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Introduction


Cluster chemistry has traditionally focused on two- or three-
dimensional frameworks, leaving one-dimensional clusters in
a marginal position.[1] Instead, in other fields of inorganic
chemistry a great deal of attention has been paid to species
containing chains of metal atoms. The peculiar electrical and
magnetic properties of one-dimensional systems have led to
many studies on solid phases formed by stacks of individual
molecules (typically square-planar d8 ML4 complexes) with
different degrees of metal ± metal interactions.[2] Moreover,
increasing interest in polymers containing skeletal metal
atoms[3±6] has prompted speculation on the possible synthesis
of polymers made of covalently bonded metal atoms.[7±9]


However, very few results have so far been obtained along
this line: most of the methods currently used to synthesize
inorganic and organometallic polymers[4, 5, 10] (see Scheme 1
for transition metal containing polymers) give chains where
organic ligands connect the metal atoms and no direct metal-
metal bond is present. Notable exceptions are the zigzag
infinite -Cu-Co- chain present in [CuCo(CO)4]1 (made of cis-
[Co(CO)4] units connected by digonal Cu atoms)[11] or the


Scheme 1. The main routes to transition metals containing organometallic
polymers: a) condensation, b) coordination, c) ring-opening, d) addition
polymerization.


linear chains present in [Ru(CO)4]1 [12] and in the ªsolvated
molecular wireº {[Rh(CH3CN)4]1.5�}1 [13] (both containing
planar ML4 moieties, linked by two transoid M ± M bonds).


With regard to molecular (i. e. not polymeric) chain
clusters, most contain bridging ligands that are essential to
the stability of the metal chain. In fact, the bridge-assisted
metal ± metal bond formation method has found wide appli-
cation in the synthesis of such clusters.[14] Another powerful
approach, developed by Stone�s group,[15] consists in alternat-
ing additions of electron-rich [Pt(cod)2] (cod� cyclo-
octadiene) and metal ± carbyne complexes M�CR (M�Mo
or W), as shown in Scheme 2.


The molecular species of nuclearity higher than 3 in which
the metal centers are connected only by unsupported M ± M
or M-H-M interactions are much rarer.[16] Several rational
procedures have been applied for their synthesis, such as the
reaction of a metal halide with a nucleophilic carbonylmeta-
late (Scheme 3 a),[17] or the replacement of a labile ligand by
suitable metal fragments (Scheme 3 b).[18, 19] On the other
hand, ring opening by the addition of electron donors[20] is
penalized by the fact that the number of ring clusters of
nuclearity higher than 3 is very limited.


In principle, some of the above methods could be modified
to give oligomerization rather than single-step syntheses. For
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Scheme 2. Stepwise synthesis of metal chains from Pt(cod)2 and M�CR
(M�Mo or W).


Scheme 3. Routes to chain clusters containing only MÿM or M-H-M
interactions.


instance, the transformation of the triangular cluster [Ru3-
(CO)12] into the polymeric [Ru(CO)4]1 phase by sunlight
irradiation, in the presence of carbon monoxide, is an example
of ring-opening polymerization.[12] However, several factors
hinder the development of oligomerization procedures, even
when difunctional reactants are available. For instance, in
Scheme 2 the reactions proceed in a stepwise manner, with
the selective formation of the n� 1 oligomer rather than a
mixture of higher oligomers, probably because the reactivity
of the parent Pt(cod)2 and M�CR reactants is higher than that
of the moieties at the chain ends. Another major problem,
frustrating attempts to realize polycondensations analogous to
those of Scheme 1 a, is the easy formation of cyclic oligomers:
Schemes 4 a[21] and 4 b[22] show the results using difunctional
species in reactions similar to those of Scheme 3.


Scheme 4. The formation of cyclic rather than chain oligomers by using
difunctional reactants in reactions similar to those of Scheme 3.


In the first of these reactions, the failure of the oligome-
rization was attributed to the stereochemical nonrigidity of
the Sn-Os-Sn systems (dynamic mixtures of cis and trans
isomers),[17b] suggesting the need for a rigid trans arrangement
around the metal centers before attempting polymerization.
On the other hand, the somewhat related reaction of
[Co(CO)4]ÿ with CuCl afforded, besides a tetrameric cyclic
[CuCo(CO)4]4 molecule, also the above-mentioned polymeric
phase made of zigzag -Cu-Co- infinite chains (Scheme 5).[11]


This shows that a C2v (cis) arrangement of a M(CO)4 group is
not incompatible with the formation of a chain, provided a
suitable ªspacerº is present. This was further confirmed by
obtaining chains containing cis-[Re(CO)4] units through


Scheme 5. The formation of both cyclic and chain [CuCo(CO)4]n oligom-
ers.
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therecently reported anionic oligomerization of [Re2(m-
H)2(CO)8].[23] This process provides an example of addition
oligomerization, a method that has found little application in
inorganic chemistry, but is the main route to organic polymers.
Indeed, as shown in Scheme 1 d, the addition organometallic
polymers described in the literature are not obtained by the
polymerization of monomers containing multiple bonds
between inorganic elements (organometallic analogues of
olefins), but rather by the polymerization of vinyl groups
attached to organic functions bound to a metal.[3, 5] Therefore,
the metal centers are not involved in the polymerization
process, whereas in the oligomerization of the ªolefin-likeº
molecule [Re2(m-H)2(CO)8] they are the sites of addition.


The unsaturated [Re2(m-H)2(CO)8] complex and its
reactivity


The starting material of the title process is the dimeric
complex [Re2(m-H)2(CO)8] (1, D2h symmetry, Scheme 6).[24] Its
electronic unsaturation (two electrons short) would require a
formal ReÿRe double bond in order to satisfy the effec-
tive atomic number (EAN) rule.[25] Alternatively, the
[Re(m-H)2Re] system can be described as involving a pair of


Scheme 6. Two different views of the unsaturated [Re2(m-H)2(CO)8]
complex (1), as ethylene-like or borane analogue.


three-center, two-electron (3c-2e) bonds,[24a] and MO calcu-
lations[26] have found no direct metal ± metal bond in this
system, leading to the suggestion that the metal atoms are
bonded exclusively through the hydrogen bridges. From this
point of view [Re2(m-H)2(CO)8] is a close analogue of
electron-deficient diborane, B2H6.[27]


From a different point of view, the well known isolobal
relationship between CH2 and d8 M(CO)4 fragments[28]


(Scheme 7) could be extended to the isoelectronic HRe(CO)4


Scheme 7. The isolobal relationship between CH2, d8 M(CO)4 and
HRe(CO)4 fragments.


fragment, since its frontier orbitals allow interaction with two
metal centers, through 3c-2e bonds, that arise from the empty
orbital acting as an electron acceptor and the ReÿH bond as
an electron donor (due to the well known s-donor capability
of MÿH bonds toward coordinatively unsaturated centers).[29]


This can give rise to a ªdouble-bondedº dimer (the ªethylene-
likeº 1) or to [HRe(CO)4]n cyclic oligomers (analogues of
cycloalkanes, with n up to 5)[22, 24] or even to the chains
described in this paper, which are reminiscent of the [CH2]n


chains of linear hydrocarbons.
As expected from its unsaturation, the chemistry of 1 is


characterized by easy addition reactions. Nucleophiles, not
electrophiles, are added: therefore the behavior of 1 should be
considered closer to electron-poor diborane than to olefins. In
spite of this, its analogy with olefins is more fruitful in
describing several aspects of its reactivity, including the title
oligomerization, which has no analogue in borane chemistry.
Neutral Lewis bases usually react with 1 to give unstable
addition derivatives,[30] as observed for diborane.[31] Anionic
Xÿ reactants give more stable [Re2HX(m-H)(CO)8]ÿ


anions,[23, 32] in which one of the bridging hydrides of 1 has
moved to a terminal location (Scheme 8). It was subsequently


Scheme 8. The premises for the anionic oligomerization of 1: addition of
i) Xÿ (X�H, Cl), ii) [M(CO)n]ÿ (M�Mn, Re, Ir), or iii) [HMLn]ÿ ions,
MLn�HRe(CO)4, Re2(CO)9.


shown that replacement of Xÿ with isolobal carbonylmeta-
lates affords trinuclear L-shaped cluster anions,[19, 33] due to
the formation of MÿRe bonds (Scheme 8). More recently we
proved that also carbonylates containing terminal hydrido
ligands can add to 1,[22, 18] through M-H-Re interactions
(Scheme 8).[34] This last achievement has been decisive in
discovering the anionic oligomerization of 1. Indeed, all the
addition products shown in Scheme 8 contain terminal
hydrides: we therefore argued that such hydrides could be
capable of further addition to 1, leading to clusters containing
longer metal chains. This expectation was proved correct.


The oligomerization of [Re2(m-H)2(CO)8]


Low-temperature NMR monitoring revealed that successive
additions of one equivalent of 1 to a solution containing a
nucleophile Xÿ cause the stepwise formation of monoanions
containing progressively longer metal chains as shown in
Scheme 9 for X�Re(CO)5.[23] Usually only the first steps are
quantitative, increasingly larger fractions of 1 remaining







CONCEPTS G. D�Alfonso


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0212 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2212


Scheme 9. The anionic oligomerization of 1 promoted by [Re(CO)5]ÿ .


unreacted as its amount increases. Throughout the addition, a
significant amount of precipitate was formed in the NMR tube
(dissolving upon dilution or increasing the temperature).


On the basis of these results, we devised a different
approach to the synthesis of the oligomers, which consists in
reacting 1 with an amount of [Re(CO)5]ÿ significantly lower
than the stoichiometric amount (down to 0.1 ± 0.2 equiva-
lents). The results were very similar to those obtained by the
stepwise addition of 1 to the nucleophiles. Product nuclear-
ities increase as the amount of [Re(CO)5]ÿ decreases, as
expected, but at the same time the amount of unreacted 1 and
the precipitate in the NMR tubes also increase. The NMR
data indicated the presence in solution of chains containing up
to five units of the Re2 ªmonomerº. Higher oligomers might
be present in the precipitate.


This second procedure can be defined as an oligomerization
process promoted by an anionic nucleophile and is clearly
reminiscent of olefin anionic polymerization. In line with this,
every anion Xÿ able to add to 1 might act as ªinitiatorº of the
oligomerization process. We have already verified that a
nucleophile as poor as Clÿ is able to promote the oligome-
rization process, with an efficiency not lower than that of the
strong nucleophile [Re(CO)5]ÿ . Other initiators are currently
under investigation in our laboratory.[35]


So far we have succeeded in isolating as a single crystal
suitable for X-ray analysis only one of these oligomers,
namely the Cl[Re2H2(CO)8]2


ÿ ion, as an NEt4
� salt. The


structural features revealed are in close agreement with the
results obtained from 13C NMR analysis. The chains are made
of cis-[Re(CO)4] units joined by hydrogen bridges, with rather
long Re-H-Re bonds (average value of 3.31 � in the Re4Clÿ


ion structurally characterized).[23] The initiator X and one
hydrido ligand are terminally bound to the opposite ends of
the chains.


These X[HRe(CO)4]n
ÿ chains bear some resemblance to


the previously mentioned [CuCo(CO)4]n infinite chains
(Scheme 5),[11] a proton replacing the Cu� ion. The structural
interchangeability between H� and Group 11 cations is well
known. However, in the present cases, due to the electron
difference between Re and Co, no CoÿCo bond is present in
the Co-Cu-Co chains, while the Re atoms are connected
through 3c-2e Re-H-Re bonds. This leads to distances
between the Re(CO)4 units that are much shorter than those
between the corresponding Co(CO)4 moieties, with possible
1,3- and 1,4-Re ´´´ Re interactions[18] that could destabilize the
Re chains.


The thermodynamic limits of the oligomerization
of 1


Several features make this oligomerization process quite
different from alkene polymerization. First of all, for most of
the addition steps the position of equilibrium (1) is not very
favorable (usually only the addition of Xÿ to 1 is quantitative,
as mentioned above).


[Re2(m-H)2(CO)8]�X[Re2H2(CO)8]n
ÿ > X[Re2H2(CO)8]n�1


ÿ (1)


An excess of 1 is therefore required to draw the equilibria
toward the higher oligomers, and this explains the presence, at
equilibrium, of increasing amounts of unreacted 1 as the
amount of the anionic ªinitiatorº is lowered.


The equilibrium is strongly affected by temperature. In fact,
the lowest temperatures led to the formation of the longest
chains, provided that the reaction time was long enough
to satisfy the kinetic requirements (from minutes to a few
hours). Increasing the temperature led to the reversal
of the oligomerization process and increasing amounts of
[Re2(m-H)2(CO)8] dissociate, resulting in progressively shorter
chains.[23]


This is just what was expected on the basis of the
thermodynamics of the reaction: polymerization processes
are usually enthalpically driven because entropy decreases,
due to the loss of the translational entropy of the monomer.[36]


For instance, in the polymerization of alkenes the enthalpy
released by the creation of two carbon ± carbon single bonds
always prevails over the enthalpy necessary to break the
double bond of an alkene.


In the present case, not only can an unfavorable entropic
term be expected, but also an enthalpic contribution that is
less favorable than in typical addition polymerization. Indeed,
in spite of the ªolefin-likeº nature of 1, reaction (1) cannot be
described as the formation of two ReÿRe single bonds from a
double bond, but rather as the replacement of a Re(m-H)2Re
system by two Re(m-H)Re interactions.[37] No literature data
predict the sign of DH8 for this process. However, if the
strength of a metal ± metal bond can be evaluated from the
metal ± metal distance (according to the relationship E�Adÿk


used in recent work that analyzes the available thermody-
namic data from transition metal carbonyl clusters, including
hydrogen-bridged interactions),[27, 38] reaction (1) should be
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only slightly exothermic: on using the values of A and k given
in ref.[27] , the metal ± metal bond enthalpy for 1 can be
estimated as 103.6 kJ molÿ1, while that for one Re-H-Re
interaction should amount to about 54 kJ molÿ1 (assuming an
average ReÿRe bond length of 3.31 �).[23] It is also likely that
the absolute value of the (negative) entropic term is reduced
by the higher conformational freedom enjoyed by the
Re(CO)4 units in the chains with respect to the rigid starting
material 1.[39] In agreement with these considerations, pre-
liminary data concerning the Re4 >Re6 equilibrium for the
Clÿ-promoted oligomerization indicate that both the enthalp-
ic and entropic terms are rather small (DH8 ca.
ÿ29(1) kJ molÿ1, DS8 ca. ÿ64(5) JKÿ1 molÿ1).[35]


Another major problem hindering the formation of higher
oligomers arises from the low solubility of 1, particularly at
low temperatures: it is known that the formation of long-chain
polymers is favored by high monomer concentrations. The
possible use of more effective solvents is under investigation
at present.


It is interesting to compare the title process with the anionic
polymerization of disilenes (or, better, of ªmasked disilenesº,
due to the thermodynamic instability of true R2Si�SiR2


disilenes).[6] In the latter case, the reaction of the monomer
with a suitable anionic initiator gives rise to a fast living
polymerization.[40] Unlike our case, the reaction also occurs at
room temperature and affords true polymers (up to about
20 000 Da). However, under these conditions the polysilanyl
anions are thermodynamically unstable with respect to cyclic
oligomers. In the case of the Re chains there is no evidence of
degradation processes leading to cyclic oligomers, even if
[ReH(CO)4]n cyclic oligomers (stable at room temperature)
are known, with n up to 5.[22] Moreover, the stabilization of the
polysilanyls requires a proton source (typically ethanol or
water), to quench the reactive charged end of the chain,[40]


whereas in the case of rhenium this termination step is not
necessary, probably because polynuclear hydrido-carbonyl
rhenates are less reactive than the corresponding silyl anions.
On the contrary, some preliminary experiments suggest that
for the Re chains the use of electrophiles as potential
ªterminatorsº results in destabilization of the oligomeric
structure.[35]


Future developments


To the best of our knowledge, the oligomerization process
described here is unprecedented in organometallic chemistry.
It rests on two main concepts: i) complexes containing
terminal MÿH bonds can act as efficient ªs-donorº ligands;[29]


ii) electron-short complexes like 1 (be they described as
isolobal analogues of olefins or as borane-like molecules) can
undergo addition of nucleophilic organometallic fragments,
including MÿH bonds. Neither of these concepts is novel, but
in the case of 1 they combine to give a novel process, because
the addition products maintain a terminal MÿH bond with a
nucleophilicity high enough to continue the addition process.


Is this chemistry destined to be restricted to [Re2(m-
H)2(CO)8] only? The closest analogues of 1 are the isoelec-
tronic [M2(m-H)2(CO)6(P ± P)] complexes (M�Mn [41] or


Re,[42] P ± P� diphosphane): their expected lower propensity
to undergo nucleophilic additions could be counterbalanced
by higher nucleophilicity of the resulting anion. Several other
neutral dimetal complexes containing hydrido-bridged short
metal ± metal interactions (and formal M ± M multiple bonds,
in order to adhere the EAN rule) are known.[43] Many of them,
particularly those exhibiting the M(m-H)2M moiety present in
1, could be good candidates for oligomerization studies.


As to the systems containing authentic metal ± metal multi-
ple bonds,[43] we are unaware of any addition reactions of the
type depicted in Scheme 8, that should constitute the neces-
sary premises for an oligomerization process. For instance, the
reaction of the quadruply bonded complex [Mo2(DArF)3Cl2]
(DArF�N,N'-diarylformamidinate) with NaHBEt3 does not
result in Hÿ addition but rather in reductive substitution,
leading to the cyclic oligomer [Mo2(DArF)3]2(m-H)2, contain-
ing Mo2 units that still retain the quadruple bond.[44] However,
other types of addition reactions do occur: for instance the
addition of bifunctional ligands in the axial positions of
various multiply bonded M2L8 dimers (see Scheme 10 a) leads
to one-dimensional coordination polymers, without M ± M
bonds connecting M2 units.[9, 45] If these bifunctional ligands


Scheme 10. Existing (a and d) and hypothesized (b, c, and e) oligomers
from quadruply bonded dimers.


could be replaced by some suitable organometallic fragment,
copolymers made of -M2-M'-M2- chains would be obtained
(Scheme 10 b). To realize a true anionic oligomerization, the
difunctional ligands ought to be first replaced by an ªinitiatorº
Xÿ and then by the X-(M2)n


ÿ addition products (Scheme 10 c).
A different approach might involve the rearrangement of


quadruple bonds to triple and single bonds, as occurs in the
dimerization of some dinuclear compounds where rectangular
metallocyclodiyne type complexes form (Scheme 10 d).[46] If
the loss of the d component of the quadruple bonds could be
used to provide electrons to axially bind other M2 units, chains
made of alternating M�M and MÿM bonds would be obtained
(Scheme 10 e). The stability of similar hypothetical chains of
transition metal atoms has already been investigated theoret-
ically,[8, 47] and the results did not condemn its thermodynamic
possibility.


In conclusion: recent reviews discussing synthetic problems
related to the preparation of inorganic and organometallic
polymers[4, 10] have observed that ªthe most versatile method
for the synthesis of organic polymerÐthe addition polymer-
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ization of unsaturated monomersÐis currently not available
for the preparation of inorganic backbone polymersº.[10] This
has been attributed to the small number of stable inorganic
analogues of olefins and to the scarcity of studies concerning
their behavior as polymerization monomers. Our work
provides a first contribution in this direction. There is no
doubt that much more still has to be done. The scope of the
method and its possibility to produce true polymers, and not
just unstable oligomers, has still to be investigated. In any
case, what was until now only an appealing hypothesis, that is
ªque la cateÂnation des ions meÂtalliques pourrait eÃ tre acces-
sible au moyen d'un protocole de polymeÂrisation inspireÂ de
ceux utiliseÂs en chimie organiqueº,[8] has now been estab-
lished.
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Zinc Porphyrin Tweezer in Host ± Guest Complexation: Determination of
Absolute Configurations of Primary Monoamines by Circular Dichroism


Xuefei Huang,[a] Babak Borhan,[b] Barry H. Rickman,[a] Koji Nakanishi,*[a] and
Nina Berova*[a]


Abstract: A nonempirical exciton chir-
ality circular dichroic (CD) method for
determining the absolute configurations
of primary monoamines with amino
group directly linked to the stereogenic
center is described. Conventional exci-
ton chirality CD method cannot be
applied to these compounds since they
lack the two sites for attaching the
interacting chromophores. This was
solved by covalently linking the mono-
amine to a trifunctional bidentate car-
rier moiety 1. Treatment of the carrier/


monoamine conjugate with the porphyr-
in tweezer 4 consisting of two pentane-
diol-linked zinc porphyrins gives rise to
1:1 host ± guest macrocyclic complexes
that exhibit exciton-coupled CD spectra.
The sign of the CD couplet can then be
correlated with the absolute configura-


tion of the monoamine as follows: a
clockwise arrangement of the L, M, and
S (large, medium, small) groups in the
Newman projection of the monoamine
with the amino group in the rear gives
rise to a positive CD couplet, and vice
versa; the assignments of L, M, S groups
are based on conformational energies
(A values). This method is applicable to
cyclic and acyclic aliphatic amines, aro-
matic amines, amino esters, amides, and
cyclic amino alcohols, and can be per-
formed at the several microgram level.


Keywords: amines ´ circular dichro-
ism ´ configuration determination ´
host ± guest chemistry ´ zinc por-
phyrin tweezer


Introduction


The exciton chirality circular dichroic (CD) method, a
nonempirical approach for absolute stereochemical determi-
nations[1, 2] has been applied to a wide variety of compounds,
such as polyols,[3] carbohydrates,[4±6] quinuclidines,[7, 8] hydroxy
acids,[9±11] and others.[2] This method is based on the through-
space exciton coupling between two or more chirally oriented
chromophores which are usually introduced through deriva-
tizations of functional groups present in the substrate. There-
fore, unless a chromophore already exists in the molecule, the
presence of at least two functional groups which can be
transformed into chromophores is the prerequisite for apply-
ing this chiroptical method, that is, two attachment sites for
chromophore(s) are necessary. This prerequisite, however, is
not satisfied in some molecules to be studied, such as
monoamines in which the amino function is the sole site for
derivatization. However, the carrier molecule 1 described


herein allows one to extend the exciton-coupled CD method
to primary monoamines linked directly to a chiral center
(Scheme 1). Derivatization of amine 2 with carrier 1 yields the
carrier/monoamine conjugate 3 ; binding of the conjugate 3
with porphyrin tweezer 4[12] produces a 1:1 chiral macrocyclic
host ± guest complex 5 that exhibits exciton-coupled CD
spectra reflecting the absolute configuration of monoamine 2.


The stereochemistry of primary monoamines has been
investigated by benzene chirality rules (aromatic
amines),[13, 14] and CD induced by 1-indan-carboxylic acid,[15]


benzoylbenzoic acid,[16±18] or polyacetylene carboxylic acid
helices.[19, 20] These methods normally generate weak CD
signals (CD amplitudes <10, in many cases <1), and require
milligram quantities of sample.


Recently, we reported that the zinc porphyrin tweezer 4 can
be used to determine the absolute configuration of diamines
at the low microgram level.[12] Porphyrin tweezer 4 is capable
of binding various acyclic chiral a,w-diamines through zinc
nitrogen coordination to form 1:1 macrocyclic host ± guest
complexes 6 (Figure 1). In the sterically more favored
conformation of the complex, the small group at the stereo-
genic center of the guest molecule would be sandwiched
between the two porphyrins, while the large group points
outside; this orientation leads to a chiral twist between the
two porphyrin effective transition moments[21] and a CD
couplet with the sign determined by the chirality of the guest.
The method can be extended to other compounds with two
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sites of attachment such as amino acids and amino alcohols by
converting them into diamines via simple derivatizations with
ethylene diamine and glycine, respectively.[12] This sensitive
method requires less than 10 mg of both the host and the guest,
and unlike the traditional exciton-coupled CD approach, the
chromophores, that is zinc por-
phyrins, can be recycled as they
are not covalently attached to
the compounds of interest.


Bidentate carriers exempli-
fied by 1 were developed in
order to extend this tweezer
method to primary mono-
amines with the amino group
linked directly to stereogenic
centers (Scheme 1). The angu-
lar arrangement of the two
porphyrin rings in complex
5 gives rise to an exciton-cou-
pled CD that reflects the abso-
lute configuration of mono-
amine 2.


Results and Discussion


The testing of several candidate
compounds such as pyrazine
carboxylic acid and 1,4-diami-
no- 2-benzoic acid showed that
pyridine-4-aminomethyl-2-car-
boxylic acid 1 having the fol-
lowing attributes was suited to
perform the role of the carrier
molecule: i) presence of the
carboxyl group to derivatize
primary amines; ii) presence
of the two nitrogen groups to
bind to the tweezer; iii) pres-
ence of the pyridine nitrogen in
the vicinity of the chiral center
in the carrier/monoamine con-
jugate and a relatively rigid
structure to reflect the chirality
of the amine in the tweezer
complex.


Carrier 1 was synthesized in
high yield from commercially
available compounds as shown
in Scheme 2.[22] Boc protection
of 4-aminomethylpyridine fol-


lowed by 3-chloroperoxybenzoic acid (mCPBA) oxidation
gave pyridine oxide 7, which upon treatment with trimethyl-
silyl cyanide (TMSCN) and dimethylcarbamyl chloride gave
pyridine-4-N-Boc-aminomethyl-2-nitrile (8);[23] this was then
hydrolyzed to yield 1 a in the gram scale, overall 50 % yield for
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Scheme 1. Complex formation between carrier 1/monoamine conjugate and porphyrin tweezer 4.


Figure 1. CD and UV/Vis spectra of the 1:1 macrocyclic complex 6 formed in n-hexane between porphyrin
tweezer 4 host (dashed line shows the direction of the porphyrin effective transition moment m) and a chiral
diamine guest l-lysine methyl ester. CD amplitude denotes the difference between CD extrema (Cotton effects)
in De ; either a positive or negative sign is assigned to it depending on whether the Cotton effect at longer
wavelength is positive or negative (- - - - noncomplexed tweezer 4, ÐÐ 1:1 complex 6).
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chloride, TMSCN, CH2Cl2, room temperature, 48 h (65 %); d) NaOH, EtOH(aq), reflux, 24 h (quant.) ; e) BOP,
DIPEA, THF, room temperature, 4h; f) 10% TFA/CH2Cl2, room temperature, 2 h (70 ± 95 %).
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the four steps. The coupling of 1 a with monoamines using
benzotriaoyl-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP)[24] as the coupling reagent under mild
conditions followed by removal of the Boc group generated
the carrier/monoamine conjugate in high yield. Although the
coupling reaction was usually performed at the milligram
scale, it was found that the conjugate could also be readily
prepared with about 5 mg of the monoamine followed by
HPLC purification to provide material sufficient for CD
measurements (see Experimental Section).


Mixing of conjugate 10, formed by carrier 1 and (S)-
cyclohexylethylamine, with porphyrin tweezer 4 gave rise to a
positive exciton CD couplet in a nonpolar solvent such as
methylcyclohexane (MCH) as shown in Figure 2a.[25] Forty
equivalents of the conjugate 3 was found out to be the
optimum amount of the guest since this yielded maximum CD
amplitudes (Figure 2 b). CD spectra measured in other
solvents, for example, hexane, benzene, toluene, methylene
chloride, chloroform, and acetonitrile, disclosed that the CD


amplitudes in hexane were similar to those in MCH, while
they were much weaker or almost negligible in other solvents.
The following CD measurements were performed in MCH.


A standard Job plot revealed a 1:1 stoichiometry for the
binding between porphyrin tweezer 4 and the bidentate
conjugate guest at low guest concentration (less than
20 equiv).[26] Formation of the 1:1 macrocyclic complex
between porphyrin tweezer 4 and the bidentate conjugate
guest is supported by changes in UV/Vis and CD spectra with
different amounts of the guest (Figure 2). With increasing
amounts of the guest such as conjugate 10 (0 to 200 equiv), the
UV/Vis maxima is shifted from 416 nm (Figure 2b, 0 equiv
curve) to 424 nm (saturated host, Figure 2b, 200 equiv curve)
with the presence of an isosbestic point indicating a single-
step transformation. The absorption maximum of the complex
formed between a monoamine and porphyrin tweezer 4 is at
428 nm; in contrast that of the complex between the conjugate
such as 10 and tweezer 4 is at 424 nm (complex 11 in
Figure 2d). This apparent blue shift seen in the latter is most


Figure 2. UV/Vis and CD spectra of porphyrin tweezer 4/conjugate 10 complex with different concentrations of 10 in methylcyclohexane (MCH). (The
tweezer concentration is kept constant at 1 mm in all cases). a) UV/Vis and CD spectra of 4/10 complex with 40 equiv of 10. b) Change in UV/Vis spectrum
with different equivalents of 10. c) Change in CD amplitude with different equivalents of 10. d) Schematic representation of the equilibria between porphyrin
tweezer 4, complex 11 (1:1 macrocyclic host ± guest complex), and complex 12 (flexible 1:2 host ± guest complexes).
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likely due to exciton coupling between the two nearby
porphyrins held rigidly in a close to parallel orientation.[27±30]


This clearly indicates the transition of the noncomplexed
tweezer 4 to the 1:1 host ± guest macrocyclic complex 11
(Figure 2b, 2d).[30±32] It is only after the guest concentration
exceeds 200 equiv that UV/Vis maxima of the complex is
shifted to longer wavelengths beyond 424 nm (Figure 2b,
400 equiv to 1600 equiv curves). This red shift of the maxima
beyond 424 nm with no isosbestic point points an increase in
the population of the flexible 1:2 host ± guest complexes 12.


The changes in the host ± guest complex structures accom-
panying the addition of conjugate 10 to porphyrin tweezer 4 is
also corroborated by changes in their CD spectra. As shown in
Figure 2c, the CD amplitudes of the host ± guest complex
increase as the guest concentration increases from 2 to
10 equiv and reaches a maximum at 40 equiv, indicating
formation of the 1:1 complex 11. The CD amplitudes, while
varying little between 10 to 200 equivalents of guest concen-
tration, decrease above 200 equivalents (Figure 2c) suggesting
an increase in the population of 1:2 complex 12 devoid of
exciton coupling.[33±36] Forty equivalents of the guest was used
as the optimal amount for the following CD investigations.


The principle by which the conjugate/porphyrin tweezer 5
complex yields an exciton-coupled CD spectrum with a
specific sign is based on the steric differentiation of the three
substituent groups at the chiral center by the two zinc
porphyrins. Nonempirical assignments can be made if the
spatial orientation of the two porphyrins could be predicted.
This is attainable only if rotations around CpyrÿCC�O (bond I),
CC�OÿNH (bond II), and HNÿCchiral (bond III) bonds of the
conjugates are restricted (Figure 3). Molecular modeling of
the conjugate[37] has yielded useful insights towards under-
standing the preferred conformations of these bonds. The
conjugation favors a coplanar orientation of the carbonyl
group to the pyridine ring. Moreover, possibly due to electro-
static repulsion, the anti carbonyl oxygen/pyridine nitrogen
disposition is almost exclusively preferred by �30 kJ molÿ1


(Figure 3).[38±40] This is supported by the finding that all crystal
structures of compounds bearing the pyridine-2-carboxamide


moiety in the Cambridge Structural Database have the
NpyrÿCÿC�O projection angle close to 180 8 (Figure 4a). The
preferred conformation around bond II is s-trans as shown in
numerous cases[41±43] and in our calculations (Figure 3). The


Figure 4. a) Projection angle (NpyrÿCÿC�O) distribution in crystal struc-
tures of compounds containing pyridine-2-carboxamide in Cambridge
Structural Database. b) Projection angle (O�CÿCÿH) distribution in
crystal structures of compounds containing secondary amide in Cambridge
Structural Database.


methine hydrogen at the chiral center prefers to be syn to the
carbonyl by about 9 kJ molÿ1 in CHCl3. Search of the Cam-
bridge Structural Database for secondary amides also indi-
cates that this syn conformation is more favorable, that is, the


projection angles between the
carbonyl and the methine hy-
drogen are normally small
(Figure 4b). Thus it is clear
that conformer I (Figure 3) is
the most favored for the con-
jugate.


Due to the aforementioned
conformational rigidity of the
conjugate (Figure 3), it was as-
sumed that a conformation sim-
ilar to I was preferred for the
conjugate in the host ± guest
complex as well. The correla-
tion between sign of the exci-
ton-coupled CD and the abso-
lute stereochemistry of 10 can
then be deduced as follows. The
three substituents at the chiral
center are assigned S (small), M


Figure 3. Four major types of conformers of conjugate 10 in CHCl3 from Monte Carlo conformational searches
using Amber* force field (MacroModel 6.0). (Most of hydrogen atoms are omitted for the sake of clarity.)
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(medium), and L (large) accord-
ing to their sizes, with hydrogen
as S, methyl as M, and cyclohexyl
ring as L. When the L, M, and S
groups constitute a clockwise
arrangement with the amino
group in the rear as in the New-
man projection for (S)-cyclohex-
ylethylamine (Figure 5 and com-
pound 10 in Table 1), the zinc
porphyrin complexing with the
pyridine nitrogen would prefer
an approach from the side of the
M group rather than the L group
due to the unfavorable steric
interactions with the L group.
This leads to a clockwise twist
between the two porphyrins, that
is, a positive exciton-coupled CD
spectrum, De� 135 (432 nm)/
ÿ108 (424 nm), amplitude �243
(Figure 5).


For other primary monoamines conjugated with carrier 1
(compound 13 to 18), as shown in Table 1, the absolute


stereochemistry of the amines can be correlated with the sign
of the exciton CD couplet. Namely, when the L, M, and S


Table 1. CD amplitudes of carrier 1/monoamine conjugates and porphyrin tweezer 4 complex in MCH. All spectra were taken at room temperature with
40 equiv of the guest.
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Figure 5. Conformations and CD spectrum of the complex formed by porphyrin tweezer 4 host and conjugate
10 guest in MCH.
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groups are arranged in a clockwise fashion with the amino
group in the rear in Newman projections, positive exciton-
coupled CD spectra are observed, and vice versa. Even the
small steric difference between methyl and ethyl groups
(compound 13) can be distinguished by porphyrin tweezer 4
which yields a positive exciton-coupled CD spectrum. The
amplitudes of exciton-coupled CD spectra increase as the size
of the L group increases from ethyl (13) to isopropyl (14) or
from phenyl (15) to naphthyl (16). The smaller amplitudes of
compound 17 compared to compound 15 is probably due to
the fact that the phenyl L group is fused into a five-membered
ring, therefore leading to a flatter molecule and less steric
differentiation.


With substituent groups other than aliphatic groups and
aromatic groups, the assignment of L and M groups becomes
difficult. However, considerations based on conformational
energies[44] expressed in A values[45, 46] turned out to be very
useful to avoid ambiguities. For example, in the case of
alanine derivative 19 the methyl carboxylate (A value� 5.0 ±
5.4 kJ molÿ1) should be considered as M and the methyl group
(A value� 7.28 kJ molÿ1) as L since the methyl A value is
larger than that of the methyl carboxylate. This leads to a
counterclockwise arrangement of the L, M, and S groups in
19, and thus a negative exciton-coupled CD spectrum, De�
ÿ114 (431 nm)/� 84 (422 nm), amplitude ÿ198. The stereo-
chemistry of valine derivative 20, lactone 21, and lactam 22
can be determined similarly by assigning the ester or amide
groups as M. The CD amplitude of the Val derivative 20 is
larger than that of Ala derivative 19 because the isopropyl
group (A value� 9.25 kJ molÿ1) is larger than the methyl
group (A value� 7.28 kJ molÿ1). Although the absolute ster-
eochemistry of the amino acids can be determined as
previously described,[12] the present method is preferred for
amino esters (e.g. 19 ± 21) and amino amides (e.g. 22), since it
does not require hydrolysis to generate the free acid which
could be accompanied by epimerization. (S)-1-Methoxy
2-propylamine derivative 23 yielded a CD spectrum with the
predicted sign despite the small difference in conformational
energies of M and L groups (A value� 7.20 kJ molÿ1 for
CH2OMe vs. 7.28 kJ molÿ1 for Me). Tetraacetyl glucosamine
derivative 24 with multiple chiral centers also gave the
predicted CD sign.


To further test the scope of the present method, chiral
primary amines bearing free hydroxy groups were investigat-
ed. With molecules having hydroxy groups attached to a cyclic
skeleton such as steroidal amine 25 and acosamine 26, the
absolute configuration at the amino center can be determined
in a similar manner, namely, clockwise arrangement of L, M,
and S groups gives positive exciton-coupled CD; presence of
free hydroxy groups does not interfere with the determina-
tions because they are locked in a cyclic system. In contrast,
flexible acyclic monoamines containing hydroxy groups, such
as L-threo-sphingosine derivative 27, yielded complex CD
spectra, presumably due to multiple conformations of the
host ± guest complexes. The current method is therefore not
applicable to acyclic amino alcohols. However, the absolute
configuration of such acyclic amino alcohols can be deter-
mined using other exciton-coupled CD approaches[12, 47] since
they possess two sites of attachment.


Conclusion


A protocol utilizing zinc porphyrin tweezer 4 to determine the
absolute stereochemistry of primary monoamines has been
established. This method requires only microgram amounts of
sample and can be applied to cyclic and acyclic aliphatic
amines, aromatic amines, amino esters, amides, and cyclic
amino alcohols. The stereochemistry of the monoamine can
be readily determined from the sign of the exciton-coupled
CD spectrum: a positive CD couplet corresponds to a
clockwise arrangement of the L, M, and S groups in the
Newman projection of the amine with amino group in the
rear, while a negative couplet corresponds to a counterclock-
wise arrangement. Assignments of the M, L groups are based
on their conformational energies (A values). Further studies
on structures of carriers for secondary amines and alcohols
are underway.


Experimental Section


Materials and general procedures : Anhydrous CH2Cl2 was dried over CaH2


and distilled. Other solvents used for CD measurements were either
Optima or HPLC grade. Unless otherwise noted, materials were obtained
from commercial suppliers and were used without further purification. All
reactions were performed in dried glassware under argon. Column
chromatography was performed by using ICN silica gel (32 ± 63 mesh).
1H NMR spectra were obtained on Bruker DMX 300, 400 or 500 and are
reported in parts per million (ppm) relative to the solvent resonances (d),
with coupling constants (J) in Hertz (Hz). Low-resolution and high-
resolution FAB mass spectra were measured on a JEOL JMS-DX303 HF
mass spectrometer using a glycerol matrix and Xe ionizing gas. ESI mass
spectra were measured on a JEOL LC mate mass spectrometer. UV/Vis
spectra were recorded on a Perkin-Elmer Lambda 40 spectrophotometer,
and reported as lmax [nm]. CD spectra were recorded on a JASCO J-720
spectropolarimeter, and reported as l [nm] (Demax [L molÿ1 cmÿ1]).


General procedures for preparation of carrier 1/monoamine conjugate : To
a solution of carrier 1a (1 equiv) in THF (3 mL), BOP (1.2 equiv),
diisopropylethylamine (DIPEA) (5 equiv), and the primary monoamine
(0.95 equiv) were added. The solution was stirred overnight at room
temperature. All the solvents were evaporated by a rotary evaporator and
the remaining solid was dissolved in CH2Cl2 (10 mL). The solution was
washed twice with aqueous NaHCO3 (10 mL), and the organic layer was
separated and dried with Na2SO4. The mixture was then separated by silica
gel flash chromatography to yield the Boc-protected carrier/amine
conjugate. The Boc group was removed by treatment with 10% trifluoro-
acetic acid (TFA) in CH2Cl2 (5 mL) at room temperature for two hours.
Evaporation of all the solvents yielded the analytically pure carrier/amine
conjugate.


Procedures for CD measurements : For a typical experiment, to prepare the
amine solution, Na2CO3 (30 mg) was added to the solution of carrier 1 a/
(S)-cyclohexylethylamine conjugate 10 (1 mg) in MeOH (0.2 mL). The
solution was dried under a stream of argon and then on a high-vacuum
pump (0.2 Torr) for 20 min. Anhydrous CH2Cl2 (1 mL) was added to yield a
solution of 10 (2mm). An aliquot of the amine solution (20 mL) was added
to porphyrin solution (1mm) in MCH prepared by addition of porphyrin
tweezer 4 solution (0.1 mm) in anhydrous CH2Cl2 (10 mL) to MCH (1 mL)
(this corresponds to about 1.6 mg of porphyrin tweezer 4 and 18 mg of
conjugate 10). The porphyrin/amine solution was shaken, then UV/Vis and
CD spectra were recorded and corrected by background subtraction at
25 8C. The CD spectra were measured in millidegrees and normalized into
De/l [nm] units.


Procedures for obtaining the Job plot : Solutions of carrier 1 a/(S)-cyclo-
hexylethylamine conjugate 10 (0.50 mm) in anhydrous CH2Cl2 (1 mL) and
porphyrin tweezer 4 (0.1 mm) in anhydrous CH2Cl2 (1 mL) were prepared
similarly as described above. Aliquots of the two solutions were mixed in
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MCH (1 mL) to obtain twenty different solutions with the ratio (c) of the
host/(host� guest) concentrations ranging from 0.00 to 0.95 with 0.05
increments. The total concentration of the host and guest is kept constant at
3 mm in all solutions. The UV/Vis absorbance of these solutions at 417 nm
was plotted against c. Linear extrapolation of the absorbance measured
near c� 0 and c� 1 resulted in two straight lines that intersected at the
stoichiometric equivalence point where c� 0.52. This indicates that the
stoichiometric ratio of the host and guest in the complex is 1:1.


4-[(tert-Butoxycarbonylamino)methyl]pyridine oxide (7): To a solution of
4-aminomethylpyridine (3.24 g, 30 mmol) in THF (20 mL) was added di-
tert-butyl dicarbonate (6.48 g, 30 mmol) and triethylamine (1 mL). A lot of
white precipitate was formed. After the mixture had been stirred at room
temperature overnight, it was filtered and the light brown filtrate was
concentrated to yield an oil-like liquid. Upon standing in air, it crystallized
to yield 4-[(tert-butoxycarbonylamino)methyl]pyridine (6.0 g, 96%). To a
solution of 4-[(tert-butoxycarbonylamino)methyl]pyridine (6.0 g, 29 mmol)
in CH2Cl2 (50 mL), mCPBA (9.0 g, 30 mmol) was added. The solution was
stirred at room temperature for 12 h and then washed with 0.5n aqueous
NaOH solution (10 mL). The aqueous layer was extracted with CH2Cl2


(10� 20 mL) until no product was left in the aqueous phase. The organic
layers were combined and purified by flash chromatography (9:1 CH2Cl2/
MeOH) to yield 7 (5.3 g, 82%). 1H NMR (300 MHz, CD3OD): d� 1.44 (s,
9H; C(CH3)3), 4.27 (d, J� 5.7, 2 H; CH2), 7.44 (d, J� 6.6 Hz 2H), 8.27 (d,
J� 6.7 Hz, 2 H).


2-Cyano-4-[(tert-butoxycarbonylamino)methyl]pyridine (8): To a solution
of 7 (2.0 g, 8.7 mmol) in CH2Cl2 (30 mL) under Ar was added TMSCN
(1.44 mL, 11.3 mmol). After the mixture had been stirred for 5 min,
dimethylcarbamyl chloride (0.94 mL, 9.5 mmol) was added. The solution
was further stirred at room temperature for 48 h and washed with saturated
aqueous NaHCO3 solution (20 mL). The organic layer was dried with
Na2SO4 and purified by flash chromatography (20:1 CH2Cl2/MeOH) to
yield 8 (1.1 g, 53%). 1H NMR (300 MHz, CDCl3): d� 1.47 (s, 9 H;
C(CH3)3), 4.38 (d, J� 6.2 Hz, 2H; CH2), 5.32 ± 5.42 (br. s, 1 H; NH), 7.44
(dd, J� 0.7, 5.1 Hz; 1H), 7.63 (d, J� 0.7 Hz; 1 H), 8.65 (d, J� 5.1 Hz; 1H);
MS (EI): m/z : [M�H]� 234.


4-[(tert-Butoxycarbonylamino)methyl]pyridine-2-carboxylic acid (1a): To
a solution of 8 (1.1 g, 4.6 mmol) in EtOH (20 mL) was added 1n aqueous
NaOH solution (5 mL). The solution was refluxed for 24 h and washed with
CH2Cl2 (30 mL). The aqueous layer was acidified to about pH 6 and all the
solvent was evaporated. The solid was then suspended in MeOH (20 mL)
and filtered. The solvent of the filtrate was removed to yield 1 a (1.2 g,
100 %). 1H NMR (300 MHz, CD3OD): d� 1.45 (s, 9 H; C(CH3)3), 4.30 (s,
2H; CH2), 5.32 ± 5.42 (br. s, 1 H; NH), 7.31 (d, J� 5.0 Hz, 1 H), 7.92 (s, 1H),
8.47 (d, J� 4.9 Hz, 1H); 13C NMR (75 MHz, CD3OD): d� 28.73, 43.97,
80.42, 123.37, 124.40, 149.54, 152.10, 155.13, 158.39, 172.00; m.p.> 220 8C
(decomp); MS (EI): m/z : [M�H]� 253; HR-FABMS of C12H16O4N2K: m/z :
[M�K]� calcd 291.0747, found 291.0739.


Carrier 3/(S)-cyclohexylethylamine conjugate 10 : (S)-Cyclohexylethyl-
amine (2.6 mg, 20 mmol) was treated with carrier 1a and then with TFA
to yield the conjugate 10 (8.6 mg, 89%) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 300 MHz): d�
1.23 (d, J� 6.19 Hz, 3H; CH3), 0.88 ± 1.38, 1.42 ± 1.58, 1.62 ± 1.89 (m, 11H,
C6H11), 3.88 ± 3.98 (m, 1 H, NHCHCH3), 4.26 (s, 2H, CH2NH2TFA), 7.58 (d,
J� 4.96 Hz, 1 H), 8.15 (s, 1H), 8.69 (d, J� 4.98 Hz, 1 H); MS (ESI): m/z :
[M�H]� 262.2; HR-FABMS of C15H24ON3: m/z : [M�1]� calcd. 262.1919,
found 262.1925.


Procedures for the microgram-scale preparation of conjugate 10 and CD
measurements : To a solution of carrier 1a (10 mg, 40 mmol) in THF (1 mL)
were added BOP (19mg, 44 equiv) and DIPEA (50 mL). The solution was
stirred at room temperature for 10 min. An aliquot of this solution (5 mL)
was added to a solution of (S)-cyclohexylethylamine (4.6 mg, 36 nmol) in
THF (10 mL) in a 0.3 mLWheaton V-Vial with a Spinvane magnetic stirring
bar (both available from Aldrich). After the mixture had been stirred at
room temperature overnight, all solvents were evaporated and the residue
was treated with 10 % TFA in CH2Cl2 (20 mL) for two hours. The conjugate
(16 mg, 92% obtained from UV absorbance at 268 nm) was purified by
reverse-phase HPLC (solvent system: 67% H2O, 33 % CH3CN, 0.1% TFA;
analytical C18 column; flow rate 1.3 mL minÿ1; retention time: 4.2 min;
monitored at 220 nm).


For CD measurements, the amine solution was prepared by dissolving the
conjugate (16 mg) in MeOH (50 mL) with Na2CO3 (1 mg). The solvent was
dried by a stream of argon and then on a high-vacuum pump (0.2 Torr) for
20 min. CH2Cl2 (40 mL) was added to the residue followed by a solution of
the porphyrin tweezer 4 (1 mm) in MCH (1 mL). CD spectra of the
porphyrin/amine solution were then recorded according to the general
procedures with amplitudes within 10% of the values obtained by using the
conjugate from milligram-scale synthesis.


Carrier 3/(S)-2-butylamine conjugate 13 : (S)-2-Butylamine (4 mg,
55 mmol) was treated with carrier 1a, and then with TFA to yield the
conjugate 13 (18 mg, 75%) according to the general procedures for
conjugate synthesis. 1H NMR (CD3OD, 300 MHz): d� 0.94 (t, J� 7.40 Hz,
3H; CH3), 1.24 (d, J� 6.63 Hz, 3H; CH3), 1.52 ± 1.65 (m, 2H, CH2CH3),
3.95 ± 4.09 (m, 1 H; NHCHCH3), 4.27 (s, 2 H; CH2NH2TFA), 7.58 (d, J�
4.96 Hz, 1 H), 8.16 (s, 1H), 8.69 (d, J� 4.94 Hz, 1 H).


Carrier 3/(R)-3-methyl 2-butylamine conjugate 14 : (R)-3-Methyl 2-butyl-
amine (4 mg, 46 mmol) was treated with carrier 1 a and then with TFA to
yield the conjugate 14 (15 mg, 74 %) according to the general procedures
for conjugate synthesis. 1H NMR (CD3OD, 300 MHz): d� 0.94 (t, J�
3.46 Hz, 3 H; CH3), 0.95 (d, J� 3.48 Hz, 3H; CH3), 1.24 (d, J� 6.75 Hz,
3H; CH3), 1.78 ± 1.92 (m, 1 H; CH(CH3)2), 3.86 ± 4.02 (m, 1H; NHCH), 4.27
(s, 2 H; CH2NH2TFA), 7.65 (d, J� 4.96 Hz, 1 H), 8.16 (s, 1H), 8.69 (d, J�
4.95 Hz, 1 H); MS (ESI): m/z : [M�H]� 222.2.


Carrier 3/(S)-methylbenzylamine conjugate 15 : (S)-Methylbenzylamine
(4 mg, 33 mmol) was treated with carrier 1a and then with TFA to yield the
conjugate 15 (12 mg, 70%) according to the general procedures for
conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.59 (d, J� 7.00 Hz,
3H; CH3), 4.25 (s, 2 H; CH2NH2TFA), 5.22 (q, J� 7.05 Hz, 1 H; NHCH),
7.20 ± 7.27, 7.29 ± 7.36, 7.38 ± 7.42 (m, 5H; C6H5), 7.59 (d, J� 4.96 Hz, 1H),
8.13 (s, 1H), 8.60 (d, J� 4.96 Hz, 1 H).


Carrier 3/(R)-1-naphthylethylamine conjugate 16 : (R)-1-Naphthylethyl-
amine (16 mg, 94 mmol) was treated with carrier 1a and then with TFA to
yield the conjugate 16 (38 mg, 75 %) according to the general procedures
for conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.73 (d, J�
6.90 Hz, 3H; CH3), 4.24 (s, 2 H; CH2NH2TFA), 6.06 (q, J� 6.90 Hz, 1H;
NHCH), 7.42 ± 7.52 (m, 4 H; CH), 7.55 ± 7.60 (m, 1H; CH), 7.62 (d, J�
7.16 Hz, 1 H; CH), 7.78 (d, J� 8.20 Hz, 1 H; CH), 7.84 ± 7.88 (m, 1H; CH),
8.12 ± 8.19 (m, 2 H; 2CH), 8.67 (d, J� 4.98 Hz, 1H); MS (ESI): m/z :
[M�H]� 306.2.


Carrier 3/(S)-1-aminoindane conjugate 17: (S)-1-Aminoindane (21 mg,
160 mmol) was treated with carrier 1a and then with TFA to yield the
conjugate 17 (70 mg, 82%) according to the general procedures for
conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.95 ± 2.08 (m, 1H;
CH), 2.53 ± 2.62 (m, 1 H; CH), 2.88 ± 2.95 (m, 1H; CH), 3.02 ± 3.12 (m, 1H;
CH), 4.28 (s, 2 H; CH2NH2TFA), 5.55 ± 5.62 (m, 1H; NHCHCOO), 7.14 ±
7.28 (m, 4 H; CH), 7.60 (d, J� 4.90 Hz, 1 H), 8.17 (s, 1 H), 8.65 (d, J�
4.91 Hz, 1H); MS (ESI): m/z : [M�H]� 268.2; HR-FABMS of C16H17ON3K:
m/z : [M�K]� calcd. 306.1009, found 306.1004.


Carrier 3/(R)-bornylamine conjugate 18 : (R)-Bornylamine (15 mg,
94 mmol) was treated with carrier 1 a and then with TFA to yield the
conjugate 18 (45 mg, 88%) according to the general procedures for
conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 0.85 (s, 3H; CH3),
0.94 (s, 3H; CH3), 1.03 (s, 3H; CH3), 1.05 ± 1.14 (m, 1H; CH), 1.32 ± 1.44 (m,
2H; 2CH), 1.63 ± 1.74 (m, 2 H; 2CH), 1.78 ± 1.88 (m, 1H; CH), 2.34 ± 2.44
(m, 1H; CH), 4.27 (s, 2H; CH2NH2TFA), 4.38 ± 4.47 (m, 1H; CHNH),
7.65 (d, J� 4.70 Hz, 1H), 8.18 (s, 1H), 8.73 (d, J� 4.75 Hz, 1H); MS (ESI):
m/z : [M�H]� 288.2.


Carrier 3/(S)-alanine methyl ester conjugate 19 : (S)-Alanine methyl ester
hydrochloride (13 mg, 93 mmol) was treated with carrier 1a and then with
TFA to yield the conjugate 19 (33 mg, 73 %) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.52
(d, J� 7.24 Hz, 3 H; CH3), 3.75 (s, 3 H; CO2CH3), 4.27 (s, 2 H;
CH2NH2TFA), 4.68 (q, J� 7.29 Hz, 1H; CHCH3), 7.62 (d, J� 4.89 Hz,
1H), 8.16 (s, 1 H), 8.72 (d, J� 4.96 Hz, 1 H); MS (ESI): m/z : [M�H]� 238.1;
HR-FABMS of C11H16O3N3: m/z : [M�1]� calcd. 238.1192, found
238.1186.


Carrier 3/(R)-valine methyl ester conjugate 20 : (R)-Valine methyl ester
trifluoroacetate (23 mg, 94 mmol) was treated with carrier 1a and then with
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TFA to yield the conjugate 20 (36 mg, 70 %) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 300 MHz): d� 0.99
(s, 3H; CH3), 1.01 (s, 3H; CH3), 2.20 ± 2.38 (m, 1H; CH(CH3)2), 3.76 (s, 3H;
CO2CH3), 4.28 (s, 2H; CH2NH2TFA), 4.53 ± 4.62 (m, 1 H; CHCH(CH3)2),
7.65 (dd, J� 1.72, 4.99 Hz, 1H), 8.18 (d, J� 1.72 Hz, 1H), 8.73 (d, J�
4.96 Hz, 1 H).


Carrier 3/(S)-a-amino-g-butyrolactone conjugate 21: (S)-a-Amino-g-bu-
tyrolactone hydrobromide (18 mg, 96 mmol) was treated with carrier 1 a and
then with TFA to yield the conjugate 21 (38 mg, 86%) according to the
general procedures for conjugate synthesis. 1H NMR (CD3OD, 400 MHz):
d� 2.42 ± 2.53 (m, 1H; CHCH2), 2.58 ± 2.65 (m, 1H; CHCH2), 4.27 (s, 2H;
CH2NH2TFA), 4.32 ± 4.38 (m, 1H; CHOCO), 4.45 ± 4.53 (m, 1 H;
CHOCO), 4.85 (dd, J� 9.31, 11.01 Hz, 1H; NHCHCOO), 7.62 (d, J�
4.90 Hz, 1 H), 8.16 (s, 1 H), 8.71 (d, J� 4.94 Hz, 1 H); MS (ESI): m/z :
[M�H]� 236.1.


Carrier 3/ll-a-amino-e-caprolactam conjugate 22 : l-a-Amino-e-caprolac-
tam (13 mg, 94 mmol) was treated with carrier 1a and then with TFA to
yield the conjugate 22 (36 mg, 75 %) according to the general procedures
for conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.34 ± 1.45 (m,
1H; CH), 1.55 ± 1.65 (m, 1 H; CH), 1.82 ± 1.94 (m, 2 H; 2CH), 1.96 ± 2.13 (m,
2H; 2CH), 3.25 ± 3.40 (d, J� 9.80 Hz, 1 H; NHCHCO), 4.27 (s, 2H;
CH2NH2TFA), 7.65 (d, J� 4.85 Hz, 1H), 8.18 (s, 1H), 8.69 (d, J� 4.86 Hz,
1H); MS (ESI): m/z : [M�H]� 263.2; HR-FABMS of C13H19O2N4: m/z :
[M�1]� calcd. 263.1508, found 263.1508.


Carrier 3/(S)-1-methoxy 2-propylamine conjugate 23 : (S)-1-Methoxy
2-propylamine (4.5 mg, 51 mmol) was treated with carrier 1 a and then
with TFA to yield the conjugate 23 (16 mg, 72%) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 300 MHz): d� 1.27
(d, J� 6.78 Hz, 3 H; CH3), 3.38 (s, 3 H; OCH3), 3.42 ± 3.53 (m, 2H;
CH2OCH3), 4.27 (s, 2H; CH2NH2TFA), 4.24 ± 4.35 (m, 1H; NHCH), 7.58
(d, J� 4.93 Hz, 1 H), 8.17 (s, 1H), 8.69 (d, J� 4.93 Hz, 1 H).


Carrier 3/tetraacetyl dd-glucosamine conjugate 24 : Tetraacetyl d-glucos-
amine hydrochloride (10 mg, 21 mmol) was treated with carrier 1 a and then
with TFA to yield the conjugate 24 (12 mg, 71%) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 1.91,
2.05, 2.09, 2.19 (4s, 12 H; 4CH3), 4.05 ± 4.12 (m, 1 H; CH), 4.17 ± 4.25 (m,
1H; CH), 4.27 (s, 2H; CH2NH2TFA), 4.53 ± 4.62 (m, 1 H; CH), 5.18 ± 5.28
(m, 1 H; CH), 5.42 ± 5.55 (m, 1 H; CH), 6.04 (d, J� 8.77 Hz, 0.25 H, b


anomeric proton), 6.22 (d, J� 3.63 Hz, 0.75 H, a anomeric proton), 7.62 (d,
J� 4.95 Hz, 1 H), 8.14 (s, 1H), 8.69 (d, J� 4.90 Hz, 1 H); MS (ESI): m/z :
[M�H]� 482.2; HR-FABMS of C21H27O10N3K: m/z : [M�K]� calcd.
520.1334, found 520.1340.


Carrier 3/5-androsten-17b-amino-3b-ol conjugate 25 : 5-Androsten-17b-
amino-3b-ol (15 mg, 52 mmol) was treated with carrier 1 a and then with
TFA to yield the conjugate 25 (32 mg, 95 %) according to the general
procedures for conjugate synthesis. 1H NMR (CD3OD, 400 MHz): d� 0.82,
1.02 (2s, 6H; 2CH3), 1.08 ± 1.88, 1.92 ± 2.05, 2.11 ± 2.30 (m, 20H), 3.48 ± 3.58
(m, 1H; CHOH), 4.02 ± 4.12 (m, 1 H; CHNH), 4.28 (s, 2 H; CH2NH2TFA),
5.38 (d, J� 5.15 Hz, 1H; CH), 7.38 (d, J� 4.95 Hz, 1H), 8.09 (s, 1H), 8.52
(d, J� 4.90 Hz, 1 H).


Carrier 3/methyl ll-acosamine conjugate 26 : Methyl l-acosaminide hydro-
chloride (9 mg, 45 mmol) was treated with carrier 1a and then with TFA to
yield the conjugate 26 (20 mg, 93 %) according to the general procedures
for conjugate synthesis. 1H NMR (CD3OD, 500 MHz): d� 1.28 (d, J�
4.85 Hz, 3H; CH3), 1.82 ± 1.88 (m, 1 H; CH), 2.06 ± 2.14 (m, 1 H; CH),
3.18 ± 3.25 (m, 1H; CH), 3.35 (s, 3 H; OCH3), 3.66 ± 3.74 (m, 1H; CH), 4.25
(s, 2H; CH2NH2TFA), 4.31 ± 4.38 (m, 1 H; CH), 4.71 (d, J� 2.95 Hz, 1H;
OCHOCH3), 7.58 (d, J� 4.95 Hz, 1H), 8.14 (s, 1 H), 8.69 (d, J� 5.01 Hz,
1H); MS (ESI): m/z : [M�H]� 296.2.


Carrier 3/ll-threo-sphingosine conjugate 27: l-threo-Sphingosine (2 mg,
6.7 mmol) was treated with carrier 1a and then with TFA to yield the
conjugate 27 (3.7 mg, 83%) according to the general procedures for
conjugate synthesis. 1H NMR (CD3OD, 500 MHz): d� 0.89 (t, J� 6.86 Hz,
3H; CH3), 1.19 ± 1.40 (m, 22H), 1.95 ± 2.05 (m, 2H; CH), 3.65 ± 3.72, 3.74 ±
3.80 (m, 2H, CH2OH), 4.02 ± 4.12 (m, 1H; NHCHCH2OH), 4.25 (s, 2H;
CH2NH2TFA), 4.38 ± 4.42 (m, 1 H; NHCHCHOH), 5.48 ± 5.52 (m, 1H;
CHCHCH2), 5.70 ± 5.79 (m, 1H; CHCHCH2), 7.58 (d, J� 4.95 Hz, 1H),
8.14 (s, 1H), 8.68 (d, J� 4.96 Hz, 1 H).
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Reactivity of Ether- and Amine-Complexed Dimers and Tetramers of
Alkyllithiums towards Triphenylmethane


Willem Moene, Marcel Vos, Marius Schakel, Frans J. J. de Kanter,
Robert F. Schmitz, and Gerhard W. Klumpp*[a]


Abstract: Kinetics of Lewis base (LB)
complexed primary and secondary s-
alkyllithiums (RLi) with triphenyl-
methane (TPMH) are reported. RLis
in which one or two LB groups (ÿOMe,
ÿNMe2, ÿNMeR) are part of the mole-
cule form, in benzene, intramolecularly
complexed tetramers, for example, 24, or
dimers, for example, 42. They are used as
models for their intermolecular conge-
ners R4Li4 ´ 4 LB and R2Li2 ´ 4 LB (LB�
NR'3, OR'2�. Nonunity reaction orders in
[RLi] are in line with reactions via as yet


unidentified 1:1 complexes formed in an
equilibrium (K(stat. corr.)� 1) between
aggregated RLi and TPMH. In some
cases, a tetramer/dimer equilibrium mix-
ture undergoes complexation/reaction.
Reaction rates correlate linearly with
calculated concentrations of the com-
plexes. Relative rates of complexes


range from 1 [prim-R4Li4 ´ 3 LB ´ TPMH
(presumed)] to 4250 [sec-R2Li2 ´ 3 LB ´
TPMH (presumed)]. A major role in
the reactivity enhancement owing to
LB-induced conversion of tetramers in-
to dimers is ascribed to increased LB
participation in LB-richer dimer transi-
tion states. Amine and ether complexes
have practically equal reactivities. Lith-
iation of TPMH by dimeric RCH2Li is
retarded by a factor of 24 000 if a silyl
group is linked to the a-carbon.


Keywords: aggregation ´ kinetics ´
lithiation ´ precomplexes ´ triphe-
nylmethane


Introduction


Despite the importance of s-organolithiums (RLi) in organic
and organometallic chemistry,[1] detailed knowledge of the
origins of their multifarious modes of reaction is scant as a
result of a characteristic feature of these reagents. In the
presence of Lewis bases [LB (ethers, tertiary amines)], which
are frequently used to activate RLis, these occur as mixtures
of complexes RmLim ´ nLB (m,n : 4, 1 ± 4; 2, 4; 1, 2 or 3).[2] If, as
is often the case, the rates with which equilibria between these
species are established are faster than the reaction under
investigation, the individual contributions of the various
species to the reaction rate,[3] and the chemo-,[5] regio- and
stereoselectivity,[6] which are needed for any thorough under-
standing of RLi reactivity (and its control!), cannot be
determined, since the proportions of the various complexes in
the mixture are constant throughout the experiment. To avoid
this impediment, we are studying RLis with intramolecular LB
complexation. In most cases, these prevail in hydrocarbon
solvents as a single type of aggregate, whose size depends on
the steric bulk of R and on the ratio LB:Li. Thus, the primary


RLis 1 ± 3 (LB:Li� 1), 4 and 9 (LB:Li� 2)[7] occur exclusively
as equilibrating D2- and S4-type tetramers 14 ± 34, 44 and 94 (the
last two with only four of their eight LB groups complexed to
lithium), while the secondary RLis 6 ± 8 (LB:Li� 2) form
dimers (62 ± 82). Only the secondary RLi 5 (LB:Li� 1) is
present as a 7.5:1 mixture of S4-type tetramers 54 and of dimers
whose structure we presume to be 52 (Figure 1). With respect
to CÿLi and Li ´´ ´ LB bond properties, and the reactivities
arising from them, we consider these oligomers of 1 ± 9 as
models of the tetraaminates and tetraetherates of the
tetramers and dimers of synthetically important RLis, such
as, nBuLi (10), sBuLi[2e] and neopentyllithium[2f] (e.g., 104 ´
4 THF, 102 ´ 4 THF,[2c, 3a,c, 8] Figure 1), which cannot be studied
individually as a result of the above-mentioned dynamics of
RLi/LB systems.


We now report on the kinetics of 1 ± 9, dissolved in benzene,
with triphenylmethane (TPMH). Lithiation of TPMH, one of
the simplest RLi reactions, was studied extensively by Waak
and co-workers for a variety of RLis in THF.[3a] Primary
kinetic isotope effects (kH/kD(10)� 8.9) established proton
transfer as the rate-determining step.[9] Effective reaction
orders in formal (i.e., titrimetric) organolithium concentra-
tion [RLi]f were around 0.25 for MeLi and vinyllithium and
were attributed to reversible dissociation of R4Li4 ´ 4 THF into
the monomer, which is assumed to be the most reactive
species. The value found for 10, 0.33, was thought to arise from
contributions of the monomer reaction and of one-step


[a] Prof. Dr. G. W. Klumpp, Dr. W. Moene, Dr. M. Vos, Dr. M. Schakel,
Dr. F. J. J. Kanter, R. F. Schmitz
Scheikundig Laboratorium Vrije Universiteit, De Boelelaan 1083
NL-1081 HV Amsterdam (The Netherlands)
Fax: (�31) 20-4447488
E-mail : klumpp@chem.vu.nl


FULL PAPER


Chem. Eur. J. 2000, 6, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0225 $ 17.50+.50/0 225







FULL PAPER G. W. Klumpp et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0226 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2226


reactions between TPMH and solvated aggregates 102 ´ 4 THF
and/or 104 ´ 4 THF.[3a]


Recently, we have studied the lithiation of TPMH
by intramolecularly amine-complexed (trimethylsilyl)-
methyllithium derivatives LiCH2SiMe2CH2ÿZ (Z�
N(CH2CH2NMe2)2, 11; N(Me)CH2CH2NMe2, 12 ; NMe2,
13)[10] that occur in the solvent used, benzene, as monomer
11 a, dimer 122 and tetramer 134 (Figure 1). At [RLi]f� 0.5m,
relative reaction rates were 2� 104, 3� 103 and 1, effective
reaction orders in [RLi]f were 0.59, 0.83 and 0.34, respectively.


Assuming that in LiCH2SiMe2CH2ÿZ variation of Z does
not affect the intrinsic properties of the LiÿCH2 bond,[11] we
ascribe the relative rates of 11 ± 13 to differences in complex-
ation and aggregation. The reaction order of 11 (0.59) is most
illuminating. Commonly, predissociation of RmLim (RmLim ´
nLB) is considered to be the cause of nonunity reaction
orders in [RLi]f (see above). An alternative explanation
[mechanism 1] was first promulgated by T. L. Brown: forma-
tion, in a pre-equilibrium between RmLim (RmLim ´ n LB) and
substrate (e.g., TPMH), of a complex [C(m,TPMH);
Eqs. (1a), (1b)] that is subsequently converted to product in
the rate-determing step [Eqs. (2a), (2b), r� rate].[12]


Mechanism 1


RmLim ´ nLB�TPMH )*
Km


C(m,TPMH) (1a)


Km�
�C�m;TPMH��


�RmLim � n LB��TPMH� (1b)


C(m,TPMH) km! TPMLi (2a)


r� km[C(m,TPMH)] (2b)


Depending on the values of Km and the concentrations of
the reaction partners, the effective reaction order in [RLi]f can
have any value between 1 (negligible complexation of
substrate) and zero (complete complexation of substrate).[13]


Formation of complexes has recently been proven in several


RLi reactions.[5b, 14] As dissociation of monomer 11 into
smaller particles is excluded, the finding of a nonunity
reaction order can only be attributed to formation of a
complex between 11 and TPMH (mechanism 1, Km� 40).
However, direct evidence of such a complex is still lacking.[10]


Operation of mechanism 1 is also assumed to be the cause
of the reaction order (0.83, Km� 17) of 12. If, in a family of
reagents, the most reactive member (11) enters into reaction
only after having formed a complex with the substrate, it is
unlikely that a less reactive one (12) would be able to react
directly.[15] By contrast, the reaction order of 13 (0.34) was
taken to indicate operation of a more extended mechanism
[mechanism 2], in which formation of the reactive complex
[Eqs. (1a), (1b), (3b)] takes place after predissociation of a
prevailing larger oligomer (R2mLi2m ´ pLB, i.e., 134) into a
smaller one [RmLim ´ nLB, i.e., 132 ; Eq. (3a), m� n� 2; p� 4].


Mechanism 2


R2mLi2m ´ p LB ) *
LB;K2m==m


2RmLim ´ n LB (3a)


RmLim ´ nLB�TPMH )*
Km


C(m,TPMH) (1a)


Km�
�C�m;TPMH��


�RmLim � n LB��TPMH� (1b)


K2
mK2m//m�


�C�m;TPMH��2
�R2mLi2m � p LB��TPMH�2 (3b)


C(m,TPMH) km! TPMLi (2a)


r� km[C(m,TPMH)] (2b)


The present work extends these studies to analogues of
synthetically important RLis. In benzene, intramolecular LB
complexation provides for the presence of well-defined
species. The questions dealt with concern effective reaction
orders, precomplexation and mechanism, relative reactivities
of tetrameric and dimeric RLis, both for primary and
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Figure 1. RLis studied and/or discussed in the present work. Structures and modes of aggregation.
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secondary R, influences on reactivity of the nature of LB
(NR'3 vs. OR'2� and of the ratio LB:Li, and the theoretically[16]


and practically[17] important effect on rate of a-silicon.


Results


Lithium compounds: X-ray and/or spectroscopic data and
colligative properties that together establish the structures in
which 1, 2, 6, 8 and 9 prevail have been published.[7]


Compounds 3 ± 5 and 7, like all other RLis used in this study,
were prepared by the procedure shown in Scheme 1. Alcohols
were converted into alkyl-tert-butyl mercury compounds
(RHgtBu) via their bromides, Grignard compounds and alkyl
mercuric bromides. Treatment of RHgtBu with one equiv-
alent of tBuLi gave RLi and tBu2Hg, which was removed by
evacuation. The RLis were then dissolved in benzene and
sealed under vacuum.


(C6H5)3PBr2
1) Mg
2) HgBr2


tBuLi


ROH RBr RHgBr


RHgtBu RLi  +  tBu2HgRHgBr
tBuLi


Scheme 1. Preparation of lithium compounds.


The identities of 3 ± 5 and 7 were determined from their
NMR spectra and the products of quenches with Me3SnCl,
benzaldehyde and methanol. Degrees of aggregation (m)
were obtained by the method of stationary isothermal
distillation (n-pentane, 28.4 8C)[18] or (4, m� 4 and 7, m� 2)
from the nature of 13C-6,7Li coupling.[19] Their colligative
properties identified 3 as a tetramer and 5 (0.05m, 28.4 8C:
mav� 3.4) as mixture of tetramer and dimer in about a 3:1
ratio.


A change from homotopy to diastereotopy observed upon
cooling for the OCH2, (CH3)2 and a-CH2 protons as well as for
the (CH3)2 carbons of 3 signifies presence of S4-type tetramers
that exchange diastereotopic atoms, at higher temperature,
via their D2-type ªchelatomersº. At low temperatures, both
1H and 13C NMR spectra of 4 in toluene indicate the presence
of at least two species (A,B) whose ratio (1:1) is independent
of concentration. The proton-decoupled 13C NMR signal of
the a-carbon atom is so broad that its multiplicity cannot be
obtained accurately. However, a rough measure of
the 13C,6,7Li coupling constants [J(13C,6Li)� 5(�0.5) Hz,
J(13C,7Li)� 14(�1.0) Hz[19] , see Experimental Section]
strongly suggests that tetramers 44 are present, as in the case
of 9. If, as is probable only one dimethylamino group of each
monomer subunit 4 is complexed to lithium, akin to methoxy
9, the b-carbon atom is asymmetric and tetramers can occur as
different diastereomers (S4/R4 , S3R/R3S, S2R2), each of which
may prevail as a D2-type and/or an S4-type ªchelatomerº. This
could explain the number and broadness of certain signals. At
183 K, three sharp 6Li resonances occur that are strongly
broadened at 273 K and coalesce at 295 K. Coalescence at
higher temperatures, due to rapid exchange between different
species, is also observed for 1H and 13C NMR signals.


The 1H, 7Li and 13C NMR spectra of 5 taken at temperatures
below 250 K in [D12]pentane point to the predominance of
one type of aggregate, probably the S4-type S2R2 (meso)


ªchelatomerº 54 with a single type of lithium and NMe2


groups, which give rise to two signals both in the 1H and the
13C NMR spectrum. Above 250 K, signals of a minor new
species come up concommitantly with a broadening and
eventual coalescence of the 1H and 13C NMR signals of the
NMe2 groups. Both a new broad and structureless a-proton
signal and a new 1:1 pair of 7Li signals increase in intensity
with temperature and decrease with concentration [area
ratios a-H: 0.05m (0.30m), major/minor: 294 K, 100/40 (100/
17), 254 K, 100/8 (100/0)]. In line with the results of the
molecular-weight determination, this indicates the new spe-
cies to be a smaller aggregate, presumably dimer 52. Crystals
of 5 are stable in vacuum for short periods. However, at room
temperature, pentane solutions of 5 turn yellow and and
develop a white precipitate within a few days. Quenches of
these solutions with benzaldehyde and trimethyltin chloride
formed, in addition to the products expected from 5,
derivatives of 1-dimethylamino-5-lithio-3-methylpentane
(14), which should result from addition of 5 to ethylene.[4c]


Ethylene, we speculate, arises from the isomerisation of 5 into
the more stable[16, 20] N-methyl-N-butylaminomethyllithium
(15), which in turn could form ethylene and 16 on decom-
position[21] (Scheme 2).


Li NMe2 N Li


N
Li


NMe2Li


+  CH2=CH2  


5


152


+  CH2=CH2  5


14


15


162


Scheme 2. Possible reaction scheme for the formation of 14.


In order to exclude complications due to decomposition,
NMR spectra of 5 were first recorded at temperatures below
0 8C. Some decomposition/conversion into 14 occurred during
the molecular-weight determination: a benzaldehyde quench
at the end of the experiment produced 9 % of the addition
product of 14. The influence of this on the measurement is not
known.


Both 1H and 13C NMR spectra in [D12]pentane of 7 at low
temperatures indicate the presence of two species in a ratio of
63:37. At 213 K, the proton-decoupled 13C signals of the a-
carbon atoms consist of a triplet of triplets [J(13C,6Li)�
9.0 Hz, J(13C,6Li')� 5.4 Hz (major)] and a quintet
[J(13C,6Li)� 7.6 Hz (minor)] that indicates the presence of
two dimers. At 190 K, three 6Li NMR signals appear in an
approximate ratio of 4:1:1. They are ascribed to the major
dimer in which the a-hydrogen atoms occupy trans positions
at the C2Li2 unit, whose lithium atoms are chemically
equivalent but magnetically nonequivalent, and to the minor
dimer, the corresponding cis isomer with chemically non-
equivalent lithiums. At 273 K, 1H, 13C and 6Li NMR spectra of
the two species are averaged. The overall LiÿCÿNÿLi
connectivity of 72 shown is based on an X-ray crystal structure
analysis.[22]
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Kinetics: Rates were determined in an evacuated, sealed
reactor (Figure 2), which was manipulated as described in the
caption of Figure 2. TPMH (10ÿ2 ± 10ÿ3m, benzene) was
treated with an excess of 1 ± 9 (10ÿ1 ± 1m, benzene). The


vacuum - - -
 - -
- - -
 - -
- - -


- - -
 - -
- - -
 - -
- - -
 - -
- - -


- - -
 - -
- - -
 - -
- - -


a
d


c


b


i


h


g


f


f


i


e


e


e


k


Figure 2. Reactor and its use in the kinetic experiments. a: Quartz
spectroscopic cell that fits into the thermostatted (23� 1 8C) cell compart-
ment of a Beckman DU-70 spectrophotometer. b ± d: Evacuated compart-
ments containing benzene (b) and benzene solutions of RLi (c) and TMPH
(d), sealed to the basic apparatus at positions e. f,g: Breakseals. After
evacuation, the reactor is sealed at h; b and c are first emptied by breaking
breakseals f with the glass-lined magnets k, and then removed by sealing at
positions i. The experiment is started by breaking g and mixing the
components. The time required for this did not affect measurement of ri .


absorption of TPMLi at 420 nm (e� 2.0� 0.2�
104 L molÿ1 cmÿ1) was monitored as a function of time. Ideal
first-order behaviour in TPMH was found for 2 ± 5 and 7,
whereas the reactivities of 1, 6, 8 and 9 decreased during an
experiment.[23] Therefore, and in view of the transformation of
5 into 14, only initial rates {ri� (d[TPMLi]/dt)i , Table 1A,
column 2} were used for kinetic analysis.


Values of effective reaction orders in [RLi]f (x) and of kexp


were obtained from Equations (4a) and (4b) by plotting


log(ri/[TPMH]i) against log([RLi]f,i) and taking the slopes and
the intercepts of the plots. These values are given Table 1A,
together with those of 10[3a] and 11 ± 13.[10]


r� kexp[RLi]x
f [TPMH] (4a)


log(ri/[TMPH]i)� x log[RLi]f,i� log kexp (4b)


Nonunity values of x indicate that mechanisms 1 and/or 2
are operative. An alternative interpretation, concommitant
direct reaction of coexisting larger and smaller oligomers[15]


[cf. Eq. (3a)], without intervention of a complex, is rejected.
In such a case, the value of K2m//m should depend on the
structure and we would expect the values of x of the
tetrameric nBuLi derivative 2 and the tetrameric neopentyl-
lithium derivative 3 to differ more strongly than is observed.
In a similar vein, dissociation of 122 should be easier than
dissociation of 72, because in the former case only LiÿC bonds
have to be broken, whereas both LiÿC and Li ´´´ NMe2 bonds
have to be broken on dissociation of 72 [K2m//m(122)>
K2m//m(72)]. For direct reaction of TPMH with monomer and
dimer of 7 and 12, respectively, one would expect a greater pro-
portion of monomer reaction in the case of 12 and, by con-
sequence, x(12)< x(7). However, equal values of x are found
for 7 and 12, while 6Li,13C coupling indicates that the C2Li2 core
of 122 is not disrupted on the 13C NMR timescale at 23 8C![10]


Support of RmLim ´ TPMH complexation was obtained by
FT-IR and UV spectroscopy. Immediately after preparation
of a mixture in benzene of 122 (0.2m) and TPMH (0.1m) an IR
spectrum was recorded. From this, the IR spectra of benzene
and of 122 were subtracted by computer. Apart from several
rather minor differences, the resulting spectrum was practi-
cally the same as that of TPMH, except for three bands at
1446 cmÿ1, 754 cmÿ1 and 464 cmÿ1, whose relative intensities
were only about 1/3 ± 1/2 of those of the signals at the same
wave numbers of authentic TPMH. From this we conclude
that about half of the amount of TPMH originally added has
been consumed by formation of a complex with 122 and that
the IR spectrum of this complex, practically, must be the sum


Table 1. Experimental data relating to Equation (4b) for 1 ± 9, and 11 ± 13 (benzene, 23 8C) and nBuLi (10, THF, 22 8C); B interpretation of data according to
mechanism 1 (1 ± 8, 11, 12, Km) and mechanism 2 (9, 10, 13, K2


mK2m//m , km).


A B
RLi[a] ri


[b] x[c,d] kexp Km km
[c] km,rel


[e]


[mol Lÿ1 sÿ1] [Lmolÿ1 s-1] [L molÿ1] [sÿ1]


1(4) 2.6� 10ÿ7 0.72 (0.984) 2.4� 10ÿ4 4.0 1.8� 10ÿ4 (0.996) 1.0
2(4) 2.5� 10ÿ7 0.78 (0.981) 1.8� 10ÿ4 3.0 2.1� 10ÿ4 (0.991) 1.2
3(4) 2.0� 10ÿ7 0.75 (0.988) 1.9� 10ÿ4 6.0 1.0� 10ÿ4 (0.979) 0.6
4(4) 3.7� 10ÿ5 0.56 (0.978) 2.4� 10ÿ2 12.0[f] 1.6� 10ÿ2 (0.974) 89f


5(4) 1.3� 10ÿ5 0.63 (0.994) 1.0� 10ÿ2 10.0[f] 5.3� 10ÿ3 (0.995) 29f


6(2) 7.5� 10ÿ4 0.79 (0.995) 4.2� 10ÿ1 1.5 4.9� 10ÿ1 (0.994) 4080
7(2) 1.0� 10ÿ3 0.83 (0.998) 5.6� 10ÿ1 2.3 5.3� 10ÿ1 (0.984) 4420
8(2) 8.6� 10ÿ4 0.74 (0.998) 4.6� 10ÿ1 2.0 5.2� 10ÿ1 (0.999) 4330
9(4) 4.5� 10ÿ4 0.27 (0.904) 1.2� 10ÿ1 2.0[g] 1.4� 10ÿ1 (0.993)[h] 1170


10(4)[i] 3.2� 10ÿ5 0.33 (0.957) 7.6� 10ÿ3 0.7[g] 1.7� 10ÿ2 (0.999)[h] 142
11(1)[j] 3.2� 10ÿ7 0.59 (0.994) 9.7� 10ÿ5 40 2.3� 10ÿ5 (0.999) 0.4
12(2)[j] 5.2� 10ÿ8 0.83 (0.993) 1.8� 10ÿ5 17 6.1� 10ÿ6 (0.982) 0.05
13(4)[j] 1.7� 10ÿ11 0.34 (0.982) 4.5� 10ÿ9 2.0[g] 8.4� 10ÿ9 (0.995)[h] 0.00007


[a] Degree of aggregation in parentheses. [b] Calculated for [RLi]f� 0.5m and [TPMH]� 0.005m. [c] Correlation coefficient in parentheses. [d] See ref. [13].
[e] Statististically corrected; in TPMH complexes of tetramers three Rs (see 19), in complexes of dimers two Rs (see 20) are assumed to be available for
reaction. [f] Alternative interpretation: see below. [g] K2


mK2m//m . [h] Data refer to dimer (92, 102, 132) equilibrating with tetramer. [i] Ref. [3a]. [j] Ref. [10].
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of those of its components apart from the three TPMH bands
mentioned, which are either lacking or of low intensity.
Complex formation is also suggested by bathochromic shifts
by 70 and 94 nm of the UV bands of TPMH at 262 and
223 nm, respectively, upon addition of excess 24 in pentane.


Analysis of the values of x in terms of mechanisms 1 [Km,
Eqs. (1a),(1b)] and 2 [K2


mK2m//m , Eq. (3b)] was carried out by
using Equation (4c), which is obtained if Equation (2b), in
logarithmic form and written for t� 0 (ri , [C(m, TPMH)]i), is
subtracted from Equation (4b).


log([C(m,TPMH)]i/[TPMH]i)� x log[RLi]f,i� log(kexp/km) (4c)


Compounds 1 ± 5 and 6 ± 8 were supposed to react according
to mechanism 1, since their effective reaction orders (x> 0.5),
on first view, do not tally with predissociation of the prevailing
species. Values of Km [Eq. (1a), (1b)] were chosen such that
the values of [C(m, TPMH)]i, calculated from Equation (1b)
for the various pairs of [RLi]f,i and [TPMH]i used in the
experiments, when plotted according to Equation (4c) against
[RLi]f,i gave straight lines whose slopes equalled the effective
reaction orders (x) found for 1 ± 5 and 6 ± 8. For the tetrameric
9 and for nBuLi (10), whose low values of x and high
reactivities suggest reaction via more reactive[3c, 4] dimers
(mechanism 2), the same procedure was followed with respect
to K2


mK2m//m [Eq. (3b)]. Plotting of the calculated values of
[C(m, TPMH)]i against ri [Eq. (4c)] gave the rate constants,
km, of the TPMH complexes of 1 ± 10. The results are given in
Table 1B together with those of 11 ± 13.[10] Exemplary plots of
Equation (4c) (14 and 94 > 2 92) are shown in Figure 3.


Discussion


Mechanism 1: Compounds 14 ± 34 and 62 ± 82 are assumed to
react according to mechanism 1. Free energies of dissociation
of 14 ± 34 and 62 ± 82 into smaller oligomers (R2mLi2m ´ nLB>
2 RmLim ´ 0.5 n LB, m� 1, 2; n� 4) are prohibitively high
[DG2m//m� (DG 6�


2mÿDG 6�
m�, see mechanism 3 (below) Eqs. (3a)


and (6b)] for a reaction via smaller oligomers to be kinetically
significant.[25] It turns out that complexation of TPMH has no
effect on free energy (Table 1B); for all these oligomers,
statistically corrected values of Km are around one. The free
energy of loss of some ligandÐLB from the primary complex-
ation sphere or benzene from a secondary solvation shellÐ
must equal the free energy of binding TPMH. The nature of
the implied complexes is unkown. However, it is clear that
TPMH must bind to RmLim ´ x LB in a way unavailable to
benzene,[26] otherwise, while all organolithium would be
complexed to excess benzene, TPMH would be free and x
would equal one (see above). For the case of TPMH replacing


LB, 17 is exemplary of possible
complexation modes of
TPMH.[27]


The value of Km� 17[10] for
122 was used to calculate the
degree of TPMH complexation
under the conditions of the IR
experiment described above


Figure 3. Relationship [Eq. (2b)] between experimental initial rate (ri ,
mol Lÿ1 sÿ1) and initial concentration of complexes {[C]i(� [C(m,TPMH)]i),
mol Lÿ1)} calculated with the values of Km and K2m//m , obtained by solving
Equation (4c) for x� effective reaction order in [RLi]f [Eqs. (4a), (4b)];
a) 14�TPMH>C(4,TPMH); b) 94> 2 92, 92�TPMH>C(2,TPMH).


(0.2m 122, [TPMH]0� 0.1m). The result, [TPMH]�
0.3[TPMH]0, agrees satisfactorily with our estimate from the
IR-band intensities. The relatively high value of Km(122) may
be due to a symbiotic effect. In the presence of a delocalized
a-silyl carbanion, coordination of polarizable TPMH could be
slightly more favourable than coordination of NMe2. Clearly,
rather favourable steric conditions contribute to the even
higher value of Km of 11.[10]


Mechanism 2: Dissociation into smaller species can be driven
by complexation of additional LB (R2mLi2m ´ n LB� n LB>
2 RmLim ´ n LB), as in the case of nBuLi (10) dissolved in THF,
or intramolecularly (LB:Li� 2), as in the system 94> 2 92. If
free energies of dissociation are much lower than the differ-
ences of the free energies of activation of the reactive
complexes [DG2m//m� (DG 6�


2mÿDG 6�
m�, see Figure 5 below],


only reaction via the smaller oligomer (though it may be
undetectable) is significant.


The values of kexp and x of 94 and 104 suggest that
mechanism 2 is in operation. This tallies with the observation
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X
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that, in THF, nBuLi prevails as an equilibrium mixture of
104 ´ 4 THF and 102 ´ 4 THF [K2m//m(104 ´ 4 THF), Eq. (3a), 22 8C,
ca. 10ÿ3 mol Lÿ1] .[2c, 3c, 8] On the basis of this and our value of
K2


mK2m//m� 0.7 for 10, the value of Km(102 ´ 4 THF) must be
26 molÿ1 L, which is about ten times the value of a genuine
(intramolecularly complexed, secondary) RLi dimer
[Km(72)� 2.3]. Undoubtedly, there are subtle differences in
the enthalpy of complexation of TMPH by 102 ´ 4 THF and 72 ;
however, we suppose that mainly entropy differences are
decisive. In the case of 102 ´ 4 THF, the effects on entropy of
one molecule of TPMH being bound may be practically offset
by one molecule of THF being freed from complexation,
while with 1 ± 9 such compensation should be less, since
binding of TPMH is accompanied by the mere opening of a
five-membered chelate ring. On the other hand, the tetramer/
dimer dissociation constant of 94, K2m//m(94)� 0.5 mol Lÿ1,
obtained from K2


mK2m//m(9) by taking as the value of Km for
92 that of the dimers 62 ± 82, is higher than that of 104 ´ 4 THF.
Here, the favouring of 94!2 92 over 104 ´ 4 THF�
4 THF!2 102 ´ 4 THF by entropy, due to the different changes
in particle numbers, surmounts the adverse influences of the
closure of four five-membered rings. The reactivity calculated
for 92 is about ten times that calculated for 102 ´ 4 THF
[km,rel(92 ´ TMPH)� 8.5 km,rel(102 ´ 3 THF ´ TMPH)]. More effi-
cient LB assistance (see below and ref. [10]) exerted by the
chelate group ÿOMe, relative to THF, in the lithiation
transition state (compare 20 below) is believed to be the
cause. More importantly, the rather similar reactivitiy of 9 in
benzene compared with that of 10 in THF demonstrates that
the role of LB solvents in organolithium chemistry consists of
no more than the provision for the coordinative saturation of
all lithium atoms in RmLim.


Mechanism 2 has been proposed before for 134 ;[10] this may
be surprising in the light of the fact that 14 follows
mechanism 1 and that the two compounds differ only by the
presence of SiMe2 and CH2, respectively, at the b-position. In
the case of 134, two factors cooperate in favour of mecha-
nism 2 [DG2m//m� (DG 6�


2mÿDG 6�
m�]: 1) owing to the delocali-


zation of the negative charge in an a-silyl carbanion, Coulomb
stabilization in oligomers of (trimethylsilyl)methyllithium
derivatives is lessÐand DG2m//m is accordingly lowerÐthan
in corresponding alkyllithiums;[28] 2) activation barriers (and
their differences) of oligomers of (trimethylsilyl)methyllithi-
um derivatives are higher than those of 14 ± 34.


The reaction rates of 4 and 5, mechanism 3: Values of Km for
44 and 54 calculated provisionally on the basis of mechanism 1
(Table 1B) indicate that these species should complex TPMH
better than do 14 ± 34 and 62 ± 82 ; this is surprising in view of the
sterically more hindered secondary nature of 5 and the LB/Li
ratio of two in 4, which, on statistical grounds alone, should
cause the value of Km(44) to be one half of that of Km(14).


Mechanism 3


R2mLi2m ´ p LB�TPMH )*
K2m


C(2m,TPMH) (5a)


R2mLi2m ´ p LB ) *
LB;K2m==m


2RmLim ´ nLB (3a)


RmLim ´ nLB�TPMH )*
Km


C(m,TPMH) (1a)


K2m


Km K0:5
2m==m


� �C�2m;TPMH��
�R2mLi2m � p LB�0:5 �C�m;TPMH�� (5b)


C(2m,TPMH) k2m! TPMLi (6a)


C(m,TPMH) km! TPMLi (2a)


r� k2m[C(2m,TPMH)]� km[C(m,TPMH)] (6b)


As an alternative to stronger complexation of TMPH as a
cause of both the relatively low value of x and, relative to 1 ± 3,
the enhanced reactivity of 4 (which includes an unknown
contribution by structural differences), we propose the
reaction of both tetramer 44 and the more reactive dimer 42


[mechanism 3, m� 2, n� 4, p� 8 [Eq. (6b)]. For 5, which has
a similar value of x, distinctive concentrations of 52 in
equilibrium with 54 [K2m//m(54), mechanism 3, m� n� 2, p�
4)� 5� 10ÿ3] are evidenced by colligative properties and
NMR measurements (see above).


In fact, if the values of Km and km of 42 are approximated by
those of 62 ± 82 and 92 and that of K2m of 44 is derived from
those of 14 ± 34 [i.e. , Km(42)� 2, km(42)� 0.125, K2m(44)� 1] use
of K2m//m(44)� 5� 10ÿ3 and k2m(44)� 0.035 in the evaluation of
initial rates by Equation (6b) leads to a satisfactory match
(corr. coeff.� 0.992) of experimental (ri) and calculated (rcalcd)
reaction rates of 4 (Figure 4a).


Figure 4. Comparison of experimental initial rate (ri , mol Lÿ1 sÿ1) and the
rate calculated (rcalcd) according to mechanism 3 (m� 2). a) 4�TPMH;
b) 5�TPMH.
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Of the two new parameters required to fit rcalcd to ri ,
K2m//2(44) and k2m(44), K2m//2(44) is the main cause of the
mechanistic difference between 4 and 9 [DG2m//m(44)>
DG2m//m(94)], while the increased reactivity of 44 is the
main cause of the mechanistic difference between 4 and
nBuLi (10) [DG 6�


2m(44)ÿDG 6�
m(42)]< [DG 6�


2m(104 ´ 4THF)ÿ
DG 6�


m(102 ´ 4THF)] (see Figure 5).


Tetramer


nBuLi (10)


Dimer
TetramerTetramer


DimerDimer


4 9


Figure 5. Differences in relative free energies (horizontal lines) and free
energies of activation (vertical arrows) that control the differences in
kinetics towards TPMH between 4, and 9 and nBuLi (10) (schematic).


Since a limited set of structures applies to the majority of
RLis,[29] the structures of tetramer 44 and the dimers 42 and 92


are assumed to be analogues of those of 94
[7e] and 62.[7c] On the


assumption that the entropies of dissociation into dimers are
the same for 44 and 94, steric repulsion between the four N-


CH3 groups of 42 as shown in 18,
which amount to a total of
about 11 kJ molÿ1, could ex-
plain the lower value of
K2m//2(44) relative to that of 94


(which forms 92 that lacks such
interactions). On the basis of mechanism 3, km,rel(44) has a
value of 200. The two-hundredfold rate increase relative to 14


is ascribed to the favourable action of two molecules of LB
per lithium involved in bond breaking in the transition state
44 ´ TMPH= (see discussion of 21, below).


We think that mechanism 3 applies also to the reaction of 5 ;
however, lack of data (Km, km) of authentic coordinatively
unsaturated secondary-R2Li2 ´ 2 LB and of secondary-R4Li4 ´
4 LB (k2m) permits only a qualitative discussion. With
LB:Li(52)� 1, the reactivity ratio km(52)/k2m(54) will be lower,
and therefore reaction of 54, in addition to 52, is expected to be
more probable than in cases in which coordinatively saturated
dimers (LB:Li� 2) operate (see below). On the other hand,
coordinatively unsaturated 52 will complex TPMH more
strongly than coordinatively saturated dimers [Km(52)>
Km(42)], and the proportion of 5 reacting via the dimer
complex will be correspondingly higher. An attempt to
calculate ri(5) along these lines [K2m(54)� 4, Km(52)� 500
(DGm(52)�ÿ13.5 kJ molÿ1), k2m(54)� 0.002, km(52)/k2m(54)�
2] is shown in Figure 4b.


Relative reactivities: Reactivity ratios (km,rel) given in Ta-
ble 1B and in the discussion (44, 42) are considered to be
representative for the reactivity of the tetraaminates and
tetraetherates of the tetramers and dimers of alkyllithiums
dissolved in Lewis basic solvents towards TPMH-type sub-
strates and provide guidelines for their controlled use. A
summary is given in Scheme 3.


R4Li4-4LB 2 R2Li2-4LB
+4LB


-4LB


prim-R 1  (14, 24); 0.6  (34)                      


sec-R 10  (54)[a]


R = CH2SiMe2R'


 1040  (42); 1200  (92)  


           4250  (62 - 82)


0.05  (122)


2 R2Li2-2LB


0.00007  (132)
33  (52)[a]


Scheme 3. Relative rates of the complexes of intramolecular tetraaminates
and tetraetherates of tetramers and dimers of alkyllithiums with TPMH
(benzene, 22 8C). [a] Based on mechanism 3, tentative value.


Going from the coordinatively saturated tetramer
(LB:Li� 1) to the coordinatively saturated dimer (LB:Li�
2), the reaction rates of primary alkyllithium complexes
increase by factors of about 1000 [42 (mechanism 3) vs. 14, 24]
and 2000 (neopentyl systems 92 vs. 34). In accordance with the
Hammond postulate, the rate ratio towards TMPH, k(42)/
k(14)� 1000, is about hundred times that found for the highly
reactive system nBuLi/THF/benzaldehyde: k(102 ´ 4 THF)/
k(104 ´ 4 THF)� 10.[3c] For secondary alkyllithium complexes
the tentative rate ratio k(dimer)/k(tetramer) is around 400
(62 ± 82 vs. 54, see footnote [a] in the legend for Scheme 3). The
rate enhancement factors for going from primary to secondary
alkyllithium tetramers are tentatively 10 (54 vs. 14, see foot-
note [a] in the legend for Scheme 3)[30] and about 4 for
dimers (62 ± 82 vs. 42, 92). Again, weaker responses of the
more reactive systems are in line with the Hammond
postulate.


Additional information gained from Table 1B: 1) As
evidenced by the relative reactivities of 14, 24, 72 and 82,
amine and ether complexes have practically equal reactivities.
2) a-Silicon retards the rate of lithiation of TPMH by a factor
of 24 000 [km,rel(92):km,rel(122)]. 3) Having observed a marked
increase of the ease of dissociation of LiÿLB in the order
R4Li4 ´ 4LB<R2Li2 ´ 4LB[4b, 10]<RLi ´ 3LB,[10] we proposed LB
assistance of LiÿX (X�LB, C) dissociation.[4b, 10, 31] By bind-
ing more strongly, LB molecules that remain bound to lithium
compensate for part of the bond energy lost upon dissociation
of one of their congeners or by weakening of an LiÿC bond in
a reaction transition state. If more LB molecules are bonded
to lithium, LB assistance can be stronger. In addition to the
earlier results, this inference is nicely illustrated by two cases
from the present study. Disregarding the influence of the
different structures of 1 and 4, the relative reactivities of 14


and 44 show that doubling of the ratio LB:Li enhances the
reactivity of tetramers of primary RLi by a factor between 90
(mechanism 1) and, more probable, 200 (mechanism 3). In
similar vein, lifting of a deficiency of LB, as in 132!122,
enhances the rate by a factor 700. For the much more reactive
species 52 and 72 this factor is tentatively taken to be about 130
(see footnote [a] in the legend for Scheme 3). Together with
better accessibility of dimers and the reduced shielding of Cÿ


by Li� in dimers, relative to tetramers,[32] increased LB
assistance as a result of the higher ratio LB:Li contributes
to the increase of reactivity upon going from a coordinatively
saturated tetramer to a coordinatively saturated dimer. For
example, in the transition state of an exhaustively LB-
complexed tetramer (19), assistance is provided by LB(1)
and LB(2) which are bonded to lithium atoms involved
in the breaking of three partial carbon ± lithium bonds. LB(3)
does not participate and LB/C ´´´ Li is 2/3. In the correspond-
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ing dimer transition state (20), LB(3) also assists and
LB/C ´´´ Li is 3/2.
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Tetramers with LB:Li� 2 (e.g., 44) might form transition
states of type 21 (for clarity, only kinetically important extra
LB is shown) whose ratio LB/C ´´ ´ Li (4/3) is nearly the same
as that of dimer transition state 20. Similar relative rates [i.e.,
km,rel : 44 (mechanism 3), 200; 102 ´ 4 THF, 140; 92, 1200] are in
line with this. The normal coordination number of lithium in
s-organolithium complexes, that is, four, is exceeded in 21.
However, since organolithium transition states are stabilised
by Lewis base coordination more strongly than ground
states,[4c] we surmise that pentaccordination, while destabiliz-
ing ground states, still stabilizes transition states.[5b, 33] A
last remark: Evidently, all mechanistic parameters given
here for reaction via complexes apply only to assumed
mechanisms, which, however, accord well with established
principles of RLi chemistry. We feel encouraged by our
success in calculating the reaction rate of 4 by use of our
tetramer and dimer data and two new parameters [K2m//2(44)
and k2m(44)] whose values appear reasonable, although, by no
means, can we claim to have reconnoitered all possibilities.
Proof and study of the complexes invoked remain of para-
mount urgency.


Experimental Section


Ether solvents were distilled from Na/K alloy after stirring under nitrogen
for at least 16 h. Degassing was realized by freezing and thawing under
vacuum. Pentane and benzene were distilled from BuLi (5 mmol Lÿ1). tert-
Butyllithium was always purified by sublimation (70 ± 80 8C, 10ÿ5 Torr) in
portions of 10 to 15 mmol. The sublimate was dissolved in pentane and
filtered. The colourless clear solution was free of impurities. It was sealed in
evacuated ampoules and stored at -5 8C. All operations involving RLis were
carried out in sealed and evacuated glass equipment with break-seal
techniques. The concentration of RLi in a sample was determined by
Gilman�s[34] method of double titration. 1H, 6Li, 7Li, and 13C NMR spectra
were measured on a Brucker WM 250 spectrometer at 250.13, 36.81, 97.20,
and 62.89 Hz respectively. 1H and 13C NMR chemical shifts (CDCl3, d,
ppm) are relative to internal TMS, 6,7Li NMR chemical shifts are relative to
external solutions of 1m LiBr in THF and 50% LiBr in H2O; these were set
to 0.00 and ÿ1.04 ppm (25 8C), respectively.


1-Lithio-3-methoxy-2,2-dimethylpropane (3)
a) 1-Bromo-3-methoxy-2,2-dimethylpropane : Bromine (11.2 mL, 0.210 mol),
dissolved in CH2Cl2 (100 mL), was added to a solution of triphenylphos-
phine (54.8 g, 0.210 mol) in CH2Cl2 (400 mL) over 30 min at 0 8C under
stirring. A mixture of 3-methoxy-2,2-dimethyl-1-propanol[36] (25.0 g,
0.210 mol) and pyridine (16.9 mL, 0.21 mol) in CH2Cl2 (100 mL) was
added dropwise to the solution of triphenylphosphine dibromide. After
stirring for 2 h at room temperature, the solvent was evaporated from the
reaction mixture. Petroleum ether 60/80 (500 mL) was added and the
mixture was heated to gentle reflux for one hour. The white precipitate of
triphenylphosphine oxide was filtered off and washed with cold petroleum
ether 60/80. The filtrate was concentrated and cooled to ÿ80 8C for several
hours. The newly precipitated triphenylphosphine oxide was separated by


filtration and after drying over sodium sulfate and removal of solvent the
residue was submitted to distillation. Yield: 25.4 g (0.140 mol, 67%);
colourless oil; bp 75 ± 79 8C (100 Torr); purity gc >85%; 1H NMR: d� 3.36
(s, 2 H), 3.34 (s, 3H), 3.17 (s, 2 H), 0.99 (s, 6 H).


b) 3-Methoxy-2,2-dimethylpropylmercuricbromide : 3-Methoxy-2,2-di-
methylpropylmagnesium bromide (70 mL, 0.91m THF, prepared in 9l%
yield from 1-bromo-3-methoxy-2,2-dimethylpropane) was added dropwise
to a solution of mercuric bromide (36.30 g, 94.5 mmol) in THF (250 mL) at
room temperature under vigorous stirring. Two hours after the addition had
been completed, THF was evaporated. The residue was suspended in
diethyl ether (300 mL) and was treated once with water (200 mL) and twice
with a saturated sodium chloride solution, dried over magnesium sulfate
and concentrated. Yield: 15.70 g (41.2 mmol, 59%); colourless oil;
1H NMR: d� 3.38 (s, 3 H), 3.05 (s, 2H), 1.73 (s, 2H), 0.99 (s, 6 H). Note:
The formation of bis(3-methoxy-2,2-dimethylpropyl)mercury (1H NMR:
3.34 (s, 3 H), 3.02 (s, 2 H), 0.94 (s, 6H), 0.91 (s,2H)), as a side product in
variable yields, was frequently observed. It could be removed by
evaporation at room temperature (7.5� 10ÿ6 Torr).


c) (3-Methoxy-2,2-dimethylpropyl)-tert-butylmercury : tBuLi (3.2 mL,
1.56m) was added dropwise to a stirred solution of 3-methoxy-2,2-
dimethylpropylmercuric bromide (1.905 g, 5.00 mmol) in pentane
(100 mL) at 0 8C. After one hour methanol (0.18 mL) was added and the
mixture was extracted with water. The organic layer was dried over sodium
sulfate and concentrated. The residue (1.90 g) was submitted to a short path
distillation at 40 8C, 10ÿ2 Torr, under cooling with solid CO2. Yield: 1.400 g
(3.91 mmol, 78%); colourless oil; 1H NMR: d� 3.36 (s, 3H), 3.01 (s, 2H),
1.26 (s, 199Hg-H satellites 3J� 110 Hz, 9H). 0.93 (s, 8 H).


d) 1-Lithio-3-methoxy-2,2-dimethylpropane (3): In an evacuated
(10ÿ5 Torr) sealed break-seal apparatus, a solution of sublimed tBuLi
(2.06 mmol, 0.34 m, pentane) was added under stirring to a solution of (3-
methoxy-2,2-dimethylpropyl)-tert-butylmercury (0.780 g, 2.06 mmol) in
pentane (60 mL) at ÿ15 8C. After one hour the pentane was evaporated
and tBu2Hg was distilled off (10ÿ5 Torr, room temperature, 2 h). The solid
white residue was redissolved in pentane and filtered. Yield: 90%. Purity:
less than 3.9% rest base. Average degree of association: 3.71. In agreement
with the rest base content, the deviation from the tetramer value is ascribed
to the presence of unidentified less-aggregated impurities in a proportion of
3 ± 8% of the RLi concentration. These impurities did not show up in the
1H and 13C spectra. 1H NMR ([D8]toluene, 20 8C): d� 3.09 (s), 3.02 (s), 1.14
(s), ÿ0.74 (s); 1H NMR ([D8]toluene, ÿ60 8C): d � : 2.99 (s, 4 H)*, 2.93 (s,
0.66 H), 2.90 (s, 0.33 H)*, 1.31 (s, 3H), 1.27 (s, 3H), ÿ0.63 (AB, 2 H) [Note:
Part of the OCH2 signal (*) is hidden under the OCH3 (*) signal]; 13C NMR
{[D8]toluene, 20 8C, (ÿ70 8C)}: d� 87.59 (t, J� 141 Hz) (86.86), 58.48, (q,
J� 141 Hz) (58.36), 37.91 (s) (37.88), 33.23 (q, J� 121 Hz) (34.22, 34.22
(1:1)), 28.50 (br) (28.23); 7Li NMR {[D8]toluene, 20 8C (ÿ70) 8C}: d� 1.66
(s) (1.80), with small (<5%) signals at 1.07 (1.41), 0.94 (1.17), 0.86 (0.15).
Compound 3 could be sublimed at 70 8C, 10ÿ5 Torr. It did not crystallize
from a 0.4m solution at ÿ60 8C, but crystals were obtained from a yellow
3.0m solution at room temperature.


1,1-Bis(dimethylaminomethyl)-2-lithioethane (4)
a) 1,1-Bis(dimethylaminomethyl)-2-ethanol : Finely ground bis(dimethyl-
aminomethyl)malonic acid dihydrochloride[35] (22.9 g, 92 mmol) was added
in small portions to a suspension of LiAlH4 (8.5 g, 220 mmol) in diethyl
ether (400 mL). After 3 h reflux, 15 % aqueous NaOH (60 mL) was added.
After drying over Na2SO4, the mixture was filtered and the residue
extracted twice with diethyl ether (100 mL). After drying and removal of
the solvent, distillation (85 8C, 16 Torr) gave 9.3 g (58 mmol, 63 %) of 1,1-
bis(dimethylaminomethyl)-2-ethanol. 1H NMR: d� 6.30 (s, 1H), 3.71 (m,
2H), 2.40 ± 2.20 (m, 5H), 2.23 (s, 12H); MS: m/z (%): 160 (3.5), 115 (20.9),
98 (6.3), 84 (43.3), 71 (9.9), 70 (5.2), 58 (100).


b) 2-Bromo-1,1-bis(dimethylaminomethyl)ethane : Bromine (6.5 mL,
0.12 mol) dissolved in CH2Cl2 (75 mL) was added to a solution of
triphenylphosphine (31.4 g, 120 mmol) in CH2Cl2 (225 mL) over 45 min
at 0 8C under stirring. A mixture of 1,1-bis(dimethylaminomethyl)-2-
ethanol (9.6 g, 60 mmol) and H2O (540 mL, 30 mmol) in CH2Cl2 (100 mL)
was added dropwise to the solution of triphenylphosphine dibromide. After
stirring for 20 h at room temperature, the solution was heated to reflux for
3 h, after which the turbid reaction mixture was cooled and extracted once
with H2O (150 mL) and twice with aqueous HCl (0.1m, 150 mL). At 0 8C,
the combined water layers were set at pH 13 by addition of NaOH (4m) and
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extracted with four portions of diethyl ether (125 mL). After drying over
sodium sulfate and removal of solvent, the residue was submitted to
molecular distillation (25 8C, 10ÿ2 Torr, condensation finger cooled by
liquid nitrogen). Yield: 8 g (36 mmol, 60%) of a colourless oil which was
stored at ÿ80 8C. 1H NMR: d� 3.66 (d, J� 3.7 Hz, 2H), 2.40 ± 2.15 (m,
5H), 2.24 (s, 12 H).


c) (1,1-Bis(dimethylaminomethyl)-2-ethyl)mercuric bromide : Under reflux,
2-bromo-1,1-bis(dimethylaminomethyl)ethane (4.3 g, 19.4 mmol) dissolved
in THF (250 mL) was added under nitrogen over 200 min to magnesium
shavings (1.4 g, 58 mmol) in THF (10 mL). After 45 min reflux, filtration
through glass wool and titration (yield 90 %), the Grignard reagent was
added at room temperature over 180 min to HgBr2 (9 g) dissolved in THF
(150 mL). After centrifugation and filtration the solvent was removed and
the residue was stirred with five portions of pentane (60 mL). After drying
over sodium sulfate and removal of solvent, a colourless oil (3.1 g,
7.4 mmol, 38 %) was obtained. 1H NMR: d� 2.40 ± 2.00 (m, 4H), 2.20 (s,
12H), 1.62 (m, 2H), 1.00 (m, Jav� 5.5 Hz, 1 H).


d) Di(1,1-bis(dimethylaminomethyl)-2-ethyl)mercury(ii): A solution of (1,1-
Bis(dimethylaminomethyl)-2-ethyl)mercuric bromide (4.65 g, 11.0 mmol)
in CH2Cl2 (20 mL) was added to a solution of Na2S2O4 (2.8 g, 16 mmol) in
8% aqueous NaOH (60 mL). After stirring for 20 h, the organic layer was
removed and the water layer was extracted twice with CH2Cl2 (25 mL). The
combined organic layers were dried over CaCl2. After removal of solvent,
molecular distillation (80 ± 90 8C, 10ÿ5 Torr) gave 1.70 g (3.5 mmol, 63.6 %)
of a colourless oil. 1H NMR: d� 2.20 (s, 199Hg-H satellites 3J� 90 Hz, 16H),
1.30 (m, 1 H), 0.81 (m, 2 H).


e) 1,1-Bis(dimethylaminomethyl)-2-lithioethane (4): In an evacuated,
(10ÿ5 Torr) sealed break-seal apparatus, sublimed tert-butyllithium
(4.3 mmol in 2.5 mL pentane) was added under stirring to a solution of
di(1,1-bis(dimethylaminomethyl)-2-ethyl)mercury(ii) (1.04 g, 2.14 mmol) in
pentane (50 mL) at ÿ20 8C. After 90 min at 0 8C, the pentane and tBu2Hg
were distilled off (10ÿ5 Torr, room temperature, 2 h). The solid, dark yellow
residue was redissolved in pentane (50 mL) and filtered (P5). At ÿ80 8C,
tiny colourless crystals formed. The identity of 4 followed from the
products of quenches with Me3SnCl, benzaldehyde and methanol.


(1,1-Bis(dimethylaminomethyl)-2-ethyl)trimethyltin : 1H NMR: d� 2.35 ±
1.80 (m, 5 H), 2.20 (s, 12 H), 0.88 (d, J� 6.0 Hz, 2H), 0.33 (s,
J(H,117/119Sn)� 49.6/52.0 Hz, 9 H); Exact mass: 293.1026 (moleculair ion
minus CH3); calcd (C10H25N2


120Sn): 293.1038; MS: m/z (%): 293 (9.8, Sn-
cluster), 165 (5.3, Sn-cluster), 143 (2.1), 98 (24.7), 84 (47.3), 58 (100).


3,3-Bis(dimethylaminomethyl)-1-phenyl-1-propanol : 1H NMR: d� 7.45 ±
7.10 (m, 5H), 4.78 (d, J� 6.0 Hz, 1H), 2.54 ± 2.07 (m, 5 H), 2.27 (s, 12H),
1.87 (m, J'� 6.0 Hz, J''� 8.0 Hz, 2 H). Exact mass: 250.2050; calcd
(C15H26N2O): 250.2045; MS: m/z(%): 250 (1.2), 207 (6.2), 173 (7.1), 129
(3.7), 105 (2.0), 98 (15.8), 84 (18.6), 79 (14.4), 58 (100).


1,3-Bis(dimethylaminomethyl)-2-methylpropane : 1H NMR: d� 2.17 (s,
12H), 2.20 ± 2.10 (m, 2 H), 2.00 (dd, J'� 8.35 Hz, J''� 11.94 Hz, 2H),
1.87 ± 1.67 (br m, 1 H), 0.91 (d, J� 6.33 Hz, 3 H); Exact mass: 144.1630;
calcd (C8H20N2): 144.1627; MS: m/z (%): 144 (3.0), 99 (64.9), 84 (100), 58
(100).


At low temperatures, both 1H and 13C NMR spectra of 4 in toluene indicate
the presence of at least two species (A,B) whose ratio (1:1) is independent
of concentration. The proton-decoupled 13C NMR signal of the a-carbon
atom (Ca) is of such broadness that its multiplicity could not be discerned.


A rough measure of the 13C,6,7Li cou-
pling constants was obtained:
J(13C,6Li)� 5(�0.5) Hz (see Figure 6),
J(13C,7Li)� 14(�1.0) Hz). At 183 K,
three sharp 6Li resonances occur at
d� 2.51, 2.23 and 1.95. These are
strongly broadened at 273 K and coa-
lesce at 295 K (d� 2.11). Coalescence
at higher temperatures is also ob-
served for 1H and 13C NMR signals.


Li-CaHa
2CbHb(Cc'Hc'


2 NMe2)CcHc
2NMe2 :


1H NMR ([D8]toluene, 187 K): Ha:
d�ÿ1.333, ÿ0.914 (dd, Jav� 8.8 Hz);
Hc (or Hc'): d� 2.832 (dd, Jav�
9.0 Hz); NMe2: d� 2.213 (A), 2.180
(A), 2.168 (B), 2.153 (A), 2.096 (B);


signals of Hb and Hc' (or Hc) between 2.30 and 1.90 are hidden under the
NMe2 signals; 1H NMR (298 K): Ha: d�ÿ1.150 (very broad); Hc (or Hc'):
d� ? (extremely broad); NMe2: d� 2.138; 13C NMR (213 K): Ca: d� 17.06,
(ªtº, very broad); Cb: d� 36.29, 35.94, 35.78 (d, J(CH)� 120 Hz); Cc,c': d�
74.62, 69.15 (t, J(C,H)� 127 Hz); NMe2: d� 49.53 (A), 48.43 (A), 46.35
(B), 45.12 (B) 44.06 (A) (q, J(C,H)� 130 Hz); 13C NMR (298 K): Ca: d�
17.13 (very broad); Cb: d� 36.55 (d, J(C,H)� 120 Hz); Cc,c': d� 74.81, 69.81,
(br t, J(C,H)� 127 Hz); NMe2: d� 48.76 (very broad), 46.37 (q, J(CH)�
130 Hz).


1-Dimethylamino-3-lithiobutane (5)
a) 1-Dimethylamino-3-butanol : 1-Dimethylamino-3-butanone[37] (15.0 g,
0.130 mol) was dissolved in diethyl ether (100 mL) and added dropwise
under stirring at 0 8C to LiAlH4 (5.7 g, 0.150 mol) in diethyl ether (400 mL).
The mixture was warmed to gentle reflux for 4 h. At 0 8C, H2O (5 mL) and
15% aqueous NaOH (5 mL), followed by more H2O (15 mL) were
carefully added under stirring. After warming to room temperature the
mixture was dried on MgSO4 and stirred until the organic layer had become
clear. The organic layer was decanted and the residue was washed twice
with diethyl ether (100 mL). The combined organic layers were dried over
Na2SO4 and K2CO3, filtered and concentrated (30 8C, 500 Torr). The
residue was submitted to distillation and yielded 11.8 g (0.101 mol, 78%) of
a clear oil, b.p. 68 8C (50 Torr) of high purity. 1H NMR: d� 5.27 (br s, OH),
3.93 (q, J� 6.0 Hz, 1 H), 2.32 ± 2.74 (m, 2 H), 2.23 (s, 6 H), 1.34 ± 1.69 (m,
2H), 1.13 (d, J� 6.0 Hz, 3H).


b) 3-Bromo-1-dimethylaminobutane : At 0 8C a solution of bromine (16.1 g,
5.17 mL, 0.101 mol) in CH2Cl2 (120 mL) was added dropwise to a stirred
solution of triphenylphosphine (27 g, 0.103 mol) in CH2Cl2 (450 mL). Then
a solution of 1-dimethylamino-3-butanol (11.2 g, 0.096 mol) in CH2Cl2


(120 mL) was added dropwise to the mixture, which was still held at 0 8C
and stirred. The reaction mixture was slowly warmed (16 h) to room
temperature and was once extracted with H2O (150 mL) and twice with
HCl (0.1m, 150 mL). Pentane (150 mL) was added to the combined water
layers and under strong stirring and cooling at 0 8C aqueous NaOH (4m)
was added until pH 13 was reached. The organic layer was separated and
aqueous NaOH (4m, 10 mL) was added to the water layer, which was then
extracted twice with pentane (150 mL). The combined organic layers were
dried with MgSO4, filtered and concentrated at 20 8C and 400 Torr. The
residue was submitted to a short path distillation with solid CO2 as coolant
(25 8C, 10ÿ3 Torr). Yield: 15.0 g (0.083 mol; 83%) of colourless oil that must
be stored at ÿ80 8C. 1H NMR: d� 4.22 (m, J� 6.5 Hz, 1 H), 2.38 (q, J�
7.0 Hz, CH2N), 2.23 (s, 6 H), 1.98 (t, J� 7.0 Hz, 2H), 1.74 (d, J� 7.0 Hz, 3H).


c) Mixture of 3-dimethylamino-1-methylpropylmercuric bromide and bis(3-
dimethylamino-1-methylpropyl)mercury : Under gentle reflux and stirring a
solution of 3-bromo-1-dimethylaminobutane (5.00 g, 27.8 mmol) in THF
(150 mL) was added dropwise to magnesium shavings (1.5 g, 63 mmol) with
THF (5 mL). The heating was continued for 0.5 h after the addition had
been completed. After cooling to room temperature, the mixture was
titrated (yield 85%) and filtrated. The filtrate was added over 2 h to a
strongly stirred solution of HgBr2 (10.00 g, 27.8 mmol) in THF (100 mL).
After standing for 12 h, the mixture, which contained a white precipitate,
was concentrated and the viscous residue was extracted immediately with
three portions pentane (75 mL). The combined organic layers were dried
with Na2SO4 and concentrated. The residue was a colourless oil which
contained according to 1H NMR 3-dimethylamino-1-methylpropylmercu-
ric bromide and bis(3-dimethylamino-1-methylpropyl)-mercury in a molar
ratio of 93.5:6.5, total yield: 5.81 g (� 15.3 mmol, 55 %). 1H NMR:
3-dimethylamino-1-methylpropylmercuric bromide: d� 1.61 ± 2.56 (m,
5H), 2.20 (s, 6 H), 1.42 (d, J� 7.0 Hz, 3H, 199Hg-H satellites 3J(199Hg,H)�
288 Hz); 1H NMR: bis(3-dimethylamino-1-methylpropyl)mercury: d�
1.61 ± 2.56 (m, 10H), 2.18 (s, 12H), 1.24 (br s, 6 H, 3J(199 Hg,H) can not
be given because of the low intensity of the signal).


d) (3-Dimethylamino-1-methylpropyl)-tert-butylmercury : Over a period of
15 min tert-butyllithium (10.5 mL, 1.49m, 15.6 mmol) was added dropwise
to a cooled (ÿ12 8C) and stirred solution of 3-dimethylamino-1-methyl-
propylmercuric bromide (5.41 g, ca. 13.3 mmol) and bis(3-dimethylamino-
1-methylpropyl)mercury (see above) (0.9 mmol) in pentane (800 mL).
[Bis(3-dimethylamino-1-methylpropyl)mercury reacts with tert-butyllithi-
um to give 5 and (3-dimethylamino-1-methylpropyl)-tert-butylmercury as
products, of which 5 is hydrolyzed during work up]. Cooling and stirring
were continued for 1.5 h. Then methanol (0.56 mL) was added and the
mixture was warmed to room temperature. Then it was centrifuged and the


Figure 6. 13C NMR trace of
C-a of [6Li]4.
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organic layer was decanted, dried on Na2SO4, filtered and concentrated.
The oily residue was submitted to a short path distillation with CO2 as
coolant. (25 8C, 10ÿ3 Torr). The yield was 4.89 g (13.7 mmol, 96%) of a
daylight-, temperature- and water-sensitive colourless oil. 1H NMR: d�
2.17 ± 2.38 (m, 4H), 2.18 (s, 6H), 1.60 ± 2.00 (m, 1H), 1.24 (s, 3 H), 1.21 (s,
9H, 199Hg-H satellites 3J(199 Hg,H)� 106 Hz).


e) 1-Dimethylamino-3-lithiobutane (5): 3-Dimethylamino-1-methylprop-
yl)-tert-butylmercury (7.67 g, 21.5 mmol) was dissolved in pentane
(25 mL) and placed into a glass vessel. The system was degassed and
sealed. Then the solution was diluted with pentane (200 mL) and thermos-
tatted at ÿ15 8C. Then tert-butyllithium (54 mL, 0.40m, 21.5 mmol) in
pentane was added under stong stirring. After 1.5 h at ÿ15 8C, the reaction
mixture was concentrated at 4 8C to 30 mL. After standing for several hours
at ÿ15 8C the solution was decanted from the white precipitate. The
precipitate was evacuated for 3 h at 20 8C (10ÿ5 Torr), redissolved in
pentane (75 mL) and filtered. The filtrate was now a clear yellow solution.
Titration indicated 17.4 mmol (81 %) of total base. The product was further
purified by repeated crystallizations atÿ80 8C until clear colourless crystals
were obtained. Yield: �15 mmol (70 %) of 5 in a pure, colourless, clear
solution. Double titration with 1,2-dibromoethane indicated less than 0.4%
rest base. The identity of 5 followed from the products of quenches with
benzaldehyde and Me3SnCl.


4-Dimethylamino-2-methyl-1-phenyl-1-butanol : 1H NMR: Two groups of
signals of a mixture of diastereomers in a ratio of 1.4. Both had 1H NMR
signals at d� 7.51 ± 7.16 (m, 5 H), 2.78 ± 2.22 (m, 2 H), 2.22 ± 1.44 (m, 3H).
The major species also had signals d� at 4.28 (d, J� 7.0 Hz, 1H), 2.28 (s,
6H), 0.80 (d, J� 7.0 Hz, 3 H), while the minor species had signals at d� 4.76
(d, J� 2.5 Hz, 1H), 2.31 (s, 6H), 0.78 (d, J� 7.0 Hz, 3H); ES: m/z (%): 207
(4.1), 107 (1.2), 105 (2.9), 101 (2.5), 79 (5.7), 77 (9.2), 59 (6.0), 58 (100.0), 45
(12.0).


(3-Dimethylamino-1-methylpropyl)trimethyltin, 1H NMR: d� 2.40 ± 2.13
(m, 2H), 2.22 (s, 6H), 2.00 ± 1.51 (m, 2H), 1.33 ± 1.11 (m, CHÿCH3), 0.04 (s,
J(Sn,H)� 50 Hz, 9H); MS: m/z (%):clusters of signals with maxima at 250
(9.9), 165 (12.0), 150 (2.3), 135 (5.4), 120 (1.7), signals at 100 (24.0), 98
(10.7), 84 (3.0), 58 (100.0).


1,5-Bis(dimethylamino)-3-lithiopentane (7)
a) 1,5-Bis(dimethylamino)-3-pentanol : At 0 8C, 1,5-bis(dimethylamino)-3-
pentanone[38] (12.9 g, 0.075 mol) in diethyl ether (500 mL) was added
dropwise to a well-stirred suspension of LiAlH4 (2.85 g, 0.075 mol). After
completion of the addition, the reaction mixture was warmed to gentle
reflux for 4 h. After lowering the temperature to 0 8C H2O (3.0 mL),
aqueous NaOH (15 %, 3.0 mL) and H2O (7.5 mL) were added carefully
(dropwise) under strong stirring. This mixture was warmed to room
temperature for 1 h, cooled again to 0 8C, after which powdered NaOH
(3.0 g) and MgSO4 were added. After strong stirring for 1 h the mixture was
filtered, concentrated, dissolved in pentane and dried once more with
MgSO4 and some K2CO3. Filtration and evaporation of the pentane yielded
12.4 g (0.071 mol; 95%) of a colourless oil. 1H NMR: d� 5.95 (br s, OH),
3.64 ± 3.97 (m, 1H), 2.24 ± 2.56 (m, 4H), 2.19 (s, 12 H), 1.31 ± 1.70 (m, 4H).


b) 3-Bromo-1,5-bis(dimethylamino)pentane : At 0 8C, bromine (1.95 mL,
6.1 g, 38 mmol) in CH2Cl2 (50 mL) was added dropwise to a stirred solution
of triphenylphosphine (10.0 g, 38 mmol) in CH2Cl2 (100 mL). Then a
mixture of H2O (0.225 mL, 12.50 mmol) and 1,5-bis(dimethylamino)-3-
pentanol (4.35 g, 25.0 mmol) was dissolved in CH2Cl2 (50 mL) and added
dropwise. After the addition had been completed, cooling (ÿ5 8C ± 0 8C)
and stirring were continued for 16 h. Then, the mixture was warmed to
room temperature and extracted twice with HCl (0.10m, 25 mL). Diethyl
ether (200 mL) was added to the combined water layers and solid NaOH
was added under strong stirring until pH 13 was reached. After separation
of the diethyl ether some extra NaOH was added to the water layer. After
this it was extracted twice with diethyl ether (200 mL). The combined
organic layers were dried with MgSO4 and K2CO3. The mixture was
filtered, concentrated, dissolved in pentane and dried once more over
MgSO4 and some K2CO3. Filtration and evaporation of the pentane at
25 8C yielded 4.45 g (18.8 mmol; 75%) of a colourless oil that must be
stored at ÿ80 8C. The product was submitted to a short path distillation
(10ÿ3 Torr, 20 8C) with liquid N2 as coolant just before it was used for the
synthesis of 1-(2-dimethylaminoethyl)-3-dimethylamino-propylmercuric
bromide. 1H NMR: d� 4.18 (quintet, J� 6.5 Hz, 1 H), 2.26 ± 2.60 (m,
4H), 2.22 (s, 12 H), 2.02 (t, J� 6.8 Hz, 4H).


c) 1-(2-Dimethylaminoethyl)-3-dimethylaminopropylmercuric bromide : A
solution of 3-bromo-1,5-bis(dimethylamino)pentane (4.74 g, 20.0 mmol) in
THF (150 mL) was added dropwise to Mg shavings (1.0 g, 40 mmol) with
THF (5 mL), under stirring and heating to gentle reflux. Heating and
stirring were continued for 0.5 h after the addition had been completed.
After cooling to room temperature and titration (yield 70 %) the mixture
was filtered and added dropwise over 2 h under strong stirring to a solution
of HgBr2 (5.75 g, 16.0 mmol) in THF (150 mL). After standing for 16 h, the
reaction mixture was filtered and concentrated. The viscous residue was
immediately extracted with three portions of pentane (75 mL). The
combined pentane solutions were dried with MgSO4, filtered and
concentrated. To remove volatile impurities, the residue was evacuated
for 2 h (20 8C, 10ÿ2 Torr). The yield was 3.93 g (9.0 mmol; 45%) of a
colourless oil. 1H NMR: d� 2.44 ± 2.22 (m, 4H), 2.19 (s, 12H), 1.71-2.00 (m,
5H).


d) 1-(2-Dimethylaminoethyl)-3-dimethylaminopropyl-tert-butylmercury :
At ÿ15 8C, tert-butyllithium (25 mL, 0.25m) was added dropwise over
30 min to a well-stirred solution of 1-(2-dimethylaminoethyl)-3-dimethyl-
aminopropylmercuric bromide (2.70 g, 6.2 mmol) in pentane (400 mL).
Cooling and stirring were continued for 2 h after the addition had been
completed. Then the mixture was warmed to room temperature and
methanol (0.28 mL) was added and the salts were precipitated. After
decantation and concentration of the supernatant the residue was
evacuated for 1 h at 10ÿ2 Torr (20 8C) to evaporate bis(tert-butyl)mercury
and volatile impurities. Yield: 2.51 g (6.0 mmol; 97 %) of a colourless,
daylight-, water- and temperature-sensitive oil. 1H NMR: d� 2.41 ± 2.12
(m, 9H), 2.20 (s, 12H), 1.21 (s, 9 H,199Hg-H satellites 3J(199Hg,H)� 110 Hz).


e) 1,5-Bis(dimethylamino)-3-lithiopentane (7): A solution of 1-(2-dimeth-
ylaminoethyl)-3-dimethylaminopropyl-tert-butylmercury (1.04 g, 2.5 mmol)
in pentane (10 mL) was put into a glass vessel. Then the solution was
degassed and sealed. Pentane (50 mL) was added and the diluted solution
was cooled to ÿ15 8C. Then sublimed tBuLi (5 mL, 0.53m) was added
under continued stirring for 1.5 h. Then the pentane was evaporated at 5 8C
in such a way that the solid residue was spread as a thin film over the glass
wall of the vessel. The solid residue was evacuated for 2 h at 10ÿ5 Torr
(25 8C). The residue was dissolved in pentane (60 mL) and filtered. A
yellow filtrate was obtained. Compound 7 was purified by crystallizations at
ÿ20 8C and ÿ80 8C until clear colourless crystals were obtained. Analyses
of the crystals with NMR and quenches with benzaldehyde and SnMe3Cl
did not show any significant impurities. Yield: �1.5 mmol of 7 (60 %).
Solubility of 7 in pentane at 20 8C: �0.45m. Crystals of 7 decompose at
125 8C in vacuum. 1H NMR (C6D6): d� 2.90 ± 2.10 (m, 8H), 2.06 (s, 12H),
ÿ1.01 (tt, Jav� 9.4 Hz, 1H); 7Li NMR ([D12]pentane): d� 1.78.


4-Dimethylamino-2-(2-dimethylaminoethyl)-1-phenyl-1-butanol, 1H NMR:
d� 7.56 ± 7.16 (m, 5 H), 4.61 (d, J� 4 Hz, 1H), 2.67 ± 1.78 (m, 4H), 2.24 (s,
6H), 2.14 (s, 6H), 1.78 ± 1.11 (m, 5H); MS: m/z (%): 265 (2.5), 264
(12.0),220 (6.0), 218 (5.3), 192 (12.1), 112 (24.2), 100 (18.5), 84 (11.0), 77
(12.0), 71 (16.9), 59 (12.5), 58 (100.0), 45 (22.9).


1-(2-Dimethylaminoethyl)-3-dimethylaminopropyl-trimethyltin, 1H NMR
(low resolution): d� 0.05 (s, 9H), 2.21 (s, 12H). MS: m/z (%): clusters of
signals with maxima at 307 (3.2), 165 (2.1), signals at 157 (6.3), 112 (3.0), 98
(9.6), 84 (1.3), 58 (100.0), 55 (2.4).


Kinetics : The apparatus used and the mode of manipulation are described
in the Results section (Figure 2). Some of the specific of the experimental
conditions and results are provided in Tables 2 ± 4.


IR spectroscopy : An ATI Mattson Instruments 6030 Galaxy series FT-IR
spectrometer was used. Spectra were recorded of benzene solutions
circulated (2 mL minÿ1, Gilson 300 pump) in a nitrogen atmosphere


Table 2. Experimental data relating to the reaction of 1 with TPMH
(benzene, 23 8C, see Figure 3a).


[1]f [m] [TPMH] [10ÿ2m] rate [10ÿ6 mol Lÿ1 sÿ1]


0.96 3.02 2.4800
0.96 1.00 0.8920
0.64 2.03 1.4900
0.32 1.03 0.3170
0.11 1.00 0.1930
0.11 0.502 0.0902
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between an IR cell (KBr, 0.2 mm) and a storage vessel into which a
desired reactant could be introduced by syringe. First, spectra of benzene
and of 0.2m 122 in benzene were recorded, then the spectrum of the 122


(0.2m) plus TPMH (0.1m) mixture. Spectra subtraction was carried out with
the Enhanced FirstTM Fourier Infrared Software Tools Subtraction
Program.
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Abstract: The synthesis and structure
of heterobimetallic Co/Sn complexes
[(h5-CpR)CoÿSn{CH(SiMe3)2}2] (CpR�
C5Me5 2 ; C5EtMe4 3) are described.
Insertion reactions of sulfur and seleni-
um into the unbridged heteronuclear
CoÿSn bonds of 1, 2, and 3 (R�H5 1,
Me5 2, EtMe4 3) have been studied.
Depending on the stoichiometry of the
chalcogen element used, novel ternary
SnÿchalcogenÿCo clusters (8, 9, 15, and
16) can be synthesized, and their molec-


ular structures, which represent rare
examples of crystallographically charac-
terized cases of ternary transition metal/
chalcogen/tin complexes, have been de-
termined. Electrochemistry shows that
complexes 8 and 9 are able to support
reversibly either the removal or addition


of one electron. Insertion of a further
(Cp)CoÿE (E� chalcogen) fragment
significantly affects the electron distri-
bution and causes complexes 9 and 16 to
undergo two consecutive one-electron
oxidations. The EPR spectra of the
respective monocations have been rec-
orded. In all cases, the unpaired electron
strongly interacts with the cobalt nucle-
us(i), thus testifying that the main con-
tribution to the relevant HOMO orbitals
comes from the cobalt atom(s).


Keywords: chalcogenides ´ cobalt ´
electrochemistry ´ stannanediyls ´
tin


Introduction


Metal ± metal bonds MÿM' are frequently the weakest
chemical bonds in multinuclear organometallics, and the
clusters MxLn, therefore, represent the most reactive sites in
these compounds. Oxidative addition reactions of bare
elements or ER fragments (E� chalcogen, R� organic
group) with metal ± metal bonds in such compounds can
occur either by conventional addition to a single metal atom
of the MÿM' moiety, which is analogous to additions in
mononuclear complexes, or by addition to the intact binuclear
MÿM' site. The former leads to cleavage of the MÿM' bond,
the latter to formation of a new [m-ER(MÿM')] entity, in
which the new ligand fragment ER or bare element E has
added to the MÿM' bond, and is now bridging both metal
fragments (Scheme 1a). In contrast, ER or E may insert into


Scheme 1. Reaction scheme for the addition of E or ER with the metal ±
metal bond. M and M'� different MxLy fragments.


the MÿM bond; this results in the formation of an ER or E
bridge between M and M', with the metal atoms no longer
directly bonded to each other (Scheme 1b).


Chalcogen elements, and organic or organometallic dichal-
cogenides with EÿE linkages are very suitable candidates to
explore these types of reactivity, since they exhibit a) a
remarkable reactivity towards electrophiles, and b) a rich
structural diversity (Scheme 2). This diversity has been
extensively studied with respect to transition metal chalcogen
carbonyl clusters.[1, 2] Oxidative additions of acyclic organic,
cyclic organic, and organometallic dichalcogenides are also
known.[3] Examples in which bare chalcogen elements insert
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Scheme 2. Experimentally verified terminal and bridging coordination
modes for chalcogen atoms and chalcogenide anions.


into MÿM' bonds that lead to MÿEÿM' linkages, however, are
still rare.[4] This holds true especially when M is a transition
and M' is a main group metal, and the fact that such reactions
have been rarely observed may be attributed to a lack of
synthetic methods that offer access to this type of compound.
As a result of the multiple oxidation states of chalcogen atoms
in such structures, they may promise a rich redox chemistry,
are valuable candidates for the study of intramolecular
electron transfer processes, and have the potential to act as
molecular precursors for solid-state materials.[5]


Very recently we have described the synthesis, structure,
and reactivity of [(h5-CpR)CoÿSn{CH(SiMe3)2}2] (1 CpR�
C5H5), which is a unique complex with an unbridged CoÿSn
bond and a subvalent threefold coordinated tin(ii) atom.


Complex 1 adds elemental Se and Te to the CoÿSn bond,
which leaves this bond intact (Scheme 1a) and thus allows
access to the first heterotrinuclear Co/Sn/E complexes.[6]


Herein we report new experimental results in this field:
a) synthesis and structural investigation of two new congeners
of 1, that is 2 (CpR�C5Me5), and 3 (CpR�EtMe4), and
b) novel reactivity of 1, 2, and 3 towards insertion of elemental
sulfur and selenium into their CoÿSn bond. The new
pentanuclear ternary complexes derived from these reactions
are the first noncarbonyl containing Co/chalcogen/Sn com-
plexes. They display diverse structures and a rich spectroelec-
trochemistry, which we have studied by X-ray crystallography,
cyclic voltammetry, and macroelectrolysis coupled with EPR
spectroscopy.


Results and Discussion


Synthesis of [(h5-CpR)CoÿSn{CH(SiMe3)2}2] (CpR�C5Me5 2,
CpR�C5EtMe4 3): The reflux of solutions of [(h5-CpR)-
(h2-ethene)2Co] (CpR�C5Me5, 4 ; CpR�C5Me4Et, 5) in
diethyl ether with Lappert�s stannylene [Sn{CH(SiMe3)2}2]
(6)[7] resulted in a color change of the initially brown-red


solutions to purple and the evolution of ethene gas. Com-
pounds 2 and 3 can be isolated, after work-up and crystal-
lization from ether at ÿ78 8C, as purple-black, very air-
sensitive crystals, which are stable for a month even at room
temperature and are best stored under ethene gas to preserve
long-term stability (Scheme 3).


Scheme 3. Reaction scheme for the formation of 2 and 3.


1H and 13C NMR data reveal that 1,[6] 2, and 3 are
isostructural. As for 1, all relevant proton signals for 2 and 3
are significantly shifted to higher field when compared with
the bisethylene complexes 4 and 5 ; this indicates the profound
electronic influence of the :SnR2 stannylene fragment on the
16 e {(h5-CpR)Co(h2-ethene)] fragments. The molecular struc-
ture of 2 was determined by X-ray crystallography (Figure 1).


Figure 1. Molecular structure of 2 in the solid state. Selected bond lengths
[�] and angles [8] are: SnÿCo 2.386(2), SnÿC2 2.212(9), SnÿC1 2.239(8),
CoÿC26 1.95(2), CÿC25 2.02(2), C2ÿSnÿC1 105.1(3), C2ÿCoÿSn 127.6(3),
C1ÿSnÿCo 127.3(2).


Co and Sn are both trigonally planar coordinated. The short
CoÿSn bond length is 2.386(2) � and is in the same range as
those determined for the Cp derivative 1[6] and the
bis(ethene)(stannylene)Ni complex [(h2-C2H4)2NiÿSn{CH-
(SiMe3)2}2] (NiÿSn, 2.38 �). For this complex, strong NiÿSn
bonding with a significant extent of double bond contribution
(Ni�Sn) is discussed merely on the basis of crystallographic
and spectroscopic data.[8] Nevertheless it should be empha-
sized, that in these complexes the shortness of the MÿSn (Co,
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Ni) bonds can be attributed to the fact that the tin is only
threefold coordinated. In 1 ± 3, the stannylene [:Sn{CH-
(SiMe3)2}2] fragment, which replaces ethene, serves as a two-
electron donor, which thus results in a formal 18 valence
electrons (VE) count on Co with the formation of a CoÿSn
single bond. However, the short CoÿSn bond length might
well be due to significant Co!Sn 5pp backbonding, but a
more detailed discussion will require a theoretical investiga-
tion.


Inspection of a space-filling model of 2 after removal of the
ethene ligand (Figure 2), discloses the CoÿSn bond as a
preferential reaction site in this complex. Similar steric
situations exist for 1[6] and 3 after removal of the h2-bonded
ethene ligand.


Figure 2. Space-filling model of 2 that shows the steric requirements of the
ligand set and the steric situation for the unbridged CoÿSn bond in 2 after
removal of the p-bonded ethene ligand.


After the removal of ethene from 1 ± 3, the CoÿSn bond of
the remaining 16 e [(h5-CpR)CoÿSn{CH(SiMe3)2}2] fragments
offers free access for incoming reaction partners. Conse-
quently we have explored the reactivity of the heteronuclear
CoÿSn bond of 1 ± 3 towards insertion of elemental sulfur,
selenium, and H2S.


Reactivity of [(h5-CpR)CoÿSn{CH(SiMe3)2}2] (CpR�C5Me5


2, R�C5EtMe4 3) towards elemental sulfur and selenium


Synthesis of 8, 9, and 10 : The addition of an equimolar
amount of sulfur to a solution of 2 or 3 in diethyl ether at room


temperature resulted in a color change from purple to red-
brown within 10 min. It is noteworthy that all reactions can be
performed as one-pot reactions, which start initially from the
bis(ethene) complexes 4 and 5. There is no need to isolate 2 or
3, formed in situ, prior to reaction with sulfur. Final work-up
of the crude reaction product by chromatography and frac-
tional crystallization gave three different products (Scheme 4).


The binary complex 7 crystallizes as white, air-stable
crystals and is also accessible by a direct reaction of Lappert�s
stannylene 6 with elemental sulfur.[9] Its spectral and analyt-
ical data are in full accord with those reported earlier by us.[9]


These complexes are valuable single source precursors for the
preparation of binary Sn/E films by MOCVD (metalorganic
chemical vapor deposition) techniques.[10]


Compounds 8, 9, and 10 represent novel mixed ternary
complexes derived from sulfur insertion into the CoÿSn bond,
and all three complexes are thermally robust and give the
corresponding molecular ions with the correct isotopic
pattern in their mass spectra. The mixed ternary Co/S2/Sn
complex 8 is formed by a direct double insertion of sulfur into
the CoÿSn bond of 2 after initial ethene loss has occurred.
Regarding a possible formation pathway for 9 and 11 (see
Scheme 5 for 11), chalcogen insertion into the CoÿSn bond of
1 ± 3 is evidently not the only route in the light of the observed
stoichiometry of Co:S:Sn in 9 and 11, which is 2:2:1. In
addition to chalcogen insertion, partial fragmentation of 2 and
3, and the redistribution of {(Cp)Co} fragments have to be
considered. However, in contrast to the reaction of 2 with
elemental sulfur, no formation of a ternary complex with Co2/
S2/Sn stoichiometry was observed when 3 was treated with
elemental sulfur.


Recently we have found that mixed metal complexes of the
type [(h5-CpR)MÿSn{CH(SiMe3)2}2] (M�Fe, Co) are reactive
towards H2O.[11] As a result, we were able to synthesize the
unsubstituted congener of 9, 11 (CpR�C5H5), from the
reaction of 1 with gaseous H2S (Scheme 5). As found for the
Me5Cp derivative 9, 11 is thermally robust and gives the
molecular ion [11]� in the electron impact mass spectra at
140 8C and 70 eV.


Apart from 11 and as already observed for the reaction of 4
with S8, the binary Sn/S compound 7 is also formed in this
reaction (Scheme 5).


Synthesis of 13, 15, and 16 : The reaction of 1 with one equiv-
alent of gray a-selenium proceeded within 12 h at room
temperature (Scheme 6). During this time, the added sele-
nium metal dissolved, and the color of the solution changed
from purple to brown, which resulted in the formation of the


Scheme 4. Reaction scheme for the formation of 7 ± 10.
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monoseleno complex 14[6] as an intermediate. The addition of
another equivalent of gray Se metal to this reaction mixture
followed by stirring for 24 h caused this amount of Se metal to
dissolve again. Subsequent work-up led to the isolation of the
Se analogue of 7 (13), which had already precipitated as a
white crystalline solid in pure form from the reaction solution.
The main products, however, were the bis-seleno bridged
complexes 15 (67%) and 16 (53%). As for the sulfur
analogues 9 and 10, the selenium congeners 15 and 16 are
thermally very robust during the electron impact mass
spectrometric measurements (70 eV, Tvap� 150 8C) and give
[M�] signals with the correct isotopic pattern expected for the
composition Co2E2Sn.


Thermogravimetric analysis (TGA) of 15 revealed four
distinct regions of mass loss at 142, 197, 345, and 564 8C; this
corresponds to a continous degradation of the cluster frame-
work by ligand loss. This decomposition did not stop even at
600 8C, which indicates complex follow-up reactions of
dissociated ligand molecules.[12] The 1H and 13C NMR spectra
of all new complexes 8 ± 11, as well as 15, are quite
uncharacteristic with respect to a definite structure assign-
ment. For example, for all complexes, only singlet resonances
appear in their 1H NMR spectra.


X-ray crystallographic studies of 8, 9, 15, and 16 : Since the
spectroscopic data set is definitely not distinctive enough with
respect to an unambiguous structural characterization of the
newly synthesized mixed Co/E/Sn clusters, single crystal
structural investigations[13] were performed for 8, 9, 15, and
16. These investigations were carried out in order to elucidate


their molecular structures unam-
biguously and to form a firm
basis for further discussions
about their spectroelectrochem-
ical behavior. Experimental de-
tails are given in Table 1.


Molecular structure of 8 : The
molecular structure of the mono-
cobalt cluster 8 is shown in Fig-
ure 3 and consists of a planar
rectangle, in which the Co and
Sn metal atoms are symmetri-
cally bridged by two sulfur
atoms.


The two sulfur atoms m2-
bridge the Co and the tetrahe-
dral Sn atom (C1ÿSnÿC2;
109.3(2) �). The two sulfur
atoms act as two-electron do-
nors, which give Co a formal
16 VE count. The SÿS bond
length is 3.28 �. This is well out
of the range of EÿE bond
lengths found in tetrahedral
transition metal clusters
([Fe2(m-E2)(CO6)][14]) of the
bis-chalcogeno bridged Hieber ±
Gruber-type A (E� S, 2.86 �;[15]


E� Se, 2.293(2) �[16]), in which EÿE bonding of the bridging
chalcogenes has been established in fundamental work by
Dahl and co-workers.[15, 16] These short EÿE bond lengths
suggest a significantly enhanced nucleophilicity for the EÿE
bridge.[15±17]


Owing to the long SÿS atomic bond length in 8 relative to
that in [Fe2(m-S2)(CO6)],[14] a lower basicity is expected, and
hence a corresponding reactivity pattern as was observed for
[Fe2(m-S2)(CO6)][16, 17] is not to be expected for 8.


Molecular structures of 9, 15, and 16 : Single-crystal inves-
tigations reveal that 9, 15, and 16 are isostructural. In all
structures, the two Co atoms and the Sn atom form a triangle
that is bridged by two capping m3-E atoms (Figure 4 and
Figure 5). Presumably, from the steric strain, the CoÿCo bond
lengths in 9 and 16 are significantly elongated relative to those
in 15 ; this reflects the sterically encumbered situation
imposed on the cluster geometry by the Me5Cp (16, 9) vs.
Cp ligands (15).


The basal {(Cp)Co}2 units contain a CoÿCo bond while the
apical SnR2 fragment is tetrahedrally coordinated with two of
these coordination sites occupied by bridging chalcogen
atoms. In an alternative description according to Wade�s


Scheme 5. Reaction scheme for the formation of 7 and 11 from 1.


Scheme 6. Reaction scheme for the formation of 13 ± 16.
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Figure 3. Molecular structure of 8 in the solid state. Selected bond lengths
[�] and angles [8] are: Sn1ÿS1 2.3904(12), Sn1ÿS2 2.3941(12), Co1ÿS1
2.1996(14), Co1ÿS2 2.1920(13), SÿS 3.28, C1ÿSn1ÿC2 109.3(2),
Sn1ÿS1ÿCo1 88.29(4), Sn1ÿS2ÿCo1 88.498(4), S2ÿSn1ÿS1 86.52(4),
S2ÿCo1ÿS1 96.69(5).


Figure 4. Molecular structure of 9 in the solid state. Selected bond lengths
[�] and angles [8] are: Sn1ÿS1 2.446(2), Sn1ÿS2 2.448(2), Co1ÿS1 2.230(2),
Co1ÿS2 2.252(2), Co1ÿCo2 2.5162(14), Co2ÿS1 2.234(2), Co2ÿS2 2.238(2),
SÿS 3.05, Sn1ÿS1ÿCo1 86.91(7), Sn1ÿS2ÿCo1 86.37(6), Sn1ÿS1ÿCo2
86.53(7), Sn1ÿS2ÿCo2 86.49(7), Co1ÿS1ÿCo2 68.62(7), Co1ÿS2ÿCo2
68.17(7), S1ÿCo1ÿS2 85.91(8), S1ÿCo2ÿSe2 86.15(8), S1ÿSn1ÿS2 77.21(7).


Table 1. Crystallographic data for 2, 8, 9, 15, and 16.


2 8 9 15 16


formula C26H57CoSi4Sn ´ Et2O C24H53CoS2SnSi4 C34H68Co2S2Si4Sn C24H48Co2Se2Si4Sn C34H60Co2Se2Si4Sn
Mw 677.71 695.76 889.91 843.45 999.71
crystal size [mm] 0.34� 0.26� 0.19 0.42� 0.35� 0.27 0.47� 0.43� 0.13 0.41� 0.35� 0.27 0.43� 0.37� 0.29
T [K] 298(2) 298(2) 298(2) 295(2) 295(2)
space group P21/n P21/c P1Å P21/c P1Å


a [�] 11.915(8) 8.9579(6) 11.7567(14) 16.9477(11) 11.5284(2)
b [�] 20.716(5) 18.1885(13) 12.7987(13) 17.2519(11) 12.7126(2)
c [�] 14.800(3) 23.0272(17) 17.3964(15) 12.1702(8) 17.9601(3)
a [8] 90 90 73.725(8) 90 90.5260(10)
b [8] 105.91(3) 99.559(2) 73.152(9) 95.8960(10) 106.2440(10)
g [8] 90 90 63.064(7) 90 115.92(10)
V [�3] 3513(3) 3699.7(5) 2199.2(4) 3539.5(4) 2246.42(6)
Z (no. formula units) 4 4 2 4 2
1calcd [gcmÿ3] 1.281 1.249 1.344 1.583 1.478
collected reflections 6989 25787 5654 14507 8482
Vmax [8] 25.00 25.71 22.53 25.66 25.73
unique reflections 5090 6519 5355 6054 6587
Rmerg (all data) 0.029 0.041 0.041 0.0387 0.0709
observed reflections[a] 3420 5292 4190 5355 5922
parameters 298 280 370 316 371
m [mmÿ1] 1.34 1.38 1.53 3.83 3.03
min/max transmission 0.71/1.00[b] 0.74/1.00[b] 0.46/0.86[c] 0.0467/1.00[b] 0.20/0.80[d]


Rmerg before/after corr. 0.0890/0.0216 0.0377/0.0256 0.0937/0.0473 0.1253/0.0266 0.1090/0.0663
R1 (obs. data) 0.0772 0.0466 0.0554 0.0500 0.0837
wR2 (all data) 0.2077 0.1258 0.1532 0.1281 0.2524
GOF (F 2, all data) 1.067 1.095 1.060 1.142 1.091
residual electron density [e �ÿ3] 1.36 1.62 0.77 1.10 3.40
refinement comments [e],[f] [e],[f] [e],[f] [e],[f],[g] [e],[f],[h]
diffractometer[i] Siemens SMART[j] Siemens SMART Siemens P4 Siemens SMART Siemens SMART


[a] Observation criterion I> 2s(I). [b] Empirical absorption correction based on equivalent reflections, Siemens-SADABS program. [c] Empirical
absorption correction based on psi-scans, XEMP (Vers. 4.2) program in SHELXTL-package. [d] Empirical absorption correction based on equivalent
reflections, Siemens-XEMP program. [e] SHELXTL (Vers. 5.03) progam package used for structure solving with Direct Methods and refinement on F 2.
[f] Hydrogen atoms were calculated in ideal positions and treated as riding groups with the 1.2 fold (1.5 fold for methyl groups) value for the corresponding
C atoms. [g] Cp rings were refined as rigid groups; C31 to C33 were disordered and refined with half occupancies. [h] Hydrogen atoms were calculated in
ideal positions and treated as rigid groups, U values as for [f]; Cp rings as rigid groups. [i] Equipped with graphite monochromized MoKa radiation.
[j] Detector distance 4.457 cm; the esds calculated by the program for the cell dimensions are probably too small and should be multiplied by a factor of
2 ± 10.
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Figure 5. Molecular structure of 16 in the solid state. Selected bond lengths
[�] and angles [8] are: Sn1ÿSe1 2.5697(8), Sn1ÿSe2 2.555(2), Co1ÿSe1
2.3475(12), Co1ÿSe2 2.3554(12), Co1ÿCo2 2.4436(14), Co2ÿSe1
2.3494(12), Co2ÿSe2 2.3287(12), SeÿSe 3.26, Sn1ÿSe1ÿCo1 83.21(30),
Sn1ÿSe2ÿCo1 83.37(3), Sn1ÿS1ÿCo2 89.37(3), Sn1ÿSe2ÿCo2 89.37(3),
Co1ÿSe1ÿCo2 58.69(4), Co1ÿSe2ÿCo2 58.02(3), Se1ÿCo1ÿSe2 88.02(4),
Se1ÿCo2ÿSe2 88.61(4), Se1ÿSn1ÿSe2 79.22(3). Selected bond lengths [�]
and angles [8] for 15 (without picture since it is isostructural to 16) are:
Sn1ÿSe1 2.5709(11), Sn1ÿSe2 2.5706(11), Co1ÿSe1 2.351(2), Co1ÿSe2
2.357(2), Co1ÿCo2 2.581(2), Co2ÿSe1 2.360(2), Co2ÿSe2 2.348(2), SeÿSe
3.27, Sn1ÿSe1ÿCo1 85.77(4), Sn1ÿSe2ÿCo1 85.66(4), Sn1ÿS1ÿCo2
85.65(5), Sn1ÿSe2ÿCo2 85.88(4), Co1ÿSe1ÿCo2 56.62(5), Co1ÿSe2ÿCo2
56.58(5), Se1ÿCo1ÿSe2 87.53(5), Se1ÿCo2ÿSe2 87.52(5), Se1ÿSn1ÿSe2
78.59(2).


terminology,[18] 9, 15, and 16 adopt a molecular structure
based on a five-vertex, arachno cluster frame. Compounds 9,
15, and 16 belong to a group of mixed transition metal
chalcogen arachno-type clusters, of which the transi-
tion metal/chalcogen complexes [Fe3(m3Te)2(CO)9],[21]


[(Cp)2Mo2FeTe2(CO)7],[20] [(CO)6Fe2Se2Pt(PPh3)2],[17] and
[(CO)6FeSe2Pt(PPh3)2][17] represent structurally well charac-
terized examples. However, well-characterized clusters in
which chalcogen atoms bridge transition and main group
metals are still scarce;[19] to the best of our knowledge,
[Tb(Tip)SnS2Ru2(CO)6] and a series of [Tb(Tip)SnS2,3Os2,3


(CO)6,7] complexes [Tip� 2,4,6-triisopropylphenyl; Tb�
2,4,6 tris{bis(trimethylsilyl)methyl}phenyl] are the only exam-
ples reported so far for the combination Sn/chalcogen/
transition metal.[3]


Intracluster EÿE bonding interactions should be consid-
ered for those clusters that contain more than one main group
vertex.[20] The EÿE bond lengths in 9, 15, and 16 are
significantly shorter than the SÿS bond length in the mono-
nuclear Co derivative 8. The SÿS bond length of 3.28 � in 8
contracts by 0.23 � upon the formation of 9. The short SeÿSe
bond lengths in 16 (3.27 �) and 15 (3.26 �) are in accord with
this. It is likely that these reductions put significant strain on
the Co2Se2Sn cluster framework of all three complexes. A
possible reason for these short intramolecular EÿE bond
lengths is the steric constraints that are imposed by the fixed
CoÿCo bonds of the {(CpR)Co}2 moieties. The strained


CoÿEÿCo angles of 68.48 (E� S, MeCp), 58.358 (E� Se,
Cp), and 56.608 (E� Se, Me5Cp) in 9, 15, and 16, respectively
are in accord with this explanation. They compare well with
the corresponding FeÿTeÿFe angles of 608 in [(CO)9-
Fe3Te2],[21] the RuÿSÿRu angles of 65.708 in [Tb(Tip)SnS2-
Ru2(CO)6],[3b] and the MoÿTeÿFe angles of 67.458 in [Cp2Mo2-
FeTe2],[20] which possess similar, constrained cluster frame-
works. In addition, short TeÿTe bond lengths have been
reported for [Cp2Mo2FeTe2][20] (3.13 �) and for [(CO)9-
Fe3Te2][21] (3.138 �).


It is intriguing to look at the m2-E2 fragments in the
complexes 9, 15, and 16 as E2 units bridging the dinuclear
{(Cp)Co}2SnR2 metal core. Formation of these Co/Sn/E
complexes can be understood in terms of the addition of
subvalent (two electrons short of the usual group electron
count) group 14 ER2 fragments (E�Ge, Sn) to the m-E2


bridged transition metal fragments {(Cp)2CoE2}, which are
electronically equivalent to the Hieber ± Gruber-type clusters
[Fe(CO)6E2].[14] The analogy between our ternary clusters 9 ±
11, 15, and 16 and clusters [Fe(CO)6M2E2] (E� S, Se, Te) is
well established through the isoelectronic relationship be-
tween the 14 e (Cp)Co and the Fe(CO)3 fragments. The
addition of SnR2 fragments to the E2 chalcogen units of
Hieber ± Gruber-type clusters [Fe(CO)6E2] by a photochemi-
cally induced addition of dimethylstannylene [:SnMe2]Ð
formed as a transient divalent fragment from SnMe6Ðhas
been reported by Seyferth and co-workers.[4b, c] In these
reactions, formation of isostructural mixed ternary transition
metal/chalcogen/tin clusters related to 9, 15, and 16 was
anticipated from their spectroscopic and analytical data.
However, structural verification has been lacking so far.


Spectroelectrochemical studies on 8, 9, 10, and 16


Electrochemistry and coupled EPR measurements : The cyclic
voltammetric response shows that complex 8 undergoes either
an oxidation or a reduction process with features of chemical
reversibility in dichloromethane (Figure 6).


Controlled potential coulometric tests performed on each
one of the two redox steps proved that both the electrode
processes involve one electron/molecule. Analysis of the


Figure 6. Cyclic voltammetric response recorded by using a platinum
electrode in a solution of 8 (1.4� 10ÿ3 mol dmÿ3) and [NBu4][PF6]
(0.2 mol dmÿ3) in CH2Cl2. Scan rate 0.2 V sÿ1.
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cyclic voltammograms, with a scan rate that varies from
0.02 V sÿ1 to 5.12 V sÿ1, suggests that the two redox processes
are chemically and almost electrochemically reversible on the
cyclic voltammetric timescale.[26] As a matter of fact, in both
cases, the ratio ip(backward)/ip(forward) is constantly equal to 1, and
the current function ip(forward)/v1/2 remains essentially constant.
As far as the peak-to-peak separation is concerned, it
approaches the theoretical value of 60 mV (at least at low-
scan rate) in the case of the cathodic step, whereas in the
anodic step it departs somewhat from this value. This latter
datum could be interpreted in the sense that the electron
removal from 8 causes molecular strain that is somewhat
greater than that caused by the electron addition.


The most significant electrochemical parameters of these
redox changes are compiled in Table 2, together with those
concerning the other complexes studied. In spite of this


voltammetric picture, cyclic voltammetric tests performed on
the solution that resulted from room-temperature, exhaustive
one-electron oxidation (Ew��0.8 V) proved the instability
of the electrogenerated monocation [8]� during the longer
times of a macroelectrolysis experiment. Nevertheless, the
paramagnetic [8]� was revealed to be stable when the
oxidation was performed at low temperature (ÿ20 8C); this
allowed us to record its EPR spectrum. Figure 7 shows the
X-band spectrum recorded at 100 K.


The lineshape has a composite structure in that it exhibits
two anisotropically structured S� 1�2 spectral multiplets that
partially overlap. However, it must be noted that the sharp
medium-field (starred) system is already present in the
spectrum of the original (pre-electrolysis) solution of 8. Such
a metallic signal (gk> g?=gelectron� 2.0023), which appears as
a sharp doublet in the parallel region, but which lacks the
corresponding resolution in the perpendicular region, is
attributed to a paramagnetic tin species [I-Sn(115, 117, 119)� 1�2 ;
natural abundance� 0.35, 7.6, and 8.6 %, respectively] that is
likely to be present in the sample as an impurity.


Of even more interest is the widely extended absorption
that displays well-separated anisotropic hyperfine octuplets
with rhombic resolution [gl , gm, gh=gelectron]. The absorption


Figure 7. X-Band EPR spectrum recorded at 100 K for a solution of [8]� in
CH2Cl2 (see text).


can be ascribed to the presence of a cobalt-centered para-
magnetic species (I-Co59� 7�2, 100 % natural abundance). The
noticeable sharpness of such absorption and the lack of
corresponding Sn and H nuclei couplings reflect the fact that
the cobalt atom is the main contributor to the nature of the
HOMO orbital. If the temperature is increased at the glassy-
fluid transition, the anisotropic absorptions do not appear,
and only the low-intensity isotropic signal of the tin-based
radical species remains detectable (giso� 2.022(5), Aiso�
52(5) G; T� 200 K). Refreezing the fluid solution quantita-
tively restores the previous anisotropic pattern.


The same spectroelectrochemical behavior is exhibited by
complex 10. It is interesting to note that, although the
HOMO ± LUMO gap remains constant (DE0'� 1.74 V), the
substitution of a methyl group for an ethyl group in the
cyclopentadienyl ring makes the oxidation, unexpectedly,
slightly more difficult and the reduction slightly easier. As far
as the EPR spectrum of the monocation [10]� is concerned, it
almost parallels that of [8]� . Table 3 summarizes the relevant
X-band EPR parameters.


Insertion of a further CpÿCo-chalcogen fragment into the
cluster frame of 8 to obtain complex 10 causes important
variations in the redox propensity. As Figure 8 shows, 10
undergoes two consecutive oxidation processes. A minor peak
system is present in between the two steps, which is probably
due to traces of some by-product.


Also in this case, the exhaustive oxidation at the first step
(Ew�ÿ0.1 V) consumes one electron per molecule and, when
performed at low temperature, affords the stable monocation
[10]� . In contrast, the second removal of an electron is
complicated by chemical reactions that follow this electro-


Table 2. Electrochemical data for complexes 8, 9, 10, and 16 in dichloro-
methane.


E2�=�
0' DEa


p E�=0
0' DEa


p E0=ÿ
0' DEa


p


8 � 0.60 98 ÿ 1.14 65
9 � 0.64 66 ÿ 1.09 72


10 � 0.58 80[b] ÿ 0.44 64
16 � 0.58 77[b] ÿ 0.42 68


[a] Measured at 0.1 Vsÿ1. [b] Coupled to chemical complications.


Table 3. X-band EPR parameters of dichloromethane solutions of the monocations [8]� , [9]� , [10]� , and [16]� ; T� 100 K. g values� 0.006. A and DH values
�5 Gauss.


gl gm gh hgi[a] giso Al Am Ah hAi[b] Aiso DHiso


[8]� 2.285 2.058 1.986 2.110 83 23 32 46
[9]� 2.288 2.067 1.983 2.113 90 28 37 48


[10]� 2.332 2.126 1.956 2.138 2.126 28 44 30 34 � 7 95
[16]� 2.370 2.114 1.980 2.154 2.122 � 10 28 24 � 21 � 7 87


[a] hgi� (gl� gm� gh)/3. [b] hAi� (Al�Am�Ah)/3.
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Figure 8. Cyclic voltammetric response recorded by using a platinum
electrode in a solution of 10 (1.1� 10ÿ3 mol dmÿ3) and [NBu4][PF6]
(0.2 mol dmÿ3) in CH2Cl2. Scan rate 0.2 V sÿ1.


chemical step, even when the experiment is carried out at low
temperature. The substitution of the sulfur bridges for
selenium bridges in 10 to obtain 16 produces no appreciable
effect on the redox aptitude (Table 2).


The electrogenerated cation [10]� gives rise, at 100 K, to a
broad and poorly resolved spectrum, which becomes better
resolved in the second derivative mode for the medium field
(Figure 9a).


Figure 9. X-Band EPR spectra recorded for a solution of [10]� in CH2Cl2.
a) T� 100 K; b) T� 298 K.


The S� 1�2 hyperfine lineshape shows a rhombic structure
(gi=gelectron), the hyperfine (hpf) pattern of which is likely to
arise from the magnetic interaction of the unpaired electron
with two almost equivalent cobalt nuclei. This indicates that
also in this case the HOMO orbital mainly consists of 3 d Co
atomic orbitals. An increase in the temperature at the glassy-


fluid transition causes a consistent reduction of the spectral
line width and the disappearance of the anisotropic hpf cobalt
resolution, and at T� 298 K (Figure 9b) the signal becomes
sharp and isotropic. The giso value fits the corresponding hgi
well; this indicates that [10]� essentially maintains its geom-
etry under very different experimental conditions. Again,
further refreezing quantitatively restores the original rhombic
spectrum.


Quite similar spectral behavior is exhibited by the electro-
generated [16]� monocation. The relevant EPR parameters
are collected in Table 3.


Conclusion


We have presented the synthesis and structure of two new
organobimetallic compounds (2 and 3), which have unbridged
CoÿSn bonds and low-coordinate subvalent SnII atoms. We
have shown that the insertion of bare chalcogen elements S
and Se into the CoÿSn bond of 1 ± 3 offers access to new
ternary transition metal/chalcogen/tin clusters with a five-
vertex, arachno cluster geometry, as determined by X-ray
crystallography. We have pointed out that complexes 8, 9, 10,
and 16 display good redox propensity. In particular, the Co/S2/
Sn complexes 8 and 9 are able to add and remove one electron
reversibly, whereas two subsequent electron removals occur
in the Co2/S2 (or Se2)/Sn complexes 9 and 16. In all the
relevant monocations, the unpaired electron essentially
interacts with the cobalt nuclei. Apart from the rational
insertion reaction of sulfur into the CoÿSn bond of 2 that
leads to 8 ± 11, 15, and 16, formation of 11, 15, and 16 can be
understood in terms of a formal addition of highly reactive,
kinetically stabilized SnR2 fragments to 16 e {(CpR)Co}2E2


fragments. We envisage access to a wider variety of ternary
transition metal/chalcogen/main group metal clusters by
adopting this idea for other ER2 fragments (E�Ge, Sn, Pb)
in future reactions.


Experimental Section


General : All reactions were carried out under an atmosphere of dry
nitrogen gas with standard Schlenk techniques. Compounds 1,[6] 4,[24] 5,[25]


and 6[7] were prepared according to published procedures. Microanalyses
were performed by the microanalytical laboratory in the Chemistry
Department of the University of Essen. Note: probably due to increased
air sensitivity, elemental analysis of 3 was repeatedly below the typical
analytical criteria for CÿH combustion analysis of air-sensitive organo-
metallic compounds (<1 % in C). All solvents were dried according to
standard procedures and were stored under nitrogen prior to use. The
NMR spectra were recorded on a Bruker AC 300 spectrometer (300 MHz
for 1H, 75 MHz for 13C) and referenced against the remaining protons of
the deuterated solvent. NMR samples were prepared by vacuum transfer of
solvents onto the appropriate amount of solid sample, followed by flame-
sealing of the NMR tube. MS spectra were recorded on a MAT8200
instrument under standard conditions (EI, 70 eV) and by using the
fractional sublimation technique for the compound inlet. Material and
apparatus for electrochemistry and coupled EPR measurements have been
described elsewhere.[26] All the potential values are referred to the
saturated calomel electrode (SCE). Under the present experimental
conditions, the one-electron oxidation of ferrocene occurs at E0'�
�0.38 V. The external magnetic field H0 for X-band (n� 9.78 GHz) EPR
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measurements was calibrated by using a diphenylpicrylhydrazyl (DPPH)
powder sample (gDPPH� 2.0036).


Synthesis of [{(SiMe3)2CH}2SnÿCo(h5-Me5Cp)(h2-ethene)] (2) and
[{(SiMe3)2CH}2SnÿCo(h5-EtMe4Cp)(h2-ethene)] (3): Solutions of 4 or 5
(3.6 mmol) in diethyl ether (100 mL) were stirred at room temperature for
12 h, whereupon the red-brown solutions turned intense purple, and gas
evolution occurred. After heating these solutions under reflux for 12 h, no
more gas evolution occurred. After filtration and recrystallization of the
intense purple solutions, subsequent cooling to ÿ30 8C and then to ÿ78 8C
afforded 2 and 3 as deep purple to black crystals (50 %), which were best
stored below 0 8C under an ethene atmosphere to retain long-term stability
(a month).


Compound 2 : IR (KBr): nÄ � 3050, 1483, 1168 (h2-ethene), 2947, 2901, 1402,
1246, 1012 (all SiMe3), 2854, 1456, 1379, 1069, 1015, 842, 773, 755 cmÿ1 (all
Me5Cp); 1H NMR ([D6]benzene): d� 2.46 (br, n1/2� 20 Hz, 2H; C2H4),
2.06 (br, n1/2� 23 Hz, 2 H; C2H4), 1.68 (s, 15 H; Me5Cp), 0.27 (s, 36H;
SiMe3), 0.05 (s, 2 H; CH); 13C NMR{1H} ([D6]benzene): d� 90.21 (s, 5C),
29.68 (s, C2H4), 11.07 (s, Me5C5), 4.67 (s, SiMe3), 1.43 (s, CH); C26H57CoSi4Sn
(659.45): calcd C 47.30, H 8.71; found C 46.80, H 8.70.


Compound 3 : 1H NMR([D6]benzene): d� 2.4 (q, 2H; CH2CH3), 2.4 (2H;
C2H4), 2.0 (2H; C2H4), 1.7 (s, 6H; CH3), 1.6 (s, 6H; CH3), 0.97 (t, 3H;
CH2CH3), 0.28 (s, 36 H); 13C NMR{1H} ([D6]benzene): d� 96.5, 90.1, 89.4
(s, all EtMe4Cp), 29.4 (C2H4), 20.3, 15.4 (both EtMe4Cp), 10.8, 10.5 (both
EtMe4Cp), 4.5 (SiMe3); C27H59CoSi4Sn (673.74): calcd C 48.13, H 8.83;
found C 46.80, H 9.01.


Synthesis of [{{(SiMe3)2CH}2Sn}-mS2ÿCo(h5-Me5Cp)] (8), [{{(SiMe3)2-
CH}2Sn}-mS2ÿ{Co(h5-Me5Cp)}2] (9), and [{{(SiMe3)2CH}2Sn}-mS2ÿCo-
(h5-EtMe4Cp)}] (10): Elemental sulfur (6.79 mmol) was added in one
batch at room temperature to a solution of 2 or 3 prepared from 4
(6.79 mmol) and 5 (3.39 mmol) in diethyl ether (100 mL). After ten min-
utes, the color of the solution changed from purple to red-brown. The
resulting solution was heated under reflux for 12 h, whereupon a white
crystalline solid formed, in each case in moderate yields. The amount of this
material was obviously dependent on the reflux time and increased for
prolonged heating intervals; this indicates subsequent decomposition of
product or possible side reactions. This material was isolated and
characterized as 7, and the identical spectral data were compared with
those of the authentic material.[9] Chromatography (SiO2, pentane, diethyl
ether) gave trace amounts of 7, as the first eluate, and then the main
products 8 and 9, as well-separated brown-red eluates. In the case of the
reaction of 3 with sulfur, only trace amounts of the monocobalt complex 8,
as well as the main product 10 were isolated. Recrystallization of 8, 9, and
10 from diethyl ether afforded 8 (36 %), 9 (41 %), and 10 (30 %) as brown
crystals. Single crystals of 8 and 9 suitable for X-ray analysis were obtained
from diethyl ether/acetonitrile (2:1) at ÿ30 8C.


Compound 8 : MS (EI, 70 eV, Tvap� 95 8C): m/z (%): 696 (30) [M�], 537
(100) [M�ÿCH(SiMe3)2], 378 (20) [M�ÿ {CH(SiMe3)2}2]; 1H NMR
([D6]benzene): d� 1.42 (s, 15H; CH3), 0.34 (s, 36 H; SiMe3), ÿ0.06 (s,
2H; CH); 13C NMR{1H} ([D6]benzene): d� 92.56 (s, Me5Cp), 14.21 (s, CH),
9.10 (s, CH3), 4.02 (s, SiMe3); C24H53CoS2Si4Sn (695.54): calcd C 41.41, H
7.68, S 9.21; found C 41.30, H 7.65, S 9.21.


Compound 9 : MS (EI, 70 eV, Tvap� 155 8C): m/z (%): 890 (5)[M�] 571 (60),
[M�ÿCH(SiMe3)2]; 1H NMR ([D6]benzene): d� 1.92 (s, 15H; CH3), 1.88
(s, 15 H; CH3), 0.46 (s, 18H; SiMe3), 0.39 (s, 18H; SiMe3); 13C NMR{1H}
([D6]benzene): d� 85.00 (s, Me5Cp), 84.63 (s, Me5Cp), 26.59 (s, CH), 26.26
(s, CH), 12.25 (s, CH3), 12.08 (s, CH3), 5.41 (s, SiMe3), 5.05 (s, SiMe3);
C34H68Si4SnCo2S2 (889.60): calcd C 45.78, H 7.71, S 7.21; found C 45.71, H
7.78, S 7.21.


Compound 10 : MS (EI, 70 eV, Tvap� 155 8C): m/z (%): 710 (23) [M�], 551
(100) [M�ÿCH(SiMe3)2], 392 (3) [M�ÿ 2CH(SiMe3)2]; 1H NMR
([D6]benzene): d� 2.41 (q, 2 H; CH2CH3), 1.47 (s, 6H; EtMe4Cp), 1.43 (s,
6H; EtMe4Cp), 0.68 (t, 3 H; CH2CH3), 0.35 (s, 36H; SiMe3), ÿ0.06 (s, 2H;
CH(SiMe3)); 13C NMR{1H} ([D6]benzene): d� 96.4, 92.8, 91.7 (all Et-
Me4Cp), 18.0 (CH2CH3), 14.1 (CH(SiMe3)), 12.9 (CH2ÿCH3), 9.1, 8.9, 3.9
(SiMe3); C25H55CoS2Si4Sn (709.81): calcd C 42.30, H 7.81; found C 43.02, H
8.07.


Synthesis of [{{(SiMe3)2CH}2Sn}-mSe2ÿ{Co{(h5-Cp)}2}] (15) and [{{(SiMe3)2-
CH}2Sn}-mSe2-{Co{(h5-Me5Cp)}2}] (16): Elemental selenium (1.85 g,
1.13 mmol) was added in one batch at room temperature to a solution of
1 or 2 prepared from 4 (1.85 mmol - or 2.26 mmol of the Cp analogue of 4)


and 6 (0.93 g, 1.13 mmol) in diethyl ether (100 mL). After ten minutes, the
color of the solution changed from purple to red-brown. In the case of 1, Se
(a second equivalent) was added after one hour of stirring, in which the first
portion of selenium had already dissolved. The resulting clear, red-brown
solutions were heated under reflux for 12 h, whereupon a white crystalline
solid formed in both cases. This material was isolated and characterized as
13 by using its spectral data, which were identical to those of the authentic
material.[9] The solvent was removed completely, and the residue was
crystallized from diethyl ether or diethyl ether/acetonitrile mixtures. This
resulted in shiny brown-black crystals of 15 (67 %) and 16 (53 %), which
were stable in air for long periods of time. Single crystals suitable for X-ray
analysis could be obtained from diethyl ether or diethyl ether/acetonitrile
mixtures (2:1) at ÿ30 8C.


Compound 15 : MS (EI, 70 eV, Tvap� 140 8C): m/z (%): 844 (30) [M�], 685
(15) [M�ÿ {CH(SiMe3)}], 626 (80) [M�ÿSn{CH(SiMe3)2}]; 1H NMR
([D6]benzene): d� 4.85 (s, Cp, 10H), 0.82 (s, CH, 2 H), 0.36 (s, SiMe3,
36H); 13C NMR{1H} ([D6]benzene): d� 75.6 (s, 2J(Sn,C)� 66.3 Hz, Cp),
23.6 (s, CH), 4.48 (s, 3J(Sn,C)� 18.3 Hz, 1J(Si,C)� 50.8 Hz, SiMe3);
C24H48Co2Se2Si4Sn (843.22): calcd C 34.13, H 5.73; found C 34.29, H 6.03.


Compound 16 : MS (EI, 70 eV, Tvap� 150 8C): m/z (%): 984 (15) [M�] 666
(50) [M�ÿ {CH(SiMe3)2}2], 548 (20) [M�ÿ Sn{CH(SiMe3)2}2]; 1H NMR
([D6]benzene): d� 2.02 (s, 15H), 2.01 (s, 15H), 1.66 (s, 2H), 0.51 (s, 18H),
0.50 (s, 18H); 13C NMR{1H} ([D6]benzene): d� 83.46 (s, Me5Cp), 23.68 (s,
CH), 12.32 (s, CH3), 4.75 (s, TMS); C34H68Co2Se2Si4Sn (983.39): calcd C
41.49, H 6.92; found C 41.08, H 7.01.


Reaction of [{(SiMe3)2CH}2SnÿCo(h5-Cp)(h2-ethene)] (1) with H2S. Syn-
thesis of [{{(SiMe3)2CH}2Sn}-mS2ÿ{Co(h5-Cp)(h2-ethene)}2] (11): A
Schlenk tube containing a solution of 1 in diethyl ether (100 mL) was
evacuated to 100 mbar, and dry N2 saturated with H2S was allowed in until
ambient pressure was reached. Immediately after gas was allowed in, the
color changed from purple to brown. After 10 min of stirring, the solvent
was removed in a vacuum, and the solid residue was dissolved in diethyl
ether and filtered. Crystallization at ÿ30 8C gave white crystals of 7 as a
first crop (0.34 mmol), which were isolated by decanting the supernatant.
Addition of acetonitrile and subsequent cooling of the solution to ÿ30 8C
afforded brownish-red crystals of 11 (0.83 mmol).


Compound 11: MS (EI, 70 eV, Tvap� 140 8C): m/z (%): 750 (70) [M�], 591
(30) [M�ÿCH(SiMe3)2], 432 (100) [M�ÿ {CH(SiMe3)2}2]; IR (KBr): nÄ �
2948, 2894, 2843, 1403, 1249, 1025, 981, 808, 662 (all Si(CH3)3), 3096, 1343,
1299, 1107, 1009, 841 cmÿ1 (all Cp); 1H NMR ([D6]benzene): d� 5.03 (s,
10H; Cp), 0.47 (s, 36H; SiMe3), 0.66 (s, 2H; CH); 13C NMR{1H}
([D6]benzene): d� 76.91 (s, 10 C; Cp), 40.93 (s, 2C; CH), 4.30 (s, 12C;
SiMe3); C24H48Co2S2Si4Sn (749.43): calcd C 38.43, H 6.47; found C 38.50, H
6.63.
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Depsipeptide Dendrimers


Jürgen Kress, Alexander Rosner, and Andreas Hirsch*[a]


Abstract: The convergent synthesis of a
new class of chiral dendrimers is descri-
bed. Owing to their structural resem-
blance to depsipeptides they are called
depsipeptide dendrimers. The ex-chiral
pool synthesis starts from (R,R)-, (S,S)-,
and meso-tartaric acid as branching
units and dipeptides or tripeptides con-
sisting of glycine, (l)-alanine, and (l)-
leucine as chiral-spacer building blocks.
The key intermediates for the conver-
gent assembly of such depsipeptide


dendrimers are the peptide-tartaric acid
conjugates 13 a,b, 19 a,b, 25, and 27,
which contain either an unprotected C
terminus of the peptide chain (13 a,b, 25)
or two unprotected hydroxy groups
within the tartaric acid termini. Dendra
up to the third-generation, by using


different combinations of stereoisomer-
ic building blocks, were synthesized and
completely characterized. Since this
construction principle of chiral depsi-
peptide dendrimers allows for a wide
variation of the length, the primary
structure of the peptide spacer, and the
configuration of both the amino acid and
the tartaric acid moieties, access to new
combinatorial libraries is conceptually
provided.


Keywords: amino acids ´ chiral pool
´ chirality ´ combinatorial chemistry
´ dendrimers


Introduction


Since Vögtle�s first report in 1978[1] dendrimers have become
a vast growing field in chemistry and material science. The
subject has been extensively reviewed.[2] More recently chiral
dendrimers became an attractive synthetic goal.[3] Their
chiroptical properties with respect to folding phenomena,
their ability to stereoselectively bind guest molecules, and
their potential as catalysts for stereoselective syntheses have
been investigated. The chirality of the dendritic structures
reported so far stems from i) four different branches attached
to a tetrasubstituted carbon atom,[4] ii) a chiral core,[5] iii)
chiral branching units,[5±8] iv) chiral end groups,[5, 9±12] and v) a
chiral core and chiral branching units.[13, 14] We now introduce
a new concept of chiral dendrimers that are named depsipep-
tide dendrimers owing to their structural resemblance to
depsipeptides. The expression depsipeptides was introduced
by Schemjakin[15] to describe a class of natural products that
consist of a-hydroxy and a-amino acids which are connected
by ester and amide linkages, respectively. The most prominent
example is probably valinomycin, which makes mitochondria
membranes permeable for K�.[16] The chiral dendrimers
presented here contain both chiral branching units and chiral
spacer units, represented by tartaric acid and peptide building
blocks, respectively.


Results and Discussion


Our general concept of the synthesis and the structure of
depsipeptide dendra is depicted in Scheme 1. A C-protected
amino acid or peptide is coupled to a tartaric acid derivative 1
with one unprotected carboxylic group. The configuration at
the corresponding stereogenic centers of both the amino acid
and tartaric acid derivatives can be freely chosen. The
orthogonal protecting groups PG and PG'' are alternatively
removed to yield the carboxylic acid 3 or the diol 4. The
coupling of these two units leads to the dendron 5 a, which
after deprotection to the acid 5 b and coupling with 4 is
transferred to the dendron 6. The latter two steps are
successively repeated for the synthesis of higher generation
dendra. The construction of the higher generation dendra can
in principle also be accomplished by using a divergent
approach, which involves the repetitive deprotection of PG''
and subsequent coupling with 3. However, no matter which
approach is followed, two prerequisites have to be provided:
1) efficient and mild esterification reactions for the synthesis
of 5, 6, and their higher analogues are required in order to
prevent epimerization at the amino acid or tartaric acid units
and 2) a set of two orthogonal protecting groups PG' and PG''
must be found.


As a first example commercially available (l)-alanineben-
zylester-p-tosylate 7 was used as the amino acid unit. The
mono-deprotected tartaric acid derivative 8 was prepared
according to a literature procedure.[17] Formation of the
coupling product 9 was accomplished by reaction of 7 with 8 in
the presence of N,N'-dicyclohexylcarbodiimide (DCC) at 0 8C
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in CH2Cl2 (Scheme 2). The removal of the benzylic protecting
groups by catalytic hydrogenation afforded the acid 10.
Coupling reactions of 10 with simple alcohols such as ethanol
via the corresponding acyl chloride of 10 showed that
epimerization occurred at the stereogenic center of the
alanine moiety.


RO2C NH3Ts


HO2C


H3CO2C OBz


OBz


H3CO2C OBz


OBz


O


H
NRO2C


R = Bn, 7 8


+ i)


R = Bn, 9


R = H, 10
ii)


Scheme 2. Synthesis of the acid 10 : i) NEt3, DCC, CH2Cl2, 0 8C, 52%; ii):
dioxane, H2, Pd-C, 100 %. Bn� benzyl, Bz�benzoyl.


To avoid the problem of
epimerization at a1 within the
peptide chain (a1 in Scheme 1)
we decided to use achiral gly-
cine as the C terminus in order
to ªprotectº neighboring ster-
eogenic centers of chiral amino
acids from stereoepimerization.
At the same time we switched
to milder coupling procedures
namely the Steglich reaction.[18]


As a first example we used the
dipeptide 11 obtained from the
corresponding Z-protected
mother compound[19] according
to a literature procedure[20] and
allowed it to react with mono-
deprotected tartaric acids
(Scheme 3). In addition to the
building block 8 a, which was
made from natural tartaric acid
with (R,R)-configuration, the
corresponding unnatural (S,S)-
enantiomer 8 b was used for the
subsequent coupling step. The
deprotection leading to 13 a,b
was carried out in analogy to
that of 9.


Carboxylic acid 13 a was then
successfully coupled with the
three stereoisomeric deriva-
tives of dimethyltartrate
(R,R)-14 a, (S,S)-14 b, and
meso-14 c by means of the Steg-
lich reaction in the presence of
a catalytic amount of 4-di-
methylaminopyridine (DMAP)
(Scheme 4). Compounds 14 a
and 14 b are commercially
available, the meso-isomer 14 c
was prepared according to a
literature procedure.[21] Other


procedures like the Steglich reaction without DMAP or
coupling via the acyl chloride gave lower yields or no product
at all. The products 15 a, 15 b, and 15 c are first-generation
dendrimers with a chiral core (15 a,b), chiral spacers (dipep-
tide unit), and chiral branching units (tartaric acid moieties).
Purification was achieved by flash chromatography (FC) on
silica gel. As eluent a mixture of toluene/EtOAc� 3:5 was
successfully used. The products 15 a,b,c were fully character-
ized by 1H NMR, 13C NMR, IR, MS, and elemental analysis.
Considering that the problem of epimerization could be
solved, the yields of 54 ± 56 % are satisfactory. However, the
yields are not good enough to envisage a divergent approach
for the synthesis of higher generation dendrimers.


For the synthesis of higher generation dendra it was
necessary to create a building block like 4 with two free
alcohol groups. Since the acid-protecting benzyl group (Bn)
and the alcohol-protecting benzoyl group (Bz) of 12 are not
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Scheme 1. General concept for the convergent syntheses of depsipeptide dendra consisting of tartaric acid
moieties as branching units and peptides as spacer units.
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Scheme 4. Synthesis of the first-generation dendrimers 15 a,b,c : i) dioxane,
DCC, DMAP, RT, 51 ± 56%.


orthogonal a new building block had to be developed. The
benzylidene acetals 18 a,b seemed to be an appropriate choice
(Scheme 5). They were prepared from the known benzylidene
acetals 16 a,b[22] and hydrobromide 11 by using the same
reaction conditions as described previously. Purification of
18 a,b was accomplished by flash chromatography. In fact,
18 a,b were isolated as a mixture of diastereomers, since the
starting materials 16 a,b are each a mixture of two diaster-
eomers, which differ only in the configuration of the stereo-
genic centers at the acetal moiety. However, this was not a
serious drawback, since cleavage of the acetal is the next step.


The acetal deprotection was
accomplished by the action of
trifluoroacetic acid (TFA) upon
18 a,b in the presence of some
water at 0 8C. The diols 19 a,b
were released in yields of about
85 % after recrystallization
from EtOAc (Scheme 5). The
Bn groups were not attacked
under these conditions. Now
the scene was set for the syn-
thesis of the unsymmetrical sec-
ond-generation dendra 20 a,b
(Scheme 6). The diols 19 a,b
were coupled with the carbox-
ylic acids 13 a,b at room tem-
perature, with DCC as a cou-
pling reagent and DMAP as
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Scheme 5. Syntheses of the diols 19a,b : i) NEt3, DCC, CH2Cl2, 0 8C, 51%;
ii) TFA, H2O, 0 8C, 83%.
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Scheme 6. Syntheses of the second-generation dendra 21 a,b : i) dioxane,
DCC, DMAP, 60 ± 65 %; ii) dioxane, H2, Pd-C, 100 %.
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Scheme 3. Syntheses of the carboxylic acids 13a,b : i) NEt3, DCC, CH2Cl2, 0 8C, 53 ± 58 %; ii) dioxane, H2, Pd-C,
100 %.
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catalyst. After flash chromatog-
raphy the pure benzylic esters
20 a,b were obtained in yields of
60 ± 65 % as white solids.


Catalytic hydrogenation of
the Bn-protected 20 a,b afford-
ed the carboxylic acids 21 a,b in
quantitative yields (Scheme 6).
Not surprisingly, the NMR
spectra are very similar to those
of the precursors. The absence
of the signals at d� 5.1 in the
1H NMR and d� 67 in the
13C NMR confirmed the suc-
cessful removal of the benzyl
group. The mass spectra (FAB)
revealed the principal peak at
m/z 1279 [M�Na]� , the
[M�Cs]� peak at m/z 1389,
and the [M]� signal at m/z
1257. The third-generation den-
dra 22 a,b,c were prepared as
sketched in Scheme 7. The
yields were in the range be-
tween 7 and 15 % depending on
the precise reaction conditions,
especially the amount of
DMAP used as a catalyst. The
lower yield, relative to those
achieved in the synthesis of the
second-generation dendra, is
probably due to steric hin-
drance. Because of the consid-
erable polarity of the third-
generation dendra 22, their purification by chromatography
turned out to be quite difficult. In fact, preparative HPLC was
necessary to get the pure samples. Significantly, the retention
times of the three diastereomers 22 a,b,c, which differ only at
the stereochemistry of the tartaric acid units, can be very
different. For example, retention times for 22 a,b,c on
analytical HPLC (silica gel; CHCl3/MeOH� 96.5:3.5 flow
rate: 1 mL minÿ1) were 8.1, 5.0, and 4.6 minutes, respecti-
vely.


The first example of the synthesis of a second-generation
dendron with the tripeptide (l)-leucine-glycine-glycine as the
spacer unit is outlined in Scheme 8. In the investigation of this
synthesis we intended to find out whether there is any
influence of the sterical demand of the C-terminal amino acid
on the yield of the coupling reaction, and whether epimeriza-
tion at the stereogenic center of the C terminus takes place
under the Steglich esterification. For this purpose the hydro-
bromide 23 was prepared from the known Z-protected


Scheme 7. Syntheses of the third-generation dendra 22 a,b,c : i) dioxane, DCC, DMAP, 7 ± 15%.
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Scheme 8. Synthesis of the second-generation dendron 28 : i) NEt3, DCC,
CH2Cl2, 0 8C, 44%; ii) THF, H2, Pd-C, 100 %; iii) NEt3, DCC, CH2Cl2, 0 8C,
46%; iv) TFA, H2O, 0 8C, 45 %; v) THF, DCC, DMAP, 9%.


precursor[23] by deprotection
with HBr/HOAc.[20] The subse-
quent steps were carried out in
analogy to those of the second-
generation dendra 20 and 21.
Whereas the yields for the syn-
theses of the key building
blocks 25 and 27 are satisfacto-
ry, the final coupling to the
depsipeptide dendron 28 were
less efficient. This is obviously
due to the bulky isobutyl group
in the proximity of the reaction
center. All couplings proceeded
without epimerization at the
stereogenic center of the leu-
cine moiety. This leads to the
conclusion that this concept for
the synthesis of depsipeptide
dendrimers tolerates the use of
chiral amino acids as C termini
but requires as little sterical
hindrance as possible, for ex-
ample, small C termini and
peptides of a sufficient length
in order to efficiently synthe-
size higher generation dendra.


All depsipeptide dendrimers
and their precursor building
blocks were completely charac-
terized by NMR and IR spec-


troscopy, mass spectrometry, elemental analysis, and by their
specific and molar optical rotations [a]D and [F]D, respec-
tively. FAB mass spectrometry turned out to be the method of
choice for these systems. As a representative example the
FAB spectrum of 22 c is shown in Figure 1. The base peak m/z
2860 corresponds to [M�H]� . Important fragments are m/z
2435 [Mÿ 426�H]� , 1678 [Mÿ 1182]� , and 729 [728�H]� .
The smaller peaks on the right side of the base peaks at m/z
2882 and m/z 2992 are due to [M�Na]� and [M�Cs]� ,
respectively.


A characteristic feature of these chiral dendritic systems is
that, with the exception of the C2 symmetric compounds 15 a
and 15 b, all C and H atoms are topologically different even if
they originate from identical locations within a set of free
constituting precursors. This is reflected by the splitting of the
signals of the various sets of groups in the NMR spectra. As an
example three characteristic regions within the 13C NMR
spectrum of 22 a, namely, the carbonyl C-atoms (d� 165 ±
174), the methylene C-atoms of the glycine units (d� 40.9 ±
41.7), and the methine C-atoms of the alanine moieties (d�
48.4 ± 49.2) are depicted in Figure 2. All the corresponding
sets of seven topologically different C-atoms of both the
glycine and alanine units give rise to seven resolved signals,
and 32 signals for the 36 topologically different carbonyl C
atoms are resolved.


The region between d� 5.5 ± 6.2 in the 1H NMR spectra of
22 a,b,c is an example of characteristic fingerprints caused
only by the different stereochemistry of such chiral dendra


Figure 1. FAB mass spectrum of 22c.
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(Figure 3). In this range the CH resonances of the tartaric acid
units are localized. Two main sections show up: a down-field
part, whose integration accounts for eight protons, and a high-
field part, which is due to six protons. The H atoms of the


Figure 3. 1H NMR (500 MHz, CDCl3) of 22a, 22b, and 22c for the range
from d� 5.4 ± 6.2 (CH tartaric acid).


outer shell resonate in the down-
field part, whereas the high-field
resonances are caused by the inner
two sets of methine protons. For the
whole region 14 doublets are ex-
pected; these are not completely
resolved. The patterns for these
signals are very different for each
diastereomer. The comparison of
22 b with 22 c is particularly instruc-
tive. These two compounds differ
only at the configuration of the inner
tartaric acid moiety (S,S for 22 b,
R,R for 22 c). In compound 22 c one
proton (marked with a *) of the outer
tartaric acid units, along with the Bz
groups, undergoes a significant down-
field shift, even though it is in a
position very remote from the loca-
tion of stereochemistry differences.


Specific optical rotations [a]D and
the molar optical rotations [F]D are
shown in Table 1. To check whether
there was a concentration depend-
ence the measurements were carried
out at two different concentrations.


With the exception of building block 12 a, whose chiroptical
data show a pronounced concentration dependence of
unknown nature, the optical rotations of the other building
blocks and dendritic systems are basically independent of the
concentration. Further inspection of Table 1 shows that no
folding phenomena owing to the formation of chiral secon-
dary structures can be detected, since in a first approximation
the molar optical rotation of a larger dendritic system like 22
represents the sum of those of the constituting building blocks
like 20. The contributions to the optical rotations are mainly
due to the tartaric acid building blocks, whereas the alanine
units exhibit only a minor influence. For example, the two
diastereomers 22 a and 22 b, whose tartaric acid skeletons
behave like a pair of enantiomers, have almost the same molar
rotations but with opposite sign.


Figure 2. 13C NMR spectrum (125.7 MHz, CDCl3) of 22 a for the ranges from d� 164 ± 174 (C�O), d� 46 ±
50 (CH alanine), and d� 40 ± 42 (CH2 glycine).


Table 1. Optical rotational values [a]D and molar optical rotations [F]D for
the dendrons 12, 13, 20, 21, 22 and the dendrimers 15a,b,c.


c1
[a] [a]D


[b] [F]D
[c] c2


[a] [a]D
[b] [F]D


[c] solvent


12a 0.414 ÿ 45.65 ÿ 270 0.590 ÿ 94.92 ÿ 561 CHCl3


12b 0.414 � 64.98 � 384 0.590 � 66.10 � 390 CHCl3


20a 0.785 ÿ 59.87 ÿ 807 1.047 ÿ 62.37 ÿ 840 CHCl3


20b 0.314 � 66.88 � 901 0.523 � 69.98 � 943 CHCl3


22a 0.260 ÿ 65.77 ÿ 1881 0.520 ÿ 67.12 ÿ 1920 CHCl3


22b 0.715 � 68.53 � 1960 0.953 � 68.63 � 1963 CHCl3


22c 0.715 � 68.53 � 1960 0.953 � 61.89 � 1770 CHCl3


15a 1.000 ÿ 62.00 ÿ 709 1.331 ÿ 58.60 ÿ 670 CHCl3


15b 1.000 ÿ 46.30 ÿ 529 1.333 ÿ 47.93 ÿ 548 CHCl3


15c 1.000 ÿ 54.00 ÿ 617 1.333 ÿ 55.50 ÿ 634 CHCl3


13a 0.318 ÿ 79.25 ÿ 468 0.583 ÿ 91.42 ÿ 458 MeOH
13b 0.350 � 59.14 � 296 0.600 � 56.00 � 280 MeOH
21a 0.294 ÿ 77.21 ÿ 971 0.586 ÿ 76.79 ÿ 965 MeOH
21b 0.735 � 32.25 � 405 0.977 � 31.12 � 391 MeOH


[a] Concentration in 10 mg mLÿ1. [b] Specific rotation in 10ÿ1 deg cm2 gÿ1.
[c] Molar rotation in 10 deg cm2 molÿ1.
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Conclusion


We have disclosed a new concept of chiral dendrimers, which
consist of tartaric acid moieties as branching units and
peptides as spacers. We synthesized a first series of such
depsipeptide dendrimers including third-generation dendra
using a convergent approach. The corresponding dendritic
systems contain up to 21 stereogenic centers within the chiral
peptide or the building blocks derived from tartaric acid. This
impressively demonstrates the scope of this concept, since just
the variation of the chiral-pool building blocks, tartaric acid
and amino acid, whose different stereoisomers are readily
available, in principle allows for the formation of over two
million stereoisomers of those third-generation dendra. The
variation of just one stereogenic center can lead to a dramatic
change of properties. The fact that also the length and the
primary structure of the peptide can be varied demonstrates
that ideal requirements for the development of libraries are
met. First examples of depsipeptide mini libraries are
introduced. We are now in the process of synthesizing higher
generation dendra by using longer peptide spacers with small
C termini. We intend to look systematically into the biological
and catalytical properties of depsipeptide dendrimers by
developing and screening combinatorial libraries of this new
type of peptoids.


Experimental Section


1H NMR and 13C NMR spectra were recorded on JEOL GX 400, JEOL
EX 400, and JEOL A500 spectrometers. Mass spectra were measured with
Micromass Zab Spec (FAB) or Varian MAT (EI, 70 eV). IR spectra were
recorded on Bruker Vector 22. HPLC (preparative) were measured with
Shimadzu SIL 10A, SPD 10A, CBM 10A, LC 8A, FRC 10A (Nucleosil 100-
5, Machery-Nagel). HPLC (analytical) were measured with Shimadzu
CBM-10A, SPD-M10A, SIL-10A, LC-10AT (Nucleosil 100 Si, 5 m). TLC
(Riedel-de HaeÈn, silica gel 60 F254). Materials and solvents were obtained
from commercial suppliers and were used without further purification.
Products were isolated by flash column chromatography (FC) (silica gel 60,
particle size 0.04 ± 0.063 nm, Merck) or recrystallization.


General procedure I for the amide formation : NEt3 (1.4 mL, 10 mmol) was
added to a suspension of 10 mmol of the hydrobromide or the tosylate in
CH2Cl2 (150 mL) to release the amine. The solution was cooled to ÿ5 8C.
The equivalent amount of the carboxylic acid and (2.06 g, 10 mmol) of
DCC were added all at once. The mixture was stirred for two hours at 0 8C
and then overnight at room temperature. The white precipitate of
dicyclohexylurea (DCU) was filtered, the CH2Cl2 layer was washed three
times with a saturated solution of NaHCO3 (500 mL) in water and dried
over MgSO4. After removal of the solvent the crude product was purified
by FC.


General procedure II for the ester formation : The carboxylic acid
(2.2 mmol) and then DCC (2.27 g, 1.1 mmol)and DMAP (10 mg) were
added at room temperature to a solution of the diol (1 mmol) in dry
dioxane or THF (150 mL). After 10 min the first DCU was formed. The
solution was stirred for five hours. The precipitate (DCU) was filtered, the
solvent removed, and the crude product purified by FC or HPLC.


General procedure III for the removal of the Bn ester : The Bn ester was
dissolved in dioxane and 10 mass percent of PdÿC (10 % Pd) were added.
This suspension was subjected to hydrogenation until no more hydrogen
was consumed. The PdÿC was filtered over aluminium oxide. The dioxane
was evaporated and the product dried in vacuo.


General procedure IV for the removal of the benzylidene acetal : A
suspension of the benzylidene acetal (10 mmol) in TFA (4 mL) and water
(5 drops) was stirred at 0 8C until no starting material could be detected any


more (TLC control, 5 min). Then the reaction was quenched by the
addition of water (50 mL). Solid NaHCO3 was added in small portions to
neutralize the solution. The crude product was extracted with EtOAc, the
solvent was removed, and the residue recrystallized twice from EtOAc.


(2S,5R,6R)-1-Benzyl-7-methyl-5,6-bis(benzoyloxy)-2-methyl-4-oxo-3-aza-
heptanedicarboxylate (9): Compound 9 was synthesised according to
general procedure I with the tosylate 7 (3.51 g) and the carboxylic acid 8
(3.72 g). FC with toluene/EtOAc� 4:1 (Rf� 0.58). Yield 2.8 g (52 %) sticky
solid; [a]20


D �ÿ68.7 (c� 2.095, CHCl3); 1H NMR (400 MHz, CDCl3, 24 8C,
TMS): d� 1.41 (d, 3J� 7.3 Hz, 3H; CH3), 3.73 (s, 3H; OCH3), 4.67 (dq,
3J1� 3J2� 7.1 Hz, 1H; CH alanine), 5.08 (d, 2J� 12.3 Hz, 1 H; CHH Bn),
5.14 (d, 2J� 12.3 Hz, 1 H; CHH Bn), 5.94 (d, 3J� 2.2 Hz, 1 H; CH tartaric
acid), 6.13 (d, 3J� 2.2 Hz, 1H; CH tartaric acid), 7.05 (d, 3J� 7.1 Hz; NH),
7.26 ± 7.36 (m, 5 H; Bn), 7.40 ± 7.64 (m, 6H; Bz), 8.08 ± 8.14 (m, 4 H; o-H of
the Bz); 13C NMR (100.5 MHz, CDCl3, 24 8C, TMS): d� 18.5 (CH3), 48.1
(CH alanine), 52.9 (OCH3), 67.3 (CH2), 71.9, 73.6 (CH tartaric acid), 128.0,
128.3, 128.4, 128.5, 128.6, 128.8, 128.9, 130.1, 130.1 (phenyl C), 133.6, 134.2,
135.0 (quaternary phenyl C), 164.7, 165.1, 165.3, 167.1, 172.2 (C�O); IR
(KBr): nÄ � 3358, 2954, 1762, 1730, 1665, 1524, 1600, 1584, 1524, 756,
713 cmÿ1; MS (70 eV, EI): m/z (%): 533 (58) [M]� , 398 (42), 355 (94), 105
(100) [C7H5O]� , 77 (61) [C6H5]� ; C29H27NO9 (533.57): calcd C 65.29, H 5.10,
N 2.63; found: C 65.00, H 5.04, N 2.87.


(2S,5R,6R)-7-Methyl-5,6-bis(benzoyloxy)-2-methyl-4-oxo-3-azaheptanedi-
carboxylate (10): Compound 10 was synthesized according to general
procedure III. Yield white solid (100 %); [a]20


D �ÿ79.2 (c� 1.540, CHCl3);
1H NMR (400 MHz, CDCl3, 23 8C, TMS): d� 1.41 (d, 3J� 7.3 Hz, 3H;
CH3), 3.72 (s, 3H; OCH3), 4.62 (dq, 3J1� 3J2� 7.1 Hz, 1H; CH alanine), 5.96
(d, 3J� 2.3 Hz, 1H; CH tartaric acid), 6.12 (d, 3J� 2.3 Hz, 1 H; CH tartaric
acid), 7.01 (d, 3J� 7.3 Hz, 1H; NH), 7.36 ± 7.65 (m, 10 H; Bz), 8.04 ± 8.12 (m,
4H; o-H of the Bz group), 9.87 (br, 1 H; CO2H); 13C NMR (100.5 MHz,
CDCl3, 23 8C, TMS): d� 18.1 (CH3), 48.0 (CH alanine), 53.0 (OCH3), 71.8,
72.6 (CH tartaric acid), 128.2, 128.5, 128.6, 128.9, 130.0, 130.1 (phenyl C),
133.7, 134.2 (quaternary phenyl C), 164.8, 165.2, 165.7, 167.2 (C�O), 176.5
(CO2H); IR (KBr): nÄ � 3400, 2954, 1738, 1652, 1585, 1493, 710 cmÿ1; MS
(70 eV, EI): m/z (%): 443 (7) [M]� , 412 (11) [M�ÿCH3O], 398 (41) [M�ÿ
CO2], 355 (70), 122 (23) [PhÿCO2]� , 105 (100) [PhÿCO]� , 77 (100) [Ph]� ;
C22H21NO9 (443.44): calcd C 59.59, H 4.77, N 3.16; found: C 59.41, H 4.88, N
3.01.


(5S,8R,9R)-1-Benzyl-10-methyl-8,9-bis(benzoyloxy)-4,7-dioxo-5-methyl-
3,6-diazadecanedicarboxylate (12 a): Compound 12a was synthesized
according to general procedure I with the bromide 11 (3.17 g) and the
carboxylic acid 8 (3.72 g). FC with toluene/EtOAc� 3:1 (Rf� 0.23). Yield
3.4 g (58 %) white solid; [a]20


D �ÿ45.65 (c� 0.414, CHCl3); 1H NMR
(400 MHz, CDCl3, 32 8C, TMS): d� 1.36 (d, 3J(H,H)� 6.8 Hz, 3 H; CH3),
3.71 (s, 3H; OCH3), 3.71 (dd, 3J1� 5.1, 2J2� 15 Hz, 1H; CHH glycine), 3.88
(dd, 3J1� 5.6 Hz, 2J2� 14.2, 1 H; CHH glycine), 4.64 (dq, 3J1� 3J2� 7 Hz,
1H; CH alanine), 5.06 (s, 2 H; CH2 Bn), 5.96 (d, 3J� 2.5 Hz, 1 H; CH
tartaric acid), 6.1 (d, 3J� 2.5 Hz, 1 H; CH tartaric acid), 6.89 (dd, 3J1� 3J1�
5.4 Hz, 1 H; NH glycine), 7.29 (d, 3J� 1.7 Hz, 1H; NH alanine), 7.30 ± 7.64
(m, 11 H; Bn, Bz), 8.01 ± 8.11 (m, 4 H; o-H of the Bz group); 13C NMR
(100.5 MHz, CDCl3, 32 8C, TMS): d� 18.4 (CH3), 41.1 (CH2 glycine), 48.5
(CH alanine), 52.9 (OCH3), 67.1 (CH2 Bn), 71.9, 72.6 (CH tartaric acid),
128.2, 128.2, 128.3, 128.5, 128.6, 128.9 (phenyl C), 133.6, 134.2, 135.1
(quaternary phenyl C), 164.8, 165.1, 165.7, 167.0, 169.2, 171.7 (C�O); IR
(KBr): nÄ � 3389, 2949, 1758, 1662, 1644, 1550, 1455, 1199, 1126, 912 cmÿ1;
MS (70 eV, EI): m/z (%): 590 (68) [M]� , 559 (57) [MÿCH3O]� , 483 (26)
[MÿC7H7O]� , 426 (100); C31H30N2O10 (590.63): calcd C 63.04, H 5.13, N
4.74; found: C 63.66, H 5.19, N 4.77.


(5S,8S,9S)-1-Benzyl-10-methyl-8,9-bis(benzoyloxy)-4,7-dioxo-5-methyl-
3,6-diazadecanedicarboxylate (12 b): Compound 12 b was synthesized
according to the procedure used for 12a. FC with toluene/EtOAc� 3:1
(Rf� 0.23). Yield 3.1 g (53 %) white solid; [a]20


D � 64.98 (c� 0.414, CHCl3);
1H NMR (400 MHz, CDCl3, 32 8C): d� 1.30 (d, 3J� 7.2 Hz, 3H; CH3), 3.72
(s, 3 H; OCH3), 3.99 (d, 5.0 Hz, 2H; CH2 glycine), 4.61 (dq, 3J1� 3J2�
7.2 Hz, 1 H; CH alanine unit), 5.13 (s, 2 H; CH2 Bn group), 5.98 (d, 3J�
2.8 Hz, 1H; CH tartaric acid), 6.05 (d, 3J� 2.8 Hz, 1 H; CH tartaric acid),
6.86 (dd, 3J1� 3J1� 5.5 Hz, 1H; NH), 7.26 (m, 1 H; NH), 7.30 ± 7.63 (m, 11H;
Bn, Bz), 8.06 ± 8.10 (m, 4 H; o-H of the Bz group); 13C NMR (100.5 MHz,
CDCl3, 32 8C): d� 18.5 (CH3), 41.3 (CH2 glycine), 48.7 (CH alanine), 52.9
(OCH3), 67.2 (CH2 Bn), 71.9, 72.8 (CH tartaric acid), 128.2, 128.3, 128.5,
128.6, 128.6, 128.8, 129.0, 129.9, 130.0 (phenyl C), 133.7, 134.1, 135.0
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(quaternary phenyl C), 164.9, 165.0, 165.6, 167.0, 169.3, 171.7 (C�O); IR
(KBr): nÄ � 3385, 3067, 2955, 1734, 1660, 1601, 1524, 1453, 1359, 1317, 1246,
1093, 1069, 1025, 712 cmÿ1; MS (70 eV, EI): m/z (%): 590 (2) [M]� , 559 (2)
[MÿCH3O]� , 355 (65), 105 (100) [PhCO]� ; C31H30NO10 (590.63): calcd C
63.04, H 5.13, N 4.74; found: C 63.10, H 5.19, N 4.72.


(5S,8R,9R)-10-Methyl-8,9-bis(benzoyloxy)-4,7-dioxo-5-methyl-3,6-diaza-
decanedicarboxylate (13 a): Compound 13 a was synthesized according to
general procedure III. Yield white solid (100 %); [a]20


D �ÿ79.25 (c� 0.318,
MeOH); 1H NMR (400 MHz, CD3OD, 22 8C): d� 1.32 (d, 3J� 7.1 Hz, 3H;
CH3), 3.73 (s, 3 H; OCH3), 3.74 (d, 2J� 17.8 Hz, 1H; CHH glycine), 3.84 (d,
2J� 17.8 Hz, 1H; CHH glycine), 4.50 (m, 1H; CH alanine), 5.97 (d, 3J�
3.2 Hz, 1 H; CH tartaric acid), 7.48 ± 7.54, 7.62 ± 7.67 (m, 6H; Bz), 8.06 ± 8.11
(m, 4H, o-H of the Bz group); 13C NMR (100.5 MHz, CD3OD, 22 8C): d�
18.3 (CH3), 41.7 (CH2 glycine), 50.1 (CH alanine), 53.5 (OCH3), 73.2, 73.9
(CH tartaric acid), 129.3, 129.5, 129.8, 130.0, 130.9, 131.0 (phenyl C), 135.0,
135.1 (quaternary phenyl C), 166.59, 166.6, 167.4, 168.5, 172.5, 174.3 (C�O);
IR (KBr): nÄ � 3386, 3068, 2956, 1732, 1656, 1533, 1453, 1317, 1248, 1095,
1025, 712 cmÿ1; MS (FAB): m/z (%): 501 (100) [M]� , 426 (33), 379 (21)
[MÿPhCO2H]� , 355 (46), 322 (28) [MÿPhCO2HÿCO2CH3]� ;
C24H24N2O10 (500.50): calcd C 57.59, H 4.84, N 5.60; found: C 57.75, H
5.10, N 5.44.


(5S,8S,9S)-10-Methyl-8,9-bis(benzoyloxy)-4,7-dioxo-5-methyl-3,6-diazade-
canedicarboxylate (13 b): Compound 13 b was synthesized according to the
procedure used for 13a. Yield white solid (100 %); [a]20


D ��59.14 (c�
0.350, MeOH); 1H NMR (400 MHz, CD3OD, 32 8C): d� 1.21 (d, 3J�
6.6 Hz, 3H; CH3), 3.67 (s, 3H; OCH3), 3.81 (m, 2 H; CH2 glycine), 4.60
(m, 1H; CH alanine), 5.94 (d, 3J� 2.8 Hz, 1H; CH tartaric acid), 5.97 (d,
3J� 2.2 Hz, 1 H; tartaric acid), 7.11 (m, 1 H; NH), 7.39 ± 7.58 (m, 6H; Bz),
7.63 (d, 3J� 7.7 Hz, 1H; NH), 8.02 ± 8.03 (d, 3J� 7.7 Hz, 4H; o-H of the Bz
group), 10.60 (br, 1 H; acid proton); 13C NMR (100.5 MHz, CD3OD, 32 8C):
d� 18.3 (CH3), 41.1 (CH2 glycine), 48.7 (CH alanine unit), 53.0 (OCH3),
71.7, 72.7 (CH tartaric acid ), 128.2, 128.2, 128.5, 128.7, 129.0, 129.9, 130.0
(phenyl C), 133.8, 134.1, 135.0 (quaternary phenyl C), 165.0, 165.1, 166.0,
167.0, 171.3, 172.1, 172.4 (C�O); IR (KBr): nÄ � 3405, 2956, 1734, 1658, 1602,
1530, 1453, 1318, 1246, 1178, 1093, 1069, 1025, 711 cmÿ1; MS (70 eV, EI):
m/z (%): 501 (2) [M]� , 355 (100), 327 (27) [355ÿCO]� , 105 (100) [PhCO]� ;
C24H24N2O10 (500.46) calcd C 57.60, H 4.83, N 5.60; found: C 57.70, H 4.96,
N 5.57.


Tetramethyl(3R,4R,7S,13R,14R,20S,23R,24R)-4,23-bis(benzoyloxy)-7,20-
dimethyl-1,5,8,11,16,19,22,26-octaoxo-1,26-diphenyl-2,12,15,25-tetraoxa-
6,9,18,21-tetraaza hexacosane-3,13,14,24-tetracarboxylate (15 a): Com-
pound 15a was synthesized according to general procedure II with the
carboxylic acid 13a (1.10 g)and (l)-tartaric acid dimethylester 14a (0.18 g).
FC with toluene/EtOAc� 3:5 (Rf� 0.33). Yield 0.62 g (54 %) white solid;
[a]20


D �ÿ62.00 (c� 1.000, CHCl3); 1H NMR (400 MHz, CDCl3, 23 8C,
TMS): d� 1.34 (d, 3J� 7.1 Hz, 3 H; CH3), 3.65 (s, 3 H; OCH3), 3.70 (s, 3H;
OCH3), 3.75 (dd, 3J1� 5.4 Hz, 3J2� 18.1 Hz, 2H; CHH), 3.92 (dd, 3J1�
5.9 Hz, 3J2� 18.1 Hz, 2 H; CHH), 4.59 (dq, 3J1� 3J2� 7.3 Hz, 2 H; CH
alanine), 5.58 (s, 2 H; CH central tartaric acid), 5.95 (d, 3J1� 2.9 Hz, 2H;
CH tartaric acid), 6.04 (d, 3J1� 2.7 Hz, 2H; CH tartaric acid), 6.89 (dq,
3J1� 3J2� 5.7 Hz, 2H; NH), 7.14 (d, 3J� 7.6 Hz, 2H; NH), 7.39 ± 7.62 (m,
12H; phenyl rings), 8.02 (d, 3J� 7.3 Hz, 4H; o-H of the Bz group), 8.05 (d,
3J� 7.3 Hz, 4 H; o-H of the Bz group); 13C NMR (100.5 MHz, CDCl3, 23 8C,
TMS): d� 18.1 (CH3), 40.9 (CH2 glycine), 48.5 (CH alanine), 53.0, 53.2
(OCH3), 71.0, 71.8, 72.7 (CH tartaric acid), 128.1, 128.6, 128.8, 130.0 (phenyl
C), 133.7, 134.1 (quaternary phenyl C), 164.9, 165.2, 165.5, 165.9, 167.0,
167.9, 171.8 (C�O); IR (KBr): nÄ � 3388, 2957, 1734, 1675, 1602, 1521, 1453,
1247, 1174, 1094, 1070, 1025, 713, 687 cmÿ1; MS (FAB) m/z (%): 1143 (39)
[M]� , 718 (35) [Mÿ 426]� (see Figure 1), 355 (34); C54H54N4O24 (1143.12):
calcd C 56.74, H 4.76, N 4.90; found: C 56.83, H 5.01, N 5.14.


Tetramethyl(3R,4R,7S,13S,14S,20S,23R,24R)-4,23-bis(benzoyloxy)-7,20-
dimethyl 1,5,8,11,16,19,22,26-octaoxo-1,26-diphenyl-2,12,15,25-tetraoxa-
6,9,18,21-tetraazahexacosane-3,13,14,24-tetracarboxylate (15 b): Com-
pound 15 b was synthesized according to the procedure used for 15a, but
with (d)-dimethyl tartrate 14 b as diol. FC with toluene/EtOAc� 3:5 (Rf�
0.33). Yield 0.58 g (51 %) white solid; [a]20


D �ÿ46.30 (c� 1.000, CHCl3);
1H NMR (400 MHz, CDCl3, 23 8C): d� 1.33 (d, 3J� 6.3 Hz, 3H; CH3), 3.71
(s, 3H; OCH3), 3.74 (s, 3H; OCH3), 3.85 (m, 4 H; CH2 glycine), 4.62 (dq,
3J1� 2J2� 7.3 Hz, 2H; CH alanine), 5.66 (s, 2H; CH central tartaric acid),
5.99 (d, 3J� 3.2 Hz, 2 H; CH tartaric acid), 6.07 (d, 3J� 3.2 Hz, 2 H; CH
tartaric acid), 7.00 (dq, 3J1� 2J2� 5.6 Hz, 2H; NH), 7.23 (d, 3J� 7.6 Hz, 2H;


NH), 7.42 ± 7.64 (m, 12 H; phenyl rings), 8.07 (m, 8 H; o-H of the Bz group);
13C NMR (100.5 MHz, CDCl3, 25 8C): d� 18.4 (CH3), 41.1 (CH2 glycine),
48.6 (CH alanine), 53.0, 53.3 (OCH3), 71.7, 71.9, 72.5 (CH tartaric acid),
128.2, 128.6, 128.8, 130.1 (phenyl C), 133.7, 134.1 (quaternary phenyl C),
158.5, 165.0, 165.2, 165.6, 167.1, 167.8, 172.0 (C�O); IR (KBr)� 3406, 2957,
1763, 1733, 1670, 1602, 1529, 1452, 1317, 1248, 1177, 1095, 1071, 1025,
714 cmÿ1; MS (FAB): m/z (%): 1275 (7) [M�Cs]� , 1143 (36) [M]� , 718
(100), 355 (65); C54H54N4O24 (1143.12): calcd C 56.74, H 4.76, N 4.90; found:
C 56.81, H 4.65, N 4.67.


Tetramethyl(3R,4R,7S,13R,14S,20S,23R,24R)-4,23-bis(benzoyloxy)-7,20-
dimethyl-1,5,8,11,16,19,22,26-octaoxo-1,26-diphenyl-2,12,15,25-tetraoxa-
6,9,18,21-tetraazahexacosane-3,13,14,24-tetracarboxylate (15 c): Com-
pound 15c was synthesized according to the procedure used for 15 a, but
with (meso)-dimethyl tartrate 14c as diol. FC with toluene/EtOAc� 3:5
(Rf� 0.30). Yield 0.64 g (56 %) white solid; [a]20


D �ÿ54.00 (c� 1.000,
CHCl3); 1H NMR (400 MHz, CDCl3, 32 8C): d� 1.34 (m, 6H; CH3), 3.71 (s,
3H; OCH3), 3.72 (s, 3H; OCH3), 3.74 (s, 3H; OCH3) 3.75 (s, 3H; OCH3),
3.85 (m, 3H; CH2 glycine), 3.94 (dd, 3J1� 6.1 Hz, 3J2� 18.2 Hz, 1H; CH2


glycine), 4.62 (dq, 3J1� 3J2� 7.2 Hz, 1 H; CH alanine), 4.69 (dq, 3J1� 3J2�
7.2 Hz, 1H; CH alanine), 5.51 (d, 3J� 2.2 Hz, 1 H; CH tartaric acid), 5.59 (d,
3J� 2.8 Hz, 1H; CH tartaric acid), 5.97 (d, 3J� 2.8 Hz, 1 H; CH tartaric
acid), 5.99 (d, 3J� 3.3 Hz, 1H; CH tartaric acid), 6.01 (d, 3J� 3.3 Hz, 1H;
CH tartaric acid), 6.02 (d, 3J� 2.8 Hz, 1 H; CH tartaric acid), 7.33 (m, 2H, 2
NH), 7.40 ± 7.63 (m, 14 H; phenyl rings, 2 NH), 8.06 (m, 8H; o-H of the Bz
group); 13C NMR (100.5 MHz, CDCl3, 32 8C): d� 17.7, 18.4 (CH3), 40.9
(2�CH2 glycine), 48.4, 48.5 (CH alanine), 52.8, 52.9, 52.9, 53.0 (OCH3),
70.8, 71.1 (CH tartaric acid), 71.7, 72.7 (4�CH tartaric acid), 128.2, 128.4,
128.5, 128.6, 128.7, 129.9, 130.0 (phenyl C), 133.6, 133.7, 134.0 (quaternary
phenyl C), 164.9, 164.94, 165.4, 165.5, 165.7, 165.8, 166.9, 167.0, 167.76,
167.80, 172.2, 172.3 (C�O), 165.2 (2�C�O); IR (KBr): nÄ � 3406, 2958,
1765, 1734, 1674, 1602, 1585, 1452, 1317, 1249, 1178, 1095, 1070, 1025, 803,
713 cmÿ1; MS (FAB): m/z (%): 1275 (25) [M�Cs]� , 1143 (39) [M]� , 718
(100) [Mÿ 426]� (see Figure 1), 355 (58); C54H54N4O24 (1143.12): calcd C
56.74, H 4.76, N 4.90; found: C 56.31, H 4.94, N 4.84.


(5S,8R,9R)-1-Benzyl-10-methyl-8,9-(phenylmethylenedioxy)-4,7-dioxo-5-
methyl-3,6-diazadecanedicarboxylate (18 a): Compound 18a was synthe-
sized according to general procedure I with the hydrobromide 11 (3.17 g)
and the acid 16a (2.52 g). FC with toluene/EtOAc� 1:1 (Rf� 0.46). Yield
2.40 g (51 %) white solid; mixture of two diastereomers; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 1.34 (d, 3J� 6.8 Hz, 3 H; CH3), 1.44
(d, 3J� 7.1 Hz, 3H; CH3), 3.77 (s, 3 H; OCH3), 3.82 (s, 3 H; OCH3), 4.09 (m,
4H; CH2 of the two glycine), 4.62 (dq, 3J1� 3J2� 7.1 Hz, 1H; CH alanine),
4.73 (dq, 3J1� 3J2� 7.3 Hz, 1 H; CH alanine), 4.77 (d, 3J� 3.9 Hz, 1 H; CH
tartaric acid), 4.89 (d, 3J� 4.6 Hz, 1H; CH tartaric acid), 4.94 (d, 3J�
3.6 Hz, 1H; CH tartaric acid), 5.00 (d, 3J� 3.7 Hz, 1 H; CH tartaric acid),
5.16 (m, 4 H; CH2 Bn), 6.01, 6.14 (s, 2 H; CH acetal), 7.06 ± 7.57 (m, 26H;
phenyl rings and four NH); 13C NMR (100.5 MHz, CDCl3, 25 8C, TMS): d


�18.0, 18.2 (CH3), 41.3 (CH2 glycine), 48.4, 48.5 (CH alanine), 52.8
(OCH3), 67.1, 67.2 (CH2 Bn group), 77.2, 77.9, 77.98, 78.14 (CH tartaric acid),
106.1, 106.4 (CH acetal), 127.0, 127.2, 128.4, 128.5, 128.6, 128.7, 130.1, 130.2
(phenyl C), 135.0, 135.16, 135.2 (quaternary phenyl C), 169.2, 169.5, 169.56,
169.60, 170.4, 171.7, 172.2 (C�O); IR (KBr): nÄ � 3424, 2929, 1764, 1736,
1644, 1541, 1451, 1240, 1218, 1111, 1028, 752, 697 cmÿ1; MS (FAB): m/z (%):
471 (100) [M]� , 225 (36); C24H26N2O8 (470.478): calcd C 61.27, H 5.57, N
5.95; found: C 62.16, H 5.90, N 6.04.


(5S,8S,9S)-1-Benzyl-10-methyl-8,9-(phenylmethylenedioxy)-4,7-dioxo-5-
methyl-3,6-diazadecanedicarboxylate (18 b): Compound 18 b was synthe-
sized according to general procedure I with the hydrobromide 11 (3.17 g)
and the acid 16 b (2.52 g). FC with toluene/EtOAc� 1:1 (Rf� 0.30). Yield
2.22 g (47 %) white solid; mixture of two diastereomers; 1H NMR
(400 MHz, CDCl3, 23 8C): d� 1.13 (d, 3J� 6.1 Hz, 3H; CH3), 1.16 (d, 3J�
7.1 Hz, 3 H; CH3), 3.71 (s, 3 H; OCH3), 3.79 (s, 3H; OCH3), 3.98 (m, 4H;
CH2 glycine), 4.42 (m, 1 H; CH alanine), 4.56 (m, 1 H; CH alanine), 4.69 (d,
3J� 3.2 Hz, 1H; CH tartaric acid), 4.80 (d, 3J� 4.6 Hz, 1 H; CH tartaric
acid), 4.88 (d, 3J� 4.4 Hz, 1H; CH tartaric acid), 5.00 (d, 3J� 3.2 Hz, 1H;
CH tartaric acid), 5.08 (s, 2H; CH2 Bn), 5.09 (s, 2 H; CH2 Bn), 6.71 ± 6.85
(m, 4 H; NH), 7.19 ± 7.48 (m, 20 H, phenyl rings); 13C NMR (100.5 MHz,
CDCl3, 23 8C): d� 17.3, 18.2 (CH3), 41.3 (CH2 glycine), 48.4, 48.6 (CH
alanine), 52.8 (OCH3), 67.2, 67.3 (CH2 Bn group), 77.1, 77.9, 78.0, 78.1 (CH
tartaric acid), 106.1, 106.2 (CH acetal), 126.5, 127.0, 128.4, 128.5, 128.6,
130.1 (phenyl C), 135.2, 135.6 (quaternary phenyl C), 169.1, 169.4, 169.43,
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170.1 (C�O); IR (KBr): nÄ � 3306, 3276, 2927, 1733, 1641, 1552, 1443, 1242,
1228, 1154, 1016, 757, 698 cmÿ1; MS (70 eV, EI): m/z (%): 470 (2) [M]� , 411
(4) [MÿCO2CH3]� , 278 (48) [MÿPhCO2]� , 91 (100) [PhCH2]� ;
C24H26N2O8 (470.478): calcd C 61.27, H 5.57, N 5.95; found: C 60.69, H
5.62, N 5.96.


(5S,8R,9R)-1-Benzyl-10-methyl-8,9-dihydroxy-4,7-dioxo-5-methyl-3,6-di-
azadecanedicarboxylate (19 a): Compound 19 a was synthesized according
to general procedure IV. Yield 82 % white solid; [a]20


D ��27.5 (c� 1.020,
MeOH); 1H NMR (400 MHz, CD3OD, 21 8C): d� 1.39 (d, 3J� 7.3 Hz, 3H;
CH3), 3.77 (s, 3 H, OCH3), 3.94 (d, 2J� 17.6 Hz, 1 H; CHH glycine), 3.99 (d,
2J� 17.6 Hz, 1 H; CHH glycine), 4.45 (d, 3J� 2.2 Hz, 1H; CH tartaric acid),
4.49 (m, 1 H; CH alanine), 4.56 (d, 3J� 2.2 Hz, 1 H; CH tartaric acid), 4.85
(br; OH), 5.15 (s, 2H; CH2 Bn), 7.34 (m, 7H; phenyl ring and NH);
13C NMR (100.5 MHz, CD3OD, 21 8C): d� 18.1 (CH3), 42.0 (CH2 glycine),
48.4 (CH alanine), 52.8 (OCH3), 67.9 (CH2 Bn), 73.9, 74.3 (CH tartaric
acid), 129.3, 129.5 (phenyl C), 137.1 (quaternary phenyl C), 170.9, 173.7,
173.8, 175.0 (C�O); IR (KBr): nÄ (cmÿ1)� 3350, 3291, 3118, 2950, 1758, 1645,
1575, 1550, 1412, 1388, 1276, 1199, 1126, 1078, 912, 736, 697; MS (70 eV, EI):
m/z (%): 382 (4) [M]� , 190 (100); C17H22N2O8 (382.41): calcd C 53.39, H
5.81, N 7.33; found: C 53.86, H 6.12, N 7.22.


(5S,8S,9S)-1-Benzyl-10-methyl-8,9-dihydroxy-4,7-dioxo-5-methyl-3,6-di-
azadecanedicarboxylate (19 b): Compound 19 b was synthesized according
to the procedure used for 19a, but with 18 b as the starting material. Yield
79% white solid; [a]20


D �ÿ65.30 (c� 0.268, MeOH); 1H NMR (400 MHz,
CD3OD, 32 8C): d� 1.38 (d, 3J� 7.2 Hz, 3H, CH3), 3.76 (s, 3H; OCH3), 3.95
(d, 2J� 17.6 Hz, 1H; CHH glycine), 4.03 (d, 2J� 17.6 Hz, 1 H; CHH
glycine), 4.43 (d, 3J� 2.2 Hz, 1 H, CH tartaric acid), 4.48 (dq, 3J1� 3J2�
7.1 Hz, 1 H; CH alanine), 4.58 (d, 3J� 2.2 Hz, 1 H; CH tartaric acid), 4.85 (s;
OH from the product and the solvent), 5.15 (s, 2 H; CH2 Bn), 7.30 ± 7.35 (m,
7H; phenyl ring and NH); 13C NMR (100.5 MHz, CD3OD, 32 8C): d� 18.6
(CH3), 42.1 (CH2 glycine), 48.4 (CH alanine), 52.7 (OCH3), 67.9 (CH2 Bn),
73.5, 74.3 (CH tartaric acid), 129.30, 129.31, 129.5 (phenyl C), 137.1
(quaternary phenyl C), 170.9, 173.4, 174.0, 175.1 (C�O); IR (KBr): nÄ �
3369, 3265, 3085, 2929, 1736, 1659, 1554, 1532, 1456, 1440, 1374, 1337, 1290,
1225, 1117, 1065, 1025, 968, 870, 758, 700 cmÿ1; MS (70 eV, EI): m/z (%): 382
(4) [M]� , 190 (100), 91 (100) [C7H7]� ; C17H22N2O8 (382.41): calcd C 53.39, H
5.81, N 7.33; found: C 53.62, H 5.85, N 7.35.


Trimethyl(3R,4R,7S,13R,14R,20S,23R,24R)-4,23-bis(benzoyloxy)-14-
{[((1S)-2-{[2-(benzyloxy)-2-oxoethyl]amino}-1-methyl-2-oxoethyl)amino]-
carbonyl}-7,20-dimethyl-1,5,8,11,16,19,22-heptaoxo-1-phenyl-2,12,15,25-
tetraoxa-6,9,18,21-tetraazahexacosane-3,13,24-tricarboxylate (20 a): Com-
pound 20 a was synthesized according to general procedure II with the diol
19a (0.38 g) and the carboxylic acid 13 a (1.10 g). FC with toluene/EtOAc�
1:2 (Rf� 0.20). Yield 0.88 g (65 %) white solid; [a]20


D �ÿ59.87 (c� 0.785,
CHCl3); 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 1.26 (m, 6 H; CH3),
1.37 (d, 3J� 7.1 Hz, 3 H; CH3), 3.60 (s, 3H; OCH3), 3.65 (s, 3H; OCH3), 3.72
(s, 3H; OCH3), 3.52 ± 3.85, 4.01 ± 4.15 (m, 6H; CH2 glycine), 4.49 (dq, 3J1�
3J2� 7.3 Hz, 1H; CH alanine), 4.70 (dq, 3J1� 3J2� 7.6 Hz, 1 H; CH alanine),
4.75 (dq, 3J1� 3J2� 7.1 Hz, 1 H; CH alanine), 5.07 (s, 2H; CH2 Bn), 5.70 (d,
3J1� 2.7 Hz, 1H; CH tartaric acid), 5.73 (d, 3J1� 2.7 Hz, 1 H; CH tartaric
acid), 6.00 (d, 3J1� 3.4 Hz, 1H; CH tartaric acid), 6.02 (d, 3J1� 3.2 Hz, 1H;
CH tartaric acid), 6.09 (d, 3J1� 3.4 Hz, 1H; CH tartaric acid), 6.15 (d, 3J1�
3.4 Hz, 1 H; CH tartaric acid), 7.21 ± 7.84 (m, 23 H; phenyl rings and NH),
8.02 ± 8.09 (m, 8H; o-H of the Bz group); 13C NMR (100.5 MHz, CDCl3,
25 8C, TMS): d� 17.5, 18.1, 18.8 (CH3), 41.2, 41.3, 41.7 (CH2 glycine), 48.5,
48.6, 49.2 (CH alanine), 52.9, 52.96, 53,0 (OCH3), 67.2 (CH2 Bn), 71.4, 71.8,
71.9, 72.2, 72.7 (CH tartaric acid), 128.2, 128.3, 128.40, 128.44, 128.5, 128.6,
128.7, 128.8, 130.0, 130.1, (phenyl C), 133.75, 133.8, 134.0, 134.1, 135.0
(quaternary phenyl C), 165.2, 165.3, 165.36, 165.4, 165.6, 165.7, 165.8, 166.5,
166.9, 167.0, 167.5, 168.3, 169.6, 172.5, 172.9, 173.7 (C�O); IR (KBr): nÄ �
3388, 3069, 2956, 1734, 1669, 1602, 1525, 1453, 1248, 1178, 1095, 1070, 1025,
713 cmÿ1; MS (FAB): m/z (%): 1479 (100) [M�Cs]� , 1347 (9) [M]� ;
C65H66N6O26 (1347.37): calcd C 57.95, H 4.94, N 6.24; found: C 57.60, H 4.87,
N 5.68.


Trimethyl(3S,4S,7S,13S,14S,20S,23S,24S)-4,23-bis(benzoyloxy)-14-{[((1S)-
2-{[2-(benzyloxy)-2-oxoethyl]amino} -1-methyl-2-oxoethyl)amino]carbon-
yl}-7,20-dimethyl-1,5,8,11,16,19,22-heptaoxo-1-phenyl-2,12,15,25-tetraoxa-
6,9,18,21-tetraazahexacosane-3,13,24-tricarboxylate (20 b): Compound 20b
was synthesized according to general procedure II with the diol 19b (0.38 g)
and the carboxylic acid 13 b (1.10 g). FC with toluene/EtOAc� 1:2
(Rf� 0.15). Yield 0.70 g (52 %) white solid; [a]20


D ��66.88 (c� 0.314,


CHCl3); 1H NMR (400 MHz, CDCl3, 32 8C): d� 1.24 (d, 3J� 7.2 Hz, 3H;
CH3), 1.28 (d, 3J� 7.1 Hz, 3H; CH3), 1.31 (d, 3J� 7.1 Hz, 3 H; CH3), 3.42 (s,
3H; OCH3), 3.65 (s, 3 H; OCH3), 3.72 (s, 3H; OCH3), 3.80 ± 3.87 (m, 3H;
CHH, CHH glycine), 4.05 ± 4.20 (m, 2 H; CH2 glycine), 4.27 ± 4.36 (m, 2H;
CHH glycine and CH alanine), 4.58 (dq, 3J1� 3J2� 7.1 Hz, 1H; CH
alanine), 4.66 (dq, 3J1� 3J2� 7.7 Hz, 1 H; CH alanine), 5.09 (s, 2 H; CH2


Bn), 5.59 (d, 3J1� 2.8 Hz, 1 H; CH tartaric acid), 5.63 (d, 3J1� 2.8 Hz, 1H;
CH tartaric acid), 5.88 (d, 3J1� 2.8 Hz, 1H; CH tartaric acid), 6.00 (d, 3J1�
2.2 Hz, 1 H; CH tartaric acid), 6.02 (d, 3J1� 2.8 Hz, 1 H; CH tartaric acid),
6.20 (d, 3J1� 2.2 Hz, 1 H; CH tartaric acid), 6.66 (br, 1H; NH), 7.13 ± 7.61
(m, 17H; phenyl rings and 5 NH), 7.99 ± 8.04 (m, 8H; o-H of the Bz group);
13C NMR (100.5 MHz, CDCl3, 32 8C): d� 17.7, 18.2, 18.6 (CH3), 40.8, 41.3,
41.7 (CH2 glycine), 48.1, 48.7, 48.9 (CH alanine), 52.9 (2� ), 53.0 (OCH3),
67.2 (CH2), 71.1, 71.7, 71.8, 72.5, 72.7, 73.0 (CH tartaric acid), 128.2, 128.3,
128.4, 128.44, 128.5, 128.6, 128.64, 128.8, 128.81, 129.0, 129.9, 129.96 (phenyl
C), 133.8, 134.0, 134.1, 135.0 (quaternary phenyl C), 164.6, 164.8, 164.9,
165.1 (2� ), 165.8, 166.5, 166.7, 167.1, 167.8, 168.0, 169.9, 171.7, 171.8, 173.0
(C�O); IR (KBr): nÄ � 3387, 2931, 1736, 1671, 1601, 1522, 1453, 1246, 1178,
1093, 1069, 1025, 713 cmÿ1; MS (FAB): m/z (%): 1347 (45) [M]� , 922 (24),
729 (20), 355 (52), 307 (100); C65H66N6O26 (1347.37): calcd C 57.95, H 4.94, N
6.24; found: C 58.11, H 5.02, N 6.20.


(4R,5R,8S,14R,15R,18S)-4,5-Bis(benzoyloxy)-15-({2-[((2S)-2-{[(2R,3R)-
2-(benzoyloxy)-3,4-dimethoxy-4-oxobutanoyl]amino} propanoyl)amino]-
acetyl}oxy)-14-(methoxycarbonyl)-8,18-dimethyl-3,6,9,12,16,19-hexaoxo-
2,13-dioxa-7,10,17,20-tetraazadocosan-22-oic acid (21 a): Compound 21a
was synthesized according to general procedure III. Yield white solid
(100 %); [a]20


D �ÿ77.21 (c� 0.294, MeOH); 1H NMR (400 MHz, CDCl3,
19 8C): d� 1.30 (m, 6H; CH3), 1.37 (d, 3J� 7.3 Hz, 3H; CH3), 3.69 (s, 3H;
OCH3), 3.73 (s, 6 H; OCH3), 3.77 ± 3.94 (m, 7 H; CH2 glycine, CH alanine),
4.45 (m, 2 H; CH alanine), 5.66 (d, 3J� 2.9 Hz, 1 H; CH tartaric acid), 5.67
(d, 3J� 2.9 Hz, 1 H; CH tartaric acid), 5.98 (m, 4 H; CH tartaric acid), 7.46 ±
7.66 (m, 12 H; phenyl rings), 8.04 ± 8.09 (m, 8H; o-H of the Bz group);
13C NMR (100.5 MHz, CDCl3, 20 8C): d� 17.4, 17.9, 18.5 (CH3 alanine),
40.9, 41.2, 41.7 (CH2 glycine), 48.6, 48.7, 49.0 (CH alanine), 53.0, 53.1
(OCH3), 71.2, 71.7, 71.8, 72.3, 72.5, 72.7 (CH tartaric acid), 128.2, 128.3,
128.5, 128.6, 128.61, 128.7, 128.8, 129.9, 130.0 (phenyl C), 133.8, 134.0
(quaternary phenyl C), 165.1, 165.3, 165.7, 165.9, 166.6, 166.9, 167.5, 168.6,
172.4, 173.1, 173.6 (C�O); IR (KBr): nÄ � 3377, 3070, 2956, 1734, 1671, 1602,
1528, 1453, 1248, 1178, 1095, 1070, 1025, 713, 687 cmÿ1; MS (FAB): m/z
(%): 1389 (100) [M�Cs]� , 1279 (80) [M�Na]� , 1257 (84) [M]� , 832 (57)
[M�Hÿ 426]� , 729 (24) [see Figure 1], 426 (29) [see Figure 1], 355 (79);
C58H60N6O26 (1257.24): calcd C 55.41, H 4.81, N 6.69; found: C 55.26, H 4.90,
N 6.61.


(4S,5S,8S,14S,15S,18S)-4,5-Bis(benzoyloxy)-15-({2-[((2S)-2-{[(2R,3R)-2-
(benzoyloxy)-3,4-dimethoxy-4-oxobutanoyl]amino} propanoyl)amino]ace-
tyl}oxy)-14-(methoxycarbonyl)-8,18-dimethyl-3,6,9,12,16,19-hexaoxo-2,13-
dioxa-7,10,17,20-tetraazadocosan-22-oic acid (21 b): Compound 21b was
synthesized according to general procedure III. Yield white solid (100 %);
[a]20


D ��32.25 (c� 0.735, MeOH); 1H NMR (400 MHz, CDCl3, 32 8C): d�
1.13 (d, 3J� 7.2 Hz, 3H; CH3), 1.20 (d, 3J� 7.2 Hz, 3H; CH3), 1.24 (d, 3J�
7.2 Hz, 3 H; CH3), 3.66 (s, 3H; OCH3), 3.67 (s, 3 H; OCH3), 3.68 (s, 3H;
OCH3), 3.71 ± 4.61 (a series of broad signals, 9 H; CH2 glycine, CH alanine),
5.61 (br, 2H; CH tartaric acid), 5.89 (d, 3J� 2.2 Hz, 1 H; CH tartaric acid),
6.00 (br, 2 H; CH tartaric acid), 6.11 (br, 1H; CH tartaric acid), 7.07 (br,
1H; NH), 7.24 ± 7.57 (m, 12H; phenyl rings), 7.69 (br, 1 H; NH), 8.01 (m,
8H; o-H of the Bz group); 13C NMR (100.5 MHz, CDCl3, 32 8C): d� 17.6,
18.3, 18.4 (CH3), 40.8, 41.2, 41.3 (CH2 glycine), 48.3, 48.7, 48.9 (CH alanine),
53.0 (OCH3), 71.2, 71.8, 72.2, 72.6 (CH tartaric acid), 128.4, 128.5, 128.6,
128.7, 128.8, 129.9 (phenyl C), 133.8, 133.9, 134.0 (quaternary phenyl C),
164.9, 165.0, 165.1, 165.2, 165.9, 166.3, 166.6, 167.1, 167.2, 168.0, 171.2, 172.4,
172.5, 173.0 (C�O); IR (KBr): nÄ � 3389, 3072, 2956, 1735, 1667, 1602, 1529,
1453, 1246, 1178, 1097, 1094, 1025, 713 cmÿ1; MS (FAB): m/z (%): 1257 (43)
[M]� , 832 (16) [Mÿ 426�H]� , 729 (26), 426 (34), 355 (100); C58H60N6O26


(1257.24): calcd C 55.41, H 4.81, N 6.69; found: C 55.15, H 5.10, N 6.13.


Third-generation dendron 22a : DCC (0.167 g, 8 mmol) and DMAP (0.01 g,
0.08 mmol) were added all at once to a solution of 21 a (1.018 g, 0.8 mmol)
and 19a (0.132 g, 0.3 mmol) in dioxane (20 mL). After 15 minutes a white
precipitate of DCU was formed. After stirring for an additional five
hours at room temperature the precipitate was filtered, the solvent was
removed in vacuo, and the crude product was prepurified by FC (CHCl3/
MeOH� 30:1). A second purification was carried out by means of HPLC
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(Nucleosil, 14 mL minÿ1, retention time 8.72 min, CHCl3/MeOH� 97:3).
Yield 0.08 g (8 %) white solid; [a]20


D �ÿ65.77 (c� 0.260, CHCl3); 1H NMR
(500 MHz, CDCl3, 45 8C, TMS): d� 1.21 ± 1.28 (m, 21 H; CH3), 3.46, 3.53,
3.57, 3.62, 3.63, 3.64, 3.65 (7 s, 21 H; OCH3), 3.66 ± 4.65 (m, 21 H; CH2


glycine, CH alanine), 4.99 (d, 2J� 13 Hz, 1 H; CHH Bn), 5.01 (d, 2J� 13 Hz,
1H; CHH Bn), 5.56 ± 5.68 (m, 6 H; CH tartaric acid), 5.90 ± 5.97 (m, 6H;
CH tartaric acid), 6.00 (d, 3J� 3.5 Hz, 1H; CH tartaric acid), 6.05 (d, 3J�
3.0 Hz, 1H; CH tartaric acid), 7.10 ± 7.81 (m, 43 H; phenyl rings, NH), 7.96 ±
8.14 (m, 16H; o-H of the Bz group); 13C NMR (125.65 MHz, CDCl3, 45 8C,
TMS): d� 16.4, 16.5, 16.6, 16.7, 17.1, 17.7, 17.9 (CH3 alanine), 39.9, 40.0, 40.1,
40.5, 40.6, 40.7, 40.8 (CH2 glycine), 47.6, 47.7, 47.7, 47.8, 48.2, 48.3 (2� ) (CH
alanine), 51.9, 52.0, 52.0 (OCH3), 66.1 (CH2 Bn), 70.3, 70.4, 70.5, 70.9 (2� ),
71.0, 71.0, 71.4, 71.5, 71.7, 71.8, 71.8, 71.9, 72.0 (CH tartaric acid), 127.2, 127.5,
127.5, 127.5, 127.6, 127.6, 127.8, 127.8, 129.0, 129.0, 129.1 (phenyl C), 132.7,
132.7, 132.8, 133.0 (br), 134.3 (quaternary phenyl C), 164.2, 164.2, 164.4,
164.4 (2� ), 164.4, 164.5, 164.5, 164.6, 164.7 (2� ), 164.8, 164.8, 164.9, 165.1,
165.3, 165.4, 165.6, 166.0, 166.0, 166.1, 166.1, 166.6, 167.0, 167.2, 167.4, 167.4,
167.7, 168.6, 171.4, 171.6, 171.7, 172.0, 172.2, 172.3, 172.6 (C�O); IR (KBr):
nÄ � 3420, 2957, 1736, 1671, 1524, 1453, 1247, 1178, 1094, 1070, 1025,
713 cmÿ1; MS (FAB): m/z (%): 2993 (48) [M�Cs�H]� , 2861 (83) [M]� ,
2436 (100), 1679 (39), 729 (76); C133H138N14O58 ´ 2MeOH (2924.691): calcd C
55.44, H 5.03, N 6.70; found: C 55.07, H 5.03, N 6.70.


Third-generation dendron 22b : DCC (0.167 g, 8 mmol) and DMAP (0.02 g,
0.16 mmol) were added all at once to a solution of 21b (1.018 g,
0.8 mmol)and 19 b (0.132 g, 0.3 mmol) in dioxane (20 mL). After 15 mi-
nutes a white precipitate of DCU was formed. After stirring for five hours
at room temperature the precipitate was filtered, the solvent was removed
in vacuo, and the crude was product prepurified by FC (CHCl3/MeOH�
30:1). A second purification was carried out by means of HPLC (Nucleosil,
16 mL minÿ1, retention time 15.86 min, CHCl3/MeOH� 97.7:2.3). Yield
0.13 g (13 %) white solid; [a]20


D ��68.53 (c� 0.715, CHCl3); 1H NMR
(500 MHz, CDCl3, 24 8C): d� 1.10 ± -1.29 (m, 21 H; CH3), 3.32, 3.46, 3.63,
3.69 (4 s, 21H; OCH3), 3.89 ± 4.67 (m, 21 H; CH2 glycine, CH alanine), 5.07
(s, 2 H; CH2 Bn), 5.61 ± 5.65 (m, 6H; CH tartaric acid), 5.90 (d, 3J� 2.5 Hz,
1H; CH tartaric acid), 5.93 (d, 3J� 2.5 Hz, 1 H; CH tartaric acid), 5.95 (d,
3J� 2.0 Hz, 1H; CH tartaric acid), 5.98 (d, 3J� 2.0 Hz, 1 H; CH tartaric
acid), 6.05 (m, 4H; CH tartaric acid), 7.14 ± 7.72 (m, 43H; phenyl rings,
NH), 8.03 (m, 16H; o-H of the Bz group); 13C NMR (125.65 MHz, CDCl3,
24 8C): d� 16.7, 17.3, 17.4, 18.5, 18.8, 19.0 (CH3), 40.9, 41.3, 41.4, 42.0 (CH2


glycine), 48.3, 48.4, 48.5, 48.7, 49.0 (CH alanine), 52.9, 52.9, 53.1, 53.8
(OCH3), 67.1 (CH2 Bn), 71.0, 71.1, 71.3, 71.8, 71.8, 71.9, 72.1, 72.3, 72.6, 72.7,
72.8 (CH tartaric acid), 128.2, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 128.8,
129.9 (phenyl C), 133.5, 133.7, 133.9, 133.9, 134.0, 135.0 (quaternary phenyl
C), 164.4, 164.6, 164.7, 164.8, 164.9, 165.0, 165.1, 165.2, 165.3, 165.7, 166.0,
166.2, 166.3, 166.6, 167.1, 167.2, 167.8, 167.9, 168.0, 168.4, 168.6, 169.7, 172.1,
172.6, 172.6, 172.9 (C�O); IR (KBr): nÄ � 3392, 3069, 2956, 1737, 1673, 1602,
1525, 1453, 1247, 1178, 1094, 1070, 1025, 714 cmÿ1; MS (FAB): m/z (%):
2992 (1) [M�Cs]� , 2860 (46) [M�H]� , 2435 (9), 1678 (28), 729 (100);
C133H138N14O58 ´ 4 MeOH (2988.775): calcd C 55.06, H 5.19, N 6.56; found: C
54.72, H 5.06, N 6.37.


Third-generation dendron 22 c : DCC (0.167 g, 8 mmol) and DMAP (0.03 g,
0.25 mmol) were added all at once to a solution of 21b (1.018 g, 0.8 mmol)
and 19a (0.132 g, 0.3 mmol) in dioxane (20 mL). After 15 minutes a white
precipitate of DCU was formed. After stirring for five hours at room
temperature the precipitate was filtered, the solvent was removed in vacuo,
and the crude product was prepurified by FC (CHCl3/MeOH� 30:1). A
second purification was carried out by means of HPLC (Nucleosil,
17 mL minÿ1, retention time 7.37 min, CHCl3/MeOH� 97:3). Yield 0.13 g
(13 %) white solid; [a]20


D ��68.53 (c� 0.715, CHCl3); 1H NMR (500 MHz,
CDCl3, 25 8C): d� 1.14 ± 1.30 (m, 21 H; CH3), 3.38, 3.64, 3.68, 3.69, 3.691 (5
s, 21H; OCH3), 3.75 ± 4.67 (m, 21H; CH2 glycine, CH alanine), 5.61 ± 5.68
(m, 6 H; CH tartaric acid), 5.90 (d, 3J� 2.5 Hz, 1H; CH tartaric acid), 5.91
(d, 3J� 2.5 Hz, 1H; CH tartaric acid), 5.94 (d, 3J� 2.5 Hz, 1 H; CH tartaric
acid), 5.99 (d, 3J� 2.0 Hz, 1 H; CH tartaric acid), 6.01 (m, 2 H; CH tartaric
acid), 6.03 (d, 3J� 2.0 Hz, 1 H; CH tartaric acid), 6.13 (s, 1 H; CH tartaric
acid), 7.25 ± 7.70 (m, 43H; phenyl rings, NH), 8.02 (m, 16 H; o-H of the Bz
group); 13C NMR (125.65 MHz, CDCl3, 25 8C): d� 17.0, 17.5, 18.5, 18.6,
18.7, 18.8 (CH3), 40.8, 40.9, 41.1, 41.3, 41.9 (CH2 glycine), 48.2, 48.3, 48.3,
48.5, 48.6, 48.8 (CH alanine), 52.9, 52.9 (OCH3), 67.1 (CH2 Bn), 71.1, 71.1,
71.3, 71.5, 71.8, 71.9, 72.0, 72.2, 72.6, 72.7, 72.7 (CH tartaric acid), 128.1,
128.3, 128.4, 128.4, 128.4, 128.5, 128.5, 128.6, 128.6, 128.7, 129.8 (phenyl C),


133.7, 133.9, 134.0, 135.0 (quaternary phenyl C), 164.6, 164.7, 164.9, 165.10
165.1, 165.6, 165.7, 165.8, 166.2, 166.3, 166.5, 166.6, 167.1, 167.1, 167.2, 167.7,
167.8, 167.9, 168.1, 169.6, 172.3, 172.4, 172.6, 172.9, 173.3 (C�O); IR (KBr):
nÄ � 3406, 2956, 1736, 1671, 1602, 1524, 1453, 1247, 1178, 1094, 1069, 1025,
714 cmÿ1; MS (FAB): m/z (%): 2992 (3) [M�Cs]� , 2882 (16) [M�Na]� ,
2860 (100) [M�H]� , 2435 (14), 1678 (38), 729 (100); C133H138N14O58 ´ 4
MeOH (2988.775): calcd C 55.06, H 5.19, N 6.56; found: C 54.68, H 5.01, N
6.45.


(7S)-7-[(Benzyloxy)carbonyl]-2,5-dioxo-9-methyl-3,6-diazadecaneammo-
niumhydro bromide (23): N-Benzyloxycarbonyl-glycyl-glycyl-l-leucinben-
zylester was deprotected as described.[20] Yield (66 %), yellow powder;
1H NMR (400 MHz, CDCl3, 32 8C, TMS): d� 0.81 ± 0.85 (m, 6 H; CH3),
1.52 ± 1.84 (m, 3 H; CH2, CH), 4.11 ± 4.32 (m, 4 H; CH2 glycine), 4.43 ± 4.56
(m, 1 H; CH leucine), 4.98 ± 5.21 (m, 2 H; CH2 Bn), 7.28 ± 7.41 (m, 5H;
phenyl rings), 7.72 (br, 3H; NH3


�), 8.26 (br, 1H; NH); 13C NMR
(100.6 MHz, CDCl3, 32 8C, TMS): d� 21.6, 22.7 (CH3), 24.7 (CH), 39.8
(CH2), 39.9, 42.8 (CH2 glycine), 51.7 (CH leucine), 67.3 (CH2 Bn), 128.4,
128.5, 128.8, 129.0 (phenyl C), 135.3 (quaternary phenyl C), 167.3, 170.6,
172.8 (C�O); MS (FAB): m/z (%): 671 (15) [M2�HÿHBrÿBr]� , 336
(100) [M�HÿBr]� .


13-Benzyl-3-methyl (3R,4R,13S)-4-(benzoyloxy)-15-methyl-1,5,8,11-tet-
raoxo-1-phenyl-2-oxa-6,9,12-triazahexadecane-3,13-dicarboxylate (24):
Compound 24 was synthesized according to general procedure I with 23
(6.7 g, 10 mmol) and 8 a (3.72 g). FC with CHCl3/MeOH� 40:1 (Rf� 0.36).
Yield 3.0 g (44 %) white powder; 1H NMR (400 MHz, CDCl3, 22.3 8C,
TMS): d� 0.83 ± 0.85 (m, 6H; CH3), 1.49 ± 1.60 (m, 3 H; CH2, CH leucine),
3.70 (s, 3H; OCH3), 3.78 (dd, 2J� 16.6 Hz, 3J� 5.4 Hz, 1 H; CHH glycine),
3.85 (dd, 2J� 16.7 Hz, 3J� 5.4 Hz, 1H; CHH glycine), 3.94 (d, 3J� 5.1 Hz,
2H; CH2 glycine), 4.53 ± 4.56 (m, 1 H; CH leucine), 5.08 (d, 2J� 12.2 Hz,
1H; CHH Bn), 5.13 (d, 2J� 12.5 Hz, 1 H, CHH Bn), 5.98 (d, 3J� 2.9 Hz,
1H; CH tartaric acid), 6.06 (d, 3J� 2.9 Hz, 1 H; CH tartaric acid), 6.86 (d,
3J� 8.1 Hz, 1H; NH), 7.17 (t, 3J� 5.3 Hz, 1H; NH), 7.26 ± 7.59 (m, 12H;
phenyl rings, NH), 8.03 ± 8.09 (m, 4 H; o-H of the Bz group); 13C NMR
(100.6 MHz, CDCl3, 23.8 8C, TMS): d� 21.8, 22.7 (CH3), 24.8 (CH), 41.0
(CH2), 42.8, 43.0 (CH2 glycine), 51.0 (CH leucine unit), 53.0 (OCH3), 67.1
(CH2 Bn group), 71.8, 72.7 (CH tartaric acid), 128.2, 128.3, 128.4, 128.6,
128.7, 128.8, 128.9, 130.0, 130.1, 130.3 (phenyl C), 133.7, 134.1, 135.3
(quaternary phenyl C), 165.2, 165.3, 166.7, 167.2, 168.5, 168.6, 172.7 (C�O);
MS (FAB): m/z (%): 1379 (4) [M2�H]� , 822 (10) [M�Cs]� , 690 (100)
[M�H]� ; C36H39N3O11 (689.72): calcd C 62.69, H 5.70, N 6.09; found: C
62.21, H 5.86, N 6.19.


(4R,5R,14S)-4,5-Bis(benzoyloxy)-14-isobutyl-3,6,9,12-tetraoxo-2-oxa-
7,10,13-triazapentadecan-15-oic acid (25): Compound 25 was synthesized
according to general procedure III. Yield 100 % white solid; 1H NMR
(400 MHz, [D6]acetone, 22.4 8C): d� 0.87 ± 0.92 (m, 6 H; CH3), 1.59 ± 1.75
(m, 3 H; CH2, CH), 3.72 (s, 3H; OCH3), 3.76 ± 3.98 (m, 4H; CH2 glycine),
4.43 ± 4.48 (m, 1H; CH leucine), 5.95 (d, 3J� 2.4 Hz, 1 H; CH tartaric acid),
6.12 (d, 3J� 2.7 Hz, 1 H; CH tartaric acid), 7.40 (d, 3J� 8.1 Hz, 1 H; NH),
7.52 ± 7.72 (m, 7 H; phenyl rings, NH), 8.09 ± 8.15 (m, 4H; o-H of the Bz
group, NH), 8.37 (br, 1H; NH); 13C NMR (100.6 MHz, [D6]acetone,
24.1 8C): d� 21.8, 23.2 (CH3), 26.1 (CH), 41.4 (CH2), 43.0, 43.6 (CH2


glycine), 51.3 (CH leucine), 53.1 (OCH3), 72.9, 73.5 (CH tartaric acid),
129.4, 129.5, 129.6, 129.7, 129.9, 130.6, 130.7, 130.8 (phenyl C), 134.6, 134.7
(quaternary phenyl C), 165.7, 165.9, 167.2, 167.9, 169.3, 169.6, 174.1 (C�O);
MS (FAB): m/z (%): 638 (1) [M�K]� , 622 (14) [M�Na]� , 600 (100)
[M�H]� ; C29H33N3O11 (599.59): calcd C 58.09, H 5.55, N 7.01; found: C
57.83, H 5.80, N 6.53.


(4R,5R,14S)-4,5-(phenylmethylenedioxy)-14-isobutyl-3,6,9,12-tetraoxo-2-
oxa-7,10,13-triazapentadecan-15-oic acid (25) 26 : Compound 26 was
synthesized according to general procedure I with 23 (10.41 g, 25 mmol)
and 16a (6.31 g, 25 mmol). FC with CHCl3/EtOAc� 1:8 (Rf� 0.22). Yield
6.5 g (46 %) white solid; mixture of two diastereomers; 1H NMR
(400 MHz, [D6]acetone, 22.6 8C): d� 0.87 ± 0.91 (m, 12 H; CH3), 1.59 ± 1.71
(m, 6H; CH2, CH leucine), 3.76 (s, 3H; OCH3), 3.80 (s, 3 H; OCH3), 3.88 ±
4.03 (m, 8 H; CH2 glycine), 4.54 ± 4.57 (m, 2H; CH leucine), 4.84 (d, 3J�
3.9 Hz, 1 H; CH tartaric acid), 4.96 (d, 3J� 3.9 Hz, CH tartaric acid), 4.97
(d, 3J� 3.4 Hz, 1H; CH tartaric acid), 4.99 (d, 3J� 3.4 Hz, 1 H; CH tartaric
acid), 5.15 (s, 4H; CH2 Bn), 6.10 (s, 1H; CH acetal), 6.12 (s, 1 H; CH acetal),
7.30 ± 7.45 (m, 16 H; phenyl rings), 7.54 (br, 2 H; NH), 7.60 ± 7.64 (m, 5H;
phenyl rings, NH), 7.81 (br, 1H; NH), 8.23 (br, 1 H; NH); 13C NMR
(100.6 MHz, [D6]acetone, 24.4 8C): d� 21.8, 23.1 (CH3), 25.3 (CH), 41.2
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(CH2), 42.9, 43.0, 43.4, 43.5 (CH2 glycine), 51.5, 51.6 (CH leucine), 52.7, 52.8
(OCH3), 67.0 (CH2 Bn), 77.8, 78.5, 79.0, 79.5 (CH tartaric acid), 106.6, 106.9
(CH acetal), 128.2, 128.3, 128.6, 128.7, 128.8, 129.0, 129.3, 130.6, 130.8
(phenyl C), 136.6, 137.0, 137.1 (quaternary phenyl C), 169.4, 169.5, 169.6,
169.7, 170.2, 170.3, 170.6, 170.8, 171.2, 173.0 (C�O); MS (FAB): m/z (%):
1140 (12) [M2�H]� , 570 (100) [M�H]� ; C29H35N3O9 ´ 0.5H2O (578.92):
calcd C 60.20, H 6.27, N 7.26; found: C 60.24, H 6.18, N 7.32.


15-Methyl-(4S,13R,14R)-13,14-dihydroxy-4-isobutyl-3,6,9,12-tetraoxo-1-
phenyl-2-oxa-5,8,11-triazapentadecane-15-carboxylate (27): Compound 27
was synthesized according to general procedure IV. Yield white solid,
(45 %); 1H NMR (400 MHz, [D6]DMSO, 23.4 8C): d� 0.81 (d, 3J� 6.4 Hz,
3H; CH3), 0.87 (d, 3J� 6.4 Hz, 3H; CH3), 1.46 ± 1.56 (m, 3 H; CH2, CH
leucine), 3.76 (d, 3J� 5.4 Hz, 2H; CH2 glycine), 4.07 (d, 3J� 5.1 Hz, 1H;
CH glycine), 4.10 (d, 3J� 5.1 Hz, 1 H; CHH glycine), 4.30 ± 4.38 (m, 3H;
CH leucine, tartaric acid), 5.11 (s, 2 H; CH2 Bn), 7.30 ± 7.39 (m, 5 H; phenyl
rings), 8.28 (d, 3J� 7.8 Hz, 1 H; NH), 8.43 (t, 3J� 5.6 Hz, 1H; NH);
13C NMR (100.6 MHz, [D6]DMSO, 24.8 8C): d� 21.3, 22.7 (CH3), 24.1
(CH), 40.1, 41.6 (CH2 glycine), 48.6 (OCH3), 50.4 (CH leucine), 65.9 (CH2


Bn), 74.4 (CH tartaric acid), 127.8, 128.0, 128.4 (phenyl C), 135.9
(quaternary phenyl C), 165.7, 168.6, 169.5, 172.2, 174.2 (C�O); MS
(FAB): m/z (%): 963 (4) [M2�H]� , 614 (8) [M�Cs]� , 504 (9) [M�Na]� ,
482 (100) [M�H]� ; C22H31N3O9 (481.50): calcd C 54.88, H 6.49, N 8.73;
found: C 55.23, H 6.64, N 8.71.


3,16,30-Trimethyl-(3R,4R,13S,16R,17R,20S,29R,30R)-4,29-bis(benzoyl-
oxy)-13,20-diisobutyl-17-[(9S)-9-isobutyl-4,7,10-trioxo-12-phenyl-11-oxa-
2,5,8-triazadodec-1-anoyl]-1,5,8,11,14,19,22,25,28,32-decaoxo-1,32-diphen-
yl-2,15,18,31-tetraoxa-6,9,12,21,24,27-hexaazadotriacontane-3,16,30-tricar-
boxylate (28): DCC (0.65 g, 3.15 mmol) and DMAP (0.018 g, 0.15 mmol)
were added to a solution of 27 (0.72 g, 1.5 mmol) and the acid 25 (1.89 g,
3.15 mmol) in dry THF (75 mL). After stirring overnight the precipitate
was filtered, the solvent was removed, and the residue was dissolved in
CH2Cl2. This solution was washed with HCl (1n) and dried over MgSO4.
After removal of the solvent the crude product was purified by FC (CHCl3/
MeOH� 30:1) and afterwards by means of HPLC (CHCl3/MeOH� 96:4,
flow� 20 mL minÿ1, retention time� 6.7 min). Yield 0.23 g (9.4 %) white
solid; 1H NMR (400 MHz, [D6]acetone, 22.7 8C): d� 0.83 ± 0.91 (m, 18H;
CH3), 1.56 ± 1.69 (m, 9H; CH2, CH leucine), 3.71 (s, 3H; OCH3), 3.72 (s,
3H; OCH3), 3.73 (s, 3H; OCH3), 3.84 ± 4.06 (m, 12H; CH2 glycine), 5.11 (d,
2J� 12.5 Hz, 1H; CHH Bn), 5.15 (d, 2J� 11.0 Hz, 1 H; CHH Bn), 5.64 (d,
3J� 2.0 Hz, 1H; CH tartaric acid), 5.72 (d, 3J� 2.2 Hz, CH tartaric acid),
5.96 (d, 3J� 2.4 Hz, 1 H; CH tartaric acid), 5.97 (d, 3J� 2.7 Hz, 1 H; CH
tartaric acid), 6.11 (s, 1H; CH tartaric acid), 6.12 (s, 1H; CH tartaric acid),
7.23 (d, 3J� 7.3 Hz, 1H; NH), 7.30 ± 7.74 (m, 23H; phenyl rings and 5 NH),
7.84 (d, 3J� 6.3 Hz, 1H; NH), 8.01 (t, 3J� 3.7 Hz, 1H; NH), 8.03 ± 8.14 (m,
8H; o-H of the Bz group), 8.39 (t, 3J� 5.6 Hz, 1H; NH), 8.48 (t, 3J� 5.5 Hz,
1H; NH); 13C NMR (100.6 MHz, [D6]acetone, 24.4 8C): d� 21.4, 21.9, 22.0,
22.4, 22.7, 23.0 (CH3), 23.1, 25.1, 25.3 (CH), 40.2, 41.0, 41.3 (CH2), 42.9, 43.0,
43.2, 43.6, 43.7, 43.9 (CH2 glycine), 51.6, 51.7, 52.3 (CH leucine), 53.1, 53.2,
53.3 (OCH3), 67.1 (CH2 Bn), 72.1, 72.8, 72.9, 73.4, 73.5, 73.6 (CH tartaric
acid), 128.8, 129.0, 129.3, 129.6, 129.7, 129.8, 129.9, 130.7, 130.8 (phenyl C),
134.5, 134.6, 134.7, 134.8, 137.1 (quaternary phenyl C), 157.6, 165.7, 165.9,
166.8, 166.9, 167.2, 167.3, 167.4, 167.7, 167.9, 169.7, 169.8, 169.9, 171.1, 171.3,
172.2, 173.0 (C�O); MS (FAB): m/z (%): 1645 (100) [M�H]� , 1290 (4),
1233 (30), 1176 (40), 1063 (12), 582 (10), 469 (82), 412 (68), 355 (42);
C80H93N9O29 ´ H2O (1662.68) calcd C 57.79, H 5.76, N 7.58; found: C 57.86, H
5.82, N 7.44.
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(N-Pyrrolyl)B(C6F5)2ÐA New Organometallic Lewis Acid for the Generation
of Group 4 Metallocene Cation Complexes


Gerald Kehr, Roland Fröhlich, Birgit Wibbeling, and Gerhard Erker*[a]


Abstract: Treatment of the (C6F5)2BF ´
OEt2 (3) complex with N-pyrrolyl lith-
ium gives bis(pentafluorophenyl)(N-
pyrrolyl)borane (2), a strong organome-
tallic Lewis acid, which was character-
ized by X-ray diffraction (BÿN bond
length: 1.401(5) �). It exhibits a colum-
nar superstructure in the crystal and
contains p-stacks of pyrrolyl units. Com-
pound 2 readily abstracts alkyl anions
from a variety of alkyl Group 4 metal-
locene-type complexes and leads to the
clean formation of the respective metal-
locene ions or ion pairs. For example,
the treatment of Cp3ZrCH3 (9) with 2


transfers a methyl anion to yield the ion
pair [Cp3Zr]�[(C4H4N)B(CH3)(C6F5)2]ÿ


(12). The X-ray crystal structure analysis
of 12 shows a close contact between
zirconium and the pyrrolyl-b-carbon
(2.641(2) �). The borane 2 adds to
(butadiene)zirconocene (13) to yield
the betaine system [Cp2Zr]�[(C4H6)B-
(NC4H4)(C6F5)2]ÿ (15). Complex 15 con-
tains a distorted h3-allyl moiety inside


the metallacyclic framework and it fea-
tures an internal Zr� ´ ´ ´ (pyrrolyl)Bÿ ion
pair interaction with a Zr ´´´ pyrrolyl-a-
carbon separation of 2.723(3) � (deter-
mined by X-ray diffraction). From the
dynamic NMR spectra of 15 the
bond strength of the internal ion
pair interaction was estimated to be
DG 6�


diss (223 K)� 15 kcal molÿ1. Treat-
ment of dimethylzirconocene (16) with
2 yields the metallocene borate salt
[Cp2ZrCH3]�[(C4H4N)B(CH3)(C6F5)2]ÿ


(17), which is an active catalyst for the
polymerization of ethene.


Keywords: alkyl anion abstraction ´
boron ´ ion pairs ´ Lewis acids ´
metallocenes ´ Ziegler catalysts


Introduction


Group 4 metal cations play an important role in organo-
metallic chemistry and in catalysis.[1] Many of these species are
extremely electrophilic and have a pronounced tendency to
find electronic stabilization in the absence of external donor
ligands by the formation of ion pairs.[2] Therefore, the nature
of the counteranion, and hence the mode of cation gener-
ation,[3] is quite essential for controlling the features of such
species.


Among the established methods for the generation of early
transition metal cations, the treatment of a suitable precursor,
usually a metal-alkyl or -hydride complex, with an electro-
philic borane has proven very successful and has found
extensive use and application.[2, 4] In the majority of cases, the
strong organometallic Lewis acid, tris(pentafluorophenyl)-
borane (1),[5] was used.[6] A number of related electrophilic
organoboron derivatives were tested for this application;
most of them were similar to 1 in that they bore various


fluorine- or fluoroalkyl-substituted arene groups at boron.[7]


We have now used, to our knowledge for the first time, a
Lewis acidic abstractor/activator component in this chemistry
that bears a halogen-free nitrogen-hetaryl substituent at
boron, along with two remaining C6F5 substituents. The (N-
pyrrolyl)bis(pentafluorophenyl)borane system (2) appears to
make effective use of the electronegative Group 15 heter-
oatom and at the same time it avoids a pronounced nitrogen ±
boron p-interaction, so that the boron center in compound 2 is
a suitable cation generator in organometallic Group 4 metal
chemistry. In this work, we have characterized compound 2
and examples of its application for the effective formation of a
variety of Group 4 metal-cation systems are described and
discussed.


Results and Discussion


Synthesis and characterization of (N-Pyrrolyl)B(C6F5)2 (2):
The title compound (2) was prepared by the reaction of the
(C6F5)2BF ´ OEt2 complex (3)[8] with N-pyrrolyl lithium (4) in a
1:1 stoichiometry in diethyl ether (Scheme 1). Crystallization
from pentane gave the boron compound 2 in �50 % yield as
colorless crystals. (N-Pyrrolyl)B(C6F5)2 was characterized by
elemental analysis, spectroscopy (see below), and by an X-ray
crystal structure analysis.
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Scheme 1. Synthesis of 2 and 6.


In the crystal, the boron atom in 2 is bonded to two C6F5


groups and also closely bonded to the NC4H4 ring system (see
Figure 1). The BÿC(aryl) bond length (BÿC21/C21*) is
1.582(3) �. The BÿN1 bond is relatively long at 1.401(5) �
(similar to (Me3Si)2NÿB(C6F5)2: 1.400(3) �[9]). Both the
boron and the nitrogen center in 2 have trigonal planar
coordination [sum of bond angles: 360.08 (B), 360.08 (N)].
The relative spatial arrangement of the (C4H4N)B(C6F5)2


monomeric units of 2 in the crystal is noteworthyÐcompound
2 adopts a columnar superstructure in the solid state (see
Figure 2). This is characterized by a stack of parallel
C4H4Nÿ[B] rings, from which the ÿB(C6F5)2 substituents
laterally protrude. The ÿB(C6F5)2 moieties each exhibit a
chiral two-bladed propeller-like conformation. The relative
ÿB(C6F5)2 conformations are of the same chiral sense in each
individual column; however, they are of opposite relative
chirality in adjacent columns. The vertical separation between
the pyrrolyl rings in the columns of 2 amounts to �3.9 �. The
corresponding intermolecular separation between C3/C3*
and the next B atom amounts to 3.98 �.[10]


The saturated analogue of 2, (N-pyrrolidinyl)B(C6F5)2 (6),
was prepared for a structural, spectroscopic, and chemical
comparison. The compound was obtained by two different
synthetic routes (Scheme 1), namely by treatment of the
precursor (C6F5)2BF(OEt2) (3) with N-pyrrolidinyl lithium (5)
or alternatively by the reaction of N-pyrrolidinylborondi-
chloride (8)[11] with pentafluorophenyllithium (7). Both path-
ways gave 6 in �50 % yield.


In contrast to 2, the X-ray crystal structure analysis of 6 in
the solid state showed isolated molecules (Figure 1). The
BÿN1 bond in 6 (1.366(3) �) is markedly shorter than in 2.
The boron atom and the nitrogen center in 6 both have a
trigonal planar coordination geometry (sum of bond angles at
N1: 359.98, at B: 360.18). The five-membered ring in 6 has
adopted a twist conformation so that C3 and C4 are located
above and below the C2-N1-C5 plane (Figure 1). The
observed geometry at N1 and rather short bond lengths
indicate a partial double-bond character of the BÿN linkage in
6.[12] From a structural point of view, the interaction between
the nitrogen lone pair and the boron is significantly less
pronounced in the pyrrolyl compound 2.


This interpretation is supported by the different chemical
behavior of 2 and 6 (see below) and by differences in some of
their spectroscopic properties. Thus, the 11B NMR resonance
of 2 occurs at d� 40.8 (in [D6]benzene), that is, at a
substantially increased d value than that found for 6 (d�


Figure 1. Views of the molecular structures of the compounds (N-
pyrrolyl)B(C6F5)2 (2, top) and (N-pyrrolidinyl)B(C6F5)2 (6, bottom) with
selected bond lengths [�] and angles [8]. Compound 2 : BÿN1 1.401(5),
BÿC21 1.582(3), N1ÿC2 1.402(3), C2ÿC3 1.346(4), C3ÿC3* 1.433(6), C21-
B-C21* 118.3(3), C21-B-N1 120.8(2), B-N1-C2 126.9(2), C2-N1-C2*
106.3(3). Compound 6 : BÿN1 1.366(3), BÿC21 1.595(3), BÿC31 1.586(4),
N1ÿC2 1.479(3), C2ÿC3 1.509(4), C3ÿC4 1.505(6), C4ÿC5 1.508(4), N1ÿC5
1.488(3), C21-B-C31 116.4(2), C21-B-N1 121.3(2), C31-B-N1 122.4(2),
B-N1-C2 125.7(2), B1-N1-C5 124.8(2), C2-N1-C5 109.4(2).


32.5). This probably indicates a marked increase in the
electrophilic character of the boron center in 2 [the strong
organometallic Lewis acid B(C6F5)3 (1) shows a 11B NMR
resonance at d� 60 in [D6]benzene, while in [D8]tetrahydro-
furan (i.e. , as the coordinatively saturated THF adduct) it is
d� 2.5]. The 15N NMR spectra of 2 (d�ÿ188) and 6 (d�
ÿ238) are also very different.[13]


Reactions with zirconocene complexes : B(C6F5)3 (1) readily
abstracts alkyl anion equivalents from zirconocene complexes
and related compounds.[2, 4] We started with the treatment of
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(N-pyrrolidinyl)B(C6F5)2 (6) with a variety of these Group 4
metal compounds. At room temperature, no reaction was
observed with the examples selected (see below), while
unspecific decomposition reactions took place at elevated
temperatures. This was very different when the hetarene
analogue (N-pyrrolyl)B(C6F5)2 (2) was employed. Here a very
similar behavior to compound 1 was observed. Clean methyl
abstractions or related (C4H4N)B(C6F5)2 addition reactions
were found. A series of representative examples is described
below.


We have already reported that B(C6F5)3 abstracts a methyl
anion from [Cp3ZrCH3] (9) to yield the [Cp3Zr]� cation
system (10), which readily reacts with added monodentate
two-electron donors to form a variety of adducts, such as the
d0-metal carbonyl cation in 11 (see Scheme 2).[14] Complex 9
reacts quite similarly with 2 : at room temperature a rapid
reaction occurs between 9 and 2 in a 1:1 stoichiometry to
afford 12 (isolated yield> 70 %). Crystallization from ben-
zene gave single crystals of 12 that were suitable for an X-ray
crystal structure analysis.


The X-ray crystal structure analysis of 12 (Figure 3) shows
that a methyl group was transferred from zirconium to boron
during the reaction (BÿC41 1.621(2) �). This results in the
formation of a [(C4H4N)B(C6F5)2(CH3)]ÿ anion moiety
[BÿC(aryl)� 1.662(2) � and 1.651(2) �; boron-centered
bond angles between 102.8(2) and 115.0(2)8] and a [Cp3Zr]�


cation unit [with the three Cp(centroid)-Zr-Cp(centroid)
angles amounting to 118.0, 118.1, and 116.48]. In the solid
state these two subunits of 12 combine to form a tight ion pair
(schematically depicted by the resonance forms A and B
shown in Scheme 2).


The closest contact between the two parts occurs between
Zr and the pyrrolyl carbon atom C13 (2.641(2) �, while
Zr ´´´ C14� 3.418(2) � and Zr ´´ ´ C15� 4.303(2) �). This is
�0.2 ± 0.3 � greater than a true ZrÿC s-bond;[15] however,
this interaction is quite strongÐthe ZrÿC13 separation falls
into the range of ZrÿC(Cp) bond lengths, which were found to
be between 2.549(2) and 2.660(2) � in complex 12. It is not
unexpected that the internal pyrrolyl bonding features in 12
are quite different from those usually found in a pyrrol


moiety.[16] For instance, the pyr-
rolyl bond lengths alternate in
the starting material 2 : N1ÿC2
1.402(3) �, C2ÿC3 1.346(4),
and C3ÿC3* 1.433(6) (Fig-
ure 1), whereas the sequence
of bond lengths inside the
(C4H4N) ring of 12 is quite
different: N11ÿC12 1.336(2) �,
C12ÿC13 1.418(2), C13ÿC14
1.443(2), C14ÿC15 1.356(2),
and C15ÿN11 1.398(2). The


Figure 2. Two projections of the columnar arrangement of the molecules of 2 in the crystal.


Scheme 2. Reaction of 9 with B(C6F5)3 (1) and (N-pyrrolyl)B(C6F5)2 (2).
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Figure 3. Molecular structure of 12 with an unsystematic atom numbering
scheme. Selected bond lengths [�] and angles [8]: ZrÿC13 2.641(2), ZrÿC14
3.418(2), ZrÿC15 4.303(2), N11ÿB 1.605(2), N11ÿC12 1.336(2), N11ÿC15
1.398(2), C12ÿC13 1.418(2), C13ÿC14 1.443(2), C14ÿC15 1.356(2), BÿC21
1.662(2), BÿC31 1.651(2), BÿC41 1.621(2); N11-B-C21 102.8(1), N11-B-
C31 112.1(1), N11-B-C41 109.8(1), C21-B-C31 111.9(1), C21-B-C41
115.0(1), C31-B-C41 105.6(1), B-N11-C12 130.3(1), B-N11-C15 121.8(1),
C15-N11-C12 107.3(1), N11-C12-C13 110.9(1), C12-C13-Zr 113.1(1), C12-
C13-C14 104.3(1), Zr-C13-C14 110.2(1), C13-C14-C15 107.4(2), C14-C15-
N11 110.1(2).


NÿB bond length in 12 is much longer than that in the
precursor 2. The nitrogen coordination sphere is again
trigonal planar (sum of bond angles at N11: 359.48). These
features indicate some iminium ion character of the B ± pyr-
rolyl moiety of the ion pair 12, as illustrated by the mesomeric
formula B in Scheme 2.


In solution, complex 12 shows the expected NMR features
(11B NMR signal at d�ÿ6.8 in [D6]benzene at ambient
temperature). Sharp 1H/
13C NMR resonances of the
three symmetry-equivalent Cp
ligands are observed at d� 4.94
and 113.5, whereas the corre-
sponding C4H4N resonances at
d(1H)� 7.65 (2-/3-H) and 5.58
(3-/4-H) as well as d(13C)�
142.5 and 113.4 are broadened.
This probably indicates the be-
ginning of an exchange of the
respective signals on the NMR
timescale, which is probably
caused by a dissociation/recom-
bination process of the ion pair
structure in solution.[2, 17] Un-
fortunately, as the monitoring
temperature is lowered, the
solubility of 12 rapidly de-
creased in the various solvents
tested and has thus precluded
the investigation of this process


by dynamic NMR spectroscopy. The 15N NMR resonance of
12 was observed at d�ÿ159 (in [D8]toluene at 298 K;
GHMBC, by polarization transfer from both the B-CH3 and
the pyrrolyl-C2H resonances).


We have recently reported that 1 adds to (butadiene)zirco-
nocene (13) to yield the metallocene-hydrocarbyl betaine
system 14.[18] The dipolar product has served as a single-
component Ziegler catalyst.[19] In complex 14 a lateral
coordination site at the bent metallocene wedge is used to
coordinate a fluorine atom from one of the o-CÿF bonds of
the C6F5 group at the boron center. The Zr ´´´ FÿC(aryl)
coordination was shown by X-ray diffraction and by varia-
ble-temperature 19F NMR spectroscopy. From the latter, a
bond dissociation energy (DG 6�


diss� of �8 kcal molÿ1 was
deduced.[20]


Compound 2 shows an analogous reaction pattern with
[(butadiene)ZrCp2] (13).[21] They react rapidly at ambient
temperature in toluene solution to give the dipolar 1:1
addition product 15 (isolated in 65 % yield, Scheme 3).


Single crystals of 15 were obtained from benzene/pentane.
The X-ray crystal structure analysis shows that the borane 2
has cleanly added to a terminal carbon atom of the butadiene
ligand of 13 to form the betaine complex 15 (BÿC6 1.620(4) �;
Figure 4). The remaining former butadiene carbon atoms
form a h3-allyl ligand moiety at zirconium (syn-substituted at
C7). Its bonding to Zr is distorted toward a s ± p coordination,
as often observed for [Cp2Zr(allyl)] groups.[22] This is evident
from the observed CÿC and CÿZr bond lengths [C8ÿC9
1.411(5), C7ÿC8 1.359(4), C6ÿC7 1.496(4), C9ÿZr 2.402(3),
C8ÿZr 2.525(3), and C7ÿZr 2.682(3) �] and angles [C7-C8-C9
122.7(3), C6-C7-C8 125.6(3), B-C6-C7 110.7(2)8]. Since com-
plex 15 is chiral because of the p-allyl coordination, two
diastereotopic C6F5 substituents are present at boron [BÿC21
1.651(4) �, BÿC31 1.657(4) �, and bond angles at boron
between 106.1(2)8 and 115.2(2)8].


The pyrrolyl group is the fourth substituent at the boron
atom in 15. It is again coordinated weakly to the electron-


Scheme 3. Reaction of [Cp2Zr(butadiene)] with B(C6F5)3 (1) and (N-pyrrolyl)B(C6F5)2 (2).
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deficient zirconium center to form a (here internal) ion pair.
However, a comparison of the characteristic bonding features
reveals that the Zr/(C4H4N)ÿ[B] interaction in 15 is probably
slightly less pronounced than in 12 (see above). In 15 the
N1ÿB bond length is 1.574(4) �. Again, the nitrogen center
exhibits trigonal planar coordination (sum of bond angles at
N1: 358.68).


There is a close contact between the pyrrolyl C5 and Zr
[2.723(3) �; compare with Zr ´´´ C4 3.332(3) � and Zr ´´´ N1
3.576(3) �]. Again, the CÿC and CÿN bond order inside the
five-membered heterocycle is very different from a normal
pyrrol unit. It is also distorted towards an iminium-type
mesomeric structure, albeit less pronounced than in complex
12 (see above and Figure 3), and it has a different relative
arrangement because of the close ZrÿC5 (i.e., a-carbon)
contact in 15. The pertinent bond lengths are 1.395(4) �
(N1ÿC5), 1.393(4) � (C4ÿC5), 1.375(3) � (C3ÿC4),
1.381(5) � (C2ÿC3), and 1.342(4) � (N1ÿC2). The internal
ion-pair character is supported by the obtained bond angles at
the pyrrolyl-carbon center C5 [116.8(2)8 (N1-C5-Zr), 103.3(2)
(C4-C5-Zr), and 108.0(3) (N1-C5-C4)], these appear to be
typical for a dominating electrostatic interaction[14, 23] without
a pronounced rehybridization at the ring carbon center. A
resonance hybrid description with the formulations A and B
(see Scheme 3) may serve as an approach to illustrate the
bonding features found for complex 15.


The low-temperature NMR spectra indicate a similar
structure of complex 15 in solution. It shows a 11B NMR
signal at d�ÿ7.3 and a 15N NMR signal at d�ÿ165 (for
details see the Experimental Section). Complex 15 is chiral. It
exhibits the signals of a pair of diastereotopic Cp ligands (1H:
d� 4.70, 4.45; 13C: d� 109.8 , 107.0, both in [D8]toluene). The
19F NMR spectrum exhibits a total of ten C6F5 signals of


equal intensity at 193 K in
[D8]toluene, namely a set of
four o-F (d�ÿ163.2, ÿ162.9,
ÿ162.6, ÿ161.9), two p-F (d�
ÿ 158.4, ÿ157.7), and four m-F
signals (d�ÿ134.1, ÿ133.9,
ÿ131.3 and ÿ128.6).


This observed pattern indi-
cates that the rotation about the
BÿC(aryl) vectors is frozen at
193 K on the 282 MHz 19F
NMR timescale, and that there
are two diastereotopic C6F5


groups at boron. Raising the
temperature leads to coales-
cence of the respective m-F
and o-F pairs of resonances of
each individual C6F5 group,
while the pair of p-F resonances
remains unchanged by the on-
set of the BÿC(aryl) rotational
process. A Gibbs activation en-
ergy of DG 6�


rot (223 K)� 9.0�
0.5 kcal molÿ1 was obtained for
the BÿC6F5 rotational process
of complex 15.[24]


The 1H/13C NMR signals of the [(p-allyl)Zr] group in 15
were observed at d� 1.30, 1.92 (9-H/H')/47.0 (C9), 4.85 (8-H)/
121.0 (C8), and 4.14 (7-H)/110.0 (C7) (at 298 K in [D8]toluene,
atom numbering as in Figure 4; C(6)H2 signals at d� 2.85,
2.34/28.3). These signals are almost temperature-invariant in
the applied temperature range. At low temperature [1H NMR:
213 K (600 MHz), 13C NMR: 233 K (150 MHz), both in
[D8]toluene] the pyrrolyl group exhibits four 1H/13C NMR
methine resonances of the C4H4N nucleus of equal intensity at
d� 7.70, 5.22/145.0, 134.1 (a-CH), and 6.24, 5.98/110.1, 92.0 (b-
CH), as expected from the internal ion pair structure of 15
(Figure 4). Raising of the temperature results in the broad-
ening and pairwise coalescence of the respective resonances.
This dynamic behavior is most likely caused by a reversible
cleavage of the internal ion pair combined with a rotation of
the pyrrolyl ring around the BÿN vector (via 15 a, analogous
to that observed for 14, see Scheme 3). The activation barrier
of this internal pyrrolyl equilibration process may, to a first
approximation, be used to obtain an estimate of the strength
of the interaction between the pyrrolyl-borate anion/zircono-
cene cation ion-pair.[2, 17] From the dynamic NMR spectra of
15 a value of DG 6�


diss (223 K)� 15.0� 0.3 kcal molÿ1 was ob-
tained.


The reaction of dimethylzirconocene (16) with (N-pyrrol-
yl)B(C6F5)2 (2) proceeded rapidly at room temperature
(Scheme 4). A methyl group is transferred from the transition
metal to the boron to yield the organometallic salt
[Cp2Zr(CH3)]�[(C4H4N)B(CH3)(C6F5)2]ÿ (17; isolated yield:
>60 %). The product shows broad 1H/13C NMR CH3[B]
resonances at d� 1.10/10.9. The (N-pyrrolyl)B group exhibits
1H NMR signals at d� 7.20 and 5.05 for the 2-/5-H and 3-/4-H
pairs of hydrogens (corresponding 13C NMR signals at d�
139.2 and 99.4). We have no experimental information about


Figure 4. Molecular structure of 15. Selected bond lengths [�] and angles [8]: ZrÿC9 2.402(3), ZrÿC8 2.525(3),
ZrÿC7 2.682(3), ZrÿC5 2.723(3), C9ÿC8 1.411(5), C8ÿC7 1.359(4), C7ÿC6 1.496(4), C6ÿB 1.620(4), BÿN1
1.574(4), N1ÿC2 1.342(4), C2ÿC3 1.381(5), C3ÿC4 1.375(5), C4ÿC5 1.393(4), C5ÿN1 1.395(4), BÿC21 1.651(4),
BÿC31 1.657(4); C9-Zr-C8 33.2(1), C9-Zr-C7 56.8(1), C9-Zr-C5 124.9(1), C8-Zr-C7 30.1(1), C8-Zr-C5 93.5(1), C7-
Zr-C5 68.3(1), C9-C8-C7 122.7(3), C8-C7-C6 125.6(3), C7-C6-B 110.7(2), C6-B-N1 107.5(2), C6-B-C21 106.5(2),
C6-B-C31 115.2(2), N1-B-C21 114.0(2), N1-B-C31 106.1(2), C21-B-C31 107.9(2), B-N1-C2 128.4(3), B-N1-C5
123.6(2), N1-C2-C3 110.9(3), C2-C3-C4 106.7(3), C3-C4-C5 107.7(3), C4-C5-N1 108.0(3), C4-C5-Zr 103.3(2), N1-
C5-Zr 116.8(2).
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Scheme 4. Synthesis of 17, a catalyst for the polymerization of ethene.


the ion pairing in 17.[25] The 11B NMR spectra of 17 shows
signals at d�ÿ6.7; the 15N NMR signal is also in the expected
range at d�ÿ159.


The salt 17 is, as expected, an active catalyst for alkene
polymerization. Polyethylene is formed at the catalyst 17 in
toluene solution at 60 8C and 2 bar ethene pressure with a
moderate activity (�18 kgmol[Zr]ÿ1 hÿ1 barÿ1).


Conclusions


We conclude that boron Lewis acids that contain electro-
negative substituents, which are different from the usually
used fluoro- or fluoroalkyl-substituted trisarylboranes, have
an interesting application potential in metallocene cation
chemistry. In the example described here (2), the pyrrol
aromaticity keeps the electron pair at nitrogen electronically
occupied and thus prevents an effective intramolecular
neutralization of the borane Lewis acidity. The remaining
electron-withdrawing inductive effect of the nitrogen center
seems to assist in making the trivalent boron atom in 2 an
effective Lewis acid that features the typical anion abstraction
activity towards carbon centers bound to Group 4 metal-
locenes. The resulting salts, ion pairs, and addition products
show properties similar to those of their often used B(C6F5)3


analogues, although the pyrrolyl-borate moiety appears to
lead to slightly increased ion-pairing energies. This study
indicates that borane derivatives of the aromatic heterocycle
pyrrol, and probably of a great variety of other related
heterocyclic systems as well, have a marked potential as Lewis
acidic compounds for the generation of electrophilic, early
transition metal cations and of active catalyst systems derived
thereof.[26]


Experimental Section


All reactions were carried out in an inert atmosphere (Ar) with Schlenk-
type glassware or in a glovebox. Solvents were dried and distilled under Ar
prior to use. NMR experiments were carried out on a Varian Unity plus 600,
Bruker AC200P, or Bruker ARX 300 spectrometer. Chemical shifts of the
heteronuclei are given relative to BF3 ´ OEt2 [d(11B)� 0 for X(11B)�
32.084 MHz], to neat nitromethane [d(15N)� 0 for X(15N)� 10.133 MHz],
and to neat CFCl3 [d(19F)� 0 for X(19F)� 94.077 MHz]. The spectral
assignments were mostly based on the results of a combination of APT
(attached proton test), COSY 45 (1H,1H COSY), HETCOR (1H,13C
heteronuclear shift correlation), GCOSY, 1D-TOCSY, GHSQC, and/or
GHMBC experiments.[27] IR spectra were recorded on a Nicolet 5 DXC FT-
IR spectrometer; melting points were measured by DSC (DSC 2010, TA


Instruments). Pyrrolidinylborondichloride (8),[11] the bis(pentafluorophen-
yl)boronfluoride ± diethyl ether complex (3),[8] bis(h5-cyclopentadienyl)di-
methylzirconium (16),[28] tris(h5-cyclopentadienyl)methylzirconium (9),[15]


and (butadiene)zirconocene (13)[29] were prepared according to literature
procedures.


Preparation of bis(pentafluorophenyl)(N-pyrrolyl)borane (2): A suspen-
sion of N-pyrrolyllithium (4, 5.3 g, 73 mmol) prepared by deprotonation of
pyrrol with n-butyllithium in diethyl ether (50 mL) was added in small
portions with stirring to a freshly prepared 0.52m solution of complex 3
(140 mL, 73 mmol) at ÿ78 8C. The reaction mixture was allowed to warm
to room temperature and stirring was continued for 14 h. The solvent was
then changed from diethyl ether to pentane. The precipitate was removed
by filtration and washed with pentane (2� 20 mL). The pale yellow
pentane phases were combined, and their volume reduced in vacuo until
the first precipitate was observed and then stored at 8 8C. The product was
obtained as pale yellow crystals by fractional crystallization from pentane.
Yield: 15.6 g (52 %); m.p. 126 8C; 1H NMR (200.13 MHz, [D6]benzene,
300 K): d� 6.59 (m, 2 H; 2-/5-H), 6.23 (m, 2H; 3-/4-H); 13C NMR
(75.47 MHz, [D6]benzene, 300 K): d� 147.1 (dm, 1J(C,F)� 257 Hz, o-
C6F5), 143.4 (dm, 1J(C,F)� 240 Hz, p-C6F5), 138.1 (dm, 1J(C,F)� 254 Hz,
m-C6F5), 127.7 (C2/5), 118.3 (C3/4), 110.0 (br, ipso-C of C6F5); 11B NMR
(64.21 MHz, [D6]benzene, 300 K): d� 40.8 (n1/2� 480 Hz); 15N NMR
(50.74 MHz, [D6]benzene, 298 K): d�ÿ187.5; 19F NMR (282.41 MHz,
[D6]benzene, 300 K): d�ÿ130.5 (m, 2 F, o-F), ÿ148.4 (t, 1 F, p-F), ÿ160.0
(m, 2 F, m-F); C16H4NBF10 (411.0): calcd C 46.76, H 0.98, N 3.41; found C
46.58, H 1.25, N 3.30.


X-ray crystal structure analysis of 2: Formula C16H4NBF10, M� 411.01,
0.6� 0.6� 0.1 mm, a� 17.112(1), b� 11.791(1), c� 7.677(1) �, b�
91.75(1)8, V� 1548.2(3) �3, 1calcd� 1.763 g cmÿ3, m� 17.14 cmÿ1, empirical
absorption correction with y-scan data (0.589�C� 0.999), Z� 4, mono-
clinic, space group C2/c (No. 15), l� 1.54178 �, T� 223 K, w/2 q scans,
2440 reflections collected (�h, �k, ÿ l), [(sin q/l]� 0.53 �ÿ1, 1155 inde-
pendent and 1064 observed reflections [I� 2 s(I)], 129 parameters, R�
0.067, wR2� 0.191, max./min. residual electron density: 0.32/ÿ 0.44 e �ÿ3,
hydrogens calculated and riding.


Preparation of bis(pentafluorophenyl)(N-pyrrolidinyl)borane (6)
Method 1: A freshly prepared suspension of pentafluorophenyllithium
(80.0 mmol) [Caution : C6F5Li is potentially explosive and should always be
handled with particular care, and only at low temperature] in pentane
(50 mL) was stirred at ÿ78 8C, and a solution of compound 8 (6.07 g,
40.0 mmol) in pentane (20 mL) was added over a period of 15 min. The
reaction mixture was allowed to warm to room temperature and stirring
was continued for 14 h. All insoluble material was filtered off, and the solid
material was washed with pentane (50 mL). The combined yellowish
pentane phases were reduced to one half of their original volume and were
stored at 8 8C. The product was obtained as yellowish crystals by fractional
crystallization from pentane. Yield: 9.1g (55 %).


Method 2 : A freshly prepared solution of complex 3 (0.48 m, 150 mL,
72.0 mmol) in diethyl ether was stirred at ÿ78 8C, and a suspension of N-
pyrrolidinyl lithium (5, 5.55 g, 72.0 mmol) in diethyl ether (50 mL) was
added carefully in small portions. The reaction mixture was allowed to
warm to room temperature and stirring was continued for 14 h. The solvent
was changed from diethyl ether to pentane. All insoluble material was
filtered off, and the solid was washed with pentane (2� 20 mL). The
combined clear pentane phases were reduced in volume in vacuo until the
first precipitate was observed and were stored at 8 8C. The product was
obtained as yellowish crystals by fractional crystallization from pentane.
Yield: 14.3 g (34.4 mmol, 48%); m.p. 98 8C; 1H NMR (200.13 MHz,
[D6]benzene, 300 K): d� 2.88 (m, 4 H; 2-/5-H), 1.30 (m, 4H; 3-/4-H);
13C NMR (50.5 MHz, [D6]benzene, 300 K): d� 146.4 (dm, 1J(C,F)�
242 Hz, o-C6F5), 141.9 (dm, 1J(C,F)� 232 Hz, p-C6F5), 137.7 (dm,
1J(C,F)� 253 Hz, m-C6F5), 122.2 (br, ipso-C of C6F5), 50.1 (C2/5), 25.6
(C3/4); 11B NMR (64.21 MHz, [D6]benzene, 300 K): d� 32.5 (n1/2�
240 Hz); 15N NMR (50.74 MHz, [D6]benzene, 298 K): d�ÿ238; 19F
NMR (282.41 MHz, [D6]benzene, 300 K): d�ÿ133.0 (m, 2 F, o-F),
ÿ153.4 (t, 1F, m-F), ÿ162.1 (m, 2F, m-F); C16H8NBF10 (415.0): calcd C
46.30, H 1.94, N 3.37; found C 45.96, H 1.98, N 3.25.


X-ray crystal structure analysis of 6 : Formula C16H8NBF10, M� 415.04,
0.3� 0.2� 0.2 mm, a� 9.766(1), b� 17.707(2), c� 10.456(1) �, b�
115.86(1)8, V� 1627.1(3) �3, 1calcd� 1.694 g cmÿ3, m� 16.32 cmÿ1, empirical
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absorption correction with y-scan data (0.948�C� 0.999), Z� 4, mono-
clinic, space group P21/c (No. 14), l� 1.54178 �, T� 223 K, w/2 q scans,
3502 reflections collected (ÿh, �k, � l), [(sin q/l]� 0.62 �ÿ1, 3309 inde-
pendent and 2512 observed reflections [I� 2 s(I)], 254 parameters, R�
0.058, wR2� 0.172, max./min. residual electron density 0.31/ÿ 0.36 e �ÿ3,
hydrogens calculated and riding.


Reaction of (N-pyrrolyl)B(C6F5)2 (2) with Cp3ZrCH3 (9)Ðpreparation of
complex 12 : A mixture of compounds 9 (0.13 g, 0.44 mmol) and 2 (0.18 g,
0.44 mmol) was dissolved in toluene (10 mL) at room temperature and
stirred for 1.5 h. Then the solvent was removed in vacuo. Pentane (50 mL)
was added to the remaining solid, and the mixture stirred for 3 h. The solid
product was collected by filtration, washed with pentane (2� 10 mL), and
dried in vacuo to afford 12 as a yellow solid. Yield: 0.22 g (71 %); 1H NMR
(200.13 MHz, [D6]benzene, 300 K): d� 7.65 (m, 2 H; 2-/5-H), 5.58 (m, 2H;
3-/4-H), 4.94 (s, 15H; Cp), 1.28 (br m, 3H; [B]CH3); 13C NMR (125.9 MHz,
[D6]benzene, 298 K): d� 148.7 (dm, 1J(C,F)� 236 Hz, o-C6F5), 142.5 (br,
C2/5), 139.3 (dm, 1J(C,F)� 239 Hz, p-C6F5), 137.6 (dm, 1J(C,F)� 249 Hz,
m-C6F5), 113.5 (Cp), 113.4 (C3/4), 10.9 (br, [B]CH3), ipso-C of C6F5 not
observed; 11B NMR (64.21 MHz, [D6]benzene, 300 K): d�ÿ6.8 (n1/2�
188 Hz); 15N NMR (50.74 MHz, [D8]toluene, 298 K): d�ÿ159.5; 19F
NMR (282.41 MHz, [D6]benzene, 300 K): d�ÿ132.4 (m, 4 F, o-F), ÿ159.9
(t, 2F, p-F), ÿ164.1 (m, 4F, m-F); C32H22NBF10Zr (711.0): calcd C 53.94, H
3.11, N 1.97; found C 52.81, H 3.18, N 2.04.


X-ray crystal structure analysis of 12 : Formula C32H22NBF10Zr ´ 2/2 C6H6,
M� 790.64, 0.45� 0.15� 0.10 mm, a� 8.301(1), b� 12.125(1), c�
16.632(1) �, a� 91.73(1), b� 100.46(1), g� 97.24(1)8, V� 1630.6(3) �3,
1calcd� 1.610 g cmÿ3, m� 4.25 cmÿ1, absorption correction with SORTAV
(0.832�T� 0.959), Z� 2, triclinic, space group P1Å (No. 2), l� 0.71073 �,
T� 198 K, w and y scans, 16865 reflections collected (�h,�k, � l), [(sin q/
l]� 0.67 �ÿ1, 7991 independent and 6895 observed reflections [I� 2 s(I)],
527 parameters, R� 0.030, wR2� 0.072, max./min. residual electron density
0.36/ÿ 0.50 e�ÿ3, hydrogens calculated and riding. The asymmetric unit
contains two half molecules of benzene.


Reaction of (butadiene)zirconocene (13) with (C4H4N)B(C6F5)2 (2)Ð
preparation of 15 : A �1:1 mixture of s-cis- and s-trans 13 (0.12 g,
0.44 mmol) and 2 (0.18 g, 0.44 mmol) were dissolved in toluene (10 mL) at
room temperature and the mixture was stirred for 1 h. The solvent was
removed in vacuo, pentane (50 mL) was added to the remaining solid, and
the mixture stirred for 3 h. The product 15 was collected by filtration,
washed with pentane (2� 10 mL), and dried in vacuo to give 15 as a yellow
solid. Yield: 0.20 g (65 %); m.p. 176 8C (decomp); 1H NMR (599.2 MHz,
[D8]toluene, 213 K, atom numbering as in Figure 4): d� 7.70 (s, 1H; 2-H),
6.24 (d, 1 H; 3-H), 5.98 (m, 1H; 4-H), 5.22 (s, 1 H; 5-H), 4.75 (m, 1H; 8-H),
4.70 (s, 5 H; Cp), 4.45 (s, 5 H; Cp'), 4.01 (dd, 3J(H,H)� 15.2 Hz, 11.3 Hz,
1H; 7-H), 2.90 (d, 2J(H,H)� 16.2 Hz, 1 H; 6-H), 2.52 (dd, 2J(H,H)�
16.2 Hz, 3J(H,H)� 11.3 Hz, 1H; 6-H'), 1.87 (dd, 2J(H,H)� 4.2 Hz,
3J(H,H)� 7.2 Hz, 1 H; 9-H), 1.22 (dd, 2J(H,H)� 4.2 Hz, 3J(H,H)�
13.3 Hz, 1 H; 9-H'); 13C NMR (150.7 MHz, [D8]toluene, 233 K): d� 148.0
(dm, 1J(C,F)� 234 Hz, o-C6F5), 145.0 (C2), 138.9 (dm, 1J(C,F)� 235 Hz, p-
C6F5), 137.2 (dm, 1J(C,F)� 254 Hz, m-C6F5), 134.1 (C5), 121.0 (C8), 111.0
(C7), 110.1 (C3), 109.8 (Cp), 107.0 (Cp'), 92.0 (C4), 47.2 (C9), 27.8 (br, C6),
ipso-C of C6F5 not observed; 11B NMR (64.21 MHz, [D6]benzene, 300 K):
d�ÿ7.3 (n1/2� 185 Hz); 15N NMR (50.74 MHz,[D6]benzene, 298 K): d�
ÿ165.6; 19F NMR (282.41 MHz, [D8]toluene, 193 K): d�ÿ128.6 (1 F, o-F),
ÿ131.3 (1F, o-F), ÿ133.9 (1F, o-F), ÿ134.1 (1F, o-F), ÿ157.7 (1 F, p-F),
ÿ158.4 (1 F, p-F), ÿ161.9 (1F, m-F), ÿ162.6 (1 F, m-F), ÿ162.9 (1 F, m-F),
ÿ163.2 (1F, m-F); C30H20NBF10Zr (686.5): calcd C 52.49, H 2.94, N 2.04;
found C 51.84, H 3.27, N 2.16.


X-ray crystal structure analysis of 15 : Formula C30H20NBF10Zr, M� 686.5,
0.2� 0.2� 0.05 mm, a� 13.757(1), b� 11.905(1), c� 16.126(1) �, b�
93.27(1)8, V� 2636.8(3) �3, 1calcd� 1.729 g cmÿ3, m� 5.11 cmÿ1, absorption
correction with SORTAV (0.905�T� 0.975), Z� 4, monoclinic, space
group P21/n (No. 14), l� 0.71073 �, T� 198 K, w and y scans, 19770 re-
flections collected (�h, �k, � l), [(sin q/l]� 0.71 �ÿ1, 7975 independent
and 5063 observed reflections [I� 2s(I)], 388 parameters, R� 0.055,
wR2� 0.102, max./min. residual electron density 0.54/ÿ 0.48 e �ÿ3, hydro-
gens calculated and riding.


All data sets were collected with Enraf Nonius CAD4 or Kappa CCD
diffractometers, equipped with sealed-tube or rotating-anode generators.
Programs used: data collection EXPRESS or COLLECT, data reduction


MolEN or Denzo-SMN, absorption correction for CCD data SORTAV,
structure solution SHELXS-86 and SHELXS-97, structure refinement
SHELXL-97, and graphics SCHAKAL-92.[30] Crystallographic data (ex-
cluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-120975 (2), CCDC-120976 (6),
CCDC-120977 (12), and CCDC-120978 (15). 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).


Reaction of the bis(h5-methylcyclopentadienyl)dimethylzirconium with
compound 2 :[25] Bis(h5-methylcyclopentadienyl)dimethylzirconium
(32.4 mg, 115.9 mmol) and compound 2 (47.7 mg, 116.1 mmol) were
dissolved in toluene (2 mL) at room temperature and stirred for 5 min.
The solvent was removed in vacuo, pentane (5 mL) was added to the
remaining precipitate, and the mixture was stirred for 10 min. The yellow
suspension was filtered and the solid washed with pentane (2� 5 mL) to
give the product as a yellow powder. 1H NMR (599.9 MHz, C7D8, 298 K):
d� 7.14 (m, 2H; pyrrolyl H(2,5)), 5.23/4.64 (m, each 2H; Cp(2,5)), 5.20 (m,
2H; pyrrolyl H(3,4)), 4.99/4.89 (m, each 2H; Cp(3,4)), 1.46 (s, 6 H; Me),
1.01 (br m, 3 H; BMe), ÿ0.15 (s, 3 H; ZrMe).


Reaction of the bis(h5-methylcyclopentadienyl)dimethylzirconium with
compound 1:[25] Bis(h5-methylcyclopentadienyl)dimethylzirconium
(20.0 mg, 71.5 mmol) and compound 1 (36.7 mg, 71.7 mmol) were dissolved
in toluene (2 mL) at room temperature and stirred for 5 min. The solvent
was removed in vacuo, pentane (5 mL) was added to the remaining
precipitate, and the mixture was stirred for 10 min. The suspension was
filtered, and the solid washed with pentane (2� 5 mL) to give the product
as a yellowish powder. 1H NMR (599.9 MHz, C7D8, 298 K): d� 5.47/5.04
(m, each 2H; Cp(2,5)), 5.33/5.22 (m, each 2 H; Cp(3,4)), 1.44 (s, 6 H; Me),
0.20 (s, 3H; ZrMe), 0.06 (br m, 3 H; BMe).


Reaction of dimethylzirconocene (16) with (C4H4N)B(C6F5)2 (2)Ðprepa-
ration of 17: A mixture of compounds 16 (0.13 g, 0.53 mmol) and 2 (0.24 g,
0.53 mmol) was dissolved in toluene (10 mL) at room temperature and the
mixture was stirred for 5 min. The solvent was removed in vacuo, pentane
(20 mL) was added to the residue, and the mixture was stirred for 10 min.
The solid product was collected by filtration, washed with pentane (2�
5 mL), and dried in vacuo. Yield: 0.22 g (62 %); m.p. 195 8C (decomp);
1H NMR (599.9 MHz, [D8]toluene, 298 K): d� 7.15 (m, 2 H; 2-/5-H), 5.14
(m, 2H; 3-/4-H), 5.14 (s, 10H; Cp), 0.99 (br m, 3H; [B]CH3), ÿ0.10 (s, 3H;
[Zr]CH3); 13C NMR (125.9 MHz, [D8]toluene, 298 K): d� 148.6 (dm,
1J(C,F)� 248 Hz, o-C6F5), 139.3 (dm, 1J(C,F)� 250 Hz, p-C6F5), 139.2 (C2/
5), 137.7 (dm, 1J(C,F)� 246 Hz, m-C6F5), 112.5 (Cp), 99.4 (C3/4), 37.3
([Zr]CH3), 10.5 (br, [B]CH3), ipso-C6F5 not observed; 11B NMR
(64.21 MHz, [D6]benzene, 300 K): d�ÿ6.7 (n1/2� 192 Hz); 15N NMR
(50.74 MHz, [D8]toluene, 298 K): d�ÿ158.5; 19F NMR (282.41 MHz,
[D6]benzene, 300 K): d�ÿ132.5 (m, 4 F, o-F), ÿ159.6 (t, 2 F, p-F), ÿ163.9
(m, 4F, m-F). C28H20NBF10Zr (661.0): calcd C 50.76, H 3.04, N 2.11; found C
49.68, H 3.14, N 1.96.


Ethene polymerization : A Büchi glass autoclave (1 L) was charged with
toluene (300 mL) and triisobutylaluminum (3 mL). The mixture was
thermostated at 60 8C and then saturated with ethene at 2 bar for 1 h.
The catalyst 17 (78 mmol) was freshly prepared in toluene (3 mL), and this
solution was then injected by syringe into the reaction chamber. The
reaction was allowed to proceed for 1 h, and then it was quenched by the
addition of aqueous HCl/methanol (1:1 per volume, 15 mL). The resulting
polyethylene was collected by filtration, washed with HCl, methanol,
and acetone, and then dried in vacuo to give 2.9 g of polyethylene, which
corresponds to a catalyst activity of a� 18.6 kg PE mol[Zr]ÿ1 hÿ1 barÿ1.
In a second experiment, under otherwise analogous conditions, 1.0 g of
polyethylene was formed at 61 mmol of 17 over a period of 30 min (a�
16.4).


Acknowledgments


Financial support from the Fonds der Chemischen Industrie, the Deutsche
Forschungsgemeinschaft, and the Ministerium für Schule und Weiterbil-
dung, Wissenschaft und Forschung des Landes Nordrhein-Westfalen is
gratefully acknowledged.







Organometallic Lewis Acids 258 ± 266


Chem. Eur. J. 2000, 6, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0265 $ 17.50+.50/0 265


[1] R. F. Jordan, Adv. Organomet. Chem. 1991, 32, 325.
[2] a) X. Yang, C. L. Stern T. J. Marks, J. Am. Chem. Soc. 1994, 116,


10015; b) P. A. Deck, C. L. Beswick, T. J. Marks, J. Am. Chem. Soc.
1998, 120, 1772; Y.-X. Chen, M. V. Metz, L. Li, C. L. Stern, T. J. Marks,
J. Am. Chem. Soc. 1998, 120, 6287; c) Review: M. Bochmann, Angew.
Chem. 1992, 104, 1206; Angew. Chem. Int. Ed. Engl. 1992, 31, 1181. See
also: J. K. Kochi, T. M. Bockman, Adv. Organomet. Chem. 1991, 33,
51.


[3] H. Sinn, W. Kaminsky, Adv. Organomet. Chem. 1980, 18, 99; M.
Bochmann, A. J. Jaggar, J. C. Nicholls, Angew. Chem. 1990, 102, 830;
Angew. Chem. Int. Ed. Engl. 1990, 29, 780; J. C. W. Chien, W.-M. Tsai,
M. D. Rausch, J. Am. Chem. Soc. 1991, 113, 8570.


[4] M. Bochmann, S. J. Lancaster, O. B. Robinson, J. Chem. Soc. Chem.
Commun. 1995, 2081; X. Song, M. Bochmann, J. Organomet. Chem.
1997, 545/6, 597; Y. Sun, W. E. Piers, G. P. A. Yap, Organometallics
1997, 16, 2509; H. van der Heijden, B. Hessen, A. G. Orpen, J. Am.
Chem. Soc. 1998, 120, 1112; reviews: W. E. Piers, T. Chivers, Chem.
Soc. Reviews 1997, 26, 345; W. E. Piers, Chem. Eur. J. 1998, 4, 13.


[5] A. G. Massey, A. J. Park, F. G. A. Stone, Proceedings Chem. Soc. 1963,
212; A. G. Massey, A. J. Park, J. Organomet. Chem. 1964, 2, 245; A. G.
Massey, A. J. Park, in Organometallic Synthesis, Vol. 3 (Eds: R. B.
King, J. J. Eisch), Elsevier, New York, 1986, p. 461.


[6] The method described by R. F. Childs et al was used. B(C6F5)3 was
determined to be slightly less acidic (relative value 0.72) than, for
example, BF3 (relative value 0.77): S. Döring, G. Erker, R. Fröhlich, O.
Meyer, K. Bergander, Organometallics 1998, 17, 2183. For the method
used see: R. F. Childs, D. L. Mulholland, Can. J. Chem. 1982, 60, 801;
R. F. Childs, D. L. Mulholland, Can. J. Chem. 1982, 60, 809; P. Lazlo,
M. Teston, J. Am. Chem. Soc. 1990, 112, 8750.


[7] Y.-X. Chen, C. L. Stern, S. Yang, T. J. Marks, J. Am. Chem. Soc. 1996,
118, 12 451; L. Li, T. J. Marks, Organometallics 1998, 17, 3996;
R. E. V. H. Spence, W. E. Piers, Organometallics 1995, 14, 4617; K.
Köhler, W. E. Piers, A. P. Jarvis, S. Xin, Y. Feng, A. M. Bravakis, S.
Collins, W. Clegg, G. P. A. Yap, T. B. Marder, Organometallics 1998,
17, 3557; S. J. Lancaster, M. Thornton-Pett, D. M. Dawson, M.
Bochmann, Organometallics 1998, 18, 3829; S. A. Larkin, J. T. Golden,
P. J. Shapiro, G. P. A. Yap, D. M. J. Foo, A. L. Rheingold, Organo-
metallics 1996, 15, 2393; D. S. Stelck, P. J. Shapiro, N. Basickes, A. L.
Rheingold, Organometallics 1997, 16, 4546; M. G. Thorn, Z. C.
Etheridge, P. E. Fanwick, I. P. Rothwell, Organometallics 1998, 17,
3636; J. M. Wright, C. R. Landis, M. A. M. P. Ros, A. D. Horton,
Organometallics 1998, 17, 5031.


[8] R. Duchateau, S. J. Lancaster, M. Thornton-Pett, M. Bochmann,
Organometallics 1997, 16, 4995.


[9] J. R. Galsworthy, M. L. H. Green, V. C. Williams, A. N. Chernega,
Polyhedron 1998, 17, 119.


[10] This type of stacking seems to be unique among compounds that
contain N-pyrrolyl and main-group metals. See, for a comparison: H.-
D. Hansen, K. Locke, J. Weidlein, J. Organomet. Chem. 1992, 423, C1;
J. Tödtmann, W. Schwarz, J. Weidlein, Z. Naturforsch B 1993, 48, 1437;
J. Tödtmann, W. Schwarz, J. Weidlein, Z. Naturforsch B 1994, 49, 430.


[11] G. E. Coates, J. G. Livingstone, J. Chem. Soc. 1961, 1000; K. Niedenzu,
J. W. Dawson, J. Am. Chem. Soc. 1959, 81, 5553; K. Niedenzu, J. W.
Dawson, J. Am. Chem. Soc. 1960, 82, 4223; K. Niedenzu, H. Beyer,
J. W. Dawson, Inorg. Chem. 1962, 1, 738.


[12] a) B. Wrackmeyer, B. Schwarze, W. Milius, Inorg. Chim. Acta 1996,
241, 87; J. Organomet. Chem. 1997, 545, 297; B. Wrackmeyer, B.
Schwarze, W. Milius, R. Boese, O. G. Parchment, G. A. Webb, J.
Organomet. Chem. 1998, 552, 247; b) Reviews: P. Paetzold, Adv. Inorg.
Chem. 1987, 31, 123; B. Wrackmeyer, R. Köster, in Houben-Weyl,
Methoden der Organischen Chemie, Bd. XIII/3c, Organoborverbin-
dungen III, Thieme, Stuttgart, 1984, p. 482 ± 514.


[13] a) H. G. Alt, K. Föttinger, W. Milius, J. Organomet. Chem. 1999, 572,
21; J. Pflug, A. Bertuleit, G. Kehr, R. Fröhlich, G. Erker, Organo-
metallics 1999, 18, 3818; b) S. Berger, S. Braun, H.-O. Kalinowski,
NMR-Spektroskopie von Nichtmetallen, Vol. 2, 15N-NMR-Spektrosko-
pie, Thieme, New York, 1992.


[14] T. Brackemeyer, G. Erker, R. Fröhlich, Organometallics 1997, 16, 531;
T. Brackemeyer, G. Erker, R. Fröhlich, J. Prigge, U. Peuchert, Chem.
Ber. 1997, 130, 899; H. Jacobsen, H. Berke, T. Brackemeyer, T.
Eisenblätter, G. Erker, R. Fröhlich, O. Meyer, K. Bergander, Helv.
Chim. Acta 1998, 81, 1692.


[15] J. L. Atwood, G. K. Barker, J. Holton, W. E. Hunter, M. F. Lappert, R.
Pearce, J. Am. Chem. Soc. 1977, 99, 6645; J. Jeffrey, M. F. Lappert,
N. T. Luong-Thi, M. Webb, J. L. Atwood, W. E. Hunter, J. Chem. Soc.
Dalton Trans. 1981, 1593; J. L. Atwood, W. E. Hunter, D. C. Hrncir, V.
Bynum, R. A. Pentilla, Organometallics 1983, 2, 750; Review: G. A.
Orpen, L. Brammer, F. H. Allen, O. Kennard, D. G. Watson, R.
Taylor, J. Chem. Soc. Dalton Trans. 1989, S1.


[16] F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen, R.
Taylor, J. Chem. Soc. Perkin Trans. II, 1987, S1.


[17] J. Schottek, G. Erker, R. Fröhlich, Angew. Chem. 1997, 109, 2585;
Angew. Chem. Int. Ed. Engl. 1997, 36, 2475.


[18] B. Temme, G. Erker, J. Karl, H. Luftmann, R. Fröhlich, S. Kotila,
Angew. Chem. 1995, 107, 1867; Angew. Chem. Int. Ed. Engl. 1995, 34,
1755.


[19] a) J. Karl, G. Erker, R. Fröhlich, J. Organomet. Chem. 1997, 535, 59; J.
Karl, G. Erker, Chem. Ber. 1997, 130, 1261; J. Karl, G. Erker, J. Mol.
Catal. 1998, 128, 85; J. Karl, M. Dahlmann, G. Erker, K. Bergander, J.
Am. Chem. Soc. 1998, 120, 5643; M. Dahlmann, G. Erker, M. Nissinen,
R. Fröhlich, J. Am. Chem. Soc. 1999, 121, 2820; b) K. Mashima, S.
Fujikawa, A. Nakamura, J. Am. Chem. Soc. 1993, 115, 10990; D. D.
Devore, F.-J. Timmers, D. L. Hasha, R. K. Rosen, T. J. Marks, P. A.
Deck, C. L. Stern, Organometallics 1995, 14, 3132; G. J. Pindado, M.
Thornton-Pett, M. Bochmann, J. Chem. Soc. Chem. Commun. 1997,
609; G. J. Pindado, M. Thornton-Pett, M. Bochmann, J. Chem. Soc.
Dalton Trans. 1997, 3115; G. J. Pindado, M. Thornton-Pett, M.
Bouwkamp, A. Meetsma, B. Hessen, M. Bochmann, Angew. Chem.
1997, 109, 2457; Angew. Chem. Int. Ed. Engl. 1997, 36, 2358; G. J.
Pindado, S. J. Lancaster, M. Thornton-Pett, M. Bochmann, J. Am.
Chem. Soc. 1998, 120, 6816; Y. Sun, W. E. Piers, S. J. Rettig, J. Chem.
Soc. Chem. Commun. 1998, 127.


[20] a) J. Karl, G. Erker, R. Fröhlich, J. Am. Chem. Soc. 1997, 119, 11165;
b) See, for a comparison: A. D. Horton, A. G. Orpen, Organometallics
1991, 10, 3910; A. R. Siedle, R. A. Newmark, W. M. Lamanna, J. C.
Huffman, Organometallics 1993, 12, 1491; H. Plenio, R. Diodone, J.
Am. Chem. Soc. 1996, 118, 356; Review: H. Plenio, Chem. Rev. 1997,
97, 3363.


[21] G. Erker, C. Krüger, G. Müller, Adv. Organomet. Chem. 1985, 24, 1; H.
Yasuda, K. Tatsumi, A. Nakamura, Acc. Chem. Res. 1985, 18,
120.


[22] D. J. Brauer, C. Krüger, Organometallics 1982, 2, 204; D. J. Brauer, C.
Krüger, Organometallics 1982, 2, 207; W. J. Highcock, R. M. Mills, J. L.
Spencer, P. Woodward, J. Chem. Soc. Chem. Commun. 1987, 128; E. J.
Larson, P. C. Van Dort, J. S. Dailey, J. R. Lakanen, L. M. Pederson,
M. E. Silver, J. C. Huffman, S. O. Russo, Organometallics 1987, 6, 2141;
E. J. Larson, P. C. Van Dort, J. R. Lakanen, D. W. O�Neill, L. M.
Pederson, J. J. McCandless, M. E. Silver, S. O. Russo, J. C. Huffman,
Organometallics 1988, 7, 1183; H. Yasuda, T. Arai, T. Okamoto, A.
Nakamura, J. Organomet. Chem. 1989, 361, 161; B. E. Hauger, P. J.
Vance, T. J. Prins, M. E. Wemple, D. A. Kort, M. E. Silver, J. C.
Huffman, Inorg. Chim. Acta 1991, 187, 91; M. L. H. Green, A. K.
Hughes, J. Chem. Soc. Dalton Trans. 1992, 527.


[23] A. S. Goldman, K. Krogh-Jespersen, J. Am. Chem. Soc. 1996, 118,
12159; H. Jacobsen, H. Berke, S. Döring, G. Kehr, G. Erker, R.
Fröhlich, O. Meyer, Organometallics 1999, 18, 1724.


[24] M. L. H. Green, L.-L. Wong, A. Seela, Organometallics 1992, 11, 2660,
and references therein.


[25] T. J. Marks et al. have used dynamic NMR spectroscopy to estimate
the activation energy of ion pair dissociation in [(Me2C5H3)2ZrCH3]�-
[CH3B(C6F5)3]ÿ as DG 6�


diss (353 K)� 18.3 kcal molÿ1, and that methyl
group exchange is markedly slower in this case (DG 6�


ex (355 K)�
19.7 kcal molÿ1).[2a] We have found a similar value for the ion
pair dissociation of [(MeC5H4)2ZrCH3]�[CH3B(C6F5)3]ÿ]: DG 6�


diss


(353 K)� 17.3� 0.5 kcal molÿ1 at the coalescence temperature of the
MeCp-2,4-H 1H NMR resonances at d� 5.33 and 5.22. For the
corresponding [(MeC5H4)2ZrCH3]�[(pyrrolyl)CH3B(C6F5)2]ÿ ion pair
the activation energy of ion pair dissociation is definitively higher
(DG 6�


diss > 18.5� 0.5 kcal molÿ1); however, it could not accurately be
determined as a result of the rapid decomposition of this ion pair at
temperatures above 340 K.


[26] For the potential use of such electrophilic boranes in organic synthesis
see, for example.: D. J. Parks, W. E. Piers, M. Parvez, R. Atencio, M. J.
Zaworotko, Organometallics 1998, 17, 1369; W. Spaether, K. Klass, G.







FULL PAPER G. Erker et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0266 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2266


Erker, F. Zippel, R. Fröhlich, Chem. Eur. J. 1998, 4, 1411; Review: K.
Ishihara, H. Yamamoto, Eur. J. Org. Chem. 1999, 527.


[27] S. Braun, H.-O. Kalinowski, S. Berger, in 150 and More Basic NMR
Experiments, VCH, Weinheim, 1998 and references therein.


[28] P. C. Wailes, H. Weigold, A. B. Bell, J. Organomet. Chem. 1972, 34,
155; E. Samuel, M. D. Rausch, J. Am. Chem. Soc. 1973, 95, 6263.


[29] H. Yasuda, Y. Kajihara, K. Mashima, K. Nagasuna, K. Lee, A.
Nakamura, Organometallics 1981, 1, 388; G. Erker, K. Engel, C.
Krüger, A. P. Chiang, Chem. Ber. 1982, 115, 3311; G. Erker, K. Engel,
C. Sarter in Organometallic Syntheses, Vol. 3 (Eds.: R. B. King, J. J.
Eisch), Elsevier, Amsterdam, 1986, p. 32.


[30] Programs used: Data collection: EXPRESS, Nonius, 1994 ; COL-
LECT, Nonius, 1998 ; Data reduction: MolEN, K. Fair, Enraf Nonius,


1990 ; Denzo-SMN, Z. Otwinowski, W. Minor, Methods in Enzymol-
ogy 1997, 276, 307; Absorption correction for CCD data: SORTAV,
R. H. Blessing, Acta Crystallogr. Sect. A 1995, 51, 33; J. Appl.
Crystallogr. 1997, 30, 421; Structure Solution: SHELXS-86 and
SHELXS-97, G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46,
467; G. M. Sheldrick, Universität Göttingen, 1997; Structure refine-
ment: SHELXL-93 and SHELXL-97, G. M. Sheldrick, Universität
Göttingen, 1997. Graphics: SCHAKAL, E. Keller, Universität Frei-
burg, 1997.


Received: May 31, 1999 [F 1825]








Understanding Diastereofacial Selection in Carbohydrate-Based Domino
Cycloadditions: Semiempirical and DFT Calculations


Martín Avalos, Reyes Babiano, JoseÂ L. Bravo, Pedro Cintas,* JoseÂ L. JimeÂnez,
Juan C. Palacios, and María A. Silva[a]


Abstract: The sequential cycloaddition
of nitroalkenes with methyl vinyl ether
was investigated by semiempirical
(PM3) and density functional methods
(B3LYP/6-31G*). The asymmetric ver-
sion was also examined with a threo-
configured carbohydrate auxiliary. This
produces a larger, more flexible system
that complicates the calculation. Most
transition structures were then fully
optimized at the PM3 level and further
refinement was done at ab initio levels.
This study represents a model case that
enables the rationalization of the high


facial selectivity observed in carbohy-
drate-based nitrone- and nitronate-al-
kene cycloadditions. The selective endo
orientation of the [4�2] pathway results
from Coulombic attraction and secon-
dary orbital interactions in the transition
state. The stereochemical outcome is
largely influenced by a combination of
steric shielding from the bulky chiral


substituent at C4 and the anomeric
effect that places the nitronate C6-
alkoxy group in a pseudoaxial arrange-
ment. The resulting conformation favors
the subsequent exo approach of methyl
vinyl ether to the less hindered re face of
the nitronate. It is also remarkable to
note that solvation energies stabilize
significantly a particular transition struc-
ture, thereby explaining the marked
stereoselection observed in a polar me-
dium.


Keywords: carbohydrates ´ cycload-
ditions ´ domino reactions ´ solvent
effects ´ theoretical calculations


Introduction


Numerous syntheses of naturally occurring substances and
complex skeletons use a series of reactions in sequence to
arrive at an overall transformation. These elegant processes
called domino or tandem reactions constitute a powerful
methodology in the laboratory.[1] However, the combination
of simple steps to effect a complex change in the substrate
may result in a continuous decrease in the stereoselectivity. As
in the case of many other reactions employed in synthesis,
interest in the use of carbohydrate substrates as a means to
obtain optically active organic targets has been fine-tuned
most impressively and has a longstanding tradition.[2] It is not,
therefore, surprising that carbohydrates were examined as
substrates, either as stereodifferentiators or auxiliaries, for
cycloadditions that provide rapid access to a variety of ring
systems.[3] Our research group has been involved in different
heterodiene and heterodienophile systems, with a recent focus
on sugar nitroalkenes that serve as the diastereodifferentia-
tors.[4] Sequential reactions based on nitroalkenes have been


employed in the stereocontrolled construction of amino
alcohols,[5] isoxazolines,[4, 5] elongated carbohydrates,[4] or
alkaloid nuclei[6] after selective cleavage of a highly function-
alized polycyclic system.


In our initial work, we observed that a carbohydrate
heterodiene bearing an acyclic chain of d-galacto configura-
tion reacted with ethyl vinyl ether (EVE) in a sequence of two
mild reactions: the first involves a [4�2]-Diels ± Alder cyclo-
addition followed by a second 1,3-dipolar cycloaddition
between the resulting nitronate and EVE (Scheme 1).[4a]


These two processes could be condensed into a one-pot
three-component coupling reaction, which, if we start from
the nitroalkene, EVE, and an electron-deficient alkene, gives
rise to a complex cyclic structure by a domino reaction.[4c,d] In
contrast to what we had expected, the effect of ethanol as
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Scheme 1. Diastereoselective carbohydrate-based domino [4�2]/[3�2]
cycloaddition.
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solvent was critical to achieve both high yield and high
selectivity.


The problem of diastereofacial preference of carbohydrate-
based cycloadditions is a current challenge.[3, 7] The most
predictable face selectivity has been observed in cyclic
partners in which the facial-differentiating elements are
relatively fixed in the carbon or heteroatom framework,
whereas less predictability is encountered in acyclic sugars for
which the accurate geometry of the transition structure (TS)
for the cycloaddition can only be determined by computation.
Therefore, we have undertaken the study of the molecular
mechanism for this relevant domino reaction. The results give
us an insight into the concept of diastereodifferentiation in the
acyclic series and can be used to assess the predictive power of
schemes grounded in molecular orbital (MO) theory.


Computational Methods


All gas-phase calculations were carried out with the Gaussian 94 package
of programs.[8] A detailed characterization of the potential energy surface
was carried out at the PM3 level[9] to ensure that all stationary points were
located and properly characterized, and with complete optimization of
bond lengths, bond angles, and dihedral angles. The stationary points were
characterized by frequency calculations in order to verify that the TSs have
one and only one imaginary frequency. Likewise, the PM3 geometries were
used as a starting point in the search of the B3LYP/6-31G* structures, by
means of ab initio[10] and DFT calculations that use the B3LYP hybrid
functional.[11]


The solvent effects were considered by B3LYP/6-31G* single-point
calculations by using a self-consistent reaction field (SCRF)[12] method,
based on the Onsager model,[13] in which the solvation energy was


calculated from the electrostatic energy between the solute, modeled as a
dielectric sphere of radius ao, and the solvent, ethanol in the present study,
described as a continuum of dielectric constant e� 24.3.


Results and Discussion


Regiochemistry : Theoretical calculations of the energies of
the frontier orbitals and TSs were performed at a semi-
empirical level, which we were constrained to employ because
of the complexity of the system under study (Scheme 1).
Model compounds 1 and 2 reproduce the structural character-
istics of the partners in this archetypal domino cycloaddition.
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The frontier-orbital calculations (FMO)[14] predict the
tendency of substrates to react in an inverse LUMOdiene-
controlled Diels ± Alder reaction because the energy gap
HOMOdienophile ± LUMOdiene (DE� 8.65 eV) is lower than the
energy of the interaction HOMOdiene ± LUMOdienophile (DE�
13.28 eV). Table 1 depicts energies and the coefficients (c1 and
c2) of the frontier orbitals, either at PM3 or ab initio levels,
which justify the regiochemistry of the [4�2]-cycloaddition


step observed in the experimental work. Likewise, there is a
secondary orbital interaction between the nitrogen atom on
the nitroalkene and the vinyl ether oxygen, thereby account-
ing for an endo orientation (Figure 1).
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Figure 1. Secondary orbital interaction observed for the endo orientation
of the [4�2] cycloaddition.


With regard to the regiochemistry of the [3�2] cyclo-
addition, model compounds 2 and 3 have been equally
utilized. Table 2 collects the energies and coefficients of their
frontier orbitals at PM3 level. Again, an inspection of the two
possible energy gaps reveal that the reactivity is controlled by


Abstract in Spanish: Se han investigado las cicloadiciones
secuenciales de nitroalquenos con metil vinil Øter mediante
caÂlculos semiempíricos (PM3) y funcionales de densidad
(B3LYP/6-31G*). Se ha considerado tambiØn la versioÂn
asimØtrica de este proceso con un fragmento de carbohidrato
de configuracioÂn treo. Esto complica el caÂlculo debido al
incremento del tamanÄo molecular y la flexibilidad conforma-
cional inducida por este grupo. Por ello, la mayoría de las
estructuras de transicioÂn fueron optimizadas a nivel PM3 y
luego refinadas a nivel ab initio. Este estudio permite
racionalizar la alta selectividad facial observada en numerosas
cicloadiciones de nitronas y nitronatos a alquenos usando
auxiliares quirales derivados de carbohidratos. La orientacioÂn
selectiva endo de la etapa [4�2] resulta de atraccioÂn CuloÂm-
bica e interacciones orbitaÂlicas secundarias en el estado de
transicioÂn. El curso estereoquímico estaÂ influenciado en gran
medida por una combinacioÂn del apantallamiento estØrico
producido por el voluminoso sustituyente quiral en la posicioÂn
C4, y el efecto anoÂmerico que situÂa al grupo alcoxi de la
posicioÂn C6 del nitronato con una orientacioÂn pseudoaxial. La
conformacioÂn resultante favorece el posterior ataque exo del
metil vinil Øter por la cara re menos impedida del nitronato.
Conviene senÄalar que las energías de solvatacioÂn contribuyen a
estabilizar una determinada estructura de transicioÂn, explican-
do de esta forma la observacioÂn experimental de una elevada
estereoselectividad en un disolvente polar.


Table 1. HOMO/LUMO energies [eV] and coefficients calculated by
semiempirical and ab initio methods for compounds 1 and 2.


MO PM3 c1 c2 HF/6-31G* c1 c2


1 HOMO ÿ 12.03 0.73 ÿ 0.44 ÿ 11.84 0.15 ÿ 0.35
LUMO ÿ 0.97 0.30 0.74 1.80 0.24 0.27


2 HOMO ÿ 9.62 0.45 0.65 ÿ 9.06 0.30 0.38
LUMO 1.25 0.81 ÿ 0.75 5.50 0.38 ÿ 0.31
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LUMOdipole ± HOMOdipolarophile interaction;
this is in agreement with a type-III 1,3-
dipolar cycloaddition.[15]


Such an interaction is enough to force
the reaction into the observed orientation.


Nevertheless, the opposite interaction of the nitronate
HOMO with the vinyl ether LUMO cannot be underesti-
mated, because the difference between these interactions is
small (DE� 0.8 eV). The difficulty with this approach, how-
ever, can be solved taking into account the existence of a
secondary bonding interaction between frontier orbitals that
lowers the energy of the endo reaction path (Figure 2). This
contrasts with the fact that the exo adduct is experimentally
observed,[4a] presumably for steric reasons.
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Figure 2. Secondary orbital interactions for the endo reaction path of the
[3�2] cycloaddition.


To clarify this question we
carried out a thermodynamic
and kinetic study of the domino
process. The imaginary fre-
quencies and corresponding ge-
ometries were obtained for the
TSs of the four cycloadditions
depicted in Scheme 2. Schemat-
ic representations of the energy
profiles for [4�2] and [3�2] cycloadditions (Figure 3) evi-
dence that the exo regioisomer 5 is both kinetically and
thermodynamically the more stable. These cycloadditions are
exothermic processes characterized by early transition struc-
tures.


The [4�2] cycloadditionÐstereochemistry : From the kinetic
and thermodynamic analysis, we could easily justify that the
cycloaddition proceeds regiospecifically to give only one
bicyclic fused system. Next, the stereochemical result of
experiment was investigated by using the model reaction
outlined in Scheme 3.[16] The absence of stereogenic centers in
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Scheme 2. Models studied for Diels ± Alder and 1,3-dipolar cycloadditions.
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Figure 3. Energy level diagrams of [4�2] and [3�2] cycloadditions studied
in this work.


the starting heterodiene 7 would lead to two different
stereoisomers (8 and 9), which would be able to adopt two
possible conformations (8 a,b/9 a,b).
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Table 2. HOMO/LUMO energies [eV] and coefficients estimated by PM3
calculations for compounds 2 and 3.


MO PM3 c1 c2


2 HOMO ÿ 9.62 0.45 0.65
LUMO 1.25 0.81 ÿ 0.75


3 HOMO ÿ 9.58 0.49 ÿ 0.60
LUMO 0.41 0.36 0.52
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Table 3 shows the enthalpies of formation for both con-
formers along with the potential-energy barriers associated
with TS 8 and TS 9, and the lengths of the O1ÿC6 and C4ÿC5
bonds formed in the [4�2] step. Data from Table 3 evidence
the greater stability of conformers 8 a and 9 a, a fact
attributable to the anomeric effect.[17] It is the anomeric


substituent (OMe), which occupies an axial orientation, that
exerts the larger directing effect in the Diels ± Alder reaction.
In both cases, the 1,2-oxazine ring adopts a half-chair
conformation in which the anomeric carbon C6 is below the
plane of O1ÿN2ÿC3ÿC4.


The lengths of the C4ÿC5 bonds in TS 8 and TS 9 are 1.762
and 1.780 �, respectively, whereas the distances between
O1ÿC6 are 2.608 and 2.648 �, respectively. The optimized
geometries for cycloadducts and TSs (Figure 4) suggest a
concerted process with a large degree of asynchronicity.
Consequently, there is more bond formation at the b-carbons
(they are more nucleophilic) in the transition structures; this
is reminiscent of a Michael type addition.


The endo preference may be explained in terms of a
stabilizing electrostatic interaction between the electron-rich


oxygen on the enol ether and the charged nitrogen atom on
the heterodiene. This favorable interaction cannot be reached
in an alternative exo orientation. Boger has also explained the
endo orientation on the basis of a similar hyperconjugative
anomeric-type interaction in which the lone pair of electrons
on the diene or a dipole oxygen (nO) interact with the s*CO


orbital of the ether, therefore stabilizing the endo TS when
arranged in an antiperiplanar arrangement.[18] The TS 9 is less
stable (DE� 0.52 kcal molÿ1) because the stabilizing Coulom-
bic interaction does not compensate the steric hindrance of
such substituents that become closer.


A salient feature that concerns the conformation of methyl
vinyl ether is the switch during the course of reaction from
s-cis in the reactant to s-trans in the transition structure. This
contrasts with the ground-state s-cis conformation of methyl
vinyl ether, which is favored by 1.66 kcal molÿ1. This con-
formational switching has been recently analyzed by Houk
et al. by theoretical calculations and experimental tests.[19]


Accordingly, the preferred conformation can be evaluated
by computation, but there is no direct way to detect which
conformation is present in the TS of the reaction. Houk et al.
hypothesized that enol ethers fixed in different conformations
will react at different rates, and they were able to test this
prediction for the cycloadditions of several enol ethers with
conjugated nitroso compounds and nitrones.[19]


To verify experimentally the latter point in the present
study, we attempted a series of cycloadditions with a chiral
nitroalkenyl sugar. No reaction was observed with 2,3-
dihydrofuran after several days at room temperature. Then,
we turned our attention towards a competitive process that
involves the chiral nitroalkene and ethyl vinyl ether plus 2,3-


Table 3. Heats of formation [kcal molÿ1] and lengths of forming bonds [�]
for cycloadducts and transition structures 8 and 9.


Cycloadducts Transition structures
8a 8 b 9a 9 b TS 8 TS 9


DHf ÿ 52.12 ÿ 49.61 ÿ 51.07 ÿ 49.87 2.14 2.66
O1ÿC6 1.398 1.415 1.389 1.414 2.608 2.648
C4ÿC5 1.527 1.526 1.526 1.526 1.762 1.780


Figure 4. Cycloadducts and transition structures obtained by reaction of nitroalkene 7 and methyl vinyl ether.
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dihydrofuran under the reaction conditions reported previ-
ously (Scheme 4).[4a]


As expected, the domino process took place preferentially
with EVE to yield 10 as the major adduct and as a single
stereoisomer. A minor product (11) could also be separated
by crystallization in 10 % yield. Although this crystalline
material was not suitable for an X-ray crystallography study,
from proton and carbon NMR experiments we could easily
establish that the cycloaddition also proceeded stereospecifi-
cally with 2,3-dihydrofuran and the formation of the domino
adduct 11.[20] The structure was determined from the coupling
constants in the 1H NMR spectrum. The value of J9a,3a�
5.3 Hz is identical to that observed for analogous protons in
adduct 10, thereby evidencing the same stereochemical
outcome. The presence of a triplet at highfield (d� 1.26) is
consistent with the incorporation of only one EVE moiety.
Furthermore, the appearance of two additional carbon
resonances at d� 67.3 and 27.3, attributable to methylene
groups (DEPT experiment), suggests the assembly of a
tetrahydrofuran skeleton. The product ratios of these cyclo-
additions reflect an exclusive reactivity of EVE for the Diels ±
Alder reaction and a preferential one for the 1,3-dipolar
cycloaddition.


Although Houk et al. have shown that, in the case of enol
ethers, a polar solvent can stabilize the s-cis TS more relative
to the s-trans TS,[19] the acyclic enol ether can adopt the s-trans
conformation anyway in the cycloaddition transition state.
Conversely, the conformationally fixed 2,3-dihydrofuran con-
strained to be s-cis accounts for its inertness towards the
domino process.


The [4�2] cycloadditionÐinfluence of the carbohydrate
chain : So far, the absence of chirality in the heterodiene
impedes a rationale for the facial selectivity. We have
therefore incorporated an l-threo-configured side chain into
the heterodiene to account for the observed stereoselection
(Scheme 5).


Again, the computational study was done at the PM3 level,
owing to the increased size of reactants and adducts, and the
presence of several heavy atoms. Adducts 13 ± 16 arise from
endo and exo approaches, for which the enol ether can also
access the re and si faces of the heterodiene (Scheme 6,
Table 4).


Figure 5 displays the optimized transition structures TS 13 ±
TS 16. The bulky chiral substituent at C4 adopts a pseudo-
equatorial arrangement, a fact that may be partly responsible
for the twist-boat conformation of the six-membered ring. On


the other hand, it is likely that
the alkoxy group at C6 prefers
the axial position because of a
stabilizing anomeric effect,[17]


thereby accounting for the
greater stability of adducts 13,
15, and 16.


Figure 5 also reveals the
asynchronicity of the cycload-
ditive process with a pro-
nounced Michael type addition
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Scheme 5. Chiral nitronates generated by Diels ± Alder cycloaddition of
nitroalkene 12 and methyl vinyl ether.
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character. As illustrated in TSs the long distance between the
nitrogen atom and the methoxy group of the incoming
dienophile is such that the stabilizing effects that may be
present (secondary orbital interactions, Coulombic attraction,
and the incipient anomeric effect developed in the TS) are
eliminated. The enhanced stability of TS 13 and TS 15 results
from steric effects, since the chiral carbohydrate effectively
protects one diastereoface of the heterodiene unit. In both
cases, the re face is blocked and the enol ether approaches
from the more accessible si face.


A further B3LYP/6-31G* calculation on the TS 13 and
TS 15 evidences an inversion in stabilities when compared
with the results at the PM3 level, because TS 13 is slightly
more stable, by 0.16 kcal molÿ1, than TS 15. This suggests that
a refined method is able to provide a better explanation of the
selectivity found experimentally.


Even though the preferential approach may be due to
electrostatic and steric effects, the solvation of TSs cannot be
neglected. Unlike Diels ± Alder reactions that have relatively
nonpolar TSs,[21] those of the hetero-Diels ± Alder cycloaddi-
tions may have significant polarity. Table 4 also lists the gas-
phase dipole moments of the cycloadducts and TSs. Although
there is no difference between the polarity of TS 13 and TS 15
(2.92 D versus 2.93 D), a polar solvent could likely change the
relative energies of these structures. A B3LYP/6-31G*
calculation was used on the SCRF model to determine the
relative energies of each TS placed in a solvent cavity of
dielectric constant 24.3 of ethanol,[22] which is used exper-
imentally for the domino process.


The TS 13 is 1.08 kcal molÿ1 lower in energy than TS 15 in an
SCRF cavity of ethanol. Moreover, the difference between
the dipole moments of the TSs increases in this medium (m�
3.08 D for TS 13 and 2.94 D for TS 15). Thus, when we
consider the change in the energy difference produced by the
solvent, then the Onsager B3LYP model is in the closest
agreement with the structure of the nitronate obtained in the
experiment (Scheme 1, vide supra). Ethanol is a rather
uncommon solvent in Diels ± Alder reactions. Since striking
selectivities have been observed for such cycloadditions in
polar solvents,[23] it is not surprising that solvation energies
stabilize significantly a particular TS.


The [3�2] cycloaddition route : The dipolar cycloaddition of
the first-formed nitronate largely dictates the stereochemical
outcome in view of the stereoelectronic characteristics
imposed by this intermediate. In general, intermolecular
[3�2] cycloadditions proceed with varying degrees of stereo-
control (endo versus exo approach) and facial selectivity.[24] In
a recent study, Denmark et al. analyzed the stereochemical
course of [3�2] cycloadditions of cyclic nitronates with a
series of mono- and disubstituted dipolarophiles.[25] They
carried out theoretical studies at the RHF and B3LYP levels
for predicting regioselectivity and found that an exo selection
is generally favored owing to steric effects.


Since preparative chemistry evidences that the cycloaddi-
tions of chiral nitronates bearing a l-threo side chain are
highly facially selective,[4a,c,d] a systematic study of this dipolar
process was undertaken. At first, two sources of facial bias


Table 4. Enthalpies of formation [kcal molÿ1] and lengths of forming bonds [�] for cycloadducts and transition structures 13 ± 16.


Cycloadducts Transition structures
13 14 15 16 TS 13 TS 14 TS 15 TS 16


DHf ÿ 142.19 ÿ 138.26 ÿ 143.25 ÿ 142.01 ÿ 89.25 ÿ 85.32 ÿ 89.51 ÿ 88.13
O1ÿC6 1.398 1.415 1.397 1.397 2.789 2.786 2.710 2.640
C4ÿC5 1.529 1.525 1.527 1.529 1.799 1.812 1.785 1.797
m 1.47 2.24 1.52 1.32 2.92 2.41 2.93 2.83


Figure 5. Chairlike transition structures 13 ± 16.
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should be evaluated: the anomeric effect and, as before, the
influence provided by a neighboring chiral inductor. To better
understand the role of an alkoxy group at C6, nitronates 3 and
17, which bear an enantiomeric relationship, were chosen as
simplified models for the [3�2] cycloaddition with methyl
vinyl ether (Scheme 7). Geometries for cycloadducts 18 ± 21
were fully optimized at the PM3 level and Table 5 lists their
energies, dipole moments, and lengths of the forming bonds.


In all cases, we considered that the dipolarophile approach-
ed the re face of each of the nitronates 3 and 17 exclusively;


this halves the number of possible cycloadducts, since the
alternative exo and endo approaches to the si face are equally
possible and would lead to their enantiomeric partners.
Enantiomeric pairs result from the fact that cis-fused rings
exhibited greatly enhanced stability (DEcis/trans� 6.6 ±
10.8 kcal molÿ1) and from the easy configurational inversion
on endocyclic nitrogen. Although the most stable cycloadduct
(18) has the same configuration as the diastereomer observed
experimentally, the energy differences are small and would be
consistent with a poor stereoselectivity.


If the stereochemical out-
come were due to an anomeric
effect, the conformation of the
six-membered nitronate and
the conformations of the two
methoxy groups would affect
the stability of the TSs leading
to adducts 18 ± 21. Although the
1,2-oxazine ring adopts a boat-
like conformation in the ground
state, this ring may fold into a
chair as the reaction progresses
from transition state to product.
In their study on nitronates,
Denmark et al. found that a


chairlike conformation facilitates a nearly antiperiplanar
arrangement of the nitrogen lone-pair and the CÿO bond.[25]


Accordingly, the key stereochemical issues are ring confor-
mation (chairlike or boatlike) and conformation of methoxy
group around the CÿO bond (s-cis or s-trans). Overall this
gives, in the case of 18, a set of eight possible TSs from
nitronate 3 (Figure 6).
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Scheme 7. Dipolarophile approach to nitronates 3 and 17.


Table 5. Enthalpies of formation [kcal molÿ1], lengths of forming bonds
[�], and dipole moments [Debyes] for cycloadducts 18 ± 21.


18 19 20 21


DHf ÿ 99.27 ÿ 98.82 ÿ 98.44 ÿ 97.84
O1ÿC2 1.422 1.411 1.421 1.422
C3ÿC3a 1.529 1.533 1.530 1.533
m 1.97 1.43 1.41 0.75


Figure 6. Chairlike and boatlike transition structures of nitroso acetal 18.
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Table 6 shows the calculated energies for TSs taking into
account such a conformation analysis. From these data, it is
clear that in the transition state the chairlike conformation is
preferred for the six-membered ring and the C6ÿOMe bond


adopts a s-trans conformation.
Nevertheless, the conformation
of the C2ÿOMe bond has little
or no influence. Once these
favorable conformational pat-
terns were fixed, the energies
for the TSs leading to 19 ± 21
were equally calculated. Again,
the effect of the vinyl ether
conformation on the stability
of TSs was minimal (Table 7).


A simple inspection of the
energies listed in Tables 6 and 7
enables us to predict that ad-
ducts 18 and 19 would be prev-
alent. There are no significant
effects to stabilize either tran-
sition state (DE� 0.38 kcal molÿ1). Both cycloadducts would
have arisen from an approach of the vinyl ether to the re face
of the nitronate, which is the less hindered face, and the
approach of the dipolarophile to the face opposite the
C6ÿOMe group. In nitronate 17, such a group impedes to


access the enol ether from the re face. Since TS 18 and TS 19
only differ in orientation (exo versus endo), this result
mismatches the experimentally determined high facial selec-
tivity. As before, we sought the origin of stereoselection in the
steric bulk of the carbohydrate chain at C4. Replacment of a
hydrogen atom with a chiral open-chain substituent of l-threo
configuration dramatically affects the geometries of adducts
and their relative energies. The vicinal diol inhabits a
pseudoequatorial position, thereby folding the six-membered
ring into a chair in the transition state. Scheme 8 outlines the
four possible pathways from nitronates 13 and 14, for which
the dipolarophile approaches the less sterically congested re
face. The enthalpies of the resulting cycloadducts and their
TSs (22 ± 25) together with dipole moments and distances
between atoms that represent the forming bonds are collected
in Table 8. The chairlike TSs depicted in Figure 7 reveal a


slight asynchronous character of the [3�2] cycloaddition as
well.


Given the exothermicity of these processes, the relative
stability of cycloadducts cannot be inferred from those of the
early TSs. The orientation of the chiral substituent at C4 with
respect to the isoxazolidine ring (exo for 22 and 24, endo for 23
and 25) should be responsible for the greater stability of
adducts 22 and 23.


In accord with data from Table 8, the cycloaddition would
preferentially afford 25 through the most stable TS 25.
However, the latter stems from an endo approach to the re
face of the chiral nitronate 14, a fact that disagrees with the
experimental observation in which a structure closely related
to 22 was obtained as a single diastereomer. As suggested
before for the [4�2] cycloaddition, this results allows us to
establish that only one nitronate, configurationally related to


Table 6. Conformation analysis and energies [cal molÿ1] for transition
structures 18a ± h.


C2-OMe C6-OMe 1,2-oxazine DHf


conformation conformation conformation


TS 18 a cis cis boatlike ÿ 34.28
TS 18 b cis cis chairlike ÿ 35.37
TS 18 c cis trans boatlike ÿ 35.25
TS 18 d cis trans chairlike ÿ 37.54
TS 18 e trans cis boatlike ÿ 34.65
TS 18 f trans cis chairlike ÿ 35.66
TS 18 g trans trans boatlike ÿ 35.43
TS 18 h trans trans chairlike ÿ 37.70
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Scheme 8. Dipolarophile approach to chiral nitronates 13 and 14.


Table 8. Enthalpies of formation [kcal molÿ1], lengths of forming bonds [�], and dipole moments [Debyes] for cycloadducts and transition structures 22 ± 25.


Cycloadducts Transition structures
22 23 24 25 TS 22 TS 23 TS 24 TS 25


DHf ÿ 195.99 ÿ 195.25 ÿ 191.63 ÿ 189.86 ÿ 132.62 ÿ 129.45 ÿ 130.08 ÿ 134.39
O1ÿC2 1.422 1.414 1.421 1.413 2.081 2.073 2.079 2.043
C3ÿC3a 1.534 1.535 1.531 1.532 2.110 2.120 2.119 2.127
m 1.89 1.45 2.11 1.52 1.56 1.69 1.33 0.55


Table 7. C2-alkoxy group conformation and energies [kcal molÿ1] for
transition structures 19 ± 21.


C2-OMe DHf


conformation


TS 19 a cis ÿ 36.71
TS 19 b trans ÿ 37.32
TS 20 a cis ÿ 34.77
TS 20 b trans ÿ 35.04
TS 21 a cis ÿ 34.30
TS 21 b trans ÿ 34.24
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13, should be formed in the first step of the domino process.
That the exo orientation occurs selectively in the [3�2]
pathway is evidenced by the enhanced stability of the TS 22
with respect to TS 23 (DE� 3.17 kcal molÿ1). The B3LYP/6-
31G* calculation augments the difference still further (DE�
5.88 kcal molÿ1). Since the TS 23 exhibits a higher polarity, a
polar medium should be able to stabilize it more relative to
the TS 22. Solvation energies were then examined with the aid
of a SCRF Onsager model at the B3LYP/6-31G* level. Even
under such circumstances the TS 22 is 5.50 kcal molÿ1 lower in
energy. Again, these results do justify the consideration of
solvent effects to reach values that are in pretty good
agreement with the experimental data.


In the present study the facial selectivity is largely due to
steric effects from the chiral nitroalkene auxiliary. One would
expect that these would be mittigated by both the longer
distance between the reaction center and the first stereogenic
centers of the side chain (which feature a relative threo
arrangement in a d-galacto configuration), and the flexibility
of the acyclic carbohydrate moiety. However, a consideration
of the energies of the competing transition structures permit a
greater steric discrimination. Likewise, if because of an
inherent asymmetric environment one side of the p orbital
extends further into space than the other, it will overlap better


with the approaching dienophile and, therefore, afford the
forming bonds a greater degree of stabilization.


It has been demonstrated that nitrones which carry a chiral
auxiliary derived from carbohydrates may display high levels
of diastereoselectivity in [3�2] cycloadditions.[26] The work by
Saito and co-workers, who described [3�2] cycloadditions of
nitrones to a chiral allylic ether with a high diastereofacial
differentiation, is especially relevant.[27] This last compound,
accessible from l-tartaric acid, bears a vicinal diol controller
with a relative threo configuration that discriminates p faces
of dipolarophile. A high stereodifferentiation of the p faces of
the nitrone has also been achieved by the same authors, but
with incorporation of the diol in the nitrone component.[28]


This type of uncatalyzed process is especially notable, because
the use of 1,3-dipoles is often incompatible with Lewis acid
catalysts. Likewise, a recent work describes high levels of
acyclic stereodifferentiation in intramolecular nitrone-alkene
cycloadditions of 3-O-allylmonosaccharides with threo con-
figuration at the adjacent chiral tether.[29]


Cycloaddition versus glycosidation : Anyone familiar with
carbohydrate chemistry will recognize that the above-men-
tioned sugar-based nitroso acetals are in fact homologated O-
glycosides.[30] Consequently, in spite of the theoretical inter-


Figure 7. Transition structures 22 ± 25.
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pretation provided in this work, it is still unclear if the
stereocontrolled formation of nitroso acetals arises from a
cycloaddition pathway or a stereospecific O-glycosidation
involving ethanol as the glycosyl acceptor molecule. In the
latter case, a hydroxyl-containing compound could be incor-
porated as the aglycone at the pseudoglycosidic centers of the
five- and six-membered rings. The mechanism would involve
the formation of a hemiacetalic intermediate followed by the
attack of a lower alcohol to afford the nitroso acetal again. To
rule out this alternative pathway, the synthetic process
outlined in Scheme 1 was performed with excess of EVE,
but with methanol as solvent.[31] A careful analysis of the
reaction mixture revealed the exclusive formation of a nitroso
acetal, which was identical to product obtained in ethanol.[4a]


No MeO-containing compounds could be detected at all. This
agrees with a cycloadditive process in which a carbohydrate
auxiliary strongly influence the steric course.


Conclusions


In this paper a theoretical interpretation of asymmetric
domino Diels ± Alder/1,3-dipolar cycloadditions of nitroal-
kenes and vinyl ethers has been reported. The stereodiffer-
entiating element was introduced on the heterodiene as a
carbohydrate-based tether with threo configuration. This
study also serves as a model case to explain the high
stereoselectivity in the cycloadditions of nitroalkenyl sugars
with olefins that involves the intermediacy of nitrones and
nitronates. From a mechanistic viewpoint, the domino process
consists of two concerted and asynchronous cycloadditions.
Theoretical calculations support the existence of Michael type
transition structures. Also of note is the s-trans preference of
enol ethers in transition structures, a fact that has also been
verified with a conformationally fixed enol ether. The endo
approach of methyl vinyl ether to the heterodiene is a
consequence of secondary orbital interactions that produce a
transition structure wherein the six-membered ring adopts a
half-chair conformation. The bulky substituent at C4 adopts a
pseudoequatorial arrangement, whereas a stabilizing anome-
ric effect places the alkoxy group at C6 in a pseudoaxial
orientation. The [3�2] cycloaddition takes place with an exo
approach to the less hindered re face of the chiral nitronate.
Interestingly, the consideration of solvation energies does
justify the remarkable stereoselection observed in the experi-
ment.
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Abstract: For the first time the two
enantiomeric forms of the glycosidase
inhibitor 1-azafagomine have been syn-
thesised starting from d- and l-xylose.
d-Xylose was converted to the 2,3,5-
tribenzylfuranose, which upon reductive
amination with tert-butyl carbazate gave
the protected 1-hydrazino-1-deoxypen-
titol in high yield. N-acetylation, mesy-
lation of the 4-OH, removal of the Boc
group, cyclisation and deprotection gave


(�)-1-azafagomine ((�)-1). By a similar
sequence of reactions, l-xylose was
converted to (ÿ)-1-azafagomine ((ÿ)-
1). Enzymatic and other routes to opti-
cally pure 1-azafagomine were also
studied. Compound (ÿ)-1 is a potent


competitive glycosidase inhibitor, while
(�)-1 has no biological activity. The
inhibition of almond b-glucosidase by
(ÿ)-1 was found to be slow owing to a
slow binding step of inhibitor to enzyme,
with no subsequent conformational re-
arrangement. The rate constants for
binding and release were found to be
3.3� 104mÿ1 sÿ1 and 0.011 sÿ1, respective-
ly, yielding Ki� 0.33 mm.


Keywords: azasugars ´ enzyme in-
hibitors ´ glycosidases ´ iminosugars
´ lipases


Introduction


A great number of biochemical processes in human biology
involve glycoside-cleaving enzymes.[1] There is therefore a
considerable drug potential in selective inhibitors of glyco-
sidases and similar enzymes. So far glycosidase inhibitors have
been investigated as antidiabetic, antiviral or antimetastatic
agents, work which has resulted in the antidiabetes drug
acarbose[2] and the new antiinfluenza drug Zanamivir.[3] There
is, however, a far greater potential in inhibition of these
enzymes, provided the required potent, selective inhibitors
can be designed and synthesised. An exciting development is
the increased understanding of the elements required for
glycosidase inhibition that is now being obtained,[4] which may
allow future chemists to predict inhibitor structure to a
greater extent.


For some time it has been known that replacing the ring
oxygen of a saccharide with nitrogen creates a glycosidase
inhibitor.[5] Subsequently it was found that replacing the
anomeric carbon of a saccharide with nitrogen also creates a
powerful glycosidase inhibitor.[6] The latter type of inhibitor,
isofagomines, were predominantly b-glycosidase inhibitors,[7]


while the former type, nojirimycins, more predominantly
inhibited a-glycosidases. An explanation for this has been
suggested.[8]


It was recently found that the hybrid compound (�)-1-
azafagomine ((�)-1) is a strong inhibitor of both b-glucosi-
dase and a-glucosidase (Figure 1).[8] It was anticipated that
the active enantiomer was the one resembling d-glucose and
this then supported the hypothesis given in reference [8] . It
may be argued, however, that since l-nojirimycin is an
inhibitor[9] of glycosidases the racemic 1 gives an unclear
picture in such a study, because some of the activity may be
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Figure 1. The stereochemical resemblance of 1-azafagomine (1) to glucose
and xylose.
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caused by the enantiomer resembling l-nojirimycin. It is
therefore important to investigate the individual activities of
the compounds, and in the present paper we describe the
synthesis of both enantiomers of 1 and the investigation of
their biological activities.


Results and Discussion


Synthesis of optically pure 1 was attempted by three different
routes, with the third ultimately being successful. The first
approach took advantage of the attractive short synthesis of
racemic 1.[8] A key intermediate in this synthesis was the
alcohol (�)-2, which seemed an obvious candidate for
enzymatic resolution using lipases. This could be performed
in two ways, either by enzyme-catalysed esterification of 2 or
by enzymatic hydrolysis of an ester of 2 (Scheme 1). Half-a-
dozen enzymes were investigated for catalysis of both
reactions. In general the esterification process gave the better
conversion especially when carried out with vinyl acetate in
organic solvent. The hydrolysis was extremely slow when the
acetate 3[8] was the substrate, but somewhat better when the
octanoate 4 was used.
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Scheme 1. Enzymatic resolution of (�)-2.


The results of the experiments yielding significant con-
version are shown in Table 1. The enantiomeric excess of the
products was determined by HPLC on an amylose acetate
column. The immobilised Mucor Mihei lipase (MML) from
NOVO (Bagsvaerd, Denmark; Lipozyme) gave some of the
best selectivity in catalysing esterification. Interestingly the


selectivity with this enzyme varied widely with solvent. The
highest E value (E� enantiomeric ratio; that is the enzyme�s
selectivity towards one enantiomer over the other), 3.8 in
favor of conversion of the R enantiomer, was obtained in
dimethoxymethane, while in benzene and acetonitrile no
selectivity was observed. In chlorinated solvents the selectiv-
ity even reversed so that the S enantiomer was preferentially
converted. The most selective enzyme was the Humicola
Thermo lipase (HTL) which gave a selectivity of 5.6. The
Candida Antarctica (CAL, Novozym) and the Humicola
Langinosa (HLL) lipases were somewhat less efficient.
Aspergillus Niger (ANL) and Pseudomonas Cepacia (PCL)
lipases could be used to hydrolyse the octanoyl ester 4 to (R)-
2, the latter with a selectivity comparable to the mucor-
catalysed reaction. To summarise, the highest selectivity
obtained was 5.6 for the R enantiomer, and this was not
enough for the reaction to be useful for synthesis of the pure
enantiomers of 1.


During the chromatographic purification of enantiomeri-
cally enriched batches of both 2 and 3, the phenomenon of
enantiomeric enrichment on an achiral column[10] was ob-
served. On chromatography of a 51 % ee batch of acetate (R)-
3, the early fractions of the column contained a higher content
of R enantiomer (59% ee) and the late fractions had an ee of
38 %.


The absolute configuration of the main product (R)-3 was
determined by converting a batch of 3, obtained by Mucor-
catalysed acetylation and having an enantiomeric excess of
50 %, into 1-azafagomine (1) by deacetylation with NaOMe in
MeOH to 2 followed by the previously published three-step
procedure[8] of epoxidation, hydrolysis and hydrazinolysis.
The rotation of this product [a]25


D was measured as ÿ5.4
corresponding to 1 with an enantiomeric excess of (ÿ)-1 of
54 %. The rotation and configuration of pure (ÿ)-1 was
determined by synthesis from l-xylose, as described later in
this paper.


Since enzymatic resolution of 2 was too inefficient we
turned our attention to total synthesis of 1 from a carbohy-
drate. Inspection of the structure of d-xylose (Figure 1)
revealed that a nucleophilic substitution of the 4-OH with


Table 1. Enantioselectivity of the enzyme-catalysed acylation/deacylation reactions.


Enzyme[a] Substrate Major product Solvent Reactant Conversion [%] ee [%] E


CAL (�)-2 (R)-3 dioxane AcOCH�CH2 31 41 2.8
CAL (�)-2 (R)-3 AcOCH�CH2 AcOCH�CH2 36 39 2.8
CAL (�)-2 (R)-4 dioxane C7H15COOMe 17 41 2.6
CAL (�)-4 (R)-2 dioxane MeOH 14 30 2.0
MML (�)-2 (R)-3 DME AcOCH�CH2 30 51 3.8
MML (�)-2 (R)-3 dioxane AcOCH�CH2 46 37 2.9
MML (�)-2 (R)-3 MIBK AcOCH�CH2 12 27 1.8
MML (�)-2 (S)-3 TCE AcOCH�CH2 55 29 2.5
MML (�)-2 (S)-3 CHCl3 AcOCH�CH2 28 22 1.7
MML (�)-2 (�)-3 C6H6 AcOCH�CH2 50 0 1
MML (�)-2 (�)-3 MeCN AcOCH�CH2 25 0 1
HTL (�)-2 (R)-3 AcOCH�CH2 AcOCH�CH2 26 48 3.4
HLL (�)-2 (R)-3 AcOCH�CH2 AcOCH�CH2 35 61 5.6
ANL (�)-4 (R)-2 aq. CHCl3 H2O 10 20 1.5
PCL (�)-2 (S)-3 AcOCH�CH2 AcOCH�CH2 28 21 1.7
PCL (�)-4 (R)-2 aq. CHCl3 H2O 41 47 3.8


[a] CAL: Candida Antarctica lipase; MML: Mucor Mihei lipase; HTL: Humicola Thermo lipase; HLL: Humicola Langinosa lipase; ANL: Aspergillus
Niger lipase; PCL: Pseudomonas Cepacia lipase.
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hydrazine with inversion of stereochemistry followed by
reductive ring-closure would give (�)-1. As (�)-1 was
expected to be the less active enantiomer, preparation and
investigation of that stereomer would in all likelihood give the
most information about the inhibitory potency of the enan-
tiomers. Since d-xylose is also readily available, this plan was
attractive.


Our first plan for synthesis of (�)-1 from d-xylose followed
this scheme: Reductive amination of the aldehyde of open-
chain xylose with a hydrazine derivative would lead to a
1-hydrazinopentitol. By tosylation of the primary alcohol
followed by base treatment a 4,5-epoxide would be formed
that upon nucleophilic ring-opening would give 1 with the
desired stereochemistry. Thus d-xylose was treated with
benzoylhydrazide in aqueous EtOH to give an adduct in
80 % yield that turned out to be the cyclic hydrazide 5
(Scheme 2). The structure was confirmed by X-ray crystal


O


OHHO
OH


OH


N
H


NHBz
OH


OH


OH


OH


N
Ac


NHBz
HO


OH


OH


OH


N
Ac


NHBz
HO


OH


O


O


O


OHHO
OH


H
N


NHBz


N
Ac


NHBz
O


O


O


O


BzNHNH2


H2O/EtOH


80%


 H2
Pt/C


H2O


80%


Ac2O 


MeOH


100%


Me2C(OMe)2
AcOH
 
 H2O


  55%
(2 steps)


D-xylose 5


6 7


8 9


TsOH


Scheme 2. Synthesis based on direct functionalisation of xylose.


structure determination (Figure 2). The structure of 5 con-
tains two independent molecules, but they are practically
identical, with only small differences in torsion angles. All
bond lengths and angles are as could be expected. Compound
5 is probably formed by attack by the 4-OH on an initially
formed hydrazone. The formation of cyclic hydrazide 5 was
unexpected, but not unprecedented.[11] It did not impede the
synthesis, however, because 5 could be hydrogenated with
platinum catalyst to the acyclic hydrazine 6 in 80 % yield. The
structure of 6 was also confirmed by X-ray crystallographic
structure analysis (Figure 2). Treatment of 6 with acetic
anhydride in methanol gave a quantitative yield of the N-
acetate 7. The structure of 7 was proposed based on fitting the
molecular ion in the MS spectrum and the appearance of an
acetyl group in the NMR spectrum.


According to the plan mentioned above, an epoxide had to
be introduced at C-4 and C-5 through the selective conversion
of the primary alcohol to a leaving group. Therefore selective
tosylation, mesylation and similar reactions were studied on
N-acetate 7, but in no case was it possible to isolate the desired
monosulfonylated product. In general the reactions seemed to
give several products, according to TLC and NMR, which
initially seemed surprising. However a search of the literature


Figure 2. X-ray structures of 5 and 6.


revealed that tetrols with xylo stereochemistry on monotosy-
lation of the primary alcohol undergo very rapid attack by the
d-OH to form a tetrahydrofuran.[12] Interestingly other polyol
tosylates with different stereochemistry such as the corre-
sponding arabino compounds do not undergo this cyclisation
as readily, and the monotosylates can be isolated without
problems.[13] Compounds with xylo stereochemistry have a
pronounced tendency to undergo this cyclisation. In this light
the problems with monosulfonylation of 7 are quite under-
standable. The 2-OH group could attack the initially formed
sulfonate ester, and indeed 13C NMR of the crude reaction
product showed signals at low field (d� 80 ± 85) suggesting
that tetrahydrofurans had been formed.


To avoid tetrahydrofuran formation, we decided to protect
the 2-OH. This was done by treatment of 7 with dimethoxy-
propane and TsOH to give the diacetonide 8 followed by
selective hydrolysis of the primary acetonide with aqueous
acetic acid to form 9 in 55 % yield from 7 (Scheme 2). The
structure of 8 was determined on the basis of a mass spectrum
showing the expected molecular weight, and four peaks from
d� 25 ± 30 in the 13C NMR spectrum showing the presence of
two isopropylidene groups. The structure of 9 was proposed
based on the mass spectrum showing the expected molecular
weight, the 1H NMR spectrum showing only six protons at
d� 1.3 and thus implying the existence of only one isopropy-
lidine group, and the fact that 9 was formed by selective
hydrolysis of 8. It may be argued that the isopropylidene
group could be located in a different position, but its position
was confirmed by subsequent transformations. The primary
alcohol was now converted to a leaving group by treatment of
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9 with mesitylenesulfonyl chloride in pyridine, which gave 10
in 73 % yield (Scheme 3). The presence of the sulfonate was
clearly seen from the NMR spectrum by the presence of a new
aryl group. When 10 was treated with base under relatively
mild conditions, K2CO3 in acetone or NaOMe in MeOH, with
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Scheme 3. Synthesis of diazepine 12.


the intention of forming an epoxide, the diazepine 11 was
formed in good yield. Only one product was observed. The
NMR spectrum of 11 showed the presence of 3 ± 4 different
amide rotamers and were very difficult to interprete. The
structure determination therefore had to rely on the mass
spectrum and subsequent conversion of 11 into 12 by
hydrolysis with aqueous hydrochloric acid. Diazapine 12,
formed in 97 % yield, was easily identified by its symmetry.


The formation of compound 11 could occur by direct
substitution of the mesitylenesulfonate by the amide anion.
However, it is likely that the intended epoxide intermediate is
formed in this reaction, but opens rapidly and selectively by
attack in the 5-position, for the following reasons: The 4,5-di-
O-mesylate of 9 (data not shown) was rather unreactive
towards base and no diazepine was formed when that reaction
was pushed towards completion; only elimination occurred.
The endo ring-opening of the epoxide is supposedly not so
favorable, but in its favor is the fact that the 5-position is
primary and that exo attack would lead to a six-membered
ring with a trans-fused acetonide. The diazapine 11 is probably
less strained.


To force the formation of the six-membered ring, we
protected the 5-OH of 9 with a tert-butyldimethylsilyl
(TBDMS) group by treatment of 9 with TBDMSCl and
imidazole in DMF (Scheme 4). This gave the silyl ether 13 in
98 % yield, as witnessed by the appearance of a tertiary butyl
signal in the 1H NMR spectrum. This compound was
mesylated with mesyl chloride in pyridine to give the mesylate
14 in 63 % yield. Structural assignment of 14 relied on the
appearance of a 1H NMR signal at d� 3.2 corresponding to
the mesyl group, and the downfield shift of a single proton
from d� 4.25 to 4.65, corre-
sponding to the deshielding ef-
fect of the mesyl group on H-4.
However, treatment of 14 with
various bases (LDA, NaH,
KOtBu) did not lead to the
desired pyridazine. A compar-
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Scheme 4. Functionalisation of diol 9.


ison of these results with the facile formation of 11 suggests
that the trans acetonide makes six-membered ring formation
very difficult. Nevertheless, formation of a six-membered ring
can occur when a trans-fused acetonide is present, but in those
cases the substitution occurred at a primary center and not a


to the acetonide.[14]


As an alternative, a reductive amidation ring-closure was
attempted.[15],[16] Alcohol 13 was converted to the ketone 15 in
97 % yield by a Swern oxidation. Treatment of 15 with
hydrogen and palladium on carbon under high pressure and
temperature did not give conversion, however.


It was now clear that a major problem in the synthesis was
the competing attack from the 2-OH. It was therefore
necessary to protect this alcohol, but the presence of a trans
2,3-acetonide impeded the formation of a six-membered ring.
It was consequently necessary to develop a strategy where
noncyclic protection groups could be used. Our attention was
called to the benzylated xylose derivatives 16 a and 17, both
available from d-xylose (Scheme 5).[17] In these molecules the
2-, 3- and 5-positions are already substituted with benzyl
groups.


Obviously direct disubstitution of the dimesylate 17 was
tempting, though five-membered ring formation could be
expected to be favored. Indeed, treatment of 17 with neat
hydrazine hydrate at 100 8C led to a single product 18 that was
isolated in 59 % yield (Scheme 5). The downfield 13C chemical
shifts of the ring carbon atoms clearly showed that a
pyrrolidine and not a pyridazine had been formed. Partic-
ularly the peaks at d� 84.9 and 80.3 were inconsistent with a
six-membered ring. The MS spectrum showed a peak at 418
consistent with the proposed formula. To avoid pyrrolidine
formation it was necessary to control the protection of the two
hydrazine nitrogen atoms in a manner similar to the strategy
of Schemes 2 and 5. So in a similar way 16 a was subjected to
reductive amination with tert-butyl carbazate in the presence
of NaCNBH3 and acetic acid (Scheme 6). This gave the
hydrazide 19 a in 84 % yield; the structural assignment relied
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on the disappearance, in the 13C NMR spectrum, of an
anomeric carbon and the appearance of two protons at d� 3.2
and 3.1 in the 1H NMR spectrum, corresponding to the
reduced C-1. The secondary amine was now protected as the
N-acetate with acetic anhydride in methanol to give 20 a, as
seen from the appearance of an N-acetyl group in the NMR
spectrum. This compound was treated with methanesulfonyl
chloride in pyridine to give 21 a in 92 % yield (from 19 a). The
presence of the mesyl group was clearly seen by the
appearance of a mesyl signal at d� 2.95 in the 1H NMR
spectrum and the downfield shift of H-4 to d� 5.0.


Treatment of 21 a with trifluoroacetic acid removed the Boc
group. The resulting amine did not undergo spontaneous
intramolecular substitution when treated with base, but
overnight treatment with ethyldiisopropylamine in nitrome-
thane at 60 8C gave the desired pyridazine 22 a in 75 % overall
yield. The structure determination of this compound relied on
a molecular ion obtained from mass spectrometry and the
presence of two signals at d� 44.7 and 60.4 in the 13C NMR
spectrum, corresponding to the two nitrogen-substituted
carbons C-3 and C-6. Note (see Experimental Section) that
the 13C NMR chemical shift values in general are much lower
than those of 18 ; this shows that this compound is a six-
membered ring. After hydrogenolysis in hydrochlorous etha-
nol to 23 a and acidic hydrolysis with refluxing 6n hydro-
chloric acid, 1-azafagomine was obtained in 64 % yield from
22 a. The product, (�)-1, had all the physical and spectroscopic
characteristics of the racemic compound, except a specific
rotation [a]25


D of �10.[8] On the basis of this rotation the
configurational preference in the enzymatic reaction of 2
could now be determined.


With the synthesis of (�)-1 secured it was now an easy task
to synthesise the enantiomer (ÿ)-1 from l-xylose (Scheme 7).
Though l-xylose is an unnatural sugar, it is relatively
inexpensive. Thus l-xylose was converted to 16 b, the enan-
tiomer of 16 a, by the same sequence of reactions.[17] From 16 b
reductive amination, acetylation and mesylation gave 21 b.
TFA treatment, base-promoted cyclisation and deprotection
gave (ÿ)-1, which had a specific rotation of ÿ9.8.


The two enantiomeric forms of 1-azafagomine were then
investigated for glycosidase inhibition (Table 2). This was
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Scheme 7. Synthesis of (ÿ)-1.


done in the usual way, by adding the compound to the
enzyme-catalysed hydrolysis of 4-nitrophenyl glycosides and
following the formation of nitrophenol spectrophotometri-
cally. The (�) form was found to be a very poor inhibitor. It
follows that the activity of the racemic form[8] had to be caused
by the (ÿ) form; this was confirmed. Thus (ÿ)-1 competitively
inhibited almond b-glucosidase with a Ki of 0.33 mm, which is
about half of the value of 0.65 mm measured for (�)-1.
Similarly a-glucosidase and isomaltase were inhibited com-
petitively and strongly by the (ÿ)-1 form.


The diazepine 12 was found to inhibit b-glucosidase with a
Ki of 64 mm, while a-glucosidase and isomaltase were inhib-
ited at 30 ± 40 mm. Though this is not weak inhibition, it is
much weaker than azafagomine. It suggests that 12 may fit
into the active site and bind to some of the functional groups
that azafagomine binds to, but that some interactions are
prevented.


These results show a remarkably large difference in bio-
logical activity between two enantiomers. Against b-glucosi-
dase, the inhibition differed by a factor of more than 30 000.
This shows that close resemblance to the substrate or
transition state is essential for binding, and suggests that
(ÿ)-1 binds in a mode resembling either one.


Close inspection of the progress curves for the b-glucosi-
dase-catalysed formation of 4-nitrophenol from 4-nitrophenyl
b-glucoside in the presence of (ÿ)-1 revealed that the curves
at the beginning of the reaction were slightly convex and not
linear as one would expect (progress curves with and without
the inhibitor (ÿ)-1 are shown in Figure 3). Linearity was,
however, reached after a few minutes of reaction. Even more
pronounced when (ÿ)-1 was allowed to stand with the enzyme
before addition of 4-nitrophenyl b-glucoside, a clearly con-
cave progress curve was seen. Again a linear curve was
reached in a few minutes.


These observations mean that inhibition of the enzyme is a
relatively slow process that requires measurable time to run to
completion. This is remarkable because normally host ± guest
binding is a very fast, almost diffusion-controlled process. The


Table 2. Ki values [mm] for the inhibition of glycosidase by 1 and 12.


Enzyme (�)-1 (�)-1[8] (ÿ)-1 12


almond b-glucosidase > 10 000 0.65 0.32 63.7
yeast a-glucosidase 2 900 3.9 6.9 42
isomaltase 871 1.06 0.27 31
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Figure 3. Control experiment demonstrating that the time-dependent
hydrolysis rate observed is due solely to the presence of inhibitor. The
enzyme was preincubated without inhibitor for 45 min, and the reaction
was then initiated by the addition of substrate and buffer (upper curve)
and, in addition, the inhibitor (ÿ)-1 (1.5 mm). The substrate concentration
was 8 mm, corresponding to 2 Km. The continuous curves are fits of
Equation (1) to the data by nonlinear regression. The temperature was
25 8C.


phenomenon is called slow inhibition. The occurrence of slow-
binding enzyme inhibitors is known[18] for a number of
different enzymes including glycosidases;[19±23] however, little
is known about when or why it occurs. Two possible
mechanisms may be considered for the slow inhibition
phenomenon (Scheme 8). Binding between enzyme and
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Scheme 8. Alternative kinetic schemes for the inhibition of b-glucosidase
by (ÿ)-1.


inhibitor may either involve the usual single step, but having
very slow on and off rates (kiI and kÿi being small, Scheme 8,
mechanism A). Alternatively, an initial fast binding step is
followed by a slow reversible transformation of the enzyme ±
inhibitor complex (EI) into a more stable complex (EI*,
Scheme 8, mechanism B).[18] The latter more ªcomplexº
model B seems to have become the accepted model, probably


because it is linked to a reasonable explanation for the
phenomenon: The slow transformation of EI to EI* may
involve a large conformational change of the enzyme, which
could well be a time-consuming process.


To get a more detailed insight into the binding mode of 1 we
used a kinetic analysis of the progress curves to distinguish
between the two mechanisms A and B. The two models have
been analysed before.[18, 24±26] The progress curve for product
formation for both models may be written as in Equation (1),
where VSS is the steady state rate attained as t!1 , A and C
are constants, the latter of which depends on the initial
conditions, and b is the observed rate constant. VSS, A and b


are functions of the substrate and inhibitor concentrations.


P(t)�VSSt�AC (exp(ÿbt)ÿ 1)/b (1)


A study of b as a function of inhibitor concentration allows
us to distinguish between models A and B. For mechanism A
we have b� ki[I]Km/(Km� [S])� kÿi , that is, b is a linear
function of the inhibitor concentration. In contrast, for
mechanism B, b� kr[I]Km/(KmKi�Ki[S]�Km[I])� kÿr , which
describes a hyperbola. In both cases a numerical analysis of b


allows determination of the relevant kinetic constants. There-
fore we determined b for almond b-glucosidase at a number of
different concentrations of (ÿ)-1 by fitting an exponential
function to the corresponding progress curves using the curve-
fitting software package Simfit.[27] In Figure 4, b is plotted
against [I]. It is seen that the data are consistent with a straight
line and not with a hyperbolic relationship. It must therefore
be concluded that the binding follows mechanism A.


Figure 4. Plots of the observed rate constant b at 25 8C vs. concentration of
inhibitor (ÿ)-1. Each point is a mean of four seperate determinations.
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From this plot the kinetic binding constants of the inhibitor
could be determined as ki� (3.3� 0.2)� 104mÿ1 sÿ1, kÿi�
(1.1� 0.2)� 10ÿ2 sÿ1 and Ki� 0.32� 0.02 mm. The association
constant ki is relatively small, showing that the rate of binding
of the inhibitor is much smaller than diffusion-controlled
binding (108 ± 109mÿ1 sÿ1). The reason why binding is so slow is
not clear. It may be that the entrance and arrangement of the
inhibitor in the active site is a difficult and time-consuming
process. Given the high degree of resemblance of inhibitor
and substrate one would, however, then also expect the
substrate and enzyme to associate at an equally slow rate.
From the present set of experiments it is not possible to see
whether they do, because the substrate concentration is so
high that binding on the time scale of the experiment will be
fast in any case.


Another explanation is that the inhibitor and the substrate
bind to the enzyme in different fashions. Given the fact that a
small deviation from glucose stereochemistry in the pattern
and stereochemistry of the hydroxyl groups on the inhibitor
results in a large decrease in inhibition, it seems likely that this
different binding mode is a mode resembling the transition
state.


Conclusion


In this study we have synthesised the two enantiomers of
glycosidase inhibitor 1-azafagomine (1) and found that only
the stereoform resembling d-glucose causes significant inhib-
ition. This supports the belief that the inhibitor binds
glycosidases in a mode resembling the substrate or the
transition state.[28]


Experimental Section


General : 13C NMR and 1H NMR spectra were recorded on a Varian
Gemini 200 instrument with DHO (1H NMR: d� 4.7) or acetone
(1H NMR: d� 2.05; 13C NMR: d� 29.8) as reference. FAB mass spectra
were obtained on a Kratos MS50RF mass spectrometer with EB geometry.
The resolving power of the spectrometer was set to 3000 (10 % valley
definition). The accelerating voltage was 8 kV, and the post-accelerating
detector potential was 9 kV. Ions were generated by fast atom bombard-
ment (FAB) of the compounds dissolved in 3-nitrobenzylalcohol, glycerol
or sulfolane matrices. The FAB gun employed xenon gas, 99.99 %, and was
operated at 9 kV. The instrument mass scale was externally calibrated using
CsI, and the mass-to-charge ratio (m/z) of observed signals was corrected
using the coobserved signals of known glycerol cluster ions, whereby an
estimated mass accuracy of 100 ppm was achieved. The electrospray mass
spectra (ESMS) were obtained by means of a Finnigan TSQ 700 triple
quadropole instrument equipped with a nanospray source (Protana A/S,
Odense, DK). Source conditions were: spray potential 800 V; heated
(150 8C) capillary: 20 V; tube lens: 70 V. Water solutions were approx-
imately 1 mm in the analyte and 1 mm in glycerol. Again the mass-to-charge
ratios of the observed M�1 signals were corrected using the coobserved
signals of known cluster ions.


Lipase-catalysed transesterification of (�)-2 : These reactions were per-
formed in two ways. Either a mixture of (�)-2 (20 mg) and a lipase (2 mg)
in vinyl acetate (2 mL) was stirred at 25 8C for several days, or (�)-2
(20 mg) and the lipase (10 mg) was reacted with vinyl acetate (0.08 mL) in a
solvent (0.2 ± 10 mL, Table 1) at 40 8C for a number of hours. In both cases
the reaction was stopped when TLC showed a desirable conversion. For
work-up, the lipase was filtered off and the solution concentrated in vacuo.
The residue was separated by flash chromatography (EtOAc, Rf(2): 0.31,


Rf(3): 0.63) to give 2 and 3. The ee of 2 and 3 was determined by HPLC
(column: Daicel Chiralcel AD; UV: 220 nm; flow rate: 0.5 mL minÿ1; (S)-2 :
53 min and (R)-2 : 58 min, (R)-3 : 39 min and (S)-3 : 58 min, n-hexane/
isopropanol 9:1).


1-(2-Benzoyl)hydrazino-1-deoxy-a-dd-xylopyranoside (5): d-xylose (4.53 g,
30 mmol) was dissolved in water (10 mL), and a solution of benzoyl
hydrazide (4.08 g, 30 mmol) in ethanol (10 mL) was added. The solution
was refluxed for 18 h, and then concentrated to a volume of 10 mL that
gave white crystals of 5 (5.85 g) upon cooling. Further concentration and
precipitation from the mother liquor gave an additional 0.58 g for a total
yield of 6.43 g (80 %). M.p. 170 ± 171 8C. [a]25


D �ÿ40.3 (c� 0.6, H2O);
MS(EI): m/z : 269 [M�1]; MS(FAB): m/z : 269.11; calcd for C12H16N2O5�
H: 269.11; 13C NMR ([D6]DMSO, 50 MHz): d� 166.2 (COPh), 132.8, 131.8,
128.6, 127.6 (Ph), 92.2 (C-1), 76.8, 71.6, 70.1 (C-2, C-3, C-4), 67.2 (C-5);
1H NMR ([D6]DMSO, 200 MHz): d� 10.19 (d, 1H, BzNH, JNH,NH�
5.5 Hz), 7.8 (dd, 2 H, PhH, Jo,m� 8.1, Jo,p� 1.5 Hz), 7.43 ± 7.55 (m, 3H,
PhH), 5.94 (dd, 1H, NH, JNH,NH� 5.5, JNH,1� 3.0 Hz), 5.24 (d, 1H, OH, J�
4.3 Hz), 5.04 (d, 1H, OH, J� 4.3 Hz), 4.99 (d, 1H, OH, J� 4.8 Hz), 3.86
(dd, 1 H, H-1, J1,2� 8.4, JNH,1� 3.0 Hz), 3.69 ± 3.75 (dd, 1 H, H-5a, J5a,5b�
11.0, J4,5a� 6.2 Hz), 2.97 ± 3.37 (m, 4H, H-2, H-3, H-4, H-5b).


1-(2-Benzoyl)hydrazino-1-deoxy-dd-xylitol (6): As above, d-xylose (4.53 g,
30 mmol) was dissolved in water (10 mL), and a solution of benzoylhy-
drazide (4.08 g, 30 mmol) in ethanol (10 mL) was added. The solution was
refluxed for 18 h. Water (30 mL) and platinum on carbon (600 mg, 5%)
were added, and the mixture was hydrogenated for 18 h at 40 atm and
35 8C. The mixture was diluted to 200 mL with warm water and filtered
through Celite. The filtrate was concentrated to a crystalline residue that
was recrystallised from methanol. Yield: 5.2 g (64 %). M.p. 161 ± 162 8C.
[a]D�ÿ17.9 (c� 0.6, H2O); MS(EI): m/z : 271 [M�1], 149 [MÿC4H9O4],
121 [MÿNHNHBz], 105 (Bz); MS(FAB): m/z : 271.13; calcd for
C12H18N2O5�H: 271.13; 13C NMR ([D6]DMSO, 50 MHz): d� 165.3
(COPh), 133.3, 131.5, 128.6, 127.2 (Ph), 72.2, 71.8, 69.8 (C-2, C-3, C-4),
63.0 (C-5), 54.6 (C-1); 1H NMR ([D6]DMSO, 200 MHz): d� 10.07 (d, 1H,
BzNH, JNH,NH� 6.2 Hz), 7.82 (dd, 2H, PhH, Jo,m� 6.0, Jo,p� 1.8 Hz), 7.42 ±
7.50 (m, 3H, PhH), 5.29 (dd, 1H, NH, JNH,NH� 6.2, JNH,1� 5.6 Hz), 4.70 (d,
1H, OH, J� 4.8 Hz) 4.42 ± 4.51 (m, 2H, OH), 4.27 (d, 1H, OH, J� 6.2 Hz),
3.67 (dt, 1 H), 3.55 (m, 1 H), 3.43 (m, 1H, H-2, H-3, H-4), 2.78 ± 2.91 (m, 2H,
H-5a, H-5b), 2.50 (m, 2H, H-1a, H-1b).


1-(1-Acetyl-2-benzoyl)hydrazino-1-deoxy-dd-xylitol (7): The hydrazide 6
(5.2 g, 19.3 mmol) was dissolved in methanol (100 mL), and acetic
anhydride (9.82 g, 5 mol equiv) was added. The solution was kept for 1 h
at 25 8C and then concentrated. The residue was coevaporated several
times with water and toluene. Yield: 6.0 g (100 %). [a]D�ÿ17.1 (c� 0.2,
H2O); MS(FAB): m/z : 313.13; calcd for C14H20N2O6�H: 313.14; 13C NMR
(D2O, 50 MHz): d� 175.6 (COMe), 167.8 (COPh), 133.3, 131.7, 129.3, 128.2
(Ph), 73.3, 71.9, 70.1 (C-2, C-3, C-4), 63.9 (C-5), 52.1 (C-1), 21.0 (Ac);
1H NMR (D2O, 200 MHz): d� 10.37 (br s, 1H, BzNH), 7.82 (dd, 2 H, PhH),
7.30 ± 7.50 (m, 3 H, PhH), 3.3 ± 4.2 (m, 7 H), 2.05 (s, 3 H, CH3).
�1-(1-acetyl-2-benzoyl)hydrazino-1-deoxy-2,3-O-isopropylidene-dd-xylitol
(9): The N-acetate 7 (6.0 g, 19.2 mmol) was dissolved in acetone (130 mL)
and 2,2-dimethoxypropane (26 mL). p-Toluenesulfonic acid (660 mg,
0.2 mol equiv) was added. The reaction mixture was stirred for 2 h, after
which time TLC (Rf� 0.85; EtOAc/EtOH 9:1) showed completion of the
reaction. The mixture was neutralised with saturated NaHCO3 solution and
then concentrated. The residue was redissolved in CH2Cl2 (200 mL) and
washed with water (3� 200 mL). The organic phase was dried with MgSO4


and concentrated to give the diacetonide 8 as a colourless syrup: MS(FAB):
m/z� 393.20; calcd for C12H18N2O5�H: 393.20; 13C NMR (CDCl3,
200 MHz): d� 173.3 (COMe), 166.3 (COPh), 132.6, 131.7, 128.6, 127.2
(Ph), 109.6 (2C, C(CH3)2), 76.8, 74.7, 69.5 (C-2, C-3, C-4), 65.5 (C-5), 53.9
(C-1), 29.2, 27.1, 26.0, 25.3 (C(CH3)2), 20.3 (CH3); 1H NMR (CDCl3,
200 MHz): d� 9.1 (s, 1H, BzNH), 7.8 (dd, 2H, PhH), 7.40 ± 7.60 (m, 3H,
PhH), 3.3 ± 5.5 (m, 7H), 2.0 (s, 3 H, Ac), 1.3 (2s, 12 H, CH3�s). This syrup was
dissolved in 80 % acetic acid (30 mL) and stirred at 40 8C for 2 h, after
which TLC (Rf� 0.47 EtOAc/EtOH 9:1) showed one principal product.
The solution was concentrated, and the residue subjected to flash
chromatography in EtOAc to give 9 as a syrup (3.72 g, 55%). [a]D�
ÿ19.3 (c� 0.4, CHCl3); MS(FAB): m/z : 353.17; calcd for C12H18N2O5�H:
353.17; 1H NMR (CDCl3, 200 MHz): d� 9.3 (br s, 1H, BzNH), 7.85 (dd,
2H, PhH), 7.40 ± 7.60 (m, 3 H, PhH), 4.25 (dt, 1 H), 3.9 (m, 3H), 3.7 (m, 3H),
2.1 (s, 3H, Ac), 1.3 (s, 6 H, CH3�s).
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1-(1-Acetyl-2-benzoyl)hydrazino-1-deoxy-2,3-O-isopropylidene-5-O-
(2,4,6-trimethylbenzene)sulfonyl-dd-xylitol (10): The diol 9 (352 mg,
1 mmol) was dissolved in pyridine (2 mL), and 2,4,6-trimethylbenzenesul-
fonyl chloride (240 mg, 2.2 equiv) and 4-N,N-dimethylaminopyridine
(7 mg) were added. The reaction mixture was stirred for 18 h, and the
mixture was separated between EtOAc (10 mL) and H2O (10 mL). The
organic layer was washed twice with water (10 mL) and then dried
(Na2SO4) and concentrated. The residue (870 mg) was subjected to flash
chromatography (EtOAc/pentane 1:1), which gave first 1-(1-acetyl-2-
benzoyl)hydrazino-1-deoxy-4,5-di-O-(2,4,6-trimethylbenzene)sulfonyl-2,3-
O-isopropylidene-d-xylitol (170 mg, 24%) and then 10 (388 mg 73%).
[a]D�ÿ12.7 (c� 2.2, CHCl3); MS(FAB): m/z : 535.208; calcd for
C26H34N2O8S�H: 535.211; 13C NMR (CDCl3, 50 MHz): d� 143.6, 140.0,
132.8, 131.8, 128.9, 127.3 (Ph�s), 78.7, 75.0, 70.4, 67.2 (C-2, C-3, C-4, C-5),
49.0 (C-1), 27.2, 26.7 ((CH3)2C), 22.6 (ArCH3), 21.0 (Ac); 1H NMR (CDCl3,
200 MHz): d� 9.0 (br s, 1H, BzNH), 7.8 (d, 2 H, PhH, Jo,m� 8.1 Hz), 7.5 (t,
1H, PhH), 7.4 (t, 2H, PhH), 6.9 (s, 2H, PhH), 4.2 (m, 1H), 3.8 ± 4.0 (m, 3H),
3.75 (d, 1H), 2.9 (m, 2 H, H-5a, H-5b), 2.5 (s, 6 H, ArCH3�s), 2.25 (s, 3H,
ArCH3), 2.05 (s, 3 H, Ac), 1.3 (s, 6H, (CH3)2C).


(4S,5S,6R)-2-N-Acetyl-1-N-benzoyl-4,5-O-isopropylidene-4,5,6-trihy-
droxy-1,2-diazapine (11): Compound 10 (245 mg, 0.46 mmol) was dissolved
in a solution of Na (35 mg, 1.46 mmol) in MeOH (1 mL) and kept at 25 8C
for 30 min. A small lump of solid CO2 was added to neutralise excess base.
The solution was concentrated and subjected to flash chromatography in
EtOAc. This gave 11 as a syrup (118 mg, 77 %). [a]D��16.1 (c� 0.5,
CHCl3); MS(FAB): m/z : 335.17; calcd for C17H22N2O5�H: 335.16; 13C NMR
(CDCl3) at least two rotamers: d� 171.6, 171.5 (C�O), 131.7 ± 133.2, 126.4 ±
129.1 (Ph), 111.0, 110.8 (C(CH3)2), 84.8, 83.7 (C-5), 73.0, 72.5 (C-4), 70.8,
67.8 (C-6), 55.3, 52.6 (C-3), 48.2, 46.7 (C-7), 27.0, 26.7 (C(CH3)2), 20.3, 20.2
(Ac).


(4,5-trans-5,6-trans)-4,5,6-Trihydroxy-1,2-diazapine hydrochloride (12):
Compound 11 was dissolved in aqueous hydrochloric acid (4m, 12 mL)
and refluxed for 18 h. The solution was concentrated to syrup containing 12
and some benzoic acid. The latter was removed by extracting the residue
with diethyl ether (4� 20 mL). Very pure 12 remained as the hydro-
chloride. Yield: 141 mg (97 %); MS(EI): m/z : 148 [M�]; 13C NMR (D2O):
d� 75.7 (C-5), 68.5 (C-4, C-6), 46.5 (C-3, C-7); 1H NMR (D2O): d� 3.82
(dt, 2H, J3b,4� J6,7b� 6.3, J4,5� J5,6� 6.3, J3a,4� J6,7a� 4.0 Hz, H-4, H-6), 3.61
(t, 1H, J4,5� J5,6� 6.3 Hz, H-5), 3.24 (d, 2H, J3a,4� J6,7a� 4.0 Hz, H-3a,
H-7a), 3.23 (d, 2H, J3b,4� J6,7b� 6.3 Hz, H-3b, H-7b).


1-(1-Acetyl-2-benzoyl)hydrazino-5-O-tert-butyldimethylsilyl-1-deoxy-2,3-
O-isopropylidene-dd-xylitol (13): Imidazole (510 mg, 2.5 mol equiv) and
tert-butyldimethylsilyl chloride (652 mg, 1.2 mol equiv) were added to a
solution of 9 (1.06 g, 3 mmol) in DMF (2.2 mL) at 0 8C. The mixture was
stirred until TLC showed the disappearance of starting material (20 min)
and formation of one product (Rf� 0.46, EtOAc/pentane 1:1). Water
(100 mL) was added, and the mixture was extracted with ether (3�
100 mL). The combined organic phase was washed with water (200 mL),
dried (MgSO4) and concentrated to give 13 as a syrup (1.38 g, 98%). [a]D�
�3.1 (c� 0.3, CHCl3); MS(EI): m/z : 467 [M�]; 1H NMR (CDCl3,
200 MHz): d� 8.9 (s, 1H, BzNH), 7.85 (dd, 2H, PhH), 7.40 ± 7.60 (m, 3H,
PhH), 4.25 (dt, 1H), 3.6 ± 3.9 (m, 6H), 2.1 (s, 3 H, Ac), 1.4 (s, 6H, CH3�s), 0.9
(s, 9 H, tBu), 0.05 (s, 6H, SiCH3).


1-(1-Acetyl-2-benzoyl)hydrazino-5-O-tert-butyldimethylsilyl-1-deoxy-4-
O-methanesulfonyl-2,3-O-isopropylidene-dd-xylitol (14): The alcohol 13
(245 mg, 0.5 mmol) was dissolved in pyridine (1.7 mL) at 0 8C and
methanesulfonyl chloride (61 mL, 0.79 mmol, 1.5 equiv) was added. After
2.5 h the reaction was complete, and a small amount of water (0.2 mL) was
added and allowed to react for 5 min. The mixture was diluted with CH2Cl2


(10 mL) and washed with HCl (10 mL), NaHCO3 (10 mL) and water
(10 mL). The organic phase was dried (MgSO4) and concentrated to give
the mesylate 14 as a colourless syrup (171 mg, 63 %). 1H NMR (CDCl3,
200 MHz): d� 9.1 (br s, 1H, BzNH), 7.85 (dd, 2H, PhH), 7.40 ± 7.60 (m, 3H,
PhH), 4.65 (m, 1H), 3.7 ± 4.3 (m, 6H), 3.2 (s, 3 H, CH3SO2), 2.1 (s, 3H, Ac),
1.4 (s, 6 H, CH3�s), 0.9 (s, 9H, tBu), 0.05 (s, 6 H, SiCH3).


5-(1-Acetyl-2-benzoyl)hydrazino-1-O-tert-butyldimethylsilyl-5-deoxy-3,4-
O-isopropylidene-ll-thre-2-ulose (15): To a solution of oxalyl chloride
(0.36 mL, 4.18 mmol) in dry CH2Cl2 (6 mL) atÿ65 8C was added a solution
of DMSO (0.695 mL, 9.76 mmol) in dry CH2Cl2 (3 mL). After 5 min at that
temperature a solution of 13 (1.3 g, 2.79 mmol) in CH2Cl2 (3 mL) was added


over 10 min. The reaction mixture was allowed to warm to ÿ50 8C, and
Et3N (2.5 mL, 18.1 mmol) was added. After 30 min in which the mixture
was allowed to reach 25 8C, the reaction was complete, and one product was
observed on TLC (Rf� 0.78, pentane/EtOAc 1:1) The solution was diluted
with CH2Cl2 (200 mL), and washed with water (2� 200 mL) and saturated
NaCl solution (200 mL). The organic phase was dried (MgSO4) and
concentrated to give 15 as a colourless syrup (1.26 g, 97 %). 1H NMR
(CDCl3, 200 MHz): d� 7.9 (dd, 2H, PhH), 7.40 ± 7.60 (m, 3H, PhH), 4.3 ±
4.7 (m, 5 H), 3.1 (q, 1H), 2.1 (s, 3H, Ac), 1.4 (d, 6 H, CH3�s), 0.9 (s, 9H, tBu),
0.1 (s, 6H, SiCH3).


(2S,3S,4S)-1-N-Amino-2'',3,4-tri-O-benzyl-3,4-dihydroxy-2-hydroxyme-
thylpyrrolidine (18): The dimesylate 17 (106 mg, 0.18 mmol) was dissolved
in hydrazine hydrate (1 mL) and heated to 100 8C for 18 h. The solution was
concentrated, and the residue was subjected to flash chromatography
(EtOAc) to give 18 as a clear syrup (45 mg, 59%). MS(EI): m/z : 418 [M�];
13C NMR (CDCl3): d� 138.2, 137.9, 127.6 ± 128.4 (Ph), 84.9, 80.3 (C-2, C-3),
74.1, 73.4, 71.6, 71.1, 70.7 (C-4, C-5, 3 Bn), 62.9 (C-1).


1-(2-tert-Butyloxycarbonyl)hydrazino-1-deoxy-2,3,5-tri-O-benzyl-dd-xylitol
(19 a): A solution of 16a (5.9 g, 14 mmol) in methanol (70 mL) was treated
with tert-butylcarbazate (3.7 g, 28 mmol), acetic acid (1.47 g, 24.5 mmol)
and NaCNBH3 (3.33 g, 53.4 mmol) at 60 8C for 18 h. NaHCO3 solution
(satd, 30 mL) was added, then water (100 mL), and the mixture was
extracted with CH2Cl2 (3� 50 mL). The organic layer was dried, concen-
trated and subjected to flash chromatography (EtOAc/CH2Cl2, 1:4). This
gave 19a (6.4 g, 84 %). MS(FAB): m/z : 537.296; calcd for C31H40N2O6�H:
537.297; 13C NMR (CDCl3): d� 138.1, 127.6 ± 128.4 (Ph), 74.2, 73.2, 72.1,
71.1, 68.2 (C-4, C-5, 3Bn), 28.3 ((CH3)3C); 1H NMR (CDCl3): d� 7.3 (m,
15H, PhH), 6.2 (br s, 1H, BocNH), 4.4 ± 4.7 (m, 6 H, Bn�s), 4.3 (br s, 2H,
OH, NH), 4.0 (t, 1 H, J� 6 Hz, H-3), 3.7 (m, 2H), 3.55 (dd, 1H, J� 8.3 Hz,
J� 6 Hz, H-5a), 3.45 (dd, 1H, J� 8.3 Hz, J� 7 Hz, H-5b), 3.2 (dd, 1H, J�
12 Hz, J� 4.3 Hz, H-1a), 3.1 (dd, 1 H, J� 12 Hz, J� 3.2 Hz, H-1b), 1.4 (s,
9H, CH3�s).


1-(2-tert-Butyloxycarbonyl)hydrazino-1-deoxy-2,3,5-tri-O-benzyl-ll-xylitol
(19 b): Synthesis carried out as for 19a above, but starting from 16 b. [a]D�
�3.7 (c� 1.0, CHCl3).


1-(1-Acetyl-2-tert-butyloxycarbonyl)hydrazino-1-deoxy-2,3,5-tri-O-ben-
zyl-4-O-methanesulfonyl-dd-xylitol (21 a): Compound 19a (203 mg,
0.38 mmol) was dissolved in methanol (20 mL) and acetic anhydride
(2 mL) was added. The mixture was kept for 18 h and then concentrated.
The residue was identified by NMR as the acetate 20 a (1H NMR (CDCl3):
d� 7.2 (br s, 15H, PhH), 6.85 (br s, 1 H, NH), 4.4 ± 4.7 (m, 7 H), 3.9 (m, 3H),
3.4 ± 3.8 (m, 3 H), 1.95 (s, 3H, Ac), 1.4 (s, 9 H, ((CH3)3C)). This compound
was dissolved in pyridine (10 mL) and cooled to 0 8C. Methanesulfonyl
chloride (50 mg, 0.44 mmol) was added, and the mixture was allowed to
reach room temperature over 1 h. Water (10 mL) was added, and the
mixture was extracted with CH2Cl2 (2� 10 mL). Finally the organic layer
was concentrated and coevaporated with toluene. The residue was
subjected to column chromatography (EtOAc/CH2Cl2 0:1 to 1:4) to give
21a (229 mg, 92%). MS(FAB): m/z : 657.285; calcd for C34H44N2O9S�H:
657.285; 1H NMR (CDCl3): d� 7.3 (br s, 15 H, PhH), 6.85 (br s, 1 H, NH), 5.0
(m, 1H), 4.4 ± 4.7 (m, 7 H), 3.9 (m, 1 H), 3.5 ± 3.8 (m, 3H), 3.25 (m, 1H), 2.95
(s, 3 H, Ms), 1.95 (s, 3H, Ac), 1.45 (s, 9H, ((CH3)3C).


1-(1-Acetyl-2-tert-butyloxycarbonyl)hydrazino-1-deoxy-2,3,5-tri-O-ben-
zyl-4-O-methanesulfonyl-ll-xylitol (21 b): Synthesis carried out as for 21a
above, but starting from 19 b. [a]D�ÿ4.8 (c� 1.0, CHCl3).


(3S,4S,5S)-1-N-Acetyl-3'',4,5-tri-O-benzyl-4,5-dihydroxy-3-hydroxymethyl-
hexahydropyridazine (22 a): The mesylate 21a (220 mg, 0.33 mmol) was
dissolved in TFA (2 mL) and kept for 1 h at room temperature. The TFA
was removed by evaporation and NaHCO3 solution (satd, 10 mL) was
added to the residue. This mixture was extracted with CH2Cl2 (2� 10 mL)
and the combined organic layers were dried (MgSO4) and concentrated.
This residue was dissolved in nitromethane (2 mL), EtNiPr2 (200 mL,
148 mg, 1.15 mmol) was added, and the mixture was heated at 60 8C for
18 h. The solvent was removed by concentration, and the residue was
subjected to chromatography (EtOAc/CH2Cl2, 0:1 to 1:4) to give 22a
(115 mg, 75%). MS(EI): m/z : 460 [M�], 339 [MÿCH2OBn]; MS(FAB):
m/z : 461.238; calcd for C28H32N2O4�H: 461.244; 13C NMR (CDCl3): d�
172.8, 138.3, 138.0, 137.7, 127.8 ± 128.5 (Ph), 77.8, 74.7, 73.4 (2C), 72.0, 67.0
(3Bn, C-3, C.4, C-5), 60.4 (C-6), 44.7 (C-2), 20.6 (Ac).
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(3R,4R,5R)-1-N-Acetyl-3'',4,5-tri-O-benzyl-4,5-dihydroxy-3-hydroxyme-
thylhexahydropyridazine (22 b): Synthesis carried out as for 22a above, but
starting from 21 b. [a]D��8.8 (c� 1.1, CHCl3).


(3S,4S,5S)-4,5-Dihydroxy-3-hydroxymethylhexahydropyridazine, (�)-1-
azafagomine ((�)-1): To a solution of 22a (140 mg, 0.30 mmol) in EtOH
(10 mL) was added HCl (1m, 2 mL) and Pd/C (50 mg), and the solution was
hydrogenated at 1 atm H2 until no more hydrogen was absorbed (4 ± 6 h).
The mixture was filtered through Celite and concentrated to give a residue
containing (3S,4S,5S)-1-N-acetyl-4,5-dihydroxy-3-hydroxymethylhexahy-
dropyridazine (23a). This was dissolved in HCl (6m, 8 mL) and heated to
100 8C for 18 h. The solution was concentrated and subjected to ion-
exchange chromatography using Amberlite IR-120 resin (H�, 10 mL) and
eluting with dilute NH4OH solution (1m, 100 mL). Concentration of the
basic eluate gave (�)-1 (29 mg, 64 %): [a]D��10.0 (c� 0.3, H2O). The
NMR spectra were identical to those of (�)-1.[8]


(3R,4R,5R)-4,5-Dihydroxy-3-hydroxymethylhexahydropyridazine (ÿ)-1-
azafagomine ((ÿ)-1): Synthesis carried out as for (�)-1, but starting from
22b : m.p.: 157 ± 167 8C (decomp); [a]D�ÿ9.8 (c� 0.85, H2O). The NMR
spectra were identical to those of (�)-1.[8]


Enzymatic assays


a- and b-glucosidase : 4-Nitrophenyl-a- and -b-d-glucopyranoside, a-
glucosidase (yeast, Sigma G5003, 4.5 sigma units mgÿ1), isomaltase (yeast,
Sigma I-1256, 47 sigma units mgÿ1) and b-glucosidase (sweet almonds,
Sigma G 4511, 21 sigma units mgÿ1) were purchased from Sigma Chemical.
The b-glucosidase is a purified enzyme that showed only a single band on
an SDS electrophoresis gel at 62 kDa. 4-Nitrophenyl-a- or -b-d-glucopyr-
anoside was used as substrate and a- or b-glucosidase as catalyst in a
sodium phosphate buffer (0.05m, pH 6.8) at 25 8C. Formation of the
product, 4-nitrophenol, was measured continually at 400 nm by means of a
Milton Roy Genesys 5 spectrometer. In all kinetic runs less than 1% of the
initial substrate was consumed, assuring the constancy of the substrate
concentration.


Ki determinations were performed as follows: Two thermostatted solutions
of a) 1 mL of 0.1m buffer, 800 mL substrate in varied concentration ([S]�
0.2 Km to 5 Km) and 100 mL water, and b) 100 mL enzyme were mixed, and
the reaction was immediately monitored. From eight experiments with
varied substrate concentration, initial reaction rates were calculated from
the slope of the first-order plot of product absorption vs. reaction time. KM


and Vmax were calculated from a Hanes plot. From four experiments K '
M


was calculated from the Hanes plot, and from KM and K '
M, Ki was


calculated.


Slow inhibition experiments were carried out with and without preincu-
bation of enzyme and inhibitor. Experiments without preincubation were
carried out as follows: Two thermostatted solutions of a) 1 mL of 0.1m
buffer, 800 mL substrate (40 mm) and 100 mL inhibitor in varied concen-
trations ([I]� 5 ± 200 Ki) and b) 100 mL enzyme (1 mgmLÿ1) were mixed,
and the reaction was immediately monitored spectrophotometrically.
Experiments with preincubation were carried out as follows: Solutions of
25 mL inhibitor ([I]� 20 Ki) and 25 mL enzyme (2 mg mLÿ1) were mixed
and kept at 25 8C for 60 min. A thermostatted mixture of 1 mL of 0.1m
buffer, 800 mL substrate (40 mm) and 150 mL of inhibitor in varied
concentrations ([I]� 0 ± 130 Ki) was added, and the reaction was immedi-
ately monitored spectrophotometrically.


Crystallographic data : Both 5 and 6 grew as thin, colourless needles. X-ray
data for 6 were measured on a Huber four-circle diffractometer in the q ± 2q


step scan mode, whereas those for 5 were collected on a Siemens SMART
area detector diffractometer, collecting narrow-frame w scans. In both
cases, MoKa radiation was used at room temperature. Both structures were
solved by means of the SIR92 direct methods package and refined by
the full-matrix least-squares method, allowing anisotropic displacement
parameters for all but the hydrogen atoms; hydrogen atoms on carbon
were kept in calculated positions. Details of the analysis are given in
Table 3.
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Enantioselective Synthesis of (�)-Royleanone from Sulfinyl Quinones


M. Carmen CarrenÄ o,* JoseÂ L. García Ruano,* and Miguel A. Toledo[a]


Abstract: A convergent enantioselective synthesis of (�)-royleanone (1) is descri-
bed starting from enantiomerically pure (S)-3-hydroxy-2-isopropyl-5-tert-butylsul-
finyl-p-benzoquinone, which is readily available from 3-isopropyl-1,2,4-trimethoxy-
benzene and 1,3,3-trimethyl-2-vinylcyclohexene. The key step is a tandem asym-
metric Diels ± Alder reaction/pyrolytic sulfoxide elimination process.


Keywords: asymmetric synthesis ´
cycloadditions ´ natural products ´
quinones ´ royleanone ´ sulfoxides


Introduction


Among the components of the abietane diterpenoid family,
tricyclic quinones such as (�)-royleanone (1) and (�)-
triptoquinone A are of special interest because of their
biological properties.[1] For instance, royleanone was used in


the Himalaya region as an insecticide and disinfectant, and
shows modest antitumor activity against several types of
cancer, and triptoquinone A is being used in the treatment of
arthritis.[2] These compounds share the common features of a
tricyclic perhydrophenanthrene skeleton and an isopropyl
substituent at the C ring as well as an angular methyl group at
the A/B ring junction.[3] Some of them have additional
oxygenated functions or olefin moieties at various positions.


Royleanone (1), which was first isolated by Edwards et al.[4]


in 1962 from the root of Inula Royleana D.C., was also found
in other plants.[2, 5] The asymmetric syntheses of 1 reported up
to date rely on the transformation of abietic acid derivatives.[6]


Racemic 1 has been the subject of several total syntheses. The
main strategies used for the construction of the tricyclic
framework are based on Robinson annulation,[7] and Friedel ±
Crafts intramolecular acylation.[5c, 8] The Dötz reaction of a


vinyl chromium carbene complex[9] has also been successfully
used for this goal. More recently, a photochemical aromatic
annulation has been applied to the synthesis of several
diterpenoid quinones.[10] One of the more convergent ap-
proaches reported up to date relies on a Diels ± Alder reaction
between an adequately substituted benzoquinone and 1,3,3-
trimethyl-2-vinylcyclohexene as a key step.[11]


In connection with our research devoted to asymmetric
Diels ± Alder reactions with enantiomerically pure sulfinyl
quinones,[12] we focused on these diterpenoid quinones bear-
ing the angularly fused tricyclic skeleton with the aim of
finding a general approach to efficiently create the C-10
asymmetric center. The protocol takes advantage of the
tandem Diels ± Alder reaction/pyrolytic sulfoxide elimination
which occurs when such sulfinyl quinones are allowed to react
as dienophiles with acyclic dienes, and has been already
applied to the efficient construction of other polycyclic
quinones.[13] Herein we report an enantioselective and con-
vergent synthesis of the natural isomer of royleanone (1)
using a stereocontrolled Diels ± Alder reaction between an
enantiomerically pure sulfinyl quinone 4 and 1,3,3-trimethyl-
2-vinylcyclohexene (2)[14] as the key step.


Results and Discussion


As shown in the retrosynthetic scheme (Scheme 1), the
tricyclic derivative 3, an immediate precursor of the natural
product, can be synthesized through the stereoselective
Diels ± Alder reaction of an enantiomerically pure sulfinyl
quinone 4.


We initially attempted to use (S)-3-methoxy-2-isopropyl-5-
(p-tolylsulfinyl)-1,4-benzoquinone (4 a)[15] as the dienophile;
however, cycloaddition of 4 a with vinylcyclohexene 2 did not
occur in refluxing toluene nor in other solvents (CH2Cl2,
mixtures THF:H2O, H2O). The presence of Lewis acids
promoted the formation of 3-methoxy-2-isopropyl-5-(p-tolyl-
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Scheme 1. Retrosynthetic scheme for the synthesis of 1.


sulfinyl)-1,4-hydroquinone (BF3 ´ OEt2) and/or the polymer-
ization of the diene and decomposition to uncharacterized
products [Sc(OTf)3, SnCl4] after long reaction times. The
Diels ± Alder adduct was only detected under high-pressure
conditions (CH2Cl2, 12 kbar, 2 days). Under these conditions,
a mixture of the initial adduct and the tricyclic derivative 3 a,
resulting from the pyrolytic elimination of the sulfoxide, were
obtained. Finally, the desired quinone 3 a was obtained in pure
form after heating the resulting reaction mixture to complete
the pyrolysis of the initially formed adduct (Scheme 2).
Compound 3 a was thus isolated in 80 % yield and was
demonstrated to be enantiomerically enriched (90 % ee).[16]


We further tried to improve the 90 % enantiomeric excess
by effecting the reaction between 4 a and 2 in other solvents
(diethyl ether, CH3CN, H2O, 12 kbar), but the resulting
compound 3 a showed always a similar 90 % ee. With MeOH
(12 kbar) as solvent, 1,4-dihydroxy-2-isopropyl-3,6-dime-
thoxy-5-(p-tolylsulfinyl)benzene (5) was formed, and working
in the presence of ZnBr2 (CH2Cl2, 12 kbar) led to a complex
reaction mixture, which contained, among other products, a
benzofuran derivative 6, which has not been fully character-
ized. A similar structure resulting from an initial Michael-type
addition of the vinyl moiety of 2 to C-6 of a benzoquinone
derivative, followed by enolization of the intermediate and
further cyclicization had been already reported by Engler
et al.[11]


In accordance with our previous results,[12, 13] the diaster-
eoselectivity of Diels ± Alder reactions with 2-p-tolylsulfinyl
quinone 4 a must be explained on steric grounds under the
assumption that the major reaction involves a conformation of
the sulfinyl quinone in which the sulfinyl oxygen atom is
placed s-cis with respect to the dienophilic double bond (see
Scheme 2). The favored approach of the diene from the face


Scheme 2.


bearing the lone pair of electrons at sulfur explains the
formation of (S)-3 a as the major product. Based on this
mechanistic assumption, we reasoned that the enantiomeric
excess of the final tricyclic quinone could be improved by
using a new chiral quinone 4 b bearing the bulkier tert-butyl
sulfoxide. Compound 4 b was synthesized by using 2-isoprop-
yl-1,3,4-trimethoxybenzene (7) according to the sequence
given in Scheme 3. The orthometalation/sulfinylation process
with (S)-diacetone glucose tert-butylsulfinate [(S)-tert-BuSO2-
DAG][17] afforded a 85:15 mixture of 8 and its regioisomer
from which sulfoxide 8 was isolated in 70 % yield. Direct
oxidative demethylation was attempted with cerium ammo-
nium nitrate (CAN), AgO, and Pb(OAc)4; however, the
desired 3-methoxy-2-isopropyl-5-tert-butylsulfinyl-p-benzo-
quinone was not formed. We finally synthesized the hy-
droxy-substituted (S)-tert-butyl sulfinyl-p-benzoquinone 4 b,
after complete demethylation of 8 with AlCl3 in EtSH
followed by oxidation[18] of the intermediate hydroquinone 9
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). Pu-
rification of 4 b by chromatography on silica gel produced
different degradation products. Therefore, 4 b was employed
in the subsequent Diels ± Alder reaction without further
purification.


Reaction of (S)-3-hydroxy-2-isopropyl-5-tert-butylsulfinyl-
1,4-benzoquinone (4 b) with diene 2 in CH2Cl2 at 12 kbar gave
the tricyclic derivative 3 b in 60 % overall yield (from 9) and
>97 % ee.[19] The tert-butyl sulfoxide group present in
dienophile 4 b proved to be more efficient in the asymmetric
cycloaddition than the analogous p-tolyl sulfoxide group,
corroborating the role of steric effects in the control of the
diene approach occurring from the less hindered face of the
sulfinylquinone, which reacts in its s-cis conformation.[12]


Abstract in Spanish: La síntesis enantioselectiva de la (�)-
Royleanona 1 se ha logrado de forma convergente a partir de la
(S)-3-hidroxi-2-isopropil-5-terc-butilsulfinil-p-benzoquinona
enantiomØricamente pura (obtenida a partir de 3-isopropil-
1,2,4-trimetoxibenceno) y 1,3,3-trimetil-2-vinilciclohexeno. La
etapa clave corresponde a una reaccioÂn de Diels-Alder
asimØtrica seguida de la eliminacioÂn pirolítica del sulfoÂxido
que tiene lugar de forma espontaÂnea.
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Having the tricyclic quinone 3 b in hand, the reduction of
the double bond was the only step to complete the total
synthesis of 1. The formation of the trans-fused natural
compound from tricyclic analogues of 3 b in the hydrogena-
tion step was known to be difficult.[7b, 20] Therefore, we carried
out the catalytic hydrogenation by using various catalysts (Pd/
C, PtO2 or [Ir(cod)py(PCy3)]PF6 (Crabtree catalyst[21]); cod�
cyclooctadiene, py� pyridine) and solvents (AcOEt, AcOEt
mixed with EtOH and H2O or amines, AcOH). In all cases, we
obtained mixtures of royleanone (1) and its C-5 epimer; the
best result was achieved working with H2 at atmospheric
pressure in the presence of Pd/C and in a 1:1 mixture of
AcOEt:AcOH. Under these conditions a 60:40 mixture of
royleanone (1) and the cis-fused isomer was formed from
which the former could be isolated in pure form after
crystallization from MeOH. The resulting royleanone (�)-1
was thus isolated in 35 % yield and was shown to have all the
characteristics described in the literature for the natural
product.[1] That the natural enantiomer was obtained con-
firmed the 10S absolute configuration for all the precursors,
including compounds 3 a and 3 b which resulted from the
asymmetric Diels ± Alder reaction.


In summary, we have reported a convergent asymmetric
total synthesis of the terpene quinone royleanone (1) from
readily available 3-isopropyl-1,2,4-trimethoxybenzene and
1,3,3-trimethyl-2-vinylcyclohexene in five steps and 13 %
overall yield. The key step is the construction of the tricyclic
framework in a one-pot, tandem asymmetric Diels ± Alder
reaction of enantiomerically pure sulfinyl benzoquinone 4 b/
pyrolytic sulfoxide elimination process.


Experimental Section


(S)-1,4-Dihydroxy-2-isopropyl-3,6-dimethoxy-5-(p-tolylsulfinyl)benzene
(5): A solution of (S)-2-isopropyl-3,6-dimethoxy-5-(p-tolylsulfinyl)-1,4-
benzoquinone (4a) (60 mg, 0.19 mmol) and 1,3,3-trimethyl-2-vinylcyclo-
hexene (2) (0.08 mL) in MeOH (2 mL) was submitted to a pressure of
13 kbar for three days. The crude mixture was concentrated in vacuo and
purified by chromatography (hexane:AcOEt 4:1): [a]20


D � 9.9 (c� 1.7 in
CHCl3); 1H NMR (200 MHz, CDCl3, TMS): d� 10.52 (br. s, 1 H; OH), 7.68
and 7.28 (4H, 3J(H,H)� 9 Hz, 2 H; p-Tol), 5.06 (br. s, 1H; OH), 3.86 (s, 3H;


OCH3), 3.79 (s, 3H), 3.46 (sept, 1H,
J� 7.1 Hz), 2.37 (s, 3 H), 1.29 (t, 6H,
J� 7.1 Hz); 13C NMR: d� 146.6,
144.1, 142.3, 140.6, 139.7, 138.3, 133.7,
130.1 (2C), 125.2 (2C), 114.1, 61.9,
60.9, 25.8, 21.4, 20.8, 20.5.


(S)-12-Methoxy-11,14-dioxoabieta-
5,8,12-triene (3 a): A solution of (S)-2-
isopropyl-3,6-dimethoxy-5-(p-tolylsul-
finyl)-1,4-benzoquinone 4a (475 mg,
1.49 mmol) and 1,3,3-trimethyl-2-
vinylcyclohexene (2) (0.7 mL) in
CH2Cl2 (2 mL) was submitted to a
pressure of 13 kbar for three days. The
crude mixture was refluxed for 3 h to
complete the pyrolytic elimination of
p-toluenesulfenic acid. The resulting
solution was concentrated in vacuo
and purified by chromatography (hex-
ane to separate the excess of diene
followed by hexane:AcOEt 100:1).
Compound 3a was obtained as a


yellow solid (80 % yield, 90% ee): m.p.: 81 ± 82 8C (methanol), ref.[11]


78.5 ± 79 8C [a]20
D �ÿ274 (c� 0.5, CHCl3); 1H NMR: d� 5.70 (dd, 1H,


J� 5.3 and 2.4 Hz), 3.87 (s, 3H), 3.20 (dd, 1 H, J� 24.2 and 5.3 Hz), 3.18
(sept, 1 H, J� 7.0 Hz), 2.84 (dd, 1 H, J� 24.2 and 2.3 Hz), 2.78 (dtd, 1H, J�
13.1, 3.7, and 1.7 Hz), 1.97 ± 1.76 (m, 1 H), 1.62 ± 1.42 and 1.39 ± 1.20 (2 m,
4H), 1.49 (s, 3H), 1.20 (s, 3 H), 1.20 (d, 3 H, J� 7.1 Hz), 1.18 (d, 3 H, J�
7.1 Hz), 1.13 (s, 3 H); 13C NMR: d� 187.7, 183.8 (2C), 156.9, 148.5, 146.3,
139.9, 135.2, 115.6, 60.7, 40.5, 39.2, 36.4, 36.3, 33.0, 30.7, 26.1, 24.8, 24.3, 20.6,
20.4, 18. 7.


(S)-1-(tert-Butylsulfinyl)-4-isopropyl-2,3,5-trimethoxybenzene (8): A solu-
tion of nBuLi (12.42 mL, 28.57 mmol of 2.3m solution in hexane) in THF
(15 mL) was added by cannula to a solution of 2-isopropyl-1,3,4-trimethoxy
benzene (7) (2.50 g, 11.9 mmol) in THF (25 mL) at room temperature.
After the mixture had been stirred for 1 h, it was cooled at ÿ78 8C and a
solution of (ÿ)-(S)-diacetone glucose tert-butyl sulfinate[16] (4.77 g,
13.09 mmol) in THF (40 mL) was then added and the evolution was
monitored by TLC. The hydrolytic treatment (saturated solution of NH4Cl)
was effected at ÿ78 8C. The mixture was extracted with CH2Cl2, dried
over MgSO4, and the solvent evaporated. The residue was a 85:15 mixture
of 8 and its regioisomer (S)-1-(tert-butylsulfinyl)-3-isopropyl-2,4,5-trime-
thoxybenzene. Both isomers were separated by chromatography
(hexane:isopropyl alcohol 30:1). Compound 8 : white solid (70 % yield):
m.p. 114 ± 115 8C; [a]20


D �ÿ101.7 (c� 1, CHCl3); 1H NMR: d� 6.93 (s, 1H),
3.81 (s, 3H), 3.80 (2s, 6 H), 3.51 (sept, 1H, J� 7.0 Hz), 1.30 and 1.28 (2d, 6H,
J� 7.0 Hz), 1.21 (s, 9H); 13C NMR: d� 155.0, 151.4, 145.0, 133.8, 131.0,
103.3, 60.8, 60.5, 57.5, 55.8, 25.3, 22.9, 20.9, 20. 7; elemental analysis
calcd (%) for C16H26O4S: C 61.12, H 8.33, S 10.20; found: C 61.09, H 8.31,
S 10.72.


(S)-1-(tert-Butylsulfinyl)-3-isopropyl-2,4,5-trimethoxybenzene : White sol-
id; 13% yield; m.p.: 109.5 ± 110.5 8C; [a]20


D �ÿ195.4 (c� 0.5, CHCl3);
1H NMR: d� 7.15 (s, 1 H), 3.89, 3.88 and 3.74 (3s, 9H), 3.36 (sept, 1 H, J�
7.1 Hz), 1.37 and 1.30 (2d, 6H, J� 7.1 Hz), 1.18 (s, 9 H); 13C NMR: d� 151.3,
150.2, 149.7, 135.2, 127.7, 107.2, 62.3, 60.8, 57.9, 56.0, 25.7, 22.9, 21.8 and 21. 4;
elemental analysis calcd. (%) for C16H26O4S: C 61.12, H 8.33, S 10.20;
found: C 60.97, H 8.42, S 10.66.


(S)-1-(tert-Butylsulfinyl)-2,3,5-trihydroxy-4-isopropylbenzene (9): A solu-
tion of (S)-1-(tert-butylsulfinyl)-4-isopropyl-2,3,5-trimethoxybenzene (8)
(1.28 g, 4.07 mmol) in EtSH (25 mL) was added to a mixture of AlCl3


(5.43 g, 40.72 mmol) and EtSH (25 mL) at 0 8C by cannula. After the
mixture had been stirred for 10 min, it was poured into cool water (0 ± 4 8C),
extracted with CH2Cl2, dried over MgSO4, and the solvent was evaporated.
Compound 9 was obtained as a white solid in 90 % yield: m.p.: 166 ± 167 8C
(decomp) (CH2Cl2); [a]20


D �ÿ146 (c� 0.5, acetone); 1H NMR: d� 10.52 (s,
1H), 5.94 (s, 1H), 5.89 (s, 1H), 5.47 (s, 1H), 3.46 (sept, 1 H, J� 7 Hz), 1.35
(d, 6H, J� 7.0 Hz), 1.31 (s, 9H); 13C NMR: d� 149.0, 145.1, 138.5, 125.2,
120.9, 102.9, 57.1, 24.6, 22.7 (3C), 20.5 (2C, CH(CH3)2); elemental analysis
calcd. (%) for C13H20O4S: C 57.33, H 7.40, S 11.77; found: C 57.01, H 7.33, S
12.14.


Scheme 3. Synthesis of 1 from 7 via the key intermediate 4b.
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(S)-5-(tert-Butylsulfinyl)-3-hydroxy-2-isopropyl-1,4-benzoquinone (4b): A
solution of 2,3-diciano-5,6-dichloro-1,4-benzoquinone (DDQ) (0.5 g,
2.22 mmol) in CH2Cl2 (50 mL) was added to (S)-1-(tert-butylsulfinyl)-
2,3,5-trihydroxy-4-isopropylbenzene (9) (0.5 g, 1.84 mmol) dissolved in
CH2Cl2 (100 mL) at room temperature. After 10 min, the mixture was
washed with H2O (5� 50 mL) and the organic layer was dried over MgSO4


and the solvent evaporated at reduced pressure. The product 4b (82 %
yield) was purified by chromatography (silica gel from SDS was essential to
reach the indicated yield, hexane:AcOEt 3:1) or used in the next step
without further purification. Orange solid: m.p. 102 ± 104 8C (decomp);
[a]20


D ��90.2 (c� 0.06, CHCl3); 1H NMR: d� 7.16 (s, 1H), 3.23 (sept, 1H, J
�7.0 Hz), 1.27 (s, 9H), 1.21 (2d, 6 H, J� 7.0 Hz); 13C NMR: d� 184.4 and
180.5 (2C), 151.0, 146.6, 139.4, 127.1, 58.5, 24.1, 23.1 (3C), 19.5 (2C).


(S)-12-Hydroxy-11,14-dioxoabieta-5,8,12-triene (3 b): The solid resulting in
the oxidation of (S)-1-(tert-butylsulfinyl)-2,3,5-trihydroxy-4-isopropylben-
zene (9) (25 mg) with DDQ was mixed with 1,3,3-trimethyl-2-vivnylcyclo-
hexene (2) (0.05 mL) and CH2Cl2 (2 mL) and the solution was submitted to
a pressure of 13 kbar for 24 h. The resulting mixture was concentrated in
vacuo and purified by chromatography (hexane to separate the excess of
diene followed by hexane:AcOEt 125:1). Compound 3b was obtained as a
yellow solid (60 % overall yield from 9, >97 % ee): m.p.: 151 ± 152 8C
(hexane); [a]20


D �ÿ118 (c� 0.5, CHCl3); 1H NMR: d� 7.30 (br, s, 1 H), 5.66
(dd, 1 H, J� 5.1 and 2.5 Hz), 3.29 (dd, 1H, J� 25.2 and 5.0 Hz), 3.15 (sept,
1H, J� 7.0 Hz), 2.88 (dd, 1 H, J� 25.2 and 2.4 Hz), 2.82 (dtd, 1 H, J� 13.1,
3.7, and 1.5 Hz), 1.84 (tt, 1H, J� 13.0 and 3.6 Hz), 1.62 ± 1.20 (m, 4 H), 1.46
(s, 3H), 1.20 (2d, 6 H, J� 7.0 Hz), 1.19 (s, 3 H), 1.12 (s, 3 H); 13C NMR: d�
186.7, 183.4 (2C), 150.7, 147.7, 143.1, 142.6, 123.4, 115.1, 40.6, 39.1, 36.4 (2C),
33.1, 30.4, 26.0, 25.4, 24.0, 19.9, 19.8, 18.8; elemental analysis calcd (%) for
C20H26O3: C 76.40, H 8.33; found: C 76.16, H 8.48.


(�)-Royleanone (1): A mixture of Pd/C (10 %) (100 mg) and a solution of
(S)-12-hydroxy-11,14-dioxoabieta-5,8,12-triene (3 b) (150 mg, 0.47 mmol)
in a 1:1 mixture of acetic acid and AcOEt (15 mL) was maintained in an
atmosphere of hydrogen at atmospheric pressure for 24 h. The resulting
mixture was filtered over celite and washed with a saturated solution of
NaHCO3. The organic phase was dried over MgSO4 and the solvent
eliminated at reduced pressure. The crude product (90 % yield) contained a
60:40 ratio of trans-fused (�)-(5S,10S)-Royleanone (1) and its cis-fused
(5R,10S)-epimer. After three successive crystallizations (methanol), the
natural epimer (�)-1 was isolated in 35 % yield as a yellow solid: m.p.:
180 ± 181 8C (ref. [1]: 179 ± 181 8C); [a]20


D ��133 (c� 1, CHCl3); ref. [a]D
[1]:


134 (c� 1, CHCl3); 1H NMR: d� 7.23 (s, 1H), 3.15 (sept, 1 H, J� 6.5 Hz),
2.71 (m, 2H), 2.30 (ddd, 1H, J� 21, 12 and 7 Hz), 1.90 ± 0.98 (m, 6 H), 0.94 ±
0.80 (m, 2 H), 1.25 (s, 3H), 1.20 and 1.19 (2d, 6 H, J� 6.5 Hz), 0.93 and 0.90
(2s, 6H); 13C NMR: d� 187.5, 183.4, 150.6, 146.5, 146.0, 123.7, 51.7, 41.3,
38.4, 36.2, 33.5, 33.4, 26.7, 24.1, 21.8, 20.1, 20.0, 19.9, 18.9, 17.4.
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Lead Hydro Sodalite [Pb2(OH)(H2O)3]2[Al3Si3O12]2: Synthesis and Structure
Determination by Combining X-ray Rietveld Refinement, 1H MAS NMR
FTIR and XANES Spectroscopy
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Abstract: Ion exchange of the sodium
hydro sodalites [Na3(H2O)4]2-
[Al3Si3O12]2, [Na4(H3O2)]2[Al3Si3O12]2


and [Na4(OH)]2[Al3Si3O12]2 with aque-
ous Pb(NO3)2 solutions yielded, which-
ever reactant sodalite phase was used,
the same lead hydro sodalite, [Pb2(OH)-
(H2O)3]2[Al3Si3O12]2. Thus, in the case of
the non-basic reactant [Na3(H2O)4]2-
[Al3Si3O12]2 an overexchange occurs
with respect to the number of non-
framework cationic charges. Rietveld
structure refinement of the lead hydro
sodalite based on powder X-ray diffrac-


tion data (cubic, a� 9.070 �, room tem-
perature, space group P4Å3n) revealed
that the two lead cations within each
polyhedral sodalite cage form an
orientationally disordered dinuclear
[Pb2(m-OH)(m-H2O)(H2O)2]3� complex.
Due to additional lead framework oxy-
gen bonds the coordination environ-
ment of each metal cation (CN 3�3) is


approximately spherical, and clearly the
lead 6s electron lone pair is stereochemi-
cally inactive. This is also suggested by
the absence of a small peak at
13.025 keV, attributed in other Pb2� ± O
compounds to an electronic 2p ± 6s tran-
sition, in the PbL3 edge XANES spec-
trum. 1H MAS NMR and FTIR spectra
show that the hydrogen atoms of the
aqua hydroxo complex (which could not
be determined in the Rietveld analysis)
are involved in hydrogen bonds of
various strengths.


Keywords: host ± guest chemistry ´
ion exchange ´ lead ´ sodalites ´
structure elucidation


Introduction


Sodalites are host ± guest compounds based structurally on the
space-filling arrangement of Federov [46 68] truncated octahe-
dra (known as b-cages in zeolite chemistry). Many compounds
possessing this structural topology have been synthesized,
with a vast number of chemical compositions. The host
framework of 1:1 aluminosilicate sodalites consists of an
alternating array of corner-sharing AlO4 and SiO4 tetrahedra;
the cubic unit cell, with edges of approximately 9 �, has the
composition [Al3Si3O12]2


6ÿ and contains two b-cages. The
negative framework charge is usually compensated by non-
framework cations M� ; in addition, M�Aÿ ion pairs and/or
water molecules can be enclathrated, as expressed by the
general formula [M3�x(A)x(H2O)n]2[Al3Si3O12]2, where M and


A denote singly charged cations and anions, respectively.
Owing to their structural relationship to the well-known and
industrially important zeolites A, X and Y, sodalites have
been considered as model systems for investigating the
various host ± guest interactions, static statistical and/or dy-
namic guest disorder and structural phase transitions.[1]


Sodalites have also attracted considerable attention for their
intra-cage reaction chemistry and interesting materials prop-
erties (for example cathodochromism, photochromism or ion
conduction) and as periodic host matrices for the spatial
organization of quantum-sized semiconductor clusters and
cluster arrays.[2] Quantum-size effects such as blue shifts in the
optical absorption edges have been observed for alumino-
silicate sodalites containing silver salts,[3] but may be due to
strong electronic interactions between Ag� ions and the
negatively charged framework rather than to the spatial
organization of quantum-sized clusters within the crystalline
host framework.[4]


The synthesis of zeolites containing electronically soft
divalent metal cations by ion-exchange reactions has been
reported, and Pb2� ions have been shown to give high
exchange rates.[5] Crystal structures of Pb2�-ion-exchanged
zeolite A and some of its partially and completely dehydrated
forms were determined by single-crystal X-ray crystallogra-
phy.[6] For the hydrated zeolite A species, various polynuclear
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lead hydroxo complexes which are somewhat similar to lead
complexes present in aqueous solutions have been discussed.
Zeolite A samples into which PbI2 had been inserted showed
blue shifts in their UV/visible adsorption edges that depended
on the degree of PbI2 loading.[7]


As part of our investigations into the synthesis, structure
and properties of aluminosilicate sodalites containing soft
metal cations,[8, 9] we have studied the ion exchange of the
three well-characterized sodium hydro sodalites, [Na3(H2O)4]2-
[Al3Si3O12]2, [Na4(H3O2)]2[Al3Si3O12]2, and [Na4(OH)]2[Al3-
Si3O12]2,[10, 11] with aqueous Pb(NO3)2 solutions. Whichever
reactant sodium hydro sodalite phase we used, we obtained
the same lead hydro sodalite, [Pb2(OH)(H2O)3]2[Al3Si3O12]2.
Here we report primarily the characterization of this lead
hydro sodalite by means of Rietveld structure refinement
based on powder X-ray diffraction data and 1H MAS NMR,
FTIR, and XANES (X-ray adsorption near-edge structure)
spectroscopy. Full details of the ion-exchange behavior will be
presented elsewhere, along with the ion-exchange character-
istics of other soft metal cations with sodium hydro soda-
lites.[12]


Experimental Section


Synthesis and methods of characterization: The three reactant sodium
hydro sodalite phases were synthesized and ion-exchanged with aqueous
0.1m Pb(NO3)2 solutions at 110 8C for 24 h, as described elsewhere.[11]


Cation-exchange rates were determined by flame photometry (Na content
of the solutions after exchange) and X-ray fluorescence spectroscopy (Pb
content of solid product). The water/hydroxide-ion content was determined
on a Netzsch STA 429 thermoanalyser combining thermogravimetry (TG),
differential thermogravimetry (DTG), and differential thermal analysis
(DTA), with heating rates of 10 K minÿ1 under flowing nitrogen.


Phase identity and purity were checked by powder X-ray photographs
taken on a Guinier camera (Huber system G600) with CuKa1


radiation.
Scanning electron micrographs (SEMs) were obtained on a JEOL JSM-
840A instrument.
1H MAS NMR spectra were recorded on a Bruker MSL-400 spectrometer
(resonance frequency 400.13 MHz; pulse repetition 5 s; pulse width 1 ms;
spin speed 10.0 kHz). Mid-IR spectra were recorded on a Mattson ± Polaris
FTIR spectrometer with KBr pellets of the samples.


X-ray absorption spectroscopic measurements of lead hydro sodalite and
the reference compounds were carried out at the SRS (Synchrotron
Radiation Source, Daresbury, UK), station 9.3, which was equipped with a
Ge(3 1 1) double monochromator. The PbL3 edge XANES spectra were
obtained in transmission mode under ring operation conditions (1.998 GeV,
230 ± 140 mA). The data were analysed with the programs Analysis, Opera
and Exfit, developed by Niemann.[13]


X-ray Rietveld analysis : The powder X-ray diffraction pattern of
[Pb2(OH)(H2O)3]2[Al3Si3O12]2 was recorded at room temperature on a
Huber G642 diffractometer with CuKa1


radiation (Ge monochromator).
The powdered material was held between two transparent foils (flat
sample), and the sample holder was moved tangentially to the focal circle
during the measurement. The diffraction pattern was measured in the range
48� 2q� 1008 with a step width of 0.028(4800 data points).


The background of the pattern was subtracted manually, and a profile
function was determined employing Bärlocher�s Learned Peak Shape
function[14] on the (3 10) reflection (2q� 31.1588). The powder data were
analysed with the XRS-82 program[15] using the Rietveld method. Atomic
scattering factors were taken from ref.[16] . Results below 2q� 11.668 were
excluded from the Rietveld analysis since no reflections were detected in
that region. Space group P4Å3n was consistent with the reflection conditions
and was later confirmed by structure refinement. The starting coordinates
for the least-squares refinement were those of the Si, Al, and O1 atoms of


the framework structure according to ref. [17], where the structure of
[Na4(CH3COO)]2[Al3Si3O12]2 is described. The lattice constant of this
compound is similar to that of lead hydro sodalite. After adjustment of
some profile parameters (zero-point and peak-asymmetry corrections) and
cautious relaxation of the coordination of the framework O1 atom, it was
possible to determine the position of the Pb2� ions. The position of the
oxygen atoms of the hydroxyl group and water molecules could be
determined in subsequent difference Fourier syntheses of the electron
density.


The further refinement procedure included the relaxation of the profile
parameters, positions and displacement parameters of all atoms. In the final
cycles of refinement the lead cation was treated anisotropically, while the
remaining atoms were refined with isotropic displacement parameters. A
final difference Fourier synthesis revealed maximum electron density at the
final position of Pb2� (Dd� 2.9 eÿ1 �ÿ3). Further details of the X-ray
measurements and Rietveld analysis are given in Table 1.


Results


Synthesis : Treatment of each of the sodium hydro sodalites
[Na3(H2O)4]2[Al3Si3O12]2, [Na4(H3O2)]2[Al3Si3O12]2, and
[Na4(OH)]2[Al3Si3O12]2 with aqueous 0.1m Pb(NO3)2 solution
at 110 8C readily affords complete exchange of all nonframe-
work sodium cations with divalent lead cations with retention
of the sodalite host structure. Moreover, whichever reactant
sodium sodalite is used, the same lead hydro sodalite is
obtained.


Our combination of analytical techniques suggests the
idealized chemical composition [Pb2(OH)(H2O)3]2[Al3-
Si3O12]2 for the product phase. X-ray powder photographs
showed that the crystallinity of the reactant sodalites is
essentially preserved during ion exchange and that the
product is a pure-phase material, if optimized reaction
conditions are used.[12] No amorphous by-products were
visible on scanning electron micrographs, so all analytical
data refer to the crystalline compound. The approximate ion-
exchange rates determined experimentally were 120 % for
[Na3(H2O)4]2[Al3Si3O12]2, 95 % for [Na4(H3O2)]2[Al3Si3O12]2


and 90 % for [Na4(OH)]2[Al3Si3O12]2. Simultaneous thermal
analysis curves of the product phase are shown in Figure 1.
The total mass loss of 7.39 % observed in the range 120 ±
550 8C corresponds to the release of seven water molecules


Table 1. Crystal data and details of the measurement of powder X-ray
diffraction and Rietveld refinement for [Pb2(OH)(H2O)3]2[Al3Si3O12]2.[a]


powder X-ray data
collection


Ge monocromator, CuKa1
radiation, l� 1.54051 �


range of measurement: 11.668 �2q� 1008, 2q step
width 0.028, 81 contributing reflections,
4417 observations (3993 data points used for
refinement).


number of parame-
ters refined


profile parameters:
atomic parameters: 10


number of refined
parameters in final
cycle


17


R factors RF� 0.075, RI� 0.070
Rwp� 0.153, Rexp� 0.156
c2� 0.98, D/s< 0.016


final difference
Fourier synthesis


D1max��2.88 e�ÿ3 (at 0.153, x, x)


[a] The thermal parameters of the lead cation were refined anisotropi-
cally (see Table 2).
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Figure 1. Simultaneous thermal analysis (TG/DTG/DTA) of lead hydro
sodalite [Pb2(OH)(H2O)3]2[Al3Si3O12]2. ± ´ ± DTG, DTA.


per formula unit (theoretical value: 7.48 %), with one of these
stemming from two hydroxide ions.


The composition [Pb2(OH)(H2O)3]2[Al3Si3O12]2 implies
that an overexchange occurs in the case of the reactant
[Na3(H2O)4]2[Al3Si3O12]2: that is, more lead cations enter the
sodalite structure than are needed to compensate for the six
negative framework charges per formula unit. This is accom-
panied by simultaneous uptake of the appropriate number of
hydroxide ions.


X-ray Rietveld analysis : At room temperature [Pb2(OH)-
(H2O)3]2[Al3Si3O12]2 is cubic (a� 9.070 �; space group P4Å3n).
The experimental and simulated X-ray diffraction profiles
are displayed in Figure 2. Structural data are summarized
in Tables 2 and 3. The interatomic distances and angles of
the sodalite host framework, with strict alternation of
corner-sharing AlO4 and SiO4 tetrahedra, are in the expected
ranges.


Lead cations and oxygen atoms of water molecules and
hydroxide ions are found at Wyckoff positions 8e on the body
diagonal of the unit cell. They
constitute a larger Pb and a
smaller O2 tetrahedron (to-
gether forming a distorted
cube) around each cage center
(Figure 3a). The Pb site has a
statistical population parameter
of 0.5 according to the thermog-
ravimetric results, while the O2
site with a population parame-
ter of 1.0 is fully occupied by


Figure 2. Observed (Iobs), calculated (Icalc) and difference (Idiff� Iobsÿ Icalc)
powder diffraction pattern of [Pb2(OH)(H2O)3]2[Al3Si3O12]2. I� intensity
[counts].


oxygen atoms from both water and hydroxide. Each lead
cation is bonded to three equidistant guest O2 atoms
(d(PbÿO2)� 2.380(6) �) and three equidistant framework
O1 atoms (d(PbÿO1)� 2.760(6) �), resulting in (3�3) coor-
dination (Figures 4 and 3c), which deviates considerably
from an octahedral configuration. The structural analysis did
not indicate any ordering of Pb2� cations in adjacent cages.
The shortest distance between the two lead cations is
3.886(1) �.


Table 2. Fractional atomic coordinates, thermal parameters U and statistical
population parameter (PP) for [Pb2(OH)(H2O)3]2[Al3Si3O12]2 (see Table 1).


Atom Wyckoff x y z U11 U12 PP
position


Si 6c 1/4 1/2 0 0.009(2)[a] 0 1.0
Al 6d 1/4 0 1/2 0.009[a] 0 1.0
O1 24i 0.1442(7) 0.1525(7) 0.4547(7) 0.031(3) 0 1.0
Pb 8e 0.1515(1) 0.1515 0.1515 0.0172(5)[c] 0.0104(8)[a] 0.5[b]


O2 8e 0.3991(6) 0.3991 0.3991 0.089(6) 0 1.0


[a] U(Si) and U(Al) were refined as coupled parameters, U(Al)�U(Si).
[b] PP(Pb) was fixed during the refinement procedure. [c] U(11)� U(22)�
U(33) and U(12)� U(13)� U(23).


Table 3. Selected interatomic distances [�] and angles [8] for [Pb2(OH)(H2O)3]2[Al3Si3O12]2.


Host structure Lead Coordination


AlÿO1 1.733(6) SiÿO1 1.631(6) Pb1ÿO1 2.751(6) O1-Pb-O1 91.2 (4)
O1-Al-O1 (4� ) 107.9(3) O1-Si-O1 (4� ) 107.1(3) Pb1-O1 3.127(6) O1-Pb-O2 101.0 (4)
O1-Al-O1 (2� ) 112.8(3) O1-Si-O1 (2� ) 114.4(3) Pb1-Pb1 3.886(1) O2-Pb-O2 65.9 (4)
Al-O1-Si 144.8(4) Pb1ÿO2 2.380(6)


Figure 3. a) A large Pb and a small O2 tetrahedron (together forming a distorted cube) around each cage center.
b) The cage contents of [Pb2(OH)(H2O)3]2[Al3Si3O12]2. c) The oxygen coordination of the lead cation.
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Figure 4. The results of the Rietveld refinement.


It was not possible to determine the position of hydrogen
atoms in the Rietveld refinement. However, structural
chemical arguments suggest a dinuclear [Pb2(m-OH)(m-
H2O)(H2O)2]3� complex formulation with OHÿ and H2O
bridging ligands and one terminal H2O ligand at each Pb
center (Figure 3b). This guest complex is sixfold orientation-
ally disordered, each orientation corresponding to one of the
six edges of the Pb tetrahedron. The PbÿO2 distance
represents the space- and (possibly) time-average of three
different bond types: one m-HOÿPb, one m-H2OÿPb and one
H2OÿPb bond. These intra-complex PbÿO2 bonds are
significantly shorter than the six PbÿO1 bonds to the host
framework.


As a result of the disorder, the displacement parameter of
the O2 atom is comparatively large, corresponding to a root-
mean-square amplitude of 0.30 �. The O2 ´´´ O2 (2.588(8) �)
and O1 ´´ ´ O2 (3.256(8) �) distances each represent the
average of different bonds, and allow, on the basis of
geometrical criteria, the existence of different hydrogen
bonds bridging guest oxygen atoms as well as linking guest
oxygen atoms with those of the host framework. Information
on the bonding of the hydrogen atoms has been obtained from
the 1H NMR and FTIR spectra reported below.


1H MAS NMR and FTIR spectroscopy : The three broad,
strongly overlapping signals in the room-temperature 1H
MAS NMR spectrum (Figure 5) can be reasonably well
simulated with four component Gaussian lines, L1 ± L4, with
chemical shifts of d� 2.56 (L1), 3.78 (L2), 5.30 (L3), and 7.00
(L4). The considerable linewidth of all the signals suggests
that the protons possess only a limited degree of mobility on
the NMR time scale at room temperature, so that the strong


Figure 5. 1H MAS NMR spectrum of the lead hydro sodalite.


dipolar H ± H interactions were not averaged effectively by
the MAS technique employed. The chemical shifts reveal that
the hydrogen atoms of the guest complex are involved in
various hydrogen bonds of low to medium strength. Donor ±
acceptor OÿO distances estimated from the d values are
between 2.82 and 3.00 �, if an empirical linear correlation
between proton chemical shifts and OÿH ´´´ O distances given
by Yesinowski et al.[18] is applied. These estimates have to be
compared with the O2 ´´´ O2 and O1 ´´ ´ O2 distances in the
disordered complex determined by the Rietveld analysis
(2.588(8) and 3.256(8) �), which are assumed to be based on a
space- and (possibly) time-averaged picture of the disordered
structure.


Chemical shifts, relative intensities and a tentative assign-
ment of the signals to the protons of the [Pb2(m-OH)(m-
H2O)(H2O)2]3� complex are summarized in Table 4. Corre-


sponding approximate positions of the hydrogen atoms and a
possible hydrogen bonding system are shown for one ori-
entation of the guest complex in Figure 6. In this model, one


Figure 6. Approximate positions of the hydrogen atoms and a possible
hydrogen bonding system for one orientation of the guest complex.


hydrogen atom of each ligand is located on (or near) the body
diagonal of the unit cell, and the covalent OÿH bonds point to
(or nearly to) the midpoints of six-membered rings of the
aluminosilicate framework. Each of these hydrogen atoms
participates in hydrogen bonds to three framework O1 atoms
(three-center bonds). We assign these hydrogen atoms (one
H1, two H2, one H4) according to the probable donor strength
of the ligands (m-OH<H2O< m-H2O) to the signals L1, L2,
and L4, following the order of increasing d. The remaining
hydrogen atoms of the water molecules (three H3), which we
assign to the L3 signal, may be located near the edges of the


Table 4. Results of the simulation of the 1H NMR spectrum.


Gaussian line d [ppm] rel. int. [%] Assignment


L1 2.56 15 H1
L2 3.78 30 H2
L3 5.30 42 H3
L4 7.00 13 H4
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O2 tetrahedron and form a (dynamic) system of intra-
complex hydrogen bonds, in which the m-OH and m-H2O
ligands act only as an acceptor and a donor, respectively.


In the room-temperature FTIR spectrum (Figure 7) the
bands with wavenumbers above 3000 cmÿ1 (n(OH)) indicate
hydrogen bonds of low to medium strength, in accord with the
1H NMR spectrum. The sharp bands at 3580 and 3520 cmÿ1


may be assigned to O2 ± H1 and O2 ± H2 stretching vibrations,
respectively, corresponding to the weakest hydrogen bonds


Figure 7. IR spectrum of lead hydro sodalite.


from the weakest donor, and the broad feature at lower
wavenumbers (3000 ± 3400 cmÿ1) probably originates from
O ± H3 and O ± H4 stretching vibrations. The H2O deforma-
tion mode (d(H2O)) is at 1650 cmÿ1. The assignment of the
feature at 1450 cmÿ1 is not so clearcut; it may be attributed to
an (O ± H ´´´ O) bending mode perturbed by hydrogen
bonds.[19, 20] The bands below 1200 cmÿ1 are framework
vibrations typical of aluminosilicate sodalites.[21]


XANES spectroscopy: A high-intensity peak in the spectrum
of PbO2 at 13.025 keV (Figure 8) is attributed to a dipole-
allowed electronic transition from a filled 2p orbital of the


Figure 8. The second derivative of the PbL3 edge XANES spectrum of
lead hydro sodalite, with the second derivatives of the spectra of some
lead ± oxygen compounds, taken as references for lead in different valence
states and coordination environments.


Pb4� ion to the empty 6s orbital. In divalent lead compounds
such a transition should not be observed, if the 6s orbital of
the Pb2� ion is assumed to be completely filled. Such a
situation evidently exists in [Pb2(OH)(H2O)3]2[Al3Si3O12]2 and
in Pb(NO3)2, since the spectrum of neither compound shows
any feature at 13.025 keV. In contrast, in the spectra of
Ag2PbO2 and b-PbO, a low-intensity peak is clearly visible at
that energy (Figure 8).


Comparison of the Pb2� coordination environments reveals
that in lead hydro sodalite and lead nitrate[22] the cations are
surrounded, approximately spherically, by six oxygen atoms
(although the coordination polyhedron deviates considerably
from an ideal octahedron in the sodalite, as shown above).
Apparently there is no free space at the lead cations that could
be ascribed to the presence of a stereochemically active 6s
electron pair; that is, the electron pairs are stereochemically
inactive in both compounds. The situation is different for the
other Pb2� ± O compounds (Ag2PbO2,[23] b-PbO[24]), where an
open coordination of the lead cations points to a stereo-
chemically active 6s lone pair. The stereochemical activity of
this pair corresponds to a hybridization of the spherical s and
directional p orbitals accompanied by a partial deoccupation
of the 6s states. This explains why there is a small peak at
13.025 keV, which we attribute to a 2p ± 6s transition, in the
PbL3 XANES spectra of these compounds.


Discussion


Lead cations are readily ion-exchanged not only into alumi-
nosilicate zeolites, as reported in the literature,[5] but also into
aluminosilicate sodalites that contain only very small six-
membered rings, the free aperture of which (approximately
2.6 �) only slightly exceeds the diameter of the unsolvated
Pb2� ion (2.4 �). The ease of ion exchange by the lead cation
results from a favorable combination of its physicochemical
properties, namely high polarizability, low hydration number
and high charge.[25] Pb2� is the only cation known so far to give
an overexchange with simultaneous uptake of hydroxide ions
for [Na3(H2O)4]2[Al3Si3O12]2. Using this reactant in the ion
exchange of other cations (Cd2�, Zn2�, Cu2�, Ag�) we have
obtained only hydroxide-free hydro sodalites.[8] NaOH is
readily extracted from the basic hydro sodalite [Na4-
(H3O2)]2[Al3Si3O12]2 by treatment with water; indeed, this is
the only known method of obtaining non-basic [Na3-
(H2O)4]2[Al3Si3O12]2.[26] The reverse reaction has not been
reported. Aqueous solutions of Pb2� salts, for example
Pb(NO3)2, are known to contain various cationic lead hydroxo
complexes due to hydrolysis;[27] the hydrolysed mononuclear
species [Pb(OH)]� may be a vehicle of hydroxide migration
into the sodalite structure.


The PbÿO and Pb ´´ ´ Pb distances found for the disordered
[Pb2(m-OH)(m-H2O)2(H2O)2]3� complex of lead hydro sodalite
agree with those reported in the literature for oligonuclear
lead hydroxo complexes in some crystalline salt hydrates.[28]


The Pb ´´´ Pb distance is 0.39 � longer than in metallic lead.
Such long distances in lead compounds are usually taken to
indicate that metal ± metal attractive interactions are not
relevant.[29] In comparison, the short AgÿAg distances in
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[Ag3(H2O)4]2[Al3Si3O12]2 are probably caused by weak d10 ± d10


attractive interactions which stabilize the disordered trinu-
clear silver ± aqua cluster in this hydro sodalite.[30]


Various lead hydroxo complexes have been found, by
single-crystal X-ray structural studies, as guest species in the
b- and a-cages of overexchanged lead zeolite A. A trinuclear
[Pb3(m3-O)(m3-OH)3]� and a dinuclear [Pb2(m3-OH)]3� unit,
respectively, both disordered and bonded via oxygen atoms
through the six-membered tetrahedral rings to further lead
cations located in adjacent large a-cages, are present in the
sodalite cages of zeolite A. In their general bonding geo-
metries, these species are similar to the [Pb2(m-OH)(m-
H2O)(H2O)2]3� complex in lead hydro sodalite. The lead
cations within each sodalite cage are bonded to three frame-
work oxygen atoms. The compositons of the complexes differ,
however, and inter-complex bonds, extending through the six-
membered rings between adjacent cages, do not exist in lead
hydro sodalite (the shortest inter-complex Pb ´´´ O distance is
3.888 �).


The interpretation of the peak at 13.025 keV in the XANES
spectra of some Pb2� compounds contrasts with that of Yu
et al. ,[31] who assigned it to a 2s ± 6d transition. In that case the
intensity of the peak should be independent of the coordina-
tion of the lead cation, which is not observed.Thus, XANES
spectroscopy provides a tool for differentiating between open
and spherical coordination environments of Pb2� ionsÐthat is,
between 6s lone pairs that are stereochemically active and
inactive, respectively. This should be of particular interest for
amorphous and finely grained crystalline materials that
cannot be prepared as single crystals suitable for X-ray
structural analysis.
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2-Rhodaoxetanes: Their Formation of Oxidation of [RhI(ethene)]� and
Their Reactivity upon Protonation


Bas de Bruin, Mark J. Boerakker, Johanna A. W. Verhagen, ReneÂ de Gelder,
Jan M. M. Smits, and Anton W. Gal*[a]


Abstract: New cationic, pentacoordi-
nate complexes [(TPA)RhI(ethene)]� ,
[1 a]� , and [(MeTPA)RhI(ethene)]� ,
[1 b]� , have been prepared (TPA�
N,N,N-tri(2-pyridylmethyl)amine,
MeTPA�N-[(6-methyl-2-pyridyl)-
methyl]-N,N-di(2-pyridylmethyl)amine).
Complex [1 a]� is selectively converted
by aqueous HCl to [(TPA)RhIII-
(ethyl)Cl]� , [2 a]� . The same reaction
with [1 b]� results in the [(MeTPA)RhIII-
(ethyl)Cl]� isomers [2b]� and [2 c]� .
Treatment of [1 a]� and [1 b]� with
aqueous H2O2 results in a selective
oxygenation to the unsubstituted 2-rho-
da(iii)oxetanes (1-oxa-2-rhoda(iii)cyclo-
butanes) [(TPA)RhIII(k2-C,O-2-oxy-
ethyl)]� , [3 a]� , and [(MeTPA)RhIII(k2-
C,O-2-oxyethyl)]� , [3 b]� . The reactivity
of 2-rhodaoxetanes [3 a]� and [3 b]� is


dominated by the nucleophilic character
of their 2-oxyethyl oxygen. Reaction of
[3 a]� and [3 b]� with the non-coordinat-
ing acid HBArf


4 results in the
dicationic protonated 2-rhodaoxetanes
[(TPA)RhIII(k2-2-hydroxyethyl)]2�,
[4a]2�, and [(MeTPA)RhIII(k2-2-hydroxy-
ethyl)]2�, [4 b]2�. These eliminate acet-
aldehyde at room temperature, proba-
bly via a coordinatively unsaturated k1-
2-hydroxyethyl complex. In acetonitrile,
complex [4 a]2� is stabilised as [(TPA)-
RhIII(k1-2-hydroxyethyl)(MeCN)]2�,
[5 a]2�, whereas the MeTPA analogue
[4 b]2� continues to eliminate acetalde-


hyde. Reaction of [3 a]� with NH4Cl and
MeI results in the coordinatively satu-
rated complexes [(TPA)RhIII(k1-2-hy-
droxyethyl)(Cl)]� , [6 a]� , and [(TPA)-
RhIII(k1-2-methoxyethyl)(I)]� , [7a]� , re-
spectively. Reaction of [3 a]� with NH4


�


in MeCN results in formation of the
dicationic metallacyclic amide [(TPA)-
RhIII{k2-O,C-2-(acetylamino)ethyl}]2�,
[9]2�, via the intermediates [4 a]2�, [5 a]2�


and the metallacyclic iminoester
[(TPA)RhIII{k2-N,C-2-(acetimidoyloxy)-
ethyl}]2�, [8]2�. The observed overall
conversion of the [RhI(ethene)] com-
plex [1 a]� to the metallacyclic amide
[9]2� via 2-rhodaoxetane [3 a]� , provides
a new route for the amidation of a
[RhI(ethene)] fragment.


Keywords: alkene complexes ´ ami-
dations ´ metallaoxetanes ´ oxygen-
ations ´ rhodium


Introduction


2-Metallaoxetanes (1-oxa-2-metallacyclobutanes) have been
proposed as intermediates in a number of synthetic conver-
sions, such as the Mn-catalysed (asymmetric) epoxidation of
olefins[1] and other epoxidation reactions,[2] stoichiometric and
catalytic dihydroxylation of olefins by KMnO4, CrO2Cl2 and
OsO4,[3] Rh-catalysed catalytic rearrangement of epoxides to
ketones,[4] and Rh-catalysed asymmetric hydrogenolysis of
epoxides.[5]


There have been no direct observations of 2-metallaox-
etane intermediates in any of these reactions; mechanistic


proposals have all been based on indirect evidence (e. g.
kinetics). Reports on the reactivity of 2-metallaoxetanes are
scarce and little is known about the properties of these
strained four-membered metallacycles. The few isolated
2-metallaoxetanes are stabilised by various substituents.[6, 7]


Consequently, it is difficult to deduce the intrinsic reactivity of
the unsubstituted 2-metallaoxetane core of these examples.
Previous results with phosphane-stabilised 2-rhodaoxetanes
suggested that substituents at the b-position are required to
prevent b-hydrogen elimination.[8]


We now describe the synthesis and reactivity of unsubsti-
tuted 2-rhoda(iii)oxetanes obtained as isolable compounds by
the selective oxygenation of nucleophilic cationic rhodium(i)-
ethene complexes of the tetradentate N-ligands TPA (N,N,N-
tri(2-pyridylmethyl)amine) and MeTPA (N-[(6-methyl-2-pyr-
idyl)methyl]-N,N-di(2-pyridylmethyl)amine).


The reactivity of the obtained unsubstituted 2-rhodaoxe-
tanes is mainly determined by the nucleophilic character of
the 2-rhodaoxetane oxygen. Part of this work has already
been communicated.[9]


[a] Prof. Dr. A. W. Gal, Dr. B. de Bruin, M. J. Boerakker,
J. A. W. Verhagen, Dr. R. de Gelder, J. M. M. Smits
Department of Inorganic Chemistry, University of Nijmegen
Toernooiveld 1, NL-6525 ED Nijmegen (The Netherlands)
Fax: (�31) 24-355-3450
E-mail : gal@sci.kun.nl
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Results and Discussion


Synthesis of the ethene complexes


We synthesised the ethene complexes [(TPA)RhI(ethene)]� ,
[1 a]� , and [(MeTPA)RhI(ethene)]� , [1 b]� , by the route
shown in Scheme 1. [{(C2H4)2Rh(m-Cl)}2] was stirred with TPA
or MeTPA in MeOH at ÿ78 8C to afford [1 a]Cl and [1 b]Cl,
respectively. Cations [1 a]� and [1 b]� were isolated as
[1 a]BF4, [1 a]PF6 and [1 b]BPh4 by precipitation with NaBF4,
KPF6 and NaBPh4, respectively.


Scheme 1. Preparation of RhI(ethene) complexes [1 a]� and [1b]� .


The structure of [1 b]BPh4 was determined by single-crystal
X-ray diffraction (Figure 1). Selected bond lengths and angles
are given in Tables 1 and 2.


Figure 1. X-ray structure of ethene complex [1b]� .


The X-ray structure clearly reveals the pseudo trigonal-
bipyramidal geometry of [1 b]� . The equatorial positions are
occupied by the 6-methylpyridyl nitrogen (NPy-Me), the amine
nitrogen (Namine) and the ethene ligand; the axial positions by
the two pyridyl nitrogens (NPy).


The shortest RhÿN bond lengths are Rh1ÿN1 (2.019(7) �)
and Rh1ÿN2 (2.021(6) �). The RhÿNamine bond length
(Rh1ÿN3) is 2.175(6) �. The longest RhÿN bond length
is NPy-Me, Rh1ÿN4: 2.257(7) �; this probably reflects a
weakening of the RhÿN interaction as a result of steric
hindrance upon introduction of a methyl group at the
6 position of the 2-pyridyl.[10±12]


The theoretical and experimental results reported by Rossi
and Hoffmann indicate that for d8-metals in a trigonal
bipyramid, the strongest s-donor ligand prefers the axial
position while the p ligands prefer parallel coordination in the
equatorial plane.[13] The arrangement of the ligands in [1 b]� is
in good agreement with these results.


The RhÿC bond lengths in [1 b]� are rather short (RhÿC1:
2.074(10) �, RhÿC2: 2.086(9) �) compared to those reported
for other [RhI(ethene)] complexes (range found in the
Cambridge Structural Database, RhÿC: 2.084 ± 2.226 �).


The 1H and 13C NMR data of [1 a]� show one unique, and
two equivalent pyridyl fragments. The two equivalent pyridyl
fragments reflect an effective mirror plane through Namine, the
ethene fragment and the unique pyridyl fragment. The
chemical shifts of the pyridyl fragments indicate that the
structure of [1 a]� in solution is Ave-coordinate. The 1H NMR
Py-H6 signals are diagnostic: the Py-H6 signal for the unique
pyridyl fragment (d� 9.4) has shifted 0.9 ppm downfield
relative to the free ligand (d� 8.5) as a result of coordination
to the cationic rhodium centre. The signal for the two
equivalent pyridyl fragments (d� 8.2) has shifted 0.3 ppm
upfield as a result of the anisotropic shielding effect of the
coordinated ethene fragment. The diastereotopic protons of
the two equivalent N-CH2-Py groups give rise to an AB-type
pattern. The methylene group connected to the unique pyridyl
gives rise to a singlet. The NMR spectra of [1 b]� are similar to
those of [1 a]� and show two equivalent axial pyridyl frag-
ments and one equatorial 6-methylpyridyl fragment, which is
in agreement with the X-ray structure.


Table 1. Selected bond lengths [�] of the synthesised complexes.[a]


[1b]� [2bA]� [2bB]� [2c]� [3bA]� [3bB]� [6a]� [8]2� [9]2�


N1ÿRh1 2.019(7) 2.00(2) 1.97(3) 2.041(3) 2.045(10) 2.033(9) 2.034(7) 2.025(10) 2.034(4)
N2ÿRh1 2.021(6) 2.00(2) 1.98(3) 2.099(3) 2.021(6) 2.019(8) 2.041(8) 2.065(10) 2.048(4)
N3ÿRh1 2.175(6) 2.00(2) 2.103(19) 2.050(3) 2.140(8) 2.124(8) 2.091(7) 2.137(10) 2.142(3)
N4ÿRh1 2.257(7) 2.371(17) 2.373(19) 2.182(3) 2.132(10) 2.079(13) 2.044(8) 2.048(10) 2.007(4)
N5ÿRh1 ± ± ± ± ± ± ± 2.055(12) ±
C1ÿRh1 2.074(10) 1.99(5) 2.078(18) 2.107(4) 2.070(7) 2.075(8) 2.194(9) 2.043(12) 2.063(5)
C2ÿRh1 2.086(9) ± ± ± 2.564(7) 2.542(10) ± ± ±
O1ÿRh1 ± ± ± ± 2.000(5) 2.013(6) ± ± 2.051(3)
Cl1ÿRh1 ± 2.365(6) 2.362(6) 2.3634(10) ± ± 2.385(4) ± ±


C1ÿC2 1.445(16) 1.51(5) 1.52(3) 1.486(6) 1.514(11) 1.49(2) 1.62(3) 1.473(17) 1.496(9)
C2ÿO1 ± ± ± ± 1.446(10) 1.435(14) 1.67(3) 1.450(17) ±
C2ÿN5 ± ± ± ± ± ± ± ± 1.443(7)
C3ÿO1 ± ± ± ± ± ± ± 1.374(17) 1.261(5)
C3ÿN5 ± ± ± ± ± ± ± 1.245(19) 1.319(6)
C3ÿC4 ± ± ± ± ± ± ± 1.51(2) 1.487(6)


[a] For atom labelling see Figures 1, 2, 3, 5 and 6. Superscripts A and B distinguish independent cations in the unit cell.
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Intramolecular exchange of donor atoms is known to
proceed very rapidly in five-coordinate RhI complexes.
Therefore, it is remarkable that the axial and equatorial
pyridyl groups in [1 a]� do not exchange on the NMR time
scale at room temperature. In both the 1H and 13C NMR
spectra of [1 a]� at 298 K, the ethene fragment is observed as
two broad signals. At 263 K the ethene rotation is frozen out,
and the two inequivalent�CH2 fragments are observed as two
pseudo double-triplets in the 1H NMR spectrum and two
doublets in the 13C NMR spectrum.


Reactivity of the ethene complexes


We studied the reactivity of the ethene complexes towards
aqueous HCl and aqueous H2O2. Protonation of [1 a]� by HCl
results in the formation of [(TPA)RhIII(ethyl)(Cl)]� , [2 a]� .
The analogous reaction of [1 b]� yields isomer [2 b]� or [2 c]� ,
depending on the reaction conditions. Oxidation of [1 a]�


and [1 b]� with aqueous H2O2 results in the selective
formation of 2-rhoda(iii)oxetanes [3 a]� and [3 b]� , respec-
tively (Scheme 2).


Table 2. Selected bond angles and torsion angles [8] in the synthesised complexes.[a]


[1b]� [2bA]� [2bB]� [2 c]� [3bA]� [3 bB]� [6a]� [8]2� [9]2�


N1-Rh1-N2 164.5(2) 164.8(7) 163.5(9) 163.61(12) 163.5(3) 165.6(3) 164.3(3) 164.4(4) 164.1(1)
N1-Rh1-N3 81.3(2) 84.6(7) 82.1(7) 83.21(11) 80.6(4) 81.3(4) 82.6(3) 82.1(5) 82.2(1)
N1-Rh1-N4 93.0(2) 81.1(8) 79.6(8) 84.60(12) 98.4(4) 94.0(5) 87.7(3) 91.2(4) 91.4(1)
N1-Rh1-N5 ± ± ± ± ± ± ± 90.7(5) ±
N2-Rh1-N3 83.3(2) 81.0(7) 81.4(9) 80.54(12) 83.6(3) 84.4(4) 81.9(3) 82.4(5) 82.4(1)
N2-Rh1-N4 84.4(2) 101.5(8) 99.3(8) 95.18(12) 83.7(4) 85.4(4) 92.8(3) 88.2(4) 90.9(2)
N2-Rh1-N5 ± ± ± ± ± ± ± 88.3(5) ±
N3-Rh1-N4 76.8(3) 82.0(8) 81.4(8) 82.23(11) 81.1(4) 81.8(4) 82.9(3) 82.3(4) 82.8(1)
N3-Rh1-N5 ± ± ± ± ± ± ± 92.0(5) ±
N4-Rh1-N5 ± ± ± ± ± ± ± 173.6(5) ±
Rh1-C1-C2 70.1(5) 116(2) 113.4(17) 115.2(3) 90.0(5) 89.4(6) 103.5(12) 115.0(9) 111.7(4)
C1-C2-Rh1 69.2(6) ± ± ± 53.8(4) 54.7(4) ± ± ±
C1-Rh1-C2 40.6(5) ± ± ± 36.2(3) 35.9(4) ± ± ±
C1-C2-O1 ± ± ± ± 104.6(6) 106.4(7) 102.3(19) 116.0(13) ±
C1-C2-N5 ± ± ± ± ± ± ± ± 114.5(5)
C2-O1-Rh1 ± ± ± ± 94.8(4) 93.5(6) ± ± ±
C1-Rh1-O1 ± ± ± ± 70.3(3) 70.0(4) ± ± 91.1(2)
C2-Rh1-O1 ± ± ± ± 34.2(3) 34.3(4) ± ± ±
O1-C2-Rh1 ± ± ± ± 51.0(3) 52.2(4) ± ± ±
C2-O1-C3 ± ± ± ± ± ± ± 118.1(13) ±
C2-N5-C3 ± ± ± ± ± ± ± ± 124.9(5)
C3-N5-Rh1 ± ± ± ± ± ± ± 129.8(13) ±
C3-O1-Rh1 ± ± ± ± ± ± ± ± 126.8(3)
N5-Rh1-C1 ± ± ± ± ± ± ± 87.8(5) ±
C1-Rh1-Cll ± 87.8(8) 83.8(6) 85.76(11) ± ± 93.9(3) ± ±
N5-C3-O1 ± ± ± ± ± ± ± 126.3(18) 121.4(5)
N5-C3-C4 ± ± ± ± ± ± ± 125.7(16) 119.7(5)
O1-C3-C4 ± ± ± ± ± ± ± 108.0(17) 118.9(4)
C1-Rh1-N1 97.1(3) 91.6(10) 94.0(9) 89.03(14) 96.4(4) 96.3(4) 97.3(3) 96.2(5) 97.1(2)
C1-Rh1-N2 96.9(3) 84.4(10) 86.4(9) 90.69(14) 98.1(3) 97.3(4) 98.4(3) 99.4(5) 98.3(2)
C1-Rh1-N3 158.3(4) 92.3(10) 96.2(8) 96.22(13) 167.7(3) 166.6(4) 175.7(3) 178.2(5) 179.0(2)
C1-Rh1-N4 124.8(4) 171.1(9) 173.4(8) 173.58(13) 111.2(4) 111.6(5) 92.8(3) 98.0(5) 96.4(2)
C1-Rh1-N5 ± ± ± ± ± ± ± 87.8(5) ±
O1-Rh1-N1 ± ± ± ± 85.9(3) 90.6(3) ± ± 88.8(1)
O1-Rh1-N2 ± ± ± ± 91.5(3) 89.6(3) ± ± 86.9(1)
O1-Rh1-N3 ± ± ± ± 97.6(3) 96.8(3) ± ± 89.6(1)
O1-Rh1-N4 ± ± ± ± 175.2(4) 174.9(4) ± ± 172.4(1)
Cl1-Rh1-N1 ± 97.2(5) 97.1(5) 91.66(9) ± ± 91.7(3) ± ±
Cl1-Rh1-N2 ± 97.2(6) 99.4(8) 104.66(9) ± ± 86.0(2) ± ±
Cl1-Rh1-N3 ± 178.2(6) 179.2(6) 174.45(8) ± ± 90.4(2) ± ±
Cl1-Rh1-N4 ± 98.0(5) 98.6(6) 95.23(8) ± ± 173.27(19) ± ±
C2-Rh1-N1 92.5(3) ± ± ± ± ± ± ± ±
C2-Rh1-N2 93.8(3) ± ± ± ± ± ± ± ±
C2-Rh1-N3 117.7(4) ± ± ± ± ± ± ± ±
C2-Rh1-N4 165.1(4) ± ± ± ± ± ± ± ±
Rh1-N3-C31-C32 ÿ 44.0(6) 36(2) ÿ 38(3) ÿ 34.5(4) ÿ 42.0(8) ÿ 43.1(9) ÿ 39.2(8) 39.8(13) ÿ 38.3(4)
Rh1-N3-C41-C42 42.5(6) ÿ 35.8(19) 31(4) 41.4(3) 36.2(9) 37.8(8) 37.6(8) ÿ 35.1(13) 33.7(6)
Rh1-N3-C5-C6 ÿ 13.0(8) ÿ 33(3) 40(3) 27.3(4) ÿ 27.1(9) ÿ 19.5(12) 12.1(8) 7.0(14) ÿ 5.4(5)
N3-C31-C32-N1 37.5(8) ÿ 28(3) 30(3) 30.4(5) 31.5(12) 34.8(12) 32.7(11) ÿ 32.1(17) 27.7(6)
N3-C41-C42-N2 ÿ 40.9(8) 22(2) ÿ 21(5) ÿ 25.7(5) ÿ 36.0(12) ÿ 32.1(10) ÿ 27.6(12) 30.0(18) ÿ 25.3(7)
N3-C5-C6-N4 16.2(9) 49(3) ÿ 58(4) ÿ 33.8(4) 33.2(13) 27.2(16) ÿ 16.0(11) ÿ 5.2(19) 5.6(7)


[a] For atom labelling see Figures 1, 2, 3, 5 and 6. Superscripts A and B distinguish independent cations in the unit cell.
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Protonation to ethyl complexes : The reaction of the ethene
complex [1 a]Cl (prepared in situ) with HCl in MeOH results
in the formation of [(TPA)RhIII(ethyl)(Cl)]Cl, [2 a]Cl. Com-
pound [2 a]� was precipitated as its PF6


ÿ salt by the addition of
KPF6. The reaction of [1 b]Cl with HCl results in two isomeric
ethyl-chloro complexes; either the symmetric [2 b]Cl, or the
asymmetric [2 c]Cl is formed, depending on the reaction
conditions. Symmetric [2 b]Cl was obtained by the addition of
a high concentration of HCl to a solution of [1 b]Cl at ÿ78 8C
followed by slow warming to room temperature; the asym-
metric isomer [2 c]Cl was obtained by the addition of a lower
concentration of HCl to a solution of [1 b]Cl at ÿ78 8C
followed by a faster warming to room temperature. The BPh4


ÿ


salts [2 b]BPh4 and [2 c]BPh4 were isolated by precipitation
with NaBPh4. (Scheme 2).


The above results clearly demonstrate the nucleophilic
character of the cationic [RhI(ethene)] species [1 a]� and
[1 b]� . Although protonation of neutral [RhI(ethene)] and
[IrI(ethene)] complexes to give the MIII ± ethyl species has
been reported previously,[14] the protonation of cationic
[RhI(ethene)] complexes is unprecedented. As shown by
1H NMR, the ethene fragment in [1 a]BF4 is also protonated
upon treatment with HBF4 ´ (OEt2)2 in CH2Cl2. This indicates
that the protonation does not require a coordinating anion or
a coordinating solvent.


The structures of isomers [2 b]BPh4 and [2 c]BPh4 were
determined by single-crystal X-ray diffraction (Figure 2 and
Figure 3). For [2 b]� , two independent cations, [2 bA]� and
[2 bB]� , are found per unit cell. Selected bond lengths and
angles are given in Tables 1 and 2.


The X-ray structures of isomers [2 b]� and [2 c]� show that
both are pseudo-octahedral and confirm that the observed
isomerism results from the exchange of positions by Py and
PyMe and not by chloride and ethyl. In the X-ray structure of
[2 c]� , the longest RhÿNPy bond length is observed for the Npy


which lies trans to the ethyl group (Rh1ÿN4: 2.182(3) �). This
reflects the high trans influence of the ethyl fragment. In the
lower quality X-ray structure of [2 b]� , the corresponding
RhÿNpy-Me bond length trans to ethyl seems to be even
longer([2 bA]�: Rh1ÿN4: 2.371(17) �; [2 bB]�: Rh1ÿN4:
2.373(19) �). The elongation of the RhÿN4 bond and the
increased puckering of the -Rh1-N3-C5-C6-N4- chelate ring
from [2 c]� to [2 b]� ,(as a result of torsion around the N3ÿC5
and C5ÿC6 bonds, see Table 2) seem to reflect an increased
steric hinderance of the RhÿN4 interaction upon substitution
of NPy by NPy-Me (vide supra).[10±12] RhÿN bond lengths of
N-donors trans to ethyl in (N ligand) ± RhIII ± ethyl complexes,


had so far been observed in the
range 2.207 ± 2.256 �.[15] The
1H NMR spectra of [2 a]� and
[2 b]� (Scheme 2) show one
unique and two equivalent pyr-
idyl fragments, in accordance
with the X-ray structure of
[2 b]� . The NMR data for the
ethyl fragments of [2 a]� , [2 b]�


and [2 c]� are given in Tables 3
and 4. In the 1H NOESY


Figure 2. X-ray structures of symmetric ethyl ± chloro complex [2bA]�


(top) and asymmetric ethyl-chloro complex [2 c]� (bottom).


Figure 3. X-ray structure of 2-rhoda(iii)oxetane [3 b]� .


spectrum of [2 a]� , a clear NOE contact is observed between
the methylene protons of the ethyl fragment and the nearby
axial methylene protons (one of the two AB-type doublets) of
the two equivalent N-CH2-Py fragments, in accordance with a
trans orientation of the ethyl group and the unique pyridyl


Scheme 2. Reaction of [1 a]� and [1b]� with aqueous HCl and aqueous H2O2.
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fragment. The 1H NMR spectrum of asymmetric isomer [2 c]�


shows three AB-type signals for the three N-CH2-Py meth-
ylene groups, in accordance with the X-ray structure (Fig-
ure 2). The protons of the Rh ± ethyl fragment give rise to a
triplet at d� 0.56 and two multiplets at d� 2.56 and d� 2.79,
for the methyl fragment and the two diastereotopic methylene
protons, respectively (Table 3).


A feasible mechanism for formation of the RhIII ± ethyl ±
chloro complexes would be the formation of a [RhIII(ethyl)]
fragment by direct protonation at the ethene fragment,[16] in
accordance with significant rhoda(iii)-cyclopropane character
of the RhI(ethene) fragment. An alternative mechanism
would be the protonation of the RhI centre to give a RhIII-
hydride species. Subsequent migratory insertion of ethene
into the RhÿH bond would then result in the formation of
[2 a]� , [2 b]� and [2 c]� . Precedents for the protonation of RhI


and IrI sites to RhIII ± H and IrIII ± H sites (some in equilibrium
with MIII ± ethyl species) are known.[17] The two isomers [2 b]�


and [2 c]� could result from the protonation of a symmetric
and an asymmetric isomer of the ethene complex [1 b]� .


Oxygenation to 2-rhodaoxetanes : The reaction of ethene
complex [1 a]PF6 with an excess of aqueous H2O2 (35 %) in
MeOH at ÿ10 8C resulted in the immediate selective oxy-
genation to 2-rhodaoxetane [3 a]PF6 (Scheme 2). The BPh4


ÿ


salt [3 a]BPh4 was obtained by in situ oxidation of [1 a]Cl (vide
supra) with H2O2 and precipitation by the addition of NaBPh4


(1 equiv). Similarly, we obtained [3 b]BPh4 by in situ oxygen-
ation of [1 b]Cl. The reactions result in a colour change of the
solution from yellow to pale yellow.


Clear signals for the Rh-CH2-CH2-O- fragments are ob-
served in the 1H and 13C NMR spectra of [3 a]� and [3 b]�


(Tables 3 and 4).
In the 1H NMR spectra, the -CH2-O- protons are observed


as triplets whereas the Rh-CH2- protons are observed as


doublets of triplets as a result of rhodium coupling. The -Rh-
CH2- signals in 1H NMR and 13C NMR appear significantly
upfield compared to those for the ethyl compounds [2 a] ±
[2 c]� . In the 13C NMR spectra, both the -CH2-O- and the Rh-
CH2- signals show rhodium coupling. The 1J(103Rh,13C)
coupling of -Rh-CH2- in [3 a]� and [3 b]� is significantly
smaller than those in all other compounds in Table 4, which is
possibly related to the ring strain in [3 a]� and [3 b]� . The
2J(103Rh,13C) coupling of the -CH2-O- fragment in [3 a]� and
[3 b]� is lost upon dissociation of the RhÿO bond (vide infra).


To the best of our knowledge, [3 a]� and [3 b]� are the first
isolated examples of unsubstituted 2-metallaoxetanes. Sub-
stituted[6] 2-metallaoxetanes have been prepared by oxidative
addition of epoxides to RhI , Pt0 and Pd complexes,[7a, 7b, 8b] or,
in the case of 2-rhoda- and 2-iridaoxetanes, by the deproto-
nation of a b-hydroxyethyl-metal-halide complex,[7c, 8] and by
oxygenation of the cycloctadiene (cod) complex
[(P3O9)IrI(cod)]2ÿ with dioxygen.[7d] The observed oxygen-
ation of [1 a]� and [1 b]� to [3 a]� and [3 b]� are the first
examples of the oxidation of an ethene complex to a
2-metallaoxetane.


The crystal structure of [3 b]BPh4 ´ 1.5 H2O was determined
by single-crystal X-ray diffraction. The unit cell proved to
contain a pseudo-centrosymmetric arrangement of two cati-
ons ([3 bA]� and [3 bB]�), two anions as well as three water
molecules. The molecular structure of cation [3 bA]� is shown
in Figure 3.


Two-thirds of the water molecules in crystalline [3 b]BPh4 ´
1.5 H2O are found as independent water dimers. Interestingly,
one-third of the water molecules connect the cations [3 bA]�


and [3 bB]� through two OwaterÿH ´´´ Ooxetane hydrogen bonds
(Figure 4). The Owater atoms are also involved in a bifurcated


Figure 4. Crystal structure of [3b]BPh4 ´ 1.5H2O including the hydrogen-
bridging water molecule.


Table 3. 1H NMR chemical shifts and coupling constants of the Rh-CH2-CH2-Y
fragments.


Solvent Y d(Rh-CH2-) d(-CH2-Y-) 3J(H,H)
(�0.2 Hz)


2J(Rh,H)
(�0.2 Hz)


[2a]� [D6]acetone H 2.71 0.61 7.4 2.7
[2b]� CD2Cl2 H 2.71 0.36 7.4 2.7
[2c]� CD2Cl2 H 2.79, 2.56 0.56 7.4 unclear
[3a]� CD2Cl2 O 2.25 4.98 7.5 2.4


[D6]acetone 2.35 4.97 7.5 2.5
[3b]� CD2Cl2 O 2.35 4.80 7.6 2.6


[D6]acetone 2.45 4.87 7.5 2.6
[4a]2� CD3CN O 2.95 5.38 8.1 2.1
[4b]2� CD2Cl2 O 3.09 5.16 8.1 2.1


CD3CN 3.12 5.21 8.1 2.4
[5a-D3]2� CD3CN O 3.23 4.01 7.5 2.6
[6a]� CD2Cl2 O 3.18 3.96 5.3 2.6


[D6]acetone 3.35 4.03 6.2 2.6
CD3CN 3.16 3.98 7.9 2.6
[D6]DMSO 3.13 3.96 8.2 2.6


[7a]� CD2Cl2 O 3.28 4.08 6.3 2.9
[8]2� CD3CN O 3.38 4.26 5.6 2.7
[9]2� CD3CN N 3.47 3.23 5.9 2.4
[10]� [D6]acetone O 3.16 3.57 5.6 2.7


Table 4. 13C NMR chemical shifts and coupling constants of the Rh-CH2-
CH2-Y fragments.


Solvent Y d(Rh-CH2-) d(-CH2-Y-) 1J(C,Rh)
[�0.2 Hz]


2J(C,Rh)
[�0.2 Hz]


[2a]� [D6]acetone H 15.4 16.9 21.9 0
[2b]� CD2Cl2 H 20.9 17.8 23.6 0
[2c]� CD2Cl2 H 17.5 17.8 20.4 0
[3a]� [D6]acetone O 1.3 78.7 18.4 4.0
[3b]� [D6]acetone O 2.5 80.6 18.0 4.2
[6a]� [D6]DMSO O 34.4 64.6 25.0 0
[7a]� CD2Cl2 O 26.3 79.8 25.0 0
[8]2� [D6]DMSO O 28.4 71.8 26.6 0
[9]2� [D6]DMSO N 33.3 41.5 27.7 0
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hydrogen bond with pyridyl-H34A and -H35A of a neighbour-
ing [3 bA]� ion. Interatomic distances: O2ÿO1A 2.645(6) �,
O2ÿO1B 2.713(7) �, O2ÿH34A 1.900(15) �, O2ÿH35A


2.037(11) � (Figure 4). The observed hydrogen bonding of
H2O to the 2-rhodaoxetane fragment parallels the frequently
observed hydrogen bonding between alcohols and late
transition-metal alkoxides.[18] The water signal from
[3 b]BPh4 ´ 1.5 H2O in CD2Cl2 appears at d� 2.05 in the
1H NMR spectrum, which indicates that there is hydrogen
bonding of water to the 2-rhodaoxetane oxygen in solution
(free water in CD2Cl2: d� 1.50).


Rhodium-alkoxy compounds are rare. The RhÿO bond
lengths in 2-rhodaoxetane [3 b]� are short ([3 bA]�: 2.000(5) �,
[3 bB]�: 2.013(6) �) compared to the range of previously
reported RhÿOalkoxy bond lengths (2.01 ± 2.11 �),[18a, 19]


This range includes the RhÿOalkoxy bond length (2.10 �) in
the b,b-disubstituted 2-rhodaoxetane [(PMe3)3(Br)Rh-
(k2-C,O-H2C(Me)2O)], I, the only isolated 2-rhodaoxetane
reported to date.[8] The difference between the cationic [3 b]�


and the neutral I could be the result of a weaker trans
influence of the hard N donor in [3 b]� compared to the soft P
donor in I. A MÿO bond length of 1.96 �, similar to that
in [3 b]� , is observed for the dianionic 2-iridaoxetane
[(P3O9)Ir('Ocod')]2ÿ, II.[7d] The CÿO bond length for [3 b]�


([3 bA]�: 1.45 �, [3 bB]�: 1.44 �) is much shorter than the very
long CÿO bond length in the
strained 2-iridaoxetane II
(1.86 �); however, it compares
well with that in the 2-rhodaox-
etane I (1.42 �). The RhÿC and
CÿC bond lengths in 2-rho-
daoxetane [3 b]� compare well
with the corresponding bond
lengths in I and II.[7d, 8] The
longest RhÿN bond length is
observed for the central amine,
which reflects the high trans
influence of the alkyl group
(Rh1ÿN3 2.140(8), 2.124(8) �).


As regards the mechanism of
2-rhodaoxetane formation: the
reactions of the ethene com-
plexes [1 a]� and [1 b]� with
HCl, clearly demonstrate their
nucleophilicity. One could
therefore imagine electrophilic
attack of H2O2 at the RhI cen-
tre, which results in a net transfer of OH� to the RhI centre.[20]


Insertion of the ethene fragment into the so-obtained
RhIIIÿOH bond, followed by proton abstraction from the
resulting 2-hydroxyethyl fragment would result in the
2-rhodaoxetane fragment. In view of the substantial
rhoda(iii)cyclopropane character of the rhodium-ethene frag-
ment, 2-rhodaoxetane formation could also be the result of
direct oxygenation of one of the ethene carbons. In this
formalism, the oxidation of [1 a]� and [1 b]� to the 2-rhoda-
oxetanes bears some resemblance to the oxidation of a
nickela(ii)cyclopentane complex with N2O to a 1-oxa-2-
nickela(ii)cyclohexane.[21]


Reactivity of the 2-rhodaoxetanes


At room temperature the 2-rhodaoxetanes [3 a]� and [3 b]�


are stable in solution and do not react with CO, PPh3, ethene
or acetylenes.


The 2-rhodaoxetane fragment is also stable toward strong
bases. Treatment of a solution of [3 b]� in CD2Cl2 with a
solution of NaOCD3 in CD3OD has little effect on the
1H NMR signals of the 2-rhodaoxetane fragment; however,
the signals of the methylene groups of the MeTPA ligand
disappear from the 1H NMR spectrum. This indicates that
NaOCD3 catalysed the H/D exchange at N-CH2-Py.


In the presence of acids, the reactivity of the 2-rhodaox-
etane fragment is clearly increased, as is described below.


Protonation and methylation of the 2-rhodaoxetane oxygen :
The hydrogen bonding of the 2-rhodaoxetane oxygen
with water as shown by the X-ray structure of [3 b]BPh4,
provides a first indication of its strongly nucleophilic
character. In accordance with this, treatment of the 2-rho-
daoxetanes [3 a]BPh4 and [3 b]BPh4 with one equivalent of the
non-coordinating acid [H(OEt2)2]B(C6H3(CF3)2)4 HBArf


4,[22]


in CD2Cl2 or CD3CN, results in the protonated rhodaoxetanes
[4 a]BPh4/BArf


4 and [4 b]BPh4/BArf
4 (Scheme 3).


As observed by 1H NMR spectroscopy in CD2Cl2, [4 a]2�


and [4 b]2� readily eliminate acetaldehyde at room temper-
ature, whereas [3 a]2� and [3 b]2� are stable. In [D6]DMSO,
[3 a]� and [3 b]� only start to eliminate acetaldehyde at 90 8C.
In [4 b]2�, the elimination of acetaldehyde is also observed in
CD3CN at room temperature. However, for [4 a]2� in CD3CN,
the elimination of acetaldehyde is blocked and quantitative
conversion to [(TPA)RhIII(k1-C-2-hydroxyethyl)(CD3CN)]2�,
[5 a-D3]2� occurs within 1 h (Scheme 3). Complex [5 a-D3]2�


was only characterised by 1H NMR spectroscopy (Table 3)
and FAB-MS. Attempts to isolate [4 a]2�, [4 b]2� and [5 a]2�


were unsuccessful because of their instability.


Scheme 3. Reaction of 2-rhoda(iii)oxetanes [3 a]� and [3 b]� with electrophiles H�, NH4Cl, MeI and H�/CH3CN.
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Protonation of [3 a]� and [3 b]� to the metallacyclic k2-O,C-
2-hydroxyethyl complexes [4 a]2� and [4 b]2� results in a
downfield shift 0.7 ppm for -Rh-CH2- in the 1H NMR
spectrum. Protonation to the non-cyclic k1-C-2-hydroxyethyl
complex [5 a-D3]2� results in an even larger downfield shift of
1.0 ppm. These shifts could well reflect the release of ring
strain. In [4 a]� and [4 b]� , -CH2-O- has shifted 0.4 ppm
downfield from [3 a]� and [3 b]� . In contrast, the open chain -
CH2-O- fragment in [5 a-D3]2� has shifted by 1.0 ppm upfield
to a normal value for an alcohol (Table 3).


As mentioned above, protonation of the 2-rhodaoxetane
oxygen results in the elimination of acetaldehyde at room
temperature. This elimination must also involve b-hydrogen
elimination. It seems reasonable to propose ring-opening of a
protonated 2-rhodaoxetane to a RhIII-k1-C-2-hydroxyethyl
fragment with a vacant cis position, followed by a b-hydride
shift and deprotonation to a formylmethyl hydride complex
and reductive elimination of acetaldehyde (Scheme 4).


Scheme 4. Proposed mechanism for b-hydrogen elimination from proto-
nated 2-rhoda(iii)oxetanes.


The observed elimination of acetaldehyde at elevated
temperatures in the absence of added acid (vide supra) might
involve protonation of the 2-rhodaoxetane by traces of acid,
but could also occur directly from the unprotonated 2-rho-
daoxetane (Scheme 4). A formylmethyl hydride intermediate
has also been proposed for the rhodium(i)-catalysed isomer-
isation of epoxides, via 2-rhodaoxetanes.[23] In agreement with
this mechanism, a cis-hydrido-formylmethyl iridium(iii) com-
plex was obtained by the reaction of ethylene oxide with
[IrI(C8H14)(PMe3)3(Cl)].[24] For rhoda(iii)- and irida(iii)oxe-
tanes, b-hydrogen elimination is apparently favoured over
reductive elimination of an epoxide. In fact, reductive
elimination of an epoxide from an isolated 2-metallaoxetane
has never been reported.


Treatment of a solution of [3 a]BPh4 with NH4Cl in acetone
resulted in the formation of [(TPA)RhIII(k1-C-2-hydroxy-
ethyl)(Cl)]BPh4 ([6 a]BPh4), presumably from the dissocia-
tion of the hydroxyethyl oxygen from the RhIII centre in
intermediate [4 a]2� and coordination of the chloride anion
(Scheme 3).


Bright yellow crystals of [6 a]BPh4 ´ MeOH, which were
suitable for X-ray diffraction, were obtained by slow crystal-
lisation of [6 a]BPh4 from a solution in acetone that was


layered with MeOH. The X-ray structure of [6 a]� is shown in
Figure 5. Selected bond lengths and angles are given in
Tables 1 and 2.


Figure 5. X-ray structure of 2-hydroxyethyl ± chloro complex [6 a]� ´
MeOH.


The quality of the X-ray structure suffers from of severe
disorder in the CH2-CH2-OH fragment and the co-crystallised
MeOH. This disorder could not be interpreted in terms of a
physically reasonable disorder model. The X-ray diffraction
data do, however, confirm the presence of the k1-C-2-
hydroxyethyl fragment. The co-crystallised MeOH molecule
seems to be involved in OÿH ´´´ O hydrogen bonding with the
hydroxy fragment of [6 a]� . The structure of the 2-hydroxy-
ethyl complex [6 a]� is similar to those of the ethyl complexes
[2 b]� and [2 c]� . However, the 2-hydroxyethyl fragment of
[6 a]� is oriented trans to Namine, whereas the ethyl fragments
of [2 b]� and [2 c]� are oriented trans to NPy-Me and NPy,
respectively.


The chemical shifts of the Rh-CH2- fragment and the -CH2-
O- fragment in the 1H and 13C NMR spectra of [6 a]� are
characteristic for a k1-C-2-hydroxyethyl fragment (see Ta-
bles 3 and 4). The coupling constant 3J(H,H) of [6 a]� strongly
increases on going from CD2Cl2 (5.3 Hz), the least polar
solvent, to [D6]DMSO (8.2 Hz), the most polar solvent
(Table 3). We explain this solvent-dependent behaviour by
assuming the presence of an equilibrium between an open
form, as in the X-ray structure (Figure 5), and a cyclic form in
which the 2-hydroxyethyl ligand of [6 a]� donates an intra-
molecular hydrogen bond to the chloro ligand. In an apolar
solvent the cyclic structure dominates, whereas in a polar
solvent interactions with solvent molecules stabilise the open
structure (Scheme 5). Strong intramolecular OH ´´´ Cl hydro-
gen bonding between chloride and the OH group of a


Scheme 5. Equilibrium between hydrogen-bonded cyclic and open struc-
tures of [6 a]� .
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2-hydroxy-2,2-(dimethyl)ethyl fragment has been observed
in the X-ray structure of [(Rh(PMe3)3(Br)(Cl){CH2C-
(Me)2OH}].[8] Hydrogen bonding has also been reported for
other metal-bound halide ligands.[25]


The reaction of [3 a]BPh4 with MeI is analogous to the
reaction with NH4Cl: it results in the formation of [(TPA)-
RhIII(2-methoxyethyl)(I)]BPh4 ([7 a]BPh4) (Scheme 3). Com-
pound [7 a]BPh4 was isolated as bright-orange crystals from a
saturated solution in CH3CN. Nucleophilic attack by the
oxygen atom of [3 a]� on MeI releases iodide, which sub-
sequently displaces the methylated oxygen from the RhIII


centre. NMR data for the Rh-CH2-CH2-O fragment of [7 a]�


are summarised in Tables 3 and 4.
Attempts to prepare the MeTPA analogues of [5 a]2�, [6 a]�


and [7 a]� from the MeTPA complex [3 b]� resulted in
complex reaction mixtures. The observed differences between
[3 a]� and [3 b]� probably result from steric hindrance by the
Py-Me fragment in [3 b]� . The Py-Me group hinders the
rotation of the -CH2-CH2-OR (R�H, Me) fragments around
the RhÿC bond. Dissociation of the RhÿO bond without
rotation around RhÿC will hold the b-hydrogens close to the
rhodium centre and thus promote b-hydrogen elimination.
Instead of substitution of the protonated or methylated
oxygen by CH3CN, Clÿor Iÿ, decomposition by b-hydrogen
elimination from -CH2-CH2-OR (R�H, Me) seems to occur.


Addition of a protonated 2-rhodaoxetane to acetonitrile :
Upon addition of a droplet of [D5]pyridine to a solution of k1-
C-2-hydroxyethyl complex [5 a-D3]2� in CD3CN (prepared by
the reaction of [3 a]� with HBArf


4 in CD3CN, vide infra), [5 a-
D3]2� rearranged to the metallacylic imino-ester [8-D3]2�


within 30 min (Scheme 6).
Clearly, the rearrangement of [5 a]2� to [8]2� is base-


catalysed. Imino-ester [8-D3]2� could also be formed directly
from [3 a]�: 1H NMR of a solution containing equimolar
amounts of [3 a]BPh4 and NH4PF6 in CD3CN at room


Scheme 6. Formation of 2-(acetimidoyloxy)ethyl complex [8]2� and 2-(ace-
tylamino)ethyl complex [9]2� upon reaction of 2-rhoda(iii)oxetane [3a]�


with NH4PF6 in CH3CN.


temperature revealed the quantitative formation of [8-D3]2�


via intermediate [5 a-D3]2� within 4 h. The undeuterated [8]2�


was prepared analogously from [3 a]� and NH4PF6 in CH3CN,
and was precipitated as pure [8](BPh4)2 ´ MeOH by the
addition of NaBPh4 and MeOH.


Thus, the reaction of [3 a]� with NH4
�/MeCN must proceed


through the protonation of the 2-rhodaoxetane oxygen atom
by NH4


�, followed by reaction of [4 a]2� with CH3CN, to yield
[5 a]2� and NH3. The ammonia subsequently facilitates the
rearrangement of [5 a]2� to imino ester [8]2�, by the base-
catalysed addition of the 2-hydroxyethyl group to the
activated -C�N bond of the coordinated CH3CN,[26] analogous
to a Pinner reaction [27] (Scheme 7, path a).


Scheme 7. Known reactivity of nitriles with alcohols in acidic media;
path a) Pinner reaction; path b) Ritter reaction; path c) rearrangement of
imidate to amide.


Crystals of [8](BPh4)2 ´ MeOH, which were suitable for
X-ray diffraction, were obtained by crystallisation from a
saturated solution in DMSO, layered with MeOH. The crystal
structure of [8]2� shows that the k2-O,C-2-oxyethyl fragment
in [3 a]� has been converted to a k2-N,C-2-(acetimidoyloxy)-
ethyl fragment (Figure 6). Bond lengths for [8]2� are com-
parable to those reported for related RhIII and IrIII com-
plexes.[28] The observed N5ÿOMeOH distance (3.04(3) �)
indicates NÿH ´´´ OMeOH hydrogen bonding.


Heating a solution of imino-ester [8](BPh4)2 ´ MeOH in
CD3CN or [D6]DMSO to 65 8C resulted in the quantitative
rearrangement of [8]2� to metallacyclic amide [9]2� within
3.5 h (Scheme 6). The lack of incorporation of CD3CN upon
rearrangement of [8]2� to [9]2� in CD3CN demonstrates that
the transformation is truly intramolecular. Both in CD3CN
and in [D6]DMSO, the rearrangement was found to be
unaffected by the presence of �10 mol H2O per mol [8]2�,
thus showing that imino-ester [8]2� and amide [9]2� are both
relatively stable towards hydrolysis. Amide [9]2� could also be
formed directly from [3 a]�: 1H NMR spectra of a solution of
equimolar amounts of [3 a]BPh4 and NH4PF6 in CD3CN at
65 8C revealed the quantitative conversion to the trideuter-
ated amide [9-D3]2� via the trideuterated imino-ester [8-D3]2�


within 4 h (Scheme 6). We obtained undeuterated [9]2� as
crystalline [9](BPh4)2 ´ MeCN by the analogous reaction in
MeCN, followed by addition of NaBPh4 (1 equiv) and partial
evaporation of the solvent.


The crystal structure of [9](BPh4)2 ´ MeCN confirms the
rearrangement of the k2-N,C-2-(acetimidoyloxy)ethyl frag-
ment in [8]2� to the k2-O,C-2-(acetylamino)ethyl fragment in
[9]2� (Figure 6). Bond lengths observed for [9]2� are compa-
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Figure 6. X-ray structures of 2-(acetimidoyloxy)ethyl complex [8]2� ´
MeOH (top) and 2-(acetylamino)ethyl complex [9]2� (bottom).


rable to those of other amide complexes of rhodium and
iridium.[29]


The observed nC�N (1634 cmÿ1) for [8]2� and nC�O


(1600 cmÿ1) for [9]2� are in accordance with their crystal
structures. Selected NMR data for the Rh-CH2CH2-O-
C(Me)�NH fragment of [8]2� and the Rh-CH2CH2-NH-
C(Me)�O fragment of [9]2� are summarised in Tables 3 and
4. In the 1H NOESY spectrum, the acetimidoyl -NH- frag-
ment of [8]2� shows a clear NOE contact with the nearby axial
protons of the two equivalent N-CH2-Py fragments. The
relatively small 3J(H,H) coupling constant between the Rh-
CH2- and the -CH2-O- groups of [8]2� (5.6 Hz) and [9]2�


(5.9 Hz) seems to be diagnostic for a six-membered metalla-
cycle, in agreement with the value observed for cyclic chloro
2-hydroxyethyl complex [6 a]� in CD2Cl2 (5.3 Hz) for which
we proposed a six-membered ring structure through intra-
molecular H-bonding (Scheme 5). Diagnostic for the con-
version of [8]2� to [9]2� are the significant upfield shifts for -
CH2-N- in [9]2� compared to -CH2-O- in [8]2� in the 1H NMR
and 13C NMR spectra.


The overall rearrangement of intermediate [5 a]2� to [9]2� is
analogous to the Ritter reaction[27] (Scheme 7, path b). To the
best of our knowledge, the conversion of the Pinner-type
product [8]2� to the Ritter-type product [9]2�, is an unprece-
dented example of rearrangement of an alkyl-alkanimidate to


a N-alkyl alkanamide (see Scheme 7, path c: R,R'� alkyl).
Heating alkyl-alkanimidates generally results in the elimina-
tion of alcohols.[30] However, rearrangement of ªactivatedº
alkyl-trichloroacetimidates to N-alkyl trichloroacetamides,
catalysed by BF3, has been reported (Scheme 7, path c: R�
alkyl, R'�CCl3).[31] The mechanism proposed for this reaction
involves formation of an ion-pair between the alkyl cation and
the trichloroacetimidate (Scheme 8).


Scheme 8. Proposed mechanism for the BF3-catalysed rearrangement of
alkyl-trichloroacetimidates to N-alkyl trichloroacetamides.[31]


We propose that the mechanism for the transformation of
[8]2� to [9]2� proceeds by the pathway shown in Scheme 9. b-
Elimination of the acetimidato group gives an acetamidato ±
ethene complex which then reacts through migratory inser-
tion of ethene into the RhÿN bond.


Scheme 9. Proposed mechanism for thermal rearrangement of [8]2� to
[9]2�.


Formation of a CÿN bond from an olefin and an amine or
amide is a very desirable transformation.[32] A catalytic
version of this reaction would be a valuable alternative to
classical industrial syntheses of amines or amides. However,
the few catalytic examples of CÿN bond formation reported
to date are either slow or restricted to specific substrates or
intramolecular reactions.[33] Therefore, new approaches to the
formation of CÿN bonds from olefins is of great interest. The
step-wise conversion of ethene complex [1 a]� to a k2-N,C-2-
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(acetylamino)ethyl complex [9]2� via 2-rhodaoxetane [3 a]�


(Scheme 10) is the first example of amidation of a coordinated
olefin by H2O2, H� and a nitrile.


Scheme 10. Amidation of a coordinated olefin by H2O2, H� and MeCN.


Addition of a 2-rhodaoxetane to acetone : As observed by
1H NMR, a solution of 2-rhodaoxetane [3 a]BPh4 in [D6]ace-
tone converts to the new metallacyclic ketal [10]� in about two
weeks (Scheme 11). The low 3J(H,H) coupling constant
between the Rh-CH2- and -CH2-O fragments of [10]� , similar
to those for [8]2� and [9]2�, are in accordance with the
presence of a six-membered metallacycle.


Scheme 11. Reaction of [3 a]� with acetone to proposed complex [10]� .


A 1H NMR spectrum of a sample of [10]BPh4, isolated from
non-deuterated acetone by precipitation with Et2O, shows a
singlet (relative integral 6 H) at d� 0.60 in [D6]acetone. This
singlet disappears over a period of two days, and a signal of
free Me2CO appears in the 1H NMR spectrum. All other
signals of [10]� remain unchanged. Apparently, the incorpo-
rated acetone exchanges for [D6]acetone. As observed by
1H NMR spectroscopy, dissolution of [10]� in solvents other
than acetone results in the decomposition to a mixture of
unidentified compounds. FAB-MS spectra, obtained from an
acetone/m-nitrobenzyl alcohol matrix, were inconclusive
because only [(TPA)Rh]� was detected as the highest mass.
In view of the above-described reactivity of the 2-rhodaox-
etanes induced by protonation, we assume that the reaction of
[3 a]� with acetone is mediated by the acidity of this solvent.


Conclusions


Despite their cationic nature, the pentacoordinate complexes
[(TPA)RhI(ethene)]� , [1 a]� , and [(MeTPA)RhI(ethene)]� ,
[1 b]� , are clearly nucleophilic: they react with aqueous HCl
to afford the chloro-ethyl complexes [2 a]� ± [2 c]� .


Treatment of [1 a]� and [1 b]� with aqueous H2O2 results in
the fast and selective oxygenation to the stable 2-rhodaox-
etanes (1-oxa-2-rhodacyclobutanes) [3 a]� and [3 b]� . These
are the first isolated examples of unsubstituted 2-metallaox-
etanes.


The 2-rhodaoxetanes obtained in this way are inert towards
strong nucleophiles, such as MeOÿ. The reactivity of the k2-
O,C-2-oxyethyl fragments in the 2-rhodaoxetanes [3 a]� and
[3 b]� is mainly determined by the nucleophilic character of
their 2-rhodaoxetane oxygen. Reaction of [3 a]� and [3 b]�


with H�, converts the k2-O,C-2-oxyethyl fragment to a k2-O,C-
2-hydroxyethyl fragment in the four-membered metallacycles
[4 a]2� and [4 b]2�. These eliminate acetaldehyde at room
temperature in the absence of coordinating anions and
coordinating solvents. The elimination of acetaldehyde from
the unprotonated 2-rhodaoxetanes [3 a]� and [3 b]� only
occurs at elevated temperatures. In both cases, the formation
of ethylene-oxide is not observed.


The protonated 2-rhodaoxetane [4 a]2� undergoes ring-
opening in the presence of MeCN or chloride anions to yield
[(TPA)RhIII(k1-C-2-hydroxyethyl)(MeCN)]2� ([5 a]2�), or
[(TPA)RhIII(k1-C-2-hydroxyethyl)(Cl)]� ([6 a]�), respective-
ly. Similarly, reaction of [3 a]� with MeI results in the
formation of [(TPA)RhIII(k1-C-2-methoxyethyl)(I)]� , [7 a]� .


Reaction of [3 a]� with NH4
� in MeCN results in the


formation of metallacyclic amide [(TPA)RhIII(2-(acetyl-
amino)ethyl)]2� ([9]2�) via the intermediate metallacyclic
imino-ester [(TPA)RhIII(2-(acetimidoyloxy)ethyl)]2� ([8]2�).
The observed overall conversion of ethene complex [1 a]� to
the metallacyclic amide [9]2�, via 2-rhodaoxetane [3 a]� ,
provides a new step-wise route for the amidation of a metal-
coordinated olefin fragment.


We have demonstrated that 2-metallaoxetanes readily form
upon oxidation of a RhI(ethene) complex. This suggests their
possible involvement in catalytic oxidation of olefins. Their
role in the epoxidation of olefins, however, remains doubtful,
despite frequently proposed mechanisms.[2]


Oxidative additions of epoxide CÿO bonds to RhI, Ni0, Pd0,
and Pt0 complexes have been reported in stoichiometric and
catalytic reactions.[5, 7a, 7b, 34±37] Furthermore, oxidative addition
of ethylene oxide to IrI has been reported to result in a cis-
hydrido-formylmethyl IrIII complex.[24] The above examples,
combined with the results in this paper, strongly suggest that,
at least for late transition metals, the equilibrium between a
2-metallaoxetane and the reduced metal centre and epoxide is
in favour of the 2-metallaoxetane. As a result, 2-metallaox-
etanes do not decompose by reductive elimination but by
other pathways, such as b-hydrogen elimination. In fact,
formation of CÿO bonds by reductive elimination from
transition metal alkyl ± alkoxide complexes is extremely
rare.[38] There are some examples of the formation of CarylÿO
bonds in reasonable yields by oxidatively induced reductive
elimination from NiII ± aryl ± alkoxide complexes and sponta-
neous reductive elimination from PdIV ± aryl ± alkoxide com-
plexes.[39] Oxidatively induced reductive eliminations of cyclic
ethers (e. g. THF) from oxametallacyclic NiII ± alkyl ± alkox-
ide complexes have only been realised in very low yields.[40]


Elimination of an epoxide from a 2-oxametallacyclobutane
(2-metallaoxetane) would not only involve the apparently
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unfavourable reductive elimination of a CÿO bond, but also
the formation of a strained epoxide from a less strained
oxametallacyclobutane. The direct reductive elimination of
epoxides from detectable 2-metallaoxetanes will therefore be
thermodynamically too ªuphillº. 2-Rhodaoxetanes could,
however, be involved as intermediates in rhodium-catalysed
oxidation of terminal olefins to methylketones by alkylhy-
droperoxides, hydrogen peroxide or O2.[41]


Experimental Section


General methods : All procedures were performed under N2 using standard
Schlenk techniques. Solvents (p. a.) were deoxygenated by bubbling a
stream of N2 through them or by the freeze-pump-thaw method. ªRoom
temperatureº corresponds to �20 8C.


IR spectra were measured on a Perkin ± Elmer 1720 X. NMR experiments
were carried out on a Bruker DPX 200 (200 MHz and 50 MHz for 1H and
13C, respectively), a Bruker AC300 (300 MHz and 75 MHz for 1H and 13C,
respectively) and a Bruker WM 400 (400 MHz and 100 MHz for 1H and 13C,
respectively). Solvent shift reference for 1H NMR: [D6]acetone d(1H)�
2.05, CD3CN d(1H)� 1.98, CD2Cl2 d(1H)� 5.31, [D6]DMSO d(1H)� 2.50.
For 13C NMR: [D6]acetone d(13C)� 29.50, CD3CN d(13C)� 1.28, CD2Cl2


d(13C)� 54.20, [D6]DMSO d(13C)� 39.50. Abbreviations used are s�
singlet, d�doublet, dd� doublet of doublets, t� triplet, dt� doublet of
triplets, q� quartet, dq� doublet of quartets, m�multiplet and br� broad.


Elemental analysis (C, H, N) were carried out on a Carlo Erba NCSO-
analyser. Mass Spectra (FAB) were recorded on a VG 7070 mass
spectrometer or on a JEOL JMS SX/SX102A four-sector mass spectrom-
eter.


[{(C2H4)2Rh(m-Cl)}2],[42] and the ligands TPA[43] and MeTPA[44] were
prepared according to literature procedures. All other chemicals are
commercially available and were used without further purification, unless
stated otherwise.


X-ray diffraction : For all structures, single crystals were mounted in air on
glass fibres. Intensity data were collected on an Enraf-Nonius CAD4
diffractometer (radiation: graphite monochromatised CuKa� 1.541838 �).
Intensity data were corrected for Lorentz and polarisation effects. Semi-
empirical absorption correction (y-scan)[45] was applied. The structures
were solved by the program system DIRDIF[46] with the program PATTY[47]


to locate the heavy atoms and were refined with standard methods
(refinement against F 2 for all reflections with SHELXL 97[48] with
anisotropic parameters for the non-hydrogen atoms. Selected bond lengths
and angles are summarised in Tables 1 and 2. Other relevant crystal data
are summarised in Table 5. Drawings were generated with the program
PLATON.[49]


[1b]BPh4, [2b]BPh4 and [3 b]BPh4 ´ 1.5 H2O : The hydrogen atoms of the
methyl groups were refined as rigid rotors with idealised sp3 hybridisation
and a CÿH bond length of 0.97 � to match maximum electron density in a
difference Fourier map. All other hydrogens were initially placed at
calculated positions and were then freely refined.


[2c]BPh4 : The hydrogen atoms of the methyl groups were refined as rigid
rotors with idealised sp3 hybridisation and a CÿH bond length of 0.97 � to
match maximum electron density in a difference Fourier map. The


Table 5. Crystallographic data of the synthesised complexes


[1 b]BPh4 [2 b]BPh4 [2c]BPh4 [3b]BPh4 ´
1.5H2O


[6 a]BPh4 ´ MeOH [8](BPh4)2 ´
MeOH


[9](BPh4)2 ´
MeCN


empirical formula C45H44N4BRh C45H45N4BClRh C45H45N4BClRh C45H44N4O21/2BRh C45H47N4O2BClRh C71H70N5O2B2Rh C72H69N6OB2Rh
crystal size [mm] 0.25� 0.13� 0.06 0.56� 0.34� 0.12 0.36� 0.25� 0.13 0.56� 0.34� 0.18 0.46� 0.36� 0.29 0.38� 0.09� 0.06 0.27� 0.18� 0.10
formula weight 754.56 791.02 981.02 794.56 825.04 1149.85 1158.86
T [K] 208(2) 208(2) 208(2) 173(2) 208(2) 208(2) 293(2)
crystal system triclinic orthorhombic monoclinic triclinic monoclinic monoclinic monoclinic
space group P1Å Pbc21 P21/c P1Å P21/c C2/c C2/c
unit cell dim. from N refl. 23 10 24 10 8 16 15
a [�] 9.843(4) 10.6840(16) 14.4306(5) 9.3022(3) 13.86(2) 37.334(7) 28.270(2)
b [�] 11.52(2) 18.960(5) 9.8390(6) 11.8120(2) 10.155(9) 12.8324(18) 23.0952(14)
c [�] 16.87(2) 37.402(7) 27.5464(13) 18.3852(4) 28.752(4) 24.767(5) 21.520(2)
a [8] 88.54(12) 90 90 78.781(5) 90 90 90
b [8] 76.60(12) 90 94.757(4) 88.275(3) 95.56(3) 97.37(2) 119.793(6)
g [8] 82.15(10) 90 90 85.428(3) 90 90 90
V [�3] 1843(4) 7577(3) 3897.6(3) 1974.99(8) 4029(7) 11767(4) 12192.9(16)
1calcd [gcmÿ3] 1.360 1.387 1.348 1.336 1.360 1.298 1.263
Z 2 8 4 2 4 8 8
diffractometer Enraf-Nonius


CAD4
Enraf-Nonius
CAD4


Enraf-Nonius
CAD4


Enraf-Nonius
CAD4


Enraf-Nonius
CAD4


Enraf-Nonius
CAD4


Enraf-Nonius
CAD4


scan q ± 2q w q ± 2 q q ± 2q q ± 2q w q ± 2 q


radiation CuKa CuKa CuKa CuKa CuKa CuKa CuKa


wavelength [�] 1.54184 1.54184 1.54184 1.54184 1.54184 1.54184 1.54184
F(000) 784 3280 1640 824 1712 4816 4848
q range [8] 3.88 ± 70.27 4.66 ± 69.98 3.07 ± 69.97 3.83 ± 70.03 3.09 ± 70.09 4.00 ± 55.24 2.88 ± 69.96
index ranges ÿ 11� h� 0 ÿ 13� h� 0 ÿ 17� h� 17 0� h� 11 ÿ 16�h� 0 ÿ 39� h� 39 ÿ 34� h� 29


ÿ 14� k� 13 ÿ 23� k� 0 ÿ 11� k� 0 ÿ 14�k� 14 0� k� 12 ÿ 13� k� 0 0�k� 28
ÿ 20� l� 19 0� l� 45 ÿ 33� l� 0 ÿ 22� l� 22 ÿ 34� l� 35 0� l� 26 0� l� 26


range of rel. transm. fac. 0.714/1.215 0.807/1.777 0.802/1.297 1.210/0.910 0.843/1.186 0.944/1.065 1.081/0.924
measured reflections 7404 7281 7520 7987 7956 7588 11863
unique reflections 6970 7281 7353 7492 7625 7374 11535
observed reflections
[Io> 2 s(Io)]


5417 6107 6269 6908 6027 2886 6778


refined parameters 462 941 619 727 473 732 993
goodness-of-fit on F 2 1.054 1.077 1.057 1.076 1.093 1.020 1.041
R [Io> 2s(Io)] 0.0855 0.1040 0.0501 0.0566 0.0992 0.0877 0.0552
wR2 [all data] 0.2373 0.3380 0.1330 0.1786 0.2774 0.1794 0.1255
final residual electron
density (max/min) [e�ÿ3]


3.403/ÿ 3.786 4.011/ÿ 3.573 0.712/ÿ 2.140 2.203/ÿ 0.588 1.959/ÿ 2.072 0.456/ÿ 0.464 0.587/ÿ 0.621
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hydrogen atoms attached to C1 were placed at calculated positions and
were refined riding on the parent atom. All other hydrogens were initially
placed at calculated positions and were then freely refined.


[8](BPh4)2 ´ MeOH and [9](BPh4)2 ´ CH3CN : The hydrogen atoms of the
methyl groups were refined as rigid rotors with idealised sp3 hybridisation
and a CÿH bond length of 0.97 � to match maximum electron density in a
difference Fourier map. The hydrogen atom attached to the nitrogen atom
in [9]2� was taken from a difference Fourier map. In contrast to the
structure analysis of [9](BPh4)2 ´ CH3CN, the presence of a nitrogen atom at
the N5 position in [8]2� is not unambiguously confirmed by the localisation
of an attached proton. However, during refinement it became clear that
only the presented structure shows acceptable ADP values for N5 and O1.
All other hydrogens were initially placed at calculated positions and were
then freely refined.


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 nos. CCDC-117405
([1b]BPh4), CCDC-117406 ([2 b]BPh4), CCDC-117407 ([2c]BPh4),
CCDC-117408 ([3b]BPh4 ´ 1.5H2O), CCDC-117409 ([6 a]BPh4 ´ MeOH),
CCDC-117410 ([8](BPh4)2 ´ MeOH) and CCDC-117411 ([9](BPh4)2 ´
MeOH). 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).


(h2-Ethene)-(k4-N,N,N-tri-(2-pyridylmethyl)amine)-rhodium(ii) hexafluoro-
phosphate/tetrafluoroborate ([1 a]PF6) and ([1 a]BF4): [{(C2H4)2Rh(m-
Cl)}2] (100 mg, 0.26 mmol) and TPA (150 mg, 0.52 mmol) were stirred in
MeOH (25 mL) at ÿ78 8C for 1 h followed by the addition of KPF6


(441 mg, 2.4 mmol). Partial evaporation of the solvent caused the
precipitation of [1 a]PF6 as a yellow powder, which was filtered and
vacuum-dried. Yield: 68% (200 mg). The same procedure with NaBF4 gave
[1a]BF4 (yield: 71%).


In both the 1H and the 13C NMR spectra of [1a]� at 298 K, the ethene
fragment is observed as two broad singlets. At 263 K the ethene fragment is
observed as two pseudo double-triplets in the 1H NMR spectrum and two
doublets in the 13C NMR spectrum. 1H NMR (500.14 MHz, [D6]acetone,
263 K): d� 9.43 (d, 3J(H,H)� 4.7 Hz, 1 H; Pya-H6), 8.16 (d, 2 H, 3J(H,H)�
5.8 Hz, 2H; Pyb-H6), 7.90 ± 7.10 (m, 9H; Py-H4, Py-H5 and Py-H3), 5.69
(d[AB], 2J(H,H)� 15.6 Hz, 2H; N-CH2-Pyb), 5.02 (d[AB], 2J(H,H)�
15.6 Hz, 2H; N-CH2-Pyb), 4.76 (s, 2H; N-CH2-Pya), 2.11 (dt, average
J(H,H)� 9.5 Hz, J(H,H) or J(H,Rh)� 1.7 Hz, 2H; C2H4), 1.82 (dt,
J(H,H)� 9.5 Hz, J(H,H) or J(Rh,H)� 1.7 Hz, 2H; C2H4); 13C{1H} NMR
(125.77 MHz, [D6]acetone, 263 K): d� 163.9 (Pyb-C2), 159.6 (Pya-C2),
151.9 (Pya-C6), 151.4 (Pyb-C6), 138.1 (Pya-C4), 137.3 (Pyb-C4), 125.2 (Pyb-
C3), 124.4 (Pya-C3), 123.1 (Pyb-C5), 122.2 (Pya-C5), 69.6 (N-CH2-Pyb), 64.3
(N-CH2-Pya), 27.2 (d, J(C,Rh)� 18.0 Hz; C�C), 25.0 (d, J(C,Rh)� 19.7 Hz;
C�C); FAB-MS (m-nitrobenzyl alcohol matrix (m-Noba)/CH3CN): 589
[(Na�M�PF6)�], 421 [M�], 393 [(MÿC2H4)�]; anal. calcd for [1a]PF6


(C20H22N4RhPF6): C 42.42, H 3.93, N 9.98; found: C 40.54, H 3.60, N 9.70;
anal. calcd for [1 a]BF4 (C20H22N4RhBF4): C 47.28, H 4.36, N 11.03; found: C
47.25, H 4.46, N 10.80.


(h2-Ethene)-(k4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylmethyl)-
amine)-rhodium(ii) tetraphenylborate ([1b]BPh4): [{(C2H4)2Rh(m-Cl)}2]
(200 mg, 0.51 mmol) and MeTPA (320 mg, 1.05 mmol) were added to
MeOH (25 mL) at ÿ78 8C, and stirred for 1 h. Any undissolved material
was removed by filtration. NaBPh4 (360 mg, 1.06 mmol) in MeOH (7 mL)
was added to the solution. The yellow solid which precipitated was
collected by filtration. Crystals suitable for X-ray diffraction were obtained
by slow crystallisation of a saturated solution of [1b]BPh4 in acetone at
ÿ20 8C. Yield: 81% (623 mg); 1H NMR (200.13 MHz, CD2Cl2, 298 K): d�
7.86 (d, 3J(H,H)� 5.3 Hz, 2H; Pya-H6), 7.55 ± 6.65 (m, 9 H; Py-H4, Py-H5
and Py-H3), 7.37 (m, 8 H; BAr-H2), 7.02 (t, 3J(H,H)� 7.4 Hz, 8 H; BAr-H3),
6.87 (t, 3J(H,H)� 7.4 Hz, 4 H; BAr-H4), 5.07 (d[AB], 2J(H,H)� 15.3 Hz,
2H; N-CH2-Pyb), 4.23 (d[AB], 2J(H,H)� 15.3 Hz, 2H; N-CH2-Pyb), 4.11 (s,
2H; N-CH2-Pya), 3.33 (s, 3 H; Pya-CH3), 2.07 (br s, 2H; C2H4), 1.94 (br s,
2H; C2H4); 13C{1H} NMR (125.77 MHz, CD2Cl2, 298 K): d� 164.8 (q,
1J(C,B)� 49.5 Hz; BAr-C1), 163.3 (Pyb-C2), 161.2 (Pya-C2), 158.0 (Pya-C6),
151.3 (Pyb-C6), 138.3 (Pya-C4), 137.3 (Pyb-C4), 136.8 (BAr-C2), 126.5 (q,
3J(C,B)� 2.8 Hz; BAr-C3), 125.3 (Pyb-C3), 124.4 (Pya-C3), 123.1 (Pyb-C5),
122.7 (BAr-C4), 119.2 (Pya-C5), 69.8 (N-CH2-Pyb), 65.3 (N-CH2-Pya), 30.6
(br s, C�C), 29.1 (Pya-CH3), 26.3 (br s, C�C); FAB-MS (m-Noba/CH3CN):


435 [M�], 407 [(MÿC2H4)�]; anal. calcd for C45H44N4BRh: C 71.63, H 5.88,
N 7.42; found: C 71.15, H 5.93, N 7.42.


(Ethyl)-(chloro)-(k4-N,N,N-tri(2-pyridylmethyl)amine)-rhodium(iiiiii) hexa-
fluorophosphate ([2 a]PF6): [{(C2H4)2Rh(m-Cl)}2] (150 mg, 0.38 mmol) and
TPA (320 mg, 1.1 mmol) were added to MeOH (40 mL) at ÿ78 8C, and
stirred for 1 h. An aqueous solution of HCl (0.4 mL, 30%) was added and
the solution was allowed to slowly warm to ÿ10 8C (within 2 h). Any
undissolved material was removed by filtration. NaPF6 (740 mg,
4.40 mmol) in MeOH (7 mL) was added to the solution. The light yellow
solid which precipitated was collected by filtration. Yield: 71% (325 mg);
1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 9.40 (d, 1H, 3J(H,H)�
4.7 Hz, Pya-H6), 8.89 (d, 2H, 3J(H,H)� 5.6 Hz, Pyb-H6), 8.0 ± 7.37 (m, 9H,
Py-H4, Py-H5 and Py-H3), 5.40 (d[AB], 2H, 3J(H,H)� 16.2 Hz, N-CH2-
Pyb), 5.07 (s, 2 H, N-CH2-Pya), 5.03 (dd[AB], 2 H, 3J(H,H)� 16.2 Hz,
3J(Rh,H)� 1.5 Hz, N-CH2-Pyb), 2.71 (dq, 2 H, 3J(H,H)� 7.4 Hz,
2J(Rh,H)� 2.7 Hz, Rh-CH2CH3), 0.61 (t, 3H, 3J(H,H)� 7.4 Hz, Rh-
CH2CH3); 13C{1H} NMR (50.33 MHz, [D6]acetone, 298 K): d� 162.9
(Pyb-C2), 158.0 (Pya-C2), 151.4 (Pyb-C6), 149.0 (Pya-C6), 139.2 (Pyb-C4),
139.0 (Pya-C4), 125.7 (Pyb-C3), 125.1 (Pya-C3), 123.8 (Pyb-C5), 121.4 (Pya-
C5), 72.2 (N-CH2-Pya), 69.3 (N-CH2-Pyb), 16.9 (Rh-CH2CH3), 15.4 (d,
1J(C,Rh)� 21.9 Hz, Rh-CH2CH3); FAB-MS (m-Noba/CH3CN): m/z : 457
[MÿPF6]� , 428 [MÿCH2CH3ÿPF6]� , 393 [MÿCH2CH3ÿPF6ÿCl]� ;
anal. calcd for [2 a]� , (C20H23N4RhCl): 457.0683; found: 457.0666.


(Ethyl)-(chloro)-(k4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylme-
thyl)amine)-rhodium(iiiiii) tetraphenylborate ([2 b]BPh4): [{(C2H4)2Rh(m-
Cl)}2] (100 mg, 0.26 mmol) and MeTPA (160 mg, 0.53 mmol) were added
to MeOH (25 mL) at ÿ78 8C, and stirred for 1 h. An aqueous solution of
HCl (0.4 mL, 30%) was added and the solution was allowed to slowly warm
to ÿ10 8C (within �2 h). Any undissolved material was removed by
filtration. NaBPh4 (360 mg, 1.06 mmol) in MeOH (7 mL) was added to the
solution. The light yellow solid which precipitated was collected by
filtration. After recrystallisation from a saturated CH3CN solution, pure
[2b]BPh4 was obtained as bright yellow crystals which were suitable for
X-ray diffraction. Yield: 60 % (244 mg); 1H NMR (200.13 MHz, CD2Cl2,
298 K): d� 8.80 (d, 2 H, 3J(H,H)� 5.9 Hz, Pyb-H6), 7.8 ± 6.6 (m, 9H, Py-H4,
Py-H5 and Py-H3), 7.46 (m, 8H, BAr-H2), 7.05 (t, 8 H, 3J(H,H)� 7.3 Hz,
BAr-H3), 6.89 (t, 4 H, 3J(H,H)� 7.3 Hz, BAr-H4), 4.09 (d[AB], 2 H,
3J(H,H)� 16.2 Hz, N-CH2-Pyb), 3.59 (s, 2 H, N-CH2-Pya), 3.36 (dd[AB],
2H, 3J(H,H)� 16.2 Hz, 3J(Rh,H)� 1.5 Hz, N-CH2-Pyb), 3.02 (s, 3H, Pya-
CH3), 2.71 (dq, 2 H, 3J(H,H)� 7.4 Hz, 2J(Rh,H)� 2.7 Hz, Rh-CH2CH3),
0.36 (t, 3 H, 3J(H,H)� 7.4 Hz, Rh-CH2CH3); 13C{1H} NMR (50.33 MHz,
CD2Cl2, 298 K): d� 164.9 (q, 1J(C,B)� 49.5 Hz; BAr-C1), 164.3 (Pya-C2),
162.5 (Pyb-C2), 154.9 (Pya-C6), 152.3 (Pyb-C6), 139.3 (Pyb-C4), 139.0 (Pya-
C4), 136.8 (BAr-C2), 126.7 (q, 3J(C,B)� 2.8 Hz; BAr-C3, Pya-C3), 125.7
(Pyb-C3), 123.6 (Pyb-C5), 122.9 (BAr-C4), 119.8 (Pya-C5), 71.4 (N-CH2-
Pya), 67.7 (N-CH2-Pyb), 26.3 (Pya-CH3), 20.9 (d, 1J(C,Rh)� 23.6 Hz, Rh-
CH2CH3), 17.8 (Rh-CH2CH3); FAB-MS (m-Noba/CH3CN): m/z : 471 [Mÿ
BPh4]� , 428 [MÿCH2CH3ÿBPh4]� , 407 [MÿCH2CH3ÿBPh4ÿCl]� ;
anal. calcd for [2b]BPh4, (C45H45N4RhClB): C 68.33, H 5.73, N 7.08; found:
C 68.65, H 5.34, N 7.09.


(Ethyl)-(chloro)-(k4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylme-
thyl)amine)-rhodium(iiiiii) tetraphenylborate ([2 c]BPh4): [{(C2H4)2Rh(m-
Cl)}2] (200 mg, 0.51 mmol) and MeTPA (320 mg, 1.05 mmol) were added
to MeOH (25 mL) at ÿ78 8C, and stirred for 1 h. An aqueous solution of
HCl (0.1 mL, 30%) was added and the solution was allowed to warm to
room temperature (within 30 min) by the removal of the acetone/CO2 bath.
Any undissolved material was removed by filtration. NaBPh4 (640 mg,
1.87 mmol) in MeOH (7 mL) was added to the solution. The orange solid
which precipitated was collected by filtration. After recrystallisation from a
saturated CH3CN solution, pure [2c]BPh4 was obtained as bright orange
crystals which were suitable for X-ray diffraction. Yield: 63 % (510 mg);
1H NMR (200.13 MHz, CD2Cl2, 298 K): d� 9.35 (d, 1 H, 3J(H,H)� 5.3 Hz,
Pya-H6), 8.88 (d, 1H, 3J(H,H)� 5.9 Hz, Pyb-H6), 7.8 ± 6.8 (m, 9 H, Py-H4,
Py-H5 and Py-H3), 7.46 (m, 8H, BAr-H2), 7.05 (t, 8 H, 3J(H,H)� 7.3 Hz,
BAr-H3), 6.89 (t, 4 H, 3J(H,H)� 7.3 Hz, BAr-H4), 4.40 (d[AB], 1 H,
3J(H,H)� 15.6 Hz, N-CH2-Py), 4.13 (d[AB], 1H, 3J(H,H)� 16.5 Hz,
N-CH2-Py), 3.76 (d[AB], 1H, 3J(H,H)� 17.3 Hz, N-CH2-Py), 3.60
(d[AB], 1H, 3J(H,H)� 17.3 Hz, N-CH2-Py), 3.52 (d[AB], 1 H, 3J(H,H)�
15.6 Hz, N-CH2-Py), 3.32 (d[AB], 1 H, 3J(H,H)� 16.5 Hz, N-CH2-Py), 2.85
(s, 3H, Pyc-CH3), 2.79 (m, 1H, Rh-CHaHbCH3), 2.56 (m, 1H, Rh-
CHaHbCH3), 0.56 (t, 3 H, 3J(H,H)� 7.4 Hz, Rh-CH2CH3); 13C{1H} NMR
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(50.33 MHz, CD2Cl2, 298 K): d� 164.9 (q, 1J(C,B)� 49.5 Hz; BAr-C1),
166.5, 162.3, 161.5 (Pya-C2, Pyb-C2, PyC-C2), 156.9 (Pyc-C6), 151.0, 150.0
(Pya-C6, Pyb-C6), 139.4, 139.2, 139.0 (Pya-C4, Pyb-C4, Pyc-C4), 136.8 (BAr-
C2), 126.7 (q, 3J(C,B)� 2.8 Hz; BAr-C3), 127.3, 125.6, 125.3 (Pya-C3, Pyb-
C3, Pyc-C3), 122.9 (BAr-C4), 122.7, 121.9, 121.0 (Pya-C5, Pyb-C5, Pyc-C5),
71.4 (N-CH2-Py), 69.6 (N-CH2-Py), 69.0 (N-CH2-Py), 28.3 (Pya-CH3), 17.8
(Rh-CH2CH3), 17.5 (d, 1J(C,Rh)� 20.4 Hz, Rh-CH2CH3); FAB-MS (m-
Noba/CH3CN): m/z : 471 [MÿBPh4]� , 428 [MÿCH2CH3ÿBPh4]� , 407
[MÿCH2CH3ÿBPh4ÿCl]� ; anal. calcd for [2c]BPh4, (C45H45N4RhClB):
C 68.33, H 5.73, N 7.08; found: C 68.19, H 5.27, N 7.06.


(k2-O,C-2-Oxyethyl)-(k4-N,N,N-tri(2-pyridylmethyl)amine)-rhodium(iiiiii)
hexafluorophosphate/tetraphenylborate ([3a]PF6 and [3a]BPh4): [1a]PF6


(50 mg, 0.088 mmol) was dissolved in MeOH (5 mL) and an aqueous
solution of H2O2 (0.1 mL, 35 %) was added. The solution was stirred at
ÿ10 8C for 1 h. Addition of Et2O caused the precipitation of [3a]PF6 as a
pale-yellow powder, which was filtered, washed with Et2O, and vacuum
dried. Yield: 100 % (51 mg).


[3a](BPh4): This compound was obtained by in situ oxidation of [1a]Cl:
[{(C2H4)2Rh(m-Cl)}2] (100 mg, 0.25 mmol) and TPA (150 mg, 0.52 mmol)
were stirred in MeOH (25 mL) at ÿ78 8C for 1 h. An aqueous solution of
H2O2 (0.12 mL, 35 %) was added and the mixture was allowed to slowly
warm to room temperature Any undissolved material was removed by
filtration. NaBPh4 (180 mg, 0.53 mmol) in MeOH (7 mL) was added to the
solution. The light yellow solid which precipitated was collected by
filtration. Yield: 60% (240 mg); 1H NMR (200.13 MHz, [D6]acetone,
298 K): d� 9.03 (d, 3J(H,H)� 5.7 Hz, 2H; Pyb-H6), 8.70 (d, 3J(H,H)�
5.5 Hz, 1H; Pya-H6), 8.10 ± 7.20 (m, 9 H; Py-H4, Py-H5 and Py-H3), 5.32
(d[AB], 2J(H,H)� 15.4 Hz, 2H; N-CH2-Pyb), 5.13 (d[AB], 2J(H,H)�
15.4 Hz, 2H; N-CH2-Pyb), 5.04 (s, 2H; N-CH2-Pya), 4.97 (t, 3J(H,H)�
7.5 Hz, 2H; Rh-CH2CH2O-), 2.90 (s, �3 H; H2O), 2.35 (dt, 3J(H,H)�
7.5 Hz, 2J(H,Rh)� 2.5 Hz, 2H; Rh-CH2CH2O-); 13C{1H} NMR
(50.33 MHz, [D6]acetone, 298 K): d� 165.4 (Pyb-C2), 162.6 (Pya-C2),
151.9 (Pyb-C6), 150.9 (Pya-C6), 139.4 (Pyb-C4), 138.4(Pya-C4), 125.9 (Pyb-
C3), 125.1 (Pya-C3), 124.6 (Pyb-C5), 122.2 (Pya-C5), 78.8 (d, 2J(Rh,C)�
4.0 Hz; Rh-CH2CH2O-), 66.8 (N-CH2-Pyb), 64.7 (N-CH2-Pya), 1.3 (d,
1J(C,Rh)� 18.4 Hz; Rh-CH2CH2O-); FAB-MS (m-Noba/CH3CN): m/z :
437 [M�], 393 [MÿCH2CH2O]� . [3 a]� appears to co-precipitate with H2O:
anal. calcd for [3 a]PF6 ´ 1.5H2O (C20H25N4O2.5RhPF6): C 39.42, H 4.14, N
9.20; found: C 38.60, H 3.62, N 9.41; anal. calcd for [3a](BPh4) ´ 1.5H2O
(C44H45N4O2.5RhB): C 67.44, H 5.79, N 7.15; found: C 67.15, H 5.43, N 7.04.


(k2-O,C-2-Oxyethyl)-(k4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridyl-
methyl)amine)-rhodium(iiiiii) tetraphenylborate ([3b]BPh4): [{(C2H4)2Rh-
(m-Cl)}2] (200 mg, 0.51 mmol) and MeTPA (320 mg, 1.05 mmol) were added
to MeOH (25 mL) at ÿ78 8C and the mixture was stirred for 1 h. An
aqueous solution of H2O2 (0.2 mL, 35 %) was added and the solution was
allowed to slowly warm to room temperature. Any undissolved material
was removed by filtration. NaBPh4 (360 mg, 1.06 mmol) in MeOH (7 mL)
was added to the solution. The light yellow solid which precipitated was
collected by filtration. After recrystallisation from dichloromethane/
hexane, pure [3b]BPh4 ´ 1.5H2O was obtained as bright yellow crystals
which were suitable for X-ray diffraction. Yield: 64 % (654 mg); 1H NMR
(200.13 MHz, CD2Cl2, 298 K): d� 8.77 (d, 3J(H,H)� 5.6 Hz, 2H; Pya-H6),
7.80 ± 6.50 (m, 9H; Py-H4, Py-H5 and Py-H3), 7.36 (m, 8H; BAr-H2, 7.01
(t,3J(H,H)� 7.4 Hz, 8H; BAr-H3), 6.86 (t, 3J(H,H)� 7.4 Hz, 4H; BAr-H4),
4.81 (d[AB], 2J(H,H)� 15.3 Hz, 2H; N-CH2-Pyb), 4.80 (t, 3J(H,H)� 7.6 Hz,
2H; Rh-CH2CH2O-), 4.29 (d[AB], 2J(H,H)� 15.3 Hz, 2 H; N-CH2-Pyb),
4.10 (s, 2 H; N-CH2-Pya), 2.83 (s, 3 H; Pya-CH3), 2.35 (dt,3J(H,H)� 7.6 Hz,
2J(H,Rh)� 2.6 Hz, 2 H, Rh-CH2CH2O-), 2.05 (s, �3H; H2O); 13C{1H}
NMR (75.47 MHz, CD2Cl2, 298 K): d� 164.7 (q, 1J(C,B)� 48.6 Hz; BAr-
C1), 164.5 (Pyb-C2), 164.2 (Pya-C2), 161.6 (Pya-C6), 152.5 (Pyb-C6), 139.5
(Pyb-C4), 138.5(Pya-C4), 136.8 (BAr-C2), 125.8 (q, 3J(C,B)� 2.8 Hz; BAr-
C3), 126.2 (Pyb-C3), 125.8 (Pya-C3), 124.6 (Pyb-C5), 122.8 (BAr-C4), 119.6
(Pya-C5), 80.6 (d, 2J(Rh,C)� 4.2 Hz; Rh-CH2CH2O-), 66.6 (N-CH2-Pyb),
65.5 (N-CH2-Pya), 26.7 (Pya-CH3), 2.5 (d, 1J(C,Rh)� 18.0 Hz; Rh-
CH2CH2O-); FAB-MS (m-Noba/CH2Cl2): m/z : 451 [M�], 407 [(Mÿ
CH2CH2O)�]; anal. calcd for [3b]BPh4 ´ 1.5H2O (C45H47N4BO2.5Rh): C
67.76, H 5.94, N 7.02; found: C 66.96, H 5.81, N 6.94.


(k1-C-2-Hydroxyethyl)-(chloro)-(k4-N,N,N-tri(2-pyridylmethyl)amine)-
rhodium(iiiiii) tetraphenylborate ([6a]BPh4): [3 a]BPh4 (100 mg, 0.13 mmol)
was dissolved in acetone (15 mL) and NH4Cl (100 mg, 1.89 mmol) was
added. The solution was placed in an ultrasonic bath for 15 min, and then


was stirred for 45 min at room temperature. The solvent was partially
evaporated under vacuum to a volume of �3 mL. The solution was
carefully top-layered with MeOH (�10 mL) resulting in the slow
crystallisation of [6a]BPh4 ´ MeOH as bright yellow crystals. Yield: 87%
(95 mg); 1H NMR (300.13 MHz, [D6]DMSO, 298 K): d� 8.80 (d, 1H,
3J(H,H)� 5.9 Hz, Pya-H6), 8.56 (d, 2H, 3J(H,H)� 5.6 Hz, Pyb-H6), 8.0 ± 7.1
(m, 9H, Py-H4, Py-H5 and Py-H3), 7.20 (m, 8 H, BAr-H2), 6.93 (t, 8H,
3J(H,H)� 7.3 Hz, BAr-H3), 6.82 (t, 4 H, 3J(H,H)� 7.3 Hz, BAr-H4), 5.51
(d[AB], 2 H, 3J(H,H)� 15.5 Hz, N-CH2-Pyb), 5.04 (s, 2H, N-CH2-Pya), 5.02
(d[AB], 2 H, 3J(H,H)� 15.5 Hz, N-CH2-Pyb), 4.41 (t, 1H, 3J(H,H)� 5.4 Hz,
Rh-CH2CH2OH), 4.13 (q, 1 H, 4.4 Hz, CH3OH), 3.96 (dt, 2H, 3J(H,H)�
8.2 Hz, 3J(H,H)� 5.4 Hz, Rh-CH2CH2OH), 3.18 (d, 3H, 3J(H,H)� 4.4 Hz,
CH3OH), 3.13 (dt, 2H, 3J(H,H)� 8.2 Hz, 2J(H,Rh)� 2.6 Hz, Rh-
CH2CH2OH); 13C{1H} NMR (75.47 MHz, [D6]DMSO, 298 K): d� 165.0
(Pyb-C2), 164.2 (Pya-C2), 163.4 (q, 1J(C,B)� 48.5 Hz; BAr-C1), 150.6 (Pyb-
C6), 149.2 (Pya-C6), 139.2 (Pyb-C4), 138.8(Pya-C4), 135.5 (BAr-C2), 125.3
(q, 3J(C,B)� 2.8 Hz; BAr-C3), 125.1 (Pya-C3), 124.3 (Pyb-C3), 122.1 (Pya-
C5), 121.5 (BAr-C4, Pyb-C5), 65.9 (N-CH2-Pyb), 65.0 (N-CH2-Pya), 64.6
(Rh-CH2CH2OH), 34.4 (d, 1J(C,Rh)� 25.0 Hz, Rh-CH2CH2OH); FAB-MS
(m-Noba/CH3CN): m/z : 473 [MÿBPh4]� , 428 [MÿCH2CH2OÿBPh4]� ,
393 [M-CH2CH2OÿBPh4ÿCl]� ; anal. calcd for [6a]BPh4 ´ CH3OH
(C44H43N4OBRhCl): C 65.51, H 5.74, N 6.79; found: C 65.50, H 6.12, N 6.45.


(k1-C-2-Methoxyethyl)-(iodo)-(k4-N,N,N-tri(2-pyridylmethyl)amine)-rho-
dium(iiiiii) tetraphenylborate ([7 a]BPh4): [3a]BPh4 (60 mg, 0.08 mmol) was
dissolved in CH2Cl2 (10 mL), the solution was cooled to ÿ80 8C and MeI
(2 mL, cooled toÿ80 8C) was added. The resulting pale yellow solution was
allowed to warm to room temperature and was then stirred for 1 h, during
which time the colour of the solution gradually changed to bright orange.
The solvent was completely evaporated. Slow, partial evaporation of a
saturated CH3CN solution of the crude product gave bright orange crystals
of [7a]BPh4. Yield: 77 % (55 mg); 1H NMR (300.13 MHz, CD2Cl2, 298 K):
d� 8.94 (d, 1H, 3J(H,H)� 5.9 Hz, Pya-H6), 8.31 (d, 2 H, 3J(H,H)� 6.2 Hz,
Pyb-H6), 7.70 ± 6.60 (m, 9 H, Py-H4, Py-H5 and Py-H3), 7.41 (m, 8H, BAr-
H2), 7.01 (t, 8H, 3J(H,H)� 7.3 Hz, BAr-H3), 6.87 (t, 4H, 3J(H,H)� 7.3 Hz,
BAr-H4), 5.59 (d[AB], 2 H, 3J(H,H)� 15.5 Hz, N-CH2-Pyb), 4.34 (d[AB],
2H, 3J(H,H)� 15.5 Hz, N-CH2-Pyb), 4.08 (t, 2 H, 3J(H,H)� 6.3 Hz, Rh-
CH2CH2O-), 4.02 (s, 2 H, N-CH2-Pya), 3.55 (s, 3H, -OCH3), 3.28 (dt, 2H,
3J(H,H)� 6.3 Hz, 2J(H,Rh)� 2.9 Hz, Rh-CH2CH2O-); 13C{1H} NMR
(75.47 MHz, CD2Cl2, 298 K): d� 165.1 (Pyb-C2), 163.7 (q, 1J(C,B)�
48.5 Hz; BAr-C1), 163.3 (Pya-C2), 152.2 (Pyb-C6), 149.9 (Pya-C6), 139.7
(Pyb-C4), 139.4 (Pya-C4), 136.8 (BAr-C2), 126.6 (q, 3J(C,B)� 2.8 Hz; BAr-
C3), 126.1 (Pyb-C3), 125.8 (Pya-C3), 124.6 (Pyb-C5), 122.9 (BAr-C4, Pya-
C5), 79.8 (Rh-CH2CH2O-), 68.1 (N-CH2-Pyb), 64.4 (N-CH2-Pya), 58.7
(-OCH3), 26.3 (d, 1J(C,Rh)� 25.0 Hz, Rh-CH2CH2O-); FAB-MS (m-Noba/
CH3CN): m/z : 579 [MÿBPh4]� , 521 [MÿCH2CH2OMeÿBPh4�H]� ,
393 [MÿCH2CH2OMeÿBPh4ÿ I]� ; anal. calcd for [7a]BPh4


(C45H45N4OIBRh): C 60.16, H 5.05, N 6.24; found: C 60.39, H 5.19, N 6.55.


(k2-N,C-2-(Acetimidoyloxy)ethyl)-(N,N,N-tri(2-pyridylmethyl)amine)rho-
dium(iiiiii) bis(tetraphenylborate) ([8](BPh4)2): [3 a]BPh4 (100 mg,
0.13 mmol) was dissolved in CH3CN (10 mL) and NH4PF6 (25 mg
,0.15 mmol) was added. The solution was stirred at room temperature for
4 h. Subsequently, NaBPh4 (45 mg, 0.13 mmol) dissolved in CH3CN (5 mL)
was added. The solvent was partially evaporated under vacuum to a volume
of�5 mL. Addition of MeOH (�10 mL) precipitated [8](BPh4)2 as a white
powder. Yield: 88% (131 mg); 1H NMR (200.13 MHz, CD3CN, 298 K): d�
8.70 (d, 1 H, 3J(H,H)� 5.6 Hz, Pya-H6), 8.32 (d, 2H, 3J(H,H)� 5.9 Hz, Pyb-
H6), 8.0 ± 6.8 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.31 (m, 8 H, BAr-H2),
7.03 (t, 8H, 3J(H,H)� 7.3 Hz, BAr-H3), 6.87 (t, 4H, 3J(H,H)� 7.3 Hz, BAr-
H4), 5.48 (d[AB], 2H, 3J(H,H)� 16.8 Hz, N-CH2-Pyb), 5.08 (d[AB], 2H,
3J(H,H)� 16.8 Hz, N-CH2-Pyb), 4.84 (s, 2H, N-CH2-Pya), 4.26 (t, 2H,
3J(H,H)� 5.6 Hz, Rh-CH2CH2O-), 3.38 (dt, 2H, 3J(H,H)� 5.6 Hz,
2J(H,Rh)� 2.7 Hz, Rh-CH2CH2O-), 2.11 (s, 3 H, -O-C(CH3)�N). The
1H NMR spectrum in [D6]DMSO shows an additional signal at d� 8.35
(br s, 1H, -O-C(CH3)�NH-); 13C{1H} NMR (50.33 MHz, [D6]DMSO,
298 K): d� 179.5 (-O-C(CH3)�N), 164.3 (Pyb-C2), 163.2 (Pya-C2), 163.4
(q, 1J(C,B)� 48.6 Hz; BAr-C1), 150.2 (Pyb-C6), 148.8 (Pya-C6), 140.1 (Pyb-
C4), 139.5 (Pya-C4), 135.6 (BAr-C2), 126.0 (Pyb-C3), 125.3 (q, 3J(C,B)�
2.8 Hz; BAr-C3, Pya-C3), 124.9 (Pyb-C5), 122.3 (Pya-C5), 121.6 (BAr-C4)
71.8 (Rh-CH2CH2O-), 65.6 (N-CH2-Pya), 64.9 (N-CH2-Pyb), 28.4 (d,
1J(C,Rh)� 26.4 Hz, Rh-CH2CH2O-), 21.6 (-O-C(CH3)�N); FT-IR (KBr):
nÄ � 3605 (m), 3509 (m), 3275 (m), 1634 (s, C�N) cmÿ1; FAB-MS (m-Noba/
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CH3CN): m/z : 798 [MÿBPh4]� , 478 [MÿHÿ (BPh4)2]� , 393 [Mÿ
(CH2CH2O-C(CH3)�NH-)ÿ (BPh4)2�H]� ; FAB-MS (m-Noba/CH3CN)
from a sample prepared from a CD3CN solution: m/z : 801 [MÿBPh4]� ,
481 [MÿHÿ (BPh4)2]� , 393 [Mÿ (CH2CH2O-C(CD3)�NH-)ÿ
(BPh4)2�H]� ; anal. calcd for [8](BPh4)2 ´ CH3OH (C71H70N5O2B2Rh): C
74.16, H 6.14, N 6.09; found: C 73.50, H 6.32, N 6.02.


(k2-O,C-2-(Acetylamino)ethyl)-(N,N,N-tri(2-pyridylmethyl)amine)-rho-
dium(iiiiii) bis(tetraphenylborate) ([9](BPh4)2): [3 a]BPh4 (100 mg,
0.13 mmol) was dissolved in CH3CN (10 mL) and NH4PF6 (45 mg,
0.28 mmol) was added. The solution was heated to 65 8C for 4 h. NaBPh4


(90 mg, 0.26 mmol) dissolved in CH3CN (5 mL) was added. The solvent was
partially evaporated under vacuum to a volume of �3 mL. The solution
was left to stand which resulted in the slow crystallisation of [9](BPh4)2 ´
CH3CN as transparent/white crystals which were suitable for X-ray
diffraction. Yield: 71% (107 mg); 1H NMR (200.13 MHz, CD3CN,
298 K): d� 8.59 (d, 1H, 3J(H,H)� 6.2 Hz, Pya-H6), 8.43 (d, 2 H,
3J(H,H)� 5.9 Hz, Pyb-H6), 8.0 ± 6.8 (m, 9 H, Py-H4, Py-H5 and Py-H3),
7.31 (m, 8 H, BAr-H2), 7.03 (t, 8 H, 3J(H,H)� 7.3 Hz, BAr-H3), 6.87 (t, 4H,
3J(H,H)� 7.3 Hz, BAr-H4), 5.45 (d[AB], 2H, 3J(H,H)� 15.9 Hz, N-CH2-
Pyb), 5.07 (d[AB], 2 H, 3J(H,H)� 15.9 Hz, N-CH2-Pyb), 4.94 (s, 2 H, N-CH2-
Pya), 3.47 (dt, 2H, 3J(H,H)� 5.9 Hz, 3J(Rh,H)� 2.4 Hz, Rh-CH2CH2NH-),
3.23 (t, 2 H, 3J(H,H)� 5.9 Hz, Rh-CH2CH2NH-), 1.80 (s, 3 H, NH-
C(CH3)�O-). The 1H NMR spectrum in [D6]DMSO shows an additional
signal at d� 9.81 (br s, 1H, NH-); 13C{1H} NMR (50.33 MHz, [D6]DMSO,
298 K): d� 178.8 (NH-C(CH3)�O-), 164.9 (Pyb-C2), 164.3 (Pya-C2), 163.4
(q, 1J(C,B)� 48.6 Hz; BAr-C1), 150.7 (Pya-C6), 150.4 (Pyb-C6), 140.3 (Pyb-
C4), 139.4 (Pya-C4), 135.6 (BAr-C2), 125.9 (Pyb-C3), 125.3 (q, 3J(C,B)�
2.8 Hz; BAr-C3, Pya-C3), 124.8 (Pyb-C5), 122.5 (Pya-C5), 121.6 (BAr-C4)
118.1 (free CH3CN), 65.4 (N-CH2-Pyb), 63.9 (N-CH2-Pya), 41.5 (Rh-
CH2CH2NH-), 33.3 (d, 1J(C,Rh)� 27.7 Hz, Rh-CH2CH2NH-), 21.5 (NH-
C(CH3)�O-), 1.2 (free CH3CN); FT-IR (KBr): nÄ � 3307 (s, NH), 1600 cmÿ1


(s, C�N); FAB-MS (m-Noba/CH3CN): m/z : 798 [MÿBPh4]� , 478 [Mÿ
Hÿ (BPh4)2]� , 393 [Mÿ (CH2CH2NH-C(CH3)�O-)ÿ (BPh4)2�H]� ; anal.
calcd for [9](BPh4)2 ´ CH3CN (C72H69N6ORhB2): C 74.62, H 6.00, N 7.25;
found: C 74.68, H 6.50, N 7.21.


(k2-O,C-2-(1-Methoxy-1-methylethoxy)ethyl)-(N,N,N-tri(2-pyridylmethyl)-
amine)rhodium(iiiiii) tetraphenylborate ([10]BPh4): [3 a]BPh4 (100 mg,
0.13 mmol) was dissolved in acetone (10 mL). The solution was stirred at
room temperature for seven days. The product was precipitated as a white
powder by the addition of Et2O (�50 mL). 1H NMR (200.13 MHz,
[D6]acetone, 298 K): d� 8.74 (d, 2H, 3J(H,H)� 5.6 Hz, Pyb-H6), 8.67 (d,
1H, 3J(H,H)� 5.6 Hz, Pya-H6), 8.0 ± 6.8 (m, 9H, Py-H4, Py-H5 and Py-H3),
7.36 (m, 8 H, BAr-H2), 6.93 (t, 8H, 3J(H,H)� 7.1 Hz, BAr-H3), 6.78 (t, 4H,
3J(H,H)� 7.1 Hz, BAr-H4), 5.55 (d[AB], 2H, 3J(H,H)� 14.7 Hz, N-CH2-
Pyb), 5.09 (s, 2 H, N-CH2-Pya), 4.98 (d[AB], 2H, 3J(H,H)� 14.7 Hz, N-CH2-
Pyb), 3.55 (t, 2H, 3J(H,H)� 5.6 Hz, Rh-CH2CH2O-), 3.14 (dt, 2H,
3J(H,H)� 5.6 Hz, 2J(H,Rh)� 2.7 Hz, Rh-CH2CH2O-), 0.60 (s, 6 H, -O-
C(CH3)2-O); FAB-MS (m-Noba/CH3CN): m/z : 453, 428, 391; FAB-MS (m-
Noba/CH3CN) from a sample prepared from an [D6]acetone solution: m/z :
589, 452, 438, 429, 394, 391.
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Hydrogenolysis of Benzylic Alcohols on Rhodium Catalysts


Vidyadhar S. Ranade and Roel Prins*[a]


Abstract: Alumina-supported catalysts
from various sources and with different
rhodium dispersions predominantly
yield the hydrogenation product perhy-
dro-1-indanol in the liquid-phase hydro-
genation of 1-indanol, while carbon-
supported catalysts mainly give the
CÿO bond scission ± hydrogenation
product perhydroindane. Addition of
organic or inorganic bases to the reac-
tion mixture suppresses CÿO bond scis-
sion. To distinguish between the two
possible pathways for CÿO bond scis-
sion of direct hydrogenolysis or dehy-


dration followed by hydrogenation,
deuteration studies have been carried
out with carbon-supported catalysts. Not
only 1-indanol but also indane and
indene (the two possible mechanistic
intermediates in the CÿO bond scission
routes) were deuterated. Information
about the actual pathway has been
obtained by determining the degree of


deuteration and the positions at which
deuterium is incorporated in the result-
ing perhydroindane product by means of
mass spectrometry and 13C NMR spec-
troscopy. The results prove that CÿO
bond scission takes place primarily
through the direct hydrogenolysis path-
way on the carbon-supported catalysts.
Direct hydrogenolysis occurs on the
carbon support because of the formation
of a better leaving group (OH2


�) from
the benzylic hydroxy group and its
subsequent substitution by spillover hy-
drogen.


Keywords: benzylic alcohols ´ deu-
terium ´ heterogeneous catalysis ´
hydrogenolysis ´ rhodium


Introduction


Aromatic substrates with a benzylic hydroxy or a benzylic
alkoxy group are prone to scission of the CÿO bond[1] during
hydrogenation on noble metal catalysts.[2] The extent of bond
scission depends on the nature of the noble metal used as the
catalyst,[3] and thus the choice of catalyst therefore depends on
whether CÿO bond scission is desired. In order to achieve
CÿO cleavage, palladium is employed because, in addition to
being a superior hydrogenolysis catalyst, it lowers the risk of
hydrogenation of the aromatic ring compared with rhodium
or platinum catalysts.[3, 4] If CÿO bond scission is not desired,
the choice of metal catalyst depends on the functional group
of the substrate that is to be hydrogenated. Rhodium is often
employed for aromatic ring hydrogenation because it is active
at moderate temperature and pressure. Platinum is also a
good catalyst for aromatic hydrogenation, but it requires
higher temperature and pressure than rhodium to achieve
comparable activity.[3, 5] Although rhodium hydrogenates all
the other reducible functional groups of the substrate along
with the aromatic ring, it very often leaves the nonreducible
functional groups intact.[6]


While studying the influence of the nature of the support on
diastereoselective induction in the liquid-phase hydrogena-


tion of 1-indanol (1, Scheme 1) over rhodium catalysts, we
found a large difference in the chemoselectivity of the carbon-
supported and alumina-supported agents.[7] Various commer-
cially produced carbon-supported catalysts predominantly
yielded perhydroindane (3), while alumina-supported cata-
lysts mostly gave perhydro-1-indanol (2, Scheme 1). Similar


Scheme 1. Hydrogenation and hydrogenolysis of 1-indanol.


results were obtained for 1-tetralol and 1-phenylethanol. To
the best of our knowledge, such a big difference in the
chemoselectivity of rhodium catalysts on these two common
supports has never been described. Furthermore, the high
CÿO bond scission capability of carbon-supported rhodium
was surprising. We, therefore, conducted experiments to study
the mechanism of CÿO bond scission in 1-indanol on carbon-
supported rhodium catalysts, focussing for the most part on
deuteration experiments. The average extent of incorporation
of deuterium in the CÿO bond scission product, perhydro-
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indane, was measured by mass spectrometry. This value
exceeded the expected values when the incorporation took
place exclusively by saturation of the C�C double bonds and
CÿO bond scission, and thus it was necessary to determine the
isotopic composition at each carbon atom in the product. 2H
coupled 13C NMR spectroscopy was used for this purpose,
because 2H NMR spectroscopy has insufficient resolution.


Experimental Section


Rh/C (Fluka, Aldrich, PCC), Rh/Al2O3 (Fluka) and Rh black (Johnson
Matthey, >99.9 % pure, based on the metal) catalysts were used. The PCC
catalyst contained 54% water and was not dried before use. Activated
carbon-supported (Fluka) and graphite-supported (Lonza) catalysts were
made by impregnating the respective supports with an aqueous rhodium
nitrate solution. After being dried (120 8C) overnight in air these catalysts
were then calcined (350 8C for 3 h) in nitrogen. A series of Rh/Al2O3


catalysts was prepared by impregnation of solutions of different rhodium
salt precursors on Al2O3 (Condea). Rh/Al2O3 I was made from a solution of
rhodium tris(acetylacetonate) in acetone, and two separate Rh/Al2O3 II
catalysts were made from the incipient wetness of the alumina with an
aqueous Rh(NO3)3 ´ 2H2O solution. The alumina catalysts were treated like
the carbon and graphite catalysts, with the exception that the final
calcination was done in air. The salt precursors were supplied by Johnson
Matthey. All the catalysts except for 1.25Rh/Al2O3 II had a metal loading
of 5 wt % rhodium. The metal loading of the 1.25Rh/Al2O3 II catalyst was
1.25 wt %. A list of all the catalysts used is given in Table 1. The metal
surface area of some of the catalysts was quantified by hydrogen
chemisorption measurements. Details of these measurements can be found
elsewhere.[8] Zeolite beta was used as an additive in the protonated form,
obtained by pretreating the supplied material (CU Chemie Uetikon, Si/
Al� 9.1, Na form) with ammonium nitrate followed by calcination.


Hydrogenation experiments were conducted at room temperature in a
stainless steel autoclave (60 mL), with stirring provided by a gas-inducing
impeller. In a typical experiment, 1-indanol (0.5 g, Fluka) was dissolved in
the solvent (15 mL) in the autoclave and then the supported catalyst (50 mg
and additives, if used) was added to this solution. The autoclave was closed,
flushed with nitrogen and hydrogen, and pressurized (�50 bar) with


hydrogen. Samples were taken through a sample tube to determine the
extent of the reaction (reaction time was usually less than 4 h), but
thorough kinetic measurements were not made. Samples were analyzed on
an HP-5890 GC equipped with an HP-1 capillary column and a FID
detector.


Deuteration experiments[9] were conducted with the Rh/C (A) catalyst
under the same process conditions as the hydrogenation experiments. In
addition to the deuteration of 1-indanol, the deuteration of indane and
indene (both from Aldrich) was studied to help us understand the
mechanism of CÿO bond cleavage. To compare the performance of
carbon-supported and alumina-supported catalysts, indane deuteration was
carried out in cyclohexane on the Rh/Al2O3 (F) catalyst. The substrate/
catalyst molar ratio and the reaction conditions were kept constant in all
the deuterium experiments. The isotopic purity of the deuterium (Sauer-
stoffwerke Lenzburg) was 99.8 %. C2H5OD (Fluka, isotopic purity
>99.5 %) was used as the solvent instead of ethanol in the deuterium
experiments, while cyclohexane was used in its undeuterated form. Mass
spectra of the gas phase in the autoclave (measured on a quadrupolar
Balzer QME Prisma 200 instrument) after the deuteration experiments
with 1-indanol in C2H5OD and cyclohexane indicated that the concen-
tration of deuterium in the gas phase was higher than 85%, the main
impurities being HD and H2. This indicates that deuterium rather than
hydrogen was predominantly added to the substrate during the deuteration
experiments. GC-MS analysis was used to quantify the total deuterium
incorporation in the perhydroindane product. The reaction mixture was
analyzed directly by injecting a sample at the end of the reaction, that is, at
100 % conversion of 1-indanol. Injection of the gas phase in equilibrium
with the liquid sample allowed us to measure the mass spectrum of the
solvent. More than 95% of the molecules of C2H5OD and cyclohexane did
not incorporate a deuterium atom during the reaction. MS analyses were
done in the EI mode on an HP-6890 GC coupled to an HP-5973 MS at an
ionization energy of 70 eV. Deuterium incorporation was calculated on the
basis of molecular peaks of perhydroindane isotopomers in the mass
spectrum. Since the mass spectrum varied according to the point on the
perhydroindane peak at which it was measured, the average mass spectrum
of the entire peak was used for calculations. In calculating the percentage of
each isotopomer of perhydroindane, the isotopomers with concentrations
lower than 5% of the main isotopomer (as calculated from the molecular
peak intensities) were omitted. For the NMR analyses, the perhydroindane
product was removed from the other products and from the solvent after
separating the reaction mixture by filtering the solid catalyst.[10] 13C NMR
spectra and 13C NMR DEPT spectra[11] were then measured on the isolated
samples with a Bruker AVANCE DPX 300 instrument in order to
determine the degree of deuteration at individual carbon atoms.[12] The
resonance frequency of the instrument was 75 MHz.


Results


Hydrogenation of 1-indanol led to the formation of the CÿO
bond scission ± hydrogenation product perhydroindane and
the hydrogenation product perhydro-1-indanol (Scheme 1).
Although the cis as well as the trans isomers of both 2 and 3


Abstract in German: Bei der katalytischen Flüssigphasen-
hydrierung von 1-Indanol liefern Rhodium/Aluminiumoxid-
katalysatoren unterschiedlicher Dispersion Hexahydro-1-in-
danol als Hauptprodukt. Wird Aktivkohle als Trägermaterial
benutzt, entsteht unter CÿO Bindungsspaltung vorwiegend
Hexahydroindan. Die Zugabe organischer oder anorganischer
Basen zur Reaktionsmischung verhindert die CÿO Bindungs-
spaltung. Als mögliche Reaktionswege bei der Bildung von
Hexahydroindan kommen die direkte Hydrogenolyse oder
eine Wasserabspaltung mit nachfolgender Hydrierung in Fra-
ge. Zur Aufklärung des Mechanismus wurden mit den
Aktivkohlekatalysatoren Markierungsversuche mit Deuterium
durchgeführt. Sowohl 1-Indanol als auch Indan und Inden
waren deuteriert. Das Deuterium-tragende Kohlenstoffatom
sowie der Grad der Deuterierung des Reaktionsproduktes
Hexahydroindan wurde mit 13C-NMR Spektroskopie sowie
mittels Massenspektrometrie bestimmt. Die Ergebnisse lassen
den Schluss zu, dass vorwiegend die direkte Hydrogenolyse zu
der CÿO Bindungsspaltung führt. Dieser Mechanismus wird
auf dem Aktivkohleträger wegen der Bildung einer guten
Abgangsgruppe (OH2


�) aus der Benzylhydroxylgruppe favo-
risiert.


Table 1. Various catalysts.


Catalyst Source Precursor[a] Dispersion (H/M)


Rh black Johnson Matthey n. a. not applicable
Rh/Al2O3 I Condea alumina Rh(acac)3 0.27
Rh/Al2O3 II Condea alumina Rh(NO3)3 ´ 2H2O 0.74
1.25 Rh/Al2O3 II Condea alumina Rh(NO3)3 ´ 2H2O 1.22
Rh/Al2O3 (F) Fluka n. a.
Rh/C (A) Aldrich n. a. 0.29
Rh/C (F) Fluka n. a.
Rh/C (P) PCC n. a.
Rh/C Fluka carbon Rh(NO3)3 ´ 2H2O
Rh/G Lonza graphite Rh(NO3)3 ´ 2H2O


[a] n. a.�not available.
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were obtained, the cis :trans ratio was very high (usually above
20). Both the cis,cis and cis,trans products of 2 were obtained.
The cis,cis isomer was always obtained in excess, and the
magnitude of the diastereoselectivity depended on the
catalyst employed.[7] The yield of the products varied with
the catalyst used. The CÿO bond scission product indane, an
intermediate between 1 and 3, was found with some catalysts,
and small amounts (up to 5 %) of partly hydrogenated
cyclohexene intermediates between 1 and 2 were found with
all catalysts. Table 2 lists the selectivity for the CÿO bond


scission ± hydrogenation products (cis- and trans-perhydroin-
dane) and the hydrogenation products (cis,cis- and cis,trans-
perhydro-1-indanol) obtained with various catalysts (Table 1)
at 100 % conversion of 1 and all the intermediates. The data in
Table 2 show that carbon-supported catalysts cause extensive
CÿO bond breaking. The selectivity for perhydroindane on
alumina-supported catalysts varied with the catalyst used but
was never above 10 %. Rhodium black has a small but
significant selectivity for perhydroindane. With hexane as the
solvent, the extent of CÿO bond scission was reduced for both
the alumina-supported and the carbon-supported catalysts.
The reaction of 1 was faster over carbon-supported catalysts
than over the alumina-supported catalysts. The rate of
reaction depended on the solvent and was higher in hexane
than in ethanol. In the case of ethanol, the reaction was
slowed down considerably towards the end. It was verified
that 2 does not undergo hydrogenolysis to 3 under the
reaction conditions employed by running the reaction over all
the catalysts for a few more hours after the complete
conversion of 1 and the intermediates. Figure 1 shows the
consumption of 1 and the formation of 2 and 3 as a function of
time in a reaction over the Rh/C (A) catalyst in hexane. It is
clear that the pathway from 2 to 3 can not be followed under
the present reaction conditions since their concentrations
remain unaltered with time after complete consumption of 1.
The formation and the consumption of the intermediate 5
(Scheme 2) is also shown in Figure 1. (The cyclohexene
intermediates between 1 and 2 are not shown for clarity.)


The selectivity for perhydroindane of the water-saturated
Rh/C (P) catalyst was comparable with that of Rh/C (A)


Figure 1. Kinetics of hydrogenation of 1 on the Rh/C (A) catalyst in
hexane.


Scheme 2. Pathways to CÿO bond cleavage in 1-indanol.


(Table 2). A separate experiment was conducted with the
Rh/C (A) catalyst in which water (0.3 mL) was added to the
reaction mixture. The selectivity for perhydroindane in this
experiment was 79 %, comparable with that obtained with
Rh/C (A) in ethanol. In an experiment with the Rh/Al2O3 II
catalyst, extra alumina support (150 mg) was added to the
reaction mixture; the selectivity for perhydroindane remained
unchanged at 4 %. In another experiment, activated carbon
(50 mg) was added to the reaction mixture in an experiment
with the Rh/Al2O3 (F) catalyst in ethanol. The selectivity for
perhydroindane was 33 %. In a reverse experiment, alumina
support (50 mg) was added to the reaction mixture in an
experiment with Rh/C (A), but the catalytic performance
remained the same. Addition of zeolite beta (50 mg) to the
mixture in a reaction with the Rh/Al2O3 (F) catalyst in ethanol
resulted in 24 % selectivity for perhydroindane. Use of a small
amount of concentrated hydrochloric acid (0.1 mL) instead of
the zeolite beta gave a 96 % selectivity for perhydroindane.
Conducting the reaction in acetic acid instead of in ethanol
with the Rh/Al2O3 (F) catalyst yielded 82 % selectivity for
perhydroindane.


Table 3 lists the selectivity for the fully hydrogenated
products of CÿO bond scission obtained from other benzylic
alcohols hydrogenated in ethanol under the same reaction
conditions as for 1-indanol. The carbon-supported catalyst
shows a substantially higher activity in CÿO bond scission
than the alumina-supported catalyst with all the substrates.
The difference in the selectivity for CÿO bond scission
products between the carbon-supported and the alumina-
supported catalyst is lowest in the case of benzyl alcohol.


Table 2. Selectivity to the CÿO bond scission ± hydrogenation products
and hydrogenation products at 100 % conversion of 1 with various solvents
and catalysts.


Catalyst[a] Solvent Selectivity to 3 [%] Selectivity to 2 [%]


Rh black EtOH 3 96
Rh/Al2O3 I EtOH 9 91
Rh/Al2O3 II EtOH 4 95
1.25Rh/Al2O3 II EtOH 10 89
Rh/Al2O3 (F) hexane 3 96
Rh/Al2O3 (F) EtOH 7 93
Rh/C (A) hexane 32 60
Rh/C (A) EtOH 77 19
Rh/C (F) EtOH 74 19
Rh/C (P) EtOH 79 18
Rh/C EtOH 100 0
Rh/G EtOH 95 3


[a] 200 mg of 1.25 Rh/Al2O3 II, 25 mg of Rh black and 50 mg of all other
rhodium catalysts were used.
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We also added bases to the reaction mixture for hydro-
genation with Rh/C (A), because they are known to suppress
CÿO bond scission.[13, 14] When an aqueous solution (0.3 mL,
0.5n) of the inorganic bases LiOH, KOH, NaOH or Na2CO3


was added to the reaction mixture CÿO bond scission was
suppressed completely. This was accompanied by a decrease
in the activity for hydrogenation of 1-indanol to perhydro-1-
indanol by an order of magnitude. Adding the organic base
triethylamine to the reaction mixture also suppressed this
scission, and only 2 % perhydroindane was obtained with an
amine/rhodium molar ratio of 10:1. As in the case of the
inorganic bases, there was a simultaneous reduction in
activity.


Mass spectrometric analyses of the perhydroindane product
of the deuteration of 1-indanol in C2H5OD and cyclohexane
gave a distribution of deuterium incorporation. Figure 2
illustrates the percentage of each isotopomer of perhydroin-
dane corresponding to the number of deuterium atoms


Figure 2. Deuterium incorporation in the perhydroindane product of the
deuteration of 1-indanol on the Rh/C (A) catalyst in C2H5OD and
cyclohexane.


incorporated, as obtained with the Rh/C (A) catalyst. The
incorporation of deuterium in perhydroindane in the C2H5OD
and cyclohexane experiments was very similar. The number of
deuterium atoms included in the majority of the isotopomers
exceeds the number required for complete saturation of the
aromatic ring and direct cleavage of the CÿO bond (that is,
6� 1� 7).


Figure 3 shows the normal 13C NMR spectrum (A) of the
reaction product perhydroindane obtained in the deuteration
of 1-indanol in C2H5OD. In addition, its corresponding
13C NMR DEPT spectrum (B) and a 13C NMR DEPT
spectrum (C) of an undeuterated perhydroindane sample are


Figure 3. 13C NMR spectra: A) 2H-coupled spectrum (solvent, C6H6/C6D6


mixture) of the perhydroindane product obtained in the deuteration of
1-indanol on the Rh/C (A) catalyst in C2H5OD; B) 2H-coupled DEPT
spectrum (solvent, C6H6/C6D6 mixture) of the perhydroindane product
obtained in the deuteration of 1-indanol on the Rh/C (A) catalyst in
C2H5OD; C) DEPT spectrum of undeuterated perhydroindane (Solvent,
C6D6).


shown. The peaks in spectrum C have been numbered
according to their position on the ring in perhydroindane
(3). The assignment of the 13C NMR peaks to the carbon
atoms in perhydroindane was confirmed by a 2D-INADE-
QUATE NMR experiment[11] with an undeuterated sample of
perhydroindane. The peaks of the carbon atoms in spectra A
and B are shifted to high field compared with the peaks in
spectrum C because of the replacement of protons by
deuterium atoms.[15] The order of the peaks, however, remains
unchanged. Spectrum B in Figure 3 shows that all the carbon
atoms in the six-membered ring have mostly taken on one
deuterium atom. The peaks corresponding to carbon atoms
4 ± 7 are of the CHD type, because they are triplets in the
normal as well as in the DEPT spectrum, while those
corresponding to atoms 3 a and 7 a are of the CD type since
they do not appear in the DEPT spectrum. Spectrum B also
shows that the carbon atoms at positions 1 and 3 are partly
deuterated. The carbon atom at position 2 is predominantly
undeuterated and is of the CH2 type. Several CH2 peaks are
observed because of the difference in the chemical shift of the
isotopomers of perhydroindane. These isotopomers differ in
deuterium substitution patterns on the carbon atoms at
positions 1 and 3. The higher the degree of deuteration at
carbon atoms 1 and 3, the greater the magnitude of the high-
field shift of the CH2 peak of carbon atom 2.[15] It is clear from
spectrum B that the carbon atoms at positions 1 and 3 are both
CH2 and CHD types; as expected, the CHD peak is shifted to
high field compared with the CH2 peak. The NMR spectra of
the reaction product perhydroindane obtained in the deuter-
ation of 1-indanol in cyclohexane (not presented) were
similar to those obtained in the deuteration of 1-indanol in
C2H5OD.


Figure 4 shows deuterium incorporation in experiments
with indane in C2H5OD and cyclohexane. The number of
deuterium atoms incorporated exceeds the number required
for complete saturation of the aromatic ring (that is, 6) in the
majority of the isotopomers. The pattern of deuterium


Table 3. Selectivity to the fully hydrogenated CÿO bond scission products
at 100 % conversion of various benzylic alcohols.


Substrate Substrate to
rhodium
molar ratio


Selectivity to fully hydrogenated
CÿO bond scission product(s) [%]
Rh/Al2O3 (F) Rh/C (A)


1-tetralol 139 12[a] 82[a]


1-phenylethanol 169 8 68
benzyl alcohol 191 49[b] 92


[a] Selectivity to cis� trans decalin. [b] Selectivity to methyl-
cyclohexane� toluene (the catalyst was deactivated before complete
conversion of toluene to methylcyclohexane).
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Figure 4. Deuterium incorporation in the perhydroindane product of the
deuteration of indane on the Rh/C (A) catalyst in C2H5OD and cyclo-
hexane.


inclusion in the perhydroindane products obtained in the
1-indanol and indane deuteration experiments is similar, but
has shifted to lower deuterium incorporation in the case of
indane. The NMR spectra of these samples (not presented)
are also comparable with those obtained in the 1-indanol
deuteration experiments. NMR analyses of these samples
show that the carbon atoms at positions 1 and 3 are partly
deuterated, while carbon atom 2 is largely undeuterated. The
ratio of intensities of peaks corresponding to the CH2 and the
CHD type of carbon atoms at positions 1 and 3 is higher in
perhydroindane obtained from indane deuteration than the
ratio obtained for deuteration of 1-indanol. The carbon atoms
in the six-membered ring generally bear one deuterium atom.
Figure 5 compares the incorporation of deuterium in the
deuteration of indane in cyclohexane on Rh/C (A) and Rh/
Al2O3 (F). The concentrations of different isotopomers of
perhydroindane obtained with both catalysts are similar. This
result was also confirmed by the 13C NMR spectra of the
product perhydroindane in both experiments.


Figure 5. Deuterium incorporation in the perhydroindane product of the
deuteration of indane on the Rh/C (A) and Rh/Al2O3 (F) catalysts in
cyclohexane.


Deuterium incorporation in perhydroindane in the deuter-
ation of indene in C2H5OD is shown in Figure 6. The
distribution of deuterium is narrower and shifted towards
higher deuterium incorporation than that obtained with
1-indanol and indane, as would be expected from a parent
substrate with a higher degree of unsaturation. Figure 7
depicts the normal 13C NMR spectrum (A) and the 13C NMR


Figure 6. Deuterium incorporation in the perhydroindane product of the
deuteration of indene in C2H5OD.


Figure 7. 13C NMR spectra of the perhydroindane product of the deutera-
tion of indene on the Rh/C (A) catalyst in C2H5OD. A) 2H coupled
spectrum (solvent, C6H6/C6D6 mixture); B) 2H coupled DEPT spectrum
(solvent, C6H6/C6D6 mixture).


DEPT spectrum (B) of the isolated sample obtained in this
experiment. After deuteration, all the carbon atoms in the
six-membered indene ring have one deuterium atom, as in the
case of 1-indanol and indane. The spectra indicate deuterium
incorporation at carbon atoms 1, 2 and 3. The average
incorporation of deuterium in perhydroindane and the
theoretical incorporation expected in these experiments are
shown in Figure 8. The degree of inclusion of deuterium in


Figure 8. Average incorporation of deuterium in the deuteration of indane
and 1-indanol on the Rh/C (A) catalyst in C2H5OD and cyclohexane, and
the deuteration of indene on the Rh/C (A) catalyst in C2H5OD, as well as
the theoretically predicted incorporation based on saturation of C�C bonds
by deuterium and replacement of OH by D.
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1-indanol and indane is slightly higher in C2H5OD than in
cyclohexane. The theoretical value of deuterium incorpora-
tion was calculated by assuming that the incorporation in
perhydroindane occurs only when deuterium is added to the
aromatic ring and to the C�C double bond. As shown in
Figure 8, the theoretical values of deuterium incorporation
are 6 and 8 for indane and indene, respectively. The actual
incorporation of deuterium in indane and indene always
exceeds the theoretical value by 1.5 ± 2. In the case of
1-indanol, the average incorporation of deuterium is between
that for indene and indane. The theoretical value of deuterium
incorporation in perhydroindane during deuteration of 1-in-
danol is 7 or 8, depending on the mechanism by which CÿO
bond scission takes place (vide infra). However, only a value
of 7 has been considered in Figure 8.


Discussion


The data presented in Table 3 show that the big difference in
the chemoselectivity of the carbon-supported and the alumi-
na-supported catalysts is not restricted to 1-indanol only, but
is also observed for other benzylic alcohols. The data in
Table 2 indicate that the carbon-supported catalysts (obtained
from different sources) exhibit a higher activity of CÿO bond
scission than the alumina-supported catalysts, which have
widely different dispersions, a different salt precursor and are
obtained from different sources. Thus, differences in salt
precursors and dispersion cannot explain the higher CÿO
bond scission capability of carbon-supported catalysts. Such
CÿO cleavage can proceed by two routes (Scheme 2): either
dehydration followed by hydrogenation of the resulting olefin
on rhodium (I followed by II) or the direct hydrogenolysis of
the CÿO bond (III). The former route involves protonation of
the hydroxy group, elimination of water, and formation of
indene, followed by hydrogenation to indane. The latter route
involves direct scission of the CÿO bond. Hydrogenation in
steps II and III requires hydrogen from the metal (either on
the metal or spillover hydrogen). The dehydration step I
needs acidic sites, which, in a reducing atmosphere, are
present only on the support. The carbon support can have
acidic sites, depending on the preparation procedure.[16]


Different carbon supports have been reported to catalyze
etherification, albeit at a higher temperature of 150 8C,[17] and
etherification is known to be catalyzed by acids. Manninger
et al.[18] have shown that a charcoal-type carbon support
catalyzed the dehydration of cyclohexanol to cyclohexene at
300 8C. Alumina is also known to be a good dehydration
catalyst at higher temperature. However, very little CÿO
bond scission is observed on the alumina catalysts under the
conditions employed in the current hydrogenation. An
experiment in which extra alumina was added to the reaction
mixture with the Rh/Al2O3 II catalyst provides proof that
alumina is not involved in the overall CÿO bond scission
reaction. In addition, Rh black is also active in CÿO bond
cleavage, though to a very small extent.


Two questions must now be addressed. Does CÿO bond
scission on the carbon-supported catalysts proceed by paths I


and II or by path III? If it proceeds simultaneously by both
routes, which of the two routes is faster? The most obvious
answer is that acidic sites on the carbon catalyze the
dehydration and that the subsequent hydrogenation takes
place on the rhodium catalyst. In that case, indene would not
be observed, because the activated double bond would be
rapidly hydrogenated. This agrees with the facts that CÿO
bond scission is completely suppressed when inorganic and
organic bases (which neutralize the acidic sites) are added and
that cleavage occurs to a lower extent in apolar solvents such
as hexane. However, bases have been added to suppress
hydrogenolysis catalysed by palladium and rhodium cata-
lysts.[19, 20] Moreover, it is well known that alkali and alkaline
earth metal additives prevent hydrogenolysis in the hydro-
genation of carbon monoxide to methanol on palladium and
rhodium catalysts.[21] Acidity of the carbon support cannot,
therefore, be deemed responsible for the observed CÿO bond
scission solely on the basis of the results of experiments in
which a base was added.


Deuterium experiments offer a possibility to distinguish
between the two pathways of CÿO bond scission. If CÿO bond
cleavage proceeds through step I followed by step II, then
deuterium incorporation should be observed at carbon 2. If
the pathway is direct hydrogenolysis then no deuterium is
expected on this carbon. Thus, in the absence of proton ±
deuterium exchange, eight deuterium atoms should be
incorporated into the product perhydroindane if I followed
by II is the main pathway, and seven deuterium atoms if III is
the principal route. Figure 2 shows that on deuteration of
1-indanol a relatively wide distribution of deuterium incor-
poration in perhydroindane is obtained. The distribution is
similar for the solvents C2H5OD and cyclohexane, although it
is slightly shifted to higher deuterium incorporation for
C2H5OD (as also seen in the average degree of deuterium
inclusion in Figure 8). Moreover, the average deuterium
incorporation exceeds the theoretically expected values (Fig-
ure 8), which implies that some proton ± deuterium exchange
occurs. The exchange is not restricted to the deuteration of
1-indanol and it also occurs in the deuteration of indane and
indene (Figures 4, 6). Furthermore, the exchange must take
place before the saturation of the aromatic ring, since it was
observed that further exchange does not take place once the
completely hydrogenated products are formed.


There are three types of carbon atoms at which proton ±
deuterium exchange can take place. The aromatic carbons
(4 ± 7), the benzylic carbons (1 and 3), and the carbon at
position 2. The 2H-coupled 13C NMR DEPT spectrum allowed
us to identify the carbon atoms to which deuterium is bonded.
From spectra A and B in Figure 3, we conclude that
deuterium exchange occurs at carbon atoms 1 and 3, but not
at position 2. Each carbon atom in the six-membered ring
bears a single deuterium atom, indicating that the aromatic
protons do not undergo exchange under the reaction con-
ditions employed. This is also clear from the spectra in
Figure 7, in which the carbon atoms in the six-membered ring
of deuterated indene bear one deuterium each after deutera-
tion. Only the benzylic CÿH bond undergoes scission during
the hydrogenation of 1-indanol, indane and indene because of
its lower strength compared with the other CÿH bonds.
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In the light of the above results, the theoretical values for
incorporation of deuterium can be modified to include
proton ± deuterium exchange at the benzylic position. Thus,
depending on the extent of exchange in the deuteration of
indane, indanol and indene, the theoretical values for the
incorporation of deuterium should lie between 6 and 10, 7 and
10 (or 11), and 8 and 11, respectively for these substrates. The
results in Figures 2, 4 and 6 indicate deuterium incorporation
to be broader than the theoretical range for the three
substrates. Deuterium incorporation values lower than those
predicted by theory indicate that, in some perhydroindane
isotopomers, hydrogen rather than deuterium has been added
during deuteration. The source of the hydrogen may be the
catalyst support, the substrate, or the solvent. Deuterium
incorporation values higher than the theoretical range of
values in some perhydroindane isotopomers are possible
because of the inclusion of two deuterium atoms at carbon
atoms 4 to 7 and the incorporation of one or even two
deuterium atoms at carbon atom 2. In the spectra shown in
Figures 2 and 6, it appears that none of the carbon atoms,
including those at positions 1 and 3, is of the CD2 type.
From the distribution of deuterium shown in Figures 2, 4, 5
and 6, it is clear that the perhydroindane isotopomers,
doubly deuterated at positions 1 and 3, are present in
significant concentrations. The absence of the CD2 type
of carbon atoms at positions 1 and 3 in the NMR spectra is
attributed to the longer relaxation time of a carbon nucleus
coupled with a deuterium nucleus. It is even more difficult
to detect the CD2 type of carbon atoms at the other posi-
tions in the perhydroindane molecule, because the concen-
trations of such perhydroindane isotopomers are very
low.


Fortunately, the total number of deuterium atoms on the
neighbouring carbon atoms can be determined from the
chemical shifts of a carbon peak in the 13C NMR spectrum.[15]


In this way, the presence of CD2 type carbon atoms at
positions 1 and 3 could be verified by the chemical shifts
induced in the peaks of carbon atoms at positions 2, 3a and 7a.
Furthermore, the chemical shifts of carbon atoms 1 and 3
enabled us to confirm that a CD2 type carbon atom was not
present at position 2.


The absence of deuterium at position 2 in spectra A and B
(Figure 3) indicates that direct hydrogenolysis (III) is the
dominant pathway. This is confirmed by the deuteration
experiments with indene under similar conditions. In Figure 7,
spectra A and B indicate that the carbon atom at position 2 is
predominantly of the CHD type. Further proof of CÿO bond
scission by pathway III is provided by the average values of
deuterium incorporation presented in Figure 8. Path III is the
only one to allow an average deuterium incorporation value in
perhydroindane (obtained in the deuteration of 1-indanol)
between those found in the indane and indene deuteration
experiments.


Although the pathway of CÿO bond scission is, without a
doubt, direct hydrogenolysis, a fundamental question still
remains to be answered: why is carbon-supported rhodium
much more active for hydrogenolysis than alumina-supported
rhodium? There are two possible explanations of the high
hydrogenolysis capability of the carbon-supported rhodium


catalysts. One is that the rhodium particles on carbon and
alumina supports differ in morphology and/or oxidation state,
and the other is that carbon facilitates the formation of a
better leaving group (that is, water) from the alcohol func-
tional group and that the resulting OH2


� group is replaced by
spillover hydrogen (or deuterium). From the deuterium
distribution in the perhydroindane product obtained in the
deuteration experiments with indane in cyclohexane on
carbon-supported and alumina-supported rhodium catalysts
(Figure 5), it is concluded that the proton ± deuterium ex-
change is similar for both catalysts. This implies that the
rhodium particles on both supports have similar capabilities of
scission of the benzylic CÿH bond. In the experiment in which
activated carbon was added to a reaction mixture with a Rh/
Al2O3 catalyst, considerably more hydrogenolysis is obtained
when carbon is added to the reaction mixture. A similar
increase in selectivity for perhydroindane is observed in the
experiment with the zeolite beta additive. This suggests that
the hydrogenolysis step occurs on the extra support with the
help of spillover hydrogen that is transferred from the
supported catalyst.[22] The proton on the carbon or on the
zeolite thus facilitates the formation of a better leaving group.
Although alumina has Lewis acidic sites, they are covered
with water and are unable to protonate the hydroxy
group unless catalytic amounts of a protic acid are
present. Accordingly, extensive hydrogenolysis was
observed in the experiments in which acetic acid was used
as the solvent instead of ethanol or in which concentrated
hydrochloric acid was added. Thus, hydrogenolysis proceeds
readily under the present reaction conditions on the carbon-
supported catalysts but not on the alumina-supported cata-
lysts.


Conclusion


Carbon-supported rhodium catalysts are much more active in
CÿO bond scission than their alumina-supported counter-
parts. CÿO bond scission on the carbon-supported catalysts
can be suppressed by adding organic and inorganic bases
during the reaction. Different isotopomers (with varying
degrees of deuterium incorporation) of the CÿO bond
scission ± hydrogenation product perhydroindane were ob-
tained in deuteration experiments with 1-indanol, indane and
indene. 2H-coupled 13C NMR experiments revealed the
degree of deuteration at each carbon atom in the perhy-
droindane product. Under the present experimental condi-
tions, proton ± deuterium exchange occurs only at the benzylic
carbon atoms. In addition, the absence of deuterium at carbon
2 enabled us to distinguish between the two pathways for
cleavage. CÿO bond scission occurs through the direct
hydrogenolysis route and not through the dehydration route.
The greater hydrogenolysis activity of the carbon-supported
catalysts is due to the formation of a better leaving group from
the benzyl hydroxy group on the carbon support followed by
the cleavage of the CÿO bond with spillover hydrogen on
these catalysts.
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Table 4.


Substituent(s) a shift (ppm) b shift (ppm) g shift (ppm)


D ÿ 0.4 ÿ 0.12 ÿ 0.02
D2 ÿ 0.7 ÿ 0.24 ÿ 0.08
D3 ÿ 0.9 ÿ 0.36 ÿ 0.16








Formal Fusion of a Pyrrole Ring onto 2-Pyridyl and 2-Pyrimidyl Cations:
One-Step Gas-Phase Synthesis of Indolizine and Its Derivatives


Regina Sparrapan, Maria Anita Mendes, Marcia Carvalho,
and Marcos N. Eberlin*[a]


Abstract: Two ortho-hetarynium ions,
the 2-pyridyl and 2-pyrimidyl cations,
react promptly with 1,3-dienes in the gas
phase by annulation, formally by fusion,
onto the ions of a pyrrole ring. This
novel reaction proceeds through an
initial polar [4� 2�] cycloaddition across
the C�N� bond, followed by fast ring
opening, a [1,4-H] shift, and finally a
recyclization that results in a contraction
of a six- to a five-membered ring and
dissociation by the loss of a methyl


radical. For the 2-pyridyl cation, this
reaction yields ionized indolizines (pyr-
rolo[1,2-a]pyridines), while for the
2-pyrimidyl cation, it gives ionized pyr-
rolo[1,2-a]pyrimidines. The annulation
reaction, performed in the rf-only colli-
sion quadrupole of a pentaquadrupole


(QqQqQ) mass spectrometer, occurs
readily with both 1,3-butadiene and
isoprene, and is thermodynamically and
kinetically favored as predicted by ab
initio calculations. Ortho-hetarynium
ions and 1,3-dienes provide, therefore,
the two building blocks for the efficient
one-step gas-phase synthesis of ionized
bicyclic pyrrolo[1,2-a]pyridine (indoli-
zine) and pyrrolo[1,2-a]pyrimidine, as
well as their analogues and derivatives.


Keywords: cycloadditions ´ hetero-
cycles ´ ion ± molecule reactions ´
mass spectrometry


Introduction


The simplest ortho-hetarynium ion,[1] the mesomeric 2-pyridyl
cation (1), and its N-analogue, the 2-pyrimidyl cation (2), are
isoeletronic with ortho-benzyne, the simplest and most
common aryne, and like ortho-benzyne,[2] they both partic-
ipate as key and short-lived intermediates in several reactions
in the condensed phase.[3]


The fully occupied sp2 orbital of the ring nitrogen(s) and the
empty sp2 orbital of the neighboring carbon atom of 1 and 2
overlap extensively, which results in extra resonance stabili-
zation of 18 ± 28 kcal molÿ1 (as compared to the meta and para


isomers); hence the ortho-hetarynium ion structures 1' and 2'
largely dominate.[4] The ions are, however, most often
represented in their canonical forms 1'' and 2''.


In the gas phase, particularly in the environment of the mass
spectrometer, 1 and 2 are common, stable (long-lived), and
easily accessible species;[4] hence, the intrinsic properties and
reactivities of these and other gaseous, isolated, and stable
ionic species, can be extensively and conveniently studied,
free of solvent, ligands, and counterion effects. Recently,[5] we
found that 1 and 2 react, in the gas phase, by a novel and
structurally diagnostic transacetalization-like[6] annulation
with the cyclic acetal 2-methyl-1,3-dioxolane. Formally, a
4,5-dihydrooxazole ring is fused onto the ions, and dihydro-
oxazolopyridinium and dihydrooxazolopyrimydinium ions
are readily formed (Scheme 1).[5] Since the meta and para
isomers fail to react similarly, this novel annulation reaction
locates the charge site in the heteroaromatic rings; hence, it
provides a general analytical tool to reveal the positions of
substituents in pyridine and pyrimidine rings.[5]


We now report that 1 and 2 readily react in the gas phase
with neutral 1,3-dienes by annulation, a novel thermodynami-
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Scheme 1. Gas-phase reaction of 1 and 2 with the cyclic acetal 2-methyl-
1,3-dioxolane.[5]


cally and kinetically favored reaction that results formally in
fusion onto the ions of a pyrrole ring; thus, ortho-hetaryne
ions and 1,3-dienes are found to provide the two building
blocks for the efficient one-step gas-phase synthesis of the
heterocycle indolizine, as well as its analogues and derivatives.


Experimental Section


The MS2 and MS3 experiments[7] were performed with a pentaquadrupole
(QqQqQ) mass spectrometer (Extrel, Pittsburgh, PA), which is described
in detail elsewhere.[8] The Q1q2Q3q4Q5 consists of three mass-analyzing
quadrupoles (Q1, Q3, Q5), in which mass-selection and mass-analysis are
performed; and two rf-only reaction quadrupoles (q2, q4), which are used to
perform either low-energy ion ± molecule reactions or collision-induced
dissociations (CID). Ion ± molecule reactions were performed by means of
MS2 experiments in which the ion of interest was generated by dissociative
70 eV electron ionization (EI) of 2-chloropyridine (for 1) or 2-chloropyr-
imidine (for 2), and further purified (mass-selected) by Q1. After the mass-
selected ion reacts in q2 with the neutral reagent of choice, Q5 is scanned to
record its product ion mass spectrum, while operating Q3 and q4 in the non-
mass analyzing ªfullº ion-transmission, rf-only mode. The target gas
pressures used in q2 cause typical beam attenuations of 50 ± 70 %, that is,
conditions of multiple collision were used.


For the MS3 experiments, Q3 was used to mass-select a reaction product of
interest, and q4 to dissociate the mass-selected ion by low-energy collisions
with argon, and Q5 to record the sequential product ion spectrum. For the
reactions in q2, ion-translational energies were set to near 1 eVas calibrated
by the m/z 39:41 ratio in neutral ethylene ± ionized ethylene reactions.[9] For
CID in either q2 or q4, 15 eV collision energy was used, as calculated by the
voltage difference between the ion source and the collision quadrupole.


Molecular orbital ab initio calculations were performed with GAUSSI-
AN 94 [Gaussian Inc.]. First, the geometries were fully optimized at the
HF/6-311G(d,p) level of theory,[10] then improved energies were obtained
with single-point calculations at the 6-311G(d,p) level, whereas incorpo-
rating valence-electron correlation calculated by second-order Mùller ±
Plesset (MP 2) perturbation theory;[11] this procedure is denoted as MP 2/
6-311G(d,p)//6-311G(d,p).


Results and Discussion


Reactions with the 1,3-dienes : Some years ago,[12] a novel,
often efficient and structurally diagnostic[13] gas-phase reac-
tion of acylium ions was reported: polar [4� 2�] cycloaddition
with 1,3-dienes (Scheme 2, top).[14] Since the structures of
ortho-hetarynium ions are electronically similar to those of
acylium ions, and to test, therefore, their polar [4� 2�]
cycloaddition reactivity (Scheme 2, bottom) in the solvent
and counterion-free gas-phase environment, gaseous, stable[4]


and mass-selected 1 and 2 were treated with 1,3-dienes in the
collision cell of a pentaquadrupole[7a] mass spectrometer.


Figure 1 compares the mass spectra acquired from the
reaction of 1 or 2 with 1,3-butadiene. No intact adducts (of m/z
132 and 133, respectively) were formed; hence, the ions were


Scheme 2. Gas-phase polar [4� 2�] cycloadditions of acylium ions with
1,3-dienes (top) and that conceived for 1 and 2 (bottom).


Figure 1. Double-stage (MS2) mass spectra for the reaction of 1,3-
butadiene with a) 1, and b) 2. The structures shown for the product ions
are those which result from annulation as proposed in Scheme 4.


initially assumed to be unreactive towards polar [4� 2�]
cycloaddition. Both spectra show, however, an intense prod-
uct ion (those of m/z 117 and 118), which indicates that the
ion ± molecule adducts dissociate rapidly and completely by
the loss of a methyl radical (15 u). This dissociation, of an
even-electron ion to an odd-electron ion, is surprising since it
contravenes the even-electron rule.[15] The other minor ions
constitute the normal set of products formed by a series of
reaction/dissociations initiated by proton transfer to 1,3-
butadiene; mainly those of m/z 55, 67, 81, 93, 109, 121, and
131.[13]


Figure 2 compares the mass spectra acquired from the
reaction of 1 or 2 with isoprene. Again, none of the intact
adducts (of m/z 146 and 147, respectively) are observed. Both
1 and 2 form, instead, two major product ions: for 1, those of
m/z 131 and 130 (Figure 2 a); for 2, those of m/z 132 and 131
(Figure 2 b). As observed for the reactions with 1,3-butadiene,
the other minor ions are the products formed by a series of
reactions/dissociations initiated by proton transfer to iso-
prene, mainly those of m/z 69, 81, 95, 117, 135, 137 and 149.[13]
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Figure 2. Double-stage (MS2) product ion mass spectra for the reaction of
isoprene with: a) 1, and b) 2.


The meta and para isomers of 1 and 2 : the 3-pyridyl (3) and
4-pyridyl (4) cations, and the 4-pyrimidyl (5)[16] and 5-pyr-
imidyl (6) cations, react with 1,3-butadiene and isoprene
predominantly by proton transfer (spectra not shown).


Just as the phenyl cation (7) can be regarded as a
protonated form of ortho-benzyne, 3 ± 6 can be regarded as
protonated forms of neutral hetarynes.[1, 17] Not surprisingly
therefore, these ªprotonated moleculesº react with 1,3-dienes
predominantly by proton transfer (as rationalized for 6 in
Scheme 3), thus displaying an aromatic carbocation-like
behavior similar to that of the phenyl cation.[18]


Scheme 3. Proton-transfer reaction from 6 to isoprene.


Dissociation behavior of the product ions : Figures 3 and 4
compare the sequential CID mass spectra for the major
reaction products. Upon CID, both product ions of m/z 117
(Figure 3a) and m/z 118 (Figure 3b), formed respectively
when 1 or 2 reacted with butadiene, lost HCN to form the
fragments ions of m/z 90 and m/z 91, respectively. The
fragment ion of m/z 90 apparently lost an H atom to form m/z
89 (Figure 3a), whereas m/z 91 lost HCN to form m/z 64


Figure 3. Triple-stage (MS3) sequential mass spectra for product ions
formed in reactions of 1,3-butadiene with: a) 1 (m/z 117), and b) 2 (m/z
118).


(Figure 3b). The product ions of m/z 131 (Figure 4a) and m/z
132 (Figure 4b), formed respectively when 1 or 2 reacted with
isoprene, lost mainly a H atom; m/z 131 forms m/z 130; and
m/z 132 forms m/z 131.


Figure 4. Triple-stage (MS3) sequential mass spectra for product ions
formed in reactions of isoprene with: a) 1 (m/z 131), and b) 2 (m/z 132).


Figure 5 compares the CID sequential mass spectra of the
product ions for the two additional products formed when 1
(m/z 130) or 2 (m/z 131) reacted with isoprene. Upon CID, the
m/z 130 ion yielded mainly two fragment ions of m/z 78 and
m/z 77 (Figure 5a); however, its N-analogue ion of m/z 131
yielded the m/z 78 ion exclusively (Figure 5b).


Mechanism of reaction : The present findings suggest that in
the gas phase, the ortho-hetarynium ions 1 and 2 fail to form
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Figure 5. Triple-stage (MS3) sequential mass spectra for product ions
formed in reactions of isoprene with: a) 1 (m/z 130), and 2 (m/z 131).


stable polar [4� 2�] cycloadducts with 1,3-dienes. Since the
ion ± molecule adducts most likely dissociate by the loss of a
methyl radical from both the isoprene and 1,3-butadiene
adducts, a novel annulation reaction is suggested (Scheme 4).[19]


Annulation could be initiated either by simple addition or by
polar [4� 2�] cycloaddition to the 1,3-diene; however, based


Scheme 4. Proposed mechanism for the annulation reaction between 1 and
2 and 1,3-dienes.


on the ab initio calculations (see the following section), it is
assumed that polar [4� 2�] cycloaddition dominates. The
cycloadduct is unstable and undergoes fast contraction from a
six- to a five-membered ring: the new fused six-membered
ring opens, a [1,4-H] shift favors recyclization through intra-
molecular nucleophilic attack of nitrogen, and the nascent
bicyclic adduct dissociates by the loss of a methyl radical,[20] to
form ionized indolizine (pyrrolo[1,2-a]pyridine) (for 1),[21] and
ionized pyrrolo[1,2-a]pyrimidine (for 2). These are both
aromatic and therefore relatively stable molecules.


If annulation occurs as proposed in Scheme 4, and if ionized
pyrrolo[1,2-a]pyridines and pyrrolo[1,2-a]pyrimidines are


formed, then the dissociation behavior of the product ions
(Figures 3 and 4) are adequately rationalized. For the
isoprene annulation products, the methyl substituent at the
pyrrole ring induces subsequent dissociation by the loss of a H
atom (Scheme 5). Such a loss, which yields the m/z 130
product for 1 and the m/z 131 product for 2, occurs only
moderately under the ion ± molecule reaction conditions
(Figures 2a and 2b); however, it is extensive under 15 eV
collisional activation (Figures 4a and 4b).


Scheme 5. Loss of a H atom from the methyl substituent on the pyrrole
ring of the isoprene annulation product.


Upon CID, the m/z 130 ion formed when 1 reacted with
isoprene (Figure 2a) yielded two fragment ions of m/z 77 and
78 (Figure 5a), and, as did the phenyl cation, the m/z 77
fragment dissociated further by loss of C2H2 to produce m/z
51. The diaza ion of m/z 131 from 2 (Figure 2b) dissociated to
a single fragment ion of m/z 78 (Figure 5b). Dissociation
mechanisms for such bicyclic cations are probably complex;
however, it is possible to roughly rationalize their dissocia-
tions, as proposed in Scheme 6. The aza ion of m/z 130


Scheme 6. Proposed dissociation mechanisms for the bicyclic aza (top) and
diaza (bottom) cations.


probably dissociates by two pathways (Scheme 6, top):
combined loss of acetylene�HCN and acetylene� acety-
lene to form two fragments of m/z 77 and 78 (Figure 5a).
Then, if the diaza ion of m/z 131 dissociates similarly
(Scheme 6, bottom), both pathways result in a combined loss
of acetylene�HCN; hence, only (either the same or isomer-
ic) C5H4N� ions of m/z 78 are formed (Figure 5b).


Authentic ion : Additional evidence that annulation (a formal
pyrrole ring fusion) occurs when ortho-hetarynium ions react
with 1,3-dienes is obtained by the dissociation of the authentic
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ion, that is, ionized indolizine[22] (Figure 6). Upon CID,
ionized indolizine behaves identically[23] to the product ion
of m/z 117 (Figure 3a) which is formed when 1 reacted with
1,3-butadiene (Figure 1a).


Figure 6. Double-stage (MS2) 15 eV CID mass spectrum of ionized
indolizine of m/z 117.


Ab initio calculations : Figure 7 shows a potential energy
surface diagram for the reaction of 1 with butadiene. The
initial reaction step could involve either simple addition to, or
polar [4� 2�] cycloaddition across the C�N� bond, or both;
however, the calculations predict polar [4� 2�] cycloaddition


Figure 7. Ab initio MP 2/6-311G(d,p)//6-311G(d,p) potential energy dia-
gram for the reaction of 1 with 1,3-butadiene. Energies are given in
kcal molÿ1. The final electronic energies are (in hartrees): 1 (ÿ246.64910),
1,3-butadiene (ÿ155.52086), the [4� 2�] cycloaddition product
(ÿ402.35036), acyclic C5H4NCH2CHCHCH2


� (ÿ402.26904), TS
(ÿ402.21456), acyclic C5H4NCHCHCHCH3


� (ÿ402.301332), cyclic
C5H4NCHCHCHCH3


� (ÿ402.37066), ionized pyrrolo[1,2-a]pyridine
(ÿ362.53267), and CH3


. (ÿ39.70908). The TS energy, and the barrier for
the [1,4-H] shift, decreases from 34.2 kcal molÿ1 to 27.3 kcal molÿ1 when the
structure optimization is performed at the MP2/6-311G(d,p) level.


to be far more exothermic (by ÿ113.2 kcal molÿ1), and hence,
far more thermodynamically favored. For the cycloadduct to
undergo contraction from a six- to a five-membered ring, two
considerably endothermic steps should occur: ring-opening of
the new six-membered fused ring, which is hampered by a
�51.0 kcal molÿ1 energy threshold;[24] and [1,4-H] shift con-
nected by a TS lying �34.2 kcal molÿ1 higher in energy.
However, these energy barriers should be easily surpassed


since the highly exothermic (ÿ113.2 kcal molÿ1) first step of
polar [4� 2�] cycloaddition provides a great excess of internal
energy to the nascent cycloadduct. Intramolecular N-nucle-
ophilic attack then rapidly completes ring-contraction
since this attack proceeds ªdownhillº in an overall
ÿ125.9 kcal molÿ1 exothermic process, even more exothermic
than the initial polar [4� 2�] cycloaddition. As expected for
an even ± odd-electron ion dissociation, the final reaction step,
that of methyl loss, is rather energy demanding: endothermic
by �80.9 kcal molÿ1. Yet, and again, the overall great exo-
thermicity of the preceding reaction steps provides more than
enough internal energy to the bicyclic cation to surpass
such an energy barrier. Overall, annulation is kinetically
and thermodynamically favored; it is exothermic by
ÿ45.0 kcal molÿ1.


The potential energy diagram of Figure 7 corroborates,
therefore, the proposed reaction sequence as outlined in
Scheme 4. Initially, polar [4� 2�] cycloadditon occurs pre-
dominantly as the more favorable exothermic process. How-
ever, the nascent cycloadducts, owing to their high internal
energy, easily surpass the energy barriers for the contraction
from a six- to a five-membered ring to form even more stable
bicyclic adducts, the methyl pyrrolo[1,2-a]pyridyl cation
intermediates. These ions then shed their even greater excess
of internal energy by releasing a methyl radical to form the
final observed products: ionized indolizines (pyrrolo[1,2-
a]pyridines) or pyrrolo[1,2-a]pyrimidines.


Conclusions


Ortho-hetarynium ions react with 1,3-dienes by a highly
exothermic, thermodynamically and kinetically favored an-
nulation, formally a fusion reaction onto the ions of a pyrrole
ring. This novel and efficient gas-phase reaction occurs
through several steps: initial polar [4� 2�] cycloaddition,
ring-opening, [1,4-H] shift, and recyclization to result in the
contraction from a six- to a five-membered ring; and
dissociation by the loss of a methyl radical. The 2-pyridyl
cation (1) gives the ionized pyrrolo[1,2-a]pyridines (indoli-
zines), while the 2-pyrimidyl cation (2) gives ionized pyr-
rolo[1,2-a]pyrimidines.


Ortho-hetarynium ions and 1,3-dienes provide, therefore,
the two building blocks for the straightforward, one-step
synthesis of indolizines (pyrrolo[1,2-a]pyridines) and pyr-
rolo[1,2-a]pyrimidines, and their analogues (Scheme 7) and
derivatives. This gas-phase reaction has potential analytical
and synthetic use. As ortho-hetarynium ions are also common


Scheme 7. Activation of ortho-hetarynium ions with 1,3-dienes in the gas
phase and cycloaddition to 1,3-dienes that may be favored in solution.
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condensed-phase intermediates,[3] and can be generated
chemically or electrochemically in solution, this novel annu-
lation reaction should be tested for its potential use in
analogous condensed-phase synthesis, or more likely, owing to
solvent quenching, in the synthesis of the intact polar [4� 2�]
cycloadducts (Scheme 7) in solution by another interesting
annulation reaction.
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Compounds: A Computational Approach
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Abstract: A density functional study of exchange coupling was carried out for a
series of heterobinuclear oximato-bridged transition metal complexes. Model
calculations were used to examine the influence of the electronic configuration of
the metal atoms on the coupling constants. This analysis was complemented by a
study of the variation of the coupling constant with the most usual structural
distortions within this family of compounds. The influence of the nature of the
terminal ligands as well as that of the symmetry on the bridge were also investigated.


Keywords: density functional
calculations ´ magnetic properties ´
magneto ± structural correlations ´
transition metals


Introduction


The emerging field of molecular magnetism,[1±4] that is, the
study of systems in which unpaired electrons are associated
with discrete molecular entities, offers promising perspectives
for the synthesis of new materials with specifically designed
magnetic properties if the coupling of the unpaired electrons
can be controlled. In practice, we are still learning how to do
this, and most experimental work has concentrated on the
production of bulk ferro- and ferrimagnets. As in any
developing scientific field, some progress is attributable to
careful planning, but much is purely empirical or serendip-
itous. Because the key factors that control the coupling of the
unpaired electrons are not well understood, further develop-
ment in this field has been hampered. Binuclear transition
metal complexes have played a key role in developing the
area of molecular magnetism. Their relative simplicity with
regard to exchange coupling has permitted the formulation of
a number of empirical magneto ± structural correlations which
have been very useful for predicting magnetic properties for
new compounds.


Of all binuclear transition metal complexes relevant to the
field of molecular magnetism, those containing two different
metal ions are especially interesting, as shown by the
following two observations:


First, when the two centers within a binuclear complex with
unpaired electrons are different, the exchange interaction
can lead to a more interesting magnetic behavior. It was
experimentally found that it is much easier to obtain
ferromagnetic coupling in heterobimetallic compounds
than it is in their homobinuclear analogues. Stabilization
of high-spin states is apparently much easier to achieve in
heterobimetallic compounds because the unpaired elec-
trons are more easily arranged in metal-centered orthog-
onal orbitals of such complexes.[5±7]


The second interesting property of heterobimetallic tran-
sition metal compounds is their versatility as building
blocks for the design of molecular lattices that exhibit
rather peculiar spin topologies. In particular, the design and
synthesis of lattices in which the spins of both types of
carriers are only partially compensated led to ferrimagnetic
compounds,[6, 7] for which interesting technological applica-
tions can be envisaged.
Although, in the last decades, a lot of effort has gone into


the synthesis and characterization of new heterobimetallic
transition metal compounds,[6] their study from a theoretical
point of view, by quantum-mechanical methods, is rather
limited. Great progress towards the accurate calculation of
exchange-coupling constants of homobinuclear transition
metal complexes has been made in recent years.[8±18] This is
mainly due to the development of new strategies for solving
the difficult problem posed by the existence of a manifold of
states that are separated by energy differences that are up to
seven orders of magnitude smaller than the total energies of
these states. Combined with the increasing power of modern
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computers, these theoretical approaches nowadays permit the
detailed study of magneto ± structural correlations for com-
plete families of rather complex binuclear transition metal
compounds;[8, 19±23] thus, the calculated results can be com-
pared with the qualitative models[1, 24] that are commonly used
for the analysis of experimental data. Although thorough
theoretical studies of exchange coupling in homonuclear
bimetallic complexes can be found in the literature, its
extension to heteronuclear compounds is still relatively
unexplored.[9]


The main aim of this paper is to show that our recently
proposed computational strategy,[8, 25] that is, the combination
of DFT calculations, using the B3LYP functional, with a
slightly modified version of the broken-symmetry approach of
Noodelman et al. ,[13, 14, 26, 27] can be extended easily to the
study of exchange coupling in heteronuclear transition metal
compounds. For this purpose we chose the family of bis(ox-
imato)-bridged CuII ± M compounds,[28±36] represented by 1;


NHN


NHN


Cu


O


O


M


L


L


L


L


1


the relation between the magnetic properties and spin top-
ologies of these compounds were studied experimentally,[28, 36]


and magneto ± structural correlations[30] were found for the
most important structural parameters.


Computational methodology


>Since a detailed description of the computational strategy
adopted in this work can be found elsewhere,[8] we will limit
our discussion here to its most relevant aspects. A phenom-
enological Heisenberg Hamiltonian [Eq. (1)] can be used to
describe the exchange coupling in a binuclear compound, to
easily relate the coupling constant, J, with the energy differ-
ence between the lowest (LS) and the highest (HS) multi-
plicity states [Eq. (2)].


H�ÿJS1 ´ S2 (1)


EHSÿELS�ÿ
J


2
(SHSÿ SLS)(SHS�SLS�1) (2)


We recently found that DFT-based wavefunctions can give
a reasonable estimate of the low-spin state energy directly
from the energy of a broken-symmetry solution. If S1 and S2


(with S2� S1) are used for the local spins on both centers, then
J is expressed by Equation (3).[25] EBS and EHS in Equation (3)


J� �EBS ÿ EHS�
�2S1S2 � S2�


(3)


refer to the energies of the broken-symmetry (BS) and high-
spin wavefunctions, respectively. Experience has shown that
this equation, in which the energy of the low-spin state is
estimated directly from that of the broken-symmetry solution
without performing any spin-projection, leads to a good
agreement with the experimental data of a large variety of
compounds with exchange-coupled electrons. For a more
thorough discussion of this topic the reader is referred to
previous work.[8, 19±23, 25]


In practice, density functional theory is used to carry out
two separate calculations to evaluate the coupling constant of
each compound. The one calculation is for determining the
high-spin state and the other one is for the low-spin broken-
symmetry state. The hybrid B3LYP method[37] was used in all
calculations as implemented in Gaussian-94,[38] so that the
exact Hartree ± Fock-type exchange was mixed with Becke�s
expression for the exchange functional[39] and the Lee ±
Yang ± Parr correlation functional was used.[40] A basis set of
double-z quality (triple-z for the transition-metal atoms),
proposed by Schaefer et al.,[41] was employed throughout.


Results and Discussion


Electronic configuration and exchange coupling: All calcu-
lations presented in this work were carried out for the model
bis(oximato)-bridged CuII ± M compounds (1), with M�
CuII,[42] NiII, MnII, MnIII, or CrIII. Average bond lengths and
angles that were used for these model compounds were
obtained from known structures.[28±36] Geometrical details for
these structures can be found in the Appendix.


The M ± N distances that define the coordination geometry
around M are critical for the determination of the electronic
configuration of the M atom in the molecule. In the
experimentally characterized compounds the common CuII


ion is in a t2g
6eg


3 configuration, with the dx2ÿy2 orbital bearing
the unpaired electron. The same situation is found for M when
M�CuII (2). When M�NiII, one electron is removed from
the eg set, resulting in a configuration with two unpaired
electrons in the dx2ÿy2 and dz2 orbitals, respectively. For MnII


and MnIII, experimental data show that the highest multi-
plicity configurations, t2g


3eg
2 and t2g


3eg
1
, respectively, are found.


For M�CrIII a t2g
3eg


0 configuration can be deduced from
experimental data. In our model compounds, the original
terminal ligands surrounding the M atom are substituted by
ammonia molecules. This ligand is, however, not innocent
since its strong ligand field favors low-spin configurations if
one uses M ± N distances extracted from experimental struc-
tures. To solve this problem, the M ± N distances were taken
from compounds with tertiary amines[43] (see the Appendix


Abstract in Spanish: En este trabajo se presenta un estudio,
basado en la teoría del funcional de la densidad, del
acoplamiento de intercambio para un conjunto de compuestos
heterobimetaÂlicos de metales de transicioÂn con puente oximato.
Se han realizado caÂlculos para diferentes compuestos modelo
con el fin de analizar la influencia que ejercen sobre la
constante de acoplamiento los siguientes factores: a) la confi-
guracioÂn electroÂnica de los metales, b) las distorsiones
estructurales maÂs frecuentes, c) la naturaleza de los ligandos
terminales y d) la simetría en el puente oximato.
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2


y x


for the actual values); we checked that the experimentally
determined configurations of the M atoms are well repro-
duced. The orbital occupations obtained from a calculation
for the highest multiplicity state of the different compounds
are presented in Table 1. These values confirm that the
configurations of the metal atoms of the models used in this
work coincide with those determined experimentally. The
data collected in Table 1 show that the electron populations of
the eg-type atomic orbitals are larger than their formal
occupations; this indicates a certain degree of covalency in
the metal ± ligand bonds.


Due to the varying electronic configuration on the M atom,
different coupling situations are expected for this family.
Calculated exchange-coupling constants (J) for the model
complexes (Table 2) are in excellent agreement with the
experimental ones reported by Birkelbach et al.[28] The
computational strategy used to extract the coupling constant
can therefore also reproduce these parameters for compounds
in which the different number of electrons on each metal


complicates the evaluation of the energy for the HS and BS
states.


The calculated coupling constants follow the same trends as
the experimental ones. The relative magnitudes were qual-
itatively discussed by various authors[28, 36] on the basis of the
ideas of van Vleck[44] and Anderson.[45, 46] They suggest that
the exchange interaction in a binuclear compound with
magnetic centers A and B can be separated in partial
contributions that involve different pairs of orbitals bearing
unpaired electrons on both magnetic centers [Eq. (4)]. In


J� (nAnB)ÿ1
P


i


P
j


Jij (4)


Equation (4), nA and nB indicate the number of unpaired
electrons on atoms A and B, respectively, and Jij is the
exchange-coupling constant between two orbitals bearing
unpaired electrons. Within this model, the values of Jij should
be negative (antiferromagnetic coupling) if both unpaired
electrons are on eg-type orbitals and positive (ferromagnetic
coupling) if one of them is in a t2g-type orbital and the other in
an eg-type one. Using these qualitative ideas, one can deduce
that for the compound with M�CuII, the overall coupling
constant, which in this case coincides with Jx2ÿy2/x2ÿy2 , should be
negative. The model also suggests that the global exchange-
coupling interaction for the dimers with M�CrIII and M�
MnIII should be ferromagnetic, in good agreement with both
the experimental data and our calculated J values. A more
detailed discussion of the application of this model to cases
with an intermediate situation is described in references [28]
and [36].


For the present compounds, a study of the spin-density
distribution can offer some insight into the relationship
between the electronic structure and the exchange coupling.
In principle, the participation of the donor atoms in a SOMO
brings about some degree of delocalization of the unpaired
electron, resulting in significant spin density at those atoms.
As shown in previous work,[47] the amount of spin density at
the donor atoms increases with the degree of covalency of the
metal ± ligand bonds. The spin polarization mechanism may
also introduce spin density of alternating sign throughout the
ligand. The combination of spin delocalization and spin
polarization therefore accounts for the different magnitude
and sign of the atomic spin densities. The calculated spin
density on the different orbitals of the metal atoms (Table 3)
reveals some interesting features of the exchange interaction.
These values show that the eg-type orbitals of the M atom bear
the smallest spin densities associated with unpaired electrons.
This is because the largest delocalization is expected for these


Table 1. Calculated d-orbital occupations for the highest multiplicity state
in the series of model bis(oximato)-bridged CuII ± M compounds studied in
this work. Occupation in orbitals with unpaired electrons is indicated by
boldface type. The first row gives the d-orbital occupations for the common
CuII atom. Since these values are very similar for all compounds in the
series, only the data for the compound with M�CuII are included in the
table.


t2g eg


dxy dxz dyz dx2ÿy2 dz2 Configuration


CuII 1.995 1.992 1.982 1.459 1.976 t2g
6eg


3


M� CuII 2.003 2.008 2.005 1.419 1.969 t2g
6eg


3


M� NiII 1.985 1.989 1.987 1.165 1.175 t2g
6eg


2


M� MnII 1.016 1.014 1.013 1.088 1.079 t2g
3eg


2


M� MnIII 1.049 1.053 1.072 0.693 1.178 t2g
3eg


1


M� CrIII 1.059 1.076 1.083 0.485 0.477 t2g
3eg


0


Table 2. Exchange-coupling constants [cmÿ1] for the series of model
bis(oximato)-bridged CuII ± M compounds studied in this work. Experi-
mental values obtained from reference [28] are provided for comparison.


M Jcalc Jexp


CuII ÿ 648 ÿ 596
NiII ÿ 201 ÿ 198
MnII ÿ 67 ÿ 83
MnIII � 127 � 109
CrIII � 43 � 37


Table 3. Calculated spin densities in the highest multiplicity state for the
series of model bis(oximato)-bridged CuII ± M compounds studied in this
work. Values of spin density coming from orbitals with unpaired electrons
are indicated in boldface.


t2g (M) eg (M) CuII


M dxy dxz dyz dx2ÿy2 dz2 dx2ÿy2


CuII 0.000 0.000 0.001 0.616 0.004 0.574
NiII 0.004 0.003 0.004 0.851 0.831 0.539
MnII 0.954 0.954 0.933 0.904 0.831 0.585
MnIII 0.952 0.932 0.954 0.199 0.835 0.589
CrIII 0.949 0.934 0.951 0.093 0.091 0.587
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orbitals due to their strong s*-type interaction with the
surrounding ligands. Similar reasoning shows that the largest
spin densities are found for t2g-type orbitals, which are
essentially metal ± ligand nonbonding and therefore exhibit
the smallest delocalization. The spin density values on the
x2ÿ y2 orbital of the M atom for M�CuII, NiII, and MnII show
that delocalization decreases along this series. For the copper
compound, with the largest delocalization, the strongest
antiferromagnetic behavior is expected. For the other two
compounds two factors weaken this interaction: the contri-
bution of ferromagnetic terms discussed above, and the
increased localization of the unpaired electrons that can be
deduced from the spin-density values.


To complete this discussion, the atomic spin densities on the
ligand atoms directly coordinated to the metals will be
analyzed (Table 4). These data show that the spin density in


the coordination environment of the common CuII ion is very
similar in all compounds, since the spin delocalization
mechanism is responsible for the relatively large positive
values of the spin density on the nitrogen atoms, at both the
bridging and terminal ligands. The situation in the coordina-
tion sphere of the M atom is far more interesting. As far as the
O atom of the bridge is concerned, the spin density clearly
decreases with the localization of the unpaired electron in the
x2ÿ y2 orbital of the metal atom for the first three compounds
of the series. Again, this finding is in good agreement with the
predictions of the spin delocalization mechanism. For these
compounds, the same trend is also observed for the nitrogen
atoms of the terminal ligands. When the x2ÿ y2 orbital is
formally empty, as for M�MnIII or CrIII, the spin density is
rather small at the bridging oxygen atom, and even negative at
the terminal ligand nitrogen atoms; therefore, in this case, the
spin polarization mechanism dominates in the coordination
sphere of M. Atomic spin densities on the atoms surrounding
the metal are not affected much by the presence or absence of
unpaired electrons in t2g orbitals, as expected from their lesser
interaction with the ligand orbitals in their environment.


Magneto ± structural correlations: As found for other com-
pounds, the molecular structure is important for the determi-
nation of the value of the exchange-coupling constant J. We
will first focus on the influence of the NÿO distance in the
simplest model, that is, the compound with M�CuII.


Figure 1 shows the variation of J with the NÿO distance in
the region of the experimentally found values. The antiferro-
magnetic coupling is significantly weakened when the NÿO


Figure 1. Exchange-coupling constants, calculated for the model bis(ox-
imato)-bridged CuII ± CuII compound as a function of the NÿO distance of
the bridging ligand.


bonds are stretched. This behavior can be easily rationalized if
one analyzes the interaction between metal and ligand
orbitals (2) that splits the in- and out-of-phase combinations
of the metal x2ÿ y2 orbitals that accommodate the unpaired
electrons in this compound (the single-occupied molecular
orbitals, SOMOs). These metal orbitals interact with a
combination of N ± O nonbonding and p* orbitals of the
ligand. When this bond is elongated, the p* orbital is
significantly stabilized, resulting in a poorer energy match
with the metal x2ÿ y2 orbitals, that effectively reduces the
splitting of the SOMOs. According to the qualitative orbital-
based model developed by Hay, Thiebault, and Hoffmann[24]


(HTH) the antiferromagnetic coupling constant should de-
crease with the square of the splitting between SOMOs, a
trend that is also found in our calculations, confirming the
validity of the HTH model in this case.


The analysis of experimental data given by Dominguez-
Vera et al.[30] did not show any correlation of the magnetic
properties with the NÿO distance. The discrepancy between
that analysis and our computational results is probably due to
the structural complexity of the compounds used by Domi-
nguez-Vera et al. in their study. The simultaneous presence of
other structural distortions (see discussion below) and the
comparison of data for compounds with differences both in
the oximate ligand itself and in the terminal ligands hides the
simple correlation between J and the NÿO distance that
appears in our calculations.


Table 5 shows that the decrease in the exchange-coupling
strength when the NÿO distance is increased is a general
feature for all the compounds considered in this work,
regardless of the sign of the coupling constant. It is, however,


Table 4. Calculated atomic spin densities for the bridging (b) and terminal
(t) ligand atoms directly bound to the metal atoms in the highest
multiplicity state for the series of model bis(oximato)-bridged CuII ± M
compounds studied in this work.


M Nb Ob Nt (Cu) Nt-eq (M)


CuII 0.109 0.138 0.094 0.112
NiII 0.115 0.109 0.085 0.061
MnII 0.112 0.079 0.092 0.018
MnIII 0.079 0.004 0.121 ÿ 0.037
CrIII 0.086 0.021 0.119 ÿ 0.035


Table 5. Exchange-coupling constants [cmÿ1] for the series of model
bis(oximato)-bridged CuII ± M compounds studied in this work calculated
for two different NÿO distances in the bridging oximato ligand.


M dNÿO� 1.35 � dNÿO� 1.41 �


CuII ÿ 577 ÿ 394
NiII ÿ 159 ÿ 100
MnII ÿ 139 ÿ 67
MnIII � 142 � 102
CrIII � 59 � 43
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not straightforward to justify this behavior by qualitative
arguments similar to those presented above for the simplest
case. This is due to the inability of the simple HTH model to
predict magneto ± structural correlations for the ferromagnet-
ic component of the exchange coupling.


A structural distortion common to this family of com-
pounds is the bending of the MO2N2 moiety around the O ± O
hinge (3). The value of q is between 108 ± 608 for the


structurally characterized compounds. Using the qualitative
HTH model, Dominguez-Vera et al.[30] analyzed the effect of
this structural distortion on exchange coupling. Their con-
clusion is that the change in the dihedral angle between the
basal and oximate planes should only moderately decrease the
energy gap (and hence the antiferromagnetic contribution to
J), even for extremely large deviations from planarity. To
check the validity of the HTH model for this structural
distortion, we evaluated the variation of J with the hinge angle
q for values between 108 ± 608 in the model compound 1 with
M�CuII and N ± O� 1.33 �. We found that the coupling
constant is practically invariant with the bending around the
O ± O hinge, with variations of less than ÿ10 cmÿ1 for values
of J around ÿ650 cmÿ1, in good agreement with the HTH
model. In their report, Dominguez-Vera et al. comment that
the nature of the end-cap ligands may be, at least, as
important in determining the exchange coupling as the
structural parameters. As an example they considered two
compounds with M�Cu, with practically the same geomet-
rical distortions (q� 298 and 26.78 for the two compounds),
but with significantly different values of J. The compound with
2,2'-bipyridyl (bipy) as terminal ligand has a coupling
constant[36] of ÿ674 cmÿ1, while for the one with 1,10-
phenanthroline (phen), J�ÿ866 cmÿ1 (derived from exper-
imental data).[35] To check if this significantly different
magnetic behavior can be ascribed to the nature of the
terminal ligand, we calculated the coupling constants for the
complete structures of both compounds to avoid variations in
J that could be attributed to poor modeling of the coordina-
tion environment around the copper atoms. The calculated
results agree very well for the bipy compound: J�ÿ638 cmÿ1.
For the compound with phen, however, the calculated value
J�ÿ524 cmÿ1 deviates significantly from the experimental
value. Our previous experience in calculating exchange-
coupling constants indicates that a difference of over
300 cmÿ1 is too large to be due to errors in the computational
procedure. The discrepancy between the experimental and
theoretical data for this compound remains therefore an open
question. Despite the problem of determining J, our calcu-
lations for both complete structures indicate that, as noted by
Dominguez-Vera et al.,[30] the nature of the terminal ligand is


indeed as important as the structural distortions in determin-
ing the magnetic behavior for these compounds.


Effect of the terminal ligands on exchange coupling: As
shown previously,[19, 48] the electronegativity of the atoms
directly coordinated to the paramagnetic centers significantly
influences the coupling constant of compounds with oxalato,
hydroxo, and alkoxo bridges. The general trend for these
compounds is that decreasing the electronegativity of the
atoms on the terminal ligands that are directly coordinated to
the paramagnetic centers, results in increased hybridization of
the SOMOs towards the bridge. This increased hybridization
towards the bridge results in a stronger interaction and hence
in a larger energy gap between both SOMOs. According to
the HTH model, this should produce a larger antiferromag-
netic term in the coupling constant. This same effect leads to
another interesting observation:[19] for terminal ligands that
have the same type of atom coordinating directly to the metal,
N for example, the strength of the antiferromagnetic coupling
follows the same trend as the basicity of the terminal ligand:
en (pKb� 4.07)>NH3 (pKb� 4.75)> aromatic N-ligand
(pKb� 8.77).


To deepen our understanding of the effect of the terminal
ligands on the exchange-coupling constant, we performed a
series of calculations on model oximato-bridged compounds
1, with M�CuII, and with different terminal ligands on the
two copper atoms. We firstly analyzed the effect of the basicity
of the terminal ligands coordinated to the copper atom that is
bonded to the oxygen atoms of the bridge. When the NH3


ligands in the original model are replaced by en or bipy, the
coupling constant is modified in the following way: bipy
(ÿ705 cmÿ1), NH3 (ÿ648 cmÿ1), en (ÿ593 cmÿ1). The trend
that emerges is exactly opposite to that found for hydroxo and
alkoxo bridges:[19] when the basicity of the terminal ligand of
the oximato-bridged compounds is increased, the strength of
the antiferromagnetic coupling is reduced.


The explanation for the different behavior of oximato- and
hydroxo-bridged complexes lies in the participation of the
orbitals of the terminal ligands in the composition of the
SOMOs. For the hydroxo-bridged compounds, in which both
copper atoms have the same coordination environment, the
terminal ligands participate in the two SOMOs, but they
contribute more to the higher-lying one (4 a). When the


L


L


L


L


4a


NH3bipy enL =


basicity of the ligand is increased, the participation of the
terminal ligands in the SOMOs is also increased. Since both
SOMOs are of metal ± ligand antibonding nature, the in-
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creased participation of the terminal ligands in the SOMOs
causes destabilization of both SOMOs, a destabilization that is
more pronounced for the SOMO which has a higher energy.
The net result is an increase in the gap between both SOMOs
and a stronger antiferromagnetic coupling, as predicted by the
HTH model.


In the oximato-bridged compounds the situation is quite
different. The different coordination environment of the two
copper atoms leads to very different participation of the
terminal ligands on each SOMO (4 b). Whereas the lower


L


L


4b


NH3bipy enL =


lying out-of-phase combination of the metal dx2ÿy2 orbitals
mixes strongly with the orbitals of the terminal ligands, the
participation of these in the high-lying SOMO is much
smaller. Increasing the basicity of the terminal ligands again
results in destabilization of both SOMOs, but since the
terminal-ligand participation is much more important in the
low-lying SOMO, the net effect in this case is a reduction of
the gap and, following the HTH model, a weaker antiferro-
magnetic coupling. The same effect is found when the
electronegativity of the atom on the terminal ligand that
coordinates directly to the copper atom is changed. When
NH3 in model 1 is replaced by H2O, the antiferromagnetic
coupling constant increases from J�ÿ648 cmÿ1 to J�
ÿ1281 cmÿ1.


We showed so far that dioximato- and dihydroxo-bridged
complexes respond differently to changes in the terminal
ligands, and that the different coordination environments of
the two copper atoms in the dioximato-bridged compounds
are responsible for this behavior. An interesting question that
arises is whether the existence of an inversion center that
would make both copper atoms symmetry-related, as in 5,


NHN


OL


Cu


O


N NH


Cu


L


5


would affect the magnetic exchange or not. To explore this
possibility, we computed the exchange-coupling constant for
model 5. J was found to be ÿ666 cmÿ1, a value that
corresponds to slightly more antiferromagnetic coupling than
found for the noncentrosymmetrical model 1, whose J value is


ÿ648 cmÿ1. As expected, the energy gap between the two
SOMOs is practically the same for both cases. This fact,
together with the difference between the J values, suggests
that the changes in the two-electron terms that are neglected
or considered constant in the qualitative models[1, 24] that are
used to rationalize the variations in J, are extremely important
in this case. A more thorough analysis of the relation between
J and the symmetry at the bridge is currently being developed
in our group.


Conclusion


The use of a recently developed computational strategy was
expanded to investigate exchange interactions in oximato-
bridged heterobimetallic transition metal complexes. Model
calculations could semiquantitatively reproduce the magnetic
behavior of a number of physical situations, with quite diverse
total numbers of unpaired electrons. These results confirm
previous qualitative theoretical models which were used in
the last decades to design new molecular materials with
interesting magnetic properties. Some aspects that are some-
times difficult to study experimentally, such as magneto ±
structural correlations, the effect of the terminal ligands, or
the effect of symmetry at the bridge on the exchange coupling,
were analyzed with simplified models. This aided the ration-
alization of experimentally observed trends, trends that are
sometimes obscured when various modifications are simulta-
neously made to the basic structure of these compounds.


Appendix


The average bond lengths and angles of molecular model 1, used
throughout this work, were obtained from known structures.[28] The MÿN
distances were taken from compounds with tertiary amines as terminal
ligands, and are: 1.980 � (CuÿN), 2.115 � (NiÿN), 2.354 � (MnÿN), and
2.200 � (CrÿN). The NÿO distance of the bridging oximato ligands also
plays an important role in determining the exchange-coupling constant.
This distance is found to vary significantly with M.[28±36] For M�CuII, the
NÿO distance is shortest, with an average value of 1.33 �. Although no
structural determination has been performed for the known compounds
with M�NiII, a related compound with an NÿO distance of 1.30 � has been
characterized.[49] The distance is longer for M�MnIII and M�Cr III, with
values of 1.37 � and 1.41 �, respectively. The structural details of
compounds with M�MnII are still unknown. In our models we adopted
the experimental values for each compound, assuming that the NÿO
distance for the MnII compounds will be practically the same as for the
MnIII ones.
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Reactivity of Dioxoruthenium(vi) Porphyrins toward Amines.
Synthesis and Characterization of Bis(arylamine)ruthenium(ii),
Bis(arylamido)- and Bis(diphenylamido)ruthenium(iv), and
Oxo(tert-butylimido)ruthenium(vi) Porphyrins


Jie-Sheng Huang, Xian-Ru Sun, Sarana Ka-Yan Leung,
Kung-Kai Cheung, and Chi-Ming Che*[a]


Abstract: Reactions of dioxoruthe-
nium(vi) porphyrins, [RuVIO2(Por)],
with p-chloroaniline, trimethylamine,
tert-butylamine, p-nitroaniline, and di-
phenylamine afforded bis(amine)ruthe-
nium(ii) porphyrins, [RuII(Por)(L)2]
(L� p-ClC6H4NH2, Me3N, Por�TTP,
4-Cl-TPP; L� tBuNH2, Por�TPP,
3,4,5-MeO-TPP, TTP, 4-Cl-TPP, 3,5-Cl-
TPP) and bis(amido)ruthenium(iv)
porphyrins, [RuIV(Por)(X)2] (X� p-
NO2C6H4NH, Por�TTP, 4-Cl-TPP;
X�Ph2N, Por� 3,4,5-MeO-TPP, 3,5-Cl-


TPP), respectively. Oxidative deproto-
nation of [RuII(Por)(NH2-p-C6H4Cl)2] in
chloroform by air generated bis-
(arylamido)ruthenium(iv) porphyrins,
[RuIV(Por)(NH-p-C6H4Cl)2] (Por�TTP,
4-Cl-TPP). Oxidation of [RuII(Por)-
(NH2tBu)2] by bromine in dichloro-
methane in the presence of tert-butyl-
amine and traces of water produced oxo-


(imido)ruthenium(vi) porphyrins, [RuVI-
O(Por)(NtBu)] (Por�TPP, 3,4,5-MeO-
TPP, TTP, 4-Cl-TPP, 3,5-Cl-TPP). These
new classes of ruthenium complexes
were characterized by 1H NMR, IR,
and UV/visible spectroscopy, mass
spectrometry, and elemental analysis.
The structure of [RuIV(TTP)(NH-p-
C6H4Cl)2] ´ 2 CH2Cl2 was determined by
X-ray crystallography. The RuÿN bond
length and the Ru-N-C angle of the Ru-
NHAr moiety are 1.956(7) � and
135.8(6)8, respectively.


Keywords: amines ´ imides ´
macrocyclic ligands ´ ruthenium


Introduction


Secondary amine monooxygenase[1] and cytochrome P-450,[2]


both containing heme prosthetic groups, play an important
role in biological oxidation of amines. Secondary amine
monooxygenase catalyzes the oxidative dealkylation of sec-
ondary amines to aldehydes and primary amines. Cytochrome
P-450 catalyzes a number of amine oxidation processes,
including deamination, N-dealkylation and N-hydroxyla-
tion.[3] The proposed catalytic cycles of both enzymes involve
high-valent oxoiron (O�FeIV) porphyrin complexes as the
reactive oxygen intermediates.[3] To probe the intrinsic
reactivity of these intermediates toward amines, it would be
of interest to investigate the interaction of synthetic oxo-
iron(iv) porphyrins with amines. Although synthetic examples
of oxoiron(iv) porphyrins are known, isolation of such
complexes as pure solids is hampered by their thermal
instability.[4] Owing to the unique periodic relationship of
iron and ruthenium, high-valent ruthenium porphyrins that


bear Ru�O functional groups attracted our attention. A
dioxoruthenium(vi) porphyrin, [RuVIO2(TMP)][5] (1), was first
isolated by Groves and co-worker in 1984.[6] Thereafter,
research in our group led to the isolation of several such
complexes (2) with sterically unencumbered porphyrinato
ligands.[7] Studies on the interaction of 1 and 2 with alkenes to
mimic the alkene epoxidation catalyzed by cytochrome P-450
have been documented.[6, 7b]


We have investigated in some detail the reaction of 2,
formed in situ, with primary and secondary alkylamines and
prepared a series of bis(alkylamine)ruthenium(ii) porphyrins
such as 3.[8] Remarkably, oxidation of bis(tert-butylamine)
adducts 3 a and 3 b by bromine in the presence of traces of
water led to the isolation of oxo(tert-butylimido) complexes
4 a and 4 b,[9] the first examples of a mononuclear ruthenium
alkylimido complex. Very recently, James and Bailey first
observed the catalytic dehydrogenation by 1, formed in situ, of
primary and secondary alkylamines and isolated
[RuII(TMP)(NH2CH2Ph)2].[10] Metalloporphyrins bearing
amines as the sole axial ligands are also known for iron,[11]


rhodium,[12] and osmium,[13, 14] but again all these axial ligands
are alkylamines.


The reactivity of 2 towards an arylamine should be of
interest. Firstly, arylamines are generally much less basic than
alkylamines and significantly less basic than pyridine and
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imidazole. It remains unclear whether their adducts with a
metalloporphyrin are stable enough to be isolated. Secondly,
we have reported that reaction of 2 b with diphenylamine
produced a stable bis(diphenylamido)ruthenium(iv) complex
5 a,[15] unlike the case for alkylamines. Thus, bis(arylamine)-
ruthenium(ii) porphyrins, if they can be isolated, may undergo
oxidative deprotonation to give the corresponding bis(aryl-
amido) complexes. Although formation of amido complexes
by deprotonation of coordinated amines is not uncommon,[16]


such reactions that involve redox processes are extremely
rare[17] and remain fully unknown in the case of metallopor-
phyrins. Thirdly, bis(arylamido)ruthenium(iv) porphyrins
should be good precursors for arylimido ruthenium(vi) com-
plexes, just like their osmium analogues.[14]


Here we present the first synthesis and characterization of
bis(arylamine)ruthenium(ii) porphyrins (6) and bis(arylami-
do)ruthenium(iv) porphyrins (7 and 8) as well as a full account
of the synthesis and characterization of 4 and 5.[18] The amido
complexes 7 were definitely formed through oxidative de-
protonation of the amine complexes 6. The synthesis and


characterization of bis(trimethylamine) adducts 9, prepared
from reaction of 2 with the tertiary amine, and the formation
of 4 c and a bis(tert-butylimido) complex (10) directly from the
reaction of 2 c with tert-butylamine are also described.


Results and Discussion


Dioxoruthenium(vi) porphyrins 2 a ± e exhibit high reactivity
toward amines. Various products could be isolated from such
reactions, depending on the types of amines used. We found
that the reactions of the in situ formed 2 a ± e with excess
primary and secondary alkylamines exclusively afforded the
corresponding bis(amine)ruthenium(ii) porphyrins in high
yields.[8, 9] In this work, we concentrated on the reactions
between 2 (as the isolated product) and amines (especially
arylamines), which in some cases generated different products
from those obtained by using 2 formed in situ. Importantly,
the reactivity of 2 toward amines makes them good precursors
to several new classes of ruthenium porphyrins, as shown in
Scheme 1. The synthesis of bis(tert-butylamine)ruthenium(ii)
porphyrins (3 a ± e) through reaction 1 in the scheme has been
described elsewhere.[8, 9]


Scheme 1. Reactivity of dioxoruthenium(vi) porphyrins. Note that the
reactions 1 and 7 were carried out by using isolated 2 and 2 formed in situ,
respectively.


Synthesis of oxo(alkylimido)ruthenium(vvii) porphyrins 4 :
Since the first synthesis of [OsVIIIO3(NtBu)] in 1956,[19] many
osmium alkylimido complexes have been prepared.[20] Exten-
sive studies in other groups showed that the common methods
for preparing a mononuclear metal alkylimido complex were
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not applicable to ruthenium.[21] We also observed that while
air oxidation of osmium analogues of 3 a ± d afforded osmium
analogues of 4 a ± d in good yields,[9, 14] similar treatment of
3 a ± d gave intractable products.


Interestingly, reactions of 3 a ± e with bromine in dichloro-
methane in the presence of tert-butylamine generated 4 a ± e in
high yields (reaction 2 in Scheme 1). These reactions might
proceed via bis(tert-butylimido)ruthenium(vi) intermediates
such as 10, which rapidly hydrolyzed to give 4 a ± e owing to
the presence of trace amounts of water in the solvent and/or
tert-butylamine. The presence of both free tert-butylamine
and water during the reactions seems necessary. It is possible
that free tert-butylamine would react with HBr, which exists in
aerobic bromine solutions, to form tBuNH3


� ´ Brÿ and, thus,
keep the coordinated amine in 3 from leaving the ruthenium
ion as a result of protonation. The progress of the reactions
should be monitored by UV/visible spectrophotometry,
because addition of excess bromine would produce a dark
green solution and lead to a bromination of the porphyrinato
ligands.


Notably, before we reported the isolation of 4 a and 4 b,[9] no
mononuclear ruthenium alkylimido complexes had been
known.[22] Up to now, the species 4 a ± e remain the only
examples of mononuclear ruthenium(vi) alkylimido com-
plexes and, especially, the only examples of mononuclear
ruthenium compounds bearing both Ru�NR and Ru�O
functional groups.[23]


Unlike [RuVI(NSiMe3)(CH2SiMe3)4],[22b] which is extremely
air and water sensitive, 4 a ± e are all stable to moist air for
months in the solid state. A significant difference exists
between the auto-degradation of 2 a ± e and 4 a ± e. For
example, in chloroform solutions exposed to the atmosphere,
compounds 2 a ± e were converted to m-oxo diruthenium(iv)
complexes within one day. However, in the same solvent, 4 a ±
e slowly lost their axial tert-butyl groups to generate nitro-
sylruthenium porphyrins.[24] It seems likely that formation of
the strong Ru�NtBu multiple bond significantly activates the
CÿN bond of the tert-butylimido group and thus facilitates its
cleavage.


Synthesis of bis(diarylamido)ruthenium(iivv) porphyrins 5 :
Reaction of 2 b and 2 e with diphenylamine in dichloro-
methane results in formation of complexes 5 a and 5 b in
moderate yields (reaction 3 in Scheme 1). The synthesis of
metal dialkyl- or diarylamido complexes from reaction of
metal oxo complexes with corresponding secondary amines is
rarely seen in the literature.[16, 25] We found that the reaction
between 2 and diphenylamine was considerably affected by
the substituents on the phenyl groups of meso-tetraarylpor-
phyrinato ligands.


Extension of reaction 3 to other porphyrinato ligands used
in this work generated a mixture of products that were
difficult to separate. The mechanism of reaction 3 is unclear;
one of the possibilities is that 2 b and 2 e were first converted
to bis(diphenylamine)ruthenium(ii) porphyrins, which imme-
diately underwent oxidative deprotonation to give 5 a and
5 b.[26] Both complexes 5 a and 5 b are air-stable solids. They
are stable for at least one week in chloroform solutions
exposed to the atmosphere.


Synthesis of bis(arylamine)ruthenium(iiii) porphyrins 6 : In the
literature, arylamines are rarely seen as the sole axial ligands
in metalloporphyrins.[27] There are only a few reports on the
interaction of metalloporphyrins with arylamines. Besides the
reaction between 2 b and diphenylamine mentioned above
that affords the bis(amido) complex 5 a,[15] reactions of
[OsII(Por)(N2)(THF)][14] and [PV(TTP)Cl2]�[28] with aryl-
amines also result in formation of amido porphyrin com-
plexes. In addition, treatment of [RuIV(Por)Cl2] with aryl-
amines generates imidoruthenium(iv) porphyrins.[29] To our
knowledge, no metalloporphyrins bearing arylamine axial
ligands have been isolated. Our present work has demon-
strated that reactions of 2 c and 2 d with excess p-chloroaniline
in dichloromethane or ethanol at room temperature readily
afford 6 a and 6 b, respectively, in close to quantitative yields
(reaction 4 in Scheme 1). Since reaction 4 could be conven-
iently carried out in air, the ligation of p-chloroaniline to the
ruthenium(ii) ion seems fairly robust. Evidently, reaction 4
resulted in a reduction of the metal center from ruthenium(vi)
to ruthenium(ii) and, accordingly, p-chloroaniline was oxi-
dized by 2 c and 2 d to bis(p-chlorophenyl)diazene.[30] A
question might arise whether 2 c and 2 d were first reduced
to an oxoruthenium(iv) porphyrin intermediate. Inasmuch as
2 c and 2 d can be almost completely converted into 6 a and 6 b,
respectively, by p-chloroaniline, such an intermediate, if really
involved, must also be reactive towards the arylamine.


Synthesis of bis(arylamido)ruthenium(iivv) porphyrins 7 and 8


Oxidative deprotonation of 6 : Complexes 7 a and 7 b were
prepared in high yields by autooxidation of 6 a and 6 b,
respectively, in chloroform solutions exposed to the atmos-
phere (reaction 5 in Scheme 1). This is the first case in which
an amido metalloporphyrin is generated unambiguously
through oxidative deprotonation of the corresponding amine
complex. Even in non-porphyrin systems, the oxidative
deprotonation of amine complexes to form amido complexes
is extremely rare. We have found only one such example.[17] In
that case the process is rather complicated, not only affording
the amido products in low to moderate yields, but also
changing the metal ion from four- to six-coordinate. Interest-
ingly, the formation of 7 a and 7 b from 6 a and 6 b is almost
quantitative and causes very little change in the coordination
environment of ruthenium.


Direct reaction of 2 with p-nitroaniline : Under the same
conditions as for reaction 4, but by employing p-nitro- instead
of p-chloroaniline, complexes 8 a and 8 b were isolated in high
yields (reaction 6 in Scheme 1). No analogues of 6 a and 6 b
were obtained in these cases. Note that p-nitroaniline is much
more acidic than p-chloroaniline, so its adducts with ruthe-
nium(ii) porphyrins might be very unstable, as in the case of
diphenylamine described above.


Reaction of isolated 2 with alkylamines : Since there have
been no reports on the reactions between isolated 1 or 2 and
alkylamines, we examined such reactions for all the major
types of alkylamines, including n-octylamine, isopropylamine,
tert-butylamine, diethylamine, and trimethylamine by UV/
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visible spectrophotometry. In the cases of n-octyl-
amine, isopropylamine, and diethylamine, their
reactions with the 2 a ± e, both isolated and formed
in situ, are similar. However, the reaction of tert-
butylamine with isolated 2 a ± e was very surprising
(reaction 7 in Scheme 1). There was no appreciable
reaction within the first five minutes. After about
two hours, complexes 4 a ± e and 3 a ± e were formed,
with the former being the major products. In
contrast, treatment of tert-butylamine with 2 a ± e
formed in situ afforded complexes 3 a ± e in high
yields (reaction 1) within five minutes. None of the
complexes 4 a ± e were detected in this case.


Interestingly, both the isolated 2 and the 2 formed
in situ are reactive towards tertiary amines such as
trimethylamine. In both dichloromethane and in
chloroform, 2 c and 2 d, formed in situ, reacted with
excess trimethylamine to form 9 a and 9 b, respec-
tively, within one hour. No other metalloporphyrin
species were detected after the reaction was com-
plete. When the isolated 2 c and 2 d were suspended
in an aqueous trimethylamine solution (40 wt%)
and stirred overnight, they were quantitatively
converted into 9 a and 9 b (reaction 8 in Scheme 1).


To our surprise, reaction of 2 c with excess tert-
butylamine in refluxing hexane followed by removal
of the solvent afforded a mixture of 4 c and 10 as a
dark purple solid. When the solid was dissolved in
deuterochloroform exposed to the atmosphere, 10
rapidly hydrolyzed to 4 c, as revealed by time-
dependent 1H NMR measurements, which showed
that the signal intensities of 10 decreased, whereas
those of 4 c increased rapidly. For example, the molar ratio of
4 c :10 increased from about 10:1 at time� 5 min to 30:1 at
time� 15 min. Due to the extreme moisture sensitivity, the
isolation of pure 10 proved difficult.


Characterization of complexes 4 ± 10
1H NMR spectrsocopy : All the com-
plexes 4 ± 10 show well-resolved
1H NMR spectra with the signals of
the porphyrinato ligands appearing
at normal fields; this suggests that
they are all diamagnetic. Owing to
the porphyrin ring current effect, the
proton resonances of axial ligands
generally experience a significant
up-field shift. In each case, the
integration ratio of signals is consis-
tent with the formula of the com-
plex. The spectral data are summar-
ized in Table 1.


A common feature of the spectra
of 4 a ± e lies in the splitting of the
ortho and meta, if any, proton reso-
nances of the porphyrinato ligands;
this is consistent with the asymmet-
rical coordination at the axial sites.


The spectrum of 4 d is shown in Figure 1 as an example. All
signals in the figure can be reasonably assigned, except for the
distinction of Ho and H'o or Hm and H'm resonances, according
to integration ratio and by comparison with the spectra of
2 d,[7b] 4 a ± c, and 4 e. We suggest that the Ho rather than H'o
chemical shifts of 4 d should be similar to those of Ho signals of


Table 1. 1H NMR spectral data (d) of complexes 4 ± 10 in CDCl3.[a] The spectral data of
the osmium analogues of 4 and 10 (from ref. [14]) are also shown for comparison.


H Ho H'o Hm,H'm,Hp tBuN2ÿ


(s, 8H) (m, 4 H) (m, 4H) (m, 12 H) (s, 9H)


4a 8.91 8.44 8.12 7.78 ÿ 2.55
4a-Os 8.93 8.43 8.11 7.78 ÿ 2.60


Ho H'o m-OMe m'-OMe p-OMe tBuN2ÿ


(d, 4 H) (d, 4H) (s, 12 H) (s, 12H) (s, 12H) (s, 9H)


4b 9.03 7.64 7.42 4.01 3.98 4.20 ÿ 2.47
4b-Os 9.05 7.65 7.41 4.01 3.98 4.20 ÿ 2.53


Ho H'o Hm, H'm Hp pÿMe tBuN2ÿ


(dd, 4H) (dd, 4 H) (qd, 8H) (t, 4H) (s, 12H) (s, 9H)


4c 8.91 8.32 7.99 7.57 [b] 2.72 ÿ 2.58
4c-Os 8.94 8.32 7.98 7.57 [b] 2.72 ÿ 2.63
4d 8.91 8.35 8.05 7.78 [b] [b] ÿ 2.57
4d-Os 8.93 8.35 8.04 7.78 [b] [b] ÿ 2.63
4e 8.96 8.31 8.03 [b] 7.87 [b] ÿ 2.54


Ho Hm p-Me Axial ligands
(d, 8 H) (d, 8H) (s, 12 H)


5b 8.29 7.68 [b] [c] 6.33 (tm, 4H, H'p�, 5.94 (tm, 8 H,
H'm�, 2.61 (d, 8 H, H'o�


6a 8.10 7.86 7.48 2.65 6.05 (d, 4H, H'm�, 2.95 (d, 4H, H'o�,
ÿ 4.30 (br, 4H, NH2)


7a[d] 8.41 7.88 7.49 2.67 5.84 (d, 4H, H'm�, 2.85 (d, 4H, H'o�
7b[d] 8.40 7.91 7.68 [b] 5.84 (d, 4H, H'm�, 2.82 (d, 4H, H'o�
8a[d] 8.43 7.87 7.51 2.67 6.79 (d, 4H, H'm�, 2.95 (d, 4H, H'o�
8b[d] 8.44 7.92 7.71 [b] 6.77 (d, 4H, H'm�, 2.92 (d, 4H, H'o�
9a 8.12 7.91 7.44 2.64 ÿ 2.49 (s, 18 H, Me3N)
9b 8.09 7.95 7.63 [b] ÿ 2.49 (s, 18 H, Me3N)
10 8.73 8.08 7.53 2.70 ÿ 2.46 (s, 18 H, tBuN2ÿ)
10-Os 8.73 8.08 7.53 2.70 ÿ 2.50 (s, 18 H, tBuN2ÿ)


[a] The spectral data of 5a appear in ref. [15]. The spectrum of 6b was not obtained due
to insufficient solubility of the complex in proper deuterated solvents. [b] Not
applicable. [c] Hp d� 7.75 (t, 4 H). [d] The NH proton resonances were not located.


Figure 1. 1H NMR spectrum (300 MHz) of 4d in CDCl3. The inset shows the proton resonances of the
phenyl groups of the porphyrin ring of 2d under the same conditions. Coupling constants are indicated.
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2 d. While both the ortho and meta proton resonances of the
porphyrinato ligand in 2 d appear as doublets (Figure 1, inset),
each of those resonances for 4 d is split into two doublets of
doublets. A similar phenomenon has also been observed for
4 c and the osmium analogues of 4 c and 4 d. Since the crystal
structure of [OsVIO(TTP)(NtBu)] (ª4 c-Osº) has an essen-
tially linear Os�NtBu geometry,[14] and the complexes 4 c and
4 d are expected to be isostructural with their osmium
analogues, the observation of two doublets of doublets rather
than two doublets could reasonably be attributed to a
coupling between Ho and H'o or Hm and H'm protons.


For a given porphyrinato ligand, replacing an oxo with a
tert-butylimido group lowers the Hb chemical shift by about
0.17 ppm; this suggests that the latter is a better p-donor. On
the other hand, complexes 3 a ± e show the tBu signals at about
d�ÿ1.9.[8, 9] Conversion of 3 a ± e to 4 a ± e significantly shifts
these signals upfield to about d�ÿ2.5. This might arise from
a shortening of the axial RuÿN bond lengths,[31] which would
render the tBu groups more strongly affected by the porphyrin
ring current. As expected, for each porphyrinato ligand, the
spectrum of any of 4 a ± d or 10 is virtually identical with that
of its osmium analogue (Table 1).


Complexes 5 ± 10 exclusively exhibit only one set of ortho
and meta, if any, proton resonances of the porphyrinato
ligands, as expected for the symmetrical coordination at the
axial sites. A typical spectrum of 7 b is shown in Figure 2. All
the signals arising from Ho, Hm, H'o, and H'm appear as sharp
doublets. Since the ortho or meta protons on both sides of the
phenyl group of p-ClC6H4NHÿ are equivalent, there must be a
rapid rotation of the phenyl ring about the CÿN bond of the
arylamido ligand. This is in contrast with the case of
[(PhNH)RuIIH(PMe3)4],[32] in which such a rotation is pro-
hibited.


The solutions of 6 a and 6 b in chloroform are very air-
sensitive (vide infra). Addition of free p-chloroaniline to the
solution appreciably stabilized 6 a so that its 1H NMR
spectrum could be obtained. Free p-chloroaniline exhibits
the meta, ortho, and NH2 signals at d� 7.08, 6.57, and 3.63,
respectively. On binding to the ruthenium(ii) ion, all these


signals shift to high fields and appear at d� 6.05, 2.95, and
ÿ4.30, respectively. After addition of D2O, the NH2 signals of
both the free and bound arylamine almost completely
disappear. However, the other signals of 6 a were essentially
unaffected. A comparison of the ortho and meta proton
resonances of the axial p-chlorophenyl groups of 6 a with
those of 7 a reveals that the resonances of 6 a (d� 2.95 and
6.05, respectively) appear at appreciably lower fields than
those of 7 a (d� 2.85 and 5.84, respectively); this suggests that
the axial groups in 6 a are less strongly affected by the
porphyrin ring current and are further from the porphyrin
ring. This is also in agreement with longer RuÿN(axial) bond
lengths expected for 6 a.


It is well known that, for diamagnetic metalloporphyrins, Hb


chemical shifts usually increase with the oxidation state of the
metal ions.[33, 34] This is well reflected in Table 1. Further, the
Hb chemical shifts of the ruthenium(vi) (4 a ± e and 10),
ruthenium(iv) (5 a, 5 b, 7 a, 7 b, 8 a, and 8 b), and ruthenium(ii)
(6 a, 9 a, and 9 b) complexes are found to be in the range of d�
8.73 ± 9.03, 8.29 ± 8.44, and 8.09 ± 8.12, respectively, and are
similar to those reported for the dioxoruthenium(vi),[7]


bis(alkyl)ruthenium(iv),[35] and bis(alkylamine)rutheni-
um(ii)[8b, 9] porphyrins, respectively.


IR spectroscopy : Both complexes 6 a and 6 b exhibit two sharp,
albeit weak NH2-stretching bands at about 3315 and
3263 cmÿ1. In contrast, the spectra of 7 a, 7 b, 8 a, and 8 b each
show only one NH-stretching band (also sharp but weak) at
about 3265 cmÿ1, a frequency slightly higher than that
observed for their osmium analogues (ca. 3255 cmÿ1),[14] but
substantially lower than that of [(PhNH)RuIIH(PMe3)4]
(3370 cmÿ1).[32] As expected, there are no NÿH-stretching
bands in the spectra of 4 a ± e, 5 a, 5 b, 9 a, and 9 b.


The ªoxidation-state markerº bands[36] of ruthenium(vi)
(4 a ± e), ruthenium(iv) (5 a, 5 b, 7 a, 7 b, 8 a, and 8 b), and
ruthenium(ii) (6 a, 6 b, 9 a, and 9 b) complexes appear at about
1016, 1010, and 1000 cmÿ1, respectively, and are again similar
to those of other reported ruthenium porphyrins of the same
oxidation states.[6c, 7, 8b, 9, 15] For the oxo(imido) complexes 4 a,


4 d, and 4 e, a band of moderate
intensity at 1232,[9] 1222 and
1219 cmÿ1, respectively, might
correspond to the Ru�NtBu
group. Such bands are totally
absent in the spectra of carbon-
yl-, dioxo-, and bis(tert-butyl-
amine)ruthenium complexes
with the corresponding por-
phyrinato ligands. The Ru�O
stretching bands of 4 a, 4 b, and
4 d are located at about
803 cmÿ1, a frequency signifi-
cantly lower than that of
their dioxo analogues (ca.
820 cmÿ1).[6, 7] This could be ex-
plained by a push ± pull ef-
fect.[31] The phenomenon of
considerably lowering the re-
maining M�O stretching fre-Figure 2. 1H NMR spectrum (300 MHz) of 7b in CDCl3.
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quencies, by replacing an oxo
group with an alkylimido
group, has also been observed
for [OsVIIIOn(NtBu)4ÿn][37] and
[OsVIOn(Por)(NtBu)2ÿn][14] sys-
tems.


UV/visible spectroscopy : While
dioxoruthenium(vi) (2)[7] and
osmium(vi)[38] porphyrins show
very different UV/visible spec-
tra, the spectra of oxo(imido)-
ruthenium(vi) porphyrins 4 are
similar to those of their osmium
analogues (ª4-Osº) in some
spectral regions. For example,
both 4 a ± d and 4 a ± d-Os[14] ex-
hibit the b and a bands at about
560 and 600 nm, respectively.
However, relative to 4 a ± d-Os,
the Soret bands of 4 a ± d are
blue-shifted by as much as
about 20 nm. A typical spec-
trum of 4 b is shown in Figure 3.
For comparison, the spectrum
of its dioxo analogue 2 b is given
in the inset. Evidently, replac-
ing an oxo group of the dioxo
complex with a tert-butylimido
group only causes a slight
change on the Soret band, but
red shifts both the b and a


bands by more than 40 nm.
Bis(amido)ruthenium(iv)


complexes 5 a, 5 b, 7 a, 7 b, 8 a,
and 8 b generally exhibit b and
a bands at around 527 and
562 nm, respectively. However,
relative to the diphenylamido
complex 5 a and 5 b, the arylamido complexes 7 a, 7 b, 8 a, and
8 b have slightly blue-shifted Soret bands. A representative
spectrum of 7 a is shown in Figure 4 (dashed line). Like
bis(arylamido)osmium(iv) porphyrins,[14] complexes 7 a, 7 b,
8 a, and 8 b exclusively show a long tail on the red side of the
band. The spectra of bis(amine)ruthenium(ii) adducts 6 a, 6 b,
9 a, and 9 b all exhibit bands at about 295, 330, 410 (Soret), 505
(b), and 530 (a) nm, very similar to those of the reported
bis(alkylamine)ruthenium(ii) porphyrins.[8, 9] The spectrum of
6 a is also shown in Figure 4 (solid line). Evidently, conversion
of the bis(amine) complex 6 a to the bis(amido) complex 7 a
red shifts its b and a bands by about 20 nm.


The oxidative deprotonation processes of 6 to form 7 could
be conveniently monitored by UV/visible spectrophotometry.
Figure 5 depicts the time-dependent UV/visible spectra of 6 a
in aerobic chloroform. The overall process shows no clean
isosbestic points; this suggests that the conversion of 6 a to 7 a
is not smooth and must involve an unknown intermediate(s).
Under the UV/visible conditions, it took only three minutes
for 6 a to be completely oxidized to 7 a.


X-ray structure determination of 7a ´ 2 CH2Cl2 : The molecular
structure of 7 a was determined by a single-crystal X-ray
diffraction study. Figure 6 shows the ORTEP drawing and
atom-numbering scheme. Crystallographic data for the struc-
ture determination, and selected bond lengths and angles are
listed in Tables 2 and 3 respectively. To the best of our
knowledge, complex 7 a is the first structurally characterized
arylamido metalloporphyrin.


The structure of 7 a has a C2 rotation axis through the atoms
C28, C27, C24, C11, Ru1, C1, C12, C15, and C16. The
ruthenium(iv) ion is located in the center of the porphyrinato
ring and has a distorted octahedral environment coordinated
to six nitrogen atoms. The RuÿN(arylamido) bond lengths
are both 1.956(7) �, and are similar to that of the
RuÿNHAr bond (1.94(2) �) in [(h6-C6Me6)RuIICl(NHAr)],[23d]


slightly shorter than that of the RuÿN(tosylamido) bond
(2.025(11) �) in [RuIV(TPP)(NHTs)(Pz)],[39] and significantly
shorter than that of the RuÿNHPh bond (2.160(6) �)
in [(PhNH)RuIIH(PMe3)4].[32] The Ru1-N3-C29 and Ru1-
N3*-C29* angles are 135.8(6)8 and are similar to the


Figure 3. UV/Vis spectrum of 4 b in CHCl3. The inset shows the spectrum of 2b in the same solvent.


Figure 4. UV/Vis spectra of 6 a (ÐÐ) and 7a (± ±±) in CHCl3.
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corresponding angles observed for other amido com-
plexes.[32, 39]


The p-chlorophenylamido axial ligands are both planar.
Both of their least-squares planes form a dihedral angle of
about 608 with that of the porphyrin ring. The N3-Ru1-N3*
angle of 167.5(4)8 is similar to the axial N-Os-N angle of
165.1(2)8 in the bis(arylimido) complex [OsVI(TTP)-
(N-p-C6H4NO2)2].[40] However, the torsion angle of C29-N3-
N3*-C29* in 7 a is about 1368, and is very different from


the corresponding angle of
about 38 in [OsVI(TTP)(N-p-
C6H4NO2)2].[40] According to
our previous rationalization
for the diamagnetism of 5 a,[15]


an idealized structure of 7 a
should have an N3-Ru1-N3*
angle of 1808 and a C29-N3-
N3*-C29* torsion angle of ei-
ther 1808 or 08. Evidently, the
observed structure of 7 a is sub-
stantially distorted from this
idealized geometry. Such a dis-
tortion might be a result of a
solid state effect or packing
forces.[40] While the structure
of 7 a has low symmetry in the
solid state, its solution 1H NMR
spectrum corresponds to struc-
ture of quasi-D4h symmetry.


Mass spectrometry : Despite extensive efforts, diffraction-
quality single crystals of the complexes 4 ± 6 and 9 have not
been obtained. In order to provide further support to the
formulation of these types of complexes, we measured the
electrospray mass spectra of 4 d and 5 b and the FAB mass
spectra of 6 a, 6 b, 9 a, and 9 b. In all cases, the peaks due to the
parent ions [M]� of these complexes with correct isotope
patterns were observed. The positive ion FAB mass spectra of


Figure 5. Time-dependent UV/Vis spectra of 6a in CHCl3. The spectra were recorded at 10 second intervals
within a total of 200 seconds.


Figure 6. ORTEP drawing and atom-numbering scheme for 7a. H atoms are omitted. Thermal ellipsoids are drawn at the 40 % probability level. Starred
atoms have coordinates at ÿx, y, 0.5ÿ z.
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bis(amine)ruthenium(ii) adducts 6 a, 6 b, 9 a, and 9 b generally
show a set of three cluster peaks corresponding to [M]� and
the fragments [MÿL]� and [Mÿ 2 L]� due to sequential loss
of the coordinated amine axial ligands (L). The positive-ion
electrospray mass spectrum of 5 b shows two prominent peaks
attributable to [M]� and [MÿNPh2]� , with the former being
considerably more intense. Interestingly, the positive-ion
electrospray mass spectrum of 4 d exhibits very little frag-
mentation. The parent ion [M]� was located at m/z 939.0. A
much weaker cluster peak at m/z 922.9 might come from the
loss of the oxo group from [M]� . It is worth noting that no
peak attributable to the loss of the tert-butylimido group was
observed. It seems that the Ru�NtBu group is more robust
than the Ru�O group under the electrospray-MS conditions.


Conclusion


The isolated dioxoruthenium(vi) porphyrins are highly reac-
tive toward primary, secondary, and even tertiary amines and
serve as good precursors for the preparation of several
interesting types of ruthenium complexes including bis(aryl-
amine) and bis(tert-butylamine)ruthenium(ii), bis(arylamido)-


and bis(diphenylamido)ruthenium(iv), and oxo(tert-butylimi-
do)ruthenium(vi) porphyrins. The simple isolation of [RuII-
(Por)(NH2-p-C6H4Cl)2] (Por�TTP; 4-Cl-TPP) first demon-
strated that an arylamine can form fairly stable adducts with a
metalloporphyrin despite being more weakly basic than an
alkylamine. The formation of [RuIV(Por)(NH-p-C6H4Cl)2]
(Por�TTP; 4-Cl-TPP) from autooxidation of [RuII-
(Por)(NH2-p-C6H4Cl)2] in chloroform exposed to the atmos-
phere, provided the first cases in which an amido metal-
loporphyrin is formed unambiguously through oxidative
deprotonation of the corresponding amine adducts. Oxo-
(tert-butylimido)ruthenium(vi) porphyrins [RuVIO(Por)(Nt-
Bu)] (Por�TPP; 3,4,5-MeO-TPP; TTP; 4-Cl-TPP; 3,5-Cl-
TPP), the only examples of mononuclear ruthenium com-
pounds bearing both Ru�NR and Ru�O functional groups,
could be generally prepared through oxidation of the
corresponding bis(tert-butylamine) adducts by bromine in
dichloromethane in the presence of tert-butylamine and traces
of water.


Experimental Section


General : Ru3(CO)12 (99 %, Aldrich), m-chloroperoxybenzoic acid (m-
CPBA; 55%, Merck), NH2tBu (99.5�%, Aldrich), n-octylamine (99 %,
Aldich), isopropylamine (99 %, Fluka), dimethylamine (40 wt % solution
in water, Aldrich), NHPh2 (99 %, BDH), NMe3 (40 wt % solution in water,
Fluka), and 4-nitroaniline (99�%, Aldrich) were all used as received.
4-Chloroaniline (98 %, Aldrich) was recrystallized from chloroform before
use. All the solvents were of AR grade. The free porphyrin bases, H2(Por)
(Por�TPP; 3,4,5-MeO-TPP; TTP; 4-Cl-TPP; 3,5-Cl-TPP),[5] were pre-
pared by literature methods.[41] The complexes 2a ± e[7] and their precursors
[RuII(Por)(CO)(MeOH)][42] were all synthesized according to standard
procedures. The spectral data of 4 a and 4b[9] and the characterization of
5a[15] have been reported in previous communications. Ultraviolet and
visible (UV/Vis) spectra were measured on a Milton Roy Spectronic 3000
Array spectrophotometer. 1H NMR spectra were recorded on a Bruker
DPX 300 spectrometer. In all cases, the solvent (CDCl3) contained
tetramethylsilane (TMS) as an internal standard. Chemical shifts (ppm)
were reported relative to TMS. Infrared spectra were obtained with a
Nicolet 20 SXC FT-IR spectrometer. FAB mass spectra were measured on
a Finnigan MAT 95 mass spectrometer with 3-nitrobenzyl alcohol as a
matrix. Electrospray mass spectra were measured on a Finnigan LCQ
quadrupole ion trap mass spectrometer. Samples were dissolved in
dichloromethane. The spray and capillary voltages were 3.0 eV and
46.0 eV, respectively. GC ± MS measurements were carried out on a
HP G1800C GCD Series II spectrometer. Elemental analyses were per-
formed by Butterworth (UK) and Institute of Chemistry, the Chinese
Academy of Sciences.


Oxo(tert-butylimido)ruthenium(vvii) porphyrins 4 : Compound 3 (50 mg)
was dissolved in dichloromethane (15 mL) in the presence of tert-butyl-
amine (0.2 mL). A dilute solution of bromine (60 mm) in dichloromethane
was added dropwise, and the progress of the reaction was monitored by
UV/Vis spectrophotometry. Addition of bromine continued until the b


band of 3 at about 506 nm disappeared completely. At this stage, the
reaction mixture contained a small amount of white precipitate and was
greenish-red. After filtration, the filtrate was concentrated to ca. 5 mL and
then transferred to an alumina column. The leading band (brown) was
eluted with a dilute solution of tert-butylamine in dichloromethane
(1:200 v/v). n-Heptane (10 mL) was added to the eluate. Reducing the
solvent volume on a rotary evaporator to ca. 5 mL led to precipitation of
the product as a dark purple solid, which was collected by filtration, washed
with hexane, and dried.


Oxo(tert-butylimido)(meso-tetraphenylporphyrinato)ruthenium(vvii) (4 a):
Yield: 95%; C48H37N5ORu (800.93): calcd C 71.98, H 4.66, N 8.74; found
C 71.64, H 4.81, N 8.49.


Table 2. Structure determination summary for 7a ´ 2 CH2Cl2


empirical formula C60H46N6Cl2Ru2CH2Cl2


formula weight 1192.91
crystal system monoclinic
space group C2/c (No. 15)
a [�] 22.583(3)
b [�] 22.536(3)
c [�] 11.369(2)
b [8] 110.43(2)
V [�3] 5662(1)
Z 4
F(000) 2440
T [K] 301
rcalcd [gcmÿ3] 1.399
m [mmÿ1] 0.423
data collected h, k, � l
reflections collected 24971
independent reflections 4565
observed reflections [I> 3 s(I)] 2790
parameters 346
R[a] 0.076
Rw


[b] 0.106
goodness-of-fit 2.19
(D/1)max 0.05


[a] R�S j jFo j ÿ jFc j j /S jFo j . [b] Rw� [Sw j jFo j ÿ jFc j j 2/Sw jFo j 2]1/2


Table 3. Selected bond lengths [�] and angles [8] for 7a ´ 2CH2Cl2


Ru1ÿN1 2.051(6) Ru1ÿN1* 2.051(6)
Ru1ÿN2 2.057(7) Ru1ÿN2* 2.057(7)
Ru1ÿN3 1.956(7) Ru1ÿN3* 1.956(7)
N3ÿC29 1.39(1) N3*ÿC29* 1.39(1)


N3-Ru-1N3* 167.5(4)
Ru1-N3-C29 135.8(6) Ru1-N3*-C29* 135.8(6)
N1-Ru1-N1* 91.4(4) N1-Ru1-N2 88.7(2)
N2-Ru1-N2* 91.4(4) N1-Ru1-N2* 88.7(2)
N3-Ru1-N1 99.2(3) N3-Ru1-N1* 89.5(3)
N3*-Ru1-N1* 99.2(3) N3*-Ru1-N1 89.5(3)
N3-Ru1-N2 87.7(3) N3-Ru1-N2* 83.6(3)
N3*-Ru1-N2* 87.7(3) N3*-Ru1-N2 83.6(3)
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Oxo(tert-butylimido)(meso-tetrakis{3,4,5-trimethoxyphenyl}porphyrinato)-
ruthenium-(vvii) (4 b): Yield: 90%; C60H61N5O13Ru (1161.25): calcd C 62.06,
H 5.29, N 6.03; found C 61.74, H 5.30, N 5.71.


Oxo(tert-butylimido)(meso-tetrakis{p-tolyl}porphyrinato)ruthenium(vvii)
(4c): Yield: 85 %; UV/Vis (1.47� 10ÿ5 M, CHCl3): lmax (log e)� 272 (4.38),
317 (4.22), 422 (5.18), 565 (3.86), 605 nm (3.53); IR (Nujol): nÄ � 1016 cmÿ1


(ªoxidation state markerº band); both the Ru�O and Ru�NtBu stretching
bands were obscured by those of the porphyrinato ligand; C52H45N5ORu
(857.03): calcd C 72.88, H 5.29, N 8.17; found C 72.39, H 5.42, N 8.30.


Oxo(tert-butylimido)(meso-tetrakis{p-chlorophenyl}porphyrinato)ruthe-
nium(vvii) (4d): Yield: 90%; UV/Vis (1.36� 10ÿ5 M, CHCl3): lmax (loge)� 279
(4.49), 329 (4.20), 420 (5.21), 561 (3.88), 601 nm (3.52); IR (Nujol): nÄ � 1222
(Ru�NtBu), 804 (Ru�O), 1013 cmÿ1 (ªoxidation state markerº band);
Electrospray MS (CH2Cl2): m/z : 939.0 [M]� , 922.9 [MÿO]� ;
C48H33N5OCl4Ru (938.70): calcd C 61.42, H 3.54, N 7.46; found C 61.17, H
3.70, N 7.61.


Oxo(tert-butylimido)(meso-tetrakis{3,5-dichlorophenyl}porphyrinato)ru-
thenium(vvii) (4e): Yield: 88 %; UV/Vis (1.20� 10ÿ5 M, CHCl3): lmax


(log e)� 279 (4.37), 334 (4.31), 418 (5.17), 559 (3.93), 597 nm (3.58); IR
(Nujol): nÄ � 1219 (Ru�NtBu), 1016 cmÿ1 (ªoxidation state markerº band).
The Ru�O stretching band waas obscured by an intense band at ca.
800 cmÿ1 of the porphyrinato ligand; C48H29N5OCl8Ru (1076.48): calcd C
53.56, H 2.71, N 6.51; found C 53.21, H 2.90, N 6.29.


Bis(diphenylamido)ruthenium(iivv) porphyrins (5): Freshly prepared 2
(0.5 equiv) was added to a solution of diphenylamine (28 mg) in dichloro-
methane (20 mL). The mixture was stirred at room temperature for 15 h.
The resulting red solution was concentrated to ca. 2 mL and subjected to
chromatography over alumina with chloroform as the eluent. The leading
brown band was collected and evaporated to dryness. Recrystallization of
the residual solid from dichloromethane/heptane yielded dark purple
crystals.


(meso-Tetrakis{3,5-dichlorophenyl}porphyrinato)bis(diphenylamido)ru-
thenium(iivv) (5b): Yield: 62 %; UV/Vis (6.71� 10ÿ6 M, CHCl3): lmax


(log e)� 279 (4.38), 330 (4.20), 424 (5.20), 525 (4.34), 555 nm (4.18); IR
(Nujol): 1013 cmÿ1 (ªoxidation state markerº band); Electrospray MS
(CH2Cl2): m/z : 1325.9 [M]� , 1157.7 [MÿNPh2]� ; C68H40N6Cl8Ru (1325.80):
calcd C 61.60, H 3.04, N 6.34; found C 61.28, H 2.80, N 6.27.


Bis(arylamine)ruthenium(iiii) porphyrins (6)


Method a : Freshly prepared 2 (50 mg) was added to a solution of p-
chloroaniline (500 mg) in ethanol (10 mL). The mixture was stirred
overnight to give a brown suspension. The solid was collected by filtration,
washed with ethanol and dried.


Method b : Freshly prepared 2 (50 mg) was added to a solution of p-
chloroaniline (500 mg) in dichloromethane (10 mL). The solid dissolved
immediately and the mixture turned dark green; it then changed into a
brown solution within 15 min. After removal of the solvent, the residual
was washed with ethanol and dried.


Methods a and b afforded the following products as yellowish-brown solids
in almost the same yields.


(meso-Tetrakis{p-tolyl}porphyrinato)bis(p-chloroaniline)ruthenium(iiii)
(6a): Yield: 89 %; UV/Vis (CHCl3): lmax� 295, 326 (sh), 414 (Soret), 507,
533 nm (sh); IR (KBr pellet): nÄ � 3309 (NH), 3259 (NH), 1000 cmÿ1


(ªoxidation state markerº band); FAB MS (CHCl3): m/z : 1025 [M]� , 897
[MÿNH2Ar]� , 770 [Mÿ 2NH2Ar]� ; C60H48N6Cl2Ru (1025.06): calcd C
70.30, H 4.72, N 8.20; found C 70.01, H 4.70, N 8.18.


(meso-Tetrakis{p-chlorophenyl}porphyrinato)bis(p-chloroaniline)ruthe-
nium(iiii) (6b): Yield: 91%; UV/Vis (CHCl3): lmax� 293, 329 (sh), 414
(Soret), 507, 530 nm (sh); IR (KBr pellet): nÄ � 3322 (NH), 3268 (NH),
1000 cmÿ1 (ªoxidation state markerº band); FAB MS (CHCl3): m/z : 1107
[M]� , 979 [MÿNH2Ar]� , 852 [Mÿ 2 NH2Ar]� ; C56H36N6Cl6Ru (1106.73):
calcd C 60.78, H 3.28, N 7.59; found C 60.37, H 3.55, N 7.70.


Bis(arylamido)ruthenium(iivv) porphyrins 7: A mixture of 6 (40 mg) and
chloroform (20 mL) exposed to the atmosphere was stirred for 0.5 h for 6a
and 1.5 h for 6 b, and gave rise to a homogeneous dark green solution. The
solvent was then removed on a rotary evaporator, and the residual solid was
recrystallized from dichloromethane/n-hexane to give the desired product
as dark purple crystals.


(meso-Tetrakis{p-tolyl}porphyrinato)bis(p-chlorophenylamido)ruthenium(iivv)
(7a): Yield: 90%; UV/Vis (8.99� 10ÿ6 M, CHCl3): lmax (log e)� 416 (5.12),


529 (4.26), 563 nm (4.02, sh); IR (KBr pellet): nÄ 3267 (NH), 1009 cmÿ1


(ªoxidation state markerº band). C60H46N6Cl2Ru ´ 2 CH2Cl2 (1192.91): calcd
C 62.43, H 4.22, N 7.04; found C 62.42, H 4.28, N 6.93.


(meso-Tetrakis{p-chlorophenyl}porphyrinato)bis(p-chlorophenylamido)-
ruthenium(iivv) (7b): Yield: 93%; UV/Vis (8.69� 10ÿ6 M, CHCl3): lmax (log
e)� 417 (5.15), 527 (4.28), 561 nm (4.01, sh); IR (KBr pellet): nÄ � 3264
(NH), 1009 cmÿ1 (ªoxidation state markerº band); C56H34N6Cl6Ru
(1104.71): calcd C 60.89, H 3.10, N 7.61; found C 60.50, H 3.43, N 7.55.


Bis(arylamido)ruthenium(iivv) porphyrins 8 : Freshly prepared 2 (30 mg) was
added To a solution of p-nitroaniline (500 mg) in ethanol (10 mL). The
mixture was stirred overnight to give a dark purple suspension. The solid
was collected by filtration, washed with ethanol and dried. The desired
products were isolated as dark purple solids.


(meso-Tetrakis{p-tolyl}porphyrinato)bis(p-nitrophenylamido)ruthenium(iivv)
(8a): Yield: 85%; UV/Vis (8.11� 10ÿ6 M, CHCl3): lmax (log e)� 412 (5.11),
527 (4.17), 561 nm (3.88, sh); IR (KBr pellet): nÄ 3266 (NH), 1011 cmÿ1


(ªoxidation state markerº band); C60H46N8O4Ru (1044.14): calcd C 69.02,
H 4.44, N 10.73; found C 69.00, H 4.42, N 10.41.


(meso-Tetrakis{p-chlorophenyl}porphyrinato)bis(p-nitrophenylamido)-
ruthenium(iivv) (8b): Yield: 88 %; UV/Vis (7.68� 10ÿ6 M, CHCl3): lmax


(log e)� 413 (5.12), 528 (4.19), 562 nm (3.89, sh); IR (KBr pellet): nÄ 3265
(NH), 1011 cmÿ1 (ªoxidation state markerº band); C56H34N8Cl4O4Ru ´
4H2O (1197.88): calcd C 56.15, H 3.53, N 9.35; found C 55.83, H 3.04, N
9.26.


Bis(trimethylamine)ruthenium(iiii) porphyrins (9): Freshly prepared 2
(30 mg) was suspended in a solution of trimethylamine in water (40 wt %,
15 mL). The mixture was stirred overnight. The solid was then collected by
filtration, washed with ethanol, and dried. The following products were
obtained as yellowish-brown solids in essentially quantitative yield.


(meso-Tetrakis{p-tolyl}porphyrinato)bis(trimethylamine)ruthenium(iiii)
(9a): UV/Vis (8.30� 10ÿ6 M, CHCl3): lmax (log e)� 265 (4.47), 296 (4.57),
330 (4.36), 407 (5.25), 504 (4.31), 530 nm (3.68, sh); IR (KBr pellet): nÄ �
998 cmÿ1 (ªoxidation state markerº band); FAB MS (CHCl3): m/z : 888
[M]� , 829 [MÿNMe3]� , 770 [Mÿ 2NMe3]� ; C54H54N6Ru ´ H2O (906.15):
calcd C 71.58, H 6.23, N 9.27; found C 71.82, H 6.03, N 9.50.


(meso-Tetrakis{p-chlorophenyl}porphyrinato)bis(trimethylamine)ruthe-
nium(iiii) (9 b): UV/Vis (9.81� 10ÿ6 M, CHCl3): lmax (log e)� 267 (4.47), 300
(4.59), 331 (4.41), 407 (5.26), 504 (4.33), 530 nm (3.67, sh); IR (KBr pellet):
nÄ � 998 cmÿ1 (ªoxidation state markerº band); FAB MS (CHCl3): m/z : 970
[M]� , 911 [MÿNMe3]� , 852 [Mÿ 2 NMe3]� ; C50H42N6Cl4Ru ´ 0.5H2O
(978.81): calcd C 61.36, H 4.43, N 8.59; found C 61.34, H 4.21, N 8.32.


Reactions of 2 with alkylamines : Freshly prepared 2 (5 mg) was added to a
solution of alkylamine (0.5 mL) in dichloromethane or chloroform (2 mL).
Shaking the mixture for a few seconds gave rise to a homogenous solution.
The progress of the reaction was monitored by UV/Vis spectrophotometry,
which gave the following results: i) For n-octylamine, isopropylamine, and
diethylamine, complexes [RuII(Por)(L)2] (L� n-octylamine, isopropyla-
mine, and diethylamine, respectively),[8] were formed within 1 min. No
other ruthenium porphyrins were detected. ii) For trimethylamine, the
reaction was considerably slower. Some unknown species was detected
within the first 5 min. After ca. 1 h, however, the only detectable
metalloporphyrin products were complexes 9a and 9 b. iii) For tert-
butylamine, there was no appreciable reaction within the first 5 min. After
the reaction had proceeded for about 2 h, a mixture of complexes 3 and 4
was obtained.


Reaction of 2 with tert-butylamine in hexane : A suspension of 2 c (20 mg)
in hexane (20 mL) containing tert-butylamine (1 mL) was refluxed for 1 h,
leading to formation of a greenish-red solution. Upon cooling to ambient
temperature, the solution was filtered to remove any insoluble material and
then evaporated to dryness, affording a dark purple solid (12 mg), which
was characterized to be a mixture of 4 c and 10 by 1H NMR spectroscopy.


X-ray crystal structure determination of 7a ´ 2 CH2Cl2 : Crystals of 7 a ´
2CH2Cl2 were grown by cooling a solution of 7a in dichloromethane/n-
hexane (1:2 v/v) at ÿ15 8C. A purple crystal of dimensions 0.35� 0.15�
0.10 mm in a glass capillary was used for data collection at 28 8C on a MAR
diffractometer with a 300 mm image plate detector with graphite mono-
chromatized MoKa radiation (l� 0.71073 �). Data collection was per-
formed with 38 oscillation (60 images) at 120 mm distance and 720 s
exposure. The images were interpreted and intensities integrated by using
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the program DENZO.[43] Intensity data were in the range of 2qmax� 50.98 ;
h : 0 to 28; k : 0 to 26; l : 12 to 12. The space group was uniquely determined
based on a statistical analysis of intensity distribution. The structure was
solved by Patterson methods and expanded by Fourier methods (PAT-
TY[44]), and refined by full-matrix least-squares using the software package
TeXsan[45] on a Silicon Graphics Indy computer. A crystallographic
asymmetric unit consists of half of one formula unit. In the least-squares
refinement, all 35 non-H atoms were refined anisotropically. 27 H atoms at
calculated positions with thermal parameters equal to 1.3 times that of the
attached C atoms were not refined. The final difference Fourier map was
featureless, with maximum positive and negative peaks of 0.96 and
1.10 e �ÿ3, respectively. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-132911. 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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Scheme 2. ªPush ± pullº effect on ruthenium complexes that contain
Ru�NtBu and Ru�O bonds.








Platinum-Catalysed Allylic Alkylation: Reactivity, Enantioselectivity,
and Regioselectivity


A. John Blacker,[b] Matthew L. Clarke,[a] Michael S. Loft,[c] Mary F. Mahon,[a]


Mark E. Humphries,[a] and Jonathan M. J. Williams,*[a]


Abstract: The use of platinum com-
plexes as catalysts for allylic substitution
has been studied. A variety of different
complexes catalyse the reaction, and
several substrates have been tested. In
the alkylation of mono(alkyl)-substitut-
ed allylic acetates, regioselectivity is
highly dependent on ligand choice. By
using tricyclohexylphosphine as the li-
gand, almost complete formation of
branched products is observed. The
development of a highly enantioselec-


tive (ca. 80 ± 90 % ee) reaction that
makes use of chiral diphenylphosphino-
oxazoline ligands (abbreviated as (S)-
P^N) is also described. The enantiose-
lectivity is highly dependent on the ratio
of ligand to platinum (when the ratio
ligand/Pt is greater than 1:1, the ee drops


off dramatically). This is in contrast to
palladium and is interpreted in terms of
differing coordination chemistry for the
two metals ((S)-P^N is hemilabile when
complexed to platinum) and should be
of significance to future systems that
utilise heterobidentate ligands. The crys-
tal structures of two isoelectronic plati-
num and palladium complexes [{(S)-
P^N}MCl2] are also described.


Keywords: alkylations ´ asymmetric
catalysis ´ platinum ´ regioselectiv-
ity


Introduction


Allylic substitution reactions that are catalysed by transition
metals are an area of considerable research interest. The
palladium-catalysed reaction has been well studied and
constitutes an important tool in organic synthesis.[1] The use
of other transition metal catalysts is now gaining increasing
importance. Nickel catalysts have received considerable
attention and allowed the use of Grignard reagents and
organoborates as nucleophiles.[2, 3] Tungsten,[4] molybdenum[5]


and iridium[6] catalysts are particularly interesting as these
give different selectivities to palladium. There are now
examples of highly enantioselective reactions catalysed by
these metals. Molybdenum catalysts additionally allow the use
of electron-rich aromatics as nucleophiles.[7] There are also
reports on rhodium-,[8] ruthenium-,[9] copper-[10a] and cobalt-
catalysed[10b] allylic substitution. Given the periodic relation-


ship of platinum to palladium, it is surprising that the potential
of platinum as a catalyst for this important reaction has not
been fully investigated. [(Ph3P)4Pt] has been shown to
catalyse the alkylation of propenyl and butenyl acetates,[11]


while [(R,R-diop)Pt(h3-C4H8)]BF4 (DIOP� [(2,2-dimethyl-
1,3-dioxalane-4,5-diyl)bis(methylene)]bis(diphenylphosphine)
catalyses the alkylation of but-2-enyl acetate with low
enantioselectivity, but with better regioselectivity than with
palladium.[12] Murai and co-workers have also reported
that substitution at both vinyl and allylic positions may
be possible when 2-chloroallyl acetate is used as the sub-
strate.[13] As far as we know, no other studies have been
carried out. We therefore wished to find out if the use of a
platinum catalyst could expand the scope of this reaction still
further. Herein we describe the first highly enantioselective
allylic alkylations catalysed by platinum complexes.[14] In
addition, the scope of platinum-catalysed allylic substitutions
has been explored by studying a variety of pro-catalysts and
substrates.


The platinum catalysts show important differences when
compared with palladium, thus providing information about
the different coordination chemistry of the two metals.


Results and Discussion


As a starting point, we tested the readily available precursors
[(Ph3P)4Pt], [(PPh3)2Pt-ethylene] and [Pt(dba)2][15] in the
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presence of the chiral ligand (4S)-2-(2-diphenylphosphino-
phenyl)-4 ± isopropyl-1,3-oxazoline (1) (here on abbreviated
as (S)-P^N). This ligand is one of the most successful ligands
for allylic substitution reactions when catalysed by palladium,
iridium or tungsten.[4b, 6b, 16]


The reaction chosen was the alkylation of diphenylprop-2-
enyl acetate (2) with dimethyl malonate to produce 3
(Scheme 1). This reaction is often used as a standard to assay
the effectiveness of a new ligand or catalyst.


Scheme 1. Allylic alkylation of diphenylprop-2-enyl acetate.


The first two catalyst systems proceeded readily, giving
complete conversion to product after 16 hours at room
temperature (Table 1: entries 1, 2). However, enantioselectiv-
ity is low. It is our contention that during these reactions the


major catalytic species does not contain a chelating phosphi-
no-oxazoline ligand. This is possible as the excess triphenyl-
phosphine present could compete with the nitrogen donor of
the oxazoline group for a coordination site on the platinum. It
is assumed that (S)-P^N needs to chelate in order to achieve
high selectivity. The low enantioselectivity is somewhat in
contrast to palladium, as Gais and co-workers have success-
fully used a combination of [(Ph3P)4Pd] and ligand 1 as a
highly enantioselective catalyst.[17]


When [Pt(dba)2] and (S)-P^N were used as the catalyst
system (Table 1: Entry 3), a highly enantioselective reaction
was realised, but only a trace amount of product was obtained.
This catalytic system was tested again under many different
conditions, but we never found a system that gave good
turnover. It has recently been reported that palladium-dba
complexes are less active catalysts than the combination of
palladium(ii) and a reducing agent.[18] In order for allylic


alkylation reactions to proceed, the dba has to be replaced by
the allylic acetate, and studies on diphosphine-platinum
complexes, [(P^P)Pt(dba)], have revealed that dba is not
easily displaced, even by phosphine ligands.[19]


After further studies, it became clear that we needed to
determine which complex types would catalyse the reaction
with maximum efficiency. To this end, the seven catalysts in
Table 2 were prepared. The complexes in entries 1 ± 5 and 7
(Table 2) were either prepared by a literature procedure or
purchased. [(dppe)PtC3H5]BF4 (Entry 6) was prepared as for
[(PPh3)Pt(C3H5)]BF4.[20] Each of these compounds was tested
under identical conditions in the standard reaction
(Scheme 1) shown.


In the platinum-catalysed reaction, it appears that the
source of zerovalent platinum is crucial to the high reactivity
of the system. The lower reactivity of zerovalent bis(diphos-
phine) complexes (Entry 3) is not observed in the Pd-
catalysed reaction, and it has been suggested that [(dppe)2Pd]
is a more reactive catalyst than [(Ph3P)4Pd]. Complexes that
do not act as catalysts at 20 8C are thought to be less prone to
dissociation into a coordinatively unsaturated species. It is
therefore plausible that the oxidative addition step of the
reaction does not occur at room temperature for these
compounds.


Having found out more about the type of procatalyst
required, we returned to the enantioselective reaction. In
order to avoid contamination from less enantioselective
reaction pathways during the reactions, it seemed most
sensible to synthesise a procatalyst that contains a single
phosphino-oxazoline ligand which chelates to the platinum.
This should also fulfil the requirement of having a coordina-
tively unsaturated species that undergoes the oxidative
addition reaction.


As [(Ph3P)2Pt-trans-stilbene] was a convenient and active
catalyst, we attempted to prepare the enantiomerically pure
analogue [{(S)-P^N}Pt-trans-stilbene] (6). Enantiomerically
pure platinum complexes of trans-stilbene are of considerable
interest in their own right as models for enantioface recog-
nition of alkenes.[21, 22] Complexes of this type are typically
prepared by reduction of the corresponding dichloro complex,
[LPtCl2], in the presence of the alkene. [{(S)-P^N}PtCl2] (4)
was prepared by the route shown in Scheme 2.


The crude product from this reaction contains the two Pt
complexes 4 and 5. The major product, 4, is readily separated


Table 1. Allylic alkylation catalysed by readily available precursors in the
presence of (S)-P^N.[a]


Catalyst T [8C] t [h] yield [%] ee[b]


1 [(Ph3P)4Pt] 20 16 85 8(S)
2 [(Ph3P)2Pt-C2H4] 20 16 90 28(S)
3 [Pt(dba)2] 20 24 trace 95(S)
4 [Pt(dba)2][c] 65 44 trace ±


[a] All reactions were carried out in dry CH2Cl2 with 5 mol % of catalyst,
3 equiv of dimethyl malonate and BSA as base. [b] Determined by HPLC
using Daicel Chiralcel� OD column (Hexane/iPrOH 99:1) Abs. Config-
uration by comparison with known Pd-catalysed products.[16] [c] 10 mol %
[Pt(dba)2] used.


Table 2. Types of platinum complexes that catalyse allylic alkylation at
room temperature.


Catalyst Conversion
(TLC)


Isolated
yield[a,b]


1 [(Ph3P)4Pt] 100 82
2 [(Ph3P)2Pt-ethylene] 100 88
3 [(dppe)2Pt] 0 0
4 [(Ph3P)2Pt-stilbene] 100 NA[c]


5 [{(PhO)3P}4Pt] 0 0
6 [(dppe)PtC3H5]BF4 100 78
7 [(Ph3P)2PtCl2] and NaBH(OMe)3 100 85


[a] Conditions: 5 mol % Pt catalyst, 1.7 equiv NaCH(CO2Me)2, 16 h at
20 8C in dry THF. [b] After purification by column chromatography. [c]
NA� not applicable.
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Scheme 2. Synthesis of [{(S)-P^N}PtCl2] (4).


by column chromatography and can be obtained in high yield
under the conditions described in the Experimental Section.
The minor product was assigned as 5 by 31P and 195Pt NMR
spectroscopy. The 31P NMR spectrum shows the complex to
have two identical phosphorus atoms in trans position to the
chloride. 195Pt NMR spectroscopy confirms that there are two
phosphines bound to the platinum.


Reduction of 4 in the presence of stilbene was carried out
by using NaBH(OMe)3 as the reducing agent, giving an
orange-brown solid, which is suggested to contain the desired
product 6 (Scheme 3). However, the complex was impure, and


Scheme 3. Attempted synthesis of [{(S)-P^N}Pt-stilbene].


all attempts at recrystallisation resulted in decomposition.
Importantly, the use of impure 6 as the allylic substitution
catalyst gave a moderate yield of enantiomerically enriched
product 3, providing that the reaction was carried out at reflux
temperature (42% yield; 75 % ee ; 72 h, 65 8C). It is note-
worthy that complexes of the P,N bidentate ligand make less
active catalysts than those derived from triphenylphosphine.
A combination of [{(S)-P^N}PtCl2] and NaBH(OMe)3 was
also tested as catalyst (Table 3). Good yields and enantiose-
lectivities were observed when this system was used at 65 8C
(entries 3 and 4).


Whereas 4/NaBH(OMe)3 requires 44 hours at 65 8C to
obtain high conversion, 4/NaBH(OMe)3/PPh3 gives a high
yield (of racemic material) after 16 hours at 20 8C. The
presence of triphenylphosphine, far from inhibiting the
reaction, speeds it up dramatically. In addition, running the
reaction with 10 mol % of excess ligand (Entry 5) reduces the
enantioselectivity considerably. It seems that when excess
ligands are present, the reaction proceeds via intermediate B
and that B can be more reactive than intermediate A.


In order to make a strict comparison with the palladium-
catalysed reaction, palladium analogue 7 was also prepared,
as shown in Scheme 4, and tested as a catalyst. If the
palladium catalyst is used with an excess of ligand, the
enantiomeric excess goes up slightly; this is in complete


Scheme 4. Synthesis of the palladium complex, [{(S)-P^N}PdCl2].


contrast to platinum (Table 4). If the palladium complex is
reduced in the presence of triphenylphosphine, enantiomeri-
cally enriched products are still formed. The reactivity of the
palladium catalyst is significantly reduced when it is used with
excess ligand; this is also in complete contrast to platinum.


We have proposed that the more variable enantiomeric
excess associated with Pt is due to the ligand being hemilabile
when complexed to platinum. To support this, we added
excess ligand to the complexes 4 and 7 and characterised the
resultant products by 31P and 1H NMR spectrsocopy. In the
case of platinum, 4 is instantly converted into 5 on addition of
one equivalent of ligand (Scheme 5). Even after extended


Table 3. Enantioselective allylic alkylation of 2 using 5 mol % of complex 4
and 10 mol % NaBH(OMe)3 co-catalyst.


Additive T [8C] t [h] Conversion[b] ee[b]


(yield)


1 None 20 20 ± ±
2[c] None 65 90 48 77 (S)
3 None 65 44 65 ( ± ) 77 (S)
4 5 % ligand (1) 65 35 100 (93) 83 (S)
5 10 % ligand (1) 65 44 100 ( ± ) 61 (S)
6 5 % PPh3 20 16 100 (91) 2 (S)
7 stilbene 65 24 43 ( ± ) 49 (S)
8[d] none 65 50 25 ( ± ) 48 (S)


[a] All reactions carried out in THF, with 1.7 equiv NaCH(CO2Me)2 as
nucleophile. [b] Determined by HPLC with a Daicel Chiralcel� OD
column (Hexane/iPrOH 99:1) Abs. Configuration by comparison with
known Pd-catalysed products.[16] [c] Reaction carried out in acetonitrile.
[d] Allylic acetate added prior to NaBH(OMe)3.


Table 4. Enantioselective allylic alkylation of 2 using 5 mol % of palladium
complex 7 and 10 mol % NaBH(OMe)3 co-catalyst.


Additive T [8C] t [h] Conversion[b] ee[b]


1 none 20 20 100 91 (S)
2 5 % (S)P N 20 20 38 93 (S)
3 5 % PPh3 20 20 58 56 (S)


[a] All reactons carried out in THF, with 1.7 equiv NaCH(CO2Me)2 as
nucleophile. [b] Determined by HPLC using Daicel Chiralcel� OD column
(Hexane/iPrOH 99:1) Abs. Configuration by comparison with known Pd-
catalysed products.[16]
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Scheme 5. (S)-P^N is hemilabile when complexed to platinum as evi-
denced by the synthesis of 5.


reaction times, the palladium complex gives a mixture of free
ligand, unchanged starting material (7) and a new complex,
presumably the palladium analogue of 5, as it shows one peak
in the 31P NMR spectrum. Thus, compounds 4 and 7 show
different behaviour in the presence of excess ligand.


Coordination chemistry of the type described here has the
potential to occur in any metal complex that contains
heterobidentate ligands and has considerable effects on the
catalytic properties. Very recently, another research group has
observed similar chemistry for another set of heterobidentate
ligands coordinated to palladium.[23] Measurement of enan-
tiomeric excess as a function of metal:ligand ratio should be
an essential experiment in the testing of catalysts derived from
chiral heterobidentate ligands.


Crystal structures of [{(S)-P^̂N}PtCl2] (4) and [{(S)-
P^̂N}PdCl2] (7): In order to fully establish the conformation
of the two catalysts, the crystal structures of [{(S)-P^N}PtCl2]
(4) and [{(S)-P^N}PdCl2] (7) were determined by X-ray
diffraction. ORTEX[36] views of the structures of 4 and 7 are
shown in Figures 1 and 2, respectively. Selected geometric
data are given in Tables 5 and 6, respectively.


Figure 1. Asymmetric unit of 4 showing labelling scheme used. Thermal
ellipsoids are drawn at 30% probability level.


Both structures show that the ligand is bidentate and that it
forms a six-membered, puckered chelate ring with the metal.
All three carbon atoms in this ring reside above the plane of
the complex with respect to the isopropyl group [C(23), C(22),
C(24) for 4].


This conformation, common to other metal complexes of
this ligand, forces the diphenylphosphine group to adopt an
edge-on/face-on array. The overall shape and coordination
environment surrounding the metal centres is similar within
both crystal structures, despite the fact that the asymmetric
unit in 7 incorporates one molecule of recrystallisation solvent
(CH2Cl2). The metal ± phosphorus bonds are approximately


Figure 2. Asymmetric unit of 7 showing labelling scheme used. Thermal
ellipsoids are drawn at 30% probability level.


0.2 � longer than the metal ± nitrogen bond lengths. The C�N
bond, which is 1.26 � in the crystal structure of the free
ligand,[25] is 1.254(13) � for the Pd complex and 1.29(3) � for
[{(S)-P^N}PtCl2]. In both complexes, the greater trans influ-
ence of the phosphine relative to the oxazoline is reflected in
the significantly differing MÿCl bond lengths.


The PtÿCl bond trans to phosphorus is 2.363(6) �, whereas
the corresponding PdÿCl bond is 2.379(3) �. As such, these
metal ± chlorine bond lengths are, as expected, 0.1 � longer
than the MÿCl bond lengths trans to the nitrogen atom.


We also looked at the use of readily available [(h3-
C3H5)PtCl]4 in the presence of (S)-P^N as a catalyst for this
reaction (Table 7). The highest ee (90 %) was observed at
room temperature (when conversion was low). When the
reaction was carried out in THF at reflux, high conversion into
product could be observed (74 % yield: 84 % ee). The
enantioselectivity of the product is constant throughout the
reaction. The ee of the starting material gradually increases as
the reaction progresses and reaches 72 % at 81 % conversion.
When the metal to ligand ratio is 1:2, the enantiomeric excess
of the product formed drops to 57 %.


Table 5. Selected bond lengths [�] and angles [8]for [{(S)-P^N}PtCl2] (4).


Pt(1)ÿN(1) 2.01(2) N(1)-Pt(1)-P(1) 90.0(5)
Pt(1)ÿP(1) 2.192(5) N(1)-Pt(1)-Cl(1) 176.1(5)
Pt(1)ÿCl(1) 2.284(6) P(1)-Pt(1)-Cl(1) 90.8(2)
Pt(1)ÿCl(2) 2.363(6) N(1)-Pt(1)-Cl(2) 90.2(5)
C(1)ÿN(1) 1.29(3) P(1)-Pt(1)-Cl(2) 176.6(2)


Cl(1)-Pt(1)-Cl(2) 89.2(2)


Table 6. Selected bond lengths [�] and angles [8]for [{(S)-P^N}PdCl2] (7).


Pd(1)ÿN(1) 2.034(8) N(1)-Pd(1)-P(1) 88.6(2)
Pd(1)ÿP(1) 2.217(3) N(1)-Pd(1)-Cl(2) 174.6(2)
Pd(1)ÿCl(2) 2.294(3) P(1)-Pd(1)-Cl(2) 89.16(10)
Pd(1)ÿCl(1) 2.379(3) N(1)-Pd(1)-Cl(1) 92.4(2)
C(4)ÿN(1) 1.254 (13) P(1)-Pd(1)-Cl(1) 175.17(12)


Cl(2)-Pd(1)-Cl(1) 90.26(10)
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The palladium-catalysed reaction gives products of 97 % ee
under identical conditions (Pd:1� 1:2). If AgBF4 is added to
the mixture of [(h3-C3H5)PtCl]4 and (S)-P^N prior to the
reaction, the ee is diminished considerably. This effect has also
been observed by other workers using Pd catalysts.[23]


Given that we had observed differing selectivity to palla-
dium in these reactions, we investigated if any nonlinear
effects were present in either reaction. The plot of ligand ee
against product ee in Figure 3 shows these results. The


Figure 3. A plot of ligand ee against product ee for both palladium (&) and
platinum (^). Ligand to metal ratio is 2:1.


reactions were run with ligands of known ee (prepared by
mixing accurately weighed samples of both enantiomers of
ligand). The ee of the final product is shown against ligand ee.
Both reactions were run with metal:ligand ratios of 1:2 (the
platinum-catalysed reaction shows a marked decrease in ee
under these conditions). There do not appear to be any
significant nonlinear effects in either reaction.


We have also tested a number of other substrates. Whereas
cyclohexenyl acetate (8) reacts at room temperature to give
the desired product 9 with no problems, the more hindered
1,1,3-triphenylprop-2-enyl acetate (10) does not react even
after several days at 65 8C.


Cinnamyl acetate (11) gave a high yield of the two
regioisomers 12 and 13 with a similar branched:linear


preference to palladium (Scheme 6). When the unsymmetri-
cally substituted acetate 14 is alkylated using [(C3H5)PtCl]4 as
the catalyst, the two regioisomers 15 and 16 are formed in a
ratio of 15:1. The corresponding palladium catalyst system
gives similar regioselectivities (Scheme 7).[26]


Scheme 6. Pt-catalysed allylic alkylation of cinnamyl acetate.


Scheme 7. Pt-catalysed allylic alkylation of acetate 14.


We have also studied the butenyl acetates 17 as substrates
(Scheme 8). Kurosawa[11] and Brown et al.[12] both observed
better regioselectivities towards branched products when Pt is
used as the catalyst for this reaction (when using ªDIOPº as
ligand: Pd catalyst, B/L� 1.3:1; Pt catalyst, B/L� 5:1). Gen-
erally Pd catalysts give poor regioselectivities in this reaction,
although exceptions have been described.[27]


Scheme 8. Allylic alkylation of mono(alkyl)-substituted allylic acetates.


We tested the platinum catalysts shown in Table 8. When
the platinum catalysts contain either PPh3 or (S)-P^N as
ligand, regioselectivity is poor, although there is a greater
proportion of branched products when compared with
palladium. Of particular interest is Entry 5: the use of bulky,


Table 7. Allylic alkylation of 2 with 1.25 mol %[(C3H5)PtCl]4 and (S)-P^N
as catalyst.[a]


Ligand 1 T [8C] t [h] Conversion[b] ee[b]


added [%] (yield)


1 5% 20 72 25 ( ± ) 90(S)
2 5% 65 48 81 (74) 84(S)
3 10% 20 24 32 ( ± ) 86(S)
4 10% 65 44 100 (90) 57(S)
5 5%[c] 65 48 ± (37) 17(S)


[a] All reactions carried out in THF, with 1.7 equiv NaCH(CO2Me)2 as
nucleophile. [b] Determined by HPLC using Daicel Chiralcel� OD column
(Hexane/iPrOH 99:1) Abs. Configuration by comparison with known Pd-
catalysed products.[16] [c] Prior to reaction, AgBF4 was added to solution of
[(C3H5)PtCl]4 and 1 (AgCl was filtered off).


Table 8. Regioselectivity in the alkylation of but-2-enyl acetate (17) using
Pt and Pd catalysts.


Catalyst[a] 18/19[b]


1 [(Ph3P)2Pt-stilbene] 2.1:1
2 [Pd(h3C4H7)Cl(PPh3)2][c] 1:2.0
3 [(S)-P^N]/[{(C3H5)PtCl}4] 1.0:1
4 [(S)-P^N]/[{(C3H5)PdCl}2] 1:1.9
5 Cy3P/[{(C3H5)PtCl}4] 15:1
6 Cy3P/[{(C3H5)PdCl}2] 11:1


[a] Reactions were run at 20 8C in THF with 1.5 equiv NaCH(CO2Me)2 as
nucleophile except Entry 3 (THF, 65 8C). In all cases conversion was
100 %. The E/Z ratio was not accurately determined, but in all cases the
linear products were almost predominantly of E configuration. [b] Deter-
mined by GC and confirmed by 1H NMR spectroscopy [c] Ref. [11].
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electron-rich tricyclohexylphosphine as ligand gives almost
exclusive formation of branched products (18/19� 15:1).


The same trends are observed when using hexenyl acetate
(20) (Table 9). In this case, however, there is a greater
tendency to form linear products and only the platinum/
tricyclohexylphosphine catalyst gives good regioselectivity
(ca. 10:1) towards branched product 21. The use of (S)-P^N as
ligand gives excellent regioselectivity towards the linear
product.


Kurosawa proposed that Pt gives more branched products


than Pd as a result of the increased stability of the initial zero-
valent platinum alkene product (Pt is a stronger p-donor than
Pd). The branched products contain a more electron-poor
double bond and are therefore favoured for platinum. Our
results fit this hypothesis as the (Cy3P)2Pt fragment is likely to
be a very strong p-donor. When palladium is used in
conjuction with this ligand, we also observed a high propor-
tion of branched products. It may, therefore, be possible to
control regioselectivity (towards formation of the most
electron-poor double bond) by using highly basic phosphine
ligands. Alternatively, the structure of Cy3P may also play
a part in determining regioselectivity. These particularly
striking ligand effects will be studied in more detail in due
course.


Conclusions


We have shown that a number of sources of zero-valent
platinum will catalyse allylic alkylation reactions and we have
utilised these to develop an asymmetric reaction using
phosphino-oxazoline ligand 1 to control enantioselectivity.
A selection of other substrates have also been studied and it
has been found that platinum catalysts generally give some-
what better regioselectivity than palladium towards products
that contain a more electron-poor double bond. When Cy3P is
used as ligand, highly regioselective alkylation of mono-
(alkyl)-substituted allylic acetates is possible.


Experimental section


General : Unless otherwise stated, all reactions were carried out under a
nitrogen atmosphere, while all work up and purification procedures were
carried out in air. Solvents were of HPLC grade and were used as received


unless stated otherwise. Where a solvent is described as dry, it was freshly
distilled from an appropriate drying agent. Elemental analyses were
conducted on a Carbo Erba Stametazione EA1506 Analyser. 1H, 13C and
31P NMR spectra were recorded with a Jeol GX400 instrument. Crystal
structures were obtained with a CAD 4 automatic four circle diffractom-
eter. [(Ph3P)2Pt-ethylene], K2PtCl4, PdCl2, [{(C3H5)PdCl}2], PPh3, (PhO)3P,
Cy3P, dimethyl malonate, and [(cod)PdCl2] were purchased from Aldrich
Chemical Company and used without any purification. [(Ph3P)4Pt],[28]


[(Ph3P)2Pt-trans-stilbene],[29] [{(PhO)3P}4Pt],[28] [(dppe)2Pt],[30]


[{(C3H5)PtCl}4],[31] (4S)-2-(2-diphenylphosphinophenyl)-4-isopropyl-1,3-
oxazoline,[16] [Pt(dba)2][15] and all allylic acetates[32] were prepared as
described in the literature.


[{(S)-P^N}PtCl2] (4): A 50 mL round-bottom flask, charged with potas-
sium tetrachloroplatinate (0.300 g, 0.723 mmol), (4S)-2-(2-diphenylphos-
phinophenyl)-4-isopropyl-1,3-oxazoline (0.268 g, 0.716 mmol) and a mag-
netic stirring bead, was fitted with a reflux condensor with a rubber septum,
evacuated and flushed with nitrogen. Dry acetonitrile (15 ml) was then
added through a syringe and the suspension was refluxed for 6 h, by which
time the potassium tetrachloroplatinate has disappeared. The reaction was
stirred overnight. The solvent was then reduced to 1 mL in vacuo and
diethyl ether added to yield a pale yellow air-stable precipitate containing
compounds 4 and 5. 31P NMR (400 MHz, CDCl3 ): d� 5.8 (1JP,Pt� 3410 Hz),
0.51 (1JP,Pt� 3722 Hz); 195Pt NMR (400 MHz, CDCl3): d�ÿ4200 (br t,
1JPt,P� 3410 ± 3425 Hz), ÿ3550 (br dm, 1JPt,P� 3660 ± 3700 Hz). These two
compounds were separated by flash chromatography (CH2Cl2/MeOH
99:1). The desired product was eluted first in 81 % yield. Recrystallisation
from chloroform/toluene gave yellow prisms suitable for X-ray diffraction.
31P NMR (400 MHz, CDCl3, 20 8C): d� 0.51 (1JP,Pt� 3722 Hz); 195Pt NMR
(400 MHz, CDCl3, 20 8C): d�ÿ3550 (br dm, 1JPt,P� 3660 Hz); 1H NMR
(400 MHz, CDCl3): d� 0.13 (d, 3JH,H� 7 Hz, 3H; CH3), 0.83 (d, 3JH,H�
7 Hz, 3 H; CH3), 2.72 ± 2.78 (m, 1 H; CH(CH3)2), 4.46 ± 4.51 (m, 2H; CH2O),
5.78 (m, 1H; CHN), 7.00 (dd, 3JH,H� 10.1, 7.9 Hz, 1 H; ArH), 7.38 ± 7.71 (m,
12H; ArH), 8.12 (m, 1H; ArH); IR (Nujol): nÄ � 1622, 1103, 954, 929,
752 cmÿ1; C24Cl2H24NOPPt (639.42): calcd C 45.05, H 3.75, N 2.19; found C
44.7, H 3.69, N 2.13.


[{(S)-P^N}PdCl2] (7): CH2Cl2 was added to an evacuated one-necked
round-bottom flask containing PdCl2 (0.057 g, 0.318 mmol) and ligand 1
(0.113 g, 0.303 mmol). After being flushed with nitrogen, the reaction
mixture was refluxed for 40 h. The brown reaction mixture was then
filtered, and the resultant yellow precipitate was washed with Et2O and
collected on filter paper. It was then suspended in CH2Cl2, filtered and
dried to yield the pure product. The compound could also be conveniently
prepared from [(cod)PdCl2] by stirring with the ligand in CH2Cl2 at room
temperature. Crystals of the CH2Cl2 solvate complex suitable for X-ray
diffraction experiments were grown from CH2Cl2. Yield: approximately
70%; 31P NMR (161.7 MHz, CDCl3, 20 8C): d� 26.49; 1H NMR (400 MHz,
CDCl3, 20 8C): d� 0.01 (d, 3JH,H �6.78 Hz, 3 H; CH3), 0.83 (d, 3JH,H�
7.15 Hz, 3 H; CH3), 2.66, (m, 1H; CH(CH3)2), 4.37 (q, 1H; CH2O), 4.49
(t, 1H; CH2O), 5.58 (m, 1 H; CHN), 6.93 ± 8.14 (m, 14 H; ArH); IR (Nujol):
nÄ � 1626, 1570, 1247, 1101 cmÿ1; FAB MS (negative ion mode): m/z : 548.9
[M]� ; C25Cl4H26NOPPd (635.69): calcd C 47.2, H 4.09, N 2.20; found C 47.2,
H 4.08, N 2.16.


Attempted preparation of [{(S)-P^N}Pt-stilbene] (6): All procedures for
this synthesis were carried out in the absence of air. A solution of
NaBH(OMe)3 (0.156 g, 1.219 mmol) in THF (4 mL) was added to a stirred
solution of [(S)-P^N]PtCl2 (0.300 g, 0.469 mmol) and stilbene (0.085 g,
0.469 mmol) in dry THF (9 mL) and stirred for 1 hour. The THF was then
removed in vacuo, and the resultant black residue redissolved in toluene
and filtered through a pad of Celite. The Celite was washed with toluene.
The solvent was removed and the residue recrystallised by cooling a
CH2Cl2/hexane solution to ÿ70 8C to give an orange-brown powder in low
to moderate yield. This impure material catalysed allylic alkylation
enantioselectively. 31P NMR (161.7 MHz, CDCl3, 20 8C ): d� 9.76 (3J�
4453 Hz), peaks also at 29.56 and 0.62; 1H NMR (400 MHz, CDCl3, 20 8C ):
d� 0.13 (d, 3JH,H� 7.02 Hz), 0.81 (d, 3JH,H� 7.02 Hz), 2.55 (m), 3.8 (m), 4.3 ±
4.4 (m with satellites 2J� 104 Hz), 5.35 (m), 6.93 ± 8.14 (m, ArH); IR
(Nujol): nÄ � 1732, 1597, 1300, 1154 cmÿ1; FAB MS (positive ion mode): m/z
(%): 659 (70), 568 (55) [Mÿ stilbene]� , 180 (100) [stilbene].


General procedure for allylic substitution reactions that use zero-valent
platinum catalysts : A solution of the allylic acetate in dry solvent was added
to an evacuated round-bottom flask containing 5 mol % catalyst and a


Table 9. Regioselectivity in the alkylation of hex-2-enyl acetate (20) using
Pt and Pd catalysts.


Catalyst[a] 21/22[b] E/Z for 22[b]


1 [(Ph3P)2Pt-stilbene] 1:1.8 10:1
2 Ph3P/[(C3H5)PdCl]2 1:4.1 10:1
3 [(S)-P^N]/[{(C3H5)PtCl}4] 1:7.2 6:1
4 [(S)-P^N]/[{(C3H5)PdCl}2] 1:13.1 9:1
5 Cy3P/[{(C3H5)PtCl}4] 9.8:1 10:1
6 Cy3P/[{(C3H5)PdCl}2] 3.1:1 6:1


[a] Reactions were run in THF at 20 8C with 1.5 equiv. of NaCH(CO2Me)2


as nucleophile (except Entry 3: THF, 65 8C). In all cases conversion was
100 %. [b] Determined by GC and confirmed by 1H NMR spectroscopy.
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stirring bead (and the chiral ligand, if appropriate). The flask was then
flushed with nitrogen. A solution of NaCH(CO2Me)2 (1.7 equiv.) was
added and the reaction mixture was stirred at the desired temperature for
the given time. The reaction mixture was then diluted with CH2Cl2 and
washed with NH4Cl. The aqueous layer was washed with more CH2Cl2, and
the organic extracts were combined and washed with water and brine.
Column chromatography using 20% diethyl ether/petroleum ether as
eluent gave the desired product.


Typical procedure for allylic alkylation using [{(S)-P^N}MCl2]/NaB-
H(OMe)3 : [{(S)-P^N}PtCl2] (10 mg, 1.56� 10ÿ5 mol), (S)-P^N, if applica-
ble, and dry THF (1.2 mL) were added to an evacuated round-bottom flask
that contained a stirring bead. The flask was then flushed with nitrogen.
After the reaction mixture was stirred for a few minutes, a solution of
NaBH(OMe)3 (4.5 mg, 3.2� 10ÿ5 mol) in THF (1.2 mL) was added. After
1 ± 2 minutes of stirring, a THF solution of rac-(E)-1,3-diphenyl-prop-2-
enyl acetate (80 mg, 3.18� 10ÿ4 mol) was added. A THF solution of sodium
dimethyl malonate (83 mg, 5.39� 10ÿ4 mol) was then added, and the
reaction was heated to the desired temperature for the appropriate time.
The reaction was monitored by removing 0.1 mL of reaction mixture,
filtering through a pipette containing cotton wool and a pad of silica
(diethyl ether as eluent), removing solvent and analysing a solution of the
resultant oil by HPLC (Chiracel OD� hexanes/iPrOH:99/1). It was possible
to determine conversion and ee of products and starting material by using
this method. When the reaction was finished, it was diluted with CH2Cl2


(30 mL) and washed with ammonium chloride. The aqueous layer was
washed with CH2Cl2 and the combined organic extracts were washed with
water (50 mL) and brine (40 mL), and dried (MgSO4), and the solvent was
removed. Pure 3 was obtained after column chromatography (20 % diethyl
ether/petroleum ether). It was identified by comparison of its 1H and
13C NMR spectroscopic, TLC and HPLC data with that of an authentic
sample.[16]


Typical procedure for allylic alkylation using [{(C3H5)PtCl}4] as catalyst :
[(C3H5)PtCl]4, (4.0 mg, 3.73� 10ÿ6 mol), (S)-P^N (5.3 mg, 1.43� 10ÿ5 mol)
and dry THF (1.5 mL) were added to an evacuated round-bottom flask that
contained a stirring bead. The flask was then flushed with nitrogen. After
the reaction mixture was stirred for a few minutes, a THF solution of rac-
(E)-1,3-diphenylprop-2-enyl acetate (80 mg, 3.18� 10ÿ4 mol in THF
(1.0 mL) was added, followed by addition of the sodium dimethylmalonate
solution (78 mg, 5.3� 10ÿ4 mol). The reaction was then stirred at the
desired temperature and worked up and purified as before.


Dimethyl-1,3-diphenyl-prop-2-enyl malonate (3): 1H NMR (270 MHz,
CDCl3, 20 8C, CDCl3): d� 3.53 (s, 3H; CO2CH3), 3.72 (s, 3 H; CO2CH3),
3.97 (d, 3JH,H� 11 Hz, 1H; HC(CO2Me)2), 4.29 (dd, 3JH,H� 11, 8.4 Hz, 1H;
CHCH), 6.34 (dd, 3JH,H� 15.8, 8.3 Hz, 1 H;�CH), 6.50 (d, 3JH,H� 15.9 Hz,
1H; �CH), 7.20 ± 7.35 (m, 10H; ArH); 13C NMR (67.9 MHz, CDCl3): d�
49.06 (CH), 52.25 (CH3), 52.43 (CH3), 57.47 (CH), 126.22, 127.02, 127.42,
127.73, 128.57, 128.99 (ArC�and C�C), 131.67 (ArC), 136.68 (ArC), 167.61,
(C�O), 168.03 (C�O); IR(thin film): nÄ � 1730, 1598, 1493, 1248, 1218,
1156 cmÿ1; MS (70 eV, EI): m/z (%): 324 (10), 205 (80), 193 (60), 149 (80),
101 (100); C20H20O4: calcd 324.1361; found 324.1362.


Dimethyl-cyclohex-2-enyl malonate (9): 1H NMR (270 MHz, CDCl3,
20 8C): d� 1.4 ± 1.9 (m, 4H; CH2CH2), 2.00 (m, 2H; CH2), 2.92 (m, 1H;
CHCH), 3.30 (d, 3JH,H� 9.5 Hz, 1 H; HC(CO2Me)2), 3.74 (s, 3H; CO2Me),
3.75 (s, 3 H; CO2Me), 5.54 (m, 1 H;�CH), 5.79, (m, 1 H; CH�); 13C NMR
(67.9 MHz, CDCl3): d� 20.77 (CH2), 24.83 (CH2), 26.52 (CH2), 35.29 (CH),
52.27 (CH), 127.23 (�CH), 129.55 (HC�), 168.74, (C�O), 168.79 (C�O); IR
(thin film): nÄ � 2932, 1736, 1649, 1435, 1332, 1267, 1195, 1160 cmÿ1; MS
(70 eV, EI): m/z (%): 212 (10) [M]� , 152 (100), 93 (25), 81 (50); C11H16O4:
calcd 212.1048; found 212.1044.


Dimethyl-1-[(E)-styrl]ethyl malonate (15): 1H NMR (270 MHz, CDCl3,
20 8C): d� 1.10 (d, 3JH,H� 6.8 Hz, 3 H; CHCH3), 3.0 ± 3.1 (m, 1H; CHCH3),
3.23 (d, 3JH,H� 7.9 Hz, 1 H; CHCH), 3.58 (s, 1H; CO2Me), 3.61 (s, 1H;
CO2Me), 6.04, (dd, 3JH,H� 8.4, 15.8 Hz, 1 H;�CH), 6.36 (d, 3JH,H� 15.9 Hz,
1H; �CH), 7.1 (m, 5H; ArH); 13C NMR (67.9 MHz, CDCl3): d� 18.37
(CH3), 37.62 (CH), 52.22 (CH3), 52.30 (CH3), 57.70 (CH), 126.16, 127.28,
127.65, 128.39, 130.71, 131.09 (ArCH,�CH), 137.0 (ArCÿ), 168.50 (C�O);
IR (thin film): nÄ � 3026, 2953, 1738, 1598, 1578, 1494, 1435, 1246, 1194, 1158,
1023, 969 cmÿ1; MS (70 eV, EI): m/z (%): 262 (10) [M]� , 202 (20), 143 (55),
131 (100); C15H18O4: calcd 262.1205; found 262.1201.


(E)-Dimethyl-3-phenyl-prop-2-enyl malonate (12): 1H NMR (270 MHz,
CDCl3, 20 8C, CDCl3): d� 2.80 (dt (app), 3JH,H� 7.3, 1.2 Hz, 2 H;
�CHCH2), 3.55 (t, 3JH,H� 7.3 Hz, 1H; CH2CH), 3.75 (s, 3H; CO2Me),
3.76 (s, 3 H; CO2Me), 6.1 (dt, 3JH,H� 7.3, 15.6 Hz, 1 H; �CH), 6.47 (d,
3JH,H� 15.6 Hz, 1H;�CH), 7.2 ± 74 (m, 5 H; ArH); IR (thin film): nÄ � 1745,
1682, 1149, 1047, 1006, 964 cmÿ1; MS (70 eV, EI): m/z (%): 248 (25), 188
(35), 129 (80), 117 (55); C14H16O4: calcd 248.1049; found 248.1046.


Dimethyl(1-methylprop-2-enyl) malonate (18): 1H NMR (270 MHz,
CDCl3, 20 8C): d� 1.03 (d, 3JH,H� 6.8 Hz, 3 H; CHCH3), 2.89 (hex (app)
1H; CHMe), 3.24 (d, 3JH,H� 9 Hz, 1H; CHCH), 3.66 (s, 3H; CO2Me),
3.67 (s, 3H; CO2Me), 4.99 (ddm, 2H; �CH2), 5.70 (ddd, 1H; �CH);
13C NMR (67.9 MHz, CDCl3): d� 18.38 (CH3), 38.51 (CH), 52.69 (CH3),
52.78 (CH3), 57.89 (CH), 115.76 (CH2), 139.80 (CH), 168.75 (CO2Me),
168.81 (CO2Me); IR (thin film): nÄ � 2956, 1737, 1644, 1566, 1436, 1268,
1199, 1154 cmÿ1.


(E)-Dimethylbut-2-enyl malonate (19): 1H NMR (270 MHz, CDCl3, 20 8C):
d� 1.56 (dd, 3H; CH3CH), 2.50 (dd, 3JH,H� 6.7, 7.5 Hz, 2 H; CHCH2), 3.34
(t, 3JH,H� 7.7 Hz, 1H; CH2CH), 3.64 (s, 6H; CO2Me), 5.30 (m, 1 H;�CH),
5.49 (m, 1 H; �CH); 13C NMR (67.9 MHz, CDCl3): d� 30.11 (CH3), 32.31
(CH), 38.51 (CH), 52.32 (CH3), 126.47 (�CH), 128.76 (�CH), 169.57
(CO2Me).


Dimethyl(1-propylprop-2-enyl) malonate (21): 1H NMR (270 MHz,
CDCl3, 20 8C): d� 0.80 (t, 3JH,H� 7.1 Hz, 3H; CH3CH2), 1.1 ± 1.4 (m, 4H;
CH2CH2), 2.70 (dq (app), 1H; CH2CH), 3.31 (d, 3JH,H� 9 Hz, 1 H; CHCH),
3.62 (s, 3H; CO2Me), 3.66 (s, 3H; CO2Me), 4.98 (s (app), 1H;�CHH), 5.03
(dm, 1H; �CHH), 5.55 (dt (app), 3JH,H� 9.4, 1H; 18 Hz); 13C NMR
(67.9 MHz, CDCl3): d� 13.75 (CH3), 20.09 (CH2), 34.41 (CH2), 43.98 (CH),
52.17 (CH3), 52.33 (CH3), 56.89 (CH), 117.32 (�CH2), 138.04 (�CH), 168.56
(CO2Me), 168.76 (CO2Me); IR (thin film): nÄ � 2956, 1739, 1641, 1436, 1256,
1195, 1147 cmÿ1; MS (70 eV, EI): m/z (%): 214 (15) [M]� , 171 (35), 155
(100), 132 (95), 111 (60).


(E)-Dimethylhex-2-enyl malonate (22): 1H NMR (270 MHz, CDCl3,
20 8C): d� 0.84 (t, 3JH,H� 7.3 Hz, 3 H; CH3CH2), 1.33 (hex app, 2H;
CH3CH2), 1.93 (q app, 3JH,H� 7.1 Hz, 2 H), 2.56 (t (app with fine splitting),
2H; CHCH2), 3.40 (t, 3JH,H� 7.3 Hz, 1 H), 3.71 (s, 6H; CO2Me), 5.32 (m,
1H; �CH), 5.50 (m, 1H; HC�); 13C NMR (67.9 MHz, CDCl3): d� 13.94
(CH3), 22.83 (CH2), 32.34 (CH2), 34.90 (CH2), 52.36 (CH3), 52.76 (CH),
125.40 (�CH), 134.14 (HC�), 169.53 (CO2Me), 169.57 (CO2Me); The Z-
alkene, which was present only as a minor (inseparable) product, is
distinguished by the following different signals in the 1H NMR: d� 2.01 (q
app, 3J� 7.5 Hz, 2 H), 2.64 (tm, 2H), 3.45 (t, 3J� 7.6 Hz, 1H).


Crystal determination for [(S)-P^N]PtCl2 (4): A crystal of approximate
dimensions 0.25� 0.25� 0.15 mm was used for data collection. For details
see of data collectiona and refinement see Table 10. The structure was
solved and refined with the SHELX 86[34] and SHELX 93[35] programs,
respectively. In the final least-squares cycles in the refinement all atoms
were allowed to vibrate anisotropically. Hydrogen atoms were included at
calculated positions where relevant. The asymmetric unit (shown in
Figure 3), along with the labelling scheme used, was produced using
ORTEX.[36]


Crystal determination for [(S)-P^N]PdCl2 (7)


A crystal of approximate dimensions 0.3� 0.3� 0.3 mm was used for data
collection. For details see of data collectiona and refinement see Table 10.
Data (2336 reflections) were corrected for Lorentz, polarization and 8%
decay of the crystal in the X-ray beam, but not for absorption. The
asymmetric unit consists of one molecule of the palladium complex and one
molecule of dichloromethane. The structure was solved and refined with
the SHELX86[34] and SHELX93[35] programs, respectively. In the final
least-squares cycles of the refinement all atoms were allowed to vibrate
anisotropically. Hydrogen atoms were included at calculated positions
where relevant. The asymmetric unit (shown in Figure 4), along with the
labelling scheme used, was produced using ORTEX.[36]


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-121672 (4)
and CCDC-121673 (7). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 10. Crystal data and structure refinement for 4 and 7.


4 7


formula C24H24Cl2NOPPt C25H26Cl4NOPPd
Mw 639.40 635.64
T [K] 293(2) 293(2)
l [�] 0.71069 0.71069
crystal system monoclinic monoclinic
space group P21 P21


a [�] 9.997(3) 10.218(4)
b [�] 12.855(2) 12.815(2)
c [�] 10.545(2) 10.729(3)
b [8] 112.10(2) 111.27(3)
V [�3] 1255.6(5) 1309.2(7)
Z 2 2
1calcd [Mg mÿ3] 1.691 1.612
m [mmÿ1] 5.879 1.197
F(000) 620 640
cystal size [mm] 0.25� 0.25� 0.15 0.3� 0.3� 0.3
q range [8] 2.08 ± 23.93 2.03 ± 23.91
index ranges ÿ 11� h� 10 ÿ 11� h� 0


0� k� 14 ÿ 14� k� 0
0� l� 12 ÿ 11� l� 12


reflections collected 2063 2336
independent reflections 2063 [R(int)� 0.0000] 2159 [R(int)� 0.0189]
absorption correction DIFABS ±
transmission max/min 1.000/0.246 ±
refinement method Full-matrix least-squares on F 2


data/restraints/parameters 2062/1/274 2151/1/300
goodness-of-fit on F 2 1.019 1.127
R1 [I> 2s(I)] 0.0495 0.0484
wR2 [I> 2s(I)] 0.1394 0.1173
R1 (all data) 0.0601 0.0623
wR2 (all data) 0.1602 0.1385
abs. structure parameter -0.01(3) 0.00
largest diff. peak/hole [e�ÿ3] 2.821/ÿ 2.385 1.301/ÿ 0.632
weighting scheme [a] [b]


extinction coefficient 0.0006(8) ±


[a] w� 1/[s2(F 2
o �� (0.1220P)2� 5.7835 P]. [b] w� 1/[s2(F 2


o �� (0.0834 P)2]. P�
(F 2


o � 2 F 2
c �/3 in both cases.








Unexpected Formal [1�3] Cycloadditions between Azides and
a-Zirconated Phosphanes: A Route to Unprecedented Phosphazide and
Iminophosphorane Complexes
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Abstract: Polycyclic zwitterionic complexes that incorporate one or two phospho-
nium unit(s) as cationic center(s) and zirconocene-ate moiety(ies) as the anionic
counterpart(s) can be easily prepared by either [1�3] or [1�3] and [2�3] cyclo-
additions which involve bi- or tricyclic a-zirconated phosphanes 3 or 4 and various
azides. Some of these species exhibit unprecedented phosphazide chelation with
bonding between the zirconium and a nitrogen atom in the a position relative to
phosphorus. When heated, the phosphazide complexes lose dinitrogen to form stable
polycyclic zwitterionic phosphonium mono- or dinuclear complexes. The solid-state
structure of the two zwitterionic complexes 5 and 8 was determined by X-ray
crystallography.


Keywords: azides ´ cycloadditions ´
phosphorus ´ zirconium ´ zwitter-
ionic states


Introduction


The chemistry of iminophosphorane compounds of general
structure R3P�NÿR', which incorporate a four-coordinate
phosphorus and a formal double bond between the phospho-
rus and the nitrogen, is very well documented. Iminophos-
phoranes are employed in a number of useful reactions in
organic chemistry, such as Aza ± Wittig reactions[1] or as
neutral, very strong bases.[2] The Staudinger reaction of azides
with tertiary phosphanes is one of the two major routes in the
preparation of iminophosphoranes.[3] Such a reaction pro-
ceeds by nucleophilic attack of the phosphane on the terminal
a-nitrogen atom of the azide to afford a linear phosphazide,
rarely stable,[4] which then dissociates to the iminophosphor-
ane with elimination of dinitrogen (Scheme 1). Iminophos-
phoranes form complexes with a variety of metals by
N-imino complexation (covalent or dative bonds).[1] In
marked contrast, only a few phosphazide complexes have


Scheme 1. Mechanism of the Staudinger reaction between phosphanes and
azides.


been prepared.[5] The unique seven-coordinate complex
[WBr2(CO)3(ArÿN�NÿN�PPh3)] (1 a) was characterized by
X-ray diffraction studies: the phosphazide ligand is bound to
the tungsten metal fragment in a bidentate fashion through
the a- and g-nitrogen atoms.[5b] More recently, the cyclic (Z)-
phosphazide 2 was found to act as a monodentate two-
electron donor through the less sterically hindered b-nitrogen
atom.[5c]


We recently discovered that a-zirconated phosphanes, such
as 3 or 4, can act as donor ± acceptor (phosphane part ± zir-
conium moiety) species to allow the synthesis of new
zwitterionic zirconocene-ate complexes when reacted with
unsaturated organic molecules such as alkynes, heterocumu-
lenes or aldehydes[6] (Scheme 2). Formal [3�2] cycloadditions
take place in all cases. Nucleophilic attack of the phosphane
moiety may be envisaged in order to rationalize the formation
of the zwitterionic final products. Therefore, it was tempting
to extend such a synthetic methodology that uses zirconate


[a] J.-P. Majoral, V. Cadierno, B. Donnadieu, A. Igau
Laboratoire de Chimie de Coordination du CNRS
205 route de Narbonne, F-31077 Toulouse cedex 04 (France)
Fax: (�33) 561-55-30-03
E-mail : majoral@lcc-toulouse.fr


[b] A. Skowronska, M. Zablocka
Polish Academy of Sciences
Centre of Molecular and Macromolecular Studies
Sienkiewicza 112, 90-363 Lodz (Poland)
Fax: (�48) 42684126
E-mail : askow@bilbo.cbmm.lodz.pl
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anions to the addition of various azides to compounds 3 and 4.
One can expect that a Staudinger reaction will take place with
the formation of a transient phosphazide or the formation of


Scheme 2. An example of a [2�3] cycloaddition between an alkyne and 3
in the synthesis of zirconocene-ate complexes.


the more stable iminophosphorane. The trapping of phospha-
zide through complexation of the g-nitrogen atom to the
zirconium center may be anticipated because of the well
established zwitterionic character of the PN3R fragment
(P�ÿNa�NbÿNg


ÿÿR),[4] with formation of the zirconate spe-
cies A. Complexation of phos-
phazide through the less-hin-
dered nitrogen atom Nb which
would lead to complexes of
type B can be also envisaged.
Otherwise, the chelation of the
iminophosphorane would lead
to complexes of type C, where-
by the zirconium counterpart
plays the role of a Lewis acid in
each case. Lastly, insertion of
the azide into a ZrÿC bond
cannot be totally ruled out.[7]


Herein, we report an unprecedented chelation of phospha-
zides which involves formal [1�3] cycloadditions that occur
exclusively with the a-nitrogen atom of phosphazide moieties
to afford a variety of new, stable, polycyclic, zwitterionic
complexes. Decomposition of these complexes occurs with
loss of nitrogen to lead to other new polycyclic zwitterionic
species. Concomitant [1�3] and [2�3] cycloadditions with
bifunctional molecules, such as 4-azidophenyl isothiocyanate
and 4-azidotetrafluorobenzaldehyde, afford bis(zwitterionic)
zirconate complexes. X-ray crystallography studies of two of
these unusual systems confirm the proposed structures.


Results and Discussion


We first treated the a-phosphino zirconaindene 3 with
4-fluoro-3-nitrophenyl azide at room temperature in toluene
for 30 min (Scheme 3). The reaction was monitored by 31P
NMR spectroscopy: the singlet from the isolated product 5
(d� 37.7) is 30.8 ppm downfield relative to the resonance of
the phosphane counterpart of 3 (d� 6.9). No evolution of
dinitrogen was observed. Characteristic 13C NMR chemical
shifts at d� 152.4 (d, J(C,P)� 51.9 Hz, ZrCP) and 192.2 (d,
J(C,P)� 8.7 Hz, ZrC) are detected for sp2 carbon atoms
directly linked to the anionic zirconium center.[6] Mass
spectrometry of 5 (electrospray, m/z 689 [M�]) proved that
the N3 fragment is retained and that a phosphazide is formed.
In order to gain more insight into the structure, X-ray
crystallography was undertaken on the stable yellow crystals
of 5 (Table 1). A view of the molecule is shown in Figure 1 and
reveals an unexpected NaÿZr interaction. The NaÿZr bond
length (2.401(3) �) is in good agreement with those found in
other zwitterionic and neutral compounds (for example,
d(ZrÿN)� 2.405(2) � in 6,[6b] d(ZrÿN)� 2.267(3) � in 7[8]).
It is remarkable that not only the P-N1-N2-N3-C31 linkage is
planar (maximum deviation 0.097 �), but also the fused
tricyclic system comprising the C2-C3-C4-C5-C6-C1 aromatic
ring, the C6-C1-Zr-C8-C7 five-membered ring, and the Zr-
C8-P-N1 four-membered ring. The PN3 fragment has an E
configuration with respect to the central NÿN bond. The
X-ray crystal structures of some phosphazides have already
been determined.[4] Most of these derivatives contain an E-
configured phosphazide moiety; a few examples of Z config-
uration have also been found.[4a, 5c] There is extensive elec-
tronic delocalization in the P-N-N-N linkage of 5 and the bond
lengths compare fairly well with the average values found for


Scheme 3. Synthesis of zwitterionic complexes 5, 8 ± 10 by a [1�3] cycloaddition.
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Figure 1. Molecular structure of 5. Selected bond lengths [�] and an-
gles [8]: N1ÿZr 2.399(18), N1ÿP 1.6532(19), N1ÿN2 1.338(3), PÿC8
1.731(2), ZrÿC8 2.351(2), N2ÿN3 1.294(3), N3ÿC31 1.416(3); C8-Zr-N1
61.72(7), Zr-N1-P 103.37(8), N1-P-C8 92.1(1), Zr-C8-P 102.81(11).


the other phosphazides: d(P1ÿN1)� 1.6532(19) � (av
1.630(1)), d(N1ÿN2)� 1.337(4) � (av 1.341(1)), and
d(N2ÿN3)� 1.294(3) � (av 1.273(11)). The environment
around phosphorus is typical for a phosphonium center.


Therefore, in marked contrast to the situation encountered
for compounds 1 and 2, intramolecular donor ± acceptor
interactions only occur with the a-nitrogen atom which
suggests that this nitrogen atom is a better donor than Ng


and that the polarization of the phosphazide moiety is more
correctly represented as -P�ÿNÿÿN�NÿR rather than
-P�ÿN�NÿNÿÿR, at least for the structure reported above.


The zwitterionic zirconocene-ate complex 5 is stable at
room temperature and dinitrogen is only liberated on heating
under reflux in toluene for 2 h, to give rise to a new complex 8,
isolated in 85 % yield (Scheme 3). This evolution of molecular
nitrogen may imply a dissociation of the ZrÿNa bond. Two
possible pathways to rationalize the formation of 8 may be
proposed (Scheme 4). The first path involves the mechanism


Scheme 4. Proposed mechanism for the formation of complex 8.


demonstrated for the Staudinger reaction with transient
formation of a four-centered transition state, coordination of
the g-nitrogen atom to phosphorus, and elimination of the a-
and b-nitrogen atoms (path a) to give compound 8. However,
the transient formation of a six-membered ring (path b)
cannot be totally ruled out. The X-ray structure analysis of 8
(Figure 2, Table 1) shows that the nitrogen atom is connected
to zirconium (d(ZrÿN)� 2.426(2) �) and the phosphorus ±
nitrogen bond length (1.620(2) �) is in the normal range for
such a bond. No structural change is observed for this
derivative in comparison with 5 ; the fused tricyclic system is
still planar (maximum deviation 0.062 �).


Interestingly, the reaction of 3 with the azide N3P(O)(OPh)2


in toluene at room temperature for 1 h gave the zwitterionic
derivative 9 directly (Scheme 3); the transient formation of a
phosphazide complex was not detected in this case. Indeed,
31P NMR spectra show the disappearance of the singlet at d�
6.9 from 3 and the appearance of a doublet of doublets at d�
ÿ2.9 (P(OPh)2) and 32.9 (PPh2) (2J(P,P)� 20.2 Hz) which is
strongly indicative of the direct formation of a P-N-P unit.
Mass spectrometry (electrospray) (m/z� 754 [M�]) corrobo-
rates such an assumption. A similar result was observed when
a toluene solution of 3 was treated for 1 h with trimethylsi-


Table 1. Crystallographic data for 5 and 8.


5 8


molecular formula C36H28N4O2FPZr C36H28N2O2FPZr
molecular weight 689.72 661.82
1calcd [gcmÿ3] 1.53 1.53
m [cmÿ1] 4.58 4.72
F(000) 1396.39 1340.64
crystal system monoclinic monoclinic
space group P21/n P21/c
a [�] 7.969(1) 10.892(2)
b [�] 19.021(2) 33.424(4)
c [�] 20.065(3) 7.993(2)
b [8] 100.198(2) 98.797(2)
V (�3] 2993(1) 2875(1)
Z 4 4
crystal size 0.6� 0.3� 0.1 0.7� 0.3� 0.2
crystal habit plate parallelepiped
crystal color light yellow yellow
no. of measured reflections 23079 22179
no. of independent reflections 4681 4419
merging R value 0.03 0.04
refinement on Fobs Fobs


R[a] 0.025 0.028
Rw[b] 0.026 0.029
max./min. residual electron density [e �3] 0.57/ÿ 0.43 0.63/ÿ 1.36
GOF (S)[c] 0.9 0.64
weighting scheme[d] Chebyshev Chebyshev
abs corr.[e] numerical numerical
TminÐTmax 0.707 ± 0.791 0.818 ± 0.936
no of reflections used [I> 2s(I)] 3862 3677
no. of parameters used 429 393


[a] R�S(j jFo j ÿ jFc j j )/S jFo j . [b] Rw� [Sw(j jFo j ÿ jFc j j )2/Sw(jFo j )2]1/2.
[c] Goodness-of-Fit� [S(jFoÿFc j )2/(NobsÿNparameters)]1/2. [d] w� [weight]�
[1ÿDF/6sF)2]2 where weights are calculated from the following expression:
weight�1/S (r�1,n)ArTr(X), where Ar are the coefficients for the Chebyshev
polynomial Tr(X) with X�Fc/Fc(max).[10] [e] X-SHAPE Crystal optimization
for numerical absorption correction. Revision 1.01 July 1996 Copyright STOE
& Cie GmbH, 1996.
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Figure 2. Molecular structure of 8. Selected bond lengths [�] and an-
gles [8]: N1ÿZr 2.426(2), N1ÿP 1.620(2), N1ÿC31) 1.396(3), PÿC8 1.723(3),
ZrÿC8 2.322(3); C8-Zr-N1 62.79(8), Zr-N1-P 100.2(1), N1-P-C8 95.47(12),
Zr-C8-P 101.11(12).


lylazide: the complex 10 was the only product formed and was
isolated in 61 % yield (Scheme 3). However, this reaction did
not proceed at room temperature; it was necessary to reflux
for 1 h in order for the reaction to go to completion.


Such a formal [1�3] cycloaddition which involves azides
and a-zirconated phosphanes can be extended to tricyclic
systems, such as 4 (Scheme 5). Indeed, when a solution of 4
and N3P(O)(OPh)2 in toluene was stirred at room temper-
ature for 1 h, in contrast to the reaction which led to 9, the


Scheme 5. Synthesis of zwitterionic zircona-phosphazide complexes 11 ±
13.


formation of a transient phosphazide complex 11 was detected
by 31P NMR spectroscopy: two broad singlets at d� 61.0
(PPh) and ÿ4.46 (P(OPh)2), which correspond to the
P�NÿN�NÿP(O)(OPh)2 linkage appeared and then disap-
peared in favor of two doublets of doublets at d� 59.5 (PPh)
and ÿ2.3 (P(OPh)2) (2J(P,P)� 17.2 Hz) attributed to the
P-N-P fragment of the final product 12, which was isolated
in 90 % yield.


Lastly, as in the reaction of trimethylsilylazide with 3, the
iminophosphorane complex 13 was directly formed when the


tricyclic system 4 was treated with trimethylsilylazide at room
temperature. Remarkably, only one isomer of each complex
12 and 13 was formed, as indicated by NMR spectroscopy.


Therefore, it appears that the lifetime of transient phos-
phazide complexes is greatly dependent on the nature of both
the starting a-zirconated phosphanes and the azide used. As
previously shown,[1] phosphazides are thermodynamically
stabilized by the presence of electron-withdrawing groups
on nitrogen and of electron-donating groups on phosphorus.
This is also demonstrated in this work. Indeed, the phospha-
zide 5, with the 4-fluoro-3-nitrophenyl group linked to
nitrogen, is the only stable phosphazide detected and isolated
from the reaction of azides with 3. Moreover, transient
formation of a phosphazide is observed when N3P(O)(OPh)2


is treated with 4 ; such an intermediate is not detected in the
reaction of the same azide with 3, because the vinylphosphane
is a weaker electron-donating group than the phospholane
unit.


In a previous paper we have shown that the a-zirconated
phosphane 3 reacts readily with aldehydes to give the
zwitterionic zirconocene-ate complexes 14 in a [2�3] cyclo-
addition (Scheme 6).[6c] Reactions are generally conducted in
toluene for 1 h at either ÿ78 8C or room temperature,
depending on the aldehyde. Taking these observations into


Scheme 6. The [2�3] cycloadditions between aldehydes and 3.


account and the results reported above, it was tempting to
extend such investigations to the study of the reactivity of
compounds 3 and 4 towards difunctional species which
incorporate both azide and aldehyde functionalities or an
azide and another functional group that is able to react with
derivatives 3 and 4. Several questions arise: are the reactions
selective? Is it possible to obtain products from both [1�3]
and [2�3] cycloadditions? Is it possible to trap phosphazide
intermediates, if any, by the same unusual coordination
mode?


The first step was the treatment of 3 (2 equiv) with 4-azido
tetrafluorobenzaldehyde in toluene at room temperature for
30 min. This reaction led directly to the bis(zwitterionic)
species 15 in 75 % yield (Scheme 7). The consumption of 3
(disappearance of the signal at d� 6.9) and the formation of
the two phosphonium centers of 15 (d� 28.7 (s, Ph2PC), 36.6
(s, Ph2PN)) was detected by 31P NMR spectroscopy. The
13C NMR data fit perfectly well with the proposed structure,
particularly if the chemical shifts and coupling constants of the
carbon atoms directly linked to the zirconium centers are
considered. Mass spectrometry data (FAB; m/z 1232 [M��1])
unambiguously corroborates the structure and shows that the
PN3 unit is retained. Remarkably, no difference in the
reactivity between the azido and the aldehyde groups is
detected, and the expected [1�3] and [2�3] cycloadditions
occurred concomitantly, even when stoichiometric conditions
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are used. When 15 was heated in refluxing toluene, dinitrogen
was liberated and adduct 16 was formed, which was fully
characterized by the usual spectroscopic methods; mass
spectrometry (FAB; m/z 1204 [M��1]) confirmed that
dinitrogen was evolved.


A similar reactivity was observed when compound 3 was
treated with 4-azidophenyl isothiocyanate in toluene at room
temperature for 30 min. A clean reaction occurred to give,
after workup, the stable polycyclic bis(zwitterionic) adduct 17
(yield: 80 %) which contains four- and five-membered rings
with Zr-C-P-N and Zr-N-C-P-C backbones, respectively
(Scheme 8). The NMR data, especially 13C NMR data,
indicate that the cycloaddition involving the isothiocyanate
moiety occurred on the carbon ± nitrogen double bond
[d(C�S)� 172.8 (d, J(C,P)� 124.7 Hz)]. Moreover, the pres-
ence of a PÿN3 fragment is revealed by mass spectrometry.
Monitoring the reaction by 31P NMR spectroscopy did not
allow us to detect a difference in the reactivity between the
two cycloadditions involved in this process. As for all the
reactions reported here, the phosphazide complex can be


easily transformed into a imi-
nophosphorane-like complex
by heating 17 in refluxing tol-
uene. This reaction afforded the
new bis(zwitterionic) zircono-
cene-ate complex 18.


Analogous reactions con-
ducted with 4 instead of 3 and
with 4-azidotetrafluorobenzal-
dehyde or with 4-azidophenyl
isocyanate allowed us to isolate
the bis(zwitterionic complexes)
19 and 20 in good yields (81 and
89 %, respectively). These com-
plexes both contain two sets of
fused tetracyclic systems which
arise from concomitant [1�3]
and [2�3] cycloadditions
(Scheme 9). Mass spectrometry
(FAB; 19 : m/z 1138 [M��1];


20 : m/z� 1095 [M��1]) shows that the PN3 unit is still present
in the backbone, as in 15 and 17. Because of the presence of
several chiral centers, one can expect the formation of several
diastereoisomers for both 19 and 20. However, such isomers
are not detected by NMR spectroscopy, except in part for
compound 20 which exhibits two doublets at d� 170.5
(J(C,P)� 121.4 Hz) and 170.4 (J(C,P)� 121.05 Hz) for the
C�S group. All the other 13C NMR data are fully consistent
with those obtained for compound 14, which incorporates the
same [2�3] cycloadduct moiety, and are also consistent with
those obtained for compound 21, which contains an analogous
[2�3] cycloadduct unit.[6b]


It is reasonable to postulate an E configuration for all the
phosphazide linkages in view of the X-ray data collected for 5.
Moreover, the Z configuration is very rare[4a] and no
particular steric or electronic effects can be evoked in favor
of the Z configuration.


Contrary to what was observed with the other phosphazide
complexes reported above, 19 and 20 do not lose dinitrogen
cleanly when refluxed in toluene: decomposition of these


complexes occurs with forma-
tion of numerous unidentified
derivatives.


Conclusions


The reactions of azides with a-
zirconated phosphanes allow
the synthesis of a number of
original zwitterionic (phospho-
nium) zirconocene-ate com-
plexes as a result of unexpected
[1�3] cycloadditions. The use of
bifunctional reagents that con-
tain an azido group and either
an aldehyde group or an iso-
thiocyanate group, permits a
facile access to various unusual


Scheme 7. The [1�3] and [2�3] cycloadditions between 4-azido-tetrafluorobenzaldehyde and 3.


Scheme 8. The [1�3] and [2�3] cycloadditions between 4-azidophenyl isothiocyanate and 3.







FULL PAPER J.-P. Majoral, A. Skowronska et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0350 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2350


Scheme 9. The [1�3] and [2�3] cycloadditions between 4 and 4-azido-
tetrafluorobenzaldehyde or 4-azidophenyl isothiocyanate.


bis(zwitterionic) species through [1�3] and [2�3] cycloaddi-
tions. Unprecedented phosphazide chelation and stabilization
were well established. Mechanistic studies and investigations
concerning the chemistry and the potential use of these new
zwitterionic systems are underway.


Experimental Section


Complex 5 : To a solution of complex 3 (0.476 g, 0.937 mmol) in toluene
(10 mL) was added 4-fluoro-3-nitrophenyl azide (0.170 g, 0.937 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (10 mL/40 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 5 as
a yellow powder. Yield: 65% (0.420 g); 31P{1H} NMR (CDCl3): d� 37.7 (s);
1H NMR (CDCl3): d� 5.90 (s, 10 H, CHCp), 7.98 ± 7.02 (m, 2H, CHarom),
7.23 ± 7.77 (m, 14 H, CHarom), 8.11 (dd, 1H, J(H,H)� 6.9 Hz, J(H,F)�
2.5 Hz, CHarom), 8.29 (d, 1H, J(H,P)� 24.9 Hz, PCCH); 13C{1H} NMR
(CDCl3): d� 107.9 (s, CHCp), 117.6 (s, CHarom), 118.4 (d, J(C, F)� 31.8 Hz,
CHarom), 122.8, 125.2 and 125.6 (s, CHarom), 127.4 (d, J(C, F)� 7.8 Hz,
CHarom), 129.0 (d, J(C,P)� 11.2 Hz, o-PPh2), 130.2 (d, J(C,P)� 66.6 Hz, i-
PPh2), 131.4 (d, J(C,P)� 10.2 Hz, m-PPh2), 132.3 (s, p-PPh2), 137.5 (d, J(C,
F)� 8.7 Hz, Carom), 140.8 (s, CHarom), 148.0 (s, Carom), 152.4 (d, J(C,P)�
51.9 Hz, ZrCP), 152.9 (d, J(C, F)� 203.2 Hz, Carom), 155.8 (d, J(C,P)�
27.9 Hz, ZrCC), 164.8 (s, ZrCCH), 192.2 (d, J(C,P)� 8.7 Hz, ZrC); anal.
calcd for C36H28N4O2PFZr (689.8): C 62.68, H 4.09, N 8.12; found: C 62.45,
H 3.97, N 8.22; MS (electrospray): m/z : 689.1 [M��1], 661.2 [M�ÿN2�1].


Complex 8: A solution of complex 5 (0.150 g, 0.217 mmol) in toluene
(5 mL) was heated under reflux for 2 h and then evaporated to dryness. The


solid residue was extracted with THF/pentane (5 mL/25 mL) and filtered.
The volatiles were removed from the solution and the resulting solid was
washed with pentane (5 mL) to give 8 as a yellow powder. Yield: 85%
(0.122 g); m.p. 197 ± 198 8C; 31P{1H} NMR (CDCl3): d� 24.6 (s); 1H NMR
(CDCl3): d� 5.94 (s, 10 H, CHCp), 6.91 ± 7.70 (m, 17 H, CHarom), 7.96 (d, 1H,
J(H,P)� 24.3 Hz, PCCH); 13C{1H} NMR (CDCl3): d� 108.3 (s, CHCp),
116.6 (d, J(C,P)� 18.7 Hz, CHarom), 118.0 (d, J(C, F)� 21.6 Hz, CHarom),
122.8, 125.0 and 125.4 (s, CHarom), 126.7 (dd, J(C, F)� 14.2 Hz, J(C,P)�
6.5 Hz, CHarom), 129.2 (d, J(C,P)� 10.8 Hz, o-PPh2), 131.3 (d, J(C,P)�
10.3 Hz, m-PPh2), 132.2 (s, p-PPh2), 136.7 (d, J(C, F)� 6.8 Hz, Carom),
140.9 (s, CHarom), 146.6 (s, Carom), 148.9 (d, J(C, F)� 219.2 Hz, Carom), 154.2
(d, J(C,P)� 32.5 Hz, ZrCC), 155.3 (d, J(C,P)� 64.8 Hz, ZrCP), 161.3 (d,
J(C,P)� 4.6 Hz, ZrCCH), 191.4 (d, J(C,P)� 7.1 Hz, ZrC); i-PPh2 not
observed; anal. calcd for C36H28N2O2PFZr (661.8): C 65.33, H 4.26, N 4.23;
found: C 65.40, H 4.19, N 4.18; MS (DCI/NH3): m/z : 661 [M��1].


Complex 9: To a solution of complex 3 (0.331 g, 0.652 mmol) in toluene
(8 mL) was added diphenylphosphoryl azide (0.140 mL, 0.652 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/40 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 9 as
a brown powder. Yield: 73% (0.359 g); 31P{1H} NMR (C6D6): d�ÿ2.9 (d,
J(P,P)� 20.2 Hz, P(OPh)2), 32.9 (d, J(P,P)� 20.2 Hz, PPh2); 1H NMR
(C6D6): d� 5.91 (s, 10H, CHCp), 6.84 ± 7.70 (m, 24H, CHarom), 7.85 (d, 1H,
J(H,P)� 35.4 Hz, PCCH); 13C{1H} NMR (C6D6): d� 111.2 (s, CHCp), 121.4
(d, J(C,P)� 4.6 Hz, o-P(OPh)2), 123.6 (s, CHarom), 125.1 (s, p-P(OPh)2),
126.6 and 127.4 (s, CHarom), 128.8 (d, J(C,P)� 10.6 Hz, o-PPh2), 130.3 (s, m-
P(OPh)2), 131.6 (s, p-PPh2), 132.9 (d, J(C,P)� 9.5 Hz, m-PPh2), 140.3 (s,
CHarom), 152.1 (d, J(C,P)� 62.6 Hz, ZrCP), 152.6 (d, J(C,P)� 33.7 Hz,
ZrCC), 163.5 (d, J(C,P)� 6.0 Hz, i-P(OPh)2), 168.1 (s, ZrCCH), 195.8 (d,
J(C,P)� 5.3 Hz, ZrC); i-PPh2 not observed; anal. calcd for C42H35O3P2NZr
(754.9): C 66.82, H 4.67, N 1.85; found: C 66.74, H 4.62, N 1.90; MS
(electrospray): m/z : 754.3 [M��1].


Complex 10: To a solution of complex 3 (0.518 g, 1.020 mmol) in toluene
(15 mL) was added trimethylsilyl azide (0.135 mL, 1.020 mmol) at room
temperature. The mixture was heated under reflux for 1 h and then
evaporated to dryness. The solid residue was extracted with THF/pentane
(10 mL/40 mL) and filtered. The volatiles were removed from the solution
and the resulting solid was washed with pentane (5 mL) to give 10 as a
brown powder. Yield: 61% (0.368 g); 31P{1H} NMR (C6D6): d� 19.4 (s);
1H NMR (C6D6): d� 0.07 (s, 9H, SiMe3), 5.90 (s, 10H, CHCp), 7.03 ± 7.36 (m,
10H, CHarom), 7.54 ± 7.65 (m, 4 H, CHarom), 7.88 (d, 1H, J(H,P)� 23.4 Hz,
PCCH); 13C{1H} NMR (C6D6): d� 5.0 (d, J(C,P)� 2.7 Hz, SiMe3), 109.3 (s,
CHCp), 123.5, 125.9 and 126.2 (s, CHarom), 129.0 (d, J(C,P)� 10.5 Hz, o-
PPh2), 131.6 (s, p-PPh2), 132.0 (d, J(C,P)� 10.4 Hz, m-PPh2), 136.6 (d,
J(C,P)� 71.8 Hz, i-PPh2), 141.3 (s, CHarom), 154.6 (d, J(C,P)� 32.7 Hz,
ZrCC), 159.2 (s, ZrCCH), 162.0 (d, J(C,P)� 63.8 Hz, ZrCP), 193.6 (d,
J(C,P)� 7.4 Hz, ZrC); anal. calcd for C33H34PNSiZr (594.9): C 66.62, H
5.76, N 2.35; found: C 66.35, H 5.66, N 2.41; MS (electrospray): m/z : 594.2
[M��1].


Complex 12: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5 mL) was added diphenylphosphoryl azide (0.107 mL, 0.500 mmol) at
room temperature. The mixture was stirred at room temperature for 2 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 12
as a brown powder. Yield: 90% (0.317 g); 31P{1H} NMR (C6D6): d�ÿ2.3
(d, J(P,P)� 17.2 Hz, P(OPh)2), 59.5 (d, J(P,P)� 17.2 Hz, PPh2); 1H NMR
(C6D6): d� 1.62 ± 2.10 (m, 4H, CH2), 2.78 (t, 1 H, J(H,H)� 6.8 Hz,
CHCH2), 3.94 (m, 1H, ZrCH), 5.78 (s, 5 H, CHCp), 6.03 (s, 5H, CHCp),
6.70 ± 7.20 (m, 14 H, CHarom), 7.50 (d, J(H,H)� 6.8 Hz, CHarom), 7.52 ± 7.80
(m, 4H, CHarom); 13C{1H} NMR (C6D6): d� 31.9 (dd, J(C,P)� 74.2 Hz,
J(C,P)� 2.6 Hz, PCH2), 33.7 (d, J(C,P)� 9.5 Hz, CH2CH), 35.0 (dd,
J(C,P)� 41.6 Hz, J(C,P)� 4.5 Hz, CHCH2), 59.4 (d, J(C,P)� 16.5 Hz,
ZrCH), 111.7 (s, CHCp), 112.1 (s, CHCp), 121.1 (d, J(C,P)� 11.1 Hz, 2o-
P(OPh)2), 121.8, 123.7, 124.3, 124.7, 125.1, 125.2, 129.4 and 131.1 (s, 4CHarom,
2m-P(OPh)2, 2p-P(OPh)2 and p-PPh), 130.2 (d, J(C,P)� 10.7 Hz, o-PPh or
m-PPh), 130.7 (d, J(C,P)� 9.9 Hz, o-PPh or m-PPh), 139.2 (dd, J(C,P)�
85.1 Hz, J(C,P)� 2.6 Hz, i-PPh), 140.7 (s, CHarom), 152.6 (d, J(C,P)�
23.1 Hz, i-P(OPh)2), 152.7 (d, J(C,P)� 23.4 Hz, i-P(OPh)2), 156.5 (d,
J(C,P)� 21.0 Hz, ZrCC), 185.6 (s, ZrC); anal. calcd for C38H35O3P2NZr
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(706.8): C 64.57, H 4.99, N 1.98; found: C 64.25, H 4.82, N 1.89; MS (FAB):
m/z : 706 [M��1].


Complex 13: To a solution of complex 4 (0.183 g, 0.400 mmol) in toluene
(5 mL) was added trimethylsilyl azide (0.053 mL, 0.400 mmol) at room
temperature. The mixture was stirred at room temperature for 2 h and then
evaporated to dryness to give 13 as a yellow powder. Yield: 92 % (0.211 g);
31P{1H} NMR (C6D6): d� 43.4 (s); 1H NMR (C6D6): d�ÿ0.16 (s, 9H,
SiMe3), 1.62 ± 1.91 (m, 2H, CH2), 2.22 ± 2.41 (m, 2H, CH2), 2.64 (t, 1H,
J(H,H)� 6.1 Hz, CHCH2), 3.44 (m, 1H, ZrCH), 5.78 (s, 5H, CHCp), 5.82 (s,
5H, CHCp), 6.99 ± 7.35 (m, 9H, CHarom); 13C{1H} NMR (C6D6): d� 4.2 (d,
J(C,P)� 3.5 Hz, SiMe3), 27.0 (d, J(C,P)� 76.7 Hz, CHCH2), 30.8 (d,
J(C,P)� 57.1 Hz, PCH2), 33.5 (d, J(C,P)� 6.3 Hz, CH2CH), 53.3 (d,
J(C,P)� 15.6 Hz, ZrCH), 110.1 (s, CHCp), 111.4 (s, CHCp), 123.6, 124.6
and 124.7 (s, 3 CHarom and p-PPh), 129.1 (d, J(C,P)� 9.8 Hz, o-PPh or m-
PPh), 130.0 (d, J(C,P)� 9.6 Hz, o-PPh or m-PPh), 130.8 (s, CHarom), 140.6
(d, J(C,P)� 57.4 Hz, i-PPh), 160.5 (d, J(C,P)� 19.4 Hz, ZrCC), 185.0 (d,
J(C,P)� 9.9 Hz, ZrC); anal. calcd for C29H34PNSiZr (546.9): C 63.69, H
6.26, N 2.56; found: C 63.52, H 6.30, N 2.61.


Complex 15: To a solution of complex 3 (0.328 g, 0.647 mmol) in toluene
(8 mL) was added 4-azidotetrafluorobenzaldehyde (0.070 g, 0.323 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (20 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with diethyl ether (5 mL) to
give 15 as a green powder. Yield: 75% (0.301 g). NMR resonances noted by
ªAº correspond to the Zr-C-P-N unit and those noted by ªBº to the Zr-C-P-
C-O moiety: 31P{1H} NMR (CDCl3): d� 28.7 (s, PB), 36.6 (s, PA); 1H NMR
(CDCl3): d� 5.90 (s, 5 H, CHCp), 5.91 (s, 5 H, CHCp), 5.96 (s, 5 H, CHCp), 5.99
(s, 5H, CHCp), 6.66 (s, 1 H, PCH), 6.98 ± 7.77 (m, 28H, CHarom), 7.95 (d, 1H,
J(H,P)� 26.6 Hz, PBCCH), 8.35 (d, 1 H, J(H,P)� 24.6 Hz, PACCH);
13C{1H} NMR (CDCl3): d� 79.6 (d, J(C,P)� 66.0 Hz, PCH), 107.9 (s,
CHCp), 108.1 (br s, CHCp), 109.8 (s, CHCp), 122.3 and 122.9 (s, CHarom), 122.7
(d, J(C,P)� 65.6 Hz, i-PBPh2), 125.4 (s, 2 CHarom), 126.0 and 129.1 (br s, o-
PAPh2, o-PBPh2, i-PAPh2 and i-PBPh2), 132.4 (m, m-PAPh2, m-PBPh2, p-PAPh2


and p-PBPh2), 140.0 and 141.0 (s, CHarom), 143.6 and 146.8 (m, 6Carom), 152.5
(d, J(C,P)� 48.5 Hz, ZrCPA), 155.3 (d, J(C,P)� 32.1 Hz, ZrACC and
ZrBCC), 160.3 (d, J(C,P)� 5.0 Hz, ZrCPB), 165.2 (s, ZrACCH), 172.0 (s,
ZrBCCH), 192.5 (d, J(C,P)� 7.9 Hz, ZrAC), 195.7 (s, ZrBC); anal. calcd for
C67H51F4N3P2Zr2O (1234.5): C 65.18, H 4.16, N 3.40; found: C 64.93, H 4.07,
N 3.51; MS (FAB): m/z : 1232 [M��1].


Complex 16: A solution of complex 15 (0.180 g, 0.146 mmol) in toluene
(5 mL) was heated under reflux for 1 h and then evaporated to dryness. The
solid residue was extracted with diethyl ether (30 mL) and filtered. The
volatiles were removed from the solution and the resulting solid was
washed with pentane (2� 5 mL) to give 16 as a green powder. Yield: 56%
(0.098 g). NMR resonances noted by ªAº correspond to the Zr-C-P-N unit
and those noted by ªBº to the Zr-C-P-C-O moiety: 31P{1H} NMR (C6D6):
d� 28.0 (s, PA), 29.0 (s, PB); 1H NMR (C6D6): d� 5.85 (s, 5 H, CHCp), 5.88 (s,
5H, CHCp), 5.94 (s, 5H, CHCp), 5.98 (s, 5 H, CHCp), 6.68 (s, 1H, PCH), 6.94 ±
7.66 (m, 28 H, CHarom), 7.92 (d, 1 H, J(H,P)� 26.6 Hz, PBCCH), 7.98 (d, 1H,
J(H,P)� 23.4 Hz, PACCH); 13C{1H} NMR (C6D6): d� 81.3 (d, J(C,P)�
64.7 Hz, PCH), 108.6 (s, CHCp), 109.8 (s, CHCp), 109.9 (s, CHCp), 110.7 (s,
CHCp), 123.1, 123.2, 123.8, 126.3, 126.4 and 126.7 (s, CHarom), 128.0 (br s, o-
PAPh2 and o-PBPh2), 132.5 (m, m-PAPh2, m-PBPh2, p-PAPh2 and p-PBPh2),
140.8 and 141.2 (s, CHarom), 143.8 and 148.0 (m, 6Carom), 154.7 (d, J(C,P)�
32.0 Hz, ZrACC or ZrBCC), 156.5 (d, J(C,P)� 33.0 Hz, ZrACC or ZrBCC),
159.2 (d, J(C,P)� 66.1 Hz, ZrCPA), 161.1 (d, J(C,P)� 6.7 Hz, ZrCPB), 161.8
(d, J(C,P)� 3.0 Hz, ZrACCH), 171.0 (s, ZrBCCH), 193.0 (d, J(C,P)� 4.0 Hz,
ZrAC), 196.7 (s, ZrBC); i-PAPh2 and i-PBPh2 not observed; anal. calcd for
C67H51F4P2Zr2NO (1206.5): C 66.70, H 4.26, N 1.16; found: C 66.52, H 4.18,
N 1.20; MS (FAB): m/z : 1204 [M��1].


Complex 17: To a solution of complex 3 (0.335 g, 0.660 mmol) in toluene
(8 mL) was added 4-azidophenyl isothiocyanate (0.058 g, 0.330 mmol) at
room temperature. The mixture was stirred at room temperature for 30 min
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (15 mL/30 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (2� 5 mL) to give
17 as a yellow powder. Yield: 80 % (0.314 g). NMR resonances noted by
ªAº correspond to the Zr-C-P-N unit and those noted by ªBº to the Zr-C-P-
C-N moiety: 31P{1H} NMR (C6D6): d� 27.9 (s, PB), 35.5 (s, PA); 1H NMR
(C6D6): d� 5.83 (s, 10H, CHCp), 6.07 (s, 10 H, CHCp), 7.06 ± 8.07 (m, 32H,


CHarom), 8.27 (d, 1 H, J(H,P)� 21.7 Hz, PBCCH), 8.39 (d, 1 H, J(H,P)�
24.6 Hz, PACCH); 13C{1H} NMR (C6D6): d� 108.9 (s, CHCp), 109.5 (s,
CHCp), 122.3, 123.6, 123.9, 124.5, 126.3, 126.7, 126.9 and 127.2 (s, CHarom),
127.4 (d, J(C,P)� 51.4 Hz, i-PBPh2), 129.5 (d, J(C,P)� 8.9 Hz, o-PBPh2),
129.6 (d, J(C,P)� 8.9 Hz, o-PAPh2), 132.3 (d, J(C,P)� 10.1 Hz, m-PAPh2),
132.4 and 132.7 (s, p-PAPh2 and p-PBPh2), 133.9 (d, J(C,P)� 8.5 Hz, m-
PBPh2), 141.8 and 142.0 (s, CHarom), 149.6 (s, Carom), 150.7 (d, J(C,P)�
27.8 Hz, ZrCPB), 152.8 (d, J(C,P)� 14.0 Hz, Carom), 154.2 (d, J(C,P)�
32.7 Hz, ZrBCC), 154.5 (d, J(C,P)� 53.2 Hz, ZrCPA), 156.5 (d, J(C,P)�
31.3 Hz, ZrACC), 164.8 (s, ZrACCH), 172.0 (s, ZrBCCH), 172.8 (d, J(C,P)�
124.7 Hz, C�S), 193.6 (d, J(C,P)� 9.9 Hz, ZrAC), 193.8 (s, ZrBC); i-PAPh2


not observed; anal. calcd for C67H54N4P2Zr2S (1191.6): C 67.53, H 4.56, N
4.70; found: C 67.58, H 4.60, N 4.62; MS (electrospray): m/z : 1191.3
[M��1], 1163.4 [M�ÿN2�1].


Complex 18: A solution of 17 (0.140 g, 0.117 mmol) in toluene (5 mL) was
heated under reflux for 1.5 h and then evaporated to dryness. The solid
residue was extracted with THF/pentane (5 mL/25 mL) and filtered. The
volatiles were removed from the solution and the resulting solid was
washed with pentane (5 mL) to give 18 as a yellow powder. Yield: 93%
(0.127 g). NMR resonances noted by ªAº correspond to the Zr-C-P-N unit
and those noted by ªBº to the Zr-C-P-C-N moiety: 31P{1H} NMR (CDCl3):
d� 22.7 (s, PA), 28.2 (s, PB); 1H NMR (CDCl3): d� 5.81 (s, 10H, CHCp), 5.96
(s, 10H, CHCp), 6.86 ± 7.80 (m, 32 H, CHarom), 7.91 (d, 1 H, J(H,P)� 28.2 Hz,
PBCCH), 7.97 (d, 1H, J(H,P)� 23.9 Hz, PACCH); 13C{1H} NMR (CDCl3):
d� 108.3 (s, CHCp), 108.7 (s, CHCp), 120.7 (d, J(C,P)� 16.0 Hz, CHarom),
122.5, 122.8, 124.3, 124.7, 124.9, 125.7 and 125.9 (s, CHarom), 127.0 (d,
J(C,P)� 78.3 Hz, i-PBPh2), 128.8 (d, J(C,P)� 11.9 Hz, o-PBPh2), 128.9 (d,
J(C,P)� 11.9 Hz, o-PAPh2), 131.5 (d, J(C,P)� 9.6 Hz, m-PAPh2), 131.6 (d,
J(C,P)� 1.0 Hz, p-PAPh2), 132.1 (d, J(C,P)� 1.0 Hz, p-PBPh2), 133.1 (d,
J(C,P)� 7.6 Hz, m-PBPh2), 140.8 and 141.1 (s, CHarom), 140.9 (d, J(C,P)�
71.2 Hz, i-PAPh2), 148.1 (s, Carom), 152.8 (d, J(C,P)� 26.5 Hz, ZrCPB), 153.1
(d, J(C,P)� 42.9 Hz, ZrBCC), 154.4 (d, J(C,P)� 32.0 Hz, ZrACC), 157.3 (d,
J(C,P)� 66.5 Hz, ZrCPA), 159.9 (d, J(C,P)� 4.3 Hz, ZrACCH), 165.8 (d,
J(C,P)� 129.4 Hz, C�S), 170.8 (s, ZrBCCH), 191.7 (d, J(C,P)� 8.5 Hz,
ZrAC), 192.7 (s, ZrBC); Carom not observed; anal. calcd for C67H54N2P2Zr2S
(1163.6): C 69.15, H 4.68, N 2.41; found: C 68.95, H 4.51, N 2.45; MS (FAB):
m/z : 1162 [M�].


Complex 19: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5 mL) was added 4-azidotetrafluorobenzaldehyde (0.055 g, 0.250 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 19
as a green powder. Yield: 81% (0.460 g). NMR resonances noted by ªAº
correspond to the Zr-C-P-N unit and those noted by ªBº to the Zr-C-P-C-O
moiety: 31P{1H} NMR (C6D6): d� 57.9 (s, PA), 63.9 (s, PB); 1H NMR (C6D6):
d� 1.53 ± 1.90 (m, 4 H, CH2), 2.00 ± 2.35 (m, 4H, CH2), 2.71 ± 2.80 (m, 1H,
CHCH2), 3.32 ± 3.41 (m, 1H, CHCH2), 3.46 ± 3.68 (m, 2 H, ZrCH), 5.34 (s,
5H, CHCp), 5.88 (s, 5 H, CHCp), 5.95 (s, 5H, CHCp), 6.10 (s, 5H, CHCp), 6.17
(s, 1 H, CHO), 7.07 ± 7.57 (m, 18H, CHarom); 13C{1H} NMR (C6D6): d� 25.3
(d, J(C,P)� 44.7 Hz, PBCH2), 25.6 (d, J(C,P)� 47.3 Hz, PACH2), 26.1 (d,
J(C,P)� 77.6 Hz, CAHCH2), 32.2 (s, CBHCH2), 33.4 (s, CH2CH), 35.0 (s,
CH2CH), 54.1 (d, J(C,P)� 16.0 Hz, ZrACH), 55.6 (d, J(C,P)� 13.8 Hz,
ZrBCH), 109.8 (s, CHCp), 111.1 (s, CHCp), 111.3 (s, CHCp), 112.5 (s, CHCp),
123.5 ± 132.3 (m, CHarom, o-PPh, m-PPh and p-PPh), 139.53 (s, CHarom),
141.1 (d, J(C,P)� 6.0 Hz, CHarom), 143.1 ± 150.0 (m, 6Carom and i-PPh), 159.3
(d, J(C,P)� 20.4 Hz, ZrBCC), 160.8 (d, J(C,P)� 18.4 Hz, ZrACC), 182.9 (s,
ZrBC), 183.7 (d, J(C,P)� 10.8 Hz, ZrAC); anal. calcd for C59H51F4N3P2Zr2O
(1138.4): C 62.24, H 4.51, N 3.69; found: C 61.99, H 4.45, N 3.82; MS (FAB):
m/z : 1138 [M��1].


Complex 20: To a solution of complex 4 (0.230 g, 0.500 mmol) in toluene
(5 mL) was added 4-azidophenyl isothiocyanate (0.044 g, 0.250 mmol) at
room temperature. The mixture was stirred at room temperature for 1 h
and then evaporated to dryness. The solid residue was extracted with THF/
pentane (5 mL/20 mL) and filtered. The volatiles were removed from the
solution and the resulting solid was washed with pentane (5 mL) to give 20
as a brown powder. Yield: 89 % (0.480 g). NMR resonances noted by ªAº
correspond to the Zr-C-P-N unit and those noted by ªBº to the Zr-C-P-C-N
moiety: 31P{1H} NMR (C6D6): d� 54.6 (s, PB), 52.1 (s, PA); 1H NMR (C6D6):
d� 1.63 ± 2.00 (m, 4H, CH2), 2.14 ± 2.36 (m, 4 H, CH2), 2.68 ± 2.78 (m, 2H,
CHCH2), 3.60 ± 3.95 (m, 2 H, ZrCH), 5.49 (s, 5 H, CHCp), 5.66 (s, 5 H, CHCp),
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5.95 (s, 5 H, CHCp), 5.92 (s, 5 H, CHCp), 6.99 ± 7.22 (m, 16H, CHarom), 6.99 ±
7.22 (m, 6H, CHarom); 13C{1H} NMR (C6D6): d� 24.9 (d, J(C,P)� 45.9 Hz,
PBCH2), 26.6 (d, J(C,P)� 70.7 Hz, CBHCH2), 26.8 (d, J(C,P)� 70.8 Hz,
CBHCH2), 27.3 (d, J(C,P)� 50.9 Hz, CAHCH2), 29.3 (d, J(C,P)� 49.7 Hz,
PACH2), 33.4 (s, CH2CH), 34.6 (s, CH2CH), 54.2 (d, J(C,P)� 14.8 Hz,
ZrACH), 58.8 (d, J(C,P)� 15.8 Hz, ZrBCH), 109.7 (s, CHCp), 109.8 (s,
CHCp), 110.1 (s, CHCp), 111.0 (s, CHCp), 122.0, 126.1, 127.6, 128.0, 129.7,
131.5, 131.7, 139.4 and 141.8 (s, CHarom), 125.1 ± 125.4 (m, p-PPh, CHarom and
o-PPh or m-PPh), 129.1 (d, J(C,P)� 10.8 Hz, o-PPh or m-PPh), 129.6 (d,
J(C,P)� 10.1 Hz, o-PPh or m-PPh), 131.0 (d, J(C,P)� 12.0 Hz, o-PPh or m-
PPh), 149.5 (d, J(C,P)� 27.9 Hz, i-PPh), 149.6 (d, J(C,P)� 28.2 Hz, i-PPh),
156.2 (d, J(C,P)� 21.1 Hz, ZrBCC), 161.2 (d, J(C,P)� 19.0 Hz, ZrACC),
170.3 (d, J(C,P)� 121.0 Hz, C�S), 170.5 (d, J(C,P)� 121.4 Hz, C�S), 182.0
(s, ZrBC), 184.2 (d, J(C,P)� 10.8 Hz, ZrAC); Carom not observed; anal. calcd
for C59H54N4P2Zr2S (1095.5): C 64.68, H 4.96, N 5.11; found: C 64.52, H 4.92,
N 5.20; MS (FAB): m/z : 1095 [M��1].


X-ray structure analysis of 5 and 8 : Data were collected on a Stoe Imaging
Plate Diffraction System (IPDS) equipped with an Oxford Cryosystems
Cooler Device. The structures were solved by direct methods (SIR 92)[9]


and refined by least-squares procedures on Fobs. All hydrogen atoms were
located on difference Fourier maps; however, they were introduced into
the calculation in idealized positions (d(CÿH)� 0.96 �). Their atomic
coordinates were recalculated after each cycle of refinement, and were
given isotropic thermal parameters 20 % higher than those of the carbon
atoms to which they were attached. The only exception was hydrogen atom
H7 (connected to the C7 atom), which was isotropically refined. For both
structures, all non-hydrogen atoms were anisotropically refined. A statistic
disorder was found for the NO2 group of 5 ; the oxygen atoms were
isotropically refined on two sites with a occupancy ratio of 1:1. Least-
squares refinement was carried out by minimization of the function
Sw(jFo jÿjFc j )2, where Fo and Fc are the observed and calculated structure
factors, respectively. A weighting scheme was used in the last refinement
cycles, whereby weights were calculated from the following expression:
w� [weight]� [1ÿ (D(F)/6s(F)]2[10] and a numerical absorption correc-
tions[11] were applied to the intensity data for 5 and 8. Models reached
convergence with the formulas: R�S(j jFo jÿjFc j j )/S jFo j , Rw� [S
w(j jFo jÿjFc j j )2/Sw(jFo j )2]1/2. The calculations were performed with the
CRYSTALS program[12] running on a PC; the molecules were drawn with
the program CAMERON.[13] The atomic scattering factors were taken from
the International Tables for X-Ray Crystallography.[14] 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-120851 (5) and CCDC-120852 (8).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk).
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Abstract: In the three-dimensional ox-
alate network structures [MII(bpy)3][MI-
MIII(ox)3] (ox�C2O4


2ÿ ; bpy� 2,2'-bi-
pyridine) the negatively charged oxalate
backbone provides perfect cavities for
tris-bipyridyl complex cations. The size
of the cavity can be adjusted by variation
of the metal ions of the oxalate back-
bone. In [Co(bpy)3][NaCr(ox)3], the
[Co(bpy)3]2� complex is in its usual


4T1(t2g
5eg


2) high-spin ground state. Sub-
stituting Na� by Li� reduces the size of
the cavity. The resulting chemical pres-
sure destabilises the high-spin state of


[Co(bpy)3]2� to such an extent that
the 2E(t2g


6eg
1) low-spin state becomes


the actual ground state. As a result,
[Co(bpy)3][LiCr(ox)3] becomes a spin-
crossover system, as shown by temper-
ature-dependent magnetic susceptibility
measurements and single-crystal optical
spectroscopy, as well as by an X-ray
structure determination at 290 and 10 K.


Keywords: cobalt ´ magnetic prop-
erties ´ N ligands ´ optical proper-
ties ´ oxalate networks ´ spin cross-
over


Introduction


The three-dimensional oxalate networks of the type [MII(bpy)3]-
[MIMIII(ox)3] possess a very intriguing crystal structure.[1] The
[MIII(ox)3]3ÿ complexes are held together by the MI cations to
form a three-dimensional, negatively charged backbone of
cubic symmetry, with each oxalate ion acting as a bridging
ligand. The rather loose network is actively stabilised by the
[MII(bpy)3]2� counter ions that sit in the cavities provided by


the network. This results in an extremely tightly packed
crystal structure. The MI cations are preferably Li� and Na�. It
is, however, possible to combine a large number of different
divalent and trivalent metal ions on the MII and MIII sites,
respectively, as long as elementary rules regarding relative
stability constants and redox potentials of the components are
obeyed and some geometric restrictions are taken into
account. The various combinations lead to interesting mag-
netic[2] and photophysical[3] phenomena.


Recently, Tiwary and Vasudevan[4] took up the idea of
Mizuno and Lunsford,[5] and reported that [Co(bpy)3]2�,
which normally has a 4T1(t2g


5eg
2) high-spin ground state,[6]


becomes a spin-crossover complex when incorporated into
the cavities of zeolite-Y. They attributed the necessary
destabilisation of the high-spin state relative to the 2E(t2g


6eg
1)


low-spin state to a geometric distortion imposed on the
[Co(bpy)3]2� complexes by the charge distribution inside the
zeolite cavity.


In the three-dimensional oxalate networks, the size of the
cavity of the [MII(bpy)3]2� site can be adjusted by variation of
the metal ions on the oxalate backbone. In this paper we
explore the possibility of inducing a thermal spin transition in
[Co(bpy)3]2�, incorporated as a complex cation in the oxalate
network, by such variation. We present and discuss the results
of magnetic susceptibility measurements, single-crystal opti-
cal spectroscopy, and X-ray crystal structure determinations
on [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3], as well
as for comparison on [Zn(bpy)3][NaCr(ox)3] and [Ru(bpy)3]-
[LiCr(ox)3].
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Results


Structure determination : The three-dimensional network
structures of the type [MII(bpy)3][MIMIII(ox)3] crystallise in
the cubic space group P213, Z� 4.[1] The relevant single crystal
data and parameters regarding the data collection and
structure refinements for the compounds [Co(bpy)3][Na-
Cr(ox)3], [Co(bpy)3][LiCr(ox)3] and [Zn(bpy)3][NaCr(ox)3]
at room temperature as well as for [Co(bpy)3][LiCr(ox)3] at
10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K are given in Table 1.
Whereas for [Ru(bpy)3][LiCr(ox)3] there is spectroscopic
evidence for a slight lowering of the symmetry at low
temperatures,[7] [Co(bpy)3][LiCr(ox)3] stays in the P213 space
group down to 10 K. The general features of the crystal
structure have been reported previously. As depicted in
Figure 1, it consists of the three-dimensional oxalate back-
bone, which provides perfect cavities with regard to size and
geometry for the [MII(bpy)3]2� ions. The site symmetry of both
the tris-oxalate as well as the tris-bipyridyl complexes is C3 .
The rather loose oxalate network is actively stabilised by the
tris-bipyridyl complexes through electrostatic interactions
from p-overlap between oxalate and bipyridine along the
trigonal axis.


In Table 2, selected metal ± ligand bond lengths and angles
are given for [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3]
and [Co(bpy)3][LiCr(ox)3] at room temperature, as well as for
[Co(bpy)3][LiCr(ox)3] at 10 K and [Ru(bpy)3][LiCr(ox)3] at


Figure 1. View of one [MII(bpy)3]2� complex that sits in the cavity
provided by the [MIMIII(ox)3]2ÿ network.


100 K. Naturally, there is a large difference in MIÿO bond
lengths between the compounds containing Na� and Li�, but
they are quite similar for the two Na� compounds and the two
Li� compounds, respectively. The CrÿO bond lengths, on the
other hand, span the comparatively small range of 1.963 to
1.981 � for the four compounds, and for [Co(bpy)3][Li-
Cr(ox)3] the temperature dependence is negligible. The MIIÿN


Table 1. Crystallographic data and structure refinement for the three compounds [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3]
at 293 K as well as for [Co(bpy)3][LiCr(ox)3] at 10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K.


[Zn(bpy)3][NaCr(ox)3] [Co(bpy)3][NaCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Ru(bpy)3][LiCr(ox)3]


formula C36H24N6O12NaCrZn C36H24N6O12NaCrCo C36H24N6O12LiCrCo C36H24N6O12LiCrCo C36H24N6O12LiCrRu
fw 872.97 866.53 850.48 850.48 892.63
T [K] 293(2) 293(2) 293(2) 10(2) 100(2)
radiation MoKa MoKa MoKa MoKa MoKa


crystal system cubic cubic cubic cubic cubic
space group P213 P213 P213 P213 P213
a [�] 15.6365(18) 15.5850(8) 15.3866(8) 15.2230(18) 15.3091(10)
V [�3] 3823.1(8) 3785.5(3) 3652.7(3) 3527.8(7) 3588.0(4)
Z 4 4 4 4 4
1calcd [g cmÿ3] 1.517 1.520 1.551 1.601 1.652
1obs [g cmÿ3] ± 1.54 1.55 ± ±
m [cmÿ1] 9.93 8.08 8.54 8.54 0.798
transmission
factor range 0.733 ± 0.784 ± ± 0.7607 ± 0.8173 ±
F(000) 1772 1760 1728 1728 1796
crystal size [mm] 0.3� 0.3� 0.3 0.40� 0.40� 0.30 0.33� 0.33� 0.23 0.33� 0.33� 0.23 0.4� 0.4� 0.4
V range [o] 2.46 ± 26.6 2.61 ± 25.86 2.29 ± 25.91 2.32 ± 30.04 1.88 ± 26.36
index range, h, k, l ÿ 13/13, 0/14, 1/20 ÿ 18/18, ÿ18/19,


ÿ19/19
ÿ 18/18, ÿ18/17,
ÿ18/18


ÿ 16/18, ÿ15/15,
ÿ21/12


ÿ 19/17, ÿ18/19,
ÿ11/19


reflcns measured 21 275 28228 19 023 7322 17 822
unique reflcns 2870 2459 2378 3458 2380
Rint 0.0587 0.0678 0.0692 0.077 0.037
reflcns used 2870 2459 2378 3458 2355
parameters 181 173 173 173 173
goodness-of-fit on F 2 1.061 0.899 0.846 0.962 1.225
final R1 and wR2 on F bas.
and F 2, I> 2s(I)


0.0357, 0.0906 0.0304, 0.0573 0.0337, 0.0600 0.0683, 0.1003 0.0386, 0.0940


R1 and wR2 indices (all data) 0.0528, 0.0996 0.0475, 0.0602 0.0529, 0.0634 0.0888, 0.1088 0.0391, 0.0943
abs. structure param. ÿ 0.004(17) ÿ 0.01(2) ÿ 0.01(3) 0.01(4) 0.05(6)
2nd extinction param. ± 0.0026(3) 0.00041(11) ± 0.0031(9)
max shift/esd 0.001 0.001 0.001 0.004 0.001
min/max peaks [e �ÿ3] ÿ 0.299, 0.680 ÿ 0.196, 0.290 ÿ 0.221, 0.475 ÿ 1.510, 1.012 ÿ 0.589, 1.293
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bond lengths are more interesting because in [Zn(bpy)3][Na-
Cr(ox)3] and [Co(bpy)3][NaCr(ox)3] they are not too different,
but they are distinctly smaller and strongly temperature
dependent in [Co(bpy)3][LiCr(ox)3]. In the last compound
they decrease from an average of 2.095 � to 2.014 � (that is,
by 0.081 �) between 293 and 10 K. This is far too large to be
due to thermal contraction alone, and serves as a first
indication that [Co(bpy)3]2� has become a spin-crossover
complex in this lattice. The bite and twist angles (defined as
the projection of the bite angle onto a plane perpendicular to
the trigonal axis) of the [MII(bpy)3]2� complexes are within the
range generally observed for tris-bipyridyl complexes.[8]


Magnetic susceptibility measurements : Figure 2 shows the
magnetic susceptibilities in the form of the product cT as a


Figure 2. Magnetic susceptibilities of polycrystalline samples of [Co-
(bpy)3][NaCr(ox)3] (~), [Co(bpy)3][LiCr(ox)3] (*), and [Zn(bpy)3][Na-
Cr(ox)3] (^) plotted as cT versus temperature.


function of temperature for [Co(bpy)3][NaCr(ox)3] and
[Co(bpy)3][LiCr(ox)3]. For comparison, the cT values for
[Zn(bpy)3][NaCr(ox)3] are also included. In this system, cT is
almost temperature independent, and takes on values be-
tween 1.90 cm3 molÿ1 K (meff� 3.90 mB) at 10 K and
2.05 cm3 molÿ1 K (meff� 4.05 mB) at 300 K. This is the typical
behaviour of a spin-only magnet with S� 3�2, as expected for
the 4A2 ground state of the isolated [Cr(ox)3]3ÿ complexes that
are the only spin carriers in this system.


The cT curves of the two compounds containing
[Co(bpy)3]2� instead of the diamagnetic [Zn(bpy)3]2� are both
strongly temperature dependent, but in very different ways.
Subtracting the contribution due to [Cr(ox)3]3ÿ for [Co-
(bpy)3][NaCr(ox)3] leaves a curve that is typical for [Co(bpy)3]2�


in the 4T1 high-spin state.[9] In the high-spin state, the orbital
contribution to the magnetic moment is substantial, resulting
in the rather strong temperature dependence of cT. The low-
temperature value of cT for the [Co(bpy)3]2� contribution is
1.8 cm3 molÿ1 K (meff� 3.80 mB). This and the high value of the
[Co(bpy)3]2� contribution to cT of 3.23 cm3 molÿ1 K (meff�
5.08 mB) at 300 K, in fact, indicate a ligand field very close to
octahedral and substantial configuration interaction in the 4T1


states between the ground state (t2g
5eg


2) and the excited state
(t2g


4eg
3) strong field configurations.[9]


The cT curve of [Co(bpy)3][LiCr(ox)3] shows very different
behaviour. At 10 K, and after subtraction of the [Cr(ox)3]3ÿ


contribution, the [Co(bpy)3]2� contribution to cT is a mere
0.5 cm3 molÿ1 K (meff� 2.0 mB). This is only slightly above the
spin-only value for S� 1�2 of 0.37 cm3 molÿ1 K (meff� 1.73 mB),
and points to [Co(bpy)3]2� being in the 2E low-spin state at
10 K. With increasing temperature, cT increases sigmoidally,
and at 300 K it reaches a value of 2.55 cm3 molÿ1 K (meff�
4.52 mB). This is still below the value of the typical high-spin
compound, but the curve seems to approach that of the high-
spin system asymptotically. Thus, the magnetic susceptibility
measurements give a clear indication of a thermal spin
transition for [Co(bpy)3]2� in the three-dimensional network
[Co(bpy)3][LiCr(ox)3].


Optical spectroscopy: Figure 3 (top) shows the single-crystal
absorption spectra of [Zn(bpy)3][NaCr(ox)3] between 9000


Table 2. Selected bond lengths and angles for [Zn(bpy)3][NaCr(ox)3], [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][LiCr(ox)3] at 293 K, and [Co(bpy)3][LiCr(ox)3]
at 10 K and [Ru(bpy)3][LiCr(ox)3] at 100 K.


[Zn(bpy)3][NaCr(ox)3] [Co(bpy)3][NaCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Co(bpy)3][LiCr(ox)3] [Ru(bpy)3][LiCr(ox)3]
293 K 293 K 293 K 10 K 100 K


unit cell parameters
a [�] 15.6365(8) 15.5850(8) 15.3866(8) 15.2230(18) 15.3091(10)
V [�3] 3823.1 3785.5 3652.7 3527.8(7) 3588.0(8)
bond lengths [�]
MIIÿN1 2.157(2) 2.121(2) 2.096(2) 2.013(4) 2.061(3)
MIIÿN2 2.154(2) 2.125(2) 2.094(2) 2.015(3) 2.054(4)
CrÿO1 1.973(2) 1.963(2) 1.978(2) 1.988(3) 1.988(4)
CrÿO2 1.966(2) 1.967(2) 1.978(2) 1.981(3) 1.983(4)
MIÿO3 2.392(2) 2.340(2) 2.143(6) 2.170(8) 2.163(6)
MIÿO4 2.349(2) 2.366(2) 2.321(5) 2.222(7) 2.287(7)
bite angle [o] (Oh: 90o)
[MII(bpy)3]2� 76.62(8) 77.37(8) 78.10(9) 80.23(15) 79.24
twist angle [o] (Oh: 60o)
[MII(bpy)3]2� 45.4 47.7 48.9 51.2 49.3
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Figure 3. Single crystal absorption spectra of [Zn(bpy)3][NaCr(ox)3] (top),
[Co(bpy)3][NaCr(ox)3] (middle) and [Co(bpy)3][LiCr(ox)3] (bottom).


and 20 000 cmÿ1 at 12 and 300 K. The only chromophore that
absorbs in this spectral region is [Cr(ox)3]3ÿ. On the basis of
the work by Schönherr et al.[10] and of the Tanabe ± Sugano
diagram for a d3 system,[11] it is straightforward to assign the
observed absorption bands. The broad band centred at
18 100 cmÿ1 in the spectrum at 12 K corresponds to the spin-
allowed 4A!4T2 d ± d transition, which directly gives the
ligand-field strength 10Dq� 18 100 cmÿ1. The sharp doublet at
14 387 cmÿ1 corresponds to the spin-flip transition 4A2!2E,
and the series of sharp and weak bands between 14 400 and
15 600 cmÿ1 corresponds to the vibrational side bands of the
4A2!2E transition and the other spin-flip transition 4A2!2T1.


Figure 3 (middle) shows the single-crystal absorption
spectra of [Co(bpy)3][NaCr(ox)3] between 9000 and
20 000 cmÿ1 at 12 and 200 K. In addition to the bands
characteristic of [Cr(ox)3]3ÿ, there is an additional weak band
at 11 500 cmÿ1. This has to be due to [Co(bpy)3]2� since it is
totally absent in the compound with [Zn(bpy)3]2� substituted
for [Co(bpy)3]2�. According to the literature,[6, 12] this band is
typical for high-spin [Co(bpy)3]2� both in its energy as well as
in its comparatively small oscillator strength of 4� 10ÿ5. On
the basis of the Tanabe ± Sugano diagram[11] for a d7 system
this band can therefore be assigned to the spin-allowed d ± d
transition 4T1!4T2. A further point to note for the later
discussion is the fact that at 18 300 cmÿ1 at 12 K the 4A2!4T2


transition of [Cr(ox)3]3ÿ is at a slightly higher energy than in
the compound with [Zn(bpy)3]2� instead of [Co(bpy)3]2�.


Figure 3 (bottom) depicts the single crystal absorption
spectra of [Co(bpy)3][LiCr(ox)3] between 9000 and
20 000 cmÿ1 and at temperatures between 12 and 300 K.
Again the bands characteristic of [Cr(ox)3]3ÿ can easily be
assigned. At 12 K the 4A2!4T2 transition at 17 500 cmÿ1 is
now at substantially lower energy than in the other two
systems, whereas the 4A2!2E transition at 14 408 cmÿ1 is at
somewhat higher energy. The most astonishing feature,
however, is the comparatively strong, temperature-dependent
and slightly asymmetric absorption band centred at
14 000 cmÿ1. This band is most intense at 12 K and decreases
in intensity as the temperature increases. At 300 K it is no
longer resolvable and just contributes to the sloping back-
ground. This band indicates that in [Co(bpy)3][LiCr(ox)3]
there is a thermal equilibrium between different electronic
states peculiar to the [Co(bpy)3]2�. Furthermore it must be
due to the low-temperature species and therefore cannot be
due to the high-spin state. From the Tanabe ± Sugano dia-
gram[11] for a d7 system, this band can be assigned to the spin-
allowed and overlapping d ± d transitions of the low-spin
species 2E!2T1


a and 2E!2T2. In addition, there is a weak,
temperature-dependent band at 18 500 cmÿ1, which can be
tentatively assigned to the second spin-allowed 2E!2T1


b


transition.


Discussion


The thermal spin transition in [Co(bpy)3][LiCr(ox)3]: Optical
spectroscopy not only supports the assumption of a thermal
spin transition based on magnetic susceptibility and crystal
structure data, as a probe at a molecular level, but it also
proves unambiguously that there is a thermal equilibrium
between two electronic states of [Co(bpy)3]2� in [Co(bpy)3]-
[LiCr(ox)3]. From the magnetic susceptibility data shown in
Figure 2, the fraction of [Co(bpy)3]2� complexes in the high-
spin state, gHS, as a function of temperature can be calculated
from Equation (1), where cobs is the magnetic susceptibility


gHS�
cobs ÿ cLS ÿ cCr3�


cHS ÿ cLS ÿ cCr3�
(1)


observed for [Co(bpy)3][LiCr(ox)3] as a function of temper-
ature, cHS is the magnetic susceptibility of the high-spin state,
the temperature dependence of which can be taken from the
magnetic susceptibility of the high-spin system [Co(bpy)3]-
[NaCr(ox)3]. By assuming that in [Co(bpy)3][LiCr(ox)3] at
10 K all the [Co(bpy)3]2� complexes are in the low-spin state,
the magnetic susceptibility of the low-spin state, cLS, can be
taken from the low-temperature value for this compound,
and, finally, for cCr3� , the spin-only value observed exper-
imentally for [Zn(bpy)3][LiCr(ox)3] can be used. The resulting
thermal transition curve is shown in Figure 4. It has the same
sigmoidal shape as the cT curve of [Co(bpy)3][LiCr(ox)3]
itself. At 300 K the high-spin fraction gHS� 0.75. The above
analysis neglects possible interactions between the
[Co(bpy)3]2� and [Cr(ox)3]3ÿ entities. However, on the basis
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Figure 4. Spin-transition curves of [Co(bpy)3][LiCr(ox)3] as determined
from magnetic susceptibility (*), optical spectroscopy (^), and least-
squares fitting of the spin equilibrium according to Equation (3) to the
experimental points (solid line).


of the observation of energy-transfer properties of the related
system containing [Cr(bpy)3]3� instead of [Co(bpy)3]2�, host ±
guest interactions by superexchange through p overlap of the
respective ligand systems have been estimated to be less than
0.1 cmÿ1.[13]


A transition curve can also be constructed from the
temperature-dependent optical spectra. By assuming that in
the noncentrosymmetric complexes the temperature depend-
ence of the oscillator strengths of the spin-allowed d ± d
transitions is negligible, the high-spin fraction is given by
Equation (2), where I(T) is the experimental integrated


gHS�
ILS ÿ I�T�
ILS ÿ IHS


(2)


intensity over the spectral range covering the optical tran-
sitions of interest, and ILS and IHS are the integrated intensities
of the system fully in the low-spin and fully in the high-spin
states, respectively. ILS is known from the low-temperature
spectrum, but unfortunately IHS is not known. In principle, it
could be taken from the [Co(bpy)3][NaCr(ox)3] spectrum, but
because of i) the inherent problem of sloping base lines in
single crystal spectra and ii) the fact that there is a substantial
shift in the 4A!4T2 transition of [Cr(ox)3]3ÿ this would not be
very accurate. With the quite accurate estimate of gHS at 300 K
of 0.75 from magnetic susceptibility measurements, it is more
sensible to treat the factor (ILSÿ IHS)ÿ1 as a proportionality
constant and to scale gHS to the above value of 0.75 at 300 K.
The resulting transition curve, included in Figure 4, is in good
agreement with the one from the magnetic susceptibility
measurements.


In [Co(bpy)3][LiCr(ox)3] the spin transition is gradual.
There are no indications of any strong cooperative effects,[14]


nor are there complications from crystallographic phase
transitions. However, fitting the thermal transition curve by
taking into account just the electronic splittings of the 2E and
the 4T1 states in the trigonal ligand field is not adequate, as the


vibrational contribution to the entropy change is expected to
be quite large.[14] In this case, the simplest thermodynamic
approach to the LS>HS equilibrium is given in Equation (3).


gHS� (1�eDH 0
HLÿTDS0


HL�=kBT�ÿ1 (3)


A least-squares fit to the experimental transition curve
derived from the magnetic susceptibility measurements yields
values for the thermodynamic parameters of 227(5) cmÿ1


(2.72 kJ molÿ1) and 1.41(3) cmÿ1 Kÿ1 (16.9 J molÿ1 Kÿ1) for
DH0


HL and DS0
HL, respectively. Whereas the value for DH0


HL


is in good agreement with the one reported by Tiwary and
Vasudevan[4] for [Co(bpy)3]2� incorporated into zeolite-Y, the
value for DS0


HL is substantially larger. It is, however, within the
range reported by Zarembowitch[15] for several cobalt(ii) spin-
crossover systems. But as expected, DS0


HL is still much smaller
than the corresponding typical values in the range from 5 to
10 cmÿ1 Kÿ1 for iron(ii) spin-crossover systems.[14] This is due
to the smaller ratios of both electronic and vibrational
degeneracies between the two states for cobalt(ii) spin-
crossover systems. It should be noted that both DH0


HL and
DS0


HL are not strictly temperature independent because of the
splitting of the 4T1 state under the combined effects of spin ±
orbit coupling and a small trigonal component to the ligand
field. The values given here should be regarded as valid at the
transition temperature T1/2 of 161 K [Eq. (4)], which is
defined as the temperature for which gHS� 0.5.


T1/2�DH0
HL/DS0


HL (4)


As mentioned above, there are no direct indications of any
cooperative effects driving the spin transition in the present
system. Small effects could, however, be responsible for the
apparently larger value of DS0


HL as compared with the one
reported by Tiwary and Vasudevan.[4] On the other hand, the
smaller value found by these authors could be an artefact due
to an inhomogeneous distribution of the zero-point energy
difference between the two electronic states in the zeolite
cavity.


Geometric changes : The average CoÿN bond length of the
high-spin compound [Co(bpy)3][NaCr(ox)3] of 2.123 � is
almost identical to the one observed for other compounds
containing the [Co(bpy)3]2� moiety. In [Co(bpy)3]Cl2 ´ 2 H2O ´
EtOH, for instance, it is 2.128 �.[8] Similarly, the average
values of the bite and the twist angle for this compound of
76.58 and 44.98 (calculated from the structure parameters
given in ref. [8]), respectively, are only slightly smaller than
the values of 77.48 and 47.78 of [Co(bpy)3][NaCr(ox)3].


The difference in CoÿN bond lengths between the high-spin
and the low-spin state, DrHL, of the spin-crossover system
[Co(bpy)3][LiCr(ox)3] follows directly from the crystallo-
graphic data. At 293 K, the average CoÿN bond lengths are
2.095 �, and at 10 K they are 2.014 �. The former value
corresponds to gHS� 0, the latter to gHS� 0.73. From this, a
value for DrHL of 0.110 � can be derived. Thus, the CoÿN
bond length for the high-spin state is extrapolated to 2.124 �,
which is exactly equal to the one determined for the high-spin
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system [Co(bpy)3][NaCr(ox)3]. The above value of DrHL is
also identical to the 0.11 � reported as the average value for
the difference in CoÿN bond lengths for the spin-crossover
complex [Co(terpy)2]2� (terpy� terpyridine).[16] The key dif-
ference between this complex and the [Co(bpy)3][LiCr(ox)3]
system is that for the former the value of DrHL� 0.11 � is
made up of the differences in CoÿNcentral of 0.21 � and the
differences in CoÿNdistal of 0.06 �, whereas in the latter all six
bond lengths change by almost equal amounts. Of course, the
bite and twist angles of the [Co(bpy)3]2� moiety have to
respond to the large difference in CoÿN bond lengths. Thus
already at 293 K both angles are slightly larger than in the
corresponding high-spin system [Co(bpy)3][NaCr(ox)3], and
as the [Co(bpy)3]2� complex crosses to the low-spin state,
there is a further increase towards a less trigonally distorted
coordination. In fact, the [Co(bpy)3]2� complex in this system
is by far the most symmetric cobalt(ii) spin-crossover complex
found to date. Most other cobalt(ii) spin-crossover complexes
already have a very asymmetric coordination sphere to begin
with, such as the class of complexes with Schiff bases derived
from 3-formylsalicylic acid with [CoN4O2] coordination,[15]


and consequently, it is not surprising that the changes in bond
length accompanying the spin transition are not all equal. In
addition, in such systems the Jahn ± Teller effect in the 2E state
helps to drive the static distortion along a normal coordinate
that is not totally symmetric.


Ligand-field strengths : The determination of ligand-field
strengths from the optical spectra is not straightforward, as
none of the observed transitions corresponds directly to 10Dq.
Furthermore, the number of observed transitions is not
sufficient for a determination of the Racah parameters B
and C and the ligand-field strength 10Dq for both the high-
spin and the low-spin complexes on the basis of these spectra
alone. For the low-spin species in [Co(bpy)3][LiCr(ox)3] with
two bands assigned, it should, however, be possible to
estimate B and 10Dq by setting C� 4B.[17] According to the
Tanabe ± Sugano diagram for a d7 system,[11] the energy
difference between the two close lying excited states 2T1


a


and 2T2, and the next higher excited state 2T1
b (E(2T1


b)ÿ
E(2T1


a, 2T2) is about 8B and is independent of the ligand-field
strength in the strong-field limit, because these three states all
arise from the same strong-field configuration (t2g


5eg
2). With


the experimental values of the 2E!2T1
a, 2T2 and 2E!2T1


b


transitions discussed above (see Optical spectroscopy),
E(2T1


b)ÿE(2T1
a, 2T2)� 4500 cmÿ1, from which a value for B


of �565 cmÿ1 can be estimated. In the low-spin complex, B is
thus reduced from its free-ion value of 1115 cmÿ1[17] by an
orbital reduction factor of 0.5. With this value of B, the
experimental energy difference between the two close lying
excited states 2T1


a and 2T2, and the 2E ground state can be
expressed in units of B as E(2T1


a, 2T2)ÿE(2E) to give a value
of 14 000 cmÿ1 or 25B. Again, according to the Tanabe ± Su-
gano diagram, this results in a ligand-field strength for the
low-spin complex of 10DqLS� 27B or 15 300 cmÿ1.


Unfortunately, in the spin-crossover system [Co(bpy)3][Li-
Cr(ox)3] no absorption bands of the high-spin state could be
resolved, because of the spectral overlap between the com-
paratively weak spin-allowed, high-spin band and the more


intense low-spin band. However, the one absorption band
observed for the high-spin system [Co(bpy)3][NaCr(ox)3] at
11 400 cmÿ1 may also be considered typical for the energy of
the 4T1!4T2 transition of the spin-crossover system. This
energy is identical to that of this transition as observed by
Palmer and Piper for [Co(bpy)3]2� in solution.[12] In solution,
with no interference from other chromophores, these authors
were able to assign a series of bands and to perform a ligand-
field analysis, which resulted in values of B� 790 cmÿ1, an
orbital reduction factor b� 0.71, and 10DqHS� 12 700 cmÿ1.
These values can confidently be transferred to high-spin
[Co(bpy)3]2� in the oxalate networks.


The orbital reduction factor b and thus B vary quite
substantially between the two spin states. The value of b for
the low-spin state is smaller than the one for the high-spin
state. This is not unexpected, as the delocalisation of the d
electrons towards ligand orbitals is more pronounced for the
low-spin state with its smaller metal ± ligand bond lengths.


The values of the ligand-field strengths of the high-spin and
the low-spin species, 10DqHS� 12 700 cmÿ1 and 10DqLS�
15 300 cmÿ1, respectively, can be checked for internal consis-
tency on the basis of the metal ± ligand bond length depend-
ence of 10Dq on rÿn, with n� 5 ± 6. With metal ± ligand bond
lengths of 2.022 and 2.125 � for the low-spin and the high-spin
state, respectively, the expected ratio is �1.3. This compares
reasonably well with the ratio of 1.2 as estimated with the
above values of the respective ligand-field strengths. Further-
more, according to the Tanabe ± Sugano diagram, the critical
ligand-field strength, 10Dqcrit, where the ligand-field stabili-
sation is equal to the spin-pairing energy p, is at 21.5B. In a
configurational coordinate diagram for a given complex this
point corresponds to the crossing point of the diabatic
potentials of the high-spin and the low-spin state. For a spin-
crossover compound this point has to be approximately
halfway between the two potential minima. Thus by taking B
at this nuclear configuration to be the mean of the above
values for the high-spin and the low-spin state, respectively, a
value for 10Dqcrit of 14 400 cmÿ1 can be estimated, which is in
between the values of 10DqLS and 10DqHS.


In their report, Tiwary and Vasudevan[4] stress the impor-
tance of the influence of the zeolite matrix on the trigonal
component of the ligand field as the actual force that drives
[Co(bpy)3]2� into becoming a spin-crossover complex. We find
no indication to support this assertion. In [Co(bpy)3][Li-
Cr(ox)3], the [Co(bpy)3]2� complexes actually retain their high
molecular symmetry. The difference in twist and bite angles
between the two states is not very large, but as for the spin-
crossover systems of iron(ii) and iron(iii), it is the change in
metal ± ligand bond length that is the most striking structural
feature. Thus, the reaction coordinate for the spin transition is
dominated by the totally symmetric breathing mode of the
complex, and the trigonal twist and bite angles just react to
satisfy the geometric restraints imposed by the bidentate
nature of the bipyridine ligands. It is also true that the trigonal
component of the ligand field is quite small in the oxalate
networks, as demonstrated by the rather large values of cT of
the high-spin compound. The trigonal splitting of the 4T1 state
in the [Co(bpy)3][NaAl(ox)3] derivative is 350 cmÿ1, with the
4A2 component below the 4E component.[18] Both the magni-
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tude and the sign of this splitting are comparable with other
tris-bipyridine complexes in the solid state with C3 site
symmetry, such as [Cr(bpy)3]3�,[19] and is in line with the
report on [Co(bpy)3]2� by Palmer and Piper.[12]


Finally, the shifts in the absorption bands of [Cr(ox)3]3ÿ


upon substitution of Na� by Li� in [Co(bpy)3][NaCr(ox)3]
need to be discussed briefly. With Li�, the cavity for the tris-
bipyridyl complex is slightly too small for [Co(bpy)3]2�. This is
the actual driving force for making this complex a spin-
crossover complex in [Co(bpy)3][LiCr(ox)3]. On the other
hand, the tris-bipyridyl complex deforms the cavity to some
extent. Thus, the two nonequivalent LiÿO bond lengths differ
quite substantially, and in [Co(bpy)3][LiCr(ox)3] the CrÿO
bond lengths are elongated by 0.014 � with respect to those in
[Co(bpy)3][NaCr(ox)3]. With the rÿn dependence of the
ligand-field strength, the shift of the 4A2!4T2 band from
18 300 to 17 500 cmÿ1 corresponds exactly to the decrease in
10Dq due to this elongation. At the same time, there is a slight
increase in the orbital reduction factor associated with the
larger metal ± ligand bond lengths. As a result, a small shift of
21 cmÿ1 to higher energy is observed for the ligand-field
strength independent spin-flip 4A2!2E transition.


Conclusion


We have demonstrated the phenomenon of a thermal spin
transition for the [Co(bpy)3]2� complex in [Co(bpy)3][Li-
Cr(ox)3]. A coherent and internally consistent picture taking
into account structural data, magnetic susceptibility measure-
ments and optical absorption spectra has been developed,
which shows how host ± guest interactions influence the
electronic energies of each other.


As mentioned above, in principle the 2E state is subject to
the Jahn ± Teller effect. Whereas in less symmetric systems
this results in strong tetragonal distortions, the [Co(bpy)3]2�


complex in [Co(bpy)3][LiCr(ox)3] retains its C3 site symmetry
even in the low-spin state. This does not necessarily mean that
the Jahn ± Teller effect is not active. The rather tight fit of the
[Co(bpy)3]2� complexes in the oxalate network just prevents a
static, and thus cooperative, distortion. Unfortunately, with
the [Cr(ox)3]3ÿ present in high concentrations, spin ± spin
relaxation prevents the recording of meaningful EPR spectra
in [Co(bpy)3][LiCr(ox)3] in order to check for a dynamic
Jahn ± Teller effect.


In an astonishing number of cobalt(ii) spin-crossover
compounds cooperative effects lead to quite large thermal
hysteresis behaviour. This is in all probability due to the
anisotropic change in the actual shape of the complexes
themselves, and leads to strong nearest neighbour interac-
tions[20] and cooperative Jahn ± Teller distortions.[15] In con-
trast, in the high symmetry compound [Co(bpy)3][LiCr(ox)3],
cooperative effects are restricted to the long-range contribu-
tion in the form of an image pressure.[21] Such long-range
interactions are directly related to the difference in volumes
between the high-spin and the low-spin states. As both the
difference in bond lengths as well as the difference in volumes
are smaller in cobalt(ii) when compared with iron(ii) spin-
crossover complexes, the long-range contribution for the


former is expected to be small, and indeed in [Co(bpy)3][Li-
Cr(ox)3] the spin transition is gradual without any indications
of large cooperative effects. It would, nevertheless, be
interesting to follow up on this aspect by studying a metal
dilution series of the form [M1ÿxCox(bpy)3][LiCr(ox)3], where
M is an innocent metal ion such as zinc(ii) or iron(ii). Since the
influence of substituting Na� by Li� has been ascribed to an
increasing internal pressure, it would also be interesting to
study the effects of an external pressure on both [Co(bpy)3]-
[LiCr(ox)3] and [Co(bpy)3][NaCr(ox)3]. These cubic com-
pounds are particularly suited to pressure studies under
hydrostatic pressure, and a comparatively small external
pressure might be sufficient to push the high-spin system
[Co(bpy)3][NaCr(ox)3] into becoming a spin-crossover sys-
tem.


Experimental Section


Sample preparation : Samples in the form of polycrystalline powders were
prepared by adapting the procedures previously described. Single crystals
in the form of perfect tetrahedra with edges of up to 0.4 mm were grown by
slow diffusion in a silicate gel.[22]


X-ray diffraction studies: The relevant structure determination parameters
are given in Table 1. Single-crystal data for [Zn(bpy)3][NaCr(ox)3] at 293 K
and for [Ru(bpy)3][LiCr(ox)3] at 100 K were collected on a Siemens Smart-
CCD diffractometer and for [Co(bpy)3][NaCr(ox)3] and [Co(bpy)3][Li-
Cr(ox)3] at 293 K on a Stoe Image Plate Diffraction System with graphite-
monochromated MoKa radiation (l� 0.71073 �). The 10 K data for
[Co(bpy)3][LiCr(ox)3] were collected on an Fddd diffractometer,[23] which
consists of an APD 202 Displex cryogenic refrigerator on a Huber 512
goniometer with an offset c-circle, a Bruker Mo rotating anode generator
(l� 0.71073 �) and a fast scintillation detector. A dark red crystal was
attached to a sharpened graphite rod (0.3 mm) by means of a low-
temperature epoxy glue and was mounted on the Displex. The crystal was
cooled to and maintained at 10 K. Data were collected by using w-2q scans.
Three standard reflections were measured every 100 reflections and
showed ca. 6 % variation over the entire data collection.
The structures were solved by direct methods in the program SHELXS97[24]


and refined by full-matrix least-squares on F 2 with the program
SHELXL97.[25] The hydrogen atoms were included in calculated positions
and treated as riding atoms by means of SHELXL97 default parameters.
The final refinementsÐfor the measurements at 293 as well as at 100 K of
the four compoundsÐconverged to R1< 0.036 and wR2< 0.091 for the
observed data [I> 2s(I)]. The refinement of the structure of [Co(bpy)3]-
[LiCr(ox)3] at 10 K converged at R1� 0.068 and wR2� 0.1088 for the
observed data [I> 2s(I)]. Numerical absorption corrections were applied
in the case of [Zn(bpy)3][NaCr(ox)3], and for the structure of [Co(bpy)3]-
[LiCr(ox)3] at 10 K.
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 nos. CCDC 118927 ±
118931. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB1 1EZ, UK (fax: (�44) 1223-226-
033; e-mail : deposit@ccdcd.cam.ac.uk).


Magnetic susceptibility : Magnetic susceptibility measurements between 2
and 300 K were performed on a SQUID MPMS-XL (Quantum Design)
with powder samples (between 10 and 40 mg). Diamagnetic corrections
were applied by using tabulated Pascal constants.[26]


Optical spectroscopy : Single-crystal absorption spectra between 9000 and
22000 cmÿ1 were recorded on a Fourier transform spectrometer equipped
with the appropriate light sources, beam splitters and detectors (Bruker
IFS66). To this end, one cap of a perfectly tetrahedral crystal with an edge
length of �0.3 mm was polished off, in order to provide the two parallel
faces required for absorption measurements. Temperatures between 11 and
300 K were achieved with a closed-cycle cryosystem with the sample sitting
in He exchange gas (Oxford Instruments CCC 1204).
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2-Aza-2'-deoxyadenosine: Synthesis, Base-Pairing Selectivity, and Stacking
Properties of Oligonucleotides
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Abstract: 2-Aza-2'-deoxyadenosine (2, z2Ad) is synthesized via its 1,N6-etheno
derivative 7 and enzymatically deaminated to 2-aza-2'-deoxyinosine (3). Compound
2 is converted into the phosphoramidite building block 10 b. This is employed in
solid-phase oligonucleotide synthesis. The 2-azapurine base forms a strong base pair
with guanine, but a much weaker one with adenine, thymine, and cytosine.
Oligonucleotide duplexes with dangling nucleotide residues, such as 2-aza-2'-
deoxyadenosine and 7-deaza-2'-deoxyadenosine (4, c7Ad), either on one or both
termini, are synthesized, and the thermal stability of the duplexes is correlated with
the hydrophobic properties of the dangling nucleotide residues.


Keywords: 2-aza-2'-deoxyadenosine
´ DNA structures ´ duplex stability
´ nucleosides ´ oligonucleotides


Introduction


2-Azapurines, such as 2-azaadenine and 2-azahypoxanthine,
have long been known to inhibit the growth of both microbial
and mammalian cells.[1±6] However, as a consequence of the
paucity of nucleoside starting materials, little is known about
2-azapurine-containing oligonucleotides. One reason for this
might be the photochemical lability of such triazine com-
pounds, which decompose upon UV irradiation to give 4,5-
disubstituted imidazole nucleosides.[7] On the other hand,
such compounds have been used as precursors for the
preparation of 2-azapurine nucleosides. 2-Azapurine nucleo-
sides are isosteric, but not isoelectronic, to regular purine
nucleosides and possess a different dipole moment.[8] Such
minor structural modifications of a nucleobase, especially
when they are effected at strategic positions of the hetero-
cyclic ring, may alter the base-pairing properties because of
differences in hydrogen bonding, base pairing, and electronic
properties between the analogues and the parent nucleosides.
In this respect, aza[9a, 9b, 10] and deaza[11] analogues of purine


nucleosides, such as compounds 2, 3, or 4, are of particular
value for probing nucleic acid function, structure, and
stability. In this paper, we report a new and efficient synthesis
of 2-aza-2'-deoxyadenosine (2) and its incorporation into
oligonucleotides. The base-pairing properties of this minor-
groove-modifying base with regular bases, as well as its effect
as a dangling nucleotide on the duplex stability of oligode-
oxynucleotides, are investigated.


Results and Discussion


Monomers


Synthesis : The synthesis of 2-azapurine ribonucleosides, 2'-
deoxyribonucleosides, and arabino nucleosides, as well as of
a-d or acyclic analogues,[12±21] is based mainly on ring-
annulation reactions of imidazole nucleoside precursors
(purine numbering is used throughout except for the Exper-
imental Section). Most successful was the preparation of
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2-azainosine by ring closure of 5-amino-1-b-d-ribofuranosyl-
imidazol-4-carboxamide (AICA-riboside) in the presence of
nitrous acid and 6n hydrochloric acid at low temperature.[14]


The glycosylation of a 2-azapurine derivative with a sugar
halide has been described in only two cases.[20a, b, 21] Most
versatile is the nucleobase anion glycosylation of 6-methyl-
thio-2-azapurine under phase-transfer conditions.[21] How-
ever, this method is fraught with difficulties because different
regioisomeric nucleosides are formed upon glycosylation.


We report the synthesis of 2-aza-2'-deoxyadenosine (2) via
its 1,N6-etheno derivative starting from 2'-deoxyadenosine (1)
(Scheme 1). This route has been elaborated by Yamaji and


Scheme 1. Synthesis of 2. a) ClCH2CHO, 1m aq NAOC buffer, pH 4 ± 5,
70%; b) 1n NaOH, 73 %; c) NaNO2, 80% aq HOAc, 53%; d) NBS, 1m aq
NaOAc buffer, pH 4 ± 5, 38 %.


Kato[22] for the synthesis of alkyl derivatives and for b-d-
ribofuranosyl 3',5'-cyclic phosphates. Reaction of 2'-deoxy-
adenosine (1) with chloroacetaldehyde gave 1,N6-etheno-2'-
deoxyadenosine (eAd, 5),[23, 24] which was treated with aque-
ous sodium hydroxide to form the bis-imidazole 2'-deoxynu-
cleoside 6. This was treated with sodium nitrite in 80 %


aqueous acetic acid to give 1,N6-etheno-2-aza-2'-deoxyadeno-
sine (7). Treatment of compound 7 with N-bromosuccinimide
in acetate buffer (pH 4.0 ± 4.5) resulted in formation of 2-aza-
2'-deoxyadenosine (2). The overall yield starting from 2'-
deoxyadenosine was 13 % over four steps; this is superior to
other synthetic routes.[20a,b;21] The purity of all compounds was
ascertained by 1H and 13C NMR spectra and by elemental
analyses (see Table 7 in the Experimental Section). The
13C NMR resonances were assigned from gated-decoupled
(Table 8 in the Experimental Section) and heteronuclear-
correlation spectra. The stability of 2-aza-2'-deoxyadenosine
(2) at its N-glycosylic bond in aqueous hydrochloric acid
(0.1m, RT), measured by UV spectrophotometry at 290 nm, is
similar to that of dA (z2Ad: t� 63 min; dA: t� 45 min).[25]


It had been reported[21] that 2 is a substrate for adenosine
deaminase, though it possesses a lower vmax than adenosine.
This property was used for the enzyme-catalyzed synthesis of
2-aza-2'-deoxyinosine (3) on a preparative scale. Compound 3
was characterized by means of UV, 1H, and 13C NMR spectra
(Table 7 in the Experimental Section).


Fluorescence and conformational properties of monomers :
Strong fluorescence of 1,N6-ethenoadenine derivatives, in-
cluding compound 5, has been widely recognized and inves-
tigated.[23] Moreover, it has been reported that the electron-
donating or electron-withdrawing properties of 2-substituents
of 1,N6-ethenoadenosine exert a strong influence on its
fluorescence.[26] It was therefore of interest to compare the
fluorescence of compound 5 with 7. The additional nitrogen
atom in the 2-position of 7 reduces the fluorescence of 1,N6-
ethenoadenosine (5) to about 7 % (data not shown). The
residual fluorescence emission spectrum of 1,N6-etheno-2-
aza-2'-deoxy-adenosine (7; lEX� 240 nm, H2O) exhibits a
bathochromic shift of about 80 nm relative to compound 5 ;
2-aza-2'-deoxyadenosine (2) shows no fluorescence.


The nucleosides 2 and 7 were analyzed by 1H NOE
difference spectroscopy to elucidate their base conformation
around the N-glycosylic bond (Table 1). Irradiation of H-C(8)
of nucleosides 2 and 7 revealed NOEs of 5.8 % and 5.9 % at
H-C(1'). This, the NOE data on Hb-C(2') and H-C(3'), and a
graphical method[27] for calculating the syn and anti conformer
populations allowed us estimate that the rotamer populations
for both compounds are equal (50 % syn, 50 % anti). This
result is identical to that obtained for 2'-deoxyadenosine,
implying that the additional nitrogen in the 2-position of
compounds 2 and 7 has no influence on the conformation at
the N-glycosylic bond. There are differences, however, with
respect to sugar puckering. Aided by vicinal 3J(H,H) coupling
constants of the sugar protons, the conformations of the
glyconic moiety of compounds 2 and 3 were determined
(Table 1). Information on the preferred sugar puckering
[3'T2'(N), 3'T2'(S)] and the rotation about the C(4')ÿC(5')
bond (gg�,gt, ggÿ) was obtained with the program
PSEUROT 6.2[28a,b] and the method of Westhof et al.[29] For
compounds 2 and 3, N-conformer populations of 36 % were
calculated, which is 8 % higher than that of 2'-deoxyadeno-
sine.[30] Surprisingly, the distribution of rotamers about the
C(4')ÿC(5') bond is strongly affected by the additional
nitrogen atom(Table 1) in the case of 3, but only slightly for


Abstract in German: 2-Aza-2'-desoxyadenosine (2, z2Ad) wird
über sein 1,N6-Etheno-Derivat 7 dargestellt und enzymatisch
zum 2-Aza-2'-desoxyinosin (3) desaminiert. Verbindung 2
wird in das Phosphoramidit 10a für die Oligonucleotid
Festphasensynthese umgewandelt. Dieses wird für die Synthese
einer Reihe modifizierter Oligomere verwendet. Die 2-Azapu-
rin Base zeigt eine starke Basenpaarung mit Guanin, eine viel
schwächere jedoch mit Adenin, Thymin und Cytosin. Eine
Serie von Oligonucleotiden mit jeweils einem überhängenden
Nucleotid an entweder einem oder an beiden TerminiÐdar-
unter 2-Aza-2'-desoxyadenosin (2) oder 7-Desaza-2'-desoxy-
adenosin (4)Ðwird synthetisiert und ihr stabilisierender Effekt
auf die thermische Stabilität der Duplexe wird mit der Hydro-
phobie der überhängenden Nucleotide korreliert.
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2. In contrast to 2, compound 3 exhibits an extraordinary high
g(t) population (� ÿ sc), in which the 5'-OH group is no longer
located above the ribose ring (�g), but is twisted away from it.
As this is in contrast to the results found for 2'-deoxyinosine
and 7-deaza-2'-deoxyinosine,[31] it is postulated that com-
pound 3 exists as a HÿN(3) tautomer in water, but not as a
HÿN(1) tautomer as found for 2'-deoxyinosine.


Synthesis of a 2-aza-2'-deoxyadenosine phosphoramidite : For
the preparation of oligodeoxynucleotide building blocks
several amino protecting groups for nucleoside 2 were tested.
Benzoylation of 2 under transient silylation[32] conditions gave
compound 8. The half-life of its deprotection reaction in
concentrated aqueous ammonia at 40 8C (monitiored by UV-
spectrophotometry at 275 nm) is 480 min, which is not
appropriate for other nucleoside building blocks intended
for solid-phase DNA synthesis.


Next, a dimethylaminomethylidene residue was introduced
into 2(!9 a) by reaction with dimethylformamide dimethyl-
acetal.[33,34] This protection group proved to be very labile: at
room temperature it exhibits a half-life (25 % aq. NH3,
320 nm) of only three minutes and was, therefore, abandoned.
The application of higher dialkylformamide dimethylacetals
solved the problem. Reaction of N,N-dimethylformamidine
dimethylacetal with either diisobutylamine or di-n-butyl-
amine (100 8C, 3 d) and fractionated distillation under re-
duced pressure according to reference [35] afforded the
corresponding higher dialkylformamidine dimethyl acetals,
which were treated with nucleoside 2 to give compounds 9 b
and 9 c, respectively.


Determination of their t values in concentrated aqueous
ammonia (40 8C, 325 nm) (Table 2) revealed that the di-n-
butylaminomethylidene derivative 9 c possesses an appropri-
ate half-life (t�35 min), while other protecting groups proved


either too stable or too labile. For these reasons compound 9 c
was used for further 5'-O-4,4'-dimethoxytritylation[36] under
standard reaction conditions (10 a). Subsequent phosphityla-
tion of compound 10 a with chloro(2-cyanoethoxy)(diisopro-
pylamino)phosphine[37] gave the phosphoramidite 10 b. All
new compounds were characterized by 1H, 13C, and 31P NMR
spectroscopy as well as by elemental analyses (see Table 7 in
the Experimental Section).


Oligonucleotides


Synthesis : Oligonucleotides were synthesized on solid phase
by means of an automated synthesizer with the phosphor-
amidite 10 b and the phosphoramidites of regular DNA
constituents. The oligonucleotides were purified by either
reversed-phase or anion-exchange HPLC. Their nucleoside
composition was determined by hydrolysis with snake-venom
phosphodiesterase followed by alkaline phosphatase[10] and
partially by MALDI-TOF spectrometry (see Experimental
Section and Table 6 later).


Non-selfcomplementary oligonucleotides with random base
composition : The two oligonucleotides 5'-d(TAGGTCAA-
TACT) (11) and 5'-d(AGTATTGACCTA) (12) were con-
structed to form a stable hybrid with a Tm value of 47 8C. This
duplex is used in our laboratory as a standard to study the
influence of modified bases on duplex structure and stabil-
ity.[10] As can be seen in Table 3, replacement of one central


Table 1a. 1H NOE data[a] and conformer populations of compounds 2 and 7.[b]


Proton irradiated Observed NOE [%] Conformer population
anti [%] syn [%]


7 H-C(8) H-C(1') [5.8]; Hb-C(2') [2.8]; H-C(3') [1.6]; 5'-OH [1.2] 50 50
2 H-C(8) H-C(1') [5.9]; Hb-C(2') [3.4]; H-C(3') [1.8]; 5'-OH [1.2] 50 50


[a] Measured in [D6]DMSO. [b] Measured at 303 8C.


Table 1b. 3J(H,H) coupling constants[a] of compounds 1 ± 3.


3J(H,H) [Hz][b] Sugar conformation Pseudorotational parameters
1',2' 1',2'' 2',3' 2'',3' 3',4' 4',5' 4',5'' % N % S % gg� % gt % ggÿ PN PS Ym(N) Ym(S)


2 6.65 6.65 6.50 4.00 3.65 3.35 4.75 36 64 55 30 15 19 160.5 36 30.2
3 6.70 6.35 6.15 3.80 3.55 4.20 6.50 36 64 26 50 24 19 162.8 36 32.7
1 7.20 6.50 6.50 3.30 3.20 3.45 4.30 28 72 59 25 16 19 160.7 36 30.3


[a] Measured in D2O. [b] Primed and double primed locants are used to distinguish between the protons at C(2') or C(5'); root mean square �0.4 Hz;
jDJmax j� 0.4 Hz.


Table 2. Half-life values (t) of protected 2'-deoxy-2-azaadenosine deriv-
atives in aqueous NH3 (25 %) at 40 8C.


Half-life t [min]


8 480
9a 3[a]


9b 100
9c 35


[a] Measured at 20 8C.
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dA ± dT by a z2Ad ± dT base pair reduces the Tm of the duplex
(13 ´ 12) by 5 8C; exchange of two such base pairs (11 ´ 14)
reveals a decrease in Tm of 10 8C. In this case the reduction of
duplex stability evidently does not depend on the position of
base-pair replacement: the duplex 15 ´ 12, which contains two
consecutive z2Ad ± dT pairs, has the same Tm as 11 ´ 14 in which
the modified base pairs are separated by three regular ones.
Duplex stability is linearly decreased further when the
number of z2Ad ± dT base pairs is increased; the oligonucleo-
tide 14 ´ 15, which contains four modified pairs, exhibits a Tm


of only 28 8C. This result is in striking contrast to findings on
oligonucleotides in which dA residues are replaced by 8-aza-
2'-deoxyadenosine. Replacement of up to four dA by z8Ad


residues has no effect on duplex stability (16 ´ 17, Table 3).[10]


This is in line with findings by us and by others that
modifications within the mi-
nor groove of B-DNA, in
contrast to major groove
modifications, have an enor-
mous influence on duplex
structure and stability, possi-
bly by interruption of a spine
of water molecules located
along the minor groove. An
alternative explanation for
this finding would be an elec-
trostatic repulsion between
N(2) of z2Ad and the 2-oxo
group of dT.


The results described above
stem from duplexes with anti-
parallel backbone orienta-
tion. However, the same re-
sult was found for oligonu-
cleotide duplexes with a
parallel strand polarity. The
backbone orientation of nat-


urally occurring DNA is anti-
parallel. The orientation can
be switched to parallel when
the duplex contains isoGd ± dC
and or isoMe5Cd ± dG base
pairs.[38] As the pairing of dA
with dT is ambiguous, any
natural DNA can be hybri-
dized in the parallel mode
when the second strand con-
tains the bases isoguanine, iso-
cytosine, adenine, and thy-
mine. An example, namely
the duplex 18 ´ 12, is given in
Table 3. When two dA ± dT
base pairs are replaced by
z2Ad ± dT in this duplex (18 ´
14), a reduction of the Tm


value by 10 8C is observed;
this is identical with the results
for the corresponding antipar-
allel oligonucleotide duplexes.


The Tm data listed in Table 4 display another interesting
feature of the base-pairing properties of z2Ad (2). Stimulated
by the finding that replacement of a destabilizing central
z2Ad ± dT base pair (13 ´ 12) by z2Ad ± dG (13 ´ 19) increases the
Tm value of the oligomer back to the value of the unmodified
duplex 11 ´ 12 (Tm 46 8C, Table 4), we investigated the duplex
stabilities of oligomers that contain two consecutive mis-
matches.


For this purpose the oligodeoxynucleotides 15 ´ 12, 15 ´ 20,
15 ´ 21, and 15 ´ 22 were synthesized in which two central z2Ad


residues are placed opposite two dT, dA, dC, or dG residues.
As can be seen in Table 4, in all cases, except for z2Ad ± dG-
containing duplexes, the Tm value decreased significantly, and
the effect was most pronounced for the oligomer with two
z2Ad ± dC pairs (Figure 1). The oligonucleotide 15 ´ 22, how-


Table 3. Tm values and thermodynamic data of oligonucleotide duplexes.[a,b]


Tm DHo DSo DGo
298


[8C] [kcal molÿ1][d] [calKÿ1 molÿ1][d] [kcal molÿ1][d]


5'-d(T-A-G-G-T-C-A-A-T-A-C-T) (11) 47 ÿ 82 ÿ 230 ÿ 10.4
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A*-A-T-A-C-T) (13) 42 ÿ 85 ÿ 245 ÿ 9.2
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A-A-T-A-C-T) (11) 37 ÿ 81 ÿ 237 ÿ 7.6
3'-d(A-T-C-C-A*-G-T-T-A*-T-G-A) (14)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 37 ÿ 76 ÿ 219 ÿ 7.7
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 28 ÿ 72 ÿ 214 ÿ 5.6
3'-d(A-T-C-C-A*-G-T-T-A*-T-G-A) (14)


5'-d(T-A-G-G-T-C-zA-zA-T-A-C-T) (16) 45 ÿ 73 ÿ 203 ÿ 9.6
3'-d(A-T-C-C-zA-G-T-T-zA-T-G-A) (17)


5'-d(T-iC-A-T-A-A-iC-T-iG-iG-A-T) (18) 35[c] ÿ 81 ÿ 238 ÿ 7.4
5'-d(A-G-T-A*-T-T-G-A*-C-C-T-A) (14)


5'-d(T-iC-A-T-A-A-iC-T-iG-iG-A-T) (18) 45[c] ÿ 85 ÿ 242 ÿ 10.3
5'-d(A-G-T-A-T-T-G-A-C-C-T-A) (12)


[a] A*d� z2Ad� 2-aza-2'-deoxyadenosine (2); zAd� 8-aza-2'-deoxyadenosine; single strand concentration, 5mm.
[b] 10mm Na-cacodylate, 100 mm NaCl, 10mm MgCl2, pH 7.0. [c] 60 mm Na-cacodylate, 100 mm MgCl2, 1m NaCl,
pH 7.0. [d] 1 cal� 4.184 J.


Table 4. Tm values and thermodynamic data of oligonucleotide duplexes.[a,b]


Tm DHo DSo DGo
298


[8C] [kcal molÿ1][c] [cal Kÿ1 molÿ1][c] [kcal molÿ1][c]


5'-d(T-A-G-G-T-C-A-A-T-A-C-T) (11) 47 ÿ 82 ÿ 230 ÿ 10.4
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A*-A-T-A-C-T) (13) 42 ÿ 85 ÿ 245 ÿ 9.2
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A*-A-T-A-C-T) (13) 46 ÿ 83 ÿ 236 ÿ 9.9
3'-d(A-T-C-C-A-G-G-T-A-T-G-A) (19)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 37 ÿ 76 ÿ 219 ÿ 7.7
3'-d(A-T-C-C-A-G-T-T-A-T-G-A) (12)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 25 ÿ 49 ÿ 141 ÿ 5.7
3'-d(A-T-C-C-A-G-A-A-A-T-G-A) (20)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 20 ÿ 41 ÿ 113 ÿ 5.5
3'-d(A-T-C-C-A-G-C-C-A-T-G-A) (21)


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 46 ÿ 74 ÿ 206 ÿ 10.1
3'-d(A-T-C-C-A-G-G-G-A-T-G-A) (22)


5'-d(T-A-G-G-T-C-A-A-T-A-C-T) (11) 36 ÿ 47 ÿ 127 ÿ 7.4
3'-d(A-T-C-C-A-G-G-G-A-T-G-A) (22)


[a] A*d� z2Ad� 2-aza-2'-deoxyadenosine (2); single strand concentration, 5 mm. [b] 10 mm Na-cacodylate, 10 mm
MgCl2, 100 mm NaCl, pH 7.0. [c] 1 cal� 4.184 J.
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Figure 1. Melting profiles of the oligonucleotide duplexes 15 ´ 21, 15 ´ 20,
15 ´ 22, and 15 ´ 12 recorded at 260 nm in 10mm Na-cacodylate, 10mm
MgCl2, 100 mm NaCl (pH 7.0) at an oligomer concentration of 5 mm.


ever, exhibits nearly the same Tm value as the unmodified
duplex (11 ´ 12). This prompted us to propose a tridentate
z2Ad ± dG base pair, as shown in Scheme 2 (motif I), although
the alternative, bidentate pairing modes (motifs III ± V
Scheme 2) cannot be ruled out.[9b] The finding that the
oligonucleotide duplex 15 ´ 22, which contains two z2Ad ± dG
base pairs, is as stable as the unmodified duplex (11 ´ 12) with
two dA ± dT pairs, points to a lower hydrogen bond strength
between N(2) and/or the NH2 group of z2Ad and dG. As a
control, Table 4 lists the Tm value of an oligonucleotide duplex
that contains two dA ± dG mismatches (11 ´ 22 : Tm� 36 8C).
Comparison of models of base-pair motif I (purine ± purine,
Scheme 2) and of dA ± dT (purine ± pyrimidine) reveals that,
due to a short hydrogen bond between N(2) of z2Ad and the
amino group of dG, the distances between the corresponding
C(1') atoms are similar (�11 �).[39] The distance between the
two C(1') atoms of a dA ± dG (purine ± purine) mismatch
(Watson ± Crick pairing mode[40]) is higher (�13 �). As a
consequence, the minor groove around a z2Ad ± dG base pair
might be more shallow than that of a regular B-DNA
secondary structure.


The tridentate base pair of 2-aza-2'-deoxyadenosine implies
that the pairing properties of this nucleoside might be similar
to those of 2'-deoxyisoguanosine (isoGd), the more so as both
show a similar hydrogen-bonding donor ± acceptor pattern,
provided one assumes a keto/HÿN(3) tautomeric form of 2'-
deoxyisoguanosine (Scheme 2, motif II).[41] Indeed, the latter
forms a purine ± purine base pair with 2'-deoxyguanosine in
oligodeoxynucleotides with antiparallel strand polarity, but
significantly weaker base pairs with dC, dT, and, in particular,
dA.[42]


The results described above raise the possibility of lowering
the high Tm value of oligonucleotides rich in dG ± dC through
specific replacement of dG ± dC by dG ± z2Ad, which exhibits
the base-pairing energy of a dA ± dT base pair.


Oligonucleotides with dangling nucleotide residues : It has
been reported recently that one or more dangling nucleotide
units can lead to significant duplex stabilization. Moreover,
hydrophobic non-nucleoside overhangs, such as naphtalene,
phenanthrene, or pyrene residues, raise the Tm value of an


Scheme 2. Possible motifs for the dG-z2Ad base pair.


oligonucleotide. It has been postulated that the surface area of
overlap between the dangling aromatic ring and the terminal
base pair is an important factor in duplex stabilization by p ± p


stacking.[43, 44]


Table 5 presents Tm data of a series of self-complementary
as well as nonself-complementary oligonucleotides with
dangling 2-aza- or 7-deaza-2'-deoxyadenosine residues. Data
for an alternating dC ± dG duplex [5'-d(C-G)3, 24 ´ 24] with
two dangling dA and dTresidues are given for comparison. As
can be seen, two dangling dA (1) nucleotides enhance the
duplex stability of 5'-d(C-G)3 by 9 8C. The stabilizing effect of
2-aza-2'-deoxyadenosine (2) is identical to that of dT and
hence DTm is slightly lower (�7 8C) than that of 1. The more
hydrophobic 7-deaza-2'-deoxy-adenosine (c7Ad, 4) raises the
Tm value of 24 ´ 24 slightly more than dA does: two dangling
c7Ad nucleotides on both 5'-termini give a melting temper-
ature of 57 8C (DTm��11 8C). This stabilization of 5'-
d(C ± G)3 by dangling c7Ad prompted us to measure its effect
on the nonself-complementary duplex 11 ´ 12, with the result
that also in this case two dangling 7-deaza-2'-deoxyadenosines
raise the Tm value by 6 8C.
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Figure 2 is a plot of TDSo against DHo of duplex formation
for all oligodeoxyribonucleotides listed in Tables 3 ± 5. The linear
correlation indicates almost perfect enthalpy ± entropy com-
pensation.[45, 46] This means that it takes more energy to melt
the highly stable, rigidly constrained base pairs than it does to


Figure 2. Plot of ÿDHo against ÿTDSo for the oligonucleotide duplexes
listed in Tables 5, 7, and 8 (enthalpy ± entropy compensation).


melt less stable, weakly constrained base pairs. Rigid base
pairs that have fewer degrees of freedom in the double helix
will gain more degrees of freedom upon melting, whereas the
opposite is true for less stable base pairs. For this reason a low
enthalpy of duplex formation is usually accompanied by a
proportionally favorable entropy effect.


Our results confirm that the dangling nucleotides aggluti-
nate the duplex by additional stacking interactions with the
terminal base pairs. This occurs with bases in the same strand
and, because of helical twist, with terminal bases in the
opposite strand. The overhanging nucleotides do not raise the
Tm value of the dodecamer 11 ´ 12 as much as that of the
hexamer 24 ´ 24 because of the small contribution of addi-


tional stacking energy in 11 ´ 12 relative to the whole strand
interaction energy. The model of a ªdrop of hydrophobic
stacking glueº[43] is corroborated by the finding that only one
overhanging nucleotide on either the 5'- or the 3'-terminus
enhances the duplex stability only half as much as two
dangling units on both sides.


Considering these results it seems likely that not only the
overlap integral between the overhanging aromatic system
and that of the terminal base pair affects the stabilization, but
also the hydrophobicity of the dangling nucleobase. A
comparison of the retention times of nucleosides 1 ± 3 and
dT on an RP-18 HPLC column
(Figure 3) shows that the hy-
drophobicities of these com-
pounds are in the following
order: dT� z2Ad (2)< dA<


c7Ad (Table 6). Duplex stabili-
zation by the dangling nucleo-
tides increases in the same
order(Table 5).


Experimental Section


Monomers : Flash chromatography
(FC): at 0.5 bar with silica gel 60
(Merck, Darmstadt, Germany). Sol-
vent systems for FC and TLC:
CH2Cl2/MeOH 85:15 (A), EtOAc/
MeOH 3:1 (B), CH2Cl2/MeOH 80:20
(C), CH2Cl2/HOAc/MeOH 17:1:3
(D), CH2Cl2/MeOH 9:1 (E), CH2Cl2/
acetone 85:15 (F). Samples were col-
lected with an UltroRac II fractions
collector (LKB Instruments, Swe-
den). Melting points: Büchi SMP-20
apparatus (Büchi, Switzerland). UV
spectra: U 3200 spectrophotometer
(Hitachi, Japan). NMR spectra:


Table 5. Tm values of oligodeoxynucleotides with different dangling nucleotides.[a,b]


Tm DHo DSo DGo
298


[8C] [kcal molÿ1][c] [calKÿ1 molÿ1][c] [kcal molÿ1][c]


5'-d(C-G-C-G-C-G) (24) 46 ÿ 53 ÿ 143 ÿ 8.2
3'-d(G-C-G-C-G-C) (24)


5'-d(A*-C-G-C-G-C-G) (23) 53 ÿ 59 ÿ 158 ÿ 9.7
3'-d(G-C-G-C-G-C-A*) (23)


5'-d(A-C-G-C-G-C-G) (25) 55 ÿ 57 ÿ 151 ÿ 10.1
3'-d(G-C-G-C-G-C-A) (25)


5'-d(T-C-G-C-G-C-G) (26) 53 ÿ 57 ÿ 152 ÿ 9.6
3'-d(G-C-G-C-G-C-T) (26)


5'-d(c7A-C-G-C-G-C-G) (27) 57 ÿ 58 ÿ 154 ÿ 10.0
3'-d(G-C-G-C-G-C-c7A) (27)


5'-d(T-A-G-G-T-C-A-A- T-A-C-T) (11) 50 ÿ 75 ÿ 205 ÿ 11.1
3'-d(A-T-C-C-A-G-T- T-A- T-G-A) (12)


5'-d(T-A-G-G- T-C-A-A- T-A-C-T) (11) 53 ÿ 111 ÿ 314 ÿ 13.4
3'-d(A-T-C-C-A-G- T- T-A- T-G-A-c7A) (28)


5'-d(c7A-T-A-G-G-T-C-A-A-T-A-C-T) (29) 54 ÿ 97 ÿ 272 ÿ 13.0
3'-d(A- T-C-C-A-G- T-T-A- T-G-A) (12)


5'-d(c7A-A-G- T-A- T-T-G-A-C-C-T-A) (28) 56 ÿ 90 ÿ 249 ÿ 12.6
3'-d(T-C-A- T-A-A-C- T-G-G-A-T-c7A) (29)


[a] A*d� z2Ad� 2-aza-2'-deoxyadenosine (2); c7Ad: 7-deaza-2'-deoxyadenosine (4); single strand concentration, 5mm. [b] 0.01m Na2HPO4, 1m NaCl, pH 7.0.
[c] 1 cal� 4.184 J.


Figure 3. RP-18 HPLC profile
of dT, dA, z2Ad (2) and c7Ad


(4); for details see Experimen-
tal Section.
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AC250 and AMX 500 spectrometers (Bruker, Germany); d values are
relative to internal Me4Si or external H3PO4 (Tables 7 and 8). Fluorescence
spectra were recorded in H2O on a F-4500 fluorescence spectrophotometer
(Hitachi, Japan). Microanalyses were performed by Mikroanalytisches
Laboratorium Beller (Göttingen, Germany).


Oligonucleotides : Oligonucleotides were synthesized with a ABI 392 DNA
synthesizer (Applied Biosystems, Germany) according to standard proto-
col in ªtrityl-offº mode, except for unmodified oligodeoxynucleotides
which were synthesized in ªtrityl-onº mode. The coupling yields of
modified phosphoramidites were on average 95 % (trityl conductivity
monitoring). The detritylated-modified oligomers were purified by ion-
exchange chromatography on a Dionex Nucleopac PA-100 HPLC column
(4� 250 mm, P/N 043010, Dionex, Idstein, Germany) by means of the
following gradient: 5 min 5% 0.01m NaOH/1.5m aqueous LiCl (X) in 0.01m
NaOH (Y); 25 min 5 ± 30 % Y in X; 10 min 30 ± 5% Y in X; 5 min 5% Y in
X. Ion-exchange HPLC apparatus: L-4250 UV/VIS detector, L-6250
intelligent pump, and D-2500 integrator (Merck ± Hitachi, Germany).
The tritylated unmodified oligonucleotides were purified by RP-18 HPLC
with the following apparatus and procedure: 250� 4 mm RP-18 column
(Merck, Germany); Merck ± Hitachi HPLC apparatus consisting of a
655 A-12 liquid chromatograph with a 655 A variable-wavelength UV
monitor and a D-2000 Chromato-Integrator (Merck ± Hitachi, Darmstadt,
Germany); gradients of 0.1m (Et3NH)OAc (pH 7.0)/MeCN 95:5 (U) and
MeCN (V); gradient I: 0 ± 50 min 0 ± 50% V in U, flow rate 1 mL minÿ1;
gradient II: 0 ± 20 min 0 ± 20% V in U; 20 ± 40 min 20 ± 40% V in U,
flow rate 1 mL minÿ1. Detritylation was performed by treating the
purified oligomers with a 2.5 % dichloroacetic acid solution in CH2Cl2


(1 mL) for 5 min. After neutralization with Et3N, evaporation to dryness,
followed by coevaporation with MeOH, oligomers were again purified by
RP-18 HPLC on the above-mentioned device. Gradient: 0 ± 30 min 0 ±
20% V in U, 30 ± 35 min 20 % V in U, 35 ± 40 min 20 ± 0 % V in U, 40 ±
45min 0% V in U. Subsequent desalting for all oligonucleotides was
performed on an RP-18 HPLC column (4� 100 mm) and the apparatus as
described above. Solvent for adsorption: H2O, solvent for desorption:
MeOH/H2O 3:2. General flow rate: 1 mL minÿ1. MALDI-TOF Mass
spectra of the oligonucleotides were recorded by Mrs. Julia Gross (Institute
of Medical Physics and Biophysics, Westfälische Wilhelms-Universität,
Münster) on a home-built apparatus with UV laser irradiation at 337 nm
for 3 ns.


Enzymatic hydrolysis of the oligomers was performed as in reference [10],
but with a flow rate of 0.6 mL minÿ1. Quantification of the constituents was
based on peak areas, which were divided by the extinction coefficients of
the nucleoside (e260 values: dA 15 400, dC 7300, dG 11 400, dT 8800, z2Ad


8200). The snake venom phosphodiesterase (EC 3.1.15.1, Crotallus
durissus) and alkaline phosphatase (EC 3.1.3.1, E. coli) used for the
enzymatic hydrolysis of oligonucleotides were generous gifts of the Roche
Diagnostics.


Determination of melting curves and thermodynamics : Absorbance as a
function of temperature profiles were measured on Cary 1 or 1E
spectrophotometers (Varian, Australia) with a Cary thermoelectrical
controller. The Tm values were measured in the reference cell with a Pt-


100 resistor. Thermodynamic data (DHo, DSo, DGo
298� were calculated with


the program MeltWin 3.0.[47]


3-(2-Deoxy-b-dd-erythropentofuranosyl)-3H-imidazo[2,1-i]purine (1,N6-
etheno-2''-deoxyadenosine, 5): 2'-Deoxyadenosine monohydrate (1; 5.0 g,
20 mmol) was dissolved in aqueous sodium acetate buffer (1m, pH 4.5 ± 5.0,
110 mL) by warming to 40 ± 50 8C. Chloroacetaldehyde (50 % aqueous
solution, 7.7 mol Lÿ1; 25 mL) was added to the solution, and the reaction
mixture was stirred for 70 h at room temperature. The yellow solution was
evaporated to dryness, and the residue was dissolved in MeOH and filtered
to remove inorganic salt. After washing with MeOH, the combined filtrate
and washings were concentrated in vacuo at 40 ± 50 8C. The residue was
purified by FC (silica gel 60 H, column: 20� 6 cm). Elution with CH2Cl2/
MeOH (85:15) gave a main fraction from which, after evaporation of the
solvent and subsequent crystallization from MeOH/EtOAc, compound 5
(3.86 g, 70%) was isolated in the form of colorless crystals. M.p. 138 ±
141 8C; TLC (silica gel, EtOAc/MeOH, 3:1): Rf� 0.4; UV (MeOH): lmax


(e)� 275 (7300), 265 (7600), 258 (6600), 229 nm (35 700); 1H NMR
([D6]DMSO) d� 2.39 (m, 1H, Ha-C(2')), 2.70 (m, 1 H, Hb-C(2')), 3.57
(m, 1 H, Ha-C(5')), 3.67 (m, 1 H, Hb-C(5')), 3.88 (m, 1H, H-C(4'), 4.43 (m,
1H, H-C(3')), 4.99 (t, 3J(H,H)� 5.2 Hz, 1H, 5'-OH), 5.38 (d, 3J(H,H)�
3.8 Hz, 1 H, 3'-OH), 6.47 (pseudo t, 3J(H,H)� 6.2 Hz, 1H, H-C(1')), 7.55 (s,
1H, H-C(11)), 8.07 (s, 1 H, H-C(10), 8.53 (s, 1 H, H-C(2)), 9.29 (s, 1H,
H-C(8)). For further analytical data see ref. [24].


1-(2-Deoxy-b-dd-erythro-pentofuranosyl)-5-amino-4-(imidazol-2''''-yl)imida-
zole (6): Compound 5 (3.85 g, 14 mmol) was treated with aqueous NaOH
(1n, 60 mL) at room temperature overnight. The reaction mixture was
adjusted to pH 7 by addition of aqueous HCl (2n) and concentrated to a
syrup. This was dissolved in absolute MeOH, and the precipitated NaCl was
filtered of and washed with MeOH. Filtrate and washings were combined
and evaporated. The residue was purified by FC (silica gel 60H, column:
20� 6 cm). Elution with CH2Cl2/MeOH (C) afforded a main zone from
which compound 6 (2.70 g, 73%) was obtained as a colorless foam, which
was used for subsequent reactions without further purification. An
analytical sample was crystallized from MeOH/EtOAc to give colorless
spherical crystals. M.p. 91 ± 93 8C (decomp); TLC (silica gel, CH2Cl2/
HOAc/MeOH, 17:1:3): Rf� 0.22; UV (MeOH): lmax (e)� 271 nm (12 800);
1H NMR ([D6]DMSO) d� 2.21 (m, 1H, Ha-C(2')), 2.47 (m, 1H, Hb-C(2')),
3.57 (m, 2 H, H2-C(5')), 3.84 (m, 1H, H-C(4')), 4.36 (m, 1 H, H-C(3')), 6.00
(pseudo t, 3J(H,H)� 6.5 Hz, 1 H, H-C(1')), 6.60 (br s, NH2), 7.13 (s, 2H,
H-C(4)�H-C(5)), 7.55 (s, 1H, H-C(2)), 8.16 (s, NH).


3-(2-Deoxy-b-dd-erythro-pentofuranosyl)-1H-diimidazo[1,2-c:4'',5''-e][1,2,3]-
triazine (1,N6-etheno-2-aza-2''-deoxyadenosine, 7): A solution of compound
6 (4.50 g, 17 mmol) in 80% aqueous HOAc was treated with sodium nitrite
(1.17 g, 17 mmol) in an ice-water bath for 1 h. The reaction mixture was
evaporated to a syrup. This was dissolved in H2O and evaporated
repeatedly to remove HOAc. The residue was purified by FC (silica gel
60H, column, 20� 6 cm). Elution with CH2Cl2/MeOH (85:15) afforded
compound 7 (2.50 g, 53 %) upon evaporation. M.p. 151 ± 152 8C (decomp);
TLC (silica gel, CH2Cl2 ± MeOH, 4:1): Rf� 0.5; UV (MeOH): lmax (e)� 282
(3100), 268 (3200), 238 nm (37 900); 1H NMR ([D6]DMSO) d� 2.54 (m,
1H, Ha-C(2')), 2.85 (m, 1 H, Hb-C(2')), 3.97 (m, 2H, H2-C(5')), 4.00 (m, 1H,


Table 6. Retention times,[a] yields, and relative molecular masses determined by MALDI-TOF mass spectra of some oligonucleotides.


Retention Yield M� (calcd) M� (found)
time [min] [A260 units] [Da] [Da]


5'-d(T-A-G-G-T-C-A*-A*-T-A-C-T) (15) 12.5 27 3646 3647
5'-d(A-G-T-A*-T-T-G-A*-C-C-T-A) (14) 12.8 31 3646 3644
5'-d(T-A-G-G-T-C-A*-A-T-A-C-T) (13) 12.5 35 3645 3643
5'-d(A*-C-G-C-G-C-G) (23) 13.2 8 2106 2109
5'-d(c7A-C-G-C-G-C-G) (27) 13.4 3 2106 2107
5'-d(A-C-G-C-G-C-G) (25) 13.5 3 2107 2109
5'-d(T-C-G-C-G-C-G) (26) 13.1 5 2097 2095
5'-d(A-G-T-A-A-A-G-A-C-C-T-A) (20) 13.2 25 3663 3663
5'-d(A-G-T-A-C-C-G-A-C-C-T-A) (21) 13.7 27 3614 3614
5'-d(A-G-T-A-G-G-G-A-C-C-T-A) (22) 13.8 21 3695 3698
5'-d(c7A-T-A-G-G-T-C-A-A-T-A-C-T) (29) 14.1 27 3957 3955
5'-d(c7A-A-G-T-A-T-T-G-A-C-C-T-A) (28) 14.3 15 3957 3956


[a] Determined on a NucleoPac ion-exchange HPLC column as described above.
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H-C(4')), 4.50 (m, 1H, H-C(3')), 4.96 (t, 3J(H,H)� 5.4 Hz, 1 H, 5'-OH), 5.41
(d, 3J(H,H)� 4.3 Hz, 1H, 3'-OH), 6.69 (pseudo t, 3J(H,H)� 6.3 Hz, 1H,
H-C(1')), 7.85 (d, 3J(H,H)� 1.1 Hz, 1H, H-C(11)), 8.75 (d, 3J(H,H)�
1.1 Hz, 1 H, H-C(10)), 8.95 (s, 1H, H-C(8)); C11H12N6O3 (276.25): calcd C
47.83, H 4.38, N 30.42; found C 47.71, H 4.32, N 30.32.


4-Amino-7-(2-deoxy-b-dd-erythro-pentofuranosyl)-7H-imidazo[4,5-d]-
[1,2,3]triazine (2-aza-2''-deoxyadenosine, 2): Compound 7 (0.56 g, 2 mmol)
was dissolved in aqueous sodium acetate buffer (1m, pH 4.0 ± 4.5, 120 mL)
by warming to 40 ± 50 8C. To this solution N-bromosuccinimide (2.8 g,
16 mmol) was added, and the reaction mixture was stirred at room
temperature overnight. The reaction mixture was evaporated and purified
on a Dowex 1� 8 ion exchange column (3� 12 cm, OHÿ form). Elution
with H2O (250 mL) gave compound 2 (0.19 g, 38 %) as colorless needles
that decomposed above 185 8C. The reaction product was identical with an
authentic sample in all respects.[21]


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-7H-imidazo[4,5-d][1,2,3]triazin-
4-one (2-aza-2''-deoxyinosine, 3): Compound 2 (19 mg, 0.076 mmol) was
dissolved in H2O and adenosine deaminase (2 mg, from calf intestine,
dissolved in glycerole) was added. The reaction mixture was stirred for 18 h
at room temperature until 2 had completely disappeared (UV monitoring)
and was then evaporated to dryness in a SpeedVac concentrator. UV


(H2O): lmax (e)� 247 (5500), 290 nm (6200); 1H NMR (D2O): d� 2.49 (m,
1H, Ha-C(2')), 2.75 (m, 1 H, Hb-C(2')), 3.41, 3.50 (2 m, 2H, H2-C(5')), 4.03
(m, 1 H, H-C(4')), 4.51 (m, 1 H, H-C(3')), 6.43 (pseudo t, 3J(H,H)� 3.2 Hz,
1H, H-C(1')), 8.31 (s, 1 H, H-C(8)).


4-(Benzoylamino)-7-(2-deoxy-b-dd-erythro-pentofuranosyl)-7H-imidazo-
[4,5-d][1,2,3]triazine (8): Compound 2 (125 mg, 0.5 mmol) was coevapo-
rated twice with anhydrous pyridine. The residue was suspended in
anhydrous pyridine and treated with trimethylsilyl chloride (0.5 mL,
4 mmol). After few minutes of stirring, a clear solution was formed. The
reaction mixture was stirred at room temperature for 2 h. Next, benzoyl
chloride (0.25 mL, 2 mmol) was added, and stirring was continued for
another 2 h. The reaction mixture was cooled in an ice-water bath,
and H2O (1 mL) was added. After 10 min the reaction mixture was
treated with aqueous concentrated NH3 (0.8 mL) and left for a further
30 min. The mixture was then evaporated to dryness, treated with H2O,
and extracted with EtOAc (3� 20 mL). The combined extracts were dried
(Na2SO4) and purified over a silica gel column (3� 15 cm). Elution was
performed with CH2Cl2 (150 mL), followed by CH2Cl2/MeOH (9:1). The
nucleoside-containing fractions were evaporated to dryness, and compound
8 was crystallized from MeOH/H2O to yield colorless needles (135 mg,
76%). M.p. 208 ± 210 8C; TLC (silica gel, CH2Cl2/MeOH 9:1): Rf� 0.31;
UV (10 % MeOH in water): lmax (e)� 233 (15 600), 276 nm (16 400);
1H NMR ([D6] DMSO): d� 2.97 (2 m, 2 H, H2-C(2')), 3.69 (m, 2 H, H2-
C(5')), 4.00 (m, 1H, H-C(4')), 4.57 (m, 1H, H-C(3')), 5.07 (t, 3J(H,H)�
4.8 Hz, 1 H, 5'-OH), 5.49 (d, 3J(H,H)� 4.0 Hz, 1 H, 3'-OH), 6.72 (t,
3J(H,H)� 6.5 Hz, 1H, H-C(1')), 7.61 ± 7.78 (m, 4 H, aromatic-H), 8.16 (d,
2H, aromatic-H), 9.09 (s, 1H, H-C(8)), 11.84 (s, 1H, N-H); C16H16N6O4


(356.3): calcd C 52.93, H 4.41, N 23.38; found C 52.68, H 4.39,
N 23.07.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-4-{[(dimethylamino)methylidene]-
amino}-7H-imidazo[4,5-d][1,2,3]triazine (9 a): N,N-Dimethylformamide
dimethylacetal (120 mg, 0.5 mmol) was added to a stirred suspension of
compound 2 (63 mg, 0.25 mmol) in MeOH (5 mL). Stirring was continued
for 2 h at room temperature. The reaction mixture was evaporated to
dryness, and the residue was adsorbed on silica gel. Flash chromatography
on a silica gel column (3� 10 cm) with CH2Cl2 (100 mL) followed by
CH2Cl2/MeOH (9:1) afforded colorless needles (MeOH/H2O, 65 mg,
85%). M.p. 173 ± 175 8C; TLC (silica gel, CH2Cl2/MeOH, 9:1): Rf� 0.28;
UV (10 % MeOH in H2O): lmax (e)� 234 (13 250), 319 nm (29 500);
1H NMR ([D6] DMSO): d� 2.84 (2 m, 2H, H-C(2')), 3.17, 3.25 (2 s, 2H,
N-CH3), 3.60 (m, 2H, H2-C(5')), 3.92 (m, 1H, H-C(4')), 4.47 (m, 1H,
H-C(3')), 5.05 (t, 3J(H,H)� 4.9 Hz, 1 H, 5'-OH), 5.39 (d, 3J(H,H)� 4.0 Hz,
1H, 3'-OH), 6.55 (t, 3J(H,H)� 6.6 Hz, 1 H, H-C(1')), 8.79 (s, 1H, N�CH),
9.08 (s, 1H, H-C(8)); C12H17N7O3 (307.3): calcd C 46.90, H 5.58, N 31.90;
found C 46.55, H 5.68, N 31.66.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-4-{[(diisobutylamino)methylidene]-
amino}-7H-imidazo[4,5-d][1,2,3]triazine (9b): The procedure described for
9a was used, but with N,N-diisobutylformamide dimethylacetal. Colorless
crystals (72 %); m.p. 138 ± 1408C; TLC (silica gel, CH2Cl2/MeOH, 9:1):


Table 7. 13C NMR data of nucleosides.[a]


C(2)[b] C(4)[b] C(5)[b] C(6)[b] C(8)[b] C(10)[b] C(11)[b] C(1') C(2') C(3') C(4') C(5') C�O/�CH CH3 OCH3 CH2/CH


dA 152.9 149.4 120.0 156.7 140.3 ± ± 83.8 39.6 70.9 87.8 61.7 ± ± ± ±
5 139.7 140.6 123.1 138.1 137.1 132.8 112.2 83.9 [c] 70.7 88.0 61.7 ± ± ± ±
6 ± 142.8 109.3 137.7 163.0 137.1 119.1 83.7 [c] 70.5 87.4 61.3 ± ± ± ±
7 ± 137.7 126.4 133.1 145.0 133.5 115.3 85.0 [c] 70.2 88.3 61.2 ± ± ± ±
2 ± 146.3 116.6 152.5 143.0 ± ± 84.5 [c] 70.6 88.3 61.5 ± ± ± ±
3[d] ± 146.4 124.8 160.6 142.9 ± ± 85.8 39.6 71.2 87.9 61.6 ± ± ± ±
8 ± 149.5 123.7 147.3 146.7 ± ± 84.8 39.6 70.3 88.3 61.3 165.8 ± ± ±
9a ± 148.3 123.0 155.0 144.7 ± ± 84.6 39.6 70.5 88.1 61.5 158.4 34.6 ± ±
9b ± 148.3 123.0 155.1 144.7 ± ± 84.6 39.6 70.5 88.1 61.5 158.4 13.6 ± 19.6, 19.1


13.5 30.3, 28.6
51.1, 44.6


9c ± 148.3 123.0 155.2 144.8 ± ± 84.6 39.6 70.5 88.1 61.4 159.3 19.9 ± 26.6, 25.7
19.4 59.0, 52.1


10a ± 148.3 123.1 155.1 144.7 ± ± 84.3 [c] 70.2 86.0 63.8 158.2 13.6 54.9 19.6, 19.1
13.5 30.3, 28.6


51.1, 44.6


[a] Measured in [D6]DMSO at 303 K. [b] Purine numbering. [c] Superimposed by the signals of [D6]DMSO. [d] D2O.


Table 8. J(H,C) coupling constants [Hz] of nucleosides.[a]


2 6 7


J(C(2),H-C(2))[b] 213.9
J(C(2),H-C(10))[b] 3.9
J(C(4),H-C(8))[b] 5.4 7.5 5.8
J(C(4),H-C(1'))[b] 1.9
J(C(5),H-C(8))[b] 11.6 11.9
J(C(6),H-C(11))[b] 13.0 11.3
J(C(6),H-C(10))[b] 5.4 5.9
J(C(6),H-C(2))[b] 2.3
J(C(8),H-C(8))[b] 215.4 213.9 216.1
J(C(8),H-C(1'))[b] 3.7
J(C(10),H-C(10))[b] 189.5 192.5 192.2
J(C(10),H-C(11))[b] 10.3 9.8
J(C(11),H-C(11))[b] 196.9 213.2 200.5
J(C(11),H-C(10))[b] 16.6 10.4 16.4
J(C(1'),H-C(1')) 166.7 164.4 167.7
J(C(1'),H-C(3')) 5.3 4.8 4.6
J(C(1'),H-C(8))[b] 2.6 3.4
J(C(1'),H-C(4')) 2.0 3.3
J(C(3'),H-C(3')) 149.0 149.2 149.4
J(C(4'),H-C(4')) 148.4 147.4 147.9
J(C(5'),H-C(5')) 141.4 140.3 140.3


[a] Measured in [D6]DMSO at 303 K. [b] Purine numbering.
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Rf� 0.40; UV (10 % MeOH in water): lmax (e)� 236 (10 100), 325 nm
(25 850); 1H NMR ([D6]DMSO): d� 0.88, 0.94 (2 d, 12H, CH3), 1.95, 2.20
(2m, 2H, CH), 2.80 (2m, 2 H, H2-C(2')), 3.30 ± 3.74 (m, 6H, H2-C(5'),
2CH2), 4.00 (m, 1H, H-C(4')), 4.45 (m, 1 H, H-C(3')), 5.03 (t, 3J(H,H)�
4.9 Hz, 1 H, 5'-OH), 5.37 (d, 3J(H,H)� 4.0 Hz, 1 H, 3'-OH), 6.54 (t,
3J(H,H)� 6.4 Hz, 1 H, H-C(1')), 8.78 (s, 1H, N�CH), 9.10 (s, 1H,
H-C(8)); C18H29N7O3 ´ 0.5H2O (400.5): calcd C 53.99, H 7.55, N 24.48;
found C 53.65, H 7.62, N 24.11.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-4-{[(di-n-butylamino)methylidene]-
amino}-7H-imidazo[4,5-d][1,2,3]triazine (9 c): The procedure desribed for
9a was followed, but N,N-di-n-butylformamide dimethylacetal was used.
Colorless needles (75 %); m.p. 107 ± 1098 C. TLC (silica gel, CH2Cl2/
MeOH, 9:1): Rf� 0.42; UV (10 % MeOH in water): lmax (e)� 235 (10 200),
325 nm (25 700); 1H NMR ([D6]DMSO): d� 0.93 (t, 6H, CH3), 1.33, 1.64,
3.70 (3m, 12H, ÿCH2ÿ), 2.45, 2.80 (2m, 2 H, H2-C(2')), 3.60 (m, 2H, H2-
C(5')), 3.92 (m, 1H, H-C(4')), 4.48 (m, 1H, H C(3')), 5.04 (t, 3J(H,H)�
5.8 Hz, 1 H, 5'-OH), 5.39 (d, 3J(H,H)� 4.0 Hz, 1 H, 3'-OH), 6.55 (pseudo t,
3J(H,H)� 6.3 Hz, 1 H, H-C(1')), 8.78 (s, 1H, N�CH), 9.08 (s, 1H, H-C(8));
C18H29N7O3 (391.5): calcd C 55.23, H 7.47, N 25.05; found C 55.36, H 7.66, N
24.97.


7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofuran-
osyl]-4-{[(di-n-butylamino)methylidene]amino}-7H-imidazo[4,5-d][1,2,3]-
triazine (10 a): Compound 9 c (390 mg, 1 mmol) was coevaporated twice
with pyridine. The oily residue was dissolved in anhydrous pyridine (6 mL).
Next, 4,4'-dimethoxytriphenylmethyl chloride (450 mg, 1.3 mmol) was
added, and the reaction mixture was stirred at room temperature for 2 h.
Thereupon, MeOH (0.2 mL) was added, and stirring was continued for
15 min. The reaction mixture was poured into of an aqueous solution of
NaHCO3 (5%, 15 mL). This was extracted with CH2Cl2 (2� 30 mL). The
combined extracts were dried over Na2SO4 and evaporated, and the residue
was adsorbed on silica gel. This was purified by chromatography over a
silica gel 60H column (4� 14 cm) with a CH2Cl2/acetone gradient
(0!25% of acetone, total volume, 600 mL). The nucleoside-containing
fractions were pooled and evaporated to obtain compound 10a as solid
foam (560 mg, 81%). TLC: (silica gel, CH2Cl2/acetone, 85:15): Rf� 0.15;
1H NMR ([D6] DMSO): d� 0.93 (t, 6 H, CH3), 1.34, 1.63, 3.75 (3m, 12H,
ÿCH2ÿ), 2.95 (2m, 2 H, H-C(2')), 3.51 (m, 2 H, H2-C(5')), 3.63, 3.69 (2s, 6H,
OCH3), 4.01 (m, 1H, H-C(4')), 4.59 (m, 1H, H-C(3')), 5.45 (d, 3J(H,H)�
4.1 Hz, 1H, 3'-OH), 6.57 (pseudo t, 3J(H,H)� 6.2 Hz, 1 H, H-C(1')), 6.60 ±
7.30 (m, 13H, phenyl-H), 8.71 (s, 1H, N�CH), 9.07 (s, 1H, H-C(8));
C39H47N7O5 (693.8): calcd C 67.51; H 6.83; N 14.13; found C 67.15, H 6.82, N
14.13.


7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofuran-
osyl]-4-{[(di-n-butylamino)methylidene]amino}-7H-imidazo[4,5-d]-
[1,2,3]triazine-3''-[(2-cyanoethyl)-N,N-diisopropyl phosphoramidite]
(10 b): N,N-Diisopropylethylamine (145 mL, 0.88 mmol) and chloro(2-
cyanoethoxy)-N,N-diisopropylaminophosphine (143 mL, 0.62 mmol) were
added under an argon atmosphere to a solution of compound 10a (300 mg,
0.43 mmol) in anhydrous CH2Cl2 (20 mL). After stirring for 20 min at room
temperature, an aqueous solution of NaHCO3 (5%, 15 mL) was added, and
the mixture was extracted with CH2Cl2 (2� 30 mL). The organic layer was
dried (Na2SO4), filtered, and evaporated. FC (silica gel, column 5� 10 cm,
CH2Cl2/acetone, 85:15) gave a mixture of diastereoisomers of 10b (300 mg,
78%). TLC (silica gel, CH2Cl2/acetone, 85:15): Rf� 0.71, 0.80; 31P NMR
(CDCl3): 149.962, 150.223.
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Visible-Light Detoxification and Charge Generation by Transition Metal
Chloride Modified Titania


Ling Zang,[a] Wojciech Macyk,[a] Christian Lange,[b] Wilhelm F. Maier,[b] Christina
Antonius,[c] Dieter Meissner,[c] and Horst Kisch*[a]


Dedicated to Professor Kurt Schaffner on the occasion of his 68th birthday


Abstract: Amorphous microporous metal oxides of titanium (AMM-Ti) modified
with chlorides of PtIV, IrIV, RhIII, AuIII, PdII, CoII, and NiII have been prepared by the
sol ± gel method and characterized by various surface analytical methods. These
hybrid AMM-Ti powders are catalysts for the photodegradation of 4-chlorophenol
(4-CP) in aqueous solution when illuminated with visible (l� 400 or 455 nm) or UV
(l� 335 nm) light. The initial rate depends on the dopant level and is highest at 3.0 %
Pt in the case of PtIV/AMM-Ti. When employed in a photoelectrochemical cell, the
activity spectrum of the photocurrent extends downward to about 600 nm, as does
the photodegradation of 4-CP. It is suggested that the metal salt acts as a redox-active
chromophore, transmitting the photogenerated charges to the amorphous matrix.


Keywords: amorphous materials ´
photochemistry ´ photoelectro-
chemistry ´ sol ± gel processes ´
titanium


Introduction


The preferential use of TiO2 in the photocatalytic degradation
of organic pollutants is based on its high oxidative power,
photostability, and nontoxicity.[1±3] However, one severe dis-
advantage of this semiconductor material is the large band-
gap, 3.2 eV for bulk TiO2, which limits the photosensitivity to
the UV region. Various methods have been applied to
improve the response to visible light. Dye sensitization in
photoelectrochemical systems has been explored extensive-
ly,[4] but cannot be used for detoxification of waste waters
since the dye molecules would also be degraded. Coupling of
TiO2 with a small bandgap semiconductor[5±8] or doping with
transition metal ions such as V, Cr, Mn, Fe, Co, Ni, or Cu[8, 9]


extends light absorption into the visible region, but only in a
few cases could a chemical reaction be driven for a prolonged
time. Similarly, various Ti/Fe oxides initiate degradation of
dichloroacetate[10] by visible light, but photocorrosion pre-


vents a catalytic reaction pathway from being followed. The
detailed effects of the dopant metal ions are still unclear.[2, 11]


Although most reports state that the photocatalytic activity of
TiO2 is improved by doping with transition metal ions, some
record the opposite result. In general, in all the cases
mentioned above the crystalline anatase or rutile modifica-
tions were involved, the amorphous phase being known to be
photocatalytically inactive.[12]


We reported previously[13] that an amorphous microporous
titania modified with 1.1 % (wt/wt) platinum(iv) (PtIV/AMM-
Ti) was capable of catalyzing the photodegradation of
4-chlorophenol (4-CP) in aqueous solution upon illumination
with visible light. Since platinum-free AMM-Ti was found to
be almost inactive upon irradiation with UV or visible light, it
was postulated that the excited state of the platinum(iv)
chloride component initiated the reaction. To test this
postulate we have prepared a series of AMM-Ti hybrid
catalysts modified with various metal chlorides and inves-
tigated their photocatalytic and photoelectrochemical proper-
ties. 4-CP, the photodegradation of which has been studied
extensively,[11] was used as a probe.


Results and Discussion


Characterization of hybrid AMM-Ti : Preparation of the sol ±
gel was exactly as reported for PtIV/AMM-Ti;[13, 14] care was
taken to ensure that the sol remained clear and transparent
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throughout the preparation, so that it was reasonable to
assume that the other metal chlorides employed in this study
were also distributed homogeneously in the microporous TiO2


matrix as their neutral salts. All materials exhibited large
specific surface areas (about 200 m2 gÿ1). X-ray diffraction
(XRD) analysis of 1.1 % PtIV/AMM-Ti showed the powder to
be almost exclusively in the amorphous phase. Upon heating,
the anatase pattern started to appear around 523 K, and at
923 K both anatase and rutile could be observed, but of these
only rutile was detectable at 1173 K; meanwhile the amor-
phous phase was still dominant, as suggested by the low
signal-to-noise ratio and the broadness of the peaks (Fig-
ure 1).


Figure 1. Temperature-dependent XRD patterns of 1.1% PtIV/AMM-Ti.


In Figure 2 the diffuse reflectance spectra[15] of RhIII/AMM-
Ti and commercial P-25-TiO2 are compared. The pronounced
absorption of the modified material in the visible region was
assigned tentatively to a ligand-field transition of the metal
chloride, by analogy with solution spectra of corresponding
chloro complexes.[16] Solid RhCl3 has a similar reflectance


Figure 2. Diffuse reflectance spectra of P-25-TiO2 (broken line) and RhIII/
AMM-Ti (solid line). The Kubelka ± Munk function, F(R1)� (1ÿR1)2/
2R1 , is used as the equivalent of absorbance. Insert: reflectance spectrum
of solid RhCl3.


spectrum (Figure 2, insert). Below 400 nm, a sharp increase in
the absorption of the hybrid sample indicated bandgap
absorption of AMM-Ti, as inferred from the absorption
features of P-25-TiO2.


Photodegradation of 4-CP : To explore the general applic-
ability of this new concept of titania sensitization, we have
investigated the photodegradation of 4-CP catalyzed by
AMM-Ti modified by various metal chlorides (Table 1).


Although quantitative comparison of initial rates at the
different irradiation wavelengths is impossible, the data
clearly indicate that the activity of P-25-TiO2 is dramatically
lower for visible than for UV irradiation, whereas this is much
less the case for the modified samples. Hence an activity
pattern (PtIV>RhIII>AuIII>PdII>NiII>CoII> IrIV) can be
derived for all three wavelength regions. This is demonstrated
further by the decay curves (Figure 3). It is noteworthy that
the unmodified AMM-Ti sample exhibited only negligible
activity at all irradiation wavelengths. This is in accord with
Ohtani et al.�s recent finding that amorphous TiO2 did not
photocatalyze the dehydrogenation of 2-propanol.[12] It was
assumed that the abundant defects at the surface and in the
bulk promoted efficient recombination of photogenerated
charge carriers.


4-CP decomposition upon illumination at l� 400 nm is
shown in Figure 3 top. Whereas negligible reaction was
observed for the two unmodified titania samples, AMM-Ti


Abstract in German: Durch Chloride von PtIV, IrIV, RhIII, AuIII,
PdII, CoII und NiII modifizierte amorphe, mikroporöse Me-
tall(iv)oxide von Titan (AMM-Ti) wurden nach Sol ± Gel-
Verfahren hergestellt und durch diverse oberflächenanalytische
Methoden charakterisiert. Diese HybridÐAMM-TiÐPulver
besitzen Halbleitercharakter und katalysieren den Photoabbau
von 4-Chlorphenol (4-CP), wenn sie in wäûriger Suspen-
sion mit sichtbarem (l� 400 oder 455 nm) oder UV-Licht
(l� 335 nm) belichtet werden. Die Abbaugeschwindigkeit
hängt vom Dotierungsgrad ab und durchläuft im Falle von
PtIV/AMM-Ti ein Maximum bei 3.0 % Pt. Eingesetzt in einer
photoelektrochemischen Zelle, erstreckt sich das Aktionsspek-
trum des Photostroms bis zu 600 nm, in völliger Analogie zur
Wellenlängenabhängigkeit des Photoabbaus von 4-CP. Als
mechanistische Hypothese wird angenommen, daû das Metall-
salz als Redoxchromophor wirkt, welcher die durch Licht-
absorption entstanden Ladungen an die amorphe Matrix
weiterleitet.


Table 1. Initial rates [�10ÿ6 mol Lÿ1 minÿ1] of photodegradation of 4-CP
catalyzed by various MClx/AMM-Ti catalysts upon illumination with UV
and visible light.


Catalyst lirr� 335 nm lirr� 400 nm lirr� 455 nm


P-25-TiO2 12 0.4 � 0.1
AMM-Ti < 1.8 0.25 � 0.1
1.1 % PtIV/AMM-Ti 6.3 4.1 3.4
1% RhIII/AMM-Ti 5.3 3.0 1.5
1% AuIII/AMM-Ti 4.1 2.3 1.1
1% PdII/AMM-Ti 3.1 1.2 1.0
1% NiII/AMM-Ti 2.5 2.4 0.9
1% CoII/AMM-Ti 1.4 1.2 0.8
1% IrIV/AMM-Ti � 1.4 � 0.1
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Figure 3. Comparison of photodegradation of 4-CP catalyzed by: (&) 1.0%
RhIII/AMM-Ti; (*) 1.0% AuIII/AMM-Ti; (&) P-25-TiO2; (*) AMM-Ti;
top: l� 400 nm; bottom: l� 455 nm.


and P-25-TiO2, degradation of 4-CP occurred in the suspen-
sion of the two modified photocatalysts, RhIII/AMM-Ti and
AuIII/AMM-Ti, which have high activities under UV irradi-
ation and were chosen to illustrate the activity in the visible
region (Figure 3). Similar photodegradation behavior was
observed previously in the case of PtIV/AMM-Ti.[13] The
reaction rates are comparable with those in the UV region
(Table 1).


The activity of modified AMM-Ti samples was also
examined at l� 455 nm, as the solar emission spectrum
centers at l� 500 nm. Photodegradation of 4-CP catalyzed by
RhIII/AMM-Ti and AuIII/AMM-Ti was compared with that
catalyzed by P-25-TiO2 (Figure 3 bottom). After 3 h of
illumination about 50 % of the 4-CP had been consumed in
the case of RhIII/AMM-Ti, whereas very little degradation was
observed for P-25-TiO2. Solar degradation was also demon-
strated by illumination with diffuse sunlight. After 5 h of
illumination under either a clear or a cloudy sky, 100, 85, and
70 % of the 4-CP disappeared in the case of PtIV/AMM-Ti,
RhIII/AMM-Ti, and AuIII/AMM-Ti, respectively.


Formation of the final mineralization products CO2 and
HCl was confirmed by gravimetric and acidimetric methods,
respectively. After 43 h of illumination at l� 455 nm, 1.38�
10ÿ5 mol 4-CP (44% of theory) was degraded and 6.0�
10ÿ5 mol CO2 (72 %) was produced. Apparently, not all the
4-CP consumed was mineralized to CO2, implying the
presence of small amounts of intermediates in the reaction
solution. Subsequent irradiation of the latter at l� 335 nm for
20 h degraded almost all of the 4-CP left (1.41� 10ÿ5 mol)
with formation of 1.2� 10ÿ4 mol CO2. The production of


excess CO2 arises from the residual intermediates formed
during illumination with visible light[13a] and the total amount
of CO2 (1.8� 10ÿ4 mol) is in good agreement with the amount
of 4-CP (2.8� 10ÿ5 mol) degraded. This is also in accord with
the pH change from approximately 7.0 initially to 2.5 ± 3.0
finally, correlating well with the stoichiometric decomposition
of 2.5� 10ÿ3 mol Lÿ1 4-CP to CO2, HCl, and H2O.


Dependence on dopant content : From the investigation
described above, it is reasonable to suggest that the photo-
activity of the hybrid titania is dependent on the content of the
dopant metal salt. This was examined for PtIV/AMM-Ti, which
has been characterized extensively.[13] After a steady increase
in the initial rates of photodegradation of 4-CP with increas-
ing weight content of the platinum salt (Figure 4), a maximum
rate is observed around 3.0 %, followed by a decrease at 4.0 %
Pt (vide infra). This decrease is assigned tentatively to
increasing Pt ± Pt interactions with increasing Pt content.


Figure 4. Dependence of the initial rate (R0) of photodegradation of 4-CP
on the weight content of the dopant platinum(iv) chloride in PtIV/AMM-Ti;
l� 455 nm.


Figure 5 illustrates the wavelength dependence of 4-CP
disappearance for the 3.0 % PtIV/AMM-Ti sample. Even at
wavelengths as long as l� 530 nm photodegradation still
occurred steadily. The reaction in all illumination wavelength
regions obeyed first-order kinetics (Figure 5, insert). This can
be rationalized by a modified Langmuir ± Hinshelwood model


Figure 5. Photodegradation of 4-CP catalyzed by 3.0% PtIV/AMM-Ti
upon illumination in various regions of the visible spectrum: (&) l�
400 nm; (&) l� 455 nm; (*) l� 495 nm; (*) l� 530 nm. Insert: the
corresponding first-order plot.
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[Eq. (1), where kr is the reaction rate constant, q the fraction
of the catalyst surface covered by 4-CP, K the adsorption
coefficient of 4-CP, C the concentration of 4-CP, Ks the
adsorption coefficient of the solvent, and Cs the concentration


of the solvent], by analogy with the known kinetics of the UV
photodegradation catalyzed by unmodified crystalline
TiO2.[17±19] Considering the low concentration and the weak
adsorption of 4-CP on TiO2, the approximation KC�KsCs is
plausible. This suggests that the photocatalysis initiated by the
new amorphous hybrid catalyst is mainly a surface process, as
is also observed for crystalline TiO2.


Photocurrent action spectra : When a conducting glass elec-
trode covered with 1.1 % PtIV/AMM-Ti, 1.0 % RhIII/AMM-Ti,
or 1.0 % AuIII/AMM-Ti was irradiated in a photoelectrochem-
ical cell at different wavelengths, a photocurrent in the visible
region was also observable, in distinct contrast to the case of
commercial P-25-TiO2. The photocurrent spectra of all three
materials are shown in Figure 6, at two resolutions. They are
presented as the incident photon-to-current efficiency
(IPCE), the ratio of the measured photocurrent density to
the incident photon density as determined with a calibrated
photodiode. The photocurrent was controlled so as to be
proportional to the incident light intensity. It is evident that
the IPCE spectra reflected well the absorption behavior of
these materials.


Figure 6. Photocurrent action spectra obtained from photoelectrodes
prepared by casting films of pure P-25-TiO2 (Ð) , 1.1% PtIV/AMM-Ti
(*), 1.0% RhIII/AMM-Ti (~), and 1.0 % AuIII/AMM-Ti (&). The spectra
were measured under potentiostatic control at a potential of �0.5 V (Ag/
AgCl). Solution: 0.1 mol Lÿ1 NaOH.


The data shown were recorded under potentiostatic control
at a potential of 0.5 V (Ag/AgCl) without addition of a redox
couple to the 0.1m NaOH solution. However, they were
confirmed by measuring the somewhat noisier short circuit
photocurrent as well as the photovoltage spectra in a two-
electrode setup with a platinum counter-electrode. They were
also controlled by adding the Fe3�/Fe2� redox couple or
methanol as a current-doubling agent. In the latter experi-
ment a current multiplication factor of approximately 2 was


obtained in the visible spectral region, whereas a much higher
factor could be obtained for direct TiO2 absorption below
390 nm, as was previously reported for nanoporous TiO2


films.[20] Current/voltage curves in a two-electrode setup are
shown in Figure 7 for the rhodium-doped sample. Strong
hysteresis occurred between forward and backward scans,
even for scan rates as low as 10 mV sÿ1 (Figure 7, insert).
However, a true primary positive photocurrent was obtained
even when the applied voltages were negative, as shown here
for the voltage scan in the negative direction.


Figure 7. Current/voltage characteristics of the 1.0% RhIII/AMM-Ti elec-
trode obtained by scanning, in the negative direction, the voltage in a two-
electrode setup with a platinum counter-electrode. Solution: 0.1 mol Lÿ1


NaOH. Insert: scans in both voltage directions.


Mechanism : It is evident from the results that the photo-
catalytic activity of the gold- and rhodium-modified AMM-Ti
samples is due to local excitation of the dopant metal chloride,
as proposed previously for the platinum-doped sample.[13]


Also, homolytic cleavage of the metal ± chloride bond in
these new hybrid materials most probably produces reducing
and oxidizing surface sites from which reduction of oxygen
and oxidation of 4-CP occur.[13a] Subsequently, a series of
redox reactions involving the superoxide ion O2


ÿ and 4-CP�.


affords CO2, HCl, and H2O, as is known to occur in the
reaction photocatalyzed by crystalline TiO2. The indispensa-
ble role of O2 in such a process is confirmed by the finding that
no photodegradation of 4-CP takes place in the absence of O2.
Since metal chlorides in aqueous solution are known to
undergo homolytic bond cleavage,[21±24] we irradiated dis-
solved PtCl4 in the presence of 4-CP under experimental
conditions identical to those in the heterogeneous system.
Photodegradation occurred, but was much slower and only
stoichiometric with respect to platinum chloride. This result
supports the mechanism postulated for the titania hybrid
photocatalysts. According to Figure 4 the optimum platinum
content was around 3.0 %. The initial rate increase can be
explained by considering the increased light absorption by the
platinum(iv) chloride units, whereas the decrease in the later
stage can be attributed to the enhancement of the intermo-
lecular recombination of chlorine atoms and PtIII species due
to their relatively high local concentration. The mechanism of
the CoII-, NiII-, and PdII-modified samples may be similar.


Experimental Section


Materials : 4-CP, titanium isopropoxide, and all the other agents were of
analytical grade and were used without further purification. P-25-TiO2
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powder, consisting mainly of anatase, was obtained from Degussa. Triply
distilled or Milli-Q (Millipore) water was used throughout this study.
AMM-Ti materials were prepared by a sol ± gel procedure through slow
hydrolysis of titanium isopropoxide in the presence of various metal
chlorides in strong acidic aqueous media.[13, 14] Dissolution of Ti(OC3H7)4


(12 mL, 0.04 mol) in ethanol (50 mL) and stirring for 30 min were followed
by slow addition of HCl (0.1 mL, 8 m). Concentrated HCl (0.1 mL after
5 min, 0.3 mL after 10 min, and 0.3 mL after a further 10 min) was added.
Thereafter an appropriate amount of the corresponding metal chloride
dissolved in ethanol (10 mL) was added slowly. The clear solution obtained
was stirred at room temperature for one day. The loosely covered sol gelled
within six days when it was then left to stand at room temperature without
stirring. For further mild drying, the gel was kept uncovered in a hood for
another 10 days, after which it had turned hard and brittle. The solidified
gel was heated at 0.1 Kminÿ1 to 338 K, kept at this temperature for 100 min,
heated at the same rate to 523 K, kept at this temperature for 300 min, and
then allowed to cool at 0.5 Kminÿ1 to room temperature. The unmodified
titania (AMM-Ti) was prepared by the same procedure but without
addition of metal chlorides. Before use the material was ground in a ball
mill, affording small particles suitable for suspension in water.


The metal chlorides of PtIV, IrIV, RhIII, AuIII, PdII, CoII, and NiII were used to
prepare the hybrid titania. Except PtIV/AMM-Ti all the other samples were
made with the same weight content (1.0 %) of metal cation. A series of PtIV/
AMM-Ti with platinum contents from 0.7% to 4.0% were prepared and
used for comparative investigations.


Characterization of materials : Powder X-ray diffraction (XRD) patterns
were recorded using the Debye ± Scherrer technique on a Stoe Stadi 2/PL
diffractometer with CuKa radiation in the range 108� 2q� 808 and the area
detector PSD1. The temperature dependence of the patterns was recorded
in the range 293 ± 1173 K, with a stepwise increase of 50 K before each
measurement. Specific surface areas were determined by the Brunauer ±
Emmet ± Teller method as described recently.[13a] Diffuse reflectance
spectra of the powders were measured on a Shimadzu UV-3101PC, UV/
Vis ± NIR scanning spectrophotometer equipped with a diffuse reflectance
accessory. The samples were spread onto an Al2O3 plate, the background
reflectance of which had been measured. The reflectance data were
converted by the instrument software to the F(R1) values according to
Kubelka ± Munk theory.[15]


Photodegradation procedure and product analysis : The photocatalytic
degradation of 4-CP was carried out in a jacketed cylindrical quartz
cuvette (15 mL) attached to an optical train, which was equipped
with an Osram XBO 150 W xenon arc lamp (I0(400 ± 520 nm)� 2.0�
10ÿ6 Einsteinsÿ1 cmÿ2) installed in a light condensing lamp housing (PTI,
A1010S). When necessary, a cut-off filter was placed in front of the cuvette.
Running water was circulated through the jacket to cool the reaction
mixture, which was stirred magnetically.


In a typical experiment, a suspension (14 mL, 0.5 g Lÿ1) of pure TiO2 or
hybrid AMM-Ti containing 4-CP (2.5� 10ÿ4 mol Lÿ1) was sonicated for
15 min and then transferred to the cuvette. Before illumination, the
suspension was stirred magnetically for 20 min to ensure complete
adsorption of phenol. During a run, samples (approximately 1.0 mL) of
the reaction solution were taken at given time intervals. Each sample was
filtered through a Millipore membrane filter (0.22 mm pores). 4-CP and
aromatic intermediates in the samples were analyzed by HPLC (Kroma-
System 2000 controller, Kontron 320 autosampler, 430A photodiode array
detector). A reverse-phase C18 column (Kontron, Spherisorb 5 ODS 2) and
water ± methanol eluent (50:50) were employed. The concentration of 4-CP
was determined from the absorbance at 280 nm.
The procedure described above was also applied to the experiment on
PtCl4-assisted photodegradation of 4-CP. In this case the aqueous solution
containing PtCl4 (1� 10ÿ4 mol Lÿ1) and 4-CP (2.5� 10ÿ4 mol Lÿ1) was used
instead of a TiO2 suspension. The l� 455 nm cut-off filter was applied
during irradiation. The 4-CP concentration [�10ÿ4 mol Lÿ1] decreased by
0.43, 0.63, 0.75, 0.83, and 0.93 after 2, 4, 6, 10, and 15 h, respectively.


For the gravimetric measurements of CO2, oxygen was slowly bubbled
through the reacting suspension (PtIV/AMM-Ti, 0.5 gLÿ1; 4-CP solution,
12.5 mL at 2.5� 10ÿ3 mol Lÿ1) and subsequently through a 10ÿ2 mol Lÿ1


Ba2� solution at pH 10 ± 11. BaCO3 was filtered off, washed, and dried at
60 8C for three days. The formation of HCl was confirmed by measurement
of the pH change in the reaction solution.


Sunlight experiments : Illumination by sunlight was carried out around
midday in early October in Erlangen (latitude 49.58N). Three samples
(0.5 gLÿ1) modified with PtIV, RhIII, and AuIII were used as catalysts in a
solution of 4-CP (40 mL, 2.5� 10ÿ4 mol Lÿ1) in a Pyrex glass reactor with
magnetic stirring. The final reaction solution was subjected to HPLC
analysis.


Photoelectrochemical measurements : Photoelectrochemical measure-
ments were carried out in a conventional three-electrode cell equipped
with a quartz window, a large platinum foil counter, and a saturated Ag/
AgCl reference electrode connected through a freshly filled chloride-free
salt bridge. The working electrode was prepared by casting a suspension of
the doped AMM-Ti materials in ethanol onto ITO-covered glass slides
(Balcatron, Balzers, Liechtenstein) and drying in air. A porous film was
thus formed which allowed the electrolyte to penetrate into the bulk of the
electrode. NaOH solution (0.1 mol Lÿ1) was used as the standard electro-
lyte. To investigate current-doubling effects, a small amount of ethanol was
added forming an alkaline solution (about 0.01 mol Lÿ1). Current/voltage
curves and most of the action spectra were measured in a standard three-
electrode setup controlled by a Schlumberger 1286 Electrochemical
Interface (Schlumberger, Munich) connected with a Macintosh II com-
puter. Illumination was performed with a 1000 W Xe lamp (XBO, Osram,
Munich, Germany) in a Mueller housing (Mueller, Moosinning, Germany)
equipped with a standard water filter. Spectra were recorded using a
Metrospec monochromator (AMKO, Tornesch, Germany) and gray filters,
and normalized to a constant light intensity after it had been confirmed that
the photocurrent was proportional to the light intensity.


To exclude pure photoconductivity effects, the photocurrent spectra were
carefully cross-checked by measuring the true short circuit current in a two-
electrode setup with the platinum counter-electrode. Measurements using
the Fe3�/2� redox couple were also performed. In these experiments the
photocurrents were measured with a Keithley 617 Electrometer (Keithley,
Germering). Thus it was possible to confirm that the photocurrents
observed at wavelengths above 420 nm were true primary ones. Their effect
was also confirmed by recording photovoltage spectra.
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Surfactant-Encapsulated Clusters (SECs):
(DODA)20(NH4)[H3Mo57V6(NO)6O183(H2O)18], a Case Study


Dirk G. Kurth,[a]* Pit Lehmann,[a] Dirk Volkmer,[b] Helmut Cölfen,[a] Michael J. Koop,[b]


Achim Müller,[b] and Alexander Du Chesne[c]


Abstract: We present a comprehensive
study of the partially reduced polyoxomo-
lybdate [H3Mo57V6(NO)6O183(H2O)18]21ÿ


encapsulated in a shell of dimethyl-
dioctadecylammonium (DODA) surfac-
tant molecules. Treatment of an
aqueous solution of (NH4)21[H3Mo57V6-
(NO)6O183(H2O)18] ´ 65 H2O (1 a) with a
trichloromethane solution of the surfac-
tant leads to instant transfer of the
encapsulated complex anion into the
organic phase. Results from vibrational
spectroscopy, analytical ultracentrifuga-
tion, small-angle X-ray scattering, trans-
mission electron microscopy, elemental
analysis, and Langmuir compression iso-


therms are consistent with a single
polyoxometalate core encapsulated
within a shell of 20 DODA molecules.
The molar mass of the supramolecular
assembly is 20 249 g molÿ1 and the diam-
eter is 3.5 nm. A material with the
empirical formula (DODA)20(NH4)[H3-
Mo57V6(NO)6O183(H2O)18] (2) was iso-
lated as a dark violet solid, which readily
dissolves in organic solvents. Slow evap-


oration of solutions of 2 on solid sub-
strates forces the hydrophobic particles
to aggregate into a cubic lattice. Anneal-
ing these so-formed films at elevated
temperature causes de-wetting with ter-
race formation similar to liquid crystals
and block copolymers. Compound 2
forms a stable Langmuir monolayer at
the air ± water interface; Langmuir ±
Blodgett multilayers are readily pre-
pared by repeated transfer of monolay-
ers on solid substrates. The films were
characterized by optical ellipsometry,
Brewster angle microscopy, transmis-
sion electron microscopy, and X-ray
reflectance.


Keywords: cluster compounds ´
nanostructures ´ self-assembly ´ sur-
factants ´ supramolecular chemistry
´ thin films


Introduction


Transition metal polyoxoanions play a key role in areas such
as catalysis, corrosion protection, electrochemistry, colloid
chemistry, electroless deposition, lithography, and metallic
patterning. In recent years, polyoxometalate chemistry has
developed rapidly to produce an ever increasing number of
structurally well-defined solid architectures. Although the
formation pathways starting from aqueous solutions of
simple metal oxide precursors to giant polyoxometalate


clusters are not yet known in detail, a variety of polyoxo-
metalates have been used in chemical synthesis as versatile
building blocks for the construction of large supramolec-
ular structures and inorganic materials. Some further atten-
tion has been devoted to the exploration of composite
materials combining polyoxometalates with organic donor
molecules. These materials possess a variety of interest-
ing conducting, magnetic, electronic, and photonic proper-
ties.[1]


From a general point of view, our work aims at under-
standing how complex, yet well-defined materials assemble
from simple starting materials through a series of growth and
recognition processes. An intriguing example for such com-
plex step-wise growth processes is the condensation of
molybdate in acidic aqueous solutions in the presence of
reducing agents; this leads to large anionic clusters.[2] Depend-
ing on the particular reaction conditions, a variety of nano-
sized polyoxomolybdates have been characterized as struc-
turally well-defined solids over the past five years.[3] A
representative example of this novel class of polyoxomolyb-
dates is the compound (NH4)21[H3Mo57V6(NO)6O183(H2O)18] ´
65 H2O (1 a).[4]


The progress achieved in polyoxometalate synthesis has not
been matched, however, by a corresponding development in


[a] Dr. D. G. Kurth, Dipl.-Chem. P. Lehmann, Dr. H. Cölfen,
Max-Planck-Institute of Colloids and Interfaces
Golm, 14424 Potsdam (Germany)
Fax: (�49) 331-5679202
E-mail : kurth@mpikg-golm.mpg.de


[b] Dr. D. Volkmer, Dipl.-Chem. M. J. Koop, Prof. A. Müller
Universität Bielefeld, Anorganische Chemie 1
D-33501 Bielefeld, Postfach 100 131 (Germany)
E-mail : dirk.volkmer@uni-bielefeld.de


[c] Dr. A. Du Chesne
Max-Planck-Institut für Polymerforschung, Postfach 3148
D-55021 Mainz (Germany)
E-mail : duchesne@mpip-mainz.mpg.de


FULL PAPER


Chem. Eur. J. 2000, 6, No. 2 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0385 $ 17.50+.50/0 385







FULL PAPER D. G. Kurth et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0602-0386 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 2386


polyoxometalate surface chemistry. Modifying the chemical
properties of surfaces of polyoxometalates opens new avenues
to tailor their compatibility with organic materials and
biological tissue. Controlled passivation of the cluster surface
can be used to direct particle growth in synthesis and to
stabilize clusters for handling and applications. In addition,
multi-component composite materials can be fabricated by
assembling functional components on polyoxometalates. The
redox state of an individual cluster may be altered more
efficiently and more selectively if it is encapsulated within an
organized environment, a strategy which in nature is exem-
plified by a variety of proteins bearing multi-metal active sites
(e.g., iron ± sulfur proteins, ferritines).[5] Therefore, we
launched an interdisciplinary program with the intention to
attain a better understanding of the chemical properties of
surfaces and to explore the surface chemistry of polyoxome-
talates as a tool to construct large supramolecular assemblies.


Commonly in cluster synthesis, surface modification relies
on the exchange of labile ligands that are coordinatively
bound to the peripheral metal atoms of the cluster resulting in
either a chemical derivative or a rearranged cluster core.
Examples for such strategies in polyoxometalate chemistry
have only recently been reported. The terminal oxygen atoms
of the hexamolybdate unit [Mo6O19]2ÿ were partially or
completely replaced by phenylimido ligands,[6] or the Keggin


anion a-[PMo12O40]3ÿ was treated with p-tolylisocyanate to
yield a phenylimido-substituted polyoxometalate with a
rearranged cluster core.[7] These modifications require pro-
longed reaction times under rather vigorous reaction con-
ditions and suffer from low yields.


In contrast, the strategy that we present in this article relies
on a ligand-exchange process in the second coordination
sphere: the counter cations from the anions� hydration sphere
are replaced by suitable alkylammonium surfactants; this
results in discrete supramolecular entities. We were prompted
to explore this approach by the successful endeavor to
incorporate polyoxometalate clusters in polyelectrolyte multi-
layer films.[8] This colloid chemical approach has been
successfully used in the past to stabilize a variety of semi-
conductor and precious metal nanoparticles,[9] but has never
been applied convincingly to polyoxometalate chemistry.[10]


In the following, we describe the detailed characterization
of 1 a and a novel surfactant-polyoxometalate assembly
(DODA)20(NH4)[H3Mo57V6(NO)6O183(H2O)18] (2) in solution
and in thin films.


Results and Discussion


Preparation of the surfactant-encapsulated cluster (SEC) 2:
The surfactant-encapsulated polyoxometalate cluster 2 is
assembled in a straightforward way by extracting an aqueous
solution of polyoxometalate 1 a with DODA ´ Br into an
arbitrary organic solvent. The SEC is immiscible in water, but
readily dissolves in organic solvents such as benzene, toluene,
or chloroform. In contrast, 1 a is only soluble in water.
Experiments with different surfactants show that the micel-
lization process is sensitive to steric factors of the tenside:
trimethylhexadecylammonium bromide and methyltrioctade-
cylammonium bromide failed to completely transfer the
inorganic cluster into the organic phase.


Elemental analysis established a composition of the SEC of
(DODA)20(NH4)[H3Mo57V6(NO)6O183(H2O)18]. Based on the
single-crystal X-ray structure analysis, 1 a possesses 21 ammo-
nium ions and, in addition, three acidic protons, that is, they
balance a total of 24 negative charges. Since the number of
DODA molecules is considered definite, an ammonium
cation was introduced into the molecular formula to com-
pensate the 21 negative charges of the cluster anion. Although
the applied methods do not allow us to unambiguously detect
a single ammonium cation in such a large assembly, this is a
reasonable postulate: the center of the cluster anion bears a
cavity suitable for binding an ammonium cation. In fact, the
cavity with its preorganized oxygen electron pairs resembles
the binding site of ammonium-binding crown ethers (see
Figure 11 later).[11]


Spectroscopic investigations: Vibrational spectroscopy is the
method of choice to prove the presence of the polyoxomo-
lybdate anion [H3Mo57V6(NO)6O183(H2O)18]21ÿ (1 b) in the
final surfactant-encapsulated assembly. In solution, both 1 b
and the surfactant-encapsulated cluster 2 show a strong band
at 880 cmÿ1 and a weak shoulder at 955 cmÿ1. The Raman
spectrum of the starting material (NH4)12[Mo36(NO)4O108-


Abstract in German: In einer umfassenden Studie präsen-
tieren wir das partiell reduzierte Polyoxomolybdat
[H3Mo57V6(NO)6O183(H2O)18]21ÿ, das in einer Schale von
oberflächenaktiven Dimethyldioktadecylammonium-Ionen
eingeschlossen ist. Ausschütteln einer wäûrigen Lösung von
(NH4)21[H3Mo57V6(NO)6O183(H2O)18] ´ 65 H2O (1a) mit einer
Lösung der Tensidmoleküle in Chloroform führt zur Ein-
kapselung und zum sofortigen Transfer des komplexen Anions
in die organische Phase. Die Ergebnisse aus schwingungs-
spektroskopischen Untersuchungen, analytischer Ultrazentri-
fugation, Kleinwinkelröntgenbeugung, Transmissionselektro-
nenmikroskopie, Elementaranalyse und Langmuir-Kompres-
sionsisothermen zeigen übereinstimmend, daû ein isoliertes
Polyoxometallat-Ion in einer Schale aus 20 DODA-Molekülen
vorliegt. Die Molekülmasse des supramolekularen Aggregats
beträgt 20249 g molÿ1, bei einem Durchmesser von ca. 3.5 nm.
Aus der Chloroformlösung wurde ein dunkelviolettes Material
gewonnen, das in organischen Solventien sehr gut löslich ist
und dem eine empirische Summenformel (DODA)20(NH4)[H3-


Mo57V6(NO)6O183(H2O)18] (2) zugeschrieben wird. Beim lang-
samen Eindampfen der Lösungen von (2) aggregieren die
hydrophoben Partikel in einer kubisch dichten Packung.
Tempern der so erhaltenen Filme führt zur Entnetzung, wobei
eine Terrassierung auftritt, ähnlich jener von Flüssigkristallen
und Blockcopolymeren. Die Substanz (2) bildet eine stabile
Monoschicht an der Wasser-Luft-Grenze, aus der sich durch
wiederholten Transfer nach der Langmuir-Blodgett-Technik
leicht Multischichten auf feste Substrate übertragen lassen. Die
erhaltenen Filme wurden durch optische Ellipsometrie, Brew-
ster-Winkel-Mikroskopie, Transmissionselektronenmikrosko-
pie und Röntgenbeugung charakterisiert.
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(H2O)16] for the synthesis of 1 a also shows Raman bands at
885 (s) and 955 (vs) cmÿ1, but with a different intensity ratio.
The starting material also shows characteristic IR absorption
bands at 619 and 773 cmÿ1, which are absent in the spectrum
of 2 (KBr pellets). The presence of starting material in 2 can,
therefore, be ruled out. Further evidence arises from the UV-
visible spectra of compounds 1 a and 2 which are almost
identical. Compound 1 a shows an absorption band at 559 nm
(e� 18 000 L molÿ1 cmÿ1), and compound 2 shows a slightly
shifted but similarly intense band at 568 nm (e�
16 100 L molÿ1 cmÿ1). Vibrational (IR and Raman) and NMR
spectroscopy of 2 confirm the presence of DODA. The
1H NMR signals of the methyl groups are broadened and
shifted downfield by 0.2 ppm; apparently, the surfactant is
oriented with the positively charged head towards the
negatively charged cluster surface.


Analytical ultracentrifugation (AUC): Analytical ultracentri-
fugation is an indispensable tool to obtain information on
molar weights and size distributions of particles in solution. In
the case of cluster 1 a, the electrostatic repulsion opposes the
sedimentation of the particles and amounts to an incorrect
molar mass. To screen the negative charges, sedimentation
velocity measurements were carried out in the presence of
excess electrolyte. The cluster sediments as an ideal species in
0.1n NH4Cl. In this case, the sedimentation coefficient (s) is
4.81� 10ÿ13 s (25 8C). The corresponding diffusion coefficient
calculated from the boundary spreading is 18.6� 10ÿ7 cm2 sÿ1,
which yields a molar mass of 10 132 g molÿ1 from the Svedberg
equation. Depending on the degree of dissociation and solva-
tion in aqueous solution, the molar mass of a single cluster is
expected to be within 10 757 g molÿ1 (1 a) and 9209 g molÿ1


(1 b) based on the single crystal X-ray structure analysis.
The hydrodynamic diameter, which can be calculated from


the diffusion coefficient, is 2.34 nm. From the particle size
distribution (not shown), the hydrodynamic diameter was
determined to be 2.24� 0.5 nm (11 %).[12] Based on single
crystal X-ray structure analysis, compound 1 a resembles a
flattened ellipsoid with approximate dimensions of a� b�
2.2 nm, c� 1.2 nm; a spherical object with the same volume
would hava a diameter of 1.8 nm. Taking into account the
presence of a solvation sphere, the values for the molar mass
and the diameter are consistent with single species.


The particles are also monodisperse, as demonstrated by
the sedimentation velocity profiles. The profiles can be fitted
to approximate solutions of the Lamm equation.[13] The
sedimention boundary is very well described by the curve one
expects for a monodisperse sample with a molar mass given
above (Figure 1).


The sedimentation velocity experiments were independ-
ently confirmed by sedimentation equilibrium experiments as
an absolute technique. Experiments were evaluated by two
independent approaches. The first one uses the so-called M*
function, which delivers a molar mass independent of any
model.[14] The second approach makes use of a model-
dependent fit of the equilibrium concentration gradient.[15]


With the results obtained from sedimentation velocity ex
periments, the model of monodisperse single species was
applied. The apparent average molar weights Mw,app of a


Figure 1. Theoretical (solid line) and measured (dots) sedimentation
velocity profile for polyoxometalate 1a as a function of the radial distance.
The excellent agreement of theory and experiment confirms a monodis-
perse cluster of 10130 g molÿ1. (Here, the radius is the distance from the
center of the centrifuge to the sedimentation boundary.)


concentration series are 10 086� 633 g molÿ1 for the first and
9868� 964 g molÿ1 for the second method. Evidently, the
assumption of an ideal monodisperse single species used in
the second method is appropriate. The fits are of good quality
as demonstrated in Figure 2, which is a representative
example for the sedimentation equilibrium concentration
gradient.


In contrast, analytical ultracentrifugation (AUC) measure-
ments of 2 show that the particle sizes were strongly depend-
ent on the particular solvent used in the measurement. This is
illustrated in Figure 3. The particle size distributions show a


Figure 2. Representative example of the sedimentation equilibrium con-
centration gradient (open circles, bottom) fitted to the model of an ideal
sedimenting species (solid line). The fit is of excellent quality (top:
residuals of fit) indicating that the assumption of monodisperse species is
justified. The concentration of 1 a was 0.16 mgmLÿ1.
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Figure 3. The particle size distribution of 2 depends on the solvent
indicating aggregation. The graph shows results from sedimentation
velocity measurements in i) THF, ii) toluene, and iii) cyclohexane.


tailing towards smaller species and are broader than that of 1 a
(11 %). The average particle sizes exceed the expected size of
single species of 2 (3.5 nm). The diameters in different
solvents were determined to be: 3.92� 0.93 nm (24 %) in
THF, 4.75� 1.34 nm (28 %) in toluene, and 5.53� 1.45 nm
(26 %) in cyclohexane. The corresponding molar weights were
determined to be 25 460 g molÿ1, 45 580 g molÿ1, and
71 850 g molÿ1, respectively. These results indicate that SECs
aggregate in nonpolar solvents. Because chloroform has a
similar density as 2, it is not suitable for AUC measurements.
As shown by SAXS (see below), the aggregates consist of
individual SECs.


Small angle X-ray scattering (SAXS): Owing to the high
electron density of the cluster anion 1 b, we used small angle
X-ray scattering to examine the particle core. The exper-
imental scattering intensities of 1 a and 2 are displayed in
Figure 4 as a function of the scattering vector. From the
similarity of the scattering functions, we immediately con-
clude that samples 1 a and 2 must be very similar. The solid
lines are the computed scattering intensities for spherical


Figure 4. The experimental SAXS intensities of 1a (�) and 2 (~). The solid
lines are computed scattering intensities of homogeneous spheres of
diameter 1.9 nm (1a) and 2 nm (2).


particles of 1.9 nm diameter (1 a) and 2.02 nm (2).[16] The data
confirm that the diameter of the polyoxometalate 1 a in
solution and in the SEC directly correspond to the cluster core
that was characterized in the single crystal X-ray structure
analysis.


Thin films of SECs: Langmuir monolayers offer a simple and
facile route to fabricate well-defined two-dimensional arrays
of SECs. The compression isotherm of the monolayer is shown
in Figure 5. We found that isotherms are very reproducible.
Upon expansion, a slight hysteresis is observed; this is


Figure 5. p-A isotherm, hysteresis ( compression, !expansion; target
pressure 40 mN mÿ1) and BAM images of 2 at the air ± water interface. The
hypothetical molecular area of 2 in the condensed phase was determined to
be 10.4 nm2 by interpolating the isotherm in the condensed-state region (c)
to zero pressure (dashed line, a: gaseous state, b: expanded state). This
value corresponds to an object with a diameter of 3.6 nm.


attributed to the tendency of 2 to aggregate. The hypothetical
molecular area of 2 in the condensed phase (zero-pressure
molecular area) was determined to be 10.4 nm2 by interpolat-
ing the isotherm in this phase (region c) to zero pressure;[17]


this corresponds to an object with a diameter of 3.6 nm. Based
on the density of 1.04 g mLÿ1 for crystalline DODA ´ Br, one
molecule occupies a volume of approximately 1 nm3. Cluster
1 a has a surface area of approximately 19 nm2; thus every
DODA molecule can occupy a surface area of roughly
0.95 nm2, which is a typical value for lipids in the liquid
expanded phase.[18] A closed shell of DODA wrapped around
the cluster would have a thickness of 1 nm. The total diameter
of 2 is, therefore, estimated to be 3.8 nm. The molecular area
is in good agreement with the estimated value for a single
species of 2.


Brewster angle microscopy (BAM, see inset Figure 5)
shows that Langmuir monolayers of 2 are uniform. Large
domains of uncharacteristic shape are seen in the gaseous
phase (region a). Upon compression, the domains fuse in the
liquid-expanded phase (region b). In the liquid-condensed
phase (region c), 2 finally forms a continuous film, with a
collapse pressure of 70 mN mÿ1.
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Multilayers of 2 were prepared by transferring monolayers
from the air ± water interface onto solid substrates with the
Langmuir ± Blodgett (LB) technique. Ellipsometry of the LB
films on the solid substrate (Figure 6a) established a film
thickness of 2.6 nm for the first layer and an average film


Figure 6. a) The ellipsometric thickness and b) the transmission UV/Vis
absorption intensity at 570 nm of a LB film of 2 on a silicon wafer and a
quartz wafer as a function of the number of layers. Clearly, a linear film
growth is observed. The average thickness for one layer is 2.3 nm.


thickness of 2.3 nm for subsequent layers. These values are
smaller than the diameter of the SEC, but packing effects
within the film can reduce the apparent thickness per layer.
Figure 6b also shows the increase of the absorption band at
570 nm of 2 on a quartz substrate as a function of the number
of layers. Clearly, deposition is very reproducible and film
growth is essentially linear, that is, in each dipping cycle
equivalent amounts of SEC are transferred on the substrate
(transfer ratio 0.95). The static contact angles of these surfaces
were 1028 for water and 318 for hexadecane in agreement with
a highly hydrophobic surface. This demonstrates how effi-
ciently the DODA layer screens the underlying hydrophilic
cluster.


X-ray reflectivity of the LB multilayers on a silicon
substrate shows well-resolved Kiessig fringes indicating a
LB-film of uniform thickness (Figure 7). In addition, several
Bragg reflections are discernible. This implies that the LB film


Figure 7. Experimental X-ray reflectance data (open circles) for a LB
multilayer consisting of 11 layers of 2. The sample shows nicely resolved
Kiessig fringes and several Bragg peaks indicating a homogeneous film
thickness and an internal structure. For comparison, a calculated reflec-
tance curve (solid line) for a film with constant electron density and
identical thickness (substrate: silicon) is shown.


has an internal layered structure. For comparison, Figure 7
also shows the calculated Kiessig fringes of a single layer of
constant electron density and a thickness identical to that of
the sample. It was not possible to fit the reflectance curves by
a simple periodic electron density function and to retrieve the
profile of the superlattice.[19] More insight into the structure of
the thin films of 2 was obtained by transmission electron
microscopy.


Transmission electron microscopy (TEM): Straightforward
evidence for encapsulation is obtained by visualization of 2 by
TEM. Figure 8 shows single clusters of 2 that form a


Figure 8. Thin film of 2 on a carbon-support film cast from a chloroform
solution. Single clusters are clearly visible as dark dots with a diameter of
2 nm separated from one another by 3.8 nm (average distance determined
by Fourier analysis).


monolayer on a supporting carbon film. The inorganic cores
of the SEC appear as dark dots with diameters of 2 nm. The
average center-to-center distance determined by Fourier
analysis is 3.8 nm, in agreement with the size of 2 determined
on the Langmuir trough.
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Thicker films of 2 revealed ordered domains. Figure 9 (left)
displays a phase contrast image of such a film cast from
chloroform solution and annealed for 15 h in vacuum at 50 K
above the melting point of the surfactant. A sixfold axial
symmetry is visible in Figure 9 (left, inset) that is consistent
with a projection of a cubic lattice along [111] or of a
hexagonal lattice along the c axis. Because inelastic electron
scattering interferes the diffraction pattern, elastic filtering
was applied.[20] The small-angle electron diffraction pattern of
the region depicted in Figure 9 (middle) clearly shows
reflections. Since the scattering centers are embedded in a
mobile matrix, reflections are broad due to slight local
variations of spacings and orientations of the underlying
lattice, which should be considered as liquid crystalline. The
inner reflections correspond to 3.5 nm, the outer ones to 2 nm.
The angle between the corresponding planes related to each
set of reflections is 1208, and the angle between the two sets of
planes is 608. There are some regions of the specimen in which
fourfold symmetry is also visible (Figure 9, left). The con-
current occurrence of both,
four- and sixfold symmetry pro-
jections in the same specimen is
a strong indication for a cubic
lattice. Hence, the reflections
are assigned to 110 (d110�
3.5 nm) and 211 (d211� 2 nm)
of a cubic lattice. Since the 110
reflection is forbidden for a
face-centered packing, a body-
centered (BCC) or simple-cu-
bic (SC) packing is more prob-
able. Indeed, BCC packing is
expected in block copolymers
with spherical microphases.[21]


Figure 9 (right) shows the
Fourier spectrum calculated
from Figure 9 (left). The simi-
larity with the electron diffrac-


tion pattern is indeed remarkable. An analysis of the Fourier
spectrum does in fact yield information identical to the above.


Upon annealing, thin films of 2 de-wet the carbon substrate
and form layered structures (terracing) as has also been shown
for thin films of liquid crystals and of block copolymers.[22]


Figure 10 (left) shows a partially de-wetted monolayer and
represents an enlarged detail of Figure 10 (right) in which the
terracing becomes visible.


Conclusion


We present here for the first time a facile and simple approach
to modify the chemical properties of surfaces of polyoxome-
talates; this method relies on the replacement of the charge-
balancing counter-cations from the outer sphere of the
hydrated polyoxomolybdate by cationic surfactants.


The applied methods prove that aqueous solutions of 1 a
consist of single, monodisperse species with a molar mass of


Figure 9. Left: Ordered region of an annealed film of 2, recorded at 120 kV in the elastic filtering mode. The inset shows the six- and fourfold symmetry
(width of inset� 50 nm). Middle: Elastically filtered electron diffraction pattern of the region shown in image at the left recorded at 120 kV (camera length
7.2 mm). The reflections are rather broad; this, according to the lefthand image, is due to slight local variations of spacings and orientation. The spacings
encountered are 3.5 and 2 nm, the angle between the respective planes is 1208, angles between the two sets of planes are 608. Right: Fourier spectrum
calculated on the basis of the image on the left revealing threefold symmetry. The Fourier spectrum is in agreement with the electron diffraction pattern
shown in the middle.


Figure 10. Electron micrograph of a thin film of SEC 2 recorded at 60 kV. Left: de-wetted regions are clearly
discernible from regions densely covered by a monolayer. Right: overview of the same region demonstrating the
terracing of 2 upon annealing.
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10 236 g molÿ1. The diameter of the polyoxomolybdate core is
1.9 nm and the hydrodynamic diameter is 2.3 nm. The
surfactant-encapsulated cluster (SEC) 2 consists of a single
polyoxomolybdate core (1 b) and a shell of 20 DODA
surfactant molecules. The diameter of 2 is 3.6 nm. The
surfactant molecules are oriented with the positive head
group towards the cluster anion. Depending on the solvent,
the SEC has a tendency to form aggregates. Electrostatic
binding is most likely the major driving force for encapsula-
tion. These data are in excellent agreement with the expected
values for single species based on the single crystal X-ray
structure analysis of 1 a.


The surfactant-encapsulated cluster forms stable Langmuir
monolayers at the air ± water interface, and LB multilayers are
readily transferred on solid substrates. The resulting LB films
are completely hydrophobic; this demonstrates the efficient
encapsulation of the hydrophilic cluster by the surfactant
molecules. Also, by simple evaporation, SEC 2 forms highly
ordered films. Upon annealing, the order of these film is
improved; finally we observe de-wetting of the substrate and
subsequent formation of terraced structures similar to liquid
crystals and block copolymers. Some residual disorder in the
length, small compared with the lattice parameters, remains in
these films. This disorder could be due to random orientations
of ellipsoidal polyoxometalate cores and/or slight deviations
of their localization on the lattice sites. These degrees of
freedom of the inner core are most likely provided by the
mobile surfactant layer and might be useful for potential
applications, for example, to align the inner cores by an
external field at elevated temperature.


The whole assembly of cluster and surfactants on this level
of structural organization resembles a reversed micelle in
which the hydrophilic cavity is completely filled by the large
cluster anion. A computer simulation of the SEC gives an idea
of the packing of the surfactant molecules around the nano-
sized cluster. The simulation in Figure 11 shows that up to
22 DODA molecules find accommodation on the cluster
surface. More importantly, the cluster is completely shielded
by the long hydrophobic tails of the octadecyl side chains; this
explains the good solubility of the micelle-like clusters in
organic solvents. Our experiments with different surfactants
furthermore show that steric requirements and the balance of
the hydrophobic/hydrophilic properties of the surfactants play
an important role in stabilizing the structure of the surfactant-
encapsulated clusters.


On-going experiments with different cluster/surfactant
combinations lead us to assume that this approach should
be generally suitable for the alteration of the surface proper-
ties of charged metal oxide colloids. Among these, polyoxo-
molybdates and polyoxotungstates with their well-defined
molecular and electronic structures, the high surface-to-
charge ratio, and their high stability are very promising
candidates for the construction of nano-particulate composite
materials with well-defined structures and predictable proper-
ties. For example, further functional groups may be intro-
duced within the shell of amphiphilic molecules that may
serve as recognition groups in biological or medical applica-
tions. The ability of polyoxometalates to undergo multiple
reduction/oxidation steps may be exploited in information


Figure 11. Ball-and-stick representation of the single crystal X-ray struc-
ture analysis of [Mo57V6(NO)6O183(H2O)18]24ÿ (1 b, top) and space-filling
(hypothetical) computer model (bottom) of the surfactant-encapsulated
cluster showing the complete shielding of the complex anion by the DODA
molecules. For simplicity, three of the protons of 1 were omitted and a
negative charge of 24 was used in the computation for (DODA)22[Mo57V6-
(NO)6O183(H2O)18].


storage devices, electron transfer catalysts, or optical switches.
The possibility to fabricate well-defined two-dimensional
arrays is an important step towards this goal. Further work
on polyoxometalates in organized matrices is in progress.


Experimental Section


Preparation of 2 : Samples of 2 were prepared by shaking a weighed sample
of 1 a in aqueous HCl (pH 1.0) with a solution of dimethyldioctadecylam-
monium bromide (DODA ´ Br) in trichloromethane in stoichiometric or
slightly less amounts. The complete transfer of the complex anion into the
organic phase was indicated by the colorless aqueous phase. The phases
were separated, and the trichloromethane solution was dried over
anhydrous sodium sulfate. Solid samples of 2 were prepared by evaporating
filtered solutions of chloroform to dryness and leaving the sample at
0.01 Torr until the weight remained constant. The density of 2 was
measured with a DMA 602 instrument (Density Measuring Cell, Chempro/
AutoM Paar KG) and was found to be 1.34 g mLÿ1. Analysis by DSC
(Mettler DSC 7) showed a phase transition at 17.5 8C, assigned to the
melting of the C18 chains. Elemental analysis, NMR spectroscopy and
ESCA were done at the Institut für Angewandte Chemie, Adlershof,
Berlin. Dimethyldioctadecylammonium bromide (DODA ´ Br) was pur-
chased from Fluka (99 %) and was used without further purification. IR:
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nÄ � 2955, 2922, 2851, 1616, 1467, 980, 945, 885, 785, 719, 667, 611, 576, 560,
545 cmÿ1; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 0.88 (t, J� 7.02 Hz,
6H), 1.26 (br m, 4 H), 1.68 (br m, 60H), 3.24 (br m, 6H), 3.52 (br m, 4H);
UV/Vis (CHCl3): lmax (e)� 570 nm (16100 Lmolÿ1 cmÿ1); (N(C38H80))20(NH4)-
[H3Mo57V6(NO)6O83(H2O)18] (20249): calcd C 45.08, H 8.18, N 1.87, Mo
27.01, V 1.51; found C 45.25, H 8.54, N 1.67, Mo 27.52, V 1.55.


IR/Raman spectroscopy : Vibrational spectra were recorded with a Bruker
FTIR IFS 66 instrument equipped with a FRA 106 Raman unit (Nd:YAG
Raman laser excitation at 1064 nm). Samples for Raman spectra were
dissolved in the appropriate solvent (1 mmol solutions, quartz cuvette, 1 cm
optical path length). IR spectra were measured as KBr pellets in trans-
mission.


UV/Vis spectroscopy: Spectra were measured with a Shimadzu UV-160A
or a Cary 4E UV-VIS instrument (quartz cuvettes, 1 cm optical path
length).The imaginary part of the refractive index was calculated from the
UV/Vis spectrum and was found to be 0.0097 (e (633 nm)�
12744 L molÿ1 cmÿ1).


Analytical ultracentrifugation : A Beckman Optima XL-I (Beckman
Instruments, Palo Alto, USA) analytical ultracentrifuge equipped with an
integrated scanning UV/Vis absorption and Rayleigh interference optical
system was used for all measurements. Polyoxometalate 1a was inves-
tigated at 25 8C in aqueous NH4Cl solution (0.1 mol Lÿ1) at concentrations
between 0.05 and 0.5 mgmLÿ1. The detection wavelength was 560 nm, the
applied speeds 20 000 RPM for sedimentation equilibrium experiments and
60000 RPM for sedimentation velocity experiments. The density of the
buffer solution was 1� 1.01334 gmLÿ1 and the partial specific volume of
the polyoxometalate 1a was 0.369 mL gÿ1. Sedimentation velocity experi-
ments with 2 were performed at 25 8C in the solvents THF, cyclohexane,
and toluene, all of HPLC grade. The detection wavelength and corre-
sponding rotational speeds were 540 nm and 30000 RPM for toluene,
560 nm and 40000 RPM for cyclohexane, and 350 nm and 60000 RPM for
THF.


Ellipsometry: Layer thickness was investigated with null ellipsometry using
a Multiskop ellipsometer (Optrel, Germany, 2 mW HeNe Laser, 632.8 nm).


Brewster angle microscopy (BAM): BAM images were recorded with a
BAM 1 plus Brewser Angle Microscope (Nanofilm Technology GmbH)
equipped with a HeNe laser (632.8 nm) and a CCD camera.


Langmuir isotherm and preparation of LB multilayers : SEC 2 (226.4 mg)
was dissolved in chloroform (25 mL, 5.22� 10ÿ5 mol Lÿ1). 100 mL of the
solution were spread onto distilled water (Milli-Q water with a resistance
higher then 18.2 MW cm) in a Lauda film balance. Deposition was
performed on a Nima film balance by spreading 100 mL of a solution of 2
onto distilled water. The p-A isotherms were comparable in both cases, and
were reproducible. Transfer was done at a constant surface pressure of
40 mN mÿ1 and a dipping speed of 0.6 cm minÿ1 (temperature 20 8C). The
transfer ratio was always 0.95� 0.05 for both directions. The first layer was
deposited during the upstroke. Silicon and glass wafers were used as
substrates.[23] ESCA investigations of the deposited films confirmed the
existence of the elements Mo, V, C, and N.


Small-angle X-ray diffraction : The experiments were done with a Kratky
compact camera system that was equipped with a stepping motor and a
counting tube with an impulse-height discriminator. The light source was a
conventional X-ray tube with fixed copper target operating at 40 mA and
30 kV (CuKa� 0.154 nm). No monochromator (except the built-in impulse-
height discriminator of the detector) was used. Instead, the Kb contribu-
tions were numerically accounted for in the subsequent desmearing
procedure which is included in the program ITP that transforms the
scattering data into pair-distance distribution functions (PDDF).[24] Cluster
1a was dissolved in aqueous 0.121n NH4Cl at a concentration of
20.41 gLÿ1; SEC 2 was measured in toluene at 26.91 gLÿ1. Both samples
were filtered through 20 nm pore-size filters directly into capillaries. The
scattered intensities of the samples and of the solvents were recorded and
subtracted from each other afterwards. Additional baseline contributions
owing to incoherent scattering were subtracted so that the resulting PDDFs
had an intercept of zero.


Transmission electron microscopy : Drops of the solutions (1 wt. %) were
left to dry on 300 mesh copper grids coated with thin evaporated carbon
films. Some of the 2 specimens were annealed under vacuum. Specimens
were examined in a Leo EM 912 W. Images were taken using a SSCCD
camera (14 bit, resolution 1024� 1024) placed in the final image plane. An


AnalySIS system (SIS) was used for data recording and image processing,
which included Fourier analysis. The Leo EM 912 W was equipped with an
imaging electron energy-loss spectrometer integrated into the TEM
column.[25] This allows imaging of electrons with distinct energy loss. In
the elastic filtering mode only elastically scattered and unscattered
electrons contribute to the image. Hence, the resulting image is comparable
with a conventional bright-field image, but may exhibit better contrast and
higher resolution owing to lack of the effect of chromatic aberration.[26]


Molecular modeling : Molecular dynamics calculations were performed
with the HyperChem 5.0 package. Atomic positions of the structure
fragment [Mo57V6(NO)6O183(H2O)18]24ÿ were extracted from the single
crystal X-ray crystallographic data of compound 1 a. Partial charges were
assigned as integer values to the corresponding metal centers. The
ambiguous positions of the three acidic protons in the structure of 1a
were omitted thus leading to a total charge of ÿ24 for the complex anion.
Up to 22 dimethyldioctadecylammonium cations were subsequently intro-
duced by molecular mechanics refinement steps (MM� force field). The
atomic positions of the complex anion were fixed during all calculations.
The positions of the surfactant molecules around the micelle-like cluster
were calculated by a molecular dynamics simulation of 20 ps equilibration
time. Simulation started at 0 K and the temperature of the system was then
allowed to reach 500 K within 5 ps. After a simulation period of 10 ps at
500 K the system was allowed to cool down to 0 K within 5 ps.
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