthase was overexpressed in the glutamate auxotrophic Escheri-
chia coli strain CLR207 Rec in Luria–Bertani medium containing ampi-
cillin (150 mgmL�1) at 37 8C under vigorous aeration.[52] The enzyme was
purified according to an established procedure.[41] The gene encoding the
Cys116Ser mutant of p-hydroxybenzoate hydroxylase from Pseudomonas
fluorescens was overexpressed in transformed E. coli TG2 in Luria–Ber-
tani medium containing ampicillin (100 mgmL�1) and isopropyl-b-d-1-thi-
ogalactopyranoside (IPTG, 20 mg mL�1) at 37 8C under vigorous aeration.
The protein was purified according to the procedure described previous-
ly.[53] The gene encoding GroEL was overexpressed in the E. coli strain
MC1009 in Luria–Bertani medium containing ampicillin (100 mg mL�1)
and arabinose (0.0005% w/v) at 37 8C under vigorous aeration. GroEL
was purified according to a previously described protocol,[54] which was
slightly modified by the introduction of an acetone precipitation step.
Both chicken egg white lysozyme (purity= 95%) and horse heart myo-
globin (purity=95 %) were purchased from Sigma–Aldrich.


Chemicals : Isopropanol, ammonium acetate (NH4OAc), triethylammoni-
um bicarbonate (TEAB), arginine, 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and 1,5,7-triazabicy-
clo[4.4.0]dec-5-ene (HPP) were from Sigma–Aldrich. MilliQ water was
used.


Nanoflow electrospray ionization mass spectrometry : Mass spectrometric
measurements were performed on an ESI-ToF (LCT) mass spectrometer
(Micromass). The instrument was equipped with a Z-nano-electrospray
source (Micromass) operating in the positive ionization mode. Nanoflow
electrospray needles were made from borosilicate glass capillaries (Kwik-
Fil, World Precision Instruments) on a P-97 puller (Sutter instruments,
USA). Needles were coated with a thin layer of gold (~500 �) by using a
Scancoat Six sputter coater (Edwards High Vacuum International). All
spectra were recorded from aqueous solutions (20 mm) of the different
additives, in which acetic acid was used to adjust the pH to 7. Protein
concentrations varying from 1 to 5 mm were used for the mass spectrome-
try measurements. The potential difference between the nanoflow spray
needle and the orifice of the mass spectrometer was set to 1.2–1.5 kV and
the cone voltage was set to the minimum possible value to detect signals
of the protein ions. The cone voltage varied from 30–50 V for the less
basic additives and used up to 150 V for the most basic additives, depend-
ing on protein size. Source pressure conditions in the mass spectrometer


were adjusted for optimal ion transmission. To optimize collision-damp-
ing conditions, the pressure in the interface region was adjusted by reduc-
ing the pumping capacity of the rotary pump by closing the speed valve,
as described previously.[55]


Circular dichroism spectroscopy : A dual-beam DSM 1000 CD spectro-
photometer (On-Line Instrument Systems) was used for circular dichro-
ism measurements. The subtractive double-grating monochromator was
equipped with a fixed disk, holographic gratings (2400 lines mm�1, blaze
wavelength 230 nm), and 1.24 mm slits. Samples were measured in a cell
of path-length 1 mm. The protein concentration was 1 mg mL�1 in aque-
ous solutions (20 mm) of the different additives, in which acetic acid was
used to adjust the pH to 7. Each measurement was the average of five re-
peated scans (step resolution 1 nm), from which the corresponding back-
ground spectrum was subtracted. The measured signals were converted
to molar ellipticity (emolar) on the basis of their molecular masses, concen-
tration, and light path-length.
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Titanium-Based Molecular Squares and Rectangles: Syntheses by Self-
Assembly Reactions of Titanocene Fragments and Aromatic N-Heterocycles


Susanne Kraft, Edith Hanuschek, R�diger Beckhaus,* Detlev Haase, and Wolfgang Saak[a]


Introduction


The design of highly ordered supramolecular structures has
attracted more and more interest in the last few decades.
The concept of self-assembly occupies a key position in this
field, and a multitude of supramolecular compounds have
been synthesized by combining simple building blocks to
form two- and three-dimensional structures.[1–3] Owing to
their electronic and steric versatility, aromatic N-heterocy-
cles play a prominent role as classical ligands in coordina-
tion compounds,[4,5] as bridging ligands in binuclear deriva-
tives,[6–8] and as building blocks for supramolecular com-
pounds.[9–17] In addition to their ability to connect metal cen-
ters by forming ligand–metal bonds, they provide the oppor-
tunity of p backbonding and thereby may affect
delocalization and transport of electrons.[18] Compared with
the highly developed supramolecular chemistry of late tran-


sition metals, only a few attempts have been made to use
the well-defined coordination modes and reducing proper-
ties of early transition metals.[19,20]


The formation of molecular squares and rectangles re-
quires 908 angles at the vertices, as are typical of square-
planar or octahedral late transition-metal species.[1] Hence,
only a few examples are known with distorted tetrahedral
geometries at the corners.[21–23]


In the course of our studies on the reactions of low-valent
titanium compounds and aromatic N-heterocycles, we suc-
ceeded in synthesizing various tetranuclear complexes, for
which single-crystal X-ray structure analyses confirmed
square and rectangular molecular structures. Here we report
on the syntheses of these novel self-assembled polynuclear
titanium complexes and their properties.


Results and Discussion


We recently reported on the reaction of the excellent titano-
cene precursor [Cp2Ti{h2-C2(SiMe3)2}] (1)[24] with pyrazine
(3), which led to the formation of the first structurally char-
acterized molecular square with titanocene(ii) corner units,
[{Cp2Ti(m-C4H4N2)}4].[21] By using different metal complexes
(1, 2) and ligands (3, 4, 5) as starting materials, further neu-
tral molecular squares with titanocene corner units can be
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Institut f�r Reine und Angewandte Chemie
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under http://www.chemeurj.org/ or from the author.


Abstract: This paper reports on the po-
tential of titanium compounds as build-
ing blocks for supramolecular polygons.
Self-assembly reactions of low-valent
titanocene units and N-heterocyclic
bridging ligands lead to novel titanium-
based supramolecular squares. Pyrazine
(3), 4,4’-bipyridine (4), and tetrazine
(5) were used as bridging ligands, and
the acetylene complexes [Cp2Ti{h2-
C2(SiMe3)2}] (1) and [(tBuCp)2Ti{h2-
C2(SiMe3)2}] (2) as sources of titano-
cene fragments. Molecular rectangles


can be synthesized by stepwise reduc-
tion of the titanocene dichlorides
[Cp2TiCl2] and [(tBuCp)2TiCl2] and
consecutive coordination of two differ-
ent bridging ligands. The resulting com-
plexes are the first examples of molec-
ular rectangles containing bent metal-
locene corner units. Single-crystal X-


ray analyses of the tetranuclear com-
pounds revealed the geometric proper-
ties of the molecular polygons in the
solid state. Comparison of bond lengths
and angles in coordinated and free li-
gands reveals the reduced state of the
bridging ligand in the low-valent titani-
um compounds. The syntheses and
properties of these novel, highly air-
and moisture-sensitive compounds are
discussed.


Keywords: bridging ligands · nitro-
gen heterocycles · self-assembly ·
supramolecular chemistry · titanium
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synthesized. Scheme 1 shows the formation of molecular
squares 6–9, which were characterized by single-crystal X-
ray analysis, elemental analysis, and IR spectroscopy. All
compounds are intensely colored and highly sensitive to air
and moisture.


The reaction of [Cp2Ti{h2-C2(SiMe3)2}] (1) with 4,4-bipyri-
dine (4) in toluene leads after a few minutes to a color
change from yellow to dark blue, and after 48 h at 60 8C
dark blue crystals of 6 can be isolated in yields of about
50 %. Tetrazine-bridged complex 7 can be isolated from a
dilute reaction solution of 1 and tetrazine (5) in toluene
after 48 h as a crystalline solid. The dark blue crystals of
both complexes show an intense metallic luster. They are
only sparingly soluble in aliphatic and aromatic solvents and
ethers and do not melt below 250 8C. In the mass spectra
(EI, 70 eV) no molecular peaks could be observed. Owing
to their low solubilities, recrystallization was not possible.
Therefore, suitable single crystals for X-ray analysis were
grown from the reaction solutions.


Single crystals of 6 can be obtained at 60 8C from toluene
and in better quality from tetralin at room temperature. The
molecular structure of 6, crystallized from tetralin (6 a), is
shown in Figure 1. Complex 6 a crystallizes in the space
group P42/n with four solvent molecules per tetramer. The
metal atoms are coordinated tetrahedrally by two Cp ligands
and two heterocycles. As the titanium atoms are located in
one plane the complex forms a nearly perfect square with
the bent metallocene moieties as corner units.


Single crystals of tetrazine-bridged complex 7 can be
grown from dilute reaction mixtures in toluene. Figure 2
shows the molecular structure of 7. Complex 7 crystallizes in
the space group P421c, and the crystal contains no solvent


molecules. In contrast to the analogous tetranuclear pyra-
zine-bridged complex [{Cp2Ti(m-C4H4N2)}4] (10),[21] tetrazine
complex 7 does not really form a molecular square, since


Scheme 1. Reactions of titanocene complexes 1 and 2 with pyrazine (3), bipyridine (4), and tetrazine (5).


Figure 1. Structure of 6 a (50 % probability, without H atoms). Selected
bond lengths [�] and angles [8]: Ti1�N1 2.2132(17), Ti1�N2a 2.1976(17),
Ti1�Ct1 2.086, Ti1�Ct2 2.092, N1�C1 1.358(3), N1�C1 1.374(3), N2�C6
1.363(3), N2�C10 1.370(3), C1�C2 1.366(3), C2�C3 1.418(3), C3�C4
1.418(3), C3�C8 1.424(3), C4�C5 1.366(3), C6�C7 1.368(3), C7�C8
1.424(3), C8�C9 1.423(3), C9�C10 1.364(3); N1-Ti-N2a 84.83(6), Ct1-Ti-
Ct2 132.39. Ct1= ring centroid of C11–C15, Ct2= ring centroid of C16–
C20; symmetry transformation for the generation of equivalent atoms a:
�y+1/2, x, �z+1/.
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the four titanium atoms do not lie in one plane but rather
form a tetrahedron. As is mostly observed with tetrazine,
the heterocycle coordinates as a bis(monodentate) ligand,
similar to pyrazine, and not as a bis(bidentate) ligand.[7]


To obtain analogous complexes with higher solubilities
[(tBuCp)2Ti{h2-C2(SiMe3)2}] (2) was used as the source of a
titanocene fragment with bulky substituted Cp ligands. The
reactions of 2 with pyrazine and bipyridine proceed more
slowly but show the same color changes to violet and blue
that are observed with [Cp2Ti{h2-C2(SiMe3)2}] (1). If the re-
actions with pyrazine and 4,4’-bipyridine are carried out in
n-hexane, crystals of 8 and 9 can be isolated from the reac-
tion mixture in yields of 65 and 79 %, respectively. Com-
pared to the analogous complexes with unsubstituted Cp li-
gands they show considerably increased solubility in aromat-
ic solvents and THF. Furthermore, they have lower melting
points (8 : 197–200 8C, 9 : 203–206 8C), but again no molecu-
lar peaks could be observed in the mass spectra (EI, 70 eV).


Single crystals of 8 could be obtained from n-hexane;
single crystals of 9 were grown by slow diffusion of n-
hexane into a THF solution. Figures 3 and 4 show the mo-
lecular structures of 8 and 9. Complex 8 crystallizes in the
space group P21/n, and the crystal contains two n-hexane
molecules per molecular square. Compound 9 crystallizes in
the space group P1̄ and contains 11 molecules of THF per
tetranuclear unit. Both complexes show a more or less
square configuration. The sterically demanding tBu groups
take up nearly the same position in both complexes. The
Ti�N distances in 6, 8, and 9 lie at the upper limit for Ti�N
bonds and correspond to values expected for titanium-coor-


Figure 2. Structure of 7 in the crystal (50 % probability, without H
atoms). Selected bond lengths [�] and angles [8]: Ti1�N1 2.028(5), Ti1�
N3a 2.132(5), Ti1�Ct1 2.086, Ti1�Ct2 2.075, N1�C1 1.377(7), N1�N2
1.420(5), N2�C2 1.305(7), N3�C2 1.337(7), N3�N4 1.412(7), N4�C1
1.298, N1-Ti1-N3a 88.84(19), Ct1-Ti-Ct2 130.24. Ct1 = ring centroid of
C3–C7, Ct2= ring centroid of C8–C12; symmetry transformation for the
generation of equivalent atoms a: �y +1, x +1, �z+ 2.


Figure 3. Structure of 8 in the crystal (50 % probability, without H
atoms). Selected bond lengths [�] and angles [8]: Ti1�N8 2.132(3), Ti1�
N1 2.186(3), Ti1�Ct1 2.115, Ti1�Ct2 2.118, N1�C19 1.378(4), N1�C22
1.381(4), N2�C21 1.388(4), N2�C20 1.391(4), C19�C20 1.352(4), C21�
C22 1.359(4); N8-Ti1-N1 84.30(10), Ct1-Ti1-Ct2 133.49, N2-Ti2-N3
85.08(10).


Figure 4. Structure of 9 in the crystal (50 % probability, without H
atoms). Selected bond lengths [�] and angles [8]: Ti1�N8 2.19(3), Ti1�N1
2.22(4), Ti1�Ct1 2.039, Ti1�Ct2 2.104 Ti2�N2 2.19(4), N1�C23 1.37(5),
N1�C19 1.37(5), N2�C24 1.38(6), N2�C28 1.38(5), C19�C20 1.36(6),
C20�C21 1.42(6), C21�C26 1.42(6), C21�C22 1.43(6), C22�C23 1.37(6),
C24�C25 1.36(7), C25�C26 1.43(6), C26�C27 1.43(6), C27�C28 1.35(7);
N8-Ti1-N1 83.7(13), Ct1-Ti1-Ct2 134.18.
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dinated N heterocycles.[21] Bond lengths and angles of the ti-
tanocene units correspond to known values for tetrahedral
coordination geometry.


The successful syntheses of molecular squares with bridg-
ing ligands 3–5 led us to attempt to synthesize a mixed-
bridge complex that contains bridging ligands of different
lengths and forms a molecular rectangle. Only a few molec-
ular rectangles are hitherto known, because most attempts
to synthesize them in one-step reactions resulted in the pre-
ferred formation of the two homobridged molecular
squares.[3,14] Therefore, a reaction with two subsequent steps
was used to coordinate the two different ligands to the tita-
nocene moiety. Scheme 2 shows possible synthetic routes
starting from titanocene(iii) chloro complex 11.


In the first reaction step the first bridging ligand is coordi-
nated between two [Cp2TiCl] units whose last coordination
site is blocked by the chloro ligand. This reaction could be
carried out successfully with pyrazine and bipyridine, and
complexes 12 and 13 could be isolated as green crystals in
yields of 55 and 43 %, respectively, and characterized by X-
ray analysis, IR spectroscopy, and elemental analysis.[25a] In
the mass spectra of 12 and 13 only peaks of the free ligands
and [Cp2TiCl] are observed, and this indicates low stability
of the dimeric compounds. For similar monomeric com-
pounds [Cp2TiClL] (L= pyridine, PPhMe2) complete dissoci-
ation into the ligand and 11 was observed at higher temper-
ature (130 8C in vacuo for [Cp2TiClPPhMe2]).[25b] In the
second step abstraction of the chloro ligand by reduction of
titanocene(iii) complexes 12 and 13 and coordination of the
second bridging ligand take place. Lithium naphthalenide


was used as soluble reducing agent, and sparingly soluble
rectangle 14 precipitated from the reaction mixture. To in-
hibit dissociation of complexes 12 and 13 and avoid ex-
change of the ligands during reduction, the reaction was car-
ried out at �78 8C.


If pathway b) in Scheme 2 is used and 12 is reduced in
presence of pyrazine, the reaction does not lead to the rec-
tangular complex 14 ; instead, formation of molecular square
10 is accompanied by a further product (probably 6).[26]


However, if 13 is reduced in the presence of 4,4’-bipyridine
(pathway a), 14 can be isolated as needle-shaped blue violet
crystals with an intense metallic luster. This complex was
characterized by X-ray analysis, elemental analysis, and IR
spectroscopy. The synthesis of 14 can be further simplified


such that, starting from
[Cp2TiCl2], neither 11 nor 12
must be isolated and the molec-
ular rectangle is easily accessi-
ble from simple, commercially
available starting materials. If
titanocene dichloride is reduced
in the presence of pyrazine with
one equivalent of lithium naph-
thalenide, and then a solution
of 4,4’-bipyridine and the
second equivalent of lithium
naphthalenide are added after
cooling to �78 8C, 14 can be
isolated in 45 % yield. Crystalli-
zation from THF yielded crys-
tals of 14 that were suitable for
X-ray diffraction. The molecu-
lar structure of 14 is shown in
Figure 5.


Compound 14 crystallizes
from THF in the trigonal space
group P3121 with two solvent
molecules per tetranuclear mol-
ecule in the crystal. Each tita-
nocene unit is coordinated by a
pyrazine and a 4,4’-bipyridine


ligand, and with the planar configuration of the four titani-
um atoms a rectangular geometry results for the complex.


The efficient synthesis of 14 requires the absence of free
pyrazine (3). If 14 is treated with 3, 10 is formed by ligand
exchange.[26] Therefore, only pathway a) is successful. On
the other hand no ligand exchange reactions occur between
14 and 4. Disproportionation of 14 itself to 6 and 10 appa-
rently do not take place.


A similar, but more soluble, rectangular complex 15 can
be obtained by the same procedure by using [(tBuCp)2TiCl2]
instead of [Cp2TiCl2] as starting material. After evaporating
the solvent from the reaction mixture and dissolving the res-
idue in toluene, 15 can be obtained by filtration to remove
LiCl and subsequent addition of n-hexane. Again the blue-
violet crystals show an intense metallic luster. Single crystals
of 15 can be grown by recrystallisation from benzene, from


Scheme 2. Possible synthetic routes to molecular rectangle 14.
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which 15 crystallizes in the space group P1̄. The coordina-
tion geometry of 15 shows no significant differences to the
above-discussed structures of
the other tetrameric complexes.
The molecular structure of 15 is
shown in Figure 6. The Ti�N
distances to the pyrazine
bridges in 14 and 15 are 0.05–
0.09 � shorter than the Ti�N
distances of the titanium–bipyr-
idine bond.


In contrast to most of the
known molecular rectangles
with basically different sides,[3]


the titanium-based compounds
14 and 15 contain two bridging
ligands of similar type. Molecu-
lar rectangles with pyrazine and
4,4’-bipyridine bridges and octa-
hedrally coordinated rhenium
corners[27] exhibit comparable
L-M-L angles (83.58, 14 : 83.9 8,
15 : 83.8) and cavity sizes (7.21 �
11.44 �, 14 : 7.20 � 11.52 �, 15 :
7.22 � 11.38 �). However, in 14
and 15 the rectangular geome-
try is realized by tetrahedrally
coordinated corner atoms.


Except for 7 all complexes
contain solvent molecules that


can be removed by drying the
crystalline solid in vacuum. In
6 a the tetralin molecules are lo-
cated in channels that are
formed by the molecular
squares. Figure 7 shows a larger
section of the structure of 6 a
including the solvent molecules.


The importance of the sol-
vent molecules for the solid
state structure and the relative-
ly great conformational free-
dom of the tetranuclear com-
pounds is shown by the struc-
tures of 6 obtained by crystalli-
zation from tetralin (6 a) and
toluene (6 b). Figure 8 shows
the configuration of the four ti-
tanium atoms in 6 a and 6 b
from the side view onto the tet-
ramers.


The monocyclic bridged com-
plexes 7 and 8 also exhibit dif-
ferent configurations (Figure 9).
The difference becomes visible
in the arrangement of the tita-
nium centers. Whereas in 8 all


titanium atoms lie in one plane, a “butterfly-like” arrange-
ment is found for 7.


Figure 5. Structure of 14 in the crystal (50 % probability, without H atoms). Selected bond lengths [�] and
angles [8]: Ti1�N1 2.166(4), Ti1�N4a 2.215(4), Ti1�Ct1 2.111, Ti1�Ct2 2.068, Ti2�Ct3 2.095, Ti2�Ct4 2.094
Ti2�N2 2.128(4), Ti2�N3 2.220(4), N1�C13 1.375(6), N1�C11 1.385(6), N2�C14 1.379(6), N2�C12 1.396(6),
N3�C29 1.353(6), N3�C25 1.359(6), N4�C30 1.352(7), N4�C34 1.356(6), C11�C12 1.359(7), C13�C14 1.351(7),
C25�C26 1.371(7), C26�C27 1.426(7), C27�C28 1.425(7), C27�C32 1.432(7), C28�C29 1.359(7), C30�C31
1.347(7), C31�C32 1.427(7), C32�C33 1.411(7), C33�C34 1.363(7); N1-Ti1-N1a 83.68(15), N2-Ti2-N3
84.10(15), Ct1-Ti-Ct2 131.48, Ct3-Ti2-Ct4 131.00. Ct1= ring centroid of C1–C5, Ct2 = ring centroid of C6–C10,
Ct3= ring centroid of C15–C19, Ct4= ring centroid of C20–C24; symmetry transformation for the generation
of equivalent atoms a: x�y +1, �y +2, �z+2/3.


Figure 6. Structure of 15 in the crystal (50 % probability, without H atoms). Selected bond lengths [�] and
angles [8]: Ti1�N8 2.121(5), Ti1�N1 2.204(5), Ti1�Ct1 2.104, Ti1�Ct2 2.093, Ti2�N2 2.153(5), Ti2�N3 2.155(6),
Ti2�Ct3 2.100, Ti2�Ct4 2.088, N1�C19 1.364(8), N1�C23 1.379(7), N2�C28 1.391(8), N2�C24 1.411(7), N3�
C47 1.367(8), N3�C49 1.385(7), N4�C50 1.396(8), N4�C48 1.402(7), C19�C20 1.397(8), C20�C21 1.410(8),
C21�C22 1.422(8), C21�C26 1.431(7), C22�C23 1.390(8), C24�C25 1.377(8), C25�C26 1.416(8), C26�C27
1.422(8), C27�C28 1.380(8), C47�C48 1.346(9), C49�C50 1.346(9); N8-Ti1-N1 84.82(18), Ct1-Ti1-Ct2 134.66,
N2-Ti2-N3 82.51(19), Ct3-Ti2-Ct4 134.36.
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Although all N-Ti-N angles lie in the relatively small
range between 83.2 and 86.68 the complexes exhibit quite
different conformations, as shown in Figures 8 and 9. This is
indicated by the different Ti-Ti-Ti angles and their sum. If
all corner atoms lie in the same plane a sum of 3608 results
for the quadrangle, whereas any distortion of the planar
configuration leads to a decrease in the sum. Table 1 lists
the average values for the N-Ti-N angles, the Ti-Ti-Ti angles
and their sum and the Ti�Ti distances for all complexes. The
sums of the Ti-Ti-Ti angles show that 6 a, 8, 9, 14, and 15


Figure 7. Solid-state structure of 6a with tetralin molecules.


Figure 8. Side view of the structure of 6a (from tetralin) and 6b (from toluene). Cp rings are omitted for clarity.


Figure 9. Side view of 8 (left) and 7 (right).


Table 1. Selected geometric data of complexes 6a, 6b, 7, 8, 9, 14, and 15.


Ti�Ti N-Ti-N [8] Ti-Ti-Ti [8] �Ti-Ti-Ti [8]
[�] [8] [8] [8]


6a 11.586 84.83(6) 89.75 359.0
6b 11.500 83.4(4) 68.05 272.2
7 6.691 84.3(3) 71.24 285.0
8 7.203 84.23(10) 89.82 359.3
9 11.521 83.45(13) 88.15 352.6
14 7.203 83.89(15) 89.37 357.5


11.516
15 7.219 83.79(18) 89.95 359.8


11.380
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adopt a nearly planar configuration, whereas 6 b and 7 are
distorted from planarity.


As the titanocene fragment has proved to reduce some ar-
omatic N heterocycles by C�C coupling reactions[21] and C�
H and C�F bond cleavage,[28] as well as forming complexes
with stable heterocyclic radical anions by electron trans-
fer,[29, 30] it seems reasonable to assume electron transfer to
the ligand also for these reactions and some proof for this is
given by the molecular structures in the solid state.


In numerous complexes of low-valent metals and hetero-
cyclic ligands changes in bond lengths and angles that are
sensitive to transfer of electrons have been used to evidence
the electronic structure. With tetrazine derivatives as bridg-
ing ligands, for example, lengthening of the N�N bonds by
0.068 and 0.073 �, observed by Kaim et al., indicated the
formation of a radical anion in two copper complexes.[31, 32]


In an Fe0 complex of 2,2’-bipyridine, electron transfer to the
heterocycle leads to a decrease in the bond length between
the two pyridyl rings by 0.083 �, and in a dimeric YbII com-
plex of 2,2’-bipyrimidine with a dianionic ligand, a shorten-
ing of 0.142 � was observed.[6,33, 34] Scheme 3 shows the two
reduction steps for tetrazine and bipyridine.[7,8]


Two-electron reduction of tetrazine leads to a single bond
between the two nitrogen atoms, and reduction of 4,4-bipyri-
dine to a double bond between the two aromatic rings and
an angle of 08 between the two pyridyl rings. These bonds
and angles show the greatest changes on reduction. To com-
pare our data to the values of the free ligand and a fully re-
duced species, the crystal structures of free 4,4-bipyridine
(4) and two-electron-reduced bis(trimethylsilyl)dihydro-4,4’-
bipyridine (16)[25a] were determined.[35] The asymmetric units
of both structures contain two independent molecules, and
for 4,4-bipyridine the important values are given for both,
since the angles between the pyridyl rings differ significantly
in the structures of the two molecules. In 16 no significant
differences exist, so here the average is given. Table 2 lists
the angles and bond lengths between the two pyridyl rings
in 4,4’-bipyridine for the free ligand, for the two-electron-re-
duced species 16 and for the titanium-coordinated ligands.


For the coordinated ligands these values show a signifi-
cant shift towards those of the two-electron-reduced species.
Nevertheless, the decrease is less than that observed in an
ytterbium complex that contains bipyrimidine as a dianionic
ligand.[6] So the changes in bond lengths and angles may in-


dicate for the 4,4’-bipyridine complexes an electronic struc-
ture with a radical ligand and titanium centers in the oxida-
tion state + III. A change in bond lengths towards those of
the reduced species is also observed in the lengthening of
the N�N bond in tetrazine from 1.321 � in free tetrazine[36]


to 1.416(6) � in 7. Another indication for the reduction of
the ligand is given by the change in the conformation of the


ligand in 7, which no longer ex-
hibit the planarity of the free
ligand (Figure 2).


The electronic structure of
the radical complexes formed
by electron transfer from titani-
um to N-heterocyclic ligands
has been thoroughly investigat-
ed for 2,2-bipyridine complexes,
which show a singlet ground
state and a thermally accessible
triplet state.[29, 30,37] Similar to
monomeric 2,2’-bipyridine com-


plexes, for 4,4’-bipyridine complex 6, antiferromagnetic be-
havior is observed for the temperature dependence of the
magnetic susceptibility.[38] Owing to the special geometry of
the frontier orbitals in metallocene units,[39,40] the 2,2’-bipyri-
dine can not act as a classical p-acceptor ligand but forms
complexes with two remote electrons in interaction that are
not diamagnetic like the p-acceptor complexes of titanocene
with carbonyl or phosphane ligands. If an overlap of metal
and ligand orbitals is possible, a singlet ground state results
for the two remote electrons.[37] This situation occurs if the
ligand orbitals lie in the L-Ti-L plane. For the overlap with
the p* orbitals of the heterocycle in the tetrameric com-
plexes it is thus important how far the ligand is rotated
around the Ti�N bond.


Tetrazine complex 7 shows two different conformations of
the bridging ligands towards the titanium atoms. The two re-
spective bond lengths differ in a characteristic manner, as is
also known for dp–pp interactions in titanium amides.[41]


With the ligand in the straight position (angle of N-N-C
plane of 5 to N-Ti-N 55.328) an overlap of metal acceptor
and ligand donor orbitals becomes possible, and in this case
a short Ti�N bond of 2.028(5) � is found, while the other


Scheme 3. Two-electron reductions of tetrazine and bipyridine.


Table 2. Bond lengths and angles for free, reduced and coordinated 4,4’-
biypridine.


C’�C’ [�] Twist angle [8]


1.4842(19) 34.39(6)


1.4895(18) 18.14 (8)


1.381(3) 0


6a 1.424(3) 4.23
9 1.425(30) 7.60
14 1.432(7) 4.89
15 1.438(7) 9.80
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bond length of 2.132(5) � is considerably longer (angle of
N-N-C plane of 5 to N-Ti-N 12.308 ; Figure 10).


Owing to the low solubility of 6, 7, and 14, NMR spectra
are not available. The more soluble complexes 8, 9, and 15
exhibit sharp 1H NMR signals of the tBu groups (d= 1.16
(9); 1.12 (8); 1.19, 1.44 (15)). Further signals show more or
less pronounced broadening and chemical shifts over a wide
range, as is characteristic for nondiamagnetic compounds.[38]


Conclusions and Outlook


The reactions and compounds discussed in this paper show a
great and hitherto unused potential of early transition-metal
compounds and especially bent titanocene units as building
blocks in self-assembly reactions. A variety of molecular
squares with different Cp ligands and different bridging li-
gands are easily accessible by reaction of titanocene precur-
sors, especially titanocene acetylene complexes, with N-het-
erocyclic ligands. In contrast to most of the cationic, water-
soluble molecular polygons of late transition metals the tita-
nium complexes are neutral and highly sensitive to air and
moisture. Particularly the facile syntheses of the first titani-
um-containing molecular rectangles from easily available
starting materials demonstrate the opportunities provided
by the use of titanocene building blocks. A novel class of
molecular squares and rectangles containing tetrahedrally
coordinated corner units is presented. Further studies may
provide an insight into the interesting electronic and mag-
netic properties of these complexes. Furthermore these in-
vestigations open up new vistas onto the synthesis of higher
aggregated, for example, three-dimensional, compounds
with titanium units on the basis of self-assembly chemistry.


Experimental Section


General : All titanium compounds were synthesized and handled in an
inert gas atmosphere (Schlenk techniques). The solvents were thoroughly
dried and saturated with nitrogen prior to use. Compound 1 was pre-
pared according to a literature procedure[42] and 2 by following the same
procedure starting with [(tBuCp)2TiCl2]. 2 : yield: 78 %; m.p. 65–67 8C,
1H NMR (300 MHz, C6D6, 303 K): d=�0.14 (s, 18H; SiCH3), 0.66 (s,
18H; C(CH3)3), 6.48 (m, 4 H; C5H4), 6.73 ppm (m, 4 H; C5H4); 13C NMR


(75 MHz, C6D6, 303 K): d= 1.48 (SiCH3), 31.1 (C(CH3)3), 32.7 (C(CH3)3),
113.5, 117.4, 144.3 ppm (C5H4).


Details concerning 4, 12, 13, and 16 are given in the Supporting Informa-
tion.


6 : Solutions of 1 (750 mg, 2.15 mmol) in toluene (60 mL) and of 4
(336.2 mg, 2.15 mmol) in toluene (40 mL) were combined and heated at
60 8C for 48 h without stirring. The solution turned blue, and dark blue
crystals with a metallic luster separated and were isolated in 50 % yield
by decanting, washing with n-hexane and drying under vacuum. M.p.
>250 8C; IR (KBr): ñ =2971 (m), 2901 (m), 2855 (m), 1661 (w), 1616 (s),
1431 (s), 1375 (m), 1271 (s), 1190 (s), 1022 (m), 1036 (m), 968 (s), 941 (s),
801 (w), 734 (w), 737 (m), 613 (m), 606 (m), 417 (m), 399 (w), 336 cm�1


(m); elemental analysis (%) calcd for C80H72N8Ti4: C 71.86, H 5.43, N
8.38; found: C 72.06, H 5.51, N 8.30.


7: Solutions of 1 (750 mg, 2.15 mmol) in toluene (60 mL) and of 5
(336.2 mg, 2.15 mmol) in toluene (10 mL) were combined. The solution
turned blue, and tiny crystals with a metallic luster separated after 2–
5 days. After decanting the mother liquor, washing with n-hexane and
drying under vacuum, 7 was isolated in 15 % yield. M.p. >250 8C; IR
(KBr): ñ=3104 (w), 2969 (w), 1639 (w), 1533 (s), 1476 (m), 1442 (w),
1395 (w), 1307 (m), 1193 (w), 1102 (w), 1074 (w), 1014 (m), 939 (s), 806
(s), 730 cm�1 (w); elemental analysis (%) calcd for C56H56N16Ti4: C 55.41,
H 4.65, N 21.54; found: C 55.19, H 4.63, N 21.38.


8 : Solutions of 2 (400 mg, 0.868 mmol) in n-hexane (15 mL) and of 3
(70 mg, 0.868 mmol) in n-hexane (10 mL) were combined and heated to
60 8C. The solution turned violet, and dark violet crystals separate after a
few hours. After decanting the mother liquor and drying in vacuum, 8
was isolated in 65 % yield. M.p. 197–200 8C; IR (KBr): ñ =2957 (s), 2900
(m), 2862 (m), 1618 (m), 1485 (w), 1460 (m) 1360 (m), 1280 (m), 1270
(m), 1160 (w), 1048 (w), 1013 (s), 859 (w), 803 (m), 772 (s), 684 cm�1 (w);
elemental analysis (%) calcd for C88H120N8Ti4: C 71.35, H 8.16, N 7.56;
found: C 71.71, H 8.33, N 7.45.


9 : Compounds 2 (400 mg, 0.868 mmol) and 4 (135.6 mg, 0.868 mmol)
were dissolved in n-hexane (50 mL) by heating. The solution turned blue,
and tiny needle-shaped crystals with a metallic luster separated immedi-
ately. After decanting the mother liquor, washing with n-hexane and
drying in vacuum, 9 was isolated in 79% yield. M.p. 203–206 8C; IR
(KBr): ñ= 2958 (s), 2900 (m), 2863 (w), 1660 (w), 1600 (s), 1478 (w), 1459
(w), 1405 (w), 1360 (w), 1277 (w), 1205 (m), 1049 (w), 1015 (m), 959 (s),
780 (m), 734 (s), 669 (m), 613 cm�1 (w); elemental analysis (%) calcd for
C112H136N8Ti4: C 75.33, H 7.68, N 6.27; found: C 74.80, H 7.43, N 6.42.


14 : A solution of lithium naphthalenide in THF (10 mL, 0.4m, 4 mmol)
was added dropwise with vigorous stirring to a solution of [Cp2TiCl2]
(996 mg, 4 mmol) and 3 (160.2 mg, 2 mmol) in THF(50 mL). The result-
ing dark green solution was cooled to �78 8C, and a solution of 4
(312.4 mg, 2 mmol) and a further 10 mL of lithium naphthalenide in THF
were added. The solution turned blue-violet. After filtration 14 crystal-
lized as needle-shaped crystals with an intense metallic luster. After de-
canting the mother liquor and washing with n-hexane, 14 was isolated in
45% yield. M.p. 225–230 8C; IR (KBr): ñ=3088 (w), 1597 (s), 1437(w),
1271 (w), 1204 (m), 1065 (w), 1013 (m), 963 (m), 797 (s), 615 cm�1 (w);
elemental analysis (%) calcd for C68H64N8Ti4: C 68.94, H 5.44, N 9.46;
found C 68.78, H 5.54, N 9.42.


15: A solution of lithium naphthalenide in THF (5 mL, 0.4 m, 2 mmol)
was added dropwise with vigorous stirring to a solution of [(tBuCp)2-


TiCl2] (722.38 mg, 2 mmol) and 3 (80.09 mg, 1 mmol) in 25 mL THF. The
resulting brown solution was cooled to �78 8C, whereby the color
changed to green, and a solution of 4 (156.2 mg, 1 mmol) and a further
5 mL of lithium naphthalenide in THF were added. The solution turned
blue-violet. After evaporation, addition of 20 mL of toluene and filtra-
tion, 15 crystallized on adding n-hexane as needle-shaped crystals with an
intense metallic luster. After decanting the mother liquor and washing
with n-hexane, 15 was isolated in 21% yield. M.p. 202–203 8C; IR (KBr):
ñ= 2960 (s), 2901 (m), 2866 (w), 1602 (s), 1488 (w), 1460 (w), 1407 (w),
1361 (w), 1279 (w), 1261 (w), 1205 (s), 1160 (m), 1049 (w), 1017(m), 963
(m), 860 (w), 803 (s), 777 (m), 735 cm�1 (w); elemental analysis (%)
calcd for C100H128N8Ti4: C 73.52, H 7.90, N 6.86; found: C 73.26, H 7.76,
N 6.98.


Figure 10. Positions of the two ligands at the titanium atoms and respec-
tive bond lengths [�] in 7.
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Crystal structure determinations : Data for 6, 7, 8, 9, 14, and 15 were col-
lected on a STOE-IPDS diffractometer with graphite-monochromated
MoKa radiation (l =0.71073 �). Crystal data and intensity collection and
refinement parameters are reported in Table 3. Intensities were measured
at 193(2) K. All structures were solved by direct phase determination
(SHELXL 97) and refined on F2 (SHELXL 97) with anisotropic thermal
parameters for all non-hydrogen atoms. CCDC-250439 (4), CCDC-
247973 (6a), CCDC-247976 (7), CCDC-247979 (8), CCDC-247978 (9),
CCDC-247977 (14), CCDC-247980 (15), and CCDC-250440 (16) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+ 44) 1223-336-033; or deposit@ccdc.
cam.uk).
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Materials through the Self-Assembly of Functionalized Nanoparticles
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Introduction


Thermally stable, ordered, crystalline inorganic nanostruc-
tured and mesoporous materials of large surface area are of
importance in the fields of, catalysis,[1] separation,[2] sorp-
tion,[3] sensing,[4] and fuel cells.[5] A large range of silica-
based[6] and non-siliceous[7–9] mesoporous materials, such as
alumina, titania, niobia, tantala, and other mixed oxides, are
generally synthesized by precipitation from supersaturated
solutions, by using ordered arrays of surfactants as tem-
plates. Precipitation routes are best suited to siliceous mate-
rials, which are thermally stable up to 800 8C.[10] Non-sili-
ceous mesoporous materials are often more difficult to syn-
thesize by precipitation routes and often exhibit poor crys-
tallinity and low thermal stability. Methods of strengthening


the mesostructured walls include increasing their thickness-
es,[7] exchanging surface sulfate groups for other species
such as phosphate in the case of mesostructured ZrO2,


[11]


and using [Al13O4(OH)24(OH2)12]
7+ polycationic species as


structural building blocks to form rigid Al2O3 frameworks.[12]


Crystalline non-siliceous mesoporous frameworks, such as
CeO2,


[13] yttria–zirconia or ceria–zirconia[14] have recently
been prepared by a judicious choice of surfactants, inorganic
salts, or the presence of large inorganic walls. However, the
preparation of non-siliceous mesostructured composites con-
taining two different materials have not been achieved by
precipitation routes. Success has been obtained by perform-
ing post-synthetic doping; however, this results in a disor-
dered distribution of the dopant.


Alternative pathways to the formation of nanostructured
materials involve the spatial patterning of inorganic nano-
particles using template-directed construction.[15–16] Tem-
plates such as bacterial threads[17] and polymer gels[18] have
been used with the goal of constructing materials with long-
range organization. However, the resultant products have
been found to retain the characteristic shape and length of
the organic templates and do not generally display large sur-
face areas and pore volumes. Large-surface-area crystalline
oxides, with wormlike morphologies, have previously been
synthesized by using ultra-fine colloidal nanoparticles as
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Abstract: A general synthetic method
for the preparation of nanostructured
materials with large surface area was
developed by using nanoparticle build-
ing blocks. The preparation route in-
volves the self-assembly of functional-
ized nanoparticles in a liquid-crystal
phase. These nanoparticles are func-
tionalized by using difunctional amino
acid species to provide suitable interac-
tions with the template. Optimum in-
teractions for self-assembly of the
nanoparticles in the liquid-crystal


phase were achieved with one -NH2


group anchored to the nanoparticle
surface per 25 �2. To maximize the sur-
face area of these materials, the wall
thicknesses are adjusted so that they
are composed of a monolayer of nano-
particles. To form such materials, nu-
merous parameters have to be control-
led such as the relative volume fraction


of the nanoparticles and the template
and size matching between the hydro-
philic component of the copolymer and
nanoparticles. The surface functionali-
zation renders our synthetic route inde-
pendent of the nanoparticles and
allows us to prepare a variety of nano-
structured composite materials that
consist of a juxtaposition of different
discrete oxide nanoparticles. Examples
of such materials include CeO2, ZrO2,
and CeO2–Al(OH)3 composites.


Keywords: composites · nanoparti-
cles · nanostructures · self-assembly
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building blocks and a block copolymer as a template. How-
ever, the preparation route uses meta-tungstate anions as an
interaction-promoting additive and all the resultant materi-
als were found to irreversibly incorporate large amounts of
WO3.


[19]


There is a need for a versatile route to manufacture nano-
structured materials with large surface areas, particularly
one that yields ordered nanostructured composite materials
consisting of a juxtaposition of nanodomains of different
compositions.


Here we report on a general and versatile synthetic route
for the synthesis of ordered crystalline nanostructured
oxides using ultrafine colloidal nanoparticles as building
blocks and liquid-crystal templates. Our method is based
upon the cooperative self-assembly of colloidal nanoparti-
cles and a copolymer surfactant, and is driven by weakly at-
tractive interactions. These weak interactions between the
surfaces of the nanoparticles and the template were adjusted
by post modification of the nanoparticle surfaces. Our syn-
thetic method involves the functionalization of the nanopar-
ticle surfaces, and, because of the interactions between tail-
ored chemical moieties anchored to the nanoparticle sur-
faces and an organic template, our self-assembly process is
independent of the nature of the nanoparticle building
block. Thus, it is possible to say the functionalization of the
nanoparticle surfaces renders them suitable for interaction
with organic surfactants so that they self-assemble upon sol-
vent evaporation (a concentration process) to form open
nanostructured materials with large surface areas. The or-
ganic moieties were selected such that they possess one ter-
minal group that interacts specifically with the nanoparticle
surfaces. An amino group was selected for the other termi-
nal group, which interacts with the (CH2CH2O) groups of
the surfactant. By virtue of this functionalization of the
nanoparticle surfaces we can fabricate not only nanostruc-
tured materials, but also composite nanostructures formed
from various combinations of functionalized nanoparticles.


Results and Discussion


The desired properties of the synthesized solids include
large surface areas and high thermal stability. These proper-
ties can be achieved for a nanostructured material by con-
trolling the wall thicknesses. This can be adjusted by synthe-
sizing such materials with walls consisting of a monolayer of
nanoparticles. The optimum wall thickness is in the range of
3–5 nm, since it provides a compromise in terms of both
high thermal stabilities and large surface areas. Nanoparti-
cles of these diameters were therefore selected.


Our synthetic method involves a self-assembly process
with the slow evaporation of water from a homogeneous dis-
persion of colloidal nanoparticles and copolymer surfactant
(Figure 1). The copolymer surfactants used were poly(alky-
lene oxide) block copolymers possessing CH2CH2O groups.


Several factors must be considered when forming nano-
structured materials from nanoparticle building blocks.


1) The self-assembly process, from which the nanostruc-
tured materials are formed, requires a colloidal disper-
sion of individualized nanoparticles. Colloidal disper-
sions of perfectly individualized CeO2, ZrO2, and
Al(OH)3 nanoparticles, possessing positively charged
surfaces and diameters in the range of 3–5 nm, were
used.


2) The organic moieties to be anchored on the nanoparticle
surfaces must be selected for the specific nanoparticle
materials, for example, carboxylic groups were chosen to
bind to the surfaces of CeO2, and sulfonate groups were
chosen to bind to the surfaces of Al(OH)3 and ZrO2. We
therefore selected aminocaproic acid and taurine as
complexing agents. The organic anchors are terminated
with amino groups in each case due to a favorable inter-
action between the amine groups and the copolymer
across a wide range of pH values. The nanoparticle sur-
face coverage was then optimized by adjusting the molar
ratio [amine]/[MxOy].


3) The inter-nanoparticle interactions have to be adjusted
to avoid uncontrolled nanoparticle flocculation. This was
achieved by increasing the magnitude of the repulsive
inter-nanoparticle interactions by lowering the ionic
strength of the colloidal dispersion. Purification of the
colloidal dispersions was performed by using an ultra-fil-
tration step after the surface modification step.


4) The respective volumes of the nanoparticle and copoly-
mer template must be carefully manipulated to form a
monolayer nanostructure.


The original symmetry is preserved in all cases upon calci-
nation of the materials and, in most examples, hexagonal
symmetry is observed by transmission electron microscopy
(TEM) in the uncalcined and calcined materials. The small-
angle X-ray scattering (SAXS) peaks with a dSAXS value can
then be correlated to a lattice parameter a, assuming hexag-
onal symmetry, by the equation a=2dSAXS/


p
3. A value for


the pore diameter of the material, determined from BET
analysis, can then be used in conjunction with the lattice pa-
rameter to yield a value for the wall thickness of the materi-
als.


Characterization results


CeO2 : The high-angle powder X-ray diffraction pattern of
the calcined samples shows well-resolved peaks characteris-


Figure 1. Synthetic route for the self-assembly of surface-modified nano-
particles
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tic of crystalline CeO2 (Figure 2a). The size of the CeO2


crystalline domains calculated by using the Debye–Scherrer
formula using the [111] peak reveals a particle size of ap-


proximately 4 nm. SAXS patterns of the as-synthesized
nanostructured CeO2 materials, after calcination at 500 8C
for 6 h, show a peak centered at 10 nm (Figure 2b). Meso-
scale order is confirmed by TEM images of the material cal-
cined at 500 8C (Figure 3). Large, well-ordered channels, or-
ganized in hexagonal arrays, are clearly observed. The dSAXS


peaks can be indexed to a hexagonal cell with a unit-cell di-
mension a of 11.5 nm. Nitrogen adsorption–desorption iso-
therms were obtained for the calcined CeO2 mesoporous
sample (Figure 4). Analysis of the desorption curve suggests
that the material possesses pores with a size of 5.5 nm. The


BET surface area and pore volume of the calcined materials
are 125 m2 g�1 and 0.20 cm3 g�1, respectively. The SAXS and
BET measurements are consistent with the TEM observa-
tions, suggesting a pore size of 5.5 nm and a wall thickness
of approximately 6 nm.


ZrO2 : The SAXS pattern of nanostructured ZrO2 after calci-
nation at 500 8C (Figure 5) displays a peak centered at
7.6 nm and a shoulder at 4.4 nm, which is apparent in a log–
log plot. They can be indexed to a hexagonal cell with a=


8.8 nm. TEM images of the calcined material (Figure 6)
Figure 2. a) XRD pattern of the CeO2 nanostructured material after cal-
cination at 500 8C for 6 h. b) The SAXS pattern of the CeO2 nanostruc-
tured material after calcination at 500 8C for 6 h.


Figure 3. TEM image of the CeO2 nanostructured material after calcina-
tion at 500 8C


Figure 4. Nitrogen adsorption–desorption isotherms for the CeO2 nano-
structured material after calcination at 500 8C.


Figure 5. SAXS pattern of ZrO2 nanostructured material after calcination
at 500 8C for 6 h.


Figure 6. TEM image of the ZrO2 nanostructured material after calcina-
tions at 500 8C.
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show hexagonal arrays of pores with the pores and walls
possessing approximately the same size (4 nm). The high-
angle XRD patterns recorded on these materials show well-
resolved peaks characteristic of crystalline tetragonal ZrO2,
with minor peaks attributed to monoclinic ZrO2. We deter-
mined a surface area of 180 m2 g�1 and an average pore size
of 4 nm using nitrogen adsorption–desorption isotherms
(Figure 7). Other characterization data are shown summar-
ized in Table 1.


Al(OH)3–CeO2 : Nanostructured composite materials
formed from nanoparticles of Al(OH)3 and CeO2 were syn-
thesized by using two procedures. The first involves the sur-
face modification of the CeO2 nanoparticles with aminocap-
roic acid and using Al(OH)3 nanoparticles without surface
modification. The aminocaproic surface-modified CeO2


nanoparticles and Al(OH)3 nanoparticles were mixed in a
molar ratio Al(OH)3/(CeO2 + Al(OH)3) of 0.1:1. Al(OH)3


nanoparticles are soluble in the acidic medium used to syn-
thesize CeO2 nanoparticle dispersions. After the amino acid
post modification of the CeO2 nanoparticles, the pH of the
CeO2 colloidal dispersion shifts to pH 4.5, allowing the sta-
bilization of colloidal Al(OH)3 nanoparticles and the resul-
tant composites. These composites, formed with an [amino


acid]/[CeO2] ratio of 0.3:1, were calcined at 400 8C. From
the SAXS pattern (Figure 8), we determined a dSAXS value
of 11 nm. TEM images of the composite show a hexagonal


structure (Figure 9). The calcined materials showed a well-
defined step in the N2 adsorption–desorption isotherms
(Figure 10), which indicates a material with a narrow pore
size distribution. Surface area, pore diameter, and pore


volume were 180 m2 g�1, 8 nm,
and 0.32 cm3 g�1, respectively.
The incorporation of Al and Ce
into the nanostructured materi-
al is evidenced by EDS elemen-
tal analysis on thin sections of
the calcined material, prepared
by ultramicrotomy, and per-
formed on 50-nm3-sized do-
mains. As Al(OH)3 and CeO2


are nonmiscible oxides, the ob-
servation of both Al and Ce in
the small domains reveals the
composite nature of the materi-
als. The wall thickness is calcu-
lated as 4.7 nm, which is a size
between that of the constituent


Figure 7. Nitrogen adsorption–desorption isotherms of the ZrO2 nano-
structured material after calcination at 500 8C.


Table 1. Summary of characterization data.


Material Calcination dSAXS [nm] Hex. unit cell Pore size from Wall thickness
temp. T [8C] length a [nm] BET [nm] [nm]


CeO2–5 nm 20 12.6 7.1 14.5
160 11.4 6.6 13.2
500 10 5.6 11.5 5.5 6


ZrO2–3 nm 20 11.5 6.2 13.3
160 10.8 6.2 12.5
500 7.6 4.4 8.8 4 4.8


CeO2–5 nm 20 13.2 7.3 15.2
Al(OH)3–3 nm[a]


160 12.6 7.2 14.54
500 11 6.5 12.7 9.5 3.2


CeO2–5 nm 400 11 12.7 8 4.7
Al(OH)3–3 nm[b]


[a] Both surfaces modified. [b] Only the CeO2 surface modified.


Figure 8. The SAXS pattern of Al(OH)3 and aminocaproic acid modified
CeO2 composite material after calcination at 400 8C.


Figure 9. TEM image of the Al(OH)3 and aminocaproic acid modified
CeO2 composite material after calcination at 400 8C.
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CeO2 and Al(OH)3 nanoparticles, and suggests the presence
of a monolayered material composed of the two types of
nanoparticles.


Al(OH)3-CeO2 : The second pathway to the formation of
nanostructured composite materials involves amino surface
modification of both CeO2 nanoparticles (aminocaproic sur-
face modification) and Al(OH)3 nanoparticles (taurine sur-
face modification). This preparation was performed to dem-
onstrate the versatility of the surface modification mecha-
nism, showing the synthesis of nanostructured composites
materials from nanoparticle building blocks of different
chemical compositions but displaying similar surface func-
tionality. The aminocaproic surface-modified CeO2 nanopar-
ticles and taurine surface-modified Al(OH)3 nanoparticles
were mixed in a molar ratio Al(OH)3/(CeO2 + Al(OH)3) of
0.1:1. The materials formed after calcination at 500 8C have
a hexagonal structure with peaks at 11 and 6.5 nm. The
SAXS patterns are shown in Figure 11; the two peaks can
be indexed to a hexagonal cell with lattice parameter of
12.7 nm. The high-angle XRD pattern displays well-resolved
diffraction peaks attributed to the CeO2 structure without
the presence of peaks attributed to the aluminum com-


pounds. The hexagonal structure was confirmed by TEM,
which showed a hexagonal array of pores for the material
calcined at 500 8C (Figure 12). BET adsorption curves
(Figure 13) yield a pore diameter of 9.5 nm, a surface area


of 146 m2 g�1, and a pore volume of 0.29 cm3 g�1. The resul-
tant calculated average wall thickness of 3.2 nm suggests
that the nanostructure is formed from a monolayer of nano-
particles. These two routes allow the preparation of nano-
structured composite materials composed of a regular juxta-
position of well-defined domains with sizes in the range of
3–5 nm.


The characterization data is summarized in Table 1.


Self-assembly of nanoparticles with liquid-crystal phases :
We have investigated the detailed requirements and the
mechanism for the self-assembly process on the liquid-crys-
tal phase. Interactions between the nanoparticle surfaces
and the block copolymer were probed for the CeO2 nano-
particle system: the respective volumes of copolymer tem-
plate and the nanoparticle were changed for a range of sur-
face coverages of the nanoparticles by organic amines, by


Figure 10. Nitrogen adsorption–desorption isotherms of the Al(OH)3 and
aminocaproic acid modified CeO2 composite material after calcination at
400 8C.


Figure 11. The SAXS pattern of the composite material made from
aminocaproic acid surface-modified CeO2 nanoparticles and taurine sur-
face-modified Al(OH)3 nanoparticles after calcination at 500 8C.


Figure 12. TEM image of the material made from aminocaproic acid sur-
face-modified CeO2 nanoparticles and taurine surface modified Al(OH)3


nanoparticles showing an hexagonal array of pores after calcination at
500 8C.


Figure 13. Nitrogen adsorption–desorption isotherms of the composite
material made from aminocaproic acid surface-modified CeO2 nanoparti-
cles and taurine surface-modified Al(OH)3 nanoparticles.
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adjusting the molar ratio [amine]/[CeO2]. The experiments
were conducted with the different poly(oxyalkylene) block
copolymers, EO20PO70EO20 and EO100PO70EO100. Both co-
polymers possess the same block architecture with the same
hydrophobic poly(propylene oxide) middle block but differ-
ent hydrophilic poly(ethylene oxide) end-block sizes.


To monitor the relationship between the nanoparticle and
copolymer volumes, we define the parameter �v as the ratio
of the copolymer volume (Vcopolymer) to the total volume of
the copolymer (Vcopolymer) and the nanoparticles (Vnanoparticle),
�v = (Vcopolymer)/(Vcopolymer + Vnanoparticle). This parameter, �v,
represents the copolymer volume fraction in the solid, dehy-
drated product. It can be determined by using the bulk den-
sities of the copolymer and the nanoparticles. �v is intro-
duced as a useful tool in describing the three-phase system
from which the nanoparticles assemble. �v is related to the
parameter Fv commonly used to describe volume fractions,
defined as Fv = (Vcopolymer)/(Vcopolymer + Vnanoparticle + VH2O).
VH2O is the volume fraction of H2O and is not included in
the definition of �v. Since the nanostructured materials are
formed by evaporation (a concentration step), the original
H2O concentration is not regarded as a critical parameter.
An optimum value for �v, designated optimum �v, was de-
fined for the sample with the most consistent nanostructure,
that is, the sample with the highest proportion of nanostruc-
tured domains. The sample with the optimum �v value is se-
lected experimentally by an inspection of the first-order
Bragg peak of the structure factor. The sample with the
largest area under the first-order Bragg peak was assigned
as being prepared at the optimum �v value. The TEM
images of the calcined samples were inspected to confirm a
consistent nanostructure for the materials prepared at the
optimum �v value.


For the CeO2 system, the carboxylic portion of the amino
acid binds to the CeO2 surface, exposing the amine group,
which is subsequently protonated. Zhao et al[6] previously
proposed a mechanism for the formation of structured silica
surfaces in acidic media. The silica surfaces are described as
SiOH···H+ , interacting with copolymer EO moieties through
a combination of electrostatic, hydrogen-bonding, and van
der Waals interactions via the intermediate, [(EO)H3O


+]
···NO3


�···H+�HOSi. Our self-assembly process can involve
the presence of long-range and strong repulsive electrostatic
interactions between the nanoparticles, thus preventing
homo-flocculation. After the addition of the copolymer, the
nanoparticle dispersion remains colloidally stable, indicating
the presence of weak interactions between the nanoparticle
and the copolymer EO groups. Since our CeO2 nanoparticle
self-assembly process occurs in a mildly acidic pH range
(pH 4–5) and without any added salts, we can propose a
mechanism for the formation of nanostructured materials in
which the protonated amino acid CeO2 surfaces interact di-
rectly with the ethylene oxide (EO) groups of the copoly-
mer, CeO2�NH2···H


+ ···EO. During the concentration step,
capillary forces drive the nanoparticles together, resulting in
an enhancement of short-range interactions between the co-
polymer EO group and the nanoparticle surfaces.


The [amino acid]/[CeO2] molar ratio was adjusted to yield
nanoparticles with varied amounts of surface coverage. The
[H+]/[EO] ratio was determined by assuming that all of the
amino acid is protonated and bound to the CeO2 surface. By
using EO20PO70EO20 and EO100PO70EO100, the molar ratio of
[H+]/[EO] giving optimum �v values was determined to be
in the range 0.3 to 0.7, with [amino acid]/[CeO2] molar
ratios varying from 0.2 to 0.4.


Samples with optimum �v, that is, with the largest propor-
tion of nanostructures present, were observed by using an
[amino acid]/[CeO2] molar ratio of 0.3:1. Percentage surface
coverages were calculated by assuming spherical CeO2


nanoparticles with diameters of 5 nm, a CeO2 bulk density
of 7.13 g cm�3, and carboxylic group binding areas of 25 �2.
For the reaction conditions at which the [amino acid]/
[CeO2] molar ratio is 0.2:1, a surface coverage of the nano-
particle surface was calculated as 102 %. However, CeO2


nanoparticles possess a hydrated surface which diminishes
the density of the nanoparticles compared to that of the
bulk value. In addition, the nanoparticles have rough surfa-
ces that increase their surface areas beyond the calculated
values. These two factors bias the amino acid surface-cover-
age calculation, suggesting that full surface coverage occurs
at a higher [amino acid]/[CeO2] molar ratio closer to value
of 0.3:1, which gives the greatest proportion of observed
nanostructures. These calculations suggest that the condi-
tions for self-assembly require a minimum surface coverage
corresponding to one protonated -NH2 group per 25 �2 of
the nanoparticle surface. This low density of amino groups
required for the self-assembly of nanoparticles can be com-
pared to other nanoparticle self-assembly processes that op-
erate through hydrogen bonds. The self-assembly of nano-
sized proteins along a RNA strand in nature involves
double or triple hydrogen bonds between complementary
bases with a higher density of interacting groups.[20]


Figure 14 shows the variation of the area under the first-
order Bragg peak, used to determine the optimum �v value,
for the organic copolymers EO100PO70EO100 and
EO20PO70EO20. The copolymer EO100PO70EO100 with long
hydrophilic EO chains forms materials with low optimum �v


Figure 14. Variation of the area under the first-order Bragg peak, used to
determine the optimum �v for the organic copolymers EO100PO70EO100


and EO20PO70EO20.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 979 – 987984


J.-Y. Chane-Ching et al.



www.chemeurj.org





values, whereas the corresponding large molar volumes of
nanoparticles used gives rise to large wall thicknesses of
8 nm. Nanostructured materials are formed at higher opti-
mum �v values for EO20PO70EO20, with a lower total
volume fraction of nanoparticles. This gives rise to materials
with wall thicknesses of 6 nm. This value is close to the 5 nm
diameter of the nanoparticles, indicating that the nanostruc-
ture is constructed from a monolayer of nanoparticles. The
results suggest that the preparation of nanostructured mate-
rials composed of a monolayer of nanoparticles requires a
matching of the lengths of the hydrophilic EO moieties of
the copolymer and the nanoparticle diameter. This matching
has been achieved for the EO20PO70EO20 copolymer, result-
ing in the monolayer thicknesses observed at the optimum
�v values discussed.


Different optimum �v values were observed for the vari-
ous nanoparticle systems used. These differences can be ac-
counted for by considering the nanoparticle radii. By using
a constant copolymer mass, identical numbers of EO poten-
tial anchoring sites are presented by the copolymer in the
liquid-crystal phase. In a simplified scheme one may consid-
er an equivalent copolymer surface instead of a number of
anchoring sites. The ratio of the number of nanoparticles for
the CeO2 and ZrO2 systems required to fully cover the co-
polymer surfaces is given by the relation NCeO2


/NZrO2
=


rZrO2


2/rCeO2


2. This corresponds to a total volume of CeO2 and
ZrO2 nanoparticles and can be defined by: VCeO2


/VZrO2
=


rCeO2


3/rZrO2


3 � NCeO2
/NZrO2


= rCeO2
/rZrO2


. Therefore, since rCeO2
is


greater than rZrO2
, we expect the optimum �ZrO2


value to be
greater than the optimum �CeO2


value. This can be visualized
by the smaller ZrO2 nanoparticles arranged in a monolayer
yielding a smaller wall thickness, having small nanoparticle
volume fractions.


Rearrangement of the nanostructured arrays : Rearrange-
ments of the nanostructured arrays occur during the calcina-
tion step. SAXS data of the dried samples were recorded at
room temperature, 160 8C (before the total pyrolysis of the
surfactant), and at 500 8C.


The SAXS characterization of the EO20PO70EO20–CeO2


material dried at 20 8C shows an intense peak centered at
12.6 nm and a less intense peak at 7.1 nm, compatible with a
hexagonal cell with a lattice a= 14.5 nm. A log–log repre-
sentation of the I= f(q) curve of the SAXS data gives a sig-
nificant shape factor at q=0.16 ��1, confirming the presence
of 5-nm-diameter, spherical CeO2 nanoparticles in the dried
material formed at 20 8C. A degree of contraction can be de-
termined, Q= (dT1


oC
saxs �dT2


oC
saxs )/(dT1


oC
saxs ) � 100, which demonstrates


the effect of heating on the lattice parameter. After heating
the CeO2 nanostructured material to 160 8C, the SAXS pat-
tern (Figure 15) shows peaks at 11.4 and 6.6 nm. This gives a
degree of contraction of 10 %. Further heating of this mate-
rial to 500 8C results in a total contraction of 21 %. The con-
tinuous broadening of the fundamental peak and the de-
crease in intensity of the less intense peak when calcining
from 20 8C to 500 8C, as observed from the spectra recorded
on samples calcined at 20, 160, and 500 8C, indicates a con-


tinuous rearrangement of the nanoparticles towards a less-
ordered hexagonal structure.


The SAXS patterns of the ZrO2 and CeO2–Al(OH)3 ma-
terials, dried at 20 8C and calcined at 160 and 500 8C, exhibit-
ed peaks (data reported in Table 2) that were indexed to a
similar hexagonal structure. All these nanostructured mate-
rials, whilst maintaining hexagonal symmetry, display a large
degree of contraction upon heating from 20 to 500 8C. Con-
traction values of 21 % for the CeO2 system, 35 % for the
ZrO2 system, and 17 % for the composite CeO2–Al(OH)3


material were observed. These suggest that the dried materi-
als, formed at 20 8C, are not composed of nanoparticles that
are closely packed on the surfaces of the copolymer.


The hexagonally nanostructured fully calcined materials
formed from CeO2 and ZrO2 nanoparticles have a calculat-
ed wall thickness and pore size directly comparable to that
of the diameter of the component nanoparticles; these
values are summarized in Table 2. The SAXS and TEM data
show that the uncalcined and calcined materials both exhibit
a hexagonal structure. The SAXS data show that a reduction
in unit cell volume occurs upon calcination. As a result of
calcination the structure contracts to form a simple, more
closely packed arrangement in which the nanoparticles are
in close contact and occupy the vertices of a hexagon, result-
ing in pores of identical size (Figure 16). In this arrangement
the six nanoparticles dictate a hexagonal symmetry in which


Figure 15. Comparison of the SAXS patterns of the dried and calcined
CeO2 materials


Figure 16. Simple arrangement of nanoparticles and pores in a hexagonal
symmetry showing a pore size dictated by the diameter of the nanoparti-
cles.
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the wall thickness, pore size, and nanoparticle diameter are
the same size. These observations suggest it may be possible
to tailor materials to have specific pore sizes, wall thickness-
es, and surface areas by carefully choosing the nanoparticle
diameters.


The (0.9)CeO2–(0.1)Al(OH)3 material was prepared from
a heterodisperse population of nanoparticles. For this hetero-
disperse population, an optimum �v value was experimen-
tally observed for a number of nanoparticles which corre-
sponds to a high surface coverage of the copolymer when
compared to the nanostructured CeO2 material. During the
concentration step the nanoparticle arrays undergo a smaller
hexagonal cell shrinkage due to the large numbers of nano-
particles involved and their grouping together; this gives the
dried material a large unit cell and pore size. These observa-
tions illustrate the effect of a heterodisperse population,
both in terms of size and the number of nanoparticles, on
the characteristics of the self-assembled arrays.


Conclusion


A versatile route has been developed for the formation of
nanostructured materials from surface-modified nanoparti-
cle building blocks by using a liquid-crystal template. Since
our procedure involves interactions between a liquid-crystal
template and an organic moiety through a surface modifica-
tion of the nanoparticles, all nanoparticles, regardless of
their composition, can be used to produce nanostructured
materials with large surface areas. The versatility of this syn-
thetic technique is exemplified by the formation of nano-
structured materials from a mixture of nanoparticles of dif-
ferent chemical composition. The modification of the surfa-
ces of Al(OH)3 and CeO2 nanoparticles with organic moiet-
ies leads to a mixture of nanoparticles that can be co-assem-
bled with a liquid-crystal template to form a composite
nanostructured material with a homogeneous distribution of
Al(OH)3 and CeO2.


We propose a mechanism for the self-assembly of CeO2


nanoparticles to form nanostructured materials. We have ap-
plied our method to synthesize a variety of nanostructured
materials with hexagonal structures, in which the walls are
composed of a monolayer of nanoparticles.


The rearrangement of the nanoparticles with temperature
dictates the final characteristics of the nanostructured mate-
rial. The symmetry of the arrays is preserved upon heating
to temperatures greater than 500 8C. This rearrangement
and contraction must be considered to design a specific
nanostructured material. The size and heterodispersity of
the nanoparticles initially involved in the arrays prepared at
20 8C was shown to influence some characteristics of the
nanostructured arrays, such as pore diameter and surface
area.


This route allows the formation of composite nanostruc-
tured materials that consist of a juxtaposition of discrete do-
mains of nanoparticles composed of different oxides. These
materials should possess new chemical and physical proper-


ties, which may occur as a consequence of the coupling
effect of the different oxides at the nanometer scale, which
in turn, should lead to a high density of hetero-interfaces
and surface defects. These materials are therefore promising
candidates as multifunctional materials in various fields,
with potential applications as, for example, catalysts, opto-
electronic materials, and absorbents.


Experimental Section


Chemicals and nanoparticle synthesis : Colloidal dispersions of 5-nm
CeO2 nanoparticles were prepared by the thermolysis of an acidified
Ce(NO3)4 solution (0.5 m Ce4+) followed by redispersion of the solid pre-
cipitate according to a method described in reference [21]. These disper-
sions, at pH 1, consisted of discrete CeO2 nanoparticles that display a
spherical morphology. Colloidal 3-nm amorphous ZrO2 nanoparticles
were purchased from the Nyacol Corporation. Colloidal dispersions of 3-
nm Al(OH)3 nanoparticles were synthesized by the controlled neutraliza-
tion of an aqueous solution of aluminum chloride with urea, according to
a method described in reference [22]. These dispersions (pH 4.8) con-
tained nanoparticles with a spherical morphology. X-ray diffraction of
the dried colloids showed a pattern similar to that for aluminum trihydr-
oxide gels.[23]


The block-copolymer surfactants used include HO(CH2CH2O)20(CHCH3-


CH2O)70(CH2CH2O)200H (designated EO20PO70EO20, Pluronics P123


BASF), HO(CH2CH2O)100(CHCH3CH2O)70(CH2CH2O)100OH (desig-
nated EO100PO70EO100, Pluronics F-127 BASF). These block copolymers
are commercially available from Aldrich, BASF.


Synthesis of nanostructured materials : A typical synthesis of the nano-
structured CeO2 materials is outlined below. First, purification and con-
centration of the CeO2 dispersion were performed by using an ultra-fil-
tration cell equipped with a 3 kD cut-off membrane. Purification was
monitored according to the residual acidity of the dispersion, determined
by an acid titration of the supernatant after ultracentrifugation at
50000 rpm for 6 h, and the concentration of ceria, measured by chemical
analysis of the dried and calcined colloids. The desired molar ratio [H+]/
[CeO2] of 0.025:1 corresponds to a 4m CeO2 colloidal dispersion. Surface
modification of the nanoparticles was then carried out by adding 6-ami-
nocaproic acid [H2N(CH2)5CO2H] (22.92 g) to the 4 m CeO2 colloidal dis-
persion (125 mL) previously described, and making the volume up to
500 mL with deionized water. This dispersion was aged at 20 8C for 16 h,
washed with two equivalent volumes of deionized water using an ultra-
filtration cell, concentrated further, and adjusted to 1 m CeO2. The molar
ratio, [amino acid]/[CeO2], was 0.3:1 at pH 4.5. Poly(alkylene oxide)
block copolymer P123 (0.56 g) was dissolved in a mixture containing H2O
(10 mL) and the 1 m CeO2 aqueous colloidal dispersion (5.8 mL) pre-
treated with aminocaproic acid. The resulting homogeneous dispersion
was allowed to evaporate in air in an open Petri dish at room tempera-
ture for two days. The resulting solid samples were yellow. The as-synthe-
sized samples were calcined at 400–500 8C for 6 h using a programmable
oven, heating in air at a rate of 1 8C min�1.


A similar procedure was used for the preparation of the ZrO2 and
Al(OH)3–CeO2 nanostructured materials. The as-received ZrO2 colloidal
dispersion and the Al(OH)3 dispersion previously described were washed
with six equivalent volumes of deionized water by ultra-filtration. Taur-
ine (H2N(CH2)2HSO3) was added to the colloidal dispersions with a
[taurine]/[ZrO2] or [taurine]/[Al(OH)3] molar ratio of 0.3:1. These solu-
tions were aged at 20 8C for 16 h, washed with two equivalent volumes of
deionized water and then further concentrated by ultra-filtration and ad-
justed to 1m in terms of ZrO2 or Al(OH)3. The mixtures containing nano-
particles and copolymer were concentrated by evaporation, and the calci-
nation steps were carried out as for the preparation of the CeO2 samples.
The respective masses of copolymer and volume of 1 m colloidal disper-
sions of metal oxides are given in Table 2.
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Characterization : All characterizations were performed on manually
ground samples. SAXS data were collected by using a 2-m pinhole instru-
ment fitted with a 2D gas-filled detector operating at a wavelength of
1.54 � (CuKa radiation) at the Centre d’Etudes de Saclay, France. This in-
strument is fully described in reference [24]. In all cases isotropic scatter-
ing was observed. 2D SAXS images were radially averaged and a back-
ground subtraction was applied. In the case of pure CeO2 materials, abso-
lute scaling of the scattered intensity was performed by applying a meth-
odology developed by Spalla et al. ,[25] based on the calculation of the
thickness of an equivalent nonporous layer of solid. For that purpose the
attenuation coefficient involved in the Lambert–Beer equation of the
pure CeO2 was calculated at a wavelength of 1.54 �. The proportion of
nanostructured material was compared for samples on the basis of this
absolute scaled intensity. The SAXS data were then deconvoluted by
using a form factor derived from the initial CeO2 nanoparticles to get the
structure factor. Determination of the area of the first-order Bragg peak
allowed a comparison of the nanostructured materials.


Transmission electron microscopy (TEM) images were obtained on a
JEOL 1200 EX electron microscope operating at 120 keV. The samples
for TEM were prepared by directly dispersing the powders onto carbon-
coated copper grids. Energy-dispersive X-ray (EDS) spectra were ac-
quired separately on an Inca Energy 300 system with a Philips CM30
TEM microscope (electron beam size 10–100 nm).


The nitrogen adsorption and desorption isotherms at 77 K were mea-
sured by using a Micromeritics ASAP 2000 system on samples dried
overnight under vacuum at 200 8C. For the BJH (Barret–Joyner–Halenda
model), the pore-size distribution was obtained from the analysis of the
desorption branch of the isotherms.


High-angle X-ray powder diffraction spectra were obtained on a Philips
PW 1800 diffractometer using CuKa radiation (l =1.54 �).
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Table 2. Optimum synthetic conditions required for the preparation of self-assembled nanostructured materials.


Nanoparticle Diameter Vol. of Copolymer Surface [Amino]/ Op�v
[a] Calcd


[nm] dispersion mass [g] modification [cation] temp. [8C]
[cm3] mole


CeO2 5 5 0.48 CeO2–aminocaproic acid 0.3 0.8 500
ZrO2 3 5 0.94 ZrO2–taurine 0.3 0.9 500
Al(OH)3-CeO2 3/5 0.5/4.5 0.48 Al(OH)3 nonmodified 0.3 0.79 400
(Al:Ce)mole=(0.1:0.9) CeO2–aminocaproic acid
Al(OH)3–CeO2 3/5 0.5/4.5 0.48 Al(OH)3–taurine 0.3 0.79 500
(Al:Ce)mole = (0.1:0.9) CeO2–aminocaproic acid


[a] The optimum �v values were calculated by using the following theoretical densities values of 7.13, 5.89, and 2.42 for CeO2, ZrO2, and Al(OH)3, re-
spectively, and d =1 for HO(CH2CH2O)20(CHCH3CH2O)70(CH2CH2O)20OH. The nanostructured materials were obtained at various optimum �v values,
depending on the nanoparticles used.
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The First Metal (Nd3+ , Mn2+ , and Pb2+) Coordination Compounds of
3,5-Dinitrotyrosine and their Nonlinear Optical Properties


Qiong Ye,[a] Yong-Hua Li,[a] Qian Wu,[a] Yu-Mei Song,[a] Ju-Xian Wang,[a] Hong Zhao,*[a]


Ren-Gen Xiong,*[a] and Ziling Xue[b]


Introduction


Traditional organic nonlinear optic (NLO) materials usually
contain donor–acceptor systems (Scheme 1), and, through a
push–pull electron effect, have second-order harmonic gen-


eration properties.[1] Compared with pure inorganic com-
pounds, these organic chromophores possess some disadvan-
tages such as low environment stabilities, low mechanical
proceeding properties, and the absence of optical-electronic
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Abstract: The reactions of 3,5-dinitro-
tyrosine (H2DNTY) with Nd-
(NO3)3·6 H2O, Mn(ClO4)2·6 H2O, and
Pb(OAc)2 afforded three homochiral
compounds: discrete [Nd(Hdnty)2-
(NO3)(H2O)5]·3 H2O (1) and two- and
three-dimensional coordination poly-
mers, [Mn(Hdnty)2] (2) and
[Pb(dnty)(0.5H2O)] (3), respectively.
The Nd atom in 1 displays a tricapped
trigonal prism and supramolecular
weak interactions, such as p–p stacking
and H-bonds, between amino and nitro
groups result in the formation of a
three-dimensional network through
these interactions. 2 has a two-dimen-
sional square-grid topological net while
3 has the first three-dimensional homo-
chiral ThSi2 net. To the best of our
knowledge, these are the first metal co-
ordination compounds with 3,5-dinitro-
tyrosine. Preliminary second harmonic
generation (SHG) investigations indi-


cated that 1 and 2 are SHG active with
estimated responses 5 and 6 times
larger than that of urea, respectively,
while 3 is SHG non-active (obeying the
Klainman symmetry requirement).
Strong enhancement of their SHG effi-
ciency, compared with H2DNTY, may
be due to 1) the addition of a good
donor–p–acceptor organic chromo-
phore into the compound resulting in
superior qualities of both inorganic and
organic materials and 2) the H-bonds
that persist in them. Crystal data: 1:
C18H32N7O25Nd, Mr =890.75 g mol�1,
monoclinic, P21, a=7.0179(7), b=


27.060(3), c=8.3097(8) �, a= g=


90.00, b=95.646(2)8, V=1570.4(3) �3,


Z=2, 1calcd =1.884 Mg m�3, R1 = 0.0489,
wR2 = 0.1223, m= 17.67 mm�1, S= 0.811,
Flack value=0.003(13); 2 :
C18H16N6O14Mn, Mr = 595.31 g mol�1,
orthorhombic, P21212, a=8.4381(14),
b= 13.639(2), c=19.697(3) �, a=b=


g= 90.008, V=2266.9(6) �3, Z= 4,
1calcd =1.744 Mg m�3, R1 = 0.0866, wR2 =


0.2030, m=6.72 mm�1, S=1.095, Flack
value= 0.02(6); 3 : C9H8N3O7.5Pb, Mr =


485.37 g mol�1, tetragonal, P41212, a=


12.8136(12), b= 12.8136(12), c=


14.931(2), a=b=g= 90.008, V=


2451.5(5) �3, Z=8, 1calcd =


1.885 Mg m�3, R1 =0.0564, wR2 =


0.1323, m=6.942 mm�1, S= 0.878, Flack
value= 0.03(2). For space group
P43212: R1 = 0.0672, wR2 =0.1656, S=


1.034, Flack value=1.02(3); this sug-
gests the chosen space group P41212 is
correct.


Keywords: coordination com-
pounds · dinitrotyrosine ·
donor–acceptor systems ·
homochirality · nonlinear optics


Scheme 1. The prototypical dipolar donor–p–acceptor molecules of p-ni-
troaniline (left) and H2DNTY (right).
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properties (without d- or f-orbital electrons).[2] Furthermore,
these organic ligands, through coordination to metal ions,
can be arranged octahedrally, tetrahedrally, or as geometries
that are less frequently observed in organic materials. Such
coordination geometries can enable three-dimensional
charge transfer. Organic and inorganic hybrids have been
shown to overcome the shortcomings of pure organic chro-
mophores.[3] Coordination of organic chromophores to metal
ions has resulted in the formation of hybrid inorganic–or-
ganic coordination polymers that show superior qualities.[4]


Verbiest and co-workers have pointed out that a strong
enhancement of nonlinear optical properties can also be


achieved through supramolecular aggregates and chirality.[4c]


Furthermore, hydrogen bonding can also be considered as a
donor–acceptor system which can significantly enhance the
second harmonic generation (SHG) response or be a very
useful second way of linking donor and acceptor, because
hyperpolarizabilities strongly depend on the number of mol-
ecules aggregated through H-bonds.[5]


3,5-Dinitrotyrosine (3,5-dinitro-3-(4-hydroxyphenyl)-d-
alanine, H2DNTY) is a typical donor–p–acceptor organic
chromophore ligand (Scheme 1) that displays a weak SHG
response (ca. 10 % of urea), low decomposition temperature,
and is soluble in most solvents. These properties limit its ap-
plication as a good SHG material. However, the homochiral
characteristic of 3,5-dinitrotyrosine, like many amino acids
or their derivatives,[6] can ensure the achievement of homo-
chiral metal–organic coordination compounds or polymers if
it is used as a building block, because only bulky material
with a noncentrosymmetric space group displays an SHG re-
sponse, in principle. The best way to overcome this disad-
vantage is by its coordination to metal ions. The reactions of
Nd(NO3)3·6 H2O, Mn(ClO4)2·6 H2O, and Pb(OAc)2 with
H2DNTY afford three homochiral coordination compounds:
[Nd(Hdnty)2(NO3)(H2O)5]·3 H2O (1), [Mn(Hdnty)2] (2), and
[Pb(dnty)(0.5H2O)] (3) (Scheme 2). 1 is a discrete molecule
with a three-dimensional network through supramolecular
interactions. 2 has a two-dimensional square-grid topological
net. 3 is the first three-dimensional homochiral ThSi2 net-
work. To the best of our knowledge, these are the first metal
coordination compounds with 3,5-dinitrotyrosine, although
there have been reports of metal coordination compounds
with tyrosine.[7] Preliminary SHG investigations indicate that
while 3 is SHG non-active, 1 and 2 are both SHG active and
their SHG responses are approximately estimated to be 5–6
times larger than that of urea. Herein we report the prepa-
ration of 1–3, their solid-state structures, and preliminary
SHG studies.


Abstract in Chinese:


Scheme 2. The reactions of Nd(NO3)3·6H2O, Mn(ClO4)2·6H2O, and Pb(OAc)2 with H2DNTY.
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Results and Discussion


The reactions of H2DNTY with Nd(NO3)3·6 H2O,
Mn(ClO4)2·6 H2O, and Pb(OAc)2 give pale-red crystals of 1,
yellow crystals of 2, and yellow crystals of 3, respectively.
The IR spectra of both 1 and 2 display similar peaks at ap-
proximately 3426–3007 cm�1, indicating that the phenolic
groups are not deprotonated. The IR spectrum of 3 does not
show these peaks, and, when compared to the IR spectrum
of H2DNTY, suggests that the phenolic group has been de-
protonated and coordinated to Pb2+ ions. In addition, the
carboxylate groups (1631–1634 cm�1) in 1, 2, and 3 appear
to be bound to metal ions in non-chelating, monodentate
mode, while the carboxylate group in the free ligand looks
like a zwitterion (1631–1530 cm�1).


Compound 1, crystallized in the chiral space group P21, is
in good agreement with the presence of a homochiral
ligand.[8] The coordination environment around the neodym-
ium center can be best described as a tricapped trigonal
prism (Figure 1a), in which the neodymium(iii) ion is nine-
coordinate with two carboxylate oxygen atoms from two
3,5-dinitrotyrosine ligands (CO), two oxygen atoms from a
nitrate ion (NO), and five water molecules (H2O). It is inter-
esting to note that the protonated H atom of a phenolic
group in 1 forms an intramolecular H-bond (2.777–2.807 �)
with O atoms of one of the nitro groups, while there are
moderate intermolecular H bonds between H atoms of the
amino group and O atoms of one of the nitro groups from
another adjacent molecule. As a result, the two adjacent
phenyl rings show weak p–p stacking (Figure 1b and c).
Overall, supramolecular weak interactions result in the for-
mation of the three-dimensional network. Thus, HDNTY�


only acts as a monodentate ligand using its O atom of the
carboxylate group to coordinate to the Nd3+ ion. The bond
distances of Nd�OH2O, ranging from 2.468 to 2.510 �, are
slightly longer than those of Nd�OCO (2.423–2.438 �), and
are comparable to those in Nd�ONO (2.495–2.661 �). The
bond lengths of C�C, C�N, C�O, and N�O are unexcep-
tional.


The two-dimensional polymeric structure of 2 was re-
vealed by an X-ray single-crystal diffraction study.[8] There
are two crystallographically independent Mn atoms; the
local coordination geometry around each MnII center in 2 is
a slightly distorted octahedron (Figure 2a). The MnII center
is bonded to six O atoms from four different HDNTY li-
gands of which two phenolic atoms (Ph) and one of two O
atoms of the nitro groups (NO) chelate to the Mn center to
give a stable six-membered ring, while the carboxylate (CO)
acts as a mondentate spacer to link the Mn center. Thus,
each HDNTY� serves as a tridentate linker to lead to the
formation of a two-dimensional square grid (Figure 2b). A
careful investigation indicated that the cavity fails to accom-
modate any guest molecule. Thus, its packing view also
shows that there is no interpenetration of two adjacent
layers (Figure 2c). The packing mode among layers is type
AAA. The Mn�ONO bond distances (2.257–2.207 �) are the
longest among those of Mn�OPh (2.119–2.162 �) and


Figure 1. a) An asymmetric unit of 1 showing that the Nd center has a tri-
capped trigonal prism. Bond distances (�): Nd1-O9 2.423(4), Nd1-O2
2.438(3), Nd1-O2W 2.468(4), Nd1-O5W 2.477(4), Nd1-O16 2.495(4),
Nd1-O3W 2.499(4), Nd1-O6W 2.510(4), Nd1-O4W 2.510(4), Nd1-O18
2.661(5), Nd1-N3 2.989(5); bond angles (8): O9-Nd1-O2 133.67(14), O9-
Nd1-O2W 138.29(15), O2-Nd1-O2W 70.78(13), O9-Nd1-O5W 37.99(17),
O2-Nd1-O5W 69.35(14), O2W-Nd1-O5W 77.04(19), O9-Nd1-O16
77.19(17), O2-Nd1-O16 71.16(15), O2W-Nd1-O16 140.94(15), O5W-Nd1-
O16 81.74(19), O9-Nd1-O3W 71.29(13), O2-Nd1-O3W 71.09(12), O2W-
Nd1-O3W 94.73(14), O5W-Nd1-O3W 140.11(14), O16-Nd1-O3W
81.04(15), O9-Nd1-O6W 82.53(15), O2-Nd1-O6W 142.03(14), O2W-Nd1-
O6W 89.18(14), O5W-Nd1-O6W 74.98(16), O16-Nd1-O6W 116.47(15),
O3W-Nd1-O6W 144.62(14), O9-Nd1-O4W 70.3(2), O2-Nd1-O4W
124.08(19), O2W-Nd1-O4W 68.2(2), O5W-Nd1-O4W 132.1(2), O16-Nd1-
O4W 144.83(19), O3W-Nd1-O4W 76.19(16), O6W-Nd1-O4W 72.75(17),
O9-Nd1-O18 68.89(18), O2-Nd1-O18 110.40(16), O2W-Nd1-O18
143.06(17), O5W-Nd1-O18 69.8(2), O16-Nd1-O18 49.26(16), O3W-Nd1-
O18 121.13(16), O6W-Nd1-O18 67.23(16), O4W-Nd1-O18 125.3(2), O9-
Nd1-N3 73.10(15), O2-Nd1-N3 89.94(14), O2W-Nd1-N3 148.25(15),
O5W-Nd1-N3 72.53(19), O16-Nd1-N3 24.97(15), O3W-Nd1-N3
102.73(15), O6W-Nd1-N3 91.53(15), O4W-Nd1-N3 141.6(2), O18-Nd1-N3
24.42(16). b) Three-dimensional network representation of 1 formed
through supramolecular weak interactions such as p–p stacking and H-
bonds. c) Three-dimensional packing view of compound 1 along the c
axis in which the connections by H-bonds are omitted for clarity.
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Mn�OCO (2.056–2.104 �). Similarly, the bond lengths of
C�C, C�O, C�N, and N�O are normal.


In compound 3, an X-ray single-crystal diffraction study
indicated that each ligand (as a tetradentate spacer) coordi-
nates to three Pb centers, and each Pb center is coordinated
to three ligands.[8] Almost linear infinite chains extending in
both the a and the b direction are formed when the ligand
links lead centers through the phenolic oxygen and a car-
boxylate oxygen. A third Pb atom is bound to the amine ni-
trogen and the other carboxylate oxygen resulting in the for-
mation of a five-membered chelate ring (Figure 3). This
third Pb center is a member of an equivalent chain that ex-
tends in a direction perpendicular to the original chain.


Within the crystal structure of
3, there are two independent in-
terpenetrating networks. From
a topological perspective, each
ligand serves as a 3-connecting
node as does each metal center
in each of the interpenetrating
nets (Figure 4). Each of the re-
sulting nets is a (10,3)-b net,
which is commonly referred to
as the ThSi2 net. Although the
(10,3)-b net is normally consid-
ered to be an open-type net-
work, the interpenetration con-
siderably reduces the volume of
network voids. Nevertheless, a
water molecule is able to fill a
small void between the net-
works (Figure 5a). Interestingly,
two Pb centers from each net-
work surround this water mole-
cule, each making a contact
with the oxygen of the guest
water molecule at 2.93 � (Fig-
ure 5b). In addition to this in-
teraction, a weak inter-network
association between a nitro
oxygen atom and a carboxylate
oxygen atom (separation
3.19 �) appears to be an impor-
tant factor influencing the rela-
tive positions of the two nets.
To the best of our knowledge, 3
is the first example of a homo-
chiral three-dimensional coordi-
nation polymer with a ThSi2


net.[9] The bond distances of
Pb�OCO (2.305–2.454 �) are
slightly shorter than those of
Pb�OPh (2.466 �). Finally, the
C�C, C�N, C�O, N�O, and
Pb�Namino (2.389 �) bond dis-
tances are normal. It is worth
noting that only the amino


group in DNTY2� of 3 coordinates to the metal ion.
The H2DNTY coordination modes are summarized in
Scheme 3.


Thermogravimetric analysis (TGA) results of crystalline 1
indicated that its decomposition temperature is about 300 8C
while TGA results of crystalline 2 show that no single clear
weight-loss step occurred before 360 8C. Finally, compound 3
displays a clear weight-loss step at 150 8C (2.0%), corre-
sponding to the removal of 0.5 H2O molecules per formula
unit (1.85 %). The coordination polymer 3 is stable below
approximately 340 8C. Overall, the thermal decomposition
temperatures of metal coordination compounds are signifi-
cantly higher than those of the free ligand (220 8C).[10]


Figure 2. a) An asymmetric unit representation of 2 shows each local Mn ion has a slightly distorted octahe-
dron. The dotted benzene ring is below the un-dotted benzene ring. Bond distances (�): Mn(1)-O(1)#1


2.056(8), Mn(1)-O(1)#2 2.056(8), Mn(1)-O(14) 2.162(6), Mn(1)-O(14)#3 2.162(6), Mn(1)-O(9)#3 2.257(8), Mn(1)-
O(9) 2.257(8), Mn(2)-O(11)#4 2.104(6), Mn(2)-O(11) 2.104(6), Mn(2)-O(12)#4 2.119(6), Mn(2)-O(12) 2.119(6),
Mn(2)-O(10)#4 2.207(6), Mn(2)-O(10) 2.207(6); angles (8): O(1)#1-Mn(1)-O(1)#2 93.3(5), O(1)#1-Mn(1)-O(14)
87.9(3), O(1)#2-Mn(1)-O(14) 174.7(3), O(1)#1-Mn(1)-O(14)#3 174.7(3), O(1)#2-Mn(1)-O(14)#3 87.9(3), O(14)-
Mn(1)-O(14)#3 91.3(4), O(1)#1-Mn(1)-O(9)#3 109.0(4), O(1)#2-Mn(1)-O(9)#3 89.7(4), O(14)-Mn(1)-O(9)#3


85.0(3), O(14)#3-Mn(1)-O(9)#3 76.1(3), O(1)#1-Mn(1)-O(9) 89.7(4), O(1)#2-Mn(1)-O(9) 109.0(4), O(14)-Mn(1)-
O(9) 76.1(3), O(14)#3-Mn(1)-O(9) 85.0(3), O(9)#3-Mn(1)-O(9) 152.9(4), O(11)#4-Mn(2)-O(11) 89.8(3), O(11)#4-
Mn(2)-O(12)#4 173.9(2), O(11)-Mn(2)-O(12)#4 92.5(2), O(11)#4-Mn(2)-O(12) 92.5(2), O(11)-Mn(2)-O(12)
173.9(2), O(12)#4-Mn(2)-O(12) 85.7(3), O(11)#4-Mn(2)-O(10)#4 96.1(2), O(11)-Mn(2)-O(10)#4 94.3(2), O(12)#4-
Mn(2)-O(10)#4 78.1(2), O(12)-Mn(2)-O(10)#4 91.0(2), O(11)#4-Mn(2)-O(10) 94.3(2), O(11)-Mn(2)-O(10)
96.1(2), O(12)#4-Mn(2)-O(10) 91.0(2), O(12)-Mn(2)-O(10) 78.1(2), O(10)#4-Mn(2)-O(10) 165.2(3). Symmetry
transformations used to generate equivalent atoms: #1: �x +1, �y+ 1, z�1; #2: x+ 1, y, z�1; #3: �x+2, �y +


1, z ; #4: �x+1, �y +1, z ; #5: x�1, y, z+ 1. b) Two-dimensional square-grid view of 2 (HDNTY�= 3,5-dinitro-
tyrosine anion). c) Two-dimensional square-grid representation of 2 in which straight lines and balls stand for
HDNTY� and Mn atoms, respectively.


Chem. Eur. J. 2005, 11, 988 – 994 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 991


FULL PAPERCoordination Compounds of 3,5-Dinitrotyrosine



www.chemeurj.org





When the Kurtz and Perry powder test was performed,[11]


crystals of 1 doubled the frequency of an Nd:YAG laser
with an efficiency approximately five times that of urea.
This is consistent with its chiral space group as determined
by an X-ray diffraction study. The significant enhancement
of SHG response may be due to the use of a hybrid com-
pound and H-bonds, because the combination (or hybrid) of
organic chromophore into the compound favors charge
transfer, such as metal-to-ligand or ligand-to metal, and a
metal may act as either a strong donor or acceptor of elec-
trons. On the other hand, H-bonds are also a good donor–
acceptor system and can increase charge separation which is
essential for strong SHG response.[6b] Thus, two synergetic
effects of a hybrid and H-bonds result in the strong en-
hancement of SHG efficiency.


The adoption of the crystal class 222 (point group D2) in 2
means that a physical property such as SHG can in principle
occur, while 3 in the crystal class 422 would obey the Klein-
man symmetry requirement.[12] A second-harmonic-genera-


tion signal in powders of 2 is approximately equal to 6 times
that of urea, probably due to the presence of the good
donor–acceptor system in 2. As the free ligand has an excel-
lent donor–p–acceptor system (Scheme 1), the strong en-
hancement of SHG efficiency of 2 may be because of the in-
corporation of the organic chromophore into the metal–or-
ganic coordination polymer resulting in the formation of a
hybrid.[5] The chirality of H2DNTY can ensure that in its co-
ordination to metal ions it will crystallize in a noncentro-
symmetric space group, an essential requirement for SHG
response. On the other hand, intramolecular H-bonds also
favor a strong SHG response like that of 1.


Our experimental results indicate that the powder SHG
efficiency of 3 is basically zero because the Kleinman sym-
metry requirement implies that any permutation of the fre-
quency arguments of the nonlinear susceptibility leaves the
tensor unchanged. Under these conditions, the effective
nonlinear coefficient (deff) is always zero regardless of
whether waves are ordinary or extraordinary because its
matrix is zero under these conditions.[13]


Conclusion


In conclusion, a homochiral organic chromophore with a
donor–p–acceptor system can be used as a building block to
construct functional metal–organic coordination frameworks


Figure 3. a) An asymmetric unit representation of 3. Bond distances (�):
Pb(1)-N(1)#1 2.389(10), Pb(1)-O(2)#2 2.454(10), Pb(1)-O(3) 2.466(12),
O(2)-Pb(1)#4 2.454(10), O(1)-Pb(1)#3 2.305(9); angles (o): O(1)#1-Pb(1)-
N(1)#1 70.8(3), O(1)#1-Pb(1)-O(2)#2 80.2(3), N(1)#1-Pb(1)-O(2)#2 71.2(4),
O(1)#1-Pb(1)-O(3) 82.1(5), N(1)#1-Pb(1)-O(3) 67.8(3), O(2)#2-Pb(1)-O(3)
138.7(4). Symmetry transformations used to generate equivalent atoms:
#1: �y + 1=2, x+ 1=2, z+ 1=4; #2: x +1, y, z ; #3: y�1=2, �x + 1=2, z�1=4 ; #4:
x�1, y, z. Purple = lead, black=carbon, blue= nitrogen, and red=oxygen
atoms. b) A simplified unique ThSi2 topological-net representation of 3.


Figure 4. a) A representation of two interpenetrating ThSi2 nets of 3
(top). b) Two simplified interpenetrating ThSi2 nets of 3 (bottom).
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(MOCF). The strong enhancement of SHG response of the
hybrid coordination compounds may be due to 1) the addi-
tion of the chromophore resulting in the superior qualities
of both inorganic and organic components in the compounds
and 2) both intramolecular and intermolecular H-bonds.


Experimental Section


Preparation of 1: 3,5-Dinitrotyrosine (0.2 mmol) was dissolved in ethanol,
and Nd(NO3)3·6H2O (0.1 mmol) was dissolved in water. These two solu-


tions were mixed together and the precipitate was obtained by vacuum
filtration. The filtrate was then dissolved in hot ethanol and maintained
for 7 days before being slowly allowed to cool to room temperature. Red
block crystals were obtained by vacuum filtration, washed with water,
and dried at 60 8C to give 1 (65 % yield based on 3,5-dinitrotyrosine). IR
(KBr): ñ= 3371 (br s), 3223 (s), 1629 (s), 1574 (s), 1489 (m), 1413 (w),
1383 (w), 1336 (m), 1260 (s), 1147 (w), 1028 (w), 782 (w), 718 (w), 645
(w), 580 (w), 546 (w), 522 cm�1 (w); elemental analysis calcd (%) for
C18H32N7O25Nd: C 24.27, H 3.62, N 11.01; found: C 24.30, H 3.52, N
11.09.


Preparation of 2 : Hydrothermal treatment of Mn(ClO4)2·6H2O
(1.0 mmol), H2DNTY (2 mmol), and mixed solvent (2.5 mL; 0.5 mL
H2O+2 mL CH3OH) for 2 days at 70–80 8C yielded pale-red block crys-
talline 2 (0.25 mmol, 0.148 g in only one pure phase, 25% yield based on
H2DNTY). IR (KBr): ñ =3424 (m), 3237 (m), 3069 (w), 1631 (s), 1543
(w), 1520 (vs), 1450 (w), 1406 (m), 1329 (m), 1257 (s), 1234 (s), 1140 (w),
1112 (w), 1087 (vw), 1075 (vw), 980 (w), 916 (m), 834 (w), 817 (w), 778
(m), 721 (w), 676 (vw), 640 (w), 579 (w), 552 (w), 508 (w), 438 cm�1 (w);
elemental analysis calcd (%) for C18H16N6O14Mn: C 36.28, H 2.69, N
14.11; found: C 36.35, H 2.53, N 14.01.


Preparation of 3 : Hydrothermal treatment of Pb(OAc)2·3H2O
(1.0 mmol), H2DNTY (1 mmol), and mixed solvent (2.5 mL; 0.5 mL
H2O+2 mL EtOH) for 2 days at 90–100 8C yielded pale-yellow blocks of
crystalline 3 (0.35 mmol, 0.170 g, only one pure phase, 35 % yield based
on H2DNTY). IR (KBr): ñ=3447 (br m), 3326 (m), 3267 (w), 1634 (s),
1571 (m), 1534 (vs), 1458 (w), 1403 (m), 1367 (w), 1325 (s), 1213 (s), 1150
(w), 1114 (w), 1075 (m), 1075 (vw), 998 (m), 932 (w), 908 (m), 856 (w),
838 (w), 816 (w), 779 (w), 716 (w), 631 (w), 578 (w), 551 (w), 524 (w),
475 cm�1 (w); elemental analysis calcd (%) for C9H8N3O7.5Pb: C 22.25, H
1.65, N 8.65; found: C 22.32, H 1.58, N 8.81.


Measurement of SHG responses : Approximate estimations of the
second-order nonlinear optical intensity were obtained by comparison of
the results from a powdered sample (80–150 mm diameter) in the form of
a pellet (Kurtz powder test) with that obtained for KDP. A pulsed Q-
switched Nd:YAG laser with a wavelength of 1064 nm was used to gener-
ate the SHG signal. The backward-scattered SHG light was collected
using a spherical concave mirror and passed through a filter that trans-
mits only 532 nm radiation.
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Templated Ceramic Microstructures by Using the Breath-Figure Method


Brian C. Englert,[a] Stefan Scholz,[a] Peter J. Leech,[a] Mohan Srinivasarao,[a, b] and
Uwe H. F. Bunz*[a]


Introduction


We report on hexagonally microstructured Si�C�Co and
Si�Co�O ceramics produced from precursor polymers that
form self-assembled bubble arrays using the breath-figure
method.


Non-oxide Si�C ceramics are inorganic materials that are
hard, resistant to high temperatures, oxidizing and reducing
agents, and insoluble in organic solvents. Ceramic materials
can be shaped by using a precursor polymer that is cast into
a mould, cross-linked, and thermolyzed.[1–3] Polysilanes and
polycarbosilanes are utilized towards this end. High unsatu-
ration and good processability of the precursor polymers are
prerequisites. Microstructured ceramics have potential use
in photonic crystals, as support for vertebrate cell growth,
and as dirt-repellent coatings showing the “lotus leaf”
effect,[4] while backfilling ceramic arrays with organic semi-
conductors would provide access to novel device architec-
tures.


It would be tedious to scratch microstructures into thin
ceramic films. There have been widespread efforts to utilize


templating methods instead. A common approach is to infil-
trate a colloidal crystal, made from polystyrene spheres,
with a soluble inorganic precursor. The precursor is process-
ed into a highly cross-linked preceramic from which the poly-
styrene particles are burned off at temperatures above
480 8C. Alternatively, arrays of silica nanospheres can be
backfilled and the spheres removed later by hydrofluoric
acid. Impressive three-dimensional structures have been ob-
tained by both methods, but the dimensions of the skeletal
structures are fixed and dependent upon the size of the tem-
plates, that is, the polystyrene or silica mesospheres.[5,6]


Condensing water vapor forms small droplets on cold sur-
faces. An example of this process is the fogging of glass or
metal, first investigated by Lord Rayleigh.[7] Water droplets
form patterns, “breath figures” on solid and liquid sur-
faces.[8] If moist air is blown over a dilute solution of
polystyrene in a volatile solvent, breath figures can be
“fossilized” as hexagonally ordered polymeric bubble
arrays.[9] This effect was harnessed to imprint micron-sized
bubble arrays onto polymers of widely different struc-
ture.[10–13] Srinivasarao et al.[14] investigated the mecha-
nism of bubble-array formation and fabricated polymeric
arrays in which the size of the monodisperse bubbles
varied in the range of 0.2–20 microns. The generation of
bubble arrays is simple yet dynamic with respect to the
size of the bubbles, and can be dependent on polymer struc-
ture. We report bubble arrays of silicon-containing organo-
metallic polymers[15] that change into microstructured
ceramic materials at temperatures above 500 8C. The origi-
nally interconnected bubble arrays turn into a mesh of
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Abstract: We describe the synthesis of
two cyclobutadiene(cyclopentadienyl)-
cobalt-containing poly(p-phenylene
ethynylene)s (PPEs) and their use as
precursors for stable ceramic surface
coatings. Organometallic PPEs were
shaped into hexagonally ordered as-
semblies by using the breath-figure
method. Such breath figures can be


washed away with an appropriate sol-
vent. Upon pyrolysis at 500 8C under
either nitrogen or air, the bubble
arrays persist as ceramics and are in-


soluble in organic solvents or water.
The formed pyrolyzed bubble arrays
were analyzed by optical and scanning
electron microscopy, as well as energy
dispersive X-ray microanalysis (EDX).
The composition of the ceramic materi-
als is discussed based on EDX and IR
data.


Keywords: breath figures · bubble
arrays · ceramics · organometallic
polymers · self-assembly
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self-assembled ceramic “picoliter beakers”[10a] after pyroly-
sis.


Results and Discussion


Reaction of the cobalt–cyclobutadiene complex 1[16] with
diiodide 2 and a Pd/Cu catalyst[17,18] furnished polymer 3[15]


(Scheme 1) in a yield of 88 %, a molecular weight (Mn) of


2.7 � 104, and a polydispersity index (PDI) of 9.1 (bimodal).
Compound 3 is deep yellow, of fibrous appearance, and
soluble in chloroform, THF, and dichloromethane. The sily-
lated monomer 7 was prepared by reacting 6-chlorohexyne
4 with lithiumdiisopropylamide (LDA) and quenching the
resulting anion with chlorotriisopropylsilane (TIPSCl) to
give 5. A base-catalyzed reaction of 5 with the hydroqui-
none derivative 6 provided monomer 7. Coupling of the cy-
clobutadiene complex 1 with 7 under standard Pd catalysis
conditions furnished polymer 8 in an 84 % yield as a flaky,
deep yellow, and nonfluorescent material after aqueous
workup and precipitation into methanol; 8 was isolated with
a Mn of 1.3 � 104 and a PDI of 1.6. To access a cobalt-free
polymer, the diiodide 7 was coupled to 1,4-diethynyl-2,5-bis-
dodecylbenzene 9. The resulting PPE 10 was obtained in an
89 % yield as a highly fluorescent, yellow solid, soluble in
common organic solvents. According to gel permeation
chromatography, the molecular weight of 10 is 30.4 � 103


with a PDI of 4.54. Polymers 3, 8, and 10 were characterized
by their NMR and IR spectra.


We attempted to cast bubbles from 3 but only badly mis-
shapen arrays formed. Upon co-dissolution of 3 with a 3.2-
fold excess of carboxy-terminated polystyrene, well-devel-
oped bubble arrays were obtained from a carbon disulfide/
pentane mixture (2:1 v/v, Figure 1). The bubbles change size
from domain to domain. Single domains, however, show per-
fectly monodisperse patches of hexagonally arranged bubble


arrays. Upon heating to 530 8C,
most of the polymeric sub-
stance has been removed by py-
rolysis and only a small amount
of material is left (Figure 1,
right). The hexagonal ordering,
nevertheless, is still visible in
the remaining ridges (Figure 1,
right).


Small changes in the polymer
structure can lead to better
bubble arrays when using the
breath-figure method. Some
silyl-substituted PPEs formed
bubble arrays easily.[19] Howev-
er, polymer 10 did not give any
useful bubble arrays and its
oligomer (Pn =5; Pn = degree of
polymerization) showed defec-
tive arrays. When polymer 8
was subjected to the conditions
of breath-figure formation,
bubble arrays of excellent qual-
ity resulted in the first experi-
ments when using CS2 and
forced airflow. It is not clear
what determines the successful
formation of bubble arrays
from specific polymers but we
think that it is the compounded


effects of molecular structure, molecular weight, and poly-
dispersity. At the moment we are investigating the molecu-


Scheme 1. Syntheses of polymers 3, 8, and 10. a) [PdCl2(Ph3P)2], CuI/THF, piperidine; b) Lithium diisopropyl-
amide (LDA), triisopropylsilylchloride (TIPSCl), THF; c) DMF, K2CO3. Abbreviations: Ethex = (2-ethyl)hex-
yl, Cp=cyclopentadienyl, Dodec =dodecyl.


Figure 1. Left: SEM image of a bubble array formed from a mixture of
polystyrene (65 %) and polymer 3 at ambient temperature (EHT =


20.00 kV, WD=21 mm). Right: Same material, pyrolyzed at 530 8C,
viewed under a conventional light microscope. All polystyrene has
burned off as seen in this optical micrograph.
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lar-weight dependency upon the propensity of bubble for-
mation.


Figure 2 displays an optical micrograph of the bubble
arrays formed from 8 (Pn =15). The bubbles are uniform
and approximately 5 mm in diameter. The inset shows the


diffraction pattern of this
bubble array taken through a
Bertrand lens, confirming the
hexagonal ordering. Bubble
arrays of 8 remained intact
upon heating to >500 8C, con-
sistent with earlier experiments
performed upon organometallic
PPEs. It was shown that poly-
mers of the same type as 8 at-
tained a nematic liquid crystal-
line phase but did not melt.[15]


The bubble arrays were heated
to 530 8C under nitrogen and
collapsed from open intercon-
nected structures into more compact honeycomb-like arrays
of picoliter-sized holes. Figure 3 displays a scanning electron
micrograph (SEM) image of the arrays after pyrolysis. Most
of the material survived the pyrolysis conditions, and the


mass loss is small. That is not surprising as the degree of un-
saturation in 8 is high. Polystyrene on the other hand depo-
lymerizes above 480 8C and that explains why mixed bubbles
formed from 3 and polystyrene are greatly reduced upon py-
rolysis.


To quantify the mass loss, thermogravimetric analyses
(TGA) of 8 were performed under nitrogen and under air
(Figure 4). Under nitrogen (Figure 4, right) there was a
weight loss of 5.6 % up to 264 8C and a combined weight
loss of 12.8 % at 450 8C. The pyrolyzed material was amor-
phous according to powder X-ray diffraction analysis. The
IR spectrum showed the total absence of any C�H stretch-
ing bands or organic functional-group bands, ascertaining
that 8 was converted into an amorphous ceramic. To gain in-
sight into which organic fragments might be lost upon pyrol-
ysis, high-temperature mass spectrometry was performed on
grains of 8. Mass spectra run at 200 and 206 8C did not show
any common or specific degradation patterns. At 451 8C, sig-
nals at 189 and 207 amu were observed. These peaks cannot
be attributed to specific fragments stemming from the origi-
nal polymer structure. The combined results suggest that


mostly hydrogen is lost and that cross-linking occurs, but
without cleavage of any specific molecular fragments during
pyrolysis. The loss of small molecules is not uncommon in
the pyrolysis of carbon-rich organometallic materials as
shown by Vollhardt et al. for the pyrolysis of dicobalt–octa-
carbonyl complexes of tolanes and similar systems.[20] Scan-
ning electron microscopy allowed us to determine the ele-
mental composition of the ceramic formed from 8 by using
energy dispersive X-ray microanalysis (EDX).[21] The N2-py-
rolyzed ceramic formed from 8 contains 69.08 % carbon,
12.49 % oxygen, 8.30 % silicon, and 10.13 % cobalt according
to EDX. Upon pyrolysis, only loss of hydrogen would be ex-
pected. Loss of methane was not evidenced by mass spec-
trometry, so all of the heavier elements should be conserved
in the ceramic. Within the experimental error margins of
EDX, the recorded data support a stoichiometry of approxi-
mately C49CoO2Si2 (elemental analysis calcd (%): C 80.0, O
4.36, Si 7.63, Co 7.96). The deviation of the obtained values
(up to 10 %) from the calculated values is common in the


Figure 2. Optical micrograph (conventional light microscope) of the
bubble arrays of 8 at ambient temperature. The black rings are due to
the lack of depth of focus in light microscopy. The bubbles are approxi-
mately 5 microns in diameter. The inset is a diffraction pattern of the
bubble array taken with a Bertrand lens. The width of the picture is
65 microns.


Figure 3. Left: SEM image of the bubble array of polymer 8 after a pyrol-
ysis under nitrogen up to 530 8C (1000-fold magnification). Right: Same
material at higher magnification (8000-fold).


Figure 4. Right: TGA of 8 under nitrogen. Up to 265 8C, 5.6 % of weight is lost. Up to 450 8C, 12.8 % weight is
lost. Left: TGA of 8 in air. Up to 600 8C, 2.8 % weight is lost. The vertical axis is weight (%) for both graphs.
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EDX measurement of lighter elements such as carbon and
oxygen, while higher elements are determined with greater
accuracy. The increased value for the oxygen content, how-
ever, could either be an artifact or might occur as a conse-
quence of trace oxidation of 8 during pyrolysis. Due to the
relatively large error margin in EDX measurements it is dif-
ficult to strictly exclude other, similar stoichiometries. We
conclude that the pyrolysis of 8 under nitrogen leads to an
amorphous ceramic containing C, Si, Co, and some oxygen.
Within experimental error margins, these results are sugges-
tive of a preservation of the starting stoichiometry for all el-
ements except hydrogen.


The ceramic bubbles are conserved in air at elevated tem-
peratures. Heating of the bubble array, which is shown in
Figure 3, to 530 8C in air led to a slightly altered array with
thinner but sharper walls (see Figure 5), suggesting that


some more material is burned off during this process. The
ligaments that connect the inorganic picoliter holes are re-
duced from 1 micron to approximately 0.5 microns. Howev-
er, the overall microscopic structure persists and is actually
increased in sharpness.


The TGA trace of the pyrolysis of 8 in air is shown in
Figure 4 (left). Upon heating to 600 8C, a weight loss of only
2.8 % was observed; this was curious. The concomitant
EDX data showed that there is no carbon left in the ceram-
ic, but the oxygen content is increased. A composite of the
stoichiometry Co2Si4O11 is formed (elemental analysis calcd
(%): Co 29.02, Si 27.66, O 43.33; found: Co 23.71, Si 22.13,
O 54.18; EDX). The oxygen values deviate by the greatest
percentage, but, as mentioned earlier, determination of
lighter elements is prone to some error in EDX measure-
ments.[20] The oxide ceramic is amorphous and does not
show any X-ray diffraction pattern. Under these conditions
we have probably formed a cobalt silicate or a mixed SiO2/
Co2O3 ceramic. We speculate that the pyrolysis in air has
burned out the carbon, but at the same time has oxidized
the silicon and the cobalt, so that the oxidative removal of
carbon is compensated for by the uptake of oxygen under
formation of the ceramic oxide. This process explains the
very low weight loss upon pyrolysis of 8 in air.


Conclusion


By using the breath-figure method it is easy to make micro-
structured oxide and non-oxide ceramics from conjugated
precursor polymers. The organometallic cyclobutadiene(cy-
clopentadienyl)cobalt-containing polymer 8 is an excellent
choice for the fabrication of self-assembled bubble arrays.
Upon heating, under nitrogen or air, to temperatures above
500 8C, the microscopic ordering of the bubble arrays is pre-
served. Under nitrogen a Si�C�Co ceramic with low
amounts of oxygen is obtained, while in air all of the carbo-
naceous matter is burned off and instead a Si�Co�O ceram-
ic of the approximate composition Co2Si4O11 is formed. In
the future we plan to investigate these cobalt silicate ceram-
ics for catalytic purposes[22] and expand this facile fabrica-
tion method to ferrocene-containing polymers. These should
produce magnetite and ferrosilicate microstructures that
could be utilized as magnetic and electronic materials.[3]


Experimental Section


General : The 1H and 13C NMR spectra were taken with a Varian Mercu-
ry 300 MHz or a Bruker AMX 400 MHz spectrometer using broadband
probe heads. Proton chemical shifts are referenced to the residual peaks
of CDCl3 at d=7.24 ppm (vs TMS). The 13C{1H} resonances are refer-
enced to the central peak of CDCl3 at d= 77.0 ppm (vs TMS) or [D4]di-
chloroethane at d=74.0 ppm. Compounds 1, 2, and 9 were prepared in
accordance with published procedures. SEM images were taken and
EDX was performed on a LEO 1530 thermally-assisted FEG SEM,
equipped with an EDX unit by Oxford Instruments. Additional SEM
images were taken on a Hitachi S800 thermally assisted FEG SEM.


The molecular weights of the obtained polymers were determined by gel
permeation chromatography (GPC) on a Shimadzu SCL-SPD-LC-10 AT
system with an integral UV/Vis detector. The samples were run on stan-
dard cross-linked polystyrene Waters GPC columns with polystyrene
standards using chloroform as the solvent.


Bubble preparation : The bubbles were cast from a solution of 3 mg poly-
mer per mL of carbon disulfide, and prepared at a temperature of 23 8C,
a humidity of 84%, and an airspeed varying between 150 and
300 mmin�1.[10, 14] Bubbles of polymer 3 were cast from a solution of 1 mg
polymer and 3.5 mg polystyrene (Mr =25� 103) in a CS2/pentane mixture
(800/400 mL, v/v). Air speed and moisture were as stated above.


Bubble pyrolysis under nitrogen : The samples were pyrolyzed under ni-
trogen in a tube furnace with the following setup: The samples were
placed in a quartz tube sealed at one side with nitrogen flowing through
it. The probe container was placed into a tube furnace equipped with a
second quartz tube of a wider diameter. The ends of the latter tube were
capped with glass-fiber wool. Samples were heated to 100 8C and held for
1 h, then heated to 200 8C and held for another hour, and finally heated
to 600 8C and held for 3 h. The samples remained under nitrogen during
cooling to around 300 8C. At this point, the color had changed from
orange to slate gray.


Bubble pyrolysis in air : Samples subjected to pyrolysis under nitrogen
were cooled to room temperature; the sample was then heated overnight
to 800 8C in air using the same setup as described above.


Synthesis of polymer 3 : In a flame-dried Schlenk flask 1,3-diethynylcyclo-
butadiene(cyclopentadienyl)cobalt 1 (300 mg, 1.35 mmol) and 1,4-bis(2-
ethyl)hexyl-2,5-diiodobenzene 2 (749 mg, 1.35 mmol) were dissolved in a
mixture of piperidine (3.5 mL) and THF (1.5 mL). The solution was de-
gassed by three pump–freeze cycles. Bis(triphenylphosphine)palladium(ii)
chloride (23.5 mg, 33.5 mmol, 2.5 mol %) and copper(i) iodide (6.4 mg,
34 mmol, 2.5 mol %) were added in a stream of nitrogen. The mixture was


Figure 5. SEM image of the bubble array of polymer 8 after a second py-
rolysis in air at two different magnifications.
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heated up to 40 8C for 48 h. The highly viscous reaction mixture was al-
lowed to cool to room temperature, taken up in chloroform, and washed
with water (25 mL), 10 % aqueous ammonia solution (25 mL), and 25 %
aqueous hydrochloric acid (25 mL). The chloroform solution was concen-
trated in vacuo to 25 mL, and then added to methanol (1 L). The sand-
like yellow polymer that precipitated was filtered off, washed with meth-
anol, and dried in vacuo using an oil pump (622 mg, 88%). 1H NMR
(300 MHz, CDCl3, 25 8C): d =7.10 (s, 2H), 5.02 (s, 5H), 4.62 (s, 2 H), 2.58
(s, 4H), 1.60 (m, 2 H), 1.28 (br s, 16 H), 0.89 ppm (m, 12H); 13C{1H} NMR
(100 MHz, CDCl3, 40 8C): d=140.60, 132.78, 122.79, 91.12, 89.63, 81.13,
68.13, 64.10, 50.63, 47.64, 32.57, 25.69, 23.04, 14.00, 9.80 ppm; IR (KBr):
ñ= 2954, 2927, 2920, 2911, 2892, 2869, 2856, 2178, 1455, 1434, 1412, 1378,
1107, 1001, 811 cm�1; UV/Vis (CHCl3): lmax (e) =369 nm (0.507 � 106);
GPC (polystyrene standard): Mn =26976, PDI=9.1 (bimodal).


Synthesis of 5 : Under nitrogen, 6-chlorohexyne 4 (10.0 g, 85.8 mmol) was
dissolved in dry THF (100 mL). The mixture was cooled to �78 8C. Lithi-
um diisopropylamide (2 n solution in heptane, 42.9 mL, 85.8 mmol) was
added dropwise. The mixture was stirred for 10 min and allowed to warm
to �10 8C and stirred for a further 30 minutes. It was then cooled to
�78 8C and triisopropylsilylchloride (16.5 g, 85.8 mmol) was added drop-
wise. The mixture was stirred for 24 h, then slowly poured into water and
extracted with chloroform. The organic solution was washed with 0.5 n


HCl. The organic layer was separated and dried over MgSO4 and the sol-
vent was removed. The remaining oil was distilled using an oil pump
vacuum (80 8C) to yield 5 as a light-brown oil (21.6 g, 92%). 1H NMR
(300 MHz, CDCl3, 25 8C): d=3.58 (t, 2H), 2.32 (t, 2H), 1.92 (m, 2H),
1.70 (m, 2H), 1.07 ppm (s, 21H); 13C{1H} NMR (75 MHz, CDCl3, 25 8C):
d=108.18, 81.16, 44.76, 31.73, 26.24, 18.95, 11.64 ppm; IR (KBr): ñ =678,
879, 968, 1015, 1251, 1297, 1446, 2131, 2167, 2243, 2522, 2562, 2622, 2684,
2716, 2721, 2804, 2834, 2853, 3024 cm�1; MS: m/z calcd for [C15H29ClSi]:
272.93; found: fragmentation.


Synthesis of 7: 1,4-Hydroxy-2,5-diiodo benzene 6 (3.00 g, 8.29 mmol), po-
tassium carbonate (11.5 g, 82.9 mmol), and 5 (9.05 g, 33.5 mmol) were
dissolved in dimethylformamide (200 mL). The mixture was heated to
reflux for 48 h, allowed to cool to room temperature, diluted with di-
chloromethane and washed with 1 n HCl (2 � 150 mL). The solvent was
removed in vacuo and the crude solid was purified by chromatography
on silica gel (1:1, dichloromethane/hexane) to yield 7 as a colorless, crys-
talline solid (2.99 g, 43%). M.p. 48 8C; 1H NMR (300 MHz, CDCl3,
25 8C): d =7.17 (s, 2H), 3.99 (t, 2H), 2.38 (t, 2H), 1.97 (m, 2 H), 1.80 (m,
2H), 1.10 ppm (s, 42 H); 13C{1H} NMR (75 MHz, CDCl3, 25 8C): d=


152.89, 122.90, 108.69, 86.56, 80.99, 69.94, 28.56, 25.85, 19.94, 19.08,
11.68 ppm; IR (KBr): ñ=658, 961, 1046, 1210, 1250, 1346, 1385, 1463,
1682, 2166, 2359, 2722, 2866, 2944, 3086 cm�1; MS: m/z calcd for
[C36H60I2O2Si2]: 834.84; found: 834.4.


Synthesis of polymer 8 : Diiodo monomer 7 (0.738 g, 0.883 mmol) and di-
ethynyl monomer 1 (0.196 g, 0.875 mmol) were dissolved in THF (2 mL)
and piperidine (1.5 mL) in an oven-dried Schlenk flask. The flask was
frozen, evacuated, and flushed with nitrogen four times after which
[PdCl2(Ph3P)2] (6.2 mg, 8.8 mmol) and CuI (1.7 mg, 8.8 mmol) were added.
The mixture was allowed to stir at room temperature for 48 h. The sol-
vent was removed and the mixture dissolved in dichloromethane, washed
with 1n HCl, 1n NH4OH, and water. The organic layer was dried over
MgSO4 and the solvent removed. The resulting polymer was dissolved in
dichloromethane and precipitated out of methanol three times to yield 8
as an orange solid (0.599 g, 84 %). 1H NMR (300 MHz, CDCl3, 25 8C):
d=6.81 (m, 2 H), 5.04 (m, 5 H), 4.68 (m, 4H), 1.95 (m, 4H), 1.79 (m,
4H), 1.07 ppm (m, 42 H); 13C{1H} NMR (75 MHz, CDCl3, 25 8C): d=


153.90, 116.73, 108.54, 69.04, 64.48, 56.11, 28.33, 25.49, 19.50, 18.63,
11.33 ppm; IR (KBr): ñ =677, 791, 881, 1003, 1034, 1067, 1263, 1377,
1462, 1502, 1649, 2166, 2361, 2723, 2754, 2849, 2926, 2962, 3111,
3389 cm�1; GPC (polystyrene standards): Mn =13.4 � 103, PDI=1.59.


Synthesis of polymer 10 : Diiodo monomer 7 (0.500 g, 0.599 mmol) and
diethynyl monomer 9 (0.280 g, 0.605 mmol) were dissolved in THF
(2 mL) and piperidine (1.5 mL) in an oven-dried Schlenk flask. The flask
was frozen, evacuated, and flushed with nitrogen three times, after which
[PdCl2(Ph3P)2] (4.2 mg, 5.9 mmol) and CuI (1.1 mg, 6.0 mmol) were added.
The mixture was allowed to stir at room temperature for 48 h. Dichloro-


methane was added, and the solution was washed with 1 n HCl, 1 n


NH4OH, and water. The organic layer was dried over MgSO4 and the sol-
vent concentrated. The resulting polymer was dissolved in dichlorome-
thane and precipitated out of methanol three times to yield 10 as a
yellow solid (0.556 g, 89 %). 1H NMR (300 MHz, CDCl3, 25 8C): d =7.38
(m, 2H), 6.92 (m, 2H), 4.11 (m, 4 H), 2.87 (m, 4H), 2.38 (m, 4 H), 2.03
(m, 4H), 1.82 (m, 4 H), 1.16 (m, 46H), 1.07 (m, 36H), 0.88 ppm (m, 6H);
13C{1H} NMR (75 MHz, [D4]dichloroethane, 25 8C): d= 153.30, 142.00,
132.24, 122.77, 116.68, 114.12, 108.52, 94.09, 90.56, 80.70, 69.43, 35.19,
31.92, 30.60, 29.72, 29.67, 29.50, 29.37, 28.34, 25.35, 22.69, 19.55, 18.61,
14.10, 11.55, 11.40, 11.26 ppm; IR (KBr): ñ=677, 798, 816, 858, 1013,
1265, 2172, 2332, 2359, 2866, 2926, 2959 cm�1; GPC (polystyrene stand-
ards): Mn =30.4 � 103, PDI= 4.54.


TGA measurements : These measurements were taken on a Shimadzu
TGA-50 Thermogravimetric Analyzer. The samples were weighed into a
40 mL alumina crucible and the lid was punctured. Each sample was
heated from 25–600 8C at a rate of 25 8C min�1 under nitrogen.
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Highly Photoluminescent Polyoxometaloeuropate-Surfactant Complexes by
Ionic Self-Assembly


Tierui Zhang,[a] Christian Spitz,[b] Markus Antonietti,[a] and Charl F. J. Faul*[a, c]


Introduction


Transition-metal polyoxometalates (POMs) are typical inor-
ganic metal-oxide clusters that exhibit a wealth of topologies
and chemical and physical properties. These materials find
use and application in catalysis, medicine, electrodes, and
materials science.[1,2,3, 4] A recent trend in POM chemistry
has been the fabrication of functional nanostructures by
using POMs as the inorganic building blocks, specifically
using ionic self-assembly. Ichinose et al.[5] have obtained
composite materials with layered arrays of isopolyanions
V10O28


6� by an ion-exchange technique. Stein et al.[6] and Ja-
nauer et al.[7] have synthesized layered materials consisting
of H2W12O40 and single-tailed trimethylammonium bromide


surfactants. Taguchi et al.[8] obtained hexagonally mesostruc-
tured material with lacunar Keggin PW11O39


7� ions and do-
decyltrimethylammonium bromide. Mingotaud et al.[9,10] re-
ported the fabrication of dimethyldioctadecylammonium
(DODA)/POM superlattice Langmuir–Blodgett (LB) films
through ion complexation, which show interesting magnetic
properties. Polarz et al.[11] analyzed the complexation of
“ferris-wheel”-shaped giant POMs with double-tailed cat-
ionic surfactants and described the organized hexagonal
mesophases formed. Volkmer and Kurth et al.[12,13, 14] recent-
ly described novel strategies to alter the surface properties
of two POMs, with retention of their structural integrity and
intrinsic properties by exchanging the POM counterions
with DODA. This led to the formation of so-called “surfac-
tant-encapsulated clusters” (SECs). Bu et al.[15,16] investigat-
ed the influence of packing on the structure of Langmuir
and LB films of SECs, and the influence of the evaporation
rates of organic solvents on the structure of solvent-cast
films of SECs. The photocatalytic and photochromic proper-
ties of POM-containing multibilayer systems were described
by Moriguchi et al.[17] and Zhao et al.,[18] respectively. Jin
et al.[19] reported a counterintuitive synthesis route to room-
temperature robust “core-shell” supramolecular assemblies
based on didodecylammonium bromide cationic surfactant
vesicles and ring-shaped POM nanoclusters.


POMs containing lanthanide elements, such as Eu3+, Tb3+,
Sm3+ , and Dy3+ , have attracted much attention owing to
their excellent luminescence properties.[20] This makes them
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Abstract: Facile organization of the in-
organic sandwiched heteropolytungsto-
molybdate K13[Eu(SiW9Mo2O39)2] (E)
into highly ordered supramolecular
nanostructured materials by complexa-
tion with a series of cationic surfactants
is achieved by the ionic self-assembly
(ISA) route. The structure and phase
behavior of the complexes were exam-
ined by IR spectroscopy, differential
scanning calorimetry, optical microsco-


py, and small- and wide-angle X-ray
scattering. This class of materials shows
a number of interesting physicochemi-
cal properties, namely liquid-crystalline
phases (both thermotropic and lyotrop-
ic) and strong photoluminescence. The


photophysical behavior (fluorescence
spectra, fluorescence lifetimes, fluores-
cence quantum yield) of the complexes
differs widely in solid powders, films,
and solutions. The amphiphilic cationic
surfactants not only play a structural
role but also have a strong influence
on the photophysical properties of E.
The photophysical behavior of E can in
this way be easily modified by its or-
ganizational motifs.


Keywords: ionic self-assembly ·
liquid crystals · photoluminescence ·
polyoxometalates · surfactants
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attractive for applications in which lanthanide elements are
used, for example replacements for radioactivity, phosphors
in displays and screens, liquid lasers, and fluorescent
dyes.[21,22,23, 24] Mixed-addenda POMs are formed by substitu-
tion of one or more WVI or MoVI ions in POMs by another
metal ion. The functional properties of POMs can be widely
changed by variation of the addenda atoms. Lis and But[25]


have found that K13[Eu(SiW11�xMoxO39)2] sandwiched com-
pounds show strong luminescence owing to energy transfer
from the hetero-polytungstomolybdate groups to the Eu3+


ion. The Eu3+ luminescence intensity of the complexes indi-
cates an increase of the efficiency of the energy transfer
from the hetero-polytungstomolybdate group to the Eu3+


ion as X decreases. However, if X= 0, that is,
K13[Eu(SiW11O39)2], energy transfer from the ligand to Eu3+


is not observed, and the luminescence intensity decreased
by approximately 160 times compared with that of K13[Eu-
(SiW9Mo2O39)2] at the same concentration.


In the previous preparation of organic/POM mesostruc-
tured materials, DODA was mostly used as the structure-di-
recting agent, with few other surfactants used. The extension
of those experiments to now include hybrid complexes built
up with functional surfactants in combination with the POM
tecton (or building block) carries the promise of new synerg-
istically produced properties. Furthermore, it is also of im-
portance to investigate the effects of different surfactants on
the properties of the resulting POM hybrid materials. This
should provide insight into the structure–property–function
relationships that exist in such nanostructured materials.


Herein, we employ the ionic self-assembly (ISA)[26, 27]


route to generate nanostructured organic–inorganic hybrid
materials from mixed-addenda
[Eu(SiW9Mo2O39)2]


13� POMs
and a variety of normal and
functional organic surfactants.
ISA has already been success-
fully employed to produce
novel hybrid organic–inorganic
nanostructured materials that
exhibit interesting switching
properties.[28, 29] In general, the
product of the ISA procedure is
an organized nano(hybrid)
structure that combines the
properties of both components.
Here this leads to the combina-
tion of the extraordinary optical and electronic properties of
the POM species with the ability of the organic counterions
to provide dissolution in organic solvents, transparent film
formation, and the convenient orientation of LC species. In
other words, ISA complexes allow the POM tectons to be
brought into forms that are useful for materials application
and that allow new chemical investigations. We focus on the
photophysical properties of these functional hybrid systems
in the solid, solution, and film states.


Results and Discussion


Characterization of the structure : We used FTIR to study
the order of the alkyl chains in the complexes. Frequencies
for the CH2 antisymmetric nas(CH2) and the symmetric
stretching ns(CH2) bands are sensitive to the conformation
of the alkyl chains.[30,31] When the alkyl chains are highly or-
dered (all-trans conformation), the bands appear near 2918
and 2850 cm�1, respectively. However, when the alkyl chains
are highly disordered, the frequencies may shift upward to
near 2927 and 2856 cm�1. Hence, nas(CH2) and ns(CH2) can
be used as practical indicators of the degree of order for
alkyl chains. In the FTIR spectra of the complex, the
nas(CH2) and ns(CH2) bands appeared around 2920 and
2850 cm�1, respectively. Thus, the arrangement of hydrocar-
bon chains is well ordered (but not necessarily crystalline,
see the X-ray analyses below), implying few gauche defects
in the complexes. The bands around 3300–3500 and 1600–
1650 cm�1 are assigned to stretching and bending modes of
water, respectively. Strong bands are observed below
1010 cm�1 for vibrations originating from E (K13[Eu(SiW9-
Mo2O39)2]).[32] The bands associated with the anions in the
complexes are generally slightly shifted when compared to
those of the pure solid E in a KBr pellet. This demonstrates
that polyanions are “trapped” in the complexes and that
their chemical structure is not destroyed. The shifts of differ-
ent peaks are related to the organization and especially to
the presence of positively charged surfactants in the com-
plexes.[33] Only minor differences were found in the IR spec-
tra of complex solid powders and their respective films. The
detailed assignments are summarized in Table 1.


One strong characteristic absorption band of E at approx-
imately 254 nm[34] is found in the UV/Vis spectra of films of
these complexes. This corresponds to the charge-transfer
(CT) transition of Ob(c)!M (Ob(c) =bridge oxygen, M=W or
Mo), substantiating the incorporation of the polyanions into
the composite films without structural decomposition. Since
the f!f bands of Eu3+ in the visible region are very weak
and can only be seen in concentrated solutions,[35] the UV/
Vis spectra of the composite films do not show these bands.


The thermal properties of these materials were investigat-
ed by thermogravimetric analysis (TGA) and differential


Table 1. Frequency values (cm�1) and assignments of infrared spectra of the complexes.


E/C16D E/C12D E/C16T E/C12T E/C15F E/C11F E/C18D E Assignments[a]


3442 3449 3445 3443 3440 3441 3452 3423 nas(O�H)
2919 2922 2920 2921 2922 2923 2922 nas(CH2)
2850 2851 2850 2851 2851 2852 2851 ns(CH2)
1633 1631 1635 1632 1636 1636 1636 1616 d(O�H)
996 991 999 997 1000 999 997 1005 ns(Si�Oa)
940 940 941 943 940 939 938 943 nas(M�Od)
890 894 891 894 894 894 892 889 nas(M�Ob�M)
812 804 810 806 804 805 816 823 nas(M�Oc�M)
771 773 771 768 768 770 770 762
722 722 720 728 721 722 722 717


[a] as, asymmetric; s, symmetric; n, stretching; d, bending; M =W or Mo.


� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 1001 – 10091002



www.chemeurj.org





scanning calorimetry (DSC). TGA analyses revealed that
the degradation temperature was generally above 220 8C for
E/C16D and E/C12D complexes; 180 8C for E/C16T, E/C12T,
and E/C18D complexes, and 130 8C for E/C15F and E/C11F
complexes. DSC analyses showed that, except for the E/C15F
and E/C11F complexes, all complexes exhibit reversible ther-
mal transitions. Figure 1 shows, as an example, the DSC


curve of the E/C16D complex. A strong endothermic transi-
tion (DH= 10.6 kJ mol�1) is found around 15.2 8C, which cor-
responds to a typical transition enthalpy of melting of alkyl
chains.[36] As the length of the alkyl tail decreases, the transi-
tion temperatures and transition enthalpies decrease system-
atically. This provides further support for attributing this
transition to structural rearrangements of the alkyl chains.


Further evidence for the conformational order of the sur-
factants in the complexes results from X-ray diffraction in-
vestigations. WAXS analyses showed no sharp reflections in
the wide-angle region in all cases, and only two broad reflec-
tions at approximately 29.28 and 20.58 (18.88 for E/C15F and
E/C11F complexes). The spacings are calculated to be
0.31 nm and 0.43 nm (0.47 nm). The broad reflection cen-
tered at 0.43 nm corresponds to the lateral packing of the
alkyl chains, indicative of close (but not crystalline) packing
of alkyl chains.[37] For the E/C15F and E/C11F complexes, the
reflection at 0.47 nm indicates loosely packed alkyl chains,
which results from the increased size of the ferrocene head
group. These results correspond to the results from DSC in-
vestigations. The detailed assignments are summarized in
Table 2.


Room-temperature SAXS analyses of the complexes
(Figure 2) show the presence of a number of phases, includ-
ing lamellar, hexagonal, and possibly a cubic phase (as as-
signed from the peak positions). The phase assignments and
d spacings of the complexes are listed in Table 2. The ab-
sence of crystallization in the alkyl tails, combined with the
mesoscopic order (as seen from SAXS) show that, even if
solid materials, all the POM-surfactant complexes are by
definition in a thermotropic liquid-crystalline state at room


temperature. Temperature-dependent light microscopy in-
vestigations of all the materials showed no characteristic
textures or transitions to the isotropic state. Melting of the
materials only took place after the onset of degradation
(visible color changes), at the temperatures as found in the
TGA investigations.


However, the results show that we can control the phase
and d spacing of the complexes by choosing different surfac-
tants with different physical characteristics, such as differen-
ces in the length and the number of alkyl tails as well as the
size and style of the head groups. In addition, there is not
much difference between the SAXS patterns of the complex
solids and films, respectively, which shows that they are iso-
morphous.


Lyotropic phase behavior: Only a few examples of lyotropic
liquid-crystalline behavior are known in inorganic chemis-
try.[38,39,40] The reason for this might either be due to the ab-
sence of sufficient amphiphilicity in inorganic compounds or
the lack of mobility to enable the adoption of a supramolec-
ular conformation of minimal free energy.[11] As a conse-
quence, it is an important challenge in chemistry to align in-
organic objects into ensembles that display long-range
order. Figure 3 a is the optical photomicrograph (taken with
crossed polarizers) of the lyotropic liquid-crystalline phase
as observed from a contact preparation with chloroform. It
shows pseudo-focal conic fan-shaped textures, which are
characteristic for columnar phases.[41,42] The pseudo-focal
conical fan-shaped texture gradually changes into a fibroid-
like texture (Figure 3 b), which is assigned to a change in the
orientation of the columns parallel to the glass surface
rather than to a new phase. The E/C12D complex shows the
same lyotropic liquid-crystalline phase behavior as that of
the E/C16D complex. The solutions of other complexes also
exhibit birefringence under polarized optical microscopy.
However, no typical textures could be identified and no ad-
ditional information could be obtained.


Photoluminescent properties : Figure 4 A shows the excita-
tion spectra monitored for the 5D0!7F2 transition for E
(solid), E/C16D (solid), and E/C16D (film) on quartz. The ex-
citation spectrum of E (solid) has the characteristic peaks of
Eu3+ assigned to the 7F0!5 L6 (395 nm), 7F0!5D2 (465 nm),


Figure 1. DSC curve of the E/C16D complex.


Table 2. WAXS and SAXS experimental result of the complexes.


Sample WAXS WAXS SAXS Assigned
2q spacing [nm] spacing [nm] phase


E/C16D 20.828, 29.188 0.43, 0.31 4.31 Lam
E/C12D 20.568, 29.128 0.43, 0.31 3.16 Lam
E/C16T 21.088, 29.318 0.42, 0.31 3.65 (Cubic)[a]


E/C12T 20.948, 29.158 0.42, 0.31 2.93 Hex
E/C18D 20.298, 28.858 0.44, 0.31 3.45 Lam
E/C15F 18.898, 29.488 0.47, 0.30 2.69 (unclear)[b]


E/C11F 18.778, 29.338 0.47, 0.31 2.32 (unclear)[b]


[a] Due to the presence of weak diffractions at the 31/2 and 51/2 position, a
clear assignment of the phase is not possible. [b] These phases could pos-
sibly be hexagonal phases, but a definite phase assignment cannot be
made.
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and 7F0!5D1 (526 nm, 535 nm) transitions and a wide sym-
metric band ranging from 235 to 435 nm (lmax = 355 nm) cor-
responding to the O!M ligand-to-metal charge-transfer
(LMCT) transition within the polytungstomolybdate ligand.
This charge-transfer band plays an important role in the lu-
minescence of E since photoexcitation of this transition
leads to intramolecular energy transfer from [SiW9Mo2O39]


8�


Figure 2. SAXS data of a) the E/C16D (top) and E/C12D (bottom) com-
plexes; b) the E/C16T (top) and E/C12T (bottom) complexes; c) the E/
C18D (top), E/C15F (middle), and E/C11F (bottom) complexes.


Figure 3. Optical textures of a) the hexagonal columnar mesophase of the
E/C16D complex in chloroform and b) the two typical textures observed.
The fibroid-like texture is probably due to columns aligning parallel to
the surface as observed under crossed polarizers.


Figure 4. A) Excitation spectra of a) E solid, b) E/C16D solid, and c) E/
C16D film on quartz monitored into the 5D0!7F2 transition (614 nm).
B) The excitation spectra of E (full line) and E/C16D (dotted line) so-
lution, concentration =0.2 mmol L�1, T= 25 8C.
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to Eu3+ , followed by character-
istic luminescence of Eu3+ .[43]


In E/C16D (solid), the character-
istic transitions of Eu3+ become
weaker and the LMCT band
appears in the 235–420 nm
region with a narrow maximum
slightly blue-shifted to 346 nm.
The intramolecular energy
transfer from the excited state
of the ligands to the emitting
5D0 level of Eu3+ is strongly af-
fected by the configuration of
the surrounding ligands.[43,44] In
E/C16D (solid), the strong elec-
trostatic interaction between
the C16D surfactants and E has
an influence on the coordina-
tion environment of Eu3+ , and
consequently changes the
energy levels of the LMCT of
the ligands. The characteristic
transitions of Eu3+ can barely
be detected from the spectrum
of the solid, and the LMCT
bands shift to higher energies
with a maximum at 304 nm. It
shows that the probability of ra-
diative recombination between
an electron and hole in the relaxation of the LMCT state
decreases in the film, contributing to an increase in the
probability of energy transfer to the Eu3+ ,[45] and therefore
a further blue shift in the maximum. Our results seem to in-
dicate that the particular orientation of the central E tecton
induced by the film processing procedure is the main factor
responsible for this effect. This is supported by the fact that
no major structural difference between the solid and film
could be detected by either detailed IR or X-ray analyses.
As for the spectra of E and E/C16D (solution) shown in Fig-
ure 4 B, differences were observed from the corresponding
solid (position, width, and shape) that may result from the
influence of solvent molecules as well as the molecular ori-
entation within the structured complex material. The assign-
ment of the transitions found in the excitation spectra is
summarized in Table 3.


The room-temperature emission spectra for E (solid), E/
C16D (solid), and E/C16D (film) on quartz under excitation
into the LMCT states are presented in Figure 5 A. Each of
the emission spectra exhibit the characteristic transitions of
Eu3+ , which are due to transitions within the 4f6 electron
shell and attributed to energy-level transitions from the 5D0


metastable state to various terminal levels, mainly 5D0!7Fj


(j=0, 1, 2, 3, 4) transitions. Obvious changes of some emis-
sion peaks can be observed for the E/C16D (solid) and E/
C16D (film) compared with E (solid). The symmetry-forbid-
den emission 5D0!7F0 at 581 nm can be discerned with low
relative intensity in E solid. The emission is enhanced in E/


C16D (solid) and E/C16D (film), with a slight blue shift to
580 nm. The presence of only one peak suggests the exis-
tence of one local site symmetry for the chemical environ-
ment of the Eu3+ ion. The energy of the 5D0!7F0 transition
is usually correlated with nephelauxetic effects arising from
the Eu3+ first neighbors, so that variations detected in its
energy indicate variations in the Eu3+ first coordination
sphere, namely, the number and/or type of the Eu3+ li-
gands.[46,47] It may indicate that structural changes are in-
duced in the Eu3+ local coordination site with surfactant
complexation. Another remarkable change is that the inten-
sity ratio of the 5D0!7F2 transition to the 5D0!7F1 transition
in E (solid) is quite different from that in E/C16D (solid)
and E/C16D (film). The 5D0!7F1 transition is a magnetic
dipole transition and its intensity hardly varies with the crys-
tal field strength acting on Eu3+ . On the other hand, the
5D0!7F2 transition is an electric dipole transition and is ex-
tremely sensitive to chemical bonds in the vicinity of the
Eu3+ ion. The intensity of the 5D0!7F2 transition increases
as the site symmetry of Eu3+ decreases.[48, 49] Therefore, the
intensity ratio of the 5D0!7F2 transition to the 5D0!7F1


transition is commonly used to study the chemical microen-
viroment of anions coordinating the Eu3+ ions and is used
as a measure of the rare-earth site symmetry. However, it
should be kept in mind that this ratio is also influenced by
other factors such as the polarizability of the ligands. The in-
tensity ratio of 5D0!7F2/


5D0!7F1 for E (solid), E/C16D
(solid), and E/C16D (film) is 2.04, 4.12, and 3.65, respective-


Table 3. LMCT band (nm), the intensity ratio of the 5D0!7F2 transition to the 5D0!7F1 transition, experimen-
tal 5D0 lifetime (t, ms) and decay rate (ktot, ms�1), calculated radiative (kr) and nonradiative (knr)


5D0 decay
rate (ms�1) and quantum yield (h,%) for E and all the complexes in the different states (chloroform was used
as solvent, except where indicated) at room temperature.


Sample State LMCT I(5D0!7F2)/ t ktot kr knr h


[nm] I(5D0!7F1)


E solid 355 2.04 2.083 0.480 0.252 0.228 52.5
solution (water) 334 2.32 3.137 0.319 0.194 0.125 60.8


E/C16D solid 346 4.12 1.880 0.532 0.365 0.167 68.6
film 304 3.65 1.526 0.655 0.353 0.302 53.9
solution 342 11.27 1.163 0.860 0.706 0.154 82.1


E/C12D solid 354 5.13 1.974 0.507 0.424 0.083 83.7
film 304 4.74 1.648 0.607 0.401 0.206 66.1
solution 342 13.62 1.184 0.845 0.812 0.033 96.1


E/C16T solid 343 4.01 1.764 0.567 0.357 0.210 63.0
film 314 4.09 1.480 0.676 0.382 0.294 56.5
solution 340 4.47 1.634 0.612 0.346 0.266 56.5
solution (MF)[a] 338 7.27 1.152 0.868 0.498 0.370 57.4


E/C12T solid 341 5.25 1.275 0.784 0.429 0.355 54.7
film 328 5.95 1.119 0.894 0.509 0.385 57.0
solution (MF) 339 7.05 1.189 0.841 0.500 0.341 59.5


E/C18D solid 338 3.20 0.591 1.692 0.339 1.353 20.0
film 311 3.83 0.270 3.704 0.420 3.284 11.3
solution (MF) 339 4.88 0.292 3.425 0.498 2.927 14.5


E/C15F solid 354 7.09 0.020 50.000 0.590 49.410 1.2
film 313 6.31 0.017 58.824 0.478 58.346 0.8
solution 345 12.59 – – 0.753 – –


E/C11F solid 352 7.33 0.033 30.303 0.598 29.705 2.0
film 313 5.36 0.030 33.333 0.446 32.887 1.3
solution 345 10.87 – – 0.645 – –


[a] MF= N-methylformamide.
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ly. The fact suggests a more asymmetric environment occu-
pied by the Eu3+ ion in the E/C16D (solid) and E/C16D
(film) than in E (solid). The cationic heads of C16D and K
are different in terms of size and electronegativity. It is
therefore expected that the interaction between C16D and E
will be different from that between K and E, which may
result in the variation of the coordination of Eu3+ and the
change of the symmetry of the site occupied by Eu3+ .[50] A
further reason for the distortion of the site symmetry of
Eu3+ may be related to the specific orientation of the poly-
anions in the structured films, which would also fit with the
observed shift in the excitation spectrum. Our results also
show that the interactions of the various surfactants with the
polyanions influence the coordination environments and site
symmetry of Eu3+ in different ways (Table 3). The transition
probability between energy levels changes (to some degree)
when the symmetry of the molecule is varied. As for the
spectrum of E (solution) shown in Figure 5 B, one could also
find different emissions from those of E (solid). The intensi-
ty ratio of 5D0!7F2/


5D0!7F1 is increased to 2.32, where the
water molecules lower the site symmetry of Eu3+ . There are


large changes in the relative intensities of the emission
bands in passing from E/C16D solid to E/C16D in diluted so-
lutions. Taking the magnetic dipole 5D0!7F1 transition as an
internal standard, the most prominent variations are the
strong increase in intensity of the 5D0!7F2 and the symme-
try-forbidden 5D0!7F0 transition. The intensity ratio of
5D0!7F2/


5D0!7F1 is increased to 11.27, which is probably
due to the disappearance of the orientation and ordered
structure of the E/C16D complex in the dilute chloroform so-
lution and reorganization of the surfactants.


POMs, being good electron reservoirs, can accept elec-
trons and be reduced to form colored mixed-valence-state
materials. Ferrocene and viologen surfactants, when com-
pared to normal surfactants, not only have big head groups
which could provide special structural control of the POM/
surfactant complexes, but also are good electron donors. We
therefore expected the complexes consisting of POMs and
functional organic surfactants to not only show photolumi-
nescence, but also to exhibit (reversible) photochromism,
that is, where photoinduced electron-transfer processes are
not followed by major structural changes or further chemical
evolution. However, we failed to detect any evidence of
solid-state electron-transfer-induced photochromism. In ad-
dition, the luminescence of E/C15F, E/C11F, and E/C18D com-
plexes in the solid, solution, and film states is very weak. It
is known[51] that functional organic groups close to surfaces
may quench luminescence (see below).


The fluorescence emission decay curves of the complexes
in the solid, film, and solution were obtained. All the 5D0


decay curves are well-fitted by a single-exponential function,
which proves the existence of only one Eu3+ local site sym-
metry. The experimental fluorescence lifetimes (t) obtained
from the exponential decay function are summarized in
Table 3. The lifetimes of the complexes (both solids and
films) are shorter than those of pure E. There are several
possible origins for the observed lifetime shortening:
a) water molecules coordinated to the Eu3+ first shell ;[52]


b) different environments of Eu3+ ;[50, 53] and c) the dimension
of the materials.[54] The number of water molecules coordi-
nated to Eu3+ can be calculated with an estimated uncer-
tainty of 0.5, according to the following empirical equa-
tion:[55] q=1.05(ktot�kr), where ktot and kr are the total tran-
sition and radiative rates, respectively. The values of ktot and
kr can be obtained from the formulas depicted below. In our
system, the q values for complexes consisting of simple sur-
factants are very low (<0.4), which means that there are no
water molecules in the first coordination sphere of Eu3+ .
The main reason for lifetime shortening should therefore be
the presence of organic cations (surfactants) that change the
coordination environment of Eu3+ and lower the Eu3+ site
symmetry. Compared to the respective complex solids, the
complex films have the same compositions and very similar
structures. The shorter lifetimes may therefore be a result,
once again, of the macroscopic orientation of the materials
influencing or inducing properties, such as the lateral elec-
tron transfer, thermal diffusion, and the formation of natural
optical microcavities. For E/C18D, E/C15F, and E/C11F com-


Figure 5. A) The emission spectra of a) E solid; b) E/C16D solid, and
c) E/C16D film on quartz. B) The emission spectra of E (full line) and E/
C16D solution (dotted line) with the concentration of 0.2 mmol L�1 at
room temperature.
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plexes, the functional organic groups� strong nonradiative
deactivation of the excited state is the main factor for life-
time shortening.


By determining the absolute quantum yield (h) arising
from the 5D0 level and the respective radiative (kr) and non-
radiative (knr) rates, the previous conclusions can be quanti-
fied. The t, kr and knr rates are related through Equation (1),
where kr can be calculated by using Equation (2), [56,57]


where A0!1 is Einstein�s coefficient of spontaneous emission
for the 5D0!7F1 transition, which is commonly referenced to
50 s�1 for solid samples,[58] and 14.65n3 s�1 (n is the refractive
index of the solvent) for solutions,[59] and �hw0!J and S0!J are
the energy and the integrated intensity of the 5D0!7FJ tran-
sition, respectively.


ktot ¼
1
t
¼ kr þ knr ð1Þ


kr ¼ A0!1
�hw0!1


S0!1


X4


J¼0


S0!1


�hw0!1
ð2Þ


The absolute emission quantum yield h is given by Equa-
tion (3).


h ¼ kr


kr þ knr
ð3Þ


The determined kr, knr, and h values for complexes are
listed in Table 3. In general, an increase in the kr rate for all
complexes in various states should be related with the pres-
ence of organic cationic surfactants. The complexes (in the
solid and film state) consisting of simple surfactants have
higher h values than E (solid). This results from the strong
increase in the kr rate and smaller variation in knr. Those
complexes constructed with functional surfactants have
much lower h values than E (solid); although the kr rate in-
creased, the knr rate shows a much bigger increase. This
shows that the functional groups provide a strong nonradia-
tive channel to quench the fluorescence. Compared to the
responding solids, all the films show higher knr rates and
lower h values, indicating that a new nonradiative channel is
present in the films. In the solution state, only the E/16D and
E/C12D complexes have higher h values than E (solution).
This shows that not only the head groups and tails of the
surfactants, but also the type of solvent has a great influence
on the quantum yields h, and knr and knr rates. These results
show that the photophysical properties of E can be changed
easily by replacing the counterions with organic cationic sur-
factants. The amphiphilic cationic surfactants therefore not
only play a structural role but also have a strong influence
on photophysical properties of E.


Conclusion


In conclusion, we have shown that it is possible to generate
highly ordered nanostructured materials from polyoxometa-


loeuropate and cationic surfactants by ionic self-assembly
into a variety of phases.


Contrary to the parental POM species, these nanohybrid
materials dissolve in organic solvents and form transparent
films and bulk specimen, that is, a route is provided to trans-
fer the useful POM properties into materials applications.
The phase behavior of these complexes can easily be tuned
by variation of the head groups and the alkyl-tail volume
fraction of the complexing surfactant species.


These complexes show both room-temperature thermo-
tropic liquid-crystalline phase behavior as well as room-tem-
perature lyotropic liquid-crystalline phase behavior. Among
them, E/C16D and E/C12D complexes exhibit typical colum-
nar phases. To the best of our knowledge, this is the first
report on the lyotropic liquid-crystalline phase behavior of
polyoxometalate systems.


The photophysical behavior of E can furthermore be
easily modified by complexation with cationic surfactants,
although the electronic properties of the complexes still
originate from E. Compared with those of E, fluorescence
lifetimes of all complexes in solid powder, film, and solution
states decrease due to the presence of surfactants. However,
the fluorescence quantum yield of the complexes from alkyl
surfactants shows an increase, whereas the complexes con-
sisting of functional surfactants form strong nonradiative
channels leading to the deactivation of the excited state.


It is assumed that the presented synthesis strategy can be
easily extended to incorporate any kind of charged inorganic
and organic tectonic unit with desired optical, electrical, or
magnetic properties into supramolecular assemblies for
practical applications.


Experimental Section


Materials : K13[Eu(SiW9Mo2O39)2]·15 H2O (E) and the ferrocenyl surfac-
tant pentadecyldimethyl ferrocenylmethylammonium bromide (C15FAB)
were synthesized and purified as described in references [60, 61]. Undec-
yldimethylferrocenylmethylammonium bromide (C11FAB) was synthe-
sized by mixing 1-bromoundecane (Aldrich) and (dimethylaminomethyl)-
ferrocene (Aldrich) in a 1:1 molar ratio and keeping the mixture under
constant reflux at 60 8C for 4 h in a nitrogen atmosphere. The reaction
product was recrystallized three times from a mixture of chloroform and
diethyl ether (volume ratio 1:5.25) to give a yellow, crystalline product in
28.7 % yield. 1H NMR (400 MHz, CDCl3, 295 K): d =4.5 (s, 2H; Fc-CH2-
N(CH3)2), 4.3 (app. s, 4H; Hferrocene), 4.2 (s, 5H; Hferrocene), 3.3 (t, 2 H;
N(CH3)-CH2), 3.2 (s, 6 H; N(CH3)2), 1.7 (m, 2H; CH2-CH2), 1.2 (m, 16 H;
CH2-CH2-CH2), 0.85 ppm (t, 3 H; CH2-CH3). Other surfactants (single
tail) dodecyltrimethylammonium bromide (C12TAB), hexadecyltrimethy-
lammonium bromide (C16TAB), (double tail) didodecyldimethylammoni-
um bromide (C12DAB), dihexadecyldimethylammonium bromide
(C16DAB), dioctadecylviologen dibromide (C18DVB) were all purchased
from Aldrich/Fluka (purity higher than 99 %). Deionized water was used
in the preparation of all complexes.


Synthesis and characterization : Since all the complexes of POM E with
different surfactants are insoluble in water, they can be synthesized and
purified by simple precipitation from water. Typical notation for the com-
plexes is, for example, E/C12T (E/surfactant, indicating tail length and
with the counterion omitted in the case of the surfactant). A typical com-
plexation procedure is given below.
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E (0.2700 g, 0.04555 mmol) was dissolved in deionized water (15 mL,
pH 5.2). Surfactant solution (40 mL, pH 5.2), for example, C12TAB
(0.1826 g, 0.5922 mmol), was added to the solution in 0.5 mL aliquots at
3 min intervals under vigorous stirring. The solution containing the pre-
cipitated complex was centrifuged and washed with deionized water (3 �
30 mL) to remove the unbound counterions. The resulting purified com-
plex was dried under vacuum at room temperature. The complex was dis-
solved in chloroform and filtered through a 0.45 mm PTFE filter film.
The filtrate was then cast into a Teflon-coated holder and left to dry.
After 24 h, the film was peeled off, powdered, and dried under vacuum.
The results obtained by elemental analysis (C, N, and H) and thermo-
gravimetric analysis (content of surfactant cation and crystallized water)
indicate the following formulae: (C34H72N)13[Eu(SiW9Mo2O39)2]·7H2O (E/
C16D), (C26H56N)13[Eu(SiW9Mo2O39)2]·7H2O (E/C12D), (C19H42N)13[Eu-
(SiW9Mo2O39)2]·10 H2O (E/C16T), (C15H34N)13[Eu(SiW9Mo2O39)2]·10 H2O
(E/C12T), (C28H48NFe)12H[Eu(SiW9Mo2O39)2]·4H2O (E/C15F), (C24H40NFe)12H-
[Eu(SiW9Mo2O39)2]·4H2O (E/C11F) and (C46H82N2)6H[Eu-
(SiW9Mo2O39)2]·8 H2O (E/C18D).


Chloroform solutions of the complexes (200 mL, 0.2 mmol L�1) were di-
rectly cast onto quartz substrates for UV/Vis and fluorescence (FL)
measurements. All films were prepared and dried under air for natural
evaporation of chloroform (1 h) and then dried under vacuum at room
temperature to remove the residual solvent. The mean thickness was esti-
mated to be 500–550 nm by ellipsometry.


Elemental analyses (C, H, N, S) were performed on a Vario EL Elemen-
tar apparatus (Elementar Analysensysteme, Hanau, Germany).


IR spectra were recorded on a Nicolet Impact 400 Spectrometer. Powder
and film samples were recorded in KBr discs and on BaF2 slides
(Maicom-Quarz GmbH), respectively.


UV/Vis spectra were recorded on a Perkin Elmer Lambda 2 dual-beam
grating spectrophotometer with the slit width set at 2 nm.


Ellipsometric measurements were performed on silicon substrates by
using a Multiskop (Optrel Germany, 2 mW He-Ne laser, l=632.8 nm;
angle of incidence 708).


Differential scanning calorimetry (DSC) was performed on a Netzsch
DSC 204. The samples were examined at a scanning rate of 10 Kmin�1


by applying two heating and one cooling cycle. Thermogravimetric analy-
ses (TGA) were performed on a Netzsch TG 209. The samples were ex-
amined at a scanning rate of 10 K min�1 between room temperature and
450 8C.


Phase behavior was studied by polarized light optical microscopy by
using an Olympus BX 50 optical microscope equipped with an Olympus
C-5060 wide zoom digital compact camera.


Small-angle X-ray scattering measurements were carried out with a
Nonius rotating anode (U =40 kV, I= 100 mA, l= 0.154 nm) using image
plates. With the image plates placed at a distance of 40 cm from the
sample, a scattering vector range of s=0.07–1.6 nm�1 was available. The
2D diffraction patterns were transformed into 1D radial averages. Wide-
angle X-ray scattering (WAXS) measurements were performed by using
a Nonius PDS120 powder diffractometer in transmission geometry. A
FR590 generator was used as the source of CuKa radiation (l=0.154 nm).
Monochromatization of the primary beam was achieved by means of a
curved Ge crystal. Scattered radiation was measured by using a Nonius
CPS120 position-sensitive detector. The resolution of this detector in 2q


is 0.0188.


Luminescent measurements were performed on a Spex-FL 212 spectro-
photometer using a 450 W xenon lamp as the excitation source. The lumi-
nescent spectra of all solutions were recorded under identical conditions
(such as concentrations and slit widths) so that the intensities of the exci-
tation and emission bands are comparable. For the measurement of the
fluorescence decay times, the sample was mounted in a 1 mm path-length
quartz cell and excited by a pulse of a XeCl excimer laser at 308 nm. The
beam has a pulse energy of approximately 10 mJ and a duration of 11 ns.
The emitted light was passed through an interference filter (which re-
moved the scattered light) and was detected at 908 to the exciting beam
on a PIN Photodiode connected to an oscilloscope. The overall system
response dominated by the photodiode in use was measured by the fluo-


rescence of a white piece of paper (which has a very short lifetime of
about 5 ns compared to the system response of 0.63 ms). The fluores-
cence decay curves of the samples were deconvoluted to the system re-
sponse function by fitting a single exponential decay yielding decay times
between 3.1 and 0.02 ms.
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An Expedient Synthesis of the Repeating Unit of the Acidic Polysaccharide
of the Bacteriolytic Complex of Lysoamidase**
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Herman S. Overkleeft,[a] and Gijsbert A. van der Marel*[a]


In memoriam Jacques van Boom


Lysoamidase is a bacteriolytic complex isolated from bac-
teria of the genus Xanthomonas and contains, next to sever-
al proteins, a high molecular mass (1300 kDa) acidic poly-
saccharide.[1] This glycan is built up from trisaccharide re-
peating units comprised of an N-acetyl-d-glucosamine b(1!
4) linked to N-acetyl-d-mannosaminuronic acid which in
turn is b(1!3) linked to 4-O-acetyl-N-acetyl-l-galactosami-
nuronic acid. The trisaccharide repeats are connected
through an a(1!3) linkage (Scheme 1).[2] The ability of ly-
soamidase to combat external infectious diseases caused by


Gram-positive bacteria is based on the presence of several
hydrolytic enzymes in the complex, including a glycyl-gly-
cine endopeptidase, an N-acetylmuramyl-l-alanine amidase
and an endoacetylglycosidase which cleaves N-acetylgluco-
saminyl-N-acetylmuramic acid linkages.[3–5] In the few re-
ports discussing the biological activity of lysoamidase, sever-
al functions of the acidic polysaccharide are indicated. Inter-
action of the hydrolytic enzymes with the polysaccharide ap-
pears to be required to attain a stable bacteriolytic complex.
Furthermore, interaction with the glycan influences the ki-
netic parameters of the enzymes with respect to their action
on specific substrates.[6] Interesting biological properties
aside, the synthesis of the substructures of the lysoamidase
polysaccharide itself represents a scientific challenge.
Indeed, to date, there are no literature reports describing
the chemical synthesis of the repeating trisaccharide.


Inspection of the repeating unit 1 (Scheme 2) reveals a
number of synthetic hurdles. These include the presence of
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Abstract: The first synthesis of the trisaccharide repeating unit of the acidic poly-
saccharide of the bacteriolytic complex of lysoamidase is presented. The construc-
tion is based on a linear glycosylation strategy that starts from the reducing end
and employs thio- and selenoglycosides in a highly stereoselective manner by a
single set of activation conditions. The thus-formed trisaccharide is selectively de-
protected and oxidised, after which a final deprotection step furnishes the desired
repeating unit.


Scheme 1. Structure of the acidic polysaccharide in lysoamidase.
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the rare l-aminogalacturonic acid residue and the b linkage
connecting the galactosaminuronic and mannosaminuronic
acid residues. A further complication is the presence of the
4’-O-acetate in the trisaccharide, which excludes any basic O
deprotection at the end of the synthetic sequence.


In devising a synthetic route for the preparation of uronic
acid containing oligosaccharides, two general strategies are
normally considered. The first—and most applied—strategy
entails the construction of orthogonally protected oligosac-
charides, followed by liberation and oxidation of those pri-
mary alcohol functions occupying carboxylate positions in
the ultimate acidic oligosacchar-
ide.[7a–d] In the second strategy,
suitably protected monosac-
charide and uronic acid build-
ing blocks are prepared from
which a fully protected uronic
acid containing oligosaccharide
is assembled.[8a–d] Since the
presence of the acetate in the
target compound precludes the
use of a number of carboxylate
protecting groups, we elected to
pursue a synthetic route follow-
ing the first general strategy.
Retrosynthetically, it follows
that target compound 1 can be
prepared from orthogonally
protected trimer 2 after a de-
protection–oxidation–deprotec-
tion sequence. Precursor trimer
2 is in turn assembled through a


linear condensation procedure
from orthogonally protected
monosaccharide building blocks
3–5. A key consideration in the
synthetic strategy is our recent
finding that p-methoxyphenyl
2-azido-3-O-benzyl-4,6-O-ben-
zylidene-2-deoxy-1-thio-a-d-
mannopyranoside (4)[9,10] is a
suitable donor to attain b-selec-
tive condensations by using the
S-(4-methoxyphenyl)benzene-
thiosulfinate/trifluoromethane-
sulfonic anhydride (MPBT/
Tf2O) or the more powerful 1-
benzenesulfinyl piperidine
(BSP)/Tf2O sulfonium-activator
systems developed by Crich and
Smith.[11,12]


The construction of target
trimer 1 commences with the
synthesis of the monomeric
building blocks 3–5. Phenyl 3-
O-benzyl-4,6-O-benzylidene-2-
deoxy-2-phthalimido-1-thio-b-


d-glucopyranoside (3)[13] and p-methoxyphenyl 2-azido-3-O-
benzyl-4,6-O-benzylidene-2-deoxy-1-thio-a-d-mannopyrano-
side (4)[9] were prepared following well-established literature
procedures. For the preparation of l-galactosamine acceptor
5, the following efficient 12-step synthetic route was devel-
oped (Scheme 3). Silylation of the free hydroxy groups in
the commercially available l-galactono-1,4-lactone 6[14] (tri-
methylsilylchloride, imidazole, pyridine) was followed by
low-temperature DIBAL-H reduction (�78 8C) to furnish
the corresponding silylated lactol. Subsequent desilylation
and ensuing acid-catalysed acetylation afforded the


Scheme 2. Retrosynthetic analysis for the repeating unit of lysoamidase polysaccharide. Bn =benzyl, MP =p-
methoxyphenyl, NPhth=phthalimido, TBDPS = tert-butyldiphenylsilyl, TBS = tert-butyldimethylsilyl.


Scheme 3. a) TMSCl, imidazole, pyr; b) DIBAL-H, Et2O, �78 8C; c) 80 % HOAc/H2O; d) Ac2O, HClO4 (cat.),
84% over 4 steps; e) 37% HBr in AcOH; f) Zn, CuSO4, NaOAc, HOAc, H2O, DCM, 92% over two steps;
g) PhSeSePh, NaN3, BAIB, DCM, 61%; h) BSP/Tf2O, TTBP, DCM, �60 8C, 5 min, then MeOH, 92 %;
i) KOtBu (cat.), MeOH; j) TBDPSCl, pyr; k) H3CC(OMe)3, pTsOH (cat.), DMF; l) 80% HOAc/H2O, 80%
over four steps. BAIB =bisacetoxyiodobenene, BSP =1-benzenesulfinyl piperidine, DCM =dichloromethane,
DIBAL-H =diisobutylaluminium hydride, DMF= N,N-dimethylformamide, pTs= toluene-4-sulfonyl, pyr=pyr-
idine, Tf2O= trifluoromethanesulfonic anhydride, TMS= trimethylsilyl, TTBP = tri-tert-butylpyrimidine.
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known[15] 1,2,3,4,6-penta-O-
acetyl-a,b-l-galactose (7) in
84 % yield over the four steps.


At this stage the amine func-
tionality was introduced by the
following sequence of reactions.
The anomeric acetate group in
compound 7 was substituted
with a bromide functionality by
HBr/AcOH treatment. A sub-
sequent reduction with Zn/
CuSO4 gave 3,4,6-tri-O-acetyl-
l-galactal (8) in 92 % yield over
two steps. Azido–phenylseleny-
lation[16] of the enol ether in 8
afforded the crystalline 2-azido-
2-deoxy-a-l-selenogalactoside 9
in 61 % yield.[17] Selenogalacto-
side 9 was condensed with
MeOH under the influence of
BSP/Tf2O to give the methyl 2-
azido-2-deoxy-b-l-galactoside
10 in 91 % yield. Interestingly,
while 4-O-acyl functionalities in
galactopyranosides have been
shown to be a-directing, pre-
sumably through remote neigh-
bouring-group participation,[18]


we found that only the b-meth-
ylgalactoside was formed. It
should be noted that this ster-
eochemical outcome is in line
with a previously reported un-
usual stereoselectivity in glyco-
sylations employing MeOH as
acceptor.[19] To continue the synthetic scheme, the acetyl
groups in 10 were removed and the TBDPS group was se-
lectively installed on the primary hydroxy functionality. The
thus-obtained diol was treated with trimethyl orthoacetate
and the resulting ortho ester was opened regiospecifically
under acidic conditions to afford the desired acceptor 5 in
an overall yield of 13 % over the 12 steps.


With the desired building blocks 3–5 in hand, their con-
nection was undertaken by the application of appropriate
glycosylation protocols (Scheme 4). In the first instance, at-
tention was focussed on the stereoselective introduction of
the b-mannosaminic linkage.


Based on our recent findings concerning the b-selective
coupling of mannosazides, we selected the BSP/Tf2O proto-
col to effect condensation of mannosazide donor 4 and l-
galactosazide acceptor 5.[10,20] The expected dimer 11 was
isolated in good yield (76 %) with a satisfactory a :b ratio of
1:4.5. The anomeric configuration of the formed glycosidic
bonds was firmly established by 13C-gated NMR spectrosco-
py experiments on the chromatographically separated anom-
ers (1JCH,a = 170.9 Hz, 1JCH,b =159.0 Hz).[21] To enable the
next glycosylation event the benzylidene acetal in 11b was


removed with catalytic CSA in MeOH to give diol 12
(62 %), the primary hydroxy group of which was selectively
silylated with TBSCl to give disaccharide 13 in 72 % yield.
BSP/Tf2O-mediated activation of thiodonor 3 and addition
of dimer 13 at low temperature furnished the fully protected
trisaccharide 2, with the expected b configuration[22] for the
newly introduced glycosidic linkage, in a rewarding 71 %
yield.


The stage was now set for the completing deprotection–
oxidation–deprotection sequence. First, the phthaloyl group
in 2 was removed with ethylenediamine (EDA) under anhy-
drous conditions. Acetylation afforded 14 in 88 % over the
two steps. Subsequently, the conversion of the two azide
moieties in 14 into the N-acetates was undertaken. The reac-
tion of 14 with thiolacetic acid (AcSH) in pyridine afforded
15 in a moderate yield of 44 %. Alternatively, treatment of
14 with Me3P in THF/H2O followed by acetylation of the
generated free amines afforded 15 in a slightly improved
yield (50 %). Subsequent cleavage of the silyl groups with
hydrogen fluoride/pyridine complex proceeded without
acetyl migration to furnish diol 16 in 75 % yield. Finally, the
liberated hydroxy groups in 16 were transformed into the


Scheme 4. a) BSP/Tf2O, TTBP, �60 8C, 10 min, then 5 in DCM, 76 %, a :b=1:4.5; b) CSA (cat.), MeOH, 62 %;
c) TBSCl, imidazole (cat.), pyr, 72%; d) 3, BSP/Tf2O, TTBP, �60 8C, DCM, 71%; e) EDA, nBuOH, 90 8C;
f) Ac2O, pyr, 88% over two steps; g) Me3P, THF/H2O; h) Ac2O, pyr, 50% over two steps; i) HF·pyr, THF,
75%; j) TEMPO (cat.), NaOCl, KBr, nBu4NBr, NaHCO3, NaCl, DCM, H2O; k) Pd/C (10 mol %), H2, HCl,
tBuOH/H2O, 37% over two steps. CSA =camphorsulfonic acid, EDA= ethylenediamine, TEMPO =2,2,6,6-tet-
ramethyl-1-piperidinoxyl.
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corresponding carboxylic acids by using TEMPO/NaOCl ox-
idation conditions and the benzylidene and benzyl functions
were removed by hydrogenolysis to give the desired acidic
trisaccharide 1 in 37 % yield.


In conclusion, the first synthesis of an unprotected repeat-
ing trisaccharide unit of the acidic polysaccharide from the
bacteriolytic lysoamidase complex has been accomplished in
an efficient and highly stereoselective manner. The synthetic
trimer, as is the case with the naturally occurring repeating
unit, is provided with a 4-O-acetyl substituent on the l-gal-
actosaminuronic acid residue. The synthetic approach to tri-
saccharide 1 described here is an asset for future syntheses
of longer fragments of the acidic polysaccharide component
of the antibiotic agent lysoamidase; these developments will
ultimately enable an in-depth study of the interaction of the
lysoamidase enzymes with well-defined parts of the glycan.


Experimental Section


General methods : Dichloromethane was refluxed with P2O5 and distilled
before use. BSP12 and TTBP23 were synthesised as described by Crich
et al.[23] Trifluoromethanesulfonic anhydride (Aldrich) was stirred for 3 h
on P2O5 and subsequently distilled. All other chemicals (Fluka, Acros,
Merck, Aldrich, Sigma) were used as received. Reactions were per-
formed under an inert atmosphere and under strictly anhydrous condi-
tions. Traces of water from reagents used in reactions that require anhy-
drous conditions were removed by coevaporation with toluene and di-
chloroethane (DCE). Molecular sieves (3 �) were flame dried before
use. Column chromatography was performed on Merck silica gel 60
(0.040–0.063 mm). TLC analysis was conducted on DC-fertigfolien
(Schleicher & Schuell, F1500, LS254) or HPTLC aluminium sheets
(Merck, silica gel 60, F254). Compounds were visualised by UV absorp-
tion (254 nm), by spraying with 20% H2SO4 in ethanol, with a solution of
ninhydrin 0.4 g in EtOH (100 mL) containing acetic acid (3 mL) or with
a solution of (NH4)6Mo7O24·4 H2O (25 g L�1), followed by charring at �
140 8C. 1H and 13C NMR spectra were recorded with a Jeol JNM-FX-200
(200 and 50 MHz), a Bruker DPX 300 (300 and 75 MHz), a Bruker
AV 400 (400 and 100 MHz) or a Bruker DMX 600 (600 and 125 MHz)
spectrometer. NMR spectra were recorded in CDCl3 with chemical shifts
(d) relative to tetramethylsilane unless otherwise stated. Mass spectra
were recorded on a Perkin–Elmer SCIEX API 165 spectrometer equip-
ped with electrospray interface (Perkin–Elmer) or LTQ-FT (Thermo
Electron) apparatus. Optical rotations were recorded on a Propol auto-
matic polarimeter. IR spectra were recorded on a Shimadzu FTIR-8300
spectrometer and are reported in cm�1. Melting points were measured on
a B�chi Schmeltzpunkt Bestimmungs apparatus.


Phenyl 3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-phthalimido-1-thio-b-d-
glucopyranoside (3):[13] 1H NMR: d=7.39 (m, 10H; H-arom.), 6.87 (m,
4H; H-arom.), 5.69 (d, J =10.4 Hz, 1 H; H-1), 5.59 (s, 1 H; CH-benzyli-
dene), 4.75 (d, J= 12.4 Hz, 1 H; CHPh), 4.47 (d, J =12.4 Hz, 1 H; CHPh),
4.41 (m, 2H; H-2, H-6), 4.29 (t, J=10.0 Hz, 1 H; H-3), 3.79 (m, 2 H; H-4,
H-6), 3.66 (m, 2H; H-5) ppm; 13C NMR: d=167.7, 167.2, 140.9, 137.5,
137.2, 133.9, 132.6, 131.5, 128.9, 128.8, 128.4, 128.2, 128.1, 128.0, 127.9,
127.5, 127.4, 126.9, 126.0, 123.3, 101.2, 84.0, 82.6, 75.3, 70.2, 86.5, 65.1,
54.6 ppm; ESI-MS: 602.2 [M +Na]+ .


3,4,6-Tri-O-acetyl-l-galactal (8): Compound 7 (4.86 g, 12.5 mmol) was
dissolved in DCE (50 mL) and HBr (18.5 mL, 37% in AcOH) was
added. The reaction vessel was tightly stoppered and stirred at 0 8C for
3 h, after which the mixture was concentrated and coconcentrated with
toluene (3 � ) and Et2O (3 � ). The resulting oil was dissolved in DCM
and slowly added to a mixture of CuSO4 (0.89 g, 5.6 mmol), NaOAc
(12.26 g, 149.5 mmol), AcOH (20 mL) and Zn dust (9.77 g, 149.5 mmol)
in H2O (20 mL). After the reaction mixture had been vigorously stirred


for 3 h at �10 8C, TLC analysis (ethyl acetate) showed the reaction was
complete. The mixture was filtered over Hyflo and extracted with DCM
(3 � ), then the combined organic extracts were washed with saturated
aqueous NaHCO3. The organic layer was dried (MgSO4), filtered and
concentrated. Purification by column chromatography afforded galactal 8
(3.12 g, 11.4 mmol, 92%) as a colourless oil: [a]25


D +17.3 (c =1.0, CHCl3);
IR (thin film): ñ=1743, 1652, 1430, 1223, 1038 cm�1; 1H NMR: d =6.47
(dd, J =6.2, 1.8 Hz, 1H; H-1), 5.56 (m, 1 H; H-4), 5.43 (m, 1H; H-2), 4.74
(m, 1 H; H-3), 4.24 (m, 3H; H-3, 2� H-6), 2.13 (s, 3H; O(CO)CH3), 2.11
(s, 3 H; O(CO)CH3), 2.03 (s, 3H; O(CO)CH3) ppm; 13C NMR: d=170.1,
169.9, 169.4, 145.0, 98.6, 72.5, 63.6, 63.4, 61.6, 20.4 ppm; ESI-HRMS:
calcd for C12H16O7: 290.1234; found: 290.1234.


Phenyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-1-seleno-a-l-galactopyranoside
(9): Galactal 8 (1.63 g, 6.0 mmol) was dissolved in DCM (150 mL). Di-
phenyl diselenide (3.30 g, 10.5 mmol), NaN3 (1.35 g, 21.0 mmol) and
BAIB (4.2 g, 13.2 mmol) were added. After 18 h, TLC analysis (ethyl
acetate/light petroleum 1:2) showed complete consumption of the starting
compound. The reaction mixture was poured into saturated aqueous
NaHCO3, the phases were separated and the aqueous phase was extract-
ed with DCM (2 � ). The combined organic phases were dried (MgSO4),
filtered and concentrated. Column chromatography (ethyl acetate/light
petroleum 1:20!1/6) afforded a mixture of products with the similar Rf


values (0.54 in ethyl acetate/light petroleum 1:2). Pure compound 9
(1.72 g, 3.66 mmol, 61%) was obtained by crystallisation from ethyl ace-
tate/light petroleum to give ivory crystals: m.p. 163 8C; [a]25


D �25.4 (c =


0.1, CHCl3); IR (thin film): ñ=2120, 1750, 1351, 1220 cm�1; 1H NMR:
d=7.60 (m, 3H; H-arom.), 7.30 (m, 2H; H-arom.), 6.01 (d, J =4.9 Hz,
1H; H-1), 5.47 (d, J=2.8 Hz, 1 H; H-4), 5.12 (dd, J= 11.0, 2.8 Hz, 1 H; H-
3), 4.67 (t, J =6.2 Hz, 1H; H-5), 4.27 (dd, J=11.0, 4.9 Hz, 1 H; H-2), 4.05
(m, 2 H; 2 � H-6), 2.16 (s, 3 H; O(CO)CH3), 2.07 (s, 3 H; O(CO)CH3),
1.98 (s, 3 H; O(CO)CH3) ppm; 13C NMR: d= 169.7, 169.4, 168.9, 134.3,
132.6, 131.8, 127.6, 83.5, 70.6, 68.5, 66.7, 61.1, 58.1, 20.0 ppm; ESI-HRMS:
calcd for C18H21N3O7Se [M +NH4]: 489.0883; found: 489.0881.


Methyl 3,4,6-tri-O-acetyl-2-azido-2-deoxy-b-l-galactopyranoside (10):
Tf2O (555 mL, 3.3 mmol) was added to a solution of 9 (1.40 g, 3.0 mmol),
BSP (690 mg, 3.3 mmol) and TTBP (1.49 g, 6.0 mmol) in DCM (50 mL)
containing 3-� molecular sieves (�500 mg) at �60 8C. The mixture was
stirred at this temperature for 10 min, after which MeOH (1.2 mL,
30 mmol) was added. The mixture was allowed to warm to room temper-
ature gradually; this was followed by addition of Et3N (2 mL). After fil-
tration, the organic phase was washed with saturated aqueous NaHCO3,
dried (MgSO4), filtered, concentrated in vacuo and applied on a silica gel
column (ethyl acetate/light petroleum 1:20!1:4) to give compound 10
(600 mg, 2.74 mmol, 91 %) as the pure b isomer: [a]25


D +6.1 (c =1,
CHCl3); IR (thin film): ñ =2976, 2110, 1675, 1250, 1045 cm�1; 1H NMR:
d=5.34 (d, J=3.3 Hz, 1H; H-4), 4.80 (dd, J =10.6, 3.3 Hz, 1 H; H-3),
4.28 (d, J=8.0 Hz, 1H; H-1), 4.15 (m, 2H; 2� H-6), 3.85 (t, J =6.8 Hz,
1H; H-5), 3.67 (dd, J =10.6, 8.0 Hz, 1H; H-2), 3.61 (s, 3H; OMe), 2.15 (s,
3H; O(CO)CH3), 2.06 (s, 3H; O(CO)CH3), 2.05 (s, 3H;
O(CO)CH3) ppm; 13C NMR: d =169.9, 169.7, 169.5, 103.0, 71.0, 70.5,
66.3, 60.8, 60.7, 57.3, 20.5 ppm; ESI-HRMS: calcd for C13H19N3O8 [M+


H]: 346.1245; found: 346.1243.


Methyl 4-O-acetyl-2-azido-6-O-tert-butyldiphenylsilyl-2-deoxy-b-l-galac-
topyranoside (5): Compound 10 (600 mg, 2.74 mmol) was dissolved in
MeOH and KOtBu (cat.) was added. After stirring for 1 h, the reaction
mixture was neutralised by addition of Dowex-H+ , filtered and concen-
trated under reduced pressure. The resulting oil was dissolved in pyridine
(15 mL) and TBDPSCl (784 mL, 3.01 mmol) was added. After TLC anal-
ysis showed full consumption of the starting material (4 h), MeOH was
added and the mixture was concentrated in vacuo. The resulting oil was
taken up in ethyl acetate and washed with brine, then the organic layer
was dried (MgSO4), filtered and concentrated. Column chromatography
of the residue gave the intermediate cis-diol (1.00 g, 2.19 mmol, 80%
over two steps) as a colourless oil: [a]25


D �11.1 (c =1, CHCl3); 1H NMR:
d=7.70 (m, 4H; H-arom.), 7.47 (m, 6H; H-arom.), 4.14 (d, J =7.6 Hz,
1H; H-1), 4.07 (d, J= 2.7 Hz, 1 H; H-4), 3.94 (m, 2 H; 2 � H-6), 3.55 (s,
3H; OMe), 3.53 (t, J =8.8 Hz, 1H; H-2), 3.45 (m, 2H; H-3, H-5), 1.07 (s,
9H; CH3-tBu) ppm; 13C NMR: d= 135.9, 132.8, 132.6, 127.8, 103.1, 73.8,


Chem. Eur. J. 2005, 11, 1010 – 1016 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1013


FULL PAPERSynthesis of the Lysoamidase Trisaccharide



www.chemeurj.org





72.6, 68.6, 64.3, 63.3, 56.9, 22.7, 19.1 ppm; ESI-HRMS: calcd for
C23H31N3O5Si [M +H]: 458.2106; found: 458.2126. The diol was dissolved
in DMF (7 mL) and trimethyl orthoacetate (640 mL, 3.29 mmol) and
CSA (cat.) were added. After stirring for 1 h, the mixture was neutralised
with Et3N, taken up in Et2O and washed with brine. The organic layer
was dried (MgSO4), filtered and concentrated. The resulting oil was dis-
solved in AcOH/H2O (20 mL, 4:1) and allowed to react for 15 min. The
mixture was concentrated under reduced pressure after which column
chromatography (ethyl acetate/light petroleum 1:20!1:8) afforded 5
(943 mg, 1.89 mmol, 86% over 2 steps) as a colourless syrup: [a]25


D �23.4
(c= 1, CHCl3); IR (thin film): ñ=2980, 2077, 1746, 1381, 1247, 1043 cm�1;
1H NMR: d =7.64 (m, 4 H; H-arom.), 7.37 (m, 6H; H-arom.), 5.43 (d, J=


3.3 Hz, 1 H; H-4), 4.19 (d, J=8.0 Hz, 1H; H-1), 3.76 (m, 1H; H-5), 3.70
(m, 3H; H-3, 2� H-6), 3.53 (s, 3 H; OMe), 3.47 (dd, J =10.3, 8.0 Hz, 1H;
H-2), 2.96 (br s, 1H; OH), 2.03 (s, 3 H; O(CO)CH3), 1.06 (s, 9 H; CH3-
tBu) ppm; 13C NMR: d=171.1, 135.3, 132.8, 132.7, 132.5, 132.1, 129.4,
127.6, 102.9, 73.3, 71.2, 68.7, 63.8, 61.3, 56.8, 26.5, 20.5, 18.8 ppm; ESI-
HRMS: calcd for C25H33N3O6Si [M+H]: 500.2211; found: 500.2211.


Methyl 4-O-acetyl-2-azido-3-O-(2-azido-3-O-benzyl-4,6-O-benzylidene-2-
deoxy-b-d-mannopyranosyl)-6-O-tert-butyldiphenylsilyl-2-deoxy-b-l-gal-
actopyranoside (11b): Tf2O (410 mL, 2.44 mmol) was added dropwise to a
mixture of 4 (1.14 g, 2.26 mmol), BSP (510 mg, 2.44 mmol), TTBP
(1.12 g; 4.52 mmol) and 3-� molecular sieves (�500 mg) in DCM
(50 mL) at �60 8C. After stirring at the same temperature for 10 min, 5
(939 mg, 1.88 mmol) in DCM (5 mL) was added dropwise. The mixture
was allowed to warm to RT then Et3N (2 mL) was added. The reaction
mixture was filtered and washed with saturated aqueous NaHCO3,then
the organic layer was dried (MgSO4), filtered and concentrated in vacuo.
The residual oil was purified by column chromatography (light petrole-
um!ethyl acetate/light petroleum 1:10) to give the pure a isomer
(200 mg, 0.23 mmol, 12%) as a colourless oil and the pure b isomer
(858 mg, 0.99 mmol, 53 %) as a white foam: 11a : [a]25


D + 6.2 (c =1,
CHCl3); IR (thin film): ñ= 2985, 2976, 2076, 1746, 1381, 1247, 1076,
1043 cm�1; 1H NMR: d= 7.61 (m, 4H; H-arom.), 7.38 (m, 16 H; H-
arom.), 5.60 (s, 1H; CH-benzylidene), 5.40 (d, J=1.6 Hz, 1H; H-4), 5.03
(s, 1 H; H-1’), 4.89 (d, J =12.4 Hz, 1 H; CHPh), 4.72 (d, J =12.4 Hz, 1 H;
CHPh), 4.23 (dd, J=10.2, 4.8 Hz, 1H; H-6’), 4.18 (d, 1 H; H-1, 7.6 Hz),
4.10 (t, J =9.2 Hz, 1H; H-4’), 4.00 (m, 3H; H-2’, H-6’, H-3’), 3.81 (m,
2H; H-6, H-3), 3,74 (m, 1H; H-5’), 3.66 (t, J =6.8 Hz, 1H; H-6), 3.62 (m,
1H; H-5), 3.56 (m, 4 H; OMe, H-2), 1.93 (s, 3 H; O(CO)CH3), 1.05 (s,
9H; CH3-tBu) ppm; 13C NMR: d= 169.3, 138.3, 138.1, 135.5, 133.1,
132.85, 129.9, 129.8, 129.4, 128.2, 128.1, 127.8, 127.7, 127.6, 127.5, 103.3,
101.7, 100.8, 78.9, 75.9, 75.0, 73.9, 73.4, 73.3, 68.4, 68.0, 64.6, 63.3, 62.7,
61.5, 57.2, 26.7, 20.5, 19.1 ppm; ESI-HRMS: calcd for C45H52N6O10Si
[M+ NH4]: 882.3852; found: 882.3879. 11b : [a]25


D �44.2 (c =1, CHCl3); IR
(thin film): ñ =2986, 2976, 2078, 1746, 1380, 1247, 1074, 1047 ppm;
1H NMR: d =7.63 (m, 4H; H-arom.), 7.39 (m, 16H; H-arom.), 5.63 (s,
1H; CH-benzylidene), 5.48 (d, J =3.2 Hz, 1 H; H-4), 4.89 (d, J =12.0 Hz,
1H; CHPh), 4.84 (d, J =1.2 Hz, 1H; H-1’), 4.75 (d, J =12.0 Hz, 1 H;
CHPh), 4.34 (dd, J=10.8, 5.2 Hz, 1H; H-6’), 4.16 (d, J =8.0 Hz, 1H; H-
1), 4.02 (t, 1H; H-4’, J=9.6 Hz), 3.92 (m, 2H; H-2’, H-6’), 3.81 (m, 3 H;
H-3, H-6, H-3’), 3.69 (t, 1 H; H-6, 8.0 Hz), 3.65 (m, 1 H; H-5), 3.55 (m,
4H; OMe, H-2), 3.38 (m, 1H; H-5’), 2.10 (s, 3 H; O(CO)CH3), 1.05 (s,
9H; CH3-tBu) ppm; 13C NMR: d= 170.6, 137.8, 137.2, 135.5, 135.4, 132.8,
132.5, 129.9, 129.8, 129.0, 128.9, 128.4, 128.2, 102.8, 101.5, 97.4, 78.1, 76.5,
75.8, 72.9, 72.8, 68.3, 67.4, 64.8, 63.0, 61.84, 61.1, 57.2, 26.7, 20.7, 19.0;
ESI-HRMS: calcd for C45H52N6O10Si [M +NH4]: 882.3852; found:
882.3867.


Methyl 4-O-acetyl-2-azido-3-O-(2-azido-3-O-benzyl-2-deoxy-b-d-manno-
pyranosyl)-6-O-tert-butyldiphenylsilyl-2-deoxy-b-l-galactopyranoside
(12): Disaccharide 11b (858 mg; 0.99 mmol) was dissolved in MeOH/
THF (30 mL, 2:1) and CSA (30 mg) was added. After 18 h, TLC analysis
(ethyl acetate/light petroleum 1:5) showed full consumption of the start-
ing material had occurred and Et3N (200 mL) was added. Concentration
of the reaction mixture followed by silica gel column chromatography
(ethyl acetate/light petroleum 1:4!1:1) afforded diol 12 (471 mg,
0.61 mmol, 62%) as a white foam: [a]25


D �62.0 (c =1, CHCl3); IR (thin
film): ñ =2978, 2960, 2073, 1748, 1450, 1428, 1371, 1247, 1063 cm�1;
1H NMR: d=7.62 (m, 4 H; H-arom.), 7.39 (m, 11 H; H-arom.), 5.45 (d,


J =2.8 Hz, 1H; H-4), 4.78 (s, 1H; H-1’), 4.76 (d, J =11.6 Hz, 1H; CHPh),
4.63 (d, J=11.6 Hz, 1H; CHPh), 4.15 (d, J =8.4 Hz, 1 H; H-1), 3.92 (t,
J =10.8 Hz, 1H; H-6’), 3.83 (m, 5H; H-2’, H-3, H-6’, H-4’, H-6), 3.65 (m,
2H; H-6, H-5), 3.52 (m, 5H; H-3’, OMe, H-2), 3.35 (m, 1 H; H-5’), 2.80
(br s, 1H; OH), 2.61 (br s, 1H; OH), 2.02 (s, 3 H; O(CO)CH3), 1.06 (s,
9H; CH3-tBu) ppm; 13C NMR: d= 170.6, 137.3, 135.5, 135.5, 132.8, 129.9,
129.9, 128.7, 128.2, 128.0, 127.8, 102.6, 97.2, 80.2, 76.1, 72.8, 71.9, 66.5,
65.0, 62.4, 61.9, 61.1, 60.7, 57.2, 26.7, 20.7, 19.0 ppm; ESI-HRMS: calcd
for C38H48N6O10Si [M+NH4]: 794.3539; found: 794.3564.


Methyl 4-O-acetyl-2-azido-3-O-(2-azido-3-O-benzyl-6-O-tert-butyldime-
thylsilyl-2-deoxy-b-d-mannopyranosyl)-6-O-tert-butyldiphenylsilyl-2-
deoxy-b-l-galactopyranoside (13): TBSCl (101 mg, 0.67 mmol) and
DMAP (15 mg) were added to a solution of diol 12 (471 mg, 0.61 mmol)
in pyridine (10 mL). After stirring for 6 h, MeOH (500 mL) was added
and the volatile compounds were evaporated. Column chromatography
(ethyl acetate/light petroleum 1:10!1:5) furnished 13 (383 mg,
0.44 mmol, 72%) as a colourless oil: [a]25


D �38.1 (c =1, CHCl3); IR (thin
film): ñ= 2980, 2950, 2071, 1744, 1483, 1356, 1244, 1062 cm�1; 1H NMR:
d=7.67 (m, 4H; H-arom.), 7.44 (m, 11H; H-arom.), 5.46 (d, J =2.8 Hz,
1H; H-4), 4.80 (s, 1H; H-1’), 4.77 (d, J= 14.6 Hz, 2 H; CHPh), 4.74 (d,
J =14.6 Hz, 2 H; CHPh), 4.10 (d, J=8.4 Hz, 1H; H-1), 3.91 (m, 2H; 2�
H-6’), 3.87 (dd, J=10.4, 2.8 Hz, 1H; H-3), 3.85 (t, J=9.6 Hz, 1H; H-4’),
3.75 (m, 2H; H-2’, H-6), 3.67 (t, J =8.0 Hz, 1H; H-6), 3.61 (m, 1H; H-5),
3.53 (m, 5H; H-2, OMe, H-3’), 3.33 (m, 1H; H-5’), 2.95 (s, 1H; OH),
2.04 (s, 3H; O(CO)CH3), 1.05 (s, 9 H; CH3-tBu), 0.91 (s, 9 H; CH3-tBu),
0.12 (s, 3H; Si-CH3), 0.11 (s, 3H; Si-CH3) ppm; 13C NMR: d=170.3,
137.5, 135.4, 135.4, 132.7, 132.6, 129.8, 129.8, 128.4, 127.9, 127.7, 102.7,
96.5, 80.3, 77.2, 75.8, 75.5, 72.8, 72.1, 68.2, 64.7, 64.0, 61.9, 61.2, 60.8, 57.0,
26.6, 25.7, 20.6, 18.9, 18.1, �5.6, �5.6 ppm; ESI-HRMS: calcd for
C44H62N6O10Si2 [M +H]: 891.4139; found: 891.4177.


Methyl 4-O-acetyl-2-azido-3-O-{2-azido-3-O-benzyl-4-O-(3-O-benzyl-4,6-
O-benzylidene-2-deoxy-2-phthalimido-b-d-glucopyranosyl)-6-O-tert-bu-
tyldimethylsilyl-2-deoxy-b-d-mannopyranosyl}-6-O-tert-butyldiphenylsil-
yl-2-deoxy-b-l-galactopyranoside (2): Tf2O (47 mL, 0.28 mmol) was added
to a mixture of 3 (137 mg, 0.24 mmol), BSP (55 mg, 0.26 mmol), TTBP
(120 mg, 0.48 mmol) and 3-� molecular sieves (�200 mg) in dry DCM
(5 mL) at �60 8C. After stirring at �60 8C for 15 min, 13 (180 mg,
0.20 mmol) in DCM (2 mL) was added. The mixture was allowed to
warm to �20 8C over 2 h, after which Et3N (500 mL) was added. The mix-
ture was washed with saturated aqueous NaHCO3 solution and the or-
ganic phases were dried (MgSO4), filtered and evaporated under reduced
pressure to afford a yellow oil which was purified by column chromatog-
raphy (light petroleum!ethyl acetate/light petroleum 1:10) to give trisac-
charide 2 (192 mg, 0.14 mmol, 71%) as a white foam: [a]25


D �2.8 (c =1,
CHCl3); IR (thin film): ñ =2982, 2187, 2114, 1713, 1384, 1080 cm�1;
1H NMR: d=7.61 (m, 4H), 7.31 (m, 21H; H-arom.), 6.93 (m, 4H; H-
arom.), 5.55 (s, 1 H; CH-benzylidene), 5.42 (d, 1 H; J =8.4 Hz, H-1’’), 5.36
(d, J =3.2 Hz, 1H; H-4), 4.85 (d, J=12.0 Hz, 1H; CHPh), 4.79 (d, J=


12.0 Hz, 1H; CHPh), 4.73 (d, J =12.0 Hz, 1H; CHPh), 4.64 (s, 1H; H-1’),
4.47 (d, J =12.4, 1H; CHPh), 4.45 (t, J=10.4 Hz, 1H; H-3’’), 4.20 (m,
2H; H-6’’, H-2’’), 4.01 (d, J =8.0 Hz, 1 H; H-1), 3.95 (t, J =9.2 Hz, 1H; H-
6’), 3.73 (m, 3 H; H-3, H-4’’, H-6’’), 3.65 (d, J =3.1 Hz, 2 H; H-2’), 3.59
(m, 6 H; H-6, H-3’, H-6, H-6’’, H-5, H-5’’), 3.49 (s, 3 H; OMe), 3.44 (dd,
J =10.4, 8.4 Hz 1H; H-2), 3.34 (dd, J =11.6, 5.2 Hz1 H; H-4’), 3.07 (m,
1H; H-5’), 1.98 (s, 3 H; O(CO)CH3), 1.03 (s, 9H; CH3-tBu), 0.85 (s, 9 H;
CH3-tBu), 0.01 (s, 3 H; Si-CH3), �0.03 (s, 3H; Si-CH3) ppm; 13C NMR:
d=170.3 (C=O), 167.6 (C=O), 138.3, 137.9, 137.3 (3 � Cq-arom.), 135.54,
135.47, 133.9 (3 � CH-arom.), 132.8, 132.7, 131.5 (3 � Cq-arom.), 130.6,
129.9, 129.8, 128.9, 128.7, 128.4, 128.2, 128.0, 127.8, 127.7, 127.5, 127.3,
127.2, 126.2 (14 � CH-arom.), 102.8 (C-1), 101.2 (CH-benzylidene), 98.3
(C-1’’), 96.2 (C-1’), 83.0 (C-4’’), 79.0 (C-3’), 76.3 (C-5’), 75.2 (C-3), 74.8
(C-3’’), 74.1 (CH2Ph), 73.2 (C-4’), 72.9 (C-5’’), 72.7 (CH2Ph), 68.7 (C-6’),
65.8 (C-5), 64.5 (C-4), 62.0 (C-2), 62.0 (C-2’), 61.6 (C-6), 61.1 (C-6’), 57.1
(OCH3), 56.6 (C-2’’), 26.7 (CH3-tBu), 26.1 (Cq-tBu), 25.7 (CH3-tBu), 23.9
(Cq-tBu), 20.6 (CH3-acetyl), �5.5 (Si-CH3), �5.5 (Si-CH3) ppm; ESI-
HRMS: calcd for C72H85N7O16Si2 [M+Na]: 1382.5484; found: 1382.5481.


Methyl 4-O-acetyl-2-azido-3-O-{2-azido-3-O-benzyl-4-O-(2-acetamido-3-
O-benzyl-4,6-O-benzylidene-2-deoxy-b-d-glucopyranosyl)-6-O-tert-butyl-
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dimethylsilyl-2-deoxy-b-d-mannopyranosyl}-6-O-tert-butyldiphenylsilyl-2-
deoxy-b-l-galactopyranoside (14): Trisaccharide 2 (90 mg, 66 mmol) was
dissolved in dry nBuOH (4 mL) and 3-� molecular sieves (�100 mg)
were added. After the reaction mixture had been stirred for 1 h, EDA
(1 mL) was added and the mixture was stirred at 90 8C for 12 h. The vola-
tile compounds were removed by rotary evaporation under reduced pres-
sure, the resulting solid was dissolved in pyridine (3 mL) and Ac2O
(1 mL) was added. After 3 h, the reaction mixture was concentrated and
applied to a silica gel column (ethyl acetate/light petroleum 1:7!1:4) to
give 14 (74 mg, 58 mmol, 88%) as a white solid: [a]25


D �17.4 (c =1,
CHCl3); IR (thin film): ñ= 2980, 2130, 2114, 1718, 1712, 1380, 1080,
1002 cm�1; 1H NMR: d= 7.37 (m, 4H; H-arom.), 7.31 (m, 21 H; H-
arom.), 5.51 (s, 1H; CH-benzylidene), 5.40 (d, J=3.2 Hz, 1H; H-4), 5.33
(d, J =8.4 Hz, 1H; H-1’’), 4.91 (d, J =8.4 Hz, 1H; NH,), 4.88 (d, J=


11.6 Hz, 1H; CHPh), 4.75 (d, J =12.0 Hz, 1H; CHPh), 4.73 (s, 1H; H-1’),
4.70 (d, J =12.0 Hz, 1 H; CHPh), 4.62 (d, J=11.6 Hz, 1H; CHPh), 4.15
(dd, J =10.4, 4.8 Hz, 1H; H-6’), 4.08 (d, J= 8.0 Hz, 1 H; H-1), 3.92 (m,
3H; H-6’, H-4’, H-3’’), 3.85 (dd, J=10.4, 3.2 Hz, 1H; H-3), 3.76 (m, 2H;
H-6, H-5), 3.71 (d, J =3.6 Hz, 1 H; H-2’), 3.62 (m, 6H; H-6, H-6’’, H-3’,
H-6’’, H-4’’, H-2’’), 3.53 (s, 3H; OMe), 3.49 (dd, J =10.5, 7.8 Hz, 1 H; H-
2), 3.35 (m, 1 H; H-5’’), 3.26 (m, 1 H; H-5’), 2.04 (s, 3H; O(CO)CH3),
1.84 (s, 3 H; N(CO)CH3), 1.26 (s, 9 H; CH3-tBu), 1.06 (s, 9H; CH3-tBu),
0.16 (s, 3H; Si-CH3), 0.12 (s, 3H; Si-CH3) ppm; 13C NMR: d=170.4,
170.0, 138.3, 138.0, 137.3, 132.9, 132.7, 128.9, 128.7, 128.6, 128.5, 128.4,
128.3, 128.2, 127.8, 127.7, 127.3, 102.8, 101.1, 101.0, 96.4, 82.3, 79.2, 77.3,
76.6, 75.4, 74.1, 74.0, 73.8, 73.0, 72.5, 68.7, 65.9, 64.6, 62.2, 62.1, 61.8, 61.2,
57.1, 56.9, 26.7, 26.1, 25.9, 25.8, 23.5, 20.7, �5.3, �5.4 ppm; ESI-HRMS:
calcd for C66H85N7O15Si2 [M+ H]: 1272.5715; found: 1272.5729.


Methyl 2-acetamido-4-O-acetyl-3-O-{2-acetamido-3-O-benzyl-4-O-(2-
acetamido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-b-d-glucopyranosyl)-6-
O-tert-butyldimethylsilyl-2-deoxy-b-d-mannopyranosyl}-6-O-tert-butyldi-
phenylsilyl-2-deoxy-b-l-galactopyranoside (15):AcSH method : AcSH
(1.6 mL) was added to a solution of diazide 14 (74 mg, 58 mmol) in pyri-
dine (500 mL) and the resulting mixture was stirred for 48 h. Concentra-
tion under reduced pressure followed by column chromatography (ethyl
acetate/light petroleum 2:1!MeOH/ethyl acetate 1:10) afforded 15
(34 mg, 26 mmol, 44%) as a glass.


Me3P method : 14 (60 mg, 47 mmol) was dissolved in THF (2 mL), Me3P
(140 mL, 1m in THF) and H2O (200 mL) were added and the mixture was
stirred for 3 days. Subsequently, the mixture was concentrated and cocon-
centrated with toluene (2 � ). The resulting oil was dissolved in pyridine
(2 mL) and Ac2O (500 mL) was added. After stirring for 16 h, the mixture
was concentrated and the resulting product was coevaporated with tolu-
ene (2 � ). Column chromatography (ethyl acetate/light petroleum 2:1!
MeOH/ethyl acetate 1:10) afforded 15 (31 mg, 24 mmol, 50 %) as a slight-
ly yellow glass.


15 : [a]25
D �15.0 (c =0.5, MeOH); IR (thin film): ñ= 2984, 1738, 1712,


1370 cm�1; 1H NMR (MeOD): d=7.64 (m, 4 H; H-arom.), 7.27 (m, 21H;
H-arom.), 5.59 (d, 1H; H-4, J =3.2 Hz), 5.54 (s, 1 H; CH-benzylidene),
4.76 (m, 3 H; H-1’’, 2� CHPh), 4.63 (br s, 1H; H-1’), 4.58 (d, J =12.0 Hz,
1H; CHPh), 4.48 (d, J=11.6 Hz, 1 H; CHPh), 4.32 (d, J =8.4 Hz, 1H; H-
1), 4.07 (dd, J =11.6, 3.2 Hz, 1 H; H-6’), 4.00 (m, 2H; H-4’’, H-3), 3.86
(dd, 1 H; H-2, J=10.8, 8.8 Hz), 3.73 (m, 10H; H-3’, H-2’, H-5’, H-5, H-2’’,
H-3’’, 2� H-6, 2 � H-6’’), 3.48 (m, 2 H; H-6’, H-4’), 3.45 (s, 3H; OMe), 3.07
(m, 1H; H-5’’), 2.14 (s, 3 H; O(CO)CH3), 2.06 (s, 1 H; N(CO)CH3), 2.04
(s, 1H; N(CO)CH3), 1.99 (s, 1H; N(CO)CH3), 1.04 (s, 9 H; CH3-tBu),
0.97 (s, 9 H; CH3-tBu), 0.18 (s, 3 H; Si-CH3), 0.16 (s, 3 H; Si-CH3) ppm;
13C NMR: d=172.0, 171.3, 170.6, 170.2, 138.5, 137.6, 137.3, 135.6, 132.8,
129.8, 129.0, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.8, 127.7, 127.3,
126.0, 101.3, 101.2, 100.5, 98.5, 82.7, 79.1, 76.7, 76.4, 76.1, 74.9, 73.9, 73.5,
72.6, 72.6, 72.4, 66.1, 65.0, 60.9, 56.5, 55.9, 55.9, 45.4, 26.7, 26.1, 23.9, 23.5,
22.9, 20.6, 19.0, 18.8, �5.1, �5.4 ppm; ESI-HRMS: calcd for
C70H93N3O17Si2 [M +H]: 1304.6116; found: 1304.6151.


Methyl 2-acetamido-4-O-acetyl-3-O-{2-acetamido-3-O-benzyl-4-O-(2-
acetamido-3-O-benzyl-4,6-O-benzylidene-2-deoxy-b-d-glucopyranosyl)-2-
deoxy-b-d-mannopyranosyl}-2-deoxy-b-l-galactopyranoside (16): HF·pyr-
idine (70 % in pyridine, 24 mL) was added to a solution of 15 (28 mg,
21 mmol) in THF/pyr (250 mL, 4:1) in an Eppendorf vial. After stirring


overnight, the reaction mixture was poured into water and the aqueous
layer was extracted with ethyl acetate (3 � ). The combined organic
phases where dried (MgSO4), filtered and concentrated in vacuo. Column
chromatography (ethyl acetate/light petroleum 1:1!MeOH/ethyl acetate
1:5) afforded diol 16 (15 mg, 16 mmol, 75 %) as a colourless glass: [a]25


D


�8.6 (c =0.2, MeOH); 1H NMR (MeOD): d=7.30 (m, 15 H; H-arom.),
5.53 (s, 1H; CH-benzylidene), 5.46 (d, J =3.2 Hz, 1H; H-4), 4.79 (m, 2H;
CHPh, H-1’’), 4.70 (d, J =0.8 Hz, 1H; H-1’), 4.66 (m, 1H; H-2’), 4.59 (d,
J =12.4 Hz, 1H; CHPh), 4.43 (d, J =12.4 Hz, 1H; CHPh), 4.40 (d, J =


8.4 Hz, 1 H; H-1), 4.07 (dd, J =10.8, 3.6 Hz, 1H; H-3), 3.93 (dd, J =10.0,
4.8 Hz, 1H; H-6’’), 3.87 (dd, J =9.2, 2.0 Hz, 1H; H-3’’), 3.78 (dd, J =8.4,
2.4 Hz, 1 H; H-2), 3.69 (m, 8H; H-2’’, H-4’, H-6’, H-3’, H-6, H-5, H-6, H-
4’’), 3.55 (m, 2H; H-6’’, H-6’), 3.46 (s, 3H; OMe), 3.40 (m, 1 H; H-5’),
3.10 (m, 1 H; H-5’’), 2.13 (s, 3H; O(CO)CH3), 1.96 (s, 3 H; NH(CO)CH3),
1.94 (s, 3 H; NH(CO)CH3), 1.83 (s, 3 H; NH(CO)CH3) ppm; 13C NMR
(MeOD): d= 173.7, 173.7, 173.6, 172.8 (4 � C=O), 139.98, 139.97, 139.1
(3 � Cq-arom.), 129.27, 129.26, 129.1, 128.9, 128.6, 128.4, 128.1, 127.3 (8 �
CH-arom.), 103.7 (C-1), 102.7 (C-1’’), 102.4 (CH-benzylidene), 98.0 (C-
1’), 83.2 (C-4’’), 80.3 (C-3’’), 80.0 (C-3’), 76.95 (C-3), 75.9 (C-5), 75.8 (C-
5’), 75.3 (CH2Ph), 74.9 (C-4’), 71.7 (CH2Ph), 69.7 (C-6’’), 67.5 (C-4), 67.3
(C-5’’), 62.0 (C-6), 61.6 (C-6’), 57.6 (C-2’’), 57.0 (OCH3), 52.9 (C-2), 50.2
(C-2’), 23.2, 23.1, 22.6, 20.8 (4 � CH3-acetyl) pp,; ESI-HRMS: calcd for
C48H61N3O17 [M +H]: 952.4074; found: 952.4085


Methyl 2-acetamido-4-O-acetyl-3-O-{2-acetamido-4-O-(2-acetamido-2-
deoxy-b-d-glucopyranosyl)-2-deoxy-b-d-mannopyranosyluronic acid}-2-
deoxy-b-l-galactopyranosyluronic acid (1): A solution of KBr (7.8 mg),
Bu4NBr (10.4 mg) and TEMPO (cat.) in saturated aqueous NaHCO3


(1.4 mL) was added to a solution of diol 16 (15 mg, 16 mmol) in DCM
(130 mL). A mixture of brine (0.14 mL), saturated aqueous NaHCO3


(78 mL) and NaOCl (36 mL, 10 % in H2O) was added to the resulting bi-
phasic mixture with vigorous stirring. After 30 min, TLC analysis
(MeOH/ethyl acetate 1:4) showed full transformation of the starting ma-
terial into a higher-running protracted spot. After addition of another
batch of NaOCl (50 mL, 10% in H2O) and stirring for an additional 16 h,
TLC analysis (MeOH/ethyl acetate 1:4) showed full consumption of this
intermediate. The phases were separated and the organic phase was
washed with saturated aqueous NaHCO3. The aqueous phase was ex-
tracted with DCM (2 � ), subsequently acidified to pH�3 (1 m HCl) and
extracted with ethyl acetate (4 � ). The combined organic phases were
dried (MgSO4), filtered and concentrated to give the crude diacid, which
was used in the next step without further purification: ESI-HRMS: calcd
for C48H57N3O19 [M+H]: 980.3659; found: 980.3693.


The diacid was dissolved in tBuOH/H2O (200 mL, 11:4), then HCl (1 m,
30 mL) and Pd/C (25 mg) were added and argon was bubbled through the
mixture for 30 min. H2 was bubbled through for 1 h and stirring under an
H2 atmosphere was continued for 18 h, after which the reaction mixture
was filtered, concentrated in vacuo and lyophilised. Gel filtration of the
resulting oil afforded the desired trisaccharide 1 (4.1 mg, 5.9 mmol, 37 %
over two steps) as a white foam: [a]25


D �4.6 (c=0.1, H2O); 1H NMR
(D2O): d= 5.71 (d, J=3.2 Hz, 1 H; H-4), 4.80 (s, 1 H; H-1’, obscured by
D2O residual solvent peak), 4.47 (d, J =8.4 Hz, 1 H; H-1’’), 4.46 (d, J=


8.6 Hz, 1 H; H-1), 4.29 (d, J =4.0 Hz, 1 H; H-2’), 4.18 (s, 1H; H-5), 4.09
(dd, J =10.8, 3.6 Hz, 1H; H-3), 3.92 (t, J =11.4 Hz, 1H; H-6’’), 3.82 (m,
3H; H-3’, H-2, H-4’), 3.74 (dd, J=7.2, 5.1 Hz, 1 H; H-6’’), 3.68 (m, 2 H;
H-2’’, H-5’), 3.54 (m, 4H; H-3’’, OMe), 3.44 (m, 2H; H-4’’, H-5’’), 2.10 (s,
3H; O(CO)CH3), 2.07 (s, 3H; NH(CO)CH3), 2.01 (s, 3 H; NH(CO)CH3),
2.00 (s, 3 H; NH(CO)CH3) ppm; 13C NMR (D2O): d=175.7, 172.8, 168.4,
162.2, 102.1 (C-1), 101.7 (C-1’’), 97.5 (C-1’), 79.0 (C-4’), 78.0 (C-5’), 76.7
(C-5), 76.0 (C-3), 74.5 (C-3’’), 74.2 (C-5’), 70.8 (C-3’), 70.4 (C-4’’), 69.4
(C-4), 61.3 (C-6’’), 57.6 (OMe), 56.2 (C-2’’), 53.1 (C-2’), 49.7 (C-2), 23.1
(NH(CO)CH3), 23.0 (NH(CO)CH3), 22.7 (NH(CO)CH3), 20.8
(O(CO)CH3) ppm; ESI-HRMS: calcd for C27H41N3O19 [M +H]: 712.2407;
found: 712.2398.
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A QM/MM Study of the Asymmetric Dihydroxylation of Terminal Aliphatic
n-Alkenes with OsO4·(DHQD)2PYDZ: Enantioselectivity as a Function of
Chain Length**


Gal� Drudis-Sol�,[a] Gregori Ujaque,[a] Feliu Maseras,*[a, b] and Agust� Lled�s[a]


Introduction


The dihydroxylation of olefins with osmium tetraoxide is a
powerful method with which to enantioselectively introduce
chiral centers into organic substrates.[1] Its importance is re-
markable owing to its common use in organic and natural
product synthesis,[2,3] being also a prominent method with
which to introduce two vicinal functional groups into hydro-
carbons with no functional groups.[4,5] In addition, with the
use of appropriate ligands in the catalyst, the enantioselec-
tivity of the reaction can be modulated. Several research
groups have recently made improvements to the catalytic di-
hydroxylation method.[6]


The reaction mechanism for the dihydroxylation of olefins
has been a matter of controversy for a long time.[7–9] Two
different mechanisms, concerted [3+2] and stepwise [2+2],
have been proposed as possible mechanisms for the reac-
tion. After the thorough work of several experimental[7,8]


and theoretical research groups,[10] a scientific consensus
emerged in which the [3+2] mechanism was considered to
operate in the dihydroxylation of olefins by osmium tetraox-
ide.[11] A competitive diradical mechanism has also been dis-
cussed for the dihydroxylation of protoanemonin by osmium
tetraoxide.[12] Furthermore, in very special cases and by
using other metal oxides, the activation barrier for the [2+2]
mechanism is lower in energy than that for the [3+2] mech-
anism.[13,14]


Despite its indisputable relevance, the preference for the
[3+2] mechanism does not in itself provide an explanation
for the stereoselectivity observed in the dihydroxylation re-
action. The origin of the enantioselectivity in the dihydrox-
ylation of olefins was previously studied by our group[15, 16]


by using QM/MM methods, and by other research
groups.[17–19] We performed a quantitative theoretical charac-
terization of the origin of the enantioselectivity in the dihy-
droxylation of aromatic olefins[15] and identified the main in-
teractions responsible for the enantioselectivity. These inter-
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Abstract: The dihydroxylation of ter-
minal aliphatic n-alkenes catalyzed
by OsO4·(DHQD)2PYDZ ((DHQD)2-
PYDZ =bis(dihydroquinidine)pyrida-
zine) has been computationally studied
by the hybrid QM/MM IMOMM-
(Becke3LYP:MM3) method. The cases
of propene, 1-butene, 1-pentene, 1-
hexene, 1-heptene, 1-octene, 1-nonene,
and 1-decene have been considered. A
systematic treatment for the large
number of possible conformations of
the longer chain alkenes has been de-
fined and applied, leading to the selec-


tion of approximately 1700 confor-
mations to be computed. The IMOMM
calculations of the transition states
formed between these conformations
and the catalyst generate enantiomeric
excesses that closely resemble the ex-
perimental data of related systems, spe-
cifically in the preference for the R


isomer and in its dependence on the
chain length of the substrate. The se-
lectivity increases sharply with the
elongation of the short-chain alkenes
until a ceiling value is reached, with
further elongations having little effect
on the enantiomeric excess (ee). These
results are rationalized through the
partitioning of the total energy of se-
lected conformers, a process that leads
to the identification of the most rele-
vant regions of the catalyst and the
characterization of the interactions crit-
ical for selectivity.


Keywords: asymmetric catalysis ·
computer chemistry · conforma-
tional search · dihydroxylation ·
QM/MM calculations
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actions were found to be mainly p-stacking interactions be-
tween the aromatic ring of the olefin and some aromatic re-
gions of the catalyst. Moreover, the most important regions
of the catalyst involved in determining the stereochemistry
were also identified.


In this work, the study was broadened to include an
investigation of the origin of the enantioselectivity in the
dihydroxylation of terminal aliphatic n-alkenes (Scheme 1).


The dihydroxylation of propene, 1-butene, 1-hexene,
and 1-decene catalyzed by OsO4·(DHQD)2PHAL
((DHQD)2PHAL =bis(dihydroquinidine)phthalazine) has
been studied experimentally and found to be enantioselec-
tive in all cases, leading predominantly to the R product.[5,20]


Furthermore, the experimental enantioselectivity was found
to depend on the chain length of the alkene; the enantiose-
lectivity increases sharply on going from propene to 1-pen-
tene, and after that, the enantioselectivity remains approxi-
mately constant for 1-hexene and 1-decene. In comparison
with the dihydroxylation of the aromatic olefins studied pre-
viously, the reaction of aliphatic olefins presents two main
points of interest. First, the p-stacking interactions that were
found to be critical for styrene cannot be responsible for the
observed enantioselectivity in this case because these olefins
have no aromatic rings. Secondly, the dependence of enan-
tioselectivity on the alkene chain length has no obvious ex-
planation. In this work, the reaction of the whole series of
aliphatic terminal n-alkenes, from propene to 1-decene, with


OsO4·(DHQD)2PYDZ (PYDZ= pyridazine) was studied
with the aim of understanding these two aspects. The com-
putational study was carried out using the same catalyst as
was used in the case of styrene to make the comparison be-
tween the two types of substrates easier. The two catalysts
are in fact very similar, the only difference being in the
spacer, giving practically the same enantioselectivities for
the same olefins, as shown in comparative experimental
studies.[21]


The calculations were carried out with the hybrid QM/
MM method, IMOMM,[22] which is closely related to the
ONIOM method.[23] This method was used in previous com-
putational studies of dihydroxylation reactions,[15,16] and has
also been used successfully in other computational studies
of homogeneous catalysis.[24–26]


The computational study of these aliphatic systems is
much more complicated than that of aromatic olefins owing
to the large number of conformations that aliphatic n-al-
kenes can achieve. Because of this, the first three sections of
the results will deal with the problems of identification and
screening of the possible conformations. Afterwards, sec-
tions are dedicated to a comparison of the computed enan-
tioselectivities with experimental values, the partitioning of
the total energy differences, the identification of the critical
regions of the catalyst for the reaction and a qualitative
analysis of the chemical nature of the key interactions. The
last section will summarize the conclusions.


Computational Methods


IMOMM[22] calculations were performed with a program built from
modified versions of two standard programs: Gaussian98[27] for quantum
mechanics calculations (QM) and MM3(92)[28] for the molecular mechan-
ics calculations (MM). Becke3LYP[29] was always used for the QM de-
scription and was applied to the OsO4·NH3+CH2=CHCH3 fragment; the
rest of the system was described by means of the MM3(92) force field.[30]


Preliminary tests with a smaller QM region, OsO4·NH3+CH2=CH2, were
shown to give poorer agreement with experiment. van der Waals parame-
ters for the osmium atom were taken from the UFF force field,[31] and
torsional contributions, including dihedral angles with the metal atom in
the terminal position, were set to zero. The MM dipole moments for the
carbon�oxygen bonds being formed were set to zero in most calculations.
An additional set of calculations (vide infra) were carried out by using
the MM3 value for a carbon�oxygen(alcohol) bond to check that this ap-
proximation was reasonable. All geometrical parameters were fully opti-
mized without symmetry restrictions except for the bond distances be-
tween the QM and MM regions of the molecules. The parameters were
frozen at 1.015 (N�H) and 1.101 (C�H) � in the QM part, and at 1.448
(N�C) and 1.434 (C�C) � in the MM part.


The basis set I used for the molecular orbital calculations was 6-31G(d)
for the oxygen atom,[32, 33] and 6-31G for the nitrogen, carbon, and hydro-
gen atoms;[33] the inner electrons of the osmium atom were described by
the LANL2DZ effective core potential (ECP),[34] whereas the outer elec-
trons were described using the double-x approach associated with the
corresponding ECP, also called LANL2DZ. This basis set has been
proven to properly describe this system.[35] In addition, single-point calcu-
lations at the CCSD(T) level in the QM region of the lowest energy con-
formations of the R and S transition states of propene, 1-hexene, and 1-
decene were also performed by using the basis set II. The basis set II was
the same as that described above for the osmium atom, with the addition
of a set of f functions (exponent 0.886),[36] and the 6-311g+(d) basis set


Abstract in Catalan: La dihidroxilaci� asim�trica d�olefines
terminals catalitzada per OsO4·(DHQD)2PYDZ, ha estat es-
tudiada computacionalment utilitzant el m�tode h�brid QM/
MM IMOMM(B3LYP:MM3). Degut al gran nfflmero de con-
formacions presents a les olefines estudiades, prop�, 1-but�,
1-pent�, 1-hex�, 1-hept�, 1-oct�, 1-non� i 1-dec�, hem propo-
sat una metodologia sistem�tica que ens ha perm�s seleccio-
nar aproximadament 1700 conformacions. Els c�lculs
IMOMM d’aquests 1700 conf�rmers ens han perm�s predir
computacionalment els excessos enantiom�rics esperats.
Aquests concorden amb els valors experimentals, a m�s de re-
produir la seva depend�ncia amb la longitud de la cadena.
Aix�, s�obtenen increments pronunciats de l�enantioselectivitat
si s�allarguen cadenes curtes, tot i que a partir d�una certa
llarg�ria, la seva elongaci� t� pocs efectes sobre l�enantiose-
lectivitat. Aquest fet s�explica a trav�s de la partici� de l�ener-
gia efectuada sobre els conf�rmers seleccionats, que ha
perm�s a m�s a m�s, identificar les regions del catalitzador
que m�s contribueixen a l�enantioselectivitat de la reacci�.


Scheme 1. Asymmetric dihydroxylation of terminal aliphatic n-alkenes.
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was used for the rest. The energy differences between both methods and
basis set are minimal (see text).


Results and Discussion


Approach of the olefin to the catalyst : In the [3+2] mecha-
nism the olefin can approach the catalyst in several different
ways, and in order to investigate all the possible transition
states associated with the formation of the five-membered
osmate ester ring, one must take all of them into account.
These different paths are classified according to the criteria
depicted in Figure 1. Figure 1a shows the top view along the


O�Os�N axis of the possible regions of approach of the
olefin to the catalyst. The catalyst has a trigonal bipyramidal
coordination around the metal center with three oxygen li-
gands in equatorial positions and one amine ligand and one
oxygen ligand in apical positions. The equatorial oxygen
atoms O(Os) are staggered with respect to the amine sub-
stituents C(N). The alkene forms bonds with one of the
equatorial oxygen atoms and the axial oxygen atom. Since
the three equatorial oxygen atoms are not equivalent, the
approach of the olefin to each of them defines a distinct
family of reaction paths, which are labeled A, B, and C ac-
cording to the notation proposed by Sharpless and co-work-
ers,[8b, c] and as used in our previous studies.[15]


A second question is the placement of the olefin substitu-
ent, an aliphatic chain in this study, which can be located in
four different orientations. These four orientations, labeled
as I, II, III, and IV, are shown in Figure 1b. The three re-
gions of approach and the four possible positions of the
olefin substituent per region yield a total of 12 different
ways in which the reaction can proceed. The overall selectiv-
ity of the reaction depends on the orientation of the sub-
strate. When the orientation is I or III, the final diol product
is the R enantiomer, whereas for orientations II and IV the
final product is the S enantiomer.


Once the different pathways for the approach of the
olefin to the catalyst have been identified, one faces a much


more complicated problem in dealing with the conforma-
tions of the olefins under study. All of these reaction path-
ways are going to be studied for each member of a series of
n-aliphatic alkenes, from propene to 1-decene. The propene
molecule has only one conformation, but as the chain length
becomes longer, the number of conformations increases dra-
matically, and can be in the order of thousands for the case
of 1-decene. In addition, each of the olefin conformations
needs to be studied for each of the 12 different pathways,
and the relative stability of these conformations is also af-
fected by their interactions with the catalyst. The calculation
of such a large number of transition states is unfeasible even
if QM/MM methods are applied because this system re-
quires an ab initio level for the QM part. Hence, we need to
develop a strategy that will screen all the possible conforma-
tions and concentrate the computational effort only on the
most stable conformations since only these conformations
will be involved in the reactive pathways. The next section is
dedicated to a description of the strategy adopted to deal
with this issue.


Conformational search of the “catalyst+olefin” systems :
For any molecule, the presence of geometrical arrangements
of similar energy separated by low energy barriers, known
as conformers, seriously complicates the analysis of the
chemical properties of any system. For example, long-chain
aliphatic 1-alkenes, such as decene, have a large number of
conformers of similar energy with low energy barriers owing
to rotation around the C�C single bonds. Therefore, a
proper conformational analysis is crucial to the computa-
tional treatment of the enantioselectivity of these systems.
The importance of conformational analysis for catalyzed di-
hydroxylation processes in other systems has already been
pointed out by other authors.[18,19]


For the dihydroxylation of aliphatic n-alkenes with
OsO4·(DHQD)2PYDZ one can regard the system as being
composed of two different parts, the catalyst and the olefin.
As far as the catalyst is concerned, two different conforma-
tions have been taken into account. Even though the cata-
lyst is a large molecule, it has several quite rigid aromatic
fragments that significantly reduce the number of possible
conformations. Moreover, a previous theoretical analysis of
this catalyst has shown that one of the studied conforma-
tions is preferred.[15] In addition, experimental studies
(NMR, NOESY, etc.) carried out by Corey and Noe[37] on
this catalyst and by Sharpless and co-workers[38] on a very
similar catalyst, OsO4·(DHQD)2PHAL, have also shown
that this is quite a rigid molecule. The second conformation
considered implies the rotation of one of the quinoline
rings, which might enhance the interactions between the
ligand and the longer olefins, and has also been considered
by other authors.[15,37, 38] Both structures present a U-shape
conformation which was shown to act as a binding site when
the olefin is styrene.[15]


As far as the alkenes under study are concerned, the large
number of conformations that the olefin substituent (an ali-
phatic chain) can adopt, especially when the chain length is


Figure 1. The possible reaction pathways in the IMOMM calculations. a)
Top view along the O�Os�N axis showing the three different regions (A,
B, and C) of approach of the olefin. b) Side view perpendicular to the
O�Os�N axis showing the four possible orientations (I, II, III, and IV)
of the alkene substituent.
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long, makes the problem more complicated. In addition, in
this case, the stability of an olefin conformation is also af-
fected by the interactions between the olefin substituent and
the catalyst, which thus has to be included in the conforma-
tional search. Several methods for performing the conforma-
tional analysis have been proposed, and the one we used fol-
lows a scheme based on the “systematic search” approach.[39]


Our treatment consisted of two parts. First we developed a
method to identify all the possible conformations. After-
wards, we screened all these possible conformations so that
we only performed the relatively expensive QM/MM calcu-
lations on the most stable ones.


We were thus interested in identifying the possible confor-
mations of the transition states formed between each 1-
alkene from propene to 1-decene and the catalyst. The gen-
eration of the different conformations of an olefin with a
chain length of “n+1” carbon atoms is based on the confor-
mations of the previous olefin which has a chain length of
“n” carbon atoms. The construction of an olefin with “n+1”
carbon atoms implies the addition of a methyl substituent
onto the terminal methyl group of the olefin with “n”
carbon atoms. The terminal group of the “n” olefin has
three hydrogen groups, and the possibility of the methyl
group replacing each of them is considered. Consequently,
for each available conformer of the “n” olefin, three con-
formers of the “n+1” olefin have to be considered. For in-
stance, to build up the different conformers of 1-butene,
each of the three hydrogen atoms of the terminal methyl
group of propene have to be subsequently replaced by a
new CH3 group (Figure 2). This is the general scheme used
for the construction of the different conformations of the
terminal aliphatic n-alkenes on going from propene to 1-
decene.


This algorithm is suitable for the systematic identification
of a large number of conformations, and is very likely to in-
clude the most stable ones, but has the serious problem of
involving a very high number of structures. The number of
conformations increases exponentially with the length of the
chain. For propene there are the 12 possible structures (cor-
responding to the region of approach and the orientation of
the olefin with respect to the catalyst) as discussed in the


previous section. For 1-butene, the number increases to 36,
that is, 3 times 12. As the chain lengthens, the number of
conformations grows very quickly, 108 for 1-pentene, 324
for 1-hexene, 972 for 1-heptene, 2916 for 1-octene, 8748 for
1-nonene, and 26 244 for 1-decene. Therefore, there are
almost 40 000 different conformers. One mode of approach
of the olefin to a second conformation of the catalyst was
also studied, thus increasing the total number of conformers
to 53 000. The IMOMM(Becke3LYP:MM3) calculation of
all of these transition states is not feasible. Instead, we de-
cided to select the transition states that would be fully opti-
mized by the IMOMM method.


The screening was based on the MM energies obtained by
IMOMM(Becke3LYP:MM3) optimizations with the QM
region frozen. Because of the definition of the IMOMM
method, such a calculation can be done purely at the much
cheaper MM level, with the QM energy being added after-
wards. The saving in computational effort is substantial; the
MM optimization of a given geometry takes only about
15 seconds of computer time, and the corresponding IM-
OMM(B3LYP:MM3) calculation requires about 5 h of com-
puter time. The starting conformations of a given olefin, for
instance 1-butene, were obtained from the optimized confor-
mations of the preceding one, in this case, propene, follow-
ing the procedure explained above. Then, once the confor-
mations had been generated, they were submitted to a re-
stricted MM optimization: the atoms belonging to the QM
region were kept frozen, whereas the atoms of the MM
region were fully optimized at the molecular mechanics
level. The geometrical dispositions of the atoms in the QM
region were taken from the IMOMM-optimized transition
state of the “catalyst+propene” system since propene is de-
scribed in the QM part. The geometrical parameters of this
transition state in the QM region were kept frozen through-
out the conformational search. A schematic representation
of the procedure used to perform the conformational calcu-
lations for the complete series of olefins is presented in
Figure 3.


Following the systematic search described above, the con-
formational space for the different “olefin+catalyst” systems
on going from propene to 1-decene was evaluated at the
MM level. The next step was to decide which conformers
had to be considered in the IMOMM calculations. To
choose a reasonable criterion, the enantiomeric excess for
each of the olefins was estimated by using the energy values
obtained from the conformational search at the MM level.
The ee was calculated for several scenarios, by considering
up to 99, 198, 300, and 399 conformers for each of the ole-
fins from propene to 1-decene. These conformers were
chosen as the most stable from each region of approach (A,
B, and C, Figure 1). One third was taken from each region
to ensure that the effect of eventual large rearrangements in
the QM region was included. The results obtained by taking
up to 300 or up to 399 conformers were practically the same.
Hence, we decided to select 300 conformations for the
IMOMM calculations. Thus, the total number of conformers
considered in the IMOMM calculations was all the possible


Figure 2. Schematic representation of the method used for conformer
generation.
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ones for propene to 1-pentene (16 for propene, 48 for 1-
butene, and 144 for 1-pentene) and 300 for each olefin from
1-hexene to 1-decene.


In energy terms, the selection criteria mean that in the
case of 1-heptene those conformers with a relative energy
higher than 4.4, 3.2, and 3.5 kcal mol�1 for each of the three
regions, respectively, were rejected. Remember that 100 con-
formations were selected for each of the regions. In the case
of 1-octene, the cut-off energies were 3.1, 2.7, and
2.4 kcal mol�1, respectively. For 1-nonene these energies
were 2.9, 3.0, and 2.7 kcal mol�1, respectively, and for 1-
decene the cut-off energies were 2.7, 3.0, and 2.9 kcal mol�1


for each of the regions, respectively. To put these relative
energies into perspective, let us mention 1-octene as an ex-
ample; the conformer with an energy 2.4 kcal mol�1 above
the most stable conformer contributes only 0.13 % to the
total population of the region C of 1-octene in our specific
study. As a result, the final number of transition states opti-
mized at the IMOMM level was approximately 1700. The
results presented in next sections are based on these calcula-
tions at the IMOMM level.


Computational evaluation of enantioselectivity : Computa-
tional studies were carried out on the complete series of ole-
fins, from propene to 1-decene. The catalyst used was
OsO4·(DHQD)2PYDZ. For
each catalyst–substrate pair all
possible conformations of the
olefin were screened by follow-
ing the procedure described in
the previous section, and the
more stable conformations (up
to 300 for the longer substrates)
were fully optimized as transi-
tion states by the IMOMM
method. The energies resulting
from these geometry optimiza-


tions were then used to esti-
mate computationally the enan-
tiomeric excesses by assuming
that the ratio of the products
follow the Maxwell–Boltzmann
distribution of the energies of
the corresponding transition
states, as is often the case in
this type of calculation.[15,26, 40]


The analysis was carried out by
using different numbers of con-
formations to further check that
enough of them had been in-
cluded.


Our approach to the calcula-
tion of the enantiomeric excess
can be viewed as the perfor-
mance of an ensemble average
over a canonical ensemble in
which the conformations are


systematically enumerated. The same result can also be ob-
tained by molecular dynamics simulations in which a time
average is carried out. In practice molecular dynamics are
used more often for this type of computational evaluation
because it is impossible to enumerate the conformations
when the system becomes too large. However, we feel that
when the enumeration of conformations is possible, as here,
the present approach is more transparent, and it avoids the
intrinsic problems of equilibration and the choice of dynam-
ic parameters used in the molecular dynamics simulations.


The results presented in Table 1 confirm that the total
number of conformations considered in the calculations of
the enantiomeric excess for each of the olefins is sufficient
to obtain reliable computational values. With propene, 1-
butene, and 1-pentene, all the possible conformations were
considered. For 1-hexene to 1-decene, however, only up to
300 conformations were selected, as indicated in the previ-
ous section. The results in Table 1 show that for longer-
chain olefins when the number of conformations considered
increases from 1 to 200 the calculated ee decreases, but
when the number of conformations considered is more than
200 the calculated ee is shown to have already converged,
and remains practically constant.


At this point, it is worth mentioning that although certain-
ly not all the computed conformations contribute significant-


Figure 3. Flux diagram for the systematic conformational search of the complete series of olefins.


Table 1. The enantiomeric excess as a function of the number of conformers used in the IMOMM-
(B3 LYP:MM3) analysis. Results for olefins between propene (C3) and 1-decene (C10) are presented.


Number of conformations Enantiomeric excess
C3 C4 C5 C6 C7 C8 C9 C10


1 100 100 100 100 100 100 100 100
5 46 69 83 100 100 100 100 100


20 43 57 70 88 95 100 100 100
50 55 67 84 90 95 96 99


100 66 83 86 89 91 93
200 82 86 88 89 90
250 82 86 88 89 90


total 43 55 66 82 86 88 89 90
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ly to the overall selectivity, quite a few of them do. In fact,
with propene the most stable transition state accounts for
only 50 % of the product, 41 % with 1-butene, 33 % with 1-
pentene, 33 % with 1-hexene, 24 % with 1-heptene, 25 %
with 1-octene, 17 % with 1-nonene, and 10 % with 1-decene.
These results demonstrate that a systematic conformational
analysis is needed in order to obtain accurate ee values. For
instance, in the case of 1-decene, the most stable conforma-
tion accounts for only 10 % of the product, giving 100 % ee.
The 20 most stable conformations account for 66 % of the
total product, also giving 100 % ee. In both cases, that is,
with 1 or 20 conformations, the calculated ee is 100 %, which
means that there are no S conformations amongst the 20
most stable structures. The 50 most stable conformations ac-
count for 86 % of the total product. In this case, some S
enantiomers are also formed, and the calculated ee decreas-
es to 99 %. The 200 most stable conformers account for
99 % of the products, and the calculated value for the
ee is 90 %. At this point, most of the conformations that
contribute to the ee have been considered, and the inclu-
sion of more conformations does not modify the enantio-
selectivity. Therefore, in order to calculate an accurate value
for the ee, a large number of conformations (at least 200)
are needed to account for 99 % of the product. Similar
results were found for the other long-chain olefins. This
is in complete contrast with what happened in the pre-
viously studied case of styrene,[15] for which there was no
conformational problem. These results underline the neces-
sity of a systematic conformational analysis in the current
case.


To confirm the quality of the QM description, single-point
calculations at the CCSD(T) level of theory using a larger
basis set were performed on the most stable transition states
that give the R and S products for propene, 1-hexene, and 1-
decene. The energy differences between the most stable R
and S transition states at the B3LYP level are 0.2, 1.1, and
0.5 kcal mol�1 for propene, 1-hexene, and 1-decene, respec-
tively. In the case of the CCSD(T) calculations, these energy
differences for the same alkenes are 0.2, 0.9, and
0.5 kcal mol�1, respectively. The energy differences deter-
mined by the two methods are very similar, further validat-
ing the method and basis set used.


Comparison between computed and experimental observa-
tions : The experimental study of the dihydroxylation of a
series of aliphatic n-alkenes shows that the observed enan-
tioselectivity depends on the olefinic chain length
(Figure 4).[3,20] The catalyst used in the experiments was
OsO4·(DHQD)2PHAL and the olefins studied were pro-
pene, 1-butene, 1-pentene, 1-hexene, and 1-decene. The R
enantiomer was always found to be the major product in the
dihydroxylation of this series of aliphatic n-alkenes. When
varying the olefin from propene to 1-decene the observed
enantiomeric excess increases from approximately 35 to
nearly 85 %. The enantioselectivity initially increases signifi-
cantly with the number of carbon atoms (from propene to
pentene), reaching a ceiling saturation value when the chain


length is greater than five. Consequently, the selectivity for
1-pentene, 1-hexene, and 1-decene is practically the same.


The computed enantiomeric excesses, together with the
experimental values, for each of the substrates considered,
are presented in Figure 4. The computed results for the ee
are in excellent agreement with the experimental values.
The calculations are able to reproduce the experimentally
observed increase in the ee of the short-chain olefins and
the presence of a ceiling value after which the increase in
enantioselectivity is much smaller. Moreover, even the ee
values derived from the IMOMM calculations are quite sim-
ilar to the experimental values, the largest difference corre-
sponding to 1-pentene (computed 66 % versus experimental
79 %). The saturation value is reached with 1-pentene in the
experimental study, but with 1-hexene in the calculations,
however, we consider this to be a minor discrepancy.


As far as the region of entry of the olefin is concerned,
the most stable transition states for each of the olefins from
propene to 1-decene that give the R enantiomer have the
olefin located in region B. In particular, the most stable con-
formations correspond to the B-III orientation. Similar re-
sults were obtained for the S enantiomer, for which the
most stable conformation is, in most cases, B-IV. The prefer-
ence for entry at region B has already been observed experi-
mentally.[8b] This preference over other regions reflects the
nature of the steric interactions between the catalyst and
substrate. Regions A and C are less crowded than region B.
Therefore, the magnitude of the steric interactions should
be smaller in these regions than in region B. Nevertheless,
the saddle-point energy is lower in region B than in the
others, which indicates that the steric interactions are of an
attractive nature. This fact was also observed for the aro-
matic alkenes,[15] and does not contradict the existence of an
intermediate in the reaction path previously identified.[16a]


The energy terms that differentiate R and S enantiomers :
Having shown that the experimental trends are properly re-


Figure 4. Experimental[2 ,20] and computed enantiomeric excesses as a
function of the chain length of the aliphatic n-alkenes.
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produced by calculation, we then sought to explain them. To
discern the main differences between the R and S enantio-
mers it is first necessary to separate the total energy into its
components and to identify which of them is responsible for
the difference between the paths leading to the R and S
products. We start by distinguishing the energies of the QM
and MM parts of these calculations.


The energy of the QM part is quite similar and within the
same range for the different conformations of the R and S
transition states for each of the olefins. For instance, in the
case of 1-decene the QM energies for the R structures are
between �1.2 and 1.3 kcal mol�1 with respect to that of the
most stable QM/MM isomer, and for the S structures they
are between �1.1 and 0.5 kcal mol�1. No significant differen-
ces can thus be observed, either in the range or in the aver-
age of the relative QM energies of the R and S structures.
Things are different for the MM energies. In this case, the
corresponding values are 0.0 and 6.2 kcal mol�1 for the R
conformers and 2.1 and 6.0 kcal mol�1 for the S conformers.
The difference between the lowest relative MM energies is
2.1 kcal mol�1. That is, the most stable S isomer will have an
MM energy at least 2.1 kcal mol�1 above that of the most
stable R isomer. An energy difference of 2 kcal mol�1 is cer-
tainly significant for the enantioselectivity, and because of
this, we will focus our analysis on the MM energies. More-
over, the range of energies is significantly wider for the MM
than for the QM values, which further indicates that most of
the energy difference between the conformers lies in the
MM part.


The next logical step is to separate the MM energy into
its components. The procedure here is however complicated
by the large number and variety
of relevant conformations. The
diversity of the structures
makes the application of the
dispersion criterion used above
to discard the QM contribution
impossible. The ideal study
would consist of an exhaustive
analysis of all the conformations
that contribute to the enantiose-
lectivity of each of the olefins.
However, owing to the large
number of conformations to be
considered, this is impractical.
Instead, we decided to analyze
in detail some of the most
stable conformations of the R
and S enantiomers of the olefins
of the series. Although the opti-
mal analysis would involve a
consideration of all the confor-
mations, we still expect this
analysis to be informative.
Hence, we will focus on two se-
lected single conformations
(which are among the most


stable conformations) of the R and S enantiomers of each of
the olefins from propene to 1-decene.


The different contributions to the MM energy of each of
the selected conformers are given in Table 2. The energy dif-
ferences between the R and S enantiomers for the compres-
sion, bending, torsional, dipole–dipole, and cross terms are
small relative to the energy differences for the van der
Waals term. The differences in the compression, bending,
dipole–dipole, and cross terms are 0.2 kcal mol�1 at most.
The differences in the torsional term can be somewhat
larger, up to �0.8 kcal mol�1, but they are never more than
35 % of the total energy difference. It is clear from Table 2
that the van der Waals term is the main cause of the energy
differences between the R and S enantiomers. The real
meaning of this term in the MM3 force field, as in most
force fields, cannot be directly assigned to the physical
meaning of the van der Waals interactions[41] because of the
parameter fitting involved in the force-field development. In
any case, without defining exactly the meaning of the term
here, in these calculations it clearly includes the origin of
enantioselectivity, and we will use it to analyze the main dif-
ferences between the different conformations.


It may seem surprising that electrostatic interactions do
not have more influence on the enantioselectivity. This is es-
sentially because of the nature of the MM3 force field. The
charge on all the atoms in the MM region of the molecule is
zero by definition of the atomic types. Hence all the eventu-
al charge–charge terms in the IMOMM QM/MM calculation
cancel out. Charges in the QM region (notably on the
osmium center) are arbitrarily set to zero on the assumption
that they would not be able to discriminate between enan-


Table 2. Breakdown of the MM energy into its component terms for selected conformations of the transition
states associated with each of the olefins in the series.


Olefin MM energy [kcal mol�1]
compression bending VdW torsional dipole–dipole cross-terms


C3 R 6.7 19.9 61.9 24.2 3.0 �0.8
S 6.7 19.9 62.7 24.2 3.0 �0.8
Diff (R�S) 0.0 0.0 �0.8 0.0 0.0 0.0


C4 R 6.7 20.1 62.7 23.7 2.8 �0.9
S 6.7 20.0 63.6 24.0 2.8 �0.8
Diff (R�S) 0.0 0.1 0.9 �0.3 0.0 �0.1


C5 R 6.8 20.2 62.7 23.8 2.7 �0.9
S 6.7 20.1 64.4 24.0 2.8 �0.8
Diff (R�S) 0.1 0.1 �1.7 �0.2 �0.1 �0.1


C6 R 6.8 20.2 62.6 23.7 2.8 �0.8
S 6.8 20.1 65.1 24.0 2.8 �0.8
Diff (R�S) 0.0 0.1 �2.5 -0.3 0.0 0.0


C7 R 6.9 20.3 63.2 23.7 2.8 �0.8
S 6.8 20.1 65.2 24.5 3.0 �0.8
Diff (R�S) 0.1 0.2 �2.0 -0.8 �0.2 0.0


C8 R 6.9 20.3 63.7 23.7 2.8 �0.8
S 6.9 20.1 66.0 24.6 3.0 �0.8
Diff (R�S) 0.0 0.2 �2.3 �0.8 �0.2 0.0


C9 R 7.0 20.4 64.5 23.8 2.8 �0.8
S 6.9 20.2 66.9 24.6 3.0 �0.8
Diff (R�S) 0.1 0.2 �2.4 �0.8 �0.2 0.0


C10 R 7.0 20.4 65.3 23.8 2.8 �0.8
S 7.0 20.2 67.8 24.6 3.0 �0.8
Diff (R�S) 0.1 0.2 �2.4 �0.8 �0.2 0.0
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tiomers, thus eliminating the possibility of charge–dipole
terms in the QM/MM calculation. As a result, the MM3
electrostatic contribution is reduced to the dipole–dipole in-
teractions. This dipole–dipole term is given in Table 2, in
which it can be seen that this term is not negligible from an
absolute point of view, with values close to 3 kcal mol�1, but
that it is essentially the same for all of the R and S enan-
tiomers. The fact that the interactions labeled as electrostat-
ic by the force field are not more critical for enantioselectiv-
ity has no direct implication on the real nature of the critical
interactions. In fact, if a difference force field was applied,
electrostatic interactions would likely account for a substan-
tial part of the difference.


A significant part of the dipole–dipole interaction could
in principle be associated with the dipole moment of the C�
O bond being formed, which is not well defined a priori by
the force field. It was mentioned in the Computational
Methods section that the value for this dipole moment was
set to zero for most calculations, including those presented
above. In order to check whether this approach was critical,
an additional set of calculations were carried out with a dif-
ferent value for this dipole moment, in particular, the value
corresponding to a standard carbon�oxygen(alcohol) bond
in the MM3 force field. Pure MM calculations were carried
out on frozen QM geometries for the particular case of
region B. These calculations were of the same type as those
reported above for the screening of the conformations. The
computed ee values for the alkenes from 1-butene to 1-
decene were 55, 66, 78, 78, 79, 83, and 85 for the zero dipole
moment and 54, 66, 76, 78, 81, 85, and 88 for the non-zero
dipole moment. The particular value of this dipole moment
thus has a very minor influence on the computed enantio-
meric excess. Given the results of this preliminary test at a
pure MM level, no further studies were carried out at the
more expensive QM/MM level on this issue.


The van der Waals contribution is a summation of the in-
teractions between atom pairs. Thus, it is straightforward to
separate this term into interactions between two or more
sets of atoms. We have partitioned the system into two frag-
ments, the catalyst and the substrate, and separated the total
van der Waals interaction into three blocks, those between
the atoms in each fragment (catalyst–catalyst and substrate–
substrate) and those between the two fragments (catalyst–
substrate). This scheme was applied to the selected confor-
mations of each of the considered olefins and the results are
collected in Table 3. Not surprisingly, the interaction be-
tween the two fragments, the catalyst and the substrate, is
the key term, and can faithfully explain the variation in ee
with increasing alkene chain length; the sharp increase in
the selectivity from propene to 1-hexene and the subsequent
slow increase from 1-hexene to 1-decene. We have thus con-
centrated all subsequent analyses on this particular term,
the van der Waals interaction between the catalyst and the
substrate.


The key regions of the catalyst : In the previous section, the
overall energies of selected conformations of catalyst–sub-


strate pairs were analyzed, and the main differences be-
tween the enantiomers was identified as being associated
with the van der Waals interaction between the catalyst and
substrate. This term will be analyzed in detail in this section.


The interaction energy between the olefins and the cata-
lyst in the transition states for the R and S products are pre-
sented in Figure 5. The interaction energy for the R enan-
tiomer increases across the series of olefins, though the in-
crease is larger on going from propene to 1-hexene than for
the rest of the olefins in the series. For the S enantiomer, in
contrast, the interaction energy increases slowly and con-


Table 3. MM3 van der Waals interaction energies between the catalyst
and the olefin fragments of selected conformations of the transition
states.


Olefin VdW energies [kcal mol�1]
cat.–cat. subs.–subs. cat.–subs. total


C3 R 66.5 0.0 �4.6 61.9
S 66.6 0.0 �3.9 62.7
Diff (R�S) �0.1 0.0 �0.7 �0.8


C4 R 67.2 1.1 �5.7 62.7
S 67.0 1.0 �4.4 63.6
Diff (R�S) 0.2 0.1 �1.2 �0.9


C5 R 67.2 2.1 �6.6 62.7
S 67.0 2.0 �4.6 64.4
Diff (R�S) 0.2 0.1 �2.0 �1.7


C6 R 67.4 3.1 �7.9 62.6
S 67.0 2.9 �4.9 65.1
Diff (R�S) 0.4 0.2 �3.0 �2.5


C7 R 67.5 4.0 �8.3 63.2
S 66.7 4.1 �5.6 65.2
Diff (R�S) 0.8 �0.1 �2.7 �2.0


C8 R 67.5 5.0 �8.7 63.7
S 66.7 5.1 �5.7 66.0
Diff (R�S) 0.8 �0.1 �3.0 �2.3


C9 R 67.5 5.9 �8.9 64.5
S 66.7 6.0 �5.8 66.9
Diff (R�S) 0.8 �0.1 �3.1 �2.4


C10 R 67.5 6.9 �9.0 65.4
S 66.7 7.0 �5.8 67.8
Diff (R�S) 0.8 �0.1 �3.1 �2.4


Figure 5. MM3 van der Waals interactions (kcal mol�1) between the cata-
lyst and olefins in the selected conformers.
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stantly for all the olefins studied. Figure 5 also shows the dif-
ference between the interaction energies of the transition
states of the R and S enantiomers and allows the variation
in the enantioselectivity as a function of the chain length to
be explained. The interaction energy increases more rapidly
for the R transition states than for the S transition states
until the chain has six carbon atoms. After this point, the in-
teraction energy increases very smoothly and similarly for
both enantiomers such that the enantioselectivity remains
practically constant, hence displaying saturation behavior.
Hence, for the first part of the series, the enantioselectivity
of the reaction increases with increasing chain length be-
cause the attractive interactions between the olefin and the
catalyst increase more rapidly for the R enantiomer than for
the S enantiomer in their respective transition states.


We can go one step further in the analysis of the interac-
tion between the substrate and catalyst, and evaluate the in-
teraction energies between the series of olefins and different
parts of the catalyst separately. The catalyst has been divid-
ed into five parts (Figure 6). These parts are labeled as
Quinoline A, Quinoline B, PYDZ, Quinuclidine A, Quinu-
clidine B, and OsO4.


The interaction energies between selected conformers of
the whole series of olefins and each of the different parts of


the catalyst are shown in Figure 7. The part of the catalyst
that has the largest interaction with the olefins is Quinoline
A; it accounts for more than 40 % of the total interaction in
the transition state for the R enantiomer and about 60 % for
the S enantiomer. This interaction increases more rapidly
between propene and 1-hexene than between 1-heptene and
1-decene. Nevertheless, it behaves very similarly for both
enantiomers. Therefore, even though Quinoline A is deci-
sive for catalytic purposes, it is responsible for neither the
enantioselectivity nor its dependence on the chain length. In
the analysis performed on the aromatic olefins this was also
the principal energy term, but in that case, it could also ex-
plain the enantioselectivity.[15] Therefore it appears there is a
significant difference in the way in which the catalyst inter-
acts with the two types of substrates.


For the R enantiomers, the spacer PYDZ makes the
second largest contribution to the interaction energy of the
transition states. For this enantiomeric form, the interaction
between the olefins and PYDZ behaves similarly to that of
the interaction with Quinoline A; it increases markedly on
going from propene to 1-hexene, and after that, it remains
approximately constant for the rest of the series up to 1-
decene. In the case of the S enantiomers, in contrast, the
PYDZ region is not so relevant, and the energetic contribu-
tion of this part of the catalyst is at most of the same order
as the other less relevant parts of the catalyst (Figure 7).
This indicates that the PYDZ region is one of the key fac-
tors that differentiate the interactions between the olefins
and the catalyst in the transition states of the R and S enan-
tiomers. Therefore, PYDZ is important in determining the
enantioselectivity of these reactions in contrast to what was
found for aromatic olefins.[15]


Quinuclidine B also requires special mention. The interac-
tion between this part of the catalyst and the olefins in the
transition states of the R products is significant. This interac-
tion increases markedly on going from propene to 1-hexene,
its increase being more gradual for the rest of the series of
the olefins. In contrast, this interaction is almost negligible
relative to those of the other parts of the catalyst in the
transition states that give the S products. This is another


Figure 6. The different regions of the OsO4·(DHQD)2PYDZ catalyst. Hy-
drogen atoms are omitted for clarity.


Figure 7. van der Waals interactions between the aliphatic n-alkenes and the different regions of the catalyst for the selected conformers: a) R enantio-
mers and b) S enantiomers.
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factor that differentiates the interactions between the olefins
and the catalyst in the transition states of the R and S enan-
tiomers. Therefore, Quinuclidine B also helps to determine
the stereochemistry of the products derived from the ali-
phatic n-olefins. Again, in the case of the dihydroxylation of
aromatic olefins this interaction was not essential.[15]


The interactions between the olefins and the remaining
parts of the catalyst, Quinoline B, OsO4, and Quinuclidine
A, are quite small in all cases relative to those mentioned
above. All of these interactions are quite similar for all of
the olefins and are independent of the chain length. More-
over, their values are also similar for both the R and S tran-
sition states. Therefore, these regions of the catalyst do not
contribute significantly to the enantioselectivity or the catal-
ysis of the reaction.


The enantioselectivity of the dihydroxylation of aliphatic
n-alkenes is therefore determined by the interactions of the
olefin with two regions of the catalyst: PYDZ and Quinucli-
dine B. In the transition states that lead to the R products,
the interaction of the olefin with each of these two regions
depends strongly on the olefin chain length. For all of these
transition states, and especially for the interaction with the
PYDZ moiety, results prove that on going from propene to
1-hexene this dependence is much more pronounced than
on going from 1-heptene to 1-decene. The overall effect of
these two catalytic regions is a rapid increase in the differ-
ence in stability between the R and S transition states when
going from propene to 1-hexene, and a much more gradual
increase on going from 1-hexene to 1-decene. This behavior
closely reproduces that of the total van der Waals interac-
tions (Table 1), and of the total energy difference (Figure 5).
Therefore, the enantioselectivity and its dependence on
chain length can be traced in these IMOMM(Becke3 -
LYP:MM3) calculations to the van der Waals interactions of
the olefin with these two regions of the catalyst.


The energy of the interaction between the olefin and
Quinoline A in the transition states that lead to the R prod-
ucts depends on the olefin chain length. Nevertheless, this
behavior is similar to that of the S transition state. There-
fore, Quinoline A, despite having the highest interaction en-
ergies with the olefin, and thus being very important for cat-


alysis, is not critical in determining the enantioselectivity of
the reaction.


A qualitative chemical interpretation of the origin of enan-
tioselectivity : Once the relevant regions of the catalyst have
been identified, the dependence of the selectivity on the
olefin chain length can be explained by the examination of
the transition-state structures of the selected conformations.
Figure 8 shows the structures of the most stable transition
states that lead to the R products of propene, 1-hexene, and
1-decene. In all of them, the orientation of the olefin corre-
sponds to that of B-III, with the olefin in the binding cleft
of the catalyst. By looking at these structures one can see
how the elongation of the olefin chain from propene to 1-
hexene causes an increase in the interactions between the
olefin and the three most important parts of the catalyst,
Quinoline A, PYDZ, and Quinuclidine B. From propene to
1-hexene, the carbon atoms added to the aliphatic chain are
in close proximity to these three parts of the catalyst, and
can interact strongly. In contrast, once the aliphatic n-alkene
has six carbon atoms, all the carbon atoms subsequently
added to the chain are far from the catalyst, and cannot be
expected to make strong direct interactions with the cata-
lyst.


The selected conformations that lead to the S enantiomer,
depicted in Figure 9, show a somewhat different picture.
The olefin in all these structures is in the B-IV orientation.
The aliphatic chain in all of these cases is oriented away
from the catalyst�s binding cleft. In this orientation, the only
part of the catalyst that may directly interact with the ali-
phatic chain is Quinoline A. In fact, these interactions are
reflected in the energy break down shown in Figure 7. The
other parts of the catalyst are far away from the aliphatic
chain and have minor stabilizing interactions, as shown in
the energetic analysis presented in Figure 7.


Looking at the S transition states in Figure 9 one can
think of other conformations that lead to the S enantiomer
in which the aliphatic chain is positioned deeper into the
binding cleft, thus enhancing the interactions with the cata-
lyst. In fact, we computed these structures during our con-
formational analysis, and their contribution is included in


Figure 8. A view of the selected transition states that give the R product for propene, 1-hexene, and 1-decene. The olefin is highlighted in black.
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the computed enantiomeric excess values. For instance, let
us analyze the three most stable S conformations of 1-
nonene. These three conformations are depicted in
Figure 10. The difference in energy between them is less
than 0.1 kcal mol�1. Conformation (a) is the selected confor-
mation used in the discussion above; it has the B-IV orienta-
tion in which the olefin points away from the catalyst. Con-
formation (b), however, adopts a different olefinic arrange-
ment, with the aliphatic chain placed in the binding cleft of
the catalyst. The region of entry of the olefin is the same as
that in conformation (a), but here it has the B-II orienta-
tion. In this case, the interaction energy between the olefin
and the catalyst is larger than in conformation (a), but in
order to adopt this conformation the olefin has to pay an
energy penalty, mainly in terms of torsional and bending
energy. This is the reason why, despite the better interac-
tions between the olefin and the catalyst in conformation
(b), both conformations (a) and (b) have similar energies.
Conformation (c) has a similar total energy to that of the
two other conformations. In this case, the interaction energy
between the olefin and the catalyst is higher than in confor-
mation (a) since the aliphatic chain is also in the binding
cleft of the catalyst. Nevertheless, once again, the olefin is


under more tension, like conformation (b), and has a total
energy similar to the other conformations. The region of
entry of the olefin here is different to that for the other two
cases. Conformations (a) and (b) are associated with region
B whereas conformation (c) has a C-II orientation. This ex-
ample proves that the conformational search was exhaustive,
that all the different regions of entry of the olefins were ex-
plored, and that all of the conformations were given the
chance to contribute to the overall selectivity.


The analysis of these conformations of 1-nonene gives an
idea of the difficulties inherent in a detailed analysis of the
different conformations that contribute to the enantioselec-
tivity. In this case, for instance, the relative positions of the
olefin with respect to the catalyst are completely different
for the three conformations although they have similar ener-
gies. This is why we decided to analyze in detail only one se-
lected conformation for each of the olefins as this was the
only way to obtain information about the catalytic mecha-
nism and the origin of the enantioselectivity.


At this point, we will try to go beyond these numerical
and geometrical descriptions and interpret these interactions
from a chemical point of view. Examination of the geome-
tries (Figure 8) shows that the relative orientation of the


Figure 9. A view of the selected transition states that give the S product for propene, 1-hexene, and 1-decene. The olefin is highlighted in black.


Figure 10. A view of the three most stable transition states giving the S product for 1-nonene. The olefin is highlighted in black.
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C�H bonds of the olefins and the aromatic walls of the cata-
lyst, especially Quinoline A and PYDZ, can be described as
edge-to-face interactions between the C�H bonds of the ali-
phatic chain and the aromatic walls of the catalyst. There-
fore, the main interactions (the most energetic ones) be-
tween the aliphatic chain of the alkene and the aromatic
rings of the catalyst (PYDZ and Quinoline A) can be de-
scribed as C�H···p interactions. The other important contri-
bution to the enantioselectivity arises from the interactions
between the aliphatic chain of the olefin and Quinuclidine
B. These hydrocarbon–hydrocarbon interactions may be at-
tributed to dispersive forces, commonly labeled as hydro-
phobic interactions.[42]


Attractive interactions between C�H bonds and p systems
are well known from structural, conformational and theoret-
ical data.[43–46] These weak interactions are key factors in de-
termining fundamental chemical and biochemical properties,
such as the conformational preferences of organic mole-
cules, the stabilization of protein structures and molecular
recognition processes.[44] They have also been suggested to
play a role in catalyzed dihydroxylation processes.[8b, 18b] At-
tractive interactions of this type are generally attributed to a
combination of dispersion forces, and electrostatic and po-
larization interactions.[47, 48] Dispersion forces are generally
the most important in this kind of interaction, although elec-
trostatic and polarization interactions sometimes can
become more relevant.[49] Hence, albeit the van der Waals
term in the MM3 force field does not directly correspond to
dispersion forces, this is the term that best represents this
kind of interaction.


The C�H···p interactions have previously been described
in other reactions as affecting the stereoselectivity. This is
the case, for instance, in the hydrogenation of aromatic ke-
tones with a chiral Ru complex. Noyori and co-workers[50]


noted that C�H···p interactions between a C�H of a metal
ligand and the aromatic ring of the ketone significantly af-
fects the enantioselectivity of the reaction. Other examples
in which these interactions are also responsible for deter-
mining the stereochemistry include several cycloaddition re-
actions. For example, the endo preference in the Diels–
Alder reaction between butadiene and cyclopentene was
demonstrated to originate from C�H···p interactions be-
tween a C�H of the cyclopentene and the forming double
bonds of the butadiene.[51] Similar conclusions were drawn
from the study of cyclopropene dimerization.[52]


Conclusions


The IMOMM(Becke3 LYP:MM3) computational study of
the dihydroxylation of long-chain aliphatic alkenes is much
more complicated than that of aromatic alkenes because of
the large number of conformations that have to be consid-
ered. A procedure has been defined here for the identifica-
tion and screening of the lowest energy paths. The applica-
tion of this scheme and the performance of approximately
1700 IMOMM calculations on the conformations of a series


of eight aliphatic terminal n-alkenes with OsO4·(DHQD)2-
PYDZ yields enantiomeric excesses that closely mimic the
experimental values reported for the OsO4·(DHQD)2-
PHAL-catalyzed dihydroxylation of propene, 1-butene, 1-
pentene, 1-hexene, and 1-decene. The two most remarkable
experimental features, namely the selectivity leading to the
R product and the dependence of the enantiomeric excess
on the length of the aliphatic chain, are satisfactorily repro-
duced. The analysis of the results, in particular, the partition
of the total IMOMM energy into its components, allows the
key factors responsible for the selectivity to be identified.
The enantioselectivity was found to originate from the C�
H···p interactions between the aliphatic chain of the sub-
strate and the aromatic rings of PYDZ, with an important
role also being played by Quinuclidine B. Quinoline A, in
turn, is critical for catalysis because of its stabilizing C�H···p
interactions with the aliphatic chain of the alkenes, but it is
not involved in determining the enantioselectivity of the re-
action. This behavior is different to that found for aromatic
olefins, for which the p···p interactions were shown to be
critical, and the critical region of the catalyst was exclusively
Quinoline A.


The peculiar relationship between the selectivity and the
length of the olefin aliphatic chain can be explained on in-
spection of the geometries of the most stable transition
states. For short chains, an increase in length produces favor-
able interactions that are exclusive to the R enantiomer. In
contrast, for longer chains, the chain is lengthened far away
from the catalyst and the selectivity is not affected.
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Synthetic and Theoretical Study of the Incorporation of Metal Halides in
[{Ti(h5-C5Me5)(m-NH)}3(m3-N)]
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Introduction


The titanium imido-nitrido complex [{Ti(h5-C5Me5)-
(m-NH)}3(m3-N)] (1)[1,2] is a useful reagent for the preparation
of cube-type heterometallic nitrido complexes.[3,4, 5,6,7,8,9] The
structure determined for 1 shows an incomplete cube-type
[Ti3N4] core with three NH electron-donor imido groups in
the base (Scheme 1). In our previous studies we have noted
that 1 is capable of acting as a neutral polydentate ligand
(A) to d0, d6, and d8 transition-metal centers through the


basal imido-nitrogen atoms.[3,4,6] These NH groups can be
deprotonated if the coordination sphere of the incorporated
metal contains imido, amido, or alkyl ligands, to give mono-
anionic (B), dianionic (C), and even trianionic (D) forms of
1, along with the elimination of amine or alkane.[4,5,7,8,9]


In these processes, the displacement of labile ligands by 1
is presumably the first and determining step in the prepara-
tion of cube-type derivatives.


In addition, we have recently demonstrated that 1 is able
to break the polymeric chain structure of cyclopentadienide
complexes of lithium, sodium, and thallium to give soluble
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Abstract: The capacity of the imido-ni-
trido organometallic ligand [{Ti(h5-
C5Me5)(m-NH)}3(m3-N)] (1) to entrap
main group metal halides MXn has
been investigated. Treatment of 1 with
metal halides in toluene or dichlorome-
thane afforded several soluble adducts
[MXn(L)] (L=1) in good yields. The
reaction of 1 with one equivalent of
Group 1 and 13 monohalides MX af-
forded single cube-type complexes
[XM{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}]
(M= Li, X=Br (2), I (3); M=Na, X =


I (4); M= In, X= I (5); M=Tl, X= I
(6)). Analogous treatment of 1 with
Group 2 and 14 dihalides MX2 gave
the corresponding adducts [I2M{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (M= Mg
(7), Ca (8), Sr (9)) and [Cl2M{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (M= Sn
(10), Pb (11)). The treatment of 1 with


SnI2 or the reaction of 10 with MeI at
60 8C afforded two azametallocubane
units linked by two bridging iodine
atoms [{ISn(m3-NH)3Ti3(h5-C5Me5)3(m3-
N)}2(m-I)2] (12). Indium triiodide react-
ed with 1 in toluene to form the adduct
[I3In(m3-NH)3Ti3(h5-C5Me5)3(m3-N)] (13).
Density functional theory calculations
have been carried out to study these
processes and evaluate the influence of
the solvent. X-ray crystal structure de-
terminations have been performed for
complexes 10, 12, and 13.


Keywords: density functional
calculations · halides · N ligands ·
nitrido complexes · titanium


Scheme 1. Neutral and ionic forms of 1. [Ti]=Ti(h5-C5Me5).
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cube-type adducts [(h5-C5H5)M{(m3-NH)3Ti3(h5-C5Me5)3(m3-
N)}].[10] In this way, a new goal for complex 1 could be the
rupture of the highly stable metal halide lattices to yield mo-
lecular complexes. A literature search reveals many exam-
ples of entrapment of metal halides by ligands to yield mo-
lecular complexes.[11] However, most of the reported MXn


soluble adducts come from in situ generated molecules,[12]


and there are very few examples of direct reactions of li-
gands with the metal halide lattices.[13, 14]


Herein we describe the treatment of solid alkali, alkaline-
earth, Group 13, and Group 14 metal halides in aromatic or
halogenated solvents with 1. Density functional theory
(DFT) calculations have been carried out to study these
processes and the influence of the solvent on the success of
the reactions.


Results and Discussion


Coordination of [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] to metal
monohalides MX : The preparation of the adducts [XM{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (M= Li, X=Br (2), I (3); M=


Na, X = I (4); M= In, X= I (5), Tl, X= I (6)) is outlined in
Scheme 2. Solutions of complexes 2–6 are obtained by addi-
tion of toluene or dichloromethane to a mixture of 1 and
the anhydrous metal halides. After workup, the compounds
were isolated in 48–70 % yields as yellow or brown solids
that are soluble in toluene or benzene, but scarcely soluble
in n-hexane. Solutions of these complexes in [D6]benzene
remain unaltered over several months under an argon at-
mosphere.


However, LiCl, NaCl, NaBr, KBr, and KI did not react
under the same conditions. Furthermore, we did not obtain
the adduct [ClLi(m3-NH)3Ti3(h5-C5Me5)3(m3-N)] even by gen-
erating LiCl and 1 in situ from the reaction of [Li{[(m3-
NH)2(m3-N){Ti3(h5-C5Me5)3(m3-N)]}2]


[5] and NEt3HCl in tolu-
ene. Among the Group 13 metal halides MX (M = In, Tl),
only the InI and TlI iodides afforded the stable adducts 5
and 6, whereas TlCl did not react, and InCl gave the adduct
[ClIn{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}], which was character-
ized by NMR spectroscopy,[15] but could not be isolated in a
pure form.


Complexes 2–6 were characterized by spectral and analyt-
ical techniques. The mass spectra obtained for 2 and 4 (EI,
70 eV) suggest a monomeric formulation in the gas phase.
IR spectra (KBr) show one nNH vibration, between 3349 and
3337 cm�1, for the alkali metal derivatives 2–4, and two nNH


vibrations, in the range 3352–3246 cm�1, for complexes 5
and 6. These ranges are similar to the value determined for
1, 3352 cm�1,[2] and other azaheterometallocubane deriva-
tives.[3–10] 1H and 13C{1H} NMR spectra in [D6]benzene at
room temperature of 2–6 show resonances for equivalent
NH and C5Me5 groups suggesting a highly symmetrical
structure in solution. The NH resonance signals in these
spectra (d=13.6–12.7 ppm) are shifted to higher field than
that found for 1 (d=13.8 ppm). We have noted an analo-
gous shift in several transition and main group azaheterome-
tallocubane derivatives, and used those data to propose the
coordination of the NH groups to the incorporated ele-
ments.[5,10] 13C{1H} NMR spectra revealed a singlet for the
ipso-carbon resonance of the C5Me5 ligands (d= 118–
120 ppm), which is slightly shifted downfield with respect to
that found for 1 (d= 117.1 ppm).


Repeated attempts to obtain single crystals for X-ray crys-
tallographic studies of complexes 2–6 were unsuccessful;
therefore, DFT calculations were carried out to establish the
structure for the model complexes [XM{(m3-NH)3Ti3(h5-
C5H5)3(m3-N)}] (M= Li, Na, K, Rb, Cs, In, Tl; X =F, Cl, Br,
I). The optimized geometries under C3v symmetry restric-
tions for the alkali metal complexes show distorted tetrahe-
dral environments for the alkali-metal centers (see
Figure 1), similar to those recently determined by X-ray
crystallographic studies for the adducts [(h5-C5H5)Na{(m3-


Abstract in Spanish: El ligando imido-nitruro [{Ti(h5-
C5Me5)(m-NH)}3(m3-N)] (1) incorpora con facilidad diversos
haluros met�licos de los grupos principales. Los procesos
tienen lugar en tolueno o diclorometano a temperatura am-
biente y permiten obtener con buenos rendimientos comple-
jos nitruro tipo cubo. La reacci�n con monohaluros MX de
los Grupos 1 y 13 da lugar a los derivados azaheterometalo-
cubanos [XM(m3-NH)3Ti3(h5-C5Me5)3(m3-N)] (M= Li, X=Br
(2), I (3); M=Na, X= I (4); M= In, X= I (5); M=Tl, X= I
(6)). En condiciones an�logas, los dihaluros MX2 de los
Grupos 2 y 14 originan los aductos [I2M(m3-NH)3Ti3(h5-
C5Me5)3(m3-N)] (M=Mg (7), Ca (8), Sr (9)) y [Cl2M{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (M =Sn (10), Pb (11)). La reac-
ci�n de 1 con SnI2 o el tratamiento de 10 con MeI a 60 8C
conducen a la obtenci�n de un complejo constituido por dos
azametalocubanos unidos por un doble puente de iodo
[{ISn(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}2(m-I)2] (12). La incorpo-
raci�n de triioduro de indio, en tolueno da el aducto [I3In(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)] (13). La Teor�a del Funcional de
la Densidad ha permitido abordar el estudio de estos proce-
sos y evaluar el efecto del disolvente. Las estructuras de los
complejos 10, 12 y 13 se han determinado mediante difrac-
ci�n de rayos-X de monocristal.


Scheme 2. Reaction of 1 with MX. [Ti]= Ti(h5-C5Me5).
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NH)3Ti3(h5-C5Me5)3(m3-N)}][10] and [MeSi(2-C5H4N)3LiX]
(X=0.2 Br, 0.8 Cl).[16] Structures with Cs symmetry, in which
the MX unit forms angles wider than 308 with the axis that
crosses the tripodal ligand, were also computed for the
LiBr, LiI, and NaI halides. In the three complexes, the Cs


and C3v geometries are almost degenerate.
In the case of the indium(i) and thallium(i) adducts, the


metal center has a lone pair of electrons in the coordination
sphere, which makes its electronic structure different. For
these complexes, we have calculated geometries with C3v


symmetry, analogous to that found for the alkali-metal com-
plexes, and two optimal Cs geometries, in which alternatively
the iodine atom occupies one axial or one equatorial posi-
tion of the pseudo-trigonal-bypiramidal center. The C3v form
is disfavored in these systems due to the presence of the
metal lone pair. Thus, this symmetric form is higher in
energy than the most stable Cs structure by 36 kJ mol�1 for
the indium(i) derivative (Scheme 3). For both indium and
thallium complexes, the Cs structure with the lone pair occu-
pying one equatorial position is the most stable, but the
energy difference between the two Cs isomers is quite small
(3.1 kJ mol�1 for [IIn{(m3-NH)Ti3(h5-C5H5)3(m-NH)2(m3-N)}]).
In fact, the analogous recently reported thallium cyclopenta-


dienide adduct [(h5-C5H5)Tl{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}]
shows a distorted trigonal-bypiramidal geometry around the
thallium(i) center in which the lone pair occupies the axial
position.[10]


Importantly, the C3v structure is not the transition state
between the two Cs isomers in Scheme 3, since this path is
expected to occur by rotation around the vertical axis, with
a low energy barrier, which could justify the behavior of
these complexes in the NMR spectra.


Coordination of [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] to metal di-
halides MX2 : The synthetic chemistry of adducts formed
from 1 and metal dihalides is outlined in Scheme 4. Adducts


of alkaline-earth metal halides were obtained by treatment
of the metal diiodides MI2 (M= Mg, Ca, Sr) with 1
(�1 equiv) in dichloromethane at room temperature. The
slight excess of 1 is crucial to ensure the complete reaction
of the metal halides in dichloromethane, and can be elimi-
nated later by washing the solids with toluene. In this way,
the adducts [I2M{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (M =Mg
(7); M= Ca (8); M= Sr (9)) were isolated in 55–89 % yields
as yellow solids, which are moderately soluble in dichloro-
methane or chloroform, but scarcely soluble in arene sol-
vents.


The analogous reaction with tin(ii) and lead(ii) halides in
toluene or dichloromethane affords the adducts [Cl2M{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (M=Sn (10), Pb(11)) or
[I2Sn{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (12) as orange or
brown solvent-free solids in 60–81 % yields. Alternatively,
crystals of 12 were obtained upon heating a mixture of 10
with methyl iodide in [D6]benzene at 60 8C for six days.


Attempts to prepare other metal dihalide adducts failed.
For instance, CaCl2 did not react with 1 under the same con-
ditions, and [GeCl2(dioxane)2] gave complicated mixtures of
products.


Alkaline-earth metal adducts 7–9 were characterized by
spectral and analytical techniques. IR spectra (KBr) reveal
two nNH vibrations in the range 3337–3236 cm�1. 1H and


Figure 1. Computed geometry and selected parameters (distances [�]
and angles [8]) for [ILi{(m3-NH)3Ti3(h5-C5H5)3(m3-N)}].


Scheme 3. Calculated geometries and relative energy values (kJ·mol�1)
for the [IIn{(m3-NH)3Ti3(h5-C5H5)3(m3-N)}] complex.


Scheme 4. Reaction of 1 with MX2. [Ti]=Ti(h5-C5Me5).
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13C{1H} NMR spectra in [D1]chloroform at room tempera-
ture are consistent with the tridentate coordination of 1 to
the alkaline-earth metal centers. Their 1H NMR spectra
show single resonances for the NH and h5-C5Me5 groups,
suggesting the existence of a dynamic behavior in solution.
We have reported analogous spectroscopic data for the ionic
azaheterometallocubane complexes [{(cod)M(m3-NH)3Ti3(h5-
C5Me5)3(m3-N)}(X)] (M= Rh, Ir; X= Cl, BPh4; cod =1,5-cy-
clooctadiene),[6] which present a trigonal-bypiramidal geom-
etry around the Group 9 metal centers.


Again the attempts to obtain single crystals for X-ray
crystallographic studies of complexes 7–9 were unsuccessful;
therefore DFT calculations were carried out to study the
structures for model compounds. The most stable geometry
in the CaI2 complex for a five-coordinate environment cor-
responds to a distorted tetragonal pyramid, although the
trigonal-bypiramid structure is only 2 kJ mol�1 above
(Scheme 5).


Only monomer structures have been considered in the
DFT studies, although it is also reasonable that dimeric or
even oligomeric species, gener-
ated through iodide bridging
atoms, might be favored in the
solid state. The lack of volatility
of these complexes precluded
the possibility to gain informa-
tion by mass spectrometry. Fur-
thermore, complexes 7–9 are
not soluble in aromatic solvents
and exhibit a low solubility in
chloroform or dichloromethane,
suggesting a higher aggregation
state in the solid state.


Group 14 complexes 10–12
were characterized by spectral
and analytical techniques, as
well as by X-ray crystal struc-
ture determinations for 10 and
12. IR spectra (KBr) reveal nNH


vibrations in the range 3343–
3286 cm�1. 1H and 13C{1H}
NMR spectra for 10–12 in
[D1]chloroform at room tem-
perature reveal the equivalence
of the NH and h5-C5Me5


groups.


The molecular structure of 10 is presented in Figure 2 and
selected distances and angles are given in Table 1.[17] Two in-
dependent molecules of 10 are found in the asymmetric
unit, which may be weakly associated by a Sn1···Sn2
(4.446(2) �) interaction, the length of which is slightly short-
er than the sum of the van der Waals radii (4.52 �) and sim-
ilar to other Sn···Sn distances found in the literature.[18,19] If
this Sn···Sn interaction is taken into account, the geometry
for the tin atoms can be defined as pseudo-tetrahedral, al-
though a trigonal-prism environment can be visualized if all
the imido-nitrogen atoms are considered.


Within the same molecule, the tin atom is coordinated to
two chlorine and one imido-nitrogen atoms. The Sn�Cl[18]


(2.541(1) �) and Sn1�N23 (2.285(3) �) or Sn2�N46
(2.264(4) �)[18a, 20] bond lengths are similar to others found
for tin(ii) compounds. Furthermore, these Sn�N bonds are
approximately 0.8 � shorter than the other two Sn�N dis-
tances of each molecule, suggesting the absence of any im-
portant interaction between the rest of the imido groups
and the tin atoms (see Table 1). However, the 1H NMR
spectrum of 10 in [D2]dichloromethane, even at �80 8C,
shows single sharp resonances for the NH and h5-C5Me5 li-
gands, suggesting the existence of a dynamic process with a
low-energy barrier.


The incorporation of the tin atom to the preorganized
ligand does not affect significantly to the average bond dis-
tances and angles within the organometallic fragment, pre-
senting values close to those found for the parental com-
pound 1.[1]


The molecular structure of complex 12 is presented in
Figure 3 and selected distances and angles are given in


Scheme 5. Calculated geometries and relative energy values for the
[I2Ca{(m3-NH)3Ti3(h5-C5H5)3(m3-N)}] complex.


Figure 2. Molecular structure of 10.
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Table 2.[17] The structure contains two SnTi3N4 cube units
linked by two bridging iodine atoms and related by a center
of symmetry located in the middle of the planar Sn2I2


moiety. The molecule also presents a mirror plane which
contains the Sn1, Ti2, N1, N11, H11, and I2 atoms from the
core. The distance between the two tin atoms is 4.688(1) �,
and thus longer than the sum of the van der Waals radii.


The Sn�I bond lengths [(bridging 3.494(1), and terminal
3.300(1) �) are similar to the values found in other com-
pounds containing polimeric m-I bridged Sn2I2 units.[21]


The structural disposition of the ligands around the tin
atoms is trigonal prismatic; the iodine atoms are situated in
an eclipsed conformation with respect to the imido-nitrogen
atoms. The distances I2···N11 (3.522(1) �) and I2···H11
(2.897 �), which are located in the mirror plane of the mol-
ecule, might be indicative of hydrogen bonding.[17,22]


Similarly to 10, within the organometallic ligand of 12 the
structural parameters do not differ significantly with respect
to the free complex 1, except for the value of the Nimido-Ti-
Nimido angle that is approximately 98 narrower in the case of
12. This variation may be directly attributed to the coordina-


tion of the three imido groups
to the metal center; the Sn�N
distances of 2.427(4) and
2.545(3) � are �0.2 � longer
than those in 10, and are in
agreement with the increase in
the coordination number from
four, in the analogous chloride
complex, to six.


DFT calculations were car-
ried out for monomeric tin and
lead model compounds. For the
SnCl2 complex, these calcula-
tions reproduce well the Sn�Cl
distances, internal core angles,
and the existence of one short
and two long Sn�N distances,
being respectively 0.1 and 0.2 �
longer than the experimental
values.


The most stable environment for the incorporated metal
atom is in all the cases pseudo-octahedral, with one of the
positions being occupied by the lone pair. But the trigonal-
prismatic disposition, in which the metal lone pair and the
halogens are eclipsed with respect to the three NH ligands,
is only 7–10 kJ mol�1 higher in energy (in the case of metal
chlorides).


Coordination of [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] to metal tri-
halides MX3 : Addition of indium triiodide to one equivalent


Table 1. Average and selected lengths [�] and angles [8] for 10.


Molecule 1 Molecule 2


Ti···Ti 2.833(1) Ti···Ti 2.838(1)
N1�Ti 1.928(3) N2�Ti 1.930(3)
N12�Ti2 1.903(4) N45�Ti4 1.903(3)
N12�Ti1 1.957(4) N45�Ti5 1.956(3)
N13�Ti3 1.919(4) N46�Ti6 1.999(4)
N13�Ti1 1.950(4) N46�Ti4 2.022(4)
N23�Ti3 1.991(4) N56�Ti6 1.917(4)
N23�Ti2 2.021(3) N56�Ti5 1.965(4)
N23�Sn1 2.285(3) N46�Sn2 2.264(4)
Cl1�Sn1 2.520(1) Cl3�Sn2 2.522(1)
Cl2�Sn1 2.567(1) Cl4�Sn2 2.556(1)
Sn1···N12 3.163(4) Sn2···N45 3.196(4)
Sn1···N13 3.030(5) Sn2···N56 3.038(4)
Sn1···Ti1 3.858(1) Sn2···Ti4 3.480(2)
Sn1···Ti2 3.466(1) Sn2···Ti5 3.883(2)
Sn1···Ti3 3.428(1) Sn2···Ti6 3.398(2)
Sn1···Sn2 4.446(2)
N23-Sn1-Cl1 110.5(1) N46-Sn2-Cl3 107.4(1)
N23-Sn1-Cl2 83.1(1) N46-Sn2-Cl4 83.1(1)
Cl1-Sn1-Cl2 90.6(1) Cl3-Sn2-Cl4 89.6(1)
Ti-N1-Ti 94.5(1) Ti-N2-Ti 94.7(1)
Ti1-N12-Ti2 93.9(2) Ti4-N45-Ti5 94.1(1)
Ti1-N13-Ti3 93.8(2) Ti4-N46-Ti6 90.9(1)
Ti2-N23-Ti3 90.6(1) Ti5-N56-Ti6 93.4(2)
N1-Ti-N 86.2(2) N2-Ti-N 86.1(2)
N12-Ti1-N13 105.2(2) N45-Ti4-N46 100.8(2)
N12-Ti2-N23 100.9(2) N45-Ti5-N56 105.3(2)
N13-Ti3-N23 98.2(2) N46-Ti6-N56 99.0(2)


Figure 3. Molecular structure of 12.


Table 2. Average and selected lengths [�] and angles [8] for 12.


Sn1···Ti 3.288(1) Ti···Ti 2.834(1)
Sn1···Sn1 4.688(1) Ti-N1 1.921(3)
Sn1�I1 3.494(1) Ti1�N11 1.963(3)
Sn1�I2 3.300(1) Ti1�N12 1.958(3)
Sn1�N11 2.427(4) Ti2�N12 1.965(3)
Sn1�N12 2.545(3) N11···I2 3.522(1)


I2···H11 2.897
Sn1-I1-Sn1 84.3(1) Ti-N1-Ti 95.1(1)
I1-Sn1-I1 95.7(1) Ti1-N11-Ti1 93.0(2)
I1-Sn1-I2 101.2(1) Ti1-N11-Sn1 95.5(1)
I1-Sn1-N11 132.1(1) Ti1-N12-Ti2 92.2(1)
I1-Sn1-N12 128.4(1) Ti1-N12-Sn1 92.0(1)
I2-Sn1-N11 74.1(1) Ti2-N12-Sn1 94.5(1)
I2-Sn1-N12 130.4(1) N1-Ti-N 86.2(2)
N11-H11···I2 129 N-Ti-N 98.1(2)
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of 1 in toluene at room temperature affords [I3In{(m3-
NH)3Ti3(h5-C5Me5)3(m3-N)}] (13, 80 %) as brown crystals
(Scheme 6). Analogous reactions with indium trichloride or
aluminum tribromide gave intractable mixtures of products,
presumably by activation of N�H bonds and generation of
reactive HX.


Complex 13 was characterized by spectral and analytical
techniques, as well as by an X-ray crystal structure determi-
nation. Mass spectrometry (EI, 70 EV) supports a monomer
formulation in the gas phase for 13. IR spectra (KBr) re-
vealed two nNH vibrations for the NH groups in the molecule
at 3358 and 3279 cm�1. 1H and 13C{1H} NMR spectra in
[D1]chloroform at room temperature show equivalent NH
and h5-C5Me5 groups in solution.


The molecular structure of 13 is presented in Figure 4 and
selected distances and angles are given in Table 3.[17] The
solid-state structure reveals a distorted tetrahedral geometry
for the indium center, comprising three iodide and one NH
group with angles spanning 94.0(4)–123.1(4)8. But if all the
imido-nitrogen atoms are considered, the environment
around the indium atom is best visualized as trigonal-pris-
matic, in a fashion similar to the structure of 10. The In�I
bond lengths range from 2.700(2) to 2.764(3) � and com-


pare well with those reported for other [InI3(L)x] (x= 1, 2,
3) complexes.[23]


The In�N12 bond length of 2.199(16) � is slightly short
for a dative bond.[23,24] This In�N distance is in the same
range to those found for amido-, imido-, and tris(pyrazolyl)-
boratoindium(iii) derivatives.[25] The remaining NH groups
from the triaza ligand are clearly not coordinated to the
indium center (distances In1···N13 3.261(19) �; In1···N23
3.499 �) in contrast to the situation determined for the tria-
zacyclononane [InBr3(Me3,[9]aneN3),[26] the triazacyclohex-
ane [InBr3{-N(Me)-CH2-}3],[26] and [InMe3{-N(iPr)-CH2-}3]
complexes.[27]


In a similar way to that in complex 10, the average bond
lengths and angles within the organometallic fragment in 13
are similar to those found for the free ligand 1.[1]


DFT calculations on compound 13 reproduce the X-ray
crystal structure in which the metal is linked to the tripodal
ligand by a dative M�NH bond. The computed In�N bond
length of 2.252 � is 0.05 � longer than the experimentally
determined distance. The deviation is notably larger for the
nonbonded interactions between the indium and the other
two NH groups (~0.4 �). However, the geometry for which
the two nonbonded In�N distances are fixed at the average
experimental value of 3.38 � is only 10.9 kJ mol�1 above the
fully optimized geometry. This small energy difference indi-
cates that the potential surface is very flat, and suggests that
the differences between the calculated and experimental
geometrical parameters could be due to intermolecular in-
teractions in the solid phase. When the C3v symmetry is im-
posed, all the three In�NH distances are equal to 2.658 �,
and the resulting structure is about 30 kJ mol�1 higher in
energy than the asymmetric one. This relatively small
energy is in agreement with the 1H NMR spectrum in
[D2]dichloromethane at �80 8C of 13, which shows only a
single sharp resonance for the C5Me5 ligands.


After reviewing all the results, it seems that a trigonal-
prismatic conformation for the MXn adducts is preferred. In
this disposition the halide atoms can occupy a less crowded
space and thus minimize the steric interaction with the pen-


Scheme 6. Synthesis of complex 13. [Ti]=Ti(h5-C5Me5).


Figure 4. Molecular structure of 13.


Table 3. Selected bond lengths [�] and angles [8] for 13.


In1�I1 2.764(3) Ti···Ti 2.820(4)
In1�I2 2.740(2) Ti�N1 1.914(14)
In1�I3 2.700(2) Ti1�N12 2.023(16)
In1�N12 2.199(16) Ti1�N13 1.892(15)
In1···N13 3.261(19) Ti2�N12 2.044(17)
In1···N23 3.501(19) Ti2�N23 1.874(15)


Ti3�N13 1.946(17)
Ti3�N23 1.919(16)


I-In1-I 104.6(9) Ti-N1-Ti 94.9(6)
I1-In1-N12 94.0(4) N1-Ti-N 86.06)
I2-In1-N12 122.7(4) Ti1-N12-Ti2 89.2(7)
I3-In1-N12 123.1(4) Ti1-N13-Ti3 94.0(7)
Ti1-N12-In1 109.4(7) Ti2-N23-Ti3 95.0(7)
Ti2-N12-In1 115.7(7) N12-Ti1-N13 99.6(7)


N12-Ti2-N23 101.9(7)
N13-Ti3-N23 107.3(7)
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tamethylcyclopentadienyl groups linked to the titanium
atoms.


Reaction energies for the formation of the [1�MXn] ad-
ducts : A series of DFT calculations were carried out to un-
derstand the adduct formation reactions between metal hal-
ides MXn and the organometallic ligand 1.


Calculated reaction energies for alkali-metal halides MX
with 1 are given in Figure 5. In the gas phase, that is, when
the solvent is not considered, the formation of [1–MX] from


1 and MX is computed to be a largely exothermic process
(from �55 to �162 kJ mol�1). These values increase going
down the halogen group and going up the alkali-metal
group. For the Tl and In monohalides the processes are also
exothermic with lower reactions energies (from �50 to
�70 kJ mol�1). Results of DFT
calculations are consistent with
the trends observed for the ob-
tained [1–MX] complexes, but
they cannot completely explain
all the experimental results (see
below).


Binding energies indicate
that there is a strong relation-
ship between the reaction
energy and the nature of the
MX bond. Electron density dif-
ference (EDD) maps were
computed as the difference be-
tween the electron density of
the [1–MX] complex and the
electron density of the frag-
ments MX and 1 at the geome-
try of the optimized complex.
Figure 6 contains EDD maps
for the LiCl, LiI, NaI, and KI
halide complexes. These maps
clearly show that the formation
of the M�N bonds is accompa-
nied by an important electron
density accumulation in the in-


teracting region between the two fragments. Bonding ener-
gies and the charge density accumulations are related; thus,
the largest electronic reorganization occurs for lithium
iodide (Figure 6b), that is the complex with the largest
bonding energy between 1 and the halide. When the halogen
is chlorine the bonding energy and the electronic reorgani-
zation are slightly smaller (Figure 6a). The electronic
changes are significantly smaller when the metal is sodium
(Figure 6c). It is well-known that Li+ is a highly polarizing
ion and that it can induce a strong polarization in the tripo-
dal ligand. Consequently the largest interaction energies
appear for the lithium series.


When going down the halogen group the LUMO of MX,
which is an almost pure ns and np metal orbital, drops in
energy favoring the mixing with the lone pair orbitals of the
tridentate ligand. Hence, for example, for LiF the energy of
the LUMO (with a composition of 73 % 2sLi and 17 % 2pLi)
is �1.40 eV, whereas for LiCl the corresponding energy is
�1.93 eV (83 % 2sLi and 13 % 2pLi). But this dependence of
the bonding energy on the halogen is minor compared to
that found with respect to the metal, which is the dominant
factor as Figure 5 clearly shows.


Reaction energies for a series of [1–MX2] (M= alkaline-
earth metal) complexes were also computed (see Supporting
Information). In general, these processes are quite exother-
mic (ranging from �128 to �241 kJ mol�1) and higher than
those calculated for the Group 1 adducts; the calcium deriv-
atives display the largest values. As for the alkali-metal
complexes, the greatest formation energy in each series was
found for the iodide derivatives. Calculations were also car-
ried out for tin and lead halide complexes. In the lead series,


Figure 5. Calculated reaction energies for 1 and alkali-metal halides MX
in the gas phase.


Figure 6. Electron density difference maps of a) LiCl, b) LiI, c) NaI, and d) KI halide complexes. The density
difference is shown in a sv symmetry plane. Positive contours indicate electron density accumulation.
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the differences in the reaction energies are quite small
(~6 kJ mol�1). For the [1�MX3] (M= In, Tl; X=F, I) com-
plexes the reaction energies range between �85 and
�160 kJ mol�1. Interestingly, in these complexes the coordi-
nation energy of the MX3 group to the tripodal ligand is
smaller when the halogen is iodine.


Solvent effects: Although the reactions between 1 and the
MXn salts were computed to be highly exothermic as indi-
cated above, 1 does not react with some of the metal hal-
ides. How should we interpret this experimental behavior?
Lattice energies of the MXn salts seem to play a crucial role
in these processes. The reactions have been carried out with
the halides in the solid state and therefore the dissolution of
the metal halides must also be taken into account in the en-
ergetic balance. The reaction energy, DE, for the process
1(soln) + MX(s)![1–MX](soln) is the sum of two energies:
dissolution of MX(s)(DE1) and formation of [1–MX] in so-
lution (DE2).


Because DE1 is always positive, the formation of the [1–
MX] complex will require that DE2 overcomes the dissolu-
tion energy of the solid salt, or at least that the global pro-
cess should not be largely endothermic. In solution, the re-
action energy DE2 depends on the nature of the solvent. At
present, it is still not possible to take into account in a quan-
tum-chemistry study all factors that have an influence on
chemical reactions in solution. However, a first-order ap-
proximation for dilute solutions is to model the solvent ef-
fects by a polarizable continuum.[28] The [1–MX] formation
energies (DE2) in toluene or dichloromethane were comput-
ed for several lithium halides (Table 4).


Although the reaction energies have the same trends
found for the gas phase (Figure 5), they are significantly
smaller. Values for DE2 suggest that polar solvents do not
favor directly the complexation of 1 and MX in solution be-
cause the MX dipole is strongly stabilized in polar solvents.
In the overall balance of the reaction energy, DE1 is also
very important. This energy has been estimated from the ex-


perimental energies of condensation[29,30] and the solvation
energies computed for MX.


The dissolution energy of LiX in toluene decreases on
going down the halogen group (Table 4), therefore LiI is the
salt easier to dissolve. Because the largest reaction energy,
DE2, also occurs for LiI, the formation of [1–LiI] is the most
favorable. The process in this case is slightly exothermic in
toluene (DE=�2.5 kJ mol�1). In dichloromethane all values
of DE are shifted towards more negative values. Thus, de-
spite the fact that the reactions are less exothermic, the for-
mation of this kind of complexes is easier in polar solvents.


The DE value was also computed for the TlI and InI de-
rivatives (see Supporting Information), complexes with rela-
tively small binding energies in the gas phase (�65.1 and
�71.0 kJ mol�1, respectively). However, both complexes
have been experimentally obtained. As for the lithium de-
rivatives, the incorporation of solvent in the calculations re-
duces the values of the reaction energies (�17.2,
�19.9 kJ mol�1). The dissolution energies of TlI(s) and InI(s)
are only slightly higher than the reaction energies, therefore
the global processes are slightly endothermic (+13.8 and
+2.3 kJ mol�1 for InI and TlI, respectively).


Conclusions and Perspectives


The reactions described herein demonstrate the ability of
the imido-nitrido complex [{Ti(h5-C5Me5)(m-NH)}3(m3-N)]
(1) to produce the rupture of highly stable metal halide latti-
ces to yield molecular complexes. DFT calculations show
that the reactions are energetically favorable in the gas


phase, but the lattice energies
of the MXn salts and the nature
of the solvent used must be
taken into account to determine
the viability of the processes.
Furthermore, in the solid state
and/or solution, complex 1
shows a flexible behavior both
as a monodentate or a triden-
tate ligand towards the main
group metal halides.


In the future we hope to
expand this study with other in-
organic combinations with the
aim to uncover more novel
findings in the area of metal ni-
trido complexes.


Experimental Section


General considerations : All manipulations were carried out under an
argon atmosphere using Schlenk line or glovebox techniques. Hexane
was distilled from Na/K alloy just prior to use. Toluene was freshly distil-
led from sodium. Dichloromethane was distilled from P2O5. NMR sol-
vents were dried with CaH2 (CDCl3) or Na/K alloy (C6D6) and vacuum-
distilled. Oven-dried glassware was repeatedly evacuated with a pumping


Table 4. Computed and estimated energies [kJ mol�1] for several steps in the formation of [1-LiX] in toluene
and dichloromethane.


Step Energy Method Halogen
F Cl Br I


toluene
1(soln) + LiX(soln)!1-LiX(soln) DE2 DFT+COSMO �94.0 �92.1 �107.4 �117.8
LiX(g)!LiX(soln) DE3 DFT+COSMO �74.7 �73.1 �66.6 �63.6
LiX(s)!LiX(soln) DE1 expt[a] 204.5 139.6 130.3 115.3
1(soln) + LiX(s)!1-LiX(soln) DE DE1 +DE2 110.5 47.5 22.9 �2.5


dichloromethane
1(soln) + LiX(soln)!1-LiX(soln) DE2 DFT+COSMO �69.9 �77.7 �73.8 �83.7
LiX(g)!LiX(soln) DE3 DFT+COSMO �126.0 �130.5 �122.2 �119.0
LiX(s)!LiX(soln) DE1 expt[a] 153.0 82.3 74.6 59.7
1(soln) + LiX(s)!1-LiX(soln) DE DE1 +DE2 83.1 4.6 0.8 �24.0


[a] The dissolution energies of the solid (DE1) are estimated from the experimental energies of condensation
(LiX(g)!LiX(s) taken from reference[29]) and from the computed energy of dissolution of the gas(DE3).
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system (ca. 1 � 10�3 Torr) and subsequently filled with inert gas. Metal
halides MXn were purchased from Aldrich, ground up, and heated under
vacuum prior to use. [{Ti(h5-C5Me5)(m-NH)}3(m3-N)] (1),[2] and [{Li[(m3-
NH)2(m3-N){Ti3(h5-C5Me5)3(m3-N)]}2]


[5] were prepared according to pub-
lished procedures.


Samples for infrared spectroscopy were prepared as KBr pellets. 1H and
13C{1H} NMR spectra were recorded on a Varian Unity-300 spectrometer.
Chemical shifts (d) are given relative to residual protons or to carbon of
the solvent. Electron impact mass spectra were obtained at 70 eV. Micro-
analysis (C, H, N) were performed on a Leco CHNS-932 microanalyzer,
except those for the complex [{ISn(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}2(m-
I)2]·C6D6 which were performed on a Perkin Elmer PE 2400 Serie II
CHNS/O microanalyzer.


Synthesis of [BrLi{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (2): A 100-mL
Schlenk flask was charged with 1 (0.30 g, 0.49 mmol), LiBr (0.043 g,
0.49 mmol), and toluene (40 mL). The reaction mixture was stirred at
room temperature for 20 h. The resultant brown solution was filtered and
the volatile components were removed under reduced pressure to give a
brown solid. The solid was washed with hexane (20 mL) and then dried
under vacuum to yield 2 as a yellow powder (0.23 g, 67%). IR (KBr): ñ=


3349 (m), 2909 (s), 2858 (s), 1490 (m), 1429 (m), 1377 (m), 1261 (w), 1066
(w), 1026 (m), 711 (s), 663 (vs), 643 (s), 627 (m), 574 (m), 480 (w),
432 cm�1 (m); 1H NMR (300 MHz, C6D6, 20 8C, TMS): d=12.88 (s br.,
3H; NH), 1.98 ppm (s, 45 H; C5Me5); 13C{1H} NMR (75 MHz, C6D6,
20 8C, TMS): d=119.3 (C5Me5), 11.8 ppm (C5Me5); MS (EI, 70 eV): m/z
(%): 695 (1) [M]+ , 559 (11) [M�C5Me5H]+ , 423 (8) [M�2C5Me5H]+ , 287
(7) [M�3 C5Me5H]+ ; elemental analysis calcd (%) for C30H48BrLiN4Ti3:
C 51.83, H 6.96, N 8.06; found: C 52.16, H 7.08, N 7.34.


Synthesis of [ILi{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (3): In a similar fashion
to the preparation of 2, 1 (0.30 g, 0.49 mmol) and LiI (0.066 g,
0.49 mmol) were allowed to react in toluene (40 mL) for five days to
afford 3 as a pale yellow solid (0.29 g, 65 %). IR (KBr): ñ= 3346 (m),
2909 (s), 2858 (s), 1490 (m), 1429 (m), 1377 (s), 1260 (w), 1067 (w), 1026
(m), 790 (vs), 709 (s), 659 (vs), 626 (m), 584 (m), 480 (w), 433 cm�1 (m);
1H NMR (300 MHz, C6D6, 20 8C, TMS): d= 12.77 (s br., 3H; NH),
1.88 ppm (s, 45 H; C5Me5); 13C{1H} NMR (75 MHz, C6D6, 20 8C, TMS):
d=120.0 (C5Me5), 11.9 ppm (C5Me5); elemental analysis calcd (%) for
C30H48ILiN4Ti3: C 48.55, H 6.52, N 7.55; found: C 48.42, H 6.08, N 6.13.


Synthesis of [INa{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (4): In a fashion simi-
lar to the preparation of 2, 1 (0.30 g, 0.49 mmol) and NaI (0.074 g,
0.49 mmol) were allowed to react in toluene (40 mL) for two days to
afford 4 as a yellow solid (0.18 g, 48 %). IR (KBr): ñ =3337 (m), 2908 (s),
2857 (s), 1490 (m), 1429 (m), 1376 (s), 1261 (w), 1066 (w), 1026 (m), 787
(m), 748 (s), 712 (s), 679 (vs), 659 (vs), 643 (s), 626 (m), 579 (m), 476
(m), 429 cm�1 (m); 1H NMR (300 MHz, C6D6, 20 8C, TMS): d=13.22 (s
br., 3H; NH), 2.03 ppm (s, 45H; C5Me5); 13C{1H} NMR (75 MHz, C6D6,
20 8C, TMS): d=118.9 (C5Me5), 12.2 ppm (C5Me5); MS (EI, 70 eV): m/z
(%): 758 (1) [M]+ , 486 (1) [M�2C5Me5H]+ ; elemental analysis calcd
(%) for C30H48IN4NaTi3: C 47.52, H 6.38, N 7.39; found: C 47.56, H 6.38,
N 6.59.


Synthesis of [IIn{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (5): In a fashion similar
to the preparation of 2, 1 (0.30 g, 0.49 mmol) and InI (0.119 g,
0.49 mmol) were allowed to react in dichloromethane (150 mL) for three
days. After filtration, the volatile components were removed under re-
duced pressure, and the resultant solid washed with toluene (20 mL) and
dried under vacuum to afford 5 as a brown powder (0.29 g, 69%). IR
(KBr): ñ =3350 (w), 3246 (m), 2908 (s), 2856 (m), 1489 (w), 1427 (m),
1377 (m), 1261 (w), 1066 (w), 1025 (m), 776 (m), 711(s), 659 (vs), 529
(m), 476 (m), 429 cm�1 (m); 1H NMR (300 MHz, C6D6, 20 8C, TMS): d=


12.87 (s br., 3 H; NH), 2.01 ppm (s, 45H; C5Me5); 13C{1H} NMR
(75 MHz, C6D6, 20 8C, TMS): d =117.9 (C5Me5), 11.9 ppm (C5Me5); ele-
mental analysis calcd (%) for C30H48IInN4Ti3: C 42.39, H 5.69, N 6.59;
found: C 42.32, H 5.57, N 6.27.


Synthesis of [ITl{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (6): In a fashion similar
to the preparation of 5, 1 (0.30 g, 0.49 mmol) and TlI (0.163 g,
0.49 mmol) were allowed to react in dichloromethane (50 mL) for seven
days to afford 6 as a yellow powder (0.32 g, 70%). IR (KBr): ñ =3352
(w), 3301 (m), 2907 (s), 2856 (m), 1489 (w), 1449 (m), 1429 (m), 1377


(m), 1257 (w), 1155 (w), 1066 (w), 1025 (w), 761 (m), 719 (m), 667 (vs),
642 (s), 528 (w), 476 (w), 427 cm�1 (m); 1H NMR (300 MHz, C6D6, 20 8C,
TMS): d= 13.57 (s br., 3H; NH), 2.02 ppm (s, 45 H; C5Me5); 13C{1H}
NMR (75 MHz, C6D6, 20 8C, TMS): d=118.8 (C5Me5), 12.0 ppm (C5Me5);
elemental analysis calcd (%) for C30H48IN4Ti3Tl: C 38.35, H 5.15, N 5.96;
found: C 38.40, H 5.32, N 5.69.


Reaction of 1 with LiCl generated in situ : A 100-mL Schlenk flask was
charged with [Li{(m3-NH)2(m4-N){Ti3(h5-C5Me5)3(m3-N)}]2 (0.19,
0.14 mmol), NEt3HCl (0.039 g, 0.28 mmol), and toluene (25 mL). The re-
action mixture was stirred for 14 h at room temperature to give an
orange solution with a white fine powder in suspension. After filtration,
the solution was dried to give an orange solid identified as 1 by NMR
spectroscopy.[2]


Synthesis of [I2Mg{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (7): In a fashion simi-
lar to the preparation of 5, 1 (0.30 g, 0.49 mmol) and MgI2 (0.137 g,
0.49 mmol) were allowed to react in dichloromethane (40 mL) for 24 h to
afford 7 as a yellow powder (0.24 g, 55%). IR (KBr): ñ=3337 (s), 3236
(w), 2945 (m), 2910 (s), 2858 (m), 1489 (m), 1427 (m), 1379 (s), 1205 (w),
1067 (w), 1025 (m), 778 (s), 736 (s), 700 (s), 665 (vs), 535 (w), 480 (m),
438 cm�1 (m); 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=11.80 (s br.,
3H; NH), 2.14 ppm (s, 45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3,
20 8C, TMS): d =123.2 (C5Me5), 12.7 ppm (C5Me5); elemental analysis
calcd (%) for C30H48I2MgN4Ti3: C 40.65, H 5.46, N 6.32; found: C 40.82,
H 5.66, N 5.88.


Synthesis of [I2Ca{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (8): In a fashion simi-
lar to the preparation of 5, 1 (0.50 g, 0.82 mmol) and CaI2 (0.201 g,
0.68 mmol) were allowed to react in dichloromethane (100 mL) for four
days to afford 8 as a pale yellow solid (0.43 g, 69 %). IR (KBr): ñ =3327
(m), 3306 (m), 2910 (s), 2858 (m), 1494 (m), 1428 (m), 1379 (s), 1068 (w),
1027 (m), 788 (m), 746 (s), 733 (s), 674 (vs), 664 (vs), 659 (vs), 648 (vs),
535 (w), 479 (m), 435 cm�1 (m); 1H NMR (300 MHz, CDCl3, 20 8C,
TMS): d= 13.08 (s br., 3H; NH), 2.12 ppm (s, 45 H; C5Me5); 13C{1H}
NMR (75 MHz, CDCl3, 20 8C, TMS): d=121.8 (C5Me5), 12.5 ppm
(C5Me5); elemental analysis calcd (%) for C30H48CaI2N4Ti3: C 39.94, H
5.36, N 6.21; found: C 40.04, H 5.49, N 4.97.


Synthesis of [I2Sr{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (9): In a 100-mL
Schlenk flask, 1 (0.30 g, 0.49 mmol) and SrI2 (0.15 g, 0.44 mmol) were al-
lowed to react at room temperature in dichloromethane (25 mL) for six
days to afford a yellow precipitate and a brown solution. The solution
was removed by filtration and the precipitate washed with toluene
(15 mL) and vacuum-dried to give 9 as a pale yellow powder (0.37 g,
89%). IR (KBr): ñ=3325 (m), 3310 (m), 2911 (s), 2858 (m), 1489 (m),
1428 (m), 1379 (s), 1263 (m), 1067 (w), 1026 (m), 785 (m), 744 (s), 670
(vs), 655 (vs), 534 (w), 478 (m), 434 (m), 409 cm�1 (m); 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d=13.38 (s br., 3 H; NH), 2.11 ppm (s,
45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS): d=121.2
(C5Me5), 12.5 ppm (C5Me5); elemental analysis calcd (%) for
C30H48I2N4SrTi3: C 37.94, H 5.09, N 5.90; found: C 39.47, H 5.05, N 5.47.


Synthesis of [Cl2Sn{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (10): In a fashion
similar to the preparation of 5, 1 (0.50 g, 0.82 mmol) and SnCl2 (0.129 g,
0.68 mmol) were allowed to react in toluene (40 mL) for 24 h to afford
10 as an orange crystalline solid (0.36 g, 67 %). IR (KBr): ñ =3343 (m),
3302 (m), 2911 (s), 2858 (m), 1488 (m), 1427 (m), 1378 (s), 1067 (w), 1024
(m), 745 (s), 655 (vs), 525 (m), 474 (m), 426 cm�1 (m); 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d=12.15 (s br., 3 H; NH), 2.10 ppm (s,
45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS): d=122.0
(C5Me5), 12.2 ppm (C5Me5); elemental analysis calcd (%) for
C30H48Cl2N4SnTi3: C 45.16, H 6.06, N 7.02; found: C 45.14, H 6.09, N
6.76.


Synthesis of [Cl2Pb{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (11): In a fashion
similar to the preparation of 5, 1 (0.30 g, 0.49 mmol) and PbCl2 (0.12 g,
0.43 mmol) were allowed to react in dichloromethane (50 mL) for 24 h to
afford 11 as a yellow solid (0.23 g, 60%). IR (KBr): ñ=3301 (m), 2907
(s), 2857 (m), 1491 (m), 1429 (m), 1378 (m), 1261 (w), 1067 (w), 1027
(m), 773 (s), 729 (s), 663 (vs), 549 (w), 529 (m), 477 (m), 430 cm�1 (m);
1H NMR (300 MHz, CDCl3, 20 8C, TMS): d=12.72 (s br., 3H; NH),
2.11 ppm (s, 45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS):
d=121.7 (C5Me5), 12.1 ppm (C5Me5); elemental analysis calcd (%) for
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C30H48Cl2N4PbTi3: C 40.65, H 5.46, N 6.32; found: C 41.87, H 5.57, N
5.24.


Synthesis of [I2Sn{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (12): In a fashion simi-
lar to the preparation of 9, 1 (0.30 g, 0.49 mmol) and SnI2 (0.18 g,
0.48 mmol) were allowed to reacted in toluene (30 mL) for 24 h to afford
12 as brown crystals (0.38 g, 81 %). IR (KBr): ñ= 3286 (m), 2910 (s),
1488 (w), 1426 (m), 1380 (s), 1027 (m), 765 (s), 735 (m), 698 (w), 654
(vs), 532 (m), 479 (m), 437 (m), 414 cm�1 (m); 1H NMR (300 MHz,
CDCl3, 20 8C, TMS): d=11.59 (s br., 3 H; NH), 2.21 ppm (s, 45H;
C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS): d=124.5 (C5Me5),
12.5 ppm (C5Me5); elemental analysis calcd (%) for C30H48I2N4SnTi3: C
36.74, H 4.93, N 5.71; found: C 36.63, H 4.84, N 4.05.


Reaction of 10 with MeI : A 5-mm valved NMR tube was charged with
10 (10 mg, 0.013 mmol), MeI (11 mg, 0.08 mmol), and [D6]benzene
(1.00 mL). The course of the reaction was monitored by 1H NMR spec-
troscopy. After the mixture had been heated at 60 8C for six days, a good
portion of dark brown crystals were grown at the bottom of the tube.
The crystals were isolated and identified as [{ISn(m3-NH)3Ti3(h5-
C5Me5)3(m3-N)}2(m-I)2]·C6D6 (7 mg, 54 %) by X-ray crystallography, and
analytical and spectroscopic data. IR (KBr): ñ=3286 (m), 2909 (s), 2852
(w), 1484 (w), 1426 (m), 1380 (s), 1261 (w), 1099 (w), 1070 (w), 1026 (m),
764 (vs), 709 (w), 653 (vs), 532 (m), 505 (m), 478 (m), 437 (m), 413 cm�1


(m); 1H NMR (300 MHz, CDCl3, 20 8C, TMS): d= 11.69 (s br., 3H; NH),
2.19 ppm (s, 45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS):
d=124.5 (C5Me5), 12.5 ppm (C5Me5); MS (EI, 70 eV): m/z (%): 852 (1)
[ISn(1)]+ , 716 (1) [ISn(1)�C5Me5H]+ , 247 (39) [SnI]+ , 119 (100) [Sn]+ ,
84 (100) [C6D6]


+ ; elemental analysis calcd (%) for C66H96D6I4N8Sn2Ti6: C
38.75, H 5.02, N 5.48; found: C 39.54, H 4.82, N 4.98.


Synthesis of [I3In{(m3-NH)3Ti3(h5-C5Me5)3(m3-N)}] (13): A solution of InI3


(0.163 g, 0.33 mmol) in toluene (30 mL) was added dropwise to 1 (0.20 g,
0.33 mmol) in toluene (20 mL). The resultant solution was immediately
filtered and kept at room temperature for three days. After that time, a
fraction of brown crystals of 13 was collected by filtration. The remaining
solution was stirred for 1 h to give a second crop of 13. The combined
yield for 13 was 0.24 g (80 %). IR (KBr): ñ=3358 (m), 3279 (w), 2910 (s),
2857 (m), 1488 (m), 1426 (s), 1378 (s), 1023 (m), 904 (m), 750 (s), 708
(m), 663 (vs), 645 (s), 601 (s), 525 (m), 473 (m), 431 cm�1 (m); 1H NMR
(300 MHz, CDCl3, 20 8C, TMS): d=11.40 (s br., 3 H; NH), 2.11 ppm (s,
45H; C5Me5); 13C{1H} NMR (75 MHz, CDCl3, 20 8C, TMS): d=122.1


(C5Me5), 12.4 ppm (C5Me5); MS (EI, 70 eV): m/z (%): 970 (1)
[M�C5Me4CH2]


+ , 496 (14) [InI3]
+ , 369 (54) [InI2]


+ , 242 (84) [InI]+ ; ele-
mental analysis calcd (%) for C30H48I3InN4Ti3(%): C 32.64, H 4.38, N
5.08; found: C 33.06, H 4.45, N 4.82.


X-ray structure determination of complexes 10, 12, and 13 : X-ray crystals
of 13 were grown as described in the Experimental Section. Crystals
were mounted in a glass capillary in a random orientation and transfer-
red to an Enraf-Nonius CAD4 diffractometer for characterization and
data collection at room temperature. Crystals of complexes 10 and 12
were grown as described in the Experimental Section, removed from the
Schlenk flasks and covered with a layer of a viscous perfluoropolyether
(FomblinY). A suitable crystal was selected with the aid of a microscope,
attached to a glass fiber, and immediately placed in the low-temperature
nitrogen stream of the diffractometer. The intensity data sets were col-
lected at 100 K on a Bruker-Nonius KappaCCD diffractometer equipped
with an Oxford Cryostream 700 unit. Crystallographic data for all the
complexes are presented in Table 5.


The structures were solved, by using the WINGX package,[31] by Patter-
son (10) or direct methods (12 and 13) (SHELXS-97), and refined by
least-squares against F2 (SHELXL-97).[32]


Two independent molecules of complex 10 crystallized in the triclinic
space group P1̄. The tin atoms presented disorder and were each refined
at two sites with occupancies of 85% and 15%. All non-hydrogen atoms
of 10 were anisotropically refined. The hydrogen atoms of the pentame-
thylcyclopentadienyl rings were included, positioned geometrically and
refined by using a riding model, and all the imido-hydrogen atoms were
located in the Fourier difference map and isotropically refined.


Complex 12 crystallized in a dimeric form with one molecule of [D6]ben-
zene. All the non-hydrogen atoms were anisotropically refined. Only the
imido-hydrogen atoms were directly located in the Fourier difference
map and isotropically refined, the pentamethylcyclopentadienyl hydrogen
atoms were included, positioned geometrically, and refined by using a
riding model.


Medium-quality crystals of 13 were crystallized in toluene, in the noncen-
trosymmetric space group P21. All the non-hydrogen atoms were refined
anisotropically and all the hydrogen atoms were included, geometrically
positioned, and refined by using a riding model. The highest peak
(2.013 e��3) and hole (�2.058 e��3) found in the difference Fourier map
are located close to In1 (0.78 and 1.69 �, respectively).


Table 5. Experimental data for the X-ray diffraction studies on compounds 10, 12 and 13.


10 12 13


empirical formula C30H48Cl2N4SnTi3 C66H102I4N8Sn2Ti6 C30H48I3InN4Ti3


Mr 798.01 2039.80 1103.94
T [K] 100(2) 150(2) 293(2)
l [�] 0.71073 0.71073 0.71073
crystal system triclinic orthorhombic monoclinic
space group P1̄ Pnnm P21


a [�]; a [8] 12.237(2);100.82(1) 14.947(1) 10.679(5)
b [�];b [8] 13.186(3);103.01(1) 16.508(3) 17.031(5);104.26(1)
c [�];g [8] 22.489(2);96.41(1) 16.117(3) 11.250(5)
V[�3] 3427.5(9) 3976.8(11) 1983.0(14)
Z 4 2 2
1calcd [gcm�3] 1.546 1.704 1.849
mMoKa [mm�1] 1.575 2.780 3.515
F(000) 1624 1996 1060
crystal size [mm] 0.51 � 0.16 � 0.15 0.46 � 0.46 � 0.27 0.35 � 0.30 � 0.25
q range [8] 5.01 to 27.50 3.09 to 27.52 3.03 to 24.97
index ranges �15�h�15, �17�k�17, �29� l�29 �19�h�19, �21�k�21, �20� l�20 0�h�12, 0�k�20, �13� l�12
reflections collected 120972 81084 3806
unique data 15622[Rint = 0.166] 4714 [Rint =0.103] 3609[Rint = 0.032]
obsd data [I>2s(I)] 12021 3842 3060
GOF on F2 1.057 1.092 1.141
final R indices [I>2s(I)] R1 =0.048, wR2=0.116 R1 =0.029, wR2=0.062 R1 =0.082, wR2=0.236
R indices (all data) R1 =0.071, wR2=0.128 R1 =0.045, wR2=0.068 R1 =0.098, wR2=0.253
largest diff. peak/hole [e��3] 1.932/�1.619 0.860/�1.145 2.013/�2.058
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CCDC-240132–CCDC-240134 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (+44)1223-336-033; or deposit@ccdc.cam.uk)).


Computational details : All DFT calculations were carried out with the
ADF program[33] by using triple-z and polarization Slater basis sets to de-
scribe the valence electrons of C and N. For titanium, a frozen core com-
posed of the 1s, 2s, and 2p orbitals was described by double-z Slater func-
tions, the 3d and 4s orbitals by triple-z functions, and the 4p orbital by a
single orbital. Hydrogen atoms were described by triple-z and polariza-
tion functions. The geometries and binding energies were calculated with
gradient corrections. We used the local spin density approximation, char-
acterized by the electron-gas exchange (Xa with a= 2/3) together with
Vosko–Wilk–Nusair parametrization[34] for correlation. Becke�s nonlocal
corrections[35] to the exchange energy and Perdew�s nonlocal correc-
tions[36] to the correlation energy were added. Quasirelativistic correc-
tions were employed by using the Pauli formalism with corrected core
potentials. The quasirelativistic frozen core shells were generated with
the auxiliary program DIRAC.[33]
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