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Introduction


Ever since the biphasic solvent approach was first introduced,
chemists conducting homogeneous catalysis experiments have
asked themselves: how do we better separate the substrates


and the products of these reactions from the inorganic or
organometallic complexes that facilitate these catalytic trans-
formations? Recently, several groups have created a new
concept for this continuing homogeneous catalyst separation
problem. In a 1991 PhD thesis that was unfortunately not
readily available to the homogeneous catalysis community
nor published in the open literature, M. Vogt, under the
guidance of his Ph.D. advisor W. Keim, of the Rheinisch-
Westfälischen Technischen Hochschule in Aachen, Germany,
presented the first conceptual aspects of the fluorous biphasic
catalysis (FBC) approach with an emphasis on oligomeriza-
tion of alkenes, oxidation of alkenes, hydroformylation of
olefins, and telomerization of dienes.[1] It was not until 1994,
when HorvaÂth and RaÂbai published the first archival paper on
this simple but elegant FBC concept, that the global chemical
community took notice of this novel advance in the more
general area of biphasic catalysis.[2]


The process of developing a new paradigm for the
separation of the homogeneous catalyst from the substrate
and the product must start with the solvent system. It is well
known that perfluorohydrocarbons have unusual properties
such as being extremely hydrophobic and lacking hydrogen-
bonding capabilities, which renders them relatively insoluble
in their hydrocarbon analogues, and are also able to dissolve
various gases such as oxygen, hydrogen, and carbon dioxide.[3]


Thus, it is surprising that it took so long for this FBC approach
to be discovered, since the above-mentioned parameters
would allow a number of critical catalytic reactions to be
demonstrated by using perfluorohydrocarbons as one phase in
a biphasic solvent mode.


One of the most important aspects of this overall FBC
process is the requirement that the homogeneous precatalyst
for the designated reaction be totally soluble in the fluorous
phase. Therefore, long-chain fluoroponytails are appended to
the organic ligand that is bound to the catalytic metal-ion
center.[1, 2] In addition, another crucial modification of this
approach is the introduction of several spacer methylene
groups between the heteroatom of the ligand and the first CF2


group of the fluoroponytail, which mitigates the powerful
electron-withdrawing effect of the CF2 groups that can cause
the heteroatom attached to the metal center to be a weak or
nonbinding site. Furthermore, metal-ion complexes that have
an overall charge and that are to react with a fluorous soluble
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ligand to form the final fluorous soluble precatalyst must
themselves be modified, in some cases, to have fluoropony-
tails to further enhance their fluorocarbon solubility.


Since 1994, FBC has been demonstrated for hydroformy-
lation,[2, 4] hydrogenation,[5] hydride reduction,[6] hydrobora-
tion,[7] alkene epoxidation,[8] and alkane and alkene function-
alization,[9] while new fluorocarbon-soluble catalysts are being
discovered at a rapid pace for these applications and others.
Thus, the demonstration of each of the above-mentioned
applications of this FBC approach, along with the plausible
synthetic strategy mentioned above, will be instructive for the
chemist not familiar with this novel biphasic technique and
allow those chemists with experience in homogeneous catal-
ysis to generate new ideas to further this burgeoning field.


Discussion


Two reaction scenarios (Figure 1) will be demonstrated and
discussed with pertinent examples that show the flexibility of
the FBC process with regard to conducting experiments at
room temperature in the biphasic mode (scenario 1) or
utilizing a solvent(s) such as perfluoromethylcyclohexane
toluene along with higher temperatures (scenario 2) to create
a single phase for reactivity and a separation of phases at
room temperature.[1, 2] I will first discuss the synthetic strategy
that can create the fluoroponytailed ligands and the subse-
quent metal-ion complexes, allowing both FBC scenarios to
be implemented.


A. Fluoroponytailed ligands and their metal ion complexes
for fluorocarbon solubility : Since many of the fluoropony-
tailed ligands and their subsequent fluorocarbon-soluble
metal-ion complexes were synthesized in research laborato-
ries, owing to the simple fact that they are not readily
available commercially, we will provide an overview of the
synthesis strategy that could be followed to enhance the
success of the FBC approach. To reiterate, it is instructive to
understand that a CF2 group a to a heteroatom that can
potentially bind to the metal ion will basically inhibit this
binding process. Thus, two or, preferably, three methylene
spacer groups are necessary to eliminate this power-
ful electron-withdrawing effect (typical fluoroponytails


with spacer groups are CF3(CF2)xCH2CH2- and
CF3(CF2)xCH2CH2CH2-), unless of course the fluoroponytail
is attached to an aromatic ring.[8b,d] More importantly, the
length and number of the fluoroponytails should provide a
>60 % fluorine content to further guarantee effective fluo-
rocarbon solubility.[2]


Another caveat of which the FBC researcher must be
cognizant is the use of fluoroponytailed, substituted fluoroar-
omatic ligands; these ligands are usually not fully fluorocar-
bon-soluble. The solubility problem appears to be related to a
possible hydrogen-bonding regime between a polarized
aromatic CÿF bond, for example, a pentafluorophenyl group,
which can occur with non-fluorinated substrates/solvents and
further inhibit fluorocarbon solubility. An example is given
below of a ligand, 1, synthesized by J.-M. Vincent (unpub-
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lished results) during our LBNL FBC studies, which is
instructive on this critical point; ligand 1 (Rf�C8F17) is not
soluble in cold perfluoroheptane and, in addition, has a
fluorine content of <60 %.


The other aspect of this FBC approach that needs attention,
as mentioned, is the metal-ion complexes of these fluoropony-


tailed ligands, especially if these
metal-ion complexes are charg-
ed species; hydrophobic fluoro-
carbons do not readily solubilize
charged metal-ion complexes.
To overcome this deficiency,
fluoroponytailed ligands can be
used on the precursor metal-ion
complexes,[9] which are then al-
lowed to react with the fluoro-
ponytailed ligands already
found to be soluble in fluoro-
carbon solvents. Thus, as an
example, the complex
[(CF3(CF2)7CH2CH2COO)2Mn]
(2) alone is not totally soluble in


cold perfluoroheptane, but in the presence of a perfluoro-
heptane-soluble ligand, such as RfTACN (Rf�C8F17), it forms
a new [RfMnRfTACN] complex, 3 (tentative structure) in situ,
which is now fully fluorocarbon-soluble.[9a]
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Figure 1. Two FBC reaction techniques.
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B. Illustrative examples of FBC advancements : Many homo-
geneous catalysis reactions, where separation of the catalyst
from the product and starting substrate is difficult or
impossible, can be converted to the FBC paradigm. Therefore,
it is my intention to illustrate various single-solvent-phase
catalysis reactions that have been made more viable by the
simple decantation of the lower fluorous phase containing the
synthesized fluorocarbon soluble precatalyst analogue at
room temperature for recycling.


1. Hydroformylation : The initial archival publication that
showed the tremendous potential of this FBC approach was
focused on the hydroformylation of 1-alkenes.[2, 4] This is
illustrated by using a hydroformylation solvent system
that is homogeneous at 100 8C (Figure 1, scenario 2), but
separates into two phases at room temperature (scenario 1).
Thus, a hydroformylation reaction in which the 1-alkene
substrate is soluble in cold toluene and the catalyst,
[{(CF3(CF2)5CH2CH2P)3}3(CO)RhH], is soluble in cold tri-
fluoromethylperfluorocyclohexane (CF3C6F11) may be con-
ducted at 100 8C in the presence of CO/H2, under which
conditions the reaction mixture is homogeneous, while cool-
ing to room temperature results in separation of the reaction
product aldehydes (n/i ratios are high) from the fluoropony-
tailed catalyst [Rf�C6F13, Eq. (1)].


H


R
C=CH2


CO/H2


[(RfCH2CH2P)3]3(CO)Rh-H
RCH2CH2C(O)H + R(CH3)CHC(O)H


(n) (i)


Toluene/CF3C6F11


100 oC 


(1)


2. Hydrogenation : The hydrogenation of organic com-
pounds with transition metal hydrides is another ex-
ample of FBC compatibility. An aliphatic version of
Wilkinson�s catalyst was modified with fluoroponytails,
[{(CF3(CF2)5CH2CH2P)3}3RhCl], to render it soluble in
CF3C6F11. The substrate alkene, for example cyclododecene,
was dissolved in toluene, while the fluoroponytailed, aliphatic
Wilkinson�s catalyst is soluble in CF3C6F11. Hydrogenation at
1 atm of H2 gas (45 8C) under FBC conditions (Figure 1,
scenario 1) provided cyclododecane, 94 % yield and 120
TON.[5] Recycling of the lower fluorocarbon phase containing
[{(CF3(CF2)5CH2CH2P)3}3RhCl] allowed for continuous cata-
lytic runs [Eq. (2)]. Interestingly, the catalytic dihydride
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complex was also shown by 31P and 1H NMR to be meridional
P and cis H2, [{(CF3(CF2)5CH2CH2P)3}3Rh(H2)Cl], and similar
to Wilkinson�s catalyst, [tris(triphenylphosphine)Rh(H2)Cl].


3. Hydride reduction : Another interesting FBC example was
reported with a fluoroponytailed organotin hydride,
[{CF3(CF2)5CH2CH2}3SnH], that could be utilized in various
free-radical reduction reactions with functional groups such as
halides (Br, I) or NO2-, with trifluoromethylbenzene as the


solvent [Eq. (3)].[6] This process can be made catalytic by the
addition of a reducing agent, NaCNBH3, to recycle the SnH


from SnX, while separation of the [{CF3(CF2)5CH2CH2}3SnX]
compound from the reduced product for recycling (for
example, X�Br) was accomplished by a fluorocarbon
extraction procedure.


4. Hydroboration : A unique example of the use of the FBC
process for the facile separation of the fluoroponytailed
catalyst from products is the classical hydroboration reac-
tion.[7] Again, using the aliphatic Wilkinson�s catalyst
[{(CF3(CF2)5CH2CH2P)3}3RhCl], in conjunction with cate-
cholborane and an alkene, hydroboration occurs to
provide the alkylcatecholboron compound [Eq. (4)], that is
oxidized, in a subsequent step, directly by H2O2 to
alcohol with the fluorous phase containing the catalyst
[{(CF3(CF2)5CH2CH2P)3}3RhCl] being recycled.


5. Alkene epoxidation : The great advantage of performing
classical oxidation reactions, for example, epoxidation[8] or
alkane/alkene functionalization,[9] in the FBC mode is the
high solubility of the important reactant, oxygen gas, in
fluorocarbon solvents.[10] Thus, the epoxidation of olefins has
recently been demonstrated in the FBC mode by several
groups.[8] The reported oxidation systems utilized an aldehyde
and oxygen gas as necessary reactants, presumably to form in
situ the corresponding percarboxylic acid that then performs
the subsequent epoxidation chemistry. To reiterate, the
critical task in these epoxidation reactions, as in all the FBC
examples, was the difficult synthesis of the fluoroponytailed
catalyst that has fluorocarbon solubility. It appears, in general
and in this context, that fluoroponytailed non-porphyrin
ligands[8c,d, 9] are more easily synthesized than the fluoropony-
tailed porphyrin ligands.[8b] An example of a fluoroponytailed
non-porphyrin Ru complex is shown in the FBC epoxidation
of disubstituted olefins at 508C [Eq. (5), Figure 1, scenario 2].[8c]
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6. Alkane and alkene functionalization : Although the above-
mentioned classical reactions to organic compounds are
essential for possible new industrial processes using the
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FBC paradigm, the functionalization of alkanes and alkenes
to alcohols, aldehydes, and ketones under FBC oxidation
conditions[9] represents an important advance for the catalytic
synthesis of globally important organic chemicals, the ulti-
mate, future alkane functionalization reaction being conver-
sion of CH4 to CH3OH. In this regard, our group at LBNL[9a]


and the CNR group in Milan[9b] focused on the synthesis of
fluoroponytailed substituted nitrogen macrocycles in con-
junction with fluoroponytailed metal carboxylates (for exam-
ple compounds 2 and 3) for oxidation precatalysts.


The functionalization reaction[9a] (Figure 1, scenario 1) that
provides facile allylic oxidation of alkenes and, to a lesser
extent, alkane oxidation, using tert-butyl hydroperoxide/O2 as
the critical components and 3 generated in situ as the
precatalyst, was found to occur by the well-known Haber ±
Weiss process that generates tBuO. radicals with concomitant
oxidation of Mn2� to an ESR-identified [Mn3�(m-O)2Mn4�]
dimer [Eq. (6), tentative Mn structures]. Thus, it is the tBuO.


radicals that initiate the free radical process that generates a


carbon radical from alkene or alkane, and is followed by O2


trapping to provide the alkyl/alkenyl hydroperoxides, the
precursor to the oxidation products. As usual, recycling the
fluorous phase permits a continual oxidation process, but
further research is needed to develop any possible industrial
scenario for important organic chemical synthesis.


Conclusions


My intention in this Concept article was to enlighten the
chemical community concerning a very exciting new method
for conducting biphasic homogeneous catalysis, and to inspire
chemists to design new FBC systems for their non-fluorous
catalytic chemistry. I hope that, in the near future, this FBC
paradigm will be added to the nascent list of Green Chemical
Processes, as it is environmentally friendly and therefore
potentially attractive for a wide variety of industrial processes


for the ultimate catalytic production of important organic
chemicals worldwide. Finally, I touched upon several classical
reaction systems, as examples that have been converted to the
FBC mode, but other important FBC approaches not
mentioned in this Concept article have been, and will be,
invented.[11]
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Introduction


Nucleic acid recognition processes offer unique possibilities
for DNA diagnostics. In particular, the use of Watson ± Crick
base-pair recognition is extremely important for the diagnosis
of genetic or infectious diseases, environmental testing for
bacterial contamination, rapid detection of biological warfare
agents, and forensic investigations. Wide-scale DNA testing
requires the development of fast, easy-to-use, inexpensive,
tiny biosensing devices. DNA biosensors are small analytical
devices consisting of a nucleic acid recognition layer immo-
bilized on a physical transducer (Figure 1). The goal is to
convert the DNA hybridization event into a useful analytical
signal. DNA biosensors, based on optical, electrochemical, or
piezoelectric transducers, are presently under intense inves-
tigation.


Figure 1. Processes involved in the operation of a DNA hybridization
biosensor: base-pair recognition, signal transduction, and readout.


Electrochemical devices offer a special promise for rapid,
direct detection of specific DNA sequences.[1, 2] The high
sensitivity of electrochemical transducers, coupled to their
compatibility with modern microfabrication/miniaturization
technologies, low cost, minimal power requirements, and
independence of sample turbidity, make them particularly
attractive for shrinking DNA diagnostics, and for reaching
mass markets. In addition, electrochemistry offers a unique
route for electrical control of DNA hybridization and
denaturation processes, and for the use of specific DNA
interactions to induce electrical signals.


The new term genoelectronics will be used below to
describe the interface of nucleic acid recognition and elec-
tronic systems. Genoelectronics is a new subclass of bioelec-
tronics, which generally deals with the coupling of biological
functions to electronics. Such molecular interfacing technol-
ogy has been used in the past primarily for enhancing the
electron transfer between redox enzymes and electrode
surfaces.[3] We, and several other groups, are trying to extend
this molecular interfacing approach into regulating DNA
interactions, and into exploiting DNA recognition events for
inducing direct electrical signals. Such innovative strategies
for designing electrochemical DNA biosensors are the focus
of this Concepts article.


Discussion


First-generation electrochemical DNA biosensors : Early
work in the mid-1990s focused on indicator-based DNA
hybridization biosensors.[1] This approach relies on measuring
changes in the peak current of a redox-active marker that
preferentially binds to the target:probe duplex. For this
purpose, the duplex formed (in the hybridization event) is
exposed to a solution of the indicator, and the increased
electrochemical responseÐdue to the change in the surface
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concentration of the indicatorÐserves as the hybridization
signal.


The properties of the redox indicator are very important for
the performance of these first-generation DNA biosensors.
The desired properties of such markers include:
a) High discrimination between single- and double-stranded


DNA; substantially different interactions with the probe
and the probe:target duplex.


b) Reversible electron transfer with a low redox potential.
c) Stability of both the reduced and oxidized forms.
d) Low toxicity and cost.


Sensors based on various indicators (both intercalators and
groove binders) have been developed. These include the use
of cationic metal complexes such as tris(2,2'-bipyridine)ru-
thenium(iii) ([Ru(bpy)3]3�)[4] or tris(1,10-phenanthroline)co-
balt(iii) ([Co(phen)3]3�),[5] or planar aromatic organic com-
pounds, such as the dye Hoechst 33258[6] or daunomycin[7]


(e.g., Figure 2A and B). Most of these markers do not fully
discriminate between single- and double-stranded DNA, and
hence duplex formation is detected from the change (in-
crease) in the indicator signal. Duplex-specific indicators, with
negligible affinity (and hence response) to the single-stranded
probe, are highly desired. One such attractive indicator,
developed recently by Takenaka�s group,[8] couples the
threading intercalation properties of naphthalene diimide
with the redox activity of ferrocene moieties (Figure 2C).
Because of the large difference in the rate of its dissociation
from single- and double-stranded DNA, this threading
intercalator offers remarkable discrimination between the
probe and the duplex.


Besides the use of external electroactive indicators, it is
possible to use electrochemically active (ferrocene-bound)
oligonucleotides in connection with a sandwich-type hybrid-
ization assay (Figure 3).[9] The enhanced oxidation current
due to the increased surface concentration of the ferrocenyl
units thus reflects the concentration of the target. Covalently
bound ferrocene markers, coupled to phenylacetylene molec-
ular wires, are being used in the DNA chips being developed
by Clinical Micro Sensors (CMS) Inc.[2] The CMS system also
includes a self-assembled monolayer of a hydroxy-terminated
alkanethiol, aimed at minimizing nonspecific adsorption and
electroactive interferences. Instead of redox tags, enzyme
labels can be used to accomplish the electrochemical biosens-


Figure 3. An electrochemical gene-sensing system based on the use of a
ferrocenyl oligonucleotide (Fc-ODN), sandwich-type hybridization, and
pulse-voltammetric detection of the preconcentrated ferrocenyl unit.
(Reproduced with permission.[9])


ing of DNA sequences (in a manner analogous to electro-
chemical immunosensors). Heller�s group[10] demonstrated
that the base-pair recognition of model oligonucleotides can
be monitored directly as an electrical current in connection
with the use of a target labeled with horseradish peroxidase
(HRP). In this system, the hybridization event resulted in the
wiring of the enzyme to the transducer (via an electron-
conducting redox hydrogel), hence leading in a continuous
hydrogen peroxide electroreduction current. Dramatic en-
hancement of the sensitivity of enzyme DNA biosensors may
be achieved in connection to bienzyme recycling amplifica-
tion schemes.


Towards genoelectronics: second-generation electrochemical
DNA biosensors : Direct (indicator-free) electrochemical
detection of hybridization events represents a very attractive


Figure 2. Examples of redox-active markers used in DNA hybridization biosensors: A) tris(1,10-phenanthroline)cobalt(iii); B) daunomycin; C) ferrocenyl
naphthalene diimide.
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approach for DNA biosensors. Such a route greatly simplifies
the sensing protocol (since it obviates the need for the
indicator addition/association/detection steps) and offers an
instantaneous detection of duplex formation. Such an effec-
tive avenue for detecting DNA sequences can greatly
benefit from elegant genoelectronics schemes based on the
judicious interface of nucleic acid systems and electrode
transducers.


Two major routes can be exploited for this indicator-free
hybridization detection. The first involves monitoring changes
in electronic or interfacial properties accompanying DNA
hybridization, while the second relies on the intrinsic DNA
signal associated with the electroactivity of nucleic acids.


Conducting polymer molecular interfaces : A key factor
concerning the development of genoelectronic devices is the
achievement of an efficient interface between the nucleic acid
system and the electronic transducer. Conducting polymer
molecular interfaces are particularly suitable for modulating
DNA interactions, for inducing electrical signals accrued from
such interactions, and for localizing DNA probes onto
extremely small surfaces. Of particular interest and impor-
tance is the use of base-pair recognition for switching the
electronic properties of conducting polymers. Such an inno-
vative approach for detecting DNA hybridization is being
explored by several groups. For example, Garnier�s team has
demonstrated that a 13-mer oligonucleotide-substituted poly-
pyrrole film (Figure 4) displays a decreased current response
during the duplex formation.[11] Such a change in the
electronic properties of polypyrrole has been attributed to
bulky conformational changes along the polymer backbone
due to its higher rigidity following the hybridization. Similarly,
Bäuerle and Emge[12] have demonstrated that the base-pair
recognition can induce changes in the electronic properties of
nucleobase-functionalized polythiophene films. Rather than
covalently attaching the oligonucleotide probe to the mono-
mer, we are currently examining its physical entrapment and/


or actual doping within electropolymerized films, and devel-
oping transistor-like electronic devices based on the electro-
deposition of oligonucleotide-containing conducting poly-
mers across the gap between closely spaced microband
electrodes. Ultimately, it may be possible to eliminate the
need for conducting-polymer molecular interfaces and to
exploit perturbations in the charge transfer through the DNA
itself for detecting mutations, to rely on potentially different
rates of electron transfer through ss- and ds-DNA for probing
the hybridization, and to use nucleic acid wires in the design of
electronic devices. Recent activity in this direction is encour-
aging.[13, 14]


Direct detection of hybridization based on changes in inter-
facial properties : Other physical parameters (besides the
conductivity of electropolymerized films) can be exploited for
direct label-free electrochemical detection of specific DNA
sequences. In particular, the hybridization event can lead to
changes in various interfacial properties that may be exploited
for rapid detection of the duplex formation. For example,
Souteyrand et al.[15] used a probe-coated field-effect silicon
device for in situ impedance measurements of DNA sequen-
ces. The device displayed well-defined shifts of the impedance
curves, corresponding to changes in the surface charge
induced by the base-pair recognition. Similarly, Johansson�s
group has demonstrated recently that changes in the capaci-
tance of a thiolated oligoncleotide modified gold electrode,
provoked by hybridization to the complementary strand (and
the corresponding displacement of solvent molecules from the
surface), can be used for rapid and sensitive detection of DNA
sequences.[16] Nikolelis and co-workers[17] described the use of
self-assembled bilayer lipid membranes (BLMs) for the direct
monitoring of DNA hybridization. A decrease in the ion
conductivity across the lipid membrane surface (containing
the single-stranded probe) was observed during the formation
of the duplex. This was attributed to alterations in the ion
permeation associated with structural changes in the BLM


Figure 4. Preparation of the electropolymerizable oligonucleotide (ODN)-substituted polypyrrole, along with its voltammetric hybridization response to
increasing levels of the DNA target: 0 (a,b), 66 (c), 165 (d), and 500 (e) nmol. (Reproduced with permission.[11])
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accrued by the desorption of the ds-DNA. New avenues for
generating the hybridization signal are currently being ex-
plored in several laboratories.


Intrinsic electroactivity of DNA for detecting hybridization :
The intrinsic electroactivity of DNA[18] opens up unique
opportunities for direct, indicator-free detection of DNA
sequences. Of the four nucleobases, only guanine and adenine
are readily oxidized at solid carbon electrodes.[19] Previously,
we exploited the sensitivity of the guanine oxidation signal to
the DNA structure for detecting the formation of the surface
duplex.[20] The decreased guanine response of the immobilized
probe was used for detecting the DNA hybridization. A more
attractive approach is the use of an inosine-substituted
(guanine-free) probe to detect the hybridization through the
appearance of the target guanine signal (Figure 5).[21] The


Figure 5. Direct, label-free, electrochemical detection of DNA hybrid-
ization based on the use of inosine-substituted probes and anodic
monitoring of the target guanine oxidation signal.


electrocatalytic oxidation of guanine by a [Ru(bpy)3]3� redox
mediator has also been exploited for electrochemical sensing
of DNA hybridization.[22] In this case, the formation of the
double helix precludes the direct collision of the mediator
with the guanine residue, hence attenuating the rate of
electron transfer. New schemes for detecting DNA hybrid-
ization based on the electrochemical oxidation of the target
sugar backbone at copper electrodes are currently under
development in Kuhr�s laboratory.[23]


Towards genoelectronic chips: Electrical regulation of DNA
interactions : The use of electrical fields for modulating DNA
interactions offers unique opportunities for electrochemical
devices. Recent studies at Nanogen demonstrated that a fine
control of the electrical field can be used for facilitating the
sample preparation (e.g., extracting the DNA using a series of
high-voltage pulses),[24] accelerating the hybridization event
by enhanced transport of the negatively charged target under
positive fields, and promoting denaturation of the duplex (i.e.,
regeneration of the probe). The last possibility was also
exploited for discriminating against one-point mutations by
applying current pulses for dissociating complexes containing
mutations.[25] A fine control of the hybridization and denatu-
ration steps may also be achieved through thermal modu-


lation of the transducing electrode (i.e., in connection with
heat-pulsing sequences). Electrical fields can also be used for
moving samples around and to drive the separation of nucleic
acids. Such an ability to modulate the transport and inter-
actions of nucleic acids holds great promise for on-chip assays,
integrating the sample handling with the DNA detection.
Advanced microfabrication and micromachining technolo-
gies[26] provide a unique means for producing high-density
arrays of individually addressable oligonucleotide-coated
microelectrodes, and for providing the microfluidic network
essential for integrating the sample transport, reactions, and
DNA amplification, separation, or detection in a chip format
(Figure 6). Unlike bulky optical readout systems, the electro-
chemical control can be readily integrated on the chip. By
performing all the steps of the biological assay on a single chip
we expect significant advantages in terms of cost, speed,
simplicity, and automation.


Figure 6. Layout of a microfabricated DNA chip, integrating sample
pretreatment, amplification, and array detection (along with the necessary
microfluidic network).


Challenges and Prospects


Few scientific areas have witnessed dramatic changes of the
magnitude observed recently in DNA analysis. To continue
this advance and to address market needs in the 21st century,
future devices must link high-quality performance with speed,
simplicity, and low cost. Electrochemical devices are not only
uniquely qualified for meeting the size, cost, and power
requirements of future DNA testing, but offer innovative
routes for creating an interface at the molecular level between
the DNA-recognition and signal-transduction elements. Yet
the two important requirements of high selectivity and
sensitivity remain to be demonstrated. Most devices have
been shown to distinguish between relatively simple sequen-
ces, but have not been applied to the identification of point
mutations. Dramatic improvements in specificity, including
discrimination against single-base mismatches, have been
demonstrated in peptide nucleic acid (PNA) probes.[27] The
high specificity of PNA probes is attributed to their neutral
pseudopeptide backbone, which results in stronger binding to
complementary DNA sequences. While the application of
PNA probes successfully addresses the selectivity problem,
further improvements in the sensitivity will be necessary
before the promise of commercial devices can be realized. The
detection limits of the devices discussed above are currently
approaching the picomolar (10ÿ12m) range. Various research
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groups are introducing new signal-amplification concepts that
they hope will push the detectability to the femtomolar
(10ÿ15m) domain. Advances in probe technology, such as the
design of highly-branched (tree-like) DNA dendrimers, have
also been shown to dramatically enhance the sensitivity in
connection to a greatly increased hybridization capacity.[28]


Dendritic PNA probes, coupling the high specificity of PNA
with the amplification feature of nucleic acid dendrimers, can
also be envisioned.


Over the past five years we have witnessed tremendous
progress towards the development of electrochemical DNA
biosensors. It is hoped that the continuous attention to
fundamental issues, such as nucleic acid recognition, charge
transfer through DNA, molecular (tailored) interfaces, and
surface characterization, or direct signal transduction, cou-
pled with major technological advances in the fields of
microfabrication and micromachining will lead to powerful,
miniaturized, easy-to-use instruments for DNA diagnostics
that will accelerate the realization of large-scale genetic
testing.
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Template-Directed Synthesis of Shape-Persistent Macrocyclic Amphiphiles
with Convergently Arranged Functionalities


Sigurd Höger* and Anne-DeÂsireÂe Meckenstock[a]


Abstract: The template-directed synthesis of shape-persistent macrocyclic amphi-
philes is described. Two macrocycles with convergently arranged functional groups
(hydroxyl and carboxylic acids) are prepared by intramolecular Glaser coupling of
the appropriate templated tetraacetylenes. These structures are formed by the
quadruple Hagihara coupling of monoprotected bisacetylenes to appropriate
tetraiodides and subsequent desilylation, resulting in a rapid increase of complexity
of the intermediates as well as easy formation of structures with different convergent
functional groups.


Keywords: cyclizations ´ macrocy-
cles ´ supramolecular chemistry ´
template synthesis


Introduction


Well-defined and properly arranged functional groups play a
crucial role in supramolecular chemistry: their interaction
with groups of complementary functionality and arrangement
often forms the energetic basis of the association between the
partners of the complex.[1] Most bi- and polyfunctional
organic molecules show a divergent arrangement of function-
alities, that is, the groups point in different directions.[2] The
synthetic pathway to these structures is well established and,
depending on the size of the backbone, the distance between
these functionalities is adjustable. Since most guest molecules
in supramolecular chemistry also show such an arrangement
of functionalities, appropriate host molecules capable of
recognizing these species must contain a concave arrangement
of the complementary functionalities (endoreceptors).[1a]


Although these arrangements can be induced during the act
of complexation (induced-fit mechanism),[3] preorganization
of the binding sites of the host molecule generally enhances
the degree of molecular recognition.[4] Nature solves this
problem quite elegantly, offering a nearly infinite pool of such
compounds, for example enzymes and antibodies.[5]


Artificial systems containing a concave arrangement of
functionalities are also well established.[1] One relatively easy
route to shape-persistent cyclic host molecules having ex-
tended interiors is the intermolecular oxidative oligomeriza-


tion of rigid bisacetylenes (shotgun synthesis).[6] It has been
shown that the resulting cyclic structures can bind relatively
large organic guest molecules by nonspecific[7] or specific
interactions.[8] However, during most cyclization processes,
complex product mixtures are formed which must be sepa-
rated prior to further investigations.[9]


The formation of cleftlike or macrocyclic compounds
containing two (or more) different functionalities is problem-
atic. Either a proper protective group strategy in which one of
two or more equal functionalities is selectively protected is
required,[10] or repetitive coupling strategies have to be used.
The latter approach has been successfully applied in the
preparation of macrocyclic structures based on the phenyl,[11]


the phenylethynyl[12] or the phenyldiethynyl backbone[13] by
intramolecular cyclization of the appropriate precursor. Con-
trary to statistical cyclization reactions,[14] structures with a
defined arrangement of different components within a ring
can be prepared in high yields during the cyclization step.
Although this final step usually gives only one product, or at
least one major product that is easily separated, this method-
ology suffers from the time-consuming stepwise formation of
the rather large precursor molecules. It seems that the
formation of macrocycles remains problematic: On the one
hand, small and easily available building blocks give only low
yields of a specific cyclized product, and on the other, high
yields during the cyclization are only obtained after a time-
consuming, multistep precursor synthesis. A remarkable
breakthrough is the preparation of cyclic porphyrin ± acety-
lene structures by means of the template effect of an
appropriate pyridyl derivative.[15] However, this strategy
requires a high association constant between the precursors
and the template, and is therefore restricted to metal-
containing compounds.
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Max-Planck-Institut für Polymerforschung
Ackermannweg 10, D-55128 Mainz (Germany)
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Recently, we described an alternative template-based
strategy to prepare phenylethynyl macrocycles by the cova-
lent attachment of the bisacetylenic precursors to an appro-
priate template prior to the cyclization step (Figure 1a).[16±18]


This procedure enabled us to obtain macrocycles with switch-
able amphiphilic units and also with polar side groups
pointing to the outside of the ring in very high to nearly
quantitative yields.


Results and Discussion


Here we describe an alternative way to obtain the templated
tetraacetylenes needed for the cyclization. It is based on the
finding that it is not necessary to first prepare the bisacety-
lenes and to attach them in a subsequent step to the template.
Rather, it is also possible to prepare the tetraacetylenes at the
template (see Figure 1b and Scheme 1).


As outlined in Scheme 1, the condensation of the aromatic
diiodoalcohol 1 with biphenyl dicarboxylate (the template)
using Mitsunobu conditions gave the tetraiodide 2 in good
yield. Quadruple palladium-catalysed Hagihara coupling of 2
with the monoprotected bisacetylene 3 provided the tem-
plated symmetrical tetraacetylene (TSTA) in its TIPS-pro-
tected form (TSTA-TIPS-4). Although piperidine is generally
a superior solvent for the Hagihara coupling, triethylamine
was used in this case to prevent the cleavage of 4 by undesired
amide formation.[19] To compensate for the loss of solvent
quality, [PdCl2(PPh3)2] and CuI were used as the catalyst
system and no further PPh3 was added. Although under these


conditions palladium black begins to precipitate after a few
minutes, a high yield of the desired product was obtained. The
advantage of the quadruple Hagihara coupling in this step is
that the molecular weight and the physical properties of 4
differ strongly from those of the starting materials and of the
side-products, allowing for an easy and high-yield purification.
Subsequent desilylation of 4 using tetrabutylammonium
fluoride gave the templated symmetrical tetraacetylene 5
(TSTA-5). In this step, about 5 % water was added to the THF
in order to prevent ester cleavage. In addition to the reduced
basicity of the fluoride, there was an increase in the reaction
time and full deprotection of all four TIPS groups was
achieved by stirring the reaction mixture overnight. The
progress of the reaction and the different stages of depro-
tection were observed by TLC, where different spots between
the starting material and the product began to appear and
disappear as the reaction proceeded. Nevertheless, deprotec-
tion was very clean and after reaction overnight it was a spot-
to-spot conversion on TLC. The cyclization of 5 under
pseudo-high-dilution conditions was carried out by slow
addition of a solution of 5 in pyridine to a slurry of CuCl/
CuCl2 in the same solvent at room temperature.[7b,c] After
complete addition the mixture was stirred for an additional
two days at room temperature. The GPC data of 5 and of the
crude cyclization product indicate that the latter contained
more than 95 % of 6, the templated symmetrical macrocycle
(TSM-6). Chromatographic purification afforded pure 6 in
92 % yield. Base-catalysed hydrolysis and subsequent precip-
itation gave the symmetrical macrocycle 7 (SM-7) containing
two convergently arranged hydroxy alkyl groups. This result
clearly shows that this method allows for the high-yield
synthesis of functionalized macrocycles in only a few steps
from easily available starting materials. Additionally, the
molecular weights and the physical properties of the inter-
mediates change dramatically in every reaction, allowing for
an easy and high-yield product purification.


Moreover, as illustrated in Scheme 2, the synthesis of
macrocycles containing two different functional groups can be
performed by the same reaction sequence as shown before,
starting from the asymmetric tetraiodide 12. Key compound
12 was prepared by the repetitive coupling of the different
diiodides 1 and 11 to 4-hydroxymethyl benzoic acid, which
acts as the asymmetric template. Not surprisingly, the intra-
molecular cyclization of the templated asymmetrical tetra-
acetylene 14 (TATA-14) gave the corresponding templated
asymmetrical macrocycle 15 (TAM-15) in high yield, as


Abstract in German: Die templatgesteuerte Synthese von
formtreuen makrocyclischen Amphiphilen wird beschrieben.
Zwei Makrocyclen mit konvergent angeordneten funktionellen
Gruppen (Hydroxygruppen und Carbonsäuregruppen) wer-
den durch intramolekulare Glaser-Kupplung der entsprechen-
den templatgebundenen Tetraacetylene hergestellt. Diese wur-
den durch vierfache Hagihara-Kupplung einfach geschützter
Bisacetylene an die entsprechenden Tetraiodide und anschlie-
ûende Desilylierung synthetisiert. Diese Vorgehensweise führt
zu einem raschen Anstieg der Komplexität der Zwischenstufen
und ermöglicht zudem die einfache Herstellung von Verbin-
dungen mit unterschiedlichen, konvergent angeordneten funk-
tionellen Gruppen.


Figure 1. Formation of functionalized aryldiethynyl macrocycles by cyclization of templated precursors. Formation of the templated precursors: a) before
attachment of the precursors to the template; b) at the template. The interaction of the template with the precursor may be covalent as well as noncovalent.
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determined by GPC analysis. Base-catalysed removal of the
template formed the asymmetrical macrocycle 16 (AM-16).
Compound 16 is a shape-persistent macrocyclic compound
with an interior in the nanometer region containing both a
hydroxy and a carboxylic acid functionality in a convergent
arrangement. The great advantage of the strategy outlined
here is that all transformations necessary to obtain the
asymmetry in the final product can be performed at the
readily available preliminary stages. In addition, the forma-
tion of these preliminary stages is based on common and well-
documented protective-group methodologies.[20]


In summary, a synthetic route to macrocycles containing a
convergent arrangement of functional groups is described.
The precursors necessary for the cyclization step are prepared
at the template in just a few steps. Owing to the intra-
molecularity of the cyclization, this procedure not only gives
high yields of the corresponding macrocycles, but also allows
for the simple purification of the products. In comparison to


Still�s macrolactamization to
peptide receptors[18 d] and
Moore�s Hagihara coupling to
molecular turnstiles,[21] transfor-
mations which also display tem-
plate-directed cyclizations us-
ing covalently attached precur-
sors, the Glaser coupling
described here and by others
seems to give superior product
yields. In addition, this ap-
proach allows for an easy syn-
thesis of macrocycles with dif-
ferent functional groups point-
ing inside the ring. The
synthetic potential of this meth-
od and the properties of the
new compounds are currently
under investigation.


Experimental Section


General methods : Commercially
available chemicals were used as re-
ceived. THF was distilled from potas-
sium prior to use. Triethylamine, pi-
peridine and pyridine were distilled
over CaH2 and stored under argon.
1H NMR and 13C NMR spectra were
recorded on a Bruker AC300
(300 MHz for 1H, 75.48 MHz for 13C).
Thin-layer chromatography was per-
formed on aluminium plates precoat-
ed with Merck 5735 silica gel 60 F254.
Column chromatography was per-
formed with Merck silica gel 60
(230 ± 400 mesh). Radial chromatogra-
phy was performed with Merck silica
gel 60 PF254 containing CaSO4. The gel
permeation chromatograms (GPCs)
were measured in THF (flow rate
1 mL minÿ1) at room temperature, us-
ing a combination of three styragel


columns (porosity 103, 105 and 106) and an UV detector operating at l�
254 nm. The molecular weight was obtained from polystyrene calibrated
SEC columns. The matrix-assisted laser desorption ionization time-of-flight
mass spectroscopy measurements were carried out on a Bruker reflex
spectrometer (Bruker, Bremen), which incorporates a 337 nm nitrogen
laser with a 3 ns pulse duration (106 ± 107 Wcmÿ1, 100 mm spot diameter).
The instrument was operated in a linear mode with an accelerating
potential of 33.65 kV. The mass scale was calibrated with polystyrene
(Mp� 2300), using a number of resolved oligomers. Samples were prepared
by dissolving the macrocycle in THF at a concentration of 10ÿ4 mol Lÿ1.
10 mL of this solution and 10 mL of a 10ÿ3 mol Lÿ1 silver trifluoroacetate
solution were added to 10 mL of a 0.1 mol lÿ1 matrix solution dissolved in
THF. In all cases, 1,8,9-trihydroxyanthracene (Aldrich, Steinheim) was
used as matrix. 1 mL of this mixture was applied to the multistage target and
air-dried. Microanalyses were performed by the University of Mainz.


Supporting information describing the synthesis and characterization data
for all starting materials is available on the WWW under http://www.wiley-
vch.de/home/chemistry/ or from the author.


Bis[3-(4-tert-butyl-2,6-diiodophenoxy)propyl]4,4''-biphenyldicarboxylate
(2): Diethyl azodicarboxylate (0.88 g, 5.1 mmol) was slowly added to a
suspension of 1 (1.8 g, 3.9 mmol), 4,4'-biphenyldicarboxylic acid (0.43 g,
1.8 mmol) and triphenylphosphine (1.28 g, 4.9 mmol) in THF (20 mL) at


Scheme 1. a) PPh3, DEAD, THF (93 %); b) PdCl2(PPh3)2, CuI, NEt3 (90 %); c) Bu4NF, THF, H2O (96 %);
d) CuCl/CuCl2, pyridine (92 %); e) NaOH, LiOH, MeOH, H2O, THF (91 %). GPC of 5 (dotted line) and of the
crude cyclization product of 5 (solid line).
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room temperature. The starting materials went into solution. After this
solution had been stirred for 1 h, ether (150 mL) and water (100 mL) were
added, and the organic layer was extracted with water (3� 100 mL) and
brine (100 mL), dried over MgSO4 and evaporated. The residue was
chromatographed over silica gel using CH2Cl2 as the eluent (Rf� 0.66) to
afford 2 (1.85 g, 93%) as a colourless foamy solid. 1H NMR (CDCl3): d�
8.16 and 7.68 (AA'BB' pattern, 4 H each), 7.71 (s, 4 H), 4.66 (t, J� 6.1 Hz,
4H), 4.13 (t, J� 5.9 Hz, 4 H), 2.43 ± 2.29 (m, 2 H), 1.24 (s, 18 H); 13C NMR
(CDCl3): d� 166.19, 155.15, 151.20, 144.31, 137.10, 130.26, 129.91, 127.20,
90.52, 69.35, 61.95, 34.18, 31.16, 29.46; elemental analysis for C40H42I4O6


(1126.39): calcd C 42.65, H 3.76; found C 42.83, H 3.78.


TSTA-TIPS-4 : [Pd(PPh3)2Cl2] (20 mg) and CuI (15 mg) were added to a
solution of 2 (563 mg, 0.49 mmol) and 3 (1.12 g, 2.25 mmol) in triethylamine
(8 mL) at room temperature. The mixture turned dark after a few minutes
and was stirred for 6 h at room temperature and then at 40 8C overnight.
After cooling to room temperature, ether (100 mL) and water (100 mL)
were added. The organic phase was separated and extracted with water
(2� 50 mL), 10 % acetic acid (5� 50 mL), water (2� 50 mL), 10 %
aqueous NaOH (3� 50 mL) and brine (50 mL). Drying over MgSO4 and
evaporation of the solvent yielded an amber residue, which was chromato-
graphed over silica gel with hexanes/CH2Cl2 (gradient 1:1 to 1:3) as the
eluent (Rf� 0.37; hexanes/CH2Cl2 (1:1)) to afford 4 (1.15 g, 90%) as a
slightly brown solid. An analytical sample was prepared by radial
chromatography, followed by precipitation from CH2Cl2/MeOH. 1H NMR
(CD2Cl2): d� 7.96 and 7.61 (AA'BB' pattern, 4H each); 7.56 (s, 4 H); 7.54 ±
7.52 (m, 4 H); 7.49 ± 7.44 (m, 8 H); 7.06 (s, 4H); 7.02 (s, 4H); 4.67 (t, J�
6.30 Hz, 4 H); 4.57 (t, J� 5.92 Hz, 4H); 3.88 (s, 12 H); 3.87 (s, 12H); 2.41 ±


2.31 (m, 4H); 1.35 (s, 18H); 1.32 (s,
36 H); 1.14 (s, 84 H); 13C NMR
(CD2Cl2): d� 166.30, 158.83, 154.51,
154.45, 152.27, 147.13, 144.51, 132.58,
131.52, 130.38, 130.25, 129.42, 129.21,
127.46, 123.96, 123.47, 117.42, 116.06,
116.00, 113.86, 113.74, 107.08, 94.90,
91.79, 91.16, 90.23, 86.17, 71.27, 62.63,
56.79, 56.74, 35.02, 34.73, 31.40, 31.26,
30.33, 18.88, 11.79; elemental analysis
for C172H206O14Si4 (2609.86): calcd C
79.14, H 7.97; found C 78.92, H 8.09.


TSTA-5 : Tetrabutylammonium fluo-
ride (1m solution in THF, 2.5 mL,
2.5 mmol) was added to a solution of
4 (500 mg, 0.19 mmol) in THF/water
(20:1; 10 mL). TLC using hexanes/
CH2Cl2 (1:1.5) as the eluent showed
several spots between Rf� 0.72 (start-
ing material) and Rf� 0.42 (product)
after 40 min. After overnight stirring,
only the product spot was observed.
Ether (100 mL) and water (100 mL)
were added and the organic phase was
extracted with water (3� 50 mL) and
brine (50 mL). Drying over MgSO4


and evaporation of the solvent yielded
an yellow oily residue, which was
treated several times with hexanes to
give 5 (366 mg, 96 %) as a yellow solid.
An analytical sample was prepared by
radial chromatography, followed by
precipitation from CH2Cl2/MeOH.
1H NMR (CD2Cl2): d� 7.94 and 7.59
(AA'BB' pattern, 4 H each); 7.57 ± 7.55
(m, 4 H); 7.56 (s, 4H); 7.52 ± 7.50 (m,
4 H); 7.48 ± 7.46 (m, 4 H); 7.06 (s, 4H);
7.01 (s, 4H); 4.67 (t, J� 6.29 Hz, 4H);
4.57 (t, J� 5.92 Hz, 4H); 3.88 (s, 12H);
3.87 (s, 12H); 3.15 (s, 4 H); 2.42 ± 2.31
(m, 4H); 1.36 (s, 18H); 1.32 (s, 36H);
13C NMR (CD2Cl2): d� 166.32, 158.86,
154.48, 152.39, 147.15, 144.46, 132.49,
131.50, 130.38, 130.34, 130.20, 129.82,


129.63, 127.42, 123.63, 122.55, 117.44, 116.03, 113.90, 113.68, 94.73, 91.79,
90.21, 86.31, 83.56, 77.53, 71.26, 62.57, 56.79, 56.74, 35.03, 34.73, 31.39, 31.22,
30.33; elemental analysis for C136H126O14 (1984.62): calcd C 82.30, H 6.41;
found C 81.95, H 6.40.


TSM-6 : A solution of 5 (360 mg, 0.18 mmol) in pyridine (30 mL) was added
to a suspension of CuCl (2.56 g) and CuCl2 (0.51 g) in pyridine (100 mL)
over 96 h at room temperature. After completion of the addition, the
mixture was stirred for an additional 4 d, then poured into CH2Cl2 (250 mL)
and water (200 mL). The organic phase was extracted with water, 25% NH3


solution (in order to remove the copper salts), water, 10% acetic acid,
water, 10 % aqueous NaOH and brine and dried over MgSO4. After
evaporation of the solvent to 30 ± 40 mL, the coupling products were
precipitated by the addition of 200 mL of methanol and collected by
filtration. Column chromatography over silica gel using hexanes/CH2Cl2


(1:4) as the eluent (Rf� 0.59) gave 6 (331 mg, 92%) as a slightly yellow
solid. 1H NMR (CD2Cl2): d� 8.18 and 7.79 (AA'BB' pattern, 4 H each);
7.63 ± 7.61 (m, 4H); 7.58 ± 7.54 (m, 12H); 7.14 (s, 4H); 7.10 (s, 4H); 4.69 (t,
J� 7.25 Hz, 4H); 4.56 (t, J� 5.92 Hz, 4H); 3.93 (s, 12H); 3.92 (s, 12H);
2.41 ± 2.28 (m, 4 H); 1.37 (s, 18H); 1.35 (s, 36H); 13C NMR (CD2Cl2): d�
166.36, 158.94, 154.58, 154.54, 152.60, 147.42, 144.76, 132.93, 130.96, 130.48,
130.20, 130.13, 127.74, 123.88, 122.07, 117.86, 116.16, 116.07, 113.97, 113.66,
94.59, 91.70, 90.37, 86.54, 81.59, 73.95, 70.97, 63.18, 56.89, 56.73, 35.14, 34.80,
31.41, 31.22, 30.00, elemental analysis for C136H122O14 (1980.58): calcd C
82.47, H 6.22; found C 82.21, H 6.09.


SM-7: NaOH in MeOH (10 %; 1 mL) and LiOH in water (10 %; 2 mL)
were added to a solution of 6 (0.13 mmol, 250 mg) in THF (20 mL) and the
mixture was refluxed for 3 days. After evaporation of the mixture to a small


Scheme 2. a) PPh3, DEAD, THF (93 %); b) Bu4NF, THF, H2O (87 %); c) PPh3, DEAD, THF (86 %);
d) PdCl2(PPh3)2, CuI, NEt3 (89 %); e) Bu4NF, THF, H2O (96 %); f) CuCl/CuCl2, pyridine (88 %); g) NaOH,
LiOH, MeOH, H2O, THF (90 %). GPC of 14 (dotted line) and of the crude cyclization product of 14 (solid line).
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volume, CH2Cl2 (50 mL) and water (50 mL) were added, and the organic
phase was extracted with water (3� 50 mL), 10 % aqueous NaOH (3�
50 mL) and brine (50 mL) and dried over MgSO4. Evaporation of the
solvent to a small volume and precipitation with MeOH yielded 7 (204 mg,
91%) as a yellow solid. An analytical sample was obtained by recrystal-
lization from CH2Cl2. 1H NMR (C2D2Cl4): 7.57 ± 7.51 (m, 8H); 7.48 ± 7.44
(m, 8 H); 7.07 (s, 4 H); 6.99 (s, 4H); 4.45 (t, J� 5.35 Hz, 4H) 3.90 (t, J�
5.72 Hz, 4H); 3.86 (s, 12H); 3.85 (s, 12H); 2.11 ± 1.99 (m, 4 H); 1.27 (s,
54H); 13C NMR (C2D2Cl4): d� 158.68, 154.40, 154.23, 152.28, 147.02,
133.69, 131.20, 129.78, 129.64, 123.64, 121.86, 117.19, 116.28, 116.19, 113.83,
113.63, 94.77, 91.77, 90.17, 86.58, 81.88, 73.06, 61.32, 57.05, 56.93, 35.02, 34.63,
33.13, 31.54, 31.37; elemental analysis for C122H116O12 (1774.38): calcd C
82.57, H 6.60; found C 82.15, H 6.61; MS (MALDI-TOF): 1773.3, 1882.3
[M�Ag].


3-(4-tert-Butyl-2,6-diiodophenoxy)propyl-4-(tert-butyldimethylsilyloxyme-
thyl)benzoate (9): Compound 9 was prepared as for 2, with diethyl
azodicarboxylate (2.70 g, 15.5 mmol), 1 (4.70 g, 10.2 mmol), 8 (2.55 g,
9.6 mmol) and triphenylphosphine (3.90 g, 14.9 mmol) in THF (50 mL) at
room temperature. Chromatography over silica gel using hexanes/CH2Cl2


as the eluent (Rf� 0.31) afforded 9 (6.30 g, 93%) as a nearly colourless oil.
1H NMR (CD2Cl2): d� 8.04 and 7.60 (AA'BB' pattern, 2 H each), 7.40 (s,
2H), 4.80 (s, 2 H), 4.60 (t, J� 6.29 Hz, 2H), 4.13 (t, J� 6.10 Hz, 2H),
2.45 ± 2.29 (m, 2 H), 1.26 (s, 9H), 0.95 (s, 9 H), 0.12 (s, 6H); 13C NMR
(CD2Cl2): d� 166.67, 155.66, 151.71, 147.30, 137.63, 129.89, 129.52, 126.14,
90.76, 69.96, 64.89, 62.04, 34.49, 31.31, 29.87, 26.06, 18.65, ÿ5.23; elemental
analysis for C27H38I2O4Si (708.49): calcd C 45.77, H 5.41; found C 45.85,
H 5.39.


3-(4-tert-Butyl-2,6-diiodophenoxy)propyl-4-hydroxymethylbenzoate (10):
Tetrabutylammonium fluoride (1m solution in THF, 16 mL, 16 mmol) was
added to a solution of 9 (5.2 g, 7.3 mmol) in THF/water (20:1; 50 mL). After
stirring for 3 h at room temperature, ether (200 mL) and water (200 mL)
were added and the organic phase was extracted with water (3� 100 mL)
and brine (100 mL). Drying over MgSO4 and evaporation of the solvent
yielded an oily yellow residue, which was treated several times with
hexanes to give 10 (3.8 g, 87 %) as a colourless solid. 1H NMR (CD2Cl2):
d� 8.05 and 7.44 (AA'BB' pattern, 2 H each), 7.77 (s, 2 H), 4.74 (s, 2 H), 4.60
(t, J� 6.30 Hz, 2 H), 4.13 (t, J� 6.10 Hz, 2H), 2.41 ± 2.29 (m, 2 H), 2.20 (br s,
1H), 1.26 (s, 9H); 13C NMR (CD2Cl2): d� 166.63, 155.63, 151.71, 146.81,
137.61, 130.10, 129.90, 126.76, 90.76, 69.94, 64.80, 62.15, 34.48, 31.30, 29.84;
elemental analysis for C21H24I2O4 (594.23): calcd C 42.45, H 4.07; found C
42.49, H 4.02.


4-{Carboxy[3-(4-tert-butyl-2,6-diiodophenoxy)propyl]-phenyl}methyl-6-
(4-tert-butyl-2,6-diiodophenoxy)hexanoate (12): Compound 12 was pre-
pared as for 2, from diethyl azodicarboxylate (0.45 g, 2.6 mmol), 11 (0.95 g,
1.7 mmol), 10 (0.95 g, 1.6 mmol) and triphenylphosphine (0.65 g, 2.5 mmol)
in THF (10 mL). Chromatography over silica gel using CH2Cl2 as the eluent
(Rf� 0.41) afforded 11 (1.51 g, 86 %) as a nearly colourless oil. 1H NMR
(CD2Cl2): d� 8.07 and 7.44 (AA'BB' pattern, 2H each), 7.77 (s, 2H), 7.76 (s,
2H), 5.18 (s, 2 H), 4.61 (t, J� 6.30 Hz, 2 H), 4.13 (t, J� 5.91 Hz, 2 H), 3.94 (t,
J� 6.49 Hz, 2 H), 2.45 (t, J� 7.25 Hz, 2 H), 2.41 ± 2.29 (m, 2 H), 1.98 ± 1.85
(m, 2H), 1.85 ± 1.71 (m, 2H), 1.68 ± 1.55 (m, 2H), 1.26 (s, 18 H); 13C NMR
(CD2Cl2): d� 173.47, 166.36, 155.98, 155.65, 151.72, 151.46, 141.86, 137.62,
137.57, 130.56, 130.16, 127.94, 90.89, 90.79, 73.33, 69.92, 65.61, 62.22, 34.49,
31.33, 30.07, 29.86, 25.93, 25.23; elemental analysis for C37H44I4O6 (1092.37):
calcd C 40.68, H 4.06; found C 40.66, H 4.09.


TATA-TIPS-13 : Compound 13 was prepared as for 4, from Pd(PPh3)2Cl2


(20 mg), CuI (15 mg), 12 (810 mg, 0.74 mmol) and 3 (1.70 g, 3.42 mmol) in
triethylamine (12 mL) at room temperature. Chromatography over silica
gel using hexanes/CH2Cl2 (gradient 1:1 to 1:3) as the eluent (Rf� 0.27;
hexanes/CH2Cl2 (1:1) afforded 13 (1.69 g, 89 %) as a yellow solid. An
analytical sample was prepared by radial chromatography followed by
precipitation from CH2Cl2/MeOH. 1H NMR (CDCl3): d� 7.88 and 7.30
(AA'BB' pattern, 2 H each); 7.57 ± 7.54 (m, 8H); 7.51 ± 7.49 (m, 4 H); 7.49 ±
7.47 (m, 4H); 7.07 (s, 4 H); 7.06 (s, 2 H); 7.02 (s, 2 H); 5.08 (s, 2H); 4.65 (t, J�
6.49 Hz, 2H); 4.56 (t, J� 5.91 Hz, 2H); 4.38 (t, J� 6.49 Hz, 2 H); 3.90 (s,
6H); 3.89 (s, 6 H); 3.88 (s, 6 H); 3.87 (s, 6 H); 2.39-2.25 (m, 4 H); 1.98 ± 1.85
(m, 2H); 1.72 ± 1.53 (m, 4H); 1.35 (s, 9 H); 1.35 (s, 9H); 1.34 (s, 18H); 1.33
(s, 18H); 1.15 (s, 84H); 13C NMR (CD2Cl2): d� 173.33, 166.27, 159.21,
158.81, 154.51, 154.48, 154.44, 152.27, 147.08, 146.79, 141.74, 132.57, 131.6 ±
131.4 several signals (not resolved), 130.35, 129.94, 129.41, 129.23, 127.77,
123.96, 123.49, 123.46, 117.37, 117.33, 116.15, 116.04, 115.99, 114.04, 113.85,


113.70, 107.08, 94.90, 94.87, 92.08, 91.79, 91.15, 90.22, 89.99, 86.16, 74.54,
71.26, 65.59, 62.56, 56.86, 56.79, 56.71, 35.03, 34.72, 34.69, 34.33, 31.40, 31.26,
30.50, 30.29, 26.04, 25.19, 18.88, 11.79; elemental analysis for C169H208O14Si4


(2576.13): calcd C 78.79, H 8.16; found C 78.59, H 8.08.


TATA-14 : Compound 14 was prepared as for 5, from tetrabutylammonium
fluoride (1m solution in THF, 3.3 mL, 3.3 mmol) and 13 (660 mg,
0.26 mmol) in THF/water (20:1; 12 mL). Compound 14 (476 mg, 96%)
was obtained as a yellow solid. An analytical sample was prepared by radial
chromatography with CH2Cl2 as eluent (Rf� 0.33, hexanes/CH2Cl2 (1:1.5))
followed by precipitation from CH2Cl2/MeOH. 1H NMR (CDCl3): d� 7.87
and 7.29 (AA'BB' pattern, 2H each); 7.60 ± 7.57 (m, 4H); 7.56 (s, 2H); 7.54
(s, 2H); 7.53 ± 7.49 (m, 8 H); 7.07 (s, 2H); 7.07 (s, 2 H); 7.06 (s, 2H); 7.01 (s,
2H); 5.08 (s, 2 H); 4.64 (t, J� 6.30 Hz, 2H); 4.55 (t, J� 5.91 Hz, 2 H); 4.38
(t, J� 6.49 Hz, 2 H); 3.90 (s, 6H); 3.89 (s, 6 H); 3.87 (s, 6 H); 3.86 (s, 6H);
3.15 (s, 4H); 2.40 ± 2.24 (m, 4 H); 1.97 ± 1.86 (m, 2 H); 1.74 ± 1.53 (m, 4H);
1.35 (s, 9 H); 1.35 (s, 9H); 1.33 (s, 18 H); 1.33 (s, 18 H); 13C NMR (CD2Cl2):
d� 173.32, 166.27, 159.22, 158.82, 154.51, 154.49, 154.47, 152.39, 147.09,
146.80, 141.72, 132.50, 131.6 ± 131.4 several signals (not resolved), 130.31,
129.92, 129.82, 129.65, 127.72, 123.63, 123.60, 122.54, 117.37, 117.33, 116.12,
116.07, 116.01, 114.08, 113.89, 113.63, 94.72, 94.68, 92.08, 91.79, 90.19, 89.97,
86.30, 86.28, 83.56, 77.51, 74.54, 71.24, 65.57, 62.54, 56.86, 56.79, 56.77, 56.70,
35.03, 34.71, 34.68, 34.31, 31.38, 31.22, 30.50, 30.28, 26.04, 25.18; elemental
analysis for C133H128O14 (1950.61): calcd C 81.88, H 6.63; found C 81.61, H
6.32.


TAM-15 : Compound 15 was prepared as for 6, by addition of a solution of
14 (373 mg, 0.19 mmol) in pyridine (30 mL) to a suspension of CuCl
(2.56 g) and CuCl2 (0.51 g) in pyridine (100 mL) over 96 h at room
temperature. Column chromatography over silica gel using CH2Cl2 as the
eluent (Rf� 0.57) gave 15 (226 mg, 88%) as a slightly yellow solid. 1H NMR
(CD2Cl2): d� 8.07 and 7.48 (AA'BB' pattern, 2 H each); 7.63 ± 7.54 (m,
16H); 7.12 (s, 2H); 7.10 (s, 2 H); 7.09 (s, 2H); 7.08 (s, 2 H); 5.20 (s, 2H); 4.71
(t, J� 7.63 Hz, 2H); 4.52 (t, J� 5.92 Hz, 2 H); 4.36 (t, J� 6.29 Hz, 2 H); 3.94
(s, 6H); 3.93 (s, 6H); 3.92 (s, 12H); 2.45 ± 2.32 (m, 4H); 2.05 ± 1.93 (m, 2H);
1.87 ± 1.63 (m, 4 H); 1.37 (s, 9H); 1.36 (s, 27H); 1.35 (s, 18H); 13C NMR
(C2D2Cl4): d� 173.47, 166.29, 159.42, 158.61, 154.33, 154.31, 152.29, 152.28,
147.03, 146.65, 141.72, 133.68, 131.3 ± 131.0 several signals (not resolved),
130.31, 130.05, 129.79, 129.62, 128.03, 123.65, 121.85, 121.83, 117.41, 117.21,
116.3 ± 116.0 several signals (not resolved), 114.09, 113.85, 113.60, 113.54,
94.77, 94.73, 92.13, 91.90, 90.20, 89.89, 86.65, 86.60, 81.85, 71.08, 65.61, 63.37,
57.07, 57.03, 56.88, 56.79, 35.02, 34.63, 34.60, 34.16, 31.54, 31.37, 30.73, 30.07,
25.99, 25.24; elemental analysis for C133H124O14 (1946.57): calcd C 82.06, H
6.43; found C 81.84, H 6.37.


AM-16 : NaOH in MeOH (10 %; 1 mL) and LiOH in water (10 %; 2 mL)
were added to a solution of 15 (0.05 mmol, 100 mg) in THF (10 mL) and the
mixture heated under reflux for 3 days. After evaporation to a small
volume, the mixture was acidified with 10% HCl and 16 was precipitated
by the addition of MeOH. Filtration and careful washing with MeOH
yielded 16 (85 mg, 90%) as a yellow solid. An analytical sample was
obtained by column chromatography. 1H NMR (C2D2Cl4): d� 7.58 ± 7.55
(m, 4H); 7.54 ± 7.51 (m, 4 H); 7.48 ± 7.43 (m, 8H); 7.06 (s, 2 H); 6.99 (s, 6H);
4.45 (t, J� 5.34 Hz, 2 H); 4.30 (t, J� 6.49 Hz, 2H); 3.91 (t, J� 5.73 Hz, 2H);
3.86 (s, 6 H); 3.85 (s, 12H); 3.85 (s, 6H); 2.19 (t, J� 7.06 Hz, 2 H); 2.10 ± 2.00
(m, 2 H); 1.90 ± 1.78 (m, 2H); 1.65 ± 1.45 (m, 4 H); 1.26 (s, 54H); 13C NMR
(C2D2Cl4): d� 175.95, 159.19, 158.64, 154.38, 154.31, 154.22, 152.28, 147.01,
146.57, 133.9 ± 133.7 several signals (not resolved), 131.4 ± 131.0 several
signals (not resolved), 129.9 ± 129.4 several signals (not resolved), 123.66,
121.86, 117.18, 116.33, 116.27, 116.20, 114.07, 113.83, 113.63, 113.55, 94.78,
94.70, 92.13, 91.78, 90.17, 90.03, 86.61, 81.91, 72.96, 61.26, 57.12, 57.05,
56.92, 56.87, 35.02, 34.63, 34.57, 33.53, 33.13, 31.33, 31.37, 30.32, 25.84, 24.94;
elemental analysis for C125H120O13 (1830.91): calcd C 82.02, H 6.62;
found C 81.75, H 6.46. MS (MALDI-TOF): 1941.8 [M�Ag]; 2045.1
[M�2Ag].
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A Theoretical and Experimental Study of the Asymmetric Addition of
Dialkylzinc to N-(Diphenylphosphinoyl)benzalimine


Peter Brandt,[b] Christian Hedberg,[a] Klaus Lawonn,[a] Pedro Pinho,[a] and
Pher G. Andersson*[a]


Abstract: The mechanism of the enan-
tioselective addition of diethylzinc to N-
(diphenylphosphinoyl)benzalimine with
catalysis by bicyclic 2-azanorbornyl-3-
methanols was studied by quantum
chemical calculations. The mechanism
proved to differ from that of the addi-
tion of diethylzinc to aldehydes and also
from an earlier proposed mechanism.
The results of the calculations were used


to identify several factors responsible
for the selectivity. The theoretical eval-
uation was performed in connection
with an experimental study of the effects
of introducing an additional stereocen-


ter in the ligand. An efficient route to
both diastereomers of new bicyclic
2-azanorbornyl-3-methanols with an ad-
ditional chiral center (the secondary
alcohol group) is also presented. In the
best case, an enantiomeric excess of up
to 97 % was obtained with these new
ligands.


Keywords: ab initio calculations ´
amino alcohols ´ asymmetric catal-
ysis ´ nucleophilic additions ´ zinc


Introduction


Carbon ± carbon bond formation plays an important role in
synthetic organic chemistry, and addition of organometallic
reagents to carbonyl groups is one of the most popular
methods for achieving this purpose.[1, 2] In modern organic
chemistry many of these addition reactions were performed
with high asymmetric induction by using chiral auxiliaries or
ligands. Among the most successful classes of ligands are
optically active b-amino alcohols, which are easily synthesized
from the corresponding a-amino acids and are extremely
useful in many asymmetric reactions.[3] In particular, ligands
derived from proline have been successfully used in a variety
of transformations,[4] a fact that inspired us to search for even
more powerful ligands based on the proline backbone. We are
especially interested in the synthesis of chiral, nonnatural b-


amino alcohols possessing the 2-azanorbornyl skeleton 1 and
their applications in asymmetric catalysis.[5]


Such bicyclic ligands with a primary alcohol group (R1�
R2�H) are effective in the ruthenium-catalyzed asymmetric
transfer hydrogenation of ketones,[6] and their tertiary ana-
logues (R1�H, R2�Ar) are good promotors in the asym-
metric reduction of ketones via the corresponding in-situ-
generated oxazaborolidines.[7] High enantioselectivities in the
nucleophilic addition of dialkylzinc reagents to N-(diphenyl-
phosphinoyl)imines[8] (Scheme 1) were also attained in the
presence of stoichiometric or catalytic amounts of the N-
substituted 2-azanorbornyl-3-methanols (R1�Bn; R2�H,
Me, iPr, or Ph).[9]


To obtain more knowledge about the factors governing the
selectivity, we performed a quantum chemical investigation of


Scheme 1. a) Et2Zn (3 equiv), chiral amino alcohol (1 equiv), toluene, 0 8C
to room temperature.
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the reaction mechanism of the latter reaction. By combining
new experimental results with the results of the calculations,
we were able to reach several conclusions about the selectivity
process. We also report an efficient route to both diaster-
eomers of bicyclic 2-azanorbornyl-3-methanol compounds
with an additional stereocenter (2), that is, a secondary
alcohol group, and their ability to mediate the formation of
chiral amines in the addition of dialkylzinc to prochiral imines
(Scheme 1).


Results and Discussion


Reaction Mechanism
Successful rationalizations of enantioselectivity depend on


comprehensive knowledge about the reaction mechanism.
The mechanism of amino alcohol catalyzed addition of
dialkylzinc reagents to aldehydes was recently investigated
by quantum chemical methods.[10] This reaction take places via
a [2.2.0] bicyclic transition state (TS) analogous to A in
Figure 1. With this structure as a starting point, we evaluated
five types of TS for the addition of diethylzinc to N-
(diphenylphosphinoyl)benzalimine (Figure 1).


As shown in Table 1a [2.2.0] bicyclic TS A, as in the case of
the analogous aldehyde reaction, can be excluded from the
potential energy surface of the imine reaction. The two
reactions evidently differ in reaction mechanism. Structure B,
a ring-opened analogue of A, could not be located for our
large model system and instead optimized to structure A. For
a smaller model system this TS was about 3 kcal molÿ1 higher
in energy than D (see Supporting Information). Structure C,
which contains an even more tightly bound substrate,
optimized to structure D and could not be located in any of
the calculations. A transition state such as D was earlier
invoked to explain the stereochemical outcome of the
reaction.[11a] As shown in Table 1 an analysis based on this
TS indeed results in a correct prediction of the enantioselec-
tivity. This TS is also considerably lower in energy than A.
However, a TS in which the phosphinoyl oxygen atom
coordinates to the Zn center of the catalyst is even lower in
energy. In addition, the calculated energy difference between
the two lowest energy TSs that lead to opposite enantiomers
of the product fits accurately to the experimental value of the
enantioselectivity (91% ee).[9] The energy barrier calculated


Figure 1. Five different types of transition states (TS) evaluated for the
addition of diethylzinc to N-(diphenylphosphinoyl) benzalimine.


from precoordinated N-(dimethylphosphinoyl)benzalimine
for this TS (Table 1, entry 5) is 12.7 kcal molÿ1 at the
HF/3-21G level and 14.9 kcal molÿ1 for the application of
B3PW91 to the HF geometry. This barrier is reasonably
low, and the conclusion must be that the reaction occurs
via a TS of type E. The driving forces calculated similarly from
the same precoordinated complex are ÿ54.8 kcal molÿ1 and
ÿ40.1 kcal molÿ1, respectively. One reason for this TS being
lower in energy than D is probably that it avoids major
steric repulsion between the ligand and the aryl group of the
imine. Calculations on a smaller model system with the
sterically unhindered N-(dimethylphosphinoyl)formimine
support this conclusion (see Supporting Information).[2]


Origin of the selectivity : In rationalizing the enantioselectiv-
ity of the addition of diethylzinc to N-(diphenylphosphinoyl)-
benzalimine, 16 possible diastereomeric transition states of
type E must be considered. To perform this extensive analysis,
the TSs were categorized according to four different geo-
metrical parameters, each capable of blocking a specific set of
diastereomeric routes.


Table 1. Relative transition state energies [kcal molÿ1] for the addition of dimethylzinc to N-(dimethylphosphinoyl)benzalimine with ligand 1 (R1�Me,
R2�H) as catalyst.


Entry TS type Product Configuration eq/ax[a] HF/3-21G B3PW91/[b] B3PW91/[b]


enantiomer at Zn1 //HF/3 ± 21G //B3PW91/[c]


1 A S R 34.8 22.4
2 D S R 12.7 12.2 11.7
3 D S S 21.2 16.5
4 D R R 18.0 15.2
5 E S R eq 0.0 0.0 0.0
6 E S S eq 2.2 2.7
7 E R R ax 7.7 9.5
8 E R R eq 1.1 1.8 1.4
9 E R S eq 2.5 2.6


[a] Orientation of the aryl substituent of the imine in the TS of type E. [b] The basis set was 6 ± 311�G* for Zn and 6 ± 31G* for P, C, N, O, and H. [c] The
basis set was 6 ± 311�G for Zn and 6 ± 31G for P, C, N, O, and H.
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General ligand effects : Coordination of the nitrogen atom of
the ligand to zinc (Zn1, Figure 1) requires an R configuration
at this position that places the alcohol group and the
coordinated zinc center in a syn arrangement. This lowers
the number of energetically viable TSs to eight.


The second diastereo-differentiating component in the
reaction can be referred to as equatorial/axial selectivity, in
which the geometrical distinction concerns the orientation of
the aryl substituent of the imine in the TS. Figure 2 illustrates


Figure 2. The two lowest transition states found for the addition of
dimethylzinc to N-(dimethylphosphinoyl)benzalimine (entries 5 and 8 in
Table 1), optimized at the B3PW91 level with the basis sets 6 ± 311�G for
Zn and 6 ± 31G for other atoms. Hydrogen atoms omitted for clarity.


two TSs with an equatorial-type orientation of the aryl group.
This effect proved to be very strong and was estimated to be
about 7 kcal molÿ1 in favor of an equatorial configuration
(Table 1, entries 7 and 8). The number of TSs to be included
in the analysis of the enantioselectivity is thus reduced to
four.


The preference for an R configuration at Zn1 is due to the
steric requirements of the ligand in the back-folded (S)-Zn1-
TS. This effect can be estimated to be around 3 kcal molÿ1


(Table 1, entries 5 and 6) and thus may leave room for
competitive pathways.


Finally, the face selectivity at the imine determines the
enantioselectivity of the reaction. The calculations correctly
predict a preferential formation of the S product, and the
energy difference calculated by B3PW91 on the HF geometry
is 1.8 kcal molÿ1 (Table 1). Experimentally, this energy differ-
ence was estimated at about 2 kcal molÿ1 for a measured ee of
91 %.[9] The main difference between the lowest (R)- and the
lowest (S)-TS concern the orientation of the four-membered
ring (Zn2-C-C-N), where an exo orientation is favored
(Figure 2).


Substituent effects : As we reported before,[9] the use of a
tertiary alcohol group (1; R1�Bn, R2�Ph) led to a poor ee
(16 %), and the best result (91 % ee) for this bicyclic amino
alcohol was obtained with a primary alcohol group (1; R1�
Bn, R2�H). The best result so far was achieved with an
aziridino alcohol (94 % ee).[11a]


A potential site for introducing new substituents is the
position a to the alcohol in the 2-azanorbornyl-3-methanol
ligand. A series of such ligands 5 ± 8 was synthesized with the
intention of studying the effects of substituents on the
enantioselectivity of the reaction, and the results are listed
in Table 2. Ligand 5 gave the highest enantiomeric excess


reported so far (97 % ee) and thus makes this reaction an even
more powerful tool for the synthesis of chiral amines. All of
these reactions were performed with a stoichiometric amount
of the chiral ligand under the conditions previously report-
ed.[9,11]


To identify the factors responsible for the increase in ee with
ligand 5, we performed two large calculations on this system
(Table 3). The calculated energies correlate well with the


experimental results in Table 2 and thus allow a deeper
analysis of the selectivity-determining process. The main
structural differences between TS structures with unsubsti-
tuted and substituted ligands concern the out-of-plane tor-
sional angle Zn1-O-Zn2-Ca (a to the alcohol) and the dihedral
angle C-Zn2-N-C in the four-membered ring of the TS. These
parameters are affected oppositely by the substituent in the


Table 2. Addition of diethylzinc to N-(diphenylphosphinoyl)benzalimine.


Entry Chiral ligand Yield [%][a] ee [%][b] Abs. config.[c]


1 5 70 97 S
2 6 68 93 S
3 7 59 79 S
4 8 52 71 S


[a] Yield of isolated product after flash chromatography (silica gel;
pentane/acetone). [b] Determined by HPLC analysis on a chiral column
(ChiralCel OD-H). [c] Determined as described in ref. [11].


Table 3. Substituent effects on energies [kcal molÿ1] and selected geo-
metrical parameters.[a]


Chiral Product B3PW91/[b] Out-of-plane angle Dihedral angle
ligand enantiomer //HF/3 ± 21G (Zn1-O-Zn2-Ca) D(C-Zn2-N-C)


1 (S) 0.0 1408 88
5 (S) 0.0 1688 48
1 (R) 1.8 ÿ 1538 ÿ 98
5 (R) 2.8 ÿ 1558 ÿ 128


[a] The comparison refers to the lowest (S)- and the lowest (R)-TS in
Table 1. [b] The basis set was 6-311�G* for Zn and 6-31G* for P, C, N, O,
and H.
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two diastereomeric TSs. Perhaps the most important of these
effects is the deviation from planarity of the four-membered
ring. Comparing, for example, entries 6 and 9 in Table 1, for
which the main differences are the exo/endo relationship of
the four-membered ring (endo for entry 6) this effect seems to
be efficiently compensated by the difference in planarity. The
TS in entry 6 is almost completely planar whereas that of
entry 9 is puckered (C-Zn2-N-C ÿ318).


Ligand synthesis
The synthetic approach to the key intermediate 12 is


outlined in Scheme 2. Compound 9 was obtained by a
diastereoselective aza-Diels ± Alder reaction between cyclo-


Scheme 2. i) H2 (1 atm), Pd/C (10 wt %), EtOH, room temperature.
ii) LiAlH4, THF, room temperature. iii) Swern oxidation. iv) RMgX/
CeCl3, THF, ÿ78 8C. v) H2 (300 psi), Pd(OH)2/C (20 wt %), EtOH, room
temperature. vi) Cl2CO, NEt3, THF, 0 8C. vii) BnCl, K2CO3, MeCN, room
temperature.


pentadiene and the imine derived from ethyl glyoxylate and
(S)-1-phenylethylamine.[13] After purification by flash chro-
matography the major exo cycloadduct was hydrogenated
under an atmosphere of molecular hydrogen in the presence
of Pd/C (10 wt %) to yield the N-protected amino ester 10.
Reduction with LiAlH4 and subsequent oxidation of 11 under
Swern conditions led to the a-amino aldehyde 12 as a yellow
oil in excellent yield.[14] Treatment of 12 with Grignard
reagents afforded adduct 13 in low yield, even when reverse
addition was used.[15] Addition of Grignard reagents to
carbonyl groups can be promoted by addition of anhydrous
cerium chloride, which presumably forms highly oxophilic
organocerium reagents.[16, 17] These intermediates were gen-


erated in situ and treated at low temperature with 12 to give
the desired secondary alcohols with good selectivity (85:15)
and in up to almost quantitative yield. The diastereomeric
mixture could be easily puri-
fied by flash chromatography
and the major isomers isolated
as white solids. The stereose-
lective introduction of the sec-
ond chiral center into the bicy-
clic compound was thus ach-
ieved. The high selectivity of
the reaction is due to prefer-
ential approach of the nucleo-
phile from the less hindered
side of the nonchelated[15]


a-amino aldehyde (Figure 3).
Hydrogenolysis of 13 was


first attempted with a catalytic amount of Pd/C,[18] but this
did not yield the desired product. However, treatment of the
same compound under 20 atm H2 in presence of catalytic
amounts of Pearlman�s catalyst (Pd(OH)2/C) gave the free
amino alcohols 14 as white solids in excellent yield.


Having isolated the diastereomers 14, we thought the
Mitsunobu reaction[19] would be suitable for inverting the
absolute configuration at the stereocenter of the secondary
alcohol. However, the reaction did not take place, probably
due to steric hindrance. Instead we developed another short
and straightforward route to the diastereomers starting from
prochiral bicyclic ketones (Scheme 3).


Scheme 3. i) (S)-1-phenylethylamine, CH2Cl2, 0 8C; TFA, BF3 ´ OEt2, cy-
clopentadiene, CH2Cl2, ÿ78 8C. ii) H2 (1 atm), Pd/C (10 wt %), MeOH,
K2CO3, room temperature. iii) LiAlH4, THF, ÿ78 8C. iv) H2 (300 psi),
Pd(OH)2/C (20 wt %), EtOH, room temperature. v) Cl2CO, NEt3, THF,
0 8C. vi) BnCl, K2CO3, MeCN, room temperature.


The prochiral ketones were obtained by a diastereoselec-
tive aza-Diels ± Alder reaction analogous to that described for
the synthesis of the ester 9. Treatment of cyclopentadiene with
the imines prepared from (S)-1-phenylethylamine and phe-
nylglyoxal or pyruvic aldehyde resulted in the cycloadducts


Figure 3. Preferential ap-
proach of the nucleophile from
the less hindered side of the
aldehyde.
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16. Hydrogenation of 16 under an atmosphere of hydrogen in
presence of 10 % Pd/C gave the a-amino ketones 17.
Reduction of these intermediates with NaBH4 was unsuc-
cessful (20 % yield after 2 d at 20 8C), but with LiAlH4 the
corresponding alcohols were obtained in good yields and high
selectivity (80:20). With diisobutylaluminum hydride (DI-
BAL) a similar yield was obtained but the selectivity was
slightly lower (70:30). The N-protected b-amino alcohols 18
were subsequently hydrogenolyzed and benzylated under the
conditions employed for the diastereomers 13.[18]


Determination of stereochemistry
Relative stereochemistry : Treatment of 14 and 19 with


phosgene furnished the corresponding N,O-carbamates 15
and 20 (Schemes 2 and 3). The relative configuration of these
compounds was determined by NOE difference spectroscopy
(Figure 4).


Figure 4. NOE difference spectroscopy of the N,O-carbamates 15 and 20
confirming the relative stereochemistry of the a-substituents.


Absolute stereochemistry : Further clues to the absolute
stereochemistry of the compounds 19 was obtained by
performing a Swern oxidation on the 2-azanorbornyl-3-
methanols 13 to give the b-amino ketones 17 (Scheme 4).
Since all spectroscopic data were in complete agreement with
that observed for the ketones derived from the usual aza-
Diels ± Alder reaction followed by hydrogenation, it could be
concluded that the two compounds have the same absolute
configuration.


Scheme 4.


The chiral induction by the (R)-1-phenylethylamine in the
aza-Diels ± Alder reaction between cyclopentadiene and the
imine derived from ethyl glyoxylate and (R)-1-phenylethyl-
amine was assigned by means of X-ray crystallography
(Scheme 5).[20] Since 16 a and 16 b have the same absolute
stereochemistry as the 2-azanorbornyl-3-methanols 13, an
assignment of the absolute stereochemistry could be made for
all compounds derived from these intermediates.


Scheme 5. Determination of the absolute stereochemistry.[20]


Conclusions


On the basis of quantum chemical investigations with the
B3PW91[21] hybrid functional we conclude that the reaction
mechanism, both for the reaction catalyzed by bicyclic
2-azanorbornyl-3-methanols and for the reaction catalyzed
by aziridinoalcohols,[11] occurs via a TS of type E (Figure 1).
This finding enabled the factors that govern the enantiose-
lectivity of the reaction to be analyzed, and four elements of
the selectivity process were identified. We improved the
enantioselectivity of the reaction up to 97 % ee by introducing
an additional chiral center in the ligand. Work is now in
progress to uncover the mechanistic details of the catalytic
cycle. In addition, a TS molecular mechanics model is
currently being developed to enable faster evaluations of
substituent effects and rapid evaluation of new ligands.


Experimental Section


Methods of calculation : All calculations were performed with the
Gaussian 94 program.[22] Geometry optimizations were performed by HF
calculations with the 3-21G basis set. For some selected transition states,
geometry optimizations were performed with B3PW91, a density functional
type of calculation with a hybrid functional, together with the 6-31G basis
set for all atoms except for zinc, for which 6-311�G was used. The final
energies were determined with B3PW91 and the 6 ± 31G* basis set for all
atoms except for zinc (6-311�G*). The model used in the calculations was
very close to the real system, although some truncations were necessary to
reduce the size of the system. As the aim of the calculations was to
rationalize the stereochemical out-
come of the reaction, all stereocenters
were left intact. The model system is
depicted in Figure 5. The imine was
considered to exist exclusively in a
trans configuration.


General methods : For general exper-
imental information, see ref. [23]. All
reactions were performed under ni-
trogen or argon. Before use the re-
action vessels were evacuated, heat-
ed, and flushed with inert gas. All
commercially available reagents were employed as supplied, except for
cyclopentadiene, which was freshly distilled prior to use. Flash chromatog-
raphy was performed on silica gel (Matrex 60A, 37 ± 70 mm). Deactivated
silica gel was prepared by elution of the column with 5 % Et3N in pentane
until the eluate was alkaline (pH paper). TLC was performed on precoated
plates (SIL G-60 UV254, Macherey-Nagel). Deactivated silica gel was
obtained by eluting TLC plates with 5 % Et3N in pentane and drying before
applying the sample. 1H and 13C NMR spectra were recorded on a Varian
Gemini 200 spectrometer, a Varian XL 300 spectrometer, or a Varian Unity
400 spectrometer at 25 8C; the reference for 1H chemical shifts was residual
CHCl3 (d� 7.26), and that for 13C chemical shifts the 13C signal of CDCl3


(d� 77.0). Mass spectra were recorded at 70 eV with a Finnigan MAT GCQ
instrument by direct inlet. IR spectra were recorded with a Perkin Elmer
1760 FTIR spectrometer and a Perkin Elmer 1600 series FTIR spectrom-


Figure 5. Model system used in
the calculations.
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eter. HPLC analysis of diethylzinc addition products was carried out on a
chiral column (ChiralCel OD-H), with a UV detector and a flow rate of
0.5 mL minÿ1 of hexane/isopropyl alcohol (95/5). The retention times were
24.7 min for the R isomer and 36.9 min for the S isomer. Et2Zn was
purchased from Aldrich Co. Imine 1 was prepared according to a literature
procedure.[9b]


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-car-
boxaldehyde (12): To a solution of oxalyl chloride (4.82 g, 38 mmol) in dry
CH2Cl2 (100 mL) at ÿ78 8C was added a solution of DMSO (6.39 g,
82.6 mmol) in CH2Cl2 (10 mL) over 5 min, and the reaction mixture was
stirred for 10 min at ÿ78 8C. The alcohol 11 (8.01 g, 34.4 mmol) was added
as a solution in CH2Cl2 (10 mL) over 5 min. The reaction mixture was
stirred for 15 min, and an excess of Et3N (17.4 g, 120 mmol) was added over
5 min. The cooling bath was removed and the temperature raised to room
temperature. Water (120 mL) was added and the phases were separated.
The aqueous phase was extracted with CH2Cl2 (3� 60 mL). The combined
organic extracts were washed with brine (60 mL) and dried over MgSO4.
Filtration and evaporation afforded a residue that was purified by flash
chromatography with Et2O/pentane (1/4) as eluent to give a yellow oil.
Yield: 92%; Rf� 0.38 (Et2O/pentane 1/4); [a]25


D ��78.6 (c� 2.00 in
CHCl3); IR (neat): nÄ � 1721, 2970, 3062 cmÿ1; 1H NMR: d� 9.00 (d,
3J(H,H)� 2.90 Hz, 1H), 7.33 ± 7.17 (m, 5 H), 3.81 (s, 1H), 3.52 (q, 3J(H,H)�
6.56 Hz, 1H), 2.41 (br s, 2 H), 1.99 ± 2.05 (m, 1H), 1.62 ± 1.73 (m, 2H), 1.44 ±
1.51 (m, 1 H), 1.39 (d, 3J(H,H)� 6.41 Hz, 3 H), 1.32 (d, 3J(H,H)� 9.77 Hz,
1H); 13C NMR: d� 205.0, 144.8, 128.5, 127.9, 127.6, 75.7, 60.8, 58.3, 42.3,
36.4, 29.2, 22.6, 22.5; MS (70 eV, EI): m/z (%): 229 (10) [M�], 200 (40)
[C14H18N�], 105 (100) [C8H9


�]; C15H19NO (229.3): calcd: C 78.56, H 8.35, N
6.11, found: C 78.29, H 8.31, N 6.25.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-(S)-
phenylmethanol (13 a): At ÿ78 8C phenylmagnesium bromide (0.45 mL,
1.33 mmol, 3m in Et2O) was added to a suspension of cerium chloride
(327 mg, 1.33 mmol) in dry THF (3 mL). After stirring for 1 h the mixture
was treated with a solution of 6 (100 mg, 0.44 mmol) in dry THF (2 mL),
and the reaction vessel was allowed to reach room temperature overnight.
Then brine (10 mL) was added and the product was extracted with CH2Cl2


(3� 10 mL). After drying over Na2SO4 the solvent was evaporated and the
residue was purified by flash chromatography. Yield: 98 %; Rf� 0.51
(EtOAc/pentane 1/1); [a]25


D �ÿ83.4 (c� 1.00 in CHCl3); IR (neat): nÄ �
3421, 2972, 2871, 1494, 1451.6 cmÿ1; 1H NMR: d� 7.45 ± 6.95 (m, 10H), 3.75
(s, 1H), 3.63 (q, 3J(H,H)� 6.8 Hz, 1 H), 3.10 (d, 3J(H,H)� 6.4 Hz, 1 H), 2.22
(d, 3J(H,H)� 6.2 Hz, 1H), 1.90 ± 2.05 (m, 2 H), 1.75 (br s, 1H), 1.20 ± 1.50
(m, 5H), 1.05 (d, 3J(H,H)� 8.1 Hz, 2H); 13C NMR: d� 186.8, 128.6, 127.8,
127.7, 126.3, 125.4, 107.9, 73.1, 71.9, 60.8, 58.7, 37.6, 36.1, 29.8, 22.5, 22.3; MS
(70 eV, EI): m/z (%): 308 (<1) [M�], 106 (10) [C7H6O�], 105 (100) [C8H9


�];
C21H25NO (307.4): calcd: C 82.04, H 8.2, N 4.56; found: C 81.84, H 8.08, N
4.41.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-(S)-
methylmethanol (13 b): At ÿ78 8C methylmagnesium chloride (0.48 mL,
1.46 mmol, 3m in THF) was added to a suspension of cerium chloride
(360 mg, 1.46 mmol) in dry THF (3 mL). After stirring for 1 h the mixture
was treated with a solution of 6 (110 mg, 0.48 mmol) in dry THF (2 mL) and
the reaction vessel was allowed to reach room temperature overnight. Then
brine (10 mL) was added and the product was extracted with CH2Cl2 (3�
10 mL). After drying over Na2SO4 the solvent was evaporated and the
residue was purified by flash chromatography. Yield: 98 %; Rf� 0.40
(EtOAc/pentane 1/1); [a]25


D �ÿ48.6 (c� 1.00 in CHCl3); IR (CHCl3): nÄ �
3695, 3383, 2962, 2874, 1602, 1309, 1277, 1054 cmÿ1; 1H NMR: d� 7.40 ± 7.20
(m, 5H), 3.70 (s, 1H), 3.55 (q, 3J(H,H)� 7.2 Hz, 1H), 3.20 (br s, 1H), 2.35
(d, 3J(H,H)� 4.8 Hz, 1H), 2.20 (d, 3J(H,H)� 4.8 Hz, 1 H), 2.10 ± 1.80 (m,
2H), 1.70 ± 1.15 (m, 5H), 1.38 (d, 3J(H,H)� 6.5 Hz, 3H), 0.90 (d, 3J(H,H)�
6.9 Hz, 3 H); 13C NMR: d� 146.0, 128.5, 127.5, 127.5, 107.4, 72.9, 65.5, 60.9,
58.4, 36.6, 36.3, 29.8, 22.8, 22.4, 17.8; MS (70 eV, EI): m/z (%): 245 (23)
[M�], 105 (38) [C8H9


�], 91 (100), 69 (30) [C4H5O�]; C16H23NO (245.4):
calcd: C 78.32, H 9.45, N 5.71; found: C, 78.21, H 9.62, N 5.84.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-(S)-
isopropylmethanol (13 c): At ÿ78 8C the Grignard reagent derived from
isopropyl bromide (0.27 mL, 3 mmol) and magnesium (80 mg, 3 mmol) in
dry THF (5 mL) was added to a suspension of cerium chloride (750 mg,
3 mmol) in dry THF (10 mL). After stirring for 1 h the mixture was treated
with a solution of 6 (229 mg, 1 mmol) in dry THF (2 mL) and the reaction
vessel was allowed to reach room temperature overnight. Then brine


(10 mL) was added and the product was extracted with CH2Cl2 (3�
10 mL). After drying over Na2SO4 the solvent was evaporated and the
residue was purified by flash chromatography. Yield: 78 %; Rf� 0.20
(EtOAc/pentane 1/1); [a]25


D �ÿ21.0 (c �1.00 in CHCl3); IR (CHCl3): nÄ �
3055, 2987, 2306, 1424, 1271 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5H), 3.73
(br s, 1H), 3.57 (q, 3J(H,H)� 6.4 Hz, 1 H), 3.45 (br s, 1H), 2.31 (br s, 1H),
1.95 ± 2.15 (m, 2H), 1.90 (d, 3J(H,H)� 9.8 Hz, 1H), 1.80 ± 1.55 (m, 2 H), 1.42
(d, 3J(H,H)� 6.4 Hz, 5H), 1.35 ± 1.15 (m, 3 H), 0.75(d, 3J(H,H)� 6.0 Hz,
3H), 0.53 (d, 3J(H,H)� 6.0 Hz, 3H); 13C NMR: d� 145.5, 128.3, 127.6,
127.4, 75.6, 70.1, 60.8, 58.2, 37.1, 36.4, 30.5, 30.0, 22.5, 22.2, 20.7, 17.9; MS
(70 eV, EI): m/z (%): 274 (16) [M�], 105 (100) [C8H9


�], 104 (15) [C8H8
�],


103 (23) [C8H7
�]; C18H27NO (273.4): calcd: C 79.07, H 9.95, N 5.12; found: C


78.91, H 10.05, N 5.15.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]hept-5-ene-3-
phenylketone (16 a): Phenyl glyoxylate (2.0 g, 15 mmol) was dissolved in
CH2Cl2 (15 mL), containing 3 g of activated 4 � molecular sieves. The
solution was cooled to 0 8C, and (S)-1-phenylethylamine (2.0 mL,
15.7 mmol) was added. After 30 min, the solution was cooled to ÿ78 8C,
and trifluoroacetic acid (1.2 mL, 15.7 mmol), BF3 ´ Et2O (1.97 mL,
15.7 mmol), and cyclopentadiene (1.3 mL, 15.7 mmol) were added. The
reaction was kept at ÿ78 8C for 5 h then allowed to warm to room
temperature. The molecular sieves were removed, and the reaction mixture
was washed with saturated aqueous NaHCO3 (10 mL), brine (10 mL), and
dried over Na2SO4. Concentration and purification by flash chromatog-
raphy (deactivated silica gel, pentane/Et2O 95/5 ± 80/20) afforded pure 16a.
Yield: 42%; Rf� 0.45 (Et2O/pentane 1/4); [a]25


D ��10.1 (c� 1.00 in
CH2Cl2); IR (CHCl3): nÄ � 3680, 3601, 2784, 1711, 1691, 1606 cmÿ1;
1H NMR: d� 7.45 ± 6.9 (m, 10H), 6.5 (s, 1 H), 6.00 (dd, 3J(H,H)� 6.3 Hz,
3J(H,H)� 2.0 Hz, 1H), 3.20 (s, 1 H), 4.40 (s, 1 H), 3.15 (q, 3J(H,H)� 6.6 Hz,
1H), 2.85 (s, 1H), 2.10 (d, 3J(H,H)� 8.4 Hz, 1H), 1.45 (d, 3J(H,H)� 6.9 Hz,
3H), 1.40 (d, 3J(H,H)� 8.8 Hz, 1H); 13C NMR: d� 145.1, 137.3, 136.1,
133.6, 132.2, 128.2, 128.1, 128.0, 127.5, 127.0, 121.3, 66.9, 64.2, 62.7, 49.3, 44.5,
22.7; MS (70 eV, EI): m/z (%): 304 (5) [M�], 105 (100) [C8H9


�], 104 (11)
[C8H8


�], 94 (17) [C6H7N�]; C21H21NO (303.4): calcd: C 83.13, H 6.98, N
4.62; found: C 83.21, H 6.87, N 4.78.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]hept-5-ene-3-
methylketone (16 b): To a cooled solution (0 8C) of methyl glyoxylate
(17.82 g, 41 mmol, 40% solution in H2O) in H2O (20 mL) was added
dropwise an aqueous solution of (S)-1-phenylethylamine (10 g, 49.5 mmol)
in 2m HCl (41 mL). After stirring for 30 min cyclopentadiene (10.84 g,
164 mmol) was added, stirring was continued overnight, and the solution
was allowed to warm to room temperature. Then the reaction mixture was
adjusted to pH 8 with NaOH. Extraction with CH2Cl2 (3� 50 mL), drying
over Na2SO4, concentration under reduced pressure, and purification by
flash chromatography (deactivated silica gel, pentane/Et2O 95/5 ± 80/20)
afforded pure 16b. Yield: 31%; Rf� 0.15 (Et2O/pentane 1/4); [a]25


D ��10.8
(c� 0.50 in CHCl3); IR (CHCl3): nÄ � 2875, 1721, 1693 cmÿ1; 1H NMR: d�
7.40 ± 7.20 (m, 5H), 6.50 (dd, 3J(H,H)� 5.5 Hz, 3J(H,H)� 3.0 Hz, 1H), 6.30
(dd, 3J(H,H)� 5.5 Hz, 3J(H,H)� 1.5 Hz, 1H), 4.37 (s, 1 H), 3.03 (q,
3J(H,H)� 6.4 Hz, 1H), 2.85 (s, 1 H), 2.35 (s, 1 H), 2.00 (d, 3J(H,H)�
8.5 Hz, 1 H), 1.80 ± 1.20 (m, 1 H), 1.64 (s, 3 H), 1.45 (d, 3J(H,H)� 6.7 Hz,
3H); 13C NMR: d� 145.2, 136.5, 132.9, 128.3, 128.2, 127.3, 70.9, 63.8, 62.7,
48.5, 44.7, 28.0, 22.0; MS (70 eV, EI): m/z (%): 242 (15) [M�], 198 (100)
[C14H16N�], 106 (96) [C8H9


�]; C16H19NO (241.3): calcd: C 79.63, H 7.94, N
5.80; found: C 79.78, H 8.07, N 6.05.


General procedure for alkene reduction: 1 g of the 2-azanorbornene 16a or
16b was dissolved in MeOH (25 mL), and the solution added to a stirred
suspension of Pd/C (100 mg, 10 wt %) and 200 mg K2CO3. After 3 h the
solvent was evaporated. Then the residue was dissolved in H2O (20 mL)
and extracted with CH2Cl2 (3� 20 mL). The combined organic extracts
were dried over Na2SO4 and evaporated to give the white, low-melting
solids 17a and 17b.


(1S,3R,4R)-2-[ (S)-1-Phenylethylamino]-2-azabicyclo(2.2.1(heptane-3-
phenylketone (17 a): Yield: 95 %; Rf� 0.2 (Et2O/pentane 1/4); [a]25


D �
�0.6 (c� 0.50 in CHCl3); IR (CHCl3): nÄ � 3695, 2963, 2874, 1691, 1600,
1312, 1228 cmÿ1; 1H NMR: d� 7.40 ± 6.90 (m, 10H), 3.90 (s, 1 H), 3.60 (q,
3J(H,H)� 6.5 Hz, 1H), 3.51 (s, 1 H), 2.25 (d, 3J(H,H)� 5.6 Hz, 1 H), 2.10 ±
2.21 (m, 2H), 1.42 ± 1.80 (m, 3H), 1.40 (d, 3J(H,H)� 6.7 Hz, 3H), 1.31 (d,
3J(H,H)� 6.7 Hz, 1H); 13C NMR: d� 200.6, 144.8, 137.0, 132.0, 128.3,
128.0, 128.0, 127.4, 127.1, 72.3, 61.4, 58.2, 43.2, 35.3, 29.6, 22.6, 22.1; MS
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(70 eV, EI): m/z (%): 306 (16) [M�], 105 (100) [C8H9
�]; C21H23NO (305.4):


calcd: C 82.59, H 7.59, N 4.59; found: C 82.35, H 7.44, N 4.72.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-me-
thylketone (17 b): Yield: 95 %; Rf� 0.5 (Et2O/pentane 1/4); [a]25


D �ÿ23.2
(c� 0.50 in CHCl3); IR (CHCl3): nÄ � 3695, 2964, 2874, 1712, 1693, 1602,
1314, 1191 cmÿ1; 1H NMR: d� 7.40 ± 7.10 (m, 5 H), 3.80 (s, 1 H), 3.45 (q,
3J(H,H)� 6.6 Hz, 1H), 2.65 (s, 1 H), 2.21 (d, 3J(H,H)� 3.6 Hz, 1 H), 2.11 ±
1.90 (m, 2 H), 1.82 ± 1.21 (m, 4H), 1.50 (s, 3H), 1.36 (d, 3J(H,H)� 6.5 Hz,
3H); 13C NMR: d� 210.3, 186.8, 145.0, 128.4, 128.2, 127.4, 76.6, 61.0, 58.1,
42.3, 35.5, 29.9, 27.3, 22.1, 22.0; MS (70 eV, EI): m/z (%): 244 (8) [M�], 105
(100) [C8H9


�], 96 (16) [C6H9N�]; C16H21NO (243.3): calcd: C 78.97, H 8.7, N
5.74; found: C 79.10, H 8.85, N 5.58.


General procedure for ketone reduction : To a suspension of LiAlH4


(250 mg, 6.55 mmol) in THF (20 mL) at ÿ78 8C was added dropwise a
solution (10 mL) of the ketone (1 g, 3.28 mmol) in THF by syringe. After
30 min the cooling bath was removed, and stirring was continued for 1 h.
The reaction was quenched by adding H2O (0.25 mL) and 2m NaOH
(0.5 mL) and then filtered through Celite. Evaporation afforded a residue,
which was purified by flash chromatography on deactivated silica gel to
give the protected b-amino alcohol.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-
(R)-phenylmethanol (18 a): Yield: 71%; Rf� 0.51 (EtOAc/pentane 1/1);
[a]25


D �ÿ5.28 (c� 2.40 in CHCl3); IR (neat): nÄ � 3216, 2958, 2875, 1603,
1442, 1309, 1204, 1061 cmÿ1; 1H NMR: d� 7.21 ± 7.40 (m, 5H), 7.05 ± 7.15 (m,
3H), 6.48 ± 6.59 (m, 2 H), 3.75 (d, 3J(H,H)� 5.8 Hz, 1H), 3.68 (s, 1 H), 3.52
(q, 3J(H,H)� 6.1 Hz, 1H), 2.30 (d, 3J(H,H)� 5.1 Hz, 1 H), 2.21 ± 2.05 (br m,
1H), 2.26 (s, 1 H), 1.60 ± 1.80 (m, 2H), 1.45 (d, 3J(H,H)� 6.80 Hz, 3H),
1.35 ± 1.20 (m, 3 H); 13C NMR: d� 186.8, 128.6, 127.8, 127.7, 126.3, 125.4,
107.9, 73.1, 71.9, 60.8, 58.7, 37.6, 36.1, 29.8, 22.5, 22.3; MS (70 eV, EI): m/z
(%): 307 (2) [M�], 274 (100) [C20H20N�], 179 (75), 105 (18) [C8H9


�], 95 (23)
[C6H9N�]; C21H25NO (307.4): calcd: C 82.04, H 8.2, N 4.56; found: C 82.17,
H 8.13, N 4.65.


(1S,3R,4R)-2-[(S)-1-Phenylethylamino]-2-azabicyclo[2.2.1]heptane-3-
(R)-methylmethanol (18 b): Yield: 61%; Rf� 0.40 (EtOAc/pentane 1/1);
[a]25


D �ÿ50.4 (c� 1.00 in CH2Cl2); IR (CHCl3): nÄ � 3260, 3601, 1606,
1080 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5 H) , 3.64 (s, 1 H), 3.52 (q,
3J(H,H)� 6.54 Hz, 1 H), 2.83 (dq, 3J(H,H)� 4.14 Hz, 3J(H,H)� 2.2 Hz,
1H), 2.11 (d, 3J(H,H)� 4.08 Hz, 2H), 1.99 (d, 3J(H,H)� 3.84 Hz, 1H),
1.60 ± 1.82 (m, 2H), 1.45 (d, 3J(H,H)� 6.54 Hz, 3 H), 1.45 ± 1.20 (m, 3H),
0.33 (d, 3J(H,H)� 6.36 Hz, 3H); 13C NMR: d� 144.9, 128.7, 128.4, 128.3,
127.6, 127.5, 72.1, 68.0, 60.9, 58.7, 42.9, 35.3, 27.8, 23.4, 22.3, 21.0; MS (70 eV,
EI): m/z (%): 246 (21) [M�], 79 (100); C16H23NO (245.4): calcd: C 78.32, H
9.45, N 5.71; found: C 78.53, H 9.50, N 5.58.


General procedure for debenzylation: To a solution of the protected b-
amino alcohol (1 g) in EtOH (50 mL) was added Pd(OH)2/C (200 mg,
20 wt %). The mixture was hydrogenated for 48 h at 20 atm pressure. The
completeness of the reaction was monitored by NMR spectroscopy. The
catalyst was filtered off on a bed of Celite, washed with CH2Cl2 (20 mL),
and the combined filtrates were evaporated to dryness. The residue was
triturated with pentane and dried to give the deprotected b-amino alcohols
as off-white powders.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(S)-phenylmethanol (14 a):
Yield: 96 %; [a]25


D ��13.2 (c� 0.50 in CHCl3); IR (neat): nÄ � 3312,
2933 cmÿ1; 1H NMR: d� 7.38 ± 7.10 (m, 5 H), 4.27 (d, 3J(H,H)� 6.2 Hz,
1H), 3.40 (s, 1 H), 2.85 (d, 3J(H,H)� 6.2 Hz, 1H), 2.25 (br s, 3 H), 1.65 ± 1.10
(m, 5H), 1.05 (d, 3J(H,H)� 8.1 Hz, 1H); 13C NMR: d� 128.3, 127.3, 126.6,
107.4, 107.3, 75.6, 65.9, 55.8, 37.6, 34.8, 32.7, 29.4; MS (70 eV, EI): m/z (%):
202 (90) [M�], 186 (18) [C13H17N�], 69 (100); C13H17NO (203.3): calcd: C
76.81, H 8.43, N 6.89; found: C 76.88, H 8.52, N 6.85.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(S)-methylmethanol (14 b):
Yield: 93 %; [a]25


D ��17.1 (c� 0.50 in CHCl3); IR (neat): nÄ � 3268, 2954,
2364 cmÿ1; 1H NMR: d� 4.63 (br s, 2H), 3.50 (q, 3J(H,H)� 6.4 Hz, 1H),
3.49 (s, 1 H), 2.70 (s, 1H), 2.59 (d, 3J(H,H)� 7.1 Hz, 1H), 2.52 (s, 1H),
1.78 ± 1.20 (m, 5H), 1.17 (d, 3J(H,H)� 7.9 Hz, 3H), 1.09 (d, 3J(H,H)�
1.1 Hz, 1H); 13C NMR: d� 69.4, 66.7, 55.8, 36.9, 34.8, 32.3, 29.3, 19.4; MS
(70 eV, EI): m/z (%):141 (18) [M�], 96 (47) [C6H10N�], 68 (100); C8H15NO
(141.2): calcd: C 68.04, H 10.71, N 9.92; found: C 67.89, H 10.77, N 9.95.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(S)-isopropylmethanol (14 c):
Yield: 95%; [a]25


D �ÿ10.0 (c �1.00 in CHCl3); IR (CHCl3): nÄ � 3680,
3601, 2873, 1730, 1607 cmÿ1; 1H NMR: d� 3.51 (br s, 3H), 3.02 (pseudo-t,


3J(H,H)� 5.7 Hz, 1 H), 2.75 (d, 3J(H,H)� 5.7 Hz, 1H), 2.46 (s, 1 H), 1.85 ±
1.10 (m, 7H), 0.90 (d, 3J(H,H)� 6.8 Hz, 3 H), 0.86 (d, 3J(H,H)� 6.8 Hz,
3H); 13C NMR: d� 77.1, 63.0, 55.7, 36.9, 35.0, 31.2, 29.5, 29.2, 19.4, 17.4; MS
(70 eV, EI): m/z (%): 168 (9) [M�ÿH], 96 (28) [C6H10N�], 68 (100);
C10H19NO (169.3): calcd: C 70.96, H 11.31, N 8.27; found: C 71.10, H 11.45,
N 8.21.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(R)-phenylmethanol (19a):
Yield: 96%; [a]25


D ��30.4 (c� 1.00 in CHCl3); IR (CHCl3): nÄ � 3680,
3601, 2874, 1730, 1691, 1607 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5H), 4.11 (d,
3J(H,H)� 8.5 Hz, 1H), 3.55 (s, 1 H), 3.32 (br s, 2H), 2.78 (d, 3J(H,H)�
8.2 Hz, 1H), 2.01 (s, 1H), 1.80 ± 1.22 (m, 5H), 1.20 (d, 3J(H,H)� 10.2 Hz,
1H); 13C NMR: d� 143.5, 128.4, 127.5, 126.7, 107.3, 75.3, 67.7, 56.2, 39.0,
34.4, 28.3; MS (70 eV, EI): m/z (%): 204 (100) [M�], 186 (19) [C13H15N�], 96
(74) [C6H10N�]; C13H17NO (203.3): calcd: C 76.81, H 8.43, N 6.89; found: C
76.73, H 8.56, N 6.93.


General procedure for carbamate formation: At 0 8C phosgene (0.46 mL,
1.93m solution in toluene, 0.89 mmol) was added to a solution of the b-
amino alcohol (105 mg, 0.75 mmol) in THF (20 mL). After 10 min Et3N
(3.0 equiv) was added. Then after 10 min the cooling bath was removed,
and stirring was continued at room temperature for 30 min. Evaporation of
the solvent under reduced pressure afforded the crude carbamates, which
were purified by flash chromatography on silica gel.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(S)-phenylmethanol N,O-carba-
mate (15 a): Yield: 60%; Rf� 0.70 (pentane/EtOAc 1/1); [a]25


D ��64.0 (c�
1.00 in CHCl3); IR (CHCl3): nÄ � 3659, 2954, 1730, 1755, 1602, 1319 cmÿ1;
1H NMR: d� 7.52 ± 7.30 (m, 5H), 4.95 (d, 3J(H,H)� 8.0 Hz, 1 H), 4.35 (s,
1H), 3.45 (d, 3J(H,H)� 8.0 Hz, 1 H), 2.60 (s, 1 H), 1.80 ± 1.35 (m, 8H);
13C NMR: d� 138.4, 128.9, 128.8, 125.8, 83.5, 70.2, 61.0, 40.7, 36.4, 27.8, 27.6;
MS (70 eV, EI): m/z (%): 229 (52) [M�], 184 (77) [C13H15N�], 168 (100), 95
(48) [C6H9N�]; C14H15NO2 (229.3): calcd: C 73.34, H 6.59, N 6.11; found: C
73.21, H 6.80, N 6.35.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(S)-methylmethanol N,O-carba-
mate (15 b): Yield: 30 %; Rf� 0.70 (pentane/EtOAc 1/1); [a]25


D ��12.7
(c� 1.00 in CHCl3); IR (CHCl3): nÄ � 3054, 2988, 2307, 1424, 1271 cmÿ1;
1H NMR: d� 4.85 (dq, 3J(H,H)� 9.2 Hz, 3J(H,H)� 9.2 Hz, 1 H), 4.26 (s,
1H), 3.53 (d, 3J(H,H)� 9.1 Hz, 1 H), 2.52 (s, 1 H), 1.75 ± 1.55 (m, 3 H), 1.20 ±
1.40 (m, 3H), 1.21 (d, 3J(H,H) �6.7 Hz, 1 H); 13C NMR: d� 163.2, 106.5,
77.2, 74.9, 64.9, 60.6, 38.1, 37.6, 28.7, 27.2, 16.3; MS (70 eV, EI): m/z (%): 168
(63) [M�], 105 (100); HRMS calcd for C9H13NO2: 167.0946; found:
167.0945.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(R)-phenylmethanol N,O-car-
bamate (20 a): Yield: 60%; Rf� 0.70 (pentane/EtOAc 1/1); [a]25


D ��6.1
(c� 1.00 in CHCl3); IR (CHCl3): nÄ � 3659, 2953, 2881, 1756, 1728, 1603,
1316, 1236 cmÿ1; 1H NMR: d� 7.50 ± 7.20 (m, 5 H), 5.75 (d, 3J(H,H)�
9.2 Hz, 1H), 4.25 (s, 1H), 3.85 (d, 3J(H,H)� 9.2 Hz, 1 H), 2.05 (d,
3J(H,H)� 3.2 Hz, 1 H), 1.70 ± 1.35 (m, 5H), 1.00 (s, 1 H); 13C NMR: d�
163.1, 136.3, 128.4, 128.1, 125.2, 79.2, 66.3, 59.8, 38.8, 36.7, 28.4, 27.7; MS
(70 eV, EI): m/z (%): 229 (55) [M�], 184 (66) [C13H15N�], 168 (100), 95 (40)
[C6H9N�]; C14H15NO2 (229.3): calcd: C 73.34, H 6.59, N 6.11; found: C
73.42, H 6.55, N 5.97.


(1S,3R,4R)-2-Azabicyclo[2.2.1]heptane-3-(R)-methylmethanol N,O-car-
bamate (20 b): Yield: 73 %; Rf� 0.70 (pentane/EtOAc 1/1); [a]25


D ��1.1
(c� 0.28 in CHCl3); IR (CHCl3): nÄ � 3055, 2987, 2306, 1424, 1271 cmÿ1;
1H NMR: d� 4.23 (s, 1 H), 4.11 (dq, 3J(H,H)� 8.0, 3J(H,H)� 8.0 Hz, 1H),
2.07 (s, 1 H), 2.44 (s, 1 H), 1.70 ± 1.30 (m, 5H), 1.50 (dd, 3J(H,H)� 8.0,
3J(H,H)� 8.0 Hz, 3 H); 13C NMR: d� 78.6, 69.5, 60.5, 40.4, 36.4, 27.7, 27.7,
20.3; MS (70 eV, EI): m/z (%): 168 (62) [M�], 105 (100); C9H13NO2 (167.2):
calcd: C 64.65, H 7.84, N 8.28; found: C 64.82, H 7.71, N 8.24.


General procedure for the benzylation of the NH b-amino alcohols :
Benzylations of NH b-amino alcohols were performed according to a
literature procedure.[11]


(1S,3R,4R)-2-(Benzylamino)-2-azabicyclo[2.2.1]heptane-3-(S)-phenylme-
thanol (5): Yield: 61 %; Rf� 0.30 (pentane/EtOAc 4/1); [a]25


D �ÿ6.1 (c�
0.4 in CH2Cl2); IR (CH2Cl2): nÄ � 3602, 3408, 2873, 1606, 1495, 1070,
1014 cmÿ1; 1H NMR: d� 7.38 ± 7.21 (m, 10H), 4.39 (d, 3J(H,H)� 4.8 Hz,
1H), 3.66 (br s, 2 H), 3.30 ± 3.50 (m, 1H), 3.26 (br s, 1 H), 2.30 (d, 3J(H,H)�
4.8 Hz, 1 H), 2.05 ± 1.90 (m, 1 H), 1.88 (br d, 3J(H,H)� 9.2 Hz, 1 H), 1.52 ±
1.38 (m, 1H), 1.37 ± 1.21 (m, 1 H), 1.20 ± 1.08 (m, 1 H), 1.08 (br d, 3J(H,H)�
9.6 Hz, 1H), 1.05 (br s, 1H); 13C NMR: d� 141.7, 139.4, 128.9, 128.5, 128.3,
128.0, 127.1, 126.8, 125.9, 73.5, 72.7, 58.9, 53.9, 38.2, 36.4, 30.0, 21.9; MS
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(70 eV, EI): m/z (%): 293 (6) [M�], 186 (17) [C13H14N�], 158 (100); HRMS
calcd for C20H21NO: 293.1779; found: 293.16780.


(1S,3R,4R)-2-(Benzylamino)-2-azabicyclo[2.2.1]heptane-3-(S)-methylme-
thanol (6): Yield: 65%; Rf� 0.43 (pentane/EtOAc 7/3); [a]24


D ��38.6 (c�
1.1 in CH2Cl2); IR (CH2Cl2): nÄ � 3623, 3408, 2872, 2807, 1754, 1726, 1704,
1691, 1679, 1051 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5H), 3.75 (d, 3J(H,H)�
13.2 Hz, 1 H), 3.65 (d, 3J(H,H)� 13.2 Hz, 1 H), 3.51 ± 3.45 (m, 1H), 3.19
(br s, 1H), 2.95 ± 3.20 (m, 1H), 2.41 (br s, 1H), 2.10 ± 1.85 (m, 2H), 1.82 ± 1.68
(m, 1 H), 1.62 ± 1.56 (m, 1 H), 1.40 ± 1.10 (m, 3H), 1.14 (d, 3J(H,H)� 6.8 Hz,
3H); 13C NMR: d� 128.7, 128.3, 127.0, 73.3, 66.4, 58.4, 54.0, 37.3, 36.7, 30.3,
22.0, 18.4; MS (70 eV, EI): m/z (%): 232 (5) [M�], 186 (82) [C11H12N�], 158
(100); HRMS calcd for C15H21NO: 231.1623; found: 231.1623.


(1S,3R,4R)-2-(Benzylamino)-2-azabicyclo[2.2.1]heptane-3-(S)-isopropyl-
methanol (7): Yield: 64%; Rf� 0.46 (pentane/EtOAc 7/3); [a]24


D ��38.5
(c� 1.2 in CH2Cl2); IR (CH2Cl2): nÄ � 3623, 3407, 2872, 2808, 1721, 1709,
1027 cmÿ1; 1H NMR: d� 7.40 ± 7.20 (m, 5H), 3.73 (d, 3J(H,H)� 13.2 Hz,
1H), 3.61 (d, 3J(H,H)� 13.2 Hz, 1H), 3.18 (br s, 1H), 3.00 ± 2.90 (m, 1H),
2.38 (br s, 1H), 2.11 (br s, 1H), 2.02 ± 1.92 (m, 1 H), 1.80 ± 1.54 (m, 3H),
1.38 ± 1.20 (m, 2H), 1.10 (d, 3J(H,H)� 9.6 Hz, 1 H), 1.05 (d, 3J(H,H)�
6.8 Hz, 3 H), 0.82 (d, 3J(H,H)� 6.8 Hz, 3 H); 13C NMR: d� 128.9, 128.3,
127.0, 75.3, 70.0, 57.9, 53.3, 37.4, 36.9, 30.9, 30.6, 21.7, 20.7, 18.3; MS (70 eV,
EI): m/z (%): 259 (<1) [M�], 186 (100) [C13H16N�]; HRMS calcd for
C17H25NO: 259.1936; found: 259.1935.


(1S,3R,4R)-2-(Benzylamino)-2-azabicyclo[2.2.1]heptane-3-(R)-phenylme-
thanol (8): Yield: 61%; Rf� 0.42 (pentane/EtOAc 4/1); [a]25


D �ÿ67.2 (c�
0.64 in CH2Cl2); IR (CH2Cl2): nÄ � 3603, 3408, 2873, 1606, 1495, 1070,
1014 cmÿ1; 1H NMR: d� 7.37 ± 7.23 (m, 10 H), 4.35 ± 4.80 (m, 1H), 4.30 (d,
3J(H,H)� 6.8 Hz, 1H), 3.77 (d, 3J(H,H)� 13.3 Hz, 1H), 3.60 (d, 3J(H,H)�
13.3 Hz, 1H), 3.23 (br s, 1 H), 2.25 ± 2.34 (m, 2H), 2.11 ± 1.97 (m, 1 H), 1.85
(br d, 3J(H,H)� 9.7 Hz, 1H), 1.70 ± 1.55 (m, 1 H), 1.35 ± 1.20 (m, 3H);
13C NMR: d� 144.6, 139.0, 128.7, 128.4, 128.2, 127.0, 125.9, 75.4, 75.4, 74.8,
57.9, 55.4, 42.1, 35.6, 28.4, 22.3; MS (70 eV, EI): m/z (%): 294 (3) [M�], 186
(7) [C13H14N�], 91 (100) [C7H7


�]; HRMS calcd for C20H21NO: 293.1779;
found: 293.1678.
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Molecular Tweezers as Synthetic Receptors: Molecular Recognition of
Electron-Deficient Aromatic and Aliphatic Substrates
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Abstract: Syntheses and supramolecu-
lar properties of the molecular tweezers
1 and 2, containing naphthalene and
benzene spacer units, respectively, are
described. They selectively bind elec-
tron-deficient aromatic and aliphatic
substrates, for example di- and tetracya-
nobenzenes 11 ± 14, 1,4-dinitrobenzene
(15), p-benzoquinone (16), 7,7,8,8-tetra-
cyano-p-quinodimethane (TCNQ) (17),
1,2,4,5-tetrafluorobenzene (20), acetoni-
trile, and malononitrile. They form sta-
ble complexes with the cationic sub-
strate N-methylpyrazinium iodide (19)
that are soluble in chloroform. A quan-
titative investigation using NMR titra-


tion and solid ± liquid extraction shows
that the naphthalene-spaced tweezer 1
forms stronger complexes with aromatic
and quinoid substrates than the ben-
zene-spaced tweezer 2 (DDG� 1.5�
1 kcal molÿ1), whereas the aliphatic sub-
strates are only complexed by receptor
2. Force-field calculations (AMBER*)
and single-crystal structure analyses re-
veal that 1 has an almost ideal geo-


metrical topology for the complexation
of aromatic substrates, while complex-
ation of these substrates by the smaller
receptor 2 requires expansion of the
tweezer tips by about 2 �. This causes an
extra strain energy in 2 of 1 ±
2 kcal molÿ1. According to semiempiri-
cal AM1 calculations, the electrostatic
potential surfaces (EPSs) of molecular
tweezers 1 and 2 are surprisingly neg-
ative on the concave sides of the mole-
cules and, hence, complementary to
those of the electron-deficient sub-
strates.


Keywords: arene ± arene interaction
´ host ± guest chemistry ´ molecular
recognition ´ molecular tweezers ´
supramolecular chemistry


Introduction


Simple synthetic receptors with molecular pockets or cavities
can act as models for far more complicated biological systems,
which are important, for example, for protein folding,
molecular recognition of substrates by enzymes, or the
formation of membranes.[1] The study of such receptors
should provide information about structure and stability of
receptor ± substrate complexes and noncovalent interactions
responsible for their formation. Besides the relatively strong
and therefore often dominant hydrogen bonding,[2] ion pair-
ing,[3] and the hydrophobic effect in aqueous media,[4] the
arene ± arene interactions[5] are of particular importance for
the formation of superstructures. As a result of many
experimental and theoretical investigations, the attractive
character of both CH ± p and p ± p interactions is commonly


accepted. Here we report on the syntheses and some supra-
molecular properties of the hydrocarbons 1 and 2, which,
owing to their ability to selectively bind electron-deficient
aromatic and aliphatic compounds as well as organic cations,
can be regarded as molecular tweezers.


Results and Discussion


The tweezer molecule 1, containing a naphthalene spacer unit,
can be synthesized in four steps starting with reduction of the
previously reported diketone 3[6] by NaBH4. The resulting diol
4 is treated with p-toluenesulfonylchloride and triethylamine
to produce 5 with an overall yield of 48 %. Repetitive Diels ±
Alder reactions of bisdienophile 5 with diene 6[7] proceed
stereospecifically to yield the bisadduct 7, which can be
converted to molecular tweezer 1 by oxidative dehydrogen-
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ation with 2,3-dichloro-5,6-di-
cyano-1,4-benzoquinone(DDQ)
in an overall yield of 30 %
(Scheme 1).[8] The tweezer 2,
containing only benzene spacer
units, can be synthesized fol-
lowing an analogous route. Re-
petitive Diels ± Alder reactions
of the known bisdienophile 8[6]


with diene 6 and subsequent
DDQ dehydrogenation of bi-
sadduct 9 produce the substi-


tuted tweezer 10 a with an overall yield of 60 %.[9] Removal of
the acetate groups can be accomplished in three steps, which
lead to 2 as shown in Scheme 1.


Because of their ribbon-type concave topology, the five
arene units of the molecular tweezers 1 and 2 define a cavity in
which a substrate molecule can be bound by multiple non-
covalent interactions. The magnetic anisotropy of these arene
units makes 1H NMR spectroscopy a very sensitive probe for
uncovering the complexation of substrate molecules inside
the cavities of 1 and 2. In the 1H NMR spectrum of a 1:2.5
mixture of 1,4-dicyanobenzene 11 and tweezer 1 in CDCl3,
formation of the complex 11@1 can be easily detected by the


Abstract in German: Es werden
Synthesen und supramolekulare
Eigenschaften der molekularen
Pinzetten 1 und 2 mit Naphtha-
lin- bzw. Benzolspacereinheiten
beschrieben. 1 und 2 binden
selektiv elektronenarme aroma-
tische oder aliphatische Substra-
te, beispielsweise die Di- und
Tetracyanbenzole 11 ± 14, 1,4-
Dinitrobenzol 15, p-Benzochi-
non 16, TCNQ 17, Tetrafluor-
benzol 20, Acetonitril und Malo-
dinitril. Mit dem kationischen
Substrat N-Methylpyrazinium-
iodid 19 bilden 1 und 2 stabile,
in Chloroform lösliche Komple-
xe. Eine mit Hilfe der NMR-
Titrationsmethode oder der
Fest-Flüssig-Extraktionstechnik
durchgeführte quantitative Un-
tersuchung zeigt, daû die Naph-
thalinpinzette 1 stärkere Kom-
plexe mit aromatischen oder
chinoiden Substraten bildet als
die kleinere Benzolpinzette 2.
Dagegen werden aliphatische
Substrate nur von 2 als Rezeptor
gebunden. Nach Kraftfeldrech-
nungen (AMBER*) und Kri-
stallstrukturanalysen besitzt 1
eine nahezu ideale Topologie
für die Komplexierung von aro-
matischen Substraten, während bei dem kleineren Rezeptor 2
eine entsprechende Komplexbildung eine erhebliche Aufwei-
tung (von ca. 2 �) des Abstandes zwischen den terminalen
C-Atomen erfordert, die in 2 eine zusätzliche Spannungs-
energie von ca. 1 ± 2 kcal molÿ1 verursacht. Die mit Hilfe der
semiempirischen AM1-Methode berechneten elektrostatischen
Potentialoberflächen der Pinzetten 1 und 2 sind jeweils auf der
konkaven Molekülseite überraschend negativ und damit kom-
plementär zu den positiven Potentialen der elektronenarmen
Substrate. Damit läût sich die Bindungspräferenz dieser Sub-
strate zu den Rezeptoren 1 und 2 erklären.


Scheme 1. Synthesis of the molecular tweezers 1 and 2. Reaction conditions and yields: a) NaBH4, CeCl3 ´
7H2O, methanol, 0 8C, 4 h, 95%; b) p-CH3ÿC6H4ÿSO2Cl, pyridine, 20 8C, 20 h, 50 %; c) (C2H5)3N (catalytic
amount), toluene, 160 8C, 5 d, 70%; d) DDQ, toluene, 100 8C, 2 h, 43%; e) (C2H5)3N (catalytic amount), toluene,
160 8C, 5 d, 71%; f) DDQ, toluene, 110 8C, 2 h, 83%; g) LiAlH4, tetrahydrofuran, 60 8C, 5h, 98 %;
h) (CF3ÿSO2)2O (Tf2O), pyridine, 20 8C, 20 h, 98%; i) PdCl2(PPh3)2, 1,3-bis(diphenylphosphino)propane,
dimethylformamide/NBu3/HCO2H, 100 8C, 90 h, 82%.
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upfield shift of the signal of 11. This shift is chemically induced
by the presence of 1 (Dd� d0ÿ dobs� 3.0) (Figure 1a). Over a
relatively large temperature range (from �40 8C to ÿ60 8C),
the complex formation and dissociation processes 11�1>
11@1 are fast with respect to the NMR time scale. Thus, only


Figure 1. a) Complex 11@1, colorless crystals, m.p. 230 8C, 1H NMR
(300 MHz, CDCl3, 21 8C): [1]� 0.05m, [11]� 0.02m ; cross peaks in the 2D
NOESY spectra between hydrogen atoms are marked with curved arrows.
b) Complex 14@1, bright yellow crystals, m.p. 230 8C, UV/Vis (CHCl3):
lmax(e)� 287 (18830), 294 (18750), 318 (5490), 332 (5100), 422 nm (930);
1H NMR (300 MHz, (CDCl2)2, 21 8C): [1]� 0.02m, [14]� 0.01m, Dd (14)�
5.9; peaks of complexed 1 and 14 are marked with � and peaks of free 1
with o.


the signal averaged between those of free and complexed 11 is
observed. A NOE (nuclear Overhauser effect) experiment
using the 2D NOESY technique gives an insight into the close
spatial proximity of the host and guest protons indicated by
crosspeaks between signals of protons connected by double-
headed arrows in Figure 1a. The association constant Ka�
[11@1]/[11] [1]� 110mÿ1 and the maximum chemically induced
shift in the complex 11@1 (Ddmax� 4.35) were determined at
21 8C from the dependence of Ddobs ([11]0 is constant) on the
concentration of 1 by an iterative nonlinear regression
analysis.[10] A 1H NMR titration experiment of 11 with 1 at
ÿ10 8C (Ka� 190mÿ1, Ddmax� 4.38) showed that Ddmax is not
significantly temperature-dependent. Therefore, the enthalpy
DH and entropy DS of complexation could be determined by
variable-temperature single-point analyses (Table 1).[11]


In (CDCl2)2, 1,2,4,5-tetracyanobenzene (14) forms a very
stable bright yellow complex with 1 (CT absorption l�
420 nm). In this case, the mutual reaction between 1 and 14
is slow with respect to the NMR time scale so that at room
temperature, if [1]0> [14]0 separate 1H NMR signals of free
and complexed 1 are observed (Figure 1b) which show a
coalescence at 81 8C. From the analysis of the temperature-
dependent lineshapes of these signals, the Gibbs enthalpy of
activation for the complex formation was calculated to be
DG=� 16.7� 0.2 kcal molÿ1.


The naphthalene tweezer 1 and the benzene tweezer 2 are
both able to form host ± guest complexes with a variety of
electron-deficient substrates (Scheme 2). The maximum
chemically induced shifts Ddmax, the association constant Ka


and, hence, the Gibbs energies DG of complexation were
determined at 21 8C by 1H NMR titration. The enthalpies DH
and entropies DS of complexation were calculated from the
temperature dependance of Ka obtained by single-point
analyses as already described for the formation of 11@1.
The pure hydrocarbons 1 and 2 form complexes soluble in
chloroform with the cationic substrate N-methylpyrazinium
iodide (19), which by itself is insoluble in chloroform. Thus, Ka


and, hence, DG for these complexes could only be determined
by solid ± liquid extraction experiments.[12] The results are
summarized in Table 1. Electron-rich aromatic compounds
such as benzene, toluene, anisol, phenol, or aniline do not
form complexes with 1 or 2. The finding that benzene and
toluene can be used as solvents in binding studies demon-
strates the selectivity of the receptors 1 and 2 towards
electron-deficient substrates.


The thermodynamic parameters (Table 1) indicate that
complexation is largely the result of an enthalpic receptor ±
substrate interaction (DH). In accordance with other molec-
ular recognition studies,[13] we have also observed a solvent
dependence of the thermodynamic parameters. The modest
solubility of the hydrocarbons 1 and 2, however, allows only a
small variation in solvent polarity. The following trend of
decreasing binding strengths (Ka) was observed: benzene>
toluene> chloroform>THF (Table 1). Comparison of the
naphthalene-spaced receptor 1 with its smaller benzene-
spaced analogue 2 demonstrates that 1 is the better receptor
for aromatic substrates (DDG� 1.5� 1 kcal molÿ1) whereas
the aliphatic substrates such as acetonitrile or malononitrile
are only complexed inside the smaller cavity of 2.


The structures of the complexes 11@1, 14@1, 17@1, and
17@2 (the latter two shown in Figure 2) determined by single-
crystal structure analyses are in very good agreement with
structures obtained with molecular modeling calculations
(molecular mechanics and semiempirical methods).[14] These
results suggest that the naphthalene-spaced tweezer 1 has an
almost ideal geometrical topology for the complexation of
benzene derivatives, while complexation of these substrates
by the benzene-spaced tweezer 2 requires an expansion of the
tweezer�s tips (by about 2 � from 3.8 � in empty 2 to 5.8 � in
17@2).[15] Also, in order to maximize the interaction between
host and guest, 2 loses its C2v symmetry in the complex. This
expansion of the tweezer�s tips, which is mainly caused by
bond angle distortions and therefore should not require much
extra strain energy, explains the different selectivities of 1 and
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Scheme 2. Substrates for the complexes with 1 and 2 as receptors.


2 towards benzene derivatives. The extra strain energy
required for the 2 � expansion for the formation of 17@2 is
calculated by molecular mechanics (AMBER*) to be 1 ±
2 kcal molÿ1.[14] This calculation is in good agreement with
the experimental observations and explains why 1 forms
stronger complexes with aromatic substrates than 2. However,
molecular modeling calculations indicate that the cavity of 2 is
the ideal size for complexation of small aliphatic substrates
(CH3CN, CH2(CN)2) because of attractive CH ± p interac-


Figure 2. Diagrams from crystal structure determinations of the complexes
17@1 (dark violet crystals, m.p. 230 8C, UV/Vis (solid, reflexion): lmax�
650 nm; 1H NMR (300 MHz, CDCl3, 21 8C): Ddmax� 3.6) and 17@2 (dark
violet crystals, m.p. 225 8C).


tions, which have also been observed in self-assembly
processes of aliphatic side chains connected to the central
benzene moiety in derivatives of 2.[8]


The experimental results presented here are in excellent
agreement with the electrostatic model of p ± p interactions.
The electrostatic potential surfaces (EPSs) of molecular


Table 1. Association constants Ka [mÿ1], Gibbs reaction enthalpies DG [kcal molÿ1], reaction enthalpies DH [kcal molÿ1], reaction entropies DS
[cal molÿ1 Kÿ1], and maximum chemically induced shifts Ddmax of complexes with 1 and 2 as receptors at 21 8C. The maximum error of Ka is estimated from the
uncertainties in the determination of the concentration, chemical shifts, and so on to be �10%. The standard deviation of the regression is DH�
0.2 kcal molÿ1 and DS� 0.5 calmolÿ1 Kÿ1 with R2� 0.995.


Substrate Receptor 1 Receptor 2 Solvent
Ka DG DH DS Ddmax Ka DG DH DS Ddmax


11 110 ÿ 2.8 ÿ 2.8 0.6 4.3 10 ÿ 1.3 ÿ 1.9[a] ÿ 1.7[a] 3.5 CDCl3


11 145 ÿ 2.9 ÿ 4.2 ÿ 4.5 2.7 [D6]benzene
11 60 ÿ 2.4 ÿ 2.0 1.1 2.8 [D8]THF
12 85 ÿ 2.6 ÿ 3.5 ÿ 3.1 5.3 < 1 CDCl3


13 40 ÿ 2.1 ÿ 3.4 ÿ 4.4 5.2 < 1 CDCl3


15 45 ÿ 2.2 ÿ 1.4 2.8 5.5 17 ÿ 1.7 ÿ 2.1 ÿ 1.4 3.5 CDCl3


15 80 ÿ 2.6 ÿ 4.3 ÿ 6.0 1.7 [D6]benzene
15 30 ÿ 2.0 ÿ 1.6 1.6 2.0 [D8]toluene
15 15 ÿ 1.7 ÿ 2.2 ÿ 1.8 3.8 (CDCl2)2


16 20 ÿ 1.8 ÿ 4.6 ÿ 9.7 2.8 < 1 CDCl3


17 [b] 3.6 1 100 ÿ 4.1 2.9 CDCl3


18 8 ÿ 1.2 ÿ 2.4 ÿ 4.1 1.3 < 1 CDCl3


19 35 000[c] ÿ 6.1 3 500[c] ÿ 4.8 CDCl3


20 26 ÿ 1.6 ÿ 9.1 ÿ 25 1.2 < 1 CDCl3


CH3CN < 1 15 ÿ 1.6 ÿ 2.6 ÿ 3.6 5.3 CDCl3


CH3CN < 1 82 ÿ 2.6 ÿ 5.1 ÿ 8.7 3.0 [D6]benzene
CH2(CN)2 < 1 36 ÿ 2.1 ÿ 3.4 ÿ 4.6 4.5 CDCl3


CH2(CN)2 < 1 60 ÿ 2.4 ÿ 7.0 ÿ 15.4 2.2 [D6]benzene


[a] The reaction isotherm (ln Ka vs 1/T) is not linear in the investigated temperature range from ÿ50 8C to 20 8C and therefore DH is temperature-
dependent. The stated values are valid for 21 8C with DCp�ÿ17 cal molÿ1 Kÿ1. [b] Because of the high stability of complex 17@1, it is impossible to
determine the concentration dependence of the substrate signal with the 1H NMR titration method. [c] The values of Ka were determined from the
(receptor:substrate) ratio in the 1H NMR spectra after extraction of the chloroform-insoluble substrate 19 with a solution of receptors 1 or 2 in CDCl3.
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tweezers 1 and 2 calculated with the semiempirical AM1
method (Figure 3) show surprisingly negative potentials on
the concave sides. According to quantum chemical calcula-
tions, this seems to be a general phenomenon of nonconju-
gated p systems with convex ± concave topologies. In contrast,
when analogous calculations were performed for the aromatic
and aliphatic substrates (Figure 3), the complementary nature


Figure 3. Semiempirically calculated (AM1) electrostatic potential surfa-
ces (EPSs) of the molecular tweezers 1 and 2 (top) and the potential
substrate molecules benzene, 1,4-difluorobenzene (21), 1,4-dicyanoben-
zene (11), TCNQ (17), and malononitrile (bottom, left to right).


of their EPSs becomes evident.[16] Calculations show that
hexafluorobenzene, despite its electrostatically very positive
p surface,[17] is not bound by 1 or 2 because of repulsive
interactions with the fluorine atoms which make up the
negative part of the molecule. This is consistent with the
experimental observation that the 19F NMR chemical shift of
hexafluorobenzene does not change upon addition of 1 or 2 to
the NMR sample. The observation that 1,4-dicyanobenzene
(11) is complexed by 1 while 1,4-difluorobenzene (21) is not
(Ka< 1) can also be visualized by comparison of their EPSs,
because the potential at the hydrogen atoms of 11 is more
positive than the corresponding potential in 21. With rela-
tively simple semiempirical calculations, supramolecular
properties of molecules based on electrostatic interactions
can be visualized. The investigation of the molecular tweezers
1 and 2 described here shows that the geometric topology as
well as electronic structure is important for the binding
properties of the receptor molecules.


Experimental Section


IR: Bio-Rad FTS 135. UV: J�M Tidas FG Cosytec RS 422. 1H NMR,
13C NMR, DEPT H,H-COSY, C,H-COSY, NOESY, HMQC, HMBC:
Bruker AMX 300; 1H NMR titration experiments: Varian Gemini XL 200;
the undeuterated amount of the solvent was used as an internal standard.
Positions of the protons of the methano bridges are indicated by the letters i
(innen, towards the center of the molecule) and a (auûen, away from the
center of the molecule). MS: Fisons Instruments VG ProSpec 3000 (70 eV).
All melting points are uncorrected. Column chromatography: Silicagel


0.063 ± 0.2 mm. All solvents were distilled prior to use. Ampoules were
sealed in vacuo after three freeze (2-propanol/dry ice) and thaw cycles with
argon as an inert gas.


1,4,4a,5,7,10,12,12a-Octahydro-1,4:7,10-dimethanonaphthacene-5,12-diol
(4): Sodium borohydride (0.76 g, 20.1 mmol) was added to a cooled (0 8C)
solution of diketone 3[6] (2.86 g, 9.9 mmol) and cerium(iii) chloride
heptahydrate (7.5 g, 20 mmol) in methanol (50 mL) at such a rate that
the temperature of the reaction mixture did not rise significantly above
0 8C. After complete addition, the reaction mixture was allowed to warm to
room temperature and then quenched by addition of water (100 mL). The
resulting mixture was extracted three times with diethyl ether and the
combined ether layers were washed successively with water and brine. The
organic layers were dried over anhydrous magnesium sulfate and filtered,
and the filtrate concentrated in vacuo to afford 4 as a colorless solid (2.74 g,
95%). M.p. 195 8C; MS (70 eV) m/z (%): 292 (83) [M�], 274 (77) [M�ÿ
H2O], 208 (100) [M�ÿH2OÿC5H6]; IR (KBr):� 3355 cmÿ1 (OH), 2963
(CH); 1H NMR (300 MHz, CDCl3): d� 1.43 (d, 1H, 2J(13-Hi, 13-Ha)�
8 Hz, 13-Hi), 1.49 (dm, 1 H, 13-Ha), 2.19 (d, 1H, 2J(14-Hi, 14-Ha)� 7 Hz, 14-
Hi), 2.30 (dm, 1 H, 14-Ha), 2.62 (m, 2 H, 4a-H, 12a-H), 2.94 (t, 2H, 3J(1-H,
2-H)� 2 Hz, 1-H, 4-H), 3.46 (s, 2H, -OH), 3.86 (t, 2H, 3J(7-H, 8-H)� 2 Hz,
7-H, 10-H), 4.72 (s, 2 H, 5-H, 12-H), 6.02 (m, 2 H, 2-H, 3-H), 6.75 (m, 2H,
8-H, 9-H), 7.14 (s, 2H, 6-H, 11-H); 13C NMR (75 MHz, CDCl3): d� 45.31
(d, C-1, C-4), 46.33 (d, C-4a, C-12a), 50.14 (d, C-7, C-10), 52.82 (t, C-13),
70.45 (t, C-14), 71.25 (d, C-5, C-12), 120.91 (d, C-6, C-11), 133.86 (d, C-2,
C-3), 137.28 (s, C-5a, C-11a), 142.88 (d, C-8, C-9), 152.00 (s, C-6a, C-10a);
C20H20O2 (292.37): calcd C 82.16, H 6.89; found C 82.24, H 6.85.


1,4,7,10-Tetrahydro-1,4:7,10-dimethanonaphthacene (5): p-Toluenesulfo-
nylchloride (5.5 g, 29 mmol) was added to a stirred solution of 4 (0.75 g,
2.6 mmol) in anhydrous pyridine (10 mL). After addition of anhydrous
triethylamine (5 mL), the mixture was stirred for 20 h at room temperature.
The reaction mixture was filtered and the filtrate, after being concentrated
in vacuo to half of its volume, was eluted with hexane through a silica gel
column. Recrystallization of the product fraction evaporated in vacuo from
ethanol yielded 5 as colorless crystals (330 mg, 50%). M.p. 172 8C; MS
(70 eV) m/z (%): 256 (100) [M�]; IR (KBr):� 3061 cmÿ1 (CH), 2983 (CH);
1H NMR (300 MHz, CDCl3): d� 2.21 (d, 2H, 2J(13-Hi, 13-Ha)� 2J(14-Hi,
14-Ha)� 6 Hz, 13-Hi, 14-Hi), 2.33 (dm, 2 H, 13-Ha, 14-Ha), 3.92 (m, 4H, 1-H,
4-H, 7-H, 10-H), 6.69 (m, 4H, 2-H, 3-H, 8-H, 9-H), 7.44 (s, 4 H, 5-H, 6-H, 11-
H, 12-H); 13C NMR (75 MHz, CDCl3): d� 49.61 (d, C-1, C-4, C-7, C-10),
67.06 (t, C-13, C-14), 119.53 (d, C-5, C-6, C-11, C-12), 129.88 (s, C-5a,
C-11a), 142.17 (d, C-2, C-3, C-8, C-9), 148.06 (s, C-4a, C-6a, C-10a, C-12a);
C20H16 (256.34): calcd C 93.71, H 6.29; found C 93.90, H 6.42.


2,2a,3,4,9,10,10a,11,14,14a,15,16,21,22,22a,23-Hexadecahydro-2,11:4,9:
14,23:16,21-tetramethanodecacene (7): A solution of diene 6 (315 mg,
1.87 mmol), bisdienophile 5 (120 mg, 0.47 mmol), and anhydrous triethyl-
amine (0.1 mL) in anhydrous toluene (10 mL) was heated to 160 8C for 5 d
in a sealed ampoule. The reaction mixture was concentrated in vacuo. The
crude product was purified by column chromatography (silica gel, n-
hexane/ethyl acetate 40:1) leading to 7 as colorless solid (195 mg, 70%).
M.p. 225 ± 230 8C (decomp); MS (70 eV) m/z (%): 576 (100) [M�]; HR-MS
(70 eV), calcd (C46H40) 592.3130; found 592.3133; IR (KBr):� 3080 cmÿ1


(CH), 2958 (CH); 1H NMR (300 MHz, CDCl3): d� 1.56 (m, 4H, 6a-H, 10a-
H, 18a-H, 22a-H), 1.69 (d, 2 H, 2J(26-Ha, 26-Hi)� 2J(27-Ha, 27-Hi)� 6 Hz,
26-Ha, 27-Ha), 2.09 (d, 2H, 26-Hi, 27-Hi), 2.20 (dm, 2 H, 2J(25-Ha, 25-Hi)�
8 Hz, 25-Ha, 28-Ha), 2.28 (dm, 2H, 25-Hi, 28-Hi), 2.42 (m, 8H, 6-H, 11-H,
18-H, 23-H), 3.05 (s, 4 H, 7-H, 22-H, 10-H, 19-H), 3.60 (s, 4 H, 5-H, 12-H, 17-
H, 24-H), 6.81 (m, 4H, 2-H, 3-H, 14-H, 15-H), 7.11 (m, 4H, 1-H, 4-H, 13-H,
16-H), 7.35 (s, 4H, 8-H, 9-H, 20-H, 21-H); 13C NMR (75 MHz, CDCl3): d�
29.63 (t, C-6, C-11, C-18, C-23), 40.85 (d, C-6a, C-10a, C-18a, C-22a), 44.07
(t, C-26, C-27), 52.34 (d, C-7, C-10, C-19, C-22), 53.52 (d, C-5, C-12, C-17,
C-24), 66.39 (t, C-25, C-28), 117.87 (d, C-8, C-9, C-20, C-21), 120.55 (d, C-1,
C-4, C-13, C-16), 123.86 (d, C-2, C-3, C-14, C-15), 131.39 (s, C-8a, C-20a),
146.66 (s, C-5a, C-11a, C-17a, C-23a), 147.47 (s, C-7a, C-9a, C-19a, C-21a),
151.98 (s, C-4a, C-12a, C-16a, C-24a).


2,4,9,11,14,16,21,23-Octahydro-2,11:4,9:14,23:16,21-tetramethanodecacene
(1): DDQ (428 mg, 1.89 mmol) was added to a solution of 7 (140 mg,
0.24 mmol) in toluene (20 mL). The intensively stirred mixture was
immediately placed in an oil bath preheated to 120 8C and kept at 120 8C
for two hours. The reaction mixture was allowed to cool down to room
temperature. The excess of DDQ was converted to DDQH2 by reaction
with added 1,4-cyclohexadiene (0.3 mL). After filtration, the filtrate was
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concentrated in vacuo. Purification of the crude product by column
chromatography (silica gel, hexane/ethyl acetate 30:1) yielded 1 as a
colorless solid (86 mg, 43%). M.p.>300 8C; MS (70 eV) m/z (%): 584 (100)
[M�]; IR (KBr):� 3095 cmÿ1 (CH), 3046 (CH), 2962 (CH); UV/Vis
(CHCl3): lmax (lg e)� 256 (4.68), 289 (4.38), 319 (3.65), 334 (3.74);
1H NMR (300 MHz, CDCl3): d� 2.45 (m, 4 H, 25-Hi, 25-Ha, 28-Hi, 28-
Ha), 2.47 (dm, 2 H, 2J(26-Ha, 26-Hi)� 2J(27-Ha, 27-Hi)� 8 Hz, 26-Ha, 27-
Ha), 2.52 (dm, 2H, 26-Hi, 27-Hi), 4.06 (s, 4H, 5-H, 12-H, 17-H, 24-H), 4.16
(s, 4 H, 7-H, 10-H, 19-H, 22-H), 6.76 (m, 4H, 2-H, 3-H, 14-H, 15-H), 7.05 (m,
4H, 1-H, 4-H, 13-H, 16-H), 7.07 (s, 4 H, 6-H, 11-H, 18-H, 23-H), 7.29 (s, 4H,
8-H, 9-H, 20-H, 21-H); 13C NMR (75 MHz, CDCl3): d� 50.49 (d, C-7, C-10,
C-19, C-22), 51.02 (d, C-5, C-12, C-17, C-24), 64.83 (t, C-26, C-27), 67.63 (t,
C-25, C-28), 116.15 (d, C-6, C-11, C-18, C-23), 119.40 (d, C-8, C-9, C-20,
C-21), 121.53 (d, C-1, C-4, C-13, C-16), 124.14 (d, C-2, C-3, C-14, C-15),
130.21 (s, C-8a, C-20a), 146.96 (s, C-6a, C-10a, C-18a, C-22a), 147.12 (s,
C-5a, C-11a, C-17a, C-23a), 147.58 (s, C-7a, C-9a, C-19a, C-21a), 150.58 (s,
C-4a, C-12a, C-16a, C-24a); C46H32 (584.76): calcd C 94.48, H 5.52; found C
94.35, H 5.55.


8,19-Diacetoxy-5,6,6a,7,9,9a,10,11,16,17,17a,18,20,20a,21,22-hexadecahy-
dro-5,22:7,20:9,18:11,16-tetramethanononacene (9): A solution of diene 6
(2.0 g, 12 mmol), bisdienophile 8[6] (1.0 g, 3 mmol), and anhydrous triethyl-
amine (0.3 mL) in a 2:1 mixture of anhydrous toluene and acetonitrile
(30 mL) was heated to 160 8C for 5 d in a sealed ampoule. Upon
concentration of the reaction mixture in vacuo to a volume of about
5 mL, the product precipitated. It was then filtered off, washed thoroughly
with cyclohexane, and dried in vacuo. The colorless product 9 (1.45 g, 71%)
was used without further purification. M.p. 260 ± 265 8C; MS (70 eV) m/z
(%): 658 (55) [M�], 490 (50) [M�ÿC13H12]; HR-MS (70 eV), calcd
(C46H42O4) 658.3083; found 658.3082; IR (KBr):� 3062 cmÿ1 (CH), 2965
(CH), 2932 (CH), 1762 (C�O), 1185 (CÿO); 1H NMR (300 MHz, CDCl3):
d� 1.65 (m, 4 H, 24-H, 25-H), 1.9 ± 2.35 (m, 16 H, 6-H, 6a-H, 9a-H, 10-H,
12a-H, 17-H, 20a-H, 21-H, 26-H), 2.28 (s, 6H, COCH3), 2.83 (s, 4H, 7-H,
9-H, 18-H, 20-H), 3.53 (s, 4H, 5-H, 11-H, 16-H, 22-H), 6.81 (m, 4H, 2-H,
3-H, 13-H, 14-H), 7.08 (m, 4 H, 1-H, 4-H, 12-H, 15-H); 13C NMR (75 MHz,
CDCl3): d� 20.75 (q, CH3), 29.53 (t, C-6, C-10, C-17, C-21), 38.72 (d, C-6a,
C-9a, C-17a, C-20a), 45.60 (t, C-24, C-25), 53.40 (d, C-5, C-11, C-16, C-22),
67.12 (t, C-23, C-26), 120.59 (d, C-1, C-4, C-12, C-15), 123.87 (d, C-2, C-3,
C-13, C-14), 135.00 (s, C-7a, C-8a, C-18a, C-19a), 139.10 (s, C-8, C-19),
146.96 (s, C-5a, C-10a, C-16a, C-21a), 151.90 (s, C-4a, C-11a, C-15a, C-22a),
168.95 (s, C�O).


8,19-Diacetoxy-5,7,9,11,16,18,20,22-octahydro-5,22:7,20:9,18:11,16-tetra-
methanononacene (10 a): DDQ (1.0 g, 4.4 mmol) was added to a solution of
9 (400 mg, 0.60 mmol) in toluene (15 mL). The intensively stirred mixture
was placed immediately into an oil bath preheated to 120 8C and kept at
120 8C for two hours. The reaction mixture was allowed to cool down to
room temperature. The excess DDQ was converted to DDQH2 by reaction
with added 1,4-cyclohexadiene (0.3 mL). After filtration, the filtrate was
concentrated in vacuo. Purification of the crude product by column
chromatography (silica gel, cyclohexane/ethyl acetate 3:1) yielded 10a as a
colorless solid (320 mg, 83 %). M.p. >300 8C; MS (70 eV) m/z (%): 650
(100) [M�], 607 (19) [M�ÿCOCH3], 565 (14) [M�ÿ 2COCH3]; HR-MS
(70 eV), calcd (C46H34O4) 650.2457; found 650.2457; IR (KBr):� 3060 cmÿ1


(CH), 2975 (CH), 2938 (CH), 2860 (CH), 1765 (C�O), 1202 (CÿO);
1H NMR (300 MHz, CDCl3): d� 2.32 (d, 2H, 2J(24-Ha, 24-Hi)� 9.2 Hz, 24-
Ha, 25-Ha), 2.34 (s, 6H, COCH3), 2.40 (m, 4 H, 23-H, 26-H), 2.49 (d, 2 H, 24-
Hi, 25-Hi), 3.97 (s, 4 H, 5-H, 11-H, 16-H, 22-H), 4.04 (s, 4 H, 7-H, 9-H, 18-H,
20-H), 6.73 (m, 4 H, 2-H, 3-H, 13-H, 14-H), 7.05 (m, 4 H, 1-H, 4-H, 12-H, 15-
H), 7.12 (s, 4 H, 6-H, 10-H, 17-H, 21-H); 13C NMR (75 MHz, CDCl3): d�
20.85 (q, CH3), 48.73 (d, C-7, C-9, C-18, C-20), 52.00 (d, C-5, C-11, C-16,
C-22), 68.90 (t, C-24, C-25), 70.15 (t, C-23, C-26), 116.55 (d, C-6, C-10, C-17,
C-21), 121.46 (d, C-1, C-4, C-12, C-15), 124.66 (d, C-2, C-3, C-13, C-14),
137.05 (s, C-8, C-19), 141.27 (s, C-7a, C-8a, C-18a, C-19a), 146.22 (s, C-6a,
C-9a, C-17a, C-20a), 147.60 (s, C-5a, C-10a, C-16a, C-21a), 150.20 (s, C-4a,
C-11a, C-15a, C-22a), 161.80 (s, C�O).


8,19-Dihydroxy-5,7,9,11,16,18,20,22-octahydro-5,22:7,20:9,18:11,16-tetra-
methanononacene (10 b): A suspension of the diacetate 10a (210 mg,
0.32 mmol) in tetrahydrofuran (15 mL) was slowly added to a suspension of
lithium aluminum hydride (100 mg, 2.64 mmol) kept at 0 8C. After warming
to room temperature, the reaction mixture was heated under reflux for 5 h,
then quenched under argon at 0 8C with a saturated aqueous solution of
ammonium chloride (15 mL) and acidified with 1m aqueous HCl. This


mixture was extracted three times with chloroform. The combined organic
layers were washed successively with water and brine, dried over sodium
sulfate, and concentrated in vacuo. Recrystallization from ethanol yielded
10b as a colorless crystalline solid (180 mg, 98 %). M.p. 280 8C (decomp);
MS (70 eV) m/z (%): 566 (100) [M�]; HR-MS (70 eV): calcd (C42H30O2)
566.2245; found 566.2247; IR (KBr):� 3390 cmÿ1 (OH), 2970 (CH), 2932
(CH), 1456 (C�C); 1H NMR (300 MHz, [D6]acetone): d� 2.18 (dm, 2H,
2J(24-Hi, 24-Ha)� 2J(25-Hi, 25-Ha)� 7.8 Hz, 24-Ha, 25-Ha), 2.23 (d, 2 H, 24-
Ha, 25-Ha), 2.30 (m, 4 H, 23-H, 26-H), 4.05 (s, 4H, 5-H, 11-H, 16-H, 22-H),
4.22 (s, 4H, 7-H, 9-H, 18-H, 20-H), 6.80 (m, 4H, 2-H, 3-H, 13-H, 14-H), 7.03
(s, 4 H, 6-H, 10-H, 17-H, 21-H), 7.05 (m, 4 H, 1-H, 4-H, 12-H, 15-H);
13C NMR (75 MHz, [D6]acetone): d� 47.40 (d, C-7, C-9, C-18, C-20), 51.10
(d, C-5, C-11, C-16, C-22), 68.10 (t, C-23, C-24, C-25, C-26), 116.22 (d, C-6,
C-10, C-17, C-21), 121.42 (d, C-1, C-2, C-12, C-15), 124.78 (d, C-2, C-3, C-13,
C-14), 136.41 (s, C-7a, C-8a, C-18a, C-19a), 147.23 (s, C-6a, C-9a, C-17a,
C-20a), 148.14 (s, C-5a, C-10a, C-16a, C-21a, C-8, C-19), 150.90 (s, C-4a,
C-11a, C-15a, C-22a).


8,19-Bis-trifluoromethansulfonoxy-5,7,9,11,16,18,20,22-octahydro-5,22:
7,20:9,18:11,16-tetramethanononacene (10 c): Trifluoromethanesulfonic
anhydride (690 mg, 2.44 mmol) was slowly added to a solution of 10b
(275 mg, 0.49 mmol) in pyridine (30 mL) kept at 0 8C. After being stirred
for 24 h at room temperature, the reaction mixture was poured into water
(100 mL) and extracted three times with diethyl ether. The combined
organic layers were washed thoroughly with 1.5m aqueous HCl and dried
over sodium sulfate. After concentration in vacuo, the yellow residue was
purified by column chromatography (silica gel, chloroform) to yield 10c as
a colorless solid (400 mg, 98 %). M.p. >300 8C; MS (70 eV) m/z (%): 830
(100) [M�], 564 (55) [M�ÿ 2CF3SO2]; IR (KBr):� 3050 cmÿ1 (CH), 2970
(CH), 2936 (CH), 2863 (CH), 1425 (C�C); 1H NMR (300 MHz, CDCl3):
d� 2.42 (m, 4 H, 23-H, 26-H), 2.44 (d, 2H, 2J(24-Hi, 24-Ha)� 2J(25-Hi, 25-
Ha)� 7.2 Hz, 24-Hi, 25-Hi), 2.58 (d, 2H, 24-Ha, 25-Ha), 4.09 (s, 4H, 5-H, 11-
H, 16-H, 22-H), 4.35 (s, 4H, 7-H, 9-H, 18-H, 20-H), 6.78 (m, 4H, 3J(1-H,
2-H)� 3.0 Hz, 2-H, 3-H, 13-H, 14-H), 7.10 (m, 4H, 1-H, 4-H, 12-H, 15-H),
7.20 (s, 4 H, 6-H, 10-H, 17-H, 21-H); 13C NMR (75 MHz, CDCl3): d� 49.46
(d, C-7, C-9, C-18, C-20), 51.24 (d, C-5, C-11, C-16, C-22), 69.05 (t, C-23,
C-26), 70.75 (t, C-24, C-25), 117.14 (d, C-6, C-10, C-17, C-21), 118.62 (q,
C-F3, 1J (C-F)� 318 Hz), 121.55 (d, C-1, C-4, C-12, C-15), 124.79 (d, C-2,
C-3, C-13, C-14), 136.66 (s, C-8, C-19), 144.13 (s, C-7a, C-8a, C-18a, C-19a),
144.74 (s, C-6a, C-9a, C-17a, C-20a), 148.47 (s, C-5a, C-10a, C-16a, C-21a),
150.03 (s, C-4a, C-11a, C-15a, C-22a); C44H28F6O6S2 (830.81): calcd C 63.61,
H 3.40; found C 63.44, H 3.43.


5,7,9,11,16,18,20,22-octahydro-5,22:7,20:9,18:11,16-tetramethanononacene
(2): A suspension of 10 c (350 mg, 0.42 mmol), 1,3-bis(diphenylphosphi-
no)propane (66 mg, 0.16 mmol), bis(triphenylphosphino)palladium(ii)
chloride (39 mg, 0.06 mmol), and formic acid (0.4 mL) in dimethyl
formamide (5 mL) and tri-n-butylamine (1 mL) was stirred under argon
at 100 8C for 72 h. After addition of 1.5m HCl (30 mL), the mixture was
extracted three times with methyl tert-butyl ether, the combined organic
layers were washed three times with 1.5m aqueous HCl and dried over
sodium sulfate, and the solvent was evaporated in vacuo. Purification of the
yellow residue by column chromatography (silica gel, chloroform/n-hexane
1:1) yielded 2 as colorless crystals (190 mg, 82 %). M.p. >300 8C; MS
(70 eV) m/z (%): 534 (100) [M�]; IR (KBr):� 3072 cmÿ1 (CH), 2971 (CH),
2933 (CH), 2858 (CH), 1448 (C�C); 1H NMR (300 MHz, CDCl3): d� 2.39
(m, 8H, 23-H, 24-H, 25-H, 26-H), 3.95 (s, 4 H, 5-H, 11-H, 16-H, 22-H), 4.03
(s, 4H, 7-H, 9-H, 18-H, 20-H), 6.71 (m, 4 H, 2-H, 3-H, 13-H, 14-H), 7.03 (m,
4H, 1-H, 4-H, 12-H, 15-H), 7.08 (s, 2 H, 8-H, 19-H), 7.09 (s, 4 H, 6-H, 10-H,
17-H, 21-H); 13C NMR (75 MHz, CDCl3): d� 51.20 (t), 51.33 (t), 68.81 (d),
70.79 (d), 116.00 (d), 116.07 (d), 121.38 (d), 124.53 (d), 147.20 (s), 147.38 (s),
147.52 (s), 150.36 (s); C42H30 ´ CHCl3 (654.08): calcd C 78.96, H 4.78; found
C 79.11, H 4.95.


Determination of Ka by 1H NMR titration : In the titration experiments, the
total substrate concentration [S]o was kept constant whereas the total
receptor concentration [R]o was varied. This was achieved by dissolving a
defined amount of the receptor R in 0.5 mL of a solution containing the
substrate concentration [S]0. Dd was determined from the chemical shift of
the pure substrate and the chemical shift of the substrate measured in the
1H NMR spectrum (200 MHz, 21 8C) of this mixture. Successive addition of
further solution containing [S]0 led to a dilution of the concentration [R]0 in
the mixture while [S]0 is kept constant. Measurement of the chemical shift
of the substrate dependent on the concentration [R]0 afforded the data
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pairs Dd and [R]0. Fitting of the data to the (1:1) binding isotherm by
iterative methods[10] delivered the parameters Ka and Ddmax.


Determination of Ka using the solid ± liquid-extraction method : In all
solid ± liquid extraction experiments, the concentration of free substrate [S]
was considered to remain constant and be equal to the maximum
concentration of the substrate, [S]max , soluble in the applied solvent (here,
chloroform). By subtracting this value from the observed concentration of
the substrate in the solution of the complex, [S]o, the concentration of
complexed substrate, [S]compl� [S]obsÿ [S]max, was obtained. In the case of
exclusive formation of a 1:1 complex, [S]compl is equal to the concentration
of complex, [RS], and the concentration of complexed receptor. The
concentration of free receptor was obtained by subtracting this value from
the total concentration of the receptor [R]o.


For the determination of the maximum solubility of substrate 19 in
chloroform, [S]max , a suspension of solid 19 in chloroform was exposed to
ultrasound for 10 min. After centrifugation for 10 min, the solvent of 3 mL
of the decanted solution was evaporated in vacuo. The residue was
dissolved in 10 mL water and a UV-VIS spectrum was recorded. The
amount of 19 in this sample was determined by recording a calibration
curve by the use of UV-VIS spectra for four aqueous solutions of 19 in the
concentration range from 10ÿ5 to 10ÿ4mÿ1. From the linear plot of the
absorption at l� 275 nm against the concentration of 19 in the calibration
curve, the maximum solubility of the 19 in chloroform, [S]max, was
determined to be 3.073� 10ÿ4mÿ1. The concentration of substrate 19 in
solution with 1 or 2, [S]obs, was obtained by exposing a suspension of solid 19
in CDCl3 containing 1 or 2 in the concentration [R]0 to ultrasonication.
After centrifugation, the 1H NMR spectrum of the decanted solution
delivered the ratio between [R]0 as receptors and [S]obs. Ka was obtained by
means of Equation (1).


Ka�
�RS�
�R� �S� �


��S�obs ÿ �S�max�
��R�0 ÿ �S�obs � �S�max��S�max


(1)


Determination of DH and DS by variable-temperature (VT) single-point
analyses : When the maximum chemically induced shift Ddmax is known, Ka


can easily be calculated from the observed Dd in a single mixture of
receptor R and substrate S using Equation (2).


Ka� ([R]0ÿP [S]0)ÿ1
P


1ÿ P
; P� Dd


Ddmax


(2)


With the assumption that the value of Ddmax determined by 1H NMR
titration at 21 8C was not significantly temperature-dependent, this single-
point analysis allowed easy determination of Ka values at variable
temperatures. The DH and DS values were determined with the van�t
Hoff equation [Eq. (3)] from the linear plot of (ln Ka) vs. 1/T.


lnKa�ÿ
DH


RT
�DS


R
(3)


In the case of the VT single-point analyses of complex 11@2 in CDCl3, we
observed a significant curvature of the van�t Hoff plot (R2� 0.9723 for
linear regression). We believe that the reason for this curvature is the
temperature dependence of DH, that is, a significant difference in the heat
capacities Cp of free receptor and substrate on the one hand and their 1:1
complex on the other. If DCp is not negligibly small, determination of DH
and DS requires a nonlinear regression analysis following Equation (4),[11]


R ln Ka�ÿ
�


DH0


T


�
�DCp ln T� (DS0ÿDCp) (4)


where DH�DH0�T DCp; DS�DS0�DCp ln T. For complex 11@2 in
CDCl3 (van�t Hoff plot shown in Figure 4 11@2) we determined the Ka


values listed in Table 2. By fitting the (ln Ka) vs. 1/T
data to Equation (4), we calculated DH0� 3.118 kcal molÿ1, DS0�
93.26 calmolÿ1 Kÿ1, and DCp�ÿ17 calmolÿ1 Kÿ1.


Figure 4. Van�t Hoff plot for the complexation of 1,4-dicyanobenzene (11)
by 2, in CDCl3. Iterative fitting affords DCp�ÿ17 calmolÿ1 Kÿ1.


Crystal structure determination : Measurements were recorded with a
Siemens SMART-CCD diffractometer with MoKa radiation; absorption
correction was carried out with the Siemens SADABS program. The
structure was solved by direct methods (SHELXS). Hydrogen atoms were
calculated and refined as riding groups with the 1.2-fold isotropic U value of
the corresponding carbon atom.


Crystal data of 11@1: C46H32 ´ C6H4(CN)2, Mr� 688.88, T� 298 K, cell
dimensions: a� 7.6346(2), b� 10.8366(4), c� 24.1494(9) �, b� 93.195(2)8,
V� 1994.85(12) �3; monoclinic crystal system, Z� 2, 1calcd� 1.187 gcmÿ3,
m� 0.068 mmÿ1, space group: P 2/n, data collection of 8255 intensities, 3399
independent (Rmerg� 0.0303, 1.698�V� 25.628), 1859 observed [Fo�
4s(F)], correction of absorption: Rmerg before/after: 0.0270/0.0226, max/
min transmission: 1.00/0.55, structure refinement on F 2 (SHELXTL 5.03)
(253 parameters), R 1� 0.0535, wR 2 (all data)� 0.1465, wÿ1�s2(F2


o)�
(0.080 P)2, P� [max(F 2


o )� (2F 2
c )]/3, maximum residual electron density:


0.223 e �ÿ3.


Crystal data of 14@1: C46H32 ´ C6H2(CN)4 ´ CH2Cl2, Mr� 823.81, T� 298 K,
crystal dimensions: 0.32� 0.24� 0.15 mm3, cell dimensions: a� 10.7215(2),
b� 27.6104(2), c� 15.9754(3) �, b� 94.727(1)8, V� 4715.2(2) �3, mono-
clinic crystal system, Z� 4, 1calcd� 1.215 Mgmÿ3, m� 0.18 mmÿ1, space
group: P 21/n, data collection of 52751 intensities, 4399 independent
(Rmerg� 0.0066, 1.58�V� 20.08), 3494 observed [Fo� 4s(F)], correction
of absorption: Rmerg before/after: 0.0928/0.040, max/min transmission 1.00/
0.61, structure refinement on F 2 (SHELXTL 5.03) (613 parameters).
Because of the total disorder of the solvent molecule, the structure could
not be refined satisfactorily and the value for R 1 remained greater than
12%. Therefore, no further data was given. Nevertheless, the receptor 1
with the substrate 14 could be located and the sketches in the manuscript
are based upon this model.


Crystal data of 17@1: C46H32 ´ C8H4(CN)4, Mr� 788.95, T� 178 K, crystal
dimensions: 0.22� 0.15� 0.11 mm3, cell dimensions: a� 17.4523(3), b�
9.35240(10), c� 27.7794(4) �, b� 107.0250(10)8, V� 4335.48(11) �3, mon-
oclinic crystal system, Z� 4, 1calcd� 1.209 gcmÿ3, m� 0.071 mmÿ1, space
group: P21/c, data collection of 24421 intensities, 5472 independent
(Rmerg� 0.0447, 2.318�V� 22.58), 3977 observed [Fo� 4s(F)], correction
of absorption: Rmerg before/after: 0.0411/0.0373, max/min transmission 1.00/
0.68, structure refinement on F 2 (SHELXTL 5.03) (559 parameters), R1�
0.0434, wR 2 (all data)� 0.1159, wÿ1� s2(F 2


o )� (0.0575P)2� (0.582 P), P�
[max(F 2


o )� (2F 2
c )]/3, maximum residual electron density: 0.167 e�ÿ3.


Crystal data of 17@2 : C42H30 ´ C8H4(CN)4 ´ CHCl3, Mr� 858.27, T� 293 K,
crystal dimensions: 0.41� 0.16� 0.08 mm3, cell dimensions: a� 9.8501(2),
b� 17.4528(2), c� 23.52540(10) �, V� 4044.29(10) �3, orthorhombic crys-
tal system, Z� 4, 1calcd� 1.410 gcmÿ3, m� 0.274 mmÿ1, space group:
P212121, data collection of 13300 intensities, 4988 independent (Rmerg�
0.1315, 2.538�V� 22.58), 3511 observed [Fo� 4s(F)], correction of
absorption: Rmerg before/after: 0.0894/0.0812, max/min transmission 1.00/
0.35, structure refinement on F 2 (SHELXTL 5.03) (559 parameters), R1�
0.0711, wR 2 (all data)� 0.1934, wÿ1� s2(F 2


o )� (0.1151P)2, P� [max(F 2
o )�


(2F 2
c )]/3, absolute structure parameter 0.04(14), maximum residual elec-


tron density: 0.638 e �ÿ3.


Further details of the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-


Table 2. Ka values for complex 11@2 in CDCl3.


T [K] 294 278 263 248 233 218
Ka [mÿ1] 10 12 13 15 18 19
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hafen (Germany) (fax: (� 49) 7247-808-606; e-mail : crysdata@fiz.karls-
ruhe.de) on quoting the depository numbers CSD 408 724 (17@1), 408 726
(11@1), 408 725 (17@2).
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Bonding Characteristics Mediated by Saddle-Shaped Porphyrin Deformation:
A Theoretical Approach to the Control of Spin State of Iron(iii) Porphyrins


Ru-Jen Cheng* and Ping-Yu Chen[a]


Abstract: Five-coordinate iron(iii) por-
phyrin complexes can exist in high-spin
(S� 5/2), intermediate-spin (S� 3/2),
and admixed intermediate-spin (S�
5/2, 3/2) states. It has been found that
weak-field axial ligands, a small core size
of porphyrin macrocycle, and saddle-
shaped deformation of porphyrin mac-
rocycle induces the contribution of in-
termediate spin to the ground state.
While the experimental ground state
depends on the nature of axial ligands
and porphyrin macrocycles, EHT and
INDO calculations on a series of five-
coordinate iron(iii) porphyrin complexes
in this study suggest a clear crystal-field


explanation of the factors that can con-
tribute to the stability of the intermedi-
ate-spin state. Based on our calculations,
all these factors can increase the energy
separation between the dx2ÿy2 and dz2


orbitals and between the dx2ÿy2 and dxy


orbitals and contribute to the relative
stability of intermediate-spin state. Sad-
dle-shaped deformation of porphyrin
decreases the symmetry (C4v!C2v) of
the coordination sphere and increases


the probabilities of bonding interactions
between metal and macrocycle. It is the
number of bonding interactions of sad-
dle-shaped metalloporphyrins that ele-
vates the energy of dx2ÿy2 orbital. On the
other hand, for the same symmetry
rationalization, dx2ÿy2 and dz2 orbitals
are extensively hybridized and induce
large electronic structure asymmetry to
the saddle-shaped iron(iii) porphyrin
complexes. A novel concept of symme-
try switch to control the spin transfer
pathway that may be critical to the
biological activities in nature is pro-
posed.


Keywords: iron ´ porphyrinoids ´
semiempirical calculations ´ spin
states ´ symmetry switch


Introduction


Hemoproteins serve many diverse biological functions
through the nearly identical heme prosthetic group as a
consequence of the subtle coordination and redox chemistry
apparent for iron porphyrins. A variety of oxidation (�2, �3,
and �4) and spin (high, intermediate, and low) states of iron
porphyrins, which are critical intermediates in the catalytic
cycles of biological systems, have been extensively charac-
terized by chemical model systems.[1] The chemical variation
of model heme complexes represents a very successful
method for the elucidation of structure ± property ± activity
inter-relationships. A knowledge of these interrelationships
may help to sort out the essential parameters that govern the
specific action of the hemoproteins in biological processes. A
major objective in synthetic and structural studies of iron
porphyrin complexes has been to achieve an understanding of
the control of the spin state of iron. A number of mechanisms
by which the spin states of hemoproteins might be fine tuned


have been suggested. A primary determinant of the spin state
is the nature and number of the axial ligands. The nature of
the porphyrin ligand can also play an important role.


Five-coordinate iron(iii) porphyrin complexes can exist as
high-spin (S� 5/2), intermediate-spin (S� 3/2), and admixed
intermediate-spin (S� 5/2, 3/2) states. An argument which
arises from crystal field theory for a tetragonal system
suggests that the choice between an S� 5/2 and S� 3/2 spin
state is directly governed by the energy separation between
dx2ÿy2 and the nearly degenerate dxy, dxz, and dyz orbitals. This
implies that no relatively stable quartet state should be found
without changing the basic iron ± porphyrin coordination (that
is, increasing the s-donor or p-acceptor ability of porphyrin
macrocycle). However, most of the intermediate-spin iron(iii)
porphyrin systems reported up to now were controlled by the
axial ligand field strength (for example, ClO4


ÿ, CF3SO3
ÿ, and


C(CN)3
ÿ and so on).[2±7] The concept of magnetochemical


series has been developed by Reed et al. to rank the relative
field strengths of ligands based on the characteristics of
admixed spin states.[8] Perturbation of the ligand field in the
axial direction (z) may only affect the the splitting of d
orbitals in the equatorial (x, y) plane indirectly.


Systematic studies of the coordination chemistry of non-
planar porphyrins from our laboratory have demonstrated
that saddle-shaped ring deformations of the porphyrin macro-
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cycles should be a natural way to stabilize the intermediate-
spin state of iron(iii) porphyrins.[9] While both [Fe(OEP)Cl]
and [Fe(TPP)Cl] are typical high-spin complexes, just by
twisting the conformation of the macrocycle without changing
the axial ligand, [Fe(OETPP)Cl] and [Fe(OMTPP)Cl] show
properties with mixed intermediate-spin state.[10] Nearly pure
intermediate-spin (S� 3/2) iron(iii) complexes have been
reported for phthalocyanines[11, 12] and tetraazaporphyrin.[13]


It is widely accepted that it is the smaller hole of the
macrocycle that makes the systems unusual.


Quantum mechanically mixed intermediate-spin states
(S� 5/2, 3/2) have been proposed for certain cytochromes c'
and also for horseradish peroxidase.[14] However, the struc-
tural rationale that may contribute to this unusual spin state in
related biological systems remains unidentified. It is our goal
in this research to explore all possible mechanisms derived
from previous model studies with appropriate theoretical
rationale. Five-coordinate heme complexes with admixed
intermediate-spin nature that are representative of i) weak
field axial ligand (i.e., [Fe(TPP)ClO4] vs. [Fe(TPP)Cl] and
[Fe(OEP)ClO4] vs. [Fe(OEP)Cl]), ii) small core size
of porphyrin macrocycle (i.e., [Fe(OETAP)Cl] vs.
[Fe(OEP)Cl]), and iii) saddle-shaped deformation of por-
phyrin macrocycle (i.e. , [Fe(OETPP)Cl] and [Fe(OMTPP)Cl]
vs. [Fe(TPP)Cl] and [Fe(OEP)Cl]) for which crystal geo-
metries are available will be analyzed by semiempirical
molecular orbital calculations in our study. Calculations of
the relative energies of high- and intermediate-spin states
should provide important information about the relationship
between structure and spin, and the factors that stabilize a
particular spin state.


The use of INDO-ROHF calculations has been remarkably
successful in predicting the spin-state ordering of the low-
lying multiplets of numerous iron(iii) porphyrins whenever
the ligand types and geometries are known.[15] Due to electron


correlation and orbital relaxation problems involved in INDO
type calculations, Koopmans� approximation may not be used
to estimate relative energies of molecular orbitals between
closed shell and open shell, and generally will not offer a clear
explanation with respect to crystal-field theory of the factors
that can contribute to the stability of the intermediate-spin
state. However, comparison within half-filled d orbitals
obtained from high-spin systems should be imformative.
Extended Hückel theory (EHT) calculations generally yield
orbitals of correct symmetry, and orbital energies roughly
corresponding to molecular ionization potentials. EHT is the
only semiempirical model that yields metal d orbitals as
frontier molecular orbitals in a systematic fashion and
supports crystal field ideas.[16] On the other hand, EHT is
too rough to include electron correlation and therefore is
insensitive to the spin state of the complexes. Relative
energies of d orbitals obtained from these two different
semiempirical models (INDO vs. EHT) will be evaluated to
establish our novel approach.


Computational Methods


Semiempirical calculations were performed to characterize the electronic
structure and relative energies of the sextet and quartet states of the model
heme complexes. In these studies, an INDO-based restricted open-shell
Hartree-Fock formalism (INDO-ROHF) from the Cerius2/ZINDO pro-
gram package (Molecular Simulations) that includes parameterization for
transition metals was used.[16, 17] The SCF calculations were then followed
by a single excitation configuration interactions (CI). These CI were
generated by the use of a Rumer diagram technique at level 10; this
included 10 orbitals down the HOMO and 10 orbitals up the LUMO and
consisted of approximately 200 configurations. The electronic configura-
tions of the FeIII center were assigned as d1


xyd1
yzd1


xzdz2
1 dx2ÿy2


1 (S� 5/2) and
d2


xyd1
yzd1


xzdz2
1 (S� 3/2) in the initial SCF cycles; these assignments were based


on arguments from crystal-field theory. The notation corresponds to the
orientation of the porphyrin macrocycle being in the xy plane with the
pyrrole nitrogens placed, as near as possible, on the x and y axes. EHT
calculations were performed with the program CACAO[18] with a weighted-
modified Wolfsberg-Helmholz formula.[19] The literature Slater atomic
orbital parameters were used for iron,[20] and the standard ones for the
main-group elements. Molecular geometries were transferred from the
crystal structures available through Cambridge Structural Database (CSD)
with appropriate symmetrizations. All the peripheral substituents on the
porphyrin ring were replaced by hydrogens with CÿH bond lengths of
1.08 �. The molecular orbitals and states were labeled with the D4h


symmetry labels appropriate for planar four-coordinate metalloporphyrin,
as is becoming conventional in porphyrin chemistry. The crystal structure of
[Fe(OEP)Cl] is missing from the literature. A single crystal of [Fe(OEP)Cl]
suitable for X-ray analysis was obtained by us and detailed structural data
will be reported elsewhere.


Results and Discussion


Ground-state electronic structure : Table 1 shows the calcu-
lated energy differences in kcal molÿ1 between the S� 5/2 and
3/2 spin states, with the energy of the corresponding S� 5/2
state used as a reference for the symmetrized crystal geo-
metries of all model ferric heme complexes studied. Increas-
ing the symmetry (from C1) of the crystal geometries always
lowered the energy of the system. Therefore the reasonably
highest symmetry is imposed on each porphyrin skeleton as
indicated in the table. Corresponding structural and electro-
magnetic properties[2, 6, 9, 13, 21±23] including FeÿNp bond lengths,
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effective magnetic moments, ESR g values, and the estimated
percentages of composite spin state are also given in Table 1.


Similar to previous results obtained by Axe and co-workers,
the data in Table 1 show that the sextet state is indeed the
ground state in the typical high-spin complexes [Fe(TPP)Cl]
and [Fe(OEP)Cl], and it is definitively more stable than the
quartet state by �12 kcal molÿ1. These results are consistent
with all the structural and electromagnetic properties for
these compounds, indicating a nearly pure high-spin ground
state. For the formally intermediate-spin complex [Fe(OE-
TAP)Cl], the quartet state is more stable than the sextet state
by 9.5 kcal molÿ1. On the other hand, the calculated quartet
states of [Fe(TPP)ClO4] and [Fe(OEP)ClO4] are only
�4 kcal molÿ1 more stable than their respective sextet states,
and correspond to a dominant quartet ground state with
significant quantum mixing from a sextet state. By contrast,
the calculated sextet states of [Fe(OETPP)Cl] and
[Fe(OMTPP)Cl] are only 1.9 and 3.5 kcal molÿ1 more stable
than their respective quartet states, and correspond to a
dominant sextet ground state with significant quantum mixing
from a quartet state. Consistent with all the experimental
data, relative stability of intermediate-spin state increases
systematically from [Fe(TPP)Cl] toward [Fe(OETAP)Cl].
Figure 1 shows a nice linear correlation between DE(3/2ÿ
5/2) and FeÿNp bond lengths. The FeÿNp bond length is a
fairly good indicator of the spin state if we confine the
complexes to five-coordinate iron(iii) porphyrins. These
results again demonstrate the capability of semiempirical
INDO-ROHF calculations to predict the ground state elec-
tronic structure of various iron(iii) porphyrins including
saddle-shaped porphyrins.


Crystal-field d-orbital splitting : Energies of the five d orbitals
in the high-spin state obtained from INDO calculations for all
iron(iii) porphyrins studied are shown as correlation energy
level diagrams in Scheme 1. Contributions of the d orbitals in
each molecular orbital are represented as coefficients in front
of the corresponding d orbitals. It is our expectation that in the


d5 high-spin state with all five d orbitals singly occupied, the
relative energies of the d orbitals should offer the pattern of
d-orbital splitting derived from crystal-field theory. To con-
firm the feasibility of this methodology, the corresponding
results from EHT calculations shown in Scheme 2 can be used
for qualitative comparison.


As can be seen from these two schemes, the energy
separations between the dx2ÿy2 and dxy orbitals (DO) are
significantly larger for the complexes with intermediate-spin
contribution. However, it is worth mentioning that the
correlation between DO and FeÿNp bond lengths is better
for the data from EHT calculations than those from INDO
calculations (Figure 2). Similar correlation between the
energy separations of dx2ÿy2 and dz2 orbitals (DT) and FeÿNp


bond lengths has also been recognized. The EHT theory is a
ligand-field-based theory and the superiority of the results
from EHT calculations will be rationalized through different
type of bonding interactions between metal and porphyrin
macrocycle in these two semiempirical models (vide infra).


Figure 1. Energy differences between high- and intermediate-spin states
calculated from INDO [DE(3/2ÿ 5/2)] vs. FeÿNp bond lengths of iron(iii)
porphyrin complexes.


Table 1. Calculated relative energies, structural data, and magnetic properties of iron(iii) porphyrin complexes.


[Fe(TPP)Cl] [Fe(OEP)Cl] [Fe(OMTPP)Cl] [Fe(OETPP)Cl] [Fe(TPP)(ClO4)] [Fe(OEP)(ClO4)] [Fe(OETAP)Cl]


FeÿNp [�][a] 2.070(9) 2.067(2) 2.034(6) 2.031(5) 2.001(5) 1.994(10) 1.929(7)
CtNÿNp [�][b] 2.011 2.013 1.980 1.978 1.981 1.977 1.897
symmetry[c] C4v C4v C2v C2v C1 (C4v)[d] C1 (C4v)[d] C4v


DE(3/2ÿ 5/2)[e] 12.6 11.8 3.5 1.9 ÿ 3.8 ÿ 4.5 ÿ 9.5
DO(INDO)[f] 3.98 4.01 5.09 5.28 5.04 5.10 5.10
DO(EHT)[g] 2.49 2.50 2.65 2.60 3.20 3.23 3.36
DT(INDO)[h] 0.85 0.82 2.67 2.94 2.92 2.91 2.54
DT(EHT)[i] 1.26 1.28 1.41 1.36 2.13 2.24 2.46
meff (mB) 5.9 (300 K) � 5.9 (100 K) 4.7� 5.1 (300 K) 5.1� 5.2 (300 K) 5.2 (300 K) 4.8 (275 K) 3.92 (295 K)
g? 6.0 6.0 5.3 5.2 4.75 4.37 3.98
gk 2.0 2.0 2.0 2.0 2.03 2.00 1.99
spin State h.s. h.s. admixed i.s. admixed i.s. admixed i.s. admixed i.s. i.s.
S� 3/2 0% 0 % 35% 40% 65 % 82% 100 %
S� 5/2 100 % 100 % 65% 60% 35 % 18% 0 %
ref. [21, 22] [23] [9] [9] [2, 22] [6, 22] [13]


[a] Np, porphinato nitrogen; [b] CtN, center of the best plane of the four Np. CtÿNp, core size of porphyrin macrocycle; [c] Symmetry used for MO
calculations; [d] Symmetry without the axial perchlorate; [e] DE(3/2ÿ 5/2), energy difference in kcal molÿ1 between S� 3/2 and 5/2 spin states;
[f] DO(INDO), energy difference in eV between dx2ÿy2 and dxy from INDO/SCF calculations; [g] DO(EHT), energy difference in eV between dx2ÿy2 and dxy


from EHT calculation; [h] DT(INDO), energy difference in eV between dx2ÿy2 and dz2 from INDO/SCF calculations; [i] DT(EHT), energy difference in eV
between dx2ÿy2 and dz2 from EHT calculations.
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Table 2 summarizes the calculated closed-shell and open-
shell electron populations of the iron d orbirals for both high-
spin and intermediate-spin states of each complex. For the


high-spin states, the closed-shell populations represent the
electron-density donation from either the axial ligand or the
porphyrin, and the open-shell populations are related to the


Scheme 1. Correlation energy-level diagram of the five d orbitals in the high-spin state obtained from INDO/SCF calculations for iron(iii) porphyrin
complexes. Coefficients represent the major contributions of d orbitals in the corresponding molecular orbital.


Scheme 2. Correlation energy level diagram of the five d orbitals obtained from EHT calculations for iron(iii) porphyrin complexes. Coefficients represent
the major contributions of d orbitals in the corresponding molecular orbital.
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Figure 2. Energy differences between dx2ÿy2 and dxy orbitals (DO) and
between dx2ÿy2 and dz2 orbitals (DT) from EHT (*) and INDO/SCF (~)
calculations vs. FeÿNp bond lengths of iron(iii) porphyrin complexes.


unpaired spin density left over from bonding interactions.
Generally, increasing closed-shell populations and decreasing
open-shell populations indicate increasing bonding interac-
tions between metal and ligands. Table 3 displays the calcu-


lated Mulliken net charges and unpaired spin densities for the
iron atom, the axial ligand, and the porphyrin ring for each
complex.


Table 2 shows that in the high-spin complexes the dxy, dxz,
and dyz orbitals, with open-shell populations near one and
closed-shell populations near zero, contribute very little to the
spin delocalization and have no significant electron density
from ligand-to-metal donations. These results indicate that dxy


is almost a nonbonding orbital, and p-bonding interactions
between dxz, and dyz orbitals and porphyrin macrocycles are
negligible. By contrast, the dx2ÿy2 orbital contributes signifi-
cantly to the spin delocalization on the porphyrin ring. As
shown in Table 3, the total unpaired electron density on the
porphyrin ring is about 0.5 electrons for these compounds.
Similarly, the dz2 orbital contributes mainly to the spin
delocalization on the axial ligand. Both dx2ÿy2 and dz2 orbitals
are also recipients of substantial forward donation of electron
density from both the axial ligand and the porphyrin ring, as
shown by the significant closed-shell populations of these two
orbitals and the reduced net formal charge on the ferric ion.
All these interpretations are consistent with the patterns of
d-orbital splitting shown in Schemes 1 and 2, in which the dxy,


Table 2. Mulliken closed-shell (open-shell) populations from INDO calculations at SCF level for the iron d orbitals in the high- and intermediate-spin
iron(iii) porphyrin complexes.


dx2ÿy2 dz2 dxz dyz dxy


high-spin states
[Fe(TPP)Cl] 0.554(0.718) 0.556(0.712) 0.100(0.947) 0.100(0.947) 0.015(0.992)
[Fe(OEP)Cl] 0.556(0.717) 0.575(0.702) 0.092(0.951) 0.092(0.951) 0.015(0.991)
[Fe(OMTPP)Cl] 0.660(0.663) 0.550(0.714) 0.094(0.951) 0.109(0.941) 0.020(0.989)
[Fe(OETPP)Cl] 0.685(0.650) 0.565(0.706) 0.091(0.953) 0.102(0.944) 0.021(0.988)
[Fe(TPP)(ClO4)] 0.701(0.643) 0.374(0.796) 0.119(0.937) 0.115(0.940) 0.024(0.987)
[Fe(OEP)(ClO4)] 0.701(0.643) 0.385(0.790) 0.117(0.938) 0.114(0.941) 0.025(0.986)
[Fe(OETAP)Cl] 0.681(0.649) 0.474(0.746) 0.140(0.926) 0.140(0.926) 0.035(0.980)


intermediate-spin states
[Fe(TPP)Cl] 0.579(0.000) 0.406(0.783) 0.087(0.953) 0.087(0.953) 1.997(0.000)
[Fe(OEP)Cl] 0.583(0.000) 0.406(0.783) 0.081(0.956) 0.081(0.956) 1.997(0.000)
[Fe(OMTPP)Cl] 0.637(0.068) 0.411(0.753) 0.077(0.960) 0.085(0.950) 1.997(0.000)
[Fe(OETPP)Cl] 0.648(0.082) 0.421(0.743) 0.074(0.961) 0.079(0.953) 1.996(0.000)
[Fe(TPP)(ClO4)] 0.681(0.001) 0.264(0.843) 0.089(0.951) 0.089(0.953) 1.996(0.000)
[Fe(OEP)(ClO4)] 0.684(0.000) 0.267(0.842) 0.088(0.951) 0.086(0.954) 1.995(0.000)
[Fe(OETAP)Cl] 0.662(0.000) 0.381(0.785) 0.112(0.938) 0.112(0.938) 1.993(0.000)


Table 3. Net charges and (unpaired spins) on Fe, the axial ligand, and
porphyrin in the high- and intermediate-spin iron(iii) porphyrin complexes
from INDO calculations at SCF level.


Fe Ligand Porphyrin


high-spin states
[Fe(TPP)Cl] 1.33(4.32) ÿ 0.75(0.14) ÿ 0.58(0.54)
[Fe(OEP)Cl] 1.32(4.31) ÿ 0.74(0.13) ÿ 0.58(0.56)
[Fe(OMTPP)Cl] 1.35(4.26) ÿ 0.76(0.13) ÿ 0.59(0.61)
[Fe(OETPP)Cl] 1.36(4.24) ÿ 0.77(0.13) ÿ 0.59(0.63)
[Fe(TPP)(ClO4)] 1.31(4.30) ÿ 0.74(0.06) ÿ 0.57(0.64)
[Fe(OEP)(ClO4)] 1.31(4.30) ÿ 0.74(0.06) ÿ 0.57(0.64)
[Fe(OETAP)Cl] 1.50(4.23) ÿ 0.76(0.14) ÿ 0.74(0.63)
intermediate-spin states
[Fe(TPP)Cl] 1.23(2.69) ÿ 0.78(0.12) ÿ 0.45(0.19)
[Fe(OEP)Cl] 1.22(2.70) ÿ 0.77(0.12) ÿ 0.45(0.18)
[Fe(OMTPP)Cl] 1.23(2.73) ÿ 0.79(0.09) ÿ 0.44(0.18)
[Fe(OETPP)Cl] 1.23(2.74) ÿ 0.80(0.09) ÿ 0.43(0.17)
[Fe(TPP)(ClO4)] 1.19(2.75) ÿ 0.76(0.05) ÿ 0.43(0.20)
[Fe(OEP)(ClO4)] 1.19(2.75) ÿ 0.76(0.05) ÿ 0.43(0.20)
[Fe(OETAP)Cl] 1.38(2.66) ÿ 0.80(0.12) ÿ 0.58(0.22)
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dxz, and dyz orbitals are low lying and close in energy, while
dx2ÿy2 and dz2 orbitals are obviously destabilized by antibond-
ing interactions.


As shown in Tables 1 and 2, the complexes known to be
with intermediate-spin contributions exhibit a significantly
higher electron donation (increased closed-shell population)
and spin delocalization (decreased open-shell population)
between the dx2ÿy2 and porphyrin ring, and a lower dz2 orbital
interaction with the axial ligand than in the formally high-spin
complexes. The net effect of the increase in the dx2ÿy2


interaction with the porphyrin and the decrease in the dz2


interaction with the axial ligand is an increase in the energy
separations between the dx2ÿy2 and the dz2 orbitals, and
between the dx2ÿy2 and the dxy orbitals (Schemes 1 and 2); this
results in the enhanced stability of intermediate-spin state.


Bonding interactions between metal and axial ligands : The
axial ligands are the primary determinants of spin state.[1] It is
generally accepted that one of the conditions for favoring an
intermediate spin in a complex is weaker axial ligand.
However, it was frequently quoted that perturbation of the
ligand field in the axial direction (z) should not affect the
splitting of d orbitals in the equatorial (x, y) plane. Since the
choice between an S� 5/2 and an S� 3/2 spin state is directly
governed by the the separation of the dxy and dx2ÿy2 orbitals, a
rationale for how a change of the axial ligand field can affect
the equatorial ligand field must be developed. An interesting
compensating dependence of the equatorial ligand field of the
porphyrin upon that of the axial ligand has been proposed by
Reed et al.[2] As the z axis ligand decreases its charge
interaction with the iron atom a compensating increase in
attraction of the equatorial ligands will occur. In crystal-field
theory the center of gravity of the energy levels remains
constant, therefore if the dx2ÿy2 orbital goes up in orbital
energy, others such as dz2 might be expected to go down, and
visa versa, even in the absence of other geometric changes. In
addition, a stronger z-axis ligand might well pull the iron atom
further out-of-plane and reduce the dx2ÿy2 orbital energy as the
dz2 orbital energy goes up.


In agreement with Reed�s compensating model, when the
axial ligand field descends from chloride to perchlorate, there
is a significantly lower electron donation (decreased closed-
shell population) and spin delocalization (increased open-
shell population) between the dz2 orbital and the axial ligand
and a concomitant higher dx2ÿy2 orbital interaction with the
porphyrin ring (Table 2). The net effect of the decrease in the
dz2 interaction with the axial ligand and the increase in the
dx2ÿy2 interaction with the porphyrin is an increase in the
energy separations between the dx2ÿy2 and the dz2 orbitals and
between the dx2ÿy2 and the dxy orbitals (Schemes 1 and 2); this
results in the enhanced stability of intermediate-spin state. It
is the change of these bonding interactions triggered by
weakening of the axial ligand that makes [Fe(TPP)(ClO4)]
and [Fe(OEP)(ClO4)] stable as mixed intermediate-spin
complexes.


Bonding interactions between metal and porphyrin : For the
six-coordinate iron(iii) porphyrin (P) complexes, [Fe(P){3-
Cl(py)}2]ClO4, changes in the heme environment have been


shown to effect a change in spin state. Complexes with more
basic porphyrinate ligands have higher spin multiplicity.[24]


However, in the case of five-coordinate complexes, [Fe(P)Cl],
there is no evidence to show the control of spin state by
porphyrin basicity. While pK3 of OEPH2 and TPPH2 are about
4.36 and 3.95, respectively, both [Fe(OEP)Cl] and
[Fe(TPP)Cl] are on the extreme of pure high-spin state. Our
calculations, which are carried out for frozen crystal geo-
metries, faithfully predict the spin states without porphyrin
substituents. This indicates that the substituents have little
electronic effect, at least in our model compounds, on the spin
state of the complex. Actually, the electronic effect of the
substituents has been merged into the changes of the
coordination sphere. Bond lengths of FeÿNp did show
significant difference between OEP and TPP complexes,
and the calculated energy gaps between dx2ÿy2 and the dz2


orbitals also fall in the right direction. Following this trend,
it should be possible to increase the contribution of inter-
mediate-spin state of iron(iii) by further increase the basicity
of porphyrin macrocycle. Porphyrin basicity may be increased
by strongly electron donating substituents that add directly to
the porphyrin macrocycle, core size contraction of porphyrin
macrocycle,[13] or through saddle-shaped deformation of
porphyrin macrocycle,[25, 26] which seems to be less intuitively
obvious. It is our expectation to obtain a direct mechanistic
link between the structural feature and a change in iron spin
state from molecular orbital calculations.


Tetraazaporphyrin (TAP) is composed of four pyrrole rings
bridged by four aza nitrogen atoms. Owing to shorter bond
distances between the pyrrolic a-carbon and the bridging
nitrogen atoms and smaller bond angles about the bridging
nitrogen atoms, the pyrrole rings of the tetraazaporphyrin
tend to squeeze together to form a smaller core size.
Apparently, the smaller core size of the tetraazaporphyrin
increases the bonding interactions between the dx2ÿy2 orbital
and pyrrolic nitrogens. As shown in Schemes 1 and 2,
elevation of the energy of dx2ÿy2 orbital in the tetraazapor-
phyrin complex splits the iron d orbitals to a greater extent
than does a porphyrin, resulting in an intermediate-spin
complex. As a result of a compensating effect in the
[Fe(OETAP)Cl] complex, it is not evident that the energy
of dz2 orbital does not descend as much as in the perchlorate
complexes.


The question remains what kinds of bonding interactions
cause the change in energies of the dx2ÿy2 and the dz2 orbitals
for saddle-shaped porphyrin complexes. An interesting ra-
tionalization has been derived through detailed analyses of
energy level diagrams of the fragment molecular orbital for
this series of complexes. Saddle-shaped deformation of
porphyrin decreases the symmetry (C4v!C2v) of the coordi-
nation sphere and increases the probabilities of bonding
interactions between metal and macrocycle. It is the number
of bonding interactions of saddle-shaped metalloporphyrins
that elevates the energy of dx2ÿy2 orbital. On the other hand,
for the same symmetry rationalization, dx2ÿy2 and dz2 orbitals
are of the same symmetry (a1) under the C2v point group and
can therefore be mixed. Extensive hybridization between
dx2ÿy2 and dz2 orbitals will further increase the energy
separation between them and make these two orbitals
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distorted. As shown by the molecular orbital representations
in Figure 3 and the coefficients in Scheme 1, it is impossible to
find five conventional d orbitals that can be used for crystal-
field rationalization in saddle-shaped porphyrin complexes.
This may be the reason for the radical deviations of
[Fe(OETPP)Cl] and [Fe(OMTPP)Cl] in Figure 2. Without
this type of orbital mixing, results from EHT calculations
(Figure 2) show much better d orbital energy difference
correlations with FeÿNp bond distances than that from INDO
calculations.


It is very interesting to find that mixing of dx2ÿy2 and dz2


orbitals totally destroys the axial symmetry of the bonding
interactions along x and y axes. While one hybridization
shown in Figure 3a, composed mainly of dx2ÿy2 , has better


Figure 3. The hybrized molecular orbitals composed mainly of a) dx2ÿy2 and
b) dz2 for [Fe(OETPP)Cl], and the molecular orbitals composed mainly of
c) dx2ÿy2 and d) dz2 for [Fe(TPP)Cl].


bonding interactions along the x axis, the other hybridization
shown in Figure 3b, composed mainly of dz2 , is polarized along
the y axis. This type of bonding anisotropy accompanied by
the lowering of the spin multiplicity, which decreases the
unpaired spin density in dx2ÿy2 orbital, induces large electronic
structure asymmetry in the saddle-shaped iron(iii) porphyrin
complexes.[9] From this point of view, saddle-shaped ring
deformation lowers the symmetry of the complexes, polarizes
the pathway of spin transfer within porphyrin skeleton, and
can be treated as a symmetry switch for spin transfer. Similar
mechanisms of macrocycle distortions have been perceived to
facilitate orbital mixing between a1u and a2u for porphyrin p-
cation radicals and result in spin density redistribution.[27] The
potential generality of the concept of a symmetry switch
may provide a readily accessible and heuristically useful tool
for the elucidation of the biological relevance of these
conformation-controlled electronic configurations of hemo-
proteins.


Conclusion


Different levels of semiempirical molecular-orbital calcula-
tions including EHT and INDO have long been applied
separately to the study of different aspects of coordination
chemistry. In this report, we demonstrate that, working in
combination, these two different models complement each
other and offer clear explanation with respect to crystal-field
theory of the factors that can control the spin state of metal
complexes. While INDO calculations are excellent for the
differentiation of electronic structures, EHT calculations are
more than good enough for crystal-field rationalizations of
coordination chemistry. As far as crystal-field rationalizations
were concerned, EHT is too good to be true; that is, its result
is straight forward and easy to apply, but its physical reality is
poorÐit does not infer the hybridization between dx2ÿy2 and dz2


orbitals. On the other hand, INDO is too true to be good; that
is, it corresponds so closely to reality that its results deviate
from the simple crystal field theory. It is worth mentioning
that, our calculations strictly correspond to pure spin states
with no spin-orbit coupling interaction. Therefore, they
cannot represent exactly the properties of mixed intermedi-
ate-spin state of the complexes.


Manipulation of the crystal-field of a ferric porphyrin may
be accomplished through a weak-field axial ligand, a small
core size of porphyrin macrocycle, and saddle-shaped defor-
mation of porphyrin macrocycle; this contributes to the
stabilization of the unusual intermediate-spin states. Ring
deformation has been proposed as a mechanism to mediate
the electronic structure of cytochrome c�. It is instructive to
understand the biological relevance of this mechanism by our
model system studies. The novel concept of a symmetry switch
for spin transfer may play an important role in the control of
biological activity in nature. Further pursuit of this issue is
underway in our laboratory.
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Stabilization of Copper Dioxygen Compounds:
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Abstract: Oxygenation in acetonitrile
of the copper(i) complex of the rigid
tetradentate, substituted bispidine li-
gand L1 with a diamine-bis-pyridinyl
donor set (L1�methyl 2,4-bis(2-pyridin-
yl)-3,7-diazabicyclo-[3.3.1]-nonane-9-di-
ol-1,5-dicarboxylate) produces an end-
on (m-peroxo)dicopper(ii) compound
that is stable in solution up to 250 K.
The spectroscopic characterization of
this species (UV/visible and Raman
spectroscopy) and an X-ray structural
analysis of the corresponding mononu-


clear copper(ii) compound [Cu(L1)Cl]�


indicate that the deep purple oxygen-
ation product has two distorted square
pyramidal copper(ii) chromophores
linked by a m-peroxo bridge. Molecular
mechanics calculations were used to
interpret the relative stability of the
copper dioxygen product [{Cu(L1)}2O2]2�


and to design the dinucleating ligand L2,
based on two L1 binding sites, linked by
an ethyl bridge. The corresponding deep
purple copper dioxygen product
[Cu2(L2)(O2)]2� has spectroscopic char-
acteristics (UV/visible and Raman spec-
tra) that are similar but not identical to
those of [{Cu(L1)}2O2]2� ; this (m-per-
oxo)dicopper(ii) compound is stable at
ambient temperature (t1/2(298 K)�
50 min).


Keywords: copper ´ dioxygen com-
plexes ´ molecular modeling ´ oxy-
gen activation ´ oxygenations


Introduction


The activation of molecular dioxygen by metal ions is of
intrinsic importance in a wide range of biological[1±6] and
industrial processes.[7±10] An important first step in biological
systems is the oxygen transport to the sites where O2 is used
for oxidation processes. This generally involves reversible
coordination of O2 to iron- or copper-containing proteins such
as hemoglobin, myoglobin, hemerythrin, and hemocya-
nin.[11, 12] Oxygen activation and oxidation catalysis by O2,
mediated by metal ions, involves electron transfer from the
reduced metal site to the coordinated dioxygen molecule or
peroxide anion that eventually leads to OÿO bond scission.
Relevant biological systems include tyrosinase, catecholdiox-
ygenase, and cytochrome P450.[11±13] A number of dioxygen
binding modes have been observed and/or proposed, and for
copper proteins these include mono-,[14] di-,[15±17] tri-[18] and
tetranuclear[19] metal sites. Hemocyanine and tyrosinase have
dinuclear copper sites with a [Cu2(m-h2 :h2-O2)]2� core (side-on


peroxo bridge).[20, 21] Structural and spectroscopic studies on
the copper proteins have been complemented by the synthesis
and characterization of spectroscopic, structural, and func-
tional model compounds.[1±6, 20±22] From some of these studies
it emerges that other dioxygen binding modes might be of
importance, namely [Cu2(m-O)2]2� (formal copper oxidation
state of � III)[6, 17] and [Cu2(m-O2)]2� (end-on peroxo
bridge).[5, 23] End-on (m-peroxo)dicopper(ii) model compounds
are intrinsically unstable and only recently has it become
possible to stabilize these species by a careful choice of
solvents and/or dinucleating ligands.[24, 25] We have reported a
molecular mechanics based model that allows the rational
design of ligand systems that are able to stabilize copper
dioxygen compounds.[26] Our aim was to develop an easily
available and broadly variable ligand system for stable
dioxygen binding. We report here the design, synthesis, and
characterization of such ligands and of their room-temper-
ature-stable (m-peroxo)dicopper(ii) compounds.


Results and Discussion


Structural features and ligand design : The rigid tetradentate,
substituted bispidine ligand L1 with a diamine-bis-pyridinyl
donor set (L1�methyl 2,4-bis(2-pyridinyl)-3,7-diazabicyclo-
[3.3.1]-nonane-9-diol-1,5-dicarboxylate)[27, 28] yields four-coor-
dinate complex fragments with an open face that is accessible
for the binding and activation of substrate molecules
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Scheme 1. Left: structure of L1. Right: Structure of compound formed with
metal.


(Scheme 1). This assumption is
supported by preliminary ex-
periments, which indicate that
some of the manganese(ii)[29]


and some of the copper(ii)
compounds (vide infra)[30] are
catalytically active. Stable six-
coordinate [M(L1)X2]n� com-
pounds with M�CoII (X2�
bidentate ligand)[31] , M�MnII


(X�Clÿ, OSO2CF3
ÿ)[29, 30] and


M�FeII (X�NCSÿ, OAcÿ,
pivelate�OSO2CF3


ÿ) [32] have
been isolated and analyzed by
X-ray crystallography. An in-
teresting feature is that, in
general, the observed bond
distances from the metal center
to the two tertiary amine do-
nors are quite different, with
the bond to the amine of the
pyridine-substituted six-mem-
bered ring being considerably
shorter. This trend is repro-
duced well by molecular me-


chanics calculations,[31, 33] that is, the very rigid bispidine type
ligands are preorganized for tetragonal geometries, for
example, for compounds that are stabilized by Jahn ± Teller
elongations. An ORTEP[34] diagram of the molecular cation of
[Cu(L1)(Cl)]� is shown in Figure 1. The copper(ii) chromo-
phore has a distorted square-pyramidal geometry; the dis-
tortion is expressed by the geometric parameter t� 0.11 (t� 1
for D3h and t� 0 for C4v).[35] The bond distances in the
CuNpy2Cl basal plane are as expected (CuÿNamine� 2.04 �,
CuÿNpyridine� 2.02 �, CuÿCl� 2.23 �), and the CuÿNamine


distance to the apical donor is 2.27 �.


The observed and computed structural features of
[M(L1)Xn]m� compounds (n� 1,2)[29±33] indicate that substrate
binding (peroxide in the present case) might occur preferen-
tially in the basal plane, that is, the copper ± oxygen bond
should be comparably short and strong. Note that this is a
coordination mode that is different from that generally
observed for (m-peroxo)dicopper(ii) compounds, in which
trigonal bipyramidal structures predominate.[3, 5] Thus, the
rigid bispidine ligand backbone is expected here to enforce a
comparably stable copper(ii)-peroxide bond. Also, the rather
inflexible ligand cavity is not well suited for copper(i)
coordination and it therefore is expected to lead to rather
unstable, that is, highly reactive, copper(i) compounds. Note
also that the differences in the copper(ii)-peroxide bonding
might lead to significant spectroscopic differences (vide
infra).


The relative stability of the (m-peroxo)dicopper(ii) com-
pound of L1 was assessed with force field calculations. All
starting structures refined without constraints to distorted
square-based pyramidal structures. Owing to the rigidity of
the bispidine backbone there are only a few isomers, and these
were all refined; the peroxo bridge may be trans to the amine
of the pyridine-substituted six-membered ring (N2 in the


Abstract in German: Die Oxygenierung des Kupfer(i) Kom-
plexes mit dem starren tetradentaten Liganden L1, der ein
Bispidin-Grundgerüst mit zwei Pyridyl-Seitenketten aufweist
(L1�Methyl 2,4-bis(2-pyridinyl)-3,7-diazabicyclo-[3.3.1]-no-
nan-9-diol-1,5-dicarboxylat) produziert einen end-on (m-per-
oxo)dikupfer(ii) Komplex, der in Acetonitril bis zu 250 K stabil
ist. Aus der spektroskopischen Analyse (UV/Vis, Raman) und
einer Röntgenstrukturanalyse des vergleichbaren mononuklea-
ren Kupfer(ii) Komplexes [Cu(L1)Cl]� folgt, dass das tief
violette Oxygenierungsprodukt zwei verzerrt quadratisch py-
ramidale Kupfer(ii) Chromophore aufweist, die durch eine m-
Peroxobrücke verbunden sind. Kraftfeldrechnungen werden
verwendet, um die Stabilität von [{Cu(L1)}2O2]2� zu interpre-
tieren und einen Liganden L2 zu entwerfen, bei dem zwei L1-
Einheiten durch eine Ethylbrücke verbunden sind. Das aus
[CuL2]� und Sauerstoff resultierende Dikupfer(ii) Peroxopro-
dukt hat spektroskopisch (UV-vis, Raman) ähnliche, aber nicht
identische Charakteristiken wie die Verbindung mit L1. Das
Oxygenierungsprodukt [Cu2(L2)(O2)]2� ist stabil bei Raum-
temperatur (t1/2(298 K)� 50 min).


Figure 1. ORTEP[34] plot of the molecular cation of [CuL1Cl]Cl (bond lengths in �, angles in 8): Cu1ÿN1� 2.2725
(0.0025) , CulÿN2� 2.0423 (0.0025), Cu1ÿN3� 2.0240 (0.0025), Cu1ÿN4� 2.0204 (0.0025), Cu1ÿCl1� 2.2320
(0.0013), N2ÿCu1ÿCl1� 165.02 (0.07), N3ÿCu1ÿN4� 158.13 (0.10), N2ÿCu1ÿN1� 85.03 (0.09), N3ÿCu1ÿN1�
95.36 (0.10), N4ÿCu1ÿN1� 95.96 (0.10), Cl1ÿCu1ÿN1� 109.95 (0.07).
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X-ray structure of the mononuclear compound, see Figure 1)
or trans to N1. A number of conformational isomers arise by
torsions around the copper ± oxygen and the oxygen ± oxygen
bonds. The four major isomers have a trans configuration of
the m-peroxo bridge and strain energies within a range of
5 kJ molÿ1; all other isomers are destabilized by at least
35 kJ molÿ1. When Jahn ± Teller distortions were included in
the model calculations there was, as expected (see above), a
small but significant preference for the isomers with the
peroxo bridge trans to the amine of the pyridine-substituted
six-membered ring (N2 in Figure 1). The structure of the most
stable isomer is shown in Figure 2.


Figure 2. Plot of the computed structure of the most stable isomer of
[{Cu(L1)}2O2]� .


From the computed structure and strain energy it emerges
that:
1) The copper(ii) chromophores are very similar to that of the


experimentally determined mononuclear copper(ii) spe-
cies (Figure 1); the most prominent difference is a small
but significant distortion towards a trigonal bipyramidal
geometry (t� 0.2 vs. t� 0.1). Probably more relevant is
the fact that in all low-energy structures the copper(ii)
centers are above the basal plane, and for the most stable
calculated structure the trans angle between the peroxo
bridge, the copper center, and the amine nitrogen of the
pyridine-substituted six-membered ring is approximately
1508.


2) The peroxo bridge is somewhat shielded by the pyridine
rings.


3) The double of the steric energy of a mononuclear
[CuII(L1)O] fragment is larger than the strain energy of
the most stable isomers of the m-peroxo product. This
latter effect is due to van der Waals attraction involving
the pyridine groups.


All these steric factors, together with the rigid cavity of L1


which is well suited for copper(ii) (see also electronic factors,
discussed qualitatively above), are responsible for the stabi-


lization of the (m-peroxo)dicopper(ii) product (see below for
experimental verification).


In order to further increase the stability of the oxygenation
product the two bonding cavities of the ligand may be linked
(preorganization of the dicopper(i) active site), and the
optimum spacer group may be designed by molecular
mechanics.[26] For preparative and also for steric reasons a
bridge between the two amine donors of the unsubstituted six-
membered ring (N1 in Figure 1) was prefered, and from the
modeling studies it emerges that an ethyl spacer is most
appropriate (L2). The corresponding lowest energy (m-peroxo)-
dicopper(ii) product is shown in Figure 3. The two chromo-
phores are square pyramidal with t� 0.1). More importantly,


Figure 3. a) Plot of the computed structure of [Cu2L2O2]� ; b) RMS overlay
of the structures in Figures 1 and 3a.


the angle between the peroxo bridge, the copper(ii) center,
and the amine nitrogen of the pyridine-substituted six-
membered ring is approximately 1708. Note again, that our
molecular-mechanics model does not involve any predeter-
mined coordination geometry.[26, 36] Also shown in Figure 3 is
an RMS overlay with the experimentally determined struc-
ture of the mononuclear compound. This indicates that L2 is
well preorganized for the oxygenation reaction. It appears
that the ethyl bridge helps to enforce a square-pyramidal
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geometry, which might help to stabilize the peroxo bridge
(vide supra). The strain energies of the core structures
(substitution of the ethyl bridge and of the two methyl
substituents with protons) are within 10 kJ molÿ1, that is, the
ethyl bridge does not lead to an unacceptable build-up of
steric strain.


Ligand syntheses and oxygenation reactions : L2 was obtained
in high yield by a Mannich condensation from the piperidone
percursor,[27, 37] 1,2-diaminoethane and formaldehyde
(Scheme 2), that is, this ligand and a range of possible
derivatives with a large variety of spacer groups are easily
available in relatively large quantities.


Oxygenation of [Cu(L1)(CH3CN)](BF4) in dichloro-
methane or acetonitrile at 193 K immediately yields a deep
purple solution. The electronic spectroscopic data (l1�
520 nm, l2� 630 nm (shoulder), acetonitrile, 233 K) and the
Raman spectrum (nÄ(0ÿ0)� 840 cmÿ1) are typical for a (m-
peroxo)dicopper(ii) complex.[1, 25, 38, 39] This compound decays
above approximately 250 K (t1/2� 15 s). Formation and decay
of the oxygenation product is reversible. The relatively high
stability of the (m-peroxo)dicopper(ii) product[5] is attributed
to i) the instability of the copper(i) precursor compound, ii)
some electronic stabilization of the (m-peroxo)dicopper(ii)
product owing to the distorted square-pyramidal geometry,
and iii) a comparably low steric energy of the product. When
dissolving [Cu(L1)(CH3CN)]X (X�OSO2CF3, BF4) in
CH2Cl2 at room temperature, chloride abstraction from
CH2Cl2 takes place and leads to the corresponding copper(ii)
compound [Cu(L1)Cl]� , with structural features similar to
that described above.[32]


The spectroscopic properties of the copper oxygenation
product of the dinucleating ligand, [Cu2(L2)(O2)]2�, are
similar but not identical to those of [{Cu(L1)}2O2]2� (see
above and Figure 4), and there is a striking difference in terms
of the thermal stability (t1/2(250 K)� 15 s versus t1/2(298 K)�
50 min). Thus, as predicted by the force-field calculations, L2


is well preorganized for the dicopper oxygenation product,
and it produces one of the most stable (m-peroxo)dicopper(ii)
products known so far. The shift of the major charge-transfer
transition by 970 cmÿ1 towards higher energy suggests a subtle
change in electronic structure that also leads to a weakening


of the OÿO bond (shift of the corresponding Raman
transition from 840 cmÿ1 to 827 cmÿ1). Based on the computed
structures and those known for similar species,[5, 26] we assume
that part of the stability and the spectroscopic changes may be
due to the fact that the copper(ii) chromophores are square
pyramidal with peroxide bound in the square plane. A
thorough study of the electronic properties and of the kinetics
of the two systems discussed here are subject to further
studies.


Experimental Section


Measurements : 1H and 13C NMR spec-
tra at 200.13 and 50.54 MHz, were
measured with a Bruker AS 200 spec-
trometer in CDCl3 or CD3CN with
TMS as internal standard. 1H and
13C NMR spectra at 300 MHz and
75 MHz were measured on a General
Electric QE-300 spectrometer. UV/
Vis spectra were recorded with a
Cary 1E or Cary 2300 instrument; el-
emental analyses were obtained from
the microanalytical laboratory of the
chemical institutes of the University of
Heidelberg. Mass spectra (FAB) were
measured on a Finnigan 8400 mass
spectrometer. Raman spectra were
obtained with a Spectra Physics 2085
Beamlock Ar Laser (l� 514.5 nm;
resonance Raman) or a Nd YAG laser
(l� 1064 nm; FT-IR Raman, 250 ±
800 mW).


X-ray structure analysis : Monoclinic crystals, space group: C2/c, a�
18.702(9), b� 13.644(7), c� 22.614(11) �, b� 96.93(3)8, V� 5728(5) �3,
Z� 8, MoKa radiation (l� 0.71073 �), w scan, ÿ70 8C, 2 qmax� 548, 6260
independent reflexes (4742 observed with I� 2sl), empirical absorption
correction. Structure determination with direct methods (SHELXS86),
refinement with all observed reflexes against F 2 (SHELXL97), non-H
atoms anisotropic, H atoms isotropic, R1� 0.04, wR2� 0.12, rest electron
density�� 0.8 e�ÿ3. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication no.
CCDC-113633. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Molecular mechanics : The MOMEC suite of programs[36] and the force
field[40] were used for molecular mechanics calculations. The approach used
for modeling the (m-peroxo)dicopper(ii) compounds has been published
elsewhere[26] and the only modification to the force field was that of the
bond-stretching parameter set to the apical nitrogen donor (Cu1ÿN1 in
Figure 1; kb� 0.3 mdyn �ÿ1; r0� 2.05 �). This model for the Jahn ± Teller
elongation of this bond is based on an approach that has been described
before;[40] the parameter set was validated with the experimental structure
of [Cu(L1)(Cl)]� (Figure 1). The force field used is based on a points-on-a-
sphere model, in which the angular geometry around the metal center is
determined by 1,3-nonbonded interactions alone,[40] that is, there are no
constraints in terms of the coordination geometry.


Ligand syntheses : L1 and the piperidone precursors were prepared by
published procedures.[27, 37] L2: A 37% aqueous HCHO solution (1.82 mL,
20.2 mmol) and aqueous 1,2-diaminoethane (0.41 mL, 5 mmol) were added
to a solution of the piperidone (3.22 g, 8.41 mmol) in THF (20 mL) at room
temperature. The resulting white suspension was refluxed for 1 h. Slow
evaporation of the solvent at room temperature led to a black tarlike
residue. Stirring in MeOH (5 mL) led to the formation of white precipitate,
which was filtered off, washed twice with cold EtOH, and dried in
high vaccum. Yield: 3.3g (3.7 mmol, 88 %); 1H NMR (200 MHz, CDCl3):


Scheme 2. Reaction scheme for the formation of L2.
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d� 2.05 (s, 6 H; NÿCH3), 2.44 (s, 4H; CH2,en),
2.61(d, 2J(H,H)� 12 Hz, 4 H; bis CH2,axÿN),
2.99 (d, 2J(H,H)� 12 Hz, 4 H; bis CH2,eq-N),
3.86 (s, 6 H; CO2ÿMe), 4.74 (s, 4H; CHÿPy),
7.21 (m, 4 H; H5py), 7.65 (t, 4 H; H4py), 7.96 (d,
4 H; H3py), 8.51 (d, 4 H; H6py); 13C NMR
(90 MHz, CDCl3): d� 42.95 (NÿCH3), 52.25
(OÿCH3), 54.71 (CH2,en), 58.95 (CH2ÿN), 62.00
(Cquart), 73.26 (CÿPy), 122.76, 123.19, 135.99,
148.50, 158.37 (Cpy), 168.39 (COOMe),
203.05 (C�O); FAB-MS: 875 (100 %,
[M�H]�); C46H50N8O10 ´ H2O (892): calcd C
61.88, H 5.83, N 12.56 %; found C 61.28, H
5.91, N 12.29 %.


[Cu(L1)(CH3CN)]BF4 : [Cu(CH3CN)4]BF4
[41]


(0.5 g, 1.6 mmol) in CH3CN (10 mL) was added
slowly under Ar to a suspension of L1 (0.7 g,
1.6 mmol) in CH3CN (4 mL). The clear yellow-
orange solution was evaporated to dryness to
yield the yellow-brown product as an air-sensi-
tive powder (1.0 g, 1.59 mmol, 99 %). 1H NMR
(200.13 MHz, CD3CN): d� 8.70 (br, 2 H;
CH6py), 7.90 (t, 3Jo� 7.3 Hz, 2H; CH4py), 7.51
(br, 2 H; CH3py), 7.30 (br, 2 H; CH5py), 4.90 (br s,
2 H; bis CH2, CH4), 3.73 (s, 6H; OCH3), 3.15 (d,
2 H; bis CH6eq, CH8eq), 2.81 (d, 2 H; bis CH6ax,
CH8ax), 2.49 (s, 3H; N3ÿCH3), 2.12 (s, 3H;
N7ÿCH3); 13C{1H} NMR (50.13 MHz, CD3CN):
d� 201.8 (s, bis-C9), 167.8 (s, C�O ester), 154.9
(br s, C2py), 150.4 (br s, C6py), 139.6 (s, C4py),
126.1 (br s, C5py, C3py), 71.5 (br s, bis C2, C4),
62.6 (s, bis C1, C5), 61.8 (s, bis C6, C8), 53.8 (s,
OCH3), 49.1 (s, N3ÿCH3), 44.3 (s, N7ÿCH3); IR
(KBr): nÄ � 3500 ± 3000 (w, CpyÿH), 2972 (m,
CH2), 2879 (w, OCÿH), 1755 (s, C�O, ester),
1739 (s, C�O, ketone), 1600 (m, C�Npy), 1440
(m, CH2), 1288, 1273 (s, CÿOCH3), 1061 (s,
BÿF4), 792 (s, CarÿH); C25H29N5O5CuBF4


(629.88): calcd C 47.67, H 4.64, N 11.12; found
C 47.15, H 4.65, N 10.65.


[Cu2(L2)(CH3CN)2]2� : [Cu(CH3CN)4]BF4
[41]


(72 mg, 0.23 mmol) or [Cu(CH3CN)4]SO3CF3
[42]


(86 mg, 0.23 mmol) in CH3CN (1 mL) was
added under N2 to a suspension of L1 (100 mg,
0.115 mmol) in CH3CN (1 mL). The clear
yellow-orange solution was put in a ether-
diffusion bath to prompt precipitation of the
yellow product. 1H NMR (300 MHz, CD3CN,
[Cu2(L2)](SO3CF3)2): d� 1.89 (s, 6 H; NÿMe),
3.01 (d, 2J� 12 Hz, 4H), 3.15 (s, 4 H; CH2en),
3.59 (d, 2J� 12 Hz, 4H), 3.79 (s, 12H; COOMe),
4.88 (s, 4H; CHÿPy), 7.36 (d, 2J� 6 Hz, CH5py),
7.54 (t, CH3py), 7.92 (t, CH4py), 8.7 (d, 2J� 3 Hz;
CH6py); 13C NMR (75 MHz, CD3CN): d� 43.66
(N3ÿCH3), 52.78 (OCH3), 57.29 (C6, C8), 59.39
(CH2en), 61.66 (C1, C5), 70.91 (C2, C4), 125.29,
138.6, 149.47, 153.82 (all Cpy), 166.64 (COOMe),
200.2 (C9); [Cu2(L2)(CH3CN)2](SO3CF3)2:
C52H56O16N10Cu2S2F6 (1382.28): C 45.18, H
4.08, N 10.13; found C 45.10, H 4.22, N 10.01;
[Cu2(L2)(CH3CN)2](BF4)2: C50H56O10N10Cu2-
B2F8 (1257.75): C 47.75, H 4.49, N 11.14; found
C 47.48, H 4.49, N 11.02.


(m-Peroxo)dicopper(iiii) compounds : Solutions
of the (m-peroxo)dicopper(ii) compounds
[{Cu2(L1)}2O2]2� and [Cu(L2)(O2)]2� were ob-
tained by bubbling dry O2 for 2 minutes
through 5 mL of a 10 mmol solution of the
corresponding Cu(i) complexes in dry degassed
CH3CN.


Figure 4. a) UV/Vis spectra of [Cu2L2O2] (solvent: CH3CN). Spectra at 298 K were recorded every
10 minutes; (Cu� :L2:O2� 2:1:1); e495� 7900, e623� 5400 L molÿ1 cmÿ1. b) Resonance Raman spectrum of
[Cu2L2O2]2� in CH3CN; for excitation the green line (l� 514.4 nm) of an argon ion laser (Spectra
Physics, model 2085 Beamlok) was used. c) FT-IR Raman spectra of [Cu2L2O2]2�. Nd:YAG laser
operating at 1064 nm with a power of 800 mW (Ð), 500 mW (- - -), 250 mW ( ´ ´ ´ ).
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Structure and Conformational Equilibrium in Substituted
[(h4-butadiene)Fe(CO)3] Complexes: A Density Functional Study


OÁ scar GonzaÂ lez-Blanco,[a] Vicenç Branchadell,*[a] and ReneÂ GreÂe[b]


Abstract: The energy profiles corresponding to CÿC rotation in several carbonyl-
and olefin-substituted derivatives of [(h4-butadiene)Fe(CO)3] have been studied
through density functional calculations. The energy differences between s-cis and
s-trans conformations show an excellent correlation with the diastereoselectivities
experimentally observed in several reactions. These energy differences have been
rationalized through an analysis of the iron ± butadiene bond, and the role played by
the metal in the conformational preferences is discussed.


Keywords: asymmetric synthesis ´
conformation analysis ´ density
functional calculations ´ iron ´ nu-
cleophilic additions


Introduction


Organoiron complexes are now routinely used in organic
synthesis thanks to the extensive research developed in this
field during the last 20 years.[1±5] Besides their easy access,
even in optically pure form, the acyclic diene-tricarbonyliron
complexes appear especially useful for two main reasons: the
iron-tricarbonyl unit is a very efficient protecting group for a
1,3-diene and it facilitates an excellent chirality transfer to the
stereogenic centers created close to it.[6±8] A key issue for the
developement of this chemistry is then a clear understanding
of the factors governing the diastereoselectivity of the
reactions of unsaturated systems in positions vicinal to the
organometallic unit.


The experimental results strongly suggest, as discussed
below, a possible correlation between the ground state
conformations of the complexes and the stereochemistry of
their adducts. This hypothesis takes into account the very
large Fe(CO)3 unit, with all reagents entering anti to this bulky
group. Such correlations should be valid only if the con-
formations of the transition structures mimic the ground state
conformations and if there are no conformational switches.[9]


It appeared then to be of much interest to test this hypothesis
by computational methods.


Recently, several theoretical studies have been devoted to
the parent [(butadiene)Fe(CO)3] complex (1).[10±12] The gas-


phase structure[13, 14] and the vibrational spectra[15±17] are well
reproduced by density functional calculations.[10] Moreover,
the computed conformational barrier[10] corresponding to the
turnstile rotation[18] of the butadiene ligand relative to the
Fe(CO)3 moiety is in excellent agreement with experi-
ment.[19±24]


The organoiron complexes studied here have p systems
vicinal to the organometallic unit and they can be separated in
two groups: the derivatives substituted with a carbonyl group
(aldehyde or ketone), 2, and the olefinic systems, 5.


Many examples of nucleophilic additions on aldehyde
(R'�H) derivatives have been already reported:[6±8] they
yield in almost every case mixtures of the two diastereomers 3
and 4 (see Scheme 1), even if the diastereomeric ratios


Scheme 1. Reaction scheme of the nucleophilic addition to the carbonyl
derivatives.
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(typically from 4:1 to 2:3) are somewhat dependent upon the
nature of the nucleophile and the reaction conditions
(temperature, solvent, etc.). A similar result has been
obtained in hetero Diels ± Alder reactions.[25] Addition of
the nucleophiles anti to the Fe(CO)3 group on both the 2-cis
and the 2-trans conformers (probably in rapid equilibrium)
has been generally accepted as the reason for these results.


For the ketone derivatives (R'�H), the nucleophilic
additions are highly stereoselective giving in almost every
case exclusively type 3 adducts. Exclusive reactions of the
more stable 2-cis conformers could explain these results.


For the olefinic derivatives, the results are mainly depend-
ent on the size of the R'' substituent (Scheme 2). If R'' is larger
than H, all reactions are highly stereoselective giving exclu-
sively type 7 compounds. Furthermore, it is important to point


Scheme 2. Reaction scheme for the addition to the olefinic derivatives.


out that this result is independent both from the nature of R''
and from the type of reaction. Typical examples include
osmylation[26±28] or diazopropane cycloaddition[29] on Z olefins
(R'�H). The reactions on gem-disubstituted olefins (R' and
R'' =H) are also relevant: cyclopropanations with sulfur
ylides,[30] dichlorocarbene additions,[31] and diazoacetate
chemistry[32] have been reported. Similar stereoselectivities
are obtained during Diels ± Alder reactions[33] and Michael
type additions.[34, 35] All these results appear in agreement with
reactions occurring anti to the Fe(CO)3 group on the 5-trans
conformer.


If R'' is a hydrogen atom, the reactions give mixtures
(around 1:9) of the type 6 and type 7 diastereoisomers. This
was observed in the case of the nitrile oxide,[36, 37] diazopro-
pane cycloadditions,[29] and osmylations.[26±28] It is interesting
to note that similar results are obtained also during additions
on imines[38, 39] and iminium salts.[40] All these data appear to
be in agreement with reactions occurring, in these case, on
both conformers 5-cis and 5-trans.


It is also interesting to note that both the nature of the
substituents on the diene and the ligands on the iron seem to
have a limited influence on such diastereoselectivities.[41]


However, this should be taken with caution since few
systematic studies dealing with this aspect have been reported
until now.


The purpose of this paper is to study the conformational
equilibrium of complexes 2 and 5 and to compare the relative
stabilities of s-cis and s-trans conformers with the observed
diastereoselectivity of the above-mentioned reactions.


Computational Methods


All the calculations were done with the ADF program.[42±44] The molecular
geometries were optimized with the method developed by Versluis and
Ziegler.[45] All geometries were optimized within the local density
approximation (LDA),[46] with the parametrization in accordance with
Vosko et al.[47] Gradient corrections to the exchange and correlation
potentials in accordance with Becke[48] and Perdew,[49] respectively, were
included in all energy calculations. The 1s shell of C, N, and O, and the
1s2s2p shells of Fe have been treated by the frozen core approximation.[43]


For the representation of the valence shells of C, N, and O we used an
uncontracted double-z basis set of Slater orbitals (STO) augmented with a
set of 3d polarization functions.[50] For H we also used a double-z basis set
augmented with a set of 2p polarization functions.[50] Finally, for Fe we used
a triple-z basis set.[50] A set of auxiliary s, p, d, f, and g STO functions,[51]


centered on all nuclei, was used to fit the molecular density and to
represent the Coulomb and exchange correlation potentials in each SCF
cycle.


Results and Discussion


We have computed the energy profiles corresponding to the
2-cis!2-trans and 5-cis!5-trans interconversion for all the
complexes studied. A model energy profile is presented in
Figure 1. For each complex we computed eight points along


Figure 1. Model energy profile for the rotation around the C4ÿC5 bond for
carbonylic derivatives (X�CR'O) and for olefinic derivatives (X�
CR'R'') of the [(h4-butadiene)Fe(CO)3] complexes. a defines the
C3ÿC4ÿC5ÿX dihedral angle (in degrees).


the profile with increments of 45 degrees. The corresponding
energy minima were fully optimized. Figure 2 presents the
optimized geometries of the s-cis and s-trans conformations of
2 a and 5 a. Table 1 presents the most relevant geometric
parameters obtained for these structures, along with the
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Figure 2. Optimized structures for the s-cis and the s-trans conformers of
2a and 5a.


results corresponding to the isolated dienes. The geometric
parameters corresponding to 2 b are very similar to those
obtained for 2 a, while the geometries obtained for the
remaining olefinic derivatives are very similar to that of 5 a.
Table 1 shows that in all cases carbon atoms C1 and C4 are
further from Fe than C2 and C3. Furthermore, the presence of
the substituent on C4 in 2 a and 5 a makes the bond length from
C4 to Fe longer than the FeÿC1 bond. It should be noted that
the difference between the FeÿC1 and FeÿC4 distances is
larger for 5 a than for 2 a. Thus, the olefinic substituent seems
to have more steric requirements than the carbonylic one.
With regard to the FeÿC2 and FeÿC3 distances, we observe
that for 2 a the FeÿC2 distance is slightly longer than the
FeÿC3 one, while for 5 a the ordering is reversed.


Carbon ± carbon distances in the butadiene moiety of the
diene show the same trends upon complexation that have
already been reported for 1[10] and show only slight variations
upon substitution on C4. Finally, the comparison between the
s-cis and s-trans conformers for each complex does not show
any significant difference.


Table 2 presents the relative energies of the most significant
points of the energy profiles that correspond to 2 and 5. We
did not locate the transition states, and the energy barriers
reported in Table 2 are only estimated values computed from
the maxima of the energy profiles.


We can observe that for the carbonylic derivatives (2) the
s-cis conformer is the most stable one, with a smaller
difference for the aldehyde, as expected. On the other hand,
for the olefinic derivatives (5) the s-trans conformer is the
most favorable one. Isolated dienes always prefer the s-trans
conformation, with only the exception of the ketone.


For the s-cis and s-trans structures of 2 a we have computed
the harmonic vibrational frequencies and the corresponding
zero-point vibrational energies. The inclusion of these cor-
rections leads to an energy difference of 0.4 kcal molÿ1 in
favor of the s-cis structure. This result shows that the zero-
point energy correction has a minor effect on the relative
energies of the s-cis and s-trans conformations.


As a general rule for all the dienes, it seems that the metal
fragment tends to stabilize the s-cis conformer relative the
s-trans one. Nevertheless, when the olefin has a methyl group
in the cis position (complexes 5 b and 5 d), the s-trans
conformer can be further stabilized relative to the s-cis one.


With regard to the conformational barriers, we can consider
two different transition states connecting the s-cis and s-trans
conformers: syn-TS and anti-TS (see Figure 1). Both struc-
tures have similar energies except for 5 b and 5 d, in which the
presence of the methyl group in the cis position produces an
important steric repulsion with the Fe(CO)3 moiety in the syn
transition state.


If we assume that the equilibrium distribution at a given
temperature between s-cis and s-trans conformers is deter-
mined by their energy difference, we can calculate the s-cis/s-
trans ratio at 298 K. The results obtained are presented in
Table 3. We can observe that for 2 b, 5 b, and 5 d only one
conformer is significantly populated. For 5 a and 5 c only a


Table 1. Selected geometric parameters[a] computed for several [(h4-
butadiene)Fe(CO)3] complexes.


1[b] 2a-cis 2a-trans 5a-cis 5 a-trans


FeÿC1 2.071 2.070 2.073 2.065 2.068
FeÿC2 2.022 2.026 2.024 2.016 2.016
FeÿC3 2.022 2.014 2.009 2.026 2.020
FeÿC4 2.071 2.080 2.079 2.116 2.111
C1ÿC2 1.414 1.416 1.415 1.416 1.416
C2ÿC3 1.407 1.404 1.405 1.407 1.407
C3ÿC4 1.414 1.423 1.424 1.418 1.420


isolated dienes[c]


C1ÿC2 1.332 1.334 1.334 1.335 1.335
C2ÿC3 1.451 1.438 1.439 1.440 1.439
C3ÿC4 1.332 1.341 1.341 1.342 1.344


[a] Bond distances in �ngstroms. [b] Ref. [10]. [c] Structures with an s-cis
C1ÿC2ÿC3ÿC4 arrangement have been considered to be comparable with
the complexes.


Table 2. Energies relative to the s-cis conformer for selected points of the
conformational profile of the butadiene complexes.[a]


2a 2b 5 a 5b 5c 5d


s-cis 0.0 0.0 0.0 0.0 0.0 0.0
syn-TS[b] 7.5 7.5 3.5 5.2 3.5 5.7
s-trans 0.5 3.0 ÿ 2.3 ÿ 3.7 ÿ 2.3 ÿ 4.6
anti-TS[b] 7.2 8.0 3.5 0.8 3.9 0.4


isolated diene
s-cis 0.0 0.0 0.0 0.0 0.0 0.0
s-trans ÿ 1.9 0.1 ÿ 4.2 ÿ 3.7 ÿ 4.4 ÿ 3.9


[a] All energies in kcal molÿ1. [b] See Figure 1.


Table 3. Relative composition of equilibrium s-cis/s-trans mixtures at
298 K computed for substituted [(h4-butadiene)Fe(CO)3] complexes.


cis :trans


2a 2.34:1
2b 157:1
5a 1:51.3
5b 1:510
5c 1:50.8
5d 1:2532
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small amount of s-cis conformer would be present. Finally, for
2 a the s-cis conformer would be more populated, but a
noticeable amount of the s-trans conformer would also be
present. These results qualitatively agree with the diastereo-
meric ratios experimentally observed for several reactions
(see above), thus supporting the hypothesis that the diaste-
reoselectivity of the processes is determined by the ground-
state conformations of the reactants. A similar conclusion has
already been suggested by Frenking et al.[52, 53] for the
nucleophilic addition to uncomplexed carbonyl com-
pounds.


Let us now discuss the role played by the metal complex-
ation in the conformational equilibrium of the studied dienes.
From the extended transition state method,[54, 55] an expres-
sion for the bonding energy (BE) between a butadiene ligand
and a Fe(CO)3 fragment can be formulated [Eq. (1)], in which


BE�ÿ (Eprep�Est�Eorb) (1)


Eprep is the preparation energy and represents the energy
needed to distort the fragments from their ground-state
equilibrium geometries to the geometries adopted upon
complexation. For Fe(CO)3 the preparation term was com-
puted from the 3A2 ground state of a C3v structure,[56, 57] while
in the complex we have considered it to exist in a singlet
state.[10] For the butadiene fragments we have considered the
distortion from their minimum energy conformation, that is,
an s-trans arrangement for the C1ÿC2ÿC3ÿC4 moiety to the
s-cis arrangement in the complex.


Est is the steric interaction term. This term represents the
interaction energy between the two prepared fragments with
the electron densities that each fragment would have in the
absence of the other fragment. This term can be decomposed
into an exchange repulsion or Pauli term (EPauli) and an
electrostatic term (Eelstat). Finally, the orbital interaction term,
Eorb, represents the stabilization produced when the electron
density is allowed to relax. This term comes from the two-
orbital two-electron stabilizing interactions between both
fragments. The orbital term can be decomposed into a
contribution arising from the butadiene!Fe electron dona-
tion, a contribution from the Fe!butadiene back-donation,
and a synergic term that appears when both interactions are
allowed.


The different terms of the bonding energy partition for the
most stable conformer of each carbonylic and olefinic
derivative of 1 are presented in Table 4. We can see that the
preparation of Fe(CO)3 requires about the same amount of
energy for all the dienes, while the preparation energy of all
substituted dienes is lower than that of the parent compound.
The presence of the carbonyl or olefinic substituent produces
an increase in the steric interaction term with respect to the
value obtained for 1. This variation is dominated by the
variation of the Pauli repulsion term except for 2 a, in which
there is also a significant contribution from the electrostatic
term.


The steric interaction term of the carbonylic derivatives 2 is
larger than for the olefinic derivatives 5. This is due to the
different values of the FeÿC4 bond lengths in the substituted


complexes, since this bond is shorter for 2 a and 2 b than for
the olefinic derivatives 5 (see Table 1).


In all cases, the orbital term largely overcomes the
destabilizing preparation and steric terms; thus, this gives
the main contribution to the bond.[10] The decomposition of
this term shows a bond that is clearly dominated by the back-
donation interaction. The presence of the electron-withdraw-
ing carbonylic group in 2 a and 2 b makes the diene a stronger
acceptor, thus enhancing the back-donation from the metal to
the diene with respect to that of 1. This fact can be related to
the values of the energy of the LUMO of each diene ligand
shown in Table 5. We observe that the presence of the


carbonyl substituent produces a significant lowering of the
energy of the LUMO of the diene, so that the back donation is
favored. This increase in the back-donation term leads to a
total orbital term that is more stabilizing than in the butadiene
complex 1. However, the increase of the steric term over-
comes the stabilization due to the orbital term, so that the
Fe ± diene bonding energy of 2 a and 2 b is lower than that of 1.


For the olefinic derivatives 5, both the donation and the
back-donation terms decrease in absolute value with respect
to 1. The presence of an olefinic substituent on C4 produces a
lowering of the energy of the LUMO of the diene ligand with
respect to that of the parent compound 1 (see Table 5).
However, this lowering is less pronounced than for the
carbonylic derivatives. According to this fact, one should
expect a small increment of the back-donation term, but the
lengthening of the FeÿC4 bond length necessary to reduce the
steric repulsion leads to the opposite variation. For these
compounds, both the steric and the orbital terms lead to a
diminution of the bonding energy with respect to 1.


Table 4. Analysis of the diene ± Fe(CO)3 bonding energy[a] for the most stable
conformer of each complex.


1[b] 2a-cis 2b-cis 5a-trans 5b-trans 5 c-trans 5 d-trans


Eprep Fe(CO)3 24.7 24.7 24.6 24.0 24.0 23.8 24.0
diene 38.2 36.2 35.7 34.3 33.0 32.1 32.2
Total 62.9 60.9 60.3 58.3 57.0 55.9 56.2


Est Pauli 234.4 240.4 241.5 238.6 238.3 239.4 239.8
Elstat ÿ 166.2 ÿ 162.4 ÿ 165.1 ÿ 166.0 ÿ 166.4 ÿ 167.6 ÿ 168.2
Total 68.2 78.0 76.4 72.6 71.9 71.8 71.6


Eorb don ÿ 72.7 ÿ 70.6 ÿ 71.4 ÿ 71.1 ÿ 70.7 ÿ 71.6 ÿ 71.6
back ÿ 100.4 ÿ 108.5 ÿ 107.1 ÿ 99.3 ÿ 98.1 ÿ 97.6 ÿ 97.0
syn ÿ 18.0 ÿ 17.7 ÿ 17.9 ÿ 17.3 ÿ 16.9 ÿ 16.8 ÿ 16.4
Total ÿ 191.1 ÿ 196.8 ÿ 196.4 ÿ 187.7 ÿ 185.7 ÿ 186.0 ÿ 185.0


BE 59.9 57.9 59.7 56.8 56.8 58.3 57.2


[a] Values in kcal molÿ1. See text for definitions. [b] Ref. [10].


Table 5. LUMO energies of the studied dienes.[a]


ELUMO


1 ÿ 2.681
2a ÿ 4.069
2b ÿ 3.758
5a ÿ 3.121
5b ÿ 3.057
5c ÿ 2.924
5d ÿ 2.873


[a] Values in eV computed for an s-cis C1ÿC2ÿC3ÿC4 arrangement.
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The energy difference between s-cis and s-trans conformers
can also be partitioned, using the same scheme, into prepa-
ration, steric and orbital contributions [Eq. (2)]. Table 6
presents the results obtained in this analysis. We observe a


DE�DEprep�DEst�DEorb (2)


different behavior for carbonylic and olefinic derivatives. For
2 a and 2 b, the main contribution to the energy difference
comes from the orbital term. When going from the s-cis to the
s-trans conformer, the back-donation contribution to the


interaction energy decreases by 2 ± 3 kcal molÿ1. This differ-
ence in the back-donation term can be understood from a
more efficient overlap between the HOMO of Fe(CO)3 and
the LUMO of the diene in the s-cis conformation (see
Scheme 3). Therefore, the interaction with the metal fragment
has an important role in the control of the conformational
equilibrium.


Scheme 3. Scheme showing the overlap between the HOMO of Fe(CO)3


and the LUMO of the diene in the s-cis and s-trans conformations.


On the other hand, for the olefinic derivatives the
preference for the s-trans conformation is determined by the
preparation of the diene, so that the role played by the metal
is not crucial. However, we can observe qualitative differ-
ences between 5 a and 5 c on one side and 5 b and 5 d on the
other side. For the first two compounds, the steric interaction
energy is less destabilizing in the s-cis conformation, while for
5 b and 5 d there is more repulsion. This fact is related to the
presence of a methyl group in cis position.


From the preceding discussion we have seen that, in the
carbonylic derivatives, the complexation with the metal leads
to a higher preference for the s-cis conformation than in the
isolated ligand. This preference is due to a more favorable
back donation when the carbonylic moiety of the diene ligand
adopts an s-cis arrangement. The presence of an electron-
withdrawing substituent in the C1 position of the diene ligand
would increase the back donation, while an electron-donor
group would reduce it. We have optimized the geometries of
complexes 2 c (R�CN) and 2 d (R�OMe). For 2 c the s-cis
conformation is 0.9 kcal molÿ1 more stable than the s-trans
one, so that the energy difference has increased with respect
to 2 a (see Table 2). On the other hand, for 2 d the energy
difference between the s-cis and the s-trans conformations
decreases to 0.3 kcal molÿ1. According to these results, we
would predict that electron-withdrawing groups in the posi-
tion C4 of the diene ligand would enhance the diastereose-
lectivity for nucleophilic attack, while electron-donor groups
would lead to less selective reactions.


Conclusions


The energy profiles corresponding to the CÿC rotation in
substituted derivatives of [(h4-butadiene)Fe(CO)3] have been
studied. For the carbonylic derivatives 2 a and 2 b the s-cis
conformer is more stable than the s-trans one, while in the
olefinic derivatives 5 a, 5 b, 5 c, and 5 d the s-trans conformer is
the preferred one. The computed energy differences between
s-cis and s-trans structures predict relative equilibrium
populations of s-cis and s-trans conformers in qualitative
agreement with the diastereoselectivities observed in several
reactions. The analysis of the Fe ± butadiene bonding energy
shows in all complexes that the bond is dominated by the
Fe!butadiene back donation. For the carbonylic derivatives
this interaction plays an important role in the relative
stabilities of s-cis and s-trans conformations. In contrast, for
the olefinic derivatives the role of the metal in the conforma-
tional equilibrium is not so crucial.
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Synthesis of a [2]Catenane with Functionalities and 87-Membered Rings


Ömer Ünsal and Adelheid Godt*[a]


Abstract: This paper describes the efficient synthesis of a [2]catenane with 87-
membered rings and with functionalities that should enable the preparation of a
poly[2]catenane. For the ring formation, the oxidative dimerization of acetylenes was
used. The entwinement of the rings was achieved with the help of diphenylcarbonate
as a covalent template. The structure of [2]catenane 6 was unambiguously proven by
NMR spectroscopy, mass spectrometry, and a comparison of the size exclusion
chromatograms of starting materials, synthetic intermediates, and products.


Keywords: catenanes ´ macrocycles
´ mechanical bonds ´ supramolecu-
lar chemistry ´ template synthesis


Introduction


Catenanes[1] consist of chemically independent cyclic mole-
cules, which penetrate each other and, therefore, are mechan-
ically (topologically) linked. Being connected in this way, the
rings should be allowed to rotate and translate to some extent
independently of one another.[2] Our interest lies in gaining a
deeper understanding of how this mobility in the catenane
moiety will affect the material properties if, for example,
[2]catenanes are units of a polymer chain.[3] To address this
question, as a first step we developed a synthesis of a suitable
[2]catenane. [2]Catenanes with huge rings and without
interaction, which hinders the rotation of the rings, appear
most suitable. The [2]catenane has to carry functionalities in
order to be a building block for polymers. Furthermore, it is
important that the [2]catenane is readily available. Here we
report the efficient synthesis of a [2]catenane consisting of 87-
membered rings with functional groups.[4]


Results and Discussion


The central challenge of catenane synthesis is the mechanical
linkage of cyclic molecules. Numerous experiments have
shown that suitable organization of the building blocks prior
to ring formation increases the yield of mechanically linked
rings at the expense of rings that are not entwined.[1, 5±10]


Diphenylcarbonates with substituents like phenyl in the 2,6-
and 2',6'-positions adopt a conformation, in which the
substituents point towards the corners of a distorted tetrahe-


dron.[11] The carbonate group sits inside the distorted tetrahe-
dron, and the planes of the two angular halves of the
carbonate cross each other (Scheme 1). Such an arrangement
appears ideal for the directed synthesis of catenanes by using a
carbonate group as a covalent template as indicated by the
work of Sauvage and Dietrich ± Buchecker, who achieved a
similar preorganization by Cu�-phenanthroline complex for-
mation.[1b, 6]


We chose the cyclic compound 1 a and the cycle precursor
2 a as our starting materials (Scheme 1).[12] They consist of an
ethyl 4-hydroxybenzoate, which carries tolane units in the 3-
and 5-positions. Long flexible chains are attached to the
tolane units through ether bonds. The acetylene units at the
chain ends of 2 a are to be used for ring formation by means of
oxidative acetylene dimerization. The ester group should
allow the formation of polymers, with the [2]catenane as a
monomer.


Cyclic compound 1 a was transformed into the chlorofor-
mate 1 b by reaction with triphosgene in the presence of
triethylamine.[13] Approximately 4 % of the symmetric carbo-
nate 5 was produced as a side product. For the preparation of
the asymmetric carbonate 3 a, the cycle precursor 2 a was
deprotonated with sodium hydride. The reaction of sodium
salt 2 b with crude chloroformate 1 b gave 3 a in a nearly
quantitative reaction (94%). The conversion can be convenient-
ly determined by 1H NMR spectroscopy, since the proton signals
of the 4-hydroxybenzoate unit are shifted by d� 0.12 upfield
upon transformation of phenols 1 a and 2 a into carbonate 3 a.


The asymmetric carbonate 3 a was isolated by column
chromatography. According to thin-layer chromatography
(TLC), the isolated fraction contained only one component.
However, the 1H NMR spectrum showed two sets of signals
with a 1:1 ratio of intensity and a shift difference of
approximately 0.01 ppm for some chemically comparable
protons, for example, protons of the 4-hydroxybenzoate units,
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of the ArOCH2 units, and of the ester groups. Also, for some
chemically comparable carbon atoms, two signals show up in
the 13C NMR spectrum. The splitting as well as the ratio of
intensity of the 1H NMR signals do not change on varying the


temperature [1238C ([D2]1,1,2,2-
tetrachloroethane), ÿ20 8C
([D8]THF)]. Therefore, we ex-
clude conformational isomer-
ism, as further discussed below
(compare with Scheme 2), as the
reason for the appearance of the
NMR spectra of 3 a. Rather we
conclude that the cyclic and the
open chain part of the carbonate
have a slightly different influ-
ence on the 1H and 13C NMR
resonances.


Carbonate 3 a was desilylated
to give product 3 b. As in the
case of carbonate 3 a, 1H and
13C NMR spectra of 3 b show
two sets of signals for some
chemically comparable protons
or carbon atoms. The ratio of
intensity of these two signal sets
is 1:1 (1H NMR in CDCl3 or
[D5]pyridine). Compound 3 b
was cyclized by oxidative acety-
lene dimerization under pseudo
high dilution conditions.[14] The
size exclusion chromatogram
(SEC) of the crude cyclization
product shows that almost
exclusively compounds were
formed which have a smaller
hydrodynamic volume than the
starting material 3 b (Figure 1).
No signal of an alkyne proton
was found in the 1H NMR spec-
trum of the crude product. This
is proof of a high degree of
conversion. Two sets of signals
in the aromatic region of the
1H NMR spectrum (at room
temperature and at 127 8C;
[D2]1,1,2,2-tetrachloroethane)
indicate the presence of two
compounds. Integration of the
proton signals of the 4-hydroxy-
benzoate moiety gives a ratio of
2.8:1 of the two compounds in
the crude material. Column
chromatography gave again a
mixture of the two compounds
with a slightly different ratio of
2.6:1. Treatment of this product
mixture with nBu4NF resulted in
carbonate cleavage,[15] and two
products were formed. One of


these is, according to TLC and NMR spectroscopy, identical
with the cyclic compound 1 a. From this we concluded that on
cyclization of 3 b, the dumbbell-shaped carbonate 5 was
formed in addition to the intended precatenane 4. This


Scheme 1. Synthesis of [2]catenane 6.
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Figure 1. Size exclusion chromatograms (THF, room temperature, RI
detection) of compounds 1a (- ´ ´ - ´ ´ - ´ ´ -) and 3b ( ´ ± ´ ± ´ ), of the crude
product of cyclization of compound 3b [(±± ±); the ratio of 4 :5 is
approximately 2.8:1], and of the compounds 5 ( ´ ´ ´ ) and 6 (ÐÐ).


hypothesis was confirmed by preparation of 5 starting from 1 a
and triphosgene and by comparison of the 1H NMR spectra of
compound 5 with the crude product from the cyclization of
3 b. Furthermore, the relative intensities of the proton signals
of the 4-hydroxybenzoate unit of 4 and 5 (2.6:1) in the mixture
used for carbonate cleavage and of 6 and 1 a (2.8:1) in the
crude product from the carbonate cleavage step are in
accordance with the formation of cylic compound 1 a from 5
by means of carbonate cleavage. Compound 5 and the mixture
of 4 and 5 have rather similar retention times on columns for
SEC (Figure 1). Therefore it is conceivable that the SEC trace


of the mixture of 4 and 5 in a ratio of 2.8:1 shows a
monomodal distribution. The formation of 4 and 5 from 3 b
can only be explained if compound 3 b is a mixture of
conformers with entwined and non-entwined components
(see Scheme 2). However, we were not able to detect the
mixture or equilibrium of conformers by NMR spectroscopy.
The splitting of signals into two signals of equal intensity in
the case of compounds 3 a and 3 b as described above does not
match with the ratio of 2.8:1 for 4 and 5 and clearly has
another cause.


Figure 3. Field desorption mass spectra of cyclic compound 1 a (bottom)
and catenane 6 (top). The sample of 6 contained traces of carbonates 4
and 5.


A crucial point of this work was the structure elucidation of
the main product, the [2]catenane 6, which was formed upon
carbonate cleavage. The 1H NMR spectrum is identical with


that of cyclic compound 1 a
except for a signal shift up to
0.03 ppm (Figure 2). The
13C NMR signals of 1 a and 6
have identical shifts. However,
SEC (Figure 1) and TLC (1 a :
Rf� 0.76; 6 : Rf� 0.52; in petro-
leum ether/dichloromethane
1:2) give clear evidence that 1 a
and 6 are different compounds.
The high similarity of the NMR
spectra of 1 a and 6 proves the
structural integrity of the cate-
nane. The field desorption mass
spectrum of catenane 6 shows
signals at m/z 2884.5, 1441.6,
960.7, and 720.5 (Figure 3).
These data correspond well
with the calculated data for a
catenane with charges from one
to four [M(6)�: m/z 2884.2,
M(6)2� : m/z 1442.1, M(6)3� :
m/z 961.5, M(6)4� : m/z 721.1].


Figure 2. 1H NMR spectra (CDCl3, 300 MHz, room temperature) of cyclic compound 1a (top) and catenane 6
(bottom). * CH2Cl2, ^ H2O, #CHCl3.
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The signal of high intensity with m/z 960.7 is of particular
interest. Such a signal is missing in the mass spectrum of 1 a.
The only reasonable explanation is that it is a signal of a
threefold charged catenane. This fact supports the assignment
of the signal at m/z 2884.5 to M(6)�. Also the signals at m/z
1441.6 and 720.5 could result from fragmentation of 6 into 1 a
or corresponding open-chain compounds. However, high-
resolution field desorption mass spectrometry shows half
integral distances of the isotope signals for the signal of M2�.
The MALDI-TOF spectra of 1 a or 6 show signals at m/z
1441.8 and 2884.4, respectively.[16]


Mass spectra and NMR spectra of 6 are also consistent with
the structure of isomeric monocyclic dimer 8. The only way
that 8 could have formed is via compound 7 (Scheme 2),
which is a dimerization product of 3 b in the conformation
with cyclic and acyclic components being not entwined.
However, a high-yielding cyclization including a dimeriza-
tion is of low probability. Furthermore, the reduced hy-
drodynamic volume of the product, formed upon acetylene
dimerization, when compared to the hydrodynamic volume-
of the starting material 3 b unambiguously contradicts-
the formation of 7. The formation of 7 is a dimerization,
and it should result in an increase of the hydrodynamic
volume. On the other hand, cleavage of the carbonate


Scheme 2. Route by which the monocyclic dimer 8 could have
formed.


linkages of 7 should result in a volume reduction. Just the
contrary is found; the hydrodynamic volume increases upon
carbonate cleavage (Figure 1). Therefore, only the structure
of [2]catenane 6 is consistent with all the accumulated
data.


As mentioned in the introduction, our goal was to
synthesize a functionalized [2]catenane with huge, noninter-
acting rings. The [2]catenane 6 carries four functionalities:
two OH and two ester groups. After alkylation of the OH
groups, the ester groups should be usable for polycondensa-
tion with, for example, diols. The [2]catenane 6 consists of two
rings with 87 ring members. The rapid and quantitative
formation of 5 from 1 a and triphosgene indicates a high
flexibility of the cycle. The first hint that the rings do not
interact is given by the NMR spectra; the shift and half width
of the signals of 6 is nearly identical to that of the
corresponding signals of cycle 1 a.


Using the described route, we were able to prepare 800 mg
of [2]catenane 6 in one batch. The synthesis has a lot of steps,
but these steps are very efficient, with yields of 70 ± 90 % of
purified material. The same is true for the synthesis of the
starting material 1 a.[12] The purification of the products is
simple, and we do not envisage any trouble when running the
synthesis on a larger scale.


Experimental Section


General methods : All reactions were carried out under
an inert atmosphere in dried Schlenk flasks. THF was
dried over sodium/benzophenone, and triethylamine was
dried over CaH2. For flash chromatography, Merck silica
gel (mesh 230 ± 400) was used. If not stated otherwise, a
mixture of petroleum ether (30 ± 40 8C) and dichloro-
methane (1:1 v/v) was used as eluting solvent. Size
exclusion chromatograms were obtained using an instru-
ment from Waters (SDV gel, 10 m particle, pore sizes:
500, 105, and 106 �) with THF (flow rate 10 mL minÿ1) at
23 8C and RI detection. The melting points were deter-
mined using a melting table microscope (Reicher Ther-
movar). The NMR spectra were recorded on a Bruker
instrument (AMX 300) at room temperature with CDCl3.


The signal assignment is based on increments taken from the literature[17]


and the comparison of the spectra of 3 ± 6 with those of the starting
materials 1 and 2 and their synthetic precursors. The assignment of the
13C NMR signals is in accordance with Dept-135 measurements. The only
exception is the signal of C�CH of compound 3 b. This signal does not
appear in the DEPT spectrum, as we have observed in a variety of
compounds of type ArC�CH and AlkC�CH. The description of the H and
C atoms follows that given in Figure 4. The letters a,b,g,d or a',b',g',d'
describe the atoms of the benzene rings of the acyclic and the cyclic part of
the molecule, respectively.


Carbonate 3 a : At room temperature, Et3N (0.07 mL, 0.5 mmol) and,
20 min later, triphosgene (148 mg, 0.499 mmol) were added to a solution of
cyclic compound 1 a (600 mg, 0.416 mmol) in THF (20 mL). After 4 h at
room temperature, the reaction mixture was diluted with CH2Cl2 (30 mL)
and washed twice with HCl (2n). The combined organic phases were dried
(MgSO4), and the solvent was removed under vacuum. The off-white solid
(1b containing about 4% of 5) was used without further purification.


Sodium hydride (60 % suspension in mineral oil, 19 mg, 0.47 mmol) was
suspended in THF. After precipitation of NaH, the supernatant clear
solution was removed by using a pipette, and the residue was suspended in
THF (20 mL). Compound 2 a (660 mg, 0.415 mmol) was added to this
suspension at room temperature. Fifteen minutes later, a solution of the
chloroformate 1 b (obtained in the experiment described above) in THF
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Figure 4. Lettering of the atoms for the assignment of the NMR data: The
letters a,b,g,d or a',b',g',d' describe the atoms of the benzene rings of the
acyclic and the cyclic part of the molecule, respectively.


(13 mL) was added. After 30 h, HCl (20 mL, 2n) and CH2Cl2 (30 mL) were
added to the reaction mixture. The aqueous phase was extracted with
CH2Cl2, and the combined organic phases were dried (MgSO4), and the
solvent was removed under acuum. Column chromatography gave 3a
(1.05 g, 83%) as a beige colored wax. Another experiment starting from 1a
(230 mg) yielded 3 a (400 mg, 82%).


M.p. 56.8 8C; 1H NMR: d� 7.87, 7.86 (s, 4H, Ha-2, -6, Ha'-2, -6), 7.58, 7.57
(half of an AA'XX', 8 H, Hg-2, -6, Hg'-2, -6), 7.40 ± 7.27 (m, 32H, CHb, CHb' ,
CHd , CHd'), 6.89 (half of an AA'XX', 8H, Hg-3, -5, Hg'-3, -5), 4.32 (q, J�
7 Hz, 4H, CO2CH2), 4.00, 3.98 (t, J� 6 Hz, 8 H, ArOCH2), 2.38, 2.37 (2 t,
J� 7 Hz, 8H, CH2C�C), 1.80 (m, 8 H, OCH2CH2), 1.63 ± 1.18 (m, 160 H,
(CH2)20), 1.32, 1.31 (2 t, J� 7 Hz, 3H each, CH3), 0.23 (s, 18H, SiCH3);
13C NMR: d� 165.3 (CO2), 159.34, 159.31 (Cg-4, Cg'-4), 147.6 (CO3), 147.19,
147.16 (Ca-4, Ca'-4), 135.60, 135.56, 135.4 (Ca-3, -5, Ca'-3, -5, Cb-1, Cb'-1),
133.2 (Cg-2, -6, Cg'-2, -6), 131.67 (Cb-3, -5, Cb'-3, -5), 132.2, 131.71, 131.5,
131.3 (Ca-2, -6, Ca'-2, -6, Cd-2, -6, Cd'-2, -6, Cd-3, -5, Cd'-3, -5), 129.2 (Ca-1, Ca'-
1), 128.6 (Cb-2, -6, Cb'-2, -6), 125.2 (Cd'-1 or Cd'-4), 124.3 (Cd-1 or Cd-4), 123.3
(Cb-4, Cb'-4), 122.1 (Cd-4 or Cd-1), 120.6 (Cd'-4 or Cd'-1), 115.3 (Cg-1, Cg'-1),
114.72, 114.65 (Cg-3, -5, Cg'-3, -5), 104.8 (C�CSi), 95.6 (C�CSi), 93.6
(CH2C�CArd'), 92.6 (CH2C�CArd), 90.79, 90.76 (ArbC�CArg ,
Arb'C�CArg'), 88.29, 88.26 (ArbC�CArg , Arb'C�CArg'), 82.0 (C�CÿC�C),
80.3 (CH2C�CArd), 80.2 (CH2C�CArd'), 75.2 (C�CÿC�C), 68.2,
68.1 (ArOCH2), 61.2 (CO2CH2), 29.7 ± 28.7 (15 signals, (CH2)20),
26.1, 25.9 (CH2CH2C�C), 19.52, 19.48 (CH2C�C), 14.3 (CH3), ÿ0.1
(SiCH3); C213H254O11Si2 (3046.54): calcd C 83.98, H 8.40; found C 83.71,
H 8.52.


Carbonate 3 b : A solution (1.32 mL) of KOH (285 mg, 5.1 mmol) in ethanol
(51 mL) was added to a solution of 3a (2.60 g, 0.853 mmol) in THF
(30 mL). After 1.5 h at room temperature, the reaction was quenched with
HCl (30 mL, 2n). The aqueous phase was separated and extracted with
CH2Cl2. The combined organic phases were dried (MgSO4), and the solvent
was removed in vacuo. Column chromatography gave 3 b (1.9 g, 77%) as a
light yellow solid. Another experiment starting from 3 a (330 mg) yielded
3b (254 mg, 81%).


M.p. 89.9 8C; 1H NMR: d� 7.86, 7.85 (s, 4 H, Ha-2, -6, Ha'-2, -6), 7.57, 7.56
(half of an AA'XX' system, 8H, Hg-2, -6, Hg'-2, -6), 7.40 ± 7.26 (m, 32H,
CHb, CHb' , CHd , CHd'), 6.88 (half of an AA'XX' system, 8H, Hg-3, -5, Hg'-3,
-5), 4.31, 4.30 (2q, J� 7 Hz, 4 H, CO2CH2), 4.00, 3.97 (2 t, J� 6 Hz, 8H,
ArOCH2), 3.11 (s, 2 H, C�CH), 2.38, 2.37 (2 t, J� 7 Hz, 8 H, CH2C�C), 1.80
(m, 8H, OCH2CH2), 1.31, 1.30 (2 t, J� 7 Hz, 6H, CH3), 1.63 ± 1.17 (m,
160 H, (CH2)20); 13C NMR: d� 165.3 (CO2), 159.4, 159.3 (Cg-4, Cg'-4), 147.6
(CO3), 147.21, 147.18 (Ca-4, Ca'-4), 135.62, 135.59, 135.4 (Ca-3, -5, Ca'-3, -5,
Cb-1, Cb'-1), 133.2 (Cg-2, -6, Cg'-2, -6), 131.7 (Cb-3, -5, Cb'-3, -5), 132.2, 131.9,
131.5, 131.4 (Ca-2, -6, Ca'-2, -6, Cd-2, -6, Cd'-2, -6, Cd'-3, -5, Cd-3, -5), 129.2
(Ca-1, Ca'-1), 128.6 (Cb-2, -6, Cb'-2, -6), 125.2 (Cd'-1), 124.8 (Cd-1), 123.3 (Cb-
4, Cb'-4), 121.1 (Cd-4), 120.6 (Cd'-4), 115.3 (Cg-1, Cg'-1), 114.74, 114.67 (Cg-3,
-5, Cg'-3, -5), 93.6 (CH2C�CArd'), 92.8 (CH2C�CArd), 90.80, 90.77
(ArbC�CArg , Arb'C�CArg'), 88.31, 88.28 (ArbC�CArg, Arb'C�CArg'), 83.4
(C�CH), 82.0 (C�CÿC�C), 80.23 (CH2C�CArd'), 80.18 (CH2C�CArd), 78.3
(C�CH), 75.2 (C�CÿC�C), 68.2, 68.1 (ArOCH2), 61.3 (CO2CH2), 29.7 ±
28.7 (13 signals,(CH2)20), 26.1, 25.9 (CH2CH2C�C), 19.53, 19.48 (CH2C�C),


14.3 (CH3); C207H248O11 (2912.25): calcd C 85.37, H 8.58; found C 85.31, H
8.58.


Cyclization of 3b : Compound 3 b (1.50 g, 0.52 mmol) dissolved in pyridine
(150 mL) was added to a suspension of CuCl (6.86 g, 69.2 mmol) and CuCl2


(1.12 g, 8.30 mmol) in pyridine (1 L) at room temperature over a period of
120 h with the help of a syringe pump. After a further 24 h of reaction time,
pyridine was distilled off (50 8C/10 mbar). The residue was dissolved in
CH2Cl2 and HCl (2n). The organic phase was separated and washed with
HCl (2n). The combined aqueous phases were extracted with CH2Cl2. The
combined organic phases were dried (MgSO4), and the solvent was
removed in vacuo. Column chromatography gave a mixture of 4 and 5
(1.35 g, 90 %; 4 :5� 2.6:1) as a brownish solid.


1H NMR: d� 7.86 (br s, 4H of 4, Ha'-2, -6 of 4), 7.84 (s, 4 H of 5, Ha'-2, -6 of
5), 7.56, 7.55 (two halves of two AA'XX' systems, 8 H, Hg'-2, -6), 7.40 ± 7.25
(m, 32 H, CHb' , CHd'), 6.89 (half of an AA'XX' system, 8 H of 4, Hg'-3, -5 of
4), 6.87 (half of an AA'XX' system, 8H of 5, Hg'-3, -5 of 5), 4.3 (q, J� 7 Hz,
4H, CO2CH2), 3.99 (t, J� 6 Hz, 8H, ArOCH2), 2.37 (t, J� 7 Hz, 8H of 4,
CH2C�C of 4), 2.35 (t, J� 7 Hz, 8H of 5, CH2C�C of 5), 1.79 (m, 8H,
OCH2CH2), 1.30 (t, J� 7 Hz, 6 H, CH3), 1.60 ± 1.17 (m, 160 H, (CH2)20);
13C NMR: d� 165.3 (CO2), 159.4 (Cg'-4), 147.7 (CO3), 147.2 (Ca'-4), 135.6,
135.4 (br) (Ca'-3, -5, Cb'-1), 133.2 (Cg'-2, -6), 132.2 (Ca'-2, -6, Cd'-2, -6), 131.7
(Cb'-3, -5), 131.5 (Cd'-3, -5), 129.2 (Ca'-1), 128.6 (br, Cb'-2, -6), 125.2 (Cd'-1),
123.3 (Cb'-4), 120.6 (Cd'-4), 115.3 (Cg'-1), 114.7 (Cg'-3, -5), 93.6 (CH2C�C),
90.8 (Arb'C�CArg'), 88.3 (Arb'C�CArg'), 82.0 (C�CÿC�C), 80.2
(CH2ÿC�C), 75.2 (C�CÿC�C), 68.1 (ArOCH2), 61.3 (CO2CH2), 29.6 ±
28.7 (12 signals, (CH2)20), 25.9, 25.8 (CH2CH2C�C), 19.5 (CH2C�C), 14.3
(CH3).


Catenane 6 : A solution of nBu4NF (2.25 mL, 1m) in THF was added to the
mixture of 4 and 5 (1.30 g, 0.447 mmol; 4 :5� 2.6:1) dissolved in THF
(30 mL). After 24 h, the reaction mixture was diluted with CH2Cl2 and
washed with water. The combined aqueous phases were extracted with
CH2Cl2. The combined organic phases were dried (MgSO4), and the solvent
was removed in vacuo. Because of incomplete carbonate cleavage
(approximately 65 % conversion), the product was treated once again, in
exactly the same way as described above, resulting in complete cleavage.
Column chromatography with petroleum ether ± CH2Cl2 3:2!1:1 gave 6
(800 mg, 63%) as an off-white solid and cycle 1a (290 mg, 23 %). M.p.
79.5 8C; 1H NMR: d� 7.97 (s, 4H, Ha'-2, -6), 7.58, 7.50 (AA'XX', 8H each,
CHb'), 7.46 (half of an AA'XX' system , 8H, Hg'-2, -6), 7.38, 7.29 (AA'XX',
8H each, CHd'), 6.84 (half of an AA'XX' system, 8H, Hg'-3, -5), 5.74 (s, 2H,
OH), 4.35 (q, J� 7 Hz, 4H, CO2CH2), 3.94 (t, J� 7 Hz, 8 H, ArOCH2), 2.37
(t, J� 7 Hz, 8 H, CH2C�C), 1.75 (m, 8H, OCH2CH2), 1.56 (m, 8H,
CH2CH2C�C), 1.36 (t, J� 7 Hz, 6H, CH3), 1.29 (m, 152 H, (CH2)19);
13C NMR: d� 166.1 (CO2), 159.4 (Cg'-4), 153.3 (Ca'-4), 135.9 (Cb'-1), 133.1
(Cg'-2, -6), 132.2 (Cd'-2, -6 or Cd'-3, -5), 132.0 (Cb'-3, -5), 131.5 (Cd'-3, -5 or Cd'-
2, -6), 131.4 (Ca'-2, -6), 129.3 (Cb'-2, -6), 128.3 (Ca'-3, -5), 125.2 (Cd'-1 or Cd'-
4), 123.6, 123.3 (Ca'-1, Cb'-4), 120.6 (Cd'-4 or Cd'-1), 115.0 (Cg'-1), 114.6 (Cg'-3,
-5), 93.6 (CH2C�C), 90.6 (Arb'C�CArg'), 87.7 (Arb'C�CArg'), 82.0
(C�CÿC�C), 80.3 (CH2C�C), 75.2 (C�CÿC�C), 68.1 (ArOCH2), 60.9
(CO2CH2), 29.7 ± 28.67 (nine signals, (CH2)20), 25.9 (CH2CH2C�C), 19.6
(CH2C�C), 14.4 (CH3); C206H248O10 (2884.24): calcd C 85.79, H 8.67; found
C 85.66, H 8.75.


Intended formation of 5 : Sodium hydride (60 % suspension in mineral oil;
3 mg, 0.08 mmol) was suspended in THF (2 mL). After precipitation of
NaH, the supernatant clear solution was removed using a pipette, and the
residue was again suspended in THF (5 mL). Compound 1a (100 mg,
0.069 mmol) and, 10 min later, triphosgene (3.4 mg, 0.012 mmol) were
added to this suspension. After 24 h of reaction at room temperature, the
reaction mixture was worked up as described for 3a. The conversion was
determined by 1H NMR spectroscopy to be 97%. Column chromatography
gave 5 (85 mg, 84%) as a brownish solid.
1H NMR: d� 7.84 (s, 4H, Ha'-2, -6), 7.56 (half of an AA'XX' system, 8H,
Hg'-2, -6), 7.40 ± 7.25 (m, 32H, CHb' , CHd'), 6.88 (half of an AA'XX' system,
8H, Hg'-3, -5), 4.31 (q, J� 7 Hz, 4 H, CO2CH2), 3.99 (t, J� 6 Hz, 8H,
ArOCH2), 2.35 (t, J� 7 Hz, 8 H, CH2C�C), 1.79 (m, 8 H, OCH2CH2), 1.31
(t, J� 7 Hz, 6 H, CH3), 1.60 ± 1.17 (m, 160 H, (CH2)20); 13C NMR: d� 165.3
(CO2), 159.3 (Cg'-4), 147.7 (CO3), 147.2 (Ca'-4), 135.6, 135.4 (Ca'-3, -5, Cb'-1),
133.2 (Cg'-2, -6), 131.7 (Cb'-3, -5), 132.2, 131.5 (Ca'-2, -6, Cd'-3, -5, Cd'-2, -6),
129.2 (Ca'-1), 128.6 (Cb'-2, -6), 125.2 (Cd'-1 or Cd'-4), 123.3 (Cb'-4), 120.6 (Cd'-
4 or Cd'-1), 115.4 (Cg'-1), 114.7 (Cg'-3, -5), 93.6 (CH2C�C), 90.8
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(Arb'C�CArg'), 88.3 (Arb'C�CArg'), 82.0 (C�CÿC�C), 80.2 (CH2C�C), 75.2
(C�CÿC�C), 68.0 (ArOCH2), 61.2 (CO2CH2), 29.6 ± 28.7 (12 signals,
(CH2)20), 25.8 (CH2CH2C�C), 19.6 (CH2C�C), 14.3 (CH3); C207H246O11


(2910.23): no correct elemental analysis was obtained; MALDI-TOF MS
(dithranol as matrix): m/z : 2911.3 (most probable calculated mass: 2909.9).


Acknowledgments


We thank L. Goix for recording the MALDI-TOF mass spectra, Dr. J.
Räder for his help with the recording of the FD-MS spectra, the German
Science Foundation for financial support, and Dr. B. Ederer for carefully
checking the manuscript.


[1] a) G. Schill, Catenanes, Rotaxanes, and Knots, Academic, New York,
1971; b) C. O. Dietrich-Buchecker, J.-P. Sauvage, Chem. Rev. 1987, 87,
795; c) D. B. Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725.


[2] a) J.-P. Sauvage, Acc. Chem. Res. 1998, 31, 611; b) M. Asakawa, P. R.
Ashton, S. E. Boyd, C. L. Brown, S. Menzer, D. Pasini, J. F. Stoddart,
M. S. Tolley, A. J. P. White, D. J. Williams, P. G. Wyatt, Chem. Eur. J.
1997, 3, 463; c) M. Asakawa, P. R. Ashton, V. Balzani, A. Credi, C.
Hamers, G. Mattersteig, M. Montalti, A. N. Shipway, N. Spencer, J. F.
Stoddart, M. S. Tolley, M. Venturi, A. J. P. White, D. J. Williams,
Angew. Chem. 1998, 110, 357; Angew. Chem. Int. Ed. 1998, 37, 333;
d) A. Livoreil, J.-P. Sauvage, N. Armaroli, V. Balzani, L. Flamigni, B.
Ventura, J. Am. Chem. Soc. 1997, 119, 12114; e) D. A. Leigh, K.
Moody, J. P. Smart, K. J. Watson, A. M. Z. Slawin, Angew. Chem. 1996,
108, 326; Angew. Chem. Int. Ed. Engl. 1996, 35, 306; f) D. A. Leigh, A.
Murphy, J. P. Smart, M. S. Deleuze, F. Zerbetto, J. Am. Chem. Soc.
1998, 120, 6458.


[3] a) Y. Geerts, D. Muscat, K. Müllen, Macromol. Chem. Phys. 1995,
196, 3425; b) D. Muscat, A. Witte, W. Köhler, K. Müllen, Y. Geerts,
Macromol. Rapid Commun. 1997, 18, 233; c) J.-L. Weidmann, J.-M.
Kern, J.-P. Sauvage, Y. Geerts, D. Muscat, K. Müllen, Chem. Commun.
1996, 1243; d) S. Shimada, K. Ishikawa, N. Tamaoki, Acta Chem.
Scand. 1998, 52, 374; e) S. Menzer, A. J. P. White, D. J. Williams, M.
BelohradskyÂ, C. Hamers, F. M. Raymo, A. N. Shipway, J. F. Stoddart,
Macromolecules, 1998, 31, 295; f) C. Hamers, O. Kocian, F. M. Raymo,
J. F. Stoddart, Adv. Mater. 1998, 10, 1366; g) C. Hamers, F. M. Raymo,
J. F. Stoddart, Eur. J. Org. Chem. 1998, 2101.


[4] The only published example of a [2]catenane with even larger rings
[polystyrene and poly(2-vinylpyridine) macrocycles]: Y. Gan, D.
Dong, T. E. Hogen-Esch, Polym. Prepr. Am. Chem. Soc. 1995, 36(1),


408. This catenane has no functional groups and was isolated only in a
very small amount.


[5] a) G. Schill, C. Zürcher, Naturwissenschaften 1971, 58, 40; b) K.
Riûler, G. Schill, H. Fritz, W. Vetter, Chem. Ber. 1986, 119, 1347.


[6] a) C. O. Dietrich-Buchecker, J.-P. Sauvage, Tetrahedron 1990, 46, 503;
b) J.-P. Sauvage, Acc. Chem. Res. 1990, 23, 319; C. O. Dietrich-
Buchecker, C. Hemmert, A.-K. KheÂmiss, J.-P. Sauvage, J. Am. Chem.
Soc. 1990, 112, 8002; c) J.-M. Kern, J.-P. Sauvage, J.-L. Weidmann,
Tetrahedron, 1996, 52, 10921; B. Mohr, M. Weck, J.-P. Sauvage, R. H.
Grubbs, Angew. Chem. 1997, 109, 1365; Angew. Chem. Int. Ed. Engl.
1997, 36, 1310.


[7] D. B. Amabilino, P. R. Ashton, C. L. Brown, E. CoÂ rdova, L. A.
Godínez, T. T. Goodnow, A. E. Kaifer, S. P. Newton, M. Pietraszkie-
wicz, D. Philp, F. M. Raymo, A. S. Reder, M. T. Rutland, A. M. Z.
Slawin, N. Spencer, J. F. Stoddart, D. J. Williams, J. Am. Chem. Soc.
1995, 117, 1271.


[8] C. A. Hunter, J. Am. Chem. Soc. 1992, 114, 5303.
[9] a) R. Jäger, F. Vögtle, Angew. Chem. 1997, 109, 966; Angew. Chem.


Int. Ed. Engl. 1997, 36, 930; b) F. Vögtle, T. Dünnwald, T. Schmidt,
Acc. Chem. Res. 1996, 29, 451; c) S. Baumann, R. Jäger, F. Ahuis, B.
Kray, F. Vögtle, Liebigs Ann./Recueil 1997, 761.


[10] a) A. G. Johnston, D. A. Leigh, R. J. Pritchard, M. D. Deegan, Angew.
Chem. 1995, 107, 1324; Angew. Chem. Int. Ed. Engl. 1995, 34, 1209;
b) A. G. Johnston, D. A. Leigh, L. Nezhat, J. P. Smart, M. D. Deegan,
Angew. Chem. 1995, 107, 1327; Angew. Chem. Int. Ed. Engl. 1995, 34,
1212.


[11] Results from X-ray structure analysis on single crystals of model
compounds; A. Godt, Ö. Ünsal, V. Enkelmann, unpublished results.


[12] Ö. Ünsal, A. Godt, unpublished results on the synthesis of the starting
material.


[13] H. Eckert, B. Forster, Angew. Chem. 1987, 99, 922; Angew. Chem. Int.
Ed. Engl. 1987, 26, 894.


[14] D. O�Krongly, S. R. Denmeade, M. Y. Chiang, R. Breslow, J. Am.
Chem. Soc. 1985, 107, 5544.


[15] No indication of competing ester cleavage was found. Contrary to
that, in the presence of hydroxide in THF, the carbonate group was
inert, while the ester group was cleaved.


[16] Dithranol was used as a matrix. Additional signals with much lower
intensity were found for [M�Na]� , [M�K]� , [M�dithranol], and for
the clusters [2M(6)]� (5771.4), [2M(1a)]� (2885.3), and [3M(1a)]�


(4328.1).
[17] a) M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der


organischen Chemie, Thieme, Stuttgart, 1979 ; b) H.-O. Kalinowski, S.
Berger, S. Braun, 13C-NMR-Spektroskopie, Thieme, Stuttgart, 1984.


Received: December 16, 1998 [F1498]








Highly Efficient and Practical Optical Resolution of 2-Amino-2'-hydroxy-1,1'-
binaphthyl by Molecular Complexation with N-Benzylcinchonidium Chloride:
A Direct Transformation to Binaphthyl Amino Phosphine


Kuiling Ding,*[b] Yang Wang,[b] Hongying Yun,[b] Jinxia Liu,[b] Yangjie Wu,[b]


Masahiro Terada,[a] Yasutaka Okubo,[a] and Koichi Mikami*[a]


Abstract: A new type of N,P chiral ligand, binaphthyl amino phosphine 1 was
synthesized through a simple and practical resolution of racemic 2-amino-2'-hydroxy-
1,1'-binaphthyl by molecular complexation with 0.5 equivalents of N-benzylcincho-
nidium chloride in the solid state. The present procedure represents the first example
of the optical resolution of amino alcohol with the use of a chiral ammonium salt as a
resolving reagent. The resolution mechanism is discussed in terms of molecular
recognition in solid state. The chlorine anion in N-benzylcinchonidium chloride
provides the bridging link between two amino alcohol molecules [(�)-2] and the
cinchonoid cation located in between, by hydrogen bonding with the surrounding
moieties.


Keywords: amino alcohols ´ biaryls
´ molecular recognition ´ N,P li-
gands ´ optical resolution


Introduction


Binaphthyl amino phosphine 1, a new type of N,P chiral
ligand, should be a very effective chiral inducer for asym-
metric synthesis, because it possesses not only a rigid chiral
1,1'-binaphthyl scaffold but also effective P and N containing
chelating groups for transition metals.[1] It is evident that the
enantiomerically pure amino alcohol 2 is a direct precursor for
the preparation of 1. Since the amino alcohols themselves also
represent the important chiral auxiliaries for asymmetric


synthesis,[2±3] it is desirable to develop a facile method for the
preparation of optically pure 2.


A homogenous preparative procedure of 2 was reported by
Smrcina and Kocovsky.[4] However, a large excess of chiral
amine (10 equiv) and a careful multistep crystallization are
necessary in order to get the enantiomerically pure 2 because
of the low optical enrichment (46 % ee) by diastereoselective
crystallization. In our preliminary report, a novel two-phase
oxidative cross-coupling procedure for large-scale prepara-
tion of racemic 2 by using FeCl3 as the oxidant has been
described;[5] this method has the advantages of environmental
safety and simplicity for the workup of the product. Very
recently, Cai et al. reported a kinetic resolution of 2. However,
the procedure is still less satisfactory in terms of yield and
optical purity of the product.[6] We now wish to report the
development of a highly efficient and practical optical
resolution of 2 by molecular complexation with N-benzylcin-
chonidium chloride 4 ; this represents the first example of the
optical resolution of an amino alcohol by the use of a chiral
ammonium salt as a resolving reagent. The resolution
mechanism may be discussed in terms of molecular recog-
nition in solid state. Further transformation of 2 to the new
type of chiral aminophosphine ligand 1 is also achieved.


Results and Discussion


Molecular complexation has proven to be one of the most
effective methods for the resolution of chiral organic mole-
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cules.[7] Toda et al. recently reported that chiral ammonium
salts are excellent hosts for optical resolution of racemic
phenol derivatives by selective complexation with one of the
enantiomers.[8] In our first attempt, 2-amino-2'-hydroxy-1,1'-
binaphthyl 2 was readily resolved by the use of 1/2 equivalent
of N-benzylcinchonidium chloride (Scheme 1). In order to


Scheme 1. The resolution of rac-2 by molecular complexation.


improve the efficiency of the resolution, several kinds of
solvents, such as methanol, ethyl acetate, acetonitrile, and
acetone, were examined and acetone was found to be an
excellent solvent. A period of reflux is able to accelerate the
formation of molecular crystals between (�)-2 and 3. The
crystals precipitated were collected by filtration and washed
with acetone; these were characterized as a 1:1 molecular
crystal of (�)-2 and 3.[9] The opposite enantiomer of 2 is left in
the filtrate. The filtrate was concentrated to dryness, redis-
solved in ethyl acetate, and washed with dilute HCl and brine.
The organic layer was dried over anhydrous Na2SO4, filtered,
and concentrated to a pale solid. Further recrystallization
from benzene gives enantiomerically pure (ÿ)-2 in 85 % yield
based on one enantiomer (>99 % ee). The molecular crystals
can be decomposed with dilute HCl and extracted with ethyl
acetate. Following the same procedure for the workup of
(ÿ)-2 as mentioned above, the enantiomerically pure (�)-2 is
obtained in 88 % yield based on the other enantiomer with
>99 % ee. The aqueous phase is neutralized with Na2CO3 and
concentrated to give N-benzylcinchonidium chloride in al-
most quantitative recovery.


Thus, an efficient and practical resolution of an amino
alcohol, 2-amino-2'-hydroxy-1,1'-binaphthyl (2), has been
successfully achieved. It is generally considered that the
ammonium salts form an inclusion complexes with alcohol or
phenol through hydrogen bonding interactions between the
counter anion of the ammonium salt host and the hydroxy
group of the alcohol or phenol guest.[8, 10] However, how a
chiral ammonium salt resolves amino alcohol has not yet been
reported. In order to understand the resolution mechanism,
the X-ray crystal structure of the molecular complex was
determined.[11]


As shown in Figure 1, the structure of the molecular
complex network between (�)-2 and 3 can be described as
continuous chains of interlinked species that are aligned in an
alternating manner parallel to the (011) lattice plane of the
crystal. The chloride anion provides the bridging link between
two amino alcohol molecules (�)-2 and the cinchonoid cation
located in between, by hydrogen bonding with the surround-
ing moieties at OH ´´´ Cl distances of 3.10 ± 3.11 � and
NH ´´´ Cl distance of 3.41 �. The N,N-dimethyl derivative


Figure 1. Stereoview of the crystal structure of (R)-(�)-2 ´ 3. Contents of
one and one-half unit cell are shown to illustrate better the intermolecular
interaction pattern.


(4) of racemic 2 does not form molecular crystal under various
conditions; this illustrates that the alternative OH ´´´ Cl ´´ ´ HN
hydrogen bonding pattern is very important for the formation
of molecular crystal. There is no intramolecular hydrogen
bonding between the NH2 and OH of the amino alcohol
moiety. The CÿH p interaction between the benzyl substitu-
ent of the cinchonidium derivative and two naphthyl rings of
amino alcohol is found to be an additional force for the
formation of the molecular crystal. The shortest relevant
nonbonding H ´´´ C distances are within the range of 2.79 ±
3.02 �. The dihedral angle of the binaphthyl unit is 103.88 and
its absolute configuration is found to be R and is unambig-
uously related to the absolute configuration of cinchonidium
moiety. The chirality of stereogenic carbon connected to OH
group in the host molecule is found to be crucial for molecular
recognition between 2 and 3, because when epimeric benzyl-
cinchonium chloride is used, under various conditions, for the
complexation of 2, no molecular crystal is formed.[12]


With the enantiopure 2 in hand, we extended its application
to the synthesis of a new type of amino-phosphine chiral
ligand 1. As shown in Scheme 2, the enantiopure N,N-
dimethyl derivative (4) of 2 can be obtained by methylation
with CH2OÿHCOOH[13] in 82 % yield. Treatment of 4 with
(CF3SO2)2O in the presence of Et3N gives its triflate
derivative 5 quantitatively. We tried various procedures for
the transformation of 5 to 1.[14] Finally it was found that 5
undergoes coupling reaction with Ph2P(O)H effciently in the
presence of Pd(OAc)2/dppp (dppp� 1,3-bis(diphenylphos-
phino)propane) and diisopropylethylamine to give 2-(N,N-
dimethylamino)-2'-(diphenylphosphinyl)-1,1'-binaphthyl 6 in
76 % yield. The chiral target ligand 1 can be easily obtained in
>90 % yield by the reduction of its oxide 6 with HSiCl3 in the
presence of Et3N.


Conclusion


A highly efficient and practical optical resolution of 2-amino-
2'-hydroxy-1,1'-binaphthyl has been achieved. It was found
that the chirality of the host molecule, hydrogen bonding, and
CÿH p interactions dominate the selective formation of
molecular crystal between (R)-(�)-2 and 3. This protocol
combined with a two-phase oxidative cross-coupling proce-
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Scheme 2. Transformation of 2 to 1.


dure for the large-scale preparation of racemic 2 provides a
convenient route to enantiopure 2. One of its phosphine
derivatives 1 has been prepared from chiral 2 readily without
racemization. Further application of 1 and 2 for asymmetric
synthesis is under investigation.


Experimental Section


General : 1H NMR and 13C NMR were measured on a Varian Gemini 300
(300 MHz) spectrometer. Chemical shifts of 1H NMR were expressed in
ppm with tetramethylsilane as an internal standard (d� 0) in CDCl3, unless
otherwise noted. Chemical shift of 13C NMR were expressed in ppm with
residual signal of CDCl3 as an internal standard (d� 77), unless otherwise
noted. IR spectra were measured with a JASCO FTIR-5000 spectrometer.
Optical rotations were measured with a JASCO DIP-140 instrument. Mass
spectra were obtained on a JEOL AUTO FAB. Liquid chromatographic
analyses were conducted on a Shimadzu LC-6A instrument equipped with
Model SPD 6A spectrometer as an ultra violet light (at 254 nm). The peak
areas were calculated by a Shimadzu C-R6A as an automatic intergrator.
Analytical thin-layer chromatography (TLC) was performed on Merck
Kieselgel 60 F254. Visualization was accomplished by UV light (254 nm)
and phosphomolybidic acid. All experiments were carried out under an
argon atomsphere. All of the solvents were dried and freshly distilled prior
to use. Racemic 2-amino-2'-hydroxy-1,1'-binaphthyl (2) was prepared
according to the reported procedure.[5]


Optical resolution of 2-amino-2''-hydroxy-1,1''-binaphthyl (2): N-benzylcin-
chonidium chloride 3 (4.20g, 10 mmol) was added to the solution of (�)-2
(5.70 g, 20 mmol) in acetone (100 mL). The mixture was heated to reflux
for 4 h and then allowed to cool to room temperature. The resulting
crystalline white solid was collected by filtration and washed with acetone
(3� 10 mL). The solid was characterized as a two-component molecular
crystal of (R)-(�)-2 and 3 in a 1:1 molar ratio.[9] The enriched (S)-(ÿ)-2 was
left in the mother liquid. A suspension of molecular crystals in HCl (50 mL;
1n ) and ethyl acetate (100 mL) was stirred for 10 min until the white solids
disappeared. The organic layer was separated and was washed with brine
(20 mL) and then dried over Na2SO4. After removal of the solvent, the
residue obtained from organic phase was recrystallized from benzene to
afford (R)-(�)-2 in 88% yield based on one enantiomer with >99% ee


(determined by HPLC on a CHIRALCEL ODÿH column with 90:10
hexane/isopropanol as eluent, 0.6 mLminÿ1, S: 21.22 min; R: 25.04 min). M.p.
167 ± 169 8C; [a]25


D ��117.0 (c� 1.0, THF); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 3.72(br s, 2 H), 5.14(s, 1 H), 7.05 ± 7.39 (m, 8H), 7.74 ± 7.92
(m, 4 H); 13C NMR (125.7 MHz, (CD3)2SO): d� 111.36, 115.00, 118.53,
118.87, 120.89, 122.33, 122.66, 123.53, 124.20, 125.82, 126.26, 127.10, 127.91,
129.19, 128.54, 129.23, 133.73, 134.10, 144.00, 153.38; IR (KBr, cmÿ1): nÄ� 3408
(w), 3326 (m), 3225 (w), 1622 (vs), 1599 (s), 816 (vs), 756 cmÿ1 (s); C20H15NO
(285.34): C 84.18, H 5.30, N 4.91 %; found: C 84.50, H 5.31, N 4.77 %.
The mother liquid was concentrated to dryness, then redissolved in ethyl
acetate (50 mL), and washed with HCl (10 mL; 1n) and brine (20 mL). The
organic layer is dried over Na2SO4. Following the same procedure for the
recrystallization of (R)-(�)-2, (S)-(ÿ)-2 was obtained in 85% yield based
on the other enantiomer with >99% ee : [a]25


D �ÿ117.0 (c� 1, THF).


(S)-2-(N,N-dimethylamino)-2''-hydroxy-1,1''-binaphthyl (4): (S)-(ÿ)-2
(570 mg, 2 mmol) was added to a solution of HCOH (0.40 g) in HCOOH
(2 mL). The mixture was heated to 100 8C and stired for 4 h. After cooling,
the resulting solution was neutralized with NaOH solution (2n) to pH< 11.
The product was extracted with ethylacetate (2� 30 mL). The organic
phase was washed with brine and dried over MgSO4. After the removal of
the solvent, the residue was submitted to column-chromatographic
separation on silica gel with hexane/EtOAc (4:1) as eluent to give (S)-4
in 82% yield (516 mg). M.p. 184 ± 186 8C; [a]25


D �ÿ30.8 (c� 1.0, THF);
1H NMR (300 MHz, CDCl3): d� 2.46 (s, 6 H), 7.02 ± 7.23 (m, 5 H), 7.28 ± 7.34
(m, 2 H), 7.37 (d, J� 9.0 Hz, 1H), 7.84 (t, J� 8.4 Hz, 2H), 7.88 (d, J� 8.7 Hz,
1H), 7.95 (d, J� 8.7 Hz, 1 H), [the proton of the OH group was not
detected); 13C NMR (75.5 MHz, CDCl3): d� 43.58, 118.32, 118.43, 119.38,
122.07, 123.18, 124.17, 125.72, 125.89, 126.29, 126.48, 127.89, 128.12, 129.25,
129.66, 129.91, 130.06, 133.93, 134.10, 149.47, 151.58; IR(KBr): nÄ �3070 (w),
2956 (w), 1618 (s), 1595 (s), 818 (vs), 762 cmÿ1 (s); HRMS calcd for
C22H19NO ([M]�): 313.1467; found: 313.1466.


(S)-2-(N,N-dimethylamino)-2''-(trifluoromethylsulfonyloxy)-1,1''-binaph-
thyl (5): Et3N (0.3 mL, 2.2 mmol) was added to a solution of (S)-4 (313 mg,
1 mmol) in CH2Cl2 (3 mL). The resulting mixture was cooled toÿ78 8C and
then (CF3SO2)O (0.185 mL, 1.1 mmol) was added dropwise. After stirring
for 3 h at ÿ78 8C, the solution was warmed to room temperature. After the
removal of the solvent, the resulting residue was submitted to column-
chromatographic separation on silica gel with hexane/EtOAc (10:1) as
eluent to give (S)-5 in 100 % yield (445 mg). M.p. 125 ± 126 8C; [a]25


D �
�144.2 (c� 1.0 in THF); 1H NMR (300 MHz, CDCl3): d� 2.45 (s, 6H),
6.92 (d, J� 8.4 Hz, 1 H), 7.16 (t, J� 8.4 Hz, 1H), 7.27 ± 7.44 (m, 3H), 7.48 ±
7.58 (m, 3H), 7.83 (d, J� 7.8 Hz, 1H), 7.94 ± 8.00 (m, 2H), 8.01 (d, J�
8.7 Hz, 1 H); 13C NMR (75.5 MHz, CDCl3): d� 43.53, 116.08, 119.38,
119.85, 120.32, 123.69, 125.16, 126.26, 126.72, 127.29, 127.50, 127.89, 128.30,
129.53, 129.88, 130.21, 132.45, 133.67, 134.22, 145.36, 150.86; IR(KBr): nÄ �
3056 (m), 2940 (m), 1624 (s), 1595 (s), 818 (s), 748 (s); HRMS calcd for
C23H18F3NO3S ([M]�): 445.0960; found: 445.0950.


(S)-2-(N,N-dimethylamino)-2''-(diphenylphosphinyl)-1,1''-binaphthyl (6):
Dimethylsulfoxide (5 mL) and diisopropylethylamine (0.87 mL, 5.0 mmol)
were added to a mixture of (S)-5 (445 mg, 1 mmol), diphenylphosphine
oxide (404 mg, 2 mmol), palladium diacetate (22.4 mg, 0.1 mmol), and 1,3-
bis(diphenylphosphino)propane (dppp; 61.8 mg, 0.15 mmol), and the
mixture was heated with stirring at 100 8C for 20 h. After cooling to room
temperature, the reaction mixture was concentrated under reduced
pressure to give a brown residue. The residue was diluted with EtOAc,
washed with water, dried over MgSO4, and concentrated again under
reduced pressure. The residue was chromatographed on silica gel (elution
with EtOAc) to give (S)-6 as a yellow amorphous solid in 76% yield
(380 mg). 1H NMR (300 MHz, CDCl3): d� 2.37 (s, 6 H), 6.68 (d, J� 8.4 Hz,
1H), 6.92 ± 7.04 (m, 3 H), 7.10 ± 7.19 (m, 10H), 7.48 ± 7.58 (m, 5H), 7.79 (t, J
�7.8 Hz, 1H), 7.86 ± 7.92 (m, 2 H); 13C NMR (75.5 MHz, CDCl3): d� 43.47,
119.24, 122.97, 125.53, 125.68, 126.78, 127.08, 127.18, 127.34, 127.52, 127.76,
128.01, 128.98, 129.59, 129.66, 129.75, 130.37, 130.80, 131.03, 131.16, 131.55,
131.66, 134.09, 134.65, 150.31; 31P NMR (109.25 MHz): d� 28.93; IR(KBr):
nÄ � 3058 (m), 2940 (w), 1620 (s), 1597 (s), 1199 (vs), 818 (s), 748 (vs),
700 cmÿ1 (vs); HRMS calcd for C34H29NOP ([M�H]�): 498.1987; found:
498.1992.


(S)-2-(N,N-dimethylamino)-2''-(diphenylphosphino)-1,1''-binaphthyl (1):
Cl3SiH (1 mL) was added to a mixture of (S)-6 (498 mg, 1 mmol) and
Et3N (3 mL) in toluene (10 mL) at 0 8C. The reaction mixture was stirred at
100 8C for 6 h. After being cooled to room temperature, the mixture was
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diluted with ether and quenched with small amount of saturated NaHCO3


solution. The resulting suspension was filtered through Celite, and the solid
was washed with ether. The combined organic phase was dried over MgSO4


and concentrated to solvent free under reduced pressure. The crude
aminophosphine was purified by silica gel column chromatography with
hexane/EtOAc (10:1) as eluent to give (S)-1 as an amorphous solid in 90%
yield (432 mg). [a]25


D ��26.6 (c� 1.0, THF); ee> 98% (determined by
HPLC on a CHIRALPAK AD column with 99:1 hexane/isopropanol as
eluent, 0.8 mL minÿ1, R : 5.41 min, S : 8.88 min). 1H NMR (300 MHz,
CDCl3): d� 2.22 (s, 6 H), 6.70 (d, J� 9.3 Hz, 1H), 6.92 ± 7.15 (m, 6H), 7.20 ±
7.36 (m, 7H), 7.38 (d, J� 9.0 Hz, 1H), 7.41(d, J� 9.0 Hz, 1 H), 7.45 ± 7.50 (m,
2H), 7.80 ± 7.89 (m, 3H), 7.94 (d, J� 8.7 Hz, 1H); 13C NMR (75.5 MHz,
CDCl3): d� 43.07, 119.08, 123.36, 125.68, 125.84, 126.29, 126.57, 127.46,
127.50, 127.75, 127.88, 127.96, 127.99, 128.04, 129.17, 129.40, 131.65, 132.79,
132.96, 133.04, 133.23, 133.55, 133.73, 134.10, 150.36; 31P NMR
(109.25 MHz): d�ÿ12.72; IR(KBr): nÄ � 3056 (m), 2938 (w), 1620 (m),
1595 (m), 816 (s), 745 (s), 696 cmÿ1 (vs); HR-MS calcd for C34H28NP
([M]�): 481.1959; found:481.1978.
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Cheletropic Traps for the Fluorescence Spectroscopic Detection of
Nitric Oxide (Nitrogen Monoxide) in Biological Systems


Petra Meineke,[a] Ursula Rauen,[b] Herbert de Groot,[b] Hans-Gert Korth,[a]


and Reiner Sustmann*[a]


Abstract: The concept of nitric oxide
cheletropic traps (NOCT), which relies
on the ESR spectroscopic detection of
nitroxide radicals formed on trapping of
NO by the NOCTs, has been extended
to NOCTs that incorporate a fluoro-
phoric system and form a new fluoro-
phore on reaction with NO (FNOCT�
fluorescent NOCT). The synthesis of the
acetoxymethylesters of two FNOCTs,


which can be loaded into cells, is descri-
bed. Inside the cells the esters are
enzymatically hydrolysed, thus allowing
intracellular trapping of NO. The pri-


mary nitroxides formed on reaction with
NO are reduced to the corresponding
hydroxylamines under physiological
conditions, thus remedying the fluores-
cence-quenching properties of nitroxide
radicals. It is demonstrated that NO
formed by lipopolysaccharide(LPS)-ac-
tivated alveolar macrophages can easily
be detected by these FNOCTs on a
single cell basis.


Keywords: alveolar macrophages ´
cheletropic traps ´ fluorescence
spectroscopy ´ nitrogen oxides ´
quinodimethanes


Introduction


Nitric oxide (nitrogen monoxide) is a molecule of great
biological interest. In recent years it has been and still is the
subject of active research.[1, 2] Since its identification as the
endothelium-derived relaxing factor (EDRF)[3±6] an almost
exponential growth of the literature has taken place in this
area. Several methods for the detection and quantitation of
nitric oxide are available. Their characteristics have been
reviewed in recent reference books.[7, 8] Each method has its
merits, but none is without disadvantages and limitations in
terms of specificity, sensitivity, or versatility. Only fluores-
cence methods seem to be ideally suited for the monitoring of
NO production in biological samples with both temporal and
spacial resolution. Recently developed fluorescence ap-
proaches[9, 10] have been applied for the detection of NO in
single cells;[9] however, they require the in-situ transformation
of NO into nitrosation agents and are, therefore, not direct
sensors for NO. Procedures that mimic the biological reaction
of NO with heme proteins use either synthetic iron com-
plexes[11] or cytochrome c[12] labeled with fluorescent dyes. So


far, they cannot be applied intracellularly and their sensitivity
is limited to micromolar concentrations of NO.


In recent years we have been involved in the development
of a family of molecules that specifically trap nitric oxide by
means of a formal cheletropic reaction. By the use of reactive
o-quinodimethanes of type 1 as biradical equivalents persis-
tent nitroxide radicals (2) are produced that can be easily
monitored by ESR spectroscopy.[13±15] The first members of


the family, which were based on the parent o-quinodimethane,
are characterized by short lifetimes due to secondary reac-
tions and/or low preparative yields. Nevertheless, their use for
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the detection of NO could be demonstrated by scavenging NO
produced from rat-liver macrophages (Kupffer cells).[13]


Further developments led to the synthesis of polycyclic
systems containing the o-quinodimethane skeleton; these
proved to be more stable and could be made water soluble
by suitable substitution, for example, 3 a.[16] Although
they showed high reactivity towards nitric oxide
(k2� 103 ± 105mÿ1 sÿ1 in water at 22 8C) the rather short
lifetime of the corresponding nitroxides put a limit to
their application in physiological environment. Nevertheless,
some successful biological applications have been demon-
strated.[17, 18]


In light of this situation a new concept was developed that
still relies on the same type of reaction but now uses
fluorescence spectroscopy as sensitive detection method
(FNOCT� fluorescent nitric oxide cheletropic trap). The
principle has been published in preliminary communica-
tions.[19,20] It is based on the fact that the reaction of o-
quinodimethanes of type 4 with nitric oxide generates ni-


troxide radical products 5 with an aromatic phenanthrene unit
as the active fluorophore (Scheme 1).


The parent compounds 4 should be either nonfluorescent or
should show fluorescence at different excitation and emission
wavelengths than products 5. Previous studies revealed that
the fluorescence intensity increased dramatically when the
nitroxide radicals 5 were reduced to the corresponding
hydroxyl amines 6. This results from the fact that nitroxide
radicals are fluorescence quenchers.[21]


In this contribution we report on the synthesis of suitable
FNOCTs and a first application as scavenger of nitric oxide
produced by alveolar macrophages. The production of nitric
oxide in single cells is monitored by means of digital
fluorescence microscopy, following the build up of the
fluorescence of the NO trapping product.


Results


Synthesis and characterization of the fluorescent nitric oxide
cheletropic traps : A biologically useful nitric oxide trap
should show excitation and emission wavelengths that allow
fluorescence microscopy of living cells. If the excitation
wavelength is<340 nm cells might be damaged by irradiation.
Furthermore, most optical systems do not operate at these
wavelengths. We thus reasoned that FNOCT 4 a, which has
been described in the preliminary communication, might not
be suited for our purpose owing to its rather short excitation
wavelength of lexc� 315 nm and its major emission between
360 and 420 nm. Therefore, we introduced a dimethylamino
group in 4 a in order to shift fluorescence excitation and
emission to longer wavelengths.


Starting materials for the synthesis were the corresponding
phenanthrene-9,10-quinones 7 a and 7 b. Condensation of 7 a
and 7 b with 1,3-diphenylpropane-2-one gave 8 a and 8 b in
90 % and 45 % yield, respectively, (Scheme 2). Both under-
went smooth Diels ± Alder addition with norborn-5-ene-2,3-
(E)-dicarboxylic acid (9 a) and its diacetoxymethylester 9 b to
give the polycyclic ketones 10 a and 10 b. A mixture of two
adducts in a ratio of 2:1 was obtained from the reactions of 8 b
with 9 a and 9 b. As the cycloaddition of 8 a to 9 a or 9 b
produced only one isomer, for which we derived the displayed
stereochemistry from spectroscopic data and semiempirical
quantumchemical calculations, we concluded that a mixture
of regioisomers of 10 c and 10 d is obtained in the cyclo-
additions of 8 b to 9 a and 9 b. These isomers differ in the
orientation of the dimethylamino group relative to the


Abstract in German: Das Konzept cheletroper Spinfänger
(Nitric Oxide Cheletropic Trap�NOCT), welches auf dem
ESR-spektroskopischen Nachweis von Nitroxid-Radikalen
beruht, die beim Abfang von NO gebildet werden, wurde auf
fluoreszenzfähige cheletrope Fänger (FNOCT�Fluorescent
NOCT) ausgedehnt. Bei der Reaktion mit NO entsteht aus dem
fluoreszierenden FNOCT ein neuer Fluorophor mit Fluores-
zenz bei anderen Wellenlängen. Sowohl die Abnahme der
Fluoreszenz der FNOCTs als auch die Zunahme der Fluores-
zenz des nach Abfang von NO durch Reduktion des primären
Nitroxid-Radikals gebildeten Hydroxylamin-Derivates können
für die Erfassung von NO eingesetzt werden. Es wird die
Synthese der Acetoxymethylester von zwei FNOCTs beschrie-
ben, mit denen Zellen beladen werden können. Diese Ester
werden in den Zellen enzymatisch gespalten, so daû die
Säureanionen der FNOCTs nach Zugabe eines Anionenka-
nalhemmers in den Zellen verbleiben und zum Nachweis des
NO genutzt werden können. Die primär entstehenden Nitro-
xid-Radikale werden unter den physiologischen Bedingungen
zu den entsprechenden Hydroxylamin-Derivaten reduziert.
Dadurch wird die fluoreszenzlöschende Eigenschaft der Nitro-
xid-Radikale behoben. Es wird gezeigt, daû NO, gebildet von
Alveolar-Makrophagen nach Stimulation der Zellen mit Li-
popolysacchariden (LPS), in einfacher Weise mit diesen
FNOCTs nachgewiesen werden kann.


Scheme 1. Reaction scheme for the formation of 5 and 6.







FULL PAPER R. Sustmann et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1740 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61740


Scheme 2. Reaction scheme for the formation of 4.


substituents at the norbornane skeleton. As a result of their
similarity, the isomers could not be separated by conventional
techniques. This, however, does not hamper their use. The NO
scavengers 4 a ± d finally were obtained by quantitative
photolytic decarbonylation of 10 a ± d and were fully charac-
terized by spectroscopic techniques (Scheme 2).


The parent ketones 10 a ± d exhibit the same fluorophoric p


system as the NO adducts 5 a ± d of the corresponding
FNOCTs 4 a ± d. Because nitroxides are fluorescence quench-
ers,[21] reduction of the nitroxides to the corresponding
hydroxylamines 6 a ± d is required to obtain the maximum
fluorescence level. With this prerequisite ketones 10 a ± d can
serve as spectroscopic models for the reduced NO-trapping
products 6 a ± d. Figure 1 shows the fluorescence excitation
and emission spectra of 10 a (Figure 1a) and 10 c (Figure 1b).
As anticipated, the dimethylamino substituent in 10 c shifts
the bands to longer wavelengths, into a region that is well
suited for biological applications.


The o-quinoid p systems of 4 a and 4 c were analyzed with
regard to their fluorescence properties. The fluorescence
excitation and emission spectrum of 4 c in phosphate buffer is
displayed in Figure 2. The fluorescence spectrum of 4 a is of
negligible intensity compared with that of 4 c and therefore
not shown. It is interesting to note that the fluorescence
intensitiy of 4 c depends on pH; it decreases with increasing
pH and disappears completely at pH� 9. The fluorescence
intensity is at a maximum at pH 4 ± 5. The analysis of the
fluorescence intensity as a function of pH yielded a pKa of 6.7,
which is attributed to the protonation equilibrium of the
dimethylamino group. The fluorescence is highest in the fully
protonated form and is lost in the free amino form. At a
physiological pH of 7.2 (phosphate buffer) about 24 % of the
dimethylamino group is protonated.


In Figure 3 the ESR spectrum is shown that was recorded
after addition of a solution of NO in THF to a solution of 4 c in
the same solvent. The spectrum is easily interpreted in terms
of nitroxide radical 5 c. The additional fine structure of the


Figure 1. Fluorescence spectra of 10 a and 10c. Excitation (broken line)
and emission spectra (continuous line) of a) 10 a (c� 50 mm, lexc� 315 nm
for emission spectrum, lem� 380 nm for excitation spectrum) and b) 10 c (B,
c� 50mm, lexc� 380 nm for emission spectrum, lem� 460 nm for excitation
spectrum) in sodium phosphate buffer pH 7.2.


Figure 2. Fluorescence spectra of 4c. Excitation (broken line) and
emission spectrum (continuous line) of 4c (c� 50mm, lexc� 460 nm for
emission spectrum, lem� 600 nm for excitation spectrum) in sodium
phosphate buffer pH 7.2.


Figure 3. ESR spectrum of 5c. Radical 5c was generated in THF solution
by reaction of 4 c with NO at 23 8C. ESR parameters: g� 2.00610, a(14N)�
2.287 mT, a(exo-Hg)� 0.076 mT (2H), a(H)� 0.048 mT (1 H), a(H)�
0.014 mT (4 H).


three nitrogen hyperfine lines results from hyperfine splittings
by the hydrogen atoms of the norbornane moiety. A virtually
identical spectrum was observed for 5 a under similar
conditions.[19] The same ESR spectra were also obtained in
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phosphate buffer. In aqueous solution, however, the radicals
are not very persistent, decaying within 10 ± 30 min to non-
radical products and accompanied by the growth of the typical
fluorescence of the phenanthrene chromophore.


The efficiency of compounds 4 to trap nitric oxide was
determined by the stopped-flow technique by monitoring the
disappearance of the characteristic UV/Vis absorption of the
o-quinoid p system at about 460 nm. The second-order rate
constant for the reaction of 4 a with NO is k2� 930� 70mÿ1 sÿ1


in benzene at 23 8C and 60� 8mÿ1 sÿ1 in phosphate buffer
pH 7.4. The dimethylamino-substituted derivative 4 c reacts at
similar rates, namely, k2� 600� 42mÿ1 sÿ1 at room temper-
ature in THF (21 8C) and 170� 10mÿ1 sÿ1 in phosphate buffer.
Slightly reduced rate constants in aqueous solution compared
with organic solvents have been observed previously for other
NOCTs too.[19]


In order to allow the FNOCT molecules to permeate cell
membranes the acetoxymethylesters 4 b and 4 d were synthe-
sized. Inside living cells these esters should be cleaved
enzymatically to produce the free acids 4 a and 4 c, respec-
tively; this hinders the trap as well as its NO adduct from
leaving the cell. To check on the enzymatic hydrolysis, pig-
liver esterase (20 unitsmLÿ1) was added to a solution of either
4 b or 4 d in phosphate buffer at 37 8C in the presence of 2 %
DMSO and 0.2 % PluronicR . The progress of ester cleavage
was followed by thin-layer chromatography (on silica gel with
toluene/ethylacetate 3:1). Comparison with authentic samples
of the free acids 4 a and 4 c, respectively, revealed that for both
esters hydrolysis was complete after 1 h. In the absence of the
enzyme 4 b as well as 4 d were stable for at least 24 h under
these conditions.


The effect of the controlled addition of ascorbate on the
fluorescence intensity has been described for radical 5 a.[19]


The result of a similar trapping experiment with 4 c in the
presence of ascorbate is shown in Figure 4. Excitation at


Figure 4. Fluorescence spectra of 6c. Excitation (broken line) and
emission spectrum (continuous line) of 6c (c� 50mm, lexc� 380 nm for
emission spectrum, lem� 460 nm for excitation spectrum) in sodium
phosphate buffer pH 7.2.


lexc� 380 nm yielded an emission spectrum for 6 c (lmax�
460 nm) that is very similar to the emission spectrum of
ketone 10 c (see Figure 1). The fluorescence quantum yields
(QF) of 6 a and 6 c in phosphate buffer were measured relative
to fluorescein as standard (QF� 0.91[22]), giving QF (6 a)� 0.03
and QF (6 c)� 0.27. As for 4 c, the fluorescence of 6 c is pH
dependent, the highest intensity is found at pH 8 ± 9. From the


pH dependence of the fluorescence intensity a pKa of 6.7 was
determined, confirming that the protonation of the dimethyl-
amino group is responsible for the pH effect. Even in the
absence of a reducing agent nitroxide 5 c has a rather short
lifetime in aqueous solution. The same fluorescence intensity,
as found in the presence of a reducing agent, was reached 10 ±
30 min after the addition of NO. This fact demonstrates that
the degradation of the nitroxide radical does not affect the
fluorophoric system.


The effect of a reducing agent on the fate of nitroxides 5 b
and 5 d was studied in THF by the use of acetaldehyde in place
of ascorbate. Thus, a freshly prepared solution of 4 b or 4 d
containing an equimolar amount of acetaldehyde was treated
with an equimolar amount of NO solution and analysed
immediately by 1H NMR and MS spectroscopy. The resulting
spectra were fully consistent with 6 b or 6 d, respectively, being
the only products formed (40 % conversion). As expected, the
1H NMR spectra of 6 b and 6 d are virtually identical to those
of ketones 10 b and 10 d, respectively.


Before FNOCTs 4 were applied in a biological system,
further tests were carried out in order to ensure that the
specificity of the reaction with nitric oxide was high compared
with possible reactions with other biologically relevant
reactive molecules. Figure 5 displays the behavior of FNOCT


Figure 5. Reactivity of FNOCT 4 c towards NO and other biologically
relevant reactive oxygen species. Time dependence of the fluorescence
intensity at 23 8C monitored from 4c (c� 50mm, lexc� 380 nm, lem�
460 nm) in pure sodium phosphate buffer pH 7.2 (!) and in the presence
of 100 mm NO-solution� 100 mm ascorbate (*), 20mm spermine NONOate
(&), 100 mm H2O2 (&), 100 mm H2O2� 50 mm Fe2� (*) and 100 mm O2


.ÿ (~).


4 c in phosphate buffer (pH 7.2, 23 8C, lexc� 380 nm, lem�
460 nm) against hydrogen peroxide, hydrogen peroxide in
the presence of FeII (Fenton system), and superoxide. No
significant increase in fluorescence intensity was observed in
the presence of these additives compared with the growth
observed in pure buffer solution (which we attribute to a slow
thermal transformation of FNOCT 4 c into products also
incorporating the phenanthrene unit). The fastest reaction
was observed with nitric oxide in the presence of ascorbate, in
which the maximum of the fluorescence intensity was reached
within a few seconds.


In another experiment (also shown in Figure 5) the NO
donor spermine NONOate was added to a solution of
FNOCT 4 c. A first-order increase of the fluorescence
intensity was observed, which reflects the release of NO
by this molecule. The half-life of fluorescence growth
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(t1/2� 54 min at 21 8C) corresponds to the decay rates of
spermine NONOate as reported in the literature.[20, 23, 24]


Aromatic p systems tend to aggregate at higher concen-
trations in aqueous solution.[25] This would lead to a nonlinear
dependence of the fluorescence intensity on the concentration
of the NO trap. However, in the nanomolar to 100-micro-
molar concentration range, that is, in the concentration range
relevant for cellular systems, the fluorescence intensity of 6 c
was found to be strictly linearily correlated (r2� 0.996) with
the concentration of 4 c. This is different to 4 a/6 a system, in
which a deviation from the linear behavior was found for
concentrations of 4 a above 20 mm.


The sensitivity for NO detection was determined by adding
increasing amounts of NO to a 50 mm solution of 4 c in
phosphate buffer. As is shown in Figure 6 the fluorescence of
6 c can be detected already at nm concentrations of NO. Strict
linearity of the fluorescence intensity versus the NO concen-
tration is observed up to the mm range, indicating that all of
the NO added is trapped by 4 c.


Figure 6. Dependency of the fluorescence intensity of 6 c on the NO
concentration after reaction with 4c (c� 50 mm, lexc� 380 nm, lem�
460 nm) for the micromolar and nanomolar range in sodium phophate
buffer pH 7.2.


Biological applications of FNOCT 4 d : Alveolar macrophages
are known to produce relatively large amounts of NO after
activation with lipopolysaccharides and, therefore, were used
to test the applicability of the FNOCT concept in a biological
system. As we aimed at NO measurements on the single-cell
level using digital fluorescence microscopy, conditions for
loading the cells with FNOCT 4 d were first investigated. The
best loading was achieved at a FNOCT 4 d concentration of
50 mm (dissolved in presence of 0.1 % PluronicR and 1 %
DMSO) and a loading time of 90 min at 37 8C. Higher
concentrations or longer loading times led to increased cell
death, lower concentrations or shorter loading times yielded
only suboptimal fluorescence intensities as assessed at lexc�
488� 10 nm, lem> 520 nm. In the presence of probenecid
(1.4 mm) no dye leakage could be detected, whereas in the
absence of probenecid dye leakage occurred. This indicated
that the expected intracellular hydrolysis of ester 4 d to the
corresponding acid 4 c had taken place. Fluorescence micro-
scopy demonstrated that the dye was distributed almost
homogeneously over the cytosol and the organelles, with only


the cell nuclei being spared. Cell viability after measurements
was >85 %; this was comparable with the respective solvent
control, but was somewhat lower than the viability of un-
treated cells (�90 %). Photobleaching of the fluorescence of
6 c was negligible.


The approximate cellular concentration of FNOCT 6 c was
determined by fluorescence spectroscopy after lysis of the
cells with triton X-100 (1%). A mean intracellular FNOCT
concentration of 100� 5 pmol 10ÿ6 cells was determined
corresponding to an intracellular concentration of 83�
4.2 mm, assuming an average cell volume of 1.2 pL cellÿ1.[26]


For unstimulated, FNOCT-loaded alveolar macrophages,
fluorescence at lexc� 380� 10 nm and lem� 460 ± 490 nm was
almost identical to the autofluorescence of the cells (as
assessed by an unloaded control incubation; Figure 7). Upon


Figure 7. Effect of NO on the fluorescence of FNOCT-loaded alveolar
macrophages. Rat alveolar macrophages were loaded with FNOCT 4d
(50 mm, 90 min) and fluorescence was monitored by digital fluorescence
microscopy at lexc� 380� 10 nm, lem� 460 ± 490 nm. For release of NO
either the NO donor S-nitroso-N-acetyl-d,l-penicillamine (SNAP, 10 mm)
was added to the incubation medium (Krebs ± Henseleit buffer containing
2mm l-glutamine and 10 mm d-glucose) and supplemented when necessary
with l-arginine (Arg, 0.5mm), or cells were activated by preincubation with
lipopolysaccharides (LPS, 0.5 mgmLÿ1, 11 h). NG-monomethyl-l-arginine
(NMA, 0.1mm) was added to some incubations in order to inhibit NO
formation. Cellular autofluorescence (autofluoresc.) in the absence of
FNOCT 4d is shown for comparison. Data shown represent mean�S. D. of
20 ± 50 cells from 4 preparations.


addition of 10 mm of the NO donor S-nitroso-N-acetyl-d,l-
penicillamine (SNAP), that is, subjecting an excess amount of
NO to the FNOCT-loaded cells, there was a rapid increase in
fluorescence at these wavelengths. The final fluorescence
level obtained should reflect complete consumption of the
NO trap. When alveolar macrophages had been activated with
LPS for 11 h prior to loading with FNOCT 4 d, the fluores-
cence at lexc� 380� 10 nm and lem� 460 ± 490 nm had in-
creased to the same level after the loading period of 90 min.
This increase in fluorescence was observed for all cells with
little cell-to-cell variation. No further increase was monitored
with duration of the experiment, thus, at the present intra-
cellular concentration the dye had been completely consumed
within the loading time of 90 min. Cells treated with the NO
synthase inhibitor NMA, regardless if activated or not, did not
show a fluorescence intensity exceeding the level of auto-
fluorescence, confirming that the foregoing signal was indeed
due to trapping of NO from the NO synthase-catalysed
reaction. For comparison, the Griess and DAN tests were
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carried out under identical conditions of cell preparation and
stimulation. While FNOCT 4 c allowed easy detection
of NO formed 11 ± 12 hours after activation, neither of the
two other methods provided such evidence under these
conditions. The DAN test was positive 12 hours after stim-
ulation when all NO formed during the first 12 hours was
accumulated; for the Griess method 16 h of accumulation
were necessary.


Discussion


A method is presented that permits the sensitive detection of
nitric oxide. The procedure makes use of the fact that
FNOCTs 4 react with NO in a formal cheletropic reaction
to give bridged nitroxide radicals 5. These nitroxides are
immediately reduced under cellular conditions to hydroxyl-
amine derivates 6, thereby generating a phenanthrene-type
fluorophore. This methodology is different to most of the
other known fluorescence assays for NO in the sense that the
fluorophore is produced directly by the reaction of the
reagent with NO, and also leads to a permanent incorporation
of the latter in the fluorescent product. The fluorescence
methods proposed for biological applications so far[8, 9]


produce fluorescence only indirectly and require prior trans-
formation of NO into other more reactive nitrogen ± oxygen
species, for example, NO�, NO2, or N2O3. This, of course,
affects the specificity of such methods, always leaving some
ambiguities concerning the truly detected species.


The second-order rate constants for the reaction of 4 a and
4 c with NO are of the order of 100mÿ1 sÿ1. In terms of
quantitation of NO production in biological systems it would
be desirable to have rate constants close to diffusion control in
order to compete efficiently with the physiological decay
reactions of NO. Whereas autoxidation of NO should not
interfere owing to the low steady-state level of O2 in typical
cell systems, NO would react rapidly with iron complexes[27, 28]


or superoxide.[29±31] On the other hand, smaller k2 values might
be more advantageous for physiological studies considering
that not all of the NO being produced will be trapped and,
therefore, interference with NO-dependent cellular responses
will be largely diminished. In other words, a simultaneous
study of NO production and NO-dependent cellular respons-
es remains possible.


The finite lifetimes of our nitroxides 5, which would make
ESR detection in cell systems difficult, were the reason for the
development of the FNOCTs. On reaction with NO these
systems retain the fluorophore regardless of whether the
nitroxide radical decays or not. Even better, as nitroxides are
known to be fluorescence quenchers (see above), it is
desirable to generate nonradical products. This can be
achieved by intentionally adding a suitable reducing agent,
for example, acetaldehyde, or taking advantage of the fact
that reducing agents like ascorbate, glucose, or glutathione are
ubiquituous in living cells.


The specificity of our FNOCTS for the trapping of NO is
demonstrated by the fact that the increase in fluorescence
intensity in the presence of hydrogen peroxide, hydrogen
peroxide�FeII (Fenton reaction), or superoxide is very


similar to the increase in pure buffer solution, indicating
insensitivity towards these reactive oxygen species. Peroxyni-
trite [oxoperoxonitrate(ÿ1)], another putative reactive oxy-
gen species[32] indeed reacts with FNOCT 4 c, as was noticed
by an increase of fluorescence and the disappearance of the
color of FNOCT 4 c after addition of a small excess of
authentic peroxynitrite. A large excess of peroxynitrite led to
a decrease of the fluorescence. Details of the reaction of
FNOCT 4 c with peroxynitrite will be reported in a forth-
coming publication.[33]


The applicability of the trap for NO detection in single,
viable cells could be demonstrated by the use of isolated rat
alveolar macrophages. FNOCTs 4 c/4 d were nontoxic in the
final concentration used. FNOCT 4 d could be loaded into the
cells and was apparently hydrolyzed to the membrane-
impermeable FNOCT 4 c which remained in the cells. The
intracellular trap could be shown to respond in the same way
as in the chemical system to externally applied as well as to
endogeneously produced NO, while no signal was observed in
unstimulated cells or in the presence of an inhibitor of cellular
NO formation. By means of digital fluorescence microscopy,
the signal could be detected on the single-cell level, under-
lining the sensitivity of the method. Together, these data
demonstrate that the approach taken is possible. The method
presented is likely to be useful for studying a broad range of
NO-related questions in cellular systems.


Experimental Section


Instrumentation : NMR: Bruker AMX 300, Varian Gemini 200 (signals
indicated with * are attributed to the minor isomer of the compound);
ESR: Bruker ER 420 with DigiS data acquisition system (GfS Aachen,
Germany); IR: Perkin ± Elmer Series 1600 FTIR; UV/Vis: Cary 219;
fluorescence spectroscopy: Jobin Yvon JY3 with DigiS data acquisition
system and FL 3095 of J&M; MS: Fisons VG ProSpec 300; elemental
analysis: Carlo Erba Model 1106; melting points: Büchi 510 (uncorrected);
stopped-flow measurements: HiTech Scientific Ltd. SF 41 Cryostopped-
flow spectrometer (Salisbury, England).


Materials : Dulbecco�s modified eagle medium (DMEM, low glucose) and
gentamycin sulfate were purchased from GibcoBRL (Eggenstein, Germa-
ny); lipopolysaccharides, probenecid, and fetal calf serum were from Sigma
(Steinheim, Germany); PluronicR F-127, propidium iodide, and spermine
NONOate ((Z)-1-{N-[3-aminopropyl]-N-[4-(3-aminopropylammonio)bu-
tyl]amino}-diazen-1-ium-1,2-diolate) were from Molecular Probes Eu-
rope BV (Leiden, The Netherlands); trypan blue, NG-monomethyl-l-
arginine monoacetate and esterase (pig liver, 200 units mgÿ1) were from
Aldrich (Steinheim, Germany); dimethyl sulfoxide and triton X-100 were
from Merck (Darmstadt, Germany). Falcon 6-well cell-culture plates were
obtained from Becton Dickinson (Heidelberg, Germany) and glass cover-
slips were from Assistent (Sondheim/Röhn, Germany).


2-Dimethylaminophenanthrene-9,10-quinone (7b): A suspension of 2-ami-
no-phenanthrene-9,10-quinone[34, 35] (1.25 g, 5.6 mmol) and sodium carbon-
ate (0.60 g, 5.6 mmol) in methanol (5.0 mL) was heated to 60 8C and
dimethyl sulfate (1.1 mL, 1.41 g, 10.2 mmol) was added. After 1 h every
30 min sodium carbonate (0.30 g, 2.8 mmol) and dimethyl sulfate (0.55 mL,
5.1 mmol) were added to the reaction mixture five times. The reaction was
stopped after 4 h by addition of chloroform (250 mL). After filtration the
chloroform phase was washed several times with water until the water
phase remained colorless. Removal of chloroform provided a dark-blue
solid consisting of a mixture of mono- and dimethylated product.
Chromatography (100 g silica gel 60, Merck, 200 mm) on a 70 cm column
(diameter 2 cm) with toluene/ethylacetate 3:1 gave 0.80 g (3.2 mmol, 57%)
7b together with 0.33 g (1.4 mmol, 25 %) monomethylated product. M.p.
170 8C; 1H NMR (200 MHz, CDCl3, TMS): d� 8.06 (dd, 3J(7-H, 8-H)�
7.8 Hz, 4J(6-H, 8-H)� 1.6 Hz, 1 H; 8-H), 7.78 (dd, 3J(5-H, 6-H)� 7.8 Hz,
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4J(5-H, 7-H)� 1.0 Hz, 1 H; 5-H), 7.76 (d, 4J(3-H, 4-H)� 9.6 Hz, 1 H; 4-H),
7.55 (ddd, 3J(5-H, 6-H)� 7.8 Hz, 3J(6-H, 7-H)� 7.8 Hz, 4J(6-H, 8-H)�
1.4 Hz, 1 H; 6-H): 7.37 (d, 4J(1-H, 3-H)� 3.0 Hz, 1H; 1-H), 7.26 (ddd,
3J(6-H, 7-H)� 7.5 Hz, 3J(7-H, 8-H)� 7.6 Hz, 4J(7-H, 5-H)� 1.0 Hz, 1H;
7-H), 6.93 (dd, 3J(3-H, 4-H)� 9.4 Hz, 4J(1-H, 3-H)� 3.0 Hz, 1H; 3-H), 3.06
(s, 6 H; CH3); 13C NMR (50 MHz, CDCl3, TMS): d� 180.8 (C�O), 150.2
(C-2), 137.4, 131.5, 129.5, 123.3 (C-1a, C-4a, C-5a, C-8a), 135.8, 130.1, 127.2,
125.2, 122.6, 118.5, 112.2 (C-1, C-3, C-4, C-5, C-6, C-7, C-8), 39.91 (CH3); IR
(KBr): nÄ � 3065 (�CÿH), 2885 (ÿCH3), 2801 (NÿCH3), 1667 (C�O)quinone,
1594 cmÿ1 (C�C)quinone ; MS (70 eV, EI, high resolution): m/z : [M�] calcd for
C16H13N1O2: 251.095536; found 251.094629; difference ÿ3.6 ppm; UV/Vis
(THF): lmax (lg e)� 550 (3.28), 330 (4.02, shoulder), 290 nm (4.55); RF�
0.54 (toluene/ethylacetate 3:1).


2,5-Diphenyl-3,4-(2,2''-biphenylene)cyclopenta-2,4-diene-1-one (8 a): This
compound was prepared by means of the procedure given in ref. [36].


2,5-Diphenyl-3,4-(4-dimethylamino-2,2''-biphenylene)cyclopenta-2,4-di-
ene-1-one (8 b): Compound 7b (0.55 g, 2.2 mmol) and 1,3-diphenyl-
propane-2-one (0.46 g, 2.2 mmol) in ethanol (6.0 mL) were treated with a
20% solution of potassium hydroxide in ethanol (0.6 mL) at 55 8C
according to the literature.[36] The violet suspension changed to a yellow
solution, from which a black solid precipitated. For completion the reaction
mixture was kept at 0 8C over night. Filtration gave 0.43 g (1.0 mmol, 45%)
of 8 b. M.p. 200 ± 205 8C; 1H NMR (300 MHz, CDCl3, TMS): d� 7.61 (dd,
3J(5''-H, 6''-H)� 7.6 Hz, 4J(4''-H, 6''-H)� 1.4 Hz, 1 H; 6''-H), 7.60 (d, 4J(5'-
H, 6'-H)� 9.0 Hz, 1 H; 6'-H), 7.45 (dd, 3J(3''-H, 4''-H)� 7.7 Hz, 4J(3''-H, 5''-
H)� 1.0 Hz, 1H; 3''-H), 7.43 ± 7.35 (m, 10H; CH-phenyl), 7.16 (ddd, 3J(3''-
H, 4''-H)� 7.6 Hz, 3J(4''-H, 5''-H)� 7.4 Hz, 4J(4''-H, 6''-H)� 1.5 Hz, 1H; 4''-
H), 6.84 (d, 4J(3'-H, 5'-H)� 3.0 Hz, 1H; 3'-H), 6.77 (ddd, 3J(4''-H, 5''-H)�
7.9 Hz, 3J(3''-H,4''-H)� 7.6 Hz, 4J(3''-H, 5''-H)� 1.0 Hz, 1H; 5''-H), 6.60
(dd, 3J(5'-H, 6'-H)� 9.0 Hz, 4J(3'-H, 5'-H)� 3.0 Hz, 1 H; 5'-H), 2.60 (s, 6H;
CH3); 13C NMR (75 MHz, CDCl3, TMS): d� 200.6 (C�O), 149.6 (C-4'),
149.3, 148.7 (C-2, C-5), 134.6, 132.9, 132.5, 128.7, 127.0, 122.9, 122.7, 121.9
(C-3, C-4, C-1', C-1'', C-2', C-2'', C-ipso-phenyl), 131.3, 130.1, 130.0, 129.4,
128.5, 128.4, 127.9, 127.8, 126.2, 125.4, 123.1, 115.3, 112.3 (CHarom.), 39.91
(CH3); IR (KBr): nÄ � 3055 (�CÿH), 2886 (ÿCH3), 2790 (NÿCH3), 1697
(C�O), 1599 (C�C), 1368 cmÿ1 (CÿN); MS (70 eV, EI, high resolution):
m/z : [M�] calcd for C31H23N1O1: 425.185262; found 425.177965; difference
ÿ7.2 ppm; UV/Vis (THF): lmax (lg e)� 655 (2.91), 282 (4.49), 320 (4.37,
shoulder), 270 nm (4.45).


5-Norbornene-2-endo-3-exo-dicarboxylic acid diacetoxymethylester (9b):
First sodium hydride (2.4 g, 100 mmol) and then chloromethyl acetate[38]


(5.52 g, 50 mmol) were added to a mixture of 5-norbornene-2,3-(E)-
dicarboxylic acid (9 a)[37] (4.55 g, 25 mmol) in absolute dimethyl formamide
(50 mL) at 0 8C, in analogy to the literature.[39] The mixture was converted
in 38% to the diacetoxymethylester 9 b at 40 8C after 4 h. B.p. 130 8C
(10 Pa); 1H NMR (200 MHz, CDCl3, TMS): d� 6.24 (dd, 3J(5-H, 6-H)�
5.8 Hz, 3J(5-H, 4-H)� 3.4 Hz, 1 H; 5-H), 6.01 (dd, 3J(6-H, 3-H)� 5.8 Hz,
3J(6-H, 1-H)� 3.0 Hz, 1H; 6-H), 5.74 ± 5.70 (m, 2H; OCH2O), 5.68 ± 5.61
(m, OCH2O), 3.40 (d, 3J(2-H, 3-H)� 4.2 Hz, 1H; 3-H), 3.26 (br s, 1 H; 1-H/
4-H), 3.11 (br s, 1H; 1-H/4-H), 2.69 (dd, 3J(2-H, 3-H)� 4.6 Hz, 4J(7'-H,
2-H)� 1.6 Hz, 1 H; 2-H), 2.07 (s, 3 H; CH3), 2.06 (s, 3 H; CH3), 1.57 (d, 2J(7-
H, 7'-H)� 8.6 Hz, 1H; 7-H), 1.41 (dd, 2J(7'-H, 7-H)� 8.8 Hz, 4J(2-H, 7'-
H)� 1.6 Hz, 1 H; 7'-H); 13C NMR (50 MHz, CDCl3, TMS): d� 172.8, 171.6,
169.4 (C�O), 137.6, 134.8 (C-5, C-6), 79.49, 79.24 (OCH2O), 47.66, 47.43,
47.08, 45.74, 45.63 (C-1, C-2, C-3, C-4, C-7), 20.53 (CH3); IR (film): nÄ � 3067
(�CÿH), 2998, 2954, 2878 (CÿH), 1762 (C�O), 1371 (CH3), 1225, 1157 cmÿ1


(CÿO); MS (70 eV, EI): m/z (%):� 328 (20) [M��2], 296 (5) [M�ÿ 2 CH3],
267 (5) [M�ÿOCOCH3], 254 (10) [M�ÿCHOCOCH3], 237 (4) [M�ÿ
OCH2OCOCH3], 207 (15) [M�ÿ 2OCOCH3], 194 (8) [M�ÿC5H8O4], 164
(60) [C9H8O3], 66 (100) [C5H6]; C15O8H18 (326.3) calcd C 55.2, H 5.52;
found C 54.9, H 5.41.


3,5-Diphenyl-3,5-(9,10-phenanthrylene)tricyclo[5.2.1.02,6]decane-4-one-8-
exo-9-endo-dicarboxylic acid (10 a): Compounds 8a (0.50 g, 1.30 mmol) and
9a (0.27 g, 1.50 mmol) were heated in chlorobenzene (12.0 mL) for 15 h
under reflux in the dark. After the removal of chlorobenzene (6 mL) by
destillation and addition of benzene (10 mL), the precipitated solid was
collected by filtration, dissolved in THF (80 mL) and treated with active
carbon at room temperature for 30 min. The product was precipitated from
the filtrate by addition of n-pentane. Further purification was achieved by
dissolving in THF at 50 8C and precipitating at room temperature by
addition of water. Yield 0.64 g (1.0 mmol, 84%); m.p. 282 8C; 1H NMR


(300 MHz, [D8]THF, TMS): d� 11.28 (br s, 2H; COOH), 8.79 (d, 3J�
8.8 Hz, 2 H; 4' H, 5-'H), 8.08 (br d, 3J� 7.5 Hz, 1 H; o'-H or o''-H), 7.90
(br d, 3J� 7.8 Hz, 1 H; o'-H or o''-H), 7.65 (dd, 3J� 6.5 Hz, 7.5 Hz, 1 H; m'-H
or m''-H), 7.59 (dd, 3J� 7.8 Hz, 7.5 Hz, 1H; m'-H or m''-H), 7.47 ± 7.52 (m,
2H; 3'-H, 6 'H), 7.39 ± 7.45 (m, 2H; p-H), 7.30 ± 7.36 (m, 2H; m-H), 7.10 ±
7.19 (m, 6 H; 2'-H, 7'-H), 3.24 (br s, 2H; 2-H, 6-H), 3.14 (dd, 3J� 5.2 Hz,
4.5 Hz, 1H; 8-H), 3.05 (br d, 3J� 5.2 Hz, 1H; 9-H), 2.87 (d, 3J� 3.9 Hz, 1H;
7-H), 2.82 (br s, 1H; 1-H), 0.47 (d, 2J� 10.9 Hz, 1 H; 10b-H), ÿ0.51 (d, 2J�
10.0 Hz, 1H; 10a-H); 13C NMR (75 MHz, [D8]THF, TMS, CH-COSY,
COLOC): d� 198.99 (C�O)ketone, 173.96, 174.65 (C�O)acid , 137.94, 138.29
(C-ipso-phenyl), 135.57, 135.73 (C-9', C-10'), 132.44 (C-o), 131.88, 131.92
(C-4'a, C-5'a), 129.56, 129.73 (C-m', C-m''), 128.98, 129.06 (C-m), 128.67 (C-
1'a, C-8'a), 128.56, 128.73 (C-o', C-o''), 128.11, 128.19 (C-p), 127.11 (C-2',
C-7'), 126.89, 126.93 (C-3', C-5'), 126.14 (C-1', C-8'), 124.23 (C-4', C-5'),
63.96, 64.42 (C-3, C-5), 51.65 (C-8), 51.01 (C-9), 48.06 (C-6), 45.39 (C-1),
44.16 (C-2), 43.00 (C-7), 34.60 (C-10); IR (KBr): nÄ � 3350 ± 3490 (ÿOH),
3088, 3058, 3031 (�CH), 2969, 2926 (ÿCH), 1785 (C�Oketone), 1710 cmÿ1


(C�Oacid); UV/Vis (MeOH): lmax (lg e)� 253 (4.45), 260 (4.53), 271 (4.19),
285 (3.80), 297 (3.82), 310 nm (3.82); Fluorescence (phosphate buffer
pH 7.4): lexc� 315 nm, lem� 365, 380, 405 nm; MS (70 eV, EI, high
resolution): m/z : [M�] calcd for C38H28O5: 564.1937; found: 564.1951;
difference 2.5 ppm; C38H28O5 (564.6): calcd C 80.83, H 4.99; found C 80.01,
H 4.68.


3,5-Diphenyl-3,5-(9,10-phenanthrylene)tricyclo[5.2.1.02,6]decane-4-one-8-
exo-9-endo-dicarboxylic acid diacetoxymethylester (10 b): Compounds 9b
(2.20 g, 12.0 mmol) and 8 a (3.83 g, 10.0 mmol) were heated in chloroben-
zene (100 mL) for 15 h at 130 8C. After removal of the solvent, the residue
was dissolved in dichloromethane and precipitated by addition of n-
heptane. Recrystallization from ethanol gave 5.24 g (7.40 mmol, 74 %) of
10b. M.p. 225 8C; 1H NMR (300 MHz, [D8]THF, TMS): d� 8.80 (d, 3J�
8.2 Hz, 2 H; 4'-H, 5'-H), 7.97 (br d, 3J� 7.5 Hz, 1 H; o'-H or o''-H), 7.90 (br d,
3J� 7.5 Hz, 1H; o'-H or o''-H), 7.70 (dd, 3J� 7.5 Hz, 3J� 7.5 Hz, 1 H; m'-H
or m''-H), 7.68 (dd, 3J� 7.5 Hz, 3J� 7.5 Hz, 1H; m'-H or m''-H), 7.52 (dd,
3J� 7.5 Hz, 3J� 7.5 Hz, 2H; 3'-H, 6'-H), 7.45 (dd, 3J� 7.4 Hz, 3J� 7.4 Hz,
2H; p-H), 7.35 ± 7.32 (m, 2H; m-H), 7.21 ± 7.12 (m, 6 H; 1'-H, 2'-H, 7'-H, 8'-
H, o-H), 5.95 (d, 2J� 10 Hz, 1H; OCH2O), 5.92 (d, 2J� 10 Hz, 1H;
OCH2O), 5.65 (d, 2J� 13 Hz, 1H; OCH2O), 5.63 (d, 2J� 13 Hz, 1H;
OCH2O), 3.29 (d, 3J� 9 Hz, 1 H; 2-H or 6-H), 3.24 (br s, 2H; 8-H, 9-H), 3.18
(d, 3J� 8.5 Hz, 1H; 2-H or 6-H), 2.99 (br s, 1H; 7-H), 2.82 (br s, 1H; 1-H),
2.01 (s, 3 H; CH3), 1.97 (s, 3H; CH3), 0.50 (br d, 2J (10a-H, 10b-H)� 11.7 Hz,
1H; 10a-H), ÿ0.5 (br d, 2J (10a-H, 10b-H)� 13 Hz, 1H; 10b-H); 13C NMR
(75 MHz, [D8]THF, TMS): d� 198.7 (C�O)ketone, 172.4, 171.6, 169.8, 169.5
(C�O)ester , 138.0, 137.8, 135.8, 135.5, 132.1, 132.0, 128.8, 128.7 (C-1'a, C-4'a,
C-5'a, C-8'a, C-9', C-10', C-ipso-phenyl), 132.5, 132.4, 130.1, 129.9, 129.2,
129.2, 128.7, 128.6, 128.4, 128.3 (CH-phenyl), 127.3, 127.1, 126.2 (C-2', C-3',
C-4', C-5', C-6', C-7'), 124.4, 124.3 (C-1', C-8'), 80.71, 80.58 (OCH2O), 64.45,
64.07 (C-3, C-5), 51.68, 51.01, 47.89, 45.17, 44.23, 43.16 (C-1, C-2, C-6, C-7,
C-8, C-9), 34.76 (C-10), 20.50, 20.28 (CH3); IR (KBr): nÄ � 3029 (�CH), 2924
(CH), 1781 (C�Oketone), 1762 (C�Oester), 1614 (C�C), 1368 (OÿCOÿCH3),
1228, 1168, 1006 cmÿ1 (CÿO); UV/Vis (THF): lmax (lg e)� 360 (282), 350
(2.55), 342 (2.77), 335 (2.62), 320 (4.08), 300 (4.09), 253 (4.79), 245 nm
(4.71); Fluorescence (THF): lexc� 315 nm, lem� 361, 382, 404, 425 nm; MS
(70 eV, EI): m/z (%):� 710 (2) [M��2], 680 (100) [M�ÿCO]; C44H36O9


(708.8): calcd C 74.6, H 5.08; found C 73.9, H 4.98.


3,5-Diphenyl-3,5-(2-dimethylamino-9,10-phenanthrylene)tricyclo[5.2.1.02,6]-
decane-4-one-8,9-(E)-dicarboxylic acid (10 c): A suspension of 8 b (100 mg,
0.235 mmol) was treated with 9a (43 mg, 0.235 mmol) in chlorobenzene
(2.0 mL) at 130 8C for 8 h. The white precipitate was removed by filtration,
washed with little chlorobenzene, dissolved in THF and precipitated by
addition of n-heptane. Recrystallization from ethanol yielded 103 mg
(0.17 mmol, 72 %) of 10c. M.p. (decomp) 289 ± 295 8C; 1H NMR (300 MHz,
[D8]THF, TMS): d� 11.0 (br s, 2H; COOH), 8.58 ± 8.51 (m, 2 H; 4'-H, 5'-H),
8.14 ± 8.05 (m, 1H; o'-H or o''-H), 7.97 ± 7.86 (m, 1 H; o'-H or o''-H), 7.68 ±
7.53 (m, 2H; m'-H, m''-H), 7.38 ± 6.96 (m, 10 H; 1'-H, 6'-H, 7'-H, 8'-H, o-H,
m-H, p-H), 6.40 (dd, 4J� 2.7 Hz, 4J� 2.7 Hz, 1H; 3'-H), [3.19 ± 3.11 (m,
3H), 3.04 ± 3.01 (m, 1 H), 2.93 ± 2.91 (m, 1H), 2.87, 2.80* (br s, 1H), 1-H,
2-H, 6-H, 7-H, 8-H, 9-H], 2.61, 2.61* (s, 6 H; NCH3), 0.47 (br d, 2J(10a-H,
10b-H)� 11.8 Hz, 1 H; 10a-H), ÿ0.34 (br d, 2J(10a-H, 10b-H)� 11.5 Hz,
1H; 10b-H); 13C NMR (75 MHz, [D8]THF, TMS): d� 199.3 (C�O)ketone,
174.9, 174.3 (C�O)acid , 149.4 (C-2'), 139.2*, 138.9, 138.7, 138.3*,135.7*,
135.5, 134.8, 134.6*, 130.2, 130.1*, 127.1*, 127.1, 122.6 (C-1'a, C-4'a, C-5'a,
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C-8'a, C-9', C-10', C-ipso-phenyl), 132.9, 132.6, 129.8*, 129.7, 129.6, 129.5*,
129.2, 129.0*, 129.0, 128.9, 128.8*, 128.7, 128.6*, 128.1*, 128.0, 128.0, 127.9*,
126.9, 126.2, 125.0, 124.9, 124.8*, 123.2, 115.0, 114.9*, 107.2, 107.1* (CHarom.),
64.47*, 64.36, 64.00*, 63.90, (C-3, C-5), 51.97*, 51.86, 51.25, 48.47, 48.24*,
45.44, 44.42*, 44.22, 43.09 (C-1, C-2, C-6, C-7, C-8, C-9), 40.01 (NCH3),
34.84 (C-10); IR (KBr): nÄ � 3068, 3030 (�CH), 2976, 2922, 2801 (CH), 2786
(NÿCH3), 1780 (C�Oketone), 1710 (C�Oacid), 1614 (C�C), 1365 (CÿN),
1007 cmÿ1 (CÿO); UV/Vis (phosphate buffer pH 7.2): lmax (lg e)� 465
(3.48), 325 (4.13), 295 nm (4.37); Fluorescence (phosphate buffer pH 7.2):
lexc� 380 nm, lem� 480 nm; MS (70 eV, EI): m/z (%):� 607 (10) [M�], 579
(100) [M�ÿCO]; MS (70 eV, EI, high resolution): m/z : [M�] calcd for
C40H33N1O5: 607.232730; found 607.235874; difference 5.2 ppm.


3,5-Diphenyl-3,5-(2-dimethylamino-9,10-phenanthrylene)tricyclo[5.2.1.02,6]-
decane-4-one-8,9-(E)-dicarboxylic acid diacetoxymethylester (10 d): A
suspension of 8 b (100 mg, 0.235 mmol) and 9 b (76.7 mg, 0.235 mmol) in
chlorobenzene (2.0 mL) was heated to 110 8C. When the dark-green
solution had turned yellow (4 h) the solvent was removed, the solid was
dissolved in dichloromethane, and the product precipitated by addition of
n-heptane. Recrystallization from ethanol gave 150 mg (0.20 mmol, 85%)
of 10d as a mixture of isomers. M.p.(decomp) 220 ± 230 8C; 1H NMR
(300 MHz, [D8]THF, TMS): d� 8.58 (d, 3J� 7.6 Hz, 1H; 4'-H or 5'-H), 8.55
(d, 3J� 8.0 Hz, 1 H; 4'-H or 5'-H), 8.01 ± 7.86 (m, 2 H; o'-H, o''-H), 7.72 ± 7.62
(m, 2H; m'-H, m''-H), 7.46 ± 6.98 (m, 10H; 1'-H, 6'-H, 7'-H, o-H, m-H, p-H),
6.40 (dd, 4J� 3.0 Hz, 4J� 3.0 Hz, 1H; 3'-H), 5.95 ± 5.90 (m, 2 H; OCH2O),
5.68 ± 5.61 (m, 2 H; OCH2O), 3.27 ± 3.19 (m, 3 H; 1-H or 7-H, 2-H, 6-H),
3.15, 3.12* (br d, 4J� 3.0 Hz, 1 H; 8-H or 9-H), 3.03*, 2.96 (br d, 3J� 3.0 Hz,
1H; 8-H or 9-H), 2.86, 2.80* (br s, 1H; 1-H or 7-H), 2.63 (s, 6 H; NCH3),
2.01, 1.98*, 1.97*, 1.95 (s, 6 H; CH3), 0.53 (br d, 2J(10a-H, 10b-H)� 12.0 Hz,
1H; 10a-H), ÿ0.31 (br d, 2J(10a-H, 10b-H)� 11.7 Hz, 1 H; 10b-H);
13C NMR (75 MHz, [D8]THF, TMS). d� 198.8 (C�O)ketone, 172.4, 171.6,
169.7, 169.4 (C�O)ester , 149.4*, 149.3 (C-2'), 138.7*, 138.5, 138.2, 138.0*,
135.5, 135.2*, 134.6*, 134.3, 132.6, 132.5*, 129.9, 129.7, 122.5 (C-1'a, C-4'a,
C-5'a, C-8'a, C-9', C-10', C-ipso-phenyl), 132.8, 132.7*, 132.5*, 132.4, 130.0*,
130.0*, 129.9, 129.7, 129.2, 129.1*, 129.0*, 129.0, 128.6, 128.0, 126.9, 126.0,
125.0, 124.8, 123.1, 115.0, 114.9, 106.9 (CHarom.), 80.61, 80.54*, 80.48*, 80.42
(OCH2O), 64.29, 64.14, 63.91, 63.77 (C-3,C-5), 51.54, 50.93, 48.05, 47.83*,
45.19, 45.14*, 44.31*, 44.12, 43.10 (C-1, C-2, C-6, C-7, C-8, C-9), 39.94*,
39.89 (NCH3), 34.73 (C-10), 20.40 (CH3); IR (KBr): nÄ � 3068, 3030 (�CH),
2976, 2922, 2801 (CH), 2793 (NÿCH3), 1779 (C�Oketone), 1764 (C�Oester),
1614 (C�C), 1370 (OÿCOÿCH3), 1367 (CÿN), 1007 cmÿ1 (CÿO); UV/Vis
(THF): lmax (lg e)� 398 (3.53), 369 (3.54), 334 (4.16), 310 nm (4.32);
Fluorescence (THF): lexc� 380 nm, lem� 460 nm; MS (70 eV, EI): m/z
(%):� 751 (27) [M�], 723 (100) [M�ÿCO]; MS (70 eV, EI, high
resolution): m/z : [M�] calcd for C46H41N1O9: 751.277341; found
751.278132; difference 1.1 ppm.


Photolysis of ketones 10a ± d : Ketones 10a--d were photolysed at l�
300 nm in [D8]THF or THF in a Rayonet Photochemical Reactor at
ÿ30 8C. For 1H NMR spectral investigations suprasil NMR tubes were
used, and for preparative purposes quartz tubes of 7 mm diameter and a
volume of 10 mL were used. The concentration of 10 a ± d was 0.015m (ca.
10 mg mLÿ1) for 1H NMR spectroscopical studies and 3 mg mLÿ1 for
preparations. The solutions of the ketones were purged with nitrogen for
30 min and photolysed at ÿ30 8C for up to 100 h. The necessary duration of
the photolysis was determined by running a 1H NMR spectroscopic and a
preparative sample simultaneously. After termination of the photolysis the
solvent was removed, the o-quinodimethanes characterized by spectro-
scopic techniques, and the samples stored at ÿ78 8C.


3,6-Diphenyl-4,5-(2,2''-biphenylene)tricyclo[6.2.1.02,7]undeca-3,5-diene-
9,10-(E)-dicarboxylic acid (4a): M.p. 265 ± 267 8C; 1H NMR (300 MHz,
[D8]THF, TMS, HH-COSY): d� 11.02 (br s, 2 H; COOH), 7.74 (d, 3J�
8.1 Hz, 2H; 6'-C, 6''-H), 7.39 ± 7.46 (m, 4 H; CHarom.), 7.15 ± 7.26 (m, 6H;
CHarom.), 7.06 ± 7.13 (m, 4H; CHarom.), 6.72 ± 6.78 (m, 2H; 5'-C, 5''-H), [3.34 ±
3.39 (m, 1H), 3.24 ± 3.29 (m, 2 H), 3.07 ± 3.10 (m, 1H), 2.90 (br s, 1 H), 2.80 ±
2.83 (m, 1H), 1-H, 2-H, 7-H, 8-H, 9-H, 10-H], 2.11 (d, 2J (11a-H, 11b-H)�
10.3 Hz, 1H; 11a-H), 1.57 (d, 2J (11a-H, 11b-H)� 10.3 Hz, 1 H; 11b-H);
13C NMR (75 MHz, [D8]THF, TMS, inverse-CH-COSY): d� 175.63, 174.77
(C�O)acid , 135.74, 135.55, 135.46, 134.70, 134.60, 132.74 (C-3, C-4, C-5, C-6,
C-1', C-1'', C-2', C-2''), 132.93, 130.90, 130.87, 129.67, 129.53, 128.67, 128.56
(C-3', C-3'',CH-phenyl), 128.29, 128.22, 127.56, 127.47 (C-4', C-4'', C-5', C-5''),
124.59 (C-6', C-6''), 52.93, 52.16 (C-9, C-10), 50.85, 50.14, 49.53, 48.22 (C-1,
C-2, C-7, C-8), 35.03 (C-11); IR (KBr): nÄ � 3340 ± 3600 (ÿOH), 3060, 3021


(�CH), 2930 ± 2970 (ÿCH), 1708 cmÿ1 (C�O); UV/Vis (THF): lmax (lg e)�
446 nm (3.91); Fluorescence (phosphate buffer pH 7.4): lexc� 395 ± 400 nm,
lem(max)� 565 nm; MS (70 eV, EI, high resolution): m/z : [M�] calcd for
C37H28O4: 536.1988; found 536.1971; difference 3.2 ppm.


3,6-Diphenyl-4,5-(2,2''-biphenylene)-tricyclo[6.2.1.02,7]undeca-3,5-diene-
9,10-(E)-dicarboxylic acid diacetoxymethylester (4b): M.p. 98 ± 100 8C;
1H NMR (300 MHz, [D8]THF, TMS): d� 7.74 (d, 3J� 7.5 Hz, 2H; 6'-H, 6''-
H), 7.44 (dd, 3J� 7.8 Hz, 4J� 1.4 Hz, 2 H; o-H or o'-H), 7.35 (dd, 3J� 7.5 Hz,
4J� 1.4 Hz, 2H; o-H or o'-H), 7.30 ± 7.10 (m, 8H; 2', 9', m, m', m'', p-H),
7.10 ± 7.05 (m, 2 H; 4'-H, 4''-H), 6.80 ± 6.68 (m, 2 H; 5'-H, 5''-H), 5.80 (d, 2J�
5.6 Hz, 1 H; OCH2O), 5.70 (d, 2J� 9.0 Hz, 1 H; OCH2O), 5.68 (d, 2J�
8.8 Hz, 1 H; OCH2O), 5.66 (d, 2J� 5.6 Hz, 1H; OCH2O), 3.35 ± 3.30 (m,
2H; 2-H, 7-H), 3.30 (br s, 1H; 1-H or 8-H), 3.20 (br d, 3J� 4.8 Hz, 1H; 9-H
or 10-H), 2.90 (br s, 1 H; 1-H or 8-H), 2.85 (br d, 3J� 3.3 Hz,1 H; 9-H or 10-
H), 2.15 (br d, 2J(11a-H, 11b-H)� 10.5 Hz, 1H; 11a-H), 2.02 (s, 3H; CH3),
2.00 (s, 3 H; CH3), 1.60 (br d, 2J(11a-H, 11b-H)� 10.0 Hz, 1 H; 11b-H);
13C NMR (75 MHz, [D8]THF, TMS): d� 172.8, 172.1, 169.6, 169.5 (C�O),
143.4, 143.1 (C-3,C-6), 135.2, 132.6, 130.6, 130.5, 129.6, 129.4, 128.1, 128.1,
124.3 (CHarom.), 134.9, 134.8, 134.2, 133.9, 128.5, 128.4, 127.3, 127.2 (C-4, C-5,
C-1', C-1'', C-2', C-2'', C-ipso-phenyl), 80.90, 81.27 (OCH2O), 52.36, 51.68,
50.26, 49.72, 48.92, 47.75 (C-1, C-2, C-7, C-8, C-9, C-10), 34.90 (C-11), 20.58,
20.35 (CH3); IR (KBr): nÄ � 3068, 3030 (�CH), 2993, 2913, 2880 (CH),
1757 (C�Oester), 1369 (OÿCOÿCH3), 1233 , 1153, 1004 cmÿ1 (CÿO);
UV/Vis (THF): lmax (lg e)� 445 nm (3.69); Fluorescence (THF): negligible;
MS (70 eV, EI): m/z (%):� 680 (100) [M�]; MS (70 eV, EI, high resolution):
m/z : [M�] calcd for C43H36O8: 680.2411; found 680.2449; difference
ÿ5.8 ppm.


3,6-Diphenyl-4,5-(4-dimethylamino-2,2''-biphenylene)tricyclo[6.2.1.02,7]un-
deca-3,5-diene-9,10-(E)-dicarboxylic acid (4c): M.p. 230 ± 235 8C; 1H NMR
(300 MHz, [D8]THF, TMS): d� 7.60 (d, 3J� 8.2 Hz, 1 H; 6'-H or 6''-H), 7.58
(d, 3J� 7.8 Hz, 1 H; 6'-H or 6''-H), 7.46 (dd, 3J� 7.8 Hz, 4J� 1.5 Hz, 1H; o'-
H), 7.40 (dd, 3J� 7.8 Hz, 3J� 1.4 Hz, 2 H; o-H), 7.33 ± 7.27 (m, 3J� 7.8 Hz,
3J� 1.4 Hz, 2H; o''-H, 3'-H), 7.27 ± 7.14 (m, 5H; 3''-H, m-H, m'-H, m''-H),
7.08 ± 6.98 (m, 2 H; CHarom.), 6.67 ± 6.48 (m, 3 H; 4''-H, 5'-H, 5''-H), [3.32 ±
3.12 (m, 3H), 3.03 ± 2.95 (m, 1 H), 2.82 ± 2.78 (m, 1H), 2.72 ± 2.67 (br d, 3J�
4.2 Hz, 1H), 1-H, 2-H, 7-H, 8-H, 9-H, 10-H], 2.50, 2.48* (s, 6 H; CH3), 2.13
(br d, 2J(11a-H, 11b-H)� 10.5 Hz, 1H; 11a-H), 1.60 (br dd, 2J(11a-H, 11b-
H)� 10.2 Hz, J(7-H, 11b-H)� 9.3 Hz, 1H; 11b-H); 13C NMR (75 MHz,
[D8]THF, TMS): d� 175.2, 175.1*, 174.2 (C�O), 149.6, 149.5* (C-4'), 144.8,
144.5*, 143.2, 143.1* (C-3,C-6), 135.6*, 135.6, 135.0, 134.7*, 134.3*, 134.1,
133.7*, 133.5, 133.4*, 133.3, 132.9*, 132.8, 128.0*, 127.9, 127.5, 127.3* (C-4,
C-5, C-1', C-1'', C-2', C-2'', C-ipso-phenyl), 130.6, 130.5*, 130.2, 130.1*,
129.4, 129.2*, 128.8*, 128.7, 125.2*, 125.2, 124.6, 124.0, 123.9*, 127.8, 116.9*,
116.9, 113.3, 113.2* (C-3', C-3'', C-4'', C-5', C-5'', C-6', C-6'', CHarom.), 52.92,
52.32*, 51.99, 50.44, 50.33*, 49.68*, 49.62, 48.25, 48.06*, 47.15 (C-1, C-2, C-7,
C-8, C-9, C-10), 40.00, 39.93* (NCH3), 34.57, 34.40* (C-11); IR (KBr): nÄ �
3066, 3029 (�CH), 2977, 2921, 2802 (CH), 2787 (NÿCH3), 1708 (C�Oacid),
1612 (C�C), 1362 (CÿN), 1006 cmÿ1 (CÿO); UV/Vis (THF): lmax (lg e)�
466 (3.30), 295 nm (4.36); Fluorescence (phosphate buffer pH 7.2): lexc�
460 nm, lem� 600 nm; MS (70 eV, EI): m/z (%):� 579 (100) [M�]; MS
(70 eV, EI, high resolution): m/z : [M�] calcd for C39H33N1O4: 579.132730;
found 579.135874; difference 6.3 ppm.


3,6-Diphenyl-4,5-(4-dimethylamino-2,2''''-biphenylene)tricyclo[6.2.1.02, 7]-
undeca-3,5-diene-9,10-(E)-dicarboxylic acid diacetoxymethylester (4 d):
M.p. 82 ± 83 8C; 1H NMR (300 MHz, [D8]THF, TMS): d� 7.59 (dd, 3J�
8.4 Hz, 3J� 8.7 Hz, 2H; 6'-H, 6''-H), 7.52 ± 7.46 (m, 1 H; o'-H), 7.43 (m, 2H;
o-H), 7.32 ± 7.24 (m, 3 H; o''-H, 3'-H, 3''-H), 7.22 ± 7.14 (m, 4 H; m-H, m'-H),
7.05 ± 6.97 (m, 2 H; p-H), 6.67 ± 6.48 (m, 3 H; 4''-H, 5'-H, 5''-H), 5.82 ± 5.56
(m, 4H; OCH2O), [3.35 ± 3.10 (m, 3H), 3.12 ± 3.10 (m, 1H), 2.84 ± 2.82 (m,
1H), 2.74 (br d, 3J� 4.2 Hz, 1H), 1-H, 2-H, 7-H, 8-H, 9-H, 10-H], 2.51, 2.49*
(s, 6 H; NCH3), 2.18 (br d, 2J(11a-H, 11b-H)� 9.0 Hz, 1 H; 11a-H), 2.03,
2.01* (s, 3 H; CH3), 1.98, 1.97* (s, 3H; CH3), 1.60 (br dd, 2J(11a-H, 11b-H)�
9.0 Hz, J(7-H, 11b-H)� 8.4 Hz, 1H; 11b-H); 13C NMR (75 MHz, [D8]THF,
TMS): d� 172.5, 172.5*, 171.8, 171.8*, 169.3*, 169.2 (C�O), 149.7, 149.7*
(C-4'), 144.50*, 144.4, 143.3, 142.9* (C-3, C-6), 135.6*, 135.6, 134.3*, 134.1,
133.8*, 133.7, 133.4*, 133.2, 133.0*, 132.9, 132.5, 132.5*, 128.2*, 128.0,
127.6*, 127.4, (C-4, C-5, C-1', C-1'', C-2', C-2'', C-ipso-phenyl), 130.5*, 130.5,
130.2, 130.0*, 129.9*, 129.4, 129.0, 128.9*, 125.2, 125.1*, 124.7*, 124.7,
123.9*, 123.8, 122.8, 116.9*, 116.8, 113.4, 113.3* (CHarom.), 80.18, 80.06
(OCH2O), 52.52, 51.89*, 51.82, 50.28, 50.06*, 49.51*, 49.26, 48.14*, 47.87,
46.97 (C-1, C-2, C-7, C-8, C-9, C-10), 39.99, 39.90 (NCH3), 34.57, 34.39
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(C-11), 20.13, 20.05 (CH3); IR (KBr): nÄ � 3070, 3033 (CH� ), 2980, 2924,
2803 (CH), 2795 (NÿCH3), 1765 (C�Oester), 1615 (C�C), 1372
(OÿCOÿCH3), 1369 (CÿN), 1009 cmÿ1 (CÿO); UV/Vis (THF): lmax (lg
e)� 465 (3.40), 298 nm (4.44); Fluorescence (THF): negligible; MS (70 eV,
EI): m/z (%):� 723 (100) [M�]; MS (70 eV, EI, high resolution): m/z : [M�]
calcd for C45H41N1O8: 723.177341; found 723.178132; difference 1.3 ppm.


Formation of hydroxylamines 6b and 6d : An equimolar amount of
acetaldehyde (0.42 mL) was added to a solution of 4 b (15 mm, 5.1 mg in
0.5 mL) or 4d (5.4 mg in 0.5 mL) in [D8]THF. This solution was mixed with
an equimolar amount of NO dissolved in [D8]THF (0.5 mL). Immediate
analysis by 1H NMR spectroscopy revealed about 40% conversion of 4b
and 4d to 6 b and 6 d, respectively. The 1H NMR spectra of 4b and 4d are
very similar to those of 10b and 10 d, respectively; MS (70 eV, EI) m/z (%):
6b : 711 (4) [M�], 680 (100) [M�ÿNOH] or [M�] of 4b ; 6 d : 754 (8) [M�],
723 (100) [M�ÿNOH] or [M�] of 4 d.


Stopped-flow kinetic measurements : The reactions of FNOCTs with nitric
oxide were carried out at 23 8C in benzene (c� 90mm, l� 450 nm) and in
phosphate buffer (pH 7.4) for 4a (c� 50mm, l� 450 nm) and at 21 8C in
THF (c� 100 mm, l� 465 nm) and in phosphate buffer (pH 7.3) for 4 c (c�
10mm, l� 465 nm) under pseudo-first-order conditions (cNO(benzene)�
12mm, cNO(THF)� 15 mm, cNO(water)� 2.0 mm).[40]


ESR spectroscopic measurements : Solutions were prepared in septum-
capped, argon-flushed 4 mm o.d. quartz tubes (for organic solvents) or a
0.4 mm quartz flat cell (for aqueous solutions). Deoxygenated solutions
of the FNOCTs (1mm, 0.5 mL) and saturated solutions of NO in the
same solvent (0.5 mL) were injected into the tubes by means of a
gas-tight syringe and briefly mixed by shaking. Recording conditions:
microwave frequency, 9.4 GHz; modulation, 0.03 mT; sweep range, 10 mT;
sweep time, 15 min. The ESR parameters were refined by computer
simulation.


Cell isolation and culture : Alveolar macrophages were isolated from male
Wistar rats (250 ± 310 g) by bronchoalveolar lavage as described previous-
ly.[41] The cells were seeded onto 6.2 cm2 glass coverslips in 6-well cell-
culture plates and cultured in Dulbecco�s modified eagles medium
(DMEM) supplemented with l-glutamine (2mm), gentamycin
(50 mg mLÿ1), and 10% heat-inactivated fetal calf serum.


Cell experiments : Experiments with alveolar macrophages were started
15 ± 20 hours after isolation of the cells. Cell density in the experiments was
3.25� 0.5� 104 cells cmÿ2. The cells were used either without further
treatment, or were primed for NO production by 11 hours preincubation
with lipopolysaccharides (LPS; 0.5 mg mLÿ1), and/or NO production was
inhibited by 11 h preincubation with the NO synthase inhibitor NMA
(0.1 mm). The media of stimulated cultures and respective controls were
supplemented with l-arginine (0.5 mm). The experiments were performed
in Krebs-Henseleit buffer (NaCl 115 mm, NaHCO3 25 mm, KCl 5.9 mm,
MgCl2 1.2mm, NaH2PO4 1.2 mm, Na2SO4 1.2mm, CaCl2 2.5 mm, HEPES
20mm, pH 7.4) supplemented with l-glutamine (2mm) and d-glucose
(10 mm ; modified Krebs-Henseleit buffer). This buffer was equilibrated
with 95 % air/5 % CO2 throughout the experiments. Cell viability was
determined routinely by trypan blue or propidium iodide exclusion.


Digital fluorescence microscopy : Cells were loaded with FNOCT using the
membrane-permeable acetoxymethyl ester 4 d. Retention of the dye in the
cells was improved by the addition of probenecid. In order to evaluate the
optimal loading conditions, the following variations were performed: the
cells were incubated for 10 ± 120 minutes at 37 8C in the dark in modified
Krebs-Henseleit buffer containing probenecid (1.4 mm), FNOCT 4d (10 ±
100 mm), NMA (0.1 mm) where appropriate, PluronicR F-127 (0.02 ± 0.2%),
and DMSO (0.2 ± 2%), depending on the FNOCT concentration. After this
incubation the glass coverslips were rinsed three times, modified Krebs-
Henseleit buffer supplemented with probenecid (1.4mm), l-arginine
(0.5 mm) or NMA (0.1 mm) was added, and fluorescence microscopy was
started immediately. Fluorescence microscopy was performed on an
inverted microscope (Axiovert 135 TV, Zeiss, Oberkochen, Germany)
equipped with the Attofluor imaging system (Atto Instuments, Rockville,
Maryland, USA).


Nitrite determination : Cells were isolated, cultured, and stimulated as
described above. After different incubation periods (following stimula-
tion), nitrite was determined in the supernatant using the Griess[42] and
DAN[43] tests.


Statistics : The experiments with alveolar macrophages were performed in
duplicate and repeated 4 times with cells from different rats. Data are
expressed as means� standard deviation. Data obtained from two groups
were compared by means of the Student�s t test. A p value of <0.05 was
considered significant.
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ortho-Thioquinones, New Acceptors for the Stereoselective Synthesis of
Aryl 2-Deoxy-O-Glycosides


Giuseppe Capozzi,* Chiara Falciani, Stefano Menichetti,
Cristina Nativi,* and Barbara Raffaelli[a]


Abstract: a-Hydroxynaphthylthio-
phthalimide (1) is a suitable precursor
of the reactive ortho-thioquinone 2,
which can be generated in situ and
trapped by glycals. The reaction is an
inverse electron-demand [4�2] cycload-
dition that occurs in a totally regiose-
lective and highly stereoselective way. A
series of differently substituted glycals
(3, 5 ± 12, 21, 22, 38) as well as various
ortho-thioquinones (25 ± 27) are success-
fully used as electron-rich dienophiles


and electron-poor dienes, respectively,
with chloroform, dimethylformamide,
and dimethyl sulfoxide as solvents. The
stereochemistry of substituents on the
dienophile strongly influences the selec-
tivity of the cycloaddition, which be-
comes totally stereoselective when


galactals 8 ± 10 or arabinals 21 and 22
are employed as dienophiles. Among the
heterodienes tested, the a-naphthol de-
rivative 25 and the tyrosine derivative 26
were successfully used to prepare the
naphthyl-a-O-rhamnoside 32 a and the
tyrosine-a-O-glucoside 34, respectively.
Cycloadducts 4 a, 17, 24, and 33 a were
successfully desulfurized, affording the
corresponding aryl 2-deoxy-a-O-glyco-
sides 39 and 40 ± 42.


Keywords: cycloadditions ´
desulfurizations ´ glycosides ´
ortho-thioquinones


Introduction


Aryl O-glycoside antibiotics represent an important class of
bioactive molecules which are an attractive target for many
organic chemists.[1] Several types of a- and b-2-deoxyglyco-
sides frequently appear as glycon moieties in naturally
occurring molecules such as the aureolic acid antibiotic
family.[2] The activity of these chemotherapeutic agents,
resulting from the selective inhibition of the DNA-dependent
RNA polymerization,[3] is strongly influenced by their carbo-
hydrate components. For these reasons, the stereoselective
formation of aryl ± glycoside bonds has been the topic of wide-
ranging studies and is still a challenge for the synthetic
carbohydrate chemist. However, the efficient and stereo-
controlled O-glycosidation of 2-deoxy sugars is a difficult
problem to solve, because of the lack of anchimeric assistance
from the substituent at C-2 and the instability of 2-deoxy-
glycosyl donors in acidic media.[4]


We reported recently an efficient method for the generation
of ortho-thiobenzoquinones and ortho-thionaphthoquinones,


a new class of electron-poor heterodienes which can be
trapped in situ with suitable electron-rich dienophiles to
synthesize various benzo- and naphtho-condensed thio-sub-
stituted heterocycles[5] and in particular an isovanillin-con-
taining derivative known to be a powerful nonclassical
sweetener.[5] In this paper we report a new protocol for the
stereoselective synthesis of differently substituted 2-thio-O-
benzo- and O-naphthoglycosides and their successful trans-
formation into the corresponding aryl 2-deoxyglycosides.


Results and Discussion


The easily prepared thiophthalimide derivative 1[5] is the
precursor of the ortho-thionaphthoquinone 2, an electron-
poor heterodiene which can be trapped by the tri-O-benzyl-
glucal 3 to give, with high stereoselectivity and complete
regioselectivity, the aryl O-glucosides 4 a and 4 b in an 80:20
ratio and in 85 % overall yield[6] (Scheme 1). The [4�2]
cycloaddition is performed in chloroform and in the presence
of 0.8 equivalents of pyridine[7] at 60 8C for three days. As
shown in Scheme 1, the single regioisomer formed affords the
oxygen of the ortho-thioquinone linked to the anomeric
carbon, while the sulfur is linked to the C-2 of the carbohy-
drate moiety. The analysis of 1H NMR chemical shifts and
coupling constants allowed the determination of the regio-
chemistry and stereochemistry of the major isomer 4 a (d
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Scheme 1. Route from thiophthalimide derivative 1 to aryl O-glucosides
4a and 4 b.


H-1� 5.82, H-2� 3.46; J1,2� 3.0 Hz, J2,3� 10.2 Hz) and of the
minor isomer 4 b (d H-1� 5.43, H-2� 3.75; J1,2� 1.1 Hz, J2,3


not detectable) (see Experimental Section). Quantum me-
chanics calculations indicated that the reaction was controlled
by the LUMO of the diene and the HOMO-1 of the
dienophile,[6, 8] and the orbital coefficients showed a favored
interaction between the sulfur of the ortho-thioquinone 2 and
the C-2 of the glucal 3. The stereochemistry of the result
obtained (see Scheme 1) clearly demonstrates a preferred
attack of the heterodiene from the a site of glucal 3, as it is
known for a glucal with three equatorial substituents.[9, 10]


To evaluate the suitability of this method for the general
synthesis of aryl 2-deoxy-2-thio-O-glycosides and to under-
stand the factors which could influence the stereoselectivity of
the reaction, we prepared a series of unsubstituted and
differently substituted glycals[11] to undergo cycloaddition
with the electron-poor diene 2. Moreover, the cycloadditions
were performed in chloroform, dimethylformamide, and
dimethyl sulfoxide to appraise possible solvent effects. The
dienophiles used (3, 5 ± 12) and the corresponding cyclo-
adducts (4, 13 ± 20), obtained as single regioisomers, are
reported in Table 1 and Scheme 2.


Unlike the regiochemistry, the stereochemical outcome of
the cycloadditions cannot be explained by a single variable. In
chloroform the all-equatorial glycal series satisfies the general


Scheme 2. [4�2] Cycloadditions between the electron-poor diene 2 and
electron-rich glycals 3, 5 ± 12.


rule[10, 11] of a preferred a-site attack; the a-site selectivity
becomes strongly favored when a bulky group is present at
C-6 (bottom face; Table 1, entry 1< entries 6 and 9). The
presence of an axial substituent determines an anti attack
(with respect to the axial group) on glycals, affording
completely stereoselective cycloadditions. In the galactal
series (axial group at C-4) (entries 10 ± 17), the a-cycloadducts
were obtained as single stereoisomers. Moreover, in the
arabinal series (S4, axial group at C-4) the b-cycloadducts
were stereospecifically formed (Scheme 3). The assignment of
the exact structure of 23 and 24 was accomplished by 1H NMR
analysis. Compound 23 showed a diagnostic doublet (J1,2�
2.2 Hz) at d� 5.8 for H-1 and a doublet of doublets (J2,3�
12.0 Hz) at d� 4.2 for H-2, while cycloadduct 24 presented a
doublet (J1,2� 2.8 Hz) at d� 5.8 for H-1 and a doublet of


Abstract in Italian: L�orto-tiochinone 2, generato in situ a
partire dall� a-idrossinaftiltioftalimmide 1, puoÁ essere intrap-
polato da glicali attraverso reazioni regiospecifiche e stereose-
lettive, di cicloaddizione [4�2] a domanda elettronica inversa.
Vari glicali diversamente sostituiti (3, 5 ± 12, 21, 22, 38) e orto-
tiochinoni (25 ± 27) sono stati provati rispettivamente come
dienofili elettron-ricchi e dieni elettron-poveri, utilizzando
come solventi cloroformio, dimetilformammide e dimetilsol-
fossido. La stereochimica dei sostituenti presenti sul dienofilo
influenza sensibilmente la selettività della cicloaddizione che
risulta totale nel caso di dienofili quali i galattali 8 ± 10 o gli
arabinali 21 e 22. Tra gli eterodieni studiati il derivato dell� a-
naftolo, 25 e il derivato della tirosina 26 sono stati utilizzati per
la sintesi del naftil-a-O-ramnoside 32a e del tirosin-a-O-
glucoside 34. La desolforazione dei cicloaddotti 4a, 17, 24 e
33a ha portato alla formazione dei corrispondenti 2-deossi-a-
O-glicosidi 39, 40 ± 42.


Table 1. Reaction of ortho-thioquinone 2 with glycals 3, 5 ± 12.


Entry Glycal Product Solvent a/b ratio Reaction
time[a]


Yield [%]


1 3 4 CHCl3 80/20 3 d 85
2 3 4 DMF[b] 60/40 4 d 79
3 3 4 DMSO[b] 55/45 5 d 73
4 5 13 DMF[b] 43/57 2 d 92
5 5 13 DMSO[b] 74/26 6 d 39
6 6 14 CHCl3 95/5 12 d 69
7 6 14 DMF[b] 52/48 6 d 57
8 6 14 DMSO[b] 73/27 27 h 56
9 7 15 CHCl3 90/10 5 d 80


10 8 16 DMF[b] a 3 d 51
11 8 16 DMSO[b] a 4 h 64
12 9 17 CHCl3 a 5 d 68
13 9 17 DMF[b] a 9 d 49
14 9 17 DMSO[b] a 4 d 56
15 10 18 CHCl3 a 6 d 33
16 10 18 DMF[b] a 4 d 41
17 10 18 DMSO[b] a 30 min 55
18 11 19 DMF[b] 32/68 4 d 53
19 12 20 CHCl3 63/37 12 d 70
20 12 20 DMF[b] 58/42 9 d 52


[a] The reaction was monitored by tlc until the glycal was completely
consumed. [b] Diene/dienophile ratio� 2/1.


R3 R4 R5 R3' R4' R5'


3, 4 OBn OBn CH2OBn H H H
5, 13 OH OH CH2OBn H H H
6, 14 OH OH CH2OtBDMS H H H
7, 15 OBn OBn CH2OtBDMS H H H
8, 16 OH OH CH2OH H H H
9, 17 OBn OBn CH2OBn H H H
10, 18 OH OH CH2OtBDMS H H H
11, 19 H H H OH OH H
12, 20 H H H OBn OBn Me
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Scheme 3. Stereochemistry of the cycloaddition in the arabinal series.


doublets (J2,3� 11.0 Hz) at d� 3.6 for H-2. The stereochem-
istry depicted in Scheme 3 for both the cycloadducts is in
perfect agreement with the NMR data.


The use of the polar solvents dimethyl sulfoxide and
dimethylformamide generally reduces the face selectivity of
the cycloaddition. It is interesting that selectivity is still
observed in entries 5 and 8 of Table 1, where hydrogen
bonding between the solvent and the hydroxyl groups on the
dienophiles is possible. However, selectivity is diminished
when this H-bonding interaction is not possible (Table 1,
entry 3). The effect of solvent on cycloaddition rate is a
complex phenomenon since the heterodiene 2 in dimethyl-
formamide or dimethyl sulfoxide undergoes side reactions
which effectively reduce the concentration of the diene in the
reaction mixture.[12] In fact, when the cycloadditions are
performed in the above solvents, an excess of 2 is necessary to
complete the reaction. An interesting acceleration of the
cycloaddition is evident when glycals 6, 8, and 10 are reacted
in dimethyl sulfoxide (Table 1, entries 8, 11 and 17). Surpris-
ingly it does not occur with other glycals (entries 3, 5, 14).
Although the coordinative character of the solvent plays a
role (in dimethyl sulfoxide, cycloadditions take place even in
the absence of added pyridine), it does not in itself completely
explain the experimental data, which are too limited to
suggest any rationalization.


The extension of the cycloaddition to heterodienes 25 ± 27,
formed in situ from the parent phthalimidesulfenyl deriva-
tives 28 ± 30, gave the aryl 2-thio-O-glycosides 31 ± 37 as
single regioisomers (see Table 2). The heterodiene 25 came
from the phthalimide derivative 28, a precursor of the
aglycon of the antitumor antibiotic BE-12604B[13] (Figure 1),
while 26 was obtained from the phthalimide derivative 29,
which in turn was prepared by treatment of the N(Cbz)
(phenylmethoxycarbonyl)-protected[14] tyrosine methyl
ester with phthalimidesolfenyl chloride[5] (Scheme 4). The
cycloaddition results for dienes 25 ± 27 are summarized in
Table 2.


The general trend highlighted for data reported in Table 1 is
reproduced in Table 2. Worthy of mention are the cyclo-
adducts 32 a and 34 (entries 2 and 4) obtained by reaction of
glycals 11 and 3 with 25 and 26, respectively. The a-naphthyl-
2,6-dideoxy-2-thio-l-glucoside 32 a, completely separable
from 32 b by flash chromatography on silica gel, is a precursor
of the 2-thio analogue of the antibiotic BE-12406B[13, 15]


(Figure 1), while the a-glycoside 34, formed in chloroform
with complete regio and stereoselectivity, is an example of a
glycoamino acid, the synthesis of which demonstrates the
potential of this new approach. Cycloadduct 33 was procured
by treating, in dimethylformamide, diene 25 with glycal 38,
prepared from commercially available quinovose following a
literature procedure[11] (Figure 1).


Figure 1. Molecular structure of cycloadducts reported in Table 2.


Scheme 4. Preparation of heterodienes 25 ± 27.


Table 2. Reaction of heterodienes 25 ± 27 with glycals 3, 5, 10, 11, 21, and
38.


Entry Diene Glycal Product Solvent a/b ratio Reaction
time


Yield [%]


1 25 5 31 DMF[a] 4/1[b] 1.5 d[b] 52[b]


2 25 11 32 DMF[a] 2/1 4 d 43
3 25 38 33 DMF[a] 2/1 3 d 58
4 26 3 34 CHCl3 a 9 d 40
5 27 3 35 CHCl3 10/1 8 d 61
6 27 3 35 DMF[a] 3/1 7 d 47
7 27 10 36 CHCl3 a 14 d 18
8 27 21 37 DMSO[a] b 5 d 13


[a] Diene/dienophile ratio� 2/1. [b] After acetylation of the crude product.
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Synthesis of aryl 2-deoxy-O-glycosides : The cycloaddition
protocol reported above allows the stereoselective formation
of an anomeric bond and the introduction of a thio group at
C-2 in a single step. The 2-thioglycosides obtained (Tables 1
and 2) were excellent intermediates, after removal of the
sulfur atom, for the synthesis of the corresponding aryl
2-deoxy-O-glycosides.[16] In fact, treatment of cycloadducts
4 a, 17, and 24 with Raney nickel[17] in wet THF at room
temperature afforded the corresponding 2-deoxy-a- or 2-de-
oxy-b-O-glycosides 39, 40, 41 in good yield and without any
undesired rearrangement, which usually occurs when acidic
conditions are used[18, 19] (Scheme 5).


Scheme 5. Desulfurization of 2-thioglycoside 4a with Raney nickel to give
39, and the structures of 2-deoxy-O-glycosides 40 ± 42.


Desulfurization of 33 a with Raney nickel proved unsat-
isfactory (10 % yield) because of its instability in the reaction
medium. Better results were obtained by treating the cyclo-
adduct with NiCl2 ± NaBH4 in a methanol/tetrahydrofuran
solvent mixture[20] at ÿ10 8C for 10 min. The 2-deoxy glyco-
side 42 was prepared in 45 % yield under these milder
conditions.


Conclusion


We have shown that ortho-thioquinones, easily formed in situ
from their phthalimido derivatives, represent an interesting
class of electron-poor heterodienes. The heterodienes can
cycloadd to a variety of glycals, with their hydroxyls blocked
or completely unprotected, to form regio- and stereoselec-
tively the corresponding aryl 2-deoxy-2-thio-a- or b-O-glyco-
sides. Reductive desulfurization of four different 2-thioglyco-
sides gave the expected 2-deoxy-O-glycosides in good yield.
Thus, in a few simple steps, aryl 2-deoxyglycosides were
prepared without recourse to conventional glycoside chem-
istry. Further aspects of the reactivity of this 1,4-oxathiin
system are currently under investigation in our laboratories.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Varian Gemini in
CDCl3 (unless otherwise specified) at 200 and 50 MHz, respectively;


residual CHCl3 at d� 7.26 (for 1H) and a central peak of CDCl3 at d� 77.0
(for 13C) served as reference lines. Mass spectra and GC-MS analyses were
obtained with a Carlo Erba gas chromatograph equipped with an OV101
30 m capillary column, interfaced on a mass spectrometer. Melting points
(uncorrected) were determined on a Büchi 510 apparatus. Rotations are
measured on a Jasco DIP-370 polarimeter at 25 8C. IR spectra were
recorded on a Perkin ± Elmer 881 spectrophotometer. Elemental analyses
were carried out with a Perkin ± Elmer 245 Elementary Analyser. CHCl3,
CH2Cl2 and THF were dried following standard procedures, and all
commercial reagents were used without further purification as obtained
from freshly opened containers. Phthalimidesulfenyl chloride was prepared
as reported elsewhere.[21]


3,4-Di-O-benzyl-6-O-tert-butyldimethylsilyl-dd-glucal (7): Compound 7 was
prepared by the monosilylation[22] and benzylation[23] of glucal 5 (216 mg,
1.5 mmol) following literature procedures, followed by flash column
chromatography (dichloromethane); 75% yield; glassy solid; 1H NMR:
d� 0.10 (s, 6H), 0.94 (s, 9H), 3.91 ± 4.04 (m, 4 H), 4.22 ± 4.25 (m, 1H), 4.64
(AB system, JAB� 11.7 Hz, 2 H), 4.75 ± 4.93 (m, 3 H), 6.42 (dd, J� 6.3,
1.1 Hz, 1H, H-1), 7.31 ± 7.38 (m, 10 H); 13C NMR: d�ÿ5.4,ÿ5.2, 18.3, 25.9,
61.7, 70.6, 73.9, 74.2, 75.8, 78.0; 99.8 (C-2), 127.6, 127.7, 127.8, 127.9, 128.4,
138.4, 144.7 (C-1); elemental analysis: calcd for C26H36O4Si (440.6): C 70.87,
H 8.23; found: C 70.72, H 8.13.


3,4,6-Tri-O-benzyl-dd-galactal (9):[17, 23] Flash column chromatography (eth-
yl acetate:petroleum ether� 1:6); 80% yield; oil; 1H NMR: d� 3.66 (A
part of an ABX system, JAB� 10.1 Hz, 1H), 3.80 (B part of an ABX system,
JAB� 10.1 Hz, 1 H), 3.94 ± 3.98 (m, 1 H), 4.18 ± 4.24 (m, 2 H), 4.40 ± 4.71 (m,
5H), 4.82 ± 4.92 (m, 2H), 6.38 (dd, J� 6.3 Hz, 1.5 Hz, 1 H), 7.29 ± 7.37 (m,
15H); 13C NMR: d� 68.4, 70.7, 70.8, 71.3, 73.3, 73.4, 75.6, 99.9 (C-2), 127.4,
127.5, 127.6, 127.8, 128.1, 128.3, 128.3, 138.0, 138.3, 138.5, 144.1 (C-1).


6-O-tert-Butyldimethylsilyl-dd-galactal (10):[22] Flash column chromatogra-
phy (ethyl acetate:petroleum ether� 1:2); 50 % yield; oil; 1H NMR: d�
0.11 (s, 6H), 0.91 (s, 9H), 2.28 (br s, 2H), 3.88 ± 4.00 (m, 3 H), 4.09 ± 4.12 (m,
1H), 4.30 ± 4.33 (m, 1 H), 4.72 (dt, J� 6.2, 2.0 Hz, 1 H), 6.38 (dd, J� 6.2,
1.4 Hz, 1 H, H-1); 13C NMR: d� 18.2, 25.7, 62.9, 64.1, 65.6 (C-3, C-4, C-5),
76.0 (C-6), 102.9 (C-2), 144.3 (C-1); elemental analysis: calcd for
C12H24O4Si (260.4): C 55.35, H 9.29; found: C 55.02, H 9.20.


6-Deoxy-ll-glucal (11):[11] Flash column chromatography (dichloro-
methane:methanol� 5:1); 92% yield; oil; 1H NMR ([D4]CH3OH): d�
1.36 (d, J� 7.0 Hz, 3 H, CH3), 3.25 ± 3.53 (m, 1H), 3.71 ± 3.85 (m, 1H), 4.09 ±
4.13 (m, 1H), 4.70 (dd, J� 5.8, 2.1 Hz, 1H), 4.98 (s, 2 H), 6.33 (d, J� 5.8 Hz,
1H, H-1); 13C NMR ([D4]CH3OH): d� 18.1 (C-6), 71.0 (C-5), 76.4 (C-3),
76.5 (C-4), 105.1 (C-2), 145.5 (C-1); elemental analysis: calcd for C6H10O3


(130.1): C 55.37, H 7.74; found: C 55.50, H 7.76.


dd-arabinal (21):[11] Flash column chromatography (dichloro-
methane:methanol� 10:1); 98% yield; oil; 1H NMR ([D4]CH3OH): d�
3.88 ± 4.00 (m, 3H, CH2-5, H-4), 4.18 ± 4.23 (m, 1 H, H-3), 4.92 ± 4.99 (m,
3H), 6.52 (dd, J� 6.0, 0.8 Hz, 1H); 13C NMR ([D4]CH3OH): d� 65.7, 68.4,
70.1 (C-3, C-4, C-5), 104.9 (C-2), 149.6 (C-1); elemental analysis: calcd for
C5H8O3 (130.1): C 51.72, H 6.94; found: C 51.50, H 6.91.


3,4-Di-O-benzyl-dd-arabinal (22):[23] Flash column chromatography (ethyl
acetate:petroleum ether� 1:5) gave a glassy solid; 73% yield; 1H NMR:
d� 3.75 (dt, J� 9.8, 3.8 Hz, 1H), 3.97 ± 4.12 (m, 3H), 4.50 ± 4.72 (m, 4H),
4.87 (t, J� 5.8 Hz, 1 H), 6.40 (d, J� 5.8 Hz, 1H, H-1), 7.28 ± 7.41 (m, 10H).
13C NMR: d� 63.2 (C-5), 66.7, 73.2 (C-3, C-4), 70.87, 71.0, 98.8 (C-2), 127.5,
127.7, 127.8, 127.8, 128.4, 138.05, 138.8, 146.5 (C-1); elemental analysis: calcd
for C19H20O3 (296.4): C 77.00, H 6.80; found: C 76.70, H 6.84.


General procedure for cycloaddition reactions : All the cycloadditions were
performed at 60 8C by adding 0.8 equiv of freshly distilled pyridine to a
mixture of the sulfenamide and glycal in a 0.8:1 ratio; 0.4 equiv of
sulfenamide was subsequently added in two portions (1.2 equiv in four
portions for reactions performed in DMF or DMSO). The reactions were
monitored by NMR (0.1 mmol scale/CDCl3 or [D6]DMSO) or by TLC
(DMF). The crude reaction mixtures were diluted with CH2Cl2 (30 mL),
washed with saturated NH4Cl (2� 15 mL) and water (2� 20 mL) and dried
over anhydrous Na2SO4. Flash chromatography on silica gel (ethyl acetate/
petroleum ether) was used to purify the crude products (solids were
recrystallized when necessary). Physical and spectroscopic data of com-
pounds 4, 13 ± 20, 23, 24, 31 ± 37 obtained by this general procedure are as
follows.
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3,4,6-Tri-O-benzyl-2-deoxy-dd-glucopyranose[1,2-b]naphtho[1,2-e]-1,4-oxa-
thiin (4 a): A white solid was obtained; m.p. 134 ± 135 8C (ethyl acetate/
petroleum ether); [a]20


D ��4.0 (c� 2.4 in CHCl3); 1H NMR: d� 3.46 (dd,
J� 3.0, 10.2 Hz, 1 H, H-2), 3.72 ± 3.92 (m, 4H), 4.22 (dt, J� 9.4 Hz, 1H),
4.53 ± 4.87 (m, 6H), 5.82 (d, J� 3.0 Hz, 1H, H-1), 7.07 ± 7.61 (m, 19 H), 7.79
(d, J� 7.4 Hz, 1H), 7.95 (d, J� 7.8 Hz, 1H); 13C NMR: d� 42.5 (C-2), 68.2
(C-6), 72.9, 73.6, 75.2, 76.4, 78.4, 78.8 (C-3, C-4, C-5, 3CH2), 95.1 (C-1),
107.2, 123.0, 124.4, 126.8, 126.8, 127.9, 128.0, 128.1, 128.4, 128.4, 129.7, 131.2,
137.9, 138.0, 149.7; elemental analysis: calcd for C37H34O5S (590.7): C 75.23,
H 5.80; found: C 75.07, H 5.60.


Compound 4b : A glassy solid was obtained; 1H NMR: d� 3.69 ± 3.78 (m,
3H), 4.08 ± 4.25 (m, 3 H), 4.48 (AB system, JAB 12.1 Hz, 2H), 4.62 (t, J
11.0 Hz, 2H), 4.90 (AB system, JAB 11.1 Hz, 2H), 5.43 (d, J� 1.1 Hz, 1H,
H-1), 7.12 ± 7.58 (m, 19H), 7.77 (d, J 7.8 Hz, 1H), 8.03 (d, J 7.8 Hz, 1H,);
13C NMR: d� 41.2 (C-2), 68.6, 71.0, 73.4, 75.3 (C-6, 3CH2), 73.7, 77.0, 80.5,
(C-3, C-4, C-5), 91.8 (C-1), 110.2, 119.4, 122.5, 124.4, 126.0, 126.4, 127.4,
127.8, 127.8, 128.0, 128.2, 128.3, 128.4, 128.6, 129.7, 130.9, 137.3, 138.1, 138.2,
145.7; MS (70 eV, EI): m/z (%)� 591 (1) [M�1], 91 (100).


2-Deoxy-dd-glucopyranose[1,2-b]naphtho[1,2-e]-1,4-oxathiin (13 a): Com-
pound 13 a was obtained as a waxy solid after acetylation under standard
conditions; [a]20


D ��104.6 (c� 0.2 in CHCl3); 1H NMR: d� 1.98, 2.05, 2.13
(3s, 9H), 3.54 (dd, J� 10.6, 2.8 Hz, 1 H, H-2), 4.16 ± 4.48 (m, 3H), 5.17 ± 5.33
(m, J� 9.8 Hz, 2H), 5.79 (d, J� 2.8 Hz, 1 H, H-1), 7.08 (d, J� 8.8 Hz, 1H),
7.28 ± 7.94 (m, 5 H); 13C NMR: d� 20.5, 20.7, 20.9 (3CH3), 40.5 (C-2), 60.2
(C-6), 68.8, 69.6, 69.7 (C-3, C-4, C-5), 93.8 (C-1), 106.8; 118.9, 122.8, 124.6,
126.6, 126.9, 128.3, 130.6, 135.3, 148.6; 169.6, 169.6, 170.6 (3CO); elemental
analysis: calcd for C22H22O8S (446.5): C 59.18, H 4.97; found: C 59.29, H
5.03.


Compound 13b : Compound 13b was obtained as an oil after acetylation
under standard conditions; [a]20


D �ÿ73.8 (c� 0.1 in CHCl3); 1H NMR: d�
1.99, 2.08, 2.12 (3s, 9H), 3.83 ± 3.93 (m, J� 9.4, 4.0 Hz, 1H), 4.06 (br dd, J�
4.4, 1.6 Hz, 1H, H-2), 4.21 (br d, 2H), 5.41 (dd, J� 9.2, 4.4 Hz, 1 H), 5.56 (d,
J� 1.6 Hz, 1 H, H-1), 5.63 (br t, J� 9.4 Hz, 1 H), 7.10 (d, J� 8.8 Hz, 1H,
1H), 7.28 ± 7.94 (m, 5 H); 13C NMR: d� 20.5 (3 CH3), 40.8 (C-2), 62.2 (C-6),
65.2, 71.9, 73.4 (C-3, C-4, C-5), 91.1 (C-1), 108.8, 119.0, 122.1, 124.4, 126.2,
126.4, 128.2, 130.4, 135.2, 145.1, 169.4, 169.7, 170.5 (3CO); MS (70 eV, EI):
m/z (%)� 446 (21.0) [M .�], 146 (100).


6-O-tert-Butyldimethylsilyl-2-deoxy-dd-glucopyranose[1,2-b]naphtho[1,2-e]-
1,4-oxathiin (14 a): Compound 14a was obtained as a white solid; m.p.
134 ± 136 8C (ethyl acetate/petroleum ether); [a]20


D �ÿ1.3 (c� 10.55 in
CHCl3); 1H NMR: d� 0.14 (s, 6H), 0.93 (s, 9 H), 2.87 (br s, 1 H), 3.27 ± 3.34
(m, J� 2.9 Hz, 2H), 3.76 ± 4.078 (m, 5H), 5.75 (d, J� 2.9 Hz, 1 H, H-1), 7.07
(d, J� 8.8 Hz, 1 H), 7.28 ± 7.94 (m, 5H); 13C NMR: d�ÿ5.4 (2CH3), 18.3,
25.9 (3CH3), 42.8 (C-2), 63.9 (C-6), 70.4, 72.4, 72.9 (C-3, C-4, C-5), 94.4 (C-
1), 119.2, 122.9, 123.6, 124.5, 126.8, 126.9, 128.4, 129.6, 134.3, 149.41;
elemental analysis: calcd for C22H30O5SSi (434.6): C 60.80, H 6.96; found: C
60.53, H 6.85.


Compound (14 b): Compound 14 b was obtained as a yellowish solid; m.p.
55 ± 60 8C (ethyl acetate/petroleum ether); [a]20


D �ÿ4.4 (c� 6.70 in
CHCl3); 1H NMR: d�ÿ0.01 (s, 3 H), 0.03 (s, 3 H), 0.84 (s, 9H), 3.16 (s,
1H), 3.56 ± 3.63 (m, 1 H), 3.76 ± 3.85 (m, 2H), 3.97 ± 4.26 (m, 4 H), 5.47 (d,
J� 1.6 Hz, 1H, H-1), 7.09 (d, J� 8.8 Hz, 1 H), 7.38 ± 7.55 (m, 3H), 7.74 (d,
J� 7.6 Hz, 1 H); 7.99 (d, J� 7.6 Hz, 1H); 13C NMR: d�ÿ5.8, ÿ5.7; 18.0
(Cq); 25.7 (3CH3), 42.6 (C-2), 65.3 (C-6), 71.2, 73.4, 74.8 (C-3, C-4, C-5), 91.7
(C-1), 110.2, 119.2, 122.5, 124.5, 125.9, 126.4, 128.2 129.74, 130.78, 145.35;
MS (70 eV, EI): m/z (%)� 434 (6) [M .�], 117 (100).


6-O-tert-Butyldimethylsilyl-3,4-di-O-benzyl-2-deoxy-dd-glucopyranose[1,2-b]-
naphtho[1,2-e]-1,4-oxathiin (15 a): Compound 15 a was obtained as a pale
yellow oil; [a]20


D ��48.5 (c� 0.2 in CHCl3); 1H NMR: d� 0.12 (s, 3 H), 0.13
(s, 3H), 0.94 (s, 9H), 3.40 (dd, J� 2.8, 10.2 Hz, 1H, H-2), 3.71 ± 4.08 (m,
5H), 4.57 ± 4.90 (m, 4 H), 5.79 (d, J� 2.6 Hz, 1H, H-1), 7.09 ± 7.60 (m, 14H),
7.78 (d, J� 8.4 Hz, 1H), 7.95 (d, J� 8.4 Hz, 1H); 13C NMR: d�ÿ5.3, ÿ5.0,
18.3, 25.9, 42.7 (C-2), 61.6 (C-6), 72.1, 75.2, 74.1, 78.2, 78.6 (C-3, C-4, C-5),
95.2 (C-1), 107.3, 119.1, 123.0, 124.4, 126.2, 126.4, 126.7, 127.6, 127.8, 127.9,
128.3, 128.4, 128.5, 128.9, 129.1, 129.7, 131.2, 138.0, 138.2,149.8; elemental
analysis: calcd for C37H42O5SSi (614.9): C 70.32, H 6.88; found: C 70.36, H
6.91.


(1S,2S)-2-Deoxy-a-dd-galactopyranose[1,2-b]naphtho[1,2-e]-1,4-oxathiin
(16): Compound 16 was obtained as a white solid after acetylation under
standard conditions; m.p. 169 ± 172 8C (ethyl acetate/petroleum ether);


[a]20
D ��8.0 (c� 4.5 in CHCl3); 1H NMR: d� 2.02, 2.10, 2.20 (3s, 9H), 3.80


(dd, J� 2.6, 11.8 Hz, 1 H, H-2), 4.21 ± 4.24 (m, 2H), 4.62 ± 4.68 (m, 1 H), 5.16
(dd, J� 11.8, 3.1 Hz, 1 H), 5.47 ± 5.48 (m, 1H), 5.86 (d, J� 2.6 Hz, 1H, H-1),
7.10 (d, J� 8.8 Hz, 1H), 7.36 ± 7.60 (m, 3H), 7.74 ± 7.83 (m, 2 H); 13C NMR:
d� 20.5, 20.6, 20.7 (3CH3), 36.7 (C-2), 61.6 (C-6), 67.3, 67.4, 68.6 (C-3, C-4,
C-5), 94.49 (C-1), 106.9, 119.1, 122.8, 124.6, 126.6, 126.8, 128.4, 129.8, 130.6,
148.5, 169.7, 169.9, 170.4; elemental analysis: calcd for C22H22O8S (446.5): C
59.18, H 4.97; found: C 59.00, H 4.99.


(1S,2S)-3,4,6-Tri-O-benzyl-2-deoxy-a-dd-galactopyranose[1,2-b]naphtho-
[1,2-e]-1,4-oxathiin (17): Compound 17 was obtained as a glassy solid;
1H NMR: d� 3.65 ± 3.71 (m, 3 H), 3.97 ± 4.04 (m, 2H), 4.32 (t, J� 6.7 Hz,
1H), 4.45 ± 4.65 (2 AB system and B part of an AB system, 5 H), 4.98 (A
part of an AB system, JAB� 11.2 Hz, 1 H), 5.86 (d, J� 2.8 Hz, 1H, H-1),
7.02 ± 7.60 (m, 19H), 7.78 (d, J� 8.2 Hz, 1H), 7.99 (d, J� 8.4 Hz, 1H);
13C NMR: d� 38.8 (C-2), 68.5 (C-6), 71.7, 73.5, 74.9 (C-3, C-4, C-5), 72.7,
73.6, 74.8, 95.56 (C-1), 107.6, 123.0, 128.3, 136.5, 126.6, 127.6, 127.6, 127.7,
127.8, 127.9, 128.2, 128.2, 128.3, 128.4, 129.6, 131.1, 137.4, 137.7, 138.2, 149.4;
elemental analysis: calcd for C37H34O5S (590.8): C 75.23, H 5.80; found: C
75.34, H 5.87.


(1S,2S)-6-O-tert-Butyldimethylsilyl-2-deoxy-a-dd-galactopyranose[1,2-b]-
naphtho[1,2-e]-1,4-oxathiin (18): Compound 18 was obtained as a white
solid after acetylation under standard conditions; m.p. 62 ± 63 8C (ethyl
acetate/petroleum ether); [a]20


D ��4.1 (c� 16.7 in CHCl3); 1H NMR: d�
0.05, 0.07 (2s, 6 H), 0.87 (s, 9H), 2.02, 2.18 (2s, 6 H), 3.63 ± 3.85 (m, 3H),
4.44 ± 4.52 (m, 1H), 5.18 (dd, J� 11.5, 3.1 Hz, 1H), 5.65 ± 5.58 (m, 1 H), 5.84
(d, J� 2.6 Hz, 1H, H-1), 7.09 (d, J� 8.8 Hz, 1H), 7.36 ± 7.83 (m, 5H);
13C NMR: d�ÿ5.7, 18.2, 20.6, 20.7, 25.7, 37.1 (C-2), 60.6 (C-6), 67.3, 67.8,
71.0 (C-3, C-4, C-5), 94.7 (C-1), 107.0, 119.2, 122.8, 124.5, 126.6, 126.7, 128.4,
129.8, 130.7, 148.69, 169.74; elemental analysis: calcd for C26H34O7SSi
(518.7): C 60.21, H 6.61; found: C 60.20, H 6.64.


2,6-Dideoxy-ll-glucopyranose[1,2-b]naphtho[1,2-e]-1,4-oxathiin (19 a):
Compound 19a was obtained as a white solid after acetylation under
standard conditions; m.p. 148 ± 150 8C (ethyl acetate/petroleum ether);
[a]20


D �ÿ16.7 (c� 3.1 in CHCl3); 1H NMR: d� 1.30 (d, J� 6.2 Hz, 3H),
2.00 (s, 3 H), 2.06 (s, 3H), 3.51 (dd, J� 2.8, 11.0 Hz, 1H, H-2), 4.26 ± 4.40 (m,
1H), 4.90 (t, J� 9.7 Hz, 1H), 5.24 (dd, J� 9.4, 10.8 Hz, 1H), 5.74 (d, J�
2.6 Hz, 1H, H-1), 7.09 (d, J� 8.8 Hz, 1H), 7.35 ± 7.60 (m, 3H), 7.73 ± 7.80 (m,
2H); 13C NMR: d� 17.4, 20.6, 41.0 (C-2), 67.7, 69.8, 74.5 (C-3, C-4, C-5),
93.9 (C-1), 107.0, 119.1, 123.0, 124.6, 126.7, 127.0, 128.4, 129.8, 130.8, 149.0,
167.8, 169.8; elemental analysis: calcd for C20H20O6S (388.4): C 61.84, H
5.19; found: C 61.55, H 5.20.


Compound 19 b : Compound 19 b was obtained as a pale yellow solid after
acetylation under standard conditions; m.p. 188 ± 190 8C (ethyl acetate/
petroleum ether); [a]20


D ��13.5 (c� 2.4 in CHCl3); 1H NMR: d� 1.29 (d,
J� 5.8 Hz, 3H), 2.09 (s, 3 H), 2.16 (s, 3H), 3.70 ± 3.84 (m, 1 H), 4.11 (dd, J�
1.2, 4.0 Hz, 1H, H-2), 5.32 ± 5.46 (m, 2 H), 5.53 (d, J� 1.2 Hz, 1 H, H-1), 7.12
(d, J� 8.8 Hz, 1 H), 7.30 ± 7.58 (m, 3H), 7.75 (d, J� 7.8 Hz, 1 H), 7.96 (d, J�
8.4 Hz, 1 H); 13C NMR: d� 17.6, 20.7, 41.4 (C-2), 70.2, 72.0, 72.3 (C-3, C-4,
C-5), 91.2 (C-1), 109.1, 119.2, 122.3, 124.6, 126.3, 126.5, 128.3, 129.8, 130.72,
145.3, 169.7, 170.1.


3,4-Di-O-benzyl-2,6-dideoxy-ll-glucopyranose[2,1-b]naphtho[1,2-e]-1,4-
oxathiin (20a): Compound 20a was obtained as a white solid; m.p. 94 ± 978C
(ethyl acetate/petroleum ether); [a]20


D �ÿ7.0 (c� 3.1 in CHCl3); 1H NMR:
d� 1.41 (d, J� 6.4 Hz, 3H, CH3), 3.33 (t, J� 9.1 Hz, 1 H), 3.43 (dd, J� 3.0,
10.6 Hz, 1H, H-2), 3.73 (dd, J �8.8, 10.6 Hz, 1H), 4.12 ± 4.27 (m, 1H),
4.58 ± 4.93 (m, 4H), 5.74 (d, J� 3.0 Hz, 1 H, H-1), 7.12 (d, J� 8.8 Hz, 1H),
7.27 ± 7.62 (m, 13H), 7.79 (d, J� 8.4 Hz, 1H), 7.96 (d, J� 8.0 Hz, 1H);
13C NMR: d� 17.9 (C-6), 42.9 (C-2), 69.6 (C-5), 75.5, 76.4, 78.6, 84.6 (C-3,
C-4), 94.9 (C-1), 107.2, 119.2, 123.0, 124.4, 126.8, 126.9, 127.7, 127.8, 127.9,
128.2, 128.4, 128.5, 129.7, 131.2, 137.9, 138.0, 149.8; elemental analysis: calcd
for C30H28O4S (484.6): C 74.35, H 5.82; found: C 74.15, H 5.90.


Compound 20b : Compound 20b was obtained as a white solid; m.p. 80 ±
82 8C (ethyl acetate/petroleum ether); 1H NMR: d� 1.38 (d, J� 6.2 Hz,
3H, CH3), 3.55 ± 3.70 (m, 1H), 3.77 ± 3.88 (m, 1H), 4.03 ± 4.10 (m, 2 H), 4.66
(AB system, JAB� 11.0 Hz, 2H), 4.94 (AB system, JAB� 11.3 Hz, 2 H), 5.40
(d, J� 1.2 Hz, 1H, H-1), 7.13 (d, J� 8.8 Hz, 1H), 7.29 ± 7.58 (m, 13H), 7.76
(d, J� 7.0 Hz, 1H), 8.03 (d, J� 8.4 Hz, 1H); 13C NMR: 18.0 (C-6), 41.3 (C-
2), 70.9, 73.2, 75.6, 79.2, 80.4 (C-3, C-4, C-5), 91.8 (C-1), 109.9, 119.3, 122.5,
124.4, 126.1, 126.4, 127.8, 128.1, 128.3, 128.4, 128.6, 129.7, 131.0, 137.3, 138.2,
145.6.
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(1R,2R)-2-Deoxy-b-dd-arabinopyranose[1,2-b]naphtho[1,2-e]-1,4-oxathiin
(23): Compound 23 was obtained as a waxy solid; m.p. 192 ± 195 8C
(decomp) (ethyl acetate/petroleum ether); [a]20


D �ÿ9.0 (c� 3.05 in
MeOH); 1H NMR ([D4]CH3OH): d� 3.71 (A part of an ABX system,
JAB� 10.6 Hz, 1 H), 3.78 (B part of an ABX system, JAB� 10.6 Hz, 1H),
3.86 ± 3.95 (m, 2 H), 4.22 ± 4.28 (d, J� 12.0 Hz, 1 H), 5.53 (s, 2 H), 5.80 (d,
J� 2.2 Hz, 1H, H-1), 7.10 (d, J� 8.8 Hz, 1H), 7.38 ± 7.65 (m, 3H), 7.81 (d,
J� 8.0 Hz, 1H), 7.95 (d, J� 8.4 Hz, 1 H); 13C NMR ([D4]CH3OH): d� 41.2
(C-2), 66.4, 67.7, 70.2 (C-3, C-4, C-5), 96.8 (C-1), 108.8, 120.11, 124.0, 125.4,
127.5, 129.4, 131.1, 132.5, 135.4, 150.7; elemental analysis: calcd for
C15H14O4S (290.3): C 62.05, H 4.86; found: C 61.87, H 4.81.


(1R,2R)-3,4-Di-O-benzyl-2-deoxy-b-dd-arabinopyranose[1,2-b]naphtho-
[1,2-e]-1,4-oxathiin (24): Compound 24 was obtained as a glassy solid;
[a]20


D �ÿ15.0 (c� 1.1 in CHCl3); 1H NMR: d� 3.65 (dd, J� 2.8 Hz,
11.0 Hz, 1H), 3.78 ± 3.80 (m, 1 H), 3.99 ± 4.06 (m, 3H), 4.52 (s, 2H), 4.79
(AB system, JAB� 12.4 Hz, 2 H), 5.87 (d, J� 2.6 Hz, 1H, H-1), 7.03 ± 7.58
(m, 14 H), 7.78 (d, J� 8.8 Hz, 1H), 8.01 (d, J� 8.6 Hz, 1H); 13C NMR
(75 MHz): d� 38.2 (C-2), 62.6 (C-5), 71.8, 72.2, 72.5, 73.2 (C-3, C-4), 95.6
(C-1), 107.8, 118.9, 122.8, 123.1, 124.3, 126.4, 126.6, 126.8, 127.5, 127.6, 127.8,
127.9, 128.1, 128.3, 129.6, 131.1, 137.4, 138.0, 149.2; elemental analysis: calcd
for C29H26O4S (470.6): C 74.02, H 5.57; found: C 73.60, H 5.80.


2-Deoxy-dd-glucopyranose[1,2-b](4-acetoxy-8-benzyloxy)naphtho[2,1-e]-
1,4-oxathiin (31 a): Compound 31a was obtained as a glassy solid after
acetylation under standard conditions; 1H NMR: d� 1.96, 2.02, 2.05 (3s,
9H), 2.41 (s, 3 H), 3.23 (A part of an ABX system, JAB� 12.8 Hz, 1H), 3.41
(dd, J� 10.6, 2.8 Hz, 1H), 3.94 (B part of an ABX system, JAB� 12.8 Hz,
1H), 4.05 ± 4.11 (m, 1 H), 5.06 ± 5.36 (m, 4H), 5.86 (d, J� 2.6 Hz, 1 H, H-1),
6.91 (s, 1 H), 7.01 (t, J� 4.4 Hz, 1H), 7.36 ± 7.57 (m, 7 H); 13C NMR: d� 20.5,
20.6, 20.9, 41.0 (C-2), 60.9 (C-6), 68.5, 69.5, 69.9 (C-3, C-4, C-5), 71.7, 94.8
(C-1), 107.8, 109.7, 114.1, 119.7, 123.5, 126.6, 127.1, 128.0, 128.1, 128.6, 134.2,
136.6, 140.6, 145.4, 155.4, 169.3, 169.5, 169.8, 170.5; elemental analysis:
calcd for C31H30O11S (610.6): C 60.98, H 4.95; found: C 60.65; H 5.00.


2,6-Dideoxy-a-ll-glucopyranose[1,2-b](4-acetoxy-8-benzyloxy)naphtho-
[2,1-e]-1,4-oxathiin (32 a): Compound 32a was obtained as a pale yellow
solid; m.p. 175 ± 179 8C (ethyl acetate/petroleum ether); [a]20


D �ÿ326.3
(c� 0.1 in CHCl3); 1H NMR: d� 0.95 (d, J� 6.4 Hz, 3H, CH3-6), 2.41 (s,
3H), 2.49 (br s, 1 H), 2.92 (br s, 1H), 3.16 (dd, J� 2.8, 10.8 Hz, 1H, H-2),
3.26 (t, J� 9.4 Hz, 1 H), 3.71 (t, J� 9.7 Hz, 1H), 3.86 ± 3.94 (m, 1H), 5.14
(AB system, JAB� 11.7 Hz, 2 H), 5.74 (d, J� 2.6 Hz, 1 H, H-1), 6.93 ± 6.70
(m, 2H), 7.32 ± 7.57 (m, 7 H); 13C NMR: d� 17.3 (C-6), 20.9, 43.5 (C-2), 69.8,
70.7, 71.9 (C-3, C-4, C-5), 76.5, 95.3 (C-1), 107.0, 110.1, 114.0, 117.8, 126.7,
127.7, 127.81, 128.5, 136.9, 140.1, 146.4, 155.6, 169.6; elemental analysis:
calcd for C25H24O7S (468.5): C 64.09, H 5.16, found: C 64.20, H 5.35.


Compound 32 b : Compound 32b was obtained as a glassy solid; [a]20
D �


�43.3 (c� 0.14 in CHCl3); 1H NMR: d� 1.33 (d, J� 6.2 Hz, 3H, CH3-6),
2.39 (s, 3H), 3.04 (br s, 1H), 3.38 ± 3.52 (m, 2H), 3.70 (t, J� 8.2 Hz, 1H),
3.80 ± 3.85 (m, 2 H), 5.14 (AB system, JAB� 11.9 Hz, 2H), 5.32 (s, 1H),
6.83 ± 6.97 (m, 2H), 7.23 ± 7.59 (m, 7 H); 13C NMR: d� 17.6 (C-6), 20.9, 43.4
(C-2), 72.4, 73.2, 73.7 (C-3, C-4, C-5), 91.4 (C-1), 107.2, 111.7, 114.6, 118.0,
126.1, 127.2, 128.1, 128.3, 137.6, 140.3, 142.0, 155.1, 169.8.


2,6-Dideoxy-a-ll-glucopyranose[1,2-b](4-acetoxy-8-benzyloxy)naphtho-
[2,1-e]-1,4-oxathiin (33 a): Compound 33a was obtained as a waxy solid;
1H NMR: d� 0.95 (d, J� 5.8 Hz, 3 H, CH3-6), 2.41 (s, 3H), 2.64 (br s, 1H),
3.10 (br s, 1 H), 3.16 (dd, J� 2.8, 10.4 Hz, 1H, H-2), 3.27 (br t, J� 9.2 Hz,
1H), 3.72 (dd, J� 8.9, 10.4 Hz, 1H), 3.86 ± 3.95 (m, 1 H), 5.14 (AB system,
JAB� 10.0 Hz, 2H), 5.74 (d, J� 2.8 Hz, 1H, H-1), 6.93 (s, 1H), 6.98 (t, J�
4.2 Hz, 1H), 7.33 (m, 4 H), 7.56 (m, 2 H); 13C NMR: d� 17.4, 31.0, 43.4 (C-2),
63.51 (C-5), 69.8, 70.6 (C-3, C-4), 71.8, 95.3 (C-1), 107.1, 110.1, 112.3, 114.0,
117.8, 118.7, 126.6, 127.8, 128.4, 128.50, 136.8, 140.7, 146.3, 156.0, 169.6;
elemental analysis: calcd for C25H24O7S (468.5): C 64.09, H 5.16; found: C
63.89, H 5.31.


Compound (33 b): Compound 33b was obtained as a waxy solid; 1H NMR:
d� 1.33 (d, J� 6.3 Hz, 3 H, CH3-6), 2.39 (s, 3H), 2.81 (br s, 1 H), 3.19 (br s,
1H), 3.38 ± 3.52 (m, 1H), 3.66 ± 3.84 (m, 3 H), 5.14 (AB system, JAB�
11.8 Hz, 2H), 5.31 (d, J� 1.1 Hz, 1H, H-1), 6.90 (s, 1H), 6.94 ± 6.98 (m,
1H), 7.28 ± 7.59 (m, 7 H).


(1S,2S)-3,4,6-Tri-O-benzyl-2-deoxy-a-dd-glucopyranose[1,2-b](4-N-carbo-
benzyloxyalaninebenzylester)benzo[2,1]-1,4-oxathiin (34): Compound 34
was obtained as a glassy solid; 1H NMR: d� 3.00 ± 3.02 (m, 2H), 3.24 ± 3.31
(X part of a AMX system, J� 3.0, 10.6 Hz, 1H), 3.67 ± 3.86 (m, 7 H), 4.10 ±


4.14 (m, 1H), 4.50 ± 4.86 (m, 7 H), 5.10 (s, 2H), 5.23 (br d, 1H), 5.68 (d, J�
2.6 Hz, 1 H, H-1), 6.76 ± 6.81 (m, 3H), 7.11 ± 7.33 (m, 20 H); 13C NMR: d�
37.5, 43.1, 52.3, 54.7 (C-2), 67.0, 68.1 (C-6), 72.9 (C-4), 73.6 (C-3), 75.2, 78.5,
79.0, 95.2 (C-5), 101.7 (C-1), 118.0, 118.2, 123.6, 127.4, 127.8, 127.9, 128.0,
128.1, 128.2, 128.4, 128.5, 128.6, 129.6, 132.6, 137.8, 137.9, 138.0, 151.1, 155.8,
171.8; elemental analysis: calcd for C45H45O9NS (775.9): C 69.66, H 5.85;
found: C 69.50, H 5.91.


3,4,6-Tri-O-benzyl-2-deoxy-dd-glucopyranose[2,1-b](5-methoxy)benzo-
[2,1-e]-1,4-oxathiin (35 a): Compound 35 a was obtained as a white solid;
m.p. 85 ± 87 8C (ethyl acetate/petroleum ether); 1H NMR: d� 3.22 ± 3.29
(dd, J� 2.8, 10.2 Hz, 1 H, H-2), 3.65 ± 3.86 (m, 7H); 4.09 ± 4.14 (m, 1H);
4.50 ± 4.90 (m, 6H), 4.74, (d, J� 2.8 Hz, 1H, H-1), 6.47 ± 6.54 (m, 2 H), 6.99
(d, J� 8.2 Hz, 1 H), 7.14 ± 7.36 (m, 15 H); 13C NMR: d� 42.9 (OCH3), 55.4
(C-2), 68.1 (C-6), 72.8 (C-4), 73.6, 75.2; 76.3 (C-3), 95.6 (C-5), 103.2 (C-1),
104.8, 109.6, 127.7, 127.8, 127.9, 128.0, 128.1, 128.4, 128.6, 129.4, 137.8, 138.0,
153.0, 158.9; MS (70 eV, EI): m/z (%)� 570 (10.7) [M .�], 462 (33), 208 (26),
91 (100); elemental analysis: calcd for C34H34O6S (570.7): C 71.56, H 6.00;
found: C 71.38, H 6.25.


Compound 35b : Compound 35b was obtained as an oil; 1H NMR: d�
3.68 ± 4.11 (m, 9H), 4.51 ± 4.89 (m, 6 H), 5.31 (d, J� 1.8 Hz, 1H, H-1), 6.52 ±
6.57 (m, 2 H), 6.99 (d, J� 9.7 Hz, 1H), 7.18 ± 7.37 (m, 15H); 13C NMR: d�
41.3 (OCH3), 55.4 (C-2), 68.6 (C-6), 70.8 (C-3), 73.4, 73.5, 75.2 (C-4), 80.4
(C-5), 92.2 (C-1), 103.8, 107.4, 109.6, 127.5, 127.8, 127.9, 128.0, 128.2, 128.4,
128.5, 137.3, 138.1, 158.3.


(1S,2S)-6-tert-Butyldimethylsilyl-2-deoxy-a-dd-galactopyranose[1,2-b]-
(5-methoxy)benzo[2,1-e]-1,4-oxathiin (36): Compound 36 was obtained as
an oil; 1H NMR: d� 0.01, 0.12 (2s, 6H), 0.90 (s, 9H), 2.69 (d, 1H); 3.50 (dd,
J� 3.2, 10.8 Hz, 1 H, H-2), 3.65 ± 4.22 (m, 9H), 5.75 (d, J� 3.0 Hz, 1H,
H-1), 6.40 ± 6.53 (m, 2H), 6.99 (d, J� 8.4 Hz, 1H); 13C NMR: d�ÿ5.6,
18.2, 25.8, 39.9 (C-2), 55.4 (OCH3), 63.7, 67.0, 69.2, 71.1 (C-3, C-4, C-5, C-6),
95.5 (C-1), 107.8, 103.2, 109.3, 123.6, 152.8, 158.9; elemental analysis: calcd
for C19H30O6SiS (414.6): C 55.04, H 7.29; found: C 55.18, H 7.13.


(1R,2R)-2-Deoxy-b-dd-arabinopyranose[1,2-b](5-methoxy)benzo[2,1-e]-
1,4-oxathiin (37): Flash column chromatography (dichloromethane/meth-
anol) gave compound 37 as an oil; 1H NMR ([D4]CH3OH): d� 3.60 (dd,
J� 2.8, 10.8 Hz, 1 H, H-2), 3.77 ± 4.06 (m, 6H), 4.25 ± 4.32 (m, 1 H), 5.05
(br s, 2 H), 5.83 (d, J� 3.0 Hz, 1H, H-1), 6.61 ± 6.71 (m, 2H), 7.15 (d, J�
8.4 Hz, 1H); 13C NMR ([D4]CH3OH): d� 41.3 (OCH3), 55.8 (C-2), 66.3,
67.3, 70.0 (C-3, C-4, C-5), 97.4 (C-1), 106.3, 104.1, 110.1, 129.0, 154.2, 160.3;
elemental analysis: calcd for C12H14O5S (270.3): C 53.32, H 5.22; found: C
53.12, H 5.23.


N-(4-Acetoxy-8-benzyloxy-1-hydroxynaphthyl-2-thio)phthalimide (28):
143 mg (0.67 mmol) of phthalimidesulfenyl chloride was added to a
solution of 204 mg (0.42 mmol) of 4-acetoxy-8-benzyloxy-1-hydroxynaph-
thalene[24] in 3 mL dry CHCl3. The reaction mixture was refluxed for 2 h,
diluted with CH2Cl2 (40 mL), washed with saturated NH4Cl and water and
dried over anhydrous Na2SO4. Flash column chromatography (dichloro-
methane) gave 169 mg (83 % yield) of 28 as a yellow solid; m.p. 98 ± 100 8C
(decomp); 1H NMR: d� 2.38 (s, 3 H), 5.27 (s, 2H), 6.93 (dd, J� 7, 1.8 Hz,
1H), 7.28 ± 7.46 (m, 8H), 7.45 ± 7.80 (m, 4H), 10.08 (s, 1H); 13C NMR: d�
20.8, 71.9, 107.0, 113.6, 115.1, 115.2, 122.4, 123.8, 127.8, 127.9, 128.9, 134.4,
138.4, 152.2, 155.5, 167.8, 169.3; elemental analysis: calcd for C27H19O6NS
(485.5): C 66.79, H 3.94; found: C 66.68, H 3.57.


N[(S)-2-N-carbobenzyloxyamino-3-(4-hydroxyphenylthio)methylpropio-
nate]phthalimide (29): Compound 29 was obtained as a waxy solid by flash
column chromatography (dichloromethane), as for 28 ; 55% yield;
1H NMR: d� 3.01 ± 3.08 (m, 2 H), 3.78 (s, 3H), 4.59 ± 4.63 (m, 1 H), 5.02
(s, 2 H), 5.19 (br s, 1H), 6.92 (d, J� 8.4 Hz, 1H), 7.09 ± 7.14 (dd, J� 8.4,
2.2 Hz, 1 H), 7.33 (m, 5H), 7.60 (d, J� 2.2 Hz, 1H), 7.74 ± 7.89 (m, 4H), 8.29
(br s, 1H); 13C NMR: d� 36.8, 52.5, 54.7, 66.9, 117.1, 118.2, 124.2, 127.9,
128.1, 128.5, 131.8, 134.8, 135.8, 138.8, 155.5, 158.0, 168.3, 171.6; elemental
analysis: calcd for C26H22 N2O7S (506.5): C 61.65, H 4.38; found: C 61.79, H
4.30.


2-O-(2-Deoxy-3,4,6-tri-O-benzyl-a-dd-glucopyranosyl)naphthalene (39): To
a solution of 23 mg (0.04 mmol) of 4a in 1.5 mL of THF was added 150 mg
Raney nickel, activated according to a literature procedure.[25] The mixture
was vigorously stirred for 2 h at room temperature, diluted with 3 mL of
THF, and filtered over Celite�. After evaporation of the solvent, the crude
product was chromatographed (petroleum ether/ethyl acetate� 2.5 ± 1) to
give 14.8 mg of 39 (68 % yield) as colorless oil. [a]20


D ��165.3 (c� 0.16 in
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CHCl3); 1H NMR: d� 1.92 ± 2.05 (A part of an AMPX system, J� 3.4, 9.8,
13.2 Hz, 1H, H-2ax), 2.54 ± 2.63 (M part of an AMPX system, J� 1.0, 5.2,
13.1 Hz, 1 H, H-2eq), 3.58 ± 4.97 (m, 11H), 5.88 (m, 1 H), 7.15 ± 7.79 (m,
22H); 13C NMR: d� 35.4 (C-2), 68.6 (C-6), 71.4, 72.0, 73.3, 75.0, 77.4, 77.9,
95.8 (C-1), 110.4, 118.9, 124.1, 126.3, 127.2, 127.6, 127.7, 127.9, 128.3, 128.4,
129.3, 129.4, 134.4, 138.0, 138.4, 138.6, 154.2; elemental analysis: calcd for
C37H36O5 (560.7): C 79.26, H 6.47; found: C 79.41, H 6.52.


2-O-(2-Deoxy-3,4,6-tri-O-benzyl-a-dd-galactopyranosyl)naphthalene (40):
Flash column chromatography (dichloromethane) gave compound 40 as
an oil; 48% yield; 1H NMR: d� 2.24 ± 2.30 (m, 1H, H-2ax), 2.39 ± 2.53 (m,
1H, H-2eq), 3.54 (A part of an ABX system, JAB� 9.3 Hz, 1 H), 3.67 (B part
of an ABX system, JAB� 9.3 Hz, 1H), 4.04 ± 4.23 (m, 3H), 4.36 (AB system,
JAB� 11.6 Hz, 2 H), 4.66 (A part of an AB system, JAB� 11.6 Hz, 1H), 4.70
(s, 2 H), 4.99 (B part of an AB system, JAB� 11.6 Hz, 1H), 5.88 (d, 1H),
7.16 ± 7.47 (m, 19H), 7.67 ± 7.88 (m, 3H); 13C NMR: d� 31.2 (C-2), 69.2,
70.6, 70.7, 72.9, 73.3, 74.4, 74.5, 96.6 (C-1), 110.8, 124.0, 126.3, 127.2, 127.4,
127.6, 127.6, 127.7, 128.2, 128.3, 128.5, 129.3, 129.5, 134.4, 137.9, 138.5, 138.8,
154.6; elemental analysis: calcd for C37H36O5 (560.7): C 79.26, H 6.47;
found: C 79.18, H 6.52.


2-O-(2-Deoxy-3,4-di-O-benzyl-b-dd-arabinopyranosyl)naphthalene (41):
Flash column chromatography (ethyl acetate:petroleum ether� 1:4) gave
compound 41 as a white solid; 57% yield (21 % of 3,4-di-O-benzyldihy-
dropyran was also obtained); m.p. 58 ± 60 8C; 1H NMR: d� 2.15 ± 2.25 (m,
1H, H-2ax), 2.42 ± 2.56 (m, 1H, H-2eq), 3.76 ± 4.08 (m, 3H), 4.12 ± 4.20 (m,
1H), 4.65 (s, 2H), 4.79 (s, 2H), 5.86 (t, J� 2.9 Hz, 1 H), 7.17 ± 7.48 (m, 14H),
7.72 ± 7.80 (m, 3 H); 13C NMR: d� 31.9 (C 2), 61.8, 70.4, 71.6, 72.3, 72.5, 96.6
(C-1), 110.4, 118.8, 124.0, 126.3, 127.1, 127.6, 127.6, 127.8, 128.4, 128.4, 129.3,
129.4, 134.4, 138.5, 138.5, 154.5; elemental analysis: calcd for C29H28O4


(440.5): C 79.07, H 6.41; found: C 79.26, H 6.50.


4-Acetoxy-8-benzyloxy-1-O-(2,6-dideoxy-a-dd-glucopyranosyl)naphtha-
lene (42): 141 mg (0.6 mmol) of NiCl2 ´ 6H2O and 67 mg (1.8 mmol) of
NaBH4O were added to a solution of 40 mg (0.08 mmol) of 33a in 2.4 mL
THF/MeOH (3/1) kept at ÿ10 8C. After 30 min at ÿ10 8C, the reaction
mixture was diluted with MeOH (10 mL) and filtered over Celite�. Flash
chromatography (ethyl acetate:petroleum ether:dichloromethane� 2:1:1)
gave 17 mg (45 % yield) of 42 as a glassy solid; 1H NMR: d� 1.21 (d, J�
6.2 Hz, 3 H), 1.48 ± 1.62 (m, 1H, H-2ax), 1.85 ± 1.95 (m, 1H, H-2eq), 2.44 (s,
3H), 2.98 ± 3.08 (m, 1 H), 3.33 ± 3.40 (m, 1H), 3.65 ± 3.74 (m, 1H), 5.10 (s,
2H), 5.52 (dd, J� 0.4, 3.6 Hz, 1H), 6.96 ± 7.20 (m, 1 H), 7.13 (s, 2H), 7.41 ±
7.62 (m, 7 H); 13C NMR: d� 17.7, 21.0, 37.8 (C-2), 68.5, 69.1, 71.4, 96.9 (C-1),
107.6, 109.7, 113.8, 118.7, 119.9, 128.1, 128.7, 129.4, 130.0, 137.3, 151.2, 152.0,
154.1, 156.5, 169.7; HRSM calcd for C25H26O7 [M .�] 438.1678; found: m/e�
438.1678.
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Molecular Photochemistry: A General Method for Localizing Conical
Intersections Using the Phase-Change Rule


Shmuel Zilberg and Yehuda Haas*[a]


Abstract: A photochemical reaction in
which a conical intersection is involved
is shown to lead to several different
products. In particular, thermally al-
lowed products are produced in many
cases in addition to photochemically
allowed ones. This is a consequence of
the electronic wave-function phase-
change rule [H. C. Longuet-Higgins,
Proc. R. Soc. London Ser. A. 1975, 344,
147], which is a necessary condition for
the existence of conical intersections.
The rule is used to define the two
coordinates along which the conical
intersection is formed, and hence its
approximate geometry. These two coor-
dinates are defined by the use of the


structures of three chemical species on
the ground-state surface, termed an-
chors. Two of the anchors can be chosen
as the reactant and the desired product;
the third is another possible product.
The phase-change rule requires that
either one or all the transition states
between the three anchors must be
phase-inverting, for instance antiaro-
matic. When only one of the transition
states is phase-inverting, a ªthermally
allowedº product is always involved.


The well-known importance of antiaro-
matic transition states in photochemical
pericyclic reactions is explained by their
essential role in forming conical inter-
sections. The model provides a ration-
alization for the properties of many of
the recently calculated conical intersec-
tions. The phase-change rule provides a
simple, chemically oriented method for
both the prediction of the course and
stereoselectivity of photochemical reac-
tions. It can also be used to reject
structures proposed for conical intersec-
tions by showing that the conditions
necessary for its presence are not fulfil-
led.


Keywords: conical intersections ´
photochemistry ´ reaction mecha-
nisms ´ rearrangements


Introduction


An ideal photochemical transformation would convert a given
reactant (A) quantitatively to a desired product (B). It is well
known that in practice, other products often appear. In this
paper we show that, in many cases, a single product cannot be
formed in principle whenever a conical intersection is
involved in the reaction. Since all photochemical reactions
begin and end on the ground-state potential surface of the
system, they necessarily involve a nonradiative crossing from
an excited state to the ground state. The crossing from the
excited state to the ground state is considered to be efficient
whenever the two surfaces touch, or nearly touch.[1, 2] As
shown by Teller,[3] the touching of two electronic states is
likely to occur, even if they belong to the same symmetry
group, by a conical intersection. It has been recognized in the
last few years that many conical intersections are possible in
most polyatomic systems; this accounts for the high rate at


which electronically excited states often decay nonradiatively.
Indeed, very rapid excited-state depletion rates (of the order
of 1013 sÿ1 or higher), have been deduced from the low
fluorescence quantum yield measured or from direct ultra-fast
measurements for many photo-reactive systems. Such high
rates, commonly observed in polyatomic molecules, are
believed to involve conical intersections. Recent advances in
computational chemistry led to some very successful efforts in
locating conical intersections, elucidating their structures, and
accounting for the experimentally observed product distribu-
tions and stereochemical trends.[4±8] The role of conical
intersections in photochemical reactions has been compared
with that of transition states in thermal reactions.[4, 9] In spite
of their apparent ubiquitous presence, and of the many
successful computational efforts, no systematic way of enu-
merating and localizing the different possible conical inter-
sections is yet available. In the present paper (restricted to
singlet-state reactions) we propose a method that may be
developed into achieve that goal. The two coordinates
defining the conical intersections are shown to lead to a pair
of products (B and C), and selection rules determining which
pairs are allowed are derived.


Several models outlining qualitatively the conditions re-
quired for the presence of a photochemical reaction have
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been offered, all of which involve (sometimes implicitly) the
nonradiative coupling of electronically excited states with the
ground state. These include the Woodward ± Hoffmann
orbital symmetry rules,[10] Oosterhoff�s valence-bond-based
model,[11] the Evans ± Dewar ± Zimmerman rules,[12, 13±15] the
two-electron two-orbital four-state model,[2, 16±18] state corre-
lation models,[18] in which the role of biradicals or biradica-
loids is emphasized, and the two diabatic states VB model of
Bernardi and Robb,[19±21] which focussed on the conditions
required to obtain a conical intersection. These models have
been very useful in advancing the understanding of photo-
chemical mechanisms, particularly for accounting for the
observed product distribution and stereoselectivity. They
have often succeeded to explain the high selectivity observed
in some photochemical reactions.[22] However, many ambi-
guities remain, hampering the interpretation of ultra-fast and
resonance Raman measurements,[23] and of quantum chemical
calculations.[4, 24] The present approach extends the ideas
incorporated in these models by considering the role of
conical intersections and by dealing explicitly with two
coordinates rather than a single one. As will be shown, the
previous models concentrate on one of the two coordinates,
and, therefore, provide a partial view of the properties of
photochemical reactions (product distribution, stereochemi-
cal selectivity).


The dichotomy between thermal and photochemical reac-
tions has been discussed in all models. The Woodward ±
Hoffmann rules discriminate between ªthermally allowedº
and ªphotochemically allowedº reactions, based on frontier
orbital symmetry. However, thermally allowed products are
known to be formed, often along with photochemically
allowed ones, in many light-induced reactions. The four-state
model presents what appears to be an ªextraordinarily puzzling
featureº:[17] a biradical intermediate can be formed both from
the electronically excited state of the reactant and from
the ground state of the product. A crossing between different
electronic states is evidently implied, and one-dimensional
correlation diagrams[1, 18, 25] have been developed to account
for the apparent contradiction. As pointed out by
Teller,[3] conical intersections (i.e., two-dimensional surface
crossings) are required in general and, as we shall see,
the one-dimensional ones may be viewed as cuts through
them.


Longuet-Higgins[26] has shown that a conical intersection
necessarily arises within a region enclosed by a loop along
which the electronic wave function changes sign (phase-
change rule). The case of a nonlinear triatomic molecule has
been analyzed by Herzberg and Longuet-Higgins,[26b] who
stated the general phase rule (ref [26b], p. 78) although a
proof was published only twelve years later.[26a, 26c] This was
later shown by Berry[27] to be a special case of a phase change
due to the partition of a quantum mechanical system into
parts (the Born ± Oppenheimer approximation in the present
case). The change in sign in the electronic wave function
evidently requires a compensating sign change in the nuclear
wave function; this is known as the geometric phase effect.[28]


This effect has been extensively discussed in relation to the
dynamics of systems near conical intersections,[5±8, 28, 29] mostly
for triatomic systems.


To our knowledge, the application of the phase-change rule
for the photochemistry of larger polyatomic molecules was
very limited. The 1975 paper seems to have had relatively
little impact on organic molecular photochemistry, although
the phase-change rule can be used to systemize the search for
conical intersection. The example chosen by Longuet-Higgins
in the paper involves not one, but three sign changes around
the loop. This situation, which is interesting in its own right,
appeared to be of little attraction to most practicing photo-
chemists. The case in which the sign changes only once, which
appears to be of equal importance, was not explicity
considered. The purpose of the present paper is to show that
the phase-change rule can be applied to predict the photo-
chemical routes of reactions involving conical intersections in
many systems of practical interest. We show that the rule,
which leads to a simple recipe for locating conical intersec-
tions, can be applied to a variety of photochemical systems. A
large number of different photochemical isomerizations and
rearrangements can be rationalized using this approach, and
the computational search for conical intersections can be
greatly helped by eliminating irrelevant structures. Moreover,
we shown that the appearance of ªthermally allowedº
products in some photochemical reactions is not a rare
occurrence, but rather a necessary outcome of the involve-
ment of conical intersections.


Results


Extension of the phase-change rule to large polyatomic
systems : Conical intersections are defined as the intersection
of two different potential-energy surfaces when plotted along
two coordinates. It has been shown that while intersections of
potential surfaces belonging to two electronic states of the
same symmetry are rare in the case of diatomic molecules,
they are quite common in polyatomic molecules.[3±8, 26±28] An
alternative statement of Longuet-Higgins� phase-change rule
is that whenever an electronic wave function changes phase
upon a complete loop along a trajectory on the plane defined
by these two coordinates, a conical intersection must be
present inside that loop. We propose a simple, chemically
oriented, method for determining the required two coordi-
nates.


We limit the discussion to the experimentally important
cases in which the lower surface is the ground state one. On
this surface, all structures exchangeable by a thermal reaction
can be viewed as being adiabatically connected by the same
wave function. In the immediate neighborhood (but not at the
exact location) of a conical intersection, the Born ± Oppen-
heimer approximation holds, and the separation of nuclear
and electronic wave functions is valid. We shall therefore
assume that the electronic wave function is well defined and
continuous throughout the region of interest, and also that its
phase is continuous. The principle of orbital phase continuity
in chemical reactions, discussed by Goddard,[30] is closely
related to this work, which focuses on the phase of the total
electronic wave function.


We need to construct a loop on the ground-state surface,
such that the phase changes of the total electronic wave
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function between different points along the loop will be
known. The smallest possible loop on a given surface traverses
three points, forming a triangle. For the problem at hand, a
natural choice for two of them is the reactant and desired
product. However, the phase-change rule requires an addi-
tional, third structure in order to locate a conical intersection.
This structure must be chosen in such a way, that the total
electronic wave function will undergo a phase change upon
traversing the complete loop. The fact that these structures
are lying on the ground-state surface makes it easy to choose
appropriate points, as it is known that for thermally allowed
reactions the transition state is phase-preserving, while for
thermally forbidden ones it is phase-inverting. A well-known
example for the latter are antiaromatic transition states (see
section on anchors and transition states below).


A graphic representation is given in Figure 1. Suppose a
phase-inverting route is found from A to B, as shown by the
line marked by I in Figure 1a. One can also find a route
leading from A to B via C (namely, traversing the trajectory


Figure 1. A schematic representation of the ground-state part of a conical
intersection involved in the photochemical transformation of A to B. The
condition for a conical intersection to lie within a loop is that the total
electronic wave function will undergo phase inversion upon being trans-
ported around the complete loop. a) Here the transition state between A
and B is assumed to be phase-inverting (I). A third structure, C, is required
to complete the loop so that a conical intersection will be located inside it.
The transition states between A and C, and between B and C, must both be
either phase-preserving (P) or phase-inverting. b) Here the transition state
between A and B is assumed to be phase-preserving. If the transition states
between A and C, and between B and C, are both either phase-preserving
or phase-invertingÐno conical intersection inside the loop is possible.
c) Here the transition state between A and B is assumed to be phase-
preserving again. In order to have a conical intersection inside the ABC
loop, of the two other transition states one must be phase-inverting and the
other phase-preserving.


A!C!B). By the phase-change rule, this route must be
phase-preserving for a conical intersection to be found inside
the loop. This is possible only if the A!C and C!B
transformations are both phase-preserving (P) or both phase-
inverting (I).


If the route from A to B is phase-preserving (Figure 1b),
and the A!C!B trajectory is phase-preservingÐno conical
intersection can be found inside the loop. This provides a
simple selection rule for discarding improper routes. The
situation is changed if the A!C!B route is phase-inverting,
as shown in Figure 1c. In the following, we use the term
anchors for the three molecular structures that define the
loop. Clearly, the presence of a conical intersection inside a
given loop depends on the nature of the anchors, but the
nature of the transition states connecting them is also
important. In particular, two given anchors may be connected


by both a phase-preserving and a phase-inverting loop. (An
example is the conrotatory and disrotatory closure of
butadiene to cyclobutene). These two routes cannot be
incorporated in the same loop. Figure 1 shows that a phase-
inverting arm is essential for the existence of a conical
intersection inside the loop. Each of the three anchors is
visited once in a given loop. As a corollary, the phase must
change either once (i.e., between two anchors only) or thrice
(i.e., between each pair of anchors). If the change occurs twice
(i.e., between two pairs of points) or not at all, no conical
intersection will be found.


The conical intersection coordinates : With the aid of the three
anchors, we can define the two coordinates forming the
conical intersection. Let the position vectors of the three
molecular structures A, B, and C, be rA, rB, and rC,
respectively, (each of which is determined by the coordinates
of the atoms forming the molecules). The wave functions of
these structures are denoted as � jAi, � jBi and � jCi, in
which the plus and minus signs indicate a positive or negative
phase, respectively, of the total electronic wave function. The
adiabatic transformation of one structure to another can take
place either with or without a phase change. As an example,
let the phase change between B and C, and remain put
between A and B and between A and C (Scheme 1). By its


Scheme 1. A schematic representation of a closed loop trajectory in which
a single phase change takes place. The total electronic wave function has a
positive phase (shown dotted) at the beginning of the trajectory (jAi), at
the transition state jA�Ci and at jCi. It undergoes a phase inversion at
jCÿBi, and has a negative phase (shown hashed) at jBi and jB�Ai,
reaching jAiwith a negative phase. The coordinates QI and QO are defined
in Equations (3) and (4): QI connects A with C near jCÿBi (both with
positive phase) and QO connects C (positive phase) with B (negative
phase).


assumed continuity, the wave function jB,Ci anywhere
between B and C may be written as the out-of-phase
combination [Eq. (1)], that is, it is parametrically dependent


jB,Ci�b(R) jB(R)iÿ c(R) jC(R)i (1)


jA,Bi� a(R) jA(R)i� b'(R) jB(R)i (2a)


jA,Ci� a(R) jA(R)i� c'(R) jC(R)i (2b)


QI� 2 rAÿ rBÿ rC (3)


QO� rBÿ rC (4)
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on the nuclear coordinates R� {rA, rB, rC}. This form ensures
the phase change. The structure at which the node is located
will be denoted by BÿC, and the associated wave function is
jBÿCi. In a similar fashion, the wave function jA,Bi any-
where between A and B, may be written as the in-phase
combinations in Equations (2a) and (2b). For this system, a
convenient choice of two coordinates for describing motion
on this surface is as follows. The first is the phase-preserving
coordinate QI (for in-phase), connecting A with BÿC, is
defined by Equation (3), and the other is QO (for out-of-
phase), the coordinate connecting B with C, which is a phase-
inverting mode [Eq. (4)].


Anchors and transition states in the loops


Properties of anchors : In view of their central role in the
model, the nature of the anchors needs to be clarified. A
conical intersection is defined by two independent coordi-
nates; These are often chosen, for a given molecule, from
among the normal modes, or some simple combination of
them. Since our prime interest is in chemical transformations,
a more natural choice would be the reaction coordinate
connecting the reactant and the product of interest. Although
the mathematical expression for such a coordinate in terms of,
say, the coordinates of the individual atoms may be complex,
such a coordinate necessarily exists for any pair of molecules
connected by an elementary reaction. We add the require-
ment that both will lie on the ground-state surface. The
reaction coordinate is defined in the usual manner used in
transition-state theory.[31] This determines two anchors. The
third anchor is also chosen from among local minima on the
ground-state potential, provided an elementary reaction
connects it to the other two. The only restriction we impose
initially is that the anchor will have a well-defined multiplicity,
and for now we restrict the discussion to singlet states. In all
cases, the number of electrons changing their spin-coupling
scheme in a chemical reaction is limited, and therefore so is
the number of spin-pairing possibilities. Each spin-paired
structure that lies at a local minimum can serve a an anchor.
The transition states arise from a resonance-stabilized combi-
nation of the initial and final structures, as suggested by
transition state theory.


Some comments are in order:
1) The wave functions of the different spin-paired systems are


not necessarily independent. A simple example is the H4


system: there are three spin pairing possibilitiesÐH1H2�
H3H4, H1H3�H2H4, and H1H4�H2H3. Writing out the
VB wave function shows that third may be expressed as a
linear combination of the first two. Nevertheless, this is
obviously a separate chemical entity, that can be clearly
distinguished from the other two. (This is readily verified by
considering, a hypothetical system containing four isotopic
H atoms (H, D, T and U). The anchors will be: HD�TU,
HT�DU, and HU�DT).


2) While in thermal reactions phase-preserving reaction
coordinates are usually dominant, both these and the
phase-inverting ones must be considered for conical
intersections. In fact, at least one phase-inverting reaction
coordinate must be included. The other two must be both


phase-preserving or phase-inverting. This will lead, in
general, to two distinct conical intersections: For instance,
in a pericyclic reaction, two different anchor pairs must be
assigned for the suprafacial and antarafacial reaction
modes.


3) Since we are currently concerned with singlet states only,
in terms of spin pairing, a biradical is equivalent to the
same molecule in which a bond is formed between the
atoms carrying the two electrons. Thus, structure Ia is
equivalent to structure Ib.


4) Conformational isomers have the same spin-pairing struc-
ture. Thus, a single anchor is assigned to all of them. Since
in general all may be formed in the reaction (unless spatial
restrictions apply), the proper anchor in this case is the
transition state connecting them.


One can, in principle, enumerate all possible structures that
may serve as anchors. After doing that, the phase-change rule
is used to eliminate the ones that do not lead to a phase
change of the total electronic wave function upon a complete
loop containing the initial reactant, the product, and the third
structure. All remaining structures are legitimate anchors, and
may appear as secondary products in a photochemical
reaction involving the anchor lying inside the loop.


Phase changes in the course of chemical reactions : In any
elementary reaction, the transition state may be constructed
as a combination of the wave functions of the reactant and
product.[32] There are always two possible combinations: an
in-phase one and an out-of-phase one, the latter involving
necessarily a phase change. These two combinations lie on two
different potential surfaces. In many ground-state reactions
the transition state preserves the phaseÐthese are usually the
thermally allowed reactions. However, it has been shown that
for some reactions the phase must change on the ground-state
potential. These reactions are of particular interest in photo-
chemistry, since by the phase-change rule they may be part of
a loop that surrounds a conical intersection. Three well known
examples are:
1) As shown by Goddard and co-workers,[30, 33] the reaction


H2�H!H�H2 involves a phase change. In a similar way,
the allyl radical can be expressed as a resonance hybrid of
two VB structures.[33] They can be combined into a
stabilized form, which is the out-of-phase combination,
and an in-phase antiresonance form, which is destabilized
and forms an electronically excited state[33±36] (see
Scheme 2). This three-electron system is analogous to the
H3 system, or, as far as phase relations are concerned, to
any system in which the transition state involves three
electrons.


2) Symmetric antiaromatic structures, that is, cyclic Hückel
hydrocarbons with an even number of electron pairs, are
ground-state transition states between more distorted
structures. They are phase-inverting, being formed by an
out-of-phase combination of two VB structures as shown
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Scheme 2. A scheme showing the construction of the in-phase and out-of-
phase combinations of the two canonical allyl radical structures. The latter
is of 2A2 symmetry and is the ground state.


specifically for cyclobutadiene,[37, 38] and planar symmetric
cyclooctatetraene,[39] and generally in ref. [40]. In a similar
way, Möbius cyclic hydrocarbons with an odd number of
electron pairs are phase-inverting.


3) The transition state in the cis ± trans isomerization of
olefins is a perpendicular ethylene structure. As shown by
Mulder,[41] this is a four-electron system, in which the out-
of-phase combination is the ground state, completely
analogous to cyclobutadiene. Therefore, any cis ± trans
isomerization transition state is phase-inverting.


The construction of the potential surface along the reaction
coordinate by considering the resonance stabilized hybrids is
in the spirit of the VB avoided-crossing model of Shaik
et al.[42] The fact that this model points out explicitly when an
adiabatic motion on the ground-state surface requires an out-
of-phase combination, makes it useful in choosing anchors.


Single phase-change loops : The single phase-change case,
shown in Scheme 1, was not discussed by Longuet-Higgins[26a]


(this situation is impossible for the three atom case, as long as
only s electrons are involved). It turns out that in larger
molecular systems, this case is quite common. The electronic
properties of such systems must be different from those of the
three phase-change case. In the latter, all the transition states
from one structure to another necessarily involve the same
number of participating electrons. However, if motion along
one reaction coordinate leads to a phase change, and motion
along another coordinate does not, a different electronic
structure is called for. For instance, in a pericyclic reaction, a
phase-preserving transition cannot be realized with an even
parity Hückel system (4n electrons, or an even number of
electron pairs[40]); an odd parity system (4n�2 electrons, or an
odd number of electron pairs) is required. That means that in
these systems, if the phase-inverting A!B reaction path
involves, say, q electron pairs, one pair must be either added or
ªfrozenº in the B!C and the C!A paths for a single phase
change to take place.


An example is the cyclooctatetraene (COT)!semi-
bullvalene (SB) photo-rearrangement[43] (Scheme 3). Here
the three anchors are two KekuleÂ structures of planar COT,
and one SB structure. A change of phase occurs on the
transition between the two COT KekuleÂ structures through an
out-of-phase combination of two even parity (8 electrons)
structures; this is an even parity Hückel system. The transition
from either one to semibullvalene is phase-preserving, since


Scheme 3. The COT/semibullvalene rearrangement: A and B are two D4h


planar bond-alternating structures of cyclooctatetraene and C is a semi-
bullvalene molecule. The coordinates QO and QI are defined analogously to
those in Scheme 1. The transition between the two cyclooctatetraene
structures is via an antiaromatic structure and, therefore, phase-inverting.
The transition from either of them to the semibullvalene structures is
phase-preserving. The positive-phase part (jAi! jAÿBi) of the loop is
shown as a solid line, and the negative phase part (jAÿBi via ÿ jBi and
ÿ jCi to ÿ jAi) as a dotted line. A conical intersection must therefore be
found within the triangle formed by the three structures.


only six electrons are involved in the transition state (an odd-
parity Hückel system)Ðone pair is ªfrozenº in this reaction.


A more familiar example of pericyclic reactions is the group
of photochemical sigmatropic rearrangements, which are very
common in olefin photochemistry.[44, 45] We illustrate this
group of reactions by discussing the rearrangement of but-1-
ene (I), which has been studied extensively both experimen-
tally[46] and theoretically,[47] keeping in mind that the results
are of general nature. Orbital-symmetry rules[10] predict that
the major photochemical pathway be a [1,3] suprafacial
sigmatropic shift that preserves the molecular stereochemis-
try. It is found experimentally that a [1,3] shift does indeed
take place, but in addition, a cyclopropane derivative is
obtained (presumably due to a [1,2] shift[46]), and that the [1,3]
shift reaction is indeed stereospecificÐthe methyl group
migrates by a supra path, with retention of the configuration.
No evidence for an antara path products was reported.


The formation of the cyclopropane product, though not
readily explained by the orbital-symmetry rules, is expected
based on the present model, along with the [1,3] shift reaction,
if a single phase change is assumed. Scheme 4 shows the
model used: the reactant and the [1,3] product are two of the
anchors (A and B, respectively), and the third (C) is a singlet
biradical, which can easily close to give the cyclopropane
derivative (along a different coordinate). Scheme 4, showing
the relevant structures and pathways, has the same topology
as Scheme 1. The supra-type transition between A and B
proceeds via a four-electron antiaromatic transition state
(TS13), which is an out-of-phase combination of the two bond-
alternating structures of the reactant and product.[40, 37] This
phase-inverting route is in agreement with the Woodward ±
Hoffmann and the Evans ± Dewar ± Zimmerman rules. The
transition to the biradical C from either A or B is a phase-
preserving process, since two of the electrons do not
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Scheme 4. The photochemical sigmatropic shift reaction of but-1-ene.
a) The 1,3- and 1,2-shift products and their assumed transition states. The
wave function representing TS13 is the out-of-phase combination of the two
VB structures shown. TS12 is represented by a single VB structure. b) The
three structures used to locate the conical intersection. A and B are two
but-1-ene isomers, the transition state between them (denoted as jAÿBi) is
the phase-inverting structure TS13. Structure C is a singlet biradical, in
which the two electrons are localized. The transition states between it and
either A or B are the phase-preserving structures jA�Ci and jB�Ci,
provided the methyl group maintains its configuration (phase inversion
would result if the configuration were inverted, as can be seen if the group
is chiral). A complete loop starting at jAi therefore leads to ÿ jAi. The
solid and dotted lines are the positive and negative parts of the loop,
respectively. The coordinates QO and QI are defined analogously to those in
Scheme 1. [C is calculated to be a local minimum, but under usual
experimental conditions will close to the shown cyclopropane derivative,
along a third coordinate (dashed arrow)].


participate. Thus, a conical intersection is necessarily found
somewhere inside the loop shown in Scheme 4. On the other
hand, the antara-type process requires that A will transform to
B through the in-phase combination of the reactant and
product.[11, 40] In this case the phase would be preserved upon a
complete loop, and no conical intersection is possible for this
case. The only way to equalize the energies of the ground and
excited states is along a trajectory that increases the separa-
tion between atoms in the molecule. Indeed, the two are
computed to meet only at infinite interatomic distances, that
is, upon dissociation.[47]


As stated in the previous section, a conical intersection may
be expected for photochemical reactions involving cis ± trans


isomerization around a double bond. The two isomers are a
natural choice for two of the anchors, the third structure will
determine whether a single or triple phase change will occur.
For the parent ethylene molecule, an example of a phase-
preserving structure is the CH3CH carbene formed by the
transfer of one hydrogen atom from one of the carbons to the
other. In this case, the cis ± trans isomerization of ethylene and
the H atom transfer will occur from the same conical
intersection (funnel) as previously suggested.[1] Another
possibility is pyramidalization (ref. [1], p. 363),[48] which leads
to a triple phase inversion. Such a conical intersection cannot
lead to H atom transfer. The existence of these conical
intersections explains the rapid cis ± trans isomerization of
small olefins upon direct photolysis, as well as the appearance
of other reaction products. Analysis of the photochemistry of
larger polyenes is a bit more complex owing to the existence
of several contributing VB structures, and is discussed else-
where.[60]


The photochemical valence isomerization of benzene to
form benzvalene (ref. [25], p. 357) is an example in which allyl
radical structures play a central role. The system is shown in
Scheme 5. In order to use the topology of the previous


Scheme 5. The valence isomerization of benzene to benzvalene. On the
ground-state potential surface, benzene is connected through phase-
preserving transitions to two isomers of benzvalene, A and B, which are
connected among themselves via a biradical structure AÿB that contains an
allyl-type transition state. This structure is an out-of-phase combination of
two resonance structures (see inset), making the A!B transition a phase-
inverting one. The solid and dotted lines are the positive and negative parts
of the loop, respectively. The coordinates QO and QI are defined
analogously to those in Scheme 1.


examples, we show the two benzvalene isomers as anchors A
and B, and benzene as the third. The benzvalene!benzene
transformation is phase-preserving. Since the two benzvalene
structures are connected via the shown allylic prefulvene
structure, which involves a phase change, the phase-change
rule predicts the existence of a conical intersection near the
region enclosed by these anchors. In a photochemical experi-
ment, irradiation of benzene leads to S1, which connects to the
ground-state surface through the conical intersection. The
much more stable benzene is expected to be recovered
preferentially, but the prefulvene structure which transforms
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to benzvalene is also formed. Another possible route from the
prefulvene, along a different coordinate, will lead to fulvene
after hydrogen-atom transfer from one of the carbon atoms to
another. This scenario was obtained computationally by
Palmer et al.[49]


Loops involving three phase changes : The H�H2 problem,
discussed by Herzberg and Longuet-Higgins[26b] is an example
of this case. There are three equivalent stable structures in this
system as shown in Figure 2a. They are connected via linear


Figure 2. The symmetric three atom system, represented by the H2�
H!H�H2 reaction. a) The three equivalent structures A�H1�H2H3,
B�H2�H1H3 and C�H3�H1H2, connected via linear HHH phase-
changing structures. The symmetric triangular structure in the center is that
of the conical intersection. b) The definition of the two coordinates that
determine the conical intersection: QI(� 2 rAÿ (rB� rC)) is the in-phase
(phase-preserving) coordinate and QO(� rAÿ rB) is the out-of-phase
(phase-inverting) one. c) A schematic representation of the phase changes
taking place on transporting the system from an initial structure A (with a
positive phase) through the loop shown in a). Dotted regions represent a
positive phase, negative phase ones are hashed.


transition-state structures, each of which is phase-inverting.
The three anchors are assigned as A�H1�H2H3, B�H2�
H1H3, and C�H3�H1H2. As seen from Figure 2b, a com-
plete loop starting at, for example, jAi with a positive phase,
changes phase and reaches structure A with a negative phase
(cf. Figure 1 in ref. [26b]). The coordinates shown, chosen so
as to simplify the location of the conical intersection, were
defined in Equations (3) and (4). They are of course
equivalent to those used in previous treatments of this system
(see, for example, ref. [32]), and can be constructed from them
by linear combinations. A schematic illustration of the phase
changes of the total electronic wave function around the loop
is shown in Figure 2c. The A, B, and C anchors are located at
the vertices of the triangle shown. The phase is taken as
positive above the plane of the triangle (dotted area), and as


negative below it (dashed area). By symmetry, in this case the
conical intersection is located at the intersection point of the
heights of the isosceles triangle defined by the loci of the
anchors A, B, and C, and has a triangular structure (Fig-
ure 2a).


If we relax the requirement that the three atoms be
identical, we still have the same topological structure with
three phase changes, except that the location of the conical
intersection is now not at the geometrical center of the
triangle.[26b]


The threefold phase change case is not limited to atomic
systems only. A molecular example is the isomerization of the
antiaromatic molecule acepentalene (Scheme 6). In this
molecule (whose isolation is still to be realized), the bond


Scheme 6. A schematic representation of the of the acepentalene isomer-
ization. A, B, and C are the three bond-alternating isomers. A closed loop
that changes phase three times is shown, leading from jAi to ÿ jAi. The
structures AÿB, CÿB and CÿA are antiaromatic transition states. The
conical intersection lies in the center of the triangle formed by rA, rB, and
rC. The coordinates QI and QO are defined in Equations (3) and (4).


lengths alternate, as shown by quantum chemical calcula-
tions.[50] The anchors are chosen to be the three possible
isomers shown in Scheme 6, the transition from one to the
other being via the antiaromatic structures AÿB, BÿC, and
CÿA, in which the pentalene part is symmetric, (i.e., has equal
bond lengths). It has been shown that the symmetric
pentalene ground-state structure is formed by the out-of-
phase combination of the two KekuleÂ structures.[40] Thus, the
electronic wave function undergoes a phase change. A
calculation shows that the conical intersection has a C3v


structure, which lies at the geometrical center of the three
isomers.[51] Three phase-change loops are encountered in
many other systems, for instance in the photochemistry of
polyenes, as discussed in a recent publication.[60]
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The role of conical intersections in photochemistry is not
limited to organic systems only. The cis ± trans isomerization
of a planar square of a d8 transition metal complex (for
instance of Pt2�) is known to be photochemically allowed and
thermally forbidden.[52] It was found experimentally[53] to be
an intramolecular process, namely, to proceed without any
bond-breaking step. Calculations show that the ground state
and the excited state touch along the reaction coordinate (see
Figure 12 in ref. [54]). Although conical intersections were
not mentioned in these papers, the present model appears to
apply to these systems.


Consider a metal M bound to four ligands, L1 ± L4, lying at
the corners of a square around the metal. Three anchors can
be written for this system, as shown in Scheme 7. They consist
of all three possible geometrical permutations of pairs of


Scheme 7. A proposed scheme for the intramolecular ligand-exchange
reaction of a planar complex of a metal ion M with four different ligands.
The same system applies to the cis ± trans photo-isomerization of an MA2B2


complex. The transition states between the three possible anchors shown
are phase-inverting, making this a three phase-change system. Irradiation
of any one of the anchors will lead to an excited state, and the decay back to
the ground state through the conical intersection will result in intra-
molecular isomerization.


ligands lying across the metal ion. Transition states between
each pair are phase-inverting (thermally forbidden, ref. [52]).
The conical intersection in this case is a tetrahedron, shown
schematically in the center of the scheme. In fact, there are
two different (though energetically equivalent) conical inter-
sectionsÐthe tetrahedral structure can exist in two enantio-
meric forms. A possible way to distinguish between them is by
the use of a chiral molecule as one of the ligands, so that the
two conical intersections become diastereomers rather than
enantiomers.


These conical intersections allow the photo-isomerization
to proceed without breaking a single bond. In the ground
state, a bond-breaking ± bond-recombination mechanism is
often energetically more favorable. An experimental example
for such a system is provided by the photo-isomerization of
[Pt(gly)2Cl2].[53]


Discussion


The present work stresses the central role of the phase of the
total electronic wave function in determining the location of
conical intersection. Following the theorem of Longuet-
Higgins, the importance of three anchor structures on the
ground-state potential surface as the key ones that define the
conical intersection region. These structures, in turn, are used
to define the two coordinates, one phase-preserving and one
phase-inverting as the ones leading to the conical intersection.
A natural choice of two of the anchor structures is the reactant
and the product. However, no discussion of a conical
intersection, and hence a photochemical reaction, is complete
without considering a third structure. The third structure can
be another possible product, or any other stationary point on
the ground-state surface. It can be found systematically,
though tediously, by considering all possible chemical struc-
tures. An intuitive guess is a faster way, and the phase-change
test can be readily used to discard structures not leading to a
conical intersection. In any case, a photochemical reaction
involving conical intersections invariably leads to at least two
reaction products. The second product can be an isomer that is
not readily distinguishable from the first product unless
special tagging methods, such as isotopic substitution, are
used.


Attention was focussed on the ground-state part of the
conical intersection. The important work of Bernardi, Robb,
and their associates[4, 19±21, 47] has revealed that when several
conical intersections are found, the trajectory on the upper
state will determine the outcome of the reactionÐthe system
will develop along the steepest descent. The present model
complements their work by showing that a systematic search
for possible conical intersections in the region of chemical
interest is possible. This should be the first step in the analysis.
Regardless of the nature of the upper state, the presence or
absence of a conical intersection can be determined by the
properties of the lower part only. This can be done simply by
checking whether the phase of the total electronic wave
function inverts or not upon being transported around the
assumed conical intersection in a complete loop.


The required phase change between at least two anchors in
the loop implies the consideration of ground-state transition
states that are often not encountered in thermal (ground
state) reactions. These must be phase-inverting ones such as
resonance stabilized out-of-phase combinations of two VB
structures. Examples are any allylic or antiaromatic transition
states,[33±35] perpendicular ethylenes,[41] and Möbius type
aromatic transition states.


An important new feature is the introduction of single
phase-change loops. In a three phase-change systems, both
products are the standard photochemically allowed ones. In
contrast, in a single phase change system, one of the products is
necessarily a ground state allowed product. Therefore, the
sharp dichotomy occasionally made between photochemically
allowed and thermally allowed reactions holds strictly only for
a restricted class of light-induced reactions. The single phase-
change systems, which appear to be quite common in organic
chemistry, always lead also to a thermally allowed product.
The branching ratio between the two possible products will be
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determined by the details of the potential surfacesÐone of
them may have a small yield as a result of kinetic or dynamic
constraints. An important result of the model is that certain
product pairs are predicted to be simultaneously formed. A
more detailed discussion of the expected ones in polyene
photochemistry was recently published.[60]


As emphasized in the Introduction, this treatment applies
to photochemical processes involving a conical intersection,
as is expected to be the case when no minimum is found on the
excited-state potential. If a local minimum is found, as
revealed for instance by fluorescence, the transition from
the excited state to the ground state may be slower, and
involve different selection rules.


Comparison with other models : Several workers pointed out
the importance of the sign change of molecular orbitals
involved in pericyclic photochemical reactions, and correctly
analyzed the equivalence of Möbius aromatic structures
and Hückel antiaromatic ones in cyclic transition
states.[11, 13, 14, 22, 55] Oosterhoff and co-workers used VB lan-
guage, while Heilbronner and Zimmerman have formulated
the difference between Hückel and Möbius structures by
considering molecular orbitals: Hückel structures have zero
or an even number of sign inversions, whereas Möbius ones
have an odd number. The present model is an extension of
these views; conical intersections were not specifically
mentioned, and the phase-change rule, which was clearly
stated by Longuet-Higgins a bit later, was not presented as the
physical basis for the central role of these structures in
photochemical reactions. The calculations presented by Lugt
and Oosterhoff[11b] show the presence of a structure with an
energy maximum in the ground-state potential and a mini-
mum in the excited-state one (erroneously labeled as having
the same symmetry). This situation can now be understood as
a cut in the double cone that avoids the apex (Figure 3). Had
they considered the other coordinate, the real conical
intersection would probably have been found by them.
Oosterhoff�s treatment may therefore be taken as a special
case of the more general one discussed here. It is noted that
the closely related case of the noncyclic allylic structures,
which are equivalent to the above-mentioned cyclic ones
according to the phase-change rule, appears to have been
overlooked in their work.


Phase changes are central for the derivation the Dewar ±
Evans ± Zimmerman rules. They were used to predict the
stereochemical characteristics of thermal and photochemical
sigmatropic [i,j] shifts. A succinct summary is given in
Table 7.4 of ref. [1]. They are now seen to be a special case
of a more general scenario.


Zimmerman developed a model[22] that regards photo-
chemical reactions as a succession of elementary steps in
which intermediates such as biradicals are present, analogous
to thermal reaction mechanisms. In the present approach, the
role of an intermediate is replaced by that of a conical
intersection, which in principle cannot be isolated, and can
lead to two (or more) final products. It is an experimental fact,
that the assumed intermediates were notoriously difficult to
observe (see e.g., the discussion of the Zimmerman di-p-
methane rearrangement in ref. [25], p. 246). Likewise, such inter-


Figure 3. A schematic representation of the potential surface near a
conical intersection, plotted as a function of the two coordinates QI and QO


[Eqs. (3) and (4)]. In the ground state, B and C are connected by a phase-
inverting transition state (ÿB�C), while A is connected to both by phase-
preserving transition statesÐthis is a single-phase-change system. The
relation to the Oosterhoff model is shown by the cut across the two cones
that does not contain the apex. It forms a one-dimensional energy-level
diagram, in which a given structure will have a maximum in the ground
state and a minimum in the excited state. Compare with Figure 1 in
ref. [11a]. A Salem correlation diagram is obtained by making the cut pass
through the apex, and contain two of the anchors.


mediates were not found in an extensive ab initio calcula-
tion;[56] instead, a conical intersection was revealed.


The correlation diagrams suggested by Salem,[18, 57] may also
be viewed as a two-dimensional cut through the double cone
(Figure 3), the intersection point being the apex. In these
calculations, the structures of the excited states are explicitly
considered. Being one-dimensional plots, they do not carry
the complete information provided by the conical intersec-
tion. Nonetheless, by a proper choice of the symmetry
element, using chemical intuition, this approach quite often
leads to the correct result. The complete two-dimensional
treatment provides a more systematic way for choosing the
necessary coordinates.


The Woodward ± Hoffmann model makes the simplification
of considering frontier orbitals only. It is attractively simple,
and is indeed very helpful in analyzing thermal reactions.
Phase-inverting reaction paths are usually avoided in the
ground state in thermal reactions, since lower barriers are
provided by alternative phase-preserving ones. However,
when coming down a conical intersection, the phase-inverting
process may dominate. We note that the strict dichotomy
predicted by the Woodward ± Hoffmann rules is actually
expected within the phase-change rule model, if the phase is
inverted upon transition between any pair of anchors. This
condition, however, appears to hold only for a limited group
of reactions. In cases in which the phase changes only once,
both the thermally allowed and the photochemically allowed
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products are expected. Their relative yields are determined by
dynamic constraints.


The renewed interest in the role of conical intersections in
organic photochemistry is owed largely to the extensive work
of Olivucci, Bernardi, Robb, and their co-workers[4, 19±21, 24, 47]


over the last ten years or so. They showed that these structures
are involved in many pericyclic reactions and in nonradiative
transitions,[58] and that the experimentally observed stereo-
chemistry of these reactions is predicted by the calculations.
In their work, a simple 2� 2 VB-based model that includes
two molecular structures, the reactant and the product, was
introduced. This basically sound model is in the spirit of the
Oosterhoff treatment. The condition for a conical intersection
was expressed mathematically in terms of the exchange
integrals of these structures; a requirement is that the energy
difference between the upper and lower states is zero. This is a
necessary condition, but is not sufficient, and so cannot by
itself determine the location of a conical intersection. Since
only one coordinate connects two structures, no a priory
guide-lines are given for the location of a conical intersection
that requires two coordinates. An example that was noted
above is the coordinate found leading to the dissociation of
but-1-ene.[47] Our work complements these studies, and should
help to systemize the search for these structures. The use of
the third anchor structure suggested in this work, and the
check for phase inversion, provide the extra necessary condi-
tion missing in the 2� 2 model. It is hoped that the ªchemi-
cally inspiredº coordinates proposed in the model will help to
guide the computational search for all conical intersections.


The two electron (3� 3 full configuration interaction)
model[1, 2, 16] focuses attention on four states formed by
different occupation of two relevant atomic orbitals. The
breaking of the sigma bond in H2 upon bond stretching and of
the p bond in ethylene upon twisting the angle between the
two CH2 moieties are treated in this model on a similar basis.
According to the present model, they are fundamentally
different: the HÿH stretching coordinate is symmetric, and
cannot lead to phase change. The complete treatment of
twisted ethylene, in contrast, is that of a four electron
system,[33, 37, 41] and a phase-inverting coordinate connects the
two planar structures via the perpendicular one. The latter can
be considered as a delocalized biradical, in which the biradical
nature cannot be associated with a given atom pair. In
contrast, bond-stretching transition states, lead to localized
biradicals and are not necessarily involved in a conical
intersection.


Nonetheless, the phase-change rule model may be consid-
ered as an extension of this model if a third structure is chosen
such that the transition states leading to it will have a different
parity (of participating electron pairs), for example, by
ªfreezingº one pair. This can be done, for instance, by the
formation of a biradical in which only two electrons (rather
than four) are not fixed in sigma bonds, as in the but-1-ene
rearrangement. Another possibility is the formation of an ion
pair by grouping two electrons together on a single atom. This
pathway is a key feature in the 3� 3 CI description of the two
electron two orbital model.[2, 59]


In ref. [4] it was noted that previous models were limited by
the fact that the reaction coordinates are assumed. A system-


atic search for the proper ones was called for. The present
approach provides a means for guiding systematically the
computational search of minimum-energy paths and possible
reaction routes towards the relevant parts of the potential
energy surface.


Conclusion


The course of many photochemical reactions is determined by
conical intersections. The phase-change rule can be used to
locate conical intersections and to predict the product
distribution and stereochemical properties of many poly-
atomic systems. It is shown that three molecular structures are
essential to determine the location of a conical intersection,
and that if a single phase change takes place, the electronic
excitation will result in general in two products, of which one
is photochemically allowed, the other thermally allowed. On
the other hand, the dichotomy between thermally allowed and
photochemically allowed reactions is expected to hold for
systems in which the conical intersection is due to a three
phase-change loop.


A recipe proposed for identifying the regions in which
conical intersections are to be found (in general more than
one conical intersection can be found for any given system)
requires consideration of ground state surface properties only.
It consists of the following two steps:
1) Choose three ground state structures (anchors), two of


which are the reactant and the product. Consider the
adiabatic trajectory connecting the reactant with the
desired product. If it involves a phase change of the total
electronic wave function, the third anchor must be such
that its conversion to both of them either preserves or
inverts the phase. If the reactant!product trajectory in
the ground state preserves the phase, the only way to
obtain a conical intersection is by finding a third anchor
connected to one of the two by a phase-preserving path,
and to other by a phase-inverting one.


2) Determine the two coordinates defined by the three
anchors as outlined in Equations (3) and (4). The conical
intersection is to be found along these two coordinates, in
the region bordered by the three anchors.
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Preparation and Crystal Structures of Manganese, Iron, and Cobalt
Complexes of the Bis[di(2-pyridyl)methyl]amine (bdpma) Ligand and Its
Oxidative Degradation Product 1,3,3-Tris(2-pyridyl)-3H-imidazo[1,5-a]-
pyridin-4-ium (tpip); Origin of the bdpma Fragility
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Abstract: The synthesis and structural
characterization of manganese, iron, and
cobalt complexes of bis[di(2-pyridyl)-
methyl]amine (bdpma) were investigat-
ed. The bdpma ligand can give rise to
mono- or dimeric complexes. Moreover,
bdpma can undergo oxidative degrada-
tion leading to 1,3,3-tris(2-pyridyl)-3H-
imidazo[1,5-a]pyridin-4-ium (tpip) or to
starting materials used for the prepara-


tion of bdpma. During attempts to
prepare manganese, iron, or cobalt com-
plexes of the tpip ligand, two classes of
compounds were obtained. The first
class corresponded to the tpip cation


with a simple exchange of counterion
and the second class led to a new type of
complex, which involved a modification
of tpip and contained the N-(di(2-pyr-
idyl)methoxymethyl)(di(2-pyridyl)im-
ine) (dpmmdpi) ligand. This work has
allowed us to understand the fragility of
the bdpma ligand, which is due to the
easily activated benzylic CÿH bonds in
the a position to the heteroatom.


Keywords: cobalt ´ iron ´
manganese ´ N ligands ´ oxidative
degradation


Introduction


Catechol dioxygenases, a class of nonheme iron enzymes, are
implicated in important metabolic reactions of environmental
relevance.[1] This class of enzymes catalyzes the oxidative
cleavage of intra- or extradiol CÿC bonds of various catechols
using molecular oxygen.[1] Several synthetic functional models
have been described. Among these, iron(iii) complexes
[Fe(L)(dbc)], where L is a tetradentate, tripodal ligand
(for example L�N,N'-dimethyl-2,11-diaza[3.3](2,6)pyridino-
phane[2] or tris[(2-pypyridyl)methyl]amine;[3] dbc� 3,5-di-
tert-butylcatecholate dianion) react with dioxygen to afford
oxidative cleavage of dbc, mimicking the intradiol cleavage of
catechol dioxygenases. Funabiki et al. recently reported that
3- and 4-chlorocatechols that contain an electron-withdrawing
substituent can also be oxidatively cleaved with molecular
oxygen, using a nonheme iron(iii) complex.[4]


In our group, we recently observed the oxidative degrada-
tion of different catechols using hydrogen peroxide and cobalt
or iron tetrasulfophthalocyanine complexes (CoPcS or


FePcS).[5] The latter complex has also been used in the
oxidative degradation of 2,4,6-trichlorophenol (TCP), a major
pollutant in the chlorine bleaching of wood pulp.[6] The
catalytic oxidation of the poorly biodegradable catechol or
TCP substrates led not only to the corresponding benzoqui-
nones but also to ring cleavage products.[5, 6] However, little is
known about the potential use of nonheme mononuclear
complexes in the catalytic oxidation of such pollutants. In
order to investigate the activity of this category of catalysts,
we decided to prepare a new polypyridine ligand and to
determine the capacity of its iron or manganese complexes as
catalysts in TCP degradation (for a recent report on the
catalytic activity of an iron tetrapyridyl complex in alkane
oxidation, see ref. [7]).


We recently reported the synthesis of the new symmetric
polypyridine ligand bis[di(2-pyridyl)methyl]amine (bdpma,
Scheme 1).[8] The bdpma ligand was designed in analogy to
the N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine
(N4Py) ligand.[7] bdpma was synthesized in a one-pot, two-
step reaction consisting of refluxing di(2-pyridyl)methylamine
(A) and di(2-pyridyl)ketone (B) in isopropanol in the
presence of molecular sieves and acetic acid, and subsequent
reduction with zinc dust (Scheme 1). The main advantages of
this synthesis are the good yield (70 %) and the ability to
obtain bdpma in large amounts without using hazardous
reagents or potentially explosive materials (like perchlorate
salts).[8] The coordination of pentadentate bdpma to transition
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Scheme 1. Synthesis of bis[di(2-pyridyl)methyl]amine (bdpma) and 1,3,3-
tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium (tpip) via the imine C.
Reagents and conditions: i) molecular sieves 3 �, 1 h; ii) AcOH, reflux,
5 ± 6 h; iii) Zn; iv) MnO2.


metals should leave one site free (in an octahedral geometry)
for catalytic oxidation activity. We thus compared the catalytic
activity of the mononuclear iron(iii) complex [FeIII(bdpma)]-
(NO3)3 with macrocyclic complexes in the oxidation of
pollutants.[9] This complex catalyzed the oxidative degrada-
tion of polychlorophenols in the presence of potassium
monopersulfate as oxidant. Unfortunately, the oxidation
stopped at the quinone level without the formation of ring
cleavage products, and the catalyst was degraded after a few
catalytic cycles (22 ± 27).[9]


Here we report the synthesis and structural characteriza-
tion of manganese, iron, and cobalt complexes of bdpma. In


our efforts to crystallize these different compounds we
discovered the versatile behavior of the bdpma ligand, which
gives rise to mono- or dimeric complexes. Moreover, the
bdpma ligand can also undergo oxidative degradation to form
the cationic species 1,3,3-tris-(2-pyridyl)-3H-imidazo[1,5-
a]pyridin-4-ium (tpip; for the structure see Scheme 1)[10] or,
after hydrolysis, di-(2-pyridyl)ketone (B), one of the starting
materials used for the preparation of BDMPA. Finally, we
evaluated the ability of tpip to act as a ligand, using
manganese, iron, and cobalt salts. This work allowed us to
understand the low catalytic activity of the [FeIII(bdpma)]-
(NO3)3 complex and to discuss the origin of the fragility of the
bdpma ligand.


Results


Complexes containing the intact bdpma ligand. X-ray struc-
tures and characterizations of [MnII(bdpma)Cl2] (1) and
[FeIII


2 (bdpma)2(O)Cl2]Cl2(MeOH)2 (2): Three different tran-
sition metals (manganese, iron, and cobalt) were used in the
present study, but only two complexes containing the intact
bdpma ligand were observed. Complex 1 was obtained on
mixing methanolic solutions of MnCl2 and bdpma, followed
by crystallization in a methyl tert-butyl ether atmosphere. By
the same method, under a nitrogen atmosphere, an FeIII m-oxo
dimer (complex 2) was isolated when starting from FeCl2


and bdpma. The complexes [MnII(bdpma)Cl2] (1) and
[FeIII


2 (bdpma)2(O)Cl2]Cl2(MeOH)2 (2) are depicted in
Scheme 2. Selected bond lengths and angles of complexes 1
and 2 are listed in Tables 1 and 2, respectively. The arrange-
ment of the BDMPA ligand around the metal centers is
similar in both complexes.


The crystal structure of complex 1 consists of a mononu-
clear, neutral [MnII(bdpma)Cl2] entity in a distorted octahe-


Scheme 2. Complexes containing the intact bdpma ligand: X-ray struc-
tures of [MnII(bdpma)Cl2] (1) and [FeIII


2 (bdpma)2(O)Cl2]Cl2 (MeOH)2 (2)
(in the latter structure, two chlorides and the two methanol molecules have
been omitted for clarity).


Abstract in French: Nous avons synthØtisØ et caractØrisØ par
diffraction aux rayons X des complexes de mangan�se, fer et
cobalt utilisant le ligand bis[di(2-pyridyl)methyl]amine
(bdpma). Des complexes de type monom�re et dim�re ont ØtØ
respectivement isolØs avec le mangan�se et le fer. bdpma peut
Øgalement subir, en prØsence d�acides de Lewis, une dØgrada-
tion par oxydation conduisant soit au ligand cationique 1,3,3-
tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium (tpip), soit aux
prØcurseurs utilisØs pour la prØparation de bdpma. Des essais
de complexation du ligand tpip par le mangan�se, le fer ou le
cobalt ont conduit à deux catØgories de composØs. La premi�re
correspond au cation tpip avec un simple Øchange de contre-
ion. La seconde est reprØsentØe par un nouveau complexe qui
implique une modification du composØ tpip conduisant au
ligand N-(di(2-pyridyl)mØthoxymØthyl)(di(2-pyridyl)imine)
(dpmmdpi). L�Øtude dØtaillØe des diffØrents complexes et
composØs obtenus nous a permis de mettre en Øvidence la
fragilitØ du ligand bdpma, liØe à une activation des liaisons
benzyliques CÿH situØes en position a de l�atome d�azote de
l�amine secondaire.
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dral geometry. The square plane is formed by three nitrogen
donor atoms of bdpma, two pyridine nitrogens arising from
each di-(2-pyridyl)methyl moiety and the secondary amine
nitrogen, and a chloride. The equatorial Mn ± N bond lengths
are typical, ranging from 2.279(2) to 2.337(3) �. The axial
positions, occupied by another pyridine nitrogen of the bdpma
ligand and a second chloride, have longer bonds, as expected
(Mn ± N2� 2.348(2) and Mn ± Cl2� 2.432(1) �).


The crystal structure of complex 2 exhibits a (m-oxo)-
diiron(iii) core with two lattice chloride anions and two
methanol molecules. The metal centers are arranged in an
approximate octahedral geometry. Each iron atom is coordi-
nated to four nitrogen donor atoms of bdpma (three
pyridines and the secondary amine), the bridging oxygen
atom, and one chloride. The m-oxo bridge was expected to
have a strong trans influence towards the weakest nitrogen
donor atom of bdpma, as in related complexes containing
ligands with both pyridyl and amine functions.[11] However,
complex 2 shows a symmetric structure in which the
secondary amines of both bdpma ligands are in a cis position
with respect to the m-oxo bridge, with an Fe ± Namine distance of
2.203(5) �, and are cis to each other. The (m-oxo)-diiron(iii)
complex of tris(2-pyridylmethyl)amine (TPA), [FeIII


2


(TPA)2(O)Cl2]2� reported by Toftlund et al.,[12] also contains
such a symmetrical arrangement, with the two tertiary amines
of both TPA ligands located cis to the m-oxo bridge (and trans
to each other).


In both complexes, steric constraints are involved and
strong stacking interactions between the pyridine rings
situated on each side of the m-oxo bridge are predominant.
The Fe ± Npyridine bond trans to the m-oxo bridge is longer
(Fe1 ± N1: 2.323(5) �) than the Fe ± Npyridine bonds cis to the
bridge (mean value: 2.156 �). The sixth coordination sites of


both iron centers are occupied by terminal chloride ligands at
an unusually short Fe ± Cl distance of 2.284(2) �. The
chlorides are orientated cis to each other and trans to the
secondary amines. The Fe ± O and Fe ´´´ Fe distances of
1.782(1) and 3.563 � respectively and the Fe ± O ± Fe angle
of 178.6(4)8 are typical values for linear (m-oxo)-diiron(iii)
core structures.[11]


The Mössbauer spectrum of 2 recorded at 80 K consisted of
a single quadrupole doublet with an isomer shift d� 0.46 mm/
s (relative to metallic iron at room temperature), character-
istic of two high-spin ferric centers. The quadrupole splitting,
DEq� 1.37 mmsÿ1, is small when compared to those generally
observed (in the range 1.5 ± 2.0 mm sÿ1) for oxo-bridged
dinuclear complexes.[13] Susceptibility data for complex 2
were recorded from 300 to 5 K, under a magnetic field of 5 T.
At 300 K, cMT is equal to 0.81 cm3 K molÿ1. This value was
below that expected for two noninteracting FeIII ions having g
values of 2.0 (8.75 cm3 K molÿ1). When the temperature was
lowered, cMT decreased to a value of 0.17 cm3 K molÿ1 at 5 K.
This behavior is indicative of an antiferromagnetic interaction
between the two FeIII ions. The experimental results obtained
from 5 to 300 K can be analyzed based on a spin Hamiltonian
for isotropic exchange H�ÿJSFe ´ SFe. The experimental data
were fitted to the corresponding expression[14] for two high-
spin FeIII local spins (S� 5/2), corrected for an uncoupled
impurity. The best fit yielded an interaction parameter J of
ÿ245 cmÿ1, g� 2, z� 0.045 (assuming that the impurity was a
high-spin FeIII species; this was confirmed by the powdered
EPR spectrum which showed a signal of low intensity
centered at g� 4.34) with an agreement factor R equal to
8� 10ÿ4, R�S(cobsTÿ ccalcdT)2/S(cobsT)2. All the previously
reported Fe ± O ± Fe complexes display rather similar mag-
netic properties with J values in the range ÿ170 to
ÿ230 cmÿ1.[13, 15]


The UV-visible spectrum of complex 2 did not show the
characteristic band (between 550 and 700 nm, blue-shifted to
a nearly 1808 angle for Fe ± O ± Fe) of an oxo to FeIII charge-
transfer transition,[16] strongly suggesting that the dimer core
is not maintained in solution. This is supported by IR
measurements. The solid-state IR spectrum of 2 exhibited
an asymmetric Fe ± O stretching vibration at 840 cmÿ1, which
was not present in solution.


Compounds obtained by oxidative degradation of BDMPA in
the presence of a transition metal salt. X-ray structure and
characterization of {[CoIII(dpkH)2](MeO)(MeOH)} (3): Dur-
ing attempts to crystallize a mononuclear iron(iii) complex
involving the bdpma ligand and Fe(NO3)3, a modified bdpma
ligand was obtained instead of the expected metal complex,
namely 1,3,3-tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium,
[tpip](NO3) (Scheme 3); see ref. [10] for a preliminary
communication on this structure). Selected bond lengths
and angles of [tpip](NO3) are given in Table 3. The tpip cation
contains an imidazopyridinium entity, in which the positively
charged nitrogen (N2) is common to both the six- and five-
membered rings. The C7 ± N1 bond of the five-membered ring
has a short length of 1.293(5) �, consistent with a double bond
conjugated to the pyridinium moiety through C6 ± C7 and to
the pyridine attached to C7. This is supported by the fact that


Table 1. Selected bond lengths [�] and angles [8] for [MnII(bdpma)Cl2] (1).


Mn ± N(1) 2.326(2) Mn ± N(4) 2.279(2)
Mn ± N(2) 2.348(2) Mn ± Cl(1) 2.413(1)
Mn ± N(3) 2.337(3) Mn ± Cl(2) 2.432(1)


N(4)-Mn-N(1) 72.03(8) N(3)-Mn-Cl(1) 118.19(6)
N(4)-Mn-N(3) 143.39(9) N(2)-Mn-Cl(1) 91.62(6)
N(1)-Mn-N(3) 72.09(8) N(4)-Mn-Cl(2) 90.28(7)
N(4)-Mn-N(2) 95.54(9) N(1)-Mn-Cl(2) 98.37(7)
N(1)-Mn-N(2) 70.38(9) N(3)-Mn-Cl(2) 87.87(7)
N(3)-Mn-N(2) 79.12(8) N(2)-Mn-Cl(2) 164.86(7)
N(4)-Mn-Cl(1) 98.01(7) Cl(1)-Mn-Cl(2) 101.41(6)
N(1)-Mn-Cl(1) 157.90(7)


Table 2. Selected bond lengths [�] and angles [8] for
[FeIII


2 (bdpma)2(O)Cl2]Cl2 (MeOH)2 (2).


Fe(1) ± N(1) 2.323(5) Fe(1) ± N(5) 2.203(5)
Fe(1) ± N(2) 2.163(5) Fe(1) ± Cl(1) 2.284(2)
Fe(1) ± N(3) 2.148(6) Fe(1) ± O(1) 1.782(1)
Fe ´´´ Fe 3.563


O(1)-Fe(1)-N(3) 97.34(14) N(2)-Fe(1)-Cl(1) 100.89(15)
O(1)-Fe(1)-N(2) 94.68(14) N(5)-Fe(1)-Cl(1) 161.80(13)
N(3)-Fe(1)-N(2) 151.7(2) O(1)-Fe(1)-N(1) 167.0(2)
O(1)-Fe(1)-N(5) 95.4(2) N(3)-Fe(1)-N(1) 82.66(18)
N(3)-Fe(1)-N(5) 77.5(2) N(2)-Fe(1)-N(1) 80.00(19)
N(2)-Fe(1)-N(5) 75.9(2) N(5)-Fe(1)-N(1) 71.83(18)
O(1)-Fe(1)-Cl(1) 102.7(2) Cl(1)-Fe(1)-N(1) 89.98(14)
N(3)-Fe(1)-Cl(1) 101.30(16) Fe(1)-O(1)-Fe(2) 178.6(4)
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Scheme 3. Compounds obtained by the oxidative degradation of bdpma in
the presence of a transition metal salt: X-ray structures of [tpip](NO3) and
[CoIII(dpkH)]2(MeO)(MeOH) (3).


the pyridine plane containing N3 has a mean deviation of only
58 from the plane formed by the imidazopyridinium moiety.
The C2 ± N2 bond length of 1.344(4) � is similar to those
observed in the pyridine rings (mean value: 1.340(4) �), while
the C6 ± N2 bond is longer, with a distance of 1.368(4) �.


Even less of the original bdpma structure remained when
this ligand reacted with Co(OAc)2. Indeed, the crystal
structure of the resulting complex 3, which is depicted in
Scheme 3, showed a cobalt(iii) complex with two hydrates of
ketone B. Relevant bond lengths and angles are given in
Table 4. The geometry of the cationic complex
{[CoIII(dpkH)2](MeO)(MeOH)} (3) is almost octahedral, as
would be expected for a CoIII species, with two di-(2-
pyridyl)ketone hydrate (dpkH) moieties coordinated in a


tridentate mode. The dpkH ligand stabilizes the high oxida-
tion state of the metal center better than bdpma (with four
pyridine ligands), owing to the presence of the s-donor
oxygen atom.


Two negative charges to neutralize the CoIII center were
provided by deprotonation of one hydroxy group of each
ketone hydrate. The crystal structure of 3 also displays one
methanolate anion, which provides the third negative charge,
and one methanol molecule, which are exchangeable by
symmetry. The structure depicted in Scheme 3 represents one
motif of the unit cell. In addition, two lattice-disordered ethyl
acetate molecules are present. The metal ± ligand bond
lengths are unusual because the axial Co ± O1 distance of
1.886(2) � is shorter than the equatorial (Co ± N1: 1.911(3)
and Co ± N2: 1.915(3) �) distances. The three angles O1 ±
Co ± O1A, N1 ± Co ± N1A, and N2 ± Co ± N2A are exactly
1808. The angle made by the off-axis coordination of the
oxygen atom with the line normal to the equatorial plane is
very small, with a value of 7.198. Several characterization
results, including the FAB mass spectrum, the 1H NMR
spectrum, and the absence of a magnetic susceptibility as
determined by the Faraday method, support the low-spin, �3
oxidation state of the cobalt center. Moreover, the X-ray
structure of the same complex has already been described by
Sommerer et al. ,[17] starting from [Co(NH3)4CO3]NO3 and two
equivalents of di-(2-pyridyl)ketone in water. In this case, the
counterion was a nitrate and the substantiating evidence for a
CoIII was obtained from INDO geometry optimization
calculations.[17]


Compounds obtained with tpip as a potential ligand. X-ray
structures and characterizations of [tpip]2[CoIICl4] (6),
[FeII(dpmmdpi)Cl2] (7), and [CoII


2 (dpmm)2Cl4] (8): tpip was
prepared in a gram scale in order to study its behavior as a
potential ligand. It was efficiently synthesized from the imine
C by oxidation with MnO2 (Scheme 1; for the reaction
mechanism see the Discussion section). During attempts to
prepare tpip complexes using manganese, iron, or cobalt salts,
we obtained two different categories of compounds
(Scheme 4). The first category was obtained with MnCl2,
FeCl3, and CoCl2. In these cases, we were unable to get any
complexation reaction and we observed [tpip][FeIIICl4] (5),
formed by the exchange of the initial anion (NO3


ÿ) by
[FeIIICl4]ÿ , when using FeCl3. MnCl2 and CoCl2 gave doubly
negatively charged [MIICl4]2ÿ complexes and crystallized with
two molecules of tpip ([tpip]2[MnIICl4] (4) and [tpip]2[CoIICl4]
(6), respectively). The crystal structure of [tpip]2[CoIICl4] (6),
which illustrated this first class of compounds, is depicted in


Table 3. Selected bond lengths [�] and angles [8] for [tpip](NO3),
[tpip]2[MnIICl4] (4), [tpip][FeIIICl4] (5), and [tpip]2[CoIICl4] (6).


[tpip](NO3) [tpip]2[MnCl4] [tpip][FeCl4] [tpip]2[CoCl4]


M(1) ± Cl(1) ± 2.347(2) 2.171(3) 2.280(1)
M(1) ± Cl(2) ± 2.366(1) 2.191(8) 2.272(1)


C(1) ± N(1) 1.457(4) 1.460(5) 1.447(4) 1.462(4)
C(1) ± N(2) 1.498(4) 1.488(6) 1.284(5) 1.498(3)
C(2) ± N(2) 1.336(4) 1.335(6) 1.346(4) 1.344(4)
C(2) ± C(3) 1.374(5) 1.372(7) 1.371(5) 1.373(4)
C(3) ± C(4) 1.383(6) 1.387(7) 1.374(5) 1.377(4)
C(4) ± C(5) 1.388(5) 1.389(7) 1.389(5) 1.391(4)
C(5) ± C(6) 1.377(5) 1.368(7) 1.371(5) 1.378(4)
C(6) ± C(7) 1.471(5) 1.475(6) 1.483(5) 1.477(4)
C(7) ± N(1) 1.293(5) 1.289(6) 1.284(5) 1.284(4)


N(1)-C(7)-C(6) 112.2(3) 112.3(4) 111.7(3) 112.5(2)
N(1)-C(7)-C(8) 121.9(3) 123.4(4) 122.9(3) 122.6(3)
N(1)-C(1)-N(2) 103.5(3) 103.7(3) 103.6(3) 103.5(2)
N(1)-C(1)-C(13) 111.3(3) 112.3(4) 111.1(3) 111.5(2)
N(1)-C(1)-C(18) 109.0(3) 109.4(3) 109.1(3) 109.8(2)
N(2)-C(1)-C(18) 109.6(3) 112.2(3) 112.1(3) 111.2(2)
N(2)-C(6)-C(5) 119.4(3) 119.3(4) 120.5(3) 119.5(3)
N(2)-C(6)-C(7) 105.2(3) 104.6(4) 105.2(3) 105.0(2)
N(2)-C(2)-C(3) 119.0(4) 118.8(4) 118.3(3) 118.4(3)
C(6)-N(2)-C(1) 109.4(3) 109.4(3) 109.4(3) 109.4(2)
C(2)-N(2)-C(1) 127.2(3) 128.0(4) 128.2(3) 127.6(2)
C(2)-N(2)-C(6) 123.1(3) 122.6(4) 122.5(3) 123.0(2)
C(7)-N(1)-C(1) 109.6(3) 110.0(3) 110.2(3) 109.6(2)


Table 4. Selected bond lengths [�] and angles [8] for {[CoIII(dpkH)]2-
(MeO)(MeOH)} (3).


Co ± N(1) 1.911(3)
Co ± N(2) 1.915(3)
Co ± O(1) 1.886(2)


O(1A)-Co-O(1) 180 O(1)-Co-N(2) 83.42(11)
O(1A)-Co-N(1) 97.19(11) N(1)-Co-N(2) 88.75(12)
O(1)-Co-N(1) 82.81(11) N(1A)-Co-N(2) 91.25(12)
N(1)-Co-N(1A) 180 N(2)-Co-N(2A) 180
O(1A)-Co-N(2) 96.58(11)
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Scheme 4. Compounds obtained with tpip as potential ligand: X-ray
structures of [CoIICl4][tpip]2 (6), [FeII(dpmmdpi)Cl2] (7), and
[CoII


2 (dpmm)2Cl4] (8).


Scheme 4. Selected bond lengths and angles of compound 6
are listed in Table 3. The crystal structure of the ion pair 6
consists of two cationic tpip ligands arranged around a
tetrahedral tetrachlorocobaltate dianion.


In contrast to the unsuccessful complexation reactions
discussed above, a new type of complex (7) was synthesized
when tpip and FeCl2 were used as starting materials. In this
case, we obtained a metal complex for the first time, namely
[FeII(dpmmdpi)Cl2] (7; dpmmdpi�N-(di(2-pyridyl)methoxy-
methyl)(di(2-pyridyl)imine)), which involves a modification
of tpip (Scheme 4). The crystal structure of complex 7 is
shown in Scheme 4, and selected bond lengths and angles are
given in Table 5. In the structure, the dpmmdpi ligand exhibits
a bdpma-like skeleton with four pyridine groups. A solvent


molecule, methanol, has been incorporated into the initial
tpip and the imidazole ring has been opened (ligand E of
Scheme 5 in the Discussion section). The iron atom is in a
distorted square pyramidal environment, in which the square
plane is formed by one imine N5 and two pyridine (N1 and
N3) nitrogens and the chloride anion Cl1. The equatorial Fe ±
N bond lengths range from 2.133(5) to 2.147(5) �. The second
chloride Cl2 occupies the axial position with a longer bond of
2.325(2) �. The major difference between the dpmmdpi and
bdpma ligands is the presence of an imine function linking the
dipyridyl entities of dpmmdpi. The corresponding short bond
length C6 ± N5 of 1.306(8) � in complex 7 is in good agree-
ment with a carbon ± nitrogen double bond. In contrast, the
single CÿNamine bond of the bdpma ligand (C17 ± N1:
1.467(9) �) is slightly longer in complex 2. Another important
feature of the dpmmdpi ligand is the presence of a methoxy
group at the C17 carbon connected to the imine function. This
provides an asymmetric center in complex 7 because of the
differentiation of the two pyridines by the coordination of
one. The molecule crystallizes in the centrosymmetric space
group P21/n, and both enantiomers are present in the crystal
structure.


Other crystals 8 were obtained from the mother liquor of
[tpip]2[CoIICl4] (6) and revealed a totally different structure.
The complex [CoII


2 (dpmm)2Cl4] (8) (dpmm� di(2-pyridyl)-
methoxymethanol), the crystal structure of which is depicted
in Scheme 4, belongs to the second category of compounds
obtained with tpip. With CoCl2 as the starting material, the
degradation of tpip went further than for complex 7, resulting
in the crystallization of the cobalt complex 8, which contains
only fragments of the starting ligand (ligand G of Scheme 5 in
the Discussion section). Selected bond lengths and angles of
complex 8 are given in Table 6.


The structure analysis of complex 8 shows a neutral dimeric
(di-m-chloro)dicobalt(ii) core. The two metal centers are
arranged in a very distorted octahedral geometry. The
cobalt(ii) ions are coordinated to two nitrogen donor atoms
and one oxygen atom of the methoxy group from the dpmm
ligand, and one terminal and two bridging chloride anions.
The square plane includes the two pyridines with a mean bond
length of 2.122 �, and the two bridging chlorides with
significantly longer bond lengths (Co1 ± Cl2: 2.416(1) and
Co1 ± Cl3: 2.438(1) �). The latter are especially long com-


Table 5. Selected bond lengths [�] and angles [8] for [FeII(dpmmdpi)Cl2]
(7).


Fe(1) ± N(1) 2.133(5) Fe(1) ± Cl(2) 2.325(2)
Fe(1) ± N(3) 2.133(5) C(6) ± N(5) 1.306(8)
Fe(1) ± N(5) 2.147(4) C(17) ± N(5) 1.479(8)
Fe(1) ± Cl(1) 2.307(2) N(3) ± N(4) 3.93


N(1)-Fe(1)-N(3) 146.3(2) N(5)-Fe(1)-Cl(1) 109.22(14)
N(1)-Fe(1)-N(5) 74.89(19) N(1)-Fe(1)-Cl(2) 97.13(14)
N(3)-Fe(1)-N(5) 74.53(19) N(3)-Fe(1)-Cl(2) 99.37(15)
N(1)-Fe(1)-Cl(1) 99.80(14) N(5)-Fe(1)-Cl(2) 144.19(15)
N(3)-Fe(1)-Cl(1) 103.31(15) Cl(1)-Fe(1)-Cl(2) 106.53(8)
Fe(1)-N(1)-C(5) 116.7(4) Fe(1)-N(3)-C(16) 119.7(4)
N(1)-C(5)-C(6) 114.7(5) N(3)-C(16)-C(17) 118.2(5)
C(5)-C(6)-N(5) 115.4(5) C(16)-C(17)-N(5) 106.1(5)
C(6)-N(5)-Fe(1) 117.6(4) C(17)-N(5)-Fe(1) 120.3(4)


Table 6. Selected bond lengths [�] and angles [8] for [CoII
2 (dpmm)2Cl4] (8).


Co(1) ± N(1) 2.119(3) Co(1) ± O(1) 2.380(3)
Co(1) ± N(2) 2.124(3) Co(1) ± Cl(2) 2.416(1)
Co(1) ± Cl(1) 2.3626(13) Co(1) ± Cl(3) 2.438(1)


Co(1) ´´ ´ Co(1A) 3.574
N(1)-Co(1)-N(2) 87.47(13) O(1)-Co(1)-Cl(2) 87.92(9)
N(1)-Co(1)-Cl(1) 95.07(9) N(1)-Co(1)-Cl(3) 89.53(10)
N(2)-Co(1)-Cl(1) 93.63(9) N(2)-Co(1)-Cl(3) 172.27(9)
N(1)-Co(1)-O(1) 73.11(11) Cl(1)-Co(1)-Cl(3) 93.74(3)
N(2)-Co(1)-O(1) 70.39(11) O(1)-Co(1)-Cl(3) 101.91(7)
Cl(1)-Co(1)-O(1) 160.12(7) Cl(2)-Co(1)-Cl(3) 85.14(4)
N(1)-Co(1)-Cl(2) 158.80(9) Co(1A)-Cl(2)-Co(1) 95.44(6)
N(2)-Co(1)-Cl(2) 95.12(9) Co(1A)-Cl(3)-Co(1) 94.27(6)
Cl(1)-Co(1)-Cl(2) 105.72(13)
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pared to the axial Co ± Cl1 bond length of 2.362(1) �. The
coordination sphere is completed by the axial methanolate
oxygen of the methoxy group, with a Co1 ± O1 bond length of
2.380(3) �, the two coordinated oxygen atoms of both dpmm
ligands being located trans to each other. The Co ´´ ´ Co
distance is 3.574 �, and the deviation of the cobalt(ii) ion from
the least-squares plane defined by N1, N2, Cl2, and Cl3 is
0.28 �.


Discussion


All structures of the complexes obtained with bdpma and
manganese, iron, or cobalt salts can be rationalized by
metal-catalyzed oxidative degradation of the bdpma ligand
as shown in Scheme 5 (when they did not contain the intact
bdpma). In the absence of transition metal ions bdpma is
highly stable, even in solution, and has been fully character-
ized.[8]


In contrast, in the presence of iron or cobalt salts, several
degradation products of bdpma were observed, involving the
imine C as primary oxidation intermediate. Thereby, two
electrons and two protons are abstracted and the metal is
reduced from the �3 to the �2 oxidation state.[18] The
coordination of the polypyridine ligands certainly facilitates
the redox reaction at the metal center by an inner-sphere
electron transfer. The imine C can be activated by protona-
tion[19] and can then be attacked by a pyridine nitrogen acting
as an internal nucleophile to produce a five-membered ring
(Scheme 5). Hydrolysis of the imine to the amine A and the
ketone B, the back-reaction of the bdpma synthesis (cf.
Scheme 1), should be possible but was not observed in the
present case. Cyclization is already known for pyridyl-
substituted imines, which are further oxidized to imida-
zo[1,5-a]pyridines after ring closure.[20] This was not possible
in the present case because a quaternary carbon was created
during the cyclization (labeled C1 in Scheme 3). Consequent-


ly, only one C ± N double bond could be obtained by
dehydrogenation of the five-membered ring (step iii,
Scheme 5), and the pyridinium nitrogen remained positively
charged. Traces of tpip were previously observed in 1H NMR
spectra of imine C, suggesting that the oxidation of compound
D to tpip (step iii, Scheme 5) was also possible with molecular
oxygen. To prove that imine C was a potential intermediate in
the degradation of bdpma to tpip, we decided to prepare tpip
from C. After preparation of C according to literature[8] and
subsequent oxidation by MnO2, tpip was obtained in 73 %
yield. This showed unambiguously that C was an intermediate
in the transformation of bdpma to tpip and that the cyclization
occurred in high yield. In order to purify tpip, the crude
reaction mixture was dissolved in methanol and exposed to a
methyl tert-butyl ether atmosphere. After one day, crystal-
lization was complete and very clean tpip crystals were
collected. tpip is stable in methanol solution and no nucleo-
philic addition of methanol could be observed; this point will
be important in the discussion later.


To understand the further
degradation products of
bdpma, tpip was employed as
a potential ligand instead of
bdpma. However, first attempts
with MnCl2, FeCl3, and CoCl2


were unsuccessful: tpip re-
mained uncoordinated and
counterion exchange was ob-
served. The nitrate counterion
of tpip exchanged with the
chlorides of FeCl3 and the li-
berated chloride ions reacted
with excess FeCl3 to generate
the stable tetrachloroferrate
[FeIIICl4]ÿ anion, which was
not able to undergo coordina-
tion by tpip. Probably, the ther-
modynamic stability of
[MnIICl4]2ÿ, [FeIIICl4]ÿ , and
[CoIICl4]2ÿ was the driving force
for the simple ion exchange and


crystallization of tpip with the anionic metallate complexes as
counterion.


In contrast to these results, we did obtain a complex with
tpip when using FeCl2. However, the tpip was not intact; a
methanol molecule attacked the imidazolium ring and opened
it by cleaving the CÿN� bond of the pyridinium ring. This
addition is certainly metal-assisted, since tpip is stable in
methanol solution, as already mentioned in the description of
the purification procedure or as demonstrated by the crystal
structures of [MIICl4][tpip]2 and [FeIIICl4][tpip], which were
crystallized from methanol solutions. The first step should
thus be coordination of FeCl2 to two pyridyl moieties
connected to the imidazopyridinium unit in the 1 and 3
positions (see tpip numbering used for the NMR spectra, and
the imidazole nitrogen (structure H, Scheme 6). In conse-
quence, owing to the Lewis acidity of the metal center, the
LUMO level of the ring system was lowered, making it more
electrophilic and reactive with respect to nucleophilic attack


Scheme 5. Proposed degradation mechanism of the polypyridine ligand bdpma via the cationic compound tpip to
di(2-pyridyl)ketone hydrate. i) Fe(NO3)3; ii) Zn, AcOH; iii) MnO2 or O2; iv) MeOH, FeCl2 or CoCl2; v) CoCl2;
vi) [Co(OAc)2].
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Scheme 6. Metal-assisted opening of the imidazolium ring of tpip to
generate complex 7.


by a methanol molecule. Furthermore, the coordination of the
three nitrogens of tpip introduced a constraint into the
molecule which pinched the two coordinated pyridine rings
and lengthened the CÿN� bond. The distance between N3 and
N4 in the Fe complex 7 was 3.93 � (Table 5), but in the
relaxed tpip molecule the corresponding distance was around
1 � longer (4.95 � taken from the distance between C9 and
C14 of a tpip salt in Scheme 4). The Lewis acidity and the
pinching effect synergetically assisted the methanol addition
and the cleavage of the CÿN� bond of the imidazolium ring.
Consequently, a non-alkylated pyridine was obtained. With
bdpma as ligand, we obtained only a complex with an iron(iii)
ion, even starting from an iron(ii) salt. The most interesting
feature of complex 7 was the stabilization of the �2 oxidation
state of the iron center by the modified tpip ligand. In
contrast, the cobalt analogue of 7 probably exists but was not
stable enough to be fully characterized by X-ray analysis. The
corresponding red crystals were too small to be correctly
analyzed, but the cell parameters were similar to that of the
iron complex 7. From the mother liquor, violet crystals were
isolated and analyzed by X-ray studies (complex 8, Scheme 4).
This compound is a further modified tpip ligand correspond-
ing to a hemiacetal of dipyridyl ketone with a methanol
molecule (see ligand F in Scheme 5).


Conclusion


While attempting to prepare different complexes with the
tetrapyridyl ligand bdpma and manganese, iron, and cobalt
salts, we were able to trap different degradation products of
the bdpma ligand. By identification and preparation of the
intermediate product tpip, we showed that the benzylic CÿH
bonds in the a-position to a heteroatom are the weak point of
this polypyridine ligand. This detailed work on polypyridine
ligand degradation will be useful in the development of more
robust nonheme ligands based on polypyridine units. Such
work is in progress in our group.


Experimental Section


General : Commercially available reagents and all solvents were purchased
from standard chemical suppliers and used without further purification.
Bis[di(2-pyridyl)methyl]amine (bdpma) and di(2-pyridyl)methyl amine
were synthesized according to literature procedures.[8] 1H NMR spectra
were recorded on a Bruker AM 250 (250 MHz) spectrometer with CDCl3


as solvent; dH� 7.26. Elemental analyses were carried out by the Service de
Microanalyse du Laboratoire de Chimie de Coordination and all elemental


analyses were consistent with the proposed formulas. Mass spectrometry
analyses were performed on a Nermag R1010 apparatus (FAB�/meta-
nitrobenzyl alcohol (MNBA) in DMSO) or on a Perkin ± Elmer SCIEX
Api 100 spectrometer (ES in MeOH) by the Service de SpectromeÂtrie de
Masse de Chimie UPS-CNRS de Toulouse. UV-visible spectra were
obtained on a Hewlett-Packard 8452A diode array spectrophotometer,
with cuvettes of 1 cm pathlength. IR spectra were recorded on a Perkin ±
Elmer 983 spectrophotometer. Samples were run as KBr pellets or CH2Cl2


solutions. EPR spectra were recorded on a Bruker ESP 300 in X-Band, with
an ER035 M gaussmeter (NMR probe) and a EIP 548 hyperfrequency-
meter. Powdered samples were loaded in 3 mm cylindrical quartz tubes.
Mössbauer measurements were obtained on a constant-acceleration
conventional spectrometer with a 25 mCi source of 57Co (Rh-matrix).
Magnetic susceptibilities were determined by the Faraday method at room
temperature, with a HgCo(SCN)4 matrix (c/g� 16.44 ´ 10ÿ6 emu cgs). Var-
iable-temperature magnetic susceptibility data were obtained with a
Quantum Design MPMS Squid susceptometer. The diamagnetism of the
ligands was corrected using Pascal�s constants. EPR, magnetism and
Mössbauer data were recorded by the Service de Mesures MagneÂtiques du
Laboratoire de Chimie de Coordination.


X-ray measurements of 1 ± 8 : Crystal data for all structures are presented in
Table 7. All data were collected at low temperatures from an oil-coated
shock-cooled crystal[21] on a Stoe-IPDS with MoKa (l� 0.71073 �) radia-
tion. The structures were solved by direct methods by means of SHELXS-
97[22] and refined with all data on F 2 by means of SHELXL-97.[23] All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms of the
molecules were geometrically idealized and refined using a riding model.
Refinement of an inversion twin parameter[24] [x�ÿ 0.02(4); x� 0 for
the correct absolute structure and�1 for the inverted structure] confirmed
the absolute structure of 2. Selected bond lengths and angles of 1 ± 8
can be found in Tables 1 ± 6. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC-108 596 ± 108 603 (1 ± 8). Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ (UK) (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).


1,3,3-Tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium (tpip), nitrate form :
Di(2-pyridyl)ketone (3.72 g, 20.0 mmol) and di(2-pyridyl)methylamine
(3.71 g, 20.0 mmol) were dissolved in absolute isopropanol (120 mL) and
dried over 3 � molecular sieves for 1 h at room temperature. Glacial acetic
acid (4.3 mL, 75.0 mmol) was added under N2 atmosphere and the reaction
mixture refluxed for 5 h. MnO2 (17.40 g, 200 mmol) was then added (the oil
bath was removed for the addition). After 1 h heating was switched off and
the reaction mixture allowed to cool slowly. After 16 h, solids were
removed by filtration. The solvent was evaporated (50 8C, 30 Torr) and the
residue dissolved in CH2Cl2 (100 mL) and washed with brine (2� 30 mL).
The crude reaction mixture was purified by column chromatography (SiO2,
MeOH with 2 vol % of HNO3Ðthis acid provides the counterion for the
tpip cation). The resulting brown oil was dissolved in MeOH and exposed
to a methyl tert-butyl ether atmosphere. 6.02 g (14.6 mmol, 73%) of yellow
crystals were obtained. 1H NMR (300 MHz, CDCl3, 25 8C): d� 7.38 (ddd,
3J(H,H)� 7.5 Hz, 4J(H,H)� 4.8 Hz, 5J(H,H)� 0.9 Hz, 2H, 18-H), 7.60
(ddd, 3J(H,H)� 7.6 Hz, 4J(H,H)� 4.8 Hz, 5J(H,H)� 0.9 Hz, 1 H, 12-H),
7.72 (d, 3J(H,H)� 7.9 Hz, 2H, 20-H), 7.85 (td, 3J(H,H)� 7.8 Hz, 4J(H,H)�
1.7 Hz, 2 H, 19-H), 8.01 (td, 3J(H,H)� 7.8 Hz, 4J(H,H)� 1.7 Hz, 1H, 13-H),
8.55 (m, 4 H, 6-H, 17-H, 14-H), 8.84 (dq, 3J(H,H)� 4.9 Hz, J(H,H)�
0.8 Hz, 1H, 11-H), 9.05 (t, 3J(H,H)� 7.7 Hz, 1H, 7-H), 9.64 (d, 3J(H,H)�
8,0 Hz, 1H, 8-H), 10.08 (d, 3J(H,H)� 6.0 Hz, 1H, 5-H); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 105.1 (s, C-3), 124.8 (d, 2C, C-20), 125.2 (d, C-14), 126.1
(d, 2C, C-18), 127.8 (d, C-8), 128.1 (d, C-6), 128.3 (d, C-12), 138.5 (d, C-13),
139.1 (d, 2C, C-19), 145.5 (s, C-8a), 146.2 (d, C-5), 149.4 (d, C-7), 149.6 (s,
C-9), 150.7 (d, C-11), 150.8 (d, 2C, C-17), 153.3 (s, 2C, C-15), 162.5 (s, C-1).
The structure of [tpip](NO3) was determined by X-ray crystallography (see
text, Scheme 3, and Tables 3 and 7).


Dichloro{bis[di(2-pyridyl)methyl]amine}manganese(iiii) ([MnII(bdpma)-
Cl2], 1): bdpma (50 mg, 1.41� 10ÿ4 mol) and MnCl2 ´ 4H2O (26 mg,
1.30� 10ÿ4 mol) were dissolved separately in MeOH (total volume of
3 mL). The resulting solution was stirred for 15 min and then allowed to
stand in a diethyl ether bath for one week. After washing with diethyl ether
and drying under vacuum, the solution yielded 10 mg (15 %) of colorless
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crystals 1. FAB-MS: m/z (%)� 443 (100) [MnII(bdpma)Cl]� ; UV/Vis
(MeOH): lmax (e� 10ÿ3 Mÿ1 cmÿ1)� 264 nm (9.2), 318 (3.9). The structure
of 1 was determined by X-ray crystallography (see text, Scheme 2, and
Tables 1 and 7).


Dichloro-m-oxo{bis{bis[di(2-pyridyl)methyl]amine}}diiron(iiiiii) dichloride
([FeIII


2 (bdpma)2(O)Cl2]Cl2, 2): By the double-ended needle technique,
FeCl2 ´ 4H2O (195 mg, 9.79� 10ÿ4 mol) in degassed MeOH (2 mL) was
added under nitrogen to a solution of bdpma (346 mg, 9.79� 10ÿ4 mol) in
degassed MeOH (2 mL). The resulting solution was stirred for 15 min
under nitrogen and then allowed to stand in a degassed methyl tert-butyl
ether atmosphere for 3 d. Red crystals of 2 were washed with methyl tert-
butyl ether and dried under vacuum. The iron centers were probably
oxidized by diffusion of molecular oxygen during this 3-day work-up. The
yield was 246 mg (48 %). ES-MS: m/z� 940.91 [FeIII


2 (bdpma)2(O)(Clÿ)3]� ,
904.45 [FeIII


2 (bdpma)2(O)(Clÿ)3ÿHCl]� ; UV/Vis (MeOH): lmax (e�
10ÿ3 Mÿ1 cmÿ1)� 244 nm (15.4), 260 (18.1), 320 (11.2). The structure of 2
was determined by X-ray crystallography (see text, Scheme 2, and Tables 2
and 7).


{Bis[di(2-pyridyl)ketonehydrate}cobalt(iiiiii) methanolate ({[CoIII(dpkH)2]-
(MeO)(MeOH)}, 3): An ethanolic solution (2 mL) of Co(OAc)2 ´ 4H2O
(71 mg, 2.83� 10ÿ4 mol) was added to a solution of bdpma (100 mg, 2.83�
10ÿ4 mol) in CH3CN (2 mL). The resulting dark blue solution was stirred
for 5 d at room temperature and then allowed to stand in an ethyl acetate
bath. 51 mg (37 %) of red crystals of 3 were collected and dried under
vacuum after two months. FAB-MS: m/z (%)� 461 (100) [CoIII(dpkH)2]� ,
444 (16) [CoII(dpkH)(dpk)]� (dpk: di(2-pyridyl)ketone), 427 (4)


[CoI(dpk)2]� ; 1H NMR (250 MHz, [D6]DMSO, 25 8C): d� 7.58 (dd, 2H),
7.98 (d, 2 H), 8.20 (t, 2 H), 8.33 (d, 2 H) (further analysis by two-dimensional
1H NMR or 13C NMR was impossible because the complex decomposed in
solution after minutes). The structure of 3 was determined by X-ray
crystallography (see text, Scheme 3, and Tables 4 and 7).


Bis[1,3,3-tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium] tetrachloroman-
ganate ([tpip]2[MnIICl4], 4): [tpip](NO3) (50 mg, 1.21� 10ÿ4 mol) and
MnCl2 ´ 4H2O (30 mg, 1.52� 10ÿ4 mol) were dissolved separately in MeOH
(total volume of 2 mL). The resulting solution was stirred for 15 min and
then allowed to stand in a methyl tert-butyl ether bath. After two weeks,
15 mg (24 %) of pale red-brown crystals of [tpip]2[MnIICl4] were obtained.
FAB-MS: m/z (%)� 350 (100) [tpip]� . The structure of 4 was determined
by X-ray crystallography: selected bond lengths and angles are given in
Table 3 and X-ray data in Table 7.


1,3,3-Tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium tetrachloroferrate
([tpip][FeIIICl4], 5): [tpip](NO3) (50 mg, 1.21� 10ÿ4 mol) and FeCl3 ´
6H2O (40 mg, 1.48� 10ÿ4 mol) were dissolved separately in MeOH (total
volume of 3 mL). The resulting solution was stirred for 15 min and then
allowed to stand in a methyl tert-butyl ether bath. After two weeks, 47 mg
(71 %) of pale brown crystals were obtained. FAB-MS: m/z (%)� 350
(100) [tpip]� . Under anaerobic conditions, the same crystals of [tpip]-
[FeIIICl4] were obtained when [tpip](NO3) and the ferrous salt FeCl2 ´ 4H2O
were used in stoichiometric amounts as starting materials (in contrast,
complex 7 was obtained when a 2:1 mixture of tpip and FeCl2 was
employed). The structure of 5 was determined by X-ray crystallography:
selected bond lengths and angles are given in Table 3 and X-ray data in
Table 7.


Bis[1,3,3-tris(2-pyridyl)-3H-imidazo[1,5-a]pyridin-4-ium] tetrachloroco-
baltate ([tpip]2[CoIICl4], 6): [tpip](NO3) (25 mg, 6.1� 10ÿ5 mol) and
CoCl2 ´ 6H2O (19 mg, 7.5� 10ÿ5 mol) were dissolved separately in MeOH
(total volume of 2 mL). The resulting red solution was stirred for 15 min
and then allowed to stand in a methyl tert-butyl ether bath. After 3 weeks, a
small quantity of dark green crystals of [tpip]2[CoIICl4] (5 mg, yield� 18%)
were filtered off and dried under vacuum. FAB-MS: m/z (%)� 350 (100)
[tpip]� . The structure of 6 was determined by X-ray crystallography (see
text, Scheme 4, and Tables 3 and 7).


Table 7. Crystal structure data for compounds 1 to 8.


1 2 3 4 5 6 7 8


formula C22H19Cl2MnN5 C22H19Cl2FeN5O0.5-
(CH3OH)0.75


C26H29CoN4O7 C22H16Cl2Mn0.5N5 C22H16Cl4FeN5 C22H16Cl2Co0.5N5 C23H19Cl2FeN5O C12H12Cl2CoN2O2


Mr 479.26 511.95 568.46 448.77 548.05 450.76 508.18 346.07
T [K] 173(2) 173(2) 193(2) 173(2) 193(2) 173(2) 173(2) 173(2)
crystal system monoclinic tetragonal monoclinic monoclinic triclinic monoclinic monoclinic monoclinic
space group P 21/n P43212 P21/c I 2/a PÅ1 I2/a P21/n C2/c
a [�] 11.145(2) 13.079(1) 11.603(2) 14.626(4) 8.343(1) 14.600(2) 8.237(1) 14.273(3)
b [�] 16.462(2) 13.079(1) 7.990(1) 14.511(3) 10.249(2) 14.404(2) 17.347(2) 15.937(2)
c [�] 12.041(2) 27.921(4) 15.186(2) 19.709(7) 14.394(2) 19.818(2) 15.388(1) 13.364(3)
a [8] 90 90 90 90 82.74(2) 90 90 90
b [8] 90.30(2) 90 96.40(2) 103.40(4) 78.62(2) 102.85(1) 90.17(1) 112.17(2)
g [8] 90 90 90 90 86.99(2) 90 90 90
V [�3] 2202.9(6) 4776.2(9) 1399.1(4) 4069(2) 1196.4(3) 4063.3(9) 2198.7(4) 2815.1(9)
Z 4 8 2 8 2 8 4 8
1calcd [Mg mÿ3] 1.445 1.424 1.349 1.465 1.521 1.474 1.535 1.633
F(000) 980 2106 592 1836 554 1844 1040 1400
cryst. size [mm] 0.6� 0.5� 0.1 0.7� 0.5� 0.2 0.7� 0.1� 0.1 0.5� 0.4� 0.1 0.5� 0.4� 0.1 0.5� 0.4� 0.1 0.4� 0.4� 0.1 0.7� 0.4� 0.3
2qmax [8] 46 46 46 45 46 46 45 46
refl. collected 17908 38511 11343 8006 8809 16457 14520 11312
indep. refl. 3028 3214 1991 2632 3229 2916 2857 2014
Rint 0.0539 0.0970 0.0393 0.1427 0.0356 0.0748 0.1099 0.0672
absorption correct. numerical numerical numerical none none numerical numerical numerical
Tmin, Tmax 0.6803, 0.8631 0.7744, 0.8985 0.8541, 0.9505 ± ± 0.7038, 0.8779 0.7807, 0.8934 0.6200, 0.8088
parameters 281 319 237 268 335 267 290 178
R (I> 2s(I)) 0.0300 0.0549 0.0482 0.0610 0.0489 0.0326 0.0502 0.0362
wR 2[a] (all data) 0.0669 0.1381 0.1299 0.1668 0.1377 0.0687 0.1296 0.0927
(D/1)min [e�ÿ3] ÿ 0.341 ÿ 0.502 ÿ 0.390 ÿ 0.540 ÿ 0.467 ÿ 0.480 ÿ 0.452 ÿ 0.642
(D/1)max [e �ÿ3] 0.249 0.703 0.677 0.379 0.805 0.241 0.423 0.353


[a] wR 2� {[Sw(F 2
c ÿF 2


o )2]/[Sw(F 2
o )2]}1/2.
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Dichloro{N-[di(2-pyridyl)methoxymethyl][di(2-pyridyl)imine]}iron(iiii)
([FeII(dpmmdpi)Cl2] , 7): By the double-ended needle technique, FeCl2 ´
4H2O (28 mg, 1.43� 10ÿ4 mol) in degassed MeOH (2 mL) was added under
nitrogen atmosphere to a solution of two equivalents of [tpip](NO3)
(99 mg, 2.85� 10ÿ4 mol) in degassed MeOH (2 mL). The resulting solution
was stirred for 1 h under nitrogen and then allowed to stand under
anaerobic conditions in a methyl tert-butyl ether atmosphere. After one
week, a small quantity of dark blue crystals of 7 (7 mg, yield� 10%) were
filtered off and dried under vacuum. FAB-MS: m/z (%)� 472 (100)
[FeII(dpmmdpi)Cl]� . The structure of 7 was determined by X-ray crystal-
lography (see text, Scheme 4, and Tables 5 and 7).


Dichloro-m-dichloro{bis[di(2-pyridyl)methoxymethanol]}dicobalt(iiii)
([CoII


2 (dpmm)Cl4], 8): After two further weeks, an additional crop of violet
crystals was obtained from the mother liquor of [tpip]2[CoIICl4]. These were
washed with methyl tert-butyl ether and dried under vacuum. 5 mg (24 %)
of 8 was obtained. FAB-MS: m/z (%)� 462 (47) [CoII(dpk)2Cl]� , 278 (100)
[CoII(dpk)Cl]� . The structure of 8 was determined by X-ray crystallography
(see text, Scheme 4, and Tables 6 and 7).
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Synthesis of Cluster N-Glycosides Based on a b-Cyclodextrin Core


Juan J. García-LoÂ pez,[b] Francisco Santoyo-GonzaÂ lez,*[a] Antonio Vargas-Berenguel,*[b]


and Juan J. GimeÂnez-Martínez[b]


Abstract: A convenient method for the
synthesis of b-d-gluco-, b-d-galacto-,
2-acetamido-2-deoxy-b-d-gluco- and a-
d-mannopyranosylamine clusters based
on cyclomaltoheptaose (b-cyclodextrin)
is presented. The synthesis involves:
1) the one-pot synthesis of the acety-
lated chloroacetyl N-glycoside deriva-
tives of d-glucose, d-galactose, 2-acet-
amido-2-deoxy-d-glucose and d-man-
nose from the corresponding glycosyl


azides, 2) conversion of the chloroacetyl
N-glycosides into their isothiouronium
derivatives, then 3) attachment of the N-
glycosides onto heptakis(6-deoxy-6-io-
do) and heptakis(6-chloroacetamido-6-
deoxy) b-cyclodextrin by means of nu-


cleophilic displacement with caesium
carbonate in dimethylformamide, and
4) de-O-acetylation of b-cyclodextrin
derivatives. The chloroacetyl N-glyco-
side derivatives were easily prepared by
mild reduction of the azide function by
one of two methods: a) by the Stauding-
er reaction, with nBu3P, and b) with 1,3-
propanedithiol, as reducing reagents.


Keywords: carbohydrates ´ cluster
glycosides ´ cyclodextrins ´ glycosyl-
amines ´ Staudinger reaction


Introduction


The construction of systems that can selectively deliver
bioactive molecules to their sites of action within the organism
is currently a challenge in therapeutics. In this respect, much
effort has been focused on exploitation of the host-guest
properties of certain molecules such as cyclodextrins.[1±3] The
cyclodextrins (CDs) are cyclomaltooligosaccharides with six
(a-CD), seven (b-CD) and eight (g-CD) a-(1!4)-d-gluco-
pyranosyl units, respectively, that are formed during the
enzymatic degradation of starch.[1, 2] Most applications of CDs
are based on their ability to include spatially compatible
molecules (guest molecules) in their hydrophobic cavity to
yield inclusion complexes[3] without formation of any covalent
bonds. This supramolecular property can be used for the
solubilization, encapsulation and transport of bioactive mol-
ecules by CDs and their derivatives.[4] Nevertheless, CD ± drug


inclusion complexes exhibit very poor target specificity owing
to the lack of biologically recognizable sites. Several research-
ers are addressing this problem using CDs conjugated with
target molecules with promising results, for example, increas-
es in both water solubility and recognition properties of the
carrier systems.[5]


Oligosaccharides are known to play important roles in
many biological events, for example as cell-surface receptors
which enable adhesion of bacteria, parasites, and viruses in
the early stages of infection.[6] Therefore, carbohydrates
involved in recognition processes are good candidates for
targetting molecules. However, unlike protein ± protein inter-
actions, carbohydrate ± protein interactions usually have low
dissociation constants.[7] An effective means to increase
binding interactions between carbohydrates and proteins is
the use of clusters of carbohydrates.[8] With the aim of
achieving much stronger affinity between receptors and
saccharides, several authors have reported the synthesis of
multivalent glycoconjugates on scaffolds of polymers and
oligomers,[9±10] dendrimers,[10±13] calix[4]arenes,[14] crown
ethers,[15] surfactant aggregates,[16] and metal complexes.[17]


The well-defined torus-shaped structures of CDs provide a
versatile scaffold for the construction of branched structures
of bioactive molecules. In our research project we intend to
combine the scaffolding potential of the CDs for building
multivalent or dendrimerlike molecules with their host ± guest
properties, in order to develop drug carrier systems. Previ-
ously we have reported the synthesis of a variety of
persubstituted b-CD derivatives branched with O- and S-
glycosides and their recognition studies towards cell-wall
specific lectins.[18]
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In this paper we describe the synthesis of b-CD persub-
stituted with glycosyl amide derivatives. Most methods for the
synthesis of glycosyl amides involve either the reaction of a
nonprotected carbohydrate with aqueous ammonium bicar-
bonate or the reduction of the corresponding azide derived
from a protected glycosyl halide and then acylation of the
obtained glycosylamine.[19] Both methods sometimes present
problems as a result of the formation of undesired by-
products. The conversion of glycosyl azides into N-glycoside
derivatives by the Staudinger reaction[20] provides an alter-
native mild route for the synthesis of N-glycosides. For
example, glycofuranosyl formamides have been prepared


by treatment of phosphinimines derived from the correspond-
ing glycosyl azides with acetic formic anhydride,[21] and
sugar ureas have been obtained from glycosyl triphenyl-
phosphinimines by treatment with amines and carbon
dioxide.[22]


Our interest in the synthesis of a set of glycosyl amide
building blocks suitable for their convenient attachment to b-
CD templates led us to explore a more efficient conversion of
glycosyl azides into N-glycosides, as reported in an earlier
communication.[23]


Results and Discussion


Our synthetic plan involves the preparation of thiolated
glycosyl amide building blocks in order to perform attach-
ment to b-CD by a nucleophilic substitution reaction. We first
studied the synthesis by the Staudinger reaction of the
chloroacetyl N-glycosides 5 ± 8 a from glycosyl azides 1 ± 3[24]


and 4.[25] Thus, the glucopyranosyl 1 and galactopyranosyl
azide 2 derivatives were treated sequentially with nBu3P at
room temperature and chloroacetic anhydride at ÿ80 8C in
dry CH2Cl2, and the glycosyl amides 5 and 6 in 68 and 73 %
yields, respectively, were isolated in one pot after chromato-
graphic purification (Scheme 1). We had previously observed
that the reaction of 1 with Ph3P occurred slowly, so we used
the more nucleophilic reagent nBu3P. Reaction of the
N-acetylglucosamine derivative 3 with nBu3P and chloro-
acetic anhydride under the same conditions did not yield the
glycosyl amide 7, although TLC showed that the starting
material was not present in the reaction mixture after 1 h. We


Abstract in Spanish: Se describe un meÂtodo praÂctico para la
síntesis de clusters de b-d-gluco-, b-d-galacto-, 2-acetamido-2-
desoxi-b-d-gluco- y a-d-manopiranosilaminas unidas a ciclo-
maltoheptaosa (b-ciclodextrina). La síntesis lleva consigo: 1) la
síntesis one-pot de los cloroacetil N-glicoÂsidos acetilados
derivados de d-glucosa, d-galactosa, 2-acetamido-2-desoxi-d-
glucosa y d-manosa a partir de las correspondientes glicosil
azidas; 2) la conversioÂn de los N-glicoÂsidos en sus derivados
isotiouronio; a continuacioÂn, 3) unioÂn de los N-glicoÂsidos con
la heptakis(6-desoxi-6-yodo) y heptakis(6-cloroacetamido-6-
desoxi) b-ciclodextrina por medio de una reaccioÂn de despla-
zamiento nucleofílico utilizando carbonato de cesio en dime-
tilformamida; y 4) des-O-acetilacioÂn de los derivados de b-
ciclodextrina. Los derivados cloroacetil N-glicoÂsidos se prepa-
raron por reduccioÂn suave de la funcioÂn azida siguiendo dos
meÂtodos: a) vía reaccioÂn de Staudinger, con nBu3P, y
b) utilizando 1,3-propanoditiol, como agentes reductores.


Scheme 1. Synthesis of the glycopyranosylamine derivatives 5 ± 15 from the corresponding glycosyl azide derivatives 1 ± 4. Reagents and conditions: a) Bu3P/
CH2Cl2, RT, then (ClCH2CO)2O/CH2Cl2, ÿ80 8C!RT: 5 (68 %), 6 (73 %); b) Bu3P/CH2Cl2, 1 h, RT, then (ClCH2CO)2O/Et3N/CH2Cl2, ÿ80 8C!RT: 7
(36 %); c) (ClCH2CO)2O/CH2Cl2,ÿ80 8C then Bu3P, 3 h!RT: 7 (67 %), 8 a (80 %); d) Et3N/1,3-propanedithiol/MeOH, 3 ± 6 h, then (ClCH2CO)2O, 2 ± 10 h:
5 (68 %), 6 (76 %), 7 (74 %); e) Bu3P/CH2Cl2, RT, then (ClCH2CO)2O/CH2Cl2, ÿ80 8C!RT, then AcSH/Et3N, 2 ± 10 h, 9 (88 %), 10 (83 %), 11 (37 %);
f) (NH2)2CS/(CH3)2CO, 72 h: 12 (82 %), 13 (65 %), 15 (80 %); g) (NH2)2CS/(CH3)2CO/CH2Cl2, 168 h, 14 (78 %).
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attributed this particular result to the poor reactivity of the
phosphinimine intermediate due to a lower nucleophilicity
of the phosphinimine nitrogen. This reactivity decrease
might be brought about by a hydrogen bond between that
nitrogen and the amide hydrogen. In fact, the addition of
triethylamine after chloroacetic anhydride allowed the iso-
lation of the desired N-glycoside 7, although in 36 % yield
(Scheme 1).


Application of the conditions mentioned above to man-
nopyranosyl azide derivative 4 gave an approximately 3.1:2
mixture of a anomer 8 a and b anomer 8 b that could not be
separated by column chromatography.[23b] When compounds 3
and 4 were treated dropwise with nBu3P in the presence of
chloroacetic anhydride at ÿ80 8C in dry CH2Cl2, the N-
glycosides 7 and 8 a were isolated in 67 and 80 % yields,
respectively, after chromatographic purification (Scheme 1).
Under these reaction conditions compound 8 a was the only
anomer observed by TLC. The configurations at the anomeric
positions in 8 a and 8 b could be established from the NMR
data obtained from the pure compound 8 a and the mixture
8 a� 8 b.[26] The isomers 8 a and 8 b exhibited J1,2 values larger
than those normally observed in 4C1 conformations of d-
mannopyranosides (J1,2� 4.8 and 1.4 Hz for the a anomer 8 a
and the b anomer 8 b, respectively). However, 1JC1,H1 values of
165 and 156 Hz for 8 a and 8 b, respectively, were in accord
with an equatorial H-1 for 8 a and axial H-1 for 8 b. In
addition, a NOESY spectrum of the 8 a/8 b mixture showed a
correlation between NH, H-3 and H-5 for the major isomer
8 a and no such correlation for the minor isomer, as well as a
correlation between H-1, H-3 and H-5 for 8 b and no such
correlation for the major isomer.


We also investigated an alternative method with 1,3-
propanedithiol as reducing reagent.[27] We found that reaction
of compounds 1 ± 3 with 1,3-propanedithiol and triethylamine
in anhydrous methanol followed by treatment with chloro-
acetic anhydride afforded the N-glycosides 5 ± 7 in 68, 76 and
74 % yields, respectively (Scheme 1).


To synthesize the thiolated N-glycosides 9 ± 11, compounds
1 ± 3 were subjected to the reaction conditions described
above: first treatment with nBu3P, then chloroacetic anhy-
dride, followed by a subsequent treatment with thioacetic acid
and triethylamine after completion of the chloroacetylation
reaction monitored by TLC. The S-acetylmercaptoacetyl N-
glycosides 9 ± 11 were then isolated in 88, 83 and 37 % yields,
respectively (Scheme 1).


First attempts to introduce the N-glucopyranosyl moiety in
the b-CD involved the de-O,S-acetylation of 9 under standard
ZempleÂn conditions as well as selective de-S-acetylation of 9
with hydrazinium acetate, and then reaction of the resulting
products with the b-CD derivative 16 in the presence of DBU
(1,8-diazabicyclo[5.4.0]undec-7-ene) or Cs2CO3. Both at-
tempts failed, probably owing to the lack of stability of the
thiol derivative. In the course of an ongoing parallel
research[18] we found that glycosyl isothiouronium salts can
be employed as latent thiolate nucleophiles, thus avoiding side
reactions. These compounds react with alkyl halides, such as
16 and 17, in the presence of Cs2CO3 to give sulfide
derivatives. Therefore N-chloroacetylated glycosides 5 ± 8
were transformed into their isothiouronium salts 12 ± 15 by


treatment with thiourea. Compounds 12 ± 15 were isolated in
82, 65, 78 and 80 % yields, respectively, by precipitation
(Scheme 1).


Reaction of the isothiouronium derivatives 12 ± 15 with b-
CD derivatives was carried out at room temperature in dry
DMF under an argon atmosphere with two molar equivalents
of N-glycoside and 2 ± 3 equiv of Cs2CO3 for every primary
halogen group of 16 and 17. After several days, the reaction
led to a mixture of products, as indicated by TLC; then acetic
anhydride, pyridine and 4-dimethylaminopyridine (4-DMAP)
were added. The peracetylation reaction was kept at 40 8C
for 48 h and then the branched b-CD derivatives 18 ± 25 were
isolated in excellent yields. ZempleÂn deacetylation of
compounds 18 ± 25 furnished the b-CD derivatives branched
with N-glycosides through the spacer chain COCH2S
26 ± 29 in 94 ± 96 % yields (Scheme 2) and through the spacer
chain COCH2SCH2CONH 30 ± 33 in 90 ± 94 % yields
(Scheme 3).


Branched b-CDs 18 ± 33 were characterized by NMR
spectroscopic techniques and FAB mass spectrometry. The
room-temperature 1H NMR spectra showed a considerable
broadening of the signals; this indicates a restricted mobility
on the NMR time scale. When measurements of the NMR
data were performed at 80 ± 100 8C, the resolution of the
spectra was improved considerably, allowing the assignment
of the spectroscopic signals. For the peracetylated compounds
18 ± 25, the NMR signals were assigned on the basis of COSY
and HMQC experiments. The success of the nucleophilic
perdisplacement became evident from the seven-fold sym-
metry of the products as deduced from NMR experiments.
Only two anomeric carbon signals were observed at d� 96.1 ±
101.9 for C-1 and 75.2 ± 80.0 for C-1' as well as three
methylene carbon signals for compounds 18 ± 21 and 26 ± 29
at 33.1 ± 34.9 (C-6), 36.2 ± 37.6 (CH2S) and 60.4 ± 61.9 (C-6'),
and four for compounds 22 ± 25 and 30 ± 33 at 39.1 ± 40.1 (C-6),
34.4 ± 34.9 (2 CH2S) and 60.4 ± 61.7 (C-6'). From the 1H NMR,
the appearance of new signals such as those corresponding to
the anomeric H-1' of the N-glycosides (d� 5.34 ± 5.60) clearly
established the assembly of the glycosyl amide building blocks
onto the b-CD derivatives.


In summary, we report a very convenient method for the
attachment of N-glycoside derivatives onto b-CD. The
method involves the use of chloroacetyl N-glycoside building
blocks ready for their conversion into isothiouronium deriv-
atives and then incorporation onto the b-CD by a nucleophilic
displacement reaction. The building blocks were also easily
prepared by two convenient one-pot syntheses, by the
Staudinger reaction or with 1,3-propanedithiol as reducing
reagent, from the corresponding glycosyl azides. This method-
ology could be applied to the rapid preparation of N-
glycodendrimers from, for example, multivalent N-chloroa-
cetylated molecules. The two concepts, that is, the ability
to bind guest molecules and multivalency, converge in the
structure of the branched b-CDs and therefore constitute
potential drug delivery systems. The next stage in our
research project is the enhancement of the multivalency
by the synthesis of N-glycodendrimerlike structures based on
CD cores. This is currently under development in our
laboratories.
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Experimental Section


TLC was performed on Merck silica gel 60F254 aluminium sheets with
detection by charring with 5 % H2SO4 in EtOH, and by UV light when
applicable. Flash column chromatography was performed on silica gel
Scharlau (230 ± 400 mesh, ASTM). Melting points were measured on a
Büchi melting point B-540 apparatus and a Reichter hotplate microscope
and are uncorrected. Elemental analyses were carried out with Perkin ±
Elmer 240 C and LECO 932 instruments. Optical rotations were recorded


on a Perkin ± Elmer 141 polarimeter at room temperature (22� 2 8C).
IR spectra were recorded on a Perkin ± Elmer 983G and ATI Mattson
FTIR. 1H and 13C NMR spectra were recorded at room temperature,
unless otherwise specified, on a Bruker AM 300 and Bruker NMR
Avance DPX 300 spectrometers. 1H chemical shifts are given in ppm and
referenced to internal CHCl3 (d� 7.26) for CDCl3 solutions, (CH3)2SO (d�
2.6) for (CD3)2SO solutions and HOD (d� 4.79) for D2O solutions. 13C
chemical shifts are given in ppm and referenced to CDCl3 (d� 77.0),
(CD3)2SO (d� 39.5) and external acetone (d� 30.5) for D2O solutions. J
values are given in Hz. Assignments were based on COSY, HMQC,


Scheme 2. Synthesis of the branched b-cyclodextrin derivatives 18 ± 21 and 26 ± 29. Reagents and conditions: i) a) Cs2CO3/DMF, 7 d, RT; b) Ac2O/Py, 48 h,
40 8C: 18 (92 %), 19 (94 %), 20 (95 %), 21 (87 %); ii) NaOMe/MeOH, 10 h, RT: 26 (96 %), 27 (94 %), 28 (95 %), 29 (94 %).
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NOESY, DEPT and APT. Mass spectra were recorded on a Micromass
Autospec-Q and LC-API-MS spectrometers. Anhydrous solvents were
prepared according to standard procedures,[28] and were freshly distilled
prior to use.


2,3,4,6-Tetra-O-acetyl-N-chloroacetyl-b-dd--glucopyranosylamine (5):


With nBu3P (procedure A): nBu3P (3.26 mL, 13.2 mmol) was added
dropwise to a solution of the glycosyl azide 1[24] (4.06 g, 11.0 mmol) in
anhydrous CH2Cl2 (40 mL) at room temperature under Ar. Gas evolution
was observed to have ceased after 1 h; thereupon, the reaction mixture was


cooled to ÿ80 8C, and a solution of chloroacetic anhydride (3.0 g,
17.6 mmol) in anhydrous CH2Cl2 (10 mL) was added. The reaction mixture
was allowed to warm to room temperature and kept overnight. CH2Cl2


(150 mL) was added and the organic solution was washed with saturated
aqueous NaHCO3 (2� 150 mL) and H2O (2� 100 mL). The organic layer
was dried (MgSO4), filtered, evaporated, and the crude product chromato-
graphed on silica gel (ether) to give 5 (3.14 g, 68%) as a solid.


With 1,3-propanedithiol : 1,3-Propanedithiol (0.301 mL, 3.0 mmol) and
Et3N (0.416 mL, 3 mmol) were added to a solution of compound 1
(1.5 mmol) in anhydrous MeOH (8 mL) under Ar. The solution was stirred


Scheme 3. Synthesis of the branched b-cyclodextrin derivatives 22 ± 25 and 30 ± 33. Reagents and conditions: i) a) Cs2CO3/DMF, 7 d, RT; b) Ac2O/Py, 48 h,
40 8C: 22 (71 %), 23 (81 %), 24 (84 %), 25 (80 %); ii) NaOMe/MeOH, 10 h, RT: 30 (92 %), 31 (90 %), 32 (94 %), 33 (93 %).
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at room temperature for 2 h and then, chloroacetic anhydride (1.49 g,
8.7 mmol) was added. After 2 h at room temperature, the solvent was
evaporated and the crude product chromatographed on silica gel (ether) to
give 5 (431 mg, 68%).


M.p. 167 ± 168 8C; [a]D��8 (c� 1 in chloroform); 1H NMR (300 MHz,
CDCl3): d� 7.31 (d, 1H, 3JNH,1� 9.2 Hz, NH), 5.33 (t, 1 H, 3J� 9.5 Hz, H-3),
5.21 (dd, 1 H, 3J1,2� 9.5 Hz, 3J� 9.2 Hz, H-1), 5.09 (dd, 1H, 3J4,5� 10.1 Hz,
J3,4� 9.5 Hz, H-4), 5.01 (t, 1H, 3J� 9.5 Hz, H-2), 4.31 (dd, 1H, 2J6,6'�
12.5 Hz, 3J5,6� 4.4 Hz, H-6), 4.10 (dd, 1H, 2J6,6'� 12.5 Hz, 3J5,6'� 2.1 Hz,
H-6'), 4.07 (d, 1H, 2J� 15.4 Hz, CHCl), 4.00 (d, 1H, 2J� 15.4 Hz, CH'Cl),
3.84 (ddd, 1H, 3J4,5� 10.1 Hz, 3J5,6� 4.4 Hz, 3J5,6'� 2.1 Hz, H-5), 2.09 (s, 3H,
CH3CO), 2.06 (s, 3 H, CH3CO), 2.04 (s, 3 H, CH3CO), 2.03 (s, 3 H, CH3CO);
13C NMR (75.5 MHz, CDCl3): d� 170.9 ± 166.9 (5C�O), 78.6 (C-1), 73.9,
72.6, 70.3, 68.1 (C-2, 3, 4, 5), 61.6 (C-6), 42.3 (CH2Cl), 20.8 ± 20.6
(4CH3CO); IR (KBr): n� 3309 (NH), 1748 (C�O), 1669, 1532 (CONH),
1378, 1225, 1039 (CÿO) cmÿ1; MS (FAB): m/z� 424 for [M�1];
C16H22ClNO10 (423.8): calcd C 45.34, H 5.23, found C 45.00, H 5.28 %.


2,3,4,6-Tetra-O-acetyl-N-chloroacetyl-b-dd--galactopyranosylamine (6):


With nBu3P (Procedure A): This compound was prepared as described for 5
(Procedure A) with nBu3P (0.94 mL, 3.75 mmol), compound 2[24] (1.0 g,
2.68 mmol), anhydrous CH2Cl2 (20 mL), and chloroacetic anhydride
(646 mg, 3.75 mmol) in anhydrous CH2Cl2 (5 mL). For the work-up,
CH2Cl2 (100 mL) was added and the organic solution was washed with
saturated aqueous NaHCO3 (2� 75 mL) and H2O (100 mL). The organic
layer was dried (MgSO4), filtered and evaporated, and the crude product
chromatographed on silica gel (ether) to give 6 (853 mg, 73%) as a solid.


With 1,3-propanedithiol : Compound 6 was synthesized as described for 5
with the same amount of reagents and solvent. Similar work-up followed by
column chromatography (ether) gave 6 (486 mg, 76%).


M.p. 148 ± 149 8C; [a]D��21 (c� 1 in chloroform); 1H NMR (300 MHz,
CDCl3): d� 7.53 (d, 1 H, 3JNH,1� 8.3 Hz, NH), 5.46 (dd, 1 H, 3J4,5� 2.8 Hz,
3J3,4� 0.8 Hz, H-4), 5.17 (m, 3H, H-1,2,3), 4.13 (m, 2H, H-6,6'), 4.06 (m, 1H,
H-5), 4.09 (d, 1H, 2J� 15.5 Hz, CHCl), 4.01 (d, 1 H, 2J� 15.5 Hz, CH'Cl),
2.16 (s, 3 H, CH3CO), 2.07 (s, 3H, CH3CO), 2.04 (s, 3H, CH3CO), 2.01 (s,
3H, CH3CO); 13C NMR (75.5 MHz, CDCl3): d� 170.9 ± 166.7 (5 C�O),
78.6 (C-1), 72.4, 70.6, 67.9, 67.1 (C-2, 3, 4, 5), 61.1 (C-6), 42.2 (1 CH2Cl),
20.6 ± 20.5 (4CH3CO); IR (KBr): n� 3314 (NH), 1749, 1724 (C�O), 1698,
1549 (CONH), 1370, 1227, 1086 cmÿ1 (CÿO); MS (FAB): m/z� 424 for
[M�1]; C16H22ClNO10 (423.8): calcd C 45.34, H 5.23, found C 45.25, H
5.60 %.


2-Acetamido-3,4,6-tri-O-acetyl-N-chloroacetyl-2-deoxy-b-dd--glucopyrano-
sylamine (7):


With nBu3P (Procedure A): nBu3P (0.30 mL, 1.2 mmol) was added
dropwise to a solution of the glycosyl azide 3[24] (372 mg, 1.0 mmol) in
anhydrous CH2Cl2 (15 mL) at room temperature under Ar. Gas evolution
ceased after 1 h; thereupon, the reaction mixture was cooled toÿ80 8C, and
a solution of chloroacetic anhydride (264 mg, 1.5 mmol) in anhydrous
CH2Cl2 (5 mL) and Et3N (0.5 mL) was added. The reaction mixture was
allowed to warm to room temperature and kept overnight. CH2Cl2 (50 mL)
was added and the organic solution was washed with saturated aqueous
NaHCO3 (2� 50 mL) and H2O (50 mL). The organic layer was dried
(MgSO4), filtered and evaporated, and the crude product chromatographed
on silica gel (EtOAc) to give 7 (150 mg, 36 %) as a solid.


By Procedure B : nBu3P (4.02 mL, 16.1 mmol) was added dropwise to a
solution of chloroacetic anhydride (2.482 g, 14.51 mmol) and glycosyl azide
3 (3.0 g, 8.1 mmol) in anhydrous CH2Cl2 (40 mL) at ÿ80 8C under Ar. The
reaction mixture was allowed to warm to room temperature and kept
overnight. CH2Cl2 (150 mL) was added, and the organic solution was
washed with saturated aqueous NaHCO3 (2� 150 mL) and H2O (2�
100 mL). The organic layer was dried (MgSO4), filtered and evaporated,
and the crude product chromatographed on silica gel (EtOAc) to give 7
(2.28 g, 67%).


With 1,3-Propanedithiol : 1,3-Propanedithiol (0.1 mL, 2 mmol) and Et3N
(0.14 mL, 2 mmol) were added to a solution of compound 3 (372 mg,
1 mmol) in anhydrous MeOH (10 mL) under Ar. The solution was stirred
at room temperature for 6 h and then chloroacetic anhydride (1.026 g,
6 mmol) was added. After 18 h at room temperature the solvent was
evaporated and the crude product chromatographed on silica gel (EtOAc)
to give 7 (315 mg, 74%).


M.p. 162 8C (decomp); [a]D�ÿ6 (c� 1 in chloroform); 1H NMR
(300 MHz, CDCl3): d� 7.88 (d, 1H, 3JNH,1� 8.2 Hz, NH), 6.06 (d, 1H,
3JNH,2� 8.2 Hz, NH), 5.14 (t, 1H, 3J� 9.8 Hz, H-4), 5.07 (t, 1H, 3J� 9.8 Hz,
H-3), 5.03 (dd, 1H, 3J1,2� 9.8 Hz, 3JNH,1� 8.2 Hz, H-1), 4.30 (dd, 1H, 2J6,6'�
12.5 Hz, 3J5,6� 4.2 Hz, H-6), 4.22 (dt, 1H, 3J� 9.8 Hz, 3JNH,2� 8.2 Hz, H-2),
4.09 (dd, 1H, 2J6,6'� 12.5 Hz, 3J5,6'� 2.3 Hz, H-6'), 4.04 (d, 1H, 2J� 15.1 Hz,
CHCl), 3.96 (d, 1 H, 2J� 15.1 Hz, CH'Cl), 3.78 (ddd, 1 H, 3J4,5� 9.8 Hz,
3J5,6� 4.2 Hz, 3J5,6'� 2.3 Hz, H-5), 2.09 (s, 3 H, CH3CO), 2.08 (s, 3H,
CH3CO), 2.04 (s, 3H, CH3CO), 1.96 (s, 3H, CH3CON); 13C NMR
(75.5 MHz, CDCl3): d� 172.0 ± 167.4 (5 C�O), 80.6 (C-1), 73.6, 72.7, 67.5
(C-3, 4, 5), 61.6 (C-6), 53.0 (C-2), 42.2 (CH2Cl), 23.0 (CH3CON), 20.7 ± 20.6
(3 CH3CO); IR (KBr): n� 3456, 3313, 1738, 1693, 1660, 1529, 1376, 1230,
1040 cmÿ1; MS (FAB): m/z� 423 for [M�1]; C16H23ClN2O9 (422.8): calcd C
45.45, H 5.48, found C 45.84, H 5.59 %.


2,3,4,6-Tetra-O-acetyl-N-chloroacetyl-a-dd--mannopyranosylamine (8 a):
This compound was prepared as described for 8 (Procedure B) with nBu3P
(5.12 mL, 20.5 mmol), chloroacetic anhydride (3.161 g, 18.5 mmol), com-
pound 4[25] (3.83 g, 10.3 mmol), and anhydrous CH2Cl2 (60 mL). The
mixture was worked up as described and the purification was performed
with column chromatography (ether), and 8 was isolated (3.5 g, 80%) as a
solid: m.p. 117 8C; [a]D��29 (c� 0.5 in chloroform); 1H NMR (300 MHz,
CDCl3): d� 7.30 (d, 1H, 3JNH,1� 8.4 Hz, NH), 5.63 (dd, 1H, 3JNH,1� 8.4 Hz,
3J1,2� 4.8 Hz, H-1), 5.27 (dd, 1H, 3J3,4� 6.2 Hz, 3J2,3� 2.2 Hz, H-3), 5.26 (dd,
1H, 3J1,2� 4.8 Hz, 3J2,3� 2.2 Hz, H-2), 5.14 (t, 1 H, 3J� 6.2 Hz, H-4), 4.43
(dd, 1H, 2J6,6'� 12.1 Hz, 3J5,6� 6.6 Hz, H-6), 4.23 (dd, 1H, 2J6,6'� 12.1 Hz,
3J5,6'� 4.0 Hz, H-6'), 4.10 (d, 1H, 2J� 15.4 Hz, CHCl), 4.06 (d, 1H, 2J�
15.4 Hz, CH'Cl), 4.02 (ddd, 1 H, J5,6� 6.6 Hz, J4,5� 6.2 Hz, J5,6'� 4.0 Hz,
H-5), 2.11 (s, 3 H, CH3CO), 2.09 (s, 9H, 3 CH3CO); 13C NMR (75.5 MHz,
CDCl3): d� 170.6 ± 166.4 (5C�O), 74.5 (C-1), 72.0 (C-5), 68.5, 67.8
(C-2, 3), 66.9 (C-4), 61.3 (C-6), 42.4 (CH2Cl), 20.7 (4CH3CO); IR (KBr):
n� 3454, 1749, 1684, 1547, 1374, 1227, 1056 cmÿ1; MS (FAB): m/z� 424 for
[M�1]; C16H22ClNO10 (423.8): calcd C 45.34, H 5.23, found C 45.28, H
5.36 %.


2,3,4,6-Tetra-O-acetyl-N-(S-acetylmercaptoacetyl)-b-dd--glucopyranosyla-
mine (9): nBu3P (0.94 mL, 3.75 mmol) was added dropwise to a solution of
the glycosyl azide 1 (1.0 g, 2.68 mmol) in anhydrous CH2Cl2 (20 mL) at
room temperature under Ar. Gas evolution ceased after 1 h; thereupon, the
reaction mixture was cooled to ÿ80 8C, and a solution of chloroacetic
anhydride (0.646 mg, 3.75 mmol) in anhydrous CH2Cl2 (15 mL) was added.
The reaction mixture was allowed to warm to room temperature and kept
overnight. Then AcSH (0.9 mL, 11.26 mmol) and Et3N (3 mL) were added.
After 2 h at room temperature CH2Cl2 (150 mL) was added and the organic
solution was washed with saturated aqueous NaHCO3 (2� 150 mL) and
H2O (2� 100 mL). The organic layer was dried (MgSO4), filtered and
evaporated, and the crude product chromatographed on silica gel (hexane/
EtOAc 3:2) to give 9 (1.1 g, 88 %) as a solid: m.p. 134 ± 135 8C; [a]D�ÿ12
(c� 1 in chloroform); 1H NMR (300 MHz, CDCl3): d� 6.95 (d, 1H,
3JNH,1� 9.5 Hz, NH), 5.29 (t, 1H, 3J� 9.5 Hz, H-3), 5.19 (t, 1H, 3J� 9.5 Hz,
H-1), 5.06 (t, 1 H, 3J� 9.5 Hz, H-4), 4.92 (t, 1 H, 3J� 9.5 Hz, H-2), 4.29 (dd,
1H, 2J6,6'� 12.5 Hz, 3J5,6� 4.4, H-6), 4.08 (dd, 1 H, 2J6,6'� 12.5 Hz, 3J5,6'�
2.1 Hz, H-6'), 3.81 (ddd, 1H, 3J4,5� 9.5 Hz, 3J5,6� 4.4 Hz, 3J5,6'� 2.1 Hz,
H-5), 3.57 (d, 1 H, 2J� 15.5 Hz, CHS), 3.49 (d, 1 H, 2J� 15.5 Hz, CH'S), 2.44
(s, 3H, CH3COS), 2.09 (s, 3 H, CH3CO), 2.03 (s, 3H, CH3CO), 2.01 (s, 3H,
CH3CO); 13C NMR (75.5 MHz, CDCl3): d� 195.1 (COS), 170.9 ± 168.4
(4 C�O), 78.3 (C-1), 73.7, 72.7, 70.3, 68.2 (C-2, 3, 4, 5), 61.7 (C-6), 32.8
(CH2S), 30.2 (CH3COS), 20.8 ± 20.6 (4CH3CO); IR (KBr): n� 3339, 1742,
1695, 1668, 1520, 1375, 1231, 1068, 1041 cmÿ1; MS (FAB): m/z� 464 for
[M�1]; C18H25NO11S (463.5): calcd C 46.65, H 5.44, found C 46.33, H
5.58 %.


2,3,4,6-Tetra-O-acetyl-N-(S-acetylmercaptoacetyl)-b-dd--galactopyranosyla-
mine (10): This compound was prepared as described for 9. nBu3P
(3.24 mL, 12.90 mmol) was added to a solution of compound 2 (4.0 g,
10.72 mmol) in anhydrous CH2Cl2 (40 mL). Chloroacetic anhydride (2.75 g,
12.86 mmol) was added in anhydrous CH2Cl2 (15 mL). Then AcSH
(3.05 mL, 42.88 mmol) and Et3N (6 mL) were added. After 2 h the mixture
was worked up and the product was purified by column chromatography
(hexane/ether 1:5), and gave 10 (4.107 g, 83 %) as a solid: m.p. 68 8C; [a]D�
ÿ7 (c� 1 in chloroform); 1H NMR (300 MHz, CDCl3): d� 6.96 (d, 1H,
3JNH,1� 9.0 Hz, NH), 5.38 (br d, 1 H, 3J3,4� 2.2 Hz, H-4), 5.14 (t, 1H, 3J� 9.0,
H-1), 5.05 (m, 2H, H-2, 3), 4.13 ± 3.95 (m, 3H, H-5, 6, 6'), 3.55 (d, 1 H, 2J�
15.6 Hz, CHS), 3.45 (d, 1H, 2J� 15.6 Hz, CH'S), 2.40 (s, 3H, CH3COS),
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2.11 (s, 3H, CH3CO), 2.00 (s, 3H, CH3CO), 1.99 (s, 3H, CH3CO), 1.93 (s,
3H, CH3CO); 13C NMR (75.5 MHz, CDCl3): d� 195.0 (COS), 170.9 ± 168.2
(5 C�O), 78.4 (C-1), 72.3 (C-5), 70.6, 67.7 (C-2, 3), 67.0 (C-4), 61.1 (C-6),
32.6 (CH2S), 30.1 (CH3COS), 20.5 ± 20.4 (4 CH3CO); IR (KBr): n� 3366,
1749, 1697, 1532, 1369, 1226, 1084, 1052 cmÿ1; MS (FAB): m/z� 464 for
[M�1]; C18H25NO11S (463.5): calcd C 46.65, H 5.44, found C 46.44, H
5.27 %.


2-Acetamido-3,4,6-tri-O-acetyl-N-(S-acetylmercaptoacetyl)-2-deoxy-b-dd--
glucopyranosylamine (11): This compound was prepared following a
protocol similar to that described for the preparation of 9. nBu3P
(1.6 mL, 6.45 mmol) was added to a solution of 3 (2.0 g, 5.38 mmol) in
anhydrous CH2Cl2 (25 mL). A solution of chloroacetic anhydride (1.38 g,
8.064 mmol) and Et3N (0.5 mL) in anhydrous CH2Cl2 (15 mL) was added.
After addition of AcSH (1.72 mL, 24.2 mmol) and Et3N (3 mL) the
reaction was left for 18 h. The mixture was worked up and the product was
purified by column chromatography (EtOAc) to give 11 (927 mg, 37 %) as a
solid: m.p. 172 8C (decomp); [a]D�ÿ7 (c� 1 in chloroform); 1H NMR
(300 MHz, CDCl3): d� 7.47 (d, 1 H, 3JNH,1� 8.4 Hz, NH), 6.16 (br s, 1H,
NH), 5.1 (m, 3H, H-1, 3, 4), 4.29 (dd, 1H, 2J6,6'� 12.5 Hz, 3J5,6� 4.1 Hz,
H-6), 4.15 (m, 1H, H-2), 4.09 (dd, 1 H, 2J6,6'� 12.5 Hz, 3J5,6'� 2.0 Hz, H-6'),
3.80 (ddd, 1 H, 3J4,5� 9.7 Hz, 3J5,6� 4.1 Hz, 3J5,6'� 2.0 Hz, H-5), 3.60 (d, 1H,
2J� 16.0 Hz, CHS), 3.52 (d, 1H, 2J� 16.0 Hz, CH'S), 2.45 (s, 3H, CH3COS),
2.09 (s, 3 H, CH3CO), 2.05 (s, 3 H, CH3CO), 2.04 (s, 3 H, CH3CO), 1.93 (s,
3H, CH3CON); 13C NMR (75.5 MHz, CDCl3): d� 171.8 ± 168.8 (5 C�O),
80.3 (C-1), 73.7, 72.9, 67.9 (C-3, 4, 5), 61.8 (C-6), 52.9 (C-2), 32.8
(CH2S), 30.4 (CH3COS), 22.9 (CH3CN), 20.8 ± 20.6 (3 CH3CO); IR
(KBr): n� 3309, 1749, 1662, 1535, 1375, 1242, 1047 cmÿ1; MS (FAB):
m/z� 463 for [M�1]; C18H26N2O10S (462.5): calcd C 46.75, H 5.67, found
C 46.69, H 5.58 %.


2,3,4,6-Tetra-O-acetyl-N-(isothiouronium acetyl)-b-dd--glucopyranosyla-
mine hydrochloride (12): To a solution of 5 (2.33 g, 5.50 mmol) in dry
acetone (30 mL) was added thiourea (627 mg, 8.25 mmol). The reaction
mixture was stirred at room temperature for 72 h. The solution was
concentrated to approximately 10 mL under reduced pressure without
heating. The precipitated product was filtered off and 12 was isolated as a
solid (2.26 g, 82%): m.p. 153 8C (decomp); [a]D��6 (c� 0.25 in meth-
anol); 1H NMR (300 MHz, (CD3)2SO): d� 9.44 (m, 4 H, 2 NH2), 9.40 (d,
1H, 3JNH,1� 9.6 Hz, NH), 5.51 (t, 1H, 3J� 9.6 Hz, H-1), 5.46 (t, 1 H, 3J�
9.6 Hz, H-3), 5.00 (t, 1H, 3J� 9.6 Hz, H-4), 4.93 (t, 1 H, 3J� 9.6 Hz, H-2),
4.25 (dd, 1 H, 2J6,6'� 12.0 Hz, 3J5,6� 4.7 Hz, H-6), 4.22 (m, 1 H, H-5), 4.21 (d,
1H, 2J� 15.6 Hz, CHS), 4.14 (d, 1 H, 2J� 15.6 Hz, CH'S), 4.06 (dd, 1H,
2J6,6'� 12.0 Hz, 3J5,6'� 3.3 Hz, H-6'), 2.10 (s, 3 H, CH3CO), 2.08 (s, 3H,
CH3CO), 2.05 (s, 3H, CH3CO), 2.02 (s, 3 H, CH3CO); 13C NMR (75.5 MHz,
(CD3)2SO): d� 170.0 ± 169.0 (5 C�O), 167.3 (C�N), 77.1 (C-1), 72.7 (C-3),
72.2 (C-5), 70.5 (C-2), 67.7 (C-4), 61.7 (C-6), 33.7 (CH2S), 20.6 ± 20.3 (4
CH3CO); IR (KBr): n� 3330, 3069, 1742, 1660, 1584, 1433, 1366, 1262,
1047 cmÿ1; HRMS (FAB): calcd for C17H26N3O10SCl 464.1339, found
464.1337 for [MÿCl]� .


2,3,4,6-Tetra-O-acetyl-N-(isothiouronium acetyl)-b-dd--galactopyranosyla-
mine hydrochloride (13): To a solution of 6 (1.46 g, 3.46 mmol) in dry
acetone (10 mL) was added thiourea (262 mg, 3.456 mmol). The reaction
mixture was stirred at room temperature for 120 h and then the
precipitated product was filtered off, dissolved in H2O (10 mL) and
concentrated to dryness by lyophilization. Dry acetone (5 mL) was added
to the resulting solid; this gave a precipitate that was filtered off, and 13 was
isolated (1.295 g, 75 %) as a solid: m.p. 134 8C; [a]D��37 (c� 0.5 in
methanol); 1H NMR (300 MHz, (CD3)2SO): d� 9.44 (d, 1H, 3JNH,1�
9.3 Hz, NH), 9.42 (br s, 4 H, 2 NH2), 5.46 (t, 1 H, 3J� 9.3 Hz, H-1), 5.40
(dd, 1 H, 3J2,3� 9.3 Hz, 3J3,4� 3.5 Hz, H-3), 5.38 (br s, 1H, H-4), 5.13 (t, 1H,
3J� 9.3 Hz, H-2), 4.44 (br t, 1 H, H-5), 4.14 (dd, 1 H, 2J6,6'� 11.2 Hz, 3J5,6�
6.1 Hz, H-6), 4.12 (br s, 2H, CH2S), 4.07 (dd, 1H, 2J6,6'� 11.2 Hz, 3J5,6'�
6.7 Hz, H-6'), 2.20 (s, 3H, CH3CO), 2.09 (s, 3 H, CH3CO), 2.08 (s, 3H,
CH3CO), 2.01 (s, 3 H, CH3CO); 13C NMR (75.5 MHz, (CD3)2SO): d�
169.7 ± 169.1 (5 C�O), 167.3 (C�N), 77.4 (C-1), 71.5 (C-5), 70.6 (C-3 or 4),
68.1 (C-2), 67.5 (C-4 or 3), 61.3 (C-6), 33.5 (CH2S), 20.3 ± 20.2 (4 CH3CO);
IR (KBr): n� 3335, 1748, 1653, 1542, 1371, 1231, 1052 cmÿ1; HRMS (FAB):
calcd for C17H26N3O10SCl 464.1339, found 464.1330 for [MÿCl]� .


2-Acetamido-3,4,6-tri-O-acetyl-N-(isothiouronium acetyl)-2-deoxy-b-dd--
glucopyranosylamine hydrochloride (14): To a solution of 7 (1.58 g,
3.74 mmol) in dry acetone (30 mL) and dry CH2Cl2 (30 mL) was added
thiourea (426 mg, 5.61 mmol). The reaction mixture was stirred at room


temperature for 7 d, and then CH2Cl2 (15 mL) was added. Filtration of the
resulting precipitate gave 14 (1.46, 78%) as a solid: m.p. 149 8C (decomp);
[a]D��20 (c� 0.25 in methanol); 1H NMR (300 MHz, (CD3)2SO): d�
9.45 (br s, 4H, 2 NH2), 9.24 (d, 1 H, 3JNH,1� 9.1 Hz, NH), 8.11 (d, 1H,
3JNH,2� 8.8 Hz, NH), 5.29 (t, 1H, 3J� 9.4 Hz, H-1), 5.24 (t, 1H, 3J� 9.7 Hz,
H-3), 4.92 (t, 1H, 3J� 9.7 Hz, H-4), 4.27 (dd, 1H, 2J6,6'� 12.2 Hz, 3J5,6�
4.2 Hz, H-6), 4.13 (br s, 2 H, CH2S), 4.09 (dd, 1 H, 2J6,6'� 12.2 Hz, 3J5,6'�
2.2 Hz, H-6'), 3.95 (m, 2H, H-5, 2), 2.09 (s, 3H, CH3CO), 2.05 (s, 3H,
CH3CO), 2.00 (s, 3 H, CH3CO), 1.84 (s, 3H, CH3CN); 13C NMR (75.5 MHz,
(CD3)2SO): d� 170.0 ± 169.3 (5 C�O), 167.5 (C�N), 78.2 (C-1), 73.0 (C-3),
72.4 (C-5), 68.3 (C-4), 61.7 (C-6), 52.2 (C-2), 33.6 (CH2S), 22.7 (CH3CON),
20.6 ± 20.4 (3CH3CO); IR(KBr): n� 3228, 1751.2, 1662, 1535, 1369, 1218,
1049 cmÿ1; HRMS (FAB): calcd for C17H27N4O9S (without Cl) 463.1499,
found 463.1498 for [MÿCl]� .


2,3,4,6-Tetra-O-acetyl-N-(isothiouronium acetyl)-a-dd--mannopyranosyla-
mine hydrochloride (15): To a solution of 8 (2.57 g, 6.0 mmol) in dry
acetone (30 mL) was added thiourea (786 mg, 10.35 mmol). The reaction
mixture was stirred at room temperature for 72 h. The solution was
concentrated to approximately 10 mL under reduced pressure without
heating. Filtration of the resulting precipitate gave 15 (2.057 g, 80 %) as a
solid: m.p. 159 8C (decomp); [a]D��54 (c� 0.5 in methanol); 1H NMR
(300 MHz, (CD3)2SO): d� 9.96 (d, 1H, 3JNH,1� 9.1 Hz, NH), 9.40 (br s, 4H,
2NH2), 5.65 (dd, 1 H, 3J3,4� 9.7 Hz, 3J2,3� 3.6 Hz, H-3), 5.56 (dd, 1H,
3JNH,1� 9.1 Hz, 3J1,2� 1.7 Hz, H-1), 5.20 (t, 1H, 3J� 9.7 Hz, H-4), 5.18 (dd,
1H, 3J2,3� 3.6 Hz, 3J1,2� 1.7 Hz, H-2), 4.33 (d, 1H, 2J� 16.4 Hz, CHS), 4.27
(d, 1 H, 2J� 16.4 Hz, CH'S), 4.25 (dd, 1H, 2J6,6'� 12.0 Hz, 3J5,6� 4.5 Hz,
H-6), 4.16 (m, 1H, H-5), 4.08 (dd, 1 H, 2J6,6'� 12.0 Hz, 3J5,6'� 2.2 Hz, H-6'),
2.21 (s, 3 H, CH3CO), 2.12 (s, 3H, CH3CO), 2.10 (s, 3H, CH3CO), 2.04 (s,
3H, CH3CO); 13C NMR (75.5 MHz, (CD3)2SO): d� 170.1 ± 169.4 (5 C�O),
167.0 (C�N), 75.7 (C-1), 69.3 (C-5), 69.0 (C-3), 68.3 (C-2), 65.8 (C-4), 61.8
(C-6), 33.7 (CH2S), 20.7 ± 20.4 (4 CH3CO); IR (KBr): n� 3370, 1755, 1744,
1656, 1551, 1367, 1258, 1224, 1051 cmÿ1; MS (ES): m/z� 486 for [Mÿ
HCl�Na]� , 464 for [MÿCl]; C17H26ClN3O10S (499.9): calcd C 40.84, H
5.24, found C 41.18, H 5.60 %.


General procedure for the synthesis of N-GlycoCDs 18 ± 25 : A mixture of
16[29b] (0.84 mmol for reactions with 12, 13, and 15, 1.01 mmol for reaction
with 14) or 17[18] (0.84 mmol for reaction with 12, 1.26 mmol for reactions
with 13 ± 15), Cs2CO3 (2.5 ± 3.0 equiv) and the N-glycoside derivative 12 ±
15 (2 equiv) in anhydrous DMF (8 ± 10 mL) was kept under Ar for 7 d at
room temperature. After this time, Ac2O (12 mL), pyridine (8 mL) and
DMAP (catalytic amount) were added and the reaction mixture was stirred
for 48 h at 40 8C. Then the precipitated material was filtered and the filtrate
was poured over ice/H2O. Aqueous HCl (5 %, 100 mL) was added and the
aqueous layer extracted with Cl2CH2 (2� 100 mL). The combined organic
phases were washed successively with aqueous HCl (5%, 100 mL),
saturated aqueous NaHCO3 (2� 150 mL) and H2O (2� 100 mL). The
organic solution was dried (Na2SO4), filtered, evaporated, and gave a
residue that was subjected to column chromatography.


Heptakis{2,3-di-O-acetyl-6-S-[N-(2,3,4,6-tetra-O-acetyl-b-dd--glucopyrano-
syl)aminocarbonylmethyl]-6-thio}cyclomaltoheptaose (18): Column chro-
matography (EtOAc to EtOAc/MeOH 30:1) gave 18 (535 mg, 98 %) as a
solid. The isolated solid was dissolved in CH2Cl2 (2 mL) and ether (30 mL)
was added. The resulting precipitate was filtered and compound 18 was
obtained (503 mg, 92 %): m.p. 155 8C; [a]D��54 (c� 0.5 in chloroform);
1H NMR (300 MHz, Cl3CD): d� 7.81 (d, 7 H, 3JNH,1� 9.3 Hz, NH), 5.36 (t,
7H, 3J� 9.3 Hz, H-3'), 5.34 (t, 7H, 3J� 9.3 Hz, H-1'), 5.27 (br dd, 7 H, 3J2,3�
9.7 Hz, 3J3,4� 8.6 Hz, H-3), 5.12 (t, 7H, 3J� 9.3 Hz, H-4'), 5.08 (d, 7H,
3J1,2� 3.7 Hz, H-1), 5.06 (t, 7H, 3J� 9.3 Hz, H-2'), 4.81 (dd, 7 H, 3J2,3�
9.7 Hz, 3J1,2� 3.7 Hz, H-2), 4.36 (dd, 7 H, 3J6',6'� 12.5, 3J5',6'� 4.0 Hz, H-6'),
4.15 (m, 7 H, H-5), 4.09 (m, 7H, H-6'), 3.95 (m, 7H, H-5'), 3.71 (t, 7 H, 3J�
8.6 Hz, H-4), 3.41 (br s, 14H, CH2S), 3.20 (br d, 7H, 3J6,6� 13.5 Hz, H-6),
3.00 (dd, 7H, 3J6,6� 13.5 Hz, 3J5,6� 6.4 Hz, H-6), 2.08 (s, 63 H, 21 CH3CO),
2.05 (s, 21H, 7CH3CO), 2.03 (s, 21H, 7 CH3CO), 2.02 (s, 21 H, 7 CH3CO);
13C NMR (75.5 MHz, Cl3CD): d� 170.7 ± 169.6 (7 peaks, CO), 96.8 (C-1),
79.7 (C-4), 78.3 (C-1'), 73.7 (C-5'), 73.1(C-3'), 71.8 (C-5), 70.7 (C-2', 3), 70.4
(C-2), 68.2 (C-4'), 61.9 (C-6'), 37.6 (CH2S), 34.9 (C-6), 20.8 ± 20.6 (6 peaks,
CH3CO); IR (KBr): n� 3460, 2940, 1752, 1684, 1532, 1522, 1372, 1230,
1042 cmÿ1; MS (FAB): m/z� 4568 for [M�Naÿ 2H]� , calcd for
C182H245N7O112S7 (4547).


Heptakis{2,3-di-O-acetyl-6-S-[N-(2,3,4,6-tetra-O-acetyl-b-dd--galactopyra-
nosyl)aminocarbonylmethyl]-6-thio}cyclomaltoheptaose (19): Column
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chromatography (EtOAc to EtOAc/MeOH 30:1) gave 19 (530 mg, 97%) as
a solid. The isolated solid was dissolved in CH2Cl2 (2 mL) and ether
(30 mL) was added. The resulting precipitate was filtered and afforded 19
(514 mg, 94%): m.p. 163 8C (decomp); [a]D��63 (c� 0.5 in chloroform);
1H NMR (300 MHz, Cl3CD): d� 7.54 (d, 7H, 3JNH,1� 9.3 Hz, NH), 5.52 (d,
7H, 3J3,4� 3.3 Hz, H-4'), 5.41 (t, 7 H, 3J� 9.3 Hz, H-1'), 5.35 (br t, 7H, H-3),
5.30 (dd, 7H, 3J2',3'� 9.8 Hz, 3J3',4'� 3.3 Hz, H-3'), 5.22 (dd, 7 H, 3J2',3'�
9.8 Hz, 3J1',2'� 9.3 Hz, H-2'), 5.13 (d, 7H, 3J1,2� 3.6 Hz, H-1), 4.85 (dd,
7H, 3J2,3� 9.9 Hz, 3J1,2� 3.6 Hz, H-2), 4.21 (m, 28H, H-5, 5', 6', 6'), 3.82 (t,
7H, 3J3,4� 8.8 Hz, H-4), 3.48 (d, 7 H, 3J� 16.1 Hz, CHS), 3.41 (d, 7 H, 3J�
16.1 Hz, CHS), 3.28 (br d, 7H, 3J6,6� 14.2 Hz, H-6), 3.10 (dd, 7 H, 3J6,6�
14.2 Hz, 3J5,6� 6.0 Hz, H-6), 2.22 (s, 21 H, 7 CH3CO), 2.12 (s, 42H, 14
CH3CO), 2.10 (s, 42H, 14 CH3CO), 2.03 (s, 21H, 7 CH3CO); 13C NMR
(75.5 MHz, Cl3CD): d� 170.8 ± 169.8 (7 peaks, CO), 96.6 (C-1), 79.0 (C-4),
78.7 (C-1'), 72.6 (C-5'), 71.5 (C-5), 71.1 (C-3'), 70.8 (C-3), 70.7 (C-2), 68.7
(C-2'), 67.3 (C-4'), 60.9 (C-6'), 37.3 (CH2S), 34.8 (C-6), 20.9 ± 20.6 (6 peaks,
CH3CO); IR (KBr): n� 3611, 3356, 2935, 1750, 1694.9, 1539, 1423, 1371,
1224, 1044 cmÿ1; MS (FAB): m/z� 4570 for [M�Na]� , calcd for
C182H245N7O112S7 (4547).


Heptakis{2,3-di-O-acetyl-6-S-[N-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-
b-dd--glucopyranosyl)aminocarbonylmethyl]-6-thio}cyclomaltoheptaose (20):
Column chromatography (EtOAc to EtOAc/MeOH 20:1) gave 20 (644 mg,
98%) as a solid. The isolated solid was dissolved in CH2Cl2 (2 mL) and
ether (30 mL) was added. The resulting precipitate was filtered and
afforded 20 (624 mg, 95%): m.p. 181 8C (decomp); [a]D��62 (c� 0.5 in
chloroform); 1H NMR (300 MHz, (CD3)2SO, 373 K): d� 8.5 (br s, 7H,
NH ± C-1'), 7.74 (br s, 7H, NH ± C-2'), 5.36 (t, 7 H, 3J� 9.9 Hz, H-1'), 5.31 (t,
7H, 3J� 9.8 Hz, H-3), 5.29 (t, 7 H, 3J� 9.7 Hz, H-3'), 5.17 (d, 7H, 3J1,2�
3.4 Hz, H-1), 4.98 (t, 7H, 3J� 9.7 Hz, H-4'), 4.86 (dd, 7 H, 3J2,3� 9.8 Hz,
3J1,2� 3.4 Hz, H-2), 4.29 (dd, 7H, 3J6',6'� 12.5 Hz, 3J5',6'� 4.6 Hz, H-6'), 4.24
(m, 7H, H-5), 4.00 (m, 14H, H-2', 6'), 3.98 (t, 7H, 3J� 9.8 Hz, H-4), 3.95 (m,
7H, H-5'), 3.52 (d, 7 H, 2J� 15.2 Hz, CHS), 3.43 (d, 7H, 2J� 15.2 Hz, CHS),
3.20 (m, 14 H, H-6, 6), 2.12 (s, 21H, 7 CH3CO), 2.10 (s, 42H, 14 CH3CO),
2.07 (s, 21H, 7 CH3CO), 2.04 (s, 21H, 7 CH3CO), 1.93 (s, 14H, 7 CH3CON);
13C NMR (75.5 MHz, (CD3)2SO, 353 K): d� 169.6 ± 168.7 (5 peaks, CO),
96.2 (C-1), 78.3 (C-1', 4), 73.0 (C-3'), 72.3 (C-5'), 71.2 (C-5), 70.0, 69.8 (C-2,
3), 68.6 (C-4'), 61.7 (C-6'), 52.1 (C-2'), 36.5 (CH2S), 33.7 (C-6), 22.1
(CH3CN), 20.0 ± 19.8 (4 peaks, CH3CO); IR (KBr): n� 3474, 3067, 2928,
1743, 1663, 1540, 1370, 1039 cmÿ1; MS (FAB): m/z� 4563 for [M�Na]� ,
calcd for C182H252N14O105S7 (4540).


Heptakis{2,3-di-O-acetyl-6-S-[N-(2,3,4,6-tetra-O-acetyl-a-dd--mannopyra-
nosyl)aminocarbonylmethyl]-6-thio}cyclomaltoheptaose (21): Column
chromatography (EtOAc to EtOAc/MeOH 30:1) gave 21 (533 mg, 97%)
as a solid. The isolated solid was dissolved in CH2Cl2 (2 mL) and ether
(30 mL) was added. The resulting precipitate was filtered and afforded 21
(475 mg, 87 %): m.p. 146 8C (decomp); [a]D��106 (c� 0.5 in chloroform);
1H NMR (300 MHz, (CD3)2SO, 373 K): d� 8.93 (d, 7 H, 3JNH,1'� 8.5 Hz,
NH ± C-1'), 5.61 (m, 14 H, H-1', 3'), 5.33 (t, 7H, 3J� 9.6 Hz, H-3), 5.23 (br d,
7H, 3J2',3'� 3.4 Hz, H-2'), 5.20 (t, 7H, 3J� 9.0 Hz, H-4'), 5.20 (d, 7 H, 3J1,2�
3.6 Hz, H-1), 4.83 (dd, 7H, 3J2,3� 9.6 Hz, 3J1,2� 3.6 Hz, H-2), 4.27 (dd, 7H,
2J6',6'� 12.1 Hz, 3J5',6'� 4.9 Hz, H-6'), 4.27 (m, 7H, H-5), 4.17 (dd, 7H,
2J6',6'� 12.1 Hz, 3J5',6'� 3.0 Hz, H-6'), 4.12 (m, 7H, H-5'), 4.06 (t, 7H, 3J�
9.6 Hz, H-4), 3.55 (d, 7H, 2J� 14.1 Hz, CHS), 3.47 (d, 7H, 2J� 14.1 Hz,
CHS), 3.32 (dd, 7H, 2J6,6� 14.7 Hz, 3J5,6� 3.0 Hz, H-6), 3.21 (dd, 7H, 2J6,6�
14.7 Hz, 3J5,6� 5.3 Hz, H-6), 2.19 (s, 21H, 7CH3CO), 2.13 (s, 21 H,
7CH3CO), 2.12 (s, 21H, 7 CH3CO), 2.11 (s, 21 H, 7CH3CO), 2.10 (s, 21H,
7CH3CO), 2.05 (s, 21H, 7CH3CO); 13C NMR (75.5 MHz, (CD3)2SO,
353 K): d� 169.4 ± 168.7 (7 peaks, CO), 96.3 (C-1), 78.0 (C-4), 75.4 (C-1'),
71.2 (C-5), 70.0, 69.9 (C-2, 3), 69.0 (C-5', C-2', or 4'), 68.1 (C-3'), 66.2 (C-4' or
2'), 61.7 (C-6'), 36.2 (CH2S), 33.6 (C-6), 20.0 ± 19.7 (6 peaks, CH3CO); IR
(KBr): n� 3457, 2940, 1750, 1654, 1540, 1431, 1371, 1229, 1050 cmÿ1; MS
(FAB): m/z� 4570 for [M�Na]� , calcd for C182H245N7O112S7 (4547).


Heptakis{2,3-di-O-acetyl-6-amino-N-[S-(N-(2,3,4,6-tetra-O-acetyl-b-dd--
glucopyranosyl)aminocarbonylmethyl)-mercaptoacetyl]-6-deoxy}cyclomal-
toheptaose (22): Column chromatography (EtOAc to EtOAc/MeOH 20:1)
gave 22 (496 mg, 80%) as a solid. The isolated solid was dissolved in
CH2Cl2 (2 mL), and ether (30 mL) was added. The resulting precipitate was
filtered and afforded 22 (439 mg, 71%): m.p. 149 8C; [a]D��22 (c� 0.5 in
chloroform); 1H NMR (300 MHz, (CD3)2SO, 353 K): d� 8.66 (d, 7H,
3JNH,1'� 9.5 Hz, NH ± C-1'), 7.80 (br s, 7 H, NH ± C-6), 5.34 (t, 7H, 3J�
9.5 Hz, H-1'), 5.30 (t, 7H, 3J� 9.5 Hz, H-3'), 5.20 (t, 7H, 3J� 9.4 Hz,


H-3), 5.13 (d, 7H, 3J1,2� 3.0 Hz, H-1), 4.92 (t, 7 H, 3J� 9.5 Hz, H-4'), 4.89 (t,
7H, 3J� 9.5 Hz, H-2'), 4.81 (dd, 7H, 3J2,3� 9.4 Hz, 3J1,2� 3.0 Hz, H-2), 4.16
(dd, 7H, 2J6',6'� 13.1 Hz, 3J5',6'� 5.2 Hz, H-6'), 4.03 (m, 21 H, H-5, 5', 6'), 3.77
(m, 14H, H-4, 6), 3.49 (m, 7 H, H-6), 3.37 (d, 7 H, 2J� 14.3 Hz, CHS), 3.28
(d, 7H, 2J� 14.3 Hz, CHS), 3.28 (d, 7 H, 2J� 12.6 Hz, CHS), 3.23 (d, 7H,
2J� 12.6 Hz, CHS), 2.11 (s, 21H, 7 CH3CO), 2.10 (s, 21H, 7 CH3CO), 2.08
(s, 21H, 7CH3CO), 2.06 (s, 21H, 7CH3CO), 2.03 (s, 21H, 7CH3CO), 2.01 (s,
21H, 7CH3CO); 13C NMR (75.5 MHz, (CD3)2SO, 353 K): d� 169.4 ± 168.7
(7 peaks, CO), 96.1 (C-1), 77.1 (C-1'), 76.7 (C-4), 72.7 (C-3'), 72.2 (C-5'),
70.4 (C-2'), 70.1, 69.8, 69.5 (C-2, 3, 5), 68.0 (C-4'), 61.5 (C-6'), 39.1 (C-6),
34.8 (CH2S), 34.6 (CH2S), 20.1 ± 19.7 (6 peaks, CH3CO); IR (KBr): n�
3470, 2941, 1752, 1663, 1545, 1370, 1229, 1043 cmÿ1; MS (FAB): m/z� 4968
for [M�Naÿ 1]� , calcd for C196H266N14O119S7 (4946).


Heptakis{2,3-di-O-acetyl-6-amino-N-[S-(N-(2,3,4,6-tetra-O-acetyl-b-dd--gal-
actopyranosyl)aminocarbonylmethyl)mercaptoacetyl]-6-deoxy}cyclomal-
toheptaose (23): Column chromatography (EtOAc to EtOAc/MeOH 40:1)
gave 23 (838 mg, 90%) as a solid. The isolated solid was dissolved in
CH2Cl2 (2 mL) and ether (30 mL) was added. The resulting precipitate was
filtered and afforded 23 (757 mg, 81%): m.p. 151 8C (decomp); [a]D��35
(c� 0.5 in chloroform); 1H NMR (300 MHz, (CD3)2SO, 353 K): d� 8.69 (d,
7H, 3JNH,1'� 9.3 Hz, NH-C-1'), 7.79 (br s, 7H, NH ± C-6), 5.42 (t, 7 H, 3J�
9.3 Hz, H-1'), 5.41 (d, 7 H, 3J3,4� 3.4 Hz, H-4'), 5.35 (dd, 7 H, 3J2',3'� 9.6 Hz,
3J3',4'� 3.4 Hz, H-3'), 5.30 (t, 7H, 3J� 9.6 Hz, H-3), 5.24 (d, 7H, 3J1,2�
3.4 Hz, H-1), 5.15 (t, 7H, 3J� 9.6 Hz, H-2'), 4.91 (dd, 7 H, 3J2,3� 9.6 Hz,
3J1,2� 3.4 Hz, H-2), 4.36 (br t, 7H, 3J� 6.3 Hz, H-5'), 4.15 (dd, 7 H, 2J6',6'�
11.2 Hz, 3J5',6'� 6.3 Hz, H-6'), 4.13 (m, 7 H, H-5), 4.10 (dd, 7H, 2J6',6'�
11.2 Hz, 3J5',6'� 6.3 Hz, H-6'), 3.88 (m, 14H, H-4, 6), 3.59 (m, 7 H, H-6),
3.47 (d, 7H, 2J� 14.3 Hz, CHS), 3.38 (d, 7H, 2J� 14.3 Hz, CHS), 3.38 (d,
7H, 2J� 14.1 Hz, CHS), 3.32 (d, 7H, 2J� 14.1 Hz, CHS), 2.20 (s, 21H,
7CH3CO), 2.12 (s, 21H, 7 CH3CO), 2.09 (s, 21 H, 7CH3CO), 2.08 (s, 21H,
7CH3CO), 2.07 (s, 21H, 7 CH3CO), 2.01 (s, 21H, 7CH3CO); 13C NMR
(75.5 MHz, (CD3)2SO, 353 K): d� 169.4 ± 168.7 (6 peaks, CO), 96.1 (C-1),
77.3 (C-1'), 76.6 (C-4), 71.3 (C-5'), 70.6 (C-3'), 70.1 (C-3), 69.8 (C-5), 69.5 (C-
2), 68.1 (C-2'), 67.4 (C-4'), 60.9 (C-6'), 39.1 (C-6), 34.8 (CH2S), 34.5 (CH2S),
20.0 ± 19.7 (6 peaks, CH3CO); IR (KBr): n� 3470, 3067, 2938, 1749, 1664,
1542, 1372, 1230, 1050 cmÿ1, MS (FAB): m/z� 4969 for [M�Na]� , calcd for
C196H266N14O119S7 (4946).


Heptakis{2,3-di-O-acetyl-6-amino-N-[S-(N-(2-acetamido-3,4,6-tri-O-ace-
tyl-2-deoxy-b-dd--glucopyranosyl)aminocarbonylmethyl)mercaptoacetyl]-6-
deoxy}cyclomaltoheptaose (24): Column chromatography (EtOAc/MeOH
20:1 to 5:1) gave 24 (847 mg, 91 %) as a solid. The isolated solid was
dissolved in CH2Cl2 (2 mL) and ether (30 mL) was added. The resulting
precipitate was filtered and afforded 24 (782 mg, 84 %): m.p. 179 8C
(decomp); [a]D��55 (c� 0.5 in chloroform); 1H NMR (300 MHz,
(CD3)2SO, 353 K): d� 8.45 (dd, 7 H, 3JNH,1� 8.8 Hz, NH ± C-1'), 7.80 (m,
14H, 2 NH ± C-2', 6), 5.29 (m, 28 H, H-1', 1, 3', 3), 4.95 (t, 7H, 3J� 9.4 Hz,
H-4'), 4.90 (dd, 7H, 3J2,3� 8.5 Hz, 3J1,2� 3.6 Hz, H-2), 4.27 (dd, 7H, 3J6',6'�
12.2 Hz, 3J5',6'� 4.4 Hz, H-6'), 4.13 (m, 7H, H-5), 4.11 (dd, 7H, 3J6',6'�
12.2 Hz, 3J5',6'� 3.3 Hz, H-6'), 4.05 (br dd, 7H, H-2'), 3.92 (m, 7 H, H-5'),
3.90 (m, 14 H, H-4, 6), 3.60 (br d, 7H, 3J5,6'� 12.4 Hz, H-6), 3.45 (d, 7 H, 2J�
14.0 Hz, CHS), 3.42 (d, 7H, 2J� 14.5 Hz, CHS), 3.37 (d, 7H, 2J� 14.0 Hz,
CHS), 3.35 (d, 7 H, 2J� 14.5 Hz, CHS), 2.11 (s, 42H, 14CH3CO), 2.10 (s,
21H, 7CH3CO), 2.07 (s, 21 H, 7 CH3CO), 2.02 (s, 21H, 7 CH3CO), 1.88 (s,
21H, 7CH3CN); 13C NMR (75.5 MHz, (CD3)2SO, 353 K): d� 169.4 ± 168.7
(4 peaks, CO), 96.1 (C-1), 78.2 (C-1'), 76.6 (C-4), 73.0 (C-3'), 72.3 (C-5'),
70.1 (C-3), 69.8 (C-5), 69.5 (C-2), 68.6 (C-4'), 61.7 (C-6'), 52.1 (C-2'), 39.1
(C-6), 34.7 (2�CH2S), 22.1 (CH3CN), 20.1 ± 19.8 (3 peaks, CH3CO); IR
(KBr): n� 3412, 3070, 2938, 1750, 1663, 1545, 1371, 1243, 1046 cmÿ1; MS
(FAB): m/z 4961 for [M�Naÿ 1]� , calcd for C196H273N21O112S7 (4939).


Heptakis{2,3-di-O-acetyl-6-amino-N-[S-(N-(2,3,4,6-tetra-O-acetyl-a-dd--
mannopyranosyl)aminocarbonylmethyl)mercaptoacetyl]-6-deoxy}cyclomal-
toheptaose (25): Column chromatography (EtOAc to EtOAc/MeOH 20:1)
gave 25 (829 mg, 89%) as a solid. The isolated solid was dissolved in
CH2Cl2 (2 mL) and ether (30 mL) was added. The resulting precipitate was
filtered and afforded 25 (745 mg, 80%): m.p. 154 8C (decomp); [a]D��72
(c� 0.5 in chloroform); 1H NMR (300 MHz, (CD3)2SO, 353 K): d� 9.15 (d,
7H, 3JNH,1'� 9.0 Hz, NH ± C-1'), 7.80 (br s, 7H, NH ± C-6), 5.61 (dd, 7H,
3J3',4'� 9.4 Hz, 3J2',3'� 3.3 Hz, H-3'), 5.58 (dd, 7 H, 3JNH,1'� 9.0 Hz, 3J1',2'�
2.0 Hz, H-1'), 5.30 (t, 7 H, 3J� 9.7 Hz, H-3), 5.22 (br d, 7H, 3J2',3'� 3.3 Hz,
3J1',2'� 2.0, H-2'), 5.19 (d, 7H, 3J1,2� 3.3 Hz, H-1), 5.18 (t, 7H, 3J� 9.4 Hz,
H-4'), 4.90 (dd, 7 H, 3J2,3� 9.7 Hz, 3J1,2� 3.3 Hz, H-2), 4.25 (dd, 7 H,
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2J6',6'� 12.0 Hz, 3J5',6'� 5.0 Hz, H-6'), 4.16 (dd, 7H, 2J6',6'� 12.0 Hz, 3J5',6''�
3.0 Hz, H-6'), 4.13 (m, 7 H, H-5), 4.10 (m, 7 H, H-5'), 3.88 (m, 14H, H-4, 6),
3.62 (br d, 7 H, 2J6,6� 12.0 Hz, H-6), 3.52 (d, 7H, 2J� 14.4 Hz, CHS), 3.45
(br s, 14H, CH2S), 3.42 (d, 7H, 2J� 14.4 Hz, CHS), 2.20 (s, 21H, 7 CH3CO),
2.12 (s, 21H, 7CH3CO), 2.11 (s, 42H, 14 CH3CO), 2.10 (s, 21 H, 7 CH3CO),
2.05 (s, 21 H, 7CH3CO); 13C NMR (75.5 MHz, (CD3)2SO, 353 K): d�
169.4 ± 168.7 (7 peaks, CO), 96.1 (C-1), 76.7 (C-4), 75.2 (C-1'), 70.1 (C-3),
69.8 (C-5), 69.6 (C-2), 69.0 (C-2', 5'), 68.1 (C-3'), 66.3 (C-4'), 61.7 (C-6'), 39.1
(C-6), 34.9 (CH2S), 34.7 (CH2S), 20.0 ± 19.8 (6 peaks, CH3CO); IR (KBr):
n� 3455, 2937, 1748, 1537, 1369, 1227, 1046 cmÿ1; MS (FAB): m/z� 4970 for
[M�Na�H]� , calcd for C196H266N14O119S7 (4946).


General procedure for the ZempleÂn de-O-acetylation of N-glycoCDs 18 ±
25 : A solution of compound 18 (387 mg, 0.60 mmol), 19 (377 mg,
0.58 mmol), 20 (371 mg, 0.57 mmol), 21 (334 mg, 0.51 mmol), 22 (375 mg,
0.51 mmol), 23 (361 mg, 0.49 mmol), 24 (364 mg, 0.49 mmol), or 25
(360 mg, 0.48 mmol) in dry MeOH (5 ± 6 mL) was made alkaline to pH 9
(indicator paper) with a methanolic solution of NaOMe (1m). The reaction
mixture was stirred overnight at room temperature and the precipitated
material was filtered, washed with MeOH and dissolved in H2O (6 mL).
The solution was concentrated by lyophilization and gave a solid.


Heptakis[6-S-(N-b-dd--glucopyranosylaminocarbonylmethyl)-6-thio]cyclo-
maltoheptaose (26): Yield 227 mg (96 %): m.p. 186 8C (decomp); [a]D�
�39 (c� 0.5 in water); 1H NMR (300 MHz, D2O, 333 K): d� 5.46 (d, 7H,
3J1,2� 3.5 Hz, H-1), 5.34 (d, 7 H, 3J1',2'� 9.9 Hz, H-1'), 4.39 (m, 7H, H-5),
4.27 (t, 7 H, 3J� 9.7 Hz, H-3), 4.26 (dd, 7 H, 2J6',6'� 12.2 Hz, 3J5',6'� 2.0 Hz,
H-6'), 4.12 (dd, 7H, 2J6',6'� 12.2 Hz, 3J5',6'� 4.8 Hz, H-6'), 4.02 (dd, 7H,
3J2,3� 9.7 Hz, 3J1,2� 3.5 Hz, H-2), 3.96 (t, 7H, 3J� 9.7 Hz, H-4), 3.93 (m,
14H, CH2S), 3.88 (m, 7H, H-5'), 3.86 ± 3.76 (m, 21 H, H-2', 3', 4'), 3.62 (br d,
7H, 2J6,6� 14.2 Hz, H-6), 3.39 (dd, 7H, 2J6,6� 14.2 Hz, 3J5,6� 7.3 Hz, H-6);
13C NMR (75.5 MHz, D2O): d� 173.5 (CO), 101.6 (C-1), 83.9 (C-4), 79.6
(C-1'), 77.5, 76.5, 71.8, 69.1 (C-2', 3', 4', 5'), 72.7 (C-3), 71.9 (C-2), 71.7 (C-5),
60.5 (C-6'), 36.2 (CH2S), 33.7 (C-6); IR (KBr): n� 3407, 2920, 1651, 1556,
1361, 1070, 1040.4 cmÿ1; MS (FAB): m/z� 2803 for [M�NaÿH]� , calcd for
C98H161N7O70S7 (2781).


Heptakis[6-S-(N-b-dd--galactopyranosylaminocarbonylmethyl)-6-thio]cy-
clomaltoheptaose (27): Yield 216 mg (94 %): m.p. 183 8C (decomp); [a]D�
�50 (c� 0.5 in water); 1H NMR (300 MHz, D2O): d� 5.09 (d, 7 H, 3J1,2�
3.4 Hz, H-1), 4.92 (d, 7H, 3J1',2'� 8.5 Hz, H-1'), 4.00 (m, 7 H, H-5), 3.97 (d,
7H, 3J3',4'� 2.9 Hz, H-4'), 3.89 (t, 7 H, 3J� 9.3 Hz, H-3), 3.82 ± 3.44 (m, 63H,
H-2, 2', 3', 4, 5', 6', 6', CH2S), 3.23 (br d, 7H, 2J6,6� 14.1 Hz, H-6), 3.00 (dd,
7H, 2J6,6� 14.1 Hz, 3J5,6� 7.5 Hz, H-6); 13C NMR (75.5 MHz, D2O): d�
173.6 (CO), 101.5 (C-1), 83.9 (C-4), 80.0 (C-1'), 76.5, 73.9, 73.3, 72.6, 71.8,
69.3, 68.5 (C-2, 2', 3, 3', 4', 5, 5'), 60.8 (C-6'), 36.2 (CH2S), 33.6 (C-6); IR
(KBr): n� 3399, 2918, 1661, 1540, 1374, 1153, 1043 cmÿ1.


Heptakis{6-S-[N-(2-acetamido-2-deoxy-b-dd--glucopyranosyl)aminocarbo-
nylmethyl]-6-thio}cyclomaltoheptaose (28): Yield 237 mg (95 %): m.p.
201 8C (decomp); [a]D��57 (c� 0.5 in water); 1H NMR (300 MHz,
D2O): d� 5.04 (d, 14 H, H-1, 1'), 3.99 (m, 7H, H-5), 3.94 ± 3.35 (m, 77H,
H-2, 2', 3, 3', 4, 4', 5', 6', 6', CH2S), 3.16 (br d, 7H, 2J6,6� 14.2 Hz, H-6), 2.91
(dd, 7H, 2J6,6� 14.2 Hz, 3J5,6� 7.0 Hz, H-6), 2.01 (s, 21 H, 7 CH3CN);
13C NMR (75.5 MHz, D2O): d� 174.4, 173.0 (2�CO), 101.7 (C-1), 83.8 (C-
4), 78.9 (C-1'), 77.5, 74.0, 69.5 (C-3', 4', 5'), 72.7, 72.0, 71.7, (C-2, 3, 5), 60.5 (C-
6'), 54.2 (C-2'), 36.3 (CH2S), 33.8 (C-6), 22.1 (CH3CN); IR (KBr): n� 3405,
2919, 1651, 1539, 1373, 1068, 1041 cmÿ1; MS (FAB) m/z� 3090 for
[M�Naÿ 2H]� , calcd for C112H182N14O70S7 (3069).


Heptakis[6-S-(N-a-dd--mannopyranosylaminocarbonylmethyl)-6-thio]cyclo-
maltoheptaose (29): Yield 192 mg (94 %): m.p. 190 8C (decomp); [a]D�
�82 (c� 0.5 in water); 1H NMR (300 MHz, D2O): d� 5.47 (d, 7H, 3J1',2'�
1.3 Hz, H-1'), 5.07 (d, 7 H, 3J1,2� 2.4 Hz, H-1), 4.10 ± 3.40 (m, 84H, H-2, 2', 3,
3', 4, 4', 5, 5', 6', 6', CH2S), 3.30 (br d, 7 H, 2J6,6� 13.6 Hz, H-6), 2.90 (dd, 7H,
2J6,6� 13.6 Hz, 3J5,6� 8.0 Hz, H-6); 13C NMR (75.5 MHz, D2O): d� 172.6
(CO), 101.4 (C-1), 84.2 (C-4), 78.8 (C-1'), 74.0, 70.4, 69.6, 66.5 (C-2', 3', 4',
5'), 72.7, 72.3, 71.9 (C-2, 3, 5), 60.8 (C-6'), 35.7 (CH2S), 33.1 (C-6); IR (KBr):
n� 3420, 2920, 1667, 1652, 1538, 1406, 1151, 1066, 1043.9 cmÿ1.


Heptakis{6-amino-N-[S-(N-b-dd--glucopyranosylaminocarbonylmethyl)-
mercaptoacetyl]-6-deoxy}cyclomaltoheptaose (30): Yield 228 mg (92 %):
m.p. 188 8C (decomp); [a]D��50 (c� 0.5 in water); 1H NMR (300 MHz,
D2O): d� 5.06 (d, 7H, 3J1,2� 3.4 Hz, H-1), 4.95 (d, 7H, 3J1',2'� 9.0 Hz, H-1'),
4.10 ± 3.20 (m, 112 H, H-2, 2', 3, 3', 4, 4', 5, 5', 6', 6', 6, 6, 2 CH2S); 13C NMR
(75.5 MHz, D2O): d� 172.6, 171.6 (2�CO), 101.6 (C-1), 82.5 (C-4), 79.5


(C-1'), 77.5, 76.4, 71.7, 69.1 (C-2', 3', 4', 5'), 72.7, 71.9, 70.1 (C-2, 3, 5), 60.4 (C-
6'), 40.0 (C-6), 34.7 (2�CH2S); IR (KBr): n� 3398, 2919, 1655, 1548, 1418,
1081, 1043 cmÿ1; MS (FAB): m/z� 3204 for [M�Na]� , calcd for
C112H182N14O77S7 (3181).


Heptakis{6-amino-N-[S-(N-b-dd--galactopyranosylaminocarbonylmethyl)-
mercaptoacetyl]-6-deoxy}cyclomaltoheptaose (31): Yield 213 mg (90 %):
m.p. 177 8C (decomp); [a]D��63 (c� 0.5 in water); 1H NMR (300 MHz,
D2O): d� 5.05 (d, 7H, 3J1,2� 3.0 Hz, H-1), 4.90 (d, 7H, 3J1',2'� 8.5 Hz, H-1'),
4.10 ± 3.30 (m, 112 H, H-2, 2', 3, 3', 4, 4', 5, 5', 6', 6', 6, 6, 2 CH2S); 13C NMR
(75.5 MHz, D2O): d� 172.7, 171.7 (2�CO), 101.8 (C-1), 82.7 (C-4), 80.0 (C-
1'), 76.6, 73.3, 69.3, 68.5 (C-2', 3', 4', 5'), 72.7, 72.1, 70.0 (C-2, 3, 5), 60.8 (C-6'),
40.1 (C-6), 34.7 (2�CH2S); IR (KBr): n� 3430, 2918, 1654, 1542, 1417,
1082, 1046 cmÿ1; MS (FAB): m/z� 3203 for [M�NaÿH]� , calcd for
C112H182N14O77S7 (3181).


Heptakis{6-amino-N-[S-(N-(2-acetamido-2-deoxy-b-dd--glucopyranosyl)-
aminocarbonylmethyl)mercaptoacetyl]-6-deoxy}cyclomaltoheptaose (32):
Yield 244 mg (94 %): m.p. 197 8C (decomp); [a]D��71 (c� 0.5 in water);
1H NMR (300 MHz, D2O): d� 5.05 (d, 14 H, H-1, 1'), 4.10 ± 3.30 (m, 112 H,
H-2, 2', 3, 3', 4, 4', 5, 5', 6', 6', 6, 6, 2 CH2S), 1.98 (s, 21H, 7 CH3CN); 13C NMR
(75.5 MHz, D2O): d� 174.4, 172.2, 171.4 (3�CO), 101.9 (C-1), 82.6 (C-4),
78.6 (C-1'), 77.6, 74.0, 69.4 (C-3', 4', 5'), 72.7, 72.0, 69.8 (C-2, 3, 5), 60.4 (C-6'),
54.2 (C-2'), 39.9 (C-6), 34.4 (2�CH2S), 22.1 (CH3CN); IR (KBr): n� 3411,
2916, 1652, 1547, 1373, 1079, 1046 cmÿ1; MS (FAB): m/z� 3489 for
[M�Na]� , calcd for C126H203N21O77S7 (3466).


Heptakis{6-amino-N-[S-(N-a-dd--mannopyranosylaminocarbonylmethyl)-
mercaptoacetyl]-6-deoxy}cyclomaltoheptaose (33): Yield 220 mg (93 %):
m.p. 193 8C (decomp); [a]D��102 (c� 0.5 in water); 1H NMR (300 MHz,
D2O): d� 5.44 (br s, 7 H, H-1'), 5.05 (d, 7 H, H-1), 4.10 ± 3.20 (m, 112 H, H-2,
2', 3, 3', 4, 4', 5, 5', 6', 6', 6, 6, 2 CH2S); 13C NMR (75.5 MHz, D2O): d� 172.1,
171.6 (2�CO), 101.8 (C-1), 82.8 (C-4), 78.8 (C-1'), 74.0, 72.7, 72.0, 70.4,
69.5, 66.5 (C-2, 2', 3, 3', 4', 5, 5'), 60.7 (C-6'), 40.1 (C-6), 34.7 (2�CH2S); IR
(KBr): n� 3424, 2922, 1653, 1540, 1417, 1155, 1046 cmÿ1.


Supporting information for this article (copies of 13C NMR spectra of
compounds 12 ± 15 and 18 ± 33) is available on the WWW under http://
www.wiley-vch.de/home/chemistry/ or from the author.
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Kinetic and Product Studies on the Side-Chain Fragmentation of 1-Aryl-
alkanol Radical Cations in Aqueous Solution: Oxygen versus Carbon Acidity


Enrico Baciocchi,*[a] Massimo Bietti,[b] and Steen Steenken*[c]


Abstract: A kinetic and product study
of the side-chain fragmentation reac-
tions of a series of 1-arylalkanol radical
cations (4-MeOC6H4CH(OH)R .�) and
some of their methyl ethers was carried
out; the radical cations were generated
by pulse radiolysis and g radiolysis in
aqueous solution. The radical cations
undergo side-chain fragmentation in-
volving the CaÿH and/or CaÿCb bonds,
and their reactivity was studied both in
acidic (pH� 4) and basic (pH 10 ± 11)
solution. At pH 4, the radical cations
decay with first-order kinetics, and the
exclusive reaction is CaÿH deprotona-
tion for 1.� , 2 .� , and 3 .� (R�H, Me, and
Et, respectively) but CaÿCb bond cleav-
age for 5 .� , 6 .� , and 7.� (R� tBu,
CH(OH)Me, and CH(OMe)Me, respec-
tively). Both types of cleavage are
observed for 4 .� (R� iPr). The radical
cations of the methyl ethers 8 .� , 9 .� , and
10 .� (R�H, Et, and iPr, respectively)
undergo exclusive deprotonation,
whereas CÿC fragmentation predomi-
nates for 11.� (R� tBu). Large Ca deu-
terium kinetic isotope effects (4.5 and
5.0, respectively) were found for 1.� and


its methyl ether 8 .� . Replacement of an
a-OH group by OMe has a very small
effect on the decay rate when the radical
cation undergoes deprotonation, but a
very large, negative effect in the case of
CÿC bond cleavage. It is suggested that
hydrogen bonding of the a-OH group
with the solvent stabilizes the transition
state of the CÿC bond fragmentation
reaction but not that of the deprotona-
tion process; however, other factors
could also contribute to this phenomen-
on. The decay of the radical cations is
strongly accelerated by HOÿ, and all the
a-OH substituted radical cations react
with HOÿ at a rate (�1010mÿ1 sÿ1) very
close to the limit of diffusion control and
independent of the nature of the bond
that is finally broken in the process
(CÿH or CÿC). The methyl ether 8 .� ,
which exclusively undergoes CÿH bond
cleavage, reacts significantly slower (by
a factor of ca. 50) than the correspond-


ing alcohol 1.� . These data indicate that
1-arylalkanol radical cations, which dis-
play the expected carbon acidity in
water, become oxygen acids in the
presence of a strong base such as HOÿ


and undergo deprotonation of the OÿH
group; diffusion-controlled formation of
the encounter complex between HOÿ


and the radical cation is the rate-deter-
mining step of the reaction. It is sug-
gested that, within the complex, the
proton is transferred to the base to give
a benzyloxyl radical, either via a radical
zwitterion (which undergoes intramo-
lecular electron transfer) or directly
(electron transfer coupled with depro-
tonation). The latter possibility seems
more in line with the general base
catalysis (b� 0.4) observed in the reac-
tion of 5 .� , which certainly involves
OÿH deprotonation. The benzyloxyl
radical can then undergo a b CÿC bond
cleavage to form 4-methoxybenzalde-
hyde and R . or a formal 1,2-H shift to
form an a-hydroxybenzyl-type radical.
The factors of importance in this carbon/
oxygen acidity dichotomy are discussed.


Keywords: alcohols ´ cleavage reac-
tions ´ pulse radiolysis ´ radical
cations ´ radical reactions


Introduction


The degradation of lignin, a three-dimensional polymer
composed of phenylpropane units (Figure 1), is a process of
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Figure 1. Schematic representation of lignin showing the b-O-4 inter-unit
linkages and the presence of benzyl alcohol groups.


[a] Prof. E. Baciocchi
Dipartimento di Chimica, UniversitaÁ La Sapienza
P. le A. Moro, 5, I-00185 Rome (Italy)
Fax: (�39) 6-490421
E-mail : baciocchi@axcasp.caspur.it


[b] Dr. Massimo Bietti
Dipartimento di Scienze e Tecnologie Chimiche
UniversitaÁ Tor Vergata, Via della Ricerca Scientifica
I-00133 Rome (Italy)


[c] Prof. S. Steenken
Max-Planck-Institut für Strahlenchemie, Stiftstrasse 34 ± 36
D-45470 Mülheim (Germany)
Fax: � (49) 208-3063951
E-mail : steenken@mpi-muelheim.mpg.de


FULL PAPER


Chem. Eur. J. 1999, 5, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1785 $ 17.50+.50/0 1785







FULL PAPER E. Baciocchi, M. Bietti, S. Steenken


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1786 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61786


enormous practical importance both for the
production of cellulose in the pulp and
paper industry and for preparing useful
aromatic compounds from a continuously
renewable source.[1] Recently, the use of
lignin-degrading fungi has generated much
interest, and most attention has been fo-
cused on the white-rot fungus Phanero-
chaete chrysosporium, which secretes lignin
peroxidase (LiP), a ferric hemoprotein that
depolymerizes both lignin and its model
compounds.[2] Convincing evidence exists
that this enzyme unergoes an electron-
transfer reaction to form radical cations
that structurally resemble the 1-arylalkanol
radical cations A .� where R can be a complex group, for
example, CH(CH2OH)Ar or CH(CH2OH)OAr. The key step
in the degradation process is then the cleavage of the CÿR
bond [Eq. (1)], a typical side-chain fragmentation reaction of
alkylaromatic radical cations.[3] Very likely, this reaction also
plays a major role when lignin is degraded by industrial
chemical[4] or electrochemical[5] oxidations.


OCH3


CHOH


R


OCH3


CHO


OCH3 OCH3


A


(1)+   R    +    H+


The presence of a-OH groups is a structural feature of
fundamental importance in lignin and in the model compound
A .� . The OH group strongly favors cleavage of the side-chain
CaÿCb bond (simply referred to as CÿC bond in the following)
in aromatic radical cations [Eq. (1)].[6] Clear evidence in this
respect comes from our previous study on the fragmentation
reactions of 1- and 2-arylalkanol radical cations.[7] The
important role of the a-OH group was evident in the
significantly higher rate of potassium 12-tungstocobalt(iii)ate
(Co(iii)W) induced oxidation of 4-MeOC6H4CH(OH)tBu
relative to its methyl ether. On the basis of a pulse radiolysis
study of the reactivity of the 4-MeOC6H4CH(OH)CH2Ph
radical cation, it was suggested that the favorable effect of the
a-OH group is mainly due to the stabilization by hydrogen
bonding of the transition state that leads to CÿC bond
cleavage.


Given our continuing interest in the reactivity of alkylar-
omatic radical cations and the importance of Equation (1)
with respect to the catalytic reactivity of LiP, we felt that
further investigation of the effects of structure and the basicity
of the medium on the reactivity of benzyl alcohol and a-
alkylbenzyl alcohol radical cations was necessary. We now
report on a pulse and steady-state radiolysis study of the
fragmentation reactions of several 1-(4-methoxyphenyl)alka-
nol radical cations and some of their methyl ethers (substrates
1 ± 14), in the pH range 3.5 ± 11.[8] This study was carried out in


water (the solvent in which LiP operates) with 4-methoxyl-
substituted substrates; the methoxyl group results in radical
cations that absorb in the UV/Vis region of the spectrum and
have a lifetime sufficient for detection by pulse radiolysis.


Results


Generation of the radical cations : Radical cations of subtrates
1 ± 14 were generated in aqueous solution either by pulse
radiolysis or steady-state g radiolysis with sulfate radical
anion SO4


.ÿ or Tl2� as the oxidant. In the former case
(method 1) Equations (2) ± (5) apply. Radiolysis of water


leads to formation of hydroxyl radicals ( .OH) and hydrated
electrons (eÿaq) [Eq. (2)]. The former is scavenged by 2-meth-
yl-2-propanol [Eq. (3); k� 6� 108mÿ1 sÿ1] ,[9] while eÿaq reacts
with the peroxodisulfate anion to yield SO4


.ÿ [Eq (4); k�
1.2� 1010mÿ1 sÿ1].[9] Then SO4


.ÿ reacts with the aromatic
compounds[10] to form the corresponding radical cations
[Eq (5); k� 5� 109mÿ1 sÿ1 for anisole and derivatives[7, 11]] .


For reactions carried out at pH� 4, Tl2�, produced by
irradiating N2O-saturated aqueous solutions of Tl� [Eqs. (2),
(6) ± (8)] was used as oxidant (method 2). The role of N2O is


to scavenge eÿaq (k� 9.1� 109mÿ1 sÿ1),[12] leading to formation
of hydroxyl radicals [Eq. (6)]. Oxidation of Tl� by .OH[13]


produces Tl2� [Eq (7); k� 1.2� 1010mÿ1 sÿ1] ,[14] which is
known to react with aromatic compounds by one-electron
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transfer to give the corresponding radical cations [Eq (8); k�
5� 108mÿ1 sÿ1] .[11]


Product analysis : It is well known that two fragmentation
pathways are possible for 1-arylalkanol radical cations
(Scheme 1, R=H): heterolytic cleavage of the CaÿH bond
(path a ; from now on, CaÿH is referred to as CÿH) and
homolytic cleavage of the CÿC bond (path b).[15±17]


OH


O


H


C


OH


ArCHO


a


- H+, - R


- H+


ArCR
-


ArCHR


 - e , - H+


C


C
b


ArCR


Scheme 1. The two possible fragmentation pathways for 1-arylalkanol
radical cations.


For path a, an a-hydroxybenzyl-type radical is formed that,
under oxidizing conditions (vide infra), undergoes oxidation
followed by proton loss to give the corresponding ketone.
Path b leads directly to an aromatic aldehyde. Hence, the
study of the reaction products provides quantitative informa-
tion on the relative importance of the two fragmentation
pathways of 1-arylalkanol radical cations.


The reaction products of radical cations 2 .� ± 5 .� and 9 .� ±
11.� were analyzed after steady-state g radiolysis, using
method 1 to produce the radical cations. Argon-saturated
aqueous solutions containing 0.5 ± 5.0 mm substrate, 0.2 ±
1.0 mm K2S2O8, and 0.2 ± 1.0m 2-methyl-2-propanol were
irradiated at room temperature with a 60Co g source at dose
rates of 0.5 Gysÿ1 until 40 % conversion with respect to
peroxodisulfate was attained. In order to minimize over-
oxidation of the initial products, all experiments were carried
out with a substrate/oxidant ratio �2. The product distribu-
tion was studied at pH� 4 and 11. Products were identified
and quantitatively determined by HPLC (comparison with
authentic samples). The results are collected in Table 1.


It is evident that at pH 4 deprotonation is the exclusive
reaction of the a-alkylbenzyl alcohol radical cations 2 .� and
3 .� (R�Me and Et, respectively), whereas 5 .� (R� tBu)
undergoes almost exclusively CÿC bond cleavage. For 4 .�


(R� iPr), both CÿC and CÿH bond cleavage are observed.
The methyl ethers 9 .� and 10 .� (R�Et and iPr, respectively)
undergo exclusively deprotonation, whereas with 11.� (R�
tBu) partitioning between the two pathways occurs. The CÿC
bond cleavage is the only pathway for 6 .� and 7.� , in which an
OX group (X�H, Me) is present in the b position of the side
chain.


When the reactions are carried out in the presence of 1 mm
NaOH (pH 11), there is a significant increase in the extent of
CÿC bond cleavage, which becomes the main path for 3 .�


(R�Et) and the almost exclusive path for 4 .� (R� iPr).


Pulse radiolysis : The radical cations were produced by
methods 1 and 2 with a 300 ns, 3 MeV electron pulse. In all
cases they exhibited the characteristic UV/Vis absorption
bands, centered around 290 and 440 ± 450 nm, of anisole-type


radical cations.[7, 11] The rates of decay of the radical cations
were determined spectrophotometrically by measuring the
decrease in optical density at 440 ± 450 nm or by monitoring
the production of H� by the ac-conductance technique.


In acid media (pH� 4), the latter technique was generally
preferred, and radical cations were more often generated by
method 2 than by method 1. The conductance technique has
higher sensitivity under our pulse-radiolysis conditions and
hence allows the use of significantly lower dose/pulse ratios
than the spectrophotometric technique. The advantage of
method 2 is that scavenging of .OH by 2-methyl-2-propanol is
not necessary, so that the high concentration of
.CH2C(CH3)2OH radicals formed in this process [Eq. (3)] is
avoided. Use of low doses and thus low concentrations of
radicals in solution is particularly important when dealing
with long-lived radical cations (lifetime� 0.1 ms) for which
decay by second-order radical ± radical reactions begins to
compete with unimolecular decay.[21] This problem is much
less important in basic media, in which decomposition of the
radical cations is significantly faster. Therefore, under basic
conditions, the radical cations were always generated by meth-
od 1, and the rates were monitored by spectrophotometry.


As an example, the time-resolved spectra obtained for the
oxidation of 2 at pH 3.9 are shown in Figure 2, in which the
characteristic absorptions due to the radical cation 2 .� ,
centered at 290 and 440 nm,[7, 11] are clearly visible. These
absorptions reach a maximum 5 ms after the pulse [completion
of radical cation formation, Eq. (5)] and then decrease
according to first-order kinetics (see inset a for absorption
at 440 nm) that reflects the decay of the radical cations. This


Table 1. Product distributions obtained from the decomposition of
4-MeOC6H4CH(X)R radical cations in aqueous solution.[a]


R X pH[b] Aldehyde [%] Ketone [%]


2 .� Me OH 4 < 0.1 > 99.9
11 < 0.1 > 99.9


3 .� Et OH 4 0.5 99.5
11 70.0 30.0


9 .� Et OMe 4 0.5 99.5
6 .� CH(OH)Me OH [c] � 99.5 ±
7.� CH(OMe)Me OH [c] � 99.5 ±
4 .� iPr OH 4 11.0 89.0


11 95.0 5.0
10 .� iPr OMe 4 1.5 98.5
5 .� tBu OH 4 > 95 [d]


11 > 95 [d]


11.� tBu OMe 4 88 12


[a] The radical cations were generated at room temperature by method 1,
by steady-state 60Co g radiolysis of argon-saturated aqueous solutions
containing 0.5 ± 5.0 mm substrate, 0.2 ± 1.0 mm K2S2O8, and 0.2 ± 1.0m
2-methyl-2-propanol (substrate/oxidant ratio between 2 and 5). The
reported values are the average of two to four experiments. [b] The pH
of the solution was adjusted to 4 or 11 with HClO4 or NaOH. [c] The
oxidation reactions were carried out in 55/45 AcOH/H2O at 50 8C with
Co(iii)W as oxidant (ref. [7] and unpublished results). [d] A small amount
of ketone (<5%) was observed under all conditions. The fact that this
amount is not influenced significantly by the presence of the base is
probably due to the existence of a background hydrogen atom abstraction
reaction by SO4


.ÿ that eventually leads to formation of the ketone. In
agreement with this hypothesis is the observation that in the oxidation of 5
by Co(iii)W, a well-known outer sphere one-electron oxidant but not an H
atom abstractor,[18, 19] the only observed product was 4-methoxybenzalde-
hyde.[7, 20]
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Figure 2. Time-resolved absorption spectra for the reaction of SO4
.ÿwith 2


(0.2 mm) recorded on pulse radiolysis of an Ar-saturated aqueous solution
(pH 3.9) containing 0.1m 2-methyl-2-propanol and 10 mm K2S2O8, at 5 (*),
200 (&), and 700 ms (~) after the 300 ns, 3 MeV electron pulse. Insets:
a) First-order decay of 2 .�monitored at 440 nm; b) Buildup of conductance
(due to production of H�) in the decay of 2 .� ; c) Buildup of absorption at
280 nm due to formation of 4-MeOC6H4C


.(OH)CH3 (Ar, *), which is
scavenged by O2 (*). For the determination of the extinction coefficient,
G(radical cation)�G(SO4


.ÿ)� 3.1� 10ÿ7 mol Jÿ1 was used.[22]


decay is accompanied (inset c) by a corresponding buildup of
optical density around 280 nm, which indicates the formation
of a product that absorbs at this wavelength more strongly
than the radical cation itself (an isosbestic point is visible at�
310 nm). In this case, the decay of the radical cation was
also followed by monitoring the production of H� by
the conductance technique (inset b), and the first-order
rate constant obtained in this way was the same as that
obtained by measuring the decrease in absorption at 440 nm
(inset a).


Inset c shows that the absorption buildup at 280 nm is no
longer observed when O2 is present, and this indicates that the
species responsible for this absorption is rapidly scavenged by
oxygen. This suggests that this species is a carbon-centered
radical and that therefore the decay of the radical cation
involves CÿH deprotonation (Scheme 1, path a) to give the
4-methoxy-a-hydroxybenzyl-type radical 4-MeOC6H4-
CH .(OH)CH3, as is also indicated by the products (Table 1).


Similar results were obtained with the other substrates, with
the exception of 5 .� , 6 .� , and 7.� . In the case of 5 .� , decay of
the radical cation led to the formation of a species which has a
strong absorption at 285 nm and does not react with oxygen.
This species was identified as 4-methoxybenzaldehyde,
formed by homolytic CÿC bond fragmentation of the radical
cation (Scheme 1, path b), again in agreement with the study
of the reaction products.[7]


The decay of 6 .� and 7.� led to the formation of a species
that absorbs strongly around 280 nm and is quenchable by
oxygen. This species was identified as the 4-methoxy-a-
hydroxy benzyl radical 4-MeOC6H4CH .(OH), formed by
heterolytic CÿC bond fragmentation of the radical cations
(Scheme 2: Ar� 4-MeOC6H4; X�H, Me).


ArCH(OH)CH(OX)Me ArCHOH       +      CH(OX)Me
+


Scheme 2. Heterolytic CÿC bond fragmentation of the radical cations
(Ar� 4-MeOC6H4; X�H, Me).


For 6 .� and 7.� , the decay rate of the radical cation is very
high. It is therefore necessary to find conditions under which
formation of the radical cation [Eq. (5)] is not rate-determin-
ing. This requirement is satisfied at concentrations of the
parent substrates of �7 mm and 1 mm for 6 .� (Figure 3) and


Figure 3. Plot of kdec versus [6]. The radical cation was generated by
method 1 from an argon-saturated aqueous solution containing (0.1 ±
12mm) 6, 20mm K2S2O8, and 0.2m 2-methyl-2-propanol, and its decay
was monitored at 450 nm (Ar� 4-MeOC6H4).


7.� , respectively. Thus, for 6 .� and 7.� , the decay rates
obtained after reaching the plateau in the plots of kdec versus
substrate concentration were taken as the unimolecular
decomposition rates. (In all other cases, the decay rates are
much smaller than the formation rates even at lower substrate
concentrations.)


The first-order rate constants for decay in water at pH 4 of
the investigated radical cations are listed in Table 2. These


Table 2. Rate constants kdec for the uncatalyzed decay of radical cations
1.� ± 14 .� , generated by pulse radiolysis of the parent substrate
4-MeOC6H4CH(X)R in aqueous solution (pH� 4) at 25 8C.


R X kdec [sÿ1] [a] Bonds cleaved


1.� H OH 1.5� 104 CÿH
1.8� 104 [b]


12 .� D OH 3.3� 103 CÿD
8 .� H OMe 1.5� 104 CÿH
13 .� D OMe 3.0� 103 CÿD
2 .� Me OH 7.0� 103 CÿH


9.0� 103 [b]


3 .� Et OH 5.4� 103 CÿH
9 .� Et OMe 1.6� 103 CÿH
4 .� iPr OH 3.5� 103 CÿH, CÿC
10 .� iPr OMe 1.1� 103 CÿH
5 .� tBu OH 1.5� 105 [b] CÿC
11.� tBu OMe 23 CÿH, CÿC
6 .� CH(OH)Me OH 1.0� 107 [b, c] CÿC
7.� CH(OMe)Me OH 1.0� 106 [b] CÿC
14 .� Me,Me[d] OH 2.9� 102 CÿC


[a] The radical cations were generated by method 2, with doses such that
�1 mm of radicals were produced. Rates of decay were measured by
monitoring the increase in conductance at pH� 3.5. [b] The radical cations
were generated by method 1 in argon-saturated aqueous solutions contain-
ing 0.1 ± 1.0mm substrate, 2.0 mm K2S2O8, and 0.1m 2-methyl-2-propanol,
the pH was adjusted to about 4 with HClO4, and the rates of decay were
measured by monitoring the decrease in optical absorption at 440 ±
450 nm: dose� 1 Gy per pulse. [c] Obtained by using 7 ± 12mm of
substrate (see text). The pulse width was reduced to 25 ns. [d] 4-
Methoxycumyl alcohol (4-MeOC6H4C(OH)Me2), in which the second a-
hydrogen atom is also replaced by a methyl group.
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rate constants did not change in the pH range 3 ± 5, but
significantly increased on addition of HOÿ. This effect was
studied quantitatively for the radical cations 1.� ± 5 .� , 8 .� , and
12 .� ± 14 .� , the decay rates of which were measured spectro-
photometrically at 440 ± 450 nm as a function of the HOÿ


concentration. Clean first-order decays were observed, and
linear dependencies of the observed rates (kobs) on the
concentration of HOÿ were found. From the slope of these
plots, the second-order rate constants (kOHÿ) for the reaction
of HOÿ with the radical cations were determined (Table 3).


Discussion


Studies in water at pH 4 : The results of product studies and
pulse-radiolysis experiments (Tables 1 and 2) show that the
decay of radical cations 1.� ±
4 .� , 8 .� ± 10 .� , 12 .� , and 13 .�


proceeds by cleavage of the
CÿH bond. This is well sup-
ported by the large deuterium
kinetic isotope effect (kH/kD�
4.5 for 1.�/12 .� and kH/kD� 5.0
for 8 .�/13 .�). Probably, H2O is
the proton-abstracting base as
the rate constants did not
change between pH 3 and 5.


Replacement of an a-OH
group by an a-OMe group has
a very small effect upon the
deprotonation rate, as shown by
the fact that the reactivities of
1.� , 3 .� , and 4 .� are similar to
those of the corresponding
methyl ethers 8 .� , 9 .� , and
10 .� . This situation, however,


is drastically different for CÿC bond cleavage. The rate of this
process is slowed down by almost four orders of magnitude on
going from the alcohol radical cation 5 .� to its methyl ether
11.� . This rate effect is particularly striking if one considers
that 5 .� and 11.� have very similar CÿC bond dissociation
energies (BDE).[23]


This large difference between the effects of a-OH and a-
OMe on the cleavage of the CÿC bond was already noted by
us, although indirectly, in a study of the chemical oxidation of
5 and 11. It was suggested that the OH group permits a strong
stabilization of the transition state of the CÿC bond fragmen-
tation reaction by engaging in hydrogen bond formation with
solvent molecules.[7] This concept can be extended to explain
the intriguing fact that, in contrast to CÿC cleavage, there is
no significant difference between a-OH and a-OMe when the
cleavage of the radical cation involves the CÿH bond.


Scheme 3 (Ar� 4-MeOPh) illustrates, with the mesomeric
structures a ± e, how the a-OH group may engage in hydro-
gen-bond stabilization of the transition state in the homolytic
CÿC bond cleavage reaction. Mesomer c, with a positively
charged oxygen atom and a fully formed C�O double bond,
should be particularly important, and for this structure strong
stabilization by hydrogen bonding with the solvent water is
anticipated.


In contrast, the transition state for the CÿH bond cleavage
(Scheme 4; the proton-accepting base H2O is also shown) is
envisaged as a resonance hybrid of structures f ± j. The most
important structure is probably j, which represents the
heterolytic cleavage of the CÿH bond, whereas structure h
(corresponding to c in Scheme 3) should be unimportant since
it involves unfavorable homolytic cleavage of the CÿH bond.


An additional aspect is that OH (s��ÿ0.92)[25] is a
significantly more efficient electron donor than OMe (s��
ÿ0.78).[25, 26] This difference in the ability for electron
donation is likely to be felt more in the transition state of
the CÿC bond cleavage that in that for CÿH cleavage, since
there is evidence that a greater accumulation of positive
charge (by bond delocalization) is required in the former
transition state than in the latter.[27±29]


Table 3. Rate constants (kOHÿ) for the ÿOH-promoted decay of radical
cations 4-MeOC6H4CH(X)R .� generated by pulse radiolysis of the parent
substrate in aqueous solution at 25 8C.[a]


R X kOHÿ [mÿ1 sÿ1][b] Bonds cleaved


1.� H OH 1.2� 1010 [c] CÿH
12 .� D OH 1.1� 1010 [c] CÿD
8 .� H OMe 2.5� 108 CÿH
13 .� D OMe 1.4� 108 CÿD
2 .� Me OH 1.4� 1010 [c] CÿH
3 .� Et OH 1.2� 1010 CÿH, CÿC
4 .� iPr OH 1.2� 1010 CÿH, CÿC
5 .� tBu OH 1.3� 1010 [c] CÿC
14 .� Me, Me[d] OH 1.2� 1010 [c] CÿC


[a] The radical cations were generated by method 1 from oxygen-saturated
aqueous solutions containing 1.0 mm substrate, 10mm K2S2O8, and 0.1m
2-methyl-2-propanol with doses such that �3mm of radicals were
produced. 1 mm Na2B4O7 was added to buffer the pH of the solution.
[b] The observed rates were measured by monitoring the decay of the
optical absorption at 440 ± 450 nm. The pH of the solution was varied
between 8.5 and 10.5, and the second-order rate constants for reaction of
the radical cations with HOÿ were obtained from the slope of the plots of
the observed rates kobs versus the NaOH concentrations. [c] Lower rates
were observed in the presence of 0.5m Na2SO4 (negative salt effect).[8] See
also Table 4. [d] 4-Methoxycumyl alcohol (4-MeOC6H4C(OH)Me2), in
which the second a-hydrogen atom is also replaced by a methyl group.
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SaveÂant et al. recently pointed out that the (rate-determin-
ing) CÿC bond cleavage step in a radical cation may be
reversible. If so, the overall rate will be high only if the
subsequent reactions of the cleavage fragments are sufficient-
ly fast.[30] This is certainly the case for 5 .� , which gives rise to
4-MeOC6H4CH�OH, from which deprotonation to
4-MeOC6H4CHO should be extremely rapid, but not for
11.� , which yields 4-MeOC6H4CH�OMe, a stabilized carbo-
cation that cannot deprotonate. Therefore 5 .� should be more
reactive than 11.� , as is observed (Table 2).


For the radical cations with an OX group (X�H, Me) in
the b position, such as 6 .� and 7.� , a different situation applies
since the CÿC bond cleavage is now heterolytic (Scheme 2).
At first sight, this observation is surprising, as the oxidation
potentials in MeCN of .CH(OX)Me (X�H, Me: ÿ0.45 V vs.
SCE)[31] and 4-MeOC6H4CH .OH (ÿ0.51 V vs. SCE)[32, 33]


suggest a slight preference for homolytic cleavage. However,
in H2O the difference in solvation energy between
4-MeOC6H4CH�OH and the smaller and less delocalized
carbocation �CH(OX)Me should be much larger than in
MeCN.[34] Hence, in H2O the oxidation potential of
.CH(OX)Me (X�H, Me) is likely to be significantly more
negative than that of 4-MeOC6H4CH .OH, and heterolytic
CÿC bond cleavage is therefore the favored pathway for 6 .�


and 7.� .
The above-mentioned difference in the electronic effects of


OH and OMe may also explain the higher reactivity of 6 .�


compared with 7.� .[35, 36] On the same basis, the observation
that 7.� fragments more rapidly than 5 .� suggests that the
OMe group is more effective than two methyl groups in
stabilizing the partial positive charge that develops on the
scissible CÿC bond in the transition state for CÿC bond
cleavage.


Finally, information on the effect of the a-alkyl group upon
the rate of CÿH cleavage is provided by comparison of the
radical cations 1.� ± 4 .� , which undergo CÿH bond cleavage
(Table 1) exclusively (1.�-3 .�) or as the main reaction path
(4 .�). The kinetic data in Table 2 show that by changing the a-
alkyl group the deprotonation rate decreases in the order H>


Me>Et> iPr, as expected on the basis of stereoelectronic
effects.[37, 38] The bulkier the alkyl group, the more energeti-
cally costly it is to reach the conformation most suitable for
bond cleavage, that is, one in which the CÿH bond is collinear
with the p-electron system. The differences in rate for the
three alkyl groups are rather small, but this is not surprising
since when dealing with steric effects in the alkyl-group series,
drastic changes are generally observed only on going from iPr
to tBu.[39] Probably, this holds also in the present case, but
unfortunately we were unable to determine a reliable reaction
rate for the deprotonation of 5 .� , since it undergoes almost
exclusively CÿC bond cleavage (see footnote [d] in Table 1).


Reactions in the presence of HOÿ : Remarkably, all a-OH-
substituted radical cations react with HOÿ at the same rate
(Table 3), that is, that of a diffusion-controlled reaction
(�1010mÿ1 sÿ1),[40] independent of the nature of the bond
eventually broken in the process (CÿH or CÿC). In line with
this, comparing 1.� with its Ca-deuterated counterpart 12 .�


reveals no deuterium kinetic isotope effect.


There is a decrease in reaction rate (ca. 50-fold) on going
from 1.� to its methyl ether 8 .� , which undergoes CÿH bond
cleavage and accordingly has a kH/kD value of 1.8 (cf. 8 .� and
13 .�). The difference in reactivity of 1.� and 8 .� cannot be
attributed to a difference in the electronic effects of OH and
OMe, since in acid medium the influence of these groups on
CÿH deprotonation is very similar (see previous section).
Hence, this observation together with the very similar
reactivity of 1.� and 5 .� , in spite of the different types of
side-chain fragmentation, point to a mechanism in which the
a-OH group plays a key and specific role.


The high (diffusion-controlled) rates are typical of thermo-
dynamically favored proton-transfer reactions between elec-
tronegative atoms.[41] The most reasonable conclusion is that
in the radical cations with a-OH substituents, the reaction
center is the a-OH group itself. In other words, these radical
cations, which in water display the expected carbon acidity,
become oxygen acids in the presence of a strong base such as
HOÿ and undergo OH deprotonation as the first step of the
decay process.


The fact that the deprotonation rate is diffusion-controlled
indicates that the interaction between HOÿ and the radical
cation to form the encounter complex is the rate-determining
step of the reaction.[41] Therefore, the radical cation must be a
stronger oxygen acid than H2O, that is, its pKa must be much
smaller than 15.7.[42] Once the complex is formed, several
pathways linking the complex to the observed CÿC and CÿH
fragmentation products can be envisaged (Scheme 5, Ar� 4-
MeOC6H4).


R RR


OH


RR


ArCHOH ArCHOArCHOH+     OH
- --


ArCHO ArCHO  +  RArCOH


a


f    - H2O c


de


g


b


- H2O


Scheme 5. Possible pathways linking the complex to the observed CÿC and
CÿH fragmentation products (Ar� 4-MeOC6H4).


Within the complex, the proton may be transferred to the
base to give a benzyloxyl radical directly (intramolecular
electron transfer concerted with deprotonation, path f), or via
a radical zwitterion which undergoes intramolecular electron
transfer (paths b, c). Two routes are then available for the
benzyloxyl radical: b CÿC bond cleavage to form 4-methoxy-
benzaldehyde and the radical R . (path d), or a formal 1,2-H
shift to give an a-hydroxybenzyl-type radical (path e).


Both CÿC b cleavage[44] and 1,2-H shift reactions[45] are
well-known processes for alkoxyl radicals. The latter seem to
be limited to aqueous solution[46] and require the participation
of solvent molecules (a direct shift of the H atom from carbon
to oxygen would have too high an energetic cost).[47] The
competition in the benzyloxyl radical between b cleavage and
1,2-H shift should depend on the stability of R . . Hence, our
experimental observations (Table 1) lead to the conclusion
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that when R is H or Me, the 1,2 shift is the exclusive pathway,
whereas when R is tBu, only b cleavage occurs. An inter-
mediate situation apparently holds for R�Et and iPr.


A further alternative is concerted electron transfer and
side-chain fragmentation in the zwitterion (path g). Thus, the
products might be formed without the intermediacy of the
benzyloxyl radical. Intramolecular electron transfer coupled
with side-chain fragmentation was suggested to occur in the
reactions of aromatic radical anions.[48, 49] However, we were
recently able to directly observe the 4-methoxycumyloxyl
radical in the HOÿ-promoted CÿC bond fragmentation of the
4-MeOC6H4C(CH3)2OH radical cation 14 .� to form
4-MeOC6H4COCH3 (Scheme 6).[50] Since 14 .� also reacts with
HOÿ at a diffusion-controlled rate (see Table 3), it is very
likely that this reaction occurs with the mechanism shown in
Scheme 5 (paths a ± d or alternatively a, f, d).
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OCH3
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OCH3


CH3
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H3C


O
CH3H3C C


OCH3


O
CH3


+     OH
- H2O-


+     CH3


Scheme 6. The 4-methoxycumyloxyl radical as intermediate in the HOÿ-
promoted CÿC bond fragmentation of the 4-MeOC6H4C(CH3)2OH radical
cation.


These data support the hypothesis of the formation of an
intermediate benzyloxyl radical in the HOÿ-promoted decay
of 1-arylalkanol radical cations. However, some caution has to
be exerted with respect to the generality of this conclusion.
The results for cumyl alcohol refer to a system in which
intramolecular electron transfer in the radical zwitterion leads
to a relatively stable benzyloxyl radical as its fragmentation
produces the methyl radical, that is, the least stable alkyl radical.


To obtain further information on the detailed mechanism of
the OÿH deprotonation process, we studied the decay of 1.� ,
2 .� , 5 .� , and 8 .� in buffer systems. At constant pH, the rates
depended upon the buffer concentration, indicating general
base catalysis. The second-order rate constants for the
reactions with AcOÿ, HCO3


ÿ, and HPO4
2ÿ are listed in


Table 4, together with those for the reaction with HOÿ.


Satisfactory linear Brùnsted plots were obtained from these
data, and the reactions of the a-OH-substituted radical
cations 1.� , 2 .� , and 5 .� have practically the same b value
(ca. 0.4), a value higher than that of 0.25 for the reaction of
the methyl ether 8 .� , whose deprotonation involves the CÿH
bond. However, it has to be pointed out that with the buffer
bases the rate constants for reaction with 8 .� and the a-OH-
substituted radical cations are very similar so that the b values
are practically determined by the rate constants for the HOÿ-
induced reaction, which are in all cases similar. Thus, we
cannot be sure whether, with weaker bases than HOÿ, 1.� and
2 .� undergo CÿH or OÿH deprotonation, and a meaningful
discussion of their b values is therefore not possible. This,
however, is not the case for the reaction of 5 .� , which should
undergo OÿH deprotonation. The fact that with the buffer
bases the rate of this reaction is much lower than the
diffusion-controlled limit suggests that with the weaker bases
the proton transfer is thermodynamically uphill. This is
because the benzyl alcohol-type radical cations are weaker
oxygen acids than the conjugate acids of the buffers.
Interestingly, the Brùnsted value is smaller than unity, the
value expected for uphill proton transfer between oxygen
atoms.[41] This may mean that proton transfer is not the only
process involved in the rate-determining step,[51] but that
it is coupled with intramolecular electron transfer that leads
directly to the oxyl radical (Scheme 5, step f). How-
ever, deprotonation coupled to some extent with CÿC
bond cleavage may also be consistent with the above
results. At present no clear-cut choice between these alter-
natives is possible, and further studies with a wider range of
structures and redox properties of the substrates are neces-
sary.


Regardless of the detailed mechanism by which the
encounter complex is converted into the products, our results
clearly indicate that benzyl alcohol radical cations exhibit the
expected carbon acidity in water (pH� 4), but become
oxygen acids in the presence of HOÿ. This shift from carbon
to oxygen acidity, unprecedented in the chemistry of aromatic
radical cations, is both interesting and surprising, since only
the CÿH but not the OÿH bond can overlap efficiently with
the p system of the aromatic radical cation and, from the
(thermodynamic) acidity point of view, the deprotonation of
the side-chain a carbon atom (carbon acidity pKa�ÿ7.5 in
MeCN)[24, 34] is strongly favored over deprotonation at oxy-
gen.[42] We feel that an explanation may be found in terms of
the concept of hard and soft acids and bases. The OÿH group
is a much harder acid center than CÿH, and its hardness is
probably also increased by the presence of the positive charge
in the ring. Thus, the interaction of the OÿH group with the
charged hard base HOÿ might be particularly favorable owing
to an effective electrostatic interaction to form a relatively
stable hard ± hard complex.[52] With the uncharged base H2O,
no favorable electrostatic interaction can occur and reaction
takes place at the softer acid center CÿH.


The problem can also be dealt with in terms of the Marcus
theory of proton-transfer reactions on the basis of the fact that
carbon acids have a much larger intrinsic barrier for proton
transfer than oxygen acids.[53] In particular, SaveÂant has
recently shown for the case of radical cations from NADH


Table 4. Second-order rate constants for reaction of 1.� , 2 .� , 5 .� , and 8 .� ,
generated by pulse radiolysis in aqueous solution, with different bases at
25 8C.[a]


k(AcOÿ) k(HCO3
ÿ) k(HPO4


2ÿ) k(HOÿ)
[mÿ1sÿ1] [mÿ1sÿ1] [mÿ1sÿ1] [mÿ1sÿ1][b, c]


1.� 2.8� 105 6.0� 105 2.7� 106 5.4� 109 [d]


2 .� 7.8� 104 7.3� 105 9.9� 105 5.3� 109 [d]


5 .� 8.0� 104 7.2� 105 1.5� 106 6.0� 109


8 .� 4.2� 105 7.0� 105 1.9� 106 2.0� 108


[a] The radical cations were generated by method 1, with doses such that
�3 mm of radicals were produced. The ionic strength of the solution was
buffered with 0.5m Na2SO4. In the experiments with NaOAc, NaHCO3,
and Na2HPO4, the pH of the solution was kept constant (5.5, 7.0, and 8.0
respectively). [b] The pH of the solution was varied between 8.5 and 10.5,
and 1mm Na2HPO4 was added to avoid undesired pH changes. [c] The
values are lower than those reported in Table 3 due to the presence of
0.5m Na2SO4, which exerts a negative salt effect. [d] Saturated with
oxygen.
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analogues and alkylaromatic compounds that the intrinsic
barrier for CÿH deprotonation correlates with the homolytic
bond-dissociation energy.[54] Thus, when a very weak base
(H2O) is involved, the effect of the much larger driving force
of CÿH deprotonation predominates, whereas the intrinsic
barrier that favors OÿH deprotonation comes into play when
the base is strong (HOÿ).


Further work, including theoretical calculations, aimed at a
better understanding of this mechanistic dichotomy is under
way.


Conclusions


The results presented above have unveiled the existence of a
hitherto unknown mechanistic dichotomy for the reactions of
a-R-substituted (R�H, Me, Et) benzyl alcohol radical
cations. In water, in the absence of any other base, these
species display the expected carbon acidity of alkylaromatic
radical cations and undergo CaÿH deprotonation with for-
mation of an a-hydroxyl-substituted carbon radical. However,
when HOÿ is present, they behave as oxygen acids, and
deprotonation involves the alcoholic CaÿOH bond. It is
possible that a benzyloxyl radical is formed via a radical
zwitterion that undergoes an intramolecular electron transfer
or directly (concerted proton transfer and intramolecular
electron transfer). The latter possibility seems more in line
with the general base catalysis observed in the reaction of 5 .�


(b� 0.4), a process that certainly involves deprotonation of
the OÿH group. Once formed, the benzyloxyl radical under-
goes a 1,2-H shift to give an a-hydroxyl-substituted carbon
radical. When R=H, the benzyloxyl radical can also undergo
b cleavage of the CÿC bond. This mechanism accounts well
for the products and is also supported by the direct
observation of the 4-methoxycumyloxyl radical in the HOÿ-
promoted reaction of the radical cation of 4-methoxycumyl
alcohol. However, at present the possibility that side-chain
fragmentation is to some extent concerted with OH depro-
tonation cannot be excluded, at least as far as CÿC bond
cleavage is concerned. The observed shift from carbon acidity
in water to oxygen acidity in the presence of HOÿ can be
interpreted in terms of the concept of hard and soft acids and
bases as well as by the Marcus theory.


Another interesting result is that when water is the only
base present, the a-OH group exerts a large favorable effect
upon the decay rate of a-alkylbenzyl alcohol radical cations if
the decay involves cleavage of the CÿC bond but not in the
case of CÿH deprotonation. By considering the structures that
contribute to the transition states of the two processes, we
have noticed that only in the former case does the presence of
the a-OH group allow significant stabilization of the tran-
sition state by hydrogen bonding. Other factors of importance
include the different electronic effects of OH and OMe as well
as the different reactivity of the fragments formed in the
cleavage.


Experimental Section


Reagents : Potassium peroxodisulfate, potassium dihydrogenphosphate,
disodium hydrogenphosphate, sodium acetate, sodium hydrogencarbonate,


sodium hydroxide, disodium tetraborate decahydrate, potassium thiocya-
nate, thallium(i) sulfate, perchloric acid, and 2-methyl-2-propanol were of
the highest commercially available quality. Milli-Q-filtered (Millipore)
water was used for all solutions. 4-Methoxybenzyl alcohol (1; Aldrich) and
1-(4-methoxyphenyl)ethanol (2 ; Aldrich) were used as received. 1-(4-
Methoxyphenyl)-1-propanol (3), 1-(4-methoxyphenyl)-2-methyl-1-propa-
nol (4), 1-(4-methoxyphenyl)-2,2-dimethyl-1-propanol (5), threo-1-(4-
methoxyphenyl)-1,2-propanediol (6), 1-(4-methoxyphenyl)-2-methoxy-1-
propanol (erythro/threo mixture) (7), and the methyl ethers 9 ± 11 were
prepared according to literature procedures.[7, 55] a,a-[D2]-4-Methoxyben-
zyl alcohol (12) was synthesized by reduction of 4-methoxybenzoic acid
with LiAlD4.[56] The corresponding methyl ether (13) was prepared by
reaction of the alcohol 12 with methyl iodide and sodium hydride in
anhydrous THF. Both compounds had the expected 1H NMR and MS
spectra.


Reaction products : 4-Methoxybenzaldehyde, 4-methoxyacetophenone,
and 4-methoxypropiophenone (Aldrich) were used as received. 4-Methoxy-
isobutyrophenone and 4-methoxyphenyl-tert-butyl ketone were prepared
according to literature procedures.[55]


Product analysis: g irradiation was carried out with a panorama 60Co g


source (Nuclear Engineering) at dose rates of 0.5 Gy sÿ1. In a typical
experiment, 5 mL of an argon-saturated aqueous solution containing the
substrate (0.5 ± 5.0mm), potassium peroxodisulfate (0.2 ± 1.0mm) (sub-
strate/oxidant ratio: 2 ± 5) and 2-methyl-2-propanol (0.2 ± 1.0m) was irradi-
ated at room temperature (�25 8C) until 40 % conversion of peroxodisul-
fate was attained. Reaction products were identified and quantitatively
determined by HPLC (comparison with authentic samples) on a Shimadzu
LC 6A instrument equipped with a Shimadzu SPD 6A UV/Vis detector
(wavelength of detection 285 nm) and a Nucleosil-5-C18 column (125�
4.6 mm; Macherey &Nagel). Solvent: methanol/water 1:1 (0.8 mL minÿ1).
Blank experiments were performed under all conditions and showed the
presence of negligible amounts of products. Two to four experiments were
performed under all conditions with very good reproducibility (within 5%)
and mass balance.


Pulse radiolysis : The pulse-radiolysis experiments were performed with a
3 MeV van de Graaff accelerator which supplied 300 ns pulses with doses
such that 0.5 ± 3 mm of radicals were produced. A temperature-controlled
continuous-flow cell was employed in all experiments. The pulse-radiolysis
setup and the methods of data processing are described elsewhere.[57]


Dosimetry was performed with N2O-saturated 10 mm KSCN
aqueous solutions with G( .OH)� 6.0� 10ÿ7 mol Jÿ1 and e[(SCN)2


.ÿ]�
7600mÿ1 cmÿ1 at 480 nm.[58] Experiments were performed in argon-
saturated aqueous solutions containing the substrate (0.1 ± 1.0 mm),
peroxodisulfate (2 ± 10mm) and 2-methyl-2-propanol (0.1m). Alter-
natively, N2O-saturated aqueous solutions (pH� 3.5) containing the
substrate (0.1 ± 0.2mm) and thallium(i) sulfate (0.5 ± 2.0mm) were
employed. The pH of the solutions was adjusted with NaOH or
HClO4. The temperature of the solutions was kept constant at 25�
0.2 8C. Rate constants were obtained by averaging 8 ± 14 values, each of
which consisted of the average of 10 ± 30 shots and was reproducibile to
within 3 %.


The second-order rate constants for reaction of the radical cations with
HOÿ (kOHÿ) were obtained from the slopes of the plots of the observed rates
(kobs) versus the concentration of NaOH. For these experiments the
solution containing 0.5 ± 1.0mm substrate, 10mm potassium peroxodisul-
fate, and 0.1m 2-methyl-2-propanol was saturated with argon or oxygen,
and 1mm sodium tetraborate was added to avoid undesired pH variations
upon irradiation.


The second-order rate constants for reaction of the radical cations with
different bases (kbase) were obtained from the slope of the plots of the
observed rate constants (kobs) versus the concentration of the added base.
For these experiments the ionic strength of the solution was buffered with
0.5m sodium sulfate and the pH of the solution was adjusted with NaOH or
HClO4 to 5.5, 7.0, or 8.0 for the experiments with NaOAc, NaHCO3, and
Na2HPO4, respectively. In these experiments the following base concen-
trations were employed: NaOAc, 0 ± 100 mm ; NaHCO3, 0 ± 70mm ; Na2H-
PO4, 0 ± 50 mm. In the experiments with NaOH, 1.0mm Na2HPO4 was
added to avoid undesired pH variations, and the pH of the solution was
varied between 8.5 and 10.5.
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Acid ± Base and Metal-Ion-Coordinating Properties of Benzimidazole and
Derivatives (� 1,3-Dideazapurines) in Aqueous Solution:
Interrelation between Complex Stability and Ligand Basicity


Larisa E. Kapinos, Bin Song, and Helmut Sigel*[a]


Abstract: The stability constants of the
1:1 complexes formed between Mg2�,
Ca2�, Sr2�, Ba2�, Mn2�, Co2�, Ni2�, Cu2�,
Zn2�, or Cd2� (� M2�) and benzimida-
zole-type ligands sterically unhindered
at the N3 position (� L), namely,
benzimidazole, 1-methylbenzimidazole,
5(6)-chlorobenzimidazole, 6-chloro-5-
fluorobenzimidazole, 5(6)-nitrobenzimi-
dazole, 5,6-dichloro-1-(b-d-ribofurano-
syl)benzimidazole, and 5,6-dinitrobenzi-
midazole (DNBI), were determined by
UV/Vis spectrophotometry for DNBI
and for all the other ligands by poten-
tiometric pH titration in aqueous solu-
tions (25 8C, I� 0.5m, NaNO3). The
acidity constants for the monoprotonat-
ed ligands HL� were also measured. For
the HL� species which are symmetric
with respect to the H(N1) and H(N3)
sites, the corresponding micro acidity


constants are also given. Plots of logKM
ML


versus pKH
HL (taking into account the


micro acidity constants where appropri-
ate) give straight lines. The equations for
these least-squares lines allow calcula-
tion of the expected stability constant
for a complex of any benzimidazole-type
ligand, provided its pKH


HL value (in the
pKa range 2 ± 6) is known. For the
stabilities of Fe2� complexes with benzi-
midazole-type ligands an estimation
procedure is described. The effect of
steric inhibition resulting from annela-
tion (the fusion of a benzene ring to C4


and C5 of imidazole), is quantified and
compared to that of a methyl group in
the ortho position to the N atom binding
the metal ion. The effect of annelation is
considerable for the complexes of the
divalent 3d metal ions (ÿ0.3 to ÿ0.7 log
units) but practically nonexistent for
those of the alkaline earth ions, which
indicates outer-sphere complex forma-
tion for the latter. This interpretation
agrees with the observation that the
stability of the ML2� complexes of Ca2�,
Sr2�, and Ba2� is practically independent
of the basicity of the benzimidazole
derivative. The regression lines obtained
for the complexes of the benzimidazole-
type ligands now permit the determina-
tion of the extent of the steric inhibition
of the (C6)NH2 group on metal-ion
binding at N7 of the adenine residue.


Keywords: acid ± base equilibria ´
alkaline earth metals ´ imidazole
derivatives ´ metal-ion complexes ´
nitrogen heterocycles ´ N ligands ´
stability constants


1. Introduction


The structure and size of benzimidazole is very similar to that
of the nucleobase purine; indeed, benzimidazole may also be
named 1,3-dideazapurine. It is thus not surprising that many
benzimidazole derivatives have been prepared to mimic
purine nucleosides and nucleotides (e.g. ref. [1 ± 3]), and a
significant number of such compounds is known to be
biologically active. For example, 1-(b-d-ribofuranosyl)benzi-
midazole 3',5'-phosphate and analogues thereof activate cyclic
adenosine 3',5'-phosphate-dependent protein kinases.[2] Sim-
ilarly, benzimidazole and a broad spectrum of derivatives can
serve as substrates for purine nucleoside phosphorylase.[4] The


benzimidazole residue is also often used in drug design:[5, 6] for
instance, several 2-[(4-chlorophenoxy)methyl]benzimida-
zoles act as selective neuropeptide receptor antagonists,[3]


and various substituted benzimidazoles can serve as prodrugs
which, activated by acid, serve as gastric proton pump
inhibitors.[7] Some benzimidazoles have shown antioxidant
capacities in lipid peroxidation.[8] Another example is bis(5'-
amidino-2-benzimidazolyl)methane, which is an excellent
inhibitor of trypsin; the structural basis of this inhibition
depends on the binding of Zn2�.[9] This observation has led to
the development of highly selective and Zn2�-dependent
inhibitors of several serine proteases.[9]


Considering the situation described above, it is surprising to
find that apparently no comprehensive studies exist[10±12]


which deal with the acid ± base and especially the metal-ion-
binding properties of benzimidazole and derivatives. This is
even more startling given that enzymes employing nucleotides
as substrates are generally also metal-ion-dependent,[13, 14] and
indeed, this latter fact has prompted much research on the
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interaction between metal ions and nucleotides or nucleic
acids as well as their constituents,[15, 16] but not yet between
nucleotide analogues,[10±12] aside from some antivirally active
derivatives.[17, 18]


It is the aim of the present
study to correlate the acid ±
base and the metal-ion-binding
properties of benzimidazole
and the derivatives shown in
Figure 1. The only compound
studied in detail in this re-
spect[19] is 5,6-dichloro-1-(b-d-
ribofuranosyl)benzimidazole
(DRB), which is biologically
very active.[20] A quantification
of the indicated relations
should also further our re-
search[21, 22] dealing with the
metal-ion-binding dichoto-
my[23, 24] of the adenine residue.


2. Results and Discussion


2.1. Acid ± base properties of
benzimidazoles : Benzimidazole
and its derivatives shown in


Figure 1 can accept one proton at N3 giving the mono-
protonated species HL�. Hence, only the deprotona-
tion reaction of Equilibrium (1a) needs to be considered.


HL�>H��L (1a)


KH
HL� [H�] [L]/[HL�] (1b)


The acidity constants were determined by means of potentio-
metric pH titrations in aqueous solutions (25 8C; I� 0.5m,
NaNO3), and the results are given in the third column of
Table 1.[25] The acidity constants of monoprotonated benzimi-
dazole and 1-methylbenzimidazole have been determined
before[10±12, 26] and they agree excellently with the present
results. The acidity constants of the other benzimidazole
derivatives listed in Table 1 have, to the best of our knowl-
edge, not been determined before.


Since the stability constants of the metal-ion (M2�)
complexes formed with 5,6-dinitrobenzimidazole (DNBI)
can only be determined by spectrophotometric measurements
(see Sections 2.3 and 4.3), we have endeavored also to
measure the acidity constant of H(DNBI)� by the same
method. The evaluation of one such experiment is shown in
Figure 2. It is satisfying to note that the result, pKH


H�DNBI� �
1.72� 0.06, is almost identical with the one determined by
potentiometric pH titration (Table 1, entry 7); in both in-
stances I� 0.5m, NaNO3 (25 8C). Only recently[19] very similar
results were also obtained for the deprotonation of H(DRB)� ;
specifically, pKH


H�DRB� � 3.13� 0.02 (potentiometry) and
3.10� 0.10 (spectrophotometry) (see also entry 6 of Table 1).
The excellent agreement between the results established by


Figure 2. Evaluation of the dependence of the optical absorption of DNBI
at 350 (*), 360 (&) and 370 nm (~) on pH in aqueous solution by plotting
the absorption (A) versus pH. The recorded absorption spectra (sample
beam: [DNBI]� 0.10 mm, HNO3 and NaNO3 to give I� 0.5m ; reference
beam: NaNO3/HNO3; 1 cm quartz cells) were evaluated at the three
wavelengths mentioned; this led to the average result pKH


H�DNBI� � 1.70�
0.01 (3s) for this experiment. The solid curves shown are the computer-
calculated best fits for the three wavelengths through the experimental data
points obtained at pH 0.46, 0.62, 0.69, 0.86, 0.99, 1.07, 1.16, 1.22, 1.31, 1.39,
1.44, 1.53, 1.63, 1.70, 1.75, 1.80, 1.91, 1.97, 2.09, 2.21, 2.39, 2.50, 2.70, 2.85,
3.05, 3.31, 3.63, and 4.21 (from left to right) by using pKH


H�DNBI� � 1.70 (25 8C;
I� 0.5m, NaNO3).


the two rather different experimental methods provides the
necessary confidence in the spectrophotometric stability
constant measurements for the M(DNBI)2� complexes (see
Section 2.3).


For H(MBI)� we have measured the acidity constant
by potentiometric pH titration also at another, somewhat
lower ionic strength, I� 0.1m, NaNO3 (25 8C); the result,


Figure 1. Chemical structures
of benzimidazole (BI) and its
derivatives considered in this
study: 1-methylbenzimidazole
(MBI), 5(6)-chlorobenzimida-
zole (ClBI), 6-chloro-5-fluoro-
benzimidazole (ClFBI), 5(6)-
nitrobenzimidazole (NBI), 5,6-
dichloro-1-(b-d-ribofuranosyl)-
benzimidazole (DRB), and 5,6-
dinitrobenzimidazole (DNBI).


Table 1. Negative logarithms of the acidity constants [Eq. (1)] of the
protonated benzimidazole ligands (HL�) shown in Figure 1 and as
determined by potentiometric pH titrations in aqueous solutions at 25 8C
and I� 0.5m (NaNO3) together with the corresponding micro acidity
constants, pkma [Eq. (2)], when appropriate. The pKH


H�Im=MIm� values of
protonated imidazole (Im) and 1-methylimidazole (MIm) are taken from
ref. [27] and given for comparison to reveal the effect of annelation.[a, b]


HL� pKH
HL pkma


[c] pKH
H�Im=MIm�[27] DpKa/annelation


[d]


1 H(BI)� 5.63� 0.01 5.93 7.13� 0.01[g] 1.50� 0.01
2 H(MBI)� 5.67� 0.01 ± 7.20� 0.02[h] 1.53� 0.02
3 H(ClBI)� 4.86� 0.01 5.16 (5.27� 0.01)[i] (0.41� 0.01)[i]


4 H(ClFBI)� 4.33� 0.01 4.63
5 H(NBI)� 3.61� 0.02 3.91
6 H(DRB)� 3.13� 0.02[f] ±
7 H(DNBI)� 1.75� 0.05[e] 2.05


[a] So-called practical (or mixed) constants[25] are listed; see Section 4.2.
[b] The error limits given are three times the standard error of the mean
value or the sum of the probable systematic errors, whichever is larger.
The error limits of the derived data (in the present case for column 6 to the
right) were calculated according to the error propagation after Gauss.
[c] See text in Section 2.2. [d] DpKa/annelation� pKH


H�Im=Der� ÿpKH
HL. [e] The


spectrophotometric measurements gave pKH
H�DNBI� � 1.72� 0.06; this va-


lue (i.e., pkma� 2.02) is used in the evaluations presented in Section 2.4
because the stability constants of the M(DNBI)2� complexes were also
determined by spectrophotometry. [f] From ref. [19]. Spectrophotometric
measurements at 25 8C and I� 0.5m (NaCl) gave pKH


H�DRB� � 3.10� 0.10
(3s). [g] For H(Im)�. [h] For H(MIm)�. [i] The pKa value for H(5-chloro-
1-methylimidazole)� is given for a further comparison (see text in
Section 2.1), and the difference should not be confused with a simple
annelation effect; therefore, both values are given in parentheses.
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pKH
H�MBI� � 5.62� 0.03, is lower by DpKa� 0.05� 0.03 (cf.


entry 2 in Table 1) than the value measured at I� 0.5m. This
very slight increase in acidity is expected and in agreement
with previous observations for related compounds: For
example, for monoprotonated imidazole (Im), pKH


H�Im� �
7.13� 0.01 (I� 0.5m, NaNO3; 25 8C)[27] and 7.05� 0.02 (I�
0.1m, NaNO3; 25 8C),[28] that is, DpKa� 0.08� 0.02, and for
1-methylimidazole (MIm) pKH


H�MIm� � 7.20� 0.02 (I� 0.5m)[27]


and 7.16� 0.01 (I� 0.1m),[28d] that is, DpKa� 0.04� 0.02. A
variation of the ionic strength from 0.5 to 0.1m results in a
similar slight decrease in stability for the ML2� complexes (see
Section 2.4).


The data in entries 1 and 2 of Table 1 allow a further
interesting comparison: Annelation (the fusion of a benzene
ring to C4 and C5 of imidazole) increases the acidity of the
resulting compound, that is, of H(BI)�, by DpKa� 1.5. The
corresponding acidification is observed if the values for
monoprotonated 1-methylimidazole and 1-methylbenzimida-
zole (entry 2) are compared. These results concur with
previous observations.[26, 29] That the effect of a substituent
changes if it is moved from the 4,5-position in imidazole to a
5,6-position in benzimidazole is not surprising; the influence
of a chloro substituent, for example, is diminished in this way
(entry 3). It may be added that a similar acidification upon
annelation occurs for the neutral ligands too; the formation of
the anion is favored in benzimidazole (pKH


BI� 12.8)[26] com-
pared with imidazole (pKH


Im� 14.4)[26] by DpKa' 1.6.[30]


2.2. Micro acidity constants for HL� species symmetrical with
regard to the H(N1) and H(N3) sites : For a detailed
comparison of the acidity constants listed in column 3 of
Table 1 for the monoprotonated HL� species, as well as for
the evaluations to be carried out in Section 2.4, it is important
to note that for the release of a proton from H(BI)� and
H(DNBI)� two possibilities exist whereas there is only a
single one for H(MBI)� and H(DRB)� (see Figure 1). This
means the symmetric acids H(BI)� and H(DNBI)� are
favored by a factor of two in their deprotonation reactions
and hence for comparisons one has to add to the correspond-
ing pKa values 0.3 (� log 2) to obtain the micro acidity
constants (pkma) which actually quantify the acid ± base
properties of H(BI)�/BI and H(DNBI)�/DNBI. This is ex-
pressed in a general form in Equation (2). The corresponding
results for the two systems mentioned are listed in column 4 of
Table 1 (entries 1, 7).


pkma� pKH
HL� 0.3 (2)


How is the situation for those ligands which carry no
substituent at N3 but have nonequivalent substituents at C5
and C6, namely 5(6)-chlorobenzimidazole (ClBI), 6-chloro-5-
fluorobenzimidazole (ClFBI), and 5(6)-nitrobenzimidazole
(NBI) (Figure 1)? In these instances the probability of the
release of a proton from the monoprotonated species HL�


may not be equal for the H(N1) and H(N3) sites. However,
based on linear free-energy relations it was previously
concluded[31] that ªthe five and six tautomers of 5- (or 6-)
substituted benzimidazoles are thermodynamically nearly


equivalentº. In agreement therewith, glycosylation of 5(6)-
nitrobenzimidazole occurred such that it was concluded that
ªthe nitro group does not perceptibly influence the glyco-
sylation position if it is located in the 5- or 6-position of the
benzimidazole moietyº.[1] Therefore, we have applied Equa-
tion (2) to the pKH


HL values of H(ClBI)�, H(ClFBI)�, and
H(NBI)� too (see entries 3 ± 5 in column 4 of Table 1).
Indeed, the excellent fit of the data points from these
asymmetric ligands in the log KM


ML versus pKH
HL correlations


to be discussed in Section 2.4 confirms that the micro acidity
constants obtained in the way described quantify the acid ±
base properties of these ligands well.


2.3. Stabilities of metal-ion complexes formed with benzimi-
dazole and derivatives: All the experiments aimed to deter-
mine stability constants of metal-ion complexes were carried
out with the metal-ion (M2�) concentrations in excess of the
concentrations of the ligands (L). This means that under these
conditions only 1:1 complexes form and therefore the
experimental data of the potentiometric pH titrations could
be described completely by considering Equilibrium (1) given
above and Equilibrium (3) for complex formation. The only


M2��L>ML2� (3 a)


KM
ML� [ML2�]/([M2�] [L]) (3 b)


restriction is that the evaluation of the experimental data is
not carried into the pH range in which hydroxo complex
formation occurs; however, this was evident from the titra-
tions of the metal-ion solutions in the absence of ligand (see
Section 4.2.2). The results obtained from the potentiometric
experiments are collected in columns 3 ± 8 of Table 2.


The determination of stability constants by potentiometric
pH titrations rests in principle on the observation of a
depression of the buffer region of the free ligand, compared
with that in the presence of metal ions. Such depressions can
usually no longer be measured with a high enough precision if
pKa< 2.5. This is clearly the case for the H(DNBI)� system
(Table 1, entry 7); hence, the stability constants for the
corresponding M(DNBI)2� complexes had to be determined
by spectrophotometric measurements. Therefore, first we
measured the stability constant of the Cu(NBI)2� complex
under the same conditions (25 8C; I� 0.5m, NaNO3) by
spectrophotometry (see Section 4.3): logKCu


Cu�NBI� � 2.48�
0.07 agrees excellently with the potentiometric result (Table 2,
column 4).


The spectral alterations which occur for DNBI upon
complex formation are small, but they can be well charac-
terized by recording difference spectra. Figure 3 provides a
representative set of such spectra which show the effect of
increasing amounts of Cu2� on DNBI. These experimental
data were evaluated at 350, 360, and 370 nm by a curve-fitting
procedure (Section 4.3), which is shown in Figure 4.


The difference spectra of Figure 3 were recorded at
pH 2.72; since pKH


H�DNBI� � 1.72 (Table 1, footnote [e]), a part
of the ligand still exists in its protonated form. Hence, only so-
called apparent stability constants are obtained, which need to
be corrected for the competition between proton and metal-
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Figure 3. UV/Vis difference spectra of aqueous solutions of 0.00024m 5,6-
dinitrobenzimidazole at 25 8C in dependence on increasing concentrations
of Cu(NO3)2: 0.002, 0.005*, 0.008*, 0.01*, 0.02, 0.025*, 0.035, 0.06, 0.08*,
0.10, 0.13 (an asterisk indicates that the experiment was done twice). One
1-cm quartz cell in the reference beam contained the corresponding
concentration of Cu(NO3)2 plus NaNO3 to maintain I at 0.5m and the other
DNBI (0.24 mm), while the sample beam contained the mixed system in
one cell and water in the other. The pH was adjusted to 2.72� 0.02 in the
two cells which contained DNBI. Evaluation of these spectra at 350, 360,
and 370 nm leads to 16 points for each wavelength seen in the plots of
Figure 4.


ion binding by Equation (4).[32, 33] In all instances at least three
independent experiments like those shown in Figures 3 and 4


log KM
ML� log Kapp� log (1� [H�]/KH


HL) (4)


were carried out. The results for the M(DNBI)2� complexes
are given in column 2 of Table 2. For the corresponding
complexes of the alkaline earth ions and Mn2� no stability
constants could be measured because the spectral alterations
were too small and therefore not of sufficiently good
reproducibility.


Of the seven metal-ion ± benzimidazole systems considered
in Table 2, stability constants had only been previously
measured[10±12] for the M(BI)2� complexes of Mn2�, Co2�,
Ni2�, Cu2�, and Cd2�. The agreement between the earlier
results and the present ones is fair to excellent. The stability
constants of the M(BI)2� complexes with the alkaline earth
ions and Zn2� were now determined for the first time as well
as all the other stability constants given in columns 2 and 4 ± 7
of Table 2; the values for the M(DRB)2� complexes (col-
umn 3) are from our recent work.[19]


Figure 4. Evaluation of the UV/Vis absorption difference spectra of 5,6-
dinitrobenzimidazole seen in Figure 3 at 350 (&), 360 (*), and 370 nm (*) in
dependence on the total Cu(NO3)2 concentration present in aqueous
solutions at pH� 2.72� 0.02 (25 8C; I� 0.5m, NaNO3) for log Kapp and
DAmax . The solid curves represent the computer-calculated best fits of the
experimental data points (see also Section 4.3) which lead to Kapp� 56.2�
3.7, 53.3� 4.1 and 53.4� 4.3mÿ1 (1s) and DAmax�ÿ0.225� 0.005,
ÿ0.177� 0.005, and ÿ0.121� 0.004 (1s) at 350, 360, and 370 nm, respec-
tively. The weighted mean of the logarithmic results gives log Kapp�
1.737� 0.055 (3s); this apparent stability constant needs to be transformed
with Equation (4) into the pH-independent constant to give log KCu


Cu�DNBI� �
(1.737� 0.055)� 0.041� 1.78� 0.06 (3s). The final value given in Table 2 is
the average of four independent experiments.


2.4. Correlation between complex stability and ligand basic-
ity : For families of structurally closely related ligands a linear
relationship between log KM


ML and pKH
HL is expected[34] as


expressed by Equation (5). In Figure 5 the values from


log KM
ML�m ´ pKH


HL� b (5)


Tables 1 and 2 for logKM
ML versus pKH


HL are plotted for four
metal ions as examples. It is evident that the data for a given
metal ion fit excellently on a straight line. It is especially
satisfying to note that this also holds for the data pairs of the
DNBI systems which were determined by spectrophotometry
(see also Figure 7 in Section 3).


The results listed in Tables 1 and 2 provide six or seven data
points for each metal ion. These were used to calculate the
straight-line equations summarized in Table 3 by the least-
squares procedure. From the plot of the equilibrium constants


Table 2. Logarithms of the stability constants of the 1:1 complexes formed between several divalent metal ions (M2�) and benzimidazole or its derivatives
(L) shown in Figure 1 [Eq. (3)] as determined by potentiometric pH titrations in aqueous solutions at 25 8C and I� 0.5m (NaNO3).[a,b]


log KM
ML for


M2� DNBI[b] DRB[c] NBI L �ClFBI ClBI MBI BI


Ba2� ± ÿ 0.16� 0.20 ÿ 0.25� 0.20 ÿ 0.16� 0.10 ÿ 0.28� 0.15 ÿ 0.16� 0.14 ÿ 0.33� 0.20
Sr2� ± ÿ 0.13� 0.28 ÿ 0.30� 0.20 ÿ 0.22� 0.10 ÿ 0.19� 0.06 ÿ 0.26� 0.15 ÿ 0.26� 0.28
Ca2� ± 0.00� 0.25 ÿ 0.20� 0.15 ÿ 0.13� 0.10 ÿ 0.20� 0.12 ÿ 0.10� 0.13 ÿ 0.18� 0.21
Mg2� ± ÿ 0.04� 0.20 ÿ 0.09� 0.15 0.02� 0.05 ÿ 0.06� 0.03 0.03� 0.08 0.05� 0.03
Mn2� ± 0.31� 0.17 0.37� 0.07 0.57� 0.01 0.67� 0.03 0.78� 0.04 0.76� 0.05
Co2� 0.84� 0.07 1.14� 0.09 1.25� 0.02 1.41� 0.04 1.47� 0.03 1.55� 0.04 1.59� 0.01
Ni2� 1.23� 0.10 1.52� 0.07 1.63� 0.05 1.84� 0.02 1.91� 0.01 2.00� 0.02 2.00� 0.02
Cu2� 1.78� 0.03 2.12� 0.07 2.40� 0.04[d] 2.76� 0.03 2.95� 0.01 3.18� 0.02[e] 3.26� 0.03
Zn2� 0.51� 0.07 0.86� 0.10 1.01� 0.04 1.31� 0.02 1.40� 0.02 1.57� 0.04 1.61� 0.02
Cd2� 0.96� 0.09 1.35� 0.10 1.51� 0.05 1.73� 0.02 1.87� 0.01 2.10� 0.06 2.10� 0.02


[a] For the error limits see footnote [b] of Table 1. [b] The stabilities of the M(DNBI)2� complexes were determined by spectrophotometry (see also
Figures 3 and 4 and Sections 2.3 and 4.3). [c] From ref. [19]. [d] The spectrophotometric determinations gave log KCu


Cu�NBI� � 2.48� 0.07 (see also Sections 2.3
and 4.3). [e] Potentiometric pH titrations at I� 0.1m (NaNO3; 25 8C) gave pKH


H�MBI� � 5.62� 0.03 and log KCu
Cu�MBI� � 3.07� 0.03.
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Figure 5. Relationship between log KM
ML and pKH


HL for the Mg2�, Mn2�,
Co2�, and Ni2� 1:1 complexes of 5,6-dinitrobenzimidazole (DNBI), 5,6-
dichloro-1-(b-d-ribofuranosyl)benzimidazole (DRB), 5(6)-nitrobenzimi-
dazole (NBI), 6-chloro-5-fluorobenzimidazole (ClFBI), 5(6)-chlorobenzi-
midazole (ClBI), 1-methylbenzimidazole (MBI), and benzimidazole (BI)
(from left to right) based on the results given in Tables 1 and 2 (note that
the micro acidity constants were applied when appropriate; see text in
Section 2.2). The least-squares lines are drawn through the indicated seven
data sets (when available); the corresponding straight-line equations are
given in Table 3. Table 4 provides the differences between a given data
point and its straight line. All plotted equilibrium constants refer to
aqueous solutions at 25 8C and I� 0.5m (NaNO3).


of the Mg2� systems in Figure 5, it is evident that the data can
still be fitted rather well to a straight line. However, this line
only shows a small dependence on pKH


HL, and this is the reason
for the low value obtained for the correlation coefficient R
(Table 3, row 1, column 4). Such a dependence is no longer
observed for the other three alkaline earth ions, Ca2�, Sr2�,
and Ba2�. From the entries in Table 2, it is evident that the
corresponding results are not very precise (see also Sec-
tion 4.2.2) and that for a given metal ion the stability
constants, within the error limits, appear to be independent
of the ligand considered. Thus, the stability constants log KM


ML


for the complexes of Ca2�, Sr2�, and Ba2� are probably best
represented in the pKH


HL range from 3 ± 6 by the averages
ÿ0.14� 0.15, ÿ0.2� 0.15, and ÿ0.2� 0.2 (3s), respectively.


For the seven metal ions for which straight-line equations
were calculated (see Table 3), it is interesting to determine the
deviation from the least-squares line for the stability constant
of each individual complex. It is satisfying to see from the
results summarized in Table 4 that all deviations of the data
points from their straight line are within �0.06 log unit.


To provide a reliable error limit for any stability constant
calculated with the equations of Table 3 and a given pKH


HL


value for each of the seven metal ions listed in Table 3, the
standard deviation of the seven (six) data points from the
relevant least-squares line was calculated (Table 4, heading
SD). Users of the results described in this section are
recommended to apply the equations of Table 3 to benzimi-
dazole-type ligands in the pKa range 2 ± 6 and to consider as
error limits for the calculated stability constants, log KM


ML


[Eq. (5)], two or three times the standard deviation (SD)
given in Table 4 for the corresponding metal ion system. For
calculated stability constants in the pKH


HL range 0 ± 2 and 6 ± 8
the error limits given for b (intercept with the y axis) should
also be taken into account.


For the 1-methylbenzimidazole system, a few experiments
were also performed at I� 0.1m, NaNO3 (25 8C): pKH


H�MBI� �
5.62� 0.03 and logKCu


Cu�MBI� � 3.07� 0.03 (Table 2, footnote
[e]). If one applies the value of 5.62 to the straight-line
equation given in Table 3, one calculates log KCu


Cu�MBI� � 3.13�
0.04. The difference of 0.06� 0.05 shows that in a first
approximation the results of Tables 3 and 4 can also be
applied to an ionic strength of 0.1 if needed.


No stability constants were determined in this study for
Fe2�/benzimidazole-type ligands, despite the obvious biolog-
ical significance of this metal ion, because such measurements
are difficult to carry out and are rather error-prone if traces of
Fe3� are present or formed during the experiment. In fact, in
the three stability constant compilations[10±12] not a single
value is given for Fe(BI)2� or the Fe2� complex of any of the
other ligands. Therefore, we made the following estimation:
According to experience[32] based on the Irving ± Williams
sequence,[35] one may propose the use of the average of the
results obtained for the Mn2� and Co2� complexes; this view is


Table 3. Straight-line correlations for M2�-benzimidazole-type complex
stabilities and benzimidazole group basicities,[a, b] for aqueous solutions at
25 8C and I� 0.5m (NaNO3).


M2� m b R[c]


Mg2� 0.035� 0.020 ÿ 0.179� 0.095 0.661
Mn2� 0.182� 0.017 ÿ 0.287� 0.081 0.983
Co2� 0.186� 0.011 0.513� 0.048 0.992
Ni2� 0.201� 0.011 0.860� 0.052 0.992
Cu2� 0.391� 0.013 0.936� 0.057 0.997
Zn2� 0.284� 0.010 ÿ 0.055� 0.045 0.997
Cd2� 0.293� 0.011 0.385� 0.050 0.997


[a] The slopes (m) and intercepts (b) for the straight reference lines from
plots of log KM


ML versus pKH
HL were calculated by the least-squares


procedure from the experimentally determined equilibrium constants
listed in Tables 1 and 2 and by considering, where appropriate, the micro
acidity constants [Eq. (2)] for the various benzimidazole systems.
[b] Straight-line equation: y�mx� b, where x represents the pKa value
of any monoprotonated benzimidazole derivative and y the calculated
stability constant (log K) of the corresponding ML2� complex [Eq. (5)];
the errors given with m and b correspond to one standard deviation (1s).
[c] Correlation coefficient. In the case of small values for the slope (m) the
values for R are also expected to be relatively small (see Mg2�).


Table 4. Logarithmic differences between the experimentally determined
stability constants (log KM


ML of Table 2) of the M2� complexes for DNBI,
DRB, NBI, ClFBI, ClBI, MBI, and BI (see Figure 1) and the least-squares
lines of the log KM


ML versus pKH
HL plots (Table 3) as determined by the seven


(six for Mg2� and Mn2�) complex systems.[a]


M2� DNBI DRB NBI ClFBI ClBI MBI BI SD


Mg2� ÿ 0.03 ÿ 0.04 0.04 ÿ 0.06 0.01 0.02 0.017
Mn2� ÿ 0.03 ÿ 0.06 0.01 0.02 0.03 ÿ 0.03 0.015
Co2� ÿ 0.05 0.05 0.01 0.04 ÿ 0.02 0.00 ÿ 0.03 0.014
Ni2� ÿ 0.04 0.03 ÿ 0.01 0.05 0.02 0.00 ÿ 0.05 0.014
Cu2� 0.05 ÿ 0.04 ÿ 0.06 0.01 0.00 0.03 0.01 0.014
Zn2� ÿ 0.01 0.03 ÿ 0.05 0.05 ÿ 0.01 0.01 ÿ 0.02 0.013
Cd2� ÿ 0.02 0.05 ÿ 0.02 ÿ 0.01 ÿ 0.03 0.05 ÿ 0.02 0.013


[a] The column farthest to the right gives the standard deviation (SD)
resulting from the listed differences.
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also supported by the results seen in Figure 6. This averaging
gives the straight-line Equation (6) (25 8C; I� 0.5m, NaNO3).
The error limit of log stability constants calculated in the pKa


log KFe
FeL� 0.184 ´ pKH


HL� 0.113 (6)


range 2 ± 6 is expected to be within�0.10 log unit. Application
of Equation (6) to, for example, pkma/H(BI)� 5.93 (Table 1)
gives logKFe


Fe�BI� � 1.20� 0.10, and for pKH
H�MBI� � 5.67 (Ta-


ble 1) logKFe
Fe�MBI� � 1.16� 0.10 (25 8C; I� 0.5m, NaNO3) for


the stabilities of the Fe(BI)2� and Fe(MBI)2� complexes,
respectively.


Figure 6. Logarithms of the stability constants according to the Irving-
Williams sequence for the 1:1 complexes for Ba2� through Zn2� formed
with a benzimidazole-type ligand with pKH


HL� 7.50 (*) and another one
with pKH


HL� 4.00 (*). The corresponding stability constants, log KM
ML, were


calculated with the straight-line equations given in Table 3; the values for
the Ca2�, Sr2�, and Ba2� complexes are given in the text of Section 2.4
(aqueous solution; 25 8C; I� 0.5m, NaNO3).


3. Conclusions


Comparison of the plots seen in Figure 7 for the complexes of
Zn2� and Cd2� with imidazole- (&) and benzimidazole-type
(*) compounds reveals that these ligands are members of two
families, because the corresponding experimental data fit
onto two different straight lines. This proves that the benzene
ring fused to the 4,5-position of imidazole sterically inhibits
metal-ion binding to N3. From Figure 7 it appears that the two
straight lines for a given metal ion are approximately parallel
to each other. Indeed, the slopes m of the regression lines for
the benzimidazole-type (Table 3) and the imidazole-type
ligands (Table 2 in ref. [27]) agree within a single standard
deviation in most instances.


To obtain a broader basis as well as a quantification of the
indicated steric effect, we have calculated the metal-ion-
binding properties of a benzimidazole-type ligand to compare
it with those of an imidazole-type ligand (both ligands having
pKH


HL� 6.00); the results are listed in columns 2 and 3 of
Table 5. The steric effect of the benzene ring is evident from
the stability differences listed in column 4, which were
calculated according to Equation (7).


Dlog K� log KM
M�BI-type� ÿ log KM


M�Im-type� (7)


Figure 7. Evidence for a reduced stability of the Cu2� and Zn2� 1:1
complexes of benzimidazole-type ligands (*) compared with those of
imidazole-type ligands (&), based on the relationship log KM


ML versus pKH
HL.


The reduced stability reflects the steric inhibition due to annelation, i.e. the
fusion of a benzene ring to the 4,5-positions of imidazole. The imidazole-
type ligands are N-(2,3,5,6-tetrafluorophenyl)imidazole (TFPhIm),
5-chloro-1-methylimidazole (ClMIm), 4'-(imidazol-1-yl)acetophenone
(ImAP), 1-methylimidazole (MIm), and imidazole (Im) (from left to
right). For the benzimidazole-type ligands see Figure 1 and the legend of
Figure 5. The least-squares lines for the benzimidazoles are drawn
according to the equations given in Table 3 and those for the imidazoles
according to the data in Table 2 of ref. [27]. All plotted equilibrium
constants refer to aqueous solutions at 25 8C and I� 0.5m (NaNO3).


The observation of a remarkable steric effect due to
annelation for the complexes of the divalent 3d metal ions
but none (within the error limits) for the complexes of Ca2�,
Sr2�, and Ba2� is interesting. This indicates that binding of the
latter metal ions occurs in an outer-sphere manner; this
conclusion concurs with the fact that the stability of the
corresponding complexes is rather independent of the basicity
of the ligands involved. For Mg2�, outer-sphere binding is
clearly still important, whereas its role for Mn2�, in the case of
the ligands considered, is diminished. Hence, these results
indicate that there exists principally an equilibrium between
outer-sphere and inner-sphere metal-ion binding and that this
equilibrium is of the inner-sphere type for Co2�, Ni2�, Cu2�,
and Zn2�, and of the outer-sphere one for Ca2�, Sr2�, and Ba2�.
The different extent of steric inhibition observed for the
complexes of Zn2� and Cd2� is probably the result of the
greater bond lengths of the latter ion.


At this point it seems of interest to compare the described
annelation effect, that is, the steric inhibition caused by the
benzene ring fused to C4 and C5, with the steric inhibition
resulting from the presence of a methyl group adjacent to N3
on the metal-ion-binding properties of imidazole-type ligands.
This can be done for several metal ions by means of the
published[36] stability constants for the complexes formed with
1,2-dimethylimidazole: The expected stability constants based
on the basicity of N3 were calculated (calcd) and compared
with the experimental (exptl) values (see columns 5 and 6 of
Table 5). From column 7 it is evident that the inhibition
resulting from an ortho methyl group on metal-ion binding at
N3 of imidazole is more pronounced than that due to
annelation (cf. column 4), but the inhibition of a methyl
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group in ortho-imidazole-type ligands and in ortho-pyridine-
type ligands[21, 37] seems to a first approximation to be of a
comparable order.


With the described results in mind, a question arises
concerning the steric inhibition caused by the 6-amino group
on metal-ion binding to N7 of an adenine residue. The
relevance of this question regarding biological systems is
evident. We intend to address this problem by studying the
stability of complexes formed with 4-amino-1-methyl-benzi-
midazole (� 9-methyl-1,3-dideazaadenine) and/or 1,4-dime-
thylbenzimidazole (� 6,9-dimethyl-1,3-dideazapurine).


4. Experimental Section


4.1. Materials : Benzimidazole (99 %) was from Sigma Chemical, St. Louis
(MO, USA), 1-methylbenzimidazole (99 %) from Aldrich Chemical, Buchs
(Switzerland), 5(6)-chlorobenzimidazole (98 %) from Kasei Kogyo, Tokyo
(Japan), 6-chloro-5-fluorobenzimidazole (>95%) from Maybridge Chem-
ical, Trevillett (Tintagel, Cornwall, UK), 5(6)-nitrobenzimidazole (>98%)
and 5,6-dinitrobenzimidazole were from Fluka, Buchs (Switzerland); all
these substances were used as obtained; however, potentiometric
pH titrations proved that they were free of any acid ± base impurities. All
the other chemicals, including water, were the same as used previously,[27]


and the stock solutions and titer determinations were also made as
described.[27]


4.2. Potentiometric pH titrations: The instrumentation, including the desk
computers, was the same as described recently.[27]


The acidity constants determined are so-called practical, mixed, or
Brùnsted constants.[25] Their negative logarithms, given for aqueous
solution at I� 0.5m (NaNO3) and 25 8C may be converted into the
corresponding concentration constants by subtracting 0.03 from the listed
pKa values.[25] The ionic product of water (Kw) does not enter into the
calculations because the differences in NaOH consumption between
solutions with and without ligand (see below) are evaluated. The stability
constants presented are, as usual, concentration constants.


4.2.1. Determination of the acidity constants: The acidity constants KH
HL


[Eq. (1)] of H(BI)�, H(MBI)�, and H(ClBI)� were determined by titrating
50 mL of 1.8 mm HNO3 (25 8C; I� 0.5m, NaNO3) in the presence and
absence of 1.0 mm benzimidazole or one of the mentioned derivatives
under N2 with 1 mL of 0.1m NaOH and by using the differences in NaOH
consumption between such a pair of titrations for the calculations. To


investigate the influence of the ionic strength, the acidity constant KH
H�MBI�


of H(MBI)� was also measured at I� 0.1m (NaNO3; see footnote [e] of
Table 2).


With ClFBI, NBI, and DNBI, more concentrated solutions had to be used
because the acidity constants of their HL� species are lower. We titrated
25 mL of 3.6 mm HNO3 (25 8C; I� 0.5m, NaNO3) in the presence
and absence of 1.7 mm ClFBI, and 25 mL of 7.2 mm HNO3 (I� 0.5m,
NaNO3) in the presence and absence of 2.5 mm NBI with 1 and 2 mL 0.1m
NaOH, respectively. The rather low solubility of DNBI required the
following conditions: 25 mL of 7.2 mm HNO3 (I� 0.5m, NaNO3) were
titrated in the presence and absence of 0.96 mm DNBI with 3 mL 0.07m
NaOH.


The acidity constants were calculated as described.[27] For the determi-
nation of KH


H�DNBI� only the pH range corresponding to about 60 ± 97%
neutralization for the equilibrium HL�/L was accessible; in this case three
independent titrations were made. In all the other instances the final results
for the various acidity constants are the averages of 14 ± 36 independent
pairs of titrations.


4.2.2. Determination of the stability constants: The stability constants KM
ML


[Eq. (3)] of the M(BI)2�, M(MBI)2�, M(ClBI)2�, M(ClFBI)2�, and
M(NBI)2� complexes were determined under the same conditions as the
acidity constants, but NaNO3 was partly or fully replaced by M(NO3)2 (I�
0.5m ; 25 8C). The stability constant KCu


Cu�MBI� of the Cu(MBI)2� complex was
also measured at I� 0.1m (NaNO3; see footnote [e] of Table 2). The
stability constant of M(DNBI)2� could not be determined (see Section 4.3)
by potentiometric pH titration because pKH


H�DNBI�< 2.


For the systems containing Mg2�, Ca2�, Sr2�, or Ba2�, NaNO3 was always
replaced completely by M(NO3)2 because of the low stability of the
corresponding complexes; that is, [M(NO3)2] was equal to 0.1667m and
consequently, M2� :L' 167:1 for the BI, MBI, or ClBI systems, M2� :L'
98:1 for ClFBI, and M2� :L' 67:1 for NBI.


For the other metal ions in the systems with BI, MBI, and ClBI, the
following concentrations of M(NO3)2 were employed and at least two
different [M(NO3)2] were used for a given ligand: 0.1667m (M2� : L� 167:1
for Mn2�, Co2�, Ni2�, and Cd2�), 0.0833m (M2� : L� 83:1 for Mn2� and
Co2�), 0.0417m (M2� : L� 42:1 for Co2�, Ni2�, Zn2�, and Cd2�) and 0.0208m
(M2� : L� 21:1 for Co2�, Ni2�, Zn2�, and Cd2�). The same metal ion
concentrations were used for the other ligand systems but now the M2� :L
ratios were 98:1 (Mn2� and Co2�), 49:1 (Co2� and Zn2�), 24:1 (Ni2�, Zn2�,
and Cd2�) and 12:1 (Co2�, Ni2�, and Cd2�) for ClFBI as well as 67:1
(Co2� and Mn2�), 33:1 (Co2�, Ni2�, Zn2�, and Cd2� ) and 17:1 (Ni2�, Zn2�,
Cd2�) for NBI; in the latter case, the lowest [M2�] of 0.0208m was not
employed.


In the Cu2�/BI, MBI, and ClBI systems, [Cu(NO3)2] was 10.4, 5.2, 4.2, 3.4,
2.1, and 1.7 mm, so the Cu2� :L ratios were 10.4:1, 5.2:1, 4.2:1, 3.5:1, 2.1:1,


Table 5. Extent of the steric inhibition [Eq. (7)] of metal-ion binding to N3 due to annelation, as calculated with pKH
HL� 6.00 and the straight-line equations


of Table 3 for benzimidazole-type ligands (BI-type) and for imidazole-type ligands (Im-type) with the corresponding data given in Table 2 of ref. [27] (25 8C;
I� 0.5m, NaNO3).[a] The extent of the steric inhibition by a methyl group adjacent to N3, as exemplified by a methyl group at C2 of imidazole,[b] is given for
comparison (see columns 5 ± 7).


log KM
M�DMIm�


M2� log KM
M�BI-type� log KM


M�Im-type� Dlog K exptl[b] calcd[c] logD[d]


Ba2� ÿ 0.2� 0.2 ÿ 0.3� 0.2 0.1� 0.3
Sr2� ÿ 0.2� 0.15 ÿ 0.2� 0.15 0.0� 0.2
Ca2� ÿ 0.14� 0.15 ÿ 0.12� 0.10 0.0� 0.2
Mg2� 0.03� 0.05 0.11� 0.05 ÿ 0.08� 0.07
Mn2� 0.81� 0.05 1.15� 0.02 ÿ 0.34� 0.05
Co2� 1.63� 0.04 2.18� 0.03 ÿ 0.55� 0.05 1.13� 0.05 2.66� 0.03 ÿ 1.53� 0.06
Ni2� 2.07� 0.04 2.77� 0.03 ÿ 0.70� 0.05 2.15� 0.05 3.27� 0.03 ÿ 1.12� 0.06
Cu2� 3.28� 0.04 3.78� 0.03 ÿ 0.50� 0.05 3.70� 0.05 4.61� 0.02 ÿ 0.91� 0.05
Zn2� 1.65� 0.04 2.17� 0.04 ÿ 0.52� 0.06 1.92� 0.05 2.82� 0.04 ÿ 0.90� 0.06
Cd2� 2.14� 0.04 2.39� 0.03 ÿ 0.25� 0.05


[a] For the error limits, see footnote [b] of Table 1. [b] The ligand used is 1,2-dimethylimidazole (DMIm); the stability constants are from ref. [36]; they
apply to aqueous solutions at 25 8C and I� 0.5m (KNO3). It may be added that the constants determined by these authors[36] for 1-methylimidazole (MIm)
systems are in excellent agreement with our results[27] [with the exception of the stability constant for Zn(MIm)2�, which is quoted as being 0.16 log units
larger than our value; we assume that this is a hydrolysis effect]. [c] Calculated with pKH


H�DMIm� � 8.21 (from ref. [36]) and the straight-line equations given
in Table 2 of ref. [27] for imidazole-type complexes; the corresponding errors (3s) are from Table 3 of ref. [27]. [d] Log D� log KM


M�DMIm�=exptlÿ
log KM


M�DMIm�=calcd.
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and 1.7:1 (at least two different ratios were used for each ligand); in the
Cu2�/ClFBI system [Cu(NO3)2] was 8.3 and 4.2 mm, giving Cu2� :L ratios of
4.9:1 and 2.5:1; finally, in the Cu2�/NBI system [Cu(NO3)2] was 20.8 and
10.4 mm, giving Cu2� :L ratios of 8.3:1 and 4.2:1.


All the stability constants were calculated exactly as described in
ref. [27].[38] The results showed no dependence on the excess of M2� used
in the experiments. The final results given for the stability constants, KM


ML


[Eq. (3)], are always the averages from at least six independent pairs of
titrations.


The stability of the Ca2�, Sr2�, and Ba2� complexes was always very low, and
consequently the buffer depression was small; for example, for the Ba2�/
NBI system under the present experimental conditions it amounts to only
DpKa' 0.04. For this reason the error limits for these complexes are rather
large (Table 2).


4.3. Spectrophotometric measurements : The acidity constant KH
HL of


H(DNBI)� was also determined by spectrophotometry (Table 1, foot-
note [e]). The UV/Vis spectra of DNBI (0.10 mm) were recorded in
aqueous solutions (25 8C; I� 0.5m, NaNO3) with a Perkin Elmer (Lamb-
da 2) UV/Vis spectrophotometer using 1 cm quartz cells. The pH of the
solutions was adjusted by dotting with relatively concentrated HNO3 or
NaOH and measured with a Metrohm 654 pH meter with a Metrohm
6.0216.100 (PC) glass electrode. The spectrophotometric data were
analysed (see Figure 2) with an IBM-compatible desk computer with a
Pentium processor connected to an EPSON Stylus 1000ESC/P2 printer and
a Hewlett ± Packard Desk Jet 1600C Color Smart printer. The evaluation of
the spectrophotometric measurements (Figure 2) was carried out above
330 nm because then the absorption of 0.5m NaNO3 is no longer relevant.
The final result given for pKH


H�DNBI� (see Table 1, footnote [e]) is the average
of three independent experiments.


The stability constants KM
ML [Eq. (3)] of Co(DNBI)2�, Ni(DNBI)2�,


Cu(DNBI)2�, Zn(DNBI)2�, and Cd(DNBI)2� were determined by record-
ing difference spectra of the UV/Vis region between 330 and 420 nm (see
Figure 3) with the Perkin Elmer instrument and also with a Varian Cary 3C
spectrophotometer connected to an IBM-compatible desk computer (OS/2
system) and an EPSON Stylus 1500 printer.


A typical experiment for a stability-constant determination is shown in
Figure 3 and its evaluation in Figure 4; the latter was carried out
analogously to the evaluation described for 1H NMR shift data,[39] by
employing a curve-fitting procedure using a Newton ± Gauss nonlinear
least-squares programme. An evaluation by regression lines according to
Equation (1) of ref. [33] gave the same results as the curve fit. All
experiments ([DNBI]� 0.24 mm) were adjusted to a certain pH in the
range 2.6 ± 3.5; the measured apparent stability constants were then
corrected for the competition of the proton by means of Equation (4).
The concentration range used for Cu(NO3)2 was from 0.002 ± 0.13m ;
for the other M(NO3)2 systems concentrations of 0.02 ± 0.167m were
employed.


The final results given in Table 2 (column 2) are the averages of three
independent series of experiments with, in total, nine evaluations in the
case of Zn(DNBI)2� or Cd(DNBI)2� ; five series of experiments with in
total fifteen evaluations were carried out each for Co(DNBI)2�,
Ni(DNBI)2� and Cu(DNBI)2�.


The stability constant of the Cu(NBI)2� complex was also determined
spectrophotometrically to confirm the result obtained by potentiometric
pH titration. The difference spectra have a similar appearance to those for
the M2�/DNBI systems; they were evaluated at 350, 360, and 370 nm. The
conditions were [NBI]� 0.20 mm and [Cu(NO3)2]� 0.001 ± 0.05m (25 8C;
I� 0.5m, NaNO3); four independent experiments at pH 4.02, 4.04, 4.51, and
5.02 were performed with in total 12 evaluations which led to the result
given in footnote [d] of Table 2.
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Grid-Type Lead(ii) Complexes
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Abstract: The self-assembly of the li-
gands 1 a ± d, containing tridentate bind-
ing subunits, with lead(ii) ions lead to the
formation of the supramolecular inor-
ganic architectures 2 ± 4 of [2� 2], [3�
3], and [4� 4] grid-type containing four,
nine, and sixteen lead(ii) ions, respec-
tively, in octahedral coordination sites.
The structures have been assigned on
the basis of the spectroscopic data in


solution, and confirmed in the case of 2 a
in the solid state by X-ray radiocrystal-
lography. The entities 2 ± 4 display spe-
cific arrays of metal ions and are of
potential interest for the development of


devices for molecular electronics. Their
formation, in particular that of 4, stress-
es the power of correctly designed self-
assembly processes to generate highly
complex architectures of well-defined
geometry and nanometric size in a
spontaneous but controlled fashion,
without having to resort to nanofabrica-
tion procedures.


Keywords: grid-type structures ´
lead ´ N ligands ´ self-assembly ´
terpyridines


Introduction


The generation of complex supramolecular architectures may
be achieved through self-assembly and self-organization
processes based on suitably instructed components subject
to specific interaction schemes.[1] Such is the case for the
precise formation of biological superstructures from molec-
ular components displaying highly directed mutual recogni-
tion. Various types of artificial organic and inorganic systems
undergoing self-assembly have been devised in recent
years.[1±3] In particular, the generation of inorganic supra-
molecular architectures is based on ligands that contain
suitable binding sites in a correct arrangement; these may be
read by metal ions following the algorithm defined by their
coordination geometry.[1] The resulting entities may present a
variety of new chemical and physical properties, different
from those shown by the ligands and metal ions themselves,
and they are potential candidates as components of functional
nanostructures. Among the different types of superstructures
that may be imagined, entities in which metal ions are


arranged in a grid-type fashion are of special interest, in
particular in view of an eventual incorporation into informa-
tion storage devices that such arrays suggest.


Square [n� n][4a] and rectangular [n�m][4b] grids based on
metal ions of tetrahedral coordination geometry have been
obtained, as well as [2� 2] grids containing ions of octahedral
coordination.[5] In view of both their basic interest and the
potential applications that such entities may present, further
exploration of the self-assembly of grids of various sizes,
which incorporate different numbers and types of metal ions,
is warranted.


Herein we describe the synthesis and characterization of
the extended inorganic grid-type structures 2, 3, and 4 formed
by self-assembly from ligands 1 a ± 1 d, containing terpyridine
type subunits, and PbII ions as metal centers (Scheme 1). The
synthesis of the ligands 1 a ± 1 d has been reported previously
by our laboratory.[6, 7] PbII ions were selected as assembly sites
because these large ions were expected to distort the ligands
less than the coordination of the comparatively small
transition metal ions[8] and to give, therefore, access to novel
grid structures.


Results and Discussion


Self-assembly and characterization of the [2� 2]ÿPbII
4 grid-


type complexes 2 : The self-assembly reaction to obtain
complex 2 b was carried out as follows: ligand 1 b was mixed
with a stoichiometric amount of Pb(OTf)2 in acetonitrile and
the mixture was stirred overnight at room temperature.


[a] Prof. Dr. J.-M. Lehn, Dr. A. M. Garcia, Dr. F. J. Romero-Salguero,
Dr. D. M. Bassani
Laboratoire de Chimie SupramoleÂculaire, ISIS-ULP
4, rue Blaise Pascal, F-67000 Strasbourg (France)
Fax: (�33) 388-41-10-20
E-mail : lehn@chimie.u-strasbg.fr


[b] G. Baum, Prof. Dr. D. Fenske
Institut für Anorganishe Chemie, Universität Karlsruhe
Engesserstrasse, Geb.-Nr 30.45, D-76128 Karlsruhe (Germany)
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Removal of the solvent un-
der reduced pressure yield-
ed a yellow powder. The
1H NMR spectrum of the
crude mixture confirmed
the presence of only one
compound, and it was con-
cluded that the formation of
the complex was quantita-
tive. The complex was fur-
ther purified by diethyl
ether precipitation from a
solution in acetonitrile.


Complex 2 b was charac-
terized by 1H, 13C, and RO-
ESY NMR spectroscopy,
and FAB mass spectrome-
try. The FAB mass spectrum
of 2 b displayed only two
main peaks at m/z (%)�
4019.3 (20) and 3870.1 (10),
which correspond to the


species {[Pb41 b4](OTf)7}1� and {[Pb41 b4](OTf)6}2�, respective-
ly, indicating the formation of a tetrameric complex. The
1H NMR spectrum of 2 b showed only one set of signals
corresponding to the four ligands; these were assigned from
the two-dimensional ROESY. The simple pattern indicated a
highly symmetric structure, with ligand 1 b situated in a single
chemical and magnetic environment.


Complex 2 a, based on the ligand 1 a,[7] was also prepared
following the procedure described above. The complex
obtained was identified by 1H NMR and FAB mass spec-
trometry. Single crystals of this complex of sufficient quality
were obtained by slow diffusion of diethylether into saturated
acetonitrile solutions, and its structure was determined by
X-ray crystallography. The crystal structure showed the
complex to have a [2� 2] grid-type structure and to be
composed of four ligands 1 b, four lead cations, and four


Abstract in French: L�autoassemblage des ligands 1a ± d,
contenant des centres de coordination tridentates, avec des ions
plomb(ii) conduit à la formation des architectures inorganiques
2 ± 4 de type grille d�ordre [2� 2], [3� 3] et [4� 4] contenant
quatre, neuf et seize ions PbII respectivement, dans des sites de
coordination octaØdriques. La structure de ces esp�ces a ØtØ
attribuØe sur la base de donnØes spectroscopiques et confirmØe
dans le cas de 2a en phase cristalline par radiocristallographie.
Les complexes 2 ± 4 prØsentent des arrangements spØcifiques
d�ions mØtalliques d�intØreÃt potentiel en Ølectronique molØcu-
laire. Leur formation, en particulier celle de la grille [4� 4] 4,
dØmontre la puissance des processus d�autoassociation pro-
grammØe pour la gØnØration d�architectures de gØomØtrie
dØfinie de taille nanomØtrique de façon spontanØe mais
controlØe, sans devoir recourir à des procØdØs de nanofabrica-
tion.


Scheme 1. Structure of ligands 1a ± 1d and schematic representation of their self-assembly into inorganic [n� n] grid-type structures with lead(ii) ions.
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triflate counteranions located in two positions (Figures 1 and
2). The ligands are somewhat warped and the metal ions lie
almost in a plane and form a square. The average PbÿN
distances are 2.58 � (pyridine N) and 2.77 � (pyrimidine N);
they are similar to the lead ± nitrogen distances already
reported in literature.[9] The average PbÿPb distance is 6.51 �.


The coordination geometry around lead reveals a hemi-
directed structure, in which the bonds to the ligands are
directed towards only one part of the coordination sphere.
The presence of a gap in the angular distribution of ligands
can indicate the existence of a stereochemically active
electronic lone pair in the lead ions.[10] In the structure of
2 b, the open faces of the metal ions are oriented towards the
interior of the complex and occupied by the coordinated
triflate counter anions (Figure 2).


The structure of 2 a differs significantly from that of [2� 2]
grids of transition metal ions, which display a distorted
octahedral coordination to the perpendicularly oriented
ligands.[5, 11] Although the average MÿM distance is rather
similar in these complexes (imposed by the distances between
the coordination sites), the MÿN distances are, as expected,
much longer for the large M�PbII ions. For example, for CoII


grid-type complexes, the average CoÿN distances are 2.10 �
(pyridine N) and 2.23 � (pyrimidine N).[5a]


Formation and detection of the [3� 3]ÿPbII
9 grid-type com-


plex 3 : The successful formation of complex 2 suggested that it
might be possible to achieve the self-assembly of a larger grid-
type structure 3. Mixing equimolecular amounts of Pb(OTf)2


and ligand 1 c in acetonitrile, and stirring overnight, led to a
mixture that was analyzed by 1H NMR and ES mass
spectrometry. The 1H NMR spectrum observed in deuterated


Figure 1. Crystal structure of the [2� 2]ÿPbII
4 grid-type complex 2a : top


view (top); side view (center); top-view, space-filling representation
(bottom); triflate anions omitted for clarity.


acetonitrile agrees with the formation mainly of the desired
complex 3 (Figure 3). Ligand 1 c appears in two different
chemical environments as indicated by the presence of two
sets of signals in a ratio of 1:2. This corresponds to four outer
ligands and two inner ligands as expected for a [3� 3]ÿPbII


9


grid-type structure. However, when the spectrum was run in
deuterated nitromethane, a mixture of species was detected.
These observations could be due to the difference in
coordinating character of the two solvents, the exchange
processes between the different species being slower in the
less-coordinating CD3NO2 solvent. Attempts to determine the
207Pb NMR spectrum of 3 were unsuccessful ; no signal was
observed, probably owing to PbII exchange processes in
solution.
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Figure 2. Crystal sructure of complex 2a, ball-and-stick representation
(top view), showing one set of the four triflate anions coordinated to the
PbII centers.


Figure 3. 400 MHz 1H NMR spectrum of a CD3CN solution of the grid
complex 3 as formed by self-assembly from ligand 1c and lead(ii) triflate;
for signal assignment, see Experimental Section.


ES mass spectrometry measurements provided evidence for
the presence of complex 3 as the major product in the reaction
mixture, accompanied by the [3� 2]ÿPbII


6 grid-type complex
as minor species. These spectrometric data indicate that the
grid complex 3 does indeed form preferentially, but in
equilibirum with other, minor complexes. Unfortunately,
crystals suitable for X-ray crystallographic analysis could
not be obtained.


Formation and characterization of the [4� 4]ÿPbII
16 grid-type


complex 4: The formation of the hexadecanuclear [4�
4]ÿPbII


16 grid complex 4 was carried out following the same
protocol as described for the [2� 2] and [3� 3] grids 2 and 3.
A mixture of stoichiometric amounts of ligand 1 d and
Pb(OTf)2 in acetonitrile was stirred overnight at room
temperature. Evaporation of the solvent under reduced
pressure yielded a yellowish solid. The 1H NMR spectrum
of this material, without further purification, showed that it
consisted of only one compound, indicating that the reaction
was quantitative.


The grid-type complex 4 was characterized by 1H and 207Pb
NMR spectroscopy, and ES mass spectrometry. The ES mass


spectrum of compound 4 showed peaks that correspond to
multiply charged species possessing the correct composition:
{[Pb161 d8](OTf)n}(32ÿn)�, with n� 23 ± 27 (see Experimental
Section).


The 1H NMR spectrum indicated a high symmetry; it
displayed only two different sets of signals for ligands 1 d in a
ratio of 1:1. This pattern is consistent with the existence in
complex 4 of four outer and four inner ligands 1 d, which are
located in two different environments (Figure 4; for signal
assignment see Experimental Section).


Figure 4. 400 MHz 1H NMR spectrum of a CD3CN solution of the
hexadecanuclear grid-type complex 4 as obtained by self-assembly from
ligand 1 d and lead(ii) triflate; for signal assignment, see Experimental
Section.


The 207Pb NMR provided decisive information. It showed
three signals in a 1:2:1 ratio, corresponding to lead cations in
three different chemical environments: four at the corners,
four in the interior and eight at positions 2 and 3 on the edges.
The nature of the nitrogens in the binding sites and the
number of neighboring Pb207 ions determines the sequence of
chemical shifts in the 207Pb NMR spectrum. The 109Ag NMR
signals of a [3� 3]ÿAg9


� complex of grid-type architecture
indicated a decreasing shift (lower ppm values) with increas-
ing number of less basic nitrogen sites and neighboring ions.[4a]


On this basis, in the spectrum represented in Figure 5 the
signals from left to right may be assigned as follows [Pbposition


(number of vicinal Pb ions, type and number of nitrogen
sites)]: Pbvertex (2, py4, pym2), Pbedge (3, py3, pym3), and Pbinterior


(4, py2, pym4). Thus, both the relative intensity and the
chemical shift sequence of the signals agree with the [4� 4]
grid structure 4.


All the spectrometric data indicate that the self-assembly of
ligand 1 d with lead(ii) ions leads to the exclusive formation of
the hexadecanuclear [4� 4]ÿPbII


16 grid-type complex 4 in
solution. It amounts to the correct assembly of 24 components
through the formation of 96(!) coordination bonds in a single
operation. Unfortunately, it has not yet been possible to
obtain crystals suitable for the determination of the solid-state
structure of complex 4 by X-ray crystallography.
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Figure 5. 41.813 MHz 207Pb NMR spectrum of a solution (approximately
1 mm) of the [4� 4]ÿPbII


16 grid complex 4 in CD3CN. The chemical shifts
are given with respect to a saturated solution of lead triflate in CD3CN; for
signal assignment, see text.


Conclusion


The present results demonstrate the formation of grid-type
complexes, based on octahedral coordination sites, from
lead(ii) ions and tridentate ligand subunits. They confirm the
utility of lead(ii) ions as a coordination center in self-assembly
processes, and open the door to the construction of novel
architectures that use heavy metals as assembling sites.[12] The
large size of the PbII ions and the comparatively long bonding
distances may allow the generation of novel entities not
accessible with transition metal ions. In particular, the [4� 4]-
grid superstructure 4 displays a metal ion array of nanometric
size in which the ions are located in a precisely defined
fashion, and which gives access to devices based on ion dots,[1]


reminiscent of the arrays of quantum dots, currently inves-
tigated as storage media in microelectronics.[13] Such entities
represent programmed supramolecular composites of inor-
ganic nature.


The formation of 4 is a very remarkable process that shows
again the power of self-assembly for the generation of well-
defined inorganic architectures, displaying specific arrays of
metal ions. It points to the potential of the supramolecular
approach for the spontaneous but controlled assembly of
highly complex nanostructures. The application of such an
approach to the fabrication of electronic and information
storage devices provides means to bypass nanofabrication and
nanomanipulation through the designed use of instructed
chemical processes.


Experimental Section


Materials : 1H NMR and ROESY measurements were recorded on a
400 MHz Bruker AM 400 instrument in CD3CN and CD3NO2, with the use
of the residual solvent peak as reference. The J values indicated correspond
to the observed splittings not to exact coupling constants. 207Pb NMR was
performed on a Bruker AC200 instrument at 200 MHz in CD3CN, with
Pb(OTf)2 as reference. Lead(ii) triflate was prepared from lead(ii) oxide
and triflic acid by stirring a stoichiometric mixture in H2O at 100 8C for
45 min. The white suspension was filtered and the solvent was removed
under low pressure. The salt was purified by diethylether precipitation from
a solution in acetonitrile.


General procedure for the formation of the grid-type complexes 2, 3, and 4 :
An equimolar mixture of Pb(OTf)2 and of ligand 1 in CH3CN was stirred at
room temperature for 12 h. The solvent was removed under reduced
pressure to yield the final product. The characterization of the complex was
performed on this product by means of spectroscopic methods. Elemental
analysis gave the correct composition for the product isolated in this way
for 2 and 4, but this is in itself of little help for purity and structure
assignment. The numerotations used for the assignment of the 1H NMR
signals are given below (Scheme 2).


Scheme 2.


Data for complex 2: Formation from Pb(OTf)2 (28.3 mg); ligand 1b[6b]


(30 mg); CH3CN (5 mL); quantitative yield, see text. 1H NMR (CD3NO2):
d� 9.34 (s, 4H; H7), 9.13 (s, 4H; H8), 8.76 (d, J� 5.0 Hz, 8 H; H1), 8.63 (s,
8H; H6), 8.43 (d, J� 8.2 Hz, 8H; H4), 8.29 (s, 8H; H5), 8.03 (ddd, J� 8.5,
7.8, 1.5 Hz, 8 H; H3), 7.26 (t, J� 6.5 Hz, 8H; H2), 3.36 (t, J� 7.2 Hz, 16H),
1.99 ± 1.81 (CH3CN, m, 16 H), 1.16 (t, J� 7.2 Hz, 24 H); assignments made
on the basis of the ROESY spectrum; 13C NMR (CD3NO2) d� 15898.0,
15694.0, 15518.9, 15143.0, 14987.2, 14807.2, 14 709.4, 13 747.3, 12372.4,
12166.8, 11930.7, 11813.4, 11315.5, 2865.3, 1726.6, 841.5; FAB-MS: m/z
(%): 4019.3 (20) {[Pb41b4](OTf)7}1�, 3870.1 (10) {[Pb41 b4](OTf)6}2� ;
C136N24H112S16O24F24Pb4 (4264.25 gmolÿ1). The same procedure was used
for the synthesis of complex 2a.


Data for complex 3: Formation from: Pb(OTf)2 (20.2 mg); ligand 1 c[6b]


(20.5 mg); CH3CN (7 mL); structural characterization, see text. 1H NMR
(CD3CN): d� 9.35 (s, 4H; H7'), 9.04 (s, 8 H; H7), 8.95 (s, 4 H; H8'), 8.73 (s,
12H; H8, H6'), 8.67 (s, 8H; H6), 8.46 (s, 8H; H9), 8.40 ± 8.25 (m, 12H; H9',
H4), 8.24 ± 8.16 (m, 24H; H5, H4', H1', H1), 8.00 ± 7.92 (m, 12H; H3, H5'),
7.85 (t, J� 7.7 Hz, 4 H; H3'), 7.13 (t, J� 6.4 Hz, 12H; H2, H2'), 3.64 ± 3.53
(m, 12H), 3.44 ± 3.36 (m, 24 H), 2.13 ± 1.8 (m, 36 H), 1.37 ± 1.17 (m, 54H);
ES-MS: m/z (%): 2139.2 (10) {[Pb91 c6](OTf)14}4�, 1680.4 (12)
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{[Pb91c6](OTf)13}5�, 1375.8 (22) {[Pb91 c6](OTf)12}6� and 1157.6 (15)
{[Pb91c6](OTf)11}7�; C270N54H234S36O54F54Pb9 (9144.03 g molÿ1).


Ligand 1 d. This compound was isolated as a side-product in the synthesis of
compound 7 in ref. [6b]. The description of the procedure given in ref. [6b]
was to be completed as follows: The second yellow band was collected and
the solvent removed by rotary evaporation to afford 7 (1.48 g, 2.00 mmol)
as yellow powder in 47 % yield. The third band was collected and the
solvent removed to afford the four-terpyrdine-site ligand (i.e., the present
ligand 1d) as an off-white powder (0.5 g, 0.50 mmol) in 12% yield. 1H NMR
(CDCl3) d� 10.20 (s, 1H; H11), 9.48 (s, 2H; H7), 9.40 (s, 1H; H12), 8.92 (s,
2H; H8), 8.51 (s, 2 H), 8.42 (d, J� 3.9 Hz, 2H), 8.18 (s, 2 H), 8.04 (d, J�
6.0 Hz, 2 H), 8.02 (s, 2H), 7.83 (s, 2H), 6.85 (dd, J� 4.5, 6.1 Hz, 2H), 6.58 (t,
J� 6.3 Hz, 2 H), 3.2 (m, 8H), 1.6 ± 2.0 (m, 8 H), 1.18 (m, 12 H).


Data for complex 4 : Formation from Pb(OTf)2 (39.3 mg); ligand 1d
(38.7 mg); CH3CN (7 mL); quantitative, see text. 1H NMR (CD3CN) d�
9.34 (s, 4 H; H11), 9.18 (s, 4 H; H12), 9.08 (s, 4H; H11'), 9.03 (s, 8H; H7),
8.96 (s, 8 H; H8), 8.85 (s, 4H; H12'), 8.76 (s, 8H; H10), 8.73 (s, 8 H; H7'),
8.67 (s, 8H; H9), 8.62 (s, 8H; H6), 8.54 (s, 8H; H8'), 8.46 ± 8.49 (m, 24H;
H1H9'H10'), 8.42 (s, 8H; H6'), 8.39 (d, J� 7.0 Hz, 8H; H4'), 8.37 (d, J�
7.3 Hz, 8H; H4), 8.16 ± 8.13 (m, 16H; H1', H5 ), 7.96 (t, J� 7.5 Hz, 8H; H3),
7.91 (t, J� 7.2 Hz, 8 H; H3'), 7.82 (s, 8 H; H5'), 7.17 (t, J� 6.4 Hz, 8H; H2),
7.01 (t, J� 6.4 Hz, 8H; H2'), 3.65 ± 3.51 (m, 32 H), 3.37 ± 3.30 (m, 32H),
2.13 ± 1.8 (m, 64H), 1.32 (t, J� 7.3 Hz, 24 H), 1.25 (t, J� 7.3 Hz, 24 H), 1.18,
1.15 (2t, J� 7.3 Hz, 48 H); 207Pb NMR (reference: Pb(OTf)2): d� 2257.34
(1), 1857.82 (2), 992.95 (1); ES-MS: m/z (%): 3061.0 (10)
{[Pb161 d8](OTf)27}5�, 2525.2 (20) {[Pb161 d8](OTf)26}6�, 2143.3 (50)
{[Pb161 d8](OTf)25}7�, 1856.8 (100) {[Pb161 d8](OTf)24}8�, 1634.1 (30)
{[Pb161 d8](OTf)23}9� ; C464N96H400S64O96F96Pb16 (16 047.75 gmolÿ1).


Note: The 1H NMR assignments were made according to the correspond-
ing ROESY spectrum. It is not possible to distinguish between H6 and H9,
so in the assignment they could be interchanged. Two sets of signals are
found for the two types of ligands; although it is difficult to determine
which set is for the inner ligands and the outer ligands, one may expect the
signals of the former to be probably more shielded than those of the latter.


X-Ray crystallographic data : The measurements were carried out on a
STOE-IPDS diffractometer with graphite-monochromatized MoKa radia-
tion. Table 1 summarizes the crystal data, data collection and refinement


parameters. All calculations were performed with SHELX-97 package.[14]


The structure was solved by direct methods and refined by full-matrix-
least-squares based on F 2. All hydrogen atoms, disordered triflates and
solvents molecules were refined isotropically. All of the CÿH hydrogen
atoms were placed in calculated positions with U(H)� 1.5Ueq(C) for
methyl groups and U(H)� 1.2 Ueq(C) for all other. Molecular graphics were
generated with SCHAKAL96.[15] Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-114942. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 1. Crystallographic data for 2a.


formula C96H64N24Pb4 ´ 8SO3CF3


Mr [gmol-1] 3575.08
T [K] 200(1)
l [�] 0.71073
crystal system tetragonal
space group P4Å21c
a [�] 15.955(2)
b [�] 15.955(2)
c [�] 29.823(6)
a [8] 90
b [8] 90
g [8] 90
V [�3] 7592(2)
Z 2
1calcd [gcmÿ3] 1.564
m MoKa [mmÿ1] 4.625
F(000) 3440
crystal size [mm] 0.30� 0.30� 0.20
V [8] 2.26 ± 26.04
index ranges ÿ 11� h� 19, ÿ19�k� 14, ÿ36� l� 36
reflections collected 30170
independent reflections 6998
data/restraints/parameters 6998/302/415
GoF S 1.050
final R indices [I> 2s(I)] R1� 0.0589, wR2� 0.1698
R indices (all data) R1� 0.0636, wR2� 0.1761
largest diff. peak/hole [e�ÿ3] 1.681/ÿ 1.392








The Ozonolysis of Ethylene: A Theoretical Study of the Gas-Phase
Reaction Mechanism


Josep M. Anglada,*[a] Ramon Crehuet,[a] and Josep Maria Bofill[b]


Abstract: The gas-phase reaction mech-
anism of ethylene ozonolysis has been
investigated from a theoretical point of
view. The formation of the ethylene
primary ozonide (1,2,3-trioxolane,
POZ) from the ozone ± ethylene reac-
tion is calculated to be exothermic by
49.2 kcal molÿ1 with an activation energy
of 5.0 kcal molÿ1 at 0 K, in agreement
with experimental estimates. We have
found two different paths for the cleav-
age of POZ, namely a concerted and a
stepwise mechanism. The concerted
path leads to the formation of Criegee
intermediates (carbonyl oxide ± formal-
dehyde pairs), for which we have
calculated an activation energy of
18.7 kcal molÿ1 at 0 K. The non-concert-
ed mechanism involves three different
routes for the POZ decomposition,
leading to the formation of Criegee
intermediates with a computed activa-
tion energy of 21.6 kcal molÿ1 at
0 K; to hydroperoxyacetaldehyde with
a calculated activation energy of


22.8 kcal molÿ1 at 0 K; and to oxirane
� excited molecular oxygen (1Dg ) with
a higher activation energy. Moreover,
hydroperoxyacetaldehyde is formed
with an excess of energy, so that it can
decompose yielding OH radicals. The
reaction of carbonyl oxide and form-
aldehyde produces the ethylene secon-
dary ozonide (1,2,4-trioxolane, SOZ)
and involves the formation of a van der
Waals complex on the reaction coordi-
nate, prior to the transition state. The
process is calculated to be exothermic by
46.0 kcal molÿ1 and the energy of the
transition state is computed to be lower
than that of the reactants: this process
can therefore be considered barrierless.
SOZ cleaves by a stepwise mechanism
and we have found two different fates
for its decomposition: dioxymethane �


formaldehyde, and hydroxymethyl for-
mate. The former is calculated to be
endothermic by 33.3 kcal molÿ1 with an
energy barrier of 48.7 kcal molÿ1, where-
as the tautomerization of SOZ leading
to hydroxymethyl formate is highly
exothermic (72.2 kcal molÿ1) and has an
activation energy of 32.6 kcal molÿ1 at
0 K. The unimolecular decomposition of
dioxymethane, following three different
paths, is also reported: dissociation into
CO2 � H2, which is highly exothermic
(111.6 kcal molÿ1) and has a low energy
barrier (3.0 kcal molÿ1); isomerization to
formic acid, also highly exothermic
(101.9 kcal molÿ1) with a low activation
energy (2.2 kcal molÿ1 at 0 K); and rad-
ical fragmentation into H � HCOO,
in a slightly endothermic process
(4.9 kcal molÿ1) with an activation en-
ergy of 18.4 kcal molÿ1 at 0 K. The dis-
sociation of formic acid into H2, CO2,
CO and H2O and the decomposition of
HCOO into H radicals � CO2 are also
discussed.


Keywords: ab initio calculations ´
ethylene ´ gas-phase chemistry ´
ozonolysis ´ reaction mechanisms


Introduction


The gas-phase reaction of ozone with olefins has received
much attention in the last few years due to its importance in
atmospheric chemistry, especially in air pollution processes in
urban areas.[1±4] It is now generally accepted that the
ozonolysis of olefins follows the mechanism proposed by
Criegee,[5] which involves three main reactions; for ethylene
these can be described as: a) formation of the ethylene
primary ozonide (1,2,3-trioxolane, POZ) (1); b) decomposi-
tion of POZ into a carbonyl compound (formaldehyde) (2)
and a carbonyl oxide (3) pair, commonly termed the Criegee
intermediates; and c) cycloaddition of the carbonyl oxide to
the carbonyl compound to yield the ethylene secondary
ozonide (1,2,4-trioxolane, SOZ) (4).


Further experimental and theoretical investigations[6±14]


indicate that the carbonyl oxide formed in the POZ cleavage
can decompose unimolecularly following three alternative
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pathways: i) the ester channel, which involves unimolecular
isomerization to dioxirane, which subsequently decomposes
into simpler species (H2O � CO, H2 � CO2, 2 H � CO); ii)
the hydrogen atom migration or hydroperoxide channel, for
carbonyl oxides with a-hydrogen atoms, involving tautome-
rization to the corresponding hydroperoxide, which can
decompose yielding OH radicals; iii) the oxygen-atom
channel, involving the splitting off of O(3P) atoms after an
intersystem crossing between the ground singlet state and the
lowest triplet state of the carbonyl oxide.


Many investigations, both experimental and theoretical, of
the ozonolysis of olefins have been undertaken.[4,15±39] The
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experimental investigations have shown that several products
and intermediates of the ozonolysis of olefins are highly
reactive. These can initiate secondary reactions, introducing
uncertainties in the reaction mechanisms. Especially impor-
tant is the hydroxyl radical (OH) that is produced in high
yields in ozone ± alkene reactions and reacts rapidly with
alkenes and carbonyl compounds. Although several kinetic
studies have provided rate constants of many reactions
involved in the ozonolysis of olefins, other product studies
suggest that the mechanism of these reactions is not fully
understood.[31,34, 35] Most of the theoretical work has been
addressed to the study of carbonyl oxides and their unim-
olecular reactions.[11±14,40±44] Less attention has been paid to
other reactions involved in the ozonolysis of olefins. In the
early work of Wadt and Goddard[17] and Harding and
Goddard[19] it was assumed that the decomposition of POZ
is a stepwise process involving biradical intermediates, but the
geometries of the postulated intermediates were not opti-
mized and no transition structures were calculated. In
contrast, other theoretical studies at both semi-empirical[29, 37]


and ab initio levels[18,23] suggest a concerted mechanism for the
decomposition of POZ and SOZ. We believe that further
theoretical study of the ozonolysis of olefins is necessary in
order to elucidate the mechanism of the elementary reactions
involved.


The aim of the present investigation was to perform a
systematic theoretical study of the gas-phase mechanism of
the reaction of ozone with ethylene by using high-level
ab initio quantum chemical calculations. The study includes
the formation of POZ from O3 � C2H4, the sub-
sequent decomposition of POZ and the formation and
decomposition of SOZ. We have found that the cleavage
of POZ yields the Criegee intermediates (carbonyl oxide and
formaldehyde) [Eq. (1)], hydroperoxyacetaldehyde [Eq. (2)]
and oxirane � O2 in its 1Dg excited state [Eq. (3)].
Reaction (2) involves hydrogen atom 1,4-migration from
carbon to oxygen. Since CHOCH2OOH is formed with an
excess of energy, it can decompose into OH and CHOCH2O
radicals.


The cleavage of SOZ takes place in a non-concerted
mechanism that produces dioxymethane � formaldehyde
[Eq. (4)], and hydroxymethyl formate [Eq. (5)].


Abstract in Catalan: S�ha estudiat, des d�un punt de vista
teoÁric, el mecanisme de la reccioÂ en fase gas de l�ozonoÁlisi de
l�etil�. El càlcul de la formacioÂ de l�ozoÁnid primari de l�etil�
(1,2,3-trioxolà, POZ) inidica una exotermicitat de 49.2 kcal -
molÿ1 i una energia d�activacioÂ de 5.0 kcal molÿ1 a 0 K, en
acord amb estimacions experimentals. S�han trobat dos camins
diferents per a la ruptura de l�ozoÁnid primari: un de concertat i
un de no-concertat. El concertat porta a la formacioÂ dels
intermedis de Criegee (l�oÁxid de carbonil i el formaldehid), pel
qual hem calculat una energia d�ativacioÂ de 18.7 kcal molÿ1 a
0 K. El mecanisme no-concertat doÂna lloc a tres possibles
destins pel POZ: el primer, un camí que porta a la formacioÂ
dels intermedis de Criegee amb una energia d�activacioÂ
calculada de 21.6 kcal molÿ1 a 0 K; el segon, que porta a
l�hidroperoxiaceltaldehid amb una energia d�activacioÂ calcu-
lada de 22.8 kcal molÿ1 a 0 K; i el tercer, amb una energia
d�activacioÂ mØs alta, que porta a oxirà mØs oxigen molecular en
estat excitat (1Dg). A mØs a mØs, l�hidroperoxiacetaldehid es
forma amb un excØs d�energia, de manera que es pot
descomposar produint radicals OH. La reaccioÂ de l�oÁxid de
carbonil amb el formadehid doÂna l�ozoÁnid secundari de l�etil�
(1,2,4-trioxolà, SOZ) i implica la formacioÂ d�un complex de
van der Waals en la coordenada de reaccioÂ, previ a l�estat de
transicioÂ. Segons els càlculs, aquest procØs Øs exot�rmic en
46.0 kcal molÿ1 i l�energia de l�estat de transicioÂ es troba per
sota de la dels reactius. Per tant, aquest procØs es pot considerar
sense barrera. El SOZ es trenca en un mecanisme per etapes
amb dos possibles camins que doÂnen dioximetà mØs formal-
dehid i formiat d�hidroximetil. La descomposicioÂ en dioximetà
mØs formaldehid Øs endot�rmica en 33.3 kcal molÿ1 amb una
barrera energ�tica de 48.7 kcal molÿ1, mentre que la tautome-
ritzacioÂ de SOZ per donar formiat d�hidoximetil Øs altament
exot�rmica (72.2 kcal molÿ1) i tØ una energia d�activacioÂ de
32.6 kcal molÿ1 a 0 K. Finalment tambØ es descriu la descom-
posicioÂ unimolecular del dioximetà. Aquesta esp�cie es des-
composa per tres camins diferents: dissociacioÂ en CO2 mØs H2,
que Øs altament exoterÁmica (111.6 kcal molÿ1) i teÂ una barrera
energ�tica molt baixa (3.0 kcal molÿ1); isomeritzacioÂ a àcid
foÁrmic, tambØ altament exot�rmica (101.9 kcal molÿ1) i amb
una energia d�activacioÂ baixa (2.2 kcal molÿ1 a 0 K); i frag-
mentacioÂ radiacàlaia en H mØs HCOO, en un procØs
lleugerament endot�rmic (4.9 kcal molÿ1) i amb una energia
d�activacioÂ de 18.4 kcal molÿ1 a 0 K. TambØ es descriu la
dissociacioÂ de l�àcid foÁrmic en H2, CO2, CO i H2O i la
descomposicioÂ de HCOO en el radical H mØs CO2.
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Dioxymethane is also an intermediate in the unimolecular
decomposition of carbonyl oxide via dioxirane (in the so-
called ester channel), and we have investigated its unim-
olecular decomposition into different products [Eq.(6)].


O


C


O
H
H


H2O  +  CO


2H  +  CO2


H2  +  CO2
(6)


Computational Details


The molecular geometries of the stationary points located on the ground
singlet state potential energy surfaces (PESs) were optimized by use of
CASSCF wavefunctions[45] employing analytical gradient procedures.[46±48]


The CASs were selected according to the fractional occupation of the
natural orbitals (NOs)[49] generated from the first-order density matrix
calculated from an MRD-CI[50±52] wavefunction, correlating all valence
electrons. The active space composition changes according to the different
reactions studied.[53] To compare the calculated geometries with other
results from the literature, some stationary points involved in the formation
and decomposition of POZ were also calculated using the DFT meth-
od[54±56] with Becke�s three-parameter hybrid functional B3LYP.[57] Since
many of these intermediates possess a strong biradical character, the
B3LYP calculations were carried out with a UHF wavefunction of broken
symmetry. Furthermore, the geometries of a few stationary points
(formation of POZ and its concerted decomposition) were also calculated
using the QCISD method.[58] The zero-point vibrational energies (ZPVEs)
were determined from the CASSCF harmonic vibrational frequencies. The
CASSCF ZPVEs were scaled by 0.8929.[59]


The split-valence-d-polarized 6-31G(d) basis set was used for the geometry
optimizations,[60] except for the unimolecular decomposition of dioxy-
methane, for which the 6-31G(d,p) basis set[60] was employed.


The effect of the dynamic valence-electron correlation on the relative
energy of the CASSCF-calculated stationary points was incorporated by
performing single-point calculations by the QCISD(T) method.[58] In this
case, the more flexible 6-311G(2d,2p) basis set[61] was used. In the
decomposition of POZ, we found two particular cases where the quadratic
configuration interaction calculations gave unreliable results. In these cases


we performed single-point calculations using the CCSD(T) method.[58, 62, 63]


The 6-311G(2d,2p) basis set was also used in these calculations. For those
structures showing a clear biradical character, the QCISD(T) and
CCSD(T) calculations were based on a reference UHF wavefunction of
broken symmetry. However, in some cases, the relative stability of the
biradicals may have been underestimated because of spin contamination
when a UHF reference function was used. Therefore some of the
QCISD(T) and CCSD(T) single-point calculations were repeated over an
RHF wavefunction (see the Supporting Information). The calculations
were carried out using the GAMESS[64] and GAUSSIAN 94[65] program
systems. Additionally, for the key structures with a clear biradical character
in the POZ and SOZ decompositions, we performed further CASPT2[66]


calculations, based on a common CASSCF(6,6) reference function, in order
to compare the relative order of the energies of the different decomposition
channels. The 6-311G(2d,2p) basis set was also used in these calculations,
employing the Molcas version 2 package[67] .


Throughout the text all geometric discussions refer to the CASSCF values
and the relative energies considered are those obtained at CCSD(T) or
QCISD(T) levels of theory. Because of the marked biradical character of
several intermediates in the POZ and SOZ decompositions, a comparison
of the energy barriers with those computed at the CASPT2 level of theory
is also made for the key structures in the POZ and SOZ cleavage processes.
Further comparisons with results obtained using other theoretical methods
are included as Supporting Information. The Cartesian coordinates of the
stationary points, the B3LYP, CASSCF, QCISD(T), CCSD(T) and
CASPT2 absolute energies, and the dipole moments (calculated at the
CASSCF level of theory) of all the structures reported in this paper are also
available as Supporting Information.


Results and Discussion


The structures of the stationary points are designated by M for
the minima and TS for the transition states, followed by a
number (1, 2 and so on) indicating the order of introduction.
The most relevant geometric parameters of the optimized
structures for the stationary points are given in Figures 1, 3, 4
and 7. The computed relative energies and the ZPVEs are
collected in Tables 1, 2 and 3 and schematic potential energy
diagrams are presented in Figures 2, 5 and 6.


Formation of ethylene POZ (1,2,3-trioxolane): The symme-
try-allowed [4�2] cycloaddition of ozone to ethylene is the
first step of the reaction. The process involves the formation
of a van der Waals complex between O3 and C2H4


[68] along the
reaction path prior to the transition state. Studies of this
van der Waals complex, several conformations of POZ and
the transition structure have been reported,[68±72] and we have
focused our attention on the reactants, POZ (M1) and the
transition structure (TS1) connecting the POZ with the
van der Waals complex.


Our computed geometric parameters (Figure 1) are com-
parable with other results from the literature.[68,71±75] The most
significant difference among the experimental values of M1[71]


is in the C ± O bond length, which is predicted to be 0.032 �
longer by our CASSCF calculations. Our calculations indicate
that the formation of POZ (M1) is exothermic by
49.2 kcal molÿ1 at 0 K (Table 1). This exothermicity is com-
parable with the experimental value of 45� 6 kcal molÿ1 and
other theoretical estimates (in the 43.7 ± 57.3 kcal molÿ1


range).[14,23,29, 72] The activation energy relative to the reactants
is computed to be 5.0 kcal molÿ1 at 0 K. If we take into account
the prediction from ab initio results in the literature that the
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Figure 1. Selected geometric parameters of the CASSCF/6-31G(d)-opti-
mized structures for the stationary points involved in the ethylene POZ
formation. Distances are given in aÊngstroms and angles in degrees. Values
in parentheses correspond to experimental data.


stability of the van der Waals complex would be
0.74 kcal molÿ1,[68] we can conclude that the computed activa-
tion energy should be about 5.8 kcal molÿ1, which is compa-
rable with the experimental estimates (in the 4.2 ±
5.8 kcal molÿ1 range)[27] and other theoretical determinations
(in the 2.5 ± 5.5 kcal molÿ1 range).[72]


Due to the large exothermicity involved, the formation of
POZ turns out to be the rate-determining step for the whole
ethylene ozonolysis.


Cleavage of ethylene POZ: We have found two different
paths for the cleavage of ethylene POZ (M1), by a concerted
and a stepwise mechanism respectively. The concerted
mechanism leads to the Criegee intermediates, which have
been discussed in the literature.[14,22,29] The stepwise path
begins with the cleavage of the O ± O bond leading to the
biradical OCH2CH2OO, which in turn decomposes into
different molecular fragments. Figure 2 shows a schematic
potential energy level diagram for the decomposition of POZ.


Table 1. Zero-point vibrational energies (ZVPE, [kcal molÿ1])[a] and
relative energies (E [kcal molÿ1])[b,c] for the optimized structures involved
in the formation and decomposition of Ethylene POZ.


E
Compound ZPVE CCSD(T)/


6 ± 311G(2d,2p)


O3 � C2H4 33.5 0.0 (0.0)
TS1 35.9 2.6 (5.0)
M1 (POZ) 39.5 ÿ 55.2 (ÿ 49.2)
TS2 38.8 ÿ 34.9 (ÿ 29.5)
M2 38.5 ÿ 36.4 (ÿ 31.4)
TS3 38.1 ÿ 34.5 (ÿ 29.8)
M3 38.3 ÿ 37.3 (ÿ 32.5)
TS4 36.5 ÿ 33.5 (ÿ 30.5)
TS5 36.4 ÿ 30.5 (ÿ 27.6)
M4�M5 33.8 ÿ 47.6 (ÿ 47.3)
TS6 35.3 ÿ 28.2 (ÿ 26.4)
M6 38.2 ÿ 103.6 (ÿ 99.0)
M7 � OH. 34.3 ÿ 55.3 (ÿ 54.6)
TS7 35.9 3.0 (5.4)
M8 � O2 (1D) 35.8 ÿ 52.1 (ÿ 49.8)


[a] Obtained from CASSCF/6 ± 31G(d) harmonic vibrational frequencies
scaled by 0.8929. [b] ZPVE corrected values are given in parentheses.
[c] The energy barriers, relative to M1 (POZ) for the key structures TS4,
TS5, TS6 and TS7 are computed to be 21.7, 24.7, 27.0 and 58.2 kcal molÿ1,
respectively at the CCSD(T) level of theory and 14.4, 17.0, 23.0 and
55.5 kcal molÿ1, respectively at the CASPT2 level of theory.
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Figure 2. Schematic potential energy diagram showing the relative energies of the stationary points involved in the POZ cleavage. Energy values were
obtained from ZPVE-corrected CCSD(T)/6 ± 311G(2d,2p) energies.
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The CASSCF geometries of the Criegee intermediates are
taken from previous work.[13]


The geometric parameters of the transition structure (TS4
in Figure 3) for the concerted POZ decomposition agree
qualitatively with other theoretical results[14,75] except for the
O1 ± O5 bond length, which is predicted by the CASSCF


approach to be more than 0.3 � longer. The computed
activation energy at 0 K is 21.7 kcal molÿ1 (18.7 kcal molÿ1


taking into account the ZPVE corrections) is also comparable
with other results from the literature[14] (Figure 2). The
Criegee intermediates (carbonyl oxide M4 and formaldehyde
M5) are computed to be 1.9 kcal molÿ1 higher energetically


Figure 3. Selected geometric parameters of the CASSCF/6-31G(d)-optimized structures for the stationary points involved in the ethylene POZ cleavage.
Distances are given in aÊngstroms and angles in degrees.
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than POZ, so that the global process takes place without a
significant energy change.


Regarding the stepwise mechanism, the transition structure
for the first step of the POZ decomposition is TS2 and we
have found two rotational isomers (M2 and M3) of OCH2-


CH2OO that are connected through TS3. Structures TS2, M2,
TS3 and M3 have similar geometric parameters (Figure 3).
The cleavage of the O ± O bond in POZ (compared with M1 in
Figure 1) leads to a shortening by 0.12 � of the O ± O bond
and a shortening by 0.7 � of the aldehyde C ± O bond and an
increase in the O-O-C-C dihedral angle of about 438. These
geometric changes indicate (O ± O) p bond formation in the
biradical structures. The formation of this p bond is allowed
because after the relaxation of the O-O-C-C dihedral angle,
the lone pairs of the two oxygen atoms overlap. Figure 2 and
Table 1 show that the energy barrier is computed to be
19.7 kcal molÿ1 at 0 K, and the biradical structures M2 and M3
are calculated to lie 17.8 and 16.7 kcal molÿ1, respectively,
higher in energy than POZ, the anti isomer M3 being around
1.0 kcal molÿ1 more stable energetically than M2. The calcu-
lated energy barrier for the conformational change from M2
to M3 is 1.6 kcal molÿ1.


The next step of the reaction is the decomposition of the
biradical intermediate M3. As schematized in Figure 2, we
have found three different routes for the M3 cleavage.


One possible route is decomposition through scission of the
C ± C bond to yield the Criegee intermediates (carbonyl oxide
M4 � formaldehyde M5). TS5 is the transition structure
connecting M3 with M4 � M5. The geometric features of the
transition state include a C ± C bond length of 1.970 � and a
reduction of both C ± O bonds relative to the biradical M2 and
M3 structures (by 0.12 � in the formaldehyde moiety and
0.09 � in the carbonyl oxide moiety). Thus, the C ± O and O ±
O bond lengths resemble very closely those of the final
carbonyl products.[13] These geometric changes indicate that
the (C ± O) p bond of both products is being formed at the
same time as the C ± C bond is being broken. The energy
barrier for the scission of the C ± C bond in M3 is
4.9 kcal molÿ1 (Table 1 and Figure 2) and the global activation
energy at 0 K for the decomposition of POZ (M1) into the
Criegee intermediates (M4 and M5) through TS5 is
21.6 kcal molÿ1, which is about 3 kcal molÿ1 higher than that
for the concerted path (via TS4); we therefore conclude that
the energy barrier for the concerted path is lower than that of
the stepwise mechanism.


Another route for the biradical structure M3 leads to
hydroperoxyacetaldehyde (M6), by hydrogen atom 1,4-mi-
gration from carbon to oxygen. The transition structure found
for this isomerization (TS6) is a five-membered ring where the
migrating hydrogen atom is linked to the carbon and oxygen
atoms through the long bond lengths R(CH)� 1.228 � and
R(OH)� 1.617 �. The O4 ± O5 bond length is computed to be
1.455 �, which is about 0.1 � longer than the corresponding
distance in M3, and the O-O-C-C and H-C-C-O dihedral
angles are ÿ 53.38 and 40.68, respectively. It is also interesting
to compare the geometric parameters of TS6 with those of the
transition structure for the tautomerization of acetaldehyde
carbonyl oxide to hydroperoxyethylene,[13] which is a nearly
planar five-membered ring having O ± H and C ± H bond


lengths of 1.322 and 1.382 �, respectively. These differences
reflect the distinct electronic structure of the COO moieties in
the two transition structures. Thus, in the tautomerization of
acetaldehyde carbonyl oxide to hydroperoxyethylene [13] the
carbon atom is sp2-hybridized and the p bond is delocalized on
the COO moiety, whereas in TS6 the carbon atom has sp3


hybridization.
The computed energy barrier for the hydrogen atom


migration in M3 is 6.1 kcal molÿ1 and the global barrier for
the conversion of POZ (M1) to M6 is computed to be
22.8 kcal molÿ1. This energy barrier is about 1 kcal molÿ1


higher than that calculated for the decomposition of M1 into
the Criegee intermediates through TS5. In any case, we can
conclude that, since POZ is formed with an excess of energy,
M6 will also be formed in the gas-phase ozonolysis of
ethylene. Our calculations also indicate that the conversion
of POZ (M1) to hydroperoxyacetaldehyde (M6) is exother-
mic by 49.8 kcal molÿ1. Despite the relatively low energy
computed for M6, there is no experimental evidence recorded
in the literature for the formation of this compound. How-
ever, Atkinson and Finlayson,[15] in a mass spectrometric study
of the cis-2-butene ± ozone reaction, observed a peak at m/z
104 and considered that the most likely product correspond-
ing to this peak was 3-hydroperoxybutanone. This compound
is the analogue of M6 in the ozonolysis of cis-2-butene and we
believe that it could be formed through the same mechanism.


Furthermore, hydroperoxyacetaldehyde (M6) can also
decompose into the radicals M7 and OH. Table 1 and Figure 2
indicate that this decomposition is endothermic by about
44.4 kcal molÿ1. However, since M6 is also formed with an
excess of energy (about 79 kcal molÿ1), we conclude that OH
radicals might be generated in the gas-phase ozonolysis of
ethylene through this mechanism. Therefore, this pathway
may also contribute to OH-radical production in the gas-
phase ozonolysis of ethylene. This step could offer an
explanation of the differences in the measured (8 ± 12 %)
and predicted (2 %) OH yields in ethylene ozonolysis.[4,12, 14]


The third alternative route, decomposition of M3 into
oxirane (M8) and molecular oxygen in its excited 1Dg state,
takes place through a concerted mechanism via TS7 (Fig-
ure 3). The computed geometric parameters of oxirane (M8)
agree quite well with the reported experimental values.[76]


Figure 2 shows a value of 54.6 kcal molÿ1 for the global energy
barrier with respect to M1, which is therefore higher than the
energy barriers calculated for the other two channels descri-
bed above, implying that this process would not compete with
them. Moreover, Table 1 also shows that TS7 has about the
same energy as TS1, in the first step of the ethylene ozonolysis.
Therefore it is possible that small amounts of oxirane are
produced in the gas-phase ozonolysis of ethylene through this
mechanism. This result is consistent with the suggestion of
Martinez et al.[25] that a peak at m/z 44 that they observed in
the mass spectra of the ethylene ± ozone reaction was
probably due to acetaldehyde, but included a contribution
from oxirane. Martinez et al. also suggested that a further
peak at m/z 32 had a possible contribution from O2 (1Dg).
These peaks in the mass spectra were not assigned to any
mechanism. Figure 2 also shows that the whole process occurs
without a significant energy change (ÿ 0.6 kcal molÿ1). How-
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ever, this value is underestimated by about 10 kcal molÿ1,
since the CCSD(T) calculations on O2 based on a UHF
wavefunction of broken symmetry result in an O2 (3Sÿ ± 1D)
excitation energy of 10.1 kcal molÿ1, about 10 kcal molÿ1 lower
than the experimental value of 22.6 kcal molÿ1.[77]


It is also interesting to compare the magnitude of the
computed CCSD(T) and CASPT2 energy barriers for the key
structures TS4, TS5, TS6 and TS7, relative to M1 (POZ) (see
footnote [c] in Table 1). Although the CASPT2 activation
energies are between 3.3 and 7.7 kcal molÿ1 lower than the
corresponding CCSD(T) values, the relative ordering of the
different energy barriers is maintained at both levels of
theory.


The stepwise mechanism described above agrees well with
the O�Neal ± Blumstein mechanism for gas-phase ozone ±
olefin reactions.[78,79] Our results also agree with the stepwise
mechanism suggested by Wadt and Goddard[17] and Harding
and Goddard,[19] who postulated several biradical intermedi-
ates in the course of POZ decomposition.


Formation of the ethylene SOZ (1,2,4-trioxolane): The
reaction of carbonyl oxide with formaldehyde giving SOZ is
a [4�2] cycloaddition. As one would expect, this reaction has
many similarities to the formation of POZ (see above), since
in both cases the reactants are isoelectronic. Thus, we have
found the formation of a van der Waals complex (M9) in the
reaction coordinate, prior the transition state (TS8) and the
formation of SOZ (M10).


The C ± O distances between the carbonyl oxide and form-
aldehyde are 3.084 and 2.872 �, respectively, in the van der
Waals complex M9 (Figure 4), while the geometry of the two
moieties is almost the same as that calculated for the separate
reactants.[13] Since 6-31G(d) is a poor basis set to describe
van der Waals complexes, we have also re-optimized M9 at
the same level of theory with the more flexible 6-311G(2d,2p)
basis set. The results, shown in brackets in Figure 4, indicate
that the latter basis set expansion does not lead to significant
geometric changes. Table 2 and Figure 5 show that M9 is
6.3 kcal molÿ1 more stable than the reactants. Comparing the
van der Waals complex M9 with the dipole complex computed
by Cremer and co-workers,[68] at the MP4 level of theory the
latter is reported to be 8.9 kcal molÿ1 less energetic than the
separate components (carbonyl oxide and formaldehyde), a
value that is close to the 7.3 kcal molÿ1 computed for M9 in this
work (without considering the ZPVE corrections; see Ta-
ble 2). Moreover, in the complex reported by Cremer et al.,
the separation of the two components is about 2.5 �, in
contrast to the distance of about 2.9 � found in M9. We
believe that the dipole complex reported by Cremer et al. and
M9 represent the same structure and that the differences in
the computed distances between the two components (car-
bonyl oxide and formaldehyde) may be due to the different
theoretical approaches used in the two calculations. In a later
study, Cremer et al.[43] concluded that the MP4 method was
not adequate to predict the carbonyl oxide geometry; this
deficiency may have affected the calculated long-range
interactions between carbonyl oxide and formaldehyde.


The most relevant geometric features of TS8 are the lengths
of the forming C ± O bonds between the two moieties (about


2 �) and a slight elongation (0.06 �) in the O ± O bond of the
carbonyl oxide moiety. Thus the p bonds in the formaldehyde
and carbonyl oxide moieties are retained. Previous exper-
imental and theoretical studies[69,80,81] indicated that the most
stable conformation of SOZ had C2 symmetry. We have
considered the 1A state of this symmetric conformer (M10),
which is characterized by the 10a2 9b2 electronic configuration.
The most relevant geometric parameters of the CASSCF-
optimized structure for SOZ (M10) compare quite well with
the reported experimental data obtained from microwave
spectroscopy (R(OO)� 1.461 �, R(C ± O)� 1.412 �, r(C ±
O)� 1.416 �, a(O-C-O)� 105.58, a(C-O-O)� 99.38 and
a(C-O-C)� 104.88).[80]


The results displayed in Table 2 and Figure 5 show that the
SOZ formation from the Criegee intermediates is exothermic
by 46.0 kcal molÿ1. Moreover, the energy of the transition
structure is lower than that of the reactants by 4.4 kcal molÿ1,
and the energy barrier with respect to the van der Waals
complex is calculated to be 1.9 kcal molÿ1. From Table 2, the
single-point QCISD(T)/6-311G(2d,2p) energies place TS8
lower in energy than M9, but the relative energy order is
changed after the ZPVE corrections are included. This
result is due to the different positions of the stationary points
along the reaction coordinate at the CASSCF and QCISD(T)
levels of theory. Our results clearly indicate that the reaction
of carbonyl oxide with formaldehyde to yield SOZ is
barrierless; that is, in the potential energy diagram, the
transition state for the formation of SOZ lies below the
reactants. Similar results were found by Ponec et al. in their
study based on AM1 calculations.[37] These results are in
accordance with the matrix experiments carried out at
cryogenic temperatures by Samuni et al.,[36] who observed
formation of POZ and SOZ at temperatures as low as 25 K
and indicated that any contribution to the progress of the
reaction from temperatures lower than 30 K could be neither
neglected nor quantified.


Cleavage of the ethylene SOZ: The decomposition of SOZ
takes place by a stepwise mechanism and shows a pattern
similar to that found for the decomposition of POZ discussed
above. The first step is the cleavage of the O ± O bond yielding
the biradical OCH2OCH2O. The second step is the decom-
position of this biradical.


The cleavage of the O ± O bond of SOZ is a symmetrical
process, so the C2 symmetry of M10 is retained in the
transition structure (TS9) and in the biradical (M11). Figure 5
shows that the computed energy barrier is 28.8 kcal molÿ1 and
the process is endothermic by 24.1 kcal molÿ1. We have found
another rotational isomer of OCH2OCH2O (M12), which is
linked to M11 through TS10. The corresponding energy
barrier is 3.1 kcal molÿ1 (Figure 5 and Table 2). We observed
very little change in the geometric parameters relative to SOZ
(Figure 4). The only remarkable differences are a shortening
by 0.07 � of the C ± O bond and an increase of about 108 in the
O-C-O and C-O-C angles.


Figure 5 shows two different fates for the cleavage of the
biradical intermediates M11 and M12 in the second step.


One alternative is the cleavage of the O3 ± C4 bond in M11,
forming dioxymethane (M13) � formaldehyde (M5). In the







FULL PAPER J. M. Anglada et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1816 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61816


corresponding transition structure (TS11 in Figure 4), we
observe that the C ± O bond that is being broken is 1.814 �
long, while the C ± O bond length in the formaldehyde moiety
is reduced by 0.16 � relative to the corresponding bond in
SOZ. The CASSCF-optimized geometric parameters of
dioxymethane (M13) are in very good agreement with those


reported previously in the literature.[40,44] Figure 5 shows that
the energy barrier is 24.6 kcal molÿ1. The products are
computed to be 33.3 kcal molÿ1 higher in energy than SOZ
and the calculated global energy barrier between TS11 and
SOZ is 48.7 kcal molÿ1. That is, TS11 is 2.7 kcal molÿ1 higher in
energy than the Criegee intermediates M4 � M5 (see also


Figure 4. Selected geometric parameters of the CASSCF/6-31G(d)-optimized structures for the stationary points involved in the formation and cleavage of
ethylene SOZ. Distances are given in aÊngstroms and angles in degrees. Values in square brackets correspond to parameters optimized by using the 6 ±
311G(2d,2p) basis set. Values in parentheses correspond to experimental data.
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Table 2 and Figure 5). Consequently, very little SOZ will
decompose through this channel.


The second possible fate is the formation of hydroxymethyl
formate (M14) through an hydrogen atom 1,4-migration from
carbon to oxygen in M12. The transition structure for this
rearrangement (TS12) corresponds to a five-membered ring,
in which the migrating hydrogen atom is linked to the carbon
and oxygen atoms through the long bond lengths R(C ± H)�
1.231 � and R(O ± H)� 1.606 �. The O-C-O-C and H-C-O-C
dihedral angles are 44.08 and ÿ 31.38, respectively. This
transition structure resembles very closely the transition
structure TS6 calculated for the cleavage of POZ. The


corresponding energy barrier is computed to be only
5.6 kcal molÿ1. Table 2 and Figure 5 show that the energy
barrier of the global process, with respect to SOZ, is
32.6 kcal molÿ1, which is about 16 kcal molÿ1 lower than that
for the cleavage of the C ± O bond leading to dioxymethane
� formaldehyde. Moreover, the process is highly exothermic
(72.2 kcal molÿ1). These values indicate that M14 will be the
major product of the SOZ cleavage. Hydroxymethyl formate
was initially identified as a transitory product in the gas-phase
ozonolysis of ethylene,[21,26, 82] and was supposed to be formed
as a product of the carbonyl oxide � formaldehyde reaction,
but further experimental work indicated that this transitory
product could be hydroperoxymethyl formate,[32,33] although
the mechanism for its formation is only speculative.[32]


The energy barriers for the key structures TS11 and TS12,
relative to M10 (SOZ), computed at CASPT2 levels of theory,
differ by 4.4 and 10.7 kcal molÿ1 respectively from the
QCISD(T) values (see footnote [c] in Table 2). Despite these
energy discrepancies, the relative ordering of the different
energy barriers is maintained; consequently, these results do
not affect the reaction mechanism discussed above.


It is also interesting to compare the cleavage of POZ and
SOZ (Figures 2 and 5, respectively). The lowest energy
decomposition pathway for the POZ cleavage corresponds
to the scission of the C ± C bond that yields the Criegee
intermediates, whereas for the SOZ cleavage it corresponds to
the hydrogen atom 1,4-migration yielding hydroxymethyl
formate; the decomposition pathway that produces dioxy-
methane � formaldehyde has a higher energy barrier. These
differences may be rationalized by taking into account the
facts that in the cleavage of POZ the scission of the O ± O and
C ± C bonds is associated with the formation of p bonds in the
carbonyl oxide moiety (which implies an sp3!sp2 hybrid-
ization change), involving energy stabilization, whereas in the


Table 2. Zero point vibrational energies (ZPVE,[kcal molÿ1])[a] and rela-
tive energies (E [kcal molÿ1])[b,c] calculated for the CASSCF/6 ± 31G(d)-
optimized structures involved in the formation and decomposition of the
ethylene SOZ.


E
Compound ZPVE QCISD(T)/


6 ± 311G(2d,2p)


M4 � M5 33.8 0.0 (0.0)
M9 34.8 ÿ 7.3 (ÿ 6.3)
TS8 37.8 ÿ 8.4 (ÿ 4.4)
M10 (SOZ) 41.0 ÿ 53.2 (ÿ 46.0)
TS9 39.6 ÿ 23.0 (ÿ 17.2)
M11 39.4 ÿ 27.5 (ÿ 21.9)
TS10 39.0 ÿ 23.9 (ÿ 18.8)
M12 39.1 ÿ 24.2 (ÿ 19.0)
TS11 37.1 ÿ 0.3 (2.7)
M13�M5 33.2 ÿ 12.1 (ÿ 12.7)
TS12 36.6 ÿ 16.1 (ÿ 13.4)
M14 40.7 ÿ 125.1 (ÿ 118.2)


[a] Obtained from CASSCF/6 ± 31G(d) harmonic vibrational frequencies
scaled by 0.8929. [b] ZPVE-corrected values are given in parentheses. [c]
The energy barriers, relative to M10 (SOZ), for the key structures TS11
and TS12 are computed to be 52.9 and 37.1 kcal molÿ1 at the QCISD(T)
level of theory and 57.3 and 26.4 kcal molÿ1 at the CASPT2 level of theory.


Figure 5. Schematic potential energy diagram showing the relative energies of the stationary points involved in the formation and cleavage of ethylene SOZ.
Energy values were obtained from ZPVE-corrected QCISD(T)/6 ± 311G(2d,2p) energies.
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cleavage of SOZ the scission of the COO bond occurs without
a hybridization change.


It should be noted that this stepwise mechanism contrasts
with the concerted mechanism proposed on the basis of AM1
calculations.[29, 37]


Unimolecular decomposition of dioxymethane : As men-
tioned in the previous section, dioxymethane (M13) can be
formed in the cleavage of SOZ (M10), but it is also an
intermediate in the unimolecular decomposition of carbonyl
oxide (M4), which in turn is one of the products of POZ (M1)
cleavage. This unimolecular process corresponds to the so-
called ester channel, and involves the previous M4 conversion
to dioxirane.[6,8±10,13, 39±44] There are three different pathways
for the unimolecular decomposition of dioxymethane (M13):
a) dissociation into H2 and CO2 in their ground states; b)
isomerization to formic acid; and c) decomposition into H and
HCOO radicals. Further, formic acid also decomposes into
H2, CO2, H2O and CO in their ground states, while HCOO
decomposes into H � CO2 in their ground states.


The dissociation of M13 into H2 and CO2 takes place
through a concerted mechanism through TS13 (Figure 7) and
involves synchronous breaking of the two C ± H bonds and
formation of the H ± H bond; it has already been discussed
extensively in the literature.[40, 44] The calculated energy
barrier is 3.0 kcal molÿ1 and the dissociation process is
computed to be exothermic by 111.6 kcal molÿ1 (Figure 6
and Table 3). These values are in very good agreement with
results reported from MRD-CI calculations.[44]


The geometry of the transition structure (TS14) for the
isomerization of dioxymethane (M13) into syn-formic acid
(M15) (Figure 7) shows a relative long O ± H bond (1.691 �),
which is of the same order as those formed in the transition


structures TS6 and TS12. The M13!M15 isomerization is
calculated to be exothermic by 101.9 kcal molÿ1 with an
energy barrier of 2.2 kcal molÿ1, which is only 0.8 kcal molÿ1


lower than that calculated for the symmetrical dissociation of
M13 into CO2 � H2 (TS13) (see Figure 6 and Table 3).
Therefore we conclude that the isomerization of M13 to syn-
formic acid and the dissociation of M13 into CO2 � H2 are
competitive processes.


Since formic acid is formed with an excess of energy, it can
undergo a further unimolecular decomposition yielding CO2,
H2, CO and H2O. Figure 6 and Table 3 show that the syn
isomer of formic acid (M15) is energetically more stable than
the anti isomer (M16) by 3.8 kcal molÿ1. The syn ± anti
interconversion (TS15) takes place through rotation of the
COH plane with a computed energy barrier of 11.5 kcal molÿ1.
Dissociation of syn-formic acid (M15) into CO � H2O takes
place without a significant energy change (0.3 kcal molÿ1),
while the dissociation of anti-formic acid (M16) into CO2 �
H2 is slightly exothermic (ÿ 13.5 kcal molÿ1). The calculated
energy barriers are 66.6 (TS16) and 65.7 kcal molÿ1 (TS17) at
0 K, respectively, which are slightly lower than the energy
barriers reported for the analogous processes in the unim-
olecular decomposition of acetic acid.[83]


The last alternative pathway for the unimolecular decom-
position of dioxymethane is the dissociation into an hydrogen
atom and a formyloxyl radical (HCOO) (Figure 6) through
the homolytic cleavage of the C ± H bond, which involves a
computed energy barrier of 18.4 kcal molÿ1 (Table 3 and
Figure 6). This value is about 15 kcal molÿ1 higher than the
energy barriers computed for the two decomposition paths
discussed above, and the process is calculated to be endo-
thermic by 4.9 kcal molÿ1. Among the geometric parameters
of the corresponding transition state (TS18, Figure 7), the


Figure 6. Schematic potential energy diagram showing the relative energies of the stationary points involved in the unimolecular decomposition of
dioxymethane. Energy values were obtained from ZPVE-corrected QCISD(T)/6 ± 311G(2d,2p) energies.
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bond length (1.523 �) calculated for the breaking C ± H bond
and the different lengths of the C ± O bonds are noteworthy: a
symmetrical (Cs) transition structure might have been ex-
pected, with the homolytic cleavage of the C ± H bond taking
place in the symmetry plane of the molecule, but we believe
that the asymmetrical structure of TS18 may be due to the
well-known doublet instability of the formyloxyl radical
(HCOO) wavefunction.[84±86] Moreover, the COO moiety of
TS18 resembles very closely the structure of the 2A' electronic
state of HCOO.[75,86,87]


Since the structure of the HCOO radical has received much
attention in the literature,[84±90] our results will be only briefly


discussed here. The dissociation of the HCOO radical into H
and CO2, which has also been studied theoretically by Feller
et al. ,[84] is undergone by the so-called s radical of HCOO,
which has two low-lying electronic states of C2v symmetry,
namely 2B2 and 2A1. In addition, these two states yield the 2A'
state after lowering the molecular symmetry to the Cs group.
Our CASSCF[75]-optimized geometric parameters and relative
energies are comparable with other results from ab initio
calculations.[84, 86,87] Our QCISD(T) calculation for the tran-
sition structure for the hydrogen atom loss from HCOO
(TS19, Figure 6) predicts an energy barrier of 4.9 kcal molÿ1 at
0 K, which is about 5 kcal molÿ1 lower than that predicted by
Feller et al.[84] Inclusion of the ZPVE corrections lowers this
energy barrier to only 0.4 kcal molÿ1. It should be noted that
the hydrogen atom loss is exothermic by 14.8 kcal molÿ1.


From the energy barrier heights in Figure 6 one may infer
that the yield of CO2 obtained through this process should be
slightly greater than that of CO, which contrasts with the
measured yields of these products in gas-phase ethylene
ozonolysis.[2,6,21,39,82] However, Neeb et al.[39] recently conclud-
ed that a fraction of the CO produced in ethylene ozonolysis is
due to a bimolecular reaction other than H2COO unimolec-
ular decomposition.


Conclusions


From our theoretical study of the gas-phase ozone ± ethylene
reaction, the principal trends of the mechanism are displayed
in Scheme 1; for completeness, we have also included the
main features of the unimolecular decomposition of carbonyl
oxide, taken from other theoretical work reported in the


Figure 7. Selected geometric parameters of the CASSCF/6-31G(d,p)-optimized structures for the stationary points involved in the unimolecular
decomposition of dioxymethane. Distances are given in aÊngstroms and angles in degrees.


Table 3. Zero point vibrational energies (ZPVE,[kcal molÿ1])[a] and rela-
tive energies (E [kcal molÿ1])[b] calculated for the CASSCF/6 ± 31G(d,p)-
optimized structures involved in the decomposition of dioxymethane.


E
Compound ZPVE QCISD(T)/


6 ± 311G(2d,2p)


M13 17.4 0.0 (0.0)
TS13 14.9 5.5 (3.0)
CO2�H2 11.6 ÿ 105.8 (ÿ 111.6)
TS14 15.9 3.7 (2.2)
M15 20.3 ÿ 104.8 (ÿ 101.9)
TS18 13.5 22.3 (18.4)
H�HCO2


[c] 10.9 11.4 (4.9)
TS15 18.8 ÿ 91.8 (ÿ 90.4)
M16 19.6 ÿ 100.3 (ÿ 98.1)
TS16 15.3 ÿ 33.2 (ÿ 35.3)
CO � H2O 14.8 ÿ 99.0 (ÿ 101.6)
TS17 14.0 ÿ 29.0 (ÿ 32.4)
TS19 � H 6.5 16.2 (5.3)
CO2 � 2H 5.9 1.6 (ÿ 9.9)


[a] Obtained from CASSCF/6 ± 31G(d,p) harmonic vibrational frequencies
scaled by 0.8929. [b] Corrected values are given in parentheses. [c] Re-
lative to 2B2 state.
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literature.[11,13,40±44] From the results obtained in the present
investigation we emphasize the following important points:


1) The formation of POZ from the ozone ± ethylene
reaction is computed to be exothermic by 49.2 kcal molÿ1


with an energy barrier of 5.0 kcal molÿ1 at 0 K. These values
are in agreement with experimental estimates and other
theoretical results from the literature.[14,23,27,29, 72] The opti-
mized geometric parameters of the POZ are comparable with
the reported experimental values.[71]


2) Our calculations indicate two pathways for the POZ
cleavage: a concerted and a stepwise mechanism. The
concerted mechanism leads to the formation of the Criegee
intermediates (M4 � M5) with a computed activation energy
of 18.7 kcal molÿ1 at 0 K, in agreement with other results from
the literature.[14] This is the lowest energy path for the POZ
decomposition. The first step of the stepwise mechanism
involves the cleavage of the O ± O bond yielding the two
isomers M2 and M3, which possess a strong biradical
character. We have found three different fates for these
biradicals, namely: a) the Criegee intermediates, the forma-
tion of which involves a scission of the C ± C bond in M3 ; b)
hydroperoxyacetaldehyde (M6), which is formed after tauto-
merization of M3 ; c) oxirane (M8) � molecular oxygen in the
1Dg excited state through a concerted mechanism from M3.
The computed global energy barriers for the decomposition of
POZ are 21.6 kcal molÿ1 for the decomposition into the


Criegee intermediates and 22.8 kcal molÿ1 for the tautomeri-
zation to M6. The energy barrier for the decomposition into
oxirane � molecular oxygen in the 1Dg excited state is much
higher in energy and only very little oxirane should be formed
through this process. Since POZ is formed with an excess of
energy, the other three paths will be active in the gas-phase
ozonolysis of ethylene. Moreover, hydroperoxyacetaldehyde
is formed with an excess of energy and can dissociate into the
OH and CH2OCHO radicals. Therefore this step can con-
tribute to the release of OH radicals to the atmosphere.


3) The mechanism of formation of SOZ from the Criegee
intermediates is analogous to that of POZ. The carbonyl oxide
� formaldehyde reaction involves the formation of a van der
Waals complex on the reaction coordinate prior to the
transition state and SOZ. The van der Waals complex lies
6.3 kcal molÿ1 below the energy of the reactants. The reaction
is computed to be exothermic by 46.0 kcal molÿ1 and the
transition state has a lower energy than the reactants. This
implies that the carbonyl oxide � formaldehyde reaction is
barrierless. The optimized geometric parameters of SOZ
agree quite well with the reported experimental values.[80]


4) The cleavage of SOZ follows a stepwise mechanism with
the formation of a biradical intermediate with two isomers,
M10 and M11. The second step involves two different fates: a)
dissociation into dioxymethane � formaldehyde, which is
endothermic; b) tautomerization to yield hydroxymethyl
formate (highly exothermic). The computed global energy
barriers for the decomposition of SOZ are 48.7 kcal molÿ1 for
the dissociation into dioxymethane (M13) � formaldehyde
(M5), and 32.6 kcal molÿ1 for the tautomerization yielding
hydroximethyl formate (M14). This stepwise mechanism
contrasts with the concerted mechanism proposed on the
basis of AM1 calculations.[29,37]


5) We have also considered the unimolecular decomposi-
tion of dioxymethane. This compound can be formed in the
cleavage of SOZ but it is also an intermediate in the
unimolecular decomposition of carbonyl oxide, which in turn
is one of the products from the POZ cleavage. The sym-
metrical dissociation into CO2 and H2 is calculated to be
exothermic by 111.6 kcal molÿ1 with an activation energy at
0 K of only 3.0 kcal molÿ1. The isomerization to formic acid is
also highly exothermic (101.9 kcal molÿ1) and the computed
activation energy at 0 K is even lower (2.2 kcal molÿ1), which
means that the two processes are competitive. Since formic
acid is formed with an excess of energy, it can also decompose
into CO2 � H2 (with an activation energy of 69.5 kcal molÿ1 at
0 K) and CO � H2O (with an activation energy of
66.6 kcal molÿ1 at 0 K). Dioxymethane can also undergo a
radical decomposition yielding H and HCOO radicals. This
process is endothermic by 4.9 kcal molÿ1 and the correspond-
ing energy barrier is calculated to be 18.4 kcal molÿ1 at 0 K.
The energy barrier for the dissociation of HCOO into H �
CO2 has been calculated to be only 0.4 kcal molÿ1 at 0 K.
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Curved Aromatic Compounds, Part 2[=]


1,7-Dioxa[7](2,7)pyrenophane: The Pyrene Moiety Is More Bent
than That of C70


Graham J. Bodwell,* John N. Bridson, Tom J. Houghton, Jason W. J. Kennedy, and
Michael R. Mannion[a]


Dedicated to Professor V. Boekelheide on the occasion of his 80th birthday


Abstract: The synthesis of the highly strained title compound 8 a was achieved by the
valence isomerization and in situ dehydrogenation of the cyclophanediene 7 a at only
80 8C. A single-crystal X-ray structure determination of 8 a revealed that the pyrene
moiety is remarkably bent, the two ends forming an angle of 109.28. This degree of
lengthwise bend slightly exceeds that present in the pyrene unit found in the equator
of D5h C70, rendering it the most bent pyrene group yet prepared. The expectation of
unusual reactivity is borne out by the apparent Diels ± Alder reaction between 8 a
and tetracyanoethylene (TCNE) to give adduct 9.


Keywords: arenes ´ cyclophanes ´
fullerene fragments ´ polycycles ´
strained molecules


Introduction


Since the initial discovery of the fullerenes[1] and the
subsequent isolation of C60,[2] considerable attention has been
directed towards the synthesis and study of polynuclear
aromatic hydrocarbons (PAHs) having curved aromatic
surfaces that correspond to segments of the surfaces of the
fullerenes.[3] Several such buckybowls have been prepared so
far, the majority of them by routes that employ pyrolytic
techniques (900 ± 1300 8C) to impart curvature to the aromatic
skeleton.


Our involvement in this area derives from our interest in
cyclophane chemistry.[4] It has long been known that para- and
meta-substituted rings of many small cyclophanes adopt boat-
like geometries as a consequence of molecular strain.[5] The
benzene ring (the second smallest fullerene fragment) is
clearly very flexible[6] and can tolerate a substantial degree of
distortion from planarity while maintaining all, or many, of
the characteristics commonly associated with aromaticity. As
many medium- and large-sized PAHs can be found in the


curved surfaces of the fullerenes, it was somewhat surprising
that, at the outset of our work in this area, there had been no
systematic experimental study of any polynuclear aromatic
hydrocarbon to its tolerance to distortion from planarity over
the full dimensions of its aromatic surface. This is not to say,
however, that isolated examples were not known.[7] Never-
theless, we became interested in the preparation and study of
[n]cyclophanes in which the benzene ring has been replaced
by a polynuclear aromatic hydrocarbon (PAH).


Our initial work in this area was directed toward the pyrene
nucleus (a repeating subunit around the equators[8] of D5h C70


and D6h C84), which we envisaged preparing by the valence
isomerization of a metacyclophane-1,9-diene to a 10b,10c-
dihydropyrene[9] followed by dehydrogenation.[10] This led to
the synthesis of 1,8-dioxa[8](2,7)pyrenophane 8 b (see
Scheme 1) from the tethered metacyclophanediene 7 b.[4b] At
the time, we reported that attempts to prepare the next
smaller member of the series 8 a (from 7 a) had met with
failure. We now report the successful synthesis and X-ray
crystal structure of the considerably more distorted 8 a.


Results and Discussion


The synthesis of 8 a is outlined in Scheme 1. Diester 1 was
treated with NaH, 1,5-dibromopentane and tetrabutylammo-
nium iodide (TBAI) to afford the tetraester 2 a (76 %).
Reduction with LiAlH4 afforded tetraol 3 a, which was


[a] Dr. G. J. Bodwell, Dr. J. N. Bridson, J. W. J. Kennedy, T. J. Houghton,
M. R. Mannion
Department of Chemistry
Memorial University of Newfoundland
St. John�s, NF, A1B 3X7 (Canada)
Fax: (�1) 709-737-3702
E-mail : gbodwell@morgan.ucs.mun.ca.


[=] Part 1, see ref. [4b].
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6a  n = 1, 59%
6b  n = 2, 63%


5a  n = 1, 71%
5b  n = 2, 68%


2a  R = CO2Me, n=1, 76%
2b  R = CO2Me, n=2, 80%


3a  R = CH2OH. n=1
3b  R = CH2OH, n=2


4a  R = CH2Br, n=1, 53%
4b  R = CH2Br, n=2, 65%


Scheme 1. Synthesis of 8a, b from 1. Reagents and conditions: a) NaH,
TBAI, Br(CH2)5Br for 2 a/Br(CH2)5Br for 2 b, THF, reflux; b) LiAlH4,
THF, 0 8C to room temperature; c) 2:1 48% HBr:concentrated H2SO4;
d) Na2S/Al2O3, 10:1 CH2Cl2:EtOH, room temperature; e) (MeO)2CHBF4,
CH2Cl2, room termperature; f) tBuOK, THF, room temperature;
g) tBuOK, tBuOH/THF, room temperature; h) DDQ, benzene, reflux.


converted without purification or isolation to give tetrabro-
mide 4 a. In fact purification of 2 a and 2 b is not necessary.
Virtually identical overall yields could be obtained by taking
diester 1 straight through three steps to 4 a (53%) and 4 b
(65 %). The Na2S/Al2O3-mediated self-coupling[4a] of 4 a
then gave the dithiacyclophane 5 a (71 %). Methylation of
the sulfur atoms with the Borch reagent[11] and Stevens
rearrangement of the resulting bis-sulfonium salt afforded a
mixture of thioethers 6 a (59 % for two steps). Remethylation
of the sulfur atoms and subsequent treatment with tBuOK/
tBuOH then gave the cyclophanediene 7 a (73 % for two
steps).


Subjection of 7 a to the conditions employed for the
conversion of 7 b into 8 b (2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ), benzene, reflux) resulted in complete
consumption of the starting material according to thin-layer
chromatography (TLC) analysis, but no traces of 8 a could be
isolated from the reaction mixture after workup and careful
chromatography. Recalling that 8 b slowly decomposed in
CDCl3 solution,[4b] it seemed possible that the more strained
8 a might actually have formed, but decomposed under the
reaction conditions or during chromatography. Indeed per-
forming the chromatography very rapidly proved to be
somewhat successful and 8 a was isolated in 35 % yield.
Slower chromatography resulted in substantially reduced


yields and less pure product. Another modification was the
inclusion of a base wash during workup. This removed much
of the deep color from the reaction mixture, but it is not clear
whether this contributed to an enhancement of the yield.
Applying these modifications to the synthesis of 8 b led to an
increase in the yield from the initially reported yield of
67 %[4b] to 81 %. Noteworthy are the comparatively very mild
conditions (refluxing benzene) under which the severe bend
in the polycyclic aromatic skeleton is generated. Like 8 b,
pyrenophane 8 a appears to be stable for many months in the
solid state.


The 1H NMR spectrum of 8 a exhibits signals in the
aromatic region at d� 7.72 (10-H, 11-H, 15-H, 16-H) and
7.22 (9-H, 12-H, 14-H, 17-H) (see Scheme 2 for numbering).
The analogous protons of 10 are observed at d� 7.84 and 7.44,
and those of 2,7-dimethoxypyrene[12] appear at d� 7.97 and
7.69. The highest field signals of the bridge protons, at d�
ÿ2.10, are of those attached to C4. This compares to d�
ÿ1.46 for 8 b and d� 1.67 for 4 a.


Single-crystal X-ray analysis of 8 a[13] (Figure 1) revealed a
pyrene moiety considerably more distorted than that of 8 b,
which itself is substantially more distorted than all other
known pyrenophanes.[4b, 7c-h] In attempting to evaluate the


Figure 1. Side (ORTEP) and front (PLUTO) views of 8a in the crystal.


extent of these distortions, our analysis of 8 a relied on the
angles formed between adjacent planes of carbon atoms,
much as the angle a has been used to assess the bend of the
benzene ring in [n]paracyclophanes.[5] In so doing, it can be
seen that the bend is quite evenly distributed over the surface
of the pyrene unit (Table 1) and the overall bend, as measured
by the angle between C8-C9-C17 and C12-C13-C14, is 109.18.
In direct comparison to an experimental[14a] value (94.08) for
C70, it would appear that the pyrene component of 8 a is
considerably more bent. However, it can be seen that bend in


Table 1. Bend angles [8] in pyrenophanes and fullerenes.


8a D5h C70
[a] D5h C70


[b] 8 b[c] D6h C84
[b]


abc-acdf 18.2 11.0 18.0 16.2 15.0
acdf-def 16.6 11.0 18.0 13.3 15.0
def-ghij 19.9 25.0 18.0 15.6 15.0
ghij-klm 20.3 25.0 18.0 15.4 15.0
klm-kmnp 16.3 11.0 18.0 13.1 15.0
kmnp-nop 17.9 11.0 18.0 14.3 15.0
total 109.1 94.0 108.0 87.8 90.0
abc-klm 74.9 72.0 72.0 60.3 60.0
acdf-kmnp 73.1 72.0 72.0 57.3 60.0
def-mop 74.4 72.0 72.0 58.4 60.0


[a] Ref. [14a]. [b] Average bend angle between adjacent planes in the
equator of the fullerene. [c] Ref. [4b].
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the pyrene unit of C70 is not as evenly distributed. Since the
large bend angles in the equator of C70 are underrepresented
in a single pyrene moiety, it seemed more reasonable to
compare our angle of 109.18 with the sum of the average bend
angle in the equator of C70 (18.08) over the length of a pyrene
unit. This affords a value of 108.08, which suggests that the
pyrene moiety of 8 a is just slightly more bent than that of C70.
Perhaps a better approach is to look at the angles between
those planes of carbons in 8 a that correspond to those in C70


which are related by the D5h symmetry and consequently at
72.08 to one another. With bend angles of 74.9, 73.1 and 74.4
(Table 1), the pyrene unit of 8 a again comes out as signifi-
cantly more bent than that of C70. The Caryl ± O bonds form
angles of 8.28 and 8.78 to the planes abc and nop, respective-
ly.[15]


In appraising the degree of curvature of fullerenes and
fullerene fragments, Haddon has employed the POAV (pi
orbital axis vector) analysis.[16] Applying this method to the


quaternary carbon atoms of 8 a (Table 2), it can be seen that
the values obtained are considerably lower than those for
the corresponding carbon atoms of C70.[16d] This is a conse-
quence of the boat-like geometry adopted by the central rings
of 8 a, best seen in the side view in Figure 1. Thus, while the
end-to-end bend of the pyrene unit in pyrenophane 8 a is
greater than that of the pyrene subunit of C70, the local
curvature is less. However, as in the case of corannulene,[3d] it
is anticipated that POAV angles will increase as five-mem-
bered rings are successively annulated to 8 a and other
[n](2,7)pyrenophanes. Work aimed at achieving this goal is
now underway.


The stretched aliphatic bridge of 8 a exhibits O-C-C and
C-C-C bond angles ranging from 114.38 to 117.68 and
averaging 116.58. Surprisingly, these values are smaller than
those observed for the bridge of the presumably less strained
8 b. Here the range of angles is 115.08 to 119.48 and the
average is 117.28. However, the average bond length in the
bridges of 8 a (1.537 �) is slightly longer than that in 8 b
(1.517 �).


The expectation of unusual chemistry arising from the
strained nature of 8 a was foreshadowed by its reaction with
TCNE to give compound 9[17] (Scheme 2). This is the apparent
product of a Diels ± Alder reaction, although [2� 2] cyclo-
addition followed by rearrangement cannot be ruled out at
this time. The further exploration of the chemistry of 8 a and
8 b is currently under investigation, as are attempts to prepare
their hydrocarbon analogues.
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Scheme 2. Reaction of 8 a with TCNE.


Experimental Section


General : Reactions were performed under air unless otherwise indicated.
THF was distilled from sodium benzophenone ketyl under N2 immediately
prior to use. Spectroscopic grade benzene was degassed under reduced
pressure prior to use. All other solvents were used as received. Chromato-
graphic purification was accomplished with 230-400 mesh silica gel. TLC
plates were visualized by using a short wave (254 nm) UV lamp. Melting
points were obtained on a Thomas Hoover 7427-H10 Melting Point
Apparatus and are uncorrected. IR spectra (cmÿ1) were recorded on Perkin
Elmer 1320 spectrophotometer in solution in 1 mm NaCl cells. 1H NMR
spectra were obtained on a General Electric GE-300 NB at 300.1 MHz in
CDCl3 at room temperature; shifts relative to internal TMS standard;
coupling constants are reported in Hz. Reported multiplicities are appa-
rent. 13C NMR spectra were recorded at 75.47 MHz at room temperature;
chemical shifts are relative to solvent (d 77.0 for CDCl3), number of
attached protons were determined by an attached proton test experiment.
Low and high resolution mass spectrometric data were obtained on a V.G.
Micromass 7070HS instrument operating at 70 eV. Combustion analyses
were performed by the Microanalytical Services Laboratory, Department
of Chemistry, University of Alberta, Edmonton, Alberta.


1,5-Bis(3,5-bis(methoxycarbonyl)phenoxy)pentane (2a): To a solution of 1
(8.13 g, 38.7 mmol), 1,5-dibromopentane (4.47 g, 19.4 mmol) and tetrabu-
tylammonium iodide (0.74 g, 2.0 mmol) in dry THF (200 mL) under N2 was
added 60% NaH dispersion (1.64 g, 41.0 mmol) in small portions at a rate
such that the evolution of hydrogen did not become too vigorous. The
cloudy mixture was then refluxed for 3 h, after which the reaction was
quenched with saturated aqueous NH4Cl solution (2 mL) and the solvents
were removed under reduced pressure. The residue was dissolved in
CH2Cl2 (100 mL), washed with H2O (150 mL), saturated NaCl solution
(25 mL), dried (MgSO4), filtered and concentrated to yield crude 2a as a
yellow solid. This was normally used in the following step without
purification, but pure 2a, a white solid, could be obtained by flash
chromatography eluting with first CH2Cl2 and then 5% ethyl acetate/
hexanes (7.16 g, 76 %). 2a : M.p. 111 ± 113 8C (heptane); IR (CHCl3): 2950
(m), 2860 (w), 1720 (s), 1590 (m), 1340 (s), 1310 (s); 1H NMR: d� 8.26 (t,
4J(H,H)� 1.4, 2H), 7.74 (d, 4J(H,H)� 1.4, 4H), 4.08 (t, 3J(H,H)� 6.2, 4H),
3.94 (s, 12 H), 1.93-1.88 (m, 4 H), 1.72-1.68 (m, 2 H); 13C NMR: d� 166.1,
159.0, 131.7, 122.8, 119.7, 68.2, 52.4, 28.8, 22.6; MS (70 eV, EI): m/z (%): 488
(17) [M�], 457 (27), 279 (84), 223 (20), 211 (43), 210 (26), 179 (50), 151 (18),
69 (100), 68 (24); HRMS: calcd C25H28O10 488.1681; found 488.1685.


1,6-Bis(3,5-bis(methoxycarbonyl)phenoxy)hexane (2 b): Using the proce-
dure described above for 2 a, 1 (2.05 g, 9.75 mmol), 1,6-dibromohexane
(1.20 g, 4.92 mmol), tetrabutylammonium iodide (0.40 g, 1.1 mmol) and
60% NaH dispersion (0.43 g, 10.8 mmol) afforded, after flash chromatog-
raphy, 2 b (1.97 g, 80%) as a white solid. Approximately tenfold scale-up of
this reaction resulted in only slightly lower yields. 2b : M.p. 135 ± 136 8C
(heptane); IR (CHCl3): 2940 (w), 1720 (s), 1590 (m), 1340 (m), 1310 (m);
1H NMR: d� 8.26 (t, 4J(H,H)� 1.4, 2 H), 7.74 (d, 4J(H,H)� 1.4, 4 H), 4.06
(t, 3J(H,H)� 6.4, 4H), 3.94 (s, 12H), 1.88-1.84 (m, 4 H), 1.59-1.54 (m, 4H);
13C NMR: d� 166.1, 159.1, 131.6, 122.6, 119.7, 68.5, 52.3, 29.2, 25.9; MS (70
EV, EI): m/z (%): 502 (18) [M�], 471 (17), 293 (9), 211 (44), 210 (30), 179
(37), 83 (76), 55 (100); C26H30O10 (502.52): calcd C 64.50, H 6.86; found C
64.35, H 6.98.


1,5-Bis(3,5-bis(bromomethyl)phenoxy)pentane (4a): A solution of crude
tetraester 2 a (9.34 g, 19.1 mmol) in dry THF (200 mL) was added dropwise
to a magnetically stirred suspension of LiAlH4 (7.61 g, 201 mmol) in dry
THF (150 mL) under N2 at 0 8C. When the addition was complete, the


Table 2. Pyramidalization angles [8] for 9 and D5h C70.[a,b]


atom 9 D5h C70
[a] D5h C70


[b]


b 2.9 8.8 8.7
d 5.3 10.1 10.3
e 6.9 8.8 8.7
f 6.0 10.1 10.3
k 5.3 10.1 10.3
l 6.8 8.8 8.7
m 5.7 10.1 10.3
o 2.7 8.8 8.7


[a] Calculated, ref. [18a]. [b] Experimental, ref. [14a].
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mixture was allowed to warm to room temperature and stirred for 14 h. The
reaction was quenched by the slow addition of ethyl acetate (40 mL) and
then H2O (1 mL), with cooling. The solvents were then removed under
reduced pressure and the grey solid residue was redissolved in 2:1 HBr/
H2SO4 (200 mL). The mixture was heated at 100 ± 110 8C for 1 h, allowed to
cool and diluted with H2O (400 mL). The aqueous solution was extracted
with CH2Cl2 (3� 100 mL) and the combined organic layers were washed
with H2O (100 mL), saturated aqueous NaHCO3 solution (100 mL), and
H2O (100 mL), dried (MgSO4), filtered and concentrated to yield a brown
oil. Flash chromatography (35 % CH2Cl2/hexanes) afforded pure 4 a
(6.56 g, 53% from diester 1) as a white solid. 4a : M.p. 95 ± 97 8C (heptane);
IR (CH2Cl2): 2940 (w), 2880 (w), 1590 (s), 1160 (m), 1050 (m); 1H NMR:
d� 6.99 (t, 4J(H,H)� 1.2, 2H), 6.85 (d, 4J(H,H)� 1.4, 4H), 4.43 (s, 8H),
3.99 (t, 3J(H,H)� 6.3, 4H), 1.85 (quint, 3J(H,H)� 6.7, 4 H), 1.69 ± 1.65 (m,
2H); 13C NMR: d� 159.4, 139.5, 121.7, 115.2, 67.8, 32.9, 28.9, 22.7; MS (70
EV, EI): m/z (%): 630 (5), 628 (8) [M�], 626 (6), 547 (7), 351 (20), 349 (39),
347 (22), 60 (100); C21H24Br4O2 (628.04): calcd C 40.16, H 3.85; found C
39.77, H 3.62.


1,6-Bis(3,5-bis(bromomethyl)phenoxy)hexane (4b): Using the procedure
described above for 4a, crude tetraester 2b (9.25 g, 18.4 mmol), LiAlH4


(7.65 g, 202 mmol) and 2:1 HBr/H2SO4 (200 mL) afforded, after flash
chromatography, 4b (8.32 g, 65 % from diester 1) as a white solid. 4 b : M.p.
99 ± 101 8C (heptane); IR (CHCl3): 2920 (m), 2860 (m), 1590 (s), 1050 (m);
1H NMR: d� 6.99 (s, 2H), 6.86 (s, 4 H), 4.43 (s, 8H), 3.98 (t, 3J(H,H)� 6.4,
4H), 1.85 ± 1.80 (m, 4H), 1.57-1.53 (m, 4H); 13C NMR: d� 159.3, 139.5,
121.7, 115.2, 68.0, 32.9, 29.1, 25.8; MS (70 EV, EI): m/z (%): 644 (8), 642 (13)
[M�], 640 (9), 563 (6), 561 (6), 481 (6), 363 (9), 241 (27), 83 (90), 55 (100);
C22H26Br4O2 (642.06): calcd C 41.16, H 4.08; found C 41.16, H 4.02.


1,7-Dioxa-15,24-dithia[7.3.3](1,3,5)cyclophane (5a): To a solution of tetra-
bromide 4a (7.21 g, 11.5 mmol) in 18% EtOH/CH2Cl2 (1000 mL) was
added freshly prepared Na2S/Al2O3


[4a] (10.42 g, 28.5 mmol) in small
portions over 1 h. The reaction was stirred vigorously for 12 h, filtered
and concentrated. Flash chromatography of the residue (CH2Cl2) afforded
5a (3.02 g, 71%) as a white solid. 5 a: M.p. 126 ± 128 8C (heptane); 1H NMR:
d� 6.75 (s, 2H), 6.40 (s, 4 H), 4.09 (t, 3J(H,H)� 4.9, 4H), 3.78 (AB half
spectrum, 2J(H,H)AB� 14.8, 4 H), 3.74 (AB half spectrum, 2J(H,H)AB�
14.8, 4H), 1.73 ± 1.76 (m, 4H), 1.64 ± 1.55 (m, 2H); 13C NMR: d� 158.0,
138.5, 124.1, 113.5, 65.7, 38.9, 27.3, 21.8; MS (70 EV, EI): m/z (%): 373 (25),
372 (100) [M�], 308 (12), 122 (34), 121 (17), 69 (30); HRMS: calcd
C21H24O2S2 372.1216; found 372.1219.


1,8-Dioxa-16,25-dithia[8.3.3](1,3,5)cyclophane (5b): Using the procedure
described above for 5a, tetrabromide 4 b (2.10 g, 3.27 mmol) and freshly
prepared Na2S/Al2O3


[4a] (2.67 g, 7.05 mmol) afforded, after flash chroma-
tography, 5b (860 mg, 68%) as a white solid. 5 b: M.p. 165 ± 167 8C
(heptane); 1H NMR: d� 6.70 (s, 2 H), 6.38 (s, 4 H), 3.86 (t, 3J(H,H)� 5.3,
4H), 3.79 (AB half spectrum, 2J(H,H)AB� 14.7, 4H), 3.75 (AB half
spectrum, 2J(H,H)AB� 14.7, 4 H), 1.76 ± 1.68 (m, 4H), 1.64 ± 1.55 (m, 4H);
13C NMR: d� 159.0, 138.5, 124.4, 113.3, 64.6, 38.8, 28.0, 20.7; MS (70 EV,
EI): m/z (%): 387 (25), 386 (100) [M�], 353 (10), 322 (12), 122 (40), 120 (19),
91 (31); HRMS: calcd C22H26O2S2 386.1372; found 386.1373.


1,7-Dioxa[7.2.2](1,3,5)cyclophane-14,22-diene (7a): To a magnetically
stirred solution of dithiacyclophane 5a (3.02 g, 8.11 mmol) in CH2Cl2


(50 mL) was added Borch reagent (2.0 mL, 3.2 g, 19.8 mmol) by syringe
under N2. The reaction was stirred for 3 h and the solvent was removed
under reduced pressure. The residue was quenched with 80% aqueous
methanol (50 mL) and the resulting suspension was filtered to yield the
crude bis(methylsulfonium) salt of 5 a (3.10 g, 66%). This was used
immediately without further purification in the next step.


To a magnetically stirred slurry of the bis(methylsulfonium) salt of 5a
(2.66 g, 4.61 mmol) in dry THF (50 mL) was added tBuOK (2.46 g,
21.9 mmol) in one portion and the reaction was stirred at room temperature
under N2 for 3 h. The reaction was quenched with saturated aqueous
NH4Cl solution (1 mL) and the solvents were removed under reduced
pressure. The residue was redissolved in CH2Cl2 (50 mL) and washed with
saturated aqueous NH4Cl solution (50 mL), H2O (50 mL), saturated NaCl
solution (50 mL), dried (MgSO4), filtered through a plug of silica gel and
concentrated to yield a mixture of isomers 6a (1.92 g, 59 % from
dithiacyclophane 5a) as a foamy, pale yellow solid. This was used without
further purification in the next step.


To a magnetically stirred solution of the mixture of isomers 6 a (1.92 g,
4.13 mmol) in CH2Cl2 (50 mL) was added Borch reagent (2.0 mL, 3.2 g,
19.8 mmol) by syringe under N2 and the reaction was stirred at room
temperature for 3 h. The solvents were then removed under reduced
pressure and the resulting oily brown residue was suspended in a rapidly
stirred mixture of 1:1 THF/tBuOH (80 mL). tBuOK (5.61 g, 50.0 mmol)
was then added and stirring under N2 was continued for 6 h. The solution
was extracted with saturated aqueous NH4Cl solution (50 mL), H2O
(50 mL), saturated NaCl solution (50 mL), dried (MgSO4), filtered through
a plug of silica and concentrated to yield a yellow solid. Flash chromatog-
raphy (CH2Cl2) yielded diene 7 a (1.07 g, 73% from 6a) as a white
crystalline solid. 7a: M.p. 138 ± 140 8C (heptane); IR (CCl4): 3000 (m), 2950
(m), 2890 (m), 1400 (s), 1300 (s), 1270 (s), 1160 (s), 1050 (m); 1H NMR: d�
7.14 (s, 4H), 6.87 (s, 2 H), 6.12 (s, 4 H), 4.06 (t, 3J(H,H)� 5.5, 4H), 1.54-1.45
(m, 4H), 1.19 ± 1.09 (m, 2H); 13C NMR: d� 155.9, 136.2, 135.9, 134.6, 114.0,
66.7, 29.1, 22.7; MS (70 EV, EI): m/z (%): 304 (100) [M�], 207 (33), 206 (96),
205 (32), 189 (63), 178 (51); HRMS: calcd C21H20O2 304.1462; found
304.1440.


1,8-Dioxa[8.2.2](1,3,5)cyclophane-15,23-diene (7b): Using the procedure
described above for 7a, dithiacyclophane 5 b (2.50 g, 6.47 mmol) and Borch
reagent (1.6 mL, 2.6 g, 15.8 mmol) afforded the crude bis(methylsulfoni-
um) salt of 5b (3.25 g, 85%). Treatment of this with tBuOK (2.52 g,
22.4 mmol) as described above gave thioether mixture 6b (1.71 g, 63%
from 5 b) as a foamy yellow solid. This was used without further purification
in the next step.


As described for 7a, the mixture of isomers 6 b (1.71 g, 4.14 mmol), Borch
reagent (1.4 mL, 2.2 g, 13.8 mmol) and then tBuOK (3.55 g, 31.9 mmol)
afforded, after flash chromatography, diene 7b (1.15 g, 89 % from 6b) as a
white solid. 7 b: M.p. 117 ± 118 8C (heptane); IR (CCl4): 3005 (m), 2940 (s),
2880 (m), 1400 (s), 1300 (s), 1270 (s), 1160 (s), 1115 (m), 1040 (m); 1H NMR:
d� 7.15 (s, 4H), 6.95 (t, 4J(H,H)� 1.1, 2 H), 6.11 (d, 4J(H,H)� 1.0, 4 H), 3.91
(t, 3J(H,H)� 6.0, 4H), 1.53 ± 1.49 (m, 4H), 1.29 ± 1.25 (m, 4 H); 13C NMR:
d� 155.8, 136.2, 135.5, 134.7, 113.9, 67.4, 27.8, 22.8; MS (70 EV, EI): m/z
(%): 319 (11), 318 (46) [M�], 207 (28), 206 (100), 205 (20), 189 (27), 178
(48); HRMS: calcd C22H22O2 318.1619, found 318.1623.


1,7-Dioxa[7](2,7)pyrenophane (8a): Diene 7a (0.552 g, 1.90 mmol) was
dissolved in degassed benzene (50 mL) and DDQ (0.441 g, 1.94 mmol) was
added. This mixture was stirred at reflux for 12 h under N2. After cooling,
the mixture was extracted with 1m NaOH (50 mL) solution, dried (MgSO4)
and the solvent was removed under reduced pressure. The residue was
immediately dissolved in CH2Cl2 (10 mL) and this solution was rapidly
flushed through a short column of silica to yield pyrenophane 8a (0.189 g,
35%). 8a : M.p. 155 8C (decomp) (xylenes); IR (CDCl3): 3040 (w), 2920 (s),
2840 (s), 1570 (m), 1540 (s), 1420 (m), 1290 (m), 1270 (m); 1H NMR: �d


7.72 (s, 4H), 7.22 (s, 4H), 3.33 ± 3.29 (m, 4H), ÿ0.01 to ÿ0.07 (m, 4H),
ÿ2.06 to ÿ2.14 (m, 2 H); 13C NMR: d� 152.0, 133.4, 126.7, 126.3, 123.1,
76.3, 27.9, 26.9; MS (70 EV, EI): m/z (%): 303 (22), 302 (93) [M�], 274 (14),
234 (36), 218 (21), 216 (20), 206 (15), 204 (64), 189 (39), 188 (100), 187 (33),
177 (20), 176 (74), 94 (39), 69 (51); C21H18O2 (302.45): calcd C 83.42, H 6.00;
found C 83.40, H 6.00.


1,8-Dioxa[8](2,7)pyrenophane (8b): As described above for 8 a, diene 7b
(1.15 g, 3.63 mmol) and DDQ (1.66 g, 7.30 mmol) afforded, after flash
chromatography, 8b (0.92 g, 81 %) as a white, crystalline solid. 8b : M.p.
190 8C (decomp) (xylenes); IR (CCl4): 3040 (w), 2970 (m), 2940 (m), 2880
(m), 1460 (m), 1430 (m), 1290 (m), 1270 (m); 1H NMR: d� 7.84 (s, 4H), 7.44
(s, 4H), 3.59 (t, 3J(H,H)� 4.6, 4 H), 0.13 ± 0.07 (m, 4H), ÿ1.43 to ÿ1.48 (m,
4H); 13C NMR: d� 153.6, 132.7, 127.4, 126.9, 123.2, 77.7, 27.9, 26.7; MS (70
EV, EI): m/z (%): 317 (24), 316 (100) [M�], 288 (11), 234 (58), 206 (49), 205
(64), 188 (56), 176 (70); HRMS: calcd C22H20O2 316.1462; found 316.1451.


Reaction of 8 a with TCNE to give adduct 9 : A solution of pyrenophane 8a
(15.0 mg, 0.050 mmol) in benzene (8 mL) was added a solution of TCNE
(22.5 mg, 0.176 mmol) in benzene (2 mL) and the mixture was stirred at
room temperature for 3 h. The solvent was removed under reduced
pressure and the residue was chromatographed (CH2Cl2) to afford 9
(21.8 mg, 102 %) as a white solid. 9 : M.p. 160 8C (decomp); 1H NMR: d�
7.66 (d, 3J(H,H)� 8.8 Hz, 1H), 7.53 (d, 3J(H,H)� 8.6 Hz, 1 H), 7.32 (d, J�
1.9 Hz, 1H), 7.22 (d, 3J(H,H)� 9.9 Hz, 1H), 7.07 (d, 4J(H,H)� 1.9 Hz, 1H),
6.67 (d, 3J(H,H)� 9.9 Hz, 1 H), 5.04 (d, 4J(H,H)� 1.9 Hz, 1 H), 4.26 (dd,
3J(H,H)� 12.2, 6.8 Hz, 1 H), 4.17 (d, 4J(H,H)� 1.9 Hz, 1H), 3.85 (ddd,
3J(H,H)� 12.8, 7.1, 1.8 Hz, 1H), 3.60 ± 3.53 (m, 2 H), 1.14 ± 1.02 (m, 1H),
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0.96 ± 0.72 (m, 2H), 0.20 ± 0.00 (m, 2H),ÿ1.69 toÿ1.78 (m, 1 H); 13C NMR:
d (some quaternary carbons not observed) 171.5 (0), 156.6 (0), 147.5 (0).
136.6 (0), 132.9 (1), 132.7 (0), 129.9 (0), 127.3 (1), 127.2 (1), 126.3 (0), 124.8
(1), 123.5 (1), 121.6 (1), 111.4 (0), 111.3 (0), 111.2 (0), 111.0 (0), 106.6 (1),
76.3 (2), 71.9 (2), 54.0 (1), 32.6 (2), 30.6 (2), 28.2 (2); MS (70 EV, EI): m/z
(%): 430 (7) [M�], 303 (15), 302 (71), 234 (26), 218 (15), 216 (13), 206 (35),
205 (45), 189 (28), 188 (69), 187 (23), 176 (53), 128 (100), 94 (31), 76 (74), 69
(41); good HRMS or analytical data for this unstable compound could not
be obtained.
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Self-Assembly of Grid and Helical Hydrogen-Bonded Arrays Incorporating
Bowl-Shaped Receptor Sites That Bind Globular Molecules


Michaele J. Hardie, Peter D. Godfrey, and Colin L. Raston*[a]


Abstract: 1,2-Dicarbadodecaborane(12)
(o-carborane) and bowl-shaped cyclo-
triveratrylene (CTV) self-assemble
through bifurcated C ± Hcarborane ´ ´ ´ (O)2


hydrogen bonds into infinite arrays with
two-dimensional (2D) hexagonal grid or
helical chain topologies. The in-built
shape-specific receptor sites bind o-car-
borane or fullerene C70. The structures
of two such supramolecular systems in
the solid state were established: (o-
carborane)2(CTV) features hydrogen-


bonded carborane ´´´ CTV hexagonal
grids as well as CTV ´´´ carborane
host ± guest interactions, while a helical
hydrogen-bonded carborane ´´´ CTV
chain is formed in the quaternary system
(C70)(o-carborane)(CTV)(1,2-dichloro-
benzene) in addition to CTV ´´´ C70


host ± guest interactions. The bifurcated
C ± Hcarborane ´ ´ ´ (O)2 hydrogen bonding
interaction common to both these struc-
tures was studied on the model system
(o-carborane)(1,2-dimethoxybenzene)
using ab initio calculations and found to
be energetically favoured by 5.48 kcal
molÿ1, whereas a B ± Hcarborane ´ ´ ´ (O)2


bifurcated hydrogen bonding was less
favoured at 1.13 kcal molÿ1.


Keywords: ab initio calculations ´
carboranes ´ crystal engineering ´
fullerenes ´ host ± guest chemistry


Introduction


Supramolecular chemistry is concerned with the formation of
large arrays stabilised by non-covalent means such as
coordinate bonds, p stacking, hydrogen bonds, electrostatic
interactions, and van der Waals forces.[1] It encompasses self-
assembly, molecular recognition, and inclusion phenomenon,
and the shape complementarity and hydrogen bonding for
such processes which are found in molecular biology are
among the most valuable tools in devising new supramolec-
ular systems. Bowl-shaped molecules or container molecules
such as calixarenes and cyclotriveratrylene (CTV) can bind
globular molecules including C60, C70 and 1,2-dicarbadodeca-
borane(12) (o-carborane)[2±8] resulting in ball-and-socket
shaped complexes held together by non-classical hydrogen
bonding, C ± Hcarborane ´ ´ ´ p (a Coulombic interaction between
polarised C ± H bond and the basic p electrons of an aromatic
ring), and p ± p interactions with complementarity of curva-
ture between the host and guest moieties. This chemistry
shows considerable potential in the field of separation science
and indeed the selective complexation of C60 by p-tert-
butylcalix[8]arene is a simple and cost efficient means of C60


extraction from a mixture of fullerenes.[2] The ball-and-socket
nanostructures can exist as discrete monomeric species,[3] or


form aggregates[4] or polymeric structures[5, 6] through full-
erene ± fullerene interactions.[1±6]


The control of hydrogen bonding interactions to create
extended networks in the solid state is one of the central
premises of crystal engineering,[9] and the range of molecular
systems employed and structural types obtained are exten-
sive[10] with considerable advances made in controlling such
systems to create nanoporous materials with potential zeolite-
like applications.[11] Herein we show that self-assembly of o-
carborane and CTV results in infinite hydrogen-bonded
networks that incorporate bowl-shaped receptor sites which
bind two disparate globular molecules, o-carborane or C70.
This has implications for building up receptor arrays based on
other container molecules and the other isomers of carborane.
It is noteworthy that in the absence of carborane, C70 fails to
form a complex with CTV, in contrast to C60 which forms two
complexes, (C60)(CTV) and (C60)1.5(CTV),[5] and that C60 and
CTV in the presence of o-carborane also affords
(C60)1.5(CTV).
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C ± H groups of carboranes are acidic [12] and a limited
number of supramolecular complexes have been established,
notably the 1:1 complexes of o,m,p-carborane with hexame-
thylphosphoramide,[13] 1:1 host ± guest complexes of o-carbor-
ane with a-,b-,g-cyclodextrins and a 1:2 complex with a-
cyclodextrin,[14] 1:1 complexes of o-carborane with diaza[18]-
crown-6 and aza[18]crown-6,[15] and the 1:2 complex of o-
carborane with CTV.[7] The latter complex is distinctly differ-
ent with each C ± Hcarborane directed towards the centroid of an
aromatic ring in the cavity of the CTV as a weak non-classical
hydrogen bond calculated to be energetically favoured by
2.74 kcal molÿ1. Such non-classical hydrogen bonding also
features in complexes of o-carborane with bowl-shaped
calix[5]arene.[16] Supramolecular chemistry of C70 is limited
to structurally authenticated complexes available for the 2:1
complex of calix[6]arene,[6] and a hydroquinone enclathrated
C70.[17] This is in direct contrast to the lower fullerene C60,
which shows a range of supramolecular behaviour.[2±5, 18]


Results and Discussion


Crystals of composition (o-carborane)2(CTV) 1 were ob-
tained from the slow evaporation at room temperature of a
solution of CTV and o-carborane in a 1:2 ratio in toluene, and
crystals of composition (C70)(o-carborane)(CTV)(1,2-dichlor-
obenzene) 2 were obtained from a solution of CTV, o-
carborane, and C70 in a 1:1:1 ratio in 1,2-dichlorobenzene kept
at about 70 8C for one week. The solid-state structures were
determined by X-ray diffraction techniques.


Structure of (o-carborane)2(CTV) 1: The crystal structure of
(o-carborane)2(CTV) was solved in the trigonal (hexagonal
setting) space group R3m. There is one type of CTV molecule
and two types of carborane molecule in the crystal structure,
all of which lie across symmetry elements.


One of the carborane molecules forms three symmetry
equivalent bifurcated hydrogen bonds to the methoxy groups
of three equivalent CTV molecules (Figure 1); the C/B ´´ ´ O
distance is 3.33 � with the corresponding C/B ± H ´´´ O


Figure 1. Section of the crystal structure of 1 showing the 2D hexagonal
grid of 1 formed through B/C ± H ´´´ O hydrogen bonding (note that the o-
carborane is disordered and each icosahedron vertice involved in the
hydrogen bonding interaction has 2/3 C and 1/3 B occupancy) and the
inclusion of a guest o-carborane in the CTV bowl.


distance at 2.53 �. All three interactions originate from the
same triangular face of the carborane icosahedron and, due to
symmetry-imposed disorder, each of the three carborane
centres involved has 2�3 carbon and 1�3 boron character. A
puckered hexagonal two-dimensional (2D) hydrogen-bonded
network is formed, shown in Figure 1 projected in the ab
plane. The formation of infinite 2D hexagonal sheets through
hydrogen-bonding interactions has been seen for a number of
other systems, the best known are various clathrates of
urea.[19] What makes this example more intriguing is the
presence of receptor sites within the 2D grid. All CTV
molecules within the grid, and indeed throughout the crystal
lattice, have their bowl vertices pointing in the same direction
with a torsion angle of 758 between adjacent aromatic rings.
The second o-carborane molecule resides in the receptor sites
forming a ball-and-socket (o-carborane)C(CTV) nanostruc-
ture (Figure 1) throughout the hydrogen-bonded grid.


The host ± guest interplay within the supermolecule (o-
carborane)C(CTV) is remarkably different to that found in
(o-carborane)(CTV)2 where the carborane is perched in an
unsymmetrical manner in the cavity of the CTV held in place
by two non-classical C ± Hcarborane ´ ´ ´ p hydrogen bonds. The
alignment of the carborane within the CTV cavity in the
present structure is, in contrast, symmetrical with all carbor-
ane C ± H vectors directed away from the CTV aromatic
rings. However, the difference is consistent with the inher-
ently weak interactions holding the supermolecule together.
In an elegant example of symmetry matching, the vertices
of one of the triangular faces of the carborane icosahedron
lies parallel to the triangle formed by the methylene bridges
of the CTV (Figure 1). The three symmetry equivalent
icosahedron faces adjacent to this face are arranged nearly
parallel to the three aromatic rings of the CTV. The centroid
separation between the aromatic ring and triangular face
represents the closest contact between the molecules at
3.77 � and the faces are slightly inclined from each other with
a torsion angle of 6.48. It is notable that this is a considerably
longer interaction (by up to about 0.45 �) than was seen for
(o-carborane)(CTV)2.[7]


There are three hydrogen-bonded networks in the crystal
lattice shown side-on in Figure 2. The 2D networks pack such
that each CTV molecule is surrounded by seven o-carboranes.
One, which forms part of a second 2D network, sits at the
vertex of the CTV bowl, lying directly below the guest
carborane along the c direction, at a closest contact of 4.30 �.
The other six form a hexagon around the edges of the CTV,
three of these are hydrogen-bonded to that CTVand the other
three are the guest carboranes of the CTV molecules of a
second 2D network. The closest B ´´ ´ C contacts are to the
CTV methyls at 4.53 �. The carboranes within this hexagon
are approximately 4.8 � apart (vertice separation). Carbor-
anes form columns along the c direction that alternate
between the guest and hydrogen-bonded variety (Figure 2),
occurring in pairs 4.09 � apart on either side of a CTV
molecule. Interestingly, the atomic displacement parameters
for the carborane included in the CTV cavity are considerably
larger than those for the hydrogen-bonded carborane (aver-
age Uiso 0.098 and 0.050 �2 respectively), indicating greater
librational motion for the included carborane, and implying
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Figure 2. Unit cell of 1 viewed down the b axis, showing a side-on view of
the packing of three of the hexagonal grids of Figure 1. Atomic positions
corresponding to one such grid are shown cross-hatched. Only hydrogens
involved in hydrogen bonding are shown for clarity.


that the hydrogen-bonded carborane is more tightly bound
within the crystal lattice than is the guest carborane.


Structure of (C70)(o-carborane)(CTV)(1,2-dichlorobenzene)
2 : The crystal structure of (C70)(o-carborane)(CTV)(1,2-
dichlorobenzene) was solved in the orthorhombic space
group P212121. The structure features one type of CTV, o-
carborane, C70 and 1,2-dichlorobenzene molecule in a 1:1:1:1
ratio.


The carborane molecule in 2 is fully ordered and, as was
seen for (o-carborane)2(CTV) (1), each C ± H proton is
involved in a bifurcated hydrogen bond to adjacent methoxy
oxygens of the CTV. Each o-carborane interacts with two
symmetry-equivalent CTV molecules and in turn, each CTV
is hydrogen-bonded to two carboranes forming an infinite
helical chain (Figure 3). There are two helices of the same
hand in the unit cell, shown schematically in Figure 4, hence
the crystal is chiral despite being composed of weakly
interacting achiral molecular components. The CTV cavities
are directed outwards from the helices, so again an infinite


Figure 3. Section of the crystal structure of 2 showing a side-on view of an
infinite helical chain formed through hydrogen bonding interactions
between o-carborane and CTV. Each CTV forms a ball-and-socket type
host ± guest complex with a C70 molecule.


Figure 4. Schematic view of the packing of helices within 2. Helices as
viewed from above and the larger circles represent the centre of the CTV
molecules (centroid of CH2 groups).


hydrogen-bonded array with in-built curved receptor sites has
been created. We note that the self-assembly of helices has
become a relatively common feature of supramolecular
chemistry and can occur through metal templation and
hydrogen bonding.[20]


Each receptor site within the helices binds a C70 molecule
(Figure 3) to form the familiar ball-and-socket motif. The
C70 molecule is bound by p ± p stacking associated with size
and shape complementarity. One C6 ring of the fullerene is
located almost exactly parallel with an aromatic ring of the
CTV, with a centroid separation of 3.69 � and a torsion angle
of 98. The C6 rings are slightly displaced from each other and
hence do not show exact symmetry matching. The long axis of
C70 is aligned along the CTV bowl. The C70 molecules of
adjacent helices within the crystal lattice are separated close
to the van der Waals limit with the fullerene ± fullerene
centroid distance at 10.78 �, which is comparable to those in
(C70)2(calix[6]arene), 10.53 ± 10.66 �.[6] Intra-helix fullerene ±
fullerene separations are longer at 13.88 �. The dichloroben-
zene molecules within the crystal lattice show two close
contacts one involving Cl ´´´ H3COCTV at 3.46 �, the other
involving Cl ´´ ´ O at 3.69 �. The plane of the solvent lies
normal to the direction of the helices, and the molecules sit
between CTV molecules of the spiral. The formation of a
bifurcated hydrogen bond in a five-membered ring is not in
itself novel, however bifurcated hydrogen bonds from C ± H
groups are highly unusual and this is, to our knowledge, the
first reported example for a carborane.


Quantum chemistry: Calculations were conducted on the
model system of o-carborane and 1,2-dimethoxybenzene at
the ab initio RHF/6-31G(d) level using Gaussian 94.[21] The
optimised structure of (o-carborane)(1,2-dimethoxybenzene)
is shown in Figure 5. Starting with an approximately Cs


symmetric structure for the adduct with CH ´´´ (O)2 hydrogen
bonding, the o-carborane moiety was found in the optimised
structure to be rotated by about 308 about the linking C ± H
bond. The angle between the plane of the aromatic ring and
the closest (CCB) triangular face of the o-carborane was
about 708.


The starting structure for the adduct (o-carborane)(1,2-
dimethoxybenzene) with BH ´´´ (O)2 hydrogen bonding was
produced by interchanging a B and C atom on the closest
triangular face of the o-carborane. The initial structure
iterated rapidly (in five optimisation steps) to a quasi-stable
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Figure 5. Views of the ab initio optimised structure of the model system of
o-carborane and 1,2-dimethoxybenzene at the RHF/6 ± 31G(d) level.


structure with a bifurcated hydrogen-bond geometry similar
to that for the CH ´´´ (O)2 species, satisfying the usual residual
root mean square (rms) force criterion for convergence, at
which the binding energy was about 1.13 kcal molÿ1. However
subsequent iterations resulted in a significant reorientation of
the o-carborane with the structure eventually transforming to
the CH ´´´ (O)2 species. The corresponding evolution of ab
initio relative energy is shown in Figure 6, indicating that at
this level of calculation the BH ´´´ (O)2 species is not a stable
conformer.


The theoretical calculations on this model system of o-
carborane and 1,2-dimethoxybenzene gives a C ± Hcarborane ´ ´ ´
(O)2 interaction energetically favoured by 5.48 kcal molÿ1,
and a structure with a pseudo mirror plane passing through
the supermolecule such that the other C ± H group is sym-
metrically related to a B ± H group across the plane. We note
that this energy is close to double the calculated energy


Figure 6. Plot showing the calculated RHF/6 ± 31G(d) energy of the (o-
carborane)(1,2-dimethoxybenzene) model (relative to the isolated o-
carborane and 1,2-dimethoxybenzene molecules) during the attempted
geometry optimisation of the BH ´´´ (O)2 complex (see text).


(2.74 kcal molÿ1) found for a single C ± Hcarborane ´ ´ ´ p non-
classical hydrogen bond between o-carborane and benzene.[7]


This highlights a delicate balance between the carborane
involved in bifurcated hydrogen bonding versus non-classical
hydrogen bonding in the cavity of the CTV. The geometry of
the bifurcated hydrogen bond is not the same for both
complexes. In (o-carborane)2(CTV), where all B/C ± Hcarborane


´ ´ ´ O interactions are symmetry-equivalent, the carborane sits
out of the plane of the dimethoxyphenyl moieties of the CTV.
The B/C ± Hcarborane ´ ´ ´ O distance is 2.53 �.


Ab initio theory on the present model systems gives the B ±
Hcarborane ´ ´ ´ (O)2 less favoured at 1.13 kcal molÿ1, as expected
by the lower charge on hydrogen atoms attached to boron.[7]


However, this energy does not correspond to a stationary
point on the energy hypersurface and it follows that the
stabilisation of a B ± Hcarborane ´ ´ ´ (O)2 interaction requires co-
operative forces such as the adjacent C ± H groups also being
involved in bifurcated hydrogen bonding as found in (o-
carborane)2(CTV) (1). In (C70)(o-carborane)(CTV)(1,2-di-
chlorobenzene) (2), two non-equivalent and unsymmetrical
interactions are evident for each of the adjacent C ± H groups
of the o-carborane. These are in and out of the plane of the
corresponding dimethoxyphenyl group with C ± Hcarborane ´ ´ ´ O
distances of 2.09 and 2.35 �, and 2.39 and 2.52 � respectively,
the later corresponding to a weaker interaction.


Solvent effects: The 2D grid structure of (o-carbora-
ne)2(CTV) (1) is also obtained when o-carborane and CTV
are allowed to react in 1,2-dichlorobenzene rather than in
toluene. Similarly, a helical structure identical to that of 2 is
found when o-carborane, C70 and CTV are allowed to react in
toluene (crystal composition (C70)(o-carborane)(CTV)(tol-
uene), orthorhombic a� 14.84(9), b� 17.81(9), c�
26.48(13) �). It is apparent that the solvent does not dictate
which hydrogen-bonded array is formed. It is likely that the
nature of the globular guest molecule has far more influence.
This is consistent with the template or space-filling role played
by solvent in other hydrogen-bonded networks.[10, 11, 20, 21] The
globular molecules here play a considerably larger role than
just that of space filling or a template, forming additional
supramolecular interactions of fundamental interest. It would
be expected that the m- and p- isomers of o-carborane could
self-assemble with CTV to form networks of entirely different
topologies to those observed in the current study. In this
context we note that the m-isomer forms a 3:2:2 complex with
CTV and C70 but thus far the limited X-ray data has yielded
only a partial solution (cell dimensions: hexagonal, a� b�
14.481(1), c� 76.749(2) �). Overall, combining carboranes, or
other molecules with acidic X ± H groups, with container
molecules capable of hydrogen bonding offers scope for
swaying the competing energies of interaction in favour of
host ± guest complexes where the host ± guest components
otherwise fail to assemble.


Experimental Section


Synthesis of (o-carborane)2(CTV) (1): Solutions of o-carborane and CTV
in a 2:1 ratio in toluene were mixed at room temperature and allowed to







FULL PAPER C. L. Raston et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1832 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61832


slowly evaporate to complete dryness. After several days crystals of 1 were
recovered.


Synthesis of (C70)(o-carborane)(CTV)(1,2-dichlorobenzene) (2): Solutions
of o-carborane, CTV and C70 in a 1:1:1 ratio in 1,2-dichlorobenzene were
mixed at about 708C and maintained at that temperature for a week, after
which dark crystals of 2 were obtained. Using two equivalents or an excess
of o-carborane also affords crystals of 2.


Crystal structure determinations : X-ray data for 1 and 2 were collected at
123(1) K on an Enraf-Nonius KappaCCD single-crystal diffractometer
with MoKa radiation (l� 0.71073 �). Data were corrected for Lorentzian
and polarisation effects but not absorption. The structures were solved by
direct methods using SHELXS-97 and refined by full-matrix least-squares
on jF 2 j using SHELXL-97. Carbon positions within carboranes were
assigned by an analysis of anisotropic displacement parameters. Hydrogen
atoms of the guest o-carborane were fixed at geometrically estimated
positions with a riding refinement for 1 and hydrogen atoms of the CTVand
dichlorobenzene were fixed at geometrically estimated positions with a
riding refinement for 2. All other hydrogen atoms were fully refined.
Summaries of crystal data and refinements are given in Table 1. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-102410 and CCDC-
102411. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Quantum chemistry : Calculations were conducted on the model system of
o-carborane and 1,2-dimethoxybenzene at the ab initio RHF/6-31G(d)
level using Gaussian 94.[21] Calculated geometries were fully optimised
subject to the standard Gaussian 94 convergence criteria that all residual
forces on the nuclei were less than 0.00045 atomic units, that the maximum
nuclear displacement since the previous iteration step was less than 0.0018
atomic units and that a threshold value 2/3 of this size applied to each of the
corresponding the rms values. The geometries for the model adducts (o-
carborane)(1,2-dimethoxybenzene) with either CH ´´´ (O)2 or BH ´´´ (O)2


hydrogen bonding were optimised without any constraints as were the
structures of the isolated components (o-carborane) and the CTV model
(1,2-dimethoxybenzene). Initial structures for geometry optimisation of the
model adducts were established by the Gaussian 94 graphic interface
option GaussView.
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formula C31H54B20O6 C105H46B10Cl2O6


Mr [g molÿ1] 738.94 1582.42
crystal system trigonal (hexagonal) orthorhombic
space group R3m P212121


a [�] 13.9478(3) 14.7493(5)
b [�] 13.9478(3) 17.7715(5)
c [�] 18.0887(3) 26.3542(7)
V [�3], Z 3047.5(1), 3 6907.9(4), 4
1calcd [g cmÿ1] 1.208 1.522
crystal description block, colourless irregular, dark red
crystal size [mm] 0.35� 0.30� 0.28 0.40� 0.25� 0.13
m [mmÿ1] 0.071 0.165
F(000) 1164 3232
T [K] 123(1) 123(1)
2q range [8] 5.8 to 56.5 5.86 to 52
reflections collected 7408 37483
unique reflections 1651 13535
Rint 0.028 0.097
observed reflections I> 2s(I) 1445 6746
data/restraints/parameters 1651/1/135 13535/0/1156
R1 (obs data) 0.0607 0.0939
wR2 (all data) 0.1647 0.1786
S 1.040 1.129
Flack parameter 0(2) 0.1(1)
max shift/error 0.000 0.001
jD1 j max [e�3] 1.08 0.31
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Dendromesogens: Liquid Crystal Organizations versus Starburst Structures


Joaquín BarberaÂ , Mercedes Marcos, and JoseÂ Luis Serrano*[a]


Abstract: The synthesis and the liquid
crystalline behavior of a novel series
of poly(amidoamine) (PAMAM)-den-
drimer derivatives is described. The
series consists of five new compounds
that contain 4, 8, 16, 32, and 64 periph-
eral mesogenic ester units attached to
the 0-, 1-, 2-, 3-, and 4-generation of
poly(amidoamine) (PAMAM), respec-
tively. These five compounds exhibit a


smectic A mesophase, for which a struc-
tural model is proposed that is valid for
several generations of dendrimers. This
model is based on a structural character-


ization which mainly consists of X-ray
diffraction studies. The molecules of
these compounds exhibit a high degree
of plasticity and tend to adopt the most
convenient shape to afford liquid crys-
talline behavior. The mesogenic units
form parallel aggregations that give rise
to the smectic structure.


Keywords: dendrimers ´ dendro-
mesogens ´ liquid crystals ´ struc-
ture elucidation ´ supramolecular
chemistry


Introduction


As a class of new materials, dendrimers have, in recent years,
generated a great deal of interest within the scientific
community.[1] One of the most attractive peculiarities of such
compounds is the generation of macrostructures which show a
regular structural growth, and such systems could exhibit new
and interesting properties for use in new applications.[2]


Another important feature is the reactivity of the terminal
groups into which we can introduce new moieties with specific
functions; this makes it possible to modulate the properties of
these dendrimer derivatives.[3] Both approaches have been
used to obtain dendrimers that show liquid crystalline
arrangements (dendromesogens in the words of G. Latter-
mann).[4] In this way Tomalia et al.[5] in 1988, Ringsdorf et al.[6]


and, in particular, Percec et al.[7] have reported several series
of hyperbranched polymers based on flexible polyfunctional-
ized mesogens that exhibit nematic liquid crystalline behav-
ior. This phenomenon arises from the ability of the molecules
to fold into an anisotropic shape. Alternatively, other
dendritic architectures that display liquid crystal properties
include rodlike[8] or disklike[9] mesogenic groups in the
periphery of the molecule which can form a liquid crystal
shell around the central nucleus.


This paper deals with the latter type of dendromesogen and
reports the synthesis and liquid crystalline properties of five
new compounds derived from poly(amidoamine) (PAMAM)


dendrimers. For this purpose we have introduced 4, 8, 16, 32,
and 64 terminal mesogenic ester units by attaching them to
the 0-, 1-, 2-, 3-, and 4-generation of PAMAM, respectively.
These changes tune the properties of the dendrimers
(Scheme 1).


Typical PAMAM dendrimeric structures tend to adopt a
globular structure in solution, especially when a large number
of terminal units are involved (the formation of intramolec-
ular H bonds could contribute to this phenomenon to a large
extent).[10] Interestingly, two driving forces compete in our
compounds: the central PAMAM (polyamidoamine) star-
burst polymer leads to a spherical arrangement, while the
mesogenic terminal units tend to interact with each other to
form parallel aggregations that give rise to the liquid crystal
state.


We have investigated the supramolecular liquid crystalline
organization observed in these molecules. These investiga-
tions allow us to draw interesting conclusions about the
molecular plasticity of this type of dendromesogen and even
to predict the mesogenicity of new generations of homologous
dendrimers or similar dendrimeric structures.


Results and Discussion


Synthesis : The dendrimers were synthesized by the conden-
sation of 4-(4'-decyloxybenzoyloxy)salicylaldehyde with the
terminal amino groups of the corresponding generation of
PAMAM (0, 1, 2, 3, and 4) (Scheme 2).


All the compounds were isolated as air-stable yellow solids
that are soluble in solvents such as dichloromethane, chloro-
form, and THF, and are insoluble in ethanol.
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Characterization : The chemical structures of these com-
pounds were established on the basis of 1H NMR, 13C NMR,
and IR spectroscopy, FAB� and MALDI-TOF mass spec-
trometry, gel permeation chromatography (GPC), and ele-
mental analysis. All these techniques gave satisfactory results.


IR, 1H NMR, and 13C NMR spectroscopy have proved very
useful in confirming the structure and the purity of these
materials. Interestingly, the spectra of these materials closely
resemble those of typical polyamides. Evidence for the
condensation reactions was provided by the lack of a signal


at d� 195 in the 13C NMR spectra (which corresponds to the
carbonyl group of the aldehyde) along with the total absence
of the NH2 signals from the starting compound in the 1H NMR
and IR spectra. In addition, the excellent solubility of these
dendrimers in CDCl3 allowed us to integrate the different
peaks in the 1H NMR spectra, confirming in all cases that the
expected polymer had been obtained.


The molecular masses of the higher molecular weight
dendrimers (PAMAM-2.0-L16, PAMAM-3.0-L32, and PA-
MAM-4.0-L64) could not be measured by either FAB� or
MALDI-TOF techniques. In contrast, the lower molecular
weight dendrimers (PAMAM-0.0-L4 and PAMAM-1.0-L8)
exhibit good FAB� and MALDI-TOF spectra that contain
peaks for the [M�] and [M��Na] ions. GPC measurements
(mobile phase: THF; calibration standard: polystyrene)
confirmed the presence of practically monodisperse polymers
in all cases. However, as is often the case with dendrimers, a
marked deviation from the calculated molecular weight was
found in the experimental data, even for the low molecular
weight compounds.[11]


Mesogenic behavior: The liquid crystalline properties of these
compounds were studied by polarizing optical microscopy,
differential scanning calorimetry (DSC), and X-ray diffrac-
tion. The thermal and thermodynamic data are summarized in
Table 1.


All the dendrimers exhibit liquid crystalline behavior. With
the exception of compound PAMAM-1.0-L8, the compounds


Abstract in Spanish: Se describe la síntesis y el comporta-
miento como cristal líquido de una nueva serie de dendrímeros
derivados de PAMAM. La serie consta de cinco nuevos
compuestos que contienen 4, 8, 16, 32 y 64 unidades Øster
mesoÂgenas perifØricas enlazadas a la generacioÂn 0, 1, 2, 3 y 4 de
poli(amidoamina) (PAMAM), respectivamente. Los cinco
compuestos investigados presentan una mesofase esmØctica
A, para la que se propone un modelo estructural vaÂlido para
varias generaciones de dendrímeros. Este modelo se basa en
una caracterizacioÂn estructural que consiste principalmente en
estudios de rayos X. Las molØculas de estos compuestos
muestran un alto grado de plasticidad y tienden a adoptar la
forma maÂs conveniente para proporcionar comportamiento de
cristal líquido. Las unidades mesoÂgenas forman agregados
paralelos que dan lugar a la estructura esmØctica.


Scheme 1. Structures of the PAMAM dendrimers.
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are obtained in an amorphous state and melt into a fluid
mesophase at relatively low temperatures. The first heating
scan did not afford easily identifiable textures. However, on
cooling the isotropic liquid, small baÃ tonnets appeared which
changed to give a homeotropic texture under mechanical
stress. This behavior suggests a lamellar orthogonal meso-
phase; this was confirmed by X-ray measurements and
identified as a smetic A mesophase (SmA).


These dendrimers behave as typical polymers and, in
general, the DSC curves appear complex for the first heating
scan. However, in the second scan after an annealing process,
very simple thermograms were obtained and only the glass
transition (Tg) and the isotropization transition (Ti) could be
observed (see Table 1 and Figure 1top).[12] The only exception
is compound PAMAM-1.0-L8, which shows a melting tran-
sition (Tm) in both the first and the second heating scans in
addition to the aforementioned transitions (Figure 1 bottom).
The mesophases freeze at low temperature and it is not
possible to observe the crystallization, even at ÿ40 8C.


Figure 1. DSC curves corresponding to the second heating scan (after an
annealing process) of the compounds PAMAM-2.0-L16 (top) and PAMAM-
1.0-L8 (bottom).


Table 1. Thermal and thermodynamic data of the phase transitions of the
LC dendrimers.


LC dendrimer Transition temperatures [oC] and
DH in parentheses [J gÿ1)]


PAMAM-0.0-L4 g 62 SmA 135.6 (8.6) I
PAMAM-1.0-L8 g 64 C 112.9 (1.0) SmA 137.5 (2.4) I
PAMAM-2.0-L16 g 66 SmA 170.6 (1.6) I
PAMAM-3.0-L32 g 65 SmA 184.8 (1.2) I
PAMAM-4.0-L64 g 67 SmA 181.7 (0.5) I
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X-ray diffraction : The X-ray patterns are
qualitatively similar in all cases.[13] The pat-
terns contain a set of two or three equally
spaced sharp rings in the small-angle region,
and a diffuse, broad halo in the wide-angle
region (Figure 2a). The presence of the
equally spaced maxima [reciprocal spacings
in the ratio 1:2(:3)] is characteristic of a well-
developed layer structure. The maxima cor-
respond respectively to the first-, second-,
and third-order reflections on the smectic
planes, whereas the wide-angle halo indicates
the existence of only short-range order (liq-
uid-like order) within the layers. This kind of
pattern is consistent with a smectic A meso-
phase. The measured distances are given in
Table 2.


All the patterns are characteristic of un-
oriented (powder) samples, as revealed by
the presence of diffraction rings as opposed to arc or crescent-
shaped spots. Aligned samples were obtained by stretching
the samples against the capillary wall with a glass or metal rod
at a temperature slightly lower than the clearing point.


Figure 2. X-ray diffraction photographs of the frozen SmA mesophase of
PAMAM-2.0-L16 at room temperature: a) unoriented pattern and
b) aligned pattern. The alignment direction is horizontal.


Oriented patterns were obtained when the samples submitted
to this treatment were irradiated at room temperature. In the
resulting patterns the small-angle maxima appear as a set of
spots aligned along the direction perpendicular to the align-
ment direction, whereas the diffuse halo remains as an almost
isotropic ring (Figure 2 b). These features indicate that the
smectic layers become oriented along the stretching direction
(i. e. the stretching direction is contained in the smectic
planes); however, the orientational order within the layers is
poor.


Supramolecular organization in the mesophase : As can be
seen from the results presented in Table 1, all the compounds
show a SmA phase. However, as we explained above, a
globular structure should be expected, at least for the
materials of the highest generations which bear a large
number of terminal units.[10] Since a SmA phase is typical of
elongated molecules, two questions arise: what is the pre-
ferred molecular conformation and what is the nature of the
molecular packing in the mesophase?


As regards the first question, in principle two conforma-
tions could be possible in a general sense: a radial conforma-
tion or a parallel conformation (Figure 3). In the first case the
mesogenic units are radially arranged around a central moiety
to which they are linked by a variable number of amidoamine
units that extend from that point (the molecules�s center of
mass). In the parallel model the flexible poly(amidoamine)
chains would adopt the appropriate conformation to allow the
mesogenic units to be parallel to each other, probably
extending up and down from the molecule center.


In order to gain an insight into this point, some calculations
can be made based on density estimations and the measured
values of the layer thickness. The molecular volume can be
estimated from the molecular mass and the density. The
molecular area in �2 can then be expressed as area�V/d,
where V is the molecular volume in �3 and d is the layer
thickness in �. Table 2 lists the calculated molecular areas,
assuming that the density of these compounds must be close to
1 g cmÿ3. Interestingly, the values obtained are directly
proportional to the number of mesogenic units. This is


Table 2. X-ray data of the compounds.


Compound Measured
distances [�]


hkl Layer
thickness d [�]


Molecular
area [(�)2]


Area per
mesogenic unit [(�)2]


PAMAM-0.0-L4 51.9 0 0 1 52.0 65 32.5
26.1 0 0 2


4.5(broad)
PAMAM-1.0-L8 57.2 0 0 1 57.3 130 32.5


28.7 0 0 2
4.4(broad)


PAMAM-2.0-L16 59.3 0 0 1 59.5 261 32.6
29.9 0 0 2


4.5(broad)
PAMAM-3.0-L32 60.5 0 0 1 60.3 525 32.8


30.2 0 0 2
20.0 0 0 3


4.5(broad)
PAMAM-4.0-L64 61.1 0 0 1 61.0 1050 32.8


30.5 0 0 2
20.3 0 0 3
4.5(broad)
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consistent with the parallel model. Table 2 also lists the area
per mesogenic unit, with the assumption of an ideal structure
in which half of the mesogenic units extend upwards and half
of the mesogenic units extend downwards from the molecular
center. An almost constant value of 32.5 ± 32.8 �2 was
calculated in all cases. The proposed structural model is
represented schematically in Figure 4. The poly(amidoamine)
spacers are conformationally disordered and occupy the
central slab of the smectic layers; the mesogenic units extend
to both sides. The conformational disorder of the poly(amido-
amine) groups (and of the peripheral decyloxy chains)
explains the nearly isotropic character of the wide-angle halo,
associated with the intralayer order, found in the aligned
X-ray patterns.


Additional support for the proposed model comes from a
graphical view of the evolution of the measured layer
thickness, that should correspond to the molecular length, as
the generation number increases (Figure 5). Although we
assume a cylindrical model as the most simple structure,
this simple molecular model will be deformed in the
mesophase in order to fill the space between the neighboring
molecules. The increase observed in the layer thickness from
PAMAM-0.0-L4 to PAMAM-1.0-L8 is associated with a
preferentially extended conformation of the amidoamine
group. The increase in the molecular length is smaller from
PAMAM-1.0-L8 to PAMAM-2.0-L16, and finally the increase
is very small for the highest generation derivatives. For the
latter, the poly(amidoamine) groups tend to fill all the space
in the central part of the molecule, which means that they
must adopt a very curled arrangement, and therefore


Figure 4. Schematic drawing of the proposed molecular packing of the
PAMAM dendromesogens in the mesophase. a corresponds to the region
occupied by the poly(amidoamine) spacers and d is the layer thickness.


Figure 3. Schematic view of the two possible molecular conformations of the PAMAM dendromesogens. Left) Radial arrangement of the mesogenic units.
Right) Parallel arrangement of the mesogenic units.
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they contribute mainly to the molecular width rather than to
the molecular length.


The formation of H bonds between the amido groups
contributes to the maintenance of a stable aggregation of the
central structure, which plays a special role in the behavior of
the PAMAM central group. The existence of these hydrogen
bonds has been proved by means of spectroscopic methods,
mainly by IR and 1H NMR spectroscopy.[14]


On the basis of the parallel model, it could be possible to
predict the molecular parameters of the hypothetical cylinder
corresponding to further generations. A clear trend is
observed for both the molecular length and the molecular
width (measured as the diameter of the cylinder). Thus, for
the sixth generation, the molecular diameter is expected to
exceed the molecular length (Figure 6). However, if we
consider the most extended structure of the PAMAM central
core, corresponding to the all-trans conformation of the
branches extended in the plane perpendicular to the molec-
ular axis, it is possible to maintain the molecular model. For
example, for the sixth generation the molecular diameter
calculated by extrapolating the corresponding curve in Fig-


ure 6 is �73 �, whereas the all-
trans PAMAM central structure
could extend up to �100 �.


In addition to this, and taking
into account that the liquid
crystalline behavior depends
mainly on the mesogenic cores,
we can extend this type of
calculation to other central
dendrimeric structures that
bear the same peripheral meso-
genic units. Thus, preliminary
studies with the poly(propylene
imine) dendrimers (DAB-
dendr)[15] yield comparable re-
sults.[16]


Another interesting possibility for these materials is the
introduction of metals into two different parts of the
molecule: into the coordination position of the imine-hydroxy
groups of the mesogenic core in a similar manner to
the classical salicylidenamine metallomesogenic complexes,[17]


or into the PAMAM central structure.[18] Complexation
with metals would be expected to modify the dendrimeric
structure and consequently the liquid crystalline proper-
ties.


Experimental Section


Techniques : Microanalyses were performed with a Perkin-Elmer240B
microanalyzer. Infrared spectra were obtained with a Perkin-Elmer 1600
(FTIR) spectrophotometer in the range n� 400 ± 4000 cmÿ1. 1H and
13C NMR spectra were recorded on a Varian Unity 300 MHz spectrometer
in CDCl3 solutions. Mass spectra were obtained with a VGAutospec
spectrometer with positive-ion FAB (FAB�) (3-nitrobenzyl alcohol
(NBA)). MALDI-TOF (matrix-assisted laser desorption/time-of-flight)
mass spectra were obtained with a Kratos Analytical Kompact Maldi 2 K-
Probe operating in a positive mode, and were analyzed by the associated


software on a Sun AparcStation4.
Samples were applied to the sample
slides by first depositing the matrix
dissolved in THF (10 mg mLÿ1,
0.5 mL), followed by the sample dis-
solved in CH2Cl2 (�1 mg mLÿ1,
0.5 mL), and the slides were then air-
dried. Gel permeation chromatogra-
phy (GPC) was carried out in a Waters
liquid chromatography system equip-
ped with a 600E multisolvent delivery
system and 996 photodiode array de-
tector. Two Ultrastyrage columns
(Waters; pore size: 500 and 104 �)
were connected in series. THF was
used as the mobile phase with a flow
rate of 0.8 mL minÿ1. Calibration was
performed with polystyrene standards.
The optical textures of the mesophases
were studied with a Meiji polarizing
microscope equipped with a Met-
tler FP8 hot-stage and an FP80 central
processor. The transition tempera-
tures and enthalpies were measured
by differential scanning calorimetry
with a Perkin ± Elmer DSC-7 instru-
ment which was operated at a scanning
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Figure 5. Evolution of the molecule size versus the generation number in PAMAM dendromesogens. The
molecules are assumed to adopt an ideal cylindrical shape.


Figure 6. Graphical representation of the molecule length d and the molecule diameter F versus the generation
number in PAMAM dendromesogens.F was estimated from the molecular areas in Table 2 and Figure 5 assuming
an ideal circular section.
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rate of 10 8Cminÿ1 on heating. The apparatus was calibrated with indium
(156.6 8C; 28.4 J gÿ1) as the standard. X-ray diffraction experiments were
carried out on powder samples in a pinhole camera (Anton ± Paar)
operating with a Ni-filtered CuKa beam. The samples were held in
Lindemann glass capillaries (1 mm diameter), and the X-ray patterns were
collected on a flat photographic film.


General procedure for the condensation of 4-(4''-decyloxybenzoyloxy)sa-
licylaldehyde with PAMAM dendrimers : To a stirred solution of 4-(4'-
decyloxybenzoyloxy)salicylaldehyde in CH2Cl2 (15 mL) was added neutral
activated grade I alumina (0.5 g) and then the corresponding poly(amido-
amine). The mixture was refluxed under nitrogen until the aldehyde had
completely reacted (usually 8 ± 10 h). The alumina was filtered off and the
solvent from the filtrate evaporated under vacuum. The resulting solid was
dissolved in hexane and precipitated from ethanol. Yields: 70 ± 85%.


Characterization : Because of the similarity of the 1H and 13C NMR spectra
of these materials, we only quote the data for the PAMAM-2.0-L16


dendrimer as a representative example. The data obtained from other
techniques have been quoted for all compounds.


PAMAM-0.0-L4 : IR (Nujol): nÄ � 3295, 3068(CON-H), 1727(OC�O), 1656
(sh, OC-NH), 1637.3 cmÿ1 (CH�N); elemental analysis calcd for
C118H160N10O20 (%): C 69.54, H 7.85, N 6.87; found: C 69.9, H 7.3, N 6.6;
FAB-MS (NBA matrix): m/z : 2061 [M�Na]� ; MALDI-TOF: m/z : 2038.7
[M�].


PAMAM-1.0-L8 : IR (Nujol): nÄ � 3277, 3083 (CON-H), 1732 (OC�O), 1656
(sh, OC-NH), 1635 cmÿ1 (CH�N); elemental analysis calcd for
C254H352N26O44(%): C 68.21, H 7.87, N 8.14; found: C 68.0, H 7.8, N 8.0;
FAB-MS (NBA matrix): m/z : 4475 [M�1]� ; MALDI-TOF: m/z : 4497.4
[M�Na]� .


PAMAM-2.0-L16 : 1H NMR (300 MHz, CDCl3) d� 13.7 (s, 4H), 8.20 (s,
4H), 8.03(d, J� 9 Hz, 8H), 7.82 (br s, 4H), 7.13 (d, J� 8 Hz, 4H), 6.89 (d,
J� 9 Hz, 8H), 6.64 (d, J� 2 Hz, 7H), 6.56 (dd, J� 8 Hz, J� 2 Hz, 4H), 3.97
(t, 8 H), 3.70 ± 3.55 (m, 7H), 3.55 ± 3.40 (m, 8H), 3.25 ± 3.10 (m, 8 H), 2.75 ±
2.55 (m, 14H), 2.55 ± 2.40 (m, 6 H), 2.40 ± 2.20 (m, 14 H), 1.85 ± 1.70 (t, 8H),
1.50 ± 1.20 (m,�56 H), 0.85 (t, J� 7 Hz, 12H); 13C NMR (300 MHz, CDCl3)
d� 173.16, 172.73, 165.78, 164.52, 164.25, 163.66, 154.61, 132.75,
132.31,131.53, 121.06, 116.19, 114.32, 112.07, 110.74, 68.33, 57.20, 50.0,
39.97, 33.94, 31.87, 29.54, 29.37, 29.30, 29.08, 25.96, 22.65, 14.10; IR (Nujol):
nÄ � 3306, 3069 (CON-H), 1730 (OC�O), 1659 (sh, OC-NH), 1639 cmÿ1


(CH�N); elemental analysis calcd for C526H736N58O92 (%): C 67.63, H 7.88,
N 8.70; found: C 67.3, H 7.5, N 8.7.


PAMAM-3.0-L32 : IR (Nujol): nÄ � 3314, 3100 (CON-H), 1730 (OC�O),
1658 (sh, OC-NH), 1637 cmÿ1 (CH�N); elemental analysis calcd for
C1070H1504N122O188 (%): C 67.37, H 7.88, N 8.96; found: C 67.4, H 8.1, N 8.9.


PAMAM-4.0-L64 : IR (Nujol): nÄ � 3306, 3069 (CON-H), 1730 (OC�O),
1656 (sh, OC-NH), 1637 cmÿ1 (CH�N); elemental analysis calcd for
C2158H3040N250O380 (%): C 67.23, H 7.89, N 9.08; found: C 66.9, H 7.8, N 9.0.
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Poly[2]catenanes and Cyclic Oligo[2]catenanes Containing Alternating
Topological and Covalent Bonds: Synthesis and Characterization
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Abstract: Large bifunctionalized cate-
nate and catenand, composed of macro-
cycles containing 45 atoms, have been
synthesized and copolymerized with a
terephthalic acid derivative to afford a
cyclic oligo[2]catenand and a linear
poly[2]catenate. Poly[2]catenand was
obtained by demetalation of poly[2]-
catenate. The molecular weight distri-
bution of these polymers, which are


composed of alternating topological
and covalent bonds, has been character-
ized by gel permeation chromatography
(GPC) with universal calibration, visc-
ometry, and MALDI-TOF mass spec-


trometry. We were able to synthesize a
poly[2]catenate and a poly[2]catenand
with a degree of polymerization (DP)
equal to 8 ± 9. In addition, an upper
value of the Kuhn segment length of
poly[2]catenand has been determined
and is discussed in the light of its
structure.


Keywords: catenanes ´ copper ´
polycondensations ´ structure eluci-
dation ´ supramolecular chemistry


Introduction


In the course of the last fifteen years, intense research efforts
have been devoted to the synthesis and characterization of
topologically and structurally appealing molecules, such as
catenanes 1, rotaxanes 2, and knots 3[1] (Scheme 1). All these
types of molecules contain defined topological or mechanical
bonds between some of their subunits, without the involve-
ment of covalent bonds.[2]


Conversely, entanglements that take place between poly-
mer chains in the solid state and in concentrated solutions
result from the statistical behavior of macromolecules and are
not defined at the molecular level. Therefore, the schematic
drawing of an entanglement 4, shown in Scheme 1, certainly
oversimplifies a complex reality since entanglements are
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Scheme 1. Schematic drawings of topological bonds that occur in molec-
ular and macromolecular systems: [2]catenane 1, rotaxane 2, trefoil
molecular knot 3, entanglement 4, interpenetrating polymer network 5,
polyrotaxane 6, polycatenane 7, and poly[2]catenane 8.
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nonlocalized and dynamic in nature. However, they play a
central role in polymer physics and must be considered to
govern the mechanical properties,[3a] the rheology,[3b] and the
dynamics[4] of the polymers. A closely related example of a
complex system that results from nondefined topological
bonds is given by interpenetrating polymer networks 5 which
are composed of two independent networks that are mechan-
ically connected to each other by mutual interpenetration.[5]


Only a limited number of macromolecular architectures
contain defined topological bonds, namely, polyrotaxanes 6,[6]


polycatenanes 7, and poly[2]catenanes 8.[7] In the case of
polyrotaxanes, the topological bonds occur between the
polymer chain and the macrocycles. Consequently, the
properties of polyrotaxanes, although strictly different from
those of their individual components, deviate only partially
from the main stream of polymer properties. In particular, the
rupture of a single topological bond will not substantially
affect the macromolecular structure of the polyrotaxane
backbone. Polycatenanes 7 and poly[2]catenanes 8 are
structurally different from polyrotaxanes 6 since they contain
topological bonds in the main chain, and breaking one or
several topological bonds will result in the degradation of the
polymer. Clearly, the interest in polycatenanes and poly[2]-
catenanes goes beyond their structures, since catenane units
contain new elements of mobility which result from the free
rotational and elongational motions of one macrocycle within
the other. To date, there have been no reports of any polymers
that contain such molecular knee-joints. Thus, the dynamics
and viscoelastic properties of polycatenanes and poly[2]cate-
nanes are anticipated to deviate strongly from those of more
conventional polymer architectures. Specifically, it is antici-
pated that poly[2]catenanes will exhibit unusual viscoelastic
properties, for example, a very large loss modulus, low
activation energy for viscous flow, and rapid stress relaxation
as a consequence of the presence of the mobility elements
contained in the catenane units.


Several attempts towards the daunting synthetic challenge
of high molecular weight polycatenanes have been made in
the past.[1c, 7] However, the lack of efficient characterization
methods, combined with nonselective synthetic strategies
resulted in intractable and ill-characterized materials.[8] An
outstanding forerunner of a real polycatenane is the olympia-
dane of Stoddart et al. ; this is an oligocatenane of exact
molecular weight and is composed of five repeat units.[9]


The synthesis of poly[2]catenanes 8 that contain alternating
topological and covalent bonds does not encounter any
conceptual difficulties since they can be made according to
the general pathway presented in Scheme 2.[7] The synthesis
involves the preformation of a difunctionalized catenane 9
and its subsequent copolymerization with a spacer 10.
Hitherto, only a limited number of poly[2]catenanes have
appeared in the literature.[10±12]


Some of us have already reported the synthesis of the
poly[2]catenate 12 a and the poly[2]catenand 12 b, (a catenate
is a complex whose ligands consist of interlocking rings,
whereas catenand is a free ligand) based on a highly mobile
catenane that contains very large macrocycles of 45 atoms
(Scheme 3).[11] More recently, some of us synthesized the
poly[2]catenane 11 based on a highly rigid amide-type
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Scheme 2. Synthetic strategy leading to poly[2]catenane 8.
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Scheme 3. Previously reported poly[2]catenane 11 and poly[2]catenate
12a and poly[2]catenand 12 b.[10, 11] Poly[2]catenand 12 b is obtained by
demetalation of 12 a (KCN, THF, room temperature).


catenane that comprises macrocycles of only 32 atoms.[10] In
the case of poly[2]catenane 11, the relative motions of the
macrocycles of the catenane units are frozen due to the
presence of the methyl groups on the amide functions.
Characteristically, poly[2]catenane 11 and poly[2]catenand
12 b represent two extreme situations where the mobility
contained in the catenane units varies importantly. In
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particular, it is anticipated that the comparison of poly[2]-
catenane 11 with poly[2]catenand 12 will make evident the
unusual viscoelastic properties expected from the presence of
catenane units in the polymer backbone.


Here, we describe the detailed synthesis of poly[2]catenate
12 a and poly[2]catenand 12 b and the comprehensive inves-
tigation of their macromolecular characteristics. This work is
intended to pave the way for the production of large amounts
of well-characterized poly[2]catenanes for physical studies
and represents the first step of a general research program,
aimed at the fundamental study of the unusual viscoelastic
properties and dynamics resulting from the introduction of
topological bonds into a polymer main chain.


Results and Discussion


Design and synthesis of the polymer precursors : The three-
dimensional template effect of copper(i) ions, introduced by
some of us 15 years ago, made catenanes and related systems
reasonably accessible from a preparative viewpoint.[13] The
strategy, based on a precursor that consists of two phenan-
throline-type ligands entwined around a copper(i) center,
allows the preparation of gram-quantities of the interlocking
ring systems in a few steps.


The original [2]catenane that contains two thirty-mem-
bered rings could not be used in the frame of the work
described in the present report because: i) the appropriate
functional groups had to be introduced at the correct
positions, that is in an antipodal arrangement with respect
to one another and ii) the size of the interlocking rings had to
be increased.


The difunctionalized copper [2]catenate 13 a is based on
two identical interlocking macrocycles with 2,9-diaryl-1,10-
phenanthroline moieties coordinated to the metal center in a
tetrahedral geometry. In order to ensure pronounced mobility
of the demetalated system (the poly[2]catenand), these
macrocycles were designed so as to be rigid and large. The
rigidity requirement was satisfied by substituting the 2,9-
positions of the phenanthroline core with p-biphenyl nuclei.
These are linked through their p'-positions to a 5-functional-
ized (hydroxymethyl) resorcinol by triethyleneglycol chains.
The resulting macrocycles are thus 45-membered rings
(Scheme 4). Since the solubility of polymeric materials is an
essential condition for their physicochemical characterization,
lipophilic groups (n-hexyl chains) were introduced on the 4
and 7 positions of the phenanthroline core,[14] so as to
counterbalance the effects of 1,10-phenanthroline and bi-
phenyl units.


The principle of the synthesis of the coordinating inter-
locking molecules is based on the elaboration of a highly
preassembled system and on the generalized three-dimen-
sional template effect mentioned above.[13] In our case, the
catenate precursor is the threaded precursor [Cu(15 ´ 16)]�


(Scheme 5), which is obtained quantitatively by threading 4,7-
di-(n-hexyl)-2,9-di-[4'-(p-hydroxyphenyl)phenyl]-1,10-phe-
nanthroline (16) through the macrocycle 15 by the use of
[Cu(CH3CN)4PF6] as the template agent.
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Scheme 4. Catenate monomer 13 a, catenand monomer 13b, and their
synthetic precursors.
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The cyclization of this pseudorotaxane is the key step in the
synthesis of the poly[2]catenate precursor 13 a. Under rela-
tively mild reaction conditions, copper [2]catenate 14 a was
obtained in 55 % yield from the reaction of [Cu(15 ´ 16)]� with
the dielectrophile 17 in dimethylformamide (DMF) in the
presence of Cs2CO3 as a base. The bis(hydroxymethyl)-
functionalized copper [2]catenate 13 a was then obtained by
the reduction of 14 a with diisobutylaluminum hydride
(HDibal). Catenand 13 b was prepared by demetalation of
13 a to give 14 b, followed by reduction of the ester groups
using HDibal again, in tetrahydrofuran.


The synthesis of the diphenolic compound 16 is described
elsewhere.[15] The dielectrophile 17 was prepared in the
following manner (Scheme 6): methyl 3,5-dihydroxybenzoate
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Scheme 6. Synthetic pathway to dielectrophile 17: i) Cl(-CH2-CH2-O)3-
THP, NaH, DMF; ii) pyridine ´ HCl, EtOH; iii) MsCl, Et3N, CH2Cl2;
iv) NaI, acetone.


was treated with the OTHP derivative of 2-[2-(2-chloroethox-
y)ethoxy]ethanol in a basic medium to afford 18. Acidic
cleavage of 18 led to the dialcohol 19, which was successively
mesylated (compound 20) and transformed into the diiodo
compound 17 by treatment with excess NaI. The synthesis of
the macrocycle 15 (Scheme 7) was based on the reaction of
the nucleophilic diphenolate derivative of 16 with the
dielectrophile 17 under conditions of high dilution (53 %
yield).


A rigid diacid was designed as a structural unit to connect
the catenate or catenand moieties in the polymers. This diacid
21 (see Scheme 8), which is a derivative of terephthalic acid,
bears four tert-butyl groups in order to provide good solubility
for the diacid in the polymerization solvent (dichloro-
methane) and to contribute to the solubility of the poly-
mers.[10, 11]


Polymer synthesis and characterization : The copolymeriza-
tion of catenate 13 a or catenand 13 b with the highly soluble
terephthalic spacer 21 was carried out with the polyesterifi-
cation method of Moore and Stupp (Scheme 8).[10a, 16] This
mild polymerization method, which uses N,N'-diisopropylcar-
bodiimide as a dehydrating agent and 4-(N,N'-dimethylami-
no)pyridinetoluene-p-sulfonic acid 1:1 complex as a catalyst,
has the advantage of functioning in dichloromethane, a
solvent in which catenate 13 a is especially soluble. The
polymerization products were soluble in chlorinated solvents,
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Scheme 8. Synthesis of oligo- and poly[2]catenates (12a, 22 a) and oligo-
and poly[2]catenands (12b, 22b). i) 4-(N,N'-dimethylamino)pyridine/p-
toluenesulfonic acid 1:1 complex, N,N'-diisopropylcarbodiimide.


N,N'-dimethylformamide, and tetrahydrofuran; no insoluble
fraction was observed. The purification was carried out by
precipitation in a large volume of methanol.







Poly[2]catenanes 1841 ± 1851


Chem. Eur. J. 1999, 5, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1845 $ 17.50+.50/0 1845


Cyclic oligo[2]catenand 22b : The polymerization of catenand
13 b was conducted for three days at ÿ10 8C, then two days at
0 8C, and finally one day at room temperature to afford the
cyclic oligo[2]catenand 22 b in 77 % yield. The structure of the
oligo[2]catenand 22 b was elucidated by 1H and 13C NMR
spectroscopy, gel permeation chromatography (GPC), and
viscometry.


In the 1H NMR spectrum of the polymerization product of
catenand 13 b, all peaks were broadened compared to those of
the corresponding monomers, as expected for oligomers or
polymers. Typical resonances of the terephthalic ester spacer
and of the interlocked macrocycles were present and no
evidence of ring-opening or dethreading during polymeriza-
tion was observed. New resonances appeared, namely the
benzyl ester protons at d� 5.17, and no benzyl proton signal at
d� 4.43 for the catenand 13 b was present in the correspond-
ing polymer spectra. Accordingly, the 13C NMR spectra
indicated that the characteristic resonance of the carboxyl
carbon atom of the acidic moiety at d� 163.8 was shifted to
d� 164.9 for the ester groups. The absence of end groups can
be caused by either high molecular weight poly[2]catenand
12 b, by cyclic oligo[2]catenand 22 b, or by a mixture of both.
Evidence for the presence of
cyclic oligo[2]catenand 22 b
was provided by GPC (Diol
columns (Merck), in N,N'-di-
methylformamide (DMF))
which indicated a number-
average molecular weight
(Mn) of only 2500. Even if the
more compact structure of cat-
enane segments with respect to
polystyrene standards is con-
sidered, these GPC data show
that only oligomers have been
obtained. Previously reported
GPC data in chloroform[11]


overestimated the presence of
high molecular weight poly-
mers, namely number-average
molecular weight (Mn� 4.2�
103) and weight-average mo-
lecular weight (Mw� 1.8� 106).
Presumably, as a result of the acidic character of chloroform,
protonation of the phenanthrolines of the catenane units leads
to the formation of strong dipolar moments on the oligomers
which then aggregate by dipole ± dipole interactions and,
therefore, bias the molecular weight distribution.[17] The
viscometry study in DMF indicated that no significant
increase in the viscosity was observed, corroborating the
conclusions made from the GPC data that only oligomers
were reached. Therefore, it is concluded that cyclic oligo[2]-
catenands 22 b were obtained which explains the absence of
end groups evidenced from 1H and 13C NMR spectroscopy.


It is easily understandable from the mobility of the macro-
cycles of the catenand that cyclic oligo[2]catenands 22 b are
formed preferentially over linear oligo- and poly[2]catenands
12 b. In the course of the polyesterification reaction, when an
oligo[2]catenand carries two complementary end groups,


namely, the acid function of the spacer and the alcohol
function of the catenand, the mobility of the macrocycles of
the catenand units preferentially allows an intramolecular
cyclization rather than an intermolecular reaction which
would lead to an increase in the molecular weight.[12b] This
documents, however, the chemical reactivity of the catenanes,
whereby the reactivity of a functional group on a macrocycle
is influenced by the presence of another functional group on
the other macrocycle.[1e, 18]


Poly[2]catenate 12a : The polymerization of catenate 13 a was
carried out atÿ20 8C for six days to afford the poly[2]catenate
12 a in 94 % yield. The structure was elucidated by 1H and
13C NMR spectroscopy, as well as by matrix-assisted laser-
desorption time-of-flight mass spectrometry (MALDI-TOF
MS).[19]


The characteristic features of the 1H spectrum of the
poly[2]catenate 12 a (Figure 1) are: i) all peaks were broad-
ened compared to their corresponding monomers, as expected
for polymers; ii) typical resonances of the interlocked macro-
cycles of the catenane monomer were present which indicates


that no ring opening and dethreading has occurred during the
polymerization; iii) resonances attributed to the diacyl moiety
were also observed; iv) new resonances appeared, namely
benzyl ester protons at d� 5.25; v) in agreement, 13C NMR
spectra indicated that the characteristic resonance of the
carboxyl carbons of the acid moieties at d� 163.8 was shifted
to d� 165.0 characteristic for ester groups. The end-group
analysis of the 1H spectrum revealed that a low-intensity
resonance at d� 4.63, attributed to the benzyl protons of
catenate end groups was observed. Assuming the equiprob-
able occurrence of catenate and spacer end groups, integra-
tion gives a relative concentration of end groups of 4 %. Since
the formation of cyclic and linear oligo- and poly[2]catenates
are possible, a reliable average degree-of-polymerization
(DP) cannot be derived (see below). The use of Carother�s
equation, DP� 1/(1ÿ p), which relates DP to the yield p, is


Figure 1. 1H NMR spectrum of poly[2]catenate 12a in CDCl3 at 500 MHz (s� solvent).
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meaningless because of the low amount of monomers used for
the polymerization and the unavoidable loss of polymer upon
precipitation and filtration.


A previous attempt[11] to characterize the molecular weight
distribution of poly[2]catenate 12 a by GPC in chloroform
gave the values Mn� 5.5� 104 and Mw� 1.8� 106. However,
poly[2]catenate 12 a contains one copper(i) complex and the
PF6


ÿ counterion per repeat unit; their presence creates strong
dipole moments along the oligomer and polymer chain.[17] It is
expected that aggregation as a result of dipolar interactions
occurs and leads to an overestimation of the molecular weight
distribution. This holds, of course, for other characterization
methods in solution, such as light scattering, osmometry, and
viscometry, which are all hampered by aggregation.[17] MAL-
DI-TOF MS has the advantage of being insensitive to
aggregation phenomena in solution[17] and thus was used to
investigate the molecular weight distribution of poly[2]caten-
ate 12 a. Interestingly, signals that correspond to oligo[2]-
catenates with n� 1 ± 4 were successfully observed. Theoret-
ical masses and experimental values for n� 1 ± 4 are presented
in Table 1.


An important feature is the formation of both linear and
cyclic oligo[2]catenates for n� 1 and 2. Indeed, a space-filling
model indicates that oligo[2]catenate 22 a, which contains
only one repeat unit, does not lead to a dramatic strain
because of the high flexibility of polyether bridges. No
indication of any cyclic species could be obtained for n� 3
and 4 owing to a poor resolution of the corresponding signals.
The absence of signals for n> 4 does not rule out the existence
of higher oligo- and poly[2]catenates; it simply shows that
they are not observable by MALDI-TOF MS (see below).
Thus, the exact molecular weight distribution of oligo- and
poly[2]catenates is not directly accessible because of their
strongly polar character and the intrinsic limitation of
MALDI-TOF MS. Clearly, only an indirect characterization
is possible, namely, the demetalation of poly[2]catenate 12 a to
yield poly[2]catenand 12 b.


Poly[2]catenand 12b : The poly[2]catenand 12 b was obtained
in 81 % yield by the reaction of poly[2]catenate 12 a with a
large excess of potassium cyanide in tetrahydrofuran at room
temperature for one day (Scheme 3). The course of the
reaction was monitored by the disappearance of the metal-
to-ligand charge-transfer band at l� 440 nm which is charac-


teristic of the phenanthroline copper(i) complex of the
poly[2]catenate 12 a.[20]


The 1H NMR spectrum shows the typical resonances of the
terephthalate moiety, of the interlocked macrocycles, and the
presence of benzyl alcohol protons at d� 4.38, which are
attributed to catenand end groups. Assuming the equiprob-
able occurrence of catenate and spacer end groups, then
integration gives a relative abundance of end groups of 4 %.
The same end-group concentration for the poly[2]catenate
12 a and the poly[2]catenand 12 b demonstrates, within the
limit of experimental error, that no benzyl ester hydrolysis
took place during demetalation. It is, therefore, suggested that
the molecular weight distribution of poly[2]catenand 12 b
accurately represents that of poly[2]catenate 12 a. The
13C NMR spectrum exhibits, besides the characteristic reso-
nance of ester groups at d� 165.0, a comparable resonance
pattern to oligo[2]catenand 22 b. Definite evidence of the
presence of high molecular weight poly[2]catenand 12 b is
provided by viscometry and GPC in DMF. In particular, the
specific viscosity, nsp, increased with concentration, which is
typical for high molecular weight polymers. Extrapolation to


zero concentration yields a value of intrinsic viscosity
reaching 1.09 cL gÿ1. The macromolecular character-
istics of poly[2]catenand 12 b are presented in Table 2.
Standard calibration with polystyrene gave the values
Mn� 16 500, Mw� 30 500 Da and peak molecular weight
at Mp� 37 500 Da. These values are very probably
underestimated because of the more compact structure
of poly[2]catenand 12 b compared to a polystryrene coil
of similar molecular weight.[10a] A universal calibration
was used to circumvent this problem.[21] The principle of
the universal calibration relies on the observation that
in a given solvent, the product of the intrinsic viscosity
[h] times the molecular weight M is a direct measure of
the hydrodynamic volume of the polymer coil, and


determines the retention time in the chromatographic col-
umn.[21] Since the chains of poly[2]catenand 12 b may be
swollen in DMF to a different extent compared to a
polystryrene standard of equal molecular weight, the hydro-
dynamic volumes will not necessarily be equivalent.[22a] This
can be compensated for by applying a correction based on the
Mark ± Houwink ± Sakurada equation[22] [Eq. (1)], which re-
lates [h] to M, and K and a are system-specific constants that


[h]�KMa (1)


depend on the polymer, solvent, and temperature. Equa-
tion (1) contains two unknowns: K and a, whereas only the
intrinsic viscosity [h] of the poly[2]catenand 12 b is known.


Table 1. Theoretical and MALDI-TOF experimental masses of the poly[2]catenate
12a.[a]


n(SC�)n ´ (Xÿ)nÿ1 , (SC�)n ´ (Xÿ)nÿ1 (SC�)nÿ S ´ (Xÿ)nÿ1 C�ÿ (SC�)n ´ (Xÿ)nÿ1


cyclic linear linear linear
22 a 12a 12 a� 21 12 a� 13 a


1 2 797 (2796) 2814 (2814) [b], (3458) 5113 (5111)
2 5 740 (5737) 5756 (5755) [b], (6399) 8056 (8052)
3 8 678 (8678) [c], (8696) [c], (9340) [c], (10 993)
4 11700[d] (11 619) 11 700[d], (11 637) [c], (12 281) [c], (13 934)


[a] C�� catenate, S� spacer, Xÿ�PF6
ÿ, the number given in brackets is the


theoretical mass. [b] Peaks not observed. [c] Very low signal-to-noise ratio. [d] Low
signal-to-noise ratio.


Table 2. Macromolecular characteristics of poly[2]catenand 12b from
GPC in DMF


Calibration Mn DP Mw Mp Mw/Mn


polystrene standard 16500 6 30500 37500 1.85
a� 0.5, K� 0.0494 mL gÿ1 22000 8 47000 63000 2.12
a� 0.8, K� 0.002 mL gÿ1 25000 9 42000 55000 1.68
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Therefore, the problem remains unresolved.[23] However,
while no unique solution can be obtained, reasonable
estimates are possible by employing the two limiting values
of a : it is well-established for flexible polymers at room
temperature that 0.5�a� 0.8, depending on the solvent
quality. Notably, a� 0.5 corresponds to q conditions, that is, a
solvent in which the polymer under investigation is close to
precipitation, and a� 0.8 corresponds to a random coil in a
good solvent.


It can be seen from Figure 2 that the molecular weight
distribution is not strongly influenced by the choice of a.
Specifically, a� 0.5 yields Mn� 22 000 Da which corresponds
to a DP of 8, Mw� 47 000 Da, and peak molecular weight at


Figure 2. GPC trace in DMF of poly[2]catenand 12 b relative to polystyr-
ene calibration (dotted line), and with a universal calibration where a� 0.5
(solid line) and a� 0.8 (bold solid line).


Mp� 63 000 Da. While a� 0.8 affords comparable values: that
is, Mn� 25 000 Da which corresponds to a DP of 9, Mw�
42 000 Da, and Mp� 55 000 Da. The molecular weight aver-
ages calculated with universal calibration are considerably
higher than the values obtained with polystyrene standards;
this corroborates the suggested compact structure of 12 b. The
polydispersity index (Mw/Mn) is slightly more sensitive to the
choice of a : namely 2.1 and 1.7 for a� 0.5 and 0.8,
respectively. However, to a first approximation Mw/Mn


remains close to 2.0, which is the generally observed value
for polycondensation products.


The molecular weight distribution of poly[2]catenand 12 b
was also investigated by MALDI-TOF MS[19] (Figure 3).
Signals of m/z� 41 000, which correspond to n� 15, were
observed. This in good agreement with the presence of high
molecular weight polymers deduced from GPC. The resolu-
tion of the MALDI-TOF MS spectrum of poly[2]catenand
12 b was sufficient to support the presence of the cyclic
oligo[2]catenand and the linear oligo[2]catenand, which bear
a spacer on one side and a catenand on the other in the low
molecular weight tail, up to n� 2, of the molecular weight
distribution. However, the ratio between cyclic and linear
oligomers could not be deduced because of the poor signal-to-
noise ratio. The signals that correspond to poly[2]catenands


Figure 3. MALDI-TOF mass spectrum of poly[2]catenand 12b (n refers
to� (spacer ± catenand)n with n� 1,2,3 to 15; * refers to (spacer ± cate-
nand)n ± spacer; * refers to catenand ± (spacer ± catenand)n).


12 b terminated by two spacers and two catenane end-groups
were also acquired; however, they are of lower intensity and
appear broader.


To summarize this section, the copolymerization of cate-
nand 13 b with the spacer 21 leads preferentially to the
formation of cyclic oligo[2]catenates 22 b because of the high
relative mobility of the constitutive macrocycles of catenand
13 b. Conversely, the polymerization of catenate 13 a with the
spacer 21 proceeds successfully to afford high molecular
weight poly[2]catenates 12 a. The highly polar nature of
poly[2]catenate 12 b renders its characterization difficult.
Fortunately, the facile demetalation reaction allows the
transformation of poly[2]catenate 12 a into poly[2]catenand
12 b without degradation, and thus its full characterization.


Solution properties of poly[2]catenand 12 b : It is expected
that the properties in solution and, in particular, the overall
conformation of poly[2]catenand 12 b will reflect the unusual
mobility elements that result from the introduction of
topological bonds into a polymer main chain.[10b] The mobility
elements present in a catenane unit are depicted in Figure 4.


Figure 4. The mobility elements contained in catenand monomer units of
12b and 22b : rotational motions b and g, and elongational motion a.
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One should differentiate between the rotational mobility
elements (b, g) and the elongational mobility element a.
Specifically, g is defined by the angle between the planes of
the catenane macrocycles and corresponds to rocking mo-
tions, which are also present in numerous polymers. On the
other hand, the angle between the two spacers connected to
the catenane unit, b, is an element of mobility which has not
yet been introduced into a polymer main chain. Taking into
account the thickness of the catenane macrocycles, one could
estimate b to vary between 60 and 3008. Therefore, it is
anticipated that little correlation will exist between the spatial
orientation of neighboring monomer segments of poly[2]ca-
tenand 12 b and that it will represent the closest synthetic
equivalent of the freely jointed chain model. In this model a
real polymer chain is replaced by an equivalent chain
consisting of N rectilinear segments, the spatial orientations
of which are mutually independent (Figure 5).[24, 25]
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Figure 5. Snapshots of the conformation of the freely jointed chain model
(top) and of the poly[2]catenane (bottom).


The elongational mobility el-
ement, a, is also characteristic
of the relative motions of a
catenane made of large macro-
cycles and is defined as the
maximum allowed translational
degree-of-freedom of one ring,
considered as mobile, within
the other, taken as fixed. In
the present case, taking into
account the ring size and the
thickness of the organic groups,
a could be roughly estimated as
varying freely from 0 to 6 �.
Similarly to b, a has not yet
been introduced in a polymer
main chain.


Assuming that the poly[2]catenand 12 b can be adequately
represented by the freely jointed chain model, the Kuhn
segment length (lk) has been estimated from GPC and
viscometry results in DMF. The lk value of a polymer chain
is a characteristic of its equilibrium flexibility in a given
solvent. The smaller the Kuhn segment length, the more
flexible is the polymer chain. Typically, lk values range from
15 ± 30 � for highly flexible polymers to 150 ± 300 � for rigid
rods.[26] For flexible coils under q conditions, lk is defined
according to Equation (2), where N is the number of repeat


lk� 6Rg
2/Nl (2)


units, l is the length of the repeat unit, and Rg the radius of
gyration. The Fox ± Flory equation [Eq. (3)][22] relates the


[h]�f(6 Rg
2)3/2/M (3)


intrinsic viscosity to Rg, where M is the molar mass, f is the
Flory viscosity constant. The combination of Equations (2)
and (3) with the Mark ± Houwink ± Sakurada equation
[Eq. (1)], allows the calculation of lk, where Kq is the


lk�Kq
2/3fÿ2/3Mo/l (4)


viscosity constant for a� 0.5 and Mo/l the molar mass per unit
length. With Kq� 0.0494 mL gÿ1 (Table 2), f� 2.7�
1023 molÿ1,[27] Mo� 2734 g molÿ1, and l� 32 �, a Kuhn length
of lk� 27 � is obtained as a crude estimation (Figure 6).


This value must be taken as the upper limit, since the
swelling of the polymer coil in a good solvent has not been
taken into account and would result in a further decrease of
lk.[28] Clearly, the unusual elements of mobility of poly[2]-
catenand 12 b, that arise from the topological bonds as well as
from the flexibility of the ethyleneoxy bridges and of the
benzyl ester bonds, must be considered to account for the low
value of the Kuhn segment length. Moreover, the upper limit
of lk� 27 � of poly[2]catenand 12 b is comparable to that of a
flexible polymer in a good solvent, for example, lk� 25 � for
polystyrene in benzene.[29] This observation also confirms that
little correlation exists between the spatial orientation of


neighboring monomer segments of poly[2]catenand 12 b and
that this polymer is correctly described by the Freely Jointed
Chain model (Figure 5). Clearly, these preliminary results on
the Kuhn segment length of the poly[2]catenanes 11 and 12 b
stress the importance of the mobility contained in the
catenane units on the conformation of these polymers.


Solid-state properties : Thermogravimetric analysis (TGA)
showed that poly[2]catenate 12 a is stable up to 210 8C,
whereas oligo[2]catenand 22 b and poly[2]catenand 12 b
exhibit a higher thermal stability, of up to 300 8C. Differential
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Figure 6. Estimation of the length of a monomer repeat unit of poly[2]catenand 12b.
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scanning calorimetry (DSC) was performed to investigate the
presence of melting and glass transitions which correspond to
first- and second-order phase transitions, respectively. No
melting transitions were observed for oligo[2]catenand 22 b,
poly[2]catenand 12 b, and poly[2]catenate 12 a in the range
from room temperature to the decomposition temperature. It
is informative to investigate Tg as a function of the oligo- and
poly[2]catenane structure, since the higher the flexibility of
the polymer chain, the lower is the glass transition.[22a]


Specifically, glass transitions, determined from the second
heating curve and taken at the midpoint of the change in heat
capacity, were observed at 75 8C for oligo[2]catenand 22 b and
poly[2]catenand 12 b, and at 80 8C for poly[2]catenate 12 a.
The comparison between Tg of poly[2]catenand 12 b and
poly[2]catenate 12 a indicates that it only slightly decreases on
removal of the copper(i) ion.


Conclusions


The syntheses of large bifunctional catenate and catenand
monomers and their copolycondensation with a spacer have
been developed. Specifically, catenand monomers lead mainly
to the formation of cyclic oligo[2]catenands 22 b, whereas a
linear high molecular weight poly[2]catenate 12 a resulted
from the use of catenate monomers. Demetalation of the
poly[2]catenate 12 a afforded a poly[2]catenand 12 b without
degradation. From a structural viewpoint, poly[2]catenand
12 b contains topological and covalent bonds, that is, the
repeat units are mechanically connected to one another. A
reliable and comprehensive structure elucidation of the
oligo[2]catenands 22 b, poly[2]catenate 12 a, and poly[2]cate-
nand 12 b was established. Moreover, a characterization of the
solution properties of poly[2]catenand 12 b in DMF was
carried out, and the upper limit of the Kuhn segment length
was found to be 27 �, which is lower than the length of a
monomer unit (32 �). In the solid-state, poly[2]catenate 12 a
and poly[2]catenand 12 b exhibit a glass transition temper-
ature at 80 8C and 75 8C, respectively. This synthetic and
characterization work paves the way to the large-scale
production of poly[2]catenanes and the detailed investigation
of their potentially intriguing physical properties.


Experimental Section


Measurements : 1H NMR spectra were acquired on Bruker WP 200 SY,
Bruker AM 400, Varian Gemini 200, Bruker AC300, and Bruker AMX 500
spectrometers. Melting points were determined on a Bioblock IA 8103
apparatus and are uncorrected. GPC analyses in CHCl3 were performed
with PL-gel columns (Spectra Physics PSS SDV 8, 600� 103 �, 5 mm pore
widths). GPC analyses were carried out on a Diol column (Merck 100/300/
1000 �) connected to a UV/Vis detector. Calibration was based on
polystyrene standards with narrow molecular weight distributions. Field-
desorption mass spectrometric analyses were performed on a VG analytical
ZAB2-SE-FPD: (8 kV). Mass spectra were obtained either by chemical
ionization (CI-MS), by positive-ion fast atom bombardment (FAB-MS) or
by electrospray (ES-MS) mass spectrometry. MALDI-TOF measurements
were performed with a Bruker Reflex mass spectrometer, equipped with a
nitrogen laser delivering 3 ns laser pulses at l� 337 nm (LSI N2 Laser, 106 ±
107 Wcmÿ1, 100 mm diameter spot). The instrument can be used in a linear
and a reflection mode. The reflection detector consists of a dual micro-


channel plate for high resolution analysis of polymers below 10 000 Da. The
linear detector consists of a conversion dynode followed by a microchannel
plate, a scintillator, and a photomultiplier. This detector is advantageous
for characterization of the polymer molecular weight distribution. The
matrix for all experiments was 1,8,9-trihydroxyanthracene. Samples were
prepared by dissolving the polymer in CHCl3 at a concentration of
10ÿ4 mol Lÿ1. This solution (10 mL) was added to 10 mL of a 0.1 mmol mLÿ1


matrix solution, dissolved in CHCl3. The mixture (1 mL) was applied to the
multistage target and air-dried. The ions were accelerated to 33.65 kV and
in reflection mode, reflected with 35 kV. Polystyrene (Mp� 6000 Da) was
used for an external calibration, immediately before measurement. The
mass accuracy, thus determined, is �0.05 %. Thermal analysis was carried
out on a Mettler DSC 30 differential scanning calorimeter (heating rate:
20 Kminÿ1). Viscometry was carried out on a Ubblehode capillary
viscosimeter in DMF.


Solvents and reagents : [Cu(CH3CN)4BF4] was prepared by the reduction of
Cu(BF4)2 with excess Cu powder in CH3CN under argon at room
temperature. The mixture was stirred until the solution was completely
bleached. All other chemicals were of the best grades commercially
available and were used without further purification. The following
compounds were synthesized as described in the literature: 2,5-bis[2-(3,5-
(di-tert-butylphenoxy)ethoxy]terephthalic acid catalyst complex (4-N,N'-
dimethylamino-pyridine/p-toluenesulfonic acid 1:1).[16] Diethyl 2,5-dihy-
droxyterephtalate, dibromoethane, tert-butylphenol, and diisopropylcarbo-
diimide were purchased from Aldrich.


Compound 18 : Sodium hydride (3.27 g, 60 % suspended in oil, 82 mmol)
was added to a degassed solution of methyl 3,5-dihydroxybenzoate (6.0 g,
36 mmol) in DMF (100 mL) at room temperature. The mixture was stirred
for 0.5 h and then heated to 85 8C. To this was added 2-(2'-(2''-chloroe-
thoxy)ethoxy)ethyl 2-tetrahydro-2H-pyran ether (18.95 g, 75 mmol) dis-
solved in DMF (30 mL). After stirring at 85 8C for 48 h, the heterogeneous
brown solution was evaporated to dryness and the residue taken up with a
mixture of diethyl ether and aqueous NaOH (10 mass%). The organic layer
was washed twice with an aqueous solution of NaOH (10 mass%), once
with dilute HCl (0.05 mol Lÿ1), and twice with water. It was then dried over
Na2SO4 and evaporated to dryness. The crude product was purified by flash
column chromatography (silica gel, CH2Cl2), to give pure 18 (20.33 g,
33.8 mmol, 95% yield) as a colorless oil. 1H NMR (CDCl3): d� 7.18 (d, J�
2.3 Hz, 2H), 6.68 (t, J� 2.3 Hz, 1H), 4.62 (t, J� 3.4 Hz, 2H), 4.13 (t, J�
4.8 Hz, 4 H), 3.88 (s, 3H), 4.00 ± 3.80 (m, 8H), 3.80 ± 3.40 (m, 16 H), 1.95 ±
1.40 (m, 12 H); anal. calcd for C30H48O12 (%): C 59.99, H 8.05; found: C
60.06, H 8.19.


Dialcohol 19 : Pyridinium p-toluenesulfonate (418 mg, 1.66 mmol) dis-
solved in methanol (10 mL) was added to a solution of 18 (500 mg,
0.83 mmol) in refluxing methanol (100 mL). After 2 h stirring at reflux, the
solvent was removed and the residue taken up in CH2Cl2. The organic
solution was washed twice with water, dried over Na2SO4, and evaporated
to dryness. The crude product was purified by flash column chromatog-
raphy (silica gel; CH2Cl2 containing 1.0 ± 2.0 % MeOH) to give pure 19
(317 mg, 0.73 mmol, 88% yield) as a colorless oil. 1H NMR (CDCl3): d�
7.18 (d, J� 2.3 Hz, 2 H), 6.72 (t, J� 2.3 Hz, 1 H), 4.14 (t, J� 4.7 Hz, 4H),
3.88 (s, 3H), 3.84 (t, J� 4.7 Hz, 4 H), 3.75 ± 3.65 (m, 12H), 3.59 (t, J�
4.5 Hz, 4H); anal. calcd for C20H32O10 (%): C 55.55, H 7.46; found: C 55.60,
H 7.35.


Dimesylate 20 : To a solution of 19 (317 mg, 0.73 mmol) and triethylamine
(1.23 mL, 890 mg, 8.8 mmol) in CH2Cl2 (100 mL) at 0 8C was added mesyl
chloride (0.34 mL, 4.4 mmol) in CH2Cl2 (25 mL) over a period of 20 min.
After stirring for 2.5 h at 0 8C, the solution was washed twice with water,
dried over Na2SO4, and evaporated to dryness. The crude product was
purified by flash column chromatography (silica gel; CH2Cl2 containing
0.5 ± 1.0 % MeOH), to give pure 20 (396 mg, 0.67 mmol, 92% yield) as a
pale yellow oil. 1H NMR (CDCl3): d� 7.18 (d, J� 2.3 Hz, 2 H), 6.68 (t, J�
2.3 Hz, 1 H), 4.37 (t, J� 4.5 Hz, 4 H), 4.13 (t, J� 4.6 Hz, 4H), 3.89 (s, 3H),
3.83 (t, J� 4.6 Hz, 4H), 3.75 ± 3.70 (unresolved t, 4H), 3.70 ± 3.65 (m, 8H),
3.05 (s, 6H); anal. calcd for C22H36O14S2 (%): C 44.89, H 6.16; found: C
44.71, H 6.19.


Diiodide compound 17: A solution of 20 (4.0 g, 6.8 mmol) and NaI (20.4 g,
136 mmol) in acetone (250 mL) was refluxed for 12 h. The solvent was
removed and the yellow oil taken up in CH2Cl2. The resulting solution was
washed twice with water, dried over Na2SO4, and evaporated to dryness.
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The crude product was purified by flash column chromatography (silica gel,
CH2Cl2) to give pure 17 (3.796 g, 5.82 mmol, 86 % yield) as a pale yellow
oil. 1H NMR (CDCl3): d� 7.19 (d, J� 2.3 Hz, 2 H), 6.70 (t, J� 2.3 Hz, 1H),
4.15 (t, J� 4.7 Hz, 4H), 3.89 (s, 3 H), 3.85 ± 3.80 (unresolved t, 4H), 3.80 ±
3.70 (unresolved t, 4H), 3.70 ± 3.60 (m, 8H), 3.25 (t, J� 6.9 Hz, 4H) ); anal.
calcd for C20H30O8I2 (%): C 36.83, H 4.64; found: C 37.17, H 4.74.


Macrocycle 15 : To an argon-flushed suspension of Cs2CO3 (1.00 g,
3.1 mmol) in DMF (135 mL) maintained at 60 8C was added dropwise a
mixture of 16 (582 mg, 0.85 mmol) and 17 (730.54 mg, 1.12 mmol) in DMF
(75 mL) over a period of 16 h with efficient stirring. The mixture was stirred
at this temperature for 5 h. DMF was removed under high vacuum and the
residue taken up in CH2Cl2. The CH2Cl2 layer was washed twice with water,
dried over Na2SO4, and evaporated to dryness to give a crude yellow
product (4.89 g). It was purified by flash column chromatography (silica
gel, CH2Cl2 containing 0 ± 1.0 % MeOH) to give pure macrocycle 15
(487 mg, 0.449 mmol, 53% yield) as a pale yellow solid. M.p. 162 ± 164 8C;
1H NMR (CDCl3): d� 8.58 (d, J� 8.4 Hz, 4 H), 8.02 (s, 2H), 8.00 (s, 2H),
7.79 (d, J� 8.4 Hz, 4 H), 7.66 (d, J� 8.7 Hz, 4 H), 7.24 (d, J� 2.5 Hz, 2H),
7.04 (d, J� 8.7 Hz, 4 H), 6.72 (t, J� 2.3 Hz, 1 H), 4.24 (t, J� 4.9 Hz, 4H),
4.16 (t, J� 4.7 Hz, 4 H), 4.00 ± 3.85 (m, 8 H), 3.87 (s, 3H), 3.78 (s, 8H), 3.20
(t, J� 7.7 Hz, 4 H), 2.00 ± 1.80 (m, 4 H), 1.60 ± 1.25 (m, 12 H), 0.91 (t, J�
6.9 Hz, 6H); anal. calcd for C68H76N2O10 (%): C 75.53, H 7.08, N 2.59;
found: C 75.40, H 7.13, N 2.37; FAB-MS: m/z : calcd for [15�H�]�: 1082.4;
found: 1081.4.


Pre-rotaxane [Cu(15 ´ 16)] ´ PF6 : A solution of [Cu(CH3CN)4PF6] (121 mg,
0.326 mmol) in degassed acetonitrile (20 mL) was added by cannula to a
stirred solution of 15 (320 mg, 0.296 mmol) in CH2Cl2 (20 mL) at room
temperature under argon. After stirring for 0.5 h at room temperature, a
solution of 16 (203 mg, 0.296 mmol) in degassed THF (20 mL) was added
and the solution turned dark red immediately. Subsequently, the solution
was stirred for 2 h under argon at room temperature. The solvents were
removed under reduced pressure to afford a dark red solid of crude
[Cu(15 ´ 16)]PF6 in nearly quantitative yield (584 mg, 0.296 mmol). This
compound was utilized without further purification. M.p. 121 ± 123 8C;
1H NMR (CDCl3): d� 8.06 (s, 2 H), 7.91 (s, 2H), 7.60 ± 7.35 (m, 12 H), 7.27
(d, J� 2.3 Hz, 2 H), 7.00 ± 6.80 (m, 16 H), 6.82 (t, J� 2.1 Hz, 1 H), 6.61 (d,
J� 8.2 Hz, 4H), 6.55 (d, J� 8.2 Hz, 4H), 4.30 ± 4.15 (m, 8H), 4.00 ± 3.90 (m,
8H), 3.88 (s, 3H), 3.84 (s, 8H), 3.00 ± 2.80 (m, 8 H), 1.65 ± 1.45 (m, 8H),
1.45 ± 1.20 (m, 24 H), 0.90 (m, 12H).


Copper(ii) [2]catenate 14a : A solution of [Cu(15 ´ 16)]PF6 (270 mg,
0.137 mmol), 17 (98 mg, 0.150 mmol), [Cu(CH3CN)4PF6] (51 mg,
0.137 mmol), l-(�)-ascorbic acid (17 mg, 0.096 mmol), and Cs2CO3


(223 mg, 0.684 mmol) was stirred in DMF (100 mL) under argon at 50 8C
for 2 h. A further portion of 17 (98 mg, 0.150 mmol) was added and the
mixture heated for a further 16 h. DMF was removed under high vacuum
and the dark red residue taken up in CH2Cl2. The resulting solution was
treated for 2 h with a large excess of KPF6, dissolved in a minimum amount
of water. By means of this anion exchange reaction, it was possible to
isolate 14 a, originally formed as carbonate, iodide, and hexafluorophos-
phate, as its PF6


ÿ salt exclusively. The resulting organic layer was washed
twice with water, dried over Na2SO4, and evaporated to dryness to yield
462 mg of a dark red solid. Flash column chromatography [i) silica gel,
CH2Cl2 containing 0.25 ± 0.75 % MeOH; ii) aluminum oxide, CH2Cl2


containing 0.1 ± 0.5% MeOH] gave pure 14 a (178 mg, 0.075 mmol, 55%
yield) as a dark red solid. M.p. 95 ± 97 8C; 1H NMR (CDCl3): d� 8.06 (s,
4H), 7.63 (s, 4H), 7.58 (d, J� 8.2 Hz, 8 H), 7.27 (unresolved d, 4H), 6.94 (s,
16H), 6.81 (t, J� 2.2 Hz, 2H), 6.67 (d, J� 8.2 Hz, 8 H), 4.30 ± 4.15 (m, 16H),
4.00 ± 3.85 (m, 16H), 3.88 (s, 6 H), 3.84 (s, 16 H), 3.02 (t, J� 7.5 Hz, 8H),
1.70 ± 1.50 (m, 8H), 1.50 ± 1.20 (m, 24 H), 0.91 (t, J� 6.3 Hz, 12H); FAB-
MS: m/z : calcd: 2226.3 [14 a]� , 1144.9 [15�Cu]� ; found: 2225.1, 1143.5.


Copper(ii) [2]catenate 13 a : A solution of diisobutylaluminum hydride in
toluene (0.4 mL, 1.5 mol Lÿ1, 0.6 mmol) was added to a degassed solution of
14a (50 mg, 0.021 mmol) in THF (25 mL) cooled to ÿ10 8C. After 1 h
stirring at ÿ10 8C, a further portion of diisobutylaluminum hydride
(0.2 mL, 1.5 mol Lÿ1, 0.3 mmol) was added. The mixture was stirred for
10 min and then a saturated solution of NaPF6 in water was added. THF
was removed and the yellow residue taken up in CH2Cl2, washed with a
saturated aqueous solution of NaPF6, washed twice with water, dried over
Na2SO4, and evaporated to dryness. The dark red crude product was
purified by column chromatography [i) silica gel, CH2Cl2 containing 1.0 ±
2.0% MeOH; ii) aluminum oxide, CH2Cl2 containing 1.0 ± 2.0% MeOH) to


give the pure [2]catenate 13a (31 mg, 0.0134 mmol, 64% yield) as a dark
red solid. M.p. 92 ± 94 8C; 1H NMR (CDCl3, 400 MHz): d� 8.07 (s, 4H;
H5,6), 7.63 (s, 4 H; H3,8), 7.58 (d, J� 8.3 Hz, 8H; Ho1), 6.94 (s, 16H;
Ho2 ,Hm2), 6.67 (d, J� 8.3 Hz, 8H; Hm1), 6.63 (d, J� 2.2 Hz, 4 H; HB), 6.54 (t,
J� 2.2 Hz, 2 H; HA), 4.65 (s, 4 H; HM), 4.27 ± 4.18 (m, 16 H; Ha,Hf), 3.98 ±
3.90 (m, 16H; Hb,He), 3.79 (s, 16 H; Hg,Hd), 3.03 (t, J� 7.8 Hz, 8H; Ha),
1.70 ± 1.60 (m, 8H; Hb), 1.48 ± 1.37 (m, 8H; Hc), 1.37 ± 1.25 (m, 16 H; Hd,He),
0.92 (t, J� 6.8 Hz, 12H; Hf); 13C NMR (CDCl3): d� 160.3, 158.9, 155.4,
150.7, 143.9, 143.5, 140.8, 137.5, 131.6, 128.7, 127.5, 126.9, 124.6, 123.3, 122.1,
115.0, 105.7, 100.7, 71.0, 70.0, 69.7, 67.7, 67.6, 65.3, 32.4, 31.6, 30.0, 29.3, 22.6,
14.1; FAB-MS: m/z : calcd for [13a]�: 2170.2; found: 2168.9.


[2]Catenand 14b : KCN (110 mg, 1.7 mmol) dissolved in water (6 mL) was
added to 14 a (500 mg, 0.21 mmol) in CH3CN (30 mL) and CH2Cl2 (15 mL).
The characteristic dark red color of the stirred solution disappeared
progressively whereas free ligand precipitated as a pink solid. After the
mixture had been stirred for 5 h at room temperature, addition of more
KCN (27 mg, 0.42 mmol) allowed completion of the demetalation. The
mixture was stirred for 2 h, the resulting pale yellow solution was
evaporated to dryness, and then taken up in CH2Cl2/H2O. The aqueous
layer was extracted with CH2Cl2 (3� 30 mL). The combined organic layers
were carefully washed with water (three times), dried over Na2SO4, and
evaporated to dryness. The crude yellow product was purified by flash
column chromatography (silica gel, CH2Cl2 containing 1.5 ± 2.5% MeOH)
to give pure free ligand 14b (309 mg, 0.143 mmol, 68% yield) as a yellow
solid. M.p. 89 ± 91 8C; 1H NMR (CDCl3): d� 8.55 (d, J� 8.1 Hz, 8 H), 8.00
(s, 4 H), 7.97 (s, 4H), 7.73 (d, J� 8.3 Hz, 8 H), 7.56 (d, J� 8.7 Hz, 8H), 7.15,
(d, J� 2.2 Hz, 4 H), 6.96 (d, J� 8.7 Hz, 8 H), 6.62, (t, J� 2.2 Hz, 2H), 4.14
(t, J� 4.9 Hz, 8H), 4.05 (t, J� 4.4 Hz, 8 H), 3.90 ± 3.75 (m, 22H), 3.70 (s,
16H), 3.16, t, J� 7.6 Hz, 8 H), 1.95 ± 1.70 (m, 8H), 1.55 ± 1.20 (m, 24H), 0.89
(t, J� 6.9 Hz, 12H); FAB-MS: m/z : calcd: 2163.7 [14b�H]� , 1082.4
[15�H]� ; found: 2162.7, 1081.5.


[2]Catenand 13 b : To a degassed solution of 14b (283 mg, 0.13 mmol) in
THF (125 mL) cooled to ÿ10 8C was added a solution of diisobutylalumi-
num hydride in toluene (3.5 mL, 1.5 mol Lÿ1, 5.2 mmol). After 0.5 h stirring
at ÿ10 8C, an additional portion of diisobutylaluminum hydride (1.5 mL,
2.2 mmol) was added to the red solution, which was then stirred for a
further 15 min. The solution was hydrolyzed with an aqueous solution of
HPF6 (pH� 1 according to a pH paper test), THF was removed, and the
yellow residue taken up in CH2Cl2/(H2O�HPF6). NaOH was added to the
aqueous layer to give pH� 9 and then extracted with CH2Cl2 (2� 30 mL).
The combined organic layers were washed with slightly basic water (pH�
9) and twice with water, dried over Na2SO4, and evaporated to dryness. The
crude yellow product was purified by flash column chromatography (silica
gel, CH2Cl2 containing 1.5 ± 2.5% MeOH) to give pure [2]catenand 13b
(200 mg, 0.095 mmol, 73 % yield) as a yellow solid. M.p. 95 ± 97 8C; 1H NMR
(CDCl3, 400 MHz): d� 8.55 (d, J� 8.6 Hz, 8H; Ho1), 8.01 (s, 4 H; H5,6),
7.98 (s, 4 H; H3,8), 7.72 (d, J� 8.3 Hz, 8H; Hm1), 7.56 (d, J� 8.8 Hz, 8H;
Ho2), 6.96 (d, J� 8.8 Hz, 8H; Hm2), 6.46 (d, J� 2.1 Hz, 4H; HII), 6.30 (t, J�
2.0 Hz, 2H; HI), 4.44 (s, 4 H; HM), 4.14 (t, J� 5.1 Hz, 8 H; Ha), 3.99 (t, J�
4.7 Hz, 8H; Hf), 3.82, (t, J� 4.9 Hz, 8 H; Hb), 3.77 (t, J� 4.7 Hz, 8H; He),


3.69 (s, 16 H; Hg,Hd), 3.18 (t, J� 7.8 Hz, 8 H; Ha), 1.84 (m, 8H; Hb), 1.55 ±
1.40 (m, 8H; Hc), 1.40 ± 1.25 (m, 16H; Hd,He), 0.90 (t, J� 7.0 Hz, 12H; Hf);
13C NMR (CDCl3): d� 160.0, 158.5, 155.8, 149.3, 146.8, 144.0, 141.5, 138.1,
133.4, 128.2, 128.0, 127.0, 126.5, 121.4, 119.6, 115.1, 105.4, 100.3, 70.9, 70.8,
69.9, 69.6, 67.5, 67.4, 64.7, 33.0, 31.7, 30.6, 29.4, 22.6, 14.1; FAB-MS: m/z :
calcd for [13b�H]�: 2107.7; found: 2106.9.


Oligo[2]catenand 22b : A two-necked flask (10 mL) was charged, under
argon, with the diol 13b (119 mg, 56.5 mmol), the substituted terephthalic
acid 21 (37.3 mg, 56.5 mmol), the catalyst complex 4-N,N'-dimethylamino-
pyridine/p-toluene sulfonic acid 1:1 (33 mg, 113 mmol, 2 equiv), and dry
dichloromethane (1.3 mL). The reaction mixture was cooled to ÿ10 8C and
diisopropylcarbodiimide (0.1 mL) was added. The mixture was stirred for
three days at ÿ10 8C, two days at 0 8C, and then one day at room
temperature. The crude polymer was purified by precipitation in methanol
to afford 120 mg as a yellow powder in 77 % yield. The 1H and 13C NMR
spectra of the various batches were comparable, specifically: 1H NMR
(500 MHz, CDCl3, 30 8C): d� 8.54 (s, 8 H, arom.), 7.80 ± 7.30 (m, 26H,
arom.), 7.05 ± 6.85 (m, 10 H, arom.), 6.72 (m, 4H, arom.), 6.54 (s, 4H,
arom.), 6.35 (m, 2 H, arom.), 5.18 (m, 4H, aliph.), 4.40 ± 3.60 (m, 56H,
aliph.), 3.04 (m, 8H, aliph.), 2.06 (s, 8H, aliph.), 1.72 (s, 8 H, aliph.), 1.44 (s,
8H, aliph.), 1.31 (s, 8 H, aliph.), 1.26 (s, 8 H, aliph.), 1.23 (s, 36H, aliph.), 0.88
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(s, 12 H, aliph.); 13C NMR (125.75 MHz, CDCl3, 30 8C): d� 164.9 (C�O);
160.1, 158.8, 158.1, 155.3, 152.3, 152.2, 141.8, 137.9, 128.1, 127.0, 126.9, 126.4,
121.6, 118.3, 115.3, 115.1, 109.0, 106.8, and 100.9 (arom.); 70.9, 69.9, 69.3,
67.6, 67.5, 66.8, 66.3, 34.9, 33.0, 32.9, 31.7, 30.4, 29.7, 29.4, 22.6, and 14.1
(aliph.)


Poly[2]catenate 12a : A two-necked flask (10 mL) was charged, under
argon, with the diol 13a (214.6 mg, 92.7 mmol), the substituted terephthalic
acid 21 (61.4 mg, 92.7 mmol), the catalyst complex 4-N,N'-dimethylamino-
pyridine/p-toluene sulfonic acid 1:1 (60 mg, 204 mmol, 2.1 equiv) and dry
dichloromethane (2 mL). The reaction mixture was cooled to ÿ20 8C and
diisopropylcarbodiimide (0.27 mL) was added. The mixture was stirred for
six days at ÿ20 8C. The crude polymer was purified by precipitation in
methanol to afford 256 mg of a violet powder (94 % yield). 1H NMR
(500 MHz, CDCl3, 30 8C): d� 8.10 (s, 4 H, arom.), 7.75 ± 7.40 (m, 12H,
arom.), 7.00 (s, 2 H, arom.), 6.90 (s, 16 H, arom.), 6.75 (s, 4H, arom.), 6.63 (s,
12H, arom.), 6.53 (s, 2H, arom.), 5.26 (s, 4 H, aliph.), 4.63 (benzyl alcohol
end-groups), 4.37 (m, 4 H, aliph.), 4.30 (m, 4 H, aliph.), 4.17 (s, 8H, aliph.),
4.15 (s, 8H, aliph.), 3.87 (s, 8H, aliph.), 3.77 (s, 8 H, aliph.), 3.00 (s, 8H,
aliph.), 1.63 (s, 16 H, aliph.), 1.40 (s, 8H, aliph.), 1.28 (s, 44H, aliph.), 0.88 (t,
12H, aliph.); 13C NMR ( 125.75 MHz, CDCl3, 30 8C): d� 163.6 (C�O);
158.9, 157.6, 156.8, 151.0, 150.9, 136.6, 126.2, 124.0, 123.0, 117.1, 114.0, 113.5,
107.7, 105.5, 99.8, and 99.1 (arom.); 69.5, 68.6, 68.3, 68.1, 66.2, 65.4, 65.0,
33.6, 31.1, 30.1, 28.6, 27.9, 21.2, and 12.7 (aliph.).


Poly[2]catenand 12b : To a solution of poly[2]catenate 12 a (200 mg) in
THF (30 mL) was added KCN (500 mg). The reaction mixture was stirred
for one day at room temperature until the characteristic violet color of
poly[2]catenate had disappeared. Precipitation in methanol afforded
150 mg of 12b as a yellow powder (81 % yield). 1H NMR (500 MHz,
CDCl3, 30 8C): d� 8.51 (s, 4 H, arom.), 8.00 ± 7.89 (m, 8 H, arom.), 7.75 ± 7.35
(m, 18 H, arom.), 6.96 (s, 2H, arom.), 6.91 (d, 8 H, arom.), 6.70 (s, 4H,
arom.), 6.52 (s, 4H, arom.), 6.33 (s, 2 H, arom.), 5.16 (s, 4H, aliph.), 4.38 (s,
end groups, 4%), 4.37 ± 4.22 (m, 8 H, aliph.), 4.10 (s, 8H, aliph.), 3.96 (s, 8H,
aliph.), 3.77 ± 3.64 (m, 32 H, aliph.), 3.10 (s, 8H, aliph.), 1.77 (s, 8H, aliph.),
1.43 (s, 8 H, aliph.), 1.31 (s, 8 H, aliph.), 1.24 (m, 44 H, aliph.), 0.86 (t, 12H,
aliph.); 13C NMR (125.75 MHz, CDCl3, 30 8C): d� 165.0 (C�O); 162.5,
160.1, 158.5, 158.1, 155.4, 152.3, 152.2, 149.2, 146.8, 141.5, 137.9, 133.3, 128.1,
128.0, 126.8, 124.4, 125.3, 121.4, 119.3, 118.3, 115.3, 115.1, 109.1, 106.7, and
100.8 (arom.); 70.8, 69.8, 69.6, 69.3, 67.5, 67.4, 66.8, 66.3, 36.4, 34.9, 32.9, 31.7,
31.4, 30.5, 29.7, 29.4, 22.6, and 14.1 (aliph.).
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Can CÿH ´´´ C(p) Bonding Be Classified as Hydrogen Bonding? A Systematic
Investigation of CÿH ´´´ C(p) Bonding to Cyclopentadienyl Anions


Sjoerd Harder*[a]


Abstract: The following ammonium
and phosphonium cyclopentadienide
complexes have been prepared,
crystallized and investigated struc-
turally: [Cp]ÿ[Et4N]� , [Cp]ÿ[Et4P]� ,
[Cp]ÿ[Ph3PMe]� , [Cp]ÿ[Ph2PMe2]� ,
[tBu(Me)Cp]ÿ[Ph4P]� and [Me4C2Cp2]2ÿ


[(Et4P)2]2�. The Cp anions in these
complexes can not be considered as
naked. Intermolecular bonding through
characteristic (cation)CÿH ´´´ C(Cpÿ)
interactions results in the formation of
polymeric networks. Generally, poly-
meric chains of alternating cations and


anions are formed that are reminiscent
of the solid-state structures observed for
cyclopentadienyl ± alkalimetal com-
pounds. Mutual comparison of all the
known structures of ammonium and
phosphonium cyclopentadienide com-
plexes shows that intermolecular
CÿH ´´´ C(Cpÿ) bonding displays hydro-
gen-bond-like characteristics: i) direc-
tionality, ii) correlation between CÿH


acidity and CÿH ´´´ C bond lengths and
iii) correlation between the strength
of the hydrogen-bond acceptor and
CÿH ´´´ C bond lengths. These observa-
tions are also confirmed by ab initio
calculations on coordination complexes
of CÿH donors (acetylene and methane)
and the p-systems in benzene or the
Cpÿ anion. Likewise, combinations of an
alkali metallocene anion and a
phosphonium cation show such
CÿH ´´´ C(Cpÿ) interactions in the crys-
talline state.


Keywords: crystal engineering ´
cyclopentadienes ´ hydrogen bonds


Introduction


The concept of CÿH ´´´ A (A� acceptor�O, N) hydrogen
bonding dates back to the first part of this century[1] and
presently attracts substantial attention.[2] Although CÿH ´´´ A
bonding is inferior to the well-established and generally
accepted classical hydrogen bonding (such as OÿH ´´´ O), the
cooperative action of such weak bonding should not be
underestimated. The importance of CÿH ´´´ A hydrogen
bonding lies in the frequent occurrence of CÿH units in
nearly all organic molecules. It is for this reason that this type
of hydrogen bonding plays a major role in the rapidly growing
field of crystal engineering,[3] that is, the study of intermo-
lecular interactions in the solid state and their role in
molecular conformation, crystal packing, molecular recogni-
tion and the prediction of crystal structures.


Nevertheless, the idea that a CÿH unit can operate as a
hydrogen-bond donor has been criticized in the past[4] as well
as in the present.[5] This controversy arises not only from the
weakness and therefore difficult experimental verification of
CÿH ´´´ A bonding, but also from the lack of a conclusive
definition of hydrogen bonding.[3c] The recognition that ªthe
value of the hydrogen-bond concept lies in the wilderness of


idea, and not within the wall of wordsº[3c] is not generally
accepted: ªIt is clear that the field [the field of CÿH ´´´ A
hydrogen bonding] is getting muddier and muddier as the
definition of a hydrogen bond is relaxed.º[5] Problems also
arise from the absence of a definite cut-off value for the CÿH
´´´ A distance and the CÿH ´´´ A angle. Occasionally, the
sum of the van der Waals radii of the interacting atoms is
taken as the limit. However, as has been stated before, this
value cannot be accepted as a cut-off value in hydrogen
bonding.[2b, 2g] Hydrogen bonding is a predominantly electro-
static interaction[2b, g±h, 3c] and slowly falls off with a 1/r
dependence, that is, much slower than covalent bonding or
van der Waals interactions. This means that CdÿÿHd� ´ ´ ´ Adÿ


interactions, which are longer than the sum of the van der
Waals radii for carbon and hydrogen (�2.90 �), can still be of
significant value (provided the CÿH ´´´ C angle is not too
small).


Notwithstanding all criticism, statistical crystal structure
analyses clearly show, that CÿH ´´´ A hydrogen bonds feature
the same characteristics as the classical hydrogen bond.
1) CÿH ´´´ A hydrogen bonds are directional and aim for


linearity.[2a]


2) CÿH ´´´ A bond lengths correlate well with the acidity of
the CÿH unit: the more acidic CÿH units form shorter,
stronger bonds.[2c]


3) CÿH ´´´ A bond lengths correlate with the strength of the
hydrogen-bond acceptor: stronger Lewis bases are more
efficient hydrogen-bond acceptors.[2d]
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Apart from the recognition of CÿH units as donors in
hydrogen bonds, unusual bonds with carbon as the acceptor
(DÿH ´´´ C; D� donor) have also been observed.[6] Such
interactions are generally described as DÿH ´´´ p or DÿH ´´´
anion bonds, since only unsaturated carbon atoms or carban-
ions can accept hydrogen bonds. This kind of bonding can be
of considerable strength when good hydrogen donors are
available, as shown by the extremely short ClÿH ´´´ C
distances in the coordination complex [2-butyne ´ (HCl)2]
(1).[6b]


At the lower end of hydrogen-bond interactions stands the
combination of a weak hydrogen-bond donor with a weak
acceptor: the CÿH ´´´ C bond.[7] Although a strong interaction
can be expected in the case of CÿH ´´´ C(anion) bonding (such
as in 2[7a]), CÿH ´´´ C(p) bonding as in the classical example of
the benzene herringbone structure (3)[8] is one of the weakest
CÿH ´´´ C interactions encountered. This CÿH ´´´ C(p) bond
has been well-studied and controls a range of self-assembly
phenomena such as:
a) Stacking of benzene molecules in the gas phase and in


solution.[8, 9]


b) Crystal packing and hence material properties of aromatic
molecules in the solid state.[10]


c) Three-dimensional folding of proteins.[11]


d) Molecular recognition of drugs by biological receptors.[12]


Nevertheless, there is some reluctance to identify
CÿH ´´´ C(p) interactions as hydrogen bonds. Statistical data-
base studies on such weak interactions are hampered by the
presence of other intermolecular forces that influence the
three-dimensional crystal structure. Recently, evidence for
the characterization of the CÿH ´´´ C(p) bond as a weak
hydrogen bond has been presented.[7j] The structures of two
isomorphous solvent-inclusion compounds (one with toluene
and one with chlorobenzene) show a significantly shorter
CÿH ´´´ C(p) bond to the toluene molecule. This observation
indicates a relationship between the length of the CÿH ´´´ C
bond and the strength of the hydrogen-bond acceptor (the
electron density in the p-system)Ða feature also observed in
classical hydrogen bonding.


In order to learn more about CÿH ´´´ C(p) bonding in
general, and in order to establish whether the hydrogen-
bonding characteristics mentioned above (1 ± 3) also apply to
CÿH ´´´ C(p) interactions, a systematic investigation into
intermolecular interactions in a series of [Cp]ÿ[X]� complexes
has been initiated. Although the CÿH ´´´ C(p) interaction in


these complexes involves both a CÿH ´´´ C(p) as well as a
CÿH ´´´ C(anion) interaction, the nature of its bonding is
comparable with that of the CÿH ´´´ arene system. Such a
study of the intermolecular interactions in [Cp]ÿ[X]� com-
plexes has several advantages. First of all, charge-assisted
CÿH ´´´ Cpÿ bonding is stronger and much more distinct than
CÿH ´´´ arene bonding.[3k] Secondly, in contrast to the labori-
ous and poorly controllable syntheses of inclusion compounds
with differently substituted arenes,[7j] [Cp]ÿ[X]� complexes
with a variety of cations (X�) and substituents on the Cp ring
are readily available. This means that the hydrogen-bond
acceptor and donor abilities can be varied easily. In addition
to this investigation of crystal structures, a comparison of ab
initio calculations for CÿH ´´´ C(benzene) and CÿH ´´´ C(Cpÿ)
interactions is presented here.


Results


Syntheses and crystal structures of [Cp]ÿ[X]� complexes :
Although several crystal structures of organometallic com-
plexes with free Cpÿ anions are known,[13] the systematic
investigation described here is limited to ammonium and
phosphonium cyclopentadienide salts, of which three struc-
tures have already been published: [Cp]ÿ[Ph4P]� ,
[Cp]ÿ[Bu4N]� and [(CF3)5Cp]ÿ[Bu4N]� .[14, 7h, 15]


The general method used in the preparation of such salts is
the reaction of a cyclopentadienyl ± alkalimetal complex with
an ammonium or phosphonium halide [Eq. (1)]. Equation (2)


CpM�X�Yÿ ÿ! [Cp]ÿ[X]��M�Yÿ (1)


(M� alkalimetal; X�� ammonium or phosphonium cation; Yÿ�halide
anion)


CpH�R3P�CHR' ÿ! [Cp]ÿ[R3P(CH2R')]� (2)


depicts the reaction of a Wittig reagent with cyclopentadiene,
which also results in the formation of a phosphonium
cyclopentadienide complex. The latter method is favoured
because of the absence of any side-products.


The new geometrical data presented here originate from
good-quality, low-temperature structure determinations in
which all the hydrogens could be located and isotropically
refined. Nevertheless, calculated hydrogen positions (assum-
ing CÿH distances of 1.08 �) are used in the geometrical
comparison of the CÿH ´´´ Cpÿ bonds observed in these
structures. Observed and refined hydrogen positions show
relatively large errors: the CÿH distances generally vary from
0.90 to 1.10 �. The fact that CÿH distances are hardly
influenced by such weak CÿH ´´´ C(p) interactions (neutron
diffraction studies show elongations of up to 0.01 �)[16]


justifies the use of calculated hydrogen positions. In this
respect, Cotton�s remarks[17] on the position of a hydrogen
atom are relevant: ªNeutron diffraction sees the location of
the hydrogen�s nucleus, the proton. X-ray diffraction sees the
hydrogen�s electron cloud. Which of these is the hydrogen
atom? Both, the nucleus and the electron density of an atom
are essential parts, and it is therefore impossible to assert
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rationally that the position of either the one or the other is the
position of the atom.º In CÿH ´´´ Cpÿ bonding, it is the
hydrogen�s nucleus that is attracted by the electron rich p-
system. This justifies the use of calculated (neutron-diffrac-
tion like) hydrogen positions.[18]


The networks of hydrogen bonding in all ammonium and
phosphonium cyclopentadienide complexes are shown in
Figures 1 ± 9. Detailed information on the short CÿH ´´´ Cpÿ


contacts is summarized in Table 1.


Figure 1. The crystal structure of [Cp]ÿ[Ph4P]� (space group P4Å) shown
along the fourfold symmetry axes. The shortest intermolecular CÿH ´´´ C
contacts are depicted as dashed lines. The shortest CÿH ´´´ (Cpÿ) contact to
the other crystallographically independent phosphonium cation is much
longer (>2.90 �).[14]


Figure 2. The crystal structure of [Cp]ÿ[Bu4N]� displays a linear chain of
alternating cations and anions connected by short CÿH ´´´ C(Cpÿ) contacts
(only the hydrogen atoms involved in the shortest intermolecular contacts
are shown).[7h]


Figure 3. The crystal structure of [(CF3)5Cp]ÿ[Bu4N]� (hydrogen atoms
only partly shown).[15] Short intermolecular CÿH ´´´ C and CÿH ´´´ F bonds
are shown as dashed lines.


Figure 4. The crystal structure of [Cp]ÿ[Et4N]� shows a chain of alternating
[Cp]ÿ anions and [Et4N]� cations. The shortest NCH2 ´´´ C(Cpÿ) contacts
are indicated by dashed lines.


Figure 5. The intermolecular hydrogen-bond network in the crystal
structure of [Cp]ÿ[Et4P]� . Although the crystal structures and cell
parameters of [Cp]ÿ[Et4N]� and [Cp]ÿ[Et4P]� are closely related, they are
not isomorphous: the phosphonium salt crystallizes in an orthorhombic
crystal system, whereas the ammonium salt is monoclinic.


Figure 6. The shortest CÿH ´´´ C(Cpÿ) interactions in the crystal structure
of [Cp]ÿ[Ph2PMe2]� are shown by dashed lines. An ortho-phenyl CÿH unit
is situated directly over the Cp ring (short CÿH ´´´ C contacts indicated by
thin solid lines).


Figure 7. The crystal structure of [Cp]ÿ[Ph3PMe]� displays parallel chains
of alternating cations and anions. Short CÿH ´´´ C(Cpÿ) contacts between
the chains are also shown. Interestingly, the shortest CÿH ´´´ C(Cpÿ)
interaction (2.49 �) does not involve the most acidic P-Me group but an
aryl CÿH moiety. An additional (Cp)CÿH ´´´ phenyl contact is indicated by
a thin solid line.


Figure 8. The crystal structure of [tBu(Me)Cp]ÿ[Ph4P]� shows a zigzag
chain of alternating cations and anions (only the hydrogens involved in the
shortest intermolecular CÿH ´´´ C(Cpÿ) interactions are shown).
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Figure 9. The crystal structure of [Me4C2Cp]2ÿ[(Et4P)2]2� displays a two-
dimensional hydrogen-bond network (hydrogen atoms
only partly shown).


Ab initio study : A theoretical study on the
relatively weak interaction of a CÿH bond
with a p-system should be performed with
high-level ab initio calculations. Only optimi-
zations with correction for electron correla-
tion (MP2) can yield reliable geometries for
such weakly bound complexes. The additional
use of an extended split-valence basis set with
extra diffuse and polarization functions (6-
311��G**) gives reliable complexation en-
ergies with relatively small BSSEs.[19, 20] A
schematic overview of the computational
results obtained for the interaction of meth-
ane and acetylene with the p-system in
benzene and the cyclopentadienyl anion is
shown in Figure 10. The CÿH ´´´ p interaction
between methane and the p-system of ben-


zene is very weak. Increasing the acidity of the hydrogen
donor (for example, by exchange of methane for acetylene)
results in a higher complexation energy and a shorter CÿH ´´´
benzene distance. Considerably stronger complexation and
consequently shorter CÿH ´´´ C distances are observed in the
CÿH ´´´ Cpÿ complexes. The minimal energy structures of
such coordination complexes show the location of the hydro-
gen donor to be exactly over the aromatic ring centre (this was
confirmed by frequency analyses). However, the energy
surface is very shallow and distortions from the energy
minimum can be easily accomplished. This is demonstrated by
a haptotropic search[21] on the HC�CH ´´´ Cpÿ complex (Fig-
ure 11). The hydrogen donor is shifted over the Cp ring, while
the rest of the geometry is optimized. Moving the acetylene
molecule to the h1-position results in an energy loss of only
3.1 kcal molÿ1 and in an elongation of the CÿH ´´´ plane


Table 1. A list of the shortest C-H ´´´ C contacts (including angles) to each C atom and the centre of the Cp ring in cyclopentadienide ammonium and
phosphonium complexes (the shortest C-H ´´´ C contact between cation and anion is underscored).[a] The average values and the quantity (ÿcoshYi)/hdi are
also given.


CH ´´´ C [�] CH ´´´ Cpc hdi (ÿcoshYi)/hdi
CÿH ´´´ C [8] CÿH ´´´ Cpc hYi [�1000]


[Cp]ÿ[Ph4P]�[14] 2.61 2.77 2.77 2.98 2.98 2.63 2.790 249
1508 1258 1258 1318 1318 1438 134.28


[Cp]ÿ[Et4N]� 2.52 2.55 2.57 2.62 2.83 2.51 2.600 325
1398 1698 1718 1418 1228 1458 147.88


[Cp]ÿ[Bu4N]�[7h] 2.53 2.60 2.61 2.64 2.87 2.52 2.628 335
1488 1458 1758 1498 1358 1588 151.78


[Cp]ÿ[Ph2PMe2]� 2.53 2.56 2.64 2.75 2.78 2.43 2.615 344
1788 1448 1748 1298 1468 1538 154.08


[Cp]ÿ[Et4P]� 2.49 2.53 2.61 2.61 2.70 2.53 2.578 351
1608 1798 1418 1488 1468 1548 154.78


[Cp]ÿ[Ph3PMe]� 2.49 2.54 2.62 2.68 2.76 2.41 2.583 354
1478 1348 1718 1768 1508 1608 156.38


[tBu(Me)Cp]ÿ[Ph4P]� 2.32 2.42 2.64 2.68 2.70 2.30 2.510 319
1498 1508 1278 1438 1418 1498 143.28


[(CF3)5Cp]ÿ[Bu4N]�[15] 2.75 2.76 2.85 2.89 2.96 2.75 2.828 323
1578 1528 1718 1718 1358 1498 155.88


[Me4C2Cp2]2ÿ[(Et4P)2]2� 2.45 2.49 2.57 2.57 2.60 2.35 2.505 373
1548 1598 1618 1668 1478 1698 159.38


[a] For sake of comparison the hydrogen atoms have been placed at idealized positions with a CÿH distance of 1.08 �.


Figure 10. Overview of ab initio (MP2/6-311��G**) calculations on intermolecular bonding
between CÿH donors (methane and acetylene) and the p-systems in benzene and the Cpÿ anion
(distances, �; NPA-charges shown in parentheses).
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Figure 11. Geometries and energy profile for shifting the HC�CH
molecule over the ring of the Cpÿ anion (MP2/6-311��G** calculations).


distance by only 0.123 � (for comparison, a similar h5!h1


shift of the Li� cation in CpLi gives an energy loss of
20.8 kcal molÿ1).[21] Similarly, elongation of the CÿH ´´´ Cpc


distance by 0.5 � costs only 2.1 kcal molÿ1 (this corresponds
to CÿH ´´´ Cpc and CÿH ´´´ C distances of 2.652 and 2.912 �,
respectively; Cpc� geometrical centre of the Cp ring).


The calculated NPA-charges (shown in parentheses in
Figure 10) show that the interaction of the p-system with the
CdÿÿHd� dipole is of electrostatic origin with negligible charge
transfer between the interacting species. Analyses of atomic
charges in the hydrogen-bond complexes also show consid-
erable polarization of the CÿH bond involved in the hydrogen
bonding. In HC�CH ´´´ p complexes, additional polarization
of the C�C bond is observed. Complexes involving the
stronger hydrogen bond acceptor Cpÿ show larger charge
polarization in the hydrogen-bond donor.


The interaction of the CdÿÿHd� dipole with a p-system only
affects slightly its CÿH bond length. A maximum elongation
of 0.014 � is observed in HC�CH ´´´ Cpÿ, the complex with
the most acidic CÿH donor and the strongest hydrogen-bond
acceptor. This is in line with the experimental observation
mentioned earlier.[16]


Discussion


The ammonium and phosphonium cyclopentadienide crystal
structures listed here allow a preliminary analysis of CÿH ´´´
Cpÿ bonding. Although one should be careful if the number of
crystal structures sampled is small, there seems to be at least a
rough correlation between the shortest CÿH ´´´ C(Cpÿ) con-
tact (underscored in Table 1) and the CÿH acidity of the
cation. Alarming, however, seems the fact that the shortest
CÿH ´´´ C contact between the cation and Cpÿ anion does not
always involve the most acidic CÿH unit of the cation, for
example, the most acidic group in [Cp]ÿ[Ph3PMe]� , the PMe


group, is involved in the longer CÿH ´´´ C(Cpÿ) contacts.
Although steric shielding of the methyl group by three phenyl
groups will certainly occur, such anomalies can also be
explained by the existence of many more weaker CÿH ´´´
Cpÿ bonds. Crystal packing optimizes the cooperative effects
of all intermolecular interactions (Figure 6). For example,
packing in the crystal structure of [Ph3PMe]�[Cp]ÿ is such that
short CÿH ´´´ C interactions exist not only within a linear
chain of alternating anions and cations, but also between such
chains (Figure 7). Also noteworthy is the contact between a
cyclopentadienyl CÿH unit and a phenyl-ring carbon (shown
in Figure 7 by a continuous thin line). To evaluate the overall
strength of X� ´ ´ ´ Cpÿ hydrogen bonding, not only the
contribution of the shortest CÿH ´´´ C(Cpÿ) contact, but also
the cooperative effect of other short CÿH ´´´ C(Cpÿ) inter-
actions should be considered. Table 1 lists the shortest CÿH
´´´ C(Cpÿ) contacts (including CÿH ´´´ C angles) for every
carbon atom in the Cp ring. The shortest CÿH ´´´ Cpc distance
is also shown. For comparison of X� ´ ´ ´ Cpÿ hydrogen-bond
strength, the average values of these 6 distances (hdi)
are given. These values show that the X� ´ ´ ´ Cpÿ bond
strengthens along the series for X��Ph4P�< alkylammoni-
um cation< alkylphosphonium cation in line with increasing
cation acidity.


A similar relation exists between CÿH ´´´ C(Cpÿ) distances
and anion basicity. Substituents on the Cp ring can have a
considerable effect on the X� ´ ´ ´ Cpÿ bond strength. This is
demonstrated by a comparison of the average CÿH ´´´ C
distances for the pairs [Cp]ÿ[Ph4P]�/[tBu(Me)Cp]ÿ[Ph4P]�


and [Cp]ÿ[Et4P]�/[Me4C2Cp]2ÿ[(Et4P)2]2�. Alkylation of the
Cp anion results in higher electron density in the p-system
with concomitant stronger CÿH ´´´ C(p) bonding towards the
cation. On the other hand, fivefold CF3 substitution on the Cp
ring sharply decreases the charge in the Cp p-system and thus
weakens the CÿH ´´´ C(Cpÿ) bond. Comparison of the crystal
structure of [Cp]ÿ[Bu4N]� with that of [(CF3)Cp]ÿ[Bu4N]�


does indeed show longer CÿH ´´´ C contacts in the latter
compound.


Not only the DÿH ´´´ A distance, but also the DÿH ´´´ A
angle, determines the strength of classical hydrogen bonds.
Therefore, the bonding angles of CÿH ´´´ C(Cpÿ) interactions
should also be taken into account. However, CÿH ´´´ C(Cpÿ)
interactions differ markedly from classical hydrogen bonds, as
the hydrogen-bond acceptor is not a localized electron density
but a diffuse p-cloud. It is therefore not straightforward to
define hydrogen-bond angles in CÿH ´´´ Cpÿ bonding. Should
the angle be defined with respect to the ring centre or the
nearest C atom? Ab initio calculations show an energy
minimum for hydrogen bonding to the ring centre. There is,
however, very poor agreement between this calculated, most
stable geometry for CÿH ´´´ Cpÿ bonding (in which the CÿH
unit binds perpendicular to the centre of the Cp ring,
Figure 10) and the experimentally observed CÿH ´´´ Cpÿ


bonding geometries. Such deviation from ideal bonding
geometry is caused not only by the extremely shallow energy
surface for the CÿH ´´´ Cpÿ interaction (Figure 11), but also by
a statistical factor. This situation is comparable with the rarely
observed linearity of classical hydrogen bonds: linear OÿH ´´´
O hydrogen bonds are the most stable. However, statistical
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database analyses show a maximum around 1658. Two factors
are responsible for this effect.
1) The hydrogen-bond energy decreases with cosY (Y is the


hydrogen-bond angle), such that small deviations from
linearity have extremely small effects on the energy.


2) Statistics: the number of possible structures for a bent
DÿH ´´´ A geometry is larger than for a linear arrangement
(4).[22]


Similar statistical arguments also hold for the experimen-
tally observed geometries of CÿH ´´´ Cpÿ interactions, as the
number of possible structures is larger for off-centre bonding.
Figure 11 shows that an off-centre CÿH donor slightly directs
itself to the edge of the Cp ring, which suggests that the CÿH
´´´ C angles should also be considered. The angles for each
CÿH ´´´ C and CÿH ´´´ Cpc contact, together with their average
value hYi, are given in Table 1. All the CÿH ´´´ C and CÿH ´´´
Cpc angles are larger than 1208 with an overall average value
of 150.88. However, there does not seem to be a very distinct
correlation between bond angles and bond lengths. This is
mainly because of the very shallow energy surface for the
directionality of the CÿH ´´´ Cpÿ interaction and the arbitrary
definition of the CÿH ´´´ C angle as the hydrogen-bond angle.
Nevertheless, in order to facilitate a comparison of X� ´ ´ ´ Cpÿ


bond strength (including angle information) the expression
(ÿcos Y)/d is used (d� the average CÿH ´´´ C distance, Y�
the average CÿH ´´´ C angle). Its value represents a crude
estimate of the strength of CÿH ´´´ Cpÿ hydrogen bonding that
is largely electrostatic in nature and follows Coulomb�s law.
Strong hydrogen bonding is indicated by a large value of
(ÿcos Y)/d. The average d and Y values combined in
(ÿcos Y)/d show that the X� ´ ´ ´ Cpÿ bond strengthens along
the series, X��Ph4P�<Et4N��Bu4N�<Ph2PMe2


��
Et4P��Ph3PMe�, in line with increasing cation acidity. The
(ÿcos Y)/d values likewise illustrate the more pronounced
CÿH ´´´ Cpÿ interactions with alkylated Cp anions. It should
be noted, however, that CÿH ´´´ C angles for the strong
interactions between Ph4P� and tBu(Me)Cpÿ deviate consid-
erably from linearity. This is mainly because of steric
repulsion: the shortest cation ± anion contacts involve the
least-substituted side of the Cp ring. The large angles for the
weak CÿH ´´´ C bonds in [(CF3)Cp]ÿ[Bu4N]� are likewise
remarkable. It should be mentioned, however, that the most
acidic groups (the NÿCH2 groups) do not interact with the Cp
p-system but with the electron-rich F atoms. It is therefore
likely that CÿH ´´´ C(Cpÿ) bonding in [(CF3)Cp]ÿ[Bu4N]� is of
secondary importance and is dominated by CÿH ´´´ F inter-
actions. These interactions keep the Bu-arm in close prox-
imity of the Cp ring, and thus determine the CÿH ´´´ C(Cpÿ)
bond geometry.


An interesting aspect of the tetraphenylphosphonium
cyclopentadienide salts is their unexpected reddish colour.


For example, [Cp]ÿ[Ph4P]� is a dark-red substance in the solid
state as well as in solution. This colour is not typical for Cpÿ


anions in general; the complexes [Cp]ÿ[Et4P]� and
[Cp]ÿ[Et4N]� are colourless. Also, the Ph4P� cation itself is
not a coloured species. Only the combination [Cp]ÿ[Ph4P]� is
red. Therefore, it is presumed that this intense colour
originates from a charge-transfer process between the anion
and cation. Such a process also explains the black appearance
of crystals of [tBu(Me)Cp]ÿ[Ph4P]� (the extremely dark-red
colour of the substance can only be seen in small micro-
crystals). We observed that crystals of [Cp*]ÿ[Ph4P]� are also
black (extremely dark red). Alkylation of the Cp anion
facilitates its oxidation[23] and intensifies the charge-transfer
process. The species [Cp]ÿ[Ph3PMe]� and [Cp]ÿ[Ph2PMe2]�


are also reddish. However, the intensity and colour depend
on the number of Ph substituents on the phosphorus
atom: [Cp]ÿ[Ph4P]� (dark red)> [Cp]ÿ[Ph3PMe]� (red)>
[Cp]ÿ[Ph2PMe2]� (orange).


CÿH ´´´ Cpÿ bonding in alkali metallocene phosphonium
complexes : Over the last few years, we have published
a series of crystal structures of anionic alkali metallo-
cene sandwich complexes with Ph4P� as the
counterion: [Cp2Li]ÿ[Ph4P]� , [Cp2Na]ÿ[Ph4P]� and
[Cp3Cs2]ÿ[Ph4P]� .[24, 14, 25] Anionic alkali metallocenes can also
function as donors in CÿH ´´´ Cpÿ hydrogen bonding. Detailed
analyses of their crystal structures show that networks of
intermolecular bonding do indeed exist (Figure 12). In all
cases, the shortest contact between cation and anion is a
(cation)CÿH ´´´ Cpÿ interaction (Table 2).


Figure 12. a) The shortest intermolecular CÿH ´´´ C(Cpÿ) distances in the
isomorphous crystal structures of [Cp2Li]ÿ[Ph4P]� and [Cp2Na]ÿ[Ph4P]� are
2.75 and 2.71 �, respectively. b) The shortest intermolecular CÿH ´´´
C(Cpÿ) distance in the crystal structure of [Cp3Cs2]ÿ[Ph4P]� .
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The crystal structures of [Cp2Li]ÿ[Ph4P]� and
[Cp2Na]ÿ[Ph4P]� are isomorphous. The data in Table 2 show
only a slightly shorter CÿH ´´´ Cpÿ contact between [Ph4P]�


and [Cp2Na]ÿ . Both structures, however, show very weak
overall hydrogen bonding between the anion and cation.
Stronger hydrogen bonding is observed in [Cp3Cs2]ÿ[Ph4P]�


(Figure 12b). The stronger hydrogen-bond acceptor character
of the caesocene anion, [Cp3Cs2]ÿ , is in line with high ionicity
and the long bond length in the CpÿCs unit.


Tetraphenylphosphonium complexes not only of cyclo-
pentadienide anions, but also of alkali metallocene anions are
coloured substances. The colour intensifies and shifts towards
red along the sequence: [Cp2Li]ÿ[Ph4P]� (yellow)
![Cp2Na]ÿ[Ph4P]� (orange)![Cp3Cs2]ÿ[Ph4P]� (red)!
[Cp]ÿ[Ph4P]� (dark red). This is the row along which the
Cp ± M distance increases, that is, the row along which the Cp
anion gradually becomes ªfreeº and its oxidation potential
decreases. The hydrogen-bond acceptor abilities increase
along the same row.


Although not recognized by the authors, strong CÿH ´´´ C
bonding is observed in the recently published crystal structure
of [(tBuCp)2Li]ÿ[Ph2PMe2]� .[26] Anions and cations are ar-
ranged alternately in a linear chain and are connected by short
interactions between the most acidic PÿMe groups and the
tBuCp anions (Figure 13). The considerable strength of
hydrogen bonding in this complex arises on the one hand
from the availablity of an acidic CÿH donor (the P-Me unit)
and on the other hand from the presence of a strong hydrogen
acceptor (an alkylated Cp ring).


Figure 13. The crystal structure of [(tBuCp)2Li]ÿ[Ph2PMe2]� consists of a
linear array of alternating anions and cations, which show strong
intermolecular CÿH ´´´ C hydrogen-bonding interactions.


Conclusion


The Cp anions in the crystal structures of ammonium and
phosphonium cyclopentadienide complexes can not be con-


sidered as naked. Likewise, the ammonium and phosphonium
cations in such complexes can not be thought of as non-
coordinating cations. Intermolecular bonding through char-
acteristic CÿH ´´´ C(Cpÿ) interactions results in the formation
of polymeric networks. One of the networks observed most
often is a chain structure of alternating cations and anions
(reminiscent of polymer chains of cyclopentadienyl ± alkali-
metal compounds). Higher, linked polymers with additional
intermolecular interaction between the chains are also
formed.


Experimental and theoretical observations show that
intermolecular CÿH ´´´ C(Cpÿ) bonding displays similar char-
acteristics to the hydrogen bond.
1) Directionality (albeit weak).
2) Correlation between CÿH acidity and CÿH ´´´ C bond


lengths.
3) Correlation between the strength of the hydrogen-bond


acceptor and CÿH ´´´ C bond lengths.
Thus, the CÿH ´´´ (Cpÿ) contact can be truly regarded as a


hydrogen-bond interaction.
Likewise, combinations of an alkali metallocene anion with


a phosphonium cation show such CÿH ´´´ C(Cpÿ) hydrogen
bonds in the crystalline state. Although these intermolecular
interactions are less important than those in the crystal
structures of ammonium and phosphonium cyclopentadienide
complexes, their contribution to the crystal packing can still
be significant (especially when acidic cations and alkylated Cp
anions are involved).


The reddish colour of [Cp]ÿ[Ph4P]� and [Cp2M]ÿ[Ph4P]�


complexes is presumably due to a charge-transfer process
between the anion and cation. The colour intensifies along the
series [Cp2Li]ÿ[Ph4P]� (yellow)![Cp2Na]ÿ[Ph4P]� (orange)
![Cp3Cs2]ÿ[Ph4P]� (red)![Cp]ÿ[Ph4P]� (dark red)!
[tBu(Me)Cp]ÿ[Ph4P]� (black), as the Cp anion gradually
becomes free, and its oxidation potential decreases. The
hydrogen-bond acceptor ability of the anion increases along
the same series.


Experimental Section


All experiments were carried out under an inert argon atmosphere with
Schlenk techniques and syringes. Solvents were freshly distilled from
calcium hydride or sodium/benzophenone before use. NMR spectra were


Table 2. A list of the shortest CÿH ´´´ C contacts (including angles) to each C atom and the centre of the Cp ring in a series of alkalimetallocene phosphonium
complexes (the shortest CÿH ´´´ C contact between cation and anion is underscored).[a] The average values and the quantity (ÿcoshYi)/hdi are also given.


CH ´´´ C [�] CH ´´´ Cpc hdi (ÿcoshYi)/hdi
CÿH ´´´ C [8] CÿH ´´´ Cpc hYi [�1000]


[Cp2Li]ÿ[Ph4P]�[24] 2.75 2.88 2.90 3.05 3.12 3.16 2.977 232
1438 1308 1218 1388 1368 1348 133.78


[Cp2Na]ÿ[Ph4P]�[14] 2.71 2.74 2.94 3.03 3.07 3.11 2.933 230
1388 1368 1248 1288 1388 1318 132.58


[Cp3Cs2]ÿ[Ph4P]�[25] 2.62 2.70 2.98 2.99 3.03 3.04 2.893 259
1478 1388 1278 1258 1578 1378 138.58


[tBuCp2Li]ÿ[Ph2PMe2]�[26] 2.66 2.70 2.77 2.87 3.04 2.76 2.800 312
1438 1498 1608 1498 1418 1648 151.0
2.53 2.82 2.90 3.12 3.18 3.02 2.928 316
1588 1448 1588 1498 1578 1798 157.58


[a] For sake of comparison the hydrogen atoms have been placed at idealized positions with a CÿH distance of 1.08 �.
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recorded on Bruker AC 250 (250 MHz) and WM 250 (250 MHz) machines.
1H NMR frequencies were referenced internally to the solvent: acetoni-
trile, 1.93; methanol, 3.30; and pyridine, 8.71. The Wittig reagents described
here were prepared by reacting the corresponding phosphonium bromide
(or iodide) with KN(TMS)2 (1.0 equiv) (or NaNH2 in the case of
Et3P�CHMe) in THF. A clear solution was then isolated and the solvent
and amine subsequently removed in vacuo. NMR analyses of crystalline
ammonium and phosphonium cyclopentadienide samples showed that the
C5H5


ÿ :R4N� (or R4P�) ratio was generally 5 ± 20 % too low. This is because
of partial decomposition of the highly reactive, free cyclopentadienide
anion (probably by hydrolysis and partial H/D exchange with the
deuterated solvent).


X-Ray crystallography : Crystal structure measurements were performed
on an Enraf ± Nonius CAD4 diffractometer with MoKa X-ray radiation
(0.71073 �). All crystals were mounted on glass fibre under a thin layer of
paraffin oil. The structures were solved with SHELXS-86[27] and refined
with the SHELXL-93[28] programs. No absorption corrections were applied.
The EUCLID package was used for all plots and geometry calculations.[29]


In all the structure determinations, hydrogen atoms were located in the
difference Fourier map and refined freely with isotropic displacement
factors. However, calculated hydrogen-atom positions (CÿH� 1.08 �)
were used for a comparison of CÿH ´´´ C(Cpÿ) bonding. In most cases the
hydrogen positions are fixed unambigously by the heavy-atom positions.
Only with Me groups as the hydrogen-bond donors ([Cp]ÿ[Ph3PMe]� ,
[Cp]ÿ[Ph2PMe2]� and [tBu(Me)Cp]ÿ[Ph3PMe]�) might there be strong
deviation between calculated and observed positions. However, all
observed hydrogen geometries show, within error, staggered MeÿPR3


structures as used in the calculation model. The crystal structure data
have been summarized in Table 3. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Center as supplementary publica-
tion no. CCDC-101843 and 101848. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Ab initio calculations : Ab initio calculations were performed with gradient
optimization techniques, tight convergence criteria (opt� tight) and the
standard basis set, 6-311��G** incorporated in the GAUSSIAN-94
program system.[30] All optimizations were performed at the MP2(fc) level.


The need to include this electron-correlation approximation in geometry
optimizations of the weakly bound systems studied here is shown by a
comparison with RHF-optimized geometries. The RHF-optimized com-
plexes showed similar geometry minima, but with much longer CÿH ´´´ C
distances and smaller binding energies. However, RHF/6-31�G*-opti-
mized structures were used in the frequency analyses (optimized complexes
showed only positive frequencies) and in an approximation of zero-point
energies (all energies in the text have been corrected for zero-point
vibration). Charges have been calculated by use of the natural population
analysis (NPA). Mulliken population analyses failed to give a useful and
reliable characterization of the charge distribution in many cases, especially
when highly ionic compounds were involved. Charges calculated according
to NPA did not show these deficiencies and were relatively independent of
the basis set.[31]


Synthesis of [Cp]ÿ[Et4N]�: CpNa (1.50 g, 17.0 mmol) and Et4NCl (2.82 g,
17.0 mmol) were mixed in pyridine (30 mL). The resulting, slightly turbid
solution was centrifuged, and the clear solution was slowly cooled over
15 hours to ÿ35 8C. Colourless, needlelike crystals were precipitated from
the yellow solution. The crystals were isolated by quick filtration and
washed twice with THF (5 mL). Yield� 1.95 g, 59%; 1H NMR (CD3CN,
25 8C): d� 1.52 (t, J� 7.0 Hz, 12H; Me), 3.08 (q, J� 7.0 Hz, 8 H; CH2), 5.43
(s, Cp).


Synthesis of [Cp]ÿ[Et4P]�: Cyclopentadiene (0.40 g, 6.05 mmol) was added
to a solution of Et3P�CHCH3 (0.33 g, 2.26 mmol) in THF (10 mL). A white
suspension formed immediately and was then centrifuged. The remaining
white solid was washed twice with hexane (15 mL) and then dried in vacuo.
The resulting white powder was dissolved in pyridine (8 mL) and then
carefully layered with hexane (10 mL). The product crystallized as long,
colourless needles (yield� 0.36 g, 75%). 1H NMR ([D5]pyridine, 25 8C):
d� 0.97, 1.04 (dt, 3J(H,H)� 7.7 Hz, 3J(P,H)� 17.7 Hz, 12H; Me), 1.88, 1.93
(dq, 3J(H,H)� 7.7 Hz, 2J(P,H)� 13.2 Hz, 8 H; CH2), 6.43 (s, Cp).


Synthesis of [Cp]ÿ[Ph3PMe]�: Cyclopentadiene (1.0 g, 15.1 mmol) was
added to a yellow solution of Ph3P�CH2 (0.38 g, 1.38 mmol) in Et2O
(10 mL). The solution turned red and a bright-red precipitate was formed,
which slowly turned into an oil. The oily product was recrystallized from
hot THF and yielded red, needlelike crystals (0.26 g, 55 %). 1H NMR
([D5]pyridine, 25 8C): d� 2.90 (d, 2J(P,H)� 13.5 Hz, 3 H; Me); 6.57 (s, Cp),
7.20 ± 7.69 (m, 15 H; Ph).


Table 3. Summary of crystal structure determination data.


[Cp]ÿ[Et4N]� [Cp]ÿ[Et4P]� [Cp]ÿ[Ph3PMe]� [Cp]ÿ[Ph2PMe2]� [tBu(Me)Cp]ÿ[Ph4P]� [Me4C2Cp2]2ÿ[(Et4P)2]2�


crystal dimensions [mm3] 0.2� 0.2� 0.6 0.3� 0.4� 0.6 0.2� 0.2� 0.5 0.3� 0.3� 0.5 0.3� 0.5� 0.5 0.3� 0.3� 0.3
colour colourless colourless orange red black[a] colourless
crystal system monoclinic orthorhombic monoclinic triclinic monoclinic orthorhombic
space group P21/c P212121 P21/n P1Å P21/n Pbca
a [�] 10.207(2) 7.888(9) 10.287(2) 9.5134(7) 10.440(2) 14.354(2)
b [�] 7.7601(5) 10.195(1) 12.304(1) 9.6661(9) 14.737(3) 15.069(1)
c [�] 16.122(3) 16.930(2) 14.997(3) 9.7347(9) 17.805(1) 14.989(1)
a [8] 90.0 90.0 90.0 94.018(7) 90.0 90.0
b [8] 92.398(8) 90.0 99.030(8) 115.014(7) 104.22(1) 90.0
g [8] 90.0 90.0 90.0 99.179(7) 90.0 90.0
V [�3] 1275.8(2) 1361(2) 1874.7(5) 791.3(1) 2655.4(8) 3242.0(5)
formula C13H25N C13H25P C25H23P C19H21P C34H35P C32H60P2


Z 4 4 4 2 4 4
1calcd [gcmÿ3] 1.017 1.036 1.256 1.177 1.187 1.038
2qmax [8] 54.9 52.9 53.0 51.9 49.9 51.0
l [�] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
scan mode w-2q w-2q w-2q w-2q w-2q w-2q


T [8C] ÿ 120(2) ÿ 105(2) ÿ 120(2) ÿ 75(2) ÿ 120(2) ÿ 105(2)
reflmeas 3074 3167 8181 3295 4927 2992
reflindep (Rint) 2914(0.016) 2812(0.023) 3870(0.069) 3097(0.022) 4655(0.020) 2992(0.0)
reflobs [I> 2s(I)] 2275 2346 2308 2171 3204 1713
refined parameters 227 227 318 265 456 274
R1 [I> 2s(I)] 0.042 0.037 0.050 0.039 0.044 0.047
wR2 [I> 2s(I)] 0.108 0.080 0.099 0.082 0.115 0.094
R1 (all data) 0.063 0.060 0.108 0.089 0.092 0.131
wR2 (all data) 0.120 0.087 0.121 0.096 0.144 0.119
largest diff. peak/hole [e�ÿ3] 0.153/ÿ 0.231 0.176/ÿ 0.218 0.247/ÿ 0.298 0.297/ÿ 0.306 0.260/ÿ 0.248 0.336/ÿ 0.205


[a] Small fragments of the crystal show an extremely dark-red colour.
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Synthesis of [Cp]ÿ[Ph2PMe2]�: Ph2(Me)P�CH2 (0.45 g, 2.10 mmol) was
carefully layered with THF (10 mL), such that a solution with a concen-
tration gradient was formed. This solution was layered with cyclopenta-
diene (0.40 g, 6.05 mmol). Orange crystals were formed overnight (0.15 g,
25%). All crystals show holes or open spaces inside, but can be easily cut
into fragments suitable for X-ray diffraction. 1H NMR ([D5]pyridine,
25 8C): d� 2.45 (d, 2J(P,H)� 14.8 Hz, 6H; Me), 6.57 (s, Cp), 7.20 ± 7.80 (m,
10H; Ph).


Synthesis of [tBu(Me)Cp]ÿ[Ph4P]�: Addition of caesium 3-methyl-3-
pentanolate (1.70 g, 7.27 mmol) to Me(tBu)CpLi (1.0 g, 7.03 mmol) dis-
solved in THF yielded a yellow solution. The solvent was removed and the
remaining white powder was dried (0.01 Torr, 80 8C; 30 min) and sub-
sequently washed with dry hexane (3� 15 mL). The product, tBu-
(Me)CpCs, was then dried (0.01 Torr, 60 8C, 30 min). A solution of
tBu(Me)CpCs (0.40 g, 1.49 mmol) in THF (8 mL) was added to a
suspension of Ph4PCl (0.28 g, 0.75 mmol) also in THF (2 mL). This gave
a slightly turbid, red solution which was centrifuged. The clear, dark-red
solution was carefully layered with hexane. After several days, large
cubelike black (or very dark red) crystals were formed (yield� 0.25 g, 70%
based on Ph4PCl). Quenching of the crystals in CD3OD and subsequent
NMR analysis of the resulting solution showed the composition to be
[tBu(Me)Cp]ÿ[Ph4P]� .


Synthesis of [Me4C2Cp]2ÿ[(Et4P)2]2� : Me4C2(CpH)2
[32] (0.20 g, 0.93 mmol)


was added to a solution of Et3P�CHMe (0.28 g, 1.93 mmol) in THF
(12 mL). The resulting solution was slowly cooled to ÿ20 8C to give
colourless crystals (yield� 0.20 g, 42 %). Quenching of the crystals in
CD3OD and subsequent NMR analysis of the resulting solution showed the
composition [Me4C2Cp]2ÿ[(Et4P)2]2�.
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Stereoselective Double-Helicate Assembly from Chiral
2,2':6',2'':6'',2'''-Quaterpyridines and Tetrahedral Metal Centres


Gerhard Baum,[b] Edwin C. Constable,*[a] Dieter Fenske,[b]


Catherine E. Housecroft,[a] and Torsten Kulke[a]


Abstract: A pair of chiral 2,2':6',2'':
6'',2'''-quaterpyridine ligands 1 and 2
have been prepared and shown to dia-
stereoselectively assemble double-heli-
cal coordination compounds. The com-
plexation of 1 or 2 with copper(i) or
silver(i) leads to dinuclear double heli-
cates [M2(L)2]2� with high diastereose-
lectivity [diastereomeric excess (d.e.)�
96 %] for the formation of P or M
helicates. Circular dichroism (CD) stud-
ies of the helicates in solution reveal
intense activity in the region of


320 ± 328 nm that is diagnostic of P or
M helical chirality. On the basis of the
CD spectra it is proposed that the
dominant diastereomers with 1 possess
P helicity, whilst those with 2 possess M
helical chirality. These proposals have
been confirmed by solid-state struc-


tural determinations of the dominant
diastereomers of [Cu2(1)2][PF6]2 ´
2 MeCN, [Cu2(2)2][PF6]2 ´ 2 MeCN and
[Ag2(1)2][PF6]4 ´ 0.33 H2O. Redistribu-
tion reactions of dicopper(i) and disil-
ver(i) helicates lead to the stereoselec-
tive assembly of heterodinuclear heli-
cates, whereas the reaction of [Cu2(1)2]2�


with [Cu2(2)2]2� leads to the formation of
the heterochiral, heterostranded species
[Cu2(1)(2)]2�.


Keywords: chirality ´ chiral resolu-
tion ´ helical structures ´ N ligands ´
solid-state structures ´ supra-
molecular chemistry


Introduction


Helical coordination compounds are often prepared by self-
assembly methods in which appropriate ligands react with
suitable metal ions.[1±4] Helices are inherently chiral and
possess a plus (P) or minus (M) handedness. Metal-directed
assembly of achiral ligands to form helicates must give a
racemic mixture of enantiomeric P and M helices if parity is
conserved. In exceptional cases, complete or partial sponta-
neous resolution occurs upon crystallization of such race-
mates,[5, 6] but the total amounts of P and M helicates within
the system remain constant. In order to obtain excesses of the
P or M helicates, it is necessary to have an additional source of
chirality in the system, such that the two are related as
diastereomers rather than enantiomers. This is most readily
achieved through the use of chiral ligands, and a number of
examples of self-assembly processes involving such ligands
have been reported.[7±18] Our initial studies with chiral


2,2':6',2''-terpyridine ligands demonstrated the formation of
P or M helicates in reasonable diastereomeric excess when
chiral substituents were incorporated in the 6- but not the 4'-
position.[19±23] Double helicates formed from two tetrahedral
metal centres and two 2,2':6',2''-terpyridine ligands are
inherently unstable as a result of the incommensurate
matching of donor (six nitrogen donors) and acceptor (eight
coordination sites) properties. In this paper we describe an
extension of these studies to the diastereoselective formation
of P or M helicates from chiral 2,2':6',2'':6'',2'''-quaterpyri-
dines.[24, 25]


Results and Discussion


2,2':6',2'':6'',2'''-Quaterpyridine helicates and ligand design :
The ligand 2,2':6',2'':6'',2'''-quaterpyridine (qtpy) may be
partitioned into two didentate 2,2'-bipyridine metal-binding
domains and has been shown to form dinuclear double
helicates with metal ions that favour a tetrahedral coordina-
tion geometry, such as copper(i) or silver(i).[26±29] It has also
been shown that the introduction of substituents into the 6
position of 2,2'-bipyridine metal-binding domains results in
the stabilization of tetrahedral over octahedral coordination
geometries.[30±33]


Von Zelewsky and co-workers have shown that pinene-
based chirality can be easily combined with 2,2'-bipyridine
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metal-binding domains, and that such ligands undergo stereo-
selective complexation reactions with transition metal
ions[34, 35] and may be used as enantioselective building blocks
in metallosupramolecular chemistry.[11, 36, 37] More recently,
copper(i) complexes with pinene-functionalized 1,10-phenan-
throline complexes have also been shown to be formed
stereoselectively.[38] The great advantage of the pinene-based
systems is the stability of the chiral auxiliaryÐit is extremely
unlikely that subsequent manipulation of the system will
result in racemization of the auxiliary. In order to maximize
chiral induction and to eliminate additional complexity from
the formation of head-to-head (HH) or head-to-tail (HT)
isomers,[39] we decided to prepare the bifunctionalized C2


symmetrical chiral ligands 1 and 2.
A double helix possesses an inherent clockwise or anti-


clockwise helicity. The chirality is determined from the view
along the principal helical axis: a clockwise motion corre-
sponds to a P and an anticlockwise motion to an M helix.
Achiral ligands yield a racemic mixture of P and M helicates,
and separation by chromatographic methods with chiral
supports or mobile phases is not viable when labile metal
centres are involved. In order to selectively form P or M
helicates it is necessary to include additional stereochemical
information in the system. With chiral ligands, the P and M
helicates are related as diastereomers. In contrast to enan-
tiomers, diastereomers have different chemical and physical
properties and will not necessarily be formed in equal
amounts. A homochiral ligand containing two chiral auxil-
iaries can exist as a pair of S,S or R,R enantiomers; if the
functionality is symmetrically disposed, no HH or HT isomers
are formed, and a total of four homoleptic double helicates
(Figure 1) are possible. Of these, the (P)-(R,R ;R,R) and (M)-
(R,R ;R,R) helicates are diastereomers, as are the (P)-(S,S ;S,S)
and (M)-(S,S ;S,S) pair. In contrast, the (P)-(R,R ;R,R) and
(M)-(S,S ;S,S) helicates are related as enantiomers, as are the
(P)-(S,S ;S,S) and (M)-(R,R ;R,R) pair. Thus, if an enantio-


  P-(R,R;R,R)


 = (R)-chirality


 = (S)-chirality


M-(S,S;S,S) P-(S,S;S,S)


  M-(R,R;R,R)


diastereomers


enantiomers


Figure 1. The introduction of chiral substituents into a helicand results in
the formation of diastereomeric double helicates. Inversion of all chirality
(M$P, R$ S) gives the enantiomeric pairs of compounds {(P)-(R,R ;R,R)
and (M)-(S,S ;S,S)} and {(P)-(S,S ;S,S) and (M)-(R,R ;R,R)}. All other
combinations of compounds are related as diastereomers.


merically pure ligand is taken, a pair of diastereomeric (P)-
(S*,S*;S*,S*) and (M)-(S*,S*;S*,S*) helicates will be formed.
Any chiral induction will be expressed as an excess of the P or
M helicate. With labile metal centres, the system is expected
to reach thermodynamic equilibrium between the P or M
helicates and, assuming that no interconversion of ligand
chirality occurs, the measured diastereomeric excess (d.e.)
depends only on the free-energy difference between the two
helicates.


The use of a racemic mixture of ligands containing both the
S,S and R,R enantiomers would lead to additional isomeric
possibilities. In addition to the homoleptic helicates discussed
above, the heteroleptic pair of helicates (P)-(S,S ;R,R) and
(M)-(R,R ;S,S) could be produced. These are related as a pair
of enantiomers, although the S,S and R,R ligands are chemi-
cally (and magnetically) different in each case. With the
specific system chosen, in which each ligand possesses two
centres of chirality, there is also the possibility of a third,
achiral, meso isomer of the ligand, in which each ligand bears
one R and one S chiral centre. This R,S ligand will not be
discussed further, but we note that in this case, the P and M
helicates are now related as enantiomers, and that HH and
HT isomers are also possible.


Preparation of the chiral 2,2'':6'',2'''':6'''',2''''''-quaterpyridines 1
and 2 : The synthetic approach adopted is presented in
Scheme 1 and is based upon the Kröhnke pyridine syn-
thesis.[40] The activated 6,6'-diacetyl-2,2'-bipyridine derivative
3 is the key intermediate for the chiral quaterpyridines 1 and
2, and is obtained directly from the reaction of 6,6'-diacetyl-
2,2'-bipyridine with iodine and pyridine.[41] The enone chosen
for reaction with 3 determines the chirality and substitution
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pattern in the final oligopyridine, and the use of (�)- or (ÿ)-
pinocarvones produces the desired 5,6;5'''6'''-disubstituted
ligands.


The reaction of freshly prepared 3 with (1R,5R)-(�)-
pinocarvone under an inert atmosphere in the presence of
an excess of [NH4][OAc] proceeded smoothly in boiling
glacial acetic acid containing 10 % acetic anhydride to give
compound 2. The enantiomer (all-S)-1 was prepared in a
similar manner from (1S,5S)-(ÿ)-pinocarvone. Other solvents
were found to be less effective and it appears to be crucial that
freshly prepared 3 is used. The new ligands (all-S)-1 and (all-
R)-2 were obtained as microanalytically pure, white solids in
over 80 % yield after recrystallization from ethanol.


The time-of-flight (TOF) mass spectra of 1 and 2 showed
molecular-ion peaks at m/z� 499 together with peaks as-
signed to sodium and potassium adducts. The 1H NMR
spectra (Tables 1, 2) were well-resolved and fully assigned by
chemical shift comparison and NOE-difference spectroscopy.
Further discussion of the spectra is reserved until later.


The chiral ligands were also studied by polarimetry and CD
spectroscopy. The optical rotations (Na-D line) were of the
same magnitude but opposite in sign (Table 3). The recrystal-
lized ligands possess an enantiomeric purity similar to, or
better than, that of the starting pinacarvones and the CD


responses are, within experimental error, equal and opposite
for 1 and 2 ; signal intensities were lower than De�
5 molÿ1 L cmÿ1 with a maximum absorption difference at
269 nm and weaker signals at 301 nm with De�
1.4 molÿ1 L cmÿ1. These correspond to maxima at 265 and
300 nm, assigned to n ± p* or p ± p* transitions in the
electronic absorption spectrum.


Synthesis of metal complexes : The complexes [Ag2(L)2][PF6]2


(L� 1 or 2) were prepared by ultrasonication of an equimolar
mixture of silver(i) acetate and the appropriate ligand in
MeOH followed by precipitation of the [PF6]ÿ salts. Deep red
solutions of the copper(i) complexes were obtained from the


O


N
N N


N


N


O


N


N


O


N


(1R,5R)-(+)-pinocarvone


2


NH4OAc,


I


I


3


Scheme 1. Preparation of chiral quaterpyridines.


Table 1. 1H NMR spectroscopic data (250 MHz) for the aromatic reso-
nances of CDCl3 solutions of the ligand 1 and CD3CN solutions of the
complexes [Ag2(1)2][PF6]2 and [Cu2(1)2][PF6]2. Data are only given for the
major diastereomer of each complex. The spectra of 2 and the complexes
[Ag2(2)2][PF6]2 and [Cu2(2)2][PF6]2 are identical to those of their enan-
tiomers within experimental error.


N


4B 1


H3C


CH3
N


4A


5


9A
9B


R


3A
4A


3B4B


5B B
A


7


8


3A/d 4A/d 3B/d 4B/d 5B/d


1 8.31 d 7.38 d 8.42 dd 7.94 t 8.62 dd
[Ag2(1)2][PF6]2 7.66 d 7.47 d 8.06 d 7.96 t 7.74 d
[Cu2(1)2][PF6]2 7.87 d 7.56 d 7.89 dd 7.67 t 7.46 dd


Table 2. 1H NMR spectroscopic data (250 MHz) for the aliphatic resonances of CDCl3 solutions of the ligand 1 and CD3CN solutions of the complexes
[Ag2(1)2][PF6]2 and [Cu2(1)2][PF6]2. Data are only given for the major diastereomer of each complex. The spectra of 2 and the complexes [Ag2(2)2][PF6]2 and
[Cu2(2)2][PF6]2 are identical to those of their enantiomers within experimental error.


H1/d H4A/d H4B/d H5/d H7/d H8/d H9A/d H9B/d


1 2.83 t 3.21 d 3.21 d 2.41 m 0.69 s 1.43 s 1.33 d 2.72 m
[Ag2(1)2][PF6]2 2.85 t 2.63 dd 1.65 dd 1.94 m 0.36 s 1.30 s 0.98 d 2.66 m
[Cu2(1)2][PF6]2 2.90 t 2.35 dd 2.23 dd 2.00 m 0.37 s 1.30 s 1.24 d 2.69 m


Table 3. Compilation of the free ligand and complex rotational values and
CD signal intensities. The [a]D and [M]D values come from polarimetric
measurements and the De values from CD spectroscopy. All data for the
free ligands 1 and 2 are for CHCl3 solutions, whilst those for the complexes
refer to CH3CN solutions.


[a]D


[8gÿ1 cm3 dmÿ1]
[M]D


[8cm3 dmÿ1 molÿ1] [a]


Demax


[molÿ1 l cmÿ1]


1 � 66.8[b] � 333[b] De269 �4.6[c]


2 ÿ 67.0[b] ÿ 334[b] De269 ÿ4.4[c]


P-[Ag2(1)2]2� � 1 128[d] � 16 950[d] De320 �273[e]


M-[Ag2(2)2]2� ÿ 1 132[d] ÿ 17 012[d] De320 ÿ276[e]


P-[Cu2(1)2]2� � 2 126[d] � 30 068[d] De328 �341[e]


M-[Cu2(2)2]2� ÿ 2 138[d] ÿ 30 237[d] De328 ÿ346[e]


[a] [M]D� [a]D�MW/100. [b] c� 0.63 g cmÿ3. [c] Concentrations of 1 and
2, 3.81� 10ÿ4 and 4.71� 10ÿ4 mol lÿ1, respectively. [d] Concentrations of
[Ag2(1)2]2�, [Ag2(2)2]2�, [Cu2(1)2]2� and [Cu2(2)2]2� were 0.166, 0.128,
0.0285 and 0.0282 gcmÿ3, respectively. [e] Concentrations of [Ag2(1)2]2�,
[Ag2(2)2]2�, [Cu2(1)2]2� and [Cu2(2)2]2� were 3.22� 10ÿ4, 3.03� 10ÿ4, 2.01�
10ÿ4 and 1.63� 10ÿ4 mol lÿ1, respectively.







Double Helicates 1862 ± 1873


Chem. Eur. J. 1999, 5, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1865 $ 17.50+.50/0 1865


reaction of [Cu(MeCN)4][PF6] and 1 or 2 by ultrasonication of
deaereated MeCN solutions. In all cases, the crude products
consisted of a mixture of major and minor diastereomers, but
slow diffusion of diethyl ether into the MeCN solutions
gave microanalytically pure, single diastereomers of
[M2(L)2][PF6]2. The presence of the substituents in the
6-position results in high oxygen stability for the copper(i)
complexes; solutions of [Cu2(L)2]2� in MeCN (10ÿ4M) are
unchanged after exposure to air for one year.


Yields of the crude complexes were in excess of 95 % and
no polymeric or other side-products were observed by tlc
analysis of the reaction mixtures. The chiral auxiliary confers
high solubilities on the complexes in halogenated solvents and
typically 15 mg of complex may be dissolved in 0.5 mL of
CH2Cl2. The TOF mass spectra of the complexes support the


dinuclear formulation and exhibit [MÿPF6]� peaks at m/z�
1269 and 1358 for [Cu2(L)2][PF6]2 and [Ag2(L)2][PF6]2,
respectively.


1H NMR spectroscopic studies : The metal complexes are
diamagnetic and their 1H NMR spectra are well-resolved and
so provide a convenient method of assessing the diastereose-
lectivity of helicate formation. The 1H NMR spectra of
CD3CN solutions of the crude precipitates consisted of a
major (>97.5 %) and a minor set of resonances, (Figures 2, 3).
The spectra of the complexes obtained with 1 and 2 were
identical. The ratio of diastereomers is best seen by consid-
ering the singlet assigned to H9A (inset, Figure 2). The two
species in solution are the diastereomeric P and M helicates. If
the major resonances correspond to the P helicate with 1, then


Figure 2. 1H NMR spectrum (250 MHz, CD3CN) of the diastereomerically pure complex [Cu2(1)2][PF6]2 as obtained after a single recrystallization. The
peaks marked with an asterisk arise from residual NMR solvent or the diethyl ether used in the recrystallization. The inset displays a part of the spectrum of
the crude complex with the integral values showing the 2:155 ratio of diastereomeric complexes obtained initially.


Figure 3. 1H NMR spectrum (250 MHz, CD3CN) of the diastereomerically pure complex [Ag2(2)2][PF6]2 as obtained from a single recrystallization. The
peaks marked with an asterisk arise from residual NMR solvent or the diethyl ether used in the recrystallization.
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they correspond to the enantiomeric M helicate with 2 and
vice versa. The 1H NMR spectra of the recrystallized materials
showed only the resonances of the major diastereomer and
confirmed the expected D2 helicate symmetry (Tables 1, 2).
The 1H NMR results suggest that a high degree of stereo-
selectivity has been attained. However, a level of caution is
necessary before this conclusion can be reached.


Whilst there is no doubt that the major and minor signals
correspond to the P and M helicates, the phenomenon has two
possible origins. The first is that chiral induction is high and a
given ligand produces an excess of the P or M diastereomers.
The second is that the starting ligands were not enantiomeri-
cally pure, and as 1 and 2 are enantiomers NMR spectroscopy
will not reveal the presence of the opposite enantiomer. The
starting pinacarvones are more than 99 % enantiomerically
pure, but always contain some of the opposite enantiomer.
The result is that, for example, in the preparation of 1, the
majority of the ligand will possess S,S chirality, but some meso
R,S compound and a very small amount of 2 will also have
been formed. Unless these chiral impurities have been
eliminated during work-up, they will be present in the ligand
used for complexation and will be expressed in the various
diastereomeric helicates.


We have now unambiguously established that the first
explanation is correct. Both dicopper(i) and disilver(i) double
helicates are labile and ligand redistribution reactions occur
over a period of hours to days. As noted earlier, recrystalliza-
tion of the mixture of diastereomers gave only the major
species. Solutions of the recrystallized single diastereomers
slowly regenerate the minor subspectrum. Re-equilibration
takes around 2 days at ambient temperature and restores the
original signal intensities observed in the crude, nonrecrystal-
lized products. As the ligand chirality is frozen, the formation
of the mixture of diastereomers establishes that an equili-
brium between the P and M species does exist, and that the
ratios originally observed reflect the relative stabilty of the
two species and that the complexation methodology leads to
thermodynamic equilibrium. Accordingly, it is meaningful to
discuss the ratios of the major and minor species in detail.


After re-equilibration the major and minor species in
solutions of [Cu2(L)2][PF6]2 were present in ratios of 155:2,
which corresponds to a d.e. of 98.7 %, lnK� 4.35 and DG
(298 K)�ÿ10.8 kJ molÿ1. The diastereoselectivity is less for
the silver complexes [Ag2(L)2][PF6]2 and the two components
are present in re-equilibrated solutions in a ratio of 42:1
(d.e.� 96.3 %, ln K� 3.73 and DG (298 K)�ÿ9.3 kJ molÿ1).
A number of resonances undergo significant changes upon
coordination and give important information regarding intra-
molecular interactions. In general, the resonances of the
aromatic protons are shifted upfield, of which H5B is close to
the interannular CÿC bond between the two bpy domains of a
given ligand and is expected to be especially sensitive to
conformational change. The largest coordination shifts ob-
served are the upfield shifts of H5B by Dd� 0.88 in the silver
complexes and by Dd� 1.16 in the copper complexes. In the
aliphatic region, H4A and H4B are diastereotopic, but are
isochronous in the free ligand even though the protons are in
remarkably different environments, as has previously been
noted in related pinene-substituted pyridines.[34] This degen-


eracy is removed in the helicates and the protons are
separated by d� 0.2 ± 1.0; inter alia, this reveals the 2J geminal
coupling constants of 18 ± 21 Hz. Such an increase in magnetic
degeneracy upon coordination does not appear to be have
observed previously. The silver complexes generally show a
more pronounced shift difference between H4A and H4B than
the copper helicates. Unambiguous assignment of H4A and
H4B was possible through a weak NOE contact between H7


and H4A. The NOE experiments also disclosed that H4A


exhibits a partially resolved, long-distance coupling that
results in a broadening of the doublet, an effect not observed
with H4B. The pinene H7 and H8 protons are sensitive to P or
M helical chirality; the major component of [Cu2(L)2][PF6]2


exhibits singlets at d� 0.37 (H7) and 1.30 (H8), whilst the
corresponding resonances of the minor diastereomer are at
d� 0.75 (H7) and 1.42 (H8). This indicates that the ligands in
the two diastereomers are in distinctly different environments.
On the basis of the 1H NMR spectroscopic data alone we are
unable to say whether the major diastereomers possess P or M
helical chirality.


Re-equilibration experiments : Before addressing the question
of the conformation of the major and minor diastereomers,
some other aspects of the dynamic behaviour of these systems
will be discussed. The lability of the helicates has been
established above and allows some interesting exchange
experiments to be carried out. In a first experiment, equi-
molar amounts of [Cu2(1)2]2� and [Cu2(2)2]2� salts were mixed
and allowed to equilibrate in solution in MeCN. This experi-
ment was expected to give rise to three NMR observable
species; the major and minor diastereomers of the homoleptic
helicates and also a new heteroleptic [Cu2(1)(2)]2� compound.
The homoleptic species would only give rise to two subspec-
tra, because (P)-[Cu2(1)2]2� and (M)-[Cu2(2)2]2� are enan-
tiomers, as are (P)-[Cu2(2)2]2� and (M)-[Cu2(1)2]2�. The
1H NMR spectrum of the mixture shows, after equilibration,
a 155:20:2 mixture of compounds (Scheme 2). The new
component is the C2-symmetrical, heterostranded, heterochi-
ral [Cu2(1)(2)]2� helicate and the ratio of 155:20 corresponds
to ln K� 2.05, DG (298 K)�ÿ5.07 kJ molÿ1. This hetero-
stranded compound is remarkable in that each ligand is
homochiral, but that the two ligands in the complex are
enantiomers. Thus, their net chirality cancels and the only net
chirality arises from the P or M helicity. The (P)- or (M)-
[Cu2(1)(2)]2� helicates are enantiomers and are formed in
equal amounts, but give rise to two sets of NMR signals
because the two ligands are chemically and magnetically
independent. No separation has been attempted because of
the low amounts formed and the kinetic lability of
[Cu2(1)(2)]2�. A related experiment has been independently
reported by Stack.[42]


In a second experiment, we considered the formation of
heterometallic helicates, which we have previously described
in the 2,2':6',2'':6'',2''':6''',2''''-quinquepyridine series.[43±45]


Equimolar amounts of [Cu2(1)2]2� and [Ag2(1)2]2� salts were
mixed and equilibrated in MeCN solution. This is expected to
form a reaction mixture of the major and minor diastereomers
of the starting complexes together with a pair of diastereo-
mers corresponding to (P)- and (M)-[CuAg(1)2]2� heteronu-
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clear species (Scheme 3). To simplify the discussion only the
major solution species will be consideredÐthat is to say the
major diastereomers of each complex. Assuming that the two
starting complexes possess the same helicity (vide infra),
a heterometallic, homostranded, homochiral [AgCu(1)2]2�


helicate of the same helicity as the starting complexes
is expected after equilibration. Equilibration is relatively
fast and 80 % complete after 90 min. After 2 days the ratio
of the major component subspectra was 7:2:7 for the
[Cu2(1)2]2� :[AgCu(1)2]2� :[Ag2(1)2]2� components (Figure 4,
p. 1868). The heterodinuclear [AgCu(1)2]2� helicate has a
lower symmetry than its homometallic congeners, and in the
1H NMR spectrum a C2 rather than a D2 symmetrical species
is observed. It is interesting to note that a statistical 1:2:1
mixture is not formed, although, according to Le Chatelier�s
principle, addition of [Ag2(1)2]2� shifts the equilibrium
towards [AgCu(1)2]2� at the expense of the [Cu2(1)2]2�


complex.


X-Ray structure determinations : The identity of the helical
chirality of the major and minor diastereomers was estab-


lished by a combination of sol-
id-state structural determina-
tion and solution-phase circular
dichroism (CD) spectroscopy.
The crystal and molecular
structures of the major dia-
stereomers of [Cu2(1)2][PF6]2 ´
2 MeCN, [Cu2(2)2][PF6]2 ´
2 MeCN and [Ag2(1)2][PF6]2 ´
0.33 H2O were solved; crystals
were obtained in each case by
the slow diffusion of diethyl
ether vapour into MeCN solu-
tions and were shown by
1H NMR spectroscopy to con-
sist of the pure major diaster-
eomer. Crystal data for the
three determinations are pre-
sented in Table 4.


Solid-state structures of [Cu2(1)2][PF6]2 ´ 2 MeCN and
[Cu2(2)2][PF6]2 ´ 2 MeCN : Both structures were solved in the
noncentrosymmetric orthorhombic space group P212121 and
are identical within experimental error. The solid-state
structures of the [Cu2(1)2]2� cation are presented in Figure 5
(p. 1869) and confirm the double-helical geometry and that
the major diastereomer of [Cu2(1)2]2� exhibits P helical
chirality. The [Cu2(2)2]2� cation exhibted M chirality. The
Flack parameters[46] are close to zero in each case, establishing
the absolute structures. The double-helical nature of the
complexes is clearly seen in the space-filling representation of
the [Cu2(1)2]2� cation in Figure 5b. The bond angles and
distances are within the typical range of similar [Cu2(qtpy)2]2�


cations.[28±31] The CuÿN distances (2.018(3) ± 2.102(4) �) are
unremarkable, although the Cu ´´ ´ Cu distances within the
individual cations of 3.414 and 3.419 � are slightly longer than
observed in some other dicopper(i) qtpy complexes (3.17,
3.32 �)[28±31]Ðan observation attributed to the larger steric
demands of the 5,6-substituted ligands. The helication is
achieved by a twist between the central rings of each ligand


(39.9 ± 43.38), although smaller
twists are also observed at the
outer rings (15.9 ± 20.58). Intra-
strand p-stacking between ter-
minal and central pyridine rings
(3.8 ± 3.9 �) is also observed
and might stabilize further the
helical architecture.


Solid-state structure of
[Ag2(1)2][PF6]2 ´ 0.33 H2O : This
structure was solved in the non-
centrosymmetric cubic space
group F432. The solid-state
structure confirmed the dou-
ble-helical structure (Figure 6a,
p. 1870) and a helical P confor-
mation (best seen in the space-
filling representation in Fig-
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 = (R)-chirality


 = (S)-chirality
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M-(R,R;R,R)


= Cu(I)


  P-(S,S;R,R)  M-(R,R;S,S)


Scheme 2. Stereochemical outcome of re-equilibration experiments with [Cu2(1)2]2� and [Cu2(2)2]2�.
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= Cu(I)
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Scheme 3. Stereochemical outcome of re-equilibration experiments with [Cu2(1)2]2� and [Ag2(1)2]2�
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ure 6b). The Flack parameters confirmed the absolute struc-
tural assignment. The AgÿN distances (2.245(6), 2.343(6) �)
closely resemble those in the parent [Ag2(qtpy)2]2� complex
(2.223 ± 2.409 �).[29, 31] The Ag ´´ ´ Ag distance of 3.230(2) � is
longer than observed in [Ag2(qtpy)2]2� (3.107(2) �)[29, 31] as a
result of pinene-ligand repulsion. As with the copper com-
plexes, the principal twisting occurs between the two central
rings (41.48) although a significant twist of 17.48 occurs
at the outer rings. Once again, intrastrand p-stacking be-
tween terminal and central pyridine rings (3.7 ± 3.9 �) is
observed.


A comparison of the com-
plexes shows that the different
intermetallic (Cu ´´ ´ Cu, 3.414,
3.419 �; Ag ´´´ Ag, 3.230 �)
and metal ± nitrogen distances
(CuÿN, 2.018 ± 2.102 �; AgÿN,
2.245 ± 2.343 �) combine to
change the pitch of the helix.
The Ag ´´´ Ag distance is short-
er than the Cu ´´ ´ Cu distance,
even though the silver cation
(r� 1.14 �) is considerably
larger than the copper cation
(r� 0.74 �). Each metal is in a
distorted tetrahedral arrange-
ment and the metal ± ligand in-
teractions are expressed in bite
angles of 81.3 ± 82.08 in the
dicopper(i) and 73.08 in the
disilver(i) complexes. The de-
creased angles in the latter
complex reflect the longer
AgÿN distances.


Origins of diastereoselectivity :
The solid-state structural deter-
minations allow a detailed anal-
ysis of the origin of the diaster-
eoselectivity. We had expected
the diastereoselectivity to arise
from interactions between
pineno substituents of the two
ligand strands. In the structures
of (P)-[Cu2(1)2]2� and (M)-
[Cu2(2)2]2� the closest contacts
across the helicate between ad-
jacent pinene methyl groups
are 5.0 � (shortest H ´´´ H) and
6.3 � (shortest C ´´´ C). Al-
though the chiral centres are
in closer proximity than in com-
plexes we have prepared pre-
viously,[19, 20] the high level of
diastereoselectivity cannot be
accounted for by these long-
range contacts. The bridging
methylene group of the four-
membered pinene ring is, how-


ever, very close to a central pyridine ring of the other qtpy
helicand and the shortest contacts are 2.65 � (shortest
H ´´´ H) and 4.3 � (shortest C ´´´ C; see Figure 7a, p. 1870).
This short distance explains why the pitch is elongated
compared with previously published structures.[29±31] If the
helical pitch were decreased, then the pinene methylene group
would experience severe steric interactions with pyridine
rings of the other ligand. 1H NMR spectroscopic studies in
solution support this explanation and H9A is shifted upfield in
the complexes compared with the free ligand. In the helicate,
H9A lies above a pyridine ring of the other ligand and is in the


Figure 4. Comparison of the aromatic regions of the 1H NMR spectra (600 MHz, CD3CN) of a 1:1 mixture of
[Cu2(1)2][PF6]2 and [Ag2(1)2][PF6]2: a) after 6 min, predominantly the homometallic copper(i) and silver(i) com-
plexes, and b) after 18 h when equilibrium has been reached. The additional signals correspond to the newly formed
heterometallic complex of the major diastereomer, which possesses the same P helicity as the starting materials.
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shielding region generated by the magnetic anisotropy of the
aromatic ring. The upfield shift for H9A depends on the pitch
and differs in the copper (Dd� 0.09) and silver (Dd� 0.40)
complexes. More interestingly, the methyl protons H7 and H8,
which show no significant intrahelical interactions, are


found at virtually identical shifts in the silver and copper
complexes.


Exchange of the CH2 and C(CH3)2 groups in the complexes
inverts the ligand chirality but maintains the helical chirality.
The energetically disfavoured (P)-[Cu2(2)2]2� helicate may be


Table 4. Crystal data, data collection, and refinement parameters.[a]


[Cu2(1)2][PF6]2 ´ 2 MeCN [Cu2(2)2][PF6]2 ´ 2MeCN [Ag2(1)2][PF6]2 ´ 0.33 H2O


formula C72H74Cu2F12N10P2 C72H74Cu2F12N10P2 C68H68.66Ag2F12N8O0.33P2


Mr 1496.43 1496.43 1502.27
colour, habit red-brown needles red-brown needles pale yellow icosahedra
lattice type orthorhombic orthorhombic cubic
space group P21 21 21 P21 21 21 F 4 3 2
a [�] 14.881(2) 14.902(4) 36.654(4)
b [�] 20.572(2) 20.494(3) 36.654(4)
c [�] 22.435(3) 22.391(3) 36.654(4))
V [�3] 6868.1(15) 6838.2(23) 49 245 (93)
Z 4 4 24
1calcd [gcmÿ3] 1.447 1.454 1.216
F (000) 3088 3088 18256
radiation used MoKa MoKa MoKa


m [mmÿ1] 0.749 0.753 0.582
q range [8] 2.27 ± 26.05 2.41 ± 25.59 1.84 ± 25.10
unique reflections measured 13 160 12 075 3672
unique reflections observed, I> 2s[I] 10 081 9487 2577
parameters 855 855 225
restraints 0 0 13
R 0.0492 0.0592 0.0743
wR2 0.1126 0.1517 0.2169
R (all data) 0.0712 0.0772 0.0956
wR2 (all data) 0.1234 0.1646 0.2403
Weighting factors, a,b[b] 0.0599, 2.0811 0.0999, 3.2614 0.1724, 0.00
Absolute structure parameter 0.005(12) ÿ0.02(2) 0.01(9)
largest difference peak, hole [e �ÿ3] 0.389, ÿ0.310 0.788, ÿ0.511 2.619, ÿ0.481


[a] Details in common: graphite monochromated radiation, Stoe IPDS diffractometer, 200 K, refinement based on F 2. [b] wÿ1� [s2(F 2
o )� (aP)2�bP]


where P � (F 2
o � 2F 2


c )/3


Figure 5. Crystal and molecular structure of a) the double-helical cation in the lattice of (P)-[Cu2(1)2][PF6]2 ´ 2MeCN showing the numbering scheme; H
atoms have been omitted for clarity, and b) a space-filling representation with the ligands shaded to emphasize the double-helical nature.
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modelled on the solid-state (P)-
[Cu2(1)2]2� cation with no other
changes made to the struc-
ture.[47] In this structure, the
closest distance between adja-
cent pinene groups is increased
to 6.7 � (shortest H ´´´ H) and
8.3 � (shortest C ´´´ C). Howev-
er, the pinene C(CH3)2 groups
would approach the central
pyridine rings of the other he-
licand to give contacts of 1.65 �
(shortest H ´´´ H) and 2.4 �
(shortest C ´´ ´ C). The increase
in pitch necessary to alleviate
these interactions results in a
weakening of the MÿN interac-
tions and an overall destabiliza-
tion. Identical arguments apply
to the silver complexes.


It is now apparent that the
diastereoselectivity arises from
interligand pinene ± pyridine in-
teractions and not from the
initially anticipated interactions
between two pinene substitu-
ents. This also explains why
only a 155:20:2 ratio of com-
pounds has been obtained upon
equilibration of [Cu2(1)2]2� and
[Cu2(2)2]2�. The formation of


Figure 6. Crystal and molecular structure of a) the double-helical cation in the lattice of (P)-[Ag2(1)2][PF6]2 ´ 2MeCN showing the numbering scheme; H
atoms have been omitted for clarity, and b) a space-filling representation with the ligands shaded to emphasize the double-helical nature.


Figure 7. a) The double-helical cation in the lattice of (P)-[Cu2(1)2][PF6]2 ´ 2MeCN showing close contacts, and
b) the modelled structure of a (P)-[Cu2(2)2]2� cation showing the increased steric interactions between the ligands.
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the heterostranded, heterochiral [Cu2(1)(2)]2� helicate is
disfavoured because one ligand, regardless of the overall P
or M helicity, will have lower steric interactions (correspond-
ing to the energetically favoured isomer, Figure 7a), whereas
the other ligand must have the increased interactions of the
energetically disfavoured isomer (Figure 7b).


Chirooptical properties : Finally, we can consider the chiroop-
tical properties of these complexes and correlate these with
the ligand and helical chirality. For consistency, equilibrated
solutions of the complexes, containing the equilibrium
distribution of P and M helicates, were studied. In each case,
the CD spectra of the complexes for a given metal were equal
and opposite (Figure 8), providing direct experimental evi-
dence for the formation of enantiomeric (P)-[M2{(S)-L}2] and
(M)-[M2{(R)-L}2] or (M)-[M2{(S)-L}2] and (P)-[M2{(R)-L}2]
helicates. All complexes show strong activity at 320 ± 328 nm
as well as weaker signals towards shorter wavelengths
(Table 3). The copper(i) complexes display additional weak
bands at 457 nm with the same sign as the signal at 320 ±
328 nm and approximately coincident with an MLCT
band. The 320 ± 328 nm CD responses are considerably
more intense than for the free ligand. Combining the


observations from CD and 1H NMR spectroscopy, we can
state that the helicates maintain their structural integrity in
solution.


As with the free ligands, the signals at 320 ± 328 nm
correspond primarily to ligand-centred p ± p* transitions.
The enhancement of these CD responses arises from exciton
coupling,[48] and it has been suggested that the sign may be
used to determine the absolute configuration at the metal
centres and hence to assign overall P or M helicity. On the
basis of theoretical models and model compounds it is
proposed that a positive absorption is characteristic of a P
helicate and a negative absorption of a M helicate.[48]


Accordingly, the solution CD spectra indicate the formation
of (P)-[Ag2(1)2]2�, (M)-[Ag2(2)2]2�, (P)-[Cu2(1)2]2� and (M)-
[Cu2(2)2]2�, fully in accord with the solid-state studies. We
concur completely with the proposals regarding the assign-
ment of absolute configuration of helicates from CD spectra
and are confident that for oligopyridine-based helicates
the method may be used when solid-state data are not
available.


The optical rotations of the various compounds have also
been determined by polarimetry. The complexes possess the
same absolute sense of rotation as the free ligands, but have
significantly larger values (Table 3). The use of the molar
rotations leads us to make an interesting aside. According to
the van�t Hoff additivity principle the molar rotation can be
divided into two components, one from the ligand and one
from the double helix, as there are no significant absorptions
at 589 nm. Thus, subtraction of twice the ligand molar
rotational values from the values for the complexes will
approximate to the residual rotations from the double helix.
In the case of the copper complex, the double helix contrib-
utes �31 2008cm3 dmÿ1 molÿ1, whereas in the case of the silver
complex a helical molar rotation ofÿ16 3008cm3 dmÿ1 molÿ1 is
calculated. In other words, 96 ± 98 % of the entire optical


rotation can be attributed to
the helix. The differences be-
tween the silver and copper
complexes parallel those ob-
served in related knotted sys-
tems, in which the molar value
for the copper complex is
roughly double that of the sil-
ver.[49]


Conclusions


The stereoselective self-assem-
bly of double helicates in high
diastereomeric excess from chi-
ral oligopyridines has been
demonstrated. Redistribution
reactions of dicopper(i) and di-
silver(i) helicates lead to the
stereoselective assembly of het-
erodinuclear helicates. The ster-
eoselectivity arises from inter-


actions between the chiral auxiliaries and the oligopyridine
strands. Chirooptical studies suggest that the helix, and
not the ligand chirality, is the major contributor to the
molar ellipticity, and also that the CD responses and
optical rotations are sensitive to changes in helical pitch.
The high molar rotations and molar absorption coeffi-
cient differences are expected to increase further in
longer helicates and in systems in which topological
contributions are added to the Euclidean chirality of the
double helix. We are currently incorporating such helical
chirality as a structural component in novel supramolecular
assemblies.


Figure 8. Circular dichroism spectra of equilibrated MeCN solutions of the complexes containing as the major
diastereomer (P)-[Cu2(1)2][PF6]2, (M)-[Cu2(2)2][PF6]2, (P)-[Ag2(1)2][PF6]2 and (M)-[Ag2(2)2][PF6]2. In each case,
the P diastereomer shows positive values of De.







FULL PAPER E. C. Constable et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1872 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61872


Experimental Section


General methods : IR spectra were recorded on a Mattson Genesis FT
spectrophotometer with samples in pressed KBr discs. 1H NMR spectra
were recorded on a Bruker AM 250 or Avance 600 spectrometer. UV/Vis
measurements were performed with a Perkin ± Elmer Lambda 19 spectro-
photometer. Optical rotations were measured on a Perkin ± Elmer 141 po-
larimeter at the Na-D line in 10 cm quartz cuvettes. CD spectra were
recorded with a Jasco J-720 CD spectrometer in 1 mm quartz cuvettes at
25 8C. Time-of-flight (MALDI) spectra were recorded on a PerSeptive
Biosystems Voyager-RP Biospectrometry Workstation. The compounds
6,6'-bis-(1-pyridinioacetyl)-2,2'-bipyridine 3,[41] (1R)-(�)- and (1S)-(ÿ)-
pinocarvone[50] were prepared following published procedures. The starting
pinene chiralities were of highest commercially available purity (e.e.�
98%).


5,6:5'''''',6''''''-Bis-[(1S,5S)-(�)-pineno]-2,2'':6'',2'''':6'''',2''''''-quaterpyridine (1): A
mixture of freshly prepared 3 (0.325 g, 0.5 mmol), (1S)-(ÿ)-pinocarvone
(0.18 g, 1.2 mmol) and ammonium acetate (0.7 g, 9 mmol) was refluxed
under an inert atmosphere in glacial acetic acid (5 mL) and acetic
anhydride (0.5 mL) for 16 h, during which period a cream solid was
precipitated. The reaction mixture was poured into a mixture (1:1, 20 mL)
of aqueous NaOH (2m) and MeOH, and the precipitate collected by
filtration, dissolved in CH2Cl2 and then filtered through Celite. The filtrate
was concentrated in vacuo and recrystallized from EtOH (50 mL) to give
white crystals of 1 (0.21 g, 84%). M.p.> 250 8C; 13C NMR (75 MHz, CDCl3,
25 8C, TMS): d� 21.35, 26.09, 31.98, 36.74, 39.58, 40.29, 46.54, 117.97, 120.40,
120.64, 133.75, 137.61, 142.27, 153.71, 155.46, 155.88, 156.35; IR (KBr): nÄ �
2919 (s), 1563 (s), 1431 (s), 1421 (s), 807 cmÿ1 (s); MS (MALDI, TOF): m/z :
499 [M]� ; UV/Vis (CDCl3, 5.72� 10ÿ4m): lmax (emax)� 265 (26.2� 103),
300 nm (42.9� 103); C34H34N4 (498.3): calcd C 81.9, H 6.9, N 11.2; found C
81.5, H 6.9, N 11.2.


5,6:5'''''',6''''''-Bis-[(1R,5R)-(ÿ)-pineno]-2,2'':6'',2'''':6'''',2''''''-quaterpyridine (2):
Compound 2 was prepared analogously to 1 from 3 (0.325 g, 0.5 mmol)
and (1R)-(�)-pinocarvone (0.18 g, 1.2 mmol); it was isolated as white
crystals (0.20 g, 81%). M.p.> 250 8C. UV/Vis (CDCl3, 5.72� 10ÿ4m): lmax


(emax)� 265 (26.2� 103), 300 nm (42.6� 103); C34H34N4 (498.3): calcd C 81.9,
H 6.9, N 11.2; found C 81.9, H 7.1, N 11.2.


General method for preparation of the complexes : A solution of AgOAc
(16.7 mg, 0.1 mmol) in MeOH (5 mL) or of [Cu(MeCN)4][PF6] (37.5 mg,
0.1 mmol) in degassed MeCN (2 mL) was treated with the appropriate
ligand (49.9 mg, 0.1 mmol) and the mixture was then ultrasonicated for 5 ±
10 min at RT. Any remaining solids were removed by filtration through
Celite after which aqueous [NH4][PF6] was added. The resultant precipitate
was collected by filtration, washed with water, dried (P2O5) and recrystal-
lized by slow diffusion of diethyl ether into an acetonitrile solution.


[Cu2(1)2][PF6]2 : Red needles (71 mg, 100 %); IR (KBr): nÄ � 2933 (s), 1589
(m), 1561 (s), 1433 (s), 1422 (m), 1245 (m), 839 (s), 557 cmÿ1 (s); MS
(MALDI, TOF): m/z : 1269 [MÿPF6]� , 1124 [Mÿ 2 PF6]� , 562 [Cu(1)]� ,
499 [1]� ; UV/Vis (MeCN, 3.54� 10ÿ4m): lmax (emax)� 272 (58.6� 103),
311 nm (53.5� 103), 457 nm (0.78� 103); C68H68F12N8P2Cu2 (1412.3): calcd
C 57.75, H 4.85, N 7.9; found C 57.4; H 4.7; N 8.1.


[Cu2(2)2][PF6]2 : Red needles (71 mg, 100 %); IR (KBr): nÄ � 2933 (s), 1589
(m), 1564 (s), 1436 (s), 1419 (m), 1247 (m), 841 (s), 557 cmÿ1 (s); MS
(MALDI, TOF): m/z : 1269 [MÿPF6]� , 1124 [Mÿ 2 PF6]� , 562 [Cu(2)]� ,
499 [2]� ; UV/Vis (MeCN, 1.63� 10ÿ4m): lmax (emax)� 272 (58.5� 103), 311
(53.5� 103), 457 nm (0.82� 103); C68H68F12N8P2Cu2 (1412.3): calcd C 57.75,
H 4.85, N 7.9; found C 57.7; H 4.8; N 8.2.


[Ag2(1)2][PF6]2 : Pale yellow crystals (72 mg, 96 %); IR (KBr): nÄ � 2926 (s),
1564 (s), 1431 (s), 1422 (s), 1264 (w), 833 (s), 560 cmÿ1 (s); MS (MALDI,
TOF): m/z : 1358 [MÿPF6]� , 1105 [Mÿ 2 PF6ÿAg]� , 606 [Ag(1)]� , 499
[1]� ; UV/Vis (MeCN, 3.22� 10ÿ4m): lmax (emax)� 264 (42.1� 103), 307 nm
(43.9� 103); C68H68F12N8P2Ag2 ´ H2O (1518.3): calcd C 53.7, H 4.6, N 7.4;
found C 53.3; H 4.6; N 7.4.


[Ag2(2)2][PF6]2 : Pale yellow crystals (73 mg, 97 %); IR (KBr): nÄ � 2924 (s),
1562 (s), 1432 (s), 1422 (s), 1264 (w), 833 (s), 560 cmÿ1 (s); MS (MALDI,
TOF): m/z 1358 [MÿPF6]� , 1105 [Mÿ 2PF6ÿAg]� , 606 [Ag(1)]� , 499
[1]� ; UV/Vis (MeCN, 3.03� 10ÿ4m): lmax (emax)� 264 (41.8� 103), 307 nm
(43.6� 103); C68H68F12N8P2Ag2 ´ H2O (1518.3): calcd C 53.7, H 4.6, N 7.4;
found C 53.7; H 4.5; N 7.3.


X-ray crystallography : Table 4 provides a summary of the crystal data, data
collection, and refinement parameters for the three crystal structures
reported in this paper. The structures were solved by direct methods with
SHELXS-86 and refined with SHELXL-93[51, 52] by full matrix least-squares
based on F 2. The non-hydrogen atoms were refined anisotropically while
the hydrogen atoms were placed in idealized positions and assigned
isotropic thermal parameters. Compounds [Cu2(1)2][PF6]2 ´ 2 MeCN and
[Cu2(2)2][PF6]2 ´ 2 MeCN represent the two enantiomers of this molecule
and their unit cell parameters only differ within experimental error. The
structure of [Cu2(2)2][PF6]2 ´ 2 MeCN was refined by inverting all coordi-
nates of [Cu2(1)2][PF6]2 ´ 2 MeCN. In all cases, Friedel pairs were measured
to enable refinement of the Flack parameter, which converged at 0.005(12)
for [Cu2(1)2][PF6]2 ´ 2MeCN, ÿ0.02(2) for [Cu2(2)2][PF6]2 ´ 2MeCN, and
0.01(9) for [Ag2(1)2][PF6]2 ´ 0.33 H2O to confirm the absolute configura-
tions. Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-100885
([Cu2(L)2][PF6]2 ´ 2 MeCN) and as Refcode ROJTAL ([Ag2(1)2][PF6]2 ´
0.33 H2O). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Ferrimagnetic Behavior of meso-Tetrakis(2,3,5,6-tetrafluoro-4-methoxy-
phenyl)porphyrinatomanganese(iii) tetracyanoethenide,
[MnTF4OMePP][tcne] ´ 2 PhMe: Structural Evidence for a Second-Order
Crystallographic Phase Transition


Durrell K. Rittenberg,[a] Ken-ichi Sugiura,[b] Yoshiteru Sakata,[b] Ilia A. Guzei,[c]


Arnold L. Rheingold,[c] and Joel S. Miller*[a]


Abstract: The reduction of meso-tetra-
kis(pentafluorophenyl)porphyrinatoman-
ganese(iii) chloride, MnIIITF5PPCl, with
methanolic sodium borohydride and
subsequent reaction with tetracyano-
ethylene, TCNE, leads to formation of
the magnet meso-tetrakis[2,3,5,6-tetra-
fluoro-4-methoxyphenyl]porphyrinato-
manganese(iii) tetracycanoethanide,
[MnIIITF4OMePP]�[tcne] .ÿ ´ 2 PhMe,
which has been characterized by single-
crystal X-ray diffraction, magnetic, and
thermal measurements. The structure
undergoes a reversible phase transition
below ÿ100 8C (173 K) and the struc-
ture was solved and refined in a mono-
clinic unit cell both at ÿ45 8C (228 K)
[P21/n, a� 9.3926(2), b� 25.3254(4),
c� 13.2053(2) �, b� 97.203(2)8, V�
3116.37(10) �3, 1calcd� 1.478 g cmÿ3,
Z� 2, 4019 reflections, R1(Fo)� 0.0743
for the data with F> 2s(F) and 0.0871
for all data], and ÿ179 8C (94 K) [P21/a,


a� 14.8410(5), b� 25.366(1), c�
16.7333(5) �, b� 108.091(2)8, V�
5987.91 �3, 1calcd� 1.540 g cmÿ3, Z� 4,
11 792 reflections, R(Fo)� 0.069 for the
data with F> 3s(F)]. [MnIIITF4O-
MePP][tcne] ´ 2 PhMe has a linear chain
(1D) coordination polymer motif com-
posed of alternating [MnIIITF4OMePP]�


cations and bridging [tcne] .ÿ . Atÿ45 8C
the one-dimensional (1D) chain is uni-
form with an MnÿNTCNE distance of
2.320(4) �, whereas at ÿ179 8C the 1D
chain is nonuniform with MnÿNTCNE


distances of 2.291(2) and 2.283(2) �
and the [tcne] .ÿ ion is disordered over
two orientations in a 79:21 ratio. This is
the first time that this slight chain


nonuniformity has been observed for a
magnetically ordered system. The crys-
tallographic phase change that occurs
between ÿ100 and ÿ162 8C was not
observed in the magnetic or thermal
studies. Hence, structures should be
determined at the lowest possible tem-
perature, to enhance confidence that a
reliable structure ± property relationship
can be obtained. The temperature de-
pendence of the magnetic susceptibility
above 200 K could be fitted to a Curie ±
Weiss expression with an effective q (q')
of 93 K. Intrachain coupling was mod-
eled to a Seiden expression (H�ÿ2Sa ´
Sb) with a Jintra of ÿ235 K (ÿ163 cmÿ1;
326 cal molÿ1; 29 meV) and 10 Hz ac
magnetic susceptibility, indicating an
ordering temperature, Tc, of 10.3 K.
The frequency dependence of the ac
susceptibility indicates spin glass behav-
ior.


Keywords: chain structures ´ mag-
netic properties ´ metalloporphryins
´ phase transitions ´ structure eluci-
dation


Introduction


The preparation of molecule-based magnetic materials is a
growing area of contemporary interdisciplinary research.[1, 2]


Variations in the first organic-containing molecule-based
magnet to be characterized, the electron-transfer salt
[FeCp*]�[tcne] .ÿ (Cp*� pentamethylcyclopentadienide;
tcne� tetracyanoethylene), with an ordering temperature
(Tc) of 4.8 K,[3] led to the discovery of the first room-
temperature molecule-based magnet, the disordered
V[tcne]x ´ y(solvent) with a Tc of approximately 400 K.[4] More
recently, studies have focused on a class of metallomacro-
cycles and [tcne] .ÿ-based magnets exemplified by
[MnTPP][tcne] ´ 2 PhMe (TPP�meso-tetraphenylporphyri-
nato) with a Tc of 14 K.[5] Since then additional porphryin-
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based magnets have been prepared and characterized,
although the origin of the magnetic behavior of this class of
materials is still under investigation.[6] With the hope of
establishing a structure ± function relationship, our group and
others have prepared a series of substituted tetraphenylpor-
phryin ± TCNE complexes.[6±10]


As it is relatively easy to modify the porphryin structure, we
sought to prepare highly electron-deficient porphyrins[7] by
introducing halogen atoms on the phenyl groups appended to
the porphyrin. The effect of the electronic properties of the
porphyrin on the intrachain coupling is not fully understood,
but it has been suggested that the degree of electron transfer
controls the intrachain coupling and consequently the magni-
tude of Tc.[10a] However, this control unlikely to predominate
in the solid state as the phenyl substituents, which control the
redox properties, are perpendicular to the porphyrin ring, thus
effectively minimizing their electronic contribution. Further-
more, different solvates have different magnetic behavior
which cannot be ascribed to differing degrees of electron
transfer.[7e]


In contrast, we have shown that the strength of intrachain
coupling correlates inversely with the dihedral angle between
the [tcne] .ÿ and the porphyrin mean planes, and with the Mn-
N-C angle, due to the strength of the s ± pz/dz2 overlap.[11]


Efforts to control the crystal packing to induce more strongly
magnetically coupled systems with reduced angles in this class
of materials prompted us to prepare highly substituted,
[manganese(iii)porphyrin][tcne] salts. We report the structure
and magnetic properties of meso-tetrakis(2,3,5,6-tetrafluoro-
4-methoxyphenyl)porphyrinatomanganese(iii) tetracyano-
ethenide ([MnTF4OMePP][tcne], 1[tcne]). We also give the
first description for this class of materials of a thermally
induced second-order crystallographic phase transition.


Results and Discussion


MnIIITF5PPCl was prepared from the corresponding free
base[12] by a previously reported method.[13] The reduction of
MnIIITF5PPCl with NaBH4 in a MeOH/pyridine mixed-
solvent system led to a purple metalloporphyrin, which was
subsequently determined by a single-crystal X-ray diffraction
study to contain 1. Facile nucleophilic substitution of the p-
fluorine with methoxide from the slow reaction of NaBH4 in
MeOH occurs unexpectedly in this system, although it has


also been reported for alkylamines and alkoxides.[14] This
suggests that long-chain alcohols might be used to form liquid-
crystalline, 2,3,5,6-tetrafluorophenyl-substituted porphyrins.


The resulting MnIITF4OMePPpy reacts with TCNE in
toluene to form [MnTF4OMePP][tcne] ´ 2 PhMe. Attempts
to prepare [MnTF5PP][tcne] by the reaction of H2TCNE/
TCNE (1:1) and MnIIITF5PPOAc, analogously to the method
used to prepare [MnTP'P][tcne],[7a] [H2TP'P� tetrakis(3,5-di-
tert-butyl-4-hydroxyphenyl)porphyrin], and the reduction
with a stoichiometric amount of lithium triethylborohydride
(superhydride) led to impure products.


The IR absorption maxima at nÄ(CN)� 2126 (s) and
2194 (m) cmÿ1 confirm the presence of coordinated [tcne] .ÿ


and do not indicate [tcne]nÿ (n� 0, 2).[15] The high-energy
absorption at 2126 (s) cmÿ1 is at considerably lower frequency
than that reported for [MnTPP][tcne], 2147 (s) cmÿ1.[5] Vari-
able-temperature IR spectroscopy over the range 17 ± 373 K
showed no evidence for a phase transition, indicating that the
transition is not observable by IR spectroscopy. However, a
decrease in intensity of the peak at 2126 cmÿ1 which began
above 373 K was accompanied by the appearance of a new
peak at 2135 cmÿ1, associated with formation of a desolvated
phase, which persisted upon cooling. Further differential
scanning calorimetry (DSC) measurements over the range
ÿ170 to 50 8C showed no evidence of a thermal event.
Thermogravimetric analysis coupled with mass spectrometry
(TGA/MS) of 1[tcne] ´ 2 PhMe showed a single weight loss of
12.81 % corresponding to a loss of 1.67 PhMe (m/z 91)
between 116 and 123 8C. Deviations from the predicted values
of 2 PhMe units per formula unit observed in the crystal
structure and 1.75 PhMe predicted by elemental analysis are
probably due to solvent losses during sample handling and are
typical for this class of materials.[7]


Structure : The single-crystal X-ray structure of 1[tcne] was
determined atÿ45 (a-phase) andÿ179 8C (b-phase) (Table 1,
Figure 1). Unexpectedly, the structures were not isomorphous
at these temperatures. Since these structures were determined
independently on different crystals, the possibility became
evident that two polymorphs of the same material existed and
that the physical properties of each phase should be studied
independently.[16] The unit cell of another crystal, determined


Table 1. Crystallographic data for a- and b-[MnTF4OMePP][tcne] ´
2PhMe.


a-phase b-phase


formula C68H36N8MnF16O4 C68H36N8MnF16O4


formula weight 1388.00 1388.00
space group P21/n (no. 14 b2) P21/a (no. 14 b3)
a [�] 9.3926(2) 14.8410(5)
b [�] 25.3254(4) 25.366(1)
c [�] 13.2053(2) 16.7333(5)
b [8] 97.203(2) 108.091(2)
Z 2 4
V [�3] 3166.37(10) 5987.91(2)
1calcd [gcmÿ1] 1.487 1.540
R(Fo) 0.073 (7.3 %) 0.069 (6.9 %)
Rw(Fo) 0.2076 0.073
Temperature [8C] ÿ 45 ÿ 179
l [�] 0.710730 0.710730
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Figure 1. ORTEP (30 %) atom labeling diagrams for a-[MnTF4O-
MePP][tcne] ´ 2PhMe (top) and b-[MnTF4OMePP][tcne] ´ 2PhMe (bot-
tom). Note the disordered [tcne] .ÿ in the b-phase.


at ÿ100 8C, was found to be the same as that determined at
ÿ45 8C [a� 9.301(17), b� 25.24(4), c� 12.94(2) �, b�
96.99(16)8, V� 3022(16) �3], while at ÿ162 8C the unit cell
parameters [a� 14.883(5), b� 25.318(10), c� 16.766(5) �,
b� 108.39(2)8, V� 5995(5) �3] were the same as those
determined at ÿ179 8C. When this material was warmed, its
unit cell parameters were comparable with those recorded at
ÿ45 8C. Hence, a reversible crystallographic phase transition
occurs between ÿ100 and ÿ162 8C. Attempts to identify this
phase transition by DSC (above ÿ170 8C) and variable-
temperature IR studies (above ÿ140 8C) were unsuccessful
(vide supra).


Both phases have Mn located at inversion centers; for the
a-phase the [tcne] .ÿ is also at an inversion center, but for the
b-phase the [tcne] .ÿ centroids are not in a special position.
Furthermore, there are two crystallographically distinct Mn
centers for the b-phase. The planar cation is comparable with


other [MnIII(porphyrin)] complexes reported in the litera-
ture,[5±7, 17] with average Mn ± N distances of 2.017 � for both
phases (Tables 2 and 3).


The [tcne] .ÿ ion is ordered for the a-phase; the central CÿC
bond length is 1.30(2) �. This is shorter than the 1.344(4) �
reported for TCNE,[15a] whereas 1.39 � is expected for
[tcne] .ÿ ion.[15b] Since [tcne] .ÿ lies at an inversion center, this
distance is symmetry-generated and, if the crystallographic
symmetry is higher than the molecular symmetry, unresolved
disorder in the [tcne] .ÿ may lead to the unpredicted short
bond length. The n(CN) absorption is characteristic of
[tcne] .ÿ , but not TCNE. In contrast, disordered [tcne] .ÿ is
resolved in the b-phase; it has two orientations, in a 71:29
ratio, in the same plane with the minor orientation rotated by
908 relative to the major orientation. This type of disorder has
been observed for [MnTPP][tcne] ´ 2 PhMe[18] and its o-fluoro-
substituted analogue.[7f] The average central C ± C bond
length for the two orientations is 1.43 �, as expected for its
bond order of 1.5.[15]


As has been observed for several related materials, both
phases are composed of parallel 1-D ´ ´´ D�A .ÿD�A .ÿ ´ ´ ´
polymer chains {D� [MnTF4OMePP]� ; A� [tcne] .ÿ}, where
the [tcne] .ÿ is trans-m-N-s-bonded to two MnIII atoms, each at
an inversion center (Figures 2 and 3). In contrast to the a-
phase, the b-phase has two crystallographically independent
porphyrin macrocycles, each essentially identical, yielding a
pseudo-uniform chain structure. The MnTF4OMePP units are
parallel to each other for the a-phase, but have a dihedral
angle of 4.168 for the b-phase. The details of the interchain
structure differ from those reported earlier[7, 8] with the
exception of [MnPc][tcne][19a] (H2Pc� phthalocyanine) and
[MnOEP][tcne][19b] (H2OEPc� octaethylporphyrin), which
exhibit stronger intrachain dimerization and lack magnetic
ordering. This is the first time that a slight deviation from a


Table 2. Selected interatomic distances [�], for a- and b-[MnTF4OMePP][tcne] ´
2PhMe.


a-Phase b-Phase (major, minor) Major form Minor form


Mn(1)ÿN(3) 2.320(4) Mn(1)ÿN(5), Mn(2)ÿN(8) 2.283(2) 2.291(2)
Mn(1)ÿN(1) 2.019(3) Mn(1)ÿN(1) 2.016(3)
Mn(1)ÿN(2) 2.015(4) Mn(1)ÿN(2) 2.018(3)
N(3)ÿC(23) 1.146(7) N(5)ÿC(63), N(5)ÿC(69) 1.177(7) 1.18(2)
N(4)ÿC(25) 1.133(9) N(7)ÿC(66), N(7*)ÿC(66) 1.153(7) 1.18(2)
C(23)ÿC(24) 1.514(11) C(63)ÿC(64), C(69)ÿC(70) 1.395(8) 1.39(5)
C(24)ÿC(24') 1.30(2) C(64)ÿC(67), C(70)ÿC(71) 1.425(8) 1.44(2)
C(24)ÿC(25) 1.394(9) C(64)ÿC(65), C(71)ÿC(65) 1.425(6) 1.42(1)


C(66)ÿC(67), C(66)ÿC(70) 1.416(6) 1.44(1)


Table 3. Selected intramolecular angles [8] for a- and b-[MnTF4O-
MePP][tcne] ´ 2PhMe.


a-Phase b-phase


N(3)-C(23)-C(24) 173.4(7) N(5)-C(63)-C(64), major 177.0(6)
N(5)-C(69)-C(70), minor 174(1)


Mn(1)-N(3)-C(23) 124.9(4) Mn(1)-N(5)-C(63), major 123.0(1)
Mn(2)-N(8)-C(68), major 120.0(1)
Mn(1)-N(5)-C(69), minor 125.3(1)
Mn(2)-N(8)-C(72), major 123.0(1)


C(23)-C(24)-C(25) 118.8(7) C(63)-C(64)-C(65) 119.2(5)
C(69)-C(70)-C(66) 117(1)
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Figure 2. Views of interchain interaction among the unique chains I, II,
and III for a-[MnTF4OMePP][tcne] ´ 2PhMe (the solvent is omitted for
clarity).


nonuniform chain motif has been observed for a magnetically
ordered system.


The MnÿNTCNE bond lengths were found to be 2.320(4) �
for the a-phase and 2.283(2) � and 2.291(2) � (av 2.287 �)
for the b-phase. The shorter Mn ± N distance at ÿ179 8C is
expected because of the contraction of the unit cell at lower
temperatures. The Mn ± N bond length at ÿ45 8C is slightly
longer than that in [MnTPP][tcne] at 173 K (2.306 �)[5a] and
[MnTP*P][tcne] at 208 K (2.299 �).[7a] The intrachain Mn ´´´
Mn separations are 9.393 � (a-phase) and 9.301 � (b-phase)
and fall within the range of known [Mn(porphyrin)][tcne]


Figure 3. Views of interchain interaction among the unique chains I, II,
and III for b-[MnTF4OMePP][tcne] ´ 2PhMe (the solvent is omitted for
clarity).


structures.[6, 7] The Mn-N-CTCNE angle and the dihedral angles
between the MnN4 and (NC)2C mean planes are 124.98 and
33.48 for the a-phase and 124.18 (121.58), and 31.28 (34.78) for
the major (and minor) forms of the b-phase. These values are
comparable with those for [MnTP*P][tcne] ´ 2 PhMe (129.0
and 33.60),[5, 18] but significantly lower than those for
[MnTPP][tcne] ´ 2 PhMe (146.88 and 55.48).[5, 7a] The low
values of the dihedral and Mn-N-C angles suggest strong
intrachain coupling and large values of q' due to enhanced
overlap of the p* orbital on nitrogen with the spin coupling dz2


orbital of Mn;[11] thus the predicted q' of approximately 90 K
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is in good agreement with the observed value of 93 K (vide
infra). The nearest neighbor interchain interactions for the a-
and b-phases of [MnTPP][tcne] ´ 2 PhMe are depicted in
Figures 2 and 3. Each member of the [Mn(porphyrin)][tcne]
family[6, 7] is composed of parallel 1-D ´ ´´ D�A .ÿD�A .ÿ ´ ´ ´
chains, but the intrachain interactions in [MnTPP][tcne] ´
2 PhMe are unusual in comparison with the other family
members. For both the a- and the b-phases a herringbone
arrangement exists between adjacent chains. Similar packing
was observed in [MnTClPP][tcne] ´ 2CH2Cl2;[7e] however,
[MnTPP][tcne] ´ 2 PhMe is the first toluene solvate found to
crystallize with this motif.


The key interchain Mn ´´´ Mn distances in the a- and b-
phases (Figures 2 and 3) range from 13.205 to 20.635 � and
12.792 to 20.465 �, respectively. Thermal contractions be-
tween phases range from 0.53 to 3.13 % (interchain) and 0.82
to 4.9 % (intrachain) (Table 4). The most dramatic differences
were found for the F ´´´ NTCNE interactions, which changed by
4.9 and 17.9 % for the major and minor orientations,
respectively.


The origin of the [tcne] .ÿ rotational disorder, which is
present only in the b-phase, may be a favorable N6 ± F19
interaction; the 17.9 % decrease in the N6 ± F19 distance from
3.721 to 3.058 � which occurs upon cooling is larger than
expected for thermal contraction of the lattice. This inter-
action was also observed in [MnTFPP][tcne][7f] , which exhib-
its close F ´´´ NTCNE contacts of 3.318 � at ÿ45 8C. To the best
of our knowledge this interaction is unprecedented.


Magnetic behavior : The temperature dependence from 2 to
300 K of the reciprocal magnetic susceptibility, c, and effective
magnetic dipole moment, meff, can be fitted above 200 K to a
Curie ± Weiss expression, c� 1/(Tÿ q'), with an effective q,
q',[7e,f] of 93 K (Figure 4). This value is significantly higher than
that of [MnTPP][tcne] (61 K) and close to that of
[MnTP*P][tcne] (90 K); it is the highest q' value reported to
date for this class of materials, indicating very strong intra-
chain coupling. The room-temperature effective moment, meff


{� [8cT]1/2}, is 5.61 mB, significantly higher than the expected
5.20 mB for an anisotropic independent system with g� 2, S�
2, and S� 1�2,and arises from strong effective ferromagnetic
coupling.


The cT(T) data can be fitted to the Seiden expression for
noninteracting chains composed of alternating quantum (S�
1�2) and classical (S> 1�2) spins[20] using the Hamiltonian h �
ÿ2JSi ´ Sj with J/kB�ÿ235 K (ÿ163 cmÿ1; 326 cal molÿ1;
29 meV) (kB�Boltzmann�s constant) consistent with ferri-


Figure 4. Reciprocal molar magnetic susceptibility, cÿ1, and effective
dipole moment, meff, as a function of temperature for polycrystalline
[MnTF4OMePP][tcne] ´ 2PhMe.


magnetic behavior assuming gMnIII� g[tcne]
.ÿ� 2.002 (Figure 5).


This J value reflects the strong intrachain antiferromagnetic
coupling. A fit to the Seiden function predicts a broad
minimum at 975 K, which cannot be verified. The data below
70 K exceed the predicted value for a purely 1D system,


Figure 5. cT(T) for [MnTF4OMePP][tcne]. Data were collected in a
1000 Oe field. The solid line represents a fit to the predictions for
alternating quantum/classical spin ferrimagnetic chains (see text).


indicating that ferromagnetic coupling between chains begins
to dominate, as observed for other [manganoporphryin][tcne]
magnets.[21] Previously, inverse correlations of the dihedral
angle between the MnN4 and the (NC)2C mean planes, and of
the Mn-N-C angle, with the magnitude of the intrachain
coupling, q', were established, with lower values of these
angles correlating with larger values of q',[11] and stronger
intrachain coupling was observed. A q' value of approximate-
ly 90 K is predicted from the data, in good agreement with the
observed value of 93 K (vide supra).


Antiferromagnetic behavior is also evident from the
magnetization data. The 2 K isothermal magnetization in-
creases gradually with increasing applied field below 27 kOe,
after which it rises rapidly to near-saturation, Ms (Figure 6).
At 5 T and 2 K the magnetization is 16 560 emuOe molÿ1,
in good agreement with the 16 755 emu Oemolÿ1 expected for
an antiferromagnetically coupled STot� 2ÿ 1�2� 3�2 system.
This is substantially lower than the value expected from
ferromagnetic coupling, that is, 27 925 emu Oemolÿ for an


Table 4. Selected interchain and close contact distances [�] for a- and b-
[MnTF4OMePP][tcne] ´ 2PhMe


MnÿMn a-Phase b-Phase D Distance [%]


A (chain Ib ± Ia) 13.206 12.792 3.13
B (chain Ib ± IIa) 14.773 14.694 0.53
C (chain Ib ± IIa) 15.290 15.194 0.62
D (chain IIb ± Ia) 19.471 19.339 0.67
E (chian IIb ± Ib) 20.635 20.465 0.82
C�N ´´´ F 3.721, 3.703 3.535, 3.524 (major) 4.9, 4.8 (major)


3.138, 3.038 (minor) 14.5, 17.9 (minor)
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Figure 6. Variable-temperature saturation magnetization for a polycrystal-
line sample of [MnTF4OMePP][tcne] at 2, 3, 4, and 5 K.


STot� 2� 1�2� 5�2 system. This metamagnetic behavior (field-
induced changeover from an antiferromagnetic ground state
to a ferromagnetic ground state) is observed at 2, 3, and 4 K
with critical fields, Hc, of 27, 16, and 0.5 kOe, respectively.
Above 5 K 1[tcne] behaves as a ferromagnet; therefore the
critical temperature of the metamagnetic transition is ap-
proximately 5 K. Similar field dependence has been observed
for [MnTPP][tcne] ´ 2 PhMe, which exhibits an Hc of approx-
imately 30 kOe at 2.25 K corresponding to a spin ± flop
transition.[5b] [MnTF4OMePP][tcne] ´ 2 PhMe exhibits unusual
hysteresis behavior that is the focus of ongoing studies.


In addition to dc measurements, the temperature depend-
ence of the in-phase (c') and out-of-phase (c'') ac suscepti-
bility was determined in an applied ac field of 1000 Oe (<0.05
dc field) at several frequencies; the resulting data are
consistent with long-range magnetic order. A peak in c'(T)
at 10 Hz ac susceptibility is a measure of Tc (Figure 7), which


Figure 7. Dispersive, c', and absorptive, c'', ac susceptibility as a function of
temperature recorded at 10 (*, *), 100 (&, &), and 1000 Hz (^, ^) for a
polycrystalline sample of [MnTF4OMePP][tcne]. Measurements were
made in a small applied field of Hdc0.1 kOe.


is 10.3 K. This is lower than the values reported for
[MnT'PP][tcne] ´ 2 PhMe[7a] (Tc� 15 K) and [MnTPP][tcne] ´
2 PhMe[5b] (Tc� 14 K), but higher than that of
[MnTClPP][tcne] ´ 2 PhMe (Tc� 8.8 K).[7e] The sample shows
significant frequency dependence, indicative of a spin glass
state. The disorder parameter, f [f�DTf/TfDlog w, where Tf


is the freezing temperature, DTf the difference in freezing
temperature at the highest and lowest frequencies, and w the
frequency],[22] for [MnTF4OMePP]�[tcne] .ÿ ´ 2 PhMe is 0.17;
this indicates spin ± lattice disorder and suggests that a highly
disordered spin glass is formed. It is the highest f value known
for the [Mn(porphyrin)][tcne] family of molecule-based


magnets[5, 10] and hence [MnTF4OMePP]�[tcne] .ÿ ´ 2 PhMe is
the most disordered member. Spin glass behavior and
disorder in this class of materials are under continuing study.


Tf can also be determined by the divergence of the zero-
field cooled magnetization at low field. The positions of the
bifurcation points at 0.01, 0.1, and 1 Oe were found to be 7.07,
6.99, and 7.01 K, respectively, which are lower than the 10.3 K
observed in the ac experiments.


Conclusion


Substitution of the p-fluorine of MnIITF5PP by reduction of
MnIIITF5PPCl with NaBH4 in an MeOH/pyridine mixed-
solvent system forms MnTF4OMePP (1). This suggests that
long-chain alcohols might be used to form liquid-crystalline,
2,3,5,6-tetrafluorophenyl-substituted porphyrins. Reaction of
1 with TCNE forms [MnTF4OMePP][tcne] ´ 2 PhMe, which
exhibits strong intrachain coupling as evidenced by q' (93 K)
and J/kB (ÿ235 K). Surprisingly, the low-temperature b-phase
does not consist of a uniform chain; instead, the Mn1 ´´´ NTCNE


and Mn2 ´´´ NTCNE bond lengths alternate, leading to a short ±
long ± long ± short repeat unit at the temperature at which the
structure was determined. Other nonuniform chains were
observed previously in [MnOEP][tcne][19a] and
[MnPc][tcne],[19b] both of which exhibit weak intrachain
coupling and not three-dimensional (3D) ordering. Both
[MnOEP][tcne] and [MnPc][tcne] have two distinct TCNE
units in either ABAB or AABAAB repeat units. b-[MnTF4O-
MePP][tcne] ´ 2 PhMe, however, has only one type of crystal-
lographically equivalent [tcne] .ÿ unit, albeit disordered, in the
chain; hence a single J value can describe the system. The
structures of [MnOEP][tcne] and [MnPc][tcne] suggest that
chain uniformity is needed for magnetic ordering. This is
inconsistent with the results reported herein, as the observa-
tion of bulk magnetic ordering in [MnTF4OMePP][tcne]
suggests that nonuniform chains can lead to 3D magnetically
ordered systems, depending on the nature of the chain
nonuniformity. If this observation is true for this class of
materials, chains with only one crystallographically unique
[tcne] .ÿ unit are necessary for magnetic ordering.


A second possible explanation exists for the 3D ordering: a
second crystallographic phase change occurs below 94 K to
form a uniform chain again at a lower temperature, and this
uniform chain is responsible for the observed order in the
sample. A third possibility is that the disordered arrangement
observed at 94 K vanishes at low temperature resulting in an
ordered structure. Attempts to resolve this issue are in
progress.


Regardless of the genesis of the magnetic ordering, this
work emphasizes the need to determine the structure at the
lowest possible temperature, as the reported structure, even at
subambient temperatures, may not represent adequately the
structure at the temperature at which interesting physical
phenomena occur, and may lead to misleading correlations
between the structure and properties. Ideally, structure
determinations at liquid-helium temperatures are preferred,
but these determinations are not readily obtainable.
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Experimental Section


Synthesis : All manipulations were carried out under an atmosphere of
nitrogen using standard Schlenk techniques or in a Vacuum Atmospheres
DriLab under nitrogen. Solvents used were predried and distilled from
appropriate drying agents. H2TF5PP was prepared from the condensation
of pentafluorobenzaldehyde and pyrrole (Aldrich) by a literature meth-
od.[12] TCNE was sublimed before use.


[MnTF5PP]Cl : H2TF5PP (513 mg, 0.526 mmol) was added to a suspension
of Mn(OAc)2 ´ 4 H2O (Sigma) (264.3 mg, 1.02 mmol) in chlorobenzene
(50 mL).[13] The mixture was allowed to reflux until thin-layer chromatog-
raphy (SiO2) showed no evidence of H2TF5PP (>16 h). The chlorobenzene
solution was poured onto a column packed with silica gel, and the product
was eluted with chloroform. After the solvent had been removed, the
resulting reddish powder was dissolved in a minimum of methanol, aqueous
10% HCl (100 mL) was added, the solution was stirred for 1 h, brine (aq.
NaCl) solution (200 mL) was added, and the solid was collected by vacuum
filtration. The resulting red-brown material was recrystallized from
toluene/hexanes. Yield 485.3 mg (80 %), red powder.


MnIITF4OMePPpy : NaBH4 (650 mg, 17.4 mmol) was added in three
portions to a solution of MnTF5PPCl (350 mg, 0.375 mmol) in pyridine
(15 mL) and methanol (20 mL). The solution was heated to reflux for
30 min before being cooled to room temperature. The solvent was removed
under reduced pressure to give a crude reddish purple powder that was
extracted with toluene. The resulting purple powder was recrystallized
from toluene/hexanes. Yield 395 mg (65 %), purple crystals.


[MnIIITF4OMePP][tcne]: MnTF4OMePPpy (135 mg, 0.123 mmol) dis-
solved in toluene (20 mL) was filtered and added to a solution of toluene
(20 mL) and TCNE (17.3 mg, 0.0135 mol). The resulting solution was
heated to reflux and immediately cooled to room temperature. After three
days large black crystals were observed. The product was isolated by
vacuum filtration. Yield 151 mg (85 %). IR (Nujol): nÄ(C�N)� 2135 (s),
2193 (m) cmÿ1. [MnTF4OMePP][tcne] ´ 1.75PhMe (MnC66.25H34F16N8O4):
calcd.: C 58.30, H 2.51, N 8.21; found: C 58.26, H 2.62, N 8.24. TGA/MS:
12.81 % loss of PhMe (m/z : 91), corresponding to 1.92 PhMe per Mn for a
different sample.


X-ray structure determination : Crystals suitable for single-crystal X-ray
diffraction were obtained by slow diffusion of MnTF4OMePPpy and TCNE
in toluene. The cell constants and orientation matrix for the data collection
were obtained by usual methods. A summary of data collection parameters
is given in Table 1. Data were collected at ÿ45 8C for the a-phase.
Systematic absences in the diffraction data were uniquely consistent with
the P21/n space group. The structure was solved by direct methods,
completed by subsequent difference Fourier synthesis, and refined by full-
matrix least-squares procedures. The non-hydrogen atoms were refined
with anisotropic displacement coefficients and hydrogen atoms were
treated as idealized contributions (Table 1). The Mn atom resides at a
crystallographic inversion center, as does the [tcne] .ÿ . Data collected at
ÿ179 8C for the b-phase gave systematic absences in the diffraction pattern
that were uniquely consistent with the P21/a space group. They were
collected on a Rigaku RAXIS-IV imaging plate area detector system with
graphite-monochromated MoKa radiation (0.71070 �, 60 kV, 300 mA) to a
maximum 2q of 55.18. A total of 36 images with oscillation angle 2.508 were
collected, each being exposed for 7.0 min. The structure was solved by a
direct method. The non-hydrogen atoms were refined anisotropically and
the hydrogen isotropically. Unlike the a-phase the [tcne] .ÿ groups do not
occupy special positions in the refined structure. Disorder in the orientation
and position was observed in the [tcne] .ÿ , the details of which are discussed
in the text.


Physical methods: The 2 ± 300 K magnetic susceptibility was determined on
a Quantum Design MPMS-5XL 5 T SQUID magnetometer (sensitivity�
10ÿ8 emu or 10ÿ12 emu Oeÿ1 at 1 T) with an ultra-low field (approximately
0.005 Oe) and ac options, using a reciprocating sample measurement
system and continuous low-temperature control with enhanced thermom-
etry features. The ac magnetic susceptibility (c' and c'') was studied in the
range 10 ± 1000 Hz. Samples were loaded in an airtight Delrin holder and
packed with oven-dried quartz wool (to prevent movement of the sample in
the holder) or in a gelatin capsule. For isofield dc measurements, the
samples were zero-field cooled (following oscillation of the dc field), and
data were collected upon warming. For dc isothermal and ac measure-


ments, remanent fluxes were minimized by oscillation of the dc field,
followed by quenching of the magnet. Remaining fluxes were detected
using a flux gate gaussmeter and further minimized by application of an
opposing field, to bring the dc field to<0.5 Oe. The diamagnetic correction
of ÿ764� 10ÿ6 emu molÿ1 was used for [MnTF4OMePP][tcne] ´ 2 PhMe.


The thermal properties were studied on a TA Instruments Model 2050
thermogravimetric analyzer (TGA) equipped with a TA-MS Fison triple
filter quadrupole mass spectrometer to identify gaseous products with m/
z< 300 and located in a Vacuum Atmospheres DriLab under argon to
protect air- and moisture-sensitive samples. Samples were placed in an
aluminum pan and heated at 20 8C minÿ1 under a continuous 10 mL minÿ1


flow of nitrogen. DSC was performed on a TA Instruments Model 2910
calorimeter equipped with an LNCA liquid-nitrogen cooling accessory
enabling operation between ÿ150 and 550 8C using a modulated DSC cell
or at up to 750 8C using a regular DSC cell. Elemental analyses were
performed by Atlantic Microlabs, Norcross (GA).


Infrared spectra (600 ± 4000 cmÿ1) were obtained on a Bio-Rad FT-40
spectrophotometer in mineral-oil mulls. UV/Vis spectra were obtained on
an HP 8952A diode array spectrometer.


X-ray crystal structure analysis : Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Center as supplementary publication
no. CCDC-102234 (ÿ45 8C) and CCDC-102090 (ÿ179 8C). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Fructose 1,6-Bisphosphate Aldolase from Staphylococcus carnosus :
Overexpression, Structure Prediction, Stereoselectivity, and Application in
the Synthesis of Bicyclic Sugars


Maria Teresa Zannetti, Christiane Walter, Marion Knorst, and Wolf-Dieter Fessner*[a]


Abstract: The gene for the fructose 1,6-
bisphosphate aldolase from Staphylo-
coccus carnosus (FruAsca) was subcloned
for overexpression in Escherichia coli
using the expression vector pKK223-3.
An efficient, single-step purification by
DEAE ion-exchange chromatography
furnished the recombinant enzyme
ready for synthetic applications. Se-
quence analysis indicated that FruAsca


shares the overall a/b-barrel structure
and most of the active site residues with


the structurally well-defined FruA cata-
lyst from rabbit muscle which signaled
its functional equivalence for synthetic
applications. A preparative study with
generic aliphatic and hydroxylated alde-
hydes indeed confirmed a high level of


stereoselectivity for both newly created
asymmetric centers, and suggested a
kinetic enantioselectivity for anionically
charged 3-hydroxyaldehydes. In fact, the
monomeric FruAsca was found to toler-
ate even the presence of highly reactive
glutardialdehyde derivatives, which oth-
erwise rapidly denature the rabbit mus-
cle enzyme, and to allow their stereo-
selective conversion to bicyclic sugars.


Keywords: aldol reactions ´ a/b-
barrel protein ´ asymmetric synthe-
sis ´ carbohydrates ´ enzyme catal-
ysis


Introduction


Asymmetric CÿC bond formations are the most important
and most challenging problems in synthetic organic chemistry.
In Nature, such reactions are facilitated by lyases which
catalyze the addition of carbonucleophiles to C�O bonds in a
manner that is mechanistically classified as an aldol addi-
tion.[1] With respect to synthetic applications, the four stereo-
chemically distinct dihydroxyacetone phosphate (DHAP)
dependent enzymes[2] are particularly appealing because they
control the creation of two new asymmetric centers at the
termini of the newly formed CÿC bond, thus allowing an
effective combinatorial synthesis of stereoisomers.[3±5]


Mechanistically, activation of nucleophilic substrates by
aldolases is achieved in two different ways.[6] Class I enzymes
bind their substrates covalently by Schiff base formation to an
active site lysine residue;[7] these catalysts are typically
tetrameric proteins[8] composed of subunits of �40 kDa and
are found usually in higher plants and in mammalian or (as an
exception) in specific microbial organisms. Class II aldolases
utilize a divalent cation cofactor (usually Zn2�) for substrate
coordination;[9] these enzymes are usually dimers[10, 11] of
�39 kDa subunits and are commonly found in fungi and
bacteria.


The variant glycolysis aldolases that cleave fructose 1,6-
bisphosphate (FBP) have been pivotal to mechanistic ad-
vancement, structural insight, and synthetic utility.[12] In vivo,
fructose 1,6-bisphosphate aldolases (FruA) catalyze the
reversible addition of DHAP to d-glyceraldehyde 3-phos-
phate (GA3P) to give FBP. These enzymes are highly specific
for the DHAP nucleophile and tolerate only a few isosteric
replacements in the phosphate moiety,[13±15] but they readily
accept a broad range of aldehydes at synthetically useful rates
as the electrophile.[3, 17] The class I FruA from Oryctolagus
cuniculus (rabbit) muscle (FruArab; for the systematic acro-
nym nomenclature see[3]) has to be regarded as the classical
reference catalyst since it has long been commercially
available, has tested positive with literally hundreds of
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aldehydes as substrate analogues in place of the natural
substrate d-glyceraldehyde 3-phosphate, and has proved to be
eminently useful for the stereoselective synthesis of carbohy-
drates as well as related natural and nonnatural compounds.[3]


However, its main limitations as a practical catalystÐand
obstacles to any large-scale, industrial utilization[16]Ðremain
in its relatively low stability under the usual reaction
conditions with half-lives of only a few days in buffered
solution, and in the narrow restrictions for application of
cosolvents.[17]


In comparison, it has been reported that the prokaryotic
class I aldolases from Staphylococcus aureus and Pseudomo-
nas aerogenes display unusually high heat and pH stability,[18]


which is most likely due to the fact that these �33 kDa
enzymes are active as monomers. More recently it was found
that the related, monomeric class I aldolase from Staph-
ylococcus carnosus (FruAsca) also has a high pH and temper-
ature stability,[19] and the encoding gene has been cloned and
the DNA sequence determined.[20] Furthermore, this catalyst
has been shown by a TLC screening to accept a number of
aldehydes as substitutes of the natural substrate GA3P.[21]


Although the FruAsca enzyme is now offered commercially,[22]


a more detailed investigation of its synthetic utility was
hampered so far by the high cost of the marketed catalyst and
by the efforts required for
purification of the wild type
enzyme.[19]


Here we report on the con-
struction of a new and highly
efficient heterologous overex-
pression system for FruAsca in
E. coli from which the enzyme
can be obtained by a single-
step purification in a state
ready for synthetic applica-


tions. We also present a sequence comparison with other
class I FruA proteins which suggests a common three-dimen-
sional fold and thus a similarly broad synthetic applicability.
The extraordinary stability of the enzyme is demonstrated by
the preparation of bicyclic sugars from a glutardialdehyde
derivative.


Results and Discussion


FruAsca overexpression


The S. carnosus gene fda encoding the FruAsca had previously
been cloned as a 5.2 kb PstI fragment of chromosomal DNA
into the pBluescriptII KS� vector.[20] The resulting construct,
designated pBluescriptII-fda10, was now used for the con-
struction of a suitable overexpression system. The vector
pKK223-3 was chosen because it contains the strong hybrid
tac promoter and rrnB ribosomal termination for controlled
protein expression,[23] and because it has proved to be highly
successful in the overproduction of other aldolases.[24, 25] The
fda gene was amplified from pBluescriptII-fda10 by mutating
PCR technique to insert two flanking recognition sequences
for appropriate restriction enzymes using the primers descri-
bed in Scheme 1. The sense primer introduced an XmaI


restriction site immediately before the gene�s natural Shine ±
Dalgarno sequence which is located eight base pairs from the
ATG start codon, and the antisense primer incorporated a
PstI restriction site after the stop codon. From the PCR
amplification only a single band with the expected molecular
weight (950 bp) was observed upon DNA agarose gel electro-
phoresis, and no further purification was required. As
summarized by the cloning strategy shown in Figure 1, the
PstI and XmaI digested insert was unidirectionally ligated
into the pKK223-3 vector and the construct, denoted pKKfda,
was transformed into competent E. coli JM105 strain. Out of
six colonies selected from LB-ampicillin plates, four carried
the desired functional insert as determined by enzymatic
assay for FruA activity.[26]


Recombinant cells of E. coli JM105/pKKfda were found to
overexpress the FruAsca at about 1 kU gÿ1 wet cell weight (3 ±
4 kU per liter of cell culture) upon induction of the tac
promoter with 0.5 mm IPTG which corresponds to roughly a
factor of 50 relative to wild type S. carnosus cells,[19] or to a
factor of 20 relative to a previously described autologously
cloned S. carnosus producer.[20] Analysis by denaturing SDS
polyacrylamide gel electrophoresis showed that the fully


Abstract in German: Das Strukturgen der Fructose-1,6-bis-
phosphataldolase aus Staphylococcus carnosus (FruAsca) wur-
de für eine Überproduktion in Escherichia coli in den
Expressionsvektor pKK223-3 subkloniert. Mittels Einschritt-
Reinigung an DEAE-Ionenaustauscher konnte das rekombi-
nante Enzym effizient in für Synthesereaktionen ausreichender
Qualität gewonnen werden. Eine Sequenzanalyse deutet darauf
hin, daû die FruAsca die a/b-Barrel-Structure und die meisten
Aminosäurereste des aktiven Zentrums mit dem stukturell gut
charakterisierten FruA-Enzyms aus Kaninchenmuskel teilt,
was seine funktionelle ¾quivalenz für Syntheseanwendungen
nahelegte. Tatsächlich bestätigte eine präparative Studie mit
typischen aliphatischen und hydroxylierten Aldehyden ein
hohes Maû an Stereoselektivität in der Erzeugung beider neuer
Asymmetriezentren und zeigte eine kinetische Enantioselekti-
vität für anionisch geladene 3-Hydroxyaldehyde auf. Die
monomere FruAsca erwies sich selbst gegenüber hochreaktiven
Glutardialdehydderivativen, welche ansonsten das Kaninchen-
muskelenzym rasch denaturieren, als unerwartet stabil, so daû
selbst deren stereoselektive Umsetzung zu bicyclischen Zuk-
kern gelang.


Scheme 1. Oligonucleotide primers used for the subcloning of FruAsca. Recognition sequences for XmaI and PstI
restriction endonucleases are doubly underlined. Sequence stretches with identity to genetic DNA are indicated
by capital letters; mutating sequences introduced by PCR extension are given by lowercase letters.
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induced recombinant cells contained about 25 % of the
FruAsca among total soluble cell protein. Despite the high
levels of foreign gene production, no formation of inclusion
bodies was detected. Because of its strong prevalence, the
recombinant FruAsca could be easily obtained in relatively
high purity (�90 %) and high yield (87%) by a single anion-
exchange chromatography on DEAE sepharose with only one
other major band visible at about 70 kDa, as demonstrated by
SDS-PAGE analysis (Figure 2). In this state, the enzyme was


Figure 2. Electrophoretic analysis of the expression of the recombinant
FruAsca in E. coli by SDS-PAGE separation on a 12% gel. Protein bands
were stained by Coomassie blue. A: Molecular weight markers with the size
indicated in kilodaltons to the right; expected subunit size of FruAsca is
indicated in boldface. B: Total cell lysate of strain JM105/pKKfda without
induction. C: Total cell lysate of strain JM105/pKKfda after induction with
0.5mm IPTG. D: Purified FruAsca after single-step DEAE chromatography.


found to be quite stable upon storage (95 % activity remaining
after 12 months at 4 8C) and free from activities interfering in
synthetic applications. If desired, practically pure protein
(99 %) may be obtained by a further gel permeation
chromatography (GPC) to remove impurities of higher
molecular weight. Also by GPC on Sephadex G150 the
molecular weight of the native FruAsca was determined to be
about 30 kDa which verified the prior analysis of the aldolase
to be active in a monomeric state.[19]


FruAsca protein structure prediction


The application of enzymic catalysts to asymmetric synthesis
is intimately tied up to the intricacies of their protein
structure. Despite any apparent similarity in primary se-
quence or primary function, the peculiarities of related
catalysts require an empirical scrutiny for their catalyst utility.
Thus, when comparing enzymes from different sources but
having a common catalytic specificity towards the same
natural substrate, each catalyst quality with regard to the
breadth of substrate specificity, such as tolerance for non-
natural substrate analogues, enantioselectivity, and diaster-
eoselectivity, or physical properties, such as heat, solvent, or
pH stability, has to be evaluated individually. In an attempt to
investigate the general synthetic features of the FruAsca with
respect to the established reference Frurab enzyme, we first
tried to probe the structural relationship of the catalysts in
more detail.


Apart from a very narrow sequence comparison of the
FruA enzymes from S. carnosus with that from human tissues,
mays, Drosophila and S. aureus around the active site lysine
(K212) no structural information for the FruAsca was avail-
able.[20] Particularly, no data on secondary or tertiary structure
elements for the three-dimensional protein folding had been
determined. Conversely, the X-ray structures of the highly
homologous class I FruA proteins from rabbit (1.9 �)[7, 8] and
human muscle (2.0 �),[27] and that from Drosophila mela-
nogaster (2.5 �)[28] have been determined at a useful level of
accuracy. Their molecular architecture corresponds to that of
active tetrameric associates of the respective enzyme subunits,
which adopt an eight-stranded a/b- barrel structure motif. The
active site cleft is located in the center of the b- barrel with the
reactive Lys229 projecting towards the C-terminal opening of
the pocket (Figure 3 left). A number of additional ionic and
polar residues converge towards the opening of the active site
pocket for substrate binding (Figure 3 right).


The deduced amino acid sequence of the S. carnosus fda
gene (296 aa)[20] was compared to that of the corresponding
rabbit gene for the muscle isozyme (364 aa).[29] Sequence
alignment of the core structure (280 aa) for the FruAsca and
FruArab revealed an amino acid identity of less than 30 % but


Figure 1. Summary of the subcloning of the FruAsca gene for protein overexpression.
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with enough indication for a likely similar overall fold. When
making an allowance for conservative replacements, the
homology rose to a remarkable 45 % (Figure 4). By inspection
of this analysis, it becomes evident that there is a strong
clustering of similarity in particular stretches of the primary
sequence which strongly correlate with all eight b-sheet
segments established for the FruArab enzyme (sheets desig-
nated a ± h in the crystal structure;[8] almost 80 % homology).


In addition, out of the total of 17 amino acid residues
contained in the active site, which are situated within the b-
strands or at loops proceeding from the latter, 14 are identical
and only three are not conserved (Figure 3 right). Since the
secondary structure elements are thus responsible for the
formation the b-barrel core and also mediating the catalytic
activity, it can thus safely be deduced that the FruAsca shares
with the FruArab not only a common a/b-barrel structure but


Figure 3. Left : Structural view of the fructose 1,6-bisphosphate aldolase, determined by X-ray structure analysis of FruArab, showing the a/b-barrel protein
architectural motif. The plot was generated from PDB file 1ADO.[10] b-Strands are shown in cyan and a-helical segments in red. Right : Location of active site
residues in the FruArab enzyme as identified by X-ray crystal structure analysis.[8] Labeling of amino acid residues is indicated according to the primary
sequence of FruArab. Residues that are conserved in the S. carnosus aldolase (FruAsca), as determined by sequence alignment, are shown in standard color
code for the elements, and side chains of non-conserved residues are highlighted in yellow. The corresponding substitutions occurring in FruAsca are
Glu34Gln, Arg42Ala, and Thr268Val.


Figure 4. Sequence-based alignment of the amino acid sequences of fructose 1,6-bisphosphate aldolases from rabbit muscle (FruArab) and Staphylococcus
carnosus (FruAsca). Red amino acid single-letter codes highlight sequence identity, blue amino acid residues indicate conservative replacements. Black dots
above the sequence of FruArab indicate polar active site residues. Elements of secondary structure, as determined by X-ray analysis of FruArab,[8] are drawn
below the alignment. Arrows represent b-strands (a ± h), and coils represent a-helices (A1 ± H2); other secondary structure elements, such as random coils and
turns, are represented by a solid line; coloration of the symbols corresponds to that used in Figure 3.
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will also very likely have quite similar catalytic properties. A
comparable, if less pronounced, prediction was deduced by
using a recently developed algorithm for sequence-derived
fold recognition.[30]


Interestingly, the regions with higher diversity are located
in the a-helical protein segments which make up the
periphery of the three-dimensional structure. The highest
disagreement in fact is found in helices E and F which flank
the b-strand containing the Schiff-base forming lysine (K229
in FruArab, K212 in FruAsca). The fact that these helices are
mostly responsible for creating the rigid, nonpolar sur-
face contacts between aggregated subunits of the tetrameric
aldolases[31] makes it clear that profound alterations towards
improved hydrophilicity (Figure 5) are mandatory for
these particular entities to maintain a monomeric state of
the FruAsca.


FruAsca stereoselectivity


This FruAsca catalyst had been shown earlier to accept a
number of aldehydes as substitutes of the natural substrate
GA3P.[21] However, the simple TLC screening method used to
detect product formation was unsuited to reveal the constitu-
tional identity of the product formed nor its configurational
purity. An evaluation of the stereoselectivity of the aldolase,
however, was particularly desirable as a crucial precondition
for potential applications in asymmetric synthesis.


The stereoselectivity of the purified FruAsca enzyme was
determined by a series of small-scale preparative reactions in
the direction of synthesis, employing two aliphatic, two
hydroxylated, and one carboxyl aldehydes as representative
substrate analogues (Table 1). In each case, reaction rates
were sufficiently fast to maintain the product formation under
kinetic control. At about 90 % conversion, crude product
mixtures were analyzed by high-field 1H NMR for diastereo-
meric composition, using authentic reference materials ob-
tained from parallel reactions catalyzed by FruArab or as
available from prior studies.[25]


From nonpolar aliphatic acetaldehyde and propionalde-
hyde, a very small percentage of erythro-configurated stereo-


isomers was detectable by the distinctive signals of 3-/4-H.
Thus, the FruAsca enzyme has a very high capacity to correctly


bind the CHO group, even in
the most discriminate case of
CH3 versus H differentiation.
Within the limits of detection
by high-field proton and carbon
NMR spectroscopy (�5 %),
only single diastereomers were
formed from 2- or 3-hydroxy-
lated glycolaldehyde and glyc-
eraldehyde, as well as from
succinic acid semialdehyde. In
context with similar observa-
tions this suggests that polar
substrates are more strongly
bound by additional hydrogen
bonding or Coulomb attraction.
Thus, substrate analogues com-
prising structural features of the
natural substrate glyceralde-
hyde 3-phosphate seem to be


excellently suited for complete stereochemical control over
the newly generated vicinal diol unit of an absolute (3S,4R)-
trans configuration (d-threo).


It had been shown previously that the FruArab displays a
pronounced kinetic enantioselectivity for d-configurated
2-hydroxyaldehydes when these bear an anionic group at a
distance similar to that in the natural acceptor.[32] In an effort
to study the complementary behavior towards 3-hydroxyal-
dehydes for both of the FruA enzymes, racemic maleic
4-semialdehyde 3 (readily obtainable by a Barbier-type[33]


chain extension of glyoxylic acid 1, followed by ozonolysis)
was submitted to enzymic aldolization in the presence of
substoichiometric amounts of DHAP (0.3 equivalents;
Scheme 2). NMR spectroscopic analysis of the crude material
revealed that the initially produced diastereomeric open-
chain intermediates 4 and 5 expectedly had cyclized to form
pyranoid rings. As evident from the coupling pattern of the
methylene group, the major component 6 derives from d-3
and adopts a b-6C3-chair conformation. The minor stereo-
isomer, produced from l-3, was determined not to be the
anticipated corresponding 3C6-chair but rather the derived
intramolecular anomeric lactone 7, probably due to the acidic
conditions maintained upon sample preparation. Both cata-


Figure 5. Plots of hydropathy index against residue number for fructose 1,6-bisphosphate aldolases from
Staphylococcus carnosus (FruAsca) and rabbit muscle (FruArab). The peaks and troughs are filled for an easy
comparison of the profiles. Both plots were generated with an average segment length of five residues. Secondary
structure elements for FruArab are indicated by arrows for b-strands and by capital letters for a-helices, as deduced
from the crystal structure; corresponding structure elements are tentatively assigned for FruAsca as derived from
the sequence alignment shown in Figure 4.


Table 1. Evaluation of FruAsca stereoselectivity.


Aldehyde R d-threo
[%]


l-erythro
[%]


Yield
[%]


acetaldehyde CH3 97 3 90
propionaldehyde C2H5 98 2 80
glycolaldehyde CH2OH > 95 < 5 90
rac-glyceraldehyde CHOHÿCH2OH > 95 < 5 90
succinic semialdehyde (CH2)2COOH > 95 < 5 90
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Scheme 2. Kinetic enantioselectivity for 2-hydroxy-4-oxobutanoate.
i) Allyl bromide, Sn, EtOH, 45 %; ii) O3, MeOH, ÿ78 8C; Me2S,
ÿ78 8C!room temperature, �quantitative; iii) FruA, DHAP; ion ex-
change, 6 :7� 85:15 (FruArab) and 90:10 (FruAsca).


lysts showed a similar moderate selectivity for the d-
configurated aldehyde (FruArab d :l� 85:15, FruAsca 90:10).
Interestingly, the selectivity was significantly lower for the
corresponding ethyl ester (FruArab d :l� 40:60). The latter
result not only points to the importance of an anionically
charged group but also strongly corroborates the kinetic
nature of the observed selectivity since the all-equatorially
substituted 6 could alternatively have arisen by its higher
thermodynamic stability.[3] The fact that from the latter
reaction no ethyl ester remained in the product is in agree-
ment with earlier observations for related substrate types.[34, 35]


Synthetic applications


Although several attempts at enzymatic addition of DHAP to
simple linear a,w-dialdehydes (glyoxal, glutardialdehyde)
have been reported,[36, 21] in no case had a product been
isolated and characterized. Presumably, this is because the
dialdehydes cause crosslinking of the protein[37, 38] and thus
irreversibly destroy its enzymatic activity. However, we have
recently discovered that a- or b-hydroxylated dialdehydes are
good substrates for a twofold, tandem aldol addition of
DHAP.[39, 40] The contrasting results may be explained by the
formation of stable intramolecular hemiacetals in aqueous
solution which mask the reactivity of free dialdehydes.


In this context, the branched chain glutardialdehyde 9 was
of interest as a potential precursor to hydrolytically stable,
one-carbon linked disaccharide mimetics (e.g., 10). The meso-
cyclopentene-3,5-dimethanol 8 was prepared by controlled
ozonolysis of norbornadiene, followed by reduction with
NaBH4 (Scheme 3).[41] Ozonolytic cleavage of the remaining
double bond cleanly furnished the corresponding dialdehyde
9. In contrast to glutardialdehyde itself, which is reported to


Scheme 3. Two-step synthesis of dialdehyde substrate, and attempted
tandem aldol additions using fructose 1,6-bisphosphate aldolase from
rabbit muscle (FruArab). i) O3, MeOH,ÿ78 8C; NaBH4, room temperature,
55%; ii) O3, MeOH, ÿ78 8C; Me2S, ÿ78 8C!room temperature,
� quantitative. P�PO3


2ÿ.


crosslink FruA even at very low concentration,[42] the
derivative 9 was expected to display a moderate reactivity
because of its ability for intramolecular cyclization to form
stable six-membered hemiacetals. In fact, NMR analysis
showed a very complex mixture comprising free aldehydes
(broad singlets at d� 9.72 and 9.67), hydrates, and isomeric
structures (e.g. 9 a,b) to exist in aqueous solution, correspond-
ing to the different possible modes of cyclization. Owing to
the presence of a relatively high portion of free aldehyde,
however, to our dismay a copious precipitate formed within
few minutes when a solution of dialdehyde 9 and DHAP was
incubated with FruArab. No enzymatic activity remained in
solution, no trace of aldolization product was detectable from
this attempt.


The FruAsca had been reported to show a far superior
stability in comparison to the FruArab under typical reaction
conditions.[21] Since this is quite likely a consequence of its
monomeric structure, we anticipated also a higher resistance
against crosslinking denaturants. In fact, this supposition
proved correct: when FruAsca was treated with 9 in the
presence of DHAP no precipitate formed but a rapid
consumption of DHAP was monitored by enzymatic assay
(Scheme 4). Analysis by TLC indicated the formation of
monophosphate(s), however, without traces of bisphosphate.
Further conversion of monophosphate intermediates to bi-
sphosphates could also not be detected upon prolonged
incubation. After enzymatic dephosphorylation, the annulat-
ed C10-dipyranoses 13 b and 14 b were obtained as a 3:1
diastereomeric mixture in 26 % overall yield from 8. Appa-
rently, the two primary monophosphates 11 and 12 form
rather stable intramolecular acetals 13 a and 14 a, respectively,
thus effectively precluding a second addition.


To verify the structure as well as to gain insight into the
origin of enantiotopos selectivity, it was desirable to submit
substrate 9 to aldolization with the rhamnulose 1-phosphate
aldolase (RhuA) having a threo stereoselectivity which is
configurationally opposite to that of FruA enzymes.[25] Our
experience showed that this class II aldolase from E. coli,
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Scheme 4. Aldol reaction using fructose 1,6-bisphosphate aldolase from S.
carnosus (FruAsca). i) DHAP, FruAsca , pH 7.0; ii) alkaline phosphatase,
pH 8.0; ratio 13 :14� 3:1, 26% from 8. P�PO3


2ÿ.


available commercially or by recombinant overproduction,[25]


also is a rather robust catalyst having a very broad substrate
tolerance.[3] Gratifyingly, when a solution of 9 and DHAP was
treated with RhuA, no protein precipitation occurred and
analysis by TLC indicated monophosphate formation
(Scheme 5). Again, no bisphosphates were detectable at


Scheme 5. Aldol reaction using rhamnulose 1-phosphate aldolase from E.
coli (RhuA). i) DHAP, RhuA, pH 7.0; ii) alkaline phosphatase, pH 8.0;
ratio ent-13 : ent-14� 1:3, 32% from 8. P�PO3


2ÿ.


longer incubations. After dephosphorylation, a mixture of two
diastereomers was isolated which were identified by NMR
analysis to correspond to products ent-13 b and ent-14 b in a
ratio of 1:3 (32 % overall yield from 8). Interestingly, the
stereoisomer ratio (major component ent-14 b) was opposite
to that registered for the FruAsca experiment (major compo-
nent 13 b), which infers that both catalysts had preferentially
attacked the carbonyl group of identical enantiotopicity.


Clearly, because of the contrasting identity of the major
products, the enantiotopos selectivity in the terminus differ-
entiation is (at least partially) of kinetic, and not of
thermodynamic, origin.


Conclusions


We have constructed a new heterologous overexpression
system for the FruAsca enzyme which by far excels the
autologous production system reported previously. The high
productivity and the simplicity of an effective one-step
purification scheme make this a suitable source for large
quantities of the biocatalyst. We have shown that its reported
superior stability is paralleled by a high level of stereo-
selectivity for aldol addition reactions with generic aliphatic
and hydroxylated aldehydes, an experimental outcome which
had been suggested, in fact, by the discovery of high sequence
and structural similarity around the known active site of the
FruArab and the postulated active site environment of the
FruAsca.


The synthetic utility of the enzyme in asymmetric synthesis
was demonstrated by the formation of a new set of unusual
bicyclic sugars from bifunctional precursors of a type that
proved to be impossible to convert by using conventional
FruArab catalysis. Kinetic enantioselectivity could be demon-
strated for an anionically charged 3-hydroxyaldehyde. Thus,
when compared to the FruArab enzyme as the current stand-
ard, the FruAsca is more than functionally equivalent, and
promises to become a cost-efficient and overall effective
replacement, particularly with regard to potential large-scale
applications.[4]


Experimental Section


Materials and methods: Plasmid pBluescriptII-fda10 was provided by
Professor Götz, Tübingen. Oligonucleotide primers, vector pKK223-3,
Escherichia coli strain JM105, and media for protein chromatography were
purchased from Pharmacia Biotech. PCR Core Kit, restriction enzymes,
and T4 DNA ligase were obtained from Boehringer Mannheim and used
according to the manufacturer�s instructions. Other routine cloning
operations were performed by the standard procedures.[43] The nuclease
(Benzonase, grade I) was purchased from Merck, Darmstadt.


NMR spectra were recorded on Varian VXR 300 or Unity 500 spectrom-
eters; chemical shifts are referenced to internal TMS or TSP (d� 0.00).
Mass spectra were recorded on a Finnigan MAT 212 system and elemental
analyses were performed on a Heraeus CHN-O-Rapid system. A Fischer
502 ozone generator was used for ozonolyses; ultrasound-accelerated
reactions were carried out with the aid of a Bandelin Sonorex TK 52 H
cleaning bath. Column chromatography was performed on Merck 60 silica
gel (0.063 ± 0.200 mesh), and analytical thin-layer chromatography (TLC)
was performed on Merck silica gel plates 60 GF254 using a 1:1 mixture of
saturated ammonia/ethanol for development, and anisaldehyde stain for
detection. Analytical grade ion exchange media (100 ± 200 mesh) were
purchased from Bio-Rad. Fructose 1,6-bisphosphate aldolase from rabbit
muscle (FruA; [EC 4.1.2.13]; type IV) and triose phosphate isomerase from
rabbit muscle ([EC 5.3.1.1]; type I) were purchased from Sigma, and
recombinant rhamnulose 1-phosphate aldolase from E. coli (RhuA; [EC
4.1.2.19]) was obtained from Boehringer Mannheim. Alkaline phosphatase
from bovine intestinal mucosa ([EC 3.1.3.1], synthetic purity grade) was
purchased from Fluka. Dihydroxyacetone phosphate (DHAP) was pre-
pared from glycerol phosphate according to the published procedure.[13]
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PCR amplification: The gene fda contained in the plasmid pBluescriptII-
fda10[20] was amplified by using the standard PCR technique as described in
the literature[44] but with mutating oligonucleotide primers as shown in
Scheme 1. Amplification was performed in a 100 mL reaction mixture
containing 1 ng of plasmid pBluescriptII-fda10, 300 nm each of primers,
200 mm each of deoxynucleoside triphosphates (dNTPs), 10mm Tris-HCl
(pH 8.3), 1.5mm MgCl2, and 50mm KCl. The reaction mixture was heated
for 2 min at 95 8C, then Taq DNA polymerase (2.5 U) was added, the
solution was layered with mineral oil (100 mL) and subjected to 25 cycles of
amplification (Eppendorf Mastercycler 5330). Cycle conditions were set for
denaturation at 94 8C for 1 min, annealing at 50 8C for 2 min, and
elongation at 72 8C for 3 min. The mineral oil was removed and DNA
was collected by phenol/chloroform extraction and ethanol precipitation.
Analysis by 1 % agarose gel electrophoresis showed the desired DNA
insert (950 bp) to be the only detectable polymer chain reaction (PCR)
product which was used for the subsequent steps without further
purification.


Construction of the expression vector pKKfda : The PCR amplified fda
insert was digested by incubation with restriction enzymes XmaI and PstI
under standard conditions. A 20 mL reaction mixture containing the DNA
insert (1 mg), 6mm Tris-HCl (pH 7.5), 50 mm NaCl, 6mm MgCl2, 1 mm DTT,
and XmaI (1 mL, 5 U) was incubated at 37 8C. After 4.5 h the enzyme was
denaturated by heating at 65 8C for 10 min. After cooling to ambient
temperature and addition of PstI (1 mL, 10 U), the mixture was incubated at
37 8C for another 4.5 h. After denaturation by heating at 65 8C for 10 min,
the restricted insert was recovered by phenol/chloroform extraction and
precipitation with ethanol (2 vol) and 3m NaOAc (1/10 vol, pH 5.2). The
DNA pellets were taken up with 20 mL Tris-HCl (10 mm, pH 7.8).


The vector pKK223-3 was digested with XmaI and PstI under the same
conditions. The crude digested vector was taken up in dephosphorylation
buffer (50 mm Tris-HCl, pH 9.0, 0.1 mm ZnCl2, 1mm MgCl2, 1 mm
spermidine) and treated with calf intestinal alkaline phosphatase at 37 8C
for 1 h. The reaction was stopped by addition of 1 mL of 0.5m EDTA
solution (final concentration 10 mm) and heating at 65 8C for 60 min.
Plasmid DNA was recovered by phenol/chloroform extraction followed by
ethanol precipitation, and the DNA pellet was taken up in 20 mL of Tris-
HCl buffer (10 mm, pH 7.8).


The restricted insert (3 mL) and restricted and dephosphorylated vector
(1 mL) were incubated overnight at 20 8C with T4 DNA ligase (0.5 U) in the
appropriate buffer (66 mm Tris-HCl, 5mm MgCl2, 1mm dithioerythritol,
1mm ATP, pH 7.5). After ligation, competent cells of E. coli JM105 strain
were transformed with the new recombinant plasmid, denominated
pKKfda, and plated onto LB agar plates supplemented with ampicillin
(200 mg Lÿ1). Out of six colonies randomly selected, four carried the
desired insert as determined by plasmid isolation and restriction analysis, as
well as by enzymatic assay for FruA activity[26] after isopropyl-b-d-
thiogalactopyranoside (IPTG) induction.


Expression and purification of FruAsca : A positive clone was grown
aerobically in 200 mL of LB medium supplemented by ampicillin
(200 mg Lÿ1) at 37 8C in a shake flask at 300 rpm. When the turbidity
reached an OD578 of 1.0, this was used as a starter culture to inoculate a 10-
L-fermentor (B.Braun Biostat B) charged with 9.8 L of the same medium.
Cells were grown aerobically with stirring at 37 8C to an OD578 of about 0.7
when IPTG was added to a concentration of 0.5 mm. After a further 5 ± 6 h,
cells were harvested by continuous centrifugation (Heraeus Contifuge
28RS; 15 000 rpm, 4 8C) to give a wet weight of 35 g. The pellet was
resuspended in Tris-HCl buffer (4 mL gÿ1 cells) and 5000 U of benzonase
was added. Cells were disrupted by glass bead milling (IMA cell
desintegrator C), and the extracts were clarified by filtration followed by
centrifugation at 24 000 g for 15 min at 4 8C. Total crude FruA activity,
determined spectrophotometrically,[26] amounted to 30 000 U (0.86 U mgÿ1


cells; 1 U is defined to catalyze the cleavage of 1 mmol of FBP per minute at
25 8C). Protein purification was performed by ion exchange chromatog-
raphy on DEAE-Sepharose CL-6B, applying an NaCl gradient for protein
elution (100 ± 350 mm). FruA activity eluted at about 150 mm, and active
fractions were pooled and concentrated by ultrafiltration (Amicon YM10
membrane) followed by ammonium sulfate (80 %) precipitation (total
recovered activity 26 000 U, 87 %).


Protein analysis: Protein concentration was determined by the Bradford
method[45] with assay reagents supplied by Bio-Rad, using bovine serum


albumin for calibration. Protein purity was analyzed by SDS-PAGE
performed according to the method of Laemmli[46] using a 12 % gel.


Sequence analysis: The protein sequence of the S. carnosus fructose 1,6-
bisphosphate aldolase (296 aa) and the corresponding rabbit sequence of
the muscle isozyme (364 aa), as derived from published gene sequences
(GenBank accession numbers X71729 and K02300, respectively), were
analyzed by using the program MegAlign (DNASTAR Inc.). Clustal
method with default parameters was applied for the analysis.


Analysis of hydropathy index: The hydropathy index of the fructose 1,6-
bisphosphate aldolases from S. carnosus and rabbit muscle was determined
and plotted according to the method of Kyte and Doolittle,[47] as
implemented in the program Protean (DNASTAR Inc.).


Evaluation of stereoselectivity: An aqueous solution (20 mL) containing
fructose 1,6-bisphosphate (25 mm) and the respective aldehyde (50 mm) was
adjusted to pH 6.8. After addition of triosephosphate isomerase (10 U) and
FruA (from S. carnosus or rabbit muscle; 20 U) the mixture was allowed to
stand at ambient temperature with intermittent analysis for conversion by
TLC. At about 90% conversion, enzymes were removed by short heating
to 90 8C and filtration through a pad of charcoal. After removal of the
volatiles by roto-evaporation at �20 8C under vacuum, the residue was
taken up in D2O for NMR analysis. Products were identified by comparison
with reference spectra of authentic compounds,[25] and their proportions
were determined by 1H NMR integration of key signals.


2-Hydroxypent-4-enoic acid (�2a): A mixture of glyoxylic acid (2.0 g,
27 mmol), powdered Sn (6.4 g, 54 mmol), and allyl bromide (4.8 mL,
54 mmol) in 50 % aqueous ethanol (90 mL) was treated with ultrasound for
6 min under nitrogen (TLC analysis showed complete conversion). The
suspension was filtered and the residue washed with ethanol. The combined
filtrates were stirred over Zn dust (5 g) for 5 h, then filtered, and
concentrated. After extraction of the residue with diethyl ether (4�
50 mL), the concentrated extract was purified by silica chromatography
using chloroform/methanol (5:1) as eluent to furnish a colorless oil (1.6 g,
45%); 1H NMR (300 MHz, CD3OD): d� 5.83 (dddd, 1 H, 4-H), 5.11 (dd,
1H, 5-Hc), 5.06 (dd, 1 H, 5-Ht), 5.01 (br s, 1 H, OH), 4.21 (dd, 1 H, 2-H),
2.56-2.35 (m, 2H, 3-H); 13C NMR (100.6 MHz, CD3OD): d� 175.70 (C-1),
134.44 (C-4), 118.29 (C-5), 71.52 (C-2), 39.76 (C-3). Anal: C5H8O3 (C, H).


Ethyl 2-hydroxypent-4-enoate (�2 b): A mixture of ethyl glyoxylate (2.7 g,
26.5 mmol), powdered Sn (6.3 g, 53 mmol), and allyl bromide (4.7 mL,
53 mmol) in 70 % aqueous ethanol (75 mL) was treated with ultrasound for
4 min under nitrogen (TLC analysis showed complete conversion). The
suspension was diluted with CHCl3 (100 mL), neutralized by careful
addition of NEt3, and filtered. The organic layer was dried over MgSO4,
concentrated, and the residue was purified by distillation to yield a
colorless liquid (2.4 g, 64%). B.p. 46 ± 50 8C/20 mbar; 1H NMR (300 MHz,
CDCl3): d� 5.82 (dddd, 1H, 4-H), 5.15 (dd, 1 H, 5-Hc), 5.12 (dd, 5-Ht), 4.31-
4.19 (m, 3 H, 2-H, CH2), 3.7 (br s, 1H, OH), 2.57 (m, 1 H, 3-Ha), 2.44 (m, 1H,
3-Hb), 1.29 (t, 3 H, CH3); 13C NMR (100.6 MHz, CDCl3): d� 174.52 (C-1),
132.68 (C-4), 118.57 (C-5), 70.12 (C-2), 61.69 (CH2), 38.72 (C-3), 14.24
(CH3). Anal C7H12O3 (C, H).


3-Deoxy-dd-xylo-hept-5-ulopyranosonic acid 7-phosphate (6) and 3-deoxy-
dd-lyxo-5-heptulopyranosono-1,6-lactone 7-phosphate (7): A solution of
alkene 2a (700 mg, 6.0 mmol) in dry methanol (20 mL) was cooled to
ÿ78 8C and purged with a stream of ozone until the blue color persisted
(10 min). Dimethyl sulfide (2.5 mL) was added, and the mixture was
allowed to warm to room temperature with stirring. When a peroxide test
proved negative (2 h), water (1 mL) was added, and the solution was
concentrated under vacuum to a residual volume of about 1 mL. Water was
added to a final concentration of 100 mm. Fructose 1,6-bisphosphate (Na3


salt; 110 mg, 0.3 mmol) was added to an aliquot of the aldehyde solution
(10 mL, 2.0 mmol), and the pH was adjusted to 6.8. After addition of FruA
(from S. carnosus or rabbit muscle; 10 U) and triose phosphate isomerase
(20 U), the mixture was incubated at 25 8C with analysis for conversion by
TLC. At about 90 % conversion, the solution was worked up as usual to
determine the crude product ratio by NMR analysis to be 6 :7� 85:15 and
90:10 (FruArab and FruAsca, respectively). A similar reaction sequence was
set up but using the ester 2 b instead to give a product ratio of 6 :7� 60:40.
Compound 6 : 1H NMR (300 MHz, D2O): d� 4.36 (dd, 1H, 2-H), 4.28 ± 3.70
(m, 3H, 4-, 7-H) 3.51 (d, 1 H, 5-H), 2.33 (ddd, 1H, 3-Heq), 1.58 (ddd, 1H,
3-Hax), J2,3ax� 12.4, J2,3eq� 2.0, J3ax,3eq� J3ax,4� 12.0, J3eq,4� 5.0, J4,5� 9.4.
Compound 7: 1H NMR (300 MHz, D2O): d� 4.57 (dd, 1H, 2-H), 4.28 ± 3.70
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(m, 3H, 4-, 7-H) 3.58 (d, 1 H, 5-H), 2.43 (ddd, 1H, 3-Heq), 1.99 (ddd, 1H,
3-Hax); J2,3ax� 10.0, J2,3eq� 5.0, J3ax,3eq� 13.0, J3eq,4� 1.5, J4,5� 9.4.


2,3,4-Trideoxy-2,4-di-C-(hydroxymethyl)-dd-talo-octos-7-ulo-1,5:7,41-dipyr-
anose (13 b) and 2,3,4-trideoxy-2,4-di-C-(hydroxymethyl)-dd-gulo-octos-7-
ulo-1,5:7,41-dipyranose (14 b): A solution of diol 8[40] (400 mg, 3.1 mmol) in
MeOH (20 mL) was cooled to ÿ78 8C and purged with a stream of ozone
until a blue color persisted. Me2S (1 mL) was added, and the mixture was
stirred at ÿ78 8C for 1 h. Stirring was continued at room temperature until
a peroxide test proved negative (ca. 2 h). The solvent was evaporated and
the crude aldehyde 9 was taken up in water (15 mL). To this solution was
added DHAP (4.5 mmol), and the pH was adjusted to 6.9 with 1m NaOH.
After addition of FruA from S. carnosus (200 U), the reaction was
monitored by enzymatic assay for DHAP consumption and by TLC
analysis. After complete conversion (12 h), the pH was adjusted to 8.0, and
alkaline phosphatase (100 U) was added. TLC indicated the reaction to be
complete after two days. After desalting (Dowex AG50W-X8, H� ; AG1-
X8, HCO3


ÿ), products were isolated by filtration through a pad of silica to
furnish a mixture of 13 b/14b in a ratio of 1:3 (200 mg, 26%). Analytical
samples were obtained by careful silica gel chromatography (CHCl3/
MeOH 5:1). Compound 13b : 1H NMR (500 MHz, D2O): d� 1.19 (q, 1H,
J� 12.2, H-3ax), 1.67 (m, 1 H, H-2), 1.74 (m, 1H, H-4), 1.80 (dt, 1H, 2J�
12.8, J2,3� J3,4� 4.0, H-3eq), 3.53 (t, 1H, J4,5� J5,6� 10.0, H-5), 3.69 (d, 1H,
J5,6� 10.0, H-6), 3.49 and 3.71 (AB, 2 H,


2J� 11.7, H-8), 3.57 ± 3.71 (m, 4H,
H-21 and H-41), 4.71 (d, 1 H, J1,2� 8.9, H-1); 13C NMR (125 MHz, D2O): d�
28.75 (C-3), 41.14 (C-4), 46,07 (C-2), 64.69 and 65.47 (C-21 and C-41), 71.98
(C-5), 66.38 (C-8), 79.74 (C-6), 99.92 (C-1), 100.97 (C-7); MS m/z (SIMS,
FAB, positve-ion): 273 (5) [M�Na]� , 263 (20), 257 (49) [M�Li]� , 167 (50),
161 (100). Compound 14b : 1H NMR (500 MHz, D2O): d� 1.65 ± 1.85 (m,
3H, H-2,-3), 2.18 (m, 1 H, H-4), 3.51 and 3.70 (AB, 2 H,


2J� 11.7, H-8), 3.61
and 3.72 (ABX, 2 H, 2J� 11.7, 3J� 3.4 and 5.7, H-21), 4.10 (dd, 1 H, 2J� 12.0,
J4,4'eq� 2.9, H-41


eq), 3.52 (m, 1H, H-41
ax), 4.19 (dd, 1H, J5,6� 10.5, J4,5� 6.0,


H-5), 4.18 (d, 1H, J5,6� 10.5, H-6), 4.95 (d, 1H, J1,2� 8.9, H-1); 13C NMR
(125 MHz, D2O): d� 27.65 (C-3), 38.03 (C-4), 46,52 (C-2), 64.86 (C-21),
65.15 (C-41), 65.49 (C-5), 66.64 (C-8), 77.44 (C-6), 93.88 (C-1), 101.08 (C-7);
MS m/z (SIMS, FAB, positive-ion): 273 (54) [M�Na]� , 257 (100) [M�Li]� .


2,3,4-Trideoxy-2,4-di-C-(hydroxymethyl)-ll-talo-octos-7-ulo-1,5:7,41-dipyr-
anose (ent-13 b) and 2,3,4-trideoxy-2,4-di-C-(hydroxymethyl)-ll-gulo-oc-
tos-7-ulo-1,5:7,41-dipyranose (ent-14 b): From a similar reaction of diol 8
(430 mg, 3.40 mmol) and DHAP (3.50 mmol) but using RhuA (200 U)
instead, a mixture of ent-13b/ent-14b was obtained in the ratio of 1:3
(272 mg, 32%).
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Complexation-Induced Changes in 1H NMR Chemical Shift for
Supramolecular Structure Determination


Christopher A. Hunter* and Martin J. Packer[a]


Abstract: Complexation-induced changes in 1H NMR chemical shift have been used
to determine high-resolution three-dimensional structures of supramolecular com-
plexes. The approach has been validated for a system in which the X-ray crystal
structure of the complex can be compared with the optimised NMR structure, and
the agreement is remarkably good (rmsd� 0.37 �). Determination of the solution
structure of an H-bonded zipper complex is used to demonstrate the power of the
approach in systems for which alternative tools for structure determination are not
useful.


Keywords: computer chemistry ´
genetic algorithm ´ NMR
spectroscopy ´ ring current ´
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molecular chemistry


Introduction


Structure determination remains a major problem in supra-
molecular chemistry. If complexes are sufficiently stable, then
it is often possible to obtain high-resolution structural
information by means of X-ray crystallography in the solid
state. However, it is extremely difficult to crystallise more
weakly bound complexes, and for these systems the solid-state
structure may not reflect the situation in solution.[1] The
solution-phase method that has proved most useful for
obtaining structural information on supramolecular com-
plexes is 1H NMR. Intermolecular NOEs provide information
about protons that are close in space, and complexation-
induced changes in chemical shift (CIS) provide information
about functional-group interactions, for example, interactions
with aromatic rings or hydrogen-bonding sites. With a few
notable exceptions,[2±6] NOE and CIS data are generally used
in a qualitative manner to produce low-resolution pictures of
the structures of intermolecular complexes. Some attempts
have been made to quantitate NOE data to provide more
accurate structural information, but this approach is limited
by the number of NOEs that can be observed in low molecular
weight often symmetrical supramolecular systems. In this
paper, we discuss a quantitative approach to the use of CIS
data in supramolecular structure determination. In the field of
protein NMR structure determination, quantitative methods
have been developed to use folding-induced changes in


1H NMR chemical shift in the structure optimisation proc-
ess,[7±12] and we have found that these methods show consid-
erable promise for obtaining high-resolution three-dimen-
sional structures of supramolecular complexes in solution.


Computational Methods


We have adapted the approach of Williamson and Asakura who have
developed a method for predicting the chemical shifts of protons in
proteins.[8, 9, 11, 12] The main points are reiterated here.


The chemical shift of a proton is given by Equation (1). For CIS values,
clearly sdiamagnetic is irrelevant, since the covalent connectivity of the system
is unaltered on complexation. It is the other three terms which concern us,


s� sdiamagnetic�sanistropy�selectric field�sring current (1)


and these can be calculated by the use of models from the literature. In the
current work, we deal with amides and aromatic rings, but the method
could be generalised to other functional groups. For amides, the anisotropy
effect of the C�O and CÿN bonds is given by Equation (2). The values of
Dc1 and Dc2 used were ÿ25.7� 10ÿ30 cm3 and ÿ13.5� 10ÿ30 cm3 for the
C�O bond and ÿ20.6� 10ÿ30 cm3 and ÿ13.2� 10ÿ30 cm3 for the CÿN
bond.[13, 14] The other parameters are defined in Figure 1a. The electric field
effect of the amide group was calculated according to Equation (3).


sanistropy� (1/3r3) [Dc1(1ÿ 3cos2q)�Dc2(1ÿ 3sin2q sin2g)] (2)


selectric field� e1 {S(qi/r2
i )cosqi}� e2 [{S(qi/r2


i )cosqi}2� {S(qi/r2
i )sinqi}2] (3)


The values of e1 and e2 used here were ÿ2.0� 10ÿ12 esu and ÿ1.0�
10ÿ18 esu.[14] The charges, q, were ÿ1.980 for the amide oxygen, �1.365
for the carbon, ÿ1.133 for the nitrogen and �0.988 for the hydrogen.[15]


The other parameters are defined in Figure 1b.


The ring current shifts were calculated by means of the Haigh-Mallion
model [Eq. (4)].[16] The value of B used here was 5.46� 10ÿ6 �, and f is the
ring current intensity factor: 1.0 for six-membered rings and 0.55 for five-
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membered rings.[7] The other parameters are defined in Figure 1c. Thus the
CIS is given by Equation (5).


sring current� fB{Ssij(rÿ3
i � rÿ3


j )} (4)


Dd�sanistropy� selectric field�sring current (5)


We wrote a simple Fortran program to calculate these CIS values, Dd. This
program operates in two different modes: it can be used to calculate CIS
values for a given input structure (or set of structures) of the complex (fixed
mode); or it can be used to perform a conformational search to determine
the three-dimensional structure of a complex for which the calculated CIS
values best match a set of experimentally determined CIS values (search
mode). These operations are described in detail below.


Fixed mode : We used two input files: an atom-label file that contained
information about atoms which belong to amide groups and aromatic rings,
magnetically equivalent molecules and protons, and the experimentally
observed CIS values; and a Macromodel structure file or multi-structure
file that contained the structure(s) to be evaluated.[17] For each structure in
the Macromodel input file, Equations (2) ± (5) were used to calculate Dd


for each proton in the complex. The values for magnetically equivalent
protons were then averaged. The difference between the experimental CIS
value and the calculated value was determined for each NMR signal, and
the root mean square (RMS) difference between the calculated and
experimental CIS values, RDd , provided a quantitative measure of how
closely the structure in the Macromodel input file matched the structure of
the complex in solution. The output files contained Dd for each proton, the
averaged value for magnetically equivalent protons, the difference between
that value and the experimental CIS, and the overall RMS difference.
When the Macromodel input file was a multi-structure file, the structures
were ranked based on RDd , so that it was straightforward to locate the
structure for which the calculated CIS value best matched the experimental
value. For example, the multi-structure output file from a molecular
mechanics conformational search can be tested for how well the structures
agree with the NMR CIS data.


Search mode : A genetic algorithm was used to minimise the RMS
difference between the calculated and experimental CIS values, RDd , as a
function of the relative position and orientation of the molecules and the
internal torsion angles. The genetic algorithm (GA) was implemented with
the use of the SUGAL program package.[18] SUGAL provides a generic set
of routines that simulate most of the common GA methods.[19, 20] This
allowed us to experiment extensively with the set up of the GA in order to
optimise the speed and accuracy of the search procedure. In order to use a
genetic algorithm, it is necessary to define a fitness function and coding for
the problem. The fitness function is defined such that a high fitness value
corresponds to a good solution. The coding is used to construct binary
chromosomes that represent possible solutions to the problem, each with a
distinct fitness. The GA then uses crossover and mutation operations on the
chromosomes in order to evolve solutions of high fitness.[20]


The GA attempts to maximise the fitness, and a good solution will have a
small RDd value, so the fitness function was defined as Rexpt/RDd , in which
Rexpt is the RMS of the experimentally observed CIS values. The
chromosomes coded for a set of intermolecular variables (the three global


rotations and three global translations for each molecule to be moved) and
a set of intramolecular variables (the internal torsion angles to be varied).
The variables were all coded as integers in the binary chromosome in order
to provide a compact representation. Conversion of the code to a fitness
value then required the integer variables to be read from the chromosome
and converted to angles or distances. Three types of input file were used: an
atom-label file as in the fixed mode; a Macromodel structure file for each
molecule in the complex (here only two molecules are considered); a file
which specifies the torsion angles that are to be varied, the molecules that
are to be moved and any constraints (see later). For any given chromosome,
the intramolecular variables were used to change the internal torsion
angles by the specified amount, and the intermolecular variables were used
to specify the relative positions and orientations of the individual molecules
in the complex. The Dd values were then calculated as in the fixed mode to
give RDd .


The size of the integers used in the coding determines the resolution of the
search. If each integer is coded as a four bit string, fifteen possible integers
are possible (from ÿ7 to �7) and hence fifteen values of each angle or
distance are sampled. We generally used eight bit integers, giving a total of
255 possible values. Typically the intermolecular distance was searched in
the range �10 �, which implies that it was sampled at increments of
0.08 �, and a �1808 range for the rotations gave increments of 1.48. The
resolution can be increased by increasing the length of the chromosomes
(which slows the search down) or restricting the size of the search space. A
rank-based generational GA was used with a population of typically 100
chromosomes. In each generation, all but the fittest chromosome could be
replaced, subject to the restriction that new chromosomes could enter the
population only if they were better than the worst current member. This
ensured that the mean fitness did not decrease during the optimisation. The
reproduction operators used were single-point crossover and uniform
mutation.[18] The mutation operator was allowed to mutate integers over
the full range of accessible values with an average of one mutation per
chromosome. Rank-based selection was used to reduce the possibility of
premature convergence: chromosomes were selected for reproduction
based on their relative rank within the population rather than their
absolute fitness.[19] This was achieved by the use of rank-linear normal-
isation with a bias of 5, so that the fittest chromosome was given a ranked
fitness five times larger than that of the least fit chromosome, with the
remainder spaced evenly between. The total fitness was then normalised.
Annealing was also used to maintain diversity in the population: annealing
allows inferior chromosomes to enter the population if the factor
exp{ÿ (foldÿ fnew)/Tanneal} is greater than a randomly generated number
between 0 and 1; fold and fnew are the fitnesses of the chromosomes and
Tanneal is the annealing temperature.[18] A high annealing temperature allows
chromosomes of very low fitness to enter the population and hence
maintains population diversity during the run. Diversity is essential to
ensure that all regions of the solution space are explored. The annealing
temperature was set at 500 in all runs.


The size of the search space was set to ensure that all possible complex
conformations could be sampled, for example, the intermolecular distance
was typically searched in the range �10 � even though many conforma-
tions within this range will not be good candidate solutions. If the molecules
are not in van der Waals contact, it is unlikely that a change of torsion
angles will improve RDd , and so the searches converged very slowly. There
are two solutions to this problem: restrict the search space by introducing
interatomic distance constraints or once a reasonable structure has been
found, restart the GA and perform a local search in the region of this
structure. Both strategies have been implemented as described below.


Three types of distance constraint were introduced to restrict the search
space: user defined interatomic distances, NOE constraints and van der
Waals (VDW) clashes. Interatomic distance constraints can be used for
example for cyclic systems, in which one bond is allowed to break in order
to let the conformation of the ring vary freely. The constraint discriminates
against structures that do not bring the atoms involved within bonding
distance to enable ring closure. An optimum value for the interatomic
distance, dcon , was specified along with a range,�e, in which no penalty was
incurred. If this constraint was violated, the penalty term in Equation (6)
was added to RDd , in which dij is the distance between the two constrained
atoms in the structure.


Penalty� {(dijÿ dcon)/e}2 (6)


Figure 1. Definition of parameters used in the calculation of CIS values.
a) Parameters for calculation of bond anisotropy effects, illustrated for an
the amide carbonyl group. We used values of d of 1.10 � for the amide C�O
bond and 1.13 � for the amide CÿN bond.[14] b) Parameters for calculation
of electric field effects, illustrated for an amide carbonyl group. c) Param-
eters for calculation of ring current effects.
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NOE constraints dramatically improve the speed with which conforma-
tional searches converge, because they impose a significant restriction on
the size of the conformational space to be searched. In this case, a
maximum allowed separation, dNOE, was defined for the two protons
involved. The interatomic distance was calculated for all magnetically
equivalent pairs of protons, and the shortest separation in this set of
distances, dmin, was found. If dmin< dNOE, then the constraint was satisfied
and no penalty was applied. If this constraint was violated, the penalty term
in Equation (7) was added to RDd .


Penalty� (dminÿ dNOE)2 (7)


For the VDW clash constraints, two distances were specified: the minimum
allowed separations for non-hydrogen atoms, dinter for intermolecular
clashes and dintra for intramolecular clashes. If the distance between any two
non-hydrogen atoms dij was less than the relevant constraint, the penalty
term in Equation (8) was added to RDd . Typically, values of 2 � and 1 �
were used for dinter and dintra , respectively, so that only severe VDW clashes
were eliminated, and the search space was not biased by the choice of these
values. To avoid problems with very short interatomic separations, the
maximum value for the VDW penalty was fixed at 100.


Penalty� 10/dij (8)


A windowing procedure was also implemented to improve the convergence
of the search and the resolution of the final structure. For example, the GA
was started from a random conformation for which the intermolecular
distance varied between �10 � and the orientation angles between �1808.
When the fitness reached 2 (i.e., RDd/Rexpt� 0.5), the search space was
halved in all dimensions, and the GA was restarted from the optimum
structure from the previous run. This was repeated when the fitness reached
4, 8, 16 and so on. The effect was to reduce the search space at every restart
and improve the resolution of the structure. No stopping condition was
placed on the calculation except the number of generations, which was
typically set to 500. In our experience, a fitness of 10 or more corresponds to
a good solution.


It is of interest to consider the size of search space that the GA is exploring
and whether we could use any other optimisation technique to tackle this
problem. The problem is made discrete by using an integer representation
for the angles and distances. If we consider the case in which there are 10
intramolecular torsion angles, this gives us a total of 16 variables. If we use
an eight bit integer representation, this gives 255 possible values for each
variable and hence (255)16 possible conformations to explore. This is of the
order of 1038 conformations, a number far too large for an exhaustive
search. Genetic algorithms, however, have been shown to perform
extremely well on problems in which the search space increases exponen-
tially with the number of variables.[20] We have also found that RDd shows
large changes for relatively small conformational motions, so the fitness
landscape is quite flat with a spike corresponding to the optimum structure.
Genetic algorithms are ideally suited to the optimisation of such functions,
where standard optimisation techniques such as simplex or analytic
derivative methods would struggle. Hence, both the size of the search
space and the nature of the function to be optimised favoured the use of a
genetic algorithm. By optimising the precise set up of the genetic algorithm,
we have been able to implement an efficient search method which would be
difficult by other means.


Results and Discussion


Evaluation of the method : We tested the approach on a
simple supramolecular complex, for which we have both a
high-resolution three-dimensional structure from X-ray crys-
tallography and accurate 1H NMR CIS values in solution
(Figure 2, Table 1).[21] This complex contains only the func-
tional groups discussed above, and the molecules are rela-
tively rigid, so it makes an ideal test case. Using the X-ray
crystal structure geometry and the fixed mode described
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Figure 2. The complex formed between a macrocyclic tetraamide receptor
and glycine anhydride in chloroform. Intermolecular NOEs identified in
ROESY experiments and the proton labelling scheme are shown.


above, we calculated an RDd value of 0.044 ppm (Table 1). The
glycine anhydride CH2 signal gave the largest error in Dd of
0.3 ppm. This discrepancy reflects approximations inherent in
the method: the experimental CIS values are the time-
average of all conformations thermally accessible to the
complex at room temperature, and we have calculated CIS
values for a single rigid structure; the calculations use
approximate models and a set of empirical parameters from
the literature.


However, the calculated CIS values are extremely sensitive
to very small changes in conformation. We therefore used the
search mode to find the structure for which the calculated CIS
values provide the best match to the experimental values for
this complex. The two individual molecules were constructed
with Macromodel and the energy was minimised with the
MM3 force-field.[17] These two structure files were then used
as the input starting structures for the conformational search.
The molecules were allowed to translate (�10 �) and rotate
(�1808) relative to one another, and the only torsions that
were allowed to vary (�1808) were those which permitted
rotation of the four aromatic side walls of the host along their
axis as shown in Figure 3. The three NOE constraints shown in
Figure 2 were introduced with dNOE set to 5 �. With a
population of 50, a windowed search converged to a fitness
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Figure 3. Torsion angles that are allowed to vary in the GA conformational
search on the macrocycle complex shown in Figure 2. All four symmetry-
related xylyl groups are allowed to rotate on their axes by allowing coupled
changes in two torsion angles as indicated.


Table 1. Complexation-induced changes in chemical shift [ppm] in chloro-
form for the macrocycle complex in Figure 2 (see Figure 2 for proton
labelling scheme).


Proton Experiment X-Ray crystal structure NMR structure


a � 1.50 � 1.42 � 1.48
b 0.00 ÿ 0.07 ÿ 0.05
c � 0.04 � 0.03 � 0.01
d ÿ 1.19 ÿ 1.11 ÿ 1.18
e ÿ 1.19 ÿ 1.47 ÿ 1.18
RDd ± 0.044 0.013
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of greater than 32 after 2020
generations giving the structure
shown in Figure 4 (RDd�
0.013 ppm). The Dd values for
individual signals are listed in
Table 1: all agree with the ex-
perimental values to within
0.1 ppm. An overlay of the
optimised NMR structure and
the X-ray structure shows very
good agreement (Figure 4). If
the cyclohexyl rings, which are
on the outside of the complex
and not defined by the NMR data, are excluded, the RMS
difference between the non-hydrogen atom positions is only
0.37 �.


Although the CIS values calculated for the X-ray structure
do not exactly match the experimental values, the exper-
imental CIS values can be used to dock the two molecules
together to obtain a high-resolution structure that is in very
good agreement with the X-ray structure. The reason is that a
small deviation in geometry produces a large change in the
calculated CIS value. Thus it appears that NMR CIS data can
be used to determine the three-dimensional structure of
complexes of this type to a reasonably high degree of
accuracy.


Application to structure determination : We now address the
problem of structure determination. We originally started this
work in an effort to solve a real structure determination
problem in our laboratory. We have been working on
the supramolecular zipper system shown in Figure 5 for
some years.[22±24] Evidence for the structure was obtained from
limiting CIS values from 1H NMR titrations (Table 2),
intermolecular NOEs (Figure 5a) in deuterochloroform


and the X-ray crystal structure of a model com-
pound that represents one half of the zipper complex (Fig-
ure 5b).


Figure 4. Two different views of the optimised NMR structure of the macrocycle complex superimposed on the X-ray crystal structure. The RMS difference
in the positions of the non-hydrogen atoms (excluding the cyclohexyl groups) is 0.37 �.


N
N O


O H


H


N


O


O


N


H


H


N


O


H


N


O


H


b)a)


n
m


k


d


b
c


f


i


a


g


e


h


j l


Figure 5. a) The structure of the zipper complex deduced from the CIS values in Table 2 and the intermolecular
NOEs indicated. The proton labelling scheme is also shown. b) Illustration of the intermolecular interactions
present in the X-ray crystal structure of a related model compound.


Table 2. Complexation-induced changes in chemical shift [ppm] in chloro-
form for the zipper complex in Figure 5 (see Figure 5 for proton labelling
scheme).


Molecular mechanics structures
Proton Experiment MM3 AMBER OPLS NMR structure


a ÿ 0.07 ÿ 0.05 0.00 0.00 ÿ 0.04
b ÿ 0.51 ÿ 0.52 ÿ 0.23 ÿ 0.20 ÿ 0.46
c ÿ 0.26 ÿ 0.31 ÿ 0.09 � 0.05 ÿ 0.24
d � 1.13 � 1.07 ÿ 0.06 � 0.17 � 1.13
e ÿ 0.03 ÿ 0.06 ÿ 0.06 ÿ 0.09 ÿ 0.01
f � 0.22 � 0.04 ÿ 0.08 ÿ 0.08 � 0.19
g � 0.06 � 0.16 ÿ 0.05 ÿ 0.07 � 0.09
h ÿ 0.01 � 0.09 ÿ 0.14 ÿ 0.11 0.00
i ÿ 0.15 ÿ 0.09 ÿ 0.09 ÿ 0.07 ÿ 0.16
j ÿ 0.04 � 0.08 � 0.13 � 0.15 � 0.05
k � 1.39 � 0.87 � 1.12 � 1.29 � 1.39
l � 0.04 ÿ 0.11 ÿ 0.24 ÿ 0.16 ÿ 0.04
m ÿ 0.42 ÿ 0.95 ÿ 1.17 ÿ 0.95 ÿ 0.42
n ÿ 1.63 ÿ 1.93 ÿ 1.27 ÿ 1.10 ÿ 1.65
RDd 0.036 0.066 0.057 0.010
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We also used Macromodel to carry out Monte Carlo
conformational searches on this complex with three different
force fields, MM3, AMBER and OPLS, using the continuum
dielectric model for chloroform solvation (these force fields
are possibly not the best that can be applied to this system, but
they are the standards available in the Macromodel pack-
age).[17] The optimum MM3 structure is similar to that shown
in Figure 5 with four edge-to-face aromatic interactions and
two hydrogen-bonds (Figure 6a), but OPLS and AMBER
produce a different structure, which is shown in Figure 6b.
There are still two hydrogen bonds, but the aromatic rings are
twisted to give three stacking interactions with the fourth pair
of aromatic rings separated by a large distance. OPLS and
AMBER do find the MM3 structure, but it is 18 kJ molÿ1


above the OPLS optimum structure and 14 kJ molÿ1 above
the AMBER optimum structure. The difference between the
two structures in Figure 6 is not enormous, but for our
purposes it was significant. We have been using the zippers to
measure the magnitudes of the two terminal aromatic
interactions using chemical double-mutant cycles.[25±27] The
thermodynamic analysis strongly suggested that both inter-
actions contribute 1.0 ± 1.5 kJ molÿ1 to the free energy of
complexation, but the OPLS/AMBER structure cast some
doubt on what we were actually measuring. How then can we
distinguish between the two possible conformations?


In principle, NOE data could resolve the problem. We have
not carried out a quantitative NOE experiment to derive
distances, but Table 3 shows that this might be difficult to
achieve. Short inter-proton distances are listed for the two


types of structure. All of the short contacts in the MM3
structure (Figure 7a, entries a ± n in Table 3) are also short
contacts in the OPLS/AMBER structure, and so the NOEs
that are actually observed are consistent with both structures
(see bold-face entries in Table 3). There are some very short
contacts in the OPLS/AMBER structure that do not occur in
the MM3 structure (Figure 7b, entries w ± z in Table 3). These
NOEs are not observed experimentally, which is encouraging


Figure 6. Two different views of the molecular mechanics structures of the zipper complex. a) The optimum MM3 structure. b) The optimum AMBER/
OPLS structure.


Table 3. Inter-proton distances [�] in the zipper complexes (see Figure 7
for NOE labelling scheme). The distances in the OPLS structure are very
similar to those listed for the AMBER structure.


NOE MM3 structure AMBER structure


a 5.1 5.0
b 4.6 4.7
c 2.7 3.1
d 4.2 4.2
e 2.5 2.0
f 2.9 2.8
g 4.0 3.7
h 2.6 2.5
i 5.1 5.4
j 3.2 3.5
k 3.5 3.7
l 3.1 3.1
m 3.0 2.6
n 2.8 2.5
w 3.4 3.0
x 4.5 3.9
y 5.1 2.1
z 6.1 2.6
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but does not provide very strong evidence for the MM3
structure.


We therefore turned to the CIS values, since there is a clear
difference in the way the aromatic rings interact, and this
should manifest itself in a difference in the ring-current-
induced changes in chemical shift. Use of the fixed mode and
the optimised molecular mechanics structures gave the Dd


values shown in Table 2. Clearly, the MM3 structure matches
the experimental CIS values much more closely than the
OPLS and AMBER structures.


We also used the search mode to find the conformation for
which the calculated CIS values best match the experimental
values. The two individual molecules were built with Macro-
model and the energy was minimised with the MM3 force-
field, and these two structure files were used as the input. The
molecules were allowed to translate (�10 �) and rotate
(�1808) relative to one another, and Figure 8 shows the


N
N O


O H


H


N


O


O


N


H


H


Figure 8. Torsion angles that were allowed to vary in the GA conforma-
tional search on the zipper complex.


torsion angles that were allowed to vary (�1808). The six
NOE constraints shown in Figure 5 were introduced with dNOE


set to 5 �. With a population of 200, a windowed search
converged to a fitness of 18 after 3000 generations giving the
structure shown in Figure 9 (RDd� 0.010 ppm). The Dd values
for individual signals are listed in Table 2: all agree with the
experimental values to within 0.1 ppm. The optimised NMR
structure is essentially identical to the MM3 structure (Fig-
ure 9): the only difference is in the orientation of one of the
central aromatic rings of the bisaniline component of the
complex, but all four edge-to-face aromatic interactions are
clearly present. This confirms that the conformation illus-


trated in Figure 5 best repre-
sents the solution structure of
this complex.


Conclusions


We have developed software
for calculating complexation-
induced changes in 1H NMR
chemical shift for supramolecu-
lar complexes, and shown how
these data can be used for
supramolecular structure deter-


Figure 9. The optimised NMR structure of the zipper complex super-
imposed on the MM3 structure.


mination in solution. The approach has been validated for a
system for which we have an X-ray crystal structure to
compare with the optimised NMR structure, and the agree-
ment is remarkably good. The systems discussed here are
relatively rigid and have a limited number of functional
groups. It remains to be seen how well the method will work
for more complex and more flexible systems.[10±12] However,
the results presented show that for some systems at least, the
method provides a powerful tool for determining high-
resolution three-dimensional structures of supramolecular
complexes in solution.
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Optically Active, Isotactic Homopolymers of a-Olefins with Main-Chain
Chirality and the First Preparation of Optically Active C3-Symmetrical
Polymers


Günter Wulff* and Uwe Zweering[a]


Abstract: Enantiomerically pure or en-
riched isotactic poly(methyl methacry-
lates) of varying molar masses and
carrying one reactive amino end group
have been prepared from the corre-
sponding poly(trityl methacrylates) and
poly(diphenyl-2-pyridylmethyl metha-
crylates). It was of special interest to
investigate the dependence of their
chiroptical properties with respect to
the chain length. Only at a rather high Pn


(Pn> 300), the optical activity becomes
negligible, and the polymers can be
called cryptochiral. Coupling of three
such chains to 1,3,5-benzenetricarbonyl
chloride results in three-armed star
polymers with C3 symmetry. Their opti-


cal rotation is measured as such in
solution and after transforming the pol-
ymers with achiral syndiotactic poly-
(methyl methacrylates) into helical ster-
eocomplexes. The polymers, especially
the helical stereocomplexes, have re-
markably high optical rotations. These
compounds are the first optically active
polymers with C3 symmetry.


Keywords: chirality ´ optical activ-
ity ´ polymers ´ stereocomplexes ´
C3 symmetry


Introduction


In recent years, optically active polymers with chirality in the
main chain (main-chain chiral polymers) have attracted
considerable interest. In this respect polymers from 1-sub-
stituted or nonsymmetric 1,1-disubstituted olefins (technically
the most important polymers) are especially interesting.[1±3]


Whereas many examples are known for chiral copolymers[1, 4]


and helical polymers with atropisomeric structures,[3] there are
only a few reports on the structural chirality of homopol-
ymers. One route to optically active homopolymers with
main-chain chirality starts with the preparation of a hetero-
tactic polymeric chain, in which dyads (introduced by chiral
template molecules) of defined absolute configuration ((S,S)
or (R,R)) are alternating with atactic sequences of the same
monomeric unit.[5] In such a case, optical activity is independ-
ent of the chain length.


Isotactic homopolymers represent an especially interesting
case since they are usually regarded as being achiral.[6, 7] An
isotactic chain with an even number of monomeric units is
represented as a model of an ideal chain (1). If chain ends are
identical (that is R1ÿCH2�R2), 1 possesses a mirror plane
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der Universität
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(crossing the marked *C carbon in 1) and is therefore a meso
compound. The same holds true if there is an odd number of
monomeric units.


If R1ÿCH2 and R2 are different, the chain becomes chiral. It
is usually assumed that, with long polymeric chains, the
difference of the end groups can be neglected so that, in the
case of a single enantiomer, no chiroptical properties can be
measured.[6, 7] Similar to analogous cases,[8] such behavior may
be called cryptochiral. As a result of new preparative
possibilities, it is now possible to prepare single enantiomers
of isotactic chains of defined chain length. This should allow
the extent of cryptochirality to be investigated, and answer
the question of how long the chains must be until the optical
activity disappears and the polymers become cryptochiral.


Anionic polymerization of trityl methacrylate in the
presence of chiral catalysts, first introduced by Okamoto
et al,[3, 9] gives highly isotactic polymers that exhibit strong
optical activity and that are present as stable, one-handed
(atropisomeric) helices. After replacement of the trityl group
by the much smaller methyl group, the polymer adopts a
random-coil conformation, and the optical activity becomes
very small. However, investigations of the oligomers obtained
in this polymerization reaction show[10±13] that the stereogenic
centers in the main chain are formed with high asymmetric
induction and with uniform absolute configuration. A system-
atic investigation of oligomers up to the decamer carried out
by Okamoto et al.[13] showed that, especially at higher Pn, the
chains were completely isotactic (except the termination end)
and represented a single enantiomer. Anionic polymerization
offers therefore the possibility for the preparation of defined
single enantiomers of isotactic poly(methyl methacrylate)
(PMMA) with much higher Pn.


In two short communications, we have recently reported
that chiroptical properties in isotactic PMMA can be meas-
ured up to a Pn of 300 in the case of poly(methyl methacry-
lates) with different chain ends.[14, 15] If two enantiomerically
pure or enriched isotactic poly(methyl methacrylates) carry-


ing one reactive amino end group are coupled to a linker, such
as a diacid dichloride, polymers of type 2 are obtained.[15] The
resulting elongated polymers have an inverse-diblock-isotac-
tic structure with identical chain ends and, consequently, C2


symmetry. These polymers possess a surprisingly high optical
activity, especially if they are forced into a helical conforma-
tion. It can be foreseen that only at higher molar masses
(Mn� above 100 000) the polymers will no longer show any
optical activity and will finally become cryptochiral.


In this paper, the preparation of optically active, isotactic
PMMA with varying chain length and different chain ends will
be discussed in detail, and the preparation of optically active
C3-symmetrical polymers 3 will be described. To our knowl-
edge, C3-symmetrical polymers have not been described
before.[16] Low molecular weight compounds with C3 symme-
try have found increasing interest in recent times, and an up-
to-date account of this field has recently been given in a
review by Moberg.[17]


Results and Discussion


The preparation of reactive, isotactic poly(methyl methacry-
lates): Initial experiments for preparing enantiomerically pure
or enriched isotactic poly(methyl methacrylates) (PMMA)
used the anionic polymerization of trityl methacrylate in the
presence of chiral catalysts [(�)- or (ÿ)-2,3-dimethoxy-1,4-
bis(dimethylamino)butane; ((�)- or (ÿ)-DDB)].[14] Typical
initiators were diphenylmethyllithium or atactic polystyryl-
lithium. The trityl groups were subsequently replaced by
methyl groups, thus furnishing optically active isotactic
PMMA. PMMA�s optical activity increased as the difference
between the end groups R1CH2 and R2 became more


Abstract in German: Es wurden enantiomerenreine oder
angereicherte isotaktische Poly(methyl methacrylate) mit vari-
ierender Molmasse hergestellt. Als Ausgangsprodukt benutzte
man die entsprechenden Poly(trityl methacrylate) und Poly-
(diphenyl-2-pyridylmethyl methacrylate), die jeweils eine re-
aktive Aminoendgruppe trugen. Von besonderem Interesse war
die Abhängigkeit der chiroptischen Eigenschaften von der
Kettenlänge. Erst bei recht hohen Pn (Pn> 300) wird die
optische Drehung vernachlässigbar und die Polymere können
als cryptochiral angesehen werden. Werden drei solcher Ketten
an 1,3,5-Benzoltricarbonylchlorid gekoppelt, erhält man drei-
armige Sternpolymere mit C3-Symmetrie. Deren optische
Drehung wird sowohl in Lösung direkt vermessen als auch
nach Überführung mit achiralem syndiotaktischen Poly(me-
thyl methacrylat) in helikale Stereokomplexe. Diese Stern-
polymere, vor allem die helikalen Stereokomplexe, besitzen
bemerkenswert hohe optische Drehungen. Es handelt sich
hierbei um die ersten optisch aktiven Polymere mit C3-Sym-
metrie.
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pronounced, but the optical activity decreased with higher
chain length. Unfortunately, this method did not allow the
preparation of polymers with appreciably higher molar
masses than Pn� 83, which would allow more detailed studies
of the dependence of the optical activity on molar mass.
Furthermore, the preparation of polymers of type 2 and type 3
requires an isotactic PMMA with one reactive end group.


Okamoto�s group[18] polymerized trityl methacrylate anion-
ically with the mono-lithium amide of N,N'-diphenylethyle-
nediamine as initiator in the presence of (�)- or (ÿ)-DDB as
chiral catalysts. This method has been used for the prepara-
tion of macromonomers of poly(trityl methacrylate). We have
used the same method and replaced the trityl group after-
wards by a methyl group. By varying the monomer ± initiator
ratio and working under carefully controlled conditions,
degrees of polymerization Pn between 27 and 109 could be
achieved (Table 1). As expected, the poly(trityl methacry-
lates) showed high optical rotations, [a]20


365 between �12758


and �14998, when prepared with (�)-DDB; after using the
enantiomer (ÿ)-DDB, the opposite sign of rotation [a]20


365�
ÿ13998 was observed. The resulting PMMA showed small but
significant optical rotations betweenÿ0.98 andÿ0.28 depend-
ing on the chain length.


It is known from Okamoto�s work[3, 19] that diphenyl-2-
pyridylmethyl methacrylate (D2PyMA) can be polymerized
in a more controlled manner than trityl methacrylate and
provides polymers with higher stereoregularity and defined
predetermined molar masses. Therefore D2PyMA was poly-
merized with (N,N'-diphenylethylenediamine) monolithium
as initiator and (S)-1-(2-pyrrolidinylmethyl)pyrrolidine ((�)-
PMP) as the chiral ligand.[19] Again the monomer ± initiator
ratio was varied, and poly(diphenyl-2-pyridylmethyl metha-
crylate) PII was obtained with Pn between 30 and 260, thus
allowing a very large range of molar masses to be reached


(Table 2). The optical rotations were even somewhat higher as
with poly(trityl methacrylate) PI. Transformation of these
polymers PII 1 ± 10 by transesterification with methanolic
HCl and treatment with diazomethane (to ensure complete
esterification) yielded the corresponding PMMAs P IV 1 ± 10


(Table 2). Table 2 and Figure 1 show that the resulting
PMMAs possess higher optical rotation than PMMA P III
obtained from poly(trityl methacrylate) P I. Optical rotations
[a]20


546 ranged from 3.08 to 0.58 depending on the molecular
weights Mn (3050 to 26 050). Though these optical rotations
are quite significant, the values cannot be interpreted
quantitatively since the error in the determinations (�0.2 ±
0.38) is too large.


Figure 1. Dependence of optical activity of polymers on the molecular
weight. Lower curve: isotactic polymers PMMA PIV 1 ± 10 prepared by
anionic polymerization of diphenyl-2-pyridylmethyl methacrylate with
(N,N'-diphenylethylenediamine) monolithium as initiator and (S)-1-(2-
pyrrolidinylmethyl)pyrrolidine as the chiral ligand. The polymers obtained
PII 1 ± 10 were transformed to the methylesters PIV 1 ± 10. Upper curve:
optical rotation of the stereocomplexes of P IV 1 ± 10 with a block
copolymer PV of syndiotactic PMMA and syndiotactic poly(benzyl
methacrylate).


Investigations on the chiroptical properties of the isotactic
PMMA PIII and P IV: PMMA P III and P IV exist mainly in a
random coil conformation, and their optical activity originates


Table 1. Preparation and properties of poly(trityl methacrylate) PI and
poly(methyl methacrylate) PIII.[a]


Prepared [a]20
365


[b] [8] Prepared Mn
[c] [a]20


546
[d] [8] [a]20


546
[e] [8]


polymer P I PMMA complex


PI 1 � 1275 P III 1 2 700 ÿ 0.9 ÿ 1.9
PI 2 � 1375 P III 2 3 950 ÿ 0.8 ÿ 0.6
PI 3 � 1398 P III 3 4 400 ÿ 0.6 ÿ 0.6
PI 4 � 1403 P III 4 4 500 ÿ 0.7 ÿ 0.6
PI 5 � 1408 P III 5 5 400 ÿ 0.4 ÿ 0.2
PI 6 � 1426 P III 6 5 850 ÿ 0.4 � 0.2
PI 7 � 1411 P III 7 7 450 ÿ 0.2 � 0.3
PI 8 � 1499 P III 8 10 900 ÿ 0.4 � 0.2
PI 9[b] ÿ 1399 P III 9 4 500 � 0.2 � 0.9


[a] Anionic polymerization of trityl methacrylate in toluene (1 g/20 mL)
with the monolithium amide of N,N'-diphenylethylenediamine complexed
with 1.2 equivalent of (S,S)-1,4-bis(dimethylamino)-2,3-dimethoxybutane
((�)-DDB). In the case of PI 9, (�)-DDB is replaced by (ÿ)-DDB in such
a way that the enantiomers with opposite configuration and optical
rotation are obtained. Molar ratios of initiator:monomer between 1:12
and 1:50 (Table 4). [b] Specific optical rotation in THF, c� 0.5. [c] De-
termined by analytical GPC by comparison with polystyrene standards,
values are rounded. [d] Specific optical rotation in benzene, c� 0.3.
[e] Specific optical rotation after preparation of the corresponding
stereocomplexes with syndiotactic poly(methyl methacrylate) in benzene,
c� 0.3 (calculated for the P III content).


Table 2. Preparation and properties of poly(diphenyl-2-pyridylmethyl
methacrylate) (PD-2-PyMA) P II and poly(methyl methacrylate) P IV
prepared from P II.


Prepared
polymer


[a]20
365


[b] Prepared
PMMA


Mn
[c] [a]20


546
[d] [a]20


546
[e]


complex
[a]20


365
[a]


complex


PII 1 � 1 318 PIV 1 3 050 ÿ 3.0 ÿ 5.1 ÿ 20.5
PII 2 � 1 425 PIV 2 3 900 ÿ 2.2 ÿ 4.1 ÿ 14.5
PII 3 � 1 495 PIV 3 4 500 ÿ 1.7 ÿ 1.9 ÿ 10.3
PII 4 � 1 485 PIV 4 4 600 ÿ 1.4 ÿ 1.8 ÿ 10.6
PII 5 � 1 512 PIV 5 6 000 ÿ 1.4 ÿ 0.2 ÿ 8.7
PII 6 � 1 532 PIV 6 7 850 ÿ 1.3 � 1.4 ÿ 5.9
PII 7 � 1 507 PIV 7 9 600 ÿ 0.9 � 1.6 ÿ 3.4
PII 8 � 1 518 PIV 8 12 050 ÿ 1.2 � 1.0 ÿ 1.2
PII 9 � 1 490 PIV 9 24 800 ÿ 0.4 � 0.4 ÿ 0.3
PII 10 � 1 465 PIV 10 26 050 ÿ 0.5 � 0.9 ÿ 0.1


[a] Specific optical rotation after preparation of the corresponding stereo-
complexes with the coblock polymer P V containing a syndiotactic PMMA
block and a syndiotactic poly(benzyl methacrylate) in benzene, c� 0.3
(calculated for the P IV content). [b] ± [e] See Table 1.
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therefore from the configuration of the main chain. In
addition, we have attempted to investigate the effect of the
conformation on the optical activity. Isotactic PMMA can
undergo a transition to helical conformations; in the case of
identical chain ends (R1CH2�R2), that is a meso form, the
(�) and the (ÿ) helices should be formed with equal
probability. However, if helix formation from one chain end
is favored owing to differing chain ends, then diastereomeric
(�) and (ÿ) helices should be formed from an enantiomeri-
cally pure chain, and one screw sense of the helix should be
preferred.


In order to transform the isotactic PMMA chains into
helices to an appreciable extent, stereocomplexes with achiral
syndiotactic PMMA chains were prepared. Stereocomplexes
of optically inactive isotactic PMMA with syndiotactic
PMMA have been carefully investigated before by other
groups.[20±22] It is assumed that the isotactic PMMA chain is
present as a tightly folded inner helix surrounded by a 9/1
double helix composed of syndiotactic PMMA. We have
applied stereocomplexing for the first time to chiral polymers,
and we have thus been able to show that the optical activity of
the isotactic PMMAs can be enhanced by a factor of 2 ±
5.[14, 15] Complexes were prepared in benzene solution, and
in equilibrium around 40 % of the isotactic chains of PMMA
were complexed. Usually a syndiotactic PMMA of Mn


�35 000 was used for making the stereocomplexes. In the
case of PMMA P IV, some had high molar masses, and the
resulting stereocomplexes became insoluble. In order to
measure the whole series P IV 1 ± 10 under identical condi-
tions, we undertook a careful investigation of different
syndiotactic PMMAs for use in stereocomplexing.


Since it is known that the ester group of syndiotactic
PMMA in the stereocomplex is oriented to the outer side of
the helix, the structure of the ester group is less important for
stereocomplexing.[21, 23] We have therefore prepared syndio-
tactic poly(benzyl methacrylate) which is much more soluble.
However, its ability to form stereocomplexes was less
pronounced, and the optical activities of the stereocomplexes
were low compared to those of syndiotactic PMMA. The
application of a block copolymer of syndiotactic PMMA and
syndiotactic poly(benzyl methacrylate) was more successful.
The copolymer was prepared by anionic polymerization of
methyl methacrylate in toluene with the initiator tert-butyl-
lithium/triethylaluminium, a method used for the preparation
of syndiotactic PMMA.[24] The living system was subsequently
elongated by a block of poly(benzyl methacrylate). The
resulting block copolymer P V contained a PMMA block of Pn


�144 with around 87 % of syndiotactic groups and a poly-
(benzyl methacrylate) block of Pn� 76. This block copolymer
P V was used for stereocomplexing P IV 1 ± 10. The optical
rotations obtained for the same isotactic PMMA with
syndiotactic PMMA (Pn� 350) or the block copolymer P V
were very similar, but the latter allowed soluble stereo-
complexes of even high molecular weight isotactic PMMA to
be prepared.


Table 1 shows that the optical rotation is enhanced by a
factor of 2 for P III 1; at higher molecular weight this factor
becomes less, and at higher molar masses, the sign of the
optical rotation changes upon complexation. A similar


tendency is seen in Table 2 and Figure 1 for PMMA PIV.
Here, the optical rotations ([a]20


546 ) are higher, but, again at
higher molar masses, the optical rotation changes its sign.
Interestingly, optical rotations measured at 365 nm show
much higher absolute values as expected, but no change of the
sign is observed up to Mn 26 050. This behavior might be due
to a Cotton effect. Therefore the ORD (optical rotatory
dispersion) curves of PIV 1, P IV 3, and P IV 7 were
measured. Figure 2 shows that all three ORD curves possess
principally the same form. The opposite sign of the optical
rotation at higher molar masses does not indicate a different
structure (for example, helicity) of the stereocomplexes. At a
higher wavelength (546 nm), a positive optical rotation is
observed for long chain polymers as can be seen from the
curve of PIV 7 in Figure 2. At the same time, the curves
become more flat.


Figure 2. ORD curves of the stereocomplexes of PIV 1, P IV 3, and PIV 7
with P V.


From these data, it is apparent that enantiomerically pure
or enriched, isotactic PMMA with different chain ends shows
chiroptical properties up to a Pn of 260 and probably even at
higher molar masses. This was observed even in the case of
PMMA P IV, where the difference between the end groups is
much less pronounced than in earlier examples.[14]


If the polymer chain becomes much longer, the difference
between the end groups is no longer reflected in the
chiroptical properties, which become too small to be meas-
ured. The polymers are still chiral, but for practical reasons
the chiroptical properties cannot be measured. As pointed out
in the introduction, such behavior can be called cryptochiral.
The chain length at which chirality turns into cryptochirality is
much longer than was expected previously. In our case of
single enantiomers of PMMA, this molar mass is certainly
higher than Mn 30 000.


It has been shown that stereocomplexing isotactic PMMA
provides a good method for transforming the PMMA into a
helical conformation and thus, in the case of chiral PMMA,
the method allows the optical rotation to be enhanced
considerably.[14] Comparison of the optical rotations of
PMMA of various chain length with the optical rotations of
their stereocomplexes shows that this dependence is not a
simple one (Figure 1 and Table 1 and Table 2). The explan-
ation for this complicated behavior is the influence of
different and partly opposing effects.


For structural reasons, the influence of the chirality
responsible for optical rotation should diminish with the
length of the chain. Actually, only the first stereogenic centers
at both chain ends contribute significantly to the optical
rotation. On further elongation of the chain this effect is
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diluted. The stereocomplexes show a Cotton effect that is not
observed in PMMA itself (Figure 2). There is a third influence
on the optical rotation in relation to the chain length. The
extent of stereocomplexing between an isotactic chain and a
syndiotactic one depends on the chain length of both
polymers. If the chain length of the syndiotactic part is kept
constant as in our case, complexing will be stronger with
higher molar masses of the isotactic part. This means, that at
higher molar masses of the isotactic chain, the percentage of
helices becomes larger. This is also the reason for the lower
solubility of stereocomplexes of higher molar masses. In spite
of these complications, stereocomplexing is a good method for
enhancing the chiroptical properties of the main chain chiral
PMMAs. In the case of polymers of type 2, an enhancement of
optical rotation by a factor of 7 ± 8 is observed.[15]


The preparation of a star-shaped C3-symmetrical PMMA : As
has been shown, isotactic poly(methyl methacrylates) P III
and P IV with high enantiomeric purity and varying molar
masses can be obtained. These polymers still contain a
reactive secondary amino group (from the initiator molecule),
which is capable of undergoing a coupling reaction. Polymers
P III can indeed be coupled to adipoyl chloride in dichloro-
methane in the presence of triethylamine to give polymers of
type 2, as was described earlier.[15] In a similar fashion,
polymers PIII can be coupled to a trifunctional carboxylic
acid derivative yielding C3-symmetrical star-shaped polymers
P VI. Achiral three-arm star poly(methyl methacrylate) of
similar structure with syndiotactic PMMA arms has been
recently prepared by Hatada�s group.[24]


In this investigation, polymers P III have been used for
coupling, since they can be prepared much easier than PMMA
P IV. Thus, 1,3,5-benzenetricarbonyl chloride is reacted with
some excess of polymers P III in methylene chloride in the
presence of triethylamine (Scheme 1). The reaction could
easily be followed by GPC (gel permeation chromatography,
Figure 3a) and it proceeds quite slowly. After four days
(Figure 3), three GPC peaks are observed. The first peak
contains starting materials together with mono-coupling
product, a shoulder represents the di-coupling product, and
the main peak contains the desired tri-coupling product. After
five days the reaction is stopped, and after several reprecipi-
tations the pure polymers P VI could be obtained in yields of
about 25 %. According to GPC, molar masses were around
three times greater than those for the starting polymer
(Table 3). Figure 3b shows that precipitation yielded a prod-
uct with narrow peak width in GPC. Polydispersities were
around 1.15 ± 1.17 and thus very similar to those of the starting
compounds (1.12 ± 1.16). This definitely shows that the
coupling reaction was successful, and that polymers of type
3 with C3 symmetry have been prepared.


The chiroptical properties of the newly prepared C3-sym-
metrical polymers are particularly interesting. A comparison
of the specific rotations of the starting polymers PIII with
those of the C3-symmetrical polymers P VI shows that the
optical rotations of P VI are of the same order of magnitude as
the starting polymers PIII (Table 1 and 3).


Strikingly, higher optical rotations are observed for stereo-
complexes between polymer P VI and achiral syndiotactic


Scheme 1.


Figure 3. a) GPC analysis of the reaction mixture during preparation of
PVI 4 (after four days reaction time). The peak at Mn �4500 contains
starting material and mono-coupling product, the shoulder with Mn� 9000
the di-coupling product, and the main peak with Mn� 13500 contains the
tri-coupling product. VE�Elution volume. b) Molecular weight distribu-
tion from the purified PVI 4 obtained by GPC calibration.
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PMMAs (similar to those already described for polymers
P III). On stereocomplexing, absolute values increase by a
factor of 5, but optical rotations have an opposite sign. As
already pointed out, changes in optical rotation on stereo-
complex formation show a rather complicated dependence on
chain length.


The reason for the relatively high optical rotations of the
stereocomplexes of C3-symmetrical polymers PVI (compared
to the enantiomerically pure or enriched PMMAs with
different chain ends) can be explained as follows. In an
isotactic chain with identical chain ends, both chain ends
possess opposite absolute configuration ((R) and (S)). There-
fore, on each side a helicity of opposite sign will be energeti-
cally more stable and will consequently be formed, resulting
in no prevailing helicity. Enantiomerically pure isotactic
chains with different chain ends show an excess of one helical
screw sense, since the formation of the helix from both sides
occurs with different probability and at a different rate so that
one screw sense dominates.


In a C3-symmetrical star-shaped polymer P VI, all three
chains will adopt the same helicity sense. In all three outer
chain ends, the chain starts with an identical absolute
configuration. Thus the same screw sense of the helicity is
expected to originate from all three chain ends of PVI. In the
case of the stereocomplexes of P VI, we have therefore three
identical chains attached to a benzene ring which all have the
same absolute configuration and which all have the same
preferred conformation with a helix of one screw sense (4). To
the best of our knowledge, this is the first example of an
optically active polymer having C3 symmetry.


Experimental Section


General methods : Elemental analyses were performed in the micro-
analytical laboratories of the Faculty of Natural Sciences of the Heinrich-
Heine-University in Düsseldorf. 1H and 13C NMR spectra were recorded on


a Varian VXR 300 spectrometer. Optical rotations and ORD were
measured with a Perkin-Elmer 241 MC polarimeter (accuracy �0.0028).
In the case of low optical rotations, the Polar Monitor from IBZ
Meûtechnik, Hannover, was used. Using this instrument, measurement
was made by the Faraday compensation technique (accuracy �0.00058).
This resulted in an average error of �0.28 for [a].


Materials : Toluene for anionic polymerizations was carefully dried and
freshly distilled from metallic sodium. It was degassed in a vacuum at 2�
10ÿ6 hPa. It was then treated with 1,1-diphenylhexyllithium in hexane until
the red color does not disappear. Toluene was condensed into the reaction
vessel under high vacuum. Other solvents are distilled andÐif necessaryÐ
were dried in the usual manner.


GPC : The PMMA polymers were investigated with a set-up consisting of a
Hewlett-Packard 1084 B pump and a Waters differential refractometer 410.
The Merck-Hitachi GPC integrator D-2520 was used for quantification.
Columns from Polymer Standard Service SDV 103 and SDV 104 �, each
5 mm, 30 cm/8 mm, were used in sequence. Elution medium: THF;
1.5 mL minÿ1. Calibration by polystyrene standards.[25]


Preparation of the poly(trityl methacrylates) PI : The preparation of
polymers P I was performed according to Okamoto�s procedure.[18] In a
vacuum line, tritylmethacrylate (12 ± 20 g) was placed in a carefully
degassed flask under argon (99.999 %), and toluene (20 mL gÿ1 monomer)
was condensed into it. After cooling to ÿ78 8C, a definite amount of the
initiator was added with a gas-tight syringe (molar ratio see Table 4). The
initiator was prepared by placing a certain amount of N,N'-diphenylethy-
lenediamine in a flask at a vacuum line and condensing toluene (around
5 mL) into it. At 0 8C, one equivalent of n-butyllithium (1.6m in hexane)
was added with a syringe. Under these conditions, the monolithium amide
precipitated. It was dissolved by adding a 1.2-fold excess of (S,S)-1,4-
bis(dimethylamino)-2,3-dimethoxy butane ((�)-DDB). In the case of P I 9,
the corresponding (R,R)-compound ((ÿ)-DDB) was used.


After 24 h at ÿ78 8C, the polymerization was stopped by the addition of
methanol (1 mL). The solution was evaporated to about half its volume,
and the same amount of methanol was added. The precipitate was
separated by centrifugation. The compound was reprecipitated from


Table 3. Preparation and properties of three-armed star-shaped poly(methyl methacrylates).[a]


Starting polymers Three-armed poly(methyl methacrylates)
Polymer Mn Mw/Mn [a]20


546
[b]


complex
Polymer Mn Mw Mw/Mn [a]20


546
[c] [a]20


546
[b]


complex


PIII 2 3950 1.15 ÿ 0.6 PVI 2 11 900 14 000 1.17 ÿ 0.8 � 3.9
PIII 4 4500 1.13 ÿ 0.6 PVI 4 13 600 15 600 1.15 ÿ 0.7 � 3.6
PIII 9[d] 4500 1.10 � 0.9 PVI 9[d] 13 300 15 200 1.15 � 0.7 ÿ 4.1


[a] Coupling of poly(methyl methacrylates) P III with benzenetricarbonyl chloride gives the three-armed polymers P VI with C3 symmetry. Mn and Mw are
determined by analytical GPC by comparison with polystyrene standards (Table 1). [b] Specific optical rotation after preparation of the corresponding
stereocomplexes with syndiotactic poly(methyl methacrylates) in benzene, c� 0.3 (calculated for the P III or PVI content). [c] Specific optical rotation in
benzene, c� 0. 3. [d] This PMMA PIII 9 has been prepared with (ÿ)-DDB, the optical antipode of the catalyst (�)-DDB, in the case of PIII 2 and PIII 4.


Table 4. Preparation and properties of poly(trityl methacrylate) PI and
poly(methyl methacrylate) PIII in continuation of Table 1.[a]


Prepared
polymer


Initiator/
monomer ratio


Yield Prepared
PMMA


Mw Mn Mw/Mn


PI 1 1:12 95 PIII 1 3150 2700 1.15
PI 2 1:15 98 PIII 2 4550 3950 1.15
PI 3 1:20 96 PIII 3 5150 4400 1.17
PI 4 1:20 96 PIII 4 5100 4500 1.13
PI 5 1:25 99 PIII 5 6600 5400 1.22
PI 6 1:25 97 PIII 6 6950 5850 1.18
PI 7 1:35 98 PIII 7 8600 7450 1.15
PI 8 1:50 95 PIII 8 13050 10900 1.19
PI 9 1:20 97 PIII 9 4950 4500 1.10


[a] Preparation of PI and P III according to the experimental part. Molar
ratio of the initiator (monolithium amide of N,N'-diphenylethylenedia-
mine) to the monomer (trityl methacrylate) is given. Mw and Mn are
obtained from GPC measurements.[25] Polydispersities Mw/Mn are calcu-
lated from the original figures in Table 3; Mw and Mn values are rounded
down.
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benzene/n-hexane. The centrifugated compound was dried at 50 8C in
vacuo. Yield: 90 ± 98%. The Pn of these polymers was obtained from GPC
determination of the corresponding poly(methyl methacrylates) (Table 1
and Table 4).


Preparation of poly(diphenyl-2-pyridylmethyl methacrylates) PII : The
preparation of P II was performed similarly as described for PI. The
monomer was diphenyl-2-pyridylmethyl methacrylate[19] , and as a catalyst,
(�)-PMP was used. Details in Table 2 and Table 5.


Preparation of poly(methyl methacrylates) PIII and P IV: Poly(trityl
methacrylate) P I or poly(diphenyl-2-pyridylmethyl methacrylate) PII
were suspended in methanolic HCl (5%, 1 g in 150 mL) and were heated
for 8 h (P I) and 24 h (P II), respectively, under reflux. The solution was
evaporated to dryness, and the residue was dissolved three times in
methanol and evaporated to remove the remaining HCl. The methanolic
solution was then treated with diazomethane in diethyl ether until it stayed
yellow, giving the methyl esters. After evaporation, the polymer was
dissolved in methylene chloride and treated with methanol until the
solution became turbid. Then, at 40 8C, the solvents were gradually
removed until a polymer precipitated. Slow evaporation was continued in
vacuo until most of the polymer was precipitated. The supernatant solution
was then discarded, as it contained mostly oligomers. This procedure was
repeated twice. The polymer was finally precipitated from dichloro-
methane/n-hexane. The purification procedure was followed by GPC.
Yields: �60%. Details in Tables 1, 2, 4, and 5.


Preparation of C3-symmetric polymers P VI : The solution of the PMMA
PIII (1 equivalent) in dry dichloromethane (for example, 160 mg in 10 mL)
was stirred at room temperature with triethylamine (1 equivalent) for
10 min. Then benzenetricarbonyl chloride (0.25 equivalents) in dichloro-
methane (10 % mL/mL) was added slowly. The reaction was monitored by
GPC (Figure 1). After five days, the reaction was stopped, and the reaction
mixture was worked up by precipitation in methanol. It was further purified
by three precipitations from dichloromethane/methanol to remove low
molecular weight compounds. The yields were between 20 ± 30%, based on
the benzenetricarbonyl chloride.


PVI 4 : 1H NMR (CDCl3): d� 1.20 (s, 3H; CH3), 1.53, 2.15 (AB system, 2H;
CH2), 3.60 (s, 3H; OCH3); 13C NMR (CDCl3): d� 21.96 (CH3), 45.48 (C),
51.68 (OCH3), 52.04 (CH2), 176.49 (COO); elemental analysis [H-
(C5H8O2)43-C14H14N2]3-C9H3O3 (13708.0): calcd C 60.98, H 7.94, N 0.61;
found C 60.81, H 8.07, N 0.68.


Preparation of a block copolymer PV of syndiotactic poly(methyl
methacrylate) and poly(benzyl methacrylate): The initiator solution was
prepared in freshly condensed toluene (50 mL) at ÿ78 8C. Triethylalumi-
nium (0.75 mmol, 0.75 mL of a 1m solution in hexane) and tert-butyllithium
(0.25 mmol, 0.17 mL of a 1.5m solution in pentane) were added to the
toluene, followed by methyl methacrylate (4 mL, 38 mmol). After polymer-
izing for 24 h, an aliquot was taken out with a syringe. This part was used to
characterize the PMMA block. Afterwards benzyl methacrylate (20 mmol,


3.5 g) was added to the toluene solution. The solution was allowed to warm
to ÿ40 8C and was polymerized for another 24 h before the polymerization
was stopped by the addition of methanol (1 mL). The polymer was
precipitated by the addition of n-hexane (200 mL). The polymer was dried
at 50 8C in vacuo.
MMA block: Mn� 14500, Mw� 17 350, Mw/Mn� 1.20 (by GPC); percent-
age of syndiotactic triads (by NMR)� 87%; block copolymer PV: Mn� 27
900, Mw� 39 200, Mw/Mn� 1.40 (by GPC); elemental analysis C4H9-
[C5H8O2]n-[C11H12O2]m-H for n� 144 and m� 76 (27 869.1): calcd C 67.26,
H 7.45; found C 67.26, H 7.49.


Preparation of stereocomplexes of isotactic PMMA :[14, 20] Typically a
solution of isotactic PMMA (21 mg) and of syndiotactic PMMA (125 ±
150 mg, Mn� 35000) or block copolymer P V in benzene (7 mL) was heated
at 60 8C for 2 h. Afterwards, the samples were stored for 60 min at 20 8C and
were cooled for 15 min with liquid N2. The samples were stored at room
temperature in the dark for two days. There was no visible precipitate or
turbidity, but for better measurement of optical rotation, the solution was
filtered through a membrane (regenerated cellulose, pore diameter
0.45 mm).
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Table 5. Preparation and properties of poly(diphenyl-2-pyridylmethyl
methacrylate) P II and poly(methyl methacrylate) P IV in continuation of
Table 2.[a]


Prepared
polymer


Initiator/
monomer
ratio


Yield Prepared
PMMA


Mw Mn Mw/Mn


PII 1 1:20 97 P IV 1 3400 3050 1.11
PII 2 1:28 97 P IV 2 4250 3900 1.09
PII 3 1:30 97 P IV 3 5250 4500 1.17
PII 4 1:30 95 P IV 4 5250 4600 1.13
PII 5 1:40 98 P IV 5 6700 6000 1.11
PII 6 1:50 98 P IV 6 9150 7850 1.16
PII 7 1:65 95 P IV 7 11100 9600 1.15
PII 8 1:80 95 P IV 8 13200 12050 1.09
PII 9 1:160 97 P IV 9 27100 24800 1.09
PII 10 1:160 98 P IV 10 30650 26050 1.17


[a] Preparation of P II and PIV as in Experimental Section. Molar ratio of
the initiator (monolithium amide of N,N'-diphenylethylenediamine) to the
monomer (diphenyl-2-pyridylmethyl methacrylate) is given. For Mw and
Mn see Table 4.
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Abstract: The deprotonation of a dicarb-
amate prepared from cis-1,2-cyclohexa-
nedimethanol by sec-butyllithium/(ÿ)-
sparteine proceeds with efficient selec-
tion between the enantiotopic branches
and their diastereotopic protons with
high preference for the pro-S proton at
the R branch to afford the intermediate,
configurationally stable lithium com-
pound as a single diastereomer. Trap-
ping of this intermediate by electro-


philes (DOMe, CO2, CH3I, Me3SiCl, or
R3SnCl) takes place with retention of
the configuration to yield highly enan-
tiomerically and diastereomerically en-
riched substitution products, which are
easily converted to diols, to anellated


tetrahydrofurans, or to g-lactones. The
chiral base is also capable of efficient
kinetic resolution of the racemic a-
deuterated starting material, by the
utilization of an extraordinarily high
kinetic H/D isotope effect within the
deprotonation step. The, presumably,
first example of the kinetic resolution
of a racemic stannane by lithiodestan-
nylation, utilizing methyllithium/(ÿ)-
sparteine, is reported.


Keywords: desymmetrization ´ iso-
tope effects ´ kinetic resolution ´
stereotopic differentiation


Introduction


The desymmetrization of meso-substrates[1] is particularly
rewarding in cis-1,2-disubstituted cyclohexanes; it leads to
products 2 or ent-2, in which one of the enantiotopic X groups
has been selectively converted into a Y group. Frequently, cis-
cyclohexane dicarboxylic acids and their derivatives[2] or cis-
cyclohexanedimethanols[3] have been used as substrates
(Scheme 1),[4] and desymmetrization is achieved by means
of enzymes[5] or other chiral reagents.[1d, 6]


Scheme 1. Desymmetrization of cis-1,2-disubstituted cyclohexanes 1.


As we have already reported,[7, 8] the chiral base butyllithi-
um/(ÿ)-sparteine[9] has a pronounced tendency to discrim-
inate in the rate of abstraction of enantiotopic protons in alkyl
carbamates. The method has also been applied to N-Boc-
pyrrolidines,[10, 11] several benzylic substrates,[12] ferrocenes,[13]


P,P-dimethylarylphosphane derivatives,[14] as well as to the
kinetic resolution of a racemic allyl carbamate[15] and of
several b-stereogenic alkyl carbamates.[16] Moreover, a de-
symmetrization of meso-oxabicycles by alkyllithium/(ÿ)-
sparteine-induced ring-opening has been described by Laut-
ens et al.[17] and Hodgson et al.[18]


The (ÿ)-sparteine-induced deprotonation of alkyl carba-
mates 3 generated from primary alcohols, which bear non-
mesomerically stabilizing groups adjacent to the carbanionic
center in 5, is characterized by a pronounced pro-S selectivity
in the deprotonation step. The intermediates 5 are configura-
tionally stable and the reaction with most electrophiles occurs
with retention of the configuration to produce the adducts 6
(Scheme 2).[19, 20]


This method has been applied to the desymmetrization of
the cis-1,2-(cyclohexane)dimethyl dicarbamate 8, which offers
an interesting stereochemical situation:[21] The R and S
branches are enantiotopic; each bears a pair of diastereotopic
methylene protons (Scheme 3). The desymmetrization of this
substrate is possible by the preferential abstraction of
diastereotopic pro-S protons, R-HS and S-HS (which leads to
the intermediates 9 and 10), over the diastereotopic pro-R
protons R-HR and S-HR in the (ÿ)-sparteine-mediated,
kinetically controlled deprotonation. Additionally, the ratio
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Scheme 2. (ÿ)-Sparteine-induced deprotonation of alkyl carbamates 3 to
give enantiomerically enriched carbamates 6.


Scheme 3. The four possible stereoisomers formed by the deprotonation
of 8.


of proton abstraction between the diastereotopic pro-S
protons R-HS and S-HS is determined by the sense and
strength of the substrate-inherent chiral induction.[22]


Results and Discussion


The dicarbamate 8 was obtained by treatment of the disodium
bisalkoxide of the diol 1 b[23] with 2.2 equivalents of 2,2,4,4-
tetramethyl-1,3-oxazolidine-3-carbonyl chloride (CbyCl)
(Scheme 4).[24]


The deprotonation of 8 with 2.2 equivalents of sec-BuLi/
TMEDA in toluene (ÿ78 8C, 4 ± 5 h), proceeded smoothly to
give the major intermediate rac-9 ´ TMEDA, which reacted
with tributyltin chloride to afford the stannanes rac-11 c and
rac-12 c in 77 % yield and a diastereomeric ratio (dr) of 99:1
(Table 1, entry 5). Similarly, if the intermediate mixture was
trapped with carbon dioxide followed by methylation of the
crude acids with diazomethane, the esters rac-11 d and rac-
12 d were formed (yield: 70 %, dr� 98:2; entry 9). If the same
procedure was used but only 3 h were allowed for the
deprotonation, the yield increased to 85 %, while the dr
decreased to 91:9 (Table 1, entry 10). It can be concluded from
these experiments that the kinetically controlled, substrate-
induced deprotonation step favors the unlike-process[25] [R-


Scheme 4. Deprotonation of cis-1,2-cyclohexanedimethyl dicarbamate (8)
with sec-BuLi in the presence of (ÿ)-sparteine or TMEDA and the
subsequent reaction with electrophiles. Reaction conditions: a) 1) NaH,
THF, 30 min, room temperature, 2) CbyCl, THF, reflux, 16 h. b) sec-BuLi/4
(2.2 equiv), toluene, ÿ78 8C, 4 h. c) sec-BuLi/TMEDA (2.2 equiv), toluene,
ÿ78 8C, 4 h.


pro-S and S-pro-R] by 9:1. Fortunately, the selective decom-
position of the minor diastereomer, rac-10, leads to a
diastereomeric enrichment of up to 99:1.


Initially, we carried out the reactions with diethyl ether as
the solvent, before we noticed that under these conditions a
slow ether-mediated nonselective deprotonation takes place
(entry 12).


When 8 was deprotonated by sec-BuLi/(ÿ)-sparteine (2.2/
2.3 equiv; toluene), the essentially pure stannane 11 c or ester
11 d, respectively, was formed (Table 1, entries 4 and 6). We
assume that the minor diastereomer 12 results from the
intermediate 10 ´ 4 (Scheme 4 a), which is produced by the
removal of HS in the S branch.[26]


The reactions of rac-9 ´ TMEDA/rac-10 ´ TMEDA and 9 ´ 4/
10 ´ 4 with further electrophiles are collected in Table 1.
Formylation leads to 9:1 mixtures of the diastereomeric
aldehydes rac-11 h and rac-12 h (entry 20), or to 7:3 mixtures
of 11 h and ent-12 h (entry 19). This is due to base-catalyzed
epimerization of the major isomer 11 h which is formed
initially. This hypothesis is supported by the fact that the ratio
is influenced by the stirring time of 10 with the electrophile
(�50:50, for 2 h).
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Except for methyl iodide, ordinary alkyl halides do not
react with the ion pairs 9 or 10. Surprisingly, low diastereo-
selectivities are observed for the reaction with allyl and benzyl
bromides (entries 15 ± 18) to give 11 f/ent-12 f and 11 g/ent-
12 g, respectively. It is quite likely that a single electron-
transfer (SET) process,[27] which proceeds through a config-
urationally labile radical pair, is operating. This reaction path
is supported by mesomeric stabilization in the alkyl residue
(here allyl and benzyl). It should be pointed out that the
enantioselectivity is not influenced, since it is determined in
the deprotonation step by the selection between the enantio-
topic methylene groups. Overall, a partial inversion at the R
branch takes place, which is equivalent to the formal
substitution of HR in 8 via the lithium intermediate ent-10
(see Scheme 3).


Studies with the deuterated substrates: Kinetic resolution:
The deprotonation of alkyl carbamates[28] and thiocarba-
mates[29] exhibits an extraordinarily high kinetic H/D isotope
effect with a magnitude of 100. We have already used this
feature for the protection of acidic CÿH bonds.[30, 31] In 11 a,
the former R-HS is blocked by D ([D1]> 99 %[32]). Deproto-
nation of 11 a with sec-butyllithium/4 under the usual con-
ditions resulted in a very low conversion: only 4 % of the
carboxylic esters 13 and 14 (ratio 73:27) were obtained. In 13,
which arises from the removal of S-HS, there is still 99 % [D1]
present, whereas 14 contains only 76 % [D1]. The decreased
[D1]-ratio of 14 is caused by the product 11 d, which is formed
from traces of 8 present in 11 a. This result clearly shows that
in competition of two possible mismatched situationsÐ4/S-
pro-S-H and 4/S-pro-R-HÐthe preference of the reagent


overrides the preference of the substrate by a factor of at least
3 (Scheme 5 a). The latter is expressed by the result of the
following experiment (Scheme 5 b): When 11 a ([D1]� 93 %)
was deprotonated in the presence of the achiral ligand
TMEDA, the esters 13 and 14 were isolated with 79 % yield
in a 4:96 ratio, with [D1]� 96 % in 14 ; the major product was
formed from the S-pro-R-H. From these results, the order of
preferences of the (ÿ)-sparteine base for the attack of the four
nonequivalent protons can be concluded to be: R-HS> S-
HS> S-HR�R-HR. Blocking R-HS by deuteration permits the
access to (deuterated) diastereomers (with 4) or enantiomers
(with TMEDA) of the regularly produced products 11.
Furthermore, the high kinetic isotope effect enables the
kinetic resolution of rac-11 a by deprotonation (Scheme 5 c).


Lithiodestannylations and kinetic resolution of racemic
stannanes : The reaction of enantiomerically enriched (1-
alkoxyalkyl)trialkylstannanes provided the first route to
nonracemic (1-alkoxyalkyl)lithium derivatives, since it pro-
ceeds with rigid stereoretention.[11, 20a, 20b, 33, 34] The application
of this method to stannylated alkyl carbamates, such as 11 b, c,
provides a route to the lithio derivatives in amine-free
solutions.[35] The treatment of the trimethyl- or tributylstan-
nane 11 b or 11 c, respectively, with n-butyllithium in diethyl
ether at ÿ78 8C, generates the intermediates 9 ´ OEt2 with
high yields and purities, as estimated from the trapping
experiments (Scheme 6); the products reached diastereomer-
ic ratios of 99:1 and ee values of >95 %.


In principle, chiral alkyllithium complexes should be able to
differentiate between enantiomeric, C-stereogenic stannanes,
although we are not aware of an efficient example.[36] When


Table 1. Deprotonation and electrophilic substitution of 8.


Entry Diamine ElX Products 11� 12
(recovered 8)
Yield [%]


Ratio
11 :12


ee [%]


1 4 H3CCO2D 11a� 12a 64 (16)[a] ± > 95[b]


2 4 Me3SnCl 11b� 12b 65 (19) 98:2 > 95
3 TMEDA Me3SnCl rac-11b� rac-12b 75 ( ± ) 99:1 ±
4 4 Bu3SnCl 11c� 12 c 43 (25) 99:1[c] > 95[c]


5 TMEDA Bu3SnCl rac-11c� rac-12c 77 ( ± ) 99:1[c] ±
6 4 CO2


[d] 11d� 12d 63 (16) 96:4 > 95
7 4 MeOC(O)Cl 11d� 12d 46 (36) 96:4 > 95
8 4 MeOC(O)OMe 11d� 12d 25 (62) 96:4 > 95
9 TMEDA CO2


[d] rac-11d� rac-12d 70 ( ± ) 98:2 ±
10[e] TMEDA CO2


[d] rac-11d� rac-12d 85 ( ± ) 91:9 ±
11 TMEDA MeOC(O)Cl rac-11d� rac-12d 40 (28) 88:12 ±
12 none[f] CO2


[d] rac-11d� rac-12d 18 (72) 40:60 ±
13 4 MeI 11e� 12e 70 (8) 95:5[g] > 95
14 TMEDA MeI rac-11e� rac-12e 51 ( ± ) 99:1[g] ±
15 4 CH2�CH-CH2Br 11 f� ent-12 f 59 (24) 68:32 > 95[h]


16 TMEDA CH2�CH-CH2Br rac-11 f� rac-12 f 68 (3) 70:30 ±
17 4 C6H5CH2Br 11g� ent-12g 44 (25) 74:26 > 95[h]


18 TMEDA C6H5CH2Br rac-11g� rac-12g 58 (7) 85:15 ±
19 4 HCO2Et 11h� ent-12h 16 (56)[i] 70:30[i] > 95[h]


20 TMEDA HCO2Et rac-11h� rac-12h 45 ( ± )[i] 90:10[i] ±
21 4 PhCO2Et 11 i� ent-12 i 42 (33) 85:15 > 95[h]


22 TMEDA PhCO2Et rac-11 i� rac-12 i 58 (6) 90:10 ±


[a] Recovered in 80 % yield as a mixture of 8 and 11a with [D1]� 81 %. [b] Determined after deprotonation and carboxylation to 14. [c] Determined after
lithiodestannylation and conversion into 11 d. [d] The crude acid was esterified with diazomethane. [e] Deprotonation time of 3 h. [f] Et2O was used as the
solvent. [g] Determined after conversion into the diol 15 e. [h] The ee> 95% was determined in the deprotonation step, as proved by the entries 2, 4, 6 ± 8,
and 13. [i] Reaction of 10 with the electrophile with a reduced reaction time.
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Scheme 5. Deprotonation and carboxylation of the deuterated carbamate
11a. Reaction conditions: a) sec-BuLi/4 (2.2 equiv), toluene, ÿ78 8C, 4 h.
b) sec-BuLi/TMEDA (2.2 equiv), toluene, ÿ78 8C, 4 h. c) i) CO2, ÿ78 8C,
ii) CH2N2, room temperature.


Scheme 6. Lithiodestannylation of the stannanes 11 b and 11c and electro-
philic substitution of the intermediate 9 ´ OEt2. Reaction conditions:
a) nBuLi (2.2 equiv), Et2O, ÿ78 8C, 1 h. b) ElX.


rac-11 c in diethyl ether was allowed to react with about
two equivalents[37] of methyllithium/(ÿ)-sparteine (4) at
ÿ78 8C for 30 ± 140 min with subsequent trapping of the
reaction mixture by carbon dioxide (followed by esterification
of the crude acid), both enantiomerically enriched 11 d and
stannane ent-11 c were isolated with medium ee values
(Scheme 7, Table 2).


Deprotection and stereochemical correlation : Three methods
have been developed for the removal of the Cby group:
1. Stepwise deprotection by acid-catalyzed deketalization


and cleavage of the 1,3-oxazolidine ring, followed by


Scheme 7. Kinetic resolution of the tributylstannane 11c to give the
enantiomerically enriched products 11d and ent-11 c. Reaction conditions:
a) MeLi/4 (1.7 ± 2.0 equiv), Et2O, ÿ78 8C, 0.5 ± 2.3 h. b) 1) CO2, ÿ78 8C,
2) CH2N2, room temperature.


base-mediated cleavage of the (2-hydroxy)alkyl urethanes
in methanol (method A).[7, 24]


2. One-step hydrolysis with aqueous 5n HCl (method B).[38]


3. Reductive cleavage with metal hydrides (methods C1 and
C2).[38b, 39, 40]


If the dicarbamates 11 are heated together with one
equivalent of methanesulfonic acid in methanol, the amino-
acetal moiety of the oxazolidine group is split off and the
bisurethanes 15 are formed (Scheme 8). Treatment of the
crude products with NaOH or K2CO3 in methanol yields the


Scheme 8. Cleavage of the carbamates 11 by method A. Reaction
conditions: a) MeSO3H (1.0 equiv), MeOH, reflux, 3 h. b) K2CO3


(0.5 equiv), MeOH, reflux, 3 h.


Table 2. Cleavage of rac-11c with kinetic resolution by methyllithium/(ÿ)-
sparteine.


Run equiv
MeLi/4


Time [min] Yield 11d [%]
(ee [%])


Yield ent-11c [%]
(ee [%])


1 1.9 30 16 (52) 63 (13)
2 2.0 60 32 (48) 54 (27)
3 1.7 140 53 (44) 33 (60)







Efficient Desymmetrization 1905 ± 1916


Chem. Eur. J. 1999, 5, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1909 $ 17.50+.50/0 1909


diols 16. The formation of 1,3-oxazolidine 17[41] as a by-
product illustrates the anchimeric assistance of the b-hydroxy
group in the final deblocking step. Unfortunately, methyl ester
15 d undergoes an intramolecular aminolysis to form the
amide 18, which epimerizes at C2 of the acetic acid moiety.


Refluxing the ester 11 d in aqueous 5n HCl[38] converted it
to the tetrahydrofuran-carboxylic acid 19 (H for Me in 19,
Scheme 9), which was reesterified by diazomethane. Ruthe-
nium-catalyzed metaperiodate oxidation furnished the crys-
talline lactonic acid ester 20.[42] The quality of the crystal was


Scheme 9. Cleavage by method B and stereochemical correlation of 11d ;
products derived from 11d. Reaction conditions: a) (i) Aqueous HCl (5n),
reflux, 3 h, (ii) CH2N2, room temperature. b) NaIO4/RuCl3. c) FeCl3/Ac2O.
d) AgO3SCF3/CH3COCl. e) BnNH2, room temperature, 13 h.


outstanding, so that by application of anomalous X-ray
dispersion the absolute configuration depicted in Figure 1,
which is that expected,[43] , is almost certain (Flack Parameter,
calcd: 0 for the R and�1 for the S enantiomer; found: ÿ0.5).
Selective opening of the tetrahydrofuran ring following the


Figure 1. X-ray crystal structure of the lactone 20.[43]


method employed by Ganem et al.[44] with iron(iii) chloride
and acetic anhydride gave the diacetate 21. Regiodifferentia-
tion was achieved by treatment of 19 with acetyl chloride/
silver triflate, according the method used by Effenberger
et al. ,[45] to give the triflate 22. Treatment of 22 with benzyl-
amineÐevidently by the substitution of the triflate moiety,


intramolecular aminolysis, and deacetylationÐled to the cis-
fused 4-hydroxy-decahydroisoquinolin-3-one 23.


Reductive cleavage[39] of the methylated dicarbamate 11 e
with excess lithium alanate in refluxing THF (method C1)
furnished the diol 16 e in high yield. Alternatively, a large
excess of diisobutylaluminum hydride (DIBAH) can be used
in THF at room temperature.[40] Ruthenium-mediated oxida-
tion according to Ley et al.[46a, 46c] and Bloch et al.[46b] gave the
stereohomogeneous g-lactone rac-24, which correlates well
with the published data (Scheme 10).[47, 48]


Scheme 10. Methods C1 and C2 and transformations of 11e. a) LiAlH4


(4 equiv), THF, reflux, 5 h. b) DIBAH (16 equiv), THF, room temperature,
17 h. c) NMO/TPAP.


Conclusions


The desymmetrization of the dicarbamate 8 by means of (ÿ)-
sparteine-mediated deprotonation is a powerful route to
enantiomer-enriched cis-1,2-dicarbon-substituted cyclohex-
anes. In contrast to all of the known methods for desymme-
trization of cis-1,2-disubstituted cyclohexanes,[5] a third stereo
center is introduced incidentally with a high diastereoselec-
tivity as a result of the outstanding preference of the (ÿ)-
sparteine reagent for pro-S protons.


Experimental Section


General methods: 1H and 13C NMR spectra were recorded on Bruker
AW 200 or WM 300 instruments with 200 MHz or 300 MHz and 50 or
75.5 MHz, respectively. Chemical shifts in CDCl3 are reported in ppm
relative to tetramethylsilane (TMS). The doubling of some signals occurs as
a result of the E/Z isomerism of the carbamate group; the minor signal is
given in parentheses. IR spectra were registered on a Perkin ± Elmer 298
spectrometer. Optical rotations were measured with a Perkin ± Elmer 241
polarimeter. Melting points were obtained on a Gallenkamp melting point
apparatus and are uncorrected. Elementary analyses were performed by
the Mikroanalytische Abteilung des Organisch-Chemischen Institutes der
Universität Münster on a Perkin ± Elmer CHN analyser240. All products
were purified by flash column chromatography on silica gel (Merck, 60 ±
200 mesh). The solvents for extraction and chromatography were distilled
before use. The solvents for the reactions were purified by distillation and
dried, if necessary, prior to use. (ÿ)-Sparteine is commercially available
(Sigma) and was stored under argon. N,N,N',N'-Tetramethylethylenedi-
amine (TMEDA) was dried over CaH2 and distilled before use. sec-
Butyllithium was received as a 1.4m solution in cyclohexane/hexane (92:8),
n-butyllithium as 3.0m or 1.6m solutions in hexane, and methyllithium as a
1.6m solution in hexane. All organolithium compounds were titrated before
use.[49] The determination of the diastereomeric ratios was carried out by
1H NMR spectroscopy (by integration of the methine signal of the newly
generated stereocenter) or with analytical gas chromatography (Hewlett
Packard HP 5890 II chromatograph with a 25 m HP 1 column (for the
dicarbamates) or on a HP 6890 chromatograph with a 25 m HP 1701 column
(for the diols)). The ee values of the carbamates 11 were determined by
1H NMR spectroscopy in the presence of the chiral shift reagent (�)-
Eu(hfc)3 or as their alcohols, 16, by GC analyses of the corresponding (S)-1-
phenylethylurethanes.[50]
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cis-1,2-Cyclohexanedimethyl bis(2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carboxylate) (8): A solution of cis-1,2-cyclohexanedimethanol[23] (5.67 g,
39.4 mmol) in anhydrous THF (25 mL) was added dropwise to an ice-
cooled suspension of sodium hydride (3.37 g, 112 mmol, 80% in mineral
oil) in THF (40 mL). The reaction mixture was stirred for 30 min at room
temperature. 2,2,4,4-Tetramethyl-1,3-oxazolidine-3-carbonyl chloride[24]


(CbyCl, 14.7 g, 76.9 mmol) in THF (25 mL) was added and the mixture
was refluxed for 16 h. After the mixture was allowed to cool to room
temperature, HCl (2n, 50 mL) and Et2O (50 mL) were carefully added.
The organic layer was separated and the aqueous solution extracted with
Et2O (3� 50 mL). The collected extracts were kept over NaHCO3/Na2SO4.
The solvents were evaporated in vacuo and the crude product was purified
by flash chromatography on silica gel (Et2O/hexanes 1:2) to yield 8 (15.4 g,
88%) as a colorless solid. M.p. 119 ± 121 8C (hexanes); IR (KBr): nÄ �
1685 cmÿ1 (C�O); 1H NMR (200 MHz, CDCl3): d� 1.30 ± 1.70 (m, 8H;
CH2), 1.42 (1.35), 1.42 (1.36) (s, 12 H; NC(CH3)2CH2), 1.56 (1.51) and 1.56
(1.52) (s, 12H; NC(CH3)2O), 2.00 ± 2.30 (m, 2 H; CH), 3.73 (s, 4H,
CH2OC(CH3)2), 3.99 ± 4.21 (m, 4 H, CH2OCby); 13C NMR (50 MHz,
CDCl3): d� 23.18 (2C; CH2), 25.32 (24.16) (4C; NC(CH3)2CH2), 26.42
(2C; CH2), 26.57 (4C; NC(CH3)2O), 36.88 (2C; CH), 59.60 (60.67) (2C;
NC(CH3)2CH2), 64.54 (2C; CH2OCby), 76.16 (2 C; CH2OC(CH3)2), 95.92
(94.73) (2C; NC(CH3)2O), 152.81 (152.11) (2 C; NC�O); C24H42N2O6


(454.61): calcd C 63.41, H 9.31; found C 63.42, H 9.32.


Deprotonation of carbamate 8 and preparation of substituted products 11:
General procedure: Carbamate 8 (454 mg, 1.00 mmol) was dissolved in
toluene (10 mL) under argon and (ÿ)-sparteine (501 mg, 2.20 mmol) was
added. The stirred solution was cooled to ÿ78 8C and sec-BuLi (2.1 mmol,
1.2 ± 1.4m) was introduced by a syringe. The mixture was stirred for 4 h at
ÿ78 8C and the electrophile (2.5 mmol) was then added at this temper-
ature. The reaction mixture was stirred for a further 2 h before HCl (2n,
1 mL) was added at ÿ78 8C. The mixture was allowed to warm to room
temperature, HCl (2n, 10 mL) and Et2O (10 mL) were added, the layers
were separated, and the aqueous phase was extracted with Et2O (3�
10 mL). The combined organic layers were stirred over NaHCO3/Na2SO4,
concentrated in vacuo, and the residue was purified by column chromatog-
raphy on silica gel (Et2O/hexanes 1:4 to 1:1) to give the substituted
carbamates 11.


[1R,2S,1(1S)]-1 [D1]-cis-1,2-Cyclohexanedimethyl bis(2,2,4,4-tetramethyl-
1,3-oxazolidine-3-carboxylate) (11 a): To a solution of 8 (227 mg,
0.50 mmol) and (ÿ)-sparteine (4) (290 mg, 1.24 mmol) in toluene (8 mL)
was added sec-BuLi (1.30m, 0.88 mL, 1.14 mmol). After treatment with
CH3CO2D (0.09 mL, 1.55 mmol), the reaction mixture was allowed to
warm to room temperautre for 16 h. Workup and purification on silica gel
(Et2O/hexanes 1:2 then 1:1) afforded 11a (184 mg (81 %), [D1]� 80%) as a
colorless solid. M.p. 117 8C (hexanes); IR (KBr): nÄ � 2140 ± 2130 (C ± D),
1675 cmÿ1 (C�O); 1H NMR (300 MHz, CDCl3): d� 1.31 ± 1.72 (m, 8H;
CH2), 1.42 (1.36) (s, 12H; NC(CH3)2CH2), 1.56 (1.52) (s, 12H;
NC(CH3)2O), 2.12 (m, 2H; CH), 3.72 (s, 4 H, CH2OC(CH3)2), 4.02 ± 4.19
(m, 3H; CHDOCby, CH2OCby); 13C NMR (75 MHz, CDCl3): d� 23.11
(2C; CH2), 25.26 (24.10) (4C; NC(CH3)2CH2), 25.40 (26.60) (4C;
NC(CH3)2O), 26.31 (2C; CH2), 36.70 (CH), 36.79 (CH), 59.54 (60.61)
(2C; NC(CH3)2CH2), 64.14 (t; CHDOCby), 64.46 (CH2OCby), 76.32
(76.05) (2 C; CH2O(CH3)2), 95.87 (94.56) (2C; NC(CH3)2O), 153.79
(152.08) (2 C; NC�O); C24H41DN2O6 (455.61): calcd C 63.27, H 9.51, N
6.15; found C 63.31, H 9.36, N 6.15.


[1S,1(1R,2S)]-1-[2-(2,2,4,4-Tetramethyl-1,3-oxazolidine-3-carbonyloxyme-
thyl)cyclohexyl]-1-(trimethylstannyl)methyl 2,2,4,4-tetramethyl-1,3-oxa-
zolidine-3-carboxylate (11 b): Compound 8 (433 mg, 0.95 mmol) was
deprotonated with sec-BuLi (1.19m, 1.85 mL, 2.20 mmol) in the presence
of 4 (563 mg, 2.41 mmol). After 4 h at ÿ78 8C, trimethyltin chloride
(577 mg in 1.28 mL toluene, 2.90 mmol) was added. After workup and
column chromatography (Et2O/hexanes 1:4 then 1:2) 84 mg (19 %) of 8
were recovered and 11 b (381 mg (65 %), dr� 98:1, ee> 95 %) was isolated
as a colorless solid. M.p. 98 ± 100 8C (hexanes); [a]21


D ��2.2 (c� 1.02 in
CH2Cl2); IR (KBr): nÄ � 1680 ± 1650 cmÿ1 (C�O); 1H NMR (300 MHz,
CDCl3): d� 0.09 (s, 2J(H,117Sn)� 51.0 Hz , 2J(H,119Sn)� 52.2 Hz, 9 H;
Sn(CH3)3), 0.85 ± 1.98 (m, 8H; CH2), 1.40, 1.34 (s, 12 H; NC(CH3)2CH2),
1.50, 1.53 (s, 12 H; NC(CH3)2O), 2.08 ± 2.27 (m, 1 H; CH), 2.40 (tt,
3J(H,H)� 3.6 Hz, 3J(H,H)� 12.6 Hz, 1H; CH), 3.70, 3.71 (s, 4 H,
CH2OC(CH3)2), 4.06 ± 4.40 (m, 3 H, CHOCby, CH2OCby); 13C NMR
(75 MHz, CDCl3): d�ÿ8.53 (3C; Sn(CH3)3), 20.39 (CH2), 25.24 (24.09)


(4C; NC(CH3)2CH2), 25.40 (26.55, 26.89) (4 C; NC(CH3)2O), 25.98 (CH2),
26.39 (CH2), 27.90 (CH2), 33.97 (CH), 41.79 (CH), 59.48 (60.56) (2 C;
NC(CH3)2CH2), 61.43 (CH2OCby), 73.73 (CHOCby), 76.06 (75.82) (2 C;
CH2OC(CH3)2), 95.80 (94.59) (2C; NC(CH3)2O), 152.25 (153.02, 153.12)
(2C; NC�O); C27H50N2O6Sn (617.39): calcd C 52.53, H 8.16; found C 52.51,
H 8.14.


12b: 1H NMR (300 MHz, CDCl3): d� 0.12 (s, Sn(CH3)3).


rac-11 b : The reaction of 8 (504 mg, 1.11 mmol) with sec-BuLi (1.27m,
2.00 mL, 2.54 mmol) in the presence of TMEDA (314 mg, 2.70 mmol) and
trimethyltin chloride (518 mg in 2.60 mL hexane, 2.60 mmol) gave rac-11b.
Yield: 510 mg (75 %), dr� 99:1; m.p. 117 ± 120 8C (hexanes).


[1S,1(1R,2S)]-1-[2-(2,2,4,4-Tetramethyl-1,3-oxazolidine-3-carbonyloxyme-
thyl)cyclohexyl]-1-(tributylstannyl)methyl 2,2,4,4-tetramethyl-1,3-oxazoli-
dine-3-carboxylate (11 c): To a solution of 8 (450 mg, 0.99 mmol) in toluene
(10 mL) were added sec-BuLi (1.23m, 1.85 mL, 2.27 mmol), 4 (577 mg,
2.46 mmol), and tributyltin chloride (0.80 mL, 968 mg, 2.97 mmol) at
ÿ78 8C to afford 8 (yield: 113 mg (25 %)) and, after a second chromato-
graphic purification (Et2O/hexanes 1:4), 11 c as a viscous oil. Yield: 318 mg
(43 %); [a]21


D �ÿ0.35 (c� 1.14 in CH2Cl2); IR (film): nÄ � 2940, 2910, 2850
(CÿH), 1680, 1665 (C�O), 1455, 1440 (d-CÿH), 1385, 1365 (d-CH3), 1090,
1065 cmÿ1 (C-O-C); 1H NMR (300 MHz, CDCl3): d� 0.80 ± 0.89 (m, 6H;
SnCH2), 0.89 (t, 3J(H,H)� 7.3 Hz, 9H; Sn(CH2)3CH3), 1.22 ± 1.62 (m, 18H;
SnCH2(CH2)2, CH2), 1.35 (1.40, 1.41) (s, 12 H; NC(CH3)2CH2), 1.54 (1.49,
1.50) (s, 12H; NC(CH3)2O), 1.72 ± 1.98 (m, 2 H; CH2) 2.08 ± 2.25 (m, 1H;
CH), 2.41 (ddt, 3J(H,H)� 3.3 Hz, 3J(H,H)� 12.6 Hz, 1 H; CH), 3.71, 3.72 (s,
4H, CH2OC(CH3)2), 4.19 ± 4.39 (m, 3 H, CHOCby, CH2OCby); 13C NMR
(75 MHz, CDCl3): d� 10.31 (3C; SnCH2), 13.58 (3 C; Sn(CH2)3CH3), 20.32
(CH2), 25.28 (24.06, 24.27) (4 C; NC(CH3)2CH2), 25.34 (26.46, 26.59) (4 C;
NC(CH3)2O), 26.13 (CH2), 26.96 (CH2), 27.47 (3C; SnCH2CH2CH2CH3),
27.87 (CH2), 29.05 (3C; Sn(CH2)2CH2CH3), 33.90 (CH), 42.16 (CH), 59.38
(60.52) (2C; NC(CH3)2CH2), 61.40 (CH2OCby), 73.16 (CHOCby), 76.32
(76.06) (2C; CH2OC(CH3)2), 95.84 (94.60) (2C; C(CH3)2), 153.09 (152.42)
(2C; NC�O); C36H68N2O6Sn (743.66): calcd C 58.14, H 9.22, N 3.77; found
C 58.22, H 9.38, N 3.85.


rac-11 c : The same reaction with 8 (512 mg, 1.13 mmol), TMEDA (332 mg,
2.86 mmol), sec-BuLi (1.27m, 2.05 mL, 2.60 mmol), and tributyltin chloride
(0.79 mL, 956 mg, 2.94 mmol) gave rac-11 c. Yield: 651 mg (77 %).


Methyl [2R,1(1R,2S)]-2-{1-[2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
bonyloxy-methyl)cyclohexyl]}-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
bonyloxy)acetate (11 d): Dicarbamate 8 (244 mg, 0.54 mmol) was deproto-
nated with sec-BuLi (1.30m, 0.96 mL, 1.25 mmol) in the presence of 4
(319 mg, 1.36 mmol). Carboxylation was carried out by bubbling a stream
of dry CO2 through the reaction solution for 10 min. After warming the
mixture, treatment with HCl/Et2O, and extraction, the collected organic
layers were dried over Na2SO4. The Et2O was evaporated and the residue
was treated with a solution of CH2N2 in diethyl ether until it remained
yellow. The solution was stirred for 30 min, silica gel (100 mg) was added,
and the mixture was stirred for a further 15 min to destroy the excess
CH2N2. Chromatographic purification (Et2O/hexanes 1:2 then 1:1) yielded
8 (58 mg (24 %)) and 11 d (175 mg (63 %), dr� 96:4, ee> 95%) as a
colorless solid. M.p. 124 ± 126 8C (hexanes); [a]21


D ��16.3 (c� 1.00 in
CH2Cl2); IR (KBr): nÄ � 1750 (OC�O), 1700, 1685 cmÿ1 (C�O); 1H NMR
(300 MHz, CDCl3): d� 1.22 ± 1.99 (m, 8H; CH2), 1.39 (1.41) (s, 12H;
NC(CH3)2CH2), 1.54, 1.55 (1.53) (s, 12 H; NC(CH3)2O), 2.06 ± 2.24 (m, 1H;
CH), 2.24 ± 2.40 (m, 1H; CH), 3.71, 3.72(s, 4 H; CH2OC(CH3)2), 3.74 (s, 3H;
OCH3), 3.93 ± 4.24 (m, 1H; CH2OCby), 4.33 (t, 2J(H,H)� 3J(H,H)�
10.1 Hz, 1 H; CH2OCby), 4.78 (d, 3J(H,H)� 9.8 Hz, 1 H; CHOCby);
13C NMR (75 MHz, CDCl3): d� 20.29 (CH2), 24.04 (25.19) (4 C;
NC(CH3)2CH2), 24.72 (CH2), 25.46 (CH2), 26.64 (25.68) (4C; NC(CH3)2O),
27.43 (CH2), 34.22 (CH), 41.08 (CH), 51.81 (OCH3), 59.49 (60.61), 59.86
(61.04) (2 C; NC(CH3)2CH2), 61.90 (CH2OCby), 74.88 (CHOCby), 76.29
(76.04), 76.39 (2 C; CH2OC(CH3)2), 95.85 (94.61), 96.21 (94.94) (2 C;
NC(CH3)2O), 151.99 (151.02), 152.77 (151.79) (2C; NC�O); C26H44N2O8


(512.64): calcd C 60.92, H 8.65, N 5.46; found C 60.96, H 8.83, N 5.56.


12d : 1H NMR (300 MHz, CDCl3): d� 5.03 (d, 3J(H,H)� 6.2 Hz, CHO-
Cby).


rac-11 d : The racemic ester was prepared in 70% yield (160 mg, dr� 98:2)
from 8 (225 mg, 0.48 mmol), TMEDA (127 mg, 1.09 mmol), sec-BuLi
(0.88 mL, 1.30m, 1.14 mmol), and CO2 as described above.







Efficient Desymmetrization 1905 ± 1916
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The same reaction of 8 (236 mg, 0.52 mmol) with TMEDA (151 mg,
1.30 mmol) and sec-BuLi (1.30m, 0.90 mL, 1.17 mmol), however with the
introduction of CO2 after 3 h atÿ78 8C gave rac-11 d in 85% yield (217 mg,
dr� 91:9).


Without a diamine : The deprotonation of 8 (239 mg, 0.53 mmol) with sec-
BuLi (1.30m, 0.95 mL, 1.29 mmol) in Et2O (10 mL), resulted in rac-11d
(49 mg, dr� 40:60; 18% yield) and starting material 8 (171 mg; 72 %).


Methyl chloroformate as the electrophile : According to the general
procedure, 8 (441 mg, 0.97 mmol) was metallated with sec-BuLi (1.80 mL,
1.23m, 2.21 mmol) and 4 (567 mg, 2.42 mmol) in toluene (10 mL). Addition
of methyl chloroformate (0.22 mL, 274 mg, 2.90 mmol), workup, and
purification gave 11 d (230 mg; 46%, dr� 96:4, ee> 95%) and 8 (157 mg;
36%).


By the use of the same procedure, rac-11 d (206 mg; 40 %, dr� 88:12) was
formed by the reaction of 8 (453 mg, 1.00 mmol) with TMEDA (293 mg,
2.52 mmol), sec-BuLi (1.23m, 1.87 mL, 2.30 mmol), and methyl chlorofor-
mate (0.23 mL, 281 mg, 2.97 mmol). Additionally, the starting material 8
(128 mg; 28 %) was recovered.


Dimethyl carbonate as the electrophile : To a solution of 8 (452 mg,
0.99 mmol), 4 (583 mg, 2.49 mmol), and sec-BuLi (1.30m, 1.75 mL,
2.28 mmol) in toluene (10 mL) was added dimethyl carbonate (0.25 mL,
267 mg, 2.97 mmol). Workup and purification afforded 11 d (125 mg; 25%,
dr� 96:4, ee> 95 %) and 8 (279 mg; 62%).


[1S,1(1R,2S)]-1-[2-(2,2,4,4-Tetramethyl-1,3-oxazolidine-3-carbonyloxyme-
thyl)cyclohexyl]ethyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-carboxylate
(11 e): Dicarbamate 8 (2.03 g, 9.48 mmol) was deprotonated with sec-BuLi
(1.03m, 9.20 mL, 9.48 mmol) in the presence of 4 (2.31 g, 9.85 mmol).
Addition of methyl iodide (1.67 g, 11.79 mmol), warming to room temper-
ature for 16 h, workup, and column chromatography (Et2O/hexanes� 1:4),
gave the starting dicarbamate 8 (156 mg (8 %)) and well as 11 e (1.47 g
(70 %), ee> 95%) as a colorless oil. [a]21


D ��28.1 (c� 0.79 in CH2Cl2); IR
(film): nÄ � 1660 cmÿ1 (C�O); 1H NMR (300 MHz, CDCl3): d� 1.08 ± 2.36
(m, 10H; 2CH, 4CH2), 1.24 (d, 3J(H,H)� 6.2 Hz, 3H; CH3), 1.39 (1.34) (s,
12H; NC(CH3)2CH2), 1.55 (1.50) (s, 12H; NC(CH3)2O), 3.71, 3.72, (s, 4H;
CH2OC(CH3)2), 3.98 ± 4.20 (m, 1 H; CH2OCby), 4.29 (t, 2J(H,H)�
3J(H,H)� 11.0 Hz, 1H; CH2OCby), 4.87 (dd, 3J(H,H)� 9.1 Hz,
3J(H,H)� 6.2 Hz, 1 H; CHOCby); 13C NMR (75 MHz, CDCl3): d� 19.17
(CH3), 20.52 (CH2), 24.77 (CH2), 25.27 (24.09) (4C; NC(CH3)2CH2), 25.27
(26.59) (4 C; NC(CH3)2O), 25.78 (CH2), 27.16 (CH2), 34.47 (CH), 45.05
(CH), 59.44 (60.49) (2C, NC(CH3)2CH2), 62.07 (CH2OCby), 71.74
(CHOCby), 76.33 (76.12) (2C; CH2OC(CH3)2), 94.62 (94.19), 95.87
(95.47) (2C; NC(CH3)2O), 152.75 (152.05) (2 C; NC�O); C25H44N2O6


(468.63): calcd C 64.07, H 9.46; found C 64.08, H 9.47.


rac-11 e : The reaction of 8 (455 mg, 1.00 mmol) and sec-BuLi (2.00 mL,
1.25m, 2.50 mmol) in the presence of TMEDA (295 mg, 2.54 mmol) and
methyl iodide (0.19 mL, 431 mg, 3.04 mmol) gave rac-11 e (238 mg, 51%).


[1S,1(1R,2S)]- and [1R,1(1R,2S)]-1-[2-(2,2,4,4-Tetramethyl-1,3-oxazoli-
dine-3-carbonyl-oxymethyl)cyclohexyl]-but-3-enyl 2,2,4,4-tetramethyl-1,3-
oxazolidine-3-carboxylate (11 f and 12 f): To a solution of 8 (1.025 g,
2.25 mmol) in toluene (20 mL) were added sec-BuLi (3.00 mL, 1.40m,
4.20 mmol), 4 (1.140 g, 4.27 mmol), and allyl bromide (0.44 mL, 623 mg,
5.15 mmol). After flash chromatography (Et2O/hexanes 1:4), 8 (241 mg;
24%) was recovered and a 68:32 mixture of 11 f and 12 f (651 mg, 59%)
was obtained as a colorless oil. IR (film): nÄ � 3050 (C�CÿH), 1680 (C�O),
1630 cmÿ1 (C�C); 1H NMR (300 MHz, CDCl3): d� 1.08 ± 2.00 (m, 9H; CH,
4CH2), 1.39 (1.34) (s, 12H; NC(CH3)2CH2), 1.54 (1.49) (s, 12H;
NC(CH3)2O), 2.15 ± 2.43 (m, 2H; CH2CH�CH2), 2.44 ± 2.63 (m, 1 H; CH),
3.71 (s, 4 H; CH2OC(CH3)2), 4.02 ± 4.22 (m, 1H; CH2OCby), 4.32 (t,
2J(H,H)� 3J(H,H)� 11.1 Hz, 1H; CH2OCby), 4.94 (m, 3J(H,H)� 6.3 Hz,
1H; CHOCby), 5.01 ± 5.13 (m, 2H; CH2CH�CH2), 5.81 (ddd, 3J(H,H)�
11.1 Hz, 3J(H,H)� 17.5 Hz, 1 H; CH2CH�CH2); 13C NMR (75 MHz,
CDCl3): d� 20.14 (CH2), 24.50 (CH2), 25.34 (24.14) (4C; NC(CH3)2CH2),
25.90 (CH2), 26.88 (25.36) (4C; NC(CH3)2O), 27.13 (CH2), 34.89 (CH),
37.30 (CH2CH�CH2), 42.80 (CH), 59.55 (60.59) (2C; NC(CH3)2CH2), 61.79
(CH2OCby), 74.79 (CHOCby), 76.32 (76.05) (2 C; CH2OC(CH3)2), 95.78
(94.60) (2C; NC(CH3)2O), 117.67 (CH2CH�CH2), 133.95 (CH2CH�CH2),
152.72 (152.21) (2C; NC�O); C27H46N2O6, mixture (494.67): calcd C 65.56,
H 9.37, N 5.66; found C 65.47, H 9.36, N 5.75.


rac-11 f : The same reaction with 8 (421 mg, 0.93 mmol), TMEDA (275 mg,
2.37 mmol), sec-BuLi (1.70 mL, 1.25m, 2.13 mmol), and allyl bromide


(0.24 mL, 336 mg, 2.78 mmol) afforded rac-11 f (311 mg; 68%, dr� 70:30)
and 8 (14 mg; 3%).


[1S,1(1R,2S)]- and [1R,1(1R,2S)]-1-[2-(2,2,4,4-Tetramethyl-1,3-oxazoli-
dine-3-carbonyl-oxymethyl)cyclohexyl]-2-phenylethyl 2,2,4,4-tetramethyl-
1,3-oxazolidine-3-carboxylate (11 g and 12g): Carbamate 8 (420 mg,
0.92 mmol) was deprotonated with sec-BuLi (1.63 mL, 1.30m, 2.12 mmol)
in the presence of 4 (544 mg, 2.32 mmol) and then benzyl bromide
(0.34 mL, 496 mg, 2.90 mmol) was added. After purification (Et2O/hexanes
1:4), 8 (105 mg; 25%) was recovered and a 74:26 mixture of 11 g and 12g
(223 mg; 44%) was obtained as a colorless oil. IR (film): nÄ � 3060, 3040
(C�CÿH), 1680 (C�O), 1590, 1480 (C�C), 750, 690 cmÿ1 (C�CÿH);
C31H48N2O6, mixture (544.73): calcd C 68.35, H 8.88, N 5.14; found C
68.13, H 8.81, N 5.07.


11g: 1H NMR (300 MHz, CDCl3): d� 1.03 ± 1.96 (m, 9 H; CH, 4 CH2), 1.26
(1.31) (s, 12H; NC(CH3)2CH2), 1.41 (1.44) (s, 12 H; NC(CH3)2O), 2.18 (m,
1H; CH), 2.75 (dd, 2J(H,H)� 14.1 Hz, 3J(H,H)� 8.4 Hz, 1 H; CH2Ph), 3.04
(dd, 3J(H,H)� 4.2 Hz, 1 H; CH2Ph), 3.62 (3.53) (s, 4 H; CH2OC(CH3)2),
4.19 ± 4.44 (m, 2H; CH2OCby), 5.05 (dd, 3J(H,H)� 8.4 Hz, 1H; CHOCby),
7.08 ± 7.38 (m, 5 H; Ph); 13C NMR (75 MHz, CDCl3): d� 20.08 (CH2), 24.50
(CH2), 25.19 (23.98) (4C; NC(CH3)2CH2), 25.33 (26.58) (4 C; NC(CH3)2O),
25.90 (CH2), 27.12 (CH2), 33.93 (CH), 39.11 (CH2Ph), 43.80 (CH), 59.30
(60.55) (2C, NC(CH3)2CH2), 61.73 (CH2OCby), 75.85 (CHOCby), 76.25
(76.00) (2C; CH2OC(CH3)2), 95.70 (94.48) (2 C; NC(CH3)2O), 126.09 (p-
CH, arom.), 127.95 (o-CH, arom.), 129.43 (m-CH, arom), 137.58 (Cquart ,
arom.), 151.91 (152.68) (2C; NC�O).


12g: 1H NMR (300 MHz, CDCl3): d� 4.00 ± 4.19 (m, 2H; CH2OCby), 5.14
(dd, 3J(H,H)� 5.5 Hz, 3J(H,H)� 7.6 Hz, CHOCby); 13C NMR (75 MHz,
CDCl3): d� 20.28 (CH2), 27.69 (CH2), 35.91 (CH), 38.78 (CH2Ph), 43.39
(CH), 128.04 (o-CH, arom.), 129.36 (m-CH, arom), 137.68 (Cquart , arom.).


rac-11 g : The reaction of 8 (391 mg, 0.86 mmol), TMEDA (248 mg,
2.13 mmol), sec-BuLi (1.52 mL, 1.30m, 1.98 mmol), and benzyl bromide
(0.32 mL, 460 mg, 2.69 mmol) gave the racemate in 58% yield (271 mg,
dr� 85:15); 8 was recovered in 7% yield (27 mg).


[2R,1(1R,2S)]- and [2S,1(1R,2S)]-2-{1-[2-(2,2,4,4-Tetramethyl-1,3-oxa-
zolidine-3-carbon-yloxymethyl)cyclohexyl]}-2-(2,2,4,4-tetramethyl-1,3-oxa-
zolidine-3-carbonyloxy)ethanal (11 h and 12h): To a solution of 8 (452 mg,
0.99 mmol) and 4 (581 mg, 2.48 mmol) in toluene (10 mL) was added sec-
BuLi (1.80 mL, 1.26m, 2.27 mmol). The mixture was treated with ethyl
formate (0.24 mL, 221 mg, 2.98 mmol) and then with H2PO4


ÿ/HPO4
2ÿ


buffer (1.0 mL, pH� 7). Workup and purification (silica gel, Et2O/hexanes
1:4 to 1:1) afforded 8 (120 mg, 27%) and a 55:45 mixture of 11h and 12h
(142 mg, 30%) as a viscous oil. IR (film): nÄ � 2960, 2920, 2850 (CÿH), 1730,
1700 ± 1680 (C�O), 1460, 1440 (CÿH), 1405, 1365 (-CH3), 1090, 1060 cmÿ1


(C-O-C); C25H42N2O7, mixture (482.62): calcd C 62.22, H 8.77, N 5.80; found
C 62.26, H 8.83, N 5.54.


11h: 1H NMR (300 MHz, CDCl3): d� 1.18 ± 2.44 (m, 10 H; 2 CH, 4 CH2),
1.41 (1.36) (s, 12H; NC(CH3)2CH2), 1.55 (1.58) (s, 12 H; NC(CH3)2O), 3.72
(3.73, 3.76, 3.78) (s, 4H; CH2OC(CH3)2), 4.15 (m, 2H; CH2OCby), 4.75 (d,
3J(H,H)� 10.2 Hz, 1 H; CHOCby), 6.00 (s, 1 H; CHO); 13C NMR (75 MHz,
CDCl3): d� 20.25 (CH2), 24.73 (CH2), 25.21 (24.03) (4C; NC(CH3)2CH2),
25.41 (26.59) (4C; NC(CH3)2O), 25.78 (CH2), 27.70 (CH2), 34.20 (CH),
39.49 (CH), 59.51 (60.62), 59.98 (61.23) (2C; NC(CH3)2CH2), 61.70
(CH2OCby), 76.29 (75.99) (2 C; CH2OC(CH3)2), 79.39 (CHOCby), 95.87
(94.69), 96.31 (94.89) (2C; NC(CH3)2O), 151.77 (152.62) (2 C; NC�O),
198.14 (CHO).


12h: 1H NMR (300 MHz, CDCl3): d� 4.34 (t, 3J(H,H)� 10.5 Hz,
2J(H,H)� 10.5 Hz; CH2OCby), 5.07 (d, 3J(H,H)� 5.2 Hz; CHOCby), 6.02
(s, CHO); 13C NMR (75 MHz, CDCl3): d� 27.19 (CH2), 36.43 (CH), 39.70
(CH), 62.41 (CH2OCby).


When the stirring time was reduced to 10 min after addition of the
electrophile, the reaction of 8 (243 mg, 0.53 mmol) with 4 (313 mg,
1.33 mmol), sec-BuLi (1.25m, 0.98 mL, 1.22 mmol), and ethyl formate
(0.13 mL, 120 mg, 1.61 mmol) gave 8 (134 mg; 56%) and 11 h (41 mg; 16%,
dr� 70:30). [a]21


D ��17.8 (c� 2.05 in CH2Cl2).


rac-11 h : Dicarbamate 8 (249 mg, 0.55 mmol) was treated with TMEDA
(160 mg, 1.38 mmol), sec-BuLi (1.00 mL, 1.28m 1.28 mmol), and ethyl
formate (0.14 mL, 129 mg, 1.74 mmol). The mixture was stirred for 1 h, and
then quenched with the H2PO4


ÿ/HPO4
2ÿ buffer to give rac-11 h (120 mg;


45% yield, dr� 90:10).
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[2R,1(1R,2S)]-2-{1-[2-(2,2,4,4-Tetramethyl-1,3-oxazolidine-3-carbonyloxy-
methyl)cyclohexyl]}-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl-
oxy)-1-phenylethan-1-one (11 i): Dicarbamate 8 (430 mg, 0.94 mmol) was
deprotonated with sec-BuLi (1.25m, 1.73 mL, 2.16 mmol) in the presence of
4 (554 mg, 2.36 mmol). After addition of methyl benzoate (0.33 mL,
360 mg, 2.64 mmol), workup, and column chromatography (Et2O/hexanes
1:4 then 1:1), the dicarbamate 8 (142 mg; 33%) was recovered and 11 i
(220 mg; 42 %, dr� 85:15) was obtained as a colorless oil. [a]21


D ��21.5
(c� 0.52 in CH2Cl2); IR (film): nÄ � 3060, 3040 (C�CÿH), 1690 ± 1670
(C�O), 1590, 1570 (C�C), 735, 700 cmÿ1 (C�CÿH); C31H46N2O7 mixture
(558.71): calcd C 66.64, H 8.30, N 5.01; found C 66.82, H 8.12, N 4.92.


11 i: 1H NMR (300 MHz, CDCl3): d� 1.06 ± 2.53 (m, 10 H; 2 CH, 4 CH2),
1.41 (1.34) (s, 12H; NC(CH3)2CH2), 1.53 (1.50) (s, 12 H; NC(CH3)2O), 3.72
(3.69) (s, 4 H; CH2OC(CH3)2), 3.93 ± 4.47 (m, 2 H; CH2OCby), 5.80 (d,
3J(H,H)� 10.2 Hz, 1 H; CHOCby), 7.11 ± 7.27 (m, 3J(H,H)� 7.4 Hz,
4J(H,H)� 1.4 Hz, 2 H; m-CH, arom.), 7.43 ± 7.58 (m, 4J(H,H)� 1.4 Hz,
2H; p-CH, arom.), 7.96 ± 8.02 (m, 2H; o-CH, arom.); 13C NMR (75 MHz,
CDCl3): d� 19.98 (CH2), 23.08 (CH2), 24.87 (24.09) (4C; NC(CH3)2CH2),
25.44 (26.62) (4C; NC(CH3)2O), 26.35 (CH2), 27.56 (CH2), 33.87 (CH),
41.48 (CH), 59.51 (60.49) (2C; NC(CH3)2CH2), 61.73 (CH2OCby), 74.84
(CHOCby), 76.29 (76.06) (2C; CH2OC(CH3)2), 94.62 (95.77) (2C;
NC(CH3)2O), 128.39 (o-CH, arom.), 128.79 (m-CH, arom.), 133.21 (p-
CH, arom.), 136.95 (Cquart , arom.), 151.94 (152.58) (2 C; NC�O), 197.23
(C�O).


12 i: 1H NMR (300 MHz, CDCl3): d� 5.97 (d, 3J(H,H)� 3.8 Hz; CHOC-
by); 13C NMR (75 MHz, CDCl3): d� 24.57 (CH2), 26.05 (CH2), 27.93 (CH2),
37.03 (CH), 42.09 (CH), 62.10 (CH2OCby), 77.10 (CHOCby), 199.05
(C�O).


rac-11 i : The reaction of 8 (423 mg, 0.93 mmol) with sec-BuLi (1.25m,
1.71 mL, 2.14 mmol) in the presence of TMEDA (268 mg, 2.30 mmol) and
methyl benzoate (0.32 mL, 354 mg, 2.60 mmol) yielded rac-11 i (300 mg;
58%, dr� 90:10) and 8 (23 mg; 6%).


Methyl {2R,2[1S,2R(1S)]}- and {2S,2[1S,2R(1S)]}-{2[2(1D)]}-2-{1-[2-
(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyloxymethyl)cyclohexyl]}-2-
(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyloxy)acetate (13 and 14):
The reaction of 11 a (125 mg, 0.27 mmol, [D1]� 99 %, recovered from
deprotonation reactions of 11 a ([D1]� 93%)), with sec-BuLi (1.30m,
0.55 mL, 0.72 mmol), 4 (195 mg, 0.83 mmol), and CO2 yielded 13 (5 mg
(4%), dr of 13 ([D1]� 99 %)/14 ([D1]� 76%)� 73:27) as a colorless oil.
11a was recovered in 75 % yield (92 mg, [D1]> 99%). 13: 1H NMR
(300 MHz, CDCl3): d� 5.03 (d, 3J(H,H)� 5.7 Hz; CHOCby); 14: 1H NMR
(300 MHz, CDCl3): d� 4.81 (d, 3J(H,H)� 9.8 Hz; CHOCby).


Methyl {2S,2[1S,2R(1S)]}-{2[2(1D)]}-2-{1-[2-(2,2,4,4-tetramethyl-1,3-oxa-
zolidine-3-carbonyloxymethyl)cyclohexyl]}-2-(2,2,4,4-tetramethyl-1,3-oxa-
zolidine-3-carbonyloxy)-acetate (14): Compound 11 a (245 mg, 0.54 mmol,
[D1]� 93 %), derived from a second deprotonation and deuteration of 11a
([D1]� 80 %), was treated with sec-BuLi (1.27m, 0.98 mL, 1.24 mmol) in
the presence of TMEDA (157 mg, 1.35 mmol) and carboxylated with CO2.
After esterification and purification, 14 (218 mg (79 %), dr� 96:4, ee>
95%, [D1]� 96%) was obtained as a colorless solid. M.p. 123 ± 125 8C
(hexanes); [a]21


D ��16.9 (c� 1.04 in CH2Cl2); IR (KBr): nÄ � 2960, 2920,
2860, 2840 (CÿH), 2160 (C-D), 1740 (OC�O), 1685, 1675 (C�O), 1405,
(-CH3), 1095, 1055 cmÿ1 (C-O-C); 1H NMR (300 MHz, CDCl3): d� 1.20 ±
1.98 (m, 8 H; CH2), 1.40 (1.41) (s, 12H; NC(CH3)2CH2), 1.54, (1.53, 1.55) (s,
12H; NC(CH3)2O), 2.06 ± 2.23 (m, 1H; CH), 2.24 ± 2.41 (m, 1H; CH), 3.72
(s, 4H; CH2OC(CH3)2), 3.74 (s, 3H; OCH3), 4.13 (m, 1 H; CHDOCby), 4.81
(d, 3J(H,H)� 9.8 Hz, 1 H; CHOCby); 13C NMR (75 MHz, CDCl3): d�
20.32 (CH2), 24.02 (CH2), 23.96 (24.06), 25.17 (25.04, 25.31), (4C;
NC(CH3)2CH2), 25.48 (CH2), 26.66 (24.73, 25.68) (4 C; NC(CH3)2O),
27.43 (CH2), 34.14 (CH), 41.08 (CH), 51.83 (OCH3), 59.51 (60.59), 59.88


(61.06) (2C; NC(CH3)2CH2), 61.60 (CHDOCby), 74.88 (CHOCby), 76.29
(76.04), 76.60 (2 C; CH2OC(CH3)2), 95.87 (94.59), 96.21 (94.96) (2 C;
NC(CH3)2O), 151.98 (151.00), 152.72 (151.78) (2C; NC�O); C26H45N2O8


(513.65): calcd C 60.80, H 8.83, N 5.45; found C 60.86, H 8.70, N 5.58.


Kinetic resolution of rac-11 a (ent-14): The reaction of rac-11 a (205 mg,
0.45 mol, [D1]� 97%, derived from the lithiodestannylation and deutera-
tion of 11 c) with sec-BuLi (1.31m, 0.69 mL, 0.90 mmol) in the presence of
(ÿ)-sparteine (233 mg, 0.99 mmol), afforded, after carboxylation with CO2,
11a (130 mg (63 %), [D1]� 97%, dr� 93:17, ee� 36 %) and ent-14 (58 mg
(25 %), [D1]� 94%, dr� 88:12, ee> 95%).


Lithiodestannylation of 11b and 11 c: Preparation of the substituted
carbamates 11a, 11 d, and 11e: General procedure : To a stirred solution of
carbamate 11 b or 11 c (dr> 98:2, ee> 95%, 0.50 mmol) in Et2O (10 mL)
under argon at ÿ78 8C was added a solution of n-butyllithium (2.3 mmol,
1.6 ± 3.0m) with a syringe. The mixture was stirred for 1 ± 2 h at ÿ78 8C, the
electrophile (2.5 mmol) was added, and the reaction mixture stirred for a
further 1 ± 2 h. HCl, (2n, 1 mL) was added at ÿ78 8C and the mixture was
allowed to warm to room temperature. HCl (2n, 5 mL) and Et2O (5 mL)
were added, the layers were separated, and the aqueous phase was
extracted with Et2O (3� 5 mL). The combined extracts were stirred over
NaHCO3/Na2SO4, concentrated in vacuo, and the residue was purified by
column chromatography on silica gel (Et2O/hexanes 1:1) to yield the
substituted carbamates 11.


Lithiodestannylation of 11 b : A mixture of 11 b (327 mg, 0.53 mmol) and
nBuLi (0.41 mL, 3.0m, 1.23 mmol) in Et2O (7 mL) was stirred atÿ78 8C for
2 h. The mixture was treated with CO2 and esterified to give 11d (252 mg;
93%, dr� 98:2, ee> 95%). [a]21


D ��17.0 (c� 1.01 in CH2Cl2).


The reaction of 11b (974 mg, 1.58 mmol) with nBuLi (2.00 mL, 1.6m,
3.20 mmol) and methyl iodide (0.21 mL, 427 mg, 3.36 mmol) afforded 11e
(560 mg; 76 %). [a]21


D ��31.8 (c� 1.07 in CH2Cl2).


Lithiodestannylation of 11 c : Carbamate 11c (271 mg, 0.36 mmol) was
allowed to react with nBuLi (0.28 mL, 3.00m, 0.84 mmol) for 2 h. The
mixture was treated with CO2 and esterified. Workup and purification gave
tetrabutyltin (125 mg; 100 %) and 11 d (171 mg; 93%, dr� 98:2, ee> 95%).
[a]21


D ��17.2 (c� 1.00 in CH2Cl2).


A solution of 11 c (30 mg, 0.50 mmol) in Et2O was treated with nBuLi
(0.50 mL, 3.0m, 1.50 mmol) and the mixture was stirred for 3 h at ÿ78 8C.
CH3CO2D (0.09 mL, 1.55 mmol) dissolved in Et2O (5 mL) was added and
the reaction mixture was allowed to warm to room temperature and stirred
for 16 h. Column chromatography yielded 11a (222 mg; 98 %, [D1]� 97%)
and tetrabutyltin (139 mg; 80%).


Kinetic resolution of the tributylstannane 11 c: Stannane 11c (0.38, 0.41, or
0.87 mmol, respectively) was dissolved in Et2O (7 mL) and treated with
MeLi (1.64m, 0.74 mmol, 0.82 mmol, and 1.47 mmol) and (ÿ)-sparteine
(0.83 mmol, 0.91 mmol, and 1.80 mmol) for 30 min, 60 min, and 140 min,
respectively. The mixture was treated with CO2 and the crude acid was then
esterified. Workup, as described for the preparation of 11d, and column
chromatography (silica gel, Et2O/hexanes 1:3) gave tributylmethyltin,
stannane ent-11c, and ester 11d (dr> 99:1) (Table 3).


Deprotection of the dicarbamates 11: Method A :[7, 24] A solution of a
dicarbamate 11 (1.00 mmol) and methanesulfonic acid (1.00 mmol) in
methanol (10 mL) was refluxed for 3 h. The solvent was removed under
reduced pressure and the residue purified on silica gel (90 g, EtOAc/
cyclohexane 1:2 to pure EtOAc) to yield the bisurethanes 15. The diols 16
were obtained by refluxing 15 (1.00 mmol) with K2CO3 (0.50 mmol) in
methanol (10 mL) for 3 h or by adding K2CO3 or NaOH (0.50 mmol) to the
above reaction mixture and refluxing for a further 3 h. Concentration and
column chromatography (silica gel, Et2O/hexanes 2:1 to pure EtOAc)
afforded the analytically pure diols.


Table 3. Kinetic resolution of the tributylstannane 11c.


11c [mg] MeLi [mL] (equiv) 4 [mg] (equiv) Time [min] Yield 11d [%]
(ee [%])[a]


Yield ent-11 c [%]
(ee [%])[b]


Bu3MeSn
yield [%]


282 0.45 (1.9) 194 (2.2) 30 16 (52) 63 (13) 16
308 0.82 (2.0) 214 (2.2) 60 32 (48) 54 (27) 45
651 0.92 (1.7) 422 (2.1) 140 53 (44) 33 (60) 67


[a] Determined by 1H NMR shift experiments with (�)-Eu(hfc)3 (32 mol %). [b] Determined by comparing the [a]21
365 with that of 11 c.
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cis-1,2-Cyclohexanedimethyl bis[N-(2-hydroxy-1,1-dimethylethyl)carba-
mate] (15 a): The reaction of 8 (314 mg, 0.69 mmol) with methanesulfonic
acid (69 mg, 0.72 mmol) for 3 h yielded 15 (231 mg (89 %)) as a colorless
solid. M.p. 93 ± 95 8C (EtOAc); IR (KBr): nÄ � 3470, 3420 (NÿH), 3355, 3310
(OÿH), 2980, 2940, 2870 (CÿH), 1695 (C�O), 1550 (NÿH), 1365 (-CH3),
1105, 1070 cmÿ1 (C-O); 1H NMR (300 MHz, CDCl3): d� 1.27, 1.28 (s, 12H;
C(CH3)2), 1.32 ± 1.64 (m, 8 H; CH2), 1.94 ± 2.09 (m, 2 H; CH), 3.24 ± 3.51 (br,
2H; NH), 3.57 (d, 3J(H,H)� 11.3 Hz, 2 H; C(CH3)2CH2OH), 3.63 (d, 2H;
C(CH3)2CH2OH), 3.92 (dd, 2J(H,H)� 11.0 Hz, 3J(H,H)� 6.4 Hz, 2 H;
CH2OH), 4.12 (dd, 3J(H,H)� 7.6 Hz, 1H; CH2OH), 4.84 ± 5.16 (br, 2H;
OH); 13C NMR (75 MHz, CDCl3): d� 23.42 (2 C; CH2), 24.36 (24.20) (4C;
C(CH3)2), 26.82 (2 C; CH2), 38.60 (2 C; CH), 54.19 (2 C; C(CH3)2), 65.34
(2C; CH2OH), 69.73 (2C; C(CH3)2CH2OH), 156.23 (2C; NC�O);
C18H34N2O6 (374.48): calcd C 57.73, H 9.15, N 7.48; found C 58.04, H 9.26,
N 7.64.


Methyl [1R,1(1R,2S)]-{2-[N-(2-hydroxy-1,1-dimethylethyl)carbamoyloxy-
methyl]cyclohexyl]}-2-[N-(2-hydroxy-1,1-dimethylethyl)carbamoyloxy]-
acetate (15 d): A mixture of 11 d (312 mg, 0.61 mmol, dr� 96:4) and
methanesulfonic acid (44 mg, 0.46 mmol) in methanol was refluxed for 6 h
to afford 15 d (248 mg; 94 %, dr> 98:2) as a colorless solid. M.p. 94 ± 96 8C
(EtOAc); [a]21


D �ÿ0.7 (c� 1.02 in CH2Cl2), �23.3 (c� 1.01 in MeOH); IR
(KBr): nÄ � 3400 (NÿH), 3300 (OÿH), 2985, 2940, 2880 (CÿH), 1750
(OC�O), 1700 (C�O), 1545 (NÿH), 1375 (-CH3), 1060 cmÿ1 (CÿO);
1H NMR (300 MHz, CDCl3): d� 1.17 ± 1.54 (m, 6 H; CH2), 1.28 (1.27), 1.29
(1.30) (s, 12H; C(CH3)2), 1.67 ± 1.91 (m, 1H; CH), 1.95 ± 2.24 (m, 1 H; CH),
3.55 (3.36, 3.40, 3.57) (s, 4 H; C(CH3)2CH2OH), 3.76 (s, 3H; OCH3), 3.87
(m, 1 H; CH2OH), 4.35 (dd, 2J(H,H)� 11.0 Hz, 3J(H,H)� 7.1 Hz, 1H;
CH2OH), 5.13 (d, 3J(H,H)� 6.9 Hz, 1H; CHOH), 5.57 (br, 2 H, OH) 6.09
(br, 2H, NH); 13C NMR (75 MHz, CDCl3): d� 20.96 (2C; CH2), 23.84
(23.56), 23.96 (25.23) (4C; C(CH3)2), 24.50 (CH2), 25.48 (CH2), 27.83 (CH2),
34.37 (CH), 41.04 (CH), 52.13 (OCH3), 54.29, 54.52 (2C; C(CH3)2), 63.52
(CH2OH), 68.37 (69.05), 69.82 (69.42) (2 C; C(CH3)2CH2OH), 74.20
(CHOH), 154.87, 156.39 (2C; NC�O), 171.52 (OC�O); C20H36N2O8


(432.51): calcd C 55.54, H 8.39, N 6.48; found C 55.80, H 8.76, N 6.20.


[1S,1(1R,2S)]-15 d : 1H NMR (300 MHz, CDCl3): d� 5.05 (d, 3J(H,H)�
7.6 Hz; CHOH).


[1S,1(1R,2S)]-1-{2[N-(2-Hydroxy-1,1-dimethylethyl)carbamoyloxymethyl]-
cyclohexyl}-ethyl N-(2-hydroxy-1,1-dimethylethyl)carbamate (15 e): The
methyl-substituted bisurethane 15 e was obtained as a colorless solid in
80% yield (325 mg) by heating 11 e (504 mg, 1.07 mmol) with methane-
sulfonic acid (131 mg, 1.36 mmol) for 3 h. M.p. 91 ± 92 8C (EtOAc); [a]21


D �
�26.8 (c� 1.03 in CH2Cl2); IR (KBr): nÄ � 3400 (NÿH), 3300 (OÿH), 2970,
2935, 2870 (CÿH), 1720, 1700, 1680 (C�O), 1545, 1510 (NÿH), 1390 (-CH3),
1100, 1060 cmÿ1 (C-O); 1H NMR (300 MHz, CDCl3): d� 1.13 ± 1.56
(m, 6H; CH2), 1.18 (d, 3J(H,H)� 6.2 Hz, 3H; CH3), 1.27 (1.26), 1.29 (s,
12H; C(CH3)2), 1.56 ± 1.86 (m, 3 H; CH, CH2), 2.15 ± 2.34 (m, 1H; CH),
3.31 ± 3.81 (m, 4 H; C(CH3)2CH2OH), 3.87 (dd, 2J(H,H)� 11.0 Hz,
3J(H,H)� 7.0 Hz, 1 H; CH2OH), 3.96 (br, 2H; OH), 4.26 (dd, 3J(H,H)�
7.9 Hz, 1H; CH2OH), 4.72 (dq, 3J(H,H)� 3.8 Hz, 1 H; CHOH), 4.98, 5.36
(s, 2H, NH); 13C NMR (75 MHz, CDCl3): d� 19.38 (CH3), 21.36 (CH2),
24.28 (CH2), 24.36 (24.19, 24.84) (4C; C(CH3)2), 25.61 (CH2), 28.31 (CH2),
33.66 (CH), 44.82 (CH), 54.19 (2C; C(CH3)2), 64.31 (CH2OH), 69.38, 69.86
(2C; C(CH3)2CH2OH), 72.08 (CHOH), 156.12, 156.49 (2C; NC�O);
C19H36N2O6 (388.51): calcd C 58.74, H 9.34, N 7.21; found C 58.36, H 9.60,
N 6.92.


rac-1-{2-[N-(2-Hydroxy-1,1-dimethylethyl)carbamoyloxymethyl]cyclohex-
yl}-2-phenyl-ethyl N-(2-hydroxy-1,1-dimethylethyl)carbamate (rac-15 g):
Carbamate rac-11 g (464 mg, 0.85 mmol) was heated with methanesulfonic
acid (148 mg, 1.54 mmol) for 6 h to give rac-15g (241 mg, (61 %)) as a
colorless solid. It was converted into the diol rac-16 g without further
identification. 1H NMR (300 MHz, CDCl3): d� 1.14 ± 1.52 (m, 4H; CH2),
1.26, 1.27 (s, 12H; C(CH3)2), 1.54 ± 1.86 (m, 5H; 1 CH, 2CH2), 2.22 (m, 1H;
CH), 2.76 (dd, 2J(H,H)� 14.1 Hz, 3J(H,H)� 6.7 Hz, 1 H; CH2Ph), 3.02 (dd,
3J(H,H)� 4.5 Hz, 1H; CH2Ph), 2.8 ± 3.2 (br, 2H; NH), 3.55 (d, 2J(H,H)�
11.3 Hz, 2H; C(CH3)2CH2OH), 3.61 (d, 2 H; C(CH3)2CH2OH), 3.88 (dd,
2J(H,H)� 11.0 Hz, 3J(H,H)� 7.4 Hz, 1 H; CH2OH), 4.36 (dd, 3J(H,H)�
6.9 Hz, 1H; CH2OH), 4.83 (s, 1 H; OH), 4.96 (ddd, 3J(H,H)� 9.1 Hz, 1H;
CHOH), 5.17 (br, 1H; OH).


cis-1,2-Cyclohexanedimethanol (1a): To a solution of 15 a (207 mg,
0.55 mmol) in methanol (5 mL) was added K2CO3 (40 mg, 0.29 mmol).


This mixture was heated under reflux for 3 h and then purified to give diol
1a (78 mg; 98%) and oxazolidin-2-one 17 (113 mg; 89 %).


17: M.p. 54 ± 56 8C (EtOAc) (ref.:[41a] 56 ± 58 8C); 1H NMR (300 MHz,
CDCl3): d� 1.35 (s, 6 H; CH3), 4.07 (s, 2H; CH2), 6.24 ± 6.39 (br, 1 H; NH);
C5H9NO2 (115.13): calcd C 52.16, H 7.88; found C 52.10, H 7.97.


[1S,1(1R,2S)]-1-[2-(Hydroxymethyl)cyclohexyl]ethanol (16 e): Refluxing
of 15e (124 mg, 0.32 mmol) with K2CO3 (23 mg, 0.17 mmol) in MeOH
(6 mL) for 17 h gave incomplete conversion. Addition of further K2CO3


(22 mg, 0.16 mmol) and refluxing for a further 3 h gave 17 (53 mg; 73%)
along with 16e (51 mg; 100 %, dr� 99:1) as a colorless oil. [a]21


D ��23.2
(c� 1.37 in MeOH); IR (film): nÄ � 3680 ± 3020 (OÿH), 2970, 2935, 2870
(CÿH), 1390 (-CH3), 1100, 1060 cmÿ1 (C-O); 1H NMR (300 MHz, CDCl3):
d� 1.14 ± 1.78 (m, 9 H; 1CH, 4CH2), 1.24 (d, 3J(H,H)� 6.2 Hz, 3 H; CH3),
2.14 ± 2.25 (m, 1 H; CH), 2.69 (s, 2H; OH), 3.54 (dd, 2J(H,H)� 10.8 Hz,
3J(H,H)� 3.5 Hz, 1 H; CH2OH), 3.77 (dq, 3J(H,H)� 7.9 Hz, 1H; CHOH),
3.93 (dd, 3J(H,H)� 9.3 Hz, 1 H; CH2OH); 13C NMR (75 MHz, CDCl3): d�
21.40 (CH3), 22.58 (CH2), 25.44 (CH2), 25.98 (CH2), 29.65 (CH2), 37.44
(CH), 46.40 (CH), 63.25 (CH2OH), 69.25 (CHOH); C9H18O2 (158.13): calcd
C 68.31, H 11.46; found C 68.40, H 11.19.


The one-pot reaction of 11 e (1.97 g, 4.2 mmol) with methanesulfonic acid
(148 mg, 1.54 mmol) and then with NaOH (638 mg, 15.95 mmol) in
methanol (20 mL), followed by chromatographic purification (Et2O/
hexanes 2:1, then pure Et2O) yielded 16e (610 mg, 92%, dr� 95:5) and
17 (208 mg, 21 %).


[1S,1(1R,2S)]- and [1R,1(1R,2S)]-1-[2-(Hydroxymethyl)cyclohexyl]-2-
phenyl-ethan-1-ol (16 g): Carbamate 11g (703 mg, 1.29 mmol) was con-
verted into the diol by treatment with methanesulfonic acid (111 mg,
1.16 mmol), K2CO3 (164 mg, 1.19 mmol), and NaOH (105 mg, 2.62 mmol).
Purification (Et2O/hexanes 2:1 to neat Et2O) yielded the two diastereo-
meric diols 16 g as colorless solids (140 mg; 46 % and 64 mg; 21%); dr�
70:30).


[1S,1(1R,2S)]-16 g : M.p. 58 ± 59 8C (hexanes); [a]21
D �ÿ12.0 (c� 1.03 in


MeOH); IR (KBr): nÄ � 3560 ± 3100 (OÿH), 3090, 3060, 3035 (C�CÿH),
2930, 2860 (CÿH), 1610, 1500 (C�C), 1110, 1030 (C-O), 745, 695 cmÿ1


(�CÿH); 1H NMR (300 MHz, CDCl3): d� 1.03 ± 1.78 (m, 9H; 1CH, 4 CH2),
2.21 (m, 1 H; CH), 2.67 (dd, 2J(H,H)� 13.6 Hz, 3J(H,H)� 9.2 Hz, 1H;
CH2Ph), 2.93 (dd, 3J(H,H)� 3.6 Hz, 1H, CH2Ph), 3.05 ± 4.02 (br, 2H; OH),
3.45 (dd, 2J(H,H)� 10.8 Hz, 3J(H,H)� 3.3 Hz, 1H; CH2OH), 3.74 (ddd,
3J(H,H)� 6.6 Hz, 1H; CHOH), 3.87 (dd, 3J(H,H)� 9.5 Hz, 1 H; CH2OH),
7.08 ± 7.41 (m, 5 H; Ph); 13C NMR (75 MHz, CDCl3): d� 22.41 (CH2), 25.68
(CH2), 25.91 (CH2), 29.89 (CH2), 37.44 (CH), 41.41 (CH2Ph), 44.18 (CH),
63.05 (CH2OH), 74.71 (CHOH), 126.16 (p-CH, arom.), 128.35 (o-CH,
arom.), 129.30 (m-CH, arom.), 139.21 (Cquart , arom.); C12H22O2 (234.34):
calcd C 76.88, H 9.46; found C 76.35, H 9.52.


[1R,1(1R,2S)]-16 g : M.p. 109 ± 112 8C (hexanes); [a]21
D ��7.2 (c� 1.03 in


MeOH); IR (KBr): nÄ � 3525 ± 3100 (OÿH), 3085, 3065, 3025 (C�CÿH),
2930, 2850 (CÿH), 1610, 1500 (C�C), 1110, 1030 (C-O), 735, 695 cmÿ1


(�CÿH); 1H NMR (300 MHz, CDCl3): d� 1.02 ± 1.96 (m, 10 H; 2CH,
4CH2), 2.80 (d, 3J(H,H)� 7.0 Hz, 2H; CH2Ph), 3.02 ± 4.12 (br, 2 H; OH),
3.48 (dd, 2J(H,H)� 11.1 Hz, 3J(H,H)� 4.0 Hz, 1 H; CH2OH), 3.90 (ddd,
3J(H,H)� 1.9 Hz, 1 H; CHOH), 3.98 (dd, 3J(H,H)� 9.4 Hz, 1H; CH2OH),
7.07 ± 7.39 (m, 5 H; Ph); 13C NMR (75 MHz, CDCl3): d� 20.15 (CH2), 21.80
(CH2), 26.62 (CH2), 31.17 (CH2), 41.28 (CH), 41.75 (CH2Ph), 44.62 (CH),
62.48 (CH2OH), 75.58 (CHOH), 126.33 (p-CH, arom.), 128.52 (o-CH,
arom.), 129.30 (m-CH, arom.), 139.07 (Cquart , arom.); C12H22O2 (234.34):
calcd C 76.88, H 9.46; found C 76.07, H 9.48.


rac-16 g : Bisurethane rac-15g (241 mg, 0.52 mmol) was cleaved with K2CO3


(168 mg, 1.22 mmol). Column chromatography (Et2O/hexanes 2:1, then
pure EtOAc) afforded 17 (126 mg, 100 %) and rac-16g (118 mg; 96%, dr�
81:19) as a colorless solid.


[2RS,2(1S,2R)]-2-Hydroxy-2-[2-(hydroxymethyl)cyclohexyl]-N-(2-hy-
droxy-1,1-dimethyl-ethyl)acetamide (18): The reaction of 11d (345 mg,
0.67 mmol) with methanesulfonic acid (22 mg, 0.23 mmol) and K2CO3


(43 mg, 0.31 mmol), followed by purification (EtOAc/cyclohexane 2:1,
then neat EtOAc) yielded 18 (112 mg (64 %), dr� 51:49) as a viscous oil.
The two diastereomers were separated by a second purification by column
chromatography (EtOAc/EtOH 10:1).


[2R,2(1S,2R)]-18 : Viscous oil; Rf� 0.18 (EtOAc); IR (film): nÄ � 3500 ±
3200 (OÿH, NÿH), 2935, 2860 (CÿH), 1655 (C�O), 1545 (NÿH), 1125,
1030 cmÿ1 (CÿO); 1H NMR (300 MHz, CDCl3): d� 1.04 ± 1.38 (m, 4H;
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CH2), 1.29, 1.31 (s, 6H; C(CH3)2), 1.38 ± 1.86 (m, 4 H; CH2), 2.01 (m, 1H;
CH), 2.17 (dq, 3J(H,H)� 3.0 Hz, 3J(H,H)� 5.8 Hz, 3J(H,H)� 12.2 Hz, 1H;
CH), 3.59 (d, 2J(H,H)� 2.6 Hz, 2H; C(CH3)2CH2OH), 3.62 (dd, 2J(H,H)�
11.0 Hz, 3J(H,H)� 2.9 Hz, 1H; CH2OH), 4.00 (t, 3J(H,H)� 11.0 Hz, 1H;
CH2OH), 4.11 (d, 3J(H,H)� 2.4 Hz, 1H, CHOH), 7.11 (s, 1H; NH);
13C NMR (75 MHz, CDCl3): d� 20.36 (CH2), 21.53 (CH2), 24.95, 25.15 (2C;
C(CH3)2), 26.38 (CH2), 31.26 (CH2), 40.67 (CH), 43.25 (CH), 55.69
(C(CH3)2), 62.78 (CH2OH), 70.52 (C(CH3)2CH2OH), 75.04 (CHOH),
174.58 (NC�O); HRMS (EI) calcd for C13H25NO4 [M�]: 259.1783; found:
259.1786.


[2S,2(1S,2R)]-18 : Viscous oil; Rf� 0.11 (EtOAc); IR (film): nÄ � 3500 ± 3200
(OÿH, NÿH), 2935, 2860 (CÿH), 1655 (C�O), 1545 (NÿH), 1125, 1030 cmÿ1


(CÿO); 1H NMR (300 MHz, CDCl3): d� 1.08 ± 1.87 (m, 8 H; CH2), 1.27,
1.35 (s, 6H; C(CH3)2), 2.03 (dt, 3J(H,H)� 3.6 Hz, 3J(H,H)� 6.9 Hz, 1H;
CH), 2.25 (dq, 3J(H,H)� 8.4 Hz, 3J(H,H)� 11.8 Hz, 1 H; CH), 3.43 (d,
2J(H,H)� 11.2 Hz, 2H; C(CH3)2CH2OH), 3.54 (dd, 2J(H,H)� 11.2 Hz,
3J(H,H)� 3.3 Hz, 1 H; CH2OH), 3.86 (t, 3J(H,H)� 11.2 Hz, 1 H; CH2OH),
3.96 (d, 3J(H,H)� 5.0 Hz, 1H; CHOH), 6.79 (s, 1 H; NH); 13C NMR
(75 MHz, CDCl3): d� 21.70 (CH2), 23.79 (C(CH3)2), 25.05 (CH2), 25.10
(C(CH3)2), 26.42 (CH2), 30.43 (CH2), 37.17 (CH), 42.66 (CH), 55.20
(C(CH3)2), 62.41 (CH2OH), 68.91 (C(CH3)2CH2OH), 75.92 (CHOH),
174.42 (NC�O); C13H25NO4 (259.35): calcd C 60.21, H 9.72, N 5.40; found C
60.15, H 9.78, N 5.53.


Deprotection of the Dicarbamates 11. Method B :[38] Methyl (1S,6R,7R)-8-
oxabicyclo[4.3.0]nonan-7-carboxylate (19): Compound 11d (1.83 g,
3.6 mmol) was refluxed in HCl (5n, 30 mL) for 14 h. The reaction mixture
was extracted with Et2O (4� 30 mL), dried over MgSO4, the solvent was
evaporated, and the residue esterified with diazomethane, as described for
11d. Column chromatography afforded 19 (539 mg (82 %), dr> 98:2, ee�
94%) as a slightly yellow liquid. IR (film): nÄ � 1750 cmÿ1 (C�O); [a]21


D �
ÿ42.2 (c� 0.85 in CH2Cl2); 1H NMR (200 MHz, CDCl3): d� 1.20 ± 1.80 (m,
8H, CH2), 2.10 ± 2.50 (m, 2H; CH), 3.75 (s, 3H, OCH3), 3.76 (dd,
2J(H,H)� 7.9 Hz, 3J(H,H)� 4.7 Hz, 1 H, CH2O), 4.03 (dd, 3J(H,H)�
5.9 Hz, 1H, CH2O), 4.27 (d, 3J(H,H)� 6.1 Hz, 1 H, CHO); 13C NMR
(50 MHz, CDCl3): d� 22.36 (CH2), 23.11 (CH2), 25.35 (CH2), 25.49 (CH2),
37.89 (CH), 43.12 (CH), 51.90 (OCH3), 73.44 (CH2O), 79.88 (CHO), 174.19
(OC�O); HRMS (EI) calcd for C10H16O3 [M�]: 184.1099; found: 184.1096.


Method C1:[38b, 39] A solution of the carbamates 11 (1.00 mmol) in dry THF
(5 mL) was added dropwise to a stirred suspension of LiAlH4 (156 mg,
4.1 mmol) in dry THF (10 mL). The reaction mixture was refluxed for 4 ±
5 h and then worked up with water (0.16 mL), aqueous NaOH (0.16 mL,
15%), and water (0.48 mL). Column chromatography (silica gel, EtOAc/
cyclohexane 2:1) gave the diols 16 and 2,2,3,4,4-pentamethyl-1,3-oxazolidine.


rac-16 e : rac-11 e (467 mg, 1.00 mmol) was diluted in THF (6 mL) and
added to a suspension of LiAlH4 (158 mg, 4.16 mmol) in THF (10 mL). The
mixture was heated for 5 h, worked up, and purified to give rac-16e
(137 mg; 87%, dr� 99:1) as well as N-2,2,3,4,4-pentamethyloxazolidine as
a colorless liquid. IR (film): nÄ � 2940, 2910, 2840 (CÿH), 2780 (N-CH3),
1450 (CÿH), 1365, 1355 (-CH3), 1260 (-C-N), 1110, 1050 cmÿ1 (C-O-C);
1H NMR (360 MHz, CDCl3): d� 1.09 (s, 6H; NC(CH3)2CH2), 1.24 (s, 6H;
NC(CH3)2O), 2.24 (s, 3H; NCH3), 3.64 (s, 2H; CH2O); 13C NMR (90 MHz,
CDCl3): d� 22.71 (2C; NC(CH3)2CH2); 26.02 (2 C; NC(CH3)2O), 27.49
(NCH3), 59.38 (NC(CH3)2CH2), 76.35 (CH2O), 94.95 (NC(CH3)2O);
HRMS (EI) calcd for C8H17NO [M�]: 143.1310; found: 143.1329.


[1S,1(1R,2S)]- and [1R,1(1R,2S)]-1-[2-(Hydroxymethyl)cyclohexyl]-but-
3-en-1-ol (16 f): The 68:32 mixture of 11 f and 12 f (203 mg, 0.41 mmol) was
treated with LiAlH4 (72 mg, 1.90 mmol) in THF (10 mL) to give 16 f
(49 mg; 67 %, dr� 65:35) as a viscous colorless oil. IR (film): nÄ � 3400 ±
3200 (OÿH), 3085 (C�CÿH), 2935, 2860 (CÿH), 1645 (C�C), 1045 (C-O),
1005, 920 cmÿ1 (�CÿH); C11H20O2 (184.28), mixture: calcd C 71.70, H 10.94;
found C 71.57, H 11.05.


[1S,1(1R,2S)]-16 f : 1H NMR (300 MHz, CDCl3): d� 1.12 ± 1.98 (m, 9H;
1CH, 4CH2), 2.11 ± 2.27 (m, 2H; CH2CH�CH2), 2.41 (ddt, 3J(H,H)�
1.4 Hz, 3J(H,H)� 6.2 Hz, 3J(H,H)� 3.6 Hz, 1H; CH), 3.32 ± 4.12 (br, 2H;
OH), 3.50 (dd, 2J(H,H)� 11.0 Hz, 3J(H,H)� 3.6 Hz, 1H; CH2OH),
3.61 (ddd, 3J(H,H)� 8.1 Hz, 3J(H,H)� 1.7 Hz, 1 H; CHOH), 3.90
(dd, 3J(H,H)� 9.3 Hz, 1 H; CH2OH), 5.12 (dd, 2J(H,H)� 1.1 Hz,
3J(H,H)� 10.3 Hz, 1 H; CH2CH�CH2), 5.13 (dd, 3J(H,H)� 16.9 Hz, 1H;
CH2CH�CH2), 5.87 (dddd, 3J(H,H)� 7.7 Hz, 3J(H,H)� 6.5 Hz, 1 H;
CH2CH�CH2); 13C NMR (75 MHz, CDCl3): d� 22.54 (CH2), 25.57


(CH2), 25.76 (CH2), 29.76 (CH2), 37.49 (CH), 39.42 (CH2CH�CH2), 43.94
(CH), 63.20 (CH2OH), 72.40 (CHOH), 117.60 (�CH2), 135.38 (CH�CH2).


[1R,1(1R,2S)]-16 f : 1H NMR (300 MHz, CDCl3): d� 2.26 ± 2.36 (m, 2H;
CH2CH�CH2), 2.46 (ddt, 3J(H,H)� 1.4 Hz, 3J(H,H)� 6.3 Hz, 3J(H,H)�
3.6 Hz, 1H; CH), 3.52 (dd, 2J(H,H)� 11.4 Hz, 3J(H,H)� 4.0 Hz, 1H;
CH2OH), 3.72 (ddd, 3J(H,H)� 8.1 Hz, 3J(H,H)� 1.7 Hz, 1H; CHOH), 3.99
(dd, 3J(H,H)� 9.3 Hz, 1 H; CH2OH); 13C NMR (75 MHz, CDCl3): d�
26.62 (CH2), 31.19 (CH2), 39.85 (CH2CH�CH2), 41.54 (CH), 44.76 (CH),
62.35 (CH2OH), 73.49 (CHOH), 135.61 (CH�CH2).


rac-16 f : rac-11 f (255 mg, 0.51 mmol) was treated with LiAlH4 (83 mg,
2.19 mmol) to give, after chromatography (Et2O/hexanes 1:1), rac-16 f
(63 mg; 67 %, dr� 77:23).


Method C2 :[40] rac-16e : Carbamate rac-11 e (211 mg, 0.45 mmol) was
dissolved in dry THF (5 mL) and cooled to 0 8C. Then a solution of
DIBAH in THF (7.40 mL, 7.40 mmol, 1.0m) was added and the reaction
mixture was allowed to warm to room temperature. After stirring for 18 h,
the reaction was quenched with HCl (5n, 20 mL) and rac-16 e (69 mg;
97%, dr� 98:2) was isolated by column chromatography.


Methyl (3R,3aR,7aS)-3-oxo-octahydrobenzofuran-1-carboxylate (20): Tet-
rahydrofuran 19 (87 mg, 0.47 mmol) was oxidized by the method described
by Sharpless,[42] by using a solvent mixture of tetrachloromethane (1.0 mL),
acetonitrile (1.0 mL), and water (1.5 mL) to which was added sodium
periodate (786 mg, 3.7 mmol) and ruthenium trichloride hydrate (69 mg,
0.33 mmol). The mixture was stirred at room temperature for 12.5 h,
washed with dichloromethane (5� 10 mL), and dried over Na2SO4.
Column chromatography (Et2O/hexanes 1:2) afforded 20 (58 mg; 62%)
as a colorless solid. M.p. 66 8C (hexanes); IR (KBr): nÄ � 1775 and 1750 cmÿ1


(C�O); [a]21
D �ÿ11.4 (c� 0.52 in CH2Cl2); 1H NMR (300 MHz, CDCl3):


d� 1.11 ± 1.36 (m, 3 H, CH2), 1.52 ± 1.77 (m, 3H; CH2), 1.91 ± 2.19 (m, 2H;
CH2), 2.61 (ddt, 3J(H,H)� 1.4 Hz, 6.3 Hz, 11.0 Hz, 1H, CH), 2.77 ± 2.82 (m,
1H, CH), 3.79 (s, 3H, OCH3), 4.50 (d, 3J(H,H)� 1.4 Hz, 1 H, HCO);
13C NMR (75 MHz, CDCl3): d� 22.21 (CH2), 22.58 (CH2), 23.22 (CH2),
28.07 (CH2), 37.24 (CH), 39.36 (CH), 51.50 (OCH3), 78.92 (HCO), 169.87
(OC�O), 177.02 (CO2CH3); C10H14O4 (198.22): calcd C 60.59, H 7.12; found
C 60.44, H 7.35.


Methyl [1R,1(1R,2S)]-2-acetoxy-2-{2-[1-(acetoxy)methyl]cyclohexyl}ace-
tate (21): Following the method of Ganem and Small, Jr.,[44] the
tetrahydrofuran 19 (222 mg, 1.2 mmol) was stirred in dry acetic anhydride
(3 mL) with a suspension of iron(iii) chloride (419 mg, 2.6 mmol) in dry
acetic anhydride (2 mL) for 43 h at 80 8C. The mixture was worked up with
HCl (2n, 10 mL) and Et2O (20 mL), extracted with Et2O (3� 20 mL), and
the combined organic layers were dried over NaHCO3/Na2SO4. Chromato-
graphic purification (silica gel, Et2O/hexanes 1:3, then 1:1) afforded 21
(202 mg; 59%) as a slightly yellow oil. IR (film): nÄ � 1740 ± 1715 cmÿ1


(C�O); [a]21
D ��31.2 (c� 0.87 in CH2Cl2); 1H NMR (200 MHz, CDCl3):


d� 1.20 ± 1.90 (m, 8H, CH2), 2.02 and 2.13 (s, 6H, O(CO)CH3), 2.05 ± 2.29
(m, 2H, CH), 3.76 (s, 3 H, OCH3), 4.08 (dd, 2J(H,H)� 11.3 Hz, 3J(H,H)�
7.7 Hz, 1H, CH2OAc), 4.28 (dd, 3J(H,H)� 6.4 Hz, 1H, CH2OAc), 4.89 (d,
3J(H,H)� 8.4 Hz, 1 H, CHOAc); 13C NMR (50 MHz, CDCl3): d� 20.45,
20.84 (2C; O(CO)CH3), 21.10 (CH2), 24.40 (CH2), 25.27 (CH2), 27.88
(CH2), 34.20 (CH), 40.36 (CH), 52.02 (OCH3), 63.31 (CH2OAc), 74.74
(CHOAc), 170.89, 170.48, 170.33 (3C; OC�O); HRMS (EI) calcd for
C12H19O4 [MÿCO2CH3]: 227.1283; found: 227.1290.


Methyl [1R,1(1R,2S)]-2-acetoxy-2-{2-[1-(trifluoromethylsulfonyloxyme-
thyl)cyclohexyl]}acetate (22): According to the method described by
Effenberger et al. ,[45] the mixed acetic acid (trifluormethanesulfonic acid)
anhydride was generated from silver trifluoromethanesulfonate (912 mg,
3.6 mmol) and acetyl chloride (283 mg, 3.6 mmol) in dry dichloromethane
(10 mL) at ÿ78 8C. The mixture was stirred for 17.5 h at this temperature,
then a solution of 19 (420 mg, 2.3 mmol) in dry dichloromethane (8 mL)
was added. The reaction mixture was stirred for 4 h at room temperature.
HCl (2n, 20 mL) was added and the mixture was filtered. The aqueous
layer was extracted and the solvent evaporated to give crude 22 (846 mg) as
a brown oil, which was used without further purification in the preparation
of 23.


(1S,5R,6R)-3-Benzyl-5-hydroxy-3-azabicyclo[4.4.0]decan-4-one (23): Ben-
zylamine (10 mL) was added dropwise at room temperature to neat, crude
22 (1.68 g, 4.5 mmol). The reaction mixture was stirred for 13 h and was
then poured into saturated aqueous NaHCO3 (20 mL) and Et2O (20 mL).
The aqueous layer was extracted with Et2O (3� 20 mL) and the combined
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organic layers were dried over MgSO4. Chromatographic purification
(silica gel, Et2O/hexanes 1:2) yielded 23 (867 mg; 74% from 19, dr> 98:2)
as a colorless solid. M.p. 118 8C (hexanes); IR (KBr): nÄ � 3310 cmÿ1 (OH),
1645 cmÿ1 (C�O); [a]20


D ��3.0 (c� 0.83 in CH2Cl2); 1H NMR (300 MHz,
CDCl3): d� 1.16 ± 1.93 (m, 8 H, CH2), 2.14 ± 2.25 (m, 1H, CH), 2.39 (quint. ,
3J(H,H)� 6.1 Hz, 1H, CH), 3.73 (dd, 2J(H,H)� 8.1 Hz, 3J(H,H)� 5.5 Hz,
1H, CH2N), 3.87 (dd, 3J(H,H)� 6.2 Hz, 1H, CH2N), 4.20 (d, 3J(H,H)�
6.1 Hz, 1H, CHOH), 4.44 (d, 2J(H,H)� 6.0 Hz, 2H; CH2Ph), 6.95 ± 7.10
(br., 1H; OH), 7.23 ± 7.38 (m, 5 H, Ph); 13C NMR (75 MHz, CDCl3): d�
22.34 (CH2), 22.98 (CH2), 25.11 (CH2), 25.88 (CH2), 37.84 (CH), 42.70
(CH2Ph), 42.86 (CH), 72.75 (CH2N), 80.94 (CHOH), 127.34, 127.55 and
128.59 (CH, arom.), 138.23 (Cquart , arom.); C16H21NO2 (259.35): calcd C
74.10, H 8.16, N 5.40; found C 73.95, H 8.17, N 5.49.


rac-3-Methyl-octahydrobenzofuran-1-one (rac-24): According to the meth-
od described by Ley et al.[46a, 46c] and Bloch et al. ,[46b] tetrapropylammonium
perruthenate (35 mg, 0.10 mmol) was added at room temperature to a
stirred suspension of molecular sieve (498 mg, 4 �), diol 16 e (161 mg,
1.02 mmol), and N-methylmorpholine N-oxide (358 mg, 3.06 mmol) in dry
CH2Cl2 (10 mL). The reaction mixture was stirred for 4 h, the solvent
evaporated, and the residue purified by column chromatography (CH2Cl2)
to afford rac-24[47] (113 mg (72 %)) as a colorless oil.
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Theoretical Models and Experimental Data for Reactions between Water and
Protonated Alcohols: Substitution and Elimination Mechanisms


Einar Uggerud* and Lihn Bache-Andreassen[a]


Abstract: The substitution reactions:
H2*O�RÿOH2


�!Rÿ*OH2
��H2O


and elimination reactions: H2*O�
RÿOH2


�!(RÿH)� (H2O ´ H2*O)H�


[R�CH3, CH3CH2, (CH3)2CH, and
(CH3)3C; (RÿH)� alkene] have been
studied at low pressure in a Fourier
transform ion cyclotron resonance mass
spectrometer, and modelled with quan-
tum-chemical methods and microcanon-
ical variational transition state theory.
The relative rates of the substitution
reactions are (CH3)3C> (CH3)2CH>


CH3>CH3CH2; this is in good agree-


ment with the theoretical calculations.
This is different from the situation in
solution in which the trend CH3>


CH3CH2> (CH3)2CH> (CH3)3C tradi-
tionally is explained by the notion that
increased methyl substitution at the a-
carbon reduces the rate constant for SN2
reactions owing to increased steric hin-


drance. For R� (CH3)2CH and (CH3)3C
front-side nucleophilic substitution and
elimination are competing with back-
side SN2. Both these barriers decrease
upon increased methyl substitution at
the a carbon. The carbocationic charac-
ter of all key transition structures and
intermediates becomes more prevalent
upon increased methyl substitution. Ab
initio calculations with additional water
molecules (to mimic water solvation)
illustrate the origin of the differences in
reactivity in the gas phase and solution.


Keywords: ab initio calculations ´
cluster compounds ´ eliminations ´
mass spectrometry ´ nucleophilic
substitutions


Introduction


Alcohols hydrolyze in aqueous acidic media to give re-formed
alcohols by water exchange and alkenes by water elimina-
tion.[1] The product distributions depend on the structural
features of the alcohol and the nature of the medium (in
particular the acid concentration). The mechanisms of these
and related ionic nucleophilic-substitution and elimination
reactions have been studied extensively and systematically for
more than a hundred years.[2±4] Sixty years ago, Ingold and co-
workers made their important and fruitful contribution to our
understanding of these classes of reactions by introducing the
mechanistic concepts SN1, SN2, E1 and E2.[5] These concepts
are familiar to most chemists, but it is useful for the rest of the
discussion to have them clearly defined within the framework
used here. The basic difference between SN1 and SN2 is
exemplified by consideration of the following reaction
schemes for reactions between a nucleophile (H2*O, labelled
for convenience) and a protonated alcohol molecule
(RÿOH2


�), Equations (1) and (2).


RÿOH2
� ÿ! R��H2O (1a)


R��H2*O ÿ! Rÿ*OH2
� (1b)


H2*O�RÿOH2
� ÿ! Rÿ*OH2


��H2O (2)


Reaction 1 is an SN1 reaction. The bond between the
leaving group (OH2) and the rest of the substrate molecule
(R�) is completely broken before the bond between R� and
the nucleophile (H2*O) starts to form. The intermediate
existence of a carbocation, R�, is a key issue, and the rate-
determining step is unimolecular. Reaction 2 is an SN2
reaction. In this mechanism the nucleophile attacks from
the end opposite to that of the leaving group and the new
bond is formed gradually as the old bond is broken
(Scheme 1). The rate determining step is bimolecular, there
is no intermediate carbocation, a single transition state is
passed, and the mechanism explains why inversion of config-
uration around the central carbon atom (Walden inversion) is
usually observed when the reaction follows this mechanism.


Although this picture still is generally accepted, it has been
modified and refined over the years. One difficulty with the
original Ingold scheme is that many solvolysis reactions that
apparently are SN1 do not give completely racemic product
mixtures as expected.[6] The existence of a free long-lived
intermediate carbocation would permit nucleophilic attack
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from either face of the planar carbocation with equal
probability. In order to take the role of the reaction medium
more explicitly into account, Winstein and co-workers intro-
duced the idea of stepwise dissociation of the reactant
molecule (R�, OH2) of decreasing tightness during the SN1
series of events.[7]


Another problem is that a given set of reactants may give
rise to different reaction characteristics (SN1 or SN2) depend-
ing on the conditions.[4, 8] One way to explain this situation is
to operate on a mechanistic sliding scale; no reaction is purely
SN1 or SN2, but somewhere in-between.[9±11] The exact position
on the sliding scale is determined by the reaction conditions.
A completely different explanation is that the distinct SN1 and
SN2 mechanisms always operate in parallel.[11±13] The reaction
conditions determine to what extent which one predominates.


The postulated existence of short-lived carbocations in the
SN1 and in the analogous E1 mechanisms is an essential point
which deserves a comment at this stage of the discussion. The
existence of alkyl carbocations with the general formula
CnH2n�1


� (n� 1, 2, 3,. . .) in the gas phase has been verified


repeatedly, both experimental-
ly[14] and by precise quantum-
chemical calculations.[15, 16] The
existence of practically free car-
bocations has also been dem-
onstrated in solution under giv-
en conditions.[17] In strongly
acidic (super-acid) solutions
and in the absence of nucleo-


philes, propyl and butyl carbocationic species have been
observed by NMR, IR and ESCA (electron spectroscopy for
chemical analysis). The smaller methyl and ethyl cations
remain unobserved in super-acid. The question whether free
carbocations really exist under the conditions in which SN1 is
the claimed mechanism is perhaps more a problem of
semantics than a chemical one. As we shall point out in this
paper, the key points are the lifetime of the intermediate
carbocation,[11] the dynamics of formation of the carbocationic
species, and the nature of the interaction between the
carbocation and the surrounding molecules.


The purpose of this work is to uncover the intrinsic
properties of the reactants, intermediates, transition struc-
tures, and products during solvolysis of simple aliphatic
alcohols in acidic water. We have chosen to pursue this by
isolating the reactants in the gas phase at very low pressures.
Under such conditions solvent effects are inoperative. In
addition we wanted to study the effects of successive addition
of water molecules to the reaction system to bridge the
reactivity in the gas phase with that in solution. We present the
results from experiment and extensive calculations of the
reactions of protonated methanol, ethanol, iso-propanol and
tert-butanol with water, and with water embedded in clusters
of two or four extra water molecules. The alcohols were
chosen in order to systematically uncover the effect of
substituting hydrogens with methyl groups, and because the
corresponding alkyl groups are stable with respect to isomer-
ization. A key point of this study is that the reactants and
products are identical. This means that the reaction exother-
micity is zero, and that the intrinsic properties of the
nucleophile/nucleofuge and the substrate are directly
probed.[18] The great advantage of the small scale models
examined is that the mechanistic concepts of a transition state
and an intermediate have precise mathematical definitions
within the framework of the potential energy function of the
molecular super system.[19] Among the many questions we try
to answer are the following:
1) What role do free carbocations play in the reactions?
2) How do the barrier heights depend on the structure of the


alkyl group?
3) How applicable are cluster models to the solution-phase


chemistry of the systems examined?


Methods


Mass spectrometric experiments : The reactions were studied with a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped
with an external ion source (Apex 47e, Bruker Daltonics, Billerica,
Massachusetts, USA). The protonated alcohols, ROH2


�, were generated
by proton transfer to the corresponding alcohols under chemical ionization


Abstract in Norwegian: De bimolekylñre substitusjonsreak-
sjonene: H2*O�RÿOH2


�!Rÿ*OH2
��H2O og elimina-


sjonsreaksjonene: H2*O�RÿOH2
�!(RÿH)� (H2O ´


H2*O)H� [R�CH3, CH3CH2, (CH3)2CH, og (CH3)3C;
(RÿH)� alken] har blitt studert ved hjelp av et fouriertrans-
formasjon-ionesyklotronresonans massespektrometer, og mo-
dellert ved bruk av kvantekjemiske metoder og mikrokanonisk
variasjonell overgangstilstandsteori. De relative reaksjonsha-
stighetene til substitusjonsreaksjonene er (CH3)3C>


(CH3)2CH>CH3>CH3CH2, noe som er i god overensstem-
melse med de teoretiske beregningene. Dette er annerledes enn
situasjonen i lùsning hvor rekkefùlgen CH3>CH3CH2>


(CH3)2CH> (CH3)3C tradisjonelt forklares med at ùkt metyl-
substitusjon paÊ a-karbonet reduserer reaksjonshastigheten for
SN2-reaksjoner grunnet ùkt sterisk hindring. For R�
(CH3)2CH og (CH3)3C finner ogsaÊ eliminasjon sted, og de
teoretiske beregningene viser at en forside-angrep nukleofil
substitusjonsmekanisme ogsaÊ konkurrerer med bakside-an-
grep SN2. Barrierene for eliminasjon og forside-angrep sub-
stitusjon synker med ùkt metylsubstitusjon paÊ a-karbonet,
mens barrierene for bakside-angrep substitusjon synker i
motsatt rekkefùlge av reaksjonshastighetene. Den karbokatio-
niske karakteren til alle viktige overgangstilstander og inter-
mediater blir mer fremtredene med ùkt metylsubstitusjon. Ab
initio beregninger med flere vannmolekyler (for aÊ etterlikne
situasjonen i lùsning) illustrerer opphavet til reaktivitetsfor-
skjellene i gassfase og i lùsning.


Scheme 1. Schematic representation of the SN2 mechanism for the reaction between water and protonated
alcohols.
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(CI) conditions in the external ion source. For protonated methanol,
ethanol, and iso-propanol, methane was used as the CI gas, while for
protonated tert-butanol the CI gas was iso-butane. The mixture of ions
produced in the external source was transferred to the ICR cell. The cell
contained labelled water (H2


18O) at a stationary partial pressure in the
range 1.4� 10ÿ8 ± 4.0� 10ÿ7 mbar. The temperature of the cell wall was
estimated to be approximately 300 K. All ions with m/z values different
from that of the ion of interest (ROH2


�) were then ejected from the cell by
correlated frequency sweep.[20] Subsequently argon was introduced into the
cell by means of a pulsed valve (peak pressure 10ÿ5 mbar) and then allowed
to pump away for 3 ± 4 seconds. During this period the multiple collisions
between the trapped ions and argon ensured that the ions were thermally
and translationally cooled to ambient conditions before they were used.
After this event, isolation of the ROH2


� ions was accomplished either by
single-frequency shots or correlated frequency sweep to remove unwanted
ions. This was necessary because small amounts of ionic reaction products
and ionic fragments, formed by collisionally induced decomposition, are
produced during the cooling period. The reactions were observed by
recording mass spectra after a variable reaction time, tr . In this way the
product ion distribution could be obtained as a function of time. Second-
order rate constants for the total consumption of the reactant ions were
determined from the slope of the straight line obtained by plotting the
logarithm of the normalized reactant-ion intensities against tr . The high
degree of linearity of the plots demonstrated that the reactant ions were
translationally and thermally equilibrated as a result of their careful
preparation. All measurements were repeated on at least four separate
occasions to ensure long-time reproducibility and to obtain reliable
measurement statistics. The ion gauge was calibrated by measurement of
the reaction rate for Equation (3) (k3� 2.2� 10ÿ9 cm3 moleculeÿ1 sÿ1).[21]


The instrument was operated at sufficiently high resolution to identify all
reactants and products by precise mass measurement. Chemicals were of
research quality and were checked for purity by mass spectrometry before
use.


NH3
� .�NH3 ÿ! NH4


��NH2
. (3)


Quantum-chemical model calculations : Quantum-chemical calculations
were carried out by means of the program systems GAUSSIAN 94.[22] The
basis set 6-31G(d)[23, 24] was employed. The quantum-chemical methods
used were Hartree ± Fock (HF),[25] second-order Mùller ± Plesset perturba-
tion theory (MP2)[26] and the hybrid-density functional theory as developed
by Becke (B3LYP).[27] All relevant critical points (reactants, transition
structures, intermediates and products) of the potential-energy surface
were characterized by complete optimization of the molecular geometries
for HF/6-31G(d) and the respective MP2/6-31G(d) single-point energies
were computed for these geometries. In the following, these methods will
be designated by the abbreviations HF and MP2//HF. Except for the
clusters, MP2/6-31G(d) and B3LYP/6-31G(d) geometries were completely
optimized. These methods are designated MP2 and B3LYP. Harmonic
frequencies were obtained by diagonalizing the mass-weighted Cartesian
force-constant matrix, calculated from the analytic second derivatives of
the total energy (the Hessian). Harmonic frequencies obtained in this
manner were used to calculate the zero-point vibrational energies (zpve) as
described below. Relative energies were calculated by including the zero-
point vibrational energies scaled by factors of 0.9135 (HF/6-31G(d)), 0.9670
(MP2/6-31G(d)) and 0.9806 (B3LYP/6-31G(d)).[28] Where nothing else is
indicated, properties which are discussed in the text are from the MP2
calculations. To calculate rate constants for the ion-molecule reactions a
microcanonical variational Rice ± Ramsperger ± Kassel ± Marcus (RRKM)
method[29, 30] as implemented by Brauman and co-workers[31] was employed.
The computer program used (HYDRA) was obtained from these authors.
Structural parameters and scaled harmonic vibration frequencies for
reactants, intermediates, and transition states were taken from the MP2
calculations (vide infra). A complete list of energy data and cartesian
coordinates of the structures may be obtained from the authors.


Results and Discussion


Reactions between water and protonated alcohols : The
substitution reaction [Eq. (4)] was observed to occur very


slowly, and the product and reactant ion mixture had to be
monitored up to 240 s before the reactant was completely
consumed. Trace amounts of methanol and ammonia were
present in the background, each with a partial pressure of 5�
10ÿ9 mbar or less. This gave rise to the competing reactions,
Equations (5) and (6).


H2
18O�CH3OH2


� (m/z� 33) ÿ! CH3
18OH2


� (m/z� 35)�H2O (4)


CH3OH�CH3OH2
� ÿ! (CH3)2OH� (m/z� 47)�H2O (5)


NH3� {CH3
18OH2


� or CH3OH2
� or (CH3)2OH�} ÿ!


NH4
� (m/z� 18)� {CH3


18OH or CH3OH or (CH3)2O}
(6)


Ammonia acted as a proton sink in the total reaction system
owing to its high proton affinity. In order to obtain the rate
constants for reaction in Equation (4), the reactions in
Equations (5) and (6) had to be taken explicitly into account
during analysis of the kinetic data. By means of standard
curve-fitting methods, we determined the second-order rate
constant for the reaction in Equation (4) to be k4� 2.2�
10ÿ13 cm3 moleculeÿ1 sÿ1. The uncertainty in this figure is
mainly due to the error in the pressure determination and
was estimated to be �20 %. However, when compared with
the other rate constants reported in this paper, the relative
uncertainty is less than �10 % (2 standard deviations).


The reaction between labelled water and protonated
ethanol is even slower and gave only one major reaction
product [Eq. (7)]. The elimination reaction was also observed
[Eq. (8)], but was too slow for precise measurement. In this
case ethanol was present in the cell at a partial pressure of
approximately 5� 10ÿ9 mbar and the competing reaction was
observed [Eq. (9)].


H2
18O�CH3CH2OH2


� (m/z� 47) ÿ!
CH3CH2


18OH2
� (m/z� 49)�H2O


(7)


H2
18O�CH3CH2OH2


� (m/z� 47) ÿ!
(H2


18O)(H2O)H� (m/z� 39)�CH2CH2
(8)


CH3CH2OH�CH3CH2OH2
� ÿ! (CH3CH2)2OH� (m/z� 75)�H2O (9)


This reaction and proton transfer to ammonia were
incorporated into the kinetic scheme and the rate constant
k7� 6.7� 10ÿ14 cm3 moleculeÿ1 sÿ1 was obtained by curve fit-
ting. We estimate the rate constant for the elimination
reaction to be k8< 1.0� 10ÿ15 cm3 moleculeÿ1 sÿ1.


In the case of protonated iso-propanol the situation was
slightly more complicated. In addition to the substitution
product a substantial peak was observed for the proton-
bonded water dimer showing the occurrence of elimination. A
small peak due to the formation of C3H7


� was also detected,
Equations (10) ± (12). The reactions given in Equations (13) ±
16) were also observed and taken into consideration.


H2
18O� (CH3)2CHOH2


� (m/z� 61) ÿ!
(CH3)2CH18OH2


� (m/z� 63)�H2O
(10)


H2
18O� (CH3)2CHOH2


� ÿ!
(H2


18O)(H2O)H� (m/z� 39)�CH3CHCH2


(11)


H2
18O� (CH3)2CHOH2


� ÿ! (CH3)2CH� (m/z� 43)� (H2
18O)(H2O) (12)
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(CH3)2CHOH� (CH3)2CHOH2
� ÿ!


((CH3)2CH)2OH� (m/z� 103)�H2O
(13)


H2
18O� (H2


18O)(H2O)H� ÿ! (H2
18O)2H� (m/z� 41)�H2O (14)


(CH3)2CHOH� (H2
18O)2H� ÿ!


((CH3)2CHOH)(H2
18O)H� (m/z� 81)�H2


18O
(15)


(CH3)2CHOH� ((CH3)2CHOH)(H2
18O)H� ÿ!


((CH3)2CHOH)2H� (m/z� 121)�H2
18O


(16)


In addition some proton transfer to ammonia was ob-
served. With this model the rate constants for the substitu-
tion and elimination reactions were estimated by
curve fitting to be k10� 4.6� 10ÿ11 cm3 moleculeÿ1 sÿ1,
k11� 1.4� 10ÿ11 cm3 moleculeÿ1 sÿ1 and k12� 1.1�
10ÿ12 cm3 moleculeÿ1 sÿ1 for reactions (10 ± (12), respectively.


In the reaction between labelled water and protonated tert-
butanol both substitution and elimination were observed,
Equations (17) ± (19). Protonated water-dimer formation


H2
18O� (CH3)3COH2


� (m/z� 75) ÿ! (CH3)3C18OH2
� (m/z� 77)�H2O (17)


H2
18O� (CH3)3COH2


� ÿ! (H2
18O)(H2O)H� (m/z� 39)� (CH3)2CCH2 (18)


H2
18O� (CH3)3COH2


� ÿ! (CH3)3C� (m/z� 57)� (H2
18O)(H2O) (19)


according to reaction (18) has previously been observed by
Hiraoka and Kebarle, and Hiraoka in high-pressure mass
spectrometric experiments.[32, 33] Side reactions with back-
ground ammonia and tert-butanol, analogous to reactions (6)
and (13) ± (16), were also observed. The rate constants were
determined to be k17� 4.0� 10ÿ10 cm3 moleculeÿ1 sÿ1 and k19�
6.4� 10ÿ10 cm3 moleculeÿ1 sÿ1, for reactions (17) and (19),
respectively. The poor intensity of the protonated dimer
peaks at m/z� 39 and m/z� 41, only allowed us to determine
an upper limit for the rate constant for reaction 18, k18< 3�
10ÿ11 cm3 moleculeÿ1 sÿ1. Separate reactions showed that tert-
butyl cations do not associate with water at any significant
rate under the conditions used.


Ab initio models


Back-side nucleophilic displacement (SN2B): These identity
gas-phase exchange reactions [Eq. (20)] were examined by


H2O�ROH2
� ÿ! �H2OR�H2O (20)


quantum-chemical methods, partly to provide model potential
energy profiles for the experiments, partly to study structural
and energetic features of the reactions and partly to see how
the results depend on the quantum-chemical method used.
The latter point is of relevance in the last section in which we
discuss the larger water clusters.


Computational costs for these large systems put a limit on
the degree of sophistication with which they can be treated. It
is therefore of great interest to see how the MP2//HF and HF
wave functions perform relative to MP2 and B3LYP. The
computational results for the potential-energy surfaces of the
four (ROH2


�, H2O) systems are displayed in Figure 1 (ge-
ometries) and Figures 2 ± 5 (potential energy diagrams). Two


Figure 1. Structures of the stationary points obtained with MP2/6-31G(d).
Bond lengths indicated are in �. The cartesian coordinates for the structures
referred to in this paper may be obtained from the authors upon request.
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different complexes may be formed upon association of a
water molecule with a protonated alcohol according to
Equations (21) and (22).


H2O�ROH2
� ÿ! H2O ´´´ ROH2


� (C-side complex) (21)


H2O�ROH2
� ÿ! ROH2


� ´ ´ ´ OH2 (O-side complex) (22)


Our calculations show that in all cases both C-side and
O-side complexes are stable molecular entities. However, the
O-side complexes are of lower potential energy for all R
groups (Figures 2 ± 5). In all four systems the minimum energy


path leads directly from the
transition structure (ts) for
SN2B to the C-side complex, so
formally the C-side complex
should be regarded as the direct
precursor. We want to point out
that isomerization between the
C-side complex and the O-side
complex is swift. In all cases the
transition structure is only a few
kJ molÿ1 higher in potential en-
ergy than the corresponding
C-side complex. This allows
both potential-energy wells to
be visited frequently before the
transition state (TS) is trav-
ersed.


With all methods used (HF,
MP2 and B3LYP) we were able
to locate transition structures
corresponding with an SN2B


mechanism for all four systems,
Figures 1 ± 5 and Table 1. All
methods give qualitatively sim-
ilar results, with symmetrical
transition-structure geometries
in the sense that the O1ÿC and
O2ÿC bond lengths (see
Scheme 1 for definition of bond
parameters) are the same to
within 0.05 �. The only excep-
tion is the HF transition struc-
ture for R� propyl which is
clearly unsymmetrical, with
d(O1ÿC)� 2.622 � and
d(O2ÿC)� 2.379 �. However,
the more complete MP2 and
B3LYP methods give symmet-
rical structures as is evident
from Table 1. Raghavachari
et al. have performed HF/6-
31G(d,p) calculations for the
nucleophilic-substitution reac-
tions between water and pro-
tonated methanol and etha-
nol.[34] Our TS geometries are
similar to theirs.


The route to the SN2B transition structure is more cumber-
some for the reaction between water and protonated tert-
butanol than for the other systems. In this case an intermedi-
ate minimum, the inner-complex 22 b, was found between the
initial C-complex, 22 a, and the transition structure,
ts(22!22''), with all the computational methods. The situation
is shown in Figure 6. In the C-complex 22 a, all three methyl
groups of the tert-butyl part interact in a largely noncovalent
fashion with the oxygen of the incoming water molecule (O1).
In order to obtain the inner-complex structure, one of the
methyl groups rotates 608 ; this permits a shorter contact
distance between O1 and the central carbon atom (C). A


Figure 2. Potential energy diagram for the [H2O, CH3OH2]� system from MP2/6-31G(d) calculations. Relative
energies indicated are in kJmolÿ1 and include zpve corrections.


Figure 3. Potential energy diagram for the [H2O, CH3CH2OH2]� system from MP2/6-31G(d) calculations.
Relative energies indicated are in kJ molÿ1 and include zpve corrections.







FULL PAPER E. Uggerud, L. Bache-Andreassen


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1922 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61922


substantial reduction in d(CÿO1) and a corresponding
increase in d(CÿO2), the distance from the departing oxygen
(O2), is observed. A transition structure, ts(22 a!22 b), for
the conversion of the C-complex to the inner-complex was
located as shown in Figure 6. It is interesting to note that for
passage from the inner-complex 22 b to its mirror-image
structure 22 b'' through ts(22!22''), the actual substitution
step requires rotation of a second methyl group coupled with a
further shortening of the CÿO1 bond. In fact, this coupling
between rotation, bond shortening (CÿO1) and bond length-
ening (CÿO2) is common for all substitution reactions, except
for R�CH3. However, for protonated tert-butanol we find
that the methyl rotation is a more prominent part of the
reaction coordinate at the TS than it is for the other systems.


The relevance of an inner-
complex of the 22 b type can be
sought in solution-phase chem-
istry. In their refinement of the
original Ingold and Winstein
mechanisms, Bentley, Schleyer
and co-workers[9, 13] introduced
the term intermediate SN2
mechanism to explain how nu-
cleophilic-substitution reac-
tions of substrate molecules
take place, which originally
were believed to occur by
means of the SN1 mechanism.
In their terminology, formation
of a pre-transition-state inter-
mediate is the key to the mech-
anism. The intermediate of their
mechanism and the inner-com-
plex found here appear to have
the same characteristics.


The energy barrier Ea�Etsÿ
Eccom (energy of the TS minus
energy of the C-complex) for
the SN2B reaction follows the
same trend with variation of the
alkyl group for all the quantum-
chemical methods employed,
Table 1. Comparison of the HF
and MP2 results is instructive. It
is obvious that electron corre-
lation is important for a reliable
description of the energetics of
the interaction during bond for-
mation and fragmentation. Of
particular importance is the
finding that although the HF
values appear to be quantita-
tively unreliable, the MP2//HF
values are very close to the
MP2 values. This is encouraging
for the application of MP2//HF
to larger systems (see section
on clusters) where full MP2
treatment is prohibitive.


Although the barrier Ea is a key quantity for the reaction
profile, the most relevant parameter for comparison with the
ion-molecule experiments is the energy difference DE�Etsÿ
Ereact (energy of the TS minus energy of the separated
reactants). This figure follows the trend (CH3)3C<CH3<


(CH3)2CH<CH3CH2 with variation of the alkyl group.
Except for an interchange in the order between methyl and
iso-propyl it resembles the trend found for the experimentally
determined rate constants for substitution (see the previous
section). In addition to DE, statistical factors affect the
magnitude of the rate constants. These will be discussed in
great detail in a later section.


It is enlightening to compare the interactions between the
water molecules and the alkyl group in the transition structure


Figure 4. Potential energy diagram for the [H2O, (CH3)2CHOH2]� system from MP2/6-31G(d) calculations.
Relative energies indicated are in kJ molÿ1 and include zpve corrections.


Figure 5. Potential energy diagram for the [H2O, (CH3)3COH2]� system from MP2/6-31G(d) calculations.
Relative energies indicated are in kJ molÿ1 and include zpve corrections.
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Figure 6. Partial potential energy diagram for the SN2 reaction between
H2O and (CH3)3COH2. Relative MP2/6-31g(d) energies indicated are in
kJmolÿ1 and include zpve corrections. Bond lengths indicated are in �.


(H2O ´´´ R� ´ ´ ´ OH2) with those in the reactants (ROH2
��


H2O) and the completely separated sub-units (R��H2O�
H2O). The dissociation energy of the CÿO bond (ECÿO) in
ROH2


� to give R��H2O decreases monotonically with the
number of methyl groups attached to the central carbon atom.
We notice that our MP2 and B3LYP calculations overestimate
this bond energy by on average 25 kJ molÿ1 and 29 kJ molÿ1,
respectively, compared with reliable experimental data, Fig-
ure 7.


It is well-known that substituent alkyl groups stabilize
carbocations.[14] In accordance with common practice we


Figure 7. Plot which shows the variation in the bond strengths of the
transition state (Ex) and the protonated alcohol (ECÿO) as a function
of the stabilization energy (Estab) for the individual systems. The
energy quantities are defined in the text.


define the stabilization energy Estab for each of the
carbocations relevant to this study in terms of the
enthalpy change for the isodesmic reaction given in
Equation (23), in which n� 0, 1, 2 and 3 for CH3,
CH3CH2, (CH3)2CH and (CH3)3C, respectively.


(CH3)nCH3ÿn
��HÿCH3 ÿ! CH3


�� (CH3)nCH4ÿn (23)


Experimentally determined heats of formation were
used.[35, 36] When ECÿO is plotted against Estab (Figure 7),


it turns out that the ability of the carbocation to bind water
decreases with increased stabilization. In other words, the
electrophilicity of the central carbon decreases with increased
methyl substitution because the positive charge is dispersed to
the periphery. The same trend is found for the dissociation of
the TS into its three component parts [Eq. (24)].


(H2O ´´´ R� ´ ´ ´ OH2) ÿ! R��H2O�H2O (24)


The corresponding dissociation energy Ex for a given R
group is close to the CÿO bond-dissociation energy of the
protonated alcohol ECÿO (Figure 7). This means that the
interactions between the two water molecules and the central
carbocationic unit of the transition structures are influenced
by the same methyl-group stabilization, and correspondingly
the Ex values, decrease in the order: CH3>CH3CH2>


(CH3)2CH> (CH3)3C. The same trend is found when we
compare the variation of the CÿO bond lengths in the
protonated alcohols and in the transition structures (Fig-
ure 1). In the TS for the reaction between water and
protonated tert-butanol [ts(22!22''), Figure 6] the central
tert-butyl moiety bears a strong structural resemblance to the
free tert-butyl cation 25. The interaction between the central
alkyl moiety and the two water molecules is mainly through
electrostatics and polarization. Although the structure is
labile and the mechanism is formally SN2, not SN1, it is
perfectly justifiable to term this a solvated carbocation. As we
gradually move to the transition structures for substitution of


Table 1. SN2B data.


Method CH3ÿ CH3CH2ÿ (CH3)2CHÿ (CH3)3Cÿ
k, [cm3 moleculeÿ1 sÿ1] experiment 2.2� 10ÿ13 6.7� 10ÿ14 4.6� 10ÿ11 4.0� 10ÿ10


Ea
[a] [kJ molÿ1] B3LYP 26.3 32.2 27.9 7.8


MP2 42.6 48.1 41.3 23.8
MP2//HF 44.7 50.1 41.8 23.8
HF 30.5 22.4 4.3 ÿ 14.8


DE[b] [kJ molÿ1] B3LYP ÿ 23.0 ÿ 12.3 ÿ 14.5 ÿ 35.1
MP2 ÿ 7.6 1.3 ÿ 3.3 ÿ 20.3
MP2//HF ÿ 5.3 3.6 ÿ 2.3 ÿ 18.6
HF ÿ 14.4 ÿ 18.6 ÿ 33.4 ÿ 52.4


r1 [�][c] B3LYP 1.553 1.590 1.642 1.724
MP2 1.542 1.565 1.592 1.627
HF 1.538 1.572 1.617 1.742


r2 [�][c] B3LYP 2.597 2.818 3.413 3.392
MP2 2.616 2.811 2.924 3.419
HF 2.690 2.874 3.020 3.487


r3 [�][c] B3LYP 1.974 2.083 2.261 2.787
MP2 1.953 2.060 2.235 2.689
HF 2.039 2.209 2.622 2.787


r4 [�][c] B3LYP 1.974 2.104 2.261 2.830
MP2 1.953 2.060 2.235 2.726
HF 2.039 2.209 2.622 2.814


nÄ ts
[d] [cmÿ1] B3LYP i ´ 363[e] i ´ 311[e] i ´ 261[e] i ´ 156[f]


MP2 i ´ 499[e] i ´ 428[e] i ´ 296[e] i ´ 166[f]


HF i ´ 369[e] i ´ 199[f] i ´ 117[f] i ´ 135[f]


[a] Activation energy; energy of the transition structure minus energy of the
C-complex. [b] Energy difference; energy of the transition structure minus energy
of the reactants. [c] See Scheme 1 for definition. [d] Imaginarg frequency. [e] The
reaction coordinate is dominated by the O1 ´´´ C ´´´ O2 asymmetric stretching
motion. [f] The reaction coordinate is a hybrid of the O1 ´´´ C ´´´ O2 asymmetric
stretching motion and rotation of one of the methyl groups.
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the less methyl-substituted species (R� (CH3)2CH, CH3CH2,
CH3), it is clear that the interactions in the transition
structures become increasingly covalent.


It is well-known from solution studies that the rates of SN2
reactions decrease with increasing methyl-group substitu-
tion on the a carbon (i.e. , CH3>CH3CH2> (CH3)2CH>


(CH3)3C). A few examples are known from the gas phase in
which the same reactivity trend is found, for example, in
reactions of the type exemplified by Equation (25), in which
Xÿ and Yÿ are halide anions.[37±40]


Xÿ�RY ÿ! Yÿ�RX (25)


A number of different explanations have been put forward
to explain this trend.[2, 12, 41±45] All these are based on
assumptions regarding the intrinsic properties of the mole-
cules. Most of them focus on the interactions between the
methyl group(s) and the carbocationic centre, the nonbonding
interaction between the nucleophile and the leaving group,
and their interactions with the methyl groups. The term steric
hindrance is often adopted to describe this phenomenon. It is
very interesting that steric hindrance appears not to be a
factor for gas-phase reactions between water and protonated
alcohols, and for this reason it is not a universal phenomenon
in SN2 reactions. Water is quite a poor nucleophile and its
ability to donate electrons to a carbocationic centre is
therefore more limited than for example a halide ion. For
this reason the electron-donating ability of the methyl group
will be more pronounced in the case of a poor nucleophile/
nucleofuge. Based on this finding we would recommend that
the term steric hindrance should be more precisely defined in
use (e.g., limited to purely entropic effects).


The reactivity trend we have found has some precedence in
work on reactions between alcohols and protonated alcohols,
and between formaldehyde and protonated alcohols.[46±50] In
the explanation of Karpas and Meot-Ner[50]Ðbased on an
empirical linear relationship between reaction rate and
some of the RÿOH2


� dissociation energiesÐthey infer a
steric hindrance, which appears to be partly enthalpic
and partly entropic in origin. We do, however, admit that we
have difficulty in understanding their interpretation com-
pletely.


In a later section we present results from cluster models for
the reactions which show that in solution the reactivity trend
of protonated alcohols is the same as that of the halides.


Front-side nucleophilic displacement (SN2F): Besides the
traditional back-side displacement mechanism (SN2B) there
is, at least in principle, a possibility that the nucleophile
attacks from the same side as the leaving group departs in the
reaction depicted in Equation (26).


H2O�ROH2
� ÿ! �H2OR�H2O (26)


While back-side displacement gives inversion of configu-
ration at the central carbon atom of the substrate molecule,
front-side displacement (SN2F) results in retention of config-
uration. The possibility of front-side attack was originally
considered in connection with mechanistic investigations of


the reaction between methanol and protonated methanol.
This reaction eliminates water with consequent formation of
protonated dimethyl ether [Eq. (5)].[51±53] It was, however,
concluded that in this instance the SN2F mechanism is not of
significance. This was also the conclusion from a study of the
homologous gas-phase reaction in the s-butanol system.[54, 55]


Despite these few negative results, the SN2F mechanism is of
fundamental interest because it may explain why so many
solvolysis substitution reactions occur with partial retention of
configuration.[6] We have attempted to answer this question by
a systematic search for transition structures in which the two
water entities exchange on the same side of the substrate in
reactions between water and protonated alcohols.


The results are presented in Figures 1 ± 5. In all cases the
O-complex is the formal precursor for the SN2F transition
structure. It is clear that front-side displacement via ts(3!3'')
is unimportant in the substitution of water in protonated
methanol because it is 110 kJ molÿ1 higher in potential energy
than ts(4!4''). Although the potential energy of the transition
structure for SN2F lies above that for SN2B for R�CH3


[ts(3!3'')], CH3CH2 [ts(8!8'')], (CH3)2CH [ts(15!15'')]
and (CH3)3C [ts(21!21'')], the difference becomes gradually
smaller when the number of methyl substituents increases. For
R� (CH3)3C the difference between the SN2F and SN2B


transition structures is only 10 kJ molÿ1, so it is quite likely
that front-side substitution may contribute somewhat to the
overall substitution observed in the experiment. It may also
play a minor role for R� (CH3)2CH.


For R� (CH3)3C we observe that the transition structure
ts(21!21'') has a distinct carbocationic character; this in-
dicates that this species is a tert-butyl cation solvated by a
water dimer. The interaction is noncovalent, as is evident from
the structural parameters in Figure 1. One should notice the
structural resemblance between this species and the species
discussed in connection with the SN2B mechanism [22 b,
ts(22 a!22 b) and ts(22 b!22 b'')].


Computational data from Berthomieu and Audier have
established that protonated tert-butanol has a loosely bonded
isomer C4H9


� ´ ´ ´ OH2 (a potential-energy minimum) in addi-
tion to the covalent isomer C4H9OH2


�.[56] In the C4H9
� ´ ´ ´ OH2


complex the water oxygen is in close contact with one
hydrogen from each of two of the methyl groups. The water
molecule lies in the mirror plane bisecting the central carbon
and the third methyl group.


Numerous attempts to locate an energy minimum corre-
sponding with an analogous weakly bonded species
C4H9


� ´ ´ ´ (OH2)2 failed and lead without exception to
C4H9OH2


� ´ ´ ´ (OH2) (21) upon geometry optimization. Like-
wise, no minimum corresponding with C3H7


� ´ ´ ´ (OH2)2 was
found, although we were able to locate a minimum for
C3H7


� ´ ´ ´ (OH2) with MP2. On the other hand, we note the
close similarity between the complex of Berthomieu and
Audier, C4H9


� ´ ´ ´ OH2, and the species H2O ´´´ C4H9
� ´ ´ ´ OH2


(22 b), the intermediate inner-complex of the SN2B mecha-
nism. Except for the extra water molecule with a CÿO length
of 2.475 � and close contact with one hydrogen of the third
methyl group, they are practically identical (Figure 6). During
the search for the proper TS for water exchange ts(21!21''),
an additional stationary structure ts''(21!21''), formally a
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transition structure with an imaginary frequency of vibra-
tion of only 15i cmÿ1, was located and is very close to
ts(21!21'') in energy. This species has all the characteristics of
a complex of the type C4H9


� ´ ´ ´ (OH2)2, except that it is not a
minimum. Moreover, it is also distinct from ts(21!21'') in the
sense that it does not lead to exchange of the two water
moieties.


From this discussion we must conclude that there are no
stable R� ´ ´ ´ (OH2)2 species for any of the potential-energy
surfaces investigated. This may cast some doubt on the
hypothesis that absolutely free carbocations exist in solution
because addition of further water molecules would probably
not give rise to R� ´ ´ ´ (OH2)n (n� 3, 4,. . .), since water clusters
with three or more water molecules have higher proton
affinities than the corresponding alkenes, RÿH (vide infra).
On the other hand, the existence of H2O ´´´ C4H9


� ´ ´ ´
OH2 (22 b) would indicate that similar structures could be
present in solution.


The topography of the [C4H9, (OH2)2]� potential-energy
surface poses a challenge when one wants to extract the
formal nature of the reactions that one observes. The surface
is extremely flat, and the calculated curvature in the region in
which the substitutions take place may have errors owing to
the incomplete wave functions. A discussion of the substitu-
tion mechanisms that is based only on the topography of the
potential-energy surface is in any event too limited. The
detailed dynamics of a system that possesses sufficient energy
to react has to be taken into account. The flatness of the
potential-energy surface allows numerous reaction trajecto-
ries to trace out configurations of the type C4H9


� ´ ´ ´ (OH2)2


and H2O ´´´ C4H9
� ´ ´ ´ OH2. By doing so the system spends a


considerable time with a structure which for all practical
purposes must be regarded as a solvated carbocation, even
though some of these transient structures do not represent
local minima.


One more alternative for front-side substitution may be
available if the elimination reaction is reversible, [Eq. (27)]
and the CH3CR2OH2


� ´ ´ ´ OH2 complex dissociates after the
two water molecules have exchanged within the (CH2CR2) ´´´
(H3O�)(H2O) complex. This possibility was investigated
further, and will be discussed in the context of the elimination
reactions in the next section.


CH3CR2OH2
� ´ ´ ´ OH2> (CH2CR2) ´´ ´ (H3O�)(H2O) (27)


Elimination (E2): It has been observed that the proton
affinity of a water cluster, (H2O)n, generally increases with its
size. The proton affinities (PA) of some small clusters are, in
kJ molÿ1 (figures in brackets are the literature experimental
value[35, 57] and our calculated MP2 value): H2O (691, 704);
(H2O)2 (806, 839); (H2O)3 (871, 888). The proton affinity of
bulk water is 1130 kJ molÿ1.[58] As we see, the MP2 calculations
slightly overestimate these PAs. The proton affinities for the
alkenes relevant to this study are: CH2CH2 (681, 681);
CH3CHCH2 (752, 748); (CH3)2CCH2 (796, 806). In order for
alkene formation to take place upon reaction between water
and a protonated alcohol [Eq. (28)] the overall reaction must


H2O�ROH2
� ÿ! (RÿH)� (H2O)2H� (28)


be exothermic, or only slightly endothermic. As a part of this
requirement the proton affinity of the water dimer must be
larger than the proton affinity of the alkene, RÿH. From the
data above we see that this is the case for all systems, except
for the reaction between water and protonated methanol.
Although elimination of water is possible from protonated
methanolÐa process which gives singlet methylene[59]Ðit
requires considerable energy and will therefore not be
discussed further.


As is evident from Figure 3, ethylene formation in the
reaction between water and protonated ethanol is thermody-
namically favourable [Eq. (8)]. The computed heat of reac-
tion is in good agreement with available thermochemical data
from the literature. The reason why the reaction is so slow
compared with the substitution reaction is the unfavourably
high barrier. The transition structure ts(8!10) is shown in
Figure 1. The key step is transfer of a proton from the alkyl
group to the oxygen that originally belonged to the alcohol.
The incoming water molecule is a spectator and acts as a
solvent in this transition structure. Elimination of water from
protonated ethanol [Eq. (29)] has been studied theoretically


CH3CH2OH2
� ÿ! CH2CH2�H3O� (29)


by Bouchoux and Hoppiliard,[60] and by Swanton, Marsden
and Radom[61] with only slightly different computational
methods from those used here. The transition structures found
by these workers are very similar to ts(8!10), except for the
extra water molecule. Comparison between our data and the
data reported for the reaction in Equation (29) reveals that
the presence of the extra water molecule increases the barrier
substantially. In other words, the transition structure is less
stabilized by solvation than the reactants.


For the reaction between water and protonated iso-
propanol, the thermochemistry for propene formation is less
favourable, although the reaction is only slightly endothermic
in this case. On the other hand the barrier is lower, so the
reaction is observed in the experiment. Because the proton
transfer is also the rate-determining step in this case, it is very
likely that the effective barrier is lower than the calculated
relative potential energy of ts(15!17) owing to the effect of
quantum-mechanical tunnelling.[62]


Isobutene formation from water and protonated tert-
butanol is more endothermic (experimental value is
28 kJ molÿ1, MP2 value is 36 kJ molÿ1), but the calculated
barrier is lower than for iso-propanol. The alternative
elimination pathway, loss of the water dimer with formation
of (CH3)3C�, is even more endothermic (experimental value is
38 kJ molÿ1, MP2 value is 69 kJ molÿ1). Despite this the latter
elimination pathway dominates. This must be due to the fact
that butene formation requires passage through the tight
transition state for the proton transfer, while butyl cation
formation results from direct bond cleavage. The formation of
the tert-butyl cation in this reaction may be regarded as a gas-
phase analogue of the first stage of an E1 mechanism. One
should also note that in the reaction between water and
protonated iso-propanol, some iso-propyl cation formation
was observed.
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At a temperature of 0 K we would not expect to observe the
slightly endothermic elimination reactions described here.
The observation of the apparently endothermic processes in
the reaction between water and protonated tert-butanol (and
also in the reaction of water and protonated iso-propanol) is
therefore interesting. The straight lines obtained in the semi-
logarithmic plots of the normalized intensity of the reactant
ion makes us confident that the reactant ions are not
superthermal (see the Experimental Section). Although
vibrational excitation is rather modest at 300 K, there is
nevertheless some internal energy available. The internal
energy increases with the size of the system, and the average
energies (of the reactant systems H2O�ROH2


� based on the
rigid rotor ± harmonic oscillator approximation with the
molecular parameters from the MP2 calculations) are
9.3 kJ molÿ1 (methyl), 11.9 kJ molÿ1 (ethyl), 14.4 kJ molÿ1


(iso-propyl), and 18.5 kJ molÿ1 (tert-butyl). Our statistical
mechanical treatment of all internal degrees of freedom as
harmonic oscillators is obviously a coarse simplification.
Because protonated tert-butanol has several internal modes,
which at room temperature are effectively free rotations
rather than vibrations, the value given here is certainly an
underestimate. Also by taking the uncertainty of the exper-
imental heats of formation of the species involved into
account, we find that the reactions are very likely to be
energetically allowed. On an average this thermal energy (as
computed from the MP2 heat capacities) is sufficient for the
reactions to take place. This will be discussed further in the
next section.


For the system with R�CH3CH2 a transition structure,
ts(10!10''), of C2 symmetry with a potential energy of
ÿ38.2 kJ molÿ1 relative to the reactants (on the energy scale
used in Figure 3) was located. The reaction coordinate of
ts(10!10'') in Figure 8 is a hybrid of two motions; proton


Figure 8. Structures of the transition states for exchange of the two water
molecules within each of the elimination-product complexes (MP2/6-
31G(d)). Bond lengths indicated are in �. These transition structures
provide an alternative mechanism for substitution with retention of
configuration as explained in the text.


transfer within the (H2O)2H� moiety and exchange of the
positions of the two water molecules. This TS is lower in
energy than the products, CH2CH2 (12) and (H2O)2H� (11),
and may in principle allow the two water molecules to
interchange before completion of the elimination pathway, or
before an alternative course of events in which one water


molecule is lost. In the latter case the net outcome is
substitution if the so-formed [CH2CH2] ´´ ´ [H3O�] species
isomerizes to protonated ethanol. Upon closer inspection it
turns out that this gives rise to a substitution reaction with
retention of configuration at the carbon centre. It is difficult to
judge the importance of this hidden pathway for substitution
in our experiments. In order to do so, very extensive reaction
dynamics simulations would be needed.


For R� (CH3)2CH� and (CH3)3C� similar transition struc-
tures were found. They are displayed in Figure 8. The
potential energy of ts(17!17'') is ÿ20.7 kJ molÿ1 relative to
the reactants on the energy scale used in Figure 4. The
corresponding value for ts(23!23'') is ÿ7.9 kJ molÿ1 (Fig-
ure 5). We can therefore conclude that the hidden pathways
for substitution are also energetically accessible for the iso-
propyl and tert-butyl systems.


RRKM calculations. Estimation of barriers for SN2B : We have
used microcanonical variational transition-state theory to
estimate the rates of the SN2B reactions as a function of their
barriers in the form of the energy difference DE�EtsÿEreact


(energy of the TS minus energy of the separate reactants). The
method, successfully used by Brauman and co-workers for the
SN2 reaction [Eq. (30)] was followed step-by-step.[31] The
reaction scheme given in Equation (31) was employed.


35ClCH2CN� 37Clÿ ÿ! 35Clÿ� 37ClCH2CN (30)


H2O�ROH2
� �kc


kÿc


ROH2
� ´ ´ ´ OH2 !


kp
products (31)


Before proceeding with the discussion of the microcanon-
ical variational theory calculations, we need to consider the
bond strengths in the important intermediates ROH2


� ´ ´ ´ OH2


more closely. The bond-dissociation energies of the hydrogen-
bonded O-complexes (Eocom) are defined according to Equa-
tion (32). A plot of Eocom obtained with the various computa-


ROH2
� ´ ´ ´ OH2 ÿ! ROH2


��H2O (Eocom) (32)


tional methods against the experimental difference in proton
affinities[36] of the alcohols (DPA; Figure 9) gave very good
linear relationships.[63, 64] The plots also include water (R�H).
While the experimental Eocom values[57, 63] for protonated
water, methanol and ethanol fall nicely on a straight line,
the corresponding values for protonated iso-propanol and
tert-butanol deviate considerably. Although we cannot abso-
lutely rule out systematic errors in the calculations, it is
reasonable to assume that the deviations are due to imperfect
experimental data for R� iPr and tBu. We therefore believe
that more reliable estimates for the hydrogen-bond strengths
are obtained by extrapolation of the linear part of the line as
indicated in Figure 9.


To calculate the overall reaction rates we made the
following assumptions:
1) The rate of isomerisation between the C-complex and the


O-complex was assumed to be much faster than kp and kÿc.
2) The equilibrium constant K� kc/kÿc was calculated from


the partition functions for the two systems H2O�ROH2
�


and ROH2
� ´ ´ ´ OH2.
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Figure 9. Correlation between hydrogen-bond strengths (Eocom) in the
O-complexes, ROH2


� ´ ´ ´ OH2, and the proton affinities (PA) of the alcohols
ROH. The theoretical Eocom numbers refer to energies, while the
experimental data are based on relative enthalpies of formation.


3) Once formed, the intermediate ROH2
� ´ ´ ´ OH2 either


dissociates to regenerate the reactants or reacts through
the transition structure for SN2B.


4) The angular momentum distribution P(J) was calculated
according to the original scheme of Waage and Rabino-
vitz.[65]


5) Internal degrees of freedom were either considered to be
harmonic vibrations or rigid internal rotations. Harmonic
frequencies (scaled) and moments of inertia were taken
from the MP2-optimized structures of the species in-
volved.


6) The interaction potential, V(r*), of the protonated alcohol
and water, along the reaction coordinate r* for back
dissociation was modelled with the equilibrium geometries
of the two species, the known or extrapolated experimen-
tal bond-dissociation energies Figure 9 and the experi-
mental dipole moment and polarizability of water.


The variational RRKM calculations were performed with
the procedures of the program HYDRA. The models were
shown to be robust in the sense that variations in bond-
dissociation energies, harmonic frequencies and moments of
inertia only affect the rate constants slightly. The only
parameter which significantly influences the rate constants
is the sought DE.


The results are presented in Figure 10 and show how the
rate constants vary with the DE values. The rates for
substitution in protonated methanol and protonated ethanol
were experimentally determined to be k4� 2.2�
10ÿ14 cm3 moleculeÿ1 sÿ1 and k7� 6.7� 10ÿ14 cm3 mole-
culeÿ1 sÿ1, respectively (see first section under Results and
Discussion). In these two cases there is no competing
elimination reaction, and we obtain DE values of
ÿ13 kJ molÿ1 and ÿ5 kJ molÿ1. The corresponding MP2
values are ÿ8 kJ molÿ1 and �1 kJ molÿ1, and the ab initio
model and the variational RRKM analysis are therefore seen
to be in good agreement.


Figure 10. Relationship between log k, the logarithm of the overall
bimolecular rate constant, and DE, the difference between the energy of
the transition structure [H2O ´´´ R ´´´ OH2]� and the reactants, H2O�
ROH2


�. The data are obtained from variational transition-state theory
calculations as explained in the text.


For protonated iso-propanol and tert-butanol the situation
is complicated by the occurrence of the competing elimination
reactions. We decided only to model the substitution for two
reasons. First, the elimination reaction is a process that
involves quantum-mechanical tunnelling through the poten-
tial energy barrier. In principle this could be explicitly taken
into account in the rate-constant calculation, but not without
introducing additional and uncertain approximations. Second,
and more important is the fact that in these two cases we
would have to determine three or four different DE values
based on only two known rate constants. The problem is that
we do not know the separate rate constants for the SN2B and
SN2F processes from the experiments, only their sum. In
addition to this we do not know to what extent the hidden
substitution mechanism is operative as already discussed in
earlier sections. We shall therefore limit ourselves to a
qualitative determination of the DE values for R� iso-propyl
and tert-butyl as if elimination did not occur. The raw DE
values obtained from Figure 10, with the experimental sub-
stitution rates of k10� 4.6� 10ÿ11 cm3 moleculeÿ1 sÿ1 and k16�
4.0� 10ÿ10 cm3 moleculeÿ1 sÿ1 are ÿ18 and ÿ23 kJ molÿ1. The
corresponding MP2 values for the SN2B reaction are ÿ3 and
ÿ20 kJ molÿ1; this is at least in qualitative agreement.


At this stage of the discussion we are in the position to
evaluate the performance of the different quantum-chemical
methods. The conclusion to be drawn from the quite detailed
statistical analysis in this section is that the MP2 model
appears to be nearly quantitatively correct, at least for those
systems that are accessible for full testing (R�CH3 and
CH3CH2). It is also evident as indicated in the previous
sections, that the MP2 calculations reproduce the observed
reactivity very well. In the case of the iso-propyl system it
appears that the MP2 barrier for SN2B is slightly too high. The
B3LYP, HF and MP2//HF results confirm the MP2 model in
the sense that all general trendsÐrelative barrier heights for
SN2B, E2 and SN2F and the pattern in reactivity between the







FULL PAPER E. Uggerud, L. Bache-Andreassen


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0506-1928 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 61928


four systemsÐare the same. The HF model gives unsatis-
factory results for the absolute barrier heights, and the
agreement with experimentally known relative energies turns
out to be less good than for the other methods. Despite this,
the MP2//HF and MP2 results are identical to within a few
kJ molÿ1. The B3LYP results are quite close to the MP2 results
with regard to barrier heights. In some cases the agreement
with experimentally known relative energies is worse, and in
some cases it is better.


Hydrolysis of larger clusters. Correspondence with solution :
Ab initio calculations of solvent effects may be performed
with two approaches quite different in principle,[19, 66] the
super-molecule approach or the reaction-field approach. In
the super-molecule model, a limited number of solvent
molecules are included together with the reacting unit, and
the combined system is treated homogeneously. In the reaction-
field model the reacting unit is embedded in a dielectric
continuum, and the interaction between the solvent molecules
and the reacting unit is treated by means of perturbation
theory. The two methods may also be combined. Both ap-
proaches have their advantages, but we chose to apply the super-
molecule approach in this case because this gave us a chance
to study the effects of successive addition of water molecules.


We have limited the treatment to the SN2B and the
elimination mechanisms. The cluster or microsolvation reac-
tions in Equations (33) ± (35) were studied.


H2O[H2*O ´´´ RÿOH2
�]OH2 ÿ! H2O[�H2*OÿR ´´´ OH2]OH2 (33)


(H2O)2[H2*O ´´´ RÿOH2
�](OH2)2 ÿ!


(H2O)2[�H2*OÿR ´´´ OH2](OH2)2
(34)


(H2O)2[H2*O ´´´ RÿOH2
�](OH2)2 ÿ!


(H2O)2[H2*O ´´ ´ (RÿH) ´´´ H3O�](OH2)2


(35)


The reaction in Equation (33), the small model with two
extra water molecules, was studied only for R�CH3, the
reaction in Equation (34), the large model with two extra
water molecules, was studied for all systems, and the reaction
in Equation (35), the large model with four extra water
molecules, was studied for all systems except R�CH3. Owing
to the size of the systems, geometries were optimized with HF,
whilst energies were computed with MP2. As already
mentioned the performance of this MP2//HF method was
demonstrated to be satisfactory for the unsolvated systems in
the sense that the energies are almost identical to those
obtained from the pure MP2 method.


To deal with the effects of solvation, we introduce the
following definitions for the energies of solvation (Esol) for the
separate reactants [r; Eq. (36)], the actual reactant config-
uration [intermediate; i ; Eq. (37)], the TS for for SN2B [tssn;
Eq. (38)] and the TS for E2 [tsel; Eq. (39)] (in the case of the
small model, the four waters are replaced by two).


H2O�RÿOH2
�� 4H2O ÿ! (H2O)3�RÿOH2


�(OH2)2 ÿEsol,r (36)


[H2O ´´´ RÿOH2
�]� 4 H2O ÿ!


(H2O)2[H2O ´´´ RÿOH2
�](OH2)2 ÿEsol,i


(37)


[H2O ´´´ R� ´ ´ ´ OH2]� 4H2O ÿ!
(H2O)2[H2O ´´´ R� ´ ´ ´ OH2](OH2)2 ÿEsol,tssn


(38)


[(RÿH) ´´´ H� ´ ´ ´ OH2 ´´´ (OH2)]� 4H2O ÿ!
(H2O)3[(RÿH) ´´´ H� ´ ´ ´ OH2´´´(OH2)](OH2) ÿEsol,tsel


(39)


The most relevant energy data are presented in Tables 2
and 3. Figure 11 shows the reactants and transition states for
the reactions given in Equation (33) [upper panel] and
Equation (34) [lower panel] for the case where R�CH3.
While the gas-phase reactivity is largely determined by the
difference DE�EtsÿEreact the parameter of interest for a
reaction in solution is Ea,sol�EtsÿEccomÿ (Esol,tsÿEsol,i), that
is, the energy of the solvated TS minus the energy of the
solvated C-complex {reactant configuration; (H2O)2[H2O ´´´
RÿOH2


�](OH2)2}. In the case of the SN2B reaction, it turns out


Table 2. Solvation effects for SN2B (MP2//HF), energies in kJmolÿ1, distances
in �.


Small Large Large Large Large
CH3ÿ CH3ÿ CH3CH2ÿ (CH3)2CHÿ (CH3)3Cÿ


ErÿEccom 50.0 50.0 46.5 43.9 42.5
DE ÿ 5.3 ÿ 5.3 3.6 2.0 18.6
Ea 44.7 44.7 50.1 41.9 23.8
ÿEsol,r 146.5 297.5 285.2 275.3 267.3
ÿEsol,i 155.9 277.0 268.2 262.6 255.6
ÿEsol,tssn 139.6 252.3 234.9 209.9 182.6
Ea,sol 61.0 69.4 83.4 94.6 96.8
r1(free/sol) 1.538/1.504 1.538/1.485 1.572/1.501 1.617/1.523 1.742/1.546
r2(free/sol) 2.690/2.686 2.690/2.711 2.874/2.871 3.020/3.023 3.487/3.498
r3(free/sol) 2.039/2.008 2.039/1.983 2.209/2.083 2.379/2.245 2.814/2.560
r4(free/sol) 2.039/2.008 2.039/1.983 2.209/2.092 2.622/2.250 2.787/2.628


Table 3. Solvation effects for elimination (MP2//HF), energies in kJ molÿ1.


Large Large Large
CH3CH2ÿ (CH3)2CHÿ (CH3)3Cÿ


ErÿEccom 46.5 43.9 42.5
DE 31.9 21.6 ÿ 23.7
Ea 78.4 65.5 18.8
ÿEsol,r 285.2 275.3 267.3
ÿEsol,i 268.2 262.6 255.6
ÿEsol,tsel 218.0 209.9 167.4
Ea,sol 128.5 118.3 106.2


Figure 11. HF/6-31g(d) structures for the small (upper) and large (lower)
clusters simulating nucleophilic substitution for [H2O, CH3OH2]� in water.
Reactant configurations are shown on the left and the transition structures
are shown on the right.
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that without exception the transition structures are less
strongly solvated than the reactant configurations, that is,
Esol,tssn<Esol,i . Furthermore, this tendency increases with
addition of water molecules, (large model vs. small model).
This is not unexpected because the interactions between the
surrounding water molecules and the reacting unit is through
hydrogen bonds, and a protonated alcohol forms much
stronger hydrogen bonds than the more or less free incoming
and outgoing water molecules of the transition structures. This
may be deduced from the interatomic distances (not shown
here). A simple electrostatic analysis leads to the same
conclusion because the transition structures for the SN2B


reaction are all symmetrical, while the reacting protonated
alcohols possess quite substantial dipole moments and are
therefore subject to a greater energy lowering from pertur-
bation of the surrounding dielectric medium.


The difference in solvation energies between TS and
reactant decreases in the order: (CH3)3C> (CH3)2CH>


CH3CH2>CH3. By combining the solvation energy differ-
ence with the intrinsic energy barrier calculated (vide supra),
we find that the barriers for the cluster model of the SN2B


reaction decrease in the order: (CH3)3C> (CH3)2CH>


CH3CH2>CH3. Unfortunately, we have not been able to
find comparable experimental reactivity data in the literature
in which the alkyl groups have been systematically varied in
order to probe SN2 water substitution in protonated alcohols.
We do, however, see that the trend is the same as for the alkyl
halides, as discussed above.


For the elimination reactions the situation is different. In
this case the transition structures are also less strongly
solvated than the reactant configurations. However, the trend
in the solvation energies of the transition structures combined
with the trend in the intrinsic barriers lead to the following
trend in activation energies for the cluster models: CH3CH2>


(CH3)2CH> (CH3)3C. This is opposite to the trend for
nucleophilic substitution.


Dostrovsky and Klein studied the competition between
water exchange and dehydration of tert-butanol in weakly
acidic aqueous solutions with isotopically labelled reac-
tants.[67] They found that the ratio kex/kdehyd� 25. Their data
analysis is formally correct, but is in our opinion based upon a
dubious mechanistic interpretation. It gives Arrhenius acti-
vation energies of 126 kJ molÿ1 for exchange and 135 kJ molÿ1


for dehydration. Our cluster models (last column of Table 2
and 3) reproduce the difference in the activation energy very
well, but the absolute numbers are too low by 25 %. A larger
cluster model is probably needed to reproduce the exper-
imental figures more accurately.


The experimental data and quantum-chemical models
presented in this paper show how the intrinsic properties of
the molecules affect reactivity. Despite the fact that these
cluster models do not provide a complete picture of the
situation in solution, it appears that the main features are
described satisfactorily. This is strong evidence in favour of
our proposition that the difference in the reactivity order
between solution and the gas phase can be attributed to the
differences in the interaction between nearest neighbours of
the first solvation shell and the reacting unit in the TS and
reactant configurations. The apparent difference between


solution and gas-phase reactivity can only be accounted for by
taking the effect of the solvent on the reactants and transition
states into account. This is a well-known phenomenon. Most
chemical properties (e.g., the relative acidities[68] and basic-
ities[69] within a group of similar compounds) depend strongly
on the environment of the molecules.


Conclusions


In this paper we have considered some key questions about
the mechanisms of reactions between water and protonated
alcohols in the gas phase and in clusters. The results also have
implications for solution chemistry. Although we are careful
not to carry our conclusions too far, some points are clear:


1) The reactivity orders for SN2 substitution in the gas
phase [calculated and experimental; (CH3)3C> (CH3)2CH>


CH3>CH3CH2] and in solution [calculated; CH3>


CH3CH2> (CH3)2CH> (CH3)3C] are significantly different.
This is an expression of solvent effects. The reactivity order in
the gas phase for the reaction H2O�ROH2


�!ROH2
��H2O


is opposite to that found for the similar reaction Xÿ�
RY!Yÿ�RX and may not be explained by steric hindrance.
Water, being a weak nucleophile is therefore seen to react
differently from the halide anions, which are much stronger
nucleophiles. The phrase steric hindranceÐusually employed
for describing properties of the substrate, and not the
nucleophileÐcauses some confusion in this respect. We
suggest that this term, when used, should be more precisely
defined.


2) A gradual increase in the carbocationic character of key
intermediate structures and transition structures along the
series CH3, CH3CH2, (CH3)2CH and (CH3)3C was observed.
From the calculations it was observed that front-side sub-
stitution (SN2F with retention of configuration) competes
better with back-side nucleophilic substitution (SN2B with
inversion of configuration) with increasing stabilization of the
carbocation. In the limit of highly stabilized carbocations, this
may result in a situation in which the limiting SN2F and SN2B


mechanisms merge into the SN1 mechanism.
3) The cluster models appear to reproduce the solvent


effects on elimination (E2) and substitution (SN2).
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N,N'-Bis(2,2-dimethylpropyl)benzimidazolin-2-ylidene:
A Stable Nucleophilic Carbene Derived from Benzimidazole
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Dedicated to Professor Wolf-Peter Fehlhammer on the occasion of his 60th birthday


Abstract: N,N'-Dialkylated benzimid-
azol-2-thiones 6 can be prepared in a
three-step procedure from o-phenylene-
diamine. Thione 6 a was reduced with
sodium/potassium under desulfurization
leading to carbene 4. Compound 4 is the
first stable free carbene derived from
benzimidazole. It exhibits the topology
of an unsaturated carbene including a
short C4ÿC5 bond. Its 13C NMR spec-


trum [d(C2)� 231.47] and selected
structural parameters [angle N1-C2-N3
103.5(1)8 and 104.2(1)8], however, cor-
respond to those of saturated carbenes
of the imidazolidin-2-ylidene type 3. The


observation that the unsaturated car-
bene 4 behaves like a saturated imida-
zolidin-2-ylidene is corroborated by the
tendency of the sterically less bulky
N,N'-dialkylated thione 6 b to yield the
olefin 8 after reduction with Na/K.
Carbene 4 can be coordinated to a
W(CO)5 fragment yielding the complex
9, which contains a nonplanar carbene
ring.


Keywords: carbenes ´ carbene com-
plexes ´ NMR spectroscopy ´ tung-
sten


Introduction


Stable, N-heterocyclic carbenes, which were first proposed by
Wanzlick about 40 years ago,[1] have been intensely studied[2]


since the isolation and characterization of 1,3-bis(adamant-
yl)imidazolin-2-ylidene in 1991.[3] In the meantime, stable
imidazolin-2-ylidenes (1),[4] triazol-5-ylidene (2),[5] imidazoli-
din-2-ylidenes (3),[6] (Figure 1) and other N,S-[7] and acyclic
N,N'-stabilized carbenes[8] have been reported. Stable car-
benes derived from annelated N-heterocyclic five-membered
rings are hitherto unknown despite the successful stabilization
of N,N'-dialkylated benzimidazolin-2-ylidenes[9] and benzox-
azolin-2-ylidenes[10] in metal complexes. We report here the
preparation and molecular structure of 1,3-bis(2,2-dimethyl-
propyl)benzimidazolin-2-ylidene (4) (Figure 1), which is the
first stable free carbene derived from benzimidazole,[11]


together with the crystal structure of its tungsten complex
[W(CO)5(4)] 9.


Figure 1. Stable N-heterocyclic carbenes.


Results and Discussion


The synthesis of carbenes of type 4 containing an annelated
N-heterocyclic five-membered ring by methods described by
Arduengo et al.[4a,b] or Kuhn et al.[4c] is hampered by two
factors; i) the deprotonation of sterically less bulky substi-
tuted N,N'-dialkylated benzimidazolium ions with strong
bases like nBuLi, tBuLi, or NaH in THF, in contrast to the
corresponding imidazolium ions, does not yield stable car-
benes but instead C2ÿC2 connected olefins,[12] and ii) the
preparation of bulky (tBu, neopentyl) substituted N,N'-
dialkylated benzimidazolium salts starting from benzimid-
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azole, which cannot dimerize after C2 deprotonation, proved
unsuccessful to date.


For the synthesis of stable carbenes with a benzimidazole
frame, a new synthetic strategy was developed which is
outlined in Scheme 1. For the preparation of bulky substituted
o-phenylenediamines of type 5 we used a procedure originally
developed by Lappert et al. for the synthesis of N-heterocyclic
stannylenes.[13] The dialkylated o-phenylenediamines N,N'-
bis(2,2-dimethylpropyl)-1,2-diaminobenzene (5 a) and N,N'-
dimethyl-1,2-diaminobenzene (5 b) were subsequently treated
with thiophosgene to yield the thiones 6 a and 6 b, respecti-
vely.[4c]


The reduction of the thione 6 a with Na/K in THF (reaction
time 20 days) leads, in contrast to the same reaction with non
annelated imidazol-2-thiones,[4c] not to a carbene, but instead
to the benzimidazoline 7. Compound 7 was identified by NMR
spectroscopy and by comparison with an authentic sample


obtained by reaction of 5 a with bis(dimethylamino)methane.
We assume, that during the relatively long reaction time of 6 a
with Na/K in THF reduction of THF occurs, leading to
hydrogenation of the intermediately formed carbene.


Reduction of 6 a with Na/K in the more inert solvent
toluene leads to carbene 4 in 60 % yield. The reaction, which
takes about 20 days, can be monitored by 13C NMR spectro-
scopy: the resonance for the thione carbon atom (d� 175.24)
vanishes and the low-field shifted resonance for the carbene
carbon atom appears at d� 231.47.


Surprisingly, the resonance for the carbene carbon atom in
4 does not fall in the range normally observed for unsaturated
N-heterocyclic carbenes of the imidazolin-2-ylidene type 1
(dC(2)� 215), but is observed instead in the range typical for
saturated N-heterocyclic carbenes of the imidazolidin-2-
ylidene type 3 (dC(2)� 240, Table 1). The deshielding of the


carbene carbon atom in car-
benes of type 3 relative to type
1 was attributed to the lack of
aromatic stabilization in the
saturated N-heterocyclic sys-
tems.[6] Carbene 4 exhibits an
unsaturated N-heterocyclic
five-membered ring containing
formally 6p electrons, yet its
13C NMR spectrum indicates
that it behaves like a saturated
derivative of the imidazolidin-
2-ylidene type 3 which lacks
aromatic stabilization.


Further evidence for an un-
usual electronic situation in 4 is
furnished by the X-ray crystal
structure analysis of crystals of
4. The asymmetric unit contains
two, within experimental error,
identical, enantiomeric, C2-chi-
ral molecules of 4 (Figure 2).
The geometric parameters of
the five-membered ring in 4 are
typical for imidazolin-2-yli-


denes of type 1. One notheworthy exception is the enlarged
N1-C2-N3 angle (103.5(1)8 and 104.3(1)8) in 4 (Table 1),
which falls in the range normally observed for saturated
N-heterocyclic carbenes of type 3. The 13C NMR spectra and
the N1-C2-N3 angle of 4 indicate that the unsaturated carbene
4 actually behaves like a saturated N-heterocyclic carbene of
type 3. The main difference between 4 and saturated carbenes
of type 3 is the length of the CÿC bond in the five-membered
ring. Saturated carbenes possess a CÿC single bond [d(CÿC)
1.505(6) � for 3 a, 1.512(2) � for 3 b], while 4 exhibits the
topology of an unsaturated five-membered ring with a CÿC
double bond. The long CÿC single bond in carbenes of type 3
has been used to explain the widening of the N1-C2-N3 angle
in saturated carbenes relative to their unsaturated analog-
ues.[6a] Since 4 exhibits a CÿC double bond in the five-
membered ring and still shows an enlarged N1-C2-N3 angle


Scheme 1. Synthesis of 4, 7, and 8.


Table 1. Selected spectroscopic and geometric parameters for N-hetero-
cyclic carbenes.[a]


Carbene 13C NMR [d] Angle Ref.
C2 N1-C2-N3


1a 211.4 102.2(2) 3
1b 215.2 ± 4a
1c 215.8 101.2(1) 4a
1d 219.7 101.4(2) 4a
1e 216.3 101.7(1) 4a
1 f 213.7 101.5(1) 4a, 4b
1g 211.1 ± 4c
1h 205.9 ± 4c
2 214.6 100.6(2) 5
3a 244.5 104.7(3) 6a
3b 238.2 106.44(9) 6b
4 231.5 103.5(1), 104.3(1) this study
9 198.9 103(1), 103(1) this study


[a] The numbering scheme for carbenes is illustrated in Figure 1.
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Figure 2. ORTEP plot of the two crystallographically independent mole-
cules of 4 in the asymmetric unit (molecule A top, molecule B bottom).
Selected bond lengths [�] and angles [8] for molecule A [molecule B]:
N1ÿC2 1.361(2) [1.360(2)], N1ÿC5 1.397(2) [1.394(2)], N1ÿC10 1.458(2)
[1.458(2)], N3ÿC2 1.374(2) [1.368(2)], N3ÿC4 1.388(2) [1.397(2)], N3ÿC15
1.456(2) [1.457(2)], C4ÿC5 1.395(2) [1.386(2)]; C2-N1-C5, 112.80(12)
[111.99(14)], C2-N1-C10 122.32(14) [123.1(2)], C5-N1-C10 124.88(13)
[124.89(14)], C2-N3-C4 112.36(13) [111.83(14)], C2-N3-C15 121.61(14)
[122.4(2)], C4-N3-C15 125.94(14) [125.8(2)], N1-C2-N3 103.49(13)
[104.26(14)].


relative to unsaturated N-heterocyclic carbenes, this explan-
ation now appears less satisfactory.


The assumption that stable, unsaturated carbenes derived
from benzimidazole exhibit properties comparable to those of
saturated imidazolin-2-ylidenes of type 3 is also corroborated
by the reactivity of the N,N'-dimethyl-substituted derivative
of 4 (Scheme 1). Wanzlick[1] noted more than 30 years ago that
saturated carbenes of type 3 dimerize rapidly to the corre-
sponding olefins if the substituents at the nitrogen atoms
allow this geometrically, an observation which was only
recently confirmed.[6b] This dimerization is not observed for
unsaturated carbenes of type 1. It can, however, be enforced
by geometric constraints.[14] No tendency for dimerization was
observed for 4, which we attribute to the steric bulk at the
nitrogen atoms. However, reduction of the N,N'-dimethyl-
substituted thione 6 b with Na/K leads not to a carbene, but
instead to the olefin 8. The same product was obtained by
Lappert et al. upon deprotonation of N,N'-dimethylbenzimi-
dazolium iodide with NaH.[12a] In both cases, the rapid
dimerization of the most likely intermediately formed car-
bene is typical for saturated N-heterocyclic carbenes of the
imidazolidin-2-ylidene type 3. We take this as a confirmation


of our proposal that unsaturated carbenes derived from
benzimidazole exhibit the topology of an unsaturated N-het-
erocyclic carbene but show spectroscopic and structural
properties and the reactivity of carbenes with a saturated
N-heterocyclic ring.


Not only carbene 4 itself, but also its metal complexes show
remarkable properties. Reaction of 4 with [W(CO)5(thf)]
leads to the air-stable complex [W(CO)5(4)] 9. The X-ray
structure analysis of crystals of 9 (Figure 3) shows that the
ligand 4 has to undergo a conformational change with the loss


Figure 3. ORTEP plot of the two crystallographically independent mole-
cules of 9 in the asymmetric unit (molecule A top, molecule B bottom).
Selected bond length [�] and angles [8] for molecule A [molecule B]:
WÿC2 2.27(1) [2.29(1)], N1ÿC2 1.42(2) [1.38(2)], N1ÿC5 1.37(2) [1.40(2)],
N3ÿC2 1.33(2) [1.36(2)], N3ÿC4 1.39(2) [1.39(2)], C4ÿC5 1.35(2) [1.36(2)];
N1-C2-N3 103(1) [1.03(1)].


of the C2-chirality for coordination. In coordinated 4 both
neopentyl groups are positioned on the same side of the
N-heterocycle. This minimizes the steric interaction with the
CO groups at the tungsten atom. However, two of the C2-W-
Ccis angles (C20, C21) are still larger than 908, while the other
two C2-W-Ccis angles (C22, C23) are smaller than 908. The
carbene carbon atom (C2) does not reside in the plane of the
N-heterocyclic ring but is shifted from that plane by
0.207(11) � (molecule A) or 0.190(11) � (molecule B)
towards the side of the ring, which is not occupied by the
neopentyl groups. This geometric situation allows 4 to
coordinate tightly to the W(CO)5 fragment inspite of the
steric bulk at the nitrogen atoms. This is also confirmed by the
WÿC2 distances of 2.27(1) � (molecule A) and 2.29(1) �
(molecule B), which are in the typical range of W(CO)5


complexes with N-heterocyclic carbenes.[15]
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Experimental Section


General remarks: 1H and 13C NMR spectra were recorded on a Bruker AC
200 or Bruker AM 250 spectrometer. Elemental analyses were obtained
with a Vario EL Elemental Analyzer at the Freie Universität Berlin. Mass
spectra (EI, 70 eV) were taken on a Finnigan MAT 112 spectrometer. Air-
sensitive compounds were prepared and handled under argon by Schlenk
techniques. All solvents used were rigorously dried (typically over Na or
Na/K and benzophenone) and freshly distilled prior to use. X-ray data sets
were collected on a Siemens SMART CCD area detector system at
293(2) K (in a sealed capillary for air-sensitive 4) or on a CAD-4 counter
diffractometer at 298(2) K (for air-stable 9).The programs used were
Siemens SHELXL-97 UNIX Version, Release 97-1 for 4 and MolEN for 9.
Molecular structure plots were generated with ORTEP. Further details on
the crystal structure investigations may be obtained from the Fachinfor-
mationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany
(fax: (�49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-408863 and CSD-59646.


N,N-Bis(2,2-dimethylpropyl)-1,2-diaminobenzene (5 a): The compound
was prepared according to the method described by Lappert et al.[13]


Colorless oil. 1H NMR (250 MHz, CDCl3): d� 6.80 (m, 2 H, Ar-H), 6.65
(m, 2H, Ar-H), 3.40 (s, 2 H, NH), 2.81 (s, 4H, CH2), 1.05 (s, 18 H, CH3);
13C NMR (62.9 MHz, CDCl3): d� 138.33, 119.15, 112.09 (Ar-C), 56.41
(CH2), 31.44 (CMe3), 27.81 (CH3).


N,N''-Dimethyl-1,2-diaminobenzene (5b): The compound was prepared as
reported in ref. [16]. Colorless crystals (m.p. 22 ± 24 oC). 1H NMR
(250 MHz, CDCl3): d� 6.83 (m, 2 H, Ar-H), 6.59 (m, 2H, Ar-H), 3.20 (s,
2H, NH), 2.63 (s, 6H, CH3); 13C NMR (62.9 MHz, CDCl3): d� 137.94,
118.59, 109.97 (Ar-C), 30.61 (CH3).


N,N''-Bis(2,2-dimethylpropyl)-benzimidazolin-2-thione (6a): A stirred sol-
ution of 5a (1.2 g, 4.83 mmol) in THF (60 mL) was treated with triethyl-
amine (5.4 mL, 38.7 mmol). The solution was cooled to ÿ15 8C and
thiophosgene (0.55 mL, 7.21 mmol) was added dropwise under formation
of a yellow precipitate. The solution was allowed to warm to room
temperature and stirred for another 14 h. Subsequently the solvent was
removed and the dark orange residue was extracted with diethyl ether (8�
10 mL). The solvent was removed and the oily product was purified by
column chromatography (SiO2, hexane/ethyl acetate, 10:1, v:v). Yield
1.23 g (89 %) of a colorless oil. 1H NMR (250 MHz, [D8] THF): d� 7.44 (m,
2H, Ar-H), 7.26 (m, 2 H, Ar-H), 4.40 (s, 4H, CH2), 1.22 (s, 18H, CH3);
13C NMR (62.9 MHz, [D8] THF): d� 175.24 (C�S), 134.37, 122.77, 111.05
(Ar-C), 55.43 (CH2), 36.24 (CMe3), 29.60 (CH3).


N,N''-Dimethylbenzimidazolin-2-thione (6b): Compound 6 b was synthe-
sized from 5b (0.87 g, 6.4 mmol), triethylamine (7.12 mL, 51.1 mmol), and
thiophosgene (0.73 mL, 9.6 mmol) as described for 6 a. Column chroma-
tography (SiO2, hexane/ethyl acetate, 8:1, v:v) yielded 0.93 g (82 %) of 6b
as white powder. 1H NMR (250 MHz, [D8] THF): d� 7.15 (m, 4H, Ar-H),
3.68 (s, 6H, CH3); 13C NMR (62.9 MHz, [D8] THF): d� 171.64 (C�S),
133.32 123.15, 109.36 (Ar-C), 31.17 (CH3).


N,N''-Bis(2,2-dimethylpropyl)-benzimidazoline (7): Compound 7 was ini-
tially obtained by Na/K reduction of 6 a in THF over a reaction time of
20 days. An authentic sample of 7 was synthesized by heating a mixture of
5a (0.62 g, 2.5 mmol) and bis(dimethylamino)methane (1.0 g, 9.8 mmol) in
diethylether (40 mL) in the presence of a trace (0.03 g) of p-toluenesulfonic
acid under reflux for 6 h. After standard workup 0.19 g (88 %) of a yellow
solid was obtained. 1H NMR (250 MHz, C6D6): d� 6.81 (m, 2H, Ar-H),
6.38 (m, 2 H, Ar-H), 4.54 (s, 2H, N-CH2-N), 2.53 (s, 4 H, CH2), 0.86 (s, 18H,
CH3); 13C NMR (62.9 MHz, C6D6): d� 143.67, 118.92, 105.47 (Ar-C), 83.19
(N-C-N), 64.19 (CH2), 33.66 (CMe3), 27.91 (CH3).


N,N''-Bis(2,2-dimethylpropyl)-benzimidazolin-2-ylidene (4): Sodium
(0.08 g, 3.5 mmol) and potassium (0.28 g, 7.2 mmol) were melted together
under vacuum. The resulting alloy was cooled to 0 8C and treated with a
solution of 6 a (0.31 g, 1.07 mmol) in dry toluene (30 mL). The mixture was
stirred for 20 days at room temperature. The cloudy solution was then
filtered and the solvent was removed under reduced pressure. Analytically
pure 4 was obtained as a colorless oil, which crystallized over a period of
one week upon standing. Yield 0.21 g (76 %), m.p. 26 8C. 1H NMR
(250 MHz, [D8]THF): d� 6.95 (m, 4H, Ar-H), 3.98 (s, 4 H, CH2), 1.01 (s,
18H, CH3); 13C NMR (62.9 MHz, [D8]THF): d� 231.47 (N-C-N), 136.39,
120.77, 110.82 (Ar-C), 58.74 (CH2), 33.82 (CMe3), 28.49 (CH3).


Tetramethyltetraazafulvalene (8): Sodium (0.17 g, 7.4 mmol) and potassium
(0.58 g, 14.9 mmol) were melted under vacuum. The resulting alloy was
cooled to 0 8C and treated with a solution of 6b (0.43 g, 2.41 mmol) in dry
toluene (40 mL). The mixture was stirred for 20 days at room temperature.
The cloudy solution was then filtered and the solvent was removed under
reduced pressure yielding pure 8 (0.29 g, 83%) as a colorless oil, which
crystallized over a period of two days. 1H NMR (250 MHz, C6D6): d� 6.86
(m, 4H, Ar-H), 6.47 (m, 4 H, Ar-H), 2.73 (s, 12H, CH3); 13C NMR
(62.9 MHz,C6D6): d� 143.61 (Ar-C), 124.42 (N-C-N) 121.04, 108.59 (Ar-C),
35.98 (CH3); MS (EI) m/z (%): 292 (10) [M�], 147 (100).


N,N''-Bis(2,2-dimethylpropyl)-benzimidazolin-2-ylidene-pentacarbonyl-
tungsten (9): A solution of [W(CO)6] (1.41 g, 4.0 mmol) in THF (100 mL)
was irridiated (mercury-vapor lamp) for 5 h at room temperature. Then a
solution of 4 (0.42 g, 1.63 mmol) was added dropwise. After the mixture had
been stirred at room temperature overnight, the solvent was removed and
the residue was purified by column chromatography (SiO2, hexane/
dichlormethane 6:1, v:v). Yield 0.81 g (85 %, relative to 4) of pale yellow
crystals. 1H NMR (200 MHz, CDCl3): d� 7.40 (m, 2H, Ar-H), 7.14 (m, 2H,
Ar-H), 4.51 (s, 4 H, CH2), 0.98 (s, 18 H, CH3); 13C NMR (62.9 MHz, CDCl3):
d� 200.47 (trans-CO), 198.25 (cis-CO), 196.86 (N-C-N), 135.45, 122.30,
112.65 (Ar-C), 60.30 (CH2), 34.72 (CMe3) 29.08 (CH3).


X-ray structure analysis of N,N-Bis(2,2-dimethylpropyl)-benzimidazolin-2-
ylidene (4): Suitable crystals of 4 were obtained by stripping the solvent
from a solution of the compound in toluene. The oily product crystallizes
upon standing for one week. The crystals melt at 26 8C. The data crystal was
mounted in a glass capillary. Compound 4 crystallizes with two independent
molecules in the asymmetric unit. Formula C17H26N2, Mr� 258.40,
0.84� 0.53� 0.45 mm3, a� 10.1057(3), b� 10.6191(4), c� 16.7234(6) �,
a� 77.50(1), b� 73.72(1), g� 73.452(1)o, V� 1633.0(1) �3, 1calcd�
1.051 g cmÿ3, m(MoKa)� 0.061 mmÿ1, Z� 4, triclinic, space group P1Å (no.
2), MoKa radiation� 0.71073 �, T� 293(2) K, w scans, 12060 refelctions
collected, 2V range 4.04 ± 51.46o, 5238 independent and 3864 observed
reflections [I> 2(I)], 343 refined parameters (refinement on F2), R�
0.0534, wR2� 0.1472, max. (min.) residual electron density 0.215
(ÿ0.179) e�ÿ3, hydrogen atoms on calculated positions.


X-ray structure analysis of 9: Suitable crystals of 9 were grown by
evaporation of a CH2Cl2/hexane (5:1, v:v) solution. The crystals are air-
stable. Compound 9 crystallizes with two independent molecules in the
asymmetric unit. Formula C22H26N2O5W, Mr� 582.31, 0.4� 0.2� 0.2 mm3,
a� 7.030(2), b� 39.552(14), c� 17.160(9) �, b� 101.50(3)o, V� 4676(6) �3,
1calcd� 1.654 g cmÿ3, m(MoKa)� 5.078 mmÿ1, Z� 8, monoclinic, space group
Cc (no. 9), MoKa radiation� 0.71073 �, T� 298(2) K, w scans, 6495 unique
reflections collected, 2V range 2.0 ± 46.0o, 4922 observed reflections [F2>


3(F2)], 539 refined parameters (refinement on F), R� 0.0371, wR2� 0.0410,
max. (min.) residual electron density 1.82 (ÿ0.39) e�ÿ3, hydrogen atoms
on calculated positions.
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The Formation of the Sulfur Halides SX4 from SX2 and X2: Reaction
Enthalpies, Transition States, and Activation Energies for X�F and Cl
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Abstract: High-level ab initio MO cal-
culations by different methods demon-
strate that the reaction of SF2 with
F2 to form SF4 is strongly exo-
thermic and exergonic [CCSD(T)/6-
311�G(2df)//MP2/6-311�G*: DHo


298�
ÿ445 kJ molÿ1, DGo


298�ÿ398 kJ molÿ1]
and proceeds via a very weakly bonded
intermediate 2 with Cs symmetry. The
structure of 2 corresponds to a donor ±
acceptor complex F2S!F2 with a con-
siderable transfer of charge (0.69 e). The
transition state (TS1) between 2 and SF4


has a similar structure to 2 but with C1


symmetry. The energy of the adduct and
of TS1 is almost the same as the


combined energy of the separate mole-
cules SF2 and F2. Therefore, the overall
activation energy for the reaction of SF2


with F2 to form SF4 is practically negli-
gible (6 kJ molÿ1 at 298 K). The analo-
gous reaction of SCl2 with Cl2 to form
the hypothetical molecule SCl4 is endo-
thermic and endergonic (DHo


298�
�32 kJ molÿ1, DGo


298��74 kJ molÿ1).
The ground-state geometry of SCl4 has
C2v symmetry at the MP2/6-311�G*


level and the coordination geometry at
sulfur is pseudo-trigonal-bipyramidal.
The transition state (TS2) of this reac-
tion is ionic ([SCl3


�]Clÿ) and has C1


symmetry. The activation energy at 0 K
for the chlorination of SCl2 amounts to
203 kJ molÿ1 at the CCSD(T)/6-
311�G(2df) level; it is 43 kJ molÿ1 lower
than the experimental bond dissociation
energy of Cl2. The proposed formation
of the analogous tetrathiasulfuranes
S(SR)4 from (RS)2S and RSSR is dis-
cussed in connection with the various
interconversion reactions of polysulfur
compounds.


Keywords: ab initio calculations ´
reaction mechanisms ´ sulfuranes ´
sulfur halides ´ transition states


Introduction


The sulfur fluorides SF4 and SF6 are produced industrially by
high- (SF6) or low-temperature (SF4) reaction of elemental
sulfur with fluorine.[1] For many years their so-called hyper-
valent or hypercoordinate molecules have also been of


interest to theoretical chemists: there seem to be more than
eight valence electrons at the central S atoms and therefore a
violation of the octet rule has been suspected. However, it is
now generally accepted that the covalent bonds in these
species can be understood on the basis of multi-center
interactions of the 3 s and 3 p atomic orbitals of sulfur with
the 2 p orbitals of the F atoms while the high-energy 3 d
valence orbitals of sulfur play a minor role and, to a first ap-
proximation, can be neglected. However, d and even f func-
tions serve as polarization functions in the basis sets used.[2] To
obtain the correct thermodynamic data such polarization
functions are necessary not only for the S atom but also for the
F atoms in compounds of the SFn type, and the bonding in SF2


does not differ significantly from that in SF4 or SF6.[3] Of the
36 valence electrons in the mentioned atomic orbitals of SF6,
only eight occupy bonding orbitals while the remaining 24 reside
in more or less nonbonding molecular orbitals which are
located on the F atoms.[4] With SF4 the situation is analogous.


The structures and chemical properties of SF4 and SF6 are
well known but their formation from sulfur and fluorine has
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never been studied mechanistically. Elemental sulfur and
fluorine react violently to give a gaseous mixture of SF6, S2F10,
and SF4, with the unstable SF2 as a likely intermediate.[5]


Therefore the formation of SF4 and SF6 may be explained by a
stepwise addition of F2 to the primary product, SF2, but the
formation of S2F10 shows that under certain conditions SF.


5


radicals are likely intermediates too.
Sulfur also reacts exothermically with elemental chlorine


but much more slowly and less violently than with fluorine.
The final product of highest chlorine content at 25 8C is SCl2,
which is also produced industrially.[6] Only at temperatures
below ÿ30 8C can SCl4 be prepared (from SCl2 and Cl2). This
colorless solid is composed of SCl3


� cations and bridging Clÿ


anions;[7] when warmed to 25 8C it decomposes to SCl2 and
Cl2. Consequently, SCl4 has never been observed in the vapor
phase, nor has the hypothetical SCl6.


We have studied theoretically the reaction of SF2 with F2 to
form SF4 and the analogous reaction of SCl2 with Cl2 to give
SCl4 in order to determine for the first time the reaction
mechanisms, as well as the activation energies and the
structures of the related transition states. Other aims of this
work were to find out why SCl4 is so much less stable than SF4


and whether related sulfuranes such as S(SR)4 have a chance
of existing or of playing a role as intermediates as has been
proposed.[8]


The simplest model reaction for the formation of a SX4-type
sulfurane is the hypothetical hydrogenation of H2S to SH4


[Eq. (1)]. This reaction was first studied theoretically by


H2S�H2 ÿ! H4S (1)


Schaefer and co-workers,[9] who assumed a symmetrical
addition of the dihydrogen molecule to the S atom of H2S
under C2v symmetry, that is, with concerted formation of the
two new S ± H bonds. Such a reaction is allowed by the rules of
orbital symmetry conservation[Eq. (2)].


At the configuration interaction level of theory using a
triple-zeta plus polarization basis set (CI/TZ�P) a reaction
enthalpy of 312 kJ molÿ1 was calculated for reaction (2). An
activation energy of approximately 178 kJ molÿ1 was obtained
for the back reaction, which means that the forward reaction
requires an activation energy of 490 kJ molÿ1. This result
seemed to indicate that H4S, once it had been formed in a
suitable reaction, might be stable with respect to a uni-
molecular decomposition at low temperatures. The structure
of H4S was found to have C4v symmetry although most
sulfuranes of the SX4 type are of lower symmetry (C2v;
pseudo-trigonal-bipyramidal). Ewig and Van Wazer[10] con-
firmed that H4S has C4v symmetry and reported a reaction
enthalpy of 331 kJ molÿ1 at 0 K at the MP4/6-311G(2d,2 p)
level of theory. Moc et al.[11] calculated the activation energy
of the forward reaction (1) to be 541 kJ molÿ1 at the MP4/6-
31��G(d,p)//MP2/6-31��G(d,p)�ZPE level of theory. This


energy is much higher than the
bond energy (De) of H2 at 0 K
(457 kJ molÿ1). However, the
same authors showed that there
is an alternative reaction chan-
nel of much lower activation
energy characterized by step-
wise, rather than simultaneous,
formation of the two new S ± H
bonds. The corresponding tran-
sition state 1 has C1 symmetry.


The activation energy for this asymmetric addition of H2 to
H2S (425 kJ molÿ1) is only slightly smaller than the bond
energy of H2. The overall reaction energy DE(1) was
calculated to be 359 kJ molÿ1 at 0 K and the unusual C4v


symmetry of H4S was once more confirmed. A particularly
interesting feature of the asymmetric transition state is the
strong polarization of the H2 unit originating from the
incoming H2 molecule: the outermost atom is strongly
negative while the other H atom is slightly positively charged.
Therefore this structure can be described approximately as an
ion-pair [H3S�]Hÿ.


The structures and the thermochemistry of the various
sulfur fluorides SFn have been investigated many times. From
experimental gas-phase data[12] the thermodynamic functions
for the formation of SF4 from SF2 according to Equation (3)
can be calculated to be DHo


298�ÿ 466.5 kJ molÿ1 and DGo


298�
ÿ418.7 kJ molÿ1.


SF2�F2 ÿ! SF4 (3)


The reaction enthalpy has been reproduced accurately by
high-level ab initio MO calculations according to the G2,
G2(MP2), and CCSD(T) methods.[13] However, none of those
who have yet investigated the reaction mechanism included
the activation energy of reaction (3). Gaseous SF4 has C2v


(pseudo-trigonal-bipyramidal) symmetry with the two axial
SÿF bonds (164.6 pm) considerably longer than the equatorial
bonds (154.5 pm).[14] At 298 K rapid pseudo-rotation (intra-
molecular ligand exchange) occurs. The more symmetrical
structures of C4v and D4d symmetry are transition states (first-
order saddle points) for the pseudo-rotation and enantiome-
rization, respectively, of SF4.[15]


The chlorination of gaseous SCl2 to form the hypothetical
molecule SCl4 [Eq. (4)] has been investigated theoretically
using aproximate density functional theory.[16] The reaction
was found to be exothermic and the symmetry of the ground-
state geometry of SCl4 was claimed to be Td. It will be shown
below that these results are in error.


SCl2�Cl2 ÿ! SCl4 (4)


Computational Methods


All calculations were performed with the GAUSSIAN 94 program pack-
age,[17] installed on CRAY and SGI Origin 2000 computers. The molecular
structures of all species were fully optimized at the MP2/6-311�G* level of
theory which includes the corrections for valence electron correlation
through second-order Mùller ± Plesset pertubation theory.[18] This level was
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also used to calculate the natural atomic charges,[19] Mulliken atomic
charges, and dipole moments, as well as the vibrational wavenumbers, zero-
point and thermal energies, entropies, and heat capacities which are given
in Tables 2 and 4 below. Improved relative energies were obtained by
single-point calculations at the CCSD(T)/6-311�G(2df) level for all
structures.[20] The transition states obtained were characterized by one
imaginary wavenumber whereas all the vibrational wavenumbers of the
structures of minimal energy were real. The intrinsic reaction coordinates
were calculated at the HF/3-21�G* level.[21]


To obtain additional data for the reaction energies DUo


298, enthalpies DHo


298,
and free enthalpies DGo


298 for reactions (3) and (4), G2(MP2)[22] and CBS-
4[23] calculations were carried out for the stable structures since these
methods had been shown previously to provide accurate thermodynamic
data for certain sulfur-containing molecules. The geometries are optimized
in these procedures at the MP2/6-31G* (G2/MP2) and HF/3-21G* (CBS-4)
levels of theory, respectively.


For the adduct 2 (SF2!F2) and the related transition state TS1 a basis set
superposition error (BSSE) correction was carried out according to the
counterpoise procedure.[24]


Results


For the first time we have investigated the energy profile for
the reactions of the bent molecules SX2 (X�F or Cl) with the
corresponding dihalogen molecules X2 to give SX4.


Sulfur fluorides : The calculated geometry of SF2 (C2v sym-
metry; SÿF 162.8 pm, F-S-F 98.68) is in reasonable agreement
with the experimental equilibrium data (SÿF 158.7 pm, F-S-F
98.08),[25] even though the computed SÿF distances are
overestimates of the experimental ones by 4.1 pm (2.6 %).
Reasonable agreement is again observed between the geo-
metric parameters of SF4 and the experimental values
(Table 1).[14]


The calculated energies and entropies of all the related
species are presented in Table 2. The reaction enthalpies
DHo


298 and the free reaction enthalpies DGo


298 of reaction (3)
obtained from the data in Table 2 by the three methods
applied in this work are listed in Table 3.


The CBS-4 and G2(MP2) results are more negative by
ÿ12 kJ molÿ1 than the experimental values in Table 3, and the


CCSD(T) data deviate by �22 kJ molÿ1 from the experimen-
tal results.


The search for the transition state of reaction (2) was
difficult because the potential energy hypersurface is clearly
rather flat at the beginning of the reaction between SF2 and F2


,


before the energy drops sharply upon formation of SF4. This
situation is not unusual for a strongly exothermic reaction. It
was found that SF2 and F2 first react to form a very weakly
bonded adduct 2 [Eq. (5)], which is then transformed via the
transition state TS1 into the ground state of SF4.


SF2�F2 ÿ! F2S!F2 (2) (5)


The structures of 2 and TS1 are shown in Figure 1. The
adduct was found to be by onlyÿ14 kJ molÿ1 more stable than
the separate molecules, SF2�F2, at 298 K. Due to the
negative reaction entropy, of this adduct formation, the
Gibbs free energy DGo


298 of reaction (5) is �22 kJ molÿ1. The
energy of the transition state TS1 is just 7 kJ molÿ1 above that
of 2 at 298 K. However, when the BSSE corrections were


Figure 1. Structures of the adduct 2 (symmetry Cs) and of the transition
state TS1 for the reaction of SF2 with F2 (internuclear distances in pm).


Table 1. Molecular geometry of SF4 (distances in pm, angles in 8).
Calculated values at the MP2/6 ± 311�G* level of theory; experimental
data from ref. [14].


SFax SFeq FaxSFax FeqSFeq FaxSFeq


calc. 169.0 157.9 172.4 101.9 87.6
exp. 164.6 154.5 173.1 101.6


Table 2. Absolute energies (hartree) of SF2, F2, SF4, 2 and TS1 calculated by various methods, and zero-point energies (ZPE), thermal energies (TE),
entropies and heat capacities based on the vibrational wavenumbers calculated at the MP2/6 ± 311�G* level.


SF2 F2 SF4 Adduct 2 TS1


G2(MP2) (0 K) ÿ 597.178702 ÿ 199.317798 ÿ 796.675056
CBS-4 (0 K) ÿ 597.219397 ÿ 199.353057 ÿ 796.751712
CCSD(T)/6 ± 311�G(2df) ÿ 597.128795 ÿ 199.282009 ÿ 796.583145 ÿ 796.418680 ÿ 796.415026
ZPE [kJ molÿ1] 11.5 5.4 29.1 23.5 22.1
ZPE�TE at 298 K [kJ molÿ1] 20.5 11.7 41.9 39.5 36.4
So


298 [Jmolÿ1 Kÿ1) 258.8 202.7 303.6 333.7 320.7
Cp [J molÿ1 Kÿ1] 37.2 22.9 69.2 76.4 69.2


Table 3. Reaction enthalpies DHo


298 and free reaction enthalpies DGo


298 of
reaction (3) obtained from the data in Table 2.


DH
o


298 [kJ molÿ1] DG
o


298 [kJ molÿ1]


CBS-4: ÿ 476 ÿ 428
G2(MP2): ÿ 474 ÿ 427
CCSD(T)/6-311�G(2df) ÿ 445 ÿ 398
experimental[a] ÿ 466.5 ÿ 418.7


[a] Ref. 12.
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applied to the energies of 2 and TS1 the energy of 2 was
increased by 13 kJ molÿ1, resulting in an energy difference of
only ÿ1 kJ molÿ1 from the starting materials SF2�F2. The
BSSE correction raised the energy of TS1 by 12 kJ molÿ1


resulting in an overall activation barrier (based on SF2�F2)
of only 6 kJ molÿ1. This final energy profile is depicted in
Figure 2.


Figure 2. Energy diagram for the reaction of SF2 with F2 to form SF4 via the
adduct 2 and the transition state TS1 (relative energies including the BSSE
correction in kJ molÿ1 at 298 K).


The structures and the natural atomic charges of the adduct
2 and of the transition state TS1 are very similar, as are the
dipole moments (2, 8.08 D; TS1, 8.03 D). However, whereas 2
has Cs symmetry the transition state is asymmetric (C1). The
SF2 unit of 2 resulting from the former SF2 molecule is
characterized by slightly shorter SÿF bonds (157.8 pm) than
were calculated for free SF2 (162.8 pm). The natural atomic
charges of 2 (S1, �1.63; F2, ÿ0.20; F3, F4, ÿ0.47; F5, ÿ0.49)
indicate that approximately 0.7 electron is transferred from
the donor SF2 to the acceptor F2.


Since the axis of the F2 unit is almost perpendicular to the
plane of the SF2 unit, it seems reasonable to assume that
electron density from the 3 p lone pair on sulfur is transferred
into the antibonding su orbital (LUMO) of the F2 molecule.
Consequently, the FÿF bond (182.2 pm) is much longer than
that calculated for the free F2 molecule (141.6 pm) at the same
level of theory. The two torsion angles F-F-S-F are �50.08 ;
that is, F5 is bent towards F3 and F4. Therefore the adduct
may be considered as a donor ± acceptor complex F2S!F2.


As in the case of 2, the natural atomic charge on the
bridging F atom of the transition state TS1 is the smallest in
the molecule (ÿ0.19), while the outermost F atom carries a
charge of ÿ0.48. The almost equivalent atoms F3 and F4 are
negative by ÿ0.47 units. Consequently, the S atom of TS1 has
a higher positive charge (�1.62) than the S atom of SF2


(�1.04). In SF4, however, the S atom is even more positively
charged (�2.16). These data as well as the geometric
parameters show that the structure of TS1 can also be
explained as resulting from a nucleophilic attack of the S atom
of SF2 (using its nonbonding 3 p lone pair) on the F2 molecule
(using its antibonding su MO). Consequently, the FÿF
distance of TS1 (181.5 pm) is also greater than in the free F2


molecule. The angle F-F-S is 166.98 and the axis F2 ± S is


almost perpendicular to the plane of the former SF2 molecule.
The SÿF distances of this former SF2 unit (157.8 and 159.3 pm)
are much shorter than the SÿF distance to the bridging F atom
(191.3 pm). The internuclear distance S ´´´ F5 (370.3 pm) is
still much greater than the van der Waals distance. To a first
approximation the structure of TS1 may also be described as a
donor ± acceptor complex, F2S!F2. The intrinsic reaction
coordinate has been calculated at the HF/3-21�G* level and
it was observed that the formal outermost F atom of TS1 (F5)
moves all the way round the formal SF3 unit, finally to occupy
an axial position in the stable trigonal-bipyramidal molecule
SF4. During this process this moving F atom always forms a
triangle of varying shape with the neighboring fluorine (F2)
and the S atom. The other F atom originating from the F2


molecule (F2) finally occupies an equatorial position in SF4.
The natural atomic charges on fluorine in SF4 are ÿ0.60 for
the axial and ÿ0.48 for the equatorial positions; the
calculated dipole moment of SF4 is 0.97 D.


Sulfur chlorides : The optimized structure of SCl2 (symmetry
C2v; SÿCl, 204.5 pm; Cl-S-Cl, 102.88) agrees well with the
experimental gas-phase structure determined by microwave
spectroscopy (SÿCl, 201.4 pm; Cl-S-Cl, 102.78)[26] but the
internuclear distances are overestimated similarly to those
found for SF2 and SF4. The calculated structure of SCl4


(Figure 3) is also of C2v symmetry. This molecule is interesting


Figure 3. Structures of SCl4 (symmetry C2v) and of the transition state TS2
for the reaction of SCl2 with Cl2 (internuclear distances in pm).


in that the angles Clax-S-Cleq (93.28) exceed 908, and con-
sequently the angle Clax-S-Clax (169.78) measured on the
empty side of the molecule is less than 1808, whereas Fax-S-Fax


is 1978 in SF4. The axial SÿCl bonds are 14 % longer than the
equatorial ones. The atomic charges were calculated by
Mulliken�s method only. The positive charge on the S atom
of SCl4 (�0.95) is only slightly smaller than the Mulliken
value for SF4 (�1.04). The chlorine atoms have quite different
charges: ÿ0.14 in the equatorial and ÿ0.33 in the axial
positions. In contrast, the Mulliken charges in the SCl2


molecule are surprisingly small (S, �0.04; Cl, ÿ0.02).
The reaction of SCl2 with Cl2 to form SCl4 was found to be


endothermic at all the levels of theory that we investigated.
The energies and entropies of all related species are given in
Table 4. The calculated reaction enthalpies DHo


298(4) and
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Gibbs free energy changes DGo


298(4) (Table 5) show that the
gas-phase reaction (4) is endothermic and that the negative
reaction entropy shifts the equilibrium further to the left.


The transition state for reaction (4) (TS2) (Figure 3) has an
unusual structure which can be interpreted approximately as
an ion-pair composed of SCl3


� and Clÿ. However, of the three
SÿCl bonds only two are similar in length (200.4 and
205.2 pm); the third is much longer (246.3 pm), but surpris-
ingly it is not the one which connects the SCl3


� ion to the
formal chloride ion. The S-Cl-Cl unit is bent (at 132.68) and
the SÿCl bond of this bridge is practically perpendicular to the
plane of the former SCl2 molecule, as in the case of TS1. The
torsion angle Cl5-Cl2-S-Cl4 (ÿ25.28) results in a contact
distance of 384.5 pm between Cl4 and Cl5. The torsion angle
Cl5-Cl2-S-Cl3 is ÿ115.38. Cl5 carries a charge of ÿ0.41 while
the bridging atom Cl2 has a positive charge of �0.39. The
ClÿCl bond is therefore highly polarized, and at 238.3 pm it
is considerably longer than calculated for Cl2 (202.5 pm). The
S atom is slightly positively charged (�0.09), as is Cl3 (�0.07),
while Cl4 carries a charge of ÿ0.13. Thus the structure of TS2
is rather different from that of TS1 but similar to the transition
state of reaction (1). The intrinsic reaction coordinate con-
nects TS2 smoothly with SCl4 at one extremity and with the
separate molecules SCl2 and Cl2 on the other. As in the case of
SF4, the atoms of the former Cl2 molecule occupy one axial and
one equatorial position in the final product molecule, SCl4.


The energy of TS2 at 0 K is 203 kJ molÿ1 above that of
SCl2�Cl2 and 171 kJ molÿ1 above that of SCl4 at the
CCSD(T)/6-311�G(2df) level of theory. The bond energy of
Cl2 at 0 K is 246 kJ molÿ1; that is, the formation of SCl4 from
SCl2 and Cl2 via TS2 requires a much lower activation energy
than the homolytic dissociation of Cl2. These data and the
energy profile of reaction (4) (Figure 4) apply to the gas phase
only. Since the dipole moment calculated for TS2 (7.05 D) is
much larger than those of SCl2 (0.62 D) and SCl4 (1.73 D) it
can be assumed that the activation energy is substantially
lower in media of high polarity. This explains why liquid SCl2


reacts spontaneously with elemental chlorine at ÿ30 8C to
form the salt-like solid SCl4. The gain in lattice energy makes
this reaction exothermic.


Figure 4. Energy diagram for the reaction of SCl2 with Cl2 to form SCl4 via
the transition state TS2 (relative energies in kJ molÿ1 at 298 K).


The calculated wavenumbers of SCl4 (Table 6) may help to
identify this species in, for instance, a matrix isolation
experiment. The assignment in Table 6 is based on a
comparison with the assignment of the infrared and Raman
spectra of SF4.[27]


On the basis of density functional calculations it had been
claimed that SCl4 has Td symmetry and that a structure of C3v


symmetry is only slightly less stable.[16] We have optimized the
geometry of SCl4 at the HF/6-311G* level with the symmetry
restricted to either Td or C3v, and calculated the vibrational
wavenumbers at the same level. Of the four fundamental
vibrations of tetrahedral SCl4 one had a negative eigenvalue
(the triply degenerate bending mode). Similarly, of the six
fundamentals of SCl4(C3v) one doubly degenerate bending
mode had a negative eigenvalue. Clearly, these structures do
not correspond to minima on the energy hypersurface.


Discussion


Homoleptic sulfuranes SX4 are known with X�F, OR and R
only (R� organic group).[28] Their structures always exhibit
the pseudo-trigonal-bipyramidal coordination geometry at


Table 4. Absolute energies (hartree) of SCl2, Cl2, SCl4 and TS2 calculated by various methods, and zero-point energies (ZPE), thermal energies (TE),
entropies and heat capacities based on the vibrational wavenumbers calculated at the MP2/6 ± 311�G* level.


SCl2 Cl2 SCl4 TS2


G2(MP2) (0 K) ÿ 1317.184221 ÿ 919.425731 ÿ 2236.608156
CBS-4 (0 K) ÿ 1317.203536 ÿ 919.441705 ÿ 2236.634535
CCSD(T)/6 ± 311�G(2df) ÿ 1317.149153 ÿ 919.402165 ÿ 2236.540535 ÿ 2236.474346
ZPE [kJ molÿ1] 7.4 3.3 15.0 12.3
ZPE�TE [kJ molÿ1] at 298 K 17.4 10.0 33.7 30.5
So


298 [Jmolÿ1 Kÿ1] 281.5 222.9 365.3 369.5
Cp [J molÿ1 Kÿ1] 42.8 25.6 88.0 81.9


Table 5. Reaction enthalpies DHo


298 (4) and Gibbs free energy changes
DGo


298 (4) calculated from the data in Table 4.


DH
o


298 (4) [kJ molÿ1] DG
o


298 (4) [kJ molÿ1]


CBS-4 27 70
G2(MP2) 4 46
CCSD(T)/6-311�G(2df) 32 74


Table 6. Calculated vibrational wavenumbers (cmÿ1; unscaled) of SCl4


(symmetry C2v) and relative infrared intensities (in brackets); n� stretch-
ing mode.


A1 507 (21) n B1 491 (7) n


A1 247 (1) n B1 226 (0)
A1 143 (1) B2 400 (100) n


A1 93 (1) B2 221 (1)
A2 187 (0)
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the S atom but the local symmetry may be lower than C2v


because of intermolecular interactions in the solid state. In
particular, the two axial S ± X bonds may differ slightly in
length. With chlorine ligands, sulfuranes R2SCl2 and
R(RO)SCl2 are known. The classic example is bis(4-chloro-
phenyl)dichlorosulfurane 3, in the solid state of which the Cl
atoms are in axial positions but the SÿCl distances are 226 and
232 pm,[29] in agreement with the axial SÿCl distance of
231.6 pm calculated for SCl4 in this work. With halogens of
lower electronegativity no sulfuranes are formed; instead,
adducts of the R2S!X2 type are obtained. For example, the


five-membered cyclic tetra-
methylene sulfide (CH2)4S (thi-
olane) reacts with Br2 to form a
solid product 4 in which the
three atoms S-Br-Br are
aligned (at 1788) and the coor-
dination geometry at the S
atom is pyramidal.[30]


This geometry, together with
the bond lengths, indicates that
the sulfide acts as a nucleophile
donating electron density into


the antibonding su LUMO of Br2. The BrÿBr distance
(272.4 pm) is therefore much longer than in gaseous Br2


(228 pm). This structure can serve as a model for the first
stage of the asymmetric donor ± acceptor interaction between
the two species SX2 and X2 investigated in this work. Only if X
is of sufficiently high electronegativity will the adduct be
transformed into a sulfurane as in the case of SF4. Analogous
behavior has been observed for compounds of the R2SeX2


type (R�Me, Ph; X� halogen). With X�F, Cl, Br the
geometry at the selenium atom is pseudo-trigonal-bipyrami-
dal whereas for Me2SeI2 the donor ± acceptor type of structure
analogous to 4 is preferred, with Se-I-I� 1748.[31]


The hypothetical tetramethylsulfurane Me4S, according to a
high-level ab initio MO calculation, is thermodynamically
unstable with respect to Me2S and Me2 (ethane).[32] The
energy change during this decomposition has been calculated
at the MP4SDG/TZ(2)P level of theory to be ÿ350 kJ molÿ1.
To stabilize homoleptic tetraorganosulfuranes R4S, either the
electronegativity of R has to be increased by inductive effects
(thermodynamic stabilization) or decomposition of a thermo-
dynamically unstable derivative must be prevented by intro-
ducing suitable chelating ligands (kinetic stabilization). An
example of the first case is the tetrakis(pentafluorphenyl)sul-
furane (C6F5)4S, which is stable below 0 8C, at which temper-
ature it decomposes to R2S and R2.[33] Cyclic bidentate
ligands, as in bis(2,2'-biphenylylene)sulfurane (5), are even
more effective at stabilizing organic sulfuranes. Compound 5


is kinetically stable at ambient
temperatures, and according to
an X-ray structural analysis it
contains SÿC bonds of length
192.6 pm(axial) and 181.3 pm
(equatorial).[34]


Sulfuranes S(SR)4 have been
proposed as intermediates for
the interconversion of polysul-


fur compounds, for example, in the transformation of unstable
homocycles such as S7, to a more stable ring size, as in S8


[Eqs. (6), (7)].[8]


However, semiempirical MO calculations by the SINDO1
method indicated that the reaction of H2S3 with H2S2 to form
the tetramercaptosulfurane S(SH)4 is endothermic by
299 kJ molÿ1.[35] This reaction served as a model reaction for
Equation (6). Similarly, the insertion of H2S into the central
bond of either H2S2 or H2S4 to give the sulfuranes H2S(SH)2


and H2S(SSH)2, respectively, was found to be endothermic by
approximately 210 kJ molÿ1 at the MP3/6-31G*//HF/4-31G*
level of theory.[36] Although these calculations need to be
improved by a higher level of theory[37] it is evident that the
electronegativity of sulfur is too low to make tetrathiasulfur-
anes likely intermediates for the interconversion of polysulfur
compounds, especially if the additional activation energy is
taken into account. There is a clear dependence of the
thermodynamic stability of homoleptic SX4 compounds on the
electronegativity of X, as the data (Table 7) for the energy
change for the formation of SX4 from SX2 and X2 demon-
strate.


The high stability of SF4 is due not only to the favorable
electronegativity of fluorine but also to the unusually small
bond energy of F2. In the case of SCl4 the lack of stability of
SCl4 is partly attributable to the bond energy of Cl2 being
much higher than that of F2. On the basis of these
observations one would expect that sulfuranes of the
S(NR2)4 type might be sufficiently stable to be prepared,
since the electronegativity of nitrogen on the Allen scale[38] is
slightly higher than that of chlorine, and the NÿN single bond
in the dissociation product tetraalkylhydrazine R2N ± NR2


would be weak similarly to the bond in F2. So far, tetraami-
dosulfuranes are unknown.


The adduct 2 and the transition states TS1 and TS2 are
remarkable in that a substantial amount of electron density
has been transferred from the positively charged S atom in
SX2 to a neutral X2 molecule to generate each of these species.
For X�F this charge transfer does not change the energy of
the system very much (<10 kJ molÿ1) but for X�Cl the


Table 7. Energy changes (kJ molÿ1 at 0 K) for the formation of SX4 from
SX2 and X2 calculated at different levels of theory).


SF4 SCl4 S(SH)4 H4S Me4S


ÿ 450 � 33 � 200 to �300 � 330 � 350
Reference this work this work 35, 36 9, 10 32
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charge transfer is considerably endothermic. Polar reaction
mechanisms may be more common in sulfur chemistry than
has been expected. The interconversion of polysulfur com-
pounds such as S7 also probably proceeds through polar
intermediates or, in other words, by nucleophilic attack by one
molecule on a neighboring one resulting in zwitterionic
transition states. This problem will be discussed in a separate
publication.


Gaseous adducts of the molecules F2 and Cl2 with donors
such as H2S[39] and Me3N[40] have been studied previously.
These adducts also have Cs symmetry. The species H2S!F2


and H2S!Cl2 have been observed as prereactive complexes,
by rotational spectroscopy using a fast-mixing nozzle together
with a microwave spectrometer. The S ´´ ´ F and S ´´´ Cl
distances obtained were 320(1) and 325 pm, indicating a very
weak interaction in both cases. The structure of the complex
Me3N!F2 was determined by ab initio MO calculations at the
MP2/6-31G* level. This structure is characterized by a
somewhat smaller degree of charge transfer than our adduct
2 and than our transition state TS1; this can be concluded
from the internuclear distances in the F2 units (142 pm in the
free F2 molecule, 175 pm in Me3N!F2, and 182 pm in 2 and
TS1).


The slight differences in reaction enthalpies that resulted
from the different methods used in this work were most
probably related to the different geometries used in the
energy calculations, as mentioned in the Computational
Methods section. To demonstrate the differences one may
compare the experimental bond distances of SF4 with those
calculated at various levels of theory (Table 8). The best


agreement with the experimental geometry is obtained for the
smallest basis set, and neglecting the electron correlation. The
same is true for SF2 and SCl2. Nevertheless, we believe that
the results obtained at the CCSD(T)/6-311�G(2df)//MP2/6-
311�G* level are the most reliable, since it is known that the
energy of hypervalent molecules drops considerably if diffuse
and polarization functions are included in the basis set and if
the electron correlation is taken into account. In particular,
the transition states, which include some large internuclear
distances, require diffuse functions. The main goal of this work
is to elucidate the reaction mechanisms and to compare the
activation energies with those for a homolytic dissociation
pathway. These results are not influenced by the slight
differences in enthalpy values obtained by different methods.


Conclusion


We have shown that the reactions of the sulfur dihalides SX2


with X2 (X�F, Cl) to give the pseudo-trigonal-bipyramidal
tetrahalides SX4 proceed via asymmetric, almost ionic,
transition states. In the case of X�F a very weakly bonded


donor ± acceptor complex F2S!F2 (2) is the first reaction
product and is transformed exothermically into SF4 via a
transition state of which the structure and energy are almost
identical to those of 2. In contrast, the structure of the
transition state for the endothermic reaction of SCl2 with Cl2


can be approximated by the formula [SCl3
�]Clÿ. For the


homoleptic sulfuranes SX4 there is a definite dependence of
the thermodynamic stability with respect to the dissociation
products SX2 and X2 on the electronegativity of X (X �F, Cl,
SR, Me, H): the lower the electronegativity of X, the more
exothermic is the dissociation reaction. In this sense, tetra-
thiasulfuranes S(SR)4 are highly endothermic and are there-
fore not expected to play a role as reaction intermediates in
sulfur chemistry.
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