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Introduction


Since Pauson and Khand et al. found a fascinating cocycliza-
tion of an alkyne, an alkene, and carbon monoxide mediated
by dicobalt octacarbonyl (Scheme 1),[1] the reaction has been
widely utilized for construction of a variety of cyclopen-
tenones[2] including natural products.[3]
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Scheme 1.


The reaction was originally carried out by simply heating a
mixture of [Co2(CO)6(alkyne)] and alkene in hydrocarbon
solvent.[1] In most cases, however, a prolonged reaction time
was required and the yields of the products were moderate.
Several modifications to improve its efficiency have been
explored.[4] Among them, tertiary amine oxides have been
considered as the best promoter in the stoichiometric intra-
molecular Pauson ± Khand reaction.[4a, b] Not only the Pau-
son ± Khand reaction, but also a variety of reactions mediated
by low-valent organotransition-metal complexes start from
the formation of a vacant coordination site on the metal
followed by coordination of a substrate. The efficiency of this
step is often critical for the overall reaction. Therefore,
oxidative removal of coordinated carbon monoxide[5] from
[Co2(CO)6(alkyne)] complexes by reaction with tertiary
amine oxides is effective for the promotion of the stoichio-
metric Pauson ± Khand reaction.


ªHardº Lewis bases, such as amines and alcohols, on low-
valent organotransition metal carbonyls are known to make
the coordinated CO ligands labile and promote the ligand
liberation. A representative example is found in the reaction
of the Group 6 metal carbonyls with ªhardº Lewis bases
(Scheme 2).[6]
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Reaction of 1 with excess ªhardº Lewis bases gives 2. Then,
the electron-donating ability of the ªhardº Lewis base
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increases the electron density on the metal and the MÿCO s-
bond is weakened. In addition, the ªhardº Lewis base can
stabilize the coordinatively unsaturated species 3, which is
formed by liberation of the CO. Overall, these two effects
enhance the rate of the formation of 3 and finally the cis-
disubstituted complex 4. If [Co2(CO)6(alkyne)] complexes (5)
react with ªhardº Lewis bases, what will happen? As seen in
from Scheme 2, one of the CO ligands on the cobalt will be
displaced by the ªhardº Lewis base to give 6 in the first step
(Scheme 3); this will probably lead to the formation of the


coordinatively unsaturated
complex 7. An alkene, if pres-
ent, can coordinate to the va-
cant site on 7, to give 8. Since
the ªhardº ligand makes the
coordinated alkyne and alkene
reactive, the cyclization of 8, to
give 9, may be promoted fur-
ther. This was the starting point
of our study to develop and
utilize new active cobalt com-
plexes for the Pauson ± Khand
reaction.


Discussion


Activation of [Co2(CO)6(alkyne)] complexes with primary
amines : As we mentioned before, when ªhardº Lewis bases
react with [Co2(CO)6(alkyne)] complexes, a coordinatively
unsaturated complex may be produced. Since the electron


density on the cobalt increases by coordination of the ªhardº
Lewis base, the ligands are made labile and reactive. When an
alkene coordinates to the cobalt complex, insertion of the
alkene and carbon monoxide may be enhanced, and, there-
fore, the Pauson ± Khand reaction may be promoted. To
confirm our hypothesis, compound 10 was chosen as the
substrate and treated with an excess amount of various ªhardº
Lewis bases (Scheme 4).[7]


When ethers, alcohols, or tertiary amines were used as a
solvent, compound 10 was recovered quantitatively even after


three days at 35 8C. Whereas
the cyclization proceeded slow-
ly in diethylamine, it was com-
pleted within five minutes in
cyclohexylamine (CyNH2) to
give 11 in a good yield. Since
the Pauson ± Khand reaction
under the original conditions,
that is, heating under reflux in
hydrocarbon solvent, took
more than 38 h and the yield
of 11 was low (23%), this result
suggests that primary amines


could activate [Co2(CO)6(alkyne)] complexes and promote
the stoichiometric Pauson ± Khand reaction. After much
experimentation, two conditions, namely 3.5 equivalents of
cyclohexylamine in 1,2-dichloroethane at 83 8C (conditions A)
and a 1:3 mixture (v/v) of 1,4-dioxane and 2m aqueous
solution of ammonium hydroxide at 100 8C (conditions B),
were found to be practical. Typical examples of the amine-
promoted Pauson ± Khand reaction are shown in Scheme 5.[7]
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Although a variety of promoters for the Pauson ± Khand
reaction have already been reported,[4] the present methods,
that is, primary amine promoters, have proven to be
convenient and economical.


Notably it was found that the active cobalt complexes with
high reducing ability were formed in this reagent system.
When 1,2-dichloroethane was used as a solvent, a blue
complex was produced as the co-product derived from cobalt.
Although the structure of the complex has not been eluci-
dated yet, the elemental analysis indicated that chlorine was
in its composition. Since 1,2-dichloroethane does not readily
react with amines, the result suggests that some reactive low-
valent cobalt complex is produced in this reaction system and
reacts with 1,2-dichloroethane to give cobalt chloride deriv-
atives. The formation of active cobalt complexes with
reducing ability has also been suggested by the reaction of
17 with 15 in the presence of cyclohexylamine to produce 23
(Scheme 6).[8] This novel tandem reaction probably proceeds
as follows: i) the amine-promoted Pauson ± Khand reaction


gives 18, ii) the elimination of
the benzyloxy group at the
allylic position, iii) the metallo
ªeneº reaction with a second
norbornene (15), iv) the CO
insertion into the Csp3ÿCo
bond, and v) trapping of the
acyl cobalt species 22 by the
amine. Involvement of the re-
ductive cleavage of benzyloxy
group at the a position of 18,
step (ii), suggested that the
cobalt with the coordinated
amine should be electron rich
and exhibit reducing ability.


This is another interesting
aspect of the cobalt complexes
activated by primary amines.


The catalytic Pauson ± Khand reaction promoted by ªhardº
Lewis bases : Under the original conditions,[1] coordinatively
unsaturated cobalt carbonyl complex 24 is produced after the
cyclization (Scheme 7). When the reaction is carried out
under CO atmosphere, the complexes 24 may transform into
the parent dicobalt octacarbonyl (25) or, in the presence of
alkyne, [Co2(CO)6(alkyne)] complexes (5); therefore, a cata-
lytic amount of dicobalt octacarbonyl (25) is theoretically
required to complete the cyclization. Although an attempt to
carry out the catalytic reaction has been made from the
beginning, the turnover number was not satisfactory.[1b, 9] The
reasons are considered as follows: i) feasibility in trans-
formation of the coordinatively unsaturated dicobalt carbonyl
complex 24 into tetracobalt dodecacarbonyl (26), which is
considered as inactive in the catalytic Pauson ± Khand reac-
tion,[9b,c, 10] ii) retardation of re-formation of [Co2(CO)6(al-
kyne)] complexes (5) and coordination of an alkene to
[Co2(CO)6(alkyne)] complexes under CO atmosphere, and iii)
inefficiency of the Pauson ± Khand reaction under the original


conditions. When the reaction
is carried out in the presence of
ªhardº Lewis bases, what will
happen (Scheme 7)? Tetraco-
balt dodecacarbonyl (26) may
be transformed into dicobalt
octacarbonyl (25) or the coor-
dinatively unsaturated cobalt
complexes 27 and 28 by react-
ing with ªhardº Lewis bases.[11]


The electron-donating effect of
ªhardº Lewis bases may stabi-
lize the coordinatively unsatu-
rated cobalt complexes 27 and
28. In addition, once 6 is pro-
duced, the cyclization may be
facilitated as seen in the pri-
mary-amine-promoted Pau-
son ± Khand reaction discussed
before. Therefore, the presence
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of ªhardº Lewis bases also anticipates promotion of the
catalytic Pauson ± Khand reaction.


It is known that reaction of dicobalt octacarbonyl (25) with
an excess amount of primary and secondary amines gave
anionic and cationic complexes 29, 30, and 31 by redox process
(Scheme 8).[12] These complexes do not mediate the Pauson ±
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Khand reaction. Thus, inhibition
of the redox process is neces-
sary to carry out the catalytic
Pauson ± Khand reaction[9, 13, 14]


promoted by Lewis bases.
A tertiary amine, triethyl-


amine, has been reported to
react with dicobalt octacarbon-
yl (25) to give monosubstituted complex 32 instead of 29, 30,
and 31.[12c] This implies that the tertiary amine does not
promote the redox process. Probably, the steric hindrance of
the nitrogen substituents made the cobalt ± nitrogen bond
length longer. The coordination, therefore, did not increase
the electron density on the cobalt so much as in the case of the
primary amines. Alternatively, the steric bulkiness of the
coordinated tertiary amine prevented the access of the second
amine molecule, which could induce the unfavorable redox
process. Whatever the mechanism is, this appeared to show
that sterically bulky or less electron-donating ªhardº Lewis
base can activate dicobalt octacarbonyl without decomposi-
tion and stabilize coordinative-
ly unsaturated active cobalt
complexes, such as 27 and 28.
We were, therefore, pleased to
find that the Lewis bases such
as diisopropylethylamine, ben-
zyl alcohol, 1,4-dioxane, 1,2-di-
methoxyethane (DME), and
water catalyzed the cyclization
of 33 in good yields.[15] Among
these activators, DME seems to
be the most effective and water
the most economical. The
amount of the Lewis base used
was also important and use of a
large excess of the Lewis base
was detrimental to catalysis at
higher temperature. It has been


reported that the intramolecular Pauson ± Khand reaction
catalyzed by dicobalt octacarbonyl could be carried out in
DME in a temperature range of 60 ± 80 8C.[13d] This result and
together with those from our experiments suggest that the
DME can act as the activator for dicobalt octacarbonyl in a
tight range of the temperature without decomposing the
active catalyst. In the same sense, cyclohexylamine could
promote the catalytic cyclization in DME in the temperature
range 60 ± 70 8C,[13e,i] while the catalyst, dicobalt octacarbonyl,
was killed by the amine in toluene at 120 8C for the same type
of reactions shown in Scheme 8.[15] Typical examples of the
catalytic Pauson ± Khand reaction promoted by 1,2-di-
methoxyethane or water are shown in Scheme 9.[15]


Sterically bulky or less electron-donating ªhardº Lewis
bases activate dicobalt octacarbonyl and promote the catalytic
Pauson ± Khand reaction. Suppression of the redox process,
which decomposes dicobalt octacarbonyl, is a key to bring
about a fruitful result. In this sense, most of the known
methods for the catalytic Pauson ± Khand reaction by the
addition of a Lewis base, such as phosphites,[13a] ethers,[13b, d]


amines,[13e, i] and phosphane sulfides,[13g] may activate dicobalt
octacarbonyl and stabilize the active catalysts sterically and
electronically by their coordination.


Use of methylidynetricobalt nonacarbonyl as a catalyst :
Organotransition-metal clusters sometimes exhibit higher
reactivity than the monomeric complexes in organic trans-
formations.[16] One of the major reasons may be the ease of
coordination of the substrate to the clusters. Since the ligands
rapidly exchange positions within the clusters, ligand substi-
tution can occur more readily than in monomeric complexes
through dissociative (Scheme 10, path A) or associative
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mechanisms (path B). Cleavage of one of the metal ± metal
bonds can also generate vacant sites (path C), at which the
substrate is able to coordinate. The cleavage of the metal ±
metal bond, however, is often accompanied by decomposition
of the clusters. A possible methodology to stabilize the
clusters in the activated state, in which one of the metal ±
metal bonds is cleaved, is introduction of a carbon unit, since a
metal ± carbon bond is generally stronger than a metal ± metal
bond.[17]


Alkylidynetricobalt nonacarbonyls (35) are clusters that
consist of one carbon and three cobalt units. The clusters are


easily prepared by the reaction
of dicobalt octacarbonyl with
trihaloalkanes and are more
stable against auto-oxidation
than the parent dicobalt octa-
carbonyl.[18, 19]


There is a report that benzyl-
idynetricobalt nonacarbonyl
catalyzes hydroformylation of
alkenes under mild conditions


compared with dicobalt octacarbonyl.[20] Since dicobalt octa-
carbonyl mediates the Pauson ± Khand reaction, it was
expected that such tetranuclear clusters might also effectively
promote the reaction (Table 1).[21]


When dicobalt octacarbonyl (25) was used as a catalyst in
the absence of activator, only a low conversion was obtained
(Entry 1). As mentioned above,
the catalytic cyclization gener-
ally proceeded in the presence
of 25 and activators such as 1,2-
dimethoxyethane or water.[13, 15]


In contrast, methylidynetrico-
balt nonacarbonyl (35 a) itself
efficiently catalyzed the reac-
tion (Entry 2). It is therefore an
interesting aspect of the cluster
reaction that no activator is
required. Clusters with a rela-
tively small substituent on the
carbon unit, such as 35 a, 35 b,
and 35 c, catalyzed the desired


cyclization (Entries 2 ± 4), while ones with aromatic substi-
tuents 35 e and 35 f were detrimental to catalysis (Entries 6
and 7). Not only steric but also electronic factors appear to
affect the catalytic activity of the cluster. Since the
substituent on the cluster greatly affects the catalytic
activity, it may be reasonable to assume that the cluster itself
catalyzed the Pauson ± Khand reaction, but not the dissoci-
ated dicobalt hexacarbonyl species. The best results were
obtained by using the parent cluster, methylidynetricobalt
nonacarbonyl (35 a). The cluster 35 a is quite stable against
auto-oxidation, and this is another advantage of the present
method. Typical examples of the Pauson ± Khand reaction
catalyzed by methylidynetricobalt nonacarbonyl are shown in
Scheme 11.[21, 22]


In the presence of diisopropylethylamine, methylidynetri-
cobalt nonacarbonyl (35 a) showed the highest catalytic
activity in the Pauson ± Khand reaction.[22] Coordination of
bulky ªhardº Lewis bases to the cobalt in the cluster or
deprotonation of the methylidyne unit may promote the
cleavage of one of the cobalt ± cobalt bond without decom-
position[11] and, therefore, promote the cyclization.


It is known that thermal decomposition of dicobalt
octacarbonyl (25) produced tetracobalt dodecacarbonyl
(26), which itself is inactive in the catalytic Pauson ± Khand
reactions.[9b,c, 10] When [Co2(CO)6(alkyne)] complexes (5)
were used as a catalyst, an activator, such as cyclohexylamine,
was required.[14c] It is, therefore, interesting that exchanging
one cobalt tricarbonyl unit of tetracobalt dodecacarbonyl with
a methylidyne or exchanging one alkylidyne unit of [Co2-
(CO)6(alkyne)] with cobalt tricarbonyl brings about excellent
results. We presume that the following two properties of the
cluster plays an important role; i) the substrate can easily
coordinate to the metal center of the clusters by dissociative
or associative mechanisms, or cleavage of one of the cobalt ±
cobalt bonds; ii) a carbon unit of alkylidynetricobalt non-
acarbonyl makes the active clusters thermally stable. Use of
cobalt clusters is an interesting approach for the development
of a highly active catalyst system.


Conclusion


One method for the stoichiometric Pauson ± Khand reaction
and two methods for the catalytic reactions have been
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Table 1. Cyclization of 33 catalyzed by alkylidynetricobalt nonacarbon-
yls.[a]


Entry Catalyst Yield [%][b]


34 33


1 [Co2(CO)8] 25 12 82
2 [Co3(CO)9(m3-CH)] 35 a 78 22
3 [Co3(CO)9(m3-CCH3)] 35 b 31 66
4 [Co3(CO)9(m3-CCOOC2H5)] 35 c 31 65
5 [Co3(CO)9(m3-CCl)] 35 d 2 95
6 [Co3(CO)9(m3-CC6H5)] 35 e ± 99
7 [Co3(CO)9(m3-CC6H4-p-CH3)] 35 f ± 96


[a] A mixture of 33 (1.00 mmol) and catalyst (0.01 mmol) in toluene
(2.5 mL) was stirred at 120 8C under CO atmosphere. [b] All yields given in
this table are isolated yields.
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developed. The stoichiometric Pauson ± Khand reaction pro-
moted by primary amines is based on the concept that ªhardº
Lewis bases in low-valent organotransition-metal complexes
make the existing ligands labile and produce the reactive
complexes. This concept can also be employed in the catalytic
Pauson ± Khand reaction mediated by dicobalt octacarbonyl.
Sterically bulky or less electron-donating ªhardº Lewis
bases such as 1,2-dimethoxyethane or water turned out to be
the best promoters. Another method for the catalytic
Pauson ± Khand reaction uses methylidynetricobalt nonacar-
bonyl cluster. The cluster itself exhibited high catalytic
activity in the Pauson ± Khand reaction without any activator.
These three methods to produce active cobalt complexes
provide new advances in the Pauson ± Khand reaction. We
hope that these concepts might bring the new direction for
future researches.
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Abstract: A fullerene derivative (5) in
which a dinuclear ruthenium complex is
covalently linked to a fulleropyrrolidine
(FP) through a rigid spacer has been
prepared through azomethine ylide cy-
cloaddition to C60. Electrochemical and
photophysical studies revealed that
ground-state electronic interactions be-
tween the bimetallic ruthenium chromo-
phore and the FP moiety are small. The


absorption spectrum of 5 displays a
metal-to-ligand charge transfer (MLCT)
transition at about 620 nm in CH2Cl2


which is shifted by nearly 160 nm rela-
tive to that of a previously reported


mononuclear dyad (8). The photophys-
ical investigations have also shown that
both in dichloromethane and acetoni-
trile the photoexcited MLCT state of
dyad 5 transforms into the fullerene
triplet excited state with a quantum
yield of 0.19 and that, contrary to
mononuclear dyad 8, electron transfer,
if any under the applied conditions, is
negligible relative to energy transfer.


Keywords: dyads ´ energy transfer
´ fullerenes ´ ruthenium ´ sensitiz-
ers


Introduction


Molecules that combine several electro- and/or photoactive
groups are of special interest as they can exhibit new
properties arising from the interactions between the compo-
nents. In particular, the synthesis and study of functionalized
polypyridylruthenium(ii) complexes with the electron-accept-
ing fullerene core is particularly interesting as it may lead to
new molecules with novel electron- (ET) or energy-transfer
(ENT) features.[1] The importance of polypyridylruthenium
complexes from both the electrochemical and photophysical
point of view is longstanding.[2] Excitation of metal-to-ligand
charge transfer (MLCT) transition generates the excited
MLCT state, which displays attractive properties. Generally,
this long-lived MLCT state has energetically high-lying levels
that undergo efficient emission at room temperature in
solution. This provides an excellent experimental probe for
measuring the efficiency of intramolecular photoinduced ET
or ENT processes in covalently linked donor ± acceptor


systems.[3] The functionalization of fullerenes, on the other
hand, has given a strong impulse to the study of their
interesting physicochemical characteristics, and a wide variety
of derivatives[4] have been thoroughly investigated in light-
driven ETor ENTreactions owing to the remarkable electron-
acceptor properties of the fullerene sphere upon photoexci-
tation.[5, 6]


It has been shown, however, that the combination of more
than one ruthenium center in a polymetallic array provides a
greater flexibility in terms of excited-state donor energies,
redox potentials and ground state absorption than their
monometallic counterparts. This triggered an interdisciplinary
interest to employ ruthenium complexes as building blocks in
devices that perform light- and/or redox-induced functions.[7]


We report herein on the synthesis, electrochemistry and
photophysical behavior of a bimetallic [(bpy)2Ru(dpq-
FP)Ru(bpy)2][PF6]4 (bpy� 2,2'-bipyridine, dpq� 2,3-bipyri-
din-2-yl-quinoxaline, FP� fulleropyrrolidine) dyad in which
the spacer between FP and dpq is an androstane skeleton.
Photoinduced ENT from the metal complex to C60 occurs, and
not ET, as previously observed for the corresponding mono-
metallic [Ru(bpy)2(bpy-FP)][PF6]2 dyad.[1d]


Results and Discussion


Synthesis : The synthetic strategy toward dyad 5 is outlined in
Scheme 1. The route to 5 starts with readily available 2,3-
dipyridin-2-yl-quinoxaline-6-carboxylic acid (1) (dpq-CO2H)
and requires three steps.
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Esterification between 1 and commercially available an-
drostane alcohol 2 (4,5-dihydrotestosterone) to afford ester ±
ketone 3 occurs in 92 % yield under standard coupling
conditions (dicyclohexylcarbodiimide/4-dimethylaminopyri-
dine (DCC/DMAP)). Condensation of 3 with sarcosine in
the presence of C60


[8] smoothly affords fulleropyrrolidine 4 in
32 % yield (57 % based on unreacted C60) as a mixture of
diastereoisomers. 1H NMR spectroscopy and HPLC analysis
revealed that 4 is in fact a mixture of two isomers in about 3:1
ratio. Bimetallic dyad 5 was synthesized by coordinating
ligand 4 to ruthenium, through refluxing [Ru(bpy)2Cl2] ´ 2 H2O
and 4 in 1,2-dichloroethane in the presence of excess NH4PF6


as previously reported for the preparation of dyad 8.[1d]


The reaction was monitored by TLC (toluene/ethyl acetate
6:4), following the disappearance of 4. The solution was
evaporated to dryness and the residue dissolved in a minimum
amount of CH3CN, precipitated with a methanol/diethyl ether
1:1 mixture and carefully washed with CH2Cl2, MeOH and
water to remove unreacted 4, [Ru(bpy)2Cl2] and excess
NH4PF6 respectively. The desired dyad 5 was isolated in


49 % yield as a green solid.
Compound 5 is sparingly solu-
ble in CH3CN, acetone and
chlorinated solvents but insolu-
ble in toluene. 1H and 13C NMR
spectra were not useful for the
characterization of dyad 5. The
use of a diastereomeric mixture
of ligand 4 produced dyad 5 as a
mixture of isomers. As a con-
sequence, mainly broad reso-
nances in the aliphatic and
aromatic regions were present
in both the proton and carbon
spectra of 5. Dyad 5 was char-
acterized by elemental analysis,
mass spectrometry, optical
spectroscopy, and electrochem-
ical techniques (vide infra).


In our previous study regard-
ing the mononuclear C60 ± ru-
thenium dyad 8,[1d] it was point-
ed out that the use of a diaster-
eoisomeric mixture of ligands
could, in principle, affect the
photophysical characterization
of the final C60-based rutheni-
um dyad. In particular, the
different spatial orientation of
diastereoisomers may influence
fundamental properties such as
rate and extent of energy or
electron transfer. After consid-
erable experimentation, we
found that the isomeric mixture
of dyad 8 exhibits a similar
behavior if compared to that
of each diastereoisomer that
was separately tested in photo-


physical experiments. We assumed that also the isomeric
mixture of dyad 5 would perform similarly as that of each
diastereoisomer. Therefore all the experiments described
herein were carried out on the mixture of diastereoisomers of
dyad 5.


Derivatives 6 and 10 were synthesized and used as model
compounds, together with fulleropyrrolidine 7,[8] mononuclear
dyad 8,[1d] and metal complex 9[1d] in the electrochemical and
photophysical characterization of dyad 5.


Electrochemistry: The analysis of the voltammetric behavior
of dyad 5 has been based on that of models 6 and 7, assuming
no substantial interaction, in 5, between the fullerene and the
dinuclear ruthenium complex. The oxidation of 6 was inves-
tigated in CH3CN. Two reversible, one-electron processes
were recorded, and assigned to the two metal-centered
RuII!RuIII oxidations (Table 1).


The E1/2 values (1.54 and 1.71 V) are comparable with those
reported for a dinuclear ruthenium(ii) complex containing an
unsubstituted dpq ligand (1.47 and 1.62 V[7d]). The electron-
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Scheme 1. Synthesis of dyad 5. Reagents and conditions: a) DCC/DMAP, CH2Cl2, 24 h, 92%; b) N-
methylglycine, C60, toluene, reflux, 4 h, 32%; c) Ru(bpy)2Cl2 ´ 2H2O, NH4PF6, 1,2-dichloroethane, reflux, 4 h,
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withdrawing effect of the ester substituent in the bridging
ligand dpq is probably responsible of the small anodic shift in
6, of both oxidations processes. Also, the 180 mV shift
between them demonstrates that dpq allows a substantial
interaction between the two metal centers. A similar splitting
was already observed in other polynuclear complexes[7d, 9] and
an explanation based on the superexchange theory has been
given. Figure 1 displays the cyclic voltammogram of 6 in the
cathodic region. Seven reduction peaks are shown and
hereafter denoted by Roman numerals. Peaks I, II, IV, V,
and VI correspond to reversible, one-electron reduction
processes whose E1/2 values could be directly measured


Figure 1. Cyclic voltammogram of 6 (0.5 mm) in THF (0.05 m TBAH). T�
25 8C, v� 0.5 V sÿ1, working electrode: Pt.


(Table 1). Peak III results from the overlap of two reversible,
one-electron reductions, whose E1/2 value could be obtained
only by digital simulation. The simulation also provided the
E1/2 values (Table 1) for the processes under peak VII,
assuming an overall exchange of two electrons. The reversi-
bility of the reduction processes under peak VII was difficult
to establish owing to poor resolution.


By comparison with the electrochemical properties of
similar ruthenium(ii) complexes containing pyrazine li-
gands,[10] we propose the following assignment of the nine
reduction processes of derivative 6 : 1) peaks I, II, and VI
correspond to three successive reductions of the dpq bridging
ligand; 2) peak IV, peak V, and the two nearly-overlapping
processes comprised in peak III correspond to the one-
electron reductions of the four bpy ligands, and 3) the two
processes under peak VII are the second reduction of two bpy
units. The second reduction of the other two bpy units is
probably located outside the available potential window. In
line with the above assignment, the splitting between the two
processes under peak III and that between peaks IV and V is
that expected for the interaction between equivalent bpy
ligands in dinuclear complexes.[10] It is worth noting that the
dpq-centered reductions are anodically shifted by about 150 ±
200 mV relative to those reported for a dinuclear rutheni-
um(ii) complex containing an unsubstituted dpq ligand.[7d] The
electron-withdrawing effect of the ester substituent probably
makes the dpq reductions easier. Neither reduction nor
oxidation processes attributable to the androstanone moiety
were observed, in agreement with our previously reported
fullerene-based dyad 8.[1d]


Table 1. E1/2 (V vs. SCE) in THF/tetrabutylammonium hexafluorophosphate (TBAH) at 25 8C, unless otherwise noted. Working electrode: Pt


Oxidations Reductions
I II III IV V VI VII VIII IX


5 � 1.52[a] � 1.70[a] ÿ 0.23 ÿ 0.49 ÿ 0.89 ÿ 1.07 ÿ 1.41[c] ÿ 1.71 ÿ 1.83 ÿ 2.20 ÿ 2.73[b]


ÿ 1.52[c]


6 � 1.54[a] � 1.71[a] ÿ 0.23 ÿ 0.91 ÿ 1.41[c] ÿ 1.81 ÿ 1.97 ÿ 2.26 ÿ 2.6[c]


ÿ 1.50 ÿ 2.7[c]


7 ÿ 0.47 ÿ 1.05 ÿ 1.70 ÿ 2.16 ÿ 2.93


[a] Acetonitrile solution. [b] Bielectronic process. [c] Obtained from digital simulation.







FULL PAPER D. M. Guldi, M. Maggini, F. Paolucci et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1600 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 81600


Fulleropyrrolidine 7 shows five reversible, one-electron
reduction peaks[1d] whose E1/2 values are reported, for the sake
of comparison, in Table 1.


Figure 2 a shows the cyclic voltammogram of dyad 5 in
CH3CN at 25 8C. In analogy to model 6, the two reversible,
one-electron peaks are the two metal-centered RuII!RuIII


oxidations whose E1/2 values are reported in Table 1. In the
cathodic region, significant complications arise from the


Figure 2. Cyclic voltammogram of 5 : a) 0.5 mm in CH3CN (0.05 m TBAH);
b) < 0.2 mm in THF (0.05 m TBAH). T� 25 8C, v� 0.5 V sÿ1, working
electrode: Pt.


adsorption of the dyad onto the electrode surface, which
occurs in both CH3CN and THF, at room temperature (see
Figure 2 b). Also the low solubility of 5 in THF, along with the
chemical instability of the multiply reduced species, concurred
to make the analysis of the cyclic voltammograms, and the
calculation of the E1/2 values for each redox process, rather
difficult particularly at potentials beyond ÿ2.5 V. However,
the comparison of the CV pattern of 5 with that of models 6
and 7 allowed a reasonable assignment of the reduction
processes. In contrast to mononuclear dyad 8, it has been
found that the first reduction of the dinuclear dyad is a ligand-
centered (dpq) rather than a fullerene-centered process, being
the first reduction of the fullerene moiety located 260 mV
towards more negative potentials than the dpq-centered one.


Absorption spectra : The ground-state absorption spectrum of
dyad 5 displays transitions that can be assigned to the
[(bpy)2Ru(dpq)Ru(bpy)2]4� and FP moieties as shown in


Figure 3 where the spectrum of 5 is plotted together with
those of model derivatives 6 and 10 in CH2Cl2 (between 350 ±
750 nm). All fullerene-centered diagnostic bands of FP 7[4b]


are observed in FP 10 that has been used as a FP model
because of its higher solubility in CH2Cl2.


Figure 3. UV/Vis absorption spectra of dyad 5 (7.7� 10ÿ6 m) and reference
derivatives 6 (7.1� 10ÿ6 m) and 10 (8.1� 10ÿ6 m) in CH2Cl2.


Dyad 5, in CH2Cl2, reveals a MLCT transition at 620 nm
which is red-shifted about 160 nm relative to that of the
corresponding mononuclear dyad 8 in the same solvent.[1d]


Interestingly, the MLCT absorption of 5 and 6 is also
subjected to a red-shift relative to a previously reported
dinuclear [(bpy)2Ru(dpq)Ru(bpy)2]4� complex whose MLCT
transitions maximizes at 603 nm.[7d] This can be possibly
rationalized in terms of the EW effect of the ester substituent
in the bridging ligand dpq of dyad 5.


In line with the results of the electrochemical study, no
bands attributable to electronic interaction between fullerene
and the ruthenium chromophores were observed.


Luminescence spectra : To investigate the extent of electronic
interaction between the bimetallic ruthenium complex and
the fullerene fragment in the excited state, emission measure-
ments were carried out with dyad 5 in solvents of different
polarity, and compared to that of model 6. Equimolar
solutions of 5 and 6 in CH2Cl2 show the same MLCT emission
(lem(max)� 710 nm) at the 635 nm excitation wavelength.
Interestingly, the luminescence yield in dyad 5 is subjected
only to a moderate quenching (ca. 27 %) relative to the
emission of model 6. This is in contrast to the behavior of
mononuclear dyad 8 that, for instance in CH2Cl2, gives rise to
a strong and effective quenching (89 %) of the MLCT
emission. Increasing the solvent polarity to CH3CN (Figure 4)
leads to a similar difference in MLCT luminescence between
5 and 6 (ca. 25 %). This solvent independence may be
considered as a first indication that ET represents probably
a minor deactivation pathway for the MLCT excited state.


The low energy of the MLCT excited state of dyad 5
(1.75 eV vs. 1.97 eV[1d] for 8 in CH3CN), which correlates with
the early dpq-based reduction, makes the photoinduced
intramolecular ET, from the excited binuclear ruthenium
chromophore to the FP moiety, thermodynamically unfa-
vored. The dielectric continuum model predicts in fact values
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Figure 4. Emission spectra (excitation at 635 nm) of model 6 (*) and of
dyad 5 (*) in CH3CN at room temperature. All samples were studied under
identical conditions and, therefore, the relative intensities represent
relative emission quantum yields.


for the driving force (ÿDGET) of the ET process of ÿ0.17 and
ÿ0.34 eV[11] in CH3CN and CH2Cl2, respectively, that is, ET is
endoergonic in both media, thus corroborating the above
conclusions based on the emission studies. For mononuclear
dyad 8, the same calculations gave a value of �0.24 eV in
CH3CN for the driving force indicating that ET is exergonic in
that solvent.[1d]


Time-resolved photolysis : Although the conclusion of the
emission studies infers that an intramolecular ET is unlikely to
proceed, further examination of dyad 5 and models 6 and 10
by means of time-resolved transient absorption spectroscopy
was carried out.


The differential absorption changes recorded upon excita-
tion (532 nm, 18 ps) of model 6 are in large dictated by a
transient bleaching of the MLCT ground-state transition in
the region between 550 and 750 nm. By fitting the absorption-
time profiles to a monoexponential decay, a lifetime of the
photoexcited MLCT state of 30 ns was derived for 6 (Fig-
ure 5). This lifetime is substantially shorter than that meas-
ured for mononuclear ruthenium model 9[1d] (t� 180 ns), but
similar to that reported for the binuclear [(bpy)2Ru(dpq)-
Ru(bpy)2]4� complex (t� 20 ns).[7d] Intersystem crossing
kinetics in polypyridylruthenium complexes take place on a
sub-picosecond time base, from which we infer that the


Figure 5. Time absorption profiles recorded at 660 nm for model 6 (~) and
dyad 5 (*) in CH3CN at room temperature.


monitored transient characteristics (i.e., with a 18 ps time
delay) are linked to the triplet MLCT states of mononuclear
and binuclear ruthenium complexes.[12]


An extension of the monitored time-window to the nano-/
microsecond regime helped to confirm the differential
absorption changes developing during the picosecond experi-
ments. Again, the displayed spectral region (Figure 6) is
dominated by a strong bleaching originating from the d(p ±
p*) transitions of dpq and bpy in the visible region (�630 nm)
and the ligand-based p ± p* transitions in the UV region
(�430 nm). The transient absorption changes, throughout the
UV/Vis region, uniformly give rise to a lifetime of 30 ns for
the MLCT state in 6, whose decay leads to a quantitative
recovery of the ground state.


Figure 6. Differential absorption spectrum obtained upon flash photolysis
of model 6 (2.0� 10ÿ6 m) in CH3CN with a 8 ns laser pulse at 532 nm.


In the case of the fullerene model (i.e., either FP 7 or FP 10)
a strong absorption maximum was registered around 880 nm
immediately after the laser excitation. This feature is a known
fingerprint of the FP singlet excited state absorption, which
decays in the 900 nm region rapidly with a lifetime of 1.8 ns. A
concomitant grow-in of a new transient absorption, disclosing
a doublet of maxima at 360 and 690 nm, relates to the
intersystem crossing (ISC) to the FP triplet excited state. In
oxygen-free solutions, a clean monoexponential recovery of
the singlet ground-state follows at low FP concentration and
low laser power, affording a triplet lifetime of nearly 50 ms
under our conditions. Compared to the dinuclear ruthenium
model 6 no bleaching was observed for FP throughout the
entire visible region.


In analogy to the excitation of model 6, irradiation of dyad 5
with 532 nm laser pulses gave the MLCT excited state of the
dinuclear ruthenium chromophore (90.6 %). In the picosec-
ond-resolved experiments the differential bleaching between
550 and 750 nm, recorded after an 18 ps laser pulse (Figure 5
and Figure 7), is a qualitative match to that noted for model 6.
Importantly, a slightly shorter lifetime (22 ns) was measured
with respect to 6.


To confirm the MLCT excited state formation and to probe
the MLCT excited state deactivation, the picosecond meas-
urements were complemented by nanosecond experiments.
Differential absorption changes in the UV/Vis range recorded
immediately after photolyzing dyad 5 in oxygen-free CH3CN,
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Figure 7. Time-resolved difference absorption spectra of dyad 5 (2.0�
10ÿ6 m) in CH3CN 0, 50, 2000 and 5000 ps after excitation with a 18 ps
laser pulse at 532 nm.


are plotted in Figure 8 ((*); 50 ns after the laser pulse). The
light-induced formation of the transient bleaching reveals a
series of minima at 310, 410, and 630 nm. These spectral
characteristics are not only reminiscent to those reported for
the photoexcited ruthenium complex 6 but are also identical
to those observed during the course of the picosecond
experiments.


Figure 8. Differential absorption spectrum obtained 50 ns (*) and 500 ns
(*) upon flash photolysis of dyad 5 (2.0� 10ÿ6 m) in CH3CN with a 8 ns
laser pulse at 532 nm.


A detailed kinetic analysis of the time-absorption profiles
show that the spectral features of the MLCT excited state
transform slowly into a new species (Figure 8 (*); 500 ns after
the laser pulse). Importantly, this conversion process is
characterized by both growth (�630 nm) and decay dynamics
(�450 nm), depending on the relative absorbances of the
precursor state and the newly formed product. The strongly
absorbing photoproduct displays a set of two maxima at 360
and 690 nm, respectively. These features agree well with those
of the triplet-excited state of FP 10. In addition, the recorded
lifetime of 43 ms, similar to that observed when FP 10 is
directly excited, suggests an intramolecular energy transfer to
the fullerene-excited triplet state.


Interestingly, the acceleration of the MLCT excited state
decay of 5 relative to model 6 (i.e. , 22 ns vs. 30 ns) resembles
the overall luminescence quenching (see above; ca. 27 %).


Pulse radiolysis : As a specific and final test to confirm the
energy transfer rather than the electron transfer mechanism,
models 6 and 10 were oxidized and reduced, respectively, in a
set of complementary radiolytic experiments.[13, 14] It was
deemed important to simulate the spectral characteristics of
the charge-separated radical pair and to compare them to
those noted following the excitation of dyad 5 (i.e., during the
pico- and nanosecond regimes). In fact, both the UV/Vis and
NIR regions, displaying characteristic fingerprints for an
oxidized ruthenium complex (Figure 9) or a fullerene p-
radical anion, lack clear evidence that would suggest the
formation of a charge-separated radical pair.


Figure 9. Radiolytic oxidation of model 6 : transient absorption spectrum
of ruthenium(iii) obtained upon pulse radiolysis in N2O-saturated aqueous
solution containing 0.1m HCl.


Quantum yield determination : In addition to the transient
absorption changes, the quantum yield of the fullerene triplet
excited state (e at 710 nm� 14000 mÿ1 cmÿ1) in dyad 5 was
determined using the comparative method in reference to a
known standard, namely pristine C60 (FT � 1, e at 750 nm�
20200 m-1 cmÿ1).[15] Measurements in deoxygenated CH2Cl2


solutions gave rise to a quantum yield F� 0.19, after
subtracting the fullerene ground state absorption at 532 nm
(i.e., 9.4 % fullerene and 90.6 % dinuclear ruthenium(ii)
moiety). This corroborates the transient absorption changes
and documents the generation of the fullerene triplet excited
state in 5 by photoexcitation of the ruthenium chromophore,
followed by an intramolecular triplet ± triplet energy transfer
process evolving from the MLCTexcited state of the dinuclear
ruthenium complex.


In the context of energy transfer in fullerene-based
materials, a series of oligo(naphthylenevinylene) ± fullerene
and perylene ± fullerene assemblies should be mentioned, in
which both singlet ± singlet energy transfer and intramolecular
electron transfer were found to take place and, more
importantly, to compete with each other.[16] However, a
number of fundamental differences should be pointed out,
which have significant effects on the mechanism, rates, and
efficiencies. In these systems, a direct link of the photo-
sensitizer to the fullerene provides the grounds for a strong
coupling between the donor and acceptor moieties and,
subsequently, for very fast and efficient transfers. Besides the
different linkages, the lack of spin-orbit coupling in the
oligo(naphthylenevinylene) and perylene photosensitizers is
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another meaningful factor in determining the origin of the
excited state energy. Finally, the mechanism, that is, singlet ±
singlet versus triplet ± triplet exchange should be considered.


Formation of singlet oxygen: To probe the reactivity of the
product arising from photoexcitation of dyad 5, the bimolec-
ular quenching rate constant with molecular oxygen was
measured in CH2Cl2 solutions purged with variable amounts
of O2. The determined rate constant (1.5� 109 mÿ1 sÿ1) is very
similar to those noted for pristine fullerene and N-methyl-
fulleropyrrolidines.[15] This suggests that dyad 5 generates,
similar to other fullerenes, singlet oxygen through the energy
transfer route.


Conclusion


A fulleropyrrolidine covalently linked to a 2,3-bipyridin-2-yl-
quinoxaline ligand was incorporated into a novel dinuclear
ruthenium(ii)-based dyad. Both electrochemical and photo-
physical studies have shown that the fullerene and dinuclear
ruthenium complex in the dyad interact only weakly in the
ground state. The photophysical characterization revealed
that intramolecular energy transfer from the ruthenium
MLCT excited state (1.75 eV) to the functionalized fullerene
takes place with a quantum yield of 0.19 and that ET, if any,
represents probably a minor deactivation pathway for the
MLCT excited state. Our current efforts are directed to the
development of photovoltaic devices containing donor ± ac-
ceptor systems such as dyad 5, using layer-by-layer deposition
techniques.[17]


Experimental Section


General : Details regarding the instrumentation used in this work to
characterize compounds 1, 3 ± 6, and 10 have been described elsewhere.[18]


Absorption spectra were recorded with a Milton Roy Spectronic 3000
Array spectrophotometer. Emission spectra were recorded on a SLM 8100
Spectrofluorimeter. Fluorescence spectra were measured in CH2Cl2 (5.0�
10ÿ5 m) at liquid nitrogen or room temperature. A 570 nm long-pass filter in
the emission path was used to eliminate the interference from the solvent
and stray light. Long integration times (20 s) and low increments (0.1 nm)
were applied. The slits were 2 and 8 nm. Each spectrum was an average of
at least five individual scans.


Electrochemical instrumentation and measurements : The one-compart-
ment electrochemical cell was of air-tight design with high-vacuum glass
stopcocks fitted with either Teflon or Kalrez (DuPont) O-rings to prevent
contamination by grease. The connections of the high-vacuum line and
Schlenck apparati used for solvents were spherical joints also fitted with
Kalrez O-rings. The pressure in the electrochemical cell prior to performing
the trap-to-trap distillation of the solvent was typically 1.0 ± 2.0�
10ÿ5 mbar. The working electrode consisted either of a 0.6 mm-diameter
platinum wire (0.15 cm2 approximately) sealed in glass or in a Pt disc
ultramicroelectrode (r� 5 mm), also sealed in glass. The counter electrode
consisted of a platinum spiral and the quasi-reference electrode was a silver
spiral. The quasi-reference electrode drift was negligible for the time
required by a single experiment. Both the counter and the reference
electrode were separated from the working electrode by �0.5 cm.
Potentials were measured with the ferrocene standard and are always
referenced to the saturated calomel electrode (SCE). E1/2 values corre-
spond to (Epc�Epa)/2 from cyclic voltammetry. In some experiments a SCE
reference electrode was used, separated from the working electrode
compartment by a sintered glass frit. Ferrocene was used as an internal


standard for confirming the electrochemical reversibility of a redox couple.
Voltammograms were recorded with a AMEL Model 552 potentiostat or a
custom made fast potentiostat controlled by either a AMEL Model 568
function generator or a ELCHEMA Model FG-206 F. The data acquisition
was performed with a Nicolet Model 3091 digital oscilloscope interfaced to
a PC. Temperature control was accomplished within 0.1 8C with a Lauda
Klein-Kryomat thermostat. The DigiSim 2.1 software by Bioanalytical
Systems Inc., or the Antigona software developed by Dr. Loic Mottier
(http://www.ciam.unibo.it/electrochem.html) was used for the simulation of
the CV curves.


Flash-photolysis and pulse-radiolysis instrumentation and measurements :
Picosecond laser flash photolysis experiments were carried out with 532 nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP
Nd:YAG laser system (pulse width 18 ps) and corresponding nanosecond
laser flash photolysis with laser pulses from a Qunta-Ray CDR Nd:YAG
system (532 nm, 6 ns pulse width) or alternatively from a Molectron UV-
400 nitrogen laser system (337.1 nm, 8 ns pulse width).[19] Pulse radiolysis
experiments were performed by utilizing 50 ns pulses of 8 MeV electrons
from a Model TB-8/16-1S Electron Linear Accelerator.[20]


Materials : C60 was purchased from Bucky USA (99.5 %). All other reagents
were used as purchased from Aldrich. cis-Bis(2,2'-bipyridine-N,N')-dichloro-
ruthenium(ii) dihydrate,[21] N-methylfulleropyrrolidine 7,[8] mononuclear
dyad 8 [Ru(bpy)2(L1)][PF6]2 (L1�N-methylfulleropyrrolidine-2-spiro-
17'b-(ol-2,2'-bipyridylcarboxylate)-5'a-androstanyl),[1d] mononuclear ruth-
enium(ii) model 9 [Ru(bpy)2(L2)][PF6]2 (L2� 17b-(ol-2,2'-bipyridylcarbox-
ylate)-5a-androstan-3-one),[1d] were prepared as described in the literature.
All solvents were distilled prior to use. Dichloromethane and acetonitrile
employed for UV/Vis, steady-state luminescence, pico- and nanosecond
flash photolysis and pulse radiolysis measurements were commercial
spectrophotometric grade solvents that were carefully deoxygenated prior
to use. TBAH (puriss. from FLUKA) was used as supporting electrolyte as
received. THF (LiChrosolv, Merck) was treated according to a procedure
reported elsewhere.[22] For the electrochemical experiments, THF was
distilled into the electrochemical cell, prior to use, using a trap-to-trap
procedure.


Synthesis of [Ru2(bpy)4(4)][PF6]4 (5): A solution of fulleropyrrolidine 4
(24 mg, 0.018 mmol), [Ru(bpy)2Cl2] ´ 2 H2O (31 mg, 0.060 mmol) and
NH4PF6 (53 mg, 0.32 mmol) in 1,2-dichloroethane (7 mL) was heated to
reflux for 4 h under a nitrogen atmosphere in the dark. The reaction was
monitored by TLC (toluene/AcOEt 6:4), following the consumption of 4.
After filtration, the solvent was evaporated under reduced pressure and the
residue dissolved in a minimum amount of CH3CN, followed by precip-
itation by MeOH/Et2O (1:1). The precipitate, isolated by centrifugation,
was washed with CH2Cl2, MeOH, water, and then dried in vacuum
affording 1 (24.5 mg, 49%) as a green solid. NMR (CD3CN, 25 8C): proton
and carbon NMR spectra show mainly broad resonances in the aliphatic
and aromatic regions (see text); IR (KBr): nÄ � 2925, 1718, 1447, 841, 764,
558, 528 cmÿ1; UV/Vis (CH2Cl2): lmax (e)� 250 (98 600), 279 (111 000), 382
(19 800), 405 (22 000), 620 nm (10 600 molÿ1 dm3 cmÿ1); MS (MALDI): m/z
(%): 2174 [Mÿ 4PF6]� ; MS (FAB) 1762 [Mÿ 4 PF6(bpy)2Ru]� , 720 [C60]� ;
elemental analysis calcd (%) for C140H77N13O2F24P4Ru2 (2755.2): C 61.0, H
2.8, N 6.6; found: C 58.7, H 2.8, N 6.1.


N-methylfulleropyrrolidine-2-spiro-17'b-(ol-2,3-bipyridin-2-yl-quinoxa-
line-6-carboxylate)-5'a-androstanyl (4): A solution of C60 (140 mg,
0.19 mmol), sarcosine (81 mg, 0.91 mmol), and ester ± ketone 3 (130 mg,
0.22 mmol) in toluene (140 mL) was heated to reflux for 4 h. The reaction
was monitored by TLC (toluene/AcOEt 6:4), following the formation of 4
(Rf� 0.63). The solvent was evaporated under reduced pressure, and the
crude product purified by flash column chromatography (SiO2). Elution
with toluene and subsequently with toluene/AcOEt 9:1 gave 4 (81 mg,
32%) along with unreacted C60 (80 mg, 57%). 1H NMR (250 MHz, CD2Cl2/
CS2 2:1, 25 8C, TMS): fulleropyrrolidine 4 is a mixture of diastereoisomers
(see text). The resonances relative to the minor diastereoisomer are given
only when possible: d� 8.77 (d, 4J(H,H)� 1.4 Hz, 1 H), 8.73 (minor, d,
4J(H,H)� 1.5 Hz, 1H), 8.32 (dd, 3J(H,H)� 8.8 Hz, 4J(H,H)� 1.9 Hz, 1H),
8.28 (minor, dd, 3J(H,H)� 8.8 Hz, 4J(H,H)� 1.5 Hz, 1 H), 8.10 ± 8.19 (m,
3H), 7.97 ± 8.02 (m, 2 H), 7.75 ± 7.82 (m, 2 H), 7.14 ± 7.20 (m, 2H), 4.95 (m,
2H; pyrrolidine-CH2), 4.92 (t, 3J(H,H)� 7.8 Hz, 1H; CH at position 17 of
the androstane), 4.79 (minor, t, 3J(H,H)� 7.8 Hz; CH at position 17 of the
androstane), 4.54 (minor, s, 2H; pyrrolidine-CH2), 3.46 (s, 3 H; NÿCH3),
2.88 (minor, s, 3H; NÿCH3), 1.04 (minor, s, 3H; CH3), 1.02 (s, 3H; CH3),
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0.98 (s, 3H; CH3). Resonances due to the androstane moiety, that appear as
a complex cluster of signals between d� 0.5 and 2.8, are not reported);
13C NMR (62.9 MHz, CD2Cl2/CS2 2:1, 25 8C, TMS): d� 165.23, 165.11,
157.48, 157.45, 155.85, 154.06, 153.51, 148.17, 146.90, 146.53, 146.40, 146.32,
146.09, 145.98, 145.88, 145.57, 145.39, 145.30, 145.21, 145.17, 145.07, 144.63,
144.48, 143.32, 142.98, 142.85, 142.79, 142.69, 142.50, 142.46, 142.40, 142.30,
142.22, 142.08, 141.96, 141.92, 141.88, 140.36, 140.31, 140.05, 140.00, 136.36,
135.56, 135.49, 135.42, 132.42, 131.757, 129.94, 129.60, 124.07, 123.97, 123.12,
123.03, 84.18, 84.12, 80.10, 78.88, 76.46, 72.26, 69.69, 69.63, 65.31,.54.89,
54.80, 51.29, 50.88, 43.45, 43.26, 42.62, 38.87, 37.57, 37.30, 36.67, 36.18, 36.05,
35.92, 35.68, 35.62, 33.90, 32.21, 31.96, 29.11, 28.20, 27.39, 24.11, 21.11, 12.67,
12.55, 12.32; IR (KBr): nÄ � 2924, 1721, 1270, 1246, 1094, 787, 762, 528 cmÿ1;
UV/Vis (CH2Cl2): lmax (e)� 254 (132 000), 318 (50 700), 432 nm
(3400 molÿ1 dm3 cmÿ1); MS (MALDI): m/z (%): 1347 [M]� , 627 [Mÿ
C60]� ; calcd exact mass (HR-FAB, 3-nitrobenzyl alcohol (3-NBA)/Gly/
1% trifluoroacetic acid (TFA) as matrix): 1348.3652; found 1348.3647
(ÿ0.3 ppm); elemental analysis calcd (%) for C100H45N5O2 (1348.5): C 89.0,
H 3.4, N 5.2; found C 88.9, H 3.1, N 5.2.


17b-(ol-2,3-bipyridin-2-yl-quinoxaline-6-carboxylate)-5a-androstan-3-one
(3): A mixture of dpq-CO2H 1 (164 mg, 0.48 mmol), DMAP (35 mg,
0.29 mmol), and DCC (122 mg, 0.59 mmol) in CH2Cl2 (3 mL) was stirred at
room temperature for 20 min. A solution of 4,5-dihydroxytestosterone 2
(168 mg, 0.58 mmol) in CH2Cl2 (2 mL) was added and the mixture was
stirred for 24 h at room temperature. The reaction was monitored by TLC
(toluene/AcOEt 1:1), following the formation of 3 (Rf� 0.64). The solvent
was evaporated under reduced pressure and the crude product purified by
flash column chromatography (SiO2, eluent toluene/AcOEt 65:35) afford-
ing 6 (266 mg, 92 %) as a white solid. An analytical sample was obtained by
crystallization from isopropanol: m.p. 252 ± 254 8C; 1H NMR (250 MHz,
CDCl3, 25 8C, TMS): d� 8.99 (d, 4J(H,H)� 1.46 Hz, 1H), 8.48 (m, 3H), 8.34
(d, 3J(H,H)� 8.79 Hz, 1H), 8.10 (t, 3J(H,H)� 7.81 Hz, 2H), 7.93 (m, 2H),
7.35 (m, 2H), 5.02 (m, 1H), 2.6 ± 0.8 (unresolved), 1.12 (s, 3H), 1.10 (s, 3H);
13C NMR (62.9 MHz, CDCl3, 25 8C, TMS): d� 211.84, 165.58, 156.88,
156.80, 153.82, 153.26, 148.49, 143.04, 140.34, 136.92, 136.84, 132.33, 131.68,
130.16, 129.55, 124.35, 124.25, 123.35, 123.24, 83.98, 53.70, 50.61, 46.59,
44.62, 43.14, 38.46, 38.08, 36.94, 35.70, 35.19, 33.89, 31.21, 28.73, 27.71, 24.89,
23.65, 20.90, 12.48, 11.46; IR (KBr): nÄ � 2932, 1718, 1273, 1099, 790 cmÿ1;
elemental analysis calcd (%) for C38H40N4O3 (600.8): C 76.0, H 6.7, N 9.3;
found: C 75.8, H 6.7, N 9.2.


[Ru2(bpy)4(17b-(ol-2,3-bipyridin-2-yl-quinoxaline-6-carboxylate)-5a-an-
drostan-3-one)][PF6]4 (6): A solution of 3 (86 mg, 0.14 mmol), [Ru(bpy)2-
Cl2] ´ 2H2O (144 mg, 0.28 mmol) and NH4PF6 (155 mg, 0.95 mmol) in 1,2-
dichloroethane (12 mL) was heated to reflux for 24 h under a nitrogen
atmosphere in the dark. The reaction was monitored by TLC (brine/
acetone/MeOH 6:2:2), following the formation of 6 (Rf� 0.17). The solvent
was evaporated under reduced pressure and the residue, dissolved in a
minimum amount of acetone, precipitated by addition of Et2O. The
precipitate, isolated by centrifugation, was washed with a 1:1 acetone/Et2O
solvent mixture, and then CH2Cl2, and then dried under vacuum affording 6
(206 mg, 73%) as a green solid. NMR (CD3CN, 25 8C, TMS): the proton
and carbon NMR spectra show a complex and unresolved host of
resonances in the aliphatic and aromatic regions. Derivative 6 is in fact a
mixture of diastereoisomers and its NMR behavior is similar to that
discussed for dyad 5 (see text); IR (KBr): nÄ � 2929, 1709, 1448, 840, 764,
558 cmÿ1; UV/Vis (CH2Cl2): lmax� (e) 286 (71 000), 389 (14 500), 405
(17 400), 620 nm (11 900 molÿ1 dm3 cmÿ1); MS (MALDI): m/z (%): 1718
[Mÿ 2PF6]� ; elemental analysis calcd (%) for C78H72N12O3F24P4Ru2


(2007.5): C 46.7, H 3.6, N 8.4; found: C 47.0, H 3.6, N 8.5.


2,3-Dipyridin-2-yl-quinoxaline-6-carboxylic acid (1): A solution of 2,2'-
bipyridine (2.03 g, 9.6 mmol) and 3,4-diaminobenzoic acid (1.49 g,
10.6 mmol) in ethanol (50 mL) was heated to reflux for 1.5 h. The
formation of a gray precipitate was observed. The solid was filtered and
crystallized from ethanol to afford 1 (2.41 g, 73%) as a gray solid: m.p.
232 ± 235 8C; 1H NMR (200 MHz, [D6]DMSO, 25 8C, TMS): d� 13.56 (br s,
1H), 8.70 (s, 1H), 8.29 (m, 4H), 7.99 (m, 4 H), 7.36 (t, 2H); 13C NMR
(62.9 MHz, [D6]DMSO, 25 8C, TMS) d� 166.69, 156.76, 154.10, 153.53,
148.34, 142.32, 139.74, 137.15, 132.90, 130.97, 130.34, 129.65, 124.20, 124.14,
123.76, 123.68; IR (KBr): nÄ � 1689, 1587, 1354, 1312, 1271, 787 cmÿ1;
elemental analysis calcd (%) for C19H12N4O2 (328.3): C 69.5, H 3.7, N 17.0;
found: C 69.6, H 3.5, N 17.0.


N-methyl-3,4-fulleropyrrolidine-2-spiro-5'a-androstanyl (10): A solution of
C60 (53 mg, 0.074 mmol), sarcosine (19.2 mg, 0.22 mmol), and 4,5-dihydro-
testosterone 2 (61.6 mg, 0.22 mmol) in toluene (50 mL) was heated to
reflux for 3 h. The reaction was monitored by TLC (toluene/ethyl acetate
1:1) following the formation of 10 (Rf� 0.67). The crude product was
purified by flash column chromatography (SiO2, eluent toluene then
toluene/AcOEt 9:1) affording 29.5 mg (38 %) of 10 and 22.5 mg (42 %) of
unreacted C60. 1H NMR (250 MHz, CS2/CD2Cl2 2:1, 25 8C, TMS):
resonances relative to the major diastereoisomer are reported along with
those of the minor one when detectable: d� 4.96 (m, 2H; pyrrolidine-
CH2), 4.54 (minor, s, 2H; pyrrolidine-CH2), 3.59 (t, 3J(H,H)� 8.30 Hz, 1H;
CH at position 17 of the androstane), 3.46 (s, 3H; NÿCH2), 2.88 (minor, s,
3H; N-CH2), 1.02 (minor, s, 3H; CH2), 0.96 (s, 3H; CH2), 0.71 (s, 3 H; CH2),
0.67 (minor, s, 3H; CH2). Resonances due to the androstane moiety, that
appear as a complex cluster of signals between d� 0.5 and 2.8, are not
reported; 13C NMR (62.9 MHz, CS2/CD2Cl2 2:1, 25 8C, TMS): d� 157.27,
156.96, 156.82, 156.76, 156.11, 155.85, 155.13, 155.05, 146.89, 146.51, 146.40,
146.30, 146.08, 145.88, 145.56, 145.35, 145.19, 145.06, 144.48, 143.31, 142.69,
142.42, 142.29, 142.22, 141.97, 140.32, 140.03, 139.20, 135.54, 129.12, 128.35,
125.44, 84.17, 82.01, 81.92, 78.88, 76.44, 72.28, 69.67, 65.29, 55.04, 51.50,
51.12, 43.49, 43.30, 43.10, 42.66, 38.86, 37.25, 36.99, 36.69, 36.19, 36.03, 35.89,
33.89, 32.22, 31.99, 31.02, 30.90, 30.14, 25.18, 23.84, 23.74, 21.56, 21.14, 12.55,
12.32, 11.30, 11.23; IR (KBr): nÄ � 3435, 2925, 2866, 2849, 1452, 528 cmÿ1;
UV/Vis (CH2Cl2): lmax� (e) 238 (77 663), 300 (36 106), 430 nm
(3500 molÿ1 dm3 cmÿ1); MS (MALDI): m/z 1039 [M�H]� ; elemental
analysis calcd (%) for C81H35NO (1038.2): C 93.7, H 3.4, N 1.4; found: C
92.9, H 3.2, N 1.3; calcd exact mass (HR-FAB, 3-NBA/Gly/1 %TFA as
matrix): 1038.2797; found 1038.2774 (ÿ2.2 ppm).
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Proton Motion and Proton Transfer in the Formamidine ± Formic
Acid Complex: An Ab Initio Projector Augmented Wave Molecular
Dynamics Study


Alexandra Simperler,[a, b] Werner Mikenda,*[a] and Karlheinz Schwarz[c]


Abstract: An ab initio molecular dy-
namics study performed with the pro-
jector augmented wave method (PAW)
on proton motion and (double) proton
transfer in the formamidine ± formic
acid complex is reported. The PAW
trajectories were calculated with a time
interval of 0.12 fs, for a total evolution
time period of 36 ps, and for temper-
atures in the range 500 ± 600 K. All
proton-transfer processes start with a
proton transition at the OÿH ´´´ N group,
and are followed by a second proton
transition, either at the same group
(ªsingle crossing ± recrossing transi-
tionsº) or at the other group, namely
the NÿH ´´´ O group (ªdouble proton


transfersº). According to the delay be-
tween the two transitions (more or less
than 15 fs), one may distinguish between
ªconcertedº (42%) or ªsuccessiveº
(16 %) single crossing ± recrossing tran-
sitions, and between ªsimultaneousº
(7 %) or ªsuccessiveº (35 %) double
proton transfers. Successive processes
take place via a zwitterionic intermedi-
ate, which remains stable for up to


approximately 120 fs (ªionic regionsº).
The findings are in excellent agreement
with the results of ab initio (HF, MP2)
and density functional theory (DFT;
B3LYP, B3P86) calculations, according
to which the zwitterionic intermediate
that results from the first proton tran-
sition is a true local minimum. Further-
more, it is shown that the optimized
geometries of stationary points (ground
state, transition state, and zwitterion)
comply well with corresponding average
data obtained from the PAW trajectories
for normal periods, crossover points, and
ionic regions.


Keywords: ab initio calculations ´
hydrogen bonds ´ hydrogen transfer
´ molecular dynamics ´ projector
augmented wave method ´ proton
transfer


Introduction


We previously reported projector augmented wave (PAW)[1]


molecular dynamics studies about proton motion and proton
transfer in some selected strongly hydrogen-bonded com-
pounds that are capable of proton transfer: malonaldehyde,[2]


which is the most prominent model system for intramolecular
proton transfer, 5,8-dihydroxy-1,4-naphthoquinone (DHN),[3]


which provides an example of an intramolecular double
proton transfer, and the formic acid dimer (FAD),[3] which is
the most simple model system for intermolecular double


proton transfer. It was shown that in the case of DHN, double
proton transfer takes place preferably by a consecutive two-
step mechanism (i.e., two successive proton transitions),
whereas in the case of FAD, double proton transfer takes
place almost exclusively by a concerted mechanism that
almost simultaneously involves both OÿH ´´´ O groups. In
both cases, the findings complied excellently with the results
of ab initio and density functional theory (DFT) calculations
on transition states and metastable intermediates. The meth-
od employed in these studies, PAW, is a variant of the ab initio
molecular dynamics approach of R. Car and M. Parrinello[4]


(see ref. [5] for recent CPMD studies). PAW is the first all-
electron method and owing to its sophisticated augmentation
scheme, is computationally highly feasible. PAW allows for
finite-temperature molecular dynamics simulations for rela-
tively long time periods (i.e., on a picosecond time scale) and/
or for relatively large systems within reasonable cpu time (see
ref. [6] for some recent PAW studies). Since all nuclear
motions are treated classically, PAW does not account for
quantum effects such as proton tunneling or zero-point
motion. Hence the PAW simulations establish a high-temper-
ature approach for dynamic processes, where quantum
phenomena are negligible to a first approximation.
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Herein, we supplement these PAW proton-transfer studies
with another example, the formamidine ± formic acid complex
(FFA). Along with the guanidine ± formic acid complex, FFA
is a popular model system for the theoretical investigations of
biologically relevant hydrogen-bonded complexes that in-
volve one OÿH ´´´ N and one NÿH ´´´ O bond.[7, 8] For example,
carboxylic groups of glutamic or aspartic acid are well known
to form highly specific complexes with the guanidinium
moiety of arginine. These complexes play an important role in
protein recognition, stabilization, or enzyme ± substrate inter-
actions (i.e., carboxylic substrate fixation).[9] According to the
most recent ab initio and DFT calculations,[8] the most stable
configuration of FFA in the vapor phase is the neutral, doubly
hydrogen-bonded complex (structures 1 and 2 in Figure 1).


For the barrier height, that is the energy difference between 1
and 1-3 (or between 2 and 2-3), values between 8.27 (at the
HF/6-31G(d,p) level) and 1.64 kcal molÿ1 (at the B3LYP/6-
31G�(d,p) level) were obtained; 3.95 kcal molÿ1 resulted
from the highest level CCSD(T)//MP2/6-31G�(d,p) calcula-
tion. Furthermore, at all computational levels, the formami-
dinium ± formate ion pair 3 was found to be a relatively
shallow local minimum approximately 0.3 kcal molÿ1 below
the transition states. Based on their results, the authors
claimed that double proton transfer in FFA occurs asynchro-
nously via the metastable zwitterionic intermediate 3.


In the following, we present time evolutions of R(OH) and
R(HN) bond lengths to visualize the most prominent features
of the molecular-dynamics simulations of FFA. Based on
various blow-ups of these time evolutions, we qualitatively
discuss typical situations within the ªactiveº periods in which
proton transitions and proton-transfer processes take place.
We inspect the average hydrogen-bond geometries and the
respective changes associated with typical situations, and we
compare these data with those obtained from geometry
optimizations (ab initio and DFT) of the prototropic species
shown in Figure 1. We also show that theoretical energy data
comply excellently with the results of the molecular-dynamics
simulations. Finally, we discuss similarities and differences


between the preferred double proton-transfer mechanisms in
FFA, DHN, and FAD.


Methods


The PAW molecular dynamics simulations were performed with constant
time intervals of 0.1209 fs (�5 au) for a total evolution time period of 36 ps
(about 300 000 single time steps). The temperatures of the molecular
dynamics runs (between 500 K and 600 K) were controlled with the NoseÁ ±
Hoover thermostat[10] with a frequency of 15 THz for the NoseÁ variable. At
the beginning of a run, random velocities were added; the velocity
distributions corresponded to temperatures of 150 to 200 K above the
subsequent constant-simulation temperature. Perdew and Zunger�s para-
metrization of the density functional[11] (based on the results of Ceperley
and Alder,[12]) was used, and the generalized gradient correction of Becke


and Perdew was applied.[13] The cut-off
of the plane wave part of the basis
functions was 30 Ry (�15 au), where-
as for the charge density, a cut-off of
60 Ry (�30 au) was chosen. The plane
waves were augmented with s-type
projector functions for hydrogen
atoms, and with s-type and p-type
projectors for carbon, nitrogen, and
oxygen atoms.
Supplementary to PAW simulations,
optimized geometries and vibrational
frequencies were calculated for the
prototropic species of Figure 1 with
the Gaussian98 programs[14] at several
levels of theory (HF, MP2, B3LYP, and
B3P86) using the 6-31G��(d,p) basis
set. As previously noted,[3] energy and
geometry data obtained with the
B3P86 functional are, on average,
closest to the corresponding zero-tem-
perature PAW data. The structures
were fully optimized at all levels of
theory, and each stationary point was
characterized by harmonic-frequency
analysis.


Results and Discussion


PAW trajectories:[15] Figure 2 displays time evolutions of the
R(OH) and R(NH) distances of the two hydrogen atoms, H'
and H'', for a time period of 6 ps (i.e. a total of approximately
50 000 single time steps) at a temperature of 500 K. At that
temperature, the number of processes observed within
reasonable cpu time was large enough for the intended
statistical evaluation. As in our previous studies, two funda-
mental situations can be clearly distinguished: 1) ªnormal
periodsº, in which R(OH') and R(NH') trajectories, as well as
R(OH'') and R(NH'') trajectories, remain clearly separated
from each other (see also Figure 3a). In this case, the two
hydrogen atoms remain trapped at one of the two bridging
atoms (oxygen or nitrogen) and undergo (quasi)stationary
motions with average amplitudes of approximately 10 pm;
and 2) ªactive periodsº, which are characterized by crossover
points of corresponding R(OH) and R(NH) trajectories of
one or both hydrogen atoms (see also Figures 3 b ± f). In this
case, one or both hydrogen atoms undergo nonstationary,
large-amplitude motions (typically 30 pm), by which they
move from one to the other bridging atom.


Figure 1. Prototropic isomers and proton transfer transition states of the formic acid ± formamidine complex
(FFA).
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Figure 2. Time evolution of the R(OH) (black traces) and R(HN) (gray
traces) distances for H' (initial OÿH ´´´ N group) and H'' (initial NÿH ´´´ O
group).


Some typical situations and processes are illustrated in
more detail in Figure 3 by blow-ups (time periods of 120 fs) of
the R(OH) and R(NH) time evolutions of the two hydrogen
atoms, H' and H''. In the normal period shown in Figure 3a,
the above-mentioned stationary proton motions that corre-
spond to common n(OH) and n(NH) stretching vibrations are
clearly evident; the average frequencies are 70 THz
(2400 cmÿ1) and 100 THz (3300 cmÿ1), respectively.


Within the active periods, 58 % of the observed events are
ªsingleº proton-transfer processes, where activity is confined
to the initial OÿH ´´´ N group, while the initial NÿH ´´´ O
group is not involved. Similar to previous studies,[2, 3] these
single processes may be classified as: 1) ªconcerted crossing ±
recrossing transitionsº (32 %), in which the proton moves
from the oxygen atom to the nitrogen atom, and then almost
immediately, with a delay of less than 15 fs as measured by the
difference between the two crossover points, moves back to
the oxygen atom: OÿH ´´´ N!O ´´´ HÿN!OÿH ´´´ N (Fig-
ure 3 b); 2) ªproton-shuttling periodsº (10 %), in which the
proton undergoes several consecutive concerted crossing ±
recrossing transitions: OÿH ´´´ N!O ´´´ HÿN!OÿH ´´´
N!O ´´´ HÿN!OÿH ´´´ N!! (Figure 3 c); and 3) ªsuc-
cessive crossing ± recrossing transitionsº (16 %), in which the
proton moves from the oxygen atom to the nitrogen atom, and
after a delay of more than 15 fs (the maximum delay observed
was 115 fs), moves back to the oxygen atom: OÿH ´´´ N!
O ´´´ HÿN!OÿH ´´´ N (Figure 3d).


A large part of the events within the active periods (42 %)
are ªdoubleº proton-transfer processes, where activity at the
initial OÿH ´´´ N group is followed by activity at the initial
NÿH ´´´ O group: OÿH ´´´ N!O ´´´ HÿN followed by NÿH ´´´
O!N ´´´ HÿO. Analogously to the above distinction between
ªconcertedº and ªsuccessiveº crossing ± recrossing transitions,
the double proton-transfer processes may be classified
according to the delay between the two proton transitions as


Figure 3. Time evolution of the R(OH) (black traces) and R(HN) (gray traces) distances, showing: a) a normal period, b) a concerted crossing ± recrossing
transition, c) a single proton shuttling period, d) a successive crossing ± recrossing transition, e) a simultaneous double proton-transfer process, f) a successive
double proton-transfer process.
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ªsimultaneous processesº (7%), with a delay of less than 15 fs
(the minimum delay observed was 7 fs) (Figure 3 e), or
ªsuccessive processesº (35 %) with a delay of more than
15 fs (the maximum delay observed was 120 fs) (Figure 3f).


Although the limiting delay of 15 fs that was chosen to
distinguish between the different processes may be somewhat
arbitrary, it does have a distinct physical meaning. Essentially,
an OÿH ´´´ N!O ´´´ HÿN proton transition, which is the first
step for all the processes, should result in a zwitterionic
intermediate and the classification raises the question of
whether or not such a metastable intermediate is actually
formed during a process. A delay of 15 fs between the
crossover points of the OÿH ´´´ N!O ´´´ HÿN and the
following NÿH ´´´ O!N ´´´ HÿO transition means that the
zwitterion exists for a time period that corresponds to an
average n(NH) vibrational cycle, which seems to be a
reasonable criterion for a definite formation or existence of
an intermediate. Likewise, we can also define a ªtrue proton
transferº, if the proton becomes trapped at the nitrogen
atom for at least 15 fs. Accordingly, with all successive single
and double processes, a zwitterionic intermediate is formed by
a true proton transfer at the initial OÿH ´´´ N group, which
after some delay (between 15 and 120 fs) becomes restabi-
lized by a second true proton transfer that may involve either
the same or the other proton, H' (�crossing ± recrossing)
or H'' (�double proton transition) (Figures 3 d, f ). Simulta-
neous double proton-transfer processes also start with a
true proton transfer at the initial OÿH ´´´ N group, but
the proton transfer at the initial NÿH ´´´ O group follows
almost immediately, so that the zwitterionic intermediate
is not definitely formed (Figure 3e). On the other hand,
concerted crossing ± recrossing transitions and shuttling
periods do not involve true proton transfers. Instead, crossing
and recrossing are branches of a smooth, large-amplitude
proton motion between the two bridging atoms, that is, parts
of an outstanding nonstationary large-amplitude vibration,[2, 3]


without the definite formation of an intermediate (Figures
3 b, c).


Hydrogen bond lengths: For a more detailed analysis of the
geometric features observed within the PAW trajectories, a
sample data set was constructed that contained the complete
geometric parameters of 624 points (� single time steps) of
the 500 K trajectories: 1) 208 points were arbitrarily chosen
from normal periods, 2) the 208 observed crossover points of
OÿH ´´´ N!O ´´´ HÿN transitions were included, and 3) 208
points were chosen from ªionic regionsº, where both hydro-
gen atoms are clearly trapped at the two nitrogen atoms.
Similar to previous studies,[3] the crossover points were
defined in terms of a proton-transfer reaction coordinate,
1� [R(OH)cosq(HON)]/R(ON). A value of 1� 0.511 was
chosen, which is the appropriate value for the single proton-
transfer transition state 1-3 obtained at the B3P86/6-
31G��(d,p) level of theory (Table 1).


For convenience, in the subsequent discussion we distin-
guish between the two hydrogen bonds according to the
nomenclature used for 1, 1-3, and 3 in Figure 1: R(XY)' refers
to bond lengths of initial OÿH ´´´ N type groups, whereas
R(XY)'' refers to bond lengths of initial O ´´ ´ HÿN type


groups. The R(ON)' distances of the points included in the
sample data set are plotted against the corresponding R(OH)'
distances in Figure 4. At first glance the points are largely
scattered, which gives some impression of the various geo-
metries that are observed within the dynamic runs at temper-
atures of 500 to 600 K. Characteristic differences between the
three classes of points (normal regions, crossover points, and
ionic regions) can, nevertheless, be evaluated by considering
average values as given in Table 1. In the case of R(OH)'
distances, despite significant scattering, the characteristic


Table 1. Selected geometry,[a] and energy[b] and spectroscopy[c] data: A:
average values from PAW trajectories for normal periods, crossover points,
and ionic regions; B: theoretical data for 1, 1-3, and 3.


A B
PAW RHF MP2 B3LYP B3P86
normal periods 1


(OÿH)' 108� 7 97.7 102.8 104.7 106.7
(O ´´´ N)' 161� 16 181.0 163.4 157.8 150.5
(O ´´´ H)'' 205� 32 206.9 193.5 188.8 180.9
(HÿN)'' 104� 4 100.0 101.9 102.5 103.0
(CÿO)' 132� 3 129.8 132.1 131.1 130.0
(C�O)'' 123� 3 119.7 123.4 122.7 122.8
(C�N)' 130� 3 127.0 129.7 129.5 129.3
(CÿN)'' 136� 4 134.0 135.2 134.4 133.6
(O ´´´ N)' 267� 12 278.6 266.1 262.4 257.1
(O ´´´ N)'' 302� 27 303.8 293.2 289.0 282.0
C ´´´ C 400� 16 408.2 398.6 394.9 388.3
(OÿH ´´´ N)' 166� 8 178 176 177 177
(O ´´´ HÿN)'' 156� 13 163 165 165 167
1' 0.401� 0.036 0.351 0.393 0.399 0.415
1'' 0.668� 0.044 0.678 0.657 0.651 0.639
n(OH') 2420 3766 3511 3373 3296
n(NH'') 3300 3483 2699 2384 2127


crossover points 1 ± 3
(O ´´´ H)' 131� 3 127.8 131.0 128.6 127.1
(H ´´´ N)' 124� 3 119.3 118.7 121.6 121.9
(O ´´´ H)'' 168� 15 180.9 167.6 167.1 162.6
(HÿN)'' 108� 4 101.6 104.6 105.3 105.8
(CÿO)' 129� 3 126.0 128.7 128.1 127.1
(C�O)'' 126� 3 122.2 125.8 124.9 124.6
(C�N)' 132� 3 128.5 130.8 130.6 130.3
(CÿN)'' 134� 4 131.5 132.7 132.7 132.2
(O ´´´ N)' 255� 7 247.1 249.7 250.2 248.9
(O ´´´ N)'' 273� 12 280.3 271.3 271.4 267.6
C ´´´ C 381� 9 380.2 380.2 379.8 377.1
(O ´´´ H ´´´ N)' 169� 6 178 178 179 179
(O ´´´ HÿN)'' 162� 9 165 171 170 171
1' 0.511 0.514 0.525 0.514 0.511
1'' 0.612� 0.029 0.643 0.617 0.614 0.606


ionic regions 3
O ´´´ H 156� 11 161.8 151.9 150.7 147.1
H ´´´ N 112� 6 104.5 108.3 109.5 110.2
C :O 127� 3 124.0 127.2 126.5 126.1
C :N 133� 4 129.8 131.6 131.5 131.2
O ´´´ N 265� 7 266.0 260.1 260.0 257.2
C ´´´ C 382� 9 382.4 379.7 379.1 376.1
O ´´´ H ´´´ N 166� 8 174 177 176 177
1 0.583� 0.028 0.608 0.584 0.579 0.572
n(NH)s (2200) 2996 2510 2386 2317
n(NH)a 2854 2293 2182 2114


E(1-3)ÿE(1) 32.6 11.6 6.8 3.4
E(3)ÿE(1) 26.6 11.1 5.5 2.5


[a] Bond lengths in pm, angles in 8. [b] Energy differences in kJ molÿ1.
[c] Vibrational frequencies in cmÿ1.
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Figure 4. R(ON) versus a) R(OH) and b) R(NH) distances of normal
periods (*), crossover points (&), and zwitterionic regions (~) (for the
selection of points, see text).


differences are directly apparent from Figure 4, which is of
course trivial, because the three classes are inherently defined
by small, medium, and large R(OH)' distances. The average
R(OH)' distances obtained from the data set are 108, 131, and
156 pm for normal regions, crossover points, and ionic regions,
respectively. For the R(ON)' distances, the situation is not so
evident from the purely visual view in Figure 4. However, on
average we find similar R(ON)' distances for the normal and
the ionic regions (267 and 265 pm, respectively), but signifi-
cantly shorter R(ON)' distances for the crossover points
(255 pm). In the case of normal regions and crossover points,
the findings comply well with previous results[2, 3] of corre-
sponding R(OO) distances in MA (264 and 238 pm), FAD
(272 and 248 pm), and DHN (263 and 239 pm), although the
differences are less pronounced for the present title com-
pound. Hence, with all the examples studied so far, short
R(X ´´´ Y) distances were found to be a common characteristic
of crossover points, and are therefore favorable for proton
transfer to occur. It should, however, be emphasized that a
shortening of the R(X ´´ ´ Y) bond is not an essential ªfirst
stepº in proton-transfer reactions, neither is proton transfer
purely determined by R(X ´´ ´ Y) distances, but by the full
dynamics of the molecule or molecular complex. Previously, it


was shown by potential energy time evolutions[2, 3] that the
proton motion may be understood reasonably well by
considering the energy situation ªexperienced by the proton
on the flyª, which permanently changes owing to the full
dynamics of the molecule.


Comparison with ab initio and DFT calculations: In Table 1,
theoretical data are summarized for the gas-phase structures
of 1, 1-3, and 3, as obtained at various computational levels.
The energy and geometry data comply well with those
recently reported by Kim et al.[8] In particular, at all levels
of theory: 1) The zwitterionic intermediate 3 was found to be
a rather shallow, but true local minimum (confirmed by
vibrational frequency calculations). 2) The single proton-
transfer transition state 1-3 is an ordinary, first-order saddle
point (also confirmed by vibrational frequency calculations).
3) Attempts to locate a stationary point that corresponds to
the double proton-transfer transition state 1-2, however,
failed throughout.


It was noted in the introduction that based on their results,
Kim et al.,[8] claimed that double proton transfer occurs
asynchronously: 1! 1-3! 3 followed by 3! 3-2! 2. In
principle, this is just what we observe within the PAW
trajectories. As discussed above, beginning at a normal
situation with the two protons clearly trapped at an oxygen
atom and at a nitrogen atom, double proton transfer always
starts with proton transfer at the initial OÿH' ´ ´ ´ N group, and
is followed by another proton transfer at the initial NÿH'' ´ ´ ´ O
group. In the majority of instances (83 % successive proc-
esses), a zwitterionic intermediate is formed, which exists for a
time period longer than an average n(NH) vibrational cycle,
whereas in the minority of instances (17 % simultaneous
processes), the second proton transfer follows too rapidly for
the intermediate to be definitely formed for a reasonable time
period.


At simulation temperatures of 500 ± 600 K we are essen-
tially not dealing with well-defined zero-temperature struc-
tures, but with vibrationally highly excited and hence largely
distorted molecules. It can be seen in Figure 4 that the actual
geometries of the individual time steps of a given class may
vary significantly. Nevertheless, there should or even must be
a close equivalence between the molecular geometries
observed within the molecular dynamics runs and the
optimized geometries of the prototropic species in Figure 1.
Reasonably, in terms of Figure 1, the normal periods should
correspond to the ground-state structure 1 (or to the sym-
metrically equivalent structure 2). Furthermore, the ionic
regions that result from OÿH ´´´ N!O ´´´ HÿN proton trans-
fer should correspond to the zwitterionic intermediate 3, and
the crossover points should correspond to the transition state
1-3 (or to the symmetrically equivalent structure 2-3).


Indeed, the expected correspondence between the sta-
tionary points 1, 1-3, and 3 on the one hand and the normal
regions, the crossover points, and the ionic regions on the
other hand, becomes clearly evident by considering average
PAW geometries (Table 1). This is shown in Figure 5 for some
selected bond lengths, for which theoretical data obtained at
MP2/6-31G��(d,p) and B3P86/6-31G��(d,p) levels of theo-
ry are plotted along with the corresponding average PAW data
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Figure 5. Comparison between selected bond lengths of 1, 1-3, and 3, as obtained at MP2/6-31G��(d,p) (&) and B3P86/6-31G��(d,p) (*) levels of theory,
and corresponding average PAW bond lengths (~) of normal periods, crossover points, and ionic regions.
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as obtained from our sample data set (see also Table 1). The
agreement between the theoretical and the (average) PAW
bond lengths is certainly excellent, not only from a qualitative,
but also from a quantitative point of view.


Double proton transfer in FFA, FAD, and DHN: To conclude,
we briefly compare the preferred double proton-transfer
mechanisms in the title compound with those in the two
previously studied compounds DHN and FAD.[3] In the case
of DHN, it was found that double proton transfer preferably
takes place by means of a successive two-step mechanism with
a delay between the two consecutive proton transitions of up
to approximately 250 fs. On the contrary, it was found in the
case of FAD that double proton transfer almost exclusively
takes place by means of an almost simultaneous mechanism,
with a delay between the two proton transitions of less than
12 fs. These differences were fully consistent with zero-
temperature geometry optimizations. In the case of DHN,
single proton transfer yields a metastable intermediate,
namely the 4,8-dihydroxy-1,5-naphthoquinone tautomer,
whereas in the case of FAD, single proton transfer does not
result in a metastable intermediate. On the other hand, a
double proton transition state could be located for FAD, but
not for DHN.


In the case of FFA, the situation is similar to that of DHN.
Single proton transfer at the initial OÿH ´´´ N group yields a
metastable intermediate, the zwitterionic structure 3, whereas
a double proton-transfer transition state 1-3 could not be
located. Consequently, similar to the case of DHN, double
proton transfer in FFA preferably (>80 %) takes place by
means of a successive two-step process, with a delay up to
approximately 120 fs between the two proton transitions.


Conclusion


The finite-temperature PAW molecular dynamics study on
proton motion and proton transfer in FFA reported herein
integrates well with previous work on MA, DHN, and
FAD.[2, 3] All proton-transfer processes start with a proton
transition at the OÿH ´´´ N group, which is followed by a
second proton transition that involves either the same proton
(single processes) or the other (NÿH ´´´ O proton, double
processes). Additionally, one may distinguish between simul-
taneous (or concerted) and successive processes. A limiting
delay of 15 fs between the crossover points of the two
transitions was chosen to ensure that in the latter cases, the
zwitterionic intermediate that results from a proton transfer at
the OÿH ´´´ N group exists for a time period of at least one
average n(NH) vibrational cycle. According to this classifica-
tion, the PAW trajectories revealed 42 % concerted single
crossing ± recrossing transitions (including shuttling periods
with several consecutive transitions), 16 % successive single
crossing ± recrossing transitions (with a maximum delay of
115 fs), 7 % simultaneous double proton transfers (with a
minimum delay of 7 fs), and 35 % successive double proton
transfers (with a maximum delay of 120 fs).


The findings obtained from the PAW simulations are largely
consistent with the results of ab initio and DFT calculations.


At all levels of theory, the zwitterionic intermediate that
results from a single proton transfer at the OÿH ´´´ N group is
a true local minimum, whereas a transition state that
corresponds to a true concerted double proton transfer could
not be located. Hence from theoretical data, double proton
transfer is expected to take place via the metastable zwitter-
ionic intermediate. Furthermore, it was found that the
optimized geometries of the stationary points (ground state,
single proton-transfer transition state, zwitterion) comply
excellently with the corresponding average geometry data of
the normal periods, the crossover points, and the ionic regions
obtained from the PAW trajectories.
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Asymmetric Nickel-Catalyzed Hydrocyanation of Vinylarenes by Applying
Homochiral Xantphos Ligands


Wolfgang Goertz,[c] Paul C. J. Kamer,[b] Piet W. N. M. van Leeuwen,[b] and Dieter Vogt*[a]


Abstract: New homochiral xantphos-type diphosphonite ligands with binaphthoxy
substituents have been prepared and characterized by NMR spectroscopy. These
ligands have been applied in the nickel-catalyzed hydrocyanation of styrene and
other vinylarenes. Enantioselectivities up to 63 % ee have been obtained by using
4-isobutylstyrene as a substrate. Addition of an excess of ligand strongly inhibits the
hydrocyanation reaction since the bis-chelate nickel complexes formed are highly
stable and catalytically inactive.


Keywords: asymmetric catalysis ´
homogeneous catalysis ´ hydrocya-
nation ´ nickel ´ P ligands


Introduction


Functionalization of olefins by homogeneously catalyzed
reactions provides access to a wide variety of valuable
intermediates for industrial application.[1] One of the most
prominent examples is the twofold addition of HCN to
butadiene known as the DuPont ADN Process.[2] During the
past decade, the asymmetric hydrocyanation of norbornene
and vinylarenes has attracted new interest. The most success-
ful ligand systems for these reactions are based on either
binaphthyl-[3, 4] or sugar-derived backbones.[5] We have devel-
oped a class of chelating diphosphanes with rigid backbones
and large natural bite angles based on xanthene-type poly-
cyclic heteroarenes, the so-called xantphos ligands
(Scheme 1). These compounds were successfully applied in
rhodium-catalyzed hydroformylation,[6] in palladium-cata-
lyzed cross-coupling,[7] allylic alkylation reactions,[8] and in
nickel-catalyzed hydrocyanation.[9] It has been shown that the


Scheme 1. Xantphos ligands.


bite angle and the rigidity of the backbone as well as
electronic properties are very important ligand characteristics
which determine the activity and selectivity of the catalysts.
The unique performance of the xantphos ligands prompted us
to prepare chiral derivatives for application in asymmetric
catalysis. Herein we describe their synthesis and application in
the asymmetric hydrocyanation of styrene, 4-isobutylstyrene,
and 6-methoxy-2-vinylnaphthalene [Eq. (1)].


Results and Discussion


Synthesis of the xantphos diphosphonite ligands : New homo-
chiral xantphos ligands 3 ± 5 were prepared by reaction of
easily accessible diamidophosphorus xanthene compounds 1
and 2 with two equivalents of enantiomerically pure bi-
naphthyl derivatives (Scheme 2).


(S)- and (R)-2,2'-dihydroxy-1,1'-binaphthyl[10] and the cor-
responding 3,3'-dimethyl derivatives[11] were prepared accord-
ing to literature procedures. Condensation reactions of the
phosphoramido backbones with the aromatic diols were
carried out at 90 8C in toluene; the diethylamine liberated
was periodically removed in vacuo. While the reaction was
complete after 40 h with binaphthol, reaction with the 3,3'-
dimethylbinaphthol took 5 days to reach completion. At-
tempts to prepare the corresponding 3,3'-bis-trimethylsilyl
derivative failed. Even after two weeks of reflux in toluene no
product was observed, and only the intermediate with one
binaphthol group attached to each of the phosphorus atoms
through only one oxygen atom was obtained. The new
homochiral ligands show only one peak in 31P{1H} NMR
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5600 MB Eindhoven (The Netherlands)
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spectra, while reactions of the backbones with a racemic
binaphthyl mixture afford the meso compounds with a
different signal.


Molecular modeling : The geometries of all new ligands and
selected nickel complex fragments have been simulated by
molecular modeling based on force field calculations.[12] The
calculated structures clearly show that only little adjustment is
necessary to form a chelate complex, since the PÿP distances
and the orientation of the lone pairs of the phosphorus atoms
are almost ideal for nickel complexation. However, a rooflike


distortion of the backbone (Cs


symmetry) is predicted both in
the free ligands and in the
nickel complexes (Scheme 3).


If the stereoselective step in
the catalytic reaction sequence
is under thermodynamic con-
trol, it can be expected that two
of the four possible coordina-


tion modes of a coordinating substrate should be efficiently
disfavored by the ligand to achieve high enantioselectivity
(Scheme 4). For a C2 symmetric ligand this would probably be
the upper right and lower left case (B and D) in Scheme 4.


Scheme 4. Coordination modes of a substrate at a metal ± chelate frag-
ment.


The bending of the xanthene skeleton in these sterically
demanding diphosphonite ligands causes the loss of C2


symmetry in nickel complexes (Figure 1). As can be seen
from the model, only one of the possible coordination sites at
the nickel center (D) is blocked efficiently for an incoming
substrate. The second binaphthyl moiety flips down, so only a
mediocre enantiomeric ratio is expected. On the basis of the
molecular modeling calculations, the 3- and 3'-positions of the
binaphthoxy substituents should strongly influence the enan-
tiodetermining coordination of the substrate. To verify this


assumption, the steric hindrance
at this position was increased by
introducing methyl groups (i.e.
Thix(S,S)BinoMe 5).


Hydrocyanation experiments :
The efficiency of the new ligands
was tested in the asymmetric
hydrocyanation of styrene and
other vinylarenes. The reactions
were carried out by adding liquid


hydrogen cyanide in one portion. Under optimum conditions
no deposition of Ni species due to formation of Nickel
dicyanides was observed throughout the reaction. This under-
lines the high stability of the catalysts against HCN. In each
case, the branched nitrile was the major product with
regioselectivities in the range of 99 %. In the asymmetric
hydrocyanation of styrene, ligands 3 a and 4 give low ee values
of 12 and 14 %, respectively (Table 1, entries 1 and 2). The
ligand based on the phenoxathine backbone 4 shows a much
higher activity and nitrile selectivity. This is in accordance
with our earlier results in the reactions with the simple
xantphos diphosphanes.[9] Introduction of the two methyl
groups in the 3- and 3'-positions of the binaphthyl units results
in a threefold higher ee of 42 % (Table 1, entry 3). This
confirms the importance of this position for the stereo-
selection.


Scheme 2. Synthesis of homochiral xantphos diphosphonite ligands.


Scheme 3. Rooflike distortion
of the ligand backbone.


Figure 1. Simulated structure of a Ni(Xant(S,S)Bino) fragment.


Table 1. Asymmetric hydrocyanation of styrene catalyzed by xant-
phosÿnickel(0) complexes.[a]


Entry Ligand S/Ni Conversion Yield [%] Selectivity ee
[%][b] [%] [%][c] [%][d]


1 3 a 20 69 61 89 12(2)
2 4 20 88 81 93 14(2)
3 5 100 22 17 78 42(2)


[a] Conditions: toluene (2 mL), styrene (1.3 mmol), Ni/ligand ratio� 1.05,
styrene/HCN ratio� 1.25, T� 333 K, t� 16 h. [b] Based on styrene. [c] Se-
lectivity, defined as the ratio of yield to conversion given in %. The
regioselectivity of the reaction for the branched nitrile in all runs was
higher than 99:1. [d] The absolute configuration of the product has not
been determined. The number given in parentheses is a peak assignment
referring to the retention time in chiral GC.
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Reaction of the slightly more reactive 4-isobutylstyrene
gave the same trend for activity and selectivity of the ligands
(Table 2). With the bulkier substrate, the increase in enantio-
selectivity is more pronounced, particularly for the 3,3'-
dimethyl derivative Thix(S,S)BinoMe (5). The value of
63 % ee obtained represents the highest ee value reported so
far for the hydrocyanation of 4-isobutylstyrene (Table 2,
entry 3).


As was described earlier, the most electron-rich substrate,
6-methoxy-2-vinylnaphthaline (MVN), showed the highest
activity in the hydrocyanation reaction (Table 3).[5] With all of
the new ligands complete conversion was obtained, yielding
the branched nitrile with complete selectivity within 16 h


(Table 3, entries 1 ± 4). Even at a substrate:catalyst ratio of
200, conversion was still very high, giving the same complete
selectivity without affecting the ee value. The enantiomeric
ligands 3 a and 3 b as expected give the (S) and (R) product
enantiomers, respectively, in approximately 30 % ee (Table 3,
entries 1 and 2). Surprisingly, introduction of the two methyl
groups in the binaphthyl moieties has no effect on the
enantioselectivity in the case of MVN (Table 3, entry 4). The
effect of reaction temperature on the enantioselectivity was


examined for 3 a. In the range from 0 to 60 8C the ee value did
not change and in all cases complete conversion and
selectivity was found.


RajanBabu and co-workers described a strong dependence
of the enantiomeric excess on solvent polarity.[5] They
obtained their best results in apolar solvents such as n-
hexane, and thus we performed the reaction with 3 a in n-
hexane (Table 3, entry 5). To our surprise the ee value drops
from 31 % to 10 %. In comparison, under our reaction
conditions, with the CF3-Glucophos ligand the ee rises from
71 % in toluene to 80 % in n-hexane (Table 3, entries 6 and 7).
Furthermore, addition of polar solvents such as ketones
enhances the enantioselectivity in the case of the xanthene
diphosphonites: in a mixture of toluene/diisopropylketone
(1:1) the ee value goes up to 40 % with ligand 3 a.


This behavior was suggested by the fact that using acetone
cyanohydrin as the hydrogen cyanide source always resulted
in different ee values than for HCN applied neat. It is reported
that the reaction mixture with the glucophos ligand in hexane
is performed as a slurry reaction,[5a] which fits with our own
observation that the reaction mixture is not homogeneous.
The reaction mixture with ligand 3 a in hexane also forms a
slurry, while the mixture in toluene/diisopropylketone dis-
solves homogeneously. This leads us to the conclusion that
these effects may be attributed at least partially to different
solubility of the diastereomeric catalyst ± substrate complexes
formed during the reaction. This may shed new light on the
role that solvent polarity plays in enhancing the enantiose-
lectivity. Detailed studies on this aspect are presently ongoing
in our group.


Catalyst preformation and NMR spectroscopic characteriza-
tion of xantphos ± nickel(0) complexes : During the course of
our studies we observed that the activity of the catalysts
prepared dropped after longer preformation times. Also
addition of more than one equivalent of ligand resulted in
much lower activity, and two equivalents of ligand greatly
inhibit the catalytic reaction. From our earlier studies we
know that the xantphos ligands preferentially tend to form
bis-chelate complexes with nickel(0).[14] In addition it has been
reported that nickel(0) bis-chelate complexes of the gluco-
phos-type ligands show little to no activity in the hydro-
cyanation reaction.[5a]


On mixing [Ni(cod)2] (cod� 1,5-cyclooctdiene) with one
equivalent of ligand 3 a in [D8]toluene, the expected [(cod)-
Ni(3 a)] complex was formed (d� 196.4 (s)), but 10 min after
mixing 20 % of the bis-chelate [Ni(3 a)2] complex were also
present, which showed the AA'XX' pattern (d� 193.5 (t), J�
25.4 Hz; d� 179.6 (t), J� 25.4 Hz) typical for this kind of
ligands.[14] The amount of this species increased over the time
and is the only species present on addition of two equivalents
of 3 a to [Ni(cod)2]. This explains also why in some cases even
with strongly coordinating ligands NiII cyanide is formed. If
bis-chelate complexes are formed, of course, the remaining
[Ni(cod)2] is rapidly deactivated by HCN. To examine this in
more detail the bis-chelate complex of Xant(S,S)Bino,
[Ni(Xant(S,S)Bino)2] (6), was prepared and purified by flash
chromatography. Figure 2 shows the recorded and simulated
31P NMR spectra of the nickel bis-chelate complex 6.[13]


Table 2. Asymmetric hydrocyanation of 4-isobutylstyrene catalyzed by
xantphos ± nickel(0) complexes.[a]


Entry Ligand Conversion Yield [%] Selectivity ee
[%][b] [%] [%][c] [%][d]


1 3a 34 29 85 19(S)
2 4 63 58 92 15(S)
3 5 40 22 55 63(S)


[a] Conditions: Toluene (2 mL), 4-iisobutylstyrene (6.5 mmol), Ni/ligand/4-
isobutylstyrene/HCN ratio� 1:1.05:100:125, T� 333 K, t� 16 h. [b] Based
on 4-isobutylstyrene. [c] Selectivity, defined as the ratio of yield to
conversion given in %. The regioselectivity of the reaction for the branched
nitrile in all runs was higher than 99:1. [d] The absolute configuration of the
product has been determined by chiral HPLC and attributed according to
the literature.[5]


Table 3. Asymmetric hydrocyanation of 6-methoxy-2-vinylnaphthalene
catalyzed by xantphos ± nickel(0) complexes.[a]


Entry Ligand Conversion Yield [%] Selectivity ee
[%][b] [%] [%][c] [%][d]


1 3 a 99 99 > 99 31(S)
2 3 b 99 99 > 99 30(R)
3 4 99 99 > 99 30(S)
4 5 > 99 > 99 > 99 29(S)
5 3 a[e] 32 32 > 99 10(S)
6 CF3-Glucophos 30 29 97 71(S)
7 CF3-Glucophos[e] 98 98 > 99 80(S)


[a] Conditins: toluene (2 mL), MVN (1.3 mmol), Ni/ligand/MVN/HCN
ratio� 1:1.05:20:25, T� 333 K, t� 16 h. [b] Based on MVN. [c] Selectivity,
defined as the ratio of yield to conversion given in %. The regioselectivity
of the reaction for the branched nitrile in all runs was higher than 99:1.
[d] The absolute configuration of the product has been determined by
chiral HPLC and attributed according to the literature.[5] [e] Reaction
performed in n-hexane.
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Figure 2. Recorded (left) and simulated (right) 31P {1H} NMR spectra of 6.


The bis-chelate complex 6 is totally inactive in the hydro-
cyanation reaction, even if the reaction is performed at 150 8C.
No changes were observed in the 31P NMR spectrum on
warming to 70 8C. The NMR spectrum remained unchanged
even after storing the solution for six weeks at room temper-
ature.


While Thix(S,S)Bino 4 shows a similar behavior, no bis-
chelate was observed with the sterically more demanding 3,3'-
dimethyl substituted derivative 5. The 31P NMR spectrum of a
solution of [Ni(cod)2] with one equivalent of 5 only shows a
broad signal at d� 182 beside a little free ligand at d� 168.6.
Addition of a second equivalent of 5 does not change the
spectrum, even after heating. This explains, why this ligand
does not show any change of activity with regard to the
preformation time of the catalyst.


Ligand 5 is sterically too demanding to allow the formation
of a bis-chelate complex. In this way deactivation of the
catalyst by formation of catalytically inactive bis-chelate
species is circumvented and also no NiII cyanide is formed at
all. This could be the key for future development of more
active and stable hydrocyanation catalysts. However, as
commonly observed, there is a delicate balance between
activity and stereoselectivity upon increasing the steric
encumbrance of the ligands.


No olefin substrate complexes were obtained either by
exchange of cod in [LNi(cod)] (L� ligands discussed herein)
complexes, nor by reduction of a NiII salt with Zn dust in the
presence of ligand and the olefin.


Conclusion


New chiral diphosphonite ligands possessing a rigid ligand
backbone and large natural bite angles have been prepared
which are based on a xanthene-type backbone and 2,2'-
dihydroxy-1,1'-binaphthyl derivatives. These ligands readily
form nickel(0) complexes that catalyze the asymmetric hydro-
cyanation of vinylarenes. A maximum of 63 % ee was
obtained for the reaction of 4-isobutylstyrene. In the reactions
discussed the branched nitrile products were formed exclu-
sively in very high yields. The strongly coordinating diphos-
phonite ligands tend to form very stable and catalytically
inactive bis-chelate complexes. Introduction of steric encum-


bering substituents in the 3,3'-position of the binaphthyl
moieties prevents the formation of bis-chelates. These new
chiral ligands can be varied easily in a modular way. The
findings presented here could be a key for the development of
highly active and more generally applicable catalysts for
asymmetric hydrocyanation. We are currently investigating
the application of these new chiral diphosphonites in a
number of asymmetric catalytic reactions.


Experimental Section


General : All experiments were carried out under an atmosphere of purified
argon using standard Schlenk techniques. Solvents were dried and freshly
distilled prior to use. The NMR spectra were recorded on a BrukerDPX300
spectrometer. Styrene and 4-isobutylstyrene were distilled over calcium
hydride, 6-methoxy-2-vinylnaphthalene (MVN) was purified by sublima-
tion in vacuo. 4,6-Bis[bis-diethylamino]phosphonito)-2,8-dimethyl phenoxa-
thiine (2) was synthesized as described in the literature.[14] [Ni(cod)2] was
prepared according to literature methods.[15]


Caution! HCN is a highly toxic, volatile liquid (b.p. 27 8C) that is
susceptible to exothermic and uncontrolled polymerization in the presence
of basic catalysts. It should be handled only in a well-ventilated fume hood
and by teams of at least two technically qualified persons who have
received appropriate medical training for treating HCN poisoning. Sensible
precautions include also the use of HCN monitoring equipment. Unin-
hibited HCN should be stored at a temperature lower than its melting point
(ÿ13 8C).


Syntheses


4,5-(Bis[bis-diethylamino]phosphonito)-9,9-dimethylxanthene (1): 9,9-Di-
methylxanthene (3.0 g, 14.3 mmol) and N,N,N',N'-tetramethylethylendi-
amine (4.14 g) were dissolved in diethyl ether (50 mL) and cooled to 230 K.
n-Butyllithium (14.3 mL of a 2.5m solution in hexanes, 35.7 mmol) was
added slowly, giving a red solution. The mixture was stirred at room
temperature for 16 h and then added to a solution of chloro(bis-
diethylamino)phosphane (6.32 g, 35.7 mmol) in pentane (30 mL) at
230 K. After the mixture had been stirred for 16 h at room temperature
and the solvents had been evaporated, a yellowish crude product was
obtained. The compound was recrystallized from pentane. Yield 4.80 g
(60 %). 1H NMR (300 MHz, C6D6, 25 8C): d� 7.60 (d, J� 7.5 Hz, 2H), 7.22
(d, J� 7.5 Hz, 2H), 7.06 (t, J� 7.5 Hz, 2 H), 3.19 (m, 16H; CH2), 1.55 (s, 6H;
CH3), 1.06 (t, 12 H; CH3); 13C{1H} NMR (75 MHz, C6D6): d� 151.0, 130.6,
130.1, 129.5, 126.0, 122.4, 43.3 (CH2), 33.9 (CCH3), 32.7 (CCH3), 14.5
(CH2CH3); 31P{1H} NMR (121 MHz, C6D6): d� 92.3; elemental analysis
calcd (%) for C31H52N4OP2 (558.7): C 66.6, H 9.38, N 10.0; found: C 65.5, H
9.26, N 9.7.


(S,S)-4,5-Bis(dinaphtho[d,f][1,3,2]dioxaphosphepino)-9,9-dimethylxan-
thene (3a): Compound 1 (558.7 mg, 1.0 mmol) and (S)-2,2'-dihydroxy-1,1'-
binaphthyl (572.7 mg, 2.0 mmol) were dissolved in toluene (5 mL) and the
solution was stirred at 383 K for 40 h. The mixture was evaporated to
dryness to give a colorless crystalline product. Yield 830 mg (99 %).
1H NMR (300 MHz, C6D6): d� 7.58 (d, J� 7.7 Hz, 4 H), 7.57 (d, J� 8.4 Hz,
4H), 7.49 (d, J� 8.6 Hz, 4H), 7.44 (d, J� 8.7 Hz, 4 H), 7.37 (d, J� 8.8 Hz,
2H), 7.32 (d, J� 7.7 Hz, 4 H), 7.29 (d, J� 8.8 Hz, 2H), 6.93 (d, J� 7.6 Hz,
2H), 6.91 (d, J� 7.6 Hz, 2H), 6.50 (dd, J� 7.6 Hz, 2 H), 1.44 (s, 6 H; CH3);
13C{1H}NMR (75 MHz, C6D6): d� 152.2, 151.4, 134.0, 132.0, 130.0, 129.8,
129.4, 129.0, 128.8, 122.1, 119.4, 20.5 (CH3); 31P{1H} NMR (121 MHz, C6D6):
d� 178.1.


(R,R)-4,5-Bis(dinaphtho[d,f][1,3,2]dioxaphosphepino)-9,9-dimethylxan-
thene (3 b): This compound was synthesized analogously to 3a giving
matching analytical data.


(S,S)-4,6-Bis(dinaphtho[d,f][1,3,2]dioxaphosphepino)-2,8-dimethylphen-
oxathiine (4): Compound 2 (576.8 mg, 1.0 mmol) and (S)-2,2'-dihydroxy-
1,1'-binaphthyl (572.7 mg, 2.0 mmol) were dissolved in toluene (5 mL) and
the solution was stirred at 383 K for 45 h. The mixture was evaporated to
dryness to give a colorless crystalline product. Yield 848 mg (99 %).
1H NMR (300 MHz, CD2Cl2): d� 7.77 ± 6.71 (m, 28H), 1.84 (s, 6 H; CH3);
13C{1H} NMR (75 MHz, CD2Cl2): d� 153.5, 152.7 (t, J� 10.9 Hz), 150.4,
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149.7 (t, J� 2.9 Hz), 138.5, 134.9, 134.3, 113.4, 133.1, 132.2, 131.7, 131.2,
130.7, 130.0, 129.9, 129.5, 129.3, 129.0, 128.8, 127.2, 126.8, 124.4, 122.1, 120.2,
118.6, 20.7 (CH3); 31P{1H} NMR (121 MHz, C6D6): d� 176.4.


(S,S)-4,6-Bis{di(3,3'-dimethyl)naphtho[d,f][1,3,2]dioxaphosphepino)-2,8-
dimethylphenoxathiine (5): Compound 2 (576.8 mg, 1.0 mmol) and (S)-2,2'-
dihydroxy-3,3'-dimethyl-1,1'-binaphthyl (628.8 mg, 2.0 mmol) were dis-
solved in toluene (5 mL) and the solution was stirred at 383 K for 120 h.
The mixture was evaporated to dryness to give a slightly yellow crystalline
product. Yield 895 mg (98 %); 1H NMR (300 MHz, CD2Cl2): d� 7.86 ± 7.10
(m, 24 H), 2.45 (s, 6H; BinoMe), 2.29 (s, 6H; BinoMe), 1.86 (s, 3H; CH3),
1.84 (s, 3 H; CH3); 13C{1H} NMR (75 MHz, CD2Cl2): d� 153.7 ± 148.6 (10
C), 138.5, 134.8 ± 120.5 (39 C), 111.5, 20.7 (CH3), 17.4 (BinoMe); 31P{1H}
NMR (121 MHz, C6D6): d� 168.6.


[Nickel{(S,S)-4,5-bis(dinaphtho[d,f][1,3,2]dioxaphosphepino)-9,9-dime-
thylxanthene}2] (6): [Ni(cod)2] (41 mg, 0.15 mmol) and ligand 3 a (251.6 mg,
0.30 mmol) were dissolved in toluene (2 mL) and the solution was stirred at
298 K for 1 h. The mixture was allowed to evaporate to dryness to give a
bright yellow crystalline product. The complex 6 was purified by
chromatography over a short pad of silica with toluene as solvent. Yield
237 mg (91 %); Rf� 0.70; 1H NMR (300 MHz, CD2Cl2): d� 8.51 (d, J�
8.7 Hz, 2 H), 8.10 (d, J� 9.0 Hz, 2 H), 7.84 (d, J� 8.1 Hz, 2H), 7.77 ± 7.08 (m,
42H), 6.79 (m, 6H), 6.39 (d, J� 9.0 Hz, 2 H), 6.28 (d, J� 8.7 Hz, 2 H), 5.82
(dd, J� 7.5 Hz, 2 H), 1.96 (s, 6H; CH3), 1.60 (s, 6H; CH3); 13C{1H} NMR
(75 MHz, CD2Cl2): d� 155.9 (t, J� 6.7 Hz), 154.9 (t, J� 6.8 Hz), 152.4,
152.2, 149.4, 149.2, 149.0, 135.1 ± 119.5 (90 C), 35.7 (CCH3), 29.0 (CCH3),
21.5 (CCH3); 31P{1H} NMR (121 MHz, CD2Cl2): d� 193.0 (ddd, J�
25.4 Hz), 179.7 (ddd, J� 25.4 Hz), AA'XX' system.


Hydrocyanation experiments


Asymmetric hydrocyanation of styrene : In a typical experiment, a bright
yellow solution of [Ni(cod)2] (0.065 mmol) in toluene (2 mL) was added to
a Schlenk tube containing a stirring bar and 1.05 equivalents of ligand. The
mixture was stirred for 30 min to ensure complete formation of the catalyst
precursor. Then styrene (1.3 mmol) was added. The solution was cooled to
220 K, liquid HCN (63 mL, 1.625 mmol) was added in one portion and the
tube was placed in a heating bath. After 16 h at 333 K, the excess of HCN
was removed by a gentle stream of argon, solid particles were removed by
centrifugation and the remaining solution was analyzed by temperature-
controlled gas chromatography. The enantioselectivity of the reaction was
also determined by GC using a 25 m Lipodex E column.


Asymmetric hydrocyanation of isobutylstyrene and 6-methoxy-2-vinyl-
naphthalene : The reaction was carried out as described above. Quantitative
analysis was carried out by GC methods. The enantioselectivity was
determined by chiral HPLC using a Chiracel OJ column. Samples for
HPLC were passed through a short pad of silica gel. The absolute
configuration of the enantiomers was assigned in accordance to a literature
procedure.
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Asymmetric Induction of Conduritols via AAA Reactions:
Synthesis of the Aminocyclohexitol of Hygromycin A


Barry M. Trost,* Joseph Dudash, Jr., and Erik J. Hembre[a]


Abstract: Two synthetic routes towards
the construction of the aminocyclohex-
itol moiety of hygromycin A have been
developed based on palladium-cata-
lyzed asymmetric alkylation of condur-
itol derivatives. A protocol has been
established whereby this biologically
relevant molecule is formed from ben-
zoquinone. A conduritol A derivative is
synthesized in eight steps from benzo-


quinone and is then subjected to the
palladium reaction. From this flexible
intermediate, four epimers of the ami-
nocyclitol, including the natural one, can
be obtained with complete stereoselec-


tivity. Racemic conduritol B derivatives
are available in four steps from benzo-
quinone, and these are then made enan-
tiomerically pure by a palladium-cata-
lyzed dynamic kinetic resolution. From
the chiral conduritol B, the aminocycli-
tol is available in six steps. Excellent
levels of enantio- and diastereoselectiv-
ity highlight these strategies.


Keywords: amino alcohols ´ asym-
metric catalysis ´ asymmetric syn-
thesis ´ palladium ´ total synthesis


Introduction


Aminocyclitols represent a continuing and growing class of
important compounds for biological function. The amino-
cyclohexitols represented by streptomycin [containing strept-
amine moiety (1)] and kanamycin [containing 2-deoxy-strept-
amine moiety (2)] are significant antibiotics.[1] Recently, the
aminocyclopentitols represented by allosamidin [containing
allosamizoline (3)][2] and mannostatin (4)[3] illustrate the five-
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membered ring analogues also have promise for biological
applications. Developing general synthetic strategies to these
families of compounds constitutes an important objective to


enable a broader investigation of the utility of such com-
pounds. Previous work in these laboratories developed a
general strategy for the asymmetric synthesis of the amino-
cyclopentitols 3 and 4[4] which was further improved by our
ability to utilize the asymmetric allylic alkylation (AAA)
reaction[5] to desymmetrize meso-diols with >95 % ee.[6] In
this paper, we develop two general strategies to amino-
cyclohexitols based upon the utilization of the AAA reaction
with achiral or racemic conduritols.


Conduritols, the various diastereomers of cyclohexene
tetraols, have been of interest both because of their biological
activity and of their utility as building blocks.[7] For the latter
to be most useful, these compounds must be accessible
asymmetrically. Most approaches rely on the use of chiral pool
starting materials (typically sugars) or on resolution of
racemic material.[8] In the case of conduritols A and D which
are meso-compounds, enzymatic desymmetrization has been
successful.[9] A fascinating strategy employs the asymmetric
microbial dihydroxylation of substituted aromatic rings.[10] An
advantage of the AAA reaction is the ability to easily access
either enantiomeric series simply by change of ligand. Thus,
the range of applications should be significantly enhanced by
such ease of defining the absolute configuration.


Hygromycin A (5) is a fermentation derived natural
product first isolated from Streptomyces hygroscopicus[11] in
1953. The mode of action of hygromycin A is peptidyltrans-
ferase inhibition and the compound shares the same binding
site on the ribosome as chloramphenicol.[12] It has been shown
that inhibition occurs specifically by interfering with peptide
bond formation, resembling chloramphenicol, and is closely
related as 5 inhibits the effects of the latter. It has been
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reported that 5 has a relatively broad spectrum of activity
against Gram-positive and Gram-negative bacteria.[11a,b] Re-
cently, 5 has attracted renewed interest due to the discovery of
its hemaglutination inactivation activity[13] as well as its high
antitreponemal activity,[14] especially as an effective agent for
the control of swine dysentery, a mucohemorrhagic disease of
economic importance to swine producers. Furthermore the
antibiotic also demonstrates efficacy in the treatment of an
induced dysentery infection model of swine at a level of 5 ±
20 g per ton feed.[11b]


The structural studies of 5, using a degradation method by
Mann[15] and careful spectral analyses by Kakinuma,[16]


revealed that it has quite a unique structure among the
aminocyclohexitol antibiotic family. The cyclohexitol struc-
ture of 5, assigned as 1l-4,5-O-methylene-2-amino-2-deoxy-
neo-inositol (6), is much different from that of common and
general cyclitols found in other aminocyclohexitol antibiot-
ics.[1]


In spite of the unique structure and interesting biological
activity of 5, only a few reports have appeared on the synthesis
of the structural components of 5, and only one report of its
total synthesis has been described. The total synthesis utilized
d-glucose as the starting material for both the furanoside and
cyclohexitol moieties of 5.[17] Overall, twenty steps were
necessary for the preparation of the cyclitol moiety, including
a separation of a 3:2 mixture of diastereomers at a late stage in
the synthesis due to an unselective dihydroxylation. Arjona
and co-workers reported an improvement of a similiar
dihydroxylation step, achieving a diastereoselectivity of 6:1
in favor of the natural epimer.[8e] We therefore chose the
aminocyclohexitol moiety of hygromycin 6 as a target to
develop asymmetric syntheses to such a family of compounds.


Results and Discussion


Plan A : Desymmetrization strategy


In our first approach, we envisioned the aminocyclohexitol 6
to be derived from the suitably protected hydroxy azide 7 by
trans-dihydroxylation of the cyclohexene (Scheme 1). This
compound would be obtained from the palladium-catalyzed
desymmetrization of the dicarbonate derivative of condur-
itol A 9 using an azide nucleophile to give 8 followed by [3,3]-
sigmatropic rearrangement of the allylic azide.[18, 19] Advan-
tages of this approach include the ability to set the relative
stereochemistry of four chiral centers before asymmetry is
induced, to obtain either enantiomer from the palladium
reaction, to access different regioisomeric aminocyclohexitols,
and to access a variety of such compounds by differential
functionalization of the double bond.
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Scheme 1. Retrosynthetic analysis.


The ability to discriminate between two prochiral centers of
a meso-compound in an allylic alkylation reaction has been
made possible by the use of C2-symmetric ligands chelated to
a palladium(0) source developed in these laboratories.[6] The
mechanism for the allylic alkylation of a cyclic substrate is
shown in Scheme 2. The enantiodiscriminating step occurs
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Scheme 2. Conceptualization of the palladium-catalyzed desymmetriza-
tion.


when the catalyst selectively ionizes one of the two possible
enantiotopic allylic esters, depending on the chirality of the
ligand. The energy difference between the two diastereomeric
transition states arising from the steric interactions between
the leaving group and the phenyl rings on phosphine accounts
for the enantioselectivity.


The conduritol A derivative 10, previously available to us
from our work directed toward the total synthesis of
pancratistatin,[18] was a logical choice of precursor to acetal
9 by simple exchange of the acetonide for the methylenedioxy
unit. Surprisingly, all attempts to convert the diol 11 to acetal 9
failed in contrast to the facility of acetonide formation. The
only identifiable formaldehyde adduct is the diadduct 12
which was obtained only in 18 % yield in the presence of
Montmorillonite clay (Scheme 3). A more efficient synthesis
would install the methylenedioxy unit early, in lieu of the
acetonide (see Scheme 4). Thus, the diol 13 a was dihydroxy-
lated to give tetraol 14 a as previously described.[20]







Aminocyclohexitol Synthesis 1619 ± 1629


Chem. Eur. J. 2001, 7, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1621 $ 17.50+.50/0 1621


O


O


CH3O2CO


CH3O2CO


CH3O2CO


CH3O2CO


OH


OH


CH3O2CO


CH3O2CO
O


O


O


10


CH3OH, TsOH


CH2Cl2


62%


11


(CH2O)4


12


Scheme 3. Formaldehyde adduct side reaction.


X


H
ORH


OR


X


H
ORH


OR
OH


OH


X


H
ORH


OR
O


O
O


O


OR


OR


b c


13a:  R = H, X = H


13b:  R = CO2CH3, X = H


13c:  R = H, X = OBOM


13d:  R = CO2CH3, X = OBOM


14a:  R = H, X = H


14b:  R = CO2CH3, X = H


14c:  R = CO2CH3, X = OBOM


a


a


16:  R = H


9:  R = CO2CH3


a


f


15a:  R = CO2CH3, X = H


15b:  R = H, X = H


15c:  R = CO2CH3, X = OBOM


15d:  R = CO2CH3, X = OH


d


e


Scheme 4. Synthesis of conduritol A substrate 9 : a) n-C4H9Li, ClCO2,
CH3, THF, 0 8C. b) OsO4, NMO, THF, t-C4H9OH, H2O or CH2Cl2, H2O,
RT. c) CH3OCH2OCH3, TMSOSO2CF3, 2,6-lutidine, 0 8C, RT. d) K2CO3,
CH3OH, RT. e) TsOH, CH3OH, RT. f) FVT, 500 8C.


While chemoselective formation of the acetonide of 14 a
occurred nearly quantitatively, formation of the methylene-
dioxy derivative 15 b simply failed. On the other hand, the
differentiated tetraol derivative 14 b, obtained from cis-
dihydroxylation of 13 b in 69 % yield which, in turn derived
from diol 13 a in 90 % yield, smoothly gave the desired
methylenedioxy compound 15 a in 91 % yield. Unfortunately,
attempted direct thermolysis of 15 a to form 9 failed.
However, the diol 15 b readily obtained by simple base
hydrolysis in 82 % yield smoothly underwent retro-Diels ±
Alder reaction to produce diol 16 in 73 % yield which is
converted to the required dicarbonate in 81 % yield under
standard conditions.


The decomposition of the dicarbonate 15 a under FVT
conditions was envisioned to derive from the high temper-
atures required. If a low temperature retro-Diels ± Alder


reaction could be performed, the need to remove the
carbonate might be avoided. Taking advantage of the known
charge accelerated retro-Diels ± Alder reaction which may
occur even at room temperature,[21] the diol 13 c was
converted in completely analogous fashion through 13 d ±
14 c (51 % for two steps) and 15 c into the desired precursor
15 d (68% for two steps). Oxy-anion accelerated retro-Diels ±
Alder reaction was thwarted by migration of the carbonate to
the bridgehead alcohol under base conditions.


With the requisite substrate 9 in hand, the palladium-
catalyzed substitution with azide was pursued as shown in
Scheme 5. The initial product 8 was directly hydrolyzed in
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Scheme 5. Palladium-catalyzed substitution.


basic methanol at 50 8C to give hydroxy azide 7 a in 70 % yield.
Using the cyclohexyl ligand 17, chiral HPLC analysis indicated
the ee of 7 a to be 93 %. Silylation of the alcohol proceeded
readily under standard conditions to give silyl ether 7 b in
73 % yield.


The next stage requires a diastereoselective trans dihydrox-
ylation of the double bond. The first strategy envisioned a
diastereoselective epoxidation from the b face and a regiose-
lective ring opening being dictated by the electronics of the
neighboring substituents. Epoxidation of 7 a with trifluoroper-
acetic acid[22] proceeded slowly but diastereoselectively to
form a single epoxide assigned as b, that is 18 a (Scheme 6).
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Scheme 6. Diastereoselective epoxidation of 7 a.
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On the other hand, the acetate 7 c failed to react under the
same conditions. This observation suggests hydroxy partic-
ipation in the epoxidation which would direct the stereo-
chemistry to give the depicted product. When the correspond-
ing acetate 18 b was subjected to conditions to open the
epoxide, acetate removal occurred first with no further
reaction observed. The hydroxy epoxide 19 a proved resistant
to ring opening with carboxylate nucleophiles. On the other
hand, tetra-n-butylammonium nitrate did lead to ring opening
in the presence of boron trifluoride/etherate. The proton, Ha,
adjacent to the nitrate appeared as a double doublet with J�
9.1 and 8.5 Hz showing coupling to the proton, Hb, adjacent to
azide at d� 3.20. The large vicinal couplings to both adjacent
hydrogens also indicate a trans,trans relation as in 19 but not
20. The 1H NMR spectrum of the corresponding acetate 19 b
shows Ha (d� 5.37) as a double doublet with J� 9.6 and
9.3 Hz coupled to Hb (d� 3.47, dd, J� 9.2, 3.2 Hz) and Hc (d�
5.28, dd, J� 9.6, 7.3 Hz) consistent with 19 b but not 20. Thus,
the neighboring oxygen of the methylenedioxy ring rather
than the azide group controls the regioselectivity of the ring
opening.


An alternative strategy envisions regio- and diastereose-
lective delivery of oxygen by electrophilic initiated cyclization
of the carbamate 21 (available by a Staudinger reduction) but
to no avail.[23] Dihydroxylation of azide 7 b using catalytic
osmium tetraoxide in moist methylene chloride gave a single
diol 22 (Scheme 7). Catalytic hydrogenation in the presence
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Scheme 7. Reductive amine protection. a) (CH3)3P, H2O (96 %). b) Boc2O
(84 %).


of Boc anhydride gave the carbamate 23 as a single isomer.
On the other hand, dihydroxylation of the carbamate 21 also
gave a single isomer 24 which was different from that obtained
above (see Scheme 7). Previous work suggested a simple
method to determine stereochemistry at C-2 and C-5 based
upon the chemical shifts of the methylenedioxy protons HA


and HB. When the groups at C-2 and C-5 are cis, the
absorptions for HA and HB are typically around d� 5.0 and
d� 5.3 with Dd< 0.3. When the groups are trans, the chemical
shifts are around d� 4.8 and d� 5.3 with Dd> 0.4. In the case
of diol 23, the observed shifts are d� 5.27 and 4.82 (Dd� 0.45)
and for diol 24 the observed shifts are d� 5.19 and 5.02 (Dd�
0.17). These shifts are in accord with the assigned structures as


depicted. Ultimate conversion of 23 to the aminocyclohexitol
of hygromycin confirms this assignment.


The dramatic difference in facial selectivity by choice of
nitrogen substituent cannot be understood on the basis of
conformational analysis. Steric effects would appear to be
dominated by the methylenedioxy group which would favor b


attack as observed with 21. In this sense, the unusual
diastereoselectivity derives from the reaction of the azide 7.
In this case, an orbital distortion argument would seem
appropriate,[24] that is the azide group would distort the p-
system to favor electrophilic attack anti to itself as observed.
The dramatic difference makes further investigation of this
phenomenon highly worthwhile.


The synthesis of the diastereomer of the aminocyclohexitol
of hygromycin requires inversion at C-6 of diol 23. The
completion of the synthesis is illustrated in Scheme 8.
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Scheme 8. Cyclization yielding oxazolidinone 26.


Exposure to thionyl chloride ((C2H5)3N, THF, 0 8C) forms the
cyclic sulfite 25 a which proved too unreactive to cyclize to the
oxazolidinone 26. On the other hand, standard oxidation
(NaIO4, RuCl3 ´ 3 H2O, H2O, CH3CN, CCl4)[25] gave the cyclic
sulfate which did cyclize in THF at 50 8C to give the desired
oxazolidinone 26.


Plan B : Dynamic kinetic asymmetric transformation of
conduritol B


A second strategy emanates from a conceptually different
process of asymmetric induction as illustrated in Scheme 9.
In this process, a racemic substrate is converted to an
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Scheme 9. Conceptualization of a dynamic kinetic asymmetric transfor-
mation.
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intermediate which is formally
a meso complex thereby losing
the stereochemical identity of
the precursor.[5, 26] Asymmetric
induction occurs in the nucleo-
philic addition step. For this
process, conduritol B tetraest-
ers 31/ent-31[27, 28] become the
starting materials as depicted in
the retrosynthetic analysis of
Scheme 10.


This analysis raises the inter-
esting question of the effect of
the symmetry of 31/ent-31 on a
dynamic kinetic asymmetric
transformation (DYKAT) reac-
tion. As depicted in Scheme 11
with a given ligand such as S,S-
isomer 32, ionization of 31 con-
stitutes an energetically favor-
able process (i.e. , a ªmatchedº
event); whereas that of ent-31 is
a disfavored one (i.e., a ªmis-
matchedº event). Indeed, the
energy differences between the matched and mismatched
events is sufficient that a nearly perfect kinetic resolution may
be achieved. Interestingly, the product of the kinetic reso-
lution, 33, still possesses an allylic ester with the same
orientation with respect to the double bond as that in 31. Thus,
its ionization also constitutes a ªmatchedº event. The result
may be a double substitution to form 34. If a carboxylate
nucleophile is employed, the formation of enantiomerically


pure tetraester product 34 is equivalent to a deracemization of
conduritol B tetracarbonate accompanied by simultaneously
differentiation of the allylic esters from the non-allylic esters.
Such a process then allows formation of 30 (R�H,
Scheme 10) which sets the stage through 29 for formation of
the requisite cis vicinal aminoalcohol 28 and thus completion
of an efficient approach to the aminocyclohexitol.


Racemic conduritol B tetraacetate (�)-36 was obtained
using a modification (Scheme 12) of the method reported by
Guo et al.[26b] Guo et al. had reported that the diacetoxy-
dibromide 35 b, available from p-benzoquinone in three steps,
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Scheme 12. Synthesis of conduritol B derivative 36 from p-benzoquinone:
a) Br2, CH2Cl2, 76%. b) NaBH4, H2O/Et2O, 82 %. c) Ac2O, K2CO3, 0 8C!
RT; then HOAc, reflux, 71%. d) (C2H5)3N, MeOH/H2O, 100 %.
e) ClCO2CH3; pyridine, DMAP, CH2Cl2, 93%. f) ClCO2CH2CCl3, pyri-
dine, DMAP, CH2Cl2, 90%.


could be converted to (�)-36 a by heating with potassium
acetate and acetic anhydride in refluxing acetic acid. We
found that 35 b could be generated in situ by adding potassium
carbonate to a suspension of the diol-dibromide 35 a[30, 31] in
acetic anhydride. Addition of acetic acid to this mixture
followed by warming to reflux then led to formation of (�)-36.
Using this route, (�)-36 could be prepared in 44 % yield over
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Scheme 10. Retrosynthetic analysis through DYKAT reaction of condur-
itol B.


HNNH
OO


PPh2 Ph2P


ROCO


OCOR


ROCO
O


O


Pd
L*


L*


O


ROCO


Nu


ROCO


O


O


ROCO


Nu


ROCO


O


O


Pd
L*


L*


Nu


ROCO


Nu


ROCO
O


O


OCOR


O


ROCO


OCOR


ROCO
O


O


Nu


O31 "matched"
ionization


fast


slow


"mismatched"
ionization


"matched"
addition


Nu


ent-31


34


matched
addition


Nu


"matched"


ionization


33


33


32


Scheme 11. Deracemization reaction of conduritol B tetracarbonate.







FULL PAPER B. M. Trost et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1624 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 81624


three steps from p-benzoquinone in relatively large amounts
(>20 g in a single run). A further benefit of this route was that
no chromatographic purifications were required since the
intermediates and (�)-36 were readily crystallized solids.


When the racemic tetraacetate (�)-36 a was submitted to
the palladium-catalyzed reaction with carboxylate nucleo-
philes in the presence of the R,R isomer of the chiral ligand 32
an excellent kinetic resolution was observed, however, greater
than 50 % conversion of the starting material was difficult to
obtain due to the relative inactivity of the ªmismatchedº
enantiomer of the racemic tetraacetate starting material. By
simply converting the tetraacetate to the more reactive
tetra(methylcarbonate) derivative 36 b a dynamic kinetic
asymmetric transformation was realized using benzoate as
the nucleophile, yielding the dibenzoate 37 a in 80 % yield and
>99 % ee (see Scheme 13). Selective cleavage of the methyl
carbonate groups in the presence of the benzoates to provide
the diol 38 proved difficult. Replacing the methyl carbonate
groups in 36 b with 2,2,2-trichloroethyl carbonates gave 36 c
(see Scheme 12) which also reacted smoothly in the palla-
dium-catalyzed reaction to give the dibenzoate 37 in excellent
yield and >99 % ee (see Scheme 13). The trichloroethyl
carbonate groups could now be easily cleaved in the presence
of the benzoates by simply treating with zinc metal and acetic
acid to give the desired conduritol B 2,3-diol 38 in 77 % yield.
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Scheme 13. Selective deprotection.


Installation of the amino functionality of 6 envisioned an
N-alkylative cyclization of a suitable carbamate. Initial
attempts to selectively activate one of the hydroxy groups of
38 by conversion to the mesylate or tosylate met with mixed
results. Generally, mixtures of mono- and di-sulfonylation
were observed in ratios that varied from experiment to
experiment. Under the best conditions (TsCl, DMAP,
CH2Cl2, 0 8C), yields of a monotosylate 39 a were as high as
67 % with the bis-tosylate 39 b, a significant by-product (16 ±
20 %), see Scheme 14. The crude mixture was treated directly
with benzoylisocyanate to give the imide 39 c in a 67 % overall
yield from diol 38. Curiously, treatment of the tosylate 39 c
with DBU in THF (room temperature to reflux) gave only the
epoxide 40 in 68 % yield. This product arises by loss of
benzoylisocyanate to form an alkoxide which simply cyclizes
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Scheme 14. Hydroxy group activation.


to form 40. Initial success for forming the oxazolidinone was
observed with sodium hydride in THF (0 8C to reflux). While
the expected N-benzoyloxazolidin-2-one (41 a) was not ob-
served, the more satisfactory debenzoylated derivative 41 b
was obtained in 34 % yield. Use of sodium hexamethyldisi-
lamide proved more satisfactory but the maximum yield>
was still only 52 %.


A more satisfactory solution was devised when we discov-
ered that treatment of the diol (�)-38 with benzylisocyanate
provided the mono-carbamate 42 in consistently good yield
(Scheme 15) with only minor amounts of the dicarbamate and
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Scheme 15. Successful oxazolidinone cyclization (path c).


recovered diol. An attempt to cyclize this hydroxy carbamate
directly under Mitsunobu conditions (DIAD, PPh3) only led
to cleavage of the carbamate and return of the diol 38 (path a).
An attempt at oxazolidinone formation involving cyclizing the
mesylate 42 b with sodium hydride led to carbamate elimi-
nation and formation of the epoxide 40 (path b).


The key to forming the oxazolidinone was the combination
of the use of a more reactive leaving group and a hydroxide
free base. Thus, reaction of the mono-carbamate 42 a with
triflic anyhdride, followed by treatment of the crude triflate
42 c with potassium bis(trimethylsily)amide at low temper-
ature (ÿ40 8C) provided the desired benzyl oxazolidinone 43
in a gratifying 70 % yield over the two steps (path c).


The remainder of the aminocylitol synthesis was relatively
straightforward as summarized in Scheme 16. Dihydroxyla-
tion of 43 with catalytic osmium tetraoxide occurred predom-
inantly from the convex side of the bicyclic alkene (greater
than 10:1 diastereoselectivity) to provide the desired diol 44
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Scheme 16. Final stage of the hygromycin aminocyclitol synthesis:
a) OsO4, NMO, THF, H2O, RT. b) CH3OCH2OCH3, CF3SO3TMS, 2,6-
lutidine, 0 8C!RT. c) Li, NH3, THF, ÿ78 to ÿ33 8C then H2O, ÿ78 8C to
reflux.


in 80 % yield. Conversion of the diol to the methylene acetal
45 proceeded quantitatively using dimethoxymethane and
trimethylsilyl triflate. Final deprotection of the benzyl amine,
the benzoate esters, and the oxazolidinone was accomplished
in a single step using lithium/ammonia followed by an
aqueous quench and warming to reflux. Purification by ion-
exchange chromatography (Amberlite IRC-76, H� form)
provided the desired amino-triol 6 in 77 % yield. Comparison
of the data for 6 to that of a known sample indicated their
identity.


The conduritol B approach to the hygromycin aminocycli-
tol was performed in 23 % overall yield requiring 10 steps
from the readily available racemic conduritol B tetraacetate
36 a. The highlight of the synthesis was the dynamic kinetic
asymmetric transformation of the racemic tetracarbonate 36 c
into the dibenzoate (�)-37 b in 90 % yield and 99 % ee. A
further benefit of this synthesis was the fact that all of the
compounds except 43 and 6 were solids that were purified by
crystallization.


Conclusion


The AAA reaction constitutes a potentially powerful tool in
asymmetric synthesis because of the diverse mechanisms for
asymmetric induction. The conduritols illustrate the potential.
Conduritol A, a meso compound, can be desymmetrized;
whereas, conduritol B, a chiral compound that generates an
achiral p-allyl complex, can be ªderacemizedº by a dynamic
kinetic asymmetric transformation. Both conduritols, the
latter as a racemate, are readily available from p-benzoqui-
none. Thus, great flexibility derives from the resultant relative
stereochemistry and the differential functionality for further
elaboration. These points are nicely illustrated by the syn-
thesis of the hygromycin aminocyclohexitol.


When starting from the meso-conduritol A derivative, the
methylene acetal, which is critical for biological activity, is
already in place, while the introduction of a nitrogen synthon
and asymmetric induction occur in a single operation. Using
an azide as a nucleophile allows ready access to two different
regioisomeric products taking advantage of a [3.3]-sigmatrop-
ic rearrangement of an allylic azide. The utility of this aspect is
clearly demonstrated in that one regioisomer led to pancra-


tistatin and the other to the aminocyclohexitols herein.
Further, from this latter allylic azide, four different epimers
of the aminocyclitol moiety can be accessed with complete
stereoselectivity. Such flexibility lends itself to the possibility
of synthesizing other analogues for biological evaluation.
When beginning with racemic conduritol B, an advantage is
the ease of obtaining the substrate since gram quantities are
readily available in three steps from p-benzoquinone. Upon
formation of enantiomerically pure conduritol B in a complex
palladium-catalyzed dynamic kinetic resolution, the system
can be manipulated in a straightforward, seven-step sequence
to give the desired natural product. Both routes circumvent
the need for starting from the chiral pool as is typical in most
reported aminocyclitol syntheses and, thus, allow for the
opportunity to easily obtain either enantiomer of the natural
product by simply changing the ligand. These findings should
lead to expanding the use of palladium-catalyzed asymmetric
alkylation reactions in the synthesis of cyclohexitols and other
carbohydrate derivatives.


Experimental Section


General methods : NMR spectra were recorded at room temperature using
either a Varian Gemini-300, Gemini-200, or EM-400 instrument. IR spectra
were recorded on a Perkin ± Elmer FT-IR as neat films on NaCl plates or as
KBr pellets for solid products. Mass spectra were recorded by the Mass
Spectrometer Facility of the School of Pharmacy, University of California,
San Francisco. Optical rotations were measured with a Jasco DIP-360
digital polarimeter. Microanalyses were performed by M-H-W Laborato-
ries, Phoenix AZ. Melting points were not corrected.


Reactions were generally conducted under a positive pressure of dry argon
or nitrogen in flame-dried glassware. THF was distilled from sodium/
benzophenone. Methylene chloride and acetonitrile were distilled from
calcium hydride. Methanol and ethanol were distilled from magnesium
methoxide and magnesium ethoxide, respectively. Acetone was distilled
from calcium sulfate. Common reagents and materials were purchased
from commercial sources and purified by distillation or recrystallization.
Anhydrous solvents and reaction mixtures were transferred by oven-dried
syringe or cannula. Flash chromatography employed ICN silica gel
(Kieselgel 60, 230 ± 400 mesh), analytical TLC was performed with
0.2 mm silica-coated glass plates (E. Merck, DC-Platten Kieselgel 60 F254).


1,4-Bis(methoxycarboxy)-1b,4b,4ab,9a,9ab,10a-hexahydro-9,10[1',2']-ben-
zenoanthracene (13 b): n-Butyllithium (1.4m in hexanes, 64 mmol,
2.2 equiv) was added dropwise to a solution of diol 13a (8.4 g, 29 mmol,
1 equiv) in THF (530 mL) at 0 8C. The slurry was stirred at 0 8C for 30 min,
then at room temperature for 30 min. The mixture was recooled to 0 8C, at
which point methyl chloroformate (10.9 g, 116 mmol, 4 equiv) was added
dropwise. The reaction was stirred at room temperature for 1 h, diluted
with ethyl acetate, washed with saturated ammonium chloride solution and
brine, dried (MgSO4) and evaporated in vacuo. The dicarbonate 13b
(10.77 g, 90%) was obtained as a white solid. M.p. 167 ± 169 8C (decomp);
IR (neat): nÄ � 1749, 1442, 1261 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.29 ± 7.25 (m, 2 H), 7.22 ± 7.19 (m, 2 H), 7.11 ± 7.04 (m, 4 H), 5.14 (d, J�
5.5 Hz, 2H), 4.84 (s, 2 H), 4.43 (s, 2H), 3.89 (s, 6H), 2.86 (d, J� 6.0 Hz, 2H);
13C NMR (75.5 MHz, CDCl3): d� 155.4, 143.8, 141.6, 126.4, 126.1, 124.8,
124.3, 123.7, 73.3, 55.0, 44.2, 40.9; HRMS: calcd for C24H22O6 [M]�:
406.1416; found: 406.1397.


1,4-Bis(methoxycarboxy)-2,3-dihydroxy-(1b,2a,3a,4b,4ab,9a,9ab,10a)-oc-
tahydro-9,10[1',2']-benzenoanthracene (14 b): NMO (5.4 g, 39.6 mmol,
1.5 equiv) followed by osmium tetroxide (4% solution in water, 0.4 mL,
2.5 mol %) was added to a solution of olefin 13b (10.77 g, 26.4 mmol,
1 equiv) in THF (100 mL), tert-butanol (49 mL), and water (26 mL). The
reaction was stirred for 16 h at room temperature. A 15 % aqueous sodium
bisulfite solution was added and the mixture stirred for 1 h. The reaction
was diluted with ethyl acetate and the aqueous layer was washed with ethyl
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acetate. The combined organic layers were washed with brine, dried
(MgSO4), and evaporated in vacuo. After column chromatography on silica
gel (50 % ethyl acetate/pentane) followed by precipitation of the resulting
oil with diethyl ether, diol 14 b (7.2 g, 69%) was produced as a white solid.
M.p. 160 ± 162 8C; IR (neat): nÄ � 3468, 1750, 1443, 1266 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.37 (dd, J� 5.5, 3.2 Hz, 2 H), 7.26 (dd, J� 5.1,
3.5 Hz, 2H), 7.14 (dd, J� 5.5, 3.2 Hz, 2H), 7.08 (dd, J� 5.4, 3.2 Hz, 2H),
4.95 ± 4.90 (m, 2H), 4.52 (s, 2H), 3.88 (s, 6 H), 2.95 (app t, J� 5.3 Hz, 2H),
2.87 (d, J� 4.5 Hz, 2 H), 2.79 (app t, J� 2.3 Hz, 2 H); 13C NMR (75.5 MHz,
CDCl3): d� 156.7, 143.2, 142.0, 127.4, 126.5, 125.8, 123.7, 79.1, 66.2, 55.4,
43.7, 39.9; HRMS: calcd for C24H24O8 [M]�: 440.1453; found: 440.1471.


1,4-Bis(methoxycarboxy)-2,3-methylenedioxy-(1b,2a,3a,4b,4ab,9a,9a-
b,10a)-octahydro-9,10[1',2']-benzenoanthracene (15 a): 2,6-Lutidine
(3.68 g, 35.5 mmol, 2.3 equiv) followed by trimethylsilyl trifluoromethane-
sulfonate (13.8 g, 63 mmol, 4.1 equiv) was added dropwise at 0 8C to a
solution of diol 14b (6.7g, 15.41 mmol, 1 equiv) in dimethoxymethane
(114 mL). The reaction was stirred at room temperature for 1.5 h, then
quenched with saturated NaHCO3. The reaction was diluted with ethyl
acetate, the organic layer was washed with 1n sodium hydrogen sulfate and
brine, dried (MgSO4), and evaporated in vacuo. Methylene acetal 15a
(6.3 g, 91%) was obtained as a white solid. M.p. 220 ± 221 8C; IR (neat): nÄ �
2958, 1751, 1442, 1264, 1166, 1082, 996, 973, 915 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 7.40 (dd, J� 5.4, 3.26 Hz, 2H), 7.26 (dd, J� 5.3, 3.15 Hz, 2H),
7.17 (dd, J� 5.4, 3.2 Hz, 2 H), 7.08 (dd, J� 5.4, 3.2 Hz, 2 H), 4.99 ± 4.94 (m,
2H), 4.82 (s, 1 H), 4.54 (s, 1H), 4.52 (s, 2 H), 3.89 (s, 6H), 3.22 (dd, J� 7.2,
1.9 Hz, 2H), 2.85 (app t, J� 2.4 Hz, 2H); 13C NMR (75.5 MHz, CDCl3): d�
155.2, 143.3, 141.9, 127.1, 126.2, 125.7, 123.6, 92.6, 75.9, 74.5, 55.1, 43.5, 40.5;
HRMS: calcd for C25H24O8 [M]�: 452.1471; found: 452.1474.


1,4-Dihydroxy-2,3-methylidene-(1b,2a,3a,4b,4ab,9a,9ab,10a)-octahydro-
9,10[1',2']-benzenoanthracene (15 b): K2CO3 (5.22 g, 37.2 mmol, 2.5 equiv)
was added at room temperature to a solution of dicarbonate 15 a (6.75 g,
15 mmol, 1 equiv) in methanol (50 mL) and methylene chloride (50 mL).
The reaction mixture was stirred for 4 h, the solid was removed by
filtration, and the filtrate was evaporated in vacuo. After column
chromatography on silica (60 % ethyl acetate/pentane), the diol 15b
(4.1 g, 82%) was obtained as a white solid. M.p. 211 ± 212 8C; IR (KBr): nÄ �
3418, 3020, 2918, 2850, 1466, 1164, 1091, 1066, 978, 902, 751 cmÿ1; 1H NMR
(300 MHz, [D6]DMSO): d� 7.32 ± 7.26 (m, 4 H), 7.11 ± 7.09 (m, 2 H), 7.06 ±
7.02 (m, 2H), 5.31 (d, J� 4.1 Hz, 2H), 4.67 (br s, 3 H), 4.36 (s, 1 H), 3.73 (br s,
2H), 2.74 (d, J� 7.0 Hz, 2H), 2.36 (br s, 2H); 13C NMR (75.5 MHz,
[D6]DMSO): d� 145.1, 143.3, 125.9, 125.4, 125.3, 123.2, 91.1, 77.2, 67.8, 43.1,
43.0; elemental analysis calcd (%) for C21H20O4�0.5 H2O: C 73.02, H 6.13;
found: C 73.21, H 6.20.


1,4-Bis(methoxycarboxy)-2,3-methylenedioxy-(1a,2b,3b,4a)-cyclohex-5-
ene (9): The diol 15 b (605 mg, 0.82 mmol, 1 equiv) was flash vacuum
thermolyzed (500 8C, 0.025 mmHg) to yield a mixture of anthracene and
the desired diol 16. After column chromatography on silica gel (50 % ethyl
acetate/pentane), the diol 16 (208 mg, 73 %) was obtained as a white solid.
M.p. 111 ± 112 8C; IR (neat): nÄ � 3386, 1642, 1377 cmÿ1; 1H NMR
(300 MHz, CD3OD): d� 5.67 (s, 2H), 5.07 (s, 1H), 4.86 (s, 2 H), 4.83 (s,
1H), 4.10 (d, J� 3.8 Hz, 2H), 3.91 (d, J� 3.0 Hz, 2 H); 13C NMR
(75.5 MHz, CD3OD): d� 132.0, 95.1, 81.2, 70.5.


n-Butyllithium (6.85 mL, 2.5m in hexanes, 2.2 equiv) was added dropwise
to a solution of diol 16 (1.22 g, 7.72 mmol, 1 equiv) in THF (33 mL). The
slurry was stirred at 0 8C for 10 min, then at room temperature for 20 min.
The mixture was recooled to 0 8C and methyl chloroformate (2.93 g,
30.8 mmol, 4 equiv) was added. The reaction was stirred at room temper-
ature for 2 h, then diluted with ethyl acetate. The organic layer was washed
twice with water then brine, dried (MgSO4), and evaporated in vacuo. After
column chromatography on silica gel (30 % ethyl acetate/petroleum ether),
biscarbonate 9 (1.71 g, 81%) was obtained as a white solid. M.p. 89 ± 90 8C;
IR (neat): nÄ � 2960, 2862, 1755, 1447, 1326, 1254, 1086, 1009, 960 cmÿ1;
1H NMR (300 MHz, CDCl3): d� 5.81 (s, 2H), 5.19 (d, J� 4.1 Hz, 2H), 5.14
(s, 1H), 4.91 (s, 1H), 4.20 (d, J� 4.6 Hz, 2H), 3.82 (s, 6H); 13C NMR
(75.5 MHz, CDCl3): d� 155.2, 127.8, 94.5, 75.5, 73.9, 55.1; HRMS: calcd for
C9H11O6 [MÿC2H3O2]�: 215.0556; found: 215.0548.


(1R,3R,4R,5R)-5-Azido-4-hydroxy-3a,4,5,7a-tetrahydrobenzo-[1,3]-diox-
ole (7a): Dicarbonate 9 (390 mg, 1.4 mmol, 1 equiv) in THF (10 mL) was
added to a degassed (Ar) solution of tris(dibenzylideneacetone)dipalla-
dium-(chloroform) (14 mg, 0.014 mmol, 1 mol %) and the S,S-cyclohexyl


ligand 17 (39 mg, 0.059 mmol, 4 mol %) in THF (1.4 mL). After 10 min,
freshly distilled trimethylsilyl azide (232 mg, 2.1 mmol, 1.5 equiv) was
added and the reaction stirred for 6 h. The unreacted starting material
(52 mg, 15 %) was separated from the desired product by chromatography
on silica gel (15 % ethyl acetate/pentane). The resulting product oil was
dissolved in methanol (5 mL) and K2CO3 (58 mg, 0.42 mmol, 40 mol %)
was added. The mixture was heated at 50 8C for 48 h, the solid was collected
by filtration, and the filtrate was concentrated in vacuo. After column
chromatography on silica gel (30 % ethyl acetate/pentane) of the resulting
oil, the azido alcohol 7a (127 mg, 56 % two steps; 70% yield based on
recovered starting material) was obtained as a clear oil. [a]20


D �ÿ318.448
(c� 2.06, CH2Cl2); IR (neat): nÄ � 3447, 2106, 1250 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 6.02 (ddd, J� 10.0, 3.4, 0.9 Hz, 1H), 5.93 (dd, J�
10.0, 4.6 Hz, 1H), 5.04 (s, 1 H), 4.92 (s, 1H), 4.55 (dd, J� 6.3, 3.3 Hz, 1H),
4.24 (app t, J� 6.6 Hz, 1H), 4.13 (app t, J� 4.0 Hz, 1H), 4.04 (dd, J� 7.1,
3.8 Hz, 1 H), 2.92 (br s, 1 H); 13C NMR (75.5 MHz, CDCl3): d� 127.9, 126.9,
94.4, 75.0, 72.2, 69.9, 57.9; HRMS: calcd for C7H9N3O3 [M]�: 182.0565;
found: 182.0564. Enantiomeric excess 93% determined by HPLC [Chir-
alcel AD column, eluting with 96:4 heptane/iPrOH, 1 mL minÿ1: major
enantiomer tR� 25.5 min, minor enantiomer tR� 28.6 min].


(1R,3R,4R,5R)-5-Azido-4-tert-butyldimethylsiloxy-3a,4,5,7a-tetrahydro-
benzo-[1,3]-dioxole (7 b): 2,6-Lutidine (0.21 g, 1.81 mmol, 3.4 equiv) fol-
lowed by tert-butyldimethylsilyl trifluoromethanesulfonate (0.28 g,
1.11 mmol, 2.1 equiv) was added to alcohol 7 a (100 mg, 0.54 mmol,
1 equiv) in methylene chloride (0.54 mL) at 0 8C. The reaction was stirred
for 1.5 h at room temperature, then diluted with methylene chloride. The
organic layer was extracted with 1n sodium hydrogen sulfate, saturated
NaHCO3, and brine, dried (MgSO4), and evaporated in vacuo. After
column chromatography on silica gel (15 % ethyl acetate/pentane), silyl
ether 31 was obtained as a clear oil (116 mg, 73 %). [a]25


D �ÿ135.188 (c�
1.19, CH2Cl2); IR (neat): nÄ � 2954, 2858, 2102, 1472, 1256, 1128, 906,
839 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 5.95 ± 5.87 (m, 2 H), 4.97 (s,
1H), 4.92 (s, 1 H), 4.55 (dd, J� 5.7, 1.8 Hz, 1 H), 4.18 (app t, J� 6.4 Hz, 1H),
4.10 (dd, J� 6.4, 2.0 Hz, 1 H), 3.89 (app s, 1 H), 0.89 (s, 9H), 0.13 (s, 6H);
13C NMR (75.5 MHz, CDCl3): d� 127.6, 127.2, 94.2, 75.5, 72.3, 71.6, 58.1,
25.6, 17.9, ÿ4.91, ÿ5.20; elemental analysis calcd (%) for C13H23N3Si: C
52.50, H 7.79, N 14.13; found: C 52.39, H 7.60, N 14.06.


(1R,3R,4R,5R,6R,7R)-4-tert-Butyldimethylsiloxy-5-tert-butyloxycarbonyl-
amino-6,7-dihydroxy-1,3,4,5,6,7-hexahydrobenzo[1,3]dioxole (23): NMO
(63 mg, 0.53 mmol, 1.5 equiv) followed by osmium tetroxide (4% solution
in water, 0.2 mL, 0.018 mmol, 5 mol %) was added to a solution of olefin 7b
(106 mg, 0.36 mmol, 1 equiv) in methylene chloride (3.6 mL) at room
temperature. The reaction was stirred for 16 h, then concentrated in vacuo
and chromatographed on silica gel (50 % ethyl acetate/pentane) to give the
diol 23 (84 mg, 71%) as a clear oil. IR (neat): nÄ � 3441, 2106, 1472,
1257 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 5.20 (s, 1 H), 4.84 (s, 1H),
4.22 ± 4.18 (m, 2 H), 4.13 ± 4.06 (m, 2 H), 4.03 (app t, J� 6.8 Hz, 1 H), 3.81
(dd, J� 6.4, 2.2 Hz, 1 H), 3.21 (br s, 1H), 3.08 (br s, 1 H), 0.88 (s, 9 H), 0.12 (s,
6H); 13C NMR (75.5 MHz, CDCl3): d� 95.2, 77.5, 76.3, 70.3, 69.7, 66.8, 64.0,
25.6, 17.9, ÿ4.98, ÿ5.2.


A suspension of palladium on carbon (10 %, 7.2 mg) in ethyl acetate
(0.7 mL) was stirred under an atmosphere of hydrogen at room temper-
ature for 20 min. A solution of di-tert-butyl dicarbonate (65 mg, 0.3 mmol,
1.2 equiv) and azide 22 (83 mg, 0.25 mmol, 1 equiv) in ethyl acetate
(0.7 mL) was then added and the reaction stirred for 22 h. The mixture was
diluted with ethyl acetate, filtered through celite, and evaporated in vacuo.
After column chromatography on silica gel (50 % ethyl acetate/pentane),
carbamate 23 was obtained as a clear oil (86 mg, 72%). [a]20


D �16.658 (c�
1.40, CH2Cl2); IR (neat): nÄ � 3453, 1712, 1510, 1472, 1391, 1366, 1254, cmÿ1;
1H NMR (300 MHz, CDCl3): d� 5.27 (s, 1 H), 4.89 (br s, 1 H), 4.82 (s, 1H),
4.23 ± 4.21 (m, 2 H), 4.14 ± 4.13 (m, 1 H), 3.97 ± 3.95 (m, 2 H), 3.76 (dd, J�
6.4, 2.0 Hz, 1 H), 3.23 (br s, 2H), 1.43 (s, 9H), 0.86 (s, 9H), 0.08 (s, 6H);
13C NMR (75.5 MHz, CDCl3): d� 156.5, 95.7, 79.9, 77.3, 75.2, 69.7, 68.2, 52.9,
30.6, 28.3, 25.6, 17.8, ÿ4.89, ÿ5.13; elemental analysis calcd (%) for
C18H35NO7Si: C 53.31, H 8.70, N 3.45; found: C 53.53, H 8.72, N 3.48.


Oxazolidinone 26 : Triethylamine (71 mg, 0.7 mmol, 4 equiv) followed by
thionyl chloride (23 mg, 0.19 mmol, 1.1 equiv) was added at 0 8C to a
solution of diol 23 (71 mg, 0.18 mmol, 1 equiv) in THF (1.7 mL). The
reaction was stirred at 0 8C for 1 h, then diluted with ethyl acetate. The
organic layer was washed with water and brine, dried (MgSO4), and
evaporated in vacuo. The cyclic sulfite 25a (71 mg, 90%) was obtained as a
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clear oil and used without purification. Data was reported for a 1:1 mixture
(by 1H NMR) of diastereomers at sulfur. IR (neat): nÄ � 3375, 2930, 2858,
1710, 1505, 1471, 1391, 1366, 1257, 1169, 1015 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 5.37 (br s, 1 H), 5.29 (s, 1 H), 5.26 ± 5.22 (m, 2H), 4.95 (dd, J�
7.6, 3.2 Hz, 1H), 4.79 (s, 2 H), 4.71 (app s, 2H), 4.51 ± 4.48 (m, 1 H), 4.43 (dd,
J� 6.9, 3.2 Hz, 2H), 4.32 (dd, J� 6.9, 2.9 Hz, 2H), 4.13 ± 4.04 (m, 3 H), 3.91
(app s, 1 H), 1.44 (s, 9 H), 0.83 (s, 9H), 0.05 (s, 6 H).


Ruthenium trichloride (0.5 mg, 0.0024 mmol, 2 mol %) and sodium period-
ate (32 mg, 0.15 mmol, 1.2 equiv) was added at room temperature in one
portion to a solution of cyclic sulfite 25a (55 mg, 0.12 mmol, 1 equiv) in
acetonitrile (1.4 mL) and CCl4 (0.55 mL). Water (0.71 mL) was then added
and the reaction was stirred for 1.5 h. The mixture was diluted with ethyl
acetate. The organic layer was washed with water and brine, dried
(MgSO4), filtered through a silica plug, and evaporated in vacuo. The cyclic
sulfate 25 b (49 mg, 88 %) was obtained as a clear oil and used without
further purification. IR (neat): nÄ � 3381, 1711, 1519, 1471, 1393, 1367, 1212,
1165, 1100 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 5.39 (br s, 1 H), 5.29 (s,
1H), 5.20 (dd, J� 7.3, 3.4 Hz, 1H), 4.82 ± 4.76 (m, 2H), 4.46 (dd, J� 6.8,
2.9 Hz, 2 H), 4.14 (dd, J� 7.3, 2.0 Hz, 1H), 3.92 (app s, 1H), 1.42 (s, 9H),
0.82 (s, 9H), 0.08 (s, 6 H).


A solution of cyclic sulfate 25 b (22 mg, 0.04 mmol, 1 equiv) was heated in
THF (0.4 mL) at 50 8C for 6 h. The solution was cooled to 0 8C and treated
with 20% aq. sulfuric acid solution. After stirring for 4.5 h, the mixture was
diluted with ethyl acetate. The combined organic layers were washed with
water and brine, dried (MgSO4), and evaporated in vacuo. After column
chromatography on silica (50 % ethyl acetate/pentane), the oxazolidinone
26 (7 mg, 55%) was obtained as a white solid. M.p. 180 ± 182 8C; [a]20


D �
ÿ15.388 (c� 0.59, CH2Cl2); IR (CH2Cl2): nÄ � 3573, 3458, 1769, 1471, 1232,
1086 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 5.18 (s, 1 H), 5.09 (s, 1H), 4.85
(dd, J� 9.3, 5.4 Hz, 1H), 4.69 (s, 1 H), 4.43 (app t, J� 4.9, 2.9 Hz, 1H), 4.30
(dd, J� 7.8, 2.9 Hz, 1H), 4.14 ± 4.09 (m, 2 H), 4.05 (dd, J� 4.9, 3.4 Hz, 1H),
2.53 (br s, 1H), 0.88 (s, 9H), 0.12 (s, 3 H), 0.10 (s, 3 H); 13C NMR (75 MHz,
CDCl3): d� 157.8, 94.59, 74.46, 69.51, 67.79, 53.12, 25.63, 17.8,ÿ4.72,ÿ4.98;
HRMS: calcd for C14H26NO6Si [M�H]�: 332.1529; found: 332.1525.


(�)-(1S,2R,3R,4S)-1,4-Dibenzoyloxy-2,3-di[(2,2,2-trichloroethoxy)carbo-
nyl]oxy-5-cyclohexene (37): Racemic conduritol B tetracarbonate 36 c
(424 mg, 0.50 mmol), tetrahexylammonium bromide (43 mg, 0.10 mmol),
benzoic acid (214 mg, 1.75 mmol), [h3-(C3H5)PdCl]2 (4.6 mg, 0.0125 mmol,
2.5 mol %), and the ligand (S,S)-32 (25.8 mg, 0.0375 mmol, 7.5 mol %) were
thoroughly degassed. The flask was evacuated and purged with Ar (3� ).
Freshly distilled methylene chloride (1.5 mL) was added, followed by 1n
sodium hydroxide solution (1.5 mL) that had been previously degassed by
sparging with argon. The biphasic mixture was stirred vigorously at room
temperature under an atmosphere of Ar (balloon). After 18 h, the layers
were separated and the aqueous layer was extracted with methylene
chloride (2� 2 mL). The combined organic layers were dried (MgSO4),
diluted with an equal volume of diethyl ether and filtered through a plug of
silica gel (�10 g). The filtrate was concentrated to give a colorless oil that
was treated with methanol (5 mL); the flask was placed in a refrigerator.
After 1 h, the solid was filtered and rinsed with cold methanol. The filtrate
was concentrated and this procedure repeated two more times to provide
dibenzoate 37b as a crystalline white solid (317 mg, 90 %). Rf� 0.47 (4:1
hexanes/EtOAc); m.p. 141 ± 143 8C; [a]23


D ��177.18 (c� 1.22, CHCl3); IR
(KBr): nÄ � 1771 (s), 1724 (s), 1248 (s) cmÿ1; 1H NMR (CDCl3, 300 MHz):
d� 8.03 (d, J� 7.1 Hz, 4 H), 7.59 (t, J� 7.6 Hz, 2H), 7.45 (t, J� 7.6 Hz, 4H),
5.96 (m, 4H), 5.59 (dd, J� 5.3, 2.6 Hz, 2 H), 4.81 (d, J� 12.0 Hz, 2H), 4.66
(d, J� 11.7 Hz, 2H); 13C NMR (CDCl3, 75 MHz): d� 165.5, 153.5, 133.7,
129.9, 128.8, 128.5, 127.3, 94.1, 76.8, 75.6, 72.1; elemental analysis calcd (%)
for C26H20Cl6O10: C 44.29, H 2.86; found: C 43.39, H 3.04. Enantiomeric
excess 99 % determined by HPLC [Chiralcel AD column, eluting with
90:10 heptane/iPrOH, 1 mL minÿ1: (�)-enantiomer tR� 13.5 min, (ÿ)-
enantiomer tR� 29.1 min].


(�)-(1S,2R,3R,4S)-1,4-Dibenzoyloxy-5-cyclohexene-2,3-diol (38): Freshly
acid washed zinc dust (1.36 g, 20.8 mmol) was suspended in THF/acetic acid
(14 mL) and the mixture was cooled to 0 8C. The dicarbonate 37 b (2.45 g,
3.47 mmol) was added in four batches. After the addition was complete the
solution was warmed to room temperature. After 2 h, the mixture was
diluted with ethyl acetate (100 mL) and washed with water (2� 50 mL) and
then sat. K2CO3 until the organic layer was no longer acidic. The organic
layer was then washed with brine, dried (Na2SO4) and concentrated.
Crystallization from ethyl acetate/petroleum ether �1:5 provided diol 38


(0.95 g, 77 %) in three batches. Rf� 0.40 (1:1 hexanes/EtOAc); m.p. 153 8C;
[a]23


D � � 206.88 (c� 2.11, CHCl3); IR (KBr): nÄ � 3384 (br m), 1716 (s), 1265
(s) cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.08 (d, J� 8.0 Hz, 4H), 7.61 (t,
J� 7.6 Hz, 2 H), 7.45 (t, J� 7.6 Hz, 4 H), 5.84 (s, 2H), 5.70 (dd, J� 5.4,
2.4 Hz, 2H), 4.05 (dd, J� 5.6, 2.2 Hz, 2H), 3.39 (s, 2H); 13C NMR (CDCl3,
75 MHz): d� 166.9, 133.4, 129.9, 129.5, 128.5, 127.8, 74.9, 74.0; elemental
analysis calcd (%) for C20H18O6: C 67.79, H 5.12; found: C 67.70, H 5.30.


Oxazolidinone of (�)-(1S,2R,3R,4S)-1,4-dibenzoyloxy-2-(N-benzyl)car-
bamyl-5-cyclohexene-3-ol (43): Triethylamine (0.560 mL, 407 mg,
4.02 mmol) and benzylisocyanate (0.248 mL, 268 mg, 2.01 mmol) were
added to a solution of the diol 38 (475 mg, 1.34 mmol) in methylene
chloride (7 mL) and the resulting mixture was stirred at room temperature.
After 2.5 h, water (1 mL) was added. The solution was diluted with ethyl
acetate (30 mL) and washed with 1m HCl (2� 15 mL), sat. NaHCO3


(15 mL) and brine (10 mL). The organic phase was then dried (Na2SO4)
and concentrated. Precipitation from ethyl acetate with petroleum ether
provided the mono-carbamate 42 a as an amorphous white solid (509 mg,
78%). The mother liquor was concentrated and the residue was purified by
flash chromatography (3:1 to 1:1 petroleum ether/EtOAc gradient) to
provide the dicarbamate (50 mg, 6%) [Rf� 0.40 (2:1 hexanes/EtOAc)],
followed by 42 a [43 mg, combined yield: 552 mg, 84%] followed by diol 38
(50 mg, 10%). Data for 42 a : Rf� 0.23 (2:1 hexanes/EtOAc); m.p. 150 ±
152 8C; [a]23


D � � 202.88 (c� 0.91, CHCl3); IR (neat): nÄ � 3335 (br m), 1724
(s), 1690 (s), 1551 (m), 1264 (s) cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.07
(m, 4 H), 7.58 (m, 2H), 7.44 (m, 4 H), 7.13 (m, 5H), 5.68 (m, 4H), 5.40 (dd,
J� 11.0, 8.5 Hz, 1 H), 5.20 (t, J� 5.6 Hz, 1H), 4.36 (dd, J� 15.2, 6.4 Hz,
1H), 4.27 (dd, J� 5.9, 15.3 Hz, 1H), 4.13 (m, 1H), 3.23 (d, J� 5.4 Hz, 1H);
13C NMR (CDCl3, 75 MHz): d� 166.7, 166.1, 156.5, 137.9, 133.4, 129.9,
129.4, 128.6, 128.5, 128.4, 127.8, 127.4, 127.2, 75.5, 75.0, 72.9, 72.2, 45.0.


Pyridine (33 mL, 32 mg, 0.410 mmol) was added to a solution of the alcohol
42a (100 mg, 0.205 mmol) in methylene chloride (1 mL) and the solution
was cooled to ÿ50 8C. Triflic anhydride (52 mL, 87 mg, 0.308 mmol) was
added in dropwise fashion and the resulting mixture was stirred at ÿ50 8C
for 10 min, then warmed to 0 8C over 20 min and quenched by adding one
drop of water. The mixture was diluted with diethyl ether (3 mL), MgSO4


(�100 mg) was added, and the mixture was filtered through a plug of SiO2,
rinsing with diethyl ether (5 mL). The filtrate was concentrated to provide
the crude triflate as a yellow foam that was used without further
purification (134 mg, 100 %). Rf� 0.61 (2:1 hexanes/EtOAc); 1H NMR
(CDCl3, 300 MHz): d� 8.08 (t, J� 7.1 Hz, 4H), 7.62 (t, J� 7.3 Hz, 2H), 7.47
(t, J� 7.6 Hz, 4 H), 7.12 (m, 5H), 6.09 (d, J� 6.6 Hz, 1 H), 5.91 (m, 3 H), 5.73
(dd, J� 11.0, 8.3 Hz, 1 H), 5.37 (dd, J� 11.0, 8.3 Hz, 1H), 5.23 (t, J� 5.4 Hz,
1H), 4.40 (dd, J� 6.3, 15.1 Hz, 4.25 (dd, J� 4.9, 14.9 Hz, 1H).


The crude triflate was dissolved in THF (4 mL), the resulting solution was
cooled toÿ40 8C, and potassium bis(trimethylsilyl)amide (0.51 mL, 0.5m in
toluene, 0.256 mmol) was added in dropwise fashion. After 15 min, 15%
aqueous NaHCO3 solution (5 mL) was added. The mixture was extracted
with diethyl ether (2� 10 mL), the organic layers were washed with sat.
NaHCO3 (5 mL), and brine (5 mL), then dried (MgSO4), and concentrated
to give a brown oil. Chromatography (2:1 to 1:1 petroleum ether/ether)
provided the oxazolidinone 43 as a white foam (68 mg, 70 %). Rf� 0.37 (2:1
hexanes/EtOAc); [a]23


D � � 235.98 (c� 0.79, CHCl3); IR (neat): nÄ � 1760
(s), 1723 (s), 1269 (s), 1107 (s) cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.04
(d, J� 7.6 Hz, 2H), 8.00 (d, J� 7.3 Hz, 2H), 7.60 (m, 2 H), 7.47 (m, 4H), 6.32
(ddd, J� 9.5, 5.9, 2.2 Hz, 1 H), 6.13 (dd, J� 9.8, 2.2 Hz, 1 H), 5.96 (m, 1H),
5.56 (dd, J� 5.6, 3.7 Hz, 1 H), 5.00 (dd, J� 9.5, 4.6 Hz, 1 H), 4.87 (d, J�
15.1 Hz, 1 H), 4.07 (d, J� 15.1 Hz, 1H), 3.97 (dd, J� 9.3, 3.4 Hz, 1H);
13C NMR (CDCl3, 75 MHz): d� 165.5, 165.4, 157.5, 135.2, 133.8, 133.7,
133.6, 130.1, 129.8, 129.7, 129.2, 128.8, 128.5, 128.5, 128.2, 128.1, 127.3, 74.6,
71.0, 63.4, 54.2, 46.8; HRMS (EI): calcd for C27H23NO4 [MÿCO2]�:
425.1627; found: 425.1625.


Oxazolidinone of (�)-(1S,2R,3R,4S,5R,6R)-2-amino-2-deoxy-neo-inositol
(44): NMO (70 mg, 0.60 mmol) and osmium tetraoxide (38 mL, 4% in H2O,
0.006 mmol) were added to a solution of the alkene 43 (145 mg, 0.30 mmol)
in THF/water (10:1, 1.5 mL) and the resulting solution was stirred at room
temperature. After 4 h, 15% aq. NaHCO3 was added (2 mL) and the
mixture was stirred for 30 min. The mixture was then extracted with
methylene chloride (5� 5 mL), the combined organic layers were washed
with brine (5 mL), then dried (Na2SO4), and concentrated to give a white
solid. Recrystallization from methanol provided the purified diol 44
(121 mg, 80%) in three crops. Rf� 0.31 (1:1 hexanes/EtOAc); m.p. 224 8C;
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[a]23
D � � 85.08 (c� 0.95, THF); IR (neat): nÄ � 3422 (br m), 1761 (s), 1725


(s), 1268 (s) cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.08 (d, J� 7.3 Hz, 2H),
7.99 (d, J� 7.6 Hz, 2H), 7.60 (m, 2 H), 7.47 (m, 4 H), 7.25 (m, 5H), 5.56 (dd,
J� 6.8, 1.5 Hz, 1 H), 5.23 (br s, 1H), 5.07 (t, J� 7.6 Hz, 1 H), 4.70 (d, J�
15.1 Hz, 1H), 4.43 (dd, J� 5.1, 1.5 Hz, 1 H), 4.30 (dd, J� 8.3, 3.4 Hz, 1H),
4.17 (dd, J� 5.1, 1.5 Hz, 1H), 4.06 (d, J� 15.4 Hz, 1H), 2.68 (br s, 2H);
13C NMR ([D6]acetone, 75 MHz): d� 166.1, 165.6, 158.6, 137.4, 134.4, 134.3,
130.5, 129.53, 129.47, 129.44, 128.5, 128.4, 74.89, 74.85, 72.3, 69.6, 68.6, 54.8,
47.2; elemental analysis calcd (%) for C28H25NO8: C 66.78, H 5.01, N 2.78;
found: C 66.74, H 5.03, N 2.86.


Oxazolidinone of (1R,2R,3R,4S,5R,6R)-2-amino-2-deoxy-4,5-methylene-
neo-inositol (45): Trimethylsilyl triflate (94 mL, 115 mg, 0.51 mmol) was
added to a cooled (0 8C) suspension of the diol 44 (64 mg, 0.127 mmol) and
2,6-lutidine (37 mL, 34 mg, 0.32 mmol) in dimethoxymethane (0.65 mL).
The resulting solution was allowed to warm to room temperature. After
12 h, the mixture was diluted with diethyl ether (10 mL), washed with sat.
NaHCO3 (5 mL), 15 % sodium bisulfate (2� 5 mL), sat. NaHCO3 again
(5 mL), and brine (5 mL), then dried (MgSO4) and concentrated to give
acetal 45 (70 mg, 100 %) as a white foam that was used without further
purification. Rf� 0.32 (2:1 hexanes/EtOAc); [a]23


D � � 56.28 (c� 0.55,
CHCl3); IR (neat): nÄ � 1762 (s), 1726 (s), 1262 (s) cmÿ1; 1H NMR (CDCl3,
300 MHz): d� 8.10 (d, J� 7.7 Hz, 2 H), 8.00 (d, J� 7.7 Hz, 2 H), 7.61 (m,
2H), 7.48 (m, 4 H), 7.29 (m, 5H), 5.96 (dd, J� 7.6, 2.2 Hz, 1 H), 5.40 (t, J�
2.5 Hz, 1H), 5.13 (s, 1 H), 5.08 (dd, J� 9.0, 7.8 Hz, 1 H), 4.71 (d, J� 15.1 Hz,
1H), 4.64 (s, 1H), 4.56 (dd, J� 7.3, 1.7 Hz, 1H), 4.50 (dd, J� 7.3, 2.2 Hz,
1H), 4.21 (dd, J� 9.0, 2.9 Hz, 1H), 4.07 (d, J� 15.1 Hz, 1 H); 13C NMR
(CDCl3, 75 MHz): d� 165.7, 164.8, 157.1, 135.3, 134.0, 133.6, 129.9, 129.0,
128.9, 128.5, 128.3, 128.2, 128.1, 95.4, 74.0, 73.0, 71.6, 65.8, 52.8, 46.4; HRMS
calcd for C29H25NO8 [M]�: 515.1580; found: 515.1563.


(1S,2R,3R,4S,5R,6R)-2-Amino-2-deoxy-4,5-methylene-neo-inositol (6):
Freshly cut Li metal (11.5 mg, 1.63 mmol, three pieces) was added to a
cooled (ÿ78 8C) solution of the oxazolidinone 45 (42 mg, 0.082 mmol) in
THF/NH3 (1:2, 1.5 mL). The flask was removed from the cold bath and
allowed to warm toÿ33 8C. Blue streaks started to form from the metal and
after�5 min. the solution turned completely blue. After another 5 min, the
solution was recooled to ÿ78 8C and the reaction was quenched by
carefully adding water (0.5 mL). TLC analysis showed disappearance of the
starting material and formation of a new lower spot corresponding to the
debenzylated diol-oxazolidinone. Rf� 0.30 (10:1 EtOAc/MeOH); IR
(neat): nÄ � 3347 (br s), 1739 (s) cmÿ1; 1H NMR (CD3OD, 300 MHz): d�
5.12 (s, 1H), 4.71 (dd, J� 6.9, 9.0 Hz, 1H), 4.66 (s, 1H), 4.47 (d, J� 6.9 Hz,
1H), 4.23 (br s, 2H), 4.06 (dd, J� 2.9, 9.0 Hz, 1 H), 3.78 (br s, 1H).


The mixture was warmed to room temperature and the ammonia was
allowed to evaporate. The mixture was then heated in a 90 8C oil bath. After
1 h, no oxazolidinone was observed by TLC. The solution was cooled to
room temperature and applied directly to an ion-exchange column
(Amberlite IRC-76, H� form, �5 mL wet) that was eluted with water
and then 5 % ammonium hydroxide to give the amino cyclitol 6 as an
amorphous solid (12 mg, 77 %). Rf� 0.37 (10:10:1 CH2Cl2/MeOH/
NH4OH); [a]22


D �ÿ28.98 (c� 0.85, H2O) [lit. [a]22
D �ÿ338 (c� 1.97,


H2O),[11] [a]21
D �ÿ368 (c� 0.49, H2O)[16]] ; IR (neat): nÄ � 3347 (br s), 2884


(w), 1098 (s) cmÿ1; 1H NMR (D2O, with acetone as an internal standard at
d� 2.08, 300 MHz): d� 5.07 (s, 1H), 4.83 (s, 1 H), 4.17 (dd, J� 7.8, 5.1 Hz,
1H), 4.03 (m, 2H), 3.74 (dd, J� 9.8, 3.7 Hz, 1H), 3.61 (dd, J� 7.8, 3.4 Hz,
1H), 3.26 (t, J� 3.4 Hz, 1H); 13C NMR (CD3OD, 75 MHz): d� 95.7, 79.4,
78.7, 71.9, 71.7, 70.3, 56.1. These data were consistent with literature values.
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Lanthanide-Mediated Ligand Transfer ReactionsÐ
A Route to Late Transition Metal Bisamido Complexes


Rhett Kempe,* Henrik Noss, and Hans Fuhrmann[a]


Abstract: The reaction of [{O(Si-
Me2Ap)2}2LnLi(thf)n] 1 (Ln�Nd, n�
2) and 2 (Ln�La, n� 3) in hexane with
[(dme)NiCl2] (dme� dimethoxyethane)
and [(cod)PtCl2] (cod� 1,5-cycloocta-
diene) leads to the dimeric Ni complex
[{O(SiMe2Ap)2}2Ni2] (3) and the mono-
nuclear platinum compound [O(SiMe2-
Ap)2Pt] (4), respectively (O(SiMe2Ap-
H)2� bis(4-methyl-2-pyridylamino)tet-
ramethyldisiloxane). Compounds 3 and
4 have been characterized by X-ray
crystal structure analysis. The ligand-


transfer reactions probably proceed via
heterobimetallic intermediates. A mod-
el complex of such an intermediate [{O-
(SiMe2Ap)2}2NdPdMe] (7) was isolated
by reacting 1 with [(cod)PdMeCl]. Ap-
plications of complex 3 in ethylene
oligomerization were investigated.
Highly branched oligomers with a very


narrow molecular weight distribution
(Mn� 230 g molÿ1 (relative to polystyr-
ene standards), Mw/Mn� 1.14) are pro-
duced when Et3Al2Cl3 is employed as a
co-catalyst and CH2Cl2 as the solvent
(TOF� 122 000 hÿ1). Treatment of one
equivalent of 1 or 2 with two equivalents
of [(cod)CuCl] results in the formation
of the polycyclic tetranuclear complex
[{O(SiMe2Ap)2}2Cu4] (8). An X-ray crys-
tal structure analysis of 8 shows channels
formed by a series of fourteen-mem-
bered rings in the solid state.


Keywords: copper ´ Group 10 ele-
ments ´ lanthanides ´ N ligands ´
oligomerization


Introduction


The basics of amido metal chemistry were created at the end
of the 1960s and in the early 1970s. Research at this time was
mainly focused on exploring the nature of the amido metal
bond in comparison to the metalÿcarbon bond. The rather
disappointing findings, however, showed the amido metal
bond to be thermodynamically more stable and kinetically
rather inert and thus not as interesting as the metalÿcarbon
bond in terms of reactivity studies.[1] Until the middle of the
1980s, only a small amount of interest had been shown in
amido ± metal chemistry. Cyclopentadienyl ligands and metal-
locenes as well as stoichiometric and catalytic reactivity of
such transition metal complexes had been investigated
intensively. Subsequently, Cp-analogous amido ligands were
searched for that were somehow related to the well-known
cylopentadienyl moiety. Today, the presumed disadvantage of
a stable amido metal bond is utilized in amido ± metal
chemistry to produce well-defined reaction centers in tran-
sition metal complexes. In this way, the reactivity of the
resulting early transition metal compounds can be specifically


tailored to allow applications in areas such as the activation of
small, poorly reactive molecules, homogeneous catalysis, or
organic synthesis. Insight into the mechanisms of elementary
reactions such as CÿH activation, a-H elimination, the
cleavage of the N�N triple bond, reactions of N2 with H2


within the coordination sphere of transition metals, new
routes for the synthesis of macrocycles, polar metal ± metal
bonds, and complexes with unusual terminal ligands such as
phosphorus, arsenic, or carbon are, in addition to interesting
transfer or polymerization reactions, just a few selected
examples that illustrate what has become possible by the
use of amido ligands. It may be apt to consider this as the
renaissance of amido ± metal chemistry.[2] What about late
metal amido complexes and their reactivity?[3] This chemistry
still remains unexplored, probably due to the mismatch of the
ªhardº amido ligand with the ªsoftº late metals.[4] Amido
metal complexes of Group 10[5] and 11[6, 7] are known but
rarely described. Compounds of such metals with bisamido
ligands are unknown to the best of our knowledge. The
reactivity of late transition metal amido complexes, especially
with regard to catalytic applications, promises to be an
interesting field, because the weak amido ± metal bond may
allow efficient generation of catalytically active species.[8]


We report here on the synthesis and structure of Group 10
and 11 bisamido ligand complexes. Applications of one of the
compounds in olefin oligomerization are discussed. Bis(ami-
nopyridinato) ligands, which were developed by us, are
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important with regard to the
stability of such complexes.[9]


Also essential for the transition
metal complex syntheses is the
concept of the lanthanide-
mediated ligand transfer reac-
tions on which we recently
communicated.[10]


Results and Discussion


Amido metal complexes, syn-
thesis, and structure: The reac-
tion of the bis(aminopyridina-
to) lanthanide ate-complexes 1
and 2 in hexane with [(dme)-
NiCl2] (dme� dimethoxy-
ethane) and [(cod)PtCl2] (1,5-
cyclooctadiene; Scheme 1) re-
sults in the dimeric Ni complex
3 and the mononuclear plati-
num compound 4, respectively.
As a by-product of both reac-
tions, in addition to LiCl, monochlorolanthanide species
[O(SiMe2Ap)2LnCl(thf)n] (Ln�Nd (5) and La (6);
O(SiMe2ApH)2� bis(4-methyl-2-pyridylamino)tetramethyl-
disiloxane) are formed respectively. The synthesis, structure,
and reactivity of such monochloro complexes has recently
been described.[18b] The reaction of 1 and 2 with [(cod)PdCl2]
results only in the formation of Pd-black, independent of the
solvent used.


Crystals of 3 suitable for an X-ray structure analysis
(Table 1) were obtained from hexane. The molecular struc-


ture of 3 and some selected structural parameters are shown in
Figure 1. The coordination of the two nickel centers of the
dinuclear complex may be best described as nearly square
planar. The nickel coordination sphere is formed by one
aminopyridinato fragment, one amido-N and one pyridine-N
atom; the Ap fragments show N-Ni-N binding angles of
70.08(12) and 69.73(12)8. The lengths of the NiÿNamido and
NiÿNpyridine bonds are nearly the same, as known for amino-
pyridinato fragments, which act as bridges between the
two metal centers. These indicate a delocalized binding
mode of the Ap ligands, meaning that the anionic function
of the ligand is not localized at the amido-N atom. The


Abstract in German: Die Reaktion von [{O(SiMe2Ap)2}2-
LnLi(thf)n] 1 (Ln�Nd, n� 2) und 2 (Ln�La, n� 3) mit
[(dme)NiCl2] bzw. [(cod)PtCl2] in Hexan führt zum dimeren
Ni-Komplex [{O(SiMe2Ap)2}2Ni2] (3) bzw. zur einkernigen
Platinverbindung [O(SiMe2Ap)2Pt] (4), [O(SiMe2ApH)2�
Bis(4-methyl-2-pyridylamino)tetramethyldisiloxan]. Die Kris-
tallstrukturen von 3 und 4 wurden bestimmt. Die Liganden-
transferreaktion verläuft wahrscheinlich über heterobimetal-
lische Intermediate. Ein Modellkomplex für eine derartige
Zwischenstufe [{O(SiMe2Ap)2}2NdPdMe] (7) konnte durch
die Umsetzung von 1 mit [(cod)PdMeCl] dargestellt werden.
Die Verwendung von 3 in der Oligomerisierung von Ethylen
wurde untersucht. Hochverzweigte Oligomere mit einer sehr
engen Molekulargewichtsverteilung (Mn� 230 g molÿ1 (gegen
Polystyrol Mw/Mn� 1.14) wurden unter Verwendung von
Et3Al2Cl3 als Cokatalysator und CH2Cl2 als Lösungsmittel
(TOF� 122 000 hÿ1) hergestellt. Durch Umsetzung von einem
¾quivalent 1 bzw. 2 mit zwei ¾quivalenten [(cod)CuCl]
konnte der polycyclische vierkernige Komplex [{O(Si-
Me2Ap)2}2Cu4] (8) synthetisiert werden. Die Ergebnisse der
Röntgenkristallstrukturanalyse von 8 belegen, dass im Fest-
körper Kanäle von vierzehngliedrigen Ringen ausgebildet
werden.


Scheme 1. Synthesis of 3 and 4.


Table 1. Data of the X-ray crystal structure analyses.


Compound 3 4 7 8


crystal system triclinic monoclinic monoclinic triclinic
space group P1Å P21/c P21/c P1Å


a [�] 9.998(2) 12.568(3) 13.744(3) 8.500(2)
b [�] 12.106(3) 8.951(2) 12.948(3) 10.912(2)
c [�] 18.246(3) 18.492(4) 30.208(6) 12.285(3)
a [8] 83.13(2) Ð Ð 67.430(12)
b [8] 78.90(2) 105.93(3) 91.96(3) 75.560(13)
g [8] 67.99(2) Ð Ð 75.250(12)
V [�3] 2006.4(7) 2000.4(7) 5373(2) 1002.7(4)
Z 2 2 4 1
crystal size [mm] 0.5� 0.4� 0.3 0.4� 0.3� 0.2 0.3� 0.3� 0.1 0.1� 0.1� 0.1
1calcd [g cmÿ3] 1.335 1.792 1.323 1.562
m [cmÿ1](MoKa) 1.096 7.145 1.419 2.252
T [K] 293(2) 200(2) 293(2) 293(2)
q range [8] 1.82 ± 24.55 2.44 ± 24.26 1.35 ± 21.12 2.23 ± 21.05
no. of reflections 6055 5787 10 379 2024
unique 6065 3132 5528 2024
obs. (I> 2s(I)) 4546 2548 4299 1472
no. of parameters 433 218 509 226
wR2 (all data) 0.096 0.140 0.154 0.137
R value (I> 2s(I)) 0.037 0.065 0.049 0.069
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Figure 1. Molecular structure of 3 (ORTEP view; for clarity only atoms
regarded significant are drawn as 30% propability ellipsoids). Selected
bond lengths [�] and angles [8]: N1ÿNi1 1.910(3), N2ÿNi1 1.880(3),
N3ÿNi1 1.899(3), N4ÿNi2 1.890(3), N5ÿNi2 1.904(3), N6ÿNi2 1.882(3),
N7ÿNi2 1.920(3), N8ÿNi1 1.901(3), Ni1ÿNi2 2.7247(15); Si1-O1-Si2
132.5(2), Si4-O15-Si3 133.1(2), N2-Ni1-N8 96.94(12), N3-Ni1-N8
92.80(11), N2-Ni1-N1 70.08(12), N3-Ni1-N1 99.95(12), N6-Ni2-N4
94.50(12), N6-Ni2-N5 69.73(12), N4-Ni2-N7 94.96(12), N5-Ni2-N7
100.40(12).


NiÿNi distance is 2.7247(15) � less than twice the van
der Waals radius of nickel (1.60 �).[11] A special character-
istic of compound 3 is its dark blue color. Blue to purple colors
are normally typical for tetrahedral paramagnetic NiII


high-spin complexes,[12] however, 3 is a diamagnetic com-
pound.


The dinuclear structure of 3 in solution can by verified by
NMR spectroscopy. The 29Si NMR spectrum displayed two
different resonances, on the other hand, four signals were
detected for the methylsilyl group in the 1H NMR spectrum,
indicating that the methyl groups are not equivalent, which
was confirmed by 13C NMR
data.


In contrast to compound 3
the corresponding platinum
complex 4 is formed as a light
yellow monomer. The NMR
spectra show it to be a mono-
nuclear compound in solution
due to a single signal set. An
X-ray crystal structure analysis
of 4 (Table 1) verifies this for
the solid state as well. The
molecular structure and some
binding parameters of 4 are
given in Figure 2. The coordi-
nation might be best described
as square planar. The two Ap
moieties, being thoroughly
strained, bind to the metal with
N-Pt-N angles of 64.4(3)8 and
64.6(4)8. It is remarkable how
strained Ap fragments can still
coordinate late transition met-


Figure 2. Molecular structure of 4. Selected bond lengths [�] and an-
gles [8]: N1ÿPt1 2.010(9), N2ÿPt1 2.045(9), N3ÿPt1 2.022(9), N4ÿPt1
2.029(9); Si1-O1-Si2 140.3(4), N1-Pt1 ± N2 64.4(3), N1-Pt1-N3 108.4(4), N2-
Pt1-N4 122.6(3), N3-Pt1-N4 64.6(4).


als. The delocalized binding mode for the Ap moieties can be
assumed to be the same for 3. The PtÿN distances are slightly
longer (about 0.1 �) than the NiÿN distances in the Ni
complex. This is in accordance with the larger ionic radius of
platinum (r(Pt2�)� 0.74 � vs. r(Ni2�)� 0.63 �).[13] The radius
of the metal center is likely to be the origin for the formation
of a mononuclear species.


Mechanism of the ligand-transfer reaction : The ligand-trans-
fer reaction probably proceeds via a heterobimetallic inter-
mediate (1 a) (Scheme 2). It is plausible to assume that after
1 a is generated, another heterobimetallic structure 1 b with a


Scheme 2. Proposed mechanism of the ligand-transfer reaction.
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m-chloro bridge between the neodymium atom and the platinum
atom is generated. The final step in this mechanism is the trans-
fer of the bisaminopyridinato ligand to the platinum atom,
and the transfer of the chloro functionality to the neodymium
atom. Compound 7 (see Scheme 3), a model for such an
intermediate and the resulting products (4 and 5), provides
evidence to support these mechanistic considerations.


The heterobimetallic complex 7 was formed as a light
yellow powder from the reaction of 1 with [(cod)PdMeCl][14]


in hexane (Scheme 3). Crystals of 7 suitable for an X-ray
structure analysis (Table 1) were obtained from a mixture of
hexane and THF (1:3). The molecular structure of the Nd-Pd-


Me complex 7 (Figure 3) shows a planar coordination of the
Pd atom, characteristic of PdII compounds. The NdÿPd
distance is 3.0345(12) �. The two metal centers are bridged
by one bis(Ap) ligand, whereas the other bis(Ap) ligand is
coordinated at the neodymium center. Similar to the bonding
situation of compound 4, the Ap fragment in 7 is strained in its


Figure 3. Molecular structure of 7 (ORTEP view; for clarity only atoms
regarded significant are drawn as 30% propability ellipsoids). Selected
bond lengths [�] and angles [8]: Ndÿ-N3 2.475(8), NdÿN1 2.480(8), NdÿN2
2.542(9), NdÿN4 2.547(9), NdÿN8 2.612(9), NdÿN5 2.659(8), NdÿN7
2.761(8), NdÿPd 3.0345(12), PdÿN6 2.048(9), PdÿN7 2.062(8), PdÿN5
2.187(8); N3-Nd-N1 84.8(3), N1-Nd-N2 54.4(3), N3-Nd-N4 54.0(3), C33-
Pd-N6 104.7(4), C33-Pd-N7 95.3(4), N6-Pd-N5 64.9(3), N7ÐPd-N5 95.1(3).


connection to Pd, as shown by a N-Pd-N angle of 64.9(3)8. The
stability of 7 compared with that of the intermediate 1 a can be
explained by the inhibited transfer of the methyl group to the
lanthanide center. The methyl group is a weaker leaving
group than the chloro functionality and does not have lone
pairs to form the proposed bridged intermediate. Further-
more, the stability of lanthanide methyl compounds of the
type [O(SiMe2Ap)2LnMe(thf)n] is expected to be lower than
for the corresponding chloro complexes 5 and 6.[15]


Ethylene oligomerization studies : Complex 3 was investigat-
ed with regard to catalytic applications in ethylene oligome-
rization after activation with alkylaluminum compounds. By


using EtAlCl2 (Al/Ni 150) in
hexane at room temperature as
an activator, oligoethylenes
with mainly internal double
bonds (Schulz ± Flory distribu-
tion, TOF� 2400 hÿ1) were ob-
served. Highly branched
oligomers with a very narrow
molecular weight distribution
(Mn� 230 g molÿ1 (relative to
polystyrene standards),
Mw/Mn� 1.14) are formed when
Et3Al2Cl3 is employed as a co-


catalyst and CH2Cl2 as the solvent (TOF� 122 000 hÿ1). The
ethylene consumption is nearly constant in both experiments.
The products of the second oligomerization experiment are
identical, according to the results of NMR investigations, with
results recently published by Sen et al.[16] A comparison of
these two systems indicates that the activity of 3 is orders of
magnitude higher.


Porous materials, synthesis and structure : If one equivalent of
1 or 2 is treated with two equivalents of [(cod)CuCl], a ligand-
transfer reaction takes place (Scheme 4). The product of this
conversion is a polycyclic, tetranuclear complex 8, which
shows interesting structural features. Crystals of 8 suitable for
X-ray structure analysis (Table 1) were obtained from a
mixture of THF/hexane (3:1) at ÿ30 8C. The molecular
structure is shown in Figure 4. This copper complex shows
an almost linear coordination at the copper centers. The metal
atoms are surrounded by one pyridine and one amido
functionality. The Npyridine-Cu-Namido angles are 174.1(3)8 and
177.3(3)8. With help of the metal and framework atoms of two
aminopyridinato fragments, a fourteen-membered ring sys-
tem is formed, in which the ring atoms are arranged in a nearly
planar fashion. The short CuÿCu distance is 2.4294(13). The
CuÿCu interatomic distances in aminopyridinato-bridged
dimeric CuI complexes range from 2.42 ± 2.60 �.[7] The short-
est CuIÿCuI distance reported so far (to the best of our
knowledge) is 2.348(2) �.[6d] The CuÿN bond lengths in 8 are
nearly the same, and the Ap systems can be assumed to have
the same delocalized binding mode as found in similar
systems.[7] The NMR investigation (CD2Cl2) shows, as ex-
pected for the highly symmetric molecule, a single-signal set.
The solid-state structure of 8 is particularly interesting
(Figure 5), because of the formation of channels due to the


Scheme 3. Synthesis of 7.
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Figure 4. Molecular structure of 8 (ORTEP view; for clarity only atoms
regarded significant are drawn as 30% propability ellipsoids). Selected
bond lengths [�] and angles [8]: N1ÿCu1 1.866(5), N2ÿCu2 1.878(6),
N3ÿCu2 1.884(6), N4ÿCu1 1.879(6), Cu1ÿCu2 2.4294(13); Si2-O1-Si1
139.4(3), N3-C1-N4 119.4(6), N2-C5-N1 119.0(6), N1-Cu1-N4 174.1(2), N1-
Cu1-Cu2 89.6(2), N4-Cu1-Cu2 88.2(2), N2-Cu2-N3 177.3(3), N2-Cu2-Cu1
88.0(2), N3-Cu2-Cu1 89.3(2).


sequential ordering of the large
fourteen-membered rings.
Low- coordinate transition
metals are placed in these chan-
nels. Intensive investigation of
crystalline and porous systems
based on coordination com-
pounds as well as anionic li-
gands, and thus on covalent
bonding instead of a connectiv-
ity resulting from simple donor
interactions, is currently being
carried out, since a lot of appli-
cations are expected from such
systems.[17]


Remarks concerning the syn-
thesis of the amido metal com-


plexes by salt elimination reactions : The synthesis of 3, 4, and
8 does not work, irrespective of the solvent and/or temper-
ature variations, when using the dilithiated ligand precursor
[O(SiMe2Ap-Li)2] and [(dme)NiCl2], [(cod)PtCl2], or [(cod)-
CuCl]. A reduction of nickel and copper is observed. The use
of amines, for example Et3N, instead of BuLi as a deproto-
nating agent is also ineffective. Studies are continuing in the
search for easier ways to synthesize these compounds;
however, to date the method described appears the most
successful.


Conclusion


The ªateº complex mediated ligand transfer (Scheme 1 and
Scheme 4) can formally be considered as a specific modifica-
tion of the reactivity of lithium amides at lanthanide centers.
The amides are modified in their reactivity and reductive
capability via coordination at the lanthanide center. They
show a reactivity high enough to react with chloro compounds
of electron-rich late transition metals but these metals are not
reduced. Unstable Ln ± Ni, Ln ± Pt, or Ln ± Cu heterobimetal-
lic complexes can be assumed as intermediates of the
lanthanide-mediated ligand-transfer reactions.[18a] These in-
termediates are most likely important for the formation of the
polycyclic and multinuclear structures of the resulting late
transition metal amido complexes such as 3 and 8.


Experimental Section


General : The neodymium± (1) and lanthanum ± ªateº (2) complexes were
prepared according to a previously published procedure.[18] [(cod)PdMeCl]
was prepared according to the literature.[14] All other reagents were
obtained commercially (Strem) and used as supplied. All manipulations
were performed with rigorous exclusion of oxygen and moisture in dried
Schlenk-type glassware on a dual manifold Schlenk line, or in an argon-
filled glovebox (mBraun labmaster 130) with a high-capacity recirculator
(<1.5 ppm O2). Solvents (Aldrich, Fluka) and NMR solvents (Cambridge
Isotop Laboratories, all 99 atom % D) were freshly distilled from sodium
tetraethylaluminate. NMR spectra were recorded on a Bruker ARX 400
instrument at 297 K. 1H and 13C chemical shifts are referenced to the
solvent resonances and reported relative to TMS. 29Si chemical shifts are


Scheme 4. Synthesis of 8.


Figure 5. Solid-state structure of 8.
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reported relative to TMS. The magnetic moment of 7 was measured by
employing the method of Evans.[19] IR spectra were recorded on a Nicolet
Magna 550 instrument (Nujol mulls using KBr plates). Melting points were
determined in sealed capillaries on a Büchi 535 apparatus. Elemental
analysis was performed with a Leco CHNS-932 elemental analyzer. X-ray
diffraction data were collected on a Stoe-IPDS-diffractometer using
graphite-monochromated MoKa radiation. The crystals were mounted in
a cold nitrogen stream or sealed inside a capillary. The structure was solved
by direct methods (SHELXS-86)[20] and refined by full-matrix least-squares
techniques against F 2 (SHELXL-93).[21] XP (Siemens Analytical X-ray
Instruments, Inc.) was used for structure representations. 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-125420 (3), CCDC-148808 (4),
CCDC-100884 (7), and CCDC-125420 (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).


Complex syntheses


Synthesis of [{O(SiMe2-Ap)2}2Ni2] (3): To a vigorously stirred suspension of
1 (985 mg, 1 mmol) in hexane (80 mL) was added solid [(dme)NiCl2]
(220 mg, 1 mmol). A dark blue color resulted within a few minutes. The
suspension was stirred for 24 h at room temperature. The solution was
filtered, and the volume was reduced under vacuum to approximately
30 mL. Cooling to ÿ30 8C afforded a dark blue crystalline material. Yield:
411 mg (0.51 mmol, 51%); m. p. >200 8C (decomp); 1H NMR
(400.13 MHz, C6D6): d� 0.12 (s, 6H), 0.33 (s, 6 H), 0.58 (s, 6H), 1.33 (s,
6H) (MeÿSi), 1.46 (s, 6H), 1.71 (s, 6H) (MeÿPy), 5.46 (m, 2 H, H5), 5.51
(m, 2H; H5), 5.67 (m, 2H; H 3), 6.30 (d, J� 5.5 Hz, 2 H; H6), 8.69 (d, J�
6.0 Hz, 2H; H 6); 13C NMR (100.62 MHz, C6D6): d�ÿ0.8, ÿ0.2, 0, 3.6
(MeÿSi), 20.1, 18.8 (MeÿPy), 107.9, 108.1 (C 3), 111.2, 116.5 (C 5), 140.2,
143.6 (C 6), 145.9, 148.6 (C 4), 169.5 171.0 (C 2); 29Si NMR (79.49 MHz,
C6D6): d�ÿ9.5, ÿ13.2; IR (Nujol): nÄ � 1607 vs, 1530 m (arom.), 1456 s br,
1417 s, 1325 s, 1299 s, 1283 m, 1250 s (MeÿSi), 1216 m, 1178 s, 1125 w, 1039
m, 1009 vs (SiÿOÿSi), 974 m, 892 s, 851 m, 845 m, 798 vs (Me2Si), 785 s, 746
m, 721 m, 679 w, 650 w, 614 m, 598 m, 563 w, 555 w, 453 m cmÿ1; elemental
analysis (%) for C32H48N8Ni2O2Si4 (806.51): calcd: C 47.66, H 6.00, N 13.89;
found: C 47.83, H 5.95, N 13.66. The procedure described above also works
when using 2 (999 mg, 0.95 mmol) and [(dme)NiCl2] (209 mg, 0.95 mmol)
with nearly the same yield.


Synthesis of [{O(SiMe2-Ap)2}Pt] (4): To a vigorously stirred suspension of 1
(887 mg, 0.9 mmol) in hexane (80 mL) was added solid [(cod)PtCl2]
(305 mg, 0.9 mmol). A yellow color resulted within a few minutes. The
suspension was stirred for 24 h at room temperature. The solution was
filtered, and the volume was reduced under vacuum to approximately
30 mL. Cooling to ÿ30 8C afforded a yellow crystalline material. Yield:
136 mg (0.25 mmol, 28%); m. p. >190 8C (decomp); 1H NMR
(400.13 MHz, C6D6): d� 0.41 (s, 6H) (MeÿSi), 1.73 (s, 6H) (MeÿPy),
5.41 (m, 1 H; H5), 5.71 (m, 1H; H3), 5.41 (m, 1 H; H 5), 7.32 (d, J� 5.55 Hz,
1H; H6); 13C NMR (100.62 MHz, C6D6): d� 0.03 (MeÿSi), 20.4 (MeÿPy),
109.1 (C 3), 110.2 (C 5), 143.8 (C 6), 148.9 (C 4), 176.6, 171.0 (C 2); 29Si NMR
(79.49 MHz, C6D6): d�ÿ14.3; IR (Nujol): nÄ � 1605 vs, 1528 m (arom.),
1454 s br, 1376 s, 1289 s, 1283 m, 1247 s (MeÿSi), 1178 s, 1120 w, 1037 m,
1004 vs (SiÿOÿSi), 975 m, 898 s, 853 m, 798 vs (Me2Si), 786 s, 745 m, 721 m,
679 w, 650 w, 614 m, 598 m, 564 w, 562 w, 466 m, 449 m cmÿ1; elemental
analysis (%) for C16H24N4OPtSi2 (539.64): calcd: C 35.61, H 4.48, N 10.38;
found: C 35.23, H 4.41, N 10.01. The procedure described above also works
when using 2 (982 mg, 0.93 mmol) and [(cod)PtCl2] (315 mg, 0.93 mmol)
with nearly the same yield.


Synthesis of [{O(SiMe2-Ap)2}2Nd(thf)PdMe] (7): Compound 1 (985 mg,
1 mmol) and [(cod)PdMeCl] (265 mg, 1 mmol) were suspended in hexane
(60 mL) and stirred at room temperature for 16 h. The mixture was filtered,
and the filtrate was concentrated under vacuum to approximately 15 mL.
Cooling to ÿ30 8C afforded a light yellow powder. Yield: 431 mg
(0.42 mmol, 42 %), m. p. >280 8C. Crystals suitable for X-ray structural
analysis were obtained from THF/hexane (1:4 v/v) solution; IR (Nujol):
nÄ � 1604 vs, 1546 m, 1531 w (arom.), 1328 m, 1291 m, 1250 s (Meÿ Si), 1177
m, 1026 s br (SiÿOÿSi), 970 m, 880 s, 847 m, 786 s (Me2Si), 725 m, 581 w, 443
w cmÿ1; meff� 4.46mB; elemental analysis (%) for C37H59N8NdO3PdSi4


(1026.93): calcd: C 43.28, H 5.79, N 10.91; found: C 43.05, H 5.88, N 10.72.


Synthesis of [{O(SiMe2-Ap)2}2Cu4] (8): To a solution of 1 (925 mg,
0.94 mmol) in THF/hexane (3:1 v/v; 80 mL) was added solid [(cod)CuCl]
(331 mg, 1.6 mmol). The resulting suspension was stirred for 16 h at room
temperature. After filtration the volume was reduced under vacuum to
approximately 30 mL. Cooling to ÿ30 8C afforded a light yellow crystalline
material. Yield: 645 mg (0.68 mmol, 43 %); m. p. >259 8C (decomp);
1H NMR (400.13 MHz, CD2Cl2): d� 0.33 (s, 24H) (MeÿSi), 2.08 (s, 6H)
(MeÿPy), 5.67 (m, 4H; H3), 5.80 (d, J� 5.6 Hz, 4 H; H 5), 6.42 (s, 4H; H3),
7.12 (d, J� 5.8 Hz, 4 H; H6); 13C NMR (100.62 MHz, CD2Cl2): d� 2.8
(MeÿSi), 21.3 (MeÿPy), 111.3 (C 3), 116.5 (C 5), 147.3 (C 6), 147.5 (C 4),
167.7 (C 2); 29Si NMR (79.49 MHz, CD2Cl2): d�ÿ15.0; IR (Nujol): nÄ �
1620 vs, 1527 s (arom.), 1485 s, 1454 s br, 1377 m, 1329 s, 1287 m, 1249 s
(MeÿSi), 1189 m, 1117 w, 1032 m, 999 vs (SiÿOÿSi), 977 m, 900 s, 854 m, 813
m, 795 vs (Me2Si), 774 m, 741 m, 727 m, 690 m, 677 w, 650 w, 643 w, 599 w,
574 w, 447 m cmÿ1; elemental analysis (%) for C32H48Cu4N8O2Si4 (943.32):
calcd: C 40.74, H 5.13, N 11.88; found: C 40.53, H 5.10, N 11.83.


Ethylene oligomerization studies : Oligomerization of ethylene (99.95 %)
was carried out in a batch process using a 1-l-glass autoclave fitted with a
gas inlet, dosing device, pressure gauge, and a magnetically driven and
continuously regulated paddle stirrer with a hollow shaft (0 ± 800 rpm). The
solvents (hexane, dichloromethane) were dried by standard methods and
rectified under argon. EtAlCl2 and Et3Al2Cl3 were commercial products
(Aldrich).


The Ni complex (0.1 mmol), dispersed in 150 mL solvent, was introduced
under inert conditions into the autoclave. After the temperature of the
mixture was adjusted to 5 8C and the organoaluminum compound
(1.5 mmol) was added as a cocatalyst, the oligomerization reaction was
initiated at an internal pressure of 3.3 bar. After 7 h, the content of the
autoclave was decomposed by methanolic HCl. With hexane as solvent,
oligomers (4.7 g) were isolated (C4 ± C24 alkenes and alkanes with a
maximum at C8; degree of saturation 60%, percentage of linear olefins
about 40%). The activity was 2400 mololigomers molNi


ÿ1 hÿ1.


Under the same conditions, the oligomerization in dichloromethane
yielded oligomers (22.8 g) after 40 min. In spite of intense cooling
(ÿ20 8C) the temperature rose to 45 8C. The activity was
122 000 mololigomers molNi


ÿ1 hÿ1. The oligomers with a maximum at >C24


were highly branched: ratio of methyl protons (at d� 0.87)/total alkyl
protons (by 1H NMR integration) equals 0.61. An important amount of the
oligomeric product was saturated (85 % by GC-IR).
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Expanding Cavitand Chemistry:
The Preparation and Characterization of [n]Cavitands with n� 4


Christoph Naumann,[a] Esteban RomaÂn,[b] Carlos Peinador,[b, c] Tong Ren,[b]


Brian O. Patrick,[a] Angel E. Kaifer,*[b] and John C. Sherman*[a]


Abstract: The preparation of cavitands
composed of 4, 5, 6, and 7 aromatic
subunits ([n]cavitands, n� 4 ± 7) is de-
scribed. The simple, two-step synthetic
procedure utilized readily available
starting materials (2-methylresorcinol
and diethoxymethane). The two cavi-
tand products having 4 and 5 aromatic
subunits exhibited highly symmetric
cone conformations, while the larger
cavitands (n� 6 and 7) adopt conforma-


tions of lower symmetry. 1H NMR spec-
troscopic studies of [6]cavitand and
[7]cavitand revealed that these hosts
undergo exchange between equivalent
conformations at room temperature.
The departure of these two cavitands


from cone conformations is related to
steric crowding on their Ar-O-CH2-O-
Ar bridges and is predicted by simple
molecular mechanics calculations (MM2
force field). X-ray diffraction studies on
single crystals of the [4]cavitand, [5]cav-
itand, and [6]cavitand hosts afforded
additional experimental support for
these conclusions.


Keywords: cavitands ´ chemical ex-
change ´ host ± guest chemistry ´
supramolecular chemistry


Introduction


According to Cram�s definition,[1] ªCavitands are synthetic
organic compounds with enforced cavities large enough to
complex complementary organic compounds or ions.º In
order to develop compounds that would fit this definition,
Cram and co-workers prepared a large number of cavitands
starting from the acid-catalyzed condensation of resorcinol
and 2-substituted resorcinols with a series of aldehydes.[2] This
condensation reaction yields the cyclic tetrameric octol
(resorcinarene) with C4v symmetry in which the aldehyde R
groups (the so-called feet) are all in axial positions.[3, 4]


Hydrogen bonding among the hydroxyl groups fosters the
organization of the octols into flexible bowl-shaped structures.
This conformation can be fixed by replacing the network of
hydrogen bonds with covalent bonds, in a reaction that
involves four ring closures.[5] The resulting cavitands have
been used extensively by the Cram group and others not only
as receptors, but also as components for the preparation of
more elaborate hosts, such as carcerands and hemicarcer-
ands.[6]


Usually, the most popular hosts in supramolecular chem-
istry are available in an assortment of sizes. For instance, the
calix[n]arenes have been prepared with n values as large as
20[7] and the unmodified cyclodextrins[8] (CDs) are commer-
cially available with n� 6 (a-CD), 7 (b-CD), and 8 (g-CD). In
sharp contrast to this, the chemistry of cavitands has only
made use of the cyclic tetramers (n� 4) produced in the
condensation of resorcinols with aldehydes. Thermodynami-
cally, the C4v tetramers are the most stable products of these
reactions, but it has been known for years that other stereo-
isomers and oligomeric materials are also formed.[9] Recently
Konishi et al. demonstrated that resorcin[5]arene and resor-
cin[6]arene cyclocondensation products can be isolated from
the reaction of 2-alkylresorcinols with formaldehyde.[10, 11]


These higher resorcinarenes are favored kinetically and can
be obtained using shorter reaction times. As the reaction is
allowed to proceed for longer times, the yields of resorci-
n[5]arene and resorcin[6]arene decrease and, eventually, only
resorcin[4]arene can be isolated. Inspired by these findings we
have started a research program targeting the preparation of
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larger cavitands and related hosts. In this paper,[12] we report
the synthesis and characterization of the first series of
[n]cavitands, where n� 4, 5, 6, and 7.[13]


Results and Discussion


Synthesis : After 48 h in ethanol solution, the HCl-catalyzed
reaction of 2-methylresorcinol with formaldehyde produced
the corresponding resorcin[4]arene in 73 % yield. The result-
ing [4]cavitand was subsequently obtained in 83 % using our
previously reported bridging procedure.[14] In agreement with
the results of Konishi and co-workers,[10, 11] the acid-catalyzed
condensation of 2-methylresorcinol with formaldehyde leads
to a mixture of resorcinarenes when stopped at much shorter
reaction times (e.g. 30 min). The resulting mixture was treated
with CH2BrCl to produce the corresponding mixture of
cavitands. FAB and Maldi-Tof (using p-nitroaniline as matrix)
mass spectrometric data of this mixture quickly revealed the
presence of four [n]cavitands, with n� 4, 5, 6, and 7.
[5]Cavitand and [6]cavitand were separated from [4]cavitand
and [7]cavitand by their low solubility in ethyl acetate. Even
though the yields obtained for the cavitands are low
([4]cavitand, 3.6 %; [5]cavitand, 3.6 %; [6]cavitand, 13.9 %;
and [7]cavitand, 1.1 %), they can be produced on multi-gram
scales. Moreover, it is far easier to purify the cavitand mixture
than to isolate the different resorcinarene products and bridge
them separately.


Characterization of [4]cavitand and [5]cavitand : [4]Cavitand
is the first reported cavitand without ªfeetº, that is, obtained
from condensation with formaldehyde. The absence of sub-
stituents in its lower rim does not introduce any significant
structural changes as compared to other tetrameric cavitands.
Therefore, this cavitand exhibits a 1H NMR spectrum (see
Figure 1) that suggests a highly symmetric (C4v) cone con-


Figure 1. Parts of the 1H NMR spectra of [n]cavitands (n� 4 ± 7). The
aromatic protons and the methyl protons are not shown. All spectra were
recorded in CDCl3. See Figure 5a for labels of the [6]cavitand. Labels for
the [7]cavitand are given in Figure 5b and a complete assignment of all
protons can be found in the Supporting Information.


formation (singlet for the aromatic protons, doublets for the
outside and inside groups of protons in the OCH2O bridges, as
well as for the ArCH2Ar bridges, and singlet for the benzylic
methyl protons). This conformation was clearly verified by the
results of X-ray diffraction analysis on single crystals of this
compound (Figure 2).


The 1H NMR spectrum of the [5]cavitand shows a singlet at
d� 7.18 for the aromatic protons and another singlet at d�
2.06 for the methyl protons. The four sets of bridge protons
also appear in the expected four-doublet pattern (Figure 1).
The 13C NMR spectrum exhibits seven resonances. This
spectral information is thus consistent with a highly symmetric
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Figure 2. ORTEP plot of the X-ray crystal structure of the [4]cavitand at
30% probability level. Hydrogens are omitted for clarity.


structure, again suggesting a cone conformation (C5v in this
case). This conclusion was further supported by the X-ray
diffraction data obtained for single crystals of this compound.
The cone conformation obtained from these experiments is
shown in Figure 3.


Figure 3. ORTEP plot of the X-ray crystal structure of the [5]cavitand at
30% probability level. Hydrogens are omitted for clarity.


Characterization of [6]cavitand : The cone conformation
observed for the [4]cavitand and [5]cavitand is not expected
to be maintained as more aromatic units are packed in the
macrocyclic structure. Steric crowding is anticipated to
become so large as to distort the structure, favoring con-
formations of lower symmetry. Simple molecular mechanics
calculations (MM2 force field) suggest that the cone con-
formation is no longer the most stable one for the [6]cavitand
and the [7]cavitand (see Figure 4). The crystal structure of the
[6]cavitand (see Figure 6) is almost identical to the ªrectan-


Figure 4. Energy minimized structures of [n]cavitands as obtained using
the MM2 force field. [4]Cavitand (top right), [5]cavitand (top left),
[6]cavitand], (bottom left) and [7]cavitand (bottom right).


gularº C2v conformation predicted by molecular mechanics
calculations. This structure is also apparent in solution, as
supported by the 1H NMR spectra of the [6]cavitand. At
ÿ8 8C at 400 MHz in CDCl3, there are four doublets each of
major and minor intensities corresponding to the bridge
(OCH2O and ArCH2Ar) protons (H3 ± H10, Figure 1; see
Figure 5 for assignments).[15] In addition, there are two
singlets each (intensity ratio 2:1) for the aromatic protons
(H1 and H2) and for the methyl protons.


At ÿ28 8C, long range (four bond) COSY correlations
connect the ªminorº aromatic protons (H1) to H5 and H9 only
of the ªmajorº set of the ArCH2Ar bridge protons (see
Figure 5a), whereas the ªmajorº aromatic protons (H2) have
cross peaks to all four different resonances for the ArCH2Ar
protons (H5, H8, H9, H10). These results demonstrate that
[6]cavitand exists as a singular entity with C2v symmetry.


As the temperature is raised from ÿ8 8C several changes
occur in the 1H NMR spectra of the [6]cavitand. First, a
broadening of all resonances is obvious. Second, peaks
corresponding to sets of exchanging protons shift closer to
one another until they eventually coalesce. For instance, in
[D7]DMF the two aromatic signals are clear singlets atÿ40 8C
(H1 and H2), but can no longer be differentiated at 52 8C (data
not shown). The bridge (OCH2O and ArCH2Ar) protons
show similar behavior, but it was not possible to observe
complete coalescence for these hydrogens, even at temper-
atures as high as 100 8C. However, in [D6]DMSO coalescence
was complete and the spectrum was sharp at 147 8C (Figure 7).
These findings suggest a fluxional character of the [6]cavitand
host, with equivalent ªrectangularº C2v conformations aver-
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aging through rapid interconversion at the 1H NMR time
scale at higher temperature (see Scheme 1). At ÿ8 8C at
400 MHz in CDCl3, the interconversion process can still be
observed in one- and two-dimensional NOESY (EXSY)
correlation studies. For instance, irradiation of the ªminorº H8


protons gave a strong negative response (indicating exchange)
at the ªmajorº H9 protons and a positive enhancement (NOE)
of the ªmajorº H5 protons and the ªminorº H10 protons
(Figure 8a). Likewise, irradiation at H9 results in a negative
response at H8; clearly these two resonances exchange with
each other. The positive NOE for H5 when H8 was irradiated
is due to NOE transfer (NOE build-up at geminal proton H10


followed by NOE transfer via exchange to H5). Similar results
were obtained when the other two diarylmethylene bridge
protons, H5 and H10, were irradiated (see Figure 8b for a
summary).[16] One-dimensional EXSY spectra[17] were record-
ed in CDCl3 atÿ8 8C as a function of mixing time (d8) in order
to determine the rate for the exchange process. Mixing times
of 5 ms and 0.2, 0.4, 0.6 s were employed, and a relaxation
delay of 4.0 s was used. The method of analyzing the EXSY
spectra is described in the Supporting Information.[18] The
most reliable determination of the rate constant should be
derived from the irradiation of H8 and H9; the other pairs of
exchanging protons suffer from inaccuracies caused by nearby
resonances, for instance irradiation of H5 also irradiated H6.
The pseudo-first-order rate constant kobs,8,9 was found as 2.4�
0.1 sÿ1 whereas kobs,9,8 was 1.2� 0.1 sÿ1. The rate constants for
the conversion of the ªmajorº set protons H5 and H9 into the


Figure 5. a) Summary of COSY correlations for the [6]cavitand, both short
and long range correlations are shown. b) Selected summary of COSY
correlations for the [7]cavitand.


Figure 6. Two views (ORTEP plots at 30 % probability levels) of the X-ray
crystal structure of the [6]cavitand. Hydrogens are omitted for clarity.


Figure 7. Parts of 1H NMR spectra of the [6]cavitand at various temper-
atures: coalescence of the bridge protons recorded at 500 MHz in
[D6]DMSO.


Scheme 1. Interconversion of ªminorº (H1) and
ªmajorº (H2) proton sets in the [6]cavitand. The
numbers 1 to 6 represent the six arenes.
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Figure 8. a) 1D NOESY (EXSY) spectrum of the [6]cavitand at 400 MHz
in CDCl3 at ÿ8 8C; H8 was irradiated. b) Summary of results of dynamic
1H NMR studies on the [6]cavitand at 27 8C to ÿ28 8C.


ªminorº set protons H10 and H8 are half the size of the rate
constants for the reverse exchange as required by mass
balance.


Green et al. introduced the concept of kchem, a modified rate
constant, which is ªindependent of the site population and of
the direction in which the rate constant is measuredº.[19] The
general equation for relating kobs to kchem for an exchange from
site A with a population pA to site B with a population pB was
given by Green et al.[19] as:


kchem�
p A � p B


p A p B


[kobs (A!B)] NA (1)


where NA is the number of nuclei in site from the magnet-
ization is transferred.


Irradiation of a resonance from the minor set (e.g. H1) leads
to magnetization transfer (to H2) two-thirds of the time.
(Scheme 1) Therefore the chemical rate of exchange from H1


to H2 is 1.5 times the rate of magnetization transfer measured
by the NMR experiments (kobs,1,2). Irradiation of H2 also leads
to magnetization transfer two-thirds of the time. Since there
are twice as many H2 as H1 protons, NA equals 2; therefore, the
chemical rate of exchange from H2 to H1 is three times of
kobs,2,1. We calculated a kchem for the site exchange between H8


and H9 at ÿ8 8C in CDCl3 as 3.6� 0.1 sÿ1.[20] DG= is then given
by the expression:[19]


DG=�ÿRT ln [kchem h/kB T] (2)


where kB is the Boltzmann constant, h is Planck�s constant, R
is the gas constant, and T is the temperature. Thus, the free
energy of activation for the exchange process, DG=


265, is
calculated to be 14.8 kcal molÿ1.


Chemical exchange rate constants can also be determined
from the coalescence temperature (Tc) of resonances of
unequal intensities by solving Equation (3) as described by
Shanan-Atidi et al.[21] The chemical rate constant is the
reciprocal of the average time between jumps, t.[19, 21, 22]


pAÿ pB�
X 2 ÿ 2


3


 !3=2
1


x
(3)


where pAÿ pB is the population diference of exchangin spins
A and B and X� 2pDnt.


From the Dn Equation (3) gives t, and thus kchem. Using
Equation (2) and putting in kchem and the coalescence temper-
ature of the aromatic hydrogens H1 and H2, we calculat-
ed[19, 21, 22] a value of 15.7 kcal molÿ1 for the value of DG=


325 for
the interconversion process in [D7]DMF (at 52 8C, Dn�
112.7 Hz measured at 400 MHz, kchem� 194.3 sÿ1 [22]).


Not surprisingly, the exchange and NOE transfer processes
are temperature dependent; at ÿ28 8C both processes are
almost frozen out on the 1H NMR time scale, whereas at
ÿ8 8C they are clearly apparent, and at 2 8C, they are more
pronounced still. ROESY experiments at 27 8C showed that
the negative cross-peaks were due to exchange and not due to
dipolar relaxation. Results in [D7]DMF fully agree with those
obtained in CDCl3. Interestingly, atÿ40 8C in both CDCl3 and
[D7]DMF, all NOE effects observed are negative and their
absolute value increases when the temperature is lowered.


Characterization of [7]cavitand : The 1H NMR spectrum of
the [7]cavitand at ÿ8 8C shows a more complicated pattern
than that of the [6]cavitand (Figure 1, see also Figure 1 in the
Supporting Information for a full 1H NMR spectrum). For
instance, four different peaks can be observed for the methyl
protons with relative intensities 6:6:6:3. The aromatic hydro-
gens also show four signals with relative intensities 2:2:2:1.
These signals as well as those for the bridge protons (both
OCH2O and ArCH2Ar) are fully consistent with a ªpinched
conformationº, with two well-defined cavities, one slightly
larger than the other. This conformation is also in agreement
with predictions from molecular mechanics calculations (see
Figure 4 and Figure 9). In analogy to the behavior observed
with the [6]cavitand (but shifted by at least 25 8C up in
temperature), an increase in temperature leads to similar
effects on the 1H NMR spectrum of the [7]cavitand. Namely,
the signals become increasingly broad and tend to coalesce
with those peaks corresponding to protons in the same
molecular regions. For instance, at 30 8C, the four aromatic
signals have merged into three, and at 60 8C only two broad
signals can be observed. These spectral features are explained,
as in the case of the [6]cavitand, by the interconversion of
several equivalent ªpinchedº conformations.


At 7 8C in CDCl3, long range COSY correlations connect
the four aromatic protons (H1 to H4) to the ArCH2Ar protons.
For instance, the H1 protons have cross peaks to H16, H20, and
H17, whereas the H3 protons only correlate to H20 (see
Figure 5b). ROESY experiments at ÿ8 8C confirm these
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Figure 9. Conformation of the [7]cavitand: a) 1D NOESY (EXSY)
spectrum of the [7]cavitand at 400 MHz in CDCl3 at 7 8C and 20 8C; H17


was irradiated. b) Summary of results of dynamic 1H NMR studies on the
[7]cavitand ÿ8 8C to 22 8C.


correlations by showing strong NOE cross peaks between the
aromatic protons (H1 to H4) and the four more upfield
ArCH2Ar resonances (H17 to H20).[23] Again, the H3 protons
connect to H20, and H1 connects with H17 and H20. Also, there
are weak negative cross peaks (indicating exchange) between
H16 and H19, and H14 and H17. One-dimensional EXSY spectra
were recorded at different temperatures varying mixing times
to study the interconversion process between the different
ArCH2Ar resonances. At 7 8C (at 400 MHz in CHCl3) at short
mixing times (50 ms), irradiation of H17 results in a negative
response (indicating exchange) at H14 only. At longer mixing
times (100 to 400 ms), irradiation results in negative responses
at H13 and H14. However, the ratio between the intensities for
those two resonances changes with mixing times, from 1:44 at
100 ms to 1:5.6 at 400 ms. Also, at the latter mixing time, a
small negative response at H15 is found. At higher temper-
ature (20 8C), irradiation of H17 yields an even more pro-
nounced response at H13 and at H15 (intensity ratio between
H13:(H14/H15)� 1:2.0 at 400 ms mixing time, see Figure 9a),[24]


and the major response (H14) decreases with increasing mixing
time relative to the secondary responses (H13 and H15).
Irradiation of H13 at 7 8C yields equal negative responses at


H14 and H15. The ratio between H14 and H15 does not change
with mixing times, but at longer mixing times (250 to 400 ms) a
small negative response at H17 appears. The ratio between the
combined intensities for H14 and H15 to the one for H17


changes from 22:1 at 250 ms to 13.2:1 at 400 ms.[25] Similar
results are found for the other exchanging protons, and for the
second exchange set of the ArCH2Ar protons (H16, H18 to
H20). Figure 9b summarizes the above results. It seems that the
two unequal cavities in [7]cavitand exchange with each other.
Scheme 2 explains the interconversion process and is consis-
tent with the observed NMR data. The two resonances H13


and H17 exchange only weakly in comparison to H14 and H17


because both are correlated by a two step exchange process.
In the first step, one H17 proton exchanges with H14, which
exchanges with H13 in a second step. The more H14 is produced
during irradiation of H17 (by a higher temperature or longer
mixing time), the more H13 can be observed to respond.


At 7 8C the pseudo-first-order rate constant kobs,14,17 was
found as 1.4� 0.1 sÿ1 whereas kobs,17,14 was 0.7� 0.1 sÿ1. The
rate constants for the conversion of the H17 protons into the
H14 protons are half the size of the rate constants for the
reverse exchange as required by mass balance since only one
H14 proton exchanges with H17. The other H14 proton
exchanges with H13 and the second H17 stays H17 at any given
step. When H14 is irradiated, magnetization transfer to both
H13 and H17 is observed. Magnetization transfer from H14 to
either site occurs on average one third of the time. The
chemical rate of exchange from H14 to H17 is three times the
rate of magnetization transfer measured by the NMR experi-
ments (kobs,14,17). In contrast, kchem for the interconversion of
H17 to H14 is six times kobs,17,14, since a H17 proton is a bystander
and does not participate in any given exchange step. We
calculated a kchem for the site exchange between H17 and H14 at
7 8C in CDCl3 as 4.2� 0.1 sÿ1.[20] DG=


280, is calculated to be
15.6 kcal molÿ1.


The kchem for the [6]cavitand is somewhat higher than that
for the [7]cavitand at the same temperature (kobs,8,9� 11.1�
0.1 sÿ1, kobs,9,8� 5.5� 0.1 sÿ1, kchem� 16.5� 0.1 sÿ1).


As in the case of the [6]cavitand, at low temperature all
NOEs turned out to be negative and their absolute values
were small at ÿ15 8C. Lowering the temperature to ÿ40 8C
yielded stronger NOE signals. These experiments allowed
complete assignment of all the hydrogens for the [7]cavitand.
For instance, irradiation of protons H7 resulted in a negative
enhancement of the methyl signals H23 and H24 (both ÿ4 %)
and of the geminal protons H10 (ÿ56 %), a result consistent
with COSY experiments at low temperature. Similarly,
irradiation of the methyl signal Me24 produced a decrease
on signals H7, H8, H10 and H11 (Figure 9). Following this
methodology, complete assignment of all protons for the
[7]cavitand was made (see Supporting Information for a
complete list of all NOE relationships and assignment of all
protons).


Conclusions


We have developed a simple procedure to synthesize the first
cavitands containing more than four aromatic units. Addi-
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tionally, these are the first cavitands reported with no ªfeetº.
The low-order [n]cavitands (n� 4,5) adopt a rigid cone-like
conformation, identical to that previously reported by Cram
and co-workers, with no degree of conformational mobility.
On the other hand, the higher-order [n]cavitands (n� 6,7)
manifest lower symmetry, and show some flexibility at room
temperature, with interconversion between equivalent con-
formations. These structures exhibit two cavities, rather than
one. The cavities are identical for the [6]cavitand, while one is
slightly larger than the other for the [7]cavitand. The
departure from the typical cone-like conformation for these
two larger cavitands is presumably due to steric crowding.
These ªpinchedº conformations are clearly observed by
1H NMR spectroscopy at lower temperatures, at which the
conformational interconversion processes are sufficiently
slow.


An important feature common to all these new cavitands is
the presence of benzylic methyl groups in the upper rim of the
molecule. Efforts aimed at the functionalization of such
positions are currently underway in our research groups. We
anticipate that this work may lead to the design and synthesis
of new and interesting hosts, opening the way to a new
generation of enlarged cavitands and their derivatives, such as
hemicarcerands and hemicarceplexes. Preliminary results are
already in hand for the first hemicarceplex with a C5 axis of
symmetry. The host properties of these novel compounds may
offer many exciting possibilities.


Experimental Section


Synthesis of resorcin[4]arene (Octol)
and [4]cavitand : In a flask provided
with stirring and a condenser a mix-
ture of 2-methylresorcinol (3.00 g,
24.2 mmol), formaldehyde solution
(20 mL, 35% aqueous solution),
EtOH (40 mL) and concentrated hy-
drochloric acid (15 mL) was kept at
80 8C. After 48 h the reaction mixture
was cooled down and filtered. The
precipitate was washed with abundant
water (400 mL). The product was
dried at 80 8C in vacuo for 24 h to
yield octol (2.41 g, 73.1 %).


A mixture of octol (0.90 g, 1.65 mmol),
Cs2CO3 (3.00 g), CH2BrCl (6.5 mL)
and DMF (15 mL) was stirred for 8 h
in a sealed tube at 92 8C. After cooling,
the reaction content was poured in a
hot (around 60 ± 80 8C) mixture
(CAUTION!) of HCl (15 mL) and
H2O (250 mL) and stirred for a while
until the remaining CH2BrCl fully
evaporated. After cooling, the mixture
was filtered and washed with abundant
water. This crude was purified by
chromatography with CHCl3/hexanes,
and after drying under vacuum yielded
[4]cavitand (0.815 g, 1.38 mmol, 83%).
1H NMR (500 MHz, CDCl3, 27 8C):
d� 6.98 (s, 4H; ArH), 5.87 (d,
2J(H,H)� 6.9 Hz, 4H; OCH2O), 4.44
(d, 2J(H,H)� 12.2 Hz, 4H; ArCH2-
Ar), 4.30 (d, 2J(H,H)� 6.9 Hz, 4H;
OCH2O), 3.23 (d, 2J(H,H)� 12.2 Hz,
4 H; ArCH2Ar), 1.96 (s, 12H; ArCH3);


13C NMR (100 MHz, CDCl3, 27 8C): d� 153.6, 135.2, 125.2, 124.3, 99.0, 34.0,
10.2; HRMS (�LSIMS, thioglycerol): 593.21767. Dev: 0.21 ppm.


Synthesis of higher resorcin[n]arenes and [n]cavitands : A mixture of
2-methyl resorcinol (20.0 g, 161.1 mmol), diethoxymethane (20 mL,
161.1 mmol), and EtOH (360 mL) was heated to 60 8C. After 15 min
concentrated HCl (90 mL) was added, and the mixture was stirred at 60 8C
for 30 min. The reaction content was then poured into a 2 L flask that
contained water (750 mL) and ethyl acetate (250 mL). After separation of
the two phases, the aqueous phase was extracted twice with ethyl acetate
(100 mL). The combined organic phases were washed with water until the
aqueous phase proved neutral. Ethyl acetate was removed under reduced
pressure, and the resulting solid was dried at 80 8C under vacuum for one
hour to yield the resorcinarene mixture (24 g). The crude product was
dissolved in DMA (360 mL). K2CO3 (50 g, 362 mmol) was added, and the
mixture was heated to 60 8C under a nitrogen atmosphere. Bromochloro-
methane (24 mL, 369.6 mmol) was added after 30 min, and the reaction was
stirred overnight at 60 8C. After cooling, the reaction mixture was filtered
through Celite which was washed with abundant chloroform. The solvent
was then removed under reduced pressure to yield a brown solid that was
dissolved in chloroform (100 mL) and subjected to column chromatog-
raphy (600 g silica gel, 230 ± 400 mesh). Using chloroform as the eluent an
yellowish solid was obtained (5.2 g). Ethyl acetate (100 mL) was added to
this solid. The mixture was sonicated for 5 min and filtered. The white
precipitate (mixture of [5]cavitand and [6]cavitand only) was dissolved in
chloroform (100 mL), and the mixture was shortly heated (heatgun),
sonicated for 5 min and filtered, yielding the first batch of [6]cavitand
(0.80 g). The filtrate was reduced in volume to about 50 mL volume and
refrigerated overnight, resulting in the precipitation of more [6]cavitand
(2.1 g). The subsequent filtrate was reduced to about 15 mL of chloroform,
and ethyl acetate (50 mL) was added. After the reaction mixture was
refrigerating for 30 min, the precipitate was removed by filtration to yield
most of the [5]cavitand as a white solid (0.86 g, 3.6 %). At this point, the two
filtrates were combined, and the solvent was evaporated to yield a


Scheme 2. Interconversion of proton sets in the [7]cavitand. The numbers 1 to 7 represent the seven arenes.
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yellowish solid that contained mainly [4]cavitand and [7]cavitand in
addition to some [6]cavitand and more polar and coloured products.
The solid was purified by column chromatography using chloroform as
the mobile phase. The less polar fractions were combined, the solvent
was removed, and the solid was put in ethyl acetate (50 mL) and filtered
to yield [6]cavitand (0.3 g). The filtrate was reduced in volume and
refrigerated overnight to yield [4]cavitand as colorless needles (0.87 g,
3.6%).


The more polar fractions containing [7]cavitand were combined, the
solvent was evaporated, and ethyl acetate (25 mL) was added. The
precipitate (0.1 g) gave additional [6]cavitand (3.3 g total, 13.9 % for two
steps). The filtrate was treated with hexanes to yield [7]cavitand as a white
powder (0.28 g, 1.1%).


[5]Cavitand : 1H NMR (500 MHz, CDCl3, 27 8C): d� 7.16 (s, 5H; ArH),
5.97 (d, 2J(H,H)� 7.0 Hz, 5 H; OCH2O), 4.35 (d, 2J(H,H)� 13.0 Hz, 5H;
ArCH2Ar), 4.33 (d, 2J(H,H)� 7.0 Hz, 5 H; OCH2O), 3.37 (d, 2J(H,H)�
13.0 Hz, 5H; ArCH2Ar), 2.04 (s, 15 H; ArCH3); 13C NMR (100 MHz,
CDCl3, 27 8C): d� 155.4, 132.3, 128.1, 124.4, 100.1, 35.3, 10.3; HRMS
(�LSIMS, thioglycerol): 741.26992; Dev: ÿ0.07 ppm.


[6]Cavitand : 1H NMR (500 MHz, CDCl3, ÿ13 8C): d� 7.19 (s, 2H; ArH),
7.14 (s, 4H; ArH), 5.92 (d, 2J(H,H)� 7.3 Hz, 2H; OCH2O), 5.88 (d,
2J(H,H)� 6.7 Hz, 4H; OCH2O), 4.49 (d, 2J(H,H)� 11.9 Hz, 4H; ArCH2-


Ar), 4.43 (d, 2J(H,H)� 6.9 Hz, 2H; OCH2O), 4.28 (d, 2J(H,H)� 7.0 Hz,
4H; OCH2O), 3.78 (d, 2J(H,H)� 13.1 Hz, 2H; ArCH2Ar), 3.30 (d,
2J(H,H)� 11.7 Hz, 4H; ArCH2Ar), 3.16 (d, 2J(H,H)� 12.8 Hz, 2H;
ArCH2Ar), 2.01 (s, 12 H; ArCH3), 1.97 (s, 6H; ArCH3); 13C NMR
(100 MHz, CDCl3, 27 8C): d� 156.1, 154.2, 153.3, 135.4, 134.3, 130.8,
127.7, 125.0, 124.5, 123.9, 102.0, 99.1, 37.4, 33.5, 9.9; HRMS (LSIMS,
thioglycerol): 889.32214; Dev: ÿ 0.30 ppm.


[7]Cavitand : 1H NMR (400 MHz, [D7]DMF, ÿ15 8C): d� 7.64 (s, 2H;
ArH), 7.52 (s, 2H; ArH), 7.34 (s, 1 H; ArH), 7.32 (s, 2H; ArH), 6.10 ± 6.08
(m, 3 H; OCH2O), 6.00 (d, 2J(H,H)� 7.3 Hz, 2H; OCH2O), 5.94 (d,
2J(H,H)� 7.7 Hz, 2H; OCH2O), 4.56 ± 4.51 (m, 4 H; OCH2O), 4.46 ± 4.42
(m, 5 H; OCH2O, ArCH2Ar), 4.33 (d, 2J(H,H)� 12.1 Hz, 2 H; ArCH2Ar),
4.23 (d, 2J(H,H)� 12.8 Hz, 1H; ArCH2Ar), 3.76 (d, 2J(H,H)� 11.7 Hz, 2H;
ArCH2Ar), 3.56 ± 3.50 (m, 3H; ArCH2Ar), 3.40 (d, 2J(H,H)� 11.7 Hz, 2H;
ArCH2Ar), 2.07 (s, 2 H; ArCH3), 2.05 (s, 1 H; ArCH3), 2.03 (s, 2H; ArCH3),
1.90 (s, 2H; ArCH3); 13C NMR (100 MHz, [D7]DMF, 22 8C): d� 156.0,
155.2, 155.1, 155.0, 154.5, 154.0, 153.4, 135.8, 135.7, 133.8, 133.4, 133.2, 132.5,
127.7, 127.2, 126.8, 125.5, 125.3, 125.1, 125.0, 100.9, 100.4, 100.3, 99.3, 34.6,
33.4, 9.9, 9.8, 9.7; HRMS (LSIMS, thioglycerol): 1036.36642; Dev:
ÿ0.57 ppm.


X-ray Crystallography : Single crystals of all compounds were grown by
slow evaporation of their CHCl3 solutions. X-ray intensity data for crystals
of [4]cavitand ([4]) and [6]cavitand ([6]) were measured at 27 8C on a
Bruker SMART 1000 CCD-based X-ray diffractometer system equipped
with a Mo-target X-ray tube (l� 0.71073 �). For the X-ray crystallo-
graphic analysis of [6] we used a colorless plate of approximate dimensions
0.22� 0.18� 0.07 mm3, which was wedged into a quartz capillary filled with
a mixture of mineral oil and chloroform (1:1 v/v). For the X-ray
crystallographic analysis of [4] we used a clear parallel block of
approximate dimensions 0.44� 0.25� 0.22 mm3 cemented onto a quartz
fiber with epoxy glue. Data were measured using omega scans of 0.3 8 per
frame for 10 seconds such that a hemisphere was collected. A total of 1271
frames were collected with a final resolution of 0.75 �. Significant decays
(18 % in [6] and 5 % in [4]) were indicated by the recollection of the first
50 frames at the end of data collection. The frames were integrated with the
Bruker SAINT software package using a narrow-frame integration
algorithm, which also corrects for decay, Lorentz, and polarization
effects.[26] Absorption corrections were applied using SADABS supplied
by George Sheldrick.[27]


The structures of [4] and [6] were solved and refined using the Bruker
SHELXTL (Version 5.1) Software Package[28±30] in the space groups C2/c
and Pbca, respectively. Direct methods revealed that the asymmetric unit
of [6] consists of one half of the molecule that is related to the other half by
a crystallographic two-fold axis. Further refinement revealed the presence
of three chloroform molecules in the asymmetric unit, two of which are
disordered and refined with the CÿCl bond distance restraints. The
asymmetric unit of [4] contains two independent cavitand molecules and
three lattice CHCl3. The latter are all disordered and were refined with


CÿCl bond distance restraints. With all non-hydrogen atoms being
anisotropic and all hydrogen atoms in calculated position and riding mode,
the structure was refined to convergence by least squares method on F 2,
SHELXL-93, as incorporated in SHELXTL.PC V 5.03. The final least-
squares refinements converged at the R-factors reported in Table 1, along
with other procedural parameters.


A crystal of [5]cavitand ([5]) was mounted on a glass fiber and data were
collected at ÿ100 8C on a Rigaku/ADSC CCD area detector. Two sets of
scans were collected (f� 0.0 to 190.08 , c�ÿ908 ; and w�ÿ18.0 to 23.08,
c�ÿ908, 0.308 oscillations; 58.0 s exposures). The data were processed
using the d*TREK program[31] and corrected for Lorentz and polarization
effects. The structure was solved by direct methods[32] and expanded using
Fourier techniques.[33] The crystals of [5] formed with one cavitand
molecule along with three molecules of chloroform and one ethanol
molecule in the asymmetric unit. The atoms of the solvent molecules were
refined isotropically while all atoms comprising the cavitand were refined
anisotropically. The material was only weakly diffracting, likely as a result
of the large amount of disordered, volatile solvent in the lattice. It is this
weak diffraction that gives rise to the relatively large residuals (see
Table 1), however there do not appear to be any abnormal geometries or
thermal parameters associated with the cavitand moiety. All calculations
were performed with the teXsan crystallographic software package from
Molecular Structure Corporation.[34]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-148476 (for
[4]), CCDC-148477 ([6]), and CCDC-148662 ([5]). 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).


Acknowledgement


The authors acknowledge the NSF (to AEK, CHE-9633434 and CHE-
9982014), NSERC (JCS), and NIH (JCS, GM56104) for the support of this
research work. C.P. is grateful to Xunta de Galicia for a postdoctoral
fellowship and E.R. thanks the University of Miami for a Maytag graduate
fellowship. T.R. acknowledges the CCD diffractometer fund from the
University of Miami.


Table 1. Crystallographic data.


[4]Cavitand [5]Cavitand [6]Cavitand


formula C75H65O16Cl9 C50H49O11Cl9 C30H27O6Cl9


FW 1541.32 1145.01 802.57
space group Pbca C2/c C2/c
a [�] 18.0491(15) 38.955(4) 29.696(9)
b [�] 20.5461(17) 12.485(1) 10.306(3)
c [�] 38.411(3) 26.410(3) 22.988(7)
b [8] 90 127.63(1) 93.045(6)
V [�3] 14244(2) 10172(2) 7026(4)
Z 8 8 8
1calcd [gcmÿ3] 1.437 1.50 1.518
radiation MoKa MoKa MoKa


m [mmÿ1] 0.423 0.56 0.758
T [8C] 27 ÿ 100 27
Rs (all data) R� 0.1113, R� 0.192, R� 0.1411,


wR2� 0.1840 Rw� 0.277 wR2� 0.2072
Rs (observed data) R� 0.0517, R� 0.098, R� 0.0745,


wR2� 0.1348 Rw� 0.128 wR2� 0.1843


R�SjjFoj ÿ jFc j j /S jFo j , Rw� (S(F 2
o ÿ 2


c �2/Sw(F 2
o�2)1/2, wR2� (Sw(F 2


oÿ
Fc


2)2/Sw(F 2
o�2)1/2.
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Structural Analysis of a Metallosupramolecular Polyelectrolyte ± Amphiphile
Complex at the Air/Water Interface


Pit Lehmann, Dirk G. Kurth,* Gerald Brezesinski, and Christian Symietz[a]


Abstract: A detailed analysis of a met-
allosupramolecular coordination polye-
lectrolyte ± amphiphile complex (PAC)
at the air/water interface is presented
based on Langmuir isotherm measure-
ments, Brewster angle microscopy as
well as X-ray reflectance and diffraction
measurements. The PAC is prepared in
solution by metal-ion coordination of
Fe(OAc)2 and 1,4-bis(2,2':6',2''-terpyri-
din-4'-yl)benzene followed by self-as-
sembly with dihexadecyl phosphate


(DHP). The spreading of the PAC at
the air/water interface results in a Lang-
muir film with a stratified architecture,
such that DHP forms a monolayer on
the water surface, while the metallosu-
pramolecular coordination polyelectro-


lyte (MEPE) is immersed in the aqueous
subphase. Electrostatic interactions of
MEPE and DHP force the alkyl chains
into an upright, hexagonal lattice even at
low surface pressures. This work illus-
trates how supramolecular, colloidal,
and surface chemistry can be combined
to create complex architectures with
tailored characteristics that may not be
accessible through self-organization in
the liquid phase.


Keywords: amphiphiles ´ coordina-
tion chemistry ´ polyelectrolytes ´
supramolecular chemistry ´ surface
chemistry


Introduction


The availability of amphiphiles and polyelectrolytes, the ease
of formation, and the wide range of possible structures and
characteristics make polyelectrolyte ± amphiphile complexes
(PACs) materials of general interest in fundamental research
and technological applications. The formation of these
materials results from the spontaneous assembly of amphi-
philes and polyelectrolytes, driven by cooperative electro-
static and hydrophobic interactions. The intrinsic properties
of amphiphiles to self-assemble in combination with the
topography of the macromolecular backbone give rise to
highly ordered, extended equilibrium architectures.[1±5] The
prospect of integrating molecular devices into either one of
the constituents of the PAC bears promising potential towards
the engineering of functional materials. The modularity of this
approach assures versatility in terms of available components,
provides extensive control of function and structure, and
permits building of architectures with structures of several
different sizes.


With the recent discovery of metallosupramolecular coor-
dination polyelectrolytes (MEPE),[6] novel components are
now available that allow a facile entry to advanced PACs.[7]


Metallosupramolecular devices possess diverse reactive, ki-


netic, and thermodynamic properties that make them attrac-
tive for applications in electronic, magnetic, and photonic
materials. The combination of metallosupramolecular devices
as the functional and amphiphiles as the structural compo-
nent, respectively, provides an attractive route to customize
particular properties, including solubility and surface activity,
as well as to fabricate multi-component composite materials.


There are several approaches to prepare extended assem-
blies of metallosupramolecular devices, including thin films
and monolayers on planar[8, 9] and colloidal interfaces,[10] as
well as liquid crystalline phases.[11] Amphiphilic and water-
insoluble coordination arrays and polymers can be spread at
the air/water interface.[12±14] The well-defined conditions at the
air/water interface are attractive for the synthesis of highly
ordered non-equilibrium architectures by Langmuir ± Blodg-
ett (LB) transfer, which are generally not accessible through
self-assembly in the liquid phase. The air/water interface is
also ideal for the investigation of interactions between
polyelectrolytes and amphiphiles. In general, water-soluble
polyelectrolytes are adsorbed from the subphase to an
amphiphilic monolayer. The PAC, which is formed at the
air/water interface, can subsequently be transferred onto a
solid support. This concept can be used to stabilize amphi-
philic membranes in analogy to the cytoskeleton and serves as
a model system for charged interfaces.[15±19]


In contrast to these methods, the approach presented herein
relies on a preformed PAC; that is, the PAC is self-assembled
in solution and isolated prior to distribution at the air/water
interface. First, MEPE (1) is prepared in aqueous solution by
self-assembly of ditopic 1,4-bis(2,2':6',2''-terpyridin-4'-yl)ben-
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zene and suitable metal ions, such as FeII (see Figure 1).[6]


With most transition metal ions, terpyridines form stereo-
chemically non-ambiguous complexes with pseudo-octahe-
dral coordination geometry (D2d symmetry).[20] Therefore,
metal-ion coordination of bis-terpyridine ligands results in
linear, extended, positively charged macromolecules. Subse-
quent self-assembly of MEPE (1) and the amphiphile
dihexadecyl phosphate (DHP) results in a completely non-
covalent, hydrophobic PAC (2).[7] It should be noted that,
under these experimental conditions, the composition of PAC
(2) shows six amphiphiles per repeating unit, which is defined
as one ditopic ligand along with one metal ion. Two DHPs can
form a bond through electrostatic interactions of the charged
components, while the remaining four DHPs can bond to each
other through hydrophobic and hydrogen-bonding interac-
tions. This particular non-stoichiometric charge-to-amphi-
phile ratio is not uncommon in PACs.[21] The solubility of
PAC (2) in common organic solvents indicates that the
amphiphiles efficiently shield the hydrophilic portion of
MEPE (1). We therefore assume that, in solution, the
amphiphiles are predominately located around the hydro-
philic metal-ion centers as depicted in Figure 1.


As we showed recently, PAC (2) spreads at the air/water
interface, and the resulting Langmuir monolayer can be
transferred onto solid supports resulting in highly organized,
anisotropic Y-type LB multilayers.[7] The characteristic metal-
to-ligand charge transfer band observed in LB multilayers
demonstrates that the MEPE (1) is present in the PAC (2)
monolayer at the air/water interface. However, the exact
structure of the PAC (2) monolayer at the air/water interface
has not been addressed to date.


The present study was undertaken to gain detailed insight
into the structure of a preformed PAC monolayer at the air/


Figure 1. Self-assembly of the polyelectrolyte ± amphiphile complex PAC
(2). The octahedral coordination geometry around the metal ion is
indicated by the dotted and solid wedges.


water interface, which is of paramount importance for the
understanding of the interaction between MEPE and amphi-
philes as well as the principal parameters that determine the
final LB film architecture.


Results and Discussion


Langmuir isotherms : The PAC (2) pressure ± area isotherm,
which is very reproducible, is shown in Figure 2. In contrast to
our previously published results,[7] the molecular area of the


Figure 2. Compression isotherm (solid line) and expansion hysteresis
(dotted line) of the PAC (2) monolayer at the air/water interface. The
monolayer of neat DHP (inset) shows a distinct phase transition. The
structure of the alkyl chains in both phases is schematically depicted.


isotherm was calculated with a molecular mass of PAC (2) in
agreement with a composition of six amphiphiles per MEPE
repeating unit.[22] The PAC (2) monolayer collapses at a
remarkably high pressure of 62 mN mÿ1. The area at the
collapse is 1.9 nm2 per repeating unit. Upon expansion, a
slight hysteresis is observed. In contrast to neat DHP (inset),
the PAC (2) isotherm shows no distinct phase transition
between the tilted and untilted liquid condensed phase. The
lack of a liquid expanded phase and the steep slope of the
lateral pressure in the isotherm of neat DHP is typical for
long-chain amphiphiles with strong van der Waals attractions.


Abstract in German: In einer detaillierten Studie berichten wir
über die Struktur eines metallo-supramolekularen Koordina-
tions-Polyelektrolyt ± Amphiphil-Komplexes (PAC) an der
Wasser/Luft Grenzfläche. Der PAC entsteht in Lösung durch
Metallionen-Koordination von Fe(OAc)2 und 1,4-bis(2,2':6',2''-
terpyridin-4'-yl)benzol gefolgt von Selbstorganisation mit
Dihexadecylphosphat (DHP). Die Ergebnisse der Langmuir
Isothermen, Brewster-Winkel-Mikroskopie, sowie Röntgen
Reflexion und Beugung zeigen übereinstimmend, daû der
PAC an der Wasser/Luft Grenzfläche eine Langmuir-Mono-
lage mit einer geschichteten Architektur ausbildet. Die DHP-
Moleküle bilden eine partiell geladene Monolage auf der
Wasseroberfläche, an die der metallo-supramolekulare Koor-
dinations-Polyelektrolyt von unten anbindet. Elektrostatische
Wechselwirkungen zwischen der MEPE und DHP Schicht
zwingen die Alkylketten in ein aufrechtes, hexagonales Gitter
selbst bei kleinen Oberflächendrücken. Diese interdisziplinäre
Arbeit zeigt, wie die Supramolekulare Chemie, die Kolloidwis-
senschaften und die Grenzflächenforschung mit einander
kombiniert werden können, um komplexe Architekturen mit
maûgeschneiderten Strukturen und Eigenschaften aufzubauen,
die nicht ohne weiteres in der Volumenphase durch Selbst-
organisation entstehen.
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Molecular modeling suggests the following approximate
dimensions of a MEPE (1) repeating unit: the width is 1.15
(�0.1) nm and the metal ion ± metal ion distance is 1.55
(�0.1) nm.[23] If packing effects are neglected, the area of a
single repeating unit with the longitudinal axis oriented
parallel to the interface is approximately 1.8 nm2. DHP, on the
other hand, occupies an area of 0.4 nm2 (see inset in Figure 2
and Table 1). The area at the collapse pressure corresponds
approximately to a single MEPE (1) repeating unit or five
DHP molecules. We propose that the Langmuir monolayer
has a stratified bilayer architecture, in which the top consists
of DHP molecules and the bottom consists of MEPE (1). The
verification of this hypothesis and the fact that the actual
collapse area (1.9 nm2) is smaller than the spatial requirement
of the six DHP molecules (2.4 nm2), which belong to a single
repeating unit, will be discussed in the following sections.


Brewster angle microscopy : Representative Brewster angle
microscopy (BAM) images that reveal the morphology of the
PAC (2) monolayer at different lateral pressures are shown in
Figure 3. At zero surface pressure, large elongated domains are
observed. These domains fuse upon compression and a
condensed film is observed at surface pressures exceeding
10 mN mÿ1. Upon expansion of the monolayer, the individual
domains reappear under retention of their characteristic
elongated shape.


Furthermore, bright spots are visible on both BAM images.
The spots occur immediately after spreading; that is, they are
present at zero surface pressure and do not develop during
compression. The high reflectance of these spots indicates that
they are comprised of three-dimensional structures. The
dimensions of the aggregates are probably much smaller than
suggested by BAM images.[24] This assumption is supported by
the fact that the aggregates do not contribute significantly to
the reflectance of the interface as demonstrated by X-ray
reflectivity (see below). The aggregates reduce the area of the
monolayer at all pressures and are responsible for the above-
mentioned reduced collapse area of the PAC (2) monolayer.
The collapse area (1.9 nm2) corresponds more closely to five
(out of six) DHP molecules (0.4 nm2 per DHP molecule). To


Figure 3. The morphology of PAC (2) monolayers at a) 0 mN mÿ1 and
b) 10 mN mÿ1 as seen with BAM.


conform to the steric requirement of one MEPE (1) repeating
unit (1.8 nm2), some DHP molecules aggregate. There is no
evidence for crystalline bulk material as shown by X-ray
diffraction measurements (see below). This means that the
aggregates are amorphous and/or too small to provide
sufficient diffraction intensity.


In contrast to PAC (2) monolayers, neat DHP forms a
homogeneous monolayer at surface pressures exceeding
10 mN mÿ1 with no evidence for three-dimensional aggre-
gates. In addition, the domains in DHP monolayers are of
uncharacteristic shape and size. The occurrence of elongated
domains in PAC (2) monolayers is therefore attributed to the
particular interactions between DHP and MEPE (1) at the
air/water interface.


X-ray reflectivity : In order to provide further support for the
hypothesis of a stratified bilayer architecture of the PAC (2)
monolayer, the X-ray reflectivity (XRR) of the interface was
determined. Figure 4 shows XRR curves (open circles) of the
PAC (2) monolayer for different lateral pressures, as well as
computed reflectance profiles (solid lines). The fits are in
good agreement with the experimental data. From the
occurrence of the Kiessig interference fringes in the reflec-
tance profiles, we conclude that the PAC (2) monolayer is
homogeneous in thickness and composition.[25] The above-
mentioned three-dimensional aggregates of DHP are either
too small and/or too few to affect the reflectance of the
interface significantly. The film thickness in the investigated
pressure range does not change significantly as indicated by
the almost constant spacing of the Kiessig fringes. The total
thickness of the Langmuir monolayer amounts to 3.2 nm at
10 mN mÿ1, 3.23 nm at 20 mN mÿ1 and 3.25 nm at 40 mNmÿ1,
respectively.


Table 1. Unit cell parameters a, b, and g, tilt angle t, cross-sectional area
A0 , and positional correlation length, x, of alkyl chains in (a) PAC (2) and
(b) neat DHP monolayers as derived from grazing incidence X-ray
diffraction.


a PAC (2)
p a b g t A0 x1 x2


[a]


[mN mÿ1] [�] [�] [deg] [deg] [�2] [�] [�]


5 4.81 4.81 120.0 0.5 20.1 105 ±
10 4.80 4.80 120.0 0 20.0 82 ±
20 4.77 4.83 119.6 0 20.1 120 40
40 4.75 4.83 119.5 0 20.0 85 42


b DHP
p a b g t A0 x1 x2


[a]


[mN mÿ1] [�] [�] [deg] [deg] [�2] [�] [�]


2 4.90 4.86 120.2 11.3 20.2 167 78
5 4.86 4.85 120.1 9.7 20.1 167 69
10 4.82 4.82 120.0 0.8 20.0 167 ±
20 4.80 4.80 120.0 0 20.0 186 ±


[a] In a hexagonal lattice x1� x2 .
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Figure 4. Experimental X-ray reflectance curves of the PAC (2) monolayer
(open circles) at the air/water interface at different surface pressures as a
function of the wave vector q. (The curves are shifted in y direction for
clarity). The details of the electron density profile, used for these fits, are
shown in Figure 5.


The computed reflectivity curves are based on a stratified
interface that consists of three layers, each one with a uniform
electron density, 1el , thickness and interfacial roughness, t.
The interfacial roughness is introduced to allow a smooth
transition between each interface. A representative electron
density profile of the PAC (2) monolayer at a surface pressure
of 20 mNmÿ1 is shown in Figure 5.


Figure 5. Representative example of the computed electron density profile
perpendicular to the interface of the PAC (2) monolayer (solid line) at
20 mN mÿ1. The dotted line illustrates thickness and electron density of
each stratum of the three-layer model. The solid line takes into account the
interfacial roughness. Bulk water is on the right at large z values. The
MEPE (1) layer has a thickness of 0.9 nm (a). The phosphate head groups
of DHP constitute the middle layer (b, 0.28 nm) and the alkyl chains of
DHP terminate the monolayer at the top (c, 2.05 nm). Further details are
given in the text.


The fit can be interpreted as follows: starting from the
water subphase, box a of intermediate electron density (1el


0.376 �ÿ3) and a thickness of 0.9 nm (t� 0.18 nm) corre-
sponds to MEPE (1) immersed in the aqueous subphase. The
volume fraction of MEPE (1) in the aqueous subphase
corresponds to 35 %.[26] With an electron density, 1el , of
0.47 �ÿ3 for MEPE (1) and 0.33 �ÿ3 for water, the theoretical
electron density of this box amounts to 0.38 �ÿ3, which is in
agreement with the experimental value. The increased
electron density, compared with that of pure water, is an


indication for the presence of MEPE (1) at the water surface.
Box b of high electron density (1el� 0.47 �ÿ3) and a thickness
of 0.28 nm (t� 0.35 nm) is attributed to the phosphate head
groups of DHP. Neglecting the presence of water molecules in
this layer, the thickness and electron density are expected to
be approximately 0.26 nm and 0.48 �ÿ3, respectively, which is,
within the simplified structural model, in agreement with the
experimental values. Finally, box c of low electron density
(1el� 0.28 �ÿ3) and a thickness of 2.05 nm (t� 0.4 nm) is
ascribed to the alkyl chains of DHP. The values are in
agreement with a layer of untilted C16-alkyl chains in all-trans
configuration. The XRR data confirm the hypothesis of a
stratified monolayer architecture. The amphiphilic compo-
nent forms a close packed stratum (with occasional aggre-
gates) with the phosphate head groups pointing into the water
surface coupled to the layer of MEPE (1), which is immersed
in the subphase (see Figure 6).


Figure 6. Schematic bilayer architecture of the PAC (2) monolayer at the
air/water interface. The amphiphilic component of the PAC forms a
(partially) charged template layer, to which MEPE (1) adsorbs from
underneath.


Grazing incidence X-ray diffraction : The occurrence of
crystalline order within the PAC (2) monolayer was inves-
tigated with grazing incidence X-ray diffraction (GID). The
data are shown in Figure 7, and the corresponding unit cell
values are presented in Table 1. For the PAC (2) monolayer,
we observe at surface pressures of 5 and 10 mNmÿ1 one
diffraction peak at qz� 0, which is characteristic of hexago-
nally packed, untilted alkyl chains. From the peak extension
into the qz direction, the scattering length, l, of the molecules
is calculated to be 2.24 nm, corresponding to an all-trans C16-
alkyl chain and the ether linkage to the phosphate head group.
At surface pressures of 20 mNmÿ1 and 40 mNmÿ1, the Bragg
peaks could only be fitted with two Lorentzian functions at
different qxy (qz� 0) positions, in accordance with a rectan-
gular packing of untilted alkyl chains (see Figure 7). The
distortion of the lattice along the nearest neighbor (NN)
direction increases with increasing surface pressure. While the
GID measurements provide proof for crystalline order within
the alkyl chains of the DHP stratum, there is no direct
evidence for long-range order in the MEPE (1) underneath
the DHP layer, presumably because the polyelectrolyte is
disordered.


In the following paragraph, we will discuss the structure of
neat DHP monolayers. At low surface pressures of 2 mNmÿ1


and 5 mNmÿ1, the DHP alkyl chains form a rectangular lattice
with the alkyl chains tilting towards the nearest neighbor
(NN). The qz positions of the Bragg peaks are qz� 0 and qz�
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0.26 �ÿ1 (2 mNmÿ1) and qz� 0 and qz� 0.22 �ÿ1 (5 mN mÿ1),
respectively. At a surface pressure of 10 mNmÿ1 and
20 mN mÿ1, the alkyl chains form a hexagonal lattice with
untilted chains, and only one diffraction peak at qz� 0 is
observed. In the tilted liquid ± condensed phase, the projected
molecular area, Axy, is a linear function of the surface pressure
p. The dependence can be described by Equation (1), where
K1 and K2 are arbitrary constants.


Axy�K1ÿK2 p (1)


As can be seen in Table 1b, the cross-sectional area A0�
Axy cos(t), where t is the tilt angle of the alkyl chains, does not
depend on the surface pressure (A0� 20.1 �2). Therefore,
1/cos(t) is a linear function of the surface pressure. The
initially tilted alkyl chains are in an upright orientation if the
surface pressure exceeds 10.2 mNmÿ1. The scattering length, l,
of the molecules is 2.32 nm. The values for the length of DHP
determined in different samples (PAC, DHP) and methods
(XRR, GID) are consistent and confirm the assignments
made in the XRR section.


In comparison to neat DHP monolayers, the structure of
the amphiphiles is affected in two significant ways by coupling
to MEPE (1) in the aqueous subphase. In the neat DHP
monolayer, the alkyl chains are in a tilted, rectangular lattice
at low surface pressure. Compression results in an untilted
hexagonal lattice. In contrast, we observe an untilted,
hexagonal lattice in the PAC (2) monolayer at low surface
pressures (<10 mN mÿ1). We assume that, in the PAC (2)


monolayer, electrostatic inter-
actions between MEPE (1) and
DHP force the alkyl chains into
a hexagonal, untilted lattice
at low surface pressures. The
alkyl chains remain untilted
at higher surface pressures
(>20 mNmÿ1), but the lattice
distorts from hexagonal to rec-
tangular. In addition, the posi-
tional correlation lengths (Ta-
ble 1) are smaller in the PAC
(2) monolayer compared to
neat DHP, because of a slight
mismatch of the steric require-
ment of the MEPE (1) repeat-
ing unit (length 1.55 nm) and
the DHP molecules (diameter
0.5 nm per alkyl chain).


Summary


Spreading of the preformed
PAC (2) at the air/water inter-
face results in a Langmuir mono-
layer with a stratified bilayer
architecture. The amphiphilic
molecules assemble into a


closed packed monolayer (with occasional aggregates) on
the water surface, while the MEPE (1) is immersed in the
aqueous subphase and is electrostatically coupled to the
monolayer, as schematically shown in Figure 6. The structural
flexibility required to form this stratified architecture is
provided by the non-covalent interactions within the PAC
assembly.


The interactions between DHP and MEPE (1) evoke an
untilted hexagonal liquid ± condensed phase of the aliphatic
alkyl chains, even at low surface pressures. The electrostatic
coupling is responsible for the stability of the Langmuir
monolayer and its high collapse pressure. In contrast to the
Langmuir monolayer of neat DHP, the polycrystalline nature
of the PAC (2) Langmuir monolayer explains the absence of
phase transitions upon compression.


The driving force for the structural organization of the
preformed PAC (2) is provided by the prevailing surface
tension across the air/water interface.[27] As was recently
shown,[7] the stratified bilayer architecture of the Langmuir
film evokes LB films with Y-type architecture if the mono-
layer is transferred on solid supports. This Y-type architecture
of the LB films strongly supports the proposed structure
model of the Langmuir monolayer. Ongoing experiments in
our laboratory suggest that this method is of general utility to
customize the surface chemical properties of metallosupra-
molecular coordination polyelectrolytes. Full answers to the
types of bulk phases, liquid crystalline and lyotropic phases
formed by these PACs require further experimental and
theoretical efforts.


Figure 7. Contour plots of the X-ray intensities of the scattering vector q as a function of the in-plane component
qxy and the vertical component qz of the polyelectrolyte ± amphiphile complex (PAC (2)) and dihexadecyl
phosphate (DHP). The plots show the data (squares) and the individual fits (solid line) of the Bragg peaks and
Bragg rods.
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Experimental Section


The MEPE (1) and the PAC (2) were synthesized according to previously
published procedures.[6, 7]


The pressure/area isotherms were measured with a Lauda FW 2 film
balance (Lauda GmbH, Königshofen, Germany). The PAC (2) (2.45 mg)
was dissolved in chloroform (10 mL). The solution (300 mL) was spread
onto distilled water (Milli-Q water with a resistivity exceeding 18.2 MWcm)
at 20 8C.


Brewster angle microscopy images were taken with a Brewster angle
microscope (BAM 2, Nanofilm Technology GmbH, Göttingen, Germany,
20 mW Laser, wavelength 514 nm, resolution 3 mm), and a Riegler&Kirst-
ein film balance (R&K, Wiesbaden, Germany).


Synchrotron X-ray experiments at the air/water interface were performed
at the undulator beamline BW1 at HASYLAB, DESY (Hamburg,
Germany).[28] The Synchrotron beam was made monochromatic by Bragg
reflection at a beryllium (002) crystal. The X-ray reflectivity data were
analyzed with a computer program.[29] A box model was applied. The
reflectivity of the interface was calculated according to classical electro-
dynamic theory as a function of the scattering vector qz� (4p sinai)/l,
where ai is the angle of incidence and l is the X-ray wavelength (�1.36 �).


GID experiments were carried out with an angle of incidence of ai� 0.85ac,
with ac being the critical angle of total external reflection of water (0.1388).
A detailed description of the method is given elsewhere.[30, 31] The scattered
intensity was detected with a position-sensitive detector as a function of the
vertical component of the scattering vector qz� (2p/l) sin af, where af is the
angle of diffraction in the plane of incidence. The in-plane scattering
component (with respect to the interface) qxy� (4p/l) sin Vxy was detected
by scanning over the range along the horizon, where 2Vxy is the angle
between the incident and the diffracted beam projected onto the horizontal
plane. The data were analysed as follows: contour plots of the corrected
X-ray intensities as a function of qxy and qz gave a first indication of the
order of the assembled molecules and the lattice type. Integration of the
scattered intensity qxy (qz) over the qz (qxy) range reveal the Bragg peaks
(rods), which were fitted with Lorentzian (peaks) or Gaussian (rods)
profiles. The scattering length, l, of the molecules was calculated from the
full width at half maximum (FWHM) of the Bragg rod, according to l �
2p/FWHM and the positional correlation length x from the Bragg peak


Dint (qxy) (corrected for resolution effects of the detector) according to x�
2/Dint(qxy).
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The Reaction Rate Constant of Chlorine Nitrate Hydrolysis


Thomas Loerting and Klaus R. Liedl*[a]


Abstract: The first-order rate constant
for the decomposition of chlorine nitrate
(ClONO2) by water in a cyclic 1:3
complex at stratospheric temperatures
is shown to be close to the values for the
hydrolysis rate coefficient of chlorine
nitrate on an ice surface determined in
the laboratory. On the other hand the
rate constants calculated for the cyclic
1:1 and 1:2 complexes are much lower
than the experimental results. From the


mechanistic point of view the reaction is
found to be similar to a SN2 mechanism
and coupled with water-mediated pro-
ton transfer in accordance with the
intriguing findings of Bianco and Hynes
[R. Bianco, J. T. Hynes, J. Phys. Chem. A


1998, 102, 309 ± 314]. The function of
additional water molecules is to act as a
catalyst, that is, to accelerate the hydrol-
ysis process. Quantum-mechanical tun-
neling is negligible above 125 K in the
1:3 complex and above 175 K in the 1:2
complex. At temperatures below these
limits all involved protons tunnel
through the barrier at energies at least
5 kcal molÿ1 below the barrier-top in a
concerted, but asynchronous manner.


Keywords: ab initio calculations ´
hydrolysis ´ hydrogen transfer ´
kinetics ´ ozone depletion


Introduction


The ªozone holeº was recognized for the first time in 1985
above Antarctica,[1] and this recognition has resulted in a
wealth of studies on the chemical reactions and physical
mechanisms involved in ozone depletion and rebuilding.[2±6]


At Northern hemisphere midlatitudes the decline in the
vertical profile of ozone amounts to about 7 % per decade (at
both 15 km and 40 km altitude).[7] At the poles much more
tremendous depletions could be observed. Record low levels
of column ozone (down to a 100 % depletion in the 1990s) can
be observed annually in spring at a height of about 10 ±
20 km.[8] The enormous depletions above Antarctica and
Arctica at these altitudes can directly be correlated with the
occurrence of polar stratospheric clouds (PSC).[9, 10] This
relation has been attributed to heterogeneous processes
taking place on the cloud surface listed in Equations (1)
and (2).


ClONO2�H2O>HOCl�HNO3 (1)


ClONO2�HCl>Cl2�HNO3 (2)


After desorption from the cloud Cl2 and HOCl are photolyzed
in spring by sunlight to produce chlorine radicals (Cl . , ClO.)


actively converting ozone (O3) to molecular oxygen (O2).[11±14]


While HNO3 is incorporated in the particles at about 200 K
the chlorine compounds are not,[12] which has the effect that
the amount of radical recombination, for example, by
Equation (3), is reduced and the total concentration of
ozone-depleting radicals is increased.


ClO.�NO2
. ÿ! ClONO2 (3)


Because of this relevance to ozone depletion many research-
ers have designed experiments to understand chlorine nitrate
chemistry. About 15 years ago upper limits for the rate
constant of the homogeneous gas-phase reaction have been
determined and shown to be much too low to be important in
the context of ozone depletion,[11, 14] which explains why
reduced ozone levels can be found mainly above the poles.
After this discovery numerous laboratory experiments have
focussed on determining the reaction probabilities g for
chlorine nitrate hydrolysis on different surfaces believed to
mimick PSCs[9, 15±17] at temperatures between 140 K and 200 K
including ice, sulfuric acid solutions or nitric acid trihy-
drate.[18±23] A common conclusion arising as a result to these
experiments is the sensitivity of g on equilibrium water
vapour pressures, which are lowest for surfaces coated with
acids such as nitric acid trihydrate. It was found that water in
condensed phases is required to measure reaction probabil-
ities high enough to be able to explain ozone depletion. These
fascinating results have attracted theoretical chemists to seek
answers on the molecular mechanism and the role of water in
such heterogeneous processes.[24±29] With the use of small gas-
phase clusters made of ClONO2 and H2O first the binding-site
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of water[24] and second a mechanism involving a SN2-type
attack of water on the ClÿONO2 bond that is favoured by a
concerted proton transfer (PT) generating a stronger, hydrox-
yl-like, nucleophile[25, 26] could be deduced. These results are
perfectly consistent with 18O-substitution experiments.[30]


Furthermore mass spectroscopic and infrared studies indicat-
ed this change in the degree of polarization of this bond
leading to enhanced electrophilicity of the chlorine atom.[31, 32]


The reaction barrier was shown to be very high in an 1:1
complex and to be reduced subsequently on the addition of
water molecules (both by water molecules directly reacting in
the ring and by water molecules acting just as microsol-
vent).[29] The decomposition in an 1:6 complex of chlorine
nitrate with water was found to be essentially barrierless.[27, 28]


In order to reveal details about the reaction mechanism and
to be able to convert bare barrier heights to valuable reaction
rate constant information, the reaction path has to be
generated step by step. The additional calculation of zero-
point energies along this path allows quantum effects such as
tunneling to be incorporated in the pre-exponential factor of
the Arrhenius rate equation. To allow corner-cutting and
tunneling on the concave side of the reaction path, the
potential energy has to be calculated in the wide region called
reaction swath as well. In this work we have calculated
approximately 1000 points on the reaction surface for the
conversion of ClONO2 to HOCl and HNO3 on each of the
hypersurfaces for the 1:1, 1:2 and 1:3 clusters of chlorine
nitrate and water by hybrid density functional theory. We
focus our attention on Equation (1), which has been found to
be important especially at water-rich conditions.[13, 14, 33] The
competing decomposition of ClONO2 by HCl [Eq. (2)] on ice
surfaces was investigated separately with the same method
and will be presented on its own.[34] Highly accurate ab initio
methods taking electron correlation carefully into account
were used to evaluate the reaction barrier as accurately as


possible. These calculations do not employ empirical poten-
tials at all and, for the first time, provide the opportunity to
compare reaction rates of model substances with experimen-
tally determined reaction probabilities of chlorine nitrate on
ice surfaces. Furtheron, it is possible to judge to which extent
and at which temperatures proton tunneling is important in
such reaction systems.


Methods


Stationary points : Geometry optimization of the equilibrium
structures and the transition states was performed both by
hybrid density functional theory (B3LYP/6-31�G(d))[35, 36]


and second-order perturbation theory (MP2/aug-cc-pVDZ)[37]


as implemented in Gaussian98.[38] The nature of these sta-
tionary points was verified by calculating vibrational frequen-
cies. The Hessian matrix contains positive eigenvalues only
for minima and exactly one negative eigenvalue for transition
states. Predictions of reaction dynamics critically depend on
the reaction barrier, that is, the difference in electronic energy
between transition state and minima, and the tunneling
correction factor. The importance of the latter vanishes when
the temperature is higher than the first crossover-temper-
ature.[39] In the case of the ªimpureº proton transfer inves-
tigated herein, that is, a proton transfer that is accompanied
by heavy atom motion, both crossover-temperatures are lower
than in the case of pure proton transfer exhibiting a reduced
mass near unity. Therefore, the tunneling correction factors
were expected to be a priori rather low for chlorine nitrate
hydrolysis involving substantial movement of the chlorine
atom. For that reason the importance of an accurate reaction
barrier is even more crucial for the reactions investigated. We
employed single-point energy calculations at the CCSD(T)/
aug-cc-pVDZ//MP2/aug-cc-pVDZ[40] level of theory and by
Gaussian-2 theory using MP2 (G2(MP2))[41] to reach a
reasonable accuracy of the barrier height.


Ab initio reaction path and rate constants : Starting from the
transition state the reaction path was generated as the
steepest descent path in mass-scaled coordinates employing
a scaling mass of 1 amu throughout. This path, called
minimum energy path (MEP) or intrinsic reaction coordinate
(IRC), was generated by using the Page ± McIver algorithm[42]


employing a step size of 0.05 Bohr (1 Bohr corresponds to
0.53 �). The distance of a point on the potential energy
surface to the transition state is denoted s and given a ª�º
sign if on the product side and a ªÿº sign if on the reactant
side. Vibrational frequencies and partition functions were
calculated every third point on the hypersurface. On both
branches of the reaction coordinate the path was stopped
when stable minima structures were reached, that is, when the
gradient vanished. This required altogether about 400 points
and was done using hybrid density functional theory (B3LYP/
6-31�G(d)), which was designed to incorporate electron
correlation at a cost comparable to Hartree ± Fock calcula-
tions, which do not incorporate electron correlation effects.
The use of such a procedure was found to be successful for


Abstract in German: Die berechnete Geschwindigkeitskon-
stante der Zersetzung von Chlornitrat (ClONO2) durch Wasser
in einem ringförmigen 1:3 Komplex bei stratosphärischen
Temperaturen liegt sehr nahe bei der im Labor bestimmten
Geschwindigkeitskonstante für die Hydrolyse von Chlornitrat
auf einer Eisoberfläche. Die vorhergesagten Geschwindigkeits-
konstanten für die ringförmigen 1:1 und 1:2 Komplexe sind
hingegen deutlich niedriger als die experimentellen Ergebnisse.
Von der mechanistischen Seite betrachtet verläuft die Reaktion
SN2-artig und ist gekoppelt mit wasserunterstütztem Protonen-
transfer. Dies ist im Einklang mit den faszinierenden Erkennt-
nissen von Bianco und Hynes (R. Bianco, J. T. Hynes, J. Phys.
Chem. A 1998, 102, 309 ± 314). Die zusätzlichen Wasser-
moleküle üben die Funktion eines Katalysators aus, das heiût
sie beschleunigen den Hydrolyseprozess. Quantenmechani-
sches Tunneln ist oberhalb von 125 K im 1:3 Komplex, sowie
oberhalb von 175 K im 1:2 Komplex vernachlässigbar. Bei
Temperaturen unterhalb dieser Grenzen tunneln alle beteilig-
ten Protonen gleichzeitig, aber asynchron durch die Reak-
tionsbarriere, und zwar bei Energien von mindestens
5 kcal molÿ1 unterhalb des Gipfels der Barriere.
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ªpureº proton transfer reactions, which are more difficult to
be described in terms of quantum tunneling.[43±45]


From these data reaction rate constants were obtained by
applying canonical variational transition state theory
(CVTST)[46, 47] according to the techniques implemented in
Polyrate8.2.[48, 49] We employed a highly sophisticated dual-
level direct dynamics procedure, which is based on the
combination of two potential energy surfaces for the same
reaction system by a logarithmic interpolation procedure
(ICL).[50±53] That is, the reaction path and especially the
reaction barrier obtained from hybrid density functional
theory were adjusted from (lower level) B3LYP/6-31�G(d) to
(higher level) G2(MP2) results.


Quantum mechanical tunneling and corner cutting : The
tunneling correction factor was calculated according to the
microcanonical optimized multidimensional tunneling model
and by allowing tunneling into all available vibrationally
excited states.[54±57] This scheme allows the reaction system to
take reaction paths different from the MEP, which are shorter,
but more demanding in terms of energy. This is called
multidimensional corner cutting. Such paths may be favoured
compared with the MEP, as they involve shorter paths and are,
therefore, accelerated by quantum mechanical tunneling. As
this task is computationally very expensive the maximum of
the approximative small (SCT)[58, 59] and large curvature
tunneling (LCT)[60±63] correction is taken. Specifically, the
centrifugal-dominant small curvature semiclassical adiabatic
ground state (CD-SCSAG) and the large curvature ground
state approximation, version 3 (LCG3) methods were used to
calculate SCT and LCT corrections, respectively. We were
able to cope with this task by calculating an additional grid of
600 points in the reaction swath, that is, the region on the
concave side of the reaction path extending beyond the
transverse vibrational turning points and/or beyond the local
radius of curvature.[54, 57, 62, 63] The LCG3 scheme tends to
result in tunneling correction factors slightly too high, as it
does not treat anharmonicity effects along low-energy corner-
cutting tunneling paths properly. Unfortunately the very latest
LCG scheme (LCG4)[64] was not available to us at the time of
the calculations. However, it turned out that the SCT
tunneling corrections are larger than the LCT tunneling
corrections for the investigated reactions down to low
temperatures of about 150 K, so that the use of LCG3 instead
of LCG4 does not pose a problem in the case of chlorine
nitrate hydrolysis at stratospheric temperatures (>180 K).


Results


Stationary structures : The optimized structures involving up
to three water molecules can be seen in Figure 1. Similar
chlorine nitrate ± water systems have been investigated pre-
viously by other groups. Ying and Zhao did prove that the best
binding site for water involves interaction between the water
oxygen and the chlorine atom,[24] which is also found in this
work. Bianco and Hynes,[25, 26] McNamara and Hillier,[27, 28] as
well as Xu and Zhao[29] systematically studied the decom-
position reaction involving a different number of micro-


solvating water molecules up to eight water molecules. A
general consensus is that the reaction barrier to chlorine
nitrate decomposition vanishes on increasing the number of
water molecules. Up to about six water molecules the reaction
was shown to be completely nonionic. All minima inves-
tigated here do not show ionic character as well, as can be seen
in Figure 1. Above six water molecules, ions such as H2OCl�


or H3O� and NO3
ÿ were found to be stable intermediates and


Figure 1. Stationary structures involved in the hydrolysis of chlorine
nitrate in the presence of one (top), two (middle) and three (bottom) water
molecules as found at B3LYP/6-31�G(d) level of theory.


the barrier to decomposition was found to be close to
zero.[27, 28] These species are discussed in context of the so-
called ªion-catalyzed water mechanismº in the litera-
ture.[27, 65, 66] From our calculations electron correlation effects
favour product geometries, in which the chlorine atom is
found outside the reactive ring when comparing to the
Hartree ± Fock calculations of Xu and Zhao.[29] In case of
two hydrolyzing water molecules (cf. Figure 1, n� 2) the
HOCl moiety rotates, so that the hydroxyl group takes the
role of the chlorine atom. In the case of three hydrolyzing
water molecules (n� 3) the HOCl moiety moves out of the
ring completely in order to produce HNO3 ´ 2 H2O, which is
more stable than HNO3 ´ HOCl ´ 2 H2O.


Reaction energetics : The reaction barrier to decomposition is
shown in Figure 2 and Table 1. The first striking feature is the
enormous barrier, both in height and width, of the decom-
position involving one molecule of water. Looking at the
corresponding geometries in Figure 1 reveals that the rather
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Figure 2. Energy along the classical reaction coordinate (MEP, IRC) as
found at B3LYP/6-31�G(d) level of theory for the reaction ClONO2 ´
nH2O!HOCl ´ HNO3 ´ (nÿ 1)H2O.


large OCl ´ ´ ´ O distance of 4.29 (4.44) � at B3LYP/6-31�G(d)
(MP2/aug-cc-pVDZ) level of theory prohibits the formation
of a hydrogen bond between water and chlorine nitrate. Both
hydrogen atoms of the water molecule are out of the plane
built by the atoms of chlorine nitrate. Introducing a second
water molecule fulfills a bifunctional role. On the one hand
this water molecule acts as hydrogen-bond donor to an
oxygen atom of chlorine nitrate, and on the other hand it acts
as hydrogen-bond acceptor for a hydrogen bond with the first
water molecule. One hydrogen atom of the first water
molecule is forced, therefore, into the chlorine nitrate plane.
As a result of the ªclosureº of the reactive ring by the second
water molecule the barrier drops by about 32 kcal molÿ1


according to the electronic structure methods taking electron
correlation most carefully into account, namely CCSD(T)/
aug-cc-pVDZ and G2(MP2). Introducing a third water
molecule in the reactive ring relieves steric strain. All
hydrogen bonds are as short as 2.6 ± 2.8 � and rather linear,
that is, between 166 and 177 8, for the 1:3 complex of chlorine
nitrate and water, whereas hydrogen bond distances of up to
3.3 � and unfavourable O-H-O angles as low as 138 8 are


observed in the 1:1 and 1:2 complexes. This is quite
unexpected, as a large ring containing seven heavy atoms
and three hydrogen atoms is formed. For cycloalkanes the six-
membered ring is the most stable one, which led Akhmat-
skaya et al.[67] to the statement that in the case of one
participating water molecule ªthe transition state involves a
six-membered ring, with presumably small strain, which
suggests that inclusion of a further quantum mechanical
water molecule would not greatly facilitate the reactionº.


As shown in Table 1 the electronic description for the
ClONO2 ± 1 H2O system is rather difficult. Methods taking
into account electron correlation in different manners lead to
barriers varying between 47 and 63 kcal molÿ1. MP2 calcu-
lations with smaller basis sets at Hartree ± Fock geometries
yielded even barrier heights near 70 kcal molÿ1.[29] However,
two approaches to the reaction barrier taking electron
correlation effects carefully into account, namely the
G2(MP2) and CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
approaches, led to very similar ªbest estimatesº of the
reaction barrier of 58 ± 59 kcal molÿ1. Comparing the results
obtained from different electronic structure methods it can be
seen that hybrid density functional theory underestimates the
reaction barriers, especially because the OCl ´ ´ ´ O distance is
underestimated by about 0.15 � in the minima, but over-
estimated by 0.05 � in the transition states, when comparing
to MP2/aug-cc-pVDZ geometries. This underestimation was
found to be rather typical for B3LYP in a database of 20 well-
known reactions.[68] Nevertheless, B3LYP/6-31�G(d) was
used for the generation of the minimum energy path, as it is
by far the cheapest method among the methods listed in
Table 1 for the calculation of electronic properties. In order to
account for the discrepancies in the reaction barrier, the
hypersurface was interpolated to G2(MP2) barriers.[53] When
the number of water molecules is increased the difficulties in
the electronic description decrease. G2(MP2) and CCSD(T)
calculations yield very similar reaction barriers of about
26.5 kcal molÿ1 (n� 2). Using the smaller 6-31�G(d) basis-set
yields deviations of more than 3 kcal molÿ1 from this result.
The fortunate, but reliable error compensation observed
frequently[44, 69] for the cheapest method used here, namely
B3LYP/6-31�G(d), is not perfect for chlorine nitrate species,


Table 1. Electronic energies in kcal molÿ1 for the decomposition of chlorine nitrate by n water molecules. The first lines correspond to the separated
molecules, the second lines correspond to the ClONO2 ´ (H2O)n minima (set to 0.00 kcal molÿ1 by definition), the third lines correspond to the transition states
to the concerted nucleophilic substitution/proton transfer reaction (TS), and the last lines correspond to the HNO3 ´ HOCl ´ (H2O)n-1 minima. CCSD(T)
energies rely on MP2/aug-cc-pVDZ geometries. G2(MP2) values were calculated according to the literature,[41] but without zero-point correction.


B3LYP/ MP2/ CCSD(T)/ CCSD(T)/ G2(MP2)
6-31�G(d) aug-cc-pVDZ 6-31�G(d) aug-cc-pVDZ


n� 1 ClONO2/H2O 5.24 3.76 4.80 ± ±
ClONO2 ´ H2O 0.00 0.00 0.00 0.00 0.00
TS 47.21 62.84 61.70 58.20 58.61
HNO3 ´ HOCl ÿ 1.02 2.20 ÿ 0.23 ± ±


n� 2 ClONO2/2H2O 15.60 ± ± ± ±
ClONO2 ´ (H2O)2 0.00 0.00 0.00 0.00 0.00
TS 22.37 25.89 29.80 26.47 26.63
HNO3 ´ HOCl ´ H2O ÿ 5.77 ÿ 3.36 ÿ 4.55 ± ±


n� 3 ClONO2/3H2O 27.59 ± ± ± ±
ClONO2 ´ (H2O)3 0.00 0.00 0.00 ± 0.00
TS 14.96 18.83 23.00 ± 19.95
HNO3 ´ HOCl ´ (H2O)2 ÿ 0.52 ± ± ± ±
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but still good enough, so that it can be employed as reliable
method for the huge amount of calculations along the reaction
path and the subsequent interpolation procedure. We decided
to use G2(MP2) as the ªhigh level of theoryº in the
interpolation scheme as this method yields accurate reactions
barriers and as we were able to compute the reaction barrier
for all systems under investigation, that is, also for the system
containing three water molecules. The reaction barrier to
unimolecular isomerization in the latter system was found to
be 20 kcal molÿ1. Introducing even more water molecules has
been shown to diminish the reaction barrier even further so
that a fast reaction is expected because of preferential
solvation of the transition state.[25±28, 67]


Reaction mechanism : From the mechanistic point of view the
decomposition reaction is a nucleophilic substitution reaction
coupled to a (multiple) proton transfer. The nucleophile is a
water molecule attacking the electrophile chlorine. The
accompanying proton transfer enhances the nucleophilicity
of the attacking water molecule, as a species akin to the
hydroxyl anion is generated. At the same time the basicity of
the leaving group, the nitrate anion, is reduced because of the
proton transfer. As the reaction coordinate involves a single
transition state and no intermediates, a bimolecular reaction
will result, and the correct nomenclature is SN2. In order to
take the coupled proton transfer (PT) into consideration the
nomenclature SN2/PT is useful.


For an analysis of the reaction mechanism Figure 3 and
Figure 4 can be used. First, the water and the chlorine nitrate
molecules change their relative orientation by translational
and rotational motions. Figure 3 shows that most reorienta-


Figure 3. Angle between the reaction coordinate at the transition state,
that is, normal-mode vector of the ªimaginaryº frequency, and the gradient
along the reaction path. Negative s values correspond to ClONO2 ± H2O
species, s� 0 Bohr corresponds to the transition state, and positive s values
correspond to HOCl ± HNO3 species.


tion is required for the n� 1 reaction, where the reaction
angle changes from 60 to 308. After the molecules have been
arranged favourably the chemical reaction events begin, that
is, bond-breaking and bond-making. The chlorine atom is
transferred from O4 to O6 (for nomenclature cf. Figure 4).


Figure 4. Distances r [in �] between selected two atoms along the
minimum energy path for the decomposition of chlorine nitrate by one
(top), by two (middle) or by three (bottom) water molecules. The
numbering scheme is shown as inset in the respective plots.


In contrast to proton transfer no minimum in the O4ÿO6
distance is required to trigger chlorine transfer. While the
O4ÿCl5 distance increases from 1.71 to 2.68 � the proton to
be transferred (H8) changes its distance to the water oxygen
(O6) only from 0.97 to 1.00 � (n� 1). In comparison to
hydrogen atom transfer the reaction angle (cf. Figure 3)
changes rather slowly in the case of chlorine atom transfer.
This indicates that chlorine movement is less coupled to other
vibrational degrees of freedom than hydrogen atom transfer.
As the reaction coordinate motion at the transition state still
corresponds to chlorine movement, ªthe imaginary frequen-
cyº is rather low, namely 172i cmÿ1 (n� 1). The movement of
the chlorine atom, which has a large van der Waals radius of
1.8 � compared with 1.0 � of the hydrogen atom, slowly
compresses the OÿO distances involved in hydrogen bonding.
When the minimal OÿO distance of 2.5 � is reached the
proton transfer of H8 is triggered. Namely, H8 increases the
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distance to O6 to 1.87 �, whereas the O4ÿCl5 distance
increases only by 0.41 � (n� 1). This movement accelerates
the compression of the neighbouring hydrogen bond (for n�
2 and n� 3). Again, at the minimal OÿO distance of 2.5 � the
proton H11 is transferred. Obviously, the protons are not
transferred at the same time, but in an asynchronous manner.
For n� 3 H8 is transferred before the transition state, H11 at
the transition state and the last proton transfer of H14 to the
nitrate anion after having passed the transition state. When
comparing the proton transfer locations with the potential
energy in Figure 2, it becomes clear that the protons are
transferred in regions where the gradient is rather high. The
ionic structures do not correspond to minima, therefore, and
the proton transfer events occur concertedly. The additional
water molecules act both as a proton acceptor and proton
donor and lower the reaction barrier, that is, they act as
ªbifunctional catalystsº. Also in the case of the decomposition
of carbonic acid (H2CO3),[70] the hydrations of sulfur diox-
ide[71] and sulfur trioxide[72] the water molecules have been
shown to play this bifunctional role. Chlorine movement
occurs at any stage of the reaction, that is, synchronously to
the proton transfer reactions. In the transition state itself ªthe
movingº proton is found at the position that shows the
maximal distance both to the hydroxyl like nucleophile and
the leaving group nitrate. This ensures that both a strong
nucleophile and a good leaving group govern the reaction.


The influence of tunneling : The tunneling correction factors k
reflecting the reaction rate enhancement compared with the
classical over-barrier reaction are depicted in Figure 5. For
n� 1 tunneling plays only a marginal role due to the broad
barrier caused by the movement of the chlorine atom. For n�
2 and n� 3 tunneling significantly influences the reaction rate
only at temperatures T <175 K. At these temperatures the
dominant mechanism corresponds to a direct corner cutting
through the reaction swath. The representative tunneling
energy, at which the average molecule enters the classically
forbidden tunneling region, is 0.1, 5, 7 and 10 kcal molÿ1 below
the barrier top at 200 K, 175 K, 150 K and 100 K, respectively
for n� 2. At approximately 175 K there is a jump in the
representative tunneling energy indicating the crossover from
the classically dominated regime to the quantum regime. This
jump is also evident in Figure 5, where the tunneling
correction significantly contributes to the reaction rate below
175 K. For n� 3 this sharp transition occurs at 125 K. The
structures corresponding to the entrance into and exit out of
the classically forbidden region at 100 K are depicted in
Figure 6. It can be seen that both proton transfer reactions
occur in the classically forbidden region. This is valid also at
175 K for n� 2. On the other hand at 200 K the most probable
tunneling energy is very close to the barrier top, so that none
of the two protons can tunnel. For n� 3 at temperatures
above 125 K none of the protons tunnels, whereas at temper-
atures below 125 K all three protons tunnel through the
reaction swath. No temperatures can be found, at which only
one or two protons tunnel. Either all or none of the protons
tunnel!


Figure 5. Tunneling correction factors k for the decomposition of chlorine
nitrate in an unimolecular complex containg one (ª1Wº), two (ª2Wº) or
three (ª3Wº) water molecules as calculated at a B3LYP/6-31�G(d)
potential energy surface and interpolated to G2(MP2) reaction barriers.


Figure 6. Representative minimum energy path configurations, at which
the classical region on the potential energy surface is left (pre-tunneling
configuration) and re-entered (post-tunneling configuration) at 100 K in
the chlorine nitrate ± two water (top) and chlorine nitrate ± three water
(bottom) system.


Rate constants : The main result of this study, summarized in
Figure 7, is the extreme sensitivity of the reaction rate
constant of chlorine nitrate hydrolysis on the amount of
freely available water. This result is perfectly consistent with
the experimental interpretation.[18±23] In the case of the
barrierless reaction in large water clusters the hydrolysis
would supposedly even be collision limited. These rate
constants explain why the reaction probabilities for Equa-
tion (1) decrease on increasing the acid concentration on the
reaction surface. Namely, the reaction becomes slower,
because there is less free water available for complexation.
The rate constant of 3.9� 10ÿ9 sÿ1 at 200 K in the case of the
three-water bridge is already close to the parameter of 1.0�
10ÿ5 sÿ1 used previously for reproducing past and predicting
future ozone levels of the stratosphere.[33] On the other hand
both sets of rate constants involving just one and two water
molecules are slower by more than 10 and 50 orders of
magnitude, respectively. In our opinion, the best gas-phase
model representing chlorine nitrate decomposition on an ice
surface is therefore made up of one molecule of chlorine
nitrate and three molecules of water. The fact that the first-
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Figure 7. Reaction rate constants for the decomposition of chlorine nitrate
in an unimolecular complex containg one (ª1Wº), two (ª2Wº) or three
(ª3Wº) water molecules as calculated at a B3LYP/6-31�G(d) potential
energy surface and interpolated to G2(MP2) reaction barriers. Note that
the range of times reaches from seconds to days (10ÿ5 sÿ1) and years
(10ÿ10 sÿ1) to many millions of years (<10ÿ20 sÿ1).


order rate coefficents for the
decomposition of chlorine ni-
trate in a small gas-phase clus-
ter and on an ice surface are
very similar is a hint at a liquid-
like nature of the surface. This
has also been conjectured to be
the case for PSCs from labora-
tory studies.[13, 15, 73] Presumably
the number of freely available
water molecules per molecule
of incoming ClONO2 in PSCs is
limited to about three. Interest-
ingly, a recent uptake study of
chlorine containing species on water clusters revealed a
similar binding at a ratio of 1:3.[74]


Conclusion


We presented a comparison of reaction rate constants for the
hydrolysis of chlorine nitrate in the presence of one, two and
three water molecules. We found that water acts as a
bifunctional catalyst. Increasing the amount of water mole-
cules dramatically accelerates the reaction. Tunneling does
not play a decisive role in the model clusters at atmospheric
temperatures. However, below 175 K for the 1:2 complex and
below 125 K for the 1:3 complex multiple proton tunneling
starts to be important and accelerates the reaction by several
orders of magnitude. In these rather simple model systems the
decomposition mechanism involves concerted, but asynchro-
nous triple proton transfer as depicted in Figure 8. Tunneling
favours such a concerted mechanism, as the highest tunneling
probabilities are found when all protons tunnel in a single
step. We could find no temperature at which a single proton
tunnels for the 1:2 or 1:3 complexes. On the other hand
experiments show that increasing the temperature and/or the


water availability favours a stepwise mechanism involving
ions.[27, 65, 66] In a very interesting study Horn, Sodeau, Roddis
and Williams could detetect a transition from the stepwise to
the concerted regime by recording IR spectra first at 180 K
and then lowering the temperature to 140 K.[23] According to
our results a possible explanation for this transition is the
onset of concerted proton tunneling when the temperature is
lowered below the crossover-temperature. It remains to be
investigated whether incorporation of the confinement effects
found on a true ice surface to our simple model cluster studied
here (e.g. by adding microsolvating water molecules) leads to
a quantitative agreement in terms of the crossover-temper-
ature. Presently, the model system for which the first-order
rate coefficient fits best with coefficients on ice surfaces is the
1:3 cluster as depicted in Figure 8 as determined in the
laboratory. The rate constant found for this simple gas-phase
model for the heterogeneous reaction on ice approximately
reflects the one used in elaborate atmospheric modeling
calculations on the ozone levels above Antarctica. In case that
the simple model reaction would be used not as model for the
heterogeneous reaction on an ice surface, but for the


homogeneous gas-phase reaction, the pre-association reaction
to form the unimolecular complex had to be taken into
account. While doing so and using a water concentration of
1014 molecules per cm3 we arrived at a half-live for chlorine
nitrate of many thousand years. This very slow reaction is
consistent with the measurements done 20 years ago. Fur-
theron it shows that the observed ozone depletion above mid-
latitudes is not due to homogeneous gas-phase chemistry, but
rather a result of heterogeneous reactions on aerosols,
particularly after volcanic eruptions.[8]
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Complete Prediction of the 1H NMR Spectrum of Organic Molecules by
DFT Calculations of Chemical Shifts and Spin ± Spin Coupling Constants


Alessandro Bagno*[a]


Abstract: 1H NMR chemical shifts and
coupling constants for several aromatic
and aliphatic organic molecules have
been calculated with DFT methods. In
some test cases (furan, o-dichloroben-
zene and n-butyl chloride) the perform-
ance of several functionals and basis sets
has been analyzed, and the various
contributions to spin ± spin coupling
(Fermi-contact, diamagnetic and para-


magnetic spin-orbit) have been evaluat-
ed. The latter two components cancel
each other, so that the calculation of the
contact term only is sufficient for an
accurate evaluation of proton ± proton


couplings. Such calculated values are
used to simulate the 1H NMR spectra of
organic molecules with complicated spin
systems (e.g. naphthalene, o-bromo-
chlorobenzene), obtaining a generally
very good agreement with experimental
spectra with no prior knowledge of the
involved parameters.


Keywords: ab initio calculations ´
chemical shifts ´ NMR spectroscopy
´ spin ± spin coupling


Introduction


Nuclear magnetic resonance (NMR) is probably the most
powerful technique for structure determination in solution,
since it can provide a wealth of data that can be related to
chemical structure, conformation, and their relationship or
interaction with the surroundings. The most fundamental data
furnished by an NMR spectrum are chemical shifts (d) and
spin ± spin coupling constants (J), and it is obviously desirable
to relate these to chemical information. For common nuclei
such as 1H and 13C there are many empirical correlations
between d or J and chemical structure and conformation
covered in basic NMR textbooks.[1] As such, their scope may
not span molecular species with an unusual electronic
structure, such as strained molecules or reactive intermedi-
ates, or even stable molecules outside the scope of such
relationships; for less common heteronuclei such knowledge
is much more limited.


Even when dealing with stable, well-behaved species,
however, there may still be a long way to go before an
NMR spectrum can be completely assigned. This applies
especially to 1H NMR spectra, which often contain several
(and frequently overlapping) strongly coupled spin systems
(small Dn/J ratio) giving rise to a complex multiplet pattern, as
is often the case for aromatic systems and long aliphatic


chains. This difficulty can only be partly alleviated by running
the spectrum at a higher field, since many spin systems contain
chemically equivalent but magnetically non-equivalent spins
which will yield a second-order spectrum under all conditions.
Whereas one could simulate the spin system,[1] and hence
extract chemical shifts and coupling constants, in practice the
NMR characterization of new molecules often contains just a
chemical shift range, together with the familiar ªmultipletº
statement, to denote any part of the spectrum that cannot be
visually interpreted under first-order rules. Likewise, even
though the familiar array of multidimensional techniques is
extremely helpful in elucidating through-bond connectivities,
all such techniques require some independent assignments to
be made first.


Obviously, if all chemical shifts and couplings were
independently available, one could just simulate all the spin
systems in the molecule, no matter their complexity, and
obtain a calculated NMR spectrum which can be compared to
the experimental one. In this paper, we present a computa-
tional protocol aimed at this prediction.


The calculation of the chemical shift requires a calculation
of the isotropic nuclear shielding tensor s ; efficient imple-
mentations of such algorithms within ab initio and density-
functional (DFT) methods, are now available. The reader is
referred to a recent comprehensive review for details of the
theory and applications.[2] Such theoretical tools are widely
applied nowadays. In particular, it is known that the shielding
of light nuclei (notably 1H and 13C) can be accurately
calculated.[3] DFT methods have been especially successful
in this respect, and it has recently been shown that such
calculations can attain ªchemical accuracyº.[4]
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In contrast, the calculation of spin ± spin coupling constants
is comparatively less advanced, and much of the recent
literature has been concerned with theoretical and methodo-
logical issues.[2, 5] Lately, however, the calculations of J has
been used as a tool for investigating structural or conforma-
tional problems;[6±19] this field of research has recently
received further strong impetus from the discovery that J-
coupling can be transmitted through hydrogen bonds.[20±28] A
finite (albeit very small) spin ± spin coupling is predicted also
for dispersion-bound complexes.[29] Other recent develop-
ments are the calculation of the solvent effect on NMR
parameters by continuum methods,[30±32] relativistic calcula-
tions for heavy elements,[33, 34] and the investigation of the
tensor properties of J by NMR in liquid crystals.[35, 36]


According to Ramsey�s formulation, spin ± spin coupling
arises from several electron ± nuclear interactions, that is the
Fermi-contact (FC), paramagnetic spin-orbit (PSO), diamag-
netic spin-orbit (DSO) and spin-dipole (SD) terms. Details of
the theory and calculation of these terms have been exten-
sively reviewed.[2, 5] We only recall a few points, that is a) for
light nuclei, the FC term is often the most important one;
b) the PSO and DSO terms (which may be larger or smaller
than the FC term) often tend to cancel each other; c) the SD
term is generally negligible. These remarks suggest that the
calculation of the FC term might be enough for a correct
estimation of 1H ± 1H coupling constants. This approach has in
fact been successfully employed[15, 18, 25, 27] in the calculation of
couplings involving 13C, 15N and 11B.


The FC interaction is very sensitive to electron correlation
and structural effects, and Hartree ± Fock theory is inherently
of little value for this calculation.[2, 5] Hence, various corre-
lated methods for the calculation of spin ± spin couplings have
been developed and applied, which can be broadly catego-
rized as multiconfiguration SCF (CASSCF),[6±-9, 22, 31, 34±36]


coupled-cluster (EOM-CCSD),[10±13] configuration interac-
tion (QCISD),[17, 18] Mùller-
Plesset[19] and density-functional
(DFT)[14±16, 24±27, 29, 30, 33, 37] theory.


Some issues related to the
basis sets for such calculations
need to be mentioned.[2, 38] The
FC interaction is transmitted by
electrons in s-type orbitals, which
have a large density at the nu-
cleus. If core orbitals are in-
volved, these may not be well
described by typical energy-opti-
mized basis sets (which rather
emphasize the valence region).
Furthermore, the functional
form of Gaussian basis functions
(with a maximum rather than a
cusp) at the nucleus is not cor-
rect. Use of basis sets augmented
with ªtightº s functions (having
exponents of 104 ± 105), especially
in connection with CASSCF
theory, has been advocated to
remedy these basis-set deficien-


cies.[2, 38] However, DFTresults have provided good calculated
J values at a moderate computational cost for several light
nuclei, both in covalent[14±16] and hydrogen-bonded[24±27, 37e±f]


species using conventional basis sets. Also, Ziegler recently
pointed out that the FC interaction is essentially a valence
property, with core orbitals playing a minor role.[39] Perera and
Bartlett[11] calibrated basis sets for best performance with
regard to the quality of the wave function at the nuclei, and
emphasized the need for a flexible representation of outer-
core, inner-shell valence region. Therefore, even though the
problem of basis set quality is still open to further inves-
tigation, all approaches can achieve a good level of accuracy.
DFT methods with conventional high-quality Gaussian basis
sets seem to provide an accurate and convenient framework
for such investigations and, owing to their very favorable
scaling properties with molecular size, they hold great
promise for the investigation of biomolecules, which still pose
formidable problems to the experimental NMR spectroscop-
ist, and for which the use of other correlated methods would
be too expensive.[16]


With these ideas in mind, we have strived to provide a
computational protocol generally applicable for the calcula-
tion of proton chemical shifts and couplings in organic
molecules, in order to simulate the NMR spectrum from such
calculated d and J values and compare it with the exper-
imental values. A similar approach was earlier adopted for
vinyllithium[6] and fluoroethylene.[7] We emphasize at this
point that spectrum simulation is employed to provide a
calculated NMR spectrum starting from computed shifts and
couplings, rather than (as is usually intended) to obtain the
same data from an experimental spectrum.


As a first step, we have focussed on rigid aromatic
molecules, thus avoiding conformational effects while main-
taining complex spin systems. An example of aliphatic
compounds and related problems will also be given.
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Scheme 1. Different spin systems discussed in this paper.
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Results


Since our goal is to establish a generally applicable computa-
tional protocol, which should be hopefully extended to a wide
array of organic species, attention must be paid in reaching an
acceptable compromise between accuracy and practical
feasibility. It should also be kept in mind that experimental
spectra are often solvent-dependent, and that the accuracy of
spectral simulation will depend on the quality of the
experimental data. For these reasons, experimental spectra
presented herein were purposely obtained with a routine
instrument (200 MHz), and CDCl3 was used as solvent.
Finally, since under ordinary resolution conditions an accu-
racy of about 0.1 ppm for shifts and 0.2 Hz for couplings can
be expected, we did not seek agreement between experimen-
tal and calculated values to better than this threshold.


In this work, we have only dealt with 1H NMR chemical
shifts and couplings. Nuclear shieldings have been calculated
with the GIAO method,[2, 3] and converted to chemical shifts
as d� srefÿ s.


The calculation of coupling constants should in principle
include all its major contributions, that is FC, PSO and DSO,
in order to evaluate their relative magnitude. To this effect, we
firstly tested two organic molecules (furan and o-dichloro-
benzene) using deMon-NMR,[37] which can calculate all the
above contributions within density functional theory. These
calculations (including IGLO nuclear shieldings for consis-
tency) were run with the Perdew ± Wang exchange with Perdew
correlation functional[40] (P86) and the IGLO-III basis set[37] at
the B3LYP/6-31G(d,p) geometry. An integration grid with 64
points of quadrature was used. The FC contribution is
calculated by finite perturbation theory (FPT) [Eq. (1)]:


JMN�
m0


4p


� �
2 �h


2p


8pb


3


� �
2 1


a 6
0


gMgN


1


l
BFC (1)


where BFC is the Fermi-contact term in au, l is the applied
perturbation (see below), gM and gN the magnetogyric ratios
the involved nuclei, and the other symbols have the usual
meaning.[37e] Thus, placing the perturbation on nucleus M
allows to detect spin ± spin coupling to all remaining nuclei in
the molecule, for example nucleus N. In principle, the
calculated coupling constant is insensitive to the actual value
of l (which was recommended to be 10ÿ3 au)[37e] and to placing
the perturbation on either nucleus (i.e. , JMN� JNM), but care
was taken to ensure consistency in the results (see below).


Since it became apparent that the PSO and DSO contri-
butions cancel each other to within 0.1 Hz (see below), we
then proceeded for the remaining cases with the sole
calculation of the FC contribution (by FPT) with Gaussian
98.[41] The following functionals were used: the popular
Becke�s hybrid three-parameter functional with Lee ±
Yang ± Parr correlation (B3LYP)[42] and the one-parameter
functional with modified Perdew ± Wang exchange and Per-
dew ± Wang 1991 correlation as modified by Barone and
Adamo (MPWPW91).[43] The basis sets used were 6-31G or
6-311G (especially for geometry optimization) or Dunning�s
correlation-consistent cc-pVTZ, variously augmented. Sever-
al combinations of method, basis set, and optimization level
were tested, and are denoted by boldface numbers in the


Table for TMS (Table 1). Tight SCF convergence criteria were
always employed. It was always verified that the calculated
coupling constants did not appreciably depend on the choice
of the perturbed centre, with differences below 0.1 Hz. When
BFC is small (weak coupling, as is often the case for the
molecules dealt with herein) the numerical accuracy becomes
too low using the recommended value; therefore, in most
calculations we used a value of 10ÿ2 au, after verifying in
several instances that large J values were within �0.2 Hz
using both l� 10ÿ2 and 10ÿ3 au.


Since we are concerned with 1H ± 1H couplings (gH�
2.675220� 108 sÿ1 Tÿ1), all the constants in Equation (1) are
defined and JHH (Hz)� 75740.19BFC, if l� 10ÿ2 au. The
overall protocol then amounts to: a) geometry optimization;
b) shielding calculation; c) a series of FC calculations in which
the perturbation is placed on all but one magnetically non-
equivalent protons.


NMR spectra were eventually simulated using calculated or
experimental chemical shifts and coupling constants with the
Mestre-C program.[44] In most cases, a line width of 0.5 Hz was
assumed, and all calculated couplings smaller than 0.2 Hz
were set to zero in the simulation.


As a first step, we ran a series of calculations for the
reference standard TMS and two model spin systems
(AA'XX'), that is furan and o-dichlorobenzene (ODCB).
The former is used as a textbook example, giving rise to a
ªdeceptively simpleº pair of distorted triplets which may be
mistaken for an A2X2 spectrum, and the latter is often used for
calibrating the spectrometer resolution.


Effect of tight s functions : This was firstly tested for in the case
of the geminal coupling (2JHH) in methane[45] (Table 2). At the
B3LYP/cc-pVTZ level (with B3LYP/6-31G(d,p) geometry;
level 10), addition of a single s function with exponent 105 to
hydrogen atoms (level 10 a) leads to a small (0.4 Hz) improve-
ment in the calculated coupling constant. In the case of furan
(Table 3b), minor changes (�0.2 Hz) were again observed for
JAA' and JAX. Hence, even though the effect may be noticeable,
and often goes in the right direction, its magnitude seems too


Table 1. Combinations of method, basis set, and optimization level used in
the calculations, and nuclear shieldings of TMS (ppm).


Index Level s[a]


1[b] P86/IGLO-III//B3LYP/6-31G(d,p) 31.29
2 HF/6-311G(d,p)//HF/6-311G(d,p) 32.47
3 HF/6-311G(2d,2p)//HF/6-311G(d,p) 32.20
4 B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) 31.76
5 B3LYP/6-311G(d,p)//B3LYP/6-311G(d,p) 32.00
6 B3LYP/6-311��G(2d,2p)//B3LYP/6-311G(d,p) 31.72
7 B3LYP/D95��(2d,2p)//B3LYP/6-311G(d,p) 31.67
8 B3LYP/cc-pVTZ//B3LYP/6-311G(d,p) 31.66
9 B3LYP/aug-cc-pVTZ//B3LYP/6-311G(d,p) 31.65


10 B3LYP/cc-pVTZ//B3LYP/6-31G(d,p) 31.62
11 MPWPW91/6-311��G(2d,2p)//B3LYP/6-31G(d,p) 31.53
12 MPWPW91/cc-pVTZ//B3LYP/6-31G(d,p) 31.46


[a] Average of individual shieldings (ppm). [b] Run with deMon-NMR. All
remaining calculations run with Gaussian 98.
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small to justify an extended use of this approach, especially in
larger molecules, and this was not further pursued.


Furan : Experimental[48] and calculated (at levels 1 ± 10)
chemical shifts and coupling constants (Hz) are summarized
in Tables 3 and 4 (see Scheme 1). Let us firstly concentrate on
the individual contributions to spin ± spin couplings in Table 4.
For all four coupling constants, the magnitude of the PSO and


DSO contributions is comparable to, or even larger than the
FC one.[16] However, they almost exactly cancel each other,
the net result being that the total J value is essentially that of
the FC contribution.


Table 3 also show that HF calculations (2 ± 3) fare rather
well with regard to calculated shieldings, whereas all coupling
constants are grossly overestimated. On the contrary, all DFT
calculations (1, 4 ± 12) lead to coupling constants lying
essentially in the correct range and resulting in good Dn/J
values, even though they differ in the individual shift values. A
series of spectra simulated with chemical shifts and couplings
calculated at several computational levels (6, 8, 11) or the
experimental values is plotted in Figure 1. All calculated
spectra have the correct ªtriplet-likeº appearance.


Figure 1. Simulated XX' subspectrum of furan (300 MHz, line width
0.5 Hz). Top to bottom: using experimental chemical shifts and couplings,
or using calculated data: B3LYP/6-311��G(2d,2p)//B3LYP/6-311G(2d,2p)
level (6); B3LYP/cc-pVTZ//B3LYP/6-311G(2d,2p) (8); MPWPW91/cc-
pVTZ//6-31G(d,p) (11).


o-Dichlorobenzene : The same series of calculations seen
before was run also in this case (see Scheme 1b and Tables 5
and 6). The same conclusions also apply for furan, taking into
account the fact that this system is in general more demand-
ing, owing to the smaller couplings involved. Calculated and
experimental[48] spectra are compared in Figure 2 for the
levels 10 and 12.


At this point it is worthwhile to make a preliminary
assessment. a) Calculated shieldings are not overly sensitive
to method and basis set, except in low-level HF calculations
(2 ± 3). b) Geometry optimization with the inexpensive
6-31G(d,p) basis is adequate for reproducing all trends.
c) The most demanding calculation is that of the coupling
constants. In this respect, we note the almost exact (to within
0.2 Hz) cancellation of the PSO and DSO terms, which
justifies the sole calculation of the FC term from this point on.
d) For a meaningful calculation a DFT method is necessary
(the poor results of Hartree ± Fock theory are again borne
out) and, in general, the cc-pVTZ basis set seems superior to
6-311��G(2d,2p).[38] Augmenting the basis with diffuse
functions has a negligible effect.


Table 2. Basis set effect, including the use of tight s functions, on the
geminal coupling (2JHH) in methane.


Level s (H) d (H) 2JHH


6 31.49 0.23 ÿ 12.3
10 31.42 0.20 ÿ 11.0
10a[a] ± ± ÿ 11.4
exptl 0.23[b] ÿ 12.564[c]


[a] cc-pVTZ augmented with a single s function (a� 105) on hydrogen
atoms. The energy is not affected by this added basis function.[38]


[b] Ref. [46]. [c] Ref. [47].


Table 3. Method and basis set effect on calculated chemical shifts[a] (top)
and spin ± spin couplings[b] (bottom) of furan (Scheme 1a).


Level s (A,A') s (X,X') d (A,A') d (X,X') Dd Dn AX[c]


1 24.72 23.53 6.57 7.76 1.19 357
2 26.04 25.04 6.43 7.43 1.00 300
3 25.67 24.68 6.53 7.52 0.99 297
4 25.35 24.28 6.41 7.48 1.07 321
5 25.53 24.51 6.47 7.49 1.02 306
6 25.12 24.07 6.60 7.65 1.05 315
7 24.87 23.83 6.80 7.84 1.04 312
8 25.10 24.11 6.55 7.55 1.00 300
9 25.03 24.00 6.62 7.65 1.03 309


10 25.05 24.05 6.57 7.57 1.00 300
11 24.96 23.92 6.57 7.61 1.04 312
12 24.93 23.94 6.53 7.52 0.99 297
exptl ± ± 6.37 7.42 1.05 315


Level 3JAA'
3JAX


4JA'X
4JXX' Dn/JAX Dn/JA'X


1[d] 3.1 1.4 0.8 1.2 255 297
2[e] 37.1 50.0 ÿ 42.4 54.5 6.0 7.1
3[e] 39.4 53.8 ÿ 45.4 59.0 5.5 6.5
4[f] 3.0; 3.3 2.3; 2.4 0.8; 0.6 1.5; 1.6 140 535
5[g] 2.9 1.9 0.6 1.2 161 510
6 3.1 2.0 0.7 1.4 157 450
7 1.0 0.15 0.6 1.4 2080 520
8 2.8 1.7 0.7 1.4 176 428
9 2.8 1.8 0.6 1.3 172 515


10 2.8 1.7 0.7 1.4 176 428
10a 3.0 1.5 ± ± 200 ±
11 3.0 1.6 0.8 1.1 195 390
12 2.6 1.3 0.8 1.1 228 371
exptl 3.5 1.8 0.8 1.5 175 394


[a] In ppm. [b] Experimental data from ref. [48]. [c] In Hz, at 300 MHz.
[d] Sum of FC, PSO, DSO contributions. [e] l� 10ÿ3 au. [f] First and second
entry calculated with l� 10ÿ3 and 10ÿ2 au, respectively. [g] All calculations
from this level on run with l� 10ÿ2 au.


Table 4. Components of spin ± spin couplings of furan at level 1.


FC PSO DSO Total


3JAA' 3.2 1.0 ÿ 1.1 3.1
3JAX 1.6 1.1 ÿ 1.3 1.4
4JA'X 0.9 2.2 ÿ 2.3 0.8
4JXX' 1.2 2.4 ÿ 2.4 1.2
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Figure 2. Simulated BB' subspectrum of o-dichlorobenzene (300 MHz,
line width 0.05 Hz). Top to bottom: using experimental chemical shifts and
couplings, or using calculated data: B3LYP/cc-pVTZ//B3LYP/6-31G(d,p)
(10); MPWPW91/cc-pVTZ//6-31G(d,p) (12). In this case only, the spectra
have been displaced for clarity, so that equivalent peaks are aligned.


Based on these considerations, the study was further
extended to a series of spin systems exhibiting spectral
patterns which are difficult to disentangle visually. All the
following calculations were performed at level 10 (B3LYP/cc-
pVTZ at B3LYP/6-31G(d,p) geometry).


1,3-Diolefin system : Günther[49] investigated in depth the
AA'BB' spin system of bicyclic, conformationally rigid 1,3-
cyclohexadienes; we selected the carbocyclic example depict-
ed in Scheme 1c. Spectral simulation[49] led to the experimen-
tal values reported in Table 7 (for the olefinic region only),
together with the corresponding values calculated herein. The


spectra simulated with the experimental and calculated
parameters are compared in Figure 3. For the sake of
completeness, the calculations were extended to the aliphatic
region of the spectrum (originally not reported), where the
two noteworthy features are: a) a sizable coupling constant
(1.0 Hz) is predicted for 4JCF in the W-shaped arrangement, as
expected, whereas the corresponding 4JDF is much smaller
(ÿ0.4 Hz); b) the calculated shift of HC is negative (d�
ÿ0.60), as expected for a proton lying in the shielding region
above a p system.


Naphthalene and other aromatics : Naphthalene (see
Scheme 1d) provides a very complicated AA'A''A'''BB'B''B'''
system, and also offers the opportunity to calculate more long-
range couplings in the W-shaped arrangement (e.g. 5JAA'').


Table 5. Method and basis set effect on calculated chemical shifts[a] and
spin ± spin couplings[b] of o-dichlorobenzene (Scheme 1b).[a]


Level s (A,A') s (B,B') d (A,A') d (B,B') Dd Dn AB


1 23.59 23.99 7.70 7.30 0.40 120
2 24.88 25.06 7.59 7.41 0.18 54
3 24.33 24.64 7.87 7.56 0.30 90
4 24.41 24.59 7.35 7.17 0.18 54
5 24.59 24.82 7.41 7.18 0.23 69
6 24.00 24.36 7.72 7.36 0.36 108
7 24.03 24.34 7.64 7.33 0.31 93
8 24.07 24.37 7.59 7.29 0.30 90
9 23.98 24.29 7.66 7.36 0.30 90


10 24.02 24.32 7.60 7.30 0.30 90
11 23.82 24.20 7.64 7.26 0.38 114
12 23.88 24.20 7.58 7.26 0.32 96
exptl ± ± 7.37 7.11 0.26 78


Level 3JAB
5JAA'


4JAB'
3JBB' Dn/JAB Dn/JAB'


1[b] 7.3 0.0 1.6 6.5 16 75
2 ÿ 0.8 ÿ 9.8 10.6 ÿ 1.5 67 5.1
3 ÿ 1.5 ÿ 9.8 12.1 ÿ 2.3 60 7.4
4 7.6 0.8 1.5 6.8 7.1 36
5 7.2 0.3 1.1 6.6 15 98
6 7.8 0.3 1.1 7.0 14 98
7 5.0 0.4 1.3 4.3 19 71
8 7.3 0.2 1.2 6.5 12 75
9 7.0 0.2 1.3 6.3 13 69


10 7.2 0.3 1.3 6.4 12 69
11 7.3 0.2 1.4 6.5 16 81
12 6.7 0.1 1.4 5.9 14 69
exptl 8.1 0.3 1.5 7.5 9.7 52


[a] See footnotes [a] and [b] to Table 3. Calculations at levels 2 ± 4 and 5 ± 12
run with l� 10ÿ3 and l� 10ÿ2 au, respectively. [b] Sum of FC, PSO, and
DSO contributions.


Table 6. Components of spin ± spin couplings of o-dichlorobenzene at
level 1.


FC PSO DSO Total


3JAB 7.5 0.1 ÿ 0.3 7.3
5JAA' 0.05 1.7 ÿ 1.8 0.02
4JAB' 1.6 1.8 ÿ 1.8 1.6
3JBB' 6.7 0.2 ÿ 0.4 6.5


Table 7. Chemical shifts and coupling constants of Günther�s diolefin, naph-
thalene, chlorobenzene and o-bromochlorobenzene (Schemes 1c ± f).[a]


Günther�s
diolefin[b]


Naphthalene Chlorobenzene o-Bromochloro-
benzene[c]


d (A) 6.38 d (A) 8.09 d (A,A') 7.54 d (A) 7.60
(6.07) (7.86) (7.45)


d (B) 6.08 d (B) 7.71 d (B,B') 7.48 d (B) 7.32
(5.71) (7.50) (7.24)


3JAB 8.6 3JAB 7.4 d (C) 7.39 d (C) 7.27
(9.25) (7.11)


3JBB' 5.2 3JBB' 6.0 4JAA' 1.97 d (D) 7.69
(5.94) (7.61)


4JAB' 0.2 4JAB' 0.9 3JAB 7.19 3JAB 7.1
(0.58) (8.0)


5JAA' 1.5 4JAA''' ÿ 0.4 5JAB' 0.38 4JAC 1.2
(1.31) (1.5)


5JAA' 0.7 4JAC 0.91 5JAD 0.2
(0.0)


5JAA'' 0.8 4JBB' 1.36 3JBC 6.4
(ca. 8.0)


5JAB'' 0.2 3JBC 6.51 4JBD 1.2
(1.8)


5JA'''B 0.2 3JCD 7.2
(7.7)


6JAB''' ÿ 0.2
6JA''B ÿ 0.1
6JBB'' 0.1
7JBB''' 0.2


[a] Calculated data at level 10 ; l� 10ÿ2 au. Chemical shifts and coupling
constants in ppm and Hz, respectively. All couplings smaller than 0.2 Hz have
been set to zero in the simulations. If applicable, experimental data are given in
parentheses after the calculated value. [b] Experimental data from ref. [49].
Only the olefinic part is reported. [c] Experimental shifts and coupling
constants assuming first-order analysis (see Discussion).
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Figure 3. Calculated (top) and experimental (bottom) spectrum of
Günther�s 1,3-diolefin (see Scheme 1c); olefinic AA'BB' part only
(60 MHz, line width 0.5 Hz, level 10).


Calculated data are collected in Table 7; the experimental and
simulated spectra are compared in Figure 4.


Figure 4. Calculated (top) and experimental (bottom) spectrum of naph-
thalene (200 MHz, line width 0.5 Hz, level 10).


Chlorobenzene and o-bromochlorobenzene (Scheme 1e ±
f) give rise to strongly coupled AA'BB'C or ABCD systems,
respectively; see Table 7 and Figure 5 and Figure 6.


Figure 5. Calculated (top) and experimental (bottom) spectrum of chloro-
benzene (see caption to Figure 4).


Figure 6. Calculated (top) and experimental (bottom) spectrum of
o-bromochlorobenzene (see caption to Figure 4).


The different substitution patterns available for dichloro-
phenols (DCP) may give rise to AMX (2,3-, 2,4-, 2,5- and 3,4-
DCP) or A2B (2,6- and 3,5-DCP) systems. This offers an
opportunity to distinguish the different isomers on the basis of
the calculated spectrum. The calculations have been run for
the four isomers giving AMX systems. Preliminary semi-
empirical (AM1) calculations showed that the most stable
conformers of 2,3-, 2,4- and 2,5-DCP (Scheme 1g ± i) have the
OH group pointing towards the chlorine atom in the
2-position, and this geometry was used as starting point for
further optimization. In the case of 3,4-DCP there is no such
arrangement, so that two conformations, differing by the OÿH
bond orientation, have been considered (Scheme 1j ± k). A
possible solvent effect on the experimental spectrum was
tested for by running the spectra also in acetone as solvent,
where however the spectra were essentially unchanged. The
data are collected in Table 8 and compared in Figure 7,
Figure 8, Figure 9 and Figure 10.


An examination of the experimental spectrum of 3,4-DCP
(lowest trace in Figure 10) and the calculated one for con-
former 1 (Scheme 1j) shows a reversal in the ordering of the
most shielded signals, although the magnitude of coupling
constants is essentially correct. This is simply an effect due to
the conformation of the OÿH bond, since in conformer 2
(Scheme 1k) the ordering is correct, albeit exaggerated, and


Table 8. Chemical shifts and coupling constants of dichlorophenols (DCP;
Scheme 1g ± k).[a]


2,3-DCP 2,4-DCP 2,5-DCP 3,4-DCP[b]


d (A) 7.11 d (A) 7.42 d (A) 7.32 d (A) 6.94
(7.46) (7.23) (6.96)


d (B) 7.23 d (B) 7.28 d (B) 6.95 d (B) 7.40
(7.29) (6.86) (7.29)


d (C) 7.04 d (C) 7.08 d (C) 7.16 d (C) 6.62
(7.08) (7.04) (6.69)


3JAB 7.2 4JAB 2.2 3JAB 7.8 5JAB 0.3
(2.2) (8.8) (0.0)


3JAC 1.2 5JAC 0.2 5JAC 0.2 4JAC 2.6
(0.0) (0.0) (2.9)


4JBC 7.3 3JBC 7.9 4JBC 2.2 3JBC 7.6
(8.8) (2.2) (8.8)


[a] See footnote [a] to Table 7. [b] Calculated data are the average for the
two conformers (Scheme 1j, k; see text).
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Figure 7. Calculated (top) and experimental (bottom) spectra of 2,3-
dichlorophenol (see caption to Figure 4). The asterisk denotes solvent.


Figure 8. Calculated (top) and experimental (bottom) spectra of 2,4-
dichlorophenol (see caption to Figure 4). The asterisk denotes solvent.


Figure 9. Calculated (top) and experimental (bottom) spectra of 2,5-
dichlorophenol (see caption to Figure 4).


the coupling constants are not affected. Since these two
conformers are equal in energy (<0.1 kcal molÿ1 at the
B3LYP/cc-pVTZ level), it is meaningful to average their data
(see Table 8), which leads to an excellent agreement with the
experimental spectrum.


n-Butyl chloride as a test case for aliphatic systems : Aliphatic
systems present the obvious difficulty that several conformers
may have to be investigated in order to arrive at a reliable
prediction. We restricted the investigation to a linear aliphatic
n-butyl chain. If the conformation is assumed to be blocked in
an anti arrangement, the spin system can be represented as
AA'BB'CC'DD'E (Scheme 1m). Since this molecule differs
substantially in geometry, bonding etc. from the aromatics


Figure 10. Calculated and experimental spectra of 3,4-dichlorophenol (see
caption to Figure 4). Top to bottom: calculated spectra for conformation 1,
2, average (see text), and experimental.


dealt with so far, we repeated the complete calculation of all
contributions to spin ± spin coupling as observed before
(Tables 9 and 10). It is apparent that the PSO and DSO
contributions again cancel out to an extent similar to that
previously seen for aryl derivatives.


Table 9. Chemical shifts and coupling constants of n-butyl chloride
(Scheme 1m).[a]


Level 1 Level 10 Level 10 (av.)[b]


d (A,A') 3.54 3.49 3.49 (3.54)
d (B,B') 1.73 1.72 1.72 (1.76)
d (C,C') 1.30 1.25 1.25 (1.47)
d (D,D') 0.91 0.93 1.02[c] (0.94)
d (E) 1.20 1.21 ±
2JAA' ÿ 8.0 -8.8 ±
3JAB 4.3 4.3 8.1 (6.6)
3JAB' 12.6 12.0 ±
2JBB' ÿ 10.4 -11.3 ±
3JBC 3.5 3.5 7.8 (ca. 8)
3JBC' 12.6 12.0 ±
2JCC' ÿ 10.6 ÿ 11.4 ±
3JCD 3.6 3.7 8.6[c] (7.3)
3JCD' 14.0 13.5 ±
3JCE 3.0 3.3 ±
3JDD' ÿ 10.5 ÿ 10.8 ±
2JDE ÿ 10.8 ÿ 11.5 ±


[a] See footnote [a] to Table 7. All calculated 4J and 5J are <0.2 Hz.
[b] Averages used in the simulation (see text). [c] Average of D, D' and E.


Table 10. Components of largest spin ± spin couplings of n-butyl chloride
at level 1.


FC PSO DSO Total


2JAA' ÿ 8.23 2.19 ÿ 2.00 ÿ 8.04
3JAB 4.32 0.23 ÿ 0.21 4.34
3JAB' 12.63 2.63 ÿ 2.67 12.59
2JBB' ÿ 10.64 1.96 ÿ 1.74 ÿ 10.41
3JBC 3.49 0.31 -0.33 3.46
3JBC' 12.61 2.68 ÿ 2.69 12.60
2JCC' ÿ 10.74 2.14 ÿ 1.98 ÿ 10.58
3JCD 3.63 0.51 -0.56 3.57
3JCD' 13.99 2.80 ÿ 2.82 13.97
3JCE 3.07 0.44 ÿ 0.50 3.01
3JDD' ÿ 10.66 2.73 ÿ 2.56 ÿ 10.50
2JDE ÿ 11.01 2.82 ÿ 2.66 ÿ 10.84
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As expected, the spectrum calculated under these assump-
tions (not shown) does not have the correct appearance. On
the other hand, a full conformational averaging will lead to an
A2B2C2D3 system and consequently to the loss of AA', BB'
etc. couplings. Hence, for this simulation chemical shifts and
coupling constants for each chemically distinct site (A, B, C,
D) were averaged; the results of the simulation are in
Figure 11, which indeed has the familiar appearance.


Figure 11. Calculated (top) and experimental (bottom) spectrum of n-
butyl chloride (see caption to Figure 4). All shifts and coupling constants
for each chemically non-equivalent site were averaged.


Discussion


The results obtained in this work can be evaluated as follows.
Calculated chemical shifts and couplings should, first of all, lie
in the appropriate region for every type of functional group
and substitution pattern. Secondly, the chemical shift differ-
ence (Dn) between chemically non-equivalent protons should
be considered, since this parameter will determine the overall
look of the spectrum. Finally, the Dn/J ratio at a given field
will cause the spin system to be first- or second-order and
hence determine the fine detail (number of lines and their
intensities) in the spectrum. In the cases where such data were
available, we compared our calculated results with those
obtained by spectral fitting of experimental data, although
this is not necessary, since the availability of shifts and
couplings makes it possible to obtain a completely calculated
NMR spectrum which can be visually compared with the
experimental one.


A variety of theoretical methods has been tested on TMS,
furan and ODCB. It is then apparent that the calculation of
proton chemical shifts poses few if any problems, in that
calculated d values (even at the HF level) lie within 0.5 ppm of
the experimental value.[3] This may even be considered an
ªexactº agreement if one recalls that solvent effects of this
magnitude are common. The situation is obviously improved
if one only considers shifts relative to a component of the spin
system, (i.e., displacing the whole spectrum). In this case, as
one would expect, the agreement is better (<0.1 ppm), as
illustrated in Figures 1 and 2.


With regard to calculated spin ± spin coupling constants, the
general conclusion that can be drawn from our results is that
proton ± proton couplings are, in practice, dominated by the
Fermi-contact term, so that the calculation of this term alone
suffices for predicting a J value lying within a few tenths of Hz
of the experimental value. It is, however, very important to
stress that the PSO and DSO terms are, by themselves,
generally not negligible at all, and may even be larger than the
FC term. It is rather their cancellation that lies at the root of
the good agreement between the FC term and experimental
values. This cancellation has been found to hold for proton
couplings in both aromatic and aliphatic molecules, but it
must of course be carefully tested to cover the desired scope,
for example when investigating couplings with other nuclei.


DFT calculations perform remarkably well without aug-
menting the basis set with tight s functions. In fact, while in the
case of methane (2JHH) such augmentation (levels 10 vs 10 a)
does lead to a small improvement (ca. 4 %), in the case of
furan the effect, despite being larger (ca. 10 %), has opposite
signs for JAA' and JAX. Therefore, judging also from the good
results obtained in the remaining cases (see below), it seems
that within the scope of the present method tight s functions
do not necessarily lead to improved calculated values.


The capability to predict the NMR spectrum correctly is
measured by the Dn/J ratio, which of course includes
inaccuracies in both shielding and coupling calculations. An
examination of Tables 3 and 5 allows to conclude that level 10
(B3LYP/cc-pVTZ//B3LYP/6-31G(d,p)) yields the least devia-
tion between all calculated and experimental couplings, which
forms the basis for our use of this particular combination in all
further cases. In any event, the IGLO-III, 6-311��G(2d,2p)
and cc-pVTZ basis sets, in connection with the P86, B3LYP or
MPWPW91 functionals (levels 1, 6, 10, 11, 12) perform rather
similarly, so the choice among them is not definitive.


We finally note that the level used for geometry optimiza-
tion does not seem to have a large influence on the final
outcome, provided it is at least as good as B3LYP/6-31G(d,p),
which is affordable for small- and medium-sized molecules.


The results obtained for several complicated aromatic
systems, that is Günther�s 1,3-diolefin, naphthalene, chloro-
benzene, and o-bromochlorobenzene (Figure 3-6), are indi-
cative of the predictive power of the computational protocol
we have described. Thus, the AA'BB' pattern experimentally
found for Günther�s 1,3-diolefin is well reproduced computa-
tionally, and a visual comparison allows one to note the good
agreement with respect to the number, location and intensity
of the lines. The only small discrepancy arises because the
calculated DnAB value (18 rather than 22 Hz at 60 MHz) is
somewhat too small, which is reflected in a smaller separation
of the AA' and BB' subspectra.


One can also note that the calculated spectrum is too
deshielded. This feature is found in all spectra calculated in
this work, and is probably related to a solvent effect acting
consistently in this direction, so that the general features are
not affected.


Likewise, the 8-line naphthalene pattern is readily borne
out from the calculated spectrum, with an excellent agree-
ment in the DnAB value (calcd: 76 vs 72 Hz at 200 MHz),
without any prior knowledge or analysis of the NMR data.
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Known trends in the relative magnitude of couplings are also
reproduced, such as the sizable long-range coupling 5JAA''


(0.8 Hz) because of the W-shaped arrangement of the
nuclei.[1]


The spectrum of chlorobenzene (an AA'BB'C system) is
very complicated, and certainly difficult to analyze by
inspection. Nevertheless, the calculated spectrum reproduces
the general features of this irregular multiplet (Figure 5).


o-Bromochlorobenzene provides an ABCD spin system.
The most deshielded A and D protons are clearly separated
from B and C, but their separation is too large, whereas the
predicted separation between B and C is too small, and
therefore with a larger distortion in the relative intensities.
However, the general appearance of the spectrum is, again,
clearly recognizable. Peak assignment (d(D)> d(A)> d(B)>
d(C)) is also possible without recourse to assumptions or
empirical data. A simple first-order analysis of the exper-
imental spectrum (i.e. , assuming JAD� 0 and JAB �JBC) leads
to the coupling constants in Table 7. The agreement is fairly
good, although some caution with regard to the experimental
values is in order owing to the approximate analysis.


Grant et al.[48] analyzed this spectrum as an AA'BB' system,
which is only approximately valid. (At 60 MHz the AD and
BC frequency differences are small, that is 5 and 3 Hz,
respectively, with respect to DnAB� 12.3 Hz, which justifies
this assumption). This analysis led to the values of Jo (AB, CD
� AB, and BC� BB')� 8.6, Jm (AC, BD� AB')� 2.5, and Jp


(AD � AA')� 0.3 Hz. These are somewhat different from
our calculated values; however, given the good agreement
found with our own experimental results seen above, we are
inclined to believe that the disagreement is largely due to the
low resolution of the original spectrum, and consequently of
the fit quality.


As readily seen from the spectra of Figures 7 ± 10, 2,3-DCP
gives rise to an ABC system, whereas 2,4-, 2,5- and 3,4-DCP
give rise to AMX systems with JAX� 0. The general features of
the 2,3-DCP ABC spectrum are, again, essentially reproduced
computationally, although the chemical shift difference be-
tween HB (H-5) and HA, HC (H-4, H-6) is somewhat too large.
With regard to the three AMX systems, one can easily note
the good agreement with experimental spectra, with the
correct ordering of peaks and closely similar couplings. We
recall that for 3,4-DCP, where the dominance of a single
conformation of the OÿH group cannot be assumed, the
agreement is reached only averaging the two conceivable
conformations (see Results). In general, we also note that an
appreciable, albeit small, para coupling is calculated (ca.
0.2 Hz), which is not experimentally found. However, since
under ordinary resolution conditions such small couplings
easily go undetected, very accurate experiments are needed to
ascertain whether the calculated value is actually overesti-
mated.


For flexible molecules such as aliphatic chains, the spin
system cannot be described in terms of a rigid, fixed
conformation. Thus, in general, a full conformational analysis
should be performed on the system. Even so, CH2 protons
remain magnetically non-equivalent, since a X-CH2-CH2-Y
system is strictly AA'XX' and such spectra may look like
AA'XX' or A2X2 depending on the actual chemical shifts and


couplings. Since it is beyond the scope of this work to fully
explore conformational effects on the spectra of flexible
chains, we only wish to emphasize the following points.
a) Even the simple assumption of chemical shifts and
couplings being averaged among chemically equivalent sites
leads to a correct representation of the experimental spectrum
of n-butyl chloride. b) The cancellation between the PSO and
DSO terms appears to hold also for aliphatic systems,
although of course more data would be needed for an
assessment. The averaging over shifts and couplings should
not affect this cancellation, since Fukui et al. showed that all
major contributions to 3JHH in ethane have the same
conformational dependence.[19] Thus, the computational treat-
ment of such flexible systems may be more complicated, but
probably will not by itself introduce new difficulties.


Conclusion


The DFT calculation of 1H nuclear shieldings and spin ± spin
coupling constants in organic molecules can be efficiently
performed. The results presented herein show that the
calculation of the Fermi-contact term is generally sufficient
for a dependable estimation of 1H couplings, although this is
due to a cancellation of the other two major terms (para-
magnetic and diamagnetic spin-orbit), and the scope of this
cancellation effect has, perhaps, to be investigated in more
depth. We have also found that, among the various combina-
tions of DFT methods and basis sets, NMR calculations
(shieldings and couplings) run at the B3LYP/cc-pVTZ level
and B3LYP/6-31G(d,p) geometry seem to yield a good
compromise between accuracy and cost. At the computer
power currently available, such calculations are feasible
within quite reasonable time limits (e.g., ca. 42 hours for o-
bromochlorobenzene with a 750 MHz Pentium III under
Linux for the whole protocol), whereby an extension to larger
systems looks straightforward.


The data calculated this way can be directly employed to
simulate the 1H NMR spectrum at a given frequency, and such
simulated spectra generally compare very favorably with the
experimental spectra. Hence, such calculations can comple-
ment the usual array of NMR techniques for structure
elucidation, since they provide a new standpoint for establish-
ing the relationship between NMR parameters and chemical
structure or conformation. In a more practical way, they can
help the synthetic chemist in sorting out the possible products
of a new reaction by comparing an experimental spectrum
with the spectra predicted for a few viable alternatives.
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Matrix Isolation and Ab Initio Study of the Hydrogen-Bonded
H2O2 ± CO Complex


Jan Lundell,* Santtu Jolkkonen, Leonid Khriachtchev, Mika Pettersson, and
Markku Räsänen[a]


Abstract: The structure, energetics, and
infrared spectrum of the H2O2 ± CO
complex have been studied computa-
tionally with the use of ab initio calcu-
lations and experimentally by FTIR
matrix isolation techniques. Computa-
tions predict two stable conformations
for the H2O2 ± CO complex, both of
which show almost linear hydrogen
bonds between the subunits. The car-
bon-attached HOOH ± CO complex


is the lower-energy form, and it has an
interaction energy of ÿ9.0 kJ molÿ1


at the CCSD(T)/6-311��G(3df,3pd)//
MP2/6-311��G(3df,3pd) level. The
higher-energy form, HOOH ± OC, has
an interaction energy of ÿ4.7 kJ molÿ1


at the same level of theory. Experimen-
tally, only the lower-energy form,
HOOH ± CO, was observed in Ar, Kr,
and Xe matrices, and the hydrogen
bonding results in substantial perturba-
tions of the observed vibrational modes
of both complex subunits. UV photolysis
of the complex species primarily produ-
ces a complex between water and carbon
dioxide, but minor amounts of HCO and
trans-HOCO were found as well.


Keywords: ab initio calculations ´
hydrogen bonds ´ hydrogen perox-
ide ´ IR spectroscopy


Introduction


In addition to its industrial uses, hydrogen peroxide (H2O2)
has an important role in atmospheric chemistry and physics,[1]


combustion chemistry[2] and biological processes.[3] Recently,
H2O2 was found on the surface of Europa, which is one of the
satellites of Jupiter.[4] In our atmosphere, hydrogen peroxide
serves as a link between gas-phase radicals and aqueous
chemistry, and it plays a significant role in the formation of
sulfuric acid, the destruction of ozone, and in various
oxidation reactions. H2O2 is a source of OH radicals in the
gas phase upon UV radiation, but the reverse reaction does
not normally occur. The only established gas-phase source of
tropospheric hydrogen peroxide is the recombination of two
HO2 radicals that form H2O2 and O2,[1] even though there are
indirect indications of (OH�OH) recombination in the
presence of a third molecule.[5]


Molecular complexes of atmospheric constituents have
been noted to affect atmospheric chemistry and physics.[6] The
low-frequency intermolecular vibrations have been designat-
ed as important channels for the absorption of both solar
radiation that enters the atmosphere and the outgoing


infrared (IR) surface radiation.[7, 8] Furthermore, atom-mole-
cule complexes, such as H2O ± O(3P), can contribute to the
atmospheric chemistry of hydrogen peroxide, especially since
this particular complex has already been shown in laboratory
conditions to produce H2O2 upon UV irradiation.[9±11] Exper-
imental reports of weakly bound complexes that involve
hydrogen peroxide are relatively sparse. Nevertheless, low-
temperature solids have been employed to isolate reactive
species, and a few studies have addressed complexes of
hydrogen peroxide.[12±14] Tso and Lee studied H2O2/H2O/CO
mixtures in oxygen matrices[12] and identified some vibra-
tional bands of both H2O and CO complexes with H2O2. The
hydrogen peroxide complex with molecular nitrogen was
studied by our group[13] in conjunction with our studies of
hydrogen peroxide in various rare gas matrices.[9±11, 15] The
method for the preparation of monomeric hydrogen peroxide
in a low-temperature matrix was devised in our laboratory[15]


for these studies, and was also used by Ault and co-workers to
study the hydrogen-bonded complex of H2O2 and (CH3)2O in
solid argon.[14]


Due to the importance of the chemistry of H2O2 in various
fields, a plethora of theoretical studies have been conducted
on weak chemical interactions that involve hydrogen per-
oxide. Hydrogen peroxide forms cyclic dimers,[16±18] which are
potential impurities in experimental work. Ab initio studies
on H2O2 complexes with water,[19, 20] hydrogen halides,[21] and
biologically important molecules[22] indicate that hydrogen
peroxide is a better proton donor for hydrogen bonding than
water.
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Dr. M. Pettersson, Prof. M. Räsänen
Laboratory of Physical Chemistry
P.O. Box 55 (A.I.Virtasen aukio 1)
00014 University of Helsinki (Finland)
Fax: (�358) 9-191-50279
E-mail : lundell@csc.fi
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Herein we combine theoretical ab initio calculations and
experimental matrix isolation techniques to study the inter-
actions of hydrogen peroxide and carbon monoxide in low-
temperature rare gas matrices. We also demonstrate the
formation of the H2O ± CO2 complex as the main photo-
product of the UV-induced reaction of the HOOH ± CO
complex.


Results and Discussion


Computational results


Equilibrium structures : The potential energy surface (PES)
for the H2O2 ± CO interaction was preliminary scanned at the
RHF/6-31�G(d) level of theory. Only two stationary points
were found on the PES, both of which involve an almost linear
hydrogen bond from the OH group of the hydrogen peroxide


molecule to either the oxygen or the carbon terminal of the
CO molecule. These stationary points were reoptimized with
the use of larger basis sets at the MP2 and MP3 levels, and the
bond distances and angles of the equilibrium structures that
were obtained are presented in Table 1 (see Figure 1).


Figure 1. The optimized equilibrium structures of the HOOH ´ ´ ´ CO and
HOOH ´ ´ ´ OC complexes. The MP2 and MP3 values presented correspond
to the intermolecular distance calculated using the 6-311��G(2d,2p) basis
set. The numerical parameters are given in Table 1.


The structures of the monomers are perturbed very little
upon complexation. For the carbon attached complex
HOOH ± CO, the hydrogen-bonded OÿH bond shows a small
elongation of approximately 0.03 �. The smallest intermo-
lecular (H ´ ´ ´ C) distance between H2O2 and CO is 2.203 � at
the MP2/6-311��G(2d,2p) level. Increasing the basis set by
adding polarization functions shortens the bond distance to
2.171 �, but the effect of increasing the electron correlation
has the opposite effect, and at the MP3/6-311��G(2d,2p)
level, the (H ´ ´ ´ C) distance is 2.270 �. The distance between
the heavy atoms O ´ ´ ´ C range between 3.119 and 3.204 �,
which shows a similar behaviour as the H ´ ´ ´ O intermolecular
distance. For the other complex, HOOH ± OC, only nominal
effects on the structural properties of the monomers were
observed upon complexation. In fact, for the


Abstract in Finnish: Vetyperoksidin ja hiilimonoksidin muo-
dostamien kompleksien rakenteita, energetiikkaa ja värähdys-
spektrejä tutkittiin kvanttikemiallisilla laskuilla ja kokeellisella
FTIR-matriisi-isolaatiotekniikalla. Laskennallisesti löysimme
kaksi vetysidottua kompleksia. Pysyvin rakenne syntyy
hiilimonoksidin sitoutuessa hiilestä vetyperoksidin OH-
ryhmään ja laskettu interaktioenergia molekyylien välillä
on ÿ9.0 kJ molÿ1 CCSD(T)/6-311��G(3df,3pd)//MP2/
6-311��G(3df,3pd) -laskutasolla. Hapesta sitoutunut vetysi-
dottu kompleksi on lähes puolet heikompi kuin hiilestä
sitoutunut kompleksi. Kokeellisesti me havaitsimme ainoas-
taan alhaisimman energian muodon, H2O2 ± CO:n, Ar, Kr ja
Xe-matriiseissa. Vetysidos muuttaa molekyylien värähdys-
spektrejä, ja näiden siirtymien avulla erotamme kompleksin
värähdykset monomeereista. Kompleksin fotolysointi ultravio-
lettivalolla hajottaa kompleksin ja tuottaa pääasiassa veden ja
hiilidioksidin välisen vetysidotun kompleksin. Havaitsimme
myös hieman HCO ja trans-HOCO radikaaleja fotolyysin ja
sitä seuranneen lämmityksen jälkeen.


Table 1. The optimized equilibrium geometries[a] of the HOOH ± CO and HOOH ± OC complexes.


HOOH ± CO HOOH ± OC
MP2/ MP2/ MP3/ MP2/ MP2/ MP3/
6-311��G(2d,2p) 6-311��G(3df,3pd) 6-311��G(2d,2p) 6-311��G(2d,2p) 6-311��G(3df,3pd) 6-311��G(2d,2p)


r(OÿH) 0.963 0.962 0.956 0.963 0.963 0.957
r(OÿO) 1.459 1.443 1.439 1.458 1.442 1.439
r(OÿHHB) 0.966 0.966 0.959 0.963 0.962 0.957
r(C�O) 1.135 1.131 1.119 1.137 1.134 1.122
r(H ´ ´ ´ C) 2.203 2.172 2.270
r(H ´ ´ ´ O) 2.230 2.179 2.240
r(O ´ ´ ´ C) 3.151 3.119 3.204
r(O ´ ´ ´ O) 3.159 3.107 3.175
a(O-O-H) 99.2 99.6 100.8 99.3 99.7 100.7
a(O-O-HHB) 99.2 99.6 100.3 99.3 99.7 100.5
a(O-HHB ´ ´ ´ C) 166.8 166.5 164.5
a(O-HHB ´ ´ ´ O) 161.7 161.7 165.7
a(HHB ´ ´ ´ C�O) 173.8 173.0 172.5
a(HHB ´ ´ ´ O�C) 170.7 170.7 183.6
a(HOOH) 115.2 112.1 113.2 115.4 112.5 113.1


[a] Bond distances are given in � and bond angles are in degrees. The HB abbreviation denotes the hydrogen-bonded OH in hydrogen peroxide.
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6-311��G(2d,2p) basis set at both MP2 and MP3 levels, no
difference between the bond distances of the hydrogen
bonded and the non-bonded O-H can be found. At the
MP2/6-311��G(3df,3pd) level, a difference of 0.01 � is
noted. The calculated intermolecular distances for the oxy-
gen-attached complex are slightly longer than for the carbon-
attached complex, which indicates a weaker interaction
between the complexed subunits. It can also be noted that
the hydrogen bonds in both the HOOH ± CO and HOOH ±
OC complexes are tilted from linearity by an angle of
approximately 108.


Energetics : The BSSE-corrected interaction energies of the
H2O2 ± CO complexes are shown in Table 2. It is evident that
the carbon-attached HOOH ± CO complex has a stronger
bond than the oxygen-attached HOOH ± OC complex. At the


MP2/6-311��G(2d,2p) level, the interaction energies are
ÿ9.4 and ÿ3.2 kJ molÿ1, respectively, for these two com-
plexes. Increasing the basis set by adding polarization
functions increases the interaction by �0.5 kJ molÿ1. The
CCSD(T) level of theory is regarded as a reliable approach for


the estimation of interaction energies for weak interactions,[23]


and this level has been used for these complexes with the use
of the equilibrium structures calculated at the MP2 or MP3
levels. It is interesting that the CCSD(T) calculations give a
weaker interaction for the carbon-attached complex, but a
stronger interaction for the oxygen-attached complex. For
both complexes, the change upon introducing the CCSD(T)
level is approximately 1 kJ molÿ1, which is approximately 10 %
of the total interaction energy for HOOH ± CO and 25 % for
HOOH ± OC. This behavior can be compared with the H2O ±
CO complex in which extensive energy decomposition
analysis indicates that, for the carbon-attached complex, the
main interaction energy contribution comes from first-order
electrostatic interactions.[24, 25] For the H2O ± OC complex, the
dispersion energy plays a much larger role in the interaction
than for the carbon-attached complex, and an increase of the
interaction energy was observed from the MP2 to the
CCSD(T) level,[26] similar to that of the HOOH ± OC complex
in this study. Additionally, the hydrogen-bonded complexes
that involve H2O2 have a stronger bond to CO than the
corresponding water complexes, which indicates that hydro-
gen peroxide acts as a stronger hydrogen bond donor than
water. When comparing the isoelectronic molecules CO and
N2, it is noted that the nitrogen molecule forms a stronger
bond with H2O2 than that of the oxygen-attached HOOH ±
OC complex, but it has a weaker bond compared with that of
the HOOH ± CO complex. The calculated HOOH ´ ´ ´ N2


interaction energy at the MP2/6-31��G(2d,2p) level is
ÿ6.0 kJ molÿ1.[13]


Vibrational properties : The calculated intra- and intermolec-
ular vibrational frequencies, IR intensities and vibrational
shifts upon complexation for HOOH ± CO and HOOH ± OC
are presented in Table 3 and Table 4, respectively. In hydro-
gen-bonded complexes, the stretching frequencies of the
proton donor associated with the hydrogen bond, in this case
the OÿH bond of hydrogen peroxide, typically undergoes a
red-shift to lower frequencies compared with those of the
monomer.[27] For HOOH ± CO, the OH stretching frequency
upon complexation is expected to shift by ÿ54 cmÿ1 com-
pared with the monomer value. The MP2/6-311��G(2d,2p)
calculation predicts only a small upward shift of approxi-


Table 2. The BSSE-corrected interaction energies (in kJ molÿ1) of the
H2O2 ± CO complexes.


MP2/ MP3/ MP2/
6-311��G(2d,2p) 6-311��G(2d,2p) 6-311��G(3df,3pd)


HOOH ± CO
MP2 ÿ 9.444 ± ÿ 10.110
MP3 ÿ 7.391 ÿ 8.101 ÿ 8.044
MP4D ÿ 7.571 ÿ 8.238 ÿ 8.246
MP4DQ ÿ 6.987 ÿ 7.728 ÿ 7.541
MP4SDQ ÿ 7.705 ÿ 8.335 ÿ 8.242
CCSD ÿ 7.059 ÿ 7.797 ÿ 7.592
CCSD(T) ÿ 8.334 ÿ 8.915 ÿ 9.040
HOOH ± OC
MP2 ÿ 3.165 ± ÿ 3.849
MP3 ÿ 6.303 ÿ 3.576 ÿ 4.371
MP4D ÿ 3.431 ÿ 3.348 ÿ 4.125
MP4DQ ÿ 3.343 ÿ 3.266 ÿ 3.987
MP4SDQ ÿ 3.409 ÿ 3.328 ÿ 4.069
CCSD ÿ 3.586 ÿ 3.498 ÿ 4.242
CCSD(T) ÿ 3.926 ÿ 3.809 ÿ 4.742


Table 3. The calculated harmonic vibrational frequencies, vibrational shifts upon complexation and IR intensities of the HOOH ± CO complex at various
levels of theory.


MP2/6-311��G(2d,2p) MP3/6-311��G(2d,2p) MP2/6-311��G(3df,3pd)


n OH 3830.9 � 1.6 41 3916.4 � 2.7 36 3853.0 � 0.6 38
n OHHB 3775.5 ÿ 53.7 259 3885.1 ÿ 26.9 206 3786.8 ÿ 65.1 265
n C�O 2136.5 � 16.7 30 2322.1 � 20.2 88 2157.0 � 16.9 30
d OOH 1476.9 � 29.5 3 1519.7 � 24.4 3 1470.6 � 35.3 5
d OOH 1354.8 � 18.0 89 1400.9 � 14.3 86 1352.1 � 18.3 87
n OO 913.4 � 0.5 1 981.9 � 1.0 1 978.5 ÿ 0.1 1
t HOOH 547.5 � 149.5 121 525.1 � 112.4 128 560.9 � 150.8 104


238.7 97 226.4 94 248.9 98
Inter- 153.2 < 1 145.6 < 1 158.8 < 1
molecular 127.6 1 120.5 1 131.7 1
modes 86.2 7 81.4 11 87.9 7


31.5 < 1 27.5 1 31.8 < 1


ZPVE[a] 87.76 90.63 88.39


[a] Zero-point vibrational energy in the units of kJmolÿ1.
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mately 2 cmÿ1 of the noncomplexed OH bond of H2O2.
Simultaneously, the OH bond that forms the hydrogen bond
with CO becomes stronger, whereas the unperturbed OH
bond of the monomer appears much weaker. This is in
agreement with general trends observed for proton donors
that are involved in hydrogen-bonded complexation.[27] For
the HOOH ± CO complex, CO is a proton acceptor and the
C�O bond becomes stronger, as evidenced by the blue-shift of
the vibrational wavenumber. The opposite effect is noted for
the OH vibrational band of the oxygen-attached HOOH ± OC
complex, for which the wavenumber increases compared with
the monomer value. This behavior is due to the interaction
with the slightly more positively-charged oxygen of CO. The
OÿH bond of H2O2 is contracted. Simultaneously, the C�O
bond becomes weaker and the vibrational wavenumber
undergoes a red-shift. The opposite behaviour of these
vibrational modes in the oxygen- and carbon-attached com-
plexes can easily be used as a structural fingerprint for each
species. This approach has been employed in the case of
H2O ± CO[25, 26] and HF ± CO complexes[28] to distinguish the
two different forms of the complexes, that is, the carbon-
attached and the oxygen-attached species.


The OOH bending modes of H2O2 shifts to higher wave-
numbers for both complex structures. The H2O2 bending is
already quite strong in the monomer, and its shift upon
complexation can be used as an additional fingerprint for the
HOOH ± CO/OC complexes. For the carbon-attached com-
plex, it is shifted by �18 cmÿ1 (MP2) from the monomer
value. For the oxygen-attached complex, the shift is about half
of this at all levels. The OÿO stretching mode is insensitive
towards complexation and cannot be used for experimental
identification of the complexes.


The shifts of the vibrational absorptions of proton-donor
and -acceptor stretching vibrations are sensitive to the
geometry of the complex. The most rigorous studies of
monomeric H2O2 indicate that the CCSD(T)/cc-PVQZ level
is needed in order to achieve relatively good structural
parameters.[29, 30] This computational level is too expensive for
hydrogen-bonded complexes, however. Instead, the MP2
calculations used in this study are a good compromise


between accuracy and computational cost. Still, these calcu-
lations tend to overestimate the vibrational shifts induced by
complexation, and therefore, reference calculations at the
MP3 level are included in this study as well. The MP3
calculations were previously shown to correct the overesti-
mated harmonic MP2-shifts, and better reproduce the vibra-
tional shifts in (HF)2 and (H2O)2.[31, 32] For the HOOH ± CO
complex, the MP3 calculations reduce the predicted vibra-
tional shifts of the complexed OH bond and the torsional
mode. The shift of the hydrogen-bonded OH changes from
ÿ54 to ÿ27 cmÿ1 and the shift of the torsional mode is
�112 cmÿ1 at the MP3 level. For the oxygen-attached
HOOH ± OC complex, the vibrational shifts of the hydrogen
peroxide vibrational modes are mainly unaffected by the
increase of electron correlation. For both complex forms, a
notable effect is found for the CO stretching mode. For
HOOH ± CO, it is shifted by �20 cmÿ1 at the MP3 level
compared with the monomer wavenumber, whereas the shift
is �16 cmÿ1 at the MP2 level. For the HOOH ± OC complex,
the CO stretching mode shifts by approximately ÿ7 cmÿ1


compared with the monomer value, while the MP2 calcula-
tions shifts only by ÿ2 cmÿ1.


Experimental results


The observed HOOH ± CO complex bands and their shifts are
presented in Table 5, and they are compared with the
monomer vibration bands in Ar, Kr and Xe matrices.


Argon matrix : Figure 2 shows the OH stretching region of the
IR absorption spectrum of H2O2 in solid Ar when the
concentration of CO is increased. The top trace was obtained
for a sample that contains only hydrogen peroxide and no CO,
and the doublet of the OH stretching mode of H2O2 is clearly
visible as was reported earlier.[15] With an increase in the
amount of CO in the sample, a new band grows at
approximately 3548 cmÿ1. This band is shifted by ÿ40 cmÿ1


compared with the monomer band, and is between the
calculated shifts of ÿ54 and ÿ27 cmÿ1 at the MP2 and MP3
levels of theory for the lower-energy (carbon-attached) form,


Table 4. The calculated harmonic vibrational frequencies, vibrational shifts upon complexation and IR intensities of the HOOH ± OC complex at various
levels of theory.


MP2/6-311��G(2d,2p) MP3/6-311��G(2d,2p) MP2/6-311��G(3df,3pd)
w Dw I w Dw I w Dw I
[cmÿ1] [cmÿ1] [km molÿ1] [cmÿ1] [cmÿ1] [km molÿ1] [cmÿ1] [cmÿ1] [km molÿ1]


n OH 3840.1 � 10.8 121 3928.1 � 14.4 115 3865.7 � 13.3 126
n OHHB 3829.0 ÿ 0.2 48 3913.4 � 1.4 52 3851.5 ÿ 0.4 45
n C�O 2118.3 ÿ 1.5 52 2295.0 ÿ 6.9 121 2138.2 ÿ 1.9 54
d OOH 1456.5 � 9.1 2 1505.8 � 10.5 1 1446.7 � 11.4 2
d OOH 1343.8 � 7.0 105 1394.4 � 7.8 97 1340.2 � 6.4 102
n OO 914.3 � 1.4 1 981.6 � 0.7 1 940.3 � 1.7 1
t HOOH 444.8 � 46.8 166 459.5 � 46.8 164 462.1 � 52.0 144


163.1 77 165.0 85 187.1 84
Inter- 102.7 1 102.7 1 111.6 1
molecular 73.7 < 1 68.8 < 1 74.3 < 1
modes 51.6 9 47.7 7 54.7 7


22.4 1 14.9 1 22.3 1


ZPVE[a] 85.89 88.98 86.70


[a] Zero-point vibrational energy in the units of kJmolÿ1.
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HOOH ± CO. Experiments performed with a CO:Ar ratio of
100:1 [trace d) in Figure 2] indicates that most of the
deposited hydrogen peroxide is in a complexed form, and
two OH stretching bands are seen: the hydrogen bonded OH
stretch shifted to lower wavenumbers and the non-bonded
OH stretch at the same position as the monomer band.


Figure 2. The OH stretching region of H2O2 in the HOOH ± CO complex
upon double-doping experiments of CO/H2O2/Ar at different amounts of
CO mixed into the matrix: a) no CO, b) Ar:CO� 1:1000, c) Ar:CO�
1:500, d) Ar:CO� 1:100. The band marked with an asterisk is due to water
impurity.


Another strong band of monomeric hydrogen peroxide is
the OOH antisymmetric bending mode, observed as a doublet
at 1273 and 1265 cmÿ1.[15] When the CO concentration in the
samples was increased, a new band was found at 1287 cmÿ1,
between the bands of the monomer and the dimer
(1293.2 cmÿ1)[15] absorptions. The band shows a blue-shift of
14 ± 22 cmÿ1, and agrees well with the computational estimates
of a shift of �18 and �14 cmÿ1 at the MP2 and MP3 levels,
respectively. Other weaker bands at 2671 and 1397 cmÿ1 can
be assigned to the HOOH ± CO complex since these bands
can be easily related to the monomer bands previously
observed. The observed bands are assigned as n2�n6 and n2 of
H2O2, which is complexed with CO. The OÿO stretching
mode of H2O2 is known to be very weak and it has been
observed only for some dimeric or multimeric H2O2 species in
low temperature argon matrices at 869/866 cmÿ1.[15] Upon
complexation with carbon monoxide, a weak signal appears at
869.5 cmÿ1, which can be tentatively assigned to the OÿO


stretching of the HOOH ± CO complex. The computations
also indicate that this mode is quite weak and only nominally
shifted from the position of the monomer band. The harmonic
vibrational calculations predict a large blue-shift of the
torsional mode from that of the monomer (373 cmÿ1)[33] , but
this shift is most likely overestimated and could not be
reproduced experimentally.


The most conclusive evidence for the carbon-attached
HOOH ± CO complex is found in the C�O stretching region.
Increasing the amount of CO in the sample leads to a new
absorption at 2153 cmÿ1. This band has a higher wavenumber
than that of the corresponding water complex
(2149 cmÿ1),[26, 34] and we assign it to the carbon-attached
complex HOOH ± CO. No clear indications of the higher-
energy form HOOH ± OC were found based on the theoret-
ically-predicted downward shift of the C�O absorption. This
behavior can be connected to the method of preparing the
complex in the matrix. The complex subunits are mixed in the
gas phase and then sprayed onto the cold surface. In the gas
phase, the thermal energy is sufficient to overcome the energy
barrier separating the two local minima structures of the
H2O2 ± CO complex. Thus, the higher-energy form relaxes
(probably on the matrix surface) to the lower-energy, carbon-
attached form, which is isolated in the matrix. A similar
behaviour was seen earlier for CO complexes with water[25, 26]


and formic acid[35] when only the lower-energy form was
observed when the mixtures were deposited out of the gas
phase. In Kr and Xe environments, both forms of H2O ± CO
were found after photoinduced decomposition of formic
acid.[25, 26]


A previous attempt to identify the H2O2 ± CO complex was
performed by Tso and Lee[12] with the use of H2O/H2O2/CO
mixtures in solid oxygen. They reported vibrational bands of
complexed H2O2 at 3542.6 (n1) and 1278.2 cmÿ1 (n2), and a
complexed CO band at 2150.9 cmÿ1, which were assigned to
the HOOH ± CO complex. These band positions are in good
agreement with our observations. However, the band report-
ed by Tso and Lee at 1267.5 cmÿ1 is not due to the HOOH ±
CO complex as was originally reported,[12] being most likely
due to larger clusters of deposited molecules.


Krypton and xenon matrices : The OH stretching vibration of
the HOOH ± CO complex is shown in Figure 3 in the Ar, Kr
and Xe matrices. The shifts of the vibrational modes of the


Table 5. Experimentally observed vibrational bands (in cmÿ1) of HOOH ± CO and their comparison with the monomer bands.


Monomers[a] HOOH ± CO
Ar Kr Xe n(Ar) Dn(Ar) n(Kr) Dn(Kr) n(Xe) Dn(Xe)


n5 , n1 (OH str.) 3597.0 3583.6 3568.0
n5 , n1 (OH str.) 3587.8 3574.0 3560.0 3547.7 ÿ 40.1 3545 ÿ 29.0 3543.1 ÿ 16.9
n2�n6 2649.7 2649.7 2639.6
n2�n6 2636.3 2636.3 2628.5 (2671) (2664)
C�O str. 2138.6 2135.7 2133.2 2153.1 � 14.5 2150.7 � 15.0 2146.9 � 13.7
n2 (OOH bend) 1372.7 1376.0 1369.3 (1396.7) (�24.0) 1395.2 � 19.2


1365.4 1367.6 1362.8
n6 (OOH bend) 1277.0 1273.7 1270.3 1286.8 � 9.8 1283.9 � 10.2 1279 � 8.7


1270.9 1268.7 1265.7
n3 (OÿO str.) 869[b] (869.5) (�0.5)
n4 (torsion) 373[c]


[a] From ref. [15]. [b] Raman measurements from ref. [50]. [c] From ref. [33].
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Figure 3. The OH stretching bands of the HOOH ± CO complex in Ar, Kr
and Xe environments.


H2O2 monomer and the H2O2 ± CO complex are listed in
Table 6. It is thus shown that the OH bond that is involved in
the interaction is insensitive to the change of the environment.
The band of the complexated OH is found at 3548 cmÿ1 in Ar,
and it shifts to 3545 and 3543 cmÿ1 in Kr and Xe, respectively.


On the other hand, the H2O2 monomer is much more sensitive
to the change of the environment. It can be reasoned that the
complexated OH-tail of H2O2 does not interact with sur-
rounding atoms as strongly as the monomer does. This feature
indicates that a molecule (H2O2) is not simply solvated in the
matrix, but it is ªcomplexedº with a rare gas atom, that is
specific interactions with some of the cage atoms exist.


In general, an isolated molecule in a low-temperature
matrix cage is held by van der Waals interactions, which are
essentially different from the directed and stronger hydrogen
bonds. However, an interaction between the isolated mole-
cule and the cage atoms exists, and the strength of the
interaction is proportional to the proton-acceptor ability of
the rare gas atom as well as the steric hindrance.[36, 37]


Yukhnevich suggested that instead of comparing the shift of
the band of the complex with that of the unperturbed
monomer in the matrix, it would be more appropriate to
compare the vibrational mode of the complex with that of the
monomer in the gas phase, because the matrix value already
involves a ªcomplexedº species.[36] This comparison is also
included in Table 6. For the HOOH ± CO complex, the shifts
that are compared with the gas phase values show a very small
dependence on the change of the polarisable environment,


which demonstrates a small solvation effect on the ªcom-
plexedº vibrations.


When the CO stretching wavenumber of the CO subunit in
the HOOH ± CO complex is compared with that of unpertur-
bed CO, very small changes are noted when the matrix is
changed from Ar to Xe. In experiments where both subunits
are simultaneously deposited from the gas phase, the blue-
shifted CO band that belongs to the carbon-attached complex
is the only complex band observed in this spectral region,
which indicates that the interaction between H2O2 and CO is
not strong enough to stabilize the HOOH ± OC form.


Both the n2 and n6 OOH bending modes are observed in
solid Kr at 1397 and 1284 cmÿ1, respectively. The n2 band of
H2O2 in Xe was not observed. The n6 band of the complex,
which is one of the strongest bands of the H2O2 monomer, was
observed at 1279 cmÿ1 in Xe. It is shifted by a few wave-
numbers from its position in the Ar and Kr matrices, similar to
the shift observed for the monomer.


UV photolysis of the HOOH ± CO complex : Irradiation of
the HOOH ± CO complex in solid Ar at 266 and 230 nm
decomposes the hydrogen peroxide molecule in the complex.
Simultaneously with the observed disappearance of the H2O2


vibrational absorptions, new absorption bands appear at
3728.0, 2347.0, 2345.1, 666.3 and 655.2 cmÿ1 in Ar matrices.
Also, minor traces of trans-HOCO are found after photolysis,
which are identified mainly by the strong C�O stretching
absorption found at 1843.6 cmÿ1 in solid Ar.[38] The new
absorption bands observed after photolysis at 3728.0, 2347.0
and 655.2 cmÿ1 can be assigned to the H2O ± CO2 complex,
according to previous work on this complex in solid N2


[39] and
O2.[40] The bands at 2341.1 and 666.3 cmÿ1 belong to mono-
meric CO2. All of the new vibrational bands observed after
UV photolysis (and annealing) of HOOH ± CO are shown in
Table 7.


In an Ar matrix, the kinetic scheme presented in Equa-
tion (1) was suggested to describe the UV photolysis of
monomeric H2O2:[9]


H2O ´ ´ ´ O(3P)>H2O2 ÿ! OH�OH (1)


Furthermore, no essential losses (leaks) by additional chan-
nels, such as shown in Equation (2), were found experimen-
tally.


H2O2!H2�O2 or H2O2 ÿ! H�HO2 (2)


Table 6. The observed vibrational shifts of the hydrogen-bonded OH stretching
mode in the HOOH ± CO complex compared with the monomer wavenumbers.


H2O2 H2O2 ± CO
n [cmÿ1] Dng


[a] [cmÿ1] n [cmÿ1] Dng
[a] [cmÿ1] Dng


[b] [cmÿ1]


gas phase 3608[c]


Ar 3587.8[d] ÿ 20.2 3547.7 ÿ 60.3 ÿ 40.1
Kr 3574.0[d] ÿ 34.0 3545 ÿ 63.0 ÿ 29.0
Xe 3560.0[d] ÿ 48.0 3543 ÿ 65.0 ÿ 17.0


[a] Vibrational shift compared with the gas phase wavenumber of H2O2


monomer. [b] Vibrational shift compared with the vibrational wavenumber of
the monomer in the matrix. [c] From ref. [51]. [d] From ref. [15].


Table 7. Vibrational bands observed after photolysis and annealing of
HOOH ± CO complex in various rare gas matrices.


Ar Kr Xe


3728.7 H2O ± CO2


2348.9 (sh) H2O ± CO2


2347.0 2344.3 2338.5 H2O ± CO2


2345.1 2340.6 2334.4 CO2


2340.2 CO2


1863.4 1860.0 1856.7 HCO
1843.6 1839.8 1834.4 trans-HOCO
666.3 661.8 CO2


655.2 658.2 657.7 H2O ± CO2
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The formation of a H2O ´ ´ ´ O van der Waals complex is
favored in the photodissociation at approximately 250 nm
(83 %), whereas the reaction that produces two OH
radicals only has a 17 % probability. It should be remembered
that the cage exit probability of the formed OH radicals is
small in solid Ar, and their concomitant reaction produces
H2O and O as previously reported for the gas phase
species.[1, 41, 42]


When complexed H2O2 decomposes, the amount of CO2


that is complexed with H2O increases. A number of possible
reaction paths for the formation of CO2 can be suggested.
First, upon photolysis, an excited singlet O atom is formed,
which then recombines with CO. However, once the O atom
has relaxed to its ground state (3P), the reaction with CO is
spin-forbidden. Another possibility is the formation of a
charge-transfer system, such as (H2O)�Oÿ, which has been
suggested to be involved in the observed UV-induced
recombination of the H2O ´ ´ ´ O complex into H2O2.[9]


A dissociation path that produces OH radicals from
monomeric H2O2 upon complexation produces a ternary
system that is comprised of two OH radicals and a CO
molecule. A stepwise reaction that produces first OH and
HOCO might then lead in a secondary step to a hydrogen
abstraction by the second OH radical to form H2O�CO2. A
further possibility that leads to a H2O ± CO2 complex could
involve carbonic acid, H2CO3, by recombination of HOCO
with an OH radical that is also trapped in the same rare gas
cage. Carbonic acid, which has the same stoichiometry as the
precursor complex in our study, is known to be thermody-
namically unstable, and produces water and carbon dioxide
when it decomposes.[43] If carbonic acid is produced from hot
OH radicals and CO in the same cage, it is probable that it
would decompose to its more stable constituents, which are
then also trapped in the matrix. These two reaction paths
assume that both of the resulting OH radicals stay in the same
cage. However, some escape of OH radicals is known to occur
under UV photolysis of H2O2.[9] In accordance with this
observation, the formation of HOCO observed during
HOOH ± CO photolysis indicates that some OH radicals
escape the rare gas cage and the remaining CO and OH
radicals recombine to form monomeric HOCO.


A prolonged UV photolysis of the H2O2/CO argon matrices
leads to an increase of uncomplexed CO2 that absorbs at
2345.1 cmÿ1 (shoulder at 2340.2 cmÿ1) and at 666.3 cmÿ1.
These bands are in agreement with the CÿO stretching and
OCO bending bands of CO2 reported in the literature.[44] The
CÿO stretching bands of the CO2 monomer are found in
Figure 4 along with the bands of the complex. The formation
of unperturbed CO2 can be explained by UV-induced photo-
decomposition of the HOCO molecules that produce CO2 and
H atoms. The threshold for this reaction has previously been
reported by Jacox to be near 300 nm.[38]


The photolysed matrix samples were annealed at approx-
imately 25 K, which mobilizes the hydrogen atoms that are
produced in the matrix by photolysis of HOCO. This is
evidenced mainly by the increase of HCO, which absorbs at
1863.4 cmÿ1 in solid Ar,[45] formed from the reaction between
hydrogen atoms and free CO molecules in the matrix. Also,
the vibrational bands of HOCO are observed to grow upon


Figure 4. H2O ± CO2 and CO2 absorptions in the CO2 stretching funda-
mental region in various matrix environments after 300 nm photolysis.
Monomeric CO2 bands are marked with asterisks.


annealing. The annealing-induced vibrational bands of HCO
and HOCO in the 1800 ± 1900 cmÿ1 region are shown in
Figure 5.


Figure 5. HCO and trans-HOCO in Ar, Kr and Xe matrices obtained in
annealing at 40 and 45 K, respectively. The H2O2/CO/Rg (Rg�Ar, Kr, Xe)
matrices were preliminary photolyzed by UV radiation.


The photolysis in solid Kr and Xe produced similar
products as those in solid Ar. In solid Kr, the CÿO stretching
band of CO2 displays two components at 2344.3 and
2340.6 cmÿ1, as shown in Figure 4. These components can be
assigned to the complexed CO2 and monomeric CO2,
respectively. In solid Xe, the complexed CO2 stretching band
is found approximately 4 cmÿ1 higher than the absorption of
the monomeric CO2, similar to the bands of the two species in
a Kr matrix. The bending mode of CO2 in the H2O ± CO2


complex is assigned at 658.2 and 657.7 cmÿ1 in solid Kr and Xe,
respectively. No water stretching bands due to a H2O ± CO2


complex were found in the Kr or Xe matrices. This is probably
because these bands are quite weak and they are heavily
overlapped by water impurity bands, both monomeric and
complexed with various species (O, O2, N2, H2O, CO).
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The HCO absorptions were found in Kr and Xe at 1860.0
and 1856.7 cmÿ1. The strongest band of trans-HOCO observed
in solid Ar was identified for the first time in Kr and Xe at
1839.8 and 1834.4 cmÿ1, respectively. What is interesting in
these species is that they appear only after annealing of the
photolyzed matrix, whereas in Ar, some HOCO was also
produced during photolysis. Moreover, in solid Xe, a larger
amount of HOCO than HCO is formed, which reverses the
situation compared with the other matrices. This is shown in
Figure 5. These observations agree with the reports of H2O2


photolysis in Xe matrices[11] for which no OH radicals were
formed upon irradiation. Indeed, suppression of the cage exit
of OH radicals does not allow monomeric HOCO to be
formed in the photolysis of HOOH ± CO. On the other hand,
the formation of hydrogen atoms occurs in Xe and they
become globally mobile upon annealing,[46] as evidenced by
the increase of the amounts of HCO and HOCO. Never-
theless, it must be remembered that H atoms can still be
generated from the HCO ± OH intermediate. Furthermore,
the amount of H atoms stabilized in the Xe matrix after
photolysis is minor because practically no HXeH[47] appears
during annealing.


Conclusion


We have studied complexes between hydrogen peroxide and
carbon monoxide with the use of experimental matrix
isolation techniques and ab initio calculations. Computation-
ally, two stable configurations for the complex were found and
they both show an almost linear hydrogen bond from the OH
tail of H2O2. The lower-energy form, a carbon-attached
H2O2 ± CO complex, has an interaction energy of
ÿ9.0 kJ molÿ1 at the CCSD(T)/6-311��G(3df,3pd)//MP2/6-
311��G(3df,3pd) level. The interaction energy obtained for
the higher-energy form, where CO is attached to the oxygen
end (HOOH ± OC), is ÿ4.7 kJ molÿ1 at the same level of
theory. Only the HOOH ± CO complex was found experi-
mentally in low temperature matrices. Upon UV photolysis of
the matrix samples, the vibrational absorptions of HOOH ±
CO decrease, in correlation with the increase of vibrational
bands of the H2O ± CO2 complex. Simultaneously, a minor
amount of HCO and trans-HOCO is found after photolysis in
solid Ar. In the Kr and Xe matrices, traces of HCO and
HOCO are noted only after subsequent annealing, which
mobilizes hydrogen atoms in the matrices.


Experimental and Computational Section


The preparation of hydrogen peroxide matrices is thoroughly described in
ref. [15]. Briefly, the hydrogen peroxide was deposited by flushing urea
hydrogen peroxide (UHP, Aldrich, 98 % purity) at room temperature with
the matrix gas (Ar, Kr or Xe) that contains different amounts of CO. The
absolute concentration of hydrogen peroxide could not be determined, but
its relative concentration was varied by changing the deposition rate and/or
deposition temperature. The rare gas/CO ratio ranged from 1:100 to 1:1500.
The gas mixture was deposited onto substrates (CsI) in closed cycle helium
cryostats (Air Products, DE 202A and HS-4) at temperatures of 7.5 and
15 K, respectively. The temperature was measured with a silicon diode
(accuracy 0.5 K), and a resistive heater provided higher temperatures. The


IR absorption spectra of the samples were recorded on a Nicolet 60 SX
FTIR-spectrometer (resolution 1.0 cmÿ1) in the spectral region 400 ±
4000 cmÿ1. In photolysis, an optical parametric oscillator (OPO Sunlite
with FX-1, Continuum) was used to deliver UV radiation of typical pulse
energies of 10 mJ, with a repetition rate of 10 Hz and pulse duration of 5 ±
10 ns.


All calculations were performed with the use of the Gaussian 98 package of
computer codes.[48] The applied basis set was the split-valence, 6-311G-type
Gaussian functions added with multiple sets of polarizations and diffuse
functions to give the 6-311��G(2d,2p) and 6-311��G(3df,3pd) basis sets.
The complex properties were considered by the supermolecular Mùller ±
Plesset perturbation theory to the second (MP2) and third (MP3) order.
The interaction energy was estimated as the difference of the total energy
between the complex and the monomers at infinite distance, where the
monomer wavefunctions were derived in the dimer centered basis set
(DCBS). This approach corresponds to the counterpoise correction
proposed by Boys and Bernardi,[49] aimed at the minimization of the basis
set superposition error (BSSE) in the interaction energy. The optimized
equilibrium structures of the complexes were used to evaluate the
interactions energy at higher correlated levels that range from the higher
order perturbation theory (MP3, MP4) to the coupled cluster approach
(CCSD and CCSD(T)).
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A Computational Study of Ethylene CÿH Bond Activation by [Cp*Ir(PR3)]


Kevin M. Smith,[a, b] Rinaldo Poli,*[a] and Jeremy N. Harvey*[c]


Abstract: It has previously been dem-
onstrated that both [(C5Me5)Ir(PMe3)-
(CH�CH2)H] and [(C5Me5)Ir(PMe3)-
(H2C�CH2)] are formed when
[(C5Me5)Ir(PMe3)] is thermolytically
generated in the presence of ethylene.
At higher temperatures, the vinyl hy-
dride is converted to the h2-ethylene
adduct. Density functional theory has
now been used to investigate this reac-
tion, using the B3LYP functional, two
types of basis sets (LanL2DZ and
TZV*), and two models of the
[(C5R5)Ir(PR3)] species (R�H and
CH3). The study consists of full optimi-
zations of local minima, first-order sad-
dle points, and minimum energy crossing
points (MECP). The experimental re-


sults are best accounted for by consid-
ering both singlet and triplet spin surfa-
ces. The relative energies of singlet
[(C5R5)Ir(PR3)(CH3)H], [(C5R5)Ir(PR3)-
(CH�CH2)H], and [(C5R5)Ir(PR3)-
(H2C�CH2)] are in good agreement with
experiment, as is the calculated barrier
for the conversion from the vinyl hy-
dride to the h2-alkene complex. How-
ever, the singlet surface alone fails to
explain the experimentally observed
product ratio, or the intermediate infer-
red from experimental isotope effect


studies. Locating the MECP between
singlet and triplet surfaces indicates that
the thermolysis of the singlet alkyl
hydride precursor directly forms triplet
[(C5R5)Ir(PR3)]. The weak van der -
Waals adduct of triplet [(C5R5)Ir(PR3)]
and ethylene is proposed to be the key
intermediate in the overall reaction. The
interchanging of the available ethylene
CÿH bonds in this triplet s complex
accounts for the observed kinetic iso-
tope effects, and partitioning between
alkene p-complexation and CÿH bond
activation may also occur from this
common intermediate. The possible role
of steric factors and molecular dynamics
are also discussed.


Keywords: ab initio calculations ´
CÿH activation ´ iridium ´ reaction
mechanisms ´ spin crossover


Introduction


The formation of [Cp*Ir(PMe3)(C6H11)H] by photolysis of
[Cp*Ir(PMe3)(H)2] in cyclohexane demonstrated the first
intermolecular oxidative addition of saturated alkane CÿH
bonds by a homogeneous organometallic complex.[1] In the
years that followed this pioneering report, the reactivity of
[Cp*Ir(PMe3)] and related [Cp*ML] species (M�Co, Rh, Ir;


L�PR3, CO) have been extensively studied experimentally
using a variety of kinetic, thermodynamic, and labeling
techniques.[2] Simplified [CpML] model complexes have also
been subjected to several theoretical analyses, permitting the
comparison of different computational techniques. Early
work using extended Hückel molecular orbital (EHMO)
theory[3] was followed by studies using density functional
theory (DFT), MP2 and other techniques.[4] While the
[CpRh(CO)] system has been the most extensively studied,[5]


[CpIr(PH3)] models for the original Bergman system have
also been examined,[5a, 6] with the most recent contributions
focusing on the [CpIr(PH3)(CH3)]� cationic variants.[7]


The reaction shown in Scheme 1 provided the impetus for
the current theoretical work. Thermolysis of [Cp*Ir(PMe3)-
(C6H11)H] in cyclohexane generates [Cp*Ir(PMe3)], which
reacts in situ with H2C�CH2 to form [Cp*Ir(PMe3)-
(CH�CH2)H] and [Cp*Ir(PMe3)(H2C�CH2)] in a 2:1 ratio.[8]


While [Cp*Ir(PMe3)(CH�CH2)H] is stable under the ther-
molytic conditions of its formation, at higher temperatures it
is converted cleanly to [Cp*Ir(PMe3)(H2C�CH2)]. This re-
markable reaction indicates that in contrast to many similar
reactions, the ethylene adduct is the thermodynamic product,
and can not be an intermediate to the vinyl hydride species.


Many reactions of transition metal compounds involve
multiple electronic states. We have an ongoing interest in
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exploring how the associated spin state changes affect the
reactivity of organometallic complexes.[9] (This has sometimes
been referred to as two-state reactivity[10]). It has long been
recognized that the active [CpML] intermediates in CÿH
bond activation processes could possess ground or low-lying
excited triplet spin states.[11] Due to the difficulties associated
with the theoretical treatment of spin crossover problems,
however, the kinetic ramifications of this phenomenon have
not been addressed in previous studies. We recently demon-
strated the utility of minimum energy crossing point (MECP)
locating techniques in evaluating the role of spin state change
in organometallic reactions.[12] The system shown in Scheme 1
is of particular interest because the archetypal [Cp*Ir(PMe3)]-
based system is of long-standing and ongoing significance for
the study of CÿH bond activation, and a wealth of exper-
imental and theoretical results are available for these
species.[2, 4] Furthermore, [CpIr(PH3)] was recently calculated
to possess a triplet ground state at various levels of theory.[6]


We hereby present extensive B3LYP computations using
polarized basis sets on the model [CpIr(PH3)]�C2H4, which,
together with additional B3LYP calculations on the full
[Cp*Ir(PMe3)(C2H4)] system, provide an explanation for the
surprising experimental observations that have resisted ra-
tionalization for well over a decade. Our results illustrate the
problems involved in using model compounds in computa-
tional studies; more importantly, they also demonstrate the
importance of singlet-triplet crossover and the powerful way
in which locating MECPs can predict its importance.


Computational Details


Most of the calculations on the [CpIr(PH3)] model, as well as all those
relating to the [Cp*Ir(PMe3)] system, were performed by using the
pseudospectral Jaguar 4.0 package,[13] with a flexible polarized basis set on
all atoms. Thus, the iridium atom is treated using the Los Alamos
relativistic ECP,[14] together with the associated LACV3P�� basis
developed for use with Jaguar.[13] The latter basis is a valence triple-zeta
contraction of the original double-zeta Los Alamos basis set,[14] augmented
by one set of diffuse d functions. All other atoms are described by the
standard 6-31G basis,[15] with polarization functions (6-31G** basis) on all
atoms which can bond to Ir (i.e. the ring C atoms of Cp and Cp*, the P
atom, and the whole of the CH4 or C2H4 group). These calculations will be
simply referred to as B3LYP/TZV*. Most of the [CpIr(PH3) ´ (CH4)] and
[CpIr(PH3)(C2H4)] species were also investigated at the B3LYP level using
the smaller standard LanL2DZ basis set together with the Gaussian94
program package.[16] The results of these preliminary calculations, where
significant, will be briefly mentioned below and referred to as B3LYP/
LanL2DZ. The geometries of the minima and transition states were fully


optimized without symmetry restric-
tions, so that convergence to saddle
points during searches for minima, or
to higher order saddle points during
transition state searches should not
occur. For transition states, the nature
of the transition state was verified by
inspecting the unique eigenvector of
the approximate Hessian generated
during optimization. In a few cases,
the exact Hessian was computed, and
the expected number of imaginary
frequencies was found in all cases.
The geometries of the crossing points
were also fully optimized, using the
method developed by one of the


authors,[17] adapted for use with Gaussian or Jaguar. For open-shell species,
the Gaussian and Jaguar calculations used unrestricted and restricted open-
shell methods, respectively. In all cases, energies are given in kcal molÿ1


relative to triplet [CpIr(PH3)] or [Cp*Ir(PMe3)] and CH4 or C2H4, and do
not include a correction for zero-point energy (where available, this
correction is found to be small, �1 kcal molÿ1).


Results


Our analysis of this reaction relied on a thorough study of the
singlet and triplet potential energy surfaces, and of their
crossings, using the B3LYP hybrid density functional, together
with flexible polarized basis sets. The B3LYP method has
proven to be very reliable for a broad range of organometallic
systems similar to that studied here.[4] To describe our results,
we adopt the following order. First, we briefly summarize the
essential experimental observations which we aim to explain,
so as to make clear what are the difficulties facing our analysis.
We then discuss the electronic structure of the
[(C5R5)Ir(PR3)] (R�H, Me) intermediate, folllowed by a
discussion of the singlet reactive potential energy surface,
which, as we will show, is unable to explain the experimental
results. Next, we will describe the features of the triplet
surface, and finally, we will discuss a realistic scenario for
reaction on both surfaces, informed by our results concerning
the regions where these surfaces cross. Because our main
focus is on the reaction of ethylene with the intermediate, and
not the pyrolysis of the cyclohexyl hydride, we have modeled
the latter as the smaller methyl hydride.


Background : Thermolysis of [Cp*Ir(PMe3)(C6H11)H] in the
presence of ethylene affords the CÿH oxidative addition
product [Cp*Ir(PMe3)(CH�CH2)H] and the ethylene coor-
dinative addition product [Cp*Ir(PMe3)(C2H4)] in a 66:34
ratio which is independent of temperature between 130 and
160 8C, and is furthermore invariant during the reaction (see
Scheme 1). This observation[8] suggests that the products are
obtained via two different transition states and that DDH³ is
near zero. Both compounds are thermally stable under the
reaction conditions, but thermolysis of the pure vinyl hydride
in cyclohexane or benzene at temperatures above 180 8C
results in quantitative conversion to the ethylene complex
[Cp*Ir(PMe3)(C2H4)]. This confirms that the initially ob-
tained product mixture arising from the activation of ethylene
is under kinetic control, and that the ethylene complex cannot
be an intermediate along the formation of the CÿH oxidative


Scheme 1. Thermolysis of [Cp*Ir(PMe3)(C6H11)H] in cyclohexane.
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addition product. Also, no phenyl hydride product is observed
when the vinyl hydride is converted to the ethylene complex
in benzene. This proves that the rearrangement does not
involve formation of free C2H4 and [Cp*Ir(PMe3)], because
independent experiments show that the latter is able to
competitively activate benzene and ethylene, and because the
benzene activation product, [Cp*Ir(PMe3)(C6H5)H], is ther-
mally stable at 180 8C.


A more detailed kinetic study[18] of the reaction led to some
important conclusions. Thus, an activation barrier DH³ of
(34.6� 1.2) kcal molÿ1 was found for the rearrangement of
[Cp*Ir(PMe3)(CH�CH2)H] between 180 and 220 8C (with
DS³� (2.6� 2.6) eu). The reac-
tion rate was found to be un-
affected by the presence of free
PMe3, ruling out the involve-
ment of phosphine dissociation.
From independent calorimetric
studies, a barrier of at least
41 kcal molÿ1 was estimated for
the ethylene reductive elimina-
tion from the vinyl hydride,
thus confirming that the iso-
merization process takes place
without ethylene reductive
elimination.


Intermolecular isotope ef-
fects were determined by allow-
ing [Cp*Ir(PMe3)] (generated
at 145 8C) to compete for C2H4


and C2D4, yielding kH/kD�
1.49� 0.08 for the formation
of the vinyl hydride product
and d� 0.95� 0.02 for the for-
mation of the p complex, d


being the secondary isotope
effect that each deuterium has on the rate (for instance kH/
kD� d4� 0.82� 0.05 for the competition between C2H4 and
C2D4). The intramolecular isotope effects for insertion into
CÿH and CÿD bonds of the three C2D2H2 isomers (1,1-, cis-
1,2-, and trans-1,2-) were also measured; the values kH/kD


obtained were identical within experimental error, at 1.18�
0.03. These values are not equilibrium isotope effects, because
the independently synthesized complex [Cp*Ir(PMe3)-
(CH�CH2)D] was not found to scramble the label under the
same conditions.


The relatively small values of kH/kD for the oxidative
addition process are consistent with the data from previous
reports and with the involvement of an early transition state,
where little CÿH bond breakage has occurred. The kH/kD


value for the addition process, when compared with available
equilibrium isotope effects, indicates that the ethylene struc-
ture is perturbed only slightly in the transition state from that
found in the free ligand. What is most interesting, however, is
that the inter- and intramolecular kH/kD for oxidative addition
are not equivalent. Under the assumption that this difference
is not caused by a secondary isotope effect of the non-reacting
CÿD bonds, this non-equivalence requires an intermediate on
the reaction pathway from which partitioning can occur.


These observations led the authors to propose[18] the existence
of an intermediate having the stoichiometry [Cp*Ir(PMe3) ´
(C2H4)] which a) is not the p complex [Cp*Ir(PMe3)(C2H4)],
b) is formed upon the intermolecular addition process
between [Cp*Ir(PMe3)] and C2H4, and c) can go on to insert
the metal center into any of the four CÿH bonds by a
unimolecular, intramolecular process. The two mechanistic
possibilities A and B illustrated in Scheme 2 were considered.
The difference is that the intermediate [Cp*Ir(PMe3) ´ (C2H4)]
leads to both the oxidative addition and the p-addition
products for mechanism A, while this only affords the
oxidative addition product for mechanism B while the p


complex is obtained directly by an independent pathway. The
product distribution allowed the calculation of the kH/kD for
each individual step (see Scheme 2). In the event of reversi-
bility for the formation of the [Cp*Ir(PMe3) ´ (C2H4)] inter-
mediate, kH/kD for step k1 would be a thermodynamic rather
than a kinetic effect. While a rigorous distinction between
mechanisms A and B is not possible on the basis of the
experimental data, the authors preferred mechanism A
because the intermediate presumably involves only weak
interactions between the metal center and the CÿH bond(s)
and a large isotope effect is thus not expected. In addition, the
authors were not comfortable with a mechanism in which p-
complex formation and CÿH oxidative addition require two
different transition states.


The intermediate required by the energetic (activation)
data and isotope studies was proposed to be a metastable
species formed by weak coordination of one or more ethylene
CÿH bonds to the iridium center (s complex), with possible
structures as shown in Figure 1. The identical intramolecular
isotope effects for the different C2H2D2 isotopomers, which
are different from the intermolecular effect, indicate that the
intermediate must be able to chose between all four CÿH
bonds and forced the authors to propose that several isomeric


Scheme 2. The two mechanistic possibilities A and B which account for the existence of an intermediate having
the stoichiometry [Cp*Ir(PMe3) ´ (C2H4)].
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Figure 1. Proposed structures[18] for the intermediate on the pathway
leading to CÿH oxidative addition.


s complexes equilibrate with one another on a time scale
which is rapid with respect to conversion to the final products.
The authors, however, remained perplexed[18] that this isomer-
ization process seems so facile compared with CÿH insertion
and p-complex formation.


In parallel with the experimental work, some molecular
orbital calculations[19] on the model [CpIr(PH3)]�C2H4 sys-
tem were performed, and led to important
insights, but also increased the mystery sur-
rounding it. Whilst the vinyl hydride complex
[CpIr(PH3)(CH�CH2)H] was found to lie
slightly higher in energy than the olefin com-
plex [CpIr(PH3)(C2H4)], in agreement with
experiment, the initial ethylene coordination
step leading to the latter was found to be
essentially barrierless, in disagreement with the
kinetic preference for the vinyl hydride prod-
uct. Steric effects and the intervention of
multiple spin states were suggested as possible
explanations of the results, but could not be
explored with the then available computational
power.


Electronic structure of [CpIr(PH3)] and
[Cp*Ir(PMe3)]: The assumed intermediate in
the reaction studied here is the [Cp*Ir(PMe3)]
complex, whose electronic structure and geom-
etry are thus of central importance. The
qualitative electronic structure of this type of
species, based on ab initio and density func-
tional calculations on [CpIr(PH3)], has been
discussed before in great detail.[6] However, one important
feature which has not been fully resolved concerns the relative
stability of the singlet and triplet states of this intermediate. A
number of theoretical studies, summarized in Table 1, have
examined the 16-electron [(C5H5)Ir(PH3)] model system,
which is relevant to many CÿH oxidative addition processes.
Because the first ab initio study by Ziegler et al. predicted a


singlet ground state, all subsequent calculations along the
methane oxidative addition profile were only carried out on
the singlet surface.[5a] This is despite the fact that all
subsequent calculations indicate a more stable triplet state.[6]


However, no calculations of triplet alkane adducts or
transition states or crossing points along the oxidative
addition path have been carried out starting from the 16-
electron iridium fragment in the triplet state, to the best of our
knowledge.


Our results for [(C5R5)Ir(PR3)] (R�H, Me), as well as all
the other calculated B3LYP relative energies are collected in
Table 2. For the intermediate, our results are in qualitative
agreement with previous calculations (see Table 1); in partic-
ular, the optimized geometries are very close to those


previously reported by others and no detailed analysis thereof
is warranted here. The Cartesian coordinates of these
structures, as well as all other optimized structures reported
in this contribution, are deposited as Supporting Information.
The triplet is found to be the ground state, but the singlet is
fairly low-lying, with excitation energies of 6.4 and
8.4 kcal molÿ1 for [CpIr(PH3)] at the B3LYP/LanL2DZ[*]


and B3LYP/TZV* levels, respectively; and of 6.8 kcal molÿ1


for [Cp*Ir(PMe3)] at the B3LYP/TZV* level. This suggests
that crossing to the singlet surface should be relatively
facile.


The singlet potential energy surface


The singlet potential energy surface for the Cp/PH3 model
system is shown in Figure 2.


Table 1. Computed relative energies of singlet and triplet [(C5H5)Ir(PH3)]
from this work and previous literature reports.


DES±T
[a] Method Ref.


n.r.(<0)[b] Xa [5a]
33 ROHF [6a]
24 MP2(UHF) [6a]
26 CI [6a]
20.1 MP2 [6b]
20.3 MP4SDTQ/LanL2DZ// MP2/LanL1DZ [6b, c]
16.9 B3LYP/LanL2DZ [6a]


6.4 B3LYP/LanL2DZ this work
8.4 B3LYP/TZV* this work


[a] E(singlet)ÿE(triplet) in kcal molÿ1. [b] n.r.� not reported. The singlet
is stated to be of lower energy than the triplet (1 ± 6 kcal molÿ1).


Table 2. Energies (in kcal molÿ1) of all calculated species relative to triplet [CpIr(PH3)] or
[Cp*Ir(PMe3)] and CH4 or C2H4.


Species [Ir]� [(C5H5)Ir(PH3)] [Ir]� (C5Me5)Ir(PMe3)
B3LYP/LanL2DZ B3LYP/TZV* B3LYP/TZV*


1[Ir]H(CH3) ÿ 28.1 ÿ 32.3 ÿ 31.3
1[Ir] ´ ´ ´ CH4 TS 1.6 [a]


±
1[Ir] ´ CH4 1.1 [a]


±


MECP [Ir] ´ CH4 6.7 10.7 ±
1[Ir] 6.4 8.4 6.8
3[Ir] (Erel� 0)[b] ÿ 306.42541 ÿ 641.35249 ÿ 955.84525
1[Ir]H(C2H3) ÿ 37.2 ÿ 41.2 ÿ 42.8
1[Ir](h2-C2H4) ÿ 46.4 ÿ 51.8 ÿ 49.3
1[Ir](HÿC2H3) TS ÿ 5.0 ÿ 7.7 ±
3[Ir] ´ C2H4 ÿ 1.2 ÿ 1.1 ±


addn. TS to 3[Ir](h1-C2H4) ± 0.8 ±
3[Ir](h1-C2H4) ÿ 4.6 ÿ 3.1 ÿ 1.5
3[Ir](h1-C2H4) to h2-TS 0.07 ÿ 0.3 ±
3[Ir](h2-C2H4) ÿ 12.7 ÿ 10.8 ÿ 5.1
3[Ir](HÿC2H3) TS ± 22.8 ±
3[Ir]H(C2H3) ± 9.5 ±


MECP nr. 3[Ir] ´ C2H4 3.3 2.3 ±


MECP nr. 3[Ir](h1-C2H4) ÿ 2.1 ÿ 2.5 ÿ 1.8
MECP nr. 3[Ir](h2-C2H4) ÿ 12.4 ÿ 10.4 ±


[a] The s complex is not a minimum at this level. [b] The total energies (in Hartrees) for this
compound are given for reference purposes.


[*] This value is much smaller than that published in ref. [6c], although
they were both derived using the same program, method, and basis set.
We have checked our result very thoroughly, and attempted to
otherwise explain the discrepancy, without success.
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Figure 2. Singlet potential energy surface for the process leading from
[CpIr(PH3)(CH3)H] to the ethylene oxidative addition and p-addition
products. Energy values (in brackets) are at the B3LYP/TVZ* level in
kcal molÿ1 units.


Elimination of methane from methyl hydride : The optimized
structures of singlet [CpIr(PH3)(CH3)H] and [Cp*Ir(PMe3)-
(CH3)H] are similar with those obtained for previous
optimizations and with the experimental structure of
[Cp*Ir(PMe3)(C6H11)H].[20] Our calculations place the
[CpIr(PH3)(CH3)H] model compound 40.7 (34.5) kcal molÿ1


lower in energy relative to CH4 and singlet [CpIr(PH3)] at the
B3LYP/TZV* (B3LYP/LANL2DZ) level (cf. 36.3,[5a] 33.5,[6a]


66.0,[6a] 43.1,[6b] and 46.3 kcal molÿ1[6b] obtained at other levels
of theory). The real system [Cp*Ir(PMe3)(CH3)H] is calcu-
lated as 38.1 kcal molÿ1 more stable than CH4 and singlet
[Cp*Ir(PMe3)] at the B3LYP/TZV* level. We find the barrier
for formation of [CpIr(PH3)(CH3)H] from the encounter
complex on the singlet surface to be very small, as has also
been shown by previous studies.[4] We note that with the single
point MP4//MP2 energies of ref. [6b], there is in fact no
barrier since the transition state lies lower in energy than the
complex. With B3LYP/LanL2DZ, there is a barrier of
0.5 kcal molÿ1, whereas with B3LYP/TZV*, we do not obtain
a distinct [CpIr(PH3)(CH4)] alkane complex: the structure
obtained using the smaller basis leads directly to
[CpIr(PH3)(CH3)H] upon reoptimization with the larger
basis. Within the expected accuracy of our computational
method, we cannot predict for sure whether or not there is a
barrier of this type, but it would clearly be very small. We note
that the intermediacy of a [Cp*Ir(PMe3) ´ (C6H12)] s complex
has been deduced from kinetic measurements.[21] This does
not however prove that there is a barrier on the singlet
surface, because the observed complex may be a triplet, with
the surface crossing (see below) leading to the observed
barrier between it and the alkyl hydride structure. It is also
conceivable that there is no barrier to the formation of the
encounter complex from the separated 16-electron singlet
species and CH4. Thus, the calculated energy for the oxidative
addition process would also correspond to the activation
barrier for the reductive elimination process to afford the
singlet intermediate. No such experimental data has been
reported for the elimination of methane, whereas a DH³ value
of 35.6 kcal molÿ1 has been reported for the elimination of
cyclohexane from [Cp*Ir(PMe3)(C6H11)H].[20]


Addition of ethylene to [CpIr(PR3)]: As already discussed by
others,[19] there is no barrier to p addition of ethylene to
[CpIr(PH3)] on the singlet surface. To check that this is the
case, we performed partial geometry optimizations on the
singlet surface, whilst fixing the IrÿC distance at successively
longer distances. A monotonously increasing potential energy
profile is obtained, with the energy computed for fixed
r(IrÿC)� 3.56 �, the longest distance considered, still
5.0 kcal molÿ1 below the energy of separated [CpIr(PH3)]
and ethylene. This effect is larger than could be expected from
any computational error and indicates that the interaction
between the two moieties is indeed attractive.


Unlike in Hoffmann�s computations,[19] however, and as
discussed below, there is also no barrier to s-addition of
ethylene to form the vinyl hydride [CpIr(PH3)H(C2H3)]. This
is because the saddle point for interconversion of this species
and the ethylene complex lies well below separated
[CpIr(PH3)] and ethylene, and is structurally very similar to
a s complex between the iridium intermediate and ethylene.
This finding echoes the result above, whereby methane adds
to singlet [CpIr(PH3)] without a barrier.


Based on these findings concerning the singlet potential
energy surfaces, it is difficult to explain the experimental
observations by Bergman et al. The main observation, that is
the overall 2:1 selectivity for formation of vinyl hydride and
an ethylene complex, can, it is true, be explained on dynamical
grounds as discussed by Hoffmann et al.[19] This explanation
would loosely run as follows: upon encounter of [CpIr(PR3)]
and ethylene, attractive interactions pull the two reagents
together. If one of the CÿH bonds approaches the iridium
center first, and especially if vibrational motion leads to that
CÿH bond being somewhat more extended than at the
equilibrium position, then the system will plunge into the
vinyl hydride minimum. If, however, it is mostly the p-
bonding orbital of the ethylene which approaches the iridium
first, then the ethylene complex will be formed. The prefer-
ential formation of vinyl hydride would be accounted for,
within this explanation, by subtle features of the ªtransition
regionº (meant in the broad sense of the term, since there is
no barrier) of the overall attractive [CpIr(PR3)] ± ethylene
potential energy surface. Molecular dynamics simulations, for
example using a Car ± Parrinello generated ab initio potential
energy surface,[22] could be used to test this model.


However, even if this model were able to reproduce the
observed ratio of products, it would fail to explain the
experimental isotope effects. As extensively discussed by
Bergman et al.,[18] the inter- and intramolecular isotope
effects for CÿH against CÿD insertion with C2H4, C2D4,
and the C2H2D2 isomers require that an intermediate
[CpIr(PR3) ´´ ´ C2H4] complex is formed during the reaction.


Conversion of vinyl hydride to h2 alkene : The optimized
structures of [CpIr(PH3)(CH�CH2)H] and [CpIr(PH3)-
(C2H4)], and of the corresponding [Cp*-PMe3] analogues,
together with the most relevant bond lengths, are shown in
Figures 3 and 4, respectively. The structures of the vinyl
hydride systems compare favorably with the experimentally
determined structure of [Cp*Ir(PMe3)(CH�CH2)H], except
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Figure 3. B3LYP/TZV* optimized structures of a) [CpIr(PH3)-
(CH�CH2)H] and b) [CpIr(PH3)(C2H4)] with selected bond lengths in �.


Figure 4. B3LYP/TZV* optimized structures of a) [Cp*Ir(PMe3)-
(CH�CH2)H] and b) [Cp*Ir(PMe3)(C2H4)] with selected bond lengths
in �.


that the optimized vinyl C�C distance is significantly longer
than experimentally found. This discrepancy has also been
recently noted by Hall et al.[23] and attributed to a disorder
problem in the experimental structure. A similar phenomen-
on also seems to occur for the recently reported structure of
[Cp*Ir(PMe3)(CH�CH2)Cl].[24] To our knowledge, no exper-
imental structure of a [(h5-C5R5)Ir(PR3)(R2C�CR2)]-type
compounds is available.


For both the real and the model system, the ethylene p


complex is more stable than the vinyl hydride by several
kcal molÿ1, in agreement with experiment. From
calorimetric data, Bergman et al. have estimated a DH of


41 kcal molÿ1 between [Cp*Ir(PMe3)(CH�CH2)H] and
[Cp*Ir(PMe3)]�H2C�CH2.[18, 24] Our calculations provide
42.8 and 41.2 kcal molÿ1 for the real and model system,
respectively, relative to the corresponding triplet iridium
species. The very similar results on the CpÿPH3 and
Cp*ÿPMe3 systems supports use of simplified models for this
aspect of the problem.


The transition state for the isomerization process was only
optimized for the model system. The geometry and relevant
distances are shown in Figure 5. The distance between Ir and


Figure 5. B3LYP/TZV* optimized transition state between [CpIr(PH3)-
(CH�CH2)H] and [CpIr(PH3)(C2H4)] with selected bond lengths in �.


the five individual Cp carbon atoms indicate a significant
slipping of the ring toward the h3 configuration. This may be
because the compound still maintains a certain degree of
interaction with the CÿH bond, while it has already started to
establish the interaction with the CÿC p bonding electrons.
This is suggested by the Ir-C-C angle of 106.758 and by the
IrÿC distance of 2.956 �. It is also notable that the geometry
of the ethylene moiety is essentially planar and scarcely
perturbed with respect to free ethylene. Thus, the transition
state can also be viewed as a complex between ethylene and
[CpIr(PH3)] and it is likely placed on the barrierless reaction
pathway leading from singlet [CpIr(PH3)] and C2H4 to either
of the compounds separated by the barrier discussed here:
[CpIr(PR3)H(C2H3)] or [CpIr(PR3)(C2H4)] (see Figure 2).


The calculated energy for this transition state
is 7.7 kcal molÿ1 below triplet [CpIr(PH3)]�C2H4


(16.1 kcal molÿ1 below the corresponding singlet), in agree-
ment with the experimental finding that the rearrangement
does not involve ethylene dissociation. This transition state is
33.5 kcal molÿ1 higher than the vinyl hydride species, in
remarkable agreement with DH³ of 34.6� 1.2 kcal molÿ1


for the conversion of [Cp*Ir(PMe3)(CH�CH2)H] to [Cp*Ir-
(PMe3)(H2C�CH2)].[18]


The triplet potential energy surface


The triplet potential energy surface for the Cp ± PH3 model
system is shown in Figure 6.


Triplet alkene complexes : As noted before, [CpIr(PH3)] and
[Cp*Ir(PMe3)] have triplet ground states, and given the strong
spin-orbit coupling in iridium compounds, pyrolysis of alkyl
hydrides, even though these species are singlets, will definitely
lead to the intermediates in their triplet state. Therefore, in
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Figure 6. Triplet potential energy surface for the interaction between
[CpIr(PH3)] and ethylene. Energy values are at the B3LYP/TVZ* level in
kcal molÿ1 units.


discussing the reactivity with ethylene, the triplet potential
energy surface is more relevant when discussing the
[CpIr(PR3)] intermediate and its encounter complexes than
the singlet one.


[CpIr(PH3)] forms a weak van der Waals type complex with
ethylene (Figure 7) which can best be described as a s


complex. The closest contact between Ir and an ethylene H
atom is over 3 � and the geometry of the [CpIr(PH3)] moiety
is essentially unperturbed relative to the free fragment. The
ethylene molecule approaches the metal from the crowded
side of the coordination sphere. The closest distance of the
ethylene H atom is in fact to a phosphine H atom (3.245 �).
The weak binding energy (1.1 kcal molÿ1) of this complex
means that the contribution of basis set superposition error
(BSSE) to its geometry and binding energy is likely to be


Figure 7. Two views of the B3LYP/TZV* optimized structure of the
van der Waals complex obtained by the addition of C2H4 to triplet
[CpIr(PH3)].


substantial. Nevertheless, irrespective of their precise geom-
etry and interaction energy, van der Waals complexes of this
type between [Cp*Ir(PMe3)] and ethylene will certainly be
formed, and, given their very low binding energies, will be
able to dissociate and isomerize very readily.


Triplet [CpIr(PH3)] also forms two covalently bound
adducts with ethylene, in which the latter is either h1- or h2-
coordinated. Formation of these adducts involves surmount-
ing small activation barriers. The h1 adduct is formed first, by
what is essentially a radical addition process. Indeed, the h1-
ethylene complex of triplet [CpIr(PH3)] or [Cp*Ir(PMe3)] is
in a certain sense a radical adduct of the triplet 16-electron
complex to ethylene, with one remaining unpaired electron on
iridium, a roughly sp3 carbon atom, and an sp2 carbon radical
(Figure 8). The adduct lies atÿ1.5 andÿ3.1 kcal molÿ1 for the


Figure 8. B3LYP/TZV* optimized structures of a) [CpIr(PH3)(h1-C2H4)]
and b) [Cp*Ir(PMe3)(h1-C2H4)] in the triplet state, with selected bond
lengths in �.


real and model systems, respectively, and is separated from
reagents by a barrier lying at �0.8 kcal molÿ1 for the model
compound. The ring is essentially symmetric (h5) in these
species, and the configuration is planar at the metal. That is,
the metal sits approximately in the plane defined by the P
atom, the ethylene C atom which is bonded to it, and the
center of gravity of the cyclopentadienyl ligand. As can be
appreciated from Figure 8, the ªradical-typeº C atom has a
planar configuration. It is interesting to note the different
orientation of the h1-C2H4 ligand, which appears to prefer a
ªverticalº position in the less hindered model compound,
whereas it is more ªhorizontalº in the real system. Although
the barrier to rotation between the Ir and the sp3-hybridized C
atom is evidently rather small, the much greater steric bulk of
the ligands in the real system does appear to somewhat
destabilize this adduct, which is 3.1 kcal molÿ1 below reagents
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for the model, but only 1.5 kcal molÿ1 below for the real
system.


In a second step, this species forms a second IrÿC bond to
afford an h2-ethylene complex (Figure 9) with this being the
lowest energy species on the triplet surface. As in the model
system h1 adduct, but unlike the singlet ethylene complex, the


Figure 9. B3LYP/TZV* optimized structures of a) [CpIr(PH3)(h2-C2H4)]
and b) [Cp*Ir(PMe3)(h2-C2H4)] in the triplet state, with selected bond
lengths in �.


ethylene is bound in a ªverticalº configuration, with the CÿC
bond orthogonal to the C5R5 plane. Also, the cyclopentadienyl
undergoes ring-slipping and is only h3-coordinated to iridium,
presumably because an h5 configuration leads to an 18-
electron species, which is not possible for a triplet. This
conformational change may contribute to the small computed
barrier for the rearrangement process, which lies
0.3 kcal molÿ1 below the separated triplet [CpIr(PH3)] and
ethylene. The configuration at the metal is again planar, like
for the h1-ethylene triplet species.


Unlike the h1 adduct, the ethylene ligand in this h2 complex
is ªverticalº in the real system as well as in the model,
indicating that the electronic preference for this orientation is
much stronger in this case. As a result, the relative energy of
this intermediate is quite strongly affected by the increased
steric bulk of the [Cp*Ir(PMe3)] system. Thus, [Cp*Ir(PMe3)
(h2-C2H4)] lies only 5.1 kcal molÿ1 below [Cp*Ir(PMe3)],
compared to 10.8 kcal molÿ1 below in the [CpIr(PH3)] model
system. The reason for this substantial destabilization can be
readily understood upon considering the optimized structure.
Thus, the ªverticallyº coordinated ethylene ligand is very
close to the methyl groups of the PMe3 and Cp* groups, with
the shortest HÿH contacts being of 2.54 and 2.46 �, respec-
tively. In this case, the use of the model compound is therefore
somewhat misleading. With the increasing computing power
available nowadays, many such cases are being observed


where the use of model compounds leads to incorrect
conclusions as here.[25, 26]


Overall, there seems to be an increasing amount of steric
yield as one goes from the van der Waals triplet complex to
the h1 then h2 complexes. Although we have not located the
two corresponding transition states for the real system, steric
hindrance will probably act on them too, so that they will lie
somewhat higher in energy than in the model [CpIr(PH3)]
system. This means that the h1 and especially h2 adducts may
be formed less readily than may be assumed upon looking at
the potential energy surface of Figure 6: crossover to the
singlet surface (see below) can occur from both the van der -
Waals and h1 adducts, and this process will compete with
barrier crossing on the triplet surface.


Triplet insertion chemistry : Given that [Cp*Ir(PMe3)] is
expected to be formed in its triplet state, one should also
consider the possibility that CÿH insertion to form the vinyl
hydride product can occur upon the triplet potential energy
surface. This is indeed possible, but as shown in Figure 6, the
triplet vinyl hydride is less stable than the reagents, lying at
�9.5 kcal molÿ1, and the corresponding transition state is
extremely high, at 22.8 kcal molÿ1. Clearly, this route is not
compatible with the experimental observations.


Overall, the experimental observations of Bergman et al.
cannot be explained by considering the triplet surface alone,
just as they could not be reconciled with the features of the
singlet surface. Instead, one must consider both surfaces
together, and the regions of configurational space where the
two lie close in energy, as discussed below.


Singlet ± triplet surface crossingsÐMECPs


For compounds containing transition metals, especially those
from the third row such as iridium, potential energy surfaces
corresponding to wavefunctions of defined electronic spin are
often not a good description of the system, and are often not
particularly useful even as zero-order representations. This is
because the corresponding wavefunctions are diabatic states,
that is they are not eigenfunctions of the full Hamiltonian of
the system, which includes spin-orbit coupling, and has
adiabatic eigenstates for which the electronic spin is not well
defined. In the present system, the high spin-orbit coupling
due to the iridium atom will lead to substantial mixing
between the singlet and triplet states for many of the
geometries discussed here. Therefore, the reactions in this
system may well occur in a completely adiabatic manner,
passing smoothly from regions where the wavefunction is
mostly singlet in nature to regions where it is mostly triplet,
and then back to singlet in the product region. Although this
requires passing from the singlet diabatic surface to the triplet
surface, this spin-forbidden character may not impede the
reaction in any significant way.[*] The most appropriate ab
initio method for the study of the mechanism of such
processes would be one which included spin-orbit coupling


[*] Obviously, the situation may be different for systems containing only
second- or expecially first-row transition metal atoms, as discussed in
ref. [9c].
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in the corresponding Hamiltonian, instead of just treating the
kinetic energy and Coulomb terms.


However, such methods are not available, especially when
one takes into account additional difficulties such as the large
number of atoms in the system, scalar relativistic effects, and
correlation. Therefore, one must make do with computational
studies of the individual spin states. For systems such as the
present one, where the crossing from one surface to another
occurs in a mechanistically important region of the global
potential energy surface, it is not enough to locate stationary
points (minima, transition states) on each surface separately,
as is usually done. One must also find the relevant minimum
energy crossing points (MECPs) between surfaces, which
represent the energy barriers the system needs to cross in the
zero-order representation of the potential energy surfaces. Of
course, strong spin-orbit coupling will mix the surfaces to a
considerable extent around the MECPs, but even so, their
geometries and relative energies provide insight, at least at
the semi-quantitative level, into the features of the adiabatic
spin-coupled potential energy surface.


We discuss below four regions where the singlet and triplet
surfaces cross, and how this may affect reactivity. Most of
these MECP calculations have only been carried out on the
less expensive CpÿPH3 model system. However, one of the
MECPs was studied for the real system, and this led to a very
similar result to that obtained with the model. We note that
the present procedure to characterize surface crossings,
explicit optimization of the MECP without geometry restric-
tions, was shown in reference [12] to be faster and more
accurate than previously used ªpartial optimizationº techni-
ques leading to rough lower and upper boundaries on the
energy of the MECP.


MECP at [CpIr(PH3)(CH4)] or [CpIr(PH3)]: The first
significant crossing of the singlet and triplet surfaces occurs
in the vicinity of the [CpIr(PH3)] complex with methane. We
find a crossing lying just above the singlet dissociation
asymptote. The geometry of this crossing (Figure 10) has the
CH4 moiety far from the transition metal center, so that it
does not really play a significant role in mediating the crossing
of the two surfaces. In fact, the [CpIr(PH3)] system itself at the
geometry of this MECP, but with the methane atoms omitted,
is very close to an MECP as judged from the energy splitting
and effective gradient. The Cp adopts a h5 coordination mode
but is slightly asymmetric, the three C atoms directly opposite
to the PH3 being significantly farther as a probable result of
trans influence. The configuration at the metal is off planar, as
can better be appreciated from the perpendicular view in
Figure 10 b.


The energy of the crossing found here is slightly above that
of singlet [CpIr(PH3)]. This means that surface crossing will
not substantially accelerate alkane dissociation with respect to
the spin-allowed reaction, unlike the situation found in other
cases.[12] However, if one takes into account the strong iridium
spin-orbit coupling, and the low energy of the MECP relative
to the singlet minimum, it is clear that [CpIr(PH3)] will have a
very short lifetime (or none at all if crossing occurs during the
late stages of the dissociation) before relaxing to the triplet
state. Thus, the singlet intermediate will not have time to react


Figure 10. Two different views of the B3LYP/TZV*-optimized MECP
leading to triplet [CpIr(PH3)] by CH4 reductive elimination from
[CpIr(PH3)(CH3)H].


with other species, for example ethylene. In practical terms,
pyrolysis of the methyl or cyclohexyl hydride will directly lead
to [CpIr(PH3)] (or [Cp*Ir(PMe3)]) in its triplet ground state.


The next three MECPs are in the vicinity of the three
[CpIr(PH3)]�ethylene triplet minima discussed above. In-
deed, unlike methane, which does not significantly alter the
position of the MECP between singlet and triplet
[CpIr(PH3)], ethylene leads to qualitatively new MECPs in
which the ethylene moiety is very close to the iridium atom.


MECP near [CpIr(PH3)]�ethylene van der Waals adduct :
This structure is shown in Figure 11, and lies at
�2.3 kcal molÿ1. It can be seen to be rather similar in
geometry to the transition state converting the singlet vinyl
hydride and the ethylene adduct (Figure 5). In fact, geometry
optimization on the singlet potential energy surface starting at
this MECP leads to the vinyl hydride compound, suggesting
that if crossover occurs in this region of configurational space,
formation of the vinyl hydride product will be favored. Unlike
the TS in Figure 5, however, the MECP in Figure 11 shows a
more symmetric h5 coordination mode for the Cp ligand. In


Figure 11. B3LYP/TZV*-optimized MECP in the triplet
[CpIr(PH3).(C2H4)] region, leading to singlet [CpIr(PH3)(CH�CH2)H].
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addition, the second ethylene carbon atom is further away
from the Ir atom (3.143 �) and the Ir-C-C angle is much more
open (119.508) relative to the TS in Figure 5. Equally, the
ethylene structure at this MECP is scarcely changed with
respect to its optimal geometry, so there should be no
additional barrier separating this MECP from separated
[CpIr(PH3)] and ethylene.


MECP near [CpIr(PH3)(h1-H2C�CH2)]: This MECP, shown
in Figure 12, lies at ÿ2.5 kcal molÿ1 and is similar in geometry


Figure 12. B3LYP/TZV*-optimized MECP leading from triplet
[CpIr(PH3)(h1-C2H4)] to singlet [CpIr(PH3)(h2-C2H4)].


to the h1 triplet adduct (Figure 7).[*] No clear indication of an
IrÿH interaction is shown in this structure, since the Ir atom is
symmetrically disposed over the sp3-hybridized C atom (Ir-C-
C 109.878). On the other hand, the IrÿC separation to the
second ethylene C atom is shorter than in the triplet h1-C2H4


adduct of Figure 7 (2.972 vs. 3.088 �), indicating an incipient
interaction. Indeed, optimization from this point leads to the
p-ethylene adduct, suggesting that that product would be
formed if crossover occurs in that region. To reach this MECP,
it is necessary to first cross the low barrier leading to the h1-
ethylene adduct. The geometry of this MECP was also
optimized for the real [Cp*Ir(PMe3)] system. The geometry
is similar to that found for the model. The relative energy is
very slightly higher, in line with the slight destabilization of
[Cp*Ir(PMe3)(h1-C2H4)] compared to [CpIr(PH3)(h1-C2H4)].


MECP near [CpIr(PH3)(h2-H2C�CH2)]: As discussed sepa-
rately above, the singlet and triplet h2-ethylene complexes
have very different structures, with the ethylene lying


ªhorizontallyº in the former, and ªverticallyº in the latter.
This might suggest that the triplet complex, which lies well
above the singlet in energy, may not be able to relax very
efficiently to the singlet. In fact, the singlet state is very close
in energy to the triplet at the triplet minimum geometry, and
there is an MECP lying close in geometry (shown in Figure 13,
cf. Figure 9a) and energy (see Table 2). Likewise, the MECP
should be close in energy and geometry to the corresponding
triplet minimum for the ªrealº system. Therefore, if the triplet
[Cp*Ir(PMe3)(h2-H2C�CH2)] complex is formed, it should be
readily able to cross over to the singlet surface, leading to the
global minimum, singlet [Cp*Ir(PMe3)(h2-H2C�CH2)].


Figure 13. B3LYP/TZV*-optimized MECP leading from triplet
[CpIr(PH3)(h2-C2H4)] to singlet [CpIr(PH3)(h2-C2H4)].


Discussion : There are many regions of the potential energy
surface in the [CpIr(PH3)]�ethylene region where the singlet
and triplet states are near degenerate, and we have located
three MECPs. From two of these, the steepest descent route
leads to the singlet ethylene compound, and from the third,
one reaches the vinyl hydride compound. Since this third
MECP is the highest in energy, and in fact lies somewhat
above the energy of the reagents, one could conclude that our
calculations predict the sole formation of singlet
[CpIr(PH3)(h2-H2C�CH2)], which would disagree with ex-
periment.


In fact, this is not the case for several reasons. First of all,
the highest lying MECP, from which the steepest descent path
leads to the vinyl hydride product, is the only one which can
be reached directly from the triplet ethylene van der Waals
complex. The other two MECPs are only reached after
crossing one or two transition states. Although these tran-
sition states are low-lying for the model system studied here,
they may lie somewhat higher for the real system. In
particular, the MECP which is close to the triplet h2-ethylene
complex, and which from a first glance would be the easiest
way in which to reach the singlet surface, may not be
significantly involved in the reaction. This is because the
transition state leading to the triplet h2-ethylene complex, and
this complex itself, are subject to quite severe steric hindrance
from the methyl groups on Cp* and PMe3 in the ªrealº
[Cp*Ir(PMe3)] system. In this case, therefore, the use of a
model compound to derive the reaction profile is slightly
misleading, although the effect is less dramatic than has
sometimes been observed.[25]


Second, although the two other MECPs differ in that the
direct downhill route from them leads to different products,
they are not entirely dissimilar in geometry, and both are


[*] The triplet h1 adduct of ethylene with [Ir] has one unpaired electron on
iridium, and one on the distal carbon atom of the ethylene group. Spin-
coupling between these two electrons should be fairly weak, so that
there should be an open-shell singlet state very close in energy. Using
restricted B3LYP, the closed-shell singlet lies 15.7 kcal molÿ1 above the
triplet at its minimum. Using unrestricted B3LYP, and the method of
Noodleman et al. ,[27] the open-shell singlet can be estimated to lie just
4.0 kcal molÿ1 higher than the triplet. For most other species discussed
here, however, the lowest energy singlet should be closed-shell in
nature. For example, UB3LYP computations predict open-shell 1[Ir] to
lie 12.4 kcal molÿ1 above the tripletÐ4.0 kcal molÿ1 higher than the
closed-shell singlet. Nevertheless, the fact that we use RB3LYP to
compute singlet states does mean that some regions of the potential
energy surface may not be quantitatively accurate. However, this is
expected to play a far less important role than spin-orbit coupling, and
should have no bearing on our qualitative results.
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fairly similar to the singlet transition state separating the two
products. Also, they both lie higher in energy than that
transition state. This means that the seam of crossing between
the two surfaces must lie at fairly low energies across quite a
broad region of the potential energy surface and that the
system may be able to cross in many places, not restricted to
the immediate vicinity of the two MECPs we have located. It
also means that once the system does cross onto the singlet
surface, how it partitions between the vinyl hydride and the
ethylene complex may be determined to a large extent by the
dynamics, rather than by the nature of the steepest descent
path. As discussed above, this dynamical question would
require much more work to investigate.


Finally, one has to realize that a product ratio of 2:1
corresponds to a very small difference in free energy between
the two pathways, and that the computational difficulties in a
system such as the present one are simply too challenging for
one to be able to predict the outcome quantitatively.


Given these provisos, the general picture emerging from
our calculations (Figure 14) is in agreement with the exper-
imental observations. Thus, our calculations predict the
following, based on the features of the singlet and triplet
surfaces, and of their intersections:
a) Heating [Cp*Ir(PMe3)H(C6H11)] will lead to loss of cyclo-


hexane, and formation of [Cp*Ir(PMe3)] in its ground,
triplet state. This is due to the fact that a crossing between
singlet and triplet surfaces occurs very close in energy to
the singlet state.


b) The triplet will interact with ethylene to form a weakly
bound van der Waals adduct. Given the low interaction
energy in this intermediate, it will be able to interconvert
readily, in agreement with the isotope effect data. It is
worth to mention here that the calculated geometry of this


intermediate is as predicted in the experimental study,[18]


except for the spin state.
c) Addition to form triplet h1- and h2-ethylene adduct may


also occur, although there are barriers for formation of
these species, especially the latter one. In the model
system, where we have optimized the corresponding
transition states, these barriers are very low, but they are
predicted to be somewhat higher in the real system.


d) The singlet surface intersects the triplet surface at multiple
points, all lying at relatively low energy, so that crossover
to the singlet state should be relatively facile. However,
the surface crossing will lead to small barriers, and thus to
a finite lifetime for the triplet intermediates. It is hard to
predict the ratio of products on the singlet surface. In
particular, because the transition state which separates
[Cp*Ir(PMe3)(h2-C2H4)] and [Cp*Ir(PMe3)(CH�CH2)H]
is lower in energy than the relevant surface crossings,
dynamical factors will affect to which side of this
partitioning barrier the system will fall. Thus, although
our results are at first sight suggestive of the ethylene
complex being preferentially formed, upon close consid-
eration, especially concerning the uncertainties involved,
the results are compatible with the observed 2:1 ratio in
favor of the vinyl hydride.
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Catalytic Antibody Route to the Naturally Occurring Epothilones:
Total Synthesis of Epothilones A ± F


Subhash C. Sinha,*[a] Jian Sun,[a] Gregory P. Miller,[a] Markus Wartmann,[b] and
Richard A. Lerner*[a]


Abstract: Naturally occurring epothilones have been synthesized starting from
enantiomerically pure aldol compounds 9 ± 11, which were obtained by antibody
catalysis. Aldolase antibody 38C2 catalyzed the resolution of (�)-9 by enantiose-
lective retro-aldol reaction to afford 9 in 90 % ee at 50 % conversion. Compounds 10
and 11 were obtained in more than 99 % ee at 50 % conversion by resolution of their
racemic mixtures using newly developed aldolase antibodies 84G3, 85H6 or 93F3.
Compounds 9, 10 and 11 were resolved in multigram quantities and then converted to
the epothilones by metathesis processes, which were catalyzed by Grubbs� catalysts.


Keywords: antibodies ´ antitumor
agents ´ chiral resolution ´ epothi-
lones ´ retro-aldol reactions


Introduction


Since the inception of the concept of antibody catalysis,[1] a
number of chemical transformations have been catalyzed by
monoclonal antibody catalysts, which were generated against
respective transition state analogues by normal immunization
techniques.[2] Recently, the reactive immunization technique[3]


was introduced to generate antibody catalysts. Two sets of
catalytic aldolase monoclonal antibodies (38C2 and 33F12,
and 84G3, 85H6 and 93F3) were raised against b-diketone
haptens I and II (Figure 1), respectively, by the reactive
immunization technique.[4, 5] Similar to natural aldolase en-
zymes, these antibody catalysts work by an enamine mecha-
nism and were found to be very useful for synthetic organic
chemistry.[6] These two sets of aldolase antibodies comple-
ment each other by having antipodal properties and thus
produce compounds with opposite facial selectivities. More-


over, unlike natural aldolase enzymes, they accept a much
broader range of substrates. In order to demonstrate the
efficacy of antibody catalysis for natural product synthesis, we
used these aldolase antibody catalysts in the total synthesis of
epothilones, which are molecules of current interests due to
their possible anticancer chemotherapeutic activity.[7]
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Figure 1. Structures of hapten I used to generate antibodies 38C2 and
33F12, and hapten II to generate 84G3, 85H6 and 93F3.


Epothilones A ± F (1 ± 6, see Figure 2) are sixteen-mem-
bered macrolides isolated from myxobacteria (Sorangium
cellulosum strain 90).[7, 8] These compounds possess a taxol-
like mode of action and function through the stabilization of
cellular microtubules. They exhibit cytotoxicity even in taxol-
resistant cell lines.[9] Epothilone B has been reported to be
about 3400 times more active than taxol against the resistant
human leukemic cell line CCRF-CEM/VBL in cell-culture
cytotoxicity studies. Danishefsky and co-workers reported the
first total synthesis of epothilones A and B (1 and 2).[10] Soon
after, Nicolaou[11] and Schinzer[12] also reported syntheses of
these compounds. Since then numerous syntheses of epothi-
lones A ± D have been achieved.[13] In addition, naturally
occurring epothilone E,[14] and many analogues of 1 ± 5 have
also been synthesized and their biological studies have been
reported.[15]
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Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author. 1H and
13C NMR spectra for selected compounds, syntheses of compounds
(�)-9, (�)-10 and (�)-11, ORTEP diagram of compound 15 (35 pages).
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1: Epothilone A, and 3: Epothilone C: R = H, X = Me
2: Epothilone B, and 4: Epothilone D: R = X = Me
5: Epothilone E, and 7: Deoxyepothilone E: R = H, X = CH2OH
6: Epothilone F, and 8: Deoxyepothilone F: R = Me, X = CH2OH


Figure 2. Structures of epothilones and analogues.


Recently, we reported an antibody catalyzed route to the
syntheses of epothilones A and C (1 and 3) and desoxyepo-
thilone E (7) by the macrolactonization/metathesis approach
starting from 9 ± 11.[16] Using the same precursors 9 ± 11, we
have now synthesized epothilones B (2), D (4) and F (6). In
this article, we describe, including full details of our previous
communication,[16] syntheses of epothilones A ± F (1 ± 6).[17]


Results and Discussion


In several reported syntheses of compounds 1 ± 4 by the
metathesis approach, intermediate III in its partially or fully
protected form have been used.[8] Considering the relevance
of aldolase antibodies to the total syntheses of epothilones, we
imagined that III could be synthesized through intermediates
IV and 29 ± 30, starting from precursors 9 ± 11 (Scheme 1).
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Scheme 1. Retrosynthesis of epothilones 1 ± 8.


Monoclonal catalytic antibodies have been used effectively
in the total synthesis of natural products as demonstrated by
the construction of brevicomins,[18] multistriatin,[19] and other
compounds.[20] In these cases, the antibody catalysts were used
to catalyze stereoselective reactions with high rates, thereby
yielding precursors to these molecules. The stereochemistry
obtained by the antibody-catalyzed reactions guided the
remaining configurations of the molecule. Following the same
principle, we have now generated the chiral starting materials
by using aldolase antibodies and converted these precursors
to the naturally occurring epothilones.


Resolution of compound 9 by retro-aldol reaction using
antibody 38C2 : Based on previous studies on aldol and retro-
aldol reactions with aldolase antibodies 38C2 and 33F12,[6]


compound (�)-9 was chosen as the substrate for resolution
using antibody 38C2. When compound (�)-9 was incubated
with a catalytic amount of antibody 38C2, enantioselective
retro-aldol reaction of (�)-9 was observed affording aldehyde
12 and pentan-3-one. At 60 % conversion, the reaction
mixture contained essentially the enantiomerically pure
compound 9.[21] This reaction was also amenable to gram
scale. Typically, 0.75 g (2.85 mmol) of compound (�)-9 was
resolved using antibody 38C2 (0.5 g, 0.00357 mmol, 0.125 mo-
lar percent) to afford enantiomerically pure 9 (0.3 g, 40 %
yield).[16a] Alternatively, in a step-wise process, comparatively
lesser amount of antibodies were used to give similar results.
Thus, compound (�)-9 (0.825 g, 3.15 mmol) was first resolved
with 38C2 (0.1 g, 0.67 mmol, 0.021 molar percent) to afford
enantiomerically enriched (�)-9 (60 ± 70 % ee). Using the
same antibody an additional amount of (�)-9 (0.5 g,
1.9 mmol) was first resolved in a similar manner to afford
the additional amount of enantiomerically enriched (�)-9
(60 ± 70 % ee). The combined enriched 9 (684 mg, 52 %, 70 %
ee) from previous two experiments were resolved in a new
container using the antibody 38C2 (25 mg, 0.179 mmol) to
afford enantiomerically pure 9 (480 mg, 36 %). Apparently,
the aldehyde 12 is an inhibitor of this reaction and slows down
the resolution as the former is produced.
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Scheme 2. Resolution of (�)-9 to 9 by antibody 38C2 catalyzed retro-aldol
reaction of ent-9 to aldehyde 12. The other product, pentane-3-one, is not
shown in the Scheme.


Production of 10 by aldol reaction and resolution of (�)-10
using aldolase antibody 38C2 : Once again, our studies with
the aldolase antibody 38C2 guided us to use aldol reaction of
aldehyde 13 with acetone to produce compound 10. As
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expected, the antibody 38C2 catalyzed this reaction. The
enantiomeric excess of the aldol product 10 was found to
reach 75 % at 10 % conversion (Scheme 3A), however, the
enantiomeric purity decreased as the reaction progressed. The
reason for this is that as higher concentrations of the aldol
product were achieved, the retro-aldol process started and
was significantly faster than the forward reaction. Hence, at
20 % conversion of 13 the ratio between 10 and ent-10
dropped to 4:1. Obviously, both the formation of 10 from 13
and acetone, and the conversion of 10 to 13 and acetone were
catalyzed by antibody 38C2 and were faster than the
analogous reactions for ent-10.
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Scheme 3. Production of compounds 10 and ent-10 by antibody 38C2
catalyzed reactions. A) Aldol reaction of aldehyde 13 with acetone,
B) resolution of (�)-10.


In order to quantify the relative rate of the retro-aldol
reactions of 10 and ent-10 with antibody 38C2, we checked the
resolution of their racemic mixture. It was found that the
retro-aldol reaction of (�)-10 was catalyzed by antibody 38C2
to afford a 5:1 selectivity in favor of ent-10 at 50 % conversion
and this selectivity was increased up to 90 ± 95 % ee at a higher
conversion. In a typical reaction, the retro-aldol reaction of
(�)-10 with 0.06 mol percent of antibody 38C2 afforded ent-10
with an enantiomeric purity of 90 % at 60 % conversion.[22]


Resolution of compounds (�)-10 and (�)-11 by retro-aldol
reaction using antibody 84G3, 85H6 or 93F3 : Nine more
aldolase antibodies were generated against hapten II,[5] three
of which (84G3, 85H6 and 93F3) efficiently catalyzed the
retro-aldol reaction of (�)-10 to aldehyde 13 and acetone
(Scheme 4).[16b] All three antibodies, 84G3, 85H6 and 93F3,
showed complementarity with respect to antibody 38C2. Thus,
the retro-aldol reaction of (�)-10 with any of the three
antibodies, 84G3, 85H6, and 93F3, afforded compound 10 as a
major enantiomer. At 50 % conversion of the starting racemic
aldol (�)-10, compound 10[23] was obtained in essentially
enantiomerically pure form.[24]


Just as (�)-10, its analogue (�)-11 was also resolved using
any of the three antibodies 84G3, 85H6 and 93F3 to afford
enantiomerically pure 11 at 50 % conversion.[25] All three
catalysts gave similar results with 84G3 and 93F3 demonstrat-
ing a rate enhancement slightly greater than with 85H6. These
antibodies could also be used to resolve (�)-10 and (�)-11 on
a synthetically useful scale. Here, antibody 84G3 was used to
perform the gram-scale resolution of compounds (�)-10 and
(�)-11. We therefore incubated compounds (�)-10 (16.8 g,
75.0 mmol) and (�)-11 (1.45 g, 6.0 mmol) with antibody 84G3
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Scheme 4. Resolution of compounds (�)-10 and (�)-11 by retro-aldol
reaction, catalyzed by antibody 84G3, to give compounds 10 and 11. The
other product, acetone, is not shown in the Scheme.


at 0.003 and 0.005 molar percent, respectively, (see Exper-
imental Section). Progress of these reactions was followed by
disappearance of the peak for ent-10 and ent-11 in the HPLC
traces. In this way, the racemic mixture was resolved,
affording 10 and 11 with more than 98 % enantiomeric excess
in 45 and 48 % isolated yields, respectively. The corresponding
aldehydes 13 and 14 were isolated in 40 and 45 % yields,
respectively. The thiazole aldehydes obtained from these
reactions were reused to synthesize the aldol starting materi-
als. Thus, even though the process is a kinetic resolution, the
overall yield is good because the produced aldehydes can be
recycled.


Conversion of compounds 9 ± 11 to epothilones : With starting
materials 9 ± 11 in hand, syntheses of epothilones A, B, E and
F (1, 2, 5 and 6) were achieved via their desoxyepothilones (3,
4, 7 and 8) using the metathesis approach (see Schemes 5
and 6).


Synthesis of acids 25 and 26 from compound 9 : Compound 9
was hydrogenated using Rh/Al2O3 to afford a 1:1 mixture of
compounds 15 and 2-epi-15, which were then separated by
column chromatography over silica gel. The structure of 15,
which possessed three vicinal stereogenic centers (at C-6, C-7
and C-8) of epothilones, was confirmed by X-ray analysis.[26]


The free alcohol function in compound 15 was silylated as its
TBS ether using TBSCl and imidazole in dry DMF at 50 8C to
afford 15 a. The latter compound was then monomethylated at
the less substituted carbon alpha to the carbonyl function to
give compound 16. Aldol reaction of 16 with 3-tert-butyldi-
methylsilyloxy propanal took place at the same a-carbon
mentioned above, affording the aldol product 17 a accompa-
nied with 3-epi-17 a in a 1.6:1 diastereomeric ratio at C-3 in
favor of the desired isomer. The other possible product by
aldol reaction at C-6 was not detected. The aldol product thus
obtained was silylated as its TBS ether using TBSOTf and
then purified from its minor 3-epimer to give 17 b. The
methoxy substituted aromatic ring was exhaustively degraded
to the corresponding carboxylic acid 18 a, using the RuCl3/
NaIO4 system.[27] Esterification of the acid 18 a was achieved
with diazomethane providing ester 18 b. Reduction of this
ester afforded the corresponding primary alcohol in com-
pound 18 c. The latter product was converted to the corre-
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sponding aldehyde, which was used in the synthesis of both 25
and 26.


The above mentioned aldehyde obtained from the oxida-
tion of 18 c was olefinated by Wittig and Wittig ± Horner
reactions to afford alkenes 19 and 20, respectively. The latter
alkenes, 19 and 20, were hydrogenated over Rh/Al2O3 to yield
the saturated ester 21 and ketone 22. The ester function in
compound 21 was reduced to the corresponding alcohol,
which was oxidized to the aldehyde and then olefinated by
Wittig reaction with methylenetriphenylphosphorane to af-
ford alkene 23. Ketone 22 was also olefinated by Wittig
reaction with methylenetriphenylphosphorane to afford com-
pound 24. The 1H and 13C NMR spectra of 23 and 24 were
identical to those for the same compounds used in the
Schinzer�s synthesis of 1 and 3.[12c,d] The selective deprotection
of the primary hydroxy group in 23 and 24 with TsOH in
methanol/CH2Cl2 at 0 8C followed by two-step oxidations of
the primary alcohol via their corresponding aldehydes afford-
ed acids 25 and 26, respectively.[12c,d]


The thiazole fragments, 29 and 30, to be used in the
syntheses of 1 ± 8, were prepared starting from 10 and 11
respectively, as shown in Scheme 6. The hydroxy groups in
compounds 10 and 11 were first protected as their TBS ethers
to afford 10 a and 11 a. Reaction of 10 a and 11 a with lutidine
and TMSOTf at ÿ78 8C gave the corresponding trimethylsilyl
enol ether derivatives, which were then oxidized using OsO4/
NMO to afford the primary hydroxy ketones, 27 and 28,
respectively.[28] Reduction of the ketone function in com-
pounds 27 and 28 afforded the corresponding vicinal diols,
which were then cleaved with Pb(OAc)4 to give aldehydes
29 a[29] and 30 a. Wittig reactions of 29 a and 30 a with
methylenetriphenylphosphorane afforded alkenes 29 b and
30 b. The TBS protecting group in compound 29 b was cleaved
by exposure to TBAF yielding the corresponding alcohol 29.
Similar treatment with compound 30 b afforded the corre-


sponding diol. The primary hydroxyl group of this product
was then selectively protected with TBSCl to afford com-
pound 30.


Esterification of thiazole alcohol 29 with acids 25 and 26
yielded esters 31 and 32, respectively. Similarly, thiazole
alcohol 30 was esterified with acids 25 and 26 to afford
compounds 33 and 34, respectively. Metathesis of 31 and 33
was achieved with Grubbs� catalyst V (Figure 3) to afford the
cyclized compounds 35 and 37 along with their trans isomers,
(E)-35 and (E)-37, in a ratio of 3:2 in favor of compounds 35
and 37. Similar treatment of dienes 32 and 34 with Grubbs�
catalyst V, however, resulted in their corresponding dimers
after prolonged treatment. We also tested Hoveyda�s modi-
fied catalyst, VI,[30] which gave similar results. At the time of
these experiments, Grubbs reported a new catalyst, VII,
which possesses comparable activity to Schrock�s catalyst
VIII,[31] and described it as a powerful catalyst using a wide
variety of substrates.[32] Following the reported procedure by
Grubbs,[32a] catalyst VII was synthesized which was proven to
be fairly stable to air and moisture. Recently, we have used
VII as a RCM catalyst for the synthesis of 13-alkyl epothi-
lones.[33] Using the catalyst VII, metathesis of 32 and 34 in
refluxing CH2Cl2 was successfully achieved to afford the
mixture of cyclized olefins 36 and 38, and their respective
trans isomers in a ratio of 1.1:1 in favor of 36 and 38. In fact,
this is the first occasion that Grubbs� catalyst, VII, has been
used as a RCM catalyst for macrocyclization in the synthesis
of naturally occurring epothilones. The cyclized products in
each case were deprotected using trifluoroacetic acid or HF/
pyridine to afford desoxyepothilones 3, 4, 7 and 8 and their
trans isomers. The physical and spectral data (1H NMR,
13C NMR, MS, optical rotation) of 3, 4, 7 and 8 were identical
to the published data.[10±14, 17] Epoxidation of 3, 4, 7 and 8 was
accomplished using methyl(trifluoromethyl)dioxirane to af-
ford 1, 2, 5, 6 and their a-stereoisomer, as previously reported.
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Scheme 5. Syntheses of acids 25 and 26 from the enantiomerically pure aldol compound 9. Key steps: a) H2, Rh/Al2O3, THF, 18 h; b) i) TBSCl, imidazole,
DMF, 40 ± 50 8C, 48 h, ii) LDA, THF, ÿ78 8C, 2 h then MeI, HMPA, ÿ78 to ÿ40 8C, 4 h; c) i) LDA, THF, ÿ78 to ÿ40 8C, 2 h then TBSOCH2CH2CHO,
ÿ78 8C, 0.5 h (3S :3R, 1.6:1), ii) TBSOTf, lutidine, CH2Cl2, ÿ78 to 0 8C, 4 h, 3-epi-17 b was isolated in 35% (two steps); d) i) RuCl3, NaIO4, CCl4/CH3CN 1:1,
PBS buffer (pH 7.4), 16 h, ii) CH2N2, EtOH/Et2O, 0 8C, 12 h, iii) DIBAL-H, THF, ÿ78 to ÿ55 8C, 1 h; e) i) Dess ± Martin reagent, CH2Cl2, 2 h, ii) for
compound 19 : (EtO)2P(O)CH2CO2Et, NaH, THF, 0 8C, 0.5 h; for compound 20 : MeCOCHPPh3, benzene, reflux, 4 h; f) H2, Rh/Al2O3, THF; for compound
21: 16 h, for compound 22, 1 h; g) for compound 23 : i) DIBAL-H, THF, ÿ78 8C, 2 h, ii) Dess ± Martin reagent, CH2Cl2, 2 h, iii) MePPh3I, nBuLi, THF, 0 8C,
0.5 h; for compound 24 : MePPh3I, nBuLi, THF, 0 8C, 0.5 h; h) see ref. [12c] and [12d].
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Figure 3. Structures of metathesis catalysts, V ± VIII.


The biological effect of the synthetic epothilone F (6),
desoxyepothilone F (8) and (E)-desoxyepothilone F [(E)-8]
were studied using tubulin polymerization and cell growth
inhibition experiments. Both the epothilone F and desoxy-
epothilone F produced 77 % and 75 % tubulin polymeriza-
tion, respectively. As expected, (E)-desoxyepothilone F
showed greatly reduced activty, producing less than 10 %
tubulin polymerization. Under the same conditions, epothi-
lones A and B produced 67 % and 84 % tubulin polymer-
ization, respectively. Epothilone F was eight times more
potent than desoxyepothilone F with respect to growth
inhibition of KB-31 epidermoid carcinoma cells, with IC50


values of 0.4 nm and 3.3 nm, respectively. Thus, epothilone F
and desoxyepothilone F are almost equally potent to epothi-
lone B and epothilone D, respectively.


In conclusion, we have achieved syntheses of naturally
occurring epothilones A ± F starting from enantiomerically


pure b-hydroxy ketones 9 ± 11, which were obtained by
resolution of their racemic mixtures using two aldolase
antibodies. Three stereogenic centers of 9 and 10 ± 11 were
incorporated into the epothilone molecules by the antibody-
catalyzed steps. The remaining four stereogenic centers
including the epoxide ring were guided by the structure of
the substrates. Metathesis of corresponding dienes to produce
cyclized products, enroute to 2 and 6, was catalyzed by the
Grubbs� new catalyst VII. The catalyst VII was proven to be
superior to other air- and moisture-sensitive catalysts. Bio-
logical evaluations suggest that epothilone F and desoxyepo-
thilone F are equally potent to epothilones B and D,
respectively.


Experimental Section


General : 1H and 13C NMR spectra were measured in CDCl3. Positive ion
mass spectra, using the fast ion bombardment (FIB) technique, were
obtained on a VG ZAB-VSE double focusing, high-resolution mass
spectrometer equipped with either a cesium or sodium ion gun. Optical
rotations were measured in a one-decimeter (1.3 mL) cell using an Autopol
III automatic polarimeter at room temperature (22 ± 23 8C). TLC was
performed on glass sheets precoated with silica gel (Merck, Kieselgel 60,
F254, Art. No. 5715). Column chromatographic separations were performed
on silica gel (Mallinckrodt, 230 ± 400 mesh, V150) under pressure. HPLC
analyses were carried out using a reverse phase ODR column (Daicel
Chemical Industries) monitored by a UV spectrophotometer at


Scheme 6. Total syntheses of epothilones A ± F (1 ± 6) by metathesis approach. Key steps: a) i) TBSCl, imidazole, DMF, rt, 8 h, ii) TMSOTf, lutidine,
CH2Cl2, ÿ78 to 0 8C, 4 h then OsO4, NMO, CH2Cl2, rt, 5 h; b) i) NaBH4, MeOH, 0 8C, 0.5 h, ii) Pb(OAc)4, CH2Cl2, 0 8C, 0.5 h, iii) MePPh3I, nBuLi, THF,
0 8C, 0.5 h; c) for compound 29 : TBAF, THF, 0 8C, 1 h; for compound 30 : i) TBAF, THF, 0 8C, 1 h, ii) TBSCl, iPr2EtN, CH2Cl2, 0 8C to RT, 8 h; d) for
compounds 31 and 33 : 25, EDC, DMAP (cat.), CH2Cl2, 0 8C to RT, 5 h; for compounds 32 and 34 : 26, EDC, DMAP (cat.), CH2Cl2, 0 8C to RT, 5 h; e) for
compounds 35, (E)-35, 37 and (E)-37: Grubbs� catalyst V, CH2Cl2, RT, 5 h; for compounds 36, (E)-36, 38 and (E)-38 : Grubbs� catalyst VII, CH2Cl2, reflux,
16 h; f) HF/pyridine, THF, RT, 2 ± 6 h; g) CF3COMe, oxone, NaHCO3, CH3CN, CH2Cl2, Na2EDTA, 0 8C, 1 h.
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lmax� 254 nm. THF was dried and distilled over sodium/benzophenone. All
antibody reactions were first degassed by passing a slow stream of argon
through the reaction mixture and then carried out under an argon
atmosphere.


Kinetic resolution of (�)-9 to 9 by antibody 38C2 catalyzed enantioselec-
tive retro-aldol reaction : In a typical process,[34] a dialysis bag containing
antibody 38C2 (0.1 g, 0.714 mmol in 6.3 mL PBS buffer) was introduced to a
mixture of compound (�)-9 (0.825 g, 3.15 mmol in 50 mL CH3CN) in PBS
buffer (pH 7.4, 500 mL). Progress of the reaction was monitored by HPLC
(see: Supporting Information) and when that slowed down substantially (at
60 ± 70% ee), the reaction was interrupted. The dialysis bag was dialyzed
(3� 200 mL) with 10% CH3CN in PBS buffer (pH 7.4) and introduced to a
new batch of substrate (0.5 g, 1.9 mmol in 20 mL CH3CN) in PBS buffer
(pH 7.4, 200 mL). The process was repeated as above. The combined
aqueous solution from dialysis was extracted with EtOAc. The organic
layer was washed with brine and dried over MgSO4. The solvent was
evaporated and the resultant residue was purified by column chromatog-
raphy to afford enriched 9 (684 mg, 52 %, 70% ee). First part of the process
was repeated using a new dialysis bag containing the antibody 38C2 (25 mg,
0.179 mmol), enriched 9 (684 mg, 2.61 mmol) in CH3CN (20 mL) and PBS
buffer (pH 7.4, 200 mL). At >98 % consumption of one enantiomer as
judged by HPLC analysis, the reaction mixture was worked up and purified,
as above, to afford enantiomerically pure 9 (480 mg, overall 36%). [a]D�
�44.98 (c� 2.1, CHCl3); 1H NMR (600 MHz): d� 7.21 (d, J� 8.7 Hz, 2H;
ArH), 6.85 (d, J� 8.7 Hz, 2 H; ArH), 6.51 (s, 1 H; ArCH�C), 4.43 (br s, 1H;
CHOH), 3.79 (s, 3 H; OCH3), 2.83 (m, 1H; CHCOCH3), 2.56 (m, 2H;
CH2CO), 1.81 (s, 3H; CH3C�CH), 1.12 (d, J� 7.2 Hz, 3H; CH3CH), 1.04 (t,
J� 7.2 Hz, 3H; CH3CH2); 13C NMR (150.9 MHz): d� 216.0, 158.1, 135.0,
125.5, 113.5, 75.9, 55.2, 48.3, 35.2, 15.1, 10.4, 7.6; MS (FAB): 262 [M]� , 285
[M�Na]� .


Kinetic resolutions of (�)-10 and (�)-11 to 10 and 11 by antibody 84G3
catalyzed enantioselective retro-aldol reactions


Compound 10 : Antibody 84G3 (12.5 mg per mL, 27.2 mL, 0.34 g,
0.00227 mmol) was added to a degassed solution of compound (�)-10
(16.8 g, 75 mmol) in PBS buffer (1.55 L, pH 7.4) and CH3CN (140 mL), and
the mixture was incubated under an argon atmosphere at 37 8C for 5 d. At
more than 98% consumption of one enantiomer as judged by HPLC
analysis (for HPLC conditions, see Supporting Information), the mixture
was dialyzed using amicon membranes to recover the antibody and the
filtrate was passed through a reverse phase column (C-18) to elute first
water, and then the compounds were isolated using methanol as eluent. The
solvents were removed under vacuum and the residue was purified over
silica gel (hexanes/EtOAc 9:1! 2:1) to afford compounds 10 (7.6 g, 45%,
>98 % ee) and the aldehyde 13 (5.29 g, 42%). For 10 : [a]D�ÿ34.38 (c�
1.62, CHCl3); 1H NMR (600 MHz): d� 6.89 (s, 1 H; ArH), 6.55 (s, 1H;
ArCH�C), 4.58 (dd, J� 9.3, 2.2 Hz, 1 H; CHOH), 3.72 (br s, 1H; OH), 2.72
(dd, J� 16.7, 9.4 Hz, 1H; CH2CO), 2.65 (s, 3 H; ArCH3), 2.64 (dd, J� 16.7,
3.0 Hz, 1H; CH2CO), 2.18 (s, 3H; CH3CO), 1.98 (s, 3H; CH3C�CH);
13C NMR (150.9 MHz): d� 208.9, 164.7, 152.5, 140.5, 118.6, 115.7, 72.6, 48.7,
30.9, 19.0, 14.7; MS: 226 [M�H]� , 248 [M�Na]� .


Compound 11: In a similar manner as above (see compound 10 for the
detailed process and Supporting Information for HPLC system), (�)-11
(1.45 g, 6.0 mmol) and antibody 84G3 (45 mg, 0.0003 mmol) in PBS
(pH 7.4, 90 mL) and CH3CN (4 mL) were incubated for 96 h at 37 8C to
afford compound 11 (0.69 g, 48%, >98% ee) and aldehyde 14 (0.44 g,
40%). For 11: [a]D�ÿ26.78 (c� 0.9, CHCl3); 1H NMR (500 MHz): d�
7.07(s, 1 H; ArH), 6.58 (s, 1 H; ArCH�C), 4.92 (s, 2H; CH2OH), 4.60 (m,
1H; CHOH), 3.32 (br, 1 H; OH), 3.01 (br, 1H; OH), 2.73 (m, 2 H; CH2CO),
2.22 (s, 3H; CH3CO), 2.03 (s, 3H; CH3C�CH); 13C NMR (125.75 MHz,
CDCl3): d� 209.2, 170.0, 152.8, 140.8, 118.5, 116.4, 72.6, 62.0, 48.6, 30.9,
14.8; MS: 264 [M�Na]� .


Compounds 15 and 2-epi-15 : A heterogeneous mixture of 9 (2.2 g,
8.4 mmol) and Rh/Al2O3 (10 % w/w, 440 mg) in THF (85 mL) was stirred
at room temperature under a H2 atmosphere using balloon for 18 h. The
solution was filtered through Celite, solvents were removed under vacuum
and the residue was chromatographed over silica gel (hexanes/EtOAc 3:1)
to give 15 (1.06 g, 48 %) and 2-epi-15 (0.99 g, 45 %).


Physical data of 15 : m.p. 68 ± 70 8C; [a]D�ÿ3.38 (c� 1.00, CHCl3);
1H NMR (600 MHz): d� 7.10 (d, J� 8.3 Hz, 2 H; ArH), 6.81 (d, J�
8.3 Hz, 2 H; ArH), 3.77 (s, 3H; OCH3), 3.63 (dd, J� 9.0, 1.8 Hz, 1H;


CHOH), 3.11 (br s, 1H; OH), 3.09 (dd, J� 13.5, 3.3 Hz, 1H; CH2Ar), 2.72
(qd, J� 7.2, 2.4 Hz, 1H; CHCO), 2.57 (dq, J� 18.0, 7.3 Hz, 1H; CH2CH3),
2.45 (dq, J� 18.0, 7.3 Hz, 1H; CH2CH3), 2.29 (dd, J� 13.5, 9.3 Hz, 1H;
CH2Ar), 1.75 (m, 1H; CHCH2Ar), 1.12 (d, J� 7.2 Hz, 3 H; CH3CHCO),
1.05 (t, J� 7.3 Hz, 3H; CH3CH2), 0.71 (d, J� 6.8 Hz, 3H; CH3CHCH2);
13C NMR (150.9 MHz): d� 217.2, 157.7, 132.6, 130.5, 113.5, 74.1, 55.2, 46.7,
38.0, 37.5, 34.8, 15.0, 9.1, 7.6; HRMS: calcd for C16H24O3Na: 287.1623;
found: 287.1624 [M�Na]� .


Physical data of 2-epi-15 : m.p. 94 ± 96 8C; [a]D��7.08 (c� 1.00, CHCl3);
1H NMR (600 MHz): d� 7.04 (d, J� 8.6 Hz, 2 H; ArH), 6.82 (d, J� 8.6 Hz,
2H; ArH), 3.78 (s, 3H; OCH3), 3.67 (t, J� 5.7 Hz, 1H; CHOH), 2.80 (qd,
J� 7.1, 5.3 Hz, 1 H; CHCO), 2.66 (dd, J� 13.5, 5.6 Hz, 1H; CH2Ar), 2.51
(dq, J� 18.0, 7.3 Hz, 1H; CH2CH3), 2.43 (dq, J� 18.0, 7.3 Hz, 1 H;
CH2CH3), 2.37 (br s, 1H; OH), 2.29 (dd, J� 13.5, 9.2 Hz, 1 H; CH2Ar),
1.76 (m, 1 H; CHCH2Ar), 1.16 (d, J� 7.1 Hz, 3H; CH3CHCO), 1.03 (t, J�
7.3 Hz, 3 H; CH3CH2), 0.88 (d, J� 6.6 Hz, 3 H; CH3CHCH2); 13C NMR
(150.9 MHz): d� 215.8, 157.8, 132.3, 129.9, 113.7, 74.5, 55.2, 48.3, 39.0, 37.7,
34.9, 14.3, 11.5, 7.6; MS: 287 [M�Na]� .


Compound 15a : TBSCl (1.1 g, 7.3 mmol) was added to a solution of
compound 15 (0.96 g, 3.64 mmol) and imidazole (1.1 g, 16.2 mmol) in dry
DMF (3 mL) and stirred at 40 ± 50 8C for 48 h. The reaction mixture was
cooled to room temperature, diluted with water and extracted with Et2O.
The combined organic layer was washed with brine and dried over MgSO4.
Solvents were removed under vacuum and the crude silyl ether was purified
over silica gel (hexanes/EtOAc 19:1) to afford pure silyl ether 15a (1.15 g,
84%) and recovered 15 (0.15 g, 16%). 1H NMR (600 MHz): d� 7.02 (d,
J� 8.4 Hz, 2 H; ArH), 6.81 (d, J� 8.4 Hz, 2H; ArH), 3.92 (dd, J� 5.6,
4.1 Hz, 1H; CHOTBS), 3.77 (s, 3H; OCH3), 2.79 (dd, J� 13.6, 4.0 Hz, 1H;
CH2Ar), 2.76 (m, 1 H; CHCO), 2.50 (qd, J� 7.5, 4.0 Hz, 1 H; CH2CH3), 2.46
(qd, J� 7.5, 4.0 Hz, 1 H; CH2CH3), 2.08 (dd, J� 13.6, 10.4 Hz, 1 H; CH2Ar),
1.72 (m, 1 H; CHCH2Ar), 1.11 (d, J� 7.2 Hz, 3H; CH3CHCO), 1.04 (t, J�
7.2 Hz, 3H; CH3CH2), 0.92 (s, 9 H; SiC(CH3)3), 0.80 (d, J� 7.2 Hz, 3H;
CH3CHCH2), 0.08 (s, 3 H; Si(CH3)2), 0.02 (s, 3H, Si(CH3)2); 13C NMR
(150.9 MHz): d� 214.0, 157.7, 133.4, 129.9, 113.6, 76.7, 55.2, 49.7, 40.7, 37.4,
35.3, 26.1, 18.4, 16.4, 13.4, 7.7, ÿ3.9, ÿ4.2; HRMS: calcd for C22H39O3Si:
379.2668; found: 379.2665 [M�H]� .


Compound 16 : nBuLi (1.6m in hexanes, 2.4 mL, 3.8 mmol) was added
dropwise to a solution of iPr2NH (0.58 mL, 4.13 mmol) in dry THF (10 mL)
at 0 8C. After stirring for 0.5 h, the mixture was cooled to ÿ78 8C and
compound 15a (1.3 g, 3.44 mmol) in dry THF (5 mL) was added dropwise
to the solution. After stirring for another 2 h, HMPA (0.58 mL, 4.1 mmol)
and MeI (0.5 mL, 8.0 mmol) in dry THF (2 mL) were added dropwise to
the solution. The reaction mixture was stirred at ÿ78 to ÿ40 8C for 4 h and
then quenched with a saturated aqueous solution of NH4Cl, diluted with
water and extracted with Et2O. The combined organic layer was washed
with brine and dried over MgSO4. Solvents were removed under vacuum to
give crude product that was purified over silica gel (hexanes/EtOAc 49:1)
to give 16 (1.02 g, 76 %) and 15 a (0.17 g, 13%).


Physical data of 16 : [a]D�ÿ2.78 (c� 1.15, CHCl3); 1H NMR (400 MHz):
d� 7.01 (d, J� 7.7 Hz, 2H; ArH), 6.80 (d, J� 7.7 Hz, 2H; ArH), 3.90 (dd,
J� 6.5, 3.2 Hz, 1H; CHOTBS), 3.77 (s, 3H; OCH3), 2.97 (pentet, J�
6.8 Hz, 1H; CH3CHCO), 2.82 (m, 1 H; (CH3)2CHCO), 2.76 (dd, J� 13.7,
4.0 Hz, 1H; ArCH2), 2.13 (dd, J� 13.7, 10.6 Hz, 1H; ArCH2), 1.70 (m, 1H;
CHCH2Ar), 1.11 (d, J� 7.0 Hz, 3 H; CH3CHCO), 1.10 (d, J� 7.0 Hz, 3H;
(CH3)2CH), 1.09 (d, J� 6.8 Hz, 3H; (CH3)2CH), 0.92 (s, 9 H; SiC(CH3)3),
0.81 (d, J� 6.9 Hz, 3 H; CH3CHCH2), 0.09 (s, 3H; Si(CH3)2), 0.05 (s, 3H;
Si(CH3)2); 13C NMR (100.6 MHz): d� 217.2, 157.7, 133.4, 129.9, 113.7, 76.8,
55.2, 48.1, 40.7, 40.2, 36.9, 26.1, 18.8, 18.4, 18.2, 16.7, 14.5, ÿ3.8, ÿ4.1; MS:
393 [M�H]� , 415 [M�Na]� .


Compounds 17a and 3-epi-17a : nBuLi (1.6m in hexane, 1.8 mL, 2.9 mmol)
was added dropwise to a solution of iPr2NH (0.45 mL, 3.2 mmol) in dry
THF (10 mL) at 0 8C. After stirring for 0.5 h, the mixture was cooled to
ÿ78 8C and compound 16 (1.02 g, 2.6 mmol) in dry THF (5 mL) was added
dropwise to the solution. After stirring for another 2 h at ÿ78 to ÿ40 8C,
the reaction mixture was recooled to ÿ78 8C and a solution of
TBSOCH2CH2CHO (0.98 g, 5.2 mmol) in dry THF (2 mL) was added
dropwise. The reaction mixture was stirred at ÿ78 8C for 0.5 h and then
quenched with a saturated aqueous solution of NH4Cl, and worked-up with
Et2O and water. The combined organic layer was washed with brine, dried
over MgSO4 and solvents were removed under vacuum to give the crude
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product. Purification over silica gel (hexanes/EtOAc 49:1) gave the aldol
product (diastereomeric ratio 1.6:1 in favor of the desired compound
1.54 g), which was contaminated with a small amount of small inseparable
impurities. This product was taken to the next step without further
purification. 1H NMR (400 MHz): d� 7.02 (d, J� 8.6 Hz, 2H; ArH), 6.79/
6.78 (d, J� 8.6 Hz; d, J� 8.5 Hz, together 2H; ArH), 4.06 ± 3.75 (m, 4H;
TBSOCH2 , CHOH, CH(OTBS)), 3.77/3.76 (2s, together 3 H; OCH3), 3.54/
3.45 (2br s, together 1 H; OH), 3.26 (m, 1 H; CH3CHCO), 2.79 (dd, J� 13.8,
3.8 Hz, 1 H; ArCH2), 2.25/2.24 (2dd, J� 13.8, 11.2 Hz each, together 1H;
ArCH2), 1.73 (m, 1H; CH3CHCH2), 1.56 (m, 2H; TBSOCH2CH2), 1.21/1.20
(2s, together 3H; (CH3)2C), 1.16/1.13 (2s, together 3 H; (CH3)2C), 1.11/1.09
(2d, J� 7.0 Hz each, together 3 H; CH3CHCO), 0.94 (s, 9 H; SiC(CH3)3),
0.88/0.87 (2 s, together 9H; SiC(CH3)3), 0.80/0.79 (2d, J� 7.2 Hz each,
together 3H; CH3CHCH2), 0.10/0.09/0.07/0.05 (4 s, together 12 H;
Si(CH3)2); 13C NMR (100.6 MHz): d� 219.9, 157.6, 133.4, 129.9, 113.6,
77.4, 76.4/75.6, 63.0/62.6, 55.2, 52.3/52.1, 45.1/45.0, 40.5/40.2, 36.0/35.8, 35.6/
33.3, 31.6, 26.3, 25.9, 22.2/22.0, 19.9/19.7, 18.6/18.2, 17.5/17.4, 16.1, 15.9, 14.1,
ÿ3.5, ÿ3.7, ÿ3.8, ÿ5.5; MS: 581 [M�H]� .


Compounds 17b and 3-epi-17b : TBSOTf (0.76 mL, 3.3 mmol) was added
dropwise to a solution of the above-mentioned mixture of aldol products
17a and 3-epi-17a (1.54 g, 2.66 mmol) and lutidine (0.45 mL, 3.84 mmol) in
dry CH2Cl2 (10 mL) at ÿ78 8C and stirred at ÿ78! 0 8C for 4 h. The
reaction mixture was quenched with a saturated aqueous NaHCO3, diluted
with water and extracted with CH2Cl2. The organic layer was washed with
water and dried over anhydrous MgSO4. Solvents were removed and the
residue was chromatographed over silica gel (hexanes/EtOAc 49:1) to give
17b (1.02 g, 56%) and 3-epi-17b (0.64 g, 35 %) in two steps.


Physical data of 17 b : 1H NMR (400 MHz): d� 7.03 (d, J� 8.6 Hz, 2H;
ArH), 6.80 (d, J� 8.6 Hz, 2 H; ArH), 4.13 (t, J� 5.2 Hz, 1 H;
CH2CHOTBS), 3.92 (dd, J� 6.3, 2.4 Hz, 1 H; CHCHOTBS), 3.77 (s, 3H;
OCH3), 3.66 (m, 2 H; TBSOCH2), 3.17 (m, 1H; CH3CHCO), 2.80 (dd, J�
13.8, 3.7 Hz, 1H; ArCH2), 2.25 (dd, J� 13.7, 11.0 Hz, 1 H; ArCH2), 1.69 (m,
1H; CH3CHCH2), 1.52 (m, 2 H; TBSOCH2CH2), 1.20 (s, 3 H; (CH3)2C),
1.09 (d, J� 7.0 Hz, 3 H; CH3CHCO), 1.08 (s, 3 H; (CH3)2C), 0.95/0.89/0.87
(3s, 27 H; SiC(CH3)3), 0.82 (d, J� 6.8 Hz, 3H; CH3CHCH2), 0.11/0.04/0.02/
0.01 (4s, 12 H; Si(CH3)2), 0.10 (s, 6 H; Si(CH3)2); 13C NMR (100.6 MHz):
d� 217.5, 157.7, 133.3, 129.9, 113.6, 77.1, 72.2, 60.4, 55.2, 54.1, 45.0, 40.7, 37.6,
36.2, 26.3, 26.2, 25.9, 23.0, 19.2, 18.7, 18.4, 18.2, 17.4, 15.5, ÿ3.5, ÿ3.6, ÿ3.8,
ÿ4.0, ÿ5.3; MS: 717 [M�Na]� .


Physical data of 3-epi-17 b : 1H NMR (400 MHz): d� 7.03 (d, J� 8.6 Hz,
2H; ArH), 6.81 (d, J� 8.6 Hz, 2H; ArH), 3.93 (dd, J� 7.6, 2.6 Hz, 1H;
CH2CHOTBS), 3.90 (dd, J� 6.5, 2.4 Hz, 1 H; CHCHOTBS), 3.77 (s, 3H;
OCH3), 3.68 (m, 1 H; TBSOCH2), 3.59 (m, 1 H; TBSOCH2), 3.23 (m, 1H;
CH3CHCO), 2.82 (dd, J� 13.8, 3.7 Hz, 1 H; ArCH2), 2.26 (dd, J� 13.8,
11.1 Hz, 1 H; ArCH2), 1.70 (m, 1 H; CH3CHCH2), 1.60 (m, 1 H;
TBSOCH2CH2), 1.52 (m, 1H; TBSOCH2CH2), 1.26 (s, 3 H; (CH3)2C),
1.10 (s, 3 H; (CH3)2C), 1.09 (d, J� 6.6 Hz, 3H; CH3CHCO), 0.96/0.91/0.89
(3s, 27 H; SiC(CH3)3), 0.81 (d, J� 6.9 Hz, 3H; CH3CHCH2), 0.10 (2s,
together 9H; Si(CH3)2), 0.08 (s, 3H; Si(CH3)2), 0.02 (2 s, together 6H;
Si(CH3)2); 13C NMR (100.6 MHz): d� 218.0, 157.7, 133.3, 129.9, 113.6, 77.2,
74.0, 60.9, 55.2, 53.6, 45.5, 40.5, 38.1, 36.1, 26.3, 26.1, 26.0, 24.8, 19.4, 18.6,
18.3, 18.2, 17.4, 15.0,ÿ3.5,ÿ3.6,ÿ3.8,ÿ4.0,ÿ5.2,ÿ5.3; MS: 695 [M�H]� .


Acid 18a : RuCl3 ´ H2O (69 mg, 0.31 mmol) was added to a heterogeneous
mixture of compound 17 b (2.2 g, 3.2 mmol) and NaIO4 (13.52 g,
63.2 mmol) in CCl4 (21 mL), CH3CN (21 mL) and phosphate buffer
(0.25m, pH 7.4, 21 mL) at room temperature and stirred for 16 h. The
reaction mixture was diluted with water and EtOAc and filtered over
Celite. The organic layer was separated and the aqueous layer was
extracted with EtOAc. The combined organic layer was washed with brine
and dried over MgSO4. Solvents were removed under vacuum and the
resultant residue was purified by chromatography over silica gel (hexanes/
EtOAc 4:1) to afford acid 18a (1.21 g) with trace of impurities, which was
taken to the next step without further purification. 1H NMR (400 MHz):
d� 3.88 (dd, J� 7.6, 2.8 Hz, 1H; CH2CHOTBS), 3.81 (dd, J� 7.9, 1.8 Hz,
1H; CHCHOTBS), 3.66 (m, 1H; TBSOCH2), 3.58 (m, 1 H; TBSOCH2),
3.09 (m, 1H; CH3CHCO), 2.48 (dd, J� 15.7, 3.3 Hz, 1H; CH2CO2H), 2.13
(dd, J� 15.7, 10.4 Hz, 1H; CH2CO2H), 1.87 (m, 1H; CHCH2CO2H), 1.56
(m, 1H; TBSOCH2CH2), 1.48 (m, 1 H; TBSOCH2CH2), 1.21 (s, 3H;
(CH3)2C), 1.06 (d, J� 6.8 Hz, 3 H; CH3CHCO), 1.04 (s, 3H; (CH3)2C), 1.00
(d, J� 6.8 Hz, 3H; CH3CHCH2), 0.90/0.88/0.87 (3s, 27H; SiC(CH3)3), 0.09/


0.08/0.07/0.05 (4 s, 12 H; Si(CH3)2), 0.02 (s, 6 H; Si(CH3)2); MS: 655
[M�Na]� .


Ester 18 b : A freshly distilled solution of CH2N2 (prepared from 10 mmol
Diazald in ether/ethanol, 25 mL) was added to a cold (0 8C) solution of the
crude acid 18a (1.21 g) in Et2O (10 mL) and the mixture was allowed to
warm to room temperature overnight. Solvents were removed and the
residue was purified over silica gel (hexanes/EtOAc 9:1) to afford pure
ester 18 b (1.08 g, 53%, two steps). 1H NMR (600 MHz): d� 3.89 (dd, J�
7.8, 2.6 Hz, 1 H; CH2CHOTBS), 3.81 (dd, J� 7.8, 1.8 Hz, 1 H;
CHCHOTBS), 3.66 (m, 1H; TBSOCH2), 3.64 (s, 3 H; CO2CH3), 3.58 (m,
1H; TBSOCH2), 3.08 (m, 1H; CHCO), 2.45 (dd, J� 15.6, 3.2 Hz, 1H;
CH2CO2), 2.11 (dd, J� 15.6, 10.6 Hz, 1H; CH2CO2), 1.85 (m, 1 H;
CHCH2CO2), 1.55 (m, 1 H; TBSOCH2CH2), 1.50 (m, 1 H; TBSOCH2CH2),
1.22 (s, 3 H; (CH3)2C), 1.06 (s, 3 H; (CH3)2C), 1.05 (d, J� 6.7 Hz, 3H;
CH3CHCO), 0.96 (d, J� 6.8 Hz, 3H; CH3CHCH2), 0.90/0.89/0.87 (3 s, 27H;
SiC(CH3)3), 0.08/0.076/0.068/0.055 (4 s, 12 H; Si(CH3)2), 0.021/0.019 (2s,
6H; Si(CH3)2); 13C NMR (150.9 MHz): d� 218.1, 173.9, 73.8, 60.9, 53.7,
51.4, 46.0, 38.1, 35.7, 35.5, 26.2, 26.1, 25.9, 24.4, 19.1, 18.9, 18.5, 18.3, 18.2,
15.4, ÿ2.74, ÿ3.77, ÿ3.99, ÿ5.28, ÿ5.31; MS (ESI): 669 [M�Na]� , 681
[M�Cl]ÿ .


Alcohol 18c : A solution of DIBAL-H (1.0m in toluene, 5 mL, 5 mmol) was
added to a solution of compound 18b (1.08 g, 1.67 mmol) in dry THF
(20 mL) and the reaction was stirred atÿ78 toÿ55 8C for 1 h. The reaction
mixture was quenched by careful addition of a saturated aqueous NH4Cl
and diluted with Et2O. Celite was added and the mixture was stirred at 0 8C
until all solid material precipitated out (ca. 0.5 h). Inorganic material was
filtered off, solvents were removed, and the residue was purified over silica
gel (hexanes/EtOAc 6:1) to afford pure alcohol 18 c (820 mg, 79%).
1H NMR (600 MHz): d� 3.92 (dd, J� 7.6, 2.7 Hz, 1H; CH2CHOTBS), 3.85
(dd, J� 7.6, 1.9 Hz, 1 H; CHCHOTBS), 3.71 (m, 1 H; CH2OH), 3.68 (m,
1H; CH2OH), 3.59 (m, 2H; TBSOCH2), 3.18 (m, 1 H; CHCO), 1.70 (m,
1H; CH3CHCH2), 1.60 (m, 2H; CH2), 1.50 (m, 2H; CH2), 1.22 (s, 3H;
(CH3)2C), 1.06 (d, J� 7.0 Hz, 3 H; CH3CHCO), 1.05 (s, 3H; (CH3)2C), 0.95
(d, J� 6.8 Hz, 3H; CH3CHCH2), 0.91/0.89/0.88 (3 s, 27 H; SiC(CH3)3),
0.092/0.089/0.082/0.05/0.026/0.023 (6s, 18 H; Si(CH3)2); 13C NMR
(150.9 MHz): d� 218.5, 77.9, 73.7, 61.1, 60.7, 53.8, 45.6, 38.1, 35.0, 33.7,
26.2, 26.1, 25.9, 24.8, 22.6, 18.9, 18.5, 18.3, 15.6,ÿ3.63,ÿ3.72,ÿ3.93,ÿ5.28;
MS: 619 [M�H]� , 641 [M�Na]� .


Synthesis of compounds 19 and 20 : Dess ± Martin reagent (581 mg,
1.37 mmol) was added to a solution of alcohol 18c (410 mg, 0.66 mmol)
in CH2Cl2 (10 mL) at room temperature and the mixture was stirred for 2 h.
The reaction was diluted with Et2O (20 mL) and quenched with a saturated
aqueous NaHCO3 (5 mL) and a 10% aqueous solution of Na2S2O5 (5 mL),
stirred for 10 min and then extracted with Et2O. The combined Et2O layer
was washed with brine and dried over anhydrous MgSO4. Solvents were
evaporated under vacuum and the residue was passed through a small bed
of silica gel (hexanes/EtOAc 10:1) to afford the corresponding aldehyde
(390 mg, 95%), which was used in the next step to synthesize compounds 19
and 20 immediately.


Compound 19 : (EtO)2P(O)CH2CO2Et (0.2 mL, 1.0 mmol) was added
dropwise to a mixture of NaH (40 mg, 1.0 mmol) in dry THF (2.0 mL) at
0 8C. After 10 min, a solution of the above-mentioned aldehyde (89 mg,
0.14 mmol) in THF (0.5 mL) was added and the reaction mixture was
stirred at the same temperature for 0.5 h. The reaction was then quenched
with a saturated aqueous solution of NH4Cl, diluted with water and
extracted with Et2O. The combined organic layer was washed with brine,
dried over anhydrous MgSO4 and concentrated under vacuum. The
resultant residue was purified by column chromatography over silica gel
(hexanes/EtOAc 15:1) to afford pure ester 19 (93 mg, 94%). 1H NMR
(600 MHz): d� 6.88 (ddd, J� 15.2, 8.5, 6.4 Hz, 1H; CH�CHCO2), 5.80 (d,
J� 15.2 Hz, 1 H; CH�CHCO2), 4.17 (q, J� 7.1 Hz, 2 H; CO2CH2CH3), 3.89
(dd, J� 7.5, 2.7 Hz, 1 H; CH2CHOTBS), 3.81 (dd, J� 7.5, 2.0 Hz, 1H;
CHCHOTBS), 3.67 (m, 1 H; TBSOCH2), 3.57 (m, 1H; TBSOCH2), 3.13
(m, 1H; CHCO), 2.35 (m, 1 H; CH2CH�CH), 2.01 (dt, J� 14.5, 9.7 Hz, 1H;
CH2CH�CH), 1.70 ± 1.40 (m, 3 H; CH2, CH), 1.27 (t, J� 7.1 Hz, 3H;
CO2CH2CH3), 1.21 (s, 3 H; (CH3)2C), 1.06 (d, J� 6.8 Hz, 3 H; CH3CHCO),
1.03 (s, 3H; (CH3)2C), 0.92 (d, J� 6.9 Hz, 3 H; CH3CHCH2), 0.91/0.89/0.87
(3s, 27 H; SiC(CH3)3), 0.09 (s, 3 H; Si(CH3)2), 0.07/0.02 (2s, 12H; Si(CH3)2),
0.06 (s, 3 H; Si(CH3)2); 13C NMR (150.9 MHz): d� 218.0, 166.5, 148.4,
122.6, 77.6, 73.9, 60.9, 60.2, 53.7, 45.8, 38.1, 37.5, 33.7, 31.6, 26.2, 26.1, 25.9,
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24.4, 22.6, 19.4, 18.6, 18.3, 15.5, 14.2, 14.1, ÿ3.5, ÿ3.6, ÿ3.7, ÿ4.0, ÿ5.3;
MS: 709 [M�Na]� .


Compound 20 : A solution of the aldehyde (37 mg, 0.063 mmol), obtained
from the oxidation of alcohol 18c, and MeC(O)CHPPh3 (20 mg,
0.063 mmol) in dry benzene (1 mL), was refluxed for 4 h. Solvents were
removed under vacuum and the residue was purified over silica gel
(hexanes/EtOAc 15:1) to afford ketone 20 (38 mg, 93%). 1H NMR
(500 MHz): d� 6.71 (ddd, J� 15.8, 8.5, 6.6 Hz, 1H; CH�CHCO), 6.06 (d,
J� 15.8 Hz, 1 H; CH�CHCO), 3.89 (dd, J� 7.8, 2.9 Hz, 1H;
CH2CHOTBS), 3.82 (dd, J� 7.4, 1.9 Hz, 1H; CHCHOTBS), 3.65 (td, J�
9.9, 4.8 Hz, 1 H; TBSOCH2), 3.57 (dt, J� 9.9, 7.7 Hz, 1H; TBSOCH2), 3.13
(m, 1H; CHCO), 2.37 (m, 1 H; CH2CH�CH), 2.22 (s, 3 H; CH3CO), 2.03
(m, 1H; CH2CH�CH), 1.64 ± 1.45 (m, 3 H; CH2, CH), 1.21 (s, 3 H;
(CH3)2C), 1.06 (d, J� 6.6 Hz, 3H; CH3CHCO), 1.01 (s, 3 H; (CH3)2C),
0.94 (d, J� 6.3 Hz, 3H; CH3CHCH2), 0.91 (s, 9H; SiC(CH3)3), 0.89 (s, 9H;
SiC(CH3)3), 0.87 (s, 9H; SiC(CH3)3), 0.083/0.075/0.072/0.051/0.02/0.018 (6s,
18H; Si(CH3)2); 13C NMR (125.75 MHz): d� 217.9, 198.3, 147.4, 132.5, 77.6,
73.9, 60.9, 53.7, 45.8, 38.1, 37.7, 34.0, 27.0, 26.2, 26.1, 25.9, 24.3, 19.6, 18.5, 18.3,
15.5, ÿ3.5, ÿ3.6, ÿ3.7, ÿ4.0, ÿ5.2, ÿ5.3; MS: 657 [M�H]� , 679 [M�Na]� ,
691 [M�Cl]ÿ .


Compound 21: A mixture of 19 (411 mg, 0.6 mmol) and Rh/Al2O3 (10 %
w/w, 80 mg) in THF (10 mL) was stirred under H2 atmosphere (using
balloon) for 16 h. The reaction mixture was filtered over Celite to afford
pure 21 (400 mg, 97%). 1H NMR (400 MHz): d� 4.10 (q, J� 7.6 Hz, 2H;
CO2CH2CH3), 3.88 (dd, J� 7.6, 2.8 Hz, 1H; CH2CHOTBS), 3.76 (dd, J�
7.2, 2.2 Hz, 1 H; CHCHOTBS), 3.65 (td, J� 9.8, 5.1 Hz, 1 H; TBSOCH2),
3.56 (dt, J� 9.8, 7.5 Hz, 1 H; TBSOCH2), 3.10 (m, 1 H; CHCO), 2.26 (m,
2H; CH2CO), 1.69 (m, 1H), 1.68 ± 1.39 (m, 5H), 1.24 (t, J� 7.2 Hz, 3H;
CO2CH2CH3), 1.21 (m, 1 H), 1.21 (s, 3H; (CH3)2C), 1.03 (d, J� 6.8 Hz, 3H;
CH3CHCO), 1.01 (s, 3H; (CH3)2C), 0.92 (d, J� 6.8 Hz, 3H; CH3CHCH2),
0.88 (s, 18H; SiC(CH3)3), 0.86 (s, 9 H; SiC(CH3)3), 0.07 (s, 3H; Si(CH3)2),
0.05 (s, 3 H; Si(CH3)2), 0.04/0.01 (2s, 12H; Si(CH3)2); 13C NMR
(100.6 MHz): d� 218.2, 173.6, 77.6, 73.8, 61.0, 60.2, 53.7, 45.2, 38.5, 38.1,
34.9, 30.3, 26.2, 26.1, 25.9, 24.5, 23.2, 19.2, 18.5, 18.3, 17.6, 15.3, 14.2, ÿ3.6,
ÿ3.7, ÿ3.8, ÿ4.0, ÿ5.3; MS: 711 [M�Na]� .


Compound 22 : In a similar manner as above, a mixture of 20 (35.0 mg,
0.053 mmol), Rh/Al2O3 (10 % w/w, 20 mg) in THF (2 mL) was stirred under
H2 atmosphere (using balloon) for 1 h and filtered over Celite to afford
pure 22 (33 mg, 95 %). 1H NMR (500 MHz): d� 3.88 (dd, J� 7.7, 2.6 Hz,
1H; CH2CHOTBS), 3.76 (dd, J� 7.0, 2.2 Hz, 1 H; CHCHOTBS), 3.65 (td,
J� 9.5, 4.8 Hz, 1H; TBSOCH2), 3.56 (dt, J� 9.5, 8.1 Hz, 1H; TBSOCH2),
3.11 (m, 1H; CHCO), 2.39 (t, J� 6.6 Hz, 2H; CH2CO), 2.11 (s, 3H;
CH3CO), 1.67 ± 1.58 (m, 1H), 1.57 ± 1.50 (m, 1H), 1.49 ± 1.42 (m, 1H), 1.40 ±
1.31 (m, 3H), 1.21 (s, 3H; (CH3)2C), 1.08 (m, 1 H), 1.02 (d, J� 7.0 Hz, 3H;
CH3CHCO), 1.01 (s, 3H; (CH3)2C), 0.91 (d, J� 6.6 Hz, 3H; CH3CHCH2),
0.88 (s, 18H; SiC(CH3)3), 0.85 (s, 9 H; SiC(CH3)3), 0.09 (s, 3H; Si(CH3)2),
0.06 (s, 6H; Si(CH3)2), 0.04 (s, 3H; Si(CH3)2), 0.01 (s, 6 H; Si(CH3)2);
13C NMR (125.75 MHz): d� 218.2, 208.8, 77.7, 73.9, 61.0, 53.7, 45.2, 44.2,
38.7, 38.1, 30.9, 30.4, 29.9, 26.2, 26.1, 25.9, 26.0, 24.5, 22.0, 19.2, 18.5, 18.3,
17.6, 15.3, 1.0, ÿ3.6, ÿ3.7, ÿ3.9, ÿ5.2, ÿ5.3; MS: 659 [M�H]� , 681
[M�Na]� , 693 [M�Cl]� .


Alkene 23 : Compound 21 (400 mg, 0.58 mmol) was reduced with DIBAL-
H (1m in toluene, 1.7 mL, 1.7 mmol) at ÿ78 8C (for details, see preparation
of 18c) to afford the corresponding alcohol (355 mg, 95%) after
purification over silica gel (hexanes/EtOAc 7:1). 1H NMR (600 MHz):
d� 3.88 (dd, J� 7.6, 2.6 Hz, 1 H; CH2CHOTBS), 3.77 (dd, J� 6.9, 2.0 Hz,
1H; CHCHOTBS), 3.67 (td, J� 9.7, 4.8 Hz, 1H; TBSOCH2), 3.63 (t, J�
6.6 Hz, 2H; CH2OH), 3.58 (dt, J� 9.7, 7.8 Hz, 1H; TBSOCH2), 3.13 (m,
1H; CHCO), 1.75 ± 1.15 (m, 9 H), 1.22 (s, 3 H; (CH3)2C), 1.04 (d, J� 6.8 Hz,
3H; CH3CHCO), 1.02 (s, 3 H; (CH3)2C), 0.91 (d, J� 7.0 Hz, 3 H;
CH3CHCH2), 0.90 (s, 9 H; SiC(CH3)3), 0.89 (s, 9H; SiC(CH3)3), 0.87 (s,
9H; SiC(CH3)3), 0.08/0.06 (2s, 6 H; Si(CH3)2), 0.05/0.02 (2 s, 12 H;
Si(CH3)2); 13C NMR (150.9 MHz): d� 218.3, 77.4, 73.9, 62.9, 61.0, 53.7,
45.0, 38.9, 38.1, 33.3, 31.6, 30.7, 26.2, 26.1, 25.9, 24.5, 23.9, 22.6, 19.3, 18.5,
18.3, 17.5, 15.3, 14.1, ÿ3.68, ÿ3.71, ÿ3.79, ÿ3.99, ÿ5.26, ÿ5.29; MS: 779
[M�Cs]� .


The above-mentioned alcohol (355 mg, 0.55 mmol) was oxidized with
Dess ± Martin reagent (466 mg, 1.1 mmol) in CH2Cl2 (5 mL) at room
temperature (for details, see oxidation of 18c in the preparation of 19). The
corresponding aldehyde (350 mg, 99%) was obtained after purification


over silica gel (hexanes/EtOAc 10:1) and was taken to the next step
immediately.


BuLi (1.6m in hexane, 1.5 mL, 2.4 mmol) was added to a heterogeneous
solution of MePPh3I (1.01 g, 2.5 mmol) in dry THF (15 mL) at 0 8C. After
stirring for 0.5 h, a solution of the above-mentioned aldehyde (350 mg,
0.54 mmol) in dry THF (5 mL) was added to the reaction mixture. After
stirring for an additional 0.5 h, the reaction mixture was quenched with a
saturated aqueous NH4Cl and extracted with Et2O. The combined organic
layer was washed with brine, dried over anhydrous MgSO4, and solvents
were removed. The resulting residue was purified over silica gel (hexanes/
EtOAc 9:1) to afford the known olefin 23 (310 mg, 89%). Physical and
spectral data of compound 23 were identical to the reported data.[12c]


Alkene 24 : nBuLi (1.6m in hexane, 54 mL, 86 mmol) was added to a
heterogeneous solution of MePPh3I (38 mg, 0.091 mmol) in dry THF
(0.1 mL) at 0 8C. After stirring for 0.5 h, a solution of ketone 22 (30 mg,
46 mmol) in dry THF (0.1 mL) was added to the reaction mixture. After
stirring for an additional 20 min at room temperature, the reaction mixture
was worked up as above (see synthesis of 23) to afford known olefin 24
(28 mg, 92 %) after purification over silica gel (hexanes/EtOAc 15:1).
Physical and spectral data of compound 24 were identical to the reported
data.[12d]


Conversion of compounds 23 and 24 to acids 25 and 26 : For selective
deprotection and subsequent oxidation of compounds 23 and 24 to acids 25
and 26, see references [12c] and [12d]; physical and spectral data of the
produced compounds were identical to the values reported in latter
references.


Compounds 10 a and 11a : TBSCl (402 mg, 2.66 mmol) was added to a
solution of compound 10 (300 mg, 1.33 mmol) and imidazole (271 mg,
3.99 mmol) in dry DMF (1 mL) and stirred at room temperature for 8 h.
The reaction mixture was diluted with Et2O and water. The organic layer
was separated and the aqueous layer was extracted with Et2O. The
combined ether layer was washed with brine and dried over anhydrous
MgSO4. Solvents were removed under vacuum and the residue was purified
over silica gel (hexanes/EtOAc 10:1) to afford pure silyl ether 10a (400 mg,
89%). [a]D�ÿ33.78 (c� 1.18, CHCl3); 1H NMR (500 MHz): d� 6.90 (s,
1H; ArH), 6.50 (s, 1H; ArCH�C), 4.62 (dd, J� 9.0, 3.6 Hz, 1 H;
CHOTBS), 2.79 (dd, J� 14.8, 9.2 Hz, 1H; CH2CO), 2.68 (s, 3 H; ArCH3),
2.42 (dd, J� 14.8, 3.6 Hz, 1 H; CH2CO), 2.16 (s, 3 H; COCH3), 2.00 (s, 3H;
CH3C�CH), 0.84 (s, 9H; SiC(CH3)3), 0.03 (s, 3H; Si(CH3)2), ÿ0.01 (s, 3H;
Si(CH3)2); 13C NMR (125.75 MHz): d� 207.3, 164.5, 152.8, 141.1, 119.0,
115.6, 75.2, 50.4, 31.8, 25.7, 25.6, 19.2, 18.0, 14.0, ÿ4.7, ÿ5.4; MS: 340
[M�H]� , 362 [M�Na]� .


In a similar manner, compound 11 (500 mg, 2.07 mmol) was treated with
TBSCl (773 mg, 4.97 mmol) and imidazole (862 mg, 12.42 mmol) in dry
DMF (2 mL) at room temperature for 8 h to afford 11a (874 mg, 90%)
after purification over silica gel (hexanes/EtOAc 20:1). [a]D�ÿ26.58 (c�
1.70, CHCl3); 1H NMR (400 MHz): d� 7.00 (s, 1 H; ArH), 6.50 (s, 1H;
ArCH�C), 4.93 (s, 2H; CH2OTBS), 4.63 (dd, J� 9.0, 3.1 Hz, 1 H;
CHOTBS), 2.80 (dd, J� 14.6, 9.0 Hz, 1H; CH2CO), 2.43 (dd, J� 14.6,
3.6 Hz, 1H; CH2CO), 2.16 (s, 3H; COCH3), 2.00 (d, J� 1.2 Hz, 3H;
CH3C�CH), 0.93 (s, 9 H; SiC(CH3)3), 0.84 (s, 9H; Si(CH3)2), 0.11 (s, 6H;
Si(CH3)2), 0.03 (s, 3H; Si(CH3)2), ÿ0.01 (s, 3H; Si(CH3)2); 13C NMR
(100.6 MHz): d� 207.3, 172.0, 153.1, 141.1, 119.1, 115.8, 75.2, 63.2, 50.4, 31.8,
25.7, 18.2, 18.1, 14.0, ÿ4.7, ÿ5.3, ÿ5.5; MS: 470 [M�H]� .


Keto alcohol 27: TMSOTf (1.07 mL, 5.9 mmol) was added to a solution of
compound 10a (1.0 g, 2.95 mmol) and lutidine (1.37 mL, 11.8 mmol) in dry
CH2Cl2 (15 mL) at ÿ78 8C. The reaction mixture was stirred at ÿ78 to 0 8C
for 4 h and then diluted with CH2Cl2 and washed with a saturated aqueous
solution of NaHCO3. The organic layer was separated and the aqueous
layer was extracted with CH2Cl2. The combined CH2Cl2 layer was washed
with water, dried over anhydrous MgSO4, and evaporated to give the
corresponding silyl enol ether derivative (1.1 g), which was taken to the
next step without purification.


OsO4 (0.2m in toluene, 0.5 mL, 0.1 mmol) and NMO (50 % aqueous,
1.57 mL, 7.6 mmol) was added sequentially to a solution of the above-
mentioned silyl enol ether (1.1 g) in CH2Cl2 (15 mL) and the mixture was
stirred at room temperature for 5 h. After the reaction was complete, as
judged by TLC, a solution of Na2S2O5 (10 % aqueous, 10 mL) was added
and stirred for 10 min, and then extracted with CH2Cl2. The combined
organic layer was washed with brine and dried over anhydrous MgSO4.
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Solvents were removed under vacuum and the resultant residue was
purified by column chromatography (silica gel, hexanes/EtOAc 4:1) to
afford pure keto alcohol 27 (684 mg, 68% from 10a). Physical data of 27:
[a]D�ÿ52.88 (c� 1.52, CHCl3); 1H NMR (400 MHz): d� 6.92 (s, 1H;
ArH), 6.52 (s, 1 H; ArCH�C), 4.64 (dd, J� 9.3, 3.4 Hz, 1H; CHOTBS), 4.25
(AB qd, DnÄ � 12.9 Hz, J� 19.2 Hz, 2H; CH2OH), 3.14 (t, J� 4.8 Hz, 1H;
OH), 2.78 (dd, J� 13.8, 9.3 Hz, 1H; CH2CO), 2.69 (s, 3 H; ArCH3), 2.43
(dd, J� 13.8, 3.3 Hz, 1H; CH2CO), 2.03 (s, 3 H; CH3C�CH), 0.84 (s, 9H;
SiC(CH3)3), 0.01 (s, 3 H; Si(CH3)2), ÿ0.01 (s, 3 H; Si(CH3)2); 13C NMR
(100.6 MHz): d� 208.4, 164.7, 152.6, 140.4, 119.4, 116.0, 75.4, 70.0, 45.6, 25.7,
19.3, 18.0, 14.0, ÿ4.8, ÿ5.5; MS: 356 [M�H]� , 378 [M�Na]� .


Keto alcohol 28 : In a similar manner as above, compound 11 a (795 mg,
1.7 mmol) was treated with TMSOTf (0.62 mL, 3.4 mmol) and lutidine
(0.79 mL, 6.8 mmol) in dry CH2Cl2 (10 mL) at ÿ78 to 0 8C for 4 h to afford
the corresponding crude enol ether (1.0 g). The product was then treated
with OsO4 (0.2m in toluene, 0.37 mL, 0.074 mmol) and NMO (50 %
aqueous, 0.92 mL, 4.4 mmol) in CH2Cl2 (10 mL) at room temperature for
5 h to afford pure compound 28 (691 mg, 84 % from 11a) after purification
over silica gel (hexanes/EtOAc 6:1).


Physical data of 28 : [a]D�ÿ45.38 (c� 0.8, CHCl3); 1H NMR (400 MHz):
d� 7.01 (s, 1H; ArH), 6.50 (s, 1 H; ArCH�C), 4.93 (s, 2 H; CH2OTBS), 4.63
(dd, J� 9.4, 3.0 Hz, 1 H; CHOTBS), 4.24 (ABq, Dn� 11.0, J� 19.4 Hz, 2H;
CH2OH), 3.22 (br s, 1H; OH), 2.75 (dd, J� 14.1, 9.4 Hz, 1 H; CH2CO), 2.42
(dd, J� 14.1, 3.2 Hz, 1H; CH2CO), 2.01 (s, 3H; CH3C�CH), 0.92/0.83 (2s,
18H; SiC(CH3)3), 0.11 (s, 6H; Si(CH3)2), 0.00 (s, 3H; Si(CH3)2), ÿ0.03 (s,
3H; Si(CH3)2); 13C NMR (100.6 MHz): d� 208.4, 172.1, 152.8, 140.3, 119.4,
116.1, 75.3, 69.9, 63.1, 45.5, 25.7, 18.2, 18.0, 13.9, ÿ4.8, ÿ5.5; MS: 508
[M�Na]� , 524 [M�K]� , 520 [M�Cl]ÿ .


Aldehyde 29 a : NaBH4 (120 mg, 3.16 mmol) was added to a solution of 27
(561 mg, 1.58 mmol) in methanol (10 mL) at 0 8C. After the mixture was
stirred for 0.5 h, acetone (5 mL) was added and stirring was continued for
an additional 5 min. Saturated aqueous NH4Cl (1 mL) and ethyl acetate
(10 mL) were added sequentially. The mixture was filtered through Celite
and the filtrate was passed through a small silica gel column to afford the
corresponding diol (511 mg, 91%), which contained two diastereomers
(2.5:1, by 1H NMR analysis). 1H NMR (400 MHz): d� 6.88/6.86 (2s,
together 1H; ArH), 6.51/6.45 (2s, together 1 H; ArCH�C), 4.40 (m, 1H;
CHOTBS), 3.86/3.77 (2 m, together 1 H; CHOH), 3.82/3.53 (2 d, J� 2.4,
2.6 Hz, together 1H), 3.53 (m, 1H), 3.43 (m, 1 H), 3.36/3.25 (2m, together
1H), 2.65 (s, 3H; ArCH3), 1.95/1.93 (2d, J� 0.9, 1.2 Hz, together 3H;
CH3C�CH), 1.84 ± 1.54 (m, 2 H; CH2CHOH), 0.86/0.85 (2s, together 9H;
SiC(CH3)3), 0.064/0.056 (2 s, together 3 H; Si(CH3)2), ÿ0.002, ÿ0.02 (2s,
together 3 H; Si(CH3)2); 13C NMR (100.6 MHz): d� 164.6, 152.8, 152.4,
141.5, 119.4, 118.4, 115.3, 115.2, 78.1, 75.4, 70.5, 68.8, 66.8, 66.5, 38.9, 38.7,
25.7, 19.1, 19.0, 18.1, 17.9, 14.7, 13.5, ÿ4.6, ÿ4.8, ÿ5.2, ÿ5.3; MS: 380
[M�Na]� , 356 [MÿH]ÿ .


Lead(iv) acetate (500 mg, 1.13 mmol) was added to a solution of the above
mentioned diol (190 mg, 0.53 mmol) in CH2Cl2 (5 mL) at 0 8C. After the
reaction mixture was stirred for 0.5 h at this temperature, it was quenched
by addition of silica gel. The heterogeneous mixture was then loaded over a
silica gel column and eluted with hexane/EtOAc 4:1 to afford the known
aldehyde 29 a (170 mg, 99 %). Physical and spectral data of 29 a were
identical to the reported data (see refs. [10d] and [12c]).


Aldehyde 30a : In a similar manner as above, compound 28 (667 mg,
1.38 mmol) was treated with NaBH4 (120 mg, 3.16 mmol) in methanol
(10 mL) to provide the corresponding diol (620 mg, 92%) after purifica-
tion, which contained two diastereomers (2.5:1 by 1H NMR analysis).
1H NMR (400 MHz): d� 7.00/6.98 (2s, together 1H; ArH), 6.52/6.46 (2s,
together 1H; ArCH�C), 4.92 (s, 2H; CH2OTBS), 4.40 (m, 1 H; CHOTBS),
3.80 (m, 1H), 3.73 (br s, 1H), 3.47 (m, 2H), 3.05 (br s, 1H; OH), 1.96/1.95
(2s, together 3H; CH3C�CH), 1.80/1.61 (2 m, together 2H; CH2CHOH),
0.92 (s, 9H; SiC(CH3)3), 0.88/0.87 (2s, together 9H; SiC(CH3)3), 0.12 (s,
6H; Si(CH3)2), 0.08/0.07 (2 s, together 3 H; Si(CH3)2), 0.01/0.00 (2s,
together 3 H; Si(CH3)2); 13C NMR (100.6 MHz): d� 172.1, 171.9, 153.1,
152.7, 141.3, 119.5, 118.6, 115.6, 115.4, 78.3, 75.5, 70.8, 68.9, 66.8, 66.6, 63.1,
63.0, 38.9, 38.5, 25.8, 25.7, 18.2, 18.1, 17.9, 14.8/14.1, 13.6, ÿ4.5, ÿ4.8, ÿ5.2,
ÿ5.3, ÿ5.5, ÿ5.6; MS 488 [M�H]� , 510 [M�Na]� , 486 [MÿH]ÿ .


The above-mentioned diol (620 mg, 1.27 mmol) was treated with Pb(OAc)4


(1.27 g, 2.72 mmol) in CH2Cl2 (10 mL) at 0 8C to afford compound 30a
(550 mg, 95 %) after purification over silica gel (hexanes/EtOAc 10:1).


[a]D�ÿ0.368 (c� 1.11, CHCl3); 1H NMR (500 MHz): d� 9.77 (t, J�
2.6 Hz, 1H; CHO), 7.03 (s, 1 H; ArH), 6.54 (s, 1H; ArCH�C), 4.94 (s,
2H; CH2OTBS), 4.67 (dd, J� 8.4, 4.1 Hz, 1H; CHOTBS), 2.72 (ddd, J�
15.8, 8.4, 2.9 Hz, 1H; CH2CHO), 2.50 (ddd, J� 15.4, 4.1, 2.2 Hz, 1H;
CH2CHO), 2.03 (d, J� 1.1 Hz, 3H; CH3C�CH), 0.94 (s, 9 H; SiC(CH3)3),
0.87 (s, 9H; SiC(CH3)3), 0.12 (s, 6H; Si(CH3)2), 0.07/0.02 (2 s, 6 H;
Si(CH3)2); 13C NMR (125.75 MHz): d� 201.4, 172.1, 152.9, 140.4, 119.4,
116.0, 73.9, 63.2, 50.1, 25.7, 14.1, ÿ4.6, ÿ5.2, ÿ5.5; MS: 456 [M�H]� .


Compound 29 b : nBuLi (1.6m in hexane, 0.6 mL, 0.96 mmol) was added to a
heterogeneous solution of MePPh3I (404 mg, 1 mmol) in dry THF (5 mL)
at 0 8C. After stirring for 0.5 h, a solution of aldehyde 29a (170 mg,
0.52 mmol) in dry THF (2 mL) was added to the reaction mixture. After the
reaction mixture was stirred for an additional 0.5 h, it was quenched with a
saturated aqueous solution of NH4Cl and extracted with Et2O. The organic
layer was washed with brine and dried over anhydrous MgSO4. Solvents
were removed under vacuum and the resultant residue was purified over
silica gel (hexanes/EtOAc 9:1) to afford olefin 29b (152 mg, 90%). The
physical and spectral data of compound 29 b were identical to the reported
data (see refs. [10d] and [12c]).


Compound 30 b : In a similar manner as above, compound 30a (330 mg,
0.73 mmol) was treated with the Wittig reagent, prepared from MePPh3I
(590 mg, 1.46 mmol) and nBuLi (1.6m in hexane, 0.87 mL, 1.39 mmol) in
dry THF (5 mL), at 0 8C to afford compound 30b (300 mg, 91 %) after
purification over silica gel (hexanes/EtOAc 15:1). [a]D�ÿ19.58 (c� 1.08,
CHCl3); 1H NMR (500 MHz): d� 7.01 (s, 1 H; ArH), 6.44 (s, 1H;
ArCH�C), 5.77 (m, 1H; CH�CH2), 5.00 (m, 2H; CH�CH2), 4.95 (s, 2H;
CH2OTBS), 4.14 (t, J� 6.3 Hz, 1 H; CHOTBS), 2.30 (m, 2 H;
CH2CH�CH2), 1.99 (s, 3 H; CH3C�CH), 0.95/0.88 (2s, 18H; SiC(CH3)3),
0.12 (s, 6H; Si(CH3)2), 0.05/0.00 (2 s, 6H; Si(CH3)2); 13C NMR
(125.75 MHz): d� 172.3, 153.8, 142.4, 135.8, 119.3, 117.0, 115.7, 78.8, 63.7,
41.8, 26.2, 18.7, 14.4, 1.5, ÿ4.2, ÿ4.5, ÿ5.0; MS: 454 [M�H]� .


Deprotection of 29 b[35] and 30b : TBAF (1m in THF, 2.5 mL, 2.5 mmol) was
added to a solution of olefin 30b (290 mg, 0.64 mmol) in dry THF (3.0 mL)
at 0 8C. After the reaction mixture was stirred for 1 h at this temperature, it
was worked-up with ether and water. The combined organic layer was
washed with brine and dried over anhydrous MgSO4. Solvents were
removed under vacuum and the residue was purified over silica gel
(hexanes/EtOAc 1:1) to afford the corresponding diol (138 mg, 96%).
[a]D�ÿ8.68 (c� 1.49, CHCl3); 1H NMR (500 MHz): d� 7.05 (s, 1H; ArH),
6.52 (s, 1 H; ArCH�C), 5.80 (m, 1 H; CH�CH2), 5.11 (m, 2H; CH�CH2),
4.89 (s, 2H; CH2OH), 4.18 (dd, J� 7.4, 5.3 Hz, 1H; CHOH), 2.52 (br s, 1H;
OH), 2.45 ± 2.31 (m, 2H; CH2CH�CH2), 1.99 (s, 3H; CH3C�CH); 13C NMR
(150.9 MHz): d� 170.0, 152.9, 142.1, 134.4, 118.7, 118.0, 116.1, 76.3, 61.9,
39.9, 14.4; MS: 226 [M�H]� .


TBSCl (115 mg, 0.74 mmol) was added to a solution of the above-
mentioned diol (138 mg, 0.61 mmol) and iPr2EtN (0.22 mL, 1.23 mmol) in
dry CH2Cl2 (5 mL) at 0 8C and the reaction mixture was stirred at 0 8C to
room temperature for 8 h. Work-up (CH2Cl2 and water) and purification
over silica gel (hexanes/EtOAc 3:1) afforded pure 30 (180 mg, 83%).
[a]D�ÿ13.48 (c� 0.37, CHCl3); 1H NMR (400 MHz): d� 7.01 (s, 1H;
ArH), 6.52 (s, 1 H; ArCH�C), 5.81 (m, 1 H; CH�CH2), 5.11 (m, 2H;
CH�CH2), 4.93 (s, 2 H; CH2OTBS), 4.18 (t, J� 6.7 Hz, 1H; CHOH), 2.40
(m, 3H; CH2CH�CH2, OH), 2.00 (s, 3H; CH3C�CH), 0.93 (s, 9H;
SiC(CH3)3), 0.11 (s, 6H; Si(CH3)2); 13C NMR (100.6 MHz): d� 172.1, 153.0,
141.4, 134.6, 119.0, 117.8, 115.6, 76.4, 63.2, 40.0, 25.7, 18.2, ÿ5.5; MS: 340
[M�H]� , 362 [M�Na]� .


Esterification of acids 25 and 26 with alcohols 29 and 30 to esters 31 ± 34[36]


Compound 33 : EDC (38 mg, 0.2 mmol) was added to a solution of alcohol
30 (64 mg, 0.19 mmol), acid 25 (85 mg, 0.16 mmol) and DMAP (2 mg,
0.016 mmol) in dry CH2Cl2 (1 mL) at 0 8C. The reaction mixture was stirred
for 5 h at 0 8C to room temperature and the crude mixture was chromato-
graphed over a column of silica gel (hexanes/EtOAc 10:1) to afford pure
ester 33 (99 mg, 72% based on acid 25) and recovered alcohol 30 (9 mg).


Physical data of 33 : [a]D�ÿ31.28 (c� 2.50, CHCl3); 1H NMR (400 MHz):
d� 7.04 (s, 1 H; ArH), 6.47 (s, 1H; ArCH�C), 5.74 (m, 2 H; 2�CH�CH2),
5.28 (t, J� 6.7 Hz, 1H; CO2CHCH2), 5.08 (d, J� 17.1 Hz, 1H; CH�CH2),
5.02 (d, J� 10.2 Hz, 1 H; CH�CH2), 4.97 (d, J� 17.2 Hz, 1H; CH�CH2),
4.94 (s, 2 H; CH2OTBS), 4.92 (d, J� 10.3 Hz, 1H; CH�CH2), 4.33 (dd, J�
6.0, 3.6 Hz, 1 H; TBSOCHCH2), 3.72 (dd, J� 7.0, 2.2 Hz, 1 H;
TBSOCHCH), 3.14 (pentet, J� 6.8 Hz, 1 H; CHCO), 2.48 (m, 3 H), 2.27
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(dd, J� 17.0, 6.1 Hz, 1 H), 2.05 (s, 3H; CH3C�CH), 1.98 (m, 2H), 1.50 ± 1.10
(m, 5H), 1.22 (s, 3 H; (CH3)2C), 1.02 (s, 3H; (CH3)2C), 1.02 (d, J� 6.8 Hz,
3H; CH3CHCO), 0.94 (s, 9H; SiC(CH3)3), 0.88 (s, 9H; SiC(CH3)3), 0.88 (d,
J� 6.8 Hz, 3 H; CH2CHCH3), 0.86 (s, 9H; SiC(CH3)3), 0.11 (s, 6 H;
Si(CH3)2), 0.09 (s, 3H; Si(CH3)2), 0.04 (s, 3 H; Si(CH3)2), 0.02 (s, 6H;
Si(CH3)2); 13C NMR (100.6 MHz): d� 217.7, 172.0, 171.1, 152.8, 138.9, 136.7,
133.4, 121.2, 117.8, 116.5, 114.4, 78.7, 77.6, 74.0, 63.2, 53.3, 45.2, 40.3, 38.8,
37.5, 34.3, 30.4, 27.0, 26.2, 26.0, 25.8, 23.2, 20.3, 18.5, 18.2, 17.6, 15.4, 14.5,
ÿ3.7, ÿ3.8, ÿ4.3, ÿ4.7, ÿ5.5; HRMS: calcd for C46H85NO6SSi3Cs:
996.4460; found: 996.4494 [M�Cs]� .


Compound 34 : In a similar manner as above, alcohol 30 (90 mg, 0.27 mmol)
was treated with acid 26 (177 mg, 0.32 mmol), EDC (156 mg, 0.80 mmol)
and DMAP (3.3 mg, 0.027 mmol) to afford pure ester 34 (225 mg, 97%).
[a]D�ÿ31.78 (c� 1.17, CHCl3); 1H NMR (400 MHz): d� 7.04 (s, 1H;
ArH), 6.47 (s, 1H; ArCH�C), 5.70 (m, 1 H; CH�CH2), 5.28 (t, J� 6.8 Hz,
1H; CO2CHCH2), 5.08 (d, J� 17.1 Hz, 1 H; CH�CH2), 5.02 (d, J� 10.2 Hz,
1H; CH�CH2), 4.93 (s, 2 H; CH2OTBS), 4.67 (s, 1 H; CH2�CCH3), 4.64 (s,
1H, CH2�CCH3), 4.33 (m, 1 H; TBSOCHCH2), 3.72 (dd, J� 10.1, 3.1 Hz,
1H; TBSOCHCH), 3.14 (pentet, J� 10.1 Hz, 1 H; CHCO), 2.54 ± 2.43 (m,
3H), 2.27 (dd, J� 17.0, 6.1 Hz, 1 H), 2.05 (d, J� 1.8 Hz, 3H; CH3C�CH),
1.96 (m, 1 H), 1.68 (s, 3 H; CH3C�CH2), 1.53 ± 1.44 (m, 1H), 1.40 ± 1.28 (m,
2H), 1.27 ± 1.19 (m, 2 H), 1.22 (s, 3H; (CH3)2C), 1.03 (d, J� 6.8 Hz, 3H;
CH3CHCO), 1.02 (s, 3 H; (CH3)2C), 0.94 (s, 9 H; SiC(CH3)3), 0.89 (s, 9H;
SiC(CH3)3), 0.88 (d, J� 6.8 Hz, 3 H; CH2CHCH3), 0.86 (s, 9 H; SiC(CH3)3),
0.11 (s, 6 H; Si(CH3)2), 0.09 (s, 3 H; Si(CH3)2), 0.03 (s, 3H; Si(CH3)2), 0.02 (s,
6H; Si(CH3)2); 13C NMR (100.6 MHz): d� 217.7, 172.0, 171.1, 152.7, 145.9,
136.7, 133.4, 121.2, 117.7, 116.5, 109.8, 78.6, 77.6, 74.0, 63.2, 53.3, 45.2, 40.3,
38.7, 38.3, 37.5, 31.5, 30.5, 26.2, 25.9, 25.7, 25.6, 23.1, 20.3, 18.5, 18.2, 18.1, 17.6,
15.4, 14.5, ÿ3.7, ÿ3.8, ÿ4.3, ÿ4.8, ÿ5.5; MS: 878 [M�H]� .


Conversion of esters 31 ± 34 to desoxyepothilones and epothilones[37]


Epothilone B (2) and D (4): Grubbs� catalyst VII (3.4 mg, 0.004 mmol) was
added to a solution of 32 (15 mg, 0.02 mmol) in CH2Cl2 (5 mL) and the
solution was stirred at reflux for 8 h. Solvents were evaporated and the
residue was purified over silica gel (hexanes/EtOAc 20:1) to afford an
inseparable mixture (1.1:1, by 1H NMR analysis) of stereoisomeric alkenes
36 and (E)-36 (11.7 mg, 81%). For the conversion of the above-mentioned
mixture to 4 and then to epothilone B (2), see references [10d], [11d], and
[12d].


Desoxyepothilone E (7) and (E)-desoxyepothilone E [(E)-7]: Grubbs�
catalyst V (10 mg, 0.012 mmol) was added to a solution of 33 (50 mg,
0.058 mmol) in degassed CH2Cl2 (10 mL) and the solution was stirred at
room temperature for 5 h. Solvents were removed under vacuum and the
residue was purified by chromatography over silica gel (hexanes/EtOAc
50:1) to afford a (1:1) mixture (41 mg, 85%) of 37 and (E)-37, which was
taken to the next step without separation. A small amount of pure 37 and
(E)-37 was purified by preparative TLC (hexanes/EtOAc 20:1) for analysis.


Physical data of 37: 1H NMR (500 MHz): d� 7.06 (s, 1H; ArH), 6.52 (s, 1H;
ArCH�C), 5.52 (td, J� 11.0, 3.0 Hz, 1 H; CH�CH), 5.37 (m, 1H; CH�CH),
5.00 (d, J� 10.5 Hz, 1H; CO2CHCH2), 4.95 (s, 2H; CH2OTBS), 4.02 (d, J�
9.5 Hz, 1 H; TBSOCHCH2), 3.88 (d, J� 9.0 Hz, 1H; TBSOCHCH), 3.00
(m, 1H; CHCO), 2.76 (m, 1H), 2.66 (dd, J� 16.5, 10.0 Hz, 1H), 2.35 (m,
1H), 2.10 (s, 3 H; CH3C�CH), 2.06 (dd, J� 13.5, 5.5 Hz, 1H), 1.85 (m, 1H),
1.52 (m, 2 H), 1.27 (m, 3H), 1.18 (s, 3 H; (CH3)2C), 1.13 (s, 3H; (CH3)2C),
1.08 (d, J� 7.0 Hz, 3H; CH3CHCO), 0.95 (m, 12H), 0.93 (s, 9 H;
SiC(CH3)3), 0.84 (s, 9H; SiC(CH3)3), 0.12 (s, 6 H; Si(CH3)2), 0.11 (s, 3H;
Si(CH3)2), 0.10 (s, 3 H; Si(CH3)2), 0.09 (s, 3H; Si(CH3)2), ÿ0.11 (s, 3H;
Si(CH3)2); 13C NMR (127.75 MHz): d� 215.0, 172.1, 171.3, 152.7, 138.5,
135.0, 122.8, 119.6, 116.3, 79.6, 76.7, 76.4, 63.2, 53.4, 38.9, 37.8, 31.8, 31.3, 29.7,
29.2, 28.4, 26.3, 26.0, 25.7, 24.9, 24.2, 18.7, 18.6, 17.7, 15.1, 14.1, ÿ3.2, ÿ3.4,
ÿ3.7, ÿ5.4, ÿ5.8; HRMS: calcd for C44H82NO6SSi3: 836.5171; found:
836.5141 [M�H]� .


Physical data of compound (E)-37: 1H NMR (500 MHz): d� 7.03 (s, 1H;
ArH), 6.53 (s, 1 H; ArCH�C), 5.43 (m, 1 H; CH�CH), 5.37 (m, 1H;
CH�CH), 5.22 (dd, J� 8.0, 3.0 Hz, 1H; CO2CHCH2), 4.95 (s, 2 H;
CH2OTBS), 4.00 (dd, J� 6.5, 4.0 Hz, 1 H; TBSOCHCH2), 3.91 (d, J�
6.0 Hz, 1H; TBSOCHCH), 3.05 (m, 1 H; CHCO), 2.76 (m, 1H), 2.64 (dd,
J� 15.5, 4.0 Hz, 1 H), 2.54 (m, 1H), 2.45 (m, 1H), 2.12 (s, 3H; CH3C�CH),
1.90 (m, 1H), 1.68 ± 1.48 (m, 3H), 1.24 (m, 2 H), 1.17 (s, 3H; (CH3)2C), 1.14
(d, J� 7.0 Hz, 3 H; CH3CHCO), 0.94 (m, 12H), 0.89 (s, 9H; SiC(CH3)3),
0.86 (s, 9 H; SiC(CH3)3), 0.13 (s, 6 H; Si(CH3)2), 0.09 (s, 3 H; Si(CH3)2), 0.07


(s, 3H; Si(CH3)2), 0.06 (s, 3H; Si(CH3)2), 0.03 (s, 3 H; Si(CH3)2); 13C NMR
(127.75 MHz): d� 216.3, 172.1, 170.5, 152.8, 137.7, 134.3, 125.6, 119.6, 116.4,
78.7, 76.8, 73.8, 63.2, 53.9, 45.3, 41.3, 39.8, 36.4, 32.4, 30.0, 27.1, 26.4, 26.2,
26.0, 25.7, 23.5, 21.5, 18.5, 18.4, 15.5, 14.5, ÿ3.6, ÿ3.7, ÿ4.0, ÿ4.6, ÿ5.4;
HRMS: calcd for C44H82NO6SSi3: 836.5171; found: 836.5140 [M�H]� .


HF/pyridine (0.5 mL) was added dropwise to a solution of the above-
mentioned mixture of 37 and (E)-37 (41 mg, 0.049 mmol) in THF (1 mL) at
room temperature. The mixture was stirred at room temperature for 2 h
and then slowly poured into a cold saturated aqueous NaHCO3 (20 mL)
and extracted with EtOAc. The combined organic layer was washed with
brine and dried over anhydrous MgSO4. Solvents were removed under
vacuum and the residue was chromatographed over silica gel (hexanes/
EtOAc 1:1) to afford pure 7 (9 mg, 37 %) and (E)-7 (10 mg, 41 %). For 7:
[a]D�ÿ43.78 (c� 0.3, CHCl3), lit. :[14a] ÿ44.28 (c� 0.6, CHCl3); for (E)-7:
[a]D�ÿ41.18 (c� 0.29, CHCl3), lit. :[14a] ÿ31.58 (c� 0.6, CHCl3). For the
conversion of 7 to epothilone E (5), and physical and spectral data of 5 and
its precursors see reference [14a,b].


Desoxyepothilone F (8) and (E)-desoxyepothilone F [(E)-8]: Using the
same process as above for the conversion of 32 to 36, compound 34 (97 mg,
0.11 mmol) was metathesized by using Grubbs� catalyst VII (21 mg,
0.024 mmol) in CH2Cl2 (30 mL) at reflux for 16 h to afford 38 (40 mg,
43%) and (E)-38 (39 mg, 42 %) after purification by preparative TLC
(hexanes/EtOAc 49:1).


Physical data of compound 38 : [a]D�ÿ22.58 (c� 1.14, CHCl3); 1H NMR
(600 MHz): d� 7.05 (s, 1 H; ArH), 6.54 (s, 1H; ArCH�C), 5.15 (t, J�
8.0 Hz, 1H; CH�C(CH3)CH2), 4.95 (d, J� 10.1 Hz, 1H; CO2CHCH2),
4.94 (s, 2H; CH2OTBS), 4.01 (d, J� 10.0 Hz, 1H; TBSOCHCH2), 3.88 (d,
J� 9.0 Hz, 1H; TBSOCHCH), 3.01 (m, 1 H; CHCO), 2.80 ± 2.62 (m, 3H),
2.44 (m, 1 H), 2.09 (s, 3H; CH3C�CH), 2.04 (m, 1H), 1.72 ± 1.67 (m, 3H),
1.66 (s, 3H; CH�C(CH3)CH2), 1.60 ± 1.48 (m, 3H), 1.17 (s, 3 H; (CH3)2C),
1.12 (s, 3 H; (CH3)2C), 1.07 (d, J� 6.9 Hz, 3 H; CH3CHCO), 0.96 (d, J�
6.9 Hz, 3 H; CH3CHCH2), 0.94/0.93/0.83 (3s, 27 H; SiC(CH3)3), 0.12 (s, 6H;
Si(CH3)2), 0.095 (s, 3 H; Si(CH3)2), 0.091/0.06/ÿ 0.13 (3s, 9H; Si(CH3)2);
13C NMR (150.9 MHz): d� 215.1, 172.0, 152.7, 138.7, 119.5, 119.1, 116.1,
79.9, 76.3, 63.2, 53.4, 39.1, 32.4, 31.9, 31.4, 30.9, 29.2, 27.4, 26.4, 26.2, 25.7,
24.6, 24.3, 23.1, 18.7, 18.6, 18.3, 17.8, 15.2, ÿ3.3, ÿ3.7, ÿ5.5, ÿ5.7; MS: 850
[M�H]� , 884 [M�Cl]ÿ .


Physical data of compound (E)-38 : [a]D�ÿ27.78 (c� 0.82, CHCl3);
1H NMR (600 MHz): d� 7.02 (s, 1H; ArH), 6.53 (s, 1H; ArCH�C), 5.26
(dd, J� 8.1, 2.9 Hz, 1H; CO2CHCH2), 5.16 (t, J� 7.0 Hz, 1 H;
CH�C(CH3)CH2), 4.95 (s, 2 H; CH2OTBS), 4.47 (t, J� 5.2 Hz, 1 H;
TBSOCHCH2), 3.88 (dd, J� 6.2, 2.6 Hz, 1H; TBSOCHCH), 3.05 (pentet,
J� 6.6 Hz, 1 H; CHCO), 2.61 (dd, J� 15.8, 5.5 Hz, 1 H), 2.57 (m, 1H), 2.47
(m, 2H), 2.12 (s, 3H; CH3C�CH), 2.09 (m, 1H), 1.91 (m, 1H), 1.73 ± 1.64
(m, 1 H), 1.56 (s, 3H), 1.54 ± 1.47 (m, 2H), 1.32 ± 1.21 (m, 4H), 1.17 (s, 3H;
(CH3)2C), 1.11 (d, J� 7.0 Hz, 3 H; CH3CHCO), 1.07 (s, 3H; (CH3)2C), 0.95
(s, 9 H; SiC(CH3)3), 0.91 (d, J� 7.3 Hz, 3H; CH3CHCH2), 0.89 (s, 9H;
SiC(CH3)3), 0.88 (s, 9H; SiC(CH3)3), 0.12 (s, 6 H; Si(CH3)2), 0.086/0.084/
0.07/0.04 (4s, 12H; Si(CH3)2); 13C NMR (150.9 MHz): d� 216.3, 172.0,
170.5, 153.0, 138.0, 137.5, 120.0, 119.4, 116.3, 79.1, 73.0, 63.3, 54.0, 44.0, 41.9,
40.3, 39.3, 31.9, 26.1, 26.0, 25.7, 24.7, 22.7, 22.6, 20.2, 18.4, 18.3, 18.2, 16.8,
16.0, 15.7, 15.4, 14.1, ÿ3.6, ÿ4.0, ÿ4.3, ÿ4.4, ÿ5.5; MS: 850 [M�H]� , 884
[M�Cl]ÿ .


According to the process for the conversion of 37 to 7, the above-mentioned
compound 38 (33 mg, 0.039 mmol) was treated with HF/pyridine (0.4 mL)
in THF (0.8 mL) at room temperature for 6 h to afford 8 (19 mg, 97%)
after purification over silica gel (hexanes/EtOAc 1:1). [a]D�ÿ75.58 (c�
0.93, CHCl3); 1H NMR (600 MHz): d� 7.08 (s, 1 H; ArH), 6.58 (s, 1H;
ArCH�C), 5.23 (d, J� 9.2 Hz, 1 H; CO2CHCH2), 5.12 (dd, J� 9.7, 4.8 Hz,
1H; CH�C(CH3)CH2), 4.85 (s, 2H; CH2OH), 4.30 (d, J� 11.0 Hz, 1H;
CH(OH)CH2), 3.90 (br s, 1H; CH(OH)CH), 3.67 (br s, 1 H; OH), 3.11 (m,
1H; CHCO), 3.09 (br s, 1H; OH), 2.60 (m, 1H), 2.44 (dd, J� 14.5, 11.0 Hz,
1H), 2.29 ± 2.21 (m, 3 H), 2.02 (s, 3H; CH3C�CH), 1.88 (m, 1H), 1.73 (m,
1H), 1.68 ± 1.59 (m, 1 H), 1.64 (s, 3H; CH�C(CH3)CH2), 1.32 (s, 3H;
(CH3)2C), 1.28 ± 1.20 (m, 3 H), 1.17 (d, J� 7.0 Hz, 3 H; CH3CHCO), 1.01 (s,
3H; (CH3)2C), 0.99 (d, J� 7.0 Hz, 3 H; CH3CHCH2); 13C NMR
(150.9 MHz): d� 220.7, 170.3, 170.2, 152.2, 139.6, 138.3, 120.9, 118.4,
116.3, 78.6, 74.2, 71.9, 61.3, 53.7, 41.4, 39.6, 38.5, 32.4, 31.6, 31.4, 29.2, 25.2,
23.1, 22.9, 17.4, 16.2, 15.5, 13.4; HRMS: calcd for C27H41NO6SNa: 530.2547;
found: 530.2541 [M�Na]� .







Epothilone F 1691 ± 1702
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In a similar manner as above, (E)-38 (40 mg, 0.047 mmol) was treated with
HF/pyridine (0.4 mL) in THF (0.8 mL) at room temperature for 6 h to
afford (E)-8 (23 mg, 96 %). [a]D�ÿ89.08 (c� 0.90, CHCl3); 1H NMR
(600 MHz): d� 7.10 (s, 1 H; ArH), 6.59 (s, 1H; ArCH�C), 5.40 (t, J�
4.8 Hz, 1 H; CH�C(CH3)CH2), 5.06 (t, J� 6.6 Hz, 1 H; CO2CHCH2), 4.86
(d, J� 1.7 Hz, 2H; CH2OH), 4.41 (dd, J� 10.1, 2.6 Hz, 1 H; CH(OH)CH2),
3.63 (t, J� 3.7 Hz, 1H; CH(OH)CH), 3.24 (m, 1H; CHCO), 2.56 (ddd, J�
15.3, 7.9, 3.8 Hz, 1H; CH2CH�CCH3), 2.49 (dd, J� 15.4, 10.1 Hz, 1H;
CH2CO2), 2.45 ± 2.36 (m, 2H), 2.13 (m, 1H), 2.03 (s, 3 H; CH3C�CHAr),
1.94 (m, 1H), 1.60 (m, 2H), 1.56 (s, 3H; CH�C(CH3)CH2), 1.36 (m, 1H),
1.27 (m, 2H), 1.25 (s, 3H; (CH3)2C), 1.15 (d, J� 6.6 Hz, 3 H; CH3CHCO),
1.01 (s, 3H; (CH3)2C), 0.96 (d, J� 6.6 Hz, 3 H; CH3CHCH2); 13C NMR
(100.6 MHz): d� 220.0, 170.2, 170.0, 152.3, 138.3, 137.7, 119.2, 118.7, 116.0,
76.5, 71.5, 61.3, 60.4, 52.9, 43.2, 39.6, 39.4, 37.4, 30.5, 29.2, 24.4, 21.1, 19.5,
16.4, 16.3, 15.8, 14.7, 14.2; HRMS: calcd for C27H41NO6S: 508.2727; found:
508.2712 [M�H]� .


Epothilone F (6): Oxone (38 mg, 0.062 mmol) and NaHCO3 (8.4 mg,
0.1 mmol) were added in portions to a mixture of 8 (18 mg, 0.036 mmol), an
aqueous solution of Na2EDTA (4� 10ÿ4m, 0.31 mL) and 1,1,1-trifluoro-
acetone (0.3 mL, 3.35 mmol) in CH3CN (0.42 mL) and CH2Cl2 (0.21 mL).
After the reaction was complete as determined by TLC, the mixture was
diluted with EtOAc and passed quickly through a pad of silica gel. Solvents
were removed under vacuum and the residue was purified by preparative
TLC (CH2Cl2/MeOH 18:1) to afford epothilone F and its a-epoxide (15 mg,
81%, b :a� 5:1). A second preparative TLC (hexanes/EtOAc 1:2) afforded
pure epothilone F (11 mg, 59%). [a]D�ÿ25.08 (c� 0.1, methanol);
1H NMR (600 MHz): d� 7.12 (s, 1H; ArH), 6.59 (s, 1H; ArCH�C), 5.43
(dd, J� 7.4, 3.1 Hz, 1 H; CO2CHCH2), 4.92 (s, 2 H; CH2OH), 4.17 (m, 1H;
CH(OH)CH2), 4.01 (m, 1H; CH(OH)CH), 3.76 (br s, 1H; OH), 3.29 (m,
1H; CHCO), 2.86 (br s, 1 H; OH), 2.80 (dd, J� 7.4, 5.3 Hz, 1H; CH-
O(epoxide)), 2.59 (br s, 1H; OH), 2.54 (dd, J� 14.0, 10.1 Hz, 1 H;
CH2CO2), 2.38 (dd, J� 14.0, 3.1 Hz, 1H; CH2CO2), 2.09 (s, 3 H;
CH3C�CH), 2.06 (m, 1H), 1.93 (dt, J� 15.4, 7.4 Hz, 1H), 1.74 ± 1.67 (m,
2H), 1.49 (m, 1 H), 1.46 ± 1.36 (m, 4 H), 1.35 (s, 3H; CH3C-O(epoxide)), 1.27
(s, 3H; (CH3)2C), 1.16 (d, J� 6.6 Hz, 3 H; CH3CHCO), 1.07 (s, 3H;
(CH3)2C), 0.99 (d, J� 7.0 Hz, 3H; CH3CHCH2); 13C NMR (100.6 MHz):
d� 220.6, 170.6, 170.0, 152.2, 137.6, 119.5, 116.9, 73.2, 62.2, 61.5, 61.3, 60.4,
52.8, 43.1, 39.1, 36.4, 32.1, 31.8, 30.7, 29.7, 22.8, 22.5, 21.2, 20.2, 17.1, 15.8,
14.2; HRMS: calcd for C27H41NO7SNa: 546.2456; found: 546.2479
[M�Na]� .
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Computational Study of a New Heck Reaction Mechanism Catalyzed by
Palladium(ii/iv) Species


Andreas Sundermann, Olivier Uzan, and Jan M. L. Martin*[a]


Abstract: In this theoretical study on
the Heck reaction we explore the feasi-
bility of an alternative pathway that
involves a PdII/PdIV redox system. Usu-
ally, the catalytic cycle is formulated
based on a Pd0/PdII mechanism. We
performed quantum chemical calcula-
tions using density functional theory on
a model system that consisted of diphos-
phinoethane (DPE) as a bidentate li-
gand and the substrates ethylene and
phenyl iodide to compare both mecha-


nisms. Accordingly, the PdII/PdIV mech-
anism is most likely to occur in the
equatorial plane of an octahedral PdIV


complex. The energy profiles of both
reaction pathways under consideration
are largely parallel. A major difference


is found for the oxidative addition of the
CÿI bond to the palladium centre. This is
a rate-determining step of the PdII/PdIV


mechanism, while it is facile for a Pd0


catalyst. The calculations show that
intermediate ligand detachment and re-
attachment is necessary in the course of
the oxidative addition to PdII. Therefore,
we expect the PdII/PdIV mechanism to be
only feasible if a weakly coordinating
ligand is present.


Keywords: density functional calcu-
lations ´ Heck reaction ´ homoge-
neous catalysis ´ reaction mecha-
nisms


Introduction


The Heck reaction (i.e. , the palladium catalysed olefination of
aryl halides, Scheme 1) has become an important tool for the
formation of CÿC bonds in organic synthesis.[1±3]


Scheme 1. The Heck reaction.


In the ªstandardº Heck reaction, the catalytically active
complex is formed in situ (starting from palladium(0) com-
plexes or palladium(ii) salts). Although its molecular structure
is not exactly known, a coordinative unsaturated 14-electron


palladium(0) complex ª[PdL2]º is assumed to be the active
species. The ligand ªLº is typically either a monodentate
phosphine or part of a chelating diphosphine ligand. Usually,
the reaction mechanism is described as in Scheme 2.


In a first step the CÿX bond of an aryl halide (X� I, Br) is
oxidatively added to the palladium atom. The resulting square
planar palladium(ii) complex has to dissociate (either by PdÿL


Scheme 2. Heck catalytic cycle with Pd(0/II) redox pair.
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or PdÿX bond breaking) to provide a coordination site for
alkene association. If the alkene and the s-aryl ligand are in
cis positions, the alkene can insert into the PdÿCar bond. Via a
four-centred transition state, a s-alkyl palladium complex is
formed. This intermediate is converted into the reaction
product by a b-hydride elimination, and the catalyst is
regenerated after HX elimination in the presence of an
auxiliary base. (The Heck reaction is typically carried out in
highly polar solvents such as dimethylformamide, N-methyl-
pyrrolidone and dimethylacetamide.)


Recently, very high activities and long lifetimes have been
reported for new palladium catalysts for the Heck reac-
tion.[4±14] In these studies, structurally well-defined species
have been used that contain palladacycles with phosphine
groups A,[4] or with phosphine-free ligands B.[11]


Because these complexes have a palladium(ii) centre and no
palladium(0) species could be detected in the reaction
mixture, a new reaction mechanism involving a PdII/PdIV


redox pair (instead of the usual Pd0/PdII pair) has been
proposed. An experimental proof for the reaction mechanism
is difficult because of the elusive nature of the active species.
Therefore we want to contribute computational results
demonstrating that a PdII/PdIV route is energetically compet-
itive to the ªclassicalº mechanism.


A possible mechanism involving the PdII/PdIV system is
depicted in Scheme 3. The catalytic cycle begins with a
cationic T-shaped palladium(ii) complex. As in the Pd0/PdII


mechanism, this complex fragment is a 14-electron species,
but it is formally a d8 fragment (instead of a d10 configuration
as in the Pd0 complex). Oxidative addition of an aryl halide
and alkene coordination results in an octahedrally coordi-
nated palladium atom that formally has a d6 configuration. If


Scheme 3. Heck catalytic cycle with Pd(II/IV) redox pair.


the phenyl group and the alkene are in a mutual cis
arrangement, the alkene can insert into the PdÿCar bond as
assumed for the ªclassicalº mechanism. Now, b-hydride
elimination can take place. The product is released and the
catalyst is regenerated by HX elimination.


Essentially, the two mechanisms are expected to involve
identical reaction steps. The question we want to address in
this study is: Are the corresponding barriers of comparable
height, that is, is the suggested PdII/PdIV mechanism of the
Heck reaction a possible alternative to the Pd0/PdII mecha-
nism?


Computational Methods


All structures presented here were completely optimised at the density
functional theory (DFT) level by using the B3LYP hybrid functional
proposed by Becke[15] as implemented in the Gaussian 98 set of pro-
grams.[16] For all optimisations a basis set of valence double-z quality was
employed. Relativistic effects were addressed implicitly by the use of
relativistic effective core potentials (RECPs) for P, I and Pd.[17±19] For H and
C the standard Dunning ± Hay D95V basis was used.[20] This basis set/
RECP combination is commonly denoted by the acronym ªlanl2dzº.


Although most of the molecules included in this study adopt C1


symmetryÐand therefore no symmetry constraints could be appliedÐall
stationary points were characterised by analysis of the analytically
calculated Hessians. Estimates for DG(298 K) and DH(298 K) have been
calculated within the rigid rotor/harmonic oscillator (RRHO) approxima-
tion. In ambiguous cases for which an assignment by inspection of the
corresponding imaginary eigenmode was not obvious, the correct topology
of the potential energy hypersurface was verified by calculation of the
intrinsic reaction coordinate (IRC)[21] at the B3LYP/lanl2dz level.


In order to obtain more reliable thermochemical data, additional single-
point energy calculations were performed at the B3LYP/lanl2dz�p and
the B3LYP/Blarge level. The basis set lanl2dz�p consisted of the lanl2dz
basis set augmented by a single d polarisation function for P and I and a
single f polarisation function for palladium.[22, 23] For H and C the cc-pVDZ
basis of Dunning was used.[24] The basis set ªBlargeº was essentially a
polarised (i.e., 2f1g, 2d1f, 2p1d) valence triple-z basis set. For the atoms H,
C and P the cc-pVTZ basis set of Dunning[24, 25] was recontracted according
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to Davidson[26] ; for Pd and I the Stuttgart/Dresden small core RECPs[27, 28]


were utilised. A [6s5p3d] contraction of the (8s7p6d) primitive set for Pd
was taken from the literature[27] and supplemented with two f and one g
polarisation functions optimised at the CISD level for the electronic
ground state (zf� 0.6122, 2.1857; zg� 1.3751). The valence basis set for I
was generated in our laboratory: Even-tempered sequences (z�a bkÿ1)
with six s (a� 0.106898, b� 2.388398) and six p (a� 0.082252, b�
2.602393) primitives were optimised at the SCF level for the 2P state, and
contracted to a [3p3s] set in a [411] pattern. Two d and one f polarisation
functions were optimised at the CISD level (zd� 0.1861, 0.3637, zf�
0.4279), again for the 2P state. Symmetry and spin restrictions were
imposed during these calculations, which were carried out by using
Molpro.[29]


Because of the known deficiencies of the B3LYP density functional for
predicting barrier heights,[30] we verified our results by single-point
calculations using the mPW1PW91 functional by Adamo and Barone[31]


with the lanl2dz� p basis set.


To ensure reproducibility of all computed data, all DFT calculations were
carried out with finer grids than the defaults: specifically, following the
recommendations in reference [32], a pruned (99, 590) grid was used for
energies and gradients, and (in frequency calculations) a pruned (50, 194)
grid for the coupled perturbed Kohn ± Sham step.[33] The default pruned
(95, 302) grid was employed only for the largest basis set single-point
calculations, in order to keep the computational cost to an acceptable level.


For all calculations the Gaussian 98 set of programs[16] was used, running on
the SGI Origin 2000 of the Faculty of Chemistry of the Weizmann Institute
and on SGI Octane, Compaq XP1000, and Compaq ES40 workstations in
our laboratory. The structures were visualised using the program MOL-
DEN 3.6.[34]


Results and Discussion


We performed quantum chemical calculations on a model
system consisting of the bidentate 1,2-diphosphinoethane
(DPE) ligand and the substrates phenyl iodide and ethylene
to model the steps of the ªclassicalº Heck reaction
(Scheme 2). For the PdII/PdIV pathway (Scheme 3) an addi-
tional ligand is required to take into account that the
preferred coordination number for a PdIV centre is six rather
than four (as in the square-planar coordination found for PdII


complexes). In order to minimise the number of possible
isomers we chose Iÿ for this purpose.


Only recently a theoretical study has been published by
Albert, Gisdakis, and Rösch[35] on the Pd0/PdII mechanism.
These authors modelled the catalytic cycle involving a
carbene-stabilised palladium centre. Although our results
for the Pd0/PdII mechanism are very similar, we report them
here together with the PdII/PdIV catalytic cycle to allow a
comparison between the two pathways for one system without
changing the ligands.


The active catalyst : The active catalyst for the Pd0/PdII


pathway is anticipated to be a neutral, C2 symmetric DPE-
palladium(0) complex. Our calculations result in a PdÿP bond
length of 2.400 � and a P-Pd-P bond angle of 94.38 for this
structure. The carbon atoms are twisted out of the P-Pd-P
plane by 11.08 to allow a strain-free, staggered conformation
of the ethane backbone. Complex 1(0-II) is capable of s bonding
and p back-bonding towards an additional ligand approaching
the palladium atom along the symmetry axis. This can be
demonstrated by a plot of the frontier orbitals (Figure 1).


Figure 1. Isosurface representation of the frontier orbitals of Pd(dpe).
Left: HOMO, B symmetry, right: LUMO, A symmetry (assignments
according to point group C2)


Thus, h2-ethylene as well as (CÿC) h2-phenyl iodide
complex formation is possible in the presence of these
substrate molecules (for the corresponding structures 2(0-II)


and 3(0-II) see Figure 2). Ethylene is bound more strongly by


Figure 2. Complexes formed by 1(0-II) and 1(II-IV) with ethylene and/or
phenyl iodide. These complexes are relevant as entry channels for the Heck
reaction.


�70 kJ molÿ1, implying that reaction temperatures in the
experiment have to be high enough to ensure reversibility of
the ethylene coordination and the formation of 3(0-II) , which
isÐaccording to our calculationsÐthe entry channel for CÿI
oxidative addition. The importance of ligand dissociation for
the kinetics of this reaction step has been demonstrated by
experimental studies by Amatore and Jutand on the oxidative
addition of PhÿI to palladium(0) complexes with various
ligands.[36, 37]
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For the PdII/PdIV pathway the 14-electron complex 1(II-IV) is
assumed to be the active catalyst. This tricoordinate species
can be described as a fragment of a square-planar complex
(which is a stable ligand field for a d8 transition metal atom)
with a vacant coordination site cis to the iodo ligand: P-Pd-I
angles of 88.38 and 175.58 are found. The IÿPd bond is
directed only 0.98 out of the P-Pd-P plane. Complex 1(II-IV) also
has the ability to coordinate ethylene (to form 2(II-IV)) or to
form complexes with phenyl iodide (3(II-IV)). These two
complexes have stabilisation energies comparable to the
corresponding palladium(0) species (See Tables 1 and 2).


Oxidative addition of Ph-I : In the Pd0/PdII system CÿI bond
cleavage starts with the formation of the h2 complex 3(0-II) with
the palladium atom coordinating to the CipsoÿCortho bond of


the phenyl ring (see Figure 2). The PdÿCipso bond is calculated
to be slightly shorter than the PdÿCortho bond (PdÿCipso� 2.184
and PdÿCortho� 2.295 �), for electronic reasons (electron-
withdrawing I atom on Cipso). These bond lengths are
comparable to those in the ethylene complex 2(0-II)


(PdÿCEth� 2.193 �).
Complex 3(0-II) is connected to the transition state TS-3-4(0-II)


on the energy hypersurface. Interestingly, this transition state
is nonplanar (for a perspective view see Figure 3). The P-Pd-P


Figure 3. Perspective view of the transition states for the oxidative
addition of phenyl iodide to Pd0 or PdII complexes.


and C-Pd-I planes are almost perpendicular (dihedral angle
P-P-Pd-I� 116.78). A discussion of this unexpected structure
has been given by Sakaki et al.[38] for the oxidative addition of
CÿC and SiÿC bonds to a Pt0 complex. According to these
authors, the nonplanarity of the transition state structure can
only be attributed to steric factors. In contrast to experimental
studies on the oxidative addition of aryl chlorides,[39] a
population analysis (utilizing the NPA-partitioning
scheme[40, 41] at the B3LYP/lanl2dz level) reveals no pro-
nounced charge separation in this transition state. For TS-3-
4(0-II) a group charge of ÿ0.3 was found for the phenyl ring;
this value is very similar to the values found for 4(0-II) (ÿ0.3)
and phenyl iodide (ÿ0.2). Thus, the reaction of phenyl iodide
has more the character of a concerted bond cleavage rather
than a nucleophilic aromatic substitution.


Our calculated barrier height implies that this oxidative
addition is a rapid reaction step. (In this discussion all energies
are calculated at the B3LYP/Blarge//B3LYP/lanl2dz level unless
noted otherwise.) The transition state TS-3-4(0-II) is only
15.7 kJ molÿ1 higher in energy than the corresponding h2


complex of phenyl iodide 3(0-II) and, therefore, actually below
the reactants in energy. Thus, for the Pd0/PdII mechanism
oxidative addition can be ruled out as the rate-determining
step of the catalytic cycle. Instead, inhibition of the active
catalyst due to alkene coordination may have an important
impact on the reaction rate, because the high stability of 2(0-II)


results in a low concentration of free 1(0-II) in the pre-
equilibrium 1(0-II) � ethylene> 2(0-II) .


As a product of the exothermic (DE�ÿ141.8 kJ molÿ1)
and, therefore, presumably irreversible oxidative addition
reaction, a square-planar palladium(ii) complex 4(0-II) is
formed. Due to the strong trans influence of the phenyl
ligand, the PdÿP bond trans to the PdÿC bond becomes longer
in comparison with 1(0-II) (PdÿP 2.515 �), while the length of
the other PdÿP bond is almost unchanged (PdÿP 2.411 �).
Our calculated PdÿCPh bond length of 2.035 � corresponds to
a palladium ± carbon single bond. (For the carbene system a
value of 2.06 � has been reported.[35])


Table 1. Relative energies [in kJ molÿ1] for the Pd0/PdII mechanism.


Structure DE[a] DE[b] DE[c] DE[d] DG(298 K)[a] DH(298 K)[a]


1(0-II) � PhI � C2H4 0.0 0.0 0.0 0.0 0.0 0.0
2(0-II) � PhI ÿ 106.8 ÿ 97.0 ÿ 104.1 ÿ 115.2 ÿ 57.0 ÿ 101.7
3(0-II) � C2H4 ÿ 46.3 ÿ 30.7 ÿ 31.5 ÿ 50.6 ÿ 1.4 ÿ 43.4
TS-3-4(0-II) � C2H4 ÿ 36.5 ÿ 17.7 ÿ 15.8 ÿ 34.2 8.4 ÿ 35.8
4(0-II) � C2H4 ÿ 154.7 ÿ 126.3 ÿ 141.8 ÿ 142.1 ÿ 105.1 ÿ 147.6


The following energies are relative to 5(0-II) .
5(0-II) 0.0 0.0 0.0 0.0 0.0 0.0
TS-5-6(0-II) 27.8 34.0 37.9 29.2 33.1 24.6
6(0-II) ÿ 78.7 ÿ 76.9 ÿ 62.0 ÿ 90.4 ÿ 65.4 ÿ 74.5
TS-6-7(0-II) ÿ 36.2 ÿ 38.4 ÿ 21.0 ÿ 42.2 ÿ 30.2 ÿ 37.6
7(0-II) ÿ 51.7 ÿ 57.4 ÿ 47.6 ÿ 63.8 ÿ 46.1 ÿ 52.8
TS-7-8(0-II) ÿ 30.7 ÿ 40.7 ÿ 32.3 ÿ 43.9 ÿ 32.2 ÿ 40.6
8(0-II) ÿ 43.4 ÿ 50.1 ÿ 41.2 ÿ 45.8 ÿ 44.2 ÿ 47.9
9(0-II) � styrene 94.6 79.3 88.6 96.9 40.6 83.5


[a] B3LYP/lanl2dz. [b] B3LYP/lanl2dz�p//B3LYP/lanl2dz. [c] B3LYP/Blarge//
B3LYP/lanl2dz. [d] mPW1PW91/lanl2dz�p//B3LYP/lanl2dz.


Table 2. Relative energies [in kJ molÿ1] for the PdII/PdIV mechanism. As origin of
the energy scale we chose 1(II-IV) � PhI � ethylene.


Structure DE[a] DE[b] DE[c] DE[d] DG(298 K)[a] DH(298 K)[a]


1(II-IV) � C2H4 � PhI 0.0 0.0 0.0 0.0 0.0 0.0
3(II-IV) � C2H4 ÿ 81.7 ÿ 76.0 ÿ 69.5 ÿ 93.0 ÿ 2.4 ÿ 51.9
TS-3-4(II-IV) � C2H4 38.9 67.5 70.8 56.9 92.3 39.1
4a(II-IV) � C2H4 19.4 49.1 47.0 37.6 70.3 22.1
4c(II-IV) � C2H4 34.9 67.6 71.1 58.7 79.2 36.8
4d(II-IV) � C2H4 41.6 59.9 57.3 44.2 95.2 45.4


2(II-IV) � PhI ÿ 109.7 ÿ 99.6 ÿ 88.0 ÿ 116.0 ÿ 58.3 ÿ 103.3
3a(II-IV) ÿ 80.8 ÿ 64.4 ÿ 47.8 ÿ 85.4 8.3 ÿ 70.5
TS-3 a-5(II-IV) 44.0 66.4 84.0 39.8 146.0 50.9
5a(II-IV) 0.3 28.8 35.8 3.6 102.9 10.3
5b(II-IV) 2.9 22.9 24.8 ÿ 16.0 116.3 15.7
5c(II-IV) 6.5 37.8 48.3 7.4 114.0 17.0
5d(II-IV) ÿ 32.3 ÿ 6.3 0.9 ÿ 43.8 79.8 ÿ 19.7


TS-5-6(II-IV) ÿ 9.5 25.3 35.8 ÿ 15.8 105.5 0.4
6(II-IV) ÿ 130.1 ÿ 102.0 ÿ 81.2 ÿ 150.5 ÿ 7.9 ÿ 114.0
TS-6-7(II-IV) ÿ 86.3 ÿ 65.8 ÿ 50.3 ÿ 103.8 29.9 ÿ 75.2
7(II-IV) ÿ 105.0 ÿ 82.4 ÿ 70.3 ÿ 122.9 5.2 ÿ 93.5
TS-7-8(II-IV) ÿ 90.5 ÿ 69.5 ÿ 56.8 ÿ 109.4 15.0 ÿ 88.7
8(II-IV) ÿ 113.8 ÿ 90.3 ÿ 76.4 ÿ 119.7 ÿ 8.8 ÿ 106.3
9(II-IV) � styrene 28.5 33.6 31.6 22.3 70.6 28.4


[a] B3LYP/lanl2dz. [b] B3LYP/lanl2dz�p//B3LYP/lanl2dz. [c] B3LYP/Blarge//B3LYP/
lanl2dz. [d] mPW1PW91/lanl2dz� p//B3LYP/lanl2dz.
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In order to initiate the CÿC coupling reaction, an alkene
has to coordinate in a position cis to the phenyl ligand.
Because the palladium(ii) complex is coordinatively saturated,
an axial coordination is impossible. Therefore, previous ligand
dissociation is necessary to provide a vacant coordination site.
We verified this by performing optimisations on several
pentacoordinated species (with ethylene as the fifth ligand).
None of our attempts led to a minimum with a pentacoordi-
nated palladium centre; the energy surface was rather found
to be dissociative with respect to the loss of one ligand.


For our model calculations we chose to replace the iodo
ligand by the alkeneÐforming a cationic complexÐto allow a
comparison with the reaction steps in the PdII/PdIV system,
which also bears a positive charge. In principle, phosphine
detachment could also be considered, but since the dissoci-
ation into ions is strongly solvent dependent, a decision on
whether PdÿI or PdÿP cleavage is more facile lies beyond the
scope of this computational study. However, we note that
reference [35] favours Iÿ cleavage over PdÿP cleavage; this
buttresses our decision to consider exclusively the path
following Iÿ release. This reaction path should likewise be
favoured by a polar solvent. The replacement of Iÿ with
ethylene has only minor influence on the other bond lengths
(PdÿP 2.535 and 2.389 � respectively), an indication that Iÿ


and C2H4 have a comparable trans influence.
For the PdII/PdIV pathway the mechanism of the oxidative


addition step is much less straightforward to derive. There are
two possibilities: a) complex 1(II±IV) reacts analogously to 1(0±II)


but involves the formation of a pentacoordinate intermediate
or b) the alkene coordinates in the first step and oxidative
addition occurs afterwards. Both pathways lead to a octahe-
dral PdIV complex as depicted in Scheme 4.


Scheme 4. Alternate pathways for the oxidative addition step.


For this study we took both pathways into account and
calculated the relevant stationary points for both reactions. If
the oxidative addition is assumed to be the first step of the
formation of the octahedral complex, 3(II-IV) is determined as a
probable entry complex (for a perspective view of the
molecular structure see Figure 2). This structure can be
understood as a distorted h2 complex of the Pd centre with
the C2ÿC3 bond of the phenyl ring (PdÿC2� 2.432 �, PdÿC3�
2.639 �).


Upon CÿI bond cleavage four isomers are possible
(permutations of the phenyl ligand and the vacant coordina-
tion site). Three of them are depicted in Figure 4 (top row).


Figure 4. Perspective view of the three stable isomers of [Pd(dpe)I2Ph]�


(top) and the four isomers of [Pd(dpe)(C2H4)I2Ph]� (middle) in comparison
with the oxidative addition product of the Pd0 complex (bottom). For the
relative stabilities of these structures see Table 2.


The fourth one with the phenyl ligand in the axial position and
the vacant coordination site in an equatorial position is not a
minimum. Instead, a barrierless rearrangement to 4 a(II-IV), the
most stable isomer, occurs. The stability ordering of the
structures (i.e. , 4 a(II-IV)> 4 c(II-IV)> 4 d(II-IV)) can be rationalised
in terms of the trans influence of the ligand in trans position of
the vacant site in each case; this is expected to be largest for
phenyl and smallest for the phosphine ligand. All of the
intermediates are unstable toward dissociation into the
reactants (1(II-IV) � IÿPh). The corresponding transition states
are found very late on the reaction coordinate of the oxidative
addition reaction. Apart from energetic considerations, this
can also be verified by comparison of the structural param-
eters of TS-3-4(II-IV) and 4 c(II-IV) (see Table 3), which are very
similar. Reductive elimination of IÿPh from 4d(II-IV) 4c(II-IV) is a
fast process, making the existence of this intermediate
questionable.


Table 3. Optimised structural data [in �] for the stationary points of the
oxidative addition of PhÿI (at the B3LYP/lanl2dz level).


Structure PdÿP PdÿI PdÿC CÿI


TS-3-4(0-II) 2.467, 2.602 2.949 2.128 2.330
3(0-II) 2.411, 2.515 2.685 2.035 3.378
TS-3-4(II-IV) 2.463, 2.531 2.702 2.094 3.113
4c(II-IV) 2.454, 2.599 2.646 2.068 3.472
TS-3 a-5(II-IV) 2.408, 2.913 2.755 2.316 2.622
5d(II-IV) 2.382, 2.587 2.780 2.171 3.720
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According to our calculations, the mechanism that involves
2(II-IV) seems to be a more realistic alternative. Complex 2(II-IV)


is able to form complex 3 a(II-IV) (see Figure 2), in which IÿPh is
coordinated through a PdÿI interaction (PdÿI� 2.846 �).
Due to phosphine detachment (PdÿP� 2.433 � and 3.140 �,
respectively) the palladium coordination remains square
planar (as one would expect for a d8 complex). Because the
PdÿP bond is stronger than the PdÿI bond to the phenyl
bound iodine, this coordination reaction is endoenergetic by
40.2 kJ molÿ1.


The entry complex 3 a(II-IV) is connected to a transition state
for CÿI bond cleavage TS-3 a-5(II-IV) (see Figure 3); this leads
to an hexacoordinate intermediate with the two iodo ligands
in the axial positions. In the course of the oxidative addition
via a three-centred (Pd-I-C) transition state, the phosphine
attaches simultaneously to the palladium centre. For the
transition state a PÿPd bond length of 2.913 � is found for this
phosphine group; for the other one the bond length is much
shorter (2.408 �). The intermediate structure 5 a(II-IV) has
more symmetrical PdÿP bond lengths of 2.587 � and 2.382 �,
respectively. This difference is comparable to 5(0-II) and can be
explained by the trans influence of the ethylene and the
phenyl ligand. Interestingly, the PdÿI bond length does not
change greatly in the course of the oxidative addition. In-
stead, the PdÿC bond length decreases significantly on
going from TS-3 a-5(II-IV) to 5d(II-IV), which is in contrast to
the Pd0/PdII mechanism in which both the PdÿI and the
PdÿC bond lengths become significantly smaller upon the CÿI
bond cleavage. This finding can be attributed to the
more polar character of the transition state in the PdII/PdIV


reaction.
Our calculations give evidence that the oxidative addition


step in the PdII/PdIV catalytic cycle is preceded by an
additional, simultaneous change in the coordination number
of the palladium centre. This finding is supported by
experimental and theoretical results for the reductive elimi-
nation reaction (the ªreverse counterpartº of the oxidative
addition) from PtIV complexes[42, 43] or RhIII complexes.[44, 45]


For this reaction, ligand dissociation (reducing the coordina-
tion number to five) was found to be favoured prior to the
reductive elimination. Because of the importance of inter-
mediate ligand detachment, we expect that this reaction step
is promoted by a bidentate ligand with one weakly coordinat-
ing group, which allows facile change of the coordination
number. In contrast, the oxidative addition is the rate-
determining step for the PdII/PdIV mechanism (possibly in
competition with the final dissociation step, depending on the
solvent), while it is fast in the case of the Pd0/PdII pathway.


Once a hexacoordinate PdIV species is formed, the Heck
reaction can proceed. For the sake of completeness, we
optimised the structures of all four possible isomers. The
relative stability of the complexes decreases in the order
5 d(II-IV)> 5 a(II-IV)> 5 b(II-IV)> 5 c(II-IV) . Thus, the most stable
isomer (5 d(II-IV)) with the phenyl ligand and the alkene
occupying equatorial positions is the one resulting from our
proposed oxidative addition pathway. With the intermediates
5 d(II-IV) and 5(0-II) being qualitatively very similar for all further
steps of the catalytic cycle, equivalent stationary points have
to be expected.


The alkene insertion step : In order to be able to compare the
two reaction pathways, we chose the qualitatively equivalent
intermediates 5(0-II) and 5 d(II-IV) as the origin of our energy
scale for the discussion of all subsequent reaction steps. An
energy profile of these reaction steps is depicted in Figure 5.


Figure 5. The calculated relative energies reveal that the energy hyper-
surfaces for the two alternative reaction mechanisms are essentially parallel
(Energies are given relative to 5(0-II) and 5d(II-IV) , respectively). *: DE(Pd0/
PdII);� : DG298 K(Pd0/PdII);� : DE(PdII/PdIV); &: DG298 K(PdII/PdIV). For the
exact energetic data see Tables 1 and 2. A perspective view of the
corresponding molecular structures is given in Figure 6.


Starting from 5(0-II) the ethylene can insert into the PdÿCar


bond. This reaction proceeds via a four-centred transition
state TS-5-6(0-II) , which involves the breaking of the PdÿCb and
PdÿCar bonds and the concerted CbÿCar bond formation (see
Figure 6). The most pronounced structural changes in com-
parison with 5(0-II) are the shortening of the PdÿCa bond by
0.232 � (an indication of the formation of a PdÿC s bond) and
the reduced CbÿCar distance accompanied by a bending of the
phenyl ring by approximately 308 (due to the CÿC bond
formation). Our calculated barrier height of 37.9 kJ molÿ1 is
very similar to the value found for the system with carbene
ligands (34.3 kJ molÿ1),[35] indicating that the choice of the
ligand system has only a minor effect on this reaction step.
Activation energies of comparable magnitude have been
calculated for ethylene insertions into transition-metal ±
methyl bonds (for a collection of computed data on this topic
the reader is referred to a recent review by Niu and Hall[46]).


Through the ethylene insertion, the alkyl complex 6(0-II) is
formed as an intermediate. This structure is stabilised owing
to an intramolecular interaction of the vacant coordination
site of the PdII centre and the p system of the phenyl ring. The
palladium carbon bond lengths PdÿCipso� 2.374, PdÿCortho�
2.667, and PdÿC'ortho� 3.052 � may be interpreted as a
distorted h2 interaction. Albert et al. found a similar arrange-
ment, although in their system the h2 interaction is more
symmetric (PdÿCipso� 2.48 and PdÿCortho� 2.55 �).[35] Com-
plex 6(0-II) was calculated to be 62.0 kJ molÿ1 more stable than
the ethylene complex 5(0-II) ; this is comparable to an exother-
micity of 64.4 kJ molÿ1 found in the case of the carbene
stabilised system.[35]
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Figure 6. Perspective view of all stationary points involved in the
conversion of 5(0-II) and 5(II-IV) into the product complexes 8(0-II) and 8(II-IV) .
For selected structural parameters see Table 4 or in the text. The complete
set of Cartesian coordinates for all stationary points is available as
supplementary material.


For the PdII/PdIV mechanism, ethylene insertion also
proceeds via a four-centred transition state. According to
our calculations this reaction requires an activation energy of
34.9 kJ molÿ1, which is similar to the value found for the Pd0/
PdII system. An inspection of the graphical representation
given in Figure 6 reveals the qualitative equivalence of TS-5-
6(0-II) and TS-5-6(II-IV) . This equivalence is also found in the
calculated structural parameters (see Table 4).


In principle, the insertion could occur from all three isomers
with the phenyl and the alkene ligand in cis position.
According to our calculations, the corresponding activation
barriers for the alkene insertion starting from 5 b(II-IV) , 5 c(II-IV)


and 5 d(II-IV) are all very similar (See Table 2). Because 5 d(II-IV)


was found to be the most stable isomer and connected to a
possible entry channel, we concentrated on the catalytic cycle
involving this isomer.


The corresponding product of the alkene insertion reaction
6(II-IV) is again stabilised by an interaction between the
palladium centre and the phenyl ring. (At first sight, 6(II-IV)


would appear to be an h2 complex, but the computed Wiberg
bond indices[47] show no sign of appreciable bonding to the
second ring carbon.) In contrast to 6(0-II) , the h2 interaction is
much more asymmetric, favouring a short PdÿCortho bond
(PdÿCipso� 2.855, PdÿCortho� 2.441 �). This can be rational-
ised by the repulsive interaction between the aryl hydrogen
atoms and the iodo ligands, which is minimised due to the
distortion. Because this repulsion is operative in 5 d(II-IV) and
TS-5-6(II-IV) , the relative stabilisation of 6(II-IV) is larger than for
6(0-II) (DE�ÿ82.1 kJ molÿ1). This is also witnessed by the
increase of the I-Pd-I angle from 165.68 in 5 d(II-IV) to 172.38 in
6(0-II) .


The b-hydride elimination : In order to release the desired
product of the Heck reaction (i.e., styrene in the case of our
model) a b-hydride elimination is necessary (see Scheme 2).
For the reaction the PdÿCa and the corresponding CbÿH bond
have to be in cis position. This can be achieved by a rotation of
the coordinated alkane around the CaÿCb bond involving the
transition state TS-6-7(0-II) . Because in TS-6-7(0-II) the inter-
action of the palladium atom with the phenyl ring is no longer
stabilising the system, this rotation requires an activation
energy of 41.0 kJ molÿ1. More than half of it (26.6 kJ molÿ1) is
released upon the formation of a b-agostic complex 7(0-II)


(which is therefore 14.4 kJ molÿ1 less stable than 6(0-II)). Due
to the agostic interaction, the CbÿH bond becomes weaker
(e.g., the CÿH bond length for the interacting bond is found
0.1 � larger than for the noninteracting one). Thus, facile
cleavage of the CÿH bond is possible. The calculated
activation barrier for the b-hydride elimination is only
15.3 kJ molÿ1 (relative to 7(0-II)): the transition state TS-7-8(0-


II) is even slightly lower in energy than TS-6-7(0-II) . This finding
reveals that the major part of the barrier for the b-hydride
elimination step results from breaking the PdÿCPh bond. Due
to this intramolecular stabilisation of 6(0-II) the elimination
step leading to the product complex 8(0-II) is endoenergetic by
20.8 kJ molÿ1. The overall insertion/elimination reaction is
exoenergetic by 41.2 kJ molÿ1; for the carbene stabilised
system 37.2 kJ molÿ1 have been reported. A comparison with


Table 4. Selected structural data [in �] for some stationary points of the
insertion/elimination pathway (optimised at the B3LYP/lanl2dz level).


Structure PdÿP PdÿCPh PdÿCa PdÿCb


5(0-II) 2.389, 2.535 2.074 2.389 2.406
5a(II-IV) 2.460, 2.461 2.114 2.974 3.034
5b(II-IV) 2.388, 2.478 2.175 2.484 2.442
5c(II-IV) 2.483, 2.597 2.136 2.570 2.568
5d(II-IV) 2.382, 2.587 2.171 2.455 2.444
TS-5-6(0-II) 2.456, 2.483 2.143 2.157 2.468
TS-5-6(II-IV) 2.476, 2.496 2.237 2.212 2.535


PdÿP PdÿH PdÿCa PdÿCb


7(0-II) 2.385, 2.499 1.909 2.078 2.435
7(II-IV) 2.381, 2.542 2.056 2.135 2.549
TS-7-8(0-II) 2.430, 2.467 1.614 2.167 2.455
TS-7-8(II-IV) 2.473, 2.481 1.644 2.198 2.548
8(0-II) 2.396, 2.549 1.556 2.281 2.447
8(II-IV) 2.425, 2.566 1.552 2.266 2.839
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the results obtained by Albert et al.[35] reveals that the barriers
involved in the insertion and the subsequent b-hydride
elimination differ only slightly between a carbene- and a
phosphine-stabilised palladium centre.


Compounds 8(0-II) and 7(0-II) are found to have almost the
same energy, that is, the barrier between the isomers is small,
and the following step has a high barrier. Therefore one can
expect a considerable lifetime of the system in conformation 7.
Hence our results support a mechanism proposed by Deeth
et al. ,[48] who considered a direct abstraction of the agostic
proton (in 7(0-II)) by the auxiliary base present in the reaction
mixture without formation of the palladium hydride species
8(0-II) . According to our calculations, the b-hydride elimination
is reversible and an intermolecular reaction of 7(0-II) cannot be
ruled out.


Also in the course of the PdII/PdIV reaction the bond
between the palladium atom and the phenyl ring has to be
broken to bring the b-hydrogen atom into an appropriate
position for the elimination step. Again, the transition state
for this rotation TS-6-7(II-IV) is higher than the transition state
for the b-hydride elimination TS-7-8(II-IV) itself (the rotation
requires 30.9 kJ molÿ1, the elimination 13.5 kJ molÿ1 relative
to the corresponding intermediates). Because the rotation
involves a large amplitude motion of the alkyl ligand (first the
PdÿCÿC angle has to become larger, then the 1208 rotation
around the CÿC bond occurs and finally the Pd-C-C angle
becomes smaller again) the potential energy hypersurface in
this region is very flat, which makes the calculation of an
intrinsic reaction coordinate difficult (i.e., a small step size is
required). Nevertheless, we could verify that TS-6-7(II-IV)


connects 6(II-IV) with a b-H-agostic intermediate 7(II-IV) on the
energy hypersurface. As in the Pd0/PdII mechanism 7(II-IV)


precedes the b-hydride elimination step. Because of the
higher electrophilicity of the PdIV centre, the elimination step
is even more facile than for the Pd0/PdII pathway. Overall, the
insertion/elimination step starting from 5d(II-IV) is exothermic
by 75.5 kJ molÿ1.


In the product complex 8(II-IV) the styrene is bound very
asymmetrically. The palladium atom interacts with one
carbon atom of the styrene molecule only (PdÿCa� 2.266,
PdÿCb� 2.839 �). To elucidate the reason for this distortion,
we performed additional calculations on a system in which the
coordinating styrene is replaced by ethylene. Since this
complex is found to be symmetric (PdÿCa� 2.369, PdÿCb�
2.420 �), we assume that the distortion is caused by the
repulsive interaction between the phenyl group and one of the
axial iodo ligands. This interaction also results in systemati-
cally longer PdÿCb bond lengths for the PdII/PdIV reaction
relative to the Pd0/PdII reaction, while the PdÿCa bond lengths
are almost equal (see Table 4).


In 8(0-II) as well as in 8(II-IV), the styrene molecule forms a
stable complex with the palladium centre. The dissociation
into free styrene and the corresponding complex fragments
(9(0-II) and 9(II-IV)) is calculated to be strongly endothermic;
according to the reaction 8(0-II)! styrene � 9(0-II) , the disso-
ciation energy is 129.8 kJ molÿ1 (108.0 kJ molÿ1 for the PdII/
PdIV pathway). Because the alkene dissociation is more facile
from 2(0-II) and 2(II-IV) (104.1 and 88.0 kJ molÿ1, respectively) we
assume that, at least in the gas phase, the reduction of the


transition metal (probably by an intermolecular proton
abstraction step involving the auxiliary base) is necessary
prior to the styrene release. (This may not be the case in a
polar solvent.)


Conclusion


A computational study on the Heck reaction by using density
functional theory has been performed. Our results obtained at
the B3LYP/Blarge//B3LYP/lanl2dz level of theory can be
summarised as follows:


1) The ethylene insertion and the b-H-elimination step
require only small activation energies. Therefore, these
steps have only minor importance for the overall
reaction rate of the catalytic reaction. This holds true
for the Pd0/PdII as well as the PdII/PdIV pathway.


2) The hypothetical PdII/PdIV mechanism and the usual
Pd0/PdII mechanism for the Heck reaction involve qualita-
tively similar stationary points. In the PdII/PdIV case, the
reaction takes place in the equatorial plane of an octahedral
PdIV complex.


3) The PdII/PdIV mechanism has no intermediate dissocia-
tion step to provide a vacant coordination site for b-H-
elimination.


According to our calculations, the dissociation steps
necessary to provide vacant coordination sites (i.e. , alkene
dissociation from 2(0-II) and 8(0-II) and the iodide dissociation
from 4(0-II)) are likely to be rate-determining for the Pd0/PdII


mechanism. For the PdII/PdIV mechanism the oxidative
addition of IÿPh is the step with the highest activation
barrier. Because the oxidative addition occurs from a complex
with a tetracoordinate palladium atom, a chelating ligand with
one weak donor atom may reduce the activation barrier for
this step. A study regarding this point is presently in progress
in our laboratory.
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Electrochemical Oxidation of s-Complex-Type Intermediates in Aromatic
Nucleophilic Substitutions


Gilles Moutiers,[a] Jean Pinson,[b] François Terrier,*[a] and ReÂgis Goumont[a]


Abstract: A series of s-adducts
(1 Hÿ. . .7 Hÿ) derived from the addition
of 2-nitropropenide ion to various nitro-
benzofuroxans and nitrobenzofurazans
have been oxidized electrochemically.
The results show that the rearomatiza-
tion of the carbocyclic ring of these
adducts as well as that of a few addi-
tional 4,6-dinitrobenzofuroxan adducts
(8 Hÿa ± c) is associated with much high-
er oxidation potentials than found for
the same process in the dinitro- and


trinitrobenzene series. Especially high
E8 values are measured for the oxidation
of the 2-nitropropenide 4,6-dinitro- and
4-nitro-6-trifluoromethylsulfonylbenzo-
furoxan adducts 1 Hÿ and 4 Hÿ in aceto-
nitrile: E8(1 Hÿ)� 1.15 V versus SCE;


E8(4 Hÿ)� 1.33 V versus SCE. These
values fit well with the available evi-
dence that the chemical oxidation of
these adducts requires the use of very
strong oxidizing agents to proceed effi-
ciently. The mechanism for the oxida-
tion process has been established. It is
shown to involve transfer of two elec-
trons and liberation of one proton per
s-complex precursor with no evidence
whatsoever for the intermediacy of
radical anionic species.


Keywords: aromatic substitution ´
cyclic voltammetry ´ electrochemis-
try ´ Meisenheimer complexes ´
s-adducts


Introduction


Nucleophilic substitution of a nuclear hydrogen atom of an
electron-deficient aromatic group by an addition ± elimination
SNAr mechanism is not a common process, since the hydride
anion is a very poor leaving group.[1±3] However, reactions in
which an aromatic hydrogen atom is replaced by a nucleophile
are known. Like the common SNAr reactions, they generally
occur by initial addition of the nucleophile to the ring, with
formation of s-complex-type intermediates.[1] These subse-
quently decompose through various pathways, which formally
leads to nucleophilic aromatic substitution of hydrogen in the
aromatic ring, as exemplified in Equation (1) for a nitroarene
system.[1±4]


In this respect, two major strategies have been developed.
A first efficient and elegant approach is the so-called vicarious
nucleophilic aromatic pathway, which was developed by
Makosza and extensively investigated in the case of carba-
nionic nucleophiles [Eq. (2)].[5±9] Several examples of this
reaction with nitrogen and oxygen nucleophiles have also
been reported.[3, 10±12] In these instances, however, the rear-


omatization of the s-complex intermediate occurs by a base-
induced b-elimination of a nucleofugal group which must be
present at the reactive center in the incoming nucleophile
[Eq. (2)]. A second and more general strategy involves a
chemical oxidation of the intermediate s complex through
formal displacement of Hÿ.[1±4] This oxidative approach has
proved to be useful for the functionalization of some nitro-
arenes as well as some nitroactivated heterocycles like nitro-
pyridines, nitropyrimidines, or nitronaphthyridines.[1±4, 13±17]


Nitro-substituted 2,1,3-benzoxadiazoles and related 1-ox-
idesÐcommonly referred to as nitrobenzofurazans and nitro-
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benzofuroxans, respectivelyÐare 10p-electron heteroaromat-
ic substrates which exhibit a considerably higher electrophilic
character than electron-deficient aromatic compounds or
heteroaromatic compounds
like 1,3,5-trinitrobenzene or
3,5-dinitropyridine.[1] The 4,6-
dinitro derivatives DNBF and
DNBZ [Eq. (3)] have been
thoroughly investigated be-
cause they undergo a facile
coupling with many nucleo-
philes, including very weak
neutral carbon nucleophiles
such as enols, anilines, indoles, and thiophenes to afford very
stable s complexes.[18±21]


While the ease of formation and the high thermodynamic
stability of s-adducts of DNBF and DNBZ have led to
numerous biological and analytical applications,[20±24] they
have so far been of much less interest for synthetic purposes
owing to the failure in converting efficiently most of these
complexes into the corresponding substituted products
[Eq. (3)].[9, 25, 26] A possible explanation for this failure was
that the rearomatization of the s adducts is associated with
particularly high oxidative potentials as compared with those
known to govern the oxidation of s adducts in the benzene
series, for example E8� 0.80 V for the TNB adducts.[27, 28]


This idea led us to investigate the electrochemical oxidation
of s-adducts 1 Hÿ to 8 Hÿ (Scheme 1). We have measured the
oxidation potentials of these adducts, and in some instances
their standard potential. These actually appear as the highest
so far reported for the oxidation of s adducts, accounting very
well for the difficulty to achieve the process with mild or
moderately strong chemical oxidants.[29] The mechanism
leading to the rearomatized products has been established.


Results


The cyclic voltammograms of compounds 1 Hÿ to 8 Hÿa ± c
were examined by cyclic voltammetry. In dimethyl sulfoxide
(DMSO � 0.1m NBu4BF4) and acetonitrile (CH3CN � 0.1m
NBu4BF4) at low scan rates (0.2 V sÿ1), all compounds are
characterized by a well-defined irreversible oxidation wave
(Ia) (Figure 1). The peak potentials of these waves are given
in Table 1. As expected, the two adducts 2 Hÿ and 3 Hÿ


derived from the parent 4-nitrobenzofuroxan and 4-nitro-
benzofurazan are more readily oxidized than the adduct 1 Hÿ


derived from 4,6-dinitrobenzofuroxan, the increasing number
of electron-withdrawing nitro groups making the removal of
an electron more and more difficult. A noteworthy result is
that the 4-nitro-6-trifluoromethylsulfonyl adduct is about
300 mV more reluctant to oxidation than 1 Hÿ, pointing out
that in this instance the SO2CF3 group is a more powerful
electron-withdrawing group than a nitro group. We have
checked that the use of superdry conditions, as well as the
addition of a base (addition of a 900-fold excess of 2,4,6-
collidine to 5 Hÿ) or of an acid (addition of a 0.17 molar ratio
of trifluoroacetic acid to 1 Hÿ) do not change the oxidation
wave. On the reverse scan a reduction peak (IIc) can be


observed provided that the oxidation peak has been scanned
beforehand. As will be demonstrated later, this peak corre-
sponds to the reduction of the oxidized product.


Scheme 1. The series of 2-nitropropenide adducts discussed in this study.
They were chosen because they can be readily isolated as pure crystalline
alkali metal salts.[29]
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Figure 1. Cyclic voltammetry on a glassy carbon electrode at v� 0.2 Vsÿ1,
reference SCE of a) 1 Hÿ, b) 2Hÿ, c) 3 Hÿ, d) 4Hÿ, e) 5 Hÿ, f) 6Hÿ,
g) 8aHÿ. Solvents: a), d), e) CH3CN � 0.1m NBu4BF4; b), c), f), g) DMSO
� 0.1m NBu4BF4.


Increasing the scan rate (n) shifts the anodic peak Ia to
positive potentials by 30 mV per log v in DMSO (1 Hÿ, 2 Hÿ,
5 Hÿ, 6 Hÿ, 8 Hÿ) as well as in CH3CN (1 Hÿ, 2 Hÿ) indicating
that a first-order reaction occurs following the electron
transfer.[30] For 1 Hÿ, 6 Hÿ, 8 Hÿa in DMSO the oxidation


wave remains irreversible up to high scan rates, but for 1 Hÿ in
CH3CN and 5 Hÿ in DMSO the reversibility can be observed
(Figure 2). Then, the standard potential can be obtained as the


Figure 2. Cyclic voltammetry on a glassy carbon electrode (reference
SCE) of a) 1 Hÿ in CH3CN� 0.1m NBu4BF4 at v� 1000 Vsÿ1 and b) 5 Hÿ in
DMSO � 0.1m NBu4BF4 at v� 100 V sÿ1


midpoint of the cathodic Ic and anodic Ia peaks: E8��1.15 V
for 1 Hÿ in CH3CN and E8��0.99 V for 5 Hÿ in DMSO
(these and all other potentials given herein were recorded
against that of the saturated calomel electrode (SCE)). For
these last two compounds, it is also possible[28] to derive the
rate constant of the first-order process following the electron
transfer from the Ep/log v plot: 130 sÿ1 for 1 Hÿ and �40 sÿ1


for 5 Hÿ.
The oxidation of 1 Hÿ and 5 Hÿ was also examined by


spectroelectrochemistry,[31] a technique which permits to
record UV/Vis spectra of the solution close to the electrode
while the potential is scanned. This method has been recently
improved by the use of gold ± LIGA structures (honeycombed
microstructures with well-defined hexagonal holes in the
range of a few micrometers). These electrodes decrease the
time scale of the measurement and permit the detection of
intermediates with lifetimes down to a few milliseconds.[31b]


Figure 3 shows the spectrum recorded starting from 1 Hÿ (in
ACN � 0.1m NBu4BF4) and scanning the potential of the
electrode from 0.8 to 1.5 Vat 0.2 V sÿ1. At the beginning of the
experiment, one observes the spectrum of 1 Hÿ (lmax�
478 nm). Upon scanning the potential, this spectrum disap-
pears at the expense of a new spectrum (lmax� 403 nm) which


Table 1. Cyclic voltammetry[a] of compounds 1Hÿ to 8Hÿ.


Compound DMSO � 0.1m NBu4BF4 CH3CN � 0.1m NBu4BF4


EpIa
[b] EpIIc


[b] EpIa
[b] EpIIc


[b]


1Hÿ[c] � 1.04 ÿ 0.16 � 1.16 ÿ 0.14
2Hÿ � 0.63 ÿ 0.43 � 0.59 ÿ 0.46
3Hÿ � 0.55 ÿ 0.44 � 0.48 ÿ 0.49
4Hÿ � 1.31 � 0.10 � 1.33 ÿ 0.0 2
5Hÿ � 0.95 ÿ 0.22 � 0.94 ÿ 0.55
6Hÿ � 0.96 ÿ 0.16 � 0.96 ÿ 0.20
7Hÿ � 0.84 ÿ 0.36 � 0.91 ÿ 0.30
8Hÿa[d] � 1.10 ÿ 0.25 � 1.16 ÿ 0.20
8Hÿb[d] ± ± � 1.06 ÿ 0.1
8Hÿc[d] ± ± � 0.82 ÿ 0.16


[a] On a glassy carbon electrode. [b] Ep in V versus SCE. [c] E8� 1.17 V for
1Hÿ in acetone. [d] On a Pt electrode.
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Figure 3. Spectrocyclovoltamogram of 1Hÿ in CH3CN � 0.1m NBu4BF4.
Potential scanned from 0.8 to 1.5 V versus SCE at 0.2 V sÿ1; 60 spectra were
recorded during the scan.


corresponds to the final product 1. No intermediate com-
pound can be detected. A similar observation can be made
starting from 5 Hÿ, (lmax� 374 nm) but in this case, the final
product cannot be detected, its absorbance being beyond the
limit of the xenon lamp of the spectrometer. To decrease the
time scale of the experiment, in the hope of observing an
intermediate, the electrode was subjected to a potential step
from 0.8 to 1.5 V and a spectrum was recorded every 8.5 ms
after the step; again no intermediate could be detected.


The number of electrons involved in the oxidation of the
above compounds was measured by coulometry in DMSO �
0.1m LiClO4 while following the consumption of the starting
material by NMR spectroscopy. In this way we obtained
values of 2.05, 2.50, and 2.28 Fmolÿ1 for 1 Hÿ, 5 Hÿ, and 6 Hÿ,
respectively, indicating a bielectronic transfer.[57] The nature
of the final compounds was ascertained by analysis of the 1H
and 13C NMR spectra recorded at different stages of the
reactions during a coulometric experiment in DMSO � 0.1m
LiClO4


ÿ. In the case of the 4,6-dinitro, 4-CF3-6-nitro, and
4-CN-6-nitro systems, the final substitution products 1, 5, and
6 (see Scheme 1) were identified as a mixture of two isomers,
owing to the occurrence of a Boulton ± Katritzky rearrange-
ment.[23, 33±35] This rearrangement which is exemplified in
Equation (4) is known to be typical of nitrobenzofuroxans. In


these instances, no other product could be identified in
significant amount and the overall yield of the two isomers of
1, 5, and 6 was 100, 96, and 83 %, respectively. A preparative
electrolysis of 1 Hÿ was performed in CH3CN � 0.1m
NBu4BF4, and the resulting products were purified by
chromatography. In this instance, the overall yield of the
two isomers 1 a and 1 b was 60 % for a 1 a/1 b ratio of 1.2.


A voltammogram recorded in the cell at the end of the
electrolysis in CH3CN� 0.1m NBu4BF4 (but also in DMSO�
0.1m LiCLO4) showed the disappearance of the oxidation
peak Ia of 1 Hÿ and the concomitant appearance of a new and
large peak at EpIIc�ÿ0.14 V. Evidently, this peak corresponds
to the mixture of the two isomers 1 a and 1 b observed by
NMR spectroscopy. In the same way, the reduction peak IIc of
6 and 3 could be observed at ÿ0.20 and ÿ0.48 V, respectively,
at the end of the electrolysis of 6 Hÿ and 3 Hÿ in DMSO. As a
comparison, the parent benzofuroxans of the adducts 1 Hÿ


and 2 Hÿ are reduced irreversibly in CH3CN at ÿ0.09 and
ÿ0.50 V versus SCE, respectively. In CH3CN, for 1 Hÿ as well
as 6 Hÿ, an oxidation peak (Epa��0.55 V) located at the
same potential as that of nitrite ions is observed in the
electrolysis solution. Since, we have checked (by UV spectro-
scopy) that 1 Hÿ is stable in this solvent, nitrite ions must be
produced by decomposition of the final compound. If nitrite
ions were produced during the electrolysis, due to their
oxidation potential lower than that of 1 Hÿ, they would be
oxidized to nitrates which do not present any voltammetric
signal in this potential range. We have also investigated the
possible formation of the 2-nitropropenide anion (E8�
0.08 V) during the electrolysis, but we could not find any.


Since the oxidation of 1 Hÿ to 1 involves loss of hydrogen
we have looked at the possible formation of protons or
dihydrogen in the medium. First, a gas chromatographic
analysis in the space over the catholyte in a gas-tight cell was
carried out but no evidence of dihydrogen formation could be
obtained. After completion of the electrolysis of 1 Hÿ, and
dilution of the catholyte with water, a titration of the
generated acid with sodium hydroxide was performed; in this
case, the number of protons was found to be equal to that for
the starting material indicating that one mole of proton was
released during the oxidation of each molecule.


Discussion


The results of the above experiments suggest that the
oxidation of the s adducts occurs through a three-step
mechanism which can be formulated as the sequence given
in Scheme 2A or that in Scheme 2B. As shown, Scheme 2A is
by far the most likely one.


In the two sequences, the first step [Eq. (5)] involves loss of
one electron by the adduct with formation of the correspond-
ing radical. Then, this radical undergoes a rather slow (i.e.
130 sÿ1 for 1 Hÿ) first-order CÿH bond cleavage [Eq. (6)], as
demonstrated by cyclic voltammetry, to give either the final
rearomatized compound 1 and an hydrogen atom [Eq. (6A)]
or the radical anion of the rearomatized compound 1.ÿ and a
proton as earlier proposed by Sosonkin [Eq. (6B)].[27] The
final oxidation of the hydrogen atom [Eq. (7A)] or of the
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Scheme 2. Postulated three-step mechanisms A and B for the oxidation of
the s adducts. E8(1Hÿ/1H .)��1.15 V versus SCE, k(6)� 130 sÿ1 in CH3CN,
k(7)� kdiff.


radical anion [Eq. (7B)] is performed by the most powerful
oxidant present in the medium, that is the radical 1 H . . The
final reoxidation involves more likely 1 H . than a reoxidation
at the electrode, since the slow cleavage of 1 H . implies that
this compound has time to diffuse to the bulk of the solution
before being cleaved. It follows that H . or 1.ÿ must be formed
in the solution and will be reoxidized there through a
disproportionation reaction (DISP situation).[30] Another
candidate for the reoxidation of H . might be the parent
molecule itself, for example 1 is reduced atÿ0.14 V in DMSO,
while E8(H�/H2)�ÿ0.24 V in water. However, this reaction
should be much slower than the reoxidation by 1 H . since we
have measured E8��1.15 V for the 1 Hÿ/1 H . couple. In view
of the large difference between the redox potential of this
couple and that of 1/1.ÿ (it should be close to the reduction of
1) or H�/H2, the reoxidation of both H . or 1.ÿ should be
diffusion-controlled (2� 1010mÿ1 sÿ1 in CH3CN).[36] In conclu-
sion, the mechanisms A and B in Scheme 2 are kinetically
equivalent; but reaction (6 B) is unlikely. Indeed, radical
anions are readily protonated so that the reverse reaction
should be favored. For example, we have checked that the
voltammogram of DNBF is irreversible up to a scan rate of
4000 V sÿ1 indicating a first-order rate constant for the
cleavage of at least 106 sÿ1. The voltammogram of NBF is
irreversible at low scan rates but reversibility can be observed
at 2000 V sÿ1. An addition of a fivefold excess of acetic acid
restores the irreversibility of the wave. On the contrary, we did
not observe any change upon addition of trifluoroacetic acid
in our experiments. The fact that no intermediate can be
observed by spectroelectrochemistry also agrees with the fact
that 1 is formed directly from 1 H . .


Table 1 reveals that the oxidation potentials E8, as meas-
ured or approximated by the EpIa values, are very much the
same for the methoxide, 5-methoxyindole, and 2-nitroprope-
nide adducts of 4,6-dinitrobenzofuroxan that is 8 Hÿa, 8 Hÿb,
and 1 Hÿ, with no major influence of the solvent (E8� 1.10�
0.06 V). Even though the E8 value for the 1,3,5-trimethox-
ybenzene analogue 8 Hÿc is somewhat lower (E8� 0.87 V),
the overall evidence is that the feasibility of the oxidation
process is for the most part related to the extent of charge
delocalization in the cyclohexadienyl-type moiety of the
adduct, a factor which is known to also play the predominant
role in determining the thermodynamic stability of these
species.[1, 4] Using reported equilibrium constant values for
formation of methoxide or hydroxide s adducts as a measure
of the influence of the electron deficiency of the carbocyclic
ring on the stability of the various structures,[1, 37±42] we were
able to derive more information regarding the relationship


between E8 and complex stability (Table 2). The E8 values
quoted in Table 2 for the oxidation of the di- and trinitro-
acetonate adducts 9 Hÿa ± f are those previously measured by
Sosonkin in acetone.[27]


Inspection of the data in Table 2 reveals that the oxidation
of the adducts of the moderately activated benzene deriva-
tives 9 Hÿa ± e is associated with relatively low E8 values
(E8� 0.53 V). This fits well the experimental finding that
oxidative nucleophilic aromatic substitution of such substrates
proceeds well with mild oxidizing agents.[1±4, 13±17] Activation of
the benzene ring with a third nitro group causes a 107 increase
in stability of the s adduct 9 Hÿf as compared with that of the
1,3-dinitrobenzene analogue 9 Hÿc.[1] This complex becomes
therefore more reluctant to oxidation (E8� 0.82 V), requiring
the use of much stronger oxidants to undergo conversion into
the substituted products.[27, 28] In accord with the experimental
evidence that 4-nitrobenzofuroxan and 4-nitrobenzofurazan
give rise to s adducts of the same stability as that of TNB s


adducts,[40] the E8 values for oxidation of the two nitro-
propenide complexes 2 Hÿ and 3 Hÿ compare well with those
for oxidation of 9 Hÿf. In contrast, there is an additional 106


increase in the equilibrium constant for adduct formation on
going from TNB, the common reference aromatic electro-
phile, to the superelectrophile 4,6-dinitrobenzofuroxan.[41] As
can be seen in Table 2, this strong gain in adduct stability
brings the oxidation potential to such a level that only very
strong oxidizing agents will be able to induce rearomatization
of the carbocyclic ring, allowing the overall nucleophilic
aromatic displacement to proceed efficiently. In fact, chemical
conversion of DNBF adducts can be achieved only with
couples like MnO4


ÿ/Mn2� or Ce4�/Ce3�.[26]


As expected, substituting a NO2 group for a less activating
CN or CF3 group decreases both the stability of the adducts
and their oxidation potential.[42, 43] This is true in the benzene
series, for example E8 decreases by 0.3 V on going from TNB
to 3,5-dinitrobenzotrifluoride,[27] as well as in the furoxan
series, for example E8 decreases from 1.15 to 0.99 V on going


Table 2. The effect of complex stability on the oxidation potential of s


adducts.


s adducts E8 [V vs. SCE][a] KMeOH
[b] KH2O


[c]


9Hÿa 0.14[d] ± ±
9Hÿb 0.22[d] ± ±
9Hÿc 0.24[d] 10ÿ6 [e] ±
9Hÿd 0.50[d] ± ±
9Hÿe 0.53[d] � 0.01[f] ±
9Hÿf 0.82[d] 23.1[g] 3.73[g]


1Hÿ 1.15 2.1� 1010[j] 1.34� 1010


2Hÿ 0.59 8500[h] ±
3Hÿ 0.48 2940[h] 2200[i]


4Hÿ 1.33 ± 8.51� 1010 [j]


5Hÿ 0.94 ± 1.7� 105 [j]


6Hÿ 0.96 ± ±


[a] True E8 values or approximated from Ep values. [b] KMeOH (in L molÿ1)
refers to the equilibrium formation of the similarly substituted methoxide
adduct. [c] KH2O (in Lmolÿ1) refers to the equilibrium formation of the
similarly substituted hydroxide adduct. [d] Ref. [27]. [e] Ref. [37]. [f] Cal-
culated from the value measured in H2O/Me2SO (50:50)[38] by taking into
account the known effect of Me2SO concentration on complex stability.[1]


[g] Ref. [39]. [h] Ref. [40]. [i] Ref. [42]. [j] Ref. [43].
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from DNBF to 6-trifluoromethyl-4-nitrobenzofuroxan. A
most interesting feature relates, however, to the behavior of
the s adduct 4 Hÿ of 6-trifluoromethylsulfonyl-4-nitrobenzo-
furoxan. Consistent with previous findings in the benzene
series that the SO2CF3 group exerts in many instances a
greater electron-withdrawing effect than a NO2 group,[44±46]


this compound affords s adducts which are more stable than
the related DNBF adducts.[47±49] On this ground, the measure-
ment of a highest E8 value for 4 Hÿ than for 1 Hÿ fits well the
trend discussed above. However, it is a significant result that
the E8 value then becomes so high that oxidation of the
adduct 4 Hÿ is difficult to envision with commonly available
chemical oxidants.


Conclusion


We have shown that the oxidation of nitrobenzofuroxan and
nitrobenzofurazan s adducts is associated with especially high
oxidation potentials. This makes it considerably more difficult
to achieve oxidative nucleophilic aromatic substitution of
hydrogen with these heterocyclic substrates than with com-
mon reference aromatic electrophiles such as di- or trinitro-
benzenes or nitropyridines and pyrimidines. The mechanism
of the oxidation has been elucidated and shown to proceed in
three steps: 1) loss of one electron from the adduct (1 Hÿ); 2)
direct CÿH bond cleavage in the resulting neutral radical
(1 H .) to give the final substitution products (1) and a
hydrogen atom (H .); 3) oxidation of H . by the radical 1 H .


which is the most powerful oxidant present in the medium.
This mechanism contrasts with previously suggested pathways
which all assumed the intermediacy of radical anionic
species.[27, 50, 51]


Experimental Section


Materials : The methoxide adduct 8aHÿ as well as the 5-methoxyindole and
1,3,5-trimethoxybenzene adducts (8 bHÿ, 8 cHÿ) were synthesized and
characterized as previously described.[26, 52]


Adducts 1Hÿ ± 7Hÿ as crystalline potassium salts : Potassium 2-nitropro-
penide (1 equiv) suspended in 2-nitropropane (5 mL). was added to the
parent nitrobenzofuroxan (0.226 g, 1 mmol)[10, 54] dissolved in 2-nitropro-
pane (2 mL). After 5 min the resulting orange-red precipitates were
filtered, washed with diethyl ether and dried under reduced pressure to give
the salts K[1H ± 7 H] in essentially quantitative yields. These salts were
relatively stable in air but decompose violently upon heating (ca. 155 ±
200 8C). As is the case for most s adducts of nitrobenzofuroxans previously
isolated as crystalline alkali metal salts,[18±21] attempts to obtain satisfactory
elemental analysis for K[1 H ± 7H] have failed. In contrast, an X-ray
structure of K[1H] could be made.[55] In all cases, satisfactory mass spectra
were obtained (ESI), base peaks corresponding to the loss of K� were
observed, for example m/z 314 for K[1H], with no detection of the
pseudomolecular ions.


In addition, a detailed 1H and 13C NMR study has been made by dissolving
the isolated salts in [D6]Me2SO. The most significant data are summarized
and compared with those for the parent nitrobenzofuroxans in Table 3.
They agree very well with the structures of the adducts.[1, 18±21] Major
diagnostic features are the following: 1) the H7 and C7 resonances suffer
strong upfield shifts upon s complexation, for example DdH7� 4 ppm and
DdC7� 79.06 ppm for 1Hÿ. This is typical of the sp2! sp3 rehybridization
resulting from the addition of the 2-nitropropane moiety at C7 of the parent
molecules.[1] 2) Owing to the chirality of this tetrahedral ring carbon, the


two geminal methyl groups in 1Hÿ ± 7Hÿ are seen as being slightly
nonequivalent in the 1H as well as the 13C NMR spectra. 3) Regarding the
exocyclic nitropropane moiety, it is noteworthy that its bonding to the
adjacent nitrobenzofuroxan or benzofurazan structures causes a notable
shift of the Ca resonance to low field, for example dCa� 90 ± 92 in 1Hÿ ±
7Hÿ and dCa� 79.10 in 2-nitropropane.[56] This result is in agreement with
previous evidence that a negatively charged nitrobenzofuroxan or nitro-
benzofurazan structure still exerts a considerable ÿ I effect.[18±20]


As mentioned in the Results section, the products of the electrochemical
oxidation of 1 Hÿ ± 7 Hÿ as well as of 8 a, b, cHÿ have been firmly identified
as the rearomatized benzofuroxans and benzofurazans 1 ± 7 and 8a ± c on
the basis of 1H and 13C NMR spectra recorded at different stages of the
reactions during coulometric experiments carried out in DMSO-d6


solution. NMR parameters for structures 8a, 8 b, and 8 c were available
from previous work.[26, 52] In contrast, no data were available for 1 ± 7,
making a thorough structural NMR investigation of these compounds of
interest. Full details of this work, where the recognized diagnostic character
of the C8 and C9 resonances in the benzofuroxan series (d(C8)� 112� 5,
d(C9)� 150� 5) was useful to discriminate between the two Boulton ±
Katrizky isomers in the 4,6-dinitro-, 4-nitro-6-cyano-, and 4-nitro-6-
trifluoromethyl systems, will be reported elsewhere.[29, 53] As an example,
selected data for the 7- or 5-[1'-(1'-methyl-1-nitroethyl)]-4.6-dinitrobenzo-
furoxan molecules 1a and 1 b are given. Compound 1a : 1H NMR
(300 MHz, [D6]Me2SO): d� 8.67 (s, 1 H; H5), 2.15 (s, 1 H; CH3); 13C NMR
(75.5 MHz, Me2SO-d6) d� 122.28 (C5), 26.57 (CH3), 89.07 (Ca), 107.51 (C8),
151.84 (C9). Compound 1 b : 1H NMR (300 MHz, [D6]Me2SO6): d� 9.12 (s,
1H; H7), 1.99 (s, 1H; CH3); 13C NMR (75.5 MHz, [D6]Me2SO): d� 128.54
(C7), 25.77 (CH3), 88.50 (Ca), 116.09 (C8), 146.95 (C9). The solvents were
reagent grade and the supporting electrolytes were obtained from Fluka .


Electrochemical measurements : The electrochemical equipment included
a Tacussel signal generator GSTP4, a home-made potentiostat, an Ifelec
(LY 16100) recorder at low scan rates and a Nicolet (3091) oscilloscope at
high scan rates. Coulometric measurements were performed with home-
made equipment including potentiostat, ammeter, voltameter, and coul-
ometer. Carbon electrodes, which were made of a 3 mm glassy carbon rod
imbedded in epoxy resin, were always used in these experiments. Before
every experiment the carbon disk was polished with 1 mm diamond paste
and ultrasonically rinsed in acetone. The coulometric and preparative
electrolysis were performed with carbon-felt cathodes in a two-compart-
ment cell separated by a glass frit (G4).


Coulometric measurements of the number of electrons per molecule were
performed by electrolyzing an approximately 10 mm solution of 1Hÿ in
[D6]DMSO � 0.1m LiClO4 at the peak potential of the compound and
withdrawing small samples at regular intervals for NMR analysis. The
yields of the initial and final products were calculated using the non
deuterated DMSO as an internal reference. Protons in the final electrolysis


Table 3. Diagnostic 1H and 13C NMR data for the adducts 1 Hÿ ± 7 Hÿ and
the parent 4-X-6-Y-benzofuroxan or -benzofurazan molecules (denoted as
1M ± 7M) in [D6]Me2SO.[a,b]


Adduct or
molecule


dH7
dCH3


dC7 dCa
dCH3


1Hÿ 5.27 1.51/1.49 42.49 92.32 23.41/23.31
1M 9.27 ± 120.80 ± ±
2Hÿ 4.37 1.55/1.51 42.22 92.00 23.43/23.30
2M 8.11 ± 122.20 ± ±
3Hÿ 4.57 1.50/1.44 42.52 91.48 23.38/21.99
3M 8.34 ± 124.50 ± ±
4Hÿ 4.56 1.54/1.52 41.29 92.41 23.04/22.75
4M 9.40 ± 132.69 ± ±
5Hÿ 4.73 1.54/1.44 40.20 92.51 24.87/21.30
5M 8.87 ± 122.55 ± ±
6Hÿ 4.58 1.61/1.56 42.49 92.64 23.53/22.92
6M 9.10 ± 130.78 ± ±
7Hÿ 4.73 1.54/1.44 40.20 92.51 24.87/21.30
7M 9.07 ± 118.52 ± ±


[a] See the significance of the numbering of the hydrogen and carbon atoms
in structures 1Hÿ ± 7Hÿ in the text. [b] d in ppm, internal reference Me4Si.
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solution were titrated with an automatic titrator (Orion Research960
Autochemistry system) using 0.01m sodium hydroxide as a titrant.
Dihydrogen was tentatively measured in the empty space over the
catholyte solution in a gas tight cell by withdrawing 200 mL of gas and
injecting in a Shimadzu GC-14B gas chromatograph on a silica gel column.
A calibration curve was established.
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DMSO, CH3CN, CH3NO2, or ClCH2CH2Cl. As these numbers do not
change much upon adding an acid or a base, the experimental data do
not support a mechanism in which protons make a large contribution
to the catalysis. The diffusion coefficient of 1 Hÿ has been measured in
ACN by comparison of the height of the reversible wave at high scan
rate with that of the monoelectronic wave of ferrocene.[32] Thus, we
obtained D� 1.65 10ÿ5 cm2 sÿ1, a value which is clearly unable to


account for the smallness of the wave. Therefore the low numbers
measured by cyclic voltammetry probably stem from some adsorption
phenomena that block the electrode.
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Chemo-, Regio-, and Stereoselective Cyclizations of 1,3-Bis(trimethylsilyl-
oxy)-1,3-butadienes with a-Chloroacetic Acid Chlorides and
a-Chloroacetic Acetals


Peter Langer* and Thilo Krummel[a]


Abstract: Treatment of 1,3-bis(trimethylsilyloxy)-1,3-butadienes with a-chlorocar-
boxylic acid chlorides resulted in chemo- and regioselective formation of 6-chloro-
3,5-dioxo esters, which were regioselectively converted into functionalised 3(2 H)fu-
ranones. Chemo- and regioselective condensation of 1,3-bis(trimethylsilyloxy)-1,3-
butadienes with a-chloroacetic dimethyl acetal afforded 6-chloro-5-methoxy-3-oxo
esters, which could be regio- and stereoselectively transformed into 2-alkylidene-4-
methoxytetrahydrofurans.


Keywords: chemoselectivity ´ cycli-
zation ´ dianion equivalents ´ regio-
selectivity ´ stereoselective synthe-
ses


Introduction


Domino reactions are of interest in organic chemistry since
they enable the rapid assembly of complex products in one-pot
processes.[1] Despite the simplicity of the idea, only a few reac-
tions of 1,3-dianions[2] with 1,2-dielectrophiles have hitherto
been reported.[3] These reactions may have associated draw-
backs: on the one hand dianions are highly reactive compounds
that can react both as nucleophiles and as bases; on the other
hand 1,2-dielectrophiles are often rather labile compounds.
Therefore, previous attention in dianion chemistry has been
largely focused on reactions with monofunctional electrophiles,
after which the resultant monoanion is simply quenched with
water in a follow-up reaction. In the course of our inves-
tigations concerning cyclisation reactions of dianions[4] and
dianion equivalents,[5] we have developed the first cyclisation
reactions of 1,3-dicarbonyl dianions with oxalic acid dielec-
trophiles to give g-alkylidenebutenolides.[4a, 5a]


We have recently reported cyclisation reactions of 1,3-
bis(trimethylsilyloxy)-1,3-butadienes with a-chlorocarboxylic
acid chlorides,[5b] which, to the best of our knowledge,
represent the first such reactions of these electroneutral 1,3-
dianion equivalents.[6] Herein, we wish to report full details
and studies related to the preparative scope of this cyclisation
reaction, which provides a convenient, chemo- and regiose-
lective access to a variety of functionalised 3(2 H)furanones.
In addition, we show that this methodology may be success-


fully extended to the use of a-chloroacetic dimethyl acetal as
the dielectrophile. Treatment of 1,3-bis(trimethylsilyloxy)-1,3-
butadienes with a-chloroacetic dimethyl acetal allows a
direct, regio- and stereoselective synthesis of 2-alkylidene-4-
methoxytetrahydrofurans.


Both 3(2H)furanones and 2-alkylidenetetrahydrofurans are
of pharmacological significance and represent important build-
ing blocks for natural product syntheses. A large number of
natural products and pharmacologically important compounds
belong to the 3(2 H)furanone group: prominent examples
include polyketides from siphonaria pectinata,[7a] the antitu-
mour active trachyspic acid,[7b] antiallergic 4,5-dihydro-4-oxo-
2-amino-3-furancarboxylic acids,[7c] the mutagenic furaneols,[7d]


pseurotin A,[7e] the antitumour active sesquiterpenes ereman-
tholides A ± C,[7f] lychnophorolide A,[7g] ciliarin[7h] and the
recently reported metabolite longianone.[7i,j]
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Nonactates are subunits of the nactins, a biologically
important class of macrotetrolide antibiotics isolated from a
variety of Streptomyces cultures.[8, 9] 2-Alkylidene-4-alkoxy-
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tetrahydrofurans can be considered as isononactinic acid
derivatives. Due to their alkoxy ester functionality, they
represent direct precursors for the synthesis of isonactins,
related macrotetrolides and tetrahydrofuryl-based amino
acids. These target molecules are of interest for biological
reasons and also with regard to applications as potential ion
channels.[10] 2-Alkylidene-4-alkoxytetrahydrofurans[11] repre-
sent important intermediates in the synthesis of natural
products such as goniofufurone,[12a,b] a styryl lactone which
proved cytotoxic towards human tumour cells, the pharmaco-
logically important zaragozic acids,[12c] aplasmomycin,[12d]


boromycin,[12e] muscarine,[12f,g] palytoxin,[12h] C-glycosides,[12i,j]


erythroskyrine[12k] and the antitumour agent showdomycin.[12l,m]


O O O


OOO


O


H HHH


H HH H


O


O
O


O
O


O


O O


H


HHO


Ph


HO H


O


OHHO


HN


O


O
OH


Nonactin


Goniofufurone Showdomycin


Results and Discussion


A variety of products can conceivably be produced in the
reaction of 1,3-dicarbonyl dianions with a-chloroacetic acid
derivatives. Both the initial attack of the dianion on the
dielectrophile and the subsequent cyclisation can proceed
with different chemo- and regioselectivities. The reaction of
the disodium salt of acetylacetone 1 a with the sodium salt of
chloroacetic acid 2 a has been reported to give 4,6-dioxohep-
tanoic acid 3 by attack of the terminal carbon of the dianion
on the carbon attached to the chlorine atom.[13] Two examples
of condensation reactions of 1,3-dicarbonyl dianions with
ethyl chloroacetate 2 b have been previously reported.[14]


However, this approach is limited to sterically unhindered
and unfunctionalised substrates. All attempts to induce a
chemoselective attack of the dianion of ethyl acetoacetate 1 b


on the carbonyl group of N-methyl-N-methoxy-chloroacetic
acid amide 2 c and chloroacetyl chloride 2 d resulted only in
the formation of complex mixtures (Scheme 1).
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Scheme 1. Reactions of 1,3-dicarbonyl dianions with chloroacetic acid
derivatives: a) 2 equiv LDA or NaNH2, THF.


In order to overcome these problems, we decided to study
the Lewis acid catalysed reaction of 1,3-bis(trimethylsilyloxy)-
1,3-butadienes, electroneutral equivalents of 1,3-dicarbonyl
dianions, with chloroacetyl chloride 2 d. Our initial attempts
to realize the envisaged reaction were unsuccessful. Treat-
ment of 2 d with the diene 4 a in the presence of stoichiometric
amounts of BF3 ´ OEt2 or TiCl4 resulted in the formation of
complex mixtures. Much to our satisfaction, however, the use
of catalytic amounts of Me3SiOTf resulted in chemo- and
regioselective formation of the desired 6-chloro-3,5-dioxo
ester 5 a (Scheme 2). Optimal yields (up to 71 %) were
obtained when the reaction was started at ÿ78 8C and the
mixture was slowly allowed to warm to ambient temperature
over a period of 12 h (Table 1). Treatment of 5 a with base


resulted in regioselective cyclisation[14] through the oxygen
atom of intermediate A to give the 3(2 H)furanone 6 a. The
use of KOtBu resulted in the formation of a complex mixture,
from which 6 a could be isolated in only 23 % yield. Optimal
yields (up to 91 %) were obtained by using two equivalents of
DBU as the base. It is noteworthy that isolation of 5 a was not
necessary; crude 5 a could be directly transformed into 6 a,
which was isolated in 65 % overall yield (based on 4 a ;
Scheme 2). In order to study the preparative scope of the new
methodology for the synthesis of 3(2 H)furanones, the sub-
stituents of the 1,3-bis(trimethylsilyloxy)-1,3-butadienes were
systematically varied (Table 2). Reaction of chloroacetyl


Abstract in German: Die Reaktion von 1,3-Bis(trimethyl-
silyloxy)-1,3-butadienen mit a-Chlorcarbonsäurechloriden
führt zur chemo- und regioselektiven Bildung von 6-Chlor-
3,5-dioxoestern, die durch basenvermittelte regioselektive Cy-
clisierung in funktionalisierte 3(2 H)Furanone überführt wer-
den konnten. Die chemo- und regioselektive Kondensation von
1,3-Bis(trimethylsilyloxy)-1,3-butadienen mit a-Chloracetalde-
hyd-dimethylacetal liefert 6-Chlor-5-methoxy-3-oxoester, die
durch basenvermittelte regio- und E-diastereoselektive Cycli-
sierung in 2-Alkyliden-4-methoxytetrahydrofurane umgewan-
delt werden konnten.


Table 1. Optimisation of the condensation of bis(silyl) enol ether 4 a with
2d.


entry Lewis acid equiv conditions (CH2Cl2) Yield [%][a]


1 ± ± ÿ 78! 20 8C, 12 h 17
2 BF3 ´ Et2O 1.0 ÿ 78! 20 8C, 12h 0
3 TiCl4 1.0 ÿ 78! 20 8C, 12 h 0
4 Me3SiOTf 1.0 ÿ 78! 20 8C, 12 h 71
5 Me3SiOTf 0.3 ÿ 78! 20 8C, 12 h 71
6 Me3SiOTf 0.3 ÿ 78!ÿ 40 8C, 4 h 12


[a] Isolated yields of 5 a.
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Scheme 2. Synthesis of 3(2 H)furanones 6a ± n : a) 1.0 equiv Me3SiOTf,
CH2Cl2, ÿ78! 20 8C; b) 2.0 equiv DBU, THF, 2 h.


chloride 2 d with the dienes derived from methyl and
isopropyl acetoacetate and subsequent cyclisation afforded
the 3(2H)furanones 6 b and 6 c, respectively, in 70 % and 63 %
overall yields. Reactions of 2 d with 1,3-bis(trimethylsilyloxy)-
1,3-butadienes 4 d ± g, bearing a methyl, ethyl, butyl or allyl
group, respectively, on the terminal carbon atom, afforded the
4-alkyl-3(2 H)furanones 6 d ± g in good yields and with very
good chemo- and regioselectivities.


A variety of naturally occuring 3(2 H)furanones contain an
oxygen atom at carbon C-4.[15] The synthesis of 3(2 H)fu-
ranone 6 h, which contains a methoxy group in the C-4
position, was therefore of special interest. Dianions cannot be
used for the synthesis of 6 h, since, besides the severe selec-
tivity problems discussed above, dianions of methyl 4-meth-
oxyacetoacetate and related substrates cannot be generated.
This is presumably due to the fact that the dianion is
destabilised by lone pair ± lone pair interactions and by the
p-donor effect of the oxygen atom.[16] Much to our satisfac-
tion, reaction of 2 d with 4-methoxy-1,3-bis(trimethylsilyloxy)-
1,3-diene (4 h)[17] afforded the 4-methoxy-3(2 H)furanone 6 h
in good yield and with very good chemo- and regioselectivity.
Starting from 1,3-bis(trimethylsilyloxy)-1,3-diene (4 i), which
bears a methyl substituent at the central carbon atom, the
3(2 H)furanone 6 i was isolated. Reaction of 2 d with the cyclic
diene 4 j, which is derived from ethyl cyclohexanone-2-carb-
oxylate, afforded the interesting bicyclic 3(2 H)furanone 6 j.


Next, we studied variation of the substituents on the
dielectrophile. Reaction of diene 4 a with 2-chloropropionyl
chloride (2 e) afforded the 6-chloro-3,5-dioxo ester 5 k, which


was transformed into the 2-methyl-3(2 H)furanone 6 k. Re-
actions of 2-chloropropionyl chloride with the methyl- and
ethyl-substituted dienes 4 d and 4 e afforded the 2-methyl-
3(2 H)furanones 6 l and 6 m, respectively, in good yields and
with very good chemo- and regioselectivities. Reaction of 2 e
with the diene derived from ethyl cyclohexanone-2-carbox-
ylate (4 j) afforded the bicyclic 2-methyl-3(2 H)furanone 6 n as
a 1:1 mixture of diastereomers.


The Lewis acid catalysed reaction of 1-methoxy-3-trimeth-
ylsilyloxy-1,3-butadienes with monofunctional aldehydes has
been reported to result in [4�2]-cycloaddition to give
4-pyranones.[18] The TiIV-mediated attack of simple silyl enol
ethers on 1,2-dielectrophilic glyoxylates has been reported to
proceed with high chemoselectivity at the aldehyde func-
tion.[19] The TiCl4-mediated reaction of silyl enol ethers with
a-bromo acetals has been reported to give b-alkoxy-g-bromo
ketones, which could be transformed into substituted fur-
ans.[20] Reactions of dianions or dianion equivalents with a-
haloaldehyde derivatives have not been reported previously
to the best of our knowledge.[21] Since anhydrous bromo- and
chloroacetaldehyde represent rather labile compounds, we
studied reactions of 1,3-bis(trimethylsilyloxy)-1,3-butadienes
with the corresponding acetals (Scheme 3). Our first attempts
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Scheme 3. Synthesis of 4-methoxy-2-alkylidenetetrahydrofuran 9 a :
a) 1.0 equiv Me3SiOTf, CH2Cl2, ÿ78! 20 8C; b) 2.0 equiv DBU, THF, 2 h.


to realize the envisaged reaction were disappointing: treat-
ment of the diene 4 a, derived from ethyl acetoacetate, with a-
bromoacetic dimethyl acetal 7 a in the presence of TiCl4


resulted in the formation of a complex mixture, from which
the desired open-chain condensation product 8 a could be
isolated in just 14 % yield (Scheme 3, Table 3). Fortunately,
the use of catalytic amounts of Me3SiOTf[22] facilitated the
formation of 8 a in 41 % yield. Treatment of 6-bromo-5-
methoxy-3-oxo ester 8 a with DBU afforded the 2-alkylidene-
4-methoxytetrahydrofuran 9 a in 92 % yield with very good


Table 2. Synthesis of 3(2 H)furanones 6a ± n.


6 R1 R2 R3 R4 Yield [%] (6)[a]


a H H OCH2CH3 H 65
b H H OCH3 H 70
c H H OCH(CH3)2 H 63
d CH3 H OCH3 H 54
e CH2CH3 H OCH2CH3 H 53
f (CH2)3CH3 H OCH2CH3 H 40
g CH2CH�CH2 H OCH2CH3 H 54
h OCH3 H OCH3 H 56
i H CH3 OCH2CH3 H 54
j ÿCH2CH2CH2ÿ OCH2CH3 H 40
k H H OCH2CH3 CH3 56
l OCH3 H OCH3 CH3 45
m CH2CH3 H OCH2CH3 CH3 38
n ÿCH2CH2CH2ÿ OCH2CH3 CH3 31


[a] Isolated yields of 6 a ± n over two steps.


Table 3. Optimisation of the condensation of diene 4 a with acetals 7a and
7b.


entry X Lewis acid equiv conditions (CH2Cl2) Yield [%] [a]


1 Cl ± ± ÿ 78! 20 8C, 12h 0
2 Br TiCl4 1.0 ÿ 78! 20 8C, 12 h 14
3 Br Me3SiOTf 0.3 ÿ 78! 20 8C, 12 h 41
4 Cl Me3SiOTf 0.3 ÿ 78! 20 8C, 12 h 71
5 Cl Me3SiOTf 1.0 ÿ 78! 20 8C, 12 h 72
6 Cl Me3SiOTf 0.3 0! 20 8C, 4 h 13
7 Cl Me3SiOTf 0.3 ÿ 78!ÿ 40 8C, 4 h 38


[a] Isolated yields of 8a and 8 b.
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regio- and E-selectivity. With a view to optimizing the yield of
the first condensation step, the use of 2-chloroacetic dimethyl
acetal 7 b was studied: reaction of diene 4 a with 7 b afforded
the 6-chloro-5-methoxy-3-oxo ester 8 b in 71 % yield. The
improved yield suggests that this reaction proceeds with
better chemoselectivity than the reaction of 4 a with the
bromo acetal 7 a. Moreover, 7 a is more labile and prone to
decomposition than 7 b. Much to our satisfaction, the alkyl
chloride function of 6-chloro-5-methoxy-3-oxo ester 8 b
proved to be sufficiently electrophilic to allow cyclisation:
treatment of 8 b with DBU afforded the 2-alkylidene-4-
methoxytetrahydrofuran 9 a in 89 % yield with very good
regio- and E-selectivity. It is noteworthy that crude 8 b could
be directly transformed into 9 a, which was isolated in 64 %
overall yield (based on 4 a).


The Me3SiOTf-catalysed condensation of diene 4 a with
acetal 7 b proceeds by electrophilic attack of the silyl triflate
on an oxygen atom of the acetal to generate a reactive
oxonium intermediate,[23] which is in resonance with a
methylcarboxonium ion/methoxytrimethylsilane contact pair.
Subsequent nucleophilic displacement by the 1,3-bis(tri-
methylsilyloxy)-1,3-diene gives rise to the condensation
product 8 b and methoxytrimethylsilane, with concomitant
regeneration of the catalyst Me3SiOTf.


The cyclisation step (8 b! 9 a) proceeds by regioselective
attack of the oxygen atom on the alkyl chloride group. This
selectivity can be explained in terms of stereoelectronic
considerations:[24] the formation of a five-membered ring by
carbon alkylation of an enolate requires a perpendicular
approach of the electrophile in relation to the plane of the
enolate, whereas oxygen alkylation requires an approach in
the plane of the enolate. Consequently, in the case of a five-
membered ring, approach of the alkylating centre to the
carbon site in the O-metallated enolate is more sterically
hindered as compared with its approach in the plane to the
oxygen site yielding the observed enol ether moiety
(Scheme 4). The stereoselectivity in favour of the E-config-
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Scheme 4. Stereoelectronic rationalisation of the regioselectivity of five-
membered ring formation.


ured exocyclic double bond can be explained by the W-shaped
configuration of intermediate B, in which the dipole ± dipole
repulsion between the oxygen atoms is minimised.[25]


In order to study the preparative scope of the new
cyclisation reaction for the synthesis of 2-alkylidene-4-
methoxytetrahydrofurans, the substituents on the 1,3-bis(tri-
methylsilyloxy)-1,3-butadienes were systematically varied
(Scheme 5, Table 4). Reactions of the dienes derived from
ethyl, methyl, isopropyl, methoxyethyl, benzyl and isobutyl
acetoacetates (4 a ± c, 4 k ± m, respectively) afforded the
corresponding E-configured 2-alkylidene-4-methoxytetra-
hydrofurans 9 a ± f in good yields and with very good
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Scheme 5. Synthesis of 4-methoxy-2-alkylidenetetrahydrofurans 9a ± j ;
a) 1.0 equiv Me3SiOTf, CH2Cl2, ÿ78! 20 8C; b) 2.0 equiv DBU, THF.


regio- and stereoselectivities. Starting with the dienes derived
from methyl 3-oxopentanoate, ethyl 3-oxohexanoate and
ethyl 3-oxooctanoate (4 d ± f, respectively), the tetrahydrofu-
rans 9 g ± i were obtained with very good regioselectivities and
with good 1,2-diastereoselectivities. Tetrahydrofuran 9 g was
formed with complete E selectivity. The Z configuration of
the exocyclic double bond of 9 h can be explained by the steric
influence of the ethyl group. The E configuration of tetrahy-
drofuran 9 i can be explained in terms of a Z!E isomer-
isation occurring during the isolation process, which proved to
be difficult and rather time-consuming in this case. Treatment
of 7 b with the diene derived from ethyl 2-methylacetoacetate
(4 i) resulted in the formation of the 2-alkylidenetetrahydro-
furan 9 j in good yield. Despite the presence of an additional
substituent at the exocyclic double bond, the product was
formed with excellent E selectivity.


The good 1,2-diastereoselectivities observed in the forma-
tion of tetrahydrofurans 9 g ± j can best be explained by the
acyclic extended transition states C ± F, in which electrostatic
repulsion is minimised (Scheme 6).[19, 22] In the reaction of a
diene with E configuration of the terminal double bond, the
transition state C, which leads to the erythro isomer, is
sterically favoured over the diastereomeric transition state D,
which affords the threo product, in agreement with the
experimental findings. Likewise, the erythro transition state E
resulting from the Z-configured diene is preferred to the
alternative threo transition state F. It is noteworthy that,
according to this mechanism, the configuration of the terminal
double bond has no consequence for the stereoselection.


Table 4. Synthesis of 4-methoxy-2-alkylidenetetrahydrofurans 9 a ± j.


9 R1 R2 R3 Yield [%][a] E :Z ds[b]


a H H OCH2CH3 64 > 98:2 ±
b H H OCH3 60 > 98:2 ±
c H H OCH(CH3)2 53 > 98:2 ±
d H H OCH2CH2OCH3 56 > 98:2 ±
e H H OCH2Ph 62 > 98:2 ±
f H H OCH2CH(CH3)2 60 > 98:2 ±
g CH3 H OCH3 52 > 98:2 10:1
h CH2CH3 H OCH2CH3 50 < 2:98 6:1
i (CH2)3CH3 H OCH2CH3 32 > 98:2 10:1
j H CH3 OCH2CH3 58 > 98:2 ±


[a] Isolated yields of 9a ± j over the two steps. [b] Selectivity in favour of the
isomer depicted.
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Scheme 6. Transition states in the reaction of the bis-silyl enol ether of
methyl 3-oxopentanoate with 7b.


In conclusion, we have developed a new approach for the
synthesis of a wide range of functionalised 3(2 H)furanones by
the cyclisation of 1,3-bis(trimethylsilyloxy)-1,3-butadienes
with a-chloroacetic acid chlorides. This methodology could
be successfully extended to the use of a-chloroacetic dimethyl
acetal as the dielectrophile, which allowed a convenient
synthesis of 2-alkylidene-4-methoxytetrahydrofurans. The
five-membered oxacycles prepared are of pharmacological
relevance and represent useful building blocks for the syn-
thesis of natural products.


Experimental Section


General : Compounds 2 d, 7a, b and TMSOTf were bought from Aldrich.
Compounds 4 were prepared by a literature procedure.[6b] 1H and 13C NMR
spectra were measured on Bruker AM 250 and Bruker AMX 300 spec-
trometers (1H: 250, 300 MHz respectively; 13C 75.5, 50.3 MHz, respective-
ly). In the 13C NMR spectra signals labeled ª�º are attributed to either
CH3 or CH groups and those labeled ªÿº to CH2 or C groups. IR spectra
were measured on a Finnigan MAT95 spectrometer. Mass spectra were
recorded with Varian MATCH7 and MAT731 spectrometers. Elemental
analyses were measured with a Leco CHN 2000 analyser (Heraeus).


General procedure for the preparation of 3(2H)furanones 6 with the
preparation of 6a as an example : Me3SiOTf (5.5 mmol, 1.20 g) was added
to a solution of 2d (5.5 mmol, 0.62 g) and 4a (5.5 mmol, 1.51 g) in CH2Cl2


(70 mL) at ÿ78 8C. Catalytic amounts of Me3SiOTf (0.3 equiv.) could also
be successfully used in the reaction. The reaction mixture was allowed to
warm to 20 8C over a period of 12 h. After stirring for 2 h at 20 8C, a
saturated solution of NaHCO3 was added, the organic layer was separated
and the aqueous layer was repeatedly extracted with diethyl ether. The
combined organic extracts were dried (MgSO4) and filtered, and the filtrate
was concentrated to dryness in vacuo. The residue was purified by column
chromatography (silica gel, diethyl ether/petroleum ether) to give 5a as a
colourless oil (805 mg, 71%). DBU (1.28 mmol, 195 mg) was added to a
solution of 5a (0.64 mmol, 132 mg) in THF (5 mL). After stirring for 2.5 h,
glacial acetic acid (0.4 mL) was added. The solvent was removed in vacuo
and the residue was purified by chromatography to give 6a as a colourless
oil (100 mg, 91%). Due to their instability, the open-chain intermediates 5
had to be used for the cyclisation reaction within one day.


5-Ethoxycarbonylmethyl-3(2 H)furanone (6a): Yield: 100 mg, 65%;
1H NMR (CDCl3, 250 MHz): d� 1.22 (t, 8 Hz, 3H; CH3), 3.55 (s, 2H;
CH2), 4.18 (q, J� 8 Hz, 2H; OCH2CH3), 4.48 (s, 2 H; OCH2), 5.66 (s, 1H;
CH); 13C NMR (CDCl3, 62.5 MHz): d� 13.79 (�), 36.46 (ÿ), 61.57 (ÿ),
75.10 (ÿ), 106.13 (�), 166.39 (ÿ), 185.95 (ÿ), 202.15 (ÿ); MS (70 eV): m/z
(%): 170 (20) [M]� ; the exact molecular mass m/z� 170.0579� 2 mD [M]�


was confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C8H10O4: C 56.47, H 5.92; found C 56.35, H 6.08.


5-Methoxycarbonylmethyl-3(2 H)furanone (6 b): Preparation from diene
4b (208 mg, 0.80 mmol) gave compound 6b in two steps. Yield: 88 mg,
70%; 1H NMR (CDCl3, 250 MHz): d� 3.48 (s, 2H; CH2), 3.63 (s, 3H;
OCH3), 4.42 (s, 2H; OCH2), 5.60 (s, 1 H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 36.11 (�), 52.40 (ÿ), 75.07 (�), 106.15 (ÿ), 166.84 (ÿ),
185.65 (ÿ), 202.03 (ÿ); MS (70 eV): m/z (%): 156 (100) [M]� , 128 (28); the
exact molecular mass m/z� 156.0422� 2 mD [M]� was confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C7H8O4: C 53.85, H
5.16; found C 53.51, H 5.35.


5-Isopropoxycarbonylmethyl-3(2 H)furanone (6c): Preparation from diene
4c (158 mg, 0.55 mmol) gave compound 6c in two steps. Yield: 64 mg, 63%;
1H NMR (CDCl3, 250 MHz): d� 1.25 (d, 6 H; CH3), 3.52 (s, 2 H; CH2), 4.53
(s, 2 H; OCH2), 5.02 (sept, 1H; CH), 5.68 (s, 1H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 21.57 (�), 37.03 (ÿ), 69.58 (�), 75.25 (ÿ), 106.23 (�), 166.03
(ÿ), 186.27 (ÿ), 202.31 (ÿ); MS (70 eV): m/z (%): 184 (42) [M]� , 125 (36),
43 (100); the exact molecular mass m/z� 184.0735� 2 mD [M]� was
confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C9H12O4: C 58.69, H 6.57; found C 58.32, H 6.28.


5-Methoxycarbonylmethyl-4-methyl-3(2H)furanone (6d): Preparation
from diene 4 d (214 mg, 0.78 mmol) gave compound 6 d in two steps. Yield:
72 mg, 54 %; 1H NMR (CDCl3, 250 MHz): d� 1.72 (s, 3H; CH3), 3.58 (s,
2H; CH2), 3.75 (s, 3H; OCH3), 4.52 (s, 2 H; OCH2); 13C NMR (CDCl3,
62.5 MHz): d� 5.24 (�), 34.95 (ÿ), 52.64 (ÿ), 74.00 (�), 113.68 (ÿ), 167.21
(ÿ), 180.22 (ÿ), 203.14 (ÿ); MS (70 eV): m/z (%): 170 (100) [M]� , 110 (44);
the exact molecular mass m/z� 170.0579� 2 mD [M]� was confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C8H10O4: C 56.47, H
5.92; found: C 56.35, H 6.08.


5-Ethoxycarbonylmethyl-4-ethyl-3(2H)furanone (6 e): Preparation from
diene 4e (158 mg, 0.52 mmol) gave compound 6 e in two steps. Yield:
55 mg, 53 %; 1H NMR (CDCl3, 250 MHz): d� 1.05 (t, J� 7 Hz, 3H; CH3),
1.27 (t, J� 7 Hz, 3H; CH3), 2.18 (q, J� 7 Hz, 2H; CH2), 3.55 (s, 2 H; CH2),
4.18 (q, J� 7 Hz, 2 H; OCH2), 4.45 (s, 2H; OCH2); 13C NMR (CDCl3,
62.5 MHz): d� 12.31 (�), 13.19 (�), 13.56 (ÿ), 34.32 (ÿ), 60.80 (ÿ), 73.17
(ÿ), 118.29 (ÿ), 166.16 (ÿ), 179.58 (ÿ), 201.90 (ÿ); IR (neat): nÄ � 2975 (m),
2937 (m), 1739 (s), 1700 (s), 1627 (s), 1424 (m), 1190 (s), 1026 cmÿ1 (m); MS
(70 eV): m/z (%): 198 (100) [M]� , 183 (8), 169 (39), 153 (25), 124 (74); the
exact molecular mass m/z� 198.0892� 2 mD [M]� was confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C10H14O4: C 60.59, H
7.12; found C 60.20, H 7.22.


5-Ethoxycarbonylmethyl-4-butyl-3(2H)furanone (6 f): Preparation from
diene 4 f (254 mg, 0.77 mmol) gave compound 6 f in two steps. Yield: 70 mg,
40%; 1H NMR (CDCl3, 250 MHz): d� 0.82 (t, J� 7 Hz, 3H; CH3), 1.20 (t,
J� 7 Hz, 3H; CH3), 1.20 ± 1.40 (m, 4H; CH2), 2.08 (t, J� 7 Hz, 2 H; CH2),
3.52 (s, 2 H; CH2), 4.15 (q, J� 7 Hz, 2H; OCH2), 4.42 (s, 2H; OCH2);
13C NMR (CDCl3, 62.5 MHz): d� 13.65 (�), 13.91 (�), 20.63 (ÿ), 22.30
(ÿ), 30.49 (ÿ), 35.13 (ÿ), 61.68 (ÿ), 73.89 (ÿ), 117.93 (ÿ), 166.80 (ÿ),
180.47 (ÿ), 203.00 (ÿ); MS (70 eV): m/z (%): 226 (76) [M]� , 208 (24), 197
(40), 184 (66), 138 (95), 110 (100); the exact molecular mass m/z�
226.1205� 2 mD [M]� was confirmed by HRMS (EI, 70 eV).


4-Allyl-5-ethoxycarbonylmethyl-3(2 H)furanone (6g): Preparation from
diene 4g (198 mg, 0.63 mmol) gave compound 6 g in two steps. Yield:
72 mg, 54 %; 1H NMR (CDCl3, 250 MHz): d� 1.13 (t, J� 7 Hz, 3H; CH3),
2.78 (m, 2 H; CH2CH�CH2), 2.08 (t, J� 7 Hz, 2H; CH2), 3.42 (s, 2 H; CH2),
4.02 (q, J� 7 Hz, 2H; OCH2), 4.38 (s, 2H; OCH2), 4.90 (m, 2 H; CH�
CH2), 5.61 (m, 2H; CH�CH2); 13C NMR (CDCl3, 62.5 MHz): d� 13.67
(�), 24.35 (ÿ), 34.96 (ÿ), 61.35 (ÿ), 73.73 (ÿ), 115.13 (ÿ), 115.44 (ÿ),
133.78 (�), 166.36 (ÿ), 181.18 (ÿ), 201.69 (ÿ); IR (neat): nÄ � 3081 (w), 2982
(m), 2938 (m), 2907 (w), 1740 (s), 1701 (s), 1633 (s), 1427 (s), 1390 (s), 1256
(s), 1188 (s), 1028 cmÿ1 (s); MS (70 eV): m/z (%): 210 (88) [M]� , 122 (100);
the exact molecular mass m/z� 210.0892� 2 mD [M]� was confirmed by
HRMS (EI, 70 eV); elemental analysis calcd (%) for C11H14O4: C 62.85, H
6.71; found C 63.10, H 7.02.


5-Methoxycarbonylmethyl-4-methoxy-3(2H)furanone (6h): Preparation
from diene 4 h (145 mg, 0.50 mmol) gave compound 6 h in two steps. Yield:
52 mg, 56 %; 1H NMR (CDCl3, 250 MHz): d� 3.52 (s, 2 H; CH2), 3.68, 3.75
(2� s, 2� 3H; OCH3), 4.42 (s, 2H; OCH2); 13C NMR (CDCl3, 62.5 MHz):
d� 33.23 (ÿ), 52.44 (�), 59.44 (�), 73.51 (ÿ), 138.38 (ÿ), 167.02 (ÿ), 173.13
(ÿ), 195.56 (ÿ); IR (neat): nÄ � 2957 (w), 1740 (s), 1634 (m), 1440 (m), 1210
(s), 1041 cmÿ1 (m); MS (70 eV): m/z (%): 186 (100) [M]� , 171 (6), 144 (12);
the exact molecular mass m/z� 186.0528� 2 mD [M]� was confirmed by
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HRMS (EI, 70 eV); elemental analysis calcd (%) for C8H10O5: C 51.61, H
5.41; found C 51.35, H 5.70.


5-(Ethoxycarbonyl-1'-ethyl)-3(2H)furanone (6 i): Preparation from diene
4 i (160 mg, 0.55 mmol) gave compound 6 i in two steps. Yield: 55 mg, 54%;
1H NMR (CDCl3, 250 MHz): d� 1.25 (t, J� 8 Hz, 3 H; CH3), 1.40 (d, J�
7 Hz, 3H; CHCH3), 3.41 (q, J� 7 Hz, 1H; CHCH3), 4.07 (s, 2H; OCH2),
4.22 (q, J� 8 Hz, 2 H; OCH2), 5.95 (s, 1H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 13.71 (�), 13.91 (�), 43.84 (�), 48.95 (�), 61.40 (ÿ), 97.32
(ÿ), 170.18 (ÿ), 185.62 (ÿ), 192.03 (ÿ); IR (neat): nÄ � 2986 (m), 2943 (m),
1738 (s), 1602 (s), 1453 (m), 1190 (s), 1128 (m), 1083 (m), 1032 cmÿ1 (m);
MS (70 eV): m/z (%): 184 (2) [M]� ; the exact molecular mass m/z�
184.0736� 2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental
analysis calcd (%) for C9H12O4: C 58.69, H 6.57; found C 58.45, H 6.38.


7-Ethoxycarbonyl-4,5,6,7-tetrahydrobenzo[b]furan-3-one (6 j): Prepara-
tion from diene 4j (179 mg, 0.57 mmol) gave compound 6 j in two steps.
Yield: 48 mg, 40 %; 1H NMR (CDCl3, 250 MHz): d� 1.25 (t, J� 7 Hz, 3H;
CH3), 1.55 ± 1.90 (m, 2H; CH2), 2.05 (m, 2H; CH2), 2.22 (m, 2H; CH2), 3.52
(t, J� 6 Hz, 1H; CHCH2), 4.20 (q, J� 7 Hz, 2 H; OCH2), 4.21 (s, 2H;
OCH2), 4.51 (s, 2H; OCH2); 13C NMR (CDCl3, 62.5 MHz): d� 13.50 (�),
17.26 (ÿ), 19.08 (ÿ), 25.72 (ÿ), 42.15 (�), 60.93 (ÿ), 74.16 (ÿ), 114.49 (ÿ),
169.53 (ÿ), 183.56 (ÿ), 200.55 (ÿ); IR (neat): nÄ � 2940 (m), 2866 (m), 1734
(s), 1700 (s), 1635 (s), 1427 (m), 1179 (s), 1133 (m) cmÿ1; MS (70 eV): m/z
(%): 210 (76) [M]� , 137 (100); the exact molecular mass m/z� 210.0892�
2 mD [M]� was confirmed by HRMS (EI, 70 eV).


5-Ethoxycarbonylmethyl-2-methyl-3(2H)furanone (6 k): Preparation from
diene 4a (181 mg, 0.66 mmol) gave compound 6 k in two steps. Yield:
68 mg, 56%; 1H NMR (CDCl3, 250 MHz): d� 1.30 (t, J� 7 Hz, 3H;
CH2CH3), 1.45 (d, J� 8 Hz, 3H; CHCH3), 3.55 (s, 2H; CH2), 4.22 (q, J�
7 Hz, 2 H; OCH2), 4.55 (q, J� 8 Hz, 1 H; OCH), 5.62 (s, 1 H; CH); 13C NMR
(CDCl3, 62.5 MHz): d� 14.00, 16.14, 36.81, 61.78, 82.79, 104.92, 166.65,
184.36, 205.11; IR (neat): nÄ � 3117 (m), 2981 (m), 2937 (m), 2873 (m), 1739
(s), 1596 (s), 1526 (m), 1370 (s), 1184 (br), 1028 cmÿ1 (s); MS (70 eV): m/z
(%): 184 (100) [M]� , 112 (68); the exact molecular mass m/z� 184.0735�
2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental analysis calcd
(%) for C9H12O4: C 58.69, H 6.57; found C 58.35, H 6.39.


5-Methoxycarbonylmethyl-2,4-dimethyl-3(2H)furanone (6 l): Preparation
from diene 4h (173 mg, 0.63 mmol) gave compound 6 l in two steps. Yield:
52 mg, 45%; 1H NMR (CDCl3, 250 MHz): d� 1.39 (d, J� 8 Hz, 3H;
CHCH3), 1.65 (s, 3H; CH3), 3.55 (s, 2 H; CH2), 3.72 (s, 3 H; OCH3), 4.45 (q,
J� 8 Hz, 1H; OCH); 13C NMR (CDCl3, 62.5 MHz): d� 5.44 (�), 16.22
(�), 34.94 (ÿ), 52.62 (�), 81.13 (�), 112.15 (ÿ), 167.35 (ÿ), 178.59 (ÿ),
205.68 (ÿ); MS (70 eV): m/z (%): 184 (100) [M]� , 124 (46); the exact
molecular mass m/z� 184.0735� 2 mD [M]� was confirmed by HRMS (EI,
70 eV); elemental analysis calcd (%) for C9H12O4: C 58.69, H 6.57; found C
58.42, H 6.48.


5-Ethoxycarbonylmethyl-4-ethyl-2-methyl-3(2H)furanone (6m): Prepara-
tion from diene 4e (175 mg, 0.58 mmol) gave compound 6m in two steps.
Yield: 47 mg, 38 %; 1H NMR (CDCl3, 250 MHz): d� 1.03 (t, J� 7 Hz, 3H;
CH3), 1.26 (t, J� 8 Hz, 3 H; CH3), 1.45 (d, J� 8 Hz, 3 H; CHCH3), 2.15 (q,
J� 8 Hz, 2H; CH2), 3.52 (s, 2 H; CH2), 4.22 (q, J� 7 Hz, 2H; OCH2), 4.43
(q, J� 8 Hz, 1H; OCH); 13C NMR (CDCl3, 62.5 MHz): d� 13.32, 14.04,
14.51, 16.28, 35.21, 61.77, 81.09, 117.84, 167.03, 178.66, 205.57; MS (70 eV):
m/z (%): 212 (48) [M]� , 185 (100); the exact molecular mass m/z�
212.1049� 2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental
analysis calcd (%) for C11H16O4: C 62.25, H 7.60; found C 62.22, H 7.71.


7-Ethoxycarbonyl-2-methyl-4,5,6,7-tetrahydrobenzo[b]furan-3-one (6n):
Preparation from diene 4j (198 mg, 0.63 mmol) gave compound 6 b in
two steps. Yield: 44 mg, 31 %; 1H NMR (CDCl3, 250 MHz): d� 1.22 (m,
3H; CH3), 1.39 (d, J� 8 Hz, 3H; CH3), 1.70 (m, 2H; CH2), 2.00 ± 2.30 (m,
4H; CH2), 3.45 (t, J� 5 Hz, 1H; CHCH2), 4.18 (m, 2H; OCH2), 4.45 (m,
1H; OCHCH3), the product was isolated as a 1:1 mixture of diastereomers;
13C NMR (CDCl3, 62.5 MHz): d� 14.28, 14.32 (�), 16.38, 16.50 (�), 18.16
(ÿ), 19.88, 19.96 (ÿ), 26.53, 26.60 (ÿ), 42.93, 43.06 (�), 61.74, 61.81 (ÿ),
82.29, 82.37 (�), 113.82, 113.94 (ÿ), 170.43, 170.56 (ÿ), 182.75, 182.96 (ÿ),
204.26, 204.35 (ÿ); IR (neat): nÄ � 2979 (m), 2938 (m), 2872 (m), 1734 (s),
1636 (s), 1446 (m), 1371 (m), 1233 (s), 1126 cmÿ1 (s); MS (70 eV): m/z (%):
224 (100) [M]� , 195 (26), 170 (50), 151 (86); the exact molecular mass
m/z� 224.1048� 2 mD [M]� was confirmed by HRMS (EI, 70 eV).


General procedure for the preparation of 2-alkylidene-4-methoxytetrahy-
drofurans 9, with the preparation of 9a given as an example : Me3SiOTf


(5.5 mmol, 1.15 g) was added to a solution of 7 b (685 mg, 5.5 mmol) and 4a
(5.5 mmol) in CH2Cl2 (70 mL) at ÿ78 8C. Catalytic amounts of Me3SiOTf
(0.3 equiv) could also be successfully used in the reaction. The reaction
mixture was allowed to warm to 20 8C over a period of 12 h. After stirring
for 2 h at 20 8C, a saturated solution of NaHCO3 was added, the organic
layer was separated and the aqueous layer was repeatedly extracted with
diethyl ether. The combined organic extracts were dried (MgSO4) and
filtered, and the filtrate was concentrated to dryness in vacuo. The residue
was purified by column chromatography (silica gel, diethyl ether/petroleum
ether) to give 8 b as a colourless oil (882 mg, 72 %). DBU (4.5 mmol) was
added to a solution of 8b (2.25 mmol, 500 mg) in THF (5 mL). After
stirring for 2.5 h, glacial acetic acid (1.5 mL) was added. The solvent was
removed in vacuo and the residue was purified by chromatography to give
9a as a colourless oil (370 mg, 89 %). Overall yield: 64%. Due to their
instability, the open-chain intermediates 8 had to be used for the cyclisation
reaction within one day.


2-(E)-(Ethoxycarbonylmethylidene)-4-methoxytetrahydrofuran (9a):
Yield: 370 mg, 64 %; 1H NMR (CDCl3, 250 MHz, E :Z >98:2): d� 1.22
(t, J� 8 Hz, 3 H; CH3), 2.92 (ddd, J� 14, 7, 2 Hz, 1 H; CH2), 3.28 (s, 3H;
OCH3), 3.45 (dd, J� 14, 2 Hz, 1 H; CH2), 4.10 (q, J� 8 Hz, 2H; OCH2CH3),
4.10 ± 4.20 (m, 2 H; CH, OCH2), 4.30 (dd, J� 10, 2 Hz, 1 H; OCH2), 5.35 (t,
J� 2 Hz, 1H; CH); 13C NMR (CDCl3, 62.5 MHz): d� 14.34 (�), 36.34, (ÿ),
56.38 (�), 59.22 (ÿ), 75.47 (ÿ), 77.92 (�), 90.85 (�), 168.32 (ÿ), 174.47 (ÿ);
IR (neat): nÄ � 2982 (m), 2934 (m), 2904 (m), 2827 (w), 1701 (s), 1644 (s),
1465 (m), 1121 (s), 1096 cmÿ1 (s); MS (70 eV): m/z (%): 186 (28) [M]� , 155
(100), 141 (68); the exact molecular mass m/z� 186.0892� 2 mD [M]� was
confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C9H14O4: C 58.05, H 7.58; found C 57.75, H 7.76.


2-(E)-(Methoxycarbonylmethylidene)-4-methoxytetrahydrofuran (9b):
Preparation from diene 4b (138 mg, 0.53 mmol) gave compound 9 b in
two steps. Yield: 55 mg, 60%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2):
d� 2.89 (ddd, J� 15, 7, 2 Hz, 1H; CH2), 3.22 (s, 3H; OCH3), 3.42 (dd, J�
15, 2 Hz, 1H; CH2), 3.60 (s, 3H; OCH3), 4.10 (m, 2 H; CH, OCH2), 4.27 (dd,
J� 10, 2 Hz, 1H; OCH2), 5.30 (t, J� 2 Hz, 1H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 36.30 (ÿ), 50.53 (�), 56.28 (�), 75.51 (ÿ), 77.82 (�), 90.31
(�), 168.63 (ÿ), 174.69 (ÿ); IR (neat): nÄ � 3117 (w), 2956 (m), 1724 (s),
1700 (s), 1603 (s), 1437 (s), 1175 (s), 1130 (s), 1017 cmÿ1 (s); MS (70 eV):
m/z (%): 141 (80) [MÿOCH3]� , 109 (100); elemental analysis calcd (%)
for C8H12O4: C 55.81, H 7.03; found C 56.25, H 6.88.


2-(E)-(Isopropoxycarbonylmethylidene)-4-methoxytetrahydrofuran (9c):
Preparation from diene 4 c (127 mg, 0.44 mmol) gave compound 9c in
two steps. Yield: 47 mg, 53%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2):
d� 1.20 (d, J� 6 Hz, 6 H; CH3), 2.93 (ddd, J� 15, 7, 2 Hz, 1H; CH2), 3.30 (s,
3H; OCH3), 3.49 (dd, J� 15, 2 Hz, 1 H; CH2), 4.13 (m, 2H; CH, OCH2),
4.30 (dd, J� 10, 2 Hz, 1H; OCH2), 4.98 (sept, J� 6 Hz, 1H; OCH), 5.30 (t,
J� 2 Hz, 1H; CH); 13C NMR (CDCl3, 62.5 MHz): d� 21.96 (�), 21.98 (�),
36.34 (ÿ), 56.39 (�), 66.23 (�), 75.35 (ÿ), 77.95 (�), 91.34 (�), 167.84 (ÿ),
174.18 (ÿ); IR (neat): nÄ � 2981 (m), 2936 (m), 2828 (w), 1700 (s), 1646 (s),
1383 (m), 1289 (m), 1231 (m), 1129 (s), 826 cmÿ1 (m); MS (70 eV): m/z (%):
200 (26) [M]� , 169 (18), 141 (100), 127 (72); the exact molecular mass
m/z� 200.1048� 2 mD [M]� was confirmed by HRMS (EI, 70 eV);
elemental analysis calcd (%) for C10H16O4: C 59.98, H 8.05; found C
59.78, H 8.16.


2-(E)-(Methoxyethoxycarbonylmethylidene)-4-methoxytetrahydrofuran
(9d): Preparation from diene 4 k (170 mg, 0.56 mmol) gave compound 9d
in two steps. Yield: 68 mg, 56%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2):
d� 2.89 (ddd, J� 15, 7, 2 Hz, 1H; CH2), 3.22, 3.30 (2� s, 2� 3H; OCH3),
3.42 (dd, J� 15, 2 Hz, 1 H; CH2), 3.50 (t, J� 6 Hz, 2H; OCH2), 4.13 (t, J�
6 Hz, 2 H; OCH2), 4.00 ± 4.20 (m, 2H; CH, OCH2), 4.25 (dd, J� 10, 2 Hz,
1H; OCH2), 5.33 (t, J� 2 Hz, 1H; CH); 13C NMR (CDCl3, 62.5 MHz): d�
36.31 (ÿ), 56.20 (�), 58.70 (�), 62.19 (ÿ), 70.53 (ÿ), 75.48 (ÿ), 77.73 (�),
90.32 (�), 168.02 (ÿ), 174.95 (ÿ); IR (neat): nÄ � 2936 (m), 2826 (m), 1703
(s), 1645 (s), 1457 (m), 1384 (m), 1338 (m), 1120 (s), 1051 cmÿ1 (s); MS
(70 eV): m/z (%): 216 (8) [M]� , 158 (32), 141 (100); the exact molecular
mass m/z� 216.0997� 2 mD [M]� was confirmed by HRMS (EI, 70 eV);
elemental analysis calcd (%) for C10H16O5: C 55.55, H 7.46; found C 55.45,
H 7.28.


2-(E)-(Benyzloxycarbonylmethylidene)-4-methoxytetrahydrofuran (9e):
Preparation from diene 4 l (131 mg, 0.39 mmol) gave compound 9 e in
two steps. Yield: 60 mg, 62%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2):
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d� 2.98 (ddd, J� 15, 7, 2 Hz, 1H; CH2), 3.35 (s, 3H; OCH3), 3.58 (dd, J�
15, 2 Hz, 1H; CH2), 4.15 (m, 2H; CH, OCH2), 4.35 (dd, J� 10, 2 Hz, 1H;
OCH2), 5.15 (s, 2 H; OCH2Ph), 5.42 (t, J� 2 Hz, 1 H; CH), 7.35 (m, 5H;
Ph); 13C NMR (CDCl3, 62.5 MHz): d� 36.52 (ÿ), 56.47 (�), 65.21 (ÿ),
75.69 (ÿ), 77.92 (�), 90.62 (�), 127.87 (�), 127.94 (�), 128.43 (�), 136.69
(ÿ), 168.16 (ÿ), 175.11 (ÿ); IR (neat): nÄ � 2936 (m), 2827 (w), 1702 (s),
1645 (s), 1455 (m), 1230 (m), 1116 (s), 1043 cmÿ1 (s); MS (70 eV): m/z (%):
248 (1) [M]� , 186 (18), 155 (100); the exact molecular mass m/z�
248.1048� 2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental
analysis calcd (%) for C14H16O4: C 67.73, H 6.50; found C 68.02, H 6.58.


2-(E)-(Isobutoxycarbonylmethylidene)-4-methoxytetrahydrofuran (9 f):
Preparation from diene 4m (175 mg, 0.58 mmol) gave compound 9 f in
two steps. Yield: 75 mg, 60%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2):
d� 0.90 (d, J� 8 Hz, 6H; CH3), 1.90 (sept, J� 8 Hz, 1 H; CH2CH), 2.93
(ddd, J� 15, 7, 2 Hz, 1 H; CH2), 3.30 (s, 3 H; OCH3), 3.49 (dd, J� 15, 2 Hz,
1H; CH2), 3.82 (d, J� 8 Hz, 2 H; CH2CH), 4.15 (m, 2H; CH, OCH2), 4.33
(dd, J� 10, 2 Hz, 1 H; OCH2), 5.38 (t, J� 2 Hz, 1H; CH); 13C NMR
(CDCl3, 62.5 MHz): d� 19.12 (�), 27.75 (�), 36.37 (ÿ), 56.40 (�), 69.59
(ÿ), 75.48 (ÿ), 77.94 (�), 90.92 (�), 168.42 (ÿ), 174.39 (ÿ); MS (70 eV): m/z
(%): 214 (12) [M]� , 141 (100); the exact molecular mass m/z� 214.1205�
2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental analysis calcd
(%) for C11H18O4: C 61.66, H 8.47; found C 61.35, H 8.18.


2-(E)-(Methoxycarbonylmethylidene)-4-methoxy-3-methyltetrahydrofu-
ran (9g): Preparation from diene 4 d (159 mg, 0.58 mmol) gave compound
9g in two steps. Yield: 56 mg, 52 %; 1H NMR (CDCl3, 200 MHz,
inseparable mixture of diastereomers, trans :cis� 10:1, E :Z >98:2): d�
1.19 (d, J� 7 Hz, 3H; CH3), 3.29 (s, 3H; OCH3), 3.61 (s, 3H; OCH3),
3.65 (m, 1 H; CH), 3.78 (q, J� 7 Hz, 1H; CH), 4.28 (m, 2H; CH, OCH2),
4.33 (dd, J� 10, 2 Hz, 1H; OCH2), 5.28 (s, 1H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 15.83 (�), 41.96 (�), 50.64 (�), 56.24 (�), 73.96 (ÿ), 84.86
(�), 90.01 (�), 168.28 (ÿ), 179.64 (ÿ); IR (neat): nÄ � 2932 (m), 1739 (m),
1704 (s), 1647 (s), 1464 (m), 1388 (m), 1127 (s), 1098 cmÿ1 (s); MS (70 eV):
m/z (%): 186 (20) [M]� , 155 (100); the exact molecular mass m/z�
186.0892� 2 mD [M]� was confirmed by HRMS (EI, 70 eV).


2-(E)-(Ethoxycarbonylmethylidene)-3-ethyl-4-methoxytetrahydrofuran
(9h): Preparation from diene 4e (145 mg, 0.48 mmol) gave compound 9h in
two steps. Yield: 52 mg, 50 %; 1H NMR (CDCl3, 250 MHz, mixture of
diastereomers, trans :cis� 6:1, E :Z <2:98): d� 1.02 (m, 3 H; CH3), 1.25 (m,
3H; CH3), 1.45 ± 1.90 (m, 2 H; CH2), 2.72 (t, J� 6 Hz, 1H; CHCH2), 3.32
(2� s, 3 H; OCH3), 3.72 (m, 1H; CHOCH3), 4.12 (q, 2H; OCH2), 4.30 ± 4.60
(m, 2 H; OCH2), 4.80, 4.88 (2� s, 1H; CH); 13C NMR (CDCl3, 62.5 MHz):
d� 11.63/12.01, 14.35/18.24, 24.95/25.52, 49.76/51.73, 56.36/56.82, 59.23/
67.89, 74.20/75.98, 77.67/81.94, 88.16/89.70, 165.73/165.82, 173.33/173.80; IR
(neat): nÄ � 2974 (m), 2935 (m), 2828 (w), 1710 (s), 1653 (s), 1465 (m), 1190
(s), 1125 (s), 1096 (s), 1047 cmÿ1 (s); MS (70 eV): m/z (%): 214 (22) [M]� ,
183 (100), 169 (80), 155 (88); the exact molecular mass m/z� 214.1205�
2 mD [M]� was confirmed by HRMS (EI, 70 eV); elemental analysis calcd
(%) for C11H18O4: C 61.66, H 8.47; found C 61.35, H 8.28.


2-(E)-(Ethoxycarbonylmethylidene)-3-butyl-4-methoxytetrahydrofuran
(9 i): Preparation from diene 4 f (158 mg, 0.48 mmol) gave compound 9 b in
two steps. Yield: 36 mg, 32 %; 1H NMR (CDCl3, 250 MHz, mixture of
diastereomers, trans :cis� 10:1, E :Z >98:2): d� 0.82 (m, 6H; CH3), 1.20 ±
1.40 (m, 6 H; CH2), 2.35 (t, J� 8 Hz, 1H; CHCH2), 3.33 (s, 3 H; OCH3), 3.69
(dd, J� 10, 5 Hz, 1H; OCH2), 3.80 (d, J� 5 Hz, 1 H; CHOCH3), 4.13 (m,
2H; OCH2), 4.27 (m, 1 H; OCH2), 5.32 (s, 1 H; CH); 13C NMR (CDCl3,
62.5 MHz): d� 13.88, 14.12, 22.63, 30.37, 47.56, 56.12, 59.23, 74.34, 82.66,
90.53, 167.88, 179.11; IR (neat): nÄ � 2958 (s), 2932 (s), 2873 (m), 1704 (s),
1643 (s), 1466 (m), 1370 (m), 1170 (m), 1121 (s), 1048 cmÿ1 (m); MS (70 eV):
m/z (%): 242 (10) [M]� .


2-(E)-(Ethoxycarbonyl-1'-ethylidene)-4-methoxytetrahydrofuran (9 j):
Preparation from diene 4 i (168 mg, 0.58 mmol) gave compound 9j in two
steps. Yield: 67 mg, 58%; 1H NMR (CDCl3, 250 MHz, E :Z >98:2): d�
1.25 (t, J� 7 Hz, 3 H; CH3), 1.80 (s, 3 H; CH3), 2.95 (dd, J� 14, 7 Hz, 1H;
CH2), 3.33 (s, 3 H; OCH3), 3.45 (dd, J� 14, 2 Hz, 1H; CH2), 4.08 ± 4.20 (m,
4H; OCH2CH3, CHOCH3, OCH2), 4.35 (dd, J� 10, 2 Hz, 1H; OCH2);
13C NMR (CDCl3, 62.5 MHz): d� 11.12 (�), 14.40, (�), 37.15 (ÿ), 56.40
(�), 59.53 (ÿ), 74.83 (ÿ), 78.63 (�), 98.97 (ÿ), 168.09 (ÿ), 169.14 (ÿ); IR
(neat): nÄ � 2983 (m), 2933 (m), 2827 (w), 1701 (s), 1646 (s), 1465 (m), 1305
(s), 1289 (s), 1105 cmÿ1 (s); MS (70 eV): m/z (%): 200 (24) [M]� , 186 (8),
155 (100); the exact molecular mass m/z� 200.1048� 2 mD [M]� was


confirmed by HRMS (EI, 70 eV); elemental analysis calcd (%) for
C10H16O4: C 59.98, H 8.05; found C 59.66, H 8.18.
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A Self-Threaded ªMolecular 8º


Carin Reuter,[a] Wolfgang Wienand,[b] Carsten Schmuck,[b] and Fritz Vögtle*[a]


Abstract: A new type of [1]rotaxanes
containing two aliphatic bridges be-
tween axle and wheel is obtained in
39 % yield in a one-step synthesis start-
ing from a [2]rotaxane which contained
one sulfonamide group each in both the
wheel and the axle. Temperature con-
trolled chemoselective substitution re-
actions first at these sulfonamide nitro-
gens and then subsequently at the var-
ious other carboxamide nitrogens in the
wheel and axle give rise to the formation
of an isomeric mixture of three double-
bridged [1]rotaxanes which could be
separated by HPLC. Structure determi-
nation of the main product 3 a was


possible by NMR experiments support-
ed by molecular modeling calculations.
Using different reaction conditions, a
double-substituted but not yet bridged
[2]rotaxane 4 could be isolated as an
intermediate giving further evidence for
the assigned structure of 3 a and the way
of its formation. The shape of this
double-bridged [1]rotaxane 3 a reminds
of a self-intertwining chiral ªmolecu-


lar 8º, in which any possible racemiza-
tion due to deslipping is hindered by the
two stoppers originating from the for-
mer rotaxane axle. Hence, to the best of
our knowledge this is the first example
of a molecule in which both concepts,
cycloenantiomerism and helical chirali-
ty, are realised in one structure. Enan-
tiomer separation of the main product
was possible by further HPLC using
chiral stationary phases. The Cotton
effects of the circular dichrograms are
different to those of the already synthe-
sized [1]rotaxanes bearing just one ali-
phatic bridge between axle and wheel.


Keywords: chemoselective substitu-
tion ´ cycloenantiomerism ´ helical
chirality ´ molecular modeling ´
rotaxanes


Introduction


The design of interlocked molecules such as rotaxanes and
catenanes and also of intertwined molecular knots gives rise
to a whole range of compounds with novel structural and
chiroptical properties based on non-classical types of chir-
ality.[1]


Cycloenantiomerism of such molecules was foreseen the-
oretically by Frisch and Wasserman in 1961.[2] Topological
chirality of catenanes can be determined by a difference in the
segment sequence of one macrocycle with respect to the
other. In order for such a directionality to exist, each ring of a
catenane must consist of at least three different segments,
even though every segment may appear in both rings.[3] The
first topologically chiral catenanes and molecular knots,
however, were not synthesized before the late 1980s.[4, 5] In
1971 Schill described the stereochemistry of rotaxanes as


being closely related to that of catenanes.[6] Cycloenantiomer-
ism of rotaxanes occurs when both its components, the wheel
and the axle, contain a sequence information in their
molecular scaffolds. One enantiomer has a clockwise orienta-
tion of the wheel with respect to the axle, whereas the other
enantiomer is arranged anti-clockwise. In 1996 our group
reported the first enantiomer separated, cycloenantiomeric
[2]rotaxane (Figure 1).[7]


A covalent bridge between the wheel and the axle of such a
chiral rotaxane leads to cycloenantiomeric [1]rotaxanes. We
recently described the first synthesis of such mono-bridged
[1]rotaxanes and the dependence of their chiroptical proper-
ties on the character of the bridges.[8] The covalent connection
of the wheel with the axle was possible by the incorporation of
sulfonamide units into carboxamide-based [2]rotaxanes, as
the sulfonamide nitrogens can be substitued chemoselectively
in the presence of carboxamide nitrogens using a mild base
and room temperature as reaction conditions.[7] Two such
covalent connections between wheel and axle should give rise
to double-bridged [1]rotaxanes with a structure resembling a
ªmolecular 8º. Compared to other molecules with a figure-
eight conformation described in the literature the inversion
barrier of this particular ªmolecular 8º is supposed to be much
higher because of the bulky blocking groups of the axle
preventing a deslipping.[9] The chirality of such a new double-
bridged [1]rotaxane would not only be based on cycloenan-
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tiomerism but on helical chirality as well. Therefore, segment
information of the wheel and the axle should not be necessary
anymore for the chirality of such molecules.


Here we set out to investigate the first synthesis of such a
[1]rotaxane with two covalent bridges between the wheel and
the axle starting from a [2]rotaxane with one sulfonamide unit
both in the axle and the wheel.[10]


Results and Discussion


The synthetic approach for the preparation of a double-
bridged [1]rotaxane started from a [2]rotaxane 1 which
contains one sulfonamide group each in both its axle and its
wheel. Due to the higher acidity of the sulfonamide NH
compared with the carboxamide NH a substitution reaction
under mild conditions using 1,5-dibromopentane 2 as an
alkylating agent should take place first chemoselectively at
the sulfonamide nitrogens. Further reaction under more
severe conditions should then lead to ring closure of the two
bridges through alkylation of the less reactive carboxamide
NHs. The racemic mixture of the starting [2]rotaxane 1 was
prepared by a chemical threading reaction based on non-ionic
templating.[7] Solutions of 1 and the dibromide 2 were then
simultaneously added to a suspension of potassium carbonate
in DMF first at 50 8C (Scheme 1). After stirring at 50 8C for


three days the reaction temperature was raised to 90 8C and
the suspension was stirred for another 3 d. The temperature
control is important to achieve the desired chemoselectivity.
Purification of the reaction mixture on silica gel yielded 39 %
of a colorless solid. FAB and MALDI-Tof spectra showed
only a single product with m/z 1970.7 as the molecular ion
peak [M]� which clearly proves the presence of two aliphatic
pentamethylene bridges in the product. Hence, the desired
double-bridged [1]rotaxane was indeed formed in the reac-
tion. However, 1H NMR experiments pointed out that not just
one compound but a mixture of isomers was present, which
could then be separated by HPLC into three isomers of the
double-bridged [1]rotaxane in a ratio of 79:13:8.


Using HH-, CH-COSY, and NOE experiments all signals of
the pure main isomer could be identified and based on this
information the two bridges can be located as follows: Neither
any of the sulfonamide NH nor the carboxamide NH of the
axle are present in the NMR spectra, which shows that these
amides have been substituted and now serve as anchoring
points for the two bridges. As the spatial distance of the
sulfonamide nitrogen of the axle to the carboxamide nitrogen
of the axle is too far, a covalent connection of these two
groups by a single bridge consisting of only five methylene
groups is not possible.[8] Hence, the carboxamide nitrogen of
the axle has to be linked via the first bridge to the sulfonamide
nitrogen of the wheel not only in the main isomer but also in


Figure 1. Cycloenantiomers of bissulfonamide[2]rotaxane 1.


Scheme 1. One-step synthesis of [1]rotaxanes 3 a ± c containing two bridges.
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all possible isomers of this particular double-bridged [1]ro-
taxane 3.[11] Less clear is the exact location of the second
bridge. In principle, the sulfonamide nitrogen of the axle
could be connected to any of the three carboxamide nitrogens
of the wheel which either leads to structure 3 a, 3 b or 3 c. In 3 a
the second bridge is formed to that of the two carboxamides of
the 5-tert-butylisophthalamide unit which is on the same half
of the wheel relative to the sulfonamide group. In 3 b the
carboxamide group in the opposite half of the wheel is the
anchoring point, whereas in 3 c the second bridge is formed to
the carboxamide group in the sulfobenzoyl moiety. In the
1H NMR spectrum of the main isomer at least one of the two
remaining carboxamide protons could be identified. The
signal at d� 7.97 clearly belongs to the carboxamide NH of
the 3-sulfobenzoylamide unit of the wheel. The second signal
at d� 8.46 is one of the two carboxamide NHs of the 5-tert-
butylisophthalamide moiety, which could not be further
differentiated by 1H NMR methods. Whereas structure 3 c
can therefore be definitely excluded as the main isomer, the
NMR spectra do not allow to distinguish between isomer 3 a
and 3 b.


To further elucidate the structure of the main isomer we
performed a molecular dynamics calculation using the
Amber* force field as implemented in the Macromodel 6.5
software package.[12] Even though the absolute energy values
of a force field calculation for such highly complex com-
pounds might not be very accurate due to missing data and
errors in the force field parametrization, the calculated relative
energy differences between various isomers of the same
compound should be quite reliable. A conventional Monte
Carlo conformational search showed that in water (using the
Macromodel GB/SA solvation treatment) the three possible
double-bridged isomers 3 a, 3 b and 3 c are indeed quite
different in energy. Isomer 3 a in which the second bridge is
formed to the proximal carboxamide group of the 5-tert-
butylisophthalamide unit is the most stable one. Isomer 3 b in
which the distal carboxamide group is the anchoring point for
the second bridge is less stable by 9 kJ molÿ1. Isomer 3 c in
which the second bridge is formed to the carboxamide group
in the 3-sulfobenzoylamide unit is the least stable one and is
24 kJ molÿ1 higher in energy than 3 a due to unfavorable steric
interactions. Therefore, according to the molecular mechanics
calculations isomer 3 a is expected to be the main product in
the formation of 3, as the reaction takes place under
thermodynamic conditions (high temperature, long reaction
times) and the product ratio is hence determined by the
relative stabilities of the various isomers. Even though the
alkylation reaction at amide groups itself might not be
reversible, according to the Hammond postulate product
development control still favors, even under kinetic condi-
tions, the formation of the most stable isomer.


However, the experimental reaction takes place under
somewhat different conditions than the ones used in the
Monte Carlo calculation. The lower polarity of the solvent
(DMF) and the higher temperature (90 8C) could have a
significant effect especially on the energy difference between
3 a and 3 b. In water, their relative stabilities are mainly caused
by a better hydrophobic clustering of the large hydrophobic
groups in 3 a compared with 3 b. It is expected that such a


clustering effect is less important in a solvent other than water
or at higher temperatures, where the mobility of the
molecules, especially of such a flexible one as 3, is much
higher. Hence, to check whether the solvent polarity has a
significant effect on the relative stabilities of 3 a and 3 b, we
performed an analogous Monte Carlo simulation on those two
isomers using chloroform as a solvent. Again, 3 a is more
stable than 3 b, but the energy difference becomes smaller
(4 kJ molÿ1 instead of 9 kJ molÿ1 in water). As expected for a
solvent of lower polarity, the better hydrophobic clustering for
3 a in water is no longer important and the energy difference
in chloroform is mainly due to electrostatic effects. Therefore,
it seems quite reasonable to assume that also in DMF, which
has a somewhat medium polarity in between water and
chloroform, isomer 3 a remains more stable than 3 b.


To account for the reaction temperature of 90 8C and its
influence on stability, we performed molecular dynamics
calculations on 3 a and 3 b at 360 K over a time period of
100 ps using time steps of 0.5 fs both in water and chloroform.
In both cases, isomer 3 a remains the most stable one.
However, as expected the energy difference between 3 a and
3 b calculated from the molecular dynamics simulations is
smaller than for the Monte Carlo calculations: 5 kJ molÿ1 in
water and 3 kJ molÿ1 in chloroform.


Although the theoretical calculations do not allow to
simulate the experimental conditions exactly, it seems quite
clear from the modeling results that isomer 3 a, with both
bridges originating from the same half-side of the wheel, is the
most stable one of the three double-bridged isomers inves-
tigated. The other isomer 3 b, with the bridges attached to
opposite sides of the wheel, is slightly less stable than 3 a,
whereas the third possible isomer 3 c is much less stable and
should therefore only be a minor by-product in the formation
of 3.


The structure of the most stable isomer 3 a as obtained from
the molecular dynamics calculation at 360 K is shown in
Figure 2. The axle is slightly S-shaped with the wheel sitting
more or less in the middle on top of the 3-sulfobenzoylamide


Figure 2. Structure of the isomer 3 a as obtained from a MD calculation at
360 K (cycle: red, axle: green, stoppers: yellow, bridges: blue).
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unit. This probably reflects the time averaged flexibility of the
molecule, as the static Monte Carlo calculation yields a more
compact and clustered structure.


To confirm the above-mentioned hypothesis, that the
formation of the double-bridged [1]rotaxane 3 takes place in
a two-step sequence, in which first the sulfonamide and then
subsequently the carboxamide groups are alkylated (as shown
in Scheme 2), we tried to isolate the predicted disubstituted


Scheme 2. Two-step synthesis of [1]rotaxanes 3 a ± c.


but not yet bridged intermediate 4. Indeed, a chemoselective
substitution reaction of two equivalents 1,5-dibromopentane
(2) with one equivalent of the racemic mixture of [2]rotaxane
1 using potassium carbonate as a mild base at room temper-
ature yielded 83 % of the expected disubstituted [2]rotaxane
4.[11] Using NOE as well as HH-and CH-COSY NMR
experiments it was possible to not only show that both
sulfonamide NHs are missing but also to assign a signal at d�
9.03 to the carboxamide proton of the axle. As already
mentioned above, this signal is absent in the spectrum of the
main isomer of [1]rotaxane 3 ; this proves that one bridge has
formed to this group. We could also determine the two singlets
of the 5-tert-butylisophthalamide NHs at d� 8.87 and d� 7.90
though we again could not identify which one belongs to the
proximal and which to the distal carboxamide group. All other
singlets could be clearly identified. Hence, in 4 both sulfona-
mide groups have indeed been alkylated, whereas none of the
carboxamide groups has reacted so far. When a suspension of
this disubstituted [2]rotaxane 4 and potassium carbonate in
DMF was heated to 90 8C under dilution conditions a product
with the same Rf� 0.51 and the same molecular mass of
1970.7 g molÿ1 as already observed for 3 could be isolated after
purification on silica gel. Further analysis using HPLC showed
that again all three isomers 3 a ± c were formed but in a
somewhat different ratio of 56:37:7. This not only supports the
structure and the way of formation of the double-bridged
[1]rotaxane 3, but is also in excellent agreement with the
modeling results. Based on the calculated energy differences it
was expected, that 3 a and 3 b are formed as the two main
products while 3 c is formed only in minor amounts. Why the
isomer ratios differ for the one-step and the two-step reaction
is not quite clear at the moment. This might be due to
competing alternative pathways of product formation in the
one-step procedure, which possibly do not go via the doubly
substituted intermediate 4.


Enantiomer separation and chiroptical properties : In contrast
to the already characterized [1]rotaxanes with only one
aliphatic or benzylic bridge, the new [1]rotaxane 3 a contains


Figure 3. Circular dichrograms of a) 3a and b) a [1]h4irotaxane[8a] 5 in
1,1,1,3,3,3-hexafluoro-2-propanol.


two bridges which leads to helical chirality which is not
dependent on a segment information in the wheel or the axle
anymore. Moreover, the reduced translatorial mobility of the
wheel with respect to the axle could change the chiroptical
properties of this new type of [1]rotaxanes compared with the
others.[8] These structural differences posed the question if
there are any changes in the enantiomeric resolution con-
stants or the chiroptical properties due to the incorporation of
a second bridge.


The separation of the racemic mixture of 3 a into its
cycloenantiomers was successful with baseline separation by
HPLC on a ªChiralcel ODº column with n-hexane/ethanol
9:1.[13] The separation factor a of 3 a was found to be 1.41.
Compared with the separation factors of the enantiomer
separations of [1]rotaxanes with only one bridge a indicates
that the reduced flexibility of the axle and the wheel has no
appreaciable impact on the separation factor.[8] As in all
separations of [1]rotaxanes before the (ÿ)-enantiomer of 3 a
was eluted first.[8]


The Cotton effects obtained for the pair of enantiomers are
mirror images over the entire spectral range. The molar CDs
of the [1]rotaxane 3 a reach three extrema in the aromatic
region. The comparison of the intensity of the molar CDs of
3 a with that of any previously reported aliphatically mono-
bridged [1]rotaxane, for example compound 5 with one bridge
containing four methylene groups, shows that the two bridges
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in 3 a increase the intensity of the molar CD at 190 nm and
230 nm whereas the intensity at 210 nm is decreased by at
least a factor of two each (Figure 3).[8]


In conclusion, we were able to synthesize the first double-
bridged, enantiomer separated chiral [1]rotaxane 3 a by
temperature controlled chemoselective substitution reactions
starting from the racemic mixture of sulfonamide-based
[2]rotaxane 1. The presence and position of the two bridges
could be determined by MS and NMR experiments and were
supported by molecular dynamics studies. The chirality of 3 a
is not only dependent on cycloenantiomerism but also on
helical chirality and its pure enantiomers exhibit Cotton
effects in the same order of magnitude known for mono-
bridged [1]rotaxanes but different from those of helicenes.
The results shown here, not only represent the first example of
such a double-bridged [1]rotaxane but also contribute to the
understanding of the chiroptical properties of mechanically
interlocked molecules in general.


Experimental Section


All solvents were distilled prior to use and all other chemicals were of the
best quality commercially available and used as received. The [2]rotaxane 1
was prepared as reported previously.[7] 1,5-Dibromopentane was purchased
from Aldrich. FAB MS: Concept 1H Kratos Analytical, Manchester,
matrix: m-nitrobenzyl alcohol. MALDI TOF: MALDI-TofSpecE, Micro-
mass, Manchester, matrix: 9-nitroanthracene or 2,5-dihydroxybenzoic acid.
1H, 13C NMR spectroscopy: AM 400 MHz, or DRX 500 MHz, Bruker,
Analytische Meûtechnik, Karlsruhe. CD spectrometer: JASCO, J-720
spectrometer, Labor- und Datentechnik GmbH, Deutschland.


The following symbols are used for the characterization of the protons
found: ar� aromatic proton of the macrocycle, tbu� 5-tert-butylisophtha-
loyl diamide, cyc� cyclohexyl, sb� 3-sulfonylisophthaloyl diamide, trityl�
trityl group.


One-step synthesis of [1]rotaxanes 3a ± c : [2]Rotaxane 1[7] (100 mg,
0.05 mmol), 1,5-dibromopentane (2, 23 mg, 0.10 mmol), and potassium
carbonate (35 mg, 0.25 mmol) were suspended in dry DMF (35 mL). The
suspension was stirred at 50 8C. After 3 d the temperature was raised to
90 8C and stirring was continued for another 3 d. After the addition of
chloroform (100 mL) the solution was extracted three times with water
(70 mL) each. The organic layer was separated and dried over Na2SO4. The
crude product was then purified by column chromatography (silica gel, 63 ±
100 mm, dichloromethane/ethyl acetate 40:1). The isomeric mixture 3a ± c
was isolated as a colorless powder (39 mg, 0.02 mmol, 39 %). The
separation of isomer 3a was achieved by HPLC using a silica gel column
(n-hexane/ethanol 9:1).


[1]Rotaxane 3 a : Rf� 0.51 (dichloromethane/ethyl acetate 40:1); 1H NMR
(400 MHz, CDCl3, 25 8C): d� 8.66 (s, 1 H; sbcycle), 8.46 (s, 1 H; NHcycle


(tBu)), 8.38 (s, 1H; tbu), 8.29 (s, 1 H; tBu), 8.22 (d, 3J(H,H)� 7.8 Hz, 1H;
sbcycle), 8.10 (s, 1H; tBu), 7.97 (s, 1 H; NHcycle, sb), 7.86 (d, 3J(H,H)� 7.8 Hz,
1H; sbcycle), 7.67 (d, 3J(H,H)� 7.8 Hz, 1H; sbaxle), 7.65 (dd, 3J(H,H)� 7.8 Hz,
3J(H,H)� 7.8 Hz, 1 H; sbcycle), 7.62 (s, 1H; sbaxle), 7.43 (dd, 3J(H,H)� 7.8 Hz,
3J(H,H)� 7.8 Hz, 1H; sbaxle), 7.25 ± 7.12 (m, 44H; trityl, ar, sbaxle), 6.86 (d,
3J(H,H)� 8.2 Hz, 2H; tritylaniline), 5.59 (s, 1H, ar), 4.58 ± 4.45 (m, 2H;
CH2N), 3.41 ± 3.28 (m, 2H; CH2), 3.09 ± 3.00 (m, 2H; CH2), 2.95 ± 2.81 (m,
2H; CH2), 2.50 ± 2.19 (m, 2H; CH2), 2.33 (br, 8H; cyc CH2), 2.16 (s, 4 H; cyc
CH2), 2.05 (br, 8H; cyc CH2), 1.95 ± 1.62 (m, 4H; CH2), 1.65 (s, 12 H; CH3),
1.52 (s, 12 H; CH3), 1.39 (s, 9 H; tBu CH3), 1.48 ± 1.12 (m, 6H; CH2);
13C NMR (100.6 MHz, CDCl3, 25 8C): d� 172.2 (amide Cq), 165.2, 164.9,
163.7, 153.4 (Cq), 150.9, 149.2, 146.6, 146.5, 146.3, 144.6, 142.2, 139.4, 136.2,
135.4, 134.2, 134.1, 133.9, 133.7, 132.0, 131.9 (CH), 131.3, 131.1, 131.0, 130.5,
130.4, 129.2, 129.1, 128.9, 128.3, 127.6, 127.5, 127.4, 126.2, 126.1, 125.8, 123.3,
122.1, 67.1 (trityl Cq), 64.7, 52.2 (CH2), 49.5, 47.4 (cyc Cq), 44.6, 40.8, 35.3
(tBu Cq), 31.9, 31.5 (tBu CH3), 31.3, 30.7, 29.7, 29.4, 27.8, 26.5, 26.2, 25.2,


22.9, 22.7, 22.4, 20.2 (CH3), 19.8, 18.5, 18.4; FAB MS: m/z : 1970.7 [M]�


(calcd 1970.7); MALDI Tof MS: m/z : 2009.4 [M�K]� .


Two-step synthesis of [1]rotaxanes 3a ± c


Synthesis of the disubstituted [1]rotaxane 4 : [2]Rotaxane 1[7] (200 mg,
0.10 mmol), dissolved in DMF (50 mL), was added over a period of 3 h to a
stirred suspension of 1,5-dibromopentane (2, 46 mg, 0.20 mmol) and
potassium carbonate (69 mg, 0.50 mmol) in dry DMF (20 mL). The
suspension was stirred at room temperature for 3 d. After the addition of
chloroform (100 mL) the solution was extracted three times with water
(70 mL each). The organic layer was separated and dried over Na2SO4. The
crude product was then purified by column chromatography (silica gel, 63 ±
100 mm, dichloromethane/ethyl acetate 40:1). The disubstituted [2]rotax-
ane 4 was isolated as a colorless powder (177 mg, 0.08 mmol, 83%). Rf�
0.41 (dichloromethane/ethyl acetate 40:1); m.p. 195 8C; 1H NMR
(400 MHz, CDCl3, 25 8C): d� 9.03 (s, 1 H; NHaxle), 8.87 (s, 1H; NHcycle


(tBu)), 8.69 (s, 1 H; tbu), 8.35 (s, 1 H; tbu), 8.20 (s, 1H; tbu), 8.19 ± 8.16 (br,
2H; NHcycle (sb), sbcycle), 8.13 (d, 3J(H,H)� 8.0 Hz, 1 H; sbcycle), 8.02 (d,
3J(H,H)� 8.0 Hz, 1 H; sbcycle), 7.90 (s, 1 H; NHcycle (tbu)), 7.55 (dd,
3J(H,H)� 8.0 Hz, 3J(H,H)� 8.0 Hz, 1H; sbcycle), 7.25 ± 7.12 (m, 40 H; trityl,
ar, sbaxle), 7.03 (dd, 3J(H,H)� 7.7 Hz, 3J(H,H)� 7.7 Hz, 1H; sbaxle), 6.98 (d,
3J(H,H)� 8.2 Hz, 2H; tritylaniline), 6.86 (d, 3J(H,H)� 8.2 Hz, 2H; trityl-
aniline), 6.84 (s, 2 H, ar), 6.52 (d, 3J(H,H)� 7.7 Hz, 1 H; sbaxle), 6.16 (d,
3J(H,H)� 8.2 Hz, 2H; tritylaniline), 4.06 (d, 3J(H,H)� 6.4 Hz, 1H; Br-
CH2), 3.42 (d, 3J(H,H)� 6.4 Hz, 1 H; Br-CH2), 3.32 ± 3.23 (m, 8H; CH2),
2.33 (br, 8 H; cyc CH2), 2.16 (s, 4 H; cyc CH2), 2.05 (br, 8H; cyc CH2), 1.95 ±
1.62 (m, 4H; CH2), 1.65 (s, 12H; CH3), 1.52 (s, 12H; CH3), 1.39 (s, 9H; tBu
CH3), 1.48 ± 1.12 (m, 6 H; CH2); 13C NMR (100.6 MHz, CDCl3, 25 8C): d�
166.9 (amide Cq), 165.2, 164.9, 163.7, 153.4 (Cq), 150.9, 149.2, 146.6, 146.5,
146.3, 144.6, 142.2, 139.4, 136.2, 135.4, 134.2, 134.1, 133.9, 133.7, 132.0, 131.9
(CH), 131.3, 131.1, 131.0, 130.5, 130.4, 129.2, 129.1, 128.9, 128.3, 127.6, 127.4,
126.2, 126.1, 125.8, 123.3, 122.1, 64.8 (trityl Cq), 64.7, 50.5 (CH2), 49.9, 45.3
(cyc Cq), 44.9, 35.3 (tBu Cq), 33.6, 33.5, 32.2, 32.0, 31.0 (tBu CH3), 27.2, 26.4,
25.6, 24.6, 22.9, 22.8, 18.8 (CH3), 18.4; MALDI Tof MS: m/z : 2132.7 [M]�


(calcd 2132.5).


Bridging reaction of 4 to 3 a ± c : [2]Rotaxane 4 (145 mg, 0.07 mmol) and
potassium carbonate (25 mg, 0.18 mmol) were suspended in dry DMF
(250 mL). The suspension was stirred for 3 d at 90 8C. After the addition of
chloroform (100 mL) the solution was extracted three times with water
(70 mL each). The organic layer was separated and dried over Na2SO4. The
crude product was then purified by column chromatography (silica gel, 63 ±
100 mm, dichloromethane/ethyl acetate 40:1). The separation of the main
isomer 3 a was achieved by HPLC using a silica gel column (n-hexane/
ethanol 9:1) and 3a was isolated as a colorless powder (20 mg, 0.01 mmol,
15%).[11]


Enantiomer separation of the [1]rotaxane 3a : Column: Chiralcel OD
(25� 0.46 cm i.d.); eluent: n-hexane/ethanol 9:1; flow rate: 1.0 mL minÿ1;
sample: 10 mL (5 mg mLÿ1, dichloromethane/methanol 8:1).
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The Photohydration of N-Alkylpyridinium Salts: Theory and Experiment


Rollin A. King,[a] Hans P. Lüthi,*[a, c] Henry F. Schaefer, III,[b]


Fabrice Glarner,[c] and Ulrich Burger[c]


Abstract: Bicyclic aziridines formed by
the irradiation of pyridinium salts in
basic solution have recently been recog-
nized to have great synthetic potential.
We have undertaken a joint computa-
tional and experimental investigation of
the mechanism of this photoreaction.
We have computationally determined
the structures and relative energies of
the relevant stationary points on the
lowest potential energy surface (PES) of
the pyridinium and methylpyridinium
ions. Two important intermediates are
shown to be bound minima on the
ground-state PES: azoniabenzvalene
and a 6-aza[3.1.0]bicyclic ion with an
exo-oriented substituent (analogous to
prefulvene). We advance a mechanism


which involves initial formation of this
exo-bicyclic ion, followed by nitrogen
migration around the ring via the azo-
niabenzvalene intermediate. Thus, the
barrier separating the two intermediates
is the factor that determines the degree
of scrambling observed in the photo-
products when the carbon atoms are
labeled with deuterium or substituted
with additional methyl groups. For N-
methylpyridinium, the exo-methyl bi-
cyclic ion was computed to be


�1 kcal molÿ1 lower in energy than N-
methyl-azoniabenzvalene. The transi-
tion state was computed to lie several
kcal molÿ1 above the exo-methyl bicyclic
ion (�8.4 kcal molÿ1, 6-31G* RHF;
�3.7 kcal molÿ1, 6-31G* B3LYP), but
still well below the energy available
from the 254 nm excitation of the N-
methylpyridinium ion. The computed
relative energies correspond splendidly
with several experimental findings
which include the preference for exo
products, the results of deuterium label-
ing, and the impact of additional sub-
stituent methyl groups on the product
distribution.


Keywords: ab initio calculations ´
aziridines ´ density functional calcu-
lations ´ pericyclic reactions ´ pho-
tochemistry


Introduction


In 1972, Kaplan, Pavlik, and Wilzbach[1] showed that the
irradiation of N-methylpyridinium chloride (1 a) in H2O in the
presence of base gave the bicyclic aziridine (�)-2 a
(Scheme 1). Their communication went relatively unnoticed
for nearly a quarter of a century until it was recognized that
this transformation of the pyridinium ring provides a new and
powerful approach to aminocyclopentanes with well-defined


Scheme 1. Photohydration reaction of various pyridinium compounds with
intermediates and products, as investigated by various groups.


substitution patterns.[2, 7] Highly functionalized aminocyclo-
pentanes are of considerable interest as precursors of
glycosidase inhibitors[8] and of carbocyclic analogues of
nucleosides.[9] In fact, the photochemical step fixes the relative
configuration of the three new stereogenic carbon atoms, and
the resulting 6-azabicyclo[3.1.0]hex-3-en-2-ol skeleton pos-


[a] Priv. Doz. Dr. H. P. Lüthi, Dr. R. A. King
Laboratorium für Physikalische Chemie
Universitätsstrasse 16, ETH Zentrum
8092 Zürich (Switzerland)
Fax: (�41) 1-632-1615
E-mail : luethi@igc.phys.chem.ethz.ch


[b] Prof. H. F. Schaefer, III
Center for Computational Quantum Chemistry
University of Georgia
Athens, Georgia 30602 (USA)


[c] Priv. Doz. Dr. H. P. Lüthi, Dr. F. Glarner, Prof. U. Burger
Department of Chemistry, University of Geneva
1211 Geneva 4 (Switzerland)


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1734 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 81734







1734 ± 1742


Chem. Eur. J. 2001, 7, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1735 $ 17.50+.50/0 1735


sesses intrinsic features that make it a versatile intermediate
for synthesis.


Recent work has unveiled that, in place of the methyl
group, N ligands bearing hydroxyalkyl, ether, or N,O-acetal
functions (e.g., 1 b ± e ) are perfectly compatible with the
photohydration reaction of the pyridinium ion. In the
presence of a base, they all give the corresponding bridged
aziridines (2 b ± e) in preparative yields ranging from 45 to
85 %. Both the N ligand and the OH group adopt the ªexoº
orientation with respect to the bicyclic skeleton of these
products. We note that an ªendoº solvation has been claimed
for the corresponding photoaddition of alcohols to 3-alkoxy-
pyridinium tetrafluoroborates.[10] No bridged aziridines are
formed, however, if the N substituent of the pyridinium ion
contains functional groups with a low ionization potential.
Under these circumstances, an entirely different reaction
course prevails, which is characterized by single-electron
transfer to the photoexcited pyridinium ion.[11] This course ap-
plies to carboxylate, amine, or electron-rich alkene functions.


The bridged aziridines 2 a ± e have been exploited in several
stereocontrolled transformations. Expansion of 2 b by tran-
sition-metal-mediated carbonylation was used in the synthesis
of bridged b-lactams.[2] Opening of the three-membered ring
of compounds 2 by oxygen and sulfur nucleophiles is a key
reaction on the way toward aminocyclopentitols.[3, 4] Recently,
the diastereomers (2 e) resulting from the photohydration of
a-d-glucopyranosylpyridinium chloride (1 e) were resolved
after peracetylation into enantiopure bridged aziridines.[7]


Mariano et al.[5] have exploited the photohydration of the
parent pyridinium ion (1 f, R�H) in strong acid. Under their
conditions, the in situ protonation and opening of the
transient aziridine occurred to give the meso-cyclopentendiol
amine (3). This compound served as starting material for a
semienzymatic synthesis of mannostatin[5] and of the analo-
gous glycosidase inhibitors.[6]


At first glance, compounds 2 a ± e are formed by solvation of
the corresponding 6-azabicyclo[3.1.0]hex-3-en-2-yl cation
(4 a ± e) which results simply from 2,6-bridging of the excited
pyridinium ion. However, as was pointed out already in the
seminal publication of Wilzbach et al.,[1] the results obtained
in the photohydration of 3,4,5-trideuterio-1-methylpyridini-
um chloride are not compatible with this simple picture. The
authors invoked the intermediacy of N-methyl-1-azoniabenz-
valene (5 a) to account for skeletal rearrangement that
precedes formation of 2 a. We comment further on these
labeling experiments later in this paper. Products obtained
from the photohydration of 1,2-, 1,3-, and 1,4-dimethylpyr-
idinium chloride provided further support for the intermedi-
acy of 1-azoniabenzvalene ions; this indicates that the methyl
groups can exert a strong directive influence on their
formation and fate. Nevertheless, the precise nature of the
primary photoisomer of the pyridinium ion and its relation-
ship to other reactive intermediates remained unclear.


While the photochemistry of free pyridine has been
investigated both experimentally and theoretically in great
detail,[12, 16] there is little theoretical work of relevance on
pyridinium salts. Anthony et al.[17] have studied the attack of
the OH radical on the pyridinium ion and found that the
product of the attack on the meta position is the most stable.


Del Bene and JaffeÂ [18] have computed the excitation spectrum
of the parent pyridinium ion 1 f by means of semiempirical
methods. They obtained 4.6 eV and 5.4 eV for the two lowest
p!p* excitation energies to the 1B2 and 1A1 symmetry states,
respectively. Sobolewski and Domcke,[19] used minimal basis-
set Hartree ± Fock calculations to show that the bicyclic
structures analogous to 4 for benzene, pyridine, and pyrazine
are adiabatically correlated to valence p!p* excited states.
Thus, if any of these molecules, upon p!p* excitation,
rearranges toward a structure analogous to 4, it will enter a
region of degeneracy in which ground- and excited-state
surfaces cross. Efficient, nonradiative decay of the electronic
excitation takes place, and the molecule can be trapped in its
electronic ground state, but in a different well on the potential
energy surface (PES). Palmer et al.[20] reported higher quality
computations of this process for benzene in 1993, as part of a
comprehensive examination of its S1 and S2 photochemistry.
Their work is discussed in relation to our findings in the
Results and Discussion Section. In this paper, we present a
joint computational and experimental analysis of the events
which originate in the p!p* excitation of the pyridinium
cation. We will examine the parent pyridinium and N-
methylpyridinium ions and then investigate the effect of N-
methyl and selected C-methyl substitution.


Results and Discussion


Geometrical structures : We have computationally studied
minima and transition states of both the pyridinium (1 f) and
the methylpyridinium ion (1 a). The results are largely the
same, so we explicitly discuss here only the structures for 1 a.
Complete optimized geometries for the equilibrium, inter-
mediate, and transition-state structures for both the pyridi-
nium and methylpyridinium ions are available in the Support-
ing Information. The electronic structure of these minima is
discussed below.


The optimized structure of the methylpyridinium ion 1 a, is
shown in Figure 1. The bonds of the ring become longer as one


Figure 1. Geometrical structure (bond lengths in � and bond angles in 8)
of the Cs symmetrical methylpyridinium minimum 1 a. The RHF structure
has a rotated methyl group and a different plane of symmetry than the
B3LYP structure.
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progresses around the ring away from the N atom; this
indicates a shift in the electron density toward the N atom.
However, the N ring angle of 120.88 is hardly different from
that of benzene. The RHF and B3LYP methods differ in their
methyl-group orientation, so that RHF has a symmetry plane
including the ring, while the symmetry plane from B3LYP is
perpendicular to the ring. This difference is not significant,
however, as the methyl group has virtually free rotation
anyway.


The exo-methyl and endo-methyl bicyclic ions 4 a are
minima on the PES and their structures are shown in Figure 2
and Figure 3, respectively. The allylic CÿC bond lengths are
between those of typical single and double bonds. The RHF


Figure 2. Geometrical structure (bond lengths in �) of the Cs (RHF) or C1


(B3LYP) symmetrical exo-methyl bicyclic ion 4a.


method predicts Cs symmetry for both the endo and exo forms,
while B3LYP predicts a slight distortion into C1 symmetry
toward an azoniabenzvalene structure. The short distance
between the N and the nearest allylic C in the exo orientation
suggests the presence of a low-energy barrier to the addition
of this bond and formation of methyl-azoniabenzvalene 5 a.
The C1 point-group symmetry shown in Figure 2 is in agree-
ment with the multiconfiguration self-consistent field (MC-
SCF) minimum of the benzene analogue, ªprefulveneº,
computed by Palmer et al.[20] It is tempting to explain this
distortion by claiming that electron correlation is pointing the
N lone pair toward one of the nearest allylic C atoms, since the
distance for the exo-bicyclic ion between the N and an allylic
C is only 2.3 �. However, B3LYP also predicts a C1 structure
for the endo-methyl form, in which there is no lone pair above
the C ring.


Figure 4 displays the computed structure for N-methylazo-
niabenzvalene (5 a). The CÿC bond opposite the N has a
typical length of a double bond. The N atom has one strong


Figure 3. Geometrical structure (bond lengths in �) of the Cs (RHF) or C1


(B3LYP) symmetrical endo-methyl bicyclic ion 4 a.


Figure 4. Geometrical structure (bond lengths in �) of the Cs symmetrical
methylazoniabenzvalene minimum 5a.


bond to the C ring and two weaker ones. Both RHF and
B3LYP predict a Cs symmetry minimum, which supports the
idea that the methylazoniabenzvalene, if it reopens to a
bicyclic structure, will do so in a statistical manner. Palmer
et al.[20] previously computed a slightly distorted C1 symmetry
structure for benzvalene; however, they presumed (apparent-
ly correctly) that the distortion was caused by an artifact of
their MC-SCF active space.


A computational search was also made for hypervalent
intermediates in which the N is bonded to more than three C
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ring atoms. However, all attempts to optimize such a structure
resulted in the previously discussed intermediates.


Electronic structures : The p molecular orbitals of the parent
pyridinium ion 1 f are illustrated in Figure 5. The presence of
the N atom lowers the D6h symmetry of benzene to C2v for the
pyridinium ion. However, the degenerate HOMO (e1g) and


Figure 5. The p molecular orbitals of the pyridinium ion 1 f computed at
the 6-31G* B3LYP level of theory with their corresponding orbital
eigenvalues. The N atom lies at the top of each orbital diagram.


LUMO (e2u) of benzene are nearly degenerate for pyridinium.
Two of the occupied p orbitals (those which have b1


irreducible representations) are strongly shifted toward the
N atom. Charge analyses reveal that the p electrons are
shifted so much toward the N that the positive charge mainly
resides on the C atoms. This highly polarized p density was
noted by Del Bene and JaffeÂ [18] long ago.


Palmer et al.[20] have thoroughly examined the S1 and S2


photochemistry of benzene by means of MC-SCF methods,
and fully characterized the Born ± Oppenheimer violating
regions. With regards to the electronic structure of ªpreful-
veneº, the benzene analogue of the exo-bicyclic ion 4 f, the
authors stated little other than describing its ground state as
having a ªquasidiradical natureº, with one radical center on
the allylic group and one on the out-of-plane C atom.
However, in the case of the pyridinium ion, the increased
nuclear charge of the N will strongly stabilize the closed-shell
singlet configuration which possesses a lone pair on the N
atom, relative to the diradical state. In fact, the use of
unrestricted orbitals and varying orbital occupations in UHF
or UB3LYP calculations does not substantially lower the
energy of any of the structures studied from that with spin-


restricted orbitals. For the exo-bicyclic ion 4 f, proper treat-
ment of the spin [two-configuration self-consistent field (TC-
SCF) for an open-shell singlet and restricted open-shell
Hartree ± Fock, (ROHF) for a triplet] with the 3-21G basis
set places the lowest open-shell singlet state and the lowest
triplet state at 1.92 eV and 2.27 eV, respectively, above the
spin-restricted energy of the closed-shell configuration. This
result is in contrast with the claim of Sobolewski and Domcke
based on STO-3G UHF calculations that the lowest energy
state of prefulvene is the triplet state. For azoniabenzvalene
5 f, the 3-21G UHF method (which is less theoretically
justifiable but gives similar answers to those listed above for
4 f) places the lowest open-shell singlet state and the lowest
triplet state at 5.81 eV and 3.02 eV, respectively, above the
closed-shell configuration.


Although the geometrical structure and relative energies of
the pyridinium intermediates are somewhat similar to those of
benzene, the electronic structure of the intermediates differs
significantly. The closed-shell ground state of the exo-bicyclic
ion 4 f is seen to correlate adiabatically with the HOMO
(a2)!LUMO (b1) doubly excited state of equilibrium
pyridinium. This doubly excited state is initially unreachable
upon excitation with light with l� 254 nm (3-21G RHF places
it 12.8 eV above equilibrium pyridinium). The dominant
absorption in the experiments is the single p!p* (a2! b1)
excitation at 4.8 eV.[21] However, as the geometrical structure
changes to that of the exo-bicyclic ion, the LUMO is strongly
stabilized. The nodes of the LUMO on either side of the N
atom (see Figure 5) are effectively eliminated by displace-
ment of the N atom upward from the ring and toward the
opposite C atom, and eventually occupation of this orbital
becomes preferred. An electronic configuration which doubly
occupies this orbital will be stabilized by the favorable
interaction of the N lone pair of electrons being pointed
toward the charged allylic group.


We have performed a cursory investigation of the S1 surface
with an open-shell-singlet SCF program and the 3-21G basis
set. An optimized C2v symmetry structure on S1 has two
imaginary frequencies for the b1 irreducible representation
and is a transition state along two reaction paths. Examination
of the corresponding normal modes reveals that one of these
reaction paths raises the N atom out of the plane of the six-
membered ring, namely toward the exo-bicyclic ion 4 f. (The
other mode raises the opposite C atom out of the six-
membered ring; however, nucleophilic attack on the resulting
intermediate is not experimentally observed.) It remains an
open question whether there is a barrier on S1 (as for benzene)
that must be overcome by excess vibrational energy to reach
the state-crossing region of the PES and form the exo-bicyclic
ion.


Reaction mechanism : Although we have not examined the
Born ± Oppenheimer violating regions in detail, the most
important features of the photochemical mechanism are
established by combining the structures and energies of the
stationary points computed in this paper with the compre-
hensive theoretical treatments of benzene photoisomerization
as well as the information known from experiment. All of
these support a mechanism similar to that found in benzene;
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p!p* excitation results in rearrangement to exo-bicyclic ion
4 by a 2,6-bridging mechanism, followed by adiabatic motion
on the ground-state PES. Depending on the precise nature of
any substituents (see below), the bicyclic intermediate may
pass over a barrier to azoniabenzvalene 5. The azoniabenz-
valene can then reopen into intermediate 4 in either of two
ways, one of which results in the shift of the N atom by one
position around the C ring.


A similar mechanism has recently been observed by Pavlik
et al.[13] who reported the results of a series of experiments on
the photochemistry of dimethylpyridines. The authors ob-
served that product distributions from irradiation with l�
254 nm (though not with l> 290 nm) are consistent with a
mechanism that involves electrocyclic ring closure, N migra-
tion, and rearomatization. Although Pavlik et al. claimed that
there is no experimental evidence for the intermediacy of an
azabenzvalene, the theoretical work on benzene and the
pyridinium ion strongly suggests its presence.


The transition state between exo-bicyclic ion 4 and azonia-
benzvalene 5 represents the bottleneck for N migration
around the five-membered ring. Indeed, a low-lying transition
state was found which connects the two intermediate struc-
tures and is shown in Figure 6. Beginning from 4 a, the


Figure 6. Geometrical structure (bond lengths in �) of the C1 symmetrical
transition state between the exo-methyl bicyclic ion 4 a and the methyl-
azoniabenzvalene 5a intermediates.


transition state is characterized by a twisting of the C ring, a
growing inequality in the length of the two previously allylic
CÿC bonds, and rotation of the methyl group. The result is
that the distance of one of the allylic C atoms from the N atom
is reduced from 2.3 to only 1.9 �.


The relative energies of the computed stationary structures
for the pyridinium 1 f and methylpyridinium ion 1 a are shown


in Figures 7 and 8. The energies are corrected for zero-point
vibrational energy and are given in kcal molÿ1 relative to the
ground state pyridinium at its equilibrium geometry. The
energies given by RHF and B3LYP are consistent and predict
that the exo-bicyclic ion 4 f lies below azoniabenzvalene 5 f by


Figure 7. Relative energies [kcal molÿ1], corrected for zero-point vibra-
tional energy, of stationary points on the pyridinium ground-state PES.


Figure 8. Relative energies [kcal molÿ1], corrected for zero-point vibra-
tional energy, of stationary points on the methylpyridinium ground-state
PES.
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6.1 and 3.2 kcal molÿ1, respectively. This gap is reduced to
�1 kcal molÿ1 with both RHF and B3LYP for the correspond-
ing methylpyridinium intermediates.


The largest difference between RHF and B3LYP occurs in
the barrier height from the exo-bicyclic ion 4 to the
azoniabenzvalene 5, for which the RHF barrier is higher than
the B3LYP barrier. These errors are rather typical for both of
these methods, therefore, an average of the RHF and B3LYP
barrier heights is a reasonable approximation to the actual
barrier height. The barrier for the exo-bicyclic ion 4 f to form
azoniabenzvalene 5 f is 11.2 kcal molÿ1 and 5.6 kcal molÿ1 with
RHF and B3LYP, respectively. This barrier is reduced for the
N-methylpyridinium intermediates to 8.4 kcal molÿ1 with
RHF and 3.7 kcal molÿ1 with B3LYP.


The relative energies in Figures 7 and 8 are gas-phase
values. We have computed the effect of solvation in water on
the relative energies. The results are shown in Table 1. The


isodensity surface-polarized continuum model (IPCM) of
solvation that we have employed shows no significant change
in the relative energies of the different pyridinium, inter-
mediate, and transition-state structures. An increase of the
critical barrier from the exo-bicyclic ion 4 f to the azonia-
benzvalene 5 f of only 0.8 kcal molÿ1 is predicted on account of
solvation.


We have also computed gas-phase thermochemical data for
the hypothetical addition of hydroxide to the pyridinium ion
1 f to form the bicyclic aziridine 2 f. The results are shown in
Table 2. Our most reliable computation of the free energy of
the gas-phase reaction computed with large basis sets and


B3LYP is ÿ109.7 kcal molÿ1. Calculations with the 6-31��
G* B3LYP level of theory and the IPCM solvent model
results in solvation energies of ÿ57.9 kcal molÿ1 for pyridi-
nium (which agrees precisely with experiment[22, 23]) and
ÿ8.9 kcal molÿ1 for the aziridine product. The use of this
solvation energy difference, along with the experimental
solvation free energy of hydroxide of ÿ106 kcal molÿ1[22, 23]


results in an aqueous reaction free-energy of �45 kcal molÿ1.


The preference for exo products : As noted in the Introduc-
tion, 1 a ± e form 2 a ± e with both the N ligand and the OH
group in exo orientations. As shown in Figures 7 and 8, if the
N ligand is an H, then the endo-bicyclic ion is higher in energy
than the exo form by �5 kcal molÿ1, while the presence of a
bulky methyl group oriented toward the five-membered ring
further destabilizes the endo form. However, whether the N
ligand is H or CH3, the transition state for N-pyramidalization
between the endo and exo orientations lies 17 kcal molÿ1


above the exo form. This value is in excellent agreement with
barriers to nitrogen inversion reported for N-alkylaziri-
dines.[24] The energy necessary is available only for a short
time and is much larger than the barrier for N migration. We
were unable to locate a second route to the endo-bicyclic ion
via a transition state directly from the azoniabenzvalene
intermediate.


Our calculations shed less light on the preference for exo
orientation for the OH group in products 2. As seen in
Figure 2, as a result of the nearly orthogonal orientation of the
two rings, the N atom represents significant steric hindrance
to hydroxide attack on that face of the ring. Furthermore, the
lone pair of electrons on the N will electrostatically repel an
approaching anion. The opposite face of the five-membered
ring is, however, perfectly accessible to nucleophilic attack.


Deuterium labeling experiments : For practical reasons,
3,4,5-trideuterio-N-(3-hydroxypropyl)pyridinium chloride
([D3]1 b) was chosen for the reinvestigation of labeling
experiments (Scheme 2). The aziridine [D3]2 b that results
from its photohydration at l� 254 nm is considerably more
stable and less prone to Grob fragmentation[2] than the N-
methyl derivative used in the original work of Wilzbach
et al.[1] Integration of the 1H NMR spectrum of the isolated
product [D3]2 b recorded at 500 MHz in CD3OD provided the
relative proton distribution over the five ring positions as
given in Table 3. The assignment of the resonances was
unambiguously established by a 13C,13C INADEQUATE-2D
experiment[25] combined with the appropriate 1H/13C correla-
tion. The interpretation of our results is based on the
assumption that the photohydration reaction occurs without
breaking any CÿC bonds. Therefore, the three deuterium
atoms of the starting material [D3]1 b remain neighbors in the
product [D3]2 b, which is consequently a mixture of the
isotopomers 9, 10, and 11. The fact that less than 1 % of the
hydrogen in the starting material reaches position HÿC3 of
the product allows us to consider, in a first approximation,
only a single 1,2-nitrogen shift, since its repetition would
necessarily bring 1H into position HÿC3.


The dominant product 9 is clearly the result of 2,6-bridging
of the starting pyridinium ion to the exo-bicyclic ion 6


Table 1. Analysis of solvent effects on the relative energies of pyridinium
conformations.[a]


Structure Relative energy [kcal molÿ1] Difference
Gas phase Aqueous


pyridinium 1 f 0.0 (0.0) 0.0 ±
exo-bicyclic ion 4 f 86.8 (83.9) 85.8 ÿ 1.0
azoniabenzvalene 5 f 89.6 (87.1) 87.8 ÿ 1.8
exo-4 f to 5 f transition state 92.7 (89.5) 92.5 ÿ 0.2
endo-bicyclic ion 4 f 91.2 (88.3) 87.6 ÿ 3.6
exo-4 f to endo-4 f transition state 104.7 (100.6) 105.7 � 1.0


[a] Aqueous values were computed with 6-31G* B3LYP and the IPCM
solvation model. The relative energies corrected for zero-point vibrational
energy are given in parentheses (see also Figure 7).


Table 2. Gas-phase thermochemical data [kcal molÿ1] for the reaction
pyridinium � hydroxide! 6-azabicyclo[3.1.0]hex-3-en-2-exo-ol.


E[a] H298 G298


3-21G RHF ÿ 165.4 ÿ 163.2 ÿ 153.3
6-31G* RHF ÿ 153.7 ÿ 151.0 ÿ 141.0
6-31��G* RHF ÿ 127.8 ÿ 125.4 ÿ 115.4
6-311��G(3df,3pd) RHF//6-31��G* ÿ 128.5 ÿ 126.1[b] ÿ 116.1[b]


3-21G B3LYP ÿ 182.5 ÿ 181.2 ÿ 171.4
6-31G* B3LYP ÿ 159.8 ÿ 158.1 ÿ 148.2
6-31��G* B3LYP ÿ 121.5 ÿ 120.2 ÿ 110.3
6-311��G(3df,3pd) B3LYP//6-31��G* ÿ 120.9 ÿ 119.6[b] ÿ 109.7[b]


[a] E is not corrected for zero-point vibrational energy. [b] Thermal
correction taken from 6-31��G* computation.
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followed by immediate nucleophilic trapping. However, 20 %
of the product, namely 10 and 11, are evidence for N
migration. We agree with the conjecture of Wilzbach et al.[1]


that this migration occurs via
the azoniabenzvalene 7. Ion 7
may then reopen into either
exo-bicyclic ion 6 or 8. Nucleo-
philic attack on these allylic
ions 6 and 8 roughly explains
the observed product distribu-
tion. However, if it is assumed
that ion 8 is the only origin of 10
and 11, and isotope effects were
negligible, then the product dis-
tribution of 10 and 11 should be
equal. An interesting experi-
mental observation is that they
are not. In fact, the inequality
may be explained by a fraction
of the azoniabenzvalene 7 be-
ing intercepted directly by nu-
cleophilic attack at its allylic


bridgehead positions to give 9 and 10. In summary, the results
leave no doubt that 2,6-bridging of [D3]1 b to give the bicyclic
ion 6 is the primary photochemical event and starting point of
any further evolution.


Effect of C-methylation : As noted in the Introduction,
experiments with C-methylated pyridinium salts indicate that
methyl groups can exert a strong influence on the product
distribution. Scheme 3 summarizes the products and relative
yields reported for the photohydration of the picoline-derived
pyridinium salts 12, 16, and 17. For the reaction of 1,4-
dimethylpyridinium chloride (12), the presence of the 4-meth-
yl substituent is observed to have virtually no effect (relative
to the unsubstituted N-methylpyridinium ion) on the product
distribution. The main product 13 reflects 2,6-bridging,
whereas the minor products 14 and 15 unveil a nitrogen shift.
The photohydration of 1,3-dimethylpyridinium chloride (16)
proceeds exclusively through 2,6-bridging to give 14 and 15,
again in a 1:1 ratio. Finally, the photohydrates of 1,2-
dimethylpyridinium chloride (17), which are once again
compounds 14 and 15, result entirely from N migration.


This directive influence of the methyl substituents can be
understood from the relative energies of the intermediates
and transition states for unimolecular pyridinium rearrange-
ment. Figure 9 contains a schematic PES for selected N-
methylpyridinium ions with an additional C-methyl substitu-
ent. Although the RHF and B3LYP methods differ in their
quantitative predictions of the energy barrier, they predict the
same effects from methyl substitution. Starting from the 1,4-
dimethylpyridinium ion (12), photoexcitation results in the
exo-bicyclic structure with the methyl directly opposite to the
N (right-hand side of Figure 9). Both RHF and B3LYP predict
that the transition-state barrier to form the corresponding
dimethyl-azoniabenzvalene is within 0.4 kcal molÿ1 of the
barrier in the unsubstituted N-methylpyridinium ion (com-
pare with Figure 8). In fact, the resulting experimental
product distribution is very similar, with 80 % of the product
13 resulting from 2,6-bridging and immediate nucleophilic
attack. A minor difference is that 14 and 15 are produced in
equal quantities. One possible explanation for this is to


Scheme 3. Products and their relative yields reported for the photohydration of the picoline derivatives 12[1, 26]


(preparative yield 48%), 16,[1] and 17.[1] Absolute yields for the reactions of 16 and 17 are not reported.


Table 3. Distribution of 1H over the five ring positions of [D3]2b measured
by 1H NMR at 500 MHz in CD3OD.


Position 1H integral d1H d13C[a] T1(1H) [s][a]


HÿC1 0.93 2.34 52.0 1.04
HÿC2 0.12 4.17 75.5 2.65
HÿC3 < 0.01 5.65 138.8 2.02
HÿC4 0.08 6.03 135.3 2.62
HÿC5 0.86 2.50 49.0 1.72


[a] Determined with unlabeled 2b.


Scheme 2. Distribution of deuterium labeling for the photohydration of
[D3]1b and its interpretation [R� -CH2CH2CH2OH].
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Figure 9. Schematic PES for methyl-substituted pyridinium intermediates.


assume equal probability of attack on the two allylic target
atoms, but none at all on the benzvalene intermediate. This
explanation is consistent with the computed energy barrier for
the azoniabenzvalene to reopen toward the left in Figure 9;
this barrier is reduced by the substituent methyl group from
2.9 to 1.2 kcal molÿ1 at the 6-31G* B3LYP level of theory.
Thus, in this case, the azoniabenzvalene may not survive for a
sufficient length of time for it to be attacked.


Conversely, starting from the 1,3-dimethylpyridinium ion
(16) (left-hand side of Figure 9) produces a different exo-
bicyclic structure in which the methyl group strongly stabilizes
the allylic cation. As a result, the barrier to formation of the
azoniabenzvalene has been increased from 3.7 to
8.2 kcal molÿ1 at the 6-31G* B3LYP level. Our computations
clearly show that the great stability of the latter bicyclic allylic
cation provides the key to the understanding of all of the N
shifts observed in Scheme 3. We note (without computational
support) that any intermediate bearing two vicinal methyl
groups on an aziridine ring must be higher in energy, simply
for reasons of steric congestion, than the lowest exo-bicyclic
ion of Figure 9. This accounts for the reaction of the 1,2-
dimethylpyridinium ion (17), and it does not come as a
surprise, therefore, that the salts 16 and 17 lead to identical
products.


In summary, the photolysis of meta-alkylated pyridinium
salts occurs without N migration, whereas para substitution
slightly favors, and ortho substitution very strongly favors the
N shift. These directive influences hold not only for the
picoline derivatives of Scheme 3 but also for the lutidinium
salts of Scheme 4. Photohydration of 1,3,5-trimethylpyridini-
um chloride (18) gives exclusively the aziridine 19.[1, 2] The
same compound is obtained as the dominant product starting
from 1,2,4-trimethylpyridinium chloride (20).[1]


Scheme 4. Products reported for the photohydration of the lutidine
derivatives 18[1] (preparative yield 71%[2]) and 20.[1] Absolute yield for
the reactions of 20 is not reported.


Computational Methods


Various types of Hartree ± Fock self-consistent field computations were
performed including spin-restricted (RHF), unrestricted (UHF), restricted
open-shell (ROHF), and two-configuration (TC-SCF) methods.[27] Various
basis sets were used, including the 3-21G, the 6-31G*, and 6-311��
G(3df,3pd) basis sets.[28, 29] Hartree ± Fock stationary points were optimized
by means of analytic first derivatives and characterized by analytic second
derivatives.[30, 31] Density functional computations were performed with the
B3LYP method comprised of the exchange functional of Becke[32] and the
correlation functional of Lee, Yang, and Parr.[33] No spin-restriction was
imposed on any of the reported B3LYP computations. The computations
were performed with the PSI[34] and Gaussian[35] program packages. The
figures were rendered with the MOLEKEL program.[36] The effect of the
solvent on the computed relative energies has been calculated with the
isodensity surface-polarized continuum model (IPCM).[37, 38] The gas-phase
geometries were used for the solvent calculations. Lee et al.[39] have
recently shown that the IPCM model successfully reproduces the solvation
free-energy difference between the pyridinium ion and neutral pyridine in
water.


Experimental Section


General : Photolyses: Srinivasan ± Griffin reactor (Rayonet-RPR-100) with
16 RPR lamps, 2537 �; double-walled quartz vessels with external cooling
circuit (H2O or MeOH). UV spectra: Kontron-Uvikon-860. IR spectra:
Polaris-Mattson FT-IR spectrometer. NMR Spectra: Bruker Avance DRX-
400 (9.4 Tesla), or Bruker Avance DRX-500 (11.74 Tesla); chemical shifts
in organic solvents relative to internal SiMe4; in D2O relative to external
4,4-dimethyl-4-silapentane sodium sulfonate (DSS); explicit 13C assign-
ment is based on heteronuclear shift correlation; apparent scalar coupling
constants J ; multiplicities for 13C according to DEPT or attached-proton
test (ATP). MS: (m/z (% rel. to base peak)): VG-7070-E (EI) or Finnigan-
SSQ-7000 (ESI) spectrometers; ESI-MS in MeOH.


Photohydration of [D3]1 b : 2,3,4,5,6-Pentadeuterio-N-(3-hydroxypropyl)-
pyridinium chloride ([D5]1b, 0.88 g, 5 mmol) prepared from [D5]pyridine
and 3-chloropropanol, as previously described for the unlabeled com-
pound,[2] was dissolved in 0.5m aqueous NaOH (50 mL). The solution was
stirred for 24 h at room temperature in the dark to allow for D/H exchange
in positions HÿC2/HÿC6.[40] An aliquot (20 mL) of this solution was
deoxygenated (Ar) and irradiated (l� 254 nm) with external water cooling
for 16 h and then evaporated. Flash chromatography (basic alumina,
CH2Cl2/MeOH saturated with NH3 (20:1)) yielded [D3]2b (253 mg, 80%)
as a yellowish oil which was consistent in its spectroscopic properties with
unlabeled 2b.[2] For label distributions see Table 3 and Scheme 2.
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Direct Detection of Low-Concentration NO in Physiological Solutions
by a New GaAs-Based Sensor


Deng Guo Wu,[a] David Cahen,*[a] Peter Graf,[b] Ron Naaman,*[c] Abraham Nitzan,[b]


and Dmitry Shvarts[d]


Abstract: Nitric oxide (NO) acts as a
signal molecule in the nervous system, as
a defense against infections, as a regu-
lator of blood pressure, and as a gate
keeper of blood flow to different organs.
In vivo, it is thought to have a lifetime of
a few seconds. Therefore, its direct
detection at low concentrations is diffi-
cult. We report on a new type of hybrid,
organic-semiconductor, electronic sen-


sor that makes detection of nitric oxide
in physiological solution possible. The
mode of action of the device is described
to explain how its electrical resistivity


changes as a result of NO binding to a
layer of native hemin molecules. These
molecules are self-assembled on a GaAs
surface to which they are attached
through a carboxylate binding group.
The new sensor provides a fast and
simple method for directly detecting
NO at concentrations down to 1mm in
physiological aqueous (pH� 7.4) solu-
tion at room temperature.


Keywords: biosensors ´ chemo-
selectivity ´ gallium arsenide ´
nitrogen oxides ´ porphyrinoids ´
semiconductors


Introduction


The Nobel Prize in Medicine in 1998 was awarded for
discoveries concerning ªnitric oxide as a signaling molecule in
the cardiovascular systemº. Nitric oxide (NO) protects the
heart, stimulates the brain and kills bacteria. Further research
results rapidly confirmed that NO is a signal molecule of key
importance for the cardiovascular system. We know today
that NO acts as a signal molecule in the nervous system, as a
defense against infections, as a regulator of blood pressure,
and as a gate keeper of blood flow to different organs. It plays
an important role in biological systems, as the ªendothelium-
derived relaxation factorº (EDRF), in cytotoxic immune
response to pathogen invasion and as a neurotransmission
regulator of the central nervous system.[1±3] About 1 to 10 mm
NO is sufficient to activate guanylyl cyclase and permit the


signaling event. It has been reported that less than 1 mm NO,
generated in endothelium cells, suffices to influence blood
pressure control.[4] Hence, direct detection of such a low
concentration of NO is important for further understanding
its role in physiological systems and as an indication of their
malfunctioning. However, its direct detection is very difficult
because of its reactivity, making it a short-lived species with a
lifetime, in vivo, of a few seconds.


Here, we present a fast and simple method to directly detect
NO at concentrations down to 1mm. We do so in physiological
aqueous solution (pH� 7.4) at room temperature. To achieve
this, we used a GaAs-based sensor[5, 6] for which we measured
the electrical resistivity changes that resulted from NO
binding to a layer of native hemin molecules self-assembled
on the GaAs (100) surface, to which they were attached
through a carboxylate group (see Figure 1). A special feature
of the new sensor is its small size, limited only by lithography.
Size is an important factor for applications requiring spatial
imaging of the distribution of NO, for example, by insertion of
the sensor into small organisms. Existing methods for
monitoring NO are based on chemiluminescence,[7, 8] electron
paramagnetic resonance spectrometry,[9] the Griess meth-
od,[10] and fluorescence.[11] With most of these, local measure-
ments of NO in real time are impossible. Recently, an
electrochemical technique was developed that overcomes this
difficulty,[12] but this method suffers from interferences in the
solutions used.


As functional materials, porphyrin derivatives exhibit
properties which are interesting for applications in many
fields such as oxygen storage, electron transfer, redox
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catalysis, and gas sensing devices.[13±15] Due to p ± p interac-
tions between the porphyrin aromatic rings and the ring
interaction with p-active solid surfaces, differences in activity
arise from differences in interfacial architecture,[16, 17] as
shown by the variation in efficiency of the electrocatalytic
reduction of dioxygen. Those variations indicate that an open
coordination site favors catalytic activity. Therefore, the
degree of aggregation and the orientation of porphyrins on
a solid surface play crucial roles in determining the binding
activity of the porphyrin ring. We found that if an iron
porphyrin, for example [FeIII(TPP)Cl], was hinged on the
oxidized GaAs surface of an electronic device by bifunctional
ligands, the device was able to respond to about 30mm NO.[18]


In that system, the NO binding sites were originally occupied
by the ligands. Here, we report on NO binding to GaAs
surfaces that have been modified directly by native iron
porphyrin (hemin chloride). Metalloporphyrins were chosen
because theoretical calculations and experimental data show
them to be much more sensitive to NO(g) than to O2(g) or
CO(g).[18±20] A key feature of the hemin is the number and
location of the carboxyl group-containing ªlegsº that allow it
to bind directly to the oxidized GaAs surface, without
intervening ligands.


Results and Discussion


The semiconductor device : The sensor is a hybrid structure of
a semiconductor transducer and an organic layer of the
ªsensingº molecules. The transducer is based on a molecular
beam epitaxy-grown GaAs/(Al,Ga)As structure called
MOCSER (molecular controlled semiconductor resis-
tor)[5, 6, 21] (Figure 2a). The structure was designed for measur-
ing small changes in the electric potential on its surface (with
respect to a reference potential, see below). It consists of a
conducting n-GaAs layer, grown on a buffer layer of
(Al,Ga)As, and an ultra-thin (5 nm) insulating layer covering
the conducting layer. Figure 2b shows the cross-section of the
electron distribution in the semiconductor structure as
obtained from a simulation based on solving the Poisson
equation in one dimension for the system. As can be seen, the
electrons that conduct the electrical current in this structure
are localized between 20 to 50 nm from the surface by virtue
of the space charge field in the n-GaAs layer, and due to the
fact that the (Al,Ga)As band gap is larger than that of GaAs.


Mode of action of the device :
When molecules or ions of the
analyte bind to the receptor
sites of the molecules that make
up the organic monolayer, the
current through the device
changes. The change in the
current through the device must
result from a change of the
electric potential, F, on the
surface of the semiconductor.
In what follows, a model based
on the linearized Poisson ±
Boltzmann (PB) approximation


Figure 2. a) Schematic side-view representation of the GaAs-based
MOCSER. The organic molecules are adsorbed between two AuGeNi
ohmic contacts. b) The one-dimensional electron density distribution inside
the MOCSER, as calculated by solving the Poisson equation.


is used to explain the operation of the sensor. The simplicity of
the model stems from using the Debye ± Hückel approxima-
tion together with a one-dimensional analysis, made possible
by the fact that the horizontal dimensions of the device are
much larger than the thickness of the layers, as shown in
Figure 2a.


We represent the relevant part of the system by three layers
(k� 1 ± 3), each with a given thickness (`k) and a dielectric
constant, ek (see Figure 3b). Layer 3 is the intrinsic GaAs layer
bordered (on the right, in Figure 3a) by an n-GaAs layer.
Layer 2 is the organic monolayer and layer 1 is an electrolyte
solution. (For a device operating in air we assume that enough
ions exist in the air to affect the interface between layers 1 and
2 in the same way as explained below). In addition to their
dielectric response, layers 1 and 3 are characterized by Debye
screening lengths,[22] denoted k1 and k3 , respectively. The
added adsorbate (here NO) is represented by a surface
dipolar layer, with a surface dipole density D, located at the
1 ± 2 interface. Such a dipole layer, if suspended in free space,
would correspond to an electrical potential drop: DF� 4pD,
but does not induce any electrostatic field outside it (but see


Figure 1. Binding of NO to a layer of hemin/benzoic acid molecules on a GaAs surface.
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Figure 3. a) Schematic representation (not to scale) of the potential (F)
across the MOCSER with ligand, without any adsorbate (±*±*), and when
the analyte interacts with an organic monolayer (OOTF) that is adsorbed
on the surface of the GaAs (ÐÐ). D is the dipole moment density of the
NO-on-organic monolayer. For simplicity�s sake the situation of the
monolayer without NO is not shown, as, based on the Kelvin probe data,
the electrical potential changes on the n-GaAs due to only the hemin
molecules are small. b) Schematic cross-section sketch of the electrolyte/
molecular film (and adsorbed dipole)/GaAs system.


below and ref. [23]). Similarly, such a layer adsorbed onto a
metal surface changes the metal work function by DF. The
situation here is different because the structure and mode of
operation of the device impose conditions in terms of the
electrical potentials (FL and FR on the two sides of Figure 3b,
to be specified below) on the system�s boundaries. This results
in the existence of an electrostatic field E(d) at point d in
region 3. It is the existence of this field that affects the
current ± voltage characteristics of the device. The current
through the device is carried primarily in a thin region in the
n-GaAs layer adjacent to the n-GaAs/(Al,Ga)As interface
(cf. Figure 2b) and is controlled by the electric field across the
n-GaAs layer. That electric field is determined by the
electrical potential difference between the conducting region
near the (Al,Ga)As interface (FR) and that at the n-GaAs/
undoped GaAs interface, Fd. A complete description of the
current/dipole-layer relationship is beyond the scope of the
present paper and will be discussed elsewhere. Here we limit
ourselves to examining the effect of the dipole layer on the
induced field E(d).


For specificity we represent the dipole layer by two layers
with equal but opposite surface charge densities �s, one at
distance d1 from the 1 ± 2 interface into region 1, the other at


distance d2 from this interface into region 2. Electrostatic
continuity relations then yield the electric potential difference
between the two sides of the resulting dipole layer in the form:


DF� 4pDeff with Deff� s
d1


e1


�
� d2


e2


�
(1)


in which Deff is the effective dipole density.
The effect of this dipole layer on the field in region 3 can be


obtained analytically by solving the (one-dimensional) lin-
earized Poisson ± Boltzman equations in regions 1 and 3, and
by solving the Laplace equation in region 2. Subsequently, the
resulting potentials at the 1 ± 2 and 2 ± 3 interfaces are
matched by taking into account the potential drop, DF, at
the 1 ± 2 interface. The solution is expressed in terms of an
effective length:


`eff� 2
e2


e1k1


tgh
k1`1


2


� �
� `2 � 2


e2


e3k3


tgh
k3`3


2


� �
(2)


and the electric field strength at point d is obtained in the
form:


E(d)� e2


e3k1


FL � DFÿFd


`eff


�
cosh(k3d)ÿ sinh(k3d)tgh


k3`3


2


� ��
(3)


Consider now the conditions relevant to the operation of
the MOCSER. In the MOCSER, the conducting layer (to the
right of region 3) determines the ground potential. In turn, the
potential FR of the conducting layer is defined by the drain
potential, which is set to be zero. On the other hand, the
potential of the vessel in which the measurement is con-
ducted, FL is also zero (the potential in this case is defined by
leaving the ground electrode on the MOCSER (the ªdrainº)
exposed to the electrolyte solution. Moreover, layer 3 in
Figure 3a corresponds to the insulating GaAs layer and
therefore e3� 4 and `3� kÿ1


3 , namely the thickness of this
layer (5 nm) is much smaller than its screening length.
Therefore, E(d)� (e2/e3)(DF/`eff). Finally, since medium ª2º
consists of organic material, its dielectric constant is similar to
that of medium 3. On the other hand, medium ª1º corre-
sponds to the electrolyte and therefore its dielectric constant
is large (�80).


Therefore `eff� `2 and:


E(d)�DF


`2


� 4pDeff


`2


(4)


From Equation (4) we see that the electric field strength at
point d, which is located on the surface of the n-doped layer,
depends linearly on the dipole density D and, within the given
range of device dimensions, does not depend on the distance
between the dipole layer and the conductive n-GaAs layer.
This result relies on the fact that this distance is much smaller
than the lateral dimensions of the dipole layer, which are
dictated by the dimensions of the active area of the device.
What is normally presented is the opposite limit, where there
is no electric field associated with the dipole layer, because
actually this field drops to zero beyond a distance larger than
the lateral dimensions of the film. This point has been stressed
recently in ref. [23] (cf. Figures 4 and 5 in that reference).


Irrespective of whether the organic molecules bound to the
surface have a zero or finite dipole moment in the direction
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perpendicular to the surface, if analyte binding to the receptor
site changes the electron-density distribution at that site, this
will change the dipole of the molecule ± analyte complex as
compared with that of the bound molecule alone. Therefore,
the electric field E(d) will change as well, as given quantita-
tively by Equation (4). The resulting potential profile is shown
schematically in Figure 3a. The potential without the analyte
is shown as a dashed-dotted line, while the potential with the
adsorbed analyte is shown as a solid line. The dipole layer thus
acts in a way that is equivalent to the ªgateº in a regular field
effect transistor, despite the fact that no net charge is supplied
to the device from an external source. A detailed discussion of
this model will be given elsewhere.


Sensor action : Typical response curves of the current through
the device as a function of time, I(t), are shown in Figure 4 for
a device coated with the 1:1 mixed monolayer. Before
immersion of the sensor into the solution, the current is
constant (a). When the MOCSER is immersed into the
solution the current jumps and then stabilizes after a short
time (b). Upon injection of the NO-releasing solution (6.7 mm
equivalent) into the buffer solution the current increases (c)
and saturates in less than about 10 min.


Figure 4. Current through the MOCSER against time, when the MOCS-
ER is a) dry, under N2; b) in anaerobic buffer solution (pH� 7.4); c) when
NO-releasing solution is injected (6.7 mm). Insert: The relation between the
current through the device and the calculated NO concentration, as derived
from Equation (5).


In order to reveal the dependence of the current through
the MOCSER on the NO concentration, we calculated the
concentration of NO at different times (from Figure 4) by
using the following relation:[24]


[NO]� 2C0(1ÿ eÿ1.16�10ÿ3t) (5)


in which [NO] is the concentration of NO at time t (seconds)
and C0 is the total concentration of the NO adduct in the
buffer solution. The dependence of the current on the NO
concentration is shown in the inset in Figure 4. It is evident
that the device can respond to a concentration as low as 1 mm
of NO. This result is consistent with other direct measure-
ments, which indicate that the device can indeed respond to
less than 2.6 mm NO (see Figure 5c, at ca. 10 min). For the
measurements shown in Figure 5, a new device was


Figure 5. Current through the MOCSER, as a function of time, for
different NO-releasing solutions. The concentrations used are a) 16 mm ;
b) 6.7mm ; c) 2.6mm ; d) 847mm (bare device, without hemin molecules). The
curves are shifted along the time and current axes for clarity. All
measurements were done at room temperature, in pH� 7.4 buffer solution,
and under N2.


used for each NO concentration. The response time of the
current varies proportionally to the NO concentrations. For
example, when the current reaches ªsteady stateº, the
response time is about 5, 10 or 20 minutes for injecting
a) 16, b) 6.7 or c) 2.6mm NO-releasing solution, respectively.
The response of the bare device to NO was also measured
under the same conditions. Here, the current through the
device slightly decreased when the NO-releasing solution was
injected.


The response of the device when covered with hemin is
surprisingly stable, notwithstanding the notorious instability
of bare GaAs surfaces under such conditions (Figure 5d).
Comparing curves a and b to d, shows the relative instability
of the bare device in buffer solution. In separate experiments
in buffer solutions no significant change in response over one
hour was seen for molecule-covered devices, while bare
devices deteriorated within 30 minutes to half the original
response. We note that the NO concentration used for
Figure 5d is about two orders of magnitude higher than that
used for Figure 5b; this indicates that the system responds to
NO because of the hemin and not due to direct contact
between the NO and the GaAs surface.


In order to quantify the relationship between the response
time of the current through the MOCSER and the NO
concentration, we assumed that the response follows the
relation:


I(t)� I0ÿBe-t/t (6)


which can be written as:


`n(I0ÿ I(t))�ÿ (1/t)t � `nB (7)


Here I(t) is the current at time t, I0 is the steady state
current,[25] t is the time constant for the given concentration
C0 , and B is a constant. Based on the assumed kinetics we
expect a linear dependence of {`n(I0ÿ I(t))} against time, as
indeed was obtained experimentally. Hence, the time con-
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stants of the response of the sensor for each initial concen-
tration of NO can be extracted. Figure 6 shows the linear
correlation between log(t) and calculated NO concentra-
tion.


Figure 6. The time constants for change in MOCSER current (on
logarithmic scale), as a function of NO concentration, to which the device
with adsorbed hemin monolayer is exposed. Each point was taken with a
different device.


Several control experiments were performed to verify that
the device responds only to NO and not to the NO-releasing
molecule (N,N-dimethyl-1,3-propylamine). One experiment
was performed in a buffer solution containing 60 mm NO-
releasing molecule, from which NO was removed by bubbling
pure N2 through it. There was no detectable response from the
device. Another test was performed in a basic aqueous
solution (pH� 10 ± 11), since in basic solution NO is not
released from the adduct.[26] Again, the device did not show
any change in current when 100 mm NO-releasing solution was
injected. The same device, dried by N2, was used in a buffer
solution with the same NO concentration. In this case it
showed a very large current change, indicating that the device
indeed responds only to NO. The device with a pure hemin
monolayer adsorbed on it was checked too. Such a device also
responded to NO, but the signal was smaller and the time
constant longer than what was found under the same
conditions with a 1:1 mixed monolayer; this indicated that
adding the carboxylate spacer indeed enhances the NO
binding rate to the hemin. The system of tetracarboxylate-
porphyrin (hemin without the iron ion),[27] adsorbed on the
device, was also measured. That system did not respond to
NO, which demonstrated that the iron ion is critical for the
NO binding event.


To probe the re-usability of the sensor, sequential measure-
ments were made on a sample, first exposed to a 90mm NO-
releasing solution, then taken out, dried with a nitrogen gas
stream and finally brought back to a neat buffer solution.
Following this procedure, the device was again exposed to
90 mm NO-releasing solution. This procedure was repeated
five times (Figure 7). The saturated current decreased from


Figure 7. Sequential measurements on a single device, first exposed to a
90mm NO-releasing solution, then taken out, dried with a nitrogen stream
and brought back to a neat buffer solution. Following this procedure the
device was exposed again (arrow) to a (fresh) 90 mm NO-releasing solution.
This procedure was repeated five times.


one exposure to another in the order 1.00> 0.75> 0.55>
0.45> 0.30. These results demonstrate that with high NO
concentration and short flushing time the sensor does not
recover completely between two measurements. However, for
lower concentrations of NO the sensor can function for a long
time without being saturated. For example, after a device that
was exposed to 10 mm NO reached the saturation current, it
was dried in a stream of dry N2 for less than 15 seconds and re-
immersed in the same concentration of NO. The resulting
change in current until saturation was reached, was then about
98 % of the original change; this demonstrated reasonable
reversibility of the system under these conditions. Exposing
the NO-bound sample to a short (10 ns) 532 nm laser pulse
regenerated the sensor without affecting the device, in
particular the semiconductor surface, in any other way. The
mechanism in that case is similar to photo-induced cleavage of
NO from cytochrome c.[28]


To help understand the effects of the adsorbed hemin
molecules, to which the NO is expected to bind, on the
device�s electronic properties, the electrical contact potential
difference (CPD) between the n-GaAs surface, modified by
the 1:1 mixed monolayer, and a reference Au grid was
measured by a Kelvin probe[29] in ambient conditions. We
found that hemin adsorption increases the effective electron
affinity (c) and decreases the band bending (Vs) of the
samples studied. For example, for bare n-GaAs c� 4.4� 0.1 V
and Vs� 0.35� 0.05 V, whilst after adsorption of hemin c�
4.6� 0.1 V and Vs� 0.32� 0.05 V. The electron affinity data
indicate that the dipole of the adsorbed molecules is oriented
with the negative pole pointing away from the surface. The
changes in band bending are within the experimental error;
this suggests that binding of the carboxylic acid groups to form
carboxylates (Ga-carboxylate, according to ref. [29]) causes
no change (or at most a minor decrease) of the net surface
charge.[30] The increase in current through the device upon
NO binding is consistent with a (further) decrease in net
surface charge and, by Poisson�s relation, in surface potential,
as discussed above. The slight decrease of the current in the
bare device upon adsorption of NO may result from the
interaction of NO with the device surface; this can lead to the
release of surface-bound water molecules and induce net
removal of negative charge from the n-doped layer.
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The sensor described here provides a new approach to bio-
sensing since it combines the simplicity of the operation of a
semiconductor device and electrical monitoring with chemical
selectivity and sensitivity, as well as potential high spatial
resolution. We note that the device appears to be compatible
with at least some biological environments, as in preliminary
experiments with slides of rat brain in pH 7.4 buffer solution, a
reasonable response is seen when that system is stimulated to
produce NO. Further work in this direction is under way and
will be the subject of future reports.


Experimental Section


MOCSERs were fabricated by using substrates with a donor (Si)
concentration of 5� 1017 atoms/cm3 in the n-GaAs layer. They were made,
based on our design, by IQE Inc. (formerly QED Inc., Pa, USA). The
dimensions of the sensors used in the present study were 1.5 mm� 6.0 mm,
with a sensing area of about 0.3 mm2. In principle, the sensor can be made
smaller by a few orders of magnitude without loss of sensitivity. In order to
prevent leakage of the electrical current through the conducting solution,
the device was encapsulated by using epoxy resin, leaving the ªsensing
windowº uncovered.


Preparation of the sensor and the mode of measurement : Prior to each
adsorption experiment, GaAs (100) surfaces of either single crystal
substrates or of the devices were cleaned by boiling them successively in
trichloroethylene, acetone, and absolute ethanol for 15 min each, etched
for ten seconds in NH3/H2O (1:9, v/v) solution, washed in deionized water,
and dried by N2. They were then immersed overnight in a solution of hemin
(15 mm) in DMF. The devices were taken out, carefully rinsed with CHCl3/
hexane (5% v/v) and blown dry with a stream of nitrogen gas.


In order to avoid p ± p electronic interactions between neighboring
adsorbates, in some experiments a spacer was introduced between the
hemin molecules. In that case, GaAs substrates or the devices were directly
immersed in a solution of hemin/benzoic acid (1:1) in DMF. We chose
benzoic acid as spacer because it adsorbs onto GaAs through its carboxyl
group,[29] as does hemin, and its molecular height should not influence any
interaction of NO molecules with hemin. The monolayers were charac-
terized on single crystal GaAs by FTIR by using the bare, etched, oxidized
GaAs surface as a reference. After chemisorption of the mixed molecular
film on the GaAs substrate, a strong peak appeared at 1710 cmÿ1 (nas


COOÿ of
hemin), while the peaks, indicative of the free carboxylic groups (nCOOH


vibrations, 1747 and 1675 cmÿ1 for hemin and benzoic acid in DMF,
respectively), disappeared. This verifies that the carboxyl groups do indeed
bind to the GaAs surface.[29, 31] The intensity of the nas


COOÿ absorbance peak
was about 1.0 ± 1.5� 10ÿ3; this indicated that a film of about one monolayer
is formed on the GaAs substrate.[32]


AFM images (Figure 8) of the films formed on mica show that the film
thickness is about 1.5 ± 1.7 nm. This result is consistent with the value
reported in ref. [33] and indicates that, at least on mica, the hemin
molecules do indeed ªstandº rather than lie on the substrate. In Figure 8,
we see that the surface of the mixed monolayer (Figure 8a) is more
corrugated than the one made from pure hemin (Figure 8b). If such a
corrugation also occurs on GaAs,[34] then it will allow an easy approach of
the analyte, the NO molecules, to the hemin binding site. This would
explain the enhanced sensitivity observed when the sensor is exposed to the
benzoic acid/hemin mixture rather than to pure hemin.


The device response to NO molecules was determined at room temper-
ature under anaerobic conditions (N2) to prevent formation of the
undesired NO2. During the experiment, a constant voltage of 100 mV
was applied between the ohmic contacts of the device. The change in the
current with time, I(t), was monitored in a buffer solution (pH� 7.4), while
NO was released from an organic precursor 1-hydroxy-3-methyl-3-(meth-
ylaminopropyl)-2-oxotriaz-1-ene (Sigma) in an aqueous solution of NaOH
(0.01m) with first order kinetics and t1/2� 10.1 min at room temper-
ature.[26, 35, 36] A constant flow of pure N2 over the surface of the buffer
solution was maintained during the measurement.


The measurements were performed with a Keithley Model236 Source-
Measure Unit. The current was first measured for the dry device under N2


and then in the buffer solution.
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A Conformational Study of the Trisaccharide b-d-Glcp-(1! 2)[b-d-Glcp-
(1! 3)]a-d-Glcp-OMe by NMR NOESY and TROESY Experiments,
Computer Simulations, and X-Ray Crystal Structure Analysis


Torgny Rundlöf,[a] Lars Eriksson,[b] and Göran Widmalm*[a]


Abstract: Proton ± proton cross-relaxa-
tion rates have been measured for the
trisaccharide b-d-Glcp-(1! 2)[b-d-
Glcp-(1! 3)]a-d-Glcp-OMe in D2O as
well as in D2O/[D6]DMSO 7:3 solution
at 30 8C by means of one-dimensional
NMR pulsed field gradient 1H,1H NO-
ESY and TROESY experiments. Inter-
atomic distances for the trisaccharide in
D2O were calculated from the cross-
relaxation rates for two intraresidue and
three interglycosidic proton pairs, using
the isolated spin-pair approximation. In
the solvent mixture one intraresidue and
three interglycosidic distances were de-
rived without the use of a specific


molecular model. In this case the dis-
tances were calculated from the cross-
relaxation rates in combination with
ªmodel-freeº motional parameters pre-
viously derived from 13C relaxation
measurements. The proton ± proton dis-
tances for interglycosidic pairs were
compared with those averaged from
Metropolis Monte Carlo and Langevin
Dynamics simulations with the HSEA,
PARM 22, and CHEAT95 force fields.


The crystal structure of the trisaccharide
was solved by analysis of X-ray data.
Interresidue proton pairs from the crys-
tal structure and those observed by
NMR experiments were similar. How-
ever, the corresponding proton ± proton
distances generated by computer simu-
lations were longer. For the (1! 2)
linkage the glycosidic torsion angles of
the crystal structure were found in a
region of conformational space populat-
ed by all three force fields, whereas for
the (1! 3) linkage they occupied a
region of low population density, as seen
from the simulations.


Keywords: carbohydrates ´ molecu-
lar dynamics ´ molecular modeling ´
oligosaccharides ´ X-ray diffraction


Introduction


Carbohydrates found at cell surfaces have been shown to have
important biological functions.[1] They often act as recognition
molecules, mediating biological processes such as infection,
inflammation, and cell ± cell adhesion. Because of the impor-
tance of these functions in nature, the solution structures of
carbohydrates have been intensively studied.[2, 3] Their poly-
hydroxylated surfaces make hydrogen bonding to the sur-
rounding water important; as a result intramolecular hydro-
gen bonds, stabilizing the three-dimensional (3D) structure,
become less common. Crystallization of these oligosacchar-
ides may therefore be hard and the period of time necessary to
obtain a crystal of useful size and quality will therefore be
unpredictable. Thus, the 3D structure often has to be


determined mainly by NMR spectroscopy in solution (3JC,H


and NOE) combined with molecular modeling techniques.[4]


More recent methods applied to carbohydrates include off-
resonance ROESY experiments[5] or measurement of residual
dipolar couplings in oligosaccharides dissolved in aqueous
dilute liquid-crystalline solutions.[6±8] Furthermore, the inter-
nal flexibility has to be taken into account; this complicates
the determination of the 3D structure.[9] One way to inves-
tigate the internal dynamics is to bring the oligosaccharide
outside the extreme narrowing regime, resulting in relaxation
parameters that are dependent on the magnetic field
strength.[10] However, the addition of dimethyl sulfoxide
(DMSO) to a saccharide ± water solution may influence the
conformational properties of the solute. It is therefore
important to address this issue, in particular to ask whether
the DMSO/water solvent mixture is a relevant complement to
water for studies of oligosaccharide conformation and dy-
namics. In the present study we combine NMR experiments
with molecular modeling and the crystal structure to obtain a
description of the conformation and dynamics of the trisac-
charide b-d-Glcp-(1! 2)[b-d-Glcp-(1! 3)]a-d-Glcp-OMe,
an oligosaccharide that acts as a model of the repeating unit
of the exopolysaccharide from a strain of Pedicoccus damno-
sus.[11]
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Theory


For molecules in solution, proton relaxation is dominated by the dipole ±
dipole cross-relaxation between spins that are close in space. The strength
of these interactions depends on the molecular dynamics, the internuclear
distance(s), and the number of interacting spins. The cross-relaxation rate,
s, for the nuclear Overhauser effect (NOE)[12] and rotating-frame Over-
hauser effect (ROE)[13] can be expressed as combinations of spectral
density functions taken at certain frequencies. The NOE cross-relaxation
rate (sNOE) can be calculated from Equation (1).


sNOE� 1�4 (DHH)2 [6J (2w)ÿ J (0)] (1)


The corresponding equation for the ROE cross-relaxation rate (sROE) is
given in Equation (2).


sROE� 1�4 (DHH)2 [2J (0) � 3J (w)] (2)


Owing to problems with signals arising from TOCSY transfer[14] in ROE
experiments, a modified multiple-pulse spin-lock has been proposed,[15]


which efficiently suppresses such signals. The multiple-pulse or transverse
ROE (TROE) cross-relaxation rate, sTROE, can be calculated as the mean
of sNOE and sROE and is described by Equation (3).


sTROE� 1�8 (DHH)2 [6J (2w) � 3J (w) � J (0)] (3)


The dipolar coupling constant, DHH� (m0/4p)g2�hrÿ3, is a measure of the
strength of the dipolar interaction, where m0 is the permeability in vacuum,
g is the magnetogyric ratio for protons, �h is Planck�s constant divided by 2p,
and r is the distance between interacting protons.


Unknown proton ± proton distances, rij, between protons i and j can be
obtained by the isolated spin-pair approximation[16, 17] (ISPA) by compar-
ison of the cross-relaxation rate of the reference spin pair, sref, with that of i
and j, sij, according to Equation (4).


rij� rref(sref/sij)1/6 (4)


The reference distance used, rref, should be chosen for protons residing in a
well-defined part of the molecule.


Proton ± proton distances can also be calculated from cross-relaxation
rates[18] by the ªmodel-freeº approach,[19] provided that the motional
parameters are known. In this approach the molecular motions are
described by a slow global motion, tM, and a local motion, te. Prerequisites
are that the different motions are uncorrelated and that the molecule
reorients isotropically. The restriction of the internal motion is described by
a generalized order parameter, S2, that adopts values between 0 and 1, with
S2� 1 corresponding to a totally restricted internal motion. The model-free
spectral density, J(w), is expressed in Equation (5), where tÿ1� tÿ1


M � tÿ1
e . If


te is much shorter than tM, the second term in Equation (5) makes a
negligible contribution to the spectral density and the Equation can be
truncated to give Equation (6).


J(w)� 2


5


S 2 tM


1 � w2t2
M


 
� �1ÿ S 2�t


1 � w2t2


!
(5)


J(w)� 2


5


S 2 tM


1 � w2t2
M


 !
(6)


If the overall and internal correlation times are on similar timescales, they
cannot be determined separately and an effective correlation time, teff, for
the molecular reorientation can be used, resulting in Equation (7).


J(w)� 2


5


teff


1 � w2t2
eff


� �
(7)


With this expression, teff can be calculated[20] from the NOE or TROE
cross-relaxation rates [Equations (1) or (3)] and a known interproton
distance obtained by the ISPA method. The effective correlation time can
also be calculated from the ratio between sNOE and sTROE


[21, 22] without a
known reference distance, as shown in Equation (8).


sNOE


sTROE


� 10 � 42w2t2
eff ÿ 32w4t4


eff ÿ 32w8t8
eff


10 � 63w2t2
eff � 96w4t4


eff � 16w8t8
eff


(8)


Results and Discussion


Cross-relaxation measurements : The trisaccharide b-d-Glcp-
(1! 2)[b-d-Glcp-(1! 3)]a-d-Glcp-OMe was investigated by
NMR spectroscopy, specifically, 1H 1D NOESY and 1D
TROESY experiments, performed at 30 8C in D2O and in the
solvent mixture D2O/[D6]DMSO 7:3. The structure of the
molecule and the notation for the different residues are shown
in Scheme 1. Spectra were recorded at 600 MHz for the D2O


Scheme 1. Schematic representation of the trisaccharide b-d-Glcp-(1!
2)[b-d-Glcp-(1! 3)]a-d-Glcp-OMe showing the different sugar residues
g, g2, and g3, and the protons (in bold) for which cross-relaxation rates have
been measured.


sample and at 500 and 600 MHz for the D2O/[D6]DMSO
sample, using ten different mixing times from 30 to 1000 ms.
Positive NOEs and TROEs were observed for the trisacchar-
ide in D2O, suggesting overall tumbling in or close to the
extreme narrowing regime, where the spectral density func-
tion becomes less dependent on the magnetic field and an
effective correlation time may be used. Spectra are exempli-
fied in Figure 1, where selective inversion of the H1 resonance


Figure 1. Spectra recorded at 600 MHz and 30 8C for the trisaccharide in
D2O. The a) TROE and b) NOE spectra are shown, recorded at mixing
times of 700 ms, with selective excitation of H1 in the methyl glucoside (g)
residue. Positive enhancements are observed, particularly for H2g (d�
3.83) and H1g2 (d� 4.64). In c) the ordinary proton spectrum is shown.


in the methyl a-glucoside residue (g) resulted in positive
NOEs and TROEs of, inter alia, signals from H2 and H3 in the
same residue, of the O-methyl group, and of H1 in the b-
glucosyl residue (g2) substituting O2 of g. Inversion of the
resonance from H1 in g2 resulted in Overhauser effects of H1,
H2, and H3 in g, of H3 and H5 in g2, and of H1 in the other b-
glucosyl residue (g3). Inversion of H1 in g3 gave NOE and
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TROE to H2, H3, and H4 in g, to H1 in g2, and intraresidually
to H3 and H5. It was also possible to invert selectively H3 in g,
cross-relaxing with H5 in the same residue and with H1 in g2


and H1 in g3. For the measurements in D2O/[D6]DMSO,
negative NOEs and positive TROEs were observed, demon-
strating slower molecular tumbling outside the extreme
narrowing regime. In this region, the NOE and TROE
cross-relaxation rates should be field-dependent. Owing to
spectral overlap, only the three anomeric protons could be
selectively inverted in the solvent mixture; this inversion
showed proton ± proton interactions similar to those observed
in D2O.


Five and four proton ± proton pairs were used for the
calculation of cross-relaxation rates in D2O and D2O/
[D6]DMSO, respectively. The pairs were H1g ± H2g, H1g ±
H1g2, H2g ± H1g2, H3g ± H1g3, and also H3g ± H5g in the
D2O sample. For some pairs, cross-relaxation was detected at
both the interacting protons, as shown in Table 1.


NOE and TROE build-up curves can be used to calculate
the cross-relaxation rates, determined as the slope of the
initial linear regions. Therefore, measurements of normalized
peak integrals at short mixing times are required, but these
are problematic because of the low signal-to-noise ratios. The
quality of the data in this study is exemplified by the NOE and
TROE build-up curves for H1g ± H2g, shown in Figure 2, with
an expansion of the initial build-up region. Different methods
have been developed to calculate the rates.[23] The cross-
relaxation build-up versus the mixing time at sufficiently short
mixing times can be fitted to a linear equation where the
cross-relaxation rate is the slope of the fitted line. The build-
up can also be fitted to a second-order polynomial; this
permits peak amplitudes at slightly longer mixing times to be
included in the fit. The latter method was used for all proton ±
proton interactions except one (see below), and proton cross-
relaxation rates (sNOE and sTROE) were calculated by least-
squares fits of the normalized integrals of the NOE or TROE
peaks at different mixing times (see Experimental Section).
For the fits of cross-relaxation rates in D2O, only mixing times
not longer than 300 ms (sNOE) and 450 ms (sTROE) were used in
order to obtain the lowest possible errors in the calculated


Figure 2. Experimental NOE (filled lines) and TROE (dotted lines) build-
up curves for the intraresidue H1g ± H2g spin pair, which is used as the
reference interaction in the ISPA distance calculations. Shown in a) are
TROEs in D2O at 600 MHz (~), in D2O/[D6]DMSO at 500 MHz (*) and
600 MHz (&), and NOEs in D2O at 600 MHz (~), in D2O/[D6]DMSO at
500 MHz (*) and 600 MHz (&). In b) the corresponding initial linear
regions of the build-up curves are shown. Note the negative NOE obtained
with the D2O/[D6]DMSO sample.


cross-relaxation rates. Because of the larger magnitudes of the
NOE and TROE cross-relaxation rates and more rapid total
direct dipolar relaxation of the protons in the D2O/
[D6]DMSO solution, only mixing times not longer than
150 ms were used for these fits.


For the H1g ± H1g2 interaction, indirect cross-relaxation via
the H2g spin was possible. This was investigated by a full
relaxation matrix analysis for two different conformers of the
trisaccharide, namely, the crystal structure and the average
conformation from the Metropolis Monte Carlo simulation
(see below), using effective overall correlation times of 0.2
and 1 ns. It was found that for mixing times shorter than
�100 ms the indirect effect was negligible. Similar results
were obtained for both structures. Therefore, only mixing
times <100 ms were used in linear fits of cross-relaxation
rates for this dipolar interaction in both D2O and the solvent
mixture.


From the NOE spectra it was recognized that the motional
behavior of the trisaccharide was different in D2O and in the
solvent mixture. The positive and negative NOEs, respective-
ly, are a result of different tumbling correlation times for the
trisaccharide. The viscosity of a H2O/DMSO 7:3 solvent
mixture is more than twice as high as that of H2O.[24] Despite
the slower tumbling rate it is reasonable to assume that the
solute molecule behaves in a similar way as in water since the
solvent mixture contains 70 molar % water and carbohydrates
are hydrated in solution.[25, 26] The D2O/[D6]DMSO mixture


Table 1. Experimental cross-relaxation rates, sNOE and sTROE, at 303 K for
the trisaccharide in D2O/[D6]DMSO 7:3 and in D2O, calculated by second-
order polynomial fits of normalized integrals.


Proton pair[a] D2O/[D6]DMSO D2O
500 MHz 600 MHz 600 MHz


sNOE sTROE sNOE sTROE sNOE sTROE


1g ± 2g ÿ 0.137 0.190 ÿ 0.141 0.177 0.037 0.118
1g ± 1g2[b] ÿ 0.015 0.025 ÿ 0.018 0.023 0.008 0.026
1g ± 1g2[b] ÿ 0.016 0.024 ÿ 0.020 0.024 0.007 0.022
2g ± 1g2 ÿ 0.191 0.316 ÿ 0.216 0.280 0.063 0.169
3g ± 5g n.d.[c] n.d. n.d. n.d. 0.029 0.067
3g ± 1g3 n.d. n.d. n.d. n.d. 0.065 0.163
3g ± 1g3 ÿ 0.150 0.293 ÿ 0.167 0.265 0.062 0.155


[a] Excited proton in bold. [b] Linear fit of normalized integrals, for tmix<


100 ms. [c] n.d.� not determined.
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was recently used in studies of the 13C NMR relaxation[27] and
1H,13C long-range coupling constant[28] of the trisaccharide.


The experimental cross-relaxation rates are reported in
Table 1. In the solvent mixture, the intraresidue H1g ± H2g
and the interresidue H2g ± H1g2 and H3g ± H1g3 interactions
showed fairly high absolute NOE and TROE cross-relaxation
rates. The interaction between H1g and H1g2 was significantly
weaker, with much lower cross-relaxation rates. The ratios
between sNOE values at two different magnetic field strengths
may give information on internal motions.[18, 29] If the intra-
residue cross-relaxation rate ratio sNOE (600 MHz)/sNOE


(500 MHz) differs from the observed interglycosidic ratios,
this can be an indication of differences in internal motions
between these two types. The ratio calculated for the intra-
residue H1g ± H2g rate was close to unity. The interglycosidic
correlations H2g ± H1g2 and H3g ± H1g3 both had a ratio of
1.1, that is, only slightly different from the intraresidue ratio.
Therefore, the dynamic parameters from the previous 13C
relaxation study[27] were judged appropriate for the analysis of
proton ± proton cross-relaxation data. Also, since the ªdy-
namic equivalenceº of different carbon ± proton bond axes in
a single carbohydrate ring was used,[30] one might expect this
equivalence to extend to the intraring H1g ± H2g axis, as has
been shown for a disaccharide under similar experimental
conditions.[18] In addition, the measurements at two magnetic
fields yield independent data sets.


In D2O, the NOE and TROE cross-relaxation rates were
lower than those observed in the solvent mixture. The low
sNOE values resulted in larger uncertainties compared to the
measurements in D2O/[D6]DMSO. The TROE cross-relaxa-
tion rates were, however, larger than the NOE rates resulting
in smaller errors for sTROE. The only exception again was the
cross-relaxation between H1g and H1g2, which showed small
NOE and TROE cross-relaxation rates. Positive NOE cross-
relaxation rates were observed for all interactions, indicating
fast molecular tumbling in the vicinity of the extreme
narrowing regime where the generalized order parameter
and the overall correlation time cannot be separated from
each other (see Theory). Effective correlation times teff for the
interproton correlations in water were calculated by taking
the ratio of the measured cross-relaxation rates, sNOE/sTROE,
and extracting a teff with the aid of Equation (8). This resulted
in an average teff� 0.20� 0.02 ns, that is to say, the effective
correlation times for the proton pairs are quite similar.


The experimental errors in the NOE and TROE measure-
ments can be estimated from the results in Table 1, where the
cross-relaxation rates are independently measured for both
interacting protons, for example, H1g ± H1g2. Differences of
up to �5 % from the average are observed for the sNOE and
sTROE for this pair in the solvent mixture. In D2O the
differences are slightly larger as a result of the weaker
interactions. However, a 5 % error in the cross-relaxation rate
leads to a difference of <1 % in the determined distance. The
other interactions in Table 1 are stronger than the H1g ± H1g2


interaction, which should result in smaller errors in these
measurements.


Computer simulations : In order to investigate how the
internal motions influence the proton ± proton distances in


the trisaccharide, we performed 5 ns Langevin dynamics[31, 32]


(LD) and 106 macro steps Metropolis Monte Carlo[33] (MMC)
computer simulations. Three different force fields were used,
namely PARM 22 (MSI, San Diego, CA, USA) and
CHEAT 95[34] for the LD simulations, and the HSEA force
field[35, 36] for the MMC simulations. The use of more than one
force field facilitates the recognition of conformational
trends,[37] although the choice of a particular force field may
be difficult.[38] All simulations were performed in vacuum, but
the LD simulations use random and frictional forces to mimic
aqueous solution. CHEAT 95 uses extended hydroxy groups
devoid of hydroxy protons and a reduced partial charge of the
oxygen atoms. Mainly, the (1! 2) and (1! 3) glycosidic
linkages populated the syn conformations, having fH� 608
and yH� 08, except for the (1! 2) linkage in the LD
simulations using the PARM 22 force field, which showed a
large proportion of an anti-f conformer with fH� 1508. The
flexibility of the glycosidic linkages, determined as root-mean-
square torsion angle fluctuations for fH and yH, was in all
cases largest for the LD simulations using the PARM 22 force-
field parameters and smallest for the MMC simulations.
Scatter plots for the (1! 2) and (1! 3) linkages from the
CHEAT 95 simulations are shown in Figure 3. Effective


Figure 3. Scatter plots from the MMC simulations of a) the (1! 2) linkage
and b) the (1! 3) linkage of the trisaccharide using the CHEAT95 force
field. The crosses indicate the torsion angles found in the crystal structure.


(weighted) proton ± proton distances were determined from
the simulations, according to (hrÿ3i2)ÿ1/6 averaging for con-
formational exchange processes faster than overall molecular
rotational diffusion.[12, 39] The simulated interproton distances
are reported in Table 2. Differences when (hrÿ6i)ÿ1/6 averaging
was used (data not shown) were small and not critical for the
outcome of this study. Furthermore, in a recent study on the
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dynamics of a disaccharide,[40] the angular part of internuclear
vectors in a molecule-fixed frame[41] contributing to the
generalized order parameter was found to be negligible. In
the present study, the effective intraresidue proton ± proton
distances in the g residue were found to be 2.39, 2.43, and
2.38 � for H1 ± H2 and 2.55, 2.60, and 2.61 � for H3 ± H5 by
means of the PARM 22, CHEAT 95, and HSEA force fields,
respectively. In simulations using HSEA these distances are
fixed, since sugar residues are modeled as rigid units.
Interresidue distances over the glycosidic linkages showed
much more variation between force fields. For the two
interactions between H1g2 and H1 and H2 in g the MMC
simulations resulted in an effective r� 3.68 and 2.36 �,
respectively, but the LD simulations with PARM 22 showed
r� 4.31 and 3.21 �, respectively. The latter distances result
from the large amount of anti-f conformer at this glycosidic
linkage in the PARM 22 simulations. The LD simulations with
CHEAT 95 showed somewhat longer interglycosidic distances
than did the MMC simulations, a result that may be due to the
increased flexibility observed with the former force field and/
or differences in the average conformation at the glycosidic
linkage.


Proton ± proton distances : Cross-relaxation data for the
trisaccharide in D2O/[D6]DMSO were interpreted by means
of the model-free approach,[18, 19] whereas in D2O the isolated
spin-pair approximation[16, 17] (ISPA) was used. These proce-
dures yielded experimental proton ± proton distances for five
proton pairs in D2O and four pairs in D2O/[D6]DMSO, with
the interproton distances reported in Table 3. Cross-relaxa-
tion rate averaging was performed prior to distance calcu-


lation for spin pairs for which rates were measured from both
interacting protons.


In the solvent mixture, model-free motional parameters
obtained by 13C NMR relaxation measurements[27] were used
to calculate interproton distances from the experimental
cross-relaxation data, by Equations (1) or (3) and (5). For the
intraresidue interaction H1g ± H2g, an overall correlation
time tM� 0.89 ns, a generalized order parameter S2� 0.84, and
an internal correlation time te� 18 ps were used, taken from
the fits of 13C NMR data of the g residue reported in Table 3 of
the 13C work.[27] From the NOE measurements interproton
distances of 2.51 and 2.52 � were obtained at 500 and
600 MHz, respectively. The TROE measurements resulted in
shorter distances, 2.37 and 2.35 �, respectively, at the two
different magnetic fields. The simulation data give an average
for the three force fields of 2.40 �; in comparison, the distance
obtained from the NOE measurements is longer, �2.51 �,
and that from the TROE measurements is shorter, �2.36 �.
Thus, the experimental determinations of the distance bracket
the value calculated by computer simulations. Similar dis-
tances were obtained if the internal correlation time, te�
18 ps, was omitted in the calculations. Taking into account
the fact that no molecular model was used to derive the H1 ±
H2 distance, we find the small differences between experi-
ment and simulation quite satisfactory. In a related study of
another trisaccharide the intraresidue distance also showed
good agreement to simulations, but in this case the model-free
approach resulted in a slightly shorter distance when NOE
data were used and a somewhat longer distance when TROE
data were employed.[42] Subsequently, when ISPA is used
(vide infra), a reverse relationship for rNOE vs. rTROE is
obtained for the short trans-glycosidic distances. Therefore,
the experimental differences should represent the accuracy of
the data.


For the three interresidue interactions the motional param-
eters were taken from the terminal residues, that is, from g2 or
g3. These residues showed similar motional characteristics,
with tM� 0.80 and 0.81 ns, S2� 0.70 and 0.72, and te� 57 and
58 ps for g2 and g3, respectively. For the interglycosidic
interactions, the distances obtained by NOE measurements
were in all cases longer than those obtained by TROE
measurements. However, the differences were smaller than
those observed for the intraresidue distance between H1g and
H2g. When the interglycosidic distances were calculated with
the 13C model-free motional parameters of the g residue,
longer distances were obtained. For example, the distances
calculated from sNOE for H1g ± H1g2 at both magnetic field
strengths were�3.5 �, compared with�3.3 � if the motional
parameters of the g2 residue were used. For the distances
derived from sTROE the differences were much smaller (Dr<
0.1 �). Furthermore, in our distance calculations small differ-
ences in the input of S2 did not alter the outcome of the
interproton distance to any great extent (<1 %), provided
that tM and te were not changed.


Interproton distances were also calculated from the NOE
and TROE cross-relaxation rates measured in D2O solution,
with the isolated spin-pair approximation (ISPA) method. A
certain cross-relaxation rate is compared with the rate
obtained for a reference interaction having a known, fixed


Table 2. Interproton distances r [�] from simulations[a] using different
force fields and from the X-ray crystal structure.


Proton pair HSEA PARM 22 CHEAT95 Crystal


1g ± 2g 2.38[b] 2.39 2.43 2.27
1g ± 1g2 3.68 4.31 3.79 3.03
2g ± 1g2 2.36 3.21 2.58 2.11
3g ± 5g 2.61[b] 2.55 2.60 2.64
3g ± 1g3 2.47 2.51 2.68 2.26


[a] Averaged according to r� (hrÿ3i2)ÿ1/6. [b] Fixed distance.


Table 3. Experimental interproton distances r [�] for the trisaccharide at
303 K, using the model-free approach[a] (D2O/[D6]DMSO 7:3) and ISPA[b]


(D2O).


Proton pair D2O/[D6]DMSO D2O
500 MHz 600 MHz 600 MHz


rNOE rTROE rNOE rTROE rNOE rTROE


1g ± 2g 2.51 2.37 2.52 2.35 2.43[c] 2.43[c]


1g ± 1g2 3.33 3.28 3.27 3.25 3.18 3.16
2g ± 1g2 2.18 2.14 2.18 2.15 2.22 2.29
3g ± 5g n.d.[d] n.d. n.d. n.d. 2.53 2.67
3g ± 1g3 2.30 2.17 2.30 2.17 2.22 2.31


[a] Calculated from Equation (5) and tM, S2, and te values from the sugar
residue; interglycosidic distances are calculated with parameters from the
terminal sugar residues. [b] Calculated from Equation (4). [c] Reference
distance from LD simulation using the CHEAT95 force-field parameters.
[d] n.d.� not determined.
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distance in the molecule. From Equation (4) the unknown
interproton distance of the spin pair of interest can be
determined. Two possible intraresidue reference distances
were available, H1g ± H2g and H3g ± H5g. The former proton
pair was used, since its cross-relaxation rates were larger and
the experimental errors smaller. NMR-derived distances are
time-averaged. Therefore, an averaged reference distance
should be used, obtained from, say, a molecular dynamics
simulation. The average fH and yH angles for the (1! 2)
linkage in the CHEAT 95 LD simulation agreed better with
those of the crystal structure than did those in the PARM 22
LD simulation. Therefore, the time-averaged distance derived
for H1g ± H2g from the CHEAT 95 LD simulation, calculated
as r� (hrÿ3i2)ÿ1/6� 2.43 �, was used as the reference distance
in the ISPA distance calculations. A test of the precision of the
reference distance employed was obtained by calculating the
distances from the measured cross-relaxation rates of the
H3g ± H5g interaction. Both the NOE- and TROE-derived
distances, r� 2.53 and 2.67 �, respectively, were in good
agreement with those obtained from the simulations, for
example 2.60 � for CHEAT 95 (Table 2). Interglycosidic
distances were calculated for H1g ± H1g2, H2g ± H1g2, and
H3g ± H1g3. For the first proton pair, fairly long distances
were obtained, r� 3.18 and 3.16 � from the NOE and TROE
data, respectively. For the two latter proton pairs the NOE-
derived distances were somewhat shorter than those obtained
by TROE measurements, taking values of �2.2 and �2.3 �,
respectively. Such short interglycosidic proton ± proton dis-
tances indicate fH and yH values in the vicinity of 08. A large
proportion of an anti conformation for either fH or yH should
result in a longer distance. Therefore, these glycosidic linkages
should mainly adopt syn conformations. Furthermore, an anti
conformation would have resulted in an even longer H1g ±
H1g2 distance, which was also observed from the LD
simulations using the PARM 22 force field.


Both anti-f[43] and anti-y[44] conformers have been shown to
exist at glycosidic linkages in oligosaccharides. However,
quantifying the population of an anti conformation may be
complicated owing to, inter alia, the influence of spin
diffusion.[45] A remedy in such a case would be the elimination
of intervening spins. The synthesis of a specifically deuterated
methyl a-cellobioside was recently reported[46] and a con-
formational analysis of the disaccharide is presently being
carried out.


Comparisons of the distances obtained from the cross-
relaxation measurements in D2O/[D6]DMSO with those in
D2O, reported in Table 3, revealed fairly similar interglyco-
sidic proton ± proton distances. This observation indicates that
the average conformation of the trisaccharide in the solvent
mixture is similar to that in water solution. Also, we have
recently noted that the water:DMSO ratio was significantly
higher (�5:1) in the first solvent shell around a disaccharide
than in the bulk solvent mixture (3:1), as deduced by MD
simulations.[47]


Crystal structure : The solid-state structure of the trisaccharide
was obtained by X-ray crystallography; the molecular struc-
ture of the trisaccharide is shown in Figure 4. The glycosidic
torsion angles describe an all-syn conformation, where the


Figure 4. Molecular structure of the trisaccharide in the solid state as
determined by X-ray crystallography, also showing the atomic numbering.


anomeric proton and the proton at the glycosyloxylated
carbon are close in space. In the present case for ease of
comparison the glycosidic torsion angles are discussed with
respect to a hydrogen atom even though the hydrogen atoms
were placed geometrically on the basis of the heavy atom
positions. These torsion angles are: for the (1! 2) linkage
given by fH� 408 and yH�ÿ428, for the (1! 3) linkage fH�
328 and yH�ÿ298, and for the O-methyl group fH�ÿ478.
The conformation of the hydroxymethyl groups is gg for w�
ÿ648 and w2�ÿ648, whereas w3� 548, that is, a gt conforma-
tion. The packing in the ac plane is shown in Figure 5. No


Figure 5. Crystal packing of the trisaccharide in the ac plane with two unit
cells of four molecules each. Selected hydrogen bonds are shown by dashed
lines. Note the hydrophilic vs. the hydrophobic regions. Oxygen atoms are
shown in grey, carbons in black and hydrogens in white.


definite hydrogen-bonding scheme can be proposed owing to
the difficulty in locating hydrogens from the X-ray diffraction
data, but the close oxygen contacts continue both along the c
axis and the b axis giving ªsheetsº of hydrogen-bonded
molecules that pack together as a result of hydrophobic
interactions between the blocks. One easily detected hydro-
gen-bond chain runs between the molecules in the b direction
(Figure 6). The chain consists of O4g ± C4g ± C5g ± C6g ± O6g
of each molecule and O4g connected to O6g(x,yÿ 1,z) in an
infinite chain along the b axis. The intermolecular hydrogen-
bond distance O4g ± O6g(x,yÿ 1,z) is 2.97 �. It is suggested
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that O4g acts as a donor and O6g as an acceptor where HO4g
makes the hydrogen bond.


The 1H,13C heteronuclear coupling constants corresponding
to the glycosidic torsion angles measured from the crystal
structure were calculated by a Karplus relationship.[48] Values
of 3.3 and 4.2 Hz were obtained from fH of the (1! 2) and
(1! 3) linkages, respectively, and 3.0 and 4.4 Hz were
obtained from yH of those linkages. Recently, we measured
interglycosidic long-range proton ± carbon coupling constants
for the trisaccharide in D2O/[D6]DMSO and D2O.[28] Flexi-
bility-averaged coupling constants were also calculated from
LD and MMC simulations. The coupling constants measured
from NMR spectra in the solvent mixture and in D2O were
3.7 ± 4.0 Hz (fH) and 4.5 ± 4.9 Hz (yH). These values agree
with those calculated from the crystal structure in all cases but
one, namely, for the coupling related to y for the (1! 2)
linkage (D3JC,H> 1.5 Hz). In comparison, in the 13C relaxation
studies[27] and glycosylation shift analysis[49] no or only small
differences in flexibility between the (1! 2) and (1! 3)
linkages were observed, results which are further strength-
ened in this study by the similar interglycosidic distances
obtained for these linkages in D2O and the solvent mixture.


The intra- and interresidue proton ± proton distances de-
rived from the NOE and TROE experiments were also
measured from the crystal structure, as reported in Table 2.
The overall agreement between the experimentally deter-
mined interproton distances is quite high, indicating that the
crystal structure of the trisaccharide is quite similar to the
average conformations in solution. Four of the five distances
were shorter in the solid state, and one, H3g ± H5g, was close
to those obtained from the simulations. Distances calculated
from the MMC simulations using the HSEA force field agreed
best with those measured from the crystal structure, with the
interglycosidic distances for the protons at the linkage
positions �0.2 � longer.


Conclusion


The trisaccharide in this study was investigated by solution-
state NMR spectroscopy, which, using either model-free


motional parameters or a dynamically averaged molecular
model with an internal reference distance, gave proton ±
proton distances for comparison with computer simulations.
The trans-glycosidic distances from simulations were longer
than those from NMR experiments, whereas the distances
obtained from the crystal structure determined in this work
agreed better with NMR data. From H1g2 two interresidue
correlations were observed, one with a somewhat longer and
the other a somewhat shorter distance in the solvent mixture
than in D2O. These small differences indicate that only minor
conformational changes exist between the solvent mixture
and D2O, despite the limited number of cross-relaxing
interglycosidic spin pairs. The present work, which contains,
inter alia, high-quality Overhauser effect NMR data, reveals
the importance of further tuning of molecular mechanics
force fields for use with computer simulations in order to
describe flexibility and dynamics of more complex molecular
systems. Furthermore, we have shown that the combination of
13C NMR relaxation studies, yielding the motional properties,
and 1H,1H NOESY or TROESY experiments is a general
method and an excellent way to approach the conformational
problems of biomolecules.


Experimental Section


General : The synthesis of the trisaccharide b-d-Glcp-(1! 2)[b-d-Glcp-
(1! 3)]a-d-Glcp-OMe has already been described.[49] NMR samples were
prepared in 5 mm NMR tubes as 0.1m solutions of the trisaccharide in D2O
or D2O/[D6]DMSO in a 7:3 molar ratio. The solutions were treated with
CHELEX 100 in order to remove any paramagnetic ions present, and the
NMR tubes were sealed under vacuum after three freeze ± pump ± thaw
cycles. The 1H NMR chemical shifts in D2O were assigned previously,[49]


and the differences upon changing to the D2O/[D6]DMSO solvent mixture
were checked by two-dimensional 1H,1H and 1H,13C correlation experi-
ments.


Spectra were recorded at 30 8C on Varian Inova 500 and Inova 600
spectrometers operating at 500 and 600 MHz, respectively, equipped with
triple-resonance pulsed field gradient HCX probes. Spectra recorded on
another Varian Inova 600 spectrometer were used to check the accuracy of
the measurements. These data were similar but not used in the calculations
of the reported cross-relaxation rates.


Trisaccharide crystals were obtained from acetonitrile/water/methanol in
the proportions 50:2:1.


Figure 6. Stereoview of the packing along the b direction, with a distinct hydrogen bond chain (dashed) from O4g in one molecule to O6g in another.
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Cross-relaxation measurements : Proton ± proton cross-relaxation rates
were measured in one-dimensional DPFGSE-NOESY experiments[50, 51]


(sNOE) and DPFGSE-TROESY experiments[15, 52] (sTROE). Selective ex-
citations at the frequency of well-resolved signals were enabled using
i-Snob-2 shaped pulses[53] of 40 or 50 ms duration. The gradient durations in
the initial DPFGSE part were 1 ms and the strengths 0.9 and 2.4 G cmÿ1,
respectively, in D2O, and 13.9 and 6.0 Gcmÿ1, respectively, in D2O/
[D6]DMSO. In the subsequent NOESY part of the pulse sequence, four
gradients of 1 ms duration were run in pairs with strengths 1.2 and
1.6 G cmÿ1, respectively, with a 2 ms hyperbolic secant inversion pulse[54]


inserted between the gradients in each pair. All other pulses were hard and
of short duration, <8 ms for a 908 pulse. For the TROE experiment the
DPFGSE part was followed by a TROESY spin lock[14] with gB1/2p�
2.8 kHz.


Spectra were recorded with a spectral width of 2000 Hz and 16k complex
points; 196 ± 512 transients were sampled at each mixing time. For the D2O
sample, measurements were performed at 600 MHz using selective
excitations at four frequencies. For the D2O/[D6]DMSO sample, resonan-
ces at three frequencies were selectively excited at both 500 and 600 MHz.
The total relaxation delay (acquisition � delay) between transients was
12 s (D2O), 12 s (D2O/[D6]DMSO, 500 MHz), and 14 s (D2O/[D6]DMSO,
600 MHz), i.e., always >5T1. Ten different cross-relaxation delays (mixing
times) of 0.03, 0.06, 0.09, 0.12, 0.15, 0.2, 0.3, 0.45, 0.7, and 1.0 s were used.


Prior to Fourier transformation, the FIDs were zero-filled once and
multiplied with a 1 Hz exponential line-broadening factor. Spectra were
baseline-corrected with a first-order correction, and integrated using the
same integration limits at all mixing times.


Integrated auto-peaks were fitted to an exponential decaying function, and
normalized cross-relaxation integrals were obtained by division of the
measured integrals by the extrapolated auto-peak value at zero mixing
time. The regression coefficients in the fits were R> 0.9993 for the auto-
peaks in D2O, except for the NOE H3g excitation which had R> 0.997. For
the auto-peak curves in D2O/[D6]DMSO R> 0.9996 was obtained.


Cross-relaxation build-up curves were obtained from the normalized
integrals at different mixing times, and the rates were calculated by fitting a
second-order polynomial using mixing times not longer than 450 ms and
300 ms for sNOE and sTROE in D2O, respectively, and 150 ms for sNOE and
sTROE in D2O/[D6]DMSO. Mixing times were discarded stepwise, starting
from 1000 ms, until the best value of the regression coefficient was
obtained. The errors in the least-squares fits, expressed using the regression
coefficient, were found to be R> 0.994 in all cases, except for the sNOE of
H1g ± H2g in D2O, which had R> 0.989. For H1g ± H1g2 only mixing times
shorter than 100 ms were used in linear fits of peak integrals, owing to a
possible three-spin effect, investigated using the noesim program.[32] In
these linear fits, R> 0.989 was obtained, except for sNOE in D2O/[D6]DMSO
and sTROE in D2O, for which R was >0.975.


Computer simulations : Langevin dynamics (LD) and Metropolis Monte
Carlo (MMC) simulations were performed at 300 K. The PARM 22 (MSI,
San Diego, CA, USA) and CHEAT 95 force field[34] parameters imple-
mented in the CHARMM[55] program were used for the 5 ns LD
simulations, using dielectric constants e� 1 and e� r (distance dependent)
for the two force fields, respectively. The time step was 1 fs, data were
sampled every 0.1 ps, and the Langevin collision frequency for carbon and
oxygen atoms was 50 psÿ1. MMC simulations,[33] using the HSEA force
field[35, 36] and the GEGOP program,[56] were performed with 106 macro
steps, a maximum fH and yH torsion angle change of 208 in each step and a
total acceptance ratio of 37 %. The glycosidic torsion angles are defined as
fH (H1'-C1'-OX-CX) and yH (C1'-OX-CX-HX), with X as the linkage
position and the atoms of the glucosyl group primed. The torsion angles of
the hydroxymethyl groups are defined as w (O5-C5-C6-O6) with an index
where appropriate.


X-ray crystal structure analysis : Single-crystal X-ray diffraction data were
collected with a STOE IPDS diffractometer. The structure was solved by
direct methods with SHELXS 97.[57] Most of the non-hydrogen atoms were
located in the initial electron density map and the rest of them in
subsequent difference Fourier maps. All hydrogen atoms were geometri-
cally placed and allowed to ride on the carbon or oxygen atom to which
they were connected. The model was refined by full-matrix least-square
calculations with SHELXL 97.[58] Isotropic displacement parameters were
used for all atoms because of the small amount of significant data. As a


result of the small crystal size (10� 10� 100 mm), most reflections were
weak and the final figure of merit is rather high. A summary of the
crystallographic data is found in Table 4. Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-137451. Copies of the data can be obtained
free of charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).
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Nucleophilic Aromatic Substitution of Hydrogen:
A Novel Electrochemical Approach to the Cyanation of Nitroarenes


Iluminada Gallardo,* Gonzalo Guirado, and Jordi Marquet[a]


Abstract: The nucleophilic aromatic substitution of hydrogen through electrochem-
ical oxidation of the intermediate s complexes (Meisenheimer complexes) in simple
nitroaromatic compounds is reported for the first time. The studies have been carried
out with hydride and cyanide anions as the nucleophiles using cyclic voltammetry
(CV) and preparative electrolysis. The cyclic voltammetry experiments allow for the
detection and characterization of the s complexes and led us to a proposal for the
mechanism of the oxidation step. Furthermore, the power of the CV technique in the
analysis of the reaction mixture throughout the whole chemical and electrochemical
process is described.


Keywords: cyclic voltammetry ´
electrochemistry ´ Meisenheimer
complexes ´ nucleophilic substitu-
tion ´ s complexes


Introduction


The development of new environmentally favourable routes
for the production of commercially relevant chemical inter-
mediates and products is an area of considerable interest.
These synthetic routes require, in most cases, the discovery of
new atomically efficient chemical reactions. According to
these requirements, we have focused our attention on the
nucleophilic aromatic substitution in hydrogen reactions
(NASH)[1, 2] as a means to generate functionalized aromatics
without the need for halogenated materials or intermedi-
ates.[3] NASH reactions formally require the replacement of a
hydride ion, and occur ªspontaneouslyº consuming part of the
starting material in the oxidation step, or they are promoted
by the addition of external oxidants. Low yields (with few
exceptions)[4] and lack of generality are the main drawbacks of
these synthetic procedures.[1, 2] In addition, some of the
chemical substances used as oxidants, are hazardous in their
own right. In this respect, use of electrochemical techniques
seem to be very attractive, but curiously enough, this
approach has been almost completely neglected in the
chemical literature.


Nucleophilic reagents react for example with nitroarenes.
The initial step of these reaction is usually reversible addition


to the unsubstituted 1- and 4-positions to produce the sH


complexes[1, 2, 5, 6]


NuH


NO2


Nu


NO2


+ Nu
-


-


NO2


σH - complex


+ H
-


(1)


These sH complexes may be converted into products of
hydrogen-atom replacement in two ways: vicarious nucleo-
philic substitution[7±11] extensively investigated in the case of
carbanionic nucleophiles and with several examples of nitro-
gen and oxygen nucleophiles.[12] A second strategy involves a
chemical oxidation of a intermediate sH complex through
formal displacement of Hÿ.[1, 2, 5, 6] The rearomatization of sH


adducts is difficult with mild or moderately strong chemical
oxidants.[13, 14]


One variety of chemical oxidation is the electrochemical
oxidation of sH adducts. In a very recent paper Terrier et al.
have established,[15] by electrochemical methods, the mecha-
nism leading to the rearomatized products for the 2-nitro-
propenide adducts of nitrosubstituted 1,2,3-benzoxadiazoles
and related 1-oxides.


1H NMR spectroscopy is the most widely used and reliable
technique for investigating the structure and the reactivity of
anionic s complexes,[16] as well as 13C and 15N NMR spectros-
copy, which have only recently been applied to this type of
compound.[17] Stopped-flow (SF) and temperature-jump (TJ)
are additional techniques that have been frequently em-
ployed.[18] Calorimetric studies,[19] radioactive exchange[20] and
high-pressure stopped-flow experiments[21]have also been
used to study complexation.
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Our work will show that electrochemical methods can
provide additional information to the previously mentioned
opening interesting possibilities in SNAr reactions:
a) Such as determining precisely the position which has been


attacked by the nucleophile, the number of sH complexes
formed as a result of this attack, and the amount of sH


complex formed, and
b) prove that the electrochemical oxidation of sH adducts


leads to the rearomatized product and formal Hÿ sub-
stitution (from the starting nitroarene) in excellent yields.


In order to establish the mechanistic details and synthetic
scope of the electrochemical method, this study has been
carried out for a wide series of 1,3-dinitrobenzene derivatives
and related compounds 1 to 15 (Scheme 1): 1-amino-2,4-
dinitrobenzene (1), 1,3-dinitrobenzene (2), 1-methyl-2,4-dini-
trobenzene (3), 1-methoxy-2,4-dinitrobenzene (4), 1-fluoro-
2,4-dinitrobenzene (5), 1-chloro-2,4-dinitrobenzene (6), 1-
bromo-2,4-dinitrobenzene (7), 3,5-dinitro-benzonitrile (8), 3-
nitrobenzonitrile (9), 1,3,5-trinitrobenzene (10), 1-methyl-
2,4,6-trinitrobenzene (11), 3-nitrobenzofluoride (12), 3,5-
dinitrobenzofluoride (13), 2,4-dinitronaphthalene (14), and
2-nitrothiophene (15), with two nucleophiles: Hÿ and CNÿ.
The first one, Hÿ, has allowed us to establish the mechanism
of electrochemical oxidation and subsequently the precise
determination of the position which has been attacked by the
nucleophile, the number of sH complexes formed as a result of
this attack, and the amount of sH complex formed. The second
one, CNÿ, has been used to complement the study of the
electrochemical oxidation of sH adducts and to establish a new
environmentally friendly synthetic route for the cyanation of
nitroarene systems.


Results and Discussion


Hydride ion as a nucleophile (Hÿ)


The synthesis,[22] purification, characterisation and kinetics of
sH complexes 1 aÿ to 11 aÿ (Scheme 1) has been previously
reported.[23]


Electrochemical behaviour of compound 1 aÿ : The character-
istic voltammogram (1.00 V sÿ1) of 1 a in DMF is shown in
Figure 1a. An irreversible two-electron oxidation wave (ca.
0.30 V) on the first anodic scan, and a reversible one-electron
reduction wave (ca. ÿ1.03 V) are observed. The Figure 1b
shows that, on the first cathodic scan, the reversible one-
electron reduction wave does not exist, while the irreversible
two-electron oxidation wave appears unchanged; on the
second cathodic scan the reduction wave appears(ca.
ÿ1.03 V). This reduction wave, at ÿ1.03 V, correspond to
the product formed in the first anodic process.


The Figure 1c shows the cyclic voltammogram of 1. A
reduction wave is observed (Ep�ÿ1.03 V) and no further
oxidation wave is seen in the potential range of ÿ1.2 V to
�1.5 V.


Addition of authentic 1 to the solution of 1 aÿ cause the
increase of the reduction wave. Furthermore, after exhaustive
controlled potential electrolysis (2F) of a solution of 1 aÿ at


Figure 1. a) Cyclic voltammetry of 1 aÿ (6.0 mm) in DMF�0.1m nBu4NBF4


at 10 8C. Scan rate 1.0 V sÿ1, glassy carbon disk electrode (0.05 mm
diameter). The scan is in the potential range: 0.00/1.00/ÿ 1.20/0.00 V.
b) Cyclic voltammetry of 1 aÿ (6.0 mm) in DMF�0.1m nBu4NBF4 at 10 8C.
Scan rate 1.0 V sÿ1, glassy carbon disk electrode (0.05 mm diameter). The
scan is in the potential range: 0.00/ÿ 1.15/1.00/ÿ 1.15/0.00 V (two cycles).
c) Cyclic voltammetry of 1a (6.0 mm) in DMF�0.1m nBu4NBF4 at 13 8C.
Scan rate 1.0 V sÿ1, glassy carbon disk electrode (0.05 mm diameter). The
scan is in the potential range: 0.00/ÿ 1.10/1.35/0.00 V.


�0.50 V, cyclic voltammetric analysis of this solution indi-
cated that 1 was the only final product, formed in quantitative
yield. Therefore, the species arising from the oxidation of
anionic sH complex 1 aÿ can be identified as 1.


The voltammogram of 1 aÿ at 380 V sÿ1 (Figure 2) presents a
reversible one-electron oxidation wave with E o� 0.325 V.
That is, if there are no chemical reactions linked to electron
transfer, one-electron wave is observed.


Figure 2. Cyclic voltammetry of 1aÿ (6.0 mm) in DMF�0.1m nBu4NBF4 at
10 8C. Scan rate 380 V sÿ1, glassy carbon disk electrode (0.05 mm diameter).
The scan is in the potential range: 0.00/0.70/0.00 V.
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Mechanistic discussion : Our experimental results show that
after exhaustive oxidation of sH complex 1 aÿ, the rearomat-
ized substituted compound 1 is obtained as a result of formal
loss of two electron and a proton. Furthermore, the voltam-
mograms show that the oxidation of sH complex 1 aÿ occurs
through a three-step mechanism: a first electron transfer on
the electrode, one chemical reaction and a second electron
transfer in solution (DISP mechanism) or on the electrode
(ECE mechanism).[24] In following Equations (2) ± (5) three
mechanistic hypothesis are formulated [Eqs. (2), (3 a), (4 a)/
(2), (3 b), (4 b)/(2), (3 b), (4 c)].


1 aÿÿ 1 eÿ ! 1 a . (2)
1a .! 1�H . (3a)


1 a .! 1.ÿ�H� (3b)
1a .! 1 .ÿ�H� (3c)


1a .�H .! 1aÿ�H� (4a)
1 a .� 1.ÿ! 1aÿ� 1 (4b)


1.ÿÿ 1 eÿ! 1 (4c)


1 aÿÿ 2eÿ! 1�H� (5)


In all cases, the first step [Eq. (2)] involves loss of one electron
by the sH complex 1 aÿ with formation of the corresponding
radical, 1 a . . This radical undergoes first-order CÿH bond


Scheme 1. Different intermediates and complexes 1 ± 15.
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cleavage [Eqs. (3)] to give either the final rearomatized
compound 1, and hydrogen atom (as proposed by Terrier in
related systems)[15] or the radical anion of the rearomatized
compound 1.ÿ , and a proton as earlier proposed by Soson-
kin.[25] The final oxidation of the hydrogen atom or of the
radical anion, 1.ÿ , can be performed by the radical, 1 a . or
by the electrode. In conclusion, the three mechanism are
kinetically equivalent. However, in our case, for compound
1 aÿ, the more likely mechanism would be the mechanism
described in Equations (3b)/(4b) or Equations (3b)/(4c).
The CÿH acidity of cyclohexadienyl radicals of 1 a . type,
where the corresponding aromatic radical anion is stabilized
by electron attracting groups is very significant[26] and the
voltammogram of a mixture of 1 aÿ with 2,6-lutidine (1:0.5)
shows irreversibility up to 20 000 Vsÿ1. Furthermore, the
basicity of the radical anion of dinitroaromatic compounds
is very weak.[27] The reduction wave of 1 remains reversible in
the presence of small amounts of added water (a one-
thousand-fold excess of water is necessary for the wave to
become irreversible). In spite of the relative fast cleavage of
1 a . , the present work does not give any evidence to the solve
the uncertainly: ECE/DISP in the last step of the mecha-
nism.[28]


Electrochemical behaviour of compounds 2 aÿ to 11 aÿ : sH


Complexes 2 aÿ to 11 aÿ were prepared by stoichiometric
addition of tetramethylammonium borohydride to solutions
of compounds 2 to 11 in DMF under inert atmosphere.


The same cyclic voltammetry experiments described for
compound 1 aÿ were also performed with compounds 2 aÿ to
11 aÿ. The results are summarized in Table 1. From the
Table 1, we see that, in these systems, the cyclic voltammetry
allows for the:
1) determination of the efficiency of the hydride attack to


nitroaromatic compound, 2 to 11, in order to form the
corresponding sH complexes. A 100 % efficiency in sH


complex formation implies that no reduction wave of
nitroaromatic compound is observed, in the first cathodic


scan. If a reduction wave in the first cathodic scan appears,
it would correspond to the nitroaromatic compound which
has not been attacked by the hydride ion. Thus, it is
possible to determine the yield of formation sH complex.
This resulted in a 100 % yield for the series of sH


complexes.
2) determination of how many sH complexes are present in


the mixture and their relative amounts by regarding the
number and potential values of the two-electron irrever-
sible oxidation waves. For compounds 5, 6 and 7, two kinds
of sH complexes are identified, probably adducts 1,3 and
1,5.


3) conclusion that oxidation of the cyclohexadienyl anions
lead to the rearomatized nitroaromatic compound, 2 to 11,
by observing only their one-electron reversible reduction
wave after one anodic scan of the solution. This is
confirmed by exhaustive electrolysis at potential sufficient
positive of solutions of sH complexes 2 aÿ to 11 aÿ, were the
only products obtained are rearomatized nitroaromatic
compound, 2 to 11, respectively.


As a summary of this part, once the mechanism of electro-
chemical oxidation of an authentical sample of 1 aÿ has been
established, we have demonstrated that cyclic voltammetry is
a powerful tool for studying the sH complexes formed in situ.
On the other hand, the evaluation of the nucleophilic attack
will probably be related with the efficiency of the nucleophilic
aromatic substitution. To obtain substituted products using
nucleophiles different from hydride ion is the evident
extension of this work.


Cyanide ion (CNÿ) as a nucleophile


Electrochemical behaviour of sH complex 2 bÿ(see Scheme 1):
This adduct was prepared by careful stoichiometric addition
of tetraethylammonium cyanide to a solution of 2 in DMF
under inert atmosphere.


Altogether, cyclic voltammetry (Figure 3) and controlled-
potential electrolysis (Table 2) experiments similar to the


Table 1. Electrolysis (2F) of 1aÿ ± 11aÿ (10 mm) at oxidation peak potential (column 4) plus about 100 mV.


Nitroarene sH Complex % sH Complex Epa [V][a] UV Spectra [nm] Oxidation product Yield [%] E o [V]
sH Complex of the mixture Oxidation product[30]


1 1 aÿ 100 0.30 268, 348, 578 1 100 ÿ 0.95
2 2 aÿ 100 0.39 288, 354, 532, 560 2 100 ÿ 0.82


594, 672, 686
3 3 aÿ 100 0.25 286, 314, 352 3 100 ÿ 0.96


536, 600, 698
4 4 aÿ 100 0.30 264, 326, 614, 658 4 100 ÿ 1.00
5 5 a(1,3)ÿ 100 0.33(80%) 268, 366, 430, 550 5 100 ÿ 0.79


5 a(1,5)ÿ 0.44(20%) 580, 670, 684
6 6 a(1,3)ÿ 100 0.32(78%) 268, 320, 360, 370 6 100 ÿ 0.78


6 a(1,5)ÿ 0.44(22%) 530, 576, 654, 668
7 7 a(1,3)ÿ 100 0.32(70%) 268, 320, 360, 370 7 100 ÿ 0.78


7 a (1,5)ÿ 0.44(30%) 530, 572, 654, 668
8 8 aÿ 100 0.60 268, 312, 404, 532 8 100 ÿ 0.62


574, 656, 670
9 9 aÿ 100 0.19 268, 350, 478, 536 9 100 ÿ 0.90


10 10 aÿ 100 0.77 270, 348, 478 10 100 ÿ 0.58
566, 606


11 11 aÿ 100 0.62 260, 486, 516, 576 11 100 ÿ 0.68


[a] In the case of products which form two isomeric adducts their Ep were assigned by comparison with the other products and by reported NMR data.[28, 30]
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Figure 3. a) Cyclic voltammetry of 2 (6.0 mm) in DMF�0.1m nBu4NBF4 at
13 8C. Scan rate 1.0 Vsÿ1, glassy carbon disk electrode (0.05 mm diameter).
The scan is in the potential range: 0.00/ÿ 1.50/1.50/0.00 V. b) Cyclic
voltammetry of 16 (6.0 mm) in DMF�0.1m nBu4NBF4 at 13 8C. Scan rate
1.0 V sÿ1, glassy carbon disk electrode (0.05 mm diameter). The scan is in
the potential range: 0.00/ÿ 1.50/1.50/0.00 V. c) Cyclic voltammetry of the
mixture between 2 (6.0 mm) and tetraethylamonium cyanide (6.0 mm) in
DMF 1:1 under inert atmosphere �0.1m nBu4NBF4 at 10 8C. Scan rate
1.0 V sÿ1, glassy carbon disk electrode (0.05 mm diameter). The scan is in
the potential range: 0.00/ÿ 1.50/1.50/0.00 V. d) Cyclic voltammetry of the
mixture between 2 (6.0 mm) and tetraethylamonium cyanide (6.0 mm) in
DMF 1:1 under inert atmosphere �0.1m nBu4NBF4 at 10 8C. Scan rate
1.0 V sÿ1, glassy carbon disk electrode (0.05 mm diameter). The scan is in
the potential range: 0.00/1.50/ÿ 1.50/0.00 V.


ones described in the first part of the paper allow us to
describe the formation of sH complex 2 bÿand further
chemical and electrochemical reactions [Eqs. (6) ± (10)].


The first step [Eq. (6)] is a reversible addition of CNÿ to 2
resulting in the sH complex 2 bÿ (yield 50 %). This sH complex
undergoes a thermal process (yield 16 %). Upon reaction with
2 (in slow equilibrium process, fast enough to be established
prior to cyclic voltammetry measurements but slow enough to
be not displaced at slow scan rates) the rearomatized
compound, 2,4-dinitrobenzonitrile (16)[29] is obtained
[Eq. (7)]. Compound 16 gives a new sH complex, 16 bÿ with
excess of CNÿ [Eq. (8)]. sH Complexes 2 bÿand 16 bÿ undergo
electrochemical oxidation at �0.70 V [Eq. (9)] and �1.40 V
[Eq. (10)]. This oxidation involves formal loss of two electron
and a proton and the final products are 16 (48%) and 2,4-
dinitroisophtalonitrile,17 (5 %), respectively. Compounds 16
and 17 were identified by GC-MS, 1H RMN and cyclic
voltammetry.
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The voltammograms show the electrochemical behaviour of
compound 2 (Figure 3a), compound 16 (Figure 3b) and the
mixture of 2�CNÿ(Figure 3c and Figure 3d). The Figure 3c
shows, starting with a reduction scan, the reduction of
compound 16 (formed according to [Eq. (7)] and the reduc-
tion of unreacted compound 2. In an oxidation scan, sH


complexes 2 bÿand 16 bÿ (Ep��0.59 V and Ep��0.98 V)
and the unreacted CNÿ(Ep��1.24 V) are identified. A
similar behaviour is obtained when the first scan is an
oxidation scan (Figure 3d), the difference is the new peak
reduction corresponding to compound 17 (Ep�ÿ0.24 V).
Complex 17 is formed according to Equation (10).


Our results indicate that the exhaustive controlled-poten-
tial oxidation of sH complex formed in SNAr constitute a new
route for the cyanation of nitroarenes. This study was
extended to different nitroarenes (4 ± 10 and 12 ± 15) in order
to establish the scope of the reaction.


Cyanation results : sH Complexes 4 bÿ, 5 bÿ, 6 bÿ, 7 bÿ, 8 bÿ, 9 bÿ,
10 bÿ, 12 bÿ, 13 bÿ, 14 bÿ and 15 bÿ (see Scheme 1) were
prepared by careful stoichiometric addition of tetraethylam-
monium cyanide to solutions of the nitroarenes in DMF under
inert atmosphere. Its characterisation was carried out by cyclic
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voltammetry (oxidation peak potential and intensity of the
remaining nitroarene reduction wave) (columns 2, 3 and 4,
Table 2). The yield of formation of sH complexes is superior to
35 % in all the cases.


After exhaustive controlled potential electrolysis at oxida-
tion peak potential plus about 100 mV, the rearomatized


substituted compound is ob-
tained as a result of formal loss
of two electron and a proton
(NASH product, column 5,
Table 2). The yield in s com-
plex formation (column 2, Ta-
ble 2) goes from 35 % to 86 %.
Electrochemical efficiency
goes from 35 % to 60 % (col-
umn 6, Table 2) or from 87 %
to 100 % (column 7, Table 2).
The reaction is very clean,
recovering only starting mate-
rial (column 1, Table 2) apart
from the reaction products
(column 5, Table 2). For the
compounds 4, 5, 6 and 7, where
a low yield in NASH is ob-
served, the compound 16 is
obtained in 30 % yield.[30]


In summary, the electro-
chemical oxidation of sH com-
plexes formed by addition by
CNÿ to nitroarenes is obtained
with good yield giving rise to
rearomatized compound in
what formally constitutes a
loss of Hÿ. Some advantages
of this new cyanation meth-
od[31, 32] are: a) low-cost and
high-availability of the re-
agents, b) atom economy,
c) environmentally friendly
(clean chemistry), d) high
yields, close to 100 %, over
non-recovered starting materi-
al. Almost no secondary prod-
ucts are produced.


We are currently working in
the extension of this method-
ology to other nucleophiles
and substrates.


Experimental Section


Chemicals : Compounds 1 ± 9 and
12 ± 15 were from Aldrich Chemical
Co. Compound 10 was purchased
from Supelco. Compound 11 was
from Union EspanÄ ola de Explosivos.
Tetramethylammonium borohydride
was also from Aldrich Tetrabutylam-
monium tetrafluoroborate (puriss


pa) and tetraethylamonium cyanide were from Fluka. Commercial
products were of the highest purity available and used as received.
Compound 1aÿ was prepared as tetramethylamonium salt as in refer-
ence.[12] Compounds 2aÿ ± 11aÿ were prepared in situ under nitrogen
atmosphere by careful addition of one equivalent of tetramethylammo-
nium borohydride to the corresponding nitroaromatic compound. Com-
pounds 2bÿ, 4bÿ ± 10bÿ, 12bÿ ± 15bÿ were prepared in situ under nitrogen


Table 2. Electrolysis (2F) of 2bÿ, 4 bÿ ± 10 bÿ, 12bÿ ± 15bÿ (25 mm) at oxidation peak potential (column 4) plus
about 100 mV.


Nitro-
arene


% s Com-
plexes


sH Com-
plex


Epa [V]
sH Complex


Product
of NASH


Yield [%] r� 100
(r�ArÿCN/
s complexes)


2 50 2 bÿ 0.59 16 48 96


4 40 4 bÿ 0.61


OCH3


NO2


NO2


CN


18 15 38


5 48 5 bÿ 0.56


NO2


NO2


CN


F


19 8 17


6 57 6 bÿ 0.59


NO2


NO2


CN


Cl


20 7 13


7 86 7 bÿ 0.59


NO2


NO2


Br


CN
21 6 7


8 46 8 bÿ 0.92
NO2


CN


O2N
CN


22 40 87


9 45 9 bÿ 0.65


CN


NO2


CN


23 45 88


10 65 10 bÿ 1.04
NO2


NO2


O2N
CN


24 60 92


12 38 12 bÿ 0.58
NO2


CF3


CN


25 35 92


13 48 13 bÿ 1.03
NO2


CF3


O2N
CN


26 43 90


14 35 14 bÿ 0.64


NO2


NO2


CN


27 35 100


15 35 15 bÿ 0.62
S


CN


28


NO2


35 100
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atmosphere by careful addition of one equivalent of tetraethylammonium
cyanide to the corresponding nitroaromatic compound in DMF.


General procedure for NASH in nitroarenes : The corresponding anion
(2bÿ, 4 bÿ ± 10 bÿ, 12bÿ ± 15bÿ), prepared in situ in DMF with 0.1m
nBu4NBF4, was oxidised electrochemically (2F) using a carbon graphite
electrode. After the reaction was complete, the mixture was extracted with
water/toluene. The organic layer was dried with Na2SO4 and evaporated
affording a residue that was analized by gas cromatography. The analysis
showed the presence of the nitrocompounds: 16, 18 ± 28. The products were
analysed by GC/MS, 1H NMR and cyclic voltammetry and identified by
comparison of their spectroscopic behaviour with the reported in the
literature in each case (16,[33] 18,[34] 23,[35] 24,[36] 25,[37] 26,[38] 28,[39] 20[40]).
Compounds 19 and 21 gave the same voltammetric behaviour as 20.


Compound 22 : 1H NMR (250 MHz, CD3CN, 25 8C, TMS): d� 8.86 (s, 1H);
MS (70 eV): m/z (%): 218 (13) [M]� , 188 (66), 172 (2), 168 (1), 158 (100),
128 (20), 126 (22), 102 (14), 100 (36), 99 (19), 87 (16), 75 (99), 46 (58); E o�
ÿ0.35 V.


Compound 27:[41] 1H NMR (250 MHz, CD3CN, 25 8C, TMS): d� 8.86 (s,
1H), 8.43 (d, J� 7.89 Hz, 1H), 8.10 (dd, J� 5.26, 1.33 Hz, 1 H), 8.01 (dd, J�
7.41, 5.26 Hz, 1H), 7.90 (dq, J� 7.89, 7.41, 1.33 Hz, 1H); MS (70 eV): m/z
(%): 243 (74) [M]� , 213 (10), 167 (13), 151 (100), 150 (20), 141 (29), 140
(14), 139 (45), 138 (13), 124 (32), 102 (11), 100 (13), 99 (15), 76 (19), 74 (22),
50 (17); E o�ÿ0.33 V.


Instrumentation and procedures : The electrochemical cell and measure-
ment procedures for CV and electrolysis have been described previously.[42]


All potentials are reported versus an saturated calomel electrode.
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Molecular Bilayer-Based Superstructures of a Fullerene-Carrying Ammonium
Amphiphile: Structure and Electrochemistry


Naotoshi Nakashima,* Tatsuyoshi Ishii, Masaharu Shirakusa, Takashi Nakanishi,
Hiroto Murakami, and Takamasa Sagara[a]


Abstract: The synthesis of a water-solu-
ble C60-carrying single-chain ammonium
amphiphile, 10-(N-methyl-2-fulleropyr-
rolidyl)decyltrimethylammonium bro-
mide (1) as well as the characterization
of aqueous solutions and cast films of 1
are described. X-ray diffraction study
suggests that cast films of 1 form a
multilayer structure based on biomem-
brane-like molecular bilayers. Electron
microscopy has revealed that 1 produces
both fibrous and disk-like aggregates
with 10 ± 12 nm of thickness through


self-organization of 1 in aqueous solu-
tion. Differential scanning calorimetry,
dynamic light scattering, FTIR, and UV-
visible absorption studies were also
carried out to characterize aqueous
solutions and cast films of 1. Electro-
chemistry for an aqueous solution and
for cast films of just 1 and 1 incorporated


in lipid films on electrodes was conduct-
ed. It was found that films of just 1 and
of 1/lipid cast on electrodes showed
electron transfer reactions leading to
the generation of the fullerene dianion
or trianion. In contrast, electrochemistry
of aqueous solution of 1 at a bare
electrode gives a cathodic current near
ÿ0.5 to ± 0.6 V against SCE; however,
an anodic current for the solution did
not appear.


Keywords: electron transfer ´ full-
erenes ´ membranes ´ supramolec-
ular chemistry ´ surfactants


Introduction


Since the first finding of C60,[1] studies on the chemistry,
physics, and biochemistry of fullerenes and related com-
pounds are at the forefront of research.[2] The combination of
fullerene chemistry and the chemistry of lipid bilayer
membranes (both have been extensively developed inde-
pendently in recent years) would be expected to produce a
new field in chemistry.[3] The goal of this study is to design and
construct a novel fullerene-based, carbon nanomaterial that
possesses biomembrane-mimetic structures and properties.
Such a study is of interest from both a fundamental and a
practical point of view. We have already reported that a water-
insoluble artificial fullerene lipid, 3C16C60, forms organized


multibilayer membrane films that exhibit a main-phase
transition as well as a subphase transition that regulates the
spectral properties of the fullerene moieties.[3d] We also
described unique electrochemical properties of cast films of
3C16C60


[3d] and of a C60/artificial-ammonium-lipid compos-
ites[3i±k, m] on electrode surfaces. Although fullerenes can be
solubilized in water by several means, reports describing the
synthesis of water-soluble fullerene-bearing amphiphiles and
their aggregation structure in water have been very limit-
ed.[4±7]


In this article, we describe in detail the morphology and
structure of aqueous aggregates of a water-soluble C60-
terminating ammonium amphiphile 1 (Figure 1), as well as
the electrochemistry for aqueous solution and cast films of 1,
and for 1 embedded in lipid films on electrodes. Scheme 1
shows the synthetic route for the preparation of 1. As matrix
lipids, we have used tridodecylmethylammonium bromide (2),
dioleoyl-phosphatidylcholine (3), and didodecylphosphate
(4). A preliminary report on this study has been published
elsewhere.[4] Tour and co-workers[5] recently reported the
formation of supramolecular nanorods from C60-N,N-dime-
thylpyrrolidinium iodide in dimethylsulfoxide with one part
water and then adding one part benzene. They also reported
that an aqueous solution of the compound treated with
ultrasonication and then filtered gives vesicles with diameters
of 10 ± 70 nm. Sano and co-workers[6] described the vesicle
formation by a bola-amphiphilic fullerene, though the bilayer
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Figure 1. The chemical structure (above) and a CPK model (below) of 1.


structure is not evident. Hirsch and co-workers[7] described
the synthesis and the membrane and vesicle formation of a
C60-carrying globular amphiphile in water.


Results and Discussion


Molecular bilayer formation and aggregate structure : Com-
pound 1 is soluble in DMF, DMSO, hot chloroform, and hot
alcohols, but is insoluble in THF, acetonitrile, ethylacetate,
hexane, and toluene. Cast films of 1 from a hot methanol
solution before and after the hot-water treatment were
studied by X-ray diffraction. Figure 2 shows the result. The
reflection peak that appears at 2q� 2.048 for the sample
before the hot-water treatment is attributed to diffraction
from the (001) plane. This suggests the existence of regular
molecular layers in the film. For the sample taken after the
hot-water treatment, a very weak peak appeared at around
2q� 3.968 as well as a stronger peak at 2q� 1.988. This weak
peak is attributed to diffraction from the (002) plane. Hot-
water treatment may cause the film structure to become
slightly more ordered. The d spacing from the Bragg�s
equation is calculated to be 4.33 and 4.46 nm for the films
before and after the hot-water treatment, respectively. The
molecular length of 1 estimated from a CPK space-filling
model is 2.5 nm. One possible model for the molecular bilayer
structure is illustrated in Figure 3.


A transparent light brown aqueous solution was obtained
by sonicating a film that was cast from a solution of 1 in hot
methanol, as described in the Experimental Section. Neg-
ative-stained transmission electron microscopy (TEM) re-
vealed that the aqueous solution of 1 forms both fibrous
(Figure 4) and disk-like aggregates with 10 ± 12 nm of thick-


Figure 2. X-ray diagrams for a cast film of 1 A) before and B) after the hot-
water treatment.


Figure 3. A schematic drawing for the molecular bilayer of 1.


ness (Figure 4, below, indicated by arrows). Although detailed
structure at the molecular level is unknown at present, the
superstructure should be formed through self-organization of
1 in aqueous solution. Because the thickness of the disk-like
aggregates is approximately 4 ± 5 times larger than that of the
molecular length, we can propose a model for this aggregate
(Figure 5). Kunitake and co-workers[8] reported the formation
of stacked disk-like aggregates from a single-chain ammo-
nium amphiphile bearing a terphenoxy moiety in a dispersed
aqueous solution prepared by ultrasonication.


Scheme 1. Synthesis of 1.
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Figure 4. Typical TEM images for an aqueous solution of 1.


Figure 5. A schematic model for the disk-like structure of 1.


Dynamic light scattering (DLS) study was conducted for
aqueous solutions of 1 in order to get information regarding
aggregation in pure water that does not contain stain. As
shown in Figure 6, a size histogram for an aqueous solution of


Figure 6. A DLS size distribution histogram (plot of abundance) for an
aqueous solution of 1.


1 demonstrates broad size distribution. For a solution
prepared by ultrasonication with a bath-type sonicator, almost
all of the particles were found to have a particle size of 240 ±
600 nm, but a very small number of particles were seen around
2000 nm. When a solution of 1 was prepared by sonication
with the immersion probe, particle sizes of 150 ± 400 nm were
observed (data not shown). It is known that sonication at
higher power for aqueous suspensions of lipids gives rise to
smaller molecular bilayer aggregates.[9] It is evident from
these results that 1 forms very large aggregates with a large
size distribution in pure water. This is consistent with the
TEM observation.


Differential scanning calorimetry (DSC) study and spectral
properties : The phase transition between the crystalline phase
and the liquid crystalline phase is a fundamental characteristic
of molecular bilayer membranes. The DSC thermogram of a
cast film of 1 shows no endothermic peak in the range of 5 ±
90 8C, indicating that there is no phase transition at this
temperature range. This result is in accord with our predic-
tion, since compound 1 is a single-chain amphiphile with a
relatively short alkyl-chain length. The wavenumber of the
asymmetric and symmetric methylene stretching vibrations in
the FTIR spectra of cast films of 1 from both methanol and
aqueous solutions appeared at 2922� 0.1 and 2850� 0.1cmÿ1,
respectively, over a temperature range of 10 ± 40 8C (data not
shown); this indicates that the methylene chain in 1 contains a
gauche conformation[10] .


UV-visible absorption spectra indicate an electronic inter-
action between fullerene moieties. As we described previous-
ly,[3m] the UV-visible absorption maximum for an aqueous
solution of 1 is seen at 271 nm; this maximum is shifted to
longer wavelength by 3 and 5 nm relative to those found in
micellar solutions of hexadecyltrimethylammonium bromide
(HTAB) or sodium dodecylsulfate (SDS), respectively. These
shifts are due to the electronic interaction of the fullerene
moieties in 1 in an aggregated state.[3d]


Electrochemistry : Although fullerenes dissolved in organic
solutions form multiply charged anions upon reduction
because of their high degrees of degeneracy of LUMO, the
electrochemistry of fullerene films is rather complicated.[11±15]


We have recently found that C60 incorporated in molecular
bilayer films of cationic artificial lipids cast on electrodes
shows stable electron transfer reactions with the underlying
electrode leading to a C60 dianion or trianion.[3i±l] We
examined the electrochemistry of 1 in film states and in
aqueous solution using cyclic voltammetry in an argon
atmosphere.


Figure 7 shows cyclic voltammograms (CVs) for neat cast
films of 1 on basal plane graphite (BPG) electrodes in a 0.5m
aqueous electrolyte solution. When KCl, tetramethylammo-
nium chloride, tetraethylammonium chloride, and tetrapro-
pylammonium chloride were used as electrolytes, 1-modified
electrodes exhibited redox responses that could be attributed
to the generation of radical monoanion of the fullerene
moiety in 1 (Figure 7A ± D). The observed CV responses were
broad and the potential cycling caused gradual decrease in the
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current. The broad voltammograms suggest inhomogeneity in
the structure of 1 in the film state. The second reduction peak
was not seen in CVs scanned down to ÿ1.4 V. In contrast,
when n-tetrabutylammonium chloride was used as an electro-
lyte, better defined voltammograms with enhanced current
intensity leading to the generation of the fullerene dianion
was evident, though the dianion was very unstable (Figure 7, E
and F). Expected strong binding between the fullerene radical
monoanion and n-tetrabutylammonium chloride may change
the structure of the film of 1 on the electrode in such a way as
to lead to the generation of the fullerene dianion.


The electrochemistry of 1 embedded in cast films of cationic
lipids on electrodes gives well-defined voltammograms.[3i±l]


CVs for a 1/2-modified electrode are shown in Figure 8. It is
evident that in this system three consecutive one-electron
electron processes occur at the electrode; this leads to the
fullerene trianion in aqueous solution. The current intensity
for the radical monoanion gradually increased over potential
cycling and reached the steady state value (Figure 8A). The
observed first reduction was stable for potential cycling of
more than 50 scans. On the other hand, the fullerene dianion
and trianion generated in this system were not so stable
(Figure 8B,C), suggesting progressive decomposition and/or
deactivation of the fullerene moiety in 1.


In order to understand the
importance of the charge on
lipids for the electron transfer
reaction of 1, we have also
investigated the use of a zwit-
terionic lipid 3 or an anionic
lipid 4 instead of 2. It is evident
that a 1/3-modified electrode
generates the fullerene radical
monoanion and dianion (Fig-
ure 9A). The first reduction
peak, which is very stable, and
the second reduction peak ap-
pear at ÿ0.68 and ÿ1.2 V,
respectively. These reduction
peaks are more negative by 0.3
and 0.26 V, respectively, rela-
tive to those observed at the 1/
2-modified electrode; this indi-
cates weaker binding of the
fullerene radical anion and di-
anion to the cationic moiety on
3. The generated fullerene di-
anion at the 1/3-modified elec-
trode was very unstable over
potential cycling as shown in
the figure. Figure 9 (B and C)
shows CVs at a 1/4-modified
electrode. Both the first (Fig-
ure 9, B) and second (Figure 9,
C) reduction currents were
found to be very unstable, and
the reduction peaks shifted to
significantly more negative po-
tential relative to those found at


the 1/2-modified electrode. Since compound 4 is a negatively
charged lipid under the experimental conditions (pH 9), the
fullerene anions in this system are believed to interact with
the electrolyte cation during the reduction processes. The
results obtained indicate that ion pairing between the full-
erene anions and electrolyte cations plays important role for
the generation of fullerene anions.


As shown in Figure 10, CVs at a bare electrode for an
aqueous solution of 1 were found to be different from that of 1
in the film states. For a bare electrode in the solution, we can
see evident cathodic current near ÿ0.5 to ÿ 0.6 V, while an
anodic counterpart did not appear. Potential cycling caused a
gradual decrease in the current. The first scan of the
voltammograms may involve the reduction of oxygen that
remained in the solution. Similar CV behavior was obtained
for a solution of 1 containing HTAB (data not shown). In
contrast, no faradaic current was observed for a solution of 1
containing SDS. The obtained voltammograms for 1 in
aqueous solution are not identical with that of a C60/g-
cyclodextrin complex dissolved in aqueous solution, for which
the reversible electron transfer reaction of C60 is evident.[16]


The absence of anodic current may come from dispropor-
tionation and/or other chemical reactions or non-electro-
chemical oxidation of the radical anion of 1. The cationic


Figure 7. CVs for films of 1 cast on BPG electrodes in aqueous solution containing 0.5m of A) KCl, B)
tetramethylammonium chloride, C) tetraethylammonium chloride, D) tetrapropylammonium chloride, or E) and
F) tetrabutylammonium chloride. Scan rate, 0.1 V sÿ1.
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Figure 8. CVs for a cast film of 1/2 (molar ratio 1:19) on a BPG electrode in
water containing 0.5m tetraethylammonium chloride. A, B and C are CVs
representing the first, second, and third reduction processes, respectively.
Scan rate, 0.1 V sÿ1.


charge on 1 plays an important role for the electrochemistry
in the solution as well as that of 1 in film states as described
above.


Conclusion


We have demonstrated that the simple C60-carrying ammo-
nium amphiphile 1 forms both fibrous aggregates and disk-
like aggregates with 10 ± 12 nm of thickness. Although de-
tailed structure at the molecular level is unknown at present,
the superstructure should be formed through self-organiza-
tion of 1 in aqueous solution. This kind of fullerene-based,
biomembrane-like, carbon nanosuperstructure in aqueous
solution is of interest from aspects of both fundamentals and
biological applications. The electron transfer reactions that
lead to the generation of the fullerene trianion was observed
for 1 incorporated in cast films of a cationic artificial lipid on
an electrode. In this case the reduction peak potentials for


Figure 9. CVs for a cast film of A) 1/3 and of B) and C) 1/4 on BPG
electrodes in water containing 0.5 m tetraethylammonium chloride. Molar
ratios for 1/3 and for 1/4 are both 1:19. Scan rate, 0.1 V sÿ1.


Figure 10. CVs at a bare BPG electrode for an aqueous solution of 1 (1�
10ÿ4m) containing 0.02m tetraethylammonium chloride. Scan rate, 0.1 Vsÿ1.


both fullerene radical anion and dianion shifted significantly
to more positive vlaues relative to those observed in the
electrode systems in which zwitterionic or anionic lipids were
used. The present study opens possibilities for the con-
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struction of electroactive fullerene nanoarchitectures with
ordered structure based on self-assembled molecular organ-
ization.


Experimental Section


11-Bromoundecanal : 11-Bromoundecanal was synthesized from 11-bro-
moundecanol according to the method described in the literature[17] and
was used immediately.


2-(10-Bromodecyl)-N-methylfulleropyrrolidine : C60 (>99.5 %) was pur-
chased from MER Corporation and used without further purification. 11-
Bromoundecanal (30 mg, 0.12 mmol), N-methylglycine (55 mg,
0.62 mmol), and C60 (107 mg, 0.15 mmol) in dry toluene (90 mL) were
heated under reflux for 18 h under a nitrogen atmosphere.[18] The solvent
was evaporated under reduced pressure, and the residue was purified by
flash column chromatography on silica gel (toluene). 2-(10-Bromodecyl)-
N-methylfulleropyrrolidine was obtained as a dark brown solid. Yield:
23 mg (19 %); m.p. 196 8C; 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d�
1.25 ± 1.50 (m, 12H; C*C2(CH2)6C2Br), 1.84 (m, 2H; C*CCH2C8Br), 1.89
(m, 2H; C*C8CH2CBr), 2.36, 2.52 (2m, 1 H each; C*CH2C9Br), 2.98 (s, 3H;
NCH3), 3.38 (t, 2 H; C*C9CH2Br), 3.88 (t, 1H; C*H), 4.15 (d, 2J(H,H)�
9.5 Hz, 1H; NCHHC60), 4.81 (d, 2J(H,H)� 9.5 Hz, 1H; NCHHC60); IR
(KBr): nÄ � 2916, 2848, 2773 cmÿ1 (CH).


10-(N-Methyl-2-fulleropyrrolidyl)decyltrimethylammonium bromide (1):
An excess amount of trimethylamine gas was introduced to 2-(10-
bromodecyl)-N-methylfulleropyrrolidine (80 mg, 0.08 mmol) in dry THF
(25 mL) at room temperature, and the solution was stirred for 3 days. A
precipitate produced was separated and then was dried under reduced
pressure to give a fullerene amphiphile 1 as a brown solid. Yield: 50 mg
(60 %); m.p. >400 8C; 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d�
1.25 (m, 6 H; C*C3(CH2)3C4N�), 1.45 (m, 2 H; C*C2CH2C7N�), 1.63 (m, 2H;
C*C6CH2C3N�), 1.77, (m, 2H; C*CCH2C8N�), 1.85 (m, 2H;
C*C7CH2C2N�), 2.40 (m, 4 H; C*CH2C9N�, C*C8CH2CN�), 2.90 (s, 3H;
NCH3), 3.01 (s, 9 H; N�(CH3)3), 3.62 (t, 2H; CH2N�), 3.98 (t, 1H; C*H),
4.18 (d, 2J(H,H)� 9.6 Hz, 1 H; NCHHC60), 4.90 (d, 2J(H,H)� 9.6 Hz, 1H,
NCHHC60); 13C NMR (100 MHz, [D6]DMSO, 25 8C, TMS): d� 21.95,
25.03, 25.69, 26.51, 28.45, 28.65, 52.08, 65.27, 66.94, 98.32, 139.53, 141.17,
141.52, 142.06, 142.61, 143.77, 144.75, 145.49, 146.65; IR (KBr): nÄ � 2918,
2846, 2773 cmÿ1 (CH); elemental analysis calcd (%) for C76H35N2Br ´
2.9H2O (1056.0): C 82.36, H 3.71, N 2.53, Br 7.21; found C 82.39, H 3.73,
N 2.56, Br 7.17.


X-ray measurements : Compound 1 (3 mg) in hot methanol was placed on a
glass plate, followed by air-drying to obtain a cast film of 1. X-ray
diffraction measurements were carried out on a Rigaku RINT 2000 at
ambient temperature.[3d]


Transmission electron microscopy (TEM): Pure water (15 mL; a Milli-Q
Plus Ultrapure water system, Millipore) was added to a cast film of 1 (1 mg)
from methanol. This mixture was ultrasonicated at 105 mW with an
immersion-probe-type sonicator (UR-200P, Tomy Seiko Co.) for 7 min,
followed by a rest period of 1 min while cooling the mixture with ice. This
was repeated three times to obtain a transparent solution. A stain of either
uranyl acetate or uranyl nitrate (0.4 wt %) was then added, and the solution
was then ultrasonicated again for 1 min. One droplet of the solution was
placed on a carbon-coating copper grid (Ouken Shoji, 200-A mesh) at
ambient temperature, followed by air-drying. TEM images were taken on a
JEOL JEM-100S at an accelerating voltage of 100 kV.[3m, 8]


Dynamic light scattering measurements : A cast film of 1 (0.5 mg) was
immersed in pure water (10 mL), followed by ultrasonication with a bath-
type sonicator (Branson 2210) or with the immersion-probe sonicator. A
transparent, light brown aqueous solution was obtained by sonicating with
the probe-type sonicator. The supernatant of the mixture prepared by
sonication with the bath-type sonicator was used for the measurement,
because the mixture was not completely transparent even after sonication
for several hours. DLS measurements were carried out on a Model ELS-
800 (Otsuka Electronics) at 26� 0.5 8C. A vertically polarized light from
HeNe laser (632.8 nm, 10 mW) was irradiated to a sample cell, and the
scattered light was detected at 908 to the incident beam.


Differential scanning calorimetry (DSC): DSC for a cast film of 1 (0.5 mg)
was performed on a Shimadzu DSC-60 at a heating rate of 2 8Cminÿ1.[19]


FTIR and UV-visible spectral measurements : A cast film of 1 from a hot
methanol or from an aqueous solution prepared on a CaF2 plate was
assembled in a temperature-controlled flow-through cell (Harrick Scien-
tific Corporation). FTIR measurements were conducted on a Nicolet
ProteÂgeÂ 460. Temperatures were maintained at a constant value within
�0.1 8C (Neslab Instruments, Circulator RTE-100). The UV-visible spec-
tral measurements for aqueous solutions of 1 were carried out on a Hitachi
U-3000 spectrophotometer.


Electrochemistry : A homemade basal plane graphite (BPG) disk electrode
(Scotch tape was used to expose a fresh basal plane) was used as a bare
electrode for the electrochemistry of aqueous solution of 1. A typical
procedure for the preparation of a modified BPG electrode is as follows.
Twenty microliters of a 0.4mm solution of 1 in methanol (or 1/2 in
chloroform) were placed on a BPG disk electrode (geometric area,
0.25 cm2) and then allowed to air-dry. The electrochemistry was examined
by cyclic voltammetry in an argon atmosphere (99.998 % purity) at 25 8C by
employing BAS-100BW electrochemical analyzer (Bioanalytical Systems).
A saturated calomel electrode (SCE) and a Pt plate were used as the
reference and the counter electrodes, respectively.
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Synthesis, Structure, and Properties of Azatriangulenium Salts


Bo W. Laursen* and Frederik C. Krebs[a]


Abstract: A general synthetic route to
novel nitrogen-bridged heterocyclic car-
benium ions of the acridinium and
triangulenium type has been developed
and investigated. The synthetic method
is based on nucleophilic aromatic sub-
stitution (SNAr) on the tris(2,6-di-
methoxyphenyl)carbenium ion (1) with
primary amines and, by virtue of its
stepwise and irreversible nature, pro-
vides a powerful tool for the preparation
of a wide variety of new heterocyclic
carbenium salts. Several derivatives of
the three new oxygen- and/or nitrogen-


bridged triangulenium salts, azadioxa-
(6), diazaoxa- (7), and triazatriangule-
nium (4), have been synthesized and
their physicochemical properties have
been investigated. Crystal structures for
compounds 2 b-PF6, 2 d-PF6, 4 b-BF4, 4 c-
BF4, 6 e-BF4, and 8 are reported. The
different packing modes found for the


triazatriagulenium salts are discussed in
relation to the electrostatic and space-
filling requirements of the ions. The
stabilities of the cations 6 a, 7 b, and 4 a,
as expressed by their pKR� values, have
been determined in strongly basic non-
aqueous solution by use of the C_ acidity
function; the values obtained were 14.5,
19.4, and 23.7, respectively. This study
further implied that the C_ scale in
its present form is unsuitable for the
precise determination of pKR� values
beyond 22.


Keywords: aromatic nucleophilic
substitution ´ carbocations ´ nitro-
gen heterocycles ´ pKR� values ´
solid-state structures


Introduction


Stabilized carbenium ions such as the triarylmethylium,
xanthenium, and acridinium cations are organic compounds
of great scientific and commercial importance. Many of them
are used as textile and laser dyes, as well as in various
fluorescent probes and cellular stains for biological and
clinical purposes.[1±3] Consequently, their thermodynamic and
photophysical properties have been extensively studied, and
great effort has been directed towards clarifying the relation-
ship between structure and stability[4, 5] as well as towards
synthesizing new carbenium ions with very high stabilities.[6, 7]


In our previous work on highly stable carbenium ions, we
explored aromatic nucleophilic substitution (SNAr) on
methoxy-substituted carbenium ions with secondary amines,
and found this to be an efficient means of preparing a variety
of new carbenium ions,[8] including the exceptionally stable
tris(diethylamino)trioxatriangulenium ion, (Et2N)3-TOTA�.
The fact that triarylcarbenium ions which bear para-chloro or
para-methoxy substituents undergo aromatic nucleophilic
substitution (SNAr) with alcohols or amines as the nucleo-
philes has been known for some time.[9±11] However, prepa-
rative use of the facile SNAr reaction of triaryl carbenium ions


with amines has hitherto been limited to the para position,
and no substitution of ortho functionalities has been reported,
despite the fact that such isomers were present in the studied
carbenium ions.[8, 11, 12] The present work was initiated in order
to ascertain whether the SNAr reaction could be applied to the
ortho positions and, thereby, provide a synthetic route to the
first nitrogen-bridged triangulenium ions, for example, the
triazatriangulenium system (R'3-TATA�).


Since Martin and Smith[13] described the synthesis of the
trioxatriangulenium ion (TOTA�) in 1964, this compound has
been the subject of some attention due to its properties as a
stable carbenium ion[14±18] and in the radical and dimeric
states.[19±22] In recent years, the triangulene skeleton has been


[a] B. W. Laursen, Dr. F. C. Krebs
The Macromolecular Chemistry Group
Condensed Matter Physics and Chemistry Department
Risù National Laboratory, 4000 Roskilde (Denmark)
Fax: (�45) 4677 4791
E-mail : bo.laursen@risoe.dk


FULL PAPER


Chem. Eur. J. 2001, 7, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1773 $ 17.50+.50/0 1773







FULL PAPER B. W. Laursen, F. C. Krebs


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1774 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 81774


used in the construction of macrocyclophanes[23±25] and in
stable triplet p biradicals.[26, 27] The TOTA� cation intercalates
into double and triple helical DNA, where it acts as a
photonuclease,[28] while the pyroelectric phosphangulene[29, 30]


and other triangulene derivatives have been extensively
studied in the solid state.[31, 32]


Changing the bridge atom in heterocyclic carbenium ions
from oxygen to nitrogen significantly increases the cation
stability. Hence, on going from the 9-phenyl-xanthenium ion
(pKR�� 1.0)[5] to the 10-methyl-9-phenyl-acridinium ion
(pKR�� 11.0)[33] (Figure 1), the stability increases by ten pKR�


units. With this in mind, the
replacement of one, two, or
even three oxygen bridges in
the already highly stable
TOTA� cation (pKR�� 9.1)[13]


with nitrogen could be expect-
ed to result in carbenium ions
with very high pKR� values.
Indeed, we have shown this to


be true, as we recently reported in a short communication.[34]


In this paper, we report the results of a thorough investigation
of the synthetic pathways leading to the various oxygen- and/
or nitrogen-bridged triangulenium salts by the SNAr ap-
proach. For these new carbenium salts, structural and
spectroscopic properties as well as pKR� values and the
methods for their determination are also discussed.


Results and Discussion


Synthesis : The starting material for our exploration of the
synthetic pathways leading to the nitrogen-containing trian-
gulenes was the tris(2,6-dimethoxyphenyl)carbenium tetra-
fluoroborate 1-BF4, which was obtained in excellent yields
from the corresponding carbinol. We found that the ortho-
methoxy groups in this carbenium ion (1) do indeed undergo
substitution upon treatment with primary amines, as outlined
in Scheme 1 (reactions Ia, Ib, and Ic).[34] By controlling the
reaction conditions, it is possible to obtain products in which


two, four, or six of the ortho-methoxy groups of 1 are
substituted, resulting in one, two, or three nitrogen bridges,
respectively (compounds 2, 3, and 4).


The SNAr reactions of 1-BF4 with primary amines were
carried out in polar solvents such as 1-methyl-2-pyrrolidinone
(NMP) or acetonitrile. At room temperature, the reactions
between 1 and primary alkyl- and benzylamines proceeded
rapidly (Scheme 1, reaction Ia) and the acridinium salts 2 a-
PF6, 2 b-PF6, and 2 d-PF6 were isolated in good yields (73 ±
78 %). The substitution reaction leading to formation of the
nitrogen bridges is believed to be a double SNAr reaction, in
which carbenium ion 1 first reacts with a primary amine with
substitution of one of the ortho-methoxy groups. The next step
is an intramolecular SNAr reaction, in which an ortho-
methoxy group on one of the neighbouring rings is substi-
tuted, thereby leading to ring-closure and the formation of a
nitrogen bridge (Scheme 2).


Scheme 2. Formation of the acridinium ions 2 from 1 and a primary amine
occurs through a double SNAr reaction with elimination of two equivalents
of methanol; Ar� 2,6-dimethoxyphenyl.


Formation of the second nitrogen bridge demands higher
temperatures, hence the doubly bridged compound 3 b-BF4


was obtained in 77 % yield by heating 1-BF4 with an excess of
n-propylamine in NMP at 100 8C for 45 minutes (Scheme 1,
reactions Ia and Ib).


Figure 1. X�O: 9-phenylxan-
thylium ion; X�CH3-N: 10-
methyl-9-phenylacridinium ion.


Scheme 1. Three types of SNAr reactions (types I, II, and III) are found to take place in the transformations of 1 into 4 ; a : R�R'�Me, b : R�R'� n-Pr,
c : R�R'� n-oct, d : R�Bz, e : R�Ph, f : R�n-Pr, R'� n-oct; Yÿ�BF4


ÿ or PF6
ÿ.
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Salts of the triply nitrogen-bridged triazatriangulenium ions
(R3-TATA�) 4 were obtained after heating to even higher
temperatures for longer times; the tri-n-octyl derivative 4 c-
BF4 was obtained by refluxing 1-BF4 in a mixture of NMP and
n-octylamine for 24 hours. The required reaction temper-
atures for the formation of the R3-TATA� ions (4) could not
be achieved with low boiling amines such as methyl- and n-
propylamine; however, when the reaction mixtures were
buffered with benzoic acid, allowing the reflux temperature to
be raised sufficiently, the formation of 4 a and 4 b could be
achieved within 10 ± 24 hours.


The decrease in reactivity associated with each subsequent
introduction of a nitrogen bridge, which makes it possible to
obtain the partially substituted compounds 2 and 3, may be
explained by considering the redistribution of the positive
charge following each bridge formation. Thus, upon bridge
formation, the methoxy groups are replaced by more strongly
electron-donating alkyl nitrogen moieties and the size of the
coplanar ring system increases. As a result, the positive charge
becomes more delocalized and consequently the electro-
philicity of the remaining methoxy-substituted ortho positions
is reduced. Furthermore, if the ring-forming SNAr reactions
are irreversible, their stepwise nature may also allow the
synthesis of asymmetrical compounds through multistep
reactions with different amines. This possibility was tested
by treating the 10-n-propyl-acridinium salt 2 b-PF6 with a
large excess of n-octylamine (reflux for 24 hours); this yielded
the asymmetrically substituted TATA� salt 4 f. No evidence of
the presence of the tri-n-octyl analogue 4 c was observed; the
mass spectrum of the crude reaction mixture showed no peak
attributable to 4 c (m/z 618), but only those due to 4 f (m/z
548) and products with lower m/z. This proves that the
introduction of alkyl nitrogen bridges is practically irrever-
sible under the applied conditions, and that the SNAr
approach is indeed suitable for the synthesis of more complex
asymmetrical structures.


The formation of tri-n-octyl-TATA� 4 c was monitored by
mass spectrometry. As expected, we observed a consecutive
transformation of 1 to 3 c via 2 c (Scheme 1, reactions Ia and
Ib), although at this stage the mass spectra showed that 3 c was
converted to 7 c rather than directly to 4 c (see Figure 2). In
conclusion, the formation of 4 from 3 proceeds mainly via 7,
that is, it involves an initial intramolecular ring closure
(Scheme 1, reaction IIc) followed by substitution of the
bridging oxygen atom by a primary amine (Scheme 1, reaction
IIIc). The first step in this sequence corresponds to the
thermal-[35] or nucleophilic-catalyzed[8, 13] intramolecular for-
mation of oxygen bridges in the synthesis of the TOTA�


cation 5 (Scheme 1, reaction IIa). The substitution of oxygen
bridges (Scheme 1, reaction IIIc) is analogous to the known
transformation of pyrylium compounds into pyridinium
salts by reaction with amines.[36] This last type of substitution
must involve a nucleophilic attack at the 3-position of the
TOTA� system. This is in agreement with theoretical cal-
culations, which predicted that a substantial fraction of the
total positive charge of the cation should reside in this
position.[37]


The reaction sequence discussed above highlights the
competition between inter- and intramolecular substitution


Figure 2. MALDI-TOF mass spectra of the crude reaction mixture from
the synthesis of 4c-PF6. The spectra were recorded after refluxing 1-BF4 in
NMP/n-octylamine for 10, 30, and 180 min. On the basis of the mass
spectra, it is not possible completely to rule out the direct transformation of
3 into 4 ; we can merely state that at a certain time during the reaction
(30 min.) the ratio between 7 c and 4c was approximately 10:1 based on the
peak intensities. Similar observations were made in relation to the synthesis
of 4 a and 4 b from 1-BF4.


in the ortho-methoxy-substituted triaryl carbenium ions
(reaction paths I and II, respectively). The key factors that
determine the reaction path are the reaction temperature, the
nucleophilicity, and the concentration of the amine. This is
illustrated by the reaction of 1 with aniline, which is a weaker
nucleophile. The formation of only one nitrogen bridge was
observed before intramolecular ring-closure became the
dominant reaction. Thus, the azadioxatriangulenium salt 6 e-
BF4 was obtained in one synthetic step, simply by refluxing
1-BF4 in pure aniline.


Substitution of the oxygen bridges in the triangulenium ions
(reaction type III) was confirmed by the observation that tri-
n-octyl-TATA� 4 c can also be synthesized starting from the
TOTA� cation 5, simply by heating the latter with n-octyl-
amine (Scheme 1, reactions IIIa ± IIIc). However, for this
reaction sequence, mass spectrometry showed that only a
small amount of the mono-substituted product 6 c was present
during the transformation of 5 into the disubstituted product
7 c. This behavior can be explained in terms of competing
reversible nucleophilic attack at the central carbon in the
triangulenium system (12 c position) yielding the leuco com-
pound. Thus, when an excess of an amine was added to a
solution of 5, the nonionic and nonreactive leuco adduct was
formed immediately; dissociation only occurred upon heat-
ing, regenerating a small ºsteady-stateº concentration of the
reactive cation 5, which underwent substitution to give 6. Due
to the lower electrophilicity of the central carbon atom of
cation 6 (see Table 1, later), the formation of the leuco adduct
of this cation is less significant, and 6 was quickly transformed
into 7. This complication does not arise in reactions starting
from carbenium salt 1 owing to the steric bulk of the six ortho-
methoxy groups that surround and shield the central carbon
atom in the carbenium ion of 1.


The partially nitrogen-bridged compounds 2 a and 3 b were
converted into the fully ring-closed azadioxa- and diazaoxa-
triangulenium salts 6 a and 7 b in good yields (80 and 85 %,
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respectively) upon heating with pyridine hydrochloride (re-
actions IIb and IIc). While the use of molten pyridine
hydrochloride resulted in pronounced N-dealkylation of the
diethylamino-substituted trioxatriangulenium cation (Et2N)3-
TOTA� ,[8] no evidence for such a reaction was observed in the
preparation of compounds 6 a and 7 b, with R being an alkyl
group. However, cleavage of the benzylic group in compound
2 d was achieved, together with ring-closure, by treatment
with molten pyridine hydrochloride. Upon basic work-up, the
novel nonionic heteroaromatic azadioxatriangulene 8 was
isolated in 77 % yield (Scheme 3). Compound 8 was found to
be only slightly soluble in dichloromethane and chloroform
and insoluble in most other solvents. However, recrystalliza-
tion from hot 1,2-dichlorobenzene yielded beautiful orange
needles of sufficient quality for X-ray analysis.


Scheme 3. Treatment of the 10-benzylacridinium salt 2 d-PF6 with molten
pyridine hydrochloride followed by basicification with H2O/KOH yields
the neutral acridine analogue 8.


Molecular and crystal structures : Crystals of sufficient quality
for X-ray crystal structure determinations were obtained for
the compounds 2 b-PF6, 2 d-PF6, 4 b-BF4, 4 c-BF4, 6 e-BF4,
and 8. These structures, together with previously reported
X-ray studies on a large number of TOTA� salts[32] and
their amino-substituted congeners,[38] for example, (Et2N)3-
TOTA�, provide an interesting basis for a discussion on
the effect that charge delocalization has on the packing
modes of these carbenium salts. These structures should
allow us to ascertain whether the differences in the thermo-
dynamic stabilities (pKR� values) and spectroscopic proper-
ties seen for the various aza- and/or oxatriangulenium ions are
related to changes in the geometry of the triangulenium
skeleton, or whether these effects are mainly of an electronic
nature.


The most characteristic feature of the two methoxy-
substituted acridinium salts 2 b-PF6 and 2 d-PF6 is the torsion
angle between the 2,6-dimethoxyphenyl substituent and the
acridine system, which is close to 908 in both cases (92.9768 for
2 b and 94.0158 and 94.7048, respectively, for the two
molecules in the asymmetric unit of 2 d). This perpendicular
arrangement of the two ring systems can be attributed to the
steric bulk of methoxy substituents and, as a result, the 2,6-
dimethoxyphenyl substituent is essentially electronically iso-
lated from the acridinium system. This observation is suppor-
tive of the fact that the acridinium derivatives 2 are formed
very quickly under the reaction conditions, but that the
subsequent formation of the second nitrogen bridge requires
higher temperatures in order to overcome the rotational


barrier and bring the dimethoxyphenyl group into a favorable
position for ring formation. A stereoview of 2 d is included in
Figure 3 to emphasize this point.


Figure 3. A stereoview of compound 2d showing the orthogonality of the
2,6-dimethoxy substituent with respect to the acridinium system.


When we recently reported the first nitrogen-bridged
triangulenium salt 4 a-PF6, no structural detail was provided
due to a disorder in the crystals (static or dynamic).[34] The
small size of the methyl groups gives the molecule a near
perfect disc shape, which hampers the formation of well-
ordered crystals. However, a structure likely to contain pure
cationic stacks with a periodicity of 3.5 � was established
from analysis of Weissenberg films. When the alkyl substitu-
ents on the R3-TATA� are made longer, however, it becomes
possible to grow crystals for which the structure can be solved.
In the case of the tri-n-propyl compound 4 b-BF4, the cations
form staggered dimers. The staggering forces the alkyl groups
away from the plane of the ring system such that the dimers
become isolated, but the extensive p ± p overlap results in a
close interplanar distance in the system. While the molecular
symmetry in 4 b-BF4 is reflected in the space-group symmetry,
the extension of the alkyl groups to n-octyl as in compound
4 c-BF4 breaks this symmetry and a triclinic space group is
obtained. The molecules still arrange in staggered dimers with
extensive p ± p overlap and a close interplanar distance. The
mean interplanar distances in 4 b-BF4 and 4 c-BF4 are 3.29 and
3.38 �, respectively. Stereoviews of the dimers are shown in
Figure 4. On examining the changes in molecular conforma-
tion that take place on going from the n-propyl to the n-octyl
derivative, it becomes clear that the alkyl groups are
responsible for the symmetry breaking. In 4 b-BF4, the n-
propyl chains extend in a direction away from the aromatic
center, consistent with the threefold symmetry of the mole-
cule, whereas in 4 c-BF4 the n-octyl groups extend away from
the plane of the aromatic system but in a common direction,
which is inconsistent with the threefold molecular symmetry.
This is emphasized in Figure 5, in which the two molecules
have been overlaid. One possible explanation for the sym-
metry breaking is the simultaneous accommodation of the
anions and the alkyl chain. The cationic aromatic core of the
dimer would ideally surround itself with anions to minimize
the electrostatic potential, as is indeed observed in the
packing of 4 b-BF4, in which the dimers pack in trigonal
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Figure 4. Stereoview showing the staggered dimers of compounds 4 b-BF4


(above) and 4c-BF4 (below). It can clearly be seen that the staggered
nature of the dimer forces the alkyl substituent away from the molecular
plane.


planes as shown in Figure 6. The dimer assemblies are
surrounded by tetrafluoroborate ions in the plane and above
and below the dimer. As the
alkyl chain is made longer, it
becomes impossible to accom-
modate both the ions and the
hydrophobic chains and a kind
of phase separation is observed.
Thus, a layered structure is
formed, made up of alternate
layers of hydrophobic alkyl
chains that include disordered
solvent molecules and ionic
dimer layers that contain the
tetrafluoroborate ions, as
shown in Figure 7. This struc-
ture bears a striking resem-
blance to the structures of many
detergents and lamellar liquid
crystals. The slightly larger in-
terplanar distance observed in
the dimer of 4 c-BF4 as com-
pared to 4 b-BF4 may also be
explained in terms of the sepa-
ration into a lamellar or layered
structure; the effect of placing
two cations in a dimeric struc-
ture is not so effectively
screened in 4 c-BF4 as it is in
4 b-BF4, hence a slight increase
in interplanar distance results.


We also report the azadioxa
derivatives 6 (ADOTA�) and 8


(ADOTA), in which the interesting possibility exists of having
the planar system in both cationic and neutral forms. Both the
ADOTA and ADOTA� systems are planar molecules that
exhibit close interplanar distances in the solid state. In the
case of 6 e-BF4, a dimer is again observed, as shown in
Figure 8. The interplanar distance observed in the dimer of
6 e-BF4 is 3.316 � and is thus comparable to that observed for
4 b-BF4, consistent with an equal distribution of the surround-
ing anions. In the neutral compound 8, infinite directional
chains are observed with a significant interaction between the
molecular dipoles through an ArÿCH ´´´ N interaction (C ± N
distance 3.439 �) as compared to the corresponding
ArÿCH ´´´ O interaction (C ± O distance 3.699 �). Figure 9
shows the chains of 8, in which the interplanar distance
between the aromatic systems is 3.330 �. This is somewhat
longer than the corresponding distances observed in 4 b-BF4


and 6 e-BF4, but shorter than that in 4 c-BF4. This suggests that
the attractive p ± p interaction in 4 b-BF4 and 6 e-BF4 is larger
than that in compound 4 c-BF4. No evidence was found for
rotational disorder of the molecules in the crystal; this
observation can be ascribed to the dipolar and specific
hydrogen interactions of the molecule. While both TOTA�


and Me3-TATA� have been considered to rotate in the crystal
at elevated temperatures,[32, 34] and possibly at room temper-
ature in the case of the Me3-TATA� derivative,[34] it was of
interest to ascertain whether there were any significant
differences in the molecular structures of the aromatic cores
in TOTA�, TATA�, ADOTA, and ADOTA�. A thorough


Figure 5. Cations 4b and 4c overlaid (stereoview) to show the similarities/differences between the two molecules
as observed in the solid state. Notice how one of the n-octyl groups corresponds to the n-propyl group, whereas
the other two take a different direction and break the symmetry.


Figure 6. A stereoview of the packing in compound 4b-BF4. Notice how the anions are well distributed in the
crystal. In fact, pairs of anions are situated in pockets that also contain one disordered acetonitrile solvent
molecule.
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analysis, in which the aromatic cores were fitted to one
another, revealed no significant differences. The triangulene
system retains its formal geometrical planarity and threefold
symmetry whether cationic or neutral, oxygen- or nitrogen-
containing, and even if the symmetry is broken by having
different atoms in the 4-, 8-, and 12-positions as in 6 e and 8.


Electronic absorption spectra : While the absorption spectra
of the partially ring-closed cations 2 a and, in particular, 3 b are
strongly influenced by the molecular conformation, in terms
of nonplanar chromophores[34] the fully ring-closed triangu-
lenium ions 5, 6, 7, and 4 are all coplanar. Thus, variations in
the electronic absorption spectra can be ascribed solely to the
changes in the electronic structure resulting from the sub-
stitution of the bridging heteroatoms. Absorption spectra of
the four possible combinations of oxygen- and/or alkyl
nitrogen-bridged triangulenium ions are shown in Figure 10.


All the triangulenium ions are characterized by moderately
strong absorptions in the visible region (8000< e<


20 000 Mÿ1 cmÿ1), which are clearly separated from the some-
what stronger UV transitions that start to emerge below
370 nm. Comparison between the threefold-symmetrical
triangulenium ions TOTA� and Me3-TATA� shows that a
change in the bridging heteroatom from oxygen to nitrogen is
accompanied by a red shift of the order of 45 nm and a
twofold intensity enhancement. While both TOTA� and Me3-
TATA� display one major band, with little or no structure, the
less symmetrical cations 6 a and 7 b show broad structured
bands in the visible region consisting of multiple peaks. In line
with observations made for substituted triaryl carbenium


dyes,[39] the broadness and
structure of the visible absorp-
tion bands is clearly related to
the symmetry of the ions. More
surprising is the observed red
shift on going from TOTA� to
R3-TATA� ; this is at variance
with the trend seen in the case
of the xanthenium and acridi-
nium systems (Figure 1), in
which changing the heteroatom
from oxygen to nitrogen causes
a blue shift of 30 nm.[40, 41]


The nonionic azadioxatrian-
gulene 8, which, from a struc-
tural point of view, may be
considered as an extended acri-
dine, displays a characteristic
band in the visible region with a
pronounced fine structure (Fig-
ure 11). The absorption spec-
trum of 8 resembles that of
simple acridines with respect
to bandshape and intensities,
but the extension of the chro-
mophoric system causes a red
shift in the low-energy absorp-
tion band of almost 100 nm.


While 8 was found to be insoluble in acetonitrile, the addition
of hydrochloric acid resulted in immediate dissolution yield-
ing a bright orange solution of the protonated form, which
displayed an absorption spectrum closely resembling that of
6 a (see Figures 10 and 11).


Figure 10. Absorption spectra of triangulenium salts measured in acetoni-
trile: 4 a-PF6 (red), 5-BF4 (black), 6 a-PF6 (green), and 7b-PF6 (blue).


pKR� values : The affinity of the carbenium ion towards
hydroxide ions, as expressed by the pKR� value, is the most
common measure of carbenium ion stability. When pKR�
values lie outside of the normal pH range, Hammett acidity
functions are normally applied, that is, the HR function for less
stable carbenium ions.[4, 42] The evaluation of such acidity
functions requires a series of overlapping indicators covering
the range from aqueous solution through to the solvent system


Figure 7. A stereoview of the packing observed for compound 4c-BF4. Notice how the ionic parts and the alkyl
chains separate into layers (the layers containing the alkyl groups include disordered acetonitrile solvent
molecules).


Figure 8. A stereoview of the dimers observed for the cationic compound 6 e (anion not shown). Notice how
there is still some aromatic overlap.


Figure 9. A stereoview of the infinite linear chains observed for compound 8. There is some interaction between
the nitrogen atoms and the aromatic part of neighboring molecules.
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Figure 11. Absorption spectrum of azadioxatriangulene (8): neutral form
measured in dichloromethane (magenta), cationic/protonated form in
acetonitrile/aq. HCl (green).


employed, making it possible to observe responses of the
activities to a change in solvent composition. By taking these
changes in activity into account, the acidity function becomes
an extension of the pH range. If the acidity function is valid,
then for a particular compound the logarithm of the ratio
between the acid and its base {in this case: log([ROH]/[R�])}
should change linearly with the acidity function, with a slope
of unity.


When we needed an acidity function to determine the
stability of the (Et2N)3-TOTA� ion,[8] a series of highly stable
carbenium ions with pKR� values above 14 was not available.
Thus, the C_ acidity function was constructed by modifying an
existing acidity function H_ based on a solvent system of
DMSO/water/tetramethylammonium hydroxide.[43] The mod-
ification of H_ was based on the observed proportionality
between the slopes of the two functions in the ranges covered
by the two carbenium ions at our disposal.[8]


The equilibria between the triangulenium ions 4 a, 6 a, and
7 b and their carbinols were studied by UV/Vis spectropho-
tometry in the DMSO/water/Me4NOH solvent system. Like
Ito and co-workers, who also used this solvent system for
pKR� measurements,[7] we experienced problems with the
reversibility of the cation/carbinol reaction. Hence, on
monitoring the absorption of the cations as a function of time
following addition to the basic solutions, a continuous
depletion of the signal was observed, accompanied by reduced
recovery upon acidification. The rate of this reaction increases
with the basicity of the solutions. The degradation of the
carbinols, which is probably a result of reactions with the
solvent at high basicity, indicates the limitations of this
method. However, these problems were significantly reduced
by careful deoxygenation of all solutions and by using a
procedure which reduced the time frame of the experiments
(see Experimental Section). By employing this procedure,
more than 96 % of the absorbance of the carbenium ions was
recovered upon acidification following each equilibrium
measurement. For the azadioxa- and diazaoxatriangulenium
ions 6 a and 7 b, we determined pKR� values of 14.5 and 19.4,
respectively. For these two cations, the equilibrium measure-
ments showed very good correlations with the C_ function,
i. e. good linearity and slopes very close to unity (Figure 12
and Table 1). In the case of the Me3-TATA� ion 4 a, the slope
was only 0.85, which may indicate a change in the slope of the


C_ function relative to the underlying H_ function. However,
a pKR� value of approximately 23.7 can be estimated for 4 a.[34]


In conclusion, the behavior of compounds 6 a and 7 b supports
the validity of the C_ function in the region below 70 mol %
DMSO (C_� 21.5), while the reliability of the C_ function
and the solvent system at higher basicity is doubtful.


Figure 12. Linear fits to log([ROH]/[R�]) versus C_ for compounds 6a,
7b, and 4a.


Regardless of the uncertainty in the exact pKR� value of 4 a,
the stabilities of the three azatriangulenium ions confirm the
considerable stabilizing power of nitrogen bridges in these
carbenium salts. Thus, the introduction of one nitrogen bridge
into TOTA� (5) results in an increase in stability of 5.4 pK
units. The stabilizing effect seems to be additive with only a
moderate saturation effect,[44] hence DpKR�� 5.4, 4.9, and 4.3
for the three oxygen to nitrogen substitutions, respectively.
The extreme stability of the Me3-TATA� ion 4 a places it
among the most stable known carbenium ions, comparable
with the bis- and tris(dimethylamino)-substituted triazulenyl
carbenium ions recently synthesized by Ito and co-work-
ers.[7] For these cations, Ito and co-workers reported pKR�
values of 21.4 and 24.3, respectively, on the H_ scale, which
roughly correspond to values of 24 and 27, respectively, on
the C_ scale, ignoring the uncertainty in the scale in this
region. A valid comparison of these values with the pKR�
values of other superstable carbenium ions also becomes
difficult for two other reasons: 1) Ito and co-workers do not
report how the equilibria of the two cations with their
carbinols respond to changes in the solvent composition, that
is, the slope of log ([ROH]/[R�]) vs. the appropriate acidity
function (H_ or C_), and 2) the measurements were appa-
rently performed under conditions where the reaction was not
reversible.


Table 1. Stability of triangulenium ions in terms of their pKR� values.


Compound pKR� Notes


4a 23.7 C_, slope 0.85
5 9.1 aqueous solution[a]


6a 14.5 C_, slope 1.02
7b 19.4 C_, slope 1.01


[a] Ref. [13].
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Conclusion


In this paper, we have reported the simple and facile synthesis
of three new types of nitrogen-bridged carbenium salts of
the triangulenium family. Various derivatives of the mono-, di-,
and triazatriangulenium salts 6, 7, and 4 have been obtained by
simple one- or two-step procedures from the com-
mon precursor 1. The aromatic nucleophilic substitution
reactions that are the key steps in these syntheses offer,
owing to their stepwise nature and irreversibility, a power-
ful means for the preparation of new nitrogen-bridged
carbenium salts. Our investigation of the synthetic path-
ways involved in the formation of the carbenium salts
2 ± 7 from 1 has revealed that three types of SNAr reactions
can take place. The first type is a double SNAr reaction, in
which two ortho-methoxy groups on different aryl substitu-
ents are replaced by one primary alkyl-, aryl-, or benzylamine
(type I). Secondly, an intramolecular SNAr reaction in which
methoxy groups act as both the nucleophile and the leav-
ing group is possible, which leads to the formation of oxygen
bridges (type II). The third possibility is nucleophilic attack
and replacement of oxygen bridges by primary amines
(type III).


The solid-state structures of four new triangulenes have
been solved. The results, in conjunction with those of previous
crystallographic studies, show that the conformation of
the triangulenium skeleton is insensitive to whether the
heteroatoms are oxygen and/or nitrogen. Hence, physical
and chemical differences between the various triangu-
lenium derivatives can be assigned to variations in the
electronic structure. The crystal structures of the triaza-
triangulenium salts (4) show how the size of the alkyl
substituents affects the packing mode, from the sug-
gested segregated stacking in the methyl derivative
4 a-PF6, to a dimeric structure for 4 b-BF4, and finally to a
lamellar-type structure for the tri-n-octyl derivative 4 c-PF6.
The observed packing modes indicate that the pro-
nounced charge delocalization in the TATA� ion permits
pure cationic stacking, but that, on the other hand, the steric
requirements of the flanking alkyl groups generally prevent
this.


The thermodynamic stabilities of the azatriangulenium
ions were evaluated in terms of their pKR� values. The data
confirmed that the replacement of oxygen by nitrogen as
the bridging heteroatoms in these carbenium salts efficient-
ly increases the stability. Thus, substitution of all three oxygen
bridges in the TOTA� cation 5 by nitogen results in the
R3-TATA� cations 4, which in turn is accompanied by an
increase in the stability constant by 14 orders of magni-
tude. The pKR� values were evaluated by using an im-
proved version of the recently suggested C_ acidity function,[8]


and the measurements supported the essential validity of
this method for determining pKR� values below 22. How-
ever, the results also showed that the C_ function is
inadequate for exact measurements of higher pKR� values.
Hence, the determination of exact pKR� values for super-
stable carbenium ions will require the evaluation of a new
method that is not based on the solvent systems currently in
use.


Experimental Section


Synthetic methods and materials : All reagents used were standard grade
unless specified otherwise. NMR spectra were recorded on a Bruker
250 MHz spectrometer. UV/Vis spectra were obtained on a Perkin ± Elmer
Lambda 16 spectrophotometer. Elemental analyses were performed at the
University of Copenhagen, Department of Chemistry, Elemental Analysis
Laboratory, Universitetsparken 5, 2100 Copenhagen (Denmark). The
syntheses of compounds 2a-PF6, 3 b-BF4, and 4a-PF6 are described in
ref. [34] while that of 5-BF4 can be found in ref. [32].


Tris(2,6-dimethoxyphenyl)carbenium tetrafluoroborate (1-BF4): Aqueous
HBF4 solution (50 %, 2.5 mL, 40 mmol) was added to a solution of tris(2,6-
dimethoxyphenyl)carbinol[13] (5.8 g, 13.2 mmol) in absolute ethanol
(100 mL). Diethyl ether (100 mL) was then added, followed by petroleum
ether (100 mL, b.p. 40 ± 60 8C). The dark-blue precipitate formed was
collected by filtration and thoroughly washed with diethyl ether, yielding
6.5 g (97 %) of greenish-black crystals. 1H NMR (CDCl3): d� 7.62 (t,
3J(H,H)� 8.5 Hz, 3 H), 6.56 (d, 3J(H,H)� 8.5, 6 H), 3.62 (s, 18H); 13C NMR
(CDCl3): d� 181.04, 163.09, 142.87, 125.76, 105.37, 57.28; MS (MALDI-
TOF): m/z : 423 [M]� ; UV/Vis (CH2Cl2): lmax (lg e)� 604 (4.08) (sh), 526
(4.26), 313 (3.45) (sh), 273 nm (4.06); elemental analysis calcd (%) for
C25H27O6BF4: C 58.84, H 5.29; found C 58.79, H 5.21.


9-(2,6-Dimethoxyphenyl)-1,8-dimethoxy-10-n-propylacridinium hexafluoro-
phosphate (2b-PF6): Compound 1-BF4 (1.0 g, 2 mmol) was dissolved in
1-methyl-2-pyrrolidinone (NMP) (15 mL), and n-propylamine (0.25 g,
4.2 mmol) was added. The initially purple reaction mixture immediately
turned orange. After 20 h at room temperature, it was poured into aqueous
KPF6 solution (100 mL, 0.2m) and the precipitate formed was collected by
filtration and thoroughly washed with water. Recrystallization from
methanol gave 0.85 g (75 %) of dark-red needles of compound 2b-PF6.
1H NMR (CD3CN): d� 8.22 (dd, 3J(H,H)� 8.1, 9.1 Hz, 2 H), 7.94 (d,
3J(H,H)� 9.2 Hz, 2H), 7.47 (t, 3J(H,H)� 8.4 Hz, 1H), 7.1 (d, 3J(H,H)�
8.0 Hz, 2 H), 6.81 (d, 3J(H,H)� 8.4 Hz, 2H), 5.04 (t, 3J(H,H)� 8.6 Hz, 2H),
3.58 (s, 6H), 3.57 (s, 6H), 2.22 (m, 2 H), 1.30 (t, 3J(H,H)� 7.4 Hz, 3H);
13C NMR (CD3CN): d� 160.47, 157.09, 155.67, 141.55, 139.76, 129.76, 119.77,
119.54, 109.22, 106.38, 103.61, 56.66, 55.53, 53.64, 20.99, 9.99; MS (MALDI-
TOF): m/z : 418 [M]� ; Elemental analysis calcd (%) for C26H28NO4PF6: C
55.42, H 4.97, N 2.48; found C 55.41, H 4.91, N 2.55.


9-(2,6-Dimethoxyphenyl)-1,8-dimethoxy-10-benzylacridinium hexafluoro-
phosphate (2d-PF6): Compound 1-BF4 (3.0 g, 5.9 mmol) was dissolved in
NMP (20 mL), and benzylamine (1.4 g, 13 mmol) was added. The reaction
mixture immediately turned dark orange. After 1 h at room temperature, it
was poured into aqueous KPF6 solution (150 mL, 0.2m) acidified with HPF6


(60 %, 2 g, 8 mmol), and the precipitate was collected by filtration and
thoroughly washed with water. Recrystallization from methanol gave 2.8 g
(78 %) of orange-red crystals of compound 2 d-PF6. 1H NMR (CD3CN):
d� 8.10 (t, 3J(H,H)� 9.0 Hz, 2H), 7.70 (d, 3J(H,H)� 9.1 Hz, 2H), 7.42 (m,
4H), 7.20 (m, 2 H), 7.09 (d, 3J(H,H)� 8.1 Hz, 2H), 6.80 (d, 3J(H,H)�
8.4 Hz, 2H), 6.33 (s, 2H), 3.59 (s, 6H), 3.56 (s, 6H); 13C NMR (CD3CN):
d� 160.65, 158.73, 155.69, 142.35, 140.35, 133.49, 129.51, 129.23, 128.33,
125.77, 119.93, 119.37, 109.33, 106.66, 103.65, 56.75, 56.16, 55.58; MS
(MALDI-TOF): m/z : 466 [M]� ; UV/Vis (CH2Cl2): lmax (lg e)� 535 (3.78)
(sh), 506 (3.84), 411 (3.92), 354 (3.71), 340 (3.48), 287 nm (4.87); elemental
analysis calcd (%) for C30H28NO4PF6: C 58.92, H 4.58, N 2.29; found C
58.70, H 4.53, N 2.26.


4,8,12-Tri-n-propyl-4,8,12-triazatriangulenium tetrafluoroborate (4 b-BF4):
Compound 1-BF4 (1.0 g, 2.0 mmol) was dissolved in NMP (30 mL), benzoic
acid (5.2 g, 42 mmol) and n-propylamine (3.2 g, 54 mmol) were added, and
the mixture was heated to reflux under argon for 20 h. Further n-
propylamine (2� 0.5 mL, 12 mmol) was added twice during the course of
the reaction. After cooling to room temperature, the reaction mixture was
poured into water, and the precipitate formed was collected by filtration
and thoroughly washed with water. After drying, the crude product was
thoroughly washed with diethyl ether and then recrystallized from
acetonitrile to yield 0.35 g (32 %) of red crystals. 1H NMR (CD3CN): d�
7.97 (t, 3J(H,H)� 8.6 Hz, 3H), 7.15 (d, 3J(H,H)� 8.6 Hz, 6 H), 4.10 (t,
3J(H,H)� 8.3 Hz, 6H), 1.85 (m, 6H), 1.67 (t, 3J(H,H)� 7.4 Hz, 9H);
13C NMR (CD3CN): d� 140.55, 140.33, 138.00, 110.50, 105.48, 49.44, 18.41,
10.44; MS (MALDI-TOF): m/z : 408 [M]� ; elemental analysis calcd (%) for
C22H18N3BF4: C 67.88, H 6.06, N 8.48; found C 67.88, H 6.14, N 8.75.







Azatriangulenium Salts 1773 ± 1783


Chem. Eur. J. 2001, 7, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1781 $ 17.50+.50/0 1781


4,8,12-Tri-n-octyl-4,8,12-triazatriangulenium tetrafluoroborate (4 c-BF4)


From 1-BF4 : Tris(2,6-dimethoxyphenyl)carbenium tetrafluoroborate (1-
BF4) (1.0 g, 2.0 mmol) was dissolved in NMP (5 mL), and n-octylamine
(12 g, 93 mmol) was added. The reaction mixture was refluxed for 24 h.
After cooling, diethyl ether was added, and the red-orange crystalline
precipitate formed was collected by filtration. Two recrystallizations from
methanol yielded 0.62 g (44 %) of red crystals. 1H NMR (CD3CN): d� 7.91
(t, 3J(H,H)� 8.6 Hz, 3H), 7.04 (d, 3J(H,H)� 8.6 Hz, 6H), 4.00 (t,
3J(H,H)� 7.9 Hz, 6 H), 1.76 (m, 6H), 1.45 (m, 30H), 0.95 (t, 3J(H,H)�
6.4 Hz, 9 H); 13C NMR (CD3CN): d� 139.83, 139.48, 137.53, 109.80, 104.91,
47.60, 31.45, 28.95, 28.84, 26.11, 24.35, 22.30, 13.32; MS (MALDI-TOF):
m/z : 618 [M�]; UV/Vis (MeCN): lmax (lg e)� 523 (4.26), 502 (4.17) (sh), 489
(4.14) (sh), 352 (3.85), 340 (3.79), 290 (4.38) (sh), 273 nm (4.95); elemental
analysis calcd (%) for C43H60N3BF4: C 73.17, H 8.50, N 5.95; found C 73.16,
H 8.69, N 5.86.


From 5-BF4 : Trioxatriangulenium tetrafluoroborate (5-BF4) (0.25 g,
0.67 mmol) was dissolved in NMP (15 mL), and n-octylamine (4.0 g,
31 mmol) was added. The reaction mixture was refluxed under nitrogen for
8 h. It was then poured into aqueous KPF6 solution (100 mL, 0.2m) and
extracted with CH2Cl2. The organic phase was washed with pure water and
concentrated in vacuo; subsequent addition of diethyl ether and petroleum
ether induced precipitation of the crude product. Recrystallization from
ethanol gave 0.20 g (40 %) of red crystals. The MS, 1H NMR, 13C NMR, and
UV/Vis spectra were identical to those of the BF4 salt. Elemental analysis
calcd (%) for C43H60N3PF6: C 67.56, H 7.85, N 5.49; found C 67.66, H 7.88, N
5.53.


4,8-Di-n-octyl-12-n-propyl-4,8,12-triazatriangulenium hexafluorophos-
phate (4 f-PF6): Compound 2b-PF6 (0.35 g, 0.62 mmol) was dissolved in
NMP (20 mL), and n-octylamine (4.0 g, 31 mmol) was added. The reaction
mixture was heated under reflux under nitrogen for 24 h. It was then
poured into aqueous KPF6 solution (100 mL, 0.2m), and the resulting
mixture was extracted with CH2Cl2. The organic phase was washed with
pure water and concentrated in vacuo; subsequent addition of methanol
(50 mL) induced precipitation of the crude product. Recrystallization from
chloroform gave 0.13 g (30 %) of the red-orange compound 4 f-PF6.
1H NMR (CD3CN): d� 7.93 (m, 3 H), 7.07 (m, 6H), 4.02 (m, 6H), 1.78
(m, 6 H), 1.47 (m, 20H), 1.16 (t, 3J(H,H)� 7.3 Hz, 3 H), 0.95 (t, 3J(H,H)�
6.4 Hz, 6H); 13C NMR (CD3CN): d� 140.04, 139.98, 139.70, 137.60, 109.97,
105.08, 105.00, 49.03, 47.68, 31.53, 29.02, 28.93, 26.20, 24.44, 22.83, 17.99,
13.40, 10.03 (due to overlap of the signals, only 7 of the expected 11 peaks in
the aromatic region could be discerned); MS (MALDI-TOF): m/z : 548
[M]� ; the UV/Vis spectrum was identical to that of compound 4c-PF6 ;
elemental analysis calcd (%) for C38H50N3PF6: C 65.78, H 7.20, N 6.05;
found C 65.50, H 7.31, N 6.05.


4-Methyl-4-aza-8,12-dioxatriangulenium hexafluorophosphate (6a-PF6): A
solution of compound 3a-PF6 (0.50 g, 0.93 mmol) in pyridine (6 mL) was
added to molten pyridine hydrochloride (12 g). The reaction mixture was
heated to approximately 200 8C for 1 h while the excess pyridine was
allowed to distill off. The cooled residue was then dissolved in water
(50 mL), and the crude product was precipitated by the addition of aqueous
KPF6 solution (100 mL, 0.2m). The precipitate was collected by filtration,
washed with pure water, and dried. The crude product was dissolved in
warm acetonitrile; this solution was filtered, and then an equal volume of
ethanol was added to the filtrate; 0.33 g (80 %) of red-orange crystals was
obtained by slow partial evaporation of the solvent. 1H NMR (CD3CN):
d� 8.32 (t, 3J(H,H)� 8.6 Hz, 2 H), 8.07 (t, 3J(H,H)� 8.5 Hz, 1H), 7.79 (d,
3J(H,H)� 8.9 Hz, 2 H), 7.48 (d, 3J(H,H)� 8.2 Hz, 2 H), 7.40 (d, 3J(H,H)�
8.5 Hz, 2 H), 4.17 (s, 3H); 13C NMR (CD3CN): d� 152.54, 151.88, 140.80,
140.74, 139.82, 111.49, 110.30, 109.25, 107.97, 104.89, 35.98 (due to overlap of
the signals, only 10 of the expected 11 peaks in the aromatic region could be
discerned); MS (MALDI-TOF): m/z : 298 [M]� ; UV/Vis (MeCN): lmax (lg
e)� 539 (3.99), 503 (3.92), 473 (3.62) (sh), 429 (3.63), 329 (3.31), 315 (3.87)
(sh), 299 (4.47), 259 (4.78); elemental analysis calcd (%) for C20H12NO2PF6:
C 54.18, H 2.71, N 3.16; found C 54.31, H 2.45, N 3.16.


4-Phenyl-4-aza-8,12-dioxatriangulenium tetrafluoroborate (6e-BF4): A
mixture of compound 1-BF4 (1.0 g, 2 mmol) and aniline (12 g) was heated
to reflux for 4 h. The cooled reaction mixture was then poured into diethyl
ether and the precipitate formed was collected by filtration, washed with
diethyl ether, and dried. The crude product was dissolved in warm
acetonitrile, the resulting solution was filtered, and then an equal volume of


ethanol was added to the filtrate; 0.47 g (53 %) of red-orange needles was
obtained by slow partial evaporation of the solvent. 1H NMR (CD3CN):
d� 8.14 (m, 3H), 7.88 (m, 3H), 7.56 (m, 6H), 6.90 (d, 3J(H,H)� 8.8 Hz,
2H); 13C NMR (CD3CN): d� 152.75, 152.58, 141.98, 141.62, 140.64, 140.17,
136.67, 131.83, 131.19, 127.83, 111.74, 111.13, 109.37, 108.36, 105.65; MS
(MALDI-TOF): m/z : 360 [M]� ; UV/Vis (MeCN): lmax (lg e)� 539 (4.06),
504 (3.97), 473 (3.65) (sh), 433 (3.66), 316 (4.01) (sh), 299 (4.50), 259 nm
(4.70); elemental analysis calcd (%) for C25H14NO2BF4: C 67.14, H 3.13, N
3.13; found C 67.03, H 2.90, N 3.24.


4,8-Di-n-propyl-4,8-diaza-12-oxatriangulenium hexafluorophosphate (7b-
PF6): A solution of compound 3b-BF4 (0.65 g, 1.30 mmol) in pyridine
(5 mL) was added to molten pyridine hydrochloride (20 g). The reaction
mixture was heated to approximately 200 8C for 1 h, while the excess
pyridine was allowed to distill off. The cooled reaction mixture was then
dissolved in water (50 mL), and the crude product was precipitated by the
addition of aqueous KPF6 solution (100 mL, 0.2m). The precipitate was
collected by filtration, washed with pure water, and dried. The crude
product was dissolved in warm acetonitrile, this solution was filtered, and
then a twofold volume excess of absolute ethanol was added to the filtrate.
Crystallization was induced by concentration of the solution; 0.57 g (85 %)
of dark-red crystals was obtained. 1H NMR (CD3CN): d� 8.05 (t,
3J(H,H)� 8.6 Hz, 1 H), 7.81 (t, 3J(H,H)� 8.5 Hz, 2 H), 7.23 (t, 3J(H,H)�
8.9 Hz, 4 H), 6.91 (d, 3J(H,H)� 8.2 Hz, 2H), 4.10 (t, 3J(H,H)� 8.2 Hz, 4H),
1.75 (m, 4H), 1.07 (t, 3J(H,H)� 7.4 Hz, 6 H); 13C NMR (CD3CN): d�
152.13, 140.54, 139.54, 139.40, 139.19, 138.42, 111.17, 109.09, 108.27, 107.07,
105.77, 49.11, 18.70, 9.98; MS (MALDI-TOF): m/z : 367 [M]� ; UV/Vis
(CH2Cl2): lmax (lg e)� 556 (4.17), 524 (3.97) (sh), 448 (3.71), 426 (3.53) (sh),
359 (3.48), 294 (4.32), 265 nm (4.87); elemental analysis calcd (%) for
C25H23N2OPF6: C 58.59, H 4.49, N 5.46; found C 58.46, H 4.37, N 5.47.


4-Aza-8,12-dioxatriangulene (8): A solution of compound 2 d-PF6 (1.0 g,
1.6 mmol) in pyridine (5 mL) was added to molten pyridine hydrochloride
(12 g). The reaction mixture was heated to approximately 200 8C for 4 h,
while the excess pyridine was allowed to distill off. The cooled reaction
mixture was then dissolved in water (50 mL) and basified with aqueous
KOH solution. The precipitate formed was collected by filtration, washed
with pure water, and dried. The crude product was dissolved in hot NMP
and this solution was filtered; slow cooling of the filtrate yielded 0.35 g
(77 %) of orange hairlike crystals. Due to its low solubility, no 13C NMR
spectrum of this compound could be obtained. 1H NMR (CDCl3): d� 7.70
(m, 4H), 7.50 (t, 3J(H,H)� 8.4 Hz, 1 H), 6.97 (m, 4H); MS (MALDI-TOF):
m/z : 284 [M�1]� ; UV/Vis (CH2Cl2): lmax (lg e)� 516 (3.68), 480 (3.88), 450
(3.77), 425 (3.55), 376 (3.62), 356 (3.29), 271 (4.65), 261 nm (4.68);
elemental analysis calcd (%) for C19H9NO2: C 80.55, H 3.18, N 4.94; found
C 80.28, H 3.04, N 5.05.


X-ray crystallography : 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-148689 ± 148694. Copies of the data can be obtained free of
charge on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ,
U.K. (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk). See
Table 2 for general crystallographic details. Crystals of sufficient quality
for X-ray crystallography were drawn directly from the respective mother
liquors (2 b-PF6 and 2d-PF6 from methanol; 4 b-BF4, 4 c-BF4, and 6e-BF4


from acetonitrile; and 8 from 1,2-dichlorobenzene). They were then coated
with a thin layer of oil, mounted on glass needles with grease, and quickly
transferred to the cold nitrogen stream of the diffractometer. All data were
collected on a Siemens SMART Platform diffractometer with a CCD area-
sensitive detector with MoKa radiation at 120(2) K. Absorption corrections
were made for all the compounds by using SADABS.[45] Direct methods for
the structure solution and full-matrix least-squares refinements were used
for all the compounds with anisotropic temperature factors for all non-
hydrogen atoms unless otherwise stated. Hydrogen atoms were included in
calculated positions for all the compounds. The programs used were
SMART, SAINT from Siemens,[46, 47] and SHELX-97.[48] All structures were
checked for overlooked symmetry by using MISSYM and for voids by using
PLATON.[49] Compounds 2 b-PF6, 2d-PF6, 6 e-BF4, and 8 crystallized with
no associated solvent molecules, whereas compounds 4b-BF4 and 4c-BF4


crystallized with solvent molecules. The following details pertain to the
treatment of the individual data sets, in particular with respect to modeling
disorder. While 2b-PF6 posed no problems, two molecules were found to be
present in the asymmetric unit of 2d-PF6. Attempts were made to solve the







FULL PAPER B. W. Laursen, F. C. Krebs


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0708-1782 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 81782


structure in a higher symmetry to avoid this;however, this was not possible
and the difference between the two molecules in the asymmetric unit is
evident from both the placement of the anions and the conformation of the
benzyl group. The disorder was found to be quite pronounced in
compounds 4b-BF4 and 4c-BF4. Both were found to crystallize with
acetonitrile solvent molecules. In 4b-BF4, the acetonitrile molecules were
found between two anions and close to a threefold symmetry axis. This was
modeled by neglecting the crystallographic symmetry, but setting the site
occupation factor (sof) to 0.33333, thus giving a total of one acetonitrile
solvent molecule at each site. Attempts were made to refine this model with
respect to the sof. However, as the disorder is difficult to model, this gave
rise to a higher sof than could be expected based on the NMR spectra of
newly harvested crystals, which suggested the presence of one acetonitrile
solvent molecule for every two TATA� molecules; the sof was therefore
fixed at 0.33333. The thermal ellipsoids for the individual atoms of the
acetonitrile solvent molecule were quite large. Several attempts to improve
this were unsuccessful, and we chose to accept these large ellipsoids.
Attempts were made to solve the structure in R3Å , but this failed. In the
structure of 4 c-BF4, the disordered acetonitrile molecules were modeled as
two mutually exclusive groups and were refined with respect to the sofs,
which were found to be 0.457 and 0.543. Seven of the carbon atoms of one
of the n-octyl groups were found to be disordered; again, this was modeled
as two mutually exclusive groups and refined with respect to the sofs, which
were found to be 0.238 and 0.762. Some atoms of the disordered n-octyl
groups showed a tendency to become nonpositive definite (NPD) during
the refinements; these were subjected to a soft constraint to make them
approach isotropic behavior and to prevent them from becoming NPD. For
compounds 2 d-PF6, 4b-BF4, and 4 c-BF4, the max/min residual electron
densities were considerable: 1.526/ÿ 1.019, 1.341/ÿ 0.835, and 1.009/
ÿ 0.639 (e/�3), respectively. For all the compounds, these peaks were
found in the vicinity of the fluorine atoms of the anions, thus suggesting
some disorder. In both cases, we attempted to apply a split model taking
this disorder into account. No improvement was observed in terms of the R
factor, hence the model presented here was chosen with acceptance of the
residual electron density. In spite of the relatively poor data quality and the
rather large R factor for compound 4b-BF4, we could unambiguously
determine the connectivity, molecular conformation, packing pattern, and
the spatial relationship between neighboring molecules.


Determination of pKR� values : DMSO was purified by distillation from
CaH2 at 10 mmHg argon pressure. Dissolved oxygen was removed from all
stock solutions by purging with argon. Concentrated stock solutions of the
carbenium salts 4 a, 6 a, and 7 b in DMSO were prepared from the PF6 salts
and injected through a septum into the absorption cell, which contained a
known volume of DMSO/water/Me4NOH solution. After each measure-
ment, a few mL of aqueous HCl was added to check the reversibility. By
using this method, the entire procedure (injection of the dye, mixing,


recording of spectra, and acidification) could be accomplished within a few
minutes, or even less when the absorbance was monitored at only one
wavelength.


The equilibrium distributions between cations and carbinols were obtained
from the relative concentrations, which were determined by UV/Vis
spectrophotometry at wavelengths at which only the cationic compounds
absorb. The pKR� values were derived from linear fits to plots of
log([ROH]/[R�]) versus C_ for each solution. The C_ values for the
individual solutions (of known compositions) were evaluated from a new
improved representation, obtained by modifying a seventh-order fit to the
H_ data (10 to 98.3 mol % DMSO) given in the article of Dolman and
Stewart.[50] The C_ function was obtained by multiplying the coefficients in
Equation (1) by 1.31 and assigning the constant term a such a value that the
new function C_ gives a value of 13.51 when X� 12.1 (see ref. [8]). The
expressions used to represent H_ and C_ are given by:


Y_(X)�a � b1 X � b2X2 � b3X3 � b4 X4 � b5 X5 � b6X6 � b7X7 (1)


in which Y_ is H_ or C_ and X is the mol % of DMSO in the DMSO/water
mixtures with 0.011m Me4NOH. The constants a and b1 ± b7 are given in
Table 3.
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Table 2. Crystallographic data for compounds 2b-PF6, 2 d-PF6, 4b-BF4, 4 c-BF4, 6e-BF4, and 8.


Compound 2b-PF6 2d-PF6 4 b-BF4 4 c-BF4 6 e-BF4 8


formula C26H28O4NPF6 C30H28O4NPF6 C58H63N7BF4 C45H63N4BF4 C25H14O2NBF4 C19H9O2N
Mr 563.46 611.50 1031.78 746.80 447.18 283.27
crystal system monoclinic triclinic trigonal triclinic monoclinic monoclinic
space group P21/c P1Å R3 P1Å P21/n C2/c
Z 4 4 3 2 4 4
a [�] 9.4760(15) 14.3212(4) 12.8285(11) 11.9581(8) 8.8267(10) 16.874(3)
b [�] 14.130(3) 14.5140(4) 12.8285(11) 12.3668(9) 14.8644(16) 10.404(2)
c [�] 19.419(4) 15.4376(4) 26.324(3) 15.8059(11) 14.6936(16) 7.2050(14)
a [o] 90 82.0050(10) 90 71.6540(10) 90 90
b [o] 103.447(7) 63.89 90 79.6370(10) 104.284(2) 110.61(3)
g [o] 90 77.3130(10) 120 64.5430(10) 90 90
V [�3] 2528.8(9) 2807.72(13) 3751.8(6) 2000.5(2) 1868.3(4) 1183.9(4)
1 [g cmÿ3] 1.480 1.447 1.370 1.240 1.590 1.589
crystal size [mm] 0.75� 0.45� 0.45 0.75� 0.63� 0.13 0.20� 0.20� 0.20 0.45� 0.3� 0.3 0.50� 0.25� 0.13 0.33� 0.04� 0.04
m [cmÿ1] 0.187 0.175 0.101 0.085 0.127 0.104
reflections measured 26419 29754 16 063 21 870 23 599 6078
unique reflections [I> 2 s(I)] 4407 9605 2332 5423 1215 701
Rint 0.0228 0.0209 0.0659 0.0244 0.2452 0.0689
R(F)/Rw(F 2) all data 0.0356/0.0957 0.0572/0.1586 0.0960/0.3253 0.0690/0.2276 0.0738/0.1763 0.0519/0.1609


Table 3. Coefficients to the seventh-order polynomiums [Eq. (1)] used to
simulate C_ and H_.


H_ C_


a 9.62482118 8.48103
b1 0.59460716 0.77893538
b2 ÿ 0.03624451 ÿ 0.04748031
b3 0.00144569 0.00189385
b4 ÿ 3.33937Eÿ 5 ÿ 4.37458Eÿ 5
b5 4.42876Eÿ 7 5.80168Eÿ 7
b6 ÿ 3.11739Eÿ 9 ÿ 4.08378Eÿ 9
b7 9.01042Eÿ 12 1.18037Eÿ 11
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Diverse Heteroleptic Ytterbium(iii) Thiocyanate Complexes by
Oxidation from Bis(thiocyanato)ytterbium(ii)


Glen B. Deacon,* Craig M. Forsyth, and Dallas L. Wilkinson[a]


Abstract: The new ytterbium(ii) thio-
cyanate complex [Yb(NCS)2(thf)2] (1),
synthesised by redox transmetallation
between [Hg(SCN)2] and ytterbium
metal in THF at room temperature, gave
monomeric, eight coordinate [Yb-
(NCS)2(dme)3] (2, dme� 1,2-dimethoxy-
ethane) on crystallisation from DME,
and is a powerful, synthetically useful
reductant. Thus, oxidation of 1 with Hg-
(SCN)2, Hg(C6F5)2/HOdpp (HOdpp�
2,6-diphenylphenol), TlCp (Cp�C5H5


or CH3C5H4), Tl(Ph2pz) (Ph2pz� 3,5-
diphenylpyrazolate) and CCl3CCl3 in
THF yielded the ytterbium(iii) com-
plexes [Yb(NCS)3(thf)4] (3), [Yb-
(NCS)2(Odpp)(thf)3] (4), [Yb(NCS)2Cp-
(thf)3] (Cp�C5H5 (5), CH3C5H4 (6)),
[Yb(NCS)2(Ph2pz)(thf)4] (7) and [Yb-


(NCS)2Cl(thf)4] (8). In the solid state,
complexes 4, 6 and 7 were shown by
X-ray crystallography to be six, eight
and eight coordinate monomers, respec-
tively. Exclusively terminal, N-bound
transoid thiocyanate bonding is ob-
served with h1-Odpp (4), h5-C5H4Me
(6) and h2-Ph2Pz (7) ligands attached
approximately perpendicular to the
N ´ ´ ´ N vector. The chloride complex 8
is not a molecular species, but consists of
discrete, seven coordinate [YbCl2(thf)5]�


cations and [Yb(NCS)4(thf)3]ÿ anions.
By contrast, oxidation of 1 with


TlO2CPh gave a mixture of [{Yb(NCS)-
(O2CPh)2(thf)2}2] (9) and 3 through re-
arrangement of an initially formed
[Yb(NCS)2(O2CPh)] species. The X-ray
structure of 9 indicates a dimeric com-
plex with a {Yb(m-O2CPh)4Yb} core that
contains both bridging bidentate and
bridging tridentate benzoate groups, and
with a terminal N-bound thiocyanate
and two THF ligands on each ytterbium.
Reduction of Ph2CO with 1 in THF
yielded the dinuclear complex
[{Yb(NCS)2(thf)3}2(m-OC(Ph)2C(Ph)2O)]
(10), in which two octahedral Yb centres
are bridged by a 1,1,2,2-tetraphenyl-
ethane-1,2-diolate ligand, derived from
reductive coupling of the benzophenone
reagent.


Keywords: N ligands ´ O ligands ´
oxidation ´ pseudohalide ´
ytterbium


Introduction


Inorganic lanthanoid(ii) derivatives, and in particular the
halides, have attracted considerable research interest both as
key starting materials for the synthesis of a wide variety of
highly reactive lanthanoid(ii) species (e.g., organometallics,
aryloxides and diorganoamides)[1] and also for their redox
properties.[2] Thus, solutions of SmI2


[2a±c] (and more recently
Sm(O3SCF3)2


[2d, e]) in THF have extensive applications as
selective one-electron reducing agents in organic syntheses,
whilst [SmI2(thf)2] is a precursor for efficient SmIII Lewis acid
catalysts.[2f] It should also be possible to exploit further the
LnII/LnIII redox couple[3] for the preparation of heteroleptic
lanthanoid(iii) complexes by oxidative addition to LnX2,
analogous to similar reactions of Ln(C5R5)2.[1] However, this
synthetic method has not been extensively explored despite


the relative scarcity of heteroleptic lanthanoid(iii) complexes
of the type [LnX2A] (X� halide, A� anionic ligand)[1] and
the significance of [SmIIII2A] species in the organic chemistry
of SmI2.[2] Amongst the limited examples, photolysis of
solutions of YbI2 in 1,2-dimethoxyethane (DME) has been
reported[4] to yield [{YbI2(m-OMe)(dme)}2], which was shown
to be an active catalyst for Meerwein ± Verley ± Pondorf ±
Oppenauer (MVPO) reactions.[4] In addition, SmI2 reductions
of mercury(ii)/metal carbonylates or metal carbonyls have
yielded [SmI2(thf)4(m-OC)Mo(CO)2(C5H5)][5] and ionic
[SmI2(thf)5][Co(CO)4],[6] respectively.


An impediment to the easy isolation of complexes of the
type [LnX2A] (X� halide) may be the poor solubility of the
corresponding LnX3 derivatives in THF.[7, 8] Thus, rearrange-
ment processes leading to mixtures of products may be
thermodynamically driven by precipitation of the tris(halo-
geno)lanthanoid compounds, for example, [YbI3(thf)4] was a
major product from a reaction of [YbI2(thf)2] with elemental
sulphur.[8] In contrast, the pseudohalide complexes Ln(NCS)3


are readily soluble in THF[9] and hence we reasoned that the
ªbis(thiocyanato)º ligation system could better enable iso-
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lation of [LnX2A] (X�NCS) species. Surprisingly, however,
the reactants, lanthanoid(ii) thiocyanates, for oxidative syn-
theses of [Ln(NCS)2A] are virtually unknown and unsolvated
[{Eu(NCS)2}n], potentially the most stable homoleptic
Ln(NCS)2 complex, has only recently been characterised.[10]


We now report the synthesis of the new lanthanoid(ii)
derivative, bis(thiocyanato)ytterbium(ii) and the first struc-
tural characterisation of a divalent ytterbium thiocyanate
derivative, [Yb(NCS)2(dme)3]. We also report several appli-
cations of [Yb(NCS)2(thf)2] as a reducing agent to give a
diverse series of complexes of the type [Yb(NCS)2A(thf)n],
and also, in one instance, a rearrangement product [Yb(NCS)-
A2(thf)n]. As these new functionalised lanthanoid thiocya-
nates are suitably crystalline, X-ray crystallographic studies
provided the opportunity to examine the relative geometric
influences of both the thiocyanate and the ªAº ligands. Only
very few [Ln(NCS)2A] or [Ln(NCS)A2] complexes have been
structurally characterised, namely [La(NCS)2(O2CMe)L]
(L�N6-macrocycle C26H18N6),[11a] [Dy(NCS){O2P(OMe)CH2-
(O)NEt2}2][11b] and [{Y(HBpz3)(NCS)(m-OH)(phen)}2],[11c]


and there is a related polymeric ªateº complex [Yb(C5Me5)2-
(NCS)2K([18]crown-6)]n.[11d]


Results and Discussion


Syntheses and characterisation of Yb(NCS)2 complexes :
Reaction of mercuric thiocyanate and an excess of ytterbium
metal powder in THF at room temperature gave, after
24 hours, precipitated mercury and a bright yellow solution
of Yb(NCS)2 (Scheme 1). After filtration of the final reaction


Scheme 1.


mixture to remove the mercury and the unreacted ytterbium,
evaporation of the yellow solution to dryness gave a brick-red,
air-sensitive solid which was identified (see below) as
[Yb(NCS)2(thf)2] (1). Prior to complete removal of the
solvent, large yellow crystals were obtained, but when these
were removed from the supernatant THF solution their
colour rapidly changed to red. This behaviour is indicative of
facile loss of coordinated solvent (thf) and suggests that the
yellow complex is an unstable higher solvate [Yb-
(NCS)2(thf)n], n> 2. Recrystallisation of 1 from DME also
gave yellow crystals which were identified as [Yb-
(NCS)2(dme)3] (2). This compound remained yellow, even
when heated (ca. 50 8C) under vacuum, and its stability,
relative to the yellow THF complex, can be presumably
related to the bidentate coordination of DME (see below).


The compositions of 1 and 2 were established by elemental
analyses (Yb or C, H) and the presence of divalent ytterbium
in 1 was inferred from the absence of characteristic ytterbi-
um(iii) f f transitions near 1000 nm[12] in the near infrared
spectrum. The most prominent features of the infrared spectra
of 1 and 2 are strong absorptions near 2100 cmÿ1 attributable
to carbon ± nitrogen stretching of a thiocyanate group. The
position of the major n(CN) band of 2 (2057 cmÿ1) as well as


the n(CS) absorptions (863 and 855 cmÿ1) are in the region
expected for a N-bonded metal-thiocyanate complex;[13] this
was confirmed by the single-crystal structure determination
(see below). However, the significantly higher value of n(CN)
for 1 (2087 cmÿ1) may indicate a different bonding mode in
this complex[13] (see below). The infrared spectra also
exhibited strong to medium intensity absorptions associated
with the coordinated solvents (e.g., THF in 1 at 1027, 876 cmÿ1


and DME in 2 at 1062 cmÿ1).[14] The 171Yb{1H} NMR of 1 in
THF gave a single, broad resonance at d� 340. In this form,
the ytterbium is likely to be maximally solvated by THF and
probably exists as [Yb(NCS)2(thf)n] (n� 4). The chemical
shift value is more closely allied with that of inorganic
[YbI2(thf)4] (d (171Yb)� 456)[15] rather than those of ytterbi-
um(ii) complexes with amide ligands (e.g., [Yb{N(SiMe3)2}2L]
species have d (171Yb)> 600[16]), consistent with the pseudo-
halide nature of SCNÿ.


The X-ray structure of [Yb(NCS)2(dme)3] (2): The molecular
structure of 2 is shown in Figure 1 and selected bond lengths
and angles are listed in Table 1. Monomeric 2 is sited on a


Figure 1. The X-ray structure of [Yb(NCS)2(dme)3] (2); 50% thermal
ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms have
been omitted for clarity.


Table 1. Selected bond lengths [�] and angles [8] for [Yb(NCS)2(dme)3]
(2).


Yb(1)ÿN(1) 2.481(2) Yb(1)ÿO(12) 2.465(2)
Yb(1)ÿO(11) 2.590(2) Yb(1)ÿO(21) 2.578(2)


O(11)-Yb(1)-O(21A)[a] 151.19(6) O(21)-Yb(1)-N(1A)[a] 80.38(8)
N(1)-Yb(1)-N(1A)[a] 148.6(1) O(12)-Yb(1)-O(21) 76.22(7)
O(12)-Yb(1)-O(12A)[a] 144.09(9) N(1)-Yb(1)-O(11) 75.24(7)
O(12)-Yb(1)-O(21A)[a] 138.89(6) N(1)-Yb(1)-O(21) 73.41(7)
O(11)-Yb(1)-N(1A)[a] 134.15(7) O(11)-Yb-O(12) 64.27(6)
O(11)-Yb-O(21) 119.15(7) O(21)-Yb(1)-O(21A)[a] 66.6(1)
N(1)-Yb(1)-O(12) 105.85(8) Yb(1)-N(1)-C(1) 155.9(2)
O(11)-Yb-O(12A)[a] 86.05(7) N(1)-C(1)-S(1) 177.9(3)
O(12)-Yb(1)-N(1A)[a] 83.91(8)


[a] Symmetry transformations used to generate equivalent atoms: ÿx, y,
ÿz � 3/2.
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crystallographic twofold axis through Yb(1) and the midpoint
of the C(22)ÿC(22A) bond. The ytterbium environment is
eight coordinate with two N-bonded thiocyanate anions and
three chelating DME ligands; the geometry of the donor
atoms is distorted dodecahedral. The YbÿN bond lengths in 2
(Table 1) compare well with those of the monomeric ytter-
bium(iii) thiocyanate complex [Yb(NCS)3(thf)4] (hYbÿNi
2.274 �)[9] after accounting for the 0.215 � difference in the
respective metal ionic radii.[17] Similarly, the MÿO(dme) bond
lengths in 2 (Table 1) and eight coordinate [SmI2(dme)3]
(hSm-O(dme)i2.676 �)[18] are comparable given that Sm2� is
0.13 � larger than Yb2�.[17] The overall structural appearance
of 2 is similar to that of the ªbentº form of [SmI2(dme)3].[18]


However, for the smaller thulium and ytterbium there is a
change in the coordination number to seven in [TmI2-
(dme)3],[19a] in which one of the DME ligands is coordinated
by one oxygen only, and seven in [{YbI2(dme)2}2(m-dme)],[19b]


which has a bridging bidentate (O:O') DME, but in a bridging
mode. Thus, in the current structure, it appears that a
coordination number of eight is attained owing to the smaller
size of thiocyanate than iodide.[20]


For 1, a monomeric and four coordinate structure would
appear to be very sterically unsaturated (sum of ligand steric
coordination numbers� 4.2[20]), and for the large lantha-
noid(ii) cations, this structural type [YbA2(thf)2] is typically
observed only with very bulky anions (e.g., A�OC6H2-2,6-
tBu2-4-Me,[21] (sum of ligand steric coordination numbers�
7.2[20]), or N(2,6-iPr2C6H3)(SiMe3)[22]). Further, [{SmI2L2}n]
(L�NCtBu)[23] is polymeric with bridging iodides and ap-
proximately octahedral stereochemistry. Thus, 1 is likely to
have an associated structure (e.g., Figure 2a) probably with


Figure 2. Proposed structures of [{Yb(NCS)2(thf)2}n] and [Yb(NCS)2-
(thf)4].


Yb-NCS-Yb bridges similar to the bonding observed in
[{Ln(NCS)3(thf)4}2] (Ln�Nd, Eu, Er).[24] The value of
n(CN) for 1 is in the region typical of this bonding mode.[13]


By analogy with the observed octahedral structure of trans-
[Ca(NCS)2(thf)4][25] (Ca2� and Yb2� have nearly identical ionic
radii[17]), the unstable yellow crystals of ª[Yb(NCS)2(thf)n]º
are likely to be of a monomeric and six coordinate complex,
that is, trans-[Yb(NCS)2(thf)4] (Figure 2b). Further, the steric
demands of four THF ligands are similar to those of three
chelating DME ligands (in 2).[20]


Oxidation reactions of Yb(NCS)2 : We initially investigated
the reaction of 1 with mercury(ii) thiocyanate in THF, which
gave the known trivalent ytterbium complex [Yb(NCS)3(thf)4][9]


(3) (Table 2; Scheme 2 route a). This established that oxida-
tion of 1 was facile and, therefore, potentially amenable to the
synthesis of functionalised bis(thiocyanato)ytterbium(iii) de-
rivatives. Thus, we have explored several oxidations


Scheme 2.


of 1 and have obtained a diverse series of complexes of the
general type [Yb(NCS)2A(thf)n] (A�Odpp (2,6-diphenyl-
phenolate), n� 3, 4 ; A�C5H5, n� 3, 5 ; A�CH3C5H4, n� 3,
6 ; A�Ph2pz (3,5-diphenylpyrazolate), n� 4, 7; A�Cl, n� 4,
8). These were achieved using a variety of reagents (Table 2)
including Hg(C6F5)2, in the presence of a protic reagent
(Scheme 2 route b, A�Odpp), thallium(i) compounds
(Scheme 2 route c, A�C5H5, CH3C5H4, Ph2pz) and an
organic oxidant, hexachloroethane (Scheme 2 route d). The
formation of the Odpp derivative (Scheme 2 route b) is
presumed to occur by initial oxidation of 1 by Hg(C6F5)2


(e.g., Scheme 2 route e) followed by rapid protolysis of the
intermediate ªYb(NCS)2(C6F5)º species by the phenol
(Scheme 2 route f). We have shown that HOdpp does not
oxidise 1 directly (Scheme 2 route g).


In an attempt to prepare a bis(thiocyanato)ytterbium(iii)
carboxylate complex, 1 was treated with Tl(O2CPh) in THF.
Rapid deposition of Tl metal was observed, consistent with
route c, but the product subsequently crystallised proved
instead to be a bis(carboxylato)ytterbium(iii) thiocyanate,
[{Yb(NCS)(O2CPh)2(thf)2}2] (9), as established by X-ray
crystallography. This outcome may be explained by rearrange-


Table 2. Oxidation reactions of [Yb(NCS)2(thf)2] (1).


1 Reagent THF Time Product
[mmol] [mmol] [mL] [h] (% yield)


2.0 Hg(SCN)2 (1.0) 20 16 3 (52)
2.0 Hg(C6F5)2 (1.0) 40 5d 4 (41)


HOdpp (2.0)
2.0 Tl(C5H5) (2.0) 40 16 5 (36)
2.0 Tl(C5H4Me) (2.0) 25 16 6 (43)
2.0 Tl(Ph2pz) (2.0) 20 16 7 (46)
2.0 Cl3CCCl3 (2.0) 30 1 8 (72)
1.0 Tl(O2CPh) (1.0) 40 16 9 (74)[a]


3[b]


2.0 Ph2CO (2.0) 30 16 10 (43)


[a] Based on reactions c and h in Scheme 2. [b] Yield not determined.
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ment of an initially formed [Yb(NCS)2(O2CPh)] species
(Scheme 2 route c) giving [Yb(NCS)(O2CPh)2] and Yb(NCS)3


(Scheme 2 route h). The formation of the latter was sub-
sequently established by crystallisation of [Yb(NCS)3(thf)4]
(3) from the filtrate of separate preparation after removal of
9. The cell constants obtained for 3 (see Experimental
Section) were similar to room temperature data reported
for this complex.[9] The small contraction of the cell is
presumably due to the lower temperature (123 K) of the
current measurement.


The reaction of 1 with benzophenone was investigated since
ketones are common substrates in SmI2-mediated transfor-
mations of organic compounds.[2] In the present case, instan-
taneous formation of a pale purple precipitate was observed.
This dissolved upon subsequent heating, and cooling of the
resulting intense red solution deposited colourless crystals of
[{Yb(NCS)2(thf)3}2(m-OC(Ph)2C(Ph)2O)] ´ THF (10) (Scheme
2 route i). This complex contains a 1,1,2,2-tetraphenyl-
ethane-1,2-diolate ligand derived from reductive coupling of
Ph2CO. Analogous products (e.g., [{SmA2Lx}2(m-pinacolate)],
pinacolate� 1,2-bis(biphenyl-2,2'-diyl)ethane-1,2-diolate;
A�OC6H2-2,6-tBu2-4-Me, Lx�OEt2; A�N(SiMe3)2, Lx�
(thf)2 or (hmpa)2 HMPA� hexamethylphosphoric triamide)
have been isolated from reactions of SmA2 and fluorenone.[26]


These were shown to result from radical coupling of
lanthanoid(iii) ketyl complexes, generated by single-electron
transfer from the divalent lanthanoids to the C�O function-
ality.[26, 27] Furthermore, the central CÿC bond of these
pinacolate species could be cleaved by addition of a strongly
coordinating solvent (e.g., THF or THF/HMPA), regenerat-
ing the highly coloured ketyl complexes. Whilst dissolution of
the initial precipitate formed during the preparation of 10
gave a highly coloured red solution, suggestive of the presence
of a ketyl species, heating of the isolated complex in THF gave
a near colourless solution with a UV-visible spectrum incon-
sistent with the presence of a ketyl species.[26] It is interesting
to note that reactions of benzophenone with bulky aryloxo-
lanthanoid(ii) reducing agents did not yield pinacolate
complexes, but rather hydrogen-atom abstraction products
(e.g., [Yb(OCHPh2)2A(HMPA)], A�OC6H2-2,6-tBu2-4-
Me).[26] Presumably, the considerably larger size of the
aryloxide ligands (relative to thiocyanate) inhibits coupling
of the initially formed lanthanoid ketyl complex. Thus, the
current isolation of 10 more closely represents the chemistry
of SmI2 mediated organic reactions and indeed 10 is the first
crystallographically characterised (see below) lanthanoid pi-
nacolate with halide/pseudohalide co-ligands.


The compositions of the oxidation products (Table 2) were
established by elemental analyses (see Experimental Section).
The C, H, N microanalyses for 7 were closer to those
calculated for the composition [Yb(NCS)2(Ph2pz)(thf)3] rath-
er than [Yb(NCS)2(Ph2pz)(thf)4], as indicated by metal
analysis and established by X-ray crystallography. Possibly,
dissociation of THF occurred during preparation and trans-
port of the microanalysis sample. An analytically pure sample
of 9 could not be obtained due to persistent contamination
with the [Yb(NCS)3(thf)4] byproduct. The presence of triva-
lent ytterbium in representative complexes was indicated by
two weak near-infrared absorptions at 925(�2) and


975(�2) nm in their electronic spectra, attributable to YbIII


f f transitions.[12] The cyclopentadienyl complex 5 also
displayed a charge-transfer absorption in the visible region
at 448 nm accounting for the intense orange colour, in
contrast to the colourless or pale yellow appearance of most
other products. Meaningful NMR data for these complexes
were not accessible owing to severe broadening and shifting
by the paramagnetism of the YbIII oxidation state.[28] The
infrared spectra of 3 ± 8 and 10 exhibited a very narrow range
(2050 ± 2039 cmÿ1) for the n(CN) absorptions suggesting
similar thiocyanate bonding for each of these complexes,
and the position is typical for terminal N-bound metal
thiocyanates.[13] The spectrum of 3 agreed with literature data
for this compound.[9] For 9, the position of the n(CN)
frequency was higher, suggestive of a possible structural
variation in this complex (see below). Bands attributable to
coordinated THF[14] were observed at 1010 ± 1030 cmÿ1 and
840 ± 880 cmÿ1 in each spectrum. Furthermore, characteristic
bands attributable to lanthanoid-bound Odpp,[29] C5H4R (R�
H, Me)[14] and Ph2Pz[30, 31] ligands were evident in the spectra
of the respective compounds. For the benzoate 9, strong
absorptions at 1618 and 1571 cmÿ1 were identified as possible
nas(CO2) bands, the lower energy absorption overlapping a
weaker aryl n(C�C). These could be associated with the two
different bridging benzoate groups present in 9 (see below).
Comparative data reported for [Ln(HBpz3)2(O2CPh)] (KBr
pellet) showed three spectral variations depending on the
lanthanoid.[32] The current data were similar to those of Ln�
La, Nd, Sm, Eu (1605, 1560 cmÿ1), whilst the Yb and Lu
analogues had a different infrared absorption with only one
strong band (1525 cmÿ1) in the nas(CO2) region. The ytterbium
complex [Yb(HBpz3)2(O2CPh)] was shown to be monomeric
with a chelating benzoate coordination mode.[32] In a separate
study, the Sm derivative was shown to be dimeric with
bridging bidentate benzoate ligands,[33] but the reported
infrared spectrum for this complex had only one nas(CO2)
absorption (1520 cmÿ1) in contrast to the earlier data[32] and
also that of the analogous dimer [{Sm(C5Me5)2(m-O2CPh)}2]
(1597, 1553 cmÿ1).[34]


X-ray structure determinations : The oxidation products were
characterised by single-crystal X-ray structure determina-
tions. Crystals were grown from solutions that contained a
vast excess of THF (either neat THF or THF/light petroleum
mixtures) and accordingly are presumably maximally solvat-
ed. Selected geometrical parameters for each complex are
listed in Tables 3 ± 8 and cell constants and refinement details
are listed in the Experimental Section (Table 9). Crystals of
the cyclopentadienyl complex 5 were obtained but were
invariably twinned. However, the structure is likely to be
analogous to that of the methyl-substituted derivative 6. In
general, the thiocyanate ligands were found to be terminal
and bound to ytterbium through the nitrogen atom.


Monomeric [Yb(NCS)2A(thf)n] complexes 4, 6 and 7: In
[Yb(NCS)2(Odpp)(thf)3] (4) (Figure 3), the central ytterbium
atom is six coordinate, surrounded by an oxygen-bound
diphenylphenolate, two transoid thiocyanates and three mer
THF ligands, with distorted octahedral geometry. By contrast,
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Figure 3. The X-ray structure of [Yb(NCS)2(Odpp)(thf)3] (4); 30 %
thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms
have been omitted for clarity.


[Yb(NCS)2(MeC5H4)(thf)3] (6) (Figure 4) is formally eight
coordinate, with an h5-methylcyclopentadienyl, two transoid
thiocyanates and three mer THF ligands coordinated to
ytterbium. If the centroid (Ct) of the C5 ring is considered to
occupy a single geometric vertex, the ytterbium coordination


Figure 4. The X-ray structure of [Yb(NCS)2(CH3C5H4)(thf)3] (6); 30%
thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms
have been omitted for clarity.


environment can be described as pseudo-octahedral, and is
therefore similar to that of the Odpp complex. Further,
[Yb(NCS)2(Ph2pz)(thf)4] (7) (Figure 5) is also eight coordi-
nate with an h2-Ph2pz, two transoid thiocyanates and four
coordinated THF ligands. The ytterbium atom and the central
carbon, C(3), of the pyrazolate ring reside on a crystallo-
graphic twofold axis. The h2-pyrazolate coordination mode is
typical for lanthanoid ± Ph2pz complexes,[30, 31] and it is com-
mon to model the coordination as a single site at the midpoint
of the NÿN bond (designated as Nt), since the very small bite
angle (34.3(1)8) of the pyrazolate severely distorts any regular


Figure 5. The X-ray structure of [Yb(NCS)2(Ph2pz)(thf)4] (7); 30 %
thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms
have been omitted for clarity.


polyhedron. Thus, the ytterbium coordination geometry in 7
can be described as a pseudo-pentagonal bipyramid with axial
thiocyanate ligands and equatorial THF, Nt and NCS groups,
an arrangement which is similar to that of [Yb(NCS)3(thf)4],[9]


despite the significant difference in the relative sizes of the
Ph2pz and NCS ligands.


A common feature of these three structures is the
exclusively transoid arrangement of thiocyanate ligands.
However, the nitrogen atoms of the thiocyanate ligands are
not exactly linearly disposed about the ytterbium centres, but
are significantly bent with N-Yb-N angles ranging from
155.7(2) to 163.4(2)8 (Tables 3 ± 5). Furthermore, for the


octahedral or pseudo-octahedral complexes 4 and 6 the
transoid-O(thf)-Yb-O(thf) angles are similarly nonlinear
and there is an opening of the cis-O(OAr)-Yb-X and cis-Ct-
Yb-X (X�N, O(thf)) angles (Tables 3 and 4). Thus, the
equatorial girdle of thiocyanate and THF ligands has been
displaced toward the axial THF presumably by the steric bulk


Table 3. Selected bond lengths [�] and angles [8] for [Yb(NCS)2-
(Odpp)(thf)3] (4).


Yb(1)ÿN(1) 2.282(5) Yb(1)ÿO(2) 2.277(4)
Yb(1)ÿN(2) 2.295(5) Yb(1)ÿO(3) 2.357(4)
Yb(1)ÿO(1) 2.025(3) Yb(1)ÿO(4) 2.282(4)


N(1)-Yb(1)-N(2) 163.4(2) O(2)-Yb(1)-O(4) 162.8(2)
O(1)-Yb(1)-O(3) 179.4(1)
O(1)-Yb(1)-N(1) 99.0(2) O(3)-Yb(1)-N(1) 81.3(2)
O(1)-Yb(1)-N(2) 97.5(2) O(3)-Yb(1)-N(2) 82.1(2)
O(1)-Yb(1)-O(2) 98.9(1) O(3)-Yb(1)-O(2) 81.6(1)
O(1)-Yb(1)-O(4) 98.1(2) O(3)-Yb(1)-O(4) 81.4(2)
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of the A ligand (Steric CN: Odpp (1.9),[35a] MeC5H4 (2.14),[20]


Ph2pz (1.7),[35b] , THF (1.21),[20] NCS (0.9)[20]). Similarly, for
[Yb(NCS)2(Ph2pz)(thf)4] the nonlinear SCN-Yb-NCS ar-
rangement possibly results from ligand ± ligand repulsion
between the thiocyanates and the phenyl substituents on the
pyrazolate. The plane of the pyrazolate ring is orientated
more perpendicular than parallel (interplanar angle 77.88) to
the equatorial plane of the bipyramid (defined by Yb(1),
O(4), O(4A), O(5), O(5A) and Nt) thereby placing the phenyl
groups in the vicinity of the thiocyanates. As a consequence,
the thiocyanate ligands are pushed towards the gap between
O(5) and O(5A) giving angles between axial N(1) and the
equatorial atoms of less than 908 for O(5/5A) and greater than
908 for Nt and O(4/4A) (Table 5). It should be noted however,
that the two crystallographically independent [Yb(NCS)3-
(thf)4] molecules, for which steric factors should be less, also
display nonlinear N-Yb-N angles (173.1(7) and 166.6(7)8),[9]


albeit to a lesser degree, indicating that other influences may
also be significant.


The YbÿN(thiocyanate) bond lengths for all three com-
plexes lie within a narrow range of values (2.282(5) ±
2.302(3) �) (Tables 3 ± 5). This is remarkable given the about
0.11 � change in the Yb3� ionic radii for coordination
numbers six to eight[17] and the differences, both steric and
electronic, of the A ligands. The YbÿN bond lengths are
within the range (2.222(7) ± 2.314(5) �) observed for
[Yb(NCS)3(thf)4].[9] The YbÿO(OAr) bond length in 4 is
shorter than the YbÿO(thf) bond (Table 3) as would be
expected for an anionic oxygen, but it is also marginally
shorter than the corresponding bonds in five coordinate
[Yb(Odpp)3(thf)2] ´ THF (hYbÿOi 2.078(9) �).[29] Presuma-
bly, the presence of two further bulky Odpp ligands in the
Yb(Odpp)3 complex inhibits a closer contact between the


phenolate oxygen and the ytterbium atom in these structures.
Furthermore, the YbÿO(OAr) distance is also shorter that
that (2.083(5) �) of [YbCl2(OAr)(thf)3] (OAr�OC6H2-2,6-
tBu2-4-Me),[36] consistent with the much bulkier aryloxide[20] in
the chloro complex. There are minor variations in the
ytterbium(iii)-carbon bond lengths of 6 (Table 4) attributable
to a slight ring tilt, with the longest YbÿC bond corresponding
to the methyl-substituted carbon. However, the values are not
unusual and subtraction of the Yb3� ionic radius[17] from
hYbÿCi (2.634 �) gives 1.65 �, which is at the upper limit for
cyclopentadienyllanthanoid(iii) complexes.[37] The YbÿN(pyr-
azolate) bond lengths of 7 (Table 5) can be directly compared
with other lanthanoid-h2-pyrazolate species by subtraction of
the Yb3� ionic radius (0.985 �).[17] This yields a value of
1.34 �, which is within the range (1.31 ± 1.38 �) calculated for
[Ln(Ph2pz)3L2] (L� thf, OPPh3) complexes,[31] although a
considerably smaller value (1.26 �) is obtained for the
heteroleptic complex [Yb(C5Me5)2(Ph2Pz)].[38]


In 4 and 6 there is a pronounced lengthening of the
YbÿO(thf) bond length for the THF ligand trans to the A
ligand compared with those of the mutually trans THF ligands
(Tables 3 and 4). The YbÿO(thf) bond lengths of
[Yb(NCS)3(thf)4] display analogous behaviour.[9] In contrast,
the YbÿO(thf) bond lengths (Table 5) of 7 show little
difference. Overall, the average YbÿO(thf) bond lengths
(2.308 (4), 2.366 (6), 2.397 (7) �) vary in line with the respective
coordination numbers. Subtraction of the appropriate ytterbi-
um ionic radius[17] from the average YbÿO(thf) distances for
all four thiocyanate complexes yields values (1.39, (3), 1.44
(4), 1.38 (6), 1.41 (7) �) that, although somewhat larger than
that (1.34(5) �) derived from organolanthanoid-ether com-
plexes, [39] agree well with the range derived from lanthanoid/
chloride/thf complexes, for example, [LnCl3(thf)n] (1.39 ±
1.44 �).[7]


Summation of steric coordination numbers (SSt.CN)[20, 35]


of the ligands for the complexes 3 ± 7 gives values of 7.5 (3), 7.3
(4), 7.6 (6) and 8.3 (7) indicating that the Ph2Pz and Odpp
complexes are the most and least crowded systems, respec-
tively. Removal of one THF ligand from 7, yielding an
analogue of 4 and 6, or addition of one THF ligand to 4,
providing an analogue of 3, gives SSt.CN of 8.5 and 7.1. Both
values lie outside the observed range suggesting that these
compositions are less sterically comfortable (but see the
microanalyses for 7). The observed trend in the subtraction
values for the YbÿO(thf) bond lengths does not follow that of
the SSt.CN. In particular for 4, even excluding the elongated
trans-Yb-O(thf), the value (1.41 �) is similar to that of 7. In 4,
the THF ligands may be pushed away from the metal by the
unexpectedly close approach (see above) of the Odpp ligand.
In turn, the short YbÿO(OAr) bond possibly results from
coordinative unsaturation, since a coordination number of six
is considered low for the large lanthanoid cations (typically
CN� 7 ± 10).


The structures of [Yb(NCS)2A(thf)3] (A�Odpp, MeC5H4)
are analogous to the related ytterbium ± halide complexes
[YbCl2(OC6H2-2,6-tBu2-4-Me)(thf)3][36] and [YbX2Cp(thf)3]
(X�Cl or Br)[40] demonstrating isostructural replacement of
a halide with a thiocyanate (psuedohalide). To our knowledge,
there exists no halide equivalent of [Yb(NCS)2(Ph2pz)(thf)4],


Table 4. Selected bond lengths [�] and angles [8] for [Yb(NCS)2-
(C5H4Me)(thf)3] (6).


Yb(1)ÿC(3) 2.662(4) Yb(1)ÿN(1) 2.292(4)
Yb(1)ÿC(4) 2.616(5) Yb(1)ÿN(2) 2.282(4)
Yb(1)ÿC(5) 2.586(5) Yb(1)ÿO(1) 2.334(3)
Yb(1)ÿC(6) 2.615(4) Yb(1)ÿO(2) 2.426(3)
Yb(1)ÿC(7) 2.687(5) Yb(1)ÿO(3) 2.328(3)


N(1)-Yb(1)-N(2) 155.7(1) O(1)-Yb(1)-O(3) 151.3(1)
Ct-Yb(1)-O(2) 179.3(3)
Ct-Yb(1)-N(1) 102.2(3) N(1)-Yb(1)-O(2) 77.7(1)
Ct-Yb(1)-N(2) 102.0(3) N(2)-Yb(1)-O(2) 77.9(1)
Ct-Yb(1)-O(1) 104.4(3) O(1)-Yb(1)-O(2) 74.9(1)
Ct-Yb(1)-O(3) 104.3(3) O(2)-Yb(1)-O(3) 76.4(1)


Table 5. Selected bond lengths [�] and angles [8] for [Yb(NCS)2(Ph2pz)-
(thf)4] (7).


Yb(1)ÿN(1) 2.302(3) Yb(1)ÿO(4) 2.387(2)
Yb(1)ÿN(2) 2.319(3) Yb(1)ÿO(5) 2.407(2)


O(4)-Yb(1)-Nt 76.1(1) O(4)-Yb(1)-O(4A)[a] 152.1(1)
O(4)-Yb(1)-O(5) 68.85(9) O(4)-Yb(1)-O(5A)[a] 138.76(9)
O(5)-Yb(1)-O(5A)[a] 71.5(1) O(5)-Yb(1)-Nt 144.3(1)
N(1)-Yb(1)-O(4) 101.2(1) N(1)-Yb(1)-N(1A)[a] 157.1(2)
N(1)-Yb(1)-O(5) 79.49(9) N(1)-Yb(1)-Nt 101.5(1)


[a] Symmetry transformations used to generate equivalent atoms: ÿx, y,
ÿz � 1/2.
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which represents a rare example of a functionalised pyrazo-
latolanthanoid complex (see also [Yb(C5Me5)2(Ph2pz)][38]).


Ionic [YbCl2(thf)5][Yb(NCS)4(thf)3] (8): The structure of
crystals grown from THF/light petroleum revealed discrete
solvated seven coordinate tetrakis(thiocyanato)ytterbium
anions [Yb(NCS)4(thf)3]ÿ (Figure 6a) and seven coordinate
dichloroytterbium cations [YbCl2(thf)5]� (Figure 6b) rather
than a monomer analogous to [Yb(NCS)3(thf)4].[9] The
ytterbium atom (Yb(2)) and the oxygen O(4) atom of one
THF ligand in the cation and the ytterbium atom (Yb(1)) and
the oxygen O(1) atom of one THF ligand in the anion lie on
crystallographic twofold axes. The crystallisation of an ionic
species parallels LnCl3 structural chemistry, in which
[LnCl3(thf)3.5] (Ln�Gd, Dy, Er, Tm, Y) are also ionic for
example [LnCl2(thf)5]�[LnCl4(thf)2]ÿ , and indeed contain a
similar cation.[7] However, this structural type was not


observed for ytterbium, since YbCl3 instead crystallised from
THF as monomeric [YbCl3(thf)3].[7] Seven coordinate Yb in
[Yb(NCS)4(thf)3]ÿ contrasts with six coordination in
[LnCl4(thf)2]ÿ .[7] Coordination of an extra THF ligand may
be possible owing to the marginally smaller size of thiocyanate
relative to chloride.[20] Similarly [Yb(NCS)3(thf)4][9] has four
coordinated THF ligands compared with three in
[YbCl3(thf)3].[7] As was noted for the chlorides, relative
solubilities may also influence the form of the crystalline
phase.[7]


The geometry of the [YbCl2(thf)5]� cation is typical of the
analogous cations with the larger lanthanoids[7] and is close to
a regular pentagonal bipyramid (Table 6). The YbÿCl and
YbÿO bond lengths (Table 6) are marginally smaller than the
corresponding values for the analogous erbium cation, con-
sistent with the difference in the ionic radius between the
respective metals.[17] Anionic lanthanoid thiocyanates of the


type [NR4]nÿ3[Ln(NCS)n] are
well known, typically with 6�
n� 8.[41] Under certain condi-
tions, however, mixed ligand
[Ln(NCS)4(OH2)4]ÿ (Ln�Nd,
Eu) anions can be obtained.[42]


Presumably a combination of
the small H2O ligands and the
larger lanthanoids allows eight
coordination in these cases. The
four thiocyanates in the
[Yb(NCS)4(thf)3]ÿ anion are
disposed in an approximately
equatorial arrangement. One
THF ligand is in an axial posi-
tion, but the other two THF
ligands lie either side of the
other pseudo-octahedral axial
site. As a consequence of the
uneven coordination on either
side of the Ln(NCS)4 unit, the
thiocyanate ligands are dis-
placed toward the least occu-
pied space as revealed by trans-
oid N-Yb-N angles 155.6(6)
and 162.1(5)8. The YbÿN
bond lengths (Table 6) are at
the high end of the range ob-
served for seven coordinate
[Yb(NCS)3(thf)4],[9] whilst the
YbÿO bond lengths (Table 6)
lie between the extremes of
those of the tris(thiocyanato)yt-
terbium complex.[9]


Dimeric [{Yb(NCS)(O2CPh)2-
(thf)2}2] (9): The molecular
structure of 9 is shown in Fig-
ure 7. The molecule is sited on a
crystallographic inversion cen-
tre at the midpoint of the
Yb(1) ´´ ´ Yb(1A) vector. Each


Figure 6. The X-ray structure of a) [YbCl2(thf)5]� and b) [Yb(NCS)4(thf)3]ÿ in 8 ; 30 % thermal ellipsoids are
shown for the non-hydrogen atoms; hydrogen atoms have been omitted for clarity.
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Figure 7. The X-ray structure of [{Yb(NCS)(m-O2CPh)2(thf)2}2] (9); 50%
thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms
have been omitted for clarity.


ytterbium is surrounded by one thiocyanate, two THF ligands
and four bridging benzoate groups. The carboxylates exhibit
two different bonding modes, two being bridging bidentate
and the other two being unsymmetrical bridging tridentate
(chelated to one ytterbium and bonded through one oxygen to
the other) giving an overall coordination number for each
ytterbium atom of eight. Pairs of similar carboxylates in the
central {Yb(m-OCO)4Yb} core of the dimer are approximately
planar and orthogonal to each other in a ªpaddle wheelº
arrangement. The geometry of each ytterbium atom approx-
imates a bicapped trigonal prism with O(1), O(4A), O(5) and


N(1), O(2A), O(3) occupying the triangular vertices (inter-
planar angle 8.9(1)8) and O(2) and O(6) as the capping atoms.


The YbÿN bond length in 9 (Table 7) is not significantly
different from those of eight coordinate 6 or 7 (above) despite
the significant difference in n(CN) frequencies. The simple
bridging bidentate benzoate group is bound to both ytterbium


centres with near equivalent Yb(1)ÿO(3) and Yb(1A)ÿO(4)
(�Yb(1)ÿO(4A)) bond lengths (Table 7). Subtraction of the
ionic radius[17] for eight coordinate Yb3� gives 1.274 and
1.270 �, which are comparable to similarly derived values for
eight coordinate [{SmL2(m-O2CPh)}2] (L�HBpz3 1.22 ±
1.30 �,[33] L�C5Me5 1.224, 1.238 �[34]), but somewhat smaller
than those for the chelating benzoate in [Yb(HBpz3)2-
(O2CPh)] (1.325 ± 1.372 �).[32] The high symmetry of the
Yb(1)-O(3)-C(3)-O(4)-Yb(1A) linkage is clearly indicated
by near identical C-Yb-O angles (Table 7). The other bridging
benzoate group displays Yb(1)ÿO(1) and Yb(1A)ÿO(2)
(�Yb(1)ÿO(2A)) distances comparable to those above, but
the C-Yb-O angles differ by almost 708, with the C(2)-O(2)-
Yb(1A) angle being near linear. As a consequence, O(2) is
close enough to Yb(1) (Table 7) to be considered as bonding
and hence this bridging benzoate is also chelated to Yb(1)
(bridging tridentate coordination[43]). The geometry of chela-
tion is highly unsymmetrical (D(YbÿO) 0.427 �); this is in
contrast to, for example, recent observation of bridging
tridentate carboxylate coordination in [{Yb(C5H5)2-
(O2CMe)}2], which displayed near equivalent YbÿO(chelate)
bond lengths, but inequivalent bridging YbÿO lengths.[44]


However, the symmetry of the chelate has been shown to
depend upon ion size and steric factors in the series
[{Ln(C5Me4H)2(O2CMe)}2] Ln�La, Sm, Y.[45]


[{Yb(NCS)2(thf)3}2(m-OC(Ph)2C(Ph)2O)] ´ THF (10): The
structure of the pinacolate complex 10 (Figure 8) shows a
reductively generated 1,1,2,2-tetraphenylethane-1,2-diolate
ligand bridging two ytterbium(iii) centres. These have dis-
torted octahedral coordination derived from one of the
pinacolate oxygens, two transoid thiocyanates and three
mer-THF ligands and are directly comparable with the
ytterbium environment exhibited by the phenolate complex
4 (see above). Thus, the geometry is distorted octahedral with
the mutually transoid thiocyanate and THF ligands displaced


Table 6. Selected bond lengths [�] and angles [8] for [YbCl2(thf)5]-
[Yb(NCS)4(thf)3] (8).


[YbCl2(thf)5]� [Yb(NCS)4(thf)3]ÿ


Yb(2)ÿCl(1) 2.533(2) Yb(1)ÿN(1) 2.318(9)
Yb(2)ÿO(3) 2.355(4) Yb(1)ÿN(2) 2.288(9)
Yb(2)ÿO(4) 2.339(4) Yb(1)ÿO(1) 2.325(6)
Yb(2)ÿO(5) 2.364(3) Yb(1)ÿO(2) 2.336(4)


Cl(1)-Yb(2)-Cl(1A)[a] 178.53(7) N(1)-Yb(1)-N(1A)[b] 162.1(5)
Cl(1)-Yb(2)-O(3) 88.8(1) N(2)-Yb(1)-N(2A)[b] 155.6(6)
Cl(1)-Yb(2)-O(4) 90.74(4) N(1)-Yb(1)-N(2) 92.5(3)
Cl(1)-Yb(2)-O(5) 91.9(2) N(1)-Yb(1)-N(2A)[b] 83.7(3)
Cl(1)-Yb(2)-O(3A)[a] 91.6(1) N(1)-Yb(1)-O(1) 81.1(3)
Cl(1)-Yb(2)-O(5A)[a] 86.9(2) N(1)-Yb(1)-O(2) 76.7(3)
O(3)-Yb(2)-O(3A)[a] 144.3(2) N(1)-Yb(1)-O(2A)[b] 118.9(3)
O(3)-Yb(2)-O(4) 72.1(1) N(2)-Yb(1)-O(1) 77.8(3)
O(3)-Yb(2)-O(5) 72.0(2) N(2)-Yb(1)-O(2) 75.9(3)
O(3)-Yb(2)-O(5A)[a] 143.6(1) N(2)-Yb(1)-O(2A)[b] 126.9(4)
O(4)-Yb(2)-O(5) 143.99(9) O(1)-Yb(1)-O(2) 144.5(1)
O(5)-Yb(2)-O(5A)[a] 72.0(2) O(2)-Yb(1)-O(2A)[b] 70.9(3)


[a] Symmetry transformations used to generate equivalent atoms: ÿx, ÿy
� 1, z. [b] Symmetry transformations used to generate equivalent atoms:
ÿxÿ 1, ÿy � 1, z.


Table 7. Selected bond lengths [�] and angles [8] for [{Yb(NCS)-
(m-O2CPh)2(thf)2}2] (9).


Yb(1)ÿN(1) 2.309(2) Yb(1)ÿO(3) 2.259(2)
Yb(1)ÿO(1) 2.268(2) Yb(1)ÿO(4A)[a] 2.255(2)
Yb(1)ÿO(2) 2.695(2) Yb(1)ÿO(5) 2.385(2)
Yb(1)ÿO(2A)[a] 2.259(3) Yb(1)ÿO(6) 2.433(3)
Yb(1) ´´ ´ Yb(1A)[a] 3.869(2)


N(1)-Yb(1)-O(5) 79.58(8) C(2)-O(1)-Yb(1) 103.7(2)
N(1)-Yb(1)-O(6) 75.90(8) C(2)-O(2)-Yb(1A)[a] 174.1(2)
O(5)-Yb(1)-O(6) 72.89(7) O(1)-Yb(1)-O(2) 51.63(7)
C(3)-O(3)-Yb(1) 139.4(2) O(2)-Yb(1)-O(2A)[a] 77.67(7)
C(3)-O(4)-Yb(1A)[a] 133.7(2) Yb(1)-O(2)-Yb(1A)[a] 102.33(7)


[a] Symmetry operations to generate equivalent atoms: ÿxÿ 1, ÿy � 1,
ÿz � 1.
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towards the other THF, which in turn has a lengthened YbÿO
bond length (Table 8) due to its trans disposition relative to
the anionic alkoxo oxygen. The YbÿN and YbÿO(thf) bond
lengths (Table 8) are marginally longer in 10 than in 4 (see
above), suggestive of increased steric crowding in 10. How-


ever, in contrast, the YbÿO(OR) bond lengths in 10 (Table 8)
are even shorter than the already unusually short
YbÿO(OAr) bond length in 4. Subtraction of the six
coordinate Yb3� ionic radius gives a value of 1.12 �, much
shorter than usual in bulky phenolates (1.26 ± 1.32 �)[21b, 29, 35a]


and is at the low end for values of lanthanoid Ph3PO
complexes, which have the shortest LnÿO bond lengths of
any O-donors.[46] The unique feature of 10 is the newly formed
central CÿC bond of the bridging 1,1,2,2-tetraphenylethane-
1,2-dioxo ligand, which at 1.53(1) � is typical of a covalent
CÿC single bond. For the analogous [SmA2(m-pinacol-
ate)(Lx)] complexes formed from reduction of fluorenone
(see above) the CÿC bond lengths are significantly longer


(e.g., 1.613(9) �, A�OC6H2-
2,6-tBu2-4-Me, L�Et2O),[26] in-
dicative of stronger carbon
bonding in 10. With the normal
central CÿC bond in 10, the
stability to dissociation into ke-
tyl radicals (see above) can be
understood. The structure of 10
is the first of a lanthanoid(iii)
pinacolate with halide or pseu-
dohalide coligands.


Conclusion


The redox transmetallation re-
action of ytterbium metal with
mercuric thiocyanate provides
a convenient source of
[Yb(NCS)2(thf)2] (1), a new re-
ducing reagent in lanthanoid


chemistry. Oxidation of 1 is facile and generates a diverse
range of unique heteroleptic complexes of the type [Yb-
(NCS)2A(thf)n] or [Yb(NCS)A2(thf)n], depending on the ligand
ªAº. Extensive characterisation, by single-crystal X-ray struc-
ture determination of these highly crystalline compounds
reveal both similarities to lanthanoid halide structures as well
as new structural prototypes. At this stage, it appears that the
majority of oxidations of 1 proceed without rearrangement.
Apart from intrinsic interest, the derived products may prove
suitable for secondary functionalisation by replacement of
thiocyanate. This would be of particular value in cases where
the corresponding halides are currently inaccessible. Further-
more, the reaction of 1 with benzophenone indicates that
Yb(NCS)2 may have applications in organic synthesis.


Experimental Section


All lanthanoid compounds described here are air and moisture sensitive.
All manipulations were carried out under purified (BASF R3/11 oxygen
removal catalyst and activated 4A molecular sieves) nitrogen or argon
using standard Schlenk and drybox techniques. Solvents (THF, DME and
light petroleum b.p. 60 ± 70 8C) were dried and deoxygenated by refluxing
over blue sodium benzophenone ketyl under purified nitrogen. Tetraethy-
leneglycol dimethyl ether was added to the light petroleum to dissolve the
ketyl. Elemental analyses (C,H,N) were performed by The Campbell
Microanalytical Laboratory, Chemistry Department, University of Otago,
Dunedin, New Zealand. Metal analyses were from EDTA titrations with
xylenol orange indicator of buffered (hexamethylene tetraamine) aqueous
solutions prepared by acid digestion of accurately weighed samples. IR
spectra were obtained for Nujol mulls with a Perkin ± Elmer 1600 FTIR
instrument. The 171Yb NMR spectrum for compound 1 was recorded on a
Brüker AM 300 spectrometer. Data are reported relative to an external
0.15m solution of Yb(C5Me5)2 in THF/10 %C6D6.[16] UV/visible/near IR
spectra were obtained for solutions in a 1 mm quartz cell by using a
Carey 17 spectrophotometer. Ytterbium metal powder was obtained from
RhoÃ ne Poulenc. Anhydrous mercury(ii) thiocyanate (May and Baker), 2,6-
diphenylphenol, hexachloroethane and benzophenone (Aldrich) were used
as received. Other reagents, Hg(C6F5)2,[47] Tl(C5H5),[48] Tl(C5H4Me),[48]


Tl(Ph2pz)[31b] and Tl(O2CPh)[49] were prepared by the reported methods.


[Yb(NCS)2(thf)2] (1): Ytterbium metal (2.73 g, 15.8 mmol) and Hg(SCN)2


(2.32 g, 7.3 mmol) were stirred in THF (20 mL) for 24 h. The reaction


Figure 8. The X-ray structure of [{Yb(NCS)2(thf)3}2(m-OC(Ph)2C(Ph)2O)] ´ THF (10); 30% thermal ellipsoids
are shown for the non-hydrogen atoms; hydrogen atoms and the THF of solvation have been omitted for clarity.


Table 8. Selected bond lengths [�] and angles [8] for [{Yb(NCS)2(thf)3}2-
(m-OC(Ph)2C(Ph)2O] ´ THF (10).


Yb(1)ÿN(1) 2.317(6) Yb(1)ÿO(1) 2.302(5)
Yb(1)ÿN(2) 2.310(6) Yb(1)ÿO(2) 2.383(5)
Yb(2)ÿN(3) 2.283(6) Yb(1)ÿO(3) 2.297(5)
Yb(2)ÿN(4) 2.247(6) Yb(2)ÿO(4) 2.309(5)
Yb(1)ÿO(10) 2.006(5) Yb(2)ÿO(5) 2.365(5)
Yb(2)ÿO(20) 1.987(5) Yb(2)ÿO(6) 2.302(4)


N(1)-Yb(1)-N(2) 159.9(2) N(3)-Yb(2)-N(4) 159.8(2)
O(10)-Yb(1)-O(2) 178.2(2) O(20)-Yb(2)-O(5) 176.8(2)
O(1)-Yb(1)-O(3) 161.1(2) O(4)-Yb(2)-O(6) 161.1(2)
O(10)-Yb(1)-N(1) 98.0(2) O(2)-Yb(1)-N(1) 80.2(2)
O(10)-Yb(1)-N(2) 101.0(2) O(2)-Yb(1)-N(2) 80.7(2)
O(10)-Yb(1)-O(1) 97.8(2) O(2)-Yb(1)-O(1) 81.9(2)
O(10)-Yb(1)-O(3) 100.5(2) O(2)-Yb(1)-O(3) 80.0(2)
O(20)-Yb(2)-N(3) 97.6(3) O(5)-Yb(2)-N(3) 79.2(2)
O(20)-Yb(2)-N(4) 102.5(3) O(5)-Yb(2)-N(3) 80.6(2)
O(20)-Yb(2)-O(4) 100.3(2) O(5)-Yb(2)-O(4) 79.4(2)
O(20)-Yb(2)-O(6) 98.1(2) O(5)-Yb(2)-O(6) 82.5(2)
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mixture was filtered through a Celite pad, and the pad was washed with
THF (3� 10 mL). The combined yellow filtrate and washings were
evaporated to initially a yellow crystalline material, which when further
dried under vacuum with gentle heating gave red microcrystalline 1. Yield
2.98 g, 94%; IR (Nujol): nÄ � 2085 (vs), 2044 (m), 1979 (sh), 1440 (w), 1295
(w), 1244 (w), 1177 (w), 1027 (s), 949 (w), 917 (w), 876 (s), 769 (w), 722
cmÿ1 (m); 171Yb{1H} NMR (52.1 MHz, THF, 298 K): d� 340, br s (DnÄ1/2


90 Hz); visible/near IR (THF): lmax (e)� 408 nm (778 dm3 molÿ1 cmÿ1);
elemental analysis calcd (%) for C10H16N2O2S2Yb (433.41): Yb 39.93; found
Yb 40.28.


[Yb(NCS)2(dme)3] (2): Recrystallisation of solid 1, prepared as above from
ytterbium metal (2.60 g, 15.0 mmol) and Hg(SCN)2 (3.20 g, 10.1 mmol),
from DME gave large yellow blocks of 2. Yield 2.21 g, 40%; IR (Nujol):
nÄ � 2099 (m), 2057 (vs), 1273 (w), 1245 (w), 1189 (w), 1156 (w), 1113 (m),
1059 (s), 1026 (m), 967 (w), 863 (m), 855 (m), 836 (w), 777 (w), 722 cmÿ1


(w); elemental analysis calcd (%) for C14H30N2O6S2Yb (559.57): C 30.05, H
5.40, N 5.01; found C 29.81, H 5.28, N 5.02.


Oxidation reactions : Amounts of reagents, reaction conditions and product
yields are listed in Table 2. In general, the reagents were stirred under
argon in THF at room temperature for the time specified. The reaction
mixtures were then filtered and the products were isolated as described
below.


[Yb(NCS)3(thf)4] (3): The colourless filtrate was reduced in volume to
about 10 mL and light petroleum (10 mL) was added until incipient
crystallisation. After standing overnight, colourless crystals of 3 formed. IR
(Nujol): nÄ � 2038 (vs), 1299 (w), 1172 (w), 1075 (w), 1039 (w), 1010 (m), 956
(w), 919 (w), 841 (m), 722 cmÿ1 (m); this is in satisfactory agreement with
reported data;[9] visible/near IR (THF): lmax (e)� 414 (86), 925 (5), 976 nm
(14 dm3 molÿ1 cmÿ1); elemental analysis calcd (%) for C19H32N3O4S3Yb
(635.70): Yb 27.22; found Yb 27.84.


[Yb(NCS)2(Odpp)(thf)3] (4): The yellow filtrate was evaporated to 10 mL
and large bright yellow blocks of 4 deposited after standing overnight. IR
(Nujol): nÄ � 2031 (s br), 1599 (w), 1578 (w), 1416 (m), 1311 (w), 1286 (m),
1268 (m), 1178 (w), 1150 (w), 1085 (w), 1074 (m), 1040 (w), 1012 (s), 954
(w), 918 (w), 856 (s), 772 (m), 753 (s), 712 cmÿ1 (s); elemental analysis calcd
(%) for C32H37N2O4S2Yb (750.82): C 51.19, H 4.97, N 3.73; found C 51.18, H
5.25, N 3.58. Stirring of 1 (0.43 g, 1.0 mmol) and HOdpp (0.26 g, 1.0 mmol)
in THF (30 mL) at room temperature for several days followed by removal
of the solvent gave a mixture of the starting materials and no 4 (IR
identification).


[Yb(NCS)2(C5H5)(thf)3] (5): Concentration of the orange filtrate to 15 mL
and cooling to ÿ20 8C gave orange crystals of 5. IR (Nujol): nÄ � 2045 (vs),
1296 (w), 1254 (w), 1171 (w), 1129 (sh), 1014 (s), 922 (w), 861 (s), 795 (s),
776 (s), 722 cmÿ1 (w); visible/near IR (THF): lmax (e) 448 (70), 926 (7),
981 nm (59 dm3 molÿ1 cmÿ1); elemental analysis calcd (%) for C19H29N2O3-
S2Yb (570.61): C 39.99, H 5.12, N 4.91, Yb 30.33; found C 38.67, H 5.13, N
5.25, Yb 30.23.


[Yb(NCS)2(C5H4Me)(thf)3] (6): Orange crystals of 6 were isolated as for 5
above. IR (Nujol): nÄ � 2045 (vs), 1342 (w), 1295 (w), 1242 (w), 1174 (m),
1030 (s), 1013 (s), 980 (m), 952 (w), 921 (m), 858 (s), 835 (s), 777 (s),
723 cmÿ1 (w); elemental analysis calcd (%) for C20H31N2O3S2Yb (584.64):
Yb 29.60; found Yb 30.29.


[Yb(NCS)2(Ph2pz)(thf)4] (7): The pale yellow filtrate was reduced in
volume to 20 mL and cooled to ÿ20 8C; this resulted in the deposition of
large pale yellow crystals of 7. IR (Nujol): nÄ � 2048 (vs), 1604 (m), 1311 (w),
1297 (w), 1172 (w), 1154 (w), 1064 (m), 1023 (s), 972 (m), 918 (m), 869 (s),
808 (w), 770 (s), 722 (m), 703 (m), 688 cmÿ1 (w); elemental analysis calcd
(%) for C33H43N4O4S2Yb (796.90): C 49.74, H 5.44, N 7.03, Yb 21.71; found
C 47.63, H 5.18, N 8.01, Yb 22.32 {elemental analysis calcd (%) for
[Yb(NCS)2(Ph2pz)(thf)3] C29H35N4O3S2Yb (724.79): C 48.06, H4.87, N 7.73,
Yb 23.87}.


[YbCl2(thf)5][Yb(NCS)4(thf)3] (8): The near colourless solution was
evaporated to 20 mL and light petroleum (20 mL) was added causing
formation of a colourless oil. Cooling to ÿ20 8C gave 8 as a white solid. IR
(Nujol): nÄ � 2048 (vs), 1604 (m), 1311 (w), 1297 (w), 1172 (w), 1154 (w),
1064 (m), 1023 (s), 972 (m), 918 (m), 869 (s), 808 (w), 770 (s), 722 (m), 703
(m), 688 cmÿ1 (w); elemental analysis calcd (%) for C36H64Cl2N4O8S4Yb2


(1226.16): C 35.26, H 5.26, N 4.57; found C 34.92, H 5.37, N, 4.52. Single
crystals were grown from THF/light petroleum at room temperature.


Reaction of 1 and (benzoato)thallium(i): The pale yellow filtrate was
evaporated to 20 mL. After addition of light petroleum (20 mL) and
standing for several days, small colourless crystals of
[{Yb(O2CPh)2(NCS)(thf)2}2] (9) were deposited. IR (Nujol): nÄ � 2062
(vs), 1612 (s br), 1571 (s), 1496 (m), 1415 (vs), 1308 (w), 1173 (w), 1156
(w), 1071 (w), 1029 (s), 978 (w), 954 (w), 924 (m), 874 (s), 735 (s), 718 (s),
681 (m), 668 cmÿ1 (m); elemental analysis calcd (%) for C46H52N2O12S2Yb2


(1235.13): C 44.73, H 4.24, N 2.27; found C 41.81, H 4.01, N 2.40. From a
separate preparation, cooling to ÿ20 8C of the supernatant solution
obtained after the first crystallisation, gave a mixture of some large
block-shaped colourless crystals of 3 and a white powder. X-ray analysis of


Table 9. Crystal and refinement parameters.[a]


2 4[b] 6 7 8[e] 9 10


formula C14H30N2O6S2Yb C32H37N2O4S2Yb C20H31N2O3S2Yb C33H43N4O4S2Yb C36H64Cl2N4O8S4Yb2 C46H52N2O12S2Yb2 C58H76N4O9S4Yb2


Mr 559.56 750.80 584.63 796.87 1226.16 1235.13 1447.59
crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic triclinic orthorhombic
space group C2/c (No. 9) P21/n (No.14) P21/n (No.14) Pbcn (No. 60) P21212 (No. 18) P1Å (No. 2) Pca21 (No. 29)
a [�] 20.9843(4) 11.5084(2) 10.5385(2) 9.8472(3) 11.6369(3) 9.8760(2) 17.1434(2)
b [�] 8.8157(1) 14.0326(2) 15.1280(2) 19.5232(6) 17.8814(3) 11.1612(2) 17.7493(2)
c [�] 14.7091(2) 20.1521(3) 14.4240(3) 17.8814(4) 11.5689(3) 12.0151(2) 20.3774(3)
a [8] 99.771(1)
b [8] 128.133(1) 92.778(1) 90.459(1) 113.430(1)
g [8] 94.414(1)
V [�3] 2140.3(7) 3250.6(11) 2299.5(8) 3457.6(12) 2407.3(8) 1182.2(4) 6201(2)
Z 4 4 4 4 2 1 (dimer) 4
1calcd. [g cmÿ3] 1.737 1.534 1.689 1.531 1.692 1.735 1.555
m(MoKa) [mmÿ1] 4.593 3.042 4.271 2.867 4.194 4.082 3.186
crystal size 0.18� 0.18� 0.23 0.25� 0.25� 0.25 0.13� 0.25� 0.25 0.13� 0.20� 0.20 0.05� 0.10� 0.30 0.10� 0.10� 0.13 0.23� 0.25� 0.30
F(000) 1112 1508 1164 1612 1220 610 2925
2qmax [8] 60.1 55.7 55.7 60.1 55.8 60.1 54.6
N (Rint) 3105 (0.039) 7730 (0.034) 5206 (0.041) 4864 (0.091) 5746 (0.081) 6345 (0.027) 15384 (0.072)
No 2918 6177 4678 3339 4225 5991 13321
absorption correction 0.933, 1.11[c] 0.603, 0.691[c] 0.546, 0.594[c] 0.962, 1.03[c] 0.436, 0.809[d] 0.627, 0.670[c] N/A
R/Rw [I> 2s(I)] 0.026/0.063 0.042/0.098 0.032/0.066 0.054/0.056 0.050/0.068 0.023/0.050 0.038/0.091
R/Rw (all data) 0.030/0.064 0.055/0.102 0.038/0.068 0.115/0.064 0.087/0.074 0.026/0.051 0.054/0.124
goodness of fit 1.114 1.291 1.173 1.184 1.027 1.078 1.212
demin,max [e�ÿ3] ÿ 2.238, 1.876 ÿ 1.165, 1.933 ÿ 1.566, 1.149 ÿ 1.701, 0.669 ÿ 2.454, 1.964 ÿ 2.086, 1.098 ÿ 2.452, 1.072


[a] Measured at 123 K unless otherwise indicated. [b] Measured at 173 K. [c] Empirical (A*min,max). [d] Face-indexed gaussian (T*min,max). [e] Refined as a
racemic twin.
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the crystals gave the following cell constants (T� 123(1) K): a� 12.040(1),
b� 17.011(4), c� 25.347(3) �; b� 90.17(1)8 ; V� 3184 �3, which are close
to the reported room-temperature data.[9]


[{Yb(NCS)2(thf)3}2(OC(Ph)2C(Ph)2O)] ´ THF (10): After completion of
the reaction, the mixture was heated giving a red solution, which was then
filtered and allowed to slowly cool to room temperature. Large colourless
crystals of 10 were deposited. IR (Nujol): nÄ � 2039 (vs), 1310 (w), 1296 (w),
1162 (w), 1101 (s), 1070 (s), 1033 (w), 1010 (s), 955 (w), 915 (w), 855 (s), 765
(m), 745 (m), 722 (w), 703 (m), 676 cmÿ1 (m); visible/near IR (THF): lmax


(e) 929 (3), 978 nm (10 dm3 molÿ1 cmÿ1); elemental analysis calcd (%) for
C58H76N4O9S4Yb2 (1447.59): C 48.12, H 5.29, N 3.87; found C 47.76, H 5.22,
N 3.94.


X-ray Crystallography : Data for the crystallographic structure determi-
nation of compounds 2, 4, and 6 ± 10 are given in Table 9. Crystals were
mounted in an inert atmosphere under viscous oil onto a glass fibre. Low-
temperature (�123 K) data were collected on an Enraf ± Nonius CCD
area-detector diffractometer (MoKa radiation, l 0.71073 �, frames com-
prised 1.08 increments in f and w yielding a sphere of data) with
proprietary software (Nonius B.V., 1998). Corrections for absorption (face-
indexed gaussian or empirical[50]) were applied as indicated. Each data set
was merged (Rint as quoted) to N unique reflections; the structures were
solved by conventional methods and refined with anisotropic thermal
parameter forms for the non-hydrogen atoms by full-matrix least-squares
on all F 2 data by using SHELX 97 software package.[51] Hydrogen atoms
were included in calculated positions and allowed to ride on the parent
carbon atom with isotropic thermal parameters. 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-150805 to CCDC-150811. 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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Single-Ion versus Dipolar Origin of the Magnetic Anisotropy
in Iron(iii)-Oxo Clusters: A Case Study


Gian Luca Abbati,[b] Louis-Claude Brunel,[c] Helene Casalta,[d] Andrea Cornia,[b]


Antonio C. Fabretti,[b] Dante Gatteschi,*[a] Aia K. Hassan,[c] Aloysius G. M. Jansen,[e]


Anna Lisa Maniero,[c] Luca Pardi,[f] Carley Paulsen,[g] and Ulderico Segre[b]


Abstract: A multitechnique approach
has allowed the first experimental deter-
mination of single-ion anisotropies in a
large iron(iii)-oxo cluster, namely [Na-
Fe6(OCH3)12(pmdbm)6]ClO4 (1) in
which Hpmdbm� 1,3-bis(4-methoxy-
phenyl)-1,3-propanedione. High-fre-
quency EPR (HF-EPR), bulk suscepti-
bility measurements, and high-field can-
tilever torque magnetometry (HF-
CTM) have been applied to iron-doped
samples of an isomorphous hexagal-
lium(iii) cluster [NaGa6(OCH3)12-
(pmdbm)6]ClO4, whose synthesis and
X-ray structure are also presented. HF-
EPR at 240 GHz and susceptibility data
have shown that the iron(iii) ions have a
hard-axis type anisotropy with DFe�
0.43(1) cmÿ1 and EFe� 0.066(3) cmÿ1 in
the zero-field splitting (ZFS) Hamiltonian
H�DFe[S2


zÿ S(S� 1)/3]� EFe[S2
xÿ S2


y].


HF-CTM at 0.4 K has then been used to
establish the orientation of the ZFS
tensors with respect to the unique mo-
lecular axis of the cluster, Z. The hard
magnetic axes of the iron(iii) ions are
found to be almost perpendicular to Z,
so that the anisotropic components pro-
jected onto Z are negative, DFe(ZZ)�
ÿ0.164(4) cmÿ1. Due to the dominant
antiferromagnetic coupling, a negative
DFe(ZZ) value determines a hard-axis
molecular anisotropy in 1, as experi-
mentally observed. By adding point-
dipolar interactions between iron(iii)
spins, the calculated ZFS parameter of
the triplet state, D1� 4.70(9) cmÿ1, is in


excellent agreement with that deter-
mined by inelastic neutron scattering
experiments at 2 K, D1� 4.57(2) cmÿ1.
Iron-doped samples of a structurally
related compound, the dimer
[Ga2(OCH3)2(dbm)4] (Hdbm� diben-
zoylmethane), have also been investi-
gated by HF-EPR at 525 GHz. The
single-ion anisotropy is of the hard-axis
type as well, but the DFe parameter is
significantly larger [DFe� 0.770(3) cmÿ1,
EFe� 0.090(3) cmÿ1] . We conclude that,
although the ZFS tensors depend very
unpredictably on the coordination envi-
ronment of the metal ions, single-ion
terms can contribute significantly to the
magnetic anisotropy of iron(iii)-oxo
clusters, which are currently investigated
as single-molecule magnets.


Keywords: cluster compounds ´
EPR spectroscopy ´ gallium ´ iron
´ magnetic properties


Introduction


Magnetic anisotropy studies have proven to be an invaluable
tool for investigating the electronic structure of transition
metal and rare earth compounds.[1] However, the experimen-


tal determination of magnetic anisotropy has been a difficult
problem and indeed accurate investigations of magnetic
anisotropy are relatively rare. Things have begun to change
in the last few years, because new much more powerful
experimental techniques have become available, such as high-
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field cantilever torque magnetometry (HF-CTM),[2] micro-
SQUID arrays,[3] and high-frequency EPR (HF-EPR).[4]


Further interest in magnetic anisotropy has increased with
the development of molecular magnets; this requires deep
understanding of magnetic anisotropy to control the proper-
ties of the new materials.[5] A clear example of the importance
of magnetic anisotropy in molecular magnetism is provided by
the so-called single-molecule magnets (SMM).[6] The SMM
behavior was first discovered in a mixed-valence manganese
cluster, [Mn12O12(CH3COO)16(H2O)4] (Mn12),[7] and subse-
quently in many other molecular clusters that contain iron,[8, 9]


manganese,[10, 11] and vanadium ions.[12] It is characterized by
an exceedingly slow paramagnetic relaxation at low temper-
ature, with a relaxation time of the magnetization which is as
long as two months in Mn12 at 2 K. As a result, these
molecules have a magnetic hysteresis cycle similar to that
observed in bulk magnets and can in principle be used for
practical applications, like information storage at the molec-
ular level or quantum computing. At the origin of the
interesting behavior is a large easy-axis magnetic anisotropy
and a large energy barrier that must be overcome for the
reversal of the magnetic moment. The energy barrier is about


60 K in Mn12, so that SMM behavior is observed only below
liquid helium temperature. It is apparent that the synthesis of
new molecular clusters which may behave as SMMs at higher
temperatures would represent a tremendous breakthrough in
this area. This proves to be a formidable task since it requires
a strict control, at the synthetic level, of both the spin of the
ground state and the magnetic anisotropy. Up to now, several
clusters with a large S value (up to 51/2) have been assembled
by a proper choice of the interacting metal ions and of the
bridging ligands, but most of them are characterized by a
highly symmetrical structure, which is expected to lead to a
small ground-state zero-field splitting (ZFS) and, consequent-
ly, to a small energy barrier.[13] Hence, it is now becoming
increasingly clear that any nonserendipitous progress in this
area requires a more fundamental understanding of the origin
and structural dependence of magnetic anisotropy.[4]


In many molecular clusters the anisotropy is magneto-
crystalline in nature, that is, it is associated with the ZFS of the
total spin states. In the case of strongly anisotropic metal ions,
like Jahn ± Teller distorted high-spin manganese(iii) (S� 2),
single-ion terms are likely to provide a leading contribution to
magnetic anisotropy.[14] It is now generally accepted that the
large Ising-type anisotropy of Mn12 is indeed due to the single-
ion contribution.[6b, 11g,h] In the case of weakly-anisotropic
metal ions, like high-spin iron(iii) (S� 5/2), the situation
becomes more complicated because single-ion and dipolar
contributions are expected to have a comparable magni-
tude.[4, 8, 9a] In principle, additional terms arising from ex-
change anisotropy are expected, although they should be
small due to the essentially isotropic g factor of the iron(iii)
ions. Since an increasing number of iron(iii)-oxo clusters have
SMM behavior,[8] we have undertaken an extensive exper-
imental study on the origin of magnetic anisotropy in a model
iron(iii) cluster, [NaFe6(OCH3)12(pmdbm)6]ClO4 (1), in which
Hpmdbm� 1,3-bis(4-methoxyphenyl)-1,3-propanedione. This
compound has an S� 0 ground state and was chosen for its
particularly appealing molecular structure, which contains six
crystallographically equivalent iron(iii) ions.[15] The first-
excited triplet state (S� 1) becomes the ground state in the
presence of strong magnetic fields and its ZFS parameter has
been experimentally determined.[16] The dipolar interaction
alone is not enough to justify the observed ZFS, suggesting
that single-ion contributions may be important. On the other
hand, in other antiferromagnetic rings the ZFS of the excited
spin multiplets with S> 0 has been shown to be almost
perfectly justified by dipolar interactions alone.[16] Therefore a
deeper understanding of the factors affecting the single-ion
contribution to the magnetic anisotropy in iron(iii) ions is
needed.


In order to obtain direct information on the single-ion
iron(iii) anisotropy it is necessary to have the metal ions
magnetically isolated in an environment which is as similar as
possible to that of the iron in the magnetic cluster. The
strategy we followed was that of synthesizing a diamagnetic
hexagallium(iii) cluster, [NaGa6(OCH3)12(pmdbm)6]ClO4 (2),
which is isomorphous to 1, and a dinuclear compound
[Ga2(OCH3)2(dbm)4] (3) (Hdbm� dibenzoylmethane). At
low iron(iii) doping content isolated paramagnetic ions in a
diamagnetic host are present, and the single-ion anisotropy


Abstract in Italian: Le anisotropie magnetiche di singolo ione
in un cluster di ferro(iii)-oxo ad elevata nuclearità, [Na-
Fe6(OCH3)12(pmdbm)6]ClO4 (1) dove Hpmdbm� 1,3-bis(4-
metossifenil)-1,3-propandione, sono state determinate speri-
mentalmente per la prima volta. Spettri EPR ad Alta Frequen-
za (HF-EPR), misure di suscettività e di momento torcente in
campi elevati (HF-CTM) sono stati eseguiti su un cluster
isomorfo di gallio(iii) drogato con ioni ferro(iii), [Na-
Ga6(OCH3)12(pmdbm)6]ClO4, di cui riportiamo la sintesi e la
struttura ai raggi-X. I dati HF-EPR a 240 GHz e le misure di
suscettività hanno rivelato un�anisotropia di tipo hard-axis per
gli ioni ferro(iii), con DFe� 0.43(1) cmÿ1 e EFe� 0.066(3)
nell�hamiltoniano di zero-field splitting (ZFS) H�DFe[S2


zÿ
S(S � 1)/3] � EFe[S2


xÿ S2
y]. Le misure di HF-CTM a 0.4 K


hanno permesso di determinare l�orientazione dei tensori di
ZFS rispetto all�asse unico del cluster, Z. Gli assi z degli ioni
ferro(iii) sono diretti pressoch� perpendicolarmente a Z
cosicch� le componenti di ZFS proiettate lungo Z sono
negative, DFe(ZZ)�ÿ0.164(4) cmÿ1. A causa delle interazioni
antiferromagnetiche tra centri metallici, il segno negativo di
DFe(ZZ) determina un�anisotropia molecolare di tipo hard-
axis in 1, come osservato sperimentalmente. Il parametro di
ZFS per lo stato di tripletto, D1� 4.70(9) cmÿ1, calcolato
aggiungendo i contributi dipolari ai termini di singolo ione,
risulta in eccellente accordo con il valore misurato mediante lo
Scattering Inelastico di Neutroni a 2 K, D1� 4.57(2) cmÿ1. Le
anisotropie di singolo ione possono dunque contribuire in
modo significativo all�anisotropia magnetica dei nanomagneti
molecolari a base di cluster ferro(iii)-oxo. I tensori di ZFS sono
tuttavia alquanto sensibili a piccole differenze nell�intorno di
coordinazione degli ioni ferro(iii), come mostrano studi HF-
EPR a 525 GHz su campioni drogati del dimero
[Ga2(OCH3)2(dbm)4] [Hdbm� dibenzoilmetano, DFe�
0.770(3) cmÿ1, EFe� 0.090(3) cmÿ1].
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can be directly measured by using HF-EPR, bulk suscepti-
bility measurements, and HF-CTM on single crystals. The
experimental strategy herein presented, combined with the
results of inelastic neutron scattering (INS) experiments on
the magnetic hexairon(iii) compound 1, has provided for the
first time a complete picture of the different anisotropic
contributions in a large iron(iii)-oxo cluster, and we wish to
present it here as a case study.


Results and Discussion


Synthesis : The reaction of transition metal salts with alkali
metal alkoxides and b-diketones has been extensively used for
assembling large magnetic clusters.[17] The alkali-metal salt is
typically a Li, Na, or K methoxide and often plays a crucial
role in the synthesis. On one hand, the alkoxide ligands are
very effective in promoting the aggregation of the metal-oxo
core, which is held together by bridging ROÿ groups. On the
other hand, the alkali-metal cation may drive the core
formation by acting as a template.[17a,b] This subtle effect is
apparent in the case of ringlike clusters such as [Na-
Fe6(OCH3)12(pmdbm)6]ClO4 (1)[15, 17c] and the isostructural
manganese(iii) species,[17d] which invariably encapsulate an Li
or Na ion. In this work, we have used this synthetic technique
to prepare taylor-made di- and hexagallium(iii) clusters
isostructural to iron(iii) compounds previously reported.[15, 18]


The synthesis of [NaGa6(OCH3)12(pmdbm)6]ClO4 (2) and
[Ga2(OCH3)2(dbm)4] (3) was accomplished by reacting anhy-
drous gallium(iii) chloride with stoichiometric amounts of
Hpmdbm or Hdbm and an alkali-metal methoxide in
anhydrous methanol [see Eqs. (1) and (2)]. This procedure
led to extensive precipitation of a white flocculent solid, which
could be recrystallized from chloroform/methanol mixtures.
Considerably less soluble precipitates were obtained by using
reagent-grade methanol, probably due to the partial forma-
tion of gallium(iii)-oxohydroxides.


6GaCl3 � 6 Hpmdbm � 18NaOCH3 � NaClO4 ÿ!
[NaGa6(OCH3)12(pmdbm)6]ClO4 (2)� 6CH3OH � 18NaCl


(1)


2GaCl3 � 4 Hdbm � 6 NaOCH3 ÿ!
[Ga2(OCH3)2(dbm)4] (3) � 4CH3OH � 6NaCl


(2)


Dry crystals of 2 undergo rapid solvent loss. Furthermore, in
the solid state 2 is very sensitive to moisture even in the
presence of the mother liquid, but it can be stored unaltered
for several months in a sealed vessel at 5 8C. By contrast, the
crystals of 3, like those of the isomorphous iron(iii) complex
[Fe2(OCH3)2(dbm)4] (4),[18] are air stable.


Iron(iii)-doped samples of both di- and hexagallium(iii)
clusters were prepared by using a mixture of gallium(iii) and
iron(iii) chlorides in the synthesis. The optimal Fe/Ga molar
ratio (p) was determined by modelling isomorphic substitu-
tions as independent events, so that the mole fraction of the
GanÿmFem species (Pnm with n and m integer) follows binomial
distribution [Eq. (3)]


Pnm�
n!


m!�nÿm�! pm(1ÿp)nÿm (3)


In Figure 1 we plot the mole fraction of mono- (� Pn1) and
polysubstituted (� 1ÿPn0ÿPn1) species for n� 2 (dimer) and
6 (hexamer). The values p� 0.1 (for n� 2) and 0.02 (for n� 6)
were chosen so as to have Pn1/(1ÿPn0ÿPn1) �20, that is, a
high ratio between mono- and polysubstituted clusters. Notice
that under these conditions about 10 and 20 % of the clusters,
respectively, are magnetic as they contain at least one iron ion.


Figure 1. Mole fraction of mono- (Pn1) and polysubstituted (1ÿPn0ÿPn1)
species for the doped dimer (n� 2) and hexamer (n� 6) as a function of the
Fe/Ga molar ratio, p.


Crystal structures : Complexes 2 and 3 form colorless molec-
ular crystals that are isomorphous to those of the correspond-
ing iron(iii) compounds. Accurate unit cell parameters and
other experimental details are reported in Table 1. The


Table 1. Crystallographic data for compounds 2 and 3.


2 3


formula C120H132Ga6O40NaCl19
[a] C62H50Ga2O10


Mr 3329.12[a] 1094.46
crystal system trigonal triclinic
space group[b] R3Å P1Å


a [�] 28.073(4) 9.6251(8)
b [�] 28.073(4) 10.8800(10)
c [�] 16.402(4) 12.9930(10)
a [8] 90 79.980(10)
b [8] 90 87.856(8)
g [8] 120 82.470(9)
V [�3] 11195(4) 1328.2(2)
Z 3 1
T [K] 223(2) 293(2)
1calcd [gcmÿ3] 1.48[a] 1.37
m [cmÿ1] 14.84[a] 10.74
transmission (min/max) 0.76/0.87 0.75/0.76
2qmax [8] 48.0 55.0
radiation MoKa MoKa


l [�] 0.71069 0.71069
scan mode w-2q w-2q


reflections collected 6321 6339
independent reflections 3815 6069
observed reflections [I> 2 s(I)] 2643 3597
parameters 366 434
min./max. residues [e �ÿ3] ÿ 0.78/0.80 ÿ 0.31/0.29
R1(Fo)[c] 0.0639 0.0418
wR2(F 2


o�[d] 0.1697[e] 0.1030[f]


GOF[g] 1.029 0.947


[a] With x�6, y�0. [b] Ref. [40]. [c] On independent reflections with I>
2s(I); R1�S j jFo jÿ jFc j j/S jFo j . [d] On all data; wR2� [S w(F 2


o ÿF 2
c �2/


S w(Fo)4]1/2. [e] w�1/[s2(F 2
o �� (0.0859P)2� (38.8746 P)] and P�


[max(F 2
o,0)�2F 2


c ]/3. [f] w�1/[s2(F 2
o�� (0.0433P)2]; see footnote [e] for a


definition of P. [g] GOF� [S w(F 2
o ÿF 2


c �2/(nÿp)]1/2, where n is the number
of reflections used for refinement and p is the total number of parameters
refined.
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hexagallium(iii) cation in 2 (Figure 2) is virtually identical to 1,
with the six crystallographically equivalent gallium(iii) ions
defining an essentially coplanar ring (deviation:
0.0734(7) �).[15] The molecule has sixfold symmetry due to


Figure 2. Molecular structure of the hexagallium(iii) cation in 2. Hydrogen
atoms are omitted for clarity.


the presence of a crystallographic S6 axis passing through the
central sodium atom and perpendicular to the average
molecular plane. Selected geometric parameters of 1 and 2
are compared in Table 2. Both the distance between nearest-
neighboring metal ions and the ring size, defined as the
M ´ ´ ´ Mc separation, are smaller in the gallium(iii) compound
by 0.0736(9) � and 0.147(1) �, respectively. Noticeably, the
M ´ ´ ´ Ma ´ ´ ´ Mb angles are identical in the two cases. Corre-
sponding MÿO bond lengths are also invariably smaller in 2
by 0.02 ± 0.04 �, while O-M-O and M-O-M angles deviate by
less than 2.18 in the two species, with the exception of O4-M-
O3 which is significantly more acute in 1 than in 2 (85.8(1)8 vs
89.77(16)8). The above described structural differences are
evidently associated with the smaller ionic radius of galli-
um(iii) with respect to high-spin iron(iii) (0.62 vs 0.64 �).


The molecular structure of the digallium(iii) complex 3
(Figure 3) is centrosymmetric and identical to that observed
in the iron(iii) compound (4).[18] Selected geometric parame-
ters of 3 and 4 are compared in Table 3. The M ´ ´ ´ M'
separation is smaller in the gallium complex by 0.074(12) �,
while the average MÿO bond length decreases from
1.997(13) � in 4 to 1.957(17) � in 3. The M-O1-M angles
are equal to each other within experimental error.


To our knowledge, the six-membered cyclic structure of 2 is
unprecedented among oxo-bridged gallium(iii) clusters.
These include the trimeric m3-oxo-centered carboxylate
[Ga3(O)(O2CPh)6(4-Me-py)3]� ,[19a] the tetranuclear complex
[Ga4(OH)6(3-tBu-Hpz)10]6� with a ªbutterflyº core,[19b] and
the octagallium(iii) cluster [Ga8(pz)12O4Cl4] (Hpz�


Figure 3. Molecular structure of the digallium(iii) complex 3. Hydrogen
atoms are omitted for clarity.


pyrazole).[20] In the latter, four penta-coordinated gallium(iii)
ions are connected to an inner Ga4O4 cubane core through m4-
oxo and pyrazolato bridges.


By contrast, the {Ga2O2} core of 3 is a recurrent structural
motif in gallium coordination chemistry and has been
observed in various hydroxo-,[21a,b] alkoxo-,[21c±f] and alkylper-
oxo-bridged[21g] complexes. The metal can be either in a
tetrahedral[21c,f,g] or octahedral[21a,b,d,e] coordination environ-
ment. The Ga-O1-Ga' and O1'-Ga-O1 angles observed in 3


Table 2. Selected interatomic distances [�] and angles [8] for 1 and 2.[a]


1 (M�Fe) 2 (M�Ga)


M ´´´ Ma 3.2152(5) 3.1416(7)
M ´´´ Mb 5.5627(9) 5.435(13)
M ´´´ Mc 6.425(1) 6.278(14)
MÿO1 2.023(3) 1.980(4)
MÿO1a 2.041(3) 2.019(4)
MÿO2 2.000(4) 1.971(4)
MÿO2a 2.014(3) 1.973(4)
MÿO3 2.001(3) 1.966(4)
MÿO4 1.982(3) 1.956(4)
NaÿO1 2.352(1) 2.290(4)
M ´´´ Ma ´´ ´ Mb 119.781(4) 119.782(4)
O2-M-O1 74.8(1) 75.85(15)
O2a-M-O1a 74.1(1) 74.91(15)
O3-M-O1 89.0(1) 87.28(16)
O4-M-O1a 93.8(2) 91.73(15)
O3-M-O2 101.6(2) 100.68(16)
O4-M-O2 94.4(1) 93.94(16)
O4-M-O3 85.8(1) 89.77(16)
O2a-M-O1 97.2(2) 96.29(16)
O2-M-O1a 90.9(1) 90.62(15)
O3-M-O2a 93.4(2) 93.58(16)
O4-M-O2a 95.2(2) 94.85(16)
O1-M-O1a 93.8(2) 93.4(2)
O4-M-O1 166.8(1) 168.63(16)
O3-M-O1a 167.4(1) 168.48(16)
O2-M-O2a 162.7(2) 163.26(19)
O1-Na-O1a 78.2(1) 78.88(12)
O1-Na-O1b 101.8(1) 101.11(12)
M-O1a-Ma 104.6(2) 103.55(17)
M-O2a-Ma 106.5(2) 105.61(18)


[a] Superscripts are used for symmetry-equivalent atoms [Xa� S1
6 (X),


Xb� S2
6 (X), etc.].
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(101.93(9) and 78.07(9)8 respectively, see Table 3) are equal,
within experimental error, to those reported for [Ga2(OR)2-
(tBu)2][21c] (101.7(1) and 78.3(1)8 respectively, R� tBu or Ph)
and [Ga2(OCH3)2(ang)2][21d] (101.6(3) and 78.4(3)8 respective-
ly, H2ang� anguibactin); this points to a remarkable insensi-
tivity of the geometry of the {Ga2O2} ring with respect to the
coordination number of the metal (four and six, respectively).


DC-SQUID magnetic measurements : Microcrystalline sam-
ples of [NaGa6ÿzFez(OCH3)12(pmdbm)6]ClO4 (2-doped) were
characterized by magnetization measurements at 2.8 ± 20 K
with applied fields in the range 0.3 ± 4.0 T. The susceptibility
data are reported in Figure 4 as a function of temperature for


Figure 4. Magnetic susceptibility of 2-doped as a function of temperature
at 0.3 T (&), 1.0 T (*), 2.0 T (*), 3.0 T (&) and 4.0 T (!). The best-fit curves
are also shown (see text for details).


five different magnetic field values. The cT product at 20 K
(ca. 0.45 emu K molÿ1) is only a small fraction of that expected
for an isolated S� 5/2 spin (4.38 emu K molÿ1 with g� 2.00).
As shown by the solid curves, the magnetic susceptibility data
can be nicely reproduced assuming 0.1002(3) mol of isolated
S� 5/2 spins per mole of cluster. The resulting iron content


(0.17 % w/w) is identical to that determined by elemental
analysis. Also, a 0.0167 mole fraction of Fe atoms is calculated
which is very close to that used in the synthesis (0.02). These
data confirm that the iron(iii) ions are well diluted in the
diamagnetic matrix and indicate that, neglecting polysubsti-
tuted species, about 10 % of the clusters contain one iron
atom. Additional magnetic measurements in the temperature
range 0.27 ± 6.9 K were performed in order to attempt a first-
hand estimate of single-ion anisotropies. The data collected
with an applied field of 0.0255 T are reported in Figure 5 as a


Figure 5. cT product of 2-doped as a function of temperature at 0.0255 T.
The inset shows a cT versus 1/T plot. Calculated curves for DFe� 0.45 cmÿ1


(solid) and DFe�ÿ0.42 cmÿ1 (dashed), which provide the best fit to the
experimetal cT versus T data, are also shown.


cT versus T plot. Due to the very low applied field, the smooth
decrease of the cT product at the lowest temperatures cannot
be due to saturation effects, but rather to ZFS of the S� 5/2
state. ZFS effects were modeled by using a second-order spin
Hamiltonian, given in general form by Equation (4):


H� mBS ´ g ´ B � DFe[S2
zÿS(S � 1)/3] � EFe[S2


xÿ S2
y] (4)


In Equation (4), the axes of the local coordinate frame xyz
(lower case) are chosen along the principal directions of the
iron(iii) ZFS tensor. For the sake of simplicity, in the analysis
of susceptibility measurements we assumed axial symmetry
(EFe� 0) and an isotropic g� 2.00, and we treated DFe and an
overall scale factor as adjustable parameters. The experimen-
tal data provide strong evidence for a hard-axis anisotropy,
with DFe� 0.42(2) cmÿ1. The reported uncertainty of the DFe


value mainly reflects the slightly different results obtained by
using different fitting procedures (for instance, fitting c or cT).
A negative DFe parameter invariably yielded a much worse fit,
especially in the low-temperature region, as can be clearly
appreciated by plotting cT against 1/T (inset in Figure 5).


High-frequency EPR (HF-EPR) spectra : A more detailed
investigation of single-ion anisotropies in 2-doped was based
on HF-EPR spectroscopy. HF-EPR represents an unrivaled
technique for investigating the ZFS in paramagnetic transi-
tion metal complexes, with recent outstanding results in the
field of high-spin molecules.[4, 9a, 10a,b,g,h, 11f] Compared to mag-
netometry techniques it provides information on the local
environment of the metal ions, rather than a crystal average.
For an S� 5/2 with an axial ZFS (EFe/DFe� 0) ten allowed
transitions are expected, while for a rhombic system
(EFe/DFe=0) fifteen transitions are predicted. In a powder


Table 3. Selected interatomic distances [�] and angles [8] for 3 and 4.[a]


3 (M�Ga) 4 (M�Fe)


M ´´´ M' 3.0132(7) 3.087(1)
M-O1 1.9309(19) 1.978(3)
M-O1' 1.9482(19) 1.995(3)
M-O2 1.9677(19) 2.007(4)
M-O3 1.978(2) 2.007(4)
M-O4 1.9683(18) 2.007(3)
M-O5 1.950(2) 1.986(4)
M'-O1-M 101.93(9) 102.0(2)
O4-M-O1 91.63(8) 90.8(1)
O4-M-O1' 97.33(8) 100.8(1)
O4-M-O5 89.21(8) 86.5(1)
O4-M-O2 171.96(8) 168.7(1)
O3-M-O1 95.79(9) 95.8(2)
O5-M-O3 92.98(9) 93.5(2)
O1'-M-O2 89.87(8) 89.2(1)
O1'-M-O1 78.07(9) 80.0(2)
O5-M-O1 171.24(8) 170.1(2)
O2-M-O1 93.36(8) 96.5(1)
O5-M-O2 86.82(9) 87.7(2)
O3-M-O4 84.47(8) 85.2(2)
O3-M-O2 88.76(8) 85.5(1)
O1'-M-O5 93.17(8) 93.1(1)
O1'-M-O3 173.61(8) 171.4(2)


[a] Primed atoms are related to unprimed ones by an inversion center.
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spectrum the features observed are those relative to the
allowed transitions along the ZFS principal axes (x, y, z) and
the out-of-axis turning points, for which the magnetic field lies
within a principal plane. In Figure 6 we report the spectra


Figure 6. Experimental (bold curve) and calculated (standard curve) HF-
EPR spectrum of 2-doped at 240 GHz and 15 K. The sharp signal in the
experimental spectrum is due to DPPH (DPPH� 2,2-diphenyl-1-picrylhy-
drazyl). The region around g� 2 is shown in more detail in the inset.


recorded on a microcrystalline sample of 2-doped at 240 GHz
and 15 K. At this frequency, the free-electron resonance (g�
2.0023) is observed at about 8.56 T, as shown by the sharp
DPPH signal. The spectrum is dominated by a multiplet
centered at 8.6 T, with weaker resonances at 7.24 and 7.90 T
(marked with an asterisk) and, possibly, very weak bands at
about 8.22 and 9.20 T. The resonance pattern at g �2 (see
Figure 6, inset) is typical for the MS��1/2>ÿ 1/2 transitions
of a half-integer spin system with S> 1/2 and moderate
rhombic distortion. In the case of chromium(iii)-doped
YAlO3, for instance, the z, x, and y components of the MS�
�1/2>ÿ 1/2 transition are observed around g� 2, while two
characteristic off-axis lines appear at higher magnetic field
values.[22] The strong peaks at 8.62 and 8.69 T (marked with an
asterisk in the inset of Figure 6) are most probably due to off-
axis resonances. For a quantitative analysis of the spectra, we
observed that the lines at 7.24, 7.90, and 9.22 T and the g� 2
resonance are evenly spaced in magnetic field by DB� 0.66 T,
as typically observed for ªcanonicalº peaks of the z, x, and y
components of ZFS. In the limit of a dominant Zeeman term,
as is usually the case with HF-EPR, the field spacing DBx,y,z is
related to the DFe and EFe parameters by the Equations (5 a) ±
(5 c):


gmBDBx�DFeÿ 3 EFe (5a)


gmBDBy�DFe � 3EFe (5b)


gmBDBz� 2 DFe (5c)


Assuming g� 2.003 and DFe� 0.42 cmÿ1, as determined by
susceptibility measurements, the observed line pattern must
be assigned to the x or y components of ZFS, since a larger
spacing would be expected for z transitions (DBz� 0.90 cmÿ1).
Consequently, the absolute value of the rhombic ZFS
parameter is jEFe j� (gmBDBÿDFe)/3� 0.066 cmÿ1. Notice
that the actual sign of EFe depends on the particular assign-
ment of the observed resonances to x or y transitions and
cannot be determined from powder spectra. Numerical


simulation of the spectra in the parameter range DFe� 0.3 ±
0.6 cmÿ1 and 0�EFe/DFe� 1/3 confirmed these conclusions,
yielding DFe� 0.43(1) cmÿ1 and EFe� 0.066(3) as best-fit
parameters with isotropic g� 2.003. Notice that the multiplet
at g �2 is nicely reproduced, as shown in Figure 6 (inset).
However, it is apparent that the z and x components of the
transitions other than MS��1/2>ÿ 1/2 cannot be resolved
in the spectra. Since the trigonal crystal axis is an easy
magnetic direction (see next section), the intensity of the z
and x lines is presumably reduced beyond detection by partial
orientation of the crystallites in the applied magnetic field.
Furthermore, the modulation of ZFS parameters arising from
strain effects is known to provide a broadening mechanism for
the EPR lines lying at the extremes of the spectrum.[4]


The HF-EPR spectra of [Ga2ÿzFez(OCH3)2(dbm)4] (3-
doped) at 525 GHz and two different temperatures are shown
in Figure 7. The spectra are typical of a high-spin ferric ion in


Figure 7. HF-EPR spectra of 3-doped at 525 GHz and different temper-
atures. a) and c) are the experimental spectra at 30 K and 5 K respectively,
while b) and d) are the corresponding calculated spectra (see text).


octahedral environment with dominant ZFS. The experimen-
tal 30 K spectrum shown in Figure 7a displays at least
15 transitions; this indicates that the EFe/DFe ratio must be
different from zero. The low-temperature spectrum, shown in
Figure 7c, shows three signals coming from the transition
between the ground multiplet and the first excited state along
the three principal directions of the ZFS as labeled in
Figure 7c. The observed spectra were successfully simulated
using the spin Hamiltonian in Equation (4) with the following
parameters: DFe� 0.770(3) cmÿ1, EFe� 0.090(3), gk � 2.000
and g?� 2.003. The calculated spectra at 30 K and 5 K are
reported in Figure 7b and 7d, respectively. The location of the
transitions in the field is quite well reproduced although some
of the features have a linewidth that is not satisfactorily
reproduced. As already pointed out above this can be due to
an incomplete model of the linewidth anisotropy or to the
effect of higher order terms in the Hamiltonian.


The axial ZFS parameters in 2-doped and 3-doped are
located above the upper limit in the series made up of
octahedral ferric complexes with a FeO6 chromophore.[23] In
Table 4 we collect the results of EPR investigations on
octahedral complexes with b-diketonate ligands, including 2-
doped and 3-doped. Tris-diketonate complexes have smaller
DFe values and larger rhombic distortions with respect to the
remaining compounds. The iron(iii) ions in both 2-doped and
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3-doped have a positive DFe, with a larger rhombic component
in the former compound.


High-field cantilever torque magnetometry (HF-CTM): Ad-
ditional experiments on single crystals were performed by
HF-CTM in fields up to 10 T. This technique has been recently
used to investigate the electronic structure of large magnetic
clusters, such as Mn12


[2a,b] and ringlike antiferromagnets.[16, 24]


We show herein that the exceedingly high sensitivity of this
macroscopic technique allows us to investigate magnetically
diluted samples as well. CTM measures the magnetic torque
t�M�B, which acts on a magnetically-anisotropic sample in
a homogeneous magnetic field B (M is the magnetization of
the sample). Cantilevers are usually sensitive to one compo-
nent of the torque vector only, that is, that responsible for
cantilever flexion. In the experimental setup of Figure 8, for


Figure 8. a) Experimental setup used in the torque experiments, with the
crystal coordinate frame XYZ. The device measures the Y component of
the torque (tY). The q angle can be varied by rotating the torquemeter
around Y. b) View of a Ga5Fe molecule in 2-doped. The coordinate system
XYZ has the Z direction along the trigonal molecular axis, and the X and Y
axes arbitrarily directed in the molecular plane. Atom: large empty
spheres�Ga, black sphere�Fe, shaded sphere�Na, small hatched
spheres�O, small empty spheres�C. Hydrogen atoms and pmdbm
ligands are omitted for clarity.


instance, cantilever deflection is due to tY and provides
information on the magnetic anisotropy in the XZ plane.
Notice that upper-case XYZ denotes the crystal coordinate
system, while lower-case xyz is used for the local coordinate
frame of the iron(iii) ions [see Eq. (4)]. In capacitive
torquemeters, magnetic torque is actually measured from
the capacitance change (DC�C0ÿCB) of the device upon
application of the magnetic field.


Due to the low iron content and to the very small size of the
crystals, we assembled an array of about 80 individual crystals
with collinear unique axes (within 58), but disordered
azimuthal angles. The sample size turned out to be sufficient
to obtain an excellent signal-to-noise ratio. In Figure 9 we plot


Figure 9. Torque data recorded on 2-doped at 0.38(1) K for different q


angles as a function of applied field. Each curve is labelled with the
corresponding q value. Best-fit curves are also shown (see text for details).


DC against B curves recorded at 0.38(1) K for different
sample orientations, as described by the angle q between the
magnetic field and the unique crystal axis, Z (Figure 8a). For
all the explored q values, the signal increases rapidly with
increasing field and approaches a saturation value in high
fields, as expected for a paramagnetic substance in a
homogeneous magnetic field.[16b] Furthermore, the signal
intensity is strongly modulated by the sample orientation.
More precisely, the torque signal has a maximum for q� 458
and vanishes for q� 08 or 908, that is, when the magnetic field
is directed along one of the principal crystallographic
directions. The sign of DC can be immediately used to
distinguish between an easy-axis or a hard-axis magnetic
anisotropy. Since we found DC> 0 (i.e. CB<C0), it follows
from Figure 8a that the sample tends to rotate so as to bring
the sixfold cluster axis along the applied magnetic field.
Consequently, the trigonal axis (Z) is an easy magnetic
direction in the doped single crystal; this means that the
dopant iron(iii) ions must have negative ZFS components
along Z. We now turn to a quantitative analysis of torque data
by first examining the low-field region in Figure 9. For an axial
easy-axis paramagnet a low-field peak is expected in the tY


against B curves at q� 908, as recently observed in Mn12.[2a]


Similarly, for a hard-axis paramagnet a torque peak should be
present at q� 08. A qualitatively similar behavior is predicted
in the presence of rhombic distortion provided that the
magnetic field is applied perpendicular to an easy direction in
the XZ plane. The set of experimental curves in Figure 9
shows no peak in the torque signal for q close to 08 or 908. As
will be shown hereafter, this feature is closely related to
averaging effects and can be exploited to determine the
orientation of the local fine-structure tensors. In fact due to
the sixfold crystal symmetry the iron dopant will be evenly
distributed among the six equivalent sites, so that the
magnetic response of each doped crystal will be determined
by six overlapping contributions. Furthermore, the completely
disordered azimuthal angles of the crystals in the sample
introduce additional averaging effects over a macroscopic


Table 4. Spin Hamiltonian parameters in some high-spin iron(iii) com-
plexes.


DFe [cmÿ1] jEFe j [cmÿ1] jEFe/DFe j Ref.


[Fe(acac)3][a] � 0.16 0.048 0.30 [41]
[Fe(dpm)3][b] ÿ 0.18 0.045 0.25 [9a]
2-doped 0.43(1) 0.066(3) 0.15 this work
3-doped 0.770(3) 0.090(3) 0.12 this work


[a] Hacac� acetylacetone. [b] Hdpm� dipivaloylmethane.
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scale. Both effects can be accounted for by considering an
ensemble of anisotropic S� 5/2 paramagnets with the same
DFe, Efe, and g values but different orientation of the ZFS
tensor, as described by the Eulerian angles a, b, and g.[25]


These angles are defined in Figure 10. As usual, a and b


Figure 10. Eulerian angles used to describe the orientation of the ZFS-
tensor. The x' and y' axes lie in the XY plane. Notice that xyz (lower case)
denotes the local coordinate frame of the iron(iii) ions, while XYZ (upper
case) is the fixed crystal frame.


correspond to the polar angles of the z axis in the fixed
coordinate frame XYZ. The g angle, which is relevant only for
EFe=0, describes the rotation of the ZFS tensor around the
local z axis and determines the orientation of the principal
axes in the plane perpendicular to z (for g� 0 the y axis lies in
the XY plane). Since Z is chosen along the sixfold molecular
axis, the sample can be modeled by an ensemble of para-
magnets related by a arbitrary rotation around Z, that is, with
identical b and g angles, but a different a angle. In general, the
low-temperature torque response of the ensemble differs
substantially from that of an isolated paramagnet and depends
strongly upon the angles b and g. We used this simple model
to simultaneously fit the seven torque curves reported in
Figure 9. The q angle for each curve was fixed at the setting
value used in the torque experiments. However, an overall
scale factor for the torque signal was refined, since an accurate
weighing of the sample was unpracticable. The DFe and EFe


parameters were fixed at the values determined by HF-EPR
(0.43(1) and 0.066(3) cmÿ1, respectively), while the Eulerian
angles b and g were treated as adjustable parameters. The
best-fit angles obtained from this procedure are b� 79.2(4)8
and g� 62(2)8.


Inelastic neutron scattering (INS) spectra : Together with HF-
EPR, INS represents a leading technique for magnetic
anisotropy investigations in molecular clusters.[24, 26, 27] In
Figure 11, we plot the neutron-scattering intensity recorded
at 2 K as a function of energy transfer on a microcrystalline
sample of 1. Under these conditions, only the fundamental
S� 0 level is populated and one can observe energy loss
transitions of the neutron. Two peaks are observed at De1�
1.520(2) meV and De2� 2.087(1) meV (1 meV �8.065 cmÿ1)
which can be described by a gaussian of the same width as the
resolution (see Experimental Section). The second peak
presents a very broad feature on the low-energy side for
which we have no explanation yet. As shown by previous
work on ring-like antiferromagnets, in which the T and Q
dependence of the spectra was also investigated,[24] the two


Figure 11. Inelastic neutron scattering intensity as a function of energy
transfer as recorded on compound 1 at 2 K. The inset shows the transitions
which are responsible for the observed absorptions.


peaks can be assigned to the transitions from the ground state
j0,0i to the split levels j1,0i and j1,� 1i of the first excited
triplet state. The triplet-singlet energy gap and the axial ZFS
of the triplet state are thus easily determined as E1� (1/3)De1�
(2/3)De2� 15.31(1) and D1�De2ÿDe1� 4.57(2) cmÿ1, respec-
tively. The same parameters previously determined by HF-
CTM at 0.45 K are E1� 15.28(1) and D1� 4.32(2) cmÿ1.[16a]


Considering that INS directly probes the zero-field spectrum
of spin levels, while HF-CTM does not, the agreement
between the two sets of spin Hamiltonian parameters can be
regarded as satisfactory.


The origin of the magnetic anisotropy : In principle, the spin
structure of the clusters in the absence of applied magnetic
fields can be described by using the spin Hamiltonian in
Equation (6):


H�Hiso � Hanis (6)


where Hanis is defined as in Equation (7):


Hanis�HFe � Hex � Hdip (7)


Hiso and Hanis represent the isotropic and anisotropic
components of the spin Hamiltonian, respectively. The
isotropic term, Hiso, is associated with exchange-coupling
interactions between spins and usually provides the leading
contribution to Equation (6). The anisotropic term Hanis is
composed of three different contributions that reflect single-
ion anisotropies (HFe) and the anisotropic components of
spin ± spin interactions. The latter can be either exchange
(Hex) or dipolar (Hdip) in nature. In principle, antisymmetric
exchange terms and hyperfine (or superhyperfine) interac-
tions with magnetic nuclei should be included in the
Hamiltonian. The former vanish when the structure is
centrosymmetric, as in 1.[28] The latter can be neglected as
far as static magnetic properties are concerned, although their
influence on the spin dynamics has been recently pointed
out.[29]


According to Equation (7), the D tensor of the triplet state
in 1 (D1) can be considered as a sum of three different terms
that reflect single-ion, dipolar, and exchange contributions
[Eq. (8)].


D1�DFe
1 � Ddip


1 � Dex
1 (8)
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Notice that all the tensors appearing in Equation (8) must
be axial and collinear owing to the symmetry of the crystal
lattice. As a consequence, one can replace each tensor with
the corresponding axial ZFS parameter, hereafter denoted as
D1, DFe


1 , Ddip
1 , and Dex


1 . At the simplest level of approximation,
the dipolar term can be calculated by using the point-dipole
model, which yields Ddip


1 � 1.16 cmÿ1.[16] The positive sign of
Ddip


1 is typical for planar clusters with dominant antiferro-
magnetic coupling. In fact, dipolar energy is minimized when
the spins lie perpendicular to the molecular plane, and this
arrangement determines a hard-axis contribution to magnetic
anisotropy.[8] Thus, dipolar interactions contribute significant-
ly to the observed ZFS in 1, although they do not represent the
leading anisotropic term. Turning now to single-ion contribu-
tions, the DFe


1 term in Equation (8) can be written as a linear
combination of the six iron(iii) fine-structure tensors, DFe(i)


[Eq. (9)]:[28]


DFe
1 �


X6


i�1


ci
1 DFe(i) (9)


Because the six iron(iii) ions are equivalent, the projection
coefficients ci


1 must be identical to each other. They can be
evaluated from a detailed knowledge of the spin functions for
the system (ci


1�ÿ12/5).[15, 24, 28] The most important conse-
quence of Equation (9) is that DFe


1 is determined only by the
ZZ component of the single-ion tensors, DFe(ZZ) (see Fig-
ure 8b), as given by Equation (10):


DFe
1 � 3�2 DFe


1 (ZZ)� 3�2
X6


i�1


ci
1 DFe(ZZ)�ÿ 108/5 DFe(ZZ) (10)


DFe(ZZ) can also be expressed as a function of the Eulerian
angles b and g [Eq. (11)]:


DFe(ZZ)�DFe(cos2bÿ 1�3) � EFe sin2bcos2g (11)


Hence, for a given set of DFe and EFe values, the DFe
1


parameter depends critically on the orientation of the DFe(i)


tensors with respect to the unique molecular axis Z. Previous
treatments have been largely based on the assumption of axial
and collinear DFe(i) tensors (b� 0), as suggested by the trigonal
distortion of the coordination environments along the cluster
axis.[15, 24] By contrast, the Eulerian angles obtained by HF-
CTM, b� 79.2(4)8 and g� 62(2)8, indicate that the hard
magnetic axes of the six iron(iii) ions are almost perpendicular
to Z. Hence the assumption of collinear tensors is completely
unrealistic for 1. Furthermore, although the DFe parameters of
the individual ions are positive, negative ZFS components are
projected along the molecular axis owing to the large b value.
The ZZ component calculated by using Equation (11) is
DFe(ZZ)�ÿ0.164(4) cmÿ1, so that DFe


1 � 3.54(9) cmÿ1 from
Equation (10). By neglecting exchange anisotropy in Equa-
tion (8) we finally find D1 �DFe


1 � Ddip
1 � 4.70(9) cmÿ1. The


latter value is within 1.5s from that determined by INS at 2 K.
Our experimental approach proves that single-ion ZFS


contributions plus magnetic interactions between point di-
poles localized on the metal centers account for virtually
100 % of the observed molecular anisotropy in 1. Both terms
contribute to the observed hard-axis anisotropy of 1, although
single-ion ZFS dominates and is responsible for about 75 % of
the triplet ZFS. Apparently, the additional terms arising from


exchange anisotropy and the corrections to the point-dipolar
model are either negligible or, less likely, cancel each other
out exactly.


Finally, we notice that the DFe(ZZ) component is invariant
upon rotation of the DFe(k) tensor around the Z axis, so that the
Eulerian a angles of the individual tensors cannot be
determined from experiment (although ak�a1� (kÿ 1)4p/3
by symmetry). Theoretical calculations are needed to clarify
which features of the coordination environment dictate the
sign and magnitude of single-ion anisotropy in high-spin
iron(iii) complexes. Recent work by Neese and Solomon[30]


has shown that subtle electronic effects, like anisotropic
covalency, charge-transfer states, and ligand spin-orbit cou-
pling, play a crucial role in determining the ZFS parameters.
These effects are clearly out of reach for simple ligand-field
approaches, like the angular overlap model,[9a, 14, 31] which are
indeed unable to account for the large ZFS parameters
observed in 2-doped and 3-doped.[32]


Conclusion


Our experiments on 2-doped were designed so as to obtain an
independent determination of single-ion contributions to the
magnetic anisotropy of a large iron(iii)-oxo cluster. A two-step
approach was devised to obtain information on the ZFS
parameters of the single ions and on the orientation of the
local anisotropy tensors with respect to the ring axis. The first
step was based on low-field magnetic susceptibility measure-
ments and HF-EPR spectra on powder samples. These
techniques are known to provide a local measurement of
single-ion properties and, as a consequence, they can be used
to determine the diagonal elements of the ZFS tensors (DFe(i)),
but not the orientation of the principal axes with respect to the
crystal axes. The second step was based on torque magneto-
metry in high magnetic field, a technique which has been
recently used to investigate spin crossover in 1 and in similar
molecular antiferromagnets. HF-CTM was used in a highly
complementary approach to obtain the orientation of the
DFe(i) tensors with respect to the unique cluster axis. Notice
that the sixfold symmetry of the cluster greatly facilitates this
kind of analysis, because the six DFe(i) tensors are all
equivalent, although not necessarily collinear. It is important
to notice that the single-ion contribution obtained from the
dinuclear species is remarkably different from that for the
hexanuclear species. If the DFe value determined for the
dinuclear species were used for calculating the ZFS of 1, the
agreement between calculated and experimental values
would have been much less satisfactory. More sophisticated
approaches, like density functional theory or Hartree ± Fock
calculations, should be employed in order to reach a deeper
understanding of which structural parameters should be
modified in order to produce the expected magnetic aniso-
tropy.[30] We plan to work in this area in the near future.
However, a clear indication that emerges from this work is
that the experimental apparatus for accurately measuring
magnetic anisotropy is now available, and it should be widely
used by all the groups interested in the characterization of
paramagnetic species.
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Experimental Section


Analytical procedures : Analytical determinations were carried out on
microcrystalline samples of all the compounds. C, H elemental analysis was
performed by using a Carlo Erba EA1110 CHNS-O automatic analyzer.
Metal-content determinations were carried out with an inductively coupled
plasma (ICP) spectrometer SPECTROD after decomposition of the
sample in a Kjeldahl flask with a sulfo-nitric acid mixture, followed by
treatment with a concentrated hydrogen peroxide solution.[33a] The samples
for chlorine determination were decomposed by alkaline fusion with
sodium peroxide.[33b] Chlorine was titrated potentiometrically as chloride
ion with a silver nitrate solution by using an AMEL titrimetric apparatus
(mod. 233 digital burette and mod. 234 titrator) interfaced with a Omni-
Scribe recorder.


Synthetic procedures : All operations were carried out with strict exclusion
of moisture, unless otherwise stated. Gallium(iii) trichloride (Aldrich,
99.99 %), iron wire (Carlo Erba, 99.99 %), sublimed iron(iii) chloride
(Carlo Erba, 99 %), sodium perchlorate (Carlo Erba), dibenzoylmethane
(Avocado), sodium metal, sodium methylate, and lithium methylate
(Fluka) were used as received. Chloroform (Fluka) was distilled from
CaCl2 shortly before use, while reagent-grade methanol (Fluka) was
carefully dried by treatment with Mg/I2 and distilled.[34] Hpmdbm was
synthesized as described elsewhere[15] and recrystallized from hot ethanol
before use. [NaFe6(OCH3)12(pmdbm)6]ClO4 (1) was prepared as previously
reported.[15] Gallium(iii) trichloride (5.23 g) was carefully dissolved in
methanol (250.0 mL) to give a 0.119m stock solution. Attention! GaCl3


reacts violently with methanol. A 0.60m methanolic solution of NaOCH3


was freshly prepared from sodium metal and methanol. The use of
sublimed FeCl3 as an iron source to synthesize 2-doped and 3-doped proved
to be satisfactory for the doped dimer only. Preliminary HF-EPR spectra of
2-doped prepared by using FeCl3 showed the characteristic six-lines
hyperfine pattern of 55Mn (I� 5/2) around g� 2. For this reason, a
0.0217m solution of iron(iii) chloride was prepared by dissolving iron wire
(0.0121 g) in a few drops of HCl/HNO3. The solution was evaporated to
dryness and the residue was redissolved in the minimum amount of HCl
(37 %). Methanol was then added to reach a 10.0 mL volume.


[NaGa6(OCH3)12(pmdbm)6]ClO4 ´ xCHCl3 ´ yCH3OH (2): Hpmdbm
(0.568 g, 2 mmol) dissolved in methanol (33.0 mL) was added to the GaCl3


stock solution (16.8 mL, 2 mmol). After 15 minutes stirring, the sodium
methoxide solution (10.0 mL, 6 mmol) was added dropwise with vigorous
stirring to give a white precipitate. The mixture was stirred for 10 minutes,
then a few more drops of the sodium methoxide solution were added until
precipitation was complete. Chloroform (60.0 mL) was then added to give a
slightly cloudy solution, which was saturated with NaClO4. Some undis-
solved material was separated by centrifugation and 2/3 of the solvent was
slowly evaporated by gentle vacuum-pumping in a desiccator over P2O5


(60 mmHg, 7 ± 9 hours). Finally, the flask was sealed and stored at 5 8C.
Upon standing overnight, a white microcrystalline solid was obtained in ca.
50% yield. The precipitate was collected by filtration and dried under
vacuum (15 min, 0.2 mm Hg). Elemental analysis calcd (%) for
C127.4H163.4Ga6O48NaCl17.2 (x� 5.4, y� 8; 3514.0): C 43.55, H 4.69, Cl 17.35,
Na 0.66; found C 43.22, H 4.20, Cl 16.74, Na 0.70.


[Ga2(OCH3)2(dbm)4] (3): Solid GaCl3 (0.176 g, 1 mmol) was dissolved in
methanol (10.0 mL). A solution of Hdbm (0.449 g, 2 mmol) and sodium
methoxide (0.162 g, 3 mmol) in methanol (15.0 mL) was added dropwise
with stirring. At the end of the addition, the white precipitate was collected
by filtration and dissolved in chloroform (40.0 mL). The solution was
layered with an equal amount of methanol. Colorless air-stable crystals
formed in 1 ± 2 days. Elemental analysis calcd (%) for C62H50Ga2O10


(1094.5): C 68.04, H 4.60; found: C 68.05, H 5.05.


[NaGa6ÿzFez(OCH3)12(pmdbm)6]ClO4 ´ xCHCl3 ´ yCH3OH (2-doped):
Hpmdbm (0.568 g, 2 mmol) was added to the sodium methoxide solution
(20.0 mL, 6 mmol). The stock solutions of gallium(iii) chloride (16.5 mL,
1.96 mmol) and iron(iii) chloride (1.85 mL, 0.04 mmol) were mixed. The b-
diketonate solution was added dropwise with stirring, whereupon the
mixture progressively turned to dark green and then reddish-brown. At
about half of the addition, a light pink precipitate started to appear. After
the addition was complete, the suspension was stirred for further
30 minutes, then chloroform (80.0 mL) was added to give a bright orange
solution. The latter was saturated with NaClO4, centrifuged to remove


some undissolved material, and concentrated to 1/2 of the initial volume by
gentle vacuum pumping. The flask was then sealed and stocked at 5 8C for
two days. The bright orange microcrystalline solid obtained was collected
by filtration and fluxed for 30 minutes with argon. Elemental analysis calcd
(%) for C122.5H145Ga5.9Fe0.1O43.5NaCl16 (x� 5, y� 3.5, z� 0.1; 3320.6): C
44.31, H 4.40, Cl 17.08, Fe 0.17; found: C 44.44, H 4.41, Cl 17.56, Fe 0.17. The
possible presence of chloride as counterion was excluded by potentiometric
titration of an acetone solution of the cluster with aqueous silver nitrate.


[Ga2ÿzFez(OCH3)2(dbm)4] (3-doped): Hdbm (1.220 g, 5.44 mmol) and
lithium methylate (0.305 g, 8.03 mmol) dissolved in methanol (50.0 mL)
were added dropwise over a 45 min period to a solution of GaCl3 (0.424 g,
2.41 mmol) and FeCl3 (0.044 g, 0.27 mmol, 10% mol) in methanol
(9.5 mL). A dark red color quickly appeared, progressively turning to
orange as the addition went on. After the addition was complete, the
mixture was stirred for three hours, and the pink-orange precipitate was
collected by filtration and washed with methanol. Recrystallization by
liquid diffusion of methanol in a chloroform solution of the compound gave
air-stable orange crystals. Elemental analysis calcd (%) for C62H50Ga1.8-
Fe0.2O10 (z� 0.2; 1091.7), C 68.21, H 4.62, Fe 1.02; found: C 68.23, H 4.62, Fe
1.05.


X-ray structure determinations : Compounds 2 and 3 crystallize in the form
of colorless prisms. The selected crystal of 2 (0.20� 0.12� 0.10 mm) was
extracted from the solution under a cold nitrogen gas stream and mounted
on the top of a quartz fiber with a small amount of vacuum grease. The tip
was quickly transferred to a Siemens P4/RA diffractometer equipped with
a LT2A low-temperature apparatus working at 223(2) K. The selected
crystal of 3 (0.24� 0.12� 0.15 mm) was glued with epoxy resin on the top of
a thin quartz fiber and transferred to an Enraf Nonius CAD-4 four-circle
diffractometer working at room temperature. The symmetry of the
reciprocal lattice in 2 and 3 was found to be consistent with Laue classes
3Å and 1Å, respectively. The systematic absences of 2 indicated R3 (no. 146)
and R3Å (no. 148) as possible space groups. Intensity data were collected by
using graphite-monochromated MoKa radiation and were corrected for
absorption (empirical) and Lp effects. The two crystal structures were
solved by direct methods with the SIR-97 program package,[35] which gave
the positions of all non-hydrogen atoms in the clusters. Atom coordinates
were found to be fully consistent with the centrosymmetric space groups R3Å


(no. 148) and P1Å (no. 2) for compounds 2 and 3, respectively. Structure
refinement was carried out on F 2 by full-matrix least-squares techniques
with SHELX-97[36] program. All hydrogen atoms in the clusters were
located in DF maps, with the exception of three methyl hydrogens of p-
OCH3 substituents in 2. These were added at calculated positions assuming
an idealized bond geometry and CÿH distances of 0.98 �. Six disordered
CHCl3 molecules per cluster were located in the crystal lattice of 2, but the
position of the perchlorate anion could not be determined. All non-
hydrogen atoms in the structures were treated anisotropically. Hydrogen
atoms in 2 were assigned B(H)� 1.5Beq(C) and 1.2 Beq(C) for aliphatic and
aromatic/methine carbon atoms, respectively. Isotropic thermal parameters
were refined for all the hydrogen atoms in 3. Crystallographic 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-150130 (2) and CCDC-150131 (3).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336033;
E-mail : deposit@ccdc.cam.ac.uk).


DC-SQUID magnetic measurements : DC susceptibility data on 2-doped in
the temperature range 2.8 ± 20 K were obtained by using a Metro-
niqueMS02 SQUID magnetometer, with applied fields of 0.3, 1.0, 2.0, 3.0,
and 4.0 T. Additional measurements from 0.27 to 6.9 K were performed in a
magnetic field of 0.0255 T by using a low-temperature high-field SQUID
magnetometer developed at the Centre des Recherches sur les TreÁs Basses
Temperatures in Grenoble (France). Magnetization versus field curves
were found to be linear up to at least 0.05 T at the lowest temperature. Raw
data typically taken on 10 ± 15 mg samples were reduced by assuming a
molecular weight of 3320.6, as indicated by elemental analysis. Corrections
for the sample holder contribution and for molecular diamagnetism
(ÿ1766� 10ÿ6 emu molÿ1 from Pascal�s constants) were also applied.


High-frequency EPR (HF-EPR) spectra : Powder HF-EPR spectra of 2-
doped were recorded on three different spectrometers in the 110 to
525 GHz range of frequencies. At the National High Magnetic Field
Laboratory in Tallahassee two HF-EPR spectrometers were used, namely
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the one with a superconducting magnet (NHMFL1) described elsewere,[37a]


which offers frequencies in the range from 110 to 550 GHz, and the
spectrometer based on the use of the resistive Keck magnet for the
525 GHz spectra (NHMFL2). Details concerning this spectrometer can be
found elsewhere.[37b] The reported 240 GHz spectra on 2-doped were
recorded at the HF-EPR facility in Pisa.[37c] The powders were ground in
presence of the mother liquid, pressed in a pellet at about 2 Mgcmÿ3, and
cooled in zero magnetic field. Using this procedure we minimized the loss
of solvent from the microcrystals and orientation phenomena. The HF-
EPR spectra of 3-doped were performed on powdered samples at the
NHMFL1 and NHMFL2 spectrometers. The loose powder was finely
ground and the resulting sample was transferred in a Teflon cup and frozen
to liquid nitrogen in zero magnetic field.


High-field cantilever torque magnetometry (HF-CTM): Torque experi-
ments were performed at the High Magnetic Field Laboratory in Grenoble
(France) by using a one-leg Cu/Be cantilever (spoon diameter: 2.5 mm; leg
length: 3 mm; leg width: 0.3 mm; thickness: 50 mm) combined with a 50 mm
spacer. The capacitance of the torquemeter was measured as DC�C0ÿCB,
where C0� 1.12 pF is the zero-field capacitance. The sensitivity of the
phase-sensitive detection of capacitance variation was 8.72 mV fFÿ1 for the
used excitation (5 kHz). The signal was integrated with a time constant
�1 s and sampled every 2 s. Temperature was measured by using a
calibrated RuO resistor and was kept constant at 0.38� 0.01 K. About
80 microcrystals of 2-doped, showing a well-developed trigonal axis and
average dimensions 0.08� 0.08� 0.16 mm, were chosen by using an optical
stereomicroscope. They were aligned on a 1.5� 1.8� 0.1 mm glass plate
and covered with the minimum amount of Fomblin� perfluorinated grease
(Ausimont). The latter was very effective in preventing solvent loss during
room-temperature operations. The glass slide was then mounted on the
cantilever surface with the unique crystal axis Z perpendicular to the
rotation axis of the goniometer. The magnetic field (0 ± 10 T) was applied
by using a superconducting magnet (T02) with constant field-sweep rate
�0.0108 Tsÿ1. Upfield and downfield runs performed at each torquemeter
orientation revealed no hysteresis effects. The maximum signal measured
corresponded to less than 1 % of the zero-field capacitance, so that a linear
cantilever response DC/ tY was assumed throughout.[2a]


Inelastic neutron scattering (INS) spectra : INS measurements were
performed with the high-energy-resolution time-of-flight spectrometer
IN5 at the Institut Laue-Langevin in Grenoble (France) with an incident
wavelenght of 5 �. The experimental resolution at zero energy transfer was
well described by a gaussian with a full-width-at-half-maximum of
0.093 meV as determined on a vanadium standard sample. Both samples
were placed in a He cryostat and measured at 2 K for an energy transfer
De� eiÿ ef ranging from ÿ1.98 to 2.44 meV. ei and ef represent the initial
and the final energy of the neutron, respectively, so that the energy transfer
is defined to be negative when energy is lost by the sample. No scattering-
angle dependence of the detected transitions was observed. Hence, we
summed up the energy spectrum over all the detector positions to increase
the counting statistics.


Computational details : HF-EPR spectra were analyzed with the aid of the
programs SIM and SIMSPC kindly provided by H. Weihe.[38] The torque
curves recorded on 2-doped were fitted by considering an ensemble of
identical S� 5/2 paramagnets whose ZFS-tensors are related by an
arbitrary rotation (a) around the molecular Z axis. Each paramagnet was
defined by the Eulerian angles a, b, and g, which describe the coordinate
rotation from XYZ to the ªlocal frameº, xyz, whose axes are taken along
the principal directions of the ZFS-tensor (see Figure 10). Magnetization
and torque were computed by diagonalizing the 6� 6 matrix representative
of Equation (4) on the j5/2,MS> basis (MS�ÿ5/2 to �5/2) and were
integrated over about 50 a values. The NAG Fortran Library Routine
E04FCF[39a] was used for data fitting, while matrix diagonalization was
performed by using the ZHEEV routine (LAPACK Linear Algebra
Package).[39b] Major calculations were carried out on a Digital Alpha 3000/
800S computer.
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Solvent-Dependent CÿOH Homolysis and Heterolysis in Electronically
Excited 9-Fluorenol: The Life and Solvation Time of the
9-Fluorenyl Cation in Water


Gagik G. Gurzadyan[a, b] and Steen Steenken*[a]


Abstract: The primary pathways of the
photodecomposition of 9-fluorenol
(FOH) were studied in polar and non-
polar solvents by use of laser flash-
photolysis with a resolution time of
10 ps. In solvents of high polarity, that
is, in 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP), 2,2,2-trifluoroethanol (TFE),
formamide or water, the fluorenyl cat-
ion, F�, forms by heterolytic CÿO bond
cleavage. In H2O, the initial (10 ps)
spectrum of F� has lmax at <460 nm.
This absorption red-shifts with t� 25 ps
to the ªclassicalº spectrum with lmax�
510 ± 515 nm. This process is assigned to


the solvation of the initial ªnakedº
cation, or rather, the contact ion pair.
The lifetime of the solvated fluorenyl
cation in H2O (or D2O) and TFE was
measured to be t� 20 ps and 1 ns, re-
spectively. In solvents of lower polarity
such as alkanes, ethers and alcohols, the
long-lived (t1/2 �1 ms) fluorenyl radical,
F. , (lmax� 500 nm) forms through ho-
molytic CÿO cleavage. In addition to the


radical and the cation, the vibrationally
relaxed excited singlet state of FOH is
seen with its absorption at �640 nm; its
lifetime is strongly dependent on the
solvent, from 10 ps for formamide to
1.7 ns for cyclohexane. The rate constant
for singlet decay increases exponentially
with the polarity of the solvent (as
expressed by the Dimroth ± Reichardt
ET value) or with the Gutmann solvent
acceptor number. The relaxation of S1 to
S0 is accompanied by homolytic C9ÿO
bond cleavage (except in HFIP, TFE,
and water, where S1 is not seen).


Keywords: carbocations ´ fluorene
´ photodissociation ´ picosecond
spectroscopy ´ solvent effects


Introduction


The photochemistry of 9-fluorenol (FOH) in aqueous meth-
anol has been studied by Wan et al.[1±5] and from the several
photo-products identified, the occurrence of photohomolysis
and -heterolysis involving the CÿO bond was identified.
Mecklenburg and Hilinski,[6] by use of laser photolysis with
picosecond time resolution, detected an absorption band at
515 nm on photolysis of FOH in H2O:MeOH 1:1, and
assigned it to the fluorenyl cation, F�, and an additional band
at 500 nm identified as the fluorenyl radical, F. , thus
supporting the conclusions of Wan et al. on the occurrence
of photoheterolysis as well as photohomolysis. Whereas the


lifetime of F. in this solvent is very long (>1 ms), the lifetime
of F� was estimated to be t< 20 ps.


In contrast to this interpretation, Gaillard et al.[3] assigned a
broad and long-lived (>6 ms) band with the maximum at
640 nm to the cation, F�. This assignment, however, was
corrected[7] on the basis of nanosecond laser flash-photolysis
experiments in which F� was generated specifically in the
weakly nucleophilic solvent 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) (in which the longevity of F�, absorbing at 515 nm, is a
record 30 ms).


Taking all these data together, it is evident that electroni-
cally excited FOH undergoes two different reactions, both
involving the C9ÿOH bond, namely homo- and heterolytic
cleavage. Furthermore, it appears that these reactions are
strongly solvent dependent. Therefore, it was decided to study
this phenomenon in a more systematic way, with the hope of
shedding more light on the mechanism by which solvent
influences the nature of a bond-breaking process. As far as
heterolysis is concerned, it is evident that in order for
solvation to influence the reaction, the solvation of the
incipient ions must be very rapid so that the ionic path by
which the scissile bond is broken is already preformed by the
solvent. This implies that the solvent must play an active part
in the early stages of the bond-breaking process.
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Results and Discussion


Fluorescence data : The absorption[8] and fluorescence spectra
of FOH in MeCN with their maxima at 270 and 320 nm,
respectively, are shown in Figure 1.


Figure 1. Absorption and fluorescence spectra of 9-fluorenol in MeCN.


The fluorescence emission of FOH in dioxane, alcohols,
THF, or MeCN consists of a structured single band with
lmax� 310 ± 320 nm (for an example, see Figure 1). The
quantum yield of fluorescence of FOH in MeCN (lmax�
325 nm) is small, ff< 10ÿ2, and in 80 % H2O/MeCN it is even
smaller, ff< 10ÿ3.[2] In HFIP, 2,2,2-trifluoroethanol (TFE),
and H2O the steady-state fluorescence of FOH turned out to
be below our detection limit; we estimate the quantum yield
to be f< 10ÿ5. The lifetimes of the fluorescence were
measured by the single-photon counting technique, and the
lifetimes of S1 were monitored by the S1! Sn transition at
�640 nm (see section on absorption data).


It is known that the main photoproduct of UV photolysis of
FOH in non and moderately polar solvents is fluorene.[2] In
contrast to FOH, fluorene is a strongly fluorescing molecule
with lmax(emission)� 305 nm; the quantum yield in polar and
nonpolar solvents being �0.7,[9] which is �100 times higher
than that of FOH. Water has only a moderate quenching
effect on the fluorescence. By going from neat MeCN to 4:1
(v/v) H2O/MeCN the quantum yield decreases from 0.7 to 0.6,
and the lifetime decreases from 6.7 to 5.6 ns.[2] On the basis of
the high yield of fluorene and its strong fluorescence, it is
evident that there is the danger that this photochemical
product interferes in fluorescence lifetime measurements on
FOH. In fact, the long fluorescence lifetimes of the order of
several nanoseconds reported for FOH in, for example,
MeOH,[3] are indicative of the presence of fluorene formed
from FOH as a photochemical product.


Therefore, in order to get a more solid basis for judging the
possible influence of fluorene on the FOH results, we also
performed picosecond flash-photolysis experiments on fluo-
rene.[10] Our results on the singlet state S1 of fluorene were
obtained (see section on adsorption data) from time-resolved
absorption measurements and are shown in Table 1, together
with data from the literature.


It is evident that the singlet lifetime is independent of the
polarity of the solvent. This is probably the consequence of
the nonpolar character of fluorene (dipole moment m�


0.6[18±20] . This independence is in contrast to the behavior of
FOH (see section on absorption data below).


Absorption data of transients : The species formed photo-
chemically from FOH depend strongly on the solvent. There-
fore, the situation observed experimentally is described first
for low and intermediate polarity solvents.


The absorption spectra (see, e.g., Figure 2a) of the tran-
sients observed on 266 nm photolysis of FOH in MeCN,
alcohols, ethers, or hydrocarbons, consist of two species: 1) A


Figure 2. a) Absorption spectra of transients recorded at 20 and 200 ps
after the 266 nm excitation pulse and b) the decay kinetics monitored at
630 nm in a solution of 9-fluorenol in methanol.


species with a broad band with lmax at � 640 nm and 2) a
species characterized by a relatively wide band (or shoulder)
with a maximum at �470 nm and a narrow band at lmax�
500 nm (the intensity of the 470 nm band is �50 % of that of
the 500 nm band). The first species, that is the one with the
band at 640 nm, was assigned[6] to the S1! Sn transition of the
excited singlet state of FOH, FOH(S1); this is in agreement
with the fluorescence lifetime data obtained (see ref. [2] and
Table 2).


The FOH singlet, FOH(S1): The lifetimes of FOH(S1)
measured by the decay of the 640 nm band range from


Table 1. The lifetime tS of the singlet state S1 of fluorene in various
solvents.


Solvent tS [ns] Reference


TFE 4.8[a] this work
MeOH 2.9[a] this work
CH2Cl2 3.3[a] this work
MeCN 2.5[a] this work
MeCN 6.7[b] [2]
cyclohexane 5.6[a] this work
cyclohexane 5.1[a] [11]
cyclohexane 5.9� 0.9[b] [11]
cyclohexane 3.36[b] [12]
cyclohexane 10[b] [13, 14]
n-hexane 7.5[b] [15, 16]
hexane 3.8� 0.1[b] [17]


[a] From transient absorption. [b] From fluorescence.
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1.3 ns for the less polar solvents cyclohexane, dioxane, or THF
to 150 ps for MeCN and 20 ± 60 ps for alcohols as solvents[21]


(see Figure 2b) down to <10 ps for TFE, HFIP, or water. The
results are collected in Table 2.


As is evident from Table 2, the lifetimes of the singlet state,
tS, are in the range of 10 ps to>1 ns depending on the solvent,
the lifetimes being longer in nonpolar solvents and shorter in
polar solvents. In the case of water, HFIP, and TFE, no
absorption at 630 ± 650 nm was observed. We assume that in
these cases tS is much less than 10 ps, which is in agreement
with the absence of steady-state fluorescence (f< 10ÿ5). In
Figure 3 are plotted the logarithms of the rate constants[24]


(1/tS) for decay of S1 versus the polarity of the solvent, as


Figure 3. Dependence of the rate constant of the 9-fluorenol singlet decay
on the polarity of the solvent.


expressed by the Reichardt EN
T -


value. It is evident that the rate
constant for the decay of the
singlet increases exponentially
with EN


T (r� 0.974). In Figure 3
there is also a plot of log ts


versus the Gutmann solvent
acceptor[25] number.[26] The fact
that the correlation coefficient
(0.949) is similar to that of the
Reichardt plot indicates thatÐ
within the collective property
ªpolarityºÐ it is the acceptor
power of a solvent which influ-
ences the rate of the S1!S0


internal conversion.
The above dependence on


the polarity/acceptivity can be
qualitatively understood in
terms of the energy gap
law[27, 28] with the assumption
that S1 is more polar than S0.
The energy gap law states that
the Franck ± Condon factor
and, therefore, the rate of the
S1!S0 internal transition, kic, is
a very sensitive function of the


energy difference DE between the zero-point vibrational
levels of the singlet states S1 and S0 [Eq. (1)].


kic�Aexp(ÿDE/�hw) (1)


In Equation (1), A is proportional to the electronic matrix
element for vibronic coupling between S1 and S0, and [29] w is
the frequency of the normal molecular vibration; both are
weak functions of DE. If S1 is more polar than S0, the energy
difference will decrease as one goes from nonpolar to polar
solvents and, therefore, kic will increase. Note, that in contrast
to the case of fluorene, whose singlet-state lifetime is not
solvent dependent (Table 1), the strong solvent dependence
of the lifetime of FOH(S1) indicates that it is the polar
C9ÿOH group in FOH (m� 1.89 D)[30] through which
FOH(S1) is stabilized by interaction with the solvent. Based
on the Gutmann plot (Figure 3), in protic solvents it is
probably stabilized by interaction with the solvent molecules
as proton donors to the O at C9 of FOH (see Scheme 3
later).[31] This leads to a decrease of DE and, thus, an increase
in kic(S1! S0).


In agreement with this, in the solvents THF or dioxane the
(relatively long-lived) FOH excited singlet state was observed
to be quenched on addition of HClO4 or HFIP to the solu-
tion. A corresponding decrease was observed with respect to
the fluorescence intensity at 310 nm. In Figure 4 it is shown
that the rate of decay of FOH(S1) depends on [HFIP] as
described by the Stern ± Volmer equation which, with ap-
proximately the same slope, also describes the dependence of
the quantum yield of the fluorescence of FOH on the
concentrations of the additives. This adds merit to the
identification of the 640 nm band in terms of the singlet and


Table 2. The lifetime of FOH(S1), ts, in different solvents (air-saturated) as determined by the decay of the S1!
Sn absorption signal.


Solvent Polarity[a]/EN
T dielectric lmax of the ts [ps][b]


constant er S1!Sn transition


2,2,2,2',2',2'-hexafluoroisopropanol 1.068 16.6 not detected < 10
water � 1.000 78.3 not detected < 10
2,2,2-trifluoroethanol 0.898 26.7 not detected < 10
glycerol 0.812 42.5 650 20
formamide 0.799 111.0 660 10
ethylene glycol 0.790 37.7 650 36
MeOH 0.762 32.66 630 30 (20[c])
N-methylformamide 0.722 182.4 650 40
EtOH 0.654 24.55 630 50 (20[c])
nPrOH 0.617 20.45 630 110
iPrOH 0.546 19.92 630 70 (200[c])
MeCN 0.460 35.94 620 130 ± 160 (350[2], 400[c])
dimethylformamide 0.404 36.71 640 540
tert-butanol 0.389 12.47 630 150 ± 290
dichloroethane 0.327 10.37 630 100
dichloromethane 0.309 8.93 630 30
1,2-dimethoxyethane 0.231 7.2 630 1000
THF 0.207 7.58 645 1300 (1500[b,d])
dioxane 0.164 2.21 640 1200 (1200[b,d])
dimethoxymethane 0.157 2.65 630 800 (1100[b,d])
cyclohexane 0.006 2.02 625 1700 (1900[b,d])


[a] From ref. [22]. [b] This work. [c] From fluorescence. The fluorescence lifetime was measured with a streak
camera (overall time resolution 10 ps, see ref. [23]). We thank T. Leichtner at the University of Leipzig for the
measurements. [d] From fluorescence measurements by using the single-photon-counting technique with 0.8 ns
time resolution.
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Figure 4. Stern ± Volmer diagram for quenching of 9-fluorenol singlet state
by HFIP in THF.


demonstrates that the singlet is quenched in a chemical
reaction in which FOH(S1) probably acts as a Brönsted base.
From the quenching data, the rate constant for the reaction of
the singlet with these additives is obtained as (1 ± 3)�
109mÿ1 sÿ1.


Addition of H2O into the solution of FOH in MeCN
reduced the singlet lifetime from 160 ps in neat MeCN down
to 50 ± 60 ps at water contents of 1.2 ± 2 %. This is in agree-
ment with the observations reported above and also with
ref. [2]. In 80 % H2O/MeCN the fluorescence was weaker by
one order of magnitude relative to neat MeCN.


In the case of methanol, the addition of water results in the
appearance, promptly after the pulse, of an absorption band
peaking at 515 nm with a concomitant decay of the singlet at
630 nm, in agreement with previous[6] observations. The
515 nm species is identified in terms of the 9-fluorenyl cation,
F� (see ref�s. [6, 7] and section on the 9-fluorenyl cation).


The 9-fluorenyl radical, F. : The 470/500 nm species mentioned
above is the 9-fluorenyl radical, F. .[6, 7, 32] Absorption at 450 ±
500 nm appears promptly after the exciting laser pulse as a
shoulder on the singlet ± singlet absorption band whose lmax is
at �640 nm. After the singlet has decayed, sharp absorption
bands at 470/500 nm become visible. From this one can
conclude that the singlet absorption overlaps with that of the
radical. When this overlap is taken into consideration, it turns
out that there is a buildup of absorption at 500 nm (in all
solvents in which the singlet was observed) on the same
timescale as the singlet decays ; this means that the radical, F. ,
is a product of singlet decay, or in other words, CÿO bond
homolysis is one of the mechanisms by which the singlet
decays. Moreover, this is the case for all solvents (except for
HFIP, TFE and water where no radical or singlet was
detected, see section on the 9-fluorenyl cation).


This means that F. is derived from vibrationally relaxed S1.
Evidently, vibrational relaxation, which typically takes place
on the subpicosecond timescale,[33, 34] is faster than homolytic
C9ÿO bond cleavage. After vibrational relaxation in the S1


state, the energy content of FOH is 91 kcal molÿ1, as deduced
from the fluorescence emission at lmax� 314 nm (in MeOH).
This is apparently sufficient for CÿO homolysis (see also
section on the 9-fluorenyl cation).


The longevity of F. is larger than the time range of the ps
spectrometer (10 ns). Therefore it was determined with our
nanosecond laser flash-photolysis apparatus. Under these
conditions, the first half-life of F. is typically in the range 0.5 ±
1 ms.


The 9-fluorenyl cation, F� : In the case of HFIP, TFE, H2O, and
D2O the transient absorption spectrum observed differs from
that in the other solvents. A sharp strong maximum at 515 nm
with a shoulder at 500 nm appears after excitation with a
266 nm pulse (Figure 5a, b).


Figure 5. Absorption spectra of F� formed on photolysis of 9-fluorenol in
a) HFIP and b) TFE.


The 515 nm band in HFIP was previously studied by
nanosecond flash-photolysis and was identified as the fluo-
renyl cation F�, whose lifetime in HFIP is t� 30 ms.[7] We have
now studied FOH in the less acidic and more nucleophilic
solvent TFE and found a significantly shorter lifetime for F�,
that is, t� 1 ns.[35±37]


The fluorenyl cation was also observed to be formed in H2O
and D2O, as shown by a strong transient at lmax� 515 nm
(Figure 6a). In contrast, there was no evidence for the
fluorenyl radical, F. , indicating that the only photoreaction[38]


in water is heterolysis.[39]


However, it was found that in H2O, D2O, and formamide, at
very early times after the pulse, the maximum of the band
assigned to F� lies not at 515 nm, but at <450 nm.[40]


Subsequently, a red-shift of the band to 515 nm occurs, the
kinetics of which are shown in Figure 7. This shift is assigned
to the solvation of the cation F�.[41±43] The spectral changes
indicating the solvation of the cation were found to have the
same rate in light and heavy water, that is, 4� 1010 sÿ1


(Figure 7).[44] In the solvent formamide, an analogous spectral
shift occurred, with a rate about twice that in water.


The lifetime of F� was measured (by its decay at 515 nm) to
be 22 ps in both H2O and D2O. This means that the solvent
kinetic isotope effect for the decay of F� is 1.0. In water, F�


will decay by production of FOH and H�, a process which
involves the formation of a C9ÿOH bond and the ultimate
cleavage of a HOÿH bond of the incoming water molecule
that adds as a nucleophile to the C9 cationic site (Scheme 1).
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Figure 6. Transient absorption spectra and temporal behavior of the
515 nm band for 9-fluorenol in a) H2O and b) H2O/HClO4 (volume ratio
4:1).


Figure 7. The temporal shift of the maximum of the F� absorption in H2O
(*) and D2O (*). The fitted line is an exponential rise giving 25ps as the
reaction period.


Scheme 1.


From the absence of an OÿH/D kinetic isotope effect one
can conclude that in the rate determining step C� ´ ´ ´ O bond
formation occurs without concerted HOÿH deprotonation.[45]


It was found that the addition of HClO4 to the aqueous
solution of FOH increases both the yield of F� as well as its
lifetime, up to 50, 120 and 370 ps in 1:4, 1:2 and 1:1 HClO4/
H2O,[46, 47] respectively (see Figures 6a/b and 8).[48]


Figure 8. The effect of HClO4 on the yield (DA) and the lifetime (t) of F�


in H2O.


The increase in lifetime can be explained by the decreasing
nucleophilicity[49] of the solvent as [HClO4] increases. The
increase in yield may be rationalized in terms of protonation
of FOH (in the ground or excited state), as shown in Scheme 2


Scheme 2.


(which is the reverse of Scheme 1, except for the electronic
state of FOH). As a result of this, the bad leaving group[50]


OHÿ (pKa(H2O)� 15.7) is converted into the good one H2O
(pKa(H3O�)�ÿ1.7). An additional mechanistic advantage is
that the formation of a contact ion pair is avoided, since F� is
separated from the (distant) complementary anion by the
leaving group H2O.


As mentioned earlier, the formation of F� (lmax� 515 nm)
was also detected in aqueous methanol (1:1). Its lifetime is
very short, t� 30 ps, in qualitative agreement with previously
reported observations.[6] However, in MeOH:H2O 1:1 the
515 nm band (F�) overlaps with the strong, sharp 500 nm band
of F. and the broad band of the singlet with maximum at
630 nm, indicating that in this solvent mixture, in contrast to
the solvent H2O, both homolysis and heterolysis occur and
that the singlet has a measurable lifetime.


Conclusions


According to the Grunwald ± Winstein model, heterolytic
cleavage of a covalent bond proceeds by two steps, that is,
CÿO bond breakage (ªionizationº) leading to the formation
of ions with a common solvation shell (ªcontact ion pairº),
and, subsequent separation of the ions from each other by
solvation yielding ªfree ionsº (ªdissociationº).[22] Both ion-
ization and dissociation are strongly influenced by the solvent,
but differently. The ion pair formation, that is, the ionization
of the covalent bond, strongly depends on the ability of the
solvent to function as an electron pair acceptor or donor. This
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ionizing power of the solvent is reflected in the polarity of the
solvent as expressed by the Kosower Z or the Reichardt EN


T


value. Thus, due to solute ± solvent interaction, the ªthresh-
oldº of ion pair formation (ionization) is lowered as a result of
solvation. On the other hand, the dissociation of the contact
ion pairs depends on the ability of the solvent to reduce the
strong attraction between the ions and to separate them from
each other, that is, to lead to the formation of free solvated
ions. For this function of the solvent, its dielectric constant is
important. Of all the solvents, water (H2O or D2O) is the best
example of both an ionizing (electron pair donor and accep-
tor, EN


T � 1.000) and dissociating (high dielectric constant, e�
78.3) medium. Among the other solvents studied formamide
is highly polar and has a very large dielectric constant (EN


T �
0.799, e� 111), whereas HFIP (EN


T � 1.068, e� 16.6) and TFE
(EN


T � 0.898, e� 26.7) are of very high polarity but have only
moderate dielectric constants. These solvents, however, have
a relatively high acidity (pKa(HFIP)� 9.3, pKa(TFE)� 12.4),
such that protonation of FOH in the ground or excited state in
a way analogous to Scheme 2 is a possibility. If this happens,
the product of heterolysis is not a contact ion pair (extremely
short-lived) but the ªnonclassicalº loose ion pair shown in
Scheme 3, which is analogous to Scheme 2. Therefore, it may


Scheme 3. E�O,N.


be their acidities which make TFE and HFIP particularly
good solvents for converting FOH into F�. In a more general
sense, this may also be true for H2O and formamide, both of
which are protic solvents.


As mentioned earlier, the solvation dynamics of the cation
are reflected in the time evolution of the cation transient band
(see Figure 7). In water and in formamide (solvents with high
dielectric constant and good electron-pair donors) the shift of
the absorption maximum turned out to be more pro-
nounced[51] than in the case of HFIP or TFE, which are only
poor electron-pair donors and whose e are only 16.6 and 26.7,
respectively. Particularly as a result of the former property,
they do not solvate the Lewis-acidic F� very well. The
observed difference in spectroscopic behavior between the
two categories of solvent may be related to these differences
in solvation properties.


Progressing from low-polarity (e.g., the simple alcohols and
ethers) to high-polarity solvents (e.g., HFIP, TFE, formamide,
or H2O) the CÿOH bond cleavage (which proceeds homolyti-
cally in the low-polarity solvents) from the excited singlet is
shifted into the heterolytic direction. In order to understand
this phenomenon, it is necessary to consider the thermody-
namics of heterolysis in comparison with homolysis. Unfortu-
nately, thermochemical data concerning the homo- or hetero-
lytic CÿO bond cleavage of FOH do not seem to be available


in the literature. The best model for FOH we could find is
cyclo-pentanol, for which the homo- and heterolytic (gas-
phase) bond dissociation energies are 91.3 and 218 kcal molÿ1,
respectively.[52] In order to relate these numbers to the
aqueous phase, the hydration energies of the species involved
have to be known. It is reasonable to assume that the change
in hydration energies of the neutral species involved in the
CÿOH homolysis is negligible. Therefore the gas-phase value
for CÿOH (91.3 kcal molÿ1) can also be taken to be valid for
aqueous solution. For the heterolysis, FÿOH!F� � OHÿ, the
problem is simplified to assigning a reasonable value to F�,
since that for OHÿ is known (ÿ111 kcal molÿ1).[53] In lieu of an
experimental value for F�, this was calculated with the Born
equation, taking the diameter of F� to be the same as that of
Ph2CH (245 pm).[54] The result is DHhydration(F�)�ÿ66.5 kcal
molÿ1. However, this value appears unreasonably large if
compared with the ÿ 32 kcalmolÿ1[55] measured for the smaller
ion (diameter 215 pm) Me4N�.[56] Therefore, the ÿ66.5 kcal
molÿ1 calculated should be taken as the lower limit for
DHhydration.


With these values and taking ÿ12 kcal molÿ1 for the
hydration energy of FOH (by analogy with the value for
EtOH[57]), the heterolysis reaction in water CÿOHhydrated!
C�hydrated � OHÿ


hydrated turns out to be endothermic with 53 ±
87 kcal molÿ1. In comparison, the energy of photoexcitation
(with a 266 nm photon) of FOH corresponds to
107.5 kcal molÿ1, and that of the vibrationally relaxed S1 of
FOH (in MeOH) is 91 kcal molÿ1. These data are summarized
in Figure 9.


Figure 9. Excitation and bond cleavage energies.


The most important result is that, owing to hydration of the
ions, heterolytic cleavage of the CÿOH bond is more
favorable than homolytic cleavage. However, this cannot
possibly influence the initial way in which the CÿO bond
breaks, since bond breakage is typically[58] much faster (in this
case, measured to be �10 ps) than hydration (measured to
occur within 25 ps). It is therefore suggested that it is the
proton-transfer properties of the solvents HFIP, TFE, form-
amide, and water with respect to the (incipient) OHÿ


leaving group which drive the CÿO bond cleavage into the
heterolytic direction, as symbolized in Scheme 3.[59] In con-
trast to hydration, proton transfer is a reaction that has the
potential to be sufficiently fast (k up to 1014 sÿ1)[60±62] to
contribute in the transition state of the CÿOH heterolysis
reaction. However, from the fact that in the pure simple
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alcohols such as MeOH no heterolysis occurs, it is inferred
that proton-donicity is sufficient only if it goes along with a
very high polarity (EN


T � 0.8) of the medium.


Experimental Section


General : 9-Fluorenol (FOH) and fluorene were obtained from Aldrich and
recrystallized from petroleum ether; 9-diazofluorene (FlN2) was a gift from
Prof. W. Kirmse (Bochum). 1,1,1,3,3,3-Hexafluoroisopropyl alcohol
(HFIP), formamide, and 2,2,2-trifluoroethanol (TFE) were distilled under
a nitrogen atmosphere to a purity of � 99.8 %. Dichloroethane (Acros),
dichloromethane (Merck), and N-methylformamide (Aldrich) were spec-
troscopic grade and used as received. All other solvents were analytical
grade from Merck. The ethers were fractionally distilled prior to use in
order to remove peroxides and other impurities.


For recording fluorescence spectra a Perkin ± Elmer LS-5 spectrofluorim-
eter was used. Fluorescence lifetimes were measured on a single photon
counting apparatus with 0.8 ns time resolution.


The picosecond spectrometer was based on a mode-locked Nd:YAG laser
(Continuum PY61C-10): lfundamental� 1.064 mm, pulse width 20 ps, pulse
repetition rate 10 Hz, pulse energy per shot 40 mJ. Radiation at l� 266 nm
(2 ± 3 mJ per pulse) obtained by consecutive generation of the second and
forth harmonics in DKDP and KDP nonlinear crystals was used for
excitation.[63] The angle between the planes of polarization of the excitation
and probing beams was set at 54.78 (ªmagicº angle) in order to eliminate
any contribution to the decay kinetics of the transient absorption from
rotational diffusion.[33] A white light continuum (WLC, l� 420 ± 900 nm),
generated by irradiation with the 1.064 mm fundamental beam into a 25 cm
quartz flow cell filled with D2O, was used as a probe beam. Any remaining
fundamental radiation was cut out with a dielectric-coated mirror
(maximum reflectance at 1064 nm) after the cell and the WLC beam was
focussed into a quartz optical fiber, which divided into two probing beams.
The ªlowerº beam (energy E2), serving as the reference beam, passed
through the ªvirginº solution, whereas the ªupperº beam (energy E1)
passed through the solution volume exposed to the excitation beam. After
passing through the vertically positioned quartz flow cell (dimension 2 mm
in pump and 4 mm in probe direction) through which the test solution
flowed (from bottom to top at 0.2 mL sÿ1), the two probe beams were
collected by quartz fibers and directed into the entrance slit of a
CHROMEX 250 IS spectrograph with a double diode array (Princeton
Instruments) attached at the exit slit. The time delay between the pump and
probe beams could be varied between 7 fs and 10 ns by a step-motor driven
and computer-controlled delay line. The angle between the excitation and
white light probing beams was 90 o.


The transient absorption spectrum, that is, the excitation-induced change in
absorbance DA, was calculated with Equation (2):


DA�ÿ log{(E1/E2)� (Eo
2/Eo


1�} (2)


in which E1 (E2) and Eo
1 (Eo


2) are the energies of the first (second) probe
beams with and without pump pulse, respectively. A mechanical shutter
was used to block the excitation beam during the measurements of the ratio
Eo


1/Eo
2 (ªsplitº) of the probe beam energies. Automated performance of the


setup, for example, manipulation of the delay line and the shutter, as well as
the data processing, was carried out on a PC with the help of LabVIEW
(National Instruments) software. After averaging 100 pulses the measur-
able changes of absorbance (at signal to noise level �2) corresponded to
DA� 0.01. The apparatus function of the setup was determined by using the
S1!Sn absorption of trans-4-dimethylamino-4'-nitrostilbene in acetonitrile
(in which the singlet lifetime is �10 ps)[64] to be 32 ps (FWHM) for lexc�
266 nm. For all measured transient kinetics, deconvolution by a nonlinear
convolution/fitting process was performed,[65] by fitting the measured
transients DA(t) with a model function F(t)�Sai eÿt/ti (ai and ti are fitting
parameters) convoluted with the system response (apparatus) function
AF(t): DA(t)�F(t)6AF(t).


The nanosecond flash-photolysis apparatus (KrF laser, 248 nm, 20 ns pulse
width) has been described previously.[66] Absorbance of the samples was
kept between 1 ns photolysis and 5 ps photolysis at the irradiated wave-
length. All measurements were performed in air-saturated solutions.
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