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Introduction


Catalytic asymmetric synthesis is an intense area of inves-
tigation advancing at breathtaking pace at the interface of
inorganic and organic chemistry. The phenomenal progress
has been realized in part through the search for and
subsequent identification of unusual reactivity associated
with novel transition metal complexes. Ligand design and
syntheses play an indispensable role in the discovery process.
Moreover, incremental modifications of the steric and elec-
tronic characteristics of ligands and the associated metal
complexes can lead to optimization of desired reaction profile
(product selectivity and yield, reaction rate) and mechanistic
insight. A survey of the coordinating functionalities that have
been utilized as ligands in successful catalytic processes for
asymmetric synthesis reveals that the common donors em-
ployed are primarily chalcogenide as well as pnictogen or
cyclopentadienyl derived ligands. It is interesting to note that
the nature of the counterions that may constitute an integral
component of the active complex is typically considered as
secondary in catalyst design. When counterion effects are
investigated, most efforts in asymmetric catalysis have been to


minimize their interaction with the metal center. This is
particularly the case when Lewis acidic catalysts are sought
and the use of triflate, hexafluorostibnate, or hexafluorophos-
phate is preferred.[1]


Recently, several reaction processes have been reported
wherein a catalyst precursor (procatalyst) or a putative
catalyst possesses a fluoride counterion as a critical structural
feature. The unique structural and bonding characteristics of
this halogen engender distinctive electronic and structural
properties to the associated transition metal complex that
have only lately been appreciated in asymmetric catalysis.
Although a number of excellent reviews exist on structural
and solution properties of transition metal fluoride coordina-
tion complexes,[2, 3] few have outlined the unique properties of
these complexes for enantioselective catalysts. In this Concept
we detail some recent advances in the preparative and
structural chemistry of transition metal fluoride complexes
as well as their use as catalysts that mediate reactions with
little precedence.[4, 5]


Background


Structural and bonding characteristics of fluorides : The
Van der Waals radius of fluorine of 1.35 � renders this
element only slightly larger (12.5 %) than hydrogen
(1.20 �), a property well appreciated in medicinal chemistry.
Its size also imparts some interesting features to the structural
inorganic chemistry of the corresponding complexes. Thus, it
is not unusual for fluorides to function as bridging ligands
between metal centers. With a covalent radius of 0.64 �, the
fluorine 2p valence electrons can participate in secondary p-
bonding interactions. In this regard, fluorine lone-pair elec-
trons that are symmetrically equivalent have been postulated
to donate electron density to available metal-centered orbitals
through p(p) back-bonding. One of the earliest expostulations
on this effect is found in Pauling�s classic treatise ªThe Nature
of the Chemical Bondº.[6] The contributions of canonicals 1 ± 3
were discussed in considering the ground-state structure of
boron halogenides. The presence of the empty p orbital on
boron and the fluorine lone-pairs is postulated to result in
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resonance stabilization (cf. 1 ± 3). The stabilization gained is
suggested to sufficiently compensate for the energetic costs
incurred by the accompanying charge separation. Pauling
hypothesized that the observed differences between the
calculated BÿF single-bond distance (1.37 �) and the ob-
served BÿF bond distance in BF3 (1.29 �) was a consequence
of 33 % double-bond character for each of the three BÿF
bonds in BF3. In support of this model, the BÿF bond lengths
in complexes in which the orbital on boron is not available for
p-bonding interactions were discussed. For example, the
observed BÿF bond length in H3N ´ BF3 (1.37 �) is in agree-
ment with the calculated value (1.37 �). The structural
phenomena of BÿX p bonding and the resulting effect on
reaction chemistry is suggested to be manifest in practice by
the often cited trend of decreasing Lewis acidity along the
series BBr3>BCl3>BF3.[7] It has been suggested that the
larger more diffuse p orbitals of the heavier halides (Br, Cl)
progressively interact less effectively with the empty boron-
centered p orbital, leading to an increase in Lewis acidity for
BBr3 and BCl3. However, some caution is warranted in the
application of this rule-of-thumb: the problems with catego-
rizing the behavior and properties of an electron-deficient
center as a Lewis Acid in the absence of the Lewis base
partner has been highlighted by a number of investigators. In
this regard, calculations have revealed that Me3N forms a
stronger complex with BCl3 than BF3 (Me3N ´ BCl3 DGf�
40.5 kcal molÿ1 versus Me3N ´ BF3 DGf� 32.9 kcal molÿ1); by
contrast BF3 forms a stronger complex with MeCN than BCl3


(MeCN ´ BCl3 DGf� 6.4 kcal molÿ1 versus MeCN ´ BF3 DGf�
9.1 kcal molÿ1).[8]


There is a considerable amount of spectroscopic and
experimental data in the coordination chemistry of transition
metal fluorides that implicate fluoride as a p donor. Thus, in a
series of halo metal-carbonyl complexes [MX(CO)L2] spec-
tral data suggest that the fluoride complex exhibits the most
electron-rich metal center. Additionally, the C�O stretching
frequencies for [RhX(CO)(PPh3)3] are observed to increase
along the series F>Cl>Br> I.[9] Although the data is the
telltale signature of back-bonding effects by symmetrically
equivalent fluorine nonbonding electrons, the magnitude of
the effect, however, is a matter of debate. In contrast to the
these spectroscopic observations, ab initio quantum mechan-
ical calculations and 13C NMR spectroscopic interpretations
by Frenking and Grutzmacher suggest the opposite trend.[10]


Thus, p(p) population at the central atom of a YX3 molecule
(Y�B, Al, Ga, In, Tl, and X�F, Cl, Br, I) increases along the
series F<Cl<Br< I. The suggested ability of iodide to
stabilize electron deficient centers is in contrast to the models
discussed earlier. It is hypothesized that iodide, as the least
electronegative halide, leads to the most stable canonical
structures 1 ± 3, in which the halogens bear partial positive
charge. The energetic consequences of halogen substitution
on carbocation stability has also been studied experimentally
and computationally. A 13C NMR spectroscopic study of halo-
substituted methyl carbocations has led Olah to postulate that
the ability of halogens to stabilize positive charge on carbon
decreases along the series F>Cl>Br> I.[11] A related
theoretical study by Schleyer examined the stabilization of
the halomethyl cation as a function of the halide. In contrast


to Olah�s studies, it is found that the stability of CH2X�


increases along the series F<Cl<Br< I.[12]


The MÿF bond strength spans a large range of energies,
with strong bonds observed with hard-metal partners (TiÿF in
TiF4� 140 kcal molÿ1) and weaker bonds with soft metals
(CuÿF in CuF2� 88 kcal molÿ1). The ability of fluoride to
participate in strong hydrogen-bonding has substantial effects
on the kinetic lability of transition metal fluorides. In this
regard, at 13.5 kcal molÿ1, the hydrogen bond between H2O
and Fÿ is one of the stronger H-bonding interactions
known.[13] Thus, the presence of even minute quantities of a
protic solvent can render transition metal fluorides quite
kinetically labile, which leads to facile ionization.[14] By
contrast, in rigorously aprotic solvents, for a number of metal
complexes, the fluoro derivative may be the most stable in the
halogen series; this has been observed for
[(Ph3P)2PdX(Ph)][15] . As an additional example, the stable
complex [CuF(PPh3)3] has been characterized crystallograph-
ically and displays a Cu(I)ÿF bond of 2.06 �. An investigation
of the solution properties revealed that in methanol the
complex completely dissociates to give a 1:1 electrolyte
solution; by contrast, in a polar aprotic solvent such as
CH2Cl2 a more complicated dynamic process is observed that
involves the reversible dissociation of the PPh3 ligand.[16]


F– [Cu(PPh3)4]+
MeOH


[F–Cu(PPh3)3]
CH2Cl2


PPh3   +   [F–Cu(PPh3)2]


+


1:1 electrolyte solution


PPh3   +   [F–Cu(PPh3)3]


Coordination Chemistry


Structural inorganic chemistry of metal fluoride coordination
compounds continues to provide an exciting array of novel,
intriguing structures. This is exemplified by the pioneering
work of Roesky in the preparation and characterization of
Group 4 metallocene fluorides. Examination of these struc-
tures reveals the rich coordination chemistry of fluoride that
leads to a multitude of bonding arrangements. Remarkably,
Roesky has demonstrated that titanocene fluorides may
encapsulate Group 1 or 2 metal cations. This work highlights
the potential role of fluoride as a bridging ligand for various
metal fragments (Figure 1). Thus, for example, complexes in
which titanium and aluminum centers are bridged by one or
two fluorides ligands ([Ti1ÿF1ÿAl(R)2ÿF2ÿM2] and
[{Cp2Ti(m2-F)2AlEt2}2]) have been well characterized by
X-ray crystallography.[17, 2a] Collectively these studies highlight
the diversity of structures that may be prepared which may
have great potential as catalysts for organic synthesis.


The relatively limited number of studies on transition metal
fluorides as catalysts for organic synthesis probably stems
from the difficulties that have been traditionally associated
with the preparation of metal fluoride complexes or their
perceived instability relative to analogues of the heavier
halogens. The experimental difficulties associated with han-
dling anhydrous gaseous HF or elemental fluorine compli-
cates the de novo synthesis of coordination complexes of
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fluorides. Moreover, although simple metal fluoride salts are
readily available and quite inexpensive, their insolubility in
commonly utilized organic solvents precludes their ready use
in the laboratory.[18] However, a number of recent reports
provide practical preparative methods for the synthesis of
transition metal fluorides.[19] Roesky has pioneered the use of
Me3SnF and AsF3 for the synthesis of a wide variety of
transition metal fluoride complexes that are otherwise not
easily accessed. Tris(dimethylamino)sulfonium difluorotri-
methylsilicate (TASF) has found use as an anhydrous fluoride
source in the preparation of IrI and RhI fluoride complex-
es.[2d, 20] Other water-free fluoride sources such as Me4NF [21]


and Schwesinger�s phosphinium fluoride salt [(Me2N)3P2N]F
[22] have been utilized as well. Carreira has documented the
use of [Bu4N][Ph3SiF2] (TBAT) and [Bu4N][Ph3SnF2] as
sources of anhydrous fluoride for the in situ preparation of
transition metal fluorides. Both salts are easily prepared as
crystalline solids, are easily handled in the laboratory, and are
readily soluble in common organic solvents.[23]


Catalytic Chemistry


A number of catalytic, asymmetric organic reaction processes
have been reported in which the use of a metal fluoride
complex has been shown to lead to substantial benefits over
other metal halides. These reactions can be classified into two
broad categories on the basis of the putative role of metal
fluoride. In the first type, the metal fluoride complex serves
only as a procatalyst, or catalyst precursor. In these cases, the
active catalyst is unmasked by
treatment of the metal fluoride
complex with a suitably reac-
tive fluorophile, typically a si-
lane. The silylfluoride byprod-
ucts generated during the ini-
tiation step are generally
unreactive. In the second cate-
gory of reactions, at least one
fluoride ligand remains bound


or intimately associated with the active transition metal
catalyst.


Asymmetric ketimine reduction : One of the more successful
processes developed for the enantioselective, catalytic reduc-
tion of ketimines has been reported by Buchwald. A chiral
ansa-titanocene(iii) catalyst[24] in combination with a stoichio-
metric silane efficiently delivers amines in high yields and
superb enantioselectivity.[25] A common method for the
generation of titanocene(iii) complexes is the treatment of
the titanocene dichloride with two equivalents of nBuLi.[26]


Using such a catalyst formulation, Buchwald initially reported
the enantioselective hydrogenation of ketimines. However,
the nBuLi protocol gave lower enantioselectivity in the
corresponding imine hydrosilylation reactions. In subsequent
investigations, Buchwald documented the use of the crystal-
line and air stable bis(indenyl)titanium difluoride 4 as a
practical, highly enantioselective procatalyst (Figure 2).[25]


Upon treatment of 4 with excess silane, in situ reduction is
suggested to occur to form the active TiIII hydride catalyst 5.
As little as 0.02 mol % of this catalyst mediates the imine
reduction to the corresponding chiral, secondary amines 6 in
up to 99 % ee at ambient temperatures and pressures.
Buchwald has postulated that a key benefit to the use of the
fluorotitanium procatalyst 4 rests in the fact that unlike the
procedure that utilizes nBuLi with concomitant generation of
LiCl, the procedure commencing with compound 4 is salt free.


Enantioselective aldol addition reactions : The use of a fluoro
transition metal complex as a putative catalyst has also been


Figure 1. Representative X-ray structures of transition metal fluorides.
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documented in CÿC bond-forming reactions, namely, the
enantioselective addition reaction of enol silanes to alde-
hydes. To date most workers in this area have relied on the
design and synthesis of chiral Lewis acid complexes that
activate the electrophilic reaction partner,[27] as first reported
by Mukaiyama.[28] A complementary catalytic process can be
envisioned for the addition of enolsilanes and aldehydes in
which the nucleophilic partner, or the enolsilane, undergoes
transmetalation to give a reactive metalloenolate intermedi-
ate.[29] In this regard, Carreira and co-workers have recently
demonstrated that a chiral CuI enolate complex functions
exceedingly well as the active species in the enantioselective,
catalytic addition of silyl dienolate 10 (Figure 3). Mechanistic
investigations suggest that a catalytically active copper(i)
species results from reaction of the bisphosphine ´ CuF2


complex 9 with silyl dienolate 10 (Figure 3).[30] Thus, a small
amount of the dienol silane equivalent to the amount of
catalyst utilized is consumed in reducing the CuII complex to
the active CuI species. The process is convenient to carry out
in the laboratory by generation of the active catalyst in situ
from pTol-BINAP, [Cu(OTf)2], and the anhydrous fluoride


source [Ph3SiF2]NBu4.[31] Treatment of as little as 0.5 mol % of
a bisphosphine ´ CuF2 complex with 10 provides synthetically
usefully aldolates in up to 96 % ee.[32] The successful demon-
stration of this asymmetric CÿC bond-forming reaction opens
up new opportunities for further design and discovery of non-
Lewis acidic catalysts for CÿC bond formation.


Olefin hydroamination : Togni has reported the use of IrI


complexes, such as 16, in the presence of excess fluoride as
catalysts for the hydroamination reaction of norbornene by
aniline (Figure 4).[33] Importantly, the parent chlorocomplex
was found to be only moderately effective in yielding the
product with modest enantioselectivity. The addition of excess
of Schwesinger�s reagent as a source of anhydrous fluoride
gave a marked improvement in the optical purity of the
product.[34] Thus, the enantioselectivity of the reaction was
observed to increase from 57 % ee in the absence of fluoride
to 95 % ee when the reaction was carried out in the presence
of four equivalents of Fÿ. Although the structure of the active
catalyst is unknown, these investigators speculated that the p-
donating ability of fluoride coupled to its propensity to form
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Figure 4. Togni�s norbornene catalytic, enantioselective hydroamination
reaction.


strong hydrogen bonds result in enhanced reactivity in the
oxidative addition of NÿH across norbornene.


Togni and co-workers have also observed a remarkable
effect of fluoride on the enantioselectivity of a Pd-catalyzed
allylic amination process.[35] Accompanying investigations
have provided mechanistic insight on the effect of fluoride


as a ligand for PdII. Two impor-
tant characteristics of this halo-
genide ligand are highlighted as
contributing to the enhanced
enantioselectivities of the allylic
displacement reaction. Firstly, it
is suggested that the presence of
fluoride allows a fast equilibri-
um to be established between
diastereomeric allyl-Pd com-
plexes, which allows the enan-
tioselective step to take place
under Curtin ± Hammet condi-
tions. Secondly, on the basis of
the fact that in the presence of
added fluoride product isomer-


ization was not observed, it is postulated that the fluoride
serves effectively to block a coordination site on Pd, thereby
preventing interaction with the allylic amine product. In this
regard, in the absence of fluoride, when optically enriched
allylic amine was subjected to [Pd(ferrocenyl)(h3-
PhCHCHCHPh)]PF6 substantial enantiomerization was ob-
served (99 % ee to 60 % ee in 24 h). Both the hydroamination
and the allyl palladium work amply demonstrate the potential
improvements that may be possible in catalyst selectivity by
the judicious use of fluoride as a ligand.


Addition of allyl trimethylsilanes to aldehydes : In contrast to
the large number of Lewis acid catalysts that mediate the
addition of ketone- or ester-derived enol silanes and alde-
hydes, there have only been few reports of addition reactions
that involve allylsilanes.[36] This stems from the attenuated
reactivity of ally silanes relative to allyl stannanes and silyl
ketene acetals.[37] Thus, the Lewis acid complexes that
effectively activate aldehydes towards addition by silyl
enolates generally fail in aldehyde allyl silylation reactions.
The asymmetric addition of allyl trimethylsilane 21 to


P
P


CuX2


(pTol)2


(pTol)2


Me Me
O O


OSiMe3


Me Me
O O


OCuLn
O Cu O


O


Me


Me


OH


Ph


L*


L*


Me Me
O O


O


XO


Ph


H+


PhCHO


10


1211


‡


8 X = OSO2CF3


10


– FSiMe3


9  X = F


13 X = SiMe3


14 X = H, 92% yield  94% ee


[Ph3SiF2
–]+NBu4


Figure 3. The catalytic, enantioselective dienolate aldol addition reaction reported by Carreira.
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aldehydes with up to 94 % ee has recently been achieved
utilizing a fluorotitanium catalyst prepared in situ from TiF4


and either (R)- or (S)-(ÿ)-1,1'-binaphthol (Figure 5).[5, 38]


Although the structure of the catalyst is presently unknown,
the unique role of fluoride is demonstrated by observation
that the analogous complexes derived from the other halides
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Figure 5. Carreira�s allyl silane additions.


(Cl, Br) fail to lead to product formation. The enhanced
unique reactivity of this fluorotitanium complex has been
suggested to arise from a combination of factors, which
include the increased electronegativity of fluorine as a ligand
as well as the strength of the TiÿF bond. The former property
may lead to enhanced Lewis acidity at the metal center and
the latter property ensures that nonproductive reaction of
fluoride with the silylether product or the starting allyl silane
is slow. Additionally, the known propensity of fluoride to form
bridging structures has led to the suggestion by Duthaler that
the halide may lead to activation of the nucleophilic
component 23 (Figure 5).


Me3Al addition to aldehydes : The asymmetric addition of
dialkyl zinc reagents to carbonyl compounds has been well
studied with a number of superb processes readily available to
the synthetic chemist.[39] By contrast, the use of trialkylalu-
minum reagents in catalytic, enantioselective aldehyde addi-
tions has only recently been documented.[40, 41] Among the
various catalysts employed in asymmetric dialkyl zinc addi-
tions to aldehydes, TiIV complexes have proven remarkably
successful.[42, 43] The typical procedure prescribes the use of 5 ±
10 mol % chiral TiIV catalyst along with excess [Ti(OiPr)4] and
[R2Zn] (>1.0 equiv each).


Recently, the asymmetric addition of Me3Al to aromatic
aldehydes mediated by the putative titanium fluoride catalyst
29 was reported that obviates the use of excess [Ti(OiPr)4]
additive (Figure 6).[44] Treatment of chiral diol ligand 24
(15 mol %) with Me3Al, [TiF4] (14 mol %) leads to the in situ
formation of a catalyst that effects the addition of Me3Al and
aldehydes in up to 87 % ee. Unfortunately, there is no detailed
information available about the starting complexes for these
reactions. In analogy to the mixed Ti/Al fluoride complexes
characterized by Roesky (cf. 30), and the affinity of aluminum
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Figure 6. Carreira�s Me3Al additions.


for fluoride,[45] the intermediacy of complex 23 has been
postulated. The study illustrates how the use of a transition
metal fluoride complex can lead to unusual reactivity and the
generation of unprecedented catalytic reaction processes.


Conclusion


The unique structural and bonding characteristics of fluoride
impart unusual reactivity to the corresponding transition
metal complexes. The examples discussed in this Concept
constitute some of the more recent cases in which the use of a
metal fluoride compound has resulted in complexes possess-
ing useful properties that can be tapped for asymmetric
catalysis. Thus, the use of metal fluoride complexes as
initiators not only provides the preparation of novel species
that result in higher selectivities (ketimine hydrosilylation),
but also provides entrance to novel catalytic cycles (Mu-
kaiyama aldol via metalloenolates). Moreover, the incorpo-
ration of transition metal fluoride catalysts in which the
fluoride remains as an integral component of the catalyst
permits entry to novel reaction processes with little prece-
dence (allylsilane and alkyl aluminum additions to aldehydes,
and olefin hydroamination). Further investigations of tran-
sition metal fluoride complexes in asymmetric catalysis should
yield additional contributions in the evolution of this exciting
field.
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Introduction


The field of molecule-based magnets is a new branch of
chemistry, which deals with the design of molecular com-
pounds exhibiting a spontaneous magnetization below a
critical, Tc, and the study of their physical properties.[1] The
very first compounds of this kind were reported in 1986,[2±5]


and in the last few years an increasing number of research
groups have initiated some activity along this line.


The typical synthetic approach to design molecule-based
magnets consists of starting from precursors bearing a spin,
then to assemble them in such a way that there is no
compensation of the spins at the scale of the crystal lattice.
When two spin carriers, A and B with the spins SA and SB,
respectively, are close enough to each other, they interact; SA


and SB are not good quantum numbers anymore. The good
quantum numbers are those associated with the total spin of
the system; they take the integer or half-integer values from
jSAÿ SB j to SA� SB. In most cases, the ground state has the
lowest spin jSAÿ SB j ; the interaction between A and B is
antiferromagnetic. In some cases, the ground state has the
highest spin SA� SB ; the interaction is then ferromagnetic.
Magnetic susceptibility measurements reveal easily the nature
of the interaction. When this interaction is antiferromagnetic,
the low-spin ground state is more and more populated as the
temperature is lowered, and the product cMT, where cM is the
molar magnetic susceptibility and T the temperature, de-
creases. When the interaction is ferromagnetic, the high-spin
state is more and more populated as T is lowered, and cMT
increases. When the interaction occurs between an infinite
number of spin carriers instead of only two, in one-, two-, or
three-dimensional networks, the problem is obviously more
complicated. Three basic situations have to be distinguished:
i) If all the spin carriers are identical, and that the interactions
between nearest neighbors are antiferromagnetic, cMT de-
creases and tends to zero as T is lowered. ii) If all the
interactions between nearest neighbors are ferromagnetic,
whatever the nature of the spin carriers, cMT increases as T is
lowered, reaches very high values at low temperature, and
eventually may show a maximum due to magnetic saturation
effects. iii) If antiferromagnetic interactions occur between
two different spin lattices, with SA=SB, the system is said to be
ferrimagnetic. In such a case, cMT first decreases as T is
lowered, shows a rounded minimum at a finite value, then
increases rapidly as T is lowered further. The minimum in the
cMT versus T plot is the fingerprint of the ferrimagnetic
regime.[6] These three situations are shown schematically in
Scheme 1.


Antiferro- or ferromagnetic interactions do not necessarily
lead to long-range magnetic ordering. The crucial point is that
such a long-range magnetic ordering is strictly impossible for a
system consisting of isolated molecules (zero-dimensional), or
of isolated chains (one-dimensional). It may occur for a
system consisting of isolated layers (two-dimensional), pro-
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Scheme 1. Antiferromagnetic, ferromagnetic, and ferrimagnetic spin
structures.


vided that the spins are not strictly isotropic. On the other
hand, long-range magnetic ordering is the normal behavior of
a three-dimensional spin network. Therefore, the design of a
molecule-based magnet requires one to create interactions
along the three directions of space. Furthermore, these
interactions must have the good nature, that is they must be
either ferromagnetic, or antiferromagnetic between nonequi-
valent spin lattices.


The interactions between spin carriers may occur through
space or through bond. In the former case, we are faced with a
genuine molecular lattice with molecules or molecular ions at
the lattice points. In the latter case, we are faced with a
polymeric or extended structure. Most often the interactions
are much stronger when they occur through bonds. This is in
particular true when the bridging linkages are conjugated. It
follows that an efficient strategy to obtain a molecule-based
magnet is to assemble the spin bearing precursors through a
polymerization process.


A reversible dehydration ± polymerization process


In the last few years, we tested several polymerization
processes for assembling spin bearing precursors, and found
a very interesting one where polymerization is associated with
dehydration.[7] Subsequently, we discovered that this process
is entirely reversible. Rehydration of the polymeric network
affords isolated precursors, as schematized in Scheme 2.


Scheme 2. A reversible dehydration ± polymerization process.


Such a dehydration ± polymerization process does not
necessarily afford a molecule-based magnet. We have seen
that most often the interaction between spin carriers is
antiferromagnetic. If it is so, the resulting spin of the polymer
is zero. Our strategy to overcome this difficulty was to work
with precursors incorporating two different spin carriers, A
and B, within the molecular entity, with spins SA=SB ; SA


stands for the largest spin and SB for the smallest one. If the
interaction between A and B within the precursor is
antiferromagnetic, the ground state spin is SAÿ SB, and this
ground state spin becomes larger as SA and SB become more
different. We first developed our approach with Mn2� and
Cu2� ions whose spins are SMn� 5/2 and SCu� 1/2. The ground
state spin for the AB unit is then S� 2. Before polymerization,


the intermolecular interactions may be assumed to be
negligibly small as compared to the intramolecular A ± B
interaction. When the precursors are linked to each other, the
A ± B interaction involving a spin carrier A from a unit and a
spin carrier B from an adjacent unit may become rather large,
and the resulting ground state spin of the polymer [AB]n,
where n is the number of units, is n(SAÿ SB), as schematized in
Scheme 3. If n is infinite, and the system is three-dimensional,


Scheme 3. The dehydration ± polymerization process applied to antiferro-
magnetically coupled heterospin precursors. The process is represented in
two steps, which refers to the case of [CoCu(obbz)(H2O)4] ´ 2 H2O.


a long-range magnetic ordering should occur. The system as a
whole may be considered as a ferrimagnet. Alternatively, we
may say that the S� 2 ground state spins of the AB units are
ferromagnetically coupled; the strategy would remain valid if
the A ± B interactions both within the precursor and between
adjacent precursors were ferromagnetic. Such a situation,
however, is very unlikely. On the other hand, if one of the
interactions is ferro- and the other one is antiferromagnetic,
then the resulting spin is zero, and no spontaneous magnet-
ization can be expected.


The Co2� ± Cu2� case


A very peculiar situation occurs when the A and B spin
carriers are Co2� in octahedral environment and Cu2� ions,
respectively. The magnetochemistry of Cu2� is straightfor-
ward. The spin is SCu� 1/2 whatever the environment, and the
gCu tensor is somewhat anisotropic with principal values in the
2.0 ± 2.2 range, depending on the structural details. The
situation is more complicated for an octahedral Co2� ion.
When the actual symmetry is low, which is usually the case in
molecular compounds, the combined effect of distortion and
spin-orbit coupling most often gives rise to two low-lying
Kramers doublets separated by some tens of wavenumbers, as
schematized in Scheme 4. The four other Kramers doublets
are much higher in energy. [A Kramers doublet is a doubly
degenerate state whose degeneracy can only be removed by
applying an external magnetic field.] When the temperature is
low enough, only the ground Kramers doublet is thermally
populated, and the Co2� ion may then be formally treated with
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Scheme 4. Energy level spectrum for the Co2� ion in distorted octahedral
environment.


an effective spin S'Co� 1/2 and a very anisotropic gCo tensor.[8]


The interaction between Co2� and Cu2� gives rise to a
nonmagnetic singlet state and a pseudo triplet state, split in
zero field. The nonmagnetic state is the lowest in energy if the
interaction is antiferromagnetic. The fact that an antiferro-
magnetically coupled Co2�Cu2� pair has the same ground
state as a symmetrical Cu2�Cu2� pair might surprise some
readers. Nevertheless, it is so. The two situations, however, are
not strictly similar. In the former case, the nonmagnetic
ground state may strongly couple with the low-lying excited
pseudo triplet state through the Zeeman perturbation. Such a
coupling is not possible for the symmetrical Cu2�Cu2� pair.
For both pairs, the ground state is nonmagnetic, and cMT tends
to zero as T approaches the absolute zero. The profiles of the
cMT versus T plots, however, are different. For the sym-
metrical Cu2�Cu2� pair, the slope of the curve at T� 0 is zero;
this is not true anymore for the Co2�Cu2� pair (Figure 1). As
far as the subject of this concept article is concerned, the
important point is that the ground state of an antiferromag-
netically coupled Co2�Cu2� unit is nonmagnetic.


Figure 1. cMT versus T plots for antiferromagnetically coupled Co2�Cu2�


and Cu2�Cu2� pairs.


Let us now link together the Co2�Cu2� units through the
dehydration ± polymerization process presented above, and
look for the ground state of the extended system. At first
sight, one could think that linking together units with a
nonmagnetic ground state should result in a nonmagnetic
extended system. This is not true. In the low-temperature
range, the Co2� ion carries a magnetic moment gCobS'Co. Not


only is this magnetic moment very anisotropic due to the
anisotropy of the gCo tensor, but it is not compensated by the
gCubSCu magnetic moment carried by the Cu2� ion. As a matter
of fact, the average value of gCo is much higher than that of gCu.
In an extended system, this noncompensation of the local
moments results in ferrimagnetic behavior, with cMT showing
a minimum at a certain temperature and increasing very
rapidly as T is lowered further below this temperature.[9] If the
extended network is three-dimensional, a long-range mag-
netic ordering together with a spontaneous magnetization
should occur. Owing to the magnetic anisotropy of Co2� (vide
infra), a long-range ordering may also be expected for a two-
dimensional network.


To sum up, the ground state of an isolated Co2�Cu2� unit is
nonmagnetic, with cMT� 0 at the absolute zero, provided that
the interaction is antiferromagnetic. If such Co2�Cu2� units
are linked together in a two- or three-dimensional network
with antiferromagnetic Co2� ± Cu2� interactions between the
units, then the ground state becomes a ferrimagnetic state.
The system is a magnet. Furthermore, this magnet may be
anticipated to exhibit a strong coercivity. As a matter of fact,
the coercivity of a magnet which confers a memory effect on
the material is governed by both physical and chemical
factors. The main physical factors are the size and shape of the
particles. The key chemical factor is the magnetic anisotropy
of the spin carriers. The Co2� ion in distorted octahedral
environment is the most anisotropic 3d ion, and to date the
strongest coercive fields for molecule-based magnets have
been found in Co2� containing compounds.[10, 11]


The molecular magnetic sponge
[CoCu(obbz)] ´ nH2O


The [CoCu(obbz)(H2O)4] ´ 2 H2O starting material : All the
concepts presented above apply to the compound [Co-
Cu(obbz)(H2O)4] ´ 2 H2O and its dehydrated derivatives; obbz
stands for N,N'-bis(2-carboxyphenyl)oxamido.[12] This com-
pound was obtained through the reaction of the dianion
[Cu(obbz)]2ÿ with Co2�. Its structure consists of neutral


[CoCu(obbz)(H2O)4] units, as shown in Figure 2, and non-
coordinated water molecules. The two oxamido and two
carboxylato oxygen atoms of [Cu(obbz)]2ÿ are potentially
coordinating. In fact, only the oxamido oxygen atoms are
bound to Co2� in [CoCu(obbz)(H2O)4]. The carboxylato
oxygen atoms remain free. Co2� is in an octahedral environ-
ment with four water molecules in its coordination sphere,
and Cu2� is in a square-planar environment.
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Figure 2. Molecular structure of [CoCu(obbz)(H2O)4] ´ 2 H2O.


The temperature dependence of cMT for [CoCu(obbz)-
(H2O)4] ´ 2 H2O (Figure 3 top) is typical of an antiferromag-
netically coupled Co2�Cu2� pair. cMT tends to zero as T is
lowered down the absolute zero; as anticipated, the ground
state is nonmagnetic.


Figure 3. Temperature dependences of cMT for [CoCu(obbz)(H2O)4] ´
2H2O (top), [CoCu(obbz)(H2O)3] (middle), and [CoCu(obbz)(H2O)]
(bottom). The inserts emphasize the minima in the curves, charateristic
of the ferrimagnetic regime. Note the different scales of cMT values for the
three curves.


[CoCu(obbz)(H2O)3] and [CoCu(obbz)(H2O)]: Thermogra-
vimetric studies reveal that the starting material can be
dehydrated to give two well-defined new compounds. At
about 100 8C, the two noncoordinated water molecules along
with one of the water molecules bound to Co2� are released to
give the compound [CoCu(obbz)(H2O)3]. Heating this com-
pound up to about 200 8C results in the release of two more
water molecules to give [CoCu(obbz)(H2O)] (Figure 3). This
dehydration process is perfectly reversible. If a sample of
[CoCu(obbz)(H2O)] is maintained at room temperature in
the close vicinity of a source of water, the rehydration is
complete; it affords a material whose chemical composition,
structure as revealed by X-ray diffraction, and physical
properties are strictly identical to those of the starting
material. The dehydration ± rehydration cycle can be repeated
as many times as desired without any degradation of the
material, provided that the temperature never exceeds 275 8C.


The magnetic properties of both the tri- and monohydrate
are totally different from those of the starting material. The
cMT versus T plot for [CoCu(obbz)(H2O)3] (Figure 3 middle)
is typical of a ferrimagnetic behavior with a minimum of cMT
at 74 K. [CoCu(obbz)(H2O)3] has an extended structure with
two sublattices of magnetic moments which do not compen-
sate. This compound, however, presents no long-range
magnetic ordering down to 2 K, which strongly suggests that
its structure is one-dimensional. In fact, two chain compounds
of the same kind have been structurally characterized. In one
of them, Co2� is replaced by Mn2�. Its formula is
[MnCu(obbz)(H2O)3].[13] In the other, obbz is replaced by
obp (obp�N,N'-bis(2-carboxyethyl)oxamido).[14] The cobalt
atom is surrounded by six oxygen atoms, two of which come
from the oxamido group, three from water molecules, and the
sixth from the carboxylato group of a neighboring unit. Most
likely, [CoCu(obbz)(H2O)3] possesses a similar structure
(Figure 4). Infrared and Raman data support this assumption.


Figure 4. Probable chain structure for [CoCu(obbz)(H2O)3].


The cMT versus T plot for [CoCu(obbz)(H2O)] (Figure 3
bottom) again reveals a ferrimagnetic behavior, with a
minimum of cMT at 130 K. As the temperature is lowered
further below 130 K, cMT increases very abruptly, and reaches
very high values before reaching a maximum around 25 K.
The decrease of cMT below 25 K is due to saturation effects.
Such a curve strongly suggests that a long-range magnetic
ordering occurs. The onset of a magnetic transition is
confirmed by the temperature dependence of the field-cooled
magnetization (FCM), zero-field-cooled magnetization
(ZFCM), and remnant magnetization (REM) (Figure 5).
The FCM, measured by cooling the sample under a field of
1 Oe, presents a break around 30 K. The critical temperature,
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Figure 5. Temperature dependences of the field-cooled magnetization
(FCM), zero-field-cooled magnetization (ZFCM), and remnant magnet-
ization (REM) for [CoCu(obbz)(H2O)].


determined as the inflexion point of the FCM� f(T) curve, is
found as Tc� 30 K. The ZFCM, measured by cooling the
sample in zero field, then warming up under a field of 1 Oe, is
lower than the FCM at all temperatures below Tc. This is
because the temperature is too low to allow the domain walls
to move freely. The ZFCM merges with the FCM at Tc.
Finally, the REM, obtained by cooling the sample under the
field, then warming up in zero field, vanishes at Tc.


Further information may be deduced from ac magnetic
measurements. Perhaps, some readers are not familiar with
such measurements, and we would like to provide some
information before presenting the results.[15] In dc (direct
current) measurements, a static magnetic field H is applied,
which induces a magnetization M. The dc susceptibility, cM, is
then defined as dM/dH. For paramagnetic species, the M�
f(H) curve is linear as long as the field is not too strong and the
temperature is not too low. It follows that the susceptibility
may be expressed as M/H. In ac (alternating current)
measurements, an oscillating field of the form H0� hex-
p(iwt) is applied, where H0 is the static field, which may be
taken as zero, h is the amplitude of the oscillating field, w its
frequency, and t the time. The ac susceptibility, cac, is then
equal to dM/dH. This ac magnetic susceptibility is determined
from its two components, the in-phase (or real) component, c',
and the out-of-phase (or imaginary) component, c''. The in-
phase susceptibility is an initial susceptibility with the same
phase as the oscillating field. The out-of-phase susceptibility is
related to the phase delay of the magnetization with respect to
the oscillating field in the magnetically ordered phase. The
presence of a non-zero c'' response characterizes a magnet.


The in-phase, c', and out-of-phase, c'', ac molar magnetic
susceptibilities with a zero static field for [CoCu(obbz)(H2O)]
are displayed in Figure 6. c'' is not zero below 31 K, which is in
line with the onset of a magnetic transition. Both c' and c''
present a peak, at 27 and 25 K, respectively. Interestingly, the
temperatures of the maxima do not depend on the frequency
w up to 103 Hz ; the material is a genuine magnet, and not a
spin glass or a superparamagnet.


Not only [CoCu(obbz)(H2O)] is a magnet, but it is a hard
magnet. The field dependence of the magnetization at 5 K
(Figure 7) reveals a well-shaped hysteresis loop, with a
coercive field of 3 kOe.


Figure 6. Temperature dependences of the in-phase, c', and out-of-phase,
c'', ac magnetic susceptibilities for [CoCu(obbz)(H2O)].


Figure 7. Field dependence of the magnetization and hysteresis loop at 5 K
for [CoCu(obbz)(H2O)].


The magnetic properties reported above for [CoCu(obbz)-
(H2O)] are only compatible with a two- or three-dimensional
structure, with octahedral Co2� ions. A two-dimensional
structure can be achieved if the two water molecules which
are released when passing from [CoCu(obbz)(H2O)3] to
[CoCu(obbz)(H2O)] are replaced by two carboxylato oxygen
atoms belonging to two neighboring chains (Figure 8). It
should be noted that, if the Co2� ion was in a tetrahedral
environment, its magnetic anisotropy would be much less
pronounced, and the coercive field would definitely not reach
a value as high as 3 kOe.


Figure 8. Possible association of chains in [CoCu(obbz)(H2O)], affording
a two-dimensional structure. For clarity, the apical CoÿO(caboxylato)
bonds have been lengthened.
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Some other sponges


Quite a few other molecule-based magnets were obtained
through reversible dehydration of paramagnetic (or sometime
antiferromagnetic) species. The very first example is
[MnCu(obbz)] ´ nH2O with n� 5 or 1.[16] The pentahydrate
has a chain structure similar to that shown in Figure 4 and
displays ferrimagnetic behavior. Due to very weak interchain
interactions, the compound exhibits a long-range antiferro-
magnetic transition at 2.3 K. When four out of five water
molecules are released, the same association of chains as
described in the previous section happens, and the monohy-
drate is a genuine magnet with Tc� 14 K. The process is again
reversible. Another example of a magnetic molecular sponge
in Mn2�Cu2� compounds is provided by [MnCu(pbaOH)] ´


nH2O synthesized from the
[Cu(pbaOH)]2ÿ anion. The
pentahydrate (whose correct
formula is [MnCu(pbaOH)-
(H2O)3] ´ 2 H2O) has a chain
structure with an alternation
of Mn2� and Cu2� ions bridged
by oxamato bridges. The inter-
chain interactions are very


weakly antiferromagnetic, and the material presents a three-
dimensional ordering of the ferrimagnetic chains at Tc�
2.4 K. A field of 0.9 kOe is sufficient to overcome these
interchain interactions, so that the compound may be
described as a metamagnet built from ferrimagnetic chains.[17]


If the two noncoordinated water molecules are released, the
interchain interactions become ferromagnetic, and the com-
pound is a magnet with Tc� 4.6 K.[4, 5] Removing the water
molecule weakly bound to the Cu atom in the apical position
results in an increase of Tc up to 30 K.[18] If Mn2� is replaced by
Co2�, we are again faced with a magnetic sponge.[19] The
pentahydrate [CoCu(pbaOH)(H2O)3] ´ 2 H2O is a chain com-
pound in which the ferrimagnetic chains interact antiferro-
magnetically within the lattice. Removing the two noncoordi-
nated water molecules through a thermal treatment results in
the new chain compound [CoCu(pbaOH)(H2O)3] which
exhibits a ferromagnetic ordering of the ferrimagnetic chains
at Tc� 9.5 K. Removing a third water molecule, occupying the
apical position in the copper coordination sphere results in
[CoCu(pbaOH)(H2O)2] which again presents a long-range
ordering, but at Tc� 38 K. This magnet is very hard. Its
coercive field at 2 K is 5.66 kOe.


Other examples of stabilization of a ferromagnetic state
through partial dehydration have been described.[20±22] The
case of [CoCu(obbz)] ´ n H2O, however, remains particularly
spectacular as the reversible dehydration leads from a system
with a nonmagnetic ground state to a hard magnet.


Conclusion


Some molecular compounds behave as sponges. They can
reversibly release and reabsorb water molecules, both non-
coordinated and coordinated, a process which is accompanied


by a dramatic change of magnetic properties. If we focus on
compounds such as [CoCu(obbz)] ´ n H20, we may describe
the situation as follows: when the sponges are hydrated, or
wet, they exhibit a nonmagnetic ground state. When they are
dehydrated, or dry, they are hard magnets with a strong
coercive field. What is quite remarkable is the reversibility of
the process. This reversibility is a well-known phenomenon
for the lattice water molecules; it occurs in many hydrates. On
the other hand, the reversible release of coordinated water
molecules, accompanied by a polymerization process, to our
knowledge, was not documented. The CoÿO bonds can be
broken and created without destroying the chemical essence
of the objects. On the other hand, the architecture as a whole
is strongly modified. Dehydration increases the structural and
magnetic dimensionality from 0 (isolated molecules) to 2 or 3;
rehydration decreases this dimensionality.


Is it possible to analyze further why such a reversible
dehydration ± rehydation process may occur? Let us first
point out that in the lattice of the hydrated compound, for
instance [CoCu(obbz)(H2O)4] ´ 2 H2O, the shortest intermo-
lecular metal ± metal separation is between Co and Cu.
Moreover, this separation is shorter than the intramolecular
one, 5.109 versus 5.295 �. Furthermore, the molecules are
connected through an extensive network of hydrogen bonds
involving a coordinated water molecule in one molecule and
carboxylate groups of a neighboring molecule (Figure 9). In a


Figure 9. Hydrogen bond network for [CoCu(obbz)(H2O)4] ´ 2 H2O.


certain sense, the molecular lattice is pre-formed to permit the
equilibrium of Scheme 5. Under experimental conditions
favoring the release of water molecules (vacuum or heating),
this equilibrium is displaced toward the right-hand side. In the


Scheme 5. Reservible breaking and formation of CoÿOH2 bond.


presence of an excess of water, it is displaced toward the left-
hand side. This equilibrium is very complex; it involves a step
occurring in the solid state, the creation/breaking of the Co ±
carboxylato bonds, as well as a step occurring in a solid ± liquid
heterogeneous phase, the breaking/creation of the Co ± water
bonds.
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One of the most appealing facets of the field of molecular
materials resides in the possibility of combining some physical
properties which are encountered in classical materials
together with some other properties specific to the molecular
state. The molecular magnetic sponges illustrate this situation.
Solid-state chemistry provides nonmagnetic materials as well
as magnets, but no material for which one can pass reversibly
from a nonmagnetic state to a magnetically ordered state
through a simple chemical process such as dehydration ± re-
hydration. Molecular chemistry can provide such exotic
materials, owing to the remarkable softness of the molecular
crystal lattices.


Acknowledgment


This work was carried out under Project No 1308 4 funded by the Indo-
French Center for the Promotion of Advanced Research (IFCPAR).


[1] See, for instance, Proceedings of the Fifth International Conference on
Molecule-Based Magnets, Mol. Cryst. Liq. Cryst. (Eds.: K. Itoh, J. S.
Miller, K. Takui), vol. 305 ± 306, 1997.


[2] J. S. Miller, J. C. Calabrese, A. J. Epstein, R. W. Bigelow, J. H. Zang,
W. M. Reiff, J. Chem. Soc. Chem. Commun. 1986, 1026.


[3] J. S. Miller, J. C. Calabrese, H. Rommelman, S. R. Chittipedi, J. H.
Zang, W. M. Reiff, A. J. Epstein, J. Am. Chem. Soc. 1987, 109, 769.


[4] Y. Pei, M. Verdaguer, O. Kahn, J. Sletten, J.-P. Renard, J. Am. Chem.
Soc. 1986, 108, 428.


[5] O. Kahn, Y. Pei, M. Verdaguer, J.-P. Renard, J. Sletten, J. Am. Chem.
Soc. 1988, 110, 782.


[6] O. Kahn, Molecular Magnetism, VCH, 1993.


[7] Y. Pei, O. Kahn, K. Nakatani, E. Codjovi, C. MathonieÁre, J. Sletten, J.
Am. Chem. Soc. 1991, 113, 6558.


[8] A. Abragam, B. Bleaney, Electron Paramagnetic Resonance of
Transition Ions ; Dover Publications, New York, 1970.


[9] E. Coronado, M. Drillon, D. Beltran, J. C. Bernier, Inorg. Chem. 1984,
23, 4000.


[10] O. Cador, D. Price, J. Larionova, C. MathonieÁre, O. Kahn, J. V.
Yakhmi, J. Mater. Chem. 1997, 7 , 1263.


[11] M. G. F. Vaz, L. M. M. Pinheiro, H. O. Stumpf, A. F. C. AlcaÃntara, S.
Gohlen, L. Ouahab, O. Cador, C. MathonieÁre, O. Kahn, Chem. Eur. J.
1999, 5, 1486.


[12] J. Larionova, S. A. Chavan, J. V. Yakhmi, A. Gulbrandsen Froystein, J.
Sletten, C. Sourisseau, O. Kahn, Inorg. Chem. 1997, 36, 6374.


[13] F. Lloret, M. Julve, R. Ruiz, Y. Journaux, K. Nakatani, O. Kahn, J.
Sletten, Inorg. Chem. 1993, 32, 27.


[14] A. Gulbrandsen, J. Sletten, K. Nakatani, Y. Pei, O. Kahn, Inorg. Chim.
Acta, 1993, 212, 271.


[15] F. Palacio, F. J. Lazaro, J. van Duyneveldt, Mol. Cryst. Liq. Cryst. 1989,
176, 289.


[16] K. Nakatani, J. Y. Carriat, Y. Journaux, O. Kahn, F. Lloret, J. P.
Renard, Y. Pei, J. Sletten, M. Verdaguer, J. Am. Chem. Soc. 1989, 111,
5739.


[17] V. Baron, B. Gillon, J. Sletten, C. MathonieÁre, E. Codjovi, O. Kahn,
Inorg. Chim. Acta 1995, 1 ± 2, 69.


[18] K. Nakatani, P. Bergerat, E. Codjovi, C. MathonieÁre, Y. Pei, O. Kahn,
Inorg. Chem. 1991, 30, 3978.


[19] S. Turner, O. Kahn, L. Rabardel, J. Am. Chem. Soc. 1996, 118, 6428.
[20] S. A. Chavan, J. Larionova, O. Kahn, J. V. Yakhmi, Phil. Mag. 1998, 77,


1657.
[21] N. Re, R. Crescenzi, C. Floriani, H. Miyasaka, N. Matsumoto, Inorg.


Chem. 1998, 37, 2717.
[22] E. J. Brandon, D. K. Rittenberg, A. M. Arif, J. S. Miller, Inorg. Chem.


1998, 37, 3376.


Received: March 5, 1999 [F1653]








Solid-Phase Synthesis of 2,4,6-Triaminopyrimidines


Fabrice Guillier,[a] Patrick Roussel,[a] Heinz Moser,[b] Peter Kane[c] and Mark Bradley*[a]


Abstract: Substituted pyrimidines are
an important class of kinase inhibitors.
We therefore developed a synthetic
route suitable for the solid-phase syn-
thesis of 2,4,6-triaminopyrimidines
through displacement reactions on de-
activated pyrimidines. Functionalising
the pyrimidines was achieved using a
range of primary and secondary amines
and aniline and was realised on poly-


styrene resin with temperatures up to
140 8C. Two different amination reac-
tions were performed following the
anchoring of 4,6-dichloro-2-thiomethyl-
pyrimidine (4) onto Rink-amide deriva-


tised resin. The regio- and chemoselec-
tivity for the displacement was studied
for different leaving groups. The most
consistent results were obtained when
chlorine was used in 6-position and a
methylsulfonyl group in the 2-position.
A small library of substituted pyrimi-
dines was prepared to ascertain the
extent of the developed chemistry.


Keywords: amination ´ kinases ´
nucleophilic aromatic substitution ´
pyrimidines ´ solid-phase synthesis


Introduction


Protein kinases play critical roles in regulating the cell cycle,
acting as enzyme activators by transferring the g-phosphate
group of ATP to a serine, threonine or tyrosine residue of an
acceptor protein. This activation is important in many bio-
logical processes such as cell growth, DNA replication and
cell division.[1±3] Specific inhibitors of kinases may have
potential therapeutic utility in retarding tumour cell prolifer-
ation and synthetic attention has been focused almost entirely
on inhibitors of the ATP binding site. Purine analogues of
adenine 1 have been synthesised[4±8] while olomoucine 2 a
competitively inhibits the cyclin-dependent kinase complex
p33cdk2/cyclin A (IC50� 7 mm).[9±11] A more potent compound
2 b (IC50� 0.6 mm) was obtained by solid-phase synthesis and
screening of combinatorial libraries based on modifications at
the C-6, C-2 and N-9 positions of the purine scaffold.[6] It has
been noticed by X-ray analysis that, although olomoucine binds
in the adenine binding pocket of cdk2, the purine nucleus
adopts an entirely different orientation than that observed for
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ATP.[12] The aromatic heterocyclic core is thus important for
recognition but better ligands can still be found for more
active antagonists. It is with this objective in mind that we
describe herein the solid-phase synthesis of a range of
aminopyrimidines 3.


Polyaminopyrimidines constitute the common entity of the
potential kinase inhibitors described here. In order to study
their structure ± activity relationship, the preparation of a
series of various polyaminopyrimidines was undertaken.
Combinatorial chemistry has received much interest in the
last decade as a result of its potential to accelerate the drug
discovery process by enabling the production of a large
number of compounds in a relatively short period of time.[13, 14]


This methodology ideally enables the generation of ªmolec-
ular diversityº through a careful choice of building blocks. In
the particular case of template derivatisation, solid-phase
synthesis appears to be the method of choice, if the template
can be easily anchored onto a solid support and derivatisation
achieved efficiently using various and ªdiverseº building
blocks all with reliable chemistry. The synthesis of a large
range of analogous polyaminopyrimidines (with primary,
secondary amines and anilines derivatives) is perfectly
integrated in this approach, as amines are one of the most
readily available compound types allowing a range of hydro-
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phobic, electronic and steric characters to be considered. One
particular difficulty in combinatorial synthesis remains con-
ciliating the dissimilarity with finding a general chemical
reaction with reagents having different reactivity. Although a
striking effort is concentrated on the development of a wide
range of organic reactions on solid support,[15] their use in
combinatorial chemistry is still restricted by subunit applic-
ability and thus the diversity they can generate. In our
particular case, another requirement was the necessary
control of functionalisation in a chemo- and regioselective
manner. In this work we present studies showing the
functionalisation of the pyrimidine core by various amines.
Particular attention was paid to the control of regio- and
chemoselectivity in order to optimise yield and purity.
Scaffold attachment of the starting commercially available
trisubstituted pyrimidine on the resin was through a Rink
ªamine-generatingº linker,[16] allowing two points of diversity
to be realised on the template. Synthesis of polyamino-
electron-deficient heterocycles is usually achieved by nucle-
ophilic displacement at the different electrophilic centres.[17, 18]


Selectivity is obtained as the reactivity decreases after each
nucleophilic displacement. A library of polyaminotriazines
has already been generated through successive substitution of
dichlorotriazine[19] and trichlorotriazine[20] on the solid phase.
However, pyrimidines are much less reactive towards nucle-
ophilic displacement especially after the first and second
replacement by electron-donating groups such as amines.
Harsh conditions such as refluxing in neat amine are often
required for displacement. The reactivity of different amines
also plays a crucial role. Primary and not too hindered secondary
amines are good nucleophiles and suitable for the first
displacement reaction. However these groups provide a deac-
tivating effect for the next substitution, although the reverse
behaviour is expected for aniline derivatives. One of the aims
of this project was to determine if the regioselectivity could be
retained and diversity generated with a large range of amines.


Results and Discussion


In order to prepare compounds 3 on the solid support, a
functional group was required on the pyrimidine ring to link
to the solid support. Despite some limitations in the use of one
of the amine groups as an anchoring group, thus limiting the
diversity, solid-phase synthesis was preferred rather than
solution-phase as a result of the ease of purification of the
reaction mixtures following the extreme conditions used for
this chemistry. For example, purification when non-volatile
neat amines are used under reflux would have lead to some
problems when carried out in solution. Aminomethyl poly-
styrene resin was employed as the solid support.[21] Standard
coupling conditions, diisopropylcarbodiimide (DIC) and N-
hydroxybenzotriazole (HOBt) were used to anchor the Fmoc-
Rink-amide linker[22] onto the aminomethyl polystyrene resin.
Subsequent removal of the Fmoc protecting group with 20 %
piperidine in dimethylformamide (DMF) afforded the resin-
bound Rink-amide linker 5. Anchoring the template 4 was
performed by reaction of 5 with five equivalents of the 4,6-
dichloro-2-thiomethylpyrimidine (4), tetra-n-butylammoni-


um bromide and diisopropylethylamine (DIEA) in DMF at
90 8C. Full substitution was achieved as indicated by the
ninhydrin test.[23] The cleaved 4-aminopyrimidine (7) was of
high purity (100 %) as determined by HPLC (254 nm) and
was recovered in 89 % yield based on initial resin loading
(Scheme 1).
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Scheme 1. Anchoring and oxidation of template 4 : a) Chloropyrimidine 4,
DIEA, nBu4NBr, DMF, 90 8C; b) mCPBA, dioxane, 1m NaOH, RT;
c) TFA, H2O, CH2Cl2 (90:5:5), 3 h (89 %).


Oxidation of the thiomethyl group into the corresponding
sulfone was performed in order to enhance the reactivity of
pyrimidine 6 towards nucleophilic displacement. The func-
tional interconversion of the sulfide into the sulfone group
allows its displacement, while selectivity was expected to be
retained as the resulting sulfone group should be a better
leaving group than the 6-chloro moiety. The oxidation was
realised with 10 equivalents of m-chloroperbenzoic acid
(mCPBA) in dioxane and led to compound 8 (Scheme 1).
1m Aqueous sodium hydroxide was added to the reaction to
avoid premature cleavage from the support during the
reaction by generation of acidic by-products. Monitoring the
oxidation of the sulfide was difficult as a result of the
reactivity of 8 and the weak signals obtained by electrospray
mass spectrometry (ES-MS) of the cleaved compound.
Nevertheless reaction assessment could be achieved with
on-bead infra-red spectroscopy.[24] This was performed by
relative integration of the sulfone absorbance compared with
a reference peak and allowed us to qualitatively monitor the
conversion. For accuracy, standards of sulfide and sulfone
were synthesised in solution in order to construct a calibration
curve enabling quantitative studies. Refluxing diphenylme-
thylamine 9 (as a Rink-linker mimic) with 4,6-dichloro-2-
thiomethylpyrimidine (4) in acetonitrile and triethylamine
provided the aminosubstituted pyrimidine 10 in 75 % yield.
The oxidation step was performed with mCPBA in dichloro-
methane for two hours at room temperature and led to the
sulfone 11 in 89 % yield (Scheme 2).


Infra-red spectra of the starting sulfide 10 prepared in
solution and 6 on the solid support showed many analogies
despite the fact that on the solid support the spectrum is much
broader which is a general feature of this technology (Fig-
ure 1). The same observations were repeated for the sulfones
11 and 8.
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Scheme 2. Solution-phase synthesis of sulfide 10 and sulfone 11 used as
standards for IR quantification: a) Amine 9, Et3N, CH3CN, reflux, 26 h
(75 %); b) mCPBA, CH2Cl2, 2 h, RT (89 %).


Figure 1. Infra-red spectra of starting sulfide 6 and sulfone 8 (with the
solution equivalents 10 and 11, respectively).


Evaluation of the sulfone IR peak (1138 cmÿ1) for mixtures
of known composition of 10 and 11 permitted selection of a
reference peak at 1116 cmÿ1 with a good correlation between
the relative integration of the sulfone peak and the compo-
sition of the mixture. Kinetic studies were then realised on the
beads and the corresponding peak (1142 cmÿ1) for compound
8, characteristic of the sulfone group, was integrated relative
to the reference peak at 1115 cmÿ1. Thus, 200 mg of resin 6 and
10 equivalents of mCPBA were used during the kinetic studies
and aliquots were removed, washed and dried before analysis.
A graph was recorded displaying the oxidation of the sulfide
group by the appearance of the 1142 cmÿ1 peak. The reaction
was complete after two hours (Figure 2).


HPLC analysis was consistent with the IR data and
confirmed that no starting material (RT� 12.0 min) or sulf-
oxide (RT� 6.5 min) were present. Selective displacement


Figure 2. Kinetic IR studies for the oxidation of sulfide 6 into sulfone 8.
Relative integration of the IR sulfone�s peak versus time.


with primary amines took place smoothly at room temper-
ature as a result of the activating effect of the sulfonyl group
(Table 1, entry 1). This reaction required large excesses of


amines to go to completion and hence the amine was used as
solvent. Cleavage from the resin under the usual conditions
gave the diamine 14 a in 76 % overall yield when benzylamine
was used (Scheme 3). Displacement by secondary amines
surprisingly led to loss of chemo- and regioselectivity as both
leaving groups were displaced (Scheme 3; Table 1, entries 2, 3,
4). This particular behaviour can be explained by the fact that
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Scheme 3. Nucleophilic substitution on chlorosulfonylpyrimidine 8 by
primary and secondary amines: a) R1R2NH, 15 h, RT; b) TFA, H2O,
CH2Cl2 (90:5:5), 3 h.


Table 1. HPLC and ES-MS analysis for substitution on resin 8 by primary
and secondary amines.


Entry R1R2NH HPLC [%]
14/15


Product RT [min] MS [M�H]�


1 benzylamine 100/0 14 a 11.6 235
2 diethylamine 40/60 14 b 10.4 201


15 b 11.8 245
3 diethylamine[a] 30/70 14 b 10.4 201


15 b 11.8 245
4 piperidine 45/55 14 c 11.4 213


15 c 12.2 257


[a] Refluxing in DMSO as a 1:1 mixture with amine.
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both sites became equally reactive towards strong nucleo-
philes, with the better leaving group (the sulfone) being on the
less electrophilic centre (C2) with the chlorine being on the
more electrophilic position (C6). This mixture of products
forced us to avoid the use of secondary amines with this
pyrimidine. Displacement with anilines was unsuccessful as
prolonged heating resulted in degradation of the chlorosulfo-
nylpyrimidine.


Primary amine substituted compounds could then undergo
a second displacement involving the chlorine. Stronger
conditions than for the first displacement were required as a
result of the deactivating effect of the two amine groups
already on the pyrimidine ring and 140 8C or refluxing amine
were used. However, upon cleavage, the reaction was
observed not to be complete and some chloro derivative 14
remained (Table 2, entries 1 and 4). The nucleophilicity
seemed to be sensitive to steric hindrance as only 40 %
conversion was observed when cyclohexylamine was em-
ployed compared with the benzylamine which gave 90 %
conversion. When the mixture of pyrimidines bearing a
secondary amine in the 2- or 6-position was used (compounds
12 and 13), displacement by the primary amine at 140 8C
overnight was achieved for sulfone 13, but compound 12
proved to be less reactive (Scheme 4; Table 2, entries 2 and 3).
In this case the sulfone was displaced much more easily than
the chlorine.
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Scheme 4. Incomplete second amination then cleavage carried out on the
mixture of pyrimidines 12 and 13 : a) R3R4NH, 15 h, 1408C; b) TFA, H2O,
CH2Cl2 (90:5:5), 3 h.


Despite the preparation of some pyrimidines 16 and 17
bearing three different amines in the 2,4,6-positions the
diversity potential was low since the first displacement only
works with primary amines without lost of regioselectivity.
The second displacement was never totally achieved as a


result of the low reactivity of the chlorine in the 6-position. It
was believed that replacement of the chlorine residue by
another sulfonyl group would enhance the reactivity for
nucleophilic displacement. The regioselectivity was expected
to follow the same rule described for 2,6-dihalopyrimidines,[17]


that is the first displacement occurs in 6-position then the
second in the 2-position. Thus the resin-bound 2,6-bismethyl-
sulfonylpyrimidine (20) was preliminary generated from the
6-chloro-2-thiomethylpyrimidine (6) by displacement of the
chloride by a thiomethylide group. Perfect solubilisation of
sodium thiomethoxide and use of one equivalent of crown
ether were crucial for achieving the reaction (Table 3). [Only


starting materials were recovered when a Stille coupling,
already described in solution with 6-chloropyrimidine with
various tin derivatives[25] , was attempted with tributyltinphe-
nylsulfide[26] with conditions for the solid-phase reaction[27, 28]


([Pd2dba3], AsPh3, NMP, N2, overnight 80 8C)]. The bis-
thioether 18 was cleaved from the resin under the usual
conditions and afforded 4-amino-2,6-dimethylthiosulfide (19)
in high purity in 71 % overall yield (Scheme 5).


The subsequent oxidation step was performed with
mCPBA as described for compound 8. No starting material
or sulfoxide was recovered when 40 equivalents of mCPBA
where employed, while HPLC and ES-MS monitoring were
inconclusive as a result of the extreme lability of the disulfone
containing pyrimidine. Nevertheless completion in the fol-
lowing displacement step demonstrated that the oxidation
reaction worked satisfactorily. Displacement with various
amines was performed at room temperature (Scheme 5). No
regioselectivity problems were encountered with secondary
amines and only compound 22 was obtained (Table 4).


It was initially expected that substitution had occurred at
the 6-position of the pyrimidine ring since it is documented
that pyrimidines bearing two chloro groups in the 2- and 6-posi-
tions are prone to substitution reactions at the 6-position.[17]


However, the retention times obtained for 4-amino-2-diethyl-
amino-6-sulfonylmethylpyrimidine (22 b) and 4-amino-2-cy-
clohexylamino-6-sulfonylmethylpyrimidine (22 c) (11.2 and
11.9 min) were different than those for 4-amino-6-diethyl-
amino-2-sulfonylmethylpyrimidine (15b) and 4-amino-6-cyclo-


Table 2. HPLC and ES-MS analysis after second substitution carried out on mixtures of resins 12 a ± c and 13b ± c (14a ± c and 15 b ± c after cleavage).


Entry R1R2NH HPLC [%] 14/15 R3R4NH HPLC [%] 14/16/17 RT [min] MS [M�H]�


Starting materials Products


1 benzylamine 100/0 benzylamine 10/90/0 16 a 13.1 306
2 diethylamine 30/70 benzylamine 25/10/65 16 b 12.8 272


17 b 13.3 272
3 piperidine 45/55 benzylamine 35/15/50 16 c 12.6 284


17 c 13.4 284
4 benzylamine 100/0 cyclohexylamine 60/40/0 16 d 13.9 298


Table 3. Reaction optimisation for the synthesis of bismethylsulfide 19.


Experimental conditions HPLC [%] 19/7


NaSMe, DMSO, 13 h, 100 8C 0/100
NaSMe, [15]crown-5, EtOH, DMF, 13 h, RT 0/100
NaSMe, [15]crown-5, EtOH, DMF, 13 h, 80 8C 75/25
NaSMe, [15]crown-5, EtOH, DMF, 13 h, 130 8C 100/0







FULL PAPER M. Bradley et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3454 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 123454


N N


NR1R2


MeO2S NH2


N N


NR1R2


MeO2S N
H


N N


NR1R2


3R4RN NH2


N N


SMe


Cl N
H


N N


SMe


MeS N
H


N N


SMe


MeS NH2


N N


SO2Me


MeO2S N
H


21 22 a-c


16 a,b-d,e


6


a


18


1920


c
b


d


c


e, c


Scheme 5. Preparation of disulfonylmethylpyrimidine (20). Incomplete
regioselective amination followed by cleavage: a) NaSMe, [15]crown-5,
EtOH/DMF (1:4), 15 h, 130 8C; b) mCPBA, dioxane, 1m NaOH, RT;
c) TFA, H2O, CH2Cl2 (90:5:5), 3 h; d) R1R2NH, 15 h, RT; e) R3R4NH, 15 h,
140 8C.


hexylamino-2-sulfonylmethylpyrimidine (11.8 and 13.1 min)
which were obtained unambiguously by another route show
that displacement had taken place at the 2-position. The
displacement by aniline derivatives at room temperature was
still unsuccessful and the starting material was entirely
recovered. Prolonged heating did not afford any better result.
The second displacement was then investigated with more
vigorous conditions and was performed with neat amine at
140 8C. Incomplete conversion was observed (Table 5) and the
sulphonyl group was not fully displaced during the second
substitution reaction. Both the 2- and 6-position appeared to


react differently and the 6-position seems to be less reactive
than the 2-position.


Nevertheless, this pathway constituted an improvement for
the preparation of triaminopyrimidines. The regioselectivity
problem was suppressed for secondary amines as pure
products were obtained for the first substitution. Some
important drawbacks remained with the aromatic amines
which were still unreactive and the low conversion of the
second displacement. As a result of the failure of this new
approach, the first displacement reaction was performed on
the less activated 6-chloro-2-methylsulfanylpyrimidine (6).
Supposedly the second displacement would occur at the
sulfone group on the 2-position generated after the first
displacement. This time, complete conversion for the second
reaction would be expected. The first displacement was thus
realised at 140 8C or at refluxing temperature with neat
amines (Scheme 6). Under these conditions, primary and
secondary amines gave good yields and high purities were
obtained (Table 6, entries 1 to 7).
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Scheme 6. Substitution of the chlorine group on resin 6 by primary,
secondary and arylamines: a) R1R2NH, 15 h, 140 8C; b) TFA, H2O, CH2Cl2


(90:5:5), 3 h.


Neat anilines at refluxing temperature failed to react
(Table 6, entry 8). The conditions developed by Buchwald
for palladium-catalysed amination[29, 30] afforded us some
reaction but total conversion was never achieved even with
stoichiometric amounts of palladium (Table 6, entries 9 and
10). In fact, better results were obtained with just potassium
tert-butoxide and [18]crown-6 without the palladium affording


Table 4. HPLC and ES-MS analysis after regioselective substitution on
resin 20.


R1R2NH HPLC [%] Product RT [min] MS [M�H]�


benzylamine 91% 22a 11.6 279
diethylamine 100 % 22b 11.2 245
cyclohexylamine 85% 22c 11.9 271


Table 5. HPLC and ES-MS analysis after conversion of 6-sulfonyl resin 21 into
triaminopyrimidine 16.


R1R2NH R3R4NH HPLC [%]
16/22[a]


Product RT
[min]


MS
[M�H]�


benzylamine benzylamine 25/75 16a 13.1 306
diethylamine benzylamine 30/40 16b 12.8 272
benzylamine cyclohexylamine 20/65 16d 13.9 298
cyclohexylamine benzylamine 30/10 16e 13.9 298


[a] Remaining percentage corresponds to unidentified residues.


Table 6. HPLC and ES-MS analysis after amination of 6 by primary, secondary
and arylamines.


Entry R1R2NH T [8C] HPLC
[%] 24/7[f]


Product RT
[min]


MS
[M�H]�


1 benzylamine 140[a] 98/0 24 a 11.1 247
2 pentylamine 104[b] 100/0 24 b 11.9 227
3 cyclohexylamine 134[b] 100/0 24 c 11.8 239
4 ethanolamine 140[a] 100/0 24 d 7.4 201
5 2-methoxyethylamine 95[b] 68/0 24 e 8.5 215
6 4-morpholineethylamine 150[b] 86/0 24 f 6.8 270
7 piperidine 106[b] 100/0 24 g 10.9 225
8 aniline 140a] 5/95 24 h 11.1 233
9 aniline 100[c] 45/55 24 h 11.1 233


10 anisidine 100[c] 20/80 24 i 11.2 263
11 aniline 100[d] 0/100 24 h 11.1 233
12 aniline 140[e] 100/0 24 h 11.1 233
13 anisidine 140[e] 1/67 24 i 11.2 263


[a] Overnight heating in neat amine with minimum amount of NMP for
swelling. [b] Overnight heating at refluxing temperature in neat amine with
minimum amount of NMP for swelling. [c] Overnight heating with amine
(20 equiv), NaOtBu (20 equiv), [Pd2dba3] (0.2 equiv), P(oTol)3 (0.8 equiv) in
refluxing dioxane. [d] Same condition as [c] but without palladium. [e] Over-
night heating with KOtBu (20 equiv), [18]crown-6 (10 equiv) in a mixture of
amine/NMP 75:25. [f] Remaining percentage corresponds to unidentified
compounds.
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a quantitative transformation in one case (Table 6, entry 12).
However, extrapolation towards other aniline derivatives was
unsuccessful leading mainly to recovery of the starting
material (Table 6, entry 13). Attempts at the oxidation of
sulfide 23 were carried out with 10 equivalents of mCPBA in
dioxane at room temperature. No starting material was
recovered after 15 hours but the recovery of the sulfone 28
was found to be very low suggesting a loss of material during
the oxidation reaction leading to premature cleavage or
sensitivity to TFA. Rotella[31] recovered only modest yields of
product after epoxidation of olefins loaded onto Wang linkers
and suggested this was due to the oxidation sensitive nature of
the linker.[32, 33] Specific oxidising agents such as sodium
periodate were unsuccessful and starting material was entirely
recovered. Magnesium monoperoxyphthalate (MMPP) was
found to be the most versatile reagent and afforded the best
compromise between the conversion of the sulfide and the
minimisation of the sulfone formation (Scheme 7, Table 7).
Attempts with 2.75 equivalents of MMPP for two hours at 0 8C
afforded the best selectivity giving sulfoxide 27 (>79 %) and
sulfone 28 (<15 %). A second cycle with one equivalent of
MMPP at 0 8C for one hour permitted the consumption of all
the starting material. In each case the sulfoxide was contami-
nated with sulfone but both would be displaced during the
next reaction.


The second displacement was realised in neat amine at
140 8C or under reflux leading to the final triaminopyrimidine
(17) in good purity (HPLC). Seventeen compounds were
generated by parallel synthesis using 45 mg of resin 6 with a
substitution of 0.60 mmol gÿ1. Purification was performed by
semipreparative RP-HPLC (Table 8).


We should note that after cleavage and the usual proce-
dures (washing, freeze drying), the weight obtained for the
crude products were considerably higher than expected (10 to
80 % higher). Monitoring at 254 nm gave good information
for the conversion but was unable to detect the impurities
thought to occur after prolonged exposure of the resin to
140 8C. Despite good analytical data (1H, 13C NMR, ES-MS,
RP-HPLC) obtained after cleavage (Figure 3), a further
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Scheme 7. Formation of triaminopyrimidines 17 through oxidation of the
methylsulfide group of resin 23 then amination: a) MMPP, EtOH/DMF 1:4,
2 h, 0 8C; b) TFA, H2O, CH2Cl2 (90:5:5) 3 h; c) R1R2NH, 15 h, 140 8C.


purification step was required (silica gel column chromatog-
raphy or semi-preparative RP-HPLC). Final overall yields
were 11 ± 52 % for the isolated products. These results can be
considered as acceptable for a five-step synthesis with two
steps at 140 8C on polystyrene resin. It should be noted that
the support turns very dark in colour after each step
performed at high temperature but still gave pure products.


Table 7. HPLC and ES-MS analysis of sulphoxides 27 and sulphones 28.


R1R2NH HPLC
[%] 27


HPLC
[%] 27� 28


Product RT
[min]


MS
[M�H]�


benzylamine 80 90 27 a 10.0 263
pentylamine 84 92 27 b 10.6 243
cyclohexylamine 81 89 27 c 10.3 255
piperidine 79 94 27 g 9.5 241
aniline 86 95 27 h 10.2 249


Table 8. Library of triaminopyrimidines 17.


R1R2NH R3R4NH Product RT [min] MS [M�H]� HPLC [%][a] Yield[b] [%]


piperidine benzylamine 17c 13.4 284 88 28 (72 [c])
piperidine pentylamine 17d 14.4 264 97 35
piperidine ethanolamine 17e 11.0 252 > 98 27
piperidine 4-(2-aminoethyl)morpholine 17 f 8.5 307 82 40
piperidine piperidine 17g 12.8 262 98 28
piperidine pyrrolidine 17h 12.3 248 96 35
benzylamine pentylamine 17 i 13.9 286 92 52
benzylamine ethanolamine 17j 9.8 260 44 11
benzylamine benzylamine 17k� 16a 13.1 306 90 21
benzylamine cyclohexylamine 17 l� 16e 13.9 298 65 28
pentylamine piperidine 17m 13.4 264 89 31
pentylamine pyrrolidine 17n 12.7 250 89 21
pentylamine cyclohexylamine 17o 14.7 278 72 44
cyclohexylamine pentylamine 17p 14.7 278 78 22
cyclohexylamine 2-methoxyethanolamine 17q 11.6 266 71 14
cyclohexylamine pyrrolidine 17r 12.6 262 94 32
cyclohexylamine piperidine 17s 13.4 276 96 25


[a] HPLC Purity after cleavage from the solid support. [b] Overall yield of isolated compound after semipreparative HPLC calculated from resin 5.
[c] Yield of isolated compound after silica gel flash chromatography calculated from resin 5.
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Conclusion


Methods have been developed for the solid-phase synthesis of
2,4,6-triaminopyrimidines through displacement reactions on
deactivated pyrimidines. Extensive studies on the reactivity of
a number of methylsulfonylaminopyrimidines and chloroa-
minopyrimidines towards nucleophilic displacements were
carried out. The reactivity of the pyrimidine template
functionalised with leaving groups in the 2- and 6-positions
towards displacement varied in an unusual manner, with the
electrophilic centre having greater importance than leaving
group ability. The functionalisation of the pyrimidine was
finally achieved with 6-chloro-2-methylsulfonyl activation.
Two successive functionalisations by primary and secondary
amines were regio- and chemoselective. The use of high
temperatures (up to 140 8C) was not observed to be a limiting
factor and allowed the preparation of triaminopyrimidines
through nucleophilic substitution reactions. In one case,
aniline successfully displaced the chlorine group of the resin
bound 4-amino-6-chloro-2-methylsulfanylpyrimidine but ex-
trapolation to other aryl amine derivatives failed. Using this
methodology, seventeen 2,4,6-triaminopyrimidines have been
prepared validating this synthetic strategy.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Bruker AC-300,
Bruker AM-360 or Bruker DPX-400 spectrometers. The chemical shifts are
reported in ppm (d) and were referenced to residual protonated solvent
resonances. Mass spectra were obtained on a VG platform single quadru-


pole mass spectrometer in electrospray positive ionisation mode ES-MS or
electronic impact EI-MS. Analytical RP-HPLC was performed on a
Hewlett Packard HP 1100 chemstation equipped with a Phenomenex
Prodigy reverse phase C18 column (150� 3 mm) with a flow rate of
0.5 mL minÿ1, monitoring at 254 nm and eluting with A) 0.1 % TFA in water
and B) 0.042 % TFA in MeCN, gradient 0% B to 100 % B in 20 min.
Preparative HPLC was performed using a Luna C8 (60� 21.2 mm) reverse-
phase column with a flow rate of 20 mL minÿ1, detection at 220 and 254 nm
with a diode array detector and eluting with A) water and B) MeCN,
gradient 10% B to 95 % B in 4.5 min. Infra-red spectra were recorded on a
Bio-Rad FTS 135 spectrometer equipped with the Golden Gate Single
Reflection Diamond ATR. Starting materials were used as received.
4-Chloromethylated polystyrene resin (Merrifield resin) 200 ± 400 mesh,
substitution 1.34 mmol gÿ1 was obtained from Novabiochem. Room tem-
perature small-scale (<250 mg of resin) reactions as well as resin washing
and drying procedures were carried out by using polypropylene filtration
tubes (1, 3 or 6 mL) with polyethylene frits and a Visiprep solid-phase
extraction vacuum manifold supplied by Supelco. Cleavage reactions for
HPLC analysis were performed on approximately 5 mg of resin in
polypropylene 1.9 mL microcentrifuge tubes (Eppendorf) and agitating
with a blood-tube rotator SB1. Other reactions were performed in round-
bottom flask with magnetic stirring carried out at the lowest speed.


General procedure for cleavage reactions : Resin (50 mg) was swollen in
CH2Cl2 (250 mL). A solution of trifluoroacetic acid in water 95:5 (4.75 mL)
was added and the mixture stirred for 3 hours at room temperature. The
suspension was filtered, and the resin was washed with CH2Cl2 (2� 5 mL),
CH3CN (2� 5 mL) then CH2Cl2 (2� 5 mL). The filtrates were combined
and the solvents evaporated under reduced pressure. The residue was then
taken up in a acetonitrile/water solution (2 mL, 1:1) then freeze-dried
overnight. The resulting residue was then purified by silica gel chromatog-
raphy or semi-preparative RP-HPLC.


Resin-bound 6-chloro-2-methylsulfanylpyrimidine (6): Resin 5 (4.01 g,
0.73 mmol gÿ1 loading, 2.93 mmol) was swollen in DMF (75 mL) for 30 min.
4,6-Dichloro-2-methylthiopyrimidine (4) (2.84 g, 14.6 mmol), tetra-n-butyl-
ammonium bromide (1.84 g, 5.7 mmol) and diisopropylethylamine (5.1 mL,
29.3 mmol) were added and the mixture gently stirred and heated overnight


Figure 3. Analytical data (1H, 13C NMR, RP-HPLC, ES-MS) for compound 17c obtained after cleavage from the solid support, prior to purification.
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at 90 8C. The resin was then filtered, washed thoroughly with DMF (2�
40 mL), CH2Cl2 (2� 40 mL), MeOH (2� 40 mL), DMF (2� 40 mL),
CH2Cl2 (2� 40 mL), MeOH (2� 40 mL) then Et2O (2� 40 mL). The resin
was predried by passing air through the filter tube which was then placed
under high vacuum. A negative ninhydrin test indicated full substitution.
4.33 g of resin 6 were obtained.


4-Amino-6-chloro-2-methylsulfanylpyrimidine (7): Cleavage from resin 6
(100 mg, 0.51 mmol gÿ1 loading, 0.051 mmol) and purification by silica gel
chromatography (ethyl acetate/petroleum ether 1:1, Rf� 0.69) afforded
white crystals of 7 (8 mg, 89 % yield from resin 5). M.p. 109 8C; 1H NMR
(300 MHz, CDCl3): d� 6.16 (s, 1H, H5), 5.00 (br s, 2 H, NH2), 2.51 (s, 3H,
SCH3); 13C NMR (75.5 MHz, CD3OD): d� 173.0 (C4), 165.7 (C2), 159.1
(C6), 99.4 (C5), 13.9 (SCH3); HR-MS EI-MS: C5H6N3S35Cl [M]� calcd
174.9971, found 174.9964; analytical RP-HPLC, RT� 12.1 min, purity
crude product before purification >95%.


Resin-bound 2-methylsulfanyl-6-piperidinopyrimidine (23 g): Resin 6
(130 mg, 0.51 mmol gÿ1 loading, 0.066 mmol) was swollen in the minimal
amount of N-methylpyrrolidinone (1.5 mL) for 30 min. Piperidine (4 mL)
was added and the mixture was stirred gently and refluxed overnight. The
resin was then filtered, washed thoroughly with DMF (2� 5 mL), CH2Cl2


(2� 5 mL), MeOH (2� 5 mL), DMF (2� 5 mL), CH2Cl2 (2� 5 mL),
MeOH (2� 5 mL) then Et2O (2� 5 mL). The resin was predried by
passing air through the filter tube which was then placed under high
vacuum. Resin 23 g was obtained with a theoretical loading of
0.50 mmol gÿ1.


4-Amino-2-methylsulfanyl-6-piperidinopyrimidine (24 g): Cleavage of res-
in 23g (126 mg, 0.50 mmol gÿ1 loading, 0.063 mmol) and purification by
silica gel chromatography (ethyl acetate/petroleum ether 1:1, Rf� 0.43)
afforded 24g as white crystals (11 mg, 78% yield from resin 5). M.p. 122 8C;
1H NMR (300 MHz, CDCl3): d� 5.30 (s, 1 H, H5), 4.51 (br s, 2H, NH2), 3.54
(t, 4 H, J� 5.2 Hz, CH2), 2.51 (s, 3 H, SCH3), 1.62 (m, 6 H, CH2); 13C NMR
(75.5 MHz, CDCl3): d� 170.0 (C6), 163.3 (C4), 162.5 (C2), 78.8 (C5), 45.3
(CH2), 25.6 (CH2), 24.8 (CH2), 14.1 (SCH3); ES-MS: m/z (%): 225.1
[M�H]� (100); HR-MS EI-MS: C10H16N4S [M]� calcd 224.1086, found
224.1096; analytical RP-HPLC, RT� 10.9 min, purity crude product before
purification: 100 %.


Resin-bound 2-methylsulfinyl-6-piperidinopyrimidine (25g): Resin 23g
(500 mg, 0.50 mmol gÿ1 loading, 0.25 mmol) was swollen in DMF (20 mL)
for 30 min. The mixture was cooled to 0 8C and a solution of magnesium
monoperoxyphthalate (MMPP) (212 mg, 0.34 mmol) in DMF (5 mL) was
added dropwise and stirring continued for two hours at 0 8C. After the resin
was washed and dried in usual manner, the product of a small aliquot of
resin (5 mg) was cleaved off. RP-HPLC analysis indicated that 6% starting
material remained and a new oxidation cycle was performed with MMPP
(0.14 mmol) for one hour at 0 8C. Analysis showed the total conversion of
resin 23g into a mixture of sulfoxide 27g (79 %) and sulfone 28g (15 %).
The theoretical loading of resin 25g (based on the sulfoxide) was
0.50 mmol gÿ1.


Resin-bound 2-benzylamino-6-piperidinopyrimidine (29 c): Resin 25g
(130 mg, 0.50 mmol gÿ1 loading, 0.065 mmol) was swollen in the minimal
amount of N-methylpyrrolidinone (1.5 mL) for 30 min. Benzylamine
(4 mL) was added and the mixture was stirred and heated overnight at
140 8C. The resin was then filtered, washed thoroughly with DMF (2�
5 mL), CH2Cl2 (2� 5 mL), MeOH (2� 5 mL), DMF (2� 5 mL), CH2Cl2


(2� 5 mL), MeOH (2� 5 mL) then Et2O (2� 5 mL). The resin was
predried by passing air through the filter tube which was then placed
under high vacuum. Resin 29 c was obtained with a loading of
0.49 mmol gÿ1.


4-Amino-2-benzylamino-6-piperidinopyrimidine (17c): Cleavage of resin
29c (110 mg, 0.49 mmol gÿ1 loading, 0.054 mmol) and purification by silica
gel chromatography (ethyl acetate/petroleum ether 1:1, Rf� 0.14) afforded
17c as pale brown foam (11 mg, 72% yield from resin 5). 1H NMR
(400 MHz, CDCl3): d� 7.23 (m, 5H, Bn), 4.97 (s, 1H, H5), 4.48 (d, 2 H, J�
5.9 Hz, CH2Bn), 3.48 (m, 4 H, CH2), 1.48 ± 1.62 (m, 6H, CH2); 13C NMR
(100.6 MHz, CDCl3): d� 162.0 (C6), 155.3 (C2), 152.8 (C4), 72.6 (C5), 46.4
(CH2-Bn), 45.3 (CH2), 25.9 (CH2), 24.8 (CH2); ES-MS: m/z (%): 284.3
[M�H]� (100); HR-MS EI-MS: C16H21N4Cl35 [M]� calcd 283.1797, found
283.1794; analytical RP-HPLC, RT� 13.4 min, purity crude product before
purification: 88%.


Resin-bound 6-chloro-2-methylsulfonylpyrimidine (8): Resin 6 (250 mg,
0.73 mmol gÿ1 loading, 0.182 mmol) and dioxane (3 mL) was swollen for
30 min. A solution containing 70 % meta-chloroperbenzoic acid (mCPBA)
(448 mg, 1.8 mmol), 1m aqueous NaOH (1.8 mL, 1.8 mmol) in dioxane
(3 mL) was added at room temperature and the mixture stirred gently
overnight. The resin was then filtered, washed thoroughly with DMF (2�
5 mL), CH2Cl2 (2� 5 mL), MeOH (2� 5 mL), DMF (2� 5 mL), CH2Cl2


(2� 5 mL), MeOH (2� 5 mL) then Et2O (2� 5 mL). The resin was
predried by passing air through the filter tube which was then placed
under high vacuum. Resin 8 was obtained with a loading of 0.71 mmol gÿ1.


Resin-bound 2-benzylamino-6-chloropyrimidine (12 a): A 6 mL polypro-
pylene filtration tube fitted with polyethylene frit was charged with resin 8
(120 mg, 0.71 mmol gÿ1 loading, 0.085 mmol) and CH2Cl2 (3 mL) added for
30 min. CH2Cl2 was removed by filtration and replaced by benzylamine
(4 mL). The mixture was then shaken overnight at room temperature. The
resin was filtered, washed thoroughly with DMF (2� 5 mL), CH2Cl2 (2�
5 mL), MeOH (2� 5 mL), DMF (2� 5 mL), CH2Cl2 (2� 5 mL), MeOH
(2� 5 mL) then Et2O (2� 5 mL) and finally dried by passing air through
the resin. Resin 12a was obtained with a loading of 0.70 mmol gÿ1.


4-Amino-2-benzylamino-6-chloropyrimidine (14 a): Cleavage of resin 12a
(120 mg, 0.70 mmol gÿ1 loading, 0.084 mmol) and purification by silica gel
chromatography (ethyl acetate/petroleum ether 1:1, Rf� 0.65) afforded
12a as a white oil (15 mg, 76% yield from resin 5). 1H NMR (300 MHz,
CDCl3): d� 7.28 (m, 5 H, Bn), 5.78 (s, 1 H, H5), 5.40 (br s, 1H, NH2), 4.72
(br s, 2H, NH2), 4.53 (d, 2H, J� 5.9 Hz, CH2Bn); 13C NMR (100.6 MHz,
CDCl3): d� 165.6 (C4), 158.9 (C2), 154.5 (C6), 137.8 (CH-Bn), 130.1 (CH-
Bn), 129.3 (CH-Bn), 129.2 (CH-Bn), 95.2 (C5), 46.5 (CH2-Bn); ES-MS: m/z
(%): 235.1 [M�H]� (100); HR-MS EI-MS: C11H11N4Cl35 [M]� calcd
234.0672, found 234.0669; analytical RP-HPLC, RT� 11.6 min, purity
crude product before purification >95%.


Resin-bound 2,4-bismethylsulfanylpyrimidine (18): Resin 6 (350 mg,
0.73 mmol gÿ1 loading, 0.255 mmol) was swollen in DMF (4 mL) for
30 min. A solution containing sodium thiomethoxide (537 mg, 7.67 mmol),
[15]crown-5 (50 mL, 0.255 mmol) ethanol (4 mL) and DMF (12 mL) were
added and the mixture heated overnight at 130 8C. The resin was filtered
upon cooling, washed thoroughly with DMF (2� 5 mL), CH2Cl2 (2�
5 mL), MeOH (2� 5 mL), water (2� 5 mL), DMF (2� 5 mL), CH2Cl2


(2� 5 mL), MeOH (2� 5 mL) then Et2O (2� 5 mL). The resin was
predried by passing air through the filter tube which was then placed
under high vacuum. Resin 18 was obtained with a loading of 0.72 mmol gÿ1.


4-Amino-2,6-bismethylsulfanylpyrimidine (19): Cleavage of resin 18
(115 mg, 0.72 mmol gÿ1 loading, 0.083 mmol) and purification by silica gel
chromatography (ethyl acetate/petroleum ether 1:1, Rf� 0.77) afforded 19
as white crystals (11 mg, 71 % yield from resin 5). M.p. 101 8C; 1H NMR
(300 MHz, CDCl3): d� 5.92 (s, 1H, H5), 4.71 (br s, 2 H, NH2), 2.45 (s, 3H,
SCH3), 2.42. (s, 3 H, SCH3); ES-MS: m/z (%): 188.0 [M�H]� (100); HR-MS
EI-MS: C6H9N3S2 [M]� calcd 187.0238, found 187.0226; analytical RP-
HPLC, RT� 8.8 min, purity crude product before purification >95%.


4-Chloro-6-diphenylmethylamino-2-methylsulfanylpyrimidine (10): Tri-
ethylamine (3.6 mL, 25.8 mmol) was added to a stirred suspension of
aminodiphenylmethane hydrochloride salt (1.69 g, 7.7 mmol) in acetonitrile
(20 mL). This solution was added dropwise onto a solution of 4,6-dichloro-
2-thiomethyl-pyrimidine (4) (1 g, 5.13 mmol) in acetonitrile (20 mL). The
reaction mixture was refluxed for 24 hours. Solvents were removed under
reduced pressure and water (30 mL) was added. The solution was acidified
with 2m potassium hydrogenosulfate then extracted with CH2Cl2 (3�
30 mL). The organic layers were combined, dried over magnesium sulfate
and concentrated to afford a crude product which was purified by silica gel
column chromatography (ethyl acetate/petroleum ether 1:9, Rf� 0.50) to
give 10 as white crystals (1.34 g, 75 %). M.p. 120 8C; IR (neat) nÄ � 3331
(NH), 1555 (C�N) cmÿ1; 1H NMR (300 MHz, [D6]DMSO): d� 8.66 (d, 1H,
J� 8 Hz, NH), 7.29 (m, 10 H, Harom), 6.43 (s, 1H, H5), 6.33 (d, 1H, J� 7.4 Hz,
CH(arom)2), 2.28 (s, 3H, SCH3); 13C NMR (75.5 MHz, [D6]DMSO): d�
171.3 (C4), 161.8 (C2), 156.8 (C6), 142.1 (CH-Bn), 128.6 (CH-Bn), 127.4
(CH-Bn), 127.3 (CH-Bn); 99.5 (C5), 58.0 (CH(arom)2), 13.5 (SCH3); ES-
MS: m/z (%): 342.0 [M�H]� (100); HR-MS EI-MS: C18H16N3S35Cl [M]�


calcd 341.0754, found 341.0736; analytical RP-HPLC, RT� 20.3 min.


4-Chloro-6-diphenylmethylamino-2-methylsulfonylpyrimidine (11): 50%
m-Chloroperbenzoic acid (3.78 g, 10.96 mmol) was added to a solution
of 4-chloro-6-diphenylmethylamino-2-methylsulfanylpyrimidine (10)
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(750 mg, 2.2 mmol) in CH2Cl2 (50 mL). The solution was stirred two hours
at room temperature before adding an aqueous solution of 10% Na2S2O3.
The organic layer was then washed with an aqueous solution of 10%
Na2S2O3 (2� 25 mL) then 1m NaHCO3 (3� 25 mL). The aqueous layer
were combined and extracted with CH2Cl2 (3� 50 mL). The organic layers
were finally combined, dried over magnesium sulphate and concentrated to
afford a crude product which was purified by silica gel column chromatog-
raphy (ethyl acetate/petroleum ether 3:7, Rf� 0.30) to obtain 11 as a white
foam (0.73 g, 89%). M.p. 156 8C; IR (neat) nÄ � 3331 (NH), 1575 (C�N),
1138 (S�O) cmÿ1; 1H NMR (300 MHz, [D6]DMSO): d� 9.32 (d, 1 H, J�
8 Hz, NH), 7.35 (m, 10H, Harom), 7.02 (s, 1 H, H5), 6.35 (d, 1 H, J� 7.4 Hz,
CH(arom)2), 3.13 (s, 3H, SO2CH3); 13C NMR (75.5 MHz, [D6]DMSO): d�
168.8 (C4), 165.2 (C2), 162.6 (C6), 141.4 (CH-Bn), 128.7 (CH-Bn), 127.5
(CH-Bn), 127.4 (CH-Bn), 106.5 (C5), 58.4 (CH(arom)2), 38.5 (SO2CH3);
ES-MS: m/z (%): 374.0 [M�H]� (100); HR-MS EI-MS: C18H16N3O2S35Cl
[M]� calcd 373.0652, found 373.0654; analytical RP-HPLC, RT� 17.1 min.
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Enantioselective Deprotonation of Alkyl Carbamates by Means of
(R,R)-1,2-Bis(N,N-dimethylamino)cyclohexane/sec-ButyllithiumÐ
Theory and Experiment
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Abstract: The O-ethyl-, O-isobutyl-,
and O-neopentyl carbamates 1 a ± c
were subjected to the conditions of
chiral diamine-assisted deprotonation.
The efficiencies were compared for
(ÿ)-sparteine (7), title compound 8 and
(ÿ)-a-isosparteine (9). The degree of
enantiotopos-differentiation in the de-
protonation step was concluded from
the enantiomeric ratio in the carboxyla-
tion products 6/ent-6. The deprotonation
of carbamates 1 a and 1 b by sec-butyl-


lithium/7 proceeds with very good se-
lectivity (>95 % ee in favor for the pro-
S-H), but is not successful with 1 c. (ÿ)-
a-Isosparteine (9) does not support the
deprotonation of alkyl carbamates at all.
The medium efficiency of diamine 8 is
enhanced by increasing bulk in the


b-position (1 a> 1 b> 1 c). Quantum-
chemical calculations (PM3, ab initio
methods) on several models for the
competing diastereomorphic transition
states of the deprotonation under the
influence of 8 reflect well the sense and
the magnitude of the observed chiral
induction and, in addition, give the first
insight in the effects which determine
the stereochemical outcome of these
reactions.


Keywords: chiral diamines ´ lithia-
tion ´ quantum-chemical calculations
´ (ÿ)-sparteine ´ transition states


Introduction


In 1990, we reported on the first example of a deprotonation
reaction proceeding with efficient differentiation between the
two enantiotopic protons of the methylene group of very
weak carbon acids:[1] Alkyl carbamates of type 1 (Scheme 1,
R� n-alkyl or heterosubstituted alkyl) are smoothly depro-
tonated by the chiral base sec-butyllithium/(ÿ)-sparteine (7)
in diethyl ether, pentane or toluene at ÿ78 8C with predom-
inant removal of the pro-S proton.[2] The enantiomeric ratio in
the products 6/ent-6 which arise from the trapping of
intermediate diastereomeric ion pairs 4/epi-4 usually exceeds
97.5:2.5. Since the ion pairs 4/epi-4 are configurationally stable
under the reaction conditions and the substitution reaction
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Scheme 1. Kinetically controlled deprotonation of carbamates 1 with
enantiotopic differentiation.
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proceeds with complete stereoretention[3] (if R does not
interact mesomerically with the carbanionic center) the
enantiomeric ratio 6/ent-6 reflects the ratio of diastereomers
4/epi-4 which correspond to the relative rate constants kpro-S/
kpro-R in the deprotonation step. Evidence is accumulating for
the rapid formation of an intermediate complex[2, 4] 2 from the
alkyl carbamate, sec-butyllithium, and (ÿ)-sparteine (7),
which slowly undergoes intramolecular deprotonation with
stereodifferentiation between Hpro-S and Hpro-R.


We were trying to understand the structural features
determining the differences in DG= for the competing
transition states by MNDO calculations. These predict a
slight preference for the pro-S proton, although the high,
experimentally observed differences of >1.5 kcal molÿ1 were
not reproduced.[2a, 5, 6] Transition state calculation on lithiode-
protonations,[7] and, particulary on those involving diastereo-
morphic transition states[8] are scarce. For the sake of
simplicity, more sophisticated calculations and, in addition,
for meaningful comparison with the experimental results we
were seeking for a simpler and, hopefully, a less efficient[9] C2-
symmetric chiral diamine that is capable of supporting the
stereoselective deprotonation of the carbamates 1. It was
found finally in (R,R)-1,2-bis(N,N-dimethylamino)cyclohex-
ane[10] (8) (Scheme 1).


Results and Discussion


Experimental results : The carbamates 1 a ± c, carrying alkyl
groups with increasing bulk, were deprotonated by means of
sec-butyllithium/8 (1.45 equivalents diamine, 1.40 equivalents
base) in diethyl ether at ÿ78 8C for 4 h. Trapping the mixture
of the lithium complexes 4/epi-4 by gaseous carbon dioxide
and methylation of the crude acids furnished the methyl esters
6 a ± c/ent-6 a ± c with medium enantiomeric ratios (Table 1).


For comparison, the experiments were repeated with
(ÿ)-sparteine (7) to provide the esters 6 a and 6 b with
enantiomeric ratios of greater than 97.5:2.5. Surprisingly, the
neopentyl derivative 1 c was not deprotonated by the
(ÿ)-sparteine method, whereas in the presence of the
ªslimmerº diamine 8 the corresponding ester 6 c was pro-
duced with 79 % ee (enantiomeric ratio 6 c :ent-6 c� 89.5:10.5).
The (R)-lactic acid derivative 6 a is already known[1b] and the
enantiomeric ratios of 6 b and 6 c were determined by 1H NMR
shift experiments in the presence of Eu(hfc)3.


From the synthetic point of view, the diamine 8 is superior
to (ÿ)-sparteine (7) in the deprotonation of bulky alkyl
carbamates and, above all, it is easily available in both
enantiomeric forms.[10] The results also demonstrate that the
delicate balance in the steric demand of the CH-acid and the
inducing diamine decides on the success of the deprotonation
step. A series of further diamines were tested in the
deprotonation of the ethyl carbamate 1 a and were found
not capable in supporting the deprotonation at all temper-
atures between ÿ78 8C and ÿ30 8C: (ÿ)-a-Isosparteine (9),[11]


perhydro-dipyrrolopyrazine (10),[12] (S,S)-N,N'-bis(1-cyclo-
hexylethyl)-N,N'-dimethylethanediamine (11), the bis(2-
methylpyrrolidine) 12,[13] bis(aziridine) 13,[13] and bisprolinol
derivative 14[14] (Scheme 2).
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Scheme 2. Chiral diamines which do not support the deprotonation of
carbamates 1.


In a broad study, P. Beak et al. recently investigated the
influence of several ligands (including also 7, 8, 9, and 14) in
the asymmetric deprotonation of N-Boc-pyrrolidine.[15] Here,
the efficiency of (ÿ)-sparteine (7) remained unbeaten. Note-
ably, the cyclohexanediamine 8 did not induce any enantio-
selectivity.


Theoretical investigations : Based on the fact that the enan-
tioselective deprotonation of the alkyl carbamate is the


Abstract in German: Die O-Ethyl-, O-Isobutyl- und O-
Neopentylcarbamate 1a ± c wurden in Gegenwart chiraler
Diamine deprotoniert. Die Effizienz von (ÿ)-Spartein (7),
der Titelverbindung 8 und von (ÿ)-a-Isospartein (9) wurden
verglichen. Das Ausmaû der Enantiotopos-Differenzierung
des Deprotonierungsschritts wurde aus den Enantiomerenver-
hältnissen der Carboxylierungsprodukte 6/ent-6 ermittelt. Die
Deprotonierung der Carbamate 1a und 1b durch sec-Butylli-
thium/7 erfolgt hochselektiv (>95 % ee zugunsten des pro-S-
H), aber bleibt bei 1c aus. (ÿ)-a-Isospartein (9) ist nicht in der
Lage, die Deprotonierung von Alkylcarbamaten zu unter-
stützen. Die nur mittelmäûige Effizienz des Diamins 8 ver-
bessert sich mit zunehmender Raumerfüllung in b-Stellung
(1a< 1b< 1c). Quantenchemische Rechnungen (PM3, ab
initio- und DFT-Methoden) an verschiedenen Modellen für
die konkurrierenden diastereomorphen Übergangszustände
der Deprotonierung unter dem Einfluû von 8 spiegeln die
Richtung und die Gröûenordnung der beobachteten chiralen
Induktion gut wider. Sie geben einen ersten Einblick in die
Effekte, welche den sterischen Verlauf dieser Reaktionen
bestimmen.


Table 1. Experimental results of the asymmetric deprotonation of carba-
mates 1 a ± c.


Educt Procedure[a] Products Yield
[%]


Enantiomeric ratio
[% ee]


[a]22
D


[b]


1a A 6 a/ent-6a 81 63:37 (26) ÿ 6.0
B 73 99:1 (98) ÿ 22.8


1b A 6 b/ent-6b 96 77:23 (54) ÿ 8.4
B 35 > 97.5:2.5 (�95) ÿ 13.0


1c A 6 c/ent-6 c 42 89.5:10.5 (79) ÿ 11.8
B 0 ± ±


[a] Procedure A is mediated by 8, Procedure B is mediated by 7. [b] c�
1.0 ± 1.5 (CH2Cl2).







Enantioselective Deprotonation 3459 ± 3463
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product determining, kinetically controlled step in the elec-
trophilic substitution reactions, we initiated a computational
study in order to investigate the performance of modern
semiempirical and ab initio methods for such problems.


For steric reasons a 1:1:1 complex of base, diamine and
carbamate seems to be most likely for the transition state.
Starting from a small transition state model system for the
preformed complex of the reaction partners we added
stepwise additional sterically and electronically influencing
groups in order to get a feeling for the importance of those
groups for the enantiomeric excess found in products 6 a ± c.


Computational methods : We started with complete geometry
optimizations of (R,R)-1,2-bis(N,N-dimethylamino)cyclohex-
ane (8) with the MMX force field.[16] The resulting geometry
was reoptimized by using PM3 as supplied in MOPAC93[17]


and several ab initio basis sets (GAUSSIAN94 program
package).[18] Then, the lithium cation, complexed with the
most simple carbamate CH3OC(�O)NH2 at the carbonyl
oxygen atom, was added. The addition of a methyl group to
the lithium cation completed this most simple model for the
carbamate/diamine/methyllithium complex. The reaction
path technique followed by transition state optimizations
(keyword ªTSº in MOPAC93) led to two diastereomeric
transition states lk-TS and ul-TS for the proton transfer
reaction.[19] These transition state geometries formed the basis
for the exchange of the further groups. iPrLi instead of MeLi
was introduced as a model for the used base sBuli, in order to
get closer to the experimentally studied system (see Table 2).
In several cases, the geometries were reoptimized starting
from different starting geometries in order to increase the
probability to have localized the energy lowest saddle point
on the potential energy hyperface. As a result of the similarity
of the diastereomeric transition states an efficient error
cancellation of the PM3 heats of formation may be expected
which renders relative data which are much more reliable
than the heats of formation itself. The same will certainly
apply to transition state entropies as well.


Theoretical results : As Table 2 clearly shows simple model
transition states with sterically not demanding moieties
(entries 1 ± 5) are calculated to possess almost identical heat
of formations for the corresponding diastereomeric pairs.
However, it seems noteworthy that all systems studied give a
preference for the R,R/pro-S (ul)[20] transition state, although
sometimes to a rather small extent. Thus, neither increasing of


the bulkiness of the base (from methyllithium to isopropyl-
lithium, entry 2) nor of that of the carbamate substituent
(methyl versus tert-butyl, entry 3) leads to a substantial
differentiation of the diastereomeric transition states. On
the other hand, the nature of the amino group of the
carbamate moiety seems to have the most pronounced effect
on the enthalpy difference of the transition states. Although
NH2, NMe2, and pyrrolidinyl for X (TS C, D, E) seem to be
without influence on the stereodifferentiation, the introduc-
tion of a spacious 2,2,5,5-tetramethylpyrrolidinyl group in TS
F (taken as a model for the experimentally studied, unsym-
metrical 2,2,4,4-tetramethyl-1,3-oxazolidine-3-yl group) in
compound 3 c leads to a significant kinetic preference for
the R,R/pro-S transition state ul-F (Figure 1). The calculated
difference (1.23 kcal molÿ1) for this model system F is in
remarkably good agreement with the experimentally ob-
served one for the produced 6 c (79% ee at ÿ78 8C).


Me2N NMe2


Li O


O
X


R


H
H


R1
Me2N NMe2


Li O


O
X


R


HH


R1


lk-A - I ul-A - I


Figure 1. Competing diastereomorphic model transition states A ± I. For
R, R1 see Table 2.


Figure 2 depicts the calculated transition state structures.
Interestingly, the structure lk-F is more symmetrical with
respect to the Li ± N complexation and to the CÿHÿC bond
lengths compared with ul-F, which is lower in energy.
However, there is no single, obvious difference in the
structure of the two transition states, but rather the sum of
several small deviations in different parts of the complexes are
responsible for the diastereoselection.


The more spacious base iPrLi (TS F) gives better results
than MeLi (see model system of entry 7, 0.85 kcal molÿ1


difference). For the corresponding methyl derivatives H a
much smaller difference of 0.37 kcal molÿ1 is calculated, which
has to be compared with the experimental value of ee� 26 %
for compound 6 a. Here, the nature of the base surprisingly
has no effect on the calculated stereodifferentiation
(see TS I).


We conclude from these data that for the optimization of
the enantiomeric excess of the enantiotopos-differentiating


Table 2. Results of the quantum-chemical calculations.


Entry TS Base R X DHf R,R/pro-R DHf R,R/pro-S DDHf


R1Li lk-TS ul-TS


1 A MeLi Me NH2 ÿ 113.77 ÿ 113.99 0.22
2 B iPrLi Me NH2 ÿ 122.88 ÿ 122.95 0.07
3 C iPrLi tBu NH2 ÿ 137.96 ÿ 138.05 0.09
4 D iPrLi tBu NMe2 ÿ 137.91 ÿ 137.96 0.05
5 E iPrLi tBu pyrrolidinyl ÿ 143.03 ÿ 143.06 0.03
6 F iPrLi tBu 2,2,5,5-tetramethyl-pyrrolidinyl ÿ 165.08 ÿ 166.31 1.23
7 G MeLi tBu 2,2,5,5-tetramethyl-pyrrolidinyl ÿ 155.39 ÿ 156.24 0.85
8 H iPrLi Me 2,2,5,5-tetramethyl-pyrrolidinyl ÿ 142.24 ÿ 142.61 0.37
9 I MeLi Me 2,2,5,5-tetramethyl-pyrrolidinyl ÿ 132.55 ÿ 132.89 0.34
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Figure 2. Schakal-plots of the calculated structures for the transition states
lk-F (left) and ul-F (right); (PM3 results). Characteristic bond lengths [�]:
lk-F LiÿN: 2.2910, 2.2959; LiÿC: 2.3466; LiÿO: 1.9529; CÿHÿC: 1.4870,
1.4804; ul-F LiÿN: 2.2373, 2.3100; LiÿC: 2.3623; LiÿO: 1.9205; CÿHÿC:
1.4650, 1.5009.


deprotonation reaction, the steric bulkiness of the amino
substituent has the most prominent influence on the stereo-
chemical outcome of the reaction. As expected, b-branched
alkyl carbamates give better results than n-alkyl derivatives.
According to these findings, the steric nature of the base has a
significant influence only in sterically very crowded systems;
nevertheless, for successful deprotonation, the bulkier secon-
dary bases (sBuLi in the experiment, or iPrLi in the
calculations) are essential.


The semiempirical PM3 results have further been checked
by comparison with some ab initio data. However, as a result
of the size of the system, only relatively small basis sets were
applicable. Complete geometry optimization (starting with
PM3 geometries) of the two transition states for model system
6 with the RHF/3-21G basis set produces an energy difference
DDHf of 1.21 kcal molÿ1 in favor of the R,R/pro-S deprotona-
tion pathway, which is in excellent agreement with the PM3
and the experimental results. Geometry optimizations at the
RHF/6-31G* level of theory resulted in a energy difference of
0.85 kcal molÿ1, MP2/6-31G*//RHF/6-31G* single point cal-
culations give 2.15 kcal molÿ1, indicating that the structures
are influenced by electron correlation with respect to the
energies. Finally, DFT geometry optimizations, which include
electron correlation effects, using the B3LYP/6-31G* method,
gave a difference in total energy of 1.10 kcal molÿ1 in favor of
the RR/pro-S deprotonation, which again is in excellent
agreement with the PM3 and 3-21G data.[21]


Conclusion


In conclusion, it is evident from these studies that no simple,
easily surveyed model will be available for the prediction of
direction and magnitude of the enantiotopos-differentiation
in the deprotonation reaction. It is the interplay of steric
effects in the chiral auxiliary, in the base, in the alkyl group,
and in the amino residue which determines the energetic
difference of the competing diastereomorphic transition
states. Semiempirical PM3 calculations seem to be a useful


tool for the prediction of optimal combinations. However,
increasing the overall steric bulk is a tightrope walk: As the
experiments with (ÿ)-a-isosparteine (9) demonstrate, a
situation is reached soon in which a deprotonation of weak
carbon acids does not occur at all.


Experimental Section


General : All organometallic reactions were performed under Ar with
exclusion of air and moisture. Toluene was dried over Na before use. FC
separations were carried out at 0.5 ± 1.5 bar on silica gel 40 ± 63 mm (Merck,
Darmstadt). IR: Perkin ± Elmer 298. Optical rotations: Perkin ± Elmer
polarimeter 241. NMR: Bruker WM 300 (300 MHz and 75.5 MHz for 1H
and 13C NMR, respectively). For 1H NMR, CDCl3 was used as solvent,
TMS as internal standard; for 13C NMR, CDCl3 dC� 77.0. The 1H NMR
shift experiments were performed by addition of (�)-Eu(hfc)3 (6 ± 21 mg)
to a solution of the enantioenriched products (20 mg) in CDCl3 (0.8 mL).
Combustion analysis: Perkin ± Elmer 240, Organisch-Chemisches Institut
der Universität Münster.


Ethyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-carboxylate (1a): 2,2,4,4-Tetra-
methyl-1,3-oxazolidine (12.9 g, 64.2 mmol) was added to ethoxycarbonyl
chloride (3.46 g, 32.0 mmol) in CH2Cl2 (50 mL). The reaction mixture was
stirred at room temperature for 16 h, and the mixture was poured into 2n
aq. HCl (80 mL). The aqueous phase was extracted with Et2O (3� 40 mL),
and the combined ethereal solution neutralized and dried (Na2SO4/
NaHCO3 2:1). Evaporation and purification by FC yielded 1a (8.05 g,
80%) as a colorless oil. Rf (PE/Et2O 1:1)� 0.61; IR (film): nÄ � 1695 cmÿ1


(NC�O); 1H NMR (CDCl3): d� 1.29 (t, J2',1'� 7.1 Hz, 2'-H3), 1.37, 1.43 (2 s,
4-CH3), 1.52, 1.57 (2s, 2-CH3), 3.73 (s, 5-H2), 4.15, 4.19 (2q, J1',2'� 7.1 Hz, 1'-
H2); 13C NMR (CDCl3): d� 14.51 (C-2'), 24.22, 25.35 (4-CH3), 25.35, 26.55
(2-CH3), 59.68, 60.30 (C-4), 60.30 (C-1'), 76.23, 76.44 (C-5), 94.87, 95.80 (C-
2), 152.23, 152.88 (NC�O); C10H19NO3 (201.28): calcd C 59.67, H 9.51;
found C 59.71 and H 9.60.


2-Methylpropyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-carboxylate (1b):
2-Methylpropanol (2.22 g, 30.0 mmol) was added to a suspension of NaH
(60 % in mineral oil; 1.80 g, 45.0 mmol) in THF (50 mL) and the mixture
was stirred at room temperature for 30 min. 2,2,4,4-Tetramethyl-1,3-
oxazolidine-3-carbonyl chloride[1b] (5.75 g, 30.0 mmol), dissolved in THF
(25 mL), was added. After the reaction mixture was heated under reflux for
2.5 h, the solution was poured into 2n aq. HCl/Et2O (300 mL each). The
aqueous phase was extracted with Et2O (3� 100 mL), and the combined
ethereal solution neutralized and dried (Na2SO4/NaHCO3 2:1). Evapora-
tion and purification by FC (PE/Et2O 10:1) afforded 1b (5.74 g, 83 %) as a
colorless oil. Rf (PE/Et2O 2:1)� 0.46; IR (film): nÄ � 1700 (C�O), 1400,
1380 cmÿ1 [C(CH3)2]; 1H NMR (CDCl3): d� 0.97 (d, J3',2'� 6.7 Hz, 3'-H3),
1.39, 1.43, 1.54, 1.56 (4s, 2-CH3, 4-CH3), 1.98 (m, 1H, 2'-H), 3.73 (s, 5-H2),
3.89 (d, J1',2'� 6.4 Hz, 1'-H2); 13C NMR (CDCl3): d� 19.31 (C-3'), 24.09,
25.27, 26.49 (2-CH3, 4-CH3), 27.94 (C-2'), 59.51, 60.45 (C-4), 70.83 (C-1'),
76.09, 76.33 (C-5), 94.69, 95.74 (C-2), 152.21, 152.92 (C�O); C12H23NO3


(229.32): calcd C 62.85; H 10.11, N 6.11; found C 62.85, H 10.32, N 6.29.


Similarly prepared: 2,2-Dimethylpropyl 2,2,4,4-tetramethyl-1,3-oxazoli-
dine-3-carboxylate (1 c): 2,2-Dimethylpropanol (1.32 g, 15.0 mmol) and
2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl chloride (2.88 g, 15.0 mmol)
dissolved in THF (15 mL) were added to NaH (60 % in mineral oil; 900 mg,
22.5 mmol) in THF (30 mL). Aqueous workup and purification by FC (PE/
Et2O 8:1) yielded 1 c (3.02 g, 83%) as colorless crystals. M.p.� 86 8C; Rf


(PE/Et2O 2:1)� 0.48; IR (film): nÄ � 1690 (C�O), 1380, 1360 cmÿ1


[C(CH3)2]; 1H NMR (CDCl3): d� 0.99 (s, 3'-H3), 1.41, 1.43, 1.57 (3 s,
2-CH3, 4-CH3), 3.74 (s, 5-H2), 3.81 (s, 1'-H2); 13C NMR (CDCl3): d� 24.16,
25.34, 25.41, 26.66 (2-CH3, 4-CH3), 26.79 (C-3'), 31.44 (C-2'), 59.57, 60.66
(C-4), 74.44 (C-1'), 76.16, 76.42 (C-5), 94.70, 95.94 (C-2), 152.11, 152.98
(C�O); C13H25NO3 (243.35): calcd C 64.17, H 10.35, N 5.76; found C 64.50,
H 10.50, N 5.77.


Deprotonation of the alkyl carbamates 1a ± c Ð General Procedure : To a
solution of the diamine [Procedure A: 247 mg, 1.45 mmol of (R,R)-1,2-
bis(N,N-dimethylamino)cyclohexane (8), Procedure B: 340 mg, 1.45 mmol
of (ÿ)-sparteine (7)] in dry diethyl ether (3 mL) kept at ÿ78 8C under
argon and, subsequently, sec-butyllithium in hexane (1.4m, 0.99 mL,
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1.40 mmol) was added and, after 10 min, a solution of the carbamate 1
(1.00 mmol) in diethyl ether (3 mL) was slowly introduced through a
syringe. The orange colored solution was stirred for 4 h at ÿ78 8C before
the gaseous CO2 (liberated from dry ice) was introduced with a gas inlet.
The reaction mixture was stirred for 2 h at ÿ78 8C before a mixture of 2n
aq. HCl (5 mL) and ether (5 mL) was added. The aqueous phase was
extracted with Et2O (3� 30 mL) and dried over Na2SO4. After evaporation
of the solvent in vacuum, the residue was dissolved in diethyl ether, and
ethereal diazomethane solution was added dropwise until the yellow color
remained. The crude ester was purified by flash chromatography (FC) on
silica gel.


Methyl (R)-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyloxy)-propa-
noate (6 a): Deprotonation of 1a (201 mg, 1.00 mmol) and addition of
CO2 (in excess) followed by an O-methylation with diazomethane yielded
6a (Procedure A: 210 mg, 81 %, 26% ee ; Procedure B: 189 mg, 73%, 98%
ee) as a colorless oil; shift experiment: 21 mg (�)-Eu(hfc)3, Dd (2-H)�
0.25; Rf (PE/Et2O 1:1)� 0.55; IR (film): nÄ � 1760 (OC�O), 1705 cmÿ1


(NC�O); 1H NMR (CDCl3): d� 1.40 (d, 3-H3), 1.45 ± 1.60 (m, 12H, 2'-
CH3, 4'-CH3), 3.75 (s, 5'-H2, OCH3) 5.11, 5.12 (2 q, J2,3� 7.1 Hz, 2-H1);
13C NMR (CDCl3): d� 17.15 (C-3), 24.08, 25.10 (4'-CH3), 25.34, 25.46,
26.39, 26.62 (2'-CH3), 52.06 (OCH3), 60.11, 60.80 (C-4'), 68.55 (C-2), 76.12,
76.47 (C-5'), 95.26, 95.97 (C-2'), 150.96, 151.72 (NC�O), 171.92 (OC�O);
C12H21NO5 (259.30): calcd C 55.59, H 8.16; found C 55.74, H 8.27.


Methyl (R)-3-methyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbamoyl-
oxy)-butanoate (6 b): Deprotonation of 1b (229 mg, 1.00 mmol) and
addition of CO2 (in excess) followed by an O-methylation with diazo-
methane yielded 6b (Procedure A: 277 mg, 96 %, 54 % ee ; Procedure B:
102 mg, 35 %, �95% ee) as a colorless oil, shift experiment: 13 mg (�)-
Eu(hfc)3, Dd (2-H)� 0.16; Rf (PE/Et2O 2:1)� 0.51; IR (film): nÄ � 1750
(OC�O), 1700 cmÿ1 (NC�O); 1H NMR (CDCl3): d� 1.03 (m, 6H, 4-H3),
1.36, 1.37, 1.50, 1.56, 1.58, 1.67 (6s, 2'-CH3, 4'-CH3), 2.27 (m, 1H, 3-H), 3.74,
3.76 (2 s, OCH3, 5'-H2), 4.94 (d, J2,3� 4.3 Hz, 2-H); 13C NMR (CDCl3): d�
17.66, 17.76, 17.89, 18.97, 23.99, 24.97, 25.34, 25.58, 26.39, 26.69 (C-4, 2'-CH3,
4'-CH3), 30.22 (C-3), 51.76 (OCH3), 60.02, 60.86 (C-4'), 76.09 (C-5'), 76.42
(C-2), 95.13, 96.05 (C-2'), 151.34, 152.17 (NC�O), 170.81 (OC�O);
C14H25NO5 (287.36): calcd C 58.52, H 8.77, N 4.87; found C 58.43, H 8.63,
N 4.89.


Methyl (R)-3,3-dimethyl-2-(2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl-
oxy)-butanoate (6 c): Deprotonation of 1c (243 mg, 1.00 mmol) and
addition of CO2 (in excess) followed by an O-methylation with diazo-
methane yielded 6 c (Procedure A: 178 mg, 42%, 79 % ee ; Procedure B: no
yield) as a colorless oil, shift experiment: 6 mg (�)-Eu(hfc)3, Dd (OCH3)�
0.03; Rf (PE/Et2O 2:1)� 0.52; IR (film): nÄ � 1750 (OC�O), 1700 cmÿ1


(NC�O); 1H NMR (CDCl3): d� 1.06, 1.07 (2 s, 4-H3), 1.41, 1.44, 1.51,
1.54, 1.56, 1.60, 1.68 (7s, 2'-CH3, 4'-CH3), 3.73 (s, OCH3), 3.75 (s, 5'-H2), 4.70
(s, 2-H); 13C NMR (CDCl3): d� 23.99, 24.94, 25.37, 25.75 (2'-CH3, 4'-CH3),
26.59 (C-4), 33.70 (C-3), 51.49 (OCH3), 59.94, 60.96 (C-4'), 76.09 (C-5'),
80.61 (C-2), 95.03, 96.17 (C-2'), 152.41 (NC�O), 170.31 (OC�O);
C15H27NO5 (301.38): calcd C 59.78, H 9.03, N 4.65; found C 60.10, H 9.15,
N 4.29.


Attempted deprotonation of 1a with (ÿ)-a-isosparteine/sec-butyllithium :
After treatment of 1 a (201 mg, 1.00 mmol) with sec-butyllithium (1.4m in
hexane, 0.99 mL, 1.40 mmol) and (ÿ)-a-isosparteine (9, 340 mg,
1.45 mmol) following the general procedure, no product was detected;
only the starting material 1a (170 mg, 85%) was isolated.
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Abstract: 1-Carbamoyloxy-1-lithio-in-
dene complexes of (ÿ)-sparteine and
(ÿ)-a-isosparteine 5/epi-5 and 6/epi-6
were prepared and found to be config-
urationally unstable on the macroscopic
time scale. Ratios of epimers and the
rates of interconversion, including some
activation parameters, were determined
by temperature-dependent line shape
analysis in the 1H NMR spectrum. The
highest barrier for interconversion
(DDH=> 25 kcal molÿ1) was recorded
for the 2-methylindenide/(ÿ)-sparteine


complexes 5 b/epi-5 b, whereas the acti-
vation energy for the epimerisation of
the indenide/(ÿ)-a-isosparteine com-
plex 6 a/epi-6 a is too low to be recorded
by this method. Trapping of the lithium
compounds 5/epi-5 and 6/epi-6 proceeds
with methyl iodide in an anti-SE' process.


The obtained enantiomeric ratios corre-
late roughly with the observed epimeric
ratios in the lithium intermediates. The
absolute configurations of the methyla-
tion products 7 c and 7 d have been
established by chemical correlation with
the known (�)-(S)-3-methyl-1H-indan-
1-one. The ratios correspond well to
those predicted by semiempirical PM3
calculations on the relative stability of
the diastereomeric complexes.


Keywords: chiral carbanions ´ line
shape analysis ´ lithiation ´ semi-
empirical calculations ´
(ÿ)-sparteine


Introduction


Although enantioenriched, chiral organolithium compounds
became important tools in enantioselective synthesis,[1, 2]


quantitative information on the features of configurational
stability is still very scarce. Besides of some types of sp3-
carbanion lithium-(ÿ)-sparteine complexes which are config-
urationally stable in solution at least at ÿ70 8C,[3] the
mesomerically stable sp2-carbanion counterparts usually are
configurationally unstable with few exceptions.[4] The diaste-
reomeric ion pairs, which differ in the configuration of the
carbanionic part, may equilibrate under the reaction condi-
tions (Scheme 1). Provided that the substitution step by the
electrophile occurs stereospecifically, either with complete
inversion or retention at the former carbanionic center, and in
addition, proceeds much more rapidly than the equilibration, Scheme 1. (ÿ)-Sparteine-mediated generation, epimerisation, and trap-


ping of chiral lithium compounds.


the enantiomeric ratio in the products C and ent-C reflects the
diastereomeric ratio in the organometallic intermediates B
and epi-B.[5]


When the epimeric organolithium complexes B and epi-B
remain in solution (and the equilibrium is not disturbed
through dynamic kinetic resolution[6] by the preferred crys-
tallisation of one diastereomer[7]), their ratio directly corre-
lates with their difference in free energy DDG.
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In this work we studied few chiral ion pairs, formed by
chiral diamine-assisted deprotonation of O-indenyl carba-
mates,[8] including trapping experiments, 1H NMR investiga-
tions on the equilibria, their interconversion rates, and the
suitability of semiemipirical quantum-chemical calculation
predicting the relative energies.


Results and Discussion


The 1H-inden-3-yl carbamates 3 a,b were prepared from the
corresponding indanones 1 a,b and N,N-diisopropylcarbamoyl
chloride (2) by heating in neat pyridine (Scheme 2). Small
amounts of the 1H-inden-1-yl isomers 4 a,b (rel. 3 ± 4 %) are
formed presumably by a base-induced 1,3-proton shift; 4 b was
separated easily by chromatography on silica gel. The
deprotonation of the enol carbamates 3 a,b in the presence
of 1.0 equiv (ÿ)-sparteine (9) or (ÿ)-a-isosparteine (10),[9]


respectively, in toluene with a 1.6m solution of n-butyllithium
(1.0 equiv) proceeded smoothly and was completed after
stirring for 30 min at ÿ78 8C. The carbanionic intermediates
were trapped with 3 equiv of trimethylsilyl chloride or methyl
iodide at ÿ78 8C; neutralisation of the reaction mixture with
acetic acid and aqueous workup afforded the optically active
g-substitution products 7 in good yields. Noteworthy, the
exchange of (ÿ)-sparteine (9) with (ÿ)-a-isosparteine (10)
results in an inversion of the sense of stereoselectivity and an
increase in efficiency (Scheme 2 and Table 1).


The lithium compounds prepared from 3 a and nBuLi/
(ÿ)-sparteine required higher temperatures for a complete
reaction with methyl iodide and were allowed to warm to
room temperature before neutralisation (yield 59 %, 11 % ee).
The formation of the by-product 12 (16 %), which arises from
a double bond shift in the primary product 7 c, may indicate
the occurrence of a competing racemisation under the basic
reaction conditions (Scheme 3). Nearly complete conversion
of the carbanionic intermediate is an important issue, other-
wise a kinetic resolution of the diastereomers 5/6 and epi-5/6
may occur.[10] This feature was demonstrated, when carrying
the mixture 5 a/epi-5 a and methyl iodide to only 16 %
conversion: The opposite enantiomer ent-7 c (11 % ee) was
formed preferentially.


Enantiomeric ratios in all products could easily be deter-
mined by 1H NMR-spectroscopy in the presence of the
optically active shift reagent tris-[(3-heptafluoropropylhy-
droxymethylen)-(�)-camphorato]europium(iii). The assign-
ments of absolute configurations in the products 7 a and 7 b


Scheme 2. a) Pyridine, D ; b) i) ÿ 78 8C, 1.0 equiv nBuLi, 1.0 equiv L*;
ii) electrophile (ÿ78 8C).


Scheme 3. a) i) ÿ 78 8C, 1.0 equiv nBuLi, 1.0 equiv L*; ii) MeI (ÿ78 8C to
RT).


are tentative,[11] since we were unable to accomplish any
useful transformation of the sensitive silanes 7 for stereo-
chemical correlation.


The carbamate moiety of indene 7 c and ent-7 d could be
removed by hydrolysis under acidic conditions (Scheme 4).
The transformation of 7 c to the known (ÿ)-(R)-3-methyl-1H-
1-indanone (13) establishes the predominant (R)-configura-
tion in the alkylation product 7 c. Indanone 13 could be
alkylated to ketone 14 and 15 in an 89:11 diastereomeric ratio.


Table 1. Trapping experiments with lithiated indenes 5 and 6.


Starting materials Solvent Product R El Yield [%] [a]D (c, solvent) er 7/ent-7 ee [%]


3a, (ÿ)-sparteine (9), Me3SiCl Et2O 7a H Me3Si 80 � 22.4 (0.8, acetone) 58:42 16
3a, (ÿ)-a-isosparteine (10), Me3SiCl Et2O ent-7a H Me3Si 81 ÿ 22.0 (1.2, CH2Cl2) 32:68 32
3a, (ÿ)-sparteine (9), MeI Et2O 7c H CH3 59[a] ÿ 11.7 (0.9, CH2Cl2) 56:44 12
3a, (ÿ)-sparteine (9), MeI toluene 7c H CH3 45[a] ÿ 8.9 (0.8, CH2Cl2) 54:46 8
3b, (ÿ)-sparteine (9), Me3SiCl toluene 7b CH3 Me3Si 84 ÿ 4.1 (1.2, Et2O) 52:48 4
3b, (ÿ)-a-isosparteine (10), Me3SiCl toluene ent-7b CH3 Me3Si 63 � 48.1 (1.0, Et2O) 24:76 52
3b, (ÿ)-sparteine (9), MeI Et2O 7d CH3 CH3 83 0.0 (0.8, acetone) ± ±
3b, (ÿ)-a-isosparteine (10), MeI Et2O ent-7d CH3 CH3 68 � 11.5 (1.1, CH2Cl2) 30:70 40


[a] The reaction mixture was allowed to warm to room temperature prior to neutralisation.
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Scheme 4. a) 6n aq. H2SO4, THF, D ; b) i) ÿ78 8C, LDA; ii) MeI (ÿ78 8C
to RT); yields and ratios see Table 1.


This reaction allows to assign the (S)-configuration in the
alkylation product ent-7 d via the ketone ent-14.


1H NMR spectroscopic investigations : In 1971, the first NMR
studies on the exchange reaction of (ÿ)-sparteine/magnesium
complexes were published.[13] Later, several experiments
showed the importance of NMR line shape analysis for the
investigation of the kinetic behavior of lithiated com-
pounds.[14] In this work, we determined the epimerisation of
the lithiated indenides 5 and 6 by 1H NMR spectroscopy.
Figure 1 shows the 3-H signal of compound 6 b at various
temperatures. At 295 K the signals of both epimers 6 b and
epi-6 b are averaged to one single absorption peak. Cooling of
the sample results in the separation of two singlets due to
slower epimerisation. Line shape analysis[15] with the density
matrix formalism gives the rates of epimerisation. The
activation parameters DH=� 8.0 ± 8.5 kcal molÿ1 and DS=�
ÿ25.1 cal molÿ1 Kÿ1 were obtained from the Eyring plot
shown in Figure 2.


The NMR signals of the protons 2-H and 3-H in indenide 5 a
is shown in Figure 3. At 345 K averaging results in one signal
set for both epimers. At 285 K the two sets of dubletts
corresponding to indenides 5 a and epi-5 a are clearly sepa-
rated. Comparison of observed and calculated line shapes
provided the rates of epimerisation, and through the Eyring
plot in Figure 4 activation parameters DH= and DS= of
13.5 kcal molÿ1 and ÿ8 cal molÿ1 Kÿ1, respectively, were ob-
tained. In addition, NMR investigations of compound 5 b and
6 a were performed. Unfortunately, line shape analyses were
not possible in these cases. Obviously, the interconversion
between the epimeric (ÿ)-sparteine complexes 5 b and epi-5 b
was slow as the signals of proton 3-H remain separated up to
temperatures of 363 K. In contrast, the rates of epimerisation
were very high in the (ÿ)-a-isosparteine complexes 6 a and
epi-6 a because the NMR spectra showed averaged signals
down to temperatures of 200 K.[16]


The comparison of the kinetic data for lithiated indenides 5
and 6 (Table 2) shows that (ÿ)-a-isosparteine decreases the
configurational stability compared with (ÿ)-sparteine. This
may result from longer carbonÿlithium bonds caused by the
greater steric bulk of this ligand.[18] With either ligand, the
indenides substituted with a methyl group in position 2 (5 b,


Figure 1. 300 MHz 1H NMR spectra, line shapes of 3-H absorption of 6b/
epi-6b observed (left) in [D10]diethyl ether and different temperatures;
calculated (right).


Figure 2. Eyring plot for epimerisation of 6b (kf, kb: rate constants, Tb:
temperature, see also Figure 1).


6 b) show slower epimerisation than the corresponding
unsubstituted compounds 5 a and 6 a.


Semiempirical calculations (MOPAC,[19] PM3[20]): In the
beginning of our work, semiempirical calculations of the
lithiated indenides 5 were performed in order to estimate the
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Figure 3. 300 MHz 1H NMR spectra, line shapes of 2-H and 3-H
absorption of 5 a/epi-5a observed (left) in [D8]toluene and different
temperatures; calculated (right).


Figure 4. Eyring plot for epimerisation of 5a (kf, kb: rate constants, Tb:
temperature, see also Figure 3).


relative stabilities of the epimers. All calculations were
performed on IBM-Risc 6000 computers with the PM3
parameters[20] by Stewart and lithium parameters by Anders
et al. by using the MOPAC[19] program. The convergence


criteria ªGNORM� 0.1º was used. All structures were
geometry-optimized with a fixed planar geometry of the
carbamate nitrogen to avoid another center of asymmetry as
found in all X-ray structures. The character of the stationary
points on the hyperface was exemplarily determined by
frequency analysis. The diastereomeric ratios in the lithiated
indenides 5 and 6 determine the enantioenrichment in the
substitution products 7. For this reason the free energies of the
ground states DG have to be considered. The calculations give
the enthalpies DH, but the differences between the DDG and
DDH values, resulting from the entropy term, should be very
small, because very similar diastereomeric structures are
compared.


Since (ÿ)-sparteine is not C2-symmetric, the lithium cation
is stereogenic and four diastereomers of 5 have to be
considered (Figure 5). The data in Table 3 shows that in the
case of the unsubstituted indenide 5 a the like-configured
diastereomers SCSLi-5 a and RCRLi-5 a are more stable than the
unlike-configured compounds SCRLi-5 a and RCSLi-5 a. The


Figure 5. Diastereomeric (ÿ)-sparteine/indenide complexes 5.


Table 2. Activation parameters for epimerisation of lithiated indenes 5 and
6.


Compound dr[a] DH= DS=


5a 55:45 13.5 kcal molÿ1 ÿ 8 cal molÿ1 Kÿ1


6a ±[b] < 5 kcal molÿ1 ±[c]


5b 60:40 > 25 kcal molÿ1 ±[c]


6b 18:82 8.0 ± 8.5 kcal molÿ1 ÿ 25.1 calmolÿ1 Kÿ1


[a] Isomer appearing at lower field at left. [b] The diastereomeric ratio
could not be determined due to fast epimerisation. [c] Line shape analysis
not possible.


Table 3. Calculated heat of formation (DH) for lithiated indenes 5 and 6.


DH [kcal molÿ1] 5a 5 b DH [kcal molÿ1] 6a 6 b


SCSLi ÿ 66.3 ÿ 72.8 SC ÿ 60.3 ÿ 64.5
RCRLi ÿ 66.0 ÿ 69.0 RC ÿ 61.6 ÿ 65.1
SCRLi ÿ 64.2 ÿ 68.7
RCSLi ÿ 65.6 ÿ 73.0
observed[a] SC SC RC RC


[a] Derived by chemical correlation of alkylation products 7c and 7d.
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small energetic difference of 0.3 kcal molÿ1 between the
favored diastereomers SCSLi-5 a (ÿ66.3 kcal molÿ1) and
RCRLi-5 a (ÿ66.0 kcal molÿ1) is too low to be significant. In
contrast, the difference between the 2-methyl substituted
indenide complexes SCSLi-5 b and RCRLi-5 b is 3.8 kcal molÿ1,
respectively.[21] But in this case, the unlike-configured com-
plexes are more stable and SCSLi-5 b and RCSLi-5 b possess
nearly the same enthalpy.[22] In other words, the possibility of
stereoisomerisation at the lithium cation levels the energy
difference which results from the interaction of the chiral
ligand and the carbanionic moiety. When applying a C2-
symmetric ligand, such as (ÿ)-a-isosparteine (10), these
complications do not exist. Isosparteine 10 causes a non-
stereogenic lithium atom; only two diastereomers which differ
in the configuration of the carbanionic moiety have to be
considered. The PM3 calculations on the (ÿ)-a-isosparteine
complexes 6 a and 6 b predicts differences of ÿ1.3 and
ÿ0.6 kcal molÿ1, respectively, in favor of the RC-epimers
(corresponding to epi-6). The experiments resulted in an
improvement from 8 to 51 % ee (see above). Except for
indenide 5 b, the calculated most stable isomers match the
experimental correlation (Table 3), but the deviation for
compounds 5 a and 5 b (0.2 and 0.3 kcal molÿ1) are at best at
the magnitude of error for this calculation.


Conclusion


We were surprised that the experimental evidence matches
well Ð even in the semiquantitative view Ð with the results of
the semiempirical calculations. One reason might be that the
lithiated carbamates of type 5 and 6 are monomeric, as has
been demonstrated for a related complex even for the solid
state,[23] and no equilibria between different aggregates are
relevant under the reaction conditions. As predicted by the
calculations
* the enantiomeric ratios in the products 7/ent-7 (corre-


sponding to the diastereomeric ratios in the lithium
compounds 5/epi-5 and 6/epi-6) are increased by the
exchange of the chiral ligand (ÿ)-sparteine (9) for (ÿ)-a-
isosparteine (10), and


* the sense of stereoselectivity is reversed by this exchange
and the relative configurations at the carbanionic center of
the major epimer are predicted correctly when DDH is
more than 0.5 kcal molÿ1.
(ÿ)-a-Isosparteine (10) is superior to (ÿ)-sparteine (9) as a


result of the larger energetic differences and its greater kinetic
mobility when the equilibration between diastereomeric ion
pairs in solution is the goal. However, when applying 10 to
precursors of lower CH-acidity, its diminished ability in
supporting the deprotonation step has to be taken into
account.[24]


Experimental Section


General remarks : All reactions involving water- or air-sensitive chemicals
were carried out in distilled and dried solvents under argon. Diethyl ether
was distilled from sodium and THF from potassium immediately prior to


use. Solvents [diethyl ether, petroleum ether (boiling range 35 ± 40 8C)]
used for chromatography were distilled prior to use. All other reagents and
solvents were used as received. Melting points: Gallenkamp melting point
apparatus (uncorrected). IR: Perkin ± Elmer PE 298. 1H and 13C NMR:
Bruker AM200, AM300 or AM360 or Avance 300. Shifts are reported
relative to tetramethylsilane as an internal reference. CDCl3 was used as
solvent. The multiplicities of the 13C NMR signals were determined with
DEPT pulse sequences. Numbering according to IUPAC rules. Elemental
analyses: Perkin ± Elmer 240. TLC: Macherey, Nagel & Co. Sil G/UV254;
eluent given in brackets, diethyl ether (E)/pentane (P) (1:1) was used as
solvent unless noted otherwise; detection by coloration with molybdato
phosphoric acid (4 % in ethanol). Flash chromatography (FC): Merck silica
gel 60 (40 ± 63 mm) (100 g for 1 g of material to be separated).


1H-Inden-3-yl N,N-diisopropylcarbamate (3a) and rac-1H-inden-1-yl N,N-
diisopropyl-carbamate (4a): 1-Indanone (6.60 g, 50.0 mmol), dry pyridine
(5.4 mL, 75.0 mmol), and N,N-diisopropylcarbamoyl chloride (8.15 g,
50.0 mmol) were stirred at 90 8C for 6 d. The reaction mixture was then
chilled to room temperature and poured to a slurry of 6n HCl (100 mL)
and ice (20 g). The aqueous solution was extracted with Et2O (3� 30 mL)
and the combined etheral phases were washed with sat. aqueous NaHCO3


(40 mL). After the solution was dried (MgSO4), the solvent was evaporated
under reduced pressure, and the residue was purified by FC (silica gel, E/P
1:5) to yield 3a and 4a (6.67 g, 52 %) as a 97:3 mixture.


Carbamate 3a : IR (film): nÄ � 1715 cmÿ1 (NCO); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 1.1 ± 1.4 (m, 12H, 2'-H), 3.4 (dd, 3J(1-H,2-H)�
2.4 Hz, 4J(1-H,7-H)� 0.7 Hz, 2 H, 1-H), 3.9 ± 4.2 (m, 2 H, 1'-H), 6.3 (t, 1H,
2-H), 7.2 ± 7.5 (m, 4 H, 4 ± 7-H); 13C NMR (50 MHz, CDCl3, 25 8C, TMS):
d� 21.0 (q, C-2'), 34.9 (t, C-1), 46.7 (d, C-1'), 113.8 (d, C-2), 118.1/124.1/
125.4/126.2 (d, C-4 ± 7), 140.0/142.1 (s, C-3a, C-7a), 149.6 (s, c-3), 152.7 (s,
NCO); C16H21NO2 (259.35): calcd C 74.03, H 8.09, found C 74.01, H 7.93.


Carbamate 4a : IR (film): nÄ � 1690 cmÿ1 (NCO); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 1.0 ± 1.4 (m, 12H, 2'-H), 3.5 ± 4.2 (m, 2 H, 1'-H), 6.2
(d, 3J(2-H,3-H)� 5.8 Hz, 1H, 3-H), 6.4 (dd, 3J(1-H,2-H)� 2.0 Hz, 1H, 2-H),
6.8 (d, 1H, 1-H), 7.1 ± 7.5 (m, 4 ± 7-H); 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d� 21.0 (q, C-2'), 46.2 (d, C-1'), 77.8 (d, C-1), 121.4/124.2/126.1/128.5
(d, C-4 ± 7), 133.8 (d, C-3), 134.8 (d, C-2), 142.9/143.1 (s, C-3a, C-7a), 155.8
(s, NCO).


(2-Methyl-1H-inden-3-yl) N,N-diisopropylcarbamate (3b) and rac-(2-
methyl-1H-inden-1-yl) N,N-diisopropylcarbamate (4b): 2-Methyl-1-indan-
one (5.42 g, 42.0 mmol), dry pyridine (5.0 mL, 64.0 mmol), and N,N-
diisopropylcarbamoyl chloride (6.85 g, 42.0 mmol) were stirred at 90 8C for
6 d. Then, the reaction mixture was chilled to room temperature and
poured to a slurry of 6n HCl (100 mL) and ice (20 g). The aqueous solution
was extracted with diethyl ether (3� 30 mL) and the combined etheral
phases washed with sat. aqueous NaHCO3 (40 mL). After the solution was
dried (MgSO4), the solvent was evaporated under reduced pressure, and
the residue was purified by FC (silica gel, E/P 1:4) to yield 3 b (5.29 g, 46%)
and 4 b (0.35 g, 3%) as colorless oils.


Carbamate 3 b : IR (film): nÄ � 1700 cmÿ1; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 1.2 ± 1.5 (m, 12H, C-2'), 2.0 (t, 4J(1-H,2-CH3)� 1.0 Hz, 3H,
2-CH3), 3.3 (q, 2H, 1-H), 3.9 ± 4.3 (m, 2H, C-1'), 7.0 ± 7.4 (m, 4 H, 4 ± 7-H);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d� 3.8 (q, 2-CH3), 20.6/21.5 (q,
C-2'), 38.9 (t, C-1), 46.4 (d, C-1'), 117.2/123.7/124.3/126.1 (d, C-4 ± 7), 127.3
(s, C-2), 140.3/140.8/144.8 (s, C-3, C-3a, C-7a), 152.6 (s, NCO); C17H23NO2


(273.37): calcd C 74.7, H 8.49; found C 74.83, H 8.40.


Carbamate 4 b : IR (film) nÄ � 1690 cmÿ1; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 1.0 ± 1.4 (m, 12H, 2'-H), 2.0 (s, 3H, 2-CH3), 3.6 ± 4.3 (m, 2 H, 1'-
H), 6.2 (s, 1H, 1-H), 6.4 (s, 1H, 3-H), 7.0 ± 7.5 (m, 4 H, 4 ± 7-H); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d� 14.2 (q, 2-CH3), 21.1 (q, C-2'), 46.2 (d,
C-1'), 78.7 (d, C-1), 120.1/124.5/124.9/128.4 (d, C-4 ± 7), 143.1/143.2/145.7 (s,
C-2, C-3a, C-7a), 155.9 (s, NCO).


General procedure for the lithiation of the indenes 3 a and 3b : n-
Butyllithium (1.0 mmol, 1.6m in n-hexane) was added dropwise with
stirring (30 min) at ÿ78 8C to a solution of 3 (1.0 mmol) and (ÿ)-sparteine
(9) or (ÿ)-a-isosparteine[9] (10) (1.0 mmol) in diethyl ether (2 mL) or
toluene (4 mL). The electrophile was added and stirring continued for 4 h
atÿ78 8C. Acetic acid (1 mL, 50% in ether) was added before warming the
mixture to room temperature. The organic phase was washed with 2n HCl
(20 mL). After the phases were separated, the aqueous phase was extracted
with diethyl ether (3� 20 mL). The combined organic phases were washed
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with sat. aqueous NaHCO3 (20 mL) and dried with sodium sulfate. The
products were separated on silica gel with diethyl ether/petroleum ether.
ee-Values were determined by 360 MHz 1H NMR spectroscopy in the
presence of the optically active shift reagent tris-[(3-heptafluoropropylhy-
droxymethylen)-(�)-camphorato]europium(iii) in CDCl3.


(�)-(R)-(1-Trimethylsilyl-1H-inden-3-yl) N,N-diisopropylcarbamate (7a):
According to the general procedure indenyl carbamate 3 a (259 mg,
1.00 mmol) was lithiated with n-butyllithium (1.6m, 0.63 mL, 1.00 mmol)
in the presence of (ÿ)-sparteine (9) (234 mg, 1.00 mmol) in diethyl ether
(2 mL) for 30 min at ÿ78 8C and treated 4 h with trimethylsilyl chloride
(238 mg, 2.20 mmol). Flash chromatography on silica gel (40 g) with E/P
1:15 yielded silane 7a (230 mg, 80%) as a colorless oil with 16% ee (main
isomer at lower field). [a]20


D ��22.4 (c� 0.8 in acetone); IR (film) nÄ �
1720 cmÿ1 (NCO); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 0.0 (s, 9H,
Si-CH3), 1.0 ± 1.5 (m, 12H, 2'-H), 3.4 (d, 3J(1-H,2-H)� 2.3 Hz, 1H, 1-H),
3.7 ± 4.4 (m, 2H, 1'-H), 6.4 (d, 1 H, 2-H), 7.2 ± 7.5 (m, 4H, 4 ± 7-H); 13C NMR
(50 MHz, CDCl3, 25 8C, TMS): d�ÿ2.4 (q, Si-CH3), 21.1 (q, C-2'), 41.8 (d,
C-1), 46.5 (d, C-1'), 116.7/118.0/123.0/124.4/124.8 (d, C-2, C-4 ± 7), 138.6/
143.8/147.5 (s, C-3, C-3a, C-7a), 153.2 (s, NCO); HR-MS (70 eV):
C19H29NO2Si: calcd 331.1959; found 331.1953.


(ÿ)-(S)-(1-Trimethylsilyl-1H-inden-3-yl) N,N-diisopropylcarbamate (ent-
7a): According to the general procedure indenyl carbamate 3a (259 mg,
1.00 mmol) was lithiated with n-butyllithium (1.6m, 0.63 mL, 1.00 mmol) in
the presence of (ÿ)-a-isosparteine (10) (234 mg, 1.00 mmol) in diethyl
ether (8 mL) for 30 min at ÿ78 8C and treated 4 h with trimethylsilyl
chloride (238 mg, 2.20 mmol). FC on silica gel (40 g) with E/P 1:15 yielded
silane ent-7a (230 mg, 80%) as a colorless oil with 32 % ee (main isomer at
higher field). [a]20


D �ÿ22.0 (c� 1.2 in CH2Cl2).


(ÿ)-(R)-(2-Methyl-1-trimethylsilyl-1H-inden-3-yl) N,N-diisopropylcarba-
mate (7b): According to the general procedure indenyl carbamate 3b
(163 mg, 0.50 mmol) was lithiated with 3.0m n-butyllithium (0.18 mL,
0.50 mmol) in the presence of (ÿ)-sparteine (9) (118 mg, 0.50 mmol) in
toluene (2 mL) for 30 min at ÿ78 8C and treated 4 h with trimethylsilyl
chloride (116 mg, 1.00 mmol). FC on silica gel (25 g) with E/P 1:15 yielded
silane 7 a (146 mg, 84 %) as a colorless oil with 4% ee (main isomer at lower
field). M.p. 65 8C (diethyl ether); [a]20


D �ÿ4.1 (c� 1.2 in diethyl ether); IR
(film) nÄ � 1710 cmÿ1 (NCO); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
0.0 (s, 9H, Si-CH3), 1.2 ± 1.5 (m, 12H, 2'-H), 2.0 (s, 3H, 2-CH3), 3.3 (s, 1H,
1-H), 3.7 ± 4.4 (m, 2H, 1'-H), 7.0 ± 7.4 (m, 4H, 4 ± 7-H); 13C NMR (50 MHz,
CDCl3, 25 8C, TMS): d�ÿ2.0 (q, Si-CH3), 13.1 (q, 2-CH3), 20.8/21.5 (q,
C-2'), 45.0 (d, C-1), 46.0/46.9 (d, C-1'), 117.0/123.0/123.2/124.9 (d, C-4 ± 7),
130.2/139.4/142.3/143.4 (s, C-2, C-3, C-3a, C-7a), 153.2 (s, NCO); HR-MS
(70 eV) C20H32NO2Si: calcd 345.2115; found 345.2123.


(�)-(S)-(2-Methyl-1-trimethylsilyl-1H-inden-3-yl) N,N-diisopropylcarba-
mate (ent-7 b): According to the general procedure of indenyl carbamate
3b (273 mg, 1.00 mmol) was lithiated with 3.0m n-butyllithium (0.33 mL,
1.00 mmol) in the presence of (ÿ)-a-isosparteine (10) (234 mg, 1.00 mmol)
in toluene (7 mL) for 30 min at ÿ78 8C and treated 4 h with trimethylsilyl
chloride (324 mg, 3.00 mmol). FC on silica gel (40 g) with E/P 1:15 yielded
silane 7 a (146 mg, 84%) as a colorless oil with 52% ee (main isomer at
higher field). [a]20


D ��48.1 (c� 1.0 in diethyl ether).


(ÿ)-(R)-(1-Methyl-1H-inden-3-yl) N,N-diisopropylcarbamate (7 c): Ac-
cording to the general procedure indenyl carbamate 3 a (518 mg,
2.00 mmol) was lithiated with n-butyllithium (1.6m, 1.26 mL, 2.00 mmol)
in the presence of (ÿ)-sparteine (9) (518 mg, 2.00 mmol) in diethyl ether
(4 mL) for 30 min at ÿ78 8C and treated 5 h with methyl iodide (710 mg,
5.00 mmol). In contrast to the general procedure, the reaction mixture was
warmed to room temperature before neutralisation with 2n HCl. FC on
silica gel (60 g) with E/P 1:15 yielded indene 7 c (322 mg, 59%) as a
colorless oil (8 % ee, main isomer at lower field), isomer 12 (87 mg, 16%)
and starting material 3 a (57 mg, 11 %).


Carbamate 7 c : [a]20
D �ÿ11.7 (c� 0.9 in CH2Cl2); IR (film) nÄ � 1720 cmÿ1


(NCO); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 1.1 ± 1.5 (m, 15H,
1-CH3, 2'-H),3.6 (dq, 3J(1-H,2-H)� 2.2 Hz, 4J(1-H,1-CH3)� 7.5 Hz, 1H,
1-H), 3.9 ± 4.2 (m, 2 H, 1'-H), 6.2 (d, 1H, 2-H), 7.1 ± 7.4 (m, 4H, 4 ± 7-H);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d� 16.5 (q, 1-CH3), 21.1 (q, C-2'),
41.2 (d, C-1), 46.7 (d, C-1'), 118.7/120.5/123.9/125.6/128.1 (d, C-2, C-4 ± 7),
142.3/147.6/148.3 (s, C-1, C-3a, C-7a), 152.6 (s, NCO); C17H23NO2 (273.37):
calcd C 74.69, H 8.48; found C 74.73, H 8.72.


Carbamate 12 : IR (film) nÄ � 1680 cmÿ1 (NCO); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 1.0 ± 1.4 (m, 12 H, 2'-H), 2.1 (dd, 4J(1-H,3-CH3)�
1.8 Hz, 4J(2-H,3-CH3)� 1.8 Hz, 3 H, 3-CH3), 3.6 ± 4.2 (m, 2H, 1'-H), 6.1 (dq,
3J(1-H,2-H)� 1.8 Hz, 1H, 2-H), 6.2 (dq, 1 H, 1-H), 7.1 ± 7.5 (m, 4 H, 4 ± 7-H);
13C NMR (75 MHz, CDCl3, 25 8C, TMS): d� 12.9 (q, 3-CH3), 21.0 (q, C-2'),
46.1 (d, C-1'), 76.9 (d, C-1), 119.1/123.2/126.0/128.5/129.5 (d, C-2, C-4 ± 7),
142.0/143.7/144.5 (s, C-3, C-3a, C-7a), 155.9 (s, NCO); C17H23NO2 (273.37):
calcd C 74.69, H 8.48; found C 74.67, H 8.46.


(RS)-(1,2-Dimethyl-1H-inden-3-yl) N,N-diisopropylcarbamate (7 d): Ac-
cording to the general procedure indenyl carbamate 3 a (273 mg,
1.00 mmol) was lithiated with n-butyllithium (1.6m, 0.63 mL, 1.00 mmol)
in the presence of (ÿ)-sparteine (9) (234 mg, 1.00 mmol) in diethyl ether
(2 mL) for 30 min at ÿ78 8C and treated 5 h with methyl iodide (284 mg,
2.00 mmol). FC on silica gel (30 g) with E/P 1:10 yielded indene 7 d (239 mg,
83%) as a colorless oil. [a]20


D � 0.0 (c� 0.8 in acetone); IR (film) nÄ �
1710 cmÿ1 (NCO); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 1.3 ± 1.4
(m, 12H, 2'-H), 1.3 (d, 3J(1-H,1-CH3)� 7.5 Hz, 3H, 1-CH3), 1.9 (d, 4J(1-H,2-
CH3)� 0.7 Hz, 3H, 2-CH3), 3.3 (qq, 1 H, 1-H), 3.9 ± 4.2 (m, 2 H, 1'-H), 7.0 ±
7.4 (m, 4H, 4 ± 7-H); 13C NMR (50 MHz, CDCl3, 25 8C, TMS): d� 10.4 (q,
1-CH3), 15.5 (q, 2-CH3), 21.5 (q, C-2'), 43.7 (d, C-1), 46.6 (d, C-1'), 117.3/
122.5/124.5/126.4 (C-4 ± 7), 132.5/139.7/144.0 (s, C-3, C-3a, C-7a), 152.8 (s,
NCO); C18H25NO2 (287.40): calcd C 75.23, H 8.77; found C 75.14, H 8.86.


(�)-(S)-(1,2-Dimethyl-1H-inden-3-yl) N,N-diisopropylcarbamate (ent-7d):
According to the general procedure indenyl carbamate 3 a (273 mg,
1.00 mmol) was lithiated with n-butyllithium (1.6m, 0.63 mL, 1.00 mmol)
in the presence of (ÿ)-a-sparteine (9) (234 mg, 1.00 mmol) in diethyl ether
(2 mL) for 30 min at ÿ78 8C and treated 4 h with methyl iodide (430 mg,
3.00 mmol). FC on silica gel (30 g) with E/P 1:10 yielded indene ent-7d
(195 mg, 68 %) as a colorless oil with 40% ee (main isomer at higher field).
[a]20


D ��11.5 (c� 1.1 in CH2Cl2).


(R)-3-Methylindan-1-one (13): 6n H2SO4 (3 mL) were added to a solution
of indenyl carbamate 7d (570 mg, 2.10 mmol) in THF (20 mL). After the
solution was heated under reflux for 3 h, the chilled mixture was extracted
with diethyl ether (3� 20 mL). The combined organic phases were washed
with sat. aqueous NaHCO3 (20 mL) and dried with Na2SO4. FC on silica gel
(60 g) with E/P 1:6 yielded known ketone 13[25] (263 mg, 86%) as a yellow
oil. [a]20


D �ÿ1.4 (c� 0.8 in acetone).


(2R,3R)-2,3-Dimethylindan-1-one (14) and (2S,3R)-2,3-dimethylindan-1-
one (15): A solution of ketone 13 (147 mg, 1.02 mmol) in THF (3 mL) was
added dropwise to a solution of lithium diisopropylamide [1.4 mmol,
prepared from diisopropylamine (141 mg, 1.40 mmol) and n-butyllithium
(1.6m, 0.88 mL, 1.4 mmol) in THF (3 mL)] at ÿ78 8C. After the solution
was stirred for 2 h atÿ78 8C, methyl iodide (430 mg, 3.0 mmol) was allowed
to react for 3 h with the lithiated compound, before the mixture was slowly
warmed to room temperature. After neutralisation with 2n HCl (10 mL)
the aqueous phase was extracted 3� each with diethyl ether(20 mL each).
The combined organic phases were washed with sat. aqueous NaHCO3


(20 mL) and dried with Na2SO4. FC on silica gel (40 g) with E/P 1:8 yielded
indanone 14 (62 mg, 38%) and a 1:1 mixture of indanones 14 and 15
(18 mg, 11%). 14 : [a]20


D �ÿ1.7 (c� 1.5 in CH2Cl2).


(2S,3S)-2,3-Dimethylindan-1-one (ent-14) and (2R,3S)-2,3-dimethylindan-
1-one (ent-15): 6n H2SO4 (1 mL) was added to a solution of indenyl
carbamate ent-7 d (270 mg, 0.94 mmol) in THF (5 mL). After the mixture
was refluxed for 6 h, the chilled mixture was extracted 3� with diethyl
ether (20 mL each). The combined organic phases were washed with sat.
aqueous NaHCO3 (20 mL) and dried with Na2SO4. FC on silical gel (60 g)
with E/P 1:8 yielded indanone ent-14 (90 mg, 60 %) as a colorless oil and a
1:1-mixture of indanones ent-14 and ent-15 (33 mg, 22%). ent-14 : [a]20


D �
�7.0 (c� 0.7 in CH2Cl2).


General procedure for the preparation of the NMR samples : n-Butyllithi-
um (1.6m, 0.19 mmol, in n-hexane) was added dropwise under stirring at
ÿ78 8C to a solution of 3 (0.2 mmol) and (ÿ)-sparteine (9) or (ÿ)-a-
isosparteine (10) (0.2 mmol) in diethyl ether (2 mL). The solution was
stirred for 30 min and the solvent was removed under reduced pressure.
The remaining residue was washed with petroleum ether (2� 1 mL) (as a
result of the partial solubility of lithiated compounds 5 and 6 at room
temperature, the petroleum ether was removed at ÿ78 8C) and dried in
vacuum. A 5 mm OD NMR tube attached to a 2 mm straight bore stopcock
via a 12/30 standard joint was flamed out under vacuum, filled with argon,
and transferred to the glove box (argon atmosphere). The lithiated
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indenide 5 or 6 was weighed in the glove box and loaded into the NMR tube
with a narrow nickel spatula. The stopcock was reattached and the
assembly transferred to the vacuum line. Then deuterated solvent was
transferred to the tube by bulb-to-bulb distillation. Finally the samples
were sealed off under vacuum.


Carbamate 5a was prepared according to the general procedure from 3a
(57 mg, 0.22 mmol), (ÿ)-sparteine (9) (54 mg, 0.23 mmol) and n-butyllithi-
um (1.6m, 0.15 mL) in diethyl ether (2 mL). Lithiated indenide 5a (40 mg)
was transferred into a NMR tube and [D8]toluene (0.5 mL) was added
before the sample was sealed off.


Carbamate 5 b was prepared according to the general procedure from 3b
(62 mg, 0.23 mmol), (ÿ)-sparteine (9) (57 mg, 0.24 mmol) and n-butyllithi-
um (1.6m, 0.16 mL) in diethyl ether (2 mL). Lithiated indenide 5b (36 mg)
was transferred into a NMR tube and [D8]toluene (0.5 mL) was added
before the sample was sealed off.


Carbamate 6a was prepared according to the general procedure from 3a
(30 mg, 0.12 mmol), (ÿ)-a-isosparteine (10) (33 mg, 0.14 mmol) and n-
butyllithium (1.6m, 0.11 mL) in diethyl ether (2 mL). In contrast to the
general procedure, the lithiated indenide 6 a was redissolved in diethyl
ether (1 mL) after washing with petroleum ether and drying. 0.5 mL of this
solution containing approx. 30 mg of lithiated indenide 6a were transferred
into a NMR tube with a syringe, the solvent was removed in vacuum and
[D10]diethyl ether (0.5 mL) was added before the sample was sealed off.


Carbamate 6 b was prepared according to the general procedure from 3b
(55 mg, 0.20 mmol), (ÿ)-a-isosparteine (10) (47 mg, 0.20 mmol) and n-
butyllithium (1.6m, 0.19 mL) in diethyl ether (2 mL). Lithiated indenide 6b
(36 mg) was transferred into a NMR tube and [D10]diethyl ether (0.5 mL)
was added before the sample was sealed off.


Acknowledgment


The support of this work by the Deutsche Forschungsgemeinschaft (SFB
424), the Fonds der Chemischen Industrie (grant for T.H.), and the
National Science Foundation (Grant No CHE 9615116 for G.F.) is grate-
fully acknowledged.


[1] a) For the first example, see: W. C. Still, C. Srekumar, J. Am. Chem.
Soc. 1980, 102, 1201 ± 1202; b) first example for an enantioenriched
chiral lithioallyl carbamate: D. Hoppe, T. Krämer, Angew. Chem.
1986, 98, 171 ± 173; Angew. Int. Ed. Engl. 1986, 25, 160 ± 162.


[2] For reviews, see: a) D. Hoppe, T. Hense, Angew. Chem. 1997, 109,
2376 ± 2410; Angew. Chem. Int. Ed. Engl. 1997, 36, 2282 ± 2316; b) P.
Beak, A. Basu, D. J. Gallagher, Y. S. Park, S. Thayumanavan, Acc.
Chem. Res. 1996, 29, 552 ± 560; c) V. K. Aggarwal, Angew. Chem. 1994,
106, 185 ± 187; Angew. Chem. Int. Ed. Engl. 1994, 33, 175 ± 177; d) Y.
Yamamoto, Chemtracts : Org. Chem. 1991, 4, 255 ± 271.


[3] a) D. Hoppe, F. Hintze, P. Tebben, Angew. Chem. 1990, 65, 1457 ±
1459; Angew. Chem. Int. Ed. Engl. 1990, 29, 1422 ± 1423; b) F. Hintze,
D. Hoppe, Synthesis 1992, 1216 ± 1218; c) S. T. Kerrick, P. Beak, J. Am.
Chem. Soc. 1991, 113, 9708 ± 9710; d) P. Beak, S. T. Kerrick, S. Wu, J.
Chu, J. Am. Chem. Soc. 1994, 116, 3231 ± 3239.


[4] a) O. Zschage, J.-R. Schwark, D. Hoppe, Angew. Chem. 1990, 102,
336 ± 337; Angew. Chem. Int. Ed. Engl. 1990, 29, 296 ± 297; b) G. A.
Weisenburger, P. Beak, J. Am. Chem. Soc. 1996, 118, 12 218 ± 12219;
c) N. C. Faibish, Y. S. Park, S. Lee, P. Beak, J. Am. Chem. Soc. 1997,
119, 11 561 ± 11 570; d) D. J. Pippel, G. A. Weisenburger, S. R. Wilson,
P. Beak, Angew. Chem. 1998, 110, 2600 ± 2602; Angew. Chem. Int. Ed.
1998, 37, 2522 ± 2524.


[5] Here, stereoinversion is assumed to occur.
[6] For review, see: S. Caddick, K. Jenkins, Chem. Soc. Rev. 1996, 447 ± 456.
[7] High enantioenrichements have been achieved by this technique, for


examples, see: a) D. Hoppe, O. Zschage, Angew. Chem. 1989, 101, 67 ±
69; Angew. Chem. Int. Ed. Engl. 1989, 28, 69 ± 71; b) H. Paulsen, D.
Hoppe, Tetrahedron 1992, 48, 5667 ± 5670; c) H. Paulsen, C. Graeve,
D. Hoppe, Synthesis 1996, 141 ± 144.


[8] a) S. Retzow, Dissertation, Universität Kiel, 1993 ; b) T. Heinl,
Dissertation, Universität Münster, 1998.


[9] F. Galinovsky, P. Knoth, W. Fischer, Monatsh. Chem. 1955, 86, 1014 ±
1023.


[10] Beak and co-workers were able to enhance enantioselectivity with a
kinetic resolution by trapping preferentially the more reactive
diastereomer of the epimeric lithio N-pivaloyl-o-ethylaniline/(ÿ)-
sparteine complexes with 0.45 equiv of trimethylsilyl chloride, while
the remaining diastereomer epimerized by warming the reaction
mixture toÿ25 8C and by addition of another 0.45 equiv trimethylsilyl
chloride; A. Basu, J. Gallagher, P. Beak, J. Org. Chem. 1996, 61, 5718 ±
5719.


[11] The tentative assignments are based on the assumption that silylation
and methylation of 5/6 both proceed via an anti-SE' mechanism as it
was found for other allyllithium sparteine complexes.[refs. 4d, 7c, 12]
The low enantioenrichment in the products kept us from continuing
our efforts in structure elucidation of silanes 7a and 7b.


[12] a) G. A. Weisenburger, P. Beak, J. Am. Chem. Soc. 1996, 118, 12218 ±
12219; b) A. Deiters, D. Hoppe, Angew. Chem. 1999, 111, 529 ± 532;
Angew. Chem. Int. Ed. 1999, 38, 546 ± 548; c) K. Behrens, R. Fröhlich,
O. Meyer, D. Hoppe, Eur. J. Org. Chem. 1998, 2397 ± 2403.


[13] G. Fraenkel, C. Cottrell, J. Ray, J. Russel, Chem. Commun. 1971, 273 ±
274; G. Fraenkel, B. Appleman, G. Ray, J. Am. Chem. Soc. 1974, 96,
5113.


[14] a) G. Fraenkel, J. A. Cabral, J. Am. Chem. Soc. 1993, 115, 1551 ± 1557;
b) G. Fraenkel, S. Subramanian, A. Chow, J. Am. Chem. Soc. 1995, 117,
6300 ± 6307; c) G. Fraenkel, K. V. Martin, J. Am. Chem. Soc. 1995, 117,
10336 ± 10 344; d) G. Fraenkel, F. Qiu, J. Am. Chem. Soc. 1996, 118,
5828 ± 5829; e) B. L. Lucht, M. P. Bernstein, J. F. Remenar, D. B.
Collum, J. Am. Chem. Soc. 1996, 118, 10707 ± 10 718.


[15] J. I. Kaplan, G. Fraenkel, NMR of Chemically Exchanging Systems,
Academic Press, New York, 1980.


[16] The given values for DH= of these compounds (Table 2) are
approximated from the fact that normal temperature dependent
differences in NMR line shapes are observed if the corresponding
process possesses an enthalpy of activation within the range of 5 ±
25 kcal molÿ1 Kÿ1 [ref. 17].


[17] M. OÅ ki, Methods in Stereochemical Analysis, Vol. 4: Applications of
Dynamic NMR Spectroscopy of Organic Chemistry, VCH, Florida,
1985.


[18] Semiempirical calculations (MOPAC, PM3) give 5% longer CÿLi and
CÿN-bonds for (ÿ)-a-isosparteine/indenide-complexes 6 compared
with (ÿ)-sparteine-complexes 5.


[19] J. J. P. Stewart, J. Comput. Aided Mol. Des. 1990, 4(1), (Special Issue).
[20] H, C, N, O: J. J. P. Stewart, J. Comput. Chem. 1989, 10, 209 ± 220; Li: E.


Anders, R. Koch, P. Freunscht, J. Comput. Chem. 1993, 14, 1301 ± 1312.
[21] The NMR investigation shows a high configurational stability of


complex 5 b. So the discussion of ground state calculations is at least
difficult here. The main result, though, the correspondence of low
selectivity with the missing C2-symmetry of (ÿ)-sparteine, should be
transferable to the transition state of the lithiation.


[22] In this case the complexes with (SLi)-configuration are at least
3.8 kcal molÿ1 more stable than those with (RLi)-configuration. But as
the substitution step is assumed to follow an anti-SE'-mechanism, no
interaction between the electrophiles methyl iodide and trimethylsilyl
chloride should exist and the configuration of the lithium should have
no influence on the enantioenrichment in the substitution products.
This configuration could have an influence in the reaction with
carbonyl compounds, though, were a precoordination between the
lithium and the carbonyl oxygen is supposed [ref. 2a].


[23] I. Hoppe, M. Marsch, K. Harms, G. Boche, D. Hoppe, Angew. Chem.
1995, 107, 2328 ± 2330; Angew. Chem. Int. Ed. Engl. 1995, 34, 2158 ±
2160.


[24] E.-U. Würthwein, K. Behrens, D. Hoppe, Chem. Eur. J. 1999, 5, 3459 ±
3463.


[25] H.-J. Hansen, H.-R. Sliwka, W. Hug, Helv. Chim. Acta 1979, 62, 1120 ±
1128.


Received: April 15, 1999 [F 1726]








Helicity Coding: Programmed Molecular Self-Organization of Achiral
Nonbiological Strands into Multiturn Helical Superstructures: Synthesis and
Characterization of Alternating Pyridine ± Pyrimidine Oligomers


Masakazu Ohkita,[a] Jean-Marie Lehn,*[a] Gerhard Baum,[b] and Dieter Fenske[b]


Abstract: Alternating pyridine ± pyri-
midine oligomers 1, 2, and 3, composed
of nineteen, twenty one, and twenty
seven heterocycles, respectively, have
been synthesized in stepwise fashion
and characterized. Examination of their
1H NMR spectra revealed that these
achiral nonbiological oligomers organ-
ize spontaneously into multiturn helical
structures 1 A ± 3 A in solution, as indi-
cated by marked upfield shifts of the
aromatic protons coupled with distinct
NOE effects. In view of their potential
electron-acceptor properties com-
pounds 1 ± 3 also represent coiled wires
of nanometric lengths, up to about 90 �
for 3 in its extended form. The helical
structure has been confirmed for 1 in the


solid state by X-ray crystallography; a
chiral channel arrangement involving
only one helical enantiomer was found
despite of the lack of chiral center in the
strand. The oligomers exhibit a broad
structureless fluorescence with a large
Stokes shift, attributable to intramolec-
ular pyridine excimer emission resulting
from the helical ordering. Variable-tem-
perature 1H NMR experiments revealed
that the oligomers exist as equilibrating
mixtures of right-handed and left-hand-


ed helices. The barrier for helical hand-
edness reversal was found to be inde-
pendent on the length of the strand;
two- (6), three- (1), and four-turn (3)
helices showed comparable free ener-
gies of activation. Based on these ob-
servations, a stepwise folding mecha-
nism involving two perpendicularly
twisted pyridine ± pyrimidine units in
the transition states may be proposed
for the helicity inversion processes. The
present results together with earlier
work indicate that the pyridine ± pyri-
midine sequence may be considered as a
helicity codon, enforcing the formation
of helical structures on the basis of
intramolecular structural information.


Keywords: helical structures ´ nitro-
gen heterocycles ´ noncovalent
interactions ´ pyridine-pyrimidine
helicity codon ´ self-organization


Introduction


The design of molecular species capable of undergoing self-
organization into a well-defined structure opens the way to
the spontaneous but controlled generation of highly complex
chemical architectures. This molecular self-organization proc-
ess is directed by the structural and conformational informa-
tion encoded in the molecule and operated through intra-
molecular noncovalent interactions, just in the same way as
supramolecular self-organization operates through inter-
molecular interactions.[1]


Molecular self-organization into helical architectures is
found for biological macromolecules, as in the case of the a-


helix of polypeptides and the double helix of DNA, where
hydrogen bonding, stacking interactions and hydrophobic
effects contribute to the formation and stabilization of such
biological helices.[2] The design of nonbiological species that
spontaneously organize into helical architectures is of con-
siderable interest in view of their relation to life sciences as
well as of their potential applications in materials science,
nanotechnology and optical and electronics devices.[3, 4]


The spontaneous generation of helical chemical entities
requires the encoding of specific structural and conforma-
tional information within the molecules. We have recently
designed a new structural motif for helicity induction based on
three encoding features: 1) an alternating pyridine ± pyrimi-
dine (py ± pym) sequence, 2) linkage at specific positions, and
3) the preference for a transoid conformation around the
single bonds between the heterocyclic units. The preference of
the transoid conformation may be attributed to electrostatic
repulsion between the nitrogen dipoles and steric repulsion
between the CHs in the cisoid conformation as well as weak
CH ´´´ N hydrogen bonding in the transoid form. Strands of
this type 4[5] and 6[6] have, indeed, been found to adopt one-
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turn and two-turn helical structures, respectively, both in
solution and in the solid state. We have further developed this
approach to the extended oligomers 1, 2, and 3, composed of
nineteen, twenty one, and twenty seven heterocycles, respec-
tively (Figure 1). In this paper we describe the details of the
synthesis of 1 ± 3 and their self-organization into mutiturn
helical structures including X-ray crystallographic investiga-
tions. In addition, 1 ± 3 may be regarded as extended polytopic
ligands presenting respectively 9, 10, and 13 tridentate
complexation sites which may allow the construction of large
metallosupramolecular assemblies, such as multimetallic
racks, ladders, or grids[7] .


Results and Discussion


Synthesis of the strands 1 ± 3 : The preparation of 1 ± 3 was
carried out by two different routes based on the repetitive
Potts� synthesis of 2,6-disubstituted pyridine units (see


Abstract in Japanese:


Figure 1. Structure of the alternating pyridine ± pyrimidine oligomeric strands 1, 2, 3 in linear representation. SPr refers to SnPr groups.
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Schemes 1 ± 3).[8] Initially the synthesis of oligomer 2 was
attempted by using the method previously reported for the
lower homologue 6.[6] However, simple extension of this
approach, in which the strand was constructed by starting
from the terminal pyridine units and combining the two
subunits thus prepared in the final step, was found not to be
suitable for the preparation of longer strands, so that
modification in the synthetic strategy was required. We
therefore developed an alternative approach based on the
repetitive twofold reaction of a bifunctional central unit with
two small building blocks to avoid the unfavorable steric and
conformational effects found in the initial sequence.


The starting building blocks 7 ± 12 were prepared by
following the previously reported method.[6] In the initial
approach (Scheme 1), ketone 10 was treated with a homo-
logating building block 9, having a Michael acceptor group
and a protected ketone moiety, to produce ketone 13 in 58 %
yield after hydrolysis. Monoaddition of 13 to the bis(Michael


Scheme 1. a) tBuOK, 9, THF, then NH4OAc, AcOH (62 %); b) HClaq,
acetone (93 %); c) tBuOK, 8, THF, then NH4OAc, AcOH (51 %);
d) tBuOK, 13, THF, then NH4OAc, AcOH (1%); SPr refers to SnPr.


acceptor) 8 afforded the Michael acceptor 14 in 51 % yield.
Reaction of 13 with 14, however, led to the formation of a
large amount of tarry material and provided the desired
oligomer 2 in only about 1 % yield at best under the several
reaction conditions examined. Since both 13 and 14 should
have more than one-turn helical structures, it is possible that
the reaction sites in both building blocks are shielded by the
helical backbone, resulting in their low reactivities. The
pyridine ring forming step from the 1,5-diketone intermediate
may also be hindered by the two large substituents present in
13 and 14. Consistent with these rationalizations, the yield of 2
could be improved to some extent by using a combination of
larger and smaller building blocks, i.e. 15 and 12 (Scheme 2),
but was still low (7 %).


Scheme 2. a) tBuOK, 9, THF, then NH4OAc, AcOH (27 %); b) HClaq,
acetone (80 %); c) tBuOK, 12, THF, then NH4OAc, AcOH (7 %); SPr
refers to SnPr.


The multitude of reaction steps coupled with unsatisfactory
yields in the above preparations prompted us to exploit a
second approach and substantial improvement could be
achieved (Scheme 3). Thus, successive treatment of 7 with
sodium hydride, carbon disulfide, and propyl iodide in DMSO
afforded the corresponding a-oxoketene dithioacetal 16 in
68 % yield. This was treated with 7 to give diketone 17 in 36 %
yield after hydrolysis. Twofold condensation of 17 with 9 gave
the homologated diketone 18 in 28 % yield after hydrolysis.
Reaction of 18 with the Michael acceptor 11 afforded
oligomer 1, possessing 19 heterocycles, in 34 % yield while
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Scheme 3. a) NaH, CS2, PrI, DMSO (68 %); b) tBuOK, 7, THF, then
NH4OAc, AcOH; c) HClaq, acetone (36 %, 2 steps); d) tBuOK, 9, THF,
then NH4OAc, AcOH; e) HClaq, acetone (25 %, 2 steps); f) tBuOK, 11,
THF, then NH4OAc, AcOH (34 % for 1); f) tBuOK, 13, THF, then
NH4OAc, AcOH (5 % for 3), SPr refers to SnPr.


reaction of 18 with the extended Michael acceptor 12
produced oligomer 3, possessing 27 heterocycles, in 5 % yield.
The yield of 34 % for the twofold reaction generating 1 is
noteworthy because it is equivalent to about a 60 % yield for
each condensation reaction, much higher than the 1 % and
7 % yields obtained for preparing 2 by the previous ap-
proaches (Schemes 1 and 2). Since the size and possibly the
reactivity of 9 are similar to those of 11, further homologation
of 18 using 9 might allow the preparation of even longer
strands.


The oligomers 1 ± 3 were isolated as colorless powders after
extensive chromatography on alumina followed by reprecipi-
tation from chloroform/acetone. They are soluble in chloro-
form, slightly soluble in dichloromethane and THF, but
insoluble in ether, methanol, acetone, and acetonitrile. The
fast atom bombardment (FAB) mass spectra of 1 ± 3 clearly
indicate their molecular ion peaks with consistent isotope
patterns.


1H NMR studies of 1 ± 3 : The 1H NMR spectrum of 1 is rather
simple, consistent with its symmetric nature, and shows twenty
one signals in the aromatic region (Figure 2a); eight doublets
(4J� 1.8 Hz) for the trisubstituted pyridine protons, eight
doublets (5J� 1.2 Hz) for the pyrimidine protons, one singlet
for the central trisubstituted pyridine protons, and four
multiplets for the terminal pyridine protons. Similarly, the
1H NMR spectra of 2 and 3 display the expected signals
(Figures 2b and 2c).


Figure 2. 400 MHz 1H NMR spectra (aromatic region) of (a) 1, (b) 2, and
(c) 3 in CDCl3.


The oligomers 1 ± 3 exhibit characteristic features of helix
formation in their 1H NMR spectra. Thus, marked upfield
shifts are observed for the terminal pyridine proton resonance
of H-C4 because of the shielding effect of the aromatic rings
lying directly above and below this proton in the helical
conformation: d� 7.64 for pyridine, d� 6.03 for 1, d� 6.01 for
2, and d� 5.90 for 3 in CDCl3. Consistent with helical
ordering, significantly different chemical shifts are observed
for the protons in each thiopropyl groups; for example,
methyl protons in 1 are observed at d� 1.11 (6H), 1.17 (6 H),
1.24 (6H), 1.35 (6H), and 1.41 (3H). Moreover, distinct NOE
effects are observed between the protons oriented towards
the interior of the helix, for example the pyrimidine protons
H-C(5) and the terminal pyridine protons H ± C3, as exem-
plified by the ROESY spectrum of 3 (Figure 3, only pyrimi-
dine protons shown).







Multiturn Helical Superstructures 3471 ± 3481


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3475 $ 17.50+.50/0 3475


Figure 3. 1H NMR ROESY spectrum (pyrimidine protons) of 3 in CDCl3.


These observations closely resemble those made for the
previously established helices of the lower homologues 4 and
6. Consequently, the extended strands 1 ± 3 may be considered
to also adopt in solution a helical conformation represented
schematically by 1A ± 3A. Further support for the helical
ordering is provided by the comparison of the chemical shifts


of the aromatic protons in the series of py ± pym strands
(Table 1 and Figure 4); indeed, progressive upfield shifts with
increasing strand length are observed, consistent with the
cumulative effect of an increasing number of stacked aromatic
units as the number of turns of the helices increases.


Crystal structures of strand 1: Crystals of 1 suitable for X-ray
structure determination were obtained by slow diffusion of
acetonitrile into a solution of 1 in chloroform at room
temperature. The molecular structure and crystal packing of 1
are presented in Figures 5 and 6. The unit cell contains two


Figure 4. Representation of the change of the average 1H NMR chemical
shifts of the aromatic protons of compounds 1 ± 6 as a function of number of
heterocyclic rings (see also Table 1).


molecules of helical shape in
only one enantiomeric form,
together with two chloroform
molecules. The helical mole-
cules are stacked on each other
in the unit cell and the long axis
of the unit cell coincides with
that of the helical molecule
itself (Figure 6). Accordingly,
chiral channel structures are
generated in the solid state
from the achiral linear strand
1 by the self-organization proc-
ess. The py ± pym torsional an-
gles lie within about 11� 38.


The helical structure of 1 possesses a helical pitch of 3.75 �
and an interior void of about 2 � diameter (considering a
projection in a plane and taking into account the van der
Waals radii of diagonally located N and C ± H sites).


Structural features of strands 1 ± 3 : Compounds 1, 2, and 3
have in their fully extended state a length of about 60, 70, and
90 �, respectively. The spectroscopic and crystal data indicate
that they spontaneously wrap up into helical forms of type
1 A ± 3 A. These may thus be considered to represent coiled
molecular wires of nanometric size, possessing potential


Table 1. Average 1H NMR chemical shifts (in ppm) of aromatic protons in
CDCl3.


Compound n (Rings) Turn(s) Ring-A Ring-B Ring-C Average


- 1 (5)[6] 0 8.16 8.41 9.56 8.43
5[6] 2 (7) 1 7.50 8.31 9.54 8.22
6[6] 5 (13) 2 7.24 7.96 9.27 8.20
1 8 (19) 3 7.07 7.67 8.98 8.06
3 12 (27) 4 6.96 7.43 8.70 7.89
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electron-acceptor properties in view of the nature of their
component subunits. These species, or derivatives thereof,
may display intriguing electronic features, in particular with
respect to linear molecular wires, which have been subject of


much interest in recent years. Partial or full uncoiling may be
brought about by external stimuli such as protonation or
metal ion coordination, making possible a reversible inter-
conversion between the coiled and extended linear forms.


Figure 5. . Crystal structure of 1; view perpendicular to (left) and along (right) the axis of the helix in ball-and-stick (top) and space-filling (bottom)
representations.


Figure 6. Representation of the packing of 1 in the unit cell. View: perpendicular to the axis of the helix, left (ball-and-stick) and center (space filling); along
the axis, right (ball-and-stick).
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Furthermore, the organized helical structure also provides a
way to position peripheral substituents in well-defined spatial
arrangement relative to one another along the coiled strand.
Such a property is reminiscent of the structural framework
offered by the DNA double helix itself.


Absorption and fluorescence emission spectra : Since the
present helical self-organization process leads to stacking of
heteroaromatic rings, spectroscopic examination of intramo-
lecular interactions between these chromophores is of inter-
est. As shown in Figure 7, the electronic absorption spectra of


Figure 7. Top: Electronic absorption spectra of 1, 3 and 6 in dichloro-
methane (5� 10ÿ6m). Bottom: Fluorescence emission spectrum of 1 in
dichloromethane (1� 10ÿ5m).


the two-turn (6), three-turn (1), and four-turn (3) py ± pym
strands in dichlorometane exhibit absorption maxima at the
same wavelength (289 nm) and similar end absorption
extending to about 365 nm; no significant red-shift was
observed. On the other hand, the absorption coefficients of
6, 1, and 3 at 289 nm are 156 000, 203 000, and 251 000,
respectively, and thus reduction in optical absorption intensity


was observed with respect to what one might expect on the
basis of the number of heterocyclic rings. Hypochromic effects
are commonly seen in DNA, RNA, and other polymers[9] and
the observed hypochromism also reflects the helical ordering
and stacking of the chromophores. The lack of significant red-
shift may be rationalized in terms of rather loose helical
conformations of 1 ± 3 in solution. In this respect, 2,2'-
bipyridine has been reported to adopt a nonplanar transoid
conformation with an interplanar angle of about 208 in
organic solvents, whereas it exists in a planar transoid
conformation in the solid state.[10]


Electronic interactions between the chromophores through
intramolecular p-stacking were also observed in the fluores-
cence spectra of 1 and 3. The two-turn strand 6 has been
reported to show a characteristic fluorescence emission at
540 nm that was not observed for the one-turn strand 5, which
showed simple pyridine-like emission at 400 nm.[6] Similarly,
excitation of the three-turn oligomer 1 at 280 nm in dilute
dichloromethane resulted in a broad structureless emission
centered at 532 nm (Figure 7). The four-turn oligomer 3 also
exhibited similar fluorescence but at slightly shorter wave-
length (519 nm) under the same recording conditions. These
characteristic emissions with large Stokes shifts may be
attributed to intramolecular pyridine excimer-like emission
resulting from the overlapping of pyridine residues in the
multiturn helical conformations. The smaller Stokes shifts
observed for the emissions of 1 and 3 as compared to that of 6
could be due to lesser mobilities of the longer strands.
Intermolecular pyridine excimer emission at 550 nm has been
reported for poly(pyridine-2,5-diyl).[11]


Dynamic behavior and helicity interconversion of the helical
strands : In achiral solution, py ± pym strands should generate
a mixture of equal amounts of right-handed (P) and left-
handed (M) helices, which may interconvert with each other.
Examination of such exchange process is of considerable
interest because the factors affecting the exchange process
should contribute to the formation and stabilization of the
helical structure, and thus to the helical self-organization
process itself. Since the interconversion between enantiomer-
ic helices results in the exchange of the diastereotopic a-
methylene protons of the S-propyl side chains, these become
magnetically equivalent when the interconversion is fast
enough on the NMR time scale. Accordingly, the exchange
process was examined by variable-temperature 1H NMR
(400 MHz) experiments.


Decoupling of the b-methylene protons in 1 at 300 K
resulted in the observation of the a-methylene protons as
singlets, indicating that 1 exist as a rapidly equilibrating
mixture of enantiomeric helical forms at this temperature.
The singlets split into AB quartets as the temperature was
lowered and the maximum splitting was observed at 220 K
with a chemical shift difference of Dn� 23.9 Hz and a
coupling constant of JA,B� 12.4 Hz. The coalescence temper-
ature was determined to be Tc� 250 K. With these values, an
exchange rate constant at coalescence kc� 85 sÿ1 at 250 K was
calculated, which leads to the free energy of activation of
DG=


c� 12.4 kcal molÿ1 (52.0 kJ molÿ1). In a similar manner,
Dn� 23.9 Hz, JA,B� 12.4 Hz, and Tc� 275 K were determined
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for 3, giving kc� 86 sÿ1 and DG=
c� 13.6 kcal molÿ1


(57.1 kJ molÿ1) at coalescence. Values of kc� 85 sÿ1 and
DG=


c� 12.3 kcal molÿ1 (51.6 kJ molÿ1) at Tc� 251 K have
been reported for 6.[6b]


For the interconversion of P and M helices, two alternative
mechanisms, a global wrap ± unwrap process and a stepwise
folding through a partially unwrapped form, may be consid-
ered. With the global mechanism, longer strands must contain
more cisoid conformations in their unwrapped forms and thus
the barrier should significantly increase with the length of the
strand. However, the fact that comparable activation free
energies were observed for 6 (12.3 kcal molÿ1), 1
(12.4 kcal molÿ1), and 3 (13.6 kcal molÿ1) is inconsistent with
this mechanism. Examination of molecular models suggested
a stepwise folding mechanism which is illustrated by the
conversion of (P)-6 to (M)-6 represented in Scheme 4. Thus,


Scheme 4. Stepwise folding mechanism for the helicity inversion of 6.


rotation around bond a in (P)-6 would give a partially opened
intermediate A and concomitant rotation around bonds a and
b in A would produce an intermediate B. Further rotation
around of bonds b and c in B would afford an intermediate C
which would give (M)-6 by rotation around bond c. Inter-
mediates A ± C interconvert through a common transition
state structure X possessing two perpendicular py ± pym units.
Since the residual helical moieties in the X species are
directed toward the outside, this mechanism would be
applicable not only for 6 but also for longer strands 1 and 3.
A perpendicularly twisted 2,2'-bipyridine has been calculated
to be about 29 kJ molÿ1 higher in energy than its planar
transoid form,[12] so that an activation free energy of about
58 kJ molÿ1 would be expected for the interconversion proc-


ess, assuming that a py ± pym unit presents a similar energy
difference between its perpendicular and planar transoid
conformations. This value is in good agreement with the
experimentally observed barriers for 6 (51.6 kJ molÿ1), 1
(52.0 kJ molÿ1), and 3 (57.1 kJ molÿ1). Consequently, this
stepwise folding mechanism is plausible for the helicity
inversion process of the helical strands 1 ± 3 and 6 and can
probably be extended to other polyheterocyclic strands.


Conclusion


We have synthesized and characterized alternating py ± pym
oligomers 1-3 that spontaneously organize into multiturn
helical superstructures 1 A ± 3 A both in solution and in the
solid state. Within the framework of molecular devices, they
may be considered to represent coiled molecular wires that
may potentially be decorated by peripheral substituents in
well-defined relative arrangements. Interestingly, the achiral
linear strand 1 has been found to afford chiral crystals
containing only one helical enantiomer. Thus, the dynamic
equilibrium between the two helical enantiomers offers the
possibility to induce absolute helicity through crystallization.


The present results demonstrate the generality of our
helicity induction approach based on the py ± pym unit as
helicity codon. They suggest the design of various other
heterocyclic sequences as structurally instructed units encod-
ing intramolecular self-organization of specific type (helical
or not)[6b] like supramolecular self-organization can be pro-
grammed and directed through appropriate intermolecular
instructions.[3c] As has already been pointed out earlier, [6b]


when compared to biopolymers such as proteins, the (py ±
pym) sequences, the bends, and the helical structures of the
polyheterocyclic strands find analogy in the aminoacid
sequences, the b-turns, and the a-helix features respectively;
in addition, the organisational process itself corresponds to
the protein-folding phenomenon. One may also envisage the
formation of helical polymers based on appropriate hetero-
cyclic strands; such spring-type polymers can be expected to
have interesting physical and mechanical properties.


Experimental Section


General methods : Melting points were measured on a digital Electro-
therma apparatus and are uncorrected. 1H NMR spectra were recorded on
Bruker AC200 and AM400 spectrometers in CDCl3 at 200 and 400 MHz,
respectively, in the concentration range 2 ± 8� 10ÿ3m ; chemical shifts are
given in ppm using a residual solvent proton peak as reference. 13C NMR
spectra were recorded on a Bruker AC200 spectrometer in CDCl3 at
50 MHz; chemical shifts are given in ppm using solvent peak as reference.
Electronic absorption spectra were measured on a Cary 219 spectrometer
in dichloromethane. Fluorescence emission spectra were recorded on an
SLM Aminco Series 2 spectrophotometer in dichloromethane. Fast atom
bombardment (FAB) mass spectra were recorded at the Service Central
d'Analyse du CNRS, Solaise. The microanalyses were carried out at the
Service Central de Microanalyse du CNRS, FaculteÂ de Chimie, Strasbourg.
THF was distilled over benzophenone/Na. DMSO was distilled over CaH2.
Column chromatography was carried out on Merck alumina activity II-III.
Compounds 7 ± 12 were prepared according to the procedures described in
the literature.[6]
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Compound 13 : To a refluxing solution of 10[6b] (1.2 g, 2.07 mmol), 9 (1.8 g,
3.11 mmol),[6b] and [18]crown-6 (0.82 g, 3.12 mmol) in dry THF (90 mL), a
solution of tBuOK (0.35 g, 3.12 mmol) in dry THF (50 mL) was added
dropwise under argon over a period of 60 min and the reaction was refluxed
for an additional 30 min. After cooling, acetic acid (30 mL) and NH4OAc
(15 g) were added to the reaction. The mixture was refluxed for 90 min,
cooled, poured into water (400 mL), extracted with chloroform (2�
250 mL), washed with saturated aqueous NaHCO3 (300 mL), and dried
with Na2SO4. After removal of the solvent, the residue was subjected to
chromatography on alumina eluted with chloroform to afford the ethyl-
vinylether corresponding to 13 as a colorless powder (1.36 g, 62%).
1H NMR (200 MHz, CDCl3): d� 0.66 (t, 3J� 7.0 Hz, 3H), 1.14 ± 1.27 (m,
12H), 1.78 ± 2.03 (m, 8 H), 3.15 ± 3.30 (m, 8 H), 3.98 (d, 2J� 2.1 Hz, 1H),
5.25 (d, 2J� 2.1 Hz, 1H), 6.63 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 1 H), 6.90 (br. dd,
3J� 7.6 Hz, 3J� 4.9 Hz, 1H), 7.92 (d, 4J� 1.8 Hz, 1H), 7.93 (d, 4J� 1.8 Hz,
1H), 8.11 (br. d, 3J� 7.6 Hz, 1H), 8.11 (d, 4J� 1.8 Hz, 1H), 8.12 (d, 4J�
1.8 Hz, 1H), 8.23 (d, 4J� 1.8 Hz, 1H), 8.28 (d, 4J� 1.8 Hz, 1H), 8.36 (d, 5J�
1.2 Hz, 1 H), 8.44 (br. d, 3J� 4.9 Hz, 1 H) 8.46 (d, 4J� 1.8 Hz, 1 H), 8.58 (d,
4J� 1.8 Hz, 1H), 8.98 (d, 5J� 1.2 Hz, 1H), 9.00 (d, 5J� 1.2 Hz, 1H), 9.11 (d,
5J� 1.2 Hz, 1H), 9.46 (d, 5J� 1.2 Hz, 1H), 9.50 (d, 5J� 1.2 Hz, 1H), 9.68 (d,
5J� 1.2 Hz, 1 H), 10.27 (d, 5J� 1.2 Hz, 1 H).


A mixture of the vinylether thus obtained (1.36 g, 1.28 mmol), chloroform
(5 mL), acetone (200 mL), and hydrochloric acid (2n, 20 mL) was refluxed
for 60 min. The reaction was cooled to room temperature and the
precipitate which formed was collected by filtration. The solid was washed
with acetone, dissolved in chloroform (200 mL), washed with saturated
aqueous NaHCO3 (100 mL), and dried with Na2SO4. After removal of the
solvent, the residue was subjected to reprecipitation from dichlorome-
thane/acetone to afford 13 as a colorless powder (1.23 g, 93 %). M.p. 197-
198.5 8C; 1H NMR (200 MHz, CDCl3): d� 1.13 ± 1.24 (m, 12 H), 1.78 ± 1.97
(m, 8 H), 2.25 (s, 3 H), 3.12 ± 3.28 (m, 8H), 6.61 (td, 3J� 7.6 Hz, 4J� 1.8 Hz,
1H), 6.87 (br. dd, 3J� 7.6 Hz, 3J� 4.9 Hz, 1 H), 7.86 (d, 4J� 1.8 Hz, 1H), 7.87
(d, 4J� 1.8 Hz, 1H), 8.04 (br. d, 3J� 7.6 Hz, 1 H), 8.08 (d, 4J� 1.8 Hz, 1H),
8.12 (br. s, 2H), 8.20 (d, 5J� 1.2 Hz, 1H), 8.40 (br. d, 3J� 4.9 Hz, 1H) 8.42
(d, 4J� 1.8 Hz, 1 H), 8.57 (br. s, 2H), 8.92 (d, 5J� 1.2 Hz, 1H), 8.98 (d, 5J�
1.2 Hz, 1H), 9.19 (d, 5J� 1.2 Hz, 1H), 9.44 (d, 5J� 1.2 Hz, 1H), 9.45 (d, 5J�
1.2 Hz, 1 H), 9.56 (d, 5J� 1.2 Hz, 1H), 10.18 (d, 5J� 1.2 Hz, 1 H); MS
(FAB): m/z (%): 1038.2 (100) [MH�]; C55H51N13OS4 (1037.32): calcd C
63.63, H 4.95, N 17.55; found C 64.40, H 5.20, N 17.67.


Compound 14 : To a refluxing solution of 13 (622 mg, 0.6 mmol), 8 (581 mg,
1.2 mmol), [6b] and [18]crown-6 (238 mg, 0.9 mmol) in dry THF (30 mL) a
solution of tBuOK (101 mg, 0.9 mmol) in dry THF (45 mL) was added
dropwise under argon over a period of 2 h and the reaction was refluxed for
an additional 1 h. After cooling, acetic acid (12 mL) and NH4OAc (6 g)
were added to the reaction. The mixture was refluxed for 90 min, cooled,
poured into water (300 mL), extracted with chloroform (2� 200 mL),
washed with saturated aqueous NaHCO3 (200 mL), and dried with Na2SO4.
After removal of the solvent, the residue was subjected to chromatography
on alumina; elution with chloroform followed by reprecipitation from
dichloromethane/acetone afforded 14 as a yellow powder (435 mg, 51%).
M.p. 218-220 8C; 1H NMR (200 MHz, CDCl3): d� 0.97 (t, 3J� 7.3 Hz, 3H),
1.07 ± 1.21 (m, 18H), 1.40 ± 1.93 (m, 14H), 2.77 ± 3.17 (m, 14H), 6.29 (td,
3J� 7.6 Hz, 4J� 1.8 Hz, 1 H), 6.45 (br. dd, 3J� 7.6 Hz, 3J� 4.9 Hz, 1H), 6.79
(s, 1H), 7.53 (d, 4J� 1.8 Hz, 1H), 7.68 ± 7.71 (m, 3H), 7.72 (br. d, 3J� 7.6 Hz,
1H), 7.74 (d, 4J� 1.8 Hz, 1 H), 7.77 (d, 4J� 1.8 Hz, 1H), 7.82 (d, 4J� 1.8 Hz,
1H), 7.86 ± 7.89 (m, 3H), 8.09 (br. d, 3J� 4.9 Hz, 1 H), 8.37 (d, 5J� 1.2 Hz,
1H), 8.75 (d, 5J� 1.2 Hz, 1H), 8.83 (d, 5J� 1.2 Hz, 1 H), 8.87 (br. s, 2H),
8.89 (d, 5J� 1.2 Hz, 1H), 8.93 (d, 5J� 1.2 Hz, 1H), 9.02 (d, 5J� 1.2 Hz, 1H),
9.29 (d, 5J� 1.2 Hz, 1 H), 9.41(d, 5J� 1.2 Hz, 1 H); MS (FAB): m/z (%):
1427.1 (100) [MH�]; C74H74N16OS7 (1426.43): calcd C 62.25, H 5.23, N 15.71;
found C 62.18, H 5.25, N 15.58.


Compound 15 : To a refluxing solution of 13 (0.26 g, 0.25 mmol), 9 (0.23 g,
0.4 mmol),[6b] and [18]crown-6 (0.10 g, 0.38 mmol) in dry THF (10 mL) a
solution of tBuOK (0.04 g, 0.38 mmol) in dry THF (20 mL) was added
dropwise under argon over a period of 40 min. After cooling, acetic acid
(5 mL) and NH4OAc (2.5 g) were added to the reaction. The mixture was
refluxed for 90 min, cooled, poured into water (100 mL), extracted with
chloroform (2� 100 mL), washed with saturated aqueous NaHCO3


(50 mL), and dried with Na2SO4. After removal of the solvent, the residue
was subjected to chromatography on alumina and eluted with chloroform
to afford the ethylvinylether corresponding to 15 as a colorless powder


(0.10 g, 27 %). 1H NMR (200 MHz, CDCl3): d� 0.35 (t, 3J� 7.0 Hz, 3H),
1.13 ± 1.32 (m, 18H), 1.77 ± 2.02 (m, 12H), 3.11 ± 3.31 (m, 14 H), 3.76 (d, 2J�
2.1 Hz, 1H), 4.99 (d, 2J� 2.1 Hz, 1 H), 6.24 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 1H),
6.68 (br. dd, 3J� 7.6 Hz, 3J� 4.9 Hz, 1 H), 7.61 (d, 4J� 1.8 Hz, 1 H), 7.67 (d,
4J� 1.8 Hz, 1 H), 7.76 (br. d, 3J� 7.6 Hz, 1 H), 7.79 (d, 4J� 1.8 Hz, 1H), 7.89
(d, 4J� 1.8 Hz, 1 H), 7.96 ± 9.98 (m, 3H), 8.00 (br.s, 2 H), 8.07 (d, 4J� 1.8 Hz,
1H), 8.13 (d, 4J� 1.8 Hz, 1H), 8.17 (d, 4J� 1.8 Hz, 1H), 8.18 (d, 4J� 1.8 Hz,
1H), 8.29 (br. d, 3J� 4.9 Hz, 1H) 8.69 (d, 5J� 1.2 Hz, 1H), 8.79 (d, 5J�
1.2 Hz, 1H), 9.10 (d, 5J� 1.2 Hz, 1H), 9.14 (d, 5J� 1.2 Hz, 1H), 9.20 (d, 5J�
1.2 Hz, 1H), 9.21 (d, 5J� 1.2 Hz, 1H), 9.30 (d, 5J� 1.2 Hz, 1H), 9.35 (d, 5J�
1.2 Hz, 1H), 9.43 (d, 5J� 1.2 Hz, 1H), 9.70 (d, 5J� 1.2 Hz, 1H), 9.72 (d, 5J�
1.2 Hz, 1H).


A mixture of the vinylether thus obtained (102 mg, 0.067 mmol), acetone
(200 mL), and hydrochloric acid (2n, 10 mL) was refluxed for 80 min. The
reaction was cooled to room temperature and the precipitate which formed
was collected by filtration. The solid was washed with acetone, dissolved in
chloroform (100 mL), washed with saturated aqueous NaHCO3 (50 mL),
and dried with Na2SO4. After removal of the solvent, the residue was
subjected to reprecipitation from chloroform/acetone to afford 15 as a
colorless powder (80 mg, 80 %). M.p. 255 ± 257 8C; 1H NMR (200 MHz,
CDCl3): d� 1.11 ± 1.30 (m, 18H), 1.72 ± 2.03 (m, 12H), 2.01 (s, 3 H), 3.17 ±
3.29 (m, 12H), 6.22 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 1H), 6.61 (br. dd, 3J�
7.6 Hz, 3J� 4.9 Hz, 1H), 7.54 (d, 4J� 1.8 Hz, 1 H), 7.60 (d, 4J� 1.8 Hz, 1H),
7.70 (br. d, 3J� 7.6 Hz, 1 H), 8.74 (d, 4J� 1.8 Hz, 1 H), 7.85 (d, 4J� 1.8 Hz,
1H), 7.88 (d, 4J� 1.8 Hz, 1 H), 7.90 (d, 4J� 1.8 Hz, 1H), 7.96 (d, 4J� 1.8 Hz,
1H), 8.00 (d, 4J� 1.8 Hz, 1H), 8.05 (d, 4J� 1.8 Hz, 1H), 8.10 (d, 4J� 1.8 Hz,
1H), 8.13 (d, 4J� 1.8 Hz, 1H), 8.14 (d, 4J� 1.8 Hz, 1H), 8.21 (d, 5J� 1.2 Hz,
1H), 8.22 (br. d, 3J� 4.9 Hz, 1H) 8.59 (d, 5J� 1.2 Hz, 1H), 8.98 (d, 5J�
1.2 Hz, 1H), 9.08 (d, 5J� 1.2 Hz, 1H), 9.10 (d, 5J� 1.2 Hz, 1H), 9.16 (d, 5J�
1.2 Hz, 1H), 9.17 (d, 5J� 1.2 Hz, 1H), 9.20 (d, 5J� 1.2 Hz, 1 H), 9.30 (br. s,
2H), 9.60 (d, 5J� 1.2 Hz, 1H), 9.61 (d, 5J� 1.2 Hz, 1 H); MS (FAB): m/z
(%): 1496.4 (100) [MH�]; C79H73N19OS6 (1495.46): calcd C 63.39, H 4.92, N
17.79; found C 64.24, H 4.88, N 17.51.


Compound 16 : To a magnetically stirred solution of 7 (4.8 g, 25 mmol)[6b] in
dry DMSO (180 mL), NaH (1.32 g, 55 mmol) was added portionwise at
room temperature under argon over a period of 30 min and the reaction
was stirred for an additional 20 min. To the mixture, carbon disulfide
(1.67 mL, 27.5 mmol) was added dropwise under ice-water cooling followed
by dropwise addition of propyl iodide (5.31 mL, 55 mmol). The mixture was
sirred at room temperarure for 20 h and then poured into water (500 mL)
and extracted with dichloromethane (300� 200 mL). The extracts were
combined, washed well with water (3� 300 mL), and dried with MgSO4.
After removal of the solvent, the residue was subjected to chromatography
on alumina eluted with dichloromethylene followed by recrystalization
from hexane to give 16 as orange crystals (6.0 g, 68%). M.p. 85.5 ± 86.5 8C;
1H NMR (200 MHz, CDCl3): d� 1.07 (t, 3J� 7.3 Hz, 3H), 1.11 (t, 3J�
7.3 Hz, 3H), 1.43 (t, 3J� 7.0 Hz, 3 H), 1.68 ± 1.92 (m, 4 H), 3.08 (t, 3J�
7.0 Hz, 2 H), 3.11 (t, 3J� 7.0 Hz, 2 Hz), 3.97 (q, 3J� 7.0 Hz, 2 H), 4.52 (d,
2J� 2.1 Hz, 1 H), 5.65 (d, 2J� 2.1 Hz, 1 H), 7.58 (s, 1H), 8.36 (d, 5J� 1.2 Hz,
1H), 9.19 (d, 5J� 1.2 Hz, 1 H); 13C NMR (50 MHz, CDCl3): d� 13.66 (2C),
14.50, 20.97, 22.33, 33.65, 36.33, 63.93, 88.26, 108.36, 113.25, 156.80, 157.68,
162.01, 162.42, 170.17, 182.59; MS (FAB): m/z (%): 353.2 (100) [MH�];
C17H24N2O2S2 (352.13): calcd C 57.93, H 6.87, N 7.95; found C 57.99, H 6.76,
N 7.94.


Compound 17: To a magnetically stirred solution of tBuOK (2.9 g,
26 mmol) in dry THF (100 mL) a solution of 7 (3.3 g, 17 mmol)[6b] in dry
THF (30 mL) was added dropwise at room temperature under argon over a
period of 10 min and the reaction was stirred for an additional 20 min. To
the mixture, a solution of 16 (6.0 g, 17 mmol) in dry THF (100 mL) was
added over a period of 10 min and the mixture was sirred at room
temperarure for 17 h. Acetic acid (100 mL) and NH4OAc (20 g) were then
added to the reaction. The mixture was refluxed for 90 min, cooled, poured
into water (500 mL), extracted with chloroform (500 mL), washed with
saturated aqueous NaHCO3 (300 mL), and dried with MgSO4. After
removal of the solvent, the residue was subjected to chromatography on
alumina eluted with chloroform to afford the bis(vinylether) which was
hydrolyzed in a mixture of acetone (120 mL) and hydrochloric acid (2n,
20 mL). After refluxing for 30 min, the reaction was cooled, poured into
saturated aqueous NaHCO3 (300 mL), extracted with chloroform
(300 mL), and dried with Na2SO4. After removal of the solvent, the
residue was subjected to chromatography on alumina; elution with
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chloroform followed by reprecipitation from chloroform/acetone produced
17 as a colorless powder (2.37 g, 36 %). M.p. 203.5-204.5 8C; 1H NMR
(200 MHz, CDCl3): d� 1.14 (t, 3J� 7.0 Hz, 3 H), 1.85 (m, 2 H), 2.80 (s, 6H),
3.16 (t, 3J� 7.0 Hz, 2 H), 8.43 (s, 2H), 8.94 (d, 5J� 1.2 Hz, 2H), 9.41 (d, 5J�
1.2 Hz, 2H); 13C NMR (50 MHz, CDCl3): d� 13.59, 21.89, 25.90, 32.99,
114.11, 120.24, 153.14, 153.51, 158.69, 160.38, 164.42, 199.12; MS (FAB):
m/z (%): 394.0 (100) [MH�]; C20H19N5O2S (393.13): calcd C 61.05, H 4.87, N
17.81; found C 61.28, H 5.02, N 17.82.


Compound 18 : To a refluxing solution of 17 (0.30 g, 0.76 mmol), 9 (2.21 g,
3.8 mmol),[6b] and [18]crown-6 (0.60 g, 2.3 mmol) in dry THF (30 mL), a
solution of tBuOK (0.26 g, 2.3 mmol) in dry THF (30 mL) was added
dropwise under argon over a period of 2 h. After cooling, acetic acid
(15 mL) and NH4OAc (8 g) were added to the reaction. The mixture was
refluxed for 90 min, cooled, poured into water (200 mL), extracted with
chloroform (2� 200 mL), washed with saturated aqueous NaHCO3


(100 mL), and dried with Na2SO4. After removal of the solvent, the
residue was subjected to chromatography on alumina eluted with chloro-
form to afford the bis(ethylvinylether) which was hydrolyzed in a mixture
of chloroform (1 mL), acetone (50 mL), and hydrochloric acid (2n, 20 mL).
After refluxing 40 min, the reaction was cooled to room temperature and
the precipitate which formed was collected by filtration. The solid was
washed with acetone, dissolved in chloroform (200 mL), washed with
saturated aqueous NaHCO3 (100 mL), and dried with Na2SO4. After
removal of the solvent, the residue was subjected to reprecipitation from
chloroform/acetone to afford 18 as a colorless powder (0.29 g, 25%). M.p.
230 ± 232 8C; 1H NMR (200 MHz, CDCl3): d� 1.16 ± 1.26 (m, 15H), 1.78 ±
1.99 (m, 10H), 2.12 (s, 6 H), 3.15 ± 3.26 (m, 10H), 7.93 (d, 4J� 1.8 Hz, 2H),
7.97 (d, 4J� 1.8 Hz, 2 H), 8.09 (s, 2H), 8.12 (d, 4J� 1.8 Hz, 2H), 8.16 (d, 4J�
1.8 Hz, 2H), 8.41 (d, 5J� 1.2 Hz, 2H), 9.03 (d, 5J� 1.2 Hz, 2H), 9.10 (d, 5J�
1.2 Hz, 2H), 9.19 (d, 5J� 1.2 Hz, 2H), 9.38 (d, 5J� 1.2 Hz, 2H), 9.74 (d, 5J�
1.2 Hz, 2 H); 13C NMR (50 MHz, CDCl3): d� 13.84, 21.78(m), 25.02, 32.73,
33.10, 33.18, 113.26, 114.44, 114.51, 118.09, 118.30, 118.63, 119.29, 119.55,
151.37, 151.96, 152.37, 152.66, 152.77, 152.84, 153.36, 158.17, 158.19, 158.30,
158.32, 158.39, 162.11, 162.47, 162.81, 162.88, 163.39, 196.91; MS (FAB): m/z
(%): 1310.3 (100) [MH�]; C68H63N17O2S5 (1309.40): calcd C 62.32, H 4.85, N
18.18; found C 62.41, H 4.98, N 18.20.


Compound 1: To a refluxing solution of 18 (301 mg, 0.23 mmol), 11
(587 mg, 1.15 mmol),[6b] and [18]crown-6 (243 mg, 0.92 mmol) in dry THF
(20 mL), a solution of tBuOK (103 mg, 0.92 mmol) in dry THF (20 mL) was
added dropwise under argon over a period of 2 h. After cooling, acetic acid
(4 mL) and NH4OAc (2 g) were added to the reaction. The mixture was
refluxed for 90 min, cooled, poured into water (150 mL), extracted with
chloroform (3� 100 mL), washed with saturated aqueous NaHCO3


(100 mL), and dried with Na2SO4. After removal of the solvent, the
residue was chromatographed on alumina. Elution with chloroform gave
crude 1, which was further purified by preparative TLC (alumina,
chloroform) and reprecipitation from chloroform/acetone to afford 1 as a
colorless powder (165 mg, 34%). M.p. 287 ± 289 8C; 1H NMR (400 MHz,
CDCl3): d� 1.11 (t, 3J� 7.0 Hz, 6 H), 1.17 (t, 3J� 7.0 Hz, 6H), 1.24 (t, 3J�
7.0 Hz, 6H), 1.35 (t, 3J� 7.0 Hz, 6 H), 1.41 (t, 3J� 7.0 Hz, 3H), 1.71 ± 2.20 (m,
18H), 3.06 ± 3.43 (m, 18H), 6.03 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 2H), 6.55 (ddd,
3J� 7.6 Hz, 3J� 4.7 Hz, 4J� 1.0 Hz, 2H), 7.35 (d, 4J� 1.8 Hz, 2H), 7.44 (d,
4J� 1.8 Hz, 2 H), 7.49 (d, 4J� 1.8 Hz, 2 H), 7.50 (br. d, 3J� 7.6 Hz, 2H), 7.56
(d, 4J� 1.8 Hz, 2 H), 7.67 (d, 4J� 1.8 Hz, 2H), 7.78 (d, 4J� 1.8 Hz, 2 H), 7.86
(d, 4J� 1.8 Hz, 2 H), 7.93 (d, 4J� 1.8 Hz, 2H), 7.99 (d, 4J� 1.8 Hz, 2 H), 8.18
(br. d, 3J� 4.7 Hz, 2H), 8.52 (d, 5J� 1.2 Hz, 2 H), 8.92 (d, 5J� 1.2 Hz, 2H),
8.93 (d, 5J� 1.2 Hz, 2H), 8.94 (d, 5J� 1.2 Hz, 2H), 9.03 (d, 5J� 1.2 Hz, 2H),
9.04 (d, 5J� 1.2 Hz, 2H), 9.13 (d, 5J� 1.2 Hz, 2H), 9.33 (d, 5J� 1.2 Hz, 2H);
UV/Vis (CH2Cl2): lmax (e)� 289 nm (203 000); MS (FAB): m/z (%): 2145.5
(25) [MH�� 5], 2144.5 (48) [MH�� 4], 2143.5 (75) [MH�� 3], 2142.5
(100) [MH�� 2], 2141.5 (100) [MH�� 1], 2140.5 (77) [MH�]; C114H105N27S9


(2139.65).


Compound 2 : To a refluxing solution of 15 (50 mg, 0.033 mmol), 12 (65 mg,
0.067 mmol),[6b] and [18]crown-6 (14 mg, 0.050 mmol) in dry THF (2 mL), a
solution of tBuOK (6 mg, 0.050 mmol) in dry THF (2 mL) was added
dropwise under argon over a period of 2 h. After cooling, acetic acid (1 mL)
and NH4OAc (0.5 g) were added to the reaction. The mixture was refluxed
for 90 min, cooled, poured into water (20 mL), extracted with chloroform
(3� 30 mL), washed with saturated aqueous NaHCO3 (40 mL), and dried
with Na2SO4. After removal of the solvent, the residue was chromato-
graphed on alumina. Elution with chloroform gave crude 2, which was


further purified by preparative TLC (alumina, chloroform) and reprecipi-
tation from chloroform/acetone to afford 2 as a colorless powder (5.2 mg,
7%). M.p. > 300 8C; 1H NMR (400 MHz, CDCl3): d� 1.10 (t, 3J� 7.0 Hz,
6H), 1.14 (t, 3J� 7.0 Hz, 6 H), 1.24 (t, 3J� 7.0 Hz, 6 H), 1.35 (t, 3J� 7.0 Hz,
6H), 1.38 (t, 3J� 7.0 Hz, 6H), 1.70 ± 2.14 (m, 20 H), 3.04 ± 3.34 (m, 20H),
6.01 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 2H), 6.55 (br. dd, 3J� 7.6 Hz, 3J� 4.7 Hz,
2H), 7.32 (d, 4J� 1.8 Hz, 2 H), 7.35 (d, 4J� 1.8 Hz, 2H), 7.40 (d, 4J� 1.8 Hz,
2H), 7.45 (br. d, 3J� 7.6 Hz, 2H), 7.47 (d, 4J� 1.8 Hz, 2 H), 7.48 (d, 4J�
1.8 Hz, 2H), 7.61 (d, 4J� 1.8 Hz, 2H), 7.73 (d, 4J� 1.8 Hz, 2H), 7.83 (d, 4J�
1.8 Hz, 2H), 7.86 (d, 4J� 1.8 Hz, 2 H), 7.98 (d, 4J� 1.8 Hz, 2 H), 8.18 (br. d,
3J� 4.7 Hz, 2H), 8.56 (d, 5J� 1.2 Hz, 2 H), 8.743 (d, 5J� 1.2 Hz, 2 H), 8.86
(s, 4 H), 8.90 (d, 5J� 1.2 Hz, 1H), 8.91 (d, 5J� 1.2 Hz, 2H), 8.94 (d, 5J�
1.2 Hz, 2H), 9.00 (d, 5J� 1.2 Hz, 2H), 9.05 (d, 5J� 1.2 Hz, 1H), 9.26 (d, 5J�
1.2 Hz, 2H); MS (FAB): m/z (%): 2374.7 (33) [MH�� 5], 2373.7 (56)
[MH�� 4], 2372.7 (84) [MH�� 3], 2371.7 (100) [MH�� 2], 2370.7 (970)
[MH�� 1], 2369.7 (67) [MH�]; C126H116N30S10 (2368.72).


Compound 3 : To a refluxing solution of 18 (142 mg, 0.11 mmol), 12
(525 mg, 0.54 mmol),[6b] and [18]crown-6 (114 mg, 0.43 mmol) in dry THF
(10 mL), a solution of tBuOK (48 mg, 0.43 mmol) in dry THF (10 mL) was
added dropwise under argon over a period of 90 min. After cooling, acetic
acid (2 mL) and NH4OAc (1 g) were added to the reaction. The mixture
was refluxed for 90 min, cooled, poured into water (100 mL), extracted
with chloroform (3� 70 mL), washed with saturated aqueous NaHCO3


(70 mL), and dried with Na2SO4. After removal of the solvent, the residue
was chromatographed on alumina. Elution with chloroform gave crude 3,
which was further purified by preparative TLC (alumina, chloroform) and
reprecipitation from chloroform/acetone to afford 3 as a colorless powder
(18 mg, 5%). M.p. > 300 8C; 1H NMR (400 MHz, CDCl3): d� 1.07 (t, 3J�
7.0 Hz, 6H), 1.11 (t, 3J� 7.0 Hz, 6H), 1.19 (t, 3J� 7.0 Hz, 6H), 1.31 (t, 3J�
7.0 Hz, 6H), 1.33 (t, 3J� 7.0 Hz, 3 H), 1.34 (t, 3J� 7.0 Hz, 12 H), 1.68 ± 2.07
(m, 26H), 3.00 ± 3.27 (m, 26H), 5.90 (td, 3J� 7.6 Hz, 4J� 1.8 Hz, 2H), 6.48
(ddd, 3J� 7.6 Hz, 3J� 4.7 Hz, 4J� 1.0 Hz, 2 H), 7.12 (s, 2H), 7.19 (d, 4J�
1.8 Hz, 2H), 7.20 (d, 4J� 1.8 Hz, 2H), 7.25 (d, 4J� 1.8 Hz, 2H), 7.29 (d, 4J�
1.8 Hz, 2 H), 7.33 (br. d, 3J� 7.6 Hz, 2H), 7.36 (d, 4J� 1.8 Hz, 2 H), 7.56 (d,
4J� 1.8 Hz, 2 H), 7.64 (d, 4J� 1.8 Hz, 2H), 7.77 (d, 4J� 1.8 Hz, 2 H), 7.78 (d,
4J� 1.8 Hz, 2H), 7.86 (d, 4J� 1.8 Hz, 2H), 8.12 (br. d, 4J� 4.7 Hz, 2H), 8.45
(d, 4J� 1.2 Hz, 2 H), 8.52 (d, 5J� 1.2 Hz, 2 H), 8.55 (d, 5J� 1.2 Hz, 2 H), 8.65
(d, 5J� 1.2 Hz, 2 H), 8.66 (d, 5J� 1.2 Hz, 2 H), 8.67 (d, 5J� 1.2 Hz, 2 H), 8.72
(d, 5J� 1.2 Hz, 4 H), 8.73 (d, 5J� 1.2 Hz, 2 H), 8.80 (d, 5J� 1.2 Hz, 2 H), 8.90


Table 2. Crystallographic data for compound 1.


formula C114H105N27S9 ´ CHCl3


Mr[g molÿ1] 3
T(K) 200(1)
wavelength [�] 0.71073
crystal system monoclinic
space group P21


a [�] 15.565(3)
b [�] 24.386(5)
c [�] 15.634(8)
a [8] 90
b [8] 109.24(5)
g [8] 90
volume [�] 5603(3)
Z 2
1cald [g cmÿ3] 1.340
m(MoKa) [mmÿ1] 0.312
F(000) 2360
crystal size [mm] 0.20� 0.20� 0.10
F [8] 2.17ÿ 26.02
index ranges ÿ 19� h� 14, ÿ26�k� 27, ÿ19� l� 19
reflections collected 29897
R(int) 0.0488
independent reflections 19611
data/restraints/parameters 19611/35/1394
GoF S 1.034
final R indices [I> 2s(I)] R1� 0.0633, wR2� 0.1613
R indices (all data) R1� 0.0825, wR2� 0.1765
largest diff. peak/hole [e �ÿ3] 0.521/ÿ 0.365
absolute structure parameter 0.32(6)
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(d, 5J� 1.2 Hz, 2 H), 9.07 (d, 5J� 1.2 Hz, 2H); UV/Vis (CH2Cl2): lmax (e)�
289 nm (251000); MS (FAB): m/z (%): 3062.1 (53) [MH�� 5], 3061.1 (75)
[MH�� 4], 3060.1 (95) [MH�� 3], 3059.1 (100) [MH�� 2], 3058.1 (85)
[MH�� 1], 3057.1 (54) [MH�]; C162H149N39S13 (355.92).


X-Ray structure determination of 1: The measurements were carried out
on a STOE-IPDS diffractometer (MoKa radiation with graphite mono-
chromator) at T� 200 K. Table 2 summarizes the crystal data, data
collection and refinement parameters. All calculations were performed
with the SHELX-97 package.[13] The structures were solved by direct
methods and were refined by full-matrix least-squares techniques based on
F2. All hydrogen atoms, the disordered SPr groups, and solvent molecules
were refined isotropically. The hydrogen atoms were placed in calculated
positions with U(H)� 1.5 Ueq(C) for methyl groups and U(H)� 1.2 Ueq(C)
for others. Molecular graphics were performed with SCHAKAL97.[14]


Crystallographic data (excluding structure factors) for the structure of
compound 1 have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-135177. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 IEZ, UK (fax: (�44) 1223-336-033; e-mail : deposit
@ccdc.cam.ac.uk).
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Synthesis, Structure, and Reactivity of Organometallic
Lanthanide ± Dizirconium Nonaisopropoxide Complexes


William J. Evans,* Michael A. Greci, Matthew A. Johnston, and Joseph W. Ziller[a]


Abstract: The feasibility of using
[Zr2(OiPr)9]ÿ as a stabilizing, ancillary
ligand in organometallic lanthanide
complexes has been examined. The
dizirconium nonaisopropoxide (dzni)
ligand has been found to be compatible
with cyclopentadienyl and cyclooctate-
traenyl reagents and enhances the sol-
ubility of divalent lanthanide organo-
metallic species in comparison with
(C5H5)ÿ analogues. [{[Zr2(OiPr)9]LnI}2]


reacts with NaC5H5 to form the hexane-
soluble divalent lanthanide complexes
[{Zr2(OiPr)9}Ln(C5H5)] (1: Ln� Sm; 2 :
Ln�Yb). Complex 1 is the first report-
ed soluble (C5H5)ÿ complex of SmII.
[{[Zr2(OiPr)9]LnI}2] reacts with K2C8H8


to form the bimetallic LnII complexes
[{[Zr2(OiPr)9]Ln}2(C8H8)] (3 : Ln� Sm;
4 : Ln�Yb), which are also hexane-
soluble. Complex 3 reacts with
1,3,5,7-C8H8 to form hexane-soluble
[{Zr2(OiPr)9}Sm(C8H8)], 5, in a manner
analogous to the reduction of C8H8 by
[{(C5Me5)Sm}2(C8H8)]. In all these com-
plexes, the monoanionic [Zr2(OiPr)9]ÿ


unit is attached to the lanthanide metal
in a tetradentate fashion.


Keywords: lanthanides ´ ligand
effects ´ solubility ´ structure eluci-
dation ´ zirconium


Introduction


The [Zr2(OiPr)9]ÿ unit in heterometallic zirconium isoprop-
oxide complexes is capable of complexing a wide range of
metal ions.[1] Comparison of the structures of
[{[Zr2(OiPr)9]Ln(m-I)}2] (Ln�Eu, Sm)[2] with that of
[{(C5Me5)(thf)2Sm(m-I)}2][3] suggested that the dizirconium
nonaisopropoxide (dzni) ligand could act as an ancillary
ligand similar to the cyclopentadienyl ligands commonly
occurring in lanthanide halide complexes. This could have
important consequences, since the dzni ligand provides a
polydentate monoanionic coordination environment like that
of cyclopentadienide but it has substantially different elec-
tronic properties.


Although the dzni ligand could replace cyclopentadienyl
groups in simple inorganic lanthanide halides, its compati-
bility with organometallic reagents was unknown. Hence,
the structural integrity and stability of the dzni unit in the
presence of organometallic ligands needed to be examined.
We report here on reactions involving (C5H5)ÿ and (C8H8)2ÿ


reagents, the dzni complexes which result, and their
favorable solubility. Preliminary reactivity studies are also
described.


Experimental Section


General : The experiments described below were performed under nitrogen
with rigorous exclusion of air and water by Schlenk, vacuum line, and
glovebox techniques. Solvents were purified as described previously.[4]


NMR spectra were acquired and magnetic moments were measured by
the method of Evans[5] using a Bruker DRX 400 or a General Electric
QE 500 spectrometer. Elemental analyses were performed by Desert
Analytics, Tucson, AZ 85719 (USA) or by Analytische Laboratorien,
Lindlar (Germany).


[{Zr2(OiPr)9}Sm(C5H5)] (1): In a glovebox, a mixture of
[{[Zr2(OiPr)9]Sm(m-I)}2][2] (843 mg, 0.850 mmol), NaC5H5 (80 mg,
0.911 mmol), and hexanes (20 mL) in an Erlenmeyer flask was gently
heated and stirred for 10 min, after which the color began to change from
dark blue to green/black. After two days of stirring at room temperature,
the solution was centrifuged to remove insoluble material and the
supernatant was isolated and evaporated to a final volume of approx-
imately 2 mL. 1,2-Dimethoxyethane (2 mL) was added to the solution, it
was cooled to ÿ30 8C, and X-ray quality crystals of 1 (580 mg, 73 %) were
grown during three days. 1H NMR (C6D6): d� 32.61 (s, 12H, OCH(CH3)2),
26.75 (s, 1H, OCH(CH3)2), 8.29 (s, 5H, C5H5), 1.67 (m, 4 H, OCH(CH3)2),
0.07 (m, 1 H, OCH(CH3)2), ÿ0.47 (d, 12 H, OCH(CH3)2), ÿ1.08 (d, 12H,
OCH(CH3)2), ÿ3.67 (m, 1 H, OCH(CH3)2), ÿ4.08 (d, 12 H, OCH(CH3)2),
ÿ4.18 (d, 6 H, OCH(CH3)2), ÿ25.71 (m, 2H, OCH(CH3)2); 1H NMR
(C4D8O): d� 25.23 (s, 12 H, OCH(CH3)2), 20.10 (s, 1H, OCH(CH3)2), 9.21
(s, 5 H, C5H5), 3.58 (t, THF), 1.72 (t, THF), 0.91 (m, 4 H, OCH(CH3)2), 0.08
(m, 1H, OCH(CH3)2), ÿ0.19 (d, 12 H, OCH(CH3)2), ÿ0.69 (d, 12H,
OCH(CH3)2), ÿ1.54 (d, 12H, OCH(CH3)2), ÿ2.62 (m, 1H, OCH(CH3)2),
ÿ3.46 (d, 6H, OCH(CH3)2), ÿ20.01 (m, 2H, OCH(CH3)2); 13C NMR
(C6D6): d� 67.6 (OCH(CH3)2), 62.9 (OCH(CH3)2), 54.0 (OCH(CH3)2), 27.1
(OCH(CH3)2), 25.0 (OCH(CH3)2), 24.8 (OCH(CH3)2), 23.1 (OCH(CH3)2),
20.0 (OCH(CH3)2), ÿ49.70 (C5H5); UV/Vis (THF): lmax� 695, 463, 366,
298 nm; c298 K


G � 4.5� 10ÿ6 ; m298 K
eff � 3.2mB; IR(KBr): nÄ � 2964 s, 2924 m, 2854


m, 2624 w, 2361 w, 2334 w, 1461 m, 1373 m, 1358 s, 1336 m, 1262 w, 1164 s,
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1127 s, 1018 s, 1004 s, 950 s, 945 s, 847 m, 827 m, 814 m, 763 m, 740 m cmÿ1;
Zr2SmO9C32H68: calcd Sm 16.18, Zr 19.63, C 41.35, H 7.31; found Sm 16.10,
Zr 19.85, C 41.20, H 7.44.


X-ray data collection, solution and refinement : A dark green crystal,
approximate dimensions 0.44 mm� 0.40 mm� 0.22 mm, was mounted in a
glass capillary and transferred to the Siemens P4 diffractometer. The
symmetry, crystal class, unit cell parameters, and orientation matrix of the
crystal were determined by standard procedures.[6] Attempts to index
crystals of the same sample at 163 K were unsuccessful, because they
cracked at low temperatures. Intensity data were collected at 293 K using
the 2q/w scan technique with MoKa radiation. Decay of approximately 30%
in the intensity of the check reflections during data collection was corrected
with FIXDAT[7] using a linear decay model. The raw data were processed
with a local version of CARESS[8] which employs a modified Lehman ±
Larsen algorithm to obtain intensities and standard deviations from the
measured 96-step peak profiles. All 3538 data were corrected for
absorption and Lorentz and polarization effects, and were placed on an
approximately absolute scale. The diffraction symmetry was 2/m and the
systematic absences were consistent with the centrosymetric monoclinic
space group P21/m.


All calculations were carried out using the SHELXL program.[9] The
analytical scattering factors for neutral atoms were used throughout the
analysis.[10] The structure was solved by direct methods and refined on F 2 by
full-matrix least-squares techniques. Minor disorder in the isopropyl groups
was modeled by assigning partial occupancy to components of the
disordered groups. Hydrogen atoms were included using a riding model.
At convergence, wR2� 0.1085 and GOF� 0.998 for 203 variables refined
against all 3366 unique data (for refinement on F, R1� 0.0439 for those
2143 data with F> 4.0s(F)).


[{Zr2(OiPr)9}Yb(C5H5)] (2): In a glovebox, [{[Zr2(OiPr)9]Yb(m-I)}2][2]


(1.087 g, 1.071 mmol), NaC5H5 (103 mg, 1.17 mmol), and hexanes (20 mL)
were combined and handled as described for 1 above. X-ray quality crystals
of 2 (605 mg, 59 %) were grown over two days. 1H NMR (C6D6): d� 6.54 (s,
5H, C5H5), 4.66 (m, 2 H, OCH(CH3)2), 4.33 (m, 7 H, OCH(CH3)2), 1.44 (d,
12H, OCH(CH3)2), 1.40 (d, 12 H, OCH(CH3)2), 1.27 (d, 6H, OCH(CH3)2),
1.24 (d, 12 H, OCH(CH3)2), 1.24 (d, 12H, OCH(CH3)2); 1H NMR (C4D8O):
d� 6.03 (s, 5 H, C5H5), 4.63 (m, 2H, OCH(CH3)2), 4.38 (m, 7 H,
OCH(CH3)2), 3.62 (t, THF), 1.78 (t, THF), 1.42 (d, 12H, OCH(CH3)2),
1.40 (d, 12H, OCH(CH3)2), 1.27 (d, 6H, OCH(CH3)2), 1.25 (d, 12H,
OCH(CH3)2), 1.24 (d, 12 H, OCH(CH3)2); 13C NMR (C6D6): d� 108.9
(C5H5), 71.8 (OCH(CH3)2), 70.4 (OCH(CH3)2), 69.1 (OCH(CH3)2), 68.7
(OCH(CH3)2), 27.0 (OCH(CH3)2), 26.9 (OCH(CH3)2), 26.8 (OCH(CH3)2),
26.6 (OCH(CH3)2), 26.4 (OCH(CH3)2); UV/Vis (THF): lmax� 514, 435,
303 nm; IR(KBr): nÄ � 2964 s, 2923 m, 2857 m, 2623 w, 1462 m, 1376 m, 1362
s, 1337 m, 1258 w, 1232 w, 1167 s, 1130 s, 1020 s, 1009 s, 958 s, 848 m, 830 m,
806 m, 744 m, 665 w, 552 m cmÿ1; Zr2YbO9C32H68: calcd C 40.34, H 7.20;
found C 40.33, H 7.05.


X-ray data collection, solution and refinement : A red crystal, dimensions
0.44 mm� 0.12 mm� 0.08 mm, was handled as described above for 1. All
3089 data were corrected for absorption and Lorentz and polarization
effects, and were placed on an approximately absolute scale. The
diffraction symmetry was 2/m and the systematic absences were consistent
with the centrosymetric monoclinic space group P21/m. All calculations
were carried out as for 1, above. At convergence, wR2� 0.0810 and GOF�
1.143 for 202 variables refined against all 2931 unique data (for refinement
on F, R1� 0.0404 for those 2002 data with F> 4.0s(F)).


[{[Zr2(OiPr)9]Sm}2(C8H8)] (3): [{[Zr2(OiPr)9]Sm(m-I)}2] (160 mg,
0.08 mmol) and K2C8H8 (15 mg, 0.08 mmol) were combined in THF
(8 mL). The reaction mixture was initially deep purple but changed slowly
to red-brown during 4 h. It was centrifuged after 4 h to remove gray
insoluble material and the solvent was removed by rotary evaporation to
yield 3 as a brown powder (118 mg, 80%). 1H NMR (C6D6, 20 8C): d� 7.76
(s, 8H, C8H8), 4.59 (m, 12H, OCH(CH3)2), 4.47 (m, 6H, OCH(CH3)2), 1.54
(d, 12H, OCH(CH3)2), 1.46 (d, 48H, OCH(CH3)2), 1.39 (d, 24H,
OCH(CH3)2), 1.19 (d, 24 H, OCH(CH3)2); 1H NMR (C4D8O): d� 7.22 (s,
8H, C8H8), 4.54 (m, 12H, OCH(CH3)2), 4.45 (m, 6 H, OCH(CH3)2), 3.65 (t,
THF), 1.78 (t, THF), 1.52 (d, 12H, OCH(CH3)2), 1.47 (d, 48H,
OCH(CH3)2), 1.36 (d, 24 H, OCH(CH3)2), 1.22 (d, 24H, OCH(CH3)2);
13C{1H} NMR (C6D6): d� 70.6, 67.8 (OCH(CH3)2), 28.4, 27.6, 27.0, 25.4
(OCH(CH3)2); UV/Vis (hexanes): lmax� 710, 510, 300 nm; IR (KBr):


nÄ � 3163 m, 2794 s, 1914 w, 1554 s, 1387 s, 1173 w, 1012 m, 897 m, 735 w cmÿ1;
Sm2Zr4O18C62H134: calcd C 40.65, H 7.38, Zr 19.65, Sm 16.43; found C 40.59,
H 7.45, Zr 19.60, Sm 16.55. Recrystallization from a concentrated THF
solution yielded red-brown crystals suitable for X-ray analysis.


X-ray data collection, solution, and refinement : A red-brown crystal,
dimensions 0.13 mm� 0.15 mm� 0.23 mm, was mounted on a glass fiber
and transferred to a Bruker CCD platform diffractometer. The SMART[11]


program package was used to determine the unit-cell parameters and for
data collection (scan time 20 s/frame for a sphere of diffraction data). The
raw frame data were processed using SAINT[12] and SADABS[13] to yield
the reflection data file. Subsequent calculations were carried out using the
SHELXTL[14] program. The diffraction symmetry was 2/m and the system-
atic absences were consistent with the centrosymmetric monoclinic space
group P21/n, which was later confirmed.


The structure was solved by direct methods and refined on F 2 by full-matrix
least-squares techniques. The analytical scattering factors[10] for neutral
atoms were used throughout the analysis. The molecule was located about
an inversion center at the centroid of the cyclooctatetraenide ligand. Six of
the nine isopropyl groups were disordered. The carbon atoms of the
disordered groups were included with two components and assigned partial
site-occupancy factors (listed in the CIF file). Hydrogen atoms were
included using a riding model. There was residual electron density
associated with the cyclooctatetraenide ligand, but unsuccessful attempts
to refine a disordered model resulted in a poorly defined geometry of the
cyclooctatetraenide ring and higher-than-expected residuals. At conver-
gence, wR2� 0.1328 and GOF� 1.054 for 351 variables refined against
9903 unique data (in comparison: for refinement on F, R1� 0.0500 for
those 7626 data with I> 2.0s(I)).


[{[Zr2(OiPr)9]Yb}2(C8H8)] (4): [{[Zr2(OiPr)9]Yb(m-I)}2] (0.200 g, 0.1 mmol)
and K2C8H8 (0.018 g, 0.1 mmol) were combined in toluene (6 mL). The
mixture was initially yellow, but after 3 h an orange-yellow color was
observed. Gray-white solids and solvent were removed by centrifugation
after 8 h to yield 4 as an orange powder (0.145 g, 79%). 1H NMR (C6D6,
20 8C): d� 6.70 (s, 8H, C8H8), 4.58 (m, 18 H, OCH(CH3)2), 1.59 (d, 24H,
OCH(CH3)2), 1.35 (overlapping d, 60H, OCH(CH3)2), 1.25 (d, 24H,
OCH(CH3)2); 1H NMR (C4D8O): d� 6.41 (s, 8 H, C8H8), 4.51 (m, 18H,
OCH(CH3)2), 3.63 (t, THF), 1.76 (t, THF), 1.48 (d, 24H, OCH(CH3)2), 1.35
(overlapping d, 60 H, OCH(CH3)2), 1.23 (d, 24H, OCH(CH3)2); 13C{1H}
NMR (C6D6): d� 90.4 (C8H8), 69.3 (OCH(CH3)2), 27.4, 27.1, 26.8, 26.6
(OCH(CH3)2); UV/Vis (hexanes): lmax� 750, 460 nm; IR (KBr): nÄ � 2984 s,
2873 s, 1591 w, 1459 m, 1363 s, 1166 s, 1125 w, 1019 m, 958 m, 827 m, 715 w,
660 w, 574 m cmÿ1; Yb2Zr4O18C62H134: calcd C 39.69, H 7.20, Zr 19.19, Yb
18.46; found C 39.37, H 7.04, Zr 19.40, Yb 18.55.


[{Zr2(OiPr)9}Sm(C8H8)] (5): A red-brown solution of 3 (119 mg,
0.06 mmol) in toluene (4 mL) was added to a solution of C8H8 (6 mg,
0.06 mmol) in toluene (4 mL). After 1 h, the reaction mixture began to
change to purplish-red; after 6 h, it was deep purple. Removal of solvent by
rotary evaporation yielded 5 as a purple powder (93 mg, 74%). 1H NMR
(C6D6, 20 8C): d� 10.09 (s, 8 H, C8H8), 4.63, 4.51 (overlapping m, 9H,
OCH(CH3)2), 1.64 (d, 6H, OCH(CH3)2), 1.48 (d, 12 H, OCH(CH3)2), 1.35
(d, 24 H, OCH(CH3)2), 1.29 (d, 12 H, OCH(CH3)2); 1H NMR (C4D8O): d�
9.76 (s, 8H, C8H8), 4.58, 4.52 (overlapping m, 9H, OCH(CH3)2), 3.63 (t,
THF), 1.73 (t, THF), 1.48 (d, 6H, OCH(CH3)2), 1.41 (d, 12 H, OCH(CH3)2),
1.39 (d, 24 H, OCH(CH3)2), 1.22 (d, 12H, OCH(CH3)2); 13C{1H} NMR
(C6D6): d� 84.0 (C8H8), 72.7, 72.0 (OCH(CH3)2), 28.5, 27.2, 26.9, 25.5
(OCH(CH3)2); c298 K


G � 6.64� 10ÿ7, m298 K
eff � 1.3 mB; IR (KBr): nÄ � 3002 m,


2852 s, 1733 m, 1595 w, 1456 w, 1375 s, 1277 m, 1139 s, 1023 s, 827 m, 556
w cmÿ1; UV/Vis (hexanes): lmax� 560, 380 nm; SmZr2O9C35H71: calcd C
43.42, H 7.40; found C 43.19, H 7.50. Recrystallization from a concentrated
solution in toluene at ÿ30 8C yielded large purple crystals suitable for
X-ray analysis.


X-ray data collection, solution, and refinement : A purple crystal, approx-
imate dimensions 0.06 mm� 0.22 mm� 0.23 mm, was mounted on a glass
fiber, transferred to a Bruker CCD platform, and handled as described
above for 3 (scan time 20 s/frame for a sphere of diffraction data). There
were no systematic absences or diffraction symmetry other than the Friedel
condition. The centrosymmetric triclinic space group P1Å was assigned and
later confirmed. At convergence, wR2� 0.1679 and GOF� 1.229 for 421
variables refined against 9967 unique data (in comparison: for refinement
on F, R1� 0.0690 for those 8603 data with I> 2.0s(I)).
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Results


Synthesis : The [{[Zr2(OiPr)9]LnI}2] complexes[2] readily react
with NaC5H5 to form alkane-soluble [{Zr2(OiPr)9}Ln(C5H5)]
products (Ln� Sm, 1; Yb, 2) [Eq. (1)].


[{[Zr2(OiPr)9]LnI}2]� 2NaC5H5 ÿ! 2 [[Zr2(OiPr)9]Ln(C5H5)]� 2NaI (1)


Complexes 1 and 2 were characterized by NMR and IR
spectroscopy and elemental analysis and their structures were
determined by X-ray crystallography (Figure 1). In contrast
to the only other known SmII ± (C5H5)ÿ complex,
[{(C5H5)2Sm(thf)}n], which is insoluble in solvents with which


Figure 1. Ball-and-stick representation of the isostructural complexes 1
and 2.


it does not react,[15] 1 is soluble in hexanes. Hence the
replacement of (C5H5)ÿ by [Zr2(OiPr)9]ÿ enhances alkane
solubility. In this sense, the dzni ligand is similar to
(C5Me5)ÿ.[16] The [{Zr2(OiPr)9}Ln(C5H5)] complexes are more
soluble than the [(C5Me5)2Ln] complexes in alkanes;[16] 2 is
also more soluble than [(C5H5)2Yb],[17] which only dissolves in
coordinating solvents that form adducts.


The [{[Zr2(OiPr)9]LnI}2] complexes react with K2C8H8 to
form the alkane-soluble [{[Zr2(OiPr)9]Ln}2(C8H8)] products
(Ln� Sm, 3 ; Ln�Yb, 4) [Eq. (2)]. Complexes 3 and 4 were


[{[Zr2(OiPr)9]LnI}2]�K2C8H8 ÿ! 2 [{[Zr2(OiPr)9]Ln}2(C8H8)]� 2KI (2)


also characterized by NMR and IR spectroscopy and ele-
mental analysis and the structure of 3 was determined by
X-ray crystallography (Figure 2). There are no known (C5H5)ÿ


analogues of 3 and 4 but the (C5Me5)ÿ analogues,
[{(C5Me5)Ln}2(C8H8)] (Ln� Sm, 6 ; Ln�Yb, 7),[18, 19] have
similar solubility.


Reactivity : It was of interest to compare the chemistry of 1 ± 4
with that of their (C5R5)ÿ (R�H, Me) analogues. The
[(dzni)Ln(C5H5)] complexes are quite different from
[(C5H5)2Ln] and [(C5Me5)2Ln] in that they do not form


Figure 2. Ball-and-stick representation of 3.


isolable adducts with THF, Et2O, or DME. They are crystal-
lized solvate-free from hexanes/DME (1 and 2) and THF (3
and 4). The NMR spectra of 1 and 2 in [D8]THF show two
distinct THF environments, suggesting coordination of THF
in solution, but removal of solvent leads to the isolation of
solvent-free species. Similar behavior is observed for 3
and 4 in [D8]THF. In contrast, the analogous complexes
with cyclopentadienyl ligands in place of dzni form
solvates. The cyclopentadienyl complexes [(C5H5)2LnLx],[15, 17]


[(C5Me5)2LnL2][19] and [{(C5Me5)LnLx}2(C8H8)][18, 19] (L�
ethers) are typically isolated as solvates. They desolvate only
upon heating under vacuum and in some cases the desolvation
is tedious. Hence, these dzni complexes provide a much easier
route to unsolvated organometallic complexes of SmII and
YbII.


Preliminary studies of the reactivity of 3 and 4 with 1,3,5,7-
C8H8 were conducted for comparison with the reactions of
[{(C5Me5)Ln}2C8H8] with 1,3,5,7-C8H8, which yield trivalent
mixed-ligand products, [(C5Me5)Ln(C8H8)] (Ln� Sm, 6 ;
Ln�Yb, 7) [Eq. (3)].


[{(C5Me5)Ln}2(C8H8)]�C8H8 ÿ! 2[(C5Me5)Ln(C8H8)] (3)


Like its (C5Me5)ÿ analogue, the SmII complex 3 reduces
C8H8 to form [{Zr2(OiPr)9}Sm(C8H8)], 5 [Eq. (4)].[19]


[{[Zr2(OiPr)9]Sm}2(C8H8)]�C8H8 ÿ! 2[[Zr2(OiPr)9]Sm(C8H8)] (4)
3 5


Complex 5 was characterized by IR, NMR, elemental
analysis and its structure was determined by single-crystal
X-ray diffraction (Figure 3). In contrast, [{[Zr2(OiPr)9]-
Yb}2(C8H8)] does not appear to react with C8H8, even after
several days, whereas [{(C5Me5)Yb}2(C8H8)] readily reduces
C8H8 to form 7.[18] The NMR spectrum of 5 in [D8]THF
also shows two THF environments, as found for
1 ± 4.


Structure : Both 1 and 2 crystallize from hexanes/DME at low
temperature as the monomers [{Zr2(OiPr)9}Ln(C5H5)] (Fig-
ure 1). In both cases, the dzni ligand binds to the metal with
four isopropoxide oxygen donor atoms. In each dzni ligand in
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Figure 3. Ball-and-stick representation of 5.


1 and 2 there is a face-sharing bioctahedral arrangement of
nine isopropoxide ligands surrounding the two zirconium
centers and each zirconium is six-coordinate, as has been
observed in other structurally characterized lanthanide dzni
complexes.[2] The Zr ± O(OiPr) distances are consistent with
other dzni complexes in the literature.[1, 2] The Ln ± O(OiPr)
distances in 1 (2.549(6) ± 2.595(4) �) and 2 (2.444(6) ±
2.469(4) �) are within the range of Eu ± O(OiPr) distances
in [{[Zr2(OiPr)9]Eu(m-I)}2],[2] when differences in the ionic
radii of the metals are taken into account.[21]


The lanthanide metals in 1 and 2 are formally seven-
coordinate. Since only two polydentate ligands generate the
seven coordination positions, the complex does not have a
regular seven-coordinate geometry. Even the (C5H5)ÿ ring
centroid and the four oxygen donor atoms fail to describe a
regular five-coordinate geometry since the O-Ln-O angles in
1 (58.23(17) ± 125.2(2)8) and 2 (61.6(2) ± 130.4(2)8) are far
from linear, which excludes a trigonal bipyramidal geometry,
and the four oxygen donor atoms are not coplanar (with
deviations of 0.54 � from the best plane of the four), which
excludes a square pyramidal geometry. By considering these
[(dzni)Ln(C5H5)] complexes as two-ligand ML2 entities, one
can examine the orientation of the C5H5 ring centroid relative
to the ªcenterº of the dzni ligand[22] to see if a bent or linear
structure is present.[16, 23] In both 1 and 2, the ring centroid-Ln-
(Zr ± Zr centroid) angles are 1808, so the complexes are linear.


The Ln ± C(C5H5) distances in 1 and 2 are difficult to
evaluate. Since 1 is the first soluble and structurally charac-
terized SmII ± (C5H5)ÿ complex to be reported, there are no
other SmII (C5H5)ÿ complexes with which to compare it. The
closest analogue to 2, namely [(C5H5)2Yb],[17a] is a polymeric
compound with bridging cyclopentadienyl rings. Since bridg-
ing ligands generally have longer bond distances, the 2.67(2) ±
2.728(12) � Yb ± C(C5H5) distances in 2 appear normal
compared with the 2.769 � average Yb ± C(h5:h1-C5H5)
distance in [Yb(C5H5)2]. The Yb ± C distances in


[Yb[C5H3(SiMe3)2-1,3]2][17a] (2.654(5) �), [(C5H5)2Yb-
(dme)][17b] (2.72(8) �), and (C5H4SiMe3)2Yb(thf)2


[17e]


(2.75 �), are in the range of those in 2, within the limits of
error. The 2.803(10) ± 2.825(11) � Sm ± C(C5H5) distances in 1
are consistent with those in 2 when the 0.14 � difference in
the seven-coordinate Shannon radii of the metals is taken into
account.[21]


Complex 3 crystallizes from THF as a centrosymmetric
dimer with a [{[Zr2(OiPr)9]Sm}2(m-h8:h8-C8H8)] structure
analogous to that in [[(C5Me5)Sm]2(C8H8)].[18] The dzni ligand
in 3 is again tetradentate, which gives a formally nine-
coordinate samarium center. Although the structure of
complex 3 has been established by X-ray data, disorder in
the structure precludes a detailed discussion of bond lengths
and angles.


Complex 5 crystallizes from toluene as a monomer,
[{Zr2(OiPr)9}Sm(C8H8)], which is analogous to [(C5Me5)-
Sm(C8H8)], 6.[18] The 2.665(8) ± 2.701(8) � Sm ± C(C8H8) dis-
tances in 5 are longer than those (2.565(4) ± 2.615(4) �) in 6.
Since 5 has a higher formal coordination number than 6, this
might be expected. However, Shannon�s radius increases by
only 0.05 ± 0.06 � for an increase of 1 in coordination number.
The 2.491(4) ± 2.619(4) � Sm ± O(OiPr) distances in 5 are
similar to those in 1, but the range is greater. The (C8H8 ring
centroid)-Sm-(Zr ± Zr centroid) angle (1808) is linear and
differs from the (C5Me5 ring centroid)-Sm-(C8H8 ring cent-
roid) angle (164.38) in 6.[18]


Discussion


The mixed-ligand dzni halide complexes, [{[Zr2(OiPr)9]LnI}2],
are good precursors for the formation of organometallic
derivatives containing cyclopentadienyl and cyclooctatetraen-
yl ligands. Neither NaC5H5 nor K2C8H8 decomposes the
[Zr2(OiPr)9]ÿ components in the starting materials and the
mixed ligand dzni organometallic complexes are obtainable in
60 ± 80 % yield.


The new products [{Zr2(OiPr)9}Ln(C5H5)] and
[{[Zr2(OiPr)9]Ln}2(C8H8)] have the advantage of being solu-
ble in alkanes. This is most important for [{Zr2(OiPr)9}-
Sm(C5H5)], since no soluble SmII ± (C5H5)ÿ complexes are
known and SmII has extensive chemistry.[24±27] Given the use of
[SmI2(thf)x][25] in organic syntheses[26] and the attempts to use
(C5H5)2Sm in organic syntheses[27] despite its insolubility, the
enhanced solubility of [{Zr2(OiPr)9}Sm(C5H5)] could have
interesting implications. The [{Zr2(OiPr)9}Ln(C5H5)] and
[{[Zr2(OiPr)9]Ln}2(C8H8)] complexes are also novel in that
they do not form adducts with THF or other coordinating
ethers, in contrast to their cyclopentadienyl analogues. This
suggests that the dzni unit sterically saturates the lanthanide
metal to a greater extent than even a (C5Me5)ÿ ligand. A
similar conclusion was drawn from comparison of
[{(C5Me5)(thf)2Sm(m-I)}2] and {[Zr2(OiPr)9]Sm(m-I)}2].[2] The
greater Sm ± C(C8H8) bond lengths in 5 than in 6 are also
consistent with this, although the difference also follows the
trend expected on the basis of coordination numbers. How-
ever, since the NMR data indicate that THF adducts can form
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in solution, free coordination sites are evidently still available
in these complexes.


The analogy between the reduction of 1,3,5,7-C8H8 by
[{[Zr2(OiPr)9]Sm}2(C8H8)] to form [{Zr2(OiPr)9}Sm(C8H8)]
and the reduction of 1,3,5,7-C8H8 by [{(C5Me5)Sm}2(C8H8)]
suggests that the chemistry of [Zr2(OiPr)9]ÿ-substituted com-
plexes and of the cyclopentadienyl systems may be similar.
That [{[Zr2(OiPr)9]Yb}2(C8H8)] appears to be less reactive
than [{(C5Me5)Yb}2(C8H8)] is consistent with an assessment of
the dzni ligand as less electron-donating than (C5Me5)ÿ.
Electrochemical studies will be required for confirmation.
The utility of the enhanced solubility of the dzni complexes
compared with the cyclopentadienyl analogues is being
explored.


Conclusion


Dzni lanthanide halides have been proven to be useful
precursors to organometallic lanthanide dzni species. The
organometallic complexes have enhanced solubility com-
pared with the cyclopentadienyl analogues and a diminished
tendency to crystallize as ether adducts. Preliminary reactivity
studies show a parallel chemistry.
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Solution Equilibria of Enantiopure Helicates: The Role of Concentration,
Solvent and Stacking Interactions in Self-Assembly


Christophe Provent, Elisabeth Rivara-Minten, Sujatha Hewage, Gerhard Brunner, and
Alan F. Williams*[a]


Abstract: The formation of helicates between silver(i) and a series of enantiopure
ligands (L1 ± L4) containing the bis(oxazolyl) pyridine unit has been studied in
solution. Ligands L1 and L2 form [AgL2]� and double-helical [Ag2L2]2�. L3 and L4


show more complicated behaviour, forming [AgL2]� , [Ag2L2]2�, [Ag2L3]2� and
[Ag3L3]3�. The relative concentrations of the complexes may be modified by changing
the total concentration or the solvent. For L3 the trinuclear species is believed to be
stabilised by interligand p-stacking interactions which are enhanced in L4, leading to
almost exclusive formation of [Ag3L3]3�. All complexes appear to be labile on an
NMR time scale at room temperature, and racemic mixtures of ligands undergo
exclusive homochiral association.


Keywords: helical structures ´ N
ligands ´ self-assembly ´ silver ´
supramolecular chemistry


Introduction


The formation of helicates in a self-assembly process by
simple mixing of ligands and labile metal cations has been
studied with great interest over the last ten years. Much work
has been published on helicates since the first report by Lehn
and co-workers.[1] In the earliest helicates, the helical axis
passed through the metal ions, but the synthesis of circular
helicates,[2] in which the ligands twist about a circle around
which metal ions are disposed at regular intervals, has been
reported recently. Several reviews[3±6] give an overview of
these compounds and their properties.


Although helicates are chiral, the combination of achiral
ligands and metal cations generally leads to racemic mixtures.
To obtain selective synthesis of P and M helicates (which is an
obvious challenge) chiral elements have been introduced into
the ligands; if these ligands are well chosen enantioselective
synthesis of helicates can be achieved, and several linear
helicates have been prepared[7±14] by this strategy. A more
recent development in this field has been the enantioselective
synthesis of circular helicates.[15, 16] The chirality of helicates
has been reviewed.[17] We have achieved enantioselective
synthesis of helicates by using chiral bis(oxazolyl)pyridine
ligands Bzpybox (L1) and Phpybox (L3) (Scheme 1),[15] the


Scheme 1. The ligands L1 ± L4.


rhodium complexes of which were first reported by Nishiyama
and co-workers in 1991 to achieve highly enantioselective
hydrosilylation of ketones.[18]


Both L1 and L3 form enantiopure helicates with AgI, but the
type of helix differs. L1 forms a double helix, [Ag2(L1)2]2� (see
Figure 1); the complex has D2 symmetry with pseudo-twofold
axes passing through the silver ions and through the pyridine
groups. The compound obtained with L3 was a circular
trinuclear helix, [Ag3(L3)3]3� (see Figure 3) with crystallo-
graphic C3 symmetry, and consists of an equilateral triangle of
silver(i) ions with the ligands bridging the sides of the triangle.
Each ligand is bonded, through the oxazoline moieties, to one
metal atom from below the plane of the silver atoms and to a
second metal atom from above this plane. The structure shows
strong stacking interactions between the pyridine group of
one ligand and the phenyl rings of the other two. However,
this trimeric cation appears to be unstable in solution, leading
to an equilibrium between the different species.


Here we present studies of helicates with ligands L1, L2


(Mepybox), L3 and L4 (EtOphpybox) in solution. This work
shows how the product of self-assembly can depend, as
postulated previously,[19] on both external information (the
solvent and concentration) and intrinsic information (the
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structure of the ligands and coordination preference of the
metal). We also show how judicious use of p-stacking
interactions can modify the product distribution in a predict-
able manner.


Results


Synthesis of the helicates : Synthesis of the ligands L1 and L3


was as described in a preliminary communication.[15] L2 was
prepared by the same procedure as for L1 and L3. Ligand L4


was synthesised from pyridine-2,6-dicarboxylic acid and
4-hydroxyphenylglycine following a procedure described by
Nesper and co-workers.[20] The silver helicates were prepared
simply by mixing equivalent amounts of the ligands and
silver(i) tetrafluoroborate in dichloromethane/methanol. Af-
ter evaporation to dryness the residue was taken up in
acetonitrile and crystallised by diffusion of diethyl ether or
benzene.


Structures in solution


Helicates prepared with L1: In the solid state the silver(i)
complex [Ag2(S,S-L1)2](BF4)2 has a double helical structure
with P(D) helicity (Figure 1),[15] whose behaviour in solution
has been determined in several studies.


Figure 1. X-ray structure of [Ag2(S,S-L1)2](BF4)2.


Variable-temperature 1H NMR (ÿ40 8C � 50 8C) of this
complex in CD3CN showed no modification of the spectrum.
1H NMR titration of a solution of S,S-L1 in CD3CN with
AgBF4 showed the successive formation of two species.
Initially, a complex of stoichiometry Ag�/(S,S-L1)� 0.5:1
was formed, but as more silver(i) was added the peaks
broadened, sharpening again for a 1:1 metal-to-ligand ratio,
after which the spectrum remained unmodified even after the
addition of a large excess of silver salt. This result is in
accordance with the formation of an [Ag(S,S-L1)�]n species.


109Ag NMR spectra of a concentrated solution (0.1m in
CD3CN) of [Ag2(S,S-L1)2](BF4)2 with direct observation of the
silver atom showed a single peak at d� 512 (reference: silver
nitrate, d� 0). This peak corresponds to the silver atom in the
helical compound and no trace of free silver was observed.


Electrospray mass spectrometry (ES-MS; Figure 2) of
acetonitrile solutions of [Ag(S,S-L1)�]n showed peaks at m/z
505.3 ([Ag(S,S-L1)�]n, base peak), 901.4 ([Ag(S,S-L1)2]�) and
1097.4 ({[Ag2(S,S-L1)2] ´ (BF4)}�). The isotopic abundance of


Figure 2. ES-MS of [Ag2(S,S-L1)2](BF4)2 in acetonitrile: whole spectrum
(top); enlargement of peak corresponding to [Ag(S,S-L1)]2


2� (bottom).


the peak at m/z 505.3 shows the typical (0.5) peak separation
of a doubly charged species, which confirms the presence of
the helical complex [Ag2(S,S-L1)2]2�. The isotopic distribution
pattern suggests that a small amount of [Ag(S,S-L1)]� was
present, which has been attributed to fragmentation in the


Abstract in French: DiffØrents hØlicates d�argent(i), prØparØs
avec une sØrie de ligands (L1 ± L4) contenant le motif bis(oxa-
zolinyl)pyridine, ont ØtØ ØtudiØs en solution. Avec les ligands L1


et L2, le complexe [AgL2]� et la double hØlice [Ag2L2]2� ont ØtØ
observØs. L3 et L4 prØsentent un comportement plus complexe,
car selon les conditions, les esp�ces [AgL2]� , [Ag2L2]2�,
[Ag2L3]2� et [Ag3L3]3� ont ØtØ obtenues. Les proportions
relatives des diffØrents complexes peuvent eÃtre modifiØes en
faisant varier la concentration totale ou la nature du solvant.
Dans le cas de L3, l�esp�ce trinuclØaire semble eÃtre stabilisØe par
des interactions d�empilement de type ªp stackingº qui se
trouvent renforcØes avec L4, conduisant ainsi à la formation
quasi exclusive de [Ag3L3]3�. A tempØrature ambiante, tous ces
complexes sont labiles par rapport à l�Øchelle de temps RMN.
Les expØriences rØalisØes avec des mØlanges racØmiques des
ligands ont permis d�observer exclusivement l�assemblage
homochiral.
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mass spectrometer since the 1H NMR spectrum shows the
presence of only one product.


There are great changes in the CD spectrum of the ligand
upon complex formation: the free ligand shows a weak
negative band in the UV region of the spectrum (De296�
ÿ0.4mÿ1 cmÿ1), whereas the complex shows a strong positive
band (De301��10.15mÿ1 cmÿ1 for a one-metal centre), corre-
sponding to a new shoulder in the UV/Vis spectrum (e�
1547mÿ1 cmÿ1). This CD activity can be attributed to a
blocked conformation of the ligands in the helical compound,
whereas the free ligand may adopt different conformations
which cancel each other in the CD spectrum. This phenom-
enon has been explained for several organic compounds[21, 22]


and metal complexes[16, 23] by the exciton theory.
The R,R enantiomer of L1 was synthesised in order to test


chiral recognition during the self-assembly process. The two
helicates L/R,R and D/S,S, each prepared with an enantio-
merically pure ligand, are enantiomers and have the same
1H NMR spectrum. When a racemic mixture of ligands was
used, the spectrum of the product was the same as that of the
pure species [Ag2(R,R-L1)2](BF4)2 or [Ag2(S,S-L1)2](BF4)2. No
trace of the ªmixedº species, which would have a different
spectrum, was observed during the experiment and, logically,
no CD signal was observed. This establishes that there is
homochiral recognition during the self-assembly, which means
that the chirality of the first ligand to be complexed induces a
choice in the chirality of the second.


Helicates prepared with L2 : The solution studies on L2


(Mepybox) with silver(i) led to the same results as with L1.
The 1H NMR spectrum of this complex in CD3CN remained
unchanged while the experimental temperature was gradually
decreased from �50 8C to ÿ40 8C, and clearly differed from
that of the free ligand. As observed for L1 complexes, the use
of a racemic mixture of R,R-L2 and S,S-L2 leads to the
formation of species which have essentially the 1H NMR
spectrum observed for the pure diastereomers [Ag2(S,S-
L2)2]2� and [Ag2(R,R-L2)2]2�, confirming that homochiral
self-assembly is observed with L2.


ES-MS of acetonitrile solutions of [Ag(S,S-L2)�]n exhibits
peaks at m/z 351.9 ([Ag(S,S-L2)�]n, 45 %), 393.1 ([Ag(S,S-
L2)CH3CN]� , base peak), 597.3 ([Ag(S,S-L2)2]� , 60 %) and
792.8 ({[Ag2(S,S-L2)2](BF4)}�, 25 %). This helicate seems to be
more sensitive to fragmentation in the mass spectrometer
than [Ag2(S,S-L1)2]2�. The abundance of [Ag(S,S-L2)CH3CN]�


may indicate a partial dissociation of the complex in solution
but this is not supported by the 1H NMR spectrum, which
shows only one species.


Helicates prepared with L3:
X-ray crystallography shows
that in the solid state the sil-
ver(i) complex of L3 (Phpybox)
has a circular helical structure
(Figure 3).[15] There are strong
stacking interactions between
the strands, which are probably
responsible for this particular
structure in the solid state. In


Figure 3. X-ray structure of [Ag3(R,R-L3)]3(BF4)3.


solution this trimeric circular helicate is not stable and
spectroscopic studies have been performed to elucidate its
behaviour.


The 1H NMR spectrum of a concentrated solution (0.1m in
CD3CN) of [Ag3(R,R-L3)3](BF4)3 at 20 8C shows broad peaks
typical of a rapid exchange on the NMR time scale. When the
solution is heated to �60 8C the peaks narrow, leading to
averaged signals. When it is cooled from�60 8C toÿ40 8C the
peaks broaden around �30 8C, split into separate signals
around ÿ30 8C and eventually sharpen again atÿ 40 8C. Atÿ
40 8C there are three distinct species (Figure 4); all the
following NMR experiments have been carried out at this
temperature.


1H NMR titration of a solution of R,R-L3 in CD3CN with
AgBF4 (Figure 5) showed the initial formation of a complex of
stoichiometry [Ag(R,R-L3)2


�]n ; on addition of more silver(i),
the peaks attributable to this compound decreased and
another species appeared. Its abundance was maximal at a
silver/ligand ratio around 0.7, corresponding to [Ag2(R,R-
L3)3]2�. As the metal/ligand ratio increases, the proportion of
the [Ag2(R,R-L3)3]2� species decreases and two other com-
plexes are formed. They have been identified as the double
helical compound [Ag2(R,R-L3)2]2� and the trimeric circular
helix [Ag3(R,R-L3)3]3�. The NMR shifts are consistent with
these structures and the pyridine and oxazoline proton shifts
of the [Ag2(R,R-L3)2]2� species can be compared with those of
the [Ag2(R,R-L1)2]2� species. Comparison of the NMR shifts
of five protons in [Ag2(R,R-L3)2]2� and [Ag2(R,R-L1)2]2�


(Table 1) shows clearly that protons expected to be little


Figure 4. 1H NMR spectrum (600 MHz) of R,R-L3 silver complex in CD3CN at ÿ40 8C; & : [Ag2(R,R-L3)3]2� ; ~:
[Ag2(R,R-L3)2]2� ; ^ : [Ag3(R,R-L3)3]3�.
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influenced by a change in the substituent of the oxazoline ring
have similar NMR shifts. The shielding observed for proton
Hd when the ligand is changed from L3 to L1 is due to the
linkage of the carbon atom bonded to Hd with a phenyl or a
benzyl moiety respectively (Scheme 2). Further arguments
are given below to confirm the assignment of the three
species.


Scheme 2. Proton assignment in [Ag2(L1)2]2� and [Ag2(L3)2]2� (R�Ph,
Bz).


Influence of the solvent on the equilibrium : The 1H NMR
spectrum of the crystallised [Ag3(R,R-L3)3](BF4)3 in a
CD3NO2 solution shows the presence of only two species,
and is well resolved even at room temperature. That
[Ag2(R,R-L3)3]2� is not observed can be explained by the
different complexation properties of CD3CN and CD3NO2.
Formation of [Ag2(R,R-L3)3]3� (stoichiometry� 2:3) upon
dissolution of [Ag3(R,R-L3)3]3� would lead to liberation of
silver, which can be strongly solvated by acetonitrile but not
by nitromethane. Therefore the formation of [Ag2(R,R-L3)3]2�


is not favourable in this solvent.


Influence of concentration on the equilibrium : The
effect of concentrations between 160 mm (saturation)
and 8 mm on the speciation was studied by 1H NMR
(CD3CN, ÿ40 8C) (Figure 6).


The percentage of trimer increases with concentra-
tion. [Ag3(R,R-L3)3]3� represents 27 % (with respect to
the ligand) of the mixture for a concentration of
160 mm but disappears below 20 mm. This is logical
because high concentrations favour the formation of
the most polymeric species. The relative populations
of the other two species, [Ag2(R,R-L3)2]2� and
[Ag2(R,R-L3)3]2�, decrease from 20 to 160 mm. Below
20 mm the double helical species population increases
as rapidly as [Ag2(R,R-L3)3]2� decreases. These trends
are consistent with the proposed formulae, because
the compound whose population increases upon
dilution (to below 20 mm) is the least aggregated.


The 109Ag NMR spectrum of a solution (0.1m in CD3CN) of
the crystallised trimeric complex with direct observation of
the silver atom at 20 8C is composed of a single broad peak
around d� 455. When the solution is cooled to ÿ40 8C, three
sharp peaks are observed (d �501.8, 503.0 and 536.2, with
respective integrals of 1.0, 0.5 and 0.2). By comparison with
the proportions observed in the 1H NMR spectrum, these
peaks are assigned to correspond to [Ag2(R,R-L3)2]2�,
[Ag2(R,R-L3)3]2� and [Ag3(R,R-L3)3]3� respectively. To con-
firm the assignment, a sample was prepared simply by mixing
two equivalents of silver(i) tetrafluoroborate and three
equivalents of R,R-L3 in CD3CN, to generate the [Ag2(R,R-
L3)3]2� complex in situ. This solution at ÿ40 8C exhibits a
single NMR peak at d� 503.6 corresponding to that observed
in the mixture.


ES-MS of solutions of [Ag(R,R-L3)�]n in acetonitrile
showed peaks at m/z 476.0 ([Ag(R,R-L3)�]n, base peak),
517.3 ([Ag(R,R-L3)CH3CN]� , 25 %), 843.7 ([Ag(R,R-L3)2]� ,
60 %) and 1041.2 ({[Ag2(R,R-L3)2](BF4) ´ H2O}�, 20 %). Very
low-intensity peaks centred at m/z 1606.5 ({[Ag3(R,R-
L3)3CH3CN](BF4)2}�, approximately 2 %) were also observed.
The many peaks observed and the small amount of trimer are
attributable to: 1) the equilibrium in solution; 2) the
fragmentation in the spectrometer; and 3) the experimental


Figure 5. Species distribution as a function of stoichiometry, determined by 1H NMR
titration (CD3CN, ÿ40 8C) of a solution of R,R-L3 with AgBF4. Solid light line:
[Ag(R,R-L3)2]2� ; dotted line: [Ag2(R,R-L3)3]2� ; broken line: [Ag2(R,R-L3)2]2� ; solid
dark line: [Ag3(R,R-L3)3]3�.


Table 1. Comparison of the 1H NMR shifts of 5 protons of [Ag2(L1)2]2� and
[Ag2(L3)2]2� (in CD3CN at ÿ40 8C). The proton assignment is given in
Scheme 2.


1H NMR shifts (ppm) in the [Ag2L2]2� species when
Protons R�Ph:L3 R�Bz:L1


Ha 8.31 8.32
Hb 8.22 8.16
Hc 5.11 5.19
Hc' 4.39 4.45
Hd 5.01 4.15


Figure 6. Speciation of the products of RR-Phpybox (R,R-L3) in solution
with AgBF4 as a function of total concentration determined by 1H NMR
spectroscopy (CD3CN,ÿ40 8C). Dotted line: [Ag2(R,R-L3)3]2� ; broken line:
[Ag2(R,R-L3)2]2� ; solid line: [Ag3(R,R-L3)3]3�.
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concentration (10mm), which is not favourable to the
formation of the trimeric species.


The CD spectrum shows a strong negative band at 302 nm.
Although the presence of more than one species makes
quantification of the CD activity difficult, that the transition
occurs at the same wavelength as the complex of L1 suggests
that this CD activity should also be attributed to a blocked
conformation of the ligand (exciton coupling).


Helicates prepared with L4 (EtOphpybox): Stacking interac-
tions are probably responsible for the formation of [Ag3(R,R-
L3)3]3�, but, as shown above, it is not very stable in solution.
One strategy to stabilise the compound would be to increase
the p-stacking interactions. It has been shown that the
substitution of aromatic rings can modify the p-stacking
interactions between such rings.[24] Depending on whether the
substituent is electron-withdrawing or -attracting, an increase
in the stacking interactions may result which would lead to the
stabilisation of the trimeric form. The ligand R,R-L4 (R,R-
EtOphpybox) was therefore synthesised and its silver(i)
complex was studied in solution.


The 1H NMR spectrum of a 0.1m solution of the complex in
CD3CN at 20 8C shows peaks of more than one species, with
the typical broad shape of averaged signals that is observed
when several species are in equilibrium in solution. On
cooling from �20 to ÿ40 8C, the peaks of the most abundant
species sharpen around �10 8C, while the others remain
broad. Between ÿ30 and ÿ40 8C, the broad peaks split and
are resolved into three components: one major, [Ag3(R,R-
L4)3]3� (90%), and two minor ones, [Ag2(R,R-L4)2]2� and
[Ag2(R,R-L4)3]2� (approximately 5 % each). These three
species are similar to those observed in the R,R-L3 complex,
but their proportions are different (Figure 7).


Influence of solvent on the equilibrium : As for R,R-L3, the
1H NMR spectrum of a CD3NO2 solution of the crystallised
complex shows only two species, [Ag2(R,R-L4)2]2� and
[Ag3(R,R-L4)3]3�, which are observed in equivalent quantities
at room temperature. The effect of concentration on the
equilibrium between the three species was followed by
1H NMR (CD3CN, ÿ40 8C) and is shown in Figure 8.


The equilibrium is quite different from that observed with
R,R-L3. For a monomer concentration of 160 mm there is
effectively only one complex in solution, the [Ag3(R,R-L4)3]3�


helix (98 %), whereas the two other species are almost
undetectable. Upon dilution, the trimer proportion decreases,
but remains preponderant as long as the concentration is
greater than 8 mm. At this concentration the proportions of
the three species are almost equal, around 30 %. At lower
concentrations, [Ag2(R,R-L4)2]2� becomes dominant, while
the proportion of the each of the others falls to zero for a
concentration of 0.5 mm. [Ag2(R,R-L4)3]2� never constitutes
more than 30 % of the species in solution; its proportion
increases slowly between 160 and 5 mm and then decreases
very rapidly at lower concentrations. Comparison of these
results with those obtained with R,R-L3 (Figure 9) clearly
establishes the importance of the p stacking interactions in
stabilising the circular helix, and of their increase upon
suitable functionalisation of the phenyl groups.


Figure 7. 1H NMR spectrum of R,R-L3 ± silver (above) and R,R-L4 ± silver
(below) complexes; (0.1m ; CD3CN; ÿ40 8C). The dotted lines join
equivalent peaks for the trinuclear complexes.


Figure 8. Speciation of R,R-L4 ± silver complex as a function of concen-
tration. Dotted line: [Ag2(R,R-L4)3]2� ; broken line: [Ag2(R,R-L4)2]2� ; solid
line: [Ag3(R,R-L4)3]3�.


Figure 9. Proportion of Ag3L3 as a function of monomer concentration:
solid line: [Ag3(R,R-L3)3]3� ; broken line: [Ag3(R,R-L4)3]3�.
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The 109Ag NMR spectrum of the crystallised complex (0.1m
in CD3CN; ÿ40 8C) shows a single peak at d� 532.5, which
corresponds to the chemical shift of the silver atom in the
circular helix [Ag3(R,R-L4)3]3� and which is similar to that
observed for [Ag3(R,R-L3)3]3�. ES-MS of acetonitrile solu-
tions of [Ag(RR-L4)�]n shows peaks at m/z 564.0 ([Ag(R,R-
L4)�]n, 80 %), 605.3 ([Ag(R,R-L4)CH3CN]� , 60 %), 1023.2
([Ag(R,R-L4)2]� , base peak), 1217.1 ({[Ag2(R,R-L4)2](BF4)}�,
40 %) and 1871.0 ([[Ag3(R,R-L4)3](BF4)2]� , 20 %). As ob-
served for the R,R-L3 complexes, several species are present,
for the reasons listed previously (the equilibrium in solution,
the fragmentation in the spectrometer and the experimental
concentration), but with the great difference that, as the
trimeric species is more stable, it is now clearly detected in the
mass spectrometer.


The CD spectrum of this compound shows a single band at
approximately the same wavelength as those of the silver
complexes of L1 and L3. This is a strongly negative band, at
308 nm (De308�ÿ10.2mÿ1 cmÿ1), which can be attributed to a
blocked conformation of the ligands (exciton coupling). It is
interesting to compare this band with that of the (R,R-L3) ±
silver complex, which is expected to have, at least partially, the
same circular helical structure. The intensity of the CD signal
measured for the (R,R-L4) complex is 150 % of that observed
with the (R,R-L3) complex. This enhancement is consistent
with the NMR and MS results and provides further proof of
the increase in the proportion of circular helicate observed
with ligand (R,R-L4).


Discussion


At first sight the results reported above for the closely related
ligands L1 ± L4 reveal a remarkable variety of behaviour, since
these ligands differ only in substituents remote from the
coordination site. The data give clear evidence that in all four
cases the systems are at equilibrium, with rapid kinetics as
shown by the 1H NMR spectra. These conditions are indeed
necessary for self-assembly reactions, so that mistakes can be
corrected and the minimum free energy attained. In these
circumstances, any effect influencing the total free energy
may modify the position of the free-energy minimum, and
thereby the most stable product. The metal ion coordination
preferences and the disposition and nature of the ligand-
binding sites are generally the primary considerations in
metal-directed self-assembly reactions, but intramolecular
ligand ± ligand interactions, the solvation energy and the
activity of the components (both their relative activities (the
stoichiometry) and their total concentration) may all inter-
vene. The results presented here involve the same ligand-
binding site and, with the exception of the [Ag2L3]2� complex,
all show two-coordinate AgI; the differences in behaviour
may therefore be attributed to the last three effects.


The behaviour of L1 and L2 is essentially identical, with
stepwise formation of [AgL2]2� and [Ag2L2]2�. The double
helicate is stable, and corresponds to the structure observed in
the solid state by X-ray crystallography.[15] The two ligands
with phenyl substituents, L3 and L4, show quite different
behaviour, which may be attributed to ligand ± ligand inter-


actions in the complexes. This is also, we suppose, the reason
for the formation of the [Ag2L3]2� complex, which is not
observed with L1 and L2.


The formation of [Ag3L3]3� from [Ag2L2]2� is disfavoured
by entropy considerations. This entropy barrier may be
overcome either by increasing the concentration of silver
and ligand in solution (the activity effect) or by including a
counterbalancing enthalpic term for the formation of the
trinuclear species, which is achieved by the p stacking
observed between phenyl groups and pyridine moieties, and
confirmed by the increase in stability of the trinuclear species
observed when donor groups are grafted onto the phenyl ring
to augment the stacking. We believe this is the first example in
which stacking interactions have been shown unambiguously
to determine the structure of a metal-assembled complex,
although very recent work has shown how the ratio of ML/
ML2 complexes may be changed by stacking.[26] Although
many X-ray crystal structures have demonstrated the exis-
tence of p-stacking interactions, it has never been clearly
established that their presence is essential to the adoption of
the structure.


The equilibrium of [Ag3L3]3� and [Ag2L2]2� with [Ag2L3]2�


implies liberation of free silver ions (Scheme 3), and is
consequently dependent upon the solvation energy of such


Scheme 3. Equilibrium of [Ag3L3]3� and [Ag2L2]2� with [Ag2L3]2�.


an ion. Acetonitrile solvates the ion well enough for
significant quantities of [Ag2L3]2� to be present in a solution
with an Ag/L ratio of 1:1, but nitromethane is not able to
stabilise the free silver ion sufficiently. The peak broadening
due to rapid exchange was less noticeable in nitromethane,
suggesting that the exchange may take place by a dissociative
mechanism such as that observed previously for a related
dicopper helical system.[27] Constable et al. have recently
reported a similar change in product for a silver ± terpyridine
complex upon changing from acetonitrile to dichlorome-
thane.[28]


The results presented here show again that the structure of
the product crystallising from solution may correspond to only
one of the products present in solution, as previously reported
by Lehn et al.,[29] who found the simultaneous presence of
grids, linear helicates and circular helicates in a system
composed of copper(i) and a bisbidentate system. In such
systems, minor changes to the ligands (intrinsic information),
or to the external conditions (conditional information) may
suffice to displace the equilibrium in favour of one particular
product. This is indeed a prerequisite for what Lehn has
termed ªvirtual combinatorial librariesº,[31] where the inclu-
sion of one anion or another can change the structure of the
final product; Raymond and co-workers[32] have reported a
similar example where a cation included in a tetrahedral
adamantane structure may be exchanged rapidly, implying
rapid dissociation and reassociation of the complex. These







Solution Equilibria of Enantiopure Helicates 3487 ± 3494


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3493 $ 17.50+.50/0 3493


systems contain much more strongly complexing units (che-
late ligands with di-, tri- or tetravalent cations) than the simple
systems discussed here, yet they show equally flat potential
surfaces. Constable and co-workers recently reported a
copper(i) ± quaterpyridine system in which a variety of helical
complexes with nuclearities between 2 and 5 were observed as
a function of concentration.[30] Although factors such as p-
stacking, concentration and solvent might seem to add
complexity, they may also be used, if they are well understood,
as elements of control for the self-assembly process.


Although the results reported here show the simultaneous
existence of a variety of species in solution, the experiments
with racemic mixtures of the ligands demonstrate a strong
preference for homochiral association.


Experimental Section


General : Dichloromethane, methanol and diethyl ether were purified
according to standard procedures. Other solvents (Fluka p.a.) were used
without further purification. Anhydrous silver tetrafluoroborate (Fluka)
was used without purification. Melting points were recorded on a Büchi
apparatus and are uncorrected. NMR solvents ([D3]acetonitrile, [D3]nitro-
methane and D2O, isotopic purity> 99.80 atom %D) were from Dr. Glaser
AG Basel. CD spectra were recorded on a Jasco J-715 spectropolarimeter
with a 1 cm cell at 22 8C.


Synthesis of ligands and complexes: The syntheses of the ligands have been
discussed previously.[15, 18, 20] All complexes were prepared according to the
same procedure: the ligands (0.5 mmol) in dichloromethane (5 mL) were
each mixed with a methanolic solution (5 mL) of silver tetrafluoroborate
(0.5 mmol) and then stirred for 15 ± 30 min at room temperature. The
solution was evaporated to dryness, and the residue taken up in acetonitrile
(3 ± 5 mL). After filtration to remove insoluble material, crystals were
obtained by diffusion of diethyl ether or benzene.


[Ag2(S,S-L1)2](BF4)2 : Crystallographic data, elemental analysis and
1H NMR characterisation were reported previously.[15] 109Ag NMR
(27.93 MHz, [D3]acetonitrile, 22 8C, AgNO3): d� 512.


[Ag2(R,R-L1)2](BF4)2 : M.p. 204 ± 210 8C (decomp); 1H NMR (300 MHz,
[D3]acetonitrile, 22 8C, TMS): d� 2.48 (d d, J� 11.5, 14.0 Hz, 2H), 3.12 (d d,
J� 3.3, 14.0 Hz, 2 H), 4.15 (d q, 2 H), 4.45 (d d, J� 9.1, 10.7 Hz, 2H), 5.19
(d d, J� 9.2, 9.4 Hz, 2H), 6.46 (t, 2 H), 6.72 (t, 4H), 6.99 (d, 4H), 8.16 (d,
2H), 8.32 (t, 1H); Ag2C50H46N6O4B2F8: calcd C 50.71, H 3.92, N 7.10; found
C 50.64, H 4.05, N7.07.


Mixture of 2 AgBF4, 1R,R-L1 and 1S,S-L1: M.p. 208 ± 211 8C (decomp);
1H NMR (300 MHz, [D3]acetonitrile, 22 8C, TMS): d� 2.44 (dd, J� 11.7,
13.8 Hz, 2H), 3.10 (d d, J� 2.6, 13.8 Hz, 2H), 4.03 (d q, 2H), 4.43 (d d, 2H),
5.19 (d d, 2 H), 6.36 (t, 2H), 6.67 (t, 4 H), 6.97 (d, 4 H), 8.12 (d, 2H), 8.29 (t,
1H); Ag2C50H46N6O4B2F8 ´ 0.5H2O: calcd C 50.33, H 3.97, N 7.04; found C
50.38, H 4.00, N 7.03.


[Ag2(R,R-L2)2](BF4)2 : M.p. 199 ± 202 8C (decomp); 1H NMR (300 MHz,
[D3]acetonitrile, 22 8C, TMS): d� 1.19 (d, 6H), 4.10 ± 4.25 (m, 2H), 4.25
(d d, 2 H), 4.78 (d d, 2 H), 8.15 (d, 2 H), 8.25 (t, 1 H); Ag2C26H30N6O4B2F8:
calcd C 35.49, H 3.44, N 9.55; found C 35.43, H 3.55, N 9.52.


[Ag2(S,S-L2)2](BF4)2 : M.p. 199 ± 202 8C (decomp); Ag2C26H30N6O4B2F8:
calcd C 35.49, H 3.44, N 9.55; found C 35.36, H 3.57, N 9.56.


Mixture of 2 AgBF4, 1R,R-L2 and 1S,S-L2 : M.p. 197 ± 200 8C (decomp);
1H NMR (300 MHz, [D3]acetonitrile, 22 8C, TMS): d� 1.19 (d, 6 H), 4.20 ±
4.40 (m, 4 H), 4.83 (d d, 2 H), 8.18 (d, 2H), 8.27 (t, 1 H); Ag2C26H30-


N6O4B2F8: calcd C 35.49, H 3.44, N 9.55; found C 35.46, H 3.51, N 9.55.


[Ag3(R,R-L3)3](BF4)3 : Crystallographic data and elemental analysis were
reported previously.[15] 1H NMR (300 MHz, [D3]acetonitrile, 0.1m, ÿ40 8C,
TMS): three species: 35 % of Ag2L3 [d� 3.54 (t, 2H), 3.84 (t, 2 H), 4.67 (t,
2H), 5.94 (d, 4 H), 7.05 ± 7.35 (m, 10 H), 8.40 (d, 2H), 8.47 (t, 1H)]; 17% of
Ag3L3 [d� 4.28 (t, 2 H), 5.45 (t, 2 H), 5.56 (t, 2H), 6.81 (t, 2 H), 6.92 (t, 4H),
7.05 (d, 4H), 7.63 (d, 2 H), 7.91 (t, 1 H)]; and 48 % of Ag2L2 [d� 4.39 (t, 2H),
5.01 (t, 2H), 5.11 (t, 2H), 7.05 ± 7.35 (m, 10 H), 8.22 (d, 2H), 8.31 (t, 1H)];


1H NMR (300 MHz, [D3]nitromethane, 0.1m, 21 8C, TMS): two species:
16% of Ag3L3 [d� 4.52 (t, 2 H), 5.56 (t, 2 H), 5.67 (t, 2H), 6.93 (t, 2H), 7.04
(t, 4H), 7.12 (d, 4H), 7.93 (d, 2 H), 8.12 (t, 1H)]; and 84% of Ag2L2 [d� 4.79
(t, 2H), 5.32 (t, 2H), 5.52 (t, 2 H), 7.10 ± 7.22 (m, 8 H), 7.24 ± 7.31 (m, 2H),
8.37 (d, 2 H), 8.44 (t, 1H)]; 109Ag NMR (27.93 MHz, [D3]acetonitrile, 0.1m,
ÿ40 8C, AgNO3): d� 494.2 (int.� 1), 501.0 (int.� 0.5), 534.3 (int.� 0.2).


[Ag2(R,R-L3)3]2� generated in situ : 1H NMR (300 MHz, [D3]acetonitrile,
0.1m, ÿ40 8C, TMS): approx. 70% of Ag2L3 [d� 3.54 (t, 2H), 3.84 (t, 2H),
4.70 (t, 2 H), 5.95 (d, 4 H), 6.95 ± 7.35 (m, 10H), 8.40 (d, 2H), 8.50 (t, 1H)];
109Ag NMR (27.93 MHz, [D3]acetonitrile, ÿ40 8C, AgNO3): d� 503.6.


[Ag3(R,R-L4)3](BF4)3 : M.p. 200 ± 210 8C (decomp); 1H NMR (300 MHz,
[D3]acetonitrile, ÿ40 8C, TMS): more than 95% of Ag3L3 [d� 1.34 (t, 6H),
3.65 (t, 2H), 3.77 (t, 2H), 4.25 (t, 2 H), 5.39 (t, 2 H), 5.49 (t, 2 H), 6.38 (d,
4H), 6.94 (d, 4 H), 7.66 (d, 2H), 7.93 (t, 1H)]; 109Ag NMR (27.93 MHz,
[D3]acetonitrile,ÿ40 8C, AgNO3): d� 532.5; Ag3C81H81N9O12B3F12: calcd C
49.72, H 4.17, N 6.44; found: C 49.38, H 4. 18, N 6.36.
1H NMR titrations : These were all carried out by the same procedure, the
only difference being the temperature (20 or ÿ40 8C). All spectra were
recorded on a Varian Gemini-300 NMR spectrometer at 300 MHz. The first
spectrum was that of the free ligand in CD3CN (0.7 mL), except for L4


where 10% of CD3Cl was added. The starting solution was between 5�
10ÿ2 and 10ÿ1m. Small amounts (0.1± 0.5 equiv) of a concentrated solution
of silver(i) tetrafluoroborate in CD3CN were added, and a spectrum was
recorded after each addition. The concentration range of the silver solution
was between 5� 10ÿ1 and 1m. The populations of the complexes were
estimated from the integrals.
109Ag NMR measurements : 109Ag NMR spectra were recorded at
27.93 MHz on a Bruker AMX 2-600 in a BBO probehead (reference:
AgNO3 in D2O, d� 0) using 10 mm tubes and relatively high concen-
trations ([Ag�]� 0.1m). In view of the very long T1 relaxation times of this
nucleus, no attempt was made to calibrate the pulse, and it was found by
trial and error that an acquisition time of 2.9 s and a delay of 2 s gave an
acceptable signal-to-noise ratio. Between 350 and 3000 pulses were needed,
depending on the sample: the complexes generally gave shorter T1 values
than free Ag�.
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Dendritic MetallophthalocyaninesÐSynthesis, Electrochemical Properties,
and Catalytic Activities
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Abstract: A new class of sterically hin-
dered dendritic phthalocyanines was
synthesized to evaluate the effects of
the dendritic structure on the electro-
chemical properties and catalytic activ-
ities. This dendritic phthalocyanine pos-
sesses a well-defined structure which has
a nanosized, three-dimensional shape.
The dendritic structure around the co-
balt phthalocyanine prevented the mo-


lecular aggregation among phthalocya-
nine moieties in polar solvents and thin
films. Electrochemical studies indicated
that the electron-transfer process was
hindered in the dendritic cobalt phtha-


locyanine. This is the result of a shielding
effect by the dendrimer branch on the
cobalt phthalocyanine core. Thiol oxi-
dation catalyzed by the dendritic cobalt
phthalocyanine was carried out in the
presence of dioxygen. A high stability of
the catalytic site was observed for the
dendritic cobalt phthalocyanine.


Keywords: catalysis ´ cyclic voltam-
metry ´ dendrimers ´ metalloden-
drimers ´ phthalocyanines


Introduction


Dendrimers are well-defined, three-dimensional, and nano-
sized macromolecules constructed from an interior core with
a regular array of branch units.[1] There has been considerable
interest in the incorporation of functional units in the interior
core or on the surface of the dendrimers as a method of
generating new functional dendrimers. An attractive feature
of dendrimers is the spatial control of functionalities, such as
catalytic, photophysical, and electrochemical properties.[2]


The construction of a dendrimer around a catalytic core
may result in the steric protection of the catalytic site and a
means to finely tune the catalytic activity and selectivity.
Moore, Suslick, and their co-workers have reported shape-
selective catalytic activity in porphyrin-based dendrimers.[3]


Shortly afterwards, Mak and Chow reported dendritic effects
on the reactivity and selectivity in the catalytic activity on a
Diels ± Alder reaction.[4] More recently, Crooks et al. have
investigated the reaction control of dendrimer-encapsulated
Pd and Pt nanoparticles; they indicated the importance of the


size of the dendrimer on the reactivity and the stability of the
catalyst.[5]


Phthalocyanines and their metal complexes display inter-
esting catalytic, electronic, and optical properties.[6] We have
studied the catalytic activities of metallophthalocyanines and
polymer-supported catalysts for several reactions.[7] The
catalytic activities of metallophthalocyanines were influenced
by the aggregation among phthalocyanines which results from
strong intermolecular cohesion. Therefore, the steric isolation
of the phthalocyanine rings could enhance the catalytic
activities of metallophthalocyanines. Recently, we have re-
ported the first synthesis of a series of dendritic phthalocya-
nines and demonstrated the control of molecular aggregation
among phthalocyanine moieties in aqueous media by the
encapsulation with the dendritic structure.[8] McKeown et al.
also synthesized dendritic phthalocyanines for optical appli-
cations.[9] Herein, we report the synthesis of dendritic
phthalocyanines and their cobalt complexes, and dendritic
effects on the electrochemical properties and catalytic behav-
ior.


Results and Discussion


Synthesis and characterization : A new dendritic phthalocya-
nine was synthesized by means of the methodology developed
by Newkome et al. (Scheme 1, see page 3497).[10] The phthalo-
cyanine precursor 1 was obtained from 2-methoxyphenol and
methyl 4-bromobutanoate according to a reported proce-
dure.[11] Metal-free phthalocyanine 2 was obtained from the
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reaction of the phthalonitrile 1 in hexan-1-ol at 140 8C in the
presence of a strong organic base (1,8-diazabicyclo[5,4,0]un-
dec-7-ene) (DBU). During the reaction, transesterification
occurred and the hexyl ester derivative was formed. After
hydrolysis, the reaction of the resulting tetraacid with
Behera�s amine produced the phthalocyanine core 4. This
phthalocyanine core was readily hydrolyzed with formic acid
to give the hygroscopic compound 5, which was treated with
the branching unit 7. The one-step preparation of the (n�1)th
generation from the (nÿ 1)th generation acid was developed
by Kaifer et al. with the second-generation analogue of
Behera�s amine 7.[12] The direct coupling reaction of 5 with 7
gave the second-generation dendrimer 6, which was purified
by column chromatography. The formation of dendrimer 6
was verified by 1H NMR, UV/Vis, FT-IR, and matrix-assisted
laser-desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry. The MALDI-TOF mass spectrum of 6
shows the molecular ion peak as a base peak at m/z 19 016
(calcd 19 010) and peaks corresponding to fragment
ions that result from the successive loss of
NHC(CH2CH2COOC(CH3)3)3 moieties. The GPC chromato-
gram of 6 shows a single sharp peak (Mw/Mn� 1.02). These
results show that the dendrimer 6 which contains the
phthalocyanine core is monodispersed. Cobalt complexes 8
and 9 were synthesized from the core 4 and the dendritic
phthalocyanine 6, respectively. The successful introduction of
the metal ion was confirmed by the characteristic UV/Vis
spectrum for cobalt(ii) phthalocyanines and the expected mass
spectral data. Compounds 8 and 9 were highly soluble in a
wide range of nonpolar to polar organic solvents, such as
CH2Cl2, toluene, acetone, and methanol.


An examination of the second-generation dendrimer 6 with
transmission electron microscopy (TEM) provided the dimen-


sional information. Tomalia et al. have reported that the
coordination of the terminal groups at the periphery of the
dendrimer surface with Na� allowed the direct observation
without the need for metal shadowing.[13] Na� disposition on
the dendrimer surface was accomplished by the hydrolysis of
the terminal tert-butyl ester with 6 by formic acid; the
coordination of the carboxy groups with Na� was accom-
plished by the addition of a stoichiometric amount of sodium
hydroxide. Figure 1 is a micrograph of an isolated dendrimer


Figure 1. Transmission electron micrograph of hydrolyzed second-gener-
ation dendrimer 6. Scale bar� 20 nm.


functionalized with a sodium carboxylate surface. The high
density of Na� on the surface of the dendrimer produced a
good contrast and we observed a single spherical dendrimer
molecule. The diameters of the TEM image (7.0� 0.5 nm)
agreed well with the collapsed and extended dendrimer
dimensions predicted according to the CPK model (4.0 nm
and 8.0 nm, respectively). The agreement between the
observed dimensions from the TEM image and the predicted
CPK model dimensions strongly supports the proposed
dendritic structure.


The UV/Vis spectra of 8 and 9 showed a sharp peak at l�
670 nm as the Q band in methanol, which can be attributed to
a nonaggregated cobalt(ii) phthalocyanine species.[14] The
spectrum of the dendritic cobalt phthalocyanine 9 in the
visible region is almost the same as that of the core complex 8.
It is well known that UV/Vis spectra are strongly influenced
by the intermolecular interaction between phthalocyanine
moieties.[15] The spectra of 8 and 9 did not change within the
concentration range of 5.0� 10ÿ7 to 2.0� 10ÿ4 mol Lÿ1. The
introduction of dendritic branches prevents molecular aggre-
gation among phthalocyanine moieties in methanol. Figure 2
shows the UV/Vis spectra of spin-coated films of 8 and 9 on


Figure 2. UV/Vis spectra of spin-cast films of 8 (curve a) and 9 (curve b).
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quartz plates obtained from
methanol. The Q bands of the
spin-coated film of 8 are broad
and shifted to a shorter wave-
length, which indicates that the
phthalocyanine moieties are in
an aggregated form and in a
cofacial arrangement. In con-
trast, the UV/Vis spectrum of
the spin-coated film of 9 is a
spectrum typical of nonaggre-
gated phthalocyanines and thus
indicates that 9 is free from
molecular aggregation in the
thin film. Cobalt phthalocya-
nine in the second-generation
dendrimer is sterically shielded
by the highly branched dendrit-
ic structure which results from
the aggregation of phthalocya-
nine moieties.


Electrochemistry : The encap-
sulation of electroactive sub-
units into the dendritic branches
can influence the microenviron-
ment around the electroactive
core and sterically inhibit elec-
tron transfer from the elec-
trodes. Electrochemical studies
of 8 and 9 were performed in
solutions in methanol contain-
ing TBAPF6 (0.1 mol Lÿ1) as the
supporting electrolyte. The
phthalocyanine core 8 exhibits
one reversible one-electron ox-
idation process from CoII to
CoIII at �0.32 V vs. SCE, which
is a typical value for cobalt
phthalocyanine (Figure 3 a).[16]


On the other hand, second-
generation dendrimer 9 con-
taining cobalt phthalocyanine
exhibits no defined oxidative
wave (Figure 3 b). This electro-
chemical behavior of 9 suggests
that the electron transfer from
the electroactive core to the
electrode becomes difficult as
a result of the encapsulation in
the dendritic structure. This
observation agrees with the re-
sults previously reported by
several groups on dendrimers
which contain electroactive
core subunits.[17] The remote-
ness of the cobalt phthalocya-
nine from the electrode surface
hinders the electron-transfer


Scheme 1. Synthesis of cobalt complexes 8 and 9. DCC: dicyclohexylcarbodiimide; HOBt: 1-hydroxy-1H-
benzotriazole hydrate.
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Figure 3. Cyclic voltammogrammes of the phthalocyanine core 8 (A) and
second-generation dendrimer 9 (B) in MeOH which contained TBAPF6


(0.1 mol Lÿ1) at varying scan rates (50, 100, 200, 300 mV sÿ1). [8, 9]� 1.0�
10ÿ3 mol Lÿ1.


process as a result of the encapsulation. This electrochemical
study also shows that the cobalt phthalocyanine in 9 is
sterically shielded by the dendritic structure.


Catalytic oxidation of 2-mercaptoethanol : Cobalt(ii) phthalo-
cyanines have been employed as effective catalysts for the
thiol oxidation.[18] This oxidation obeys the following equa-
tion, in which the consumption of four molecules of thiol is
accompanied by that of one molecule of dioxygen.


4 RSH�O2 ÿ!catalyst 2 RSÿSR� 2 H2O


The consumption rate of the thiol was determined by
measuring the dioxygen concentration in the solution. The
dioxygen consumption agreed with the stoichiometry of this
equation. The investigation of the catalytic activity in the thiol
oxidation reaction was carried out with 2-mercaptoethanol
(RSH, R�HOCH2CH2-) in the presence of triethylamine on
account of the dissociation of RSH. The mole ratio between
the catalyst and the substrate was�11 000. Figure 4 shows the
rate curves for the dioxygen consumption in the RSH


Figure 4. Oxidation of 2-mercaptoethanol catalyzed by 8 (*) and 9 (~) in
MeOH in the presence of triethylamine at 25 8C. [Catalyst]� 8.8�
10ÿ7 molLÿ1, [RSH]� 1.0� 10ÿ2 molLÿ1, [O2]� 2.2� 10ÿ4 molLÿ1, [triethyl-
amine]� 1.0� 10ÿ2 mol Lÿ1.


oxidation catalyzed by 8 and 9 in methanol at 25 8C. Thus,
both the phthalocyanine core 8 and the dendrimer 9 success-
fully catalyzed the RSH oxidation. The catalytic activity of 9 is
20 % less than that of 8 (initial rate: 339 turnovers per cobalt
phthalocyanine per minute). The similarity in the reactivity


suggests that the penetration of the reacting molecules (RSH
and dioxygen) is not significantly restricted by the dendritic
structure around the catalytic site. After the RSH oxidation
had run with a continuous dioxygen supply for up to one hour,
the spectrum of 8 changed dramatically (Figure 5). In sharp
contrast, the spectrum of the second-generation dendrimer 9
remained virtually intact after the catalytic reaction. This
result indicates that the dendrimer-encapsulated catalyst is
stable compared with the nondendritic catalyst.


Figure 5. UV/Vis spectra of 8 (A) and 9 (B) after the catalytic reaction in
MeOH. [8, 9]� 8.9� 10ÿ7 mol Lÿ1, [RSH]� 1.0� 10ÿ2 mol Lÿ1, [triethyl-
amine]� 1.0� 10ÿ2 mol Lÿ1.


Conclusions


We have reported the details of the preparation and
characterization of a new dendritic cobalt phthalocyanine.
The second-generation dendrimer 9 is of well-defined nano-
scopic dimension; the dendritic structure around the cobalt
phthalocyanine prevented the molecular aggregation among
phthalocyanine moieties in polar solvents and thin films. The
electron-transfer reaction was hindered by the steric shielding
of the dendrimer structure. The dendritic cobalt phthalocya-
nine 9 catalyzed the oxidation of 2-mercaptoethanol in the
presence of dioxygen, and its catalytic activity is similar to the
core 8. The catalytic stability was enhanced by the encapsu-
lation in the dendritic structure. The construction of a
dendrimer around a catalytic site provides a means to control
the catalytic stability by the incorporation of a catalytic site at
a precise depth inside the macromolecule. The catalytic
dendrimers may be endowed with substrate selectivity for a
catalytic reaction by the introduction of recognition units for
substrates with the correct disposition around the catalytic
site. Attempts are now under way to accomplish this.


Experimental Section


Materials and methods : All chemicals were purchased from commercial
suppliers and used without purification. The dinitrile 1, the monomeric
branching unit (Behera�s amine), and the dendron unit 7 were prepared
according to published procedures.[10±12] Dimethylformamide (DMF) was
distilled from CaH2 under reduced pressure. Column chromatography was
performed with Wakogel C-200, gel permeation chromatography (GPC)
with Biorad Biobeads SX-1, and analytical thin-layer chromatography with
commercial Merck plates coated with silica gel 60F254. 1H NMR spectra
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were recorded in CDCl3 solutions on a JEM LA400 FT-NMR spectrometer
operating at 399.65 MHz. Chemical shifts were relative to internal TMS. IR
spectra were recorded on a JASCO FS-420 spectrometer as KBr pellets.
UV/Vis spectra were measured on a JASCOV-570. Elemental analyses
were performed with a Perkin Elmer series II CHNS/O analyzer2400.
MALDI-TOF mass spectra were obtained on a PerSeptive Biosystems
Voyager-DE-Pro spectrometer with 2-(4-hydroxyphenylazo)benzoic acid
and dithranol as matrices. GPC analyses were carried out with a JASCO
HPLC system (pump: 1580; UV detector: 1575; refractive-index detector:
930) with Showa Denko GPC KF-804L column (8.0� 300 mm, polystyrene
standards, M� 900 ± 400 000 g molÿ1) in THF as the eluent at 35 8C
(1.0 mL minÿ1). Melting points were recorded on a Shibata MEL-270
melting point apparatus and are corrected. Electron micrographs were
taken on a JEOL JEM-2010 electron microscope. The hydrolyzed second-
generation dendrimer was dissolved in NaOH aqueous solution (6.0�
10ÿ3 mol Lÿ1, 1 mL) with a concentration of 1 mg mLÿ1, and a droplet of
the solution was put on a carbon-coated copper grid (400 mesh). The
solvent was evaporated spontaneously at room temperature over a period
of 1 h.


The electrochemical behavior of the dendrimers was studied with a Bio-
Analytical Systems (BAS) CV-27 potentiostat. The voltammetric experi-
ments were performed in a 1.0 mL cell equipped with a Pt electrode
(0.0177 cmÿ2), a Pt counterelectrode, and a Ag/AgCl reference electrode.
The dendrimers were dissolved in degassed methanol which contained n-
tetrabutylammonium hexafluorophosphate (TBAPF6, Aldrich) as the
supporting electrolyte (0.1 mol Lÿ1). Prior to its use, TBAPF6 was purified
by recrystallization three times from ethyl acetate and dried under vacuum
for 48 h. Dry nitrogen was bubbled through solutions for 5 min before the
start of the cyclic voltammetry experiments. The catalytic activities for the
oxidation of 2-mercaptoethanol by catalysts were measured according to
the following procedure: A methanolic solution of the catalyst (0.8 mL)
was placed in a thermostated reaction vessel fitted with a dioxygen
microelectrode and stirred at 25 8C. A solution of 2-mercaptoethanol which
contained triethylamine (0.2 mL) was added into the vessel by means of a
syringe. The consumption of dioxygen was monitored. During the measure-
ments at 258C the reaction solution was stirred with a magnetic bar (500 rpm).
The initial rate of dioxygen consumption was determined from the slope of
the consumption curve vs. time. The exact concentration of 2-mercaptoethanol
in the stock solution was determined by the reaction with I2, followed by a
titration of the excess I2 with a NaS2O3 solution. The concentrations of all
the reagents are given in the figure captions. The nomenclature used to
indicate the dendrimers is that suggested by Newkome et al.


2 : A mixture of dinitrile 1 (2.0 g, 6.94� 10ÿ3 mol) and DBU (1.06 g, 6.94�
10ÿ3 mol) in hexan-1-ol (5 mL) was heated at 140 8C with stirring for 24 h.
After evaporation of the solvent, the residue was purified by column
chromatography (SiO2, CH2Cl2/methanol 9:1). Recrystallization from
CH2Cl2/methanol gave green crystals of 2. Yield: 0.64 g (24 %); m.p.>
300 8C; FT-IR (KBr): nÂ� 1734 cmÿ1 (C�O); 1H NMR (399.65 MHz, CDCl3,
25 8C): d�ÿ3.35 (br., 2H, NH), 0.88 (t, CH3, 12H), 1.32 (s, -CH2-, 32H),
2.57 (s, 8H, -CH2-), 2.91 (m, 8H, -CH2-), 4.11 (m, 8H, -CH2-), 4.24 (m, 12H,
OCH3), 4.60 (br., 8 H, -OCH2-), 8.22 (br., 8H, Pc); MALDI-TOF MS (2-(4-
hydroxyphenylazo)benzoic acid): m/z (%): 1379 ([M�H]� , 100); calcd for
C76H98N8O16: 1378; anal. calcd C 66.16, H 7.15, N 8.12; found C 65.91, H
7.09, N 8.03.


3 : An aqueous solution of NaOH (1.0m, 1 mL) was added to a solution of 2
(0.6 g, 2.28� 10ÿ4 mol) in THF (5 mL). The mixture was stirred at 60 8C for
48 h. The solvent was removed in vacuo and the residue was dissolved in
water (10 mL). The resulting green solution was filtered and neutralized
with acetic acid. The precipitate was collected by filtration and dried in
vacuo. Yield: 0.40 g (90 %); FT-IR (KBr): nÂ� 1716 cmÿ1 (C�O); MALDI-
TOF MS (2-(4-hydroxyphenylazo)benzoic acid): m/z (%): 1043 ([M�H]� ,
100); calcd for C52H50N8O16: 1042.


12-Cascade 4 : 3 (0.30 g, 2.88� 10ÿ4 mol) and 1-hydroxy-1H-benzotriazole
hydrate (HOBT) (0.20 g, 1.50� 10ÿ3 mol) were dissolved in dry DMF
(20 mL). This solution was cooled to ÿ5 8C and Behera�s amine (0.48 g,
1.15� 10ÿ3 mol) was added. A solution of dicyclohexylcarbodiimide (DCC,
0.31 g, 1.50� 10ÿ3 mol) in dry DMF (5 mL) was added to the solution. This
reaction mixture was stirred for 72 h at room temperature. The precipitate
was filtered off, and the solvent removed in vacuum. The green residue was
dissolved in CHCl3 and extracted with NaOH (0.2m), 10 % HCl, and brine.
The organic layer was dried (Na2SO4) and the solvent removed in vacuum.


Purification was accomplished by column chromatography (SiO2, CH2Cl2/
methanol 9:1). Recrystallization from CH2Cl2/hexane gave 4 as a green
solid. Yield: 0.40 g (51 %); FT-IR (KBr): nÄ � 1729, 1660 cmÿ1 (C�O);
1H NMR (399.65 MHz, CDCl3, 25 8C): d� 1.39(s, C(CH3)3, 108 H), 1.98(br.,
-CH2-, 24H), 2.23(br., -CH2-, 24 H), 2.54 (br., -CH2-, 8H), 2.71 (br., -CH2-,
8H), 4.49 (d, -OCH3, 12 H), 6.28 (br., NH, 4 H), 8.55 (s, Pc, 8H); UV/Vis
(CH2Cl2): lmax (e)� 698 (53 900), 660 (57 700), 344 (55 800); MALDI-TOF
MS (2-(4-hydroxyphenylazo)benzoic acid): m/z (%): 2632 ([M�H]� , 100)
calcd. for C140H206N36O36: 2631.


12-Cascade 5 : A solution of 4 (0.3 g, 1.14� 10ÿ4 mol) in formic acid was
stirred at room temperature for 48 h. The solvent was removed in vacuo
and the residue was dissolved in methanol. The compound 5 was obtained
as a green solid, which was used for further reactions without purification.
Yield: 0.20 g (90 %); FT-IR (KBr): nÄ � 1716, 1650 cmÿ1 (C�O); MALDI-
TOF MS (2-(4-hydroxyphenylazo)benzoic acid): m/z (%): 1959 ([M�H]� ,
100); calcd for C52H50N8O16: 1958.


108-Cascade 6 : 5 (0.052 g, 2.63� 10ÿ5 mol) and HOBT (0.047 g, 3.47�
10ÿ4 mol) were dissolved in dry DMF (10 mL). This solution was cooled
to ÿ5 8C and 7 (0.5 g, 3.34� 10ÿ4 mol) was added. A solution of DCC
(0.072 g, 3.34� 10ÿ4 mol) in dry DMF (5 mL) was added to the solution.
This reaction mixture was stirred for 96 h at room temperature. The
precipitate was filtered off, and the solvent removed in vacuum. The green
residue was dissolved in CHCl3 and extracted with NaOH (0.2m), 10%
HCl, and brine. The organic layer was dried (Na2SO4) and the solvent
removed in vacuum. The residue was purified by gel permeation
chromatography (Biorad Biobeads SX-1, CH2Cl2) followed by chromatog-
raphy (SiO2, CH2Cl2/methanol 9:1) to give 5 as a green foam. Yield: 0.23 g
(46 %); FT-IR (KBr): nÄ � 1730, 1655 cmÿ1 (C�O); 1H NMR (399.65 MHz,
CDCl3, 25 8C): d� 1.44 (s, C(CH3)3, 972 H), 1.97 (m, -CH2-, 320 H), 2.23 (m,
-CH2-, 216 H), 3.10 (br., -CH2-, 104 H), 4.48 (br., -OCH3, 12H) 4.67 (br.,
-OCH2-, 8H), 6.05 ± 6.78 (m, NH, 52H), 8.94 (s, Pc, 8H); UV/Vis (CH2Cl2):
lmax (e)� 698 (52 000), 660 (53 300), 344 (52 200); MALDI-TOF MS
(Dithanol): m/z : 19016 (broad, [M�]); calcd for C1004H1694N60O276: 19010.


Cobalt(iiii) complex with 4 (8): Cobalt(ii) acetate tetrahydrate (0.1 g, 4.0�
10ÿ4m) and 4 (0.1 g, 3.80� 10ÿ5m) were dissolved in methanol (10 mL) and
the reaction mixture was refluxed, during which time the peak height of the
product in the UV/Vis spectrum gradually changed. The mixture was
refluxed until the change of the Q band at l� 670 nm was not observed.
Cobalt complex 8 was purified by chromatography (SiO2, CH2Cl2/methanol
9:1). Yield: 0.08 g (78 %); (UV/VIS (methanol): lmax (e)� 670 (101 000),
606 (29 000), 351 (49 200); MALDI-TOF MS (2-(4-hydroxyphenylazo)ben-
zoic acid): m/z (%): 2689 ([M�H]� , 100) calcd for C140H204N36O36Co: 2688.


Cobalt(iiii) complex with 6 (9): Cobalt(ii) acetate tetrahydrate (0.1 g, 4.0�
10ÿ4m) and 6 (0.3 g, 1.58� 10ÿ5m) were dissolved in methanol (10 mL) and
the reaction mixture was refluxed for 96 h. Cobalt complex 8 was purified
by chromatography (SiO2, CH2Cl2/methanol 9:1). Yield: 0.18 g (60 %);
UV/Vis (CH2Cl2): lmax(e)� 670 (98 400); MALDI-TOF MS (dithranol):
m/z : 19 072 (broad, [M�]); calcd for C1004H1692N60O276Co: 19 067.
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Abstract: Low-temperature NMR spec-
tra of (Me3Si)3CH (1) allowed the re-
stricted rotation of the Me3Si groups
to be detected; the barrier was
5.1 kcal molÿ1. On the basis of molecular
mechanics calculations, this motion was
assigned to a correlated disrotatory
process with an eclipsed, staggered,
staggered (ESS) transition state. In
(Me3Si)3CMe (2), both a correlated
ESS disrotatory process and a correlated
conrotatory SSS process were distin-
guished, with rotational barriers of 6.7
and 5.15 kcal molÿ1, respectively. Thus, 2
appears to adopt a chiral conformation
(point group C3) at low temperature. For


more hindered derivatives such as
(Me3Si)3CCH2Me (3) and (Me3Si)3C-
CH2Et (4), the ESS and SSS processes
involving rotation about the SiÿC bonds
were also detected, but in addition a
third process became evident. This proc-
ess corresponds to restricted rotation
about the CÿC bond and seems to be
correlated with the SSS conrotatory
process at the CÿSi bond, since both


display essentially the same barrier.
Although in (Me3Si)3CCH2Ph (5) the
effects of restricted rotation about the
CÿCH2Ph bond could not be observed,
the same chiral conformation adopted
by 3 and 4 (point group C1) was none-
theless assigned on the basis of molec-
ular mechanics calculations and X-ray
diffraction studies. The 13C spectra (CP-
MAS) of crystalline 5 also showed that
the pairs of ortho and meta phenyl
carbon atoms are diastereotopic due to
restricted PhÿCH2 bond rotation in the
solid state.


Keywords: conformational analysis
´ molecular mechanics calculations
´ NMR spectroscopy ´ stereody-
namics


Introduction


The stereomutation processes occurring in compounds of the
type (tBu)3MX were analysed by Mislow et al.,[2±4] who
showed that the rotation of the tBu groups is a correlated
motion in which a single-step process leads to permutational
rearrangement in more than one of the three tBu groups. As
exemplified by (tBu)3SiH, two possible pathways, termed SSS
(staggered, staggered, staggered) and ESS (eclipsed, stag-
gered, staggered), were taken into account.[2]


In the transition state of the SSS pathway, all the tBu groups
are in a staggered arrangement, and in that of the ESS
pathway, one of the tBu groups eclipses the SiÿH and SiÿC
bonds, while the remaining two are still staggered. In
(tBu)3SiH the calculated barrier for the SSS process was
predicted[2] to be lower than that of the ESS process (5.1 and
6.8 kcal molÿ1, respectively). In the SSS pathway the corre-
lated rotation of the three tBu groups occurred in the same
direction (conrotation), whereas in the ESS pathway the
rotation of one of the three tBu groups had an opposite sense
to the other two (disrotation). When the motion with the
higher barrier (ESS) is slow and the SSS pathway is still fast,
the three methyl groups lose their complete equivalence. One
of them experiences an environment different from that of the
other two, which remain symmetry equivalent since the fast
SSS process still averages two of the three methyl environ-
ments. An analogous behaviour was observed in tBu3SiMe, in
which the barrier for the ESS pathway (7.9 kcal molÿ1[4]) is
higher than that measured[2] for tBu3SiH (6.1 kcal molÿ1).[5]


Since the MeÿSi bonds of Me3Si groups are longer than the
MeÿC bonds of tBu groups, steric crowding will be lower, and
the barriers for rotation about the SiÿC bond in (Me3Si)3CH
(1) and (Me3Si)3CMe (2) are expected to be lower than those
for the CÿSi bonds in tBu3SiH and tBu3SiMe. We therefore
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investigated the conformations and rotational pathways of
compounds of general formula (Me3Si)3CR (1 ± 5) by means
of molecular mechanics (MM) calculations,[6] X-ray diffrac-
tion and dynamic NMR measurements.


(Me3Si)3CH 1


(Me3Si)3Me 2


(Me3Si)3CH2Me 3


(Me3Si)3CH2Et 4


(Me3Si)3CH2Ph 5


Results and Discussion


In the MM calculated[6] ground state of 1, each of the three
Me3Si groups has the same three H-C-Si-Me dihedral angles
(163, 41, and ÿ758). Hence, one methyl group is approx-
imately anti (a) to the CÿH bond and the other two occupy
two different gauche environments (g and ÿg) with respect to
this bond (ground state structure a, g, ÿ g (Scheme 1). As a
consequence, the three methyl groups within each homotopic
Me3Si moiety would appear diastereotopic (symmetry group
C3) when all the internal motions are slow.


Scheme 1. Schematic calculated ground state (top) and rotational tran-
sition states (bottom) of 1; selected Me-Si-C-H dihedral angles are given.
The relative calculated energies E are in kcal molÿ1.


Our MM calculations indicate that the ESS pathway of 1 is
a correlated disrotatory process with a calculated barrier of
5.2 kcal molÿ1. In the transition state, the MeÿSi bonds of one
of the three Me3Si groups nearly eclipse the CÿH and the two
SiÿCH bonds (Scheme 1),[7] whereas in the remaining pair of
Me3Si groups, the corresponding MeÿSi bonds are nearly
staggered with respect to the CÿH and SiÿCH bonds and have
equal values of the three H-C-Si-Me dihedral angles. The
calculated H-C-Si-Me dihedral angles for the two staggered
Me3Si groups are ÿ163, 75, and ÿ418 ; the opposite sign with
respect to the ground state means that the two gauche methyl
groups have exchanged their positions. To reach the ESS
transition state, one of the three dihedral angles (H-C-Si-Me*;
see Scheme 1) decreases from 41 to ÿ78, whereas the
corresponding angles of the other two Me3Si groups increase
from 41 to 758. Hence, a disrotatory process has taken place.
This pathway, together with the concomitant SES and SSE
pathways,[2] would make all nine methyl groups dynamically
equivalent.


The same calculations indicate that the SSS process in 1 is a
correlated conrotatory motion with a barrier of 3.9 kcal molÿ1.
This pathway corresponds to an enantiomerization process
which makes the two gauche methyl groups dynamically
equivalent and leaves the anti methyl group diastereotopic
(average C3v symmetry). In the SSS transition state, one of the
three Me3Si groups (indicated by an asterisk in Scheme 1)
appears to have almost exchanged the positions of its two
gauche methyl groups with respect to the ground state,
whereas the Me groups of the other two Me3Si groups are still
close to their ground-state positions. When the rotational
process is complete, however, the latter also appear to have
exchanged the positions of their gauche methyl groups to give
the enantiomer of the ground state conformation. In this


Abstract in Italian: Gli spettri NMR a bassa temperatura di 1,
(Me3Si)3CH, hanno permesso di identificare la rotazione
ristretta dei gruppi SiMe3, la cui barriera risulta pari a
5.1 kcal molÿ1. Sulla base di calcoli di meccanica molecolare
questo processo � stato attribuito and un moto disrotatorio
correlato, il cui stato di transizione corrisponde ad una
situazione identificata come ESS (cio� eclissata, sfalsata,
sfalsata). Nel derivato 2, (Me3Si)3CMe, sono stati identificati
sia un moto disrotatorio correlato, sia un moto conrotatorio
correlato, identificato, quest' ultimo, come SSS (sfalsato,
sfalsato, sfalsato): le corrispondenti barriere rotazionali risul-
tano, rispettavamente, pari a 6.7 e 5.15 kcal molÿ1. Come
conseguenza 2 assume una conformazione chirale (gruppo di
simmetria C3) a bassa temperatura. Quando vengono esaminati
composti maggiormente impediti, quali 3 (Me3Si)3CCH2Me e
4, (Me3Si)3CCH2Et, si osservano ancora i due processi ESS e
SSS ma, in aggiunta a questi, risulta osservabile un terzo
processo dinamico. Quest' ultimo � dovuto alla rotazione
ristretta attorno al legame C-C ed appare correlato con il
processo conrotatorio SSS attorno al legame C-Si, dal mo-
mento che entrambi presentano la medesima barriera. Nel caso
di 5 (Me3Si)3CCH2Ph non � stato possibile identificare la
rotazione ristretta attorno al legame C-C, tuttavia 5 sembra
comunque preferire la stessa conformazione chirale di 3 e 4,
come confermato dai calcoli di meccanica molecolare e dalla
diffrazione ai raggi X. Gli spettri 13C di 5 allo stato cristallino
mostrano, inoltre, come i due carboni orto e i due carboni meta
dell' anello fenilico siano diastereotopici poich�, nel solido, la
rotazione attorno al legame Ph-CH2 risulta impedita.
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process (SSS) all three dihedral angles of 418 increase to 758,
and those of ÿ758 decrese to ÿ418); hence the the motion is
conrotatory.


As anticipated, both calculated barriers are lower than the
corresponding barriers calculated for tBu3SiH.[2] Nevertheless,
the higher of the two (5.2 kcal molÿ1 for the ESS pathway of 1)
should still be amenable to experimental verification by NMR
spectroscopy, provided the chemical shift separation of the
methyl signals is sufficiently large.


At ambient temperature the 13C NMR spectrum
(75.5 MHz) of 1 displays two sharp Me and CH peaks (d�
4.29 and 3.69, respectively) with a 9:1 intensity ratio (Fig-
ure 1). Even at ÿ140 8C their line widths remain equal to


Figure 1. Temperature dependence of the 13C NMR spectrum (75.5 MHz)
of 1, showing the splitting due to the ESS process (see text).


those of the solvent. Below
ÿ150 8C, however, the signal
of the Me groups broadens
much more than that of the
CH carbon atom and eventual-
ly splits, at ÿ166 8C, into a pair
of signals separated by 225 Hz,
with a relative intensity of 2:1
(d� 4.93 and 1.94, respective-
ly). The CH signal, in contrast,
remains a relatively sharp sin-
glet (shifted to d� 2.41 at this
temperature) between the two
signals of the methyl groups.


Computer line shape simula-
tion yielded a DG= value of
5.1� 0.2 kcal molÿ1 for the ex-
change process. The observa-
tion of only two types of dia-
stereotopic methyl groups indi-
cates that solely the ESS
pathway is slow on the NMR


time scale, and this was further confirmed by the experimental
barrier being almost coincident with that calculated for this
process. Also, the fact that at the lowest attainable temper-
ature (ÿ166 8C), the major and the minor methyl signals of 1
still have essentially the same line width indicates that the SSS
pathway is too fast to be experimentally observed. In agree-
ment herewith is the theoretical prediction of a rotational
barrier of 3.9 kcal molÿ1 which is too small for detection by
NMR spectroscopy.[8]


When applied to 2 the same calculations give analogous
results to those of 1 with regard to the conformation and the
stereodynamics: 2 can also undergo correlated conrotatory
SSS and disrotatory ESS pathways. In the MM calculated
structure of the ground state of 2 (Scheme 2) the three methyl
groups of the three homotopic Me3Si groups are diastereo-
topic. Substitution of the CÿH hydrogen atom of 1 by the
bulkier methyl group is expected to raise the rotational
barriers of 2 with respect to those 1. Indeed the barrier
calculated for the SSS pathway becomes 5.0, and that for the
ESS pathway 7.3 kcal molÿ1. Both should be therefore acces-
sible to an experimental determination by NMR spectroscopy.


Scheme 2. Calculated ground state conformation of 2 (left) and 3 (right).
The hydrogen atoms of the SiMe3 groups have been omitted for clarity; the
other hydrogen atoms and the Si atoms are shaded black.


In the 13C NMR spectrum of 2 (Figure 2), the singlet of the
nine equivalent methyl carbon atoms (d� 1.2) broadens
below ÿ100 8C much more than those of the other methyl
and quaternary carbon atoms (d� 14.3 and ÿ2.30, respec-


Figure 2. Experimental and simulated 13C spectrum of the SiMe signal of 2 in the temperature range ÿ100 to
ÿ148 8C (left), showing essentially the effects of the ESS process (described by the rate constant kE).
Experimental and simulated 13C NMR spectrum of the SiMe signal of 2 in the temperature range ÿ156 to
ÿ165 8C (right), showing essentially the effects of the SSS process (described by the rate constant kS).
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tively), and eventually splits at ÿ148 8C into a pair of signals
separated by 70 Hz (d� 1.65 and 0.71), with a intensity ratio
of 1:2. The experimental DG= value for this process (assigned
to the ESS pathway) is 6.7� 0.2 kcal molÿ1, a value in agree-
ment with theoretical predictions.


Contrary to the case of 1, however, the more intense signal
is broader than the minor one, and the width at half-height
further increases on cooling below ÿ1508 C (Figure 2, right).
The major signal (d� 0.71) eventually splits into a pair of
equally intense lines with a separation of 145 Hz at ÿ165 8C
(d� 1.45 and ÿ0.47). They correspond to the pair of
diastereotopic gauche methyl groups that are anisochronous
at this temperature: the signal at lower field is coincidentally
superimposed at ÿ165 8C on that of the methyl group in the
anti position,[9] as revealed by the 2:1 integrated intensity
ratio. The existence of three anisochronous Me groups that
render 2 chiral at low temperature (C3 symmetry) has been
thus verified. This second dynamic process, corresponding to
the disrotatory SSS pathway, has an experimental DG= value
(5.15� 0.2 kcal molÿ1) in good agreement with the calculated
value (5.0 kcal molÿ1).


If the threefold symmetry axis that coincides with the
CÿMe bond of 2 is eliminated by replacing the Me group with
an Et group, the resulting 1,1,1,-tris(trimethylsilyl)propane (3)
will become a totally asymmetric molecule (symmetry group
C1) once rotation about the CÿEt and SiÿC bonds is frozen.
The calculated (MM) ground state structure of 3 is shown in
Scheme 2. The three Me3Si groups of 3 are thus expected to
lose their equivalence and give rise to three diastereotopic
silicon atoms and nine diastereotopic Si-bonded methyl
groups. The 1H NMR spectrum would accordingly display,
in principle, nine signals for the 27 methyl hydrogen atoms,
whereas the signals of the ethyl group would be unaffected by
these dynamic processes. Indeed the 1H NMR signal of the
Me3Si groups remains a singlet down to ÿ140 8C but
decoalesces into a 1:2 doublet at ÿ148 8C owing to the
restriction of the same ESS process decribed for 1 and 2. At
ÿ164 8C three signals are eventually detected (Figure 3, top),
but their relative intensities are not in the 1:1:1 ratio expected
if solely the SSS process were frozen. The actual ratio of 5:2:2
can be accounted for by nine anisochronous overlapping lines,
generated by the simultaneous restriction of both the SSS and
CÿEt rotations.[10] This interpretation is additionally support-
ed by the 13C NMR spectrum of the corresponding nine
methyl carbon atoms, which at the same temperature give rise
to five signals (Figure 3, bottom) with approximate integrated
relative intensities of 2:3:1:1:2. The wider chemical shift range
of 13C NMR spectra (in the present case 350 Hz at 75.5 MHz)
lowers the probability of accidental coincidences, so that five
signals, as opposed to three in the 1H NMR spectrum, could
be resolved.


In principle the three and five lines of the 1H and 13C
spectra, respectively, could be also explained by assuming that
the ESS and the CÿEt rotations are slow, while the SSS
rotation is still fast. In this case the molecule would retain a
dynamic plane of symmetry, and the 1H spectrum would
comprise five lines in a ratio of 1:2:2:2:2, and the accidental
coincidence of three of them might reproduce the 5:2:2
experimental intensity ratio of the three signals. The 13C


Figure 3. 1H NMR spectrum (300 MHz) of the SiMe groups of 3 at
ÿ164 8C (top), displaying three lines with a 5:2:2 intensity ratio. 13C NMR
spectrum (75.5 MHz) of the silicon-bonded carbon atoms of 3 at ÿ165 8C
(bottom), showing five different signals (integrated intensity ratio
2:3:1:1:2) for the nine SiMe carbon atoms (the sharp line with an asterisk
is that of the quaternary carbon atom).


spectrum would likewise comprise five lines in a ratio of
1:2:2:2:2, but this result is not consistent with the experimen-
tal intensity distribution (i.e., 2:3:1:1:2). Accordingly this
model can be safely dismissed.


Finally we monitored the 29Si NMR (59.6 MHz) singlet of
the three isochronous silicon atoms. It broadens significantly
on lowering the temperature below ÿ130 8C and splits, at
ÿ166 8C, into a pair of signals with a ratio of 1:2 (Figure 4).
This indicates that the silicon atoms too are diastereotopic:
the coincidence of two of the three expected lines can be
understood in terms of the conformation calculated for 3.


A Newman projection along the CÿEt bond shows that the
silicon atoms occupy the ÿg, �g, a positions with respect to
the methyl group of the ethyl substituent (Scheme 3). The
corresponding Si-C-CH2-Me dihedral angles were calculated
to be ÿ72 (ÿg), 51 (�g) and 1708 (a). If we take into account
the approximations of the MM approach and the occurrence
of fast libration processes (requiring a low-barrier displace-
ment of a few degrees with respect to the perfectly staggered
arrangement), the gauche silicon atoms can be considered to
lie on almost identical positions, with essentially equal
absolute values of their dihedral angles (close to ÿ60 and
�608). Therefore, whereas the anti silicon atom lies in a site
very different from those of the two gauche silicons atoms, the
latter are located in essentially identical positions and hence
have coincident chemical shifts. Indeed, they are diastereo-
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Figure 4. Temperature dependence of the 29Si NMR spectrum (59.6 MHz)
of 3, displaying (at ÿ166 8C) two lines (ratio 1:2) separated by 75 Hz.


topic only in an indirect way, in that they are bonded to methyl
groups that experience different environments. This is be-
cause the three methyl groups bonded to ÿg silicon atoms


have a spatial relationship
(e.g., with respect to the meth-
yl group of the ethyl moiety)
that differs from that of the
methyl bonded to the �g sili-
con atom, as demonstrated by
the multiplicity of the corre-
sponding 13C signals.[11]


The barrier for the ESS
process in 3 was determined
by simulating the 1H NMR sig-
nal of the Si-bonded methyl


groups. Its value of DG=� 6.7� 0.15 kcal molÿ1 at ÿ144 8C is
equal to that measured for 2. The effects on the line shape due
to the subsequent SSS process occurred simultaneously with
the rotation about the CÿEt bond, both in the 1H and 13C
spectra. This seems to indicate that these two processes have a
unique free energy of activation and therefore share a
common transition state; this suggests that the two processes
are strongly correlated. However, the complexity of the
spectral patterns in the temperature range of interest pre-
vented a reliable determination of this value either at the 1H
or at the 13C frequency.


The shape of the 29Si line depends solely on the restriction
of rotation about the CÿEt bond because the direct effects of
the ESS and SSS processes are not observable at the silicon
NMR frequency. As a consequence a simpler spectral shape
was observed (Figure 4), which allowed us to determine a free
energy of activation of 5.55� 0.15 kcal molÿ1. This value
represents the barrier for rotation about the CÿEt bond in
interaction with the SSS process since these two motions do


not take place independently of each other. These conclusions
are supported by the observation that very similar low-
temperature spectra (1H, 13C, and 29Si) were also observed for
the analogous compound 4, in which the ethyl group of 3 is
replaced by an n-propyl group. The barriers measured for the
latter were essentially equal to those of 4 (Table 1).


Having the same overall symmetry, 5 is expected to display
stereodynamic processes analogous to those of 3 and 4,
although the size and the position of the Ph group might
significantly affect the values of the activation energies. In
both the 1H and 13C spectra the Me signal split into a 1:2 pair
of lines in the range ÿ130 to ÿ140 8C; the barrier for the
corresponding motion was 7.05� 0.15 kcal molÿ1. Contrary to
the case of 3 and 4, however, a further lowering of the
temperature did not produce additional modifications of the
spectral multiplicity. Two possible models should be consid-
ered for explaining such a different behavior.


The ESS process could be responsible for the observed
barrier of 7.05 kcal molÿ1 (a value similar to those of 3 and 4),
whereas the SSS and the CÿCH2Ph rotations might have a
barrier too low to be detected by NMR spectroscopy.
Alternatively, the ESS and SSS barriers may have become
too low to be observed, so that the restricted rotation about
the CÿCH2Ph bond would be responsible for the 1:2 pair of
lines observed below ÿ130 8C (and for the related barrier of
7.05 kcal molÿ1). Indeed the conformation calculated for 5 and
its X-ray crystal structure (Scheme 4), show that one Me3Si
group is anti and two Me3Si groups are gauche with respect to
the benzyl substituent (a conformation essentially identical to
that discussed for 3 ; see Scheme 3).


Consequently, a restricted rotation about the CÿCH2Ph
bond might well be responsible for the observed line splitting
in the 1H and 13C spectra. This hypothesis, however, also
requires the 29Si signal of 5 to split in the same temperature
range; however, a single sharp line is always observed, even at
ÿ165 8C. Hence, no doubt remains that the measured barrier
corresponds to that of the ESS process in each of the three
dynamically equivalent Me3Si groups, a process which does
not require splitting of the 29Si signal. The reason why the
other two processes have an energy lower than those of 3 and
4 is probably a consequence of the destabilization of the
ground state due to steric interactions of the large phenyl
group in the position it assumes in the conformation of 5
shown in Scheme 4.


Although the X-ray structure indicates that the Me groups
of 5 are diastereotopic in the solid state, the high-resolution


Scheme 3. Newman projection
of 3 along the CÿEt bond (con-
formation a, g, ÿg).


Table 1. Experimental free energies of activation DG= [kcal molÿ1] for
rotation about the Me3SiÿC (ESS and SSS processes) and CÿC bonds in
1 ± 5.


Compound ESS process SSS process C ± C rotation


1 5.1 ± ±
2 6.7 5.15 ±
3 6.7 5.55 5.55
4 6.7 5.5 5.5
5 7.05 (10.1[a]) ± ±


[a] Measured in the solid state (see text).
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Scheme 4. Calculated MMX structure (top) and X-ray diffraction struc-
ture (bottom) of 5 (the three silicon atoms are shaded black).


solid-state CP-MAS 13C NMR spectrum exhibits a single line
for the nine methyl carbon atoms at ambient temperature.
This indicates that rotations about the CÿSi and PhCH2ÿC
bonds are both still fast on the NMR time scale. Belowÿ20 8C
this line begins to broaden and eventually splits, at ÿ90 8C,
into a 1:2 pair of signals corresponding to three and six methyl
carbon atoms, respectively. This feature is the result of slow
rotation about the CÿSi bond (ESS mode), which is the same
process as that observed in solution, although this process
occurs at temperatures 50 8C lower than in the solid state.
Accordingly, the corresponding barrier in the solid state
(DG=� 10.1 kcal molÿ1) is significantly higher than in solu-
tion. The difference of about 3 kcal molÿ1 is due to crystal-
lattice effects, as reported in a number of analogous cases.[12]


Contrary to what observed in solution, the more intense
upfield signal is much broader at ÿ90 8C than its companion
(85 vs 60 Hz), and this suggests that the other dynamic
processes (i.e. , rotation about the CÿSi bond in the SSS mode
and rotation about the PhCH2ÿC bond) possibly begin to take
place. Therefore, it seems that in the solid state not only the
ESS but also the other motions have higher barriers than in
solution. Indeed at ÿ120 8C further splitting occurred and
eventually six methyl carbon signals, with a 1 :2 :1 :1 : 3 :1
intensity ratio, were detected using a 100.6 MHz solid state
spectrometer (courtesy of Varian GmbH, Darmstadt). An
example of restricted rotation about the CÿSiMe3 bond was
detected in the solid state at similar temperatures,[13] whereas
in another case this motion was not observed to take place,
even below ÿ100 8C.[14]


Steric effects due to the position assumed by the phenyl ring
might affect the barriers of two dynamic processes (SSS and
PhCH2ÿC rotations) in 5 ; if this is the case, such a conforma-
tional arrangement should also affect the solid-state NMR
spectra. In fact, the phenyl carbon signals of 5 display a
multiplicity different in the solid than in solution, where the
pairs of ortho and meta carbon atoms give rise to only two


lines, having been made homotopic by rapid rotation about
the PhÿCH2 bond, even at the lowest attainable temperature
of ÿ165 8C (see, for example the spectrum at ÿ110 8C;
Figure 5, top). In the solid-state spectrum, in contrast, the
ortho and meta carbon atoms give rise to four closely spaced
signals (Figure 5, bottom). Since the multiplicity of the methyl
signals in the solid-state spectra showed that rotation about
the PhCH2ÿC bond is fast on the NMR time scale, the four
lines must be a consequence of restricted rotation about the
PhÿCH2 bond in the solid state.


Figure 5. 75.5 MHz 13C NMR phenyl signals of 5 (top) at ÿ110 8C (in
CD2Cl2), displaying four lines, that is, one for the quaternary (C6) and three
for the CH (ortho, meta, and para) carbon atoms. The CH lines have a 2:2:1
intensity ratio because the pairs in ortho and meta positions are homotopic
in solution. 75.5 MHz 13C solid-state CP-MAS NMR spectrum of the same
region at ÿ60 8C (bottom), showing six lines for the phenyl carbon atoms
due to the diastereotopicity of the two ortho and of the two meta positions
in the solid state.


Furthermore, the observed diastereotopicity of the pairs of
ortho and meta carbon atoms also requires that the plane of
the phenyl ring adopt an angle other than 908 with respect to
the plane defined by the carbon atoms C6-C5-C4 (numbering
as in Scheme 4), otherwise a local plane of symmetry, which
would render the ortho and meta carbon atoms homotopic,
would be maintained, even in the presence of a slow rotation
about the PhÿCH2 bond. Accordingly, the dihedral angles C7-
C6-C5-C4 and C11-C6-C5-C4 of Scheme 4 must have differ-
ent values, and this agrees well with the X-ray diffraction data,
which yield values of �1068 and ÿ778, respectively, for these
angles.


Another possible interpretation of the equivalence of the
pairs of ortho and meta carbon atoms in the solution spectra of
5 might be advanced. In principle rotation about the PhÿCH2


bond could become slow at low temperature also in solution,
but the phenyl ring might undergo a fast libration of �158
about the 908 equilibrium position, rapidly oscillating be-
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tween j77 j and j1068 j (i.e., the diehdral angles determined
by X-ray diffraction). In this way a dynamic symmetry equal
to that created by a fixed 908 angle would be achieved, and
this process (which is evidently forbidden in the solid state)
might generate equivalent ortho and meta carbon atoms even
in the presence of restricted rotation about the PhÿCH2 bond.
We feel, however, that this interpretation is quite unrealistic,
since the restricted rotation about the PhÿCH2 bond has never
been detected in nonhindered benzyl groups by NMR
spectroscopy in solution. Furthermore, our calculations[6]


predict a barrier of 4.2 kcal molÿ1 for rotation about the
PhÿCH2 bond in 5, clearly too low a value to relevant to the
NMR time scale.


In conclusion, although X-ray diffraction and NMR data
indicate that 5 is chiral in the solid state, it exhibits dynamic
planes of symmetry in solution even at the lowest attainable
temperature. In other words, 1 and 5 display, in solution,
achiral conformations of the same dynamic symmetry by
virtue of fast dynamic processes, whereas 2, 3, and 4 exhibit
asymmetric, that is chiral, conformations in solution in the
appropriate temperature range.


Experimental Section


Materials : Tris(trimethylsilyl)methane was commercially avaiable; tris(tri-
methylsilyl) compounds were prepared by a known procedure:[15] To a
solution of tris(trimethylsilyl)methane (5 mmol in 10 mL of anhydrous
THF) a solution of methyllithium (1.6m in Et2O, 6 mmol) was added at
room temperature. The mixture was heated to reflux for 5 h, during which it
turned yellow, and then cooled to room temperature. A solution of the
appropriate electrophile (MeI, EtI, PrI, PhCH2Br; 10 mmol in 2 mL of
anhydrous THF) was added, and after 12 h the reaction mixture was
quenched with an aqueous solution of NH4Cl and extracted with Et2O. The
organic layers were dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by crystallization (CH3OH) to
obtain the desired products in 30 ± 50 % yields.


1,1,1-Tris(trimethylsilyl)ethane (2): White solid, m.p. 153 ± 154 8C (ref. [15]:
155 8C). 1H NMR (300 MHz, CDCl3, 22 8C, TMS): d� 0.06 (s, 27 H, SiMe3),
1.06 (s, 3H, CH3); 13C NMR (75.5 MHz, CDCl3, 22 8C, TMS): d� 1.21
(CH3), 3.41 (q), 14.44 (CH3).


1,1,1-Tris(trimethylsilyl)propane (3): White solid, m.p. 208 ± 209 8C;
1H NMR (300 MHz, CDCl3, 22 8C, TMS): d� 0.13 (s, 27 H, SiMe3), 1.12
(t, 3H, Me), 1.79 (q, 2H, CH2); 13C NMR (75.5 MHz, CDCl3, 22 8C, TMS):
d� 2.77 (CH3), 3.20 (q) 15.50 (CH3), 23.3 (CH2); C12H32Si3 (260.6): calcd C
55.30, H 12.38, Si 32.33; found C 55.36, H 12.34, Si 32.31.


1,1,1-Tris(trimethylsilyl)butane (4): White waxy solid; 1H NMR (300 MHz,
CDCl3, 22 8C, TMS): d� 0.12 (s, 27H, SiMe3), 0.86 (t, 3H, Me), 1.42 ± 1.62
(m, 4 H); 13C NMR (75.5 MHz, CDCl3, 22 8C, TMS): d� 2.69 (CH3), 5.50
(q), 15.87 (CH3), 24.35 (CH2), 34.00 (CH2); C13H34Si3 (274.6): calcd C 56.85,
H 12.48, Si 30.68; found C 56.88, H 12.42, Si 30.72.
1,1,1-Tris(trimethylsilyl)-2-phenylethane (5): White solid, m.p. 77 ± 78 8C;
1H NMR (300 MHz, CDCl3, 22 8C, TMS): d� 0.14 (s, 27H, SiMe3), 3.2 (s,
2H, CH2), 7.20 ± 7.38 (m, 5H, Ph); 13C NMR (75.5 MHz, CDCl3, 22 8C,
TMS): d� 2.05 (CH3), 11.40 (q), 36.02 (CH3), 126.90 (CH), 128.43 (CH),
131.55 (CH), 143.65 (q); C17H34Si3 (322.7): calcd C 63.27, H 10.62, Si 26.11;
found C 63.31, H 10.66, Si 26.05.


NMR measurements : The samples for the low-temperature measurements
were prepared by connecting to a vacuum line NMR tubes containing the
desired compounds and some C6D6 for locking purpose. The gaseous
solvents (CF2Cl2 and CF3Br, in a 2:1 proportion) were subsequently
condensed with liquid nitrogen, and the tubes, sealed under vacuum, were
introduced in the precooled probe of the spectrometer. The temperature
was independently calibrated with an Ni/Cu thermocouple inserted in the
NMR probe (Varian, Gemini 300) before recording the spectra.


The high-resolution 13C NMR solid-state CP-MAS spectra (Bruker, CXP
300) were recorded at 75.5 MHz. The sample, a white crystalline powder,
was packed in a 7-mm zirconia rotor spun at the magic angle with a speed of
about 3000 Hz. The number of transients was varied to give good signal to
noise ratios in the VTexperiments. The chemical shifts were measured with
respect to the lower frequency signal of adamantane (d� 29.4). The sample
was cooled by a stream of dry nitrogen, precooled in a heat exchanger
immersed in liquid nitrogen. The temperatures of the solid-state spectra
were calibrated by means of the shift dependence of the 13C signals of
2-chlorobutane adsorbed on solid Dicalite,[16] by assuming a dependence
equal to that observed in the neat liquid, which was previously calibrated
with the same Cu/Ni thermocouple.


Calculations : The molecular mechanics calculations[6] were carried out by
driving the R-C-Si-Me dihedral angle of one of the three Me3Si groups in
steps of 108 (near the transition states by 18) about the corresponding
SiÿCR axis and allowing all the other bonds and angles of the molecule to
relax. In so doing the other two R-C-Si-Me dihedral angles also sponta-
neously change, as described in the text, and hence the motion is correlated.


Crystal structure of 1,1,1-tris(trimethylsilyl)-2-phenylethane (5): C17H34Si3,
Mr� 322.7, triclinic, space group P1Å, a� 8.896(3), b� 9.433(2), c�
12.820(8) �, a� 81.79(5), b� 91.45(6), g� 76.20 (3)8, V� 1034(1) �3,
Z� 2, 1calcd� 1.036 Mgmÿ3, F(000)� 356, l� 0.71069 �, T �298 K, MoKa


radiation, m� 0.222 mmÿ1, crystal dimensions 0.40� 0.40� 0.60 mm. A
total of 3812 reflections was collected (3634 unique reflections, Rint�
0.0347). Intensity data were collected on an Enraf-Nonius CAD-4
diffractometer with graphite-monochromated MoKa radiation, w/2q scan
mode, range 2.24<q< 24.978. The unit cell parameters were determined
by least-squares refinement on diffractometer angles for 25 automatically
centered reflections with 3.74< q< 6.088. The structure was solved by
direct methods and refined by full-matrix least-squares on F 2 with the
SHELX program packages.[17] In the final refinement cycles 3206 reflec-
tions having I> 2s(I) were used, and 181 parameters varied. Weights in
accord the Scheme w� 1/[s2(F2


o)� (0.0893 P)2� 0.1947 P] were used, where
P� (F 2


o � 2F 2
c �/3. The hydrogen atoms were located by geometrical


calculation and refined with a riding model. The final agreement indices
were R1� 0.0457 and wR2� 0.1207. GOF on F 2: 1.05. Largest difference
peak and hole were 0.239 and ÿ0.399 e�ÿ3. Crystallographic data
(excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-116793. 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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Chiral Bis(dihydrooxazolyl)pyridineruthenium Complexes of
trans-Cyclooctene and trans-Cycloheptene


Hisao Nishiyama,* Tomonari Naitoh, Yukihiro Motoyama, and Katsuyuki Aoki[a]


Abstract: Asymmetric reaction of an
excess of trans-cyclooctene (1) with
chiral bis(dihydrooxazolyl)pyridineru-
thenium (pybox-ip, 3) complex selec-
tively gives the corresponding rutheni-
um complex 4R, [RuCl2(pybox-ip){(R)-
trans-cyclooctene}], and (S)-trans-cyclo-
octene 2S. The X-ray crystal structure of
complex 4R shows a C25-C18-C19-C20


dihedral angle of 1258 with a C18ÿC19
bond length of 1.41 �. Complex 4R can
also be obtained by UV irradiation of a
solution of cis-cyclooctene and [RuCl2-


(pybox-ip)(C2H4)] (8) in THF in the
presence of a photosensitizer. Even in
the absence of the photosensitizer, 4R is
produced by irradiation in the presence
of cis-cyclooctene. The photoreaction
has been applied to cis-cycloheptene to
give a 1:1 mixture of the diastereomeric
complexes of [Ru(pybox-ip)-{trans-cy-
cloheptene}].


Keywords: alkene complexes ´
enantiofacial selection ´ kinetic res-
olution ´ ruthenium


Introduction


Enantiofacial selection of substituted olefins by coordination
is an important subject in the development of transition metal
catalyzed asymmetric reactions and in the clarification of their
mechanisms.[1] We have previously reported one mode of
enantiofacially selective olefin coordination of a,b-unsatu-
rated carbonyl compounds, such as dimethyl fumarate, methyl
acrylate, vinyl methyl ketone, and acrolein, by use of the chiral
bis(dihydrooxazolyl)pyridineruthenium fragment [RuCl2(py-
box)(vacant)] to produce the corresponding olefin complexes
A.[2] It was proved that the {RuCl2(pybox)} fragment can
discriminate one enantioface (si face) of the substituted
olefins. In connection with these findings, we have been
interested in the kinetic resolution of the racemic olefin trans-
cyclooctene 1 by complete discriminative coordination to the
chiral {Ru ± pybox} fragment. Isolation of chiral trans-cyclo-
octene and its transition metal complex was reported about
thirty years ago by resolution of the diastereomeric complex B
obtained from the platinum ± benzylamine derivative and
racemic trans-cyclooctene.[3] A few platinum, iron, and copper
complexes (C, D, and E, respectively) of chiral or racemic
trans-cyclooctene were also reported.[4] Here we present a
new method for the direct trapping of one enantiomer of
trans-cyclooctene from cis-cyclooctene by photochemical
reaction. This process was also applied to the in situ trapping
of the thermally unstable trans-cycloheptene from cis-cyclo-
heptene.


Results and Discussion


First, we attempted a kinetic resolution, that is an enantio-
selective capture, of racemic trans-cyclooctene 1[5] by reaction
with a mixture of [{(p-cymene)RuCl2}2] (2)[6] and (S,S)-pybox-
ip (3).[7] We eventually found the following optimal proce-
dure: racemic trans-cyclooctene 1 (0.4 mmol, 2 equiv with
respect to 2) was added to a solution of [{(p-cymene)RuCl2}2]
(2) and pybox-ip 3 (1 equiv with respect to 2) in dichloro-
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methane at 15 8C under an atmosphere of propylene and
argon (1 atm). Propylene can accelerate the formation of the
{RuCl2(pybox)} fragment by coordination, but it readily
dissociates. After stirring for 1 h under reduced pressure a
distillate was obtained that contained (�)-(S)-trans-cyclo-
octene (1S) in 84 % yield (83% ee).[3] The solid residue was
analyzed by 1H NMR spectroscopy to be a mixture of
[RuCl2(pybox-ip){(ÿ)-(R)-trans-cyclooctene}] (4R) and
probably [RuCl2(pybox-ip){(�)-(S)-trans-cyclooctene}] (4S)
(ca. 95:5). Chromatographic separation of the residue through
silica gel at 0 8C afforded only complex 4R in 93 % yield,
whereas complex 4S could not be isolated because of
decomposition (Scheme 1). Complex 4R is thermally stable


Scheme 1. Reaction procedure: 1) compounds 2 and 3 in CH2Cl2, propy-
lene (1 atm), RT (25 ± 30 8C), 2 h; 2) racemic olefin 1 was added at 15 8C,
1 h.


in solution or on exposure to air. Further attempts to isolate
complex 4S were not successful. A higher reaction temper-
ature of over 15 8C and a reaction time of longer than 1 h
caused isomerization (50 ± 100 %) of the free trans-cyclo-
octene to cis-cyclooctene, which was catalyzed by unidentified
ruthenium species; the yield of the desired complex also
decreased to about 60 %. We also observed that cis-cyclo-
octene itself did not form the corresponding complex with the
{Ru ± pybox-ip} fragment. Use of 1.73 equiv of trans-cyclo-
octene (0.345 mmol) 1 to 2 (0.10 mmol) gave the optically
pure (�)-(S)-trans-cyclooctene (1S) in 65 % yield, as well as
complex 4R in 85 % yield based on 1.


Recovery of another enantiomer (ÿ)-(R)-trans-cyclooctene
(1R) from complex 4R was attempted by heating 4R in
acetonitrile at 60 8C for 30 min, which yielded 38 % pure 1R


and 32 % [RuCl2(pybox-ip)(CH3CN)] (5); 56 % of complex
4R was also reclaimed (Scheme 2). Thus, racemic trans-
cyclooctene (1) was completely separated into its enantiomers
by this method of enantioselective coordination and subse-
quent separation.[8]


Scheme 2. Recovery of (R)-trans-cyclooctene 1R from complex 4R.


The molecular structure of the complex 4R was solved by
single-crystal X-ray analysis (Figure 1). The coordinated
olefin 1R is captured on the C2-chiral, monovacant site of
the {RuCl2(pybox-ip)} fragment by coordination of its exo-si,si
olefinic face.


Figure 1. X-ray crystal structure of 4R ; the CH2Cl2 molecule has been
omitted.


The C18ÿC19 bond length in 4R of 1.41 � is similar to the
value (1.42 �) for the corresponding acrolein complex of
the {Ru ± pybox} fragment as previously reported by us
(Table 1),[2] but is in contrast that of the corresponding Pt ±
benzylamine complex of trans-cyclooctene B (1.35 �).[3] The


Table 1. Selected bond lengths [�] and angles [8] of 4R.


Ru1ÿCl1 2.396(4) Ru1ÿCl2 2.408(4)
Ru1ÿN1 1.99(1) Ru1ÿN2 2.11(1)
Ru1ÿN3 2.12(1) Ru1ÿC18 2.22(2)
Ru1ÿC19 2.21(2) C18ÿC19 1.41(2)
C18ÿC25 1.46(2) C19ÿC20 1.50(2)
Cl1-Ru1-Cl2 174.8(2) Cl1-Ru1-C18 96.2(4)
Cl1-Ru1-C19 90.7(5) C18-Ru1-C19 37.2(5)
Ru1-C18-C19 70(1) Ru1-C19-C18 71(1)
C18-C19-C20 120(1) C25-C18-C19 122(1)
N2-Ru1-N3 151.9(5) Ru1-C18-C25 123(1)
Ru1-C19-C20 121(1) C20-C19-C18-C25 125(1)
N1-Ru1-C18-C19 175(1)
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dihedral angle of C25-C18-C19-C20 is decreased to 1258,
compared with a calculated dihedral angle of 1398 for free
trans-cyclooctene (Figure 1).[9] In other words, the cyclic side
chains are bent away from the ruthenium center, so as to form
a stable bond and reduce steric repulsion from the staggered
isopropyl groups of the pybox ligand.


We have, so far, not obtained the corresponding olefin
complex of [RuCl2(pybox-ip)] with 1,2-alkyl- or aryl-disub-
stituted olefins such as trans-2-butene and trans-stilbene. In
contrast, trans-cyclooctene forms a stable complex when
coordinated at the vacant site of the octahedral {Ru ± pybox}
fragment.


However, the enantiofacial selectivity was changed by
variation of the substituents on the pybox ligand, such as
methyl and benzyl groups to give pybox-me and pybox-bz,
respectively. A mixture of the complexes of (ÿ)-(R)- and (�)-
(S)-cyclooctene (1R and 1S) was obtained under the same
reaction conditions as those for pybox-ip : with pybox-me,
6R� 6S (85 % after column chromatography, 76:24), 1S
(97 %, 25 % ee); pybox-bz, 7R� 7S (87 % after column
chromatography, 78:22), 1S (68 %, 31 % ee); the olefinic
protons: 1H NMR d� 5.62 and 5.50 for 6R and 6S, d� 5.82
and 5.70 for 7R and 7S.


Alternatively, we employed [RuCl2(pybox-ip)(C2H4)] (8)[10]


(0.2 mmol) as the starting ruthenium complex. The olefin-
exchange reaction between trans-cyclooctene (1) (0.42 mmol)
and complex 8 occurred smoothly to give the desired complex
4R in high yield (95%) (Scheme 3). The recovered cyclo-
octene (66%) was mostly found in the cis form through
isomerization, as the exchange reaction required more time
(ca. 1 day) and a higher reaction temperature (25 ± 30 8C).


We next attempted to trap the chiral trans-cyclooctene in
situ directly from the ethylene complex 8 and cis-cyclooctene
by UV irradiation in the presence of methyl 3,5-ditrifluor-
omethylbenzoate (9) as a photosensitizer.[5] A solution of cis-
cyclooctene (20 equiv with respect to 8) and the ethylene
complex 8 in THF with compound 9 (2 equiv with respect to
8) was irradiated for 72 h at room temperature to produce the
trans-cyclooctene complex 4R in 95 % yield based on 8. In this
reaction medium racemic trans-cyclooctene (1) generated in
situ was thought to be enantioselectively trapped. The ethyl-
ene complex 8 itself is very stable and not changed by UV
irradiation of its solution in THF over several days. Therefore,
the release of the ethylene molecule from 8 was concluded to
be induced by the olefin exchange reaction. Moreover, we
found that the ethylene complex 8 itself acts as a photo-


Scheme 3. Ligand exchange reaction between ethylene complex 8 and
trans-cyclooctene 1, together with details of UV irradiation.


sensitizer to give the trans-cyclooctene complex 4 R (39 %) by
irradiation of cis-cyclooctene in THF for 164 h. The activity of
8 as a photosensitizer was below about 0.2 that of com-
pound 9.


We have thus demonstrated enantiomeric discrimination of
trans-cyclooctene by enantiofacially selective coordination.
This phenomenon depends very much on the geometry of
olefin coordination in the [RuCl2(pybox-ip)] system. The
parallel orientation of the olefin skeleton to the pybox plane
(or N-Ru-N) brings one of the olefin enantiofaces toward the
similar chiral cavity of the {RuCl2(pybox-ip)} fragment.


Finally, the method of irradiation and trapping in situ was
applied to racemic trans-cycloheptene (10), which can not be
isolated at ambient temperature. The sole case of its capture
reported to date is found in a nonchiral copper complex.[11]


Irradiation of (cis-cycloheptene)copper(i) trifluoromethane-
sulfonate [CuI(OTf)(cis-C7H12)] at 254 nm in solution in
hexane caused cis!trans isomerization of the coordinated
cis-cycloheptene and gave a stable [CuI(OTf)(trans-cyclo-
heptene)] analogue of complex E (X�OTf), which was well
characterized on the basis of its NMR spectra (1H and
13C NMR (CDCl3, Me4Si): d� 5.51 and 107.3 for the olefinic
part of the cis-cycloheptene complex; d� 4.55 and 100.2 for
those of the trans-cycloheptene complex[11]). We carried out
the reaction with the Ru ± pybox system under similar
conditions to those used for trans-cyclooctene. A mixture of
the ethylene complex 8, cis-cycloheptene (30 equiv), and the
photosensitizer 9 (10 equiv) in THF was irradiated for 180 h
to give a new compound (75% yield) that proved to be a
mixture (1:1) of the corresponding diastereomeric complexes
11R and 11S on the basis of NMR analysis (for the
coordinated olefinic parts d� 5.22 and 5.38, d� 80.3 and
82.5). We also confirmed that cis-cycloheptene itself does not
yield the corresponding complex with the {RuCl2(pybox-ip)}
fragment. Thus, we could successfully generate and capture
racemic trans-cycloheptene with the [RuCl2(pybox-ip)] spe-
cies. The non-enantioselective capture may arise from the fact
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that the cavity of the {RuCl2(pybox-ip)} fragment is too wide
to bind one of the enantiomers of 10 selectively, since free
trans-cycloheptene has a smaller dihedral angle of 1188 (based
on calculations for a small molecule).[12]


Experimental Section


General : All reactions were carried out under nitrogen. 1H and 13C NMR
spectra were recorded at 270 and 67.8 MHz, respectively, on a JEOL JNM-
GX 270 spectrometer with tetramethylsilane as the internal reference in
CDCl3. Infrared spectra were recorded on a JASCO A-3 spectrometer.
Microanalyses were performed with a Yanagimoto MT-3 CHN recorder.
Column chromatography was performed with silica gel (Merck, Art 7734).
Analytical TLC was performed on Merck (Art 5715) precoated silica gel
plates (0.25 mm). Optical purity was determined on a Shimadzu Capillary
Gas Chromatograph 14A with a chiral capillary column (Supelco b-
DEX 225, 30 m). The pybox and [RuCl2(pybox)(C2H4)] reagents were
prepared by our method.[10] trans-Cyclooctene was synthesized by photo-
isomerization of cis-cyclooctene with a photosensitizer.[5] The photoreac-
tion was carried out under argon in a quartz-glass vessel with a low-pressure
mercury lamp (32 W, Riko ± Kagaku Sangyo Co. Ltd., UVL-32LP).


Reaction of the Ru(p-cymene) complex and pybox-ip with trans-cyclo-
octene : A mixture of [{(p-cymene)RuCl2}2] (2)[6] (61.2 mg, 0.10 mmol) and
pybox-ip (3) (60.3 mg, 0.20 mmol) in CH2Cl2 (2 mL) was stirred at room
temperature (25 ± 30 8C) for 2 h under a propylene atmosphere (1 atm). The
solution was cooled to 15 8C, after which a solution of racemic trans-
cyclooctene (44 mg, 0.40 mmol; 66.7 mL, 6.0N) in pentane was added. The
reaction mixture was stirred for 1 h. The solvent was then removed under
reduced pressure and trapped at ÿ78 8C. The residue was redissolved in
benzene (1 mL), and the resulting solution was evaporated and trapped
(3 times). The solution was analyzed by gas chromatography with a chiral
Supelco b-DEX (30 m) column and with n-nonane as an internal standard:
18.4 mg (0.167 mmol, 42%), 83 % ee (S). At 55 8C, retention times were
46.5 min for the cis form, 47.6 min for (ÿ)-(R)-trans form, and 49.0 min for
(�)-(S)-trans isomer. The solution was analyzed with a polarimeter to show
the (�)-sign of rotation. The residual solids were found by 1H NMR
spectroscopy to contain a 95:5 ratio of the isomers by integral of the
coordinated olefin protons; d� 5.59 for 4R and 5.40 for 4S. The solids
were then passed through a silica gel column with CH2Cl2/CH3OH solution
as eluent to give only the pure complex 4R (109 mg, 0.186 mmol, 93%
yield). 4R : dark violet solid; Rf� 0.58 (CH2Cl2/CH3OH� 10:1, silica gel
plate Merck Art 5315); decomp. 175 ± 177 8C; IR (KBr disk): nÄ � 2920,
1488, 1449, 1395, 1252, 962 cmÿ1; 1H NMR (270 MHz, CDCl3, Me4Si): d�
0.76 (d, J� 6.8 Hz, 6 H; CH3), 1.01 (d, J� 6.8 Hz, 6H; CH3), 1.43 ± 1.54 (m,


2H), 1.82 ± 2.00 (m, 2 H), 2.17 ± 2.50 (m 4 H), 4.64 (m, 2 H), 4.76 ± 4.88 (m,
4H), 5.59 (m, 2H, olefinic), 7.88 (br s, 3 H; protons of pyridine ring);
13C NMR (67.8 MHz, C6D6): d� 15.0, 19.4, 30.0, 30.4, 37.1, 39.4, 70.8, 71.1,
87.7 (olefinic 1J(C-H)� 148.7 Hz)*, 122.4, 132.4, 145.8, 163.7;
C25H37N3O2Ru(0.4CH2Cl2): calcd C 49.40, H 6.17, N 6.80; found C 49.31,
H 6.12, N 6.93. (* cf. 1J(C-H)� 150.6 Hz for the olefinic carbons in trans-
cyclooctene).


X-ray analysis of 4R : A single crystal (0.15� 0.2� 0.25 mm) was obtained
by recrystallization from CH2Cl2/n-pentane solution. Crystal data for 4R :
C25H37N3O2Cl2Ru(CH2Cl2), orthorhombic, space group P212121 (no. 19),
a� 14.668(3), b� 16.398(3), c� 12.552(4) �, V� 3019.2(9) �3, 1calcd�
1.471 g cmÿ3, Z� 4, m� 9.00 cmÿ1. The intensity data (2q< 558) were
collected on a Rigaku AFC-7R diffractometer with graphite-monochro-
mated MoKa radiation (l� 0.71069 �), and the structure was solved by
heavy-atom Patterson methods (DIRDIF92 PATTY). The final cycle of
refinement was based on 2009 observed reflections (I> 3sI) and 325 var-
iable parameters, and converged with R� 0.055 and Rw� 0.061. Crystallo-
graphic data (excluding structure factors) have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-114262. Copies of the data may be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB12 1EZ (UK) (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


Recovery of (ÿ)-(R)-trans-cyclooctene from 4R : Complex 4R (58.4 mg,
0.10 mmol) was heated at 60 8C for 30 min in solution in acetonitrile
(1 mL). The solvent was removed under reduced pressure and trapped at
ÿ78 8C to give an evaporate that was analyzed by gas chromatography as
described above. Optically pure (R)-trans-cyclooctene was obtained in
38% yield (0.038 mmol) in acetonitrile solution. The residue was passed
through a silica gel column with CH2Cl2/CH3OH solution as eluent to give
the complex 4R (32.8 mg, 0.056 mmol) and [RuCl2(pybox-ip)(CH3CN)] (5)
(16.5 mg, 0.032 mmol).


Ligand exchange reaction with the ethylene complex 8 and trans-cyclo-
octene : A solution of the ethylene complex 8 (101 mg, 0.20 mmol) and
trans-cyclooctene (46 mg, 0.42 mmol) in CH2Cl2 (2 mL) was stirred for 24 h.
The same isolation procedure as described above yielded complex 4R
(95 %, 111 mg, 0.19 mmol), together with cyclooctene (66 %, 0.13 mmol,
cis :trans� 86:14, 32% ee (S) for trans-cyclooctene) as detected by GC
analysis.


UV irradiation of the ethylene complex 8 and cis-cyclooctene with
photosensitizer 9 : Complex 8 (50 mg, 0.10 mmol), photosensitizer 9
(55 mg, 0.20 mmol), and cis-cyclooctene (220 mg, 2.0 mmol) were placed
in a quartz-glass vessel (50 mL) (held in a water bath) and dissolved in THF
(1 mL) under an argon atmosphere. The solution was irradiated for 72 h at
RT. The solution was concentrated and purified by silica gel column
chromatography with CH2Cl2/CH3OH solution as eluent to give complex
4R (58 mg, 0.10 mmol,>95 %) and a small amount of an organic polymeric
impurity. The distillate from the solution was analyzed by GC and found to
contain trans-cyclooctene (0.074 mmol, 33% ee (S)).


UV irradiation of the ethylene complex 8 and cis-cyclooctene (without
photosensitizer 9): The irradiation reaction described above was carried
out on the same scale for 72 h without the photosensitizer 9 to yield
complex 4R (20 %). After 164 h, complex 4R was obtained in 39% yield
(23 mg, 0.039 mmol) together with some recovered ethylene complex 8
(23 mg, 0.046 mmol, 46 %). A small amount of trans-cyclooctene was
detected in the solution (3 ± 9 %, >90 % ee (S)) by GC analysis.


UV irradiation of the ethylene complex 8 and cis-cycloheptene : Complex 8
(101 mg, 0.20 mmol), photosensitizer 9 (544 mg, 2.0 mmol), and cis-cyclo-
heptene (577 mg, 6.0 mmol) were placed in a quartz-glass vessel (50 mL,
held in a water bath) and dissolved in THF (2 mL) under an argon
atmosphere. The solution was irradiated for 180 h at room temperature.
The solution was subsequently concentrated and purified by silica gel
column chromatography with CH2Cl2/EtOAc solution as eluent to give the
complexes 11S� 11R (85 mg, 0.15 mmol, 75%); dark violet solid; Rf�
0.56 (CH2Cl2/CH3OH� 10:1, silica gel plate Merck Art 5315); 1H NMR
(270 MHz, CDCl3, Me4Si): d� 0.70 (d, J� 6.8 Hz, 3H; CH3), 0.78 (d, J�
6.8 Hz, 3H; CH3), 0.98 (d, J� 6.8 Hz, 3 H; CH3), 1.02 (d, J� 6.8 Hz, 3H;
CH3), 1.95 ± 2.20 (m, 7H), 2.35 ± 2.57 (m, 4H), 4.32 (m, 1H), 4.54 (m, 1H),
4.70 ± 4.90 (m, 4 H), 5.22 (m, 1 H; olefin), 5.38 (m, 1 H; olefin), 7.85 ± 8.00
(br, 3H; protons of pyridine ring); 13C NMR (67.8 MHz, C6D6): d� 14.7
(�2), 18.6, 19.3, 26.7, 27.0, 28.7, 29.5, 31.3, 32.1, 33.9, 34.1, 71.4, 71.7, 71.8
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(�2), 80.3 (olefin), 82.5 (olefin), 122.0, 122.3, 133.3, 133.6, 144.7, 145.1,
163.1, 163.5; C24H35N3O2Ru: calcd C 50.61, H 6.19, N 7.38; found C 49.89, H
6.10, N 7.26.
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Density Functional Calculations of 95Mo NMR Chemical Shifts:
Applications to Model Catalysts for Imine Metathesis
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Dedicated to Prof. Dr. Wolfgang von Philipsborn on the occasion of his 70th birthday


Abstract: Nonlocal density functional
theory is used to the compute geome-
tries and 95Mo chemical shifts of
MoO4


2ÿ, MoO3S2ÿ, MoO2S2
2ÿ, MoOS3


2ÿ,
MoS4


2ÿ, MoSe4
2ÿ, [Mo(CO)6],


[Mo(C5H5)(CO)3H], [Mo(C6H6)2],
[Mo2(OMe)6], and [Mo2(O2CH)4]. For
this set of compounds, the effect of the
substituents on d(95Mo) are described
well by pure density functionals; how-
ever, they are significantly overestimat-
ed with the B3LYP hybrid functional.
With the latter, 95Mo chemical shifts of
systems with Mo ± Mo multiple bonds
show additional large errors. d(95Mo)
values between ÿ521 and �89 are


predicted for [Mo(NH)2X2] (X�F, Cl,
Br, OMe, OCF3), which are model com-
pounds for imine-metathesis catalysts.
The mechanism of imine metathesis with
these model catalysts is studied, and the
key step is indicated to be the reversible
formation of a diazametallacycle from
the initial [Mo(NH)2X2(NH�CH2)] ad-
duct. This process can occur via two
distinct transition states which have


different stereochemistry. For various
X, the d(95Mo) values of the reactants
(or OMe2 adducts thereof) are loosely
correlated with the higher of these two
barriers; however, not with the lower,
rate-determining one. Thus, no general
correlation between d(95Mo) and cata-
lytic activities should be expected for the
real imine-metathesis catalysts. From
the loose correlation with the higher
barrier, however, one might speculate
that complexes with particularly shield-
ed 95Mo nuclei may be more active
catalysts, which would allow the selec-
tion of suitable target complexes based
on d(95Mo) data from the literature.


Keywords: density functional calcu-
lations ´ homogeneous catalysis ´
metathesis ´ NMR spectroscopy ´
reaction mechanisms


Introduction


Transition metal NMR spectroscopy is especially useful when
it can serve as a probe for reactivity.[1] Numerous systems that
contain transition metals are known in which the NMR
properties of the metal atom, usually the chemical shifts, can
be correlated with rate constants[2] or with catalytic activ-
ities.[3] Modern theoretical methods based on density func-
tional theory (DFT) can be used to reproduce and rationalize
such relationships[4] or to predict new ones.[5] The great
potential of such correlations is that, once established, they
allow the reactivity or catalytic activity of a newly synthesized
derivative to be estimated from its NMR spectrum.


For a given reaction, the theoretical approach involves the
identification of the rate-determining step, followed by


investigations of how variations in the ligand sphere affect
the corresponding barrier and the value of the chemical shift for
the metal in the reactant complex. DFT is now well established
as a tool to reliably compute geometries and energetics,[6] as
well as NMR properties,[7] of transition metal complexes.


The recently discovered catalysis of imine metathesis by
imido molybdenum complexes[8] (Scheme 1) would be an
attractive candidate to study the correlation between the
NMR data and the reactivity. Mo complexes are widely used
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Scheme 1. The catalysis of imine metathesis by imido molybdenum
complexes.


in homogeneous catalysis; the most important area is
probably olefin metathesis by alkylidene derivatives. This
reaction has been well studied, both experimentally[9] and
theoretically,[10] and the key step involves the reversible
formation of a four-membered metallacycle. Very efficient
and versatile catalysts have been developed which leave little
room for improvement.
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Compared to olefin metathesis, the analogous reaction
involving imines requires more drastic conditions, that is
higher temperatures and longer reaction times. In order to
design more active catalysts, a detailed knowledge of the
underlying mechanism would be desirable. A density func-
tional study is thus presented for a suitable model system,
calling special attention to on substituent effects on energetics
and 95Mo chemical shifts. If a correlation between the d(95Mo)
values and key barriers of the imido complexes could be
predicted, it might be possible to devise modificationsÐfor
instance, based on NMR data from the literatureÐin order to
increase the activity of the actual catalysts. Interesting
strereoelectronic effects of substituents are found in the key
transition structures in the model reaction; however, it is
unfortunate that no general correlation between the NMR
data and the reactivity can be predicted.


The chemical shifts of the metal nuclei themselves remain a
challenge insofar as the results can be very sensitive to the
particular density functional employed. In the cases studied
hitherto, hybrid functionals, such as the popular B3LYP
combination, have proven to be superior to ªpureº density
functionals, particularly for the chemical shifts of 57Fe,[11]


103Rh,[11] and 59Co.[12] In order to test the generality of these
performances, a systematic study of 95Mo chemical shifts is
included in the present paper.[13] This nucleus is one of the


more readily accessible ones among the transition metals, and
a sizable amount of experimental data is known.[14] As it turns
out, the pure density functionals provide the best d(95Mo)
values, whereas B3LYP can lead to large errors in specific
cases.


The objectives of this paper are thus twofold: Firstly, to
identify the density functionals that provide the best perform-
ance in 95Mo chemical-shift computations, and secondly, to
study substituent effects on d(95Mo) values and rate-deter-
mining barriers for an imine-metathesis model system.


Computational Details


Methods and basis sets correspond to those used in the previous studies of
rhodium complexes, namely the geometries have been fully optimized in
the given symmetry at the BP86/ECP1 level, by the use of the exchange and
correlation functionals of Becke[15] and Perdew,[16] respectively, together
with a fine integration grid (75 radial shells with 302 angular points per
shell), a relativistic MEFIT effective core potential with the corresponding
[6s5p3d] valence basis set for Mo,[17] and the standard 6-31G* basis set[18, 19]


for all other elements. For the model compounds with Cl substituents for
the metathesis reaction, the nature of the stationary points has been
verified by calculations of harmonic vibrational frequencies (by means of
numerical differentiation of the analytical first derivatives), from which the
zero-point energies (ZPEs) have also been obtained. Geometries and
energies (including ZPEs where available) are provided in the Supporting
Information in the form of Gaussian archive entries.


Magnetic shieldings have been evaluated for the BP86/ECP1 geometries by
the use of a recent implementation of the GIAO (gauge-including atomic
orbitals) method,[20] both at the Hartree ± Fock (HF) and the DFT levels,
whereby the latter involves the functional combinations according to
Becke[15] and to Perdew and Wang[21] (denoted BPW91) or Becke
(hybrid)[22] and Lee, Yang, and Parr,[23] (denoted B3LYP), together with
basis II, that is a [16s10p9d] all-electron basis for Mo, contracted from the
well-tempered 22s14p12d set of Huzinaga and Klobukowski[24] and
augmented with two d-shells of the well-tempered series, and the
recommended IGLO-basis II[25, 26] on all other atoms. In addition, magnetic
shieldings have been computed with the UDFT-IGLO (uncoupled DFT
with individual gauge for localized orbitals) and the SOS-DFPT-IGLO
(sum-over-states density-functional perturbation theory) method in its
LOC1 approximation.[27] Chemical shifts are reported in ppm relative to
MoO4


2ÿ (1), the experimental standard (absolute shieldingsÿ1729,ÿ1358,
ÿ1196, ÿ1192, and ÿ1113 ppm at GIAO-HF, GIAO-B3LYP, GIAO-
BPW91, UDFT-IGLO and SOS-DFPT-IGLO levels, respectively). All
computations employed the Gaussian 94 program package,[28] except for
the UDFT-IGLO and SOS-DFPT-IGLO calculations which used the
implementation in the deMon code.[29]


Results and Discussion


This section is organized as follows: firstly, a systematic DFT
study of 95Mo chemical shifts is presented in order to identify
the density functionals best suited to the computation of this
property. Secondly, the model reaction for imine metathesis is
investigated in terms of key intermediates and transition
structures, and includes an assessment of substituent effects
on the rate-determining barrier and on d(95Mo) of the
reactants.


Geometries and chemical shifts : Optimized geometries for
the test set 1 ± 11, which comprises both inorganic and
organometallic species, are displayed in Figure 1, together
with key geometrical parameters. Available distances ob-


Abstract in German: Die Geometrien und 95Mo chemischen
Verschiebungen von MoO4


2ÿ, MoO3S2ÿ, MoO2S2
2ÿ, MoOS3


2ÿ,
MoS4


2ÿ, MoSe4
2ÿ, [Mo(CO)6], [Mo(C5H5)(CO)3H],


[Mo(C6H6)2], [Mo2(OMe)6] und [Mo2(O2CH)4] wurden mit-
tels Dichtefunktionaltheorie in nichtlokaler Näherung berech-
net. Für diese Verbindungen werden Substituenteneffekte auf
d(95Mo) gut mit ªreinenº Dichtefunktionalen beschrieben, mit
dem B3LYP-Hybridfunktional dagegen deutlich überschätzt.
Mit letzterem ergeben sich zusätzlich groûe Fehler für die 95Mo
chemischen Verschiebungen in Systemen mit Mo ± Mo-Mehr-
fachbindungen. d(95Mo)-Werte zwischen d�ÿ521 und �89
werden für [Mo(NH)2X2] vorhergesagt (X�F, Cl, Br, OMe,
OCF3), welche als Modellverbindungen für Iminmetathese-
Katalysatoren dienen. Die Untersuchung des Mechanismus der
Iminmetathese mit diesen Modell-Katalysatoren legt als
Schlüsselschritt die reversible Bildung eines Diazametalla-
zyklus aus einem primär gebildeten [Mo(NH)2X2(NH�CH2)]
Addukt nahe. Dieser Prozeû kann über zwei verschiedene
Übergangszustände mit unterschiedlicher Stereochemie ver-
laufen. Bei Variation der Substituenten X korrelieren die
d(95Mo)-Werte der Edukte (oder deren OMe2-Addukte) lose
mit der höheren der beiden Barrieren, nicht jedoch mit der
niedrigeren, geschwindigkeitsbestimmenden. Daher sollte man
für die realen Iminmetathese-Katalysatoren keine generelle
Korrelation zwischen d(95Mo) und katalytischer Aktivität
erwarten. Aufgrund der losen Korrelation mit der höheren
Barriere kann man jedoch spekulieren, daû Komplexe mit
besonders stark abgeschirmtem 95Mo-Kern eine erhöhte kata-
lytische Aktivität aufweisen könnten, was die Auswahl geeig-
neter Zielmoleküle anhand von d(95Mo)-Daten aus der Lite-
ratur erlauben würde.
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Figure 1. BP86/ECP1-optimized geometries including key geometrical
parameters [� and 8], together with the corresponding averaged exper-
imental data, where available (in italics).[30±32] The compounds are
MoO4


2ÿ(1), MoSO3
2ÿ(2), MoS2O2


2ÿ(3), MoS3O2ÿ(4), MoS4
2ÿ(5),


MoSe4
2ÿ(6), [Mo(CO)6] (7), [Mo(C5H5)(CO)3H] (8), [Mo(C6H6)2] (9),


[Mo2(OMe)6] (10), and [Mo2(O2CH)4] (11).


served in the solid state for 1, 5, 6, and 11 are included for
comparison,[30] as are structural data for [Mo2(OCH2CMe3)6][31]


for which 10 serves as model, as well as the gas-phase
electron-diffraction (GED) results for 7,[32] the only known
gas-phase structure in this set.[33] As noted before for these or
for similar compounds,[6] bond lengths between the transition
metal and the main-group elements tend to be overestimated
by up to several pm at the DFT level employedÐ even more
so for the inorganic dianions than for the organometallic
species.[34, 35] The Mo ± Mo triple and quadruple bond lengths


in 10 and 11, respectively, are reasonably well described at the
BP86/ECP1 level.


Relative 95Mo chemical shifts, computed at the UDFT-
IGLO and SOS-DFPT-IGLO, GIAO-HF, GIAO-BPW91, and
GIAO-B3LYP levels are summarized in Table 1. The latter
two d(95Mo) sets are plotted versus the experimental values in
Figure 2. The best agreement with experimental values is
obtained at the GIAO-BPW91 level, as evidenced by the
near-ideal gradient of the dcalc versus dexp linear regression,
1.01, and by the relatively small mean absolute deviation,
245 ppm (Table 1, Figure 2 a). The latter mean error is quite
satisfactory when compared to the covered range of 95Mo
chemical shifts, more than 5500 ppm. In addition, the devia-
tion is quite systematic: most of the computed d values exhibit
too strong a deshielding with respect to experiment. The
performance of SOS-DFPT,[36] UDFT-IGLO and GIAO-
BPW91 is quite similar, whereby UDFT-IGLO affords a
somewhat smaller mean average error, but a larger slope than
the other two methods (Table 1).


Large deviations between the computed and the exper-
imental d values are found at the GIAO-HF level, manifested
in a significant overestimation of the range of chemical shifts
(Table 1). The analysis of the GIAO-HF s values reveals
almost constant diamagnetic contributions, sd (very similar to
those obtained at the DFT levels), and the deviations of the d


values can be traced back to a strong overestimation of the
paramagnetic contributions, sp. The molybdate derivatives
1 ± 6 have been the subject of previous studies at the HF level
which employed finite perturbation theory (FPT)[37] and the
localized-orbitals-local-origin (LORG) approach.[38] While
excellent agreement with the experimental values was found
in the former study, the latter work revealed similar over-
estimations of the d values, as found here. Apparently, the
degree of accuracy of the FPT data is largely an artifact of the
small basis sets employed, and the suggestion in ref. [38]
regarding the presumed importance of electron-correlation
effects is correct (since inclusion of these effects at the DFT
levels reduces the errors of GIAO-HF).[39]


For Mo ± Mo systems 10 and 11 with Mo ± Mo multiple
bonds, GIAO-HF fails completely, as excessively large s


values are computed (exceeding 10 000 ppm). It is well known
that a single-reference HF wavefunction cannot describe
multiple bonds between transition metals correctly,[40] which,
apparently, leads to the spectacular errors in sp.


For the transition metal nuclei studied so far, inclusion of
the HF exchange in the so-called hybrid functionals, such as
B3LYP, has resulted in a proportional increase of the para-
magnetic contribution, sp, and thus in more deshielded d


values.[5, 7b, 11] The same is found for the 95Mo chemical shifts in
Table 1. Since the ªpure DFTº results (UDFT-IGLO, SOS-
DFPT and GIAO-BPW91) are already in good agreement
with experimental values, the corresponding B3LYP values
tend to be too strongly deshielded, which leads to a much
larger dcalcd/dexp slope (1.27) and a much larger mean abso-
lute deviation (416 ppm). Additional shortcomings are
apparent for 10 and 11 which deviate notably from the
dcalcd/dexp correlation (Figure 2 b), to produce errors of up
to �1800 ppm with respect to experiment (for 11).
These errors are probably related to the above-mentioned
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Figure 2. Plot of computed (basis II for BP86/ECP1-optimized geome-
tries) versus the experimental 95Mo chemical shifts. a) GIAO-BPW91 level,
b) GIAO-B3LYP level. Linear regression lines (dashed) and ideal lines
with the slope 1 (solid) are included.


failure of the HF method for these compounds.[41] Care should
thus be taken when studying metal ± metal multiple bonds
with the popular B3LYP approach.


Therefore, in contrast with theoretical transition metal
chemical shifts investigated so far, the performance of the
GIAO-B3LYP method is noticeably worse for d(95Mo) values
than that of pure DFT approaches.[42] In the case of systems
with Mo ± Mo multiple bonds, the complete failure of the HF
method also causes the B3LYP chemical shifts to deteriorate
considerably. In summary, the GIAO-B3LYP method cannot
be recommended for 95Mo chemical shifts so that, in the
following, results are reported at the GIAO-BPW91 level.
B3LYP is thus not a panacea and one is left with the somewhat
unsatisfactory conclusion that for computations of transition
metal chemical shifts, the various functionals have to be
carefully reassessed for each new problem at hand. While this
situation calls for new and improved density functionals,[43] it
should not prevent selected applications of such calculations,
as illustrated in the second part of this paper.


Imine metathesis


Mechanism : The reaction of H2C�NH with [Mo(NH)2Cl2]
(12) will now be discussed as a model for imine metathesis
(Scheme 1). Corresponding model studies for the key step in
olefin metathesis (Scheme 2, X�Cl, Y�NH, R�H) have


Mo


Y


CHR1


X


X


Mo


Y


X


X
R1


R2
R2


R3


R3


Y = N-(2,6-C6H3iPr2)
X = OCMe3, OCMe(CF3)2


+


Scheme 2. The key step in the olefin metathesis reaction.


indicated small barriers for the addition of ethylene to Mo-
alkylidene complexes, for example, �10 kJ molÿ1 for
[Mo(O)(CH2)Cl2], and a substantial energetic driving force
for the formation of the metallacyclobutane of 38 ±
74 kJ molÿ1[10b] (66.5 kJ molÿ1 for [Mo(NH)(CH2)Cl2]� ethy-
lene at the BP86/ECP1�ZPE level). For this simple model
reaction, in the absence of entropy effects, the metallacyclo-
butane would be the resting state of the catalyst, while its
decomposition (reverse reaction in Scheme 2) would be the


Table 1. Theoretical 95Mo chemical shifts in complexes 1 ± 11, d relative to 1.[a]


Molecule GIAO-HF GIAO-B3LYP SOS-DFPT-IGLO UDFT-IGLO GIAO-BPW91 Expt.[b]


MoO4
2ÿ(1) 0 0 0 0 0 0


MoSO3
2ÿ(2) 800 479 424 438 399 497


MoS2O2
2ÿ(3) 1945 1091 923 966 902 1067


MoS3O2ÿ(4) 3401 1765 1481 1560 1451 1654
MoS4


2ÿ(5) 5079 2515 2076 2174 2056 2259
MoSe4


2ÿ(6) 8434 3668 2885 3015 2929 3145
[Mo(CO)6] (7) ÿ 2479 ÿ 2350 ÿ 2319 ÿ 3015 ÿ 2294 ÿ 1856
[Mo(C5H5)(CO)3H] (8) ÿ 2232 ÿ 2413 ÿ 2365 ÿ 2387 ÿ 2422 ÿ 2047
[Mo(C6H6)2] (9) ÿ 1148 ÿ 1518 ÿ 1875 ÿ 1813 ÿ 1698 ÿ 1362
[Mo2(OMe)6] (10) ±[c] 3273 2196 2236 2174 2447[d]


[Mo2(O2CH)4] (11) ±[c] 5517 3216 3374 3311 3702[e]


slope[f] (1.89) 1.27 1.02 1.05 1.01


mean absolute deviation from experiment (1340) 416 260 209 245


[a] Basis II and BP86/ECP1 geometries employed. [b] From ref. [14]. [c] Unreasonably large numbers obtained. [d] Experimental value for
[Mo2(OCH2tBu)6]. [e] Experimental value for [Mo2(O2CMe)4]. [f] Slope of the linear regression for dcalcd versus dexpt .
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rate-determining step. Entropy
strongly disfavors the metalla-
cycle and the free energy nec-
essary for its decay is computed
to be very small at ambient
temperature (18.0 kJ molÿ1 for
[Mo(NH)(c-C3H6)Cl2], BP86/
ECP1 level), consistent with
the observed high activities of
the alkylidene catalysts.


The analogous diazametalla-
cyclobutanes have been pro-
posed as possible intermediates
in the catalytic cycle for imine
metathesis[8c] (A in Scheme 3).
In addition, there is spectro-
scopic evidence for the forma-
tion of complexes with a coor-
dinated imine which have been
suggested as further intermedi-
ates in the cycle (B in Scheme 3).[8c] The corresponding
minima and key transition structures have been located for
the model reaction and are presented in Figure 3.


The parent diazametallacycle 14 indeed proved to be a
minimum on the potential energy surface (PES). While the
carbon analogue, [Mo(NH)(c-C3H6)Cl2], can adopt two
coordination geometries, square pyramidal (sp) and, slightly
higher in energy, trigonal bipyramidal (tbp),[10b,c] only one
isomer could be located for 14, which is more reminiscent of a
tbp arrangement (with the imido and one of the amido ligands
in the axial positions). Formation of 14 from 12�H2C�NH is
computed to be exothermic by ÿ65.7 kJ molÿ1 on the PES


(BP86/ECP1 level,ÿ49.4 kJ molÿ1 including ZPE) and almost
thermoneutral on the free energy surface (ÿ1.2 kJ molÿ1); the
diazametallacycle may thus be a viable intermediate.
Related thiourea derivatives are known, for instance
[Mo(NAr){N(Ph)C(�S)N(Ar)}(OtBu)2] (Ar� 2,6-iPrC6H3),[44]


which, in the solid state, adopts a conformation similar to that
of 14.


Intermediate 14 is not formed in a single step from the
reactants: even when the imine is placed side-on to the Mo
center of 12 (in search of a possible p complex), the
optimization leads to a Lewis base complex in which the
imine is coordinated through its nitrogen lone pair, consistent
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Scheme 3. Proposed mechanism of the catalytic cycle for imine metathesis.


Figure 3. Schematic reaction profile for the addition of H2C�NH to 12 (BP86/ECP1 level).
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with the observation of the corresponding intermediates B
(Scheme 3).[8c] Two Lewis complexes have been located, 13 b
and 13 a (Figure 3), where coordination occurs trans to a
chloro and an imido ligand, respectively, with the latter being
somewhat more stable (by �16 kJ molÿ1 at BP86/ECP1�
ZPE).


Both Lewis complexes can rearrange to the metallacycle 14
via transition structures TS13b and TS13a, respectively (Fig-
ure 3). In these structures, the CH2 group has migrated
towards the imido moiety and the free lone pair has
reappeared at the incoming nitrogen (as apparent from the
degree of pyrimidalization).[45] In TS13b and TS13a, this
incoming nitrogen remains trans to Cl and trans to NH,
respectively. As in 13 b and 13 a, the arrangement with imido
and incoming imino ligands trans to each other is more
favorable; the energetic separation is even larger in the
transition states, and TS13b is computed to be higher than
TS13a by 38 kJ molÿ1. There is thus a large stereoelectronic
effect in the transition state (see below).


The two nitrogen atoms in the four-membered ring of 14 are
not equivalent as a result of the lack of symmetry. For
metathesis, the scrambling of these two nitrogen atoms has to
occur. In the model reaction studied here, this scrambling can
be achieved via the Cs-symmetric TS14 which has a square-
pyramidal ligand arrangement about Mo (Figure 3; 14'' is the
mirror image of 14). The barrier computed for this process is
quite low, no larger than 26.4 kJ molÿ1 (this value is actually an
upper limit since TS14 has two imaginary frequencies and is
thus a second-order saddle point; the true transition structure
has not been located). The barriers for formation and
decomposition of the metallacycle are much higher, nearly
100 kJ molÿ1 (via TS13a), and should thus be rate-determin-
ing. A similar barrier, 88.2 kJ molÿ1, has recently been
computed for the addition of ethylene to the imido group of
[MoO(NH)Cl2].[46] These barriers are much higher than those
involved in olefin metathesis with alkylidene complexes (see
above), which is consistent with the more drastic reaction
conditions necessary for imine metathesis. Under these
reaction conditions, however, barriers in the order of
100 kJ molÿ1 are not insurmountable and the mechanism
illustrated in Figure 3 represents a viable pathway for imine
metathesis, and supports the proposition that diazametalla-
cyles and labile imine adducts are involved (A and B,
respectively, in Scheme 2).


Substituent effects : How does substitution of the two chlorine
atoms in 12 affect the 95Mo chemical shift of the reactant and
the key barriers for metathesis? Tables 2 and 3 summarize the


relevant data for the model species [Mo(NH)2X2] (X�Br,[47]


Cl, OMe, OCF3, and F). In this series, the 95Mo nucleus is
computed to be increasingly shielded, despite the increasing
electron-withdrawing capability of the substituents. Results
from natural population analysis (NPA)[48] in Table 3 confirm
that the electronic charge is indeed increasingly withdrawn
from Mo in this series: total positive charge and d-orbital
population increase and decrease, respectively.


In this model system, it appears to be the energetic
separation between occupied and virtual orbitals of suitable
symmetry which is decisive and which is subject to modifica-
tion by the substituents. Analysis of the many individual MO
contributions is difficult ; however, the discussion of a
particular example can be instructive: Figure 4 shows a
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Figure 4. Schematic representations of important MOs of 12 ; MÃ
x is the


angular momentum operator in the x direction.


schematic sketch of MOs which give rise to the largest single
contribution to the paramagnetic (i. e. deshielding) contribu-
tion of the magnetic shielding tensor of 12 (according to an


Table 2. Computed (BPW91/II) properties of complexes [Mo(NH)2X2].[a]


X d (d OMe2) q(Mo)[b] Sd(Mo)[b,c] sk!a
p


[d, e] De [eV][e]


Br (15) 93 (289) 0.84 4.85 ÿ 3137 5.49
Cl (12) ÿ 89 (116) 0.94 4.77 ÿ 2788 6.01
OMe (16) ÿ 296 (ÿ26) 1.33 4.50 ÿ 762 9.05
OCF3 (17) ÿ 438 (ÿ235) 1.31 4.51 ÿ 233 10.47
F (18) ÿ 521 (ÿ312) 1.45 4.38 ÿ 1490 8.08


[a] 95Mo chemical shifts d (GIAO method, in parentheses: d of OMe2


adducts), natural charges q(Mo), d-orbital populations d(Mo), and
contribution to sP and energy difference De of the key orbitals sketched
in Figure 4. [b] From natural population analyses. [c] Sum of the 4d
populations on Mo. [d] Contribution to the paramagnetic part of the
shielding tensor in x direction (in ppm), arising from the coupling of pairs
of occupied and virtual MOs that correspond to those of Figure 4; the
virtual MO is the LUMO in all cases, occupied MOs are 16b1, 15b, 23b,
and 7b1 for 15, 16, 17, and 18, respectively. [e] UDFT with common gauge
origin at the metal.


Table 3. Relative energies in the [Mo(NH)2X2]�H2C�NH system (kJ molÿ1 relative to the metallacycle, BP86/AE1 level) as a function of X (labels in
parentheses).


X (metallacycle) (TSa) DEa(a) (TSb) DEa(b) (Adduct a) (Adduct b) DEdiss
[a]


Br (19) 0.0 (TS23a) 102.5 (TS23b) 139.3 (23 a) 4.0 (23b) 25.9 65.3
Cl[b] (14) 0.0 (TS13a) 103.3 (TS13b) 136.4 (13 a) 3.3 (13b) 21.7 65.7
OMe (20) 0.0 (TS24a) 112.5 (TS24b) 127.6 (24 a) 46.6 (24b) 41.4 68.2
OCF3 (21) 0.0 (TS25a) 100.8 (TS25b) 111.3 (25 a) ÿ7.4 (25b) 7.6 69.9
F (22) 0.0 (TS26a) 107.9 (TS26b) 118.4 (26 a) 12.3 (26b) 12.4 74.5


[a] Separated [Mo(NH)2X2]�H2C�NH. [b] See Figure 3 for the values including zero-point corrections.
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UDFT calculation with common gauge origin).[49] For this
species, the principal tensor components along the x axis
(following the labeling in Figure 4) is the most deshielded one
(dxx,yy,zz� 381, ÿ602, and ÿ46, respectively). Upon action of
the magnetic operator in the x direction (with the same
characteristics as the angular momentum operator applied in
Figure 4), the high-lying occupied MO with its large dyz(Mo)
character is transformed into an orbital with a large dz2 (Mo)
contribution.[50] The latter orbital can overlap with virtual
MOs that also have dz2 character, such as the LUMO shown in
Figure 4. The paramagnetic contribution in the x direction
from these two coupled MOs, denoted sk!a


p , as well as their
energetic separation, De, is included in Table 2. Even though
they do not fully reflect the trend in the isotropic chemical
shifts,[51] both properties appear to be related to each other,
which illustrates that higher shieldings are associated with a
larger separation of the important MOs.[52] As is commonly
found for high-valent (d0) compounds of early or middle
transition elements, the model species [Mo(NH)2X2] show
thus ªinverse halogen (or electronegativity) depend-
enceº.[53, 54]


The same 95Mo chemical-shift sequence as observed for
[Mo(NH)2X2] is obtained for [Mo(NH)2X2(OMe2)] adducts
(values in parentheses in Table 2) which serve as models for
the solvated species expected to be present in the experiment.
In these adducts, the 95Mo nucleus appears to be deshielded
by a fairly constant amount, �200 ppm, with respect to the
pristine tetrahedral complexes.


The energetic data pertinent to the catalytic cycle as a
function of X are collected in Table 3. The overall dissociation
energy DEdiss, that is, the energetic separation between the
diazametallacyclic resting state and the separated reactants
(or degenerate products), increases successively with increas-
ing electron-withdrawing capacity of X. For all derivatives
studied, two transition states for the decomposition of the
metallacycle, TS19a/TS22a and TS19b/TS22b, could be locat-
ed, which correspond to TS13a and TS13b, respectively, in
Figure 3. In general, TSxa, with imido and leaving imine
groups trans to each other, is lower in energy than TSxb. An
inspection of the corresponding barriers DEa(a) and DEa(b),
respectively, shows that the variation in the former is much
smaller than that in the latter, which is also apparent when the
barriers are plotted versus the 95Mo chemical shifts of the
reactants (Figure 5).


The different sensitivity of DEa(a) and DEa(b) towards X
may be rationalized in terms of a trans effect exerted by the
substituents in the transition structure: in TSxb, different X
are located trans to the leaving imine group which leads to
large variations in the corresponding barrier. On the other
hand, in TSxa the substituent trans to the leaving group is
always an imido group, consistent with only minor variations
in DEa(a). The energetic difference DDEa�DEa(b)ÿDEa(a)
could be taken as a measure of the destabilizing trans effect of
X. In fact, DDEa decreases in the series from X�Br to F, that
is, in the order of decreasing trans effect often encountered for
these ligands.[55] Attempts to single out one particular factor
responsible for this stereoelectronic effect (such as orbital
interactions between fragments), however, have been unsuc-
cessful.


Figure 5. Correlations between computed 95Mo chemical shifts and
activation barriers for imine metathesis in the model system [Mo(NH)2X2]-
�H2C�NH. DEa(a) and DEa(b) correspond to the paths via intermediates
TS13a and TS13b, respectively, in Figure 3.


Because of the low sensitivity of the rate-determining
barrier DEa(a) to the substituents X, no correlation between
the NMR data and the reactivity can be predicted for the set
of compounds studied. So far, imine-metathetic activity has
only been observed for chloro complexes and not for alkoxy
derivatives,[8c] which is consistent with the larger barrier
computed for the model system with X�OMe compared to
that with X�Cl (Table 3, Figure 5). However, no activity has
been found for fluorinated alkoxy ligands such as X�
OC(CF3)2(Me) either, whereas for the model complex with
X�OCF3 the smallest barrier is computed. Apparently, the
latter substituent is not a very good model for the former.
From the results in Table 3 and Figure 5 one can predict that
the bromo complexes should show slightly higher catalytic
activity than their chloro congeners.


If the overall trend between DEa(b) and d(95Mo) would
extend beyond the range covered in Figure 5, one might
speculate that corresponding complexes with an even more
shielded metal could in fact be associated with lower overall
barriers and, thus, with a higher catalytic activity than the
chloro species. If this were the case, one might consider the
selection of potential target complexes based on 95Mo data
from the literature. For instance, because dithiocarbamate
ligands, R2NCS2 (R2dtc), tend to increase the shielding of
95MoVI nuclei compared to the analogous chlorine or alkoxy
derivatives,[14, 56] one could suggest that compounds containing
the [Mo(NR)2(R'2dtc)] motif may be particularly active
catalysts for imine metathesis. Further experimental and
theoretical studies in that direction could be rewarding. In this
context it is interesting to note than a correlation between the
NMR data and the reactivity is already known for
[Mo(R2dtc)] complexes, namely in the oxygen-transfer reac-
tion between [MoO2(R2dtc)2] and PPh3.[2c]


Conclusion


Observed trends in 95Mo chemical shifts of a number of
inorganic and organometallic Mo compounds can be repro-
duced well by the use of ªpureº density functionals, for
instance at the GIAO-BPW91 level. ªHybridº functionals,
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such as the popular B3LYP combination, perform consider-
ably worse and even fail in cases where Mo ± Mo multiple
bonds are present. Since B3LYP has proven to be superior for
other transition-metal chemical shifts, the performance of the
various functionals apparently has to be reassessed for every
new problem at hand. This situation is somewhat unsatis-
factory from a theoretical point of view; however, it should
not prevent useful applications.


Study of the model reaction between [Mo(NH)2X2] and
H2C�NH confirms that the recently developed catalytic imine
metathesis may proceed via intermediate Lewis adducts and
diazamolybdacyclobutanes. Reversible formation and decom-
position of the latter is indicated to be the rate-determining
step, which can occur via two distinct transition structures
with different orientation of the ligands about Mo. The lower
of these two barriers occurs when the imido group is trans to
the incoming (or leaving) imine. Upon variation of the
substituents X, this rate-determining barrier is not much
affected. Since the 95Mo chemical shifts computed for the
reactants [Mo(NH)2X2] cover a noticeable range, no general
correlation between d(95Mo) and the catalytic activities
should be expected for the real imine-metathesis catalysts.


In contrast, the activation energy via the second transition
state with X trans to the imine depends notably on X,
indicative of a large stereoelectronic trans effect of the
ligands. From the predicted loose correlation between this
barrier and the 95Mo chemical shifts of the reactant complexes
as a function of X, one may speculate that species with
particularly high 95Mo shieldings could be more active than
the catalysts employed so far. If confirmed experimentally,
this would allow the selection of new synthetic targets based
on d(95Mo) data from the literature, for instance, for imido
complexes that contain dithiocarbamato ligands.
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Abstract: Luminescence spectroscopy
provides evidence for the efficient pho-
toinduced energy transfer between the
RuII-based metal-to-ligand charge-
transfer (MLCT) chromophore and an-
thracene moieties in two multicompo-
nent, rack-type species that contain
RuII-polypyridine and anthracene subu-
nits. Furthermore, the direction of such
an energy transfer can be controlled: the
energy-transfer process occurs from the
Ru-based chromophore to the anthra-


cene in a rigid matrix at 77 K, whilst in
fluid solution at room temperature it
occurs from the anthracene subunit to
the Ru-based chromophore. The switch
in the direction of the energy-transfer
process arises from the quite different
intrinsic lifetimes of the luminophores


and the relatively small energy gap
between the lowest energy excited states
located in each subunit. The combina-
tion of such properties allows a thermal
activation of an uphill energy transfer
which switches the direction of the
intercomponent process. This finding is
of interest for the design, based on this
relatively unexplored photophysical
property, of novel artificial supramolec-
ular systems that are capable of process-
ing information at the molecular level.


Keywords: energy transfer ´ lumi-
nescence ´ molecular devices ´ mul-
ticomponent species ´ ruthenium


Introduction


Photoinduced electronic-energy transfer plays a key role in
many processes of paramount importance, for example,
photosynthesis.[1] Recently, knowledge about the intimate
nature of the energy-transfer process has been further
increased by the development of properly designed artificial
multicomponent species. Such multicomponent systems al-
lowed the disentanglement, control, and fine tuning of the
effects of different parameters (i. e. distance and orientation
of donors and acceptors, driving forces, role of the spacers in
mediating electronic coupling) on the efficiency and rate of
the process.[2] These achievements have also prompted the


synthesis of artificial multicomponent systems, based on
energy transfer, which behave as antenna systems for light
conversion purposes,[2c, 2f, 3] photochemically driven enzymes
or ªphotozymesº,[4] chemical transformation reactors pow-
ered by infrared light,[5] luminescent chemical sensors,[6] and
elements of information devices.[7]


Within this framework, directional control of electronic
energy migration within a multicomponent structure is
expected to open new perspectives for artificial functions
operating at the molecular level. For example, input of
information in the form of electronic energy could be directed
to different sites (ªexitsº) of the molecular arrangements,
which would give rise to an output of information that could
be different not only in the energy domain but also in the
space domain (for a schematization, see Figure 1).


Figure 1. The input of information in the form of photons is captured by
the multichromophore system AB. The electronic energy collected is then
redirected to different exits as a function of the direction of the energy-
transfer process between the subunits A and B.
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Basically, a multicomponent system that features a means
to control the direction of photoinduced energy transfer
consists of two chromophores with a predetermined and fixed
spatial relationship, and whose energy order of the respective
lowest lying excited states can be reversed. The same result
can be obtained by taking advantage of quite different
intrinsic lifetimes of the chromophores if their relevant
excited states are lying close to one another and are suitably
coupled. In this case, the lowest excited states of the
chromophores would be in thermodynamic equilibrium and
a thermally activated process could control the direction of
the intercomponent process.[8] It is quite convenient that the
two chromophores are intrinsically luminescent, in that this
simplifies the study of the energy-transfer process by means of
luminescence spectroscopy.


As a first step in this direction, we report here the
photophysical properties of two new multicomponent systems
that contain RuII-polypyridine and anthracene chromophores
as active components. The structural formulas of these
species, 1 and 2, are shown in Figure 2. The properties of
the chromophores are sufficiently different from one another
so that the direction of the intercomponent energy-transfer
process within the systems is reversed on passing from a fluid
solution at room temperature to a rigid matrix at 77 K.


Figure 2. Structural formulae of 1 and 2, the two new multicomponent
systems that contain RuII-polypyridine and anthracene chromophores as
active components.


Results


The N-monomethylated ligand 2-(9-anthryl)-4-(2',2''-bipyrid-
6'-yl)-6-[2'-methylpyridinium-2''-yl)-pyrid-6'-yl]pyrimidine
(LP) was prepared as its hexafluorophosphate salt from 2-(9-
anthryl)-4,6-bis(2',2''-bipyrid-6'-yl)]pyrimidine (L)[10] by
means of the protection procedure designed for multichelat-
ing polypyridine ligands[11] and recently adopted for a closely
related ligand.[12] The compound [(terpy)Ru(LP)]3� (1;
terpy� 2,2',2''-terpyridine) was synthesized by the reaction
of LP with [Ru(terpy)Cl3].[13] The new compound
[(terpy)Ru(L)]2� (2) was then prepared from 1 by demeth-
ylation with diazabicyclooctane. Both the new RuII com-
pounds were purified and characterized as their hexafluor-
ophosphate salts. Details of the synthesis and characterization
of all the new species will be reported elsewhere.[14]


The absorption spectra of 1 and 2 are dominated by intense
bands in the UV region (e in the range 104 ± 105mÿ1 cmÿ1) and
by moderately intense bands in the visible (e in the range 103 ±
104mÿ1 cmÿ1). Both metal complexes are luminescent at room
temperature in acetonitrile (lmax� 715 ± 730 nm; F� 10ÿ3)
and at 77 K in a rigid butyronitrile matrix (lmax� 685 nm for
both the complexes). Their luminescence spectra do not
depend on the excitation wavelength. The luminescence
lifetimes are monoexponential and are in the 10ÿ8 to 10ÿ7 s
range at room temperature and several orders of magnitude
longer at 77 K. Under all the experimental conditions, the
excitation spectra of each compound matched their respective
absorption spectra.


The absorption and photophysical data of 1 and 2 are
collected in Table 1. Figure 3 shows the absorption spectra in
acetonitrile solution and Figure 4 shows the emission spectra
of 1 in fluid solution at room temperature as well as in a rigid
matrix at 77 K.


Discussion


The absorption spectra of 1 and 2 (Figure 3) are typical of
RuII-polypyridine complexes.[15] The intense UV bands at l�
320 nm can be mainly assigned to spin-allowed p ± p*
transitions which involve the polypyridine LP and L ligands
(ligand-centered (LC) transitions), on the basis of the
absorption properties of L,[16] whereas the visible bands are


Abstract in Italian: In due nuove specie multicomponenti
costituite da diverse subunità cromoforiche, ovvero complessi
polipiridinici di RuII e antraceni, si verificano efficienti processi
di trasferimento energetico fotoindotti, la cui direzione puoÁ
essere controllata. Il trasferimento energetico avviene infatti dal
cromoforo basato sul metallo alla subunità antracenica a 77 K
in matrice rigida e dalla subunità antracenica al cromoforo
metallico a temperatura ambiente in soluzione fluida.
L'inversione della direzione del trasferimento energetico �
dovuta ai tempi di vita intrinseci, notevolmente diversi, dei
luminofori coinvolti ed alla piccola differenza di energia tra gli
stati eccitati a piuÃ bassa energia di ciascuna subunità. La
combinazione di tali proprietà permette l'attivazione termica di
un processo di trasferimento energetico endoergonico che puoÁ
invertire la direzione del processo stesso. I risultati qui discussi
sono di interesse per la progettazione di nuovi sistemi
supramolecolari artificiali capaci di elaborare l�informazione
a livello molecolare, basati su una proprietà fotofisica relati-
vamente poco esplorata.


Table 1. Absorption and luminescence data of the compounds 1 and 2[a]


Absorbance[b] Luminescence, 298 K Luminescence, 77 K[c]


lmax [nm]
(e [mÿ1cmÿ1])


lmax [nm] t [ns] F lmax [nm] t [ms]


1 250 (86 000)
320 (37 800)


730 60 4.1� 10ÿ3 685 510


480 (8200)
530 (7600)


2 250 (96 200)
330 (43 300)


715 30 1.5� 10ÿ3 685 680


470 (12 000)
510 (11 500)


[a] Data were recorded in deaerated acetonitrile solution, unless otherwise
stated. [b] Only some characteristic maxima are reported. [c] In butyroni-
trile.







Directional Control in Photoinduced Energy Transfer 3523 ± 3527


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3525 $ 17.50+.50/0 3525


Figure 3. Absorption spectra of 1 (solid line) and 2 (dashed line) in
acetonitrile fluid solution.


mainly due to spin-allowed metal-to-ligand charge-transfer
(MLCT) transitions. The additional, very strong bands at l�
250 nm receive a contribution from the transition populating
the 1Ba state of the anthracene subunit.[17] The structured
absorption bands that populate the 1La level of the anthracene
subunits expected at l� 320 nm are partially obscured by the
polypyridine-centered transitions.


Because of the presence of two different polypyridine
ligands in both the complexes, two MLCT transitions at low
energies are possible. The lowest absorption bands of 1 and 2
can be safely assigned to Ru!LP and Ru!L CT transitions,
respectively, on the basis of i) the energy (Table 1) and ii) the
comparison between the redox properties of [Ru(terpy)2]2�, 2,
and 1. As far as point (i) is concerned, for both 1 and 2 the
energy of the CT transition is significantly lower than that of
the lowest CT transition in [Ru(terpy)2]2� (lmax� 460 nm[15]).
With respect to point (ii), the first reductions in acetonitrile,
localized in a terpy ligand in [Ru(terpy)2]2� and in L and LP in
the new compounds under study, take place at ÿ1.29 V,[18]


ÿ0.89 V, and ÿ0.82 V versus SCE, respectively, thus indicat-
ing that L and LP are more readily reduced than terpy. The
slight red-shift of the lowest energy maximum of 1 compared
to 2 (Table 1), which is attributed to the presence in LP of a
methylated nitrogen capable of inducing further stabilization
of the p* orbital of the ligand, is in agreement with the redox
data.


The luminescence of 1 and 2 in fluid solutions (Figure 4,
Table 1) is assigned to triplet Ru!LP and Ru!L CT levels,
respectively. This assignment is based on the emission


Figure 4. Emission spectra of 1 a) in a butyronitrile rigid matrix at 77 K
and b) in fluid solution at room temperature.


energies, lifetimes, quantum yields, and spectral bandwidths,
typical of RuII-polypyridine MLCT emitters.[15] The difference
in energies of the emission spectra of the two complexes is in
agreement with this interpretation, in that the lowest energy
of the emission of 1 fits well with the reduction properties of
the ligands (see above). The match between the excitation and
the absorption spectra of 1 and 2 and the absence of
anthracene fluorescence is particularly interesting in that it
demonstrates that the light energy absorbed by the anthra-
cene subunits is transferred with unitary efficiency to the
3MLCT level of the RuII chromophores under these exper-
imental conditions.


The room-temperature photophysical properties of 1 and 2
also warrant some additional comments. Luminescence in
fluid solution at room temperature is rarely found[15] for bis-
tridentate RuII complexes. In fact, usually in these species a
triplet metal-centered (3MC) state lies close to the (potentially
luminescent) 3MLCT level, and the thermally activated
population of the 3MC state promotes fast radiationless decay
to the ground state, which makes a radiative process
uncompetitive.[19] The photophysical data (Table 1) indicate
that 1 and 2 are among the strongest RuII emitters that contain
bis-tridentate polypyridine ligands. In particular, to the best of
our knowledge, 1 is the RuII complex of this family that
exhibits the highest luminescence quantum yield ever report-
ed. We attribute this property to the simultaneous presence of
two factors:


i) the larger energy gap between 3MC and 3MLCT excited
states compared to other similar systems, as a result of the
stabilization of the latter state. This larger energy gap reduces
the efficiency of the thermally activated process which
deactivates luminescence;


ii) the larger coupling between donor and acceptor orbitals
of the MLCT state in the complexes studied here, because of
the contribution of the pyrimidine ring to the acceptor orbital.
Pyrimidine-centered p* orbitals are more coupled with metal
dp orbitals than pyridine-based p* orbitals in metal com-
plexes, and, as a consequence, the rate constant for the
radiative decay from 3MLCT to the ground state is increased
in 1 and 2 with respect to, for example, [Ru(terpy)2]2�.


The situation is totally different in a rigid matrix at 77 K
(Table 1, Figure 4). Under this condition, the emission spectra
of 1 and 2 are practically identical (Table 1), although they
exhibit different decays. From the emission spectra and
lifetimes, we can attribute the 77 K emission of both
complexes to a phosphorescence process centered in the
anthracene subunits. The spectra are indeed typical of
anthracene phosphorescence, as has been recently reported
for a related mixed RuII-polypyridine/anthracene species.[20]


The luminescence lifetimes are shorter than typical triplet
anthracene lifetimes;[21] most likely because of an increased
spin-orbit coupling induced in the anthracene moieties by the
proximity of the metal-based chromophores.


The excitation spectra of 1 and 2 also match the relative
absorption spectra under these experimental conditions. In
particular, irradiation in the MLCT bands in the visible region
leads to anthracene phosphorescence, which indicates that
efficient energy transfer occurs from the RuII-based chromo-
phores to the anthracene subunits.
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The reason for the different photophysical properties (and
direction of energy-transfer processes) of the complexes
studied here under different experimental conditions resides
in the nature of the luminophores. The lowest energy levels of
each luminophore of the multicomponent species 1 and 2 are
indeed quite different. In particular, the 3MLCT levels of
RuII-polypyridine subunits have relatively short intrinsic
lifetimes (they rarely exceed 1 ms at room temperature),[15, 22]


whereas the lifetimes of the lowest energy triplet of anthra-
cene derivatives is greater by several orders of magnitude.[21]


Furthermore, the energy of the MLCT states depends on the
nature of the matrix, while the anthracene-based excited
states are usually independent of the matrix.


The energy of the lowest energy triplet of the anthracene
subunits in 1 and 2 is assumed to lie at l� 685 nm, the highest-
energy feature of the 77 K emission (anthracene-based) of the
complexes (Figure 4, Table 1). To estimate the energy of the
3MLCT states of 1 and 2, the following reasoning is used:
From an inspection of the photophysical data of a large
number of RuII-polypyridine MLCT emitters,[15] the 3MLCT
emitting level at 77 K is typically �1200 cmÿ1 over emission
maximum in the fluid solutions at room temperature. If a
similar effect is assumed for 1 and 2, the 3MLCT states of the
studied species at 77 K are expected to lie at l� 660 nm,
which is slightly higher than that of the anthracene triplet.
This energy level scheme also explains the different lifetimes
of the anthracene-based phosphorescence of 1 and 2 (Ta-
ble 1): the anthracene triplet is mixed with the closely lying
3MLCT levels and the mixing is stronger in 1 because of a
smaller energy gap (the lowest energy 3MLCT level in 1 is at
lower energy than in 2 and is, therefore, closer to the
anthracene triplet responsible for the emission), thus justify-
ing the shorter lifetime of 1.


At room temperature in fluid solution, the charge-transfer
states are stabilized by a fast reorganization of the solvent so
that their energy is lowered,[23] thus further approaching the
energy level of the anthracene triplet. However, such a
stabilization seems to be insufficient to invert the energy
order of 3MLCT and triplet anthracene levels at room
temperature, as suggested by the onset of the MLCT emission
of 1 at room temperature (Figure 4).


On the basis of the above discussion, intercomponent
energy transfer from the 3MLCT level(s) of the RuII-
polypyridine chromophores to the anthracene triplet, as
indicated by the luminescence spectra at 77 K, is fully
reasonable. Such an energy transfer should also occur at
room temperature, so that the electronic energy collected by
all the chromophores of the multicomponent species 1 and 2
upon light excitation is rapidly funneled to the anthracene
subunits also in this condition. However, even if the stabiliza-
tion upon solvent rearrangement that occurs in fluid solution
is ignored, the lowest energy 3MLCT states of 1 and 2 should
lie no more than 600 cmÿ1 above the lowest energy anthracene
level. The Boltzmann distribution indicates that at 298 K the
upper-lying 3MLCT states are populated for at least 4 % in
both complexes. By taking into account the much faster
intrinsic deactivation rates of the 3MLCT states with respect
to the intrinsic deactivation rates of the anthracene triplet,
thermal activation is enough to irreversibly drive an uphill


energy-transfer from the anthracene subunit(s) to the Ru-
based chromophores.[24] The process is also assisted by the
relatively fast solvent reorganization associated with energy
transfer in fluid solution.


In a rigid matrix at 77 K, the MLCT states are very poorly
populated, and the electronic energy collected by 1 and 2
decays by anthracene phosphorescence. The situation is
schematized in Figure 5. This interpretation is a reminder of
the reversible energy-transfer processes that occur in some
RuII/arene complexes.[25]


Figure 5. Schematization of the deactivation processes that occur in 1 and
2. For simplicity, only the lowest energy singlet and triplet levels of the RuII-
polypyridine chromophores (1MLCT and 3MLCT) and of the anthracene
subunits (1An and 3An) are represented. For the sake of clarity, the levels
that belong to each individual subunit are grouped together vertically. The
processes en1 and en2 are energy-transfer processes in a multicomponent
approach. The process enu is uphill energy transfer. At room temperature,
3MLCT and 3An are in thermal equilibrium and 3MLCT acts as a sink for
the energy because its k' values (the decay rates of 3MLCT that directly
lead to the ground state, not shown in Figure) are much higher than the k
values of 3An. At 77 K, enu is negligible so that 3An phosphorescence occurs.


Conclusions


We have demonstrated that the direction of the efficient
photoinduced energy-transfer in two new multicomponent
species is temperature-controlled. This leads to luminescence
outputs that have different energies, lifetimes, and subunit
origins, which means they are different in the energy, time,
and space domains.[26] The control of the direction of the
intercomponent energy-transfer process suggests the feasibil-
ity of the design of novel artificial supramolecular systems
that are capable of elaborating information at the molecular
level based on this relatively unexplored photophysical
property.


Experimental Section


Absorption spectra were performed with a Kontron Uvikon860 spectro-
photometer. Luminescence spectra and luminescence decays at 77 K were
obtained by a Perkin Elmer LS-5B fluorimeter equipped with a Hama-
matsu R928 photomultiplier. The emission spectra were corrected for
phototube response by means of a calibrating lamp. Luminescence decays
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at room temperature were measured by an Edinburgh FL 900 time-
correlated single-photon-counting spectrometer. Luminescence quantum
yields were calculated by the optically diluted method,[9a] with [Os(bpy)3]2�


as the quantum yield reference (F� 0.0066 in deaerated acetonitrile
solution[9b]). Experimental uncertainties are as follows: absorption max-
ima, �2 nm; extinction coefficients, 10 %; emission maxima, �4 nm;
emission lifetimes, 10%; emission quantum yields, 20%.
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Visualizing Functional Group Distribution in Solid-Support Beads
by Using Optical Analysis


Shelli R. McAlpine* and Stuart L. Schreiber[a]


Abstract: By using optical analysis to
visually slice through fluorescently la-
beled ArgoPore, glass, polystyrene, and
Tentagel beads, it is possible to establish
where the interior functionalization sites
occur within these four resins. By de-
tecting the fluorescence emission of the
fluorophore functionalized beads on
cross sections of each bead, the position
of the dye moieties, and hence the


functional-group distribution, are ob-
served. This powerful technique is useful
not only in evaluating the polymeriza-
tion and amino-functionalization pro-
cesses, processes that are relevant to the


reactivity of resins during solid-phase
synthesis, it also examines the effective
concentration of the functional groups
throughout the bead. Thus, this tech-
nique will provide information that is
useful when predicting resin reactivity
and behavior during solid-phase synthe-
sis reactions.


Keywords: combinatorial chemistry
´ fluorescence ´ optical analysis ´
polystyrene ´ solid-phase synthesis


Introduction


The use of polymer resins for solid phase synthesis plays an
ever increasing role in synthetic chemistry.[1] Recent papers
have described the benefits of a number of the most
commonly used resins:[2] ArgoPore,[3] glass,[4] polystyrene,[5]


and Tentagel.[6] Amino-functionalized resins, useful not only
in solid-phase organic synthesis but also for attaching linkers
and spacer arms,[7] are synthesized through either a post-
polymerization functionalization process (typically a Frie-
del ± Crafts alkylation),[8] or by using a copolymerization
process[9] that incorporates the functionalized monomer
during polymerization.[5] The distribution of amino sites may
vary based on the functionalization process. Most efforts in
examining the properties of solid supports focus on surface
area, porosity, and swelling of the beads, and relatively little
attention has been given to the site of functionalization, for
example, diffusion and solvation within the microdomain of a
bead. The observed heterogeneity of microdomains within a
bead can yield important consequences for the macroscopic
properties (such as swelling),[10] and can lead to nonhomo-
genous reactivity of functional groups within regions of a
bead.[11]


In this report the optical analysis technique, commonly used
for analyzing biological structures,[12] is used to analyze the
amino functional-group distribution of four types of beads:
ArgoPore, glass, polystyrene, and Tentagel. This technique
allows for visual cross-sectioning (slicing) through fluoro-
phore-labeled beads, in which the dye moieties are covalently
attached to the bead�s amino termini. By detecting the
fluorescence emission of the fluorophore on each bead cross
section, the distribution of the dye moieties, and hence the
amino functional groups, are seen. Use of this technique for
the first time on beads, optical analysis provides a clear,
concise, and accurate picture of the spatial distribution of the
amino functional sites within a bead. This evaluation may
allow assessment of both the polymerization and amino-
functionalization processes, processes relevant to the reac-
tivity of the resins during solid-phase synthesis.


Several studies have examined the functional-group distri-
bution within polystyrene and Tentagel beads. These tech-
niques include time of flight secondary ion mass spectrome-
try,[13] fluorescence-quenching experiments,[9b, 11] autoradiog-
raphy,[14] and scanning electron microscopy.[10a, 15] These
techniques, however, are limited when looking at important
issues, for example, functional-group location within a bead
and their access to reagents. Optical analysis, to be differ-
entiated from optical photographs that show only surface
morphology,[10a, 13] uses of mercury lamp as the light source to
excite a given fluorophore that is covalently attached to the
bead. Detection at the wavelength-specific emission of the
fluorophore allows visualization of the dye distribution.
Unlike confocal analysis,[11c] the detector collects the fluoro-
phore�s emission from the bead directly from the point source
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as well as emission from the first-order diffraction pattern.
This allows relatively opaque objects to be visually sliced as
the focal plane is moved along the z axis. The airy disk created
from the diffraction pattern is seen as a blurred picture of each
slice. By using a mathematical algorithm, the original position
of the light is determined. This image provides a picture
showing the functional site distribution through relatively
opaque beads.


Two types of macroporous beads were examined by using
optical analysis (Table 1): ArgoPore and glass. Both resins are
rigid, nonswelling beads that have clearly defined pores within


the bead and a high internal surface area, and were
functionalized with amino groups after the manufacture of
the beads. ArgoPore is a highly crosslinked polystyrene
(20 %) with a relatively high loading of functional groups
per bead.[2a, 3] Porous glass beads, although frequently used in
oligonucleotide[16] synthesis, have been neglected in their use
as solid supports for organic synthesis owing to the low
loading (typically 0.04 mmol gÿ1 observed with most commer-
cial sources). However, recently porous glass beads with a
loading of up to 0.3 mmol gÿ1[4] (comparable with that of
Tentagel) have become available.


Two gel-type resins were chosen for optical analysis
(Table 1): polystyrene (functionalized with amino groups
after the polymerization process)[8] and Tentagel [amino
functionalization is on the termini of the poly(ethylene glycol)
(PEG) spacer arms]. Polystyrene resin, the most commonly
used for solid-phase organic synthesis,[1, 17] contains styrene
polymerized with 1 ± 2 % divinylbenzene. The low levels of
crosslinking allow the resin to swell in numerous solvents
(e.g., dimethylformamide, dichloromethane, and tetrahydro-
furan). However, the crosslinking is thought to be nonuni-
form, with dense aggregate areas dispersed within lighter
cross-linked regimes yielding heterogeneity within the
bead.[10] Tentagel is approximately 70 % (by weight) PEG
that is grafted onto a polystyrene core. While high levels of
PEG are required to achieve swelling with a larger range of
solvents than polystyrene alone, it leads to low loading.


Results and Discussion


As the solid-phase beads are not inherently fluorescent a
fluorophore was attached to the amino sites on the bead in
order to visualize these sites by means of optical analysis. We


attached rhodamine dye to each of the four types of amino-
functionalized beads (Scheme 1). Thus, amino moieties
should have a rhodamine molecule attached, allowing the
site to be visualized by excitation of the dye at 540 nm and
collection of emission light at 570 nm.


Scheme 1. Synthesis of fluorescent beads. a) i) linker, HATU (4 equiv),
DIPEA (8 equiv), DMF/CH2Cl2. ii) TFA. iii) DMF/DIPEA, 5-(and 6-)-
carboxytetramethyl Rhodamine dye (3 equiv).


As the beads gain mass with each successful reaction, the
theoretical loading will decrease. The fluorophore-coupled
beads were submitted for an elemental analysis and the
nitrogen percentages that were found are shown in Table 1. By
comparing the theoretical nitrogen percentage for a given
mass of beads when fully coupled with linker and dye with the
percentage found in the elemental analysis, the percent
coupled to completion is obtained. These percentages suggest
that complete coupling is achieved and that most or all amino
termini initially on the bead are functionalized with linker and
dye.[18]


The optical analysis technique was used to obtain the
optical slices of each bead type shown in Figure 1. While
visually slicing through the beads, the clarity of the bottom
portion of each bead demonstrates the utility of this method
for relatively opaque beads. The reasonably consistent
dispersion of fluorescence throughout the slices for ArgoPore
and glass beads suggests that the reagent diffused completely
throughout the bead during the functionalization processes
and coupling. The relatively uneven distribution of dye sites
on polystyrene and especially Tentagel shows a more con-
gested environment in which the functional groups are
clustered on the surface. These images reflect both the
functionalization process for these four resins (all are
functionalized post-synthesis) and the inherent properties of
these beads.


Plotting the fluorescence intensity as a function of the bead
diameter in each bead cross section illustrates clearly the
differences between the bead types (Figure 2).[20] As succes-
sive slices of each bead are examined for fluorescence
intensity, the dye distribution is relatively uniform throughout
the ArgoPore and glass beads, but significant intensity
differences are seen across the diameters of the polystyrene
and Tentagel slices.


The intensities of the ArgoPore and glass cross sections
show the relatively even distribution of dye molecules
throughout the diameter. Although a small amount of
clustering appears in the ArgoPore, only 14 % of the dye is
on the outer surface, with glass averaging 9 %.[20] This suggests
that the functionalization processes produce evenly function-
alized beads and implies a uniform microdomain environ-
ment. Although ArgoPore and glass do not visibly swell with
solvent, this analysis demonstrates that reagent diffusion
occurs throughout the bead.


Table 1. Shown here is the A) theoretical loading of the beads directly
from the manufacturer, B) theoretical loading after coupling with the linker
and rhodamine dye, C) percent nitrogen found in the elemental analysis,
and D) percent coupled to completion with the linker and dye (determined
from the elemental analysis and theoretical loading)


A [mmolgÿ1] B [mmol gÿ1] C [%] D [%]


ArgoPore 0.74 0.49 3.11 90
glass 0.1 0.068 0.43 70
polystyrene 0.6 0.425 2.38 80
Tentagel 0.29 0.214 1.06 70
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A) ArgoPore


B) Glass


C) Polystyrene


D) Tentagel


Figure 1. Four bead types were examined by optical analysis. A), B), C),
and D) show optical slices of ArgoPore, glass, polystyrene, and Tentagel,
respectively. Only one slice every 20 microns is shown. The slices at the top
and the bottom of the bead are smaller than the center slices owing to the
logistics of slicing a round object.[19]


In contrast to ArgoPore and glass beads, polystyrene and
Tentagel beads have a significant portion of dye sites
(polystyrene 30 % ± 35 %; Tentagel 40 % ± 60 %) located on
the outer surface.[20] Diffusion of reagents through both
polystyrene and Tentagel appears limited as the outer surface
was functionalized to a disproportionately greater extent than
the center of the resin, with the core of Tentagel appearing
significantly less functionalized relative to its outer surface
than seen with the other three resins.[22]


The cross section of the top of a polystyrene bead is similar
to that seen for glass and ArgoPore (compare the first slice for
all three beads shown in Figure 2). The next two consecutive
cross sections of these three resins differentiate polystyrene


Figure 2. A graphical representation of the fluorescence intensity across
the diameters of four consecutive slices of ArgoPore, glass, polystyrene, and
Tentagel beads are shown and illustrate the significant differences of the
dye distribution between the different resins.[21]


from glass and ArgoPore. Thus, unlike ArgoPore and glass, as
sequential cross sections of the polystyrene bead are taken,
the differential in the dye percentage between the outer
10 microns and the inner 70 ± 80 microns increases and a 5 ±
10 mm ªshellº of functional groups are seen on the surface of
the bead. This trend observed with polystyrene is also seen
with Tentagel, although Tentagel beads have nonuniform
surfaces that contain hollow cavities (see Figure 2 Tentagel
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cross sections) making each cross section significantly more
irregular than the cross sections of a polystyrene bead.


The optical analysis results are consistent with the obser-
vation that an enzyme can cleave up to�80 % of a compound
from a Tentagel bead and support the hypothesis that a
significant portion of the compound is on the outer surface of
the bead.[23] Several observations, which include the fact that
the interior of the bead has a slower reaction rate than the
outer surface[24] and that functionalizing polystyrene to higher
capacities requires longer reaction times and a large excess of
reagents,[8b, 8c] allude to functionalization occurring preferen-
tially on the outer surface. This creates a congested environ-
ment, and the least accessible sites (interior) of the polystyr-
ene become functionalized only after forcing conditions are
applied.


Fluorescence quenching and trapping may occur during the
fluorescence excitation and emission detection process of this
technique. However, optical photographs in the absence of
the fluorescence excitation provide evidence that these two
phenomena have little or no effect on the optical analysis
results (Figure 3). The dark red seen on the rims of the
polystyrene and Tentagel beads show the significantly higher
concentration of dye on the rim of these beads relative to their
core, which is consistent with the fluorescence data.


Figure 3. Shown are optical photographs of the four resins in the absence
of fluorescence excitation. The ArgoPore and Tentagel beads are broken to
show the inside of the bead (the glass and polystyrene beads are shown as
whole beads).


Conclusion


In conclusion, the uniform distribution of reactive sites seen in
ArgoPore and glass beads demonstrates the effective func-
tionalization process in contrast to that for polystyrene and
Tentagel. As a single bead from each of these four solid
supports contains approximately the same number of attach-
ment sites, the data show that there is a higher effective
concentration at the surface of both polystyrene and Tentagel
beads relative to the macroporous resins. The surface
congestion of amines seen with polystyrene and Tentagel
can be thought of as a functionalized ªshellº of amino groups
on the bead�s outer 5 ± 10 mm. The thickness of the function-
alized outer shell seen with polystyrene and Tentagel may
depend on the degree of crosslinking in a specific batch of
resin and the precise conditions under which the support was
prepared and functionalized. Therefore this functionalized
shell may be batch specific, causing the resin to have different
characteristics from one batch of resin to the next.[25] Optical
analysis is a useful method to determine rapidly the quality of
the batch and the depth of the functionalized shell, thus
setting a standard from which all resin synthesis can be


examined. This technique should be useful for future studies
on polymerization to evaluate reaction-site distribution, and
may lead to predictions in resin reactivity and behavior.


Experimental Section


ArgoPore, glass, polystyrene, and Tentagel were obtained from Argonaut,
Schuller, Nova Biochem, and Rapp. Polymere, respectively. In a typical
experiment, the fluorescently labeled beads were prepared by coupling
2.5 equivalents of the o-nitrobenzyl linker[26] with 4 equivalents of [O-(7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate]
(HATU) and 8 equivalents of Hunigs base (DIPEA) in 1:1 ratio of
DMF:DCM. The reaction vessel was rotated for 18 hours and complete
coupling was determined by use of a ninhydrin analysis, whereupon
extensive washing (3� 2 mL with THF, DMF, MeOH, THF, DMF, MeOH,
THF, DMF, MeOH, THF) and subsequent deprotection with TFA yielded
the desired amino resin. After drying the beads at 50 8C in vacuo, addition
of the carboxytetramethyl rhodamine dye (3 equivalents) in DMF and
Hunigs base, rotation of the reaction vessel for 18 hours, washing as listed
above, and repetition of this procedure three times, resulted in complete
coupling of the rhodamine dye to the resin. The final washing procedure to
remove excess dye involved the use of 1� 2 mL of DCM, MeOH, and
DCM for 12 hours each, upon which the final wash was clear, with no dye
being visually detected.[27] Samples were dried in vacuo at 40 8C for
12 hours. Elemental analysis for the percentage nitrogen of the resins
coupled with dye showed high loadings on all resins: ArgoPore 3.11 %N�
0.444 mmol gÿ1 (�90 % of theoretical), glass 0.43 %N� 0.0614 mmol gÿ1


(�70% of theoretical), polystyrene 2.38 %N� 0.34 mmol gÿ1 (�80 % of
theoretical), and Tentagel 1.06%N� 0.15 mmol gÿ1 (�70 % of theoret-
ical).[28]


The samples were prepared by placing approximately 5 mg of fluorescently
labeled beads onto a standard microscope slide. A cover slip was placed on
top of the beads and glued in place. These beads were then examined on a
typical optical analysis microscope with a 20X power lense. The resolution
of this method is 0.41 mm in the x and y direction.
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Influence of the Molecular Surface Characteristics of the Diastereoisomers of
a Quartet Molecule on their Physicochemical Properties: A Linear Solvation
Free-Energy Study
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Jean-Jacques AndreÂ ,[c] AndreÂ Bieber,[c] and Jaume Veciana*[a]


Abstract: The influence of the molec-
ular surface characteristics on the ability
of a molecule, the quartet 2,4,6-tri-
chloro-a,a,a',a',a'',a''-hexaquis(penta-
chlorophenyl)mesitylene (1), to interact
with the neighboring solvent molecules
is studied. As physicochemical proper-
ties for this study we chose the influence
of the surrounding medium on the
differential chromatographic retention
of two atropisomeric forms of 1, the
diastereomers with C2 and D3 symme-
tries, the isomerization equilibrium be-
tween these two diastereomers, and
their tumbling processes in solid or
viscous amorphous matrices, as observed
by ESR spectroscopy. In these studies
we have employed linear solvation free


energy relationships (LSER), consider-
ing as the most important solute/solvent
interactions the cavitational effect, the
dipolarity/polarizability, and the hydro-
gen-bonding ability of the solvent. In
order to use such an LSER approach
efficiently, a general classification of
classical organic solvents in eleven dif-
ferent categories has been carried out.
The results of this study demonstrate
that the shape and roughness (fractality)
of the diastereomers of quartet 1 are


among their most important molecular
characteristics in relation to their ability
to interact with the surrounding media.
These molecular parameters modify the
studied properties mainly as a result of
cavitational effects. In contrast, when
the cavitational effects are not impor-
tant, as occurs with the tumbling of the
isomers inside the preformed cavities of
the solvent, the unique molecular pa-
rameter that discriminates the behavior
of both stereoisomers seems to be the
dipolarity/polarizability. From this study
we can conclude that the intrinsic sur-
face characteristics of this molecule
plays an influential role in many of its
physicochemical properties.


Keywords: high-spin molecules ´
isomerizations ´ linear free-energy
relationships ´ solvent effects ´ sur-
face analysis


Introduction


The study of the influence of solvents on the physical or
chemical properties of a solute is an area of the utmost
importance, since most chemical processes take place in
solution. There is an increasing trend on the chemical
community to endeavor to interpret the thermodynamic


behavior of chemical systems in fluid media in terms of
molecular parameters and intermolecular interactions.
Among the molecular parameters related with the thermo-
chemical activity of a solute are the chemical groups or
functions responsible for the specific interactions with the
solvent molecules, and others which account for nonspecific
interactions, such as the size, shape, and surface area.[1±4]


While the influence of the first kind of molecular parameters
on the physicochemical properties is relatively well under-
stood, the exact role of the second type of parameters has yet
to be established. Therefore, there is a need to address, both
experimentally and theoretically, a variety of systems involv-
ing different types of intermolecular forces in order to study
how the size, shape, and surface area influence the physico-
chemical properties of a solute.


Langmuir, in 1925, was the first to introduce the concept of
superficial area of a solute to determine its thermochemical
activity.[1] He considered that the energy required to build a
cavity in the solvent was an important factor in relation to
solubility and was therefore proportional to the solute area.


[a] Prof. J. Veciana, Dr. C. Rovira, Dr. N. Ventosa, Dr. D. Ruiz-Molina,
Dr. J. SedoÂ
Institut de CieÁncia de Materials de Barcelona (CSIC)
Campus de la Universitari de Bellaterra, E-08193 Cerdanyola, (Spain)
Fax: (�34) 93-5805729
E-mail : vecianaj@icmab.es


[b] Prof. X. Tomas
Institut Químic de SarriaÁ (Universitat Ramon LLull)
Via Augusta 390, E-08017 Barcelona (Spain)


[c] Prof. A. Bieber, Prof. J.-J. AndreÂ
Institut Charles Sadron (CNRS)
6 rue Boussingault, F-67083 Strasbourg (France)


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3533 $ 17.50+.50/0 3533







FULL PAPER J. Veciana et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3534 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 123534


Subsequently, many studies have been developed based on
models and methods that explain and calculate the interaction
of a molecule with its surroundings through consideration of
its surface area as well as the molecular volume.[2] On the
other hand, Pauling postulated that the interactions among
macromolecules of biological interest, such as nucleic acids
and proteins, are modulated first and foremost by their size
and shape.[3]


The importance of surface characteristics on the behavior
of macromolecules, either biological or synthetic, has pro-
moted the design of computational methods suitable for the
calculation and study of molecular surfaces.[4] However, as far
as we know, a firm, experimental verification highlighting the
influence of fractal character and surface area on the
physicochemical properties of synthetic macromolecular
systems has been lacking. The most likely reason for this
absence is that the great majority of macromolecules have low
symmetry and high flexibility and, therefore, they exist in an
overwhelming number of interconverting conformations,
which are difficult to characterize theoretically and detect in
solution. The ideal molecular system to be used as a model for
the quantification of the importance of its surface character-
istics on its physicochemical properties is a single molecule
with high enough symmetry and structural rigidity. These
characteristics encourage the existence of a limited number


of diastereomeric conformations, with a high enough
diastereoisomerization barrier to ensure that each conforma-
tion has a sufficient lifetime in solution to be studied
separately.


Here we report a comprehensive study confirming the
influence of the molecular surface characteristics on the
ability of a molecule to interact with neighboring solvent
molecules. To reach this target, we have used the molecule 1,
which has a quartet ground state and corresponds to the first
generation of the high-spin dendrimer series shown in
Scheme 1 (molecule 2 is the second generation).[5±6]
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Scheme 1.


Quartet 1 is an exceptional molecule in the sense that it
exists in two isolable and stable diastereomeric forms that
show differences in their overall shapes and external surfaces,
as well as in their physicochemical properties. Furthermore, as
occurs for most macromolecules, these stereoisomers inter-
convert, but remarkably this process can be quenched just by
lowering the temperature; this is as a result of the high
conformational rigidity of this molecule. Since the structural
features of each stereoisomer of 1 are different and well
defined, such isomers are ideal models for studying the
influence of the molecular surface characteristics on the
control of a physicochemical property or process.


The experimental results obtained with the two stereo-
isomers of 1 were interpreted with the linear solvation free-
energy relationship (LSER) theory, which provides chemical
insights into the solvent/solute and solvent/solvent molecular
interactions that impact most strongly on the process under
analysis.[7] As physicochemical processes for our study, we
chose the differential chromatographic retention of both
isomers of 1, the dependence of the equilibrium constant of
the diastereoisomerization on the nature of the surrounding
medium, and the variation of the tumbling rate of each
stereoisomer inside different solid or viscous amorphous
matrices.


Results and Discussion


Stereochemical and structural characterization of the diaste-
reomers of 1: Before describing the study of the influence of
the distinct molecular parameters of the diastereomers of


Abstract in Catalan: En aquest treball s�estudia la influeÁncia de
les característiques de la superfície molecular del quartet 2,4,6-
tricloro-a,a,a',a',a'',a''-hexaquis(pentacloro-fenil)mesitil� (1)
en la seva capacitat per a interaccionar amb les mol�cules
veïnes de dissolvent. Per a realitzar aquest estudi, s�analitza la
influeÁncia del medi en la retencioÂ diferencial cromatogràfica de
les dos formes atropisom�riques del quartet 1-els diastereoisoÁ-
mers C2-1 i D3-1, així com en l�equilibri d�isomeritzacioÂ i en el
procØs de volteig molecular, observat per ESR, en una matriu
soÁlida amorfa. L�estudi d�aquests processos físicoquímics s�ha
realitzat a la llum de la relacioÂ lineal d�energia lliure de
solvatacioÂ (LSER), considerant que la cohesivitat , la dipola-
ritat/polaritzabilitat, i la capacitat d�establir ponts d�hidrogen
del medi soÂn els paràmetres mØs importants que governen les
interaccions entre solut i dissolvent. A fi d�emprar de manera
adequada la teoria de la LSER, s�ha realitzat una classificacioÂ
dels dissolvents orgànics mØs comuns en onze categories. La
conclusioÂ mØs important d�aquests estudi eÂs que la forma i la
rugositat (fractalitat) dels diastereoisoÁmers del quartet 1 soÂn les
característiques moleculars mØs importants que controlen la
seva interaccioÂ diferencial amb el medi. La importància
d�aquests paràmetres moleculars Øs nul ´ la quan el procØs
físicoquímic no implica la formacioÂ de cavitats, com succeeix
en el volteig de les mol�cules en una matriu soÁlida amorfa. En
aquest cas, el paràmetre discriminador sembla ser la dipolari-
tat/polaritzabilitat. Per tant, d�aquest estudi es despr�n que les
característiques intrínseques de la superfície molecular dels dos
diastereoisomers del quartet 1 juguen un paper molt important
en el govern del comportament físicoquímic diferencial
d�ambdoÂs isoÁmers.
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quartet 1 on their interactions with neighboring solvent
molecules, it is necessary to give a detailed description of
the structural and electronic characteristics of these stereoiso-
mers.


It is well known that molecules of the type Ar3Z, in which
three aryl groups (Ar) are bonded to a central Z atom, which
in turn may have either an sp2 or sp3 hybridization, are
propeller-like in shape. A large number of theoretical studies
on the stereochemistry of these propeller-like systems were
performed by Mislow et al.[8] They established that in the most
simple cases, where the three aryl groups (blades) are not
substituted, or else symmetrically substituted around the
CarÿZ bond axis of each aryl group (i.e., groups with local C2


axes), the molecule has always at least two enantiomeric
forms due to the intrinsic stereogenic elementÐhelicityÐof
any propeller that provides chirality to the molecule. If the
helix adopts a clockwise sense the enantiomer is called Plus
(P), whereas if adopts the opposite sense is called Minus (M).
In the case that the substituents of the aryl rings no longer lie
along the CarÿZ bond axis new kinds of stereoisomers appear.
The maximum number of isomers for each substitution
pattern depends on the number and nature of the isomeric
degeneracy; several experimental studies exist that confirm
such theoretical predictions.[8] By contrast, very few similar
studies have been reported on molecules with two or more
propeller-like units. Quartet 1 is one of such rare molecules,
since it has three propeller-like subunits arranged symmetri-
cally around one common, central aromatic ring. Accordingly,
for its stereochemical analysis, the molecule can be considered
as an assembly of three Ar2ZAr' subunits. Since all the six
outer Ar groups of this molecule possess local C2 axes that are
coincident with their bonds to the three Z atoms, and such
atoms have an sp2 hybridization, the molecule has only three
stereogenic elements. Therefore, the maximum number of
stereomeric forms expected for 1 are 23� 8 (four d/l pairs)
stereoisomers. However, since the six outer Ar groups and the
three central carbon atoms are identical, there must be an
isomeric degeneracy. Thus, the three d/l pairs with one of the
three propeller-like subunits differing in their helicity with
respect to the two others become equivalent. Consequently
only the two d/l pairs with D3


and C2 symmetries, depicted in
Scheme 2, are actually distinct.


These two diastereomeric
forms show an overwhelming
persistency with lifetimes of
years, being resolved and iso-
lated by HPLC chromatogra-
phy or by crystallization as
stable solids.[5] The structural
assignation of both stereoiso-
mers was performed by means
of the ESR spectra of frozen,
diluted solutions of both forms,
since this technique is particu-
larly sensitive to the molecular
symmetry. Thus, the most stable
and abundant diastereomeric
form, which is also the least


Cl


Cl
Cl


Cl
Cl


ClCl


Cl Cl
Cl


Cl


Cl
Cl


Cl Cl


Cl Cl


ClCl
Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


Cl Cl


ClCl
Cl


Cl Cl


ClCl
Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


ClCl


Cl Cl
Cl


ClCl


Cl Cl
Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


ClCl


Cl Cl
Cl


ClCl


Cl Cl
Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


Cl


Cl
Cl


Cl
Cl


Cl


Cl
Cl


Cl


Cl


D3 (M,M,M)-1


D3 (P,P,P)-1C2 (P,P,M)-1


C2 (M,M,P)-1


1h


1h


2h2h


3h (e)


3h (e)


1h (e)


Scheme 2.


retained one under achiral reversed-phase liquid chromatog-
raphy, was assigned to that with C2 symmetry.[5] Afterwards,
such a structural assignment was confirmed by the resolution
of the crystal structures of the two diastereomers of a
structurally similar high-spin molecule: the 2,4,6-trichloro-
a,a,a',a',a'',a''-hexaquis(2,4,6-trichlorophenyl) mesitylene
quartet (3) (Scheme 3).[9] The symmetries and, therefore, the
ESR signals of diastereoisomers of 3 are expected to be
identical to those of quartet 1.


Molecular geometries and relative stability : In order to
determine the molecular geometry and relative stability of
the stereoisomers of quartet 1, AM1 semiempirical calcula-
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tions were done on molecular models with C2 and D3


symmetries. It should be noted that full geometry optimiza-
tions with configuration interactions (CI) is extremely time
demanding, especially when they involve a high number of
heavy atoms, as for quartet 1. On account of the structural
rigidity of the molecule, a reasonable alternative consisted in
carrying out the geometry optimization with an UHF wave-
function. The optimized structures were then used as input
geometries for a single-point CI calculation, which allowed a
more accurate estimation both of the electronic properties
and the heat of formation corresponding to each of the above-
mentioned diastereomeric forms.


The most relevant structural parameters of the in vacuo
AM1-UHF-optimized geometries of isomers C2 and D3 are
summarized in Table 1, together with those obtained with the


same methodology for a simple and structurally analogous
model compound, the perchlorotriphenylmethyl radical 4.
The most striking feature arising from these geometrical data
is the extraordinary similarity between the values taken by the
geometric parameters of radical 4 and those of quartet 1. This
is already a clear indication that the existence of two extra
diarylmethyl moieties in 1, as compared with 4, has an almost
negligible structural effect. In other words, in quartet 1 the
three propeller-like moieties may be safely considered
independent from each other, so that no significant geo-
metrical distortions arise from their proximity. The estimated
standard heats of formation, which proved to be only
1.7 kJ molÿ1 lower for the C2 diastereomer, also provides
strong evidence for this independence. Therefore, in terms of
energy the diastereomers of quartet 1 can be considered
nearly isoenthalpic. If we take into account that entropic


factors intrinsic to the molecule depend exclusively on its
molecular symmetry and can therefore be sharply defined, as
shown below, we come to the conclusion that the diastereo-
meric forms of quartet 1 qualify as excellent candidates for the
study of conformational equilibria dominated by solute/
solvent interactions. AM1-CI semiempirical calculations pro-
vide additional valuable information concerning the physico-
chemical properties of quartet 1. As a matter of fact, the
ground state is shown to be a quartet, S� 3/2, (high spin) for
both diastereomers, in accordance with experimental data
published elsewhere.[5] Last but not least, the energetic gap
between the quartet ground state and the first excited (low
spin) doublet state amounts to about 0.1 eV (10 kJ molÿ1) for
both isomers, which would fully explain why the population of
this first excited state is negligible even at room temperature,
that is, why the high-spin ground state is so robust, in spite
of the lack of planarity of the p-delocalized system. Finally,
the calculated dipole moments obtained for both isomers
are in accordance with their molecular symmetries. Thus,
the zero dipole moment found for the D3 isomer (with only
one C3 and three C2 rotation axes) is in agreement with its
ternary symmetry, whereas the value for the C2 isomer is 0.09
Debye.


Molecular surface characteristics of diastereomers : A precise
description of the overall size, shape, and outside surface
characteristics of any molecule can be obtained by use of the
concept of molecular surface (MS).[4, 10] The MS defined by
Richards is composed of two parts: the contact surface and the
re-entrant surface.[4c] The contact surface is the part of the
van der Waals surface of each atom that is accessible to a
probe sphere of a given radius r. The re-entrant surface is
defined as the inward-facing part of the probe sphere when it
is simultaneously in contact with more than one atom; this
depends strongly on the size of the probe sphere used to
determine the MS area. The resulting MS area (AMS) is a
continuous function of the probe radius, AMS� f(r), which can
be calculated by different algorithms and programs and is
extremely useful for studying nonspecific solute/solvent
interactions.[4d, 11, 12] Figure 1 (top) shows the distinct MSs
exhibited by the D3 isomer of quartet 1 when calculated with
its UHF-AM1-optimized geometry with spherical probes of
effective radii (r) of 200 and 1000 pm. Also MSs of the D3 and
C2 isomers obtained with spherical probes of r� 250 pm are
shown in Figure 1 (bottom) and exhibit the differences in their
roughness.


Another structural feature relevant to nonspecific solute/
solvent interactions is the texture or roughness of the
molecular surface.[13] The degree of irregularity or roughness
is an important factor in considering such interactions and
can be described by the fractal dimension (D) of the MS.[13]


As a surface becomes more irregular the fractal dimen-
sion changes from the value D� 2, for an ideal smooth
surface, to values of D� 3. From Equation (1) the value of the
magnitude of (2ÿD) may be obtained from the slope of the
plot of log(AMS) against log(r) and is used to define
the MS.


2ÿD�d log(AMS)/d log(r) (1)


Table 1. Bond lengths [pm], bond angles [8], and torsion angles [8]
calculated by UHF-AM1 for radical 4 and the diastereomers of quartet 1.


Mean values
Structural parameters[a] 4 1-C2 1-D3


Crad ´ ´ ´ Cipso(int) ± 145.2 145.5
Crad ´ ´ ´ Cipso 145.2 145.3 145.2
Cipso ´ ´ ´ Cortho 141.9 141.9 142.0
Cortho ´ ´ ´ Cmeta 140.9 140.9 140.9
Cmeta ´ ´ ´ Cpara 140.9 140.9 140.9
Cortho ´ ´ ´ Cl 169.1 169.2 169.1
Cmeta ´ ´ ´ Cl 169.0 169.0 169.0
Cpara ´ ´ ´ Cl 168.8 168.8 168.8
Cipso(int) ´ ´ ´ Cortho(int) ± 142.0 141.9
Cortho(int) ´ ´ ´ Cl ± 169.3 168.9
Cipso ´ ´ ´ Crad ´ ´ ´ Cipso 120.0 120.0 120.0
Cortho ´ ´ ´ Cipso ´ ´ ´ Crad 120.9 120.9 120.9
Cl ´´ ´ Cortho ´ ´ ´ Cipso 120.5 120.5 120.5
Cl ´´ ´ Cortho ´ ´ ´ Cmeta 118.6 118.6 118.6
Cmeta ´ ´ ´ Cortho ´ ´ ´ Cipso 120.9 120.9 120.9
Cortho ´ ´ ´ Cipso ´ ´ ´ Cortho 118.2 118.2 118.2
Cortho(int) ´ ´ ´ Cipso(int) ´ ´ ´ Cortho(int) ± 118.3 120.0
Cipso(int) ´ ´ ´ Cortho(int) ´ ´ ´ Cipso(int) ± 121.6 120.0
Cl ´´ ´ Cortho(int) ´ ´ ´ Cipso(int) ± 119.1 120.0
Cortho ´ ´ ´ Cipso ´ ´ ´ Crad ´ ´ ´ Cipso � 50.4[b] ÿ 50.0/�50.5[b] � 50.5[b]


[a] Atomic subindex ªintº means that the corresponding atom belongs to
the internal aromatic ring of the quartet; ªradº� tertiary carbon with sp2


hybridization. [b] The positive or negative sign of the torsion angle
indicates, respectively, a P or M helicity of the propeller-like subunit.
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The relation between the molecular surface area and the
size of the probe spheres for the D3 and C2 isomers, shown in
Figure 2, were calculated by using their UHF-AM1 optimized
geometries. Figure 2 also shows the dependence of the fractal
dimension of both isomers on the probe radius obtained from
Equation (1). The studied probe radii range of 200 ± 600 pm
includes the effective sizes of most of the organic solvent
molecules and side chains of chromatographic stationary
phases. It must be emphasized that the behaviour of the
fractal dimension for the isomers of quartet 1 is very similar to
that described for other macromolecules and biologically
related systems.[14] Thus, the smallest probes have access to all
the solute cavities and then can form contacts with the
van der Waals spheres that describe the atomic framework of
the molecule (see Figure 1). In this case the fractal dimension
is close to that expected for an ideal smooth surface (D� 2).
An increase of the probe size leads to a decrease in AMS, since
the probe now has no accessibility to all the solute cavities,
and as a consequence the fractal dimension increases as
expected for a rougher surface. Finally, for very large probe
sizes the fractal dimension of both isomers decreases until a
stationary value of two is reached, since these probes can only
see a smooth envelope contour, as shown in Figure 1 for a
probe radius of 1000 pm. It is interesting to analyze the fractal
dimension and the AMS of both isomers for probes that have
radii similar to those exhibited by most of the organic solvents,


that is, 200 ± 600 pm. For such probe sizes, the fractality of the
C2 isomer is somewhat larger than that of the D3 isomer owing
to the large roughness of the first isomer produced by its
highly cleft surface. This molecular characteristic makes the
AMS of C2 smaller when compared with the other isomer.
Therefore, the D3 isomer has more chances to interact with
the neighboring solvent molecules through nonspecific solute/
solvent interactions, since it has a more accessible sur-
face.[4d, 11, 12]


Kinetic study of the diastereomerization process : Up to now
we have shown that quartet 1 exists in two different
diastereomers that are nearly isoenthalpic and show distinct
structural characteristics such as symmetry, size, shape, and
fractality. Another important feature that makes this mole-
cule exceptional is its high energy barrier of isomerization,
since it permits to freeze or promote the diastereomerization
process just by changing the temperature. Stereomerizations
in Ar3Z systems can be envisioned through several different
mechanisms. However, since all of these processes take place
through highly hindered correlated torsional motions of the
aryl groups around the CarÿZ bonds only few of them will be
energetically accessible. Mislow et al. showed that the lowest
energy mechanismÐor threshold mechanismÐfor such a
process is the ªtwo-ring flipº mechanism, in which two aryl
groups rotate simultaneously in one direction, while the third


Figure 1. Calculated molecular surfaces (yellow dots): Upper : molecular surfaces of the D3 isomer of quartet 1 from spherical probes with effective radii of
200 pm (left) and 1000 pm (right). Lower : Molecular surfaces of the C2 (right) and D3 (left) isomers by using a probe with an effective radius of 250 pm.
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Figure 2. Dependencies of the a) area (AMS) and b) fractal dimension (D)
of solvent-accessible surfaces of D3 and C2 isomers of quartet 1 on the
probe-sphere radius.


one rotates in the opposite direction.[8] According to such
considerations, the interconversion between the C2 and D3


diastereomers must take place through this threshold mech-
anism, either through an uncorrelated reversal of the helicity
of one of the three Ar2ZAr' subunits (epimerization) or by a
correlated process involving two or three of such subunits.
Scheme 2 summarizes the seven possible interconversion
pathways between the four stereoisomers of quartet 1. Three
such pathways involve the helicity reversal of one of the
propeller subunits (1 h); this gives rise to an epimerization
process. Two other pathways comprise the concurrent reversal
of two propellers (2 h); this leads to a diastereomerization
process. The remaining two pathways involve the simulta-
neous reversal of three propellers (3 h) to give an enantio-
merization (e). The enantiomerization of isomers with C2


symmetryÐinterconversion among the (M,M,P)-1 and
(P,P,M)-1 stereoisomersÐis worth noting, since it might occur
either through the 3 h pathway or by way of the 1 h path due to
symmetry reasons. Relying upon previous experimental
results obtained for the homologous perchlorinated triphen-
ylmethyl diradical 5 with two propeller subunits (Ar2C


.Ar',
C .Ar2) that share the central aromatic Ar' ring,[15] we assume
from now on that the 1 h pathway is the most probable process
for the interconversion between the C2 and D3 diastereomers
of 1.


The diastereomerization rates of 1 were determined in the
range 292.5 to 320.5 K starting from THF solutions of the pure
C2 isomer and measuring the evolution against time of the


molar fractions of both diastereomers (Figure 3). A linear plot
of log (k


 
/T) vs. 1/Twas used to calculate DH=� 90� 2 kJ molÿ1


and DS=�ÿ34� 6 J Kÿ1 molÿ1 (DG 6�
303 K� 100� 2 kJ molÿ1)


for the C2!D3 conversion (k
 � overall rate constant for the


isomerization of C2!D3).[16]


Figure 3. Kinetics of the isomerization of pure C2 diastereomer of quartet
1 measured in THF at 293 (^), 298 (�), 306 (!), 310 (~), 315 (*), and 321 K
(*). Continuous lines are the least-squared fits of experimental molar
fractions (xD3


) of the D3 isomer to Equation (12).


The diastereomerization barrier for quartet 1 is very close
to those found for the enantiomerization of perchlorotriphen-
ylmethyl radical 4, DG 6�


303 K� 98 kJ molÿ1, and for the diaste-
reomerization of the perchlorinated diradical 5,[15] DG 6�


303 K�
98.3 kJ molÿ1; this confirms the initial assumption that the
C2!D3 conversion takes place through an uncorrelated
reversal of the helicity of one of its propeller-like subunits,
that is, by a 1 h pathway. This behaviour can be explained on
the basis of independent torsional motions of each Ar2C


.Ar'
subunit, which indicates that such torsional motions are
mainly governed by the steric congestion that originates from
the bulky chlorine atoms present inside this subunit. The
development along time of the molar fraction of both isomers
also allowed us to determine the effective equilibrium
constant, K� [D3]eq/[C2]eq for the C2 >D3 process in the
temperature range of 292.5 ± 320.5 K. A van�t Hoff plot of the
resulting effective equilibrium constants was used to calculate
the thermodynamic parameters associated with the diaste-
reomerization equilibrium of 1 in THF: DH0�ÿ7.0�
0.5 kJ molÿ1 and DS0�ÿ31.1� 1.5 J Kÿ1 molÿ1 (DG0


303 K�
�2.5� 0.5 kJ molÿ1). Such thermodynamical data indicate
that the equilibrium is entropically controlled and that the
DH0 and DS0 values found differ from those calculated or
estimated theoretically, that is, DH0


calcd��1.7 kJ molÿ1 and
DS0


calcd�ÿ9.1 JKÿ1 molÿ1 (see below). It is worth noting the
difference that exists in the estimated and observed DS0


values. Entropy changes can be estimated for rigid molecules
by the distinct rotational degrees of freedom of each isomer,
which are given by the molecular symmetry. Therefore, the
contribution of the symmetry to the entropy is ÿR lnd, in
which R� gas constant and d is the symmetry number, that is,
d� 2 and 6 for C2 and D3, respectively.[17] Under such
circumstances it can be estimated that DS0(C2!D3)�
R ln1/3�ÿ9.1 JKÿ1 molÿ1. The mismatching between this
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value and that obtained experimentally suggests that addi-
tional entropic terms coming from the distinct interactions
of both diastereomers with the solvent (THF) contribute
to the equilibrium. Such a differential solvation of C2 and
D3 isomers was experimentally confirmed later on. In fact,
the thermodynamic parameters, which correspond to the
C2 >D3 equilibrium, measured in another five media (see
below) differ from each other depending on the solvent
nature.


Differential chromatographic retention of diastereomers : As
already mentioned, the diastereomers of quartet 1 can be
separated by HPLC under reversed-phase conditions with
octadecyl polysiloxane (ODS) as stationary phase and mix-
tures of CH3CN and THF as the mobile phase.[5] Retention
times of both isomers show a marked dependence on the
composition of the mobile phase. Thus, when pure THF or
THF/CH3CN mixtures with percentages of CH3CN below
50 % were used, both isomers were unretained. However,
when the percentage of CH3CN is increased above 50 %, the
retention times grow and the rate of increase is faster for the
D3 isomer. This differential behaviour is depicted in Figure 4,
in which the variation of the capacity factors (k'i� of both
isomers versus the percentage of CH3CN in the mobile phase
is shown.[18]


Figure 4. Dependence of the capacity factors (k'i� of isomers C2 (&) and D3


(*) of quartet 1 on the volumetric composition (in %) of CH3CN of the
THF/CH3CN mixtures used as mobile phases of the chromatographic
separations.


Temperature has also a noticeable influence on the
retention times and the separation factor (a) of both
diastereomers.[19] In Figure 5, we show the chromatographic
resolutions achieved in the temperature range of 288 ± 318 K,
with the composition of the mobile phase (CH3CN/THF) kept
constant in all cases at 60:40. In decreasing the temperature,
the retention times of both isomers increases, although the
retention of the more strongly retained isomer, the D3 one,
decreases at a greater rate than that of the C2 isomer. Thus, the
magnitude lna drops as the temperature decreases in the
range of 288 ± 318 K.


This temperature effect is the usual one for a ªregularº or
ªenthalpy/entropy-compensatedº chromatographic separa-
tion, which suggests that the retention of each isomer in the


Figure 5. Chromatographic resolutions of isomers C2 and D3 of quartet 1
achieved in the temperature range of 288 ± 318 K. Chromatographic
conditions: Spherisorb ODS-2 (25� 0.46 cm; 5 mm particle diameter);
1 mL minÿ1; mobile phase, CH3CN/THF (60:40); UV detection at l�
255 nm.


stationary phase is controlled by a single operative sorption
mechanism and that this mechanism is the same for both
isomers.[20] Under such circumstances, the capacity factor of
each isomer must be related [Eq. (2)] with the changes of
standard molar enthalpies, D(DH0


i �, and entropies, D(DS0
i �,


involved during the transfer of the solute from the mobile
phase to the stationary one.


lnk'i �ÿD(DHo
i �/RT� [lnf�D(DS0


i �/R)] (2)


In Equation (2) f is the ratio between the volumes of the
stationary, Vs, and the mobile, Vm, phases of the chromato-
graphic system used in the experiment, that is, f�Vs/Vm.
Moreover, there must be a linear dependence of D(DH0


i � on
D(DS0


i �, such as D(DH0
i �/D(DS0


i ��Tb/1000, in which the so-
called isoequilibrium temperature (Tb) is independent of the
isomer. In accordance with Equation (2), the plots of ln k'
versus 1/T for the two diastereomers of quartet 1 appear to be
linear in the temperature range studied (r2� 0.998 and 0.999);
this confirms the previous suggestion that a single sorption
mechanism is operative for both isomers. These plots also
permit us to calculate D(DH0


i � and D(DS0
i � values for both


isomers, which are ÿ29.5(2) kJ molÿ1 and ÿ85(1) J Kÿ1 molÿ1,
respectively, for the D3 isomer, and ÿ25.2(2) kJ molÿ1 and
ÿ74(1) J Kÿ1 molÿ1, respectively, for the C2 one. Interestingly,
both isomers have the same isoequilibrium temperature, Tb�
344(7)K, which indicates that they have the same retention
mechanism, although the strengths of solute/solvent interac-
tions are different for both isomers.
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Linear solvation free-energy relationship : To better define and
understand the common retention mechanism that governs
the differential chromatographic retention of the isomers of 1,
as well as the origin of the differential retention for both
diastereomers, a complete study assessing all the possible
intermolecular forces was required. For this objective, we
used the linear solvation free-energy relationship (LSER)
quantitative treatment, which was developed previously by
Kamlet, Taft, and co-workers.[21] Such a treatment had
previously been used successfully by Sadeck et al. in describ-
ing the partitioning of solutes in HPLC.[22] LSER assumes that
the different solvent/solute interactions are additive and can
be categorized in two groups: the exoergic and endoergic
interactions.[23] The exoergic interactions have their origins in
attractive solute/solvent interactions and can be quantified by
the solvatochromic parameters p*, a, and b. These parameters
are determined by UV/Vis spectroscopic measurements and
can be classified in nonspecific (p*) and specific (a and b)
parameters. The p* parameter measures the exoergic effects
of dipole/dipole and dipole/induced dipole interactions be-
tween the solute and solvent molecules. The solvatochromic
parameter a is a quantitative empirical measure of the ability
of a bulk solvent to act as hydrogen-bond donor toward a
solute. By contrast, the empirical parameter b measures
quantitatively the ability of a bulk solvent to act as a
hydrogen-bond acceptor or electron-pair donor toward a
given standard solute. Finally, we have to consider the
endoergic term, named cavitational term (W). This term
measures the work required for separating the solvent
molecules to provide a suitable sized and shaped enclosure
in which the solute molecule can be accommodated. The W


term represents the physical quantity of cohesive pressureÐ
or cohesive energy densityÐof the solvent. This quantity is
the square of the Hildebrand�s solubility parameter, dH, which
is given by dH� (DHoÿRT/Vm)1/2 , in which DHo is the molar
standard enthalpy of vaporization of the solvent to a gas of
zero pressure, and Vm is the molar volume of the liquid
solvent. Therefore, the generalized LSER that describe the
transfer of a solute from the mobile to the stationary phase in
chromatographic separations, performed at a constant tem-
perature and changing the composition of the mobile
phase, adopts the form of Equation (3) for a series of
solutes i.[23]


lnk'i � e'i � s'i p*� a'i a� b'i b�m'i W (3)


In Equation (3) s'i, a'i , b'i , and m'i are coefficients that are
characteristic of each solute i and independent of the nature
of the stationary and mobile phases. Such coefficients must
have negative (or positive) signs accordingly with the exoergic
(or endoergic) nature of each term. Finally, the independent
term e'i depends on the nature of the solute and the mobile
and stationary phases as well as the temperature. For this
study, we simplified Equation (3) by eliminating the fourth
term (b'i b), since 1 does not have any hydrogen-bond donor
ability.


For chromatographic separations in which the mobile phase
composition is maintained constant but the temperature
changes, the LSER described by Equation (3) must be slightly


modified. Temperature changes not only affect the mobile
phase but also the stationary phase and, consequently, they
must be taken into account. Therefore, in this case the
generalized LSER is given by Equation (4), in which p*(T)s/m,
a(T)s/m, b(T)s/m, and W(T)s/m are the differences between the
parameters corresponding to the mobile and stationary phases
at a given temperature T, namely, W(T)s/m�W(T)sÿW(T)m.


lnk'i � es=m
i � si p*(T)s/m� ai a(T)s/m�mi W(T)s/m (4)


In this generalized LSER, the b term, which takes into
account the hydrogen-bond acceptor ability of solvents, is
neglected, since 1 does not has any H atoms. Coefficients es=m


i ,
si , ai , and mi of Equation (4) have their usual meaning and
their signs must be opposed to those of Eq. (3), which in this
case is positive (or negative) accordingly with the exoergic (or
endoergic) nature of each term. The variables p*, a, W,
p*(T)s/m, a(T)s/m, and W(T)s/m were experimentally determined
by the usual procedures as described in the Experimental
Section.


The capacity factors (ln k'i� of the C2 and D3 isomers,
obtained at different temperatures and with distinct CH3CN/
THF percentages in the mobile phase, were fitted to the
experimentally determined values for the cavitational and
solvatochromic parameters by means of a multivariable linear
regression method to the corresponding LSER expression.
When the multiple regression was based in a physicochemical
model that includes all the solvent strength parameters [i.e.,
complete Eqs. (3) and (4)] the fit was inadequate. They did
not pass any of the usual statistical tests even at low
confidence levels. Only models which included exclusively
the independent and the cavity formation terms [i.e. , the first
and last terms of the right-hand sides of Eqs. (3) and (4)], and
eliminate the dipolarity and the two hydrogen-bonding terms
fit the data well. These models were valid at the 99.95 % (F
test) significance level (F� 25.000; p< 0.0005). Table 2 lists
the resulting regression coefficients of such fits.


The resulting signs of the mi and m'i coefficients are
negative and positive, respectively, as expected from the
endoergic nature of the cavitational terms and the theoretical
grounds of Equations (3) and (4). Up to now, we have shown
that the most important solvent parameter that influences the
differential chromatographic retention of the diastereomers
of 1 is the cavitational parameter W. Consequently, any


Table 2. Linear Solvation Free Energy Relationships describing the HPLC
chromatographic retention of the diastereomers of quartet 1 changing
a) the CH3CN/THF mobile phase composition, and b) the temperature of
the chromatographic experiment. a) Physicochemical model: ln k'� e'i �
m'i W. b) Physicochemical model: lnk'� ei


s/m�miW(T)s/m


Coefficients
a) e'i m'i r[a] N[b]


C2 ÿ 24.6 30.1 0.999 10
D3 ÿ 26.5 32.5 0.999 10


b) eis/m mi r[a] N[b]


C2 ÿ 8.4 ÿ 14.8 0.999 8
D3 ÿ 9.6 ÿ 17.2 0.999 8


[a] Correlation coefficients. [b] Number of data points.
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temperature or mobile phase composition change that causes
an increase of the required energy to form a cavity in the
mobile phase produces an increase of the retention time for
both isomers, since the transfer to the stationary phase is
energetically favored. It is also expected that an increase of
the AMS of the solute will require more energy to form the
cavity in the mobile phase. Therefore, the isomer with a higher
AMS will be more sensitive to any change in the cavitational
parameter and the retention time will increase. For compound
1, the absolute values of coefficients mi and m'i are larger for
the D3 isomer than for the C2 one; this indicates that the first
one is more sensitive to the cavity formation process. This
result is in agreement with the lower fractal dimension and
larger molecular surface area of the D3 isomer. Therefore, it
can be concluded that the texture or roughness is one of the
most important structural characteristics of the diastereomers
of quartet 1 for their chromatographic discrimination.


Equilibrium of diastereomerization : The results from the
experiments described above pointed out that the differential
chromatographic retention of the diastereomers of 1 is mainly
governed by the differences in their molecular surfaces and
shapes. Nevertheless, these experiments are somewhat lim-
ited, since in the ranges assayed of mobile-phase composition
and temperature the solvatochromic parameters a and p*
remain nearly constant. Thus, such experiments do not
provide too much information about solute/solvent interac-
tions through hydrogen bonds or dipolarity/polarizability
interactions. Therefore, we moved on to the study of another
physicochemical property that could be influenced by all
kinds of solute/solvent interactions. For this purpose, we chose
the influence of solvent effects on the equilibrium constant of
C2 >D3 . Two different experiments, focused on the study of
the influence of solvent nature on this equilibrium, were
carried out. Initially, variations of the equilibrium constant
(K) at different temperatures for six representative solvents
were studied. These variations, shown in Figure 6, were
determined in the temperature range of 305 ± 340 K by
measuring the relative proportion of both isomers by ana-
lytical HPLC. Under such conditions, the changes of K can be


Figure 6. Temperature dependence of the equilibrium constant (K) of the
C2 >D3 process for six representative solvents: (*) THF, (�) nC6H14, (�)
CHCl3, (*) CH3CN/THF, 60:40, (*) C6H5CH3, and (^) C6H6. Continuous
lines are the least-squared fits of experimental data to Equation (5).


correlated with the changes in the standard molar enthalpies
DH0


i and entropies DS0
i by Equation (5).


K� exp(ÿDH0
i /RT�DS0


i /R) (5)


The resulting changes of DH0
i and DS0


i are given in Table 3.
It is interesting to see that an extra thermodynamic relation-
ship exists between the DH0


i and DS0
i changes in different


solvents, i.e., D(DH0
i ��Tc D(DS0


i �/1000 with a compensation
temperature of Tc� 354 K. As in the case of the differential
chromatographic retention of the stereoisomers such a
behaviour indicates that the diastereomerization process is
mostly controlled by a single mechanism.[24]


The second experiment was designed to provide some
insight into the nature of this single mechanism, that is, to
investigate the different kinds of interactions between the
diastereomers of 1 and their surroundings. In this experiment,
the equilibrium constant was determined at a given temper-
ature of 310 K, measuring the relative proportion of both
isomers by HPLC in a series of solvents considered as
representative of all possible types of solute/solvent inter-
actions. In order to select this set of representative solvents,
we performed (see Appendix) a classification of the most
common organic solvents in eleven different groups, named
groups A ± K, and choose 19 different solvents belonging to
seven of such groups. Unfortunately, solvents of the F, I, J, and
K groups could not be used as a result of the low solubility of
quartet 1 in such solvents.


Linear solvation free-energy relationship : To determine the
nature of the interactions controlling the diastereomerization
process, a physicochemical model derived from an LSER was
used to fit the equilibrium constants, which were obtained
experimentally at 310 K for each of the studied solvents. The
generalized model that describes the isomerization process
adopts the form of Equation (6).


lnK(Se,Te)�e�a a(Se,Te)� s [p*(Se,Te)�d d(Se,Te)]�m W(Se,Te) (6)


In this expression a(Se,Te), p*(Se,Te), d(Se,Te), and W(Se,Te)
are the descriptive solvatochromic and cavitational parame-
ters of the solvent Se at a temperature of Te � 310 K, and
K(Se,Te) is the diastereomeric equilibrium constant in this


Table 3. Thermodynamic parameters corresponding to the diastereomeri-
zation equilibrium of quartet 1 in six different solvents.


DH0 [b] DS0 [c] DG0
305 K


[b]


K305
[a] D3!C2 D3!C2 D3!C2 r[d]


THF 0.367 ÿ 7.0� 0.5 ÿ 31.1� 1.5 2.5� 0.9 0.971
nC6H14 0.256 ÿ 9.0� 0.3 ÿ 40.8� 1.1 3.4� 0.7 0.995
CHCl3 0.210 ÿ 1.8� 0.3 ÿ 19.0� 1.1 4.0� 0.7 0.850
C6H5CH3 0.191 ÿ 1.1� 0.1 ÿ 17.3� 0.4 4.2� 0.2 0.936
C6H6 0.156 ÿ 0.6� 0.4 ÿ 17.3� 1.2 4.7� 0.8 0.943
CH3CN/THF[e] 0.204 ÿ 5.5� 0.6 ÿ 31.1� 2.0 4.0� 1.2 0.915


[a] Equilibrium constants at 305 K. [b] In kJmolÿ1. [c] In Jmolÿ1 Kÿ1.
[d] Regression coefficients of van�t Hoff plots. [e] Volumetric composition
of 60/40.
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solvent at such a temperature. These parameters are abbre-
viated as a, p*, d, and W for simplicity. The independent term
e represents the logarithm of the equilibrium constant at
310 K in the absence of any dipolar and hydrogen-bond
interaction and any cavitational effect. The solvatochromic b


and z parameters were not considered in Equation (6), since
none of the isomers of 1 has hydrogen-bond donor or basic
properties. To fit the experimental values of K(Se,310) and
those of solvatochromic parameters to Equation (6), a multi-
variable linear regression was used. [25] The regression model
for this fit was found to be valid at a significance level a�
99.9 % with a correlation coefficient of 0.849. After an
exhaustive analysis of the residual errors, we realized that
two of the solvents (THF and CCl4) were out of the
regression.[26, 27] Therefore, in a second fit these two solvents
were removed and the significance level and the correlation
coefficients were considerably improved (see Table 4). In
addition, the signs of the different coefficients were main-
tained constant in both fits, confirming the robustness of the
regression model.


The signs of the different coefficients agree with those
theoretically expected, considering the endo- and exoergic
nature of the respective terms and the structural and
electronic characteristics of both isomers. Indeed, the signs
of the s and d' (d'� s� d) coefficients are negative, indicating
that an increase of the solvent polarity shifts the equilibrium
from the D3 isomer (m� 0) towards the C2 isomer, in
accordance with its small dipole moment. The sign of the m
coefficient is also negative, showing that an increase of the
solvent cavitational parameter shifts the equilibrium in the
same direction. This result is in agreement with the smaller
AMS of the C2 isomer. On the other hand, the a coefficient is
positive, which indicates that an increase of the ability of the
solvent to act as a hydrogen-bond donor shifts the equilibrium
towards the D3 isomer. This displacement also agrees with the
fact that the chlorine atoms of the D3 isomer are more
accessible to interact with the solvent molecules owing to its
less cleaved and more open structure. Special attention is also
focused on the independent or intercept term, e. This term
measures the equilibrium constant of the process at 310 K in
absence of any solute/solvent interactions and, therefore, it
can be considered in a first approximation as the equilibrium
constant at 310 K in vacuum, that is, e� lnK(vac,310). This
equilibrium constant is related to the differences in the molar
standard enthalpies, D(DH0), and entropies, D(DS0), of
formation of both isomers through Equation (7). Hence, it is
possible to estimate D(DH0), taking into account the value for
D(DS0), which is calculated from the contributions of the


molecular rotational degrees of freedom. Thus, the resulting
relative stability of the isomers is D(DH0)�DH0(D3)ÿ
DH0(C2)�ÿ1.5� 0.5 kJ molÿ1. This small difference is in
accordance with the similar enthalpies found for both isomers
from AM1 semiempirical calculations.


D(DH0)�ÿRT lnK(vac,310)�T D(DS0) (7)


Finally, relative contributions of the various solute/solvent
interactions for the diastereomerization process of quartet 1 is
shown in Figure 7. These results show that the displacement of
the diastereomeric equilibrium of quartet 1 is firstly con-
trolled by the modifications in the cohesiveness of the


Figure 7. Relative contributions of solute/solvent interactions to the
equilibrium of diastereomerization of 1. Columns, marked by a, p* d,
and W, represent the cumulative contributions of hydrogen-bond and
dipolarity/polarizability interactions and cavitational effects, respectively,
for all studied solvents. The bar marked by e represents the relative
contribution from the equilibrium constant of the process at 310 K in
absence of any solute/solvent interaction.


surrounding medium, followed by the dipolarity/polarizability
changes, and finally by the hydrogen-bond interactions.
Therefore, once again it has been confirmed that the differ-
ence in shape and molecular surface of both isomers of 1 are
among the most relevant molecular characteristics that
control their different physicochemical properties.


Tumbling processes of the diastereomers : Up to now, we have
shown that the difference in physicochemical behaviour of the
isomers of quartet 1 is mainly controlled by the differences in
their molecular shapes and fractalities as well as by the
cohesiveness of the solvent. Nevertheless, in order to provide
a complete description of the rest of solute/solvent interac-
tions, we studied the molecular tumbling of both isomers
inside solid or viscous amorphous matrices, since this process
should not depend on the creation of cavities inside the
solvent matrix. ESR spectroscopy is the most suitable
technique for studying such a dynamic process because of


Table 4. Linear Solvation Free Energy Relationship describing the C2 >D3 process at 310 K for quartet 1 in nineteen different solvents. Physicochemical
model: ln K(Se,310)� e� sp*� d'd� aa�mW


Coefficient (t test)[c] Statistics
Fit no. n[a] N[b] E s d'[d] a m[e] r s r2 F p


1 19 14 ÿ 0.8(2.6) ÿ 0.3(0.9) ÿ 0.4(2.5) 0.4(0.8) ÿ 0.6(1.1) 0.849 0.216 0.642 9.067 � 0.001
2 17 12 ÿ 0.8(4.2) ÿ 0.3(1.3) ÿ 0.3(3.0) 0.7(1.9) ÿ 0.7(2.0) 0.931 0.138 0.821 19.390 � 0.0005


[a] Number of data points. In fit no. 2 the solvents THF and CCl4 were eliminated. [b] Degrees of freedom. [c] Number in parentheses is the student�s test
value for the coefficient. [d] Coefficient d' is related with those of Equation (6) by d'� sd. [e] Cavitational parameters were divided by 100 to keep their
values in the same range as the other parameters.
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the open-shell character of both diastereomers. Moreover, the
experimental timescale of this technique lies in the range of
the orientation/motion correlation times (t) of tumbling
processes for most organic molecules.


ESR spectra of high-spin molecules display fine structures
with several turning points and singularities due to the
anisotropy of the magnetic dipolar interactions between the
unpaired electrons; these are quantified by the zero-field-
splitting (ZFS) parameters D' and E'. Such a fine structure can
be washed out if the anisotropic interactions are averaged out
by a fast tumbling of molecules. Therefore, changes in the fine
structure provide information about this dynamic process.
Figure 8 depicts the first-derivative ESR spectra of the D3


isomer measured in benzene in the temperature range of
110 ± 270 K, in which striking changes are noticed.


Figure 8. ESR spectra of the D3 isomer of quartet 1. a) Selected spectra in
different motion regions: spectra in benzene at the temperature range of
120 ± 270 K. b) Rigid-limit region: spectrum in nC6H14 at 110 K showing the
extreme turning points at magnetic fields of Be


l and Be
h, the intermediate


divergence points at magnetic fields of Bi
l and Bi


h, and the central line at Bo.


The observed changes in these spectra are typical of the
line-shape effects produced by the reorientation motion of
quartets.[28] Thus, in the rigid-limit region, that is, at temper-
atures below 120 K, the spectra correspond to those expected
for an ensemble of randomly oriented rigid quartets with axial
symmetry. They show two extreme turning points or steps at
constant low (Be


l � and high (Be
h� magnetic fields, two


intermediate divergence peaks at fields of Bi
l and Bi


h, and
also an intense symmetrical central line at the magnetic field


of B0.[29] When the sample temperature increases above 120 K,
the rigid-limit ESR spectrum changes its overall lineshape as a
result of the dynamic line broadening and the motional
averaging of the anisotropic part of the inhomogeneous line
broadening. Thus, the two extreme steps and the two
divergence peaks of the fine-structure spectrum shift gradu-
ally toward the central line, which results in a decrease in the
separations between the above-mentioned spectroscopic
features, that is, a decrease of dBk �Be


hÿBe
l and dB?�


Bi
hÿBi


l is observed. These changes occur in the temperature
range 130 ± 195 K and are typical of the line-shape effects in
the so-called region of slow-tumbling motion, for which the
correlation times (t) are larger than the spin ± spin relaxation
times (T2), that is, t�T2. At higher temperatures, the
dynamic line broadening and line shift are such that extreme
steps are largely masked by the divergence peaks and the last
ones severely overlap with the central line. It can also be seen
from Figure 8, that the extreme steps shift towards the central
line at a faster rate than the divergence peaks, while the
linewidth of the central line gradually decreases. Consequent-
ly, in the temperature range from 200 to 250 K, the observed
spectra consist of an intense line with two structured
shoulders on both sides, which move toward the central line
as the sample temperatures increases. This temperature range
represents the region of intermediate-tumbling motion, where
t�T2 . In the vicinity of 250 K, the spectra display a single,
symmetric line due to a complete motion shift the spectral
features; this indicates the beginning of the region of fast-
tumbling motion for which t�T2. In this region at high
enough temperatures, the motion-independent anisotropic
contribution to the inhomogeneous line broadening should
vanish, and the residual line should correspond to the motion-
independent isotropic contribution. Thus, the spectra in this
region, not depicted in Figure 8, consist of a unique symmet-
ric, single central line in which its peak-to-peak linewidth
decreases with increasing temperature due to dynamic
narrowing by the fast-tumbling motion.


Lee et al. evolved a comprehensive analytical/theoretical
treatment for explaining such ESR spectral changes, based on
the solution of differential equations for the reorientational
isotropic diffusion for an ensemble of high-spin systems under
motion.[28] These authors obtained an analytical expression
[Eq. (8)] for the region of slow-tumbling motion that relates
the orientation/motion correlation time t (in s), or the
corresponding tumbling rate tÿ1, with the step separation
dBk of the ESR fine-structure of a quartet.


t� 1:92756 � 10ÿ7 D'


�4 D'ÿ dBk�2
(8)


In Equation (8) D' is the absolute value of the zero-field-
splitting parameter of the quartet, given in Gauss. We have
used this equation to determine the tumbling rates of the
stereoisomers C2 and D3 in C6H6 and nC6H14, in the temper-
ature range corresponding to the region of slow-tumbling
motion. The plots of ln(tÿ1) versus 1/T allowed us to calculate,
by means of the Arrhenius equation, the activation energies
(Ea) for the tumbling processes of both isomers; these are
given in Table 5. The Ea values in C6H6 are larger than in
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nC6H14 for both isomers, and the values for the D3 isomer are
always larger than those obtained for the C2 one, regardless
the nature of the solvent. Both trends agree with those
theoretically expected if the reorientation motions of quartets
inside the cavities are mainly limited by the dipolar inter-
actions. Actually, the polarity of C6H6 is somewhat higher than
that of nC6H14 and the dipole moment of the D3 isomer is zero,
while that of C2 is nonzero. Therefore, it can be concluded that
in the absence of any cavitational effect the dipolarity/
polarizability effects control the different tumbling rates of
the two isomers.


Summary and Conclusion


In summary, we have demonstrated experimentally that the
different molecular surface area and fractal dimensionality of
the diastereomers of a rigid molecule are among the most
important molecular parameters controlling some of their
physicochemical properties. In particular, we have observed
that the difference in chromatographic retention of the two
diastereomeric forms of a quartet molecule and the equili-
brium between these isomers are strongly influenced by these
molecular parameters. These results were obtained by em-
ploying the linear solvation free-energy relationship (LSER)
approach to experimental data, for which the cavitational
effect, the dipolarity/polarizability, and the hydrogen-bonding
ability of the solvent were considered to be the most
important solute/solvent interactions. In order to use such
an LSER approach efficiently, a general classification of
classical organic solvents in eleven different categories has
been carried out. The results of this study demonstrate that
the shape and roughness (fractality) of the diastereomers are
among their most important molecular characteristics in
relation with their ability to interact with the surrounding
media, mainly as a result of cavitational effects. In contrast,
when these effects are not important, as with the tumbling of
the isomers inside the preformed cavities of the solvent, the
unique molecular parameter that discriminates the behavior
of both stereoisomers seems to be the dipolarity/polarizabil-
ity. We are currently working to extend these studies to other
kinds of molecules including second-generation dendrimers
such as 2.


Appendix


General classification of organic solvents for LSER studies: One of the
major difficulties in the study of any free-energy-based physicochemical
process (or property) by means of an LSER approach is to choose a proper
series of solvents that can be considered as representative of all kinds of
different solute/solvent interactions. This selection is usually performed
based on the previous experience and chemical intuition; however, to our
knowledge, a general procedure for such a solvent selection does not exist.
One systematic and efficient way to carry out such a choice would be to
collect all the most common organic solvents together in a limited number
of groups, in such a way that each group contains all solvents that have the
same type of interactions with similar magnitudes. Thus, a set of solvents
composed by one or two members of each of these groups would be
representative of all kind of interactions, since it should manifest a
considerable variation of all solvent properties. Here, we present one of
such general classification that can be useful for any kind of LSER study.
As already explained, the principal solute/solvent interactions that govern
any free-energy-based physicochemical property are the following: the
dipolarity/polarizability, described by the p* scale and its correction
parameter d, the ability to give or accept hydrogen bonds, represented by
the a and b solvatochromic parameters, respectively, and the difficulty to
create a cavity inside the solvent, quantified by the W cavitational
parameter.[23] In the study of basic properties of a solute, it is also necessary
to include the z solvatochromic parameter, which measures the effect of the
different atoms of the solvent which interact with the lone pair of electrons
of the solute.
In order to perform this general classification, the most common organic
solvents (47 solvents listed in Table 6) were initially chosen and grouped in
the six-dimensional space defined by the six solvent parameters previously
described, that is, a, b, p*, d, z, and W. We then applied a principal
component analysis (PCA) to reduce the dimensions of this space, while
keeping constant the maximum of the original information of all the
population studied.[30] All the calculations relative to the PCA, the graphic
representations, and the hierarchical classification were performed with the
ESTATS and PARVUS programs.[31, 32] First, the matrix of the original
solvent data (X), composed of 47 rows and six columns, was treated in
order to autoscale all the experimental values of the solvatochromic and
cavitational parameters. Then, the principal components were calculated
from the pre-treated matrix (X''), by the diagonalization of the variance/
covariance matrix between the different variables to give their eigenvalues
(lj) and eigenvectors (bij). The eigenvalues of each principal component
show the rate of variance (dispersion) for that component, meanwhile the
eigenvectors give information about the coefficients of the linear combi-
nation of the original variables (parameters) that define the principal
component. It can be concluded that the original six-dimensional space can
be reduced to a new three-dimensional space, defined by three principal
components (PC1, PC2, PC3). These principal components are a linear
combination of the original six solvent parameters and still contain
unaltered almost the 80% of the original information of the whole studied
population.
Two ªloadingº representations, which correspond to the projection of the
variable (parameters) over the principal components are shown in the
insets of Figure 9. An analysis of these data confirms that a and W are the
principal parameters for the first principal component (PC1), p* and d are
the more relevant ones for the second principal component (PC2), and
finally d and z are the relevant parameters for the third principal
component (PC3). Once the 47 solvents were considered in this new
three-dimensional space, the coordinates [PC1i , PC2i , PC3i] of each solvent
(i) in that new space are calculated by substitution of the values of the
parameters (variables) of each solvent in the linear combinations which
define each principal component.
In order to cluster the 47 solvents in different groups in the three-
dimensional space (Figure 9), a hierarchical classification has been done
over the solvents by using the Euclidean distance as a similarity criterion.
Then, two solvents are more similar as the distance between them in the
considered space is smaller.[33] The number of groups depends upon the
maximum distance allowed to be able to belong to the same cluster. In the
present work, the distance between the C6H5CH3 and CCl4 has been
considered as the discriminatory one. Following that criterion, the
47 solvents were clustered in eleven different groups which are designated


Table 5. Activation energies (Ea) and prexponential factors, A, associated
to the tumbling processes of the C2 and D3 isomers of quartet 1 in frozen
matrices of n-hexane and benzene.[a]


Solvent Diastereomer Ea
[b] ln A


n-hexane C2
[c] 29� 3 41� 2


C2
[d] 26� 2 38� 2


D3
[c] 20� 1 34� 1


D3
[d] 21� 1 35� 1


benzene C2
[c] 34� 2 40� 2


C2
[d] 35� 5 42� 3


D3
[c] 24� 1 34� 1


D3
[d] 22� 3 33� 2


[a] The correlation coefficients of the different fits were r2� 0.93 ± 0.99.
[b] In kJ molÿ1. [c] Results obtained from samples consisting of diaster-
eomeric mixtures. [d] Results obtained from pure samples of both isomers.
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by the letters A ± K and which are summarized in Table 6, together with all
the mean values of their solvatochromic and cavitational parameters.
Therefore, the selection of a series of solvents composed of one solvent of
each of these eleven groups will be representative of all kinds of solute/
solvent interactions and can be used in the study of any process (or
property) by the LSER approach.


Experimental Section


General Methods : Reagents were obtained commercially from Fluka and
Aldrich. Solvents for spectroscopic experiments were purchased as
spectroscopic grade. Solvents for chromatographic experiments were
obtained as super purity grade from Romil. THF and toluene were distilled
in presence of benzophenone ketyl and of an excess of potassium metal


under argon immediately before their use. Quartet 1 and its precursors
were obtained as previously described.[5] HPLC chromatography was
performed on a Perkin ± Elmer Series LC-235 spectrophotometer equipped
with a diode array detector, a PE Nelson Series 900 interface coupled to an
external computer, and a Perkin ± Elmer Series 410 pump system. For the
analytical HPLC experiments, a Spherisorb ODS-2 column (0.46� 25 cm,
5 mm particle size) was used as stationary phase, with a CH3CN/THF
(50:50) mixture with a flow rate of 1.0 mL minÿ1 as mobile phase. The
column was thermostated at the different working temperatures with a
glass homemade jacket equipped with an F3 Haake thermostat provided
with an external circulator. Semipreparative HPLC was performed on a
Spherisorb ODS-2 column (0.75� 25 cm, 5 mm particle size) with a flow
rate of 5 mL minÿ1 of CH3CN/THF (60:40), with the same equipment as
reported for the analytical experiments. UV/Vis spectra were measured
with a Varian Cary 05 spectrometer, provided with a multicell block,
equipped with a temperature controller working in the range of 268 ±
373 K. ESR spectra were recorded on an X-band Bruker ESP 300E
spectrometer equipped with an ER 4121 HT temperature controller. All
precautions were taken into account to avoid undesirable spectral line
broadening arising from microwave power saturation and magnetic-field
over modulation. The samples were degassed three times by the freeze-
(liquid N2)-pump-thaw cycle and sealed under a prepurified and dried
argon atmosphere. Solutions of the C2 and D3 isomers of quartet 1 in
different solvent mixtures were prepared from samples of pure isomers,
obtained from semipreparative HPLC chromatography,[34] by following the
next procedure. First, the target isomer was dissolved in CHCl3 at low
temperature and the resulting solution was evaporated quickly at reduced
pressure, keeping the solution in an ice bath all the time to avoid the
diastereomerization process. Second, the resulting glassy solid residue was
dissolved at low temperature in the desired solvent mixture, and finally
degassed with argon and frozen in a liquid N2 bath in order to keep the
solution for spectrometric measurements. Once the spectra were collected
the samples were analyzed by analytical HPLC to verify that the
diastereomerization had been properly quenched.


Table 6. General classification of 47 organic solvents in eleven groups named by
letters A ± K. Description of each group is performed by the mean value of the
solvatochromic and cavitational parameters corresponding to the solvents
grouped in this group.


Solvents[a] am bm p*m Wm dm zm


A n-hexane (1) 0.000 0.000 ÿ 0.040 57.453 0.000 0.000
c-hexane (2)


B diisopropyl ether (3) 0.000 0.470 0.263 53.259 0.000 0.200
di-n-butyl ether (4)
diethyl ether (5)
di-n-propyl ether (11)


C 1,4-dioxane (6) 0.023 0.424 0.642 91.091 0.000 0.080
1,2-dimethoxyethane (10)
tetrahydrofuran (7)
tetrahydropyran (9)
anisole (8)
acetonitrile (27)
2-butanone (12)
c-hexanone (14)
ethyl acetate (16)
ethyl chloroacetate (17)
methyl acetate (18)
methyl formate (19)
ethyl formate (20)
acetone (13)
c-pentanone (15)


D toluene (29) 0.000 0.085 0.658 85.607 1.000 0.000
benzene (30)
chlorobenzene (31)
bromobenzene (32)


E tetrachloromethane (33) 0.082 0.000 0.553 84.454 0.500 0.000
tetrachloroethene (39)
trichloroethene (34)
1,1,1-trichloroethane (35)
1,2-dichloroethane (36)
1,2-dibromoethane (40)
dichloromethane (37)
trichloromethane (38)
1,2-dichloro-E-ethene (41)


F dimethylsulfoxide (24) 0.000 0.737 0.920 138.922 0.000 0.000
N,N-dimethylformamide (22)
N,N-dimethylacetamide (21)


G tert-butanol (42) 0.798 0.846 0.500 142.263 0.000 0.200
iso-propanol (43)
n-butanol (44)
ethanol (45)
methanol (46)


H nitrobenzene (25) 0.000 0.650 0.955 119.095 1.000 0.200
benzonitrile (26)


I pyridine (28) 0.000 0.640 0.870 107.653 1.000 0.600
J triethylamine (23) 0.000 0.710 0.140 53.005 0.000 1.000
K water (47) 1.170 0.180 1.090 537.811 0.000 0.200


[a] Numbers in parenthesis are numeral descriptors of solvents.


Figure 9. Projection of the 47 studied organic solvents in the space defined
by the three principal components showing the hierarchical classification in
eleven groups, named A ± K. Top: PC1 ± PC2 space. Bottom: PC1 ± PC3


space. Insets: Loading representations showing the correlation between
the a, b, p*, d, z, and W variables and the principal components.
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Statistical data analysis : To fit the experimental data to a physicochemical
model, the Systat software (Systat, Evanston, IL, USA) was used. The
statistical data obtained with the multivariate linear regression fits
complied with the usual recommendations.[35] In addition, the standard
deviation of the regressions (s) and the adjusted coefficient of multiple
determination (r2) is given for each regression. The F test at 99.9 %
confidence level was used to indicate the significance of the independent
variable coefficients.


Semiempirical calculations : All theoretical calculations described were
carried out with the MOPAC 93 (Rev. 2) package.[36] Molecular geometries
were first optimized by using the AM1 hamiltonian and an UHF
wavefunction. In order to accelerate the convergence of the geometry
optimization, suitable symmetry constraints (C2 and D3 molecular symme-
tries) were enforced throughout the calculation, as well as the Eigenvector
Following (EF) algorithm. Radical 4 was also calculated with the same
methodology assuming a D3 molecular symmetry. Initial convergence of
the SCF calculation required the use of PULAY and SHIFT algorithms.
GNORM test for final convergence of the optimization was set to 2�
10ÿ3 kJ pmÿ1. In all cases, the energies of the electronic states and the heats
of formation mentioned were estimated by using the final optimized
geometries obtained under the above-mentioned conditions as input
geometries for single-point CI calculations. For this purpose, keywords
MECI, C.I.� (6,0), and OPEN� (3,3) were specified.


Molecular surface and volume calculations : For the determination of the
molecular surfaces and volumes of the isomers of 1, the GEPOL program
was used.[12] The geometries of both isomers used for such determinations
were obtained by UHF-AM1 semiempirical minimizations. The atomic
radii employed for the calculations were 170 pm for the carbon atoms,
180 pm for the chlorine, and 120 pm for the hydrogen atoms. The options
assigned in the present work to the program variables ªSUAVEº,
ªSUMAº, ªVECTORº and ªOPESFº were ªCONº, ªNSUº, ªVENº,
and ªSFYº, respectively. The values for the ªFRADº and ªNDIVº
parameters used were of 0.5 and 5, respectively.[4d],[11]


Kinetic measurements : The isomerization rates of the C2 isomer into the D3


one (k
 
) were measured in THF solutions (ca. 0.025 mm) in the temperature


range of 292.5 ± 320.5 K. Thus, a flask containing 25 mL of the solution was
immersed in a thermostated bath at the desired temperature (temperature
accuracy of �0.28). After a given period of time (from few minutes to
several hours), small samples were taken out, cooled in dry ice/acetone
solutions to quench the isomerization process, and diluted with CH3CN to
avoid undesirable chromatographic problems, such as on-column precip-
itation due to sudden changes of solvent compositions. Analysis of the
molar fractions of the C2 and D3 isomers (xC2


and xD3
� 1ÿ xC2


) in each
sample was performed by HPLC with the Equations (9) and (10), in which
e� eD3


/eC2
is the ratio of molar absorptivities at lmax� 383 nm for the two


isomers, and AC2
and AD3


are the integrated absorbances of the C2 and D3


isomers at the same wavelength.


xC2
� AC 2


e


�AD 3
� AC 2


e� (9)


xD3
� AD 3


e


�AD3
� AC 2


e� (10)


The experimental e value, determined with pure samples of both isomers at
several temperatures, was 1.00� 0.04 and remained unchanged in the
temperature range of 293 ± 321 K. The analytical HPLC determinations
were performed with the UV detector, working at 383 nm and at 293 K in
order to avoid on-column interconversions. The analysis of data corre-
sponding to the interconversion was carried out according to Equa-
tions (11) and (12),[37, 38] in which k


!
and k


 
are the overall rate constants for


the isomerization of the D3 isomer to the C2 one and that of the C2 isomer to
the D3 , respectively.


D3 1 )* C2 1 (11)
k
 


xD3
� K


1 � K
ÿ
�


K


1 � K
ÿ x0


D3


�
exp[ÿ (k


! �k
 
)t] (12)


K� k
 
/k
 


is the apparent equilibrium constant, defined as the ratio of the
isomeric molar fractions at infinite time (K� x1


D3
/x1


C2
�, and x0


D3
is the molar


fraction of the D3 isomer at t� 0. Least-squares treatment of the
experimental data (xD3


vs. t) to Equation (12) gave the k
!
, k
 
, K, and x0


D3


values at each temperature. By using the resulting overall rate constants,
the kinetic DG=, DH=, and DS= parameters for the isomerization processes
were calculated from the Eyring equation.


Equilibration measurements : In order to obtain the apparent equilibrium
constants in a given solvent and at a constant temperature, solutions of
quartet 1 were subjected to continued heating for at least several half-lives
and finally the isomeric ratios x1


D3
/x1


C2
were determined by analytical HPLC


chromatography. Typically, a solution of quartet 1 (3 mg) in the desired
solvent (4 mL) was thermostated at each temperature and left under argon
in the dark for 20 hours to reach the diastereomeric equilibrium. After that,
the solution was cooled in dry ice/acetone to quench the isomerization
process and then a sample (0.5 mL) was diluted with a precooled mixture of
CH3CN/THF (50:50) in a 1:3 ratio in order to avoid problems during the
HPLC analysis. The D3/C2 isomeric ratio was determined by using an
analytical HPLC column thermostated at 293 K, working with the UV
detector at 240 nm, for the nonaromatic solvents, and at 340 nm for
aromatic ones. Each equilibration measurement was repeated three or
more times to ensure the reproducibility of the final result. As molar
absorptivities of both isomers are the same regardless of the wavelength
used, the equilibrium constant, K(Se,Te), at a given temperature, Te, in the
solvent, Se, was determined by using Equation (13), in which AD3


and AC2


are the integrated chromatographic peaks corresponding to the two
isomers.


K(Se,Te)�AD3
/AC2


(13)


Chromatographic capacity factor measurements : The analytical column
was first thermostated at the temperature to be used in the experiment and
then stabilized overnight, by using a 0.2 mL minÿ1 flow rate of a THF/
CH3CN mixture with the initial working composition. Finally, the capacity
factor (k') measurements were performed with a flow rate of 1 mL minÿ1


and the UV/Vis detector working at 255 nm with about 0.6 mg mLÿ1 of a
solution of quartet 1 in THF/CH3CN (60:40), which was previously
equilibrated overnight at 300 K in the dark. The determination of capacity
factors in the chromatographic experiments, in which the composition of
the mobile phase was changed, was performed at a constant temperature of
303 K with mixtures of THF/CH3CN of different volumetric compositions.
Ratios of both solvents in such experiments ranged from the minimum ratio
of the strong chromatographic solvent (THF) of 82 %vol., necessary to
avoid undesirable precipitation and on-column diastereomeric intercon-
versions due to exceedingly long retention times, to the maximum ratio of
THF of 50% vol., at which both isomers show almost the same retention
times. After each k' determination, the analytical column was left to
stabilize for 20 minutes at the new mobile-phase composition. It is
important to emphasize that all the k' determinations at different mobile-
phase compositions were completed without interruptions to avoid errors
originated by experimental variations of the chromatographic conditions.
All the measurements were repeated twice under similar working
conditions. The determination of capacity factors of the chromatographic
experiments for which the temperature was changed were performed with a
fixed THF/CH3CN composition of 40:60 within the temperature range of
283 ± 318 K. This upper temperature limit of this range was set as the
temperature at which the retention times of the different isomers are close
to the dead time of the column, and the lower limit as the temperature at
which an on-column interconversion of diastereomers starts to be detected.
At each temperature, the column was left to stabilize for 20 minutes and the
k' factor was measured two or three times in order to guarantee a good
reproducibility.


Determination of the solvatochromic parameters : When not available from
literature sources,[39] the a and p* parameters for a given solvent or a
mixture of solvents were experimentally determined, with a precision of
�0.001, by measuring the variation of the UV/Vis spectrum of a pair of
solvatochromic dyes, named A and B, following the procedure described
elsewhere.[39] In the case of the parameter a, the pair of dyes used were
4-nitroanisole (A) and 4-(2,4,6-triphenyl-pyridinio)-2,6-diphenylphenoxide
(B). At a given solvent (Se) and temperature (Te), the parameter a(Se,Te)
was determined from to Equation (14), in which lA


max and lB
max are the


maximum wavelengths of the lowest energy UV/Vis absorption bands for
the dyes A and B, respectively.[40]


a(Se,Te)� [(1/lA
max�� 1.873/lB


max�� 104ÿ 74.58]/6.24 (14)
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Determination of solvatochromic parameter p*(Se, Te) was performed
following one of the procedures described by Taft et al. ,[39] by using
4-nitroanisole (A) and 1-ethyl-4-nitrobenzene (B) as solvatochromic dyes.
The parameter p* of each solvent was obtained from Equations (15) ± (17),
in which lA


max and lB
max are the wavelengths of the lowest energy UV/Vis


absorption bands of the dyes A and B, respectively.


p*A(Se,Te)� [(1/lA
max�� 104ÿ 34.12]/ÿ 2.342 (15)


p*B (Se,Te)� [(1/lB
max�� 104ÿ 34.12]/ÿ 2.342 (16)


p*(Se,Te)� [p*A(Se,Te)�p*B (Se,Te)]/2 (17)


Determination of the cavitational parameter : The cavity formation term, or
cavitational parameter [W(Se,Te)], of a solvent Se at a given temperature Te


was determined by following the procedure given by Hildebrand et al.
[Eqs. (18) ± (24)],[41] which uses the molar enthalpies of vaporization[42] and
the density of the solvent.[43]


W(Se,Te)� c(bÿ aTe)n�1 (18)


a� d[1(Se,Te)]/dT (19)


b� 1(Se,Te)� d[1(Se,Te)]/dT (20)


c�
expf2�ln dH�Se; 298� � n � 1


2
ln V1�Se; 298��g


�M � 10ÿ3�n�1
(21)


n� 1�ÿ2
�


ln dH�Se; 298� ÿ dH�Se; Tboil�
ln V1�Se; 298� ÿ V1�Se; Tboil�


�
(22)


dH(Se,T)�
�


DHv�Se;T� ÿ 1:9872 T


V1�Se;T�


�1=2


(23)


V1(Se,T)�M � 10ÿ3


bÿ a T
(24)


In the above equations Tboil is the boiling temperature of the solvent,
1(Se,T) is the density of the solvent at the temperature T, d[1(Se,Te)]/dT is
the variation of the density with the temperature at Te, dH(Se,Te) is the
Hildebrand�s density at Te, Vl(Se,Te) is the molar volume of the solvent Se at
Te, DHv(Se,Te) is the molar enthalpy of vaporization at temperature Te, and
M is the molecular mass of the solvent. For a binary mixture of solvents, the
cavitational parameter at the temperature Te was calculated assuming the
additivity of this magnitude by means of Equation (25), in which x1 and x2


are the volumetric fractions of pure solvents 1 and 2 at Te.


W(S1,S2,Te)� x1 W(S1,Te)� x2 W(S2,Te) (25)
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Cobalt-Mediated [2�2�2] Cycloadditions of Pyrimidine
Derivatives to Alkynes


HeÂleÁne Pelissier,[c] Jean Rodriguez,*[a] and K. Peter C. Vollhardt*[b]


Abstract: The scope and limitations of
the cobalt-mediated [2�2�2] cycloaddi-
tion of pyrimidine derivatives to alkynes
has been investigated. The 5,6-double
bond of these heterocyclic nuclei has
been found to participate in an entirely
intermolecular fashion to generate che-
mo- and stereoselectively novel, fused
and substituted 5,6-dihydropyrimidine
cobalt complexes, which upon oxidative
demetallation liberate the correspond-


ing new heterocyclic ligand. On the
other hand, 1-alkynyl pyrimidines have
been found to be suitable partners in the
cocyclization with disubstituted alkynes,
such as bis(trimethylsilyl)acetylene
(BTMSA) or dimethyl 2-butyn-1,4-dio-
ate (DMAD), to allow the direct prep-


aration of hitherto unknown dihydro-
pyrido[3,2-ij]quinazoline cobalt com-
plexes. Effects of the substitution on
the pyrimidine nucleus, the cocyclization
partner, the complex auxiliary, and the
reaction conditions were examined, and
in some cases competing pathways that
lead to [CpCo(cyclobutadienes)], cyclo-
pentadienone complexes, and com-
pounds that arise from a CÿH activa-
tion-type reaction were observed.


Keywords: alkynes ´ cobalt ´ cyclo-
oligomerizations ´ heterocycles


Introduction


The cobalt-mediated [2�2�2] cycloaddition is a powerful
synthetic method to form carbon ± carbon bonds,[1] and
provides chemo-, regio- and stereoselective pathways to
various natural products and compounds of theoretical
interest.[2] Studies on heteroaromatic double bonds have
shown the ability of these systems to readily participate in the
cobalt-mediated cyclization with alkynes. This methodology
has been used for the rapid construction of complexed
dihydroindoles by the reaction of either the indole 2,3-double
bond[3] or the pyrrole 2,3-double bond.[4] Imidazoles,[5] furans,
and thiophenes[6] have also been found to be effective in this
process. The success of such heterocyclic olefins and partic-
ularly of enamides in these transformations,[7] led us to
consider pyrimidines as cyclization partners.[8] Because of the
extremely diverse physiological activity exhibited by the


pyrimidine nucleus[9] and its presence in a multitude of
biologically important molecules, for example nucleic acids,
extensive synthetic attention has been given to this core
substrate.[10] More particularly, the selective modification of
nucleosides is a challenge in the quest for the development of
medicinal agents effective for the treatment of cancer and
viral infections, such as herpes and AIDS.[11] Part of this effort
has involved the utilization of the 5,6-double bond for
synthetic elaboration by means of inter- and intramolecular
electrophilic additions[12] or cycloaddition processes, such as
6p-electrocyclizations, [2�2] cycloadditions, [3�2] photoad-
ditions,[13] and [4�2] Diels ± Alder reactions with appropri-
ately functionalized pyrimidones.[14] In this paper, we wish to
report the scope and limitations of our studies which are
directed towards the chemo-, regio-, and stereoselective
participation of pyrimidine derivatives in cobalt-mediated
[2�2�2] cycloaddition reactions as a new synthetic entry to
modified nucleosides.


Results and Discussion


Preparation of the cycloaddition partners : In order to
examine the feasibility of cobalt-mediated cycloadditions to
the pyrimidine nucleus, we prepared various derivatives by
adaptation or by the application of standard literature
procedures. In general, these substrates cannot be used in
their NÿH form in the [2�2�2] cycloaddition because of their
insolubility in common organic solvents. However, 1N,3N-
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dimethylated substrates 1 a ± d,[15] imides 1 e ± g,[16] imidates 2
and 4,[17] or enamines 3[16,18] show good solubility in most
organic solvents and can be readily prepared in good yields.
Similarly, permethylation (N and O)[19] or selective O-
acylation[20] of nucleosides allows the preparation of soluble
derivatives 1 h ± l (Tables 1 ± 4). Compounds 1 ± 4 were em-
ployed as substrates in potential intermolecular [2�2�2]
cycloaddition to a,w-diynes.


Conversely, 1N-alkylation or acylation of pyrimidines 5
gives rise to suitable functionalized substrates 6 (Table 5) for
the study of the cocyclization with substituted alkynes, such as
BTMSA or DMAD. Since attempted direct selective alkyla-
tion at N1 of both uracil and thymine resulted in a mixture of
1,3-dialkylpyrimidinediones,[21] we chose a two-step sequence
through the readily available 3N-aroyl intermediates 5 (R1�
COAr; Table 5).[22]


Alkylation of pyrimidinediones 5 with NaOH in glyme,
KOH in acetone or, under phase-transfer catalysis, Et3N in
ethanol or diazabicyclononene (DBN), resulted in very poor
yields of 6 (< 5 %) and partial or complete hydrolysis of the
amide function. However, it was found that by the use of
anhydrous K2CO3 in a mixture of dry DMSO and dry THF in a
ratio of 1:8, the alkylation of 5 either with 4-iodo-1-butyne or
5-iodo-1-pentyne proceeded cleanly to give only the desired
1-alkylpyrimidines 6 a ± d in acceptable yields. Compound 6 e
could be obtained selectively in 32 % yield with Et3N in a
mixture of EtOH/H2O (1:1). Direct acylation of uracil (5 :
R1�R2�H) with 4-pentynoyl chloride[23] following a report-
ed procedure afforded 6 f in 60 % yield.[13] The cyano
derivatives 6 g (n � 1) and 6 h (n� 1) have been prepared in
60 % and 66 % yields, respectively, by Michael addition of the
corresponding pyrimidinediones to acrylonitrile,[24] while 6 i
(n� 2, R1�R2�H) was obtained in 37 % yield by direct
alkylation of 5 (R1�COPh, R2�H) with 4-chlorobutyroni-


trile by the use of K2CO3 in THF and concomitant saponifi-
cation of the benzoyl protecting group at N3. Similarly,
alkylation of N-acetylcytosine (3 a) gave the desired 1N-(1-
pentyne) derivative 7 in 88 % yield (Scheme 1).


Abstract in French: Nous dØcrivons une Øtude dØtaillØe sur la
rØactivitØ de diverses pyrimidines vis-à-vis de la rØaction de
cycloaddition [2�2�2] induite par les complexes du cobalt(i).
Dans un premier temps, nous avons montrØ que la double
liaison C5 ± C6 de ces hØtØrocyles participe de mani�re inter-
molØculaire a une cycloaddition chimio- et stØrØosØlective avec
des a,w-diynes pour conduire aux complexes diØniques du
cobalt attendus. Ces dØrivØs organomØtalliques constituent des
prØcurseurs de nouveaux squelettes hØtØrocycles de type
quinazoline par simple dØcomplexation oxydante. Par ailleurs,
l�utilisation de 1-alcynyl pyrimidines permet de rØaliser des co-
cyclisations avec des dØrivØs acØtylØniques disubstituØs comme
le bis(trimethylsilyl)acetylene (BTMSA) ou le dimethyl 2-
butyn-1,4-dioate (DMAD) conduisant à la construction du
squelette dihydropyrido[3,2-ij]quinazoline sous forme de
complexe diØnique du cobalt. Nous avons ØtudiØ en dØtail les
diffØrents param�tres de ces cycloadditions en faisant varier la
substitution sur le noyau hØtØrocyclique, la nature du complexe
de cobalt et les conditions opØratoires afin d'Øviter la formation
parasite de complexes cyclobutadiØnyles, cyclopentadiØnones
et des sous-produits issus de reactions d'activation de liaisons
CÿH.


Table 1. Preparation of pyrimidines 1a ± l.


Table 2. Preparation of pyrimidines 2 a,b.


R1 R2 Yield [%]


2a Cl Cl 75
2b OMe OMe 64


Table 3. Preparation of pyrimidines 3 a ± d.


R1 R2 R3 Yield [%]


3a H H Ac 59
3b Pr H Ac 72
3c Me Me H 80
3d Me Me Me 98
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Scheme 1. Alkylation of acetylcytosine. Reagents and conditions:
a) K2CO3 (1.1 equiv), DMSO, 70 8C, 8 h.


Cyclization of pyrimidines 1 ± 4 with a,w-diynes : We first
examined the reaction of 1,3-dimethyluracil (1 a) with a,w-
diynes 8 a ± c in the presence of [CpCo(CO)2] in refluxing,
irradiated toluene (18 h). The desired complexes 9 a ± 11 a
were formed only in fair yields owing to the incomplete
conversion of the starting materials. In an attempt to optimize
the reaction of 1 a with 1,7-octadiyne (8 b), the cyclization was
carried out in refluxing xylene for 20 h, which resulted in the
complete conversion of 1 a and a 76 % isolated yield of
complex 10 a (Table 6).


In contrast with the results obtained from the reaction of
the pyrrole and imidazole nuclei,[25] these results show that the
heterocyclic 5,6-double bond of uracil derivative 1 a can be
engaged in an intermolecular fashion to give complexes 9 a ±
11 a, which have a syn configuration. Because of the lack of
reference compounds, the relative stereochemistry of the
ligand with respect to the CpCo fragment was assigned on the
basis of the well-documented magnetic anisotropy of co-


balt.[2,26] The observed anisotropic effect and the comparison
of the chemical shifts of the methine proton Ha at the ring
junction in 9 a ± 11 a with the corresponding carbocyclic
analogue 12[26] are consistent with the proposed stereochem-
istry (Table 7). In addition to the good agreement of the


proposed stereochemistry, the deshielding (DdHa) of the
proton Ha in 10 a by cobalt, relative to the free ligand 13,[27] is
almost equal to that found for the syn carbocyclic complex 14
relative to the corresponding free ligand 15[26] (Table 7).
Finally, unambiguous support for these assignments was
obtained by an X-ray structural determination of 10 j (major
diastereomer, vide infra).[8]


Having shown the participation of the 5,6-double bond of
uracil derivatives in the [2�2�2] cycloaddition, we then


Table 4. Preparation of pyrimidines 4 a ± d.


R1 R2 Yield [%]


4a Me Me 64
4b Me Et 80
4c Me nPr 88
4d Et Me 88


Table 5. Preparation of pyrimidines 6 a ± i.


R1 R2 X n Y Yield [%]


6a COPh H H2 2 CÿH 81
6b COPh H H2 1 CÿH 33
6c COPh Me H2 2 CÿH 76
6d COPhNO2-p H H2 2 CÿH 35
6e H H H2 2 CÿH 32
6 f H H O 2 CÿH 60
6g COPh H H2 1 N 60
6h H H H2 1 N 66
6 i H H H2 2 N 37


Table 6. Cycloaddition of l a to a,w-diynes 8a ± c.


n T [8C] Solvent Complex Yield [%][a]


8a 1 110 toluene 9 a 53 (96)
8b 2 110 toluene 10 a 57 (89)
8c 3 110 toluene 11 a 22 (94)
8b 2 140 xylene 10 a 76


[a] Values in brackets are based on consumed 1 a.


Table 7. 1H NMR shifts (d) for Ha and DdHa between complexes and free
ligands.


n Ha DdHa
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turned our attention to the scope and limitations of this
reaction. The first finding was the high sensitivity of this
process to steric hindrance. Indeed, compounds 1 b and 1 c,
derived from thymine and 5-fluorothymine, respectively, were
not affected by prolonged irradiation in the presence of
[CpCo(CO)2] in refluxing toluene or xylene. Similarly, no
reaction was observed with dimethyluracil 1 a and 1,8-
bis(trimethylsilyl)-1,7-octadiyne (16),[28] which gave rise to
the formation of the known cyclobutadiene and cyclopenta-
dienone complexes 17 and 18[29] (Scheme 2).


Scheme 2. Attempted cycloaddition of 1 a to 1,8-bis(trimethylsilyl)-1,7-
octadiyne 16. Reagents and conditions: a) [CpCo(CO)2] (1.5 equiv), hn,
toluene, 40 8C, 30 h.


The presence of a sulfur atom in 1 d also inhibited the
reaction, probably by deactivation of the cobalt complex.[30] A
switch from the pyrimidinedione to the more aromatic
pyrimidine core, as in 2 a and 2 b, also suppressed the
[2�2�2] cycloaddition.


However, imides 1 e and 1 f were successful in this reaction
to give, after chromatography on neutral alumina, acceptable
yields of the corresponding cobalt-complexed heterocycles,
while the tri-N-benzoyl derivative 1 g failed to add to 1,7-
octadiyne (8 b) under the same conditions (Table 8).


The behavior of 1 e and 1 f was comparable to that of the
parent pyrimidinedione 1 a and had the same regio- and
stereochemical outcome. Only the 5,6-double bond of the
heterocycle was involved in the cyclization, which gave only
the syn isomer, as shown by spectral data and, furthermore,
hydrolysis of 10 e gave 10 a (Scheme 3), which was identical
with the sample prepared directly from 1 a (Table 6).


An extension of the method to nucleosides was of interest
as a contribution to the synthesis of modified nucleosides for
the development of new biologically active agents. Therefore,


Scheme 3. Hydrolysis of 10e. Reagents and conditions: a) SiO2, MeOH or
Al2O3, H2O, RT.


the reactivity of substrates 1 h ± l towards 1,7-octadiyne (8 b)
was explored. It was gratifying that all derivatives gave the
expected [2�2�2] cycloadducts 10 h ± l as mixtures of the four
possible diastereomers in ratios that depended on the nature
of the starting nucleoside (Table 9).


This, like other related cyclizations,[25] is strongly affected
by changes in the reaction conditions. For example, the yield
of 10 h was improved from 45 to 71 % by changing the solvent
from toluene to boiling xylene. Even better, with
[CpCo(C2H4)2][31] as the reagent in refluxing THF, complexes
10 j were obtained in almost quantitative yield. However, the
presence of the relatively acidic NÿH bond in 1 k and 1 l seems
to be detrimental, since 10 k and 10 l were obtained in low
yields (37% and 18 %, respectively), even in the presence of
[CpCo(C2H4)2].


The observed diastereoselectivity also deserves some com-
ments. Interestingly, we observed a very high selectivity in
favor of one of the four possible isomers of 10 j (45:4:1:1)
during the cycloaddition of deoxyuridine derivative 1 j with
8 b with either [CpCo(CO)2] in refluxing xylene or the more
efficient [CpCo(C2H4)2]. The corresponding uridines 1 h and
1 i gave only moderate diastereoselection, while no stereo-
selectivity and a very bad mass balance was observed in the
case of 1 k and 1 l, regardless of the reaction conditions. Our
results with regard to the diastereoselectvity observed for
1 h ± j can be tentatively explained by changes in the
conformation as a result of puckering in the furanose ring.[32]


It is known that pyrimidine nucleosides generally exist in the
anti conformation; the 5,6-double bond lies more or less
above the sugar ring depending on the substitution.[33] As a


Table 8. Cyclization of l e ± g with a,w-diynes.


n Complex Yield [%][a]


1e 1 9e 46 (100)
1e 2 10e 79 (100)
1e 3 11e 21 (40)
1 f 1 9 f 40 (100)
1 f 2 10 f 55 (100)
1 f 3 11 f 22 (23)
1g 2 10g 0 (100)


[a] Values in brackets are based on consumed 1.


Table 9. Cyclization of nucleosides 1h ± l with 1,7-octadiyne (8 b).


L Solvent Complex (ratio)[a] Yield [%][b]


1h CO toluene 10h[c] 45 (100)
1h CO xylene 10h (7.5:4:1:1) 71 (94)
1 i CO xylene 10 i (2.4:1.8:1:1) 33 (54)
1j CO xylene 10j (45:4:1:1) 76[c]


1j C2H4 THF 10j (45:4:1:1) 94
1k C2H4 THF 10k (1:1:1:1) 37 (59)
1 l CO toluene 10 l (1:1:1:1) 18 (23)


[a] Determined by 1H NMR. [b] Values in brackets are based on consumed
1. [c] Not determined.
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consequence, an increase in the substitution on the sugar
would probably make the two faces of the olefin more
accessible by the cobalt complex; this would result in a lower
selectivity. The assignment of the stereochemistry was first
deduced from NMR spectroscopic studies and was confirmed
by X-ray diffraction analysis of 10 j (major isomer),[8] which
also supported the proposed configuration of complexes 9 and
11.


In an effort to extend the method further, we turned our
attention to the use of enamines 3, derived from cytosine and
imidates 4. Although the enamide double bond has been
found to be compatible in the [2�2�2] cycloaddition,[7]


compounds 3 gave relatively disappointing results
(Scheme 4). N-Acetylcytosine (3 a) failed to react with 8 b in


Scheme 4. Cycloaddition of 3 with 1,7-octadiyne 8b. Reagents and
conditions: a) [CpCo(CO)2] (2 equiv), hn, toluene, reflux 20 h.


DMSO (perhaps for reasons of solubility, as 3 a is only poorly
soluble in this and other solvents more typically employed in
these cyclizations, such as toluene) and only led to the
formation of complex 19[29] from the reaction of 8 b with
[CpCo(CO)2]. In the case of 3 b and 3 c, which were soluble in
toluene, once again 19 was the only organometallic complex
obtained, while 9 % of the desired tricyclic derivative 20 d was
formed with 3 d in refluxing toluene (Scheme 4).


Changing the solvent did not help, since
no reaction occurred in DME, only 6 % of
20 d was obtained in THF, and in xylene
extensive decomposition was observed
without the generation of any isolable
desired product. While it is not obvious
why these cycloadditions were not success-
ful, it is possible that, for 3 a ± c, it is again
the presence of an acidic NÿH bond that is
responsible, whereas for 3 d it may be the
increased aromaticity of the system.


The results of the [2�2�2] cycloaddition
of imidates 4 (Table 10) were more gratify-
ing. Thus, 4 a provided a moderate yield
(37 %) of 21 with 1,7-octadiyne (8 b, n� 2)
together with 9 % of the corresponding
pyrimidinedione 25 produced by the hy-
drolysis of the imidate function during
workup. Indeed, 21 was converted quanti-
tatively to 25 by treatment with wet silica
gel. Similarly, heterocycles 4 b and 4 c gave
the expected diene complexes 22 and 23,
when treated with 8 b (n� 2), in 15 % and
20 % yield, respectively, accompanied by
7 % of 25. Finally, in the case of 4 d, the
hydrolyzed complex 26 was the only orga-


nometallic species isolated from the reaction mixture in 9 %
yield. In sharp contrast to these results, 1,6-heptadiyne (8 a,
n� 1) and 1,8-nonadiyne (8 c, n� 3) failed to add to 4 a under
the same experimental conditions.


Cocyclization of pyrimidines 6 with disubstituted acetylenes :
In another extension of the scope of the cyclization, the
potential construction of tricyclic systems was explored by
appending one of the alkyne units to the pyrimidine nucleus,
as in 6 and 7. BTMSA[34] was chosen as the cocyclization
partner owing to its very low autocyclization rate in the
presence of [CpCoL2][35] (Table 11). In a preliminary experi-
ment, 1N-1-pentynylderivative 6 a was photolyzed in a
refluxing mixture of THF/BTMSA in the ratio 1:2 for
solubility reasons. After all the starting material had been
consumed, removal of the solvent and flash chromatography


Table 11. Cocyclization of 6 a ± i with disubstituted acetylenes.


R T [8C][a] Complex anti/syn[b] Yield [%][c]


6a TMS 110 27 [d] 5
6a TMS rt 27 5 23
6a TMS rt[e] 27 � 31 5 18 � 21
6a COOMe rt 28 anti 61
6b COOMe rt [f] ± ±
6c TMS rt 32 ± 18
6d TMS rt [g] ± ±
6e TMS rt 29 10 35
6e COOMe rt 30 anti 73
6 f TMS rt [f] ± ±
6 f TMS 65 [g] ± ±
6g TMS 85 [f] ± ±
6h TMS 40 [f] ± ±
6 i COOMe 65 [f] ± ±


[a] Unless otherwise noted, [CpCo(CO)2] was used as the reagent. [b] The designation syn and anti
indicates the position of the Co atom relative to the tertiary hydrogen atoms of the ring junction.
[c] Isolated. [d] Not determined.[e] L�C2H4. [f] No reaction. [g] Decomposition.


Table 10. Cycloaddition of imidates 4 to a,w-diynes 8 a ± c.


n Complex Yield [%][a]


4a 2 21 � 25 37 � 9 (89)
4b 2 22 � 25 15 � 7 (73)
4c 2 23 � 25 20 � 7 (93)
4d 2 26 9 (56)
4a 1 [b] ±
4a 3 [b] ±


[a] Values in brackets are based on consumed 4. [b] No reaction.
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allowed the isolation of the CpCo-complex 27 as a mixture of
two diastereomers in only 5 % yield (Table 11). In an effort to
improve this outcome, the effects of the temperature, the
cocyclization partner, the cobalt auxiliary, and the structure of
the starting pyrimidines were examined.


Thus, at room temperature, the reaction of 6 a provided 27
in 23 %. Surprisingly, under these conditions addition of
[CpCo(C2H4)2][31] resulted not only in 27 but also in a new
addition product, the butadiene complex 31, derived by
formal CÿH activation.[36] A similar result was obtained with
cytosine derivative 7, which gave a 23 % yield of a mixture of
the two cobalt complexes 33 and 34 after photolysis for 20 h at
room temperature in the presence of BTMSA and [CpCo-
(CO)2] (Scheme 5).


Scheme 5. Cycloaddition of 7 with BTMSA. Reagents and conditions:
a) [CpCo(CO)2] (2 equiv), BTMSA (6 equiv), hn, THF, RT, 20 h.


Previous studies[3,5] have shown that DMAD was also a very
good partner in [2�2�2] cycloadditions and therefore its
potential in the present system was investigated. Photolysis of
6 a and DMAD in the presence of [CpCo(CO)2] at room
temperature led to a 61 % yield of complex 28 as only one
diastereomer (Table 11). Unfortunately, under the same
conditions 6 b, which has a shorter tether length (n� 1), failed
to react. In the case of the thymine derivative 6 c, the
cyclobutadiene complex 32 was the only organometallic
species isolated from the reaction mixture in 18 % yield. This
result shows, once again, the high sensitivity of the reaction to
steric hindrance (vide supra). Compound 6 d proved to be
very unstable under the reaction conditions; it completely
degraded. In light of the failure of 3 a ± c and 10 k,l to undergo
cycloadditions, it is of interest that the N3-unprotected
pyrimidine 6 e did react with BTMSA (35%) and DMAD
(73 %) to assemble the tricyclic complexes 29 and 30,
respectively. It was thought that further activation of the
heteroarene on switching from a N-alkynyl to a N-alkynoyl
substituent, as in 6 f, would improve the yield of the cyclo-
addition. Unfortunately, 6 f remained unchanged, even after
15 h at 65 8C, and decomposed on prolonged heating. Finally,
unlike related successful [2�2�2] cycloadditions of alkyneni-
triles[37] to form annelated pyridines, the substrates 6 g ± i are
stable under the reaction conditions and none of the desired
complexes were obtained.


The assignment of the stereochemistry of 27 ± 30 was made
by comparison with related systems,[3,5] and utilized the effects
of the magnetic anisotropy of cobalt in 1H NMR spectro-
scopy.[2,26] In the major isomer, the protons Ha and Hb in 27
appeared at d� 1.65 and 2.21, respectively, as two doublets
with a coupling constant of 8 Hz, whereas in the minor isomer,
Ha and Hb resonated at d� 2.55 and 3.77 as two doublets with
a coupling constant of 10.5 Hz (Table 12). The deshielding


caused by the cobalt in the exo position strongly suggests that
the major isomer of the reaction has the anti configuration.
The same conclusions can be drawn with respect to the
chemical shifts and the coupling constants of Ha and Hb in 29.
For compounds 28 and 30, the above comparison of the
chemical shift could not be made since they were obtained as
only one isomer; however, it is interesting to note that the
coupling constants for Ha and Hb were the same as in
complexes 27 and 29 (Table 12).


Interestingly, the observation of the important difference in
the coupling constants between anti and syn complexes seems
to be quite general and even proved to be consistent over a set
of 17 diene complexes prepared in this work. It also correlates
well with previous studies.[4] In short, the syn-diene-cobalt
complex has J(Ha,Hb)� 10 ± 11 Hz, while in the anti isomer
has J(Ha,Hb)� 7 ± 8 Hz (Figure 1).


Figure 1. Coupling constants of methine protons in syn and anti diene-
cobalt complexes.


Mechanistic discussion : Theoretical and experimental mech-
anistic investigations[38] have led to a proposed mechanism of
the [2�2�2] cycloaddition that involves cobaltacyclopenta-
diene or -cycloheptadiene intermediates, which are also
consistent with the byproducts, such as cyclobutadiene and
cyclopentadienone complexes, encountered in this study. In
accordance with these findings, one can formulate Schemes 6
and 7 for the two topological variants of the cycloaddition of
pyrimidines.[39]


A further competing pathway was observed with the
formation of diene complexes 31 and 33, which result from
formal CÿH activation.[36] The exact mechanism of this
process is not known; however, one can envisage direct
electrophilic aromatic substitution by the cobaltacyclopenta-
diene, oxidative addition to the CÿH bond to give a (rare[40])
CoV species, or a b-hydride/reductive elimination sequence
from the cobaltacycloheptadiene intermediate.


Table 12. Chemical shifts (d) and coupling constants [Hz] in 27 ± 30.


Major isomer (anti) Minor isomer (syn)
R1 R Ha Hb J(Ha,Hb) Ha Hb J(Ha,Hb)


27 COPh TMS 1.65 2.21 8.1 2.55 3.77 10.5
28 COPh COOMe 2.78 3.12 8.1 ± ± ±
29 H TMS 1.44 2.01 8.0 2.37 3.69 10.3
30 H COOMe 2.70 2.94 8.0 ± ± ±







Cyclooligomerizations 3549 ± 3561


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3555 $ 17.50+.50/0 3555


Scheme 6. Proposed mechanism for intramolecular cycloadditions.


Scheme 7. Proposed mechanism for intermolecular cycloadditions.


Experimental Section


General methods : Unless otherwise stated, all starting materials were
obtained from commercial suppliers and used without further purification.
DME, THF, and Et2O were freshly distilled from sodium benzophenone;
toluene and xylene were distilled from potassium and sodium, respectively,
and DMSO was stored over 4 � molecular sieves. Unless otherwise
specified, all reactions that involved air- or moisture-sensitive materials
were carried out under an atmosphere of dry nitrogen or argon with
glassware that was oven-dried overnight at 130 8C. In these experiments,
reagents were usually added from Hamilton gastight syringes mounted on a
syringe pump. Column chromatography was performed on flash silica gel
(Merck Reagents silica gel 60, 230 ± 400 mesh ASTM). Thin-layer chroma-
tography (TLC) was carried out on a 250 m coating with fluorescent
indicator. Melting points were observed in open Pyrex capillary tubes with
a Thomas ± Hoover Unimelt apparatus and are uncorrected. Infrared
spectra were obtained either on neat compounds (NaCl plates), in solution
(solvent, NaCl cells), or with KBr pellets. Low- and high-resolution mass
spectra were provided by the Mass Spectral Service at the University of
California, Berkeley. Elemental analyses were determined by the Micro-
analytical Laboratory, UCB.


Preparation of 1,3-dimethylpyrimidinediones (1 a ± c):[14] General proce-
dure : The pyrimidinedione (10 mmol) was suspended in an aqueous NaOH
solution (13 %, 8 mL) and cooled to 0 8C. Dimethyl sulfate (2.5 mL) was
added slowly, the reaction mixture was left for 30 min at room temperature


and then brought to reflux for 30 min. After cooling, the mixture was
extracted with CHCl3 (3� 20 mL) and washed with saturated aqueous
NaHCO3 solution. The extract was dried over Na2SO4 and filtered, and the
solvent removed under reduced pressure to give the crude methylated
pyrimidines.


1,3-Dimethyluracil (1a): White crystals (EtOH); yield: 89 %; m.p. 120 ±
122 8C; 1H NMR (300 MHz, CDCl3): d� 3.32 (s, 3 H), 3.38 (s, 3H), 5.72 (d,
J� 7.8 Hz, 1 H), 7.11 (d, J� 7.8 Hz, 1 H); C6H8N202 (140.14): calcd C 51.39,
H 5.71, N 19.98; found C 51.21, H 5.63, N 19.95.


1,3-Dimethylthymine (1 b): White crystals (EtOH); yield: 97 %; m.p. 154 ±
155 8C; 1H MNR (300 MHz, CDCl3): d� 1.92 (s, 3H), 3.35 (s, 3H), 3.36 (s,
3H), 6.97 (m, 1 H); C7H10N2O2 (154.17): calcd C 54.54, H 6.49, N 18.18;
found C 54.39, H 6.54, N 18.22.


1,3-Dimethyl-5-fluorouracil (1c): White crystals (EtOH); yield: 88%; m.p.
128 ± 130 8C; 1H NMR (300 MHz, CDCl3): d� 3.29 (s, 3 H), 3.33 (s, 3H),
7.25 (d, J� 5.1 Hz, 1 H).


Preparation of 1,3-dimethyl-4-thiouracil (1d):[14] 1,3-Dimethyluracil (1a)
(0.840 g, 6.0 mmol) and phosphorus pentasulfide (1.05 g, 4.72 mmol) were
refluxed in dry pyridine (18 mL) for 3 d. After evaporation of the pyridine
under vacuum, water (50 mL) was added, and the mixture was extracted
with CHCl3 (4� 20 mL). The organic layer was washed with water (2�
20 mL) and dried over Na2SO4. Filtration and evaporation of the solvent
gave an orange solid, which was chromatographed (silica gel, pentane/
acetone 1:1) to give a yellow solid. Yield: 92%; m.p. 183 8C; IR (CDCl3):
nÄ � 1725, 1660, 1360, 1140 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 6.90 (d,
J� 8.3 Hz, 1H), 6.60 (d, J� 8.3 Hz, 1 H), 3.76 (s, 3H), 3.42 (s, 3H); MS
(70 eV): m/z (%): 156 (100) [M�], 123 (24), 100 (26), 86 (7), 82 (8), 77 (9), 72
(18).


Preparation of imides (1e ± g): These compounds were obtained with a
reported procedure.[15]


1,3,N4-trimethyliminouracil (1e): White crystals (Et2O); yield: 66%; m.p.
79 8C; 1H NMR (300 MHz, CDCl3): d� 6.74 (d, J� 8.3 Hz, 1 H), 5.75 (d,
J� 8.3 Hz, 1 H), 3.25 (s, 3H), 3.23 (s, 3H), 2.01 (s, 3 H).


1,3-Dimethyl-N4-ethyliminouracil (1 f): Pale yellow solid; yield: 54%; m.p.
88 ± 89 8C; IR (CDCl3): nÄ � 2970, 1670, 1610, 1460, 1400 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 5.96 (d, J� 8.1 Hz, 1 H), 3.60 (m, 9 H), 1.31 (t, J�
7.2 Hz, 3 H); 13C NMR (75.8 MHz, CDCl3): d� 151.71, 150.59, 137.33, 92.83,
42.71, 35.91, 28.31, 16.34; MS (70 eV): m/z (%): 167 (57) [M�], 166 (22), 111
(9), 109 (21), 96 (33), 95 (52), 83 (8), 82 (10), 81 (22); C8H13N3O (167.21):
calcd C 57.46, H 7.84, N 25.13; found C 56.80, H 7.72, N 24.65.


1,3-Dibenzoyl-N4-benzyliminouracil (1g): White crystals (EtOH); yield:
48%; m.p. 140 ± 142 8C; 1H NMR (300 MHz, CDCl3): d� 8.73 (d, J�
6.1 Hz, 1 H), 8.08 (d, overlapping, J� 6.1 Hz, 2 H), 7.77 (m, 4H), 7.43 (m,
10H); MS (70 eV): m/z (%): 423 (60) [M�], 395 (61), 394 (100), 366 (34),
318 (59), 291 (55), 105 (98).


Preparation of nucleosides (1h ± j): These compounds were obtained with a
reported procedure.[18]


Tetramethyluridine (1h): White crystals from flash chromatography
(hexanes/Et2O 1:1); yield: 99%; m.p. 102 8C; 1H NMR (300 MHz, CDCl3):
d� 7.90 (d, J� 8 Hz, 1 H), 5.91 (m, 1H), 5.72 (d, J� 8 Hz, 1H), 4.16 (m,
1H), 3.84 (m, 2H), 3.78 (dd, J� 11.2, 2.1 Hz, 1 H), 3.59 (s, 3H), 3.55 (dd, J�
11.2, 2.2 Hz, 1 H), 3.41 (s, 3H), 3.40 (s, 3 H), 3.29 (s, 3 H).


2'',3''-O-Isopropylidene dimethyluridine (1 i): Prepared by the methylation
of 2',3'-O-isopropylidene uridine[41] following a reported procedure.[18]


Yield: 100 %; colorless thick oil; IR (CDCl3): nÄ � 3000, 1710, 1670, 1470,
1080 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.44 (d, J� 8.1 Hz, 1 H), 5.80
(d, J� 1.4 Hz, 1 H), 5.72 (d, J� 8.1 Hz, 1 H), 4.75 (m, 2H), 4.40 (m, 1H),
3.56 (m, 2 H), 3.42 (s, 3 H), 3.26 (s, 3 H), 1.55 (s, 3H), 1.32 (s, 3H); 13C NMR
(75.8 MHz, CDCl3): d� 162.47, 150.57, 138.87, 137.98, 113.51, 100.51, 93.61,
85.26, 80.89, 72.35, 58.88, 27.08, 25.14, 24.72; MS (70 eV): m/z (%): 312 (4)
[M�], 297 (17), 237 (45), 209 (13), 187 (76), 151 (20), 129 (100), 128 (18), 127
(19), 101 (42), 100 (41), 97 (20), 92 (16), 87 (21), 85 (24), 85 (27), 84 (23), 83
(41), 71 (52).


Trimethyldeoxyuridine (1 j): Colorless oil; yield: 85%; 1H NMR (300 MHz,
CD2Cl2): d� 7.71 (d, J� 8.1 Hz, 1H), 6.23 (dd, J� 7.8, 5.9 Hz, 1 H), 5.71 (d,
J� 8.1 Hz, 1H), 4.12 (q, J� 2.7 Hz, 1H), 3.96 (dt, J� 5.7, 2.4 Hz, 1H), 3.63
(dd, J� 10.6, 3.0 Hz, 1 H), 3.51 (dd, J� 10.6, 3.0 Hz, 1 H), 3.38 (s, 3 H), 3.32
(s, 3H), 3.25 (s, 3 H), 2.41 (ddd, J� 13.7, 5.9, 2.4 Hz, 1H), 2.05 (ddd, J� 13.7,
7.8, 5.9 Hz, 1 H).
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Preparation of acetylnucleosides (1k) and (1 l): These compounds were
prepared according to a reported procedure.[19]


2'',3'',5''-Tri-O-acetyluridine (1k): White crystals (EtOH); yield: 80 %; m.p.
130 8C; 1H NMR (300 MHz, C6D6): d � 7.16 (m, 2H), 6.13 (d, J� 5 Hz,
1H), 5.61 (d, J� 8.1 Hz, 1H), 5.54 (overlapping dd, J� 5.5 Hz, 5.3, 1H),
5.44 (overlapping dd, J� 5.5 Hz, 5.3, 1H), 4.22 (m, 2 H), 4.10 (m, 1 H), 1.752
(s, 3H), 1.749 (s, 3H), 1.70 (s, 3 H); 13C NMR (75.8 MHz, C6D6): d� 183.01,
169.93, 169.59, 169.44, 163.41, 150.87, 139.42, 103.39, 88.11, 80.09, 73.34,
70.54, 63.21, 20.08, 20.05.


3'',5''-Di-O-acetyldeoxyuridine (1 l): White solid; yield: 94%; m.p. 108 ±
109 8C; 1H NMR (300 MHz, CDCl3): d� 7.47 (d, J� 10.5 Hz, 1 H), 6.28
(dd, J� 10.5, 7.4 Hz, 1H), 5.74 (d, J� 10.5 Hz, 1 H), 5.22 (m, J� 7.0 Hz,
1H), 4.26 (m, 3H), 2.50 (ddd, J� 7.4, 6.1, 2.0 Hz, 1 H), 2.20 (m, 1 H), 2.08 (s,
3H), 2.06 (s, 3 H).


Preparation of pyrimidines (2): 2,6-Dichloropyrimidine (2a) was prepared
according to a reported procedure and used for the preparation of 2,6-
dichloropyrimidine (2 b).[16]


2,6-Dichloropyrimidine (2a): Pale yellow solid; yield: 75%; m.p. 55 8C; 1H
NMR (300 MHz, CDCl3): d� 8.53 (d, J� 8.2 Hz, 1 H), 7.46 (d, J� 8.2 Hz,
1H).


2,6-Dimethoxypyrimidine (2 b): Pale yellow oil; yield: 64 %; 1H NMR
(300 MHz, CDCl3): d� 8.19 (d, J� 7.8 Hz, 1 H), 6.38 (d, J� 7.8 Hz, 1H),
3.99 (s, 3H), 3.95 (s, 3 H).


Preparation of enamines (3): These compounds were prepared according to
a reported procedure.[16, 17]


Acetylcytosine (3a): White solid; yield: 59 %; m.p.> 310 8C; 1H NMR
(300 MHz, [D6]DMSO): d� 7.80 (d, J� 10.8 Hz, 1H), 7.10 (d, J� 10.8 Hz,
1H), 2.10 (s, 3H); C6H7N3O2 (153.14): calcd C 47.06, H 4.61, N 27.44; found
C 47.14, H 4.64, N 27.79.


1-Propylacetylcytosine (3 b): White solid; yield: 72%; m.p. 162 8C; 1H
NMR (300 MHz, CDCl3): d� 7.70 (d, J� 8.4 Hz, 1H), 7.41 (d, J� 8.4 Hz,
1H), 3.81 (t, J� 6.9 Hz, 2 H), 2.35 (s, 3H), 1.75 (m, 2 H), 0.98 (t, J� 7.1 Hz,
3H).


1,N4-Dimethylcytosine (3 c): White solid; yield: 80 %; m.p. 179 8C; 1H NMR
(300 MHz, CDCl3): d� 7.00 (d, J� 8.4 Hz, 1 H), 5.60 (m, 2H), 3.35 (s, 3H),
2.80 (s, 3H).


1,N4,N4-Trimethylcytosine (3d): White solid; yield: 98%; m.p. 175 8C; 1H
NMR (300 MHz, CDCl3): d� 7.60 (d, J� 7.5 Hz, 1 H), 5.70 (d, J� 7.5 Hz,
1H), 3.48 (s, 3 H), 3.20 (m, 6H).


Preparation of imidates (4): These compounds were prepared by alkylation
of the corresponding 2,6-dialkylpyrimidines.[16]


1-Methyl-4-methoxypyrimidine-2-one (4a): Pale yellow solid; yield: 64%;
m.p. 145 8C; 1H NMR (300 MHz, [D6]DMSO): d� 7.98 (d, J� 6.6 Hz, 1H),
5.98 (d, J� 6.6 Hz, 1H), 3.73 (s, 3 H), 3.56 (s, 3 H).


1-Methyl-4-ethoxypyrimidine-2-one (4b): Pale yellow solid; yield: 80%;
m.p. 136 8C; 1H NMR (300 MHz, CDCl3): d� 7.50 (d, J� 8.3 Hz, 1 H), 5.51
(d, J� 8.3 Hz, 1H), 4.00 (q, J� 6.7 Hz, 2H), 3.10 (s, 3H), 0.98 (t, J� 6.7 Hz,
3H).


1-Methyl-4-propoxypyrimidine-2-one (4 c): Pale yellow solid; yield: 88%;
m.p. 108 ± 110 8C; IR (CDCl3): nÄ � 2975, 1670, 1640, 1310 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.38 (d, J� 7.1 Hz, 1 H), 5.82 (d, J� 7.2 Hz, 1H),
4.29 (t, J� 6.8 Hz, 2 H), 3.48 (s, 3 H), 1.72 (m, 2 H), 0.95 (t, J� 7.4 Hz, 3H);
13C NMR (75.8 MHz, CDCl3): d� 171.08, 158.60, 147.38, 95.00, 67.98, 37.35,
21.31, 9.78; MS (70 eV): m/z (%): 168 (23) [M�], 139 (22), 138 (31), 127
(70), 126 (100), 110 (56), 109 (15), 84 (88), 83 (96), 82 (35), 82 (29); for
C8H12N2O2: C 57.13, H 7.19, N 16.65; found C 56.56, H 6.79, N 16.61.


1-Ethyl-4-methoxypyrimidine-2-one (4 d): Pale yellow solid; yield: 88%;
m.p. 90 8C; 1H NMR (300 MHz, CDCl3): d� 7.48 (d, J� 7.2 Hz, 1H), 5.88
(d, J� 7.2 Hz, 1H), 3.93 (s, 3H), 3.89 (q, J� 7.3 Hz, 2 H), 1.33 (t, J� 7.3 Hz,
3H).


Preparation of pyrimidines (6): 1-(1-Pentynyl)-3-benzoyluracil (6 a). An-
hydrous K2CO3 (0.889 g, 4.58 mmol) and 5-iodo-1-pentyne[42] (0.893 g,
4.58 mmol) was added to a solution of 3-benzoyluracil (5 : R1�COPh, R2�
H)[22] (0.90 g, 4.16 mmol) in dry DMSO (5 mL) and dry THF (40 mL). The
mixture was stirred under nitrogen at room temperature for 22 h, filtered
through a short pad of Celite, and then rinsed with CHCl3 (50 mL). The
solvent was evaporated under reduced pressure. Water (50 mL) was added,
and the mixture then extracted with CHCl3 (3� 60 mL). The combined


organic extracts were washed successively with 5% aqueous HCl (10 mL)
and brine (20 mL), and then dried over Na2SO4. Filtration and evaporation
of the solvent gave a pale yellow oil. Purification by flash chromatography
(SiO2, MeOH/CHCl3 1:99) gave pure 6 a as white crystals. Yield: 0.95 g
(81 %); m.p. 101 8C; IR (C6D6): nÄ � 3300, (3100 ± 2950, weak), 1755, 1715,
1675, 1635, 1600, 1435, 1250 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.92
(dd, J� 7.8, 0.7 Hz, 2 H), 7.64 (t, J� 7.4 Hz, 1 H), 7.49 (t, J� 7.8 Hz, 2H), 7.32
(d, J� 8.0 Hz, 1 H), 5.80 (d, J� 8.0 Hz, 1 H), 3.91 (t, J� 6.8 Hz, 2H), 2.30
(td, J� 6.8, 2.6 Hz, 2H), 2.07 (t, J� 5.0 Hz, 1H), 1.94 (q, J� 6.8 Hz, 2H);
13C NMR (75.8 MHz, C6D6): d� 169.73, 162.46, 149.95, 144.36, 134.74,
132.43, 130.38, 129.21, 101.53, 82.64, 70.27, 47.79, 27.14, 15.49; MS (70 eV):
m/z (%): 282 (1) [M�], 254 (3), 212 (3), 177 (13), 105 (100), 77 (81);
C16H14N2O3 (282.30): calcd C 68.08, H 4.96, N 9.93; found C 68.07, H 4.98, N
9.95.


1-(1-Butynyl)-3-benzoyluracil (6b): This compound was prepared as above
from 4-iodo-1-butyne.[42] Flash chromatography (silica gel, MeOH/CHCl3


(1:99) gave white crystals. Yield: 33 %; m.p. 142 ± 145 8C; IR (CHCl3): nÄ �
3305, 2930, 1755, 1710, 1670, 1600, 1390, 1180 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 7.74 (m, 5H), 7.38 (d, J� 7.9 Hz, 1H), 5.79 (d, J� 7.9 Hz, 1H),
3.90 (t, J� 2.6 Hz, 2H), 2.11 (t, J� 2.6 Hz, 1 H); 13C NMR (75.8 MHz,
CDCl3): d� 168.61, 162.40, 149.42, 144.97, 135.11, 131.16, 130.31, 129.09,
101.42, 79.66, 71.98, 47.80, 18.53; MS (70 eV): m/z (%): 268 (3) [M�], 240
(26), 188 (8), 106 (25), 105 (100), 82 (23), 78 (15), 77 (94), 76 (9), 70 (8).


1-(1-Pentynyl)-3-benzoylthymine (6c): This compound was prepared as
above from 3-benzoylthymine (5c).[22] Flash chromatography (silica gel,
MeOH/CHCl3 0.5:99.5) gave 6 c as a colorless oil. Yield: 76 %; IR (C6D6):
nÄ � 3300, 3100, 3070, 3040, 1755, 1710, 1670, 1250, 1040 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 8.05 (d, J� 7.5 Hz, 2 H), 7.74 (t, J� 6.6 Hz, 1 H), 7.63
(t, J� 5.6 Hz, 2H), 7.28 (s, 1H), 4.00 (t, J� 6.2 Hz, 2 H), 2.44 (m, 2 H), 2.16
(m, 1H), 2.09 (m, 2H), 2.09 (s, 3H); 13C NMR (75.8 MHz, C6D6): d�
170.02, 163.37, 149.99, 140.96, 134.93, 132.33, 130.47, 129.30, 109.86, 82.93,
70.35, 47.73, 27.50, 15.67, 12.32; MS (70 eV): m/z (%): 297 (6) [M�], 296 (28),
268 (13), 251 (1), 191 (24), 149 (24), 121 (29), 105 (100), 96 (21), 77 (94), 51
(50).


1-(1-Pentynyl)-3-(p-nitrobenzoyl)uracil (6 d): This compound was prepared
as above from 3-p-nitrobenzoylthymine (5d).[22] Flash chromatography
(silica gel, MeOH/CHCl3 1:99) gave 6 d as a colorless oil. Yield: 35%; IR
(CDCl3): nÄ � 3310, (3120 ± 2950, weak), 2260, 1765, 1715, 1675, 1610, 1535,
1350, 1250 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.31 (d, J� 9.0 Hz, 2H),
8.08 (d, J� 9.0 Hz, 2H), 7.36 (d, J� 8.1 Hz, 1H), 5.81 (d, J� 8.1 Hz, 1H),
3.92 (t, J� 7.0, 2H), 2.30 (td, J� 7.0, 2.6 Hz, 2H), 2.07 (t, J� 2.6 Hz, 1H),
1.94 (q, J� 7.0 Hz, 2 H); 13C NMR (75.8 MHz, C6D6): d� 168.87, 162.44,
151.13, 149.84, 145.05, 136.52, 131.21, 124.28, 101.47, 82.69, 70.50, 48.05,
27.17, 15.54; MS (70 eV): m/z (%): 327 (3) [M�], 275 (8), 257 (7), 177 (37),
150 (100), 104 (85), 76 (61); C16H13N3O5 (327.30): calcd C 58.72, H 4.00, N
12.84; found C 57.35, H 4.09, N 11.98.


1-(1-Pentynyl)uracil (6e): Et3N (8 mL) and 5-iodo-1 pentyne[42] (1.46 g,
7.5 mmol) was added to a solution of 3-benzoyluracil (5 a)[22] (1.08 g,
5 mmol) in a mixture of EtOH and H2O (1:1, 20 mL). The mixture was
heated at 50 8C for 21 h. Most of the solvent was evaporated under reduced
pressure, and CHCl3 (60 mL) was added to the residue, which was then
filtered through a short pad of Celite. The filtrate was washed with H2O
(3� 20 mL), and the organic layer dried over Na2SO4. Evaporation of the
solvent gave a yellow oil which was purified by flash chromatography (SiO2,
CHCl3/MeOH 98:2). Yield: 0.28 g (32 %); white crystals; m.p. 128 ± 130 8C;
IR (CHCl3): nÄ � 3400, 3320, 3010, 1700, 1460, 1230 cmÿ1; 1H NMR
(300 MHz, [D6]acetone): d� 7.55 (d, J� 8.0 Hz, 1H), 5.54 (dd, J� 8.0,
1.7 Hz, 1 H), 3.84 (t, J� 7.0 Hz, 2H), 2.41 (t, J� 2.5 Hz, 1H), 2.27 (td, J�
7.0, 2.5 Hz, 2H), 1.89 (q, J� 7.0 Hz, 2H); 13C NMR (75.8 MHz, [D6]ace-
tone): d� 164.38, 151.75, 146.10, 101.82, 83.54, 70.72, 48.11, 28.29, 15.91; MS
(70 eV): m/z (%): 178 (6) [M�], 150 (15), 133 (31), 113 (72), 107 (90), 82
(100); C9H10N2O2 (178.19): calcd C 60.66, H 5.66: N, 15.79; found C 60.443,
H 5.70, N 15.61.


1-(4-Pentynoyl)uracil (6 f): 4-Pentynoyl chloride[23] (1.4 g, 12 mmol) was
added in one portion to a magnetically stirred suspension of powdered
uracil (1.12 g, 10 mmol) in CH3CN (10 mL) and pyridine (2 mL) at room
temperature. The resulting brown mixture remained heterogeneous
throughout. After 3.5 h, the suspension was filtered and washed with
CH3CN and hexanes. Recrystallization from THF gave pure 6 f. Yield:
1.15 g (60 %); white crystals; m.p. 187 8C (decomp); IR (KBr): nÄ � 3450,
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3290, 3040, 2845, 1730, 1635, 1405, 1265, 1160 cmÿ1; 1H NMR (300 MHz,
[D6]acetone): d� 8.22 (d, J� 8.5 Hz, 1H), 5.83 (dd, J� 8.5, 2.0 Hz, 1H),
3.38 (t, J� 7.0 Hz, 2 H), 2.56 (td, J� 7.0, 2.6 Hz, 2H), 2.39 (t, J� 2.6 Hz,
1H); 13C NMR (300 MHz, [D6]DMSO): d� 171.44, 162.92, 149.47, 137.56,
104.47, 83.24, 71.60, 37.89, 13.53; MS (70 eV): m/z (%): 192 (4) [M�], 164
(5), 113 (54), 81 (81), 69 (64), 53 (100); C9H8N2O3 (192.17): calcd C 56.22, H
4.16, N 14.57; found C 56.00, H 4.26, N 14.79.


1-Cyanoethyl-3-benzoyluracil (6g): 3-Benzoyluracil (5 a)[22] (0.432 g,
2 mmol) was suspended in H2O (5 mL) and EtOH (95 %, 5 mL). Et3N
(2 mL) was added, and the solid dissolved. Acrylonitrile (2.5 mL) was
added, and the mixture was allowed to stand at room temperature for 21 h.
After this time, a white precipitate formed. The mixture was then cooled to
0 8C and filtered. The white precipitate was washed with cold water and
dried in vacuo for 24 h to give 6g. Yield: 0.356 g (60 %): white solid; m.p.
168 ± 170 8C; IR (KBr): nÄ � 3100, 2250, 1740, 1700, 1660, 1600, 1435, 1260,
1230 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.94 (d, J� 7.4 Hz, 2 H), 7.71 (t,
J� 7.4 Hz, 1H), 7.54 (m, 2H), 7.39 (d, J� 8.0 Hz, 1H), 5.84 (d, J� 8.0 Hz,
1H), 4.01 (t, J� 6.3 Hz, 2 H), 2.84 (t, J� 6.3 Hz, 2 H); 13C NMR (75.8 MHz,
[D6]DMSO): d� 169.43, 162.23, 149.39, 146.31, 135.59, 131.02, 130.33,
129.49, 118.28, 101.07, 43.79, 16.94; MS (70 eV): m/z (%): 269 (2) [M�], 242
(0.5), 241 (30), 105 (100), 77 (89), 53 (43), 51 (50); C14H11N3O3 (269.26):
calcd C 62.45, H 4.12, N 15.60; found C 62.26, H 4.12, N, 15.41.


1-Cyanoethyluracil (6 h): This compound was prepared by Michael addition
of uracil to acrylonitrile following the reported procedure.[24] Yield: 66%;
white crystals; m.p. 230 8C; IR (DMSO): nÄ � 3010, 2800, 1700, 1635, 1460,
1240 cmÿ1 ; 1H NMR (300 MHz, [D6]DMSO): d� 7.67 (d, J� 7.9 Hz, 1H),
5.60 (d, J� 7.9 Hz, 1H), 3.93 (t, J� 6.5 Hz, 2H), 2.89 (t, J� 6.5 Hz, 2H); 13C
NMR (75.8 MHz, [D6]DMSO): d� 163.61, 150.69, 145.28, 118.33, 101.27,
43.27, 16.87; MS (70 eV): m/z (%): 165 (29) [M�], 125 (36), 82 (100), 53
(39); C7H7N3O2 (165.15): calcd C 50.90, H 4.20, N 25.40; found C 50.67, H
4.02, N 25.18.


1-Cyanopropyluracil (6 i): 4-Chlorobutyronitrile (0.11 mL, 1.2 mmol) and
K2CO3 (0.152 g, 1.1 mmol) were successively added to a solution of 3-
benzoyluracil (5a)[22] (0.261 g, 1 mmol) in a mixture dry THF and dry
DMSO (10:1, 10 mL). The solution was heated at 60 8C for 12 h. Cooling,
filtration, and evaporation of the solvents in vacuo gave a crude solid,
which was purified by flash chromatography (silica gel, CHCl3/CH3OH
4:1). Yield: 37%; white crystals; m.p. 157 8C; IR (CHCl3): nÄ � 3400, 2975,
2260, 1700, 1630, 1240, 1053, 1010 cmÿ1; 1H NMR (300 MHz, [D6]DMSO):
d� 8.21 (d, J� 7.8 Hz, 1H), 6.15 (d, J� 7.8 Hz, 1 H), 4.33 (t, J� 6.9 Hz,
2H), 3.10 (m, 4H); 13C NMR (75.8 MHz, CDCl3): d� 164.95, 150.73,
147.29, 125.95, 101.61, 47.20, 31.67, 27.06; MS (70 eV): m/z (%): 179 (26)
[M�], 139 (18), 126 (31), 125 (20), 113 (29), 112 (47), 108 (16), 96 (26), 83
(12), 82 (100), 70 (15).


1-(1-Pentynyl)-N4-acetylcytosine (7): This compound was prepared from
acetylcytosine (3a) and 5-iodo-1-pentyne[42] with the procedure described
for 6 a (vide supra). Flash chromatography (silica gel, CHCl3/CH3OH
85:15) gave 7 as a white solid. Yield: 88%; m.p. 171 8C; IR (CDCl3): nÄ �
3400, 1725, 1665, 1490, 1230 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.84 (d,
J� 7.2 Hz, 1 H), 7.41 (d, J� 7.2 Hz, 1 H), 4.03 (t, J� 6.8 Hz, 2H), 2.32 (s,
3H), 2.25 (m, 2 H), 2.02 (m, 3 H); 13C NMR (75.8 MHz, CDCl3): d� 171.48,
163.02, 155.51, 148.96, 96.73, 82.14, 69.92, 49.62, 26.54, 24.56, 15.22; MS
(70 eV): m/z (%): 219 (78) [M�], 204 (88), 176 (19), 167 (95), 161 (17), 148
(9), 138 (100), 125 (64), 111 (66), 95 (41), 81 (94), 67 (88), 54 (36);
C11H13N3O2 (219.24): calcd C 60.01, H 5.78, N 18.77; found C 60.18, H 5.78,
N 18.62.


General Procedure for [CpCoL2] Cyclizations : The pyrimidine (1 mmol)
was dissolved in the appropriate solvent (10 mL) in a round bottom flask
(50 mL) equipped with a coil condenser. This mixture was then degassed
under nitrogen by three freeze-pump-thaw cycles on a vacuum line and
then brought to the required temperature. The diyne (1.5 to 2 mmol) was
dissolved in the same solvent (7 mL) and degassed as before, then
[CpCo(CO)2] (1.5 to 2 mmol) was added by means of a syringe. The
resulting solution was loaded into a gastight syringe (10 mL) and added to
the pyrimidine by means of a syringe pump over a period of 18 ± 22 h.
During the addition, the flask was irradiated with a slide projector lamp
(sylvania ELH 300 W) at a distance of 5 cm from the center of the flask with
an applied potential of 65 V. Note that for reactions carried out at room
temperature, it was necessary to blow air across the surface of the flask. The
mixture was then cooled at room temperature and the black solution was


filtered through a short pad of Celite and rinsed with the reaction solvent
until the filtrate was clear. The solvent was then removed in vacuo and the
residue subjected to flash chromatography (silica gel or neutral alumina).
Note that when the reactions were carried out with [CpCo(C2H4)2],[31] THF
was used as solvent and nitrogen replaced by argon. Simultaneous addition
of the cocyclizing alkyne in THF (5 mL) and [CpCo(C2H4)2] in THF (5 mL)
was performed with two syringe pumps. No irradiation was used under
these conditions.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,8a,9-h)-1,3-dimethyl-1,2,3,4,4a-endo,
9a-endo-hexahydro-2,4-dioxo-cyclopenta[g]quinazoline]cobalt (9 a): From
1a (0.145 g, 1.035 mmol), [CpCo(CO)2] (0.373 g, 2.07 mmol), and 8 a
(0.191 g, 2.07 mmol) in toluene (10 mL), with irradiation under reflux for
19 h. Flash chromatography (SiO2, hexanes/Et2O 20:80) gave orange
crystals. Yield: 0.194 g (53 %); m.p. 152 ± 154 8C; IR (C6D6): nÄ � 3100. 2960,
1700, 1665, 1665, 1420, 1295, 755 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.25
(s, 5H), 3.47 (d, J� 4.9 Hz, 1 H), 3.19 (s, 3H), 3.14 (dd, J� 10.7, 3.4 Hz, 1H),
2.99 (d, J� 3.4 Hz, 1H), 2.74 (s, 3H), 2.71 (dd, J� 10.7, 4.9 Hz, 1H), 2.27
(m, 1 H), 2.02 (m, 3 H), 1.85 (m, 1 H), 1.74 (m, 1H); 13C NMR (75.8 MHz,
C6D6): d� 171.08, 151.20, 100.15, 99.51, 80.56, 56.15, 45.55, 43.97, 42.29,
33.28, 31.84, 31.77, 27.75, 24.06; MS (70 eV): m/z (%): 356 (0.13) [M�], 355
(0.12), 354 (0.73), 232 (6), 231 (9), 204 (8), 175 (73), 145 (100), 117 (83), 115
(88), 91 (48), 77 (17), 65 (20); C18H21CoN2O2 (356.31): calcd C 60.68, H 5.94,
N 7.86; found C 60.42, H 5.96, N 7.77.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,8a,9-h)-1,3-dimethyl-1,2,3,4,4a-endo,
9a-endo-hexahydro-2-oxo-4-methylimino-cyclopenta[g]quinazoline]cobalt
(9e): From 1 e (0.128 g, 0.83 mmol), 8a (173 mL, 1.33 mmol), and [CpCo-
(CO)2] (186 mL, 1.33 mmol) in toluene (16 mL), with irradiation under
reflux for 18 h. Flash chromatography on neutral alumina (pentane/AcOEt
1:9) gave an orange oil. Yield: 0.141 g (46 %). Cooling in pentane gave
orange crystals; m.p. 93 ± 95 8C; IR (CH2Cl2): nÄ � 2940, 1660, 1630, 1480,
1150 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.35 (s, 5H), 3.35 (s, 3H), 3.18 (s,
3H), 3.10 (m, 1H), 3.07 (m, 2H), 3.02 (m, 1H), 2.78 (s, 3H), 2.20 (m, 1H),
1.97 (m, 3 H), 1.80 (m, 1 H); 13C NMR (75.8 MHz, C6D6): d� 158.20, 154.08,
100.01, 99.56, 80.53, 57.18, 45.29, 42.14, 39.40, 36.52, 33.33, 31.98, 31.87,
30.64, 24.22; MS (70 eV): m/z (%): 369 (52) [M�], 354 (20), 312 (26), 289
(47), 288 (23), 287 (35), 244 (29), 243 (21), 242 (71), 239 (21), 215 (92), 188
(21), 187 (100), 158 (92), 144 (27), 124 (68), 121 (41), 117 (20), 115 (45), 71
(20); HRMS: calcd for C19H24CoN3O 369.125; found 369.125.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,8a,9-h)-1,3-dimethyl-1,2,3,4,4a-endo,
9a-endo-hexahydro-2-oxo-4-ethylimino-cyclopenta[g]quinazoline]cobalt
(9 f): From 1 f (0.167 g, 1 mmol), 8a (209 mL, 1.8 mmol), and [CpCo(CO)2]
(240 mL, 1.9 mmol) in toluene (16 mL), with irradiation under reflux for
20 h. Flash chromatography (neutral alumina, pentane/AcOEt 1:99) gave
orange crystals. Yield: 0.150 g (40 %); m.p. 127 ± 129 8C; IR (CH2Cl2): nÄ �
2950, 1680, 1640, 1490 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.30 (s, 5H),
3.39 (m, 2 H), 3.38 (s, 3 H), 3.18 (m, 2H), 3.09 (m, 1H), 3.01 (m, 1H), 2.76 (s,
3H), 2.20 (m, 2 H), 1.90 (m, 4H), 1.34 (t, J� 7.2 Hz, 3H); 13C NMR
(75.8 MHz, C6D6): d� 156.37, 154.25, 100.05, 99.40, 80.40, 57.35, 45.22,
43.72, 42.69, 39.86, 33.26, 31.94, 31.84, 31.60, 24.19, 17.67; MS (70 eV): m/z
(%): 383 (46) [M�], 326 (30), 273 (36), 258 (36), 256 (34), 242 (40), 239 (42),
175 (27), 174 (36), 158 (25), 124 (100), 121 (33), 115 (34); HRMS: calcd for
C20H26CoN3O 383.141; found 383.141.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1,3-dimethyl-1,2,3,4,4a-endo,
6,7,8,9,10a-endo-decahydro-2,4-dioxo-benzo[g]quinazoline]cobalt (10 a):
From 1a (0.40 g, 2.85 mmol), [CpCo(CO)2] (1.03 g, 5.71 mmol), and 8b
(0.606 g, 5.71 mmol) in xylene (20 mL), with irradiation under reflux for
20 h. Flash chromatography (SiO2, hexanes/AcOEt 65:35) gave orange
crystals. Yield: 0.804 g (76 %); m.p. 130 ± 131 8C; IR (neat): nÄ � 3100, 2940,
1700, 1660, 1485, 1300, 1005, 815 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.32
(s, 5 H), 3.24 (s, 3 H), 3.23 (d overlapping, 1H), 3.13 (dd, J� 11.0, 3.3 Hz,
1H), 2.80 (s, 3 H), 2.78 (d overlapping, 1H), 2.67 (dd, J� 11.0, 4.9 Hz, 1H),
2.34 (m, 1H), 1.99 (m, 2 H), 1.72 (m, 3H), 1.43 (m, 2H); 13C NMR
(75.8 MHz, C6D6): d� 170.63, 151.17, 93.73, 93.17, 81.16, 56.53, 48.69, 46.69,
41.67, 33.44, 28.90, 28.83, 27.68, 23.49, 23.35; MS (70 eV): m/z (%): 370 (27)
[M�], 369 (22), 368 (100), 302 (30), 187 (26), 172 (12), 124 (76), 91 (20), 57
(20); C19H23CoN2O2 (370.34): calcd C 61.62, H 6.26, N 7.56; found C 60.96,
H 6.17, N 7.66.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1,3-dimethyl-1,2,3,4,4a-endo,
6,7,8,9,10a-endo-decahydro-2-oxo-4-methylimino-benzo[g]quinazoline]co-
balt (10 e): From 1 e (0.153 g, 1 mmol), 8b (240 mL, 1.8 mmol), and
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[CpCo(CO)2] (224 mL, 1.8 mmol) in toluene (16 mL), with irradiation
under reflux for 20 h. Flash chromatography (neutral alumina, pentane/
acetone (7:3) gave a thick orange oil. Yield: 0.383 g (79 %); IR (CH2Cl2):
nÄ � 2930, 1660, 1630, 1475, 805 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.35 (s,
5H), 3.41 (s, 3H), 3.18 (s, 3 H), 3.10 (m, 2 H), 2.84 (m, 1H), 2.79 (s, 3H), 2.62
(m, 1H), 2.10 (m, 1 H), 1.67 (m, 7H); 13C NMR (75.8 MHz, CDCl3): d�
159.00, 154.33, 93.83, 93.49, 81.18, 57.48, 48.15, 44.72, 39.28, 36.77, 33.51,
30.38, 29.55, 29.08, 23.61, 23.60; MS (70 eV): m/z (%): 383 (100) [M�], 381
(29), 326 (38), 303 (58), 301 (36), 272 (52), 258 (47), 256 (86), 229 (60), 187
(35), 172 (35), 128 (34), 124 (47), 97 (32), 85 (29), 83 (30), 71 (46); HRMS:
calcd for C20H26CoN3O 383.141; found; 383.140. When the flash chroma-
tography was performed on neutral Al2O3 deactivated with 3 % H2O or
SiO2 and eluted with a mixture of MeOH/CHCl3, 10e was completely
transformed to the cobalt complex 10 a.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1,3-dimethyl-1,2,3,4,4a-endo,
6,7,8,9,10a-endo-decahydro-2-oxo-4-ethylimino-benzo[g]quinazoline]co-
balt (10 f): From 1 f (0.117 g, 0.7 mmol), 8 b (157 mL, 1.26 mmol), and
[CpCo(CO)2] (168 mL, 1.33 mmol) in toluene (12 mL), with irradiation
under reflux for 22 h. Flash chromatography (neutral alumina, pentane/
AcOEt (1:9) gave orange crystals. Yield: 0.153 g (55 %); m.p. 92 ± 94 8C; IR
(CH2Cl2): nÄ � 2980, 2940, 1670, 1640, 1490, 1470, 820 cmÿ1; 1H NMR
(300 MHz, C6D6): d� 4.34 (s, 5 H), 3.41 (s, 3 H), 3.37 (m, 2H), 3.12 (m, 2H),
2.83 (d, J� 2.7 Hz, 1 H), 2.77 (s, 3 H), 2.72 (d, J� 3.3 Hz, 1H), 2.12 (m, 2H),
1.82 (m, 2 H), 1.69 (m, 2 H), 1.82 (m, 2 H), 1.69 (m, 2H), 1.50 (m, 2H), 1.34
(t, J� 7.2 Hz, 3H); 13C NMR (75.8 MHz, C6D6): d� 156.34, 154.47, 93.71,
92.70, 80.96, 57.83, 48.34, 45.51, 43.81, 39.37, 33.51, 30.52, 29.11, 28.83, 23.63,
23.54, 17.72; MS (70 eV): m/z (%): 397 (51) [M�], 340 (37), 287 (36), 272
(32), 270 (33), 256 (46), 229 (63), 188 (28), 187 (66), 172 (22), 128 (54), 124
(100); HRMS: calcd for C21H28CoN3O 397.156; found 397.156.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-(1''-b-ribofuranose-2'',3'',5''-tri-
methoxy)-3-methyl-1,2,3,4,4a-endo,6,7,8,9,10a-endo-decahydro-2,4-dioxo-
benzo[g]quinazoline]-cobalt (10 h) (major isomer): From 1 h (0.20 g,
0.666 mmol), [CpCo(CO)2] (0.18 g, 0.999 mmol), and 8b (0.106 g,
0.999 mmol) in xylene (10 mL), with irradiation under reflux for 18 h.
Another addition of [CpCo(CO)2] (0.18 g, 0.999 mmol) and 8b (0.106 g,
0.999 mmol) in xylene (3 mL), and irradiation at reflux for additional 20 h.
Flash chromatography (SiO2, hexanes/AcOEt 3:2) gave an orange oil.
Yield: 0.249 g (71 %). This oil was a mixture of four diastereomers in the
ratio 7.5:4:1:1. Compound 10h was obtained as a 5:1 mixture by preparative
TLC (hexanes/AcOEt, 45:55). Orange crystals; m.p. 75 ± 77 8C; IR (C6D6):
nÄ � 3090, 3085, 3040, 2930, 1700, 1670, 1480, 1125, 1090, 680 cmÿ1; 1H NMR
(300 MHz, CD2Cl2): d� 5.48 (d, J� 4.6 Hz, 1 H), 4.71 (s, 5H), 4.01 (m, 2H),
3.92 (dd, overlapping, J� 5.2 Hz, 1H), 3.82 (dd, overlapping, J� 5.4 Hz,
1H), 3.68 (dd, J� 10.6, 3.1 Hz, 1H), 3.54 (dd, J� 10.6, 4.5 Hz, 1H), 3.46 (s,
3H), 3.44 (s, 3H), 3,42 (s, 3H), 3.26 (d, J� 2.5 Hz, 1 H), 3.06 (overlapping d,
1H), 2.89 (s, 3 H), 2.75 (dd, J� 10.4, 5.7 Hz, 1 H), 2.28 (m, 3H), 2.01 (m,
3H), 1.71 (m, 2 H); 13C NMR (125.8 MHz, C6D6): d� 171.54, 151.77, 94.74,
92.20, 91.36, 81.09, 80.30, 79.17, 72.62, 58.89, 58.11, 57.74, 53.92, 52.60, 44.78,
39.78, 29.04, 28.84, 27.39, 23.61, 23.46; MS (70 eV): m/z (%): 530 (42) [M�],
464 (12), 356 (37), 256 (21), 187 (13), 175 (23), 159 (23), 143 (55), 124 (33),
115 (34), 101 (51), 71 (37), 45 (100); C26H35CoN2O6 (530.51): calcd C 58.84,
H 6.60, N 5.28; found C 57.94, H 6.50, N 5.10.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-(-2'',3''-isopropylidene-5''-
methyluridine)-3-methyl-1,2,3,4,4a-endo,6,7,8,9,10a-endo-decahydro-2,4-
dioxo-benzo[g]quinazoline]cobalt (10 i). From 1 i (0.312 g, 1 mmol), 8b
(270 mL, 2 mmol), and [CpCo(CO)2] (224 mL, 1.8 mmol) in xylene (18 mL),
with irradiation under reflux for 19 h. Flash chromatography (SiO2,
pentane/Et2O 9:1) allowed the separation of the four diastereomers 10 ia
(0.067 g), 10 ib (0.050 g), 10 ic (0.031 g), 10 id (0.027 g) with a total yield of
33%.


Compound 10ia : orange crystals; m.p. 44 ± 46 8C; IR (CH2Cl2): nÄ � 2920,
1700, 1660, 1460 cmÿ1; 1H NMR (300 MHz, C6D6): d� 5.58 (d, J� 1.6 Hz,
1H), 5.21 (dd, J� 6.4, 1.6 Hz, 1 H), 5.05 (dd, J� 6.5, 4.4 Hz, 1H), 4.54 (m,
1H), 4.24 (s, 5H), 3.70 (m, 2 H), 3.14 (s, 3 H), 3.11 (m, 1H), 3.08 (s, 3H), 3.02
(d, J� 3.1 Hz, 1H), 2.56 (dd, J� 10.8, 5.2 Hz, 1H), 2.33 (m, 1H), 2.32 (m,
1H), 2.12 (m, 1 H), 1.70 (m, 6 H), 1.56 (s, 3 H), 1.27 (s, 3H); 13C NMR
(75.8 MHz, C6D6): d� 170.70, 151.32, 113.54, 95.38, 93.86, 92.89, 86.13,
85.87, 82.88, 81.54, 73.85, 58.81, 55.89, 50.78, 45.76, 40.98, 28.97, 28.74, 27.62,
27.50, 25.54, 23.55, 23.40; MS (70 eV): m/z (%): 542 (70) [M�], 356 (25), 256
(30), 187 (69), 172 (42), 159 (34), 129 (100), 128 (19), 124 (37), 101 (33), 71
(9); HRMS: calcd for C27H35CoN2O6 542.183; found 542.183.


Compound 10ib : orange crystals; m.p. 59 ± 63 8C; 1H NMR (300 MHz,
C6D6): d� 5.10 (br d, J� 8.9 Hz, 3 H), 4.58 (m, 1H), 4.46 (s, 5H), 3.80 (m,
2H), 3.37 (m, 2 H), 3.32 (s, 3 H), 3.18 (s, 3 H), 3.15 (m, 1H), 2.16 (m, 3H),
2.02 (m, 1H), 1.91 (m, 1 H), 1.75 (m, 2H), 1.50 (m, 2H), 1.49 (s, 3H), 1.23 (s,
3H); 13C NMR (75.8 MHz, C6D6): d� 169.31, 113.19, 98.06, 93.38, 91.01,
87.50, 85.35, 83.39, 81.11, 74.45, 58.83, 56.39, 52.73, 51.57, 45.27, 28.68, 28.67,
27.48, 27.26, 25.37, 23.62, 23.54; MS (70 eV): m/z (%): 542 (72) [M�], 187
(76), 172 (48), 159 (38), 129 (100), 124 (36), 101 (37), 71 (8).


Compound 10ic : orange crystals; m.p. 47 ± 50 8C; 1H NMR (300 MHz,
C6D6): d� 5.45 (d, J� 2.0 Hz, 1H), 5.31 (dd, J� 6.5, 2.0 Hz, 1H), 5.06 (dd,
J� 6.6, 4.4 Hz, 1H), 4.50 (m, 1 H), 4.36 (s, 5 H), 3.68 (m, 2H), 3.38 (m, 1H),
3.36 (s, 3 H), 3.13 (m, 1H), 3.12 (s, 3H), 2.83 (m, 1 H), 2.22 (dd, J� 7.4,
1.2 Hz, 1 H), 2.10 (m, 2H), 1.80 (m, 3 H), 1.55 (s, 3H), 1.50 (m, 3 H), 1.14 (s,
3H); 13C NMR (75.8 MHz, C6D6): d� 168.99, 152.08, 113.70, 96.54, 96.13,
93.46, 90.82, 85.63, 85.30, 82.76, 81.12, 73.81, 58.85, 54.01, 52.14, 51.37, 45.19,
28.55, 27.79, 27.35, 27.31, 25.41, 23.50; MS (70 eV): m/z (%): 542 (62) [M�],
231 (59), 187 (68), 172 (46), 159 (68), 129 (100), 124 (38), 101 (33), 71 (13).


Compound 10id : orange crystals; m.p. 52 ± 55 8C; 1H NMR (300 MHz,
C6D6): d� 5.23 (d, J� 1.1 Hz, 1 H), 5.16 (dd, J� 6.4, 1.3 Hz, 1H), 5.08 (dd,
J� 6.3, 4.0 Hz, 1H), 4.61 (dd, J� 6.5, 1.9 Hz, 1H), 4.28 (s, 5H), 3.74 (dd,
J� 5.6, 2.0 Hz, 1H), 3.43 (dd, J� 10.7, 3.0 Hz, 1 H), 3.22 (d, J� 3.1 Hz, 1H),
3.17 (s, 3 H), 3.10 (dd, J� 5.2, 2.3 Hz, 1H), 3.06 (s, 3H), 2.59 (dd, J� 10.8,
5.2 Hz, 1H), 2.15 (m, 2 H), 1.90 (m, 1H), 1.70 (m, 2H), 1.57 (s, 3H), 1.50 (m,
3H), 1.25 (s, 3H); 13C NMR (75.8 MHz, C6D6): d� 171.18, 151.01, 113.25,
97.45, 94.35, 92.54, 87.23, 85.23, 83.39, 81.14, 74.33, 58.81, 58.27, 51.35, 45.93,
41.07, 29.11, 28.51, 27.55, 27.32, 25.37, 23.59, 23.43; MS (70 eV): m/z (%): 542
(54) [M�], 356 (22), 256 (30), 187 (64), 172 (37), 159 (32), 129 (100), 124
(37), 101 (34), 71 (7).


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-(1''-b-2''-deoxyribofuranose-
3'',5''-dimethoxy)-3-methyl-1,2,3,4,4a-endo,6,7,8,9,10a-endo-decahydro-2,4-
dioxobenzo[g]quinazoline]cobalt (10 j) (major isomer): From 1j (0.20 g,
0.74 mmol), [CpCo(C2H4)2] (0.266 g, 1.48 mmol), and 8b (0.157 g,
1.48 mmol) in THF (14 mL) at reflux without irradiation for 2 h. Flash
chromatography (SiO2, hexanes/AcOEt 1:1) gave an orange oil (yield:
0.349 g, 94%) of a mixture of four diastereomers in the ratio 45:4:1:1. 10j
was obtained after a second flash chromatography (SiO2, hexanes/AcOEt
55:45) as yellow crystals; m.p. 156 ± 158 8C; IR (C6D6): nÄ � 2980, 2930, 2820,
1705, 1670, 1460, 1200, 1100, 1060 cmÿ1; 1H NMR (400 MHz, CD2Cl2): d�
5.89 (dd, J� 8.3, 6.1 Hz, 1 H), 4.71 (s, 5H), 3.98 (m, 2H), 3.92 (dt, J� 6.1,
3.2 Hz, 1 H), 3.59 (overlapping dd, 2H), 3.46 (s, 3 H), 3.33 (s, 3 H), 3.29 (d,
J� 2.8 Hz, 1 H), 3.03 (d, J� 5.7 Hz, 1 H), 2.88 (s, 3 H), 2.69 (dd, J� 10.0,
5.7 Hz, 1H), 2.33 (m, 1H), 2.28 (m, 1 H), 2.24 (m, 1H), 2.03 (m, 5 H), 1.76
(m, 1H), 1.67 (m, 1 H); 13C NMR (75.8 MHz, C6D6): d� 171.78, 151.71,
95.01, 92.18, 87.02, 82.26, 81.68, 81.07, 73.59, 58.94, 56.50, 53.54, 52.49, 44.55,
39.80, 35.20, 29.17, 27.63, 28.81, 23.67, 23.51; MS (70 eV): m/z (%): 500 (15)
[M�], 356 (15), 354 (20), 256 (9), 159 (33), 145 (14), 124 (25), 113 (35), 87
(20), 59 (5), 45 (100); C25H33CoN2O5 (500.48): calcd C 59.99, H 6.65, N 5.60;
found C 59.78, H 6.67, N 5.65. For details of the X-ray crystallographic data
of 10 j, see ref. [8].


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-(1''-b-ribofuranose-2'',3'',5''-tri-
acetate)-3-methyl-1,2,3,4,4a-endo,6,7,8,9,10a-endo-decahydro-2,4-dioxo-
benzo[g]quinazoline]cobalt (10 k): From 1 k (0.20 g, 0.595 mmol),
[CpCo(C2H4)2] (0.161 g, 0.893 mmol), and 8b (0.126 g, 1.19 mmol) in
THF (10 mL) at reflux without irradiation for 16 h. Addition of
[CpCo(C2H4)2] and diyne was carried out at reflux within 1 h and the was
refluxed for a further 15 h. Flash chromatography (SiO2, hexanes/EtOAc,
45:55) gave an inseparable mixture of four diastereomers in a ratio of
1:1:1:1 as an orange oil. Yield: 0.133 g (37 %); IR (C6D6): nÄ � 3100, 3040,
2940, 1760, 1720, 1680, 1370, 1225 cmÿ1; 1H and 13C NMR spectra were too
complicated to be described; however, they clearly showed the presence of
four diastereomers, for example: four Cp signals at d� 4.76, 4.75, 4.74 and
4.72 with equal integration values; MS (70 eV): m/z (%): 600 (2) [M�], 354
(16), 259 (10), 189 (26), 139 (29), 124 (17), 105 (17), 97 (21), 66 (13), 43
(100); C28H33CoN2O9 (600.51): calcd C 56.00, H 5.50, N 4.67; found C 55.74,
H 5.52, N 4.52.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-(1''-b-2''-deoxyribofuranose-
3'',5''-diacetate)-1,2,3,4,4a-endo,6,7,8,9,10a-endo-deca-2,4-dioxo-benzo[g]-
quinazoline]cobalt (10 l): From 1 l (0.312 g, 1 mmol), 8b (270 mL, 2 mmol),
and [CpCo(CO)2] (224 mL, 1.8 mmol) in toluene (21 mL), with irradiation
under reflux for 20 h. Flash chromatography (SiO2, hexane/AcOEt 1:9)







Cyclooligomerizations 3549 ± 3561


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3559 $ 17.50+.50/0 3559


gave an inseparable mixture of four diastereomers in a ratio of 1:1:1:1 as
red crystals. Yield: 0.091 g (18 %); m.p. 60 ± 62 8C; IR (CH2Cl2): nÄ � 2940,
1740, 1705, 1665, 1370, 1240, 810 cmÿ1; 1H and 13C NMR spectra were too
complicated to be described; however they showed the presence of four
diastereomers; MS (70 eV): m/z (%): 542 (2) [M�], 281 (16), 160 (13), 159
(100), 129 (21), 113 (52), 106 (18), 105 (20), 91 (37), 81 (80), 79 (13);
C26H31CoN2O7 (542.47): calcd C 57.57, H 5.76, N 5.16; found C 57.34, H 5.76,
N 4.99.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,10a,11-h)-1,3-dimethyl-1,2,3,4,4a-endo,
11a-endo-hexahydro-2,4-dioxo-cyclohepta[g]quinazoline]cobalt (11 a):
From 1a (0.14 g, 0.999 mmol), [CpCo(CO)2] (0.36 g, 2mmol), and 8 c
(0.24 g, 2 mmol) in toluene (10 mL), with irradiation under reflux for 20 h.
Flash chromatography (SiO2, hexanes/Et2O 25:75) gave yellow-orange
crystals. Yield: 0.85 g (22 %); m.p. 129 ± 132 8C; IR (C6D6): nÄ � 3090, 3000,
2930, 2850, 1700, 1665, 1470, 1420, 1360, 1295, 1110, 1000, 755 cmÿ1; 1H
NMR (300 MHz, C6D6): d� 4.37 (s, 5 H), 3.23 (s, 3 H), 3.14 (d, J� 4.7 Hz,
1H), 3.03 (dd, J� 10.9, 3.0 Hz, 1 H), 2.73 (s, 3 H), 2.71 (d overlapping J�
3.0 Hz, 1 H), 2.62 (dd, J� 10.9, 4.7 Hz, 1H), 2.28 (m, 1 H), 2.16 (m, 1H),
2.01 (m, 1H), 1.76 (m, 1H), 1.45 (m, 6H); 13C NMR (75.8 MHz, C6D6): d�
171.29, 151.34, 97.24, 95.87, 80.67, 56.77, 52.93, 51.79, 42.17, 35.20, 35.08,
33.52, 32.49, 29.60, 29.04, 27.75; MS (70 eV): m/z (%): 384 (28) [M�], 383
(23), 382 (100), 380 (13), 317 (2), 316 (11), 314 (12), 258 (2), 253 (7), 200 (7),
186 (10), 124 (29); C20H25CoN2O2 (384.36): calcd C 62.49, H 6.56, N 7.29;
found C 61.95, H 6.68, N 6.86.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,10a,11-h)-1,3-dimethyl-1,2,3,4,4a-endo,
11a-endo-hexahydro-2-oxo-4-methylimino-cyclohepta[g]quinazoline]co-
balt (11 e): From 1e (0.153 g, 1 mmol), 8c (271 mL, 1.8 mmol), and
[CpCo(CO)2] (224 mL, 1.8 mmol) in toluene (16 mL), with irradiation
under reflux for 20 h. Flash chromatography (neutral alumina, pentane/
AcOEt 1:99) gave orange crystals. Yield: 0.084 g (21 %); m.p. 158 ± 161 8C;
IR (CH2Cl2): nÄ � 2940, 2870, 1665, 1635,1480, 1460, 1435, 1150, 813 cmÿ1;
1H NMR (300 MHz, C6D6): d� 4.45 (s, 5H), 3.42 (s, 3 H), 3.18 (s, 3 H), 3.08
(m, 2 H), 2.82 (m, 1H), 2.77 (s, 3 H), 2.75 (m, 1H), 2.30 (m, 2H), 1.87 (m,
2H), 1.50 (m, 6 H); 13C NMR (75.8 MHz, C6D6): d� 158.71, 153.93, 97.05,
95.80, 80.73, 57.39, 52.75, 49.60, 38.75, 36.52, 35.60, 35.24, 33.58, 32.67, 31.06,
29.73, 29.20; MS (70 eV): m/z (%): 397 (40) [M�], 340 (29), 317 (34), 272
(25), 270 (40), 340 (29), 317 (34), 272 (25), 270 (40), 243 (47), 200 (25), 186
(33), 141 (34), 135 (35), 124 (100), 91 (21); HRMS: calcd for C21H28CoN3O
397.156; found 397.157.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,10a,11-h)-1,3-dimethyl-1,2,3,4,4a-endo,
11a-endo-hexahydro-2-oxo-4-ethylimino-cyclohepta[g]quinazoline]cobalt
(11 f): From 1 f (0.167 g, 1 mmol), 8c (271 mL, 1.8 mmol), and [CpCo(CO)2]
(240 mL, 1.9 mmol) in toluene (16 mL), with irradiation under reflux for
22 h. Flash chromatography (neutral alumina, pentane/AcOEt 1:9) gave
orange crystals. Yield: 0.062 g (22 %); m.p. 117 ± 119 8C; IR (CH2Cl2): nÄ �
2960, 2930, 1680, 1650, 1440, 813 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.42
(s, 5 H), 3.40 (s, 3 H), 3.38 (m, 2H), 3.08 (m, 2H), 2.82 (d, J� 2.7 Hz, 1H),
2.76 (s, 3H), 2.71 (d, J� 3.5 Hz, 1H), 2.28 (m, 2H), 1.88 (m, 2H), 1.59 (m,
6H), 1.36 (t, J� 7.2 Hz, 3 H); 13C NMR (75.8 MHz, C6D6): d� 156.56,
154.35, 97.12, 95.59, 80.50, 57.67, 52.66, 50.20, 43.83, 39.13, 35.47, 35.24, 33.44,
32.66, 30.69, 29.20, 28.66, 17.71; MS (70 eV): m/z (%): 411 (56) [M�], 354
(51), 303 (25), 301 (46), 286 (49), 285 (23), 284 (59), 270 (58), 243 (98), 230
(33), 229 (100), 200 (35), 186 (83), 172 (69), 141 (36), 135 (72), 124 (89), 84
(83); HRMS: calcd for C22H30CoN3O 411.172; found 411.172.


(5,5a,9a,10-h)-1,3-dimethyl-1,2,3,4,4a-endo,6,7,8,9,10a-endo-decahydro-
2,4-dioxo-benzo[g]quinazoline (13): An ice-cold solution of CuCl2 (0.368 g,
2.16 mmol) and Et3N (0.066 g, 0.648 mmol) in H2O (15 mL) was added
slowly To a cold (0 8C) solution of complex 10a (0.20 g, 0.54 mmol) in THF
(30 mL). The reaction was monitored by TLC and after 2 min all the
starting material had disappeared. The mixture was concentrated by rotary
evaporation, the residue (� 10 mL) extracted with CHCl3 (3x30 mL),
successively washed with water (2� 30 mL) and saturated aqueous NaCl
(20 mL), and then dried over MgSO4. Filtration and evaporation of the
solvent gave a pale yellow oil. Preparative TLC (hexanes/AcOEt, 2:3) gave
13. Yield: 0.12 g (91 %); white crystals; m.p. 112 ± 114 8C; IR (C6D6): nÄ �
2940, 2860, 1715, 1675, 1480, 1415, 1280, 1100 cmÿ1; 1H NMR (300 MHz,
C6D6): d� 5.83 (br d, J� 1.7 Hz, 1H), 5.50 (d, J� 6.0 Hz, 1 H), 3.33 (m,
1H), 3.24 (s, 3H), 2.69 (s, 3H), 2.54 (dd, J� 7.6, 6.6 Hz, 1H), 2.17 (m, 1H),
1.91 (m, 3 H), 1.33 (m, 2H), 1.16 (m, 2H); 13C NMR (75.8 MHz, C6D6): d�
24.36 (2 CH2), 170.03, 153.17, 138.33, 136.22, 118.38, 117.70, 52.87, 39.67,
33.47, 30.98, 30.83, 27.72, 24.36 (2CH2); MS (70 eV): m/z (%): 246 (100)


[M�], 245 (95), 244 (17), 229 (9), 218 (28), 217 (40), 188 (20), 159 (28), 132
(34), 104 (76), 91 (69); C14H18N2O2 (246.31): calcd C 68.21, H 7.31, N 11.37;
found C 67.94, H 7.39, N 10.80.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-methyl-1,2,4a-endo,6,7,8,9,10a-
endo-octahydro-2-oxo-4-N,N''-dimethylamino-benzo[g]quinazoline]cobalt
(20 d): From 3d (0.153 g, 1 mmol), 8b (260 mL, 2 mmol), and [CpCo(CO)2]
(248 mL, 2 mmol) in toluene (27 mL), with irradiation under reflux for 20 h.
Flash chromatography (SiO2, CHCl3/CH3OH, 7:3) gave a brown oil of 20d.
Yield: 0.028 g (9%); MS (70 eV): m/z (%): 383 (100) [M�], 381 (41), 317
(33), 316 (22), 315 (81), 300 (21), 259 (136), 258 (48), 256 (25), 230 (22), 229
(79), 217 (32), 201 (29), 189 (76), 187 (29), 172 (25), 158 (46), 157 (58), 156
(19), 142 (20), 130 (25), 129 (83), 128 (29), 124 (64), 116 (39).


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-methyl-1,2,4a-endo,6,7,8,9,10a-
endo-octahydro-2-oxo-4-methoxy-benzo[g]quinazoline]cobalt (21): From
4a (0.140 g, 1 mmol), 8 b (200 mL, 1.5 mmol), and [CpCo(CO)2] (186 mL,
1.5 mmol) in toluene (16 mL), with irradiation under reflux for 17 h. Flash
chromatography (SiO2, pentane/acetone, 1:4) gave 21 (0.358 mmol) and 25
(0.097 mmol, vide infra). The total yield of the reaction was 46%. 21:
orange crystals; m.p. 128 ± 130 8C; IR (CHCl3): nÄ � 2980, 1630, 1435, 1250,
1075, 1015 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.28 (s, 5 H), 3.54 (s, 3H),
3.25 (dd, J� 12.6, 3.2 Hz, 1H), 2.91 (s, 3 H), 2.87 (m, 2 H), 2.38 (dd, J� 11.3,
4.8 Hz, 1H), 2.12 (m, 1 H), 1.93 (m, 2H), 1.66 (m, 3H), 1.45 (m, 2H); 13C
NMR (75.8 MHz, C6D6): d� 173.61, 155.12, 93.95, 92.76, 81.07, 58.65, 53.70,
50.03, 45.34, 36.78, 33.12, 28.91, 28.68, 23.39, 23.28; MS (70 eV): m/z (%):
370 (100) [M�], 367 (55), 363 (20), 304 (63), 301 (55), 288 (18), 245 (15), 187
(18), 124 (27); C19H23CoN2O2 (370.34): calcd C 61.62, H 6.26, N7.56; found
C 61.83, H 6.08, N 7.49.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-methyl-1,2,4a-endo,6,7,8,9,10a-
endo-octahydro-2-oxo-4-ethoxy-benzo[g]quinazoline]cobalt (22): From 4b
(0.140 g, 1 mmol), 8 b (200 mL, 1.5 mmol), and [CpCo(CO)2] (186 mL,
1.5 mmol) in toluene (16 mL), with irradiation under reflux for 17 h. Flash
chromatography (SiO2, pentane/acetone, 1:4) gave 22 (0.037 g) and 25
(0.013 g). The total yield of the reaction was 22 %. Compound 22 : Orange
crystals; m.p. 111 ± 113 8C; IR (C6D6): nÄ � 2990, 2940, 1690, 1660, 1630,
1610, 1430, 1380, 1240, 1020 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.30 (s,
5H), 4.27 (m, 1 H), 4.07 (m, 1H), 3.26 (dd, J� 11.0, 2.7 Hz, 1H), 2.92 (m,
4H), 2.88 (d, J� 2.7 Hz, 1 H), 2.40 (dd, J� 11.0, 4.8 Hz, 1H), 2.20 (m, 1H),
1.97 (m, 2 H), 1.70 (m, 3 H), 1.48 (m, 2 H), 1.05 (t, J� 7.1 Hz, 3 H); 13C NMR
(75.8 MHz, C6D6): d� 173.18, 155.16, 94.02, 92.58, 81.70, 62.36, 58.63, 50.83,
45.44, 36.69, 33.17, 29.04, 28.72, 23.76, 23.63, 14.35; MS (70 eV): m/z (%):
384 (57) [M�], 354 (29), 288 (100), 230 (23), 189 (44), 187 (36), 186 (32), 160
(21), 159 (24), 158 (23), 131 (23), 129 (26), 128 (25), 116 (21), 115 (21), 91
(44), 77 (12); HRMS: calcd for C20H25CoN2O2 384,125; found 384.125.


(h5-2,4-Cyclopentadien-1-yl)[(5,5a,9a,10-h)-1-methyl-1,2,4a-endo,6,7,8,9,10a-
endo-octahydro-2-oxo-4-propoxy-benzo[g]quinazoline]cobalt (23): From
4c (0.168 g, 1 mmol), 8 b (240 mL, 1.8 mmol), and [CpCo(CO)2] (224 mL,
1.8 mmol) in toluene (16 mL), with irradiation under reflux for 18 h. Flash
chromatography (SiO2, hexanes/acetone, 1.5:4.5) gave 23 (0.093 g) and 25
(0.014 g). The total yield of the reaction was 27%. 23 : Orange crystals; m.p.
76 ± 77 8C; IR (CH2Cl2): nÄ � 2900, 1630, 1620, 1320, 1280 cmÿ1; 1H NMR
(300 MHz, C6D6): d� 4.30 (s, 5H), 4.20 (m, 1H), 4.02 (m, 1H), 3.26 (dd, J�
11.2, 3.3 Hz, 1 H), 2.95 (d, J� 4.8 Hz, 1H), 2.92 (s, 3H), 2.88 (d, J� 3.2 Hz,
1H), 2.42 (dd, J� 11.2, 4.7 Hz, 1H), 2.22 (m, 1 H), 1.97 (m, 2H), 1.68 (m,
3H), 1.50 (m, 4H), 0.79 (t, J� 7.4 Hz, 3H); 13C NMR (75.8 MHz, C6D6):
d� 173.34, 155.16, 94.00, 92.62, 81.11, 68.08, 58.59, 50.09, 45.63, 36.83, 33.17,
29.02, 28.71, 23.43, 23.32, 22.31, 10.65; MS (70 eV): m/z (%): 398 (65) [M�],
354 (39), 288 (74), 272 (59), 243 (24), 231 (44), 230 (100), 229 (36), 202 (33),
189 (77), 187 (22), 187 (21), 186 (40), 160 (32), 159 (53), 131 (27), 129 (31),
128 (23), 124 (70), 116 (22), 91 (37); HRMS: calcd for C21H27CoN2O2


398.140; found 398.139.


(h5-2,4-Cyclopentadien-1-yl)-[(5,5a,9a,10-h)-1-methyl-1,2,3,4,4a-endo,
6,7,8,9,10a-endo-decahydro-2,4-dioxo-benzo[g]quinazoline]cobalt (25):
From hydrolysis of the corresponding imidates. For example, 22 (10 mg,
0.026 mmol) was added to a suspension of flash SiO2 (3 g) in acetone
(4 mL), which contained H2O (1 mL) and was then left to stand at room
temperature for 20 h. After filtration through a short pad of Celite and
drying over Na2SO4, evaporation of the solvent gave 25 with a very high
purity (90 %). Orange crystals; m.p. 197 8C (decomp); IR (CH2Cl2): nÄ �
2368, 2312, 1692, 780 cmÿ1; 1H NMR (300 MHz, C6D6): d� 4.28 (s, 5H),
3.13 (d, J� 4.5 Hz, 1H), 3.08 (dd, J� 9.4, 2.8 Hz, 1H), 2.72 (d, J� 2.8 Hz,
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1H), 2.70 (s, 3H), 2.50 (dd, J� 11.0, 4.5 Hz, 1 H), 2.46 (m, 1H), 2.30 (m,
1H), 1.95 (m, 2H), 1.70 (m, 3H), 1.42 (m, 2 H); 13C NMR (75.8 MHz, C6D6):
d� 171.55, 150.50, 94.25, 93.79, 81.42, 58.54, 48.12, 45.20, 41.47, 32.62, 29.12,
29.02, 23.52, 23.40; MS (70 eV): m/z (%): 356 (26) [M�], 355 (19), 353 (100),
350 (12), 288 (13), 187 (15), 159 (9), 128 (12), 124 (54); HRMS: calcd for
C18H21CoN2O2 356.093; found 356.093.


(h5-2,4-Cyclopentadien-1-yl)-[(5,5a,9a,10-h)-1-ethyl-1,2,3,4,4a-endo,
6,7,8,9,10a-endo-decahydro-2,4-dioxo-benzo[g]quinazoline]cobalt (26):
From 4 d (0.154g, 1 mmol), 8 b (240 mL, 1.8 mmol), and [CpCo(CO)2]
(224 mL, 1.8 mmol) in toluene (16 mL), with irradiation under reflux for
19 h. Flash chromatography (SiO2, hexanes/acetone, 1:9) gave an orange
oil. Yield: 0.028 g (9 %); 1H NMR (300 MHz, C6D6): d� 4.27 (s, 5 H), 3.45
(m, 1H), 3.34 (dd, J� 10.8, 3.1 Hz, 1H), 3.11 (d, J� 5.0 Hz, 1H), 3.05 (m,
1H), 2.73 (d, J� 3.0 Hz, 1 H), 2.40 (m, 2 H), 1.95 (m, 2 H), 1.68 (m, 3H), 1.45
(m, 2 H), 1.04 (t, J� 7.0 Hz, 3H).


Anti and syn-(h5-2,4-cyclopentadien-1-yl)[(7a,8,9,10-h)-2-benzoyl-
1,2,3,4,6,7,10a,10b-octahydro-9,10-bis-(trimethylsilyl)-5H-1,3-dioxopyrido-
[3,2-ij]quinazoline]cobalt complexes (27): From 6 a (0.10 g, 0.355 mmol),
[CpCo(CO)2] (0.115 g, 0.638 mmol), in THF (3 mL), and BTMSA (6 mL),
with irradiation at room temperature for 17 h. The two diastereomers were
inseparable by flash chromatography (SiO2, hexanes/Et2O 2:3) and frac-
tional recrystallization (Et2O/hexanes). 27: Yield: 0.058 g (23 %); anti/
syn� 5, orange crystals; m.p. 103 ± 105 8C; IR (C6D6): nÄ � 2950, 1755, 1705,
1675, 1600, 1250, 970, 850 cmÿ1; 1H NMR (400 MHz, C6D6): d� 8.00 (d, J�
7.4 Hz, 2H), 4.48 (s, 1 H), 4.06 (s, 5 H), 2.26 (m, 1H), 2.21 (d, J� 8.0 Hz,
1H), 1.65 (m,d overlapping J� 8.0 Hz, 2H), 1.20 (m, 4 H), 0.45 (s, 9H), 0.35
(s, 9H); 13C NMR (125.8 MHz, C6D6): d� 170.33, 169.43, 150.63, 133.83,
133.70, 130.56, 128.77, 87.58, 84.18, 81.70, 71.01, 61.50, 59.84, 45.54, 44.07,
34.74, 23.57, 4.89, 3.41; MS (70 eV): m/z (%): 576 (4) [M�], 437 (2), 332 (7),
179 (17), 142 (62), 124 (14), 115 (32), 107 (87), 80 (100), 74 (55);
C29H37CoN2O3Si2 (576.73): calcd C 60.34, H 6.42, N 4.86; found C 60.02, H
6.65, N 4.87.


(h5-2,4-Cyclopentadien-1-yl)[(7a,8,9,10-h)-2-benzoyl-1,2,3,4,6,7,10a,10b-
octahydro-9,10-dicarboxylate-5H-1,3-dioxopyrido[3,2-ij]quinazoline]-
cobalt (28): From 6 a (0.10 g, 0.355 mmol), [CpCo(CO)2] (0.115 g,
0.64 mmol), and DMAD (0.252 g, 1.78 mmol) in THF (10 mL), with
irradiation at room temperature for 21 h. Flash chromatography (SiO2,
hexanes/Et2O 1:9) gave anti-28 as orange crystals which sublimed without
melting at 84 8C. Yield: 0.119 g (61 %); IR (CD2Cl2): nÄ � 2950, 1750, 1725,
1700, 1675, 1600, 1450, 1255, 1200 cmÿ1; 1H NMR (300 MHz, CD2Cl2): d�
7.97 (m, 2H), 7.69 (t, J� 7.3 Hz, 1H), 7.55 (t, J� 7.5 Hz, 2 H), 5.62 (s, 1H),
4.99 (s, 5H), 4.42 (m, 1H), 3.81 (s, 3H), 3.60 (s, 3H), 3.12 (d, J� 8 Hz, 1H),
2.86 (m, 1 H), 2.78 (d, J� 7.4 Hz, 1 H), 1.91 (m, 4 H); 13C NMR (75.8 MHz,
CD2Cl2): d� 172.11, 170.67, 170.52, 167.59, 150.04, 135.04, 132.78, 130.46,
129.31, 83.76, 79.57, 78.30, 72.06, 60.01, 54.27, 52.86, 52.12, 46.50, 43.75,
33.98, 23.74; MS (70 eV): m/z (%): 548 (3) [M�], 246 (3), 218 (3), 142 (83),
141 (77), 124 (61), 115 (47), 105 (81), 78 (100), 77 (86), 66 (45);
C27H25CoN2O7 (584.44): calcd C 59.12, H 4.56, N 5.11; found C 58.85, H
4.81, N 4.82.


Anti and syn-(h5-2,4-cyclopentadien-1-yl)[(7a,8,9,10-h)-1,2,3,4,6,7,10a,10b-
octahydro-9,10-bis-(trimethylsilyl)-5H-1,3-dioxopyrido[3,2-ij]quinazoline]-
cobalt complexes (29): From 6e (0.146 g, 0.82 mmol), [CpCo(CO)2]
(0.266 g, 1.476 mmol) in THF (8 mL), and BTMSA (6 mL), with irradiation
at room temperature for 17 h. The two diastereomers were inseparable by
flash chromatography (SiO2, CHCl3/MeOH 99:1) and fractional recrystal-
lization (Et2O/hexanes). 29 : Yield: 0.135 g (35 %); anti/syn� 10; orange
crystals; m.p. 168 8C (decomp); IR (C6D6): nÄ � 3380, 3190, 2950, 1700, 1675,
1260, 1250, 855, 830 cmÿ1; 1H NMR (300 MHz, C6D6): d� 9.47 (br s, 1H),
6.18 (s, 1 H), 4.62 (s, 5H), 4.41 (m, 1 H), 2.16 (m, 1H), 2.01 (d, J� 8.0 Hz,
1H), 1.64 (m, 1H), 1.41 (d, J� 8.0 Hz, 1 H), 1.12 (m, 3 H), 0.47 (s, 9 H), 0.32
(s, 9H); 13C NMR (75.8 MHz, C6D6): d� 170.66, 151.83, 86.89, 83.73, 81.66,
72.48, 61.54, 60.39, 44.87, 43.46, 34.85, 23.71, 4.49, 3.29; MS (70 eV): m/z
(%): 474 (4), 473 (13), 472 (38) [M�], 457 (7), 399 (26), 347 (13), 331 (44),
259 (53), 146 (13), 124 (23), 84 (99), 73 (100); C22H33CoN2O2Si2 (472.62):
calcd C 55.91, H 7.04, N 5.93; found C 57.76, H 6.87, N 5.93.


(h5-2,4-Cyclopentadien-1-yl)[(7a,8,9,10-h)-1,2,3,4,6,7,10a,10b-octahydro-
9,10-dicarboxylate-1,3-dioxopyrido[3,2-ij]quinazoline]cobalt (30): From
6e (0.147 g, 0.82 mmol), [CpCo(CO)2] (0.266 g, 1.476 mmol), and DMAD
(0.583g, 4.1 mmol) in THF (10 mL), with irradiation at room temperature
for 21 h. Flash chromatography (SiO2, CHCl3/MeOH 99.5:0.5) gave


orange-red crystals. Yield: 0.235 g (73 %); m. p. 210 8C (decomp); IR
(CDCl3): nÄ � 3390, 2950, 1710, 1485, 1450, 1430, 1265 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.49 (s, 1 H), 5.56 (s, 1 H), 4.90 (s, 5H), 4.51 (m, 1H),
3.81 (s, 3 H), 3.74 (s, 3 H), 2.94 (d, J� 8.0 Hz, 1 H), 2.78 (m, 1 H), 2.70 (d, J�
8.0 Hz, 1H), 1.83 (m, 4H); 13C NMR (75.8 MHz, CD2Cl2): d� 172.22,
170.88, 168.45, 151.60, 83.51, 78.90, 78.15, 72.27, 61.19, 55.01, 52.79, 52.11,
45.92, 43.55, 34.24, 23.91; MS (70 eV): m/z (%): 444 (28) [M�], 442 (2), 383
(2), 378 (4), 318 (42), 288 (34), 287 (100), 246 (26), 229 (17), 215 (13), 158
(11), 124 (15), 118 (3); C20H21CoN2O6 (444.33): calcd C 54.05, H 4.73, N
6.30; found C 53.29, H 4.71, N 5.99.


(h5-2,4-Cyclopentadien-1-yl)[5-(1,2,3,4-h)-2,3-bis(trimethylsilyl)-propene-
diyl]-2-benzoyl-1,2,3,5,6,7,8,9-octahydro-1,3-dioxopyrido[1,2-c]pyrimidine]-
cobalt (31): From 6 a (0.28 g, 0.709 mmol), [CpCo(C2H4)2] (0.191g,
1.06 mmol) in THF (5 mL), and BTMSA (5 mL) at room temperature
with irradiation (lamp at about 15 cm from the flask, power on Variac set to
40) for 2 h. Flash chromatography (SiO2; hexanes/AcOEt 55:45) gave
orange-red crystals. Yield: 88 mg (21 %); m.p. 143 8C (decomp); IR
(CD2Cl2): nÄ � 2960, 2900, 1740, 1685, 1655, 1600, 1450, 1265, 1255, 900,
855, 840 cmÿ1; 1H NMR (300 MHz, C6D6): d� 8.05 (m, 2 H), 6.93 (m, 3H),
4.57 (s, 5H), 4.39 (m, 1H), 3.29 (s, 1H), 2.59 (m, 1 H), 2.30 (m, 1 H), 2.29 (s,
1H), 1.65 (m, 1H), 1.48 (m, 1H), 1.35 (m, 1H), 0.98 (s, 1 H), 0.47 (s, 9H),
0.10 (s, 9H); 13C NMR (75.8 MHz, C6D6): d� 172.33, 171.67, 150.49, 134.19,
134.04, 130.63, 128.85, 91.15, 87.69, 83.85, 80.77, 71.54, 62.31, 50.77, 31.92,
38.08, 17.31, 3.85, 1.54; MS (70 eV): m/z (%): 576 (2) [M�], 575 (4), 574 (10),
508 (2), 469 (5), 404 (3), 329 (12), 179 (24), 142 (84), 124 (32), 115 (42), 105
(100), 77 (65); C29H37CoN2O3Si2 (576.73): calcd C 60.34, H 6.42, N 4.86;
found C 60.29, H 6.45, N 4.53.


(h5-2,4-Cyclopentadien-1-yl){1-{3-[(1,2,3,4-h)-2,3-bis(trimethylsilyl)-1,3-
cyclobuta-dien-1-yl]-propyl}-3-benzoyl-5-methylthymine}cobalt (32):
From 6 c (0.20 g, 0.676 mmol), [CpCo(CO)2] (0.182 g, 1.014 mmol) in
THF (7 mL), and BTMSA (10 mL) at room temperature, with irradiation
for 18 h. Flash chromatography (SiO2, hexanes/Et2O 3:7) gave an orange-
yellow oil. Yield: 71 mg (29 %); IR (CH2Cl2): nÄ � 2960, 1755, 1705, 1660,
1600, 1440, 1250, 845, 815 cmÿ1; 1H NMR (300 MHz, C6D6): d� 7.92 (d, J�
7.0 Hz, 2H), 7.01 (m, 1H), 6.93 (m, 2H), 6.01 (s, 1H), 4.73 (s, 5 H), 4.15 (s,
1H), 3.27 (m, 1 H), 3.12 (m, 1H), 1.71 (m, overlapping, 1H), 1.69 (s, 3H),
1.50 (m, 2 H), 0.18 (s, 9H), 0.89 (m, 1H), 0.14(s, 9H); MS (70 eV): m/z (%):
590 (9) [M�], 486 (3), 420 (3), 294 (5), 205 (8), 179 (14), 105 (100), 77 (62);
HMRS: calcd for C30H39CoN2O3Si2 590.754; found 590.685.


(h5-2,4-Cyclopentadien-1-yl){5-[(1,2,3,4-h)-2,3-bis(trimethylsilyl)-propene-
diyl]-1,2,3,5,6,7,8,9-hexahydro-1-oxo-3-N-acetylaminopyrido[1,2-c]-pyrimi-
dine}cobalt (33) and (h5-2,4-cyclopentadien-1-yl){1-{3-[(1,2,3,4-h)-2,3-bis-
(trimethylsilyl)-1,3-cyclobutadien-1-yl]-propyl}-N-acetylcytosine}cobalt
(34): From 7 (0.109 g, 0.5 mmol), BTMSA (3 mL, 3 mmol), and [CpCo-
(CO)2] (124 mL, 1 mmol) in THF (19 mL), with irradiation at room
temperature for 20 h. Flash chromatography (SiO2, pentane/AcOEt 3:7)
gave 33 (32 mg, 20%) and 34 (7 mg, 3%).


Compound 33 : Red oil ; 1H NMR (300 MHz, C6D6): d� 4.50 (m, 1H), 4.37
(s, 5H), 3.38 (s, 1H), 2.55 (m, 1H), 2.30 (m, 1H), 2.10 (s, 3H), 2.06 (s, 1H),
1.50 (m, 4 H), 0.48 (s, 3 H); MS (70 eV): m/z (%): 514 (44) [M�], 511 (29),
373 (30), 372 (28), 314 (19), 298 (20), 124 (24), 114 (23), 75 (36), 74 (24), 73
(100), 57 (23).


Compound 34 : Yellow oil; 1H NMR (300 MHz, C6D6): d� 7.46 (d, J� 7.2,
1H), 6.47 (d, J� 7.2 Hz, 1H), 4.70 (s, 5H), 4.20 (s, 1 H), 3.38 (m, 2H), 2.26
(s, 3H), 1.65 (m, 4 H), 0.15 (s, 3 H), 0.10 (s, 3H); MS (70 eV): m/z (%): 514
(48) [M�], 382 (25), 294 (18), 196 (14), 182 (15), 168 (17), 167 (18), 149 (18),
124 (24), 116 (24), 83 (20), 81 (19), 75 (64), 74 (41), 73 (100), 69 (16), 59 (28),
57 (18).
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Stereoselective Conjugate Addition of Nitrogen and Carbon Nucleophiles to
Sugar-Derived Enones: Synthesis of Sialic Acid Analogues


Alessandro Dondoni,* Alberto Marra, and Alessia Boscarato[a]


Abstract: The conjugate addition of
benzylamine to three polyalkoxy a,b-
enones derived from d-glyceraldehyde,
d-erythrose, and d-mannose, whose car-
bonyls were flanked by the thiazole ring,
proceeded with modest to good syn-
selectivity. The resulting polyalkoxy b-
amino ketones were converted by ketal-
ization into methyl 1-(2-thiazolyl)-pyra-
nosides that in turn were transformed
into 4-amino-3,4-dideoxy-ulosonic acids
by sequential cleavage of the thiazole
ring into the formyl group and oxidation
of the latter to carboxylate. Thus, start-
ing from the enone derived from d-


mannose, the 4-acetamido-nonulosonic
acid iso-Neu4Ac, a positional isomer of
sialic acid Neu5Ac, was prepared. Be-
cause of some unsatisfactory reactions, a
more efficient synthesis of iso-Neu4Ac
was carried out by the use of trimethyl-
silyl azide as a nitrogen nucleophile in
the initial conjugate addition reaction.
Also, in the presence of DBU the
addition of nitromethane to the same


enones proceeded with good syn-selec-
tivity and chemical yield. The cyclization
of the resulting ketones afforded methyl
3-nitromethyl-1-(2-thiazolyl)-pyrano-
sides. Furthermore, the pyranoside de-
rived from the enone incorporating the
d-mannose moiety afforded after reduc-
tion of the nitro to the amino group and
carboxylate generation from the thia-
zole ring, a 4-acetamidomethyl-3,4-di-
deoxy-ulosonic acid, which is a branched
one-carbon higher homologue of iso-
Neu4Ac.


Keywords: azides ´ carbohydrate
mimetics ´ Michael additions ´ neu-
raminic acids ´ sialic acids


Introduction


Previous work in our laboratory demonstrated a viable route
to 3-deoxy-2-ulosonic acids by three-carbon chain elongation
of aldehydo sugars[1] (Scheme 1). In this method, the open-
chain skeleton of the target molecule is constructed by Wittig-
type olefination of the polyhydroxylated aldehyde with a
thiazole-armed carbonylphosphorane (step A) and 1,4-con-
jugate addition of an oxygen nucleophile to the resulting a,b-
enone (step B). The synthesis is completed by intramolecular
ketalization, followed by conversion of the thiazole ring into
the formyl group and oxidation of the latter to carboxylate
(step C). The reaction sequence A, B, and C (R�OH)
corresponds to the addition of the pyruvate carbanion to the
starting aldose.[2] A demonstration of the synthetic utility of
the above olefination ± addition route was provided[1] by the
preparation of 3-deoxy-d-glycero-d-galacto-nonulopyrano-
sonic acid, KDN (2) (Figure 1), a special type of sialic acid[3]


that can be considered as the deaminated analogue of N-
acetylneuraminic acid Neu5Ac (1), the most common mem-
ber of the sialic acid class of carbohydrates.[4] In the reaction
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Scheme 1. Synthesis of 3-deoxy-ulosonic acids: A) Wittig olefination with
Ph3PCHC(O)Th-2; B) conjugate addition of the nucleophile R; C) cycli-
zation and conversion of the thiazole ring to the carboxylate group.


sequence culminating with the synthesis of 2, the benzyl oxide
anion was employed as the oxygen nucleophile in step B.
Hence it became evident to us that extension of the above
olefination ± addition route to the preparation of ulosonic
acids carrying other groups than OH at C4 could be achieved
just by changing the type of nucleophile employed in step B.
For example, the use of nitrogen nucleophiles would lead to
4-aminated ulosonic acids (R�NH2).[5] A special target in this
context was represented by the 4-acetamido-nonulosonic acid
(3), a positional isomer of N-acetylneuraminic acid (1). Given
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Figure 1. Natural nonulosonic acids 1 and 2 and nonnatural synthetic
targets 3 and 4.


the widespread occurrence of 1 in glycoproteins, glycolipids,
and oligosaccharides and the essential role that these sialyl
conjugates play in molecular recognition of infectious patho-
gens and in cell adhesion and differentiation phenomena,[6] it
appeared important to prepare analogues of sialic acids[7]


since these compounds are potential inhibitors of the above
biological processes. For the same reasons we thought it would
be interesting to prepare a homologue of 3, that is the ulosonic
acid 4, in which the acetamido group is attached to the
pyranose ring through a methylene bridge.[8] The amino-
methyl group (R�CH2NH2) at C4 of the ulosonic acid can be
introduced through the carbanion derived from nitromethane
as nucleophile in step B.


Results and Discussion


Addition of benzylamine : The attachment of the amino group
to a carbon atom by asymmetric 1,4-conjugate addition


reactions of nitrogen nucleophiles[9, 10] (ammonia synthons)
to enones, enoates, and other activated olefins has been
described in various instances. As in most 1,4-conjugate
addition reactions[11] the stereochemical outcome varied
depending on several factors, which include solvent, temper-
ature, nucleophile, and substituents on stereocenters adjacent
to the double bond. Thus, we focused on the use of benzyl-
amine as the nitrogen nucleophile and decided to study the
feasibility of the synthetic approach to 4-aminated ulosonic
acids starting from g,d-dialkoxy enones 5 and 6 (Figure 2).[5]


These compounds were available in pure E-geometry by
olefination of protected d-glyceraldehyde and d-erythrose,
respectively, with a thiazole-armed phosphorous ylide.[1]
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Figure 2. Enones 5 and 6 employed for model studies.


Thus, the reaction of a slight excess of benzylamine
(1.2 equiv) with the enone 5 at ÿ70 8C in CH2Cl2 afforded
after five hours a mixture of b-amino ketones 7 a and 7 b
(Scheme 2). The NMR spectrum of this mixture at room
temperature revealed that these compounds were present in a
nearly 1:1 ratio. However, quenching the reaction mixture at
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Scheme 2. Addition of benzylamine to the enone 5 and cyclization of the
adducts. a) BnNH2, CH2Cl2, ÿ70 8C; b) HCl, MeOH, ÿ70 8C to RT;
c) Boc2O, dioxane, RT.


ÿ70 8C with methanolic HCl afforded a mixture of 1-(2-
thiazolyl)-pentopyranosides 8 a and 8 b in 9:1 ratio by NMR
analysis. The same ratio was assumed reasonably for their
precursors 7 a and 7 b at ÿ70 8C while epimerization occurred
at room temperature, very likely through a retro-Michael-
type process.[12] While the separation of epimeric methyl
pyranosides 8 a and 8 b was unsuccessful, the first-order
300 MHz 1H NMR spectrum of the mixture gave unequivocal
information on their structure. The all trans-diaxial sequence
of protons in the major product 8 a (J2ax,3� 12.7, J3,4� 12.0,
J4,5ax� 9.3 Hz) indicated the equatorial arrangement of both
the benzylamino and hydroxy groups and consequently


Abstract in Italian: L' addizione coniugata di benzilammina a
tre polialcossi tiazolil-a,b-enoni derivanti da d-gliceraldeide,
d-eritrosio e d-mannosio conduce stereoselettivamente ai
corrispondenti sin b-amminochetoni. Questi composti sono
stati trasformati in metil 1-(2-tiazolil)-piranosidi mediante
chetalizzazione e successivamente in acidi 4-ammino-3,4-
didesossi-ulosonici attraverso la conversione dell' anello tiazo-
lico in gruppo formilico seguita dall' ossidazione di quest'
ultimo a gruppo carbossilico. Utilizzando questo schema
sintetico � stato preparato l' acido 4-acetammido-nonulosonico
iso-Neu4Ac, un isomero di posizione dell' acido sialico
Neu5Ac, a partire dall' a,b-enone ottenuto dal d-mannosio.
Una sintesi pi� efficiente dell' iso-Neu4Ac � stata eseguita
impiegando la trimetilsilil azide come nucleofilo azotato.
Anche l' addizione coniugata di nitrometano in presenza di
DBU agli stessi tre enoni avviene in resa elevata e con una
buona sin selettività per dare b-nitrometilchetoni che sono stati
in seguito ciclizzati in ambiente acido nei corrispondenti metil
piranosidi. Partendo dal piranoside ottenuto dal d-mannosio �
stato preparato un acido 4-acetamidometil-3,4-didesossi-ulo-
sonico, un omologo superiore dell' iso-Neu4Ac, mediante
riduzione del gruppo nitro a gruppo amminico e trasforma-
zione dell' anello tiazolico in gruppo carbossilico.
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demonstrated that the precursor b-amino ketone was the syn-
isomer 7 a. The NMR spectrum of the minor isomer 8 b
(J2ax,3� 12.7, J3,4� 3.1, J4,5eq� 1.8 Hz) consistently confirmed
that the above ring substituents are located in an axial ±
equatorial arrangement and therefore the original addition
product was the anti-isomer 7 b. Finally, compounds 8 a and 8 b
were converted into the N-Boc derivatives 9 a and 9 b (53 and
7 % yield, respectively, from 5) whose assigned structure was
confirmed by 1H NMR spectra after separation.[13, 14]


The final reaction sequence highlighted the role of the
thiazole ring at the anomeric carbon in this synthetic approach
to amino ulosonic acids. Having been compatible with the
various reaction conditions under which the adducts 7 a and
7 b were formed and then converted into the methyl pyrano-
sides 9 a and 9 b, the main service of thiazole stemmed from its
equivalence with the formyl group.[15] Thus, after protection of
the hydroxy group of compound 9 a as tert-butyldimethylsilyl
ether, application of the standard one-pot thiazole-to-formyl
deblocking protocol[16] (N-methylation, reduction, hydrolysis)
afforded the aldosulose 10 in 76 % isolated yield[17]


(Scheme 3). The double protection of the amino group as N-
benzyl-N-tert-butoxycarbonyl (N-BnBoc) proved to be nec-
essary in this step since the single protection as N-benzyl was
incompatible with the reaction sequence of the unmasking
protocol.[18] Finally, the oxidation of 10 (Ag2O, THF/H2O)
followed by esterification with diazomethane gave the
4-amino substituted 3-deoxy ulosonate 11 in almost quanti-
tative yield (39 % overall yield from the enone 5).
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Scheme 3. Cleavage of the thiazole ring of 9a and oxidation to the
ulosonate 11. a) tBuMe2SiCl, imidazole, DMF, 80 8C; then MeOTf, CH3CN,
RT; then NaBH4, MeOH, RT; then CuCl2, CuO, CH3CN/H2O, RT;
b) Ag2O, THF/H2O, RT; then CH2N2, Et2O, RT.


An essentially identical procedure was followed starting
from the d-erythrose derived enone 6. Succinctly, the addition
of benzylamine to 6 at low temperature in CH2Cl2 followed by
treatment with acetic anhydride afforded a mixture of non-
epimerizable N,N-diprotected amino ketones 12 a and 12 b in
3:1 ratio and 80 % overall yield (Scheme 4). These compounds
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Scheme 4. Addition of benzylamine to the enone 6. a) BnNH2, CH2Cl2,
ÿ50 to ÿ20 8C; then Ac2O.


were separated by preparative HPLC and adequately char-
acterized through their methyl pyranosides. Thus, 12 a treated
with methanolic HCl afforded the 1-(2-thiazolyl)-hexopyra-
noside[14] 13 (Scheme 5) whereas the epimer 12 b gave the 1,6-
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Scheme 5. Cyclization of the amino ketone 12 a and unmasking of the
ulosonate 15. a) HCl, MeOH, RT; b) BnBr, NaH, DMF, 0 8C to RT;
c) MeOTf, CH3CN, RT; then NaBH4, MeOH, RT; then CuCl2, CuO,
CH3CN/H2O, RT; then Ag2O, THF/H2O, RT.


anhydro sugar derivative 16 (Scheme 6). Compound 13 was
first converted into 14 by protection of the free hydroxy group
as O-benzyl ether and then into the methyl ulosonidonic acid
15 (75 % yield) by the same reaction sequence described
above for 9 a involving the aldehyde liberation from the
thiazole ring and oxidation to carboxylic acid. The double
protection of nitrogen with the benzyl and acetyl group
(N-AcBn) proved equally suitable in this synthesis.
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Scheme 6. Cyclization of the amino ketone 12b. a) HCl, MeOH, RT.


In conclusion, the addition of benzylamine to the a,b-
enones 5 and 6 occurred with good to modest levels of syn-
selectivity. The same selectivity was observed in the reactions
of these enones with sodium benzyl oxide.[1] Thus, the same
modified Felkin-type model[19] as exemplified in Figure 3 can
be assumed for these conjugate addition reactions. Quite
important, particularly for synthetic purposes, is the observa-
tion that the reaction with benzylamine is reversible and
consequently requires appropriate reaction conditions and
workup procedures of the reaction mixture for the isolation of
the products of kinetic selectivity.
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Figure 3. Transition state model for the addition of benzyl oxide anion
(R�BnOÿ) and benzylamine (R�BnNH2) to the enone 5.


Synthesis of 4-acetamido-nonulosonic acid 3 : With the above
set of information at hand, we were able to complete[20] the
synthesis of the neuraminic acid analogue 3. For this task we
considered the d-mannose derived a,b-enone 17 as substrate
for the conjugate addition of benzylamine (Scheme 7). This
enone was previously employed in our synthesis of KDN 2
through reaction with sodium benzyl oxide.[1] Thus, the
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Scheme 7. Addition of benzylamine to the enone 17. Th� 2-thiazolyl.
a) BnNH2, CH2Cl2, ÿ50 8C; then Ac2O.


addition of benzylamine to 17 and acetylation at low temper-
ature, as described above for the reaction with 6, afforded the
syn-adduct 18 a and the anti-isomer 18 b in 2:1 ratio and 85 %
overall yield after separation by preparative HPLC
(Scheme 7). The configuration at the newly formed stereo-
center of the major isomer 18 a was assigned following its
conversion into the peracetylated methyl pyranoside 19
(Scheme 8). The 1H NMR spectrum of this compound showed
large coupling constant values for the pyranoside ring protons
(J2ax,3� 13.2, J3,4� J4,5� 9.9 Hz), thus indicating a trans-die-
quatorial arrangement of the N-benzylacetamido and acetoxy
groups at C-3 and C-4 in a 1C4 conformation. The b-d
anomeric configuration was proven by the NOE between
the methoxy group and the axial proton at C-5.
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Scheme 8. Synthesis of methyl iso-Neu4Ac Me-3 by the benzylamine
route. a) HCl, MeOH, RT; then Ac2O, pyridine, RT or BnBr, NaH, DMF,
0 8C to RT; b) MeOTf, CH3CN, RT; then NaBH4, MeOH, RT; then CuCl2,
CuO, CH3CN-H2O, RT; then Ag2O, THF/H2O, RT; c) Li, refluxing NH3.


For the prosecution of the synthesis, compound 18 a was
converted into the perbenzylated derivative 20 in order to
facilitate the protective group removal in the final stage. Then,
compound 20 was subjected to the usual cleavage of the
thiazole ring and oxidation to give the all protected non-
ulosonic acid 21. While O-debenzylation of 21 was easily
carried out by catalytic hydrogenation, the removal of the N-
benzyl group was problematical. Both O- and N-debenzyla-
tion were simultaneously carried out by the use of lithium in
liquid ammonia to give the methyl O-glycoside derivative Me-
3. Unfortunately, this compound was contaminated by
numerous by-products as shown by NMR analysis. Several
efforts to remove these impurities by reverse-phase or ion-
exchange chromatography were unsuccessful.


Instead of looking for improved conditions that could
overcome the above difficulties, we considered a synthetic
approach to the target product 3 by the replacement of


benzylamine with the azide ion as an ammonia equivalent.
This drastic change of synthetic plan was also dictated by the
modest level of selectivity of the conjugate addition of
benzylamine to the enone 17. By contrast, the reaction of 17
with trimethylsilyl azide (TMSN3) and 10 % Bu4NF in CH2Cl2


at ÿ20 8C proceeded with a more substantial stereoselectivity
to give the b-azido ketone 22 (94 % yield) as a mixture of
diastereomers in a 3:1 ratio determined by 1H NMR analysis
(Scheme 9). No epimerization was observed when the reac-
tion mixture was stirred at room temperature for several
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Scheme 9. Synthesis of iso-Neu4Ac 3 by the azide route. a) TMSN3,
TBAF, CH2Cl2, ÿ20 8C; b) HCl, MeOH, RT; c) BnBr, NaH, DMF, 0 8C to
RT; d) MeOTf, CH3CN, RT; then NaBH4, MeOH, RT; then CuCl2, CuO,
CH3CN/H2O, RT; then Ag2O, THF/H2O, RT; e) Li, refluxing NH3; then
Ac2O, MeOH, RT; f) AcOH/H2O, 100 8C.


hours although the separation of the individual syn- and anti-
stereoisomers by chromatography was unsuccessful as a result
of considerable decomposition. Thus, the mixture was proc-
essed as in previous reaction schemes, that is treated with
methanolic HCl to remove the hydroxy protective groups and
induce ketalization. The major product methyl pyranoside 23
was isolated in a pure form by preparative HPLC after
perbenzylation to 24 (40 % overall yield from 17). The latter
compound was suitable for a complete structural character-
ization by NMR analysis. The unequivocally established
stereochemistry of the azido group in 24 (J2ax,3� 12.2, J3,4�
9.0, J4,5� 10.0 Hz) confirmed that the syn-adduct was the
major product of the 1,4-conjugate addition of TMSN3 to the
a,b-enone 17. The synthesis was continued from 24 by the
standard conversion of the thiazole-to-formyl and oxidation
to the carboxylic group to give the 4-azido-ulosonic acid 25.
As expected on the basis of our earlier work,[21] the unmasking
of the aldehyde from the thiazole ring was compatible with
the presence of the azido group. Next, the reduction of the
azido to amino group proceeded rapidly and cleanly by
treatment of 25 with lithium in liquid ammonia, which
concomitantly removed the O-benzyl groups. The N-acetyla-
tion of the resulting crude material afforded Me-3 (92 %) that
was easily isolated in a pure form. Finally, this compound was
transformed into iso-Neu4Ac (3) by hydrolysis of the
glycosidic linkage with AcOH/H2O at 100 8C for one hour.[22]
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In conclusion, instead of the planned route involving
benzylamine, the synthesis of 3 was more conveniently carried
out by the use of TMSN3, in which the azido group serves as
the amino precursor. In pursuing this synthetic target, some
information on the preferential syn-selectivity of the conju-
gate addition reactions of these nitrogen nucleophiles to some
chiral polyalkoxy enones was obtained.[23] While the stereo-
selective addition of benzylamine to a chiral g-alkoxy enoate
is well documented,[9a,b,c,f,g] the use of TMSN3 as a reaction
partner in 1,4-conjugate addition reactions has been reported
in a few instances with simple nonchiral model systems.[24]


Addition of nitromethane : As for the second main target of
our program, the branched amino-ulosonic acid 4, it was quite
logical to consider nitromethane as an appropriate reagent for
the introduction of the aminomethyl group. A study of the
Michael addition to the enones 5, 6, and 17 was initially
carried out in order to obtain some information on the
efficiency and selectivity of this reaction (Scheme 10). Guided
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Scheme 10. Addition of nitromethane to the enones 5, 6, and 17 and
cyclization of the adducts. Th� 2-thiazolyl. a) 5, CH2Cl2, ÿ20 8C; b) 6,
CH2Cl2, ÿ20 8C; c) 17, CH2Cl2, ÿ20 8C; d) HCl, MeOH, RT.


by the recent work of others[25] and after considerable
experimentation, the reactions were carried out in CH2Cl2


at ÿ20 8C with 5 equivalents of nitromethane and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU, 0.7 equiv) as a base.
Under these optimized conditions, each reaction proceeded
with good selectivity (dr 83 ± 88 % by 1H NMR analysis) to
give the corresponding syn-adduct as a main product (com-
pounds 26 ± 28). These products, contaminated by the anti-
isomers (not shown), were isolated in fairly good yields (92 ±
94 %). Because of the difficult purification, crude compounds
26, 27, and 28 were submitted to the usual treatment with
methanolic HCl to give the corresponding methyl pyranosides
29 (55%), 30 (55 %), and 31 (51 %) in the indicated isolated
yield from the corresponding starting enone. These com-
pounds were adequately characterized by NMR spectrosco-


py.[26] In particular they all showed coupling constant values
(J3,4� 9.8 ± 11.1 Hz) consistent with the trans-diequatorial
disposition of the nitromethyl and hydroxy groups, thus
confirming the structure of the syn-adducts 26 ± 28. The same
main stereochemical outcome has been recently reported for
the conjugate addition of nitromethane-DBU to chiral
enoates.[25]


Synthesis of 4-acetamidomethyl-nonulosonate 35 : After a
satisfactory access to the methyl pyranoside 31 was estab-
lished, the reduction of the nitromethyl to aminomethyl group
and the conversion of the thiazole ring into the carboxylate
function remained to be carried out for the synthesis of 4. The
convenient order of these transformations was far from being
a trivial problem. Nevertheless, the procedure adopted was as
follows. After various unsuccessful attempts to protect the
free hydroxy groups[27] of 31, the reduction of the nitro group
was carried out directly on this compound with LiAlH4 in
refluxing THF. The selective acetylation of the resulting
amino group and protection of the hydroxy groups as O-
triethylsilyl ether afforded compound 32 (Scheme 11). Since
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Scheme 11. Synthesis of acetamidomethyl ulosonate 35, a protected
derivative of 4. a) LiAlH4, THF, reflux; then Ac2O, MeOH, RT; then
Et3SiOTf, pyridine, RT; b) Boc2O, Et3N, DMAP, RT; c) MeOTf, CH3CN,
RT; then NaBH4, MeOH, RT; then CuCl2, CuO, CH3CN/H2O, RT; then I2,
KOH, MeOH, RT; d) CF3CO2H, CH2Cl2, RT; then Ac2O, pyridine, RT.


we found that the reaction sequence involved in the thiazole-
to-formyl conversion was incompatible with the presence of
the acetamido group,[28] a temporary double protection was
achieved by the tert-butoxycarbonyl group. Compound 33
obtained in this way was transformed into the methyl ester 34
by sequential cleavage of the thiazole ring and oxidation of
the formyl group. Finally the N-Boc group was removed with
trifluoroacetic acid (TFA) while O-desilylation occurred at
the same time. The acetylation of the tetrol afforded the
peracetylated methyl ulosonate 35, a suitably protected
derivative of the target 4-N-acetylaminomethyl-nonulosonic
acid 4.


Conclusion


In summary, a route to 4-amino- and 4-aminomethyl-3-deoxy-
ulosonic acids has been disclosed. This route is mainly based
on the conjugate addition of the nitrogen nucleophiles
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benzylamine and trimethylsilyl azide, and the carbanion of
nitromethane to sugar-derived enones. It was mainly the sense
and level of stereoselectivity of these initial reactions that
established the feasibility and the efficiency of the method.
The conversion to the final products of the Michael-type
adducts was straightforward through well established meth-
ods that in some cases needed some optimized conditions.
Extension of this chemistry for the preparation of various
aminated ulosonic acids should be easily achieved.


Experimental Section


All moisture-sensitive reactions were performed under a nitrogen atmos-
phere with oven-dried glassware. Anhydrous solvents were dried over
standard drying agents[29] and freshly distilled prior to use. Commercially
available powdered 4 � molecular sieves (50 mm average particle size)
were used without further activation. Reactions were monitored by TLC on
silica gel 60F254 with detection by charring with sulfuric acid. Flash column
chromatography[30] was performed on silica gel 60 (230 ± 400 mesh). Melt-
ing points were determined with a capillary apparatus and are uncorrected.
Optical rotations were measured at 20� 2 8C in the stated solvent. 1H
(300 MHz) NMR were recorded at RT for CDCl3 solutions, unless
otherwise specified. Assignments were aided by homo- and heteronuclear
two-dimensional NMR experiments. Enones 5, 6, and 17 were prepared as
reported.[1]


(3R,4S)- and (3S,4S)-3-N-Benzylamino-4,5-dihydroxy-4,5-O-isopropyl-
idene-1-(2-thiazolyl)-1-pentanone (7a and 7 b): Freshly distilled benzyl-
amine (438 mL, 4.01 mmol) was slowly added to a cooled (ÿ70 8C), stirred
solution of 5 (800 mg, 3.34 mmol) in anhydrous CH2Cl2 (34 mL). The
solution was stirred at ÿ70 8C for 5 h, then diluted with saturated aqueous
NaHCO3 (20 mL) and warmed to room temperature. The phases were
separated, the aqueous phase was extracted with CH2Cl2 (50 mL), and the
combined organic phases were dried (Na2SO4) and concentrated to give a
1:1 mixture of 7 a and 7b (980 mg). 1H NMR of 7 a : d� 7.97, 7.56 (2d, 2H,
J� 3.1 Hz), 7.30 (m, 5H, Ph), 4.25 (ddd, 1H, J� 2.4, 4.9, 11.3 Hz), 4.00 (dd,
1H, J� 6.5, 8.1 Hz), 3.88, 3.79 (2d, 2 H, J� 13.3 Hz), 3.83 (ddd, 1H, J� 3.3,
4.9, 6.5 Hz), 3.76 (dd, 1 H, J� 3.3, 8.1 Hz), 3.38 (dd, 1 H, J� 5.7, 11.3 Hz),
3.30 (dd, 1H, J� 2.4, 5.7 Hz), 1.35, 1.25 (2s, 6H); 1H NMR of 7 b : d� 7.97,
7.64 (2 d, 2 H, J� 3.1 Hz), 7.30 (m, 5 H, Ph), 4.17 (m, 1H), 4.07 (dd, 1H, J�
6.5, 8.1 Hz), 3.88, 3.79 (2 d, 2H, J� 13.3 Hz), 3.86 (m, 1 H), 3.76 (dd, 1H,
J� 3.3, 8.1 Hz), 3.38 (dd, 1H, J� 5.7, 11.3 Hz), 3.30 (dd, 1 H, J� 2.4,
5.7 Hz), 1.35, 1.25 (2s, 6H).


Methyl 3-N-benzylamino-2,3-dideoxy-1-(2-thiazolyl)-a-dd-threo- and -b-dd-
erythro-pentopyranoside (8a and 8b): Freshly distilled benzylamine
(438 mL, 4.01 mmol) was slowly added to a cooled (ÿ70 8C), stirred
solution of 5 (800 mg, 3.34 mmol) in anhydrous CH2Cl2 (50 mL). The
solution was stirred at ÿ70 8C for 5 h, then diluted with an 8% (w/w)
solution of HCl in anhydrous MeOH (12 mL). The solution was stirred at
room temperature for 14 h, then concentrated. The residue was diluted
with saturated aqueous NaHCO3 (20 mL) and extracted with AcOEt (3�
30 mL). The combined organic phases were dried (Na2SO4) and concen-
trated to give a 9:1 mixture of 8 a and 8 b (930 mg). 1H NMR of 8a
(CDCl3�D2O): d� 7.81, 7.30 (2d, 2 H, J� 3.1 Hz, Th), 7.30 ± 7.20 (m, 5H,
Ph), 4.00 (dd, 1 H, J4,5eq� 4.4, J5eq,5ax� 9.5 Hz, H-5eq), 3.92, 3.67 (2 d, 2H,
J� 12.6 Hz, PhCH2), 3.60 (dd, 1H, J4,5ax� 9.3 Hz, H-5ax), 3.45 (ddd, 1H,
J2eq,3� 4.4, J3,4� 12.0, J2ax,3� 12.7 Hz, H-3), 3.44 (ddd, 1H, H-4), 3.10 (s, 3H,
MeO), 2.90 (dd, 1H, J2ax,2eq� 13.5 Hz, H-2eq), 1.50 (dd, 1H, H-2ax);
1H NMR selected data of 8b (CDCl3�D2O): d� 7.80 (d, 1 H, J� 3.1 Hz,
Th), 7.30 ± 7.20 (m, 6H, Ph, Th), 4.07 (dd, 1 H, J4,5eq� 1.8, J5eq,5ax� 8.1 Hz,
H-5eq), 3.83, 3.75 (2 d, 2H, J� 12.6 Hz, PhCH2), 3.28 (ddd, 1H, J3,4� 3.1,
J2eq,3� 4.8, J2ax,3� 12.7 Hz, H-3), 3.09 (s, 3 H, MeO), 2.20 (dd, 1 H, J2ax,2eq�
13.5 Hz, H-2eq), 1.80 (dd, 1H, H-2ax). This crude mixture was used for the
next step without further purification.


Methyl 3-(N-benzyl-N-tert-butoxycarbonylamino)-2,3-dideoxy-1-(2-thia-
zolyl)-a-dd-threo- and -b-dd-erythro-pentopyranoside (9 a and 9 b): A
solution of crude 8 a and 8b (930 mg, �2.8 mmol) and di-tert-butyl
dicarbonate (1.20 g, 5.5 mmol) in 1,4-dioxane (30 mL) was kept at room


temperature for 14 h, then concentrated. The residue was dissolved in Et2O
(100 mL), washed with saturated aqueous NaHCO3 (20 mL), dried
(Na2SO4), and concentrated. The crude product was eluted from a column
of silica gel with 4:1 petroleum ether/Et2O to give first 9 a (750 mg, 53%
from 5) as a white foam: [a]D��21.7 (c� 0.2, CHCl3); 1H NMR
([D]6DMSO, 150 8C): d� 7.80, 7.60 (2d, 2H, J� 3.1 Hz, Th), 7.30 ± 7.10
(m, 5 H, Ph), 4.51, 4.39 (2d, 2H, J� 16.2 Hz, PhCH2), 4.08 (ddd, 1H, J2eq,3�
4.0, J3,4� 12.1, J2ax,3� 12.9 Hz, H-3), 3.98 (ddd, 1 H, J4,5eq� 6.0, J4,5ax�
10.1 Hz, H-4), 3.85 (dd, 1H, J5ax,5eq� 10.1 Hz, H-5eq), 3.50 (dd, 1H,
H-5ax), 3.0 (s, 3H, MeO), 2.23 (dd, 1H, J2ax,2eq� 12.1 Hz, H-2eq), 2.01 (dd,
1H, H-2ax), 1.40 (s, 9H, tBu); anal. calcd for C21H28N2O5S: C 59.98, H 6.71,
N 6.66; found: C 59.76, H 6.67, N 6.62; eluted second was 9b (98 mg, 7%
from 5) as a white foam: [a]D�ÿ21.8 (c� 0.3, CHCl3); 1H NMR
([D]6DMSO, 110 8C): d� 7.75, 7.60 (2d, 2H, J� 3.1 Hz, Th), 7.30 ± 7.10
(m, 5H, Ph), 4.63, 4.41 (2 d, 2 H, J� 17.4 Hz, PhCH2), 4.18 (ddd, 1 H, J3,4�
3.0, J2eq,3� 4.1, J2ax,3� 13.1 Hz, H-3), 3.91 (ddd, 1 H, J4,5eq� 1.0, J4,5ax�
2.6 Hz, H-4), 3.87 (dd, 1 H, J5ax,5eq� 12.1 Hz, H-5eq), 3.81 (dd, 1 H,
H-5ax), 3.20 (s, 3 H, MeO), 2.27 (dd, 1 H, J2ax,2eq� 12.3 Hz, H-2ax), 2.10
(dd, 1 H, H-2eq), 1.40 (s, 9H, tBu); anal. calcd for C21H28N2O5S: C 59.98, H
6.71, N 6.66; found: C 59.63, H 6.60, N 6.57.


Methyl 4-(N-benzyl-N-tert-butoxycarbonylamino)-5-O-tert-butyldimethyl-
silyl-3,4-dideoxy-a-dd-threo-hexosulopyranoside (10): A solution of 9 a
(500 mg, 1.19 mmol), imidazole (162 mg, 2.38 mmol), and tert-butyldime-
thylsilyl chloride (197 mg, 1.31 mmol) in anhydrous DMF (24 mL) was
stirred at 80 8C for 2 h, then cooled to room temperature and concentrated
under high vacuum. The residue was dissolved in Et2O (100 mL), washed
with saturated aqueous NaHCO3 (20 mL), dried (Na2SO4), and concen-
trated. The crude product was eluted from a column of silica gel with 1.5:1
petroleum ether/Et2O to give methyl 3-(N-benzyl-N-tert-butoxycarbonyl-
amino)-4-O-tert-butyldimethylsilyl-2,3-dideoxy-1-(2-thiazolyl)-a-d-threo-
pentopyranoside (603 mg, 95%) as a white solid: M.p. 115 ± 116 8C (from
AcOEt/hexane); [a]D�ÿ31.1 (c� 0.9, CHCl3); 1H NMR ([D]6DMSO,
140 8C): d� 7.75, 7.61 (2 d, 2H, J� 3.0 Hz, Th), 7.40 ± 7.20 (m, 5 H, Ph), 4.65,
4.25 (2d, 2 H, J� 15.6 Hz, PhCH2), 4.35 (ddd, 1H, J 4,5eq� 6.2, J3,4� 8.3,
J4,5ax� 10.4 Hz, H-4), 3.90 (ddd, 1 H, J2eq,3� 4.2, J2ax,3� 13.3 Hz, H-3), 3.85
(dd, 1 H, J5ax,5eq� 10.4 Hz, H-5eq), 3.48 (dd, 1 H, H-5ax), 3.0 (s, 3 H, MeO),
2.30 (dd, 1H, J2ax,2eq� 13.5 Hz, H-2ax), 2.18 (dd, 1 H, H-2eq), 1.40 (s, 9H,
tBuO), 0.90 (s, 9H, tBuSi), 0.15, 0.10 (2 s, 6 H, Me2Si); anal. calcd for
C27H42N2O5SSi: C 60.64, H 7.92, N 5.24; found: C 60.45, H 7.89, N 5.23.


A mixture of the silylated derivative (534 mg, 1.00 mmol), activated 4 �
powdered molecular sieves (2.0 g), and anhydrous CH3CN (10 mL) was
stirred at room temperature for 10 min, then methyl triflate (147 mL,
1.30 mmol) was added. The suspension was stirred at room temperature for
15 min and then concentrated to dryness. NaBH4 (83 mg, 2.20 mmol) was
added to a cooled (0 8C), stirred suspension of the crude N-methylthiazo-
lium salt in CH3OH (10 mL). The mixture was stirred at room temperature
for an additional 5 min, diluted with acetone (2 mL), filtered through a pad
of celite, and concentrated. A solution of the crude mixture of diastereo-
meric thiazolidines in CH3CN (10 mL) and H2O (1 mL) was treated, under
vigorous stirring, with CuO (636 mg, 8.00 mmol) and then CuCl2 ´ 2H2O
(170 mg, 1.00 mmol). The mixture was stirred at room temperature for
15 min, then filtered through a pad of celite, and concentrated to remove
acetonitrile and most of the water (bath temperature not exceeding 40 8C);
the brown residue was triturated with Et2O (4� 10 mL), and the liquid
phase was pipetted and filtered through a pad (3� 1 cm, d� h) of Florisil
(100 ± 200 mesh) to afford a colorless solution. After a further washing of
Florisil with AcOEt (10 mL), the combined organic phases were concen-
trated to yield almost pure (NMR analysis) aldehyde 10 (384 mg, �80%)
as a syrup. 1H NMR ([D]6DMSO, 140 8C): d� 9.40 (s, 1H, CHO), 7.35 ± 7.20
(m, 5 H, Ph), 4.63, 4.22 (2d, 2 H, J� 15.7 Hz, PhCH2), 4.30 (ddd, 1 H, J5,6eq�
7.0, J5,6ax� 10.5, J4,5� 10.5 Hz, H-5), 3.80 (dd, 1 H, J6ax,6eq� 10.5 Hz, H-6eq),
3.75 (ddd, 1 H, J3eq,4� 5.2, J3ax,4� 12.5 Hz, H-4), 3.35 (dd, 1H, H-6ax), 3.20
(s, 3H, MeO), 2.10 (dd, 1H, J3ax,3eq� 13.0 Hz, H-3ax), 1.60 (dd, 1 H, H-3eq),
1.40 (s, 9 H, tBuO), 0.95 (s, 9H, tBuSi), 0.11, 0.10 (2s, 6H, Me2Si).


Methyl [methyl 4-(N-benzyl-N-tert-butoxycarbonylamino)-5-O-tert-butyl-
dimethylsilyl-3,4-dideoxy-a-dd-threo-hexopyranosid]onate (11): A freshly
prepared solution of NaOH (258 mg, 6.40 mmol) in H2O (5 mL) was added
to a stirred solution of silver nitrate (543 mg, 3.20 mmol) in H2O (5 mL). A
solution of crude aldehyde 10 (384 mg, �0.80 mmol) in freshly distilled
THF (3 mL) was added to the resulting suspension of silver oxide. The
mixture was stirred at room temperature for 48 h, then acidified with acetic
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acid, filtered through celite, and concentrated. The residue was dissolved in
CH2Cl2 (50 mL), washed with H2O (5 mL), dried (Na2SO4), and concen-
trated.


A cooled (0 8C), stirred solution of the crude acid in Et2O (10 mL) was
treated with an excess of ethereal diazomethane for 10 min, then
concentrated. The residue was eluted from a column of silica gel with 5:1
petroleum ether/AcOEt to give 11 (395 mg, 97%) as a syrup: [a]D�ÿ6.1
(c� 0.9, CHCl3); 1H NMR ([D]6DMSO, 120 8C): d� 7.36 ± 7.20 (m, 5H, Ph),
4.61, 4.22 (2d, 2H, J� 16.0 Hz, PhCH2), 4.27 (ddd, 1 H, J5,6eq� 5.5, J4,5� J


5,6ax� 10.4 Hz, H-5), 3.75 (dd, 1 H, J6ax,6eq� 10.4 Hz, H-6eq), 3.75 (ddd, 1H,
J3eq,4� 6.8, J3ax,4� 13.0 Hz, H-4), 3.67, 3.13 (2s, 6H, 2 Me), 3.28 (dd, 1H,
H-6ax), 2.25 (dd, 1H, J3ax,3eq� 13.0 Hz, H-3ax), 1.79 (dd, 1H, H-3eq), 1.40
(s, 9 H, tBuO), 0.90 (s, 9H, tBuSi), 0.12, 0.11 (2s, 6H, Me2Si); anal. calcd for
C26H43NO7Si: C 61.27, H 8.50, N 2.75; found: C 61.25, H 8.59, N 2.63.


(3R,4S,5S)- and (3S,4S,5S)-3-(N-Acetyl-N-benzylamino)-4-O-benzyl-4,5,6-
trihydroxy-5,6-O-isopropylidene-1-(2-thiazolyl)-1-hexanone (12 a and
12b): Freshly distilled benzylamine (2.13 mL, 19.47 mmol) was slowly
added to a cooled (ÿ50 8C), stirred solution of 6 (2.00 g, 5.56 mmol) in
anhydrous CH2Cl2 (56 mL). The solution was stirred at ÿ50 8C for 5 h,
warmed to ÿ20 8C and stirred for an additional 14 h, then diluted with
acetic anhydride (1.84 mL, 19.47 mmol). The solution was stirred atÿ20 8C
for 30 min, then warmed to room temperature and concentrated. The crude
products were purified by preparative HPLC (silica, 6 mm, 60 �, 3:1
cyclohexane/AcOEt, UV detection l� 254 nm). Eluted first was 12a
(1.70 g, 60 %) as a white foam: [a]D��74.3 (c� 0.7, CHCl3); 1H NMR
([D]6DMSO, 140 8C): d� 8.0, 7.95 (2 d, 2H, J� 3.0 Hz, Th), 7.40 ± 7.00 (m,
10H, 2 Ph), 4.80 (m, 1H), 4.78, 4.51 (2d, 2H, J� 16.0 Hz, PhCH2N), 4.71,
4.58 (2d, 2 H, J� 11.3 Hz, PhCH2O), 4.15 (q, 1H, J� 5.9 Hz), 4.04 ± 3.96
(m, 2H), 3.86 (dd, 1H, J� 5.9, 8.9 Hz), 3.56 (d, 2H, J� 6.5 Hz), 2.10 (s, 3H,
Ac), 1.35, 1.25 (2s, 6H, 2 Me); anal. calcd for C28H32N2O5S: C 66.12, H 6.34,
N 5.51; found: C 66.30, H 6.58, N 5.50; eluted second was 12b (565 mg,
20%) as a white foam: [a]D�ÿ68.5 (c� 0.3, CHCl3); 1H NMR
([D]6DMSO, 140 8C): d� 7.99, 7.95 (2d, 2H, J� 3.0 Hz, Th), 7.40 ± 7.10
(m, 10 H, 2 Ph) 4.84 (q, 1 H, J� 6.5 Hz), 4.70, 4.54 (2 d, 2 H, J� 16.6 Hz,
PhCH2N), 4.69, 4.56 (2 d, 2H, J� 11.3 Hz, PhCH2O), 4.16 (m, 1 H), 4.00
(dd, 1H, J� 4.1, 5.9 Hz), 3.90 (dd, 1 H, J� 6.5, 7.7 Hz), 3.81 (dd, 1H, J� 6.5,
7.7 Hz), 3.67 (dd, 1H, J� 5.3, 17.8 Hz), 3.39 (dd, 1H, J� 7.1, 17.8 Hz), 2.10
(s, 3H, Ac), 1.35, 1.25 (2s, 6 H, 2 Me); anal. calcd for C28H32N2O5S: C 66.12,
H 6.34, N 5.51; found: C 65.82, H 6.52, N 5.29.


Methyl 3-(N-acetyl-N-benzylamino)-4-O-benzyl-2,3-dideoxy-1-(2-thiazol-
yl)-a-dd-arabino-hexopyranoside (13): A solution of 12 a (1.52 g,
3.00 mmol) in an 8 % (w/w) solution of HCl in anhydrous MeOH
(15 mL) was kept at room temperature for 14 h, then concentrated. The
residue was diluted with saturated aqueous NaHCO3 (30 mL) and
extracted with AcOEt (3� 50 mL). The combined organic phases were
dried (Na2SO4) and concentrated. The residue was eluted from a column of
silica gel with 1.5:1 AcOEt/cyclohexane to give 13 (1.01 g, 70%) as a white
foam: [a]D��15.2 (c� 0.6, CHCl3); 1H NMR ([D]6DMSO�D2O,
120 8C): d� 7.75, 7.60 (2d, 2 H, J� 3.0 Hz, Th), 7.40 ± 7.10 (m, 10 H, 2Ph),
4.66 ± 4.24 (m, 5 H), 4.08 (m, 1 H), 3.88 ± 3.66 (m, 3 H), 3.05 (s, 3 H, MeO),
2.30 (dd, 1H, J2eq,3� 3.6, J2eq,2ax� 12.1 Hz, H-2eq), 2.20 ± 1.95 (m, 4H,
H-2ax, Ac); anal. calcd for C26H30N2O5S: C 64.70, H 6.27, N 5.80; found: C
64.82, H 6.38, N 5.70.


Methyl 3-(N-acetyl-N-benzylamino)-4,6-di-O-benzyl-2,3-dideoxy-1-(2-
thiazolyl)-a-dd-arabino-hexopyranoside (14): To a cooled (0 8C), stirred
solution of 13 (965 mg, 2.00 mmol) in DMF (8 mL) was added portionwise
NaH (160 mg, 4.00 mmol, of a 60% dispersion in oil) and, after 30 min,
benzyl bromide (357 mL, 3.00 mmol). The mixture was stirred at room
temperature for 30 min, then treated with MeOH (1 mL), stirred for an
additional 10 min, diluted with H2O (30 mL), and extracted with Et2O (2�
100 mL). The combined organic phases were dried (Na2SO4) and concen-
trated. The residue was eluted from a column of silica gel with 1:1
cyclohexane/AcOEt to give 14 (1.09 g, 95%) as a syrup: [a]D��30.8 (c�
0.3, CHCl3); 1H NMR ([D]6DMSO, 120 8C): d� 7.78, 7.65 (2d, 2 H, J�
3.0 Hz, Th), 7.40 ± 7.15 (m, 15 H, 3 Ph), 4.75 ± 4.20 (m, 8H), 3.90 ± 3.80 (m,
3H), 3.05 (s, 3H, MeO), 2.40 ± 2.25 (m, 1H, H-2eq), 2.15 ± 1.95 (m, 4H,
H-2ax, Ac); anal. calcd for C33H36N2O5S: C 69.21, H 6.34, N 4.89; found: C
69.53, H 6.46, N 4.98.


[Methyl 4-(N-acetyl-N-benzylamino)-5,7-di-O-benzyl-3,4-dideoxy-a-dd-
arabino-heptulopyranosidonic] acid (15): The thiazolyl derivative 14


(1.00 g, 1.75 mmol) was treated as described for the preparation of 10 to
give syrupy methyl 4-(N-acetyl-N-benzylamino)-5,7-di-O-benzyl-3,4-di-
deoxy-a-d-arabino-heptosulopyranoside (723 mg, �80 %) at least 95%
pure by NMR analysis. 1H NMR ([D]6DMSO, 120 8C): d� 9.40 (s, 1H,
CHO), 7.40 ± 7.10 (m, 15 H, 3Ph), 4.70 ± 4.20 (m, 8H), 3.80 ± 3.60 (m, 3H),
3.20 (s, 3 H, MeO), 2.15 ± 1.95 (m, 4H, H-3ax, Ac), 1.70 (dd, 1 H, J3eq,4� 3.5,
J3eq,3ax� 12.5 Hz, H-3eq).


The crude aldehyde was oxidized as described for the preparation of 11 to
afford the crude acid which was eluted from a column of Sephadex LH-20
(2� 80 cm) with 1:1 CH2Cl2/CH3OH to give 15 (699 mg, 75 % from 14) as a
white foam: [a]D��53.4 (c� 0.5, CHCl3); 1H NMR ([D]6DMSO, 120 8C):
d� 7.40 ± 7.15 (m, 15H, 3 Ph), 4.70 ± 4.20 (m, 8H), 3.80 ± 3.60 (m, 3H), 3.20
(s, 3H, MeO), 2.15 ± 1.85 (m, 5H, H-3ax, H-3eq, Ac); anal. calcd for
C31H35NO7: C 69.77, H 6.61, N 2.62; found: C 70.00, H 6.80, N 2.51.


1,6-Anhydro-3-(N-acetyl-N-benzylamino)-4-O-benzyl-2,3-dideoxy-1-(2-
thiazolyl)-b-dd-ribo-hexopyranose (16): Ketone 12b (508 mg, 1.00 mmol)
was treated as described for the synthesis of 13 to give, after column
chromatography on silica gel (4:1 cyclohexane/AcOEt), 16 (274 mg, 61%)
as a syrup: [a]D�ÿ76.8 (c� 0.9, CHCl3); 1H NMR ([D]6DMSO, 140 8C):
d� 7.70, 7.65 (2d, 2H, J� 3.0 Hz, Th), 7.40 ± 7.10 (m, 10H, 2Ph), 5.00 (ddd,
1H, J3,4� 2.8, J2eq,3� 5.6, J2ax,3� 13.3 Hz, H-3), 4.98 (ddd, 1 H, J5,6a� 0.7,
J5,6b� 4.9, J4,5� 4.9 Hz, H-5), 4.82, 4.71 (2d, 2 H, J� 17.6 Hz, PhCH2N),
4.72, 4.53 (2d, 2 H, J� 11.9 Hz, PhCH2O), 4.05 (dd, 1 H, J6a,6b� 7.7 Hz,
H-6a), 3.96 (dd, 1 H, H-6b), 3.88 (dd, 1H, H-4), 2.49 (dd, 1H, J2eq,2ax�
13.3 Hz, H-2ax), 2.17 (dd, 1H, H-2eq), 2.00 (s, 3 H, Ac); anal. calcd for
C25H26N2O4S: C 66.64, H 5.82, N 6.22; found: C 66.50, H 5.63, N 6.11.


(3S,4R,5R,6S,7S)- and (3R,4R,5R,6S,7S)-3-(N-Acetyl-N-benzylamino)-8-
O-tert-butyldiphenylsilyl-4,5,6,7,8-pentahydroxy-4,6:5,7-di-O-isopropyli-
dene-1-(2-thiazolyl)-1-octanone (18 a and 18b): Freshly distilled benzyl-
amine (1.26 mL, 11.52 mmol) was slowly added to a cooled (ÿ50 8C),
stirred solution of 17 (2.00 g, 3.29 mmol) in anhydrous CH2Cl2 (33 mL). The
solution was stirred at ÿ50 8C for 3.5 h, then diluted with acetic anhydride
(1.09 mL, 11.52 mmol). The solution was stirred at ÿ50 8C for 30 min, then
warmed to room temperature and concentrated. The crude products were
purified by preparative HPLC (silica, 6 mm, 60 �, 85:15 cyclohexane/
AcOEt, UV detection l� 254 nm). Eluted first was 18 b (697 mg, 28%) as a
white foam: [a]D��46.0 (c� 0.6, CHCl3); 1H NMR ([D]6DMSO, 140 8C):
d� 8.00, 7.92 (2d, 2H, J� 3.1 Hz, Th), 7.70 ± 7.65, 7.50 ± 7.35, 7.20 ± 7.0 (3 m,
15H, 3Ph), 4.94 (m, 1H, H-3), 4.77, 4.43 (2d, 2H, J� 16.6 Hz, PhCH2),
4.00 ± 3.70 (m, 6H), 3.52 (dd, 1H, J2a,3� 5.5, J2a,2b� 17.6 Hz, H-2), 3.31 (dd,
1H, J2b,3� 7.4 Hz, H-2b), 2.20 (s, 3 H, Ac), 1.45, 1.39, 1.30, 1.20 (4 s, 12H,
4Me), 1.18 (s, 9H, tBu); anal. calcd for C42H52N2O7SSi: C 66.64, H 6.92, N
3.70; found: C 66.59, H 6.85, N 3.58.


Eluted second was 18a (1.42 g, 57%) as a white foam: [a]D�ÿ60.0 (c� 0.7,
CHCl3); 1H NMR ([D]6DMSO, 160 8C): d� 8.02, 7.98 (2 d, 2H, J� 3.1 Hz,
Th), 7.70 ± 7.65, 7.50 ± 7.35, 7.20 ± 7.0 (3m, 15H, 3Ph), 4.84 (q, 1 H, J� 6.5 Hz,
H-3), 4.71, 4.47 (2 d, 2 H, J� 16.8 Hz, PhCH2), 4.02 ± 3.70 (m, 6 H), 3.62 ±
3.45 (m, 2H, 2 H-2), 2.12 (s, 3H, Ac), 1.33, 1.25, 1.22, 1.20 (4s, 12H, 4Me),
1.05 (s, 9H, tBu); anal. calcd for C42H52N2O7SSi: C 66.64, H 6.92, N 3.70;
found: C 66.79, H 6.75, N 3.58.


Methyl 4,6,7,8-tetra-O-acetyl-3-(N-acetyl-N-benzylamino)-2,3-dideoxy-1-
(2-thiazolyl)-b-dd-glycero-dd-galacto-octopyranoside (19): A solution of
18a (757 mg, 1.00 mmol) in a 2 % (w/w) solution of HCl in anhydrous
MeOH (10 mL) was kept at room temperature for 14 h, then concentrated.
A solution of the residue in MeOH was neutralized with Amberlyst A-26
ion exchange resin (HOÿ form) and concentrated to afford crude methyl
3-(N-acetyl-N-benzylamino)-2,3-dideoxy-1-(2-thiazolyl)-b-d-glycero-d-ga-
lacto-octopyranoside: 1H NMR ([D]6DMSO�D2O, 160 8C): d� 7.72, 7.55
(2d, 2 H, J� 3.0 Hz, Th), 7.30 ± 7.10 (m, 5H, Ph), 4.70, 4.38 (2 d, 2H, J�
15.5 Hz, PhCH2), 4.50 ± 4.42 (m, 1H), 4.06 ± 3.92 (m, 2H), 3.86 (dd, 1 H, J�
1.1, 8.8 Hz), 3.80 ± 3.68 (m, 2 H), 3.60 (dd, 1 H, J� 5.5, 11.1 Hz), 3.10 (s, 3H,
MeO), 2.30 (dd, 1 H, J2eq,3� 4.4, J2eq,2ax� 13.3 Hz, H-2eq), 2.10 (s, 3H, Ac),
1.94 (dd, 1H, J2ax,3� 13.0 Hz, H-2ax).


A solution of the crude product in 1:1 pyridine/acetic anhydride (10 mL)
was kept at room temperature for 14 h, then concentrated. The residue was
eluted from a column of silica gel with AcOEt to give 19 (384 mg, 62 %) as a
white foam: [a]D��24.0 (c� 0.3, CHCl3); 1H NMR ([D]6DMSO, 160 8C):
d� 7.76, 7.63 (2d, 2H, J� 3.0 Hz, Th), 7.32 ± 7.18 (m, 5H, Ph), 5.35 ± 5.28 (m,
2H, H-6, H-7), 5.21 (dd, 1 H, J3,4� J4,5� 9.9 Hz, H-4), 4.66 (ddd, 1H, J2eq,3�
4.4, J2ax,3� 13.2 Hz, H-3), 4.55, 4.36 (2d, 2H, J� 17.3 Hz, PhCH2), 4.47 (dd,
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1H, J7,8a� 3.3, J8a,8b� 12.4 Hz, H-8a), 4.24 (dd, 1H, J5,6� 2.5 Hz, H-5), 4.19
(dd, 1 H, J7,8b� 5.8 Hz, H-8b), 3.10 (s, 3H, MeO), 2.40 (dd, 1H, J2eq,2ax�
13.2 Hz, H-2eq), 2.25 (dd, 1H, H-2ax), 2.10, 2.04, 1.98 (3s, 15 H, 5 Ac); anal.
calcd for C29H36N2O11S: C 56.12, H 5.85, N 4.51; found: C 56.10, H 5.89, N
4.48.


Methyl 3-(N-acetyl-N-benzylamino)-4,6,7,8-tetra-O-benzyl-2,3-dideoxy-1-
(2-thiazolyl)-b-dd-glycero-dd-galacto-octopyranoside (20): A solution of 18a
(1.38 g, 1.82 mmol) in a 2% (w/w) solution of HCl in anhydrous MeOH
(18 mL) was kept at room temperature for 14 h, then concentrated. A
solution of the residue in MeOH was neutralized with Amberlyst A-26 ion
exchange resin (HOÿ form) and concentrated. The crude methyl glycoside
was perbenzylated as described for the synthesis of 14 to afford, after
column chromatography on silica gel (1:1 cyclohexane/AcOEt), 20
(830 mg, 56 %) as a syrup: [a]D�ÿ7.0 (c� 0.9, CHCl3); 1H NMR selected
data ([D]6DMSO, 140 8C): d� 7.75, 7.60 (2d, 2H, J� 3.0 Hz, Th), 7.40 ± 7.15
(m, 25 H, 5 Ph), 2.97 (s, 3 H, MeO), 2.36 (dd, 1H, J2eq,3� 4.1, J2eq,2ax�
12.9 Hz, H-2eq), 2.20 ± 2.05 (m, 1H, H-2ax), 2.03 (s, 3H, Ac); anal. calcd
for C49H52N2O7S: C 72.39, H 6.45, N 3.44; found: C 72.42, H 6.44, N 3.40.


[Methyl 4-(N-acetyl-N-benzylamino)-5,7,8,9-tetra-O-benzyl-3,4-dideoxy-
b-dd-glycero-dd-galacto-2-nonulopyranosidonic] acid (21): The thiazolyl
derivative 20 (650 mg, 0.80 mmol) was treated as described for the
preparation of 10 to give syrupy methyl 4-(N-acetyl-N-benzylamino)-
5,7,8,9-tetra-O-benzyl-3,4-dideoxy-b-d-glycero-d-galacto-2-nonosulopyra-
noside (533 mg, �88 %) at least 95 % pure by NMR analysis. 1H NMR
selected data ([D]6DMSO, 140 8C): d� 9.35 (s, 1 H, CHO), 7.40 ± 7.15 (m,
25H, 5Ph), 3.15 (s, 3H, MeO), 2.05 (s, 3 H, Ac), 1.72 (dd, 1 H, J3eq,4� 4.1,
J3ax,3eq� 13.0 Hz, H-3eq), 1.62 ± 1.50 (m, 1H, H-3ax).


The crude aldehyde was oxidized as described for the preparation of 11 to
afford the crude acid which was eluted from a column of Sephadex LH-20
(2� 80 cm) with 1:1 CH2Cl2/CH3OH to give 21 (446 mg, 72 % from 20) as a
syrup: [a]D�ÿ26.0 (c� 0.5, CHCl3); 1H NMR selected data: d� 10.0 (br s,
1H, CO2H), 7.40 ± 7.10 (m, 25H, 5 Ph), 2.10 (dd, 1H, J3eq,4� 2.8, J3eq,3ax�
12.5 Hz, H-3eq), 1.74 (dd, 1H, J3ax,4 �13.8 Hz, H-3ax); anal. calcd for
C47H51NO9: C 72.94, H 6.64, N 1.81; found: C 72.8, H 6.81, N 1.68.


[Methyl 4-acetamido-3,4-dideoxy-b-dd-glycero-dd-galacto-2-nonulopyrano-
sidonic] acid (Me-3): Route A : Lithium was added in small pieces to a
cooled (ÿ40 8C), stirred solution of 21 (387 mg, 0.50 mmol) in anhydrous
THF (5 mL) and liquid ammonia (10 mL) until a persistent blue colored
solution was obtained. The mixture was stirred for an additional 15 min,
diluted with EtOH (0.5 mL), slowly warmed to room temperature, and
concentrated. The residue was dissolved in MeOH, treated with Dowex
50� 2 ion exchange resin (H� form), and concentrated. The crude acid was
eluted from a column of Sephadex LH-20 (1� 80 cm) with 1.5:1 CH3OH/
CH2Cl2 to give Me-3 (145 mg, �90 %) contaminated by uncharacterized
by-products (NMR analysis).


Route B : Acid 25 (267 mg, 0.40 mmol) was treated with lithium in liquid
ammonia as described in Route A. Acetic anhydride was added dropwise
to a stirred solution of the residue in MeOH (5 mL) until the starting
material had disappeared by TLC analysis (5:5:3:1 AcOEt/pyridine/H2O/
AcOH). The solution was concentrated, the residue was dissolved in
MeOH, treated with Dowex 50� 2 ion exchange resin (H� form), and
concentrated. The crude acid was eluted from a column of Sephadex LH-20
(1� 80 cm) with 1.5:1 CH3OH/CH2Cl2 to give Me-3 (119 mg, 92 %) as a
white foam: [a]D�ÿ34.0 (c� 0.4, CH3OH); 1H NMR (D2O): d� 4.00
(ddd, 1 H, J3eq,4� 3.9, J3ax,4� 11.7, J4,5� 11.7 Hz, H-4), 3.80 ± 3.60 (m, 4H,
H-6, H-7, H-8, H-9), 3.50 (dd, 1H, J8,9a� 4.7, J9a,9b� 11.7 Hz, H-9a), 3.40 (dd,
1H, J5,6� 8.7 Hz, H-5), 3.02 (s, 3 H, MeO), 1.96 (dd, 1 H, J3ax,3eq� 13.6 Hz,
H-3eq), 1.80 (s, 3H, Ac), 1.40 (dd, 1H, H-3ax); anal. calcd for C12H21NO9: C
44.58, H 6.55, N 4.33; found: C 44.50, H 6.43, N 4.30.


(3S,4R,5R,6S,7S)- and (3R,4R,5R,6S,7S)-3-Azido-8-O-tert-butyldiphenyl-
silyl-4,5,6,7,8-pentahydroxy-4,6:5,7-di-O-isopropylidene-1-(2-thiazolyl)-1-
octanone (syn-22 and anti-22): To a cooled (ÿ20 8C), stirred solution of 17
(790 mg, 1.30 mmol) in anhydrous CH2Cl2 (13 mL) was added trimethylsilyl
azide (207 mL, 1.56 mmol) and then a solution of tetrabutylammonium
fluoride (34 mg, 0.13 mmol) in anhydrous CH2Cl2 (0.5 mL). The mixture
was stirred atÿ20 8C for four days, then diluted with H2O (10 mL), warmed
to room temperature, diluted with CH2Cl2 (100 mL), washed with H2O
(2� 20 mL), dried (Na2SO4), and concentrated to give a 3:1 mixture of syn-
22 and anti-22 (NMR analysis) as a syrup (794 mg, 94%). Attempts to
separate the diastereomers by column chromatography on silica gel led to


extensive decomposition of the adducts (�30 % of enone 17 was
recovered). 1H NMR selected data of syn-22 : d� 8.03 (d, 1H, J� 3.0 Hz,
Th), 4.22 ± 4.14 (m, 1 H); 4.09 ± 4.02 (m, 1H), 3.97 (dd, 1H, J� 5.7, 7.4 Hz),
3.90 (dd, 1 H, J� 4.0, 8.0 Hz), 3.61 (dd, 1 H, J� 9.2, 17.2 Hz), 3.30 (dd, 1H,
J� 4.0, 17.2 Hz). 1H NMR selected data of anti-22 : d� 8.01 (d, 1 H, J�
3.0 Hz, Th), 4.35 ± 4.25 (m, 1H).


Methyl 3-azido-2,3-dideoxy-1-(2-thiazolyl)-b-dd-glycero-dd-galacto-octopyr-
anoside (23): A solution of a 3:1 mixture of syn-22 and anti-22 (794 mg,
1.22 mmol) in a 2% (w/w) solution of HCl in anhydrous MeOH (13 mL)
was kept at room temperature for 14 h, then concentrated. A solution of
the residue in MeOH was neutralized with Amberlyst A-26 ion-exchange
resin (HOÿ form) and concentrated. The crude methyl glycoside was
purified by preparative HPLC (silica C18, 6 mm, 60 aÊ , 4:1 MeOH/H2O, UV
detection l� 254 nm) to give 23 (212 mg, �50%) contaminated by an
uncharacterized by-product. 1H NMR selected data (D2O): d� 7.66, 7.45
(2d, 2 H, J� 3.0 Hz, Th), 3.88 ± 3.68 (m, 5H), 3.64 ± 3.50 (m, 2 H), 2.97 (s,
3H, MeO), 2.46 (dd, 1 H, J2eq,3� 4.5, J2eq,2ax� 13.5 Hz, H-2eq), 1.61 (dd, 1H,
J2ax,3� 10.9 Hz, H-2ax).


Methyl 3-azido-4,6,7,8-tetra-O-benzyl-2,3-dideoxy-1-(2-thiazolyl)-b-dd-
glycero-dd-galacto-octopyranoside (24): Tetrol 23 (212 mg, �0.61 mmol)
was perbenzylated as described for the preparation of 14 to afford, after
column chromatography on silica gel (6:1 cyclohexane/AcOEt), 24
(367 mg, 40% from 17) as a syrup: [a]D�ÿ36.0 (c� 0.9, CHCl3);
1H NMR selected data: d� 7.85 (d, 1H, J� 3.0 Hz, Th), 7.40 ± 7.20 (m,
21H, 4 Ph, Th), 4.28 (dd, 1H, J5,6� 1.5, J6,7� 5.0 Hz, H-6), 4.16 (ddd, 1H,
J2eq,3� 4.8, J3,4� 9.0, J2ax,3� 12.2 Hz, H-3), 4.14 (dd, 1H, J7,8a� 2.0, J8a,8b�
10.5 Hz, H-8a), 4.08 (ddd, 1H, J7,8b� 5.5 Hz, H-7), 4.05 (dd, 1H, J4,5�
10.0 Hz, H-5), 3.81 (dd, 1 H, H-8b), 3.61 (dd, 1 H, H-4), 2.95 (s, 3H,
MeO), 2.80 (dd, 1H, J2ax,2eq� 13.3 Hz, H-2eq), 1.80 (dd, 1H, H-2ax); anal.
calcd for C40H42N4O6S: C 67.97, H 5.99, N 7.93; found: C 67.85, H 5.75, N
7.82.


[Methyl 4-azido-5,7,8,9-tetra-O-benzyl-3,4-dideoxy-b-dd-glycero-dd-galacto-
2-nonulopyranosidonic] acid (25): The thiazolyl derivative 24 (353 mg,
0.50 mmol) was treated as described for the preparation of 10 to give syrupy
methyl 4-azido-5,7,8,9-tetra-O-benzyl-3,4-dideoxy-b-d-glycero-d-galacto-2-
nonosulopyranoside (283 mg, �87%) at least 95% pure by NMR analysis.
1H NMR selected data: d� 9.35 (s, 1 H, CHO), 7.40 ± 7.10 (m, 20H, 4Ph),
3.10 (s, 3 H, MeO), 2.12 (dd, 1H, J3eq,4� 4.8, J3ax,3eq� 12.9 Hz, H-3eq), 1.56
(dd, 1H, J3ax,4� 12.5 Hz, H-3ax).


The crude aldehyde was oxidized as described for the preparation of 11 to
afford the crude acid which was eluted from a column of Sephadex LH-20
(1� 80 cm) with 1:1 CH2Cl2/CH3OH to give 25 (234 mg, 70 % from 24) as a
syrup: [a]D�ÿ52.0 (c� 1.3, CHCl3); 1H NMR selected data: d� 8.70 (br s,
1H, CO2H), 7.50 ± 7.20 (m, 20 H, 4Ph), 4.20 (dd, 1 H, J6,7� 1.6, J7,8� 4.9 Hz,
H-7), 4.04 ± 3.92 (m, 3H, H-4, H-8, H-9a), 3.88 (dd, 1H, J5,6� 10.0 Hz, H-6),
3.70 (dd, 1H, J8,9b� 3.8, J9a,9b� 10.5 Hz, H-9b), 3.53 (dd, 1H, J4,5� 9.4 Hz,
H-5), 3.10 (s, 3 H, MeO), 2.48 (dd, 1 H, J3eq,4� 4.2, J3ax,3eq� 13.0 Hz, H-3eq),
1.75 (dd, 1H, J3ax,4� 12.0 Hz, H-3ax); anal. calcd for C38H41N3O8: C 68.35, H
6.19, N 6.29; found: C 68.30, H 6.10, N 6.47.


4-Acetamido-3,4-dideoxy-b-dd-glycero-dd-galacto-2-nonulopyranosonic
acid (3): A solution of Me-3 (97 mg, 0.30 mmol, prepared from the azido
derivative 25) in a 4:1 mixture of AcOH and H2O (6 mL) was stirred at
100 8C for 1 h, then concentrated. The residue was eluted from a column of
Sephadex LH-20 (1� 80 cm) with 1:1 CH2Cl2/CH3OH to give 3 (79 mg,
�85 %) contaminated by �10 % of unreacted Me-3. Prolonged hydrolysis
led to decomposition products. 1H NMR (D2O): d� 4.04 (ddd, 1 H, J3eq,4�
4.5, J4,5� 10.5, J3ax,4� 12.4, Hz, H-4), 3.81 (dd, 1H, J6,7�� 0.5, J5,6� 9.5 Hz,
H-6), 3.72 ± 3.52 (m, 3 H, H-7, H-8, H-9), 3.44 (dd, 1H, J8,9a� 5.8, J9a,9b�
11.9 Hz, H-9b), 3.43 (dd, 1H, H-5), 1.87 (dd, 1 H, J3eq,3ax� 13.5 Hz, H-3eq),
1.85 (s, 3 H, Ac), 1.60 (dd, 1 H, H-3ax).


(3R,4S)-4,5-Dihydroxy-4,5-O-isopropylidene-3-nitromethyl-1-(2-thiazolyl)-
1-pentanone (26): To a cooled (ÿ20 8C), stirred solution of 5 (800 mg,
3.34 mmol) in anhydrous CH2Cl2 (34 mL) was added freshly distilled
nitromethane (904 mL, 16.70 mmol) and then 1,8-diazabicyclo[5.4.0]undec-
7-ene (333 mL, 2.23 mmol). The mixture was stirred atÿ20 8C for 14 h, then
diluted with 1m phosphate buffer at pH 7 (10 mL), warmed to room
temperature, and diluted with CH2Cl2 (100 mL). The phases were
separated, the organic phase was washed with H2O (20 mL), dried
(Na2SO4), and concentrated to give a 7.3:1 mixture of 26 and its epimer
anti-26 (NMR analysis) as a syrup (923 mg, 92%). 1H NMR of 26 (C6D6):
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d� 7.44, 6.62 (2d, 2H, J� 3.0 Hz, Th), 4.22 (dd, 1 H, J� 3.7, 13.1 Hz), 4.13
(dd, 1H, J� 6.2, 13.1 Hz), 3.81 (q, 1H, J� 6.2 Hz), 3.56 (dd, 1H, J� 6.2,
8.7 Hz), 3.32 (dd, 1 H, J� 6.8, 8.7 Hz), 3.09 (dd, 1H, J� 6.8, 17.5 Hz), 3.01
(dd, 1H, J� 5.6, 17.5 Hz), 2.84 (m, 1H), 1.21, 1.10 (2s, 6 H, 2 Me). This crude
mixture was used for the next step without further purification.


(3R,4S,5S)-4-O-Benzyl-4,5,6-trihydroxy-5,6-O-isopropylidene-3-nitro-
methyl-1-(2-thiazolyl)-1-hexanone (27): The enone 6 (1.00 g, 2.78 mmol)
was treated with CH3NO2 and DBU as described for the preparation of 26
to give a 4.9:1 mixture of 27 and its epimer anti-27 (NMR analysis) as a
syrup (1.10 g, 94%). 1H NMR of 27 (C6D6): d� 7.42, 6.56 (2d, 2H, J�
3.1 Hz, Th), 7.20 ± 7.0 (m, 5H, Ph), 4.48 (dd, 1 H, J� 7.5, 13.6 Hz), 4.31, 4.08
(2d, 2 H, J� 11.3 Hz, PhCH2), 4.18 (dd, 1H, J� 6.8, 13.6 Hz), 4.02 (m, 1H),
3.82 (dd, 1H, J� 6.0, 8.3 Hz), 3.64 ± 3.46 (m, 3 H), 3.40 (dd, 1 H, J� 3.0,
7.6 Hz), 3.02 (dd, 1H, J� 6.8, 16.6 Hz), 1.28, 1.16 (2 s, 6 H, 2 Me). This crude
mixture was used for the next step without further purification.


(3S,4R,5R,6S,7S)-8-O-tert-Butyldiphenylsilyl-4,5,6,7,8-pentahydroxy-
4,6:5,7-di-O-isopropylidene-3-nitromethyl-1-(2-thiazolyl)-1-octanone (28):
The enone 17 (800 mg, 1.32 mmol) was treated with CH3NO2 and DBU as
described for the preparation of 26 to give a 6.1:1 mixture of 28 and its
epimer anti-28 (NMR analysis) as a syrup (810 mg, 92%). 1H NMR of 28
(C6D6): d� 7.84 ± 7.78, 7.22 ± 7.18 (2m, 10H, 2Ph), 7.42, 6.58 (2 d, 2 H, J�
2.9 Hz, Th), 4.39 (dd, 1H, J� 5.7, 12.7 Hz), 4.30 (dd, 1H, J� 6.9, 12.7 Hz),
3.98 ± 3.70 (m, 5H), 3.65 (dd, 1 H, J� 4.2, 8.5 Hz), 3.31 (m, 2H), 3.10 ± 2.98
(m, 1H), 1.20, 1.19, 1.07, 1.03 (4s, 12 H, 4 Me), 1.17 (s, 9H, tBu). This crude
mixture was used for the next step without further purification.


Methyl 2,3-dideoxy-3-C-nitromethyl-1-(2-thiazolyl)-a-dd-threo-pentopyra-
noside (29): A solution of 26 (923 mg, 3.07 mmol, of a 7.3:1 mixture of
epimers) in an 8 % (w/w) solution of HCl in anhydrous MeOH (30 mL) was
kept at room temperature for 14 h, then concentrated. The residue was
diluted with saturated aqueous NaHCO3 (20 mL) and extracted with
AcOEt (3� 50 mL). The combined organic phases were dried (Na2SO4)
and concentrated. The residue was eluted from a column of silica gel with
1.5:1 cyclohexane/AcOEt to give 29 (504 mg, 55 % from 5) as a white solid:
M.p. 143 ± 145 8C (from AcOEt/hexane); [a]D��56.8 (c� 0.7, CHCl3);
1H NMR (CDCl3�D2O): d� 7.84, 7.37 (2 d, 2 H, J� 3.1 Hz, Th), 4.65 (dd,
1H, J3,3'� 4.9, J3',3''� 11.9 Hz, H-3'), 4.47 (dd, 1 H, J3,3''� 6.5 Hz, H-3''), 3.98
(dd, 1 H, J4,5eq� 3.2, J5ax,5eq� 9.8 Hz, H-5eq), 3.74 (ddd, 1 H, J4,5ax� 10.7,
J3,4� 11.1 Hz, H-4), 3.64 (dd, 1 H, H-5ax), 3.13 (s, 3 H, MeO), 2.89 (ddddd,
1H, J2eq,3� 3.3, J2ax,3� 11.7 Hz, H-3), 2.55 (dd, 1H, J2ax,2eq� 13.4 Hz, H-2eq),
1.66 (dd, 1 H, H-2ax); anal. calcd for C10H14N2O5S: C 43.79, H 5.14, N 10.21;
found: C 43.60, H 5.20, N 10.02.


Methyl 2,3-dideoxy-3-C-nitromethyl-1-(2-thiazolyl)-a-dd-arabino-hexopyr-
anoside (30): A solution of 27 (1.10 g, 2.61 mmol, of a 4.9:1 mixture of
epimers) in an 8 % (w/w) solution of HCl in anhydrous MeOH (27 mL) was
kept at room temperature for 14 h, then concentrated. The residue was
diluted with saturated aqueous NaHCO3 (20 mL) and extracted with
AcOEt (3� 50 mL). The combined organic phases were dried (Na2SO4)
and concentrated. The residue was eluted from a column of silica gel with
1.5:1 AcOEt/cyclohexane to give 30 (603 mg, 55 % from 6) as a syrup:
[a]D��37.7 (c� 1.1, CHCl3); 1H NMR (CDCl3�D2O): d� 7.80 (d, 1H,
J� 3.1 Hz, Th), 7.40 ± 7.30 (m, 6 H, Th, Ph), 4.78, 4.64 (2d, 2H, J� 10.8 Hz,
PhCH2), 4.49 (dd, 1 H, J3,3'� 4.3, J3',3''� 11.9 Hz, H-3'), 4.28 (dd, 1 H, J3,3''�
7.0 Hz, H-3''), 4.02 (dd, 1H, J5,6a� 2.1, J6a,6b� 12.4 Hz, H-6a), 3.94 (dd, 1H,
J5,6b� 2.7 Hz, H-6b), 3.80 (ddd, 1 H, J4,5� 10.8 Hz, H-5), 3.65 (dd, 1H, J3,4�
9.8 Hz, H-4), 3.15 (s, 3 H, MeO), 3.0 (ddddd, 1 H, J2eq,3� 4.0, J2ax,3� 12.7 Hz,
H-3), 2.45 (dd, 1 H, J2ax,2eq� 13.5 Hz, H-2eq), 1.70 (dd, 1H, H-2ax); anal.
calcd for C18H22N2O6S: C 54.81, H 5.62, N 7.10; found: C 54.95, H 5.60, N 7.15.


Methyl 2,3-dideoxy-3-C-nitromethyl-1-(2-thiazolyl)-b-dd-glycero-dd-galac-
to-octopyranoside (31): A solution of 28 (810 mg, 1.21 mmol, of a 6.1:1
mixture of epimers) in an 8 % (w/w) solution of HCl in anhydrous MeOH
(12 mL) was kept at room temperature for 14 h, then concentrated. A
solution of the residue in MeOH was neutralized with Amberlyst A-26 ion
exchange resin (HOÿ form) and concentrated. The residue was eluted from
a column of silica gel with 10:1 AcOEt/MeOH to give 31 (245 mg, 51%
from 17) as a white foam slightly contaminated by silica gel. An analytical
sample was obtained by column chromatography on Sephadex LH-20 (1:1
CH2Cl2/CH3OH): [a]D�ÿ47.5 (c� 1.0, MeOH); 1H NMR (CD3OD): d�
7.84, 7.66 (2d, 2 H, J� 2.8 Hz, Th), 4.80 (dd, 1 H, J3,3'� 4.5, J3',3''� 12.3 Hz,
H-3'), 4.44 (dd, 1 H, J3,3''� 8.4 Hz, H-3''), 4.04 (dd, 1H, J5,6� 1.1, J4,5�
10.0 Hz, H-5), 3.92 (dd, 1H, J6,7� 5.5 Hz, H-6), 3.88 (dd, 1 H, J7,8a� 1.0,


J8a,8b� 10.6 Hz, H-8a), 3.84 (ddd, 1H, J7,8b� 5.0 Hz, H-7), 3.70 (dd, 1H,
H-8b), 3.63 (dd, 1 H, J3,4� 10.7 Hz, H-4), 3.20 (s, 3 H, MeO), 2.90 (ddddd,
1H, J2eq,3� 3.9, J2ax,3� 12.3 Hz, H-3), 2.37 (dd, 1H, J2ax,2eq� 13.4 Hz,
H-2eq), 1.60 (dd, 1 H, H-2ax); anal. calcd for C13H20N2O8S: C 42.85, H
5.53, N 7.69; found: C 42.52, H 5.42, N 7.60.


Methyl 3-C-acetammidomethyl-2,3-dideoxy-4,6,7,8-tetra-O-triethylsilyl-1-
(2-thiazolyl)-b-dd-glycero-dd-galacto-octopyranoside (32): A stirred mixture
of 31 (255 mg, 0.70 mmol), LiAlH4 (531 mg, 14.0 mmol), and anhydrous
THF (24 mL) was refluxed for 3 h, then cooled at 0 8C and diluted with H2O
(�2 mL). The mixture was filtered trough celite and concentrated. Acetic
anhydride was added dropwise to a stirred solution of the residue in MeOH
(10 mL)until the starting material had disappeared by TLC analysis
(5:5:3:1 AcOEt/pyridine/H2O/AcOH). The solution was concentrated,
the residue was dissolved in pyridine (10 mL) and treated with triethylsilyl
triflate (1.58 mL, 7.00 mmol). The mixture was stirred at room temperature
for 14 h, diluted with MeOH (1 mL), and concentrated. The residue was
eluted from a column of silica gel with 1:1 cyclohexane/AcOEt (containing
0.2% of Et3N) to give 32 (233 mg, 40%) as a syrup: [a]D�ÿ6.2 (c� 1.2,
CHCl3); 1H NMR: d� 7.79, 7.32 (2 d, 2H, J� 3.1 Hz, Th), 5.55 (dd, 1H,
JNH,3'� 5.5, JNH,3''� 6.5 Hz, NH), 4.11 (dd, 1H, J7,8a� 1.5, J8a,8b� 10.5 Hz,
H-8a), 4.04 (dd, 1H, J5,6� 0.5, J6,7� 4.5 Hz, H-6), 3.89 (ddd, 1H, J7,8b�
9.0 Hz, H-7), 3.75 (dd, 1H, J4,5� 9.0, Hz, H-5), 3.60 (dd, 1H, H-4), 3.59
(ddd, 1H, J3,3'� 5.7, J3',3''� 13.5 Hz, H-3'), 3.56 (dd, 1 H, H-8b), 3.12 (s, 3H,
MeO), 3.09 (ddd, 1 H, J3,3''� 9.5 Hz, H-3''), 2.41 (dd, 1H, J2eq,3� 3.8,
J2ax,2eq� 13.5 Hz, H-2eq), 2.29 (ddddd, 1 H, J2ax,3� 12.0 Hz, H-3), 1.91 (s,
3H, Ac), 1.43 (dd, 1H, H-2ax), 1.04 ± 0.86 (m, 36H, 12 CH3CH2), 0.74 ± 0.50
(m, 24 H, 12 CH3CH2); anal. calcd for C39H80N2O7SSi4: C 56.20, H 9.67, N
3.36; found: C 56.41, H 9.50, N 3.48.


Methyl 3-C-(N-acetyl-N-tert-butoxycarbonylamino)methyl-2,3-dideoxy-
4,6,7,8-tetra-O-triethylsilyl-1-(2-thiazolyl)-b-dd-glycero-dd-galacto-octopyr-
anoside (33): A solution of 32 (250 mg, 0.30 mmol), di-tert-butyl dicarbon-
ate (327 mg, 1.50 mmol), and 4-(dimethylamino)pyridine (7 mg,
0.06 mmol) in Et3N (3.0 mL) was kept at room temperature for 14 h, then
concentrated. The residue was eluted from a column of silica gel with 10:1
cyclohexane/AcOEt (containing 0.2% of Et3N) to give 33 (249 mg, 89%)
as a syrup: [a]D�ÿ8.7 (c� 1.4, CHCl3); 1H NMR: d� 7.78, 7.31 (2 d, 2H,
J� 3.2 Hz, Th), 4.11 (dd, 1H, J7,8a� 1.5, J8a,8b� 10.5 Hz, H-8a), 4.08 (dd, 1H,
J3,3'� 4.0, J3',3''� 13.0 Hz, H-3'), 4.03 (dd, 1H, J5,6� 0.5, J6,7� 4.5 Hz, H-6),
3.89 (ddd, 1H, J7,8b� 8.5 Hz, H-7), 3.75 (dd, 1H, J4,5� 9.0 Hz, H-5), 3.58 (dd,
1H, J3,4� 11.0 Hz, H-4), 3.57 (dd, 1 H, H-8b), 3.56 (dd, 1H, J3,3''� 10.5 Hz,
H-3''), 3.08 (s, 3 H, MeO), 2.61 (ddddd, 1 H, J2eq,3� 3.5, J2ax,3� 12.5 Hz, H-3),
2.45 (s, 3H, Ac), 2.16 (dd, 1H, J2eq,2ax� 13.5 Hz, H-2eq), 1.44 (dd, 1H,
H-2ax), 1.43 (s, 9H, tBu), 1.04 ± 0.87 (m, 36H, 12CH3CH2), 0.80 ± 0.52 (m,
24H, 12CH3CH2); anal. calcd for C44H88N2O9SSi4: C 56.61, H 9.50, N 3.00;
found: C 56.66, H 9.42, N 2.91.


Methyl [methyl 4-C-(N-acetyl-N-tert-butoxycarbonylamino)methyl-3,4-di-
deoxy-5,7,8,9-tetra-O-triethylsilyl-b-dd-glycero-dd-galacto-nonulopyrano-
sid]onate (34): The thiazolyl derivative 33 (280 mg, 0.30 mmol) was treated
as described for the preparation of 10 to give syrupy methyl 4-C-(N-acetyl-
N-tert-butoxycarbonylamino)methyl-3,4-dideoxy-5,7,8,9-tetra-O-triethyl-
silyl-b-d-glycero-d-galacto-nonosulopyranoside (213 mg, �81%) at least
95% pure by NMR analysis. 1H NMR: d� 9.43 (s, 1 H, CHO), 3.99 (dd, 1H,
J4,4'� 4.7, J4',4''� 13.5 Hz, H-4'), 3.97 (dd, 1 H, J8,9a� 1.5, J9a,9b� 10.4 Hz,
H-9a), 3.96 (dd, 1 H, J6,7� 0.3, J7,8� 7.0 Hz, H-7), 3.88 (ddd, 1H, J8,9b�
7.6 Hz, H-8), 3.81 (dd, 1H, J5,6� 9.0 Hz, H-6), 3.68 (dd, 1 H, J4,4''�
10.9 Hz, H-4''), 3.54 (dd, 1H, J4,5� 10.8 Hz, H-5), 3.50 (dd, 1 H, H-9b),
3.25 (s, 3H, MeO), 2.46 (s, 3 H, Ac), 2.40 (ddddd, 1H, J3eq,4� 4.0, J3ax,4�
12.4 Hz, H-4), 1.58 (dd, 1H, J3ax,3eq� 13.3 Hz, H-3eq), 1.51 (s, 9 H, tBu), 1.29
(dd, 1 H, H-3ax), 1.02 ± 0.90 (m, 36H, 12CH3CH2), 0.74 ± 0.58 (m, 24H,
12CH3CH2).


A 1m solution of KOH in MeOH and a 0.5m solution of I2 in MeOH were
added, dropwise and simultaneously, to a vigorously stirred solution of the
crude aldehyde in 1:1 MeOH/Et2O (5 mL) until the intermediate methyl
hemiacetals formed in situ had disappeared by TLC analysis (5:1 cyclo-
hexane/AcOEt), then the mixture was neutralized with AcOH and
concentrated. The crude methyl ester was diluted with CH2Cl2 (100 mL),
washed with aqueous 10 % Na2S2O3 ´ 5H2O (10 mL), dried (Na2SO4), and
concentrated. The residue was eluted from a column of silica gel with 10:1
cyclohexane/AcOEt to give 34 (136 mg, 50 %) as a syrup: [a]D�ÿ10.0
(c� 0.5, CHCl3); 1H NMR: d� 4.03 (dd, 1H, J8,9a� 1.5, J9a,9b� 10.5 Hz,
H-9a), 3.98 (dd, 1 H, J4,4'� 3.5, J4',4''� 13.5 Hz, H-4'), 3.94 (dd, 1H, J6,7� 0.3,
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J7,8� 7.7 Hz, H-7), 3.88 (ddd, 1 H, J� 7.0 Hz, H-8), 3.74 (s, 3 H, CO2Me),
3.72 (dd, 1H, J5,6� 9.5 Hz, H-6), 3.67 (dd, 1H, J4,4''� 11.0 Hz, H-4''), 3.54
(dd, 1 H, J4,5� 11.0 Hz, H-5), 3.50 (dd, 1 H, 9b), 3.24 (s, 3 H, MeO), 2.47 (s,
3H, Ac), 2.42 (ddddd, 1H, J3eq,4� 4.0, J3ax,4� 13.0 Hz, H-4), 1.82 (dd, 1H,
J3ax,3eq� 13.5 Hz, H-3eq), 1.51 (dd, 1H, H-3ax), 1.50 (s, 9 H, tBu), 1.00 ± 0.82
(m, 36H, 12 CH3CH2), 0.80 ± 0.50 (m, 24 H, 12CH3CH2); anal. calcd for
C43H89NO11Si4: C 56.85, H 9.87, N 1.54; found: C 56.60, H 9.67, N 1.42.


Methyl (methyl 4-C-acetamidomethyl-5,7,8,9-tetra-O-acetyl-3,4-dideoxy-
b-dd-glycero-dd-galacto-nonulopyranosid)onate (35): A solution of 34
(118 mg, 0.13 mmol) in a 1.5:1 mixture of anhydrous CH2Cl2 and trifluoro-
acetic acid (3 mL) was kept at room temperature for 15 min, then
concentrated. A solution of the crude tetrol in 1:1 pyridine/acetic anhydride
(5 mL) was kept at room temperature for 4 h, then concentrated. The
residue was eluted from a column of silica gel with AcOEt/cyclohexane
(from 4:1 to 1:0) to give 35 (67 mg, 70%) as a syrup: [a]D��78.1 (c� 0.2,
CHCl3); 1H NMR: d� 6.09 (dd, 1H, J4'',NH� 3.7, J4',NH� 8.7 Hz, NH), 5.46
(dd, 1 H, J6,7� 2.4, J7,8� 4.9 Hz, H-7), 5.30 (ddd, 1 H, J8,9a� 2.4, J8,9b�
6.9 Hz, H-8), 4.75 (dd, 1H, J9a,9b� 12.4 Hz, H-9a), 4.54 (dd, 1H, J5,6� 9.9,
J4,5� 11.5 Hz, H-5), 4.18 (dd, 1 H, H-9b), 4.03 (dd, 1H, H-6), 3.80 (s, 3H,
CO2Me), 3.75 (ddd, 1H, J4,4'� 2.5 Hz, J4',4''� 14.8 Hz, H-4'), 3.25 (s, 3H,
MeO), 2.69 (ddd, 1 H, J4,4''� 4.0 Hz, H-4''), 2.27 (ddddd, 1H, J3eq,4� 4.0,
J3ax,4� 12.3 Hz, H-4), 2.14 (dd, 1 H, J3eq,3ax� 13.4 Hz, H-3eq), 2.12, 2.10,
2.09, 2.01, 1.98 (5s, 15 H, 5 Ac), 1.63 (dd, 1 H, H-3ax); anal. calcd for
C22H33NO13: C 50.86, H 6.40, N 2.70; found: C 50.70, H 6.24, N 2.53.
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Preparation and Structures of Methyltitanium Compounds


Sven Kleinhenz and Konrad Seppelt*[a]


Abstract: [Ti(CH3)4] and its derivatives
[Ti(CH3)5]ÿ , [Ti2(CH3)9]ÿ , [Ti(CH3)3Cl],
[Ti(CH3)2Cl2], and [Ti(CH3)Cl3] have
been prepared and characterized struc-
turally. [Ti(CH3)4] can be crystallized
only as a solvate [Ti(CH3)4] ´ Et2O that
has a trigonal-bipyramidal structure
with an apically positioned oxygen. For
unsolvated [Ti(CH3)4] ab initio calcula-
tions predict a tetrahedral structure, but
distortion to a trigonal pyramid does not
require much energy. [Ti(CH3)5]ÿ is
predicted to have a tetragonal-pyrami-
dal structure, but it appears in two


separate forms in the crystal. One
form is close to a tetragonal pyramid,
the other to a trigonal bipyramid.
[Ti2(CH3)9]ÿ can be viewed as a double
trigonal bipyramid that is formed from
[Ti(CH3)4] and [Ti(CH3)5]ÿ bridged by
one methyl group. Solvent-free
[Ti(CH3)3Cl] is a tetramer with a cube-


like structure, while [Ti(CH3)3Cl] ´ Et2O
is trigonal bipyramidal. [Ti(CH3)2Cl2]
forms chains of cis-dichloro-bridged oc-
tahedra, and [Ti(CH3)Cl3] ´ Et2O is a cis-
dichloro-bridged dimer. In none of these
structures is any indication found of an
agostic interaction between a methyl
group and an adjacent titanium atom. In
[Ti2(CH3)9]ÿ the interaction between the
[Ti(CH3)4] and [Ti(CH3)5]ÿ can be de-
scribed as agostic with respect to the
bridging methyl group and the second
titanium atom.


Keywords: ab initio calculations ´
methyltitanium compounds ´ meth-
yltitanium chlorides ´ structure elu-
cidation ´ titanium


Introduction


Methyltitanium compounds play an important role as cata-
lysts in Ziegler ± Natta systems.[1] Therefore this class of
compounds has long been known and intensively investigated.
The aim of the present work was to obtain structural
information on methyltitanium compounds with various
degrees of methylation, not so much for gaining insight into
catalytic activity, but rather for elucidating structural princi-
ples. Although much work had already been done in this
particular field, many dark areas still remained.


The methyl ligand in organometallic chemistry is unique in
that it is a pure s-binding ligand of moderate electronegativity
and is not subject to b-hydrogen elimination. This gives rise to
some unique structures amongst hexamethylated transition
metal compounds of which [Zr(CH3)6]2ÿ, [Nb(CH3)6]ÿ ,
[Ta(CH3)6]ÿ , [W(CH3)6], and [Re(CH3)6] are the most prom-
inent examples. All of these complexes are have trigonal-
prismatic structures, and W(CH3)6 and possibly [Nb(CH3)6]ÿ


are distorted even further into a C3v geometry.[2±6] These
results have also been the focus of much theoretical
work.[5,7±12] Except for in [Ti(CH3)6]2ÿ, which is not presented
here and to our knowledge has not yet been observed, the


interconversion between octahedron and trigonal prism
should not be observed in the type of molecules studied.


Results and Discussion


[Ti(CH3)4]: Of all the compounds discussed here, [Ti(CH3)4] is
most elusive. It was prepared long ago and has been described
as an orange-yellow liquid, which occasionally forms orange
crystals at low temperatures and is very sensitive towards
oxygen, moisture, and temperatures above ÿ 40 8C.[13, 14]


Methylation of TiCl4 under various conditions does indeed
give solutions that contain [Ti(CH3)4]. The compound is
volatile in the presence of donor solvents, and a crystal
structure of [Ti(CH3)4] ´ THF prepared in this way is already
known. It has a trigonal-pyramidal structure with the THF
oxygen atom occupying an axial position.[15] From solution in
diethyl ether we were able to crystallize [Ti(CH3)4] ´ Et2O with
an essentially similar structure, except that the TiÿO distance
is marginally longer because of the lower donor ability of
Et2O compared with THF (see Table 1, Figure 1). In solution
in Et2O it appears that [Ti(CH3)4] is solvated by up to two
diethyl ether molecules, according to its NMR spectra. We
have never observed any unsolvated [Ti(CH3)4] and so asked
ourselves what its structure would be.


Ab initio calculations on the [Ti(CH3)4] molecule have been
performed before,[16] and we present here calculations with
fairly large basis sets. All of these calculations agree that the
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Figure 1. ORTEP plot of [Ti(CH3)4] ´ Et2O.


molecular frame of [Ti(CH3)4] will be tetrahedral, the lowest
energy being obtained if the four methyl groups are rotated
equally by about 1528 against the mirror planes of the Td


structure to give T symmetry (Table 2). We have also
calculated the energy of complex formation for the reaction
of [Ti(CH3)4] with Et2O or Clÿ which yields trigonal bipyr-
amidal complexes. The reaction enthalpy turned out to be
quite high, which indicates that unsolvated [Ti(CH3)4] should
not exist in the presence of a donor solvent. The complexation
energy can be split into two parts: first, the rearrangement of
the tetrahedral [Ti(CH3)4] moiety to a trigonal-pyramidal
geometry with the titanium atom in the basal plane, and
second, the Lewis acid ± Lewis base reaction of this distorted
[Ti(CH3)4] with the donor molecule or ion. It is surprising to
note that the calculated pyramidalization energy of [Ti(CH3)4]
is remarkably low compared, for example, with that of
[Si(CH3)4] or [Ge(CH3)4] (Table 2). According to these
calculations, [Ti(CH3)4] appears to be a fluxional molecule,
but this particular intramolecular movement does not give
rise to an exchange of ligand positions. We also calculated the
energy for the dimerization reaction [Eq. (1)] under the


2[Ti(CH3)4] ÿ! (CH3)4Ti ´´ ´ CH3Ti(CH3)3 (1)


assumption that the bonding and geometry of this dimer are
related to those found in [Ti2(CH3)9]ÿ (see below). This energy
comes out to be only 2.0 kJ molÿ1 (Tables 3, 4). Therefore we
conclude that in a donor-free environment, such as in solution
in an alkane or without any solvent, [Ti(CH3)4] should exist as
a discrete molecule and not as a dimer, oligomer, or polymer.


[Ti(CH3)5]ÿ: The first observations of [Ti(CH3)5]ÿ date back to
1972 when Li[Ti(CH3)5] was prepared as its dioxane com-
plex.[17] Isolation of the pure compound was not possible then,
since attempts to pump off the diethyl ether solvent resulted
in inevitable loss of [Ti(CH3)4].[18] However, at ÿ 85 8C only
the diethyl ether is volatile and the residual solid can be
recrystallized from CF3CH2CF3. Light green crystals of
[Li(Et2O)2]�[Ti(CH3)5]ÿ are obtained which are extremely
sensitive to oxygen, water, and temperatures above ÿ 20 8C.


The crystallographic characterization revealed that there
are two different [Ti(CH3)5]ÿ units in the lattice (Figure 2,


Abstract in German: Präparationen und Strukturuntersuchun-
gen von [Ti(CH3)4] und der Derivate [Ti(CH3)5]ÿ ,
[Ti2(CH3)9]ÿ , [Ti(CH3)3Cl], [Ti(CH3)2Cl2], und [Ti(CH3)Cl3]
werden vorgestellt. [Ti(CH3)4] kann nur als Ethersolvat
kristallisiert werden und hat dann eine trigonal bipyramidale
Struktur mit dem Ethersauerstoffatom in apicaler Stellung.
Nach ab initio Berechnungen soll unsolvatisiertes [Ti(CH3)4]
tetraedrisch aufgebaut sein, die Verzerrung in eine trigonal
pyramidale Struktur erfordert jedoch nur wenig Energie. Für
[Ti(CH3)5]ÿ wird eine quadratisch pyramidale Struktur vor-
hergesagt. Im Kristall kommt es in zwei verschiedenen Formen
vor. Eine ist einer tetragonalen Pyramide sehr ähnlich, die
andere einer trigonalen Bipyramide. [Ti2(CH3)9]ÿ kann als eine
doppelt trigonale Bipyramide angesehen werden, die aus
[Ti(CH3)4] and [Ti(CH3)5]ÿ zusammengesetzt ist, und mit
einer Methylgruppe asymmetrisch verbrückt wird. Solvatfreies
[Ti(CH3)3Cl] ist tetramer mit einer cubanartigen Struktur,
[Ti(CH3)3Cl] ´ Et2O dagegen trigonal bipyramidal aufgebaut.
[Ti(CH3)2Cl2] bildet Ketten cis-chlorverbrückter Oktaeder.
[Ti(CH3)Cl3] ´ Et2O ist ein cis-dichlorverbrücktes Dimer. In
keiner dieser Strukturen gibt es Hinweise auf agostische
Methylgruppen. Nur im [Ti2(CH3)9]ÿ kann der Zusammenhalt
zwischen den [Ti(CH3)4] und [Ti(CH3)5]ÿ Mokekülteilen als
intermolekulare agostische Wechselwirkung zwischen Methyl-
gruppe und dem zweiten Ti Atom angesehen werden.


Table 1. Results of the X-ray structural determinations and the calculated structures of [Ti(CH3)4] ´ Et2O and [Ti(CH3)3Cl] ´ Et2O; bond lengths [pm] and
angles [8].


[Ti(CH3)4] ´ Et2O [Ti(CH3)3Cl] ´ Et2O
Molecule 1 Molecule 2 Calculated[a] X-ray Calculated[a]


Ti1ÿC 209.0(5) Ti2ÿC5 209.9(5) TiÿCap 210.7 TiÿCl 228.9(1) TiÿCl 225.8
Ti1ÿC1 209.3(5) Ti2ÿC6 209.9(5) TiÿCequ 209.0 TiÿC1 208.7(3) TiÿC 208.9
Ti1ÿC3 210.0(5) Ti2ÿC7 207.9(5) TiÿCequ 209.9 TiÿC2 209.5(2) TiÿC 210.2
Ti1ÿC4 207.4(4) Ti2ÿC8 209.6(4) TiÿCequ 209.5 TiÿC3 209.6(2) TiÿC 209.6
Ti1ÿO1 225.1(2) Ti2ÿO2 226.5(2) TiÿO 240.1 TiÿO 215.9(2) TiÿO 226.3
C2-Ti1-O1 177.8(2) C5-Ti2-O2 177.6(2) Cap-Ti-O 176.3 Cl-Ti-O 174.6(1) Cl-Ti-O 176.8
C2-Ti1-C1 93.4(2) C5-Ti2-C6 92.00(2) Cap-Ti-Cequ 97.8 Cl-Ti-C1 96.8(1) Cl-Ti-Cequ 93.4
C2-Ti1-C3 91.8(3) C5-Ti2-C7 94.6(2) Cap-Ti-Cequ 94.3 Cl-Ti-C2 93.5(1) Cl-Ti-Cequ 95.0
C2-Ti1-C4 95.4(2) C5-Ti2-C8 93.1(2) Cap-Ti-Cequ 94.8 Cl-Ti-C3 91.8(1) Cl-Ti-Cequ 98.0
C1-Ti1-C3 122.2(2) C6-Ti2-C7 119.9(2) Cequ-Ti-Cequ 115.1 C1-Ti-C2 115.1(1) Cequ-Ti-Cequ 114.2
C1-Ti1-C4 116.7(2) C6-Ti2-C8 122.2(2) Cequ-Ti-Cequ 120.7 C1-Ti-C3 121.7(1) Cequ-Ti-Cequ 120.6
C3-Ti1-C4 120.1(2) C7-Ti2-C8 117.0(2) Cequ-Ti-Cequ 121.4 C2-Ti-C3 121.8(1) Cequ-Ti-Cequ 122.5


[a] See Table 3.
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Table 5). The methyl environment of Ti is irregular in both
cases, which means neither metal atom has an almost regular
trigonal-bipyramidal or square-pyramidal coordination ge-
ometry. If the angle criterion for the description of the
transition from trigonal bipyramidal to square pyramidal is
used as first defined by Muetterties and Guggenberger,[19]


then [Ti(CH3)5]ÿ(1) is closer to square pyramidal with a
characteristic angle difference of d� 24.38 (ideally 08).
[Ti(CH3)5]ÿ(2) is closer to a trigonal-pyramidal unit with
d� 44.88 (ideally 60 8C).


The ab initio calculations (Tables 3, 4) predict [Ti(CH3)5]ÿ


to be square pyramidal. The trigonal-bipyramidal species is


about 10 kJ molÿ1 higher in energy than the square-
pyramidal one. Similar energies have been calculated
for square-pyramidal [Ta(CH3)5] (in contrast to trigo-
nal-bipyramidal [Sb(CH3)5]). This prediction is indeed
experimentally proven by electron diffraction in the gas
phase and by X-ray crystallography in the solid phase.[20]


Cation ± anion packing is certainly the reason for the
distortions in [Ti(CH3)5]ÿ . Each lithium ion has contact


Figure 2. ORTEP plot of the two crystallographically different ion pairs 1
and 2 in [Li(Et2O)2]�[Ti(CH3)5]ÿ .


Table 2. Density functional calculations of [Ti(CH3)4], compared with [Si(CH3)4] and [Ge(CH3)4].


Basis set Symmetry Energy rTiÿC [pm] methyl torsion
[kJ molÿ1] ap/bas [8]


[Ti(CH3)4] HW3 - 6-31g(d) T 0.0 207.4 151.9
[Ti(CH3)4] HW3 - 6-31g(d) Td 2.4 206.0 180.0
[Ti(CH3)4] HW3 - 6-31g(d) C3v


[a] 46.7 212.2/208.2 180.0
[Ti(CH3)4] HW3(VDZ) - 6-31g(d,p) T 0.0 206.7 153.7
[Ti(CH3)4] HW3(VDZ) - 6-31g(d,p) Td 1.1 206.7 180.0
[Ti(CH3)4] HW3 - 6-311g(d,p) T 0.0 206.0 162.2
[Ti(CH3)4] HW3 - 6-311g(d,p) Td 0.6 206.0 180.0
[Ti(CH3)4] Stutt - 6-311g(d,p) C1 0.0 207.2 154.6
[Ti(CH3)4] Stutt - 6-311g(d,p) Td no convergence ± ±
[Si(CH3)4] HW3 - 6-31g(d) T 0.0 189.6 180.0
[Si(CH3)4] HW3 - 6-31g(d) C3v


[a] 136.4 198.6/191.1 180.3
[Ge(CH3)4] HW3 - 6-31g(d) T 0.0 195.7 180.0
[Ge(CH3)4] HW3 - 6-31g(d) C3v


[a] 113.6 203.6/196.7 180.2


[a] Pyramidal structure with central atom in plane of three carbon atoms.


Table 3. Reaction enthalpies of [Ti(CH3)4], [TiCl(CH3)3], and [Ti(CH3)5]ÿ reactions
from density functional calculations.


Reaction Basis set Energy
[kJ molÿ1]


[Ti(CH3)4] � Et2O![Ti(CH3)4] ´ ´ ´ Et2O HW3 ± 6-31g(d) ÿ 11.7
[Ti(CH3)4] � Et2O![Ti(CH3)4] ´ ´ ´ Et2O HW3 ± 6-311g(d,p) ÿ 5.2
[Ti(CH3)4] � Et2O![Ti(CH3)4] ´ ´ ´ Et2O Stutt ± 6-311g(d,p) ÿ 9.1
[TiCl(CH3)3] � Et2O![Ti(CH3)3Cl] ´´ ´ Et2O HW3 ± 6-31g(d) ÿ 25.0
[Ti(CH3)4] � Clÿ![Ti(CH3)4Cl]ÿ HW3 ± 6-31g(d) ÿ 146.8
[Ti(CH3)4] � Clÿ![Ti(CH3)4Cl]ÿ Stutt ± 6-311g(d,p) ÿ 118.9
[Ti(CH3)4] � [Ti(CH3)4]![(CH3)3Ti-CH3-Ti(CH3)4] HW3 ± 6-311g(d,p) ÿ 2.0
[Ti(CH3)4] � [Ti(CH3)5]ÿ ![(CH3)4Ti-CH3-Ti(CH3)4] HW3 ± 6-31g(d) ÿ 58.4
[Ti(CH3)5]ÿ (C3h)![Ti(CH3)5]ÿ (C4v) HW3 ± 6-31g(d) ÿ 10.5
[Ti(CH3)5]ÿ (C3h)![Ti(CH3)5]ÿ (C4v) HW3 ± 6-311g(d,p) ÿ 9.5


Table 4. Ab initio calculation of [Ti(CH3)4], [Ti(CH3)5]ÿ , [Ti2(CH3)8]ÿ , [Ti2(CH3)9], [Ti(CH3)4] ´ Et2O, [TiCl(CH3)3] ´ Et2O, Et2O, Clÿ. Energy [au] after
geometry optimization with different basis sets; number of imaginary frequencies in brackets.


HW3 - 6-31g(d) HW3/6-311g(d,p) Stutt ± 6-311g(d,p)


[Ti(CH3)4] (T) ÿ 217.663258427 (0) ÿ 217.741797865 no convergence
[Ti(CH3)4] (Td) ÿ 217.662339303 (ÿ 4) ÿ 217.741578854 (ÿ 1) no convergence
[Ti(CH3)4] (C1) ± ± ÿ 218.008608325
[Ti(CH3)4] (C3v) ÿ 217.644604253 (ÿ 2) ± ±
[Ti(CH3)3Cl] 638.023061965(0) ± ±
[Ti(CH3)5]ÿ (C3h) ÿ 257.580059912 (ÿ 3) ÿ 257.683724133 (ÿ 22) ±


(C4v) ÿ 257.584058932 ÿ 257.687352862 ÿ 257.949115467 (0)
[Ti2(CH3)8] ± ÿ 435.484369126 ±
[Ti2(CH3)9] ÿ 475.269571171 (0) ± ±
[Ti(CH3)4] ´ Et2O ÿ 451.327100983 (0) ÿ 451.475933129 ÿ 451.744215361 (0)
[Ti(CH3)3Cl] ´ Et2O ÿ 871.691949419(0) ± ±
[Ti(CH3)4Cl]ÿ ÿ 677.971402797(0) ± ÿ 678.354576695 (ÿ 1)
Et2O ÿ 233.659385844 (0) ÿ 233.732161807 (0) ±
Clÿ ÿ 460.252232619 ÿ 460.300690767 ±
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with two methyl groups as well as with Et2O molecules, and
this results in an elongation of the corresponding CÿTi
distances and produces a chain structure. There are two
different chains: one that contains only the more square-
pyramidal [Ti(CH3)5]ÿ (1) units, and the other with the more
trigonal-bipyramidal [Ti(CH3)5]ÿ (2) units. These different
chains are at 908 to each other (Figure 3). Not surprisingly, the
bridging methyl groups occupy basal positions in the square-
pyramidal [Ti(CH3)5]ÿ units and axial positions in the
trigonal-bipyramidal analogues.


[Ti2(CH3)9]ÿ: [Li(Et2O)3]�[Ti2(CH3)9]ÿ can also be
crystallized from CF3CH2CF3 as a yellow-green product.
The crystal contains two crystallographic units for
[Li(Et2O)3]�[Ti2(CH3)9]ÿ that differ largely only in the ori-
entation of the ethyl groups of the diethyl ether molecules,
whereas the bond lengths and overall C3v symmetry of the
[Ti2(CH3)9]ÿ ions are virtually identical (Figure 4, Table 6).
The anion can be viewed as a pyramidal [Ti(CH3)4] molecule
that is complexed by [Ti(CH3)5]ÿ , which gives an unsym-
metrical but essentially linear TiÿC ´´´ Ti bridge. In both units
the hydrogen positions on the bridging methyl groups could
be located by difference Fourier analyses and refined
independently (as well as all of the other hydrogen atoms of
the Ti-bonded methyl groups). The Ti-C-H angles in the
bridging methyl groups are smaller than the tetrahedral angle


Figure 4. ORTEP plot of [Li(Et2O)3 ]�[Ti2(CH3)9 ]ÿ .


of 109.458, so there is a tendency for planarization of these
particular methyl groups. A completely planar methyl group
could be expected only in a linear symmetric bridge. The
interaction between the methyl group and the more distant Ti
atom is certainly largely electrostatic in nature, but the
flattening of the methyl group mentioned above is indicative
of an agostic bond between the CÿH bonds and the Ti atom.
Such an interaction has a precedent in Cp*2 Yb ´´´ CH3BeCp*
(Cp*�C5(CH3)5).[21] Of course the interaction between the Li
ions and the methyl groups, both in [Ti2(CH3)9]ÿ and
[Ti(CH3)5]ÿ , is of the same nature (Figures 2, 4), but the
lower electronegativity of Li should give an even higher
degree of ionicity to these particular interactions. The
formation of [Ti2(CH3)9]ÿ from [Ti(CH3)4] and [Ti(CH3)5]ÿ


was also investigated by calculation, and was found to be


Table 5. [Ti(CH3)5]ÿ: Results of the X-ray structural determination and of
density functional calculations. bond lengths [pm] and angles [8].


Anion 1 Anion 2 Calculated[a]


C3h C4v


Ti1ÿC1 217.9(4) Ti2ÿC6 219.6(3) TiÿCap 220.7 214.2
Ti1ÿC2 219.4(4) Ti2ÿC7 213.2(4) TiÿCequ 213.8 ±
Ti1ÿC3 214.6(4) Ti2ÿC8 209.3(4) TiÿCbas 217.3
Ti1ÿC4 213.1(4) Ti2ÿC9 213.1(4)
Ti1ÿC5 207.7(5) Ti2ÿC10 219.5(3)
C1-Ti1-C2 154.2(2) C6-Ti2-C10 165.6(2) Cap-Ti-Cequ 90.0 ±
C3-Ti1-C4 129.9(2) C7-Ti2-C8 121.2(2) Cequ-Ti-Cequ 120.0 ±
C3-Ti1-C5 115.8(3) C7-Ti2-C9 120.8(2) Cap-Ti-Cbas ± 109.7
C4-Ti1-C5 114.2(2) C8-Ti2-C9 117.9(2) Cbas-Ti-Cbas ± 83.5


[a] See also Table 3.


Figure 3. Cation ± anion packing in [Li(Et2O)2]�[Ti(CH3)5]ÿ that results in a chain structure. The different crystallographic units 1 and 2 are expressed by
different degrees of shading.
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exothermic by 58.4 kJ molÿ1, which is higher than for the
formation of [Ti(CH3)4] ´ Et2O from [Ti(CH3)4] and Et2O.


[Ti(CH3)3Cl] and [Ti(CH3)3Cl] ´ Et2O : The methylation of
TiCl4 proceeds in steps, and [Ti(CH3)3Cl] ´ Et2O can be
crystallized by reaction of TiCl4 and CH3Li in Et2O in a
molar ratio of 1:3. The orange-colored material is, like all of
the previously mentioned methyltitanium derivatives, very
sensitive towards oxygen in particular. The crystal structure is
shown in Figure 5, from which the relation to the structure of


Figure 5. X-ray crystal structure of [TiCl(CH3)3] ´ Et2O.


[Ti(CH3)4] ´ Et2O is obvious (Figure 1). The Ti ´´ ´ O contact of
215.9 pm is 10 pm shorter than that in [Ti(CH3)4] ´ Et2O
(Table 1). Interestingly, it is possible to obtain solvent-free
[Ti(CH3)3Cl] by treating solutions of [Ti(CH3)Cl3] with solid
CH3Li that should contain only traces of diethyl ether.[22] The
[Ti(CH3)3Cl] now crystallizes as dark red, cube-shaped
crystals. The result of this single-crystal structure determina-
tion is shown in Figure 6. Interestingly, removal of the solvent


Figure 6. ORTEP plot of tetrameric [TiCl(CH3)3].


molecule leads to an increase in the coordination number
from 5 to 6. The result is a cubane structure with alternating Ti
and triple bridging Cl atoms. There is a parallel with
[Pt(CH3)3Cl] which, according to data from an early powder
determination, crystallizes essentially identically, but in the
latter case only the Pt and Cl positions were determined.[23]


[Ti(CH3)2Cl2]: A reliable synthesis of [Ti(CH3)2Cl2] makes use
of Zn(CH3)2 as methylating agent for TiCl4. Furthermore, this
reaction can be carried out in pentane, which avoids complex-
ation by any donor solvents. Interestingly, [Ti(CH3)2Cl2]
dissolves in pentane to give a yellow solution, while its
crystals are dark violet or almost black. It is very sensitive
towards oxygen and stable to about 0 8C. The crystallographic
structure determination revealed a polymeric chain structure
(Figure 7, Table 7). The Ti atoms are surrounded in an almost
octahedral manner and carry two terminal CH3 groups that
have an angle of 95.8(3)8 to each other. All of the chlorine
atoms are engaged in asymmetric and bent bridging.


Figure 7. X-ray crystal structure of [TiCl2(CH3)2].


[Ti(CH3)Cl3]: The compound [Ti(CH3)Cl3] has been synthe-
sized before,[24] and a fair amount of information already
exists about its structure under various conditions. The
structural investigation in the gas phase by means of electron
diffraction was at first interpreted in terms of an agostic
interaction of the hydrogen atoms with the Ti atom.[25]


However, repetition of this measurement did not show such
a result, and the discrepancy has been explained by the
presence of some impurities, possibly TiCl4, that were not
taken into account in the previous electron-diffraction


Table 6. Results of the X-ray structural determination and of density
functional calculation of [Li(Et2O)3]�[Ti2(CH3)9]ÿ ; bond lengths [pm] and
angles [8].


Anion 1 Anion 2 Calculated


Ti1ÿC7 211.3(4) Ti4ÿC9 211.2(4) 215.9
Ti1ÿC6 210.1(3) Ti4ÿC10 210.0(3) 212.2
Ti1ÿC5 210.1(3) Ti4ÿC11 211.1(3) 212.2
Ti1ÿC16 211.7(4) Ti4ÿC17 211.2(3) 212.1
Ti1ÿC1 246.5(4) Ti4ÿC8 248.2(3) 239.2
Ti2ÿC1 223.7(4) Ti3ÿC8 223.3(3) 229.7
Ti2ÿC4 209.9(3) Ti3ÿC15 212.4(3) 212.4
Ti2ÿC3 211.4(4) Ti3ÿC14 211.7(3) 212.5
Ti2ÿC18 212.2(3) Ti3ÿC12 210.9(3) 212.6
Ti2ÿC2 218.0(4) Ti3ÿC13 217.7(4) 216.9
C2ÿLi1 241.3(4) C13ÿLi2 241.5(4) ±
C7-Ti1-C1 175.16(16) C9-Ti4-C8 176.68(14) 179.5
C1-Ti2-C2 173.69(15) C8-Ti3-C13 175.75(15) 179.0
C7-Ti1-C6 92.70(15) C9-Ti4-C10 92.58(15) 88.9
C7-Ti1-C5 92.23(15) C9-Ti4-C11 89.73(14) 89.3
C7-Ti1-C16 89.61(17) C9-Ti4-C17 91.54(15) 88.7
C1-Ti2-C4 92.49(14) C8-Ti3-C15 88.51(14) 88.3
C1-Ti2-C3 87.56(14) C8-Ti3-C14 89.59(13) 88.5
C1-Ti2-C18 87.54(15) C8-Ti3-C12 89.86(14) 89.0
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study.[26] [Ti(CH3)Cl3] has also been the subject of ab initio
calculations,[27] and the calculated structure agrees very well
with that obtained by the second electron-diffraction study.


Single crystals of diethyl ether free [Ti(CH3)Cl3] have
already been obtained by sublimation and then submitted for
X-ray analysis.[28] This compound forms dimers with two
bridging chlorine atoms, two terminal chlorine atoms per
titanium atom, and one methyl group, bringing the ligand
count up to five. One hydrogen atom of the methyl is tilted
towards the Ti atom to give a TiÿH distance of 203 pm. A
similar intramolecular agostic TiÿH interaction is proposed
for solvated [Ti(CH3)Cl3] as in [{(CH3)2PCH2}2Ti(CH3)Cl3].[29]


Here, the positions of the the TiCH3 protons were also
established by a single-crystal neutron structure determina-
tion.[29] The neutron data show a much smaller tilt of the
methyl group (only about 168) towards the Ti atom. We have
been successful in crystallizing a [Ti(CH3)Cl3] ´ Et2O solvate in
which the methyl groups appear normal, that is, the Ti-C-H
angles vary between 104.5(2) and 110(2)8 according to the
X-ray structure determination (Figure 8). The molecule
appears to be a double chlorine-bridged dimer, very much
like the unsolvated [Ti(CH3)3Cl3].


Figure 8. ORTEP plot of the [TiCl3(CH3)] dimer.


Conclusion


All of the structures determined here show the methyltita-
nium and methyltitanium chloride compounds as having
coordination numbers of 5 or 6 at the titanium atom.
However, only [Ti(CH3)4] would be tetrahedral if it could be
obtained free of solvent. Our work has presented no evidence


for intramolecular interactions between the methyl groups
and the titanium atom. Only in [Ti2(CH3)9]ÿ can the bridging
of a methyl group between two titanium atoms be interpreted
in terms of intermolecular agostic Ti ´ ´ ´ H interactions,
although an electrostatic description is equally possible.


Experimental Section


All experiments were carried out under pure, dry argon that had been freed
from traces of O2 by passage through green MnO deposited on silica gel.
This procedure turned out to be essential in order to prevent oxidation of
TiÿCH3 to TiÿOÿCH3 groups. Solvents were dried over sodium/benzo-
phenone and kept under argon. Hydrolytically sensitive starting materials
were handled in a glove box (Braun GmbH, Germany) fitted with
automatic gas purification; H2O and O2 content was typically below 1 ppm.
All glassware was heated twice in vacuo before use. Liquids were
transferred through teflon tubes (inner diameter� 1 mm) by applying a
pressure of argon. TiCl4 was purchased from Merck Co., Germany, purified
by distillation, and stored over Cu. Pure Zn(CH3)2 was obtained from
ZnCl2 and CH3MgI by complexation with 4,4'-trimethylenedipyridine and
subsequent pyrolysis.[30] Solid CH3Li was prepared from CH3Cl and Li in
diethyl ether in the usual manner.[22] The diethyl ether was pumped off at
100 8C under high vacuum, but traces of ether remained in the colorless
solid, as detected by 1H and 13C NMR spectroscopy.


[Ti(CH3)4] ´ Et2O : TiCl4 (1 g, 5.3 mmol) in Et2O (100 mL) was treated with
MeLi (21.2 mmol, 1.6m solution in Et2O) at ÿ 78 8C and kept at this
temperature overnight. The dark green suspension was stirred at ÿ 30 8C
for 20 min. All of the volatile components were distilled under high vacuum
from ÿ 30 8C into a trap at ÿ196 8C. The entire tubing had to be kept at
ÿ30 8C in order to avoid thermal decomposition of the product in the gas
phase. The product/solvent mixture was reduced to a highly viscous liquid
by pumping at a pressure p< 10ÿ4 mbar at ÿ 85 8C. This liquid was
redissolved in CH2F2 at ÿ 50 8C and was transferred to and sealed in an
ampule (10 mL). Two phases were formed, and upon cooling from ÿ 45 to
ÿ 85 8C orange crystals grew at the phase interface. These crystals melted
above ÿ 75 8C to give an orange oil. Oxygen caused immediate decom-
position with formation of a black residue. 1H NMR (400 MHz, CH2F2,
ÿ50 8C): d� 1.44 (12 H, TiCH3), 1.03 (12 H, (CH3CH2)2O), 3.60 (8 H,
(CH3CH2)2O); [1H]13C NMR (100.4 MHz, CH2F2, ÿ 50 8C): d� 69.5
(TiCH3), 18.1 ((CH3CH2)2O), 58.5 ((CH3CH2)2O).


[Li(Et2O)2]�[Ti(CH3)5]ÿ: MeLi in Et2O was added to a solution of
[Ti(CH3)4] also in Et2O (prepared as described above) until the yellow
color had changed completely to light green. The solvent was removed at
ÿ 85 8C, and the resulting residue was dissolved in CF3CH2CF3 at ÿ 40 8C.
This solution was cooled slowly to ÿ 78 8C until faint yellow crystals were
formed. The product was thermally stable to ÿ 20 8C, but was very sensitive
towards oxygen. 1H NMR (400 MHz, CH2F2, ÿ 50 8C): d� 2.58 (TiCH3);
[1H]13C NMR (100.4 MHz, CH2F2, ÿ 50 8C): d� 128.5 (TiCH3); Raman
(solid, 80 mW, l� 1040 nm): nÄ � 3030(3), 2988(10), 1427(5), 1308(3),


Table 7. Results of the X-ray structural determination of [Ti(CH3)Cl3] ´ Et2O, [Ti(CH3)2Cl2], and [Ti(CH3)3Cl]; bond lengths [pm] and angles [8].


[Ti(CH3)Cl3] ´ Et2O [Ti(CH3)2Cl2] [Ti(CH3)3Cl]
Molecule 1 Molecule 2


Ti1ÿC1 206.4(3) Ti2ÿC2 207.2(3) TiÿC1 205.5(5) TiÿC 206.1(2)
Ti1ÿCl11 240.2(2) Ti2ÿCl22 237.7(2) TiÿCl1 233.1(1) TiÿCl 265.8(1)
Ti1Cl11' 266.8(2) Ti2Cl22' 275.5(2) TiÿCl1� 271.3(2)
Ti1ÿCl12 225.2(2) Ti2ÿCl21 223.9(2)
Ti1ÿCl13 224.0(2) Ti2ÿCl23 224.1(2)
Ti1ÿO1 212.7(2) Ti2ÿO2 212.9(2)
C1-Ti1-Cl11' 171.4(1) C2-Ti2-Cl22' 173.5(1) C1-Ti-C1' 95.8(3) C-Ti-C' 98.2(1)
C1-Ti1-Cl11 94.3(1) C2-Ti2-Cl22 101.0(1) C1-Ti-Cl1' 94.2(2) C-Ti-Cl' 91.4(1)
C1-Ti1-Cl12 96.6(1) C2-Ti2-Cl21 91.5(1) C1-Ti-Cl1 96.6(2) Cl-Ti-Cl' 77.1(1)
C1-Ti1-Cl13 92.8(1) C2-Ti2-Cl23 94.9(1) C1-Ti-Cl1'' 91.0(2) C-Ti-Cl 165.3(1)
C1-Ti1-O1 88.6(2) C2-Ti2-O2 87.7(2) C1-Ti-Cl1''' 172.3(2) Ti-Cl-Ti 101.5(1)
Cl11-Ti-Cl12 166.5(1) Cl22-Ti-Cl23 162.8(1) Cl1-Ti-Cl1' 163.8(6)
Cl13-Ti-O1 175.1(1) Cl21-Ti2-O2 171.9(1) C1'-Ti-Cl1'' 172.3(2)
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1208(3), 1099(3), 1054(5), 912(5), 874(2), 841(100), 720(22), 650(8),
532(10), 522(12), 498(8), 332(40), 312(15), 156(4) cmÿ1.


[Li(Et2O)3]�[Ti2(CH3)9]ÿ: TiCl4 (0.7g, 3.7 mmol) in pentane (100 mL) was
allowed to react with MeLi (9.0 mL, 14.4 mmol, 1.6m solution in Et2O) at
ÿ 78 8C; the mixture was kept at this temperature overnight. The dark
green suspension formed was then stirred at ÿ 20 8C for 20 min. The
solvents were pumped off at ÿ 78 8C under high vacuum. The solid residue
was extracted with CF3CH2CF3 at ÿ 60 8C. Two phases were formed: a dark
green one of high viscosity and lower density, and a heavier, yellow-green
phase that contained mainly CF3CH2CF3. This latter phase was transferred
to and sealed in an ampule (10 mL). Slow cooling from ÿ 60 to ÿ 90 8C
afforded large, cube-shaped, yellow-green crystals that have a stability
similar to that of [Ti(CH3)5]ÿ .


[Ti(CH3)3Cl] ´ Et2O : TiCl4 (1 g, 5.3 mmol) in Et2O (100 mL) was treated
with MeLi (16.8 mmol, 1.6m solution in Et2O) at ÿ 788 and kept at this
temperature overnight. The dark-red suspension was stirred at ÿ 30 8C for
20 min. All of the volatile components were distilled under high vacuum
from ÿ 30 8C into a trap at ÿ 196 8C. The entire tubing had to be kept at ÿ
30 8C in order to avoid thermal decomposition of the compound in the gas
phase. The product/solvent mixture was reduced to a highly viscous liquid
by pumping at a pressure of p< 10ÿ4 mbar at ÿ 85 8C. This liquid was
redissolved in CF3CH2CF3 at ÿ 50 8C and then transferred to and sealed in
an ampule (10 mL). Two phases were formed, and upon cooling from ÿ 45
to ÿ 85 8C orange crystals grew at the phase surface.


[Ti(CH3)3Cl]: [Ti(CH3)Cl3] solution in pentane (20 mL) was combined with
solid MeLi (0.75 g) at ÿ 78 8C. The color changed from yellow-green to
orange to dark red. Sedimentation after 30 min afforded a red solid and a
lemon-yellow solution, which was transferred to and sealed in an ampule.
Storage at ÿ 90 8C yielded cube-shaped, dark red crystals. 1H NMR
(400 MHz, pentane, ÿ 50 8C): d� 2.0; 49Ti NMR (22.552 MHz, pentane,
ÿ50 8C): d� 1258.


[Ti(CH3)2Cl2]: TiCl4 (100 mg, 0.5 mmol) in pentane (3 mL) was treated
with Zn(CH3)2 (190 mg, 2.0 mmol) in a sealed ampule at ÿ 20 8C for
30 min. Slow cooling to ÿ 75 8C afforded black, needle-shaped crystals.


[Ti(CH3)Cl3] ´ Et2O : Solid CH3Li (1 g, 11.4 mmol) in pentane (50 mL) was
made to react with TiCl4 (1 g, 5.3 mmol) in a Schlenk tube. The red-brown
solution was stirred for 30 min at ÿ 30 8C. After cooling to ÿ77 8C, the
yellow solution was separated from the dark brown solid, transferred into
an ampule, and reduced to about one quarter of its volume by pumping at
ÿ 78 8C in vacuo. After 1 day at ÿ 78 8C black, needle-shaped crystals were
formed. 1H NMR (400 MHz, CDCl3, ÿ 30 8C): d� 2.93; [1H]13C NMR
(100.4 MHz, CDCl3, ÿ 30 8C): d� 114.0; 35Cl NMR (39.193 MHz, ÿ 30 8C,
pentane): d� 719.6; 49Ti NMR (22.552 MHz, ÿ30 8C, pentane): d� 608.5;
Raman (solid, 80 mW, l� 1040 nm): nÄ 3011 (10), 2247(10), 772(10),
753(12), 731(14), 668(50), 650(45), 367(100), 270(80), 259(70) cmÿ1.


Calculations : All ab initio calculations were processed with the GAUS-
SIAN-94 package[31] on an SGI Origin 2000 with 16 processors. Within the
applied B3LYP DFT method, different basis sets for titanium and for all


other elements were used. For C, H, O, Cl, Si, and Ge the implemented
6-311g(d) and 6-31g(d,p) basis sets were employed. For Ti, a nonrelativistic
effective core potential (ECP) basis set with a 10 electron core [1s22s22p6]
and a 3s23p63d24s2 valence shell (called an HW3 basis set) from Hay and
Wadt were used.[32] Each valence orbital was described by five primitive
GTOs (55/5/5). To verify these calculations two higher ECP basis sets were
used for Ti. The first had the same core as in HW3, but with a split valence
shell (341/311/41) with diffuse functions, called HW3(VDZ), also from Hay
and Wadt. The second was an ECP (STUTT) from Preuss et al. at the
Universität Stuttgart[33] which has a 10-electron core, a diffuse and
pseudopotential shell, combined with a 6-311g(d,p) basis set for the lighter
atoms. Use of the ªlargerº basis sets for Ti predicted no significant changes
in energy, so all of the calculations were performed in the HW3/6-31g(d)
basis sets so as to minimize computation time.


Crystal structure determinations : (See Table 8) Glass tubes containing
single crystals were opened into the mouth of a special piece of apparatus
designed for handling moisture-, oxygen-, and temperature-sensitive
compounds.[34] Suitable crystals were selected under a microscope and
cut, if necessary. The crystals were mounted on a glass tip with
perfluoropolyether ([Ti(CH3)4] ´ Et2O) or with nujol/methylcyclohexane,
and were subsequently transferred to the Enraf ± Nonius CAD4 diffrac-
tometer. Cell dimensions were obtained by fine orientation of 25 reflec-
tions with 208<V< 258. Data were obtained in the w-scan mode with a
maximum of 60 s for each reflection, depending on intensity, and leaving
25% of the time for background measurements. After Lorentz polarization
and psi scan absorption corrections[35] the data were reduced to intensities
(F2).[36] The structures were solved and refined against F2 with the SHELX
procedures.[37] Hydrogen atoms of the metal methyl groups were in general
refined isotropically; solvent hydrogen atoms were normally generated by
the program and refined with riding models. 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-116 598 ± CCDC-116 604. 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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The Nature of the Hydrogen Bond in DNA Base Pairs:
The Role of Charge Transfer and Resonance Assistance
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Abstract: The view that the hydrogen
bonds in Watson ± Crick adenine ± thy-
mine (AT) and guanine ± cytosine (GC)
base pairs are in essence electrostatic
interactions with substantial resonance
assistance from the p electrons is ques-
tioned. Our investigation is based on a
state-of-the-art density functional theo-
retical (DFT) approach (BP86/TZ2P)
that has been shown to properly repro-
duce experimental data. Through a
quantitative decomposition of the hy-
drogen bond energy into its various
physical terms, we demonstrate that,
contrary to the widespread belief, do-
nor ± acceptor orbital interactions (i.e.,
charge transfer) in s symmetry between
N or O lone pairs on one base and NÿH


s*-acceptor orbitals on the other base
do provide a substantial bonding contri-
bution which is, in fact, of the same
order of magnitude as the electrostatic
interaction term. The overall orbital
interactions are reinforced by a small p


component which stems from polariza-
tion in the p-electron system of the
individual bases. This p component is,
however, one order of magnitude small-
er than the s term. Furthermore, we
have investigated the synergism in a


base pair between charge transfer from
one base to the other through one
hydrogen bond and in the opposite
direction through another hydrogen
bond, as well as the cooperative effect
between the donor ± acceptor interac-
tions in the s- and polarization in the p-
electron system. The possibility of
CÿH ´´´ O hydrogen bonding in AT is
also examined. In the course of these
analyses, we introduce an extension of
the Voronoi deformation density
(VDD) method which monitors the
redistribution of the s- and p-electron
densities individually out of (DQ> 0) or
into (DQ< 0) the Voronoi cell of an
atom upon formation of the base pair
from the separate bases.


Keywords: charge transfer ´ density
functional calculations ´ DNA struc-
tures ´ hydrogen bonds ´ resonance
assistance


Introduction


Although it is the weakest chemical interaction, the hydrogen
bond plays a key role in the chemistry of life.[1] Apart from
providing water with physical properties that make it the ideal
medium for many processes of life to take place in, it is
responsible for various types of self-organization and molec-
ular recognition, such as the folding of proteins. As proposed
already in 1953 by Watson and Crick,[1c] hydrogen bonds are
also essential to the working of the genetic code contained in


DNA.[1] The latter consists of two helical chains of nucleotides
which are held together by the hydrogen bonds that arise
between a purine- and a pyrimidine-derived nucleic base. In
particular, this base pairing occurs specifically between
adenine (A, a purine) and thymine (T, a pyrimidine), and
between guanine (G, a purine) and cytosine (C, a pyrimidine),
giving rise to the so-called Watson ± Crick AT and GC pairs
(Scheme 1).


In the past decade, ab initio and DFT quantum chemical
studies[2] have appeared on the geometry, energy and other
aspects of the hydrogen bonds that hold together AT and GC
pairs. The adequacy of DFT for hydrogen-bonded systems has
received much attention lately.[3] It is known from the
investigations of Sim et al.[3a] on the water dimer and the
formamide ± water complex that DFT with nonlocal gradient
corrections is capable of describing hydrogen-bonded systems
reasonably well. They found that the DFT results are of
comparable quality to those from correlated ab initio
methods. Others[2e,j±l] have shown that this is also true for
the strength of hydrogen bonds in DNA base pairs, while for
the corresponding structures minor but significant deviations


[a] Dr. F. M. Bickelhaupt
Fachbereich Chemie der Philipps-Universität
Hans-Meerwein-Strasse, D-35032 Marburg (Germany)
Fax: (�49) 6421 2828917
E-mail : bickel@chemie.uni-marburg.de


[b] Dr. C. Fonseca Guerra, Prof. Dr. E. J. Baerends
Afdeling Theoretische Chemie
Scheikundig Laboratorium der Vrije Universiteit
De Boelelaan 1083, NL-1081 HV Amsterdam (The Netherlands)


[c] Prof. Dr. J. G. Snijders
Theoretische Chemie, Rijksuniversiteit Groningen
Nijenborgh 4, NL-9747 AG Groningen (The Netherlands)


FULL PAPER


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3581 $ 17.50+.50/0 3581







FULL PAPER F. M. Bickelhaupt et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3582 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 123582


Scheme 1. Nomenclature used throughout this work.


from experimental values were obtained with both DFT and
ab initio methods. Very recently, we[4, 5] have shown that these
structural deviations are a result of intermolecular interac-
tions of the base pairs with the environment in the crystal.
These discrepancies can be resolved if the most important
environment effects are incorporated into the model system,
yielding DFT structures for DNA base pairs in excellent
agreement with experiment.[4, 5]


For a true comprehension of the structure, properties and
behavior of DNA base pairs, a sound understanding of the
hydrogen bonds involved is indispensable. Yet, its nature is
not at all clear. The importance, for example, of covalence in
these hydrogen bonds, that is the magnitude of donor ± ac-
ceptor orbital interactions, is still unknown. Based on the
work of Umeyama and Morokuma[6] on dimers and codimers
of HF, H2O, NH3 or CH4, weak and medium range hydrogen
bonds are generally believed to be predominantly electro-
static in nature. On the other hand, Gilli et al.[7] suggested that
the relatively strong hydrogen bonds in DNA base pairs
cannot be understood solely on the basis of electrostatic
interactions. In their work on b-diketone enols,[7a,c] they
ascribed the strong intra- and intermolecular hydrogen bonds
found in the corresponding monomers and dimers to a
phenomenon, first appreciated by Huggins,[8] that they
designated resonance-assisted hydrogen bonding (RAHB):
Resonance in the p system assists the hydrogen bond by
making the proton-acceptor more negative and the proton-
donor more positive. Because of the close similarity between
the hydrogen-bonding patterns in b-diketone enols (mono-
mers and dimers) and those in DNA base pairsÐboth involve
hydrogen bonds between proton-acceptor and proton-donor
atoms that are connected through a conjugated p systemÐ
they suggested that ªnature itself may have taken advantage
of the greater energy of RAHB to keep control of molecular
associations whose stability is essential for lifeº.


In this work, we try to clarify the nature of the hydrogen
bonds in the Watson ± Crick DNA base pairs with nonlocal
density functional theory (DFT). In the conceptual frame-
work provided by Kohn ± Sham molecular orbital (KS-MO)
theory,[9] we investigated the hydrogen-bonding mechanism
through an analysis of the electronic structure and a
quantitative decomposition of the bond energy into the
electrostatic interaction, the repulsive orbital interactions
(Pauli repulsion) and the bonding orbital interactions (charge
transfer and polarization). This enables us to address a
number of fundamental questions. How important are elec-
trostatics and charge transfer really? And, is there a syner-
gism between charge transfer from one base to the other
through one hydrogen bond, and in the opposite direction
through another hydrogen bond? In other words, does the
overall hydrogen-bond strength benefit from this mechanism
that reduces the net build-up of charge on a base caused by
the individual hydrogen bonds? Furthermore, we tried to find
evidence for the resonance-assisted hydrogen bonding pro-
posed by Gilli et al.[7a] and we test the hypothesis[10] of CÿH ´´´
O hydrogen bonding in the AT base pair.


Complementary to the analysis of the orbital electronic
structure, we have also studied the electronic density of the
DNA bases and, in particular, how this is affected by the


Abstract in German: Die Auffassung, daû die Wasserstoff-
brücken in den Watson ± Crick-Basenpaaren Adenin ± Thymin
(AT) und Guanin ± Cytosin (GC) im wesentlichen auf elektro-
statischen Wechselwirkungen beruhen mit einer substanziellen
Unterstützung durch Resonanz im p-System, wird in Frage
gestellt. Unsere Untersuchungen beruhen auf einem modernen
dichtefunktionaltheoretischen (DFT) Ansatz (BP86/TZ2P),
der die experimentellen Daten korrekt reproduziert. Mittels
einer quantitativen Zerlegung der Wasserstoffbrücken-Bin-
dungsenergie in ihre verschiedenen physikalischen Terme
zeigen wir, daû entgegen der gängigen Auffassung Donor/
Akzeptor-Orbitalwechselwirkungen (d. h. Ladungstransfer) in
s-Symmetrie zwischen einsamen Elektronenpaaren am N oder
O der einen Base und NÿH s*-Akzeptororbitalen der anderen
Base einen substanziellen Beitrag zur Bindung liefern, welcher
tatsächlich von der gleichen Gröûenordnung wie die elektro-
statische Wechselwirkung ist. Insgesammt werden die Orbital-
wechselwirkungen verstärkt durch eine kleine p-Komponente,
welche von der Polarisation des p-Elektronensystems der
einzelnen Basen stammt. Diese p-Komponente ist jedoch eine
Gröûenordnung kleiner als der s-Term. Ferner untersuchten
wir den Synergismus innerhalb eines Basenpaares zwischen
Ladungstransfer von der einen zur anderen Base über eine
Wasserstoffbrücke und in die entgegengesetzte Richtung über
eine andere Wasserstoffbrücke, wie auch den kooperativen
Effekt zwischen Donor/Akzeptor-Wechselwirkungen im s-
System und Polarisation im p-Elektronensystem. Auch die
Möglichkeit einer CÿH ´´´ O-Wasserstoffbrücke in ATwurde in
Betracht gezogen. Im Rahmen dieser Analysen führen wir eine
Erweiterung der Voronoi-Deformationsdichte- (VDD) Metho-
de ein, welche die mit der Bildung des Basenpaars aus den
separaten Basen verbundene Umverteilung von s- und p-
Electronendichte aus der Voronoi-Zelle (DQ> 0) oder in die
Voronoi-Zelle (DQ< 0) eines jeden Atoms wiedergibt.
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formation of the hydrogen bonds in the base pairs. For this
purpose, we have developed two extensions to the Voronoi
deformation density (VDD) method:[11] i) A scheme for
computing changes in the atomic charges of a polyatomic
fragment as a result of the chemical interaction with another
fragment, and ii) a partitioning of these changes in atomic
charges into the contributions from different irreducible
representations. These new features in VDD enable us to
compute the change in s and p density in the Voronoi cell of a
particular atom as a result of the DNA base-pairing inter-
action.


Theoretical Methods


General procedure : All calculations were performed with the
Amsterdam density functional (ADF) program[12] developed
by Baerends et al. ,[12a±d] vectorized by Ravenek,[12e] and
parallelized[12a] as well as linearized[12f] by Fonseca Guerra
et al. The numerical integration was performed with the
procedure developed by te Velde et al.[12g,h] The MOs were
expanded in a large uncontracted set of Slater type orbitals
(STOs) containing diffuse functions: TZ2P (no Gaussian
functions are involved).[12i] The basis set is of triple-z quality
for all atoms and has been augmented with two sets of
polarization functions, that is 3d and 4f on C, N, O, and 2p and
3d on H. The 1s core shell of carbon, nitrogen and oxygen
were treated by the frozen-core approximation.[12b] An
auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular density and to represent the Coulomb and ex-
change potentials accurately in each self-consistent field
cycle.[12j]


Geometries and energies were calculated with nonlocal
density functionals (NL). Equilibrium structures were opti-
mized by using analytical gradient techniques.[12k] Frequen-
cies[12l] were calculated by numerical differentiation of the
analytical energy gradients with the nonlocal density func-
tionals.


Exchange is described by Slater�s Xa potential[12m] with
corrections from Becke[12n,o] added self consistently and
correlation is treated in the Vosko ± Wilk ± Nusair (VWN)
parametrization[12p] with nonlocal corrections by Perdew[12q]


added, again, self consistently (BP86).[12r]


Bond enthalpies at 298.15 K and 1 atm (DH298) were
calculated from 0 K electronic bond (DE) according to
Equation (1), assuming an ideal gas.[13]


DH298�DE�DEtrans,298�DErot,298�DEvib,0�D(DEvib)298�D(pV) (1)


Here, DEtrans,298 , DErot,298 and DEvib,0 are the differences
between products and reactants in translational, rotational,
and zero point vibrational energy, respectively; D(DEvib)298 is
the change in the vibrational energy difference from 0 to
298.15 K. The vibrational energy corrections are based on our
frequency calculations. The molar work term D(pV) is
(Dn)RT; Dn�ÿ1 for two fragments combining to one
molecule. Thermal corrections for the electronic energy are
neglected. The basis set superposition error (BSSE), associ-
ated with the hydrogen bond energy, has been computed by


the counterpoise method,[14] by using the individual bases as
fragments.


Bonding energy analysis : The bonding in the AT and GC
systems was analyzed with the extended transition state (ETS)
method developed by Ziegler and Rauk.[15] The overall bond
energy DE is made up of two major components [Eq. (2)].


DE�DEprep�DEint (2)


In Equation (2) the preparation energy DEprep is the amount
of energy required to deform the separate bases from their
equilibrium structure to the geometry that they acquire in the
base pair. The interaction energy DEint corresponds to the
actual energy change when the prepared bases are combined
to form the base pair. The interaction energy is further split up
into three physically meaningful terms [Eq. (3)].


DEint�DVelstat�DEPauli�DEoi (3)


The term DVelstat corresponds to the classical electrostatic
interaction between the unperturbed charge distributions of
the prepared (i.e., deformed) bases and is usually attractive.
The Pauli-repulsion DEPauli comprises the destabilizing inter-
actions between occupied orbitals and is responsible for the
steric repulsion. The orbital interaction DEoi accounts for
charge transfer (interaction between occupied orbitals on one
moiety with unoccupied orbitals of the other, including the
HOMO ± LUMO interactions) and polarization (empty/oc-
cupied orbital mixing on one fragment). It can be decomposed
into the contributions from each irreducible representation G


of the interacting system [Eq. (4)].[15] In systems with a clear s,
p separation (like our DNA base pairs), this symmetry
partitioning proves to be most informative.


DEoi�
X


G


DEG (4)


Results and Discussion


Geometry and hydrogen bond strength


The results of our BP86/TZ2P study on the formation of the
adenine ± thymine and guanine ± cytosine complexes are sum-
marized and compared with literature in Tables 1 (energies), 2
and 3 (geometries). Scheme 1 defines the proton donor ± ac-
ceptor distances used throughout this work. The structures
calculated in C1 point group symmetry, without any symmetry


Table 1. Hydrogen bond energies [kcal molÿ1] of AT and GC.[a]


Base DE DEBSSE DH298 DHexp


AT[b] ÿ 13.0 ÿ 12.3 ÿ 11.8 ÿ 12.1[d]


AT[c] ÿ 13.0 ÿ 12.3
GC[b] ÿ 26.1 ÿ 25.2 ÿ 23.8 ÿ 21.0[d]


GC[c] ÿ 26.1 ÿ 25.2


[a] BP86/TZ2P. DE and DEBSSE are the bond energy at zero K without and
with correction for the BSSE, respectively. DH298 is the bond enthalpy at
298 K. [b] Full optimization of base pair and separate bases. [c] Base pair
optimized in Cs symmetry; full optimization of separate bases. [d] DHexp,
experimental DH from mass spectrometry data[18] with corrections for AT
according to Brameld et al.[2i]
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constraints, were confirmed to be energy minima through a
vibrational analysis that revealed zero imaginary frequencies.
The choice for the BP86 density functional[12n±q] is based on
our investigation[5] on the performance of various nonlocal
density functionals for these systems which showed that BP86
agrees slightly better with experiment than PW91[16] and
BLYP.[12o, 17]


The computed BP86/TZ2P bond enthalpies for the AT and
GC pairs of ÿ11.8 and ÿ23.8 kcal molÿ1 agree well with the
experimental results of ÿ12.1 and ÿ21.0 kcal molÿ1,[18] devi-
ating by as little as�0.3 andÿ2.8 kcal molÿ1, respectively (see
Table 1). The basis set superposition error (BSSE) of some
0.7 kcal molÿ1 is quite small. An important point is that there
is essentially no difference between both geometries and bond
energies associated with DNA bases and base pairs optimized
in Cs symmetry, and those obtained in C1 symmetry, that is
without any symmetry restrictions. The various hydrogen-
bond lengths in AT and GC, that is the distances between the
proton-donor and proton-acceptor atoms, differ by less than
0.01 � (see Tables 2 and 3). Likewise, the formation of Cs-
symmetric base pairs (again from fully optimized bases) yields
bond energies DE that differ by less than 0.1 kcal molÿ1 from
those for the same process without symmetry constraint (see
Table 1). As a consequence, we may analyze the A ± T and G ±
C bonding mechanisms in Cs symmetry, thus enabling us to
decompose the orbital interactions into a s and a p


component [Eq. (4)].
As mentioned in our communication[4] and further inves-


tigated in ref. [5], gas-phase theoretical geometries can not be
directly compared with experimental X-ray crystal structur-
es[1d, 19] that are subjected to and influenced by packing forces
as well as intermolecular interactions. Therefore, in the
present study, we restrict ourselves to a brief comparison
between our results and those from a few other theoretical
studies (for an exhaustive comparison with other theoret-
ical[2d,e,i,k,l] and experimental[1d, 19] studies, see ref. [5]). The
Hartree ± Fock approach (HF/6-31G**)[9, 13] yields distances


that are up to 0.2 � longer than our BP86/TZ2P values. The
agreement between our distances and those obtained by
Bertran et al.[2l] at B3LYP/6-31G** is better, the latter being
only up to 0.1 � longer than ours. The remaining variance is
probably not only due to the different functionals but also the
different basis sets as well as technical differences between the
programs used.


The deformation of the bases (i.e., changes in bond lengths
larger than 0.1 �) caused by the formation of the hydrogen
bonds is shown in Figure 1. All the NÿH bonds that
participate in hydrogen bonding expand by 0.02 ± 0.05 �.
The largest elongations are found for the N3ÿH3 of thymine
(�0.05 �) and the N4 ± H4 of cytosine (�0.04 �). The C�O
distances of oxygen atoms involved in hydrogen bonding
increase by some 0.02 �. Furthermore, we see that G ± C base
pairing leads to somewhat stronger distortions of the corre-
sponding bases than A ± T base pairing. In the next section, we
will explain how charge-transfer interactions in the s system
and polarization in the p system are responsible for these
deformations.


Figure 1. Deformation [�] of the individual bases caused by hydrogen
bonding in the base pairs, from BP86/TZ2P optimizations without any
symmetry constraint (only changes in bond length� 0.01 � are given).


Nature of the hydrogen bond


Electronic structure of DNA bases : In order to form stable
base pairs, DNA bases must be structurally and electronically
complementary. The role of structural complementarity has
been discussed very recently by Kool and others.[20] Here, we
focus on the electronic structure of the four DNA bases and
their capability to form stable A ± T and G ± C hydrogen
bonds. First, we examine if the bases do possess the right
charge distribution for achieving a favorable electrostatic
interaction in the Watson ± Crick base pairs. This turns out to
be the case, as can be seen from Figure 2, which displays the
VDD atomic charges[11] (see also section on charge distribu-
tion) for the separate, noninteracting bases: All proton-
acceptor atoms have a negative charge whereas the corre-
sponding protons they face are all positively charged.


Table 2. Distances [�] between proton-donor and acceptor atoms of AT.[a]


Level of theory N6(H) ´´´ O4 N1 ´´´ (H)N3


BP86/TZ2P[b] 2.85 2.81
BP86/TZ2P[c] 2.85 2.81
HF/6-31G**[c,d] 3.09 2.99
HF/cc-pVTZ(-f)[b,e] 3.06 2.92
B3LYP/6-31G**[b,f] 2.94 2.84


[a] BP86/TZ2P. See Scheme 1. [b] Full optimization in C1 symmetry.
[c] Optimized in Cs symmetry. [d] Sponer et al.[2e] [e] Brameld et al.[2i]


[f] Bertran et al.[2l]


Table 3. Distances [�] between proton-donor and acceptor atoms of GC.[a]


Level of theory N2(H) ´´´ O2 N1(H) ´´ ´ N3 O6 ´´´ (H)N4


BP86/TZ2P[b] 2.87 2.88 2.73
BP86/TZ2P[c] 2.87 2.88 2.73
HF/6-31G**[c,d] 3.02 3.04 2.92
HF/cc-pVTZ(-f)[b,e] 2.92 2.95 2.83
B3LYP/6-31G**[b,f] 2.92 2.93 2.79


[a] BP86/TZ2P. See Scheme 1. [b] Full optimization in C1 symmetry.
[c] Optimized in Cs symmetry. [d] Sponer et al.[2e] [e] Brameld et al.[2i]


[f] Bertran et al.[2l]
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Figure 2. VDD atomic charges [electrons] of the isolated bases adenine,
thymine, guanine and cytosine obtained at BP86/TZ2P (see Scheme 1).


Next, we consider the possibility of charge-transfer inter-
actions in the s-electron system. Scheme 2 displays the basic
features in the electronic structures that are required in order
for these donor ± acceptor orbital interactions to occur: A
lone pair on a nitrogen or oxygen atom of one base pointing
toward (and donating charge into) the unoccupied s* orbital
of an NÿH group of the other base; this leads to the formation
of a weak sLP� s*NÿH bond.


Scheme 2. Donor ± acceptor orbital interaction.


Of course, the electronic structure and bonding mechanism
in DNA base pairs, with two or three hydrogen-bonding
contacts occurring simultaneously, are somewhat more com-
plicated. Not only the HOMOs and LUMOs of the s-electron
system but also some of the other high-energy occupied and
low-energy unoccupied orbitals of the bases are involved in
frontier-orbital interactions. However, the basic bonding
pattern should still be that of Scheme 2: The occupied orbitals
at high energy must have lone-pair character on the charge-
donating nitrogen or oxygen atoms and the unoccupied
orbitals at low energy must be s* antibonding on the
charge-accepting NÿH group (vide infra). Indeed, as can be
seen from the contour plots of the DNA-base frontier orbitals


in Figures 3 and 4-±and anticipating the outcome of our
orbital-interaction analysesÐthis turns out to be the case.


We begin with the bases of the AT pair (see Figure 3).
Adenine has two occupied orbitals, the sHOMOÿ1 and the
sHOMO, that have lone-pair-like lobes on the nitrogen atoms
N1, N3 and N7 (see also Scheme 1). Through their lobe on N1,
they can overlap with and donate charge into the lowest
unoccupied orbitals of thymine which all have N3 ± H3 s*
character (they have also s* character on CÿH and other
NÿH groups of thymine but this is of no direct importance for
A ± T bonding); one of these thymine acceptor orbitals, the
sLUMO�1, is shown in Figure 3. Likewise, the sHOMOÿ1 and
sHOMO of thymine are essentially lone pairs on the oxygen
atoms O2 and O4. With their lobe on O4, they can overlap and
interact with the complementary N6 ± H6 s*-antibonding
virtuals on adenine, e.g. the sLUMO (Figure 3).


Figure 3. Contour plots of the sHOMOÿ1, sHOMO and sLUMO of adenine and
the sHOMOÿ1, sHOMO and sLUMO�1 of thymine obtained at BP86/TZ2P (Scan
values: �0.5, �0.2, �0.1, �0.05, �0.02. Solid and dashed contours refer to
positive and negative values, respectively). For each fragment molecular
orbital (FMO), both its own base and the other base in the Watson ± Crick
pair are shown as wire frames.


The situation for the bases of the GC pair is very similar
(see Figure 4). The sHOMO of guanine is basically a lone pair on
O6 that points toward and can donate charge into the lowest
unoccupied orbitals of cytosine that have N4 ± H4 s*-anti-
bonding character, e.g. the sLUMO (Figure 4). The sHOMOÿ1


and sHOMO of cytosine are a lone pair on N3 and O2,
respectively. They can overlap and interact with the lowest
unoccupied orbitals on guanine with N1 ± H1 and N2 ± H2 s*-
antibonding character. Interestingly, the sLUMO, the sLUMO�2


(not shown in Figure) and the sLUMO�3 of guanine can be
conceived as the totally bonding (plus ± plus ± plus), the
nonbonding (plus ± null ± minus) and the antibonding (plus ±
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Figure 4. Contour plots of the sHOMO, sLUMO and sLUMO�3 of guanine and
sHOMOÿ1, sHOMO and sLUMO of cytosine obtained at BP86/TZ2P (see also
legend to Figure 3).


minus ± plus) combinations, respectively, of the three N ± H s*
orbitals corresponding to the N2ÿH2', N2ÿH2 and N1ÿH1
groups.


A ± T orbital interactions : Now, let us analyze how the frontier
orbitals of the bases really interact in the Watson ± Crick base
pairs. Figures 5 and 6 show schematically the resulting MO
diagrams for the s-electron systems; relevant overlaps
between occupied and virtual frontier orbitals are given in
Table 4. The Kohn ± Sham MO analyses of the A ± Tand G ± C
base-pairing interactions do indeed yield the bonding mech-
anism that we expected on the basis of the above qualitative
considerations on the character and shape of the DNA-base
orbitals. The picture is only complemented by a few repulsive
four-electron orbital interactions that we did not consider
above.


For AT, we find charge-transfer hydrogen bonding from A
to T, through N1 ´´ ´ H3ÿN3, and the other way around from T
to A, through N6ÿH6 ´´´ O4. The N1 ´´´ H3ÿN3 bond arises
from the donor ± acceptor interaction between the two
sHOMOÿ1 and sHOMO nitrogen lone-pair orbitals of adenine
(18s and 19s in Figure 5) and the lowest unoccupied N3ÿH3
s* orbitals of thymine (19s through 24s, represented as a
block in Figure 5). The N6ÿH6 ´´´ O4 bond, donating charge in
the opposite direction, is provided by the interaction between
the sHOMO oxygen lone-pair orbital of thymine (i.e., 18s) and
the lowest unoccupied N6ÿH6 s* orbitals of adenine (i.e. , 20s


through 24s, represented as a block in Figure 5). In addition,
there is a repulsive orbital interaction between the sHOMOÿ1 of
adenine and the sHOMOÿ1 of thymine, with a mutual orbital
overlap of 0.19, which splits the A ± T bonding combination of
the adenine 18s with the thymine 19s through 24s into the


Figure 5. Diagram for the donor ± acceptor interactions in the N6(H) ´´´ O4
and N1 ´´´ (H)N3 hydrogen bonds between adenine and thymine with
sHOMO and sLUMO energies [eV], obtained at BP86/TZ2P (the lowest
unoccupied orbitals that participate in these interactions are represented
by a block).


sHOMOÿ3 and sHOMOÿ2 of the AT base pair; this ªsplit orbital
levelº is represented as a block in the MO diagram. It is the
donation of charge into the NÿH antibonding s* orbitals of
adenine and thymine that is responsible for the slight
elongation observed for the NÿH bonds involved in hydrogen
bonding (see Figure 1). The adenine sLUMO, sLUMO�2 and
sLUMO�3 , for example, acquire populations of 0.05, 0.03, and
0.03 electrons, respectively (not shown in Table). The thymine
sLUMO through sLUMO�3 and sLUMO�5 each gain 0.02 electrons.
Also other deformations that occur upon base pairing are
caused by these charge-transfer interactions in the s-electron
system but also by polarization (i.e. , occupied ± empty mixing
of orbitals on the same base) in the p-electron system (vide
infra).


As follows from the total VDD charges of the individual
DNA bases in the Watson ± Crick base pairs in Table 5, the
charge-transfer from A to T associated with the N1 ´´´ H3ÿN3
bond is stronger than that back from T to A through the
N6ÿH6 ´´´ O4 bond. This leads to an accumulation of negative
charge of ÿ0.03 electrons on thymine. Two factors are
responsible for this build-up of charge. In the first place, the
N1 ´´ ´ H3ÿN3 bond comprises two donor orbitals on adenine


Table 4. Overlaps between s frontier orbitals of DNA bases in AT and
GC.[a]


hsocc
A j svirt


T i j 19sTi j 20sTi j 21sTi j 22sTi j 24sTi
h18sA j 0.06 0.16 0.12 0.08 0.06
h19sA j 0.08 0.19 0.14 0.09 0.06


hsocc
T j svirt


A i j 20sAi j 21sAi j 22sAi j 23sAi j 24sAi
h18sT j 0.08 0.07 0.04 0.03 0.09


hsocc
G j svirt


C i j 17sCi j 18sCi j 19sCi j 20sCi j 21sCi
h20sG j 0.003 0.002 0.005 0.003 0.005
h21sG j 0.08 0.06 0.09 0.08 0.04


hsocc
C j svirt


G i j 22sGi j 24sGi j 25sGi j 27sGi
h15sC j 0.22 0.24 0.16 0.04
h16sC j 0.15 0.03 0.09 0.02


[a] BP86/TZ2P.
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for charge transfer into virtuals of thymine, whereas only one
donor orbital on thymine is involved in the N6ÿH6 ´´´ O4 bond
for charge transfer back into virtuals on adenine. Secondly,
the overlaps between the donor orbitals of adenine (18s and
19s) and the lowest unoccupied acceptor orbitals of thymine
(19s through 24s) are with values of 0.06 ± 0.19 significantly
larger than those between the donor orbital of thymine and
the acceptor orbitals of adenine that amount to 0.03 ± 0.09 (see
Table 4).


Note that the p-electron density does not contribute to the
net A ± T charge transfer (DQp


total� 0, Table 5) which is thus
entirely a result of the s-orbital interactions. The absence of
A ± T charge transfer in the p-electron system is due to the
extremely small p-orbital overlaps (in the order of 10ÿ3),
which are one to two orders of magnitude smaller than those
occurring between s orbitals. There is however occupied ±
virtual mixing within the p system of each individual base.
This is ascribed mainly to the electrostatic potential that one
base experiences from the other base. This p polarization is
responsible for a sizeable charge reorganization as discussed
in the section on charge redistribution.


We have also tried to infer the amount of charge transfer
associated with the individual N1 ´´´ H3ÿN3 and N6ÿH6 ´´´ O4
hydrogen bonds by removing either the s virtuals from
thymine (switching off N1 ´´ ´ H3ÿN3) or from adenine
(switching off N6ÿH6 ´´´ O4) while at the same time all p


virtuals are removed from both DNA bases (switching off
polarization of the p electrons; see also last section on synergy
in hydrogen bonding). The results (entries 4 and 5 in Table 5)
confirm that more charge is transferred from A to T through
N1 ´´ ´ H3ÿN3 (0.05 electrons) than back from T to A through
N6ÿH6 ´´´ O4 (0.04 electrons). Note, however, that the differ-
ence between the amount of charge transferred in opposite
directions through either of the two hydrogen bonds is
somewhat smaller without (0.01 electrons, i.e. , the difference
between entries 4 and 5 in Table 5) than with all other
interfering orbital interactions (0.03 electrons, see entry 1 in
Table 5).


CÿH ´´´ O hydrogen bonding in AT ? Leonard et al.[10a]


suggested that there is also a hydrogen bond between the
C2ÿH2 bond of adenine and the oxygen atom O2 of thymine
that would contribute to the stability of the AT pair. However,
our analyses show that this is not the case. In the first place,
already the distance between this CÿH bond and O atom is


too large to be indicative for a hydrogen-bonding interaction
(C2ÿO2� 3.63 � and H2ÿO2� 2.81 �). But more impor-
tantly, we did not find any donor ± acceptor orbital interaction
corresponding with a C2ÿH2 ´´´ O2 bond. Accordingly, nei-
ther the appropriate donor orbital of thymine (the O2 lone-
pair orbital of thymine, that is sHOMOÿ1 or 17s in Figure 5) is
depopulated nor does the C2ÿH2 antibonding acceptor
orbital of adenine (i.e. , the sLUMO�2; not shown in Figure 5)
acquire any population. In line with this, the C2ÿH2 bond
distance does not expand but remains unchanged. To get a
more quantitative idea on the strength of the C2ÿH2 ´´´ O2
interaction, we have analyzed this bond separately from the
other bonds, by rotating thymine 1808 around an axis through
its O2 atom and parallel to the N1ÿN3 bond (this yields a
structure in which both N6ÿH6 ´´´ O4 and N1 ´´´ H3ÿN3 bonds
are broken whereas the C2ÿH2 ´´´ O2 moiety is preserved).
What we got was a weakly repulsive net interaction energy of
only 1.6 kcal molÿ1, which arises from �1.0 kcal molÿ1 electro-
static repulsion, �1.2 kcal molÿ1 Pauli repulsion and
ÿ0.6 kcal molÿ1 bonding orbital interaction. Thus, we must
reject the hypothesis of a stabilizing CÿH ´´´ O hydrogen bond
in AT. This supports Shishkin et al.[10b] who have ruled out
CÿH ´´´ O hydrogen bonding in AT on the basis of a computed
(HF/6-31G*) increase of the CÿH stretching frequency of
adenine in the base pair.


G ± C orbital interactions : The MO diagram for GC looks
somewhat more complicated than that for AT. This is however
not the result of a more complicated bonding mechanism but
follows simply from the fact that there are now three instead
of only two hydrogen bonds. We find for GC one charge-
transfer interactions from G to C, through O6 ´´´ H4ÿN4, and
two back from C to G, through N1ÿH1 ´´´ N3 and N2ÿH2 ´´´
O2 (see Scheme 1). The O6 ´´ ´ H4ÿN4 bond is provided by a
donor ± acceptor interaction between the sHOMO of guanine, an
oxygen O6 lone-pair orbital (21s in Figure 6) and the lowest


Figure 6. Diagram for the donor ± acceptor interactions in the O6 ´´´
(H)N4, N1(H) ´´´ N3 and N2(H) ´´´ O2 hydrogen bonds between guanine
and cytosine with sHOMO and sLUMO energies [eV], obtained at BP86/TZ2P
(the lowest unoccupied orbitals that participate in these interactions are
represented by a block).


Table 5. Total charge transfer [electrons] between the individual DNA
bases in Watson ± Crick base pairs calculated with the extensions of the
VDD method.[a]


Adenine Thymine Guanine Cytosine


DQs
total 0.03 ÿ 0.03 ÿ 0.03 0.03


DQp
total 0.00 0.00 0.00 0.00


DQtotal 0.03 ÿ 0.03 ÿ 0.03 0.03


s virtuals on T and C only, no p virtuals at all[b]


DQs
total 0.05 ÿ 0.05 0.05 ÿ 0.05


s virtuals on A and G only, no p virtuals at all[c]


DQs
total ÿ 0.04 0.04 ÿ 0.07 0.07


[a] BP86/TZ2P. [b] Only charge transfer from A to T and from G to C
possible. [c] Only charge transfer from T to A and from C to G possible.
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unoccupied N4ÿH4 antibonding acceptor orbitals on the
amino group of cytosine (17s through 21s, represented as a
block in Figure 6). The resulting bonding combination is split
into two levels (i.e., the sHOMO and sHOMOÿ1 of the GC pair) as
a result of the admixing of the guanine sHOMOÿ1 (20s in
Figure 6) which does however not contribute to the donor ±
acceptor interaction. The two N1ÿH1 ´´´ N3 and N2ÿH2 ´´´ O2
bonds are provided by the donor ± acceptor interactions of the
cytosine lone-pair orbitals on oxygen O2 (the sHOMOÿ1, i.e.,
15s) and nitrogen N3 (the sHOMO, i.e., 16s), respectively, with
the lowest unoccupied acceptor orbital of guanine (22s


through 27s, represented as a block), which are N1ÿH1 and
N2ÿH2 antibonding (see Figure 6). The bonding combination
between cytosine sHOMOÿ1 and guanine virtuals is split into two
levels (i.e. , sHOMOÿ4 and sHOMOÿ3 of the GC pair, indicated as a
block in the MO diagram) as a result of an additional four-
electron repulsion that the sHOMOÿ1 of cytosine (i.e. , the 15s)
experiences with the sHOMOÿ3 of guanine (i.e. , the 19s). The
slight elongation of the NÿH bonds that participate in
hydrogen bonding (see Figure 1) is caused by the donation
of charge into the corresponding NÿH antibonding s* orbitals
of guanine and cytosine (e.g. 0.05 and 0.02 electrons, respec-
tively, in the corresponding sLUMO's; not given in Table).


The fact that there are two hydrogen bonds donating charge
from C to G and only one donating charge from G to C leads
to a net accumulation of negative charge on guanine
(ÿ0.03 electrons, Table 5). With the same procedure as for
AT (vide supra), the amount of charge-transfer from G to C
associated with the individual O6 ´´´ H4ÿN4 bond is estimated
to be 0.05 electrons (entry 4 in Table 5) which is indeed
exceeded by the transfer of 0.07 electrons back from C to G
caused by the N1ÿH1 ´´´ N3 and N2ÿH2 ´´´ O2 bonds together
(entry 5 in Table 5; see last section).


Note that, as for AT, as a result of very small overlaps (in
the order of 10ÿ3), the p-orbital interactions do not contribute
to the net G ± C charge transfer (DQp


total� 0 and DQtotal�
DQs


total, see Table 5). But, again as for AT, the p-electron
systems of guanine and cytosine are significantly polarized
(mainly a result of the electrostatic potential that the bases
experience from each other) leading to a sizeable charge
reorganization within each base (see section on charge
redistribution).


Quantitative decomposition of the hydrogen bond energy :
Now that we know that the DNA bases have suitable charge
distributions for electrostatically attracting each other and
after having established the occurrence of s charge transfer
and p polarization (see also section on charge redistribution),
we want to quantitatively assess the importance of the various
components of the A ± T and G ± C base-pairing energy. Thus,
we have carried out a bond-energy decomposition for the
Watson ± Crick base pairs for two geometries (see Table 6):
i) the equilibrium geometry (AT and GC), and ii) a geometry
derived from the former by freezing the structures of the
individual bases and pulling them 0.1 � apart along an axis
parallel to the hydrogen bonds (AT0.1 � and GC0.1 �). The latter
corresponds to the slightly longer hydrogen bonds observed
experimentally in X-ray crystal structure determinations,[1d, 19]


and its analysis serves to get an idea if the nature of the


hydrogen bonds is affected by structural perturbations that
may occur in crystals (or under physiological conditions). The
orbital interaction is divided into a s component and a p


component. DEs consists mainly of the electron donor ± ac-
ceptor interactions mentioned above. The p component
accounts basically for the polarization in the p system (vide
supra) which turns out to partly compensate the local build-up
of charge caused by the charge-transfer interactions in the s


system (see section on charge redistribution).
The striking result of our analysis is that charge-transfer


orbital interactions are not at all a negligible or minor
component in the hydrogen bond energy of Watson ± Crick
base pairs (see Table 6). Instead, what we find is that charge
transfer is of the same order of magnitude as the electrostatic
interaction! For AT, DEoi is ÿ22.4 kcal molÿ1 and DVelstat is
ÿ32.1 kcal molÿ1, and for GC, DEoi is ÿ34.1 kcal molÿ1 and
DVelstat is ÿ48.6 kcal molÿ1. Interestingly, we see that the
electrostatic interaction alone is not capable of providing a net
bonding interaction; it can only partly compensate the Pauli-
repulsive orbital interactions DEPauli . Without the bonding
orbital interactions, the net interaction energies of ATand GC
at their equilibrium structures would be repulsive by 7.1 and
3.5 kcal molÿ1, respectively (Table 6). This parallels the find-
ing of Reed and Weinhold[21] that the water dimer at
equilibrium distance would be repulsive without the charge-
transfer interactions.


Thus, our analyses disprove the established conception that
hydrogen bonding in DNA base pairs is a predominantly
electrostatic phenomenon. Almost all arguments we found in
the literature in favor of the electrostatic model were
eventually based on the work of Umeyama and Morokuma[6]


on the hydrogen bond in water dimers and other neutral
hydrogen-bound complexes (see Introduction). But in fact,
the analyses of Umeyama and Morokuma do reveal a
significant charge-transfer component. They[6] found that for
the water dimer, for example, the total attractive interaction is
provided for 72 % by electrostatic interaction, for 21 % by
charge transfer and for 6 % by polarization. We feel that the
conclusions of Umeyama and Morokuma are not well
represented if this charge-transfer component they found is
completely ignored.


Table 6. Bond-energy decomposition for the Watson ± Crick base pairs
[kcal molÿ1] in the optimized geometry (AT and GC) and with the base ±
base distance elongated by 0.1 � (AT0.1 � and GC0.1 �).[a]


AT AT0.1 � GC GC0.1 �


Orbital interaction decomposition
DEs ÿ 20.7 ÿ 15.9 ÿ 29.3 ÿ 22.8
DEp ÿ 1.7 ÿ 1.3 ÿ 4.8 ÿ 3.9
DEoi (DEs�DEp) ÿ 22.4 ÿ 17.2 ÿ 34.1 ÿ 26.7


Bond-energy decomposition
DEPauli 39.2 28.6 52.1 37.5
DVelstat ÿ 32.1 ÿ 26.5 ÿ 48.6 ÿ 41.0
DEPauli�DVelstat 7.1 2.1 3.5 ÿ 3.5


DEoi ÿ 22.4 ÿ 17.2 ÿ 34.1 ÿ 26.7
DEint (DEPauli�DVelstat�DEoi) ÿ 15.3 ÿ 15.1 ÿ 30.6 ÿ 30.2


DEprep 2.3 4.1
DE (DEprep�DEint) ÿ 13.0 ÿ 26.5


[a] BP86/TZ2P. Bases and base pairs in Cs symmetry.
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In the present work, for both Watson ± Crick pairs, that is
AT and GC in their equilibrium geometry, we find that DEoi


provides even 41 % of all attractive interactions, while
electrostatic forces contribute 59 % (Table 6). The DEoi can
be further split into 38 % DEs and 3 % DEp for AT, and
35 %DEs and 6 % DEp or GC. In the complexes with the 0.1 �
elongated hydrogen bonds, that is AT0.1� and GC0.1 �, DEoi


provides still 39 % of all attractive interactions (Table 6). We
conclude that, at variance with current belief, charge transfer
plays a vital role in the hydrogen bonds of DNA base pairs.


We were also interested in how the bonding mechanism is
affected by more severe changes in the geometry, for example,
if the A ± T or G ± C bond is still further elongated in the way
described above for AT0.1 � and GC0.1� (see also Table 6).
Thus, we have analyzed the A ± T and G ± C bond energy as a
function of the base ± base distance r ; the results are shown in
Figures 7 and 8, respectively. Around the equilibrium dis-
tance, DEoi and DVelstat are of the same order of magnitude as
discussed above. But at larger hydrogen-bond distances, solely
DVelstat survives as the only significant term causing attraction.
The reason why DEoi disappears faster with increasing base ±
base distance r is that the overlap, necessary for donor ± ac-
ceptor interactions to occur, vanishes exponentially whereas
DVelstat decays more slowly as rÿ3.[13]


Figure 7. Bond-energy decomposition (at BP86/TZ2P) as function of the
adenine ± thymine distance (rÿ req� 0 corresponds to the equilibrium
distance).


Figure 8. Bond-energy decomposition (at BP86/TZ2P) as function of the
guanine ± cytosine distance (rÿ req� 0 corresponds to the equilibrium
distance).


Extension of the VDD method for analyzing the charge
distribution


The base-pairing interactions, in particular s charge transfer
and p polarization, discussed in the previous section modify
the charge distribution around the nuclei. We have analyzed
this reorganization of the charge distribution with the Voronoi
deformation density (VDD) method, introduced in ref. [11a].
The VDD charge QVDD


A of an atom A monitors how much
electronic charge moves into (QVDD


A < 0) or out of (QVDD
A > 0)


a region of space around nucleus A that is closer to this than to
any other nucleus. This particular compartment of space is the
Voronoi cell of atom A,[12h] and it is bounded by the bond
midplanes on and perpendicular to all bond axes between
nucleus A and its neighboring nuclei (cf. the Wigner ± Seitz
cells in crystals). The VDD charge QVDD


A is computed as the
(numerical) integral of the deformation density D1(r)�
1(r)ÿSB 1B(r) in the volume of the corresponding Voronoi
cell [Eq. (5)].


QVDD
A �ÿ R


Voronoi
cell of A


(1(r)ÿSB1B(r))dr (5)


Here, 1(r) is the electron density of the molecule and
SB1B(r) the superposition of atomic densities SB1B(r) of a
fictitious promolecule without chemical interactions that is
associated with the situation in which all atoms are neutral. As
has been shown before, the VDD method yields chemically
meaningful atomic charges that display hardly any basis set
dependence.[11] Note, however, that the value of QVDD


A does
depend on both the chosen reference density (i.e. , the
promolecule) and the shape of the Voronoi cell.


Front atom problem and its solution: An extension of the VDD
method : For the DNA base pairs, we want to know the charge
rearrangement associated with the base-pairing interaction, in
particular that on the front atoms on each base, that is the
atoms pointing toward the other base. It may seem to be a
plausible approach to simply compute for each atom A the
difference between the atomic charge in the base pair, QVDD


A;pair


and that in the separate base, QVDD
A;base [Eq. (6)].


QVDD
A �QVDD


A;pairÿQVDD
A;base


�ÿ � R
Voronoi cell
of A in pair


(1pair(r)ÿSB1B(r))dr


ÿ R
Voronoi cell
of A in base


(1base(r)ÿSB1B(r))dr
� (6)


However, the effect of A ± T and G ± C hydrogen bonding
on the atomic charges is about an order of magnitude smaller
than the charge rearrangements due to the primary process of
strong chemical bond formation within the individual bases.
In that case, QVDD


A as defined in Equation (6) is not a reliable
indicator of the charge flow as a result of hydrogen bonding, at
least not for the front atoms that form the bonds with the
opposite base. Note that QVDD


A;pair and QVDD
A;base differ in two


respects: i) the different molecular densities 1pair and 1base, and
ii) the altered Voronoi cell. For the front atoms, the latter
effect is important since in a free base the Voronoi cell of such
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an atom will extend to infinity in the direction where the
second base will be located. In the pair, of course, the Voronoi
cell of the front atom will have as one of its faces the bond
midplane perpendicular to the bond to the other base and
cutting that bond in half. This drastic change of the shape of
the Voronoi cell has as much effect on the VDD charge as the
subtle change of the density from 1base to 1pair rendering
Equation (6) useless. We wish to emphasize that other
methods for the calculation of atomic charges (Mulliken,
Hirshfeld, Bader), where the presence of the new neighbor
atom in the other base directly affects the atomic charge
evaluation on the front atom, are in principle subject to the
same kind of problem when the small change in atomic charge
as a result of hydrogen bonding is calculated as the difference
of the ªlargeº charges in the pair and the base.


The VDD charge analysis offers a natural solution to this
problem. The relevant density difference, caused by the
hydrogen bonding between the bases, is the difference
between the self-consistent field (SCF) density of the pair as
final density and the superposition of the densities of the bases
as initial density. Integration of this deformation density,
which is plotted in Figure 11 (vide infra), over the Voronoi
cells of the atoms in the pair will reflect the charge flow due to
the hydrogen-bonding interaction [Eq. (7)].


DQVDD
A �ÿ R


Voronoi cell
of A in pair


[1pair(r)ÿ 1base1(r)ÿ 1base2(r)]dr (7)


The calculation of a small difference of two large numbers
that are not completely comparable, as in Equation (6), is now
avoided. Only one Voronoi cell is used, the one in the pair,
which eliminates the problem identified above. This method
for ªmeasuringº the charge rearrangement as a result of the
weak hydrogen bonding is of course in the spirit of the VDD
calculation of atomic charges resulting from chemical bond
formation as in Equation (5) since it integrates the relevant
density difference over an appropriate atomic part of space.


Decomposition of VDD charges into s and p components :
To analyze the charge rearrangement caused by charge
transfer in the s system and that caused by polarization in
the p system separately, we introduced a further extension of
the VDD method: DQA that properly accounts for the effect
of base pairing according to Equation (7) is decomposed into
the contributions of the s- and p-deformation densities DQs


A


and DQp
A [Eq. (8)].


DQG
A�ÿ


R
Voronoi cell
of A in pair


[1G
pair(r)ÿ 1G


base1(r)ÿ 1G
base2(r)]dr (8)


The density 1G is obtained as the sum of orbital densities of
the occupied molecular orbitals belonging to the irreducible
representation G [Eq. (9)].


1G�
Xocc


i2G


jyG
i j 2 (9)


Charge redistribution as a result of hydrogen bonding : The
changes in atomic charge DQA caused by hydrogen bonding in
AT and GC [Eq. (7)] are collected in Figures 9 and 10,
respectively. An unexpected pattern emerges for the DQA's of
the atoms directly involved in hydrogen bonds. Instead of


losing density as one would at first expect on the basis of the
orbital interactions (see Scheme 2), the electron-donor atoms
(oxygen and nitrogen) gain density and become more
negative! For AT, we find that adenine N1 and thymine O4
gain negative charges of ÿ0.031 and ÿ0.037 electrons,
respectively (Figure 9). Likewise, in GC, the negative charge
on guanine O6 increases by ÿ0.049 electrons, and the
electron-donor atoms in cytosine, O2 and N3, gain negative
charges of ÿ0.030 and ÿ0.037 electrons, respectively (Fig-
ure 10). Surprizing is also that the electronic density at the
hydrogen atom of the electron-accepting NÿH group de-
creases upon formation of the complex, yielding DQA values
ranging from �0.035 to �0.048 electrons (Figures 9 and 10).
An increase of electron density would have been expected as
a result of the charge-transfer interactions (see Scheme 2).
Furthermore, we only find a moderate accumulation of
negative charge on the nitrogen atoms of the electron-
accepting NÿH groups (Figures 9 and 10).


Figure 9. Changes in s, p and total VDD atomic charges [milli-electrons]
on forming the N6(H) ´´´ O4 and N1 ´´´ (H)N3 hydrogen bonds between
adenine and thymine in AT (see Scheme 1) calculated at BP86/TZ2P.


How do these DQA values arise or, in other words, what is
the physics behind these numbers? We have tried to find out
by decomposing DQA into its s and p components DQs


A and
DQp


A [Eq. (8)] which are also shown in Figures 9 and 10. The
DQs


A values reveal a clear charge-transfer picture for AT and
GC: Negative charge is lost on the electron-donor atoms
whereas there is a significant accumulation of negative charge
on the nitrogen atoms of the electron-accepting NÿH bonds. It
is the reorganization of charge stemming from p polarization,
as reflected by the DQp


A values, that causes the counter-
intuitive pattern of the overall charge rearrangement moni-
tored by DQA. Note that DQs


A and DQp
A are of the same order
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Figure 10. Changes in s, p and total VDD atomic charges [mili-electrons]
on forming the O6 ´´´ (H)N4, N1(H) ´´ ´ N3 and N2(H) ´´´ O2 hydrogen
bonds between guanine and cytosine in GC (see Scheme 1) calculated at
BP86/TZ2P.


of magnitude whereas DEp is an order of magnitude smaller
than DEs (see section on nature of the hydrogen bond). The p-
electron density of the bases is polarized in such a way that the
build-up of charge arising from charge-transfer interactions in
the s system is counteracted and compensated: The electron-
donor atoms gain p density and the nitrogen atoms of the
electron-accepting NÿH bonds loose p density (compare DQs


A


and DQp
A in Figures 9 and 10). This suggests that there may be


some kind of cooperativity between the s charge transfer and
p polarization which is reminiscent of the resonance assis-
tance proposed by Gilli et al.[7a] In the following section, we
examine if such a synergism between DEs and DEp inter-
actions really exists.


But first we want to resolve the still open question why
hydrogen bonding makes the hydrogen atoms involved more
positive (Figures 9 and 10). This turns out to be a subtle
mechanism. To get an idea how the positive DQA charges of
these hydrogen atoms arise, we have plotted the correspond-
ing deformation densities for the formation of AT and GC
from their separate bases (i.e. , the density of the base pair
minus the superimposed densities of the bases) in Figure 11.
These deformation-density plots nicely show the depletion of
charge around the hydrogen-bonding hydrogen atoms that the
VDD charges had already detected. A more detailed exami-
nation reveals that an important portion of this charge
depletion stems from the Pauli repulsion (i.e., DEPauli)
between the occupied orbitals of the two bases, in particular
the strongly overlapping O or N lone pairs of one base and the
occupied NÿH s-bonding orbitals of the other base. But also
the bonding orbital interactions (i.e., DEoi) contribute to this


Figure 11. Contour plots for AT and GC of the difference between the
density of the base pair and the superposition of densities of the individual
bases calculated at BP86/TZ2P (Scan values:�0.05,�0.02,�0.01,�0.005,
�0.002, 0. Solid, dashed and dash-dotted contours indicate positive,
negative and zero values, respectively).


feature in the deformation density. Morokuma and co-work-
ers[6b,c] have ascribed the charge depletion around the hydro-
gen-bonding hydrogen atom in, for example, the water dimer
to a large extent to polarization in the s-electron system even
though this term appears to contribute only little to the inter-
action energy. A further mechanism that may contribute to
the depletion of charge around these hydrogen atoms is that
the lone pairs that donate charge, penetrate deeply into the
space around the hydrogen nucleus of the partner NÿH bond,
that is the Voronoi cell of that hydrogen atom. Consequently,
as the lone pair gets depopulated during charge transfer, it
causes a depletion of charge not only on the donor atom but
also in the Voronoi cell of the ªacceptingº hydrogen atom.
Meanwhile, the NÿH acceptor orbitals have a compact high
amplitude character around the nitrogen atom whereas they
are more extended and diffuse on hydrogen (see Figures 3 and
4). This makes that the electronic charge accepted during
charge transfer appears in a region closely around the nucleus
of nitrogen and more distant from that of hydrogen. Thus, we
find that thanks to the two extensions presented here the
VDD method has become a valuable tool for monitoring and
analyzing even very subtle charge rearrangements.


Synergism in hydrogen bonding


At this point, we are left with three questions concerning
DNA base pairing: i) Do the hydrogen bonds that donate
charge in opposite directions reinforce each other by reducing
the net build-up of charge on each base? ii) Is there a
cooperative effect or resonance assistance by the p-electron
system as suggested by Gilli et al.?[7a] and iii) How important
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is p polarization for the hydrogen-bonding structure (i.e.,
bond distances)? To answer these questions, we have carried
out further detailed analyses of the base-pairing energies, in
which individual types of orbital interactions are considered
while others are switched off by removing the appropriate s or
p virtuals from the respective DNA bases. The results are
collected in Tables 7 and 8. Our notation is exemplified for the
AT pair: A(s,p)T(s,p) corresponds to a regular computation
on AT in which all s and p virtuals are included; A(s,ÿ )-
T(s,ÿ ), for example, indicates that all s virtuals are available
on A and T whereas the p virtuals have been removed from
both bases.


Synergism between individual hydrogen bonds in DNA base
pairs? The synergism within the s system between charge
transfer from one base to the other through one hydrogen
bond and back through the other hydrogen bond (AT) or
bonds (GC) is obtained as the difference between DEs in
entry IIIa and entry IIa� b in Table 7 or 8. In IIIa, charge-
transfer interactions in both directions occurs simultaneously,
whereas IIa� b gives the sum of the situations with charge-
transfer interaction forth only and back only; p polarization is
completely switched off. The anticipated synergic effect does
not occur: We find that DEs(IIIa)ÿDEs(IIa� b) is close to
zero with values of �0.8 and �1.1 kcal molÿ1 for AT and GC
(see Tables 7 and 8). This suggests that the hydrogen bonds
donating charge in opposite directions operate independently.
This is nicely confirmed by comparing the regular deforma-


tion density (e.g. D1AT� 1ATÿ 1Aÿ 1T, see Figure 11)
with the deformation densities belonging to IIa and IIb
(i.e., D1A(s,ÿ)T(ÿÿ)� 1A(s,ÿ)T(ÿÿ)ÿ 1Aÿ 1T and D1A(ÿ ,ÿ)T(sÿ)�
1A(ÿ ,ÿ)T(sÿ)ÿ 1Aÿ 1T not shown in Figure). This comparison
shows that the charge-transfer processes that donate charge in
opposite directions do not affect each others locally induced
(and conversely oriented) charge separations, while their
simultaneous occurrence still does reduce the net build-up of
charge. The fact that DEs(III)ÿDEs(IIa� b) is even slightly
destabilizing can be ascribed to the repulsion accompanying
the simultaneous occurrence in III but not in IIa or IIb of an
accumulation of density both at the donor and acceptor atoms
next to each other on the same base (see Figure 11).


In the same manner, we can compute the synergism
between the p polarizations occurring on each of the bases
as the difference between DEp in entry IIIb and entry IIc� d
in Table 7 or 8. In IIIb, p polarization occurs on both bases
simultaneously, whereas IIc� d gives the sum of the situations
with p polarization on one base only and on the other base
only; charge transfer in the s-electron system is completely
switched off. Again, there is no synergic effect with
DEp(IIIb)ÿDEp(IIc� d) being virtually zero (0.1 and
0.2 kcal molÿ1 for AT and GC). Thus, the p polarizations
occurring in each individual base of a base pair are independ-
ent.


Synergism between s charge transfer and p polarization? The
synergism between charge transfer in the s-electron system
(DEs) and polarization in the p-electron system (DEp) can be
computed as the difference between DEoi in entry I and
entry IIIa� b in Tables 7 or 8. In I, all s charge transfer and p


polarization interactions occur simultaneously, whereas
IIIa� b gives the sum of the situations in which there is
s charge transfer interaction only and p polarization only. We
find very small synergic effects DEoi(I)ÿDEoi(IIIa� b) of
ÿ0.7 and ÿ1.4 kcal molÿ1 for AT and GC. The overall
synergic effect is composed of a synergic stabilization in the
s charge transfer interaction DEs(I)ÿDEs(IIIa) of ÿ0.3 and
ÿ0.4 kcal molÿ1, and a synergic stabilization in the p polar-
ization DEp(I)ÿDEp(IIIa) of ÿ0.4 and ÿ1.0 kcal molÿ1 for
AT and GC, respectively.


We conclude that the p electrons give almost no assistance
to the donor ± acceptor interactions in the hydrogen bonds in
the sense of a synergism. Energetically, the main assistance
caused by the p electrons is simply the small although not
negligible term DEp which contributes ÿ1.7 and
ÿ4.8 kcal molÿ1 to the net hydrogen bond energy (see
Tables 3, 4, 7 and 8; see also section on nature of the
hydrogen bond).


But how important is this DEp term for the structure, that is,
the hydrogen-bond distances of the DNA base pairs? We can
determine this influence, by computing the bond energy with
p polarization switched on and off (i.e. , with or without the p


virtuals of the bases) as a function of the base ± base distance
(we follow the procedure for varying the bond length
described before in section on nature of the hydrogen bond).
The resulting bond energy curves are shown in Figure 12.


The comparison between the curves of A(s,p)T(s,p) and
G(s,p)C(s,p) (i.e., p polarization switched on) and those of


Table 7. Analysis of the synergy between s- and p-orbital interactions in
A ± T [kcal molÿ1].[a]


Virtuals available[b] DEs DEp DEoi


I A(s,p)T(s,p) ÿ 20.7 ÿ 1.7 ÿ 22.4


II a A(ÿ ,ÿ )T(s,ÿ ) ÿ 12.9
b A(s,ÿ )T(ÿ ,ÿ ) ÿ 8.3
a� b ÿ 21.2
c A(ÿ ,ÿ )T(ÿ ,p) ÿ 0.7
d A(ÿ ,p)T(ÿ ,ÿ ) ÿ 0.7
c�d ÿ 1.4


III a A(s,ÿ )T(s,ÿ ) ÿ 20.4 ÿ 20.4
b A(ÿ ,p)T(ÿ ,p) ÿ 1.3 ÿ 1.3
a� b ÿ 21.7


[a] BP86/TZ2P. [b] A(s,ÿ )T(s,ÿ ) for example indicates: s virtuals
available on and p virtuals removed from both A and T.


Table 8. Analysis of the synergy between s- and p-orbital interactions in
G ± C [kcal molÿ1].[a]


Virtuals available[b] DEs DEp DEoi


I G(s,p)C(s,p) ÿ 29.3 ÿ 4.8 ÿ 34.1


II a G(ÿ ,ÿ )C(s,ÿ ) ÿ 13.6
b G(s,ÿ )C(ÿ ,ÿ ) ÿ 16.4
a� b ÿ 30.0
c G(ÿ ,ÿ )C(ÿ ,p) ÿ 2.0
d G(ÿ ,p)C(ÿ ,ÿ ) ÿ 1.6
c�d ÿ 3.6


III a G(s,ÿ )C(s,ÿ ) ÿ 28.9 ÿ 28.9
b G(ÿ ,p)C(ÿ ,p) ÿ 3.8 ÿ 3.8
a� b ÿ 32.7


[a] BP86/TZ2P. [b] G(s,ÿ )C(s,ÿ ) for example indicates: s virtuals
available on and p virtuals removed from both G and C.
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Figure 12. Interaction energy of AT and GC with and without pvirtuals as
function of the base-base distance calculated at BP86/TZ2P (rÿ req� 0
corresponds to the equilibrium distance).


A(s,ÿ )T(s,ÿ ) and G(s,ÿ )C(s,ÿ ) (i.e., p polarization off)
shows that without p polarization the equilibrium hydrogen-
bond distances expand for both base pairs by some 0.1 �. This
would yield hydrogen-bond lengths for AT of 2.95 and 2.91 �
and for GC of 2.97, 2.98 and 2.83 �. One might conceive the
extra bond shortening caused by p polarization as some kind
of resonance assistance. However, we stress again that DEp is
only a minor bonding component and that there is no
resonance-assistance in the sense of a synergism between s-
charge transfer and p polarization.


Conclusions


The hydrogen bond in DNA base pairs is, at variance with
widespread belief, not a pure or essentially electrostatic
phenomenon. Instead, as follows from our BP86/TZ2P
investigation, it has a substantial charge-transfer character
caused by donor ± acceptor orbital interactions (between O or
N lone pairs and NÿH s*-acceptor orbitals) that are of the
same order of magnitude as the electrostatic term. Polar-
ization in the p-electron system provides an additional
stabilizing term. This is, however, one order of magnitude
smaller than the s donor ± acceptor interactions. It still has the
effect of reducing the base ± base bond distance by 0.1 �. A
more detailed bond analysis shows that no substantial
synergism occurs between the individual hydrogen bonds in
the base pairs nor between s orbital interactions and p


polarization. And there is no CÿH ´´´ O hydrogen bond in AT.
The occurrence of charge transfer and polarization in the s-
and p-electron system, respectively, is confirmed by our
complementary analysis of the electron density distribution
with the extensions of the VDD method that we have
introduced in the present work.


It is evident that many other factors are of great importance
for the working of the molecular genetic machinery (e.g.,
structural complementarity of bases, hydrophobic interactions
and other medium effects, interaction with enzymes and other
proteins, etc.).[1d, 22] However, regarding the intrinsic cohesion
of DNA, we may conclude that it is the chemical charge-
transfer nature of the hydrogen bond in Watson ± Crick base


pairs, rather than resonance assistance by the p-electron
system, that together with the classical electrostatic interac-
tion is vital to the behavior and the stability and, thus, the
evolution of nature's genetic code.
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Recognition of Steroids by Self-Assembled Monolayers
of Calix[4]arene ± Resorcin[4]arene Receptors


Arianna Friggeri, Frank C. J. M. van Veggel,* and David N. Reinhoudt*[a]


Abstract: Calix[4]arene ± resorcin[4]-
arene (2:1) receptor adsorbate 2 equip-
ped with four didecyl sulfide groups self-
assembles in monolayers (SAMs) on
gold. These monolayers were character-
ized by contact angle measurements,
polarized infrared external reflectance
spectroscopy (PIERS), electrochemical
capacitance and resistance measure-
ments, and X-ray photoelectron spectro-
scopy (XPS). Interactions of a mono-
layer of 2 with steroid guests were
investigated by surface plasmon reso-


nance (SPR) spectroscopy. The results
show that steroids interact more strong-
ly with a monolayer of 2 than with a
hydrophobic reference monolayer of
octadecanethiol. There is virtually no
detectable interaction with a hydrophilic
reference monolayer of 11-mercaptoun-


decan-1-ol. Mixed monolayers of 2/11-
mercaptoundecan-1-ol and of 2/decane-
thiol showed lower SPR responses with
the steroids than the pure monolayer
of 2. Concentration-dependent experi-
ments with prednisolone-21-acetate,
corticosterone-21-acetate, and corti-
sone-21-acetate on the mixed monolayer
showed Langmuir-type adsorption with
affinity constants between 2.0� 105 and
3.5� 105mÿ1.


Keywords: monolayers ´ steroids ´
supramolecular chemistry ´ surface
analysis ´ surface plasmon reso-
nance


Introduction


Steroids are present in all eukaryotic organisms and they are
involved in a great variety of biologically important proc-
esses.[1, 2] The importance of this class of compounds has lead
to a vast scientific interest in steroid ± receptor interactions.
Our understanding of the latter has been greatly improved by
X-ray studies of biological steroid receptors.[3] From these
studies, it appears that in general, hydrophobic desolvation
and dispersion interactions are the major driving forces for
the association process, as well as host ± guest shape comple-
mentarity.[4]


The mimicry of molecular recognition of steroids by
synthetic receptors is of current interest in supramolecular
chemistry. Diederich et al. synthesized a cyclophane-based
receptor capable of complexing cholesterol in water, with an
association constant of 1.5� 105mÿ1.[5] Derivatized b- and g-
cyclodextrins have also been used to solubilize cholesterol in
water[6] and as fluorescent receptor molecules for bile acids,
respectively.[7] In our group, Higler et al.[8] recently showed
that molecular platform 3 is able to complex steroids in


CDCl3. So far, recognition of steroid molecules with synthetic
receptors has only been attempted in solution.[9] Self-assem-
bled monolayers (SAMs) can be viewed as model systems for
cell membranes.[10] In a recent publication Grazzini et al.[11]


showed that steroids in some cases express their activity
through receptor ± steroid interactions at the surface of the cell
membrane. Therefore, we decided to modify steroid receptor
3 into an adsorbate molecule capable of forming self-
assembled monolayers on gold and to use such monolayers
for the detection of steroids at the water interface. Previously,
in our group, SAMs of receptor molecules have been
successfully employed for sensor purposes. Resorcin[4]ar-
ene-based adsorbates (e.g. 1) have been used for the detection
of perchloroethylene from the gas phase[12] and to investigate
the affinity of relatively small, neutral molecules to such
receptor surfaces in aqueous solution.[13] Recently, we have
shown that crown ether adsorbates can detect cations in
aqueous solution.[14]


In this paper, we describe the synthesis of 2 and the
interactions of several steroids with SAMs of 2, as well as
mixed SAMs of 2 with hydrophobic (C10H23SH) and hydro-
philic (HOC11H22SH) thiols. Surface plasmon resonance
(SPR) shows that the interactions of steroids with a mono-
layer of 2 are governed in part by the hydrophobic character
of the guests, but probably also by the three-dimensional
structure of the monolayer of 2. Furthermore, we have
determined affinity constants between 2.0� 105 and 3.5�
105mÿ1 for the interactions of prednisolone-21-acetate, corti
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costerone-21-acetate,and cortisone-21-acetate and the 2/
HOC11H22SH mixed monolayer. Previously, SPR has been
applied to the study of antibody ± antigene type interac-
tions.[15] More recently, Whitesides et al.[16] used it to inves-
tigate monolayer-surfactant interactions.


Results and Discussion


For the synthesis of 2, the hydroxy moieties in compound 4
were first protected with tert-butyldimethylsilyl (TBDMS)
groups. Subsequently the terminal double bonds of the
pendent alkyl chains were reacted with decanethiol in the
presence of 9-borabicyclo[3.3.1]nonane (9-BBN) as a radical
activator.[17] Compound 5 was deprotected in THF with
Bu4N�Fÿ and subsequently allowed to react with two equiv-
alents of calix[4]arene 8. The reaction produced 2 (endo ±
exo)[8] in 21 % yield, as the most abundant isomer (Scheme 1),
the endo ± endo and exo ± exo isomers were isolated in 8 and
18 % yield, respectively. As previous studies in solution
showed that steroids interact almost equally with all three
isomers,[8] only the endo ± exo isomer was used for monolayer
formation.


SAMs of 2 were prepared as described in the experimental
section and characterized by means of contact angle measure-
ments, polarized infrared external reflectance spectroscopy
(PIERS), electrochemical capacitance and resistance meas-
urements, and by X-ray photoelectron spectroscopy (XPS).
Contact angle measurements show that the layers present a
hydrophobic interface (qa� 103� 28) and are relatively dis-
ordered (Dq� 248), when compared with a decanethiol mono-
layer or a cavitand (1) layer (Dq� 168).[13] The head group of 2
occupies a much larger area than that of the supporting alkyl
sulfide chains. Therefore the disorder shown in the layer of 2
fully agrees with previous findings of our group,[18] that a well-
packed ordered monolayer is obtained only when the area
occupied by the head group is smaller than the area occupied
by the anchoring alkyl chains. The infrared spectrum of the
monolayer of 2 (Figure 1) shows several characteristic bands
in the 3000 ± 2800 cmÿ1 region, corresponding to the CH2 and
CH3 stretching vibrations of the resorcinarene�s decyl
chains[19] and the propyl substituents at the lower rim of the
calixarenes. A rather intense peak at 1466 cmÿ1 is most
probably due to CH2 bending vibrations. Furthermore the
amide I and amide II bands are present at 1699 and 1543 cmÿ1,
respectively. The peak at 1319 cmÿ1 is tentatively assigned to
the amide C ± N stretching vibrations. The symmetric and
asymmetric aromatic ether band is present at 1214 cmÿ1.[20, 21]


The monolayer of 2 was further characterized by electro-
chemical capacitance and resistance measurements. The
capacitance (Cml� 3.11 mF cmÿ2) is somewhat high, when
compared with other resorcin[4]arene-based monolayers of
slightly smaller adsorbate molecules.[19] The resistance (R�
1690 W) is particularly low. The value of Cml indicates that the
thickness of the monolayer is smaller than when all the
molecules are adsorbed with the alkyl moieties perpendicular
to the gold surface. Together with the resistance this clearly
shows that 2 forms relatively disordered monolayers, with
probably quite a number of defects. Further experimental
evidence of the actual presence of the desired molecule on the
gold surface was provided by the XPS data. The results shown
in Table 1 agree very well with the theoretical values.


A schematic representation of the two-channel SPR set-up
used for the measurements of the interaction of the steroids
with the monolayers is shown in Figure 2. Saturated aqueous
solutions of the steroids were used due to the extremely low
solubility of these molecules in water. The concentrations of
the steroid solutions were determined by UV experiments.
Furthermore, according to UV experiments with Reichardt�s
Dye, none of the steroid solutions showed aggregation of the
solutes.[22] The changes in SPR angle (Da) caused by the
addition of the solutions of steroids I ± X are shown in
Figure 3. Each of the steroids shows a characteristic behavior
when in contact with this particular receptor surface. Cholic
acid gives the highest response and cholesterol gives almost
no response. This corresponds with the solubilities of the
steroids in water, the former is the most and the latter is the
least soluble of the steroids studied. However, for all the other
steroids, there is no correlation between the Da and the
steroid concentrations of the solutions. The responses of the
same steroids have been tested on hydrophobic (C18H37SH)
and hydrophilic (HOC11H22SH) reference monolayers and are
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also shown in Figure 3. On the C18H37SH monolayer all the
steroids showed quite high Da values, most probably due to
the strong hydrophobic attraction between substrate and
surface in water. The intensity of the responses correlates
nicely with the solubilities of the guests. On the other hand,
there is no interaction between the steroids and the hydrophilic
surface. These results suggest that hydrophobic interactions
may also contribute considerably to the Da values obtained
on the monolayer of 2.


Mixed monolayers of 2 and HOC11H22SH were prepared in
order to obtain more densely packed two-component mono-
layers. In these monolayers, the voids between the molecules
of 2 adsorbed on gold are patched with HOC11H22SH. Since
the steroids only interact with the receptors 2 and not with
monolayers of HOC11H22SH, we can safely exclude contribu-
tion to the SPR signal from the surrounding HOC11H22SH
molecules. The mixed 2/HOC11H22SH (2/HO-) layers were
prepared by the immersion of a monolayer of 2 in an ethanolic
solution of HOC11H22SH, followed by rinsing extensively with
CH2Cl2, EtOH, and water. In order to assess the immersion
time necessary for the HOC11H22SH molecules to fill the voids
in the monolayers of 2 completely, the substrates were taken
out of the 11-mercaptoundecan-1-ol solution after 1 and
5 min. The electrochemical capacitance and resistance were
compared with the values obtained for a HOC11H22SH


Scheme 1. Synthesis of 2 (endo ± exo) receptor adsorbate. Y� yield.


Figure 1. PIERS of 2 SAM on gold.


Table 1. XPS of adsorbate of 2. Values are percentages corrected for Au.


S C O N


Experimental 1.5 84.4 12.8 1.3
Calculated 1.8 85.7 10.7 1.8
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Figure 2. Schematic representation of the SPR measuring set-up.


Figure 3. SPR responses of a monolayer of 2 (black), an octadecanethiol
monolayer (light gray), and a mercaptoundecanol monolayer (dark gray) to
I. prednisone (1.47� 10ÿ4)[a] ; II. prednisolone-21-acetate (7.30� 10ÿ5); III.
norethindrone (3.34� 10ÿ5); IV. cholic acid (6.85� 10ÿ4); V. corticoster-
one-21-acetate (8.61� 10ÿ5); VI. cortisone-21-acetate (5.47� 10ÿ5); VII.
corteolone (1.03� 10ÿ4); VIII. estriol (6.23� 10ÿ5); IX. a-estradiol (8.24�
10ÿ6) and X. cholesterol (5.17� 10ÿ6). [a]All concentrations are in mol Lÿ1.


monolayer. Figure 4a shows that the capacitance values for
the pure monolayer of 2, the mixed layers, and the pure
HOC11H22SH layer are all quite similar. However, the
resistance measurements (Figure 4b), revealed that after a
1 min immersion time in the 11-mercaptoundecan-1-ol etha-
nolic solution, the layer had a resistance of 3.54� 104 ohm and
after 5 min of 1.12� 105 ohm, very similar to the resistance of
a HOC11H22SH monolayer (R� 1.01� 105 ohm). Therefore,
the two-component monolayer obtained after a 5 min im-
mersion time in HOC11H22SH was a well-packed layer with
relatively few defect sites. Contact angle measurements and
PIERS were used to evaluate the extent of adsorption of the
11-mercaptoundecan-1-ol molecules and the possible desorp-
tion of 2 within the 5 min immersion time in the HOC11H22SH
ethanolic solution. The contact angle results (Table 2) show a
slight decrease in the advancing contact angle from the
monolayer of 2 to the mixed layers, but even the latter remain
relatively hydrophobic. This is a first indication that most of
the molecules of 2 remain adsorbed on the gold surface.
PIERS measurements show no significant increase in the
intensities of the na(CH2) and ns(CH2) absorption peaks
(Figure 5a). Most probably the number of HOC11H22SH
molecules that intercalate into the 2:1 monolayer is quite


Figure 4. a) Electrochemical capacitance of a monolayer of 2, 2/HO- (1
and 5 min) mixed monolayers, and an 11-mercaptoundecan-1-ol mono-
layer. b) Electrochemical resistance of a monolayer of 2 (R� 1.69� 103 W),
2/HO- (1 and 5 min) mixed monolayers (R� 3.54� 104 and 1.12� 105 W),
and an 11-mercaptoundecan-1-ol monolayer (R� 1.01� 105 W).


small, and therefore they do not contribute significantly to the
intensities of these absorption peaks. Moreover, when com-
pared with the spectrum of the layer of 2, in the mixed 2/HO-
layer the ns(CH2) peak is shifted by 4 cmÿ1 to higher wave-
lengths. Apparently, in the mixed monolayers, the alkyl chains
are in a more liquid-like state than in the layer of 2.[23] Contact
angle measurements also show that the disorder increases on
going from a monolayer of 2 (Dq� 248) to the mixed layers
(Dq� 36 ± 378) (Table 2). For definite proof that desorption of
2 did not occur during the formation of the mixed monolayers,
layers of 2 and perdeuterated decanethiol (C10D21SH) were
prepared following the same procedure as for the 2/HO-
adsorbates. PIERS measurements show no decrease in the
intensities of the n(CH2) and n(CH3) absorption peaks in the
2/C10D21SH (5 min) spectrum, but they do show the same shift
to higher wavelengths of the ns(CH2) band (Figure 5b).


The SPR responses of the 2/HO- monolayer towards
steroids I ± X are given in Figure 6. For most steroids the
response of the 2/HO- (5 min) mixed monolayer is consid-
erably lower than that of the monolayer of 2. In general, it
seems that decreasing the hydrophobic character of the
monolayer of 2 by adding a hydrophilic component


Table 2. Advancing (qa) and receding (qr) contact angles of water on
monolayers of 2, mixed 2 and mercaptoundecanol (1 and 5 min), and
mercaptoundecanol.


2 2/HO- (1 min.) 2/HO- (5 min.) HOC11H22SH


qa 103� 2 88� 2 90� 2 < 20
qr 79� 1 51� 2 54� 2 < 20
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Figure 5. a) PIERS of 2/HO- (5 min) mixed monolayer. (b) PIERS of 2/
C10D23SH (5 min) mixed monolayer.


Figure 6. SPR responses of a monolayer of 2 (black), a 2/HO- (1 min)
monolayer (light gray), and a 2/HO- (5 min) monolayer (dark gray) to: I.
prednisone (1.47� 10ÿ4)[a] ; II. prednisolone-21-acetate (7.30� 10ÿ5); III.
norethindrone (3.34� 10ÿ5); IV. cholic acid (6.85� 10ÿ4); V. corticoster-
one-21-acetate (8.61� 10ÿ5); VI. cortisone-21-acetate (5.47� 10ÿ5); VII.
cortexolone (1.03� 10ÿ4); VIII. estriol (6.23� 10ÿ5); IX. b-estradiol
(8.24� 10ÿ6), and X. cholesterol (5.17� 10ÿ6). [a]All concentrations are in
mol Lÿ1.


(HOC11H22SH), decreases the intensity of steroid responses.
The same measurements were carried out with mixed mono-
layers of 2 and the hydrophobic decanethiol (Figure 7).
Surprisingly, most of the responses to the layer 2 are still
larger than for the 2/CH3- (5 min) mixed monolayer. Only
guests I, II, VIII and IX are exceptions. This means that the
hydrophobicity of the layer of 2 is not the only factor
responsible for the observed steroid ± receptor interactions.
These results suggest that, for steroid sensing, the relatively
disordered structure of a monolayer of 2 has an advantage in


Figure 7. SPR responses of a monolayer of 2 (black), a 2/CH3- (1 min)
monolayer (light gray), and a 2/CH3- (5 min) monolayer (dark gray) to I.
prednisone (1.47� 10ÿ4)[a] ; II. prednisolone-21-acetate (7.30� 10ÿ5); III.
norethindrone (3.34� 10ÿ5); IV. cholic acid (6.85� 10ÿ4); V. corticoster-
one-21-acetate (8.61� 10ÿ5); VI. cortisone-21-acetate (5.47� 10ÿ5); VII.
cortexolone (1.03� 10ÿ4); VIII. estriol (6.23� 10ÿ5); IX. b-estradiol
(8.24� 10ÿ6), and X. cholesterol (5.17� 10ÿ6). [a]All concentrations are in
mol Lÿ1.


terms of sensitivity, as the presence of voids may favor the
intercalation of guest molecules and/or render the monolayer
structure more flexible and therefore better suited to accom-
modate guests.


We can assume two types of adsorption sites in the
monolayer of 2 viz the receptors 2 and the spaces between
them. The mixed monolayer has only the receptor sites of 2.
The nature of the interactions of steroids with such receptor
sites was studied in more detail for prednisolone-21-acetate
(II).[24] Aqueous solutions of II of different concentrations
were added to both a monolayer of 2 and to a 2/HO- (5 min)
mixed monolayer (Figure 8). Assuming that the receptor ±
guest interaction is the prevalent one, both sets of points
have been fitted to a Langmuir isotherm (Figure 9). In this we
assume that maximum surface coverage is obtained when the
layer is exposed to the saturated steroid solution. This seems
to be a reasonable assumption as, for a saturated solution, the
number of guest molecules per receptor molecule, calculated


Figure 8. SPR angle changes measured upon addition of prednisolone-21-
acetate on a monolayer of 2 (^) and on a 2/HO- (5 min) monolayer (*).
Each point corresponds to the average value obtained from four measure-
ments and has an error of 0.02 Da.
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Figure 9. a) Fractional coverage (q) of a monolayer of 2 as a function of the
concentration (�10ÿ5m) of prednisolone-21-acetate (^). The line is the
result of a Langmuir isotherm curve fitting calculation (r2� 0.94).
b) Fractional coverage (q) of a 2/HO- (5 min) mixed monolayer as a
function of the concentration (�10ÿ5m) of prednisolone-21-acetate (*).
The line is the result of a Langmuir isotherm curve fitting calculation (r2�
0.98).


from SPR Da values,[25] is at a maximum of four on the mixed
monolayer and six on the layer of 2. These numbers
correspond to a complete coverage of the exposed surface
area of the host,[26] in the case of the mixed monolayer, and
support the guest intercalation assumption in the case of the
monolayer of 2. The possibility of multilayer formation can
therefore be eliminated. The fact that for a saturated solution
of guest, four molecules of guest interact with one host
molecule is not consistent with the initial assumption that the
receptor constitutes one type of adsorption sites. Apparently,
the four guest molecules adsorb on different parts of the host,
most probably each with a slightly different affinity constant,
but such small differences cannot be distinguished by the
measuring method employed. Therefore a Langmuir type
behavior was observed. For the interaction of II with the 2/
HO- (5 min) mixed monolayer, a relatively good Langmuir
isotherm curve fit could be obtained (r2� 0.98),[27, 28] and an
affinity constant of (2.00� 0.20)� 105mÿ1 was calculated.
However, for the interaction of II with the monolayer of 2,
the measured points do not fit very accurately to the
Langmuir isotherm (r2� 0.94), suggesting the occurrence of
guest ± guest interactions and/or the presence of different
types of adsorption sites. The difference between the SPR
response of II on the monolayer of 2 and on the 2/HO- (5 min)
mixed monolayer is shown in Figure 10. These points repre-
sent the interaction of the guest molecules with the voids
between the receptor molecules, in the monolayer of 2. The
points fit well to a sigmoid curve (r2� 0.99) indicating that the


Figure 10. Difference between the SPR responses on the monolayer of 2
and on the 2/HO- (5 min) mixed monolayer (&). The points have been
fitted to a sigmoid curve (r2� 0.99).


interaction between adsorbed molecules of prednisolone-21-
acetate, in the voids, is significant.[29]


The interactions of corticosterone-21-acetate (V) and
cortisone-21-acetate (VI) with the 2/HO- (5 min) mixed
monolayer were also investigated, and similar curves to those
shown in Figure 9, for guest II, were obtained. With the same
assumptions as for II, affinity constants of (2.15� 0.38)�
105mÿ1 and (3.51� 0.74)� 105mÿ1 were calculated for guests
V and VI respectively, on the 2/HO- (5 min) monolayer.[30]


Moreover, the SPR response of V (Figure 6) is more intense
than for II and VI even though the affinity constants are very
similar. This means that molecules of V may have a different
position on the monolayer than those of II and VI, allowing a
greater number of steroids to be present at the receptor
surface.


Conclusion


In conclusion, we have shown that the recognition of steroids
with synthetic receptor monolayers is possible. Monolayers of
2 have proven to be better receptor layers than simple
hydrophobic (octadecanethiol) or hydrophilic (HOC11H22SH)
interfaces. The higher responses obtained for a monolayer of 2
are most probably due to the overall structure of the layer: a
combination of specific steroid receptors and voids which
provides the receptors with space to adapt to the guest
molecules, and permits guest intercalation between the
receptor molecules. These are important aspects that should
be taken into consideration in the design of new, more
selective and sensitive synthetic receptor monolayers.


Experimental Section


Chemicals : THF was freshly distilled from Na/benzophenone before use.
For synthetic purposes dichloromethane, ethyl acetate, and hexanes
(petroleum ether isomer mixture with boiling point between 60 and
80 8C) were distilled from calcium chloride. All other reagents were used as
received; p. a. grade solvents were used for monolayer preparation. All
reactions were conducted under an argon atmosphere.


Gold substrates : Gold substrates were prepared by evaporating 47.5 nm of
gold on a glass slide, 25 mm in diameter, with a 2 nm titanium layer for
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adhesion. Immediately before use, the substrates were cleaned with an
oxygen plasma (10 min) and subsequently immersed in ethanol for 5 min to
remove the oxide layer.[31]


Monolayer preparation : All glassware used to prepare monolayers was
immersed in piranÄa solution. Caution!: piranÄa solution should be handled
with care; it has been reported to detonate unexpectedly. Next, the
glassware was rinsed with large amounts of high-purity water (Millipore).
Monolayers of 2 were prepared by immersing the gold substrates, with
minimal delay, in 0.1 mm adsorbate solutions (chloroform/ethanol, 1:1),
which were then heated at 60 8C for 16 h.[19] The samples were then allowed
to cool to room temperature before being taken out of the adsorbate
solutions and rinsed thoroughly with dichloromethane, ethanol, and water
(Millipore). Monolayers of octadecanethiol, 11-mercaptoundecan-1-ol,
deuterated and nondeuterated decanethiol were prepared by immersing
the gold substrates in the respective 1 mm ethanolic solutions for 16 h at
room temperature, and were then subjected to the same rinsing procedure
as described above. Mixed monolayers were prepared by immersing rinsed
monolayers of 2 in 1 mm ethanolic solutions of decanethiol, deuterated
decanethiol, or 11-mercaptoundecan-1-ol for either 1 or 5 min. The layers
were then subjected to the same rinsing procedure as described above.


Surface plasmon resonance : For all SPR experiments, a two-channel
vibrating-mirror angle scan set-up, based on the Kretschmann configura-
tion,[32] was used. This set-up has previously been described by Kooyman
et al. ,[33] therefore a detailed description of the instrument will not be given
in the present paper. It will suffice to say that light from a 2-mW HeNe laser
(wavelength 632 nm) is directed onto the prism surface by means of a
vibrating mirror and that the intensity of the reflected light is monitored by
a large-area photodiode. Changes in plasmon angle (Da) can be deter-
mined with an accuracy of 0.0028. Figure 2 shows how it is possible to
measure simultaneously the changes in SPR angle which occurs on receptor
and reference monolayers, upon addition of a certain solution of guest, with
the aid of a two-compartment cell appropriately placed on both adsorbates.
Before each measurement, the two cell compartments were each filled with
800 mL of water. After stabilization of the SPR signal (�30 minutes),
700 mL of water were removed from each compartment and replaced with
700 mL of a certain guest solution. Once the signal was recorded, before
measurement of a second signal, the solution of the first guest was removed
and repeated washings with water (700 mL �3 or �4) were carried out.
SPR measurements were repeated four times for each monolayer-guest
system. For every experiment saturated solutions of guests were employed:
I. prednisone (1.47� 10ÿ4m), II. prednisolone-21-acetate (7.30� 10ÿ5m),
III. norethindrone (3.34� 10ÿ5m), IV. cholic acid (6.85� 10ÿ4m), V.
corticosterone-21-acetate (8.61� 10ÿ5m), VI. cortisone-21-acetate (5.47�
10ÿ5m), VII. cortexolone (1.03� 10ÿ4m), VIII. estriol (6.23� 10ÿ5m), IX. b-
estradiol (8.24� 10ÿ6m), and X. cholesterol (5.17� 10ÿ6m), with the
exception of the concentration dependence experiments carried out with
prednisolone-21-acetate. The latter were also repeated four times on the
layer of 2 and on the 2/HO- (5 min) mixed layer.


Instrumentation : 1H NMR and 13C NMR spectra were recorded with a
Bruker AC 250 spectrometer in CDCl3 using traces of nondeuterated
solvent as internal standard. FAB-mass spectra were obtained with a
Finnigan MAT90 mass spectrometer. Determination of the concentrations
of the saturated steroid solutions, and studies of steroid aggregation
behavior were carried out by UV measurements on a Hewlett Packard
8452A diode array spectrophotometer. Polarized infrared external reflec-
tance spectroscopy (PIERS) was performed on a Biorad FTS60A
spectrophotometer at an angle of incidence of 878, in a nitrogen-purged
chamber. For each spectrum 1024 scans were carried out, with a 2 cmÿ1


resolution. A freshly prepared deuterated decanethiol monolayer was used
as background spectrum. Contact angle (CA) measurements were carried
out on a KRÜSS Contact Angle Measuring System G10. Measurements for
a drop of water whose volume was gradually increased (advancing CA) and
then decreased (receding CA) were repeated on three sites of the same
sample. For each receptor monolayer three samples were measured, and
the average values are reported. X-ray photoelectron spectroscopy (XPS)
was performed on a VG Escalab 220i-XL with monochromatic AlKa X-ray
source. Electrochemical measurements were performed with an AUTO-
LAB PGSTAT10, in a home-made electrochemical cell equipped with a
platinum counter electrode, a mercury sulfate reference electrode
(�0.61 VNHE), and a screw cap to position the gold working electrode.
For capacitance measurements the cell was filled with K2SO4 electrolyte


solution (50 mL, 0.1m). Nitrogen was bubbled through the cell for at least
5 min before each measurement. Cyclic voltammograms were recorded
between ÿ0.3 and ÿ0.1 V at scan rates of: 0.1, 0.2, and 0.5 Vsÿ1, and the
capacitance was calculated from the voltammograms recorded at 0.2 Vsÿ1,
at ÿ0.2 VMSE. The values reported are the average of measurements on
three individual samples. Heterogeneous electron transfer (HET) and
impedance measurements were carried out in the presence of K2SO4


(50 mL, 0.1m), K3[Fe(CN)6] (1mm), and K4[Fe(CN)6] (1 mm) electrolyte
solution. HET cyclic voltammograms were recorded between 0 and
ÿ0.7 VMSE with a scan rate of 0.1 V sÿ1. Resistance values were obtained
by analyzing the impedance spectra measured at ÿ0.2 V, between 0.1 Hz
and 10 KHz, with the Equivalent Circuit software package.[34] The system
can be well described by a circuit consisting of a parallel resistance (Rml)
and a capacitance (Cdl) in series with a second resistance (Rel). Where Rel is
the resistance of the electrolyte, Rml is the resistance of the monolayer, and
Cdl is the capacitance of the monolayer.[35, 36]


Surface area calculations : The exposed surface area of the host (283 �2)
and the contact surface of the guest (74 �2) were estimated from CPK
models, as well as from computer modeling images (Quanta/CHARMm,
release July 1997, Connoly Surfaces). Considering a top view of 2, the
exposed surface area consists of the endo-calix[4]arene cavity and two of its
lower rim propyl substituents, the resorcin[4]arene cavity, two aromatic
rings of the exo-calix[4]arene and two of its propyl substituents, and the
four amide moieties linking the two calix[4]arenes to the resorcin[4]arene.
Maximum possible contact of the guest surface to the receptor surface was
presumed as the measurements are carried out in water, and hydrophobic
interactions between the steroids and the monolayer are highly favored.


Synthesis of 5 : To a solution of 4 (0.61 g, 0.53 mmol) in CH2Cl2 (50 mL) was
added TBDMS-Cl (1.60 g, 0.01 mol), triethylamine (1.40 mL, 0.01 mol),
and a catalytic amount of 4-dimethylaminopyridine (DMAP). The reaction
mixture was stirred at 40 8C for 48 h. After cooling the reaction mixture to
room temperature the solution was washed with HCl (1n, 50 mL), H2O
(3� 50 mL), and brine (50 mL). The organic layer was dried over Na2SO4


and then concentrated under reduced pressure. The crude product was
purified by flash column chromatography (SiO2, hexanes/EtOAc, 8:2).
Pure product 5 was obtained as a colorless oil in 100 % yield. 1H NMR d�
6.55 (s, 4H, ArH), 5.76 ± 5.58 (m, 4 H, RCH�CH2), 5.57 and 4.15 (AB-q, J�
7.5 Hz, 8H, OCH2O), 4.90 ± 4.72 (m, 8 H, RCH�CH2), 4.53 (t, J� 7.1 Hz,
4H, ArCHAr), 2.12 ± 1.97 (m, 8H, RCH2C�C), 1.90 (q, J� 7.1 Hz, 8H,
RCH2CHAr2), 1.35 ± 1.05 (m, 48 H, CH2), 0.85 (s, 36 H, tBu), 0.02 (s, 24H,
CH3Si); 13C NMR d� 146.4, 140.8, 139.2, 111.7 (Ar), 138.3 (RCH�CH2),
114.1 (RCH�CH2), 98.8 (OCH2O), 36.9 (ArCHAr), 33.8 (CH2CH�CH2),
29.8 ± 28.9 (CH2), 27.9 ((CH3)3CSi), 25.6 ((CH3)3CSi), ÿ4.4 (CH3Si); MS
(FAB, NPOE): m/z (%): 1610.4 (50) [M�H]� , 1553.3 (100) [Mÿ tBu].


Synthesis of 6 : To a solution of 5 (0.33 g, 0.21 mmol) in THF (50 mL) at 0 8C
was added decanethiol (0.43 mL, 2.10 mmol) and then 9-BBN (0.50 mL of a
0.5m solution in THF). The reaction mixture was stirred for 1 h, during
which it was allowed to warm to room temperature and subsequently
stirred for 15 h at room temperature. The solvent was evaporated in vacuo
and the crude product was purified by flash column chromatography (SiO2,
hexanes/EtOAc, 8:2). Product 6 was obtained as a colorless oil, in 32%
yield. 1H NMR d� 6.52 (s, 4 H, ArH), 5.56 and 4.16 (AB-q, J� 7.5 Hz, 8H,
OCH2O), 4.59 ± 4.48 (t, J� 7.1 Hz, 4H, ArCHAr), 2.36 (t, J� 7.1 Hz, 16H,
RCH2S), 2.08 ± 1.95 (m, 8 H, RCH2CHAr2), 1.54 ± 1.35 (m, 16H, CH2CH2S),
1.31 ± 1.00 (m, 112 H, CH2), 0.82 (s, 36H, tBu), 0.75 (t, J� 6.7 Hz, 12H,
CH2CH3), 0 (s, 24 H, CH3Si); 13C NMR d� 146.4, 140.7, 138.3, 111.7 (Ar),
99.0 (OCH2O), 36.9 (ArCHAr), 32.2 ± 28.9 (CH2), 27.8 ((CH3)3CSi), 25.5
((CH3)3CSi), 22.6 (CH2CH3), 14.1 (CH2CH3), ÿ4.4 (CH3Si); MS (FAB,
MB): m/z (%): 2305.6 (100) [M].


Synthesis of 7: A solution of 6 (0.12 g, 0.05 mmol) in THF (30 mL) was
cooled to 0 8C, and tetrabutylammonium fluoride trihydrate (0.33 g,
1.04 mmol) was added. The reaction mixture was stirred for 1 h, during
which it was allowed to warm to room temperature. The solvent was
evaporated in vacuo and the residue was taken up in CH2Cl2 (50 mL),
washed with H2O (3� 50 mL), and dried over Na2SO4. The crude product
was purified by recrystallization from MeOH to afford 7 in 83% yield.
M.p.: 158 ± 161 8C; 1H NMR d� 6.63 (s, 4H, ArH), 5.39 (s, 4H, OH), 5.95
and 4.45 (AB-q, J� 7.5 Hz, 8 H, OCH2O), 4.69 (t, J� 7.1 Hz, 4 H,
ArCHAr), 2.50 (t, J� 7.1 Hz, 16H, RCH2S), 2.25 ± 2.09 (m, 8 H,
RCH2CHAr2), 1.65 ± 1.48 (m, J� 7.1 Hz, 16H, RCH2CH2S), 1.48 ± 1.20
(m, 112 H, CH2), 0.90 (t, J� 6.7 Hz, 12H, CH2CH3); 13C NMR d� 147.2,
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142.0, 140.2, 139.5 (Ar), 99.6 (OCH2O), 36.0 (ArCHAr), 32.2, 31.9, 29.7 ±
28.9 (CH2), 22.7 (CH2CH3), 14.1 (CH3); MS (FAB, NBA): m/z (%): 1848.3
(100) [M]� ; C112H184O12S4 (3CH3OH) (1849.3): calcd C 70.94, H 10.15, S
6.59; found C 70.97, H 9.97, S 6.44.


Synthesis of 2 : To a suspension of 7 (0.06 g, 0.03 mmol) in CH3CN (14 mL),
Cs2CO3 (0.13 g, 0.65 mmol) and a catalytic amount of KI were added. The
reaction mixture was brought to reflux temperature and a solution of 8
(0.05 g, 0.07 mmol) in CH3CN (20 mL) was added over a period of 8 h. The
reaction mixture was subsequently stirred for another 12 h. The solvent was
then evaporated in vacuo and the residue was taken up in CH2Cl2 (20 mL),
washed with HCl (1n, 20 mL) and H2O (2� 20 mL). The organic layer was
dried over Na2SO4 and the crude product was purified by flash column
chromatography (SiO2, hexanes/EtOAc, 3:1). The 2 endo ± exo isomer was
obtained as a white powder, in 21% yield. M.p.: 103 ± 105 8C; 1H NMR
(please note that square brackets indicate that the protons belong to the
cavitand moiety of the molecule) d� 8.66 (s, 2H, NH), 8.27 (s, 2H, NH),
7.00 (d, J� 2.45 Hz, o-NHArH), 6.82 (d, J� 3.05 Hz, 2H, o-NHArH),
6.67 ± 6.42 (m, 20 H, ArH), 5.85 [d, J� 7.00 Hz, 2H, OCH2O], 5.79 [d, J�
6.7 Hz, 2 H, OCH2O], 4.70 [t, J� 7.6 Hz, 2 H, ArCHAr], 4.62 ± 4.30 (m,
18H, ArCHAr, OCH2C(O), OCH2O, ArCH2Ar), 4.23, 4.17 (2d, J� 15.3
and 15.7 Hz, OCH2C(O)), 3.80 ± 3.70 (m, 16 H, OCH2CH2CH3), 3.14 ± 2.97
(m, 8H, ArCH2Ar), 2.46 ± 2.39 [m, 16 H, RCH2S], 2.16 ± 2.05 [m, 8H,
RCH2CHAr2], 1.85 (m, 16H, OCH2CH2CH3), 1.55 ± 1.43 [m, 16 H,
CH2CH2S], 1.38 ± 1.15 [m, 112 H, CH2], 0.93 (t, J� 7.18 Hz, 24H,
OCH2CH2CH3), 0.78 [t, J� 6.7 Hz, 12H, CH3]; 13C NMR d� 165.5 (CO);
MS (FAB, NBA): m/z (%): 3213.1 (30) [Mÿpropyl]� , 3254.9 (100) [M]� ,
3276.8 (30) [M�Na]� ; C200H284N4O24S4 (3254): calcd C 73.73, H 8.79, N 1.72,
S 3.94; found C 73.19, H 8.40, N 1.70, S 3.50.
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Trigonal-Bipyramidal Lewis Base Adducts of Methyltrioxorhenium(vii) and
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Abstract: Methyltrioxorhenium(vii)
(MTO) forms trigonal-bipyramidal ad-
ducts with pyridines and related Lewis
bases. These complexes have been iso-
lated and fully characterized, and two
single-crystal X-ray structures are re-
ported. The complexes react with H2O2


to form mono- and bisperoxo complexes
which were examined in situ by 1H and
17O NMR spectroscopy. A clear increase
in electron deficiency at the Re center
can be observed from the MTO com-
plexes to the bisperoxo complexes in all


cases examined. The activity of the
bisperoxo complexes in olefin epoxida-
tion depends on the Lewis bases, the
redox stability of the ligands, and the
excess of Lewis base used. Density
functional calculations show that when
the ligand is pyridine or pyrazole there
are significantly stabilized intermediates


and moderate energies of the transition
states in olefin epoxidation. This ulti-
mately causes an acceleration of the
epoxidation reaction. In contrast, the
catalytic performance is reduced when
the ligand was a nonaromatic nitrogen
base. The frontier orbital interaction
between the olefin HOMO p(C ± C)
and orbitals with s*(O ± O) character
in the LUMO group of the Re-peroxo
moiety controls the olefin epoxidation.


Keywords: density functional calcu-
lations ´ epoxidation ´ peroxo com-
plexes ´ rhenium ´ transition states


Introduction


Industrial transformations of olefins into epoxides involve
catalysts associated either with hydrogen peroxide, organic
peroxides, or oxygen. For the oxidation of fine chemicals,


however, stoichiometric reactions are still commonly used.[1]


An important improvement in this particular field arose with
the discovery by Herrmann and co-workers[2] that methyl-
trioxorhenium (MTO) and its derivatives act as efficient
catalysts for olefin epoxidation. One of the catalytically active
species, a bisperoxo complex, was isolated and fully charac-
terized.[3] Since then a broad variety of substituted olefins has
been successfully used as substrates[4] and the reaction
mechanism has been studied theoretically.[5] The most im-
portant drawback of the MTO-catalyzed process is the
concomitant formation of diols instead of the desired
epoxides, especially in the case of more sensitive substrates.[6]


It was quickly detected that the use of Lewis base adducts of
MTO significantly decreases the formation of diols as a
consequence of the reduced Lewis acidity of the catalyst
system. However, while the selectivity increases, the con-
version decreases.[6] Use of the urea/H2O2 complex instead of
aqueous hydrogen peroxide marks another attempt to over-
come the formation of diols.[7, 8] Subsequently, it was found
that biphasic systems (aqueous phase/organic phase) and
addition of a significant excess of pyridine as the Lewis base
not only hamper the formation of diols but also increase the
reaction velocity in comparison to MTO as the catalyst
precursor.[9±11] Recently, it was shown that 3-cyanopyridine
and especially pyrazole as Lewis bases are even more effective
and less problematic than pyridine itself,[12, 13] while pyridine
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N-oxides are less efficient.[14, 15] From in situ measurements
under one-phase conditions it was concluded that both
electronic and steric factors of the aromatic Lewis base
involved play a prominent role during the formation of the
catalytically active species. The Brùnsted basicity of pyridines
lowers the activity of hydronium ions, thus reducing the rate
of opening of the epoxide ring.[16] The electronic structure of
MTO and its technetium analogue CH3TcO3 as well as that of
the corresponding trigonal-bipyramidal NH3 adducts were
targets of detailed DF studies.[17]


Despite numerous experimental studies on the effects of
pyridine bases on the MTO-catalyzed olefin epoxidation, no
MTO-pyridine adduct has yet been fully characterized or
even isolated. In this work, we present the characterization of
several such complexes, including two single-crystal X-ray
structures. Based on these results, we compare in situ
examinations with examinations of isolated complexes in
catalysis and we present density functional calculations of the
epoxidation transition states of bisperoxo complexes as well
as a simple orbital interaction model which permits an
interpretation of these experimental and computational
results. Furthermore, we choose to examine only complexes
with pyridines substituted in the p-position in order to
minimize the steric influence of the Lewis base on the adducts.


Results and Discussion


Synthesis : Several N-base adducts of MTO, mainly with
aliphatic Lewis bases, have already been reported.[6, 9, 18±22]


The scant data on pyridine adducts of MTO which are to be
found in the literature have to be regarded with caution
because it seems that, according to the 17O NMR and IR data


presented,[19, 22] the isolated products are at least partially
decomposed to perrhenates.


We will consider several rhenium(vii) complexes in our
investigations: MTO (1), its monoperoxo complex
[(CH3)Re(O2)O2] (2), and bisperoxo complex
[(CH3)Re(O2)2O] (3). The latter compound was also charac-
terized as a water-stabilized complex [(CH3)Re(O2)2O] ´
H2O[3] (3''). The Lewis base adducts under investigation are
indicated by a lower case letter, for example, [CH3ReO3] ´ py
is denoted as 1 a.


The reaction of MTO with various p-substituted pyridines
in diethyl ether affords 1:1 adducts of the composition
[CH3ReO3] ´ L where L� pyridine (py) (1 a), 4-methylpyri-
dine (1 b), 4-tert-butylpyridine (1 c), 4-cyanopyridine (1 d), and
pyridine-4-aldehyde (1 e) (Scheme 1). The bimetallic com-


Scheme 1. Synthesis of complexes 1 a ± h.


plexes [CH3ReO3]2 ´ L, where L� 4,4'-bipyridine (4,4'-bipy)
(1 f) and (NC5H4-CH2)2 (1 g) are generated by the reaction of
4,4'-bipy or (NC5H4-CH2)2, respectively, with two equivalents
of complex 1. The pyrazole adduct of MTO (1 h) has been
examined for comparison. In order to isolate the compounds
1 a ± h the reaction mixture was concentrated and cooled to
ÿ78 8C, then a yellow or white precipitate was isolated.
Removal of the solvent at room temperature can lead to
complete decomposition via red intermediates. The formation
of red-colored compounds during the decomposition of Lewis
base adducts of organorhenium(vii) oxides has also been
observed in the case of aliphatic N-bases[23] and might be
caused by carbene intermediates (from the deprotonation of
the a-C atom of the ReVII center[23, 24]). The final product of
the decomposition is dark violet or black and insoluble in all
common organic solvents; it seems to consist mainly of ReO3


(according to IR and elementary analysis). Despite clear
evidence that the addition of pyridine stabilizes the peroxo
complexes of MTO,[16] the pyridine adduct of MTO is
considerably less stable towards moisture and temperature
than MTO itself.[23] This enhanced sensitivity has also been
observed for other N-base adducts of MTO.[23] The complexes
1 a,b,d,e,h can be stored under dry inert gases for several
weeks at ÿ30 8C; complexes 1 c,d,f,g are stable at room
temperature for several days. All complexes react slowly with
moisture in the air to give pyridinium perrhenate.


Abstract in German: Methyltrioxorhenium(vii) (MTO) bildet
trigonal-bipyramidale Addukte mit Pyridinen und verwandten
Lewisbasen. Derartige Verbindungen wurden dargestellt und
vollständig charakterisiert, in zwei Fällen auch durch Ein-
kristall-Röntgenstrukturanalyse. Die Komplexe reagieren mit
Wasserstoffperoxid unter Bildung von Mono- und Bisper-
oxokomplexen, welche mit in situ 17O-NMR Spektroskopie
untersucht wurden. In allen untersuchten Fällen steigt das
Elekronendefizit am ReVII-Zentrum von den MTO-Ligand- zu
den Bisperoxokomplexen. Die Aktivität der Bisperoxokom-
plexe bei der Olefin-Epoxidierung hängt von den Lewisbasen,
der Redox-Stabiltät der Liganden und dem Überschuû der
eingesetzten Lewisbase ab. Dichtefunktionalrechnungen zei-
gen, daû Pyridin- und Pyrimidin-Liganden zu deutlich stabi-
lisierten Zwischenprodukten mit moderaten Reaktionsbarrie-
ren für die Olefin-Epoxidierung führen. Letztlich führen sie zu
einer Beschleunigung der Reaktion. Nichtaromatische Stick-
stoffbasen als Liganden verringern die katalytische Aktivität.
Die Grenzorbital-Wechselwirkung zwischen dem Olefin-HO-
MO und den Orbitalen mit s*(O ± O)-Charakter in der
LUMO-Gruppe der Rhenium-Peroxo-Einheit kontrolliert die
Olefin-Epoxidierung.
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Spectroscopy : IR spectra (recorded in KBr) as well as 1H,
13C{1H}, and 17O NMR spectra (recorded in CDCl3) of the
monometallic complexes 1 a ± e clearly reflect the decreasing
electron-donating capabilities of the ligands in the order 1 b>
1 c> 1 a> 1 e> 1 d (Table 1). This series is in good agreement


with the published pKa values of pyridine derivatives. In this
context it is especially noteworthy that the pKa value of
4-picoline (6.05) is higher than that of 4-tert-butylpyridine
(5.99), while pyridine has a pKa value of 5.23.[25] The vibra-
tional frequencies nÄ(Re�O) of the complexes [RReO3] and
[RReO3] ´ L have been shown to be good indicators for the
Re�O bond strength.[26] The corresponding force constants
f(ReO) can be derived from the n(Re�O) values (see
Table 1).[27] The strongest Lewis bases exhibit the weakest
ReO force constants thus indicating that additional electron
density donated from the ligand to the ReVII center signifi-
cantly weakens the ReÿO bonds. It has been argued that the
formally 14 e system MTO should be regarded as an 18 e
system with three ReO bonds of order 22�3.[28] If additional
electron density is introduced into the system, for example by
a base ligand, the ReO bond order is reduced and less electron
density is withdrawn from the terminal oxygen ligands. This is
supported by the 17O NMR spectra of the synthesized
complexes (Table 1). The weaker the donor capability of the
Lewis base, the closer is, in general, the observed d(17O) value
to that of free MTO (see Table 1). The 13C NMR data are also
in good agreement with the IR, 1H, and 17O NMR data: of all
the monodentate pyridine adducts examined, 1 d has the
closest resemblance to MTO, while 1 b displays the signal with


the most prominent shift differ-
ence to MTO (see Table 1).
This shift difference probably
indicates a weakening of the
ReÿC bond, which may be
responsible for the enhanced
sensitivity of MTO-pyridine ad-
ducts. These complexes usually
form pyridinium perrhenates
and methanol during hydroly-
sis. This decomposition path-
way provides clear evidence
for a weakened ReÿC bond.
Unfortunately, bond length
changes from DF calculations,


albeit in the correct direction, are too small to allow a
convincing rationalization. In the case of the peroxo com-
plexes, the ReÿC bond is strengthened because, in compar-
ison to the terminal oxo groups, peroxo ligands are only
weakly donating and therefore less sensitive to hydrolysis. The
decomposition pathways of MTO and its peroxo complexes
have already been examined in detail.[29] As can be deduced
from the spectroscopic data (Table 1), the Lewis base ligand
of the bimetallic complex 1 g is a slightly stronger donor than
that of 1 f. Furthermore, pyrazole (pKa� 2.69), is a weaker
donor than pyridine (cf. 1 a vs. 1 h ; Table 1).


There is also strong support for the fluxonial behavior of
the base adducts of type 1 (Scheme 2). If a solution of 1 c in
CDCl3 is treated with an equimolar amount of tert-butylpyr-
idine N-oxide at 35 8C, the original 17O NMR peak at d� 868


Scheme 2. Dissociation equilibrium which accounts for the fluxonial
behavior observed in the 17O NMR spectrum of the base adducts of type 1.


disappears completely and a new, very broad peak (Dn1�2�
1500 Hz) appears at d� 855. Cooling the solution to ÿ70 8C
leads to two signals at d� 868 and 842 (Dn1�2� 800 Hz). The
latter peak corresponds to the terminal oxygen 17O NMR
signal of the MTO-tert-butylpyridine N-oxide adduct (1 i,
d(17O)� 841, Dn1�2� 220 Hz). The signals of 1 c and 1 i, tert-
butylpyridine and tert-butylpyridine N-oxide can be identified
in the 1H NMR spectrum at ÿ70 8C. The signals of 1 c and 1 i
exhibit approximately the same size, which indicates a
comparable strength of the bond between the base ligand
and the ReVII center in both cases. These results also strongly
support the 1H NMR data based on calculations of Wang and
Espenson who report comparable equilibrium constants for
the coordination of pyridine and pyridine N-oxide to MTO in
CD3NO2 at room temperature.[16]


The 1H NMR spectrum of the MTO-pyrazole adduct 1 h
shows only three signals for the ligand. The Re center and the


Table 1. Selected IR (in KBr), 1H NMR and 17O NMR (in CDCl3) data,
and calculated force constants f(ReO) for complexes 1, 1a ± h


Compound n(Re�O)
[cmÿ1]


d(1H) d(13C) d(17O) f(ReO)
[mdyn �ÿ1]


1 1005 s, 958 vs 2.67 19.03 829 8.53
1a 934 s, 923 vs 1.90 24.91 856 7.43
1b 928 s, 920 vs 1.79 25.43 864 7.36
1c 929 s, 921 vs 1.80 25.15 868 7.38
1d 943 s, 931 vs 2.15 23.28 836 7.58
1e 939 s, 928 vs 2.06 23.80 841 7.52
1 f 940 s, 928 vs 2.20 23.26 863 7.53
1g 939 s, 926 vs 1.86 24.27 887 7.49
1h 970 s, 940 vs 2.18 24.62 832 7.84







FULL PAPER F. E. Kühn, N. Rösch et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3606 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 123606


NH proton of the ligand exchange quickly, even at ÿ70 8C in
CD2Cl2 (Scheme 3). Only broadened signals can be observed;
however, the H3 and H5 positions of the pyrazole ligand are
still equivalent as a result of the fast exchange process shown
in Scheme 3.


Scheme 3. Fast exchange equilibria in 1h.


The solid-state structures of 1 c and 1 f are best described as
slightly distorted trigonal-bipyramids with the terminal oxy-
gen atoms in the equatorial position (Figures 1 and 2). The
oxygen centers are chemically equivalent. The methyl group
and the pyridine ligand are trans to each other in the apical


Figure 1. Solid-state structure of 1c (PLATON drawing; 50 % probability
ellipsoids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [o]: Re1ÿN1 2.407(5), Re1ÿO1 1.707(4), Re1ÿO2 1.711(5), Re1ÿO3
1.705(4), Re1ÿC1 2.083(7); O1-Re1-N1 83.5(2), O2-Re1-O1 119.3(2), O2-
Re1-N1 82.9(2), O3-Re1-N1 83.4(2), O3-Re1-O1 117.6(2), O3-Re1-O2
119.0(2), C1-Re1-N1 179.51(16), C1-Re1-O1 96.1(2), C1-Re1-O2 97.2(3),
C1-Re1-O3 97.0(2).


Figure 2. Solid-state structure of 1 f (PLATON drawing; 50 % probability
ellipsoids; hydrogen atoms omitted for clarity). Selected distances [�] and
angles [o]: Re1ÿN1 2.504(5), Re1ÿO1 1.701(5), Re1ÿO2 1.694(7), Re1ÿO3
1.695(5), Re1ÿC1 2.079(7); O1-Re1-N1 80.6(2), O2-Re1-O1 117.6(3), O2-
Re1-N1 82.1(2), O3-Re1-N1 81.4(2), O3-Re1-O1 118.3(3), O3-Re1-O2
117.4(3), C1-Re1-N1 178.7(3), C1-Re1-O1 98.2(3), C1-Re1-O2 98.8(3), C1-
Re1-O3 98.9(3).


positions. In this coordination the nitrogen lone pair is well
stabilized through the interaction with the Re center, while
the s(Re ± C) bonding orbital is not affected very much
because of the large distance to the two ligands.[17] With
respect to the core geometry, 1 c and 1 f resemble the aliphatic
base adducts of [RReO3].[26] In 1 c,f the ReÿCH3 bond is
slightly elongated in comparison to MTO and the Re�O bond
lengths are in all cases equivalent within the range of error.


The long ReÿN bond lengths indicate a weak interaction of
the Lewis base with the ReVII center.[24]


We also carefully checked for any indications that a
compound of the composition [CH3ReO3] ´ py2 is formed.
However, the reaction of MTO, even with a tenfold excess of
pyridine, afforded 1 a as the only isolated product. Further-
more, we did not find any indication in solution that a complex
of the composition [CH3ReO3] ´ py2 is present. Further
addition of pyridine to a solution of 1 a does not lead to a
splitting of the 17O NMR signal, even at ÿ70 8C, as would be
expected for a [CH3ReO2] ´ L2 complex. If pyridine is used as a
solvent, there is still only 1 a present; the resulting chemical
shifts in the 17O and 1H NMR spectra are very similar to those
recorded in other solvents at very low temperatures. This lack
of [CH3ReO3] ´ py2 is probably caused by steric factors.
Adducts of the composition [CH3ReO3] ´ L2 are only known
for very small Lewis bases, for example NH3.[18, 19] However,
bidentate ligands with a rigid geometry, for example 2,2'-
bipyridine, form octahedrally coordinated Lewis base adducts
with MTO and related ReVII complexes.[26]


MTO-Lewis base adducts in the presence of H2O2 : In the
presence of excess H2O2, MTO is known to react to a
bisperoxo complex (3'').[4, 5] This reaction proceeds via an
intermediate monoperoxo complex (2). Compound 2 is also
an active catalyst in certain processes.[4, 5, 26] All three com-
plexesÐMTO, 2, and 3''Ðare supposed to form pyridine
adducts,[16] whereby the pyridine adduct of 3'' is probably the
most efficient catalyst by far for the olefin epoxidation.
However, the picture is not so clear since the oxidation of
pyridine to pyridine N-oxide by MTO-peroxo complexes has
to be taken into account; furthermore, pyridine N-oxide also
forms adducts with both MTO and the peroxo complexes.[15]


Thus, in recent reports considerable difficulties have been
described for attempts to distinguish the different species
present only by in situ 1H NMR spectroscopy.[16] We tried to
clarify the assignments of the various species observed by
performing both 1H and 17O NMR spectroscopy (with 17O-
labeled complexes, in order to reduce the measurement times
to minutes or less) on all important species in solution. Table 2


Table 2. Selected 1H and 17O NMR data of MTO complexes in CDCl3


Compound d(1H) d(17O); Dn1=2[Hz]


MTO (1) 2.61 829 (50)
[(CH3)Re(O2)O2] (2) 2.90 763 (70)
[(CH3)Re(O2)2O] ´ H2O (3'') 3.12 753 (180)
MTO ´ py (1a) 1.90 856 (70)
[(CH3)Re(O2)O2] ´ py (2 a) 2.17 800 (190)
[(CH3)Re(O2)2O] ´ py (3 a) 2.75 784 (120)
(MTO)2 ´ 4,4'-bipy (1 f) 2.26 863 (190)
[{(CH3)Re(O2)O2}2] ´ 4,4'-bipy (2 f) 2.45 840 (140)
[{(CH3)Re(O2)2O}2] ´ 4,4'-bipy (3 f) 2.79 765 (110)
(MTO)2 ´ (NC5H4-CH2)2 (1g) 2.06 887 (120)
[{(CH3)Re(O2)O2}2] ´ (NC5H4-CH2)2 (2g) 2.41 853 (110)
[{(CH3)Re(O2)2O}2] ´ (NC5H4-CH2)2 (3g) 2.93 783 (160)
MTO ´ pz (1h) 2.19 832 (160)
[(CH3)Re(O2)2O] ´ pz (3 h) 2.30 755 (100)
MTO ´ py-N-oxide (1 i) 1.99 847 (100)
[(CH3)Re(O2)O2] ´ py-N-oxide (2 i) 2.33 831 (100)
[(CH3)Re(O2)2O] ´ py-N-oxide (3 i) 2.91 757 (120)
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gives an assignment of the 1H and 17O NMR spectra of the
examined compounds in CDCl3. Isolated compounds were
used to identify MTO (1) and the bisperoxo complex 3'' as well
as their adducts MTO ´ py (1 a) and 3 a. In order to detect the
monoperoxo rhenium species (pure compound 2 and the
corresponding Lewis base adducts 2 x), H2O2 was gradually
added to the pyridine adducts of MTO to allow the changes in
the spectra to be tracked. The pure pyridine N-oxide
complexes were measured for comparison to facilitate a clear
distinction between pyridine and the pyridine N-oxide com-
plexes generated by oxidation of pyridine during the meas-
urement processes. We did not observe the formation of a
monoperoxo complex 2 h when we started from the pyrazole
adduct 1 h. After addition of small amounts of H2O2 (�1 mol
equivalent) the signal of complex 1 h was still predominant; a
large excess of H2O2 led to another signal, which we assigned
to the bisperoxo complex 3 h. No ligand oxidation is observed
for pyrazole as the Lewis base ligand.


The resulting picture is in good agreement with the
expectations. For each ligand, the 1H NMR signals of the
CH3ÿRe group are shifted to lower field in the order
bisperoxo complex (3)>monoperoxo complex (2)>MTO
complex (1). In the 17O NMR spectrum, the terminal oxygen
centers of MTO (1) and its base adducts 1 x are observed at
lower field than in the corresponding peroxo complexes.
However, a detailed comparison is problematic in this case for
17O as a nucleus because of the quadrupole moment. The
complexes also exhibit significantly different structures that
restrict the significance of such a comparison.


Oxidation catalysis : To avoid the presence of a larger amount
of the monoperoxo complex (2) or its adducts (2 a ± h) during
the catalytic reactions, we worked with a large excess of H2O2,
as is common under catalytic conditions (see the Experimen-
tal Section). In our investigations we aimed at clarifying the
following questions:
1) Do the different pyridine adducts of MTO exhibit


significant differences in their activity which then could
be clearly assigned to electronic reasons?


2) Is the catalytic behavior affected if, instead of employing
the complexes 1 a ± h, we add the base ligands in a ªdrop
inº fashion to the preformed bisperoxo complex 3?


3) When applying the ligands in considerable excess, are
there any additional changes in the catalytic performance,
apart from a lower amount of diol formation and a higher
reaction velocity?


4) How is the catalytic activity affected by temperature
changes?


As substrates we used cyclooctene as the standard olefin
and styrene (see below) which is more sensitive to diol
formation.


According to the spectroscopic data of the complexes
formed and the catalytic results, it does not matter whether
the complexes 1 a ± h are used as the starting material or
whether the ligands are added to the bisperoxo complex 3'' of
MTO. Problems can only occur if a long time (days) passes
before the second component is added. The base adducts 1 a ±
h and the MTO-bisperoxo complex 3'' are less stable in
solution than the system MTO/py/H2O2 (see above).


Lewis base adducts 3 x of the bisperoxo complex 3 form
instantaneously in the presence of 1 x ; however they do so
significantly more slowly when the Lewis base is added to the
bisperoxo complex 3'' (as shown by in situ NMR and solution
IR spectroscopy). The presence of pyridine N-oxide was
found to accelerate the formation of MTO peroxo complexes
and it was argued[16] that, in view of the mechanism of
monoperoxo complex formation, a weakening of the Re�O
bond in the starting material would lead to a quicker
formation of that monoperoxo complex. Such a bond weak-
ening results from adding Lewis bases to MTO, as can be seen
from the changes in the ReO force constants (see above).


The yield of the cyclooctene epoxide is relatively poor if
MTO and pyridine bases are used in a 1:1 ratio (Figure 3). In
these cases diol formation is only prevented during the first
hour of the reaction time. Later on, ring opening of the


Figure 3. Yields of the cyclooctene epoxidation of MTO ± pyridine adducts
for various MTO/ligand ratios (1:1, 1:10, and 1:25). All reactions were
performed at room temperature with a MTO/H2O2/substrate ratio of
0.01:1.5:1. The black bar shows the epoxide yield after 4 h, the hatched bar
the yield after 24 h.


primarily formed epoxide occurs, especially in the case of
more sensitive olefins, for example cyclohexene[15] or styrene
(see below) and under one-phase conditions.[14] Accordingly,
even in the case of cyclooctene as a substrate, a prolongation
of the reaction time has no positive effect. In some cases more
epoxide is transformed to diol during a prolonged reaction
time (Figure 3). A tenfold excess of the Lewis base enhances
the yield significantly in most cases: the only exceptions are
1 e and 1 f. In the case of 1 e, the Lewis base ligand is oxidized
even more easily than cyclooctene. On the other hand, the
catalytic performance of 1 f was already very good under ª1:1
conditionsº. (In this particular case, 1 mol of complex forms
2 mol of catalyst; therefore, we worked under the condition
0.5 mol ligand:1 mol MTO.) Interestingly, under 10:1 condi-
tions the best yields are achieved by the use of 4,4'-bipyridine,
pyridine, and cyanopyridine. These ligands are not the
strongest Lewis bases used. In the case of the 1:1 conditions,
the best cyclooctene oxide yields are obtained with tert-
butylpyridine and 4,4'-bipyridine as ligands, after 4 h. After
24 h the yield was still slowly increasing for all compounds
examined (except in the case of pyridine aldehyde); diol
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formation was not observed (Figure 3). If a 25-fold excess of
Lewis base was used, the product yield changed only margin-
ally relative to the situation with a tenfold excess. However,
the yields obtained in the presence of different pyridines are
now equal within the range of error. (Under these conditions,
the yield with 1 b exactly equals that with 1 c and thus is not
separately displayed in Figure 3.) Slight differences in the
electron-donor capability of the Lewis bases seem to play only
a minor role where there is such a huge excess. Our
examinations with pyrazole agree very well with the data of
a previous study,[13] corroborating the advantage of this ligand
which is not oxidized under the applied conditions. The MTO
adduct 3 j of the aliphatic Lewis base quinuclidine, which was
measured for comparison, shows a significantly reduced per-
formance in cyclooctene epoxidation when the ligand is used
in excess. The strong base quinuclidine promotes the decom-
position of MTO (to quinuclidinium perrhenate) in an aqueous
system and is a useful ligand for olefin epoxidation only in a
ªwater-freeº system, for example in H2O2/tert-butyl alcohol.[6]


Figure 4 compares the product yields of selected catalysts
under 10:1 conditions with styrene as the substrate under two-
phase conditions, during the first three hours of reaction time.
Aromatic N-donors have an accelerating effect; pyrazole and
4,4'-bipyridine even more than pyridine. The quinuclidine
adduct of MTO is not active (no conversion is observed!) in
the epoxidation of styrene under these conditions (tenfold
excess of ligand, two-phase system H2O/CH2Cl2). This obser-
vation will be rationalized below in the discussion of our
theoretical studies.


Figure 4. Epoxidation of styrene with different catalyst systems
(MTO:ligand� 1:10) in a two-phase system at room temperature. The
yields have been determined by GC-MS, after measuring the calibration
curves for styrene and styrene epoxide.


Two additional sets of experiments were performed. In
contrast to purely inorganic catalysts, a limit for increasing the
product yield by increasing the temperature is reached
relatively quickly with Lewis base adducts of MTO. Already
at 55 8C the total yield after 4 h is significantly lower than at
room temperature in all cases examined, regardless of the
excess ligand used. The yields at 0 8C, however, are approx-
imately equal to the yields at room temperature. This is an
important result, considering that the ligand ± ReVII interac-
tion is considerably weakened at higher temperatures.[20]


Catalysis with chiral Lewis bases as auxiliaries should be


much more successful if the reaction temperature is kept low.
Therefore, it is important to know which effects on the yield
are to be expected under such conditions. As the activity of
the oxidation solutions remains unchanged when cooled down
to room temperature after a high temperature run at 55 8C and
reused, the lower yield at higher reaction temperatures is not
caused by catalyst decomposition, at least not to a significant
extent. The influence of the weakly coordinating ligand is
reduced because of the temperature influence on the equili-
brium shown in Scheme 2.


Theoretical investigations : In a recent DF study[5] we showed
that olefin epoxidation catalyzed by MTO mainly takes place
by a ªfrontº side (opposite to the methyl ligand) spiro attack
of the olefin at a peroxo group of a bisperoxo complex. A base
ligand coordinated at the Re center was calculated to stabilize
bisperoxo complexes thermodynamically; however, it was
also found to significantly change the electronic structure of
the complex to lead to a decrease in its reactivity. Oxygen-
transfer reactions involving d0 transition metal peroxo species
are assumed to proceed through an attack of the electrophilic
oxygen center, as shown for the sulfoxidation of thianthrene
5-oxide by V, Mo, and W peroxo complexes.[30] The epox-
idation activity of the peroxo group in the complex is mainly
controlled by three factors:[31]


1) the strength of the MÿO and OÿO interactions which are,
to some extent, reflected by the corresponding bond
lengths (these bonds are to be broken during the reaction),


2) the charges on the peroxo oxygen centers and the olefin, as
a measure of electrophilicity of oxygen and nucleophilicity
of olefin, and


3) the interaction between the peroxo s*(O ± O) orbital in
the LUMO group of the metal complex and the p(C ± C)
HOMO of the olefin (Figure 5).


Figure 5. Schematic representation of the frontier orbital interactions
between a transition metal peroxo complex and an olefin.


These factors, which are not completely independent of
each other, may be invoked to rationalize the effect of a base
ligand on the reactivity of the rhenium bisperoxo com-
plex. For this purpose, we chose the base-free complex
[CH3Re(O2)2O] (3) and carried out calculations on a series of
adducts [CH3Re(O2)2O] ´ L with different bases where L�
H2O (3''), pyridine (3 a), pyrazole (3 h), pyridine N-oxide
(3 i), NH3 (3 k), and NMe3 (3 l) (Figure 6). The complex 3 l was
studied to model the experimentally characterized quinucli-







Lewis Base Adducts of Methyltrioxorhenium(vii) 3603 ± 3615


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3609 $ 17.50+.50/0 3609


Figure 6. Stabilization energies of various base adducts [CH3Re(O2)2O] ´ L
(3x) and the corresponding epoxidation transition states (for a frontal
attack of ethylene as a model olefin), relative to the energy of the base-free
bisperoxo complex [CH3Re(O2)2O] (3).


dine adduct 3 j. [CH3Re(O2)2O] ´ NH3 (3 k) was calculated to
analyze the effect of a sterically unhindered amino com-
plex; its monoligated precursor complex [CH3ReO3] ´ NH3 is
not known; however, the pseudo-octahedral complex
[CH3ReO3] ´ 2 NH3 has been characterized by elemental
analysis, IR, and NMR spectroscopy.[18] We computationally
characterized these complexes and their transition states for
the epoxidation of ethylene as a model olefin; effects of olefin
substitutents were also investigated. We focused on a frontal
spiro attack as the energetically most favorable reaction
pathway;[5] for the present study, we did not consider other


reaction mechanisms, such as an attack of hydroperoxy
intermediates which are favored for titanium or molybdenum
peroxo complexes.[31]


Bisperoxo complexes : The calculated structural and energetic
parameters of compound 3, the various base adducts
[CH3Re(O2)2O] ´ L, and the corresponding transition states
for ethylene epoxidation are compiled in Table 3. Figure 6
shows the stabilization of the ligated bisperoxo complexes
[CH3Re(O2)2O] ´ L (3 x) relative to the base-free compound 3
and the corresponding heights of the energy barrier for
ethylene epoxidation. The six base ligands studied theoret-
ically have different interaction energies E(Re ± L) with the
bisperoxo complex 3. NH3 and pyrazole exhibit strong
binding, �20 kcal molÿ1, followed by pyridine N-oxide and
pyridine with very similar interaction energies of
�18 kcal molÿ1. H2O and NMe3 feature noticeably smaller
metal ± ligand binding energies, �16 and 14 kcal molÿ1, re-
spectively. Comparison of the structural parameters and the
partial charges from a natural population analysis (NBO
analysis) of the base adducts with NMe3 and NH3 reveals
(Table 3) that the reduced metal ± ligand binding energy of the
former base is caused by steric repulsion between the methyl
substituents of the base and other ligands of the Re center. In
this case, the ReÿN bond length is elongated by �0.2 �;
however, the charge distribution is quite similar to that
calculated for other base adducts.


The coordination of a base ligand to the bisperoxo complex
3 elongates the ReÿO1 bonds, which leads to a slight
shortening of the OÿO peroxo bond (except for pyrazole
where the OÿO distance remains unchanged). During the
epoxidation reaction, the bonds C1ÿO1 and C2ÿO1 are


Table 3. Structural and energetic parameters[a] of the complexes [CH3Re(O2)2O] ´ L and the corresponding transition states of a frontal spiro attack by
ethylene as a model olefin.


L Me3N H3N H2O No base[b] Pyridine Pyridine-N-oxide Pyrazole
3 l 3k 3'' 3 3a 3 i 3 h


Intermediate
d(Re ± L)[c] [�] 2.637 2.431 2.481 ± 2.504 2.359 2.415
d(Re ± O1) [�] 1.960 1.963 1.962 1.944 1.960 1.960 1.963
d(O1 ± O2) [�] 1.447 1.446 1.449 1.450 1.449 1.447 1.450
q(L) [e] 0.15 0.17 0.11 ± 0.14 0.16 0.16
q(Re) [e] 1.95 1.92 1.97 2.05 1.97 1.95 1.92
q(O1) [e] ÿ 0.38 ÿ 0.38 ÿ 0.39 ÿ 0.36 ÿ 0.37 ÿ 0.40 ÿ 0.37
q(O2) [e] ÿ 0.36 ÿ 0.35 ÿ 0.35 ÿ 0.35 ÿ 0.37 ÿ 0.36 ÿ 0.40
s*(O1 ± O2)[d] [eV] ÿ 0.50 ÿ 0.47 ÿ 0.81 ÿ 0.99 ÿ 0.36 ÿ 0.10 ÿ 0.43
D(O1 1s)[e] [eV] 0.73 0.75 0.47 0.00 0.94 1.12 0.81
E(Re ± L) [kcal molÿ1] ÿ 14.4 ÿ 20.3 ÿ 16.3 ± ÿ 18.1 ÿ 18.3 ÿ 19.8


transition State
d(C1ÿO1) [�] 2.206 2.124 2.117 2.070 2.080 2.005 2.076
d(C2ÿO1) [�] 2.040 2.082 2.090 2.206 2.146 2.203 2.116
d(C1ÿC2) [�] 1.357 1.358 1.358 1.357 1.358 1.357 1.357
d(ReÿO1) [�] 2.053 2.050 2.052 2.024 2.034 2.023 2.034
d(O1ÿO2) [�] 1.826 1.836 1.833 1.798 1.827 1.816 1.820
q(C1) [e] 0.15 0.15 0.15 0.19 0.17 0.19 0.17
q(C2) [e] 0.19 0.19 0.19 0.15 0.17 0.15 0.16
q(C1)� q(C2) [e] 0.34 0.34 0.34 0.34 0.34 0.34 0.33
DE [kcal molÿ1] 18.5 17.1 16.2 12.4 15.9 19.7 14.9


[a] Bond lengths d, partial charges q from a natural population analysis, formation energy of the base adduct E(Re ± L), and energy barrier DE of
epoxidation. For the atom designations, see Figure 6. [b] Base-free reference complex [CH3Re(O2)2O]. [c] ReÿN bond length, except for H2O where ReÿO
is given. [d] Average energy of virtual orbitals with strong s*(O1 ± O2) character in the LUMO complex of [CH3Re(O2)2O] ´ L. [e] Shift of the O1 1s Kohn ±
Sham orbital energy relative to the value of the base-free reference complex, ÿ523.227 eV.
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formed (Figure 6), while the ReÿO1 and the O1ÿO2 bonds
are broken. Thus, the strength of the latter two bonds is
expected to influence the barrier height. The bonds ReÿO1
and O1ÿO2 are not independent. Invoking bond order
conservation, one expects an elongation of the ReÿO bonds
of the peroxo group to be accompanied by a shortening of the
OÿO bond. Therefore, it is not straightforward to predict a
correlation between these bond lengths and the height of the
reaction barrier. Inspection of Table 3 reveals that, among all
base adducts investigated, 3 h features the longest ReÿO1 and
O1ÿO2 bond lengths and the smallest energy barrier. On the
other hand, 3 i exhibits the shortest ReÿO1 bond length and
one of the shortest O1ÿO2 bonds as well as the highest
epoxidation barrier.


Structures of the transition states : As discussed below, the
activation of the peroxo bond O1ÿO2 is mainly controlled by
an interaction between the occupied olefin p(C ± C) orbital
and the unoccupied s*(O ± O) orbital of the metal complex.
Therefore, one expects the elongation of the OÿO bond in the
transition state to be the most significant structural change
relative to the base adducts. This is indeed the case: the OÿO
distance increases by 0.35 � (3) to 0.39 � (3 k) (Table 3). On
the other hand, all transition states studied exhibit similar
values of the CÿC bond lengths, �1.36 �, which is only
slightly elongated compared to the value calculated for
ethylene, 1.327 �. The calculated CÿC bond length of ethyl-
ene epoxide is 1.47 �.


In a combined experimental and computational study it has
been concluded[32] that olefin epoxidation with organic
peracids features an essentially concerted approach of the
olefin to the relevant peroxo oxygen center. The transition
states determined in the current work also support such a
conclusion for the Re bisperoxo complexes under study. The
two bond lengths C1ÿO1 and C2ÿO1 in the transition states
differ by at most 0.20 � (for L� pyridine N-oxide; Table 3).
The olefin carbon atom C1 is the one closer to the base ligand
binding site of the Re bisperoxo complex in the transition
state, while the carbon atom C2 points in the direction of the
oxo group (see Figure 6 for the atom labeling). The position
of the shorter CÿO bond is not the same for all structures. The
base-free complex 3 and the base adducts 3 a, 3 i, and 3 h
exhibit a longer C2ÿO1 bond, while the opposite holds for the
complexes 3 l, 3 k, and 3''. Interestingly, the asymmetry of the
transition state structure correlates very well with the barrier
height (Figure 7): the shorter the distance d(C2ÿO1) com-
pared to d(C1ÿO1), the lower is the barrier. (Only the
pyridine N-oxide adduct 3 i forms an exception.) This finding
suggests that the differences between the two CÿO distances
in the transition state do not result from steric factors, but are
caused by electronic interaction. As expected, the carbon
atom closer to the oxygen center is more positively charged
(Table 3). With the exception of NMe3, the difference
between the charges of the two carbon centers correlates
quite well with the difference between the CÿO distances.
However, the differences are not large enough (Table 3) to
support the hypothesis of an ionic charge distribution, as
would be expected for a nonconcerted mechanism. The partial
charge of the olefin in the transition state (as measured by


Figure 7. Calculated energy barrier DE of ethylene epoxidation as function
of the difference of the interatomic distances d(C1ÿO1)ÿ d(C2ÿO1) of
various base adduct transition states.


q(C1)� q(C2); Table 3) provides an estimate for the amount
of electron density donated by the olefin. This transfer of
electron density from the olefin to the metal complex is the
same for all base ligands.


MO analysis : To rationalize the influence of the charge
distribution within the complex on its reactivity, it is useful to
consider how the frontier orbitals of the olefin and the peroxo
group interact during the reaction. Figure 5 presents the
corresponding orbital interaction in a simplified fashion. The
dominant interaction occurs between the olefin HOMO
p(C ± C) and the unoccupied peroxo s*(O ± O) orbital, which
is among the LUMO group of the metal peroxo complex.
Through this interaction, electron density is redistributed
from the CÿC bonding olefin orbital to an O ± O antibonding
orbital, and thus entails O ± O bond activation. The reciprocal
interaction between the p*(O ± O) HOMO of the metal
peroxo complex and the olefin LUMO p*(C ± C) is less
important since the corresponding energy gap is larger
(Figure 5).[31] The reactivity of the metal complex depends
mostly on the first interaction and thus on the overlap
between the two p(C ± C) and s*(O ± O) orbitals as well as on
the corresponding energy gap.


Alkyl substituents on the olefin raise the p(C ± C) level
through electron donation; thus, the gap between the frontier
orbitals decreases and the epoxidation barrier is expected to
decrease accordingly. To corroborate this effect, we have
determined the barrier heights of olefin epoxidation for the
unligated bisperoxo reference complex [CH3Re(O2)2O] and
several of its base adducts [CH3Re(O2)2O] ´ L (Table 3).
Figure 8 displays the calculated energy barriers for the
epoxidation of ethylene and its methyl-substituted derivatives
via the base-free complex 3 as a function of the olefin p(C ± C)
orbital energy. We note a substantial lowering of the
epoxidation barrier from 12.4 kcal molÿ1 for ethylene to
6.3 kcal molÿ1 for tetramethylethylene. The higher energy of
the olefin p(C ± C) orbital reflects the more nucleophilic
nature of the olefin concomitant with a lower activation
barrier of the epoxidation reaction. The linear variation of the
epoxidation barrier with the olefin HOMO energy underlines
the importance of the underlying frontier orbital interaction.


By the same token, one expects a higher epoxidation
barrier if the virtual orbitals in the LUMO group of the
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Figure 8. Calculated energy barriers DE for epoxidation of various
substituted olefins by the base-free reference complex [CH3Re(O2)2O]
(3) as a function of the energy of the HOMO p(C ± C).


M-O-O moiety with significant s*(O ± O) contribution (Fig-
ure 5) are raised in energy. Thus, for a given olefin,
coordination of a base is expected to increase the relevant
HOMO ± LUMO gap and thus decrease the dominant fron-
tier orbital interaction with the incoming olefin. All base
ligands L transfer electron density to the Re center (see q(Re)
in Table 3) and thus reduce its ability to withdraw electron
density from the peroxo group. Therefore, the more nega-
tively charged peroxo oxygen centers of the base adducts are
less amenable to a nucleophilic attack by an olefin. In Table 3
we present the energy of the s*(O ± O) orbital as well as the
shift D(O1 1s) of the 1s core level of the O1 center relative to
the value in the base-free complex [CH3Re(O2)2O]. Since the
systems studied exhibit similar core structures and since
changes as a result of rehybridization of the MÿO and the
OÿO bonds are negligible, the oxygen core level energy
depends mainly on the local charge density. The core level
shift (related to the negative of the ESCA shift) may be taken
as a measure of the charge on the O1 center: the more positive
the shift, the larger the negative charge on the corresponding
center. Figure 9 a illustrates how the 1s core level shift varies
with the energy of the donating lone pair orbital slp of the
isolated Lewis base. The purely s-donating ligands H2O, NH3,
and pyridine N-oxide (with the exception of NMe3) show a
correlation. On the other hand, pyrazole and pyridine, which
exhibit an additional p interaction channel with the metal
center, do not obey the same relationship; NMe3 deviates
because of significant structural differences (ReÿN bond
length; see Table 3). We note that the s*(O ± O) level and the
1s core level are shifted synchronously when the base ligand L
is varied (see Figure 9 b). Both orbitals are localized on the
oxygen centers; therefore, they both react similarly to the
change in the potential when the electron density is increased
as a result of coordination of an electron-donating base ligand
at the rhenium center.


Figure 9 c shows how the energy of the epoxidation barrier
changes with the energy of the s*(O ± O) orbital. Ligands with
an additional p-interaction channel feature noticeably lower
barriers for the epoxidation reaction. The general trend is
indeed as discussed above: a system where the ligand pushes
more electron density to the oxygen atom features a higher
barrier for epoxidation.


Figure 9. a) Peroxo O1 1s Kohn ± Sham orbital energy shift D(O1 1s) of
various base adducts [CH3Re(O2)2O] ´ L (3x) (calculated relative to the
value of the base-free reference complex 3, ÿ523.227 eV) as a function of
the energy of the donating lone-pair level slp of the free ligand L. b) D(O1
1s) of complexes 3x as a function of the s*(O ± O) orbital energy.
c) Calculated energy barrier DE for ethylene epoxidation by various base
adducts [CH3Re(O2)2O] ´ L (3 x) as a function of the s*(O ± O) orbital
energy of 3 x.


A natural population analysis reveals that the base ligands
carry a notable positive charge and it reflects the reduction of
the positive charge on the metal center just mentioned as a
result of the formation of a base adduct. Furthermore, more
electron density is found on the peroxo oxygen center O1
which is attacked by the olefin (Table 3). However, the O1
charge values vary over such a narrow range that it is not
possible to establish a meaningful correlation with the
calculated barrier heights. The charge of the base ligand does
not correlate with the charge of the oxygen center O1. A water
ligand exhibits the smallest positive ligand charge, yet the Re-
peroxo moiety is quite polarized. Pure s-donor ligands, such
as NMe3, NH3, H2O, and pyridine N-oxide, support a higher
charge on the O1 center than the conjugated N-bases pyridine
and pyrazole, which can act both as p-donor and p-acceptor
ligands. Inspection of Figure 9 c shows that the barrier height
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within the group of pure s-donor ligands (3 l, 3 k, 3'', and 3 i)
varies quite linearly with the energy of the s*(O ± O) orbital.
Because of the correlation displayed in Figure 9 b, the
calculated barrier height of ethylene epoxidation also corre-
lates with the charge on the O1 oxygen center of the attacked
peroxo group. On the other hand, ligands which are also able
to interact with the metal center through a p-channel (3 a -
pyridine, 3 h - pyrazole) feature relatively low epoxidation
barriers (Figure 4).


It is instructive to correlate the calculated reaction barriers
of ethylene epoxidation by various Lewis base adducts 3 x
with the corresponding experimental yields of the catalytic
epoxidation of styrene. In Figure 10 the yield of styrene oxide
with 1 a,h ± j as the starting material (after t� 200 min) is
displayed as function of the calculated energy of the transition


Figure 10. Yields of styrene oxide (after 200 min) as function of the
calculated transition state energy DE (see Table 3, ethylene as a model
olefin). The first label denotes the calculated transition state complex (see
Figure 6), the second label the experimental starting material (ratio
MTO:Lewis base in parenthesis, see Figure 4).


state of ethylene epoxidation (see DE values in Table 3). As
discussed above, substitution of the olefin only causes a linear
shift of the barrier (see Figure 7). Figure 10 demonstrates the
overall effect of a base ligand of complex 3 : the lower the
energy of the transition state, the higher the epoxidation yield.
System 3 l does not fit the correlation very well. This may be
rationalized by the fact that, because of the steric repulsion
(cf. d(ReÿL) of 2.64 � and E(ReÿL) of 14.4 kcal molÿ1, see
Table 3), the metal ± ligand bond is rather weak. Thus, the
ligand may be displaced, for example by a water molecule, and
in that case the base adduct is not well defined.


Energetics : The overall effect of the model base ligands on the
reactivity of the rhenium peroxo complexes is a combination
of stabilization and deactivation of the rhenium bisperoxo
base adduct. To evaluate this combined effect, we compared
the energetics of each system to that of the base-free complex
3 (Figure 6). Obviously, the base-free system features the
lowest activation barrier relative to its precursor intermediate,
yet it also exhibits the highest transition state (by absolute
energy), since it lacks the stabilization afforded by the base
ligand. In general, the stabilization of the intermediate (�14 ±
20 kcal molÿ1) surpasses the increase of the energy barrier to


the transition state by far, which ranges from ÿ2.2 kcal molÿ1


for pyridine to ÿ3.2 kcal molÿ1 for NH3, and ÿ4.9 kcal molÿ1


for pyrazole. However, among the model bases investigated
there are also noteworthy exceptions to this trend. The strong
stabilization afforded by a water ligand is essentially com-
pensated by a large enhancement of the activation energy.
Therefore, 3'' has an epoxidation transition state that lies at a
higher energy (by absolute value) than the transition states of
3 a and 3 h. Since water is always present under catalytic
conditions, one effect of a base ligand in the catalytic process
is quite clear. By ensuring a stronger stabilization than water,
a favorable base extrudes the water ligand from the complex;
however, at the same time it must not deactivate the complex
too much. Pyridine fulfills both these conditions although it
can easily be oxidized to pyridine N-oxide which provides a
similar stabilization but induces a much higher epoxidation
barrier. Among the ligands studied, pyrazole affects the
catalytic reaction optimally since it affords the largest
stabilization of the intermediate and leads to the smallest
increase of the activation barrier. On the other hand, the base
NMe3 exhibits the least stabilization of the base adduct and
entails a rather strong increase of the activation energy. The
calculated reaction barriers correlate quite well with the
experimentally determined yields of styrene epoxidation
(Figure 10).


Conclusions


In the presence of excess H2O2 all the Lewis base adducts of
MTO examined form bisperoxo complexes. The reactivity of
these complexes varies significantly depending on the Lewis
base ligand, despite the fluxonial behavior of these complexes
in solution. Ligand stability against oxidation by H2O2, excess
of the ligand under catalytic conditions, and the reaction
temperature all affect the catalytic efficiency. According to
our density functional investigations, the coordination of a
Lewis base ligand to the rhenium bisperoxo complex gen-
erally increases the barrier to olefin epoxidation because the
base ligand donates electron density to the peroxo group
through the metal center thus reducing its electrophilic
properties. The frontier orbital interaction between the olefin
HOMO p(C ± C) and the orbitals with s*(O ± O) character in
the LUMO group of the metal peroxo moiety controls the
activation of the OÿO bond. The olefin HOMO is pushed to
higher energies by electron-donating alkyl substituents, with
the epoxidation barrier dropping concomitantly. On the other
hand, a base coordinated at the metal center pushes the
s*(O ± O) LUMO to higher energies and thus entails a higher
barrier for epoxidation. The pyrazole ligand affords the
largest stabilization of rhenium bisperoxo complexes, surpass-
ing even water. In addition, pyrazole also features the smallest
deactivating effect. As a result, if present at a high enough
concentration, a favorable Lewis base (such as pyrazole) is
able to expel the water ligand (which induces a higher barrier)
from the rhenium center, thus accelerating the olefin epox-
idation reaction.
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Experimental Section


All preparations and manipulations were carried out with standard Schlenk
techniques under an oxygen-free and water-free nitrogen or argon
atmosphere. Solvents were dried by standard procedures, distilled, and
kept under argon over 4 � molecular sieves. Microanalyses and mass
spectra were performed at the TUM (Garching) laboratories. IR spectra
were measured on a Perkin-Elmer FT-IR spectrometer and mass spectra
were obtained with a Finnigan MAT311 A and a MAT 90 spectrometer.
Mass spectra (m/z values) are based on the isotope 187Re. 1H NMR
(399.80 MHz), 13C NMR (100.51 MHz), and 17O NMR (54.14 MHz) spectra
were recorded on a JEOL JNM GX-400. The starting compound 1 was
prepared according to the literature.[33] The other chemicals were used as
purchased or prepared as described below.


Preparation of complexes of general formula (pyridine)methyltrioxo-
rhenium and (pyrazole)methyltrioxorhenium (2): Pyridine (pyrazole)
(2.0 mmol) was added to a solution of 1 (250 mg, 1.0 mmol) in diethyl
ether (10 mL). The solution turned yellow. The mixture was stirred for 2 h
and then concentrated to �5 mL. A yellow or nearly colorless precipitate
was obtained upon cooling to ÿ78 8C, washed with pentane, and dried in a
vacuum (oil pump).


Methyl(pyridine)trioxorhenium (1a): Yield: 150 mg (48 %); IR (KBr): nÄ �
3065 w (C�CH), 1603 m (C�C), 1447 s, 934 vs (Re�O), 923 vs (Re�O), 737
s, 699 m, 630 m, 429 m cmÿ1; 1H NMR (400 MHz, CDCl3, RT): d� 1.90
(ReCH3, s, 3H), 7.34 ± 7.38 (N(CH)(CH), m, 2H), 7.75 ± 7.82
(N(CH)(CH)(CH), m, 1H), 8.25 ± 8.27 (N(CH), m, 2H); 13C{1H} NMR
(100.51 MHz, CDCl3, RT): d� 24.91 (ReCH3), 125.02 (N(CH)(CH)),
138.63 (N(CH)(CH)(CH)), 146.86 (N(CH)); CI-MS (70 eV): m/z (%):
251 (100) [CH3ReO3�H�]� , 235 (77) [ReO3)]� ; anal. calcd for C6H8NO3Re
(328.34): C 21.95, H 2.46, N 4.27, O 14.62, Re 56.71; found: C 21.94, H 2.47,
N 4.26, O 14.58, Re 57.36.


Methyl(4-methylpyridine)trioxorhenium (1b): Yield: 230 mg (67 %); IR
(KBr): nÄ � 1616 vs (C�C), 1440 m, 1418 m, 928 vs (Re�O), 920 vs (Re�O),
808 s, 562 m, 493 m cmÿ1; 1H NMR (400 MHz, CDCl3, RT): d� 1.79
(ReCH3, s, 3H), 2.35 (py-CH3, s, 3H), 7.16 (N(CH)(CH), d, 3J(H,H)�
6.10 Hz, 2 H), 8.06 (N(CH), d, 3J(H,H)� 4.89 Hz, 2H); 13C{1H} NMR
(100.51 MHz, CDCl3, RT): d� 21.05 (py-CH3), 25.43 (ReCH3), 125.92
(N(CH)(CH)), 146.23 (N(CH)(CH)(CH)), 150.92 (N(CH)); CI-MS
(70 eV): m/z (%): 251 (83) [CH3ReO3�H�]� , 235 (100) [ReO3)]� ; anal.
calcd for C7H10NO3Re (342.36): C 24.59, H 2.94, N 4.09, O 14.02, Re 54.39;
found: C 24.70, H 2.94, N 4.09, O 13.97, Re 54.50.


(4-tert-Butylpyridine)methyltrioxorhenium(vviiii) (1c): Yield: 200 mg
(52 %); IR (KBr): nÄ � 2965 m (C-H), 1614 s (C�C), 1419 m, 929 vs
(Re�O); 921 vs (Re�O) cmÿ1; 1H NMR (400 MHz, CDCl3, RT): d� 1.26
((CH3)3C, s, 9H), 1.80 (ReCH3, s, 3 H), 7.34 (N(CH)(CH), dd, 3J(H,H)�
4.88 Hz, 4J(H,H)� 1.83 Hz, 2H), 8.13 (N(CH), dd, 3J(H,H)� 4.88 Hz,
4J(H,H)� 1.83 Hz, 2 H); 13C{1H} NMR (100.51 MHz, CDCl3, RT): d�
25.15 (ReCH3), 30.17 ((CH3)3C), 35.00 ((CH3)3C), 122.17 (N(CH)(CH)),
146.44 (N(CH)(CH)(C)), 163.62 (N(CH)); CI-MS (70 eV): m/z (%): 271
(12) [NC5H4(C(CH3)3))2]� , 235 (5) [ReO3)]� , 136 (100)
[NC5H4(C(CH3)3)]� ; anal. calcd for C7H7N2O3Re (384.45): C 31.24, H
4.19, N 3.64, Re 48.43; found: C 31.43, H 4.19, N 3.60, Re 48.47.


(4-Cyanopyridine)methyltrioxorhenium (1d): Yield: 330 mg (94 %); IR
(KBr): nÄ � 1603 s (C�C), 1415 m, 1420 m, 943 vs (Re�O); 931 vs (Re�O),
842 s, 565 m cmÿ1; 1H NMR (400 MHz, CDCl3, RT): d� 2.15 (ReCH3, s,
3H), 7.57 (N(CH)(CH), dd, 3J(H,H)� 4.27 Hz, 4J(H,H)� 1.22 Hz, 2H),
8.57 (N(CH), dd, 3J(H,H)� 4.27 Hz, 4J(H,H)� 1.22 Hz, 2 H); 13C{1H}
NMR (100.51 MHz, CDCl3, RT): d� 23.28 (ReCH3), 115.76 (py-CN)
121.77 (N(CH)(CH)), 126.11 (N(CH)(CH)(CH)), 148.89 (N(CH)); CI-MS
(70 eV): m/z (%): 251 (59) [CH3ReO3�H�]� , 235 (100) [ReO3)]� ; anal.
calcd for C7H7N2O3Re (353.35): C 23.79, H 2.00, N 7.39, O 13.85, Re 52.70;
found: C 23.79, H 2.01, N 8.01, O 13.51, Re 52.45.


Methyl(pyridine-4-aldehyde)trioxorhenium (1e): Yield: 250 mg (70 %); IR
(KBr): nÄ � 1714 s (C�O), 1681 m (C�C), 1420 m, 1388 m, 939 vs (Re�O),
928 vs (Re�O), 821 s, 561 m, 478 m cmÿ1; 1H NMR (250 MHz, CDCl3, RT):
d� 2.06 (ReCH3, s, 3H), 7.73 (N(CH)(CH), dd, 3J(H,H)� 4.75 Hz,
4J(H,H)� 1.75 Hz, 2H), 8.51 (N(CH), dd, 3J(H,H)� 4.50 Hz, 4J(H,H)�
1.70 Hz, 2H); 13C{1H} NMR 62.90 MHz, CDCl3, RT): d� 23.80 (ReCH3),
123.35 (N(CH)(CH)), 142.75 (N(CH)(CH)(C-C(O)H)), 148.83 (N(CH)),
190.40 (CHO); CI-MS (70 eV): m/z (%): 251 (100) [CH3ReO3�H]� , 235


(78) [ReO3)]� ; anal. calcd for C7H8NO4Re (356.35): C 23.59, H 2.26, N 3.93,
O 17.96, Re 52.52; found: C 23.70, H 2.28, N 3.97, O 17.49, Re 52.35.


Methyl(pyrazole)trioxorhenium (1h): Yield: 298 mg (73 %). Spectroscopic
data: IR (KBr): nÄ � 1528 m (C�C), 1471 m, 1405 m, 1358 w, 1278 w, 1259 m,
1190 w, 1161 w, 1122 m, 1058 m, 1046 m, 970 s (Re�O), 949 vs (Re�O), 879
w, 762 s, 709 s, 601 m, 525 m, 421 m cmÿ1; 1H NMR (400 MHz, CDCl3, RT):
d� 2.18 (ReCH3, s, 3 H), 6.43 (N(H)(CH)(CH), d, 1H), 7.60 (N(H)(CH), d,
2H); 13C{1H} NMR (100.51 MHz, CDCl3, RT): d� 24.62 (ReCH3), 134.22
(N(CH)(CH) and NH(CH)), 107.05 (N(H)(CH)),; CI-MS (70 eV): m/z
(%): 251 (100) [CH3ReO3�H]� , 235 (71) [ReO3)]� ; anal. calcd for
C4H7N2O3Re (317.12): C 15.15, H 2.22, N 8.83; found: C 15.24, H 2.27, N
8.96.


Preparation of bis(methyltrioxorhenium)4,4''-bipyridine (1 f) and bis-
(methyltrioxorhenium)(1,2-bis(4-pyridyl)ethane) (1g): MTO (500 mg,
2 mmol) was dissolved in diethyl ether (10 mL) and 4,4'-bipyridine (4,4'-
bis(methylenpyridine)) (1 mmol) was added to the stirred solution. The
solution immediately turned yellow. After 1 h the solvent was evaporated
in a vacuum (oil pump) and a pale yellow powder was obtained. This
powder was washed with n-hexane (10 mL), the solution filtered off with a
canula. The remaining yellow residue was dried in a vacuum (oil pump).


1 f : Yield: 538 mg (82 %); IR (KBr): nÄ � 3090 w, 3057, m, 2987 w, 1604 s
(C�C), 1413 s, 1384 m, 1218 m, 1074 m, 1005 m, 940 sst (Re�O), 928 vs
(Re�O), 817 s, 626 m, 562 m, 489 w cmÿ1; 1H NMR (400 MHz, CDCl3, RT):
d� 2.20 (ReCH3, s, 6H), 7.56 (N(CH)(CH), dd, 3J(H,H)� 4.52 Hz, 4H),
8.52 (N(CH), dd, 3J(H,H)� 4.52 Hz, 4 H); 13C{1H} NMR 62.90 MHz,
CDCl3, RT): d� 23.26 (ReCH3), 122.71 (N(CH)(CH)), 149.23 (N(CH)),
146.93 (N(CH)(CH)C); CI-MS (70 eV): m/z (%): 251 (100)
[CH3ReO3�H]� , 235 (67) [ReO3)]� ; anal. calcd for C12H14N2O6Re2


(654.67): C 22.02, H 2.16, N 4.28, Re 56.89; found: C 21.99, H 2.18, N
4.28, Re 56.95.


1g : Yield: 620 mg (90 %); IR (KBr): nÄ � 3092 w, 3050, m, 2976 m, 1946 s,
1610 (C�C), 1413 m, 1359 m, 1217 m, 1070 m, 1020 m, 939 sst (Re�O), 926
vs (Re�O), 827 s, 807 m, 739 m, 571 m, 546 m, 516 w, 495 w cmÿ1; 1H NMR
(400 MHz, CDCl3, RT): d� 1.86 (ReCH3, br., 6 H), 7.09 (N(CH)(CH), br.,
4H), 8.26 (N(CH), br., 4H),2.92 ((CH2)2, br., 4H); CI-MS (70 eV): m/z
(%): 251 (100) [CH3ReO3�H]� , 235 (71) [ReO3)]� ; anal. found (calcd for
C14H18N2O6Re2 (682.72): C 24.63, H 2.66, N 4.10, Re 54.55; found: C 24.59,
H 2.65, N 4.11, Re 54.51.


X-ray structure determination


General procedure : Suitable single crystals for the X-ray diffraction studies
were grown by standard techniques from saturated solutions of 1c in
toluene and of 1 f in CH2Cl2/(CH3)2O/Et2O at room temperature. Both
structures were solved by a combination of Patterson syntheses and
difference-Fourier syntheses and refined by full-matrix least-squares
calculations. Neutral-atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken from the
International Tables for X-Ray Crystallography.[34] All calculations were
performed on a DEC station 5000/25 (1 c) and a DEC 3000 AXP work-
station (1 f) with the STRUX-V system,[35] and used the programs
PLATON,[36] SDP (1c),[37] SHELXS-86,[38] and SHELXL-93.[39] A summary
of the crystal and experimental data is reported in Table 4.


(4-tert-Butylpyridine)methyltrioxorhenium (1c): Preliminary examination
and data collection were carried out on an automated four-circle
diffractometer (NONIUS CAD4) equipped with a sealed tube and
graphite monochromated MoKa radiation. Final lattice parameters were
obtained by least-squares refinement of 25 automatically centered high-
angle reflections (39.98< 2q< 47.98). Data collection was performed at
193 K.[40] A total number of 4703 reflections were collected. Data were
corrected for Lorentz and polarization effects. Corrections for absorption
effects were applied (numerical, 8 indexed faces, Tmax/Tmin: 0.330/0.058). No
decay was observed. After merging, a total of 2070 independent reflections
remained which were used for all calculations. All ªheavy atomsº of the
asymmetric unit were anisotropically refined. All hydrogen atoms were
placed in calculated positions and included in the structure factor
calculations; however, they were not refined. The refinements was stopped
at shift/err< 0.0001, and final difference Fourier maps showed no
significant features. Full-matrix least-squares refinements were carried
out by minimizing Sw(F 2


o ÿF 2
c �2 with the SHELXL-93 weighting scheme.


Bis(methyltrioxorhenium)4,4''-bipyridine (1 f): Preliminary examination
and data collection were carried out on a Kappa CCD area detecting
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diffraction system (NONIUS; MACH 3) equipped with a rotating anode
and graphite-monochromated MoKa radiation. The unit cell parameters
were obtained by full-matrix least-squares refinements of 6311 reflections.
Data collection was performed at 293 K (exposure time: 120 s per frame; q-
offset: 108, f : 0.08 ± 360.08 ; Df :18 ; dx: 40.0 mm). A total number of 5599
reflections were collected. Raw data were reduced and scaled with the
programs DENZO and HKL.[41, 42] Data were corrected for Lorentz and
polarization effects. Corrections for absorption effects were applied with
the difabs strategy (Tmax/Tmin: 1.000/0.130).[36] After merging, a total of 1391
independent reflections remained which were used for all calculations. All
ªheavy atomsº of the asymmetric unit were refined anisotropically. All
hydrogen atoms were placed in calculated positions and included in the
structure factor calculations; however, they were not refined. Full-matrix
least-squares refinements were carried out by minimizing Sw(F 2


o ÿF 2
c �2


with the SHELXL-93 weighting scheme and stopped at shift/err< 0.001.


Crystallographic data (excluding structure factors) for the structures
reported in this work have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-116367 (1c)
and CCDC-116366 (1 f). 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).


Catalysis : Catalytic reactions with compounds 1 x as catalysts:


Method A : cis-Cyclooctene (800 mg, 7.3 mmol) and n-dibutylether
(800 mg, internal standard), with 1 (1 mol %, 73 mmol) as the catalyst.
The amount of ligand changed from 73 mmol (1:1) to 1.8 mmol (1:25)


b) Method B : Styrene (200 mg, 1.7 mmol) and mesitylene (100 mg,
0.83 mmol, internal standard), with 1 (1 mol %, 17 mmol) as the catalyst.
The amount of ligand changed from 17 mmol (1:1) to 0.17 mmol (1:10)


For both Method A and B, hydrogen peroxide (1.5 mL, 35%) was added to
a thermostated reaction vessel and stirred for 4 h at 25 8C. In the catalytic
runs conducted at 55 8C toluene was used as the solvent. The course of the


reaction was monitored by quantitative GC analysis; samples were taken
every 10 min, diluted with methylene chloride, and chilled in an ice bath.
For the destruction of the hydrogen peroxide and removal of water, a
catalytic amount of manganese dioxide and magnesium sulfate was added.
After the evolution of gas ceased, the resulting slurry was filtered over a
filter equipped with a Pasteur pipette and the filtrate injected into a GC
column. The conversion of cyclooctene and styrene, respectively, and the
formation of cyclooctene oxide and styrene oxide was calculated from a
calibration curve (r2� 0.999) recorded prior to the reaction course.


Computational procedures : All the electronic structure calculations were
performed with the hybrid B3-LYP[43] density functional scheme[44] with
effective core potentials.[45] Geometry optimizations were carried out
without any symmetry restrictions with 6-311G(d,p)[46] on all centers
(except Re). Finally, two f exponents were added to the basis set of Re to
evaluate energies in a single-point fashion.[5] Details of this computational
strategy have been discussed elsewhere.[47] Since the present study focuses
on trends and their explanation, we refrained from correcting stabilization
energies and reaction barriers for enthalpy and solvent effects. Previous
investigations have shown that such corrections do not affect the trends
analyzed in the present study.[5, 47]
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Experimental Spin Density in a Purely Organic Free Radical: Visualisation of
the Ferromagnetic Exchange Pathway in p-(Methylthio)phenyl Nitronyl
Nitroxide, Nit(SMe)Ph


Yves Pontillon,[b, c] Andrea Caneschi,[a] Dante Gatteschi,*[a] Andre Grand,[b]


Eric Ressouche,[b] Roberta Sessoli,[a] and Jacques Schweizer*[b]


Abstract: The P21/a form of the 2-(4-
methylthiophenyl)-4,4,5,5-tetramethyli-
midazoline-1-oxyl-3-oxide [Nit(SMe)Ph]
ferromagnet (Tc� 0.2 K) was investigat-
ed by conventional and polarised neu-
tron diffraction. The data was analysed
by both direct methods (3 D maximum
entropy) and indirect methods (wave
function modelling). In both cases, we
found that the major part of the spin
density is located on the O-N-C-N-O
fragment with a negative contribution
on the bridging sp2 carbon atom. In


addition, the magnetic molecular orbital
of the two oxygen atoms of the O-N-C-
N-O fragment is rotated and hybridised.
Delocalisation of the unpaired electron
onto the methylthio fragment is signifi-
cant; it suggests that this group is
involved in the intermolecular exchange


pathway. The experimental results were
compared to those obtained by density
functional theory (DFT) calculations on
an isolated molecule as well as on a pair
of molecules which have the same short
intermolecular contact as those ob-
served in the structure. The main con-
clusion is that DFT fails to predict, in
terms of quantitative results, the transfer
and the delocalisation of the spin density
outside of the O-N-C-N-O fragment.


Keywords: density functional calcu-
lations ´ electron transfer ´ magnetic
properties ´ neutron diffraction ´
radicals ´ spin density


Introduction


Molecular magnetism is a rapidly developing field that
combines the skills of experimental and theoretical scientists.
The spin-labelling technique[1, 2] strongly contributed to the
development of the organic chemistry of nitroxide free
radicals.[3, 4] Since the reported synthesis[5] of stable 2-phe-
nyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, NitPh,
considerable effort has been devoted to the physical charac-
terisation of Ullman�s nitronyl nitroxide free
radicals A.


These compounds carry a delocalised, S� 1/2, unpaired
electron. Some of their derivatives were found to be para-
magnetic at low temperature (NitPh[5]), while others were


found to exhibit cooperative magnetic behaviour.[6±11] In
particular, Nit(pNO2)Ph was found to be the first genuine
organic ferromagnet.[12] This magnetic behaviour is very
sensitive to the chemical structure of the spin carrier and to
the crystal packing. In fact, Nit(pNO2)Ph crystallises in four
different phases, of which only the b phase orders ferromag-
netically (Tc� 0.6 K).[13, 14] Moreover, the attachment of the
nitro group in the meta-, rather than in the para- position of
the phenyl, leads to an antiferromagnetic compound.[6] This
early discovery precipitated a number of investigations of
many other Nit radicals and a few of them were found to order
ferromagnetically with Tc values in the range 0.2 ± 0.6 K.[15] In
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the meantime, a nitroxide radical was found to order
ferromagnetically at 1.48 K.[16] Several possible mechanisms
leading to ferromagnetic coupling between the nitronyl
nitroxide radicals were suggested; however, experimental
evidence has been controversial, and statistical elaborations
have so far been unsuccessful in providing unequivocal
evidence on the most efficient pathways which lead to
ferromagnetic coupling.[17] The problem is that the interac-
tions are weak in all cases, and a detailed knowledge of the
unpaired spin-density map should be obtained experimentally
and then associated with theoretical calculations in order to
substantiate qualitative conclusions.


Neutrons, thanks to their magnetic moment, are a unique
tool for spin-density studies.[18] On the one hand they can be
used to measure microscopic distributions of spin densities as
opposed, for example, to macroscopic measurements, such as
the magnetic susceptibility. On the other hand, unlike the
resonance techniques which measure microscopic quantities
at certain points of the molecule, neutrons are itinerant
probes which provide information on the spin density at every
point in the crystal.


Neutrons are scattered by nuclear interactions with the
nuclei and by magnetic interactions with the spin density.
Under the experimental conditions, the nuclear spins are not
polarised and the nuclear scattering is independent of the
neutron spin. In contrast, the electronic spins are polarised by
a magnetic field and the interaction of the neutron with the
spin density depends on the neutron spin. This allows the
separation of the magnetic and the nuclear contributions by
the use of a polarised neutron beam and different beam
polarisations.


Polarised neutron diffraction studies of a paramagnetic
single crystal are usually performed by inducing a magnet-
isation density by means of a strong magnetic field at low
temperature. The induced magnetisation density is periodic as
is the nuclear density. For this reason, all the coherent elastic
scattering occurs at the Bragg positions (hkl).


In practice one measures the so-called ªflipping ratioº R of
Bragg reflections, that is the ratio of scattered intensities for
ªupº (parallel to the applied field) and ªdownº (antiparallel)
polarisations of the incident beam. Moreover, if the crystal
structure is centrosymmetric, the expression for R is given by
Equation (1) [~FM�~zFM ; FM?�FMsina ; FM?z�FMsin2a],
where a is the angle between the scattering vector (hkl) and
~z, where~z is a unit vector along the applied magnetic field, FN


is the nuclear structure factor and ~FM is the magnetic structure
factor (Fourier component of the magnetisation density).


R(h,k,l)�
I "
I # �


F 2
N � F 2


M? � 2 FN FM?z


F 2
N � F 2


M? ÿ 2 F 2
N F 2


M?z


(1)


If the crystal structure is known, the FN values are known
and the magnetic structure factors can be extracted from
Equation (1). Consequently, the experiment generally in-
cludes two steps. In the first one, conventional unpolarised
neutron diffraction techniques are used to determine the
precise structure of the crystal at low temperature, including
the location of the hydrogen atoms and the thermal param-
eters. In the second step the flipping ratios are measured with


polarised neutrons at low temperature to maximise the
amount of ordered spin density induced by the applied field.


We report herein a single-crystal polarised-neutron inves-
tigation and ab initio calculations of the spin density of a
purely organic nitronyl nitroxide free radical which exhibits
ferromagnetic ordering: the 2-(4-methylthiophenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, Nit(SMe)Ph (Tc�
0.2 K[19]). The magnetic interactions observed in this com-
pound were attributed to an exchange pathway which involves
the NO group of one molecule and the SMe group of a
neighbouring molecule, on the basis of spin-diffusion effects
observed in EPR spectroscopy. In particular, it was assumed
that the S atom, with its expanded electron cloud could play a
major role. We show herein how the polarised neutron data
modify this view and how they suggest a definite mechanism
for the magnetic interaction. Furthermore, we compare the
distribution of the spin density in Nit(SMe)Ph with that of a
related compound, the phenyl-substituted nitronyl nitroxide
NitPh,[20] in which the molecules are isolated with practically
no intermolecular magnetic interaction. Thus, we can com-
pare the results obtained for the two related species and
derive important magneto-structural correlations by consid-
eration of the role played by the crystal packing and by the
methylthio group in the redistribution of the spin density
within the radical and, consequently, in the intermolecular
exchange interaction.


Experimental Section


The synthesis and physical properties of Nit(SMe)Ph have been reported
elsewhere.[19] The room-temperature structure for Nit(SMe)Ph is known
from X-ray analysis.[19] The corresponding crystal data are reported in
Table 1. Large crystals, suitable for neutron experiments, were obtained by
slow evaporation of a hexane and CHCl3/heptane solution.


Low-temperature structure refinement : A single crystal, in the form of a
regular slab of dimensions 5.0� 1.7� 1.5 mm3, was used for the neutron
experiment. The unpolarised neutron diffraction experiment was per-
formed on the D15 diffractometer at the ILL reactor (Grenoble, France).
The sample was cooled to 10 K, and 2456 reflections were collected with
sinq/l� 0.80 �ÿ1 (l� 1.173 �). Crystal data and experimental parameters
at T� 10 K are reported in Table 2.


The calculation of the integrated intensities from the w scans was
performed by the COLL 5 program[21] during the experimental run-time.


Table 1. Crystal data of Nit(SMe)Ph at room temperature.


space group P21/a V [�3] 1459.5(5)
a [�] 9.437(2) b [8] 113.66(2)
b [�] 19.827(2) Z 4
c [�] 8.516(2)


Table 2. Crystal data and experimental parameters for the unpolarised
neutron experiment of Nit(SMe)Ph.


space group P21/a T [K] 10
a [�] 9.236(26) neutron wavelength [�] 1.173


sin q/lmax [�ÿ1] 0.80
b [�] 19.393(13) no. of measured reflections 2456
c [�] 8.603(8) no. of independent reflections 1061
b [8] 114.94(12) c2 1.4
RW(F) 0.044
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The program ARRNGE, based on the Cambridge Crystallographic
Library,[22] was used to average the equivalent reflections. The absorption
coefficient m� 0.212 mmÿ1 was obtained by assuming s� 38 barn for the
hydrogen atoms of the molecule. It was then used to calculate the
absorption correction by estimating the mean crystal path for each
(hkl) reflection collected. Refinement of the atomic position from
room-temperature values was carried out with the least-square program
ORXFLS[23] with anisotropic thermal factors for all atoms. Extinc-
tion turned out to be significant. It was modelled in the approximation of
a Gaussian mosaic crystal.[24] In this framework, Equation (2) was
used for the scattering intensity corresponding to secondary type II
extinction.


I�F 2G(I0), with G(I0)� 1����������������������������������
1� 2gLl


3


V2sin�2q�F
2


s (2)


I0 is the ªkinematicº intensity, V the unit cell volume and L, the mean
crystal traversing path. The value of the coefficient g was refined together
with the crystal structure (g� 51.3(2) with L, l, V and F 2 in cm, �, �3 and
10ÿ24 cm2, respectively).


The refinement statistics are also given in Table 2. Selected interatomic
distances and bond angles are given in Table 3.


Polarised neutron experiment : The polarised neutron investigation of the
Nit(SMe)Ph free radical was performed on two crystals. Firstly on the same
crystal as that used in the unpolarised neutron diffraction experiment
(crystal 1), and then on a single crystal of dimensions 3.5� 2.5� 1.5 mm3


(crystal 2). This experiment was performed on the DN 2 polarised neutron
diffractometer at the SILOE reactor (Grenoble, France) with an incident
wavelength l� 1.205 �. Crystal 1 was mounted with the a axis vertical
(parallel to the applied H� 8T magnetic field of a cryomagnet). The
diffractometer was equipped with a lifting counter which enabled the
measurement of several layers of reflections in the reciprocal space:
reflections of type (0kl), (1kl) and (2kl). Crystal 2 was mounted with the c
axis parallel to the applied magnetic field (H� 8 T) and reflections of type
(hk0), (hk1) and (hk2) were measured. In both series the sample
temperature was kept at 5.3 K. Altogether 357 independent flipping ratios
were collected with sinq/l� 0.55 �ÿ1.


Precise nuclear structure factors were calculated from the refined
low-temperature crystal structure. The subroutine library mentioned
above[22] was used to sort and average the equivalent flipping ratios.
The expression in Equation (1) for the flipping ratio was modified to
include corrections which result from the imperfection of the beam and
from extinction. The magnetic structure factors were determined from this
modified expression.


Results


Structural study : Figure 1 shows the molecule of Nit(SMe)Ph
with the atom-labelling scheme used here. Figures 2 and 3
show the packing of the molecules along the a axis and the
shortest intermolecular contacts relevant to the magnetic
properties, respectively. At low temperature, the crystal
symmetry of Nit(SMe)Ph is preserved and no drastic changes
in the cell constants are observed compared to room temper-
ature (Tables 1 and 2). The phenyl ring is twisted around the
C1ÿC2 bond by 30.78 (32.28 at room temperature) with
respect to the O-N-C-N-O plane. In NitPh the range of the
corresponding angle is 25 ± 308. The global intermolecular
arrangement of the molecules in the crystal is also preserved
when the temperature changes from 300 K to 10 K. Therefore,
we only discuss the points which are relevant to the spin-
density results. i) The unit cell contains four free radical
molecules which are arranged in pairs. These pairs form a two-
dimensional network perpendicular to the b axis (Figure 2).
ii) Short intermolecular contacts are found between the NO


Figure 1. View of the Nit(SMe)Ph molecule showing the numbering
scheme of the atoms.


Figure 2. View of the crystal packing of Nit(SMe)Ph along the a axis.


Table 3. Selected low-temperature bond lengths [�] and bond angles [8].


S1ÿC5 1.745(5) S1ÿC14 1.803(9) N1ÿO1 1.270(3)
N2ÿO2 1.275(3) N1ÿC1 1.349(2) N1ÿC8 1.508(2)
N2ÿC1 1.358(3) N2ÿC9 1.498(3) C1ÿC2 1.450(3)
C2ÿC3 1.395(5) C2ÿC7 1.406(4) C3ÿC4 1.391(3)
C4ÿC5 1.390(3) C5ÿC6 1.396(6) C6ÿC7 1.385(3)
C8ÿC9 1.555(5) C8ÿC10 1.542(7) C8ÿC12 1.521(3)
C9ÿC11 1.520(8) C9ÿC13 1.521(4)


C5-S1-C14 102.7(3) O1-N1-C1 127.2(2) O1-N1-C8 121.1(2)
C1-N1-C8 111.4(2) O2-N2-C1 126.5(2) O2-N2-C9 121.3(2)
C1-N2-C9 112.1(2) N1-C1-N2 108.9(2) N1-C1-C2 126.5(2)
N2-C1-C2 124.5(2) C1-C2-C3 119.0(3) C1-C2-C7 122.0(3)
C3-C2-C7 118.7(2) C2-C3-C4 120.6(3) C3-C4-C5 120.5(4)
S1-C5-C4 125.3(4) S1-C5-C6 115.8(3) C4-C5-C6 118.9(3)
C5-C6-C7 120.9(3) C2-C7-C6 120.1(4) N1-C8-C9 101.1(2)
N1-C8-C10 105.7(3) N1-C8-C12 109.8(2) C9-C8-C10 113.3(3)
C9-C8-C12 115.1(4) C10-C8-C12 110.9(3) N2-C9-C8 101.0(3)
N2-C9-C11 106.5(3) N2-C9-C13 109.5(3) C8-C9-C11 112.6(3)
C8-C9-C13 115.4(4) C11-C9-C13 111.0(4)
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Figure 3. Short intermolecular distances between molecules related by the
glide plane x� 1/2, 1/2ÿ y, z (top), and between molecules related by the
translation along the c axis (bottom).


group (N1O1) of a molecule and the phenyl carbon atoms
(C2' to C7') of the molecule related by the glide planes x� 1/2,
ÿy� 1/2, z and xÿ 1/2, ÿy� 1/2, z (Figure 3 a; distances in
the range 3.65 ± 4.37 �). Intermolecular contacts between the
two NO groups (N2O2 and N2'O2') of molecules related by
the same symmetry operation are also found (Figure 3 a;
distances in the range 4.35 ± 4.76 �). iii) Another weak
intermolecular contact (3.72 �) is found between the NO
group of the molecule of the asymmetric unit and the C14'
carbon atom of the methylthio group of a molecule related by
a translation along the c axis (x, y, zÿ 1, Figure 3 b).


Spin-density reconstruction : The magnetic structure factors
are the Fourier components of the spin density M(~r).
Reconstruction of spatial spin density from the experimental
magnetic structure factors is a typical Inverse Fourier (IF)
problem. The IF problem was solved within the limitations of
accuracy and completeness of polarised neutron diffraction
data. In these experiments, the data are noisy, the error bars
are uneven, the sampling of data points in reciprocal space is
somewhat arbitrary, and the spatial resolution of the diffrac-
tion experiment is limited. Therefore, several approaches
were used to solve the IF problem.


Reconstruction based on the modelling of the spin density : A
possible approach is to design a parameterised model of the
spin-density distribution and refine the parameters which give
the best fit with the experimental data. To obtain individual
spin populations of the complete molecule, we used the
magnetic wave function refinement method.[18] In this frame-
work an LCAO-like magnetic wave function jYii was
constructed from the standard Slater atomic orbitals jFiji at
each atomic site i [Eq. (3)], where j labels the atomic Slater
wave functions of an atom i, and ai, j are the expansion
coefficients, which are scaled to give hYi jYii� 1. The spin
density S(~r)is then expanded according to Equation (4).


jYii�
X


j


ai,j jFiji (3)


S(~r)�
X


i


SiYi(~r)Y*i (~r) (4)


The individual atomic spin populations Si as well as the
coefficient ai, j and the radial exponents, z, of the Slater wave
functions for each orbital type are the model parameters
which were refined to best fit the data.


In our refinement, we have included the j2 si, j2 pxi, j2 pyi
and j2 pzi orbitals at the O1, N1, N2 and O2 atomic sites,[25] to
yield jFi�a1 j2si�a2 j2pxi�a3 j2pyi�a4 j2pzi, (a2


1�a2
2�


a2
3�a2


4� 1. A j2 pzi orbital was included at the C1 atomic
site (z axis is perpendicular to the O-N-C-N-O mean plane).
The spin density on the other atoms is weak and is reduced to
its spherical contributions.


The model was refined with a modified least-squares
program MOLLY.[26] The starting values of the Slater radial
exponents were taken from literature.[27] They were refined
for N and O atoms where the spin density is mainly located.


The resulting populations are presented in Table 4 along
with the refinement statistics. The refined radial exponents z


are given in Table 5. Table 6 shows the refined ai, j coefficients
for the orbitals on the O1, N1, N2 and O2 atomic sites.
Figure 4 shows the contours for the spin density projected


Table 4. Atomic spin populations corresponding to T� 5.3 K, H� 8 T.[a,b]


Atoms Spin populations (mB) Atoms Spin populations (mB)


O1 0.194(6) N1 0.233(8)
O2 0.194(7) N2 0.212(8)
S1 0.001(6) C1 ÿ 0.085(7)
C2 ÿ 0.021(8) C3 0.003(8)
C4 0.016(6) C5 ÿ 0.018(7)
C6 0.027(6) C7 0.001(6)
C8 ÿ 0.014(7) C9 0.001(8)
C10 0.022(6) C11 0.018(6)
C12 0.019(5) C13 0.028(7)
C14 0.027(6)


[a] Statistics of the wave-function refinement: no. of variables� 38; no. of
independent FM values� 357; c2/Nobs� 1.45. [b] Sum of spin population
�0.858(7).


Table 5. Refined Slater radial exponents, wave-function modelling.


z(O) initial value 2.25 z(N) initial value 1.95
z(O) refined value 2.85(7) z(N) refined value 1.99(4)


z(C) not refined 1.72 z(S) not refined 1.80
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Figure 4. Projection of the spin density as analysed by wave-function
modelling onto the nitroxide mean plane (Nit(SMe)Ph). Negative contours
are dashed: Left: high-level contours (step 0.04 mB �ÿ2); right: low-level
contours (step 0.006 mB �ÿ2).


onto the O-N-C-N-O fragment. A projection of the recon-
structed spin density onto a plane perpendicular to the O-N-
C-N-O plane and parallel to the N ± N direction is shown in
Figure 5. A perspective visualisation of the spin density of the
complete molecule is represented in Figure 6.


Figure 5. Projection of the contours (step 0.03 mB �ÿ2) of the spin density
onto a plane perpendicular to the nitroxide mean plane, as analysed by
wave-function modelling (Nit(SMe)Ph). Negative contours are dashed.


Figure 6. Perspective view of the spin density (Nit(SMe)Ph radical)
reconstructed by wave-function modelling.


Several important features are worthy of mention: i) as
expected for this type of compounds, the largest spin
populations are carried by the O1-N1-C1-N2-O2 fragment
(Figure 5), and the partitioning of the O1, N1, N2 and O2 spin
populations is approximately 1:1:1:1. ii) As previously[20]


determined, the central carbon atom C1 carries a negative
spin density. The ratio of its spin population to the average of
the spin populations of the O1, N1, N2 and O2 atoms is
approximately ÿ1/3. iii) A strong and significant rotation and
hybridisation of the magnetic molecular orbital of the O1 and
O2 oxygen atoms were found (Table 6, Figure 5). The
equivalent effect was not significant on the N1 and N2 atoms.
iv) Some significant spin density was obtained outside the
nitroxide heterocycle: on the C2 (ÿ0.021(8) mB), C4
(0.016(6) mB), C5 (ÿ0.018(7) mB) and C6 (0.027(6) mB) carbon
atoms of the phenyl ring; on the C14 (0.027(6) mB) carbon
atom of the methylthio group. Practically no spin density was
detected on the sulphur atom S1 ((0.001(6) mB).


Model-independent reconstruction : An alternative approach is
to use a model-independent method in order to reconstruct
the spin density without involving any a priori knowledge of
what the spin density should look like. The most straightfor-
ward approach to solving the IF problem is to calculate the
inverse Fourier sum [Eq. (5), where V is the unit cell volume.


S(x,y,z)� 1/V
X
h;k;l


FM(h,k,l)eÿ2pi(hx�ky�lz) (5)


This sum should be extended in principle to all the nodes (hkl)
of the reciprocal lattice; however, it is actually limited to the
Bragg reflections for which the FM values were determined.
This method has been widely used to interpret polarised
neutron diffraction data,[28] although it has its drawbacks.
Since not all Fourier components are known, there are in fact
many possible spin density maps which fit the data. Fourier
inversion selects one of themÐthe one with zero values for
unmeasured coefficients and values exactly in the middle of
the error bars for those measured. In contrast, the maximum
entropy (ME) technique[29a] selects the most probable map
from all those which are consistent with the data, that is the
one which maximises the Boltzman entropy [Eq. (6)].


entropy(S(~r))�ÿ R
unit cell


s(~r)ln(s(~r))d3~r


(6)


s(~r)� S�~r �R
unit cell


S�~r �d3~r


This formula strictly applies to positive densities; however,
the method has been modified to treat sign-alternated
densities.[29b] In practice one maximises the functional
[Eq. (6)] calculated for a three-dimensional spin density
map under the constraint c2� 1. A projection along the
desired direction is obtained directly by integration of the
three-dimensional distribution. This method has been
shown[29a] to give much better results than conventional
Fourier inversion and is also model-independent.


The spin-density map was reconstructed with a program
based on the MEMSYS subroutine package.[30] Figure 7 shows
the projection of this density onto the O-N-C-N-O molecular


Table 6. Refined wave function coefficients.


Atoms a1(j2si) a2(j2pxi) a3(j2 pyi) a4(j2pzi))


O1 0.158(36) 0.430(114) ÿ 0.126(112) 0.880
N1 0.035(44) ÿ 0.082(115) ÿ 0.228(144) 0.970
N2 ÿ 0.045(54) 0.062(120) 0.132(120) 0.989
O2 ÿ 0.197(42) ÿ 0.058(89) 0.482(122) 0.852
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Figure 7. Projection of the ME-reconstructed spin density onto the nitro-
xide mean plane of the Nit(SMe)Ph molecule. Negative contours are
dashed, contour step 0.02 mB �ÿ2.


plane. As previously described, the main part of the spin
density is located on the two NO groups and is approximately
equally shared by the oxygen and nitrogen atoms. The
bridging sp2 C1 carbon atom carries a negative spin density.


No spin density is detected by this method on atoms of the
carbon skeleton; however, this cannot be used as evidence for
the absence of spin population on these sites as ME usually
does not detect the small contributions to the spin density.


At this stage, it is interesting to check the reality of the
effects determined with the wave function modelling and
particularly the rotation and the hybridisation of the magnetic
molecular orbital of the two oxygen atoms O1 and O2 of the
NO groups. It is possible to use the new method of spin-
density reconstruction which includes the advantages of the
traditional ME described above and wave-function model-
ling:[31] ME reconstruction with an atomic orbital default
model (DMME). This method is based on the extended
entropic functional introduced by Skilling [Eq. (7)].[32]


entropy(S(~r))�ÿ R
unit cell


s(~r)
�


1ÿ ln
�


s�~r �
m�~r �


�
d3~r
�


(7)


As with traditional ME, it allows unlimited freedom of the
spin-density distribution and always yields a density map
which corresponds to c2� 1. In addition, it allows the
introduction of a priori information into the treatment of
the data: the ªdefault modelº of spin density m(~r). It only
influences the entropic functional, that is only the way the best
map is chosen from among those consistent with the data. The
ªdefault modelº does not in any way restrict the density map
itself. If the data are compatible with the default model, the


DMME result will be identical to the model. On the contrary,
if the data are not compatible, the spin density reconstructed
with DMME will be the one which resembles the model as
much as possible and still fits the data. In this case, any
deviation of the reconstructed density from the model is
contained in the experimental data, since it costs entropy.


We used a default model with a symmetric arrangement of
the j2 pzi orbitals on the O1, N1, C1, N2 and O2 atoms
(whereby z is perpendicular to the O-N-C-N-O plane), as
shown in Figure 8 (top). The DMME-reconstructed spin-
density map is presented in Figure 8 (bottom).


Figure 8. Projection of the spin density (contour step 0.015 mB �ÿ2) onto a
plane perpendicular to the nitroxide mean plane: top) the default model;
bottom) the DMME-reconstructed spin density. Negative contours are
dashed.


It is apparent that the rotation and the hybridisation of the
magnetic molecular orbital of the two oxygen atoms O1 and
O2 are really contained in the experimental data. If the
magnetic orbitals of the N1, C1 and N2 atoms are practically
perpendicular to the O-N-C-N-O plane (as determined by
wave-function modelling), those of the O1 and O2 oxygen
atoms form an angle with the z axis and a lobe of each orbital
is stronger than the other (hybridisation). The latter effects
are consistent with those determined by wave-function
modelling. In both cases, the rotation is in the same direction
and it is the same lobe of each orbital which is inflated.


As a conclusion to the spin-density reconstruction, we can
say that the different approaches converge and show, on the
one hand, that the major part of the spin density of
Nit(SMe)Ph should be attributed to the unpaired electron
residing on the singly occupied molecular orbital (SOMO)
which is constructed on the j2 pi atomic orbitals of the O1, N1,
N2 and O2 atoms, and on the other hand, that the 2 p orbitals
on both oxygen atoms O1 and O2 are rotated and hybridised.
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Ab initio spin-density calculations : Having obtained the
accurate polarised neutron diffraction data, we performed
theoretical calculations. Several methods of calculation can be
used. The classical unrestricted Hartree ± Fock (UHF) meth-
od, the UHF-based methods (Mùller ± Plesset perturbation
theory (MP-2, MP-3, etc.),[33] the configuration interaction
(CI) method[34]) and functional density theory (DFT) meth-
od.[35] UHF, MP-2, CI and DFT calculations of spin density in
NitPh have already been reported.[20] The main conclusion is
that UHF-based methods cannot be trusted for the calculation
of the spin densities of organic free radicals. Therefore, for our
spin density calculations, we have applied the DFT method as
implemented in the program DGAUSS.[36] At the local spin-
density functional level, the functional of Vosko, Wilk and
Nusair[37] was used, with nonlocal correlational potential of
Perdew�86[38] and the nonlocal exchange potential of
Becke�88.[39] The DGAUSS program uses Gaussian basis sets.
The different calculations were performed with local density-
optimised basis sets at the DZVP and TZVP levels for
molecules in their experimental low-temperature crystal
geometry. Firstly, the spin distribution of an isolated molecule
of Nit(SMe)Ph was calculated. Then, to check the effect of the
crystal packing in the Nit(SMe)Ph radical, we have calculated
the spin populations of two molecules connected by the short
intermolecular contact presented in Figure 3b (C14' ´ ´ ´
O2ÿN2). In both cases, the results obtained with DZVP and
TZVP basis sets are practically the same. Consequently we
present below only the Mulliken spin populations calculated
with the DZVP basis set.


An isolated molecule : The individual atomic spin populations
of an isolated molecule of Nit(SMe)Ph, calculated with the
DZVP basis set, are listed in Table 7 together with the
experimental values. The latter are scaled to 1 mB molecule.
The spin populations obtained on the nitroxide ring are of the
same order of magnitude as the experimental values. The


main difference lies in the O:N population ratio: the
calculated value was 30:22 as opposed to 23:26 determined
experimentally. Additionally, some spin delocalisation was
found on the carbon atoms of the phenyl ring. The sign of the
calculated polarisations are consistent with those determined
experimentally, except for the C2 carbon atom; however, the
values calculated are much smaller than those measured: the
calculated/experimental spin population ratios are 0.005/ÿ
0.024(9), 0.002/0.019(7), ÿ0.007/ÿ 0.021(8) and 0.002/
0.031(9) mB for C2, C4, C5 and C6 atomic sites, respectively.
Finally, no spin density was found on the terminal carbon
atom C14 of the methylthio group.


Two molecules in contact : Table 8 gives the calculated spin
populations (DZVP basis set) of the O1-N1-C1-N2-O2 group
of the molecule of the asymmetric unit and of the C14' carbon
atom of a second molecule related by x, y, zÿ 1. The
corresponding spin populations of an isolated molecule,
together with experimental values, are also presented in
Table 8. The main information to extract from these results is
the weak ªtransferº of spin density from the O2 oxygen atom
to the C14' carbon atom. Otherwise, a small depletion is
observed on the O2 oxygen atom of the O-N-C-N-O fragment
between the ªisolatedº molecule and the ªinteractingº
molecule.


Discussion


The most relevant feature of the spin-density distribution of
Nit(SMe)Ph emerges from the comparison with that of NitPh.
In fact, if we compare the spin density of the O1-N1-C1-N2-
O2 fragment in the two radicals, it appears that almost all the
spin density is located on this fragment in NitPh (0.969 mB


[20]),
while this value is equal to only 0.877 mB for the Nit(SMe)Ph
radical. This may be taken as evidence that the magnetic
coupling between the Nit(SMe)Ph molecules implies a
noticeable delocalisation of the spin density out of the O-N-
C-N-O fragment.


A further difference between the two radicals concerns the
shape of the experimental spin density on the O1 and O2
atoms of the two NO groups. In fact, in Nit(SMe)Ph a marked
deviation from the spin density which would be associated
with the 2 pz orbital is observed, suggesting that this may be
the result of interactions with orbitals of neighbouring
molecules. Therefore, there is a strong indication that these
alterations in the geometry of the spin density in Nit(SMe)Ph
must be connected to the intermolecular magnetic coupling.


Table 7. Theoretical atomic spin populations calculated (DFT) for an
isolated molecule in comparison with those determined experimentally.[a]


Atoms DZVP Spin
populations [mB]


Experimental spin
populations scaled to 1 mB


O1 0.304 0.226(7)
O2 0.308 0.226(8)
N1 0.221 0.272(9)
N2 0.225 0.247(9)
S1 ÿ 0.004 0.001(7)
C1 ÿ 0.063 ÿ 0.099(8)
C2 0.005 ÿ 0.024(9)
C3 ÿ 0.010 0.003(9)
C4 0.002 0.019(7)
C5 ÿ 0.007 ÿ 0.021(8)
C6 0.002 0.031(7)
C7 ÿ 0.008 0.001(7)
C8 ÿ 0.006 ÿ 0.016(8)
C9 ÿ 0.005 0.001(9)
C10 0.017 0.026(7)
C11 0.016 0.021(7)
C12 0.002 0.022(6)
C13 0.003 0.033(8)
C14 0.000 0.031(7)


[a] Values are scaled to 1 mB per Nit(SMe)Ph formula.


Table 8. DFT values of the atomic spin populations calculated for an
isolated molecule and for two molecules related by x, y, zÿ 1 in comparison
with the experimental values scaled to 1 mB per Nit(SMe)Ph formula.


Atoms DZVP isolated
molecule


DZVP two
molecules


Experimental spin
populations [mB]


O1 0.304 0.307 0.226(7)
N1 0.221 0.221 0.272(9)
C1 ÿ 0.063 ÿ 0.063 ÿ 0.099(8)
N2 0.225 0.229 0.247(9)
O2 0.308 0.298 0.226(8)
C14 0.000 0.001 0.031(7)
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The O-N-C-N-O spin populations obtained by DFT calcu-
lations are of the same order of magnitude as those
determined experimentally. However, there are two main
differences: firstly, the DFT method fails to predict the O:N
spin occupancies, and yields a value of �3:2 compared to the
experimental value of �1:1. This effect has already been
observed in other nitronyl nitroxide free radicals independent
of the employed functional, basis set and population analy-
sis.[20] Secondly, as shown in Table 8, the sum of the spin
populations on the O-N-C-N-O atoms amounts to 0.995 mB


with DFT calculations, which indicates that almost all the spin
density is localised on that fragment, while the experimentally
determined value of the sum is 0.877 mB.


As far as the methylthiophenyl group is concerned, several
features need to be emphasised. i) The alternating ...� /ÿ /
� /ÿ . . . spin population of the phenyl ring atoms, which is
generally observed in this class of compound where the angle
between the phenyl ring and the O-N-C-N-O plane is not too
large (�308), is not completely respected. The experimental
negative spin density on the C2 carbon atom (ÿ0.024(9) mB)
breaks this alternation. This anomalous alternation of spin
density within the benzene ring is surprising, but not
unexpected. In fact, similar results have been reported by
NMR studies of sterically hindered nitroxide radicals.[40] Of
greater interest is the total shift of the spin density on the
aromatic fragment towards the methylthio group: the C4 and
C6 spin populations (0.019(7) mB and 0.031(7) mB, respective-
ly) are an order of magnitude larger than those of C3 and C7
(0.003(9) mB and 0.001(7) mB, respectively). Moreover, the C5
atom, which is bonded to C4 and C6, carries a strong and
significant negative spin density. The carbon atoms which
have higher spin densities are those which present short
intermolecular contacts with the N1O1 group. ii) As regards
the methylthio group, only the C14 atom carries a significant
spin density (� � 13 % of the average of the O1, N1, N2 and
O2 spin populations).


DFT calculations provide evidence for the existence of
some spin density on the phenyl ring (spin delocalisation) in
the isolated molecule; however, no density is calculated on
the C14 atom. When two molecules are connected by the
C14 ´´ ´ O2 contact, some positive spin density is obtained on
the C14 atom. Thus, this positive spin density probably comes
from the interaction between adjacent molecules by means
of a transfer of spin density from the N2O2 group towards
the C14 atom. Therefore, there is a qualitative indication that
this contact may be responsible for the ferromagnetic
coupling between the Nit(SMe)Ph molecules, even if the
DFT method fails to predict the experimental spin density
quantitatively. The calculated/observed spin density ratio of
C14 is 1:31.


The experimental determination of the distribution of
unpaired spin density in this radical provides some answers
concerning the pathways of intermolecular ferromagnetic
interactions. First of all it rules out the pathway that was
suggested previously,[19] which took into account the inter-
actions through the S atoms. In fact these induce a negligibly
small unpaired spin density on this atom, and therefore they
must be discarded. On the other hand, there is a significant
interaction between the NO groups and the C14 atom, which


suggests that the coupling mechanism must involve these
groups. Interestingly, this pathway is in agreement with the
EPR data that suggested that the pathway went through the
SMe groups. The neutron data seem to simply suggest a
different pathway within the SMe group.


If the neutron data provide some hints on the exchange
pathway, the problem is still open on the nature of the
exchange mechanism.


Two different mechanisms, which associate magnetic inter-
actions between organic radicals to particular intermolecular
contacts, have been given by Harden M. McConnell.[41, 42] The
so-called McConnell�s I mechanism establishes that ferro-
magnetic (antiferromagnetic) coupling arises from intermo-
lecular contacts between atoms that carry spin populations of
opposite (equal) signs. In the second mechanism (McCon-
nell�s II mechanism), the ferromagnetic coupling arises from
SOMO ± LUMO contacts between adjacent molecules, while
the antiferromagnetic coupling is explained in terms of
SOMO ± SOMO contacts between two radicals.


In the present case, a possible explanation for the sign of the
magnetic interaction can be given by considering the SOMO
and LUMO orbitals for both molecules (Figure 9). Note that


Figure 9. SOMO (top) and LUMO (bottom) orbitals of the Nit(SMe)Ph
radical obtained by DFT calculations.


the LUMOs are distributed throughout the methylthio frag-
ment with a significant contribution on the S atom. According
to the nature of the exchange pathway and to the increased
unpaired spin density on the (SMe)Ph group, the main role of
the S1ÿC14 ´´´ O2ÿN2 contact is then to promote an overlap
between SOMO and LUMO orbitals that belong to neigh-
bouring molecules while avoiding intermolecular SOMO ±
SOMO contacts. This results in a net ferromagnetic inter-
action, according to McConnell�s II mechanism.
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Conclusions


The determination of spin-density distributions through
polarised neutron diffraction experiments, coupled to DFT
calculations, can shed light on the mechanism of exchange
interactions between radicals. The present results ruled out
the strategy of the use of soft atoms, such as sulfur, to establish
efficient ferromagnetic coupling between Nit radicals; how-
ever, it showed that contacts between the NO groups and
seemingly unattractive groups, such as CH3, may be enough to
give rise to bulk magnetic properties. It must be stressed,
however, that the suggested efficient contact is responsible for
the relatively high-temperature magnetic behaviour of Nit-
(SMe)Ph. The exact nature of the weaker interaction respon-
sible for the Tc remains undefined.


Finally, DFT calculations have confirmed that the CH3


group of the methylthio fragment is involved in the inter-
molecular exchange pathway. However, there is still a large
discrepancy between the experimental and the quantitative
DFT results.
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Recognition of Abasic Sites in DNA by a Cyclobisacridine Molecule
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Abstract: The ability of the cyclobis-
acridine CBA to recognize the abasic
lesion in DNA was investigated with
modified synthetic oligonucleotide du-
plexes. CBA was shown to cleave a 32P-
labeled duplex oligomer (23-mer) con-
taining an apurinic site in the middle of
the sequence. The interaction was ex-
amined with duplexes which contain a
stable tetrahydrofuranyl analogue at the


abasic site. Thermal denaturation ex-
periments showed that CBA stabilizes
an abasic undecamer duplex by a DTm


value of 14 8C by forming a 1:1 complex,
while no interaction was detected with


the unmodified parent duplex. CBA
displaced a nitroxide abasic site specific
probe from the abasic duplex. When
irradiated in the presence of a 32P-
labeled model abasic site containing
duplex (23-mer), CBA induced selective
photocleavage in the vicinity of the
abasic lesion on both strands. All results
demonstrate the high specificity of the
interaction of CBA at the abasic lesion.


Keywords: abasic site recognition ´
cyclobisacridine ´ DNA cleavage ´
DNA recognition ´ oligonucleotides


Introduction


Loss of a base in DNA by cleavage of the glycosidic bond
results in formation of the toxic abasic site lesion.[1] In vivo,
abasic sites (apurinic/apyrimidinic: AP-sites) are formed
spontaneously,[2] a process that is accelerated by the action
of alkylating agents.[3] For example, some anticancer alkylat-
ing drugs have been shown to create AP-sites at high
frequency in tumor cells. Abasic sites are also formed as
intermediates in the protective action of N-glycosylases which
remove damaged or abnormal bases.[4] The AP-sites thus
generated are repaired by specialized enzymes that restore
the integrity of the DNA.[5, 6] It is thus of high interest to
prepare molecular architectures designed to bind specifically
at abasic sites. Such molecules could interfere with the repair
machinery in the cell. In previous work[7] we prepared series
of molecules such as ATAc and DTAc possessing a nucleic
base linked to an intercalator through a polyamino chain
(Figure 1). They recognize abasic sites with high selectivity
and incise DNA at nanomolar concentrations, thereby
mimicking the action of AP-endonucleases of the lyase family


Figure 1. Chemical structures of adenine-triamino-acridine (ATAc), dia-
minopurine-triamino-acridine (DTAc), cyclobisacridine (CBA), and the
abasic site specific EPR probe ATAc-NO. .


that cleave DNA at the AP-sites by b-elimination of the 3'-
phosphate (Scheme 1). These molecules were later shown to
act as inhibitors of the abasic site repair and potentiate the
action of the anticancer drug N,N'-bis(2-chloroethyl)-N-nitro-
sourea (BCNU).[8] Interestingly, compound ATAc was also
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Scheme 1. Proposed mechanisms for cleavage of DNA at the abasic site by
class II AP-endonucleases (AP-lyases) and the AP-endonucleases mimics
ATAc and DTAc[7] .


shown to bind the unpaired
base uracyl in an RNA bulge.[9]


Bulges and abasic sites are all
characterized by the existence
of an unpaired base. The cyclo-
bisacridine (CBA)[10] was de-
signed and shown to bind pref-
erentially to single-stranded re-
gions in DNA, especially
hairpins.[11] It thus represents
a novel structural candidate to
bind abasic sites. We report
here that CBA incises DNA
at the abasic site of a synthetic
duplex containing an abasic
lesion in the middle of the sequence. By using oligonucleo-
tides containing a stable tetrahydrofuranyl analogue of the
abasic site (Figure 2), we show by Tm measurements, photo-
cleavage experiments and displacement of a nitroxide abasic
site-specific probe[12] that CBA binds specifically at the abasic
lesion.


Results and Discussion


Cleavage of the DNA duplex A containing an abasic site : The
ability of CBA to cleave DNA at abasic sites was examined
with the synthetic 32P-labeled duplex A (23-mer) containing
an apurinic site in the middle of the sequence. The abasic site
at position 12 faces the thymine T35 residue in the opposite
strand. Duplex A was prepared by incubation of the synthetic
oligonucleotide precursor B that contains an uracil residue at
position 12 with uracil-DNA glycosylase. Selective cleavage of
duplex A at the abasic site by CBA was demonstrated
(Figure 3) by formation of a labeled fragment identical to that
formed in the presence of sodium hydroxide, which is known
to cause strand cleavage by b-elimination of the 3'-phosphate
(Scheme 1). However, compared with the artificial AP-
endonuclease ATAc, cleavage by CBA is less efficient (29 %
versus 72 % cleavage when operating in identical conditions).
This result suggests that CBA interacts at the abasic site as
was observed previously for ATAc.[13]


Figure 3. Autoradiograms of 20% denaturing polyacrylamide gel showing
cleavage of the 5'-32P-end labeled 23-mer duplex A in the presence of
increasing amounts of ATAc and CBA. The reaction mixture contained
oligonucleotide duplex (5 pmol), Hepes (pH 8, 66 mm), DTT (1mm), MgCl2


(5mm), NaCl (50 mm) in a total volume of 10 mL, r is the ratio [drug]/
[oligonucleotide]. The cleavage reaction was analyzed after 15 min
incubation at 37 8C. Cleavage by NaOH (0.5n) for 10 min at 90 8C is
shown as a reference.


Thermal denaturation of the model abasic duplex D : In order
to get information on the possible formation of a noncovalent
drug ± DNA complex prior to DNA cleavage, we used
synthetic DNA fragments containing the stable tetrahydro-


Abstract in French: La reconnaissance de sites abasiques de
l'ADN par la cyclobisacridine CBA a ØtØ ØtudiØe à l'aide
d'oligonuclØotides de synthØse. Utilisant un duplex marquØ au
32P comportant un site apurinique en milieu de sØquence, on
montre que CBA incise le duplex au niveau de la lØsion. La
spØcificitØ de l'interaction avec des oligonuclØotides compor-
tant un analogue stable, tØtrahydrofuranyle, du site abasique a
ØtØ montrØe par une sØrie de mesures: accroissement de la
tempØrature de dØnaturation d'un duplex undØcam�re d'une
valeur DTm �14 8C par formation d'un complexe 1/1, alors
qu'aucun effet n'est dØcelØ avec le duplex parent non modifiØ,
dØplacement d'une sonde nitroxyde spØcifique des sites abasi-
ques, photocoupure d'un duplex (23-m�re) au niveau de la
lØsion et au niveau des deux brins, en prØsence de CBA.


Figure 2. Duplex oligonucleotides A ± E prepared. Note that the 23-mer duplexes contain in their central part the
sequences of the 11-mer, flanked by six base pairs on both sides.
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furanyl (Thf) analogue of the abasic site. This tetrahydrofur-
anyl moiety is considered to be a good model of the abasic
site.[14, 15] It is most commonly used in structural and biological
studies as it retains most of the biological properties of the
abasic sites. Interaction was first studied by examining the
thermal denaturation of the apurinic undecamer D in the
presence of increasing concentrations of CBA (Figure 4).
Regular increase of the melting temperature (from 38 8C to
52 8C) was observed as the ratio r� [drug]/[duplex] was
increased in the range 0 ± 1. Further addition of the drug
(r> 1) did not cause any further increase of the melting
temperature. This is proof for formation of a 1:1 complex. The
Tm value for the parent unmodified duplex E remained
unchanged in the presence of CBA (Tm� 58 8C).


Figure 4. Plots a� f(T) for duplexes D and E in the absence and in the
presence of increasing ratios r (r� [drug]/[oligonucleotide]) of CBA, a is
defined as the fraction of single strands in the duplex (according to the
procedure described by Breslauer[23]). In each experiment, the reaction
mixture contained the duplex oligonucleotide (7.69 mm) and various ratios r
of drug (0� r� 2) in sodium phosphate buffer (pH 7, 10 mm), EDTA
(1mm), and NaCl (20 mm). &, r� 0; &, r� 0.5; *, r� 1; *, r� 1.5; ~, r� 2.


Displacement of the nitroxide-labeled abasic site specific
probe ATAc-NO.: The nitroxide probe ATAc-NO.[16] is a
labeled analogue of the artificial AP-endonuclease ATAc that
has been shown previously by high-field NMR spectroscopy
to bind selectively to the model abasic duplex D. In the
complex the acridine moiety of the drug intercalates at a two
base-pair distance from the abasic site, the adenine residue of
ATAc docks inside the abasic pocket pairing with the opposite
thymine in the complementary strand and the polyamino
linker lies in the minor groove.[13] We have equally reported
series of EPR measurements indicating that the labeled
analogue ATAc-NO. forms a similar complex and can thus be
used as an abasic site specific EPR probe.[12] Figure 5
illustrates the sets of experiments that confirm binding of


Figure 5. EPR spectra of A) ATAc-NO´ (1� 10ÿ5m) in Tris-HCl (pH 7,
25mm), NaCl (0.1m), and EDTA (0.2 mm) with DMSO (2%); B) ATAc-
NO. (1� 10ÿ5mm) in the presence of the duplex D (1.8� 10ÿ5m); C)
subtraction of spectrum A from spectrum B; (A') ATAc-NO. (1�
10ÿ5m)�CBA (1� 10ÿ5m) in Tris-HCl (pH 7, 25mm), NaCl (0.1m), and
EDTA (0.2 mm) with DMSO (2 %); B') ATAc-NO. (1� 10ÿ5m)�CBA
(2� 10ÿ5m) in the presence of the duplex D (1.8� 10ÿ5m); C') subtraction
of spectrum A' from spectrum B'.


CBA at the abasic site. The spectrum registered for the
labeled probe in dilute solution (10ÿ5m) (Figure 5A) is
characteristic of a nitroxide radical undergoing relatively
rapid motion (correlation time tc� 1.3� 10ÿ10 s with Kivel-
son's formula[17]). The spectrum was not modified by addition
of equimolar concentration of CBA (Figure 5A') which
indicates the absence of interaction between the two mole-
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cules at the weak concentra-
tions of the experiments.[18] Ad-
dition of a slight excess of the
abasic undecamer duplex D
(1.8� 10ÿ5m) to the nitroxide
probe (1� 10ÿ5m) caused large
modification in the observed
spectrum (Figure 5B). It corre-
sponds to the sum of the spectra
of the two species, the radical
ATAc-NO. free in solution that
accounts for about 10 %, and
the radical immobilized at the
abasic site (�90 %). The spec-
trum characteristic of the latter
species indicating slower move-
ment of the radical (from which
a correlation time tc� 6�
10ÿ9 s was determined with
Kuznetsov's formula[19]) was
obtained by subtraction of the
spectrum corresponding to the
radical free in solution from
spectrum 5B (Figure 5C). On
addition to this probe ± DNA
solution of a double excess of
CBA relative to nitroxide, a
new spectrum was obtained
(Figure 5B') characterized by
considerable increase of the
contribution of the radical free
in solution (ca. 60 %). CBA thus shows the ability to displace
the labeled ATAc-NO. from the abasic duplex. By contrast
the EPR spectrum of probe ATAc-NO. in the presence of the
parent natural duplex E was not modified on addition of
CBA. This result demonstrates that there is neither associa-
tion nor intercalation between the base pairs.


Photocleavage of the abasic duplex C by CBA : The acridine
subunits of CBA are photoactive residues capable of cleaving
DNA strands upon irradiation.[20] Additional information
relative to the binding specificity of CBA could thus be
obtained from photocleavage experiments with the 23-mer
duplex C that contains the stable tetrahydrofuranyl analogue
of the abasic site in the middle of the sequence. The two
strands of the duplex were successively 32P-labeled at the 5'-
ends. Irradiation of the DNA duplex in the presence of four
equivalents of CBA induced alkali labile modifications
revealed by piperidine treatment (Figure 6). One sample
was treated by exonuclease III to localize the position of the
abasic site in the duplex on the gel (exonuclease III from E.
coli is a class II endonuclease involved in base excision repair
(BER) of damaged bases). It incises DNA at the abasic site by
hydrolyzing the phosphodiester bond 5' to the lesion. It also
recognizes and cleaves the tetrahydrofuranyl stable analogue
of the abasic site.[15] The autoradiogram of the denaturating
polyacrylamide gel (Figure 6) shows specific DNA cleavage
on the two strands. The strand that carries the abasic site gives
one single major labeled fragment corresponding to cleavage


at the abasic position. Two photocleavage sites are observed
in the complementary strand, a major one G34 and a minor
G36, that is the two guanine residues that flank the unpaired
thymine T35 opposite the lesion. These results provide strong
indication for specific binding of the bisacridine drug at the
abasic site prior to reaction. However, the selectivity and the
efficiency of cleavage suggest close contact between the
photoactive subunits of CBA and the nucleobases at the
abasic site. These observations are in full agreement with the
results of a high-field NMR study of the interaction between
bisacridine and abasic duplex D.[21] In the major complex
formed one acridine subunit intercalates between base pairs
C13 G34 and A14 T33 while the second subunit inserts inside the
abasic pocket pushing aside the thymine T35 residue in the
opposite strand. This scheme could account for major
cleavage at guanine G34 that is ªsandwichedº between the
two acridine rings of the drug.


Conclusion


Combination of thermal denaturation, EPR spectroscopy, and
photocleavage experiments clearly demonstrate the high
specificity of the binding of the cyclobisacridine CBA at the
abasic site examined, that is an apurinic site opposite a
thymine residue flanked by two cytosines. Further studies are
going on to determine the generality of the observations and


Figure 6. Autoradiograms of 20 % denaturing polyacrylamide gel showing cleavage of the 32P-end labeled 23-mer
duplex C in the absence and in the presence of CBA. The reaction mixture contained the duplex C (5 pmol) in
sodium phosphate buffer (pH 7, 10 mm), EDTA (1mm), NaCl (20 mm) in a total volume of 10 mL. Lane 1: duplex
incubated with exonuclease III to localize the abasic lesion; lanes 2 and 17: G�A sequence markers for strands I
and II; lanes 3 and 10: nonirradiated strands I and II in the absence of CBA ; lanes 4 ± 6 and 11 ± 13: duplex C
irradiated in the absence of CBA for 1, 2 and 3 hours; lanes 7 ± 9 and 14 ± 16: duplex C irradiated in the presence
of CBA (4 mM) for 1, 2, and 3 hours. Following irradiation the samples were treated with piperidine (1m) for
15 min at 90 8C.
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evaluate the cyclobisacridine system as potential inhibitor of
the AP-endonucleases involved in repair of the abasic site
lesions.[8]


Experimental Section


Materials : The CBA[10] , ATAc,[7] and ATAc-NO´[16] molecules were
prepared as previously reported. T4 polynucleotide kinase was purchased
from Pharmacia Biotech (9500 Units mLÿ1), [g 32P-] ATP (specific activity
3000 Cimmolÿ1) from Isotopchim and Uracil DNA Glycosylase from
Gibco BRL Life Technologies. The 11-mer and 25-mer oligonucleotides
containing the tetrahydrofuranyl analogue of the abasic site were prepared
according to the procedure described by Takeshita et al.[15] The conven-
tional nonmodified oligonucleotides were purchased from Eurogentec. The
23-mer oligonucleotide containing an abasic site at position 12 was
generated by treatment of the precursor 23-mer duplex containing an
uracyl residue at position 12 by Uracyl DNA Glycosylase (Ura Gly). The
duplex precursor (duplex B) was incubated with Ura Gly in HEPES (pH 8,
66mm), containing NaCl (50 mm), MgCl2 (5mm) and dithiothreitol
(DTT) (1mm). Sufficient enzyme quantity was added to effect almost
complete removal of uracil within 1 h at 37 8C. The formation of the abasic
site was controlled by quantifying the cleavage product obtained by
treating an aliquot of the reaction mixture by NaOH (0.5m) for 10 min
at 90 8C (data not shown). Oligodeoxynucleotides were labeled at the
5'-end by treating with [g 32P-] ATP and polynucleotide kinase at 37 8C for
30 min. 32P-labeled oligodeoxynucleotides were then annealed to comple-
mentary strand by incubation to 70 8C for 5 min and at room temperature
for 1 h.


Melting temperature measurements : The absorbance versus temperature
for duplexes E and D was measured at 260 nm on a Lambda 5 UV/Vis
spectrophotometer equipped with a Perkin ± Elmer C570-070 temperature
controller and interfaced with a EPSON AX2e computer. UV absorbance
monitored melting experiments were performed at a strand concentration
of 7.69 mm in buffer solution containing sodium phosphate (pH 7, 10 mm),
EDTA (1mm), and NaCl (20 mm). Before each melting experiment,
samples were heated for 5 min at 80 8C and cooled down slowly to make
sure that the starting oligonucleotides were in the duplex state. Samples
were heated at a rate of 1.0 8C minÿ1 (starting from 2 8C to 80 8C) while the
absorbance at 260 nm was recorded every 1 min. Melting curves were
analyzed with a two-state model.[22] Melting temperatures (Tm's) were
determined by using the procedure described by Breslauer,[23] in which a is
defined as the fraction of single strands in the duplex. Thus any
experimental absorbance versus temperature curve can be converted into
an a versus temperature profile. From this curve the melting temperature
Tm is defined as the temperature at which a� 50 %.


Photocleavage of duplex C : The reaction mixtures contained the 5'-32P-
labeled duplex C (5 pmol) in sodium phosphate buffer (pH 7, 10 mm),
EDTA (1mm), and NaCl (20 mm) in a total volume of 10 mL. In the
experiments performed in the presence of CBA, the final drug concen-
tration used was 2 mm. The solutions were irradiated both in the absence
and in the presence of CBA for 1, 2, and 3 h with a mercury ± xenon lamp
(Oriel, 200 W) with a KNO3 solution filter (2m, 6 cm optical path, l>


340 nm). The samples were successively lyophilized, dissolved in piperidine
(1m, 10 mL) and heated for 30 min at 90 8C. The oligonucleotides were then
precipitated in ethanol and the reaction products were dissolved in
formamide (95 %, 10 mL) dye solution and analyzed by gel electrophoresis
(19:1 ratio of acrylamide to bisacrylamide) by using a TBE buffer (Tris-
borate (pH 8.3, 89mm), EDTA (2 mm)). The DNA fragments were
visualized by autoradiography with a Kodak X-OMAT AR film.


Cleavage of the abasic site containing duplex A : Cleavage of duplex A by
ATAc, and CBA was examined by adding the drugs to the incubation
mixture containing the in situ generated abasic duplex. Various quantities
of the drugs corresponding to ratios r� [drug]/[duplex] in the range 0 ± 1 in
total volumes of 10 mL were added to aliquots containing labeled duplex
(5 pmol). After 15 min incubation at 37 8C, the reaction was quenched by
addition of a stop solution (20 mL) which contained sodium acetate (pH 4,
70mm), glycerol (80 %), xylene cyanol (0.05 %), bromophenol blue
(0.05 %). Fractions of 4 mL of the final solution were subjected to


polyacrylamide gel electrophoresis (20 % polyacrylamide gel) in TBE
buffer (Tris-borate (pH 8.3, 89mm) and EDTA (2 mm)). Visualization of
the labeled substrate on the gels was achieved by autoradiography with a
Kodak X-OMAT AR film and quantitative analysis was performed by
using an Agfa studio Scan II Si scanner and the NIH Image 1.52 program.


Electron paramagnetic resonance (EPR) measurements : The EPR spectra
were performed on a Bruker ESP 300 E spectrometer operated in the
continuous wave (CW) mode. For oligonucleotide binding studies,
compounds CBA and ATAc-NO. were solubilized in DMSO and then
diluted in the buffer containing Tris-HCl (pH 7, 25 mm), NaCl (0.1m), and
EDTA (0.2 mm); the final concentration of DMSO was 2%. Substrate
concentrations used for measurements were: Duplex oligonucleotide D
(1.8� 10ÿ5m), CBA (1� 10ÿ5m or 2� 10ÿ5m), and ATAc-NO. (1� 10ÿ5m).
Analysis of spectra corresponding to several species was monitored with
the Compare Menu of ESP 300E: When the spectrum of a mixture of
species possessing different mobilities was recorded, the pure spectra could
be obtained by successively subtracting the individual pure species from the
spectrum of the mixture.
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On the Relation between p Bonding, Electronegativity, and Bond Angles
in High-Valent Transition Metal Complexes


Martin Kaupp*[a]


Abstract: Ligand-to-metal p bonding is
important for the understanding of bond
angles in d0 transition metal complexes.
This is demonstrated by density func-
tional calculations on a number of
model complexes, combined with natu-
ral bond orbital and natural localized
molecular orbital analyses. Analyses of
the simple model systems ScF2


� and
ZrO2 indicate a complicated depend-
ence of p bonding on bond angle. In
particular, in-plane p bonding exhibits a
nonuniform dependence, whereas out-
of-plane p bonding shows a more regu-
lar behavior. This may be understood
from the nodal properties of the relevant
metal d orbitals. The net p bonding
behavior then depends sensitively on the
donor properties of the ligands. While p


bonding appears to favor the bent equi-
librium structure for the ªstrong p-
donor caseº ZrO2, it is more efficient


at a linear structure for the ªweak p-
donor caseº ScF2


�. Similar considera-
tions come into play for more compli-
cated species, exemplified by MX2Y2


model complexes. Thus, the ªinverse
Bent�s rule structuresº of TiCl2(CH3)2


and TiCl2H2 are related to the improved
in-plane p(Ti ± Cl) bonding at larger Cl-
Ti-Cl angles. In contrast, for CrO2F2 or
MoO2F2, the angular dependences of
the strong in-plane and out-of-plane
components of p(M ± O) bonding com-
pensate each other partially, and the
O-M-O angles appear to be dominated
by the s-bonding framework. When


introducing a strong s-bonding ancillary
ligand, as in CrO2H2, the net p bonding
does again seem to favor larger angles.
Electronegativity effects on bond angles
have been probed by studying hetero-
leptic complexes without significant p


bonding. ªInverse structuresº are found
for complexes like TiH2(CF3)2 or Ti-
(SiH3)2(CH3)2, that is the smaller angles
are those between the less electroneg-
ative ligands. Hybridization analyses
indicate less d character for these bonds.
The interpretation is complicated by the
fact that even the structure for the
silicon analogon of the latter complex
violates Bent�s rule. In general, Bent�s
rule appears to be less useful for d0


transition metal complexes than for
main group compounds, in part due to
the much larger importance of p bond-
ing for the former.


Keywords: Bent�s rule ´ bond an-
gles ´ density functional calculations
´ natural bond orbitals ´ natural
localized molecular orbitals ´ tran-
sition metals


I. Introduction


During the past decade an increasing number of early
transition metal complexes in high oxidation states (mainly
with d0 configurations, but also partly d1 and d2 systems) have
been found to prefer structures that defy the valence shell
electron pair repulsion (VSEPR) model or other simple
structural rules derived for main group chemistry. Examples
range from the famous bent dihalides of some heavy alkaline
earth metals[1] to nonoctahedral structures of six-coordinate


organometallic complexes[2, 3, 4] like [W(CH3)6], [Re(CH3)6],
or [Zr(CH3)6]2ÿ (a more general overview on ªnon-VSEPR
structuresº for d0 complexes will be given elsewhere[5]). It has
been demonstrated that the d-orbital participation in covalent
s-bonding contributions (enhanced by core polarization, at
least for the earlier metals[6]) favors such distorted ªnon-
VSEPR structuresº. In addition to ligand repulsion, p


bonding is usually considered to oppose the distortions, as it
increases the gap between occupied and unoccupied MOs at
the high-symmetry structures and thereby disfavors second-
order orbital mixing upon symmetry lowering.[3, 7] Thus, for
example, the Group 6 hexahalides are all octahedral, in
contrast to their hexamethyl or hexahydride analogues. This is
attributed largely to a better stabilization of the octahedron
relative to the trigonal prism by p bonding.[3, 7a]


However, for some other systems, p bonding has been
considered to favor small angles between multiply bonded
ligands and thus strong deviations from the expectations of
the VSEPR model. The most famous example is the cis


[a] Priv.-Doz. Dr. M. Kaupp
Institut für Anorganische Chemie
Universität Würzburg
Am Hubland, D-97074 Würzburg (Germany)
Fax: (�49) 931-888-4605
E-mail : kaupp@mail.uni-wuerzburg.de.


Supporting information for this article (two figures with canonical MO
energies for ScF2


� and ZrO2, one figure with NLMO analyses for CrS2F2,
and one table with hybridization analyses) is available on the WWW
under http://www.wiley-vch.de/home/chemistry/ or from the author.
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ªmolybdenyl fragmentº, MoO2
2�, which is present in many


MoVI dioxo complexes[8, 9, 10] but has also recently been
considered computationally as an isolated species.[11] Here p


bonding is thought to contribute to the small O-Mo-O bond
angles (around 101 ± 1058).[8, 11] Small O-M-O angles are also
found for chromyl complexes, CrO2X2, and for a considerable
number of related compounds. We will show here, by
analyzing the results of density functional calculations, how
these apparently contradictive views on the relation between
p bonding and bond angles may be reconciled.


Another controversy has arisen over whether and how it is
possible to extend Bent�s rule to transition metal chemistry.
An instructive example to start with is the distorted tetrahe-
dral structure of TiCl2(CH3)2. Gas-phase electron diffrac-
tion[12] and computation[13, 14] both indicate the C-Ti-C and Cl-
Ti-C angles to be lower than the ideal tetrahedral value,


whereas the Cl-Ti-Cl angle is larger (Figure 1a). This is just
opposite to what one normally observes in main group
compounds, for example for the analogous SiCl2(CH3)2


compound (Figure 1b[15]). Here the angle between the less
electronegative alkyl ligands is larger than tetrahedral,
whereas the Cl-Si-Cl angle is smaller.


Figure 1. Main structural parameters for MCl2(CH3)2 complexes obtained
from gas-phase electron diffraction, and from DFT calculations at the level
used throughout this work (italic numbers in parentheses). a) M�Ti
(experimental data from ref. [12]). b) M� Si (experimental data from ref.
[15]).


The main group structures in such cases are frequently
explained by Bent�s rule,[16] which states that the bonds to the
more electronegative substituents utilize more central-atom
p-orbital character and thus make smaller angles, whereas the
bonds to the less electronegative substituents obtain more s
character and thus prefer larger angles (the valence p orbitals
of main group atoms are higher in energy and have a larger
radial extent than the valence s orbitals[17]). Jonas et al.
argued,[14] on the basis of natural bond orbital (NBO)
hybridization analyses for TiCl2(CH3)2 and related complexes,
that Bent�s rule has to be rephrased to be applicable to
transition metal species. As the (nÿ 1)d orbitals are lower in
energy and have a smaller radial extent than the ns orbitals,
the bonds to the less electronegative ligands tend to acquire
more d character and thus make smaller angles, whereas the
bonds to the more electronegative ligands have larger s
character and thus make larger angles. This has been criticized
by McGrady et al.[12] and by Landis et al.[18] In particular,
Landis et al. argue that simple valence-bond hybrid-orbital
strength functions calculated for the appropriate sdx hybrids
prefer larger bond angles with increasing x, that is with
increasing d character. Thus, the less electronegative ligands
should make the larger angles, just as predicted by Bent�s rule.
Landis et al. suggested that the ªinvertedº structures of
TiCl2(CH3)2 and of related compounds may be explained
instead within a valence-bond picture by invoking ionic
resonance structures (this would imply lower d character in


Abstract in German: p-Bindungsbeiträge zwischen Metall und
Liganden spielen eine wichtige Rolle für das Verständnis von
Bindungswinkeln in d0-Übergangsmetallkomplexen. Dies zei-
gen Dichtefunktionalrechnungen an einer Reihe von Modell-
komplexen, in Kombination mit natural bond orbital und
natural localized molecular orbital Analysen. Die Untersu-
chung der einfachen Modellsysteme ScF2


� und ZrO2 ergab
einen komplizierten Zusammenhang zwischen p-Bindung und
Bindungswinkel. Insbesondere weisen die in-plane p-Anteile
eine nichtmonotone Abhängigkeit vom Winkel auf, während
die out-of-plane p-Anteile sich regulär verhalten. Dies kann
anhand des Knotenverhaltens der d-Orbitale am Metall
verstanden werden. Der Winkelverlauf der Summe der p-
Bindungsanteile hängt empfindlich von den s- und p-Donor-
eigenschaften der Liganden ab. Während die p-Bindungen die
gewinkelte Struktur des ZrO2 klar begünstigen, scheinen sie im
ScF2


� bei einer linearen Anordnung effizienter zu sein.
¾hnliche Gesichtspunkte sind für kompliziertere MX2Y2-
Systeme von Bedeutung. Tatsächlich scheint die ¹Inverse-
Bent�sche-Regel-Strukturª von TiCl2(CH3)2 und TiCl2H2 mit
verbesserter p(Ti-Cl)-Bindung bei gröûeren Cl-Ti-Cl Winkeln
zusammenzuhängen. Im Gegensatz dazu kompensieren sich
die starken in-plane und out-of-plane p-Anteile für CrO2F2 und
MoO2F2 teilweise, so daû anscheinend die s-Bindungsanteile
die O-M-O Winkel dominieren. Bei Einführung starker s-
Donoren als Nachbarliganden, wie im CrO2H2, scheinen die p-
Anteile insgesamt wieder gröûere O-M-O Winkel zu begün-
stigen. Der Einfluû von Elektronegativitätseffekten wurde an
heteroleptischen Komplexen ohne signifikante p-Bindung
untersucht. ¹Inverseª Strukturen wurden für Komplexe wie
TiH2(CF3)2 oder Ti(SiH3)2(CH3)2 gefunden, d. h. kleinere
Winkel treten zwischen den weniger elektronegativen Liganden
auf, wobei Hybridisierungsanalysen für diese Bindungen den
geringeren d-Charakter am Metall ergeben. Die Interpretation
wird dadurch kompliziert, daû selbst das Silizium-Analogon
des letzten Komplexes die Bent�sche Regel verletzt. Allgemein
scheint die Bent�sche Regel für d0-Übergangsmetallkomplexe
weniger nützlich zu sein als für Verbindungen der Haupt-
gruppenelemente, teilweise aufgrund der viel gröûeren Bedeu-
tung der p-Bindungsbeiträge.
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the TiÿC compared to the TiÿCl bonds).[18] We will show here
that p bonding may be at least as important as electro-
negativity differences in controlling the bond angles in these
and other systems, and that Bent�s rule thus has only very
limited applicability for most early transition metal com-
plexes. Landis also pointed out[19] that the s(Ti ± Cl) NBOs
computed for TiCl2(CH3)2 indicate significant bond bending
(i.e. the charge centroid of the NBO deviates from the straight
line between the atoms), and we will address this point in our
discussion.


II. Computational methods


All calculations for the present paper have been carried out at
the gradient-corrected density functional theory level, using
the BP86 functional,[20] with the Gaussian94 program.[21]


Quasirelativistic small-core effective-core potentials (ECPs)
and (8s7p6d)/[6s5p3d] valence basis sets were used for the
transition metals,[22] together with ECPs[23] and (4s4p1d)/
[2s2p1d] valence basis sets[1c, 23, 24] for the p-block main group
atoms. Hydrogen basis sets were of the size (4s)/[2s],[25]


augmented by one p-function (a� 1.0) for hydrogen atoms
directly bonded to the metal. To get information on energies
and bonding as a function of bond angles, the angles in
question have been varied stepwise, and all other degrees of
freedom have been reoptimized at each angle value.


Natural population analyses (NPA), natural bond orbital
(NBO), and natural localized molecular orbital (NLMO)
analyses[26, 27] have been carried out with the built-in NBO
subroutines of the Gaussian94 program.[21] Desired Lewis
structures based on a representation of the one-particle
density matrix in the basis of strictly localized NBOs have
been selected by the $CHOOSE keyword of the NBO code if
necessary. The composition and hybridization of natural
atomic orbital (NAO) contributions to the NLMOs derived
from this NBO Lewis structure have been used as the main
quantities in the present analyses. We consider the composi-
tion and hybridization analysis of the NLMOs to be more
appropriate here than either the analysis of the strictly
localized NBOs used by Jonas et al. ,[14] or the Mulliken
analysis of Boys localized orbitals used by McGrady et al.[12]


(or much earlier in a related context by Kutzelnigg[17]). While
the former method is not recommended due to the large part
of the one-particle density matrix that has to be typically
assigned to ªantibondingº or ªRydberg-typeº NBOs for
transition metal complexes, the latter scheme suffers from
the large basis-set dependency and from other known
artefacts of the Mulliken population analysis. We found triply
bonded jX�M�X j Lewis structures to be most appropriate
for ScF2


� and ZrO2 (see Section III), and for the MX2


fragments of the dichalcogenido complexes (see Section
IV.B). For the MCl2Y2 (M� Si, Ti; Y�H, CH3) complexes
(see Section IV.A), NBO Lewis structures with only single
bonds were better behaved (they accounted for a larger
fraction of the electronic charge density), and the metal
contributions to the corresponding p-type chlorine lone-pair
NLMOs were analyzed. Singly bonded Lewis structures were


of course used for exclusively s-bonded systems (Section
IV.C).


NBO deletion analyses[26b, 27] have been based on singly
bonded NBO Lewis structures. Those off-diagonal NBO
Fock-matrix elements were deleted which couple the p-type
lone-pair NBOs on the ligand atom in question (Cl for
MCl2Y2 complexes) to ªantibondingº and ªRydberg-typeº
NBOs. We considered contributions from individual matrix
elements on the order of maximally about 40 ± 60 kJ molÿ1 to
the second-order perturbation theoretical analysis of the
NBO Fock-matrix to indicate a good NBO Lewis structure.
No deletion analyses were carried out for cases where
significantly larger interactions were found. The energy of
the truncated NBO Fock-matrix was computed by performing
one extra SCF iteration, to obtain the ªenergy for an NBO
Lewis structureº (ELewis).[26b, 27] As no analytical energy
gradients are available for this non-self-consistent energy,
the corresponding structure optimizations have been carried
out numerically. We note in passing that the Kohn ± Sham
wavefunctions used here refer to a hypothetical noninteract-
ing reference system. However, it has been shown that they
form a well-suited starting point for the analysis of the
electronic structure of the real system as well.[28]


III. The triatomic case: p bonding in ScF2
�


versus ZrO2


The simplest case that may be considered is that of a triatomic
d0 MX2 system. It appears reasonable to assume, based on
many calculations for such early transition metal compounds,
that the metal d orbitals dominate the bonding, with the
s-orbital contributions being somewhat less important, and
the p-orbital contributions being small (see, e.g., refs. [2a,18],
but also ref. [29]). Those metal d orbitals that may form s


bonds with the appropriate ligand orbital combinations are
indicated in Figure 2a for the linear and in Figure 2b for the
bent structure (the symmetry labels and coordinate axes
generally refer to C2v symmetry). The unsymmetrical combi-
nation of the ligand s-type orbitals (b2 symmetry) finds an


Figure 2. Metal d orbitals available as s-bonding acceptors for a) linear,
and b) bent MX2 complexes. See also ref. [30].
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appropriate d orbital (dyz) only at a bent structure (it may only
interact with a metal py orbital at the linear structure). This is
generally accepted to be a major driving force for the bending
of such d0 MX2 systems.[1, 7, 30] The simultaneous loss of overlap
of the symmetrical combination with the dx2ÿy2 (a1) orbital is
considered to be of lesser importance.


Those metal d orbitals available to accept charge density
from ligand p-type lone pairs are shown in Figure 3. For the
linear structure (Figure 3a), the four possible linear combi-
nations of ligand p-type lone pairs find only two d orbitals to
interact with (dxy and dyzÐin C2v symmetry these orbitals
belong to a2 and b2, respectively). The three metal d orbitals
that may in principle contribute to p bonding at the bent
structure (Figure 3b) are dxy (a2), dxz (b1), and dz2 (a1 symmetry,
metal s and dx2ÿy2 AO contributions may be mixed in). The
former two orbitals may be considered to be out-of-plane p


bonding (pop), whereas the latter may be termed in-plane p


bonding (pip).


Figure 3. Metal d orbitals available as p-bonding acceptors for a) linear,
and b) bent MX2 complexes. See also refs. [8b,11].


This is not new. These orbitals and their influence on
bonding have been discussed by various workers.[8, 11] How-
ever, let us consider in somewhat more detail which changes
in p bonding may be expected to happen upon bending such
an MX2 molecule. Starting from the linear structure (bending
angle a� 1808), we first loose any in-plane p bonding from the
dyz (b2) orbital, as the overlap with the ligand orbitals
decreases rapidly (at the same time this dyz orbital starts to
be involved more efficiently in s bonding, cf. Figure 1b). Loss
of pop overlap by the dxy (a2) orbital is expected to be much less
pronounced. As we lower the angle further, the dxz (b1) orbital
becomes slowly pop bonding, and then the a1 orbital (com-
posed of dz2 , dx2ÿy2 , and s character) becomes more suddenly
pip bonding. To a first approximation, we expect thus only
moderate, uniform changes in pop bonding with decreasing
angle, as the slow loss of overlap with the dxy (a2) orbital
should be roughly compensated by better overlap with the dxz


(b1) orbital. On the other hand, we expect a notable loss of pip


bonding upon bending at larger angles, before the dz2 (a1)
orbital may start to contribute at smaller angles, and pip


bonding starts to increase again.
These simple considerations suggest that the overall p


bonding will not be a uniform function of bond angle (in
particular due to the behavior of pip bonding). Owing to
competition between pip and s bonding, we may expect that
the change of p bonding with bond angle will also depend on
the relative s- and p-donor abilities of the ligands. Let us
compare the ScF2


� ion as an example with weak p-donor
ligands and the gas-phase molecule ZrO2 as an example with
strong p-donor ligands. Both systems have previously been
studied computationally[31, 32] (ZrO2 also experimentally[31b])
and were found to be significantly bent. Table 1 summarizes


our DFT-optimized structural data, together with the bond
lengths at enforced linear strucures, and with the linearization
energies. Our results agree well with previous ab initio
studies.[31, 32] The somewhat more covalent ZrO2 compound
has a smaller angle, a considerably larger linearization energy,
and it shows a more pronounced bond contraction upon
bending (0.080 � vs. 0.036 �) than the more ionic ScF2


� ion
(we have chosen ZrO2 rather than the 3d-analogue TiO2, to
ensure an overall similar bond polarity in both complexes[33]).
Figure 4 illustrates the much steeper bending potential of the
zirconium compound.


Figure 4. Comparison of calculated bending potential curves for ScF2
� and


ZrO2.


The origin of the differences between the two systems may
be traced in different ways, for example based on canonical
(delocalized) or on localized orbitals. Throughout this work
we will emphasize a localized orbital viewpoint. As may be
seen from Figures 1 and 2, at a bent structure in-plane p and s


bonding is not well defined from a symmetry point of view (in


Table 1. DFT-optimized structures for ScF2
� and ZrO2.


a(X-M-X) [8] d(MÿX) [�] DE [kJ molÿ1][a]


ScF2
� 112.2 1.772 64.5


(180)[b] 1.808
ZrO2 106.1 1.796 246.0


(180)[b] 1.876


[a] Linearization energy. [b] Optimization restricted to linear structure.







Bonding in High-Valent Transition Metal Complexes 3631 ± 3643


Chem. Eur. J. 1999, 5, No. 12 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3635 $ 17.50+.50/0 3635


contrast, pop bonding may be identified clearly). At the
canonical MO level it is particularly difficult to separate pip


and s bonding contributions, as these tend to employ the same
MOs (of b2 and a1 symmetries), to an extent that changes
dramatically with the bond angle. This orbital mixing is most
pronounced for the more covalent ZrO2 and complicates the
analysis. Some of the differences between ScF2


� and ZrO2 are
nevertheless apparent already at the canonical MO level (see
Figures S1 and S2 in Supporting Information for the MO
energies as a function of bond angle) and deserve mention. At
the equilibrium structure, the symmetrical pip bonding a1 MO
is relatively high in energy (above both s bonding MOs) and
has little metal character for ScF2


�. In contrast, for ZrO2 the
same MO is the lowest of the overall five MOs depicted in
Figures 2b and 3b and has considerable metal character.
Significant pop bonding from both the a2 and b1 MOs
(Figure 3b) is apparent for both systems, but again more
pronouncedly so for ZrO2.


Mixing between s and pip bonding is also present in a
localized MO picture and manifests itself in a deviation of the
charge centroids of the localized s bonding MOs from the
internuclear axis (we will discuss the NLMOs but find similar
effects also with other localization schemes), as well as a
concomitant rotation of the pip bonding LMOs within the
MX2 plane. For the two MX2 complexes, this ªbond bendingº
is most pronounced at angles between 1508 and 1708 and
below 908, where the ligand hybrids deviate from the bond
axis by 30 ± 458 (the metal hybrids generally deviate less from
the internuclear axis, typically only by a few degrees). It is thus
clear that a designation as s and pip bonding localized orbitals
is not very well defined at these angles. Near the equilibrium
bond angles this bond bending is less pronounced (generally
below 208), and no such complications arise at 1808. There-
fore, an analysis in terms of NLMO compositions appears to
provide us with a somewhat more transparent interpretation
than the canonical MOs, in spite of this inherent �bond
bending�. We note that the s/pip mixing is much more
pronounced for the d0 complexes than for comparable main
group species and appears to be a characteristic feature of the
involvement of metal d orbitals. At small bond angles, the pip


bonding ligand hybrids are rotated towards the second ligand,
whereas at large angles they are rotated away. Closer
inspection of the NLMOs indicates that this is related to
improved involvement of the metal dz2 AO in the symmetrical
in-plane p-MO (a1, cf. Figure 2b) at smaller angles but
improved involvement of the metal dx2ÿy2 AO at large angles.
The s bonding NBOs and NLMOs deviate from the bond axis
just in the opposite direction than the pip bonding NLMOs
(most likely due to competition for the dz2 and dx2ÿy2 AOs).


We will analyze in the following the relative metal
contributions (in %) to the natural localized MOs (NLMOs),
corresponding to s, pip, and pop bonding between M and X, as
a function of bond angle. These values are a useful measure of
the covalency of s, pip, and pop bonding, and we may associate
with them also, to a first approximation, the relative strengths
of these covalent interactions (keeping in mind the inherent
limitations in the definition of the s and pip components).
Results for ScF2


� and ZrO2 are given in Figures 5 and 6,
respectively.


Figure 5. Dependence of the metal character (in %) of the bonding
NLMOs in ScF2


� on X-M-X angle (starting from a jX�M�X j Lewis
structure).


Figure 6. Dependence of the metal character (in %) of the bonding
NLMOs in ZrO2 on X-M-X angle.


Before discussing the angular dependence of the NLMO
composition, we note that the more covalent character of the
bonding in ZrO2 compared to ScF2


� is shown nicely by the
larger metal character of both s- and p-type NLMOs
(consequently, the overall changes of these values as a
function of bond angle are also larger). However, the s


covalency is significantly larger than either pip or pop


covalency for ScF2
�, except for the largest angles. In contrast,


for ZrO2 the s covalency becomes comparable to the pip


covalency only around the equilibrium bond angles, and pop


covalency is larger at all angles. This is consistent with our
designation of ScF2


� as a complex with weak p-donor ligands,
and of ZrO2 as a complex with strong p bonding. The pip curve
remains generally below the pop curve in both complexes,
except of course at 1808, where the two curves meet. This
confirms that in-plane p bonding is generally weaker than out-
of-plane p bonding for bent MX2 d0 systems, consistent with
the rotational barriers and conformational preferences com-
puted previously for complexes like Ba(NH2)2.[34] As expect-
ed, s bonding does in both cases become dramatically more
covalent as the angle decreases. The uniform increase in s


covalency continues down to about 908.
Let us now turn to the angular dependence of p bonding. In


agreement with our above considerations, an essentially
uniform increase of pop covalency from a� 1808 down to
a� 908 is apparent. This increase is much more pronounced
for ZrO2 (from 18.3 % to 22.0 % relative metal character) than
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for ScF2
� (from 7.5 % to 8.3 %). The behavior of pip covalency


is quite different and also appears to follow the above
discussion: A decrease upon bending is found at large angles,
before the curve rises again at lower angles. In both systems,
the minimum of the pip curve is found near 1508 angles. The
minimum value is about 6.0 % for ScF2


� and about 13.5 % for
ZrO2. This is about 1.5 % and about 4.8 %, respectively, below
the corresponding value at a� 1808. At the corresponding
equilibrium bond angles, the metal contribution to the pip


NLMO is in both cases still about 1 % below the value at a�
1808.


However, let us consider the overall p bonding, that is the
average (pav) of both pip and pop covalency: For ScF2


�, the pav


curve does have a notable minimum around a� 1508, and the
value at the equilibrium bond angle (7.25 % at 112.28) is
slightly lower than at 1808. In contrast, due to the notable
increase in pop covalency with decreasing angle, the pav curve
for ZrO2 has only a very slight dip around 1508, and the pav


value at the equilibrium bond angle (ca. 19.25 % at 106.18) is
larger than at 1808. We expect therefore that p bonding
increases the energy difference between bent equilibrium
structure and linear arrangement for ZrO2, whereas it should
decrease the energy gain upon bending for ScF2


�. However, in
both systems, the pav curve has a positive slope around the
equilibrium bond angle (this is much more pronounced for
ZrO2). Thus, the actual bond angle should be reduced by p


bonding. Attempts to confirm this conclusion by NBO
deletion analyses have failed, as singly bonded NBO Lewis
structures did not describe the one-particle density matrix
well for these systems. Thus, in contrast to the more favorable
situation for the MCl2Y2 systems discussed in the following
section, we cannot provide additional support for the NLMO
results by a complete NBO deletion analysis (but the deletion
energies obtained do at least seem to suggest that p bonding
favors indeed the linear structure).


In a recent DFT study of the metallocenes [M(h5-C5H5)2]
(M�Ca, Sr),[35] the symmetrical pip bonding combination (a1


in Figure 2b) has been held responsible as the main origin of
bent structures. Unfortunately, the significantly bent metal-
locene structures in that work appear to be artefacts of the
unbalanced basis sets used[36] and contrast with earlier MP2
results[37] which give quasilinear structures (i.e. very shallow
bending potentials). However, one may indeed speculate about
the interesting question of significant pip-bonding contribu-
tions in more strongly bent metallocene structures, such as
those found computationally for the [M(h5-C5H5)2]� (M� Sc,
La) ions,[38] or experimentally in bent metallocene complexes
with additional ligands. Of course, the discrimination between
s and pip bonding will be even less straightforward in these
cases than for the present model systems.


IV. Is Bent�s rule applicable to transition metal
systems?


A. Comparison of MCl2Y2 (M�Ti, Si; Y�H, CH3)


Let us now analyze the ªinverse Bent�s rule structureº of
TiCl2(CH3)2 compared to the conventional structure of its


main group analogon SiCl2(CH3)2 (Figure 1). Figure 7 ana-
lyzes the covalency of the different metal-ligand s- and p


bonding NLMOs for SiCl2(CH3)2. Figure 8 gives the results
for TiCl2(CH3)2, Figure 9 those for the simpler model complex
TiCl2H2, for which we will discuss an NBO deletion analysis
further below. The NLMO plot for SiCl2H2 is very similar to
that shown for the methyl compound, except for the less polar
SiÿH bond, and is omitted.


Figure 7. Dependence of the metal character (in %) of the bonding
NLMOs in SiCl2(CH3)2 on Cl-M-Cl angle.


Figure 8. Dependence of the metal character (in %) of the bonding
NLMOs in TiCl2(CH3)2 on Cl-M-Cl angle.


Figure 9. Dependence of the metal character (in %) of the bonding
NLMOs in TiCl2H2 on Cl-M-Cl angle.


First of all, we note that the MÿCl p-bonding covalency of
the silicon complex is very low, with average metal contribu-
tions around 2 % compared to about 23 ± 24 % for the SiÿCl s


bonding NLMO and about 28 % for the s(SiÿC) NLMO (the
latter curve was scaled by 0.5 in Figure 7 for a better
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representation). This is not surprising, as the main group
element silicon has only outer 3d orbitals available as p


acceptors, and therefore most of the p bonding is only possible
due to negative hyperconjugation at the expense of SiÿC and
SiÿCl s bonding strength.[39] Changes of all curves along the
Cl-Si-Cl angle coordinate are smooth and not very pro-
nounced. The decrease of the pip curve with decreasing angle
is almost compensated by the increasing pop curve, such that
the overall p-bonding covalency (pav) changes very little. We
expect therefore that the influence of p bonding on the bond
angles is moderate (as a result of the low p bonding, bond
bending of the SiÿCl bonding NLMOs is small, typically
below 58 in the relevant angle range).


The MÿCl p-bonding covalency for the Ti complexes
(Figures 8 and 9) is considerably larger than for the silicon
analogues, with about 9 ± 10 % metal contribution on average
for both systems. Thus, p bonding is much more important for
the d0 systems, due to the ready availability of inner 3d orbitals
as p acceptors (this is also reflected in the much smaller
difference between MÿCl and MÿC distances than in the
silicon analogue, cf. Figure 1). Nevertheless, with regard to the
s covalency, the chloride ligand may be classified as a weak p


donor compared to the situation for ZrO2 above.
Another notable feature in both complexes is the signifi-


cant deviation of the chlorine hybrid contributions to the
s(TiÿCl) and pip(TiÿCl) NBOs and NLMOs from the bond
axes (bond bending is again much less pronounced on the
metal hybrid side, generally below ca. 58). The chlorine pip


hybrids bend towards the second chloride ligand only at very
small angles (below ca. 928 for TiCl2(CH3)2, below ca. 1048 for
TiCl2H2; around the angles mentioned, the magnitude of the
bond bending exhibits a minimum) and point increasingly
away from the second chlorine atom with larger Cl-Ti-Cl
angles. As in the case of the MX2 complexes (Section III), the
opposite behavior is found for the s-bonding hybrids. In the
relevant angles range from about 105 ± 1250, this rotation of
the hybrids away from the bond directions is around about
20 ± 308. This has to be kept in mind when discussing the pip


and s covalency. Consequences of this bond bending for the
metal hybridization will be discussed in Section IV C.


Interestingly, the pip covalency is slightly larger than the pop


covalency for both Ti complexes, as well as for the Si systems.
The pop covalency, and particularly the pip covalency, decrease
with decreasing angles for both complexes (pip covalency
starts to increase again slightly below 1058 for TiCl2H2, see
Figure 9). Over the angle range of interest (i.e. between 1258
and 1058), the pav curve has thus a negative slope in both
systems. This negative slope is most pronounced for TiCl2H2


(possibly due to the larger s(TiÿH) covalency, and to a
somewhat lower s(TiÿCl) covalency in this system). Thus,
TiÿCl p bonding may be considered to increase the Cl-Ti-Cl
angle for both TiCl2(CH3)2 and TiCl2H2.


To obtain further support for these findings, we have carried
out NBO deletion analyses on TiCl2H2 and SiCl2H2. The
nondiagonal NBO Fock matrix elements involving the
chlorine p-type lone pair NBOs were deleted. The structures
optimized with respect to the energy of this singly bonded
NBO Lewis structure (ELewis) are compared in Table 2 to the
fully optimized structures (cf. Eopt). The energy loss upon


deletion of the p-bonding contributions is considerably larger
for M�Ti than for M� Si (689 kJ molÿ1 versus 266 kJ molÿ1 at
the Eopt structures). These absolute energy values should not
be overinterpreted, but their relative magnitude confirms the
much larger importance of p bonding for the transition metal
complex. In both MCl2H2 systems, the ELewis structure con-
forms to Bent�s rule, that is the H-M-H angles are consid-
erably larger than the tetrahedral value, whereas the Cl-M-Cl
angles are smaller. In both cases, p bonding appears to
counteract these electronegativity preferences. This has been
found previously for other main group compounds.[39] The
fully optimized structure of SiCl2H2 still adhers to Bent�s rule,
albeit with reduced deviations from ideal tetrahedral angles
(and with the Cl-Si-Cl angle slightly above 109.58). In
contrast, the influence of p bonding for TiCl2H2 is so large
that it apparently reverses the structural preference in favor of
large Cl-Ti-Cl, and low H-Ti-H and H-Ti-Cl angles.[40] We
expect similar behavior for TiCl2(CH3)2 (see Figure 8).


The �bending� of the pip NBOs might lead us to over-
estimate the structural effect of p bonding. Nevertheless, the
NBO Fock-matrix deletion analyses seem to support our
suggestion that the apparent inversion of Bent�s rule for the
TiCl2Y2 d0 systems is at least in part due to the much larger
MÿCl p-bonding contributions compared to those for the
main group case. Whether larger angles may thus be expected
in general between moderate p donors like halogen in the
presence of strong ancillary s donors, will have to be
confirmed by further calculations (see also below).


B. Chromyl fluoride and related complexes


p Bonding was rejected as a likely explanation for the
ªinvertedº structure of TiCl2(CH3)2 by McGrady et al.[12] They
pointed out that the O-M-F and O-M-O bond angles in
CrO2F2 and VOF3 are smaller than tetrahedral, in spite of the
presumably larger p-bonding ability of oxo versus fluoro
ligands. This is a valid argument. However, as shown above for
the simpler systems ScF2


� and ZrO2, the angular dependence
of p bonding for good p donors such as oxo ligands may differ
significantly from the weak p-donor case. We also have to
keep in mind the donor properties of the ancillary ligands (cf.
above). Let us thus examine CrO2F2 and related complexes.
The optimized structures of a number of d0 dichalcogenido
complexes are summarized in Table 3. We have included
further CrO2Y2 complexes (Y�Cl, H, CH3), as well as two


Table 2. NBO deletion analysis of p-bonding influences on the structures
of MCl2H2 (M�Ti, Si).


d(MÿCl)
[�]


d(MÿH)
[�]


a(Cl-M-Cl)
[8]


a(H-M-H)
[8]


a(Cl-M-H)
[8]


TiCl2H2


Eopt
[a] 2.177 1.685 119.9 109.3 106.8


ELewis
[b] 2.581 1.806 95.4 122.4 108.9


SiCl2H2


Eopt
[a] 2.080 1.489 110.5 113.1 108.3


ELewis
[b] 2.232 1.488 97.1 120.3 109.2


[a] Fully optimized structure parameters. [b] Structure parameters opti-
mized with truncated NBO Fock matrix, based on MÿCl and MÿH single
bonds only (i.e. MÿCl p bonding is ªremovedº). See Computational
Methods.
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molybdenyl and two tungstyl dihalides, and the dithio
analogue of chromyl fluoride, CrS2F2. The optimized struc-
tural parameters are in good agreement with experiment[41]


and with other quantum chemical calculations,[42] where
available. In general, the Y-M-Y angle is larger than the ideal
tetrahedral value, only slightly so for CrO2F2 and CrO2Cl2,
and very significantly so for CrO2H2. The O-M-O (or S-M-S)
angle is below the tetrahedral value, except for CrO2H2 and
CrO2(CH3)2. Optimized structures of two main group ana-
logues, SO2F2 and SO2H2, have also been included for
comparison. They exhibit the large O-S-O and small Y-S-Y
angles expected on the basis of the VSEPR model.[43]


Figure 10 shows the NLMO analysis for chromyl fluoride.
A designation of the oxo ligands as strong p donors (relative
to their s-donor ability) is not as appropriate as for ZrO2, as
the covalency of the s(CrÿO) NLMO is larger than that of
either of the two p components (except for very large O-Cr-O
angles). Nevertheless, both s and p bonding to the oxo ligands


Figure 10. Dependence of the metal character (in %) of the bonding
NLMOs in CrO2F2 on O-M-O angle.


is significantly covalent. Deviations of the charge centroids for
s- and pip-bonding NBOs or NLMOs from the Cr ± O axis are
small (below 58 over the entire angle range of interest). The
Cr ± O s covalency shows the expected increase with lower
angles, with a maximum around 1058, close to the actual
equilibrium bond angle (108.58). Interestingly, the pop cova-
lency is considerably larger than the pip covalency (as for the
free MX2 complexes; cf. Section III), and it increases with
decreasing bond angle (in contrast to the TiCl2Y2 complexes,


cf. Section IVA). It appears that the oxygen p-type lone pairs
compete excellently for metal d orbitals with the weak
fluoride ligand, and so the pop(CrÿO) bonding is very efficient
even at small O-Cr-O angles. The pip curve shows the expected
nonuniform behavior, with an overall larger covalency for the
largest angles. However, as a result of the positive slope of the
pop curve, the pav curve is very flat in the relevant angle range.
Thus, the p-bonding covalency is large but overall relatively
independent of the bond angle, due to partial cancellation
between in-plane and out-of.plane components. We may thus
conclude that the O-Cr-O angle probably is dominated by the
Cr ± O and Cr ± F s framework (however, the p bonding may
influence the angle indirectly by forcing very short CrÿO
bonds and thus a large metal d character in these bonds, cf.
next section). The covalency of the s(CrÿF) NLMOs in-
creases slightly with increasing O-Cr-O angle (the CrÿF p


bonding is rather ionic and also shows little angular depend-
ence, again due to cancellation between in-plane and out-of-
plane components).


Let us now replace the weak ancillary s- and p-donor
fluoride ligand by the strong, exclusively s-bonding hydride
ligand to get CrO2H2 (see Figure 11 for the NLMO analysis).
Probably due to the competition with the very strong CrÿH s


bonding, the s(CrÿO) covalency is diminished compared to


Figure 11. Dependence of the metal character (in %) of the bonding
NLMOs in CrO2H2 on O-M-O angle.


CrO2F2, particularly for large O-Cr-O angles. As an indirect
consequence, the pip(CrÿO) covalency appears to be consid-
erably enhanced at large angles but decreases to similar values
as in CrO2F2 at lower angles. We also note significant bond
bending of both s and pip bonding NLMOs (10 ± 258 over the
relevant O-Cr-O angle range). Even at larger angles, the
oxygen pip hybrids are rotated towards the second oxo ligand
(the s-bonding hybrids are rotated away), in contrast to the
TiCl2Y2 complexes (Section IVA). The pop covalency varies
relatively little; it increases slightly for low angles. The
resulting pav(CrÿO) curve has a pronounced minimum around
1058, and the p covalency increases for larger angles. Likely as
a consequence, the optimized O-Cr-O angle is 1128 (see
Table 3), that is larger than favored by s(CrÿO) bonding
alone, and larger than for the chloride and fluoride (note also
the large H-Cr-H angle). We suspect that the large angle
dependence of both s and pip covalency, as well as the


Table 3. DFT-optimized structures for chromyl fluoride and some related
complexes.


MX2Y2 d(MÿX)
[�]


d(MÿY)
[�]


a(X-M-X)
[8]


a(Y-M-Y)
[8]


a(X-M-Y)
[8]


CrO2F2 1.571 1.715 108.5 110.6 109.4
CrO2Cl2 1.573 2.131 109.2 110.9 109.2
CrO2H2 1.566 1.578 112.0 126.2 104.7
CrO2(CH3)2 1.578 1.972 112.6 114.0 107.6
MoO2F2 1.710 1.870 106.3 113.2 109.4
MoO2Cl2 1.710 2.275 106.5 112.6 109.3
WO2F2 1.728 1.878 106.3 115.7 108.6
WO2Cl2 1.729 2.285 106.3 114.2 109.0
CrS2F2 2.002 1.721 109.1 112.2 108.9
SO2F2 1.443 1.607 126.1 94.4 107.9
SO2H2 1.467 1.396 124.5 97.1 107.9
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significant mixing between these two components, are con-
nected to the presence of the strong ancillary hydride ligands.


Figure 12 examines the effect of replacing Cr in CrO2F2 by
its heavier homologue Mo. We note that the covalency of both
s- and p-type NLMOs is reduced, consistent with the
expected larger ionicity of bonding in the 4d-metal complex.
Otherwise, the situation is rather similar to that for the
chromium complex. The slightly negative slope of the


Figure 12. Dependence of the metal character (in %) of the bonding
NLMOs in MoO2F2 on O-M-O angle.


pip(MoÿO) curve is roughly compensated for by the positive
slope of the pop(CrÿO) curve, leading to a very low overall
angular dependence of the p bonding. We conclude that the
observed angle seems to be dominated by the MÿO s bonding
(bond bending of the NLMOs in MoO2F2 is minor, as for
CrO2F2 above). The analysis for the thio-analogue CrS2F2


(Figure S3 in Supporting Information) indicates very strong
CrÿS p bonding, but also a relatively low overall angular
dependence of the pav curve (with a small positive slope in the
relevant angle range).


Energy changes with X-M-X angle for a number of
complexes are compared in Figure 13. The potential curves
are all relatively flat for smaller angles than the equilibrium
values. At larger angles, the X-M-X bending potentials
increase steeply for the dioxo and dithio complexes. In
contrast, the Cl-M-Cl potentials increase less pronouncedly.
This holds in particular for TiCl2(CH3)2, where the large-angle
minimum is accompanied by an extremely flat potential curve.
The comparison shows that there are large differences in the
bending potentials for the various compounds studied.


Figure 13. Comparison of energy profiles for the X-M-X angle coordinate
in MX2Y2 complexes. Relaxed scan.


We note also that the coupling between X-M-X and Y-M-Y
angles is quite small. When changing the Cl-M-Cl angles in
SiCl2Y2 from 968 to 1408, the Y-M-Yangles increase merely by
2.28 (Y�H) or 2.78 (Y�CH3). For the transition metal
complexes, the same increase in X-M-X angles decreases the
Y-M-Y angles by about 7 ± 88 (by 11.38 for TiCl2H2). Changes
in the Y-M-Y angles are found to be monitonous functions of
those in the the X-M-X angles. The small interdependence of
the angles suggests that the MX2 and MY2 fragments in such a
MX2Y2 complex do have to some extent an independent angle
preference, of course modulated in addition by the other
ligands. Thus, for example, O-Mo-O angles in MoO2


2� frag-
ments have angles in the 101 ± 1058 range for tetrahedral or
octahedral complexes,[8, 10, 41, 42] as well as in the free fragment
ion.[11] However, this is expected to change in the presence of
strong ancillary s-donor ligands like Y�H, alkyl (see above).


Typically, the MÿX distances exhibit minima near the
equilibrium bond angles (usually at somewhat lower angles).
Changes in MÿY distances are small. The changes are
monotonous when Y�H, CH3 (distances increase with
increasing X-M-X angles for M� Si and decrease for tran-
sition metals) but tend to exhibit shallow minima for Y�F, Cl.


C. Electronegativity and hybridization effects


The previous sections showed that p bonding may have an
important effect on bond angles in d0 transition metal
complexes. For TiCl2(CH3)2, on which previous discussions
of Bent�s rule for d0 complexes have concentrated,[12, 13, 18] our
analyses suggest that TiÿCl p bonding acts to widen the Cl-Ti-
Cl angle considerably. This molecule may thus not be a
particularly good example to probe the influence of electro-
negativity differences within the s-bonding framework only. It
would be better to examine complexes in which p bonding is
negligible. However, to find simple, covalently bound, heter-
oleptic MX2Y2 d0 model complexes, with sufficiently different
ligand electronegativities but without p bonding, is not a
trivial exercise (we assume in this case that X is the less
electronegative ligand).


Table 4 summarizes the main optimized structural features
of four systems studied, TiH2(CF3)2, Ti(CH3)2(CF3)2,
Ti(SiH3)2(CH3)2, and Ti(SnH3)2(CH3)2, together with the
structural data for the corresponding main group analogues,
where Ti is replaced by Si. In Ti(CH3)2(CF3)2, both X-M-X
and Y-M-Y angles are slightly above the tetrahedral value,
with the X-M-Y angle thus being small. This situation is not
really covered by any simple model, although it is not


Table 4. Main DFT-optimized structural parameters for s-bonded com-
plexes.


MX2Y2 d(MÿX)
[�]


d(MÿY)
[�]


a(X-M-X)
[8]


a(X-M-Y)
[8]


a(Y-M-Y)
[8]


TiH2(CF3)2 1.695 2.109 107.8 109.5 111.1
Ti(CH3)2(CF3)2 2.038 2.126 110.5 108.8 111.2
Ti(SiH3)2(CH3)2 2.636 2.037 106.4 109.3 113.2
Ti(SnH3)2(CH3)2 2.882 2.032 106.8 109.2 113.0


SiH2(CF3)2 1.490 1.941 112.9 109.0 107.6
Si(CH3)2(CF3)2 1.883 1.941 116.3 108.6 105.6
Si(SiH3)2(CH3)2 2.368 1.920 108.1 109.5 110.7
Si(SnH3)2(CH3)2 2.622 1.924 108.5 109.6 109.9
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as uncommon as one might think.[44] In TiH2(CF3)2, Ti-
(SiH3)2(CH3)2, and Ti(SnH3)2(CH3)2, the angles between the
less electronegative substituents are smaller than 109.5 8,
whereas those between the more electronegative ones are
larger. This is indeed just the opposite to the original
expectations of Bent�s rule. However, even the main group
systems Si(SiH3)2(CH3)2 and Si(SnH3)2(CH3)2 violate Bent�s
rule by having large Y-Si-Y and small X-Si-X angles (Table 4).


Table 5 shows the results of NPA/NLMO hybridization
analyses for these s-bonded complexes. In general, the
polarity of the NLMOs follows expectation, that is the MÿX


bonds are indeed more covalent than the MÿY bonds.
However, the difference in polarity between CH3 and CF3


ligands turns out to be marginal, so that the M(CH3)2(CF3)2


complexes are not very good examples. In TiH2(CF3)2,
Ti(SiH3)2(CH3)2, and Ti(SnH3)2(CH3)2, more s character is
connected to the smaller angles (between the less electro-
negative substituents) and less s character to the larger angles
(between the more electronegative substituents). This distri-
bution of the s character is as predicted by Landis et al., based
on sdx hybrid orbital strength functions,[18] but contrasts with
the suggestion of Jonas et al.[14] that more d character should
be connected to the larger angle. The analysis of Jonas et al.
was based on the NBO compositions computed for
TiCl2(CH3)2. The entry for this complex in Table 5 indicates
that the large d character for the TiÿC bonds observed by
Jonas et al. is found also for the NLMOs, which we take to be
a more reliable measure than the NBO hybridizations (see
Computational Methods). Similarly, TiCl2H2 exhibits the
larger metal d character in the TiÿCl bonds. There is thus a
clear discrepancy between the hybrid distributions for the
exclusively s-bonded examples and those for TiCl2Y2 (Y�H,
CH3) complexes, which involve TiÿCl p bonding.


At the ELewis structures of MCl2H2 (M� Si, Ti), which both
obey Bent�s rule (Table 2), the differences in the central-atom


hybridizations are even more pronounced. With M�Ti, lower
d character is still seen for the MÿCl bonds. However, this
means now that the larger d character pertains to the larger
H-M-H angles (see Table 5). We have thus arrived again at a
situation consistent with Landis� hybrid orbital strength
functions,[18] but with the smaller angle between the more
electronegative ligands. The inverted situation at the Eopt


structures of the two TiCl2Y2 complexes may thus be related
to the presence of TiÿCl p bonding and coincides with the
presence of a significant deviation of the TiÿCl s bonding
NBO from the TiÿCl axis at the optimized structure (23.78 on
the chlorine hybrid side, ca. 58 for the metal hybrid). As the
rotation of the s-bonding hybrids at the equilibrium structure
is towards the second chloride ligand, the effective angle
between the TiÿCl s-bonding charge centroids is smaller
than the optimized Cl-Ti-Cl angle. The bond bending reduces
thereby the effective angle between the TiÿCl bonds, and the
hybrid composition is not expected to reflect the actual bond
angles. It is thus clear that a rationalization of bond angles
with hybridization arguments is difficult in these systems.
Interestingly, the bond bending is very small (1.78 for the
chlorine hybrid) at the ELewis structure of TiCl2H2.


For SiX2(CH3)2 (X� SiH3, SnH3), the unexpectedly small
X-Si-X angles are accompanied by a larger p-character in the
SiÿX bonds than in the SiÿC bonds, in spite of the less polar
bonding. This does clearly violate Bent�s rule in its original
formulation. Possibly, the rather diffuse bonding orbitals
employed by the SiH3 and SnH3 substituents make it more
favorable for the central atom to direct considerable
p-character towards these groups. It appears thus that the
relative substituent orbital size (i.e. overlap considerations)
overrides electronegativity differences in these cases. This is
consistent with an extension of Bent�s rule due to Huheey
et al., which assigns the larger hybrid s character to the
stronger covalent interactions and thus incorporates both
electronegativity and overlap aspects.[45] We have also found


inverted carbon hybridization for mercurimethanes
[CHn(HgX)4ÿn], where hydrogen 1s orbitals compete with
mercury 6s orbitals for the carbon bonding hybrids.[46] Of the
four ligand combinations studied in this section, only the
combination X�H, Y�CF3 thus appears to fulfill the
expectations, that is behavior according to Bent�s original
rule is observed with SiH2(CF3)2 but an ªinvertedº structure is
found for TiH2(CF3)2. This shows that it is difficult to select
suitable reference compounds to discuss the electronegativity
effects on hybridization and bond angles alone. We conclude
that no simple relations between ligand electronegativity,
hybridization, and bond angles are apparent for these d0


complexes, even in the absence of p bonding.
Hybridization analyses for the dichalcogenido complexes


are given in Table S1 in the Supporting Information. We note
here only that the metal d character of the s(MÿO) NLMOs
in the dioxo complexes is very large, generally much larger
than the d character directed towards the ancillary ligands.
This holds regardless of the electronegativity of the ancillary
ligands and is likely due to the very short multiple bonds,
which force their s components to utilize significant metal d
character. In contrast, in CrS2F2 more metal d character
pertains to the s(CrÿF) than to the s(CrÿS) NLMOs.


Table 5. NPA/NLMO hybridization analyses for s-bonded complexes and for
MCl2Y2 (M�Ti, Si; Y�H, CH3).[a]


s(MÿX) NLMOs s(MÿY) NLMOs


TiH2(CF3)2 s(TiÿH): 39.1 % Ti sd2.90 s(TiÿC): 30.2 % Ti sd4.34


Ti(CH3)2(CF3)2 s(TiÿCH3): 30.3 % Ti sd4.78 s(TiÿCF3): 29.0 % Ti sd4.10


Ti(SiH3)2(CH3)2 s(TiÿSi): 36.4 % Ti sd2.58 s(TiÿC): 27.6 % Ti sd5.74


Ti(SnH3)2(CH3)2 s(TiÿSn): 38.0 % Ti sd2.42 s(TiÿC): 27.3 % Ti sd6.18


SiH2(CF3)2 s(SiÿH): 41.9 % Si sp1.74 s(SiÿC): 31.2 % Si sp2.06


Si(CH3)2(CF3)2 s(SiÿCH3): 28.6 % Si sp1.54 s(SiÿCF3): 28.9 % Si sp1.98


Si(SiH3)2(CH3)2 s(SiÿSi): 47.2 % Si sp1.99 s(SiÿC): 29.1 % Si sp1.82


Si(SnH3)2(CH3)2 s(SiÿSn): 50.6 % Si sp2.05 s(SiÿC): 29.2 % Si sp1.66


TiCl2(CH3)2 s(TiÿC): 32.6 % Ti sd5.47 s(TiÿCl): 17.4 % Ti sd3.09


TiCl2H2 s(TiÿH): 42.2 % Ti sd3.56 s(TiÿCl): 17.6 % Ti sd3.35


at ELewis structure[b] s(TiÿH): 40.8 % Ti sd3.38 s(TiÿCl): 17.5 % Ti sd2.84


SiCl2(CH3)2 s(SiÿC): 28.1 % Si sp1.08 s(SiÿCl): 23.4 % Si sp1.86


SiCl2H2 s(SiÿH): 42.0 % Si sp1.33 s(SiÿCl): 25.3 % Si sp1.93


at ELewis structure[b] s(SiÿH): 42.6 % Si sp1.12 s(SiÿCl): 25.0 % Si sp2.09


[a] Results at the optimized equilibrium structures unless noted otherwise.
The metal natural atomic orbital (NAO) contributions to the corresponding
NLMOs and their composition are given. p-NAO contributions are small for
M�Ti (<2%), and d-NAO contributions are small for M�Si (�1%).
[b] At the structures optimized relative to the energy of a singly bonded
NBO Lewis structure. These conform to Bent�s rule for both TiCl2H2 and
SiCl2H2 (cf. Table 2).
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As a general comment, we note that the NLMO/NPA
hybridizations shown in Table 5 (cf. also Table S1 in Support-
ing Information) indicate considerable ªhybridization de-
fectsº[17, 47] in all cases. Thus, for the silicon compounds the
average s character is considerably larger than that implied by
the orthogonal sp3 hybrids one usually associates with
tetrahedral coordination. In contrast, the average metal s
character for the s-bonding NLMOs in the transition metal
complexes is smaller than implied by sd3 hybridization.[48] As
has been discussed in detail for the heavier p-block main
group case,[17, 47] ideal orthogonal spn hybrids would require s-
and p-valence orbitals of similar radial extent. However, the
valence s orbitals are much more contracted than the p
orbitals, and thus the s character is generally larger than
expected within the traditional counting rules used to relate
bond angles to hybridization. Similarly, the 3d orbitals of
titanium in the present d0 complexes have obviously a smaller
radial extent than the 4s orbitals with which they have to be
hybridized. Therefore, the average d character is larger than
what would be obtained with orthogonal sd3 hybrids. In simple
homoleptic hydride complexes, hybridization defects tend to
be moderate,[18] but in the presence of more electronegative
ligands they obviously become sizeable.


V. Conclusion


The bonding analyses presented in this work are based mostly
on the NBO/NLMO procedure of Weinhold et al.[26, 27] The
data do thus of course contain some degree of arbitrariness, as
is true for any type of population analysis or density-matrix
partitioning scheme. Complications arise also from the
inherently ill-defined nature of in-plane p and s bonding for
nonlinear molecules. However, we have been careful to
discuss only trends, mostly for variations in the structure of a
given complex. We expect that the following general con-
clusions drawn will remain unaltered when using alternative
interpretational schemes:
* Ligand-to-metal p bonding tends to be much more


important in early transition metal d0 complexes than for
analogous main group species, due to the ready availability
of inner metal d orbitals. The influence of p bonding on
bond angles may thus also be significant.


* Due to the variety of possible orientations of the different
metal d orbitals available as acceptors for p bonding, the
actual angular dependence of p bonding may be compli-
cated. This holds in particular for the in-plane p bonding in
MX2 molecules or fragments.


* In d0 MX2 complexes, p bonding may be stronger either in
linear or in bent structures. p bonding appears to favor the
bent structure for the ªstrong p-donor caseº ZrO2, but the
linear structure for the ªweak p-donor caseº ScF2


�.
However, near the bent equilibrium structures, p bonding
seems to favor smaller angles in both complexes.


* The ªinverse Bent�s ruleº structure of TiCl2Y2 (Y�H,
CH3) is at least in part due to significant TiÿCl p bonding,
acting to increase the Cl-Ti-Cl angle and to decrease the
Y-Ti-Y angle. p Bonding also counteracts the normal


electronegativity-driven ªBent�s ruleº distortions for
main group species like SiCl2Y2,[39] but there its influence
is not sufficient to reverse the relative order of the
angles.


* For MX2Y2 complexes with strong p-donor ligands X but
weak ancillary ligands Y, like CrO2F2 or MoO2F2, out-of-
plane MÿX p bonding is larger than in-plane p bonding and
it favors smaller X-M-X angles. As a result of the partial
compensation between the angular dependence of the
different p bonding contributions, the overall influence of
p bonding on bond angle may be small. However, when the
ancillary ligand Y is a strong s donor, as in CrO2H2, the in-
plane p-bonding component starts again to dominate the
angular dependence, and p bonding apparently favors a
larger O-M-O angle.
It is difficult to isolate the influence of ligand electro-


negativity on the bond angles from the p bonding effects, due
to the need to find suitable s-bonded model systems. Of the
four complexes studied here, only MH2(CF3)2 turned out to
cleanly obey Bent�s rule for the main group case (M� Si),
whereas the others exhibit more irregular behavior. For
TiH2(CF3)2, an ªinverse Bent�s rule structureº was found. The
hybridization analyses indicate less d character in the bonds to
the less electronegative ligands, in contrast to our analyses
and previous ones[14] for TiCl2Y2 (Y�H, CH3). For the latter
compounds, the relation between hybridization and bond
angles is obscured by the occurrence of significant ªbond
bendingº of the relevant s-bonding localized MOs. This is in
turn related to the presence of in-plane p bonding. For
SiX2(CH3)2 complexes with X� SiH3, SnH3, Bent�s rule in its
original version is violated even in the main group case, most
likely due to disparate substituent orbital sizes (i.e. overlap
considerations override electronegativity effects[45]).


Overall, the interdependence of p bonding, substituent
electronegativity, and s-bonding influences on bond angles in
d0 complexes appears to be considerably more complicated
than for their main group analogues. This should not surprise
us, given the larger number and more variable directionality
of valence orbitals available for transition metal systems. As a
result, simple models like Bent�s rule are not as useful as for
p-block main group compounds. More refined interpretations
have to be given, and the present work is a step into that
direction.


While the present model study has focussed only on the
simplest triatomic MX2 complexes and on pseudotetrahedral
MX2Y2 systems, it is clear that very similar considerations will
hold also for other ligand combinations and for other
coordination numbers. For example, density functional and
ab initio calculations on heteroleptic complexes bearing both
p-donor and exclusive s-donor ligands have been carried out
also for five-[49, 50] and six-coordinate[51] complexes. In all of
these cases, a very prounounced competition between p- and
s-bonding contributions has been found, leading in many
cases to rather striking structural features.[49±51] In addition to
the structural aspects, on which we have concentrated in the
present study, it is obvious that reactivity is similarly depend-
ent on p bonding and ligand electronegativity. This holds, for
example, for the stereochemical outcome of chemical reac-
tions. As many d0 complexes are of significant importance, for
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example in catalysis and metalloenzymes, there remains a
considerable need to develop such structure ± bonding rela-
tionships.
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Preparation of Water-Soluble Cationic Phosphorus-Containing Dendrimers
as DNA Transfecting Agents


Christophe Loup,[a] Maria-Antonietta Zanta,[b] Anne-Marie Caminade,*[a]
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Abstract: A new class of phosphorus-
containing dendrimers (abbreviated as
P-dendrimer) with protonated or meth-
ylated terminal tertiary amines has been
prepared and characterized. Five differ-
ent generations of protonated den-
drimers (2-[G1] to 2-[G5]) and the
corresponding methylated series (5-
[G1] to 5-[G5]) have been examined as
transfecting agents of the luciferase gene
within 3T3 cells. The capability of these


dendrimers to transfect cells appears to
depend on the size of the dendrimers
(the third, fourth, and fifth generation
being the most efficient ones) and the
chemical nature of the terminal tertiary
amines (the protonated forms being
more efficient than the methylated


ones). The most efficient representatives
of this series of P-dendrimers have a
transfection activity level comparable
with linear PEI with only five equiva-
lents of tertiary amine per nucleotide.
Unexpectedly and fortunately, these
dendrimers have a better transfection
efficiency in the presence of serum than
without.Keywords: cationic dendrimer ´


DNA ´ phosphorus ´ transfection


Introduction


Within a few decades, the high level of accumulated knowl-
edge on DNA at the molecular level allowed the genetic
engineering of microorganisms, plants, and animals. Among
the different possibilities offered by this new field of
molecular biology, it is now possible to create new therapeutic
approaches based on the introduction of genes to cells that
have chromosomal defects to cure the related diseases.
However, the development of gene therapy in medicine is
highly dependent on the transfer efficiency of genes within the
desired type of cells.[1, 2]


Viral-based gene delivery is currently one of the most
efficient methods to introduce exogeneous genes within
cells.[3, 4] However, immunogenic or potential oncogenic
effects are the two main limits for this transfection method.
To overcome these problems and to diversify the different
modes of gene delivery, alternative methods have been
developed that involve cationic lipid preparations,[5±8] DNA


encapsulation in liposomes,[9±11] and polyethyleneimine[12] and
more recently polyamine dendrimers.[13, 14] The efficiency of
these last transfecting agents is dependent on chemical
modification of the initial dendrimer structure by a thermal
treatment; this leads to a heterodisperse population of
compounds.[15] Consequently, the transfection activity of
monodispersed dendrimers should be evaluated. We decided
to investigate the possibility of using a new series of cationic
dendrimers, related to the intensive development of the
dendrimer chemistry in one of our groups, by using phospho-
rus-containing synthons, which leads to diversified and con-
trolled polymeric structures.[16, 17] These macromolecules built
up to the highest generation known till now (generation 12)
are of great interest, since they can be easily functionalized
not only on the surface but also selectively in the internal
layers. Moreover they are thermally stable up to 250 8C and
are not water sensitive in a large range of pH (from 3 to 12).
Lastly flexibility of the branches and porosity of these
phosphorus-containing dendrimers (P-dendrimers) have been
evidenced (see refs. [18, 19] for recent review articles on
dendrimers, and also refs. [20 ± 22]). Consequently these
dendrimers appear to be excellent candidates as transfecting
agents after grafting positively charged functions at their
periphery.


Here we report the preparation of new cationic P-den-
drimers with protonated or methylated terminal tertiary
amines and the results when using them as transfecting agents
of the luciferase gene within 3T3 cells.
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Results and Discussion


These P-dendrimers were obtained by controlled growth of
the dendrimeric structure with successive layers of
H2NÿN(Me)ÿP(S)Cl2 motifs. The central building block is a
hexachlorocyclotriphosphazene unit modified with the tri-
ethylammonium salt of 4-hydroxybenzaldehyde (this starting
material N3P3(OC6H4CHO)6 is depicted in Scheme 1 and
noted as core in Scheme 2). Then this core, with six terminal
aldehyde functions is treated with dichlorophosphonomethyl-
hydrazide [H2NÿN(Me)ÿP(S)Cl2] to produce a dendron with
terminal dichlorothiophosphine units; this dendron can be
treated again with the sodium salt of hydroxybenzaldehyde to
produce by iteration each generation of dendrimers. The first,
second, third, fourth, and fifth generations have 6, 12, 24, 48,
and 96 terminal P(S)Cl2 units, respectively, which can be
treated with N,N-diethylethylenediamine to produce cationic
dendrimers after protonation (2-[G1] to 2-[G5] dendrimers,
see Scheme 3 for a representation of the structure of 2-[G4])
or methylation (5-[G1] to 5-[G5] dendrimers). Consequently,
the cationic dendrimers have 12, 24, 48, 96, or 192 peripheral
positive charges for the first, second, third, fourth and fifth
generations, respectively. The methylated forms (5-[G1] to 5-
[G5]) were prepared from the corresponding neutral terminal
amines (3-[G1] to 3-[G5]) by methylation with methyl iodide
followed by exchange of the iodide counteranions for acetate
ions with an exchange resin. The purity and the integrity of the
dendrimers were monitored by 1H, 13C, and 31P NMR. All
these dendrimers have a high degree of purity. Only 8 to 10 %
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Scheme 2. Illustration of the preparation of the acetate form of 5-[G2]
(second generation dendrimer) from the chlorohydrate form 2-[G2] in
three steps via the deprotonated dendrimer 3-[G2] and the methylated
form 4-[G2] with iodide as counteranions.


of the terminal branches of the methylated dendrimers (5-
[G1] to 5-[G5]) exhibit a deficiency of methyl groups. This
modification was observed during the exchange step to obtain
the methylated dendrimers with acetate counterions. We
checked that all these cationic P-dendrimers are stable in
aqueous solution for several months.


Although cationic liposomes are the most commonly used
non-viral vectors in transfection of eucaryotic cells, increasing
interest for cationic polymers has arisen in recent years. In
contrast with the first generation of polymers based on
polylysine,[23, 24] PAMAM dendrimers[13, 25] and polyethylene-
imine[12] have been shown to be very efficient in transfecting
nucleic acids into cells. We studied the capacity of these new
polycationic polymers, based on P-dendrimers, to mediate the


Abstract in French: Cet article dØcrit la prØparation et la
caractØrisation d�une nouvelle classe de dendrim�res phospho-
rØs ayant des amines tertiaires protonØes ou mØthylØes comme
terminaisons. Cinq gØnØrations de dendrim�res protonØs (2-
[G1] aÁ 2-[G5]) et les cinq gØnØrations mØthylØes correspon-
dantes (5-[G1] aÁ 5-[G5]) ont ØtØ testØes comme agents de
transfection du g�ne de la lucifØrase dans des cellules 3T3. La
capacitØ de ces dendrim�res à transfecter les cellules dØpend de
la taille des dendrim�res (les troisi�mes, quatri�mes et cinqui�-
mes gØnØrations sont les plus efficaces) et de la nature chimique
des amines tertiaires terminales (les formes protonØes Øtant plus
efficaces que les mØthylØes). Les molØcules les plus actives de
cette sØrie de dendrim�res phosphorØs atteignent un niveau de
transfection comparable à celui du PEI avec seulement cinq
Øquivalents d�amines tertiaires par nuclØotide. Il faut noter que
ces dendrim�res ont une meilleure capacitØ à transfecter en
prØsence qu�en l�absence de sØrum.
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cyclophosphazene N3P03 unit used as core of these phosphorus-containing dendrimers is also depicted.
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in vitro delivery of nucleic acids into mammalian cells. Two
different series were studied: the 2-[Gn] series with chlorohy-
drate terminii (with the possibility of a deprotonation process
when the pH value is increased) and the 5-[Gn] series with
methylammonium terminii (which creates an irreversible
positive charge at the periphery of the dendrimer). The
obtained data are reported in Figures 1 and 2 (see later),
respectively. Our results with these different cationic poly-
mers always show an optimal efficiency at a charge ratio N/P


between five and ten (N/P ratio� number of terminal nitro-
gen atoms of dendrimer per DNA phosphate). Therefore, we
decided to compare the transfection efficiency of different
generations of P-dendrimers with that of the linear PEI
ExGen500 at five and ten equivalents.


At five equivalents of positive charge per DNA phosphate,
all five tested chlorohydrate forms, 2-[Gn] series, showed a
significant expression of transgene. Light units increased from
105 to nearly 109 RLU mgÿ1 of protein (RLU stands for
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Scheme 3. Schematic representation of the polycationic dendrimer 2-[G4] (fourth generation), which is efficient in the transfection of the luciferase gene in
3T3 cells.
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Figure 1. Chlorohydrate phosphorus-containing dendrimer-mediated gene
transfer into eucaryotic cells. 3T3 cells were transfected with pCMV-luc
plasmid (2 mg) complexed with the desired dendrimer in the absence (left
side) or presence (right side) of 10% serum. Two N/P ratios 5 (top) and
10 equivalents (bottom) were studied in comparison with the linear PEI
(ExGen500). Expression was stopped 24 hours after transfection and
reporter gene activity was measured.


relative light units). However, the transfection efficiency
increased with increasing generation number and reached a
plateau for generations three to five (values of light units
ranging from 108 to 109, see Figure 1 top). We consider 2-[G4]
as a suitable candidate for further investigations of the
transfection capacity of these new cationic P-dendrimers (see
Scheme 3 for structure). Increasing the N/P ratio to ten
enhanced the toxicity and therefore led generally to a lower
transfection efficiency (Figure 1 bottom).


It should be noted that performing transfections in the
presence of 10 % of serum led to a lower cytotoxicity and thus
to expression levels higher than those obtained in the absence
of serum (compare the left side of Figure 1 for data obtained
without serum with the right side for data with 10 % of
serum). Without any further optimization, the most efficient
dendrimers (from the third to the fifth generation) were
found to be as efficient as linear PEI used at its optimal
conditions.


In contrast, the methylated forms 5-[Gn] were found to be
rather toxic and relatively inefficient in transfecting nucleic
acids into eukaryotic cells, both with or without serum
(Figure 2). This phenomenon might be due to a high, stable
positive-charge density, which may disrupt the cell membrane
and therefore lead to cell death. The reduction of the charge
density is not possible for this methylated series without
degradation of the dendrimers, whereas the charge density of


Figure 2. Methylated phosphorus-containing dendrimer mediated gene
transfer into eucaryotic cells. 3T3 cells were transfected with pCMV-luc
plasmid (2 mg) complexed with the desired dendrimer in the absence (left
side) or presence (right side) of 10% serum. Two N/P ratio 5 (top) and
10 equivalents (bottom) were studied in comparison with the linear PEI
(ExGen500). Expression was stopped 24 hours after transfection and
reporter gene activity was measured.


chlorohydrate series 2-[Gn] can be modulated by micro-
environmental modification of the pH values when approach-
ing the cell membrane. In addition the possibility of modulat-
ing the charge density of these chlorohydrate dendrimers might
be a key factor for the release of the luciferase gene within
endosomes. These dendrimers might act as proton reservoir
within the cell compartments, their charge density being
controlled by ATPase-driven proton pumps and by modifica-
tions of intracellular chloride concentration. The possibility of
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reducing the cationic charge density of these P-dendrimers
outside or inside cells should be favorable for in vivo
experiments as previously mentioned.[26]


Conclusion


We found that P-dendrimers with terminal tertiary amines
that can be protonated are suitable to mediate highly efficient
transfection of the luciferase gene with cells in the presence of
serum and with only five equivalents of amine per nucleotide.
In addition, they are not toxic, but are stable in aqueous
solutions and might be considered as a new class of trans-
fecting agents. We are currently developing studies to
evaluate the capacity of these new dendrimers as transfecting
agents in vivo.


Experimental Section


Preparation of phosphorus-containing dendrimers


General methods and chemicals : All manipulations were carried out with
standard high-vacuum or dry argon atmosphere techniques. 1H, 31P,
13C NMR spectra were recorded on Bruker AC80, AC200, AC 250
spectrometers. 31P NMR chemical shifts are reported in ppm relative to
85% H3PO4. The numbering used for NMR is depicted in Scheme 1.
Dendrimers 1-[Gn] were synthesized according to published proce-
dures.[16, 17] In the abbreviation 1-[Gn] the number 1 stands for the
dendrimers with PÿCl terminii, 2, 3, 4 or 5 forÿNH(Et)2]�(Clÿ),ÿN(Et)2,
ÿNMe(Et)2]�(Iÿ) or ÿNMe(Et)2]�(OAcÿ) terminii, respectively, and n
corresponds to the generation number. Methyl iodide and N,N-diethyle-
thylenediamine were purchased from Aldrich and the strong anion
exchange resin AG1-X8 from Bio-rad.


General procedure for the synthesis of protonated dendrimers 2-[G1] ± 2-
[G5]: N,N-Diethylethylenediamine (n� 1, 93 mL, 0.66 mmol; n� 2, 71 mL,
0.5 mmol; n� 3, 68 mL, 0.48 mmol; n� 4, 61 mL, 0.43 mmol, n� 5, 60 mL,
0.42 mmol) was added dropwise by syringe with strong stirring to a solution
of dendrimer 1-[Gn] (100 mg; n� 1, 55 mmol; n� 2, 21 mmol; n� 3,
10 mmol; n� 4, 4.5 mmol; n� 5, 2.2 mmol) in distilled THF (15 mL). After
stirring overnight at room temperature, the solvent was removed by
filtration. The white powder was washed with distilled THF (2� 20 mL)
and evaporated to dryness. The protons produced during the coupling
reaction were trapped by the terminal tertiary amine residues; conse-
quently 2-[Gn] dendrimers were obtained as chlorohydrate derivatives.


Dendrimer 2-[G1]: Yield 80 %; 31P{1H} NMR (CD3OD): d� 7.9 (P0), 69.6
(P1); 1H NMR ([D6]DMSO): d� 1.3 (t, 3JHH� 6.3 Hz, 72H; CH2CH3), 3.0 ±
3.5 (m, 114 H; CH3-N-P1, CH2), 5.7 (br m, 12H; N-H), 7.1 (d, 3JHH� 8.4 Hz,
12H; C0


2-H), 7.9 (s, 6 H; CH�N), 7.9 (d, 3JHH� 8.4 Hz, 12H; C0
3-H), 10.8


(br s, 12H; �N-H); 13C{1H} NMR (CD3OD): d� 9.7 (s, CH2CH3), 33.3 (d,
2JCP1� 10.3 Hz, CH3-N-P1), 37.9 (s, CH2-N-P1), 49.5 (s, CH2CH3), 53.9 (d,
3JCP1� 6.2 Hz, CH2-CH2-N-P1), 122.6 (s, C0


2), 129.8 (s, C0
3), 135.0 (s, C0


4),
139.3 (d, 3JCP1� 11.6 Hz, CH�N), 152.4 (d, 2JCP0� 7.3 Hz, C0


1); UV/Vis
(H2O): lmax (e, mÿ1 cmÿ1)� 284 nm (1.2� 105).


Dendrimer 2-[G2]: Yield 95%; 31P{1H} NMR (CD3OD): d� 8.5 (P0), 62.0
(P1), 69.6 (P2); 1H NMR ([D6]DMSO): d� 1.3 (br s, 144 H; CH2CH3), 3.0 ±
3.6 (br m, 246 H; CH3-N-P1,2 , CH2), 5.6 (br m, 24H; N-H), 7.0 ± 7.4 (br m,
36H; C0


2-H, C1
2-H), 7.7 ± 8.2 (m, 54H; CH�N, C0


3-H, C1
3-H), 10.7 (br s,


24H; �N-H); 13C{1H} NMR (CD3OD): d� 9.6 (s, CH2CH3), 33.0 (d, 2JCP2�
10.6 Hz, CH3-N-P2), 34.2 (d, 2JCP1� 11.8 Hz, CH3-N-P1), 37.8 (s, CH2-N-P2),
49.2 (s, CH2CH3), 53.9 (d, 3JCP2� 6.3 Hz, CH2-CH2-N-P2), 122.8 (s, C0


2),
123.0 (d, 3JCP1� 3.0 Hz, C1


2), 129.7 (s, C1
3), 130.0 (s, C0


3), 134.3 (s, C0
4), 135.0


(s, C1
4), 139.1 (d, 3JCP2� 12.5 Hz, CH�N), 141.3 (d, 3JCP1� 15.4 Hz, CH�N),


152.6 (d, 2JCP1� 7.3 Hz, C1
1), 152.6 (s, C0


1); UV/vis (H2O): lmax (e,
mÿ1 cmÿ1)� 284 nm (3.1� 105).


Dendrimer 2-[G3]: Yield 95 %; 31P{1H} NMR (CD3OD): d� 8.6 (P0), 61.5
(P1), 62.3 (P2), 69.5 (P3); 1H NMR ([D6]DMSO): d� 1.3 (br s, 288 H;


CH2CH3), 3.0 ± 3.5 (br m, 510 H; CH3-N-P1,2,3 , CH2), 5.7 (br s, 48H; N-H),
7.0 ± 7.5 (br m, 84H; C0


2-H, C1
2-H, C2


2-H), 7.7 ± 8.2 (br m, 126 H; CH�N, C0
3-


H, C1
3-H, C2


3-H), 10.8 (br s, 48 H; �N-H); 13C{1H} NMR (CD3OD): d� 9.6
(s, CH2CH3), 33.1 (d, 2JCP3� 9.4 Hz, CH3-N-P3), 34.2 (m, CH3-N-P1,2), 37.6
(s, CH2-N-P3), 49.2 (s, CH2CH3), 53.7 (d, 3JCP3� 6.3 Hz, CH2-CH2-N-P3),
123.2 (br s, C0


2, C1
2, C2


2), 129.6 (br s, C0
3, C1


3, C2
3), 134.0 (s, C0


4, C1
4), 134.8 (s,


C2
4), 139.0 (br s, C2


4-CH�N), 141.4 (br s, CH�N), 152.4 (d, 2JCP2� 7.3 Hz,
C2


1), 152.8 (br s, C0
1, C1


1); UV/Vis (H2O): lmax (e, mÿ1 cmÿ1)� 286 nm (7.3�
105).


Dendrimer 2-[G4]: Yield 95%; 31P{1H} NMR (CD3OD): d� 8.4 (P0), 62.0
(P1,2,3), 69.4 (P4); 1H NMR ([D6]DMSO): d� 1.3 (br s, 576 H; CH2CH3),
3.0 ± 3.5 (m, 1038 H; CH3-N-P1,2,3,4 , CH2), 5.6 (br s, 96 H; N-H), 7.0 ± 7.5
(br m, 180 H; C0


2-H, C1
2-H, C2


2-H, C3
2-H), 7.7 ± 8.2 (m, 270 H; CH�N, C0


3-H,
C1


3-H, C2
3-H, C3


3-H), 10.8 (br s, 96H; �N-H); 13C{1H} NMR (CD3OD): d�
9.7 (s, CH2CH3), 33.2 (d, 2JCP4� 9.2 Hz, CH3-N-P4), 34.3 (d, 2JCP� 10.1 Hz,
CH3-N-P1,2,3), 37.7 (s, CH2-N-P4), 49.2 (s, CH2CH3), 53.8 (d, 3JCP4� 5.5 Hz,
CH2-CH2-N-P4), 123.1 (br s, C0


2, C1
2, C2


2, C3
2), 129.7 (br s, C0


3, C1
3, C2


3, C3
3),


134.2 (s, C0
4, C1


4, C2
4), 134.9 (s, C3


4), 139.2 (br s, C3
4-CH�N), 141.5 (br s,


CH�N), 152.5 (d, 3JCP3� 7.4 Hz, C3
1), 153.0 (br s, C0


1, C1
1, C2


1); UV/Vis
(H2O): lmax (e, mÿ1 cmÿ1)� 288 nm (1.7� 106).


Dendrimer 2-[G5]: Yield 95 %; 31P{1H} NMR (CD3OD): d� 62.0 (P1,2,3,4),
69.3 (P5); 1H NMR ([D6]DMSO): d� 1.3 (br s, 1152 H; CH2CH3), 2.9 ± 3.5
(br m, 2094 H; CH3-N-P1,2,3,4,5 , CH2), 5.6 (br s, 192 H; N-H), 7.0 ± 7.5 (m,
372 H; C0


2-H, C1
2-H, C2


2-H, C3
2-H, C4


2-H), 7.7 ± 8.2 (m, 558 H; CH�N, C0
3-


H, C1
3-H, C2


3-H, C3
3-H, C4


3-H), 10.8 (br s, 192 H; �N-H); 13C{1H} NMR
(CD3OD): d� 9.7 (s, CH2CH3), 33.2 (br s, CH3-N-P5), 34.3 (br s, CH3-N-
P1,2,3,4), 37.8 (s, CH2-N-P5), 49.2 (s, CH2CH3), 53.8 (s, CH2-CH2-N-P5), 123.1
(br s, C0


2, C1
2, C2


2, C3
2, C4


2), 129.7 (br s, C0
3, C1


3, C2
3, C3


3, C4
3), 134.2 (s, C0


4,
C1


4, C2
4, C3


4), 134.9 (s, C4
4), 139.2 (br s, C4


4-CH�N), 141.5 (br s, CH�N),
152.5 (s, C4


1), 153.0 (br s, C0
1, C1


1, C2
1 , C3


1); UV/Vis (H2O): lmax (e,
mÿ1 cmÿ1)� 286 nm (3.3� 106).


General procedure for the synthesis of the neutral dendrimers 3-[G1] ± 3-
[G5]: A solution of NaOH (1m; n� 1, 372 mL, 0.37 mmol; n� 2, 312 mL,
0.31 mmol; n� 3, 288 mL, 0.28 mmol; n� 4, 288 mL, 0.28 mmol; n� 5,
288 mL, 0.28 mmol) was added dropwised to a stirred solution of dendrimer
2-[Gn] (100 mg; n� 1, 31 mmol; n� 2, 13 mmol; n� 3, 6 mmol; n� 4, 3 mmol;
n� 5, 1.5 mmol) in distilled water (30 mL). The precipitate was recovered
by centrifugation, dissolved in chloroform, then the organic layer was dried
over Na2SO4, filtered and evaporated to dryness.


Dendrimer 3-[G1]: Yield 80%; 31P{1H} NMR (CDCl3): d� 8.2 (P0), 68.3
(P1); 1H NMR (CD2Cl2): d� 0.9 (t, 3JHH� 7.0 Hz, 72 H; CH2CH3), 2.3 ± 2.5
(m, 72H; CH2-N(CH2-CH3)2), 2.9 (m, 24H; CH2-N-P1), 3.1 (d, 3JHP1�
9.4 Hz, 18H; CH3-N-P1), 4.0 (m, 12 H; N-H), 6.9 (d, 3JHH� 8.5 Hz, 12H;
C0


2-H), 7.5 (s, 6 H; CH�N), 7.5 (d, 3JHH� 8.5 Hz, 12H; C0
3-H); 13C{1H}


NMR (CDCl3): d� 11.4 (s, CH2CH3), 30.5 (d, 2JCP1� 10.7 Hz, CH3-N-P1),
38.4 (s, CH2-N-P1), 46.3 (s, CH2CH3), 52.9 (d, 3JCP1� 7.8 Hz, CH2-CH2-N-
P1), 120.8 (s, C0


2), 127.3 (s, C0
3), 132.7 (s, C0


4), 135.4 (d, 3JCP1� 12.5 Hz,
CH�N), 150.4 (d, 2JCP0� 5.1 Hz, C0


1).


Dendrimer 3-[G2]: Yield 95%; 31P{1H} NMR (CDCl3): d� 8.4 (P0), 62.9
(P1), 68.1 (P2); 1H NMR (CD2Cl2): d� 0.9 (t, 3JHH� 7 Hz, 144 H; CH2CH3),
2.2 ± 2.5 (m, 144 H; CH2-N(CH2CH3)2), 2.9 (m, 48H; CH2-N-P2), 3.0 (d,
3JHP2� 9.2 Hz, 36H; CH3-N-P2), 3.2 (d, 3JHP1� 10 Hz, 18H; CH3-N-P1), 4.0
(br m, 24 H; N-H), 6.9 ± 7.1 (m, 36H; C0


2-H, C1
2-H), 7.4 ± 7.7 (m, 54H;


CH�N, C0
3-H, C1


3-H); 13C{1H} NMR (CDCl3): d� 11.4 (s, CH2CH3), 30.6
(d, 2JCP2� 10.8 Hz, CH3-N-P2), 32.9 (d, 2JCP1� 11.8 Hz, CH3-N-P1), 38.3 (s,
CH2-N-P2), 46.3 (s, CH2CH3), 52.9 (d, 3JCP2� 7.8 Hz, CH2-CH2-N-P2), 121.1
(s, C0


2, C1
2), 127.4 (s, C1


3), 128.1 (s, C0
3), 132.0 (s, C0


4), 133.1 (s, C1
4), 135.1 (d,


3JCP2� 12.4 Hz, CH�N), 138.6 (d, 3JCP1� 15.4 Hz, CH�N), 150.3 (d, 2JCP1�
7.3 Hz, C1


1), 151.1 (s, C0
1).


Dendrimer 3-[G3]: Yield 95%; 31P{1H} NMR (CDCl3): d� 8.5 (P0), 62.9
(P1,2), 68.1 (P3); 1H NMR (CD2Cl2): d� 0.9 (t, 3JHH� 6.4 Hz, 288 H;
CH2CH3), 2.2 ± 2.5 (br m, 288 H; CH2-N(CH2CH3)2), 2.9 (br m, 96H; CH2-
N-P3), 3.0 (d, 3JHP3� 9.2 Hz, 72 H; CH3-N-P3), 3.2 ± 3.4 (br m, 54 H; CH3-N-
P1,2), 4.0 (br s, 48 H; N-H), 6.9 ± 7.3 (br m, 84H; C0


2-H, C1
2-H, C2


2-H), 7.4 ± 7.7
(br m, 126 H; CH�N, C0


3-H, C1
3-H, C2


3-H); 13C{1H} NMR (CDCl3): d� 11.4
(s, CH2CH3), 30.6 (d, 2JCP3� 10.3 Hz, CH3-N-P3), 32.5 (d, 2JCP� 12.7 Hz,
CH3-N-P1,2), 38.4 (s, CH2-N-P3), 46.4 (s, CH2CH3), 53.0 (d, 3JCP3� 7.9 Hz,
CH2-CH2-N-P3), 121.4 (s, C0


2, C1
2, C2


2), 127.5 (s, C2
3), 128.2 (s, C0


3, C1
3), 132.0


(s, C0
4), 132.3 (s, C1


4), 133.1 (s, C2
4), 135.2 (d, 3JCP3� 12.1 Hz, CH�N), 138.8
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(d, 3JCP� 12.1 Hz, CH�N), 150.4 (d, 2JCP2� 6.8 Hz, C2
1), 151.2 (d, 2JCP�


6.3 Hz, C0
1, C1


1).


Dendrimer 3-[G4]: Yield 95%; 31P{1H} NMR (CDCl3): d� 8.4 (P0), 62.4
(P1,2,3), 68.0 (P4); 1H NMR (CD2Cl2): d� 0.8 (br s, 576 H; CH2CH3), 2.4 (br s,
576 H; CH2-N(CH2CH3)2), 2.6 ± 3.4 (br m, 462 H; CH3-N-P1,2,3,4 , CH2-N-P4),
4.0 (br m, 96H; N-H), 7.0 ± 7.7 (m, 450 H; C6H4, CH�N); 13C{1H} NMR
(CDCl3): d� 11.6 (s, CH2CH3), 30.6 (d, 2JCP4� 10.4 Hz, CH3-N-P4), 33.0 (d,
2JCP� 12.6 Hz, CH3-N-P1,2,3), 38.5 (s, CH2-N-P4), 46.4 (s, CH2CH3), 53.1 (d,
3JCP4� 7.7 Hz, CH2-CH2-N-P4), 121.5 (s, C3


2), 121.8 (s, C0
2, C1


2, C2
2), 127.5 (s,


C3
3), 128.3 (s, C0


3, C1
3, C2


3), 132.2 (s, C0
4, C1


4, C2
4), 133.2 (s, C3


4), 135.1 (d,
3JCP4� 12.0 Hz, CH�N), 138.7 (br s, CH�N), 150.5 (d, 2JCP2� 7.4 Hz, C3


1),
151.3 (br m, C0


1, C1
1, C2


1).


Dendrimer 3-[G5]: Yield 95 %; 31P{1H} NMR (CDCl3): d� 62.4 (P1,2,3,4),
68.0 (P5); 1H NMR (CD2Cl2): d� 1.0 (br s, 1152 H; CH2CH3), 2.4 (br s,
1152 H; CH2-N(CH2CH3)2), 2.7 ± 3.5 (br m, 942 H; CH3-N-P1,2,3,4,5 , CH2-N-
P5), 4.1 (m, 192 H; N-H), 7.0 ± 7.8 (m, 930 H; C6H4, CH�N); 13C{1H} NMR
(CDCl3): d� 11.5 (s, CH2CH3), 30.5 (d, 2JCP5� 11.1 Hz, CH3-N-P5), 33.0 (d,
2JCP� 12.3 Hz, CH3-N-P1,2,3,4), 38.4 (s, CH2-N-P5), 49.4 (s, CH2CH3), 53.0 (d,
3JCP5� 8.1 Hz, CH2-CH2-N-P5), 121.4 (s, C4


2), 121.7 (s, C0
2, C1


2, C2
2,, C3


2),
127.4 (s, C4


3), 128.1 (s, C0
3, C1


3, C2
3, C3


3), 132.1 (s, C0
4, C1


4, C2
4, C3


4), 133.1 (s,
C4


4), 135.1 (d, 3JCP5� 12.1 Hz, CH�N), 138.7 (br s, CH�N), 150.5 (d, 2JCP3�
6.6 Hz, C4


1), 151.2 (d, 2JCP� 6.2 Hz, C0
1, C1


1, C2
1, C3


1).


General procedure for the synthesis of methylated dendrimers 4-[G1] ± 4-
[G5] with iodides as counterions : A solution of the neutral dendrimers 3-
[Gn] (100 mg; n� 1, 36 mmol; n� 2, 15 mmol; n� 3, 7 mmol; n� 4, 3.3 mmol;
n� 5, 1.6 mmol) and methyl iodide (n� 1, 27 mL, 0.43 mmol; n� 2, 22 mL,
0.36 mmol; n� 3, 21 mL, 0.34 mmol; n� 4, 20 mL, 0.32 mmol; n� 5, 19 mL,
0.31 mmol) in DMF (15 mL) was stirred at room temperature overnight.
The solution was then evaporated to dryness. The resulting paste was
washed with 20 mL of a pentane/ether mixture (1/1, v/v) to afford the
methylated dendrimers 4-[Gn] as yellow powders.


Dendrimer 4-[G1]: Yield 90%; 31P{1H} NMR ([D6]DMSO): d� 7.3 (P0),
68.1 (P1); 1H NMR ([D6]DMSO): d� 1.3 (t, 3JHH� 6.4 Hz, 72 H; CH2CH3),
3.1 (s, 36H; �N-CH3), 3.2 (d, 3JHP1� 10.4 Hz, 18H; CH3-N-P1), 3.3 ± 3.7
(br s, 96H; CH2), 5.5 (br m, 12H; N-H), 7.1 (d, 3JHH� 8.1 Hz, 12H; C0


2-H),
8.0 (s, 6 H; CH�N), 8.0 (d, 3JHH� 8.1 Hz, 12 H; C0


3-H); 13C{1H} NMR
([D6]DMSO): d� 7.8 (s, CH2CH3), 32.6 (d, 2JCP1� 9.5 Hz, CH3-N-P1), 34.9
(s, CH2-N-P1), 47.3 (s, �N-CH3), 56.4 (s, CH2CH3), 58.8 (s, CH2-CH2-N-P1),
120.7 (s, C0


2), 128.3 (s, C0
3), 133.2 (s, C0


4), 137.4 (d, 3JCP1� 14.2 Hz, CH�N),
149.9 (s, C0


1).


Dendrimer 4-[G2]: Quantitative yield; 31P{1H} NMR ([D6]DMSO): d� 7.3
(P0), 61.7 (P1), 68.1 (P2); 1H NMR ([D6]DMSO): d� 1.3 (t, 3JHH� 6.2 Hz,
144 H; CH2CH3), 3.1 (s, 72H; �N-CH3), 3.2 ± 3.6 (m, 246 H; CH3-N-P1,2 ,
CH2), 5.7 (br s, 24H; N-H), 7.0 ± 7.4 (m, 36 H; C0


2-H, C1
2-H), 7.7 ± 8.2 (m,


54H; CH�N, C0
3-H, C1


3-H); 13C{1H} NMR ([D6]DMSO): d� 7.8 (s,
CH2CH3), 32.2 (d, 2JCP2� 8.9 Hz, CH3-N-P2), 33.5 (d, 2JCP1� 12.9 Hz,
CH3-N-P1), 34.9 (s, CH2-N-P2), 47.3 (s, �N-CH3), 56.4 (s, CH2CH3), 58.8
(d, 3JCP2� 3.3 Hz, CH2-CH2-N-P2), 121.3 (s, C1


2, C0
2), 128.2 (s, C1


3), 128.6 (s,
C0


3), 132.3 (s, C0
4), 133.2 (s, C1


4), 137.1 (d, 3JCP2� 12.3 Hz, CH�N), 140.7
(br s, CH�N), 150.1 (d, 2JCP1� 6 Hz, C1


1), 150.5 (s, C0
1).


Dendrimer 4-[G3]: Quantitative yield; 31P{1H} NMR ([D6]DMSO): d� 6.9
(P0), 61.9 (P1,2), 68.1 (P3); 1H NMR ([D6]DMSO): d� 1.3 (br s, 288 H;
CH2CH3), 3.1 (s, 144 H; �N-CH3), 3.1 ± 3.6 (m, 510 H; CH3-N-P1,2,3 , CH2),
5.5 (br s, 48 H; N-H), 7.0 ± 7.4 (m, 84H; C0


2-H, C1
2-H, C2


2-H), 7.7 ± 8.2 (m,
126 H; CH�N, C0


3-H, C1
3-H, C2


3-H); 13C{1H} NMR ([D6]DMSO): d� 7.7 (s,
CH2CH3), 32.2 (d, 2JCP3� 9.4 Hz, CH3-N-P3), 33.5 (m, CH3-N-P1,2), 34.9 (s,
CH2-N-P3), 47.3 (s, �N-CH3), 56.4 (s, CH2CH3), 58.8 (d, 3JCP3� 4.8 Hz, CH2-
CH2-N-P3), 121.0 (br s, C0


2, C1
2, C2


2), 128.5 (br s, C0
3, C1


3, C2
3), 132.3 (s, C0


4,
C1


4), 133.2 (s, C2
4), 137.1 (d, 3JCP3� 12.1 Hz, CH�N), 141.0 (br s, CH�N),


150.1 (d, 2JCP2� 6.2 Hz, C2
1), 150.7 (br s, C0


1, C1
1).


Dendrimer 4-[G4]: Quantitative yield; 31P{1H} NMR ([D6]DMSO): d� 6.3
(P0), 61.6 (P1,2,3), 68.0 (P4); 1H NMR ([D6]DMSO): d� 1.3 (br s, 576 H;
CH2CH3), 3.1 (s, 288 H; �N-CH3), 3.1 ± 3.6 (m, 1038 H; CH3-N-P1,2,3,4 , CH2),
5.5 (br s, 96H; N-H), 7.1 ± 8.5 (m, 450 H; C6H4, CH�N); 13C{1H} NMR
([D6]DMSO): d� 7.8 (s, CH2CH3), 32.2 (d, 2JCP4� 9.5 Hz, CH3-N-P4), 33.6
(d, 2JCP� 7.6 Hz, CH3-N-P1,2,3), 34.9 (s, CH2-N-P4), 47.3 (s, �N-CH3), 56.4 (s,
CH2CH3), 58.7 (d, 3JCP4� 4.8 Hz, CH2-CH2-N-P4), 121.2 (br s, C0


2, C1
2, C2


2,
C3


2), 128.2 (br s, C0
3, C1


3, C2
3 , C3


3), 132.2 (s, C0
4, C1


4, C2
4), 133.2 (s, C3


4), 137.1
(d, 3JCP4� 9.4 Hz, CH�N), 140.8 (br s, CH�N), 150.0 (d, 2JCP2� 6.2 Hz, C3


1),
150.7 (br s, C0


1, C1
1, C2


1).


Dendrimer 4-[G5]: Quantitative yield; 31P{1H} NMR ([D6]DMSO): d� 61.6
(P1,2,3,4), 68.0 (P5); 1H NMR ([D6]DMSO): d� 1.3 (br s, 1152 H; CH2CH3),
3.1 (s, 576 H; �N-CH3), 3.1 ± 3.6 (m, 2094 H; CH3-N-P1,2,3,4,5 , CH2), 5.4 (m,
192 H; N-H), 7.2 ± 8.5 (m, 930 H; C6H4 , CH�N); 13C{1H} NMR
([D6]DMSO): d� 7.8 (s, CH2CH3), 32.3 (br s, CH3-N-P5), 33.5 (br s, CH3-
N-P1,2,3,4), 34.9 (s, CH2-N-P5), 47.3 (s, �N-CH3), 56.4 (s, CH2CH3), 58.8 (d,
3JCP� 5.0 Hz, CH2-CH2-N-P5), 121.3 (br s, C0


2, C1
2, C2


2, C3
2, C4


2), 128.2 (br s,
C0


3, C1
3, C2


3, C3
3, C4


3), 132.2 (s, C0
4, C1


4, C2
4, C3


4), 133.2 (s, C4
4), 137.2 (d,


3JCP4� 9.7 Hz, CH�N), 141.2 (br s, CH�N), 150.1 (d, 2JCP2� 6.0 Hz, C4
1),


150.7 (br s, C0
1, C1


1, C2
1, C3


1).


General procedure for the synthesis of methylated dendrimers 5-[G1] ± 5-
[G5] with acetate as counterions : Strong anion exchange resin AG1-X8
(n� 1, 1.24 g; n� 2, 1.13 g; n� 3, 1.06 g; n� 4, 1.03 g; n� 5, 1 g) was added
to a suspension of the methylated dendrimers (iodide form) 4-[Gn]
(100 mg; n� 1, 22 mmol; n� 2, 10 mmol; n� 3, 4.7 mmol; n� 4, 2.3 mmol;
n� 5, 1.1 mmol) in distilled water (n� 1, 25 mL; n� 2, 23 mL; n� 3, 22 mL;
n� 4, 21 mL; n� 5, 20 mL), and the mixture was stirred gently for one
hour. The resulting paste was washed with pentane/ether (20 mL, 1/1, v/v)
mixture to afford the methylated dendrimers (acetate form) 5-[Gn] as
white powders. It should be noted that we observed that 8 to 10% of the
terminal branches are modified during the counterion exchange process
with the resin; these were tentatively attributed to a ªdemethylated formº,
since the NMR data were similar to that of neutral tertiary amine
dendrimers 3-[Gn] (these minor terminal branches have been indicated by
an asterisk in the NMR data reported below and the indicated yields
correspond to the overall dendrimer).


Dendrimer 5-[G1]: Yield 90 %; 31P{1H} NMR (CD3OD): d� 7.8 (P0), 69.8
(P1*), 70.3 (P1); 1H NMR ([D6]DMSO): d� 1.0 (t, 3JHH� 6.9 Hz, 6H;
CH2CH3*), 1.3 (t, 3JHH� 6.5 Hz, 66 H; CH2CH3), 1.7 (s, 33H; CH3COOÿ),
2.5 (m, 6H; CH2*-N(CH2*CH3)2), 3.1 (s, 33H; �N-CH3), 3.2 (d, 3JHP1�
8.3 Hz, 18 H; CH3-N-P1), 3.3 ± 3.7 (m, 90H; CH2), 7.1 (d, 3JHH� 8.3 Hz,
12H; C0


2-H), 7.6 (br m, 12 H; N-H), 7.8 (s, 6 H; CH�N), 7.8 (d, 3JHH� 8.3 Hz,
12H; C0


3-H); 13C{1H} NMR ([D6]DMSO): d� 7.6 (s, CH2CH3), 11.9 (s,
CH2C*H3), 25.6 (s, CH3COOÿ), 32.2 (d, 2JCP1� 9.5 Hz, CH3-N-P1), 38.8 (s,
CH2-N-P1), 46.6 (s, C*H2CH3), 47.0 (s, �N-CH3), 54.5 (s, C*H2-CH2-N-P1),
56.2 (s, CH2CH3), 59.1 (d, 3JCP1� 5.3 Hz, CH2-CH2-N-P1), 120.6 (s, C0


2),
127.9 (s, C0


3), 133.7 (s, C0
4), 135.8 (d, 2JCP0� 10.8 Hz, CH�N), 149.8 (s, C0


1),
173.7 (s, CH3COOÿ); UV/Vis (H2O): lmax (e, mÿ1 cmÿ1)� 284 nm (1.2�
105).


Dendrimer 5-[G2]: Yield 95%; 31P{1H} NMR (CD3OD): d� 8.4 (P0), 62.3
(P1), 69.5 (P2*), 70.1 (P2); 1H NMR ([D6]DMSO): d� 1.0 (br t, 12H;
CH2CH3*), 1.3 (br s, 132 H; CH2CH3), 1.7 (s, 66H; CH3COOÿ), 2.5 (br m,
12H; CH2*-N(CH2*CH3)2), 3.1 (s, 66 H; �N-CH3), 3.2 ± 3.6 (m, 234 H; CH3-
N-P1,2 , CH2), 7.1 ± 7.3 (br m, 36H; C0


2-H, C1
2-H), 7.6 (br s, 24 H; N-H), 7.7 (s,


12H; CH�N), 7.8 ± 8.1 (br m, 42 H; CH�N, C0
3-H, C1


3-H); 13C{1H} NMR
([D6]DMSO): d� 7.6 (s, CH2CH3), 11.9 (s, CH2C*H3), 25.6 (s, CH3COOÿ),
32.1 (d, 2JCP2� 9.3 Hz, CH3-N-P2), 33.2 (d, 2JCP1� 13.4 Hz, CH3-N-P1), 35.0
(s, CH2-N-P2), 46.6 (s, C*H2CH3), 47.0 (s, �N-CH3), 54.5 (s, C*H2-CH2-N-
P2), 56.2 (s, CH2CH3), 59.1 (d, 3JCP2� 5.3 Hz, CH2-CH2-N-P2), 121.3 (s, C0


2,
C1


2), 127.9 (s, C1
3), 128.5 (s, C0


3), 132.3 (s, C0
4), 133.8 (s, C1


4), 135.7 (br s,
CH�N), 149.8 (d, 2JCP1� 6.5 Hz, C1


1), 150.7 (s, C0
1), 173.7 (s, CH3COOÿ);


UV/Vis (H2O): lmax (e, mÿ1 cmÿ1)� 284 nm (4.1� 105).


Dendrimer 5-[G3]: Yield 95%; 31P{1H} NMR (CD3OD): d� 8.4 (P0), 62.3
(P1,2), 69.5 (P3*), 70.1 (P3); 1H NMR ([D6]DMSO): d� 1.0 (br t, 30H;
CH2CH3*), 1.3 (br s, 258 H; CH2CH3), 1.7 (s, 129 H; CH3COOÿ), 2.5 (br m,
30H; CH2*-N(CH2*CH3)2), 3.1 (s, 129 H; �N-CH3), 3.1 ± 3.6 (m, 480 H;
CH3-N-P1,2,3 , CH2), 7.1 ± 7.5 (br m, 108 H; C0


2-H, C1
2-H, C2


2-H, N-H), 7.5 ±
8.1 (br m, 126 H; CH�N, C0


3-H, C1
3-H, C2


3-H); 13C{1H} NMR ([D6]DMSO):
d� 7.6 (s, CH2CH3), 11.9 (s, CH2C*H3), 25.2 (s, CH3COOÿ), 32.1 (d, 2JCP3�
9.0 Hz, CH3-N-P3), 33.2 (br m, CH3-N-P1,2), 35.0 (s, CH2-N-P3), 46.6 (s,
C*H2CH3), 47.1 (s, �N-CH3), 54.5 (s, C*H2-CH2-N-P3), 56.3 (s, CH2CH3),
59.1 (d, 3JCP3� 5.7 Hz, CH2-CH2-N-P3), 121.3 (br s, C0


2, C1
2, C2


2), 128.0 (s,
C2


3), 128.5 (s, C0
3, C1


3), 132.4 (s, C0
4, C1


4), 133.8 (s, C2
4), 136.3 (br d, C2


4-
CH�N), 141.0 (br m, CH�N), 150.1 (d, 2JCP2� 6.3 Hz, C2


1), 151.0 (d, 2JCP�
7.1 Hz, C0


1, C1
1), 173.7 (s, CH3COOÿ); UV/Vis (H2O): lmax (e, mÿ1 cmÿ1)�


286 nm (7.4� 105).


Dendrimer 5-[G4]: Yield 95%; 31P{1H} NMR (CD3OD): d� 8.2 (P0), 62.2
(P1,2,3), 69.9 (P4); 1H NMR ([D6]DMSO): d� 1.0 (br m, 60H; CH2CH3*), 1.3
(br s, 516 H; CH2CH3), 1.7 (s, 258 H; CH3COOÿ), 2.5 (m, 60 H; CH2*-
N(CH2*CH3)2), 3.1 (s, 258 H; �N-CH3), 3.1 ± 3.6 (m, 978 H; CH3-N-P1,2,3,4 ,
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CH2), 7.0 ± 8.2 (m, 546 H; C6H4, CH�N, N-H); 13C{1H} NMR ([D6]DMSO):
d� 7.6 (s, CH2CH3), 11.9 (s, CH2C*H3), 24.7 (s, CH3COOÿ), 32.1 (d, 2JCP4�
9.6 Hz, CH3-N-P4), 33.2 (d, 2JCP� 11.2 Hz, CH3-N-P1,2,3), 35.0 (s, CH2-N-P4),
46.6 (s, C*H2CH3), 47.0 (s, �N-CH3), 54.5 (d, 3JCP4� 3.9 Hz, C*H2-CH2-N-
P4), 56.3 (s, CH2CH3), 59.2 (d, 3JCP4� 5.7 Hz, CH2-CH2-N-P4), 121.2 (s, C3


2),
121.6 (s, C0


2, C1
2, C2


2), 127.9 (s, C3
3), 128.5 (s, C0


3, C1
3, C2


3), 132.3 (s, C0
4, C1


4,
C2


4), 133.7 (s, C3
4), 135.8 (br s, C3


4-CH�N), 141.0 (br s, CH�N), 149.9 (d,
2JCP3� 6.3 Hz, C3


1), 151.0 (br m, C0
1,C1


1, C2
1), 173.7 (s, CH3COOÿ); UV/Vis


(H2O): lmax (e, mÿ1 cmÿ1)� 288 nm (1.6� 106).


Dendrimer 5-[G5]: Yield 95%; 31P{1H} NMR ([D6]DMSO): d� 62.2
(P1,2,3,4), 69.9 (P5); 1H NMR ([D6]DMSO): d� 1.0 (m, 114 H; CH2CH3*),
1.3 (m, 1038 H; CH2CH3), 1.7 (s, 519 H; CH3COOÿ), 2.5 (m, 114 H; CH2*-
N(CH2*CH3)2), 3.1 (s, 519 H; �N-CH3), 3.1 ± 3.6 (m, 1980 H; CH3-N-P1,2,3,4,5 ,
CH2), 7.0 ± 8.2 (m, 1122 H; C6H4, CH�N, N-H); 13C{1H} NMR
([D6]DMSO): d� 7.6 (s, CH2CH3), 11.9 (s, CH2C*H3), 24.7 (s, CH3COOÿ),
32.1 (d, 2JCP5� 9.6 Hz, CH3-N-P5), 33.2 (d, 2JCP� 11.2 Hz, CH3-N-P1,2,3,4),
35.0 (s, CH2-N-P5), 46.6 (s, C*H2CH3), 47.0 (s, �N-CH3), 54.5 (d, 3JCP5�
3.9 Hz, C*H2-CH2-N-P5), 56.3 (s, CH2CH3), 59.2 (d, 3JCP5� 5.7 Hz, CH2-
CH2-N-P5), 121.2 (s, C0


2, C1
2, C2


2, C3
2, C4


2), 127.9 (s, C4
3), 128.5 (s, C0


3, C1
3,


C2
3, C3


3), 132.3 (s, C0
4, C1


4, C2
4, C3


4), 133.7 (s, C4
4), 135.9 (br s, C4


4-CH�N),
141.0 (br s, CH�N), 149.9 (d, 2JCP3� 6.5 Hz, C4


1), 151.0 (br m, C0
1, C1


1, C2
1,


C3
1), 173.7 (s, CH3COOÿ); UV/Vis (H2O): lmax (e, mÿ1 cmÿ1)� 284 nm


(3.7� 106).


Transfection experiments


Chemicals : Linear 22 KDa polyethyleneimine (ExGen500) was purchased
from Euromedex (Souffelweyersheim, France).


Cell lines and cell culture : NIH 3T3 murine fibroblasts were purchased
from ATCC (Rockville, MA, USA) and grown in Dulbecco�s modified
Eagle medium (DMEM). Cell culture media was supplemented with 10%
FCS (fetal calf serum, D. Dutscher, Brumath, France), l-glutamine (2 mm ;
Gibco-BRL), penicillin (100 units mLÿ1; Gibco-BRL) and streptomycin
(100 mgmLÿ1; Gibco-BRL). Cells were maintained at 37 8C in a 5% CO2


humidified atmosphere. When 80% confluent, they were detached with
saline trypsine-EDTA (Gibco, BRL) and grown in new flasks at a 1/10
dilution.


Plasmids : pCMV-luc, encoding the Photinus pyralis luciferase under the
control of the cytomegalovirus enhancer/promoter, was kindly given by Dr
M. Scarpa (CRIBI, Padova, Italy). Plasmid was purified from E.coli strain
XL blue using Qiagen columns (Rockford, USA).


Cell transfection : Adherent cells were seeded in 24-well plates (Costar, D.
Dutscher, France) the day before transfection in order to reach 60 ± 70%
confluence during transfection. All experiments were done in triplicate.
Prior to transfection, cells were rinsed and culture medium (1 mL) with and
without 10% FCS was added in each well. Two mg of the desired plasmid
(from a ca. 1.5 mg mLÿ1 solution in 10 mm Tris/1 mm EDTA buffer pH 7.4)
were diluted into NaCl (0.15m, 50 mL).


The ratio N/P (nitrogen/phosphate) corresponds to the amount of polymer
necessary to have one amino group (43 Da�mean Mw for PEI; for
dendrimers the amine, nitrogen molarity was calculated by dividing the Mw


by the number of charges of each generation) per phosphate of nucleic acid
(330 Da mean Mw).[12] The desired amount of linear PEI (ExGen500) and
dendrimers (from 10 mm of amine nitrogen stock solutions of PEIs and
dendrimers in sterile MilliQ water) were diluted into NaCl (0.15m, 50 mL),
vortexed gently, and spun down. Fifteen minutes later, the cationic vector
was added all at once to the plasmid solution (and not the reverse order, see
ref. [12]), mixed, vortexed, and spun down. The amounts and volumes
given above refer to a single well and were actually threefold larger and
distributed in three wells. After ca. 10 min the resulting mixture was added
to the cells and the cell supernatant was uniformly distributed by a gentle
horizontal hand rotation. Immediately after, the cell culture dish was
centrifuged (Sigma 3 K10, Bioblock, France) for 5 min at 1500 rpm (ca.
280 g). After 2 ± 3 h, fetal calf serum (110 mL) was added in the serum-free
wells. The cells were cultured for a 24 h period and then tested for reporter
gene expression.


Luciferase assay : Luciferase gene expression was measured by lumines-
cence. The culture medium was discarded and cell lysate harvested upon
cell incubation for 30 min at room temperature in Lysis Reagent 1�
(Promega, USA). The lysate was vortexed gently and centrifuged for


5 min at 14 000 rpm (ca. 17530 g) at 4 8C. Lysate (20 mL) was diluted into
luciferase reaction buffer (100 mL; Promega) and the luminescence was
measured for 10 seconds (Mediators PhL, Wien, Austria). The results were
expressed as light units per mg of cell protein (BCA assay, Pierce).
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Studies towards Trichodimerol: Novel Cascade Reactions and Polycyclic
Frameworks
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and Klaus B. Simonsen[a]


Dedicated to Dr. Manfred Jautelat on the occasion of his 60th birthday


Abstract: Trichodimerol (1) is a synthetically attractive natural product because of
its potential medical use against septic shock and its striking molecular architecture.
We report herein the possible biosynthetic pathway for its formation from the
hexaketide sorbicillin (3) and our preliminary results towards the total synthesis of
trichodimerol (1) and its congener demethyltrichodimerol (2). These studies
provided a way to synthesize b-ketal ketones by a novel variation of the Mukaiyama
Aldol reaction, afforded new insight into the mild and regioselective formation of
silyl enol ethers, and allowed the preparation of the advanced intermediate 38.
Furthermore, a number of unprecedented cascade reactions were discovered
furnishing novel polycyclic, highly oxygenated compounds from simple starting
materials.


Keywords: aldol reactions ´ biosyn-
thesis ´ cascade reactions ´ natural
products ´ silyl enol ether


Introduction


Trichodimerol (1),[1] demethyltrichodimerol (2),[1d)] bissorbi-
cillinolide (4),[2] and bisvertinolone(5)[3] (Scheme 1) are
members of a growing family of natural products isolated
from different fungi.[1±4] The unifying feature of these related
dodecaketides resides in their mechanistically related bio-
synthetic pathways involving the oxidatively initiated dime-
rization of the natural hexaketide sorbicillin (3)[5] (vide infra).
Since there is no name available to summarize this class of
natural products, we would like to put forth the name
bisorbicillinoids.


The bisorbicillinoids are appealing synthetic targets be-
cause of their complex molecular architecture and interesting
biological properties. Antioxidant properties were reported
for 1, 2, and 4 and several other bisorbicillinoids,[1d, 2] while


bisvertinolone (5) proved to be the first b-1,6-glucan biosyn-
thesis inhibitor,[6] making it a potential fungicide.


The most intriguing biological activity was reported for
trichodimerol (1), originally isolated from a fungus of the
genus Trichoderma in 1992 by Ayers and co-workers.[1a)] In
1996, a team from Bristol-Myers Squibb demonstrated
trichodimerol�s ability to inhibit in vitro the lipo polysacchar-
ide (LPS)-induced production of tumor necrosis factor a


(TNF-a) in human monocytes and, therefore, to have
potential use for the treatment of septic shock.[1b, 7] Septic
shock is responsible for the death of about 200 000 people in
the western hemisphere annually.[8] Since there is no effective
treatment yet available for this condition,[8] a synthetic
program which targeted this novel molecule, eventually
allowing us to probe facets of its chemical biology through
designed analogues, was deemed important. Trichodimerol�s
novel, cagelike and topologically symmetrical structure pro-
vides a particularly challenging synthetic target by virtue of
the wealth of chirality (eight stereogenic centers) embedded
in its core and the high degree of connectivity (six quatenary
centers) displayed in the pentacyclotetradecadiene core
skeleton. The underlying hope of our synthetic endeavor
was to charter a synthetic pathway which would be efficient
enough to generate a library of designed analogues for
biological screening. In addition, we planned to develop novel
synthetic tactics and strategies as well as to investigate and
utilize new reactions. Here, we present an account of a variety
of interesting and, in some cases, astonishing discoveries
resulting from our initial investigations in this field.
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There has been no clear pathway proposed thus far for the
biosynthesis of trichodimerol (1)Ðonly the oxidation product
6 a was suggested as a potential intermediate (Scheme 2).[1c)]


Here, we propose a detailed mechanism for the formation of
trichodimerol (1) from sorbicillin (3) by an oxidation ± Mi-
chael-ketalization cascade as depicted in Scheme 2.


Our retrosynthetic analysis was formulated on the guiding
principles of the proposed biosynthesis (vide supra). Thus, we
planned to establish the core structure 9 by a biomimetic
intramolecular double Michael addition from the all-syn
tricyclic diendione 11 as depicted retrosynthetically in
Scheme 3. Alternatively, this key step might also be carried
out in a photochemical way by a [4�4] electrocyclization of
the related tetraene 10 to afford 8, a reaction performed


successfully by Sikrishna and
co-workers in the all-carbon
case (Scheme 3).[9] These key
bond-forming events required
the synthesis of the central
tricyclic all-syn precursor 11,
which could conceivably be de-
rived from the fusion of a novel
electron-rich ketene acetal of
type 13 with two electrophilic
units of the general type 12
(Scheme 3). Although this se-
quence takes full advantage of
the inherent C2-symmetry of
the trichodimerol cage, we were
aware that at certain stages of
the synthesis we might be able
to desymmetrize the system in
order to gain access to deme-
thyltrichodimerol (2) and novel
analogues.


Results and Discussion


The requisite novel bisketene acetal 13 was synthesized in a
straightforward manner. Treatment of commercially available
racemic lactide 14 with LDA/TMSCl (for abbreviations of
reagents and groups, see legends in Schemes) at ÿ100 8C
afforded the thermally unstable[10] bisketene acetal 13 in
essentially quantitative yield and about 95 % purity
(Scheme 4). Experimental fine-tuning proved to be essential
for this transformation since we also discovered that lactide 14
gave rise to the novel tricyclic lactone 15 in fair yield (41 %)
under different basic conditions (Scheme 4). The structure of
crystalline lactone 15 was confirmed by X-ray crystallographic
analysis (see Figure 1 for ORTEP structure). This trans-
formation is likely to proceed through an anionic cascade
commencing with an intramolecular lactide contraction[11] to


form lactone 16 followed by
consecutive Claisen and Adol
reactions to finally afford 15
(Scheme 4).


A wide variety of possibilities
appeared to be logical for the
required transformation of ke-
tene acetal 13 into tricyclic
precursors of type 10 or 11
(Scheme 3). We first explored
an approach which could di-
rectly furnish the 8p system 10
in essentially one pot by using
an inverse-electron-demand
double Diels ± Alder reaction[12]


(with concomitant CO2 extru-
sion) cascade as retrosyntheti-
cally depicted in Scheme 5. Un-
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Scheme 3. Retrosynthetic analysis of trichodimerol (1).


fortunately, all attempts so far to react bisketene acetal 13
under various conditions (e.g. Lewis acid catalyzed,[13] pres-
sure 13 kbar[14]) with pyrone 18[15] and with more electron-
deficient pyrones like 19,[16] 20,[17] and 21[18] did not lead to the
expected Diels ± Alder adduct 17.


We, therefore, set out to access tricycle 11 via ketene acetal
13 in a more stepwise approach related to the Robinson
annulation as retrosynthetically depicted in Scheme 6. Thus,


Figure 1. ORTEP drawing of tricyclic lactone 15.


Scheme 5. Retrosynthetic analysis of key intermediate 10 based on Diels ±
Alder chemistry.


in a retrosynthetic sense, tricycle
11 could be derived from the
bisketal 22 by a double dehydro-
genation reaction. Arrival at the
bisketal 22 would require the
development of a novel Mukaiya-
ma-type cyclization (vide infra)
to close the second and third rings
from the requisite diketodilac-
tone 23. Realization of this strat-
egy would rely on the utilization
of ketene acetal 13 in an unpre-
cedented double Mukaiyama Mi-
chael reaction to construct dike-
todilactone 23.


To avoid stereochemical com-
plications in the cyclization steps
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we initiated our investigations with methyl vinyl ketone (25)
as electrophile. Indeed, bisketene acetal 13 reacted with
methyl vinyl ketone (25) under mild Lewis acidic conditions
(ZnI2)[19] in a double Mukaiyama ± Michael reaction to give an
inseparable 1:1 mixture of cis- and trans-diketodilactones 28 a/
b (Scheme 7) in good overall yield (60 %, from lactide 14).
Interestingly, when we employed the originally reported
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conditions for the union of ketene acetals with methyl vinyl
ketone (25)[20] we isolated the tri- and tetracyclic ketals 26a/b
(two diastereomers, stereochemistry not assigned) and 27 as
products resulting from the Mukaiyama cascade reaction
sequence depicted in Scheme 7. The structure of tetracyclic
ketal 27 was unambiguously confirmed by X-ray crystallo-
graphic analysis (see Figure 2 for ORTEP structure).


The intermolecular reaction of ketene acetals with lactones
to form the corresponding b-ketal esters was pioneered by
Mukaiyama et al.[21] and later applied to intramolecular cases
by others.[22] Understandably, there exist no reports on a
similar reaction employing the less reactive silyl enol ethers[23]


Figure 2. ORTEP drawing of tricyclic ketal 27.


as nucleophiles. However, we reasoned that carrying out this
transformation in an intramolecular fashion should allow us to
overcome this hurdle.[24] Indeed, treatment of diketo dilac-
tones 28 a/ b with TMSOTf/Et3N[25] accomplished the initial
formation of the terminal silyl enol ethers (observation by
NMR spectroscopy) followed by a slow monocyclization
(Scheme 8). Ketal ketones 32 and 33 were obtained in 29 and
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31 % yields, respectively, and the structure of ketal ketone 33
was unambiguously proven by X-ray crystallographic analysis
(Figure 3).


Figure 3. ORTEP drawing of trans-ketal ketone 33.


Several points regarding this critical C ± C bond-forming
maneuver to afford 32 and 33 (Scheme 8) are worth mention-
ing. First, as from the inspection of molecular models,
cyclization occurs in a syn-mode. More importantly, this
reaction represents an efficient desymmetrization of the C2-
symmetric precursor (28 a). As alluded to earlier, this type of
symmetry disruption holds potential for the total synthesis of
the unsymmetrical demethyltrichodimerol (3) and designed
analogues. Also noteworthy is the observed stability of the
TMS-protected ketal moiety. In parallel experiments, we
found this compound to be extraordinarily stable towards
base-induced b-elimination,[26] elevated temperatures, and
even conditions suited for standard (CH3)3SiÿO cleavage.[27]


Presumably, this unique and essential stability is due to the
strong attractive nonbonded OSi ´´ ´ O interactions within the
R-O-C-O-Si system.[28] Finally, the high regioselectivity ob-
served in the formation of the terminal silyl enol ethers with
trialkylsilyl triflates/Et3N at low temperatures (see formation
of 31, 35, and 36) from the methyl alkyl ketone moieties
should be noted, as these results contrast with reports in which
dismal regioselectivities predominated with related unsym-
metrically substituted ketones at higher temperatures.[29] An
explanation for this observation might be that the formation
of the silyl enol ether is very sensitive to the steric environ-
ment. Indeed, while the formation of a terminal silyl enol
ether such as in 35 proceeded atÿ78 8C within 4 h, generation
of the more highly substituted enol ether function in 36
required warming to 10 8C. All of these silyl enol ether
preparations proceeded in excellent yield under simplest
reaction and workup conditions.


All attempts to access the projected tricyclic bisketal 34
starting from diketo dilactones 28 a/ b, ketal ketone 32 or the


corresponding TBS-enol ethers 35 and 36 failed under a
variety of conditions (e.g. Lewis acid catalyzed,[30] basic[31]


and/or thermal conditions). We believe that the 1,3-pseudo
diaxial interactions depicted in structure 35 (Figure 4) are the
primary cause for the missing second ring closure. A similar
explanation was offered by Mukaiyama and co-workers in
structurally related cases where ketene acetals failed to react
with lactones.[30]
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Figure 4. Possible explanation for the failure to cyclize 35 and design of a
new substrate 35x.


Undeterred by this seemingly detrimental outcome, we
reasoned that the reduction of these pseudo-trans-annular
repulsions should allow the generation of the coveted fourth
quaternary center on the central dioxane ring. Thus, an enol
ether of type 35 x (Figure 4) should allow this critical bond
formation owing to two major structural changes: First, the
newly formed tetrahydrofuran ring should properly position
the side chain for the cyclization event, and, second, it was
reasoned that the introduction of a double bond into the
cyclohexanone moiety would relieve some of the steric
repulsions described earlier (Figure 4).


On the basis of these considerations, we designed a partially
altered approach to the trichodimerol core skeleton as
depicted retrosynthetically in Scheme 9. Thus, the core
skeleton 37 was expected to arise from two sequential aldol-
type reactions of tricyclic lactone 38. Lactone 38 could arise
from Diels ± Alder adduct 39 by a retro-Michael reaction
opening the strained bond indicated in Scheme 9. Realization
that 39 could be assembled by using a stereocontrolled
intramolecular Diels ± Alder reaction led to the bicyclic
trienone 40. The synthesis of a model trichodimerol skeleton
37 could, therefore, be traced back to the readily available
ketal ketone 32 (Scheme 9).


The investigations aimed at the Diels ± Alder product 39
began with the bis-dehydrogenation of ketal ketone 32 into
the diendione 42 (Scheme 10). Utilization of the Sharpless
protocol (i. PhSeCl, ii. H2O2)[32] allowed the straightforward
synthesis of diendione 42, but only in poor yield due to the
strong acidic conditions involved. Therefore, a two-step
procedure was adopted which proved to be superior.[33] The
ketal ketone 32 was first converted into a mixture of the
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Scheme 10. Conversion of ketal ketone 32 to unsaturated systems 42 ± 45.
a) 3.0 equiv of HMDS, 0.5 equiv of TMSI, CH2Cl2, ÿ20!25 8C, 4 h,
quantitative; b) i. 2.3 equiv of PhSeCl, EtOAc, 4 h; ii. excess of H2O2,
EtOAc/THF 1:1, 30 min, 30%; c) i. 2.2 equiv of PhSeCl, THF, ÿ78 8C, 3 h;
ii. 7.0 equiv of H2O2, THF, 50 8C, 50 min, 70 %; d) 2.0 equiv of Pd(OAc)2,
3.0 equiv of Et3N, MeCN, 50 min, 46%; e) i. 1.0 equiv of LiHMDS, THF,
ÿ78!ÿ 50!ÿ 100 8C, 2 h, then �1.0 equiv of PhSeCl; ii. excess of H2O2,
THF, 1 h, 47 % based on recovered starting material; f) 2.3 equiv of
PhSeCl, THF,ÿ78!ÿ 50 8C, 1 h, then�5.0 equiv of mCPBA,ÿ50!0 8C,
1 h, 34%. HMDS� 1,1,1,3,3,3-hexamethyldisilazane, TMSI� trimethylsilyl
iodide, LiHMDS� lithium hexamethylsilazide, mCPBA� 3-chloroperben-
zoic acid.


thermodynamic trimethylsilyl enol ethers 41 a/ b.[34] We found
the use of only catalytic amounts of TMSI in the presence of
an excess of HMDS to be a substantial improvement over the
published procedure.[35] Electrophilic addition of PhSeCl then
transformed the silyl enol ethers 41 a/ b into a diastereomeric
mixture of the corresponding a-seleno ketones (not shown)


which smoothly furnished the desired diendione 42 in 70 %
overall yield from ketal ketone 32 upon oxidative treatment
(H2O2).


During the course of these studies, we also discovered ways
to synthesize the mono-unsaturated endiones 43 and 44 in a
selective manner, but only with moderate yields (unopti-
mized) (see Scheme 10).[36] Finally, in one instance, we
observed the formation of novel product chloro diendione
45 from a one-pot reaction of silyl enol ethers 41 a/ b with
PhSeCl at ÿ78 8C, followed by oxidation with mCPBA and
warming to 0 8C (Scheme 10). A mechanistic rationale for the
formation of 45 traversing through a Pummerer-type inter-
mediate[37] is depicted in Scheme 11.
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Scheme 11. Proposed mechanism for the formation of 45 from 41a/ b.


With the diendione 42 in hand, we first attempted a shortcut
to the central tricyclic diendione type structure 11 (Scheme 3)
by irradiating 42 under a variety of conditions in an attempt to
isomerize the trans double bond of 42.[38] Such an isomer-
ization could conceivably set the stage for an irreversible
collapse of the pendant enone onto the lactone to yield
tricycle 48 as projected in Scheme 12. Instead, irradiation of
diendione 42 gave rise to the novel cyclobutane 47 as the
result of an intramolecular [2�2] cycloaddition reaction
(Scheme 12).[39]
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Scheme 12. Formation of cyclobutane 47 via an intramolecular [2�2]
cycloaddition. a) hn, benzene, 30 min, quantitative.


We expected the construction of the requisite trienone 40 as
the precursor of the intramolecular Diels ± Alder reaction to
be an easy task from diendione 42 (Scheme 13). However,
despite our efforts employing a broad variety of well-
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established reagent combinations (e.g. LDA/TMSCl, LiNHn-
Bu/TMSCl, KHMDS/TMSCl, KH/TMSCl, TMSOTf/Et3N,
TMSI/HMDS, and others), a successful conversion of the
diendione 42 into the recalcitrant tetraene 51 eluded us.
Instead, we came upon the serendipitous isolation of novel
polycyclic frameworks. Thus, the tricyclic iodoenolether 50
arose in moderate yield from 42 presumably by a cascade
involving transformation of the acyclic enone into the 4p


system followed by double vinylogous ªtransannularº addi-
tion of TMSI to the cyclic enone moiety as depicted in
Scheme 13.[40] On the other hand, treatment of diendione 42
under strongly basic conditions led to the formation of
tetracyclic lactone 53 as the sole product in 37 % yield. We
presume that the latter tranformation proceeds by a trans-
lactonization ± Michael addition cascade (Scheme 13). Since
we suspected that this reaction was initiated by a nucleophilic
cleavage of the OÿSi bond, we examined other conditions and
indeed could synthesize this unusual tetracycle (53) in 89 %
yield by treatment of 42 with catalytic amounts of LiHMDS in
THF/tBuOH at low temperature. The structure of the
tetracyclic lactone 53 was confirmed by X-ray crystallographic
analysis (see ORTEP drawing, Figure 5).


Thwarted in our attempts to access trienone 40, we
searched for reasons to explain the difficulty of what
essentially amounted to removing one methylene proton
adjacent to a cycloenone moiety. Based on the inspection of
molecular models founded on computational studies and
X-ray crystallographic data from the related structures 33 and
45, it appeared that the methylene protons adjacent to the
keto group in the cycloenone moiety are extremely shieldedÐ
on the one side by the inherent concave folding of the
molecule and on the other side by the TMS group, which is


Figure 5. ORTEP drawing of spiroketal 53.


quasi-stationary due to a strong nonbonding OSi ´´´ O inter-
action (vide supra), as depicted in Figure 6.[41]


Earlier studies (vide supra) had given us critical informa-
tion regarding the unusual stability of these compounds. In a
bold decision, we reasoned that simply heating diendione 42
at high enough temperature may provide the necessary energy
to effect an in situ tautomerization of the enone moiety,[42]


generating the desired Diels ± Alder precursor which would
be poised for the critical intramolecular cycloaddition
(Scheme 14). In the event, we were delighted to observe the


Scheme 13. Synthetic investigations towards trienone 40. a) 5.0 equiv of HMDS, 2.2 equiv of TMSI, CH2Cl2, ÿ20!25 8C, 8 h, 55%; b) 1.3 equiv of Et3N,
1.1 equiv of TBSOTf, CH2Cl2, ÿ78 8C, 4 h, 94%; c) 4.0 equiv of KH, 2.3 equiv of TMSCl, [18]crown-6 (trace), DME, 0!50 8C, 6 h, 37%; d) 0.3 equiv of
LiHMDS, THF/tert-butyl alcohol 10:1, ÿ78!0 8C, 3 h, 89 %. DME�dimethoxyethane, LiHMDS� lithium hexamethydisilazide.
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formation of the two diastereomeric tricyclic lactones 38
(23 %) and 56 (34 %) upon heating a solution of diendione 42
in benzene in a pressure vial at 250 8C.[43] Although the
expected intramolecular Diels ± Alder product 57
(Scheme 14) was not formed, this was of no consequence,
since the next step would have involved the conversion of 57
to 38. The stereochemistry of tricycles 38 and 56 was secured
upon observation of key NOE enhancements and finally
proven by the X-ray crystallographic analysis of the depro-
tected lactone 58 (see Scheme 14 and Figure 7 for ORTEP
structure). The excitement of forming the coveted lactone 38,
however, was somewhat tempered by the soon to come
realization of the capricious nature of this rare reaction. For
instance, the reaction needed to be performed nearly neat in a


small amount of solvent, so that
the actual reaction temperature
at the bottom of the vial ap-
proached the temperature of
the oil bath (250 8C). But run-
ning the reaction completely
neat led to rapid and complete
decomposition. More ªmildº
conditions (e.g. 200 8C in triiso-
propylbenzene) increased the
selectivity towards the unde-
sired lactone 56 (50 % yield).
A number of solvents (e.g.
DME, DMSO, MeCN, toluene,
mesitylene, chlorobenzene, trii-
sopropylbenzene) and different
reaction conditions (e.g. neu-
tral, basic (pyridine, Et3N) and


Figure 7. ORTEP drawing of tricyclic hemiketal 58.


acidic (PPTS)) were investigated, but showed no improve-
ment for accessing lactone 38.


Since we placed high confidence on lactone 38 as a key
synthon in our journey to trichodimerol (1), we required a
more efficient protocol for its procurement. Because the
thermal conditions had succeeded in forcing the fleeting
tautomerization of the cycloenone moiety of 42, we under-
took another attempt towards a Diels ± Alder adduct of type
39/57 by subjecting the readily available trienone 52 lacking
the Michael acceptor system in the side chain to the thermal
conditions. But not surprisingly, trienone 52 led to the
electronically matched, but substantially strained, Diels ±
Alder adduct 59 resulting from the attack of the diene moiety
onto the electron-poor cycloenone, followed by a consecutive
double bond migration (Scheme 15).[44]


Because Michael reactions are normally performed at
relatively low temperatures under basic conditions, we inves-


Figure 6. Computer-generated minimum-energy structure of diendione 42 depicting the strong steric shielding of
the methylene protons next to the cyclic enone moiety. Carbon� gray, hydrogen�white, oxygen� black,
silicon� gray-white. Molecular dynamics and minimization calculations (CV Force Field) were performed on an
SGI Indigo-2 workstation using the program Insight II (Biosym Technologies Inc., San Diego, CA, USA). The
picture was created with AVS software (AVS Inc., Waltham, MA, USA) and locally developed modules running
on a DEC Alpha 3000/500 with a Kubota Pacific Denali graphics card.
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tigated such conditions to access either lactone 38 by a direct
Michael addition (see Scheme 14), or the formal Diels ± Alder
adduct 57 by two consecutive Michael additions from
substrate 42.[45] Indeed, under the auspices of base at reduced
temperature (i.e. LiHMDS cat., THF, ÿ78 to 0 8C), we have
been able to isolate the formal Diels ± Alder adduct 57 as the
main product formed from diendione 42 (Scheme 15). Though
the structure of 57 was unambiguously assigned by NMR
spectroscopy, we submitted this crystalline substance to X-ray
crystallographic analysis, which gave final proof for the
formation of this novel and rather strained molecule (see
ORTEP drawing, Figure 8).


Figure 8. ORTEP drawing of Diels ± Alder adduct 57.


Conclusion


Our adventurous journey into
the chemistry of bisorbicilli-
noids has resulted in a number
of new and interesting discov-
eries. Namely, the reactive bis-
ketene acetal 13 as a versatile
building block, the extension of
the borders of known Mukaiya-
ma-type chemistry by intramo-
lecular formation of b-ketal
ketones, and new insight into
the mild and regioselective for-
mation of silyl enol ethers laid
the foundations for the synthe-
sis of tricyclic lactone 38 as an
advanced intermediate in our
synthetic endevor towards tri-
chodimerol (1) and demethyl-
trichodimerol (2). Last, but not
least, the serendipitous con-
struction of a number of novel
polycyclic, highly oxygenated


compounds, which were efficiently assembled from simple
starting materials using unprecedented cascade sequences,
arose from our studies. Scheme 16 summarizes these novel
reactions and molecular frameworks. In retrospect, these
novel polycycles owe their formation to the close positioning
of functionalities with complementary reactivity. Thus the
described chemistry should add further information to the
pool of knowledge regarding the synthesis of congested
molecules of unique functional group interposition. Finally,
the intelligence harvested during this stage of the program will
serve as a strong foundation towards the total synthesis of
trichodimerol (1) and its classmates.


Experimental Section


General techniques : All reactions were carried out under an argon
atmosphere with dry solvents under anhydrous conditions, unless otherwise
noted. Dry tetrahydrofuran (THF), toluene, diethyl ether (ether) and
methylene chloride (CH2Cl2) were obtained by passing commercially
available predried, oxygen-free formulations[46] through activated alumina
columns.


Reagents were purchased at the highest commercial quality and used
without further purification, unless otherwise stated. Irradiation experi-
ments were performed with a Hannovia 450-W medium-pressure mercury
lamp. Reactions were monitored by thin-layer chromatography (TLC)
carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV light
as visualizing agent and an acidic mixture of phosphomolybdic acid/cerium
sulfate,[47] and heat as developing agents. E. Merck silica gel (60, particle
size 0.040 ± 0.063 mm) was used for flash column chromatography. Prep-
arative thin-layer chromatography (PTLC) separations were carried out on
0.25, 0.50, or 1 mm E. Merck silica gel plates (60F-254).


NMR spectra were recorded on Bruker DRX-600, DRX-500 or AMX-500
instruments and calibrated by using residual undeuterated solvent as an
internal reference. The following abbreviations were used to explain the
multiplicities: s� singlet, d� doublet, t� triplet, q�quartet, m�multip-
let, br.�broad. DEPT spectra are quoted as CH3, CH2, CH, and C.
Assigned protons and carbons are cited with position numbers (e.g. Pos 3)
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Scheme 15. Successful Diels ± Alder reaction of diendione 42. a) toluene, 200 8C, 2 h, 32 %; b) 0.3 equiv of
LiHMDS, THF, ÿ78!0 8C, 3 h, 52 % 57 and 5% 38 and 16% 53 and 10 % 56.
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as shown in the appending structures. IR spectra were recorded on a
Perkin-Elmer 1600 series FT-IR spectrometer and are presented as: s
(strong), m (medium), w (weak) and br. (broad). Electrospray ionization
mass spectrometry (ESIMS) experiments were performed on an API 100
Perkin Elmer SCIEX single quadrupole mass spectrometer at 4000V
emitter voltage. High-resolution mass spectra (HRMS) were recorded on a
VG ZAB-ZSE mass spectrometer under fast atom bombardment (FAB)
conditions with nitrobenzyl alcohol (NBA) as the matrix. Melting points
(m.p) are uncorrected and were recorded on a Thomas-Hoover Unimelt
capillary melting point apparatus.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-123396
(15), CCDC-123392 (27), CCDC-123395 (33), CCDC-123393 (53), CCDC-
123391 (57) and CCDC-123394 (58). 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).


Ketene acetal 13 : nBuLi (48 mL, 1.6m solution in hexanes, 77 mmol,
2.2 equiv) was added slowly to a solution of dry diisopropylamine (10.9 mL,
84 mmol, 2.4 equiv) in THF (250 mL, 0.1m) at 0 8C. After 60 min the
solution was cooled to ÿ110 8C (cooling bath temperature) and TMSCl


(10.2 mL, 80.5 mmol, 2.3 equiv) was
added within 5 min, directly followed
by slow addition (within 10 min) of a
solution of lactide 14 (5.0 g, 35 mmol,
1.0 equiv) in THF (25 mL). The solu-


tion was kept at ÿ110 8C for a further 40 min and then warmed slowly to
10 8C over 3 h. The solvent was removed in vacuum (water bath 15 8C) to
afford a white slurry (ca. 10 mL). The white solid (LiCl) was removed by a
fast filtration (celite 545 [Fisher Scientific]; dry ether [40 mL]) and the
resulting solution was concentrated under vacuum (water bath 15 8C) to
afford ketene acetal 13 (10.2 g,�10.2 mL, quantitative yield, purity �95%
(NMR spectroscopy), liquid contains about 2% wt ether) as a clear, slightly
yellow liquid. All workup procedures were performed under argon. IR
(thin film): nÄmax (cmÿ1)� 2960 w (CÿH), 1767 s (C�C), 1254 s (CÿO), 1099 s,
848 s; 1H NMR (500 MHz, CDCl3, all signals �2): d� 1.66 (s, 3 H, Pos 3),
0.21 (s, 9H, Si(CH3)3); 13C NMR (125 MHz, CDCl3): d� 141.2 (Pos 1),
114.5 (Pos 2), 12.4 (Pos 3), 0.0 (Si(CH3)3).


Tricyclic lactone 15 : nBuLi (9.5 mL, 1.6m solution in hexanes, 15.2 mmol,
2.2 equiv) was added slowly to a 0 8C cold solution of dry 2,2,6,6-
tetramethylpiperidine (2.8 mL, 16.6 mmol, 2.4 equiv) in THF (50 mL).
The solution was stirred for another 30 min and then cooled to
ÿ78 8C whereupon lactide 14 (1.0 g, 6.9 mmol, 1.0 equiv) was added in
two portions while the solution turned intensively yellow-orange. After


120 min a ÿ78 8C cold solution of
formaldehyde (excess) in THF
(150 mL) was added slowly.[48] After
another 120 min the reaction was
stopped by addition of saturated
NH4Cl (30 mL) and warmed to room
temperature. Ether (100 mL) and wa-
ter (20 mL) were added. The organic
layer was washed with brine, dried
(MgSO4), and concentrated. The resi-
due was purified by flash chromatog-
raphy (silica gel, hexanes:ethyl acetate
1:1) to afford tricyclic lactone 15
(411 mg, 1.43 mmol, 41%) as a white
crystalline solid. M.p. 233 8C (decomp;
after recrystallization from CH2Cl2);
Rf� 0.23 (silica gel, hexanes:ethyl ace-


tate 1:1); IR (thin film): nÄmax (cmÿ1)� 3409 s br. (OÿH), 2958 w (CÿH), 1782
s (C�O, g-lactone), 1754 s (C�O, d-lactone), 1362 s, 1281 m, 1181 s, 1121 s,
1075 s; 1H NMR (500 MHz, CDCl3): d� 4.55 (q, 3J5,4� 7.5 Hz, 1H, Pos 5),
2.10-1.85 (s br, 3 H, OH), 1.57 (s, 3 H, CH3), 1.56 (s, 3H, CH3), 1.54 (s, 3H,
CH3), 1.48 (d, 3J4,5� 7.5 Hz, 3H, Pos 4); 13C NMR (125 MHz,
CDCl3:CD3OD 4:1): d� 174.0, 167.4 (Pos 1�Pos 10), 99.6 (Pos 6), 91.9,
83.4, 82.7, 74.6, 18.7, 18.0, 15.6, 15.2; HRMS: calcd for C12H16O8 [M�Na�]
311.0743, found 311.0750.


Tricyclic ketals 26a/ b and tetracyclic ketal 27: Freshly destilled methyl
vinyl ketone (25) (0.12 mL, 1.4 mmol, 2.0 equiv) was added to a solution of
ketene acetal 13 (0.2 mL, 0.7 mmol, 1.0 equiv) in CH2Cl2 (4 mL) at ÿ78 8C.
After 15 min TiCl4 (1.4 mL, 1.0m solution in CH2Cl2, 1.4 mmol, 2 equiv)
was added slowly dropwise. The reaction mixture was stirred for 3 h at
ÿ78 8C and then quenched by addition of saturated NaHCO3 (3 mL). After
the mixture was allowed to warm to room temperature, more CH2Cl2


(20 mL) was added, and the two-phase slurry was filtered (Celite 545,
CH2Cl2). The organic layer was washed with brine, dried (MgSO4), and
concentrated. The residue was purified by gradient flash chromatography
(silica gel, hexanes:ethyl acetate 2:1!1:1) to afford tetracyclic lactone 27
(14 mg, 0.033 mmol, 5 %) as a white crystalline solid and trcyclic lactones
26a (23 mg, 0.065 mmol, 9%) and 26b (12 mg, 0.034 mmol, 5 %) as
colorless oils, accompanied by diketo dilactones 28a/b (14 mg, 0.049 mmol,
7%; vide infra). 26 a : Rf� 0.47 (silica gel, hexanes:ethyl acetate 1:1); IR
(thin film): nÄmax (cmÿ1)� 2961 w (CÿH), 1750 s (C�O, lactone), 1716 s
(C�O, ketone), 1254 s, 1184 m, 1141 s, 1097 s, 872 s, 848 s; 1H NMR
(500 MHz, CDCl3): d� 3.73 (t, 3J2,1a,1b� 8.5 Hz, 1 H, Pos 2), 2.73 (ddd,
2J9a,9b� 18 Hz, 3J9a,8b� 9.5 Hz, 3J9a,8a� 5.5 Hz, 1 H, Pos 9a), 2.60 (dd, 2J1a,1b�
13 Hz, 3J1a,2� 8.5 Hz, 1 H, Pos 1a), 2.55 (ddd, 2J9b,9a� 18 Hz, 3J9b,8a� 10 Hz,
3J9b,8b� 5.5 Hz, 1H, Pos 9b), 2.42 (ddd, 2J8a,8b� 19 Hz, 3J8a,9b� 10 Hz,
3J8a,9a� 5.5 Hz, 1 H, Pos 8a), 2.24 (s, 3 H, CH3), 2.17 (s, 3 H, CH3), 1.95
(dd, 2J1b,1a� 13 Hz, 3J1b,2� 8.5 Hz, 1H, Pos 1b), 1.86 (ddd, 2J8b,8a� 19 Hz,
3J8b,9a� 9.5 Hz, 3J8b,9b� 5.5 Hz, 1 H, Pos 8b), 1.58 (s, 3 H, CH3), 1.47 (s, 3H,
CH3), 0.12 (s, 9H, Si(CH3)3); assignment of 1H NMR signals was aided by
H,H-COSY; 13C NMR (125 MHz, CDCl3): d� 207.6, 204.0 (Pos 3�Pos 10),
170.2 (Pos 12), 106.8 (Pos 5), 88.9, 81.6 (Pos 6�Pos 13), 53.0 (Pos 2), 37.5 br.
(2 carbons), 31.2, 30.1, 28.4, 19.8, 19.6, 1.8; HRMS: calcd for C17H28O6Si


Scheme 16. Summary of novel structures derived from diendione 42.
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[M�Na�] 379.1553, found 379.1564. 26b: Rf� 0.53 (silica gel, hexanes:ethyl
acetate 1:1); 1H NMR (500 MHz, CDCl3): d� 3.81 (t, 3J2,1a,1b� 8.5 Hz, 1H,
Pos 2), 2.80 (ddd, 2J9a,9b� 18 Hz, 3J9a,8b� 10.5 Hz, 3J9a,8a� 5 Hz, 1 H, Pos 9a),
2.61 (ddd, 2J9b,9a� 18 Hz, 3J9b,8a� 10 Hz, 3J9b,8b� 5.5 Hz, 1H, Pos 9b), 2.59
(dd, 2J1a,1b� 13 Hz, 3J1a,2� 8.5 Hz, 1H, Pos 1a), 2.30 (ddd, 2J8a,8b� 16 Hz,
3J8a,9b� 10 Hz, 3J8a,9a� 5 Hz, 1H, Pos 8a), 2.26 (s, 3 H, CH3), 2.20 (s, 3H,
CH3), 2.02 (ddd, 2J8b,8a� 16 Hz, 3J8b,9a� 10.5 Hz, 3J8b,9b� 5.5 Hz, 1H, Pos
8b), 1.92 (dd, 2J1b,1a� 13 Hz, 3J1b,2� 8.5 Hz, 1 H, Pos 1b), 1.56 (s, 3H, CH3),
1.40 (s, 3 H, CH3), 0.09 (s, 9H, Si(CH3)3); 27: M.p. 201 8C (after
recrystallization from CH2Cl2); Rf� 0.57 (silica gel, hexanes:ethyl acetate
5:1); IR (thin film): nÄmax (cmÿ1)� 2959 w (CÿH), 1714 s (C�O, ketone),
1251 s, 1174 m, 1121 m, 1066 s, 1002 s, 844 s, 737 s, 704 s; 1H NMR (500 MHz,
CDCl3, all signals �2): d� 3.52 (dd, 3J2,1b� 9 Hz, 3J2,1a� 5.5 Hz, 1H, Pos 2),
2.21 (dd, 2J1a,1b� 12.5 Hz, 3J1a,2� 5.5 Hz, 1H, Pos 1a), 2.17 (s, 3 H, CH3), 1.96
(dd, 2J1b,1a� 12.5 Hz, 3J1b,2� 9 Hz, 1 H, Pos 1b), 1.34 (s, 3 H, Pos 7), 0.07 (s,
9H, Si(CH3)3); 13C NMR (125 MHz, CDCl3): d� 206.8 (Pos 3), 109.6 (Pos
5), 85.3 (Pos 6), 54.7 (Pos 2), 33.2, 31.2, 18.8, 1.9; HRMS: calcd for
C20H36O6Si2 [M�Na�] 451.1948, found 451.1935.


Diketo dilactones 28 a/b : Anhydrous ZnI2 (140 mg, 0.125 mmol,
0.13 equiv) was added to a solution of freshly distilled methyl vinyl ketone
(25) (0.7 mL, 8.6 mmol, 2.4 equiv) and ketene acetal 13 (1.0 mL, 3.5 mmol,


1.0 equiv) in CH2Cl2 (5 mL) at 0 8C
under vigorous stirring. The suspen-
sion was stirred for another 4 h at 0 8C
and then acetone (15 mL) and aque-
ous HF (0.2 mL, 48% wt solution in
water, 13 mmol, 3.8 equiv) were add-
ed at room temperature. After further
stirring (2 h), CH2Cl2 (150 mL) and
water (10 mL) were added. The or-


ganic layer was washed with saturated NaHCO3 (2� 25 mL), brine
(25 mL), dried (MgSO4), and concentrated. The residue was purified by
flash chromatography (silica gel, hexanes:ethyl acetate 3:2) to afford
diketo dilactones 28a/ b (596 mg, 2.10 mmol, 60% over two steps from
lactide 14 ;�1:1 mixture of epimers) as a white crystalline solid.[49] Rf� 0.23
(silica gel, hexanes:ethyl acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 2926 w
(CÿH), 1742 s (C�O, lactone), 1721 s (C�O, ketone), 1188 m, 1108 m;
1H NMR (500 MHz, CDCl3): d� 2.64-2.50 (m, 4 H, CH2), 2.39 ± 2.26 (m,
2H, CH2), 2.22 ± 2.17 (m, 2H, CH2), 2.17 (s, 3H, CH3), 2.14 (s, 3 H, CH3),
1.71 (s, 3 H, CH3), 1.68 (s, 3H, CH3); 13C NMR (125 MHz, CDCl3): d�
206.1, 206.0, 167.43, 167.40, 83.1 br. (2 carbons), 37.5, 37.2, 34.0 br. (2
carbons), 29.9, 29.8, 26.5, 25.9; HRMS: calcd for C14H20O6 [M�Na�]
307.1158, found 307.1168.


Ketal ketones 32 and 33 : Dry triethylamine (0.56 mL, 4.04 mmol, 2.3 equiv)
was added to a solution of diketo dilactones 28 a/b (500 mg, 1.76 mmol,
1.0 equiv) in CH2Cl2 (6 mL, 0.3m) at ÿ78 8C. Then TMSOTf (0.88 mL,
4.85 mmol, 2.8 equiv) was added dropwise over 20 min. The clear solution
was stirred for a further 30 min at ÿ78 8C and then the reaction
temperature was slowly raised to ÿ10 8C over 2 h. After an additional
5 h at ÿ10 8C the reaction mixture was quickly warmed to room temper-
ature and saturated NaHCO3 (10 mL) was added under vigorous stirring.
After 15 min, ether (50 mL) was added. The organic layer was washed with
saturated NH4Cl (10 mL), the combined aqueous layers were extracted
with ether (2� 10 mL), and the combined organic layers were washed with
brine (20 mL), dried (MgSO4), and concentrated to afford a mostly
crystalline, yellow solid (585 mg). The crude material was pulverized and
then added to refluxing ether (80 mL; incomplete dissolution). The
suspension was partially concentrated (!35 mL) and kept at 0 8C for
12 h. Filtration afforded anti-ketal ketone 33 (195 mg, 0.547 mmol, 31%) as
colorless, crystalline solid and 355 mg of a yellow oil after concentration of
the mother liquor. The residue was purified by flash chromatography (silica
gel, hexanes:ethyl acetate 2:1) to afford syn-ketal ketone 32 (182 mg,
0.511 mmol, 29 %) as a white crystalline solid. 32 : M.p. 101 8C (after
recrystallization from ethyl acetate); Rf�0.36 (silica gel, hexanes:ethyl


acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 2959 w (CÿH), 1728 s br. (C�O),
1256 m, 1150 m, 1087 s, 847 s; 1H NMR (600 MHz, CDCl3): d� 2.81 (dd,
2J4a,4b� 14 Hz, 4J4a,2a� 2 Hz, 1H, Pos 4a), 2.65 (d, 2J4b,4a� 14 Hz, 1H, Pos
4b), 2.56 (t, 3J9a,9b,8a,8b� 7.5 Hz, 2H, Pos 9a�Pos 9b), 2.49 (d br, 2J2a,2b�
15.5 Hz, 1 H, Pos 2a), 2.34 (ddd, 2J2b,2a� 15.5 Hz, 3J2b,1a� 12.5 Hz, 3J2b,1b�
7 Hz, 1H, Pos 2b), 2.13 (s, 3H, Pos 11) and 2.22 ± 2.07 (m, additional 3H,
Pos 1a�Pos 8a�Pos 8b), 2.02 (dtr, 2J1b,1a� 14.5 Hz, 3J1b,2a,2b� 7 Hz, 1H,
Pos 1b), 1.56 (s, 3 H, CH3), 1.51 (s, 3 H, CH3), 0.20 (s, 9H, Si(CH3)3);
13C NMR (125 MHz, CDCl3): d� 207.1/203.4 (Pos 3�Pos 10), 171.7 (Pos
12), 97.3 (Pos 5), 84.4/76.0 (Pos 6�Pos 13), 50.4 (Pos 4), 37.5, 37.1, 34.2, 33.6,
30.1, 26.3, 21.6, 1.9; HRMS: calcd for C17H28O6Si [M�Na�] 379.1553, found
379.1565. 33: M.p. 155 8C (after recrystallization from CH2Cl2); Rf� 0.43
(silica gel, hexanes:ethyl acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 2962 w
(CÿH), 1726 s br. (C�O), 1257 m, 1150 m, 1088 s, 847 s; 1H NMR (600 MHz,
CDCl3): d� 2.83 (dd, 2J4a,4b� 14 Hz, 4J4a,2a� 2 Hz, 1H, Pos 4a), 2.68 (ddd,
2J9a,9b� 18 Hz, 3J9a,8b� 10.5 Hz, 3J9a,8a� 6 Hz, 1H, Pos 9a), 2.60 (d, 2J4b,4a�
14 Hz, 1H, Pos 4b), 2.58 (ddd, 2J9b,9a� 18 Hz, 3J9b,8a� 10 Hz, 3J9b,8b� 4.5 Hz,
1H, Pos 9b), 2.49 (dddd, 2J2a,2b� 15 Hz, 3J2a,1b� 6.5 Hz, 3J2a,1a� 6 Hz,
4J2a,4a� 2 Hz, 1 H, Pos 2a), 2.32 (ddd, 2J2b,2a� 15 Hz, 3J2b,1a� 9 Hz, 3J2b,1b�
6.5 Hz, 1H, Pos 2b), 2.24 (ddd, 2J8a,8b� 14.5 Hz, 3J8a,9b� 10 Hz, 3J8a,9a� 6 Hz,
1H, Pos 8a), 2.15 (ddd, 2J8b,8a� 14.5 Hz, 3J8b,9a� 10.5 Hz, 3J8b,9b� 4.5 Hz, 1H,
Pos 8b), 2.14 (s, 3H, Pos 11), 2.11 (ddd, 2J1a,1b� 14 Hz, 3J1a,2b� 9 Hz, 3J1a,2a�
6 Hz, 1H, Pos 1a), 2.04 (dt, 2J1b,1a� 14 Hz, 3J1b,2a,2b� 6 Hz, 1H, Pos 1b), 1.55
(s, 3H, CH3), 1.41 (s, 3H, CH3), 0.17 (s, 9H, Si(CH3)3); 13C NMR (125 MHz,
CDCl3): d� 207.1, 203.9 (Pos 3�Pos 10), 171.9 (Pos 12), 97.8 (Pos 5), 84.1 /
76.6 (Pos 6�Pos 13), 50.3 (Pos 4), 37.4, 37.2, 34.2, 33.4, 30.1, 25.5, 21.6, 1.8;
HRMS: calcd for C17H28O6Si [M�Na�] 379.1553, found 379.1566.


TBS-enol ether 35 : Dry triethylamine (200 mL, 1.43 mmol, 1.6 equiv) was
added to a solution of syn-ketal ketone 32 (320 mg, 0.90 mmol, 1.0 equiv) in
CH2Cl2 (6 mL) atÿ78 8C. TBSOTf (228 mL, 1.00 mmol, 1.1 equiv) was then
added dropwise over 20 min. The
clear solution was stirred for a further
4 h at ÿ78 8C and then the reaction
was quenched by addition of saturat-
ed NaHCO3 (4 mL). Further CH2Cl2


(30 mL) was added and the temper-
ature was raised to room temperature.
The organic layer was dried (MgSO4) and concentrated. The residue was
purified by rapid flash chromatography (silica gel, hexanes:ethyl acetate
3:1) to afford TBS-enol ether 35 (381 mg, 0.81 mmol, 90 %) as a colorless
oil. Rf� 0.50 (silica gel, hexanes:ethyl acetate 2:1); IR (thin film): nÄmax


(cmÿ1)� 2957 m (CÿH), 2928 w (CÿH), 2858 w (CÿH), 1732 s br. (C�O),
1254 m, 1150 m, 1087 s, 843 s; 1H NMR (600 MHz, CDCl3): d� 4.02 (s, 1H,
Pos 11a), 4.00 (s, 1H, Pos 11b), 2.85 (dd, 2J4a,4b� 14 Hz, 4J4a,2a� 1.5 Hz, 1H,
Pos 4a), 2.63 (d, 2J4b,4a� 14 Hz, 1H, Pos 4b), 2.50 ± 2.46 (m, 1 H, CH2), 2.36-
2.30 (m, 1H, CH2), 2.19 ± 1.97 (m, 6 H, all CH2), 1.56 (s, 3 H, CH3), 1.55 (s,
3H, CH3), 0.89 (s, 9H, SiC(CH3)3), 0.19 (s, 9H, Si(CH3)3), 0.13 (s, 6H,
Si(CH3)2); 13C NMR (150 MHz, CDCl3): d� 203.6 (Pos 3), 172.2 (Pos 12),
158.4 (Pos 10), 97.5 (Pos 5), 90.1 (Pos 11), 84.1, 77.0 (one carbon hidden in
CDCl3 signals, Pos 6�Pos 13), 53.4, 50.4, 38.5, 37.4, 33.5, 30.5, 30.3, 25.7,
21.7, 18.0, 1.8, ÿ4.8; HRMS: calcd for C23H42O6Si2 [M�Na�] 493.2418,
found 493.2404.


TBS-enol ether 36 : Dry triethylamine (182 mL, 1.31 mmol, 4 equiv) was
added to a solution of syn-ketal ketone 32 (117 mg, 0.328 mmol, 1.0 equiv)
in CH2Cl2 (3 mL, 0.1m) at ÿ78 8C. TBSOTf (226 mL, 0.985 mmol, 3 equiv)
was then added dropwise over 20 min. The clear solution was stirred for
further 20 min at ÿ78 8C and then the reaction temperature was slowly
raised to 10 8C over 4 h. The reaction was quenched by addition of
saturated NaHCO3 (2 mL) and then further CH2Cl2 (20 mL) was added.
The organic layer was dried (MgSO4) and concentrated to afford an orange
emulsion. This was purified by rapid flash chromatography (silica gel,
hexanes:ether 10:1) to afford TBS-enol ether 36 (165 mg, 0.282 mmol,
86%) as a colorless oil. Rf� 0.58 (silica gel, hexanes:ethyl acetate 5:1); IR
(thin film): nÄmax (cmÿ1)� 2956 m (CÿH), 2930 m (CÿH), 2858 m (CÿH),
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1746 s (C�O, lactone), 1682 m (C�C), 1362 m, 1254 s, 1207 s, 1151 s, 1110 s,
1058 s, 896 s, 841 s, 780 s; 1H NMR (500 MHz, CDCl3): d� 4.68 (d br,
3J2,1a� 6 Hz, 1H, Pos 2), 4.00 (s, 1H, Pos 11a), 3.98 (s, 1 H, Pos 11b), 2.52 ±
2.45 (m, 3 H, all CH2), 2.33 ± 2.27 (m, 1H, CH2), 2.17 ± 2.13 (m, 2H, both
CH2), 1.94 ± 1.88 (m, 1 H, CH2), 1.53 (s, 3 H, CH3), 1.35 (s, 3H, CH3), 0.91 (s,
9H, SiC(CH3)3), 0.89 (s, 9 H, SiC(CH3)3), 0.21 (s, 9 H, Si(CH3)3), 0.13 (s, 3H,
Si(CH3)), 0.13 (s, 6 H, 2� Si(CH3)), 0.12 (s, 3 H, Si(CH3)); 13C NMR
(125 MHz, CDCl3): d� 173.0 (Pos 12), 158.4, 1.46.0 (Pos 3�Pos 10), 100.2
(Pos 2), 95.8 (Pos 5), 89.7 (Pos 11), 83.7, 76.1 (Pos 6�Pos 13), 41.7, 39.1, 36.4,
30.5, 26.7, 25.7, 25.6, 22.5, 18.0 br. (2x carbon), 2.1, ÿ4.4, ÿ4.5, ÿ4.76,
ÿ4.79; HRMS: calcd for C29H56O6Si3 [M�Na�] 607.3282, found 607.3292.


Silyl enol ethers 41a/ b : Dry hexamethyldisilazane (2.40 mL, 11.36 mmol,
3 equiv) was added to a solution of syn-ketal ketone 32 (1.35 g, 3.79 mmol,
1.0 equiv) in CH2Cl2 (40 mL) at ÿ20 8C. Then TMSI (0.27 mL, 1.90 mmol,
0.5 equiv) was added slowly dropwise over 10 min. The solution was then
stirred for additional 4 h at room temperature. The reaction was quenched
by addition of saturated NaHCO3 (20 mL) and then further CH2Cl2


(200 mL) was added. The organic layer was dried (MgSO4) and concen-
trated in high vacuum to afford silyl enol ethers 41 a/b (1.90 g, 3.79 mmol,
quantitative; ca. 2:1 mixture of geometrical isomers, double bond stereo-
chemistry not assigned) as a colorless oil. Rf� 0.57 (silica gel, hexanes:ether
2:1); IR (thin film): nÄmax (cmÿ1)� 2958 m (CÿH), 1742 s (C�O, lactone),
1682 m (C�C), 1253 s, 1204 m, 1150 m, 1107 m, 1059 m, 900 s, 845 s;
1H NMR (500 MHz, C6D6): d� 5.03 (t, 3J9,8a,8b� 8 Hz, 0.3H, Pos 9-B), 4.86
(t, 3J9,8a,8b� 8 Hz, 0.7H, Pos 9-A), 4.67 ± 4.62 (m, 1H, Pos 2), 2.97 ± 2.59 (m,
5H, all CH2), 2.23 ± 2.17 (m, 1H, CH2), 1.84 (s, 2H, CH3-A), 1.80 (s, 1H,
CH3-B), 1.75 (s, 1 H, CH3-B), 1.73 (s, 2H, CH3-A), 1.38 (s, 2H, CH3-A), 1.37
(s, 2 H, CH3-B), 0.25 (s, 3 H, Si(CH3)3-B), 0.18 (s, 12 H, Si(CH3)3-A), 0.18 (s,
3H, Si(CH3)3-B), 0.11 (s, 3H, Si(CH3)3-B), 0.10 (s, 6H, Si(CH3)3-A);
13C NMR (125 MHz, CDCl3): diastereomer A: d� 173.1 (Pos 12), 149.2,
145.8 (Pos 3�Pos 10), 101.5, 100.4 (Pos 2�Pos 9), 95.7 (Pos 5), 83.6, 76.9
(Pos 6�Pos 13), 41.7, 37.4, 36.4, 27.1, 22.7, 22.5, 2.1, 0.7, 0.1; diastereomer B:
d� 173.2 (Pos 12), 151.0, 145.9 (Pos 3�Pos 10), 101.6, 99.7 (Pos 2�Pos 9),
95.7 (Pos 5), 83.7, 77.2 (Pos 6�Pos 13), 41.9, 39.5, 36.6, 27.2, 22.4, 18.0,
2.1, 0.3, 0.2; HRMS: calcd for C23H44O6Si3 [M�Na�] 523.2343, found
523.2350.


Diendione 42 : A solution of phenylselenenyl chloride (2.29 g, 11.95 mmol,
2.2 equiv) in THF (10 mL) was added slowly over 50 min to a solution of
silyl enol ethers 41a/ b (2.72 g, 5.43 mmol, 1.0 equiv) in THF (50 mL) at


ÿ78 8C. After two more hours, the
reaction was quenched at ÿ78 8C by
adding saturated NaHCO3 (40 mL)
under vigorous stirring. Ether
(100 mL) was added and the slurry
was warmed to room temperature.
The aqueous layer was extracted with
ether (2� 50 mL); the combined or-


ganic layers were washed with saturated NaHCO3 (40 mL), saturated
NH4Cl (40 mL), and brine (40 mL), dried (MgSO4), and concentrated to
afford a yellow oil (4.1 g). The crude material was then dissolved in warm
THF (320 mL, Tsolution� 50 8C) and aqueous H2O2 (3.7 mL, 30 %wt solution
in water, 36.3 mmol, �7 equiv) was added. After 50 min at 50 8C the
solution was partially concentrated in vacuum (!100 mL). CH2Cl2


(400 mL) was added and the organic layer was washed with saturated
NaHCO3 (2�50 mL), saturated NH4Cl (50 mL) and brine (50 mL), dried
(MgSO4) and concentrated. The residue was purified by flash chromatog-
raphy (silica gel, hexanes:ether 1:2) to afford diendione 42 (1.336 g,
3.79 mmol, 70 %) as a white crystalline solid. M.p. 136 8C (after recrystal-
lization from CH2Cl2); Rf� 0.27 (silica gel, hexanes:ethyl acetate 2:1); IR
(thin film): nÄmax (cmÿ1)� 2959 w (CÿH), 1750 s (C�O, lactone), 1690 s
(C�O, enone), 1628 w (C�C, enone), 1255 s, 1123 s, 1085 s, 1044 m, 915 m,
848 s; 1H NMR (500 MHz, CDCl3): d� 6.73 (d, 3J1,2� 10 Hz, 1 H, Pos 1),
6.55 (d, 3J8,9� 16 Hz, 1H, Pos 8), 6.06 (d, 3J9,8� 16 Hz, 1 H, Pos 9), 5.97 (d,


3J2,1� 10 Hz, 1 H, Pos 2), 3.05 (d, 2J4a,4b� 16 Hz, 1H, Pos 4a), 2.80 (d,
2J4b,4a� 16 Hz, 1H, Pos 4b), 2.19 (s, 3 H, Pos 11), 1.66 (s, 3H, CH3), 1.58 (s,
3H, CH3), 0.26 (s, 9H, Si(CH3)3); 13C NMR (125 MHz, CDCl3): d� 197.3,
193.9 (Pos 3�Pos 10), 168.1 (Pos 12), 149.1, 144.8 (Pos 1�Pos 8), 129.9,
127.5 (Pos 2�Pos 9), 96.5 (Pos 5), 84.1, 76.4 (Pos 6�Pos 13), 48.0 (Pos 4),
28.5, 27.8, 23.8, 1.8; HRMS: calcd for C17H24O6Si ([M H�]) 353.1420, found
353.1414.


Endione 43 : A suspension of Pd(OAc)2 (8.7 mg, 0.038 mmol, 2 equiv) and
silyl enol ethers 41a/b (9.7 mg, 0.019 mmol, 1.0 equiv) in MeCN (0.3 mL)
was stirred vigorously for 50 min. Then the suspension was concentrated
and purified by flash chromatography
(silica gel, hexanes: ethyl acetate 2:1)
to afford endione 43 (3.1 mg,
0.0087 mmol, 46%) as a white crys-
talline solid. M.p. 148 8C (after re-
crystallization from CH2Cl2:ether
1:1); Rf� 0.22 (silica gel, hexanes:eth-
yl acetate 2:1); IR (thin film): nÄmax� 2960 w (CÿH), 1738 s (C�O, lactone),
1716 s (C�O, ketone), 1682 s (C�O, enone), 1627 m (C�C), 1303 s, 1255 s,
1123 s, 1087 s, 848 s; 1H NMR (500 MHz, CDCl3): d� 6.85 (d, 3J8,9� 16 Hz,
1H, Pos 8), 6.27 (d, 3J9,8� 16 Hz, 1 H, Pos 9), 2.84 (dd, 2J4a,4b� 16 Hz,
4J4a,2a� 2 Hz, 1 H, Pos 4a), 2.63 (dd, 2J4b,4a� 16 Hz, 4J4b,2b� 1 Hz, 1H, Pos
4b), 2.49 (dtd, 2J2a,2b� 15.5 Hz, 3J2a,1a,1b� 6 Hz, 4J2a,4a� 2 Hz, 1 H, Pos 2a),
2.34 (dtd, 2J2b,2a� 15.5 Hz, 3J2b,1a,1b� 6 Hz, 4J2b,4b� 1 Hz, 1H, Pos 2b), 2.26 (s,
3H, Pos 11), 2.03 (t, 3J1a,2a,2b� 6 Hz, 1 H, Pos 1a), 2.02 (t, 3J1b,2a,2b� 6 Hz, 1H,
Pos 1b), 1.69 (s, 3 H, CH3), 1.59 (s, 3 H, CH3), 0.24 (s, 9H, Si(CH3)3);
13C NMR (125 MHz, CDCl3): d� 203.9 (Pos 3), 197.4 (Pos 10), 168.5 (Pos
12), 146.7 (Pos 8), 129.4 (Pos 9), 97.8 (Pos 5), 84.3, 77.2 (Pos 6�Pos 13), 50.3
(Pos 4), 37.1, 33.1, 29.2, 27.9, 21.5, 1.8; HRMS: calcd for C17H26O6Si
[M�Na�] 377.1396, found 377.1384.


Endione 44 : LiHMDS (84 mL, 1.0m solution in THF, 0.084 mmol, 1 equiv)
was added dropwise within 5 min to a solution of ketal ketone 32 (30.0 mg,
0.084 mmol, 1.0 equiv) in THF (0.6 mL) at ÿ78 8C. The temperature was
slowly raised to ÿ40 8C and kept at
this temperature for 1 h. Then the
reaction mixture was cooled to
ÿ100 8C and a solution of phenyl-
selenenyl chloride (16.1 mg,
0.084 mmol, 1 equiv) in THF
(0.6 mL) was added dropwise. The
reaction was quenched by adding
saturated NaHCO3 (2 mL) under vigorous stirring and then CH2Cl2


(8 mL) was added. The organic layer was dried (MgSO4) and concentrated.
The residue was purified by flash chromatography (silica gel, hexanes:
ethyl acetate 2:1) to afford the corresponding selenoketones (11.0 mg,
mixture of diastereomers; not shown) as a white solid and recoverd ketal
ketone 32 (14.9 mg). The selenoketones were dissolved in THF (1 mL) and
aqueous H2O2 (2 drops, �15 mL, 30% wt solution in water, �0.15 mmol,
excess) was added. After 1 h water (3 mL) and CH2Cl2 (8 mL) was added
and the organic layer was dried (MgSO4) and concentrated. The residue
was purified by flash chromatography (silica gel, hexanes: ethyl acetate 2:1)
to afford endione 44 (7.2 mg, 0.020 mmol, 24 %, 47 % based on recoverd
starting material) as a white crystalline solid. Rf� 0.28 (silica gel,
hexanes:ethyl acetate 2:1); IR (thin film): nÄmax (cmÿ1)� 2960 w (CÿH),
1746 s (C�O, lactone), 1716 s (C�O, ketone), 1692 s (C�O, enone), 1257 s,
1162 m, 1124 s, 1084 s, 1055 m, 922 s, 848 s; 1H NMR (500 MHz, CDCl3):
d� 6.87 (d, 3J1,2� 10 Hz, 1H, Pos 1), 6.01 (dd, 3J2,1� 10 Hz, 4J2,4a� 1 Hz,
1H, Pos 2), 2.97 (dd, 2J4a,4b� 16 Hz, 4J4a,2� 1 Hz, 1 H, Pos 4a), 2.77 (d,
2J4b,4a� 16 Hz, 1H, Pos 4b), 2.48 (ddd, 2J9a,9b� 18 Hz, 3J9a,8a� 9.5 Hz,
3J9a,8b� 6.5 Hz, 1H, Pos 9a), 2.35 (ddd, 2J9b,9a� 18 Hz, 3J9b,8b� 9 Hz,
3J9b,8a� 6.5 Hz, 1H, Pos 9b), 2.10 (s, 3H, Pos 11), 1.94-1.89 (m, 2 H, Pos
8a�Pos 8b), 1.60 (s, 3 H, CH3), 1.52 (s, 3H, CH3), 0.26 (s, 9H, Si(CH3)3);
13C NMR (125 MHz, CDCl3): d� 206.9 (Pos 10), 194.3 (Pos 3), 170.9 (Pos
12), 149.5 (Pos 1), 127.3 (Pos 2), 96.2 (Pos 5), 83.9, 75.8 (Pos 6�Pos 13), 48.3
(Pos 4), 37.7, 34.1, 30.0, 26.6, 23.8, 1.8.


Chloro diendione 45 : A solution of
phenylselenenyl chloride (13.2 mg,
0.069 mmol, 2.3 equiv) in THF
(0.25 mL) was added slowly (within
15 min) to a solution of silyl enol
ethers 41a/ b (14.8 mg, 0.030 mmol,
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�2 equiv) in THF (0.3 mL) at ÿ78 8C. The temperature was slowly raised
to ÿ50 8C over 1 h. Then mCPBA (50 mg, 57 ± 86 % wt, �0.15 mmol,
�5 equiv) was added in one batch and the temperature was raised within
the next 1 h to 0 8C. The reaction was quenched at 0 8C by adding saturated
NaHCO3 (2 mL) under vigorous stirring and then CH2Cl2 (5 mL) was
added. The aqueous layer was extracted with CH2Cl2 (2� 1 mL) and the
combined organic layers were dried (MgSO4) and concentrated. The
residue was purified by flash chromatography (silica gel, hexanes: ether
1:1) to afford chloro diendione 45 (3.9 mg, 0.010 mmol, 34%) as a colorless
crystalline solid. M.p. 140 8C (after recrystallization from CH2Cl2); Rf�
0.26 (silica gel, hexanes:ether 2:1); IR (thin film): nÄmax (cmÿ1)� 2959 w
(CÿH), 1754 s (C�O, lactone), 1711 s (C�O, chloro enone), 1682 m (C�O,
enone), 1628 w (C�C), 1311 m, 1256 s, 1096 s, 1046 m, 880 s, 848 s; 1H NMR
(600 MHz, CDCl3): d� 6.90 (s, 1H, Pos 1) 6.57 (d, 3J8,9� 16 Hz, 1 H, Pos 8),
6.04 (d, 3J9,8� 16 Hz, 1H, Pos 9), 3.25 (d, 2J4a,4b� 16 Hz, 1 H, Pos 4a), 2.91 (d,
2J4b,4a� 16 Hz, 1H, Pos 4b), 2.22 (s, 3 H, Pos 11), 1.66 (s, 3H, CH3), 1.64 (s,
3H, CH3), 0.28 (s, 9 H, Si(CH3)3); 13C NMR (150 MHz, CDCl3): d� 197.7
(Pos 10), 187.0 (Pos 3), 168.4 (Pos 12), 145.3/144.8 (Pos 1�Pos 8), 132.9 (Pos
2), 130.4 (Pos 9), 97.1 (Pos 5), 85.3/77.6 (Pos 6�Pos 13), 48.4 (Pos 4), 29.4,
29.2, 24.5, 2.6; HRMS: calcd for C17H23O6SiCl ([M H�]) 387.1031, found
387.1024.


[2� 2] Adduct 47b : A degassed solution of diendione 42 (10.0 mg,
0.028 mmol) in [D6]benzene (0.4 mL) in an NMR tube was irradiated for


30 min with a mercury medium-pres-
sure lamp (see General techniques
section). The solution was concentrat-
ed to afford [2� 2] adduct 47
(10.0 mg, 0.028 mmol, quantitative)
as a colorless crystalline solid. M.p.
97 8C (after recrystallization from
CH2Cl2); Rf� 0.37 (silica gel, hexane-
s:ethyl acetate 2:1); IR (thin film):
nÄmax (cmÿ1)� 2959 w (CÿH), 1760 s


(C�O, lactone), 1715 s (C�O, ketone), 1307 m, 1252 s, 1152 s, 1085 s, 886 s,
845 s; 1H NMR (500 MHz, CDCl3): d� 3.35 (dd, 3J2,1� 9 Hz, 3J2,9� 5 Hz,
1H, Pos 2), 3.28 (dd, 3J9,2� 5 Hz, 3J9,8� 4 Hz, 1H, Pos 9), 3.13 (d, 2J4a,4b�
19 Hz, 1H, Pos 4a), 2.87 (dd, 3J1,8� 9.5 Hz, 3J1,2� 9 Hz, 1 H, Pos 1), 2.72 (d,
2J4b,4a� 19 Hz, 1 H, Pos 4b), 2.70 (dd, 3J8,1� 9.5 Hz, 3J8,9� 4 Hz, 1 H, Pos 8),
2.21 (s, 3 H, Pos 11), 1.45 (s, 3 H, CH3), 1.41 (s, 3 H, CH3), 0.16 (s, 9H,
Si(CH3)3); 13C NMR (125 MHz, C6D6): d� 204.2, 202.3 (Pos 3�Pos 10),
169.8 (Pos 12), 98.8 (Pos 5), 80.5, 74.1 (Pos 6�Pos 13), 51.1, 45.3, 43.0, 40.5,
35.1, 26.2, 18.2, 16.1, 1.6; HRMS: calcd for C17H24O6Si [M � Na�] 353.1420,
found 353.1424.


Iodo lactone 50 : Hexamethyldisilazane (30 mL, 0.14 mmol, 5 equiv) and
then trimethylsilyl iodide (9 mL, 0.063 mmol, 2.2 equiv) were added to a


solution of diendione 42 (10.0 mg,
0.028 mmol, 1.0 equiv) in CH2Cl2


(0.3 mL) at ÿ20 8C. After 10 min the
reaction mixture was warmed to room
temperature and stirred for 8 h. Then
the solution was directly subjected to
flash chromatography (silica gel, hex-
anes: ether 5:1) to afford iodo lactone
50 (9.6 mg, 0.015 mmol, 55%) as a
colorless glass. Rf� 0.52 (silica gel,
hexanes:ether 4:1); IR (thin film):


nÄmax (cmÿ1)� 2958 w (CÿH), 1770 s (C�O, lactone), 1667 w (C�C, enol
ether), 1651 w (C�C, enol ether), 1366 m, 1253 s, 1140 s, 1087 m, 1037 m, 900
m, 845 s; 1H NMR (500 MHz, C6D6): d� 5.03 (dd, 3J2,1� 7 Hz, 4J2,4b�
1.9 Hz, 1H, Pos 2), 4.61 (d, 3J9,8� 10.5 Hz, 1H, Pos 9), 3.31 (d, 2J11a,11b�
10.5 Hz, 1H, Pos 11a), 3.25 (d, 2J11b,11a� 10.5 Hz, 1H, Pos 11b), 2.96 (dd,
3J8,9� 10.5 Hz, 3J8,1� 2.2 Hz, 1H, Pos 8), 2.78 (d, 2J4a,4b� 18 Hz, 1 H, Pos 4a),
2.43 (dd, 2J4b,4a� 18 Hz, 4J4b,2� 1.9 Hz, 1H, Pos 4b), 2.13 (dd, 3J1,2� 7 Hz,
3J1,8� 2.2 Hz, 1H, Pos 1), 1.60 (s, 3 H, CH3), 1.45 (s, 3 H, CH3), 0.25 (s, 9H,
Si(CH3)3), 0.18 (s, 9H, Si(CH3)3), 0.15 (s, 9H, Si(CH3)3); 13C NMR
(125 MHz, C6D6): d� 170.3 (Pos 12), 149.9 / 147.7 (Pos 3�Pos 10), 110.2
(Pos 9), 106.4 (Pos 2), 98.1 (Pos 5), 81.1, 74.1 (Pos 6�Pos 13), 48.4 (Pos 8),
43.8, 43.2 (Pos 1�Pos 4), 18.8, 18.7 (Pos 7�Pos 14), 6.7 (Pos 11), 1.6, 0.5,
0.1; Assignment of 1H and 13C NMR signals were aided by HMQC; MS-
FAB: m/z (%): 625 ([M�H�], 18), 757 [M�Cs�], 100); HRMS: calcd for
C23H41O6Si3I [M�Cs�] 757.0310, found 757.0333.


TBS-enol ether 52 : An identical pro-
cedure as the one used for the prep-
aration of TBS-enol ether 35 (vide
supra) afforded from diendione 42
(115 mg, 0.326 mmol) the TBS-enol
ether 52 (143 mg, 0.306 mmol, 94%)
as a colorless oil. Rf� 0.50 (silica gel,
hexanes:ethyl acetate 2:1); IR (thin film): nÄmax (cmÿ1)� 2958 m (CÿH),
2859 m, (CÿH), 1754 s (C�O, lactone), 1694 s (C�O, enone), 1594 m (C�C,
diene), 1315 s, 1256 s, 1123 s, 1086 s, 916 s, 845 s, 783 s; 1H NMR (600 MHz,
C6D6): d� 6.29 (d, 3J� 15 Hz, 1H, CH), 6.25 (d, 3J� 15 Hz, 1H, CH), 6.07
(d, 3J1,2� 10 Hz, 1H, Pos 1), 5.75 (d, 3J2,1� 10 Hz, 1H, Pos 2), 4.35 (s, 1H,
Pos 11a), 4.30 (s, 1 H, Pos 11b), 2.96 (d, 2J4a,4b� 16 Hz, 1 H, Pos 4a), 2.35 (d,
2J4b,4a� 16 Hz, 1H, Pos 4b), 1.81 (s, 3H, CH3), 1.10 (s, 3H, CH3), 0.97 (s, 9H,
SiC(CH3)3) 0.10 (s, 3H, Si(CH3)), 0.09 (s, 3H, Si(CH3)), ÿ0.06 (s, 9H,
Si(CH3)3); 13C NMR (150 MHz, C6D6): d� 193.8 (Pos 3), 169.0 (Pos 12),
154.9 (Pos 10), 149.6 (Pos 1), 132.0, 129.8, 127.9 (Pos 2�Pos 8�Pos 9), 98.2,
97.3 (Pos 5�Pos 11), 83.8, 77.6 (Pos 6�Pos 13), 49.1 (Pos 4), 29.7, 26.4, 24.1,
18.9, 2.0, ÿ4.2 br; HRMS: calcd for C23H38O6Si2 ([M�H�]) 467.2285, found
467.2290.


Spiroketal 53 : LiHMDS (9 mL, 1.0m solution in THF, 0.009 mmol,
0.3 equiv) was added dropwise to a solution of diendione 43 (10.0 mg,
0.028 mmol, 1.0 equiv) in THF
(0.3 mL) and tBuOH (0.03 mL) at
ÿ78 8C. Then the reaction temper-
ature was raised to 5 8C over 3 h,
while a white suspension was formed.
The reaction was quenched by addi-
tion of saturated NH4Cl (1 mL) fol-
lowed by CH2Cl2 (6 mL). The organic
layer was dried (MgSO4) and concen-
trated. The residue was purified by
flash chromatography (silica gel, hexanes: ethyl acetate 1:1) to afford
spiroketal 53 (7.1 mg, 0.025 mmol, 89%) as a colorless crystalline solid.
M.p. 223 8C (decomp; after recrystallization from CH2Cl2/MeOH); Rf�
0.28 (silica gel, hexanes:ethyl acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 2927
w (CÿH), 1804 s (C�O, lactone), 1711 s (C�O, ketones), 1279 m, 1150 s,
1017 s; 1H NMR (600 MHz, CDCl3): d� 4.37 (s, 1H, Pos 8), 3.15 (d, 3J9,1�
4.5 Hz, 1 H, Pos 9), 2.94 (dd, 2J2a,2b� 17.5 Hz, 3J2a,1� 4.5 Hz, 1H, Pos 2a),
2.92 (d, 2J4a,4b� 17.5 Hz, 1H, Pos 4a), 2.89 (dd, 2J2b,2a� 17.5 Hz, 3J2b,1�
9.5 Hz, 1H, Pos 2b), 2.77 (d, 2J4b,4a� 17.5 Hz, 1 H, Pos 4b), 2.76 (dt,
3J1,2b� 9.5 Hz, 3J1,2a,9� 4.5 Hz, 1 H, Pos 1), 2.25 (s, 3 H, CH3), 1.46 (s, 3H,
CH3), 1.34 (s, 3 H, CH3); 13C NMR (125 MHz, CDCl3): d� 204.0, 202.3 (Pos
3�Pos 10), 171.3 (Pos 12), 105.5 (Pos 5), 83.1, 82.4 (Pos 6�Pos 13), 80.8
(Pos 8), 63.5, 44.4, 42.4, 41.3, 29.7, 28.1, 15.4; ESIMS (C14H16O6ÿ ex. mass
280.0947): m/z (%): negative 342 [M�Clÿ], 93, 279 ([MÿH], 28).


Tricyclic lactones 38 and 56 and enol ether 55 :[50] A solution of diendione 42
(6.1 mg, 0.017 mmol) and hydroquinone (trace) in toluene (0.6 mL) in a
sealed tube was submerged into a hot oil bath (250 8C) for 50 min. The
solution was concentrated and purified by PTLC (0.25 mm plate, hexane-
s:ethyl acetate 1:1) to afford concave lactone 38 (1.4 mg, 0.004 mmol, 23%)
as a colorless oil and convex lactone 56 (2.1 mg, 0.006 mmol, 34%) as a
colorless crystalline solid. Performing this reaction on larger scale
(�40 mg) allowed for the isolation of enol ether 55 in trace quantities
(�4% yield). 38: Rf� 0.42 (silica gel, hexanes:ethyl acetate 2:1); IR (thin
film): nÄmax (cmÿ1)� 2958 w (CÿH), 1754 s (C�O, lactone), 1722 s (C�O,
ketone), 1681 s (C�O, enone), 1253 s, 1174 s, 1083 s, 871 s, 848 s; 1H NMR
(500 MHz, CDCl3): d� 6.75 (d, 3J1,2� 10 Hz, 1H, Pos 1), 6.15 (d, 3J2,1�
10 Hz, 1 H, Pos 2), 3.27 (ddd, 3J8,4� 13.5 Hz, 3J8,9a� 9 Hz, 3J8,9b� 5 Hz, 1H,
Pos 8), 3.17 (d, 3J4,8� 13.5 Hz, 1H, Pos 4), 2.28 (dd, 2J9a,9b� 18 Hz, 3J9a,8�
9 Hz, 1H, Pos 9a), 2.14 (dd, 2J9b,9a� 18 Hz, 3J9b,8� 5 Hz, 1H, Pos 9b), 2.12 (s,
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3H, Pos 11), 1.72 (s, 3H, CH3), 1.53 (s, 3 H, CH3), 0.20 (s, 9H, Si(CH3)3);
13C NMR (125 MHz, CDCl3): d� 204.5 (Pos 10), 197.0 (Pos 3), 167.9 (Pos
12), 147.4 (Pos 1), 131.3 (Pos 2), 102.8 (Pos 5), 83.8, 80.9 (Pos 6�Pos 13),
55.9 (Pos 4), 41.5, 40.0, 30.6, 21.5, 20.0, 1.4; HRMS: calcd for C17H24O6Si
([M�H�]) 353.1420, found 353.1424. 56: M.p. 124 8C (after recrystallization
from CH2Cl2); Rf� 0.33 (silica gel, hexanes:ethyl acetate 2:1); IR (thin
film): nÄmax (cmÿ1)� 2958 w (CÿH), 1760 s (C�O, lactone), 1715 s (C�O,
ketone), 1682 s (C�O, enone), 1254 s, 1174 s, 1126 s, 1083 s, 878 s, 848 s;
1H NMR (500 MHz, CDCl3): d� 6.71 (d, 3J1,2� 10 Hz, 1H, Pos 1), 6.12 (d,
3J2,1� 10 Hz, 1H, Pos 2), 2.85 (dd, 2J9a,9b� 16 Hz, 3J9a,8� 8.5 Hz, 1 H, Pos
9a), 2.78 (ddd, 3J8,4� 10.5 Hz, 3J8,9a� 8.5 Hz, 3J8,9b� 5.5 Hz, 1H, Pos 8), 2.65
(d, 3J4,8� 10.5 Hz, 1H, Pos 4), 2.63 (dd, 2J9b,9a� 16 Hz, 3J9b,8� 5.5 Hz, 1H,
Pos 9b), 2.21 (s, 3 H, Pos 11), 1.60 (s, 3 H, CH3), 1.39 (s, 3H, CH3), 0.20 (s,
9H, Si(CH3)3); 13C NMR (125 MHz, CDCl3): d� 204.9 (Pos 10), 196.3 (Pos
3), 168.5 (Pos 12), 146.9 (Pos 1), 128.9 (Pos 2), 102.0 (Pos 5), 81.5, 80.2 (Pos
6�Pos 13), 60.2 (Pos 4), 45.8, 41.8, 29.8, 21.9, 16.5, 1.5; HRMS: calcd for
C17H24O6Si ([M�H�]) 353.1420, found 353.1424. 55 : Rf� 0.32 (silica gel,
hexanes:ethyl acetate 3:1); IR (thin film): nÄmax (cmÿ1)� 2959 w (CÿH),
1770 s (C�O, lactone), 1732 s (C�O, ketone), 1687 m (C�C, enol ether),
1253 s, 1157 s, 1111 s, 884 s, 846 s, 738 s; 1H NMR (600 MHz, CDCl3): d�
4.56 (d, 3J2,1� 7.5 Hz, 1H, Pos 2), 4.55 ± 4.54 (m, 1H, Pos 9), 3.09 (dd, 3J1,8�
10 Hz, 3J1,2� 7.5 Hz, 1 H, Pos 1), 2.87 (d, 2J4a,4b� 16 Hz, 1 H, Pos 4a), 2.63 (d,
2J4b,4a� 16 Hz, 1 H, Pos 4b), 2.32 (dm, 3J8,1� 10 Hz, 1H, Pos 8), 1.92 (dd,
4J11,9� 1.0 Hz, 5J11,8� 0.8 Hz, 3H, Pos 11), 1.72 (s, 3 H, Pos 7), 1.38 (s, 3H,
Pos 14), 0.12 (s, 9 H, Si(CH3)3); 13C NMR (150 MHz, CDCl3, DEPT): d�
201.0 (C, Pos 3), 172.6 (C, Pos 12), 156.9 (C, Pos 10), 99.4 (C, Pos 5), 93.8
(CH, Pos 9), 82.2 (C), 77.6 (CH, Pos 2), 74.4 (C), 49.7 (CH2, Pos 4), 40.8
(CH), 37.6 (CH), 21.1 (CH3), 19.6 (CH3), 16.9 (CH3), 2.4 (CH3); HRMS:
calcd for C17H24O6Si [M�Na�] 375.1240, found 375.1250; nOe experiments
(in CDCl3): d� irradiation of 4.56 (Pos 2�Pos 9) effects 3.09 (1.8 %, Pos 1),
2.63 (0.7 %, Pos 4b), 1.72 (1.5 %, Pos 7) via Pos 2 and 2.32 (0.8 %, Pos 8),
1.92 (1.2 %, Pos 11), 1.38 (1.3%, Pos 14) via Pos 9, irradiation of 3.09 (Pos 1)
effects 4.56 (2.4 %, d, Pos 2), 2.32 (2.5 %, Pos 8), 1.72 (1.7%, Pos 7).


Diels ± Alder adduct 57: LiHMDS (14 mL, 1.0m solution in THF,
0.014 mmol, 0.3 equiv) was added dropwise to a solution of diendione 42
(17.0 mg, 0.048 mmol, 1.0 equiv) in THF (0.4 mL) at ÿ78 8C. The reaction
temperature was then slowly raised to 0 8C over 3 h and kept at 0 8C for a


further 90 min. The reaction was
quenched by addition of saturated
NH4Cl (1 mL) followed by CH2Cl2


(6 mL). The organic layer was dried
(MgSO4) and concentrated. The res-
idue was purified by gradient flash
chromatography (silica gel, hexane-
s:ethyl acetate 3:1!2:1!1:1) to af-
ford Diels ± Alder adduct 57 (8.8 mg,


0.025 mmol, 52%) as a white, crystalline solid along with concave lactone
38 (0.9 mg, 0.0025 mmol, 5%), spiroketal 53 (2.1 mg, 0.0075 mmol, 16%)
and convex lactone 56 (1.7 mg, 0.0048 mmol, 5%). 57: M.p. 205 8C (after
recrystallization from ethyl acetate); Rf� 0.42 (silica gel, hexanes:ethyl
acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 2958 w (CÿH), 1756 s (C�O,
lactone), 1732 s br. (C�O, ketones), 1250 m, 1151 s, 1091 m, 881 s, 844 s;
1H NMR (500 MHz, CDCl3): 2.93 (d, 3J4,8� 6.5 Hz, 1H, Pos 4), 2.81 (s br,
2H, Pos 1�Pos 9), 2.72 (d, 3J8,4� 6.5 Hz, 1H, Pos 8), 2.27 (d br, 2J2a,2b�
19.5 Hz, 1 H, Pos 2a), 2.16 (s, 3H, Pos 11), 2.10 (dd, 2J2b,2a� 19.5 Hz, 3J2b,1�
3.5 Hz, 1 H, Pos 2b), 1.52 (s, 3 H, CH3), 1.49 (s, 3H, CH3), 0.17 (s, 9H,
Si(CH3)3); 13C NMR (125 MHz, CDCl3): d� 205.8, 204.2 (Pos 3�Pos 10),
171.5 (Pos 12), 103.9 (Pos 5), 86.7, 82.3 (Pos 6�Pos 13), 58.2, 50.0, 42.1, 41.2,
37.1, 28.6, 20.2, 19.8, 1.3; HRMS: calcd for C17H24O6Si [M�Na�] 375.1240,
found 375.1250.


Hemiketal 58 : HF ´ pyridine (2 drops � 15 mL, � 10 mg HF, excess) was
added to a solution of tricyclic lactone 38 (4.7 mg, 0.013 mmol) in


anhydrous MeCN at 0 8C. The reac-
tion mixture was warmed to 25 8C
over 3 h. Then the reaction was stop-
ped by addition of saturated NaHCO3


(0.5 mL) and CH2Cl2 (5 mL). The
organic layer was dried (MgSO4) and
concentrated. The residue was puri-
fied by (short!) flash chromatography
(silica gel, hexanes:ethyl acetate 1:1)


to afford hemiketal 58 (3.4 mg, 0.012 mmol, 91%) as a colorless crystalline
solid. M.p. 172 8C (after recrystallization from CH2Cl2); Rf� 0.30 (silica gel,
hexanes:ethyl acetate 1:1); IR (thin film): nÄmax (cmÿ1)� 3400 w br. (OÿH),
2919 w (CÿH), 1746 s (C�O, lactone), 1713 s (C�O, ketone), 1667 s (C�O,
enone), 1632 m (C�C), 1453 s, 1358 m, 1314 m, 1171 s, 1073 s; 1H NMR
(600 MHz, CDCl3): d� 6.80 (d, 3J1,2� 10 Hz, 1H, Pos 1), 6.17 (d, 3J2,1�
10 Hz, 1H, Pos 2), 4.09 (s, 1 H, OH, variableÐdepending on concentra-
tion), 3.30 (ddd, 3J8,4� 13 Hz, 3J8,9a� 9 Hz, 3J8,9b� 4 Hz, 1H, Pos 8), 3.27 (d,
3J4,8� 13 Hz, 1 H, Pos 4), 2.28 (dd, 2J9a,9b� 18 Hz, 3J9a,8� 9 Hz, 1 H, Pos 9a),
2.19 (dd, 2J9b,9a� 18 Hz, 3J9b,8� 4 Hz, 1H, Pos 9b), 2.14 (s, 3H, Pos 11), 1.75
(s, 3 H, CH3), 1.55 (s, 3 H, CH3); 13C NMR (150 MHz, CDCl3): d� 206.3
(Pos 10), 197.4 (Pos 3), 168.8 (Pos 12), 148.0 (Pos 1), 132.1 (Pos 2), 102.1 (Pos
5), 84.5, 81.0 (Pos 6�Pos 13), 56.0 (Pos 4), 42.9, 40.9, 31.5, 21.9, 20.7; ESIMS
(C14H16O6: ex. mass 280.0947): m/z (%): positive 303 [M�Na�], 22,
negative 279 ([MÿH], 68).


Diels ± Alder adduct 59 : A solution of TBS-enol ether 52 (20.0 mg,
0.043 mmol) in toluene (2.0 mL) in a sealed tube was submerged into a hot
oil bath (200 8C) for 2 h. Afterwards the solution was concentrated and the
residue was purified by flash chroma-
tography (silica gel, hexanes: ethyl
acetate 10:1) to afford Diels ± Alder
adduct 59 (6.3 mg, 0.013 mmol, 32%)
as a colorless crystalline solid. Rf�
0.55 (silica gel, hexanes:ethyl acetate
2:1); IR (thin film): nÄmax (cmÿ1)� 2958
m (CÿH), 2929 m (CÿH), 2857 w
(CÿH), 1775 s (C�O, lactone), 1715 s
(C�O, ketone), 1625 w (C�C), 1251 s,
1180 m, 1160 m, 1137 m, 1081 s, 862 s,
842 s; 1H NMR (600 MHz, C6D6): d� 5.17 (dd, 3J11,2� 6 Hz, 4J11,9b� 1.5 Hz,
1H, Pos 11), 2.91 (dd, 2J4a,4b� 18.5 Hz, 4J4a,2� 0.7 Hz, 1 H, Pos 4a), 2.40 (d,
2J4b,4a� 18.5 Hz, 1 H, Pos 4b), 2.33 (s br, 1H, Pos 2), 1.82 (dd, 2J9a,9b� 15 Hz,
3J9a,8� 3.5 Hz, 1 H, Pos 9a), 1.64 (ddd, 2J9b,9a� 15 Hz, 3J9b,8� 10 Hz, 4J9b,11�
1.5 Hz, 1H, Pos 9b), 1.55 (dt, 3J8,1,9b� 10 Hz, 3J8,9a� 3.5 Hz, 1 H, Pos 8), 1.32
(dd, 3J1,8� 10 Hz, 3J1,2� 3.5 Hz, 1 H, Pos 1), 1.14 (s, 3 H, Pos 7), 1.11 (s, 3H,
Pos 14), 0.94 (s, 9H, SiC(CH3)3) 0.16 (s, 9H, Si(CH3)3), 0.12 (s, 3H,
Si(CH3)), 0.09 (s, 3H, Si(CH3)); 13C NMR (125 MHz, CDCl3): d� 206.2
(Pos 3), 171.2 (Pos 12), 153.9 (Pos 10), 103.4 (Pos 11), 99.1 (Pos 5), 82.1, 75.5
(Pos 6�Pos 13), 54.9, 48.6, 47.8, 45.6, 33.9, 31.6, 25.5, 22.6, 14.1, 1.6, ÿ4.5,
ÿ4.7; HRMS: calcd for C23H38O6Si2 ([M�H�]) 467.2285, found 467.2281;
NOE experiments (in C6D6): d� irradiation of 5.17 (Pos 11) effects 2.33
(2.3 %, Pos 2), 0.94 (0.5 %, SiC(CH3)3), 0.12 (0.7 %, Si(CH3)), 0.09 (0.6 %,
Si(CH3)), irradiation of 2.33 (Pos 2) effects 5.17 (2.2 %, Pos 11), 1.32 (1.6%,
Pos 1), 1.14 (2.4 %, Pos 7), irradiation of 1.32 (Pos 2) effects 2.33 (1.4%, Pos
2), 1.64 (1.4 %, Pos 9b), 1.14 (1.1 %, Pos 7).
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Multichromophoric Cyclodextrins, Part 7


Photophysical and Structural Features
of Inclusion Complexes with Fluorescent Dyes


Patricia Choppinet,[b, c] Ludovic Jullien,*[a] Bernard Valeur*[b, c]


Abstract: The synthesis of a new water-
soluble b-cyclodextrin CD-St, with sev-
en steroidic naphthalene chromophores
linked to the primary rim, is reported
together with the photophysical and
structural features of its inclusion com-
plexes with merocyanine and oxazine
fluorescent dyes. These complexes were
formed in a buffer at pH 10. At this pH
the cyclodextrin is 14 times negatively
charged since each chromophore bears
two carboxylic groups. No excimer emis-


sion was detected, as expected from the
design principles. Two complexes can be
formed with stoichiometries 1:1 and 2:1
(CD:dye) for both dyes. The respective
association constants were determined.
In the 2:1 complexes, the cyclodextrin
secondary rims are facing each other.


Such complexes are outstanding artifi-
cial antennae with 14 chromophores
surrounding an energy acceptor. Com-
parison was made with another (previ-
ously reported) water-soluble b-cyclo-
dextrin CD-NA with seven naphthalene
chromophoresÐalso linked to the pri-
mary rimÐbut bearing only one carbox-
ylic group each. In fact, CD-NA only
forms 1:1 complexes with the same dyes.
The difference in complexing ability of
CD-NA and CD-St is discussed.


Keywords: cyanines ´ cyclodextrins
´ fluorescent dyes ´ inclusion com-
pounds ´ merocyanine


Introduction


b-Cyclodextrin is a toroidal molecule containing seven
glucopyranose units. Its cavity diameter is approximately
7 �. Derivatives obtained by covalently linking seven chro-
mophores to the primary or secondary rim exhibit very
interesting features from various points of view.[1±10] The
limited number of chromophores in well defined positions is a
distinct advantage for the study of excitation energy trans-
port[1, 5, 10] which is of major interest for the understanding of
light collection in natural and artificial systems. Inclusion of
an energy acceptor in the cavity leads to a supramolecular
complex in which the antenna effect, that is energy transfer
from the appended antenna chromophores to the encased


acceptor, can be thoroughly studied.[4, 6] The circular arrange-
ment of the antenna chromophores is reminiscent of the
antenna system of photosynthetic bacteria[11] which further
emphasizes the interest of multichromophoric cyclodextrins.
Another outstanding feature is the capability of antenna-
induced photoreactions within the cavity; specific effects are
indeed expected from selective excitation of the reactants
included in the cavity through energy transfer from the
appended chromophores.[7, 8] Finally, multichromophoric cy-
clodextrins can be used as fluorescent sensors since the
fluorescence emission is affected by complexation of an
analyte; for instance, detection of very low concentrations of
cationic surfactants has been recently reported by us.[9]


In our previous work devoted to the antenna effect in an
inclusion complex of a water-soluble b-cyclodextrin CD-NA
with a merocyanine (DCMOH) (Figure 1) we observed an
excimer emission from the appended chromophores.[6] Later
on, investigation of the complexation of several cationic
surfactants[9] suggested that the excimer formation in CD-NA
is likely to result from a head-to-tail interaction between two
naphthalene units located on opposite sides of the function-
alized primary rim. For a thorough study of the antenna effect,
excimer formation should be avoided because excimers act as
energy traps in the excitation energy hopping process, and
energy transfer to an acceptor included in the cavity can occur
from both monomer and excimer forms of the antenna
chromophores. This precludes a detailed analysis of the
dynamics of homotransfer (among antenna chromophores)
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Figure 1. Molecular structure of the molecules CD-St, MOD-St, CD-NA,
MOD-NA, DCMOH, Ox725.


andheterotransfer (from the antenna chromophores to an
included acceptor).


In order to avoid excimer formation, we have designed a
new water-soluble b-cyclodextrin according to the following
principles. Additional repulsive interactions between the
chromophores are introduced because such repulsions can
increase the average interchromophore distance at equilibri-
um and delay excimer formation within the excited state
lifetime of the chromophores. Thus we sought for individual
chromophoric units that would be i) nonplanar to disfavor
molecular stacking and ii) ªlocallyº more charged than in CD-
NA, for instance, containing more than one ionizable group.
In view of the expected similarity of their spectral features to
the previously investigated naphthalenic series, the steroid


backbones, whose A and B cycles are aromatic, have been
selected. Upon additional considerations of structure,
synthetic access and strategy, the b-cyclodextrin-
6A,6B,6C,6D,6E,6F,6G-hepta-O-bis-dehydro-isomarrianolic acid,
hereafter noted CD-St was eventually chosen as a target.


In the present work, the synthesis of CD-St is reported
together with the photophysical and structural features of its
inclusion complexes with a merocyanine dye (DCMOH) and
an oxazine dye (Oxazine 725) (see Figure 1). In particular,
special attention will be paid to the structure of these
complexes since they turned out to be very different from
the inclusion complex of DCMOH with CD-NA.[6] This
investigation is a prerequisite to a detailed study of the
dynamics of the antenna effect to be published later on.


Results and Discussion


Synthesis of CD-St : The first part of the synthesis of CD-St is
displayed in Scheme 1. It starts from the estron methylether 1
that is aromatized in a first step to provide the d-isoequilenin
methylether (2). The latter is transformed into the bis-
dehydro-isomarrianolic acid methylether (3) by iodine oxida-
tion. The deprotection of 3 by boron tribromide afforded the
bis-dehydro-isomarrianolic acid (4) which was then esterified
by diazomethane to give the diester 5. The two last steps are
performed under the conditions that were used for the CD-
NA synthesis[6] (Scheme 2): i) condensation of the phenol 5 on
the per-2,3-O-acetyl-6-iodo-b-cyclodextrin[12] to yield the
perfunctionalized derivative 6 ; ii) final saponification[13]


followed by acidification to give the b-cyclodextrin-
6A,6B,6C,6D,6E,6F,6G-hepta-O-bis-dehydro-isomarrianolic acid
(7) or CD-St.


Photophysical properties of CD-St : The properties of CD-St
are compared with those of the bis-dehydro-isomarrianolic
acid methylether (3) that is noted MOD-St in Figure 1. In fact,
the latter compound is a valuable reference for evaluating the
behavior of a noninteracting chromophore and can thus be
used for estimating the strength of coupling between the
individual steroid units in CD-St.


In a multichromophoric molecule like CD-St whose intrin-
sic interchromophoric and intercharge distances lie in the
range of the characteristic lengths for chromophore coupling
and for charge ± charge interaction (vide infra), the photo-
physical features are expected to strongly depend on the
chromophore arrangement along the primary rim. Since CD-
St is a polyacid, the possible significance of pH and ionic
strength I on controlling the photophysical features was first
investigated. As in the previous studies,[4, 6] Britton ± Robin-
son buffers[14] containing the same buffering components over
the whole range of pH at constant ionic strength were used for
the present investigation.


Absorption spectra : Both CD-St and MOD-St molecules
are soluble in aqueous solution beyond pH 6 at I� 0.1m.
Figure 2 displays the absorption spectra of CD-St and of the
corresponding model MOD-St in a buffer solution at pH 10
(I� 0.1m) and EtOH 95:5 (v/v). CD-St and MOD-St exhibit a
similarly shaped absorption band in the 300 ± 350 nm range.


Abstract in French: Cet article prØsente la synth�se d'une b-
cyclodextrine hydrosoluble, CD-St, portant sept chromophores
naphtalØniques inclus dans un squelette stØroïde, ainsi que les
propriØtØs structurales et photophysiques de ses complexes
d'inclusion vis-à-vis de colorants fluorescents (mØrocyanine et
oxazine). En milieu tamponnØ à pH 10, CD-St, portant
quatorze charges nØgatives, ne prØsente aucune Ømission
attribuable à la formation d'excim�res. CD-St forme des
complexes de stoechiomØtrie CD:colorant 1:1 et 2:1 dont les
constantes d'association ainsi que les structures ont ØtØ
analysØes. La stabilitØ des complexes est comparØe aux rØsultats
obtenus lors de l'Øtude antØrieure de CD-NA, autre b-
cyclodextrine heptachromophorique hydrosoluble, qui donnait
des complexes de stoechiomØtrie 1:1. Les faces secondaires des
unitØs CD-St sont accolØes dans les complexes de stoechiomØ-
trie 2:1 qui forment ainsi de remarquables antennes artificielles
avec leurs quatorze chromophores entourant un accepteur
d'Ønergie.
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Figure 2. Absorption and corrected fluorescence spectra (lexc� 320 nm) of
CD-St (straight line) and its corresponding model MOD-St (dotted line) in
a mixture of buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v). For
comparison, the molar absorption coefficient of MOD-St has been
multiplied by seven whereas both fluorescence spectra have been
normalized at the same height at the maximum.


In contrast to CD-NA that exhibited a noticeable hypo-
chromic effect with regard to its corresponding model MOD-
NA, the molar absorption coefficients of CD-St and MOD-St
are identical over the 300 ± 350 nm range when they are
normalized for seven chromophores. This result is in line with
the smaller molar absorptivity of CD-St while keeping similar
interchromophoric distance.[15]


The absorption spectrum of CD-St is not significantly
affected by pH over the 5 ± 10 pH range at I� 0.1m. The
present result is in contrast to the previous CD-NA series. It
can be accounted for by considering that i) the ionizable
group was directly grafted on the aromatic chromophore in
CD-NA but is not conjugated in CD-St and ii) the excitonic
coupling between the individual chromophores is weaker in


CD-St than in CD-NA (vide
supra). Any pH-induced con-
formational change is thus ex-
pected to lead to smaller mod-
ifications of the absorption
spectrum in CD-St. Similarly,
the ionic strength does not sig-
nificantly affect the CD-St
spectrum at pH 10 in the
0.005 ± 1m range. The difference
of behavior with respect to CD-
NA probably relies on the same
explanation as for accounting
for the pH effect.


Emission spectra : Figure 2 displays the emission spectra of
CD-St and MOD-St in a mixture of buffer at pH 10 (I� 0.1m)
and EtOH 95:5 (v/v) (lexc� 320 nm). The spectrum of both
compounds consists of a band exhibiting a maximum at
353 nm. The absence of any shoulder or band broadening
demonstrates that excimers are not formed in CD-St. This
observation confirms the validity of the present approach
aiming to hinder the interaction between the individual
chromophores of CD-St and made the latter a good candidate
for investigating the detailed kinetics of energy heterotransfer
in photophysically active CD-St-guest complexes.


Above pH 6, the pH has no influence on the emission
spectrum of CD-St whereas the emission intensity strongly
drops at pH 5. The latter observation reveals the intra- or
intermolecular chromophore aggregation that takes place
when the extent of the deprotonation of CD-St is too low. In
fact, at I� 0.1m, the inverse Debye length kÿ1, that is the
characteristic distance for screening electrostatic interaction,
is equal to 1.0 nm.[16] Since the intercharge distance between
two neighboring chromophores is about 1 nm, it can be
concluded that each individual steroid unit in CD-St behaves
more or less independently regarding electrostatic interac-
tion. Since the apparent pKa at I� 0.1m of the two carboxylic
acids in MOD-St should be about 5 ± 6,[17] it appears reason-
able to expect that an extensive ionization takes place from
pH 6.[18] Similarly, the ionic strength of the solution has no
influence on the emission spectra of CD-St at pH 10 in the
range 0.005 ± 1m.


In view of the smaller molar absorption coefficient of CD-
St compared with CD-NA and its anticipated similar com-
plexing capability, the experiments devoted to evidence and
characterize association had to be made at larger concen-
trations of derivatized cyclodextrin. As a consequence, special
attention was paid to the aggregation behavior that can


Scheme 1. Synthesis of compound 5.


Scheme 2. Synthesis of CD-St (7).
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sometimes obscure the interpretation for deriving association
constants.[19] In the present steroid series, this investigation is
especially necessary since several steroids exhibit detergent
properties (bile acids, etc.) and since its stereochemistry gives
some facial[20] amphiphilic character to the bis-dehydro-
isomarrianolic acid skeleton. In a first series of experiments,
the Beer ± Lambert law was checked for absorption of MOD-
St and CD-St over the 0 ± 150 mm and 0 ± 15 mm, respectively
concentration range in the 6 ± 10 pH range at I� 0.1m. Such
results are only marginally informative for the present
purpose since the comparison between the absorption fea-
tures of MOD-St and CD-St suggested the absence of large
modifications of the absorption spectra that should be
consecutive to aggregation phenomena. The same experi-
ments were repeated for the emission spectra since the
quantum yield of fluorescence emission is generally a very
sensitive probe towards aggregation. The absence of any
deviation from the Beer ± Lambert law for emission demon-
strated that both MOD-St and CD-St molecules do not
aggregate in the concentration range that was investigated in
the absorption experiments. Furthermore, the absence of
dependence of the excited-state lifetimes of MOD-St and CD-
St (data not shown) as a function of their concentrations in a
mixture of buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v)
further support the absence of aggregation.


Photophysical features and
self-association of the guest
dyes : To examine the influence
of the overlap of the acceptor
absorption spectrum with the
emission of CD-St, we look for
two molecules fulfilling the pre-
viously reported constraints for
complexation and photophy-
sics[6] and that should addition-
ally exhibit absorption maxima
at very different wavelengths.
The previously investigated
DCMOH merocyanine was se-
lected as the acceptor with a
good spectral overlap whereas
the red-absorbing Oxazine 725
(Ox725) was anticipated to be a
poor acceptor[21] (Figure 1). Fig-
ure 3 displays the fluorescence spectrum of CD-St and the
absorption spectra of DCMOH and Ox725 in a mixture of
buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v). DCMOH and
Ox725 exhibit their respective absorption maximum at 460
and 655 nm. The much smaller spectral overlap for Ox725 is
clearly shown in Figure 3.


In view of the rather large concentrations that were antici-
pated to be required for extracting the association constants
(vide supra), the possible aggregation of DCMOH and Ox725
at high concentrations was first investigated. Whereas Ox725
conforms to the Beer ± Lambert law for absorption spectra
in the 1 ± 50 mm concentration range and for emission spectra
in the 1 ± 5 mm[22] concentration range, DCMOH exhibits a
behavior that implies a dependency on its concentration. On


Figure 3. Corrected fluorescence spectrum of CD-St (dotted line) and
absorption spectra of DCMOH and Ox725 (straight lines) in a mixture of
buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v).


increasing the latter, a small hyperchromism is observed
within the 0.6 ± 1.5 mm range and accompanied by a significant
blue-shift of the absorption whereas the increase of fluores-
cence emission is dampered at large concentrations. Figure 4
quantitatively displays the role of the DCMOH concentration
on the absorption at 460 nm (Figure 4, left) and the fluo-
rescence emission at 630 nm (lexc� 460 nm; Figure 4, right). A


single rather abrupt change of the absorption and fluores-
cence regime occurs at concentrations around 8 mm. In view of
the limited water solubility of DCMOH, a two-step aggrega-
tion process has been envisaged to account for these
observations. As a result of the large dipole moment of
DCMOH, a head-to-tail dimerization is first expected at
intermediate concentrations. The excitonic coupling within
the corresponding species would indeed lead to the observed
blue shift in absorption[23] and the DCMOH aggregation
would be accompanied with a significant drop of its fluo-
rescence quantum yield. At the largest concentrations, one
should observe the formation of much larger aggregates that
would not further affect the absorption while still leading to
the decrease of fluorescence emission. The aggregation


Figure 4. Absorption at 460 nm (left) and corrected fluorescence spectra at 630 nm (lexc� 460 nm) (right) of
DCMOH as a function of the DCMOH concentration in a mixture of buffer at pH 10 (I� 0.1m) and EtOH 95:5
(v/v).
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phenomenon has been additionally evidenced by phase
fluorimetry experiments at different DCMOH concentra-
tions. Whereas the observed DCMOH fluorescence decay is a
single exponential at 4.7 mm, a longer decay time appears at
41 mm (Table 1) which arises from the poorly fluorescent


DCMOH aggregates. The fluorescence emission data dis-
played in Figure 4, right, have been analyzed in the low
concentration regime to extract the dimerization constant
Kdim associated to the Equations:


2DCMOH� (DCMOH)2 (1)


The following equations:


If�a1[DCMOH]�a2[(DCMOH)2] (2a)


If�
2a1 ÿ a2


8 Kdim


� � ������������������������������������������������
1� 8 Kdim�DCMOH�tot


p ÿ 1
ÿ �� a2


2
[DCMOH]tot (2b)


are used for fitting the data where If denotes the fluo-
rescence intensity, a1 and a2 are the proportionality factors,
respectively, relating the fluorescence emission of DCMOH
and (DCMOH)2 to their concentrations, and [DCMOH]tot is
the total concentration of dye in the solution.[24] A dimeriza-
tion constant equal to Kdim� 5.3� 105 (logKdim� 5.7) (refer-
ence system: infinitely diluted solution parametered by molar
concentrations) and a2/a1� 0.26 are thus obtained. The
self-aggregation of DCMOH is a severe limit for investigating
the CD-St:DCMOH association since only rather low con-
centration ratios [DCMOH]/[CD-St] will be accessible for
reasonably extracting the ther-
modynamic constants (vide
infra).


First evidences for the CD-
St :dyes interaction : The inter-
action between the CD-St host
and the DCMOH and Ox725
guests can be revealed by ob-
serving either the host or the
guest absorption and emission
features.


CD-St :DCMOH interaction :
To examine the possible mod-
ifications of the photophysical
properties of the dye, a first
series of experiments was per-
formed at constant DCMOH


concentration (6.0mm). Upon addition of increasing amounts
of CD-St, a red shift from 463 nm to 480 nm of the DCMOH
charge transfer absorption band was observed (Figure 5, left).
At the same time, the direct excitation of the DCMOH
fluorescence emission (lexc� 460 nm) led to a large increase of
emission intensity that was accompanied by a blue shift from
637 nm to 586 nm (Figure 5, right). The evolution of the
fluorescence emission is first discussed. Indeed, since the
fluorescence quantum yields of the DCMOH aggregates are
much lower than that of the monomer, this evolution is
essentially related to the monomer behavior. As a result of its
larger dipole moment in the excited state, both increases of
fluorescence emission and blue shift are in line with the
transfer of the DCMOH from the aqueous solution to a less
polar and less relaxed environment such as the cyclodextrin
cavity.[6] According to the same reasoning, a blue shift would
have been expected upon DCMOH interaction with CD-St in
the absorption spectrum. However, the experimentally ob-
served behavior has to be interpreted in the light of the above-
mentioned aggregation study of DCMOH. Hence the red-
shift is not governed by a change of polarity but it simply
reflects the dissociation of the DCMOH aggregates (dimers at
a DCMOH concentration equal to 6 mm) upon addition of
CD-St.


CD-St :Ox725 interaction : A similar series of experiments
was performed at constant Ox725 concentration (2.0 mm).
Figure 6, left, shows that the absorption band of Ox725 is red-
shifted and slightly decreased when CD-St is added. The latter
observations point out the existence of a CD-St:Ox725
interaction. Nevertheless, they cannot be used for evaluating
the environmental changes upon interaction since the sym-
metrical merocyanine structure of Ox725 forbids the presence
of strong solvatochromic effects. The evolution of the
fluorescence emission spectrum by direct excitation of
Ox725 (lexc� 600 nm) is displayed in Figure 6, right. The
interaction with CD-St is accompanied by the quenching of
the Ox725 fluorescence. The latter observation is probably
related to an electron transfer from the naphthalene rings of
the steroid units to the excited state of Ox725. Together with
the short range of electron transfer, the absence of any relay
for the reducing electrons in CD-St suggests that, like


Table 1. Decay times of DCMOH under different experimental conditions
(lexc� 442 nm, T� 298 K).


Conditions t [ns] f[a] c2
r


[b]


pH 10 buffer 4.7 mm 0.386� 0.006 1 0.852
pH 10 buffer 41 mm 0.387� 0.006 0.96


1.53� 0.24 0.04 1.592
pH 10 buffer with CD-St (8.2 mm) 0.61� 0.06 0.04
([DCMOH]/[CD-St]� 0.5) 3.49� 0.04 0.96 0.934


[a] Fractional intensities. [b] Reduced chi-square.


Figure 5. Absorption (left) and corrected fluorescence spectra (lexc� 460 nm) (right) of DCMOH as a function
of the [CD-St]/[DCMOH] concentration ratio in a mixture of buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v). The
DCMOH concentration is kept constant throughout the whole experiment at [DCMOH]� 6.0mm.
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DCMOH, the Ox725 molecule is likely to be included within
the CD-St cavity in the CD-St:Ox725 complex.


Antenna effect : Solutions of CD-St (9.3 mm for the DCMOH
experiment and 6.8 mm for the Ox725 experiment) in a mixture
of buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v) at various
concentrations of DCMOH or Ox725 were prepared. Fig-
ure 7, left, displays the evolution of the fluorescence emission
of the solutions as a function of the [DCMOH]/[CD]-St ratio
upon excitation at lexc� 320 nm. Upon increasing the
DCMOH concentration, the fluorescence of the naphthalene
chromophores decreases whereas the DCMOH fluorescence
increases, even after correction of the contribution of the
direct DCMOH excitation.[25] Under the same conditions, the
addition of increasing amounts of DCMOH to a MOD-St
solution does not induce any change of the emission signal of
the naphthalene chromophore. The former observation
provides evidence of the energy transfer from the excited
naphthalenic antenna towards the included DCMOH. Fig-
ure 7, right, displays the evolution of the fluorescence
emission of CD-St solutions when increasing amounts of
Ox725 are added (lexc� 320 nm). As observed with DCMOH,
the CD-St emission of fluorescence drops upon addition of
Ox725. At the same time and although it is weak as a result of


the low fluorescence quantum
yield, the fluorescence emission
of Ox725 gradually manifests.
The present observation is in
line with the energy transfer
from the naphthalenic chromo-
phores to the Ox725 guest.
During this experiment, one
can also notice that the Ox725
fluorescence becomes slightly
red-shifted at the largest
[Ox725]/[CD-St] ratios. This
phenomenon is linked to the
small Stokes shift of Ox725 and
the consequent reabsorption of
fluorescence which occurs
when the absorbance becomes
large enough at the wave-


lengths coresponding to the spectral overlap between the
absorption and fluorescence spectra. A more detailed inves-
tigation of the kinetics of energy transfer process in relation
with the absorption properties of the dye will be published
elsewhere.


Characterization of the CD-St :dye complexes : The formation
of inclusion complexes of DCMOH and Ox725 with CD-St
was qualitatively evidenced by a first analysis of the series of
experiments that have been presented in the last paragraph.
In the next step, the thermodynamic characterization (stoi-
chiometries and association constants) and the structural
investigation of the CD-St:dye complexes are presented.


The stoichiometries of the associated species were first
addressed by drawing Job�s plots. The normalized deviation of
the experimental data from the additive behavior that is
expected without interaction is plotted as a function of the
molar fractions at a constant sum of concentrations, that is
[CD-St]� [dye]. The fluorescence emission provided the
most sensitive signals for DCMOH. Figure 8, left, displays
the results. Attention should be paid to the fact that the Job�s
plot was essentially recorded at DCMOH concentrations such
that no DCMOH aggregation takes place so as not to possibly


obscure the interpretation of
the results. In the Ox725 case,
the absorbance at 225 nm
turned out to be a most sensi-
tive indicator (Figure 8, right).
For both dyes, a maximum of
deviation is observed at a molar
fraction of dye around 1�3 that
points out a stoichiometry CD-
St:dye equal to 2n :n.[26] n can
be deduced from the fine anal-
ysis of the Job�s experiments
with DCMOH. Indeed, one
can notice that the two series
of fluorescence experiments
(lexc(CD-St) and lem(CD-St)
or lem(dye); lexc(dye) and
lem(dye)) address different


Figure 6. Absorption (left) and corrected fluorescence spectra (lexc� 600 nm) (right) of Ox725 as a function of
the [CD-St]/[Ox725]concentration ratio in a mixture of buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v). The
Ox725 concentration is kept constant throughout the whole experiment at [Ox725]� 2.0mm.


Figure 7. Evolution of the fluorescence spectra of CD-St solutions on addition of DCMOH for a concentration
ratio [DCMOH]/[CD-St]� 0 ± 4.5 (left) or Ox725 for a concentration ratio [Ox725]/[CD-St]� 0 ± 11.3 (right).
Solvent: buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v). Excitation wavelength: lexc� 320 nm.
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ranges of interaction. Whereas the former series emphasizes a
long range interaction linked with the process of energy
transfer, the latter informs on the changes of the close
environment of the dye. Hence, the complex stoichiometry
remains unaffected by changing the spatial scale from a few
angströms to a few nanometers, the latter distance being equal
to the Förster radius (3.4 nm for DCMOH, 2.5 nm for Ox725;
see Experimental Section). By considering the characteristic
dimensions of the dye molecules and CD-St, the independ-
ence of the stoichiometry on the depth of probing interaction
supports the sole presence of only one dye molecule in the
close neighborhood of two CD-St molecules. The CD-St:dye
stoichiometry is then 2:1.


For deriving the association constants b corresponding to
the Equation (3):


2CD-St� dye � [(CD-St)2:dye] (3)


we first simulated the experiments that were done for drawing
Job�s plots. The equilibrium and conservation laws were
written for the experimental [CD-St]� [dye] total concen-
trations and the simulated normalized data were numerically
calculated by solving the resulting polynomial equation for
each values of the dye molar fraction. The best fit of the
simulated to the experimental data yields the final b value.
Both entries 1 of the Table 2 display the results for b so as the
corresponding standard Gibbs free energies for Equation (3).
The latter approach is not very precise for deriving b. In the
present system, a more sensitive method for extracting b


consists in processing the data that were obtained during the
titration at constant dye concentration. A first nonlinear least-
squares fit of the experimental data was attempted according
to the general equation:


x� 2
IF ÿ I0


I1 ÿ I0


� �
� 1


�dye�tot


ÿ
�


1


b


IF ÿ I0


I1 ÿ I0


� �1=2�
(4)


where x is the ratio [CD-St]tot/[dye]tot , IF is the fluorescence
intensity for the considered x value, I0 is the initial fluores-


cence intensity of the dye, I1 is
the asymptotic intensity corre-
sponding to the full complex-
ation, [dye]tot is the total con-
centration in dye and b is the
stability constant of the [(CD-
St)2:dye] complex. In spite of a
satisfactory fit, the plot of the
residuals revealed some sys-
tematic deviation that led us to
consider the successive com-
plexation processes for both
dyes:


CD-St� dye� [CD-St:dye] (5a)


CD-St� [CD-St:dye]
� [(CD-St)2:dye]


(5b)


with respective association con-
stants K11 and K12 such as b�
K11K12. To extract K11 and K12


and then b from the experimental data, a series of numerical
simulations was performed by assuming that both associated
species CD-St:dye and (CD-St)2:dye exhibit identical photo-
physical features (either molar absorption coefficients or
quantum yields of fluorescence noted a in Table 2). As for
Job�s simulations, the equilibrium and conservation laws
yielded a polynomial equation linking the simulated signal to


Figure 8. Job's plots. Left: variations of the normalized value of emission fluorescence (IFÿ xDCMOHI1) at 358 nm
(lexc� 320 nm, circles) and 585 nm (lexc� 320 nm, squares; lexc� 460 nm, triangles) as a function of xDCMOH�
[DCMOH]/([DCMOH]� [CD-St]), at constant sum of concentrations ([DCMOH]� [CD-St]� 8.1mm). I1 is the
fluorescence intensity for xDCMOH� 1, i.e., without CD-St; right: variations of the normalized value of the
absorbance at 225 nm [Ax(225)ÿ xOx725A1(225)] (circles) as a function of xOx725� [Ox725]/([Ox725]� [CD-St]), at
constant sum of concentrations ([Ox725]� [CD-St]� 10.9 mm). A1(225) is the absorbance for xOx725� 1, i.e.,
without CD-St. Solvent: buffer at pH 10 (I� 0.1m) and EtOH 95:5 (v/v).


Table 2. Association constants b, corresponding Gibbs free energies DrG0
b


and extrapolated parameters a describing the interactions between CD-St
and the dyes DCMOH and Ox725 in a mixture of buffer at pH 10 (I� 0.1m)
and EtOH 95:5 (v/v) at 298 K. The different entries correspond to the
following experiments: 1) simulation of Job's plots; 2) titration of the dye at
constant concentration by CD-St, see text.


Experiment log b DrG0
b [kJ molÿ1] a


DCMOH
1 11.5� 0.5[a] ÿ 67� 4[a] ±[b]


2 11.5[c] ÿ 67[c] 10.3[d]


logK11� 4, logK12� 7.5


Ox725
1 11� 0.5 ÿ 63� 3 ±[e]


2 10.7[f] ÿ 61[b] 0.66[g]


logK11� 4, logK12� 6.7 0.11[h]


[a] This value is an average over the treatment of the three different sets
of experimental data that have been gathered under the following
conditions: (IFÿ x I1) at 358 nm (lexc� 320 nm) or at 585 nm (lexc�
320 nm or lexc� 460 nm), see text. [b] Use was made of the value (10.3)
extracted from experiment 2 to simulate Job's plot. [c] This value has been
obtained by numerical simulation of the fluorescence emission of
DCMOH at 610 nm (lexc� 460 nm) as a function of x� [CD-St]/
[DCMOH] at [DCMOH]tot� 6.0mm. In fact, K11 and K12 are obtained
from the simulation and b�K11K12 , see text. [d] Value extracted from
fluorescence experiments. [e] Value (0.11) was extracted from experiment
2 (Ox725) to simulate Job's plot. [f] This value results from the averaging
of the simulations of both the absorption at 600 nm and fluorescence
emission at 670 nm (lexc� 600 nm) of Ox725 as a function of x� [CD-St]/
[Ox725] at [Ox725]tot� 2.0mm. In fact, K11 and K12 are obtained from the
simulation and b�K11K12, see text. [g] From the simulation of the
absorption at 600 nm. [h] From the simulation of the fluorescence emission
at 670 nm (lexc� 600 nm).
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the ratio [CD-St]/[dye] at constant total concentration of the
dye. The values of K11 and K12 that gave the best fit of the
experimental data are given in both entries 2 of Table 2. The
comparison of entries 1 and 2 is satisfactory. The association
constants b corresponding to Equation (3) are rather large for
a complexation in the b-cyclodextrin series. With regard to the
previous CD-NA series, two points have to be underlined.
First, the most favored association between the b-cyclodextrin
and one dye molecule involves two CD molecules instead of
one in the CD-NA system. Second, the association constant
K11 is about ten times lower than the previously reported
thermodynamic constant for the 1:1 complexation of
DCMOH[6] or Ox725[27] by CD-NA.


Structural analysis of the (CD-St)2 :dye complexes : In view of
the 2:1 stoichiometry of the CD-St:dye complexes, two
axysymmetric arrangements for the associated species have
been envisaged (Figure 9). Three different approaches were
attempted to address the relative orientation of the cyclo-
dextrin units in the complex.


Figure 9. Possible relative arrangements of the CD-St and dye molecules
in the (CD-St)2:dye complexes (the averaged symmetry axis of two CD-St
monomers are aligned and their a) primary or b) secondary rims are facing
each other); c) modelization of the (CD-St)2:DCMOH associated species
as an axysymmetrical prolate ellipsoid, see text.


In a first series of experiments, the effect of ionic strength
on the stability of the (CD-St)2:dye complex was examined.
Job�s experiment for the system CD-St:DCMOH was repeat-
ed at an ionic strength equal to 5.10ÿ3m. Under such
conditions, the Debye inverse length kÿ1 is about 4 nm instead
of about 1 nm at 0.1m. As a result of the smaller distance
between the interacting units in the (CD-St)2:DCMOH
complex when the cyclodextrin primary rims are facing
(Figure 9a) than when the secondary faces are associated
(Figure 9b) and in view of the kÿ1 screened dependence of the
electrostatic interaction, a more significant drop of the
association constant is thus expected, when lowering the
ionic strength, according to the scheme pictured in Figure 9a
than in Figure 9b. In fact, both stoichiometry and association
constant were found to be identical at the 0.1m and 5.10ÿ3m
values for the ionic strength. Although slightly surprising at
first glance, such a result could be interpreted as disfavoring
the association according to Figure 9a (vide infra).


In a second series of experiments, the addition of a guest
specifically competing for the cyclodextrin cavity was envis-


aged. Indeed, whereas a major change of the extent for the
process of dye complexation is expected if the dye is included
within the cyclodextrin cavity, no dramatic change would
occur if the dye simply interacts with the steroid walls
according to Figure 9a. 1-Adamantane carboxylic acid
(ADAC) was chosen as a specific competing inhibitor for
the cyclodextrin cavity. Job�s experiment was repeated for the
couple CD-St:DCMOH in the presence of ADAC. With
regard to the corresponding experiment without ADAC (see
Figure 8), a broadening of the normalized signal as a function
of the molar fraction of the dye was observed towards larger
values. The present significant evolution points out the
ADAC/DCMOH competition for complexation within the
cavity. The Job�s plot was numerically simulated as above by
taking into account the chemical Equations (5a), (5b) and:


CD-St�ADAC� [ADAC�CD-St] (6)


By using b� 104� 107.5 (See Table 2), the best fit of the
experimental data led to a value equal to 104 for the
association constant corresponding to Equation (6). In view
of the possible contribution of an additional hydrophobic
term, the latter value is in satisfactory agreement with already
reported b-CD:ADAC association constants.[28] Consequently
both the efficient role of ADAC as a competitor together with
the quantitative agreement of the association constant
support Figure 9b as the most probable for describing the
CD-St:DCMOH interaction.


Eventually, a hydrodynamic approach was considered to
complete the structural investigation. In fact, at low resolu-
tion, both structures displayed in Figures 9a and 9b can be
envisioned as smooth bodies whose characteristic dimensions
(length L and diameter D) are large enough with respect to
the diameter of a water molecule so as to consider the
surrounding aqueous medium as a continuum for analyzing
the friction features. Under such conditions, the analysis of the
hydrodynamic properties of a kinetically inert species such as
the translational or rotational diffusion constants can be used
to derive the molecular dimensions of the system.[29] In the
present case, the rotational diffusion coefficient can be
obtained from the analysis of the emission anisotropy. As a
result of the intrinsic mobility of each steroid wall at room
temperature and to the fast expected energy hopping between
the individual chromophores along the CD-St primary rim,
the observation of the CD-St emission anisotropy cannot be
used for the present purpose. In contrast, the dye can be used
as a probe for analyzing the motions of the whole complex. In
fact, any rotation that should occur around an axis, that is
perpendicular to the transition dipole moment during the
lifetime of the excited state, is expected to affect the dye
emission anisotropy. In the present investigation, it was
impossible to apply this methodology to Ox725 since the
fluorescence emission of the complexed Ox725 molecules is
too weak for measuring their lifetime (vide supra). In
contrast, the DCMOH is especially suited for the present
analysis. The lifetimes t and steady-state emission anisotro-
pies rÅ of DCMOH were measured in the presence of a large
excess of CD-St. In the latter case, almost all DCMOH
molecules are complexed so as to consider the corresponding
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emission anisotropy to essentially result from the (CD-
St)2:DCMOH complex. The results are given in Table 1.
Upon excitation at lexc� 442 nm, the fluorescence decay in
the presence of CD-St is a double exponential with a short
decay time corresponding to the lifetime of free DCMOH and
a longer one corresponding to the lifetime in the CD-St
complex; the former is indeed close to the lifetime measured
in the absence of CD-St. The fact that the lifetime is much
shorter in the buffer than in the cavity is consistent with the
findings on fluorescence quantum yields: the ratio of lifetimes
is 9.1, that is identical to the ratio of quantum yields (9.9). The
steady-state emission anisotropies were then used for evalu-
ating the molecular dimensions in the following manner. We
first reasonably assumed that the (CD-St)2:DCMOH associ-
ation was tight with the main DCMOH axis aligned with the
symmetry axis of the cyclodextrin dimer. In fact, such findings
have been reported in the CD-NA series.[30] Moreover the
DCMOH length and diameter fit both well with the internal
volume of a b-cyclodextrin dimer. Second, the (CD-
St)2:DCMOH associated species was described as an axysym-
metrical prolate ellipsoid (length L ; diameter Æ; see Fig-
ure 9c). Under these conditions and by additionally consid-
ering that the transition dipole moment of DCMOH is
oriented along the main molecular axis, the decay of emission
anisotropy is a single exponential:[31]


r(t)� r0 exp(ÿ6 D?t) (7)


where r0 is the fundamental anisotropy and D? is the diffusion
coefficient for rotation about an inertial axis perpendicular to
the symmetry axis. The steady-state anisotropy can then be
written as:


1


r
� 1


r0


(1� 6 D?t) (8)


where t is the lifetime of the excited state.
The diffusion coefficient D? can be calculated by means of


Perrin�s equations for prolate symmetric ellipsoid:[32]


D?�
31f�212 ÿ 1��12 ÿ 1�ÿ1=2ln�1� �12 ÿ 1�1=2� ÿ 1g


2�14 ÿ 1� D (9)


where 1 is the axial ratio (i.e., ratio of the longitudinal
semiaxis a to the equatorial semiaxis b of the ellipsoid) and
D� kT/6Vh is the diffusion coefficient calculated for a sphere
of the same volume and under the same conditions of
temperature T and viscosity h. Stick boundary conditions
are assumed to be valid.


The fundamental emission anisotropy r0 of DCMOH was
shown to be equal to 0.390 in a previous report.[6] The value of
the steady-state emission anisotropy measured in the pres-
ence of an excess of CD-St (rÅ� 0.146), together with the
excited-state lifetime of DCMOH in the cavity (t� 3.49 ns)
are used to calculate the rotational diffusion coefficient D? of
DCMOH (by means of Equation (8)). Then, Equation (9)
allows us to derive a reasonable estimate of the axial ratio
(1� a/b� 1.75) by taking h� 10ÿ3 Pa sÿ1 (water viscosity at
room temperature). Moreover, the hydrodynamic diameter Æ
(� 2 b) of CD-St can be evaluated to 2 nm by analogy with
hydrodynamic measurements that have been performed on


other b-cyclodextrin derivatives.[33] Therefore, the length of
the ellipsoid L� 2 a is found to be 3.5 nm. The obtained L
value compares well to the Quanta molecular model of the
complex as in Figure 9b since the height of one CD-St
molecule was evaluated to 1.7 nm.


In view of the results obtained along the different series of
experiments that were performed for analyzing the fine
structure of the (CD-St)2:DCMOH complex, it thus appears
more convincing to consider that the CD-St units self-
assemble around the DCMOH by their secondary faces as
pictured in Figure 9b than by their primary faces as displayed
in Figure 9a.


Comparison of the complexing ability of CD-St and CD-NA
towards DCMOH and Ox725 : It is rather amazing that such
similar compounds as the previously investigated CD-NA and
the present CD-St do not lead to the same stoichiometry of
the complexes with DCMOH and Ox725 dye molecules.
Whereas 2:1 (CD:dye) complexes are formed with CD-St,
only 1:1 associated species are obtained with CD-NA. More-
over, it is disturbing to observe that the dimerization occurs
with the cyclodextrin derivative that bears the largest number
of negative charges.


To understand this apparent paradox, we first evaluated the
anticipated electrostatic interaction between two identically
charged CD-NA molecules in the configuration presented in
Figure 9b. According to the method that was already report-
ed,[34] CD-NA was modeled as an heptagonal distribution of
regularly spaced negative charges interacting in the frame of
the Debye ± Hückel theory. The electrostatic work that was
associated to the process of building the dimer from two
infinitely spaced CD-NA monomers was then evaluated to lie
in the 15 and 30 kJ molÿ1 range for an ionic strength equal to
0.1m and 5� 10ÿ3m, respectively.[35] From the present calcu-
lation and if only considering the (probably dominating)
electrostatic term for CD ± CD interaction, one should thus
expect that: i) the stability of (CD-NA)2:DCMOH is larger
than that of (CD-St)2:DCMOH. Indeed, at the same pH 10,
CD-St bears about twice more negative charges than CD-NA
so as to increase by a factor of 4 the corresponding electro-
static work for association;[34] and ii) the stability of the (CD-
St)2:DCMOH complex is markedly affected by lowering the
ionic strength. Hence, the electrostatic work for association
increases by a factor of 2 when going from 0.1m to 5.10ÿ3m for
the ionic strength.


The experimental observations contradict both preceding
anticipations. In fact, the latter results are best explained in
the frame of the nonlinear electrostatic screening that occurs
when strongly charged bodies interact at rather low ionic
strength. Some recent works emphasized the variety of
regimes for electrostatic interaction that are observed when
one overcomes the limits of applicability of the Debye-Hückel
theory.[36] In fact, under the present conditions of concen-
tration of supporting salt, a polyelectrolyte character most
probably appears for CD-St whereas it is absent for CD-
NA.[37] As a consequence, a significant part of the CD-St
counterions should ªcollapseº on CD-St so as to considerably
decrease its apparent charge for evaluating electrostatic
interaction at a range beyond about a few angström. In the
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CD-NA case, if no counterion condensation takes place, the
seven charges of each CD-NA units will have to be taken into
account for evaluating electrostatic interaction, whatever the
considered range. Thus, even if CD-St is intrinsically (locally)
more charged at very short range (0.1 nm), it could dimerize
more easily than CD-NA since the dimerization process
involves a repulsive electrostatic interaction at rather long
range (about 3 nm according to Figure 9b). The theoretical
evaluation of the proportion of counterions that are con-
densed on CD-St is difficult since it is expected to depend on
the surface charge and the curvature of the molecule.[36] The
present experimental results suggest that this proportion
overcomes 0.5 since i) CD-St dimerizes in the presence of
DCMOH whereas CD-NA does not, and ii) the same linear
screening for electrostatic interaction will apply for both CD-
St and CD-NA after correction of the condensed counterions.
Under these conditions, the absence of any significant
influence of the ionic strength on the stability of the (CD-
St)2:DCMOH complex cannot be easily explained in view of
the possible changes of regimes for electrostatic interaction
that can occur when the inverse Debye length drops below the
local molecular curvature.[36]


Another way to approach the difference of behavior
consists in comparing K11(CD-St) with the association con-
stant K(CD-NA) for the same dye substrates. In fact, one has
K(CD-NA)� 10�K11(CD-St). This means that the driving
force for association is larger for CD-NA. One possible
explanation should be that the molecular stacking is better at
the level of the circular assembly of chromophores in CD-St
than in CD-NA (less repulsive interaction between individual
walls upon counterion condensation and possible better fit to
the steric requirements for CD-St). Under such an assump-
tion, the dye would be probably less deeply incorporated in
the CD cavity in CD-St thus leading to a smaller 1:1
association constant K11. Indeed the K12(CD-St) value also
supports this explanation in relation with a previous work
where the dimerization constant Kdim of neutral cyclodextrins
in water was obtained from extrapolation of the association
constants for a series of oppositely charged cyclodextrin
derivatives.[34] One has typically K12(CD-St)/K11(CD-St) �a
few 103 whereas Kdim� 1.5� 102. Both processes involving
cyclodextrin dimerization, the relation K12(CD-St)/K11(CD-
St)>Kdim may point out the larger exposure of the hydro-
phobic dye within the CD-St cavity in the 1:1 complex.


Conclusion


In the present work, we have shown that CD-St can form
complexes with DCMOH and Ox725 dyes and that the
stoichiometries of these complexes are 1:1 and 2:1 (CD:dye).
The respective association constants were found to be similar
for both dyes. The absence of significant effect of the ionic
strength and competition experiments led us to suggest that
the cyclodextrin secondary rims are facing in the 2:1 complex.
The fluorescence polarization data are consistent with a
model of prolate ellipsoid. Comparison was made with CD-
NA in which the seven naphthalene chromophoresÐalso
linked to the primary rimÐbear only one carboxylic group


each. CD-NA forms only 1:1 complexes with the same dyes.
The difference with CD-St can be explained by the more
pronounced polyelectrolyte character of CD-St in which the
chromophores are likely to be more closely packed as a result
of the collapse of a significant part of the counterions. The
consequent decrease of the apparent charge to be considered
in the electrostatic interaction can explain the absence of
noticeable effect of ionic strength. Moreover, it is expected
from this model that the dye is less deeply inserted in the CD
cavity, which is consistent with the observation of a smaller
K11 association constant for CD-St than for CD-NA.


In contrast to CD-NA, no excimer emission from CD-St
was detected, as expected from the design principles. There-
fore, the absence of excimers as energy traps is a distinct
advantage for the study of the antenna effect. These 2:1
supramolecular complexes are indeed outstanding artificial
antennae with 14 chromophores surrounding an energy
acceptor. The antenna effect in these complexes, and in
particular the dynamics of energy transfer, will the subject of a
forthcoming paper.


Experimental Section


Synthesis : General procedures : Microanalyses were performed by the
Service Central d�Analyse du CNRS (Vernaison) or by the Service de
Microanalyses de l�UniversiteÂ Pierre et Marie Curie (Paris). Melting points
were determined on a Kofler Heizbank. 1H and 13C NMR spectra were
recorded in CDCl3 at room temperature on a AM200 SY Bruker
spectrometer operating at 200.13 MHz for 1H and 50.3 MHz for 13C;
chemical shifts are reported in ppm with protonated solvent as internal
reference (1H: CHCl3 in CDCl3 d� 7.26, CHD2COCD3 in CD3COCD3 d�
2.04, CHD2OD in CD3OD d� 3.30, CHDCl2 in CD2Cl2 d� 5.32; 13C:
13CDCl3 in CDCl3 d� 76.9, 13CD3COCD3 in CD3COCD3 d� 29.8,
13CD3OD in CD3OD d� 49.0, 13CD2Cl2 in CD2Cl2 d� 53.8); coupling
constants J are given in Hz; homodecoupling and 2D carbon ± proton
correlations were used when necessary, to assign 1H and 13C NMR spectra
(CD has been numbered from 1 to 6 and the steroid backbone from 1' to 18'
in the usual way). CIV and CH stand for quaternary or hydrogen-bearing
carbon atoms belonging to aromatic rings, respectively. Mass spectra (FAB
positive) were performed by the Service de Spectrometrie de Masse du
CNRS (Vernaison) and by Dr. Laprevote (ICSN CNRS, Gif sur Yvette).
Column chromatography was performed on Merck silica gel 60 (0.040 ±
0.063 mm). Analytical or preparative thin-layer chromatography (TLC)
was conducted on Merck silica gel 60 F254 glass precoated plates. Visual-
ization was accomplished with ultraviolet light, iodine, or sulfuric acid (5 %
in H2O). Anhydrous solvents were purchased from SDS, France and used
without further purification. b-Cyclodextrin from Orsan, France was
dehydrated before use. Other commercially available reagents were used
as obtained.


d-Isoequilenin methylether (2):[38] Estron methylether 1 (5.00 g, 18 mmol)
and 5% palladium on charcoal were thoroughly mixed in a 50 mL two-
necked flask fitted with a mechanical stirrer and an argon inlet tube. The
flask was heated in a metal bath at 250 ± 260 8C under constant flushing of
argon while stirring from time to time. After cooling to room temperature,
the mixture was thoroughly extracted with CH2Cl2 and filtered. The solvent
was evaporated and the crude residue (4.60 g) was recrystallized from
methanol to give 2 as a white powder (3.55 g, 70 %): m.p. 118 ± 120 8C (lit.
119 ± 120 8C[38]); TLC (CH2Cl2): Rf� 0.5; 1H NMR (CDCl3): d� 7.88 (d, J�
9.1 Hz, 1 H, 4'), 7.62 (d, J� 8.4 Hz, 1H, 7' or 8'), 7.28 (d, J� 8.4 Hz, 1H, 7' or
8'), 7.20 (m, 2H), 3.93 (s, 3H, OCH3), 3.1 (m, 3 H), 2.4 (m, 3 H), 1.9 (m, 2H),
1.7 (m, 1H), 1.16 (s, 3 H, 18'); 13C NMR (CDCl3): d� 204.0 (17'), 157.1 (2'),
133.3 (CIV), 132.45 (CIV), 129.8 (CIV), 127.8 (CH), 127.3 (CIV), 125.5 (CH),
124.5 (CH), 118.1 (CH), 106.8 (CH), 55.2 (OCH3), 47.5 (14'), 46.75 (13'), 36.8,
28.9, 26.4, 21.8, 19.9 (18').
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Bis-dehydro-isomarrianolic acid methylether (3): A solution of I2 (9.00 g,
35 mmol) in MeOH (120 mL) and a solution of KOH (16.74 g, 298 mmol)
in water (30 mL) and MeOH (90 mL) were simultaneously added over
90 min to a well-stirred suspension of 2 (3.72 g, 13.3 mmol) in MeOH
(370 mL). During addition, iodine was always present in excess. After
partial evaporation of the solvent, a solution of KOH (6.00 g, 107 mmol) in
water (40 mL) and MeOH (20 mL) was added and the mixture was
refluxed for 1 h. After addition of activated charcoal and reflux for a few
minutes, the suspension was filtered and cooled. The aqueous solution was
extracted with ether and then acidified with concentrated hydrochloric
acid. The acidic solution was extracted with ether. The organic phase was
washed with water and dried over anhydrous sodium sulfate. Ether was
then evaporated until deposition of the first crystals. After cooling, a pale-
yellow precipitate of 3 was collected on a Büchner funnel (2.40 g, 55%):
m.p. 245 8C (after recrystallization from ethyl acetate); 1H NMR
(CD3COCD3): d� 10.75 (br s, 2H), 7.94 (d, J� 9.2 Hz, 1 H, 4'), 7.58 (d,
J� 8.5 Hz, 1H, 7' or 8'), 7.35 (d, J� 8.5 Hz, 1 H, 7' or 8'), 7.24 (d, J� 2.6 Hz,
1H, 1'), 7.17 (dd, J� 2.6, 9.2 Hz, 1 H, 3'), 3.90 (s, 3 H, OCH3), 3.58 (dd, J�
3.5, 8.5 Hz, 1H, 14'), 3.29 (ddd, J� 1.7, 7.0, 18.0 Hz, 1H, 11'a), 3.01 (ddd, J�
7.9, 10.4, 18.0 Hz, 1H, 11'b), 2.61 (dd, J� 3.5, 15.8 Hz, 1H, 15'a), 2.38 (dd,
J� 8.5, 15.8 Hz, 1 H, 15'b), 2.20 (m, 2H, 12'), 1.21 (s, 3H, 18'); 13C NMR
(CD3COCD3): d� 178.2 (16' or 17'), 173.6 (16' or 17'), 158.0 (2'), 135.05
(CIV), 134.55 (CIV), 129.8 (CIV), 129.55 (CH), 128.55 (CIV), 126.2 (CH),
125.5 (CH), 118.95 (CH), 107.7 (CH), 55.6 (OCH3), 45.15 (14'), 43.9, 41.2,
26.4, 23.1, 22.55; anal. calcd for C19H20O5: C 69.44, H 6.09; found: C 69.37, H
6.17.


Bis-dehydro-isomarrianolic acid (4): Boron tribromide (4 mL, 42 mmol)
was slowly added with a syringe at ÿ78 8C to a suspension of 3 (4.00 g,
12.8 mmol) in anhydrous CH2Cl2 (200 mL). The mixture was allowed to
warm and was stirred for 2 h at room temperature. After addition of
crushed ice, the biphasic mixture was made alkaline by addition of 1m
NaOH[39] and the aqueous phase was separated. The fine precipitate
remaining suspended in CH2Cl2 was extracted several times with 1m
NaOH. The different alkaline fractions were collected and acidified with
concentrated hydrochloric acid. After filtration, the precipitate was washed
with water to yield 4 as a yellowish powder (3.65 g, 95%): m.p. 226 ± 228 8C
(after recrystallization from benzene); 1H NMR (CD3OD): d� 7.84 (d, J�
8.8 Hz, 1 H, 4'), 7.41 (d, J� 8.6 Hz, 1H, 7' or 8'), 7.21 (d, J� 8.6 Hz, 1H, 7' or
8'), 7.07 (dd, J� 2.6, 8.8 Hz, 1 H, 3'), 7.04 (d, J� 2.6 Hz, 1 H, 1'), 3.52 (dd, J�
2.8, 8.4 Hz, 1 H, 14'), 3.27 (dd, J� 5.7, 10.9 Hz, 1H, 11'a), 3.00 (m, 1H, 11'b),
2.58 (dd, J� 3.7, 15.4 Hz, 1 H, 15'a), 2.35 (dd, J� 8.5, 15.4 Hz, 1 H, 15'b), 2.1
(m, 2H, 12'), 1.21 (s, 3H, 18'); 13C NMR (CD3OD): d� 180.65 (16' or 17'),
176.2 (16' or 17'), 155.85 (2'), 135.55 (CIV), 133.8 (CIV), 129.5 (CH), 129.3
(CIV), 128.2 (CIV), 126.1 (CH), 125.6 (CH), 118.9 (CH), 110.8 (CH), 45.6 (14'),
44.4, 42.0, 26.55, 23.35, 22.6; anal. calcd for C18H18O5


1�3C6H6: C 67.40,
H 5.66; found: C 67.48, H 5.73; anal. calcd for C18H18O5 (the sample was
dried under vacuum at 160 8C for 48 h): C 68.79, H 5.73; found: C 68.64,
H 5.86.


Bis-dehydro-isomarrianolic acid dimethylester (5): A solution of diazo-
methane (5 mL) in diethyl ether was slowly added to a suspension of 4
(1.00 g, 3.2 mmol) in ether (5 mL) at 0 8C. After the solution was stirred for
10 min at 0 8C, the solvent was evaporated. The residue was dissolved in
MeOH and treated with activated charcoal Norit A. After filtration and
evaporation of the solvent, the resulting oil was purified by chromatog-
raphy (silica gel hexane/ethyl acetate 2:1) to yield 5 as a glassy solid (1.00 g,
92%). This solid is easier to handle after dissolution in a minimum of ether
and evaporation under high a vacuum. This compound is fairly unstable
and has to be chromatographed before use: TLC (cyclohexane/ethyl
acetate 7:3): Rf� 0.4; 1H NMR (CDCl3): d� 7.80 (d, J� 9.8 Hz, 1 H, 4'), 7.44
(d, J� 8.6 Hz, 1H, 7' or 8'), 7.17 (d, J� 8.6 Hz, 1 H, 7' or 8'), 7.12 (dd, J� 2.4,
7.8 Hz, 1 H, 3'), 7.11 (s, 1 H, 1'), 6.77 (s, 1H, OH), 3.76 (s, 3H, OCH3), 3.67 (s,
3H, OCH3), 3.61 (dd, J� 5, 6 Hz, 1 H, 14'), 3.28 (dd, J� 6, 17.5 Hz, 1H,
11'a), 2.97 (ddd, J� 8, 10.5, 18 Hz, 1H, 11'b), 2.57 (dd, J� 5, 15 Hz, 1H,
15'a), 2.46 (dd, J� 7.5, 17.5 Hz, 1H, 15'b), 2.31 ± 2.03 (m, 2H, 12'), 1.24 (s,
3H, 18'); 13C NMR (CDCl3): d� 177.5 (16' or 17'), 173.1 (16' or 17'), 153.4
(2'), 133.8 (CIV), 132.4 (CIV), 128.7 (CIV), 128.4 (CH), 127.1 (CIV), 125.2 (CH),
124.7 (CH), 117.6 (CH), 110.2 (CH), 51.8 (OCH3), 51.6 (OCH3), 44.5 (14'),
43.3, 40.8, 25.05, 22.1, 21.7; anal. calcd for C20H22O5 ´ 0.4 H2O: C 68.75, H
6.57; found: C 69.07, H 6.82.


2A,2B,2C,2D,2E,2F,2G,3A,3B,3C,3D,3E,3F,3G-Tetradeca-O-acetyl-b-cyclodextrin-6-
A,6B,6C,6D,6E,6F,6G-hepta-O-bis-dehydro-isomarrianolate dimethylester (6):


A suspension of 5 (250 mg, 0.73 mmol) and 80 % NaH (21 mg, 0.73 mmol)
in dry DMF (5 mL) is stirred under argon for 50 min at room temperature.
Per-2,3-O-acetyl-6-iodo-b-cyclodextrin (100 mg, 0.041 mmol) is then added
and the mixture is further stirred for 100 min at room temperature. After
addition of water, the aqueous phase is extracted with ethyl acetate. The
organic phase is extensively washed with water and dried over sodium
sulfate. After solvent evaporation, the crude residue (340 mg) is purified
(first column: silica gel hexane/ethyl acetate 2:1; second column: silica gel
chloroform/methanol 97.5:2.5). The appropriate fractions (140 mg) are
purified by TLC (1 mm silica gel plates; chloroform/hexane/1-butanol
50:70:15). After trituration in methanol, 6 was obtained as a white powder
(40 mg, 25%): TLC (hexane/ethyl acetate/butanol 5:5:1.5): Rf� 0.6; FAB-
MS calcd [M�H]� 3995.0, found 3994.7; 1H NMR (CD2Cl2): d� 7.62 (d,
J� 9.2 Hz, 1 H, 4'), 7.10 (dd, J� 2.2, 9.2 Hz, 1H, 3'), 7.03 (d, J� 8.8 Hz, 1H,
7' or 8'), 7.01 (d, J� 8.8 Hz, 1H, 7' or 8'), 6.79 (d, J� 2.2 Hz, 1 H, 1'), 5.52
(dd, J� 8.5, 9.7 Hz, 1 H, 3), 5.13 (d, J� 3.6 Hz, 1H, 1), 4.82 (dd, J� 3.6,
9.7 Hz, 1 H, 2), 4.39 (m, 2H, 5, 6a), 4.08 (m, 2H, 4, 6b), 3.67 (s, 3 H, OCH3),
3.63 (s, 3H, OCH3), 3.5 (m, 1H, 14'), 2.9 (m, 1H, 11'a), 2.6 (m, 1H, 11'b),
2.44 (dd, J� 5, 16 Hz, 1H, 15'a), 2.34 (dd, J� 7, 16 Hz, 1H, 15'b), 2.0 ± 1.7
(m, 2H, 12'), 2.15 (s, 3H, COCH3), 2.10 (s, 3 H, COCH3), 1.03 (s, 3 H, 18');
13C NMR (CD2Cl2): d� 177.3 (17'), 172.9 (16'), 170.9 (CO-3), 170.1 (CO-2),
156.1 (2'), 134.3 (6'), 133.9 (9'), 129.5 (7'), 129.5 (5'), 128.0 (10'), 126.1 (8'),
125.6 (4'), 117.6 (3'), 108.9 (1'), 97.4 (1), 76.8 (4), 71.6 (3), 71.2 (2, 5), 67.5 (6),
52.0 (17'-OCH3), 51.9 (16'-OCH3), 44.8 (13'), 43.7 (14'), 41.2 (15'), 25.6 (11'),
22.6 (12'), 22.1 (18'), 21.2 (3-CH3), 21.1 (2-CH3).


b-Cyclodextrin-6A,6B,6C,6D,6E,6F,6G-hepta-O-bis-dehydro-isomarrianolic
acid (7): A biphasic mixture of 6 (25 mg, 0.0063 mmol) in THF (0.5 mL)
and tetramethylammonium hydroxide (319 mg, 1.76 mmol) in water
(0.5 mL) was vigorously stirred for 3 h 30 min at 65 8C. After cooling,
water (1 mL) was added and the mixture was extracted with ethyl acetate.
The aqueous phase was acidified with AcOH. The resulting suspension was
centrifugated and the precipitate was extensively washed with water. After
drying under vacuum, 7 was obtained as a white powder (21 mg,
quantitative): FAB-MS calcd [M�Li]� 3216, found 3218; 1H NMR
([D6]DMSO� eTFA (trifluoroacetic acid)): d� 7.10 (d, J� 9.0 Hz, 1H),
6.95 (m, 3H), 6.53 (d, J� 8.5 Hz, 1H), 4.93 (s, 1H, 1), 4.35 (m, 2H), 4.15 (m,
1H), 3.8 (m, 1 H), 3.6 ± 3.2 (m, 3 H), 3.1 ± 2.6 (m, 2H), 2.6 ± 2.3 (m, 1H),
2.3 ± 1.8 (m, 3H), 1.05 (s, 3H, 18').


Dyes : 4-(Dicyanomethylene)-2-methyl-6-(p-(bis(hydroxyethyl)amino)-
styryl)-4H-pyran (DCMOH) was synthesized by Dr. J. Bourson according
to the general procedure described in reference [40]. 3,7-Bis(diethylami-
no)phenoxazin-5-ium perchlorate (Ox725) was purchased from Exciton
Chemical Co. and was used without further purification.


Solvent : The Britton ± Robinson buffer at pH 10 (ionic strength of 0.1m)
was prepared according to reference [14].


Spectroscopic measurements : All experiments were performed at 298 K.
The UV/Vis absorption spectra were recorded on a Kontron Uvikon-940
spectrophotometer. Corrected fluorescence spectra were obtained with a
SLM 8000 C spectrofluorometer. This apparatus was used to measure
steady-state fluorescence anisotropies defined as r� (Ik ÿ I?)/(Ik � 2 I?),
(where Ik and I? are the fluorescence intensities observed with vertically
polarized excitation light and vertically and horizontally polarized emis-
sions, respectively).


The overall fluorescence quantum yield of CD-St was measured with
5-hydroxyquinoline in DMSO as a reference (FF� 0.19)[41] and found to be
0.83� 0.07 (the refractive index of the pH 10 buffer containing 5 % of
ethanol is 1.336). The fluorescence quantum yield of DCMOH in the buffer
at pH 10 was determined by comparison with its known fluorescence
quantum yield in DMSO (0.50)[42] and was found to be 0.073. In the
presence of 7.6-fold excess of CD-St, the fluorescence enhancement is 9.9.
The fluorescence quantum yield of Ox725 in the same buffer was
determined by comparison with the fluorescence quantum yield of
Rhodamine 101 (Exciton) in ethanol (FF� 1)[43] and found to be 0.052.


Time-resolved fluorescence experiments were carried out in the frequency
domain. We used our multifrequency (0.1 ± 200 MHz) phase-modulation
fluorometer described elsewhere.[44] The samples were excited at 442 nm
with an Omnichrome He/Cd laser. The number of frequencies used was
typically 20 for double exponential decays. Phase-modulation data were
analyzed by a nonlinear least-squares method with Globals software
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(Globals Unlimited, University of Illinois at Urbana-Champaign, Labo-
ratory for Fluorescence Dynamics).


The Förster critical radius R0 was calculated using the following equation:


R0 � 0.2108 [k2FDnÿ4
R1
0


ID(l)eA(k)l4dl]1/6 (10)


with R0 in �, where k2 is the orientational factor, FD is the quantum yield of
fluorescence emission of the donor, n is the average refractive index of the
medium in the wavelength range where spectral overlap is significant, ID(l)
is the normalized fluorescence spectrum of the donor, eA(l) is the molar
absorption coefficient of the acceptor [dm3 molÿ1 cmÿ1] and l is the
wavelength in nanometers. As already done,[6] the orientation factor was
assumed to be equal to the dynamic average, that is 2�3. The refractive index
was chosen to be that of tetrahydrofuran (1.407) since this solvent mimicks
the interior of the CD cavity. Under these conditions, the value of R0


calculated by Equation (10) is (34� 1.5) � in the case of DCMOH and
(25� 1.5) � for Ox725. The standard deviation takes into account the
uncertainty on the fluorescence quantum yield and on the refractive index
(if n� 1.3 or 1.5 instead of 1.4, Ro is decreased or increased by 1 �).


All numerical simulations have been made by using the Mathematica
software.
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numbers of proton permutations for each ionized state. For the
present purpose, CD-St can be reasonably described as two aligned
and parallel circular distributions of seven regularly spaced carboxylic
groups. If r and a denote the radius of the charge distributions and the
distance between the two distributions, respectively, one has:
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G7 and H77 are numerical constants that depend on r, a, the inverse
Debye length kÿ1, the symmetry of the distribution (heptagonal in the
present case). If one takes pK0


int� 5, r' 1 nm for the cyclodextrin
radius (see ref. [32]), a� 0.4 nm (distance between the two carboxylic
groups borne by each individual steroid unit, kÿ1� 1 nm (that
corresponds to an ionic strength� 0.1m for a solution of monovalent
salts) and er �50, one finds that the 14 values for the successive pKa


are about between 4 and 10. At pH 6 the total charge is then about 4.5
whereas it is about 13.5 at pH 10.
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Electrochemically Controlled Assembling/Disassembling Processes with a
Bis-imine Bis-quinoline Ligand and the CuII/CuI Couple


Valeria Amendola,[a] Luigi Fabbrizzi,*[a] Laura Linati,[b] Carlo Mangano,[a] Piersandro
Pallavicini,[a] Valentina Pedrazzini,[a] and Michele Zema[b]


Abstract: The bis-iminoquinoline quad-
ridentate ligand L is capable of forming
air- and moisture-stable complexes both
with CuII and CuI; thus the L/CuII/I set is
a bistable system. Owing to its quite
rigid preorganized structure, L forms the
1:1 complex [CuIIL]2� when binding the
d9 cation Cu2�, while with the d10 cation
Cu�, dimeric complexes of the [CuI


2L2]2�


type are formed in which each copper
cation is coordinated by two iminoquin-
oline fragments belonging to two differ-
ent ligands. Crystal and molecular struc-
ture determinations showed that, in
[CuIIL](CF3SO3)2, L binds to the metal
center in a square-planar fashion, while
in [CuI


2L2](CF3SO3)2 the Cu� cations are
coordinated with a tetrahedral geome-


try, with the two ligands L intertwined in
a double helix. On the other hand, in the
case of [CuI


2L2](ClO4)2 both a helical
species and a dimeric nonhelical one
were found to coexist in the same crystal
cell. However, spectrophotometric and
1H NMR studies demonstrated that, in
acetonitrile solution, only two helical
forms exist, one of which is more
prevalent (87%, at 20 8C). The intercon-
version equilibrium between the two
helical forms has been studied in aceto-
nitrile by temperature variable 1H NMR


and the pertinent DH�ÿ and DS�ÿ values
have been determined; these account
for the small difference in energy be-
tween the two species. Finally, cyclic
voltammetry and spectroelectrochemi-
cal experiments demonstrated that in
acetonitrile solution it is possible to
rapidly transform [CuIIL]2� into the
helical [CuI


2L2]2� dimer (or vice versa)
by changing the potential applied to the
working electrode, that is, it is possible
to electrochemically control the self-
assembly/disassembly process through
the CuII/CuI redox couple. Moreover, it
has been shown that self-assembly (re-
duction)/disassembly (oxidation) cycles
can be repeated at will, without any
degradation of the system.


Keywords: copper ´ electrochemis-
try ´ helicates ´ molecular devices ´
self-assembly


Introduction


Although self-assembled structures (boxes,[1] cylinders,[2]


racks[3] and, among many others, helices[4] in particular) have
been thoroughly investigated by the supramolecular chemists,
much less has been done about the control of the self-
assembly process, that is, the process taking place in a fast and
reversible way (in a solution containing a mixture of the
fragments to be assembled), following an external input. On
the other hand, the use of molecular switches[5] (electro-
chemical, in particular) has been introduced in the last
decade; this has lead to a lot of interesting multi-component
molecules including molecular machines,[6] that is, systems in


which one component can be switched between two topolog-
ically different states, either by making a fragment move with
respect to the whole molecule or by making the whole
molecule rearrange between two significantly different con-
formations. By merging the results obtained in these two fields
one should be able to find ways to control the self-assembly of
a molecule by means of a switch. However, few works moving
along this concept have been published. In 1984, Lehn,
Sauvage and others described a p-quaterpyridine/CuII/I system
in which the self-assembly/disassembly of a double helix could
be electrochemically controlled:[7] starting from a monomeric
complex of CuII, the dimeric CuI double-helicate self-assem-
bled by electrochemical reduction by a fast process. The
disassembled, monomeric CuII complex was regenerated by
electrochemical oxidation, although through a much slower
process. In 1993, AbrunÄ a, Potts and others described a similar
system,[8a] consisting of a quaterpyridine ligand (bearing -SR
substituents) and a CuII/I cation; the authors were again able
to electrochemically switch from a CuII monomeric complex
to a dimeric, double-helical CuI complex by a process that was
fast in both directions. Moreover, the same authors described
other, more complicated helical systems[8b] made from quin-
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que- or sexipyridine ligands plus a series of transition metal
cations. Changing the oxidation state of the latter, the overall
molecular conformation was made to change, although an
intertwined architecture persisted in all cases.


In this work, we report a new example, well within this field,
based on the CuII/I couple and on a ligand, L, that features
quinoline and imine fragments, that is, sp2 nitrogen donors
that belong to an extended p-system, which displays com-
parable affinity towards both CuII and CuI. Moreover, the
quite rigid tetradentate ditopic molecule L, consisting of two
imino-quinoline (ImQ) halves separated by a cyclohexane
spacer (substituted in 1,2 positions, with a trans conforma-
tion), was chosen in view of its straightforward preparation
and its ability to chelate a single cation (for example CuII) in a


square-planar geometry, but not to ªcloseº on a metal cation
which requires a tetrahedral coordination geometry (for
example CuI). In the latter case, a dimeric structure is
obtained, in which the chosen cation attains its more
favourable coordination geometry (tetrahedral), by binding
two ImQ halves belonging to two different molecules, possibly
by assembling them in a helical arrangement. Crystal struc-
tures of the CuI and CuII complexes with L are reported; they
demonstrate the existence of the expected monomeric
[CuIIL]2� and dimeric helical [CuI


2L2]2� species. Moreover, it
is also possible to achieve fast assembly of the dimeric
[CuI


2L2]2� species from [CuIIL]2� by electrochemical oxidation
and, vice versa, to achieve fast disassembly of the dimeric
[CuI


2L2]2� complex to give back the CuII monomer on
electrochemical reduction; this cycle can be repeated at will
without any degradation. Finally, single-crystal X-ray diffrac-
tion studies have focussed on the [CuI


2L2]2� dimer and reveal
that, in the solid state, it can exist in different conformations
(depending on the counter anion). In particular, a nonhelical
and a helical [CuI


2L2]2� molecular cation have been found to
exist in the same crystal, even if in CH3CN and CH3OH
solution only one helical form prevails, as shown by 1H NMR
spectroscopic studies.


Results and Discussion


Synthesis and product stability : Ligand L and its CuI and CuII


complexes represent a very easily attainable and genuine
bistable system. In contrast to the quaterpyridine ligands used
so far for the interconversion between monomeric CuII/
dimeric (helical) CuI complexes, which can be prepared only
through multistep syntheses,[9, 10] L can be obtained in an 80 %
yield thanks to a one step Schiff condensation, starting from
commercially available products. Besides its easy availability,
L has been chosen on the basis of two considerations.
1) A ligand was needed that features donor atoms suitable for


coordination to both CuI and CuII, for example, sp2


nitrogens belonging to an extended p-system.
2) The ligand had to display such a rigid, preoriented


structure so that it could ªcloseº on a single metal cation
so that the metal has square planar rather than tetrahedral
coordination. In the case of L, this is guaranteed by the
rigid nature of the cyclohexyl fragment and of the two ImQ
binding halves of the molecule.


Moreover, the 1,2-substituted cyclohexane fragment was
chosen as its trans isomer, with the idea that when a cation
needing a tetrahedral coordination was added to L, two L
ligands would have to coordinate to two metal centres (each
tetrahedral metal centre coordinated by two ImQ halves
belonging to two different molecules). This is favoured by the
torsion angle (NÿCÿCÿN) between the imine nitrogens in
each L,[11] which should also make it easier for the two ligands
to intertwine one with another and give a helical complex.
Finally, a quinoline fragment (instead of, for example,
pyridine) was chosen to give to the CuI and CuII complexes
an increased thickness and lipophilicity, in order to minimize
the possibility of reaction at the metal centres or at the imine
group with O2 and H2O.


Abstract in Italian: Il legante quadridentato L forma sia con
CuII che con CuI complessi stabili all�aria e all�umidità. Per via
della sua struttura rigida, L dà con il catione d9 CuII un
complesso a stechiometria 1:1, [CuIIL]2�, mentre con il catione
CuI, d10, forma complessi dimeri di formula [CuII


2L2]2�, nei
quali ciascun centro metallico � coordinato da due frammenti
imminochinolinici appartenenti a due differenti molecole di
legante. Studi cristallografici sul composto [CuIIL](CF3SO3)2


hanno mostrato che L � coordinato al metallo secondo una
geometria quadrata, mentre nel composto [CuI


2L2](CF3SO3)2 i
cationi Cu� sono coordinati secondo una stereochimica
tetraedrica, con i due leganti avvolti a dare una doppia elica.
D�altra parte, nel caso di [CuI


2L2](ClO4)2, si � osservato che
coesistono nella stessa cella cristallografica sia una specie a
elica che una specie dimera non elicoidale. Tuttavia, indagini
spettrofotometriche e di spettroscopia 1H NMR hanno dimo-
strato che in soluzione di acetonitrile sono presenti solamente
due distinte specie a elica, delle quali una � nettamente
prevalente (87 %, a 20 8C). L�equilibrio di interconversione
tra le due forme a elica � stato studiato attraverso l�esperimento
1H NMR a temperatura variabile, così da determinare i
corrispondenti valori di DH�ÿ e DS�ÿ: tali valori indicano che
le due specie sono separate da una piccola differenza di
energia. Infine, studi di voltammetria ciclica ed esperimenti
spettroelettrochimici in acetonitrile hanno dimostrato che �
possibile trasformare rapidamente [CuIIL]2� nel dimero a elica
[CuI


2L2]2� (o viceversa), variando opportunamente il poten-
ziale dell�elettrodo di lavoro; in altre parole, � possibile
controllare per via elettrochimica il processo di avvolgimen-
to/svolgimento dell�elica attraverso la coppia redox CuII/CuI. E'
stato mostrato inoltre che cicli di avvolgimento (riduzione)/
svolgimento (ossidazione) possono essere ripetuti a piacere,
senza degradazione alcuna del sistema.
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Both CuI and CuII complexes may be obtained in high yields
as pure crystals by mixing L with stoichiometric quantities of
metal salts in acetonitrile or methanol, with no particular
regard towards O2 or H2O exclusion (for example, 95 %
ethanol can also be used as the solvent). Moreover, the
isolated [CuIIL](CF3SO3)2 and [CuI


2L2](CF3SO3)2 complexes
appear to be stable on exposure to air or moisture. The
monomeric or dimeric nature of the CuII and CuI compounds
in the solid state was demonstrated by single-crystal X-ray
diffraction analysis and in solution by mass spectra experi-
ments and spectrophotometric titrations in acetonitrile.
Addition of substoichiometric quantities of [CuI(CH3CN)4]-
ClO4 or Cu(CF3SO3)2 to an acetonitrile solution of L resulted
in the growth of bands centred at 536 nm (e�
3500 molÿ1 L cmÿ1; CT) in the case of CuI and 336 nm (e�
12 000 molÿ1 L cmÿ1; CT) and 668 nm (e� 105 molÿ1 Lcmÿ1;
d ± d transition) in the case of CuII. When a ligand/metal molar
ratio of one was reached, a spectrum was obtained that was
superimposable to that measured on authentic samples of
solid [CuI


2L2](CF3SO3)2 {or [CuI
2L2](ClO4)2} and [CuIIL](CF3-


SO3)2 dissolved in the same solvent. Further addition of metal
salts, up to a L/metal molar ratio of 1:3, did not modify the
observed spectrum; this implies that the obtained complex
cations do not rearrange to distribute their donor atoms and
interact with the excess metal cations. The mass of the
molecular cations present both in 1:1 L/metal cation solutions
and on solution of authentic samples of solid [CuI


2L2](CF3-
SO3)2 and [CuIIL](CF3SO3)2 was checked with MS-ESI
experiments; peaks were observed at 1059 and 604, which
are the expected values for {[CuI


2L2]�CF3SO3}� and
{[CuIIL]�CF3SO3}�, respectively.


Structures in the solid state


[CuIIL](CF3SO3)2 : The crystal and molecular structure of the
CuII complex was determined by X-ray diffraction methods.
The Cu atom lies on a twofold rotation axis parallel to the b
crystallographic direction and also passes through the mid-
points of the C11-C11i and C13-C13i bonds in cyclohexane so
that the two halves of the L ligand are related by this
symmetry element (Figure 1).


As a consequence, half of the formula unit comprises the
asymmetric unit. The CuII cation is coordinated by the four
nitrogen atoms of a single L ligand, with two CuÿN (imine)
bond lengths of 1.956(5) � and two CuÿN (quinoline) bond
lengths of 2.091(5) �. Three NÿCuÿN angles are �808 and
one, which involves the two quinoline nitrogen atoms, is
�1208. Moreover, the coordination sphere of the copper
cation also includes two oxygen atoms of the two triflate
anions; these lie in the apical positions of a very elongated
octahedron [CuÿO 2.431(4) �] and form an angle O1-Cu-O1i


of 159.8(2)8. While one has to describe the overall geometry of
CuII as distorted tetragonal, the positioning of the four
nitrogen atoms of ligand L around CuII can be seen as square
planar, with a small but significant distortion towards
tetrahedral. The Cu atom lies only 0.03 � above the N4


mean-plane, but the four nitrogen atoms are displaced with


Figure 1. ORTEP view of [CuIIL](CF3SO3)2 with 30% probability dis-
placement ellipsoids. The triflate anions have been omitted for clarity.
Selected bond lengths: Cu1ÿN1 1.956(5); Cu1ÿN2 2.091(5). Selected
angles: N1ÿCu1ÿN1i 80.7(3)8 ; N1ÿCu1ÿN2 80.1(2)8 ; N2ÿCu1ÿN2i


122.4(3)8. Symmetry codes: (i) ÿx� 1, y, ÿz� 3/2.


respect to the plane with distances ranging from 0.13 to
0.36 �. Besides the van der Waals forces, the crystal is
maintained by weak CÿH ´´´ O interactions [C1 ´´´ O2ii


3.155(9) �; H1 ´´ ´ O2ii 2.258(9) �; C1ÿH1 ´´´ O2ii 161.8(7)8 ;
C8 ´´ ´ O3iii 3.22(1) �; H8 ´´ ´ O3iii 2.42(1); C8ÿH8 ´´´ O3iii


143.9(9)8 ; symmetry codes: (ii) ÿx� 1, ÿy, ÿz� 2; (iii)
ÿx� 3/2, y� 1/2, ÿz� 2].


[CuI
2L2](CF3SO3)2 : X-ray diffraction studies allowed us to


determine the crystal and molecular structure of this com-
pound, which, in the solid state, consists of separate [Cu2L2]2�


molecular cations and CF3SO3
ÿ anions (Figure 2); these


Figure 2. ORTEP view of [CuI
2L2](CF3SO3)2 with 30% probability dis-


placement ellipsoids. The triflate anions and the water molecule have been
omitted for clarity. The asymmetric unit, both the CuI ions and the N atoms
of the equivalent L ligand are labelled. Selected bond lengths: Cu1ÿN1
2.017(3) �; Cu1ÿN2 2.096(3) �; Cu1ÿN3i 2.056(3) �; Cu1ÿN4i 2.041(3) �.
Selected angles: N1ÿCu1ÿN2 80.8(1)8 ; N1ÿCu1ÿN3i 122.6(1)8 ;
N1ÿCu1ÿN4i 139.5(1)8 ; N2ÿCu1ÿN3i 127.7(1)8 ; N2ÿCu1ÿN4i 111.9(1)8 ;
N3iÿCu1ÿN4i 81.1(1)8. Symmetry codes: (i) ÿx� 1, y, ÿz� 3/2.
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anions do not interact with CuI.
One water molecule is also
present. In the [Cu2L2]2� molec-
ular cation, each CuI is coordi-
nated by four nitrogens, two
belonging to one ImQ half of an
L ligand and two belonging to
an ImQ half of the second L
ligand. The two L ligands inter-
twine to give a double helix.


The [Cu2L2] molecular cation
is characterized by a pseudo-
orthorhombic symmetry. The
two CuI ions and the two L
ligands are symmetrical for the
crystallographic twofold axis
parallel to the b direction, so
that the half of the formula unit
comprises the asymmetric unit;
two pseudo-C2 axes, normal to
the crystallographic one and
thus forming a triad of orthog-
onal twofold rotation axes as in
orthorhombic symmetry, can
also be defined. In particular,
one pseudo-C2 axis, parallel to
the a* crystallographic direc-
tion, allows the superimposition
of each half of a single L ligand
over the other half of that
ligand with a 1808 rotation.
The two halves of each L ligand
can then be considered almost
symmetrical for this pseudo-
symmetry element; deviations
can be found for some atoms in
the quinoline rings. Anyway,
the loss of symmetry of the
crystal from orthorhombic to
monoclinic is essentially due to
the CF3SO3


ÿ anions, which can-
not be related to a twofold
rotation axis. The coordination
around each CuI cation can be
described as distorted tetrahe-
dral with CuÿN bond lengths
ranging from 2.016(3) � and
2.097(3) �. The distance between the two CuI ions is
3.669(1) �. The crystal is maintained by van der Waals forces
and weak interactions involving the water molecule.


[CuI
2L2](ClO4)2 : The crystal structure of this compound


revealed some unusual features. Two different forms of the
[CuI


2L2] molecular cation coexist in the crystal, one with a
helical-type structure (Figure 3, top) and the other with a
boxlike (i.e. , nonhelical) structure (Figure 3, bottom). The
two species are present in the crystal in a 2:1 ratio (helix:box).
Each unit cell contains four helical molecular cations, two
boxlike cations, six perchlorate anions and six water mol-


ecules. The nonhelical molecular cation has a crystallographic
centre of symmetry in the midpoint between Cu3 and Cu3i, so
that only half of this molecule is defined in the asymmetric
unit.


It is of striking interest for the discussion of the solution
behaviour of CuI complexes with L to note that in the helical
molecular cations found with ClO4


ÿ as the anion, there is a
certain degree of asymmetry due to the reciprocal positioning
of the ligands. Only one pseudo-C2 axis, which lies normal to
the c crystallographic direction, can in fact be defined for the
helical complex and allows each single L ligand to super-
impose on the other. No symmetry elements relate the two


Figure 3. Top: ORTEP view of [CuI
2L2](ClO4)2 in the helical conformation. C atoms were not numbered for sake


of clarity. Displacement parameters are drawn at 20 % probability level. Selected bond lengths: Cu1ÿN1
2.080(26) �; Cu1ÿN2 2.000(26) �; Cu1ÿN5 2.168(27) �; Cu1ÿN6 2.051(24) �; Cu2ÿN3 2.024(26) �; Cu2ÿN4
2.173(25) �; Cu2ÿN7 2.016(23) �; Cu2ÿN8 2.105(26) �. Selected bond angles: N1ÿCu1ÿN2 82(1)8 ; N1ÿCu1ÿN5
96(1)8 ; N1ÿCu1ÿN6 138(1)8 ; N2ÿCu1ÿN5 82(1)8 ; N2ÿCu1ÿN6 134(1)8 ; N5ÿCu1ÿN6 82(1)8 ; N3ÿCu2ÿN4
81(1)8 ; N3ÿCu2ÿN7 135(1)8 ; N3ÿCu2ÿN8 135(1)8 ; N4ÿCu2ÿN7 121(1)8 ; N4ÿCu2ÿN8 103(1)8 ; N7ÿCu2ÿN8
82(1)8. Bottom: ORTEP view of the nonhelical (boxlike) [CuI


2L2](ClO4)2. C atoms were not numbered for sake of
clarity. Displacement parameters are drawn at 20 % probability level. Selected bond lengths: Cu3ÿN9
2.014(26) �; Cu3ÿN10 1.999(25) �; Cu3ÿN11i 1.985(28) �; Cu3ÿN12i 2.022(26) �. Selected bond angles:
N9ÿCu3ÿN10 84(1)8 ; N9ÿCu3ÿN11i 122(1)8 ; N9ÿCu3ÿN12i 128(1)8 ; N10ÿCu3ÿN11i 124(1)8 ; N10ÿCu3ÿN12i


126(1)8 ; N11iÿCu3ÿN12i 80(1)8. Symmetry codes: (i) ÿx, ÿy, ÿz� 1.
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halves of the same ligand, which therefore are not equivalent.
In particular, in this molecular cation two quinoline rings that
belong to two different L ligands are almost parallel, with an
angle of 10.88 and distances ranging from 3.2 to 3.8 �.


Each CuI cation, both in the helical and in the boxlike
structures, is coordinated by four nitrogen atoms, two
belonging to one ImQ half of a L ligand and two belonging
to an ImQ half of the second L ligand. The coordination can
be described as distorted tetrahedral. In the helical form some
unusually long CuÿN bond lengths were found [Cu1ÿN5
2.168(27) �; Cu2ÿN4 2.173(25) �]. It is worth noting that the
CuÿCu distance is much larger in the boxlike molecular cation
(Cu3ÿCu3i 4.906 �) than in the helical structure (Cu1ÿCu2
3.322 �).


[CuIIL]2� and [CuI
2L2]2� molecular cations in solution : As


already mentioned in the synthesis section above, addition of
substoichiometric quantities of Cu(CF3SO3)2 to L in an
acetonitrile solution was followed by UV/Vis spectroscopy.
Clear isosbestic points (270 and 305 nm) were found which
indicates that a single species was formed, while plotting
absorbance (at any wavelength) versus equivalents of added
CuII gave titration profiles that reached a maximum at one
equivalent and continued with a plateau till the end of the
titration (3 equiv). The colour of the solution (green) and the
band position and intensity (336 nm, e� 12 000 molÿ1 l cmÿ1;
668 nm, e� 105 molÿ1Lcmÿ1) fits well with what found in the
literature for distorted square planar CuII complexes with
ligands featuring only sp2 nitrogen donors: with functionalized
quaterpyridine ligands, charge transfer (CT) and d ± d bands
at 314 nm (e� 12 200 molÿ1 L cmÿ1) and at 625 nm (e�
270 molÿ1 L cmÿ1), respectively[9] or at 324 nm (e�
35 200 molÿ1 L cmÿ1) and 626 nm (e� 270 molÿ1 L cmÿ1), re-
spectively,[8a] have been reported. Moreover, authentic crys-
talline [CuIIL](CF3SO3)2, that belonged to the same batch
from which crystals for X-ray diffraction were taken, when
dissolved in acetonitrile gave a spectrum that could be
superimposed over the final spectrum obtained in the
spectrophotometric titration experiments. On this basis, one
can reasonably say that in acetonitrile solution CuII is
coordinated by a single L ligand with square planar coordi-
nation.


In the case of the CuI complexes, a family of spectra with
two isosbestic points (265 and 298 nm) and a growing band
centred at 536 nm (e� 3500 molÿ1 Lcmÿ1; a shoulder can also
be identified at 470 nm) was again observed during titration
experiments (addition of substoichiometric quantities of
[Cu(CH3CN)4]ClO4 to an acetonitrile solution of L). Super-
imposable spectra were recorded on further additions after
one equivalent of metal salt was reached, so that titration
profiles (A vs. equiv. of CuI at any wavelength) reached a
maxiumum and then changed sharply into a plateau at one
equivalent. The wavelength maximum and the purple-brown
colour of the solution are typical of the MLCT band for
tetrahedral complexes of CuI with bidentate ligands contain-
ing sp2 nitrogen atoms as donors: in the case of dimeric
helical complexes with linear quaterpyridine ligands,
absorption maxima have been reported at 550 nm (e�
4940 molÿ1 Lcmÿ1)[8a] and at 454 nm (e� 2717 molÿ1 Lcmÿ1),[9]


but a variety of lmax positions and band intensities may be
expected even with the same ligand on changing substituents
on its backbone (e.g., lmax and e are in the range 435 ± 479 nm
and 3620 ± 14 200 molÿ1 Lcmÿ1 for a series of substituted
[CuI(phenanthroline)2]� complexes[12]). The spectrum record-
ed at one equivalent (or more) of added metal could be
superimposed over that measured on solutions obtained from
authenthic crystalline samples of either [CuI


2L2](CF3SO3)2 or
[CuI


2L2](ClO4)2. Moreover, mass spectra (ESI) recorded on
solutions obtained by either dissolving the crytalline products
or by in situ reaction of L with one equivalent of
[Cu(CH3CN)4]ClO4 gave further proof of the existence, in
acetonitrile, of the [CuI


2L2]2� species (vide supra).
While this data demonstrated that, also in solution, a


dimeric [CuI
2L2]2� species exists, X-ray diffraction studies


showed that two different helical structures and one non-
helical dimer can be found in the solid state (in particular, one
nonhelical and one helical dimer coexist in the same crystal
cell!), depending on the chosen anion. In order to gain some
more insight on what really exists in CH3CN, 1H NMR spectra
were measured in CD3CN i) on the free ligand L, ii) on
crystalline [CuI


2L2](CF3SO3)2, iii) on crystalline [CuI
2L2]-


(ClO4)2 and iv) after in situ reaction of L and [Cu(CH3CN)4]-
ClO4 (1:1). The results showed that the spectra recorded for
the three metal-containing solutions were identical. This
indicates that the same species (or the same composition of an
equilibrium mixture of two species, vide infra) exists in
solution, independently upon the chemical history of the
solution and the counter anion. In particular, if the aromatic
zone of the NMR spectra is taken into consideration (the
aliphatic protons zone is strongly affected by the presence of
residual CH3CN in the deuterated solvent), for [CuI


2L2]2� a set
of signals prevails that features the same number and type of
signals obtained for free L (Figure 4), although peaks are
shifted and distributed on a larger range (d� 7.5 ± 8.35 and
6.9 ± 8.6 for L and [CuI


2L2]2�, respectively).
Moreover, a second, much less intense series of signals is


found for the metal-containing solutions; this, unfortunately,
is for the most part hidden under the main sequence peaks, so
that only two singlets (d� 8.89 and 9.18, same area), two
doublets (d� 7.91 and 7.95, same area) and two triplets (d�
7.50 and 7.60, same area) can be clearly seen. This points
towards the existence of only one main species in acetonitrile
solution (with a second one existing only in a small
percentage, vide infra), but on the basis of these data, it
cannot be said if it is of the helical or nonhelical kind. As a
matter of fact, both the helical structure found for
[CuI


2L2](CF3SO4)2 (Figure 2) and the nonhelical dimer con-
tained in the cell of [CuI


2L2](ClO4)2 (Figure 3, bottom) could
display such a spectrum: both structures have symmetry such
that not only is each ligand equivalent to the other, but also
each half of one ligand is equivalent to the other half of the
same ligand. Their NMR spectra should then display only a
shift in the signals with respect to the free ligand L. However,
an indication of the nature of this symmetric species existing
in solution can be obtained by comparing the crystal
structures (symmetric double helix and nonhelical dimer)
with the NMR signals of the two hydrogens bound to the
cyclohexyl carbons bearing the imine nitrogen atoms (C11
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and C16 in Figure 2 and C63 and C68 in Figure 3, bottom). In
the crystal structure of the symmetric helical complex, the two
hydrogens, which are evidently trans to each other, lie in an
almost identical environment. According to the calculated
positions of the hydrogens, the C11ÿH and C16ÿH bonds
forms comparable angles (48.98 and 54.28) with respect to the
plane defined by C11ÿN2�C10 and by C16ÿN3�C17, respec-
tively (Figure 2), so they are both close to the C�N double
bond and to its shielding cone. On the other hand, from the
structure of the nonhelical dimer (Figure 3, bottom), it can be
seen that the two corresponding hydrogens lie in different
surroundings with respect to each other: the C63ÿH and
C68ÿH bonds form angles of 139.58 and 22.48 with respect to
the plane defined by C63ÿN10�C62 and by C68ÿN11�C69,
respectively, so that one hydrogen (that on C68) is close to the
C�N double bond and its shielding cone, whereas the other
(that on C63) is opposite to it. This latter case should result in
a significant split, in the NMR spectrum, of the signals that
relate to the two hydrogens, while in the former case, one
should expect the two signals to be found at very close
chemical shift. As a matter of fact, only one multiplet is found
in the spectra for the CHÿC�N hydrogens, with the same
shape as those in the free ligand, but is shifted with respect to
the free ligand (Dd� 0.55, see Figure 4, inset). This points
towards the helical structure found for [CuI


2L2](CF3SO3)2 as
being the species that prevails in CH3CN solution.


The helical molecular cations found in the cell of [CuI
2L2]-


(ClO4)2 have a lower degree of symmetry, with respect to that
of [CuI


2L2](CF3SO3)2 and the nonhelical dimer of [CuI
2L2]-


(ClO4)2. While the two ligands are equivalent with respect to
each other, the two halves of the same L are no longer
equivalent (see Figure 3, top): one ImQ half faces another one
that belongs to the second L ligand, while the other half is
isolated. According to this, one should expect the signals, at


least those of the aromatic pro-
tons, to split into two sets of
identical intensity. Indeed, this
is what is observed for the series
of signals of low intensity found
in the 1H NMR spectrum of
[CuI


2L2]2�. In particular, the
twin singlets found at d� 8.89
and 9.18 can be reasonably
assigned to the ÿN�CHÿ pro-
tons of the ªasymmetric helixº,
and the sum of their area can be
compared with the area of the
main signal for ÿN�CHÿ (d�
8.58) to evaluate the composi-
tion of the solution under the
conditions of the measured
spectrum (20 8C). A value of
13 % is obtained for the asym-
metric helix and 87 % for the
symmetric one. Moreover, a
series of spectra has been re-
corded on a CD3CN solution of
[CuI


2L2](CF3SO3)2, in the 303 ±
250 K temperature range. Com-


parison of the areas of theÿN�CHÿ singlets revealed that on
lowering temperature the percent of the asymmetric helix
slightly decreases, reaching a minimum of 8 % at 250 K; this
indicates that there is only a small difference in energy
between the two forms. Energetics can be evaluated in more
detail from the lnK versus 1/T plot for the equilibrium
symmetric helix> asymmetric helix (with K� [% asymmetric
helix]/[% symmetric helix]). The following values were calcu-
lated: DH�ÿ� 1.75 kcal molÿ1; TDS�ÿ� 0.65 kcal molÿ1 (at
20 8C). Finally, on raising the temperature to 303 K, a
spectrum with a much lower resolution of both sets of signals
was observed; this broadening is probably due to the faster
exchange between the symmetric and asymmetric forms. The
equilibrium between the two forms is slow for the timescale of
the NMR experiments, at least when temperature is main-
tained at 20 8C or lower, but, significantly, few seconds (i.e.,
the time necessary to prepare an NMR or UV/Vis sample) are
sufficient for any 1:1 mixture of L and CuI to reach, in
solution, the same equilibrium composition, independent of
the counter anion or the chemical history of the dissolved
complex.[13] In this regard, it is important to note that the
recorded spectra do not change with time, as shown by NMR
measurements carried out at 20 8C for 6 hours (30 minutes
intervals) on solutions obtained either from crystalline
products or by in situ complexation.


Electrochemical switching between [CuI
2L2]2� and [CuIIL]2� :


Cyclic voltammetry experiments in acetonitrile solution were
performed on [CuI


2L2](CF3SO3)2 and [CuIIL](CF3SO3)2. In
both cases, the same profile was found in the 1500<E<ÿ
300 mV (vs. SCE) range, featuring an irreversible oxidation
wave at 985 mV versus SCE, with no return peak, and an
irrevesible reduction peak at 440 mV versus SCE, again with
no return peak (Figure 5).


Figure 4. 1H NMR spectra (aromatic part) of a) ligand L and b) the [Cu2L2]2� cation with CD3CN as solvent. In
the inset is reported the spectrum portion relative to the CH(N) protons of the cyclohexane ring for a) the free
ligand and b) the complex cation.
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Figure 5. Cyclic voltammetry profile for [Cu2L2]2� or [CuL]2�, in CH3CN,
0.1m in (tBu)NClO4. Potential scale vs. SCE. Inset displays the CV profile
for the CuI/L' 1:2 complex.


Significantly, in a solution of [CuI
2L2](CF3SO3)2 if the


oxidation scan is reversed before the irreversible oxidation
peak (for example at 800 mV vs. SCE), no signal is observed
on the reduction scan. Vice versa, in a solution containing
[CuIIL](CF3SO3)2 no peaks are observed in oxidation, if the
reduction scan is reversed before the potential of the
irreversible reduction peak (for example at 600 mV).


This can be compared with what is found for the complexes
with ligand L', which were prepared in situ, either with CuII or
CuI, immediately before the electrochemical experiments.[14]


In both cases, a CV profile displaying a reversible one electron
wave was observed, with E1/2� 710 mV (CuI, DE� 130 mV)
and 715 mV (CuII, DE� 110 mV) versus SCE (see inset in
Figure 5 for the latter case). This potential is not uncommon
for the CuII/I couple in 2:1 complexes with bidentate sp2


nitrogen ligands,[15] while the large DE values indicate a
partial irreversibility due to the rearrangement from a
planar or distorted octahedral coordination, typical of CuII,
to a tetrahedral one during the reduction process (or vice
versa).


The CV profile observed for the CuII/CuI/L system (Fig-
ure 5), compared with that pertinent to the CuII/CuI/L'
reference system (Figure 5, inset) can be accounted for on
the basis of the square scheme reported in Figure 6. Moving
from the upper left corner of the scheme, the [CuIIL]2�


complex (1) is reduced to the [CuIL]� monomeric transient
(2), which self-assembles to give the dimeric helical species
[CuI


2L2]2� (3). Even by carrying out CV experiments at the
fastest potential scan rate (2.0 V sÿ1) along the 550 ± 300 mV
potential range, no return peak was observed. This indicates
that the lifetime of the CuI monomeric transient 2 is lower
than 250 ms. Then, on oxidation of the stable complex 3, the
helical [CuII


2L2]4� transient (4) must form, which immediately
disassembles to give two square planar complexes of 1, thus
completing the cycle. Also in this process, no return peak was
observed on the fastest available potential scan rate, over the
800 ± 1090 mV potential range, indicating for the dimeric CuII


transient 4 a lifetime lower than 250 ms. It is worth noting that
the development of the process and the CV response are
independent on the starting corner of the scheme, whether the
upper left (species 1) or lower right (species 3).


Figure 6. The square scheme underlying the assembly/disassembly process
in the CuII/CuI/L system. The cyclic process can be initiated either from the
monomeric complex 1 or from the dimeric helical complex 3. The transient
species 2 and 4 have lifetimes less than 250 ms, as estimated from cyclic
voltammetry experiments.


The occurrence of the electrochemically triggered assem-
bling/disassembling process can be visually perceived and
further characterized by means of exhaustive electrolysis
experiments and coupled spectrophotometric ± coulometric
experiments. Controlled potential coulometry (CPC) experi-
ments were performed in a cell in which a quartz fiber optic
probe was dipped; this was connected to a diode-array
spectrophotometer, thus allowing us to monitor the species
present in solution during the whole process. Green solutions
containing [CuIIL]2� can be reduced by setting the platinum
gauze, which acts as a working electrode, to a potential of
350 mV versus SCE or lower. While the reduction proceeded,
a family of spectra was recorded (see Figure 7), which display
two isosbestic points (at 320 and 382 nm) and in which the


Figure 7. Spectra recorded in the electrochemical cell during a controlled
potential coulometry experiment: [CuIIL]2� is reduced to [CuI


2L2]2�, at a
potential of 350 mV vs. SCE. The band at 336 nm decreases in intensity,
while that at 536 nm increases. Superimposable spectra are obtained after
about 20 minutes. The electric charge measured by coulometry corresponds
to 1 eÿ per CuII centre.
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bands of the CuII species (l� 336 and 668 nm) decrease in
intensity and that of the [CuI


2L2]2� chromophore increase
(l� 536 nm).


Superimposable spectra, identical to that of authentic
[CuI


2L2](CF3SO3)2, were found after the passage of one mole
of electrons per mole of [CuIIL](CF3SO3)2, this took 20 min-
utes under the employed experimental conditions (concen-
trations: 10ÿ4 mol Lÿ1; electrolysed volume: 70 mL). The
obtained purple-brown solution of [CuI


2L2](CF3SO3)2 was
then re-oxidized by setting the working electrode at a
potential of 1020 mV versus SCE. The same isosbestic points
were found, the band at 536 nm decreased and those at 336
and 668 increased, reaching a final spectrum in 20 minutes
(after the passage of 2 moles of electrons per mole of
[CuI


2L2]2�); this spectrum was exactly superimposable with
the starting spectrum obtained when solid [CuIIL](CF3SO3)2


was dissolved. Significantly, the reduction/oxidation, that is,
assembly/disassembly process, was carried out up to ten times
without significant modifications of the final spectra; this
gives an indication of the true bistability of the system and
high reversibility of the electrochemically driven process (the
same results were found starting from a solution of solid
[CuI


2L2](CF3SO3)2 instead of [CuIIL](CF3SO3)2).


Conclusion


The assembly/disassembly of helicate metal complexes is one
of the more fascinating processes so far observed in supra-
molecular solution chemistry.[4] The stereochemical preferen-
ces of the metal ion used as a template and the denticity of the
coordinating subunits of the ligand determine the multiplicity
of the helix, whether double or triple. In particular, metal
centres imposing a tetrahedral coordination geometry (d10


cations: e.g., CuI, AgI, ZnII) and ligands containing bidentate
subunits give rise to double helicates, an example of which is
described in the present work. CuI is unique, as it possesses a
stable adjacent oxidation state, CuII, which strongly prefers
square planar coordination, a stereochemical arrangement
hardly suitable for helix formation. Thus, CuI ± CuII oxidation
induces the disassembly of the helix, a process which can be
reversed through CuII ± CuI reduction; this provides an
example of an oriented molecular motion, which can be
controlled by an external input, that is, the variation of the
redox potential. Electrochemistry, in particular the CV
technique, offers a powerful tool to investigate both thermo-
dynamic and kinetic aspects associated to the formation of CuI


helicates. In particular, the potential of the irreversible
oxidation peak in the CV profile (when compared with the
E1/2 value observed for the mononuclear model complex,
Figure 5, as an example) provides information on the stability
of the [CuI


2L2]2� helicate and on its resistance towards
disassembly and formation of 2[CuII]L2�. On the other hand,
the appearance or nonappearance of the return peak in CV
experiments at high potential scan rate may give a direct
insight on the velocity of helix formation and destruction. In
this respect, imine-quinoline ligands like those described in
this work appear especially convenient and versatile: in
particular, the steric and electronic features of the ligand


(length and rigidity of the di-imine spacer, hindering sub-
stituents, presence on the heterocyclic ring of electron
donating/withdrawing groups, etc.) can be extensively modi-
fied through the choice of the appropriate fragments to be
connected by the Schiff base condensation. This allows us to
investigate in detail how these structural factors affect the
thermodynamic and kinetic stability of CuI helicates. Studies
in this direction are currently under way in our laboratory.


Experimental Section


Syntheses : All the starting materials were purchased from Aldrich and used
without further purification. No significant differences were found in the
composition or purity of the products when the syntheses were performed
under an inert atmosphere (N2) instead of in air. Mass spectra (ESI) were
recorded on a Finnigan MAT TSQ 700 instrument, NMR spectra on a
Bruker AMX 400 spectrometer, and IR spectra on a Mattson 5000 FT-IR
instrument.


Bis-N,N''-(2-methylquinoline)-1,2-trans-cyclohexanediimine (L): A solu-
tion of 2-quinoline carboxyaldehyde (1 g, 6.36 mmol) in CH2Cl2 (30 mL)
was added dropwise, at room temperature, to a solution of trans-1,2-
diamino cyclohexane (0.36 g, 3.18 mmol) in CH2Cl2 (50 mL), in which
anhydrous Na2SO4 (0.5 g) was already suspended in order to remove the
water produced by the Schiff condensation. After 18 hours, the mixture was
filtered, and the solvent removed on a rotary evaporator to obtain a
yellowish solution (5 mL volume), from which the product precipitated in
24 hours as a white ± yellow solid. L was collected by suction filtration,
washed with n-hexane (2� 5 mL) and dried in a vacuum dessicator (85 %
yield). C26H24N4 (392.40): calcd C 79.61, H 6.12, N 14.27; found C 79.60, H
6.10, N 14.15 %; IR (NaCl cells, nujol mull): nÄ � 1643 (sharp, imine C�N
stretch), 1593 cmÿ1 (sharp, C�N stretch in the quinoline ring); NMR
(CD3CN): d� 8.35 (s, 2H; ÿN�CHÿ), 8.18 (d, 2 H), 7.98 (d, 2H), 7.80 (d,
2H), 7.63 (dt, 2H), 7.50 (dt, 2 H) [Hs of the quinoline rings], 3.60 (m, 2H;
CH(N)ÿCH(N) of the cyclohexane ring), 1.2 ± 2.0 (m; CH2 of the cyclo-
hexane ring, CH3CN solvent impurity).


N-(2-Methylquinoline)-cyclohexylimine (L''): A solution of 2-quinolinecar-
boxyaldehyde (2 g, 12.7 mmol) in CH2Cl2 (30 mL) was added dropwise to a
solution of cyclohexylamine (1.26 g, 12.7 mmol) in CH2Cl2 (50 mL), in
which anhydrous Na2SO4 (1.0 g) was already suspended. After 16 h stirring
at room temperature, the mixture was filtered and the obtained solution
evaporated to dryness on a rotary evaporator. A semisolid was obtained,
which was washed with n-hexane (5� 2 mL) and diethylether (5� 2 mL)
and dried under vacuum to give pure L'' (90 % yield). IR (NaCl cells, pure
substance): nÄ � 1645 (sharp, imine C�N stretch), 1597 cmÿ1 (sharp, C�N
stretch in the quinoline ring); NMR (CD3CN): d� 8.55 (s, 1H;ÿN�CHÿ),
8.33 (d, 1 H), 8.12 (m, 2H), 7.98 (d, 1 H), 7.81 (dt, 1H), 7.66 (dt, 1 H) [Hs of
the quinoline ring], 3.45 (m, 1H; CHÿN�CHÿ), 1.3 ± 2.2 (m, CH2 of the
cyclohexane ring, CH3CN solvent impurity).


[CuIIL](CF3SO3)2 : Ligand L (0.50 g, 1.27 mmol) was dissolved in CH3CN
(20 mL) and treated with a solution of anhydrous Cu(CF3SO3)2 (0.46 g,
1.27 mmol) in CH3CN (5 mL). The solution immediately turned deep green
and after stirring for 0.5 h it was left to stand. After 20 h [CuIIL](CF3SO3)2


was obtained as dark green crystals, which were collected by suction
filtration, dried under vacuum in a dessicator and found suitable for single-
crystal X-ray diffraction analysis. Yield: 59 %; C28H24CuF6N4O6S2 (754.18):
calcd C 44.61, H 3.18, N 7.43; found C 44.51, H 3.13, N 7.48 %; IR (NaCl,
nujol mull): nÄ � 1675 (sharp, imine C�N stretch), 1591 cmÿ1 (sharp, C�N of
the quinoline system).


[CuI
2L2](CF3SO3)2 ´ H2O : Ligand L (0.50 g, 1.27 mmol) was dissolved in


CH3OH (30 mL) that contained NaCF3SO3 (0.86 g, 5 mmol) and was
treated with a solution of [Cu(CH3CN)4]ClO4 (0.42 g, 1.27 mmol) in
CH3OH (5 mL). The solution immediately turned deep purple. After 2 h,
black-purple microcrystals of the product formed, which were collected by
suction filtration, dried in a dessicator under vacuum, redissolved in
acetonitrile and crystallized by slow diffusion of diethyl ether. The obtained
crystals were found suitable for X-ray diffraction studies. Yield 40%;
C54H50Cu2F6N8O7S2 (1228.25): calcd C 52.83, H 4.07, N 9.12; found C 52.90,
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H 4.05, N 9.11; IR (NaCl, nujol mull): nÄ � 1665 (sharp, imine C�N stretch),
1592 cmÿ1 (sharp, C�N stretch of the quinoline system).


[CuI
2L2](ClO4)2 ´ H2O : Ligand L (0.50 g, 1.27 mmol) was dissolved in


CH3CN (20 mL) and treated with a solution of [Cu(CH3CN)4]ClO4 (0.42 g,
1.27 mmol) in CH3CN (5 mL). Slow evaporation of the deep purple
solution gave the product as black-purple crystals, which were collected by
suction filtration, dried under vacuum and found suitable for X-ray
diffraction studies. Yield 52 %; C52H50Cl2Cu2N8O9: calcd C 55.34, H 4.43, N
9.92 %; found C 55.30, H 4.42, N 9.92 %; IR (NaCl, nujol mull): nÄ � 1664
(sharp, imine C�N stretch), 1593 cmÿ1 (sharp, C�N of the quinoline
system).


Spectrophotometric titrations : UV/Vis spectra were recorded on a
Hewlett ± Packard 8453 diode array spectrophotometer. Titrations were
performed on 20 ± 30 mL samples of solutions (10ÿ4 mol Lÿ1) of ligand in
CH3CN, by microadditions of a CH3CN solution of either [CuI(CH3CN)4]-
ClO4 or Cu(CF3SO3)2. In a typical experiment, metal salt (1 equiv) was
added in 20 portions from the metal salt solution (10 mL).


Electrochemistry and spectroelectrochemistry : Electrochemical measure-
ments (cyclic voltammetry, CV, and controlled potential coulometry, CPC)
were performed with a P.A.R. 273 potentiostat/galvanostat, under the
control of a PC, with dedicated software. In CV studies (CH3CN solution,
0.1 mol Lÿ1 (tBu)4NClO4), the working electrode was a platinum micro-
sphere and the counter electrode a platinum foil. A platinum wire was used
as a pseudo reference electrode and was calibrated versus ferrocene as an
internal standard. The measured potentials were then referred to SCE (E1/2


for the Fc�/Fc couple: 425 mV vs. SCE, in CH3CN[16]). CPC experiments
were performed on solutions of [CuI


2L2](CF3SO3)2 or [CuIIL](CF3SO3)2


(5� 10ÿ5 ± 10ÿ4 mol Lÿ1), with a platinum gauze as a working electrode. The


counter-electrode compartment was separated from the working compart-
ment by a U-shaped bridge, filled with CH3CN (0.1 mol Lÿ1) in (tBu)4N-
ClO4. The reference electrode, a platinum wire dipped in the working cell,
was calibrated through CV experiments prior to CPC. The spectra of the
solutions in the working cell were taken during the electrolysis by using a
quartz fiber optic probe (Hellma, 661.500 QX) connected to the diode-
array spectrophotometer, with an optical path of 20 mm.


X-ray data collection and processing : Crystal data and details on the
crystallographic study are reported in Table 1. For crystals [CuIIL](CF3-
SO3)2 and [CuI


2L2](CF3SO3)2, unit cell parameters and intensity data were
obtained on an Enraf ± Nonius CAD-4 four-circle diffractometer, located
at Centro Grandi Strumenti, Pavia. The cell dimensions were obtained by
least-squares fitting of 25 centered reflections monitored in the ranges
5.328<q< 12.548 and 8.588<q< 13.228, respectively. For crystal [CuI


2L2]-
(ClO4)2, diffracted intensities were collected on a Philips PW 1100 four-
circle diffractometer. Unit cell parameters were obtained by an accurate
procedure based on the Philips LAT routine[17] and confirmed on an Enraf-
Nonius FAST area-detector diffractometer by monitoring �120 reflections
in the range 58<q< 208.


Crystals [CuI
2L2](ClO4)2 and [CuIIL](CF3SO3)2 showed very low diffraction


and data collections were performed over a restricted range of q (2 ± 208
and 2 ± 258, respectively). No improvement to the resolution of the models
would in fact have been obtained by increasing the theta range because
most of the reflections would have been weak; on the contrary, a set of
equivalent reflections was collected for a better determination of the
measured data. In both cases the number of observed reflections/number of
parameters ratios were quite low. Anyway no chemically unacceptable
bond length or angle was found and the final difference Fourier maps were


Table 1. Crystallographic data for the compounds [CuIIL](CF3SO3)2, [CuI
2L2](CF3SO3)2 ´ H2O and [CuI


2L2](ClO4)2 ´ H2O.


[CuIIL](CF3SO3)2 [CuI
2L2](CF3SO3)2 ´ H2O [CuI


2L2](ClO4)2 ´ H2O


formula C28H24CuF6N4O6S2 C54H50Cu2F6N8O7S2 C52H50Cl2Cu2N8O9


molecular weight 754.17 1228.24 1129.01
colour green black black
size [mm] 0.18� 0.22� 0.29 0.29� 0.43� 0.58 0.13� 0.19� 0.19
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c P21/n
a [�] 16.6780(49) 24.6364(41) 34.3934(8)
b [�] 13.1034(37) 12.7192(42) 10.7163(17)
c [�] 16.9087(39) 17.5405(39) 22.3647(7)
b [8] 121.16(2) 106.56(2) 106.895(3)
V [�3] 3162.2(16) 5268.4(23) 7895.1(8)
1calcd [gcmÿ3] 1.584 1.566 1.415
T [K] 293(2) 293(2) 293(2)
radiation, l [�] MoKa , 0.71073 MoKa , 0.71073 MoKa , 0.71073
monochromator graphite graphite graphite
m [mmÿ1] 0.906 0.972 0.971
transmission min/max 0.702/0.850 ± ±
scan type wÿ 2q wÿ 2q wÿ 2q


q range [8] 2 ± 25 2 ± 30 2 ± 20
reflections measured ÿ 19< h< 19 ÿ 34< h< 34 ÿ 32<h< 32


ÿ 15< k< 15 0<k< 17 ÿ 11<k< 11
0< l< 20 0< l< 24 0< l< 21


standard reflections 3 every 400 reflections
total reflns measured 5633 7907 6248
unique reflections 2782 7674 3735
Rint


[a] 0.1037 0.0197 0.1300
refinement type F 2 F 2 F 2


R1
[b] 0.0624 (1171 reflns) 0.0628(4224 reflns) 0.1110 (2028 reflns)


Rall 0.1569 0.1347 0.1970
wR2all 0.1378 0.2077 0.2792
GOF[c] 0.877 1.010 1.087
refined parameters 214 361 471
weighting scheme[d] 1/[s2F 2


o � (0.0458P)2� 0.00 P] 1/[s2F 2
o � (0.104 P)2� 6.7215 P] 1/[2F 2


o � (0.0001P)2� 314.4 P]
(shift/esd)max 0.000 0.001 0.000
max./min. D1 [e �ÿ3] 0.342/ÿ 0.477 0.826/ÿ 0.784 0.646/ÿ 0.386


[a] Rint�S jF 2
o ÿF 2


o (mean) j /S[F 2
o ]. [b] R1�SkFo j ÿ jFck /S jFo j (calculated on reflections with I> 2sI). [c] GOF�S� [S[w(F 2


o ÿF 2
c �2]/(nÿp)]0.5, where n is


the number of reflections and p is the total number of parameters refined. [d] P� [Max(F 2
o,0)�2 F 2


c �/3]
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featureless, thus confirming the reliability of the models. Nevertheless,
these structural investigations must be considered as preliminary and they
will be revised as soon as bigger crystals are available.


Calculations were performed with the WinGX software.[18] Correction for
Lorentz polarization was applied for the three crystals. Empirical
absorption correction was applied only for crystal [CuIIL](CF3SO3)2; in
the other two cases no suitable reflections for a y scan were found in the
range 808<f< 908. All the structures were solved by direct-methods
(SIR92)[19] and refined by full-matrix least-squares using SHELXL.[20]


For crystal [CuI
2L2](ClO4)2 the non-hydrogen atoms were refined isotropi-


cally in order to reduce the number of parameters to be refined (only Cu
and Cl atoms were refined anisotropically); the asymmetric unit of this
crystal contains indeed 114 non-H atoms and for a better resolution of the
structure a greater number of observed reflections would be necessary. In
all the three structures the H atoms were inserted in the calculated
positions with an isotropic atomic displacement parameter proportional to
that of the neighbouring atom (�1.2) and not refined.


Atomic scattering factors were taken from International Tables for X-ray
Crystallography.[21] Diagrams of the molecular structures were produced by
the ORTEP program.[22]


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 118957
([CuIIL](CF3SO3)2), CCDC 118958 ([CuI


2L2](CF3SO3)2), CCDC 118959
([CuI


2L2](ClO4)2). 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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Strength and Directionality of the S ´´´ S Intermolecular Interactions Present
in TTF-Based Molecular Crystals. A Combined Statistical and Ab Initio Study


Carme Rovira and Juan J. Novoa*[a]


Abstract: The strength and directional-
ity of the S ´´ ´ S interactions have been
evaluated by combining the results from
the statistical analysis of neutral and
charge-transfer molecular crystals of the
tetrathiafulvalene (TTF) family with
those from Mùller ± Plesset (MP2) cal-
culations on model systems. The model
systems have been designed to represent
the environment of the S ´´ ´ S interac-
tions in these crystals. Our statistical
analysis of the geometrical distribution
of the S ´´´ S contacts in these crystals


suggests that they are attractive and that
there is a maximum probability for
collinear S ´´´ S orientations. Small dif-
ferences are found between the neutral
and charge-transfer distributions. MP2
computations on the H2S dimer and
functionalized XYS dimers oriented to


present short S ´´´ S contacts show that
the S ´´´ S interactions are attractive and
quite anisotropic. Their strength de-
pends significatively on the X and Y
functional groups and can be of the
order of ÿ1.5 kcal molÿ1 for the p ± p


interactions between the five-membered
rings of the TTF molecule. Consequent-
ly, S ´´´ S interactions should contribute
significantly to the cohesive energy of
TTF-based crystals.


Keywords: ab initio calculations ´
conducting materials ´ crystal engi-
neering ´ S ´´´ S noncovalent interac-
tions ´ stacking interactions


Introduction


The packing of a molecular crystal is a compromise that
involves all the intermolecular interactions between the
molecules in that crystal.[1] The stronger energetic interactions
can force a change in the optimum energy conformation of
weaker ones, if the number or strength of the stronger
interactions is increased by this process. Consequently,
although the geometrical distribution of the molecules in
the packing is at a minimum for the total interaction energy,
this does not necessarily imply that each interaction is in its
minimum energy geometry. Therefore, knowing the strength
of the intermolecular interactions presumed to dominate the
packing is very helpful for qualitative rationalization. Tradi-
tionally, the dominating interactions are identified by looking
at the shortest intermolecular contacts present in the crystal,
supposedly the strongest ones,[1c] although there are excep-
tions to this rule.[2]


The rationalization of the crystal packing is relevant
because it determines the crystal electronic structure[3] and,
therefore, the ability of the material to become a conductor or
superconductor,[4] to name but two properties of potential


interest. It is experimentally known that different crystal
packings of the same molecule sometimes results in different
electrical and magnetic properties.[3] Therefore, for a proper
understanding and control of these properties in molecular
crystals it is necessary to understand the key factors that
determine their crystal packing and their influence on the
electronic structure. This implies a good knowledge of the
strength and directionality of the shortest intermolecular
interactions present in the crystal of interest.


Among the molecular crystals, some of the most studied are
those with conducting and superconducting properties.[4] Most
of these crystals are charge-transfer solids with a donor
molecule D that donates some of its electrons to an acceptor
molecule A, which then becomes negatively charged. In many
of these crystals, D is a derivative of the tetrathiafulvalene
(TTF) molecule (Figure 1a), in which some of the TTF
external H atoms have been substituted by various types of
functional groups. One example is the BEDT-TTF (BEDT�
bis(ethylenedithio)tetrathiafulvalene) molecule, one of the
donors that gives DnAm crystals with superconducting proper-
ties. The connection between packing and the conducting
properties of these crystals is well known. However, the
factors controlling their packing are not fully understood
yet,[4] a major drawback for the design of new crystals with
these properties.


The analysis of the molecular conducting and supercon-
ducting crystals shows the existence of many short contacts of
the S ´´´ S type, together with short C(spn)ÿH ´´´ S (n� 1, 3)
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contacts;[4] this suggests a key role of these two types of
contacts in the packing of these crystals. While the nature,
strength, and anisotropy of the second type of contacts has
been studied in detail by accurate ab initio methods,[5]


knowledge of the strength and directionality of the S ´´´ S
contacts is limited. Most of this information was obtained
from statistical analysis on selected subsets of the Cambridge
Structural Database (CSD).[6] This information allowed us to
obtain a first characterization of the S ´´ ´ S properties in the
form of an isotropic atom ± atom potential, whose minimum


Figure 1. a) General form of the TTF-based family of molecules with some
specific examples. b) Most usual packing found in the TTF-based crystals.


lies at 3.83 � and its minimum energy is ÿ0.44 kcal molÿ1.[7d]


However, different subsets provided slightly different angular
distributions.[7a±c] Consequently, we decided to perform a
detailed statistical analysis on the geometrical distribution of
the short S ´´´ S contacts found in the TTF-based crystals
present in the CSD.


The results from the statistical analysis of the crystal
packing give averaged information on the nature of the S ´´´ S
interactions. To gain more detailed knowledge, one can carry
out complementary ab initio computations on these inter-
actions. Therefore, as a result of the longstanding interest of
our group in the nature, strength, and directionality of the
intermolecular interactions in organic conductors and super-
conductors,[5, 8] we decided to extend these studies to the S ´´´ S
intermolecular interactions found in the crystals of organic
conductors and superconductors of the TTF family.[4] This
requires the use of model systems selected to mimic the local
electronic structure and geometry of the S ´´ ´ S contacts found
in the neutral and charge-transfer TTF-based crystals. A
B3LYP/6 ± 31�G(d,p) Mulliken population analysis[9] on the
TTF-, TTF�-, and TTF2�-isolated D donor showed that the
net charge is delocalized over the whole donor. The net charge
on the S atom is 0.02 e in the neutral molecule, which becomes
0.19 e and 0.30 e in the �1 and �2 cations, respectively. This
fact combined with the small amount of charge transfer
suggests that the S ´´´ S interactions found within the donor
stacks of the DnAm charge-transfer salts should be similar to
those found in the packing of their D neutral precursors. This
is probably the reason for the similar packing found for D in
some neutral TTF-based crystals and in their DnAm charge-


Abstract in Catalan: En aquest treball s�ha investigat la força i
direccionalitat de les interaccions S ´´´ S en cristalls orgànics
moleculars de la família del tetratiofulval� (TTF). La metodo-
logia emprada consisteix en una anàlisi estadística de la
distribucioÂ geom�trica dels contactes S ´´´ S en cristalls neutres i
sals de transfer�ncia de càrrega, combinada amb càlculs ab
initio Mùller ± Plesset (MP2) en sistemes senzills que modelen
l�entorn de les interaccions S ´´´ S en els esmentats cristalls. Els
resultats de l�anàlisi estadística ens suggereixen que les
interaccions S ´´´ S soÂn atractives, alhora que apareix un màxim
de probabilitat per interaccions col.lineals. Val a dir que es
troben petites difer�ncies entre les distribucions corresponents
a cristalls neutres i les corresponents a les sals. Pel que fa als
càlculs MP2, aquests s�han realitzat en el dímer d�H2S i en
dimers funcionalitzats de foÂrmula (XYS)2, orientats de manera
que presentin contactes S ´´´ S. Els resultats obtinguts posen de
manifest que les interaccions S ´´´ S soÂn atractives i força
anisotroÁpiques. L�energia d�interaccioÂ presenta una forta
depend�ncia amb el tipus de substituents X,Y i, en el cas
d�interaccions p ± p que s�estableixin entre els anells de cinc
membres de la mol�cula de TTF, pot arrivar a ÿ1.5 kcal molÿ1.
Tot aixoÁ ens porta a la conclusioÂ que les interaccions S ´´´ S
contribueixen significativament a l�energia de cohesioÂ dels
cristalls derivats del TTF.


Abstract in Spanish: La fuerza y direccionalidad de las
interacciones S ´´´ S se ha estudiado combinando, por una parte
los resultados del anaÂlisis estadístico de cristales neutros y de
transferencia de carga de molØculas de la familia de los
tetratiofulvalenos (TTF), y por otra caÂlculos Mùller ± Plesset
(MP2) de sistemas modelo disenÄados para representar el
entorno de las interacciones S ´´´ S en dichos cristales. Nuestro
estudio estadístico de la distribucioÂn geomØtrica de los
contactos S ´´ ´ S en esos cristales, sugiere que son atractivos y
con probabilidad maÂxima para orientaciones colineales. Las
diferencias entre las distribuciones de los cristales neutros y de
transferencia de carga son pequenÄas. CaÂlculos MP2 sobre el
dímero del H2S y dímeros XYS orientados de tal forma que
presenten contactos cortos S ´´ ´ S, muestran que las interaccio-
nes S ´´´ S son atractivas y bastante anisotroÂpicas. Su fuerza
depende significativamente del grupo X e Y empleado,
pudiendo ser del orden de ÿ1.5 kcal molÿ1 para las interaccio-
nes p ± p existentes entre dos anillos de cinco de la molØcula de
TTF. Por lo tanto, las interacciones S ´´ ´ S deberían contribuir
de forma significativa a la energía de cohesioÂn de los cristales
de la familia del TTF.
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transfer crystals, which involve small acceptors.[10] In the light
of these facts, it seems natural to use neutral model dimers as
starting models in our study of the intermolecular S ´´´ S
interactions.


To obtain a general picture of the nature of the S ´´´ S
interactions found in the TTF-based neutral and charge-
transfer crystals, we proceeded in the following way: first, we
performed a statistical analysis on the TTF-based neutral and
charge-transfer crystals in the CSD database.[6] This deter-
mined the main features of their packing and the preferred
geometrical position of these contacts, which were required to
select the representative model systems used in our ab initio
computations. Then, we carried out Mùller ± Plesset compu-
tations with extended basis sets on the model systems. We
studied the nature of the S ´´ ´ S interaction in the H2S dimer
and then we analyzed how these results were modified when
the H2S hydrogens were substituted by functional groups of
different size and electronegativity, such as methyl (ÿCH3),
ethylenyl (ÿCH�CH2), and formyl (ÿCH�O) groups. Lastly,
we studied the S ´´ ´ S interaction in the environment of the
five-membered ring of the TTF molecule. In this form, we
determined the impact of the chemical environment on the
strength and directionality of the S ´´´ S interactions.


Results and Discussion


Statistical analysis of the geometrical arrangement of the
S ´´ ´ S contacts in TTF-based crystals : We began our study by
searching on the CSD database to find all purely organic
neutral and charge-transfer molecular crystals with a func-
tionalized TTF molecule (Figure 1). This search resulted in
102 neutral TTF-based crystals and 280 charge-transfer crys-
tals, a set large enough to allow a meaningful statistical
analysis of the S ´´ ´ S orientations. A visual inspection of these
crystals showed that one of the most common packing motifs
is one in which the TTF-based molecules are piled up to form
inclined stacks, whose molecules are laterally displaced by a
value d (Figure 1b). These stacks are repeated along the long
or short molecular axis (Figure 1b) with a p vertical displace-
ment between the adjacent planes (defined as the distance
between the extreme of one plane and the prolongation of the
closest plane in the adjacent stack along the stack-packing
direction). In this type of geometrical arrangement, the
shortest S ´´´ S contacts are expected to be found between S
atoms of neighboring molecules of the same stack or between
S atoms of one stack and those of the adjacent stack. The
other general packing motif is a T-shaped one, which is similar
to that found in benzene, although in this case it sometimes
involves individual molecules, whereas in other cases, like in
the BEDT-TTF neutral crystal,[10] it involves pairs of mole-
cules. From the point of view of the geometrical distribution
of the S ´´ ´ S contacts, the two motifs are not so different, as in
both cases for one atom the shortest contacts are nearly
perpendicular to the plane of the other molecule. There are
also cases in which none of these motifs are found.


As we wanted to test the influence of the possible charge
transfer on the S ´´´ S preferred orientations, we built two
separate subsets, one with the neutral precursors and the


other with the charge-transfer TTF-based crystals. In each
subset, we selected, for a geometrical study, all the S ´´´ S
contacts whose SÿS bond lengths were smaller than 4.5 �.
This is a bond length slightly larger than the sum of the
isotropic van der Waals radii of sulfur.[11] There were 1287
S ´´ ´ S contacts which fulfilled that criterion in the neutral
subset and 6690 in the charge-transfer subset. The geometry
of these contacts was analyzed by using the geometrical
parameters defined in Figure 2. Six parameters are generally


Figure 2. Geometrical parameters used to define the relative position of
two H2S molecules.


needed to describe the relative orientation in the space of two
identical X2S molecules whose geometry is frozen: the S ´´´ S
bond length (dSÿS), the angles between the C2v axis of each
fragment and the intermolecular S ´´ ´ S bond (here called f
and q), and three torsional angles that define the relative
orientation between the two X2S planes (dh1, dh2, and dh3).
When a Y atom in each fragment substitutes one of the X
atoms, the C2v axis is lost, but one can still use the axis that
passes through the middle of the aXSY angle in the plane of
the XYS molecule. By using these parameters, the shortest
S ´´ ´ S contacts within the same stack or between adjacent
stacks are characterized by the following values for the angles:
the intra-stack contacts have q and f angles in the 90 ± 1408
range (a value of 908 corresponds to the case of d� 0 lateral
displacement). The inter-stack contacts are mostly in the
140 ± 1808 range (the last value for p� 0 vertical displace-
ments). Notice that the range of definition for the f and q


angles is 0 ± 1808, while the dihedrals have a 0 ± 3608 range.
Figure 3 shows the histograms for the neutral subset that


give the number of S ´´ ´ S contacts for each value of the
geometrical parameters. The same results are collected in
Figure 4 for the charge-transfer subset. The distribution of
contacts along the dSÿS length (Figures 3a and 4a) is similar in
both subsets and has an inverted V shape. In the neutral
subset, the maximum is located at 3.93 � with a median at
3.932 �. The equivalent values for the charge-transfer subset
are shifted towards shorter lengths, at 3.78 and 3.881 �,
respectively. This 0.05 � shift could result from the increase in
the strength of the S ´´´ S interactions due to the small
depopulation of the antibonding orbitals caused by the charge
donation.[12] However, it is difficult to know the size of the
charge transfer in many of these crystals. Besides, as the
charge transfer increases there are new CÿHd� ´ ´ ´ Xdÿ inter-
actions between the donor and the acceptor[4, 13] in addition to
the S ´´´ S ones. On the other hand, the packing of the neutral
crystals is a compromise between the S ´´ ´ S interactions and
the competing CÿH ´´´ S ones.[14] Notice also that both dSÿS


distributions are similar to those found by Gavezzotti et al.[7d]


in a much broader subset of crystals. Therefore, the S ´´´ S
interactions in TTF-based crystals can be modeled by the
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Figure 3. Distribution of the values of the geometrical parameters, defined
in Figure 2, within the TTF-based neutral crystals. In the left column, the
dSÿS, f, and q distributions are represented (a ± c, respectively). In the right
column, the data for the dh1, dh2, and dh3 dihedral angles are given, (d ± f
respectively). The distribution of f and q angles has been normalized by
the solid-angle correction (conical correction).


same atom ± atom potential that was introduced by these
authors, that is, one with a minimum at dSÿS� 3.93 � and a
well depth of ÿ0.44 kcal molÿ1.[7d]


The angular distributions of the q and f angles (Figures 3b,
3c, 4b, and 4c) show a trend towards collinear angles in all four
cases, although the maximum is around 1708 in all these cases
(the q and f histograms have been cone-corrected). The
shape of the neutral and charge-transfer subsets is not the
same, and the most striking difference is the number and
importance of the local maxima. Also notice that the angular
distribution is not the same as those reported in other
studies;[7a±c] this shows the influence of the type of subset in
statistical packing analysis of S ´´´ S contacts. The absence of a
maximum around 908 reflects the existence of d=0 lateral
displacements between consecutive planes of the stack. The
maximum around 1708 can be obtained if coplanarity is
achieved between adjacent stacks (p� 0 and the adjacent


Figure 4. The same as Figure 3 for the TTF-based charge-transfer crystals.


stacks in Figure 1 are parallel, thus imposing q�f� 1808), or
when the p vertical displacement is zero and either q or f is
1808 while the other parameter has a different value. The
second caseÐthe most probable oneÐis like the one depicted
in Figure 1b. It can also be found for T-shaped motifs when the
angle between the two molecules is 908 and the plane of one
molecule hits the other molecule on top of one S atom (a fact
quite common due to the CÿH ´´´ S interactions between these
two planes).[10, 13]


The distribution of the dihedral angles in the 0 ± 3608 range
shows a sharp maximum for dh1 at 08 and 1808 (Figures 3d and
4d), while that for the dh2 and dh3 parameters presents a
sharp maximum at 908 (Figures 3e, 3f, 4e, and 4f). The results
for these dihedral angles are consistent with the most
probable arrangement discussed in the previous paragraph
(Figure 1b). The shortest S ´´´ S contacts are between adjacent
parallel stacks (dh3� 908), such as the two XYS fragments
that point in the same direction (dh1� 08 for contacts within
the same stack) or in opposite directions (dh1� 1808 for
contacts between adjacent stacks). The d lateral displace-
ments are, in most of the cases, along the short or long
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molecular axis (this explains the dh2� 908). It is also
consistent with T-shaped motifs under the conditions indi-
cated above, but in this instance only contacts between the
perpendicular molecules are made.


The packing pattern shown in Figure 1b is the average of
different situations, and not all the crystals pack in this form.
Both subsets show a similar tendency to pack in parallel
planes. It is also worth pointing out here that other statistical
studies carried out with different subsets of the CSD crystals
did not find the same preferred orientations.[7c] This fact
reflects the presence of more than one class of packing
patterns, the proportion of which in each analysis was
different.


Ab initio study of the S ´´´ S contacts using model systems : The
results of the previous section do not give a clear under-
standing of the nature of the S ´´´ S interactions in the TTF-
based molecular crystals. As a result, we decided to carry out
ab initio computations on some representative model dimers,
which have the geometry and environment of the S ´´´ S
contacts found in these crystals. We selected as model dimers
the H2S dimer, as the simplest test example, and XYS dimers,
in which X and Y can go from an H atom to methyl (ÿCH3),
ethylenyl (ÿCH�CH2), and formyl (ÿCH�O) groups. We also
selected, as a representative case of the environment of the S
atom in the TTF molecule, one of the five-membered rings of
the TTF molecule (Figure 1) and substituted the central TTF
double bond with a C�O bond. These dimers were oriented in
such a way that the shortest contacts were always the S ´´ ´ S
interactions.


Computational details : To compute the strength and direc-
tionality of the S ´´´ S interaction in the dimer systems, we had
to select a method capable of giving a uniform precision for
the calculation of the interaction energy of the dimers. It is
well known that van der Waals interactions can be adequately
described at the second order Mùller ± Plesset (MP2) level
when an extended basis set is used, although a fourth order
expansion (MP4) is required for very accurate results.[15]


However, given the size of some of our model dimers we
used the MP2 method, after evaluating the importance of the
MP4 ± MP2 difference on the smallest dimer.


To find the basis set required to describe the S ´´ ´ S
interaction with enough precision, we computed the H2S
dimer interaction energy using various basis sets of increasing
quality, with and without correction of the basis set super-
position error (BSSE).[15e, 16] Deliberately, we have selected
the same basis sets for evaluation that were employed in a
similar test on hydrogen-bonded dimers.[17] These basis sets
were built using totally different criteria and can be grouped
into three classes.
1) The standard group, made up of Pople�s standard basis


sets, as the 6 ± 31��G(d,p).[18]


2) The correlation-consistent group, made up of part of the
newly designed Dunning�s basis set.[19]


3) The extended group formed by LS(3d,2p) and
LS(3d2f,3p2d), in which the LS part is the near-Har-
tree ± Fock limit basis set of Lee and Schaeffer for the H
atoms[20] and the [11s8p] contraction of Partridge�s


(118s13p) for the S atom.[21] The (3d,2p) and (3d2f,3p2d)
polarization part is taken from the polarization part of the
correlation-consistent basis using the procedure explained
in reference [17].


We have also included in the last group some of the
standard basis sets, in which the polarization part was
substituted by a (3d2f,3p2d) or (4d3f,4p3d) polarization set
that were also from the correlation-consistent basis. In these
computations, the geometry of the XYS ´´´ SX'Y' dimer was
kept fixed at the intramolecular coordinates of rSH� 1.346 �
andaHSH� 93.38. The H atoms pointed outwards to allow a
short S ´´ ´ S contact and to preserve the overall D2d symmetry,
and the plane of one XYS molecule was rotated 908 relative to
the other. The intermolecular S ´´´ S bond length is optimized
in each basis set.


The results of these calculations are summarized in Table 1.
A graphical representation of Table 1 values (not plotted
here) shows that the BSSE-corrected and uncorrected inter-


action energies follow a pattern similar to that found in the
first and second row hydrogen-bonded dimers,[17] that is, the
BSSE-corrected interaction energy computed at the MP2
level approaches an asymptotic limit as the basis set
quality increases. The four largest basis sets, the aug-
cc-pVTZ, 6 ± 311��G(3d2f,3p2d), 6 ± 311��G(3d2f,3p2d),
and LS(3d2f,3p2d) basis sets, give the same BSSE-corrected
interaction energy within a 0.04 kcal molÿ1 deviation. The
corresponding BSSE-uncorrected values for the same basis
sets have a much larger deviation (0.31 kcal molÿ1). The
6 ± 311G(3df,3pd) basis set gives also reasonable results and
its quality is dependent on the polarization set (notice the
decrease from the 3df to the 2df sets). The cc-pVTZ gives
interaction energies of the order of the 6 ± 311��G(2d,2p)
basis set, while the cc-PVDZ and 6 ± 31��G(d,p) basis sets
are clearly too small to describe the energy of the S ´´´ S
interaction. We note also the smaller oscillation with the basis


Table 1. Basis-set dependence of the BSSE-corrected interaction energy
[kcal molÿ1] for the H2S dimer at the D2d geometry indicated in the text. The
HF (DEHF


cp � and MP2 (DEMP2
cp � values are given, together with the size of the


basis set (N) and, in parenthesis, the BSSE [kcal molÿ1].


N DEHF
cp (BSSE) DEMP2


cp (BSSE)


6 ± 31��G(d,p) 70 0.60 (0.07) 0.26 (0.91)
6 ± 31��G(2d,2p) 94 0.50 (0.05) ÿ 0.16 (0.28)
6 ± 311G(2d,2p) 98 0.53 (0.12) ÿ 0.19 (0.35)
6 ± 311G(2df,2pd) 132 0.49 (0.15) ÿ 0.21 (0.33)
6 ± 311G(3df,3pd) 154 0.54 (0.11) ÿ 0.42 (0.44)
6 ± 311��G(2d,2p) 110 0.55 (0.05) ÿ 0.21 (0.32)
6 ± 311��G(2df,2pd) 144 0.57 (0.07) ÿ 0.23 (0.30)
6 ± 311��G(3df,3pd) 166 0.56 (0.07) ÿ 0.41 (0.40)
6 ± 311��G(3d,3p) 132 0.55 (0.06) ÿ 0.38 (0.41)
cc-pVDZ 56 0.42 (0.10) 0.13 (0.15)
aug-cc-pVDZ 90 0.57 (0.04) ÿ 0.33 (0.31)
cc-pVTZ 124 0.47 (0.02) ÿ 0.22 (0.08)
aug-cc-pVTZ 192 0.58 (0.01) ÿ 0.48 (0.46)
6 ± 31��G(3d2f,3p2d) 180 1.03 (0.06) ÿ 0.43 (0.36)
6 ± 311��G(3d2f,3p2d) 200 0.58 (0.09) ÿ 0.51 (0.34)
6 ± 311��G(4d3f,4p3d) 256 0.76 (0.09) ÿ 0.52 (0.21)
LS(3d,2p) 160 0.54 (0.00) ÿ 0.33 (0.13)
LS(3d2f,3p2d) 240 0.58 (0.00) ÿ 0.52 (0.19)
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set size of the BSSE-uncorrected values relative to the
uncorrected results.


In the light of the results in Table 1, we decided to select the
6 ± 311��G(3d2f,3p2d) basis set for the H2S dimer compu-
tations. We were now able to test the impact of the MP2 or
MP4 methods on the S ´´´ S strength by computing the BSSE-
corrected interaction energy for the H2S dimer at its optimum
MP2/6 ± 311��G(3d2f,3p2d) S ´´ ´ S bond length. The
6 ± 311��G(3d2f,3p2d) MP2, MP3, and MP4 BSSE-correct-
ed energies are ÿ0.51, ÿ0.34, and ÿ0.43 kcal molÿ1, respec-
tively (the Hartree ± Fock value is 0.58). The BSSE errors are
0.34, 0.23, and 0.24 kcal molÿ1 for the same methods
(0.09 kcal molÿ1 in the HF computation). Therefore, it seems
that the MP2 computations give a reasonable estimate of the
S ´´ ´ S strength. All the calculations have been done using the
GAUSSIAN-94 package,[22] and the core electrons in the MPn
calculations are ªfrozenº.


The S ´ ´ ´ S interaction in the H2S dimer : The anisotropy of the
S ´´ ´ S interaction was first investigated with the six conforma-
tions of the H2S dimer shown in Figure 5. These were selected
from representative cases of the S ´´´ S geometrical orienta-
tions found in the previous statistical analysis of the packing


Figure 5. Conformations of the H2S ´´´ SH2 dimers considered in our
calculations (the p lone-pair electrons on each S atom are indicated).


of the neutral and charge-transfer crystals as well as in some
interesting extreme cases. For each conformation of Figure 5,
we have drawn the position of the p lone-pair electrons
located on the S atom (the s sp2 lone pair located along the
fragment C2v axis is not plotted here, in order to simplify the
drawings). Conformation I represents the p ± p interaction
found within the stacks, conformations II and III represent
two extreme cases of the s ± s interaction, conformations IV
and V are two cases of s ± p interaction, and conformation VI,


an intermediate case, corresponds to the most preferred
geometrical approach between divalent sulfur found in earlier
statistical studies.[7b] We did not fully optimize the geometry of
the fragments in these computations because one always
obtains a hydrogen-bonded minimum for a SÿH ´´´ S bond.[23]


The dependence of the MP2/6 ± 311��G(3d2f,3p2d) in-
teraction energy on the S ´´ ´ S bond length is shown in Figure 6
for all six conformations. In all cases, the HF curves represent
repulsion and the MP2 curves always have a minimum,


Figure 6. Variation with the S ´´´ S bond length (r) of the BSSE-corrected
interaction energy computed at the Hartree ± Fock and MP2 levels. All
calculations are performed with the 6 ± 311��G(3d2f,3p2d) basis set.


although conformation I is only slightly stable. Therefore, the
dispersion contribution plays an essential role in making these
S ´´ ´ S attractive and is large enough to compensate the
repulsive electrostatic contribution of two opposing dipoles.
Such a large dispersion contribution is associated with the
large polarizability of the H2S molecule (twice that for the
water molecule).[24] This is supported by the absence of
minima in the potential energy curves computed for the H2O
dimer for the same six conformations as in Figure 5 at the
MP2/6 ± 311��G(3d2f,3p2d) level. This same conclusion is
reached when a separate intermolecular perturbation theory
computation of the energetic components of the interaction
energy is carried out with the IMPT method.[25]
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The value of the MP2 interaction energy at the minimum of
each curve increases in the order (kcal molÿ1): I (ÿ0.05)<VI
(ÿ0.16)<V (ÿ0.18)< II (ÿ0.22)< IV (ÿ0.24)< III (ÿ0.51).
Consequently, the S ´´´ S interaction in the H2S dimer is
anisotropic. This anisotropy is parallel to the form of the
repulsive Hartree ± Fock contribution, which is caused mainly
by the dipole ± dipole repulsion, while the correlation con-
tribution is nearly isotropic. Thus it is not surprising that the
energetic ordering of the six conformations can be rational-
ized by using qualitative electrostatic arguments based on the
repulsion among the dipole and/or quadrupole moment of the
interacting molecules (a simple dipole ± dipole interaction
does not explain some aspects, for instance, it would predict
that collinear s ± s approaches II and III are the most
disfavored. However, this can be explained by the role of
the quadrupole moment on the S ´´ ´ S interaction). It is also
interesting to note that the most stable conformation (III) has
a similar strength to that for the weakest C(sp3)ÿH ´´´ S[5] and
C(sp3)ÿH ´´´ O bonds.[26] However, the optimum S ´´´ S inter-
molecular bond length from 3.9 � to 4.2 � (Figure 6) is larger
than those of these two bonds (3.0 ± 3.2 �).[5] The average
shape of the potential energy curves in Figure 6 is very similar
to the empirical isotropic intermolecular potential proposed
by Gavezzotti et al. (rmin� 3.83 �, Emin�ÿ0.44 kcal molÿ1).[7d]


Effect of neighboring substituent groups : The previous com-
putations describe the properties of the S ´´ ´ S interactions for
the simplest model dimer. However, as mentioned above, the
charge distribution on the sulfur atoms of the H2S dimer is not
the same as the one found for the TTF molecule, in which
there are functional groups attached to the S atom that induce
charge donation, charge withdrawing, or charge delocaliza-
tion, for instance. Therefore, it is important to evaluate the
effect induced by these groups on the strength and/or
directionality of the S ´´ ´ S interaction in some representative
cases.


We selected the groups to study by looking at the structures
of TTF-based molecules found in the CSD database. We
found that there are two types of S atoms: the inner S atoms,
which are always present as part of the five-membered rings of
the TTF molecule, and the outer ones, which are found in
molecules like BEDT-TTF (Figure 1a). The inner ones have
substituted ethyl groups on both sides. The outer S atoms have
substituted ethyl groups on one side and a variety of groups on
the other one. Therefore, we have chosen to study the
following groups: the methyl group (ÿCH3), which is present
in the external part of the BEDT-TTF molecule, the ethylenyl
group (ÿHC�CH2), which is found attached to the inner S
atoms of all TTF-based molecules, and the formyl (ÿCH�O)
group, which is also present in many cases. These groups were
attached in the positions of the H2S hydrogens to obtain a
XYS ´´´ SX'Y' model dimer. We also decided to use a model
representative for the environment of the TTF five-mem-
bered ring. This model was built by substituting one of the two
five-membered rings of the TTF molecule and by changing
the dangling C�C bond to a C�O bond. This allows the
evaluation of the effect of delocalizing the S charge in the five-
membered ring.


The selected functional groups were combined to obtain the
model dimers shown in Figure 7. For these dimers, the
interaction energy was computed for the geometry of
conformations I and II and for models of the p ± p and s ± s


S ´´ ´ S contacts found within the donor stacks and between
nearby stacks (see the statistical analysis section). These


Figure 7. Model dimers employed to compute the substituent effect. Only
the p ± p conformers are shown (f� 908). The s ± s conformers are similar
but with f� 1808 (see conformation II in Figure 5).


orientations are the most relevant ones in the TTF-based
crystals, since they largely determine the conducting proper-
ties of these crystals (they are responsible for the presence of a
sizable HOMO band dispersion and, consequently, for the
possible conductivity associated with that dispersion).[4] The
S ´´ ´ S bond length was fixed at 4 �, which is the average value
of this parameter in the H2S-dimer potential energy curves of
Figure 6. The structure of each fragment in these computa-
tions was optimized at the HF/6 ± 31�G(d) level and was
kept fixed during these dimer computations.


A first evaluation of the inductive effect generated by the
selected functional groups can be obtained by comparing the
MP2/6 ± 31�G(d) values of the BSSE-corrected interaction
energy for all the model dimers (Table 2). Notice that
although the values of the BSSE-corrected interaction energy
computed at MP2/6 ± 31�G(d) are less attractive than those
obtained with larger basis sets (see Table 1), the relative
stability of the model dimers can still be determined. We
recomputed the BSSE-corrected interaction energy for the
smaller four model dimers in Figure 7 at the MP2/6 ± 31��
G(2d,2p) and MP2/6 ± 31��G(3d2f,3p2d) levels, and the
interaction energy in all dimers decreased by a nearly constant
value in the four cases [the average decrease between the







FULL PAPER J. J. Novoa, C. Rovira


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0512-3696 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 123696


MP2/6 ± 31�G(d) and MP2/6 ± 31��G(3d2f,3p2d) values
is 0.82 kcal molÿ1 for the p ± p conformations and
0.95 kcal molÿ1 for the s ± s conformations].[27] When this
averaged value is added to the largest model dimers, one
obtains the BSSE-corrected energies plotted in Figure 8. They
show a clear inductive effect that is stronger in the p ± p


conformations. Each set of interaction energies can be
roughly fitted to a straight line of negative slope, which
reflects an increase in the S ´´ ´ S interaction with the charge-
withdrawing capability from the substituent.


Figure 8. Variation of the BSSE-corrected interaction energy with the
model system. The first four values are computed MP2/6 ± 311��
G(3d2f,3d2d) results, while the remaining ones are estimated values (see
text). Filled triangles refer to the p ± p conformation, while open circles are
for the s ± s conformation.


The previous results indicated that the analysis of the TTF-
based crystals should enable one to distinguish between S ´´´ S
interactions made by the five-membered rings and those from
the other S atoms, as the interactions in the five-membered
rings are generally stronger. It is also interesting to note the
higher stability of the p ± p conformation for the larger
substituents and, in particular, for model dimer 8. This implies
that from the point of view of the S ´´´ S interactions the TTF
molecules should have a preference for forming p ± p stacks
instead s ± s planes. The stacks can then aggregate by means
of their s ± s interactions, which are not used in the formation
of the p ± p stacks. Notice, however, that there are also other
short contacts, like the CÿH ´´´ S ones, which can contribute
significatively to the resulting preferred orientation, because
the strength of the S ´´´ S interaction is in many cases similar to
that reported in the literature for the C(spn)ÿH ´´´ S (n� 1, 2,
3) hydrogen bonds.[5]


We also performed a potential energy scan for the pathway
from conformation I to II. This was done for the H2S ´´´ SH2


and H2S ´´ ´ SHÿCH�CH2 model dimers at the MP2/6 ± 311�
�G(3d2f,3p2d) level, by changing the angle f (Figure 2) and
by forcing the two fragments to lie in parallel planes. The two
energy curves are parallel with two minimum arrangements at
f� 908 and 1808 ; the second one is more stable and has low-
energy angular motions along f. In between them, there is a
maximum at f� 1108, which is 0.2 kcal molÿ1 above the
energy of the f� 908 conformation. Therefore, if no other
contacts were present between the molecules involved in the
S ´´ ´ S interaction, the packing of TTF-based molecules should
follow, statistically, a pattern parallel to that found in the
potential energy scan. However, this is not the case for the
angular distributions shown in Figures 3 and 4, as they have a
preference for the 1808 orientations, but no maximum at 908.
This is probably due to the influence of the C(spn)ÿH ´´´ S
(n� 1, 2, 3) hydrogen bonds in the packing; these have a
similar amount of energy to that for the S ´´´ S interactions.[5] It
can be also due to the existence of the outer S atoms. As
Figure 8 indicates, the anisotropy of the S ´´´ S interaction
depends on the substituents attached to the S atom (compare
the left and right parts of Figure 8 with the central part of that
figure). The external S atoms of the BEDT-TTF have a methyl
group on one side and an ethylenyl group on the other. The
first has a preference for s ± s contacts, while the second does
not have such a clear preference. When these preferences are
considered in addition to that shown by the inner S atoms, the
overall result is difficult to predict and will depend on the
external substituents. Therefore, it is not unusual that when
we perform a statistical analysis on many crystals we find no
parallelism with the shape of the potential energy scan on a
XYS ´´´ SX'Y' dimer.


Conclusion


The main conclusion of our study is that S ´´ ´ S interactions are
attractive in character, that is, they have a minimum in their
potential energy curve for all orientations explored. Notice,
however, that at short S ´´´ S bond lengths, 3 � for instance, all
the curves represent repulsion. Furthermore, the strength and
anisotropy of the S ´´´ S interactions can be modeled by
changing the environment of the S atoms that are directly
involved in the interaction. When the S atoms are those in the
inner part of the TTF-based molecules, the interaction
strength can be of the order of ÿ1.5 kcal molÿ1 (a bit more
if the S ´´´ S bond length is the optimum one for the model
dimer). There is a preference for the p ± p stacked conforma-
tions over the s ± s ones; this is particularly pronounced in the
five-membered ring of the TTF molecule. Sulfur atoms
attached to C(sp3) give rise to the weakest S ´´´ S interactions.
The strength of the S ´´´ S interaction is similar to that reported
in the literature for the C(spn)ÿH ´´´ S (n� 1, 2, 3) hydrogen
bonds.[5] Therefore, one should expect that the packing of the
TTF-based neutral and charge-transfer molecular crystals is a
compromise between the S ´´´ S and C(spn)ÿH ´´´ S competing
interactions. Once a proper knowledge of the strength and
directionality of the second type of interactions is obtained,


Table 2. BSSE-corrected interaction energy [kcal molÿ1] computed at the
MP2/6 ± 31�G(d) level for the model dimers of Figure 7 in their (p ± p)
and (s ± s) conformations.


E(p ± p) E(s ± s)


1 1.04 0.79
2 1.27 0.65
3 0.84 0.58
4 0.20 0.20
5 0.37 0.49
6 0.37 0.43
7 ÿ 0.12 ÿ 0.08
8 ÿ 0.59 0.18
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along with an estimate of the substituent effects, it will be
possible to use the data for the rationalization of the crystal
packing of TTF-based neutral and charge-transfer molecular
crystals. Work in this direction is under way in our laboratory.


We have also performed a statistical analysis of the
geometrical arrangement of the shortest S ´´ ´ S contacts found
in neutral crystals of TTF-based molecules and in their
associated charge-transfer crystals. Most of the S ´´´ S contacts
in the neutral crystals lie in the 3.4 ± 4.3 � range, with a
maximum at 3.93 �. For the charge-transfer crystals, we
obtained a similar distribution of the S ´´´ S contacts in the
space, but with slightly shorter bond lengths. These distribu-
tions are similar to those found in a much broader subset of
crystals.[7d] This similarity suggests that the S ´´´ S interactions
in TTF-based crystals could be modeled by the same atom ±
atom potential obtained by the inversion of the bond-length
distribution of the broader subset; this is attractive and has a
minimum at 3.93 � and a well depth of 0.44 kcal molÿ1.
However, our ab initio data also indicate that the S ´´´ S
interactions can be as strong as ÿ1.5 kcal molÿ1 if the proper
substituents are selected. They also show that with some
substituents the S ´´´ S interactions can be far from isotropic.
These findings could be useful in formulating a more refined
S ´´ ´ S potential.
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