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Introduction


Back in the sixties, Perkins published an interesting paper on
the thermal decomposition of phenylazotriphenylmethane (1)
in benzene (Scheme 1).[1] As products cis and trans-1,4-
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Scheme 1. Decomposition of phenylazotriphenylmethane in benzene.


dihydro-4-tritylbiphenyl (4), biphenyl (5), and triphenylme-
thane (6) were obtained. These products all derive from
selective reaction of the intermediately formed cylohexadien-
yl radical 2 with the triphenylmethyl radical (3), either by
disproportionation (!5, 6) or by cross-coupling (!4).
Interestingly, no products deriving from dimerization of
radical 2 were observed. In a subsequent paper,[2] Perkins
correctly suggested the reason for the highly selective cross-
coupling reactions and for the discrimination of other possible
reaction pathways: ªThe exceptional stability of triphenyl-
methyl radicals is probably responsible for the observed
discrimination between possible product-forming steps in
reactions of phenylazotriphenylmethane. This is because any
trace occurrence of radical-destroying processes which do not
involve triphenylmethyl radicals must give rise to a high
stationary-state concentration of this stable species. The
relatively high concentration of triphenylmethyl radicals can
subsequently scavenge other radicals which are formed (with
the exception of the very short-lived phenyl radical). Under
stationary-state conditions, triphenylmethyl radicals are being
formed at the same rate as that at which they are being
converted into products. Hence, the relatively high concen-
tration is maintained, and the scavenging effect continues
throughout the reaction.º


About 20 years later, Huber noted that irradiation of
dimethylnitrosamine in the gas phase neither leads to photo-
products nor to a decrease of starting material.[3] Thus, NO
and the dimethylaminyl radical formed after initial NÿN bond
homolysis undergo highly selective cross-coupling to the
starting nitrosamine. The similarities between the Perkins and
the Huber processes was recognized by Fischer.[4] He formu-
lated a general principle to explain unusual selectivities of
radical reactions by internal suppression of fast modes. Later
this principle was called the persistent radical effect (PRE) by
Finke.[5]


The PRE is a general principle that explains the highly
specific formation of the cross-coupling product (R1 ± R2)
between two radicals R1 and R2, when one species is persistent
(long lived) and the other transient and the two radicals are
formed at equal rates. The initial buildup in concentration of
the persistent species, caused by the self-termination of the
transient radical, steers the reaction subsequently to follow a
single pathway, that is, the cross reaction.


In the present concept paper we will discuss some selected
examples[6] of the PRE in organic synthesis focussing on our
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own work on the use of the PRE in tin-free radical cyclization
reactions.[7] Regarding the PRE effect in the field of stable
free-radical polymerization and atom-transfer radical poly-
merization, we refer to several nice review articles.[8]


Discussion


Processes mediated by transition metals : An extreme exam-
ple of the PRE was published by Finke in 1992. He studied the
isomerization of coenzyme B12 model complex 7 to form 8
(Scheme 2).[5] He clearly showed that the apparently intra-
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Scheme 2. Thermal isomerization of Co complex 7.


molecular reaction proceeds completely via intermolecular,
freely diffusing radicals.[9] Thermal CÿCo bond homolysis
affords the persistent CoII complex 9 and the transient benzyl
radical in equal concentration. According to the PRE, the
initial build up of the persistent Co species due to the
formation of bibenzyl should lead to a highly selective cross-
coupling (!7, 8) and, thus, to a suppression of further bibenzyl
formation. Indeed, Finke showed that the isomerization is a
clean reaction and bibenzyl was formed in very small amounts
(0.001 %) with respect to 7 and 8.[10]


Certainly, the isomerization described by Finke is of little
preparative value; however, one can imagine using alkyl
cobalt complexes as radical precursors in synthetically useful
processes. Indeed, there are many reports of Co-mediated


radical reactions[11] that follow the PRE principle. For
example, Giese described several intermolecular radical
addition reactions using glycosyl cobalt complex 10.[12] For
instance, irradiation of 10 in the presence of an excess of
styrene in benzene afforded C-glycoside 11 (65 %, Scheme 3).


Scheme 3. Co-mediated intermolecular radical addition reaction.


Reversible homolytic CÿCo bond cleavage affords the
transient glycosyl radical 12 and the persistent Co complex
13. Intermolecular styrene addition onto radical 12 with
subsequent reversible trapping of the intermediate benzylic
radical with 13 affords complex 14. Formal ªdehydrocobalta-
tionº eventually leads to the isolated product 11.[13] Similar
Co-mediated radical vinylations have been described by
Branchaud[14] and Pattenden.[15]


In analogy, radical cyclization reactions have been per-
formed. For example, epoxide opening in 15 with a nucleo-
philic CoI reagent afforded alkyl ± Co complex 16 as depicted
in Scheme 4.[16] Isomerization of 16 under irradiation provides


Scheme 4. Co-mediated radical cyclization reaction.


compound 17 (not isolated) which in turn undergoes ªdehy-
drocobaltationº to form 18 (94 %). Formally, the transforma-
tion of 16 to 17 can be regarded as a cobalt-group transfer.
However, as mentioned above, this process underlies the
principle of the PRE and is not a chain reaction. Under special
conditions the isomerized alkyl cobalt compounds can be
isolated.[17] For additional reports on selective Co-mediated
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ein generelles Prinzip zur Erklärung der hochselektiven Bil-
dung des Kreuzkupplungsprodukts aus einem langlebigen
(persistenten) Radikal und einem kurzlebigen (transienten)
Radikal. Dabei müssen die beiden Radikale gleichzeitig und in
gleichen Mengen gebildet werden. In dieser Arbeit wird kurz
das Prinzip des PRE erläutert. Anwendungen des PRE in
verschiedenen Reaktionen wie Co-vermittelte radikalische
Additions- und Cyclisierungsreaktionen, übergangsmetallka-
talysierte Kharash Reaktionen, die Barton Reaktion und
unsere neuen Nitroxid-vermittelten zinnfreien radikalischen
Cyclisierungs-Reaktionen werden vorgestellt. Des Weiteren
wird das Potential des PRE für zukünftige Anwendungen in
der organischen Synthese dargestellt.
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radical cyclization reactions that probably occur according to
the principle of the PRE, we refer to two review articles.[11, 18]


In 1945, Kharasch first reported the radical addition of
carbon tetrachloride to olefinic double bonds.[19] This reac-
tion, often called the Kharasch addition, has found limited
application in organic synthesis. This is mainly due to
problems with telomerization and polymerization. About
30 years later, Minisci observed that upon addition of redox
catalysts clean 1:1 adducts of CCl4 with various olefins can be
obtained.[20] FeII and CuII salts[21] were used as catalysts in
those studies. Meanwhile, other catalysts derived from various
metals, such as Ni[22] and Ru[23] among others, have also been
used for these radical addition reactions. Although the
mechanism of these reactions is still not entirely under-
stood,[24] there are some reports pointing out the importance
of the PRE in these transformations.[8g, 23c]


It is generally believed, that in the first step the redox-active
metal ([MLn]) abstracts a halogen atom from the starting
material (R1ÿX) to form the corresponding complex, which is
a persistent radical, in its higher oxidation state ([XÿMLn])
along with the transient C-centered radical ( .R1, Scheme 5).
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Scheme 5. Kharash reaction catalyzed by transition metals.


Indeed, van Koten was able to isolate a persistent RuIII


intermediate in such a process.[23c] Initial halogen abstraction
is reversible. The transient radical can then add to an
unsaturated group in an inter- or intramolecular reaction to
form the corresponding radical adduct, which subsequently
reabstracts the halogen atom from the oxidized metal com-
pound [XÿMLn] to form the halogen atom transfer product. In
most of the cases this reabstraction is an irreversible process,
since the adduct radical is generally less stable than the
starting transient radical. However, if the adduct radical is as
stable as the initial radical, halogen reabstraction is also
reversible and polymerization can occur.[8f,g]


In Scheme 6 an example of an halogen-atom-transfer
radical cyclization catalyzed by CuBr is presented.[25] A
drawback of this chemistry is that the CÿX bond of the
starting material has to be activated.[26]
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Scheme 6. Cu-catalyzed radical cyclization reaction.


In a series of papers, Hill showed that unactivated CÿH
bonds can be functionalized by using photoactivated poly-
oxotungstates as catalysts.[27] The mechanism, although not
completely understood, is radical in nature. Thus upon


irradiation of the decatungstate ion [W10O32]4ÿ, the corre-
sponding reactive excited state abstracts an H atom from the
unactivated alkane to generate the transient C-centered
radical and the reduced decatungstate [H]�[W10O32]5ÿ ion.
CÿH activation is reversible. Reaction of the transient radical
with radical acceptors such as CO,[28] ethene,[29] acetylene,[29]


and methyl cyanoformate[30] affords the corresponding tran-
sient radical, which in turn is reduced by [W10O32]5ÿ to form
the functionalized alkane. The reactions are generally stopped
at low conversions. Examples of such processes are depicted
in Scheme 7. Fischer has shown that these reactions obey the
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Scheme 7. CÿH activation by polyoxotungstates. Conditions: RÿH,
CH3CN, [Bu4N]4[W10O32], hn.


principle of the PRE.[31] EPR and kinetic absorption spectros-
copy experiments revealed the simultaneous formation of
transient C-centered radicals and a persistent tungstate
species ([W10O32]5ÿ) during the photoactivation of
[W10O32]4ÿ with organic substrates in solution.


We believe that many reactions based on transition metals
with redox-active catalysts occur through radical processes,
which function according to the principle of the PRE. Future
work has to prove our hypothesis.


Metal-free processes : In 1960, Barton first described the
remote fuctionalization of alkanes by photolysis of nitrite
esters.[32] This reaction, now known as the Barton reaction, has
found widespread application in synthesis, especially in the
field of steroid modification.[33] The general reaction sequence
is presented in Scheme 8. Photolysis of nitrite ester 19 affords
the corresponding alkoxyl radical 20, along with the persistent
NO radical. Intramolecular H transfer, generally from the d-
carbon, generates a transient C-centered radical 21, which
according to the PRE undergoes highly selective cross-
coupling with NO to form the nitroso compound 22.
Tautomerization eventually gives oxime 23. As an example,
the photochemical transformation of steroid 24 to 25 is also
shown in Scheme 8.[34]


In addition to the typical Barton reaction, there are other
radical processes involving the persistent NO radical that
show high specifities for the formation of NO-trapping
products. All of these reactions probably follow the kinetic
scheme of the PRE. These include photochemical reactions of
N-nitrosamines[3, 35] and photooxidations of alkanes by
NOCl.[36]


Recently, Minisci reported the highly selective formation of
mixed peroxides from tert-butyl hydroperoxide.[37] Transient
C-centered radicals and the rather persistent tert-butyl hydro-
peroxyl radical were generated in equal concentration from
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Scheme 8. Barton reaction.


the corresponding precursor (p-cresol or cyclohexene) and
tBuOOH by means of tert-butoxyl radicals. Selective cross-
coupling of the transient carbon radical with the peroxyl


radical provides the mixed per-
oxides 26 and 27, respectively in
high yield.


Very recently, we described
our first application of the PRE
in tin-free radical cyclization
reactions.[7] We chose various
nitroxides as the persistent spe-


cies. It is well known that phenyl-substituted alkoxyamines
derived from 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO),
such as 28, have weak CÿO bonds that can homolytically be
cleaved.[38] Upon heating alkoxyamine 28, a transient C-rad-
ical 29 and the persistent TEMPO radical are formed in equal
concentration (Scheme 9). Hence, all the criteria of the PRE
are fullfilled and high selectivity for the cross-coupling (back
reaction) should be obtained. However, transient species 29
can also undergo 5-exo or 6-endo cyclization to form
transients 30 and 31. Trapping of these transient radicals with
TEMPO affords 32 and 33. TEMPO-trapping of 30 and 31 is
irreversible, because the CÿO bond in an alkoxyamine
derived from TEMPO and a primary or secondary alkyl
radical is too strong to be homolytically cleaved.[38] Indeed,
heating of 28 in tBuOH (0.02m) in the presence of camphor-
sulfonic acid (CSA, 10 %)[39] for 24 h at 130 8C afforded the
isomerized 5-exo product 32 (70 %, trans :cis� 2.5:1) and the
6-endo product 33 (13 %, diastereomeric ratio (dr)� 1:1) in a
clean reaction.


We further showed that the isomerization works well for
alkoxyamines with activated CÿO bonds. Thus, all the a-
(hetero)aryl-substituted TEMPO derivatives tested so far
(34 a ± d), as well as the ester (34 e), and nitrile (34 f)
derivatives, provided the corresponding cyclization products
35 a ± f and 36 a ± f in good yields (Table 1). Olefin 37 a ± f was
always formed as a side product in these isomerizations.
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Scheme 9. Tin-free radical cyclization reaction using the PRE.
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No isomerization occurred with 34 g (R�H), 34 h (R�
Me), and 34 i (R� SPh). It is likely that the CÿO bond in
34 g ± i is too strong to be effectively cleaved.[38]


From these results it is clear that the success of the reaction
depends on the strength of the alkoxyamine CÿO bond.
Therefore, we studied the detailed kinetics of the CÿO bond
homolysis in various TEMPO-derived alkoxyamines. A rather
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Table 1. Isomerization of 34 a ± f.


Starting 35 [%] dr (35) 36 [%][a] 37 [%]
material (trans:cis)


34a 71 2.7:1 8 < 2[b]


34b 46 2.8:1 8 10
34c 67 2.1:1 11 5
34d 57 1.6:1 12 5
34e 67 1:1 < 2[b] 10
34 f 61 1.1:1[c] 7 < 2[b]


[a] The 6-endo product was formed as a 1:1 mixture of the diastereoisom-
ers. [b] In the 300 MHz 1H NMR spectrum of the crude product, no signals
of the corresponding compound were observed. [c] The relative config-
uration of the two isomers was not assigned.
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good correlation of the rate constant (kd) for the CÿO
cleavage with the CÿH bond-dissociation energy (BDE) of
the corresponding alkane was obtained (log(kd) [sÿ1]�
35.5(�5.5)ÿ 0.11(�0.02) BDE(CÿH) [kJ molÿ1]).[40]


The stability of the nitroxide evidently influences the BDE
of the CÿO bond of the corresponding alkoxyamine and,
hence, the reactivity of the alkoxyamine. Based on results
from Ingold and Beckwith on the stabilization of nitroxides by
intermolecular H bonding,[41] we prepared new nitroxides
capable of intramolecular H bonding (see 38).[42] In addition to
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decreasing the trapping rate of the nitroxide with C-centered
radicals, the H bonding should also influence the CÿO bond
homolysis rate (late transition state). In general, faster CÿO
homolysis rates and slower trapping rates will lead to a longer
lifetime of the transient radical and, thus, to faster overall
reaction rates. A series of new nitroxides,[43] with or without
the capability of intramolecular H-bonding, was prepared and
the corresponding alkoxyamines 39 ± 41 tested in the isomer-
ization reaction depicted in Scheme 9 for 28.


Indeed, 40 was observed to isomerize faster (7 h; 12 h
without CSA) than its silylated congener 39 (16 h with CSA).
With 41, reaction was already completed after 4 h (9 h without
CSA). We further looked at the effect of intramolecular H
bonding by measuring CÿO homolysis rates of several
alkoxyamines by means of EPR spectroscopy.[40] In agreement
with our hypothesis, the homolysis rate of alkoxyamine 43
(k� 1.5� 10ÿ4 sÿ1) at 120 8C is about 40 times smaller than that
for the H-bonding alkoxyamine 42 (k� 5.6� 10ÿ3 sÿ1).
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Furthermore, we also studied the EPR hyperfine coupling
constants (aN) of these nitroxides.[40] Nitroxides have two
different resonance structures (see 44 and 45).[44] Polar
solvents as well as hydrogen bonding should stabilize struc-
ture 45 (compare also 38). As aN depends on the spin density
on the nitrogen atom,[45] aN will increase upon increasing the
population of resonance structure 45. Indeed, larger aN values
for nitroxides capable of intramolecular H bonding have
previously been reported.[44, 46] The larger aN of nitroxide 47
(aN� 14.88 G), relative to that for nitroxide 46 (aN� 13.81 G),
strongly supports the occurrence of intramolecular H bonding
in these compounds.
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The advantage of our new alkoxyamines over the corre-
sponding TEMPO-derivatives is exemplified by the failure of
48 to isomerize, whereas triol 49 could successfully be
transformed into the corresponding isomerized alkoxyamine
(52 %). Finally, to document the potential of these tin-free
radical cyclization reactions a cascade reaction is presented in
Scheme 10. Alkoxyamine 50 was readily isomerized to the
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Scheme 10. Radical cascade reaction using the PRE.


angular triquinane 51, which was isolated in 78 % yield as a
mixture of stereoisomers.[7] Evidently, this new method can be
applied to even more complicated tandem radical cyclization
reactions with up to 5 ± 6 consecutive isomerizations. Work
along this line is underway.


Future Outlook


We present here the application of the PRE in a series of
different reactions. In principle, any persistent radical can be
used to get highly selective cross-coupling with a transient
radical when both species are generated in equal concen-
tration. So far, various persistent radicals such as NO,
different transition metal complexes, peroxyl radicals, and
nitroxides have been used in processes that follow the kinetic
scheme of the PRE. Certainly, there are many more persistent
radicals that can be tested in similar transformations. Espe-
cially in the field of persistent species based on transition
metals, we believe that there are great opportunities to apply
the principle of the PRE. For nitroxide-mediated cyclization
reactions, the design of even better nitroxides will allow the
isomerizations to occur under milder conditions.


Furthermore, the knowledge gathered on the PRE in the
field of synthetic organic chemistry should be directly
applicable to stable free-radical polymerization.
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On Ring Carbomers of Cyclobutane, Cyclopentane, and Cyclodecane and
Cyclization Reactions through Bis(alkynyl-propargyl) Coupling


Luc Maurette, Cyril Godard, Silvana Frau, Christine Lepetit, MicheÁ le Soleilhavoup,
and Remi Chauvin*[a]


Abstract: A copper-mediated proce-
dure for terminal alkynyl-propargyl cou-
pling has been applied to ªskippedº bis-
terminal undecatetrayne and 1,4-bis-
(pseudo)halobut-2-ynes with the aim of
preparing ring carbomers of representa-
tive strained and loose cycloalkanes,
namely [N]pericyclynes. Two unprece-
dented, cyclic, ªskippedº polyynes with
CH2 vertices have been isolated as
mixtures of diastereoisomers: an isomer
1 b and a dimer 2 a of [5]pericyclyne 1 a.


The isomer 1 b is a cyclotetrayne with an
exocyclic allene function resulting from
a unique formal S '


N process. Its structure
has been established by 1H/13C HMQC
and HMBC two-dimensional NMR
analysis. According to density functional


theory calculations, it is about
6 kcal molÿ1 more stable than [5]pericy-
clyne (1 a). Compound 1 b can also be
regarded as a C13-relaxed [4]pericy-
clyne, a long sought ªskippedº C12
tetrayne. The dimer 2 a is a C30 ring
that results from a formal SN process. It
is a stable ring carbomer of cyclodecane,
that is, a [10]pericyclyne, with four CH2


vertices.


Keywords: alkynyl-propargyl cou-
pling ´ carbomers ´ cyclization ´
density functional calculations ´
pericyclynes


Introduction


The fascination exerted by carbon-rich molecules stems from
the peculiar status of the carbon element and from the
combination of their extended size and high rigidity, which
allows for simple pure geometrical representations.[1] This can
be reconsidered and generalized through the formal defini-
tion of a ªcarbomerº structure,[2] in which the connectivity, p-
resonance properties, symmetry, and shape of its antecedent
are preserved, but in which the number of bonds, and thus the
approximate size, is increased by a factor of three (Scheme 1).


Scheme 1. Basic process of definition of carbomers.[2]


Beyond the intellectual interest, that is, the comparison of
any property of a molecule with that of its carbomer, this
formalism has proved to be useful as a tool for suggesting


novel synthetic targets. At the outset, however, it was
anticipated that triple-bond-rich molecules would be highly
reactive, and that strained cyclic polyynes would even be
unstable or explosive.[3] Nevertheless, electron delocalization,
aromaticity, and homoaromaticity resulting from acyclic or
cyclic conjugation and homoconjugation are expected to
contribute to their stabilization.


Through recent experimental and theoretical results, aro-
matic stabilization has proved to be a promising strategy.
Although [C,C]6carbobenzene itself is still unknown,[4] hexa-
and tri-aryl derivatives have been described as new members
of the family of dehydro[18]annulenes.[5, 6] On the other hand,
a density functional theory (DFT) exploration has shown that
the ring carbomers of aromatic (or antiaromatic) [N]annulene
molecules and ions are aromatic (or antiaromatic) according
to structural, magnetic, and energetic criteria.[7]


It is anticipated that homoaromaticity will produce more
subtle effects.[8] However, owing to the well documented
effects of transannular p-overlaps in cyclopolyynes,[9] in-plane
homoaromaticity is a good candidate for stabilizing ring
carbomers of cycloalkanes. These cyclic homoconjugated
polyacetylenes, also called [N]pericyclynes or ªexploded
cycloalkanesº, have been the concern of several groups in
the recent past.[10] Functional hexaoxy[6]pericyclynes (which
served as precursors of [C,C]6carbobenzene derivatives)[6] and
several decaalkyl [5]pericyclynes have been described,[10] but
no [4]pericyclyne has been described.[11] By contrast, second-
generation ring carbomers, namely cyclic homoconjugated
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polydiacetylenes, are known for Nx4 in the dioxy-substituted
series.[12] The study of functional [5]pericyclynes, which might
also be interesting as precursors to [C,C]5-carbocyclopenta-
dienyl cation,[2] and higher [N]pericyclynes is thus a natural
challenge. It is tackled here by aiming at a cyclization by
bis(alkynyl-propargyl) coupling.


Results and Discussion


It was thought that pericyclynes 1 a and 2 a would come from
the tetrayne 4 a and the 1,4-bis[(pseudo)halo]but-2-ynes 3 a ±
d. The reactions correspond to [1�1] and [2�2] cyclizing
bis(alkynyl-propargyl) SN processes. However, it was also
thought that the respective allenyne isomers 1 b and 2 b could
come from a competitive S '


N processes (Scheme 2).
The synthesis of the dialkynyl reactant 4 a (a mixture of


three diastereoisomers) from bis(trimethylsilyl)acetylene was
achieved in six steps through the new compounds 7 and 8 in
60 % overall yield (Scheme 3).


Alkynyl ± propargyl coupling has to be mediated by cu-
prous salts, in either catalytic or stoichiometric quantities,
whatever the acetylide metal is (MgX, Na, K).[13] The
bispropargylic reactivity and the cyclic versus open-chain
selectivity is a double challenge that has to be over-
come. Moreover, the two CH2 vertices in structure 1 a make
this [5]pericyclyne target a priori fragile. Mild conditions
were thus required. Indeed, the use of M�MgBr in the
presence of catalytic CuCl and heating under reflux in
THF for 16 hours mainly produced the monocoupled product
8 a (See Scheme 6, below). One procedure established
for mono(alkynyl-propargyl) coupling could be suitable:
it resorts to a three-component mixture of reagents in
DMF at room temperature, that is, CuI, Na2CO3 and
[nBu4N]�[Cl]ÿ .[14]


The reaction of 4 a with four 1,4-dihalo- or bispseudohalo-
but-2-yne 3 a ± d (X�Cl, Br, I, OTs) in the presence of CuI
and M2CO3 (M�Na, K, Cs) was thus investigated. As in
classical mono(alkynyl-propargyl) couplings, the chloride 3 a
alone did not react with 4 a, better leaving groups were


required. In the presence of
dissociated iodide ions of NaI
(the CuI is not sufficient), the
dichloride 3 a is converted in
situ to 3 c and can be used in a
bifunctional version of a modi-
fied procedure by using CuI
and K2CO3 in DMF.[15] Never-
theless, in our case, the reac-
tion was slow, even slower than
the 3 c! 3 e isomerization
(Scheme 4).[16]


Unexpectedly, 4 a also exhib-
ited a very low reactivity to-
ward the dibromide 3 b, even in
high excess in the presence of
Na2CO3 and nBu4NCl. This
lack of reactivity of the poly-
yne 4 a toward propargyl bro-
mides was verified with
the monofunctional reactant
CH3C�CCH2Br.


Finally, 4 a was successfully
reacted, with about 50 ± 60 %
conversion, with the ditosylate
3 d in the presence of Na2CO3


and [nBu4N]�[Cl]ÿ (method
A). Most of the products were
isolated by sequential chroma-
tography. The isolation of
chlorinated products from the
reaction mixture (e.g. 8 b and
10, see Scheme 6, below)
showed that the chloride ions
act as cyclization inhibitors. We
found that free chloride ions of
[nBu4N]�[Cl]ÿ can be replaced
by free iodide ions of NaI
(method B).[17]


Scheme 2. Putative cyclizing SN and S '
N processes in bis(alkynl-propargl) coupling of 3 and 4a.


Scheme 3. Synthesis of 4 a i) PhCOCl/AlCl3, CH2Cl2, 91%; ii) C2H2/EtMgBr, THF, 91%; iii) nBuLi, THF, CH3I/
DMSO; 95%; iv) nBuLi, THF, ÿ78 8C, then 0.5 equiv PhCOCl, and then NH4Cl aq; 90%; v) nBuLi, THF, CH3I/
DMSO, 85%; vi) K2CO3, MeOH; quant.
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Scheme 4. Isomerisation of 1,4-diodobut-2-yne to 2,3-diodobutadiene.


By using methods A or B, three types of products can be
distinguished:
1) Recovered starting material 4 a and Eglinton CspÿCsp


coupling byproducts (4 b, 4 c, Scheme 5).[18]


Scheme 5. Starting material and Eglinton coupling products.


2) Acyclic ªskippedº polyynes (Scheme 6). Compound 8 b
(4% yield, mixture of four chiral diastereoisomers, method
A) results from quenching the desired [1�1] cyclization
with chloride ions. Compounds 9 (ca. 1 % isolated yield,
method A or B) and 10 (ca. 1 % isolated yield, mixture of
32 chiral diastereoisomers, method A) come from quench-
ing the [2�2] cyclization by chloride ions.


3) Cyclic ªskippedº polyynes and allenyne. Although nothing
is clearly established concerning the mechanism of the
reaction, one may suppose that a binuclear intermediate I
that involves two copper atoms bridged by an halide atom
(Y�Cl or I) could lead to i) 1 a by a SN process and to ii)
1 b by a S '


N process (Schemes 2 and 7). Compounds 1 a and
1 b are isomers, but only 1 b could be reproducibly isolated
as a mixture of four chiral diastereoisomers.


The fascinating structure of 1 b was studied in CDCl3 by two-
dimensional 1H/13C HMQC and HMBC NMR experiments
(Figure 1a and b). Since the stereocenters are quite far from
each other, average signals could be assigned for the
diastereomeric mixture. The corresponding short-range
(1J(C,H)) and long-range (2J(C,H), 3J(C,H)) correlations
confirmed the topology and topography of the molecule.
The sp3 and sp2 CH2 units have been assigned by a (d1H, d13C)
cross-peak spectrum as being at
d� 3.21, 25.21 and d� 5.03,
78.55, respectively, in the
HMQC (Figure 1a). The 1H
NMR signals of the sp2 and sp3


CH2 unit gave two cross peaks
with the sp allenic 13C NMR
signal at d� 213.94 in the
HMBC spectrum (Figure 1b).
Finally, from the HMBC spec-
trum, correlation peaks of the
CH2 protons indicate that the
quaternary sp2 C3 carbon atom
occurs at d� 83.79. It is of note
that all the characteristic signals
of the exocyclic methyleneal-
lenyl group are quite sharp and


have a common 1H and 13C NMR behavior in all the
diastereoisomers.


Since the mixture rules out the possibility of crystallizing 1 b
to acquire an X-ray structure, this compound was modeled
theoretically. DFT calculations at the B3PW91/6-31-G** level
showed that, in their ground-state-optimized structures, a
model for one diastereoisomer of 1 b (cis-trans-cis, where the
phenyl and methyl groups are replaced by H atoms) is
5.7 kcal molÿ1 more stable than the corresponding model for
1 a (Figure 2).[19] Thus, 1 b, which is the sole formal S '


N product,
is also the thermodynamic product. If the S '


N process is also
kinetically disfavored, a right-shifted 1 a> 1 b isomerization
equilibrium could occur in a second step (Scheme 7). This
cyclic C13 ªskippedº tetrayne can be regarded as a one-
carbon relaxation of a [4]pericyclyne, a long sought C12
ªskippedº cyclotetrayne,[20] where a vertex is replaced by a
single Csp3ÿCsp2 bond. The calculated structure of the allenyl-
[4]pericyclyne isomer of the models of 1 a and 1 b is less stable
than these models (Figure 2). To the best of our knowledge,
although many conjugated C12 cyclotetraynes are known,[21]


1 b is the smallest CH2-ªskippedº cyclotetrayne known


Scheme 7. Kinetic and thermodynamic relationships between isomers 1 a and 1b. Atom numbering in 1 b is
indicated for two-dimensional NMR analysis (Figure 1).


Scheme 6. Acyclic ªskippedº polyynes isolated from the reaction of 4a
with 3 d (method A or B).
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Figure 1. 400 MHz two-dimensional 1H/13C NMR spectra of molecule 1b
in CDCl3 at RT (traces of CH2Cl2 occur at 1H NMR d� 5.35). a) HMQC
spectrum indicating the short-range (1J(C,H)) correlations. b) HMBC
spectrum indicating the long-range C-H correlations. The {1H} decoupling
width of the 13C spectrum is 150 ppm; a residual multiplet coupling pattern
is thus observed for the sp3-CH2 (4) unit in the HMQC diagram.


to date.[22] Compound 1 b would also be the first example of a
molecule that displays a a-alkynyl-a-propargyl allene pattern.
The triple bonds are closer to each other in 1 b than in 1 a : the
stability of the strained quasi-planar structure 1 b may
originate from transannular interactions between all four in-
plane p orbitals.


The cyclic ªskippedº decayne 2 a was also isolated (4 %
yield, method A) as a mixture of a priori 14 diastereoisomers
(six of them being chiral: 20 stereoisomers). In accordance
with the recognized kinetic SN/S '


N selectivity of the alkynyl-
propargyl coupling procedure,[13] isomeric S '


N products such as
2 b are not detected. To the best of our knowledge, compound
2 a is the first example of a [10]pericyclyne with CH2 vertices.
It is also a cyclic dimer of 1 a and 1 b. Despite the presence of
two �CÿCH2ÿC�CÿCH2ÿC� sequences, the molecule is
stable and does not isomerize to the conjugated diene form
�CÿCH�CHÿCH�CHÿC�. However, although orbital inter-
actions and partial transannular overlaps between triple
bonds can occur, the high flexibility of the structure rules
out the possibility of a 20-electron in-plane homoaromaticity
in a planar structure. This has been confirmed by a simple MM
(CVFF) calculation of the geometry of 2 a.


In conclusion, the isolation of 2 a and 1 b, related as dimer
and isomer of 1 a, respectively, is a step forward in the study of
[N]pericyclynes. In particular, the stability of functional
strained (1 b) and loose (2 a) ªskippedº cyclopolyynes does
not require all quaternary vertices. These molecules are
potential precursors for rearrangement-aromatization to the
hypothetical ring carbomers of charged [5]- and [10]annu-
lenes.


Experimental Section


DMF was distilled over drierite, and THF and diethyl ether were distilled
over Na/benzophenone before use. Commercial-synthesis grade pentane
and dichloromethane were degassed by bubbling argon though them before
use. Dry DMSO was purchased from SDS, and nBuLi was purchased from


Aldrich as a 1.6m solution in hexane.
Compound 7 was prepared from bis-
(trimethylsilyl)acetylene in three steps
by following a previously described
procedure.[6] Ditosylate 3 d was syn-
thesized as previously reported.[23] IR
spectra were recorded on a Perkin-
Elmer GX FT-IR spectrometer with a
CaF2 cell. One-dimensional NMR
spectra were recorded on a Brucker
AC 200 spectrometer at 200 MHz for
1H and 50 MHz for 13C. Two-dimen-
sional NMR spectra were recorded on
a Brucker AMX 400 apparatus. Posi-
tive chemical shifts at low field are
expressed in ppm by internal reference
to TMS.


Bis(trimethylsilyl)-6-hydroxy-3,9-di-
methoxy-3,6,9-triphenylundeca-
1,4,7,10-tetrayne(6): nBuLi (35.6 mL,
57.5 mmol) was added dropwise to a
solution of 7 (13.93 g, 57.5 mmol) in
THF (100 mL) at ÿ78 8C. After the
mixture had been stirred for 10 min at
ÿ78 8C, benzoyl chloride (3.3 mL,
28.4 mmol) was added, and the mix-


Figure 2. Calculated (B3PW91/6-31G**) structures of relevant models for [5]pericyclyne 1 a, its isomer 1 b, and a
hypothetical allenyl-[4]pericyclyne isomer.
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ture was then stirred for 3 h at RT. The mixture was diluted with diethyl
ether (100 mL) and extracted twice with saturated aqueous NH4Cl. The
organic phase was dried over Na2SO4, concentrated under reduced
pressure, and the crude oily residue chromatographed on silica gel
(hexane/EtOAc 9:1). Product 6 was obtained as a deep orange oil. Yield:
13.04 g, 77%; Rf� 0.40 (heptane/EtOAc 9:1); 1H NMR (CDCl3): d� 0.21
(s, 18 H; Si(CH3)3), 3.04 (s, 1H; OH), 3.46 ± 3.56 (m, 6 H; OCH3), 7.27 ± 7.34
(m, 9H; m- and p- C6H5), 7.71 ± 7.73 (m, 6H; o-C6H5); 13C NMR (CDCl3):
ÿ0.22 (q, 1J(C,H)� 120 Hz, Si(CH3)3), 53.30 (q, 1J(C,H)� 143 Hz, OCH3),
65.30 (s,�CC(OH)PhC�), 72.22 (s,�CC(OCH3)PhC�), 83.36 and 86.30 (2s,
CC�CC), 92.61 (s, C�CSi), 101.39 (s,�C-Si), 124.80 ± 130.46 (m, o-, m-, p-
C6H5), 139.72 (m, ipso-C6H5C-OMe), 141.15 (m, ipso-C6H5C-OH); IR
(CDCl3): 3573 (m, nÄOH), 3065 ± 2900 (m, nÄCsp3ÿH), 2827 (m, nÄOCH3


), 2176 (w,
nÄC�C), 1600(w) and 1450 (s) (nÄC�C Ph), 1252 (s, nÄSiÿC) cmÿ1.


Bis(trimethylsilyl)-3,6,9-trimethoxy-3,6,9-triphenylundeca-1,4,7,10-tet-
rayne (5): A solution of nBuLi (24.3 mmol) in n-hexane (15.2 mL) was
syringed into a solution of 6 (13.04 g, 22.2 mmol) in THF (200 mL) at
ÿ78 8C. After 10 min, CH3I (11 mL, 177 mmol) was added dropwise. The
temperature was allowed to rise to ÿ25 8C, DMSO (3 mL, 42.3 mmol) was
added, and the stirring was continued for 1 h at ÿ25 8C and then for 1 h at
RT. The mixture was diluted with diethyl ether (300 mL) and washed with
saturated aqueous NH4Cl (125 mL). The solvents were removed under
reduced pressure, and the oily residue was chromatographed over silica gel
(hexane/EtOAc 9:1). Compound 5 was obtained as a deep orange oil.
Yield: 11.62 g, 87%; Rf� 0.35 (heptane/EtOAc 9:1); 1H NMR (CDCl3):
d� 0.21 (s, 18H; Si(CH3)3), 3.48 ± 3.57 (m, 9H; OCH3), 7.34 ± 7.35 (m, 9H;
m-, p-C6H5), 7.71 ± 7.73 (m, 6 H; o-C6H5); 13C{1H} NMR (CDCl3): d�ÿ0.22
(Si(CH3)3), 53.30 (OCH3), 72.30 (�CC(OMe)PhC�), 83.36 and 86.30
(CC�CC), 92.61 (C�CSi), 101.39 (�CSi), 124.80 ± 130.46 (m, o-, m-, p-
C6H5), 139.72 (m, ipso-C6H5); MS (DCI/NH3): m/z : 620 [M�NH4]� .


3,6,9-Trimethoxy-3,6,9-triphenylundeca-1,4,7,10-tetrayne (4a): K2CO3 (4 g,
28.9 mmol) was added to a solution of 5 (3.81 g, 5.94 mmol) in methanol
(25 mL). After this mixture had been stirred for 1 h at RT, diethyl ether
(100 mL) was added, and the mixture was extracted with water (2�
50 mL). The organic phase was dried over Na2SO4 and concentrated. The
crude oil was chromatographed over silica gel (hexane/EtOAc 9:1).
Compound 4 a was obtained as a yellow oil. Yield: 2.57 g, 95 %; Rf� 0.35
(heptane/EtOAc 8:2); 1H NMR (CDCl3): d� 2.76, 3.77, 3.78 (3s for 3
diastereoisomers, 2H;�CH), 3.52 ± 3.56 (m, 9H; OCH3), 7.34 ± 7.35 (m, 9H;
m-, p-C6H5), 7.71 ± 7.73 (m, 6 H; o-C6H5); 13C NMR (CDCl3): d� 53.45 (q,
1J(C,H)� 143 Hz, OCH3), 71.90 (s,�CC(OMe)PhC�), 75.55 (d, 1J(C,H)�
245 Hz, �CH), 80.77 (d, 2J(C,H)� 50 Hz, C�CH), 83.40 and 86.30 (2s,
CC�CC), 124.80 ± 130.46 (m, o-, m-, p-C6H5), 139.70 (m, ipso-C6H5); IR
(CH2Cl2): nÄ� 3299 (s, Csp-H), 2900 ± 3000 (m, Csp3-H), 2827 (m, OCH3),
2116 (w, C�C), 1450(w), 1602(s) (C�C Ph) cmÿ1; MS (DCI/NH3): m/z :�
476 [M�NH4]� .


Reaction of 4 a with 3d: method A (chloride ions): Na2CO3 (69 mg,
0.654 mmol), CuI (83 mg, 0.436 mmol), and [nBu4N]�[Cl]ÿ (121 mg,
0.436 mmol) were added to a solution of 4a (100 mg, 0.218 mmol) in
DMF (15 mL) at ÿ20 8C. After 5 min, 3 d (86 mg, 0.218 mmol) was added.
The temperature was allowed to rise to RT, and the mixture was then
stirred for 48 h. Diethyl ether (100 mL) was added, and the organic phase
was then washed with saturated aqueous NH4Cl (150 mL), dried and
concentrated. The residual oil was chromatographed over silica gel
(hexane/acetone 8.5:1.5). Five pure oily products were isolated: 2a (5 mg,
4%), 8b (5 mg, 4 %), 9 (1 mg, 1%), 10 (1 mg, 1%), and 1b (3 mg , 3%).


Reaction of 4 a with 3d: method B (iodide ions): K2CO3 (610 mg,
4.41 mmol), CuI (560 mg, 2.94 mmol), and NaI (485 mg, 3.24 mmol) were
added to a solution of 4 a (674 mg, 1.47 mmol) in DMF (41 mL) at ÿ20 8C.
After 5 min, 3 d (580 mg, 1.47 mmol) was added. The temperature was
allowed to rise to RT, and the mixture was then stirred for 21 h at 40 8C.
Diethyl ether (250 mL) was added, and the organic phase was then washed
with saturated aqueous NH4Cl (400 mL), dried and concentrated. The
residual oil was chromatographed over silica gel (heptane/acetone 9:1).
Compounds 1b (20 mg, 3 %) and 2 a (60 mg, 4 %) were isolated as orange
oils.


12-Ethenylidene-3,6,9-trimethoxy-3,6,9-triphenylcyclotrideca-1,4,7,10-tet-
rayne (1 b): Rf� 0.45 (heptane/acetone 8:2); 1H NMR (CDCl3): d� 3.21 (t,
5J(H,H)� 2 Hz, 2 H; �CCH2C�), 3.37 ± 3.60 (m, 9H; OCH3), 5.03 (t,
5J(H,H)� 2 Hz, 2H; CH2C�C�), 7.25 ± 7.46 (m, 9 H; p-, m-C6H5), 7.68 ± 7.83


(m, 12H; o-C6H5); 13C{1H} NMR (CDCl3): d� 25.21 (�CCH2C�), 53.61 ±
54.23 (OCH3), 72.86 ± 73.54 (�C-C(OMe)Ph-C�), 78.55 (�C�CH2), 83.79
(CH2-C�), 83.54 ± 83.73 and 85.33 ± 90.27 (CC�CC), 127.02 ± 127.16 (o-
C6H5), 128.80 ± 129.90 (m-, p-C6H5), 139.30 ± 140.00 (ipso-C6H5), 213.94
(�C�); 13C NMR (CDCl3): d� 25.21 (t, 1J(C,H)� 136 Hz, �CCH2C�),
52.95 ± 54.89 (m, OCH3), 72.80 ± 74.23 (m, �C-C(OMe)Ph-C�), 78.55 (t,
1J(C,H)� 170 Hz, �C�CH2), 83.54 ± 83.73 and 85.33 ± 90.27 (CC�CC),
126.28 ± 130.27 (o-, m-, p-C6H5), 139.38 ± 139.80 (ipso-C6H5), 213.94
(�C�); IR (CDCl3): 2900 ± 3000 (m, nÄCsp3ÿH), 2827 (m, nÄOÿCH3


), 2248 (w,
C�C), 1965(w) and 1942(m) (nÄC�C�C), 1451(s) and 1601(m) (nÄC�C Ph) cmÿ1;
MS (DCI/NH3): m/z : 526 [M�NH4]� .


3,6,9,18,21,24-Hexamethoxy-3,6,9,18,21,24-hexaphenylcyclotriaconta-1,4,7,
10,13,16,19,22,25,28-decayne (2a): Rf� 0.20 (heptane/acetone 8:2);
1H NMR (CDCl3): d� 3.23 ± 3.25 (m, 8H; �C-CH2-C�), 3.46 ± 3.56 (m,
18H; OCH3), 7.27 ± 7.34 (m, 18H; m-, p-C6H5), 7.71 ± 7.73 (m, 12 H; o-C6H5);
13C{1H} NMR (CDCl3): d� 53.25 (OCH3), 71.77 (�C-C(OMe)Ph-C�C-
CH2), 74.00 (�C-C(OMe)Ph-C�), 75.26 (CH2C�CCH2), 81.47 ((OMe)PhC-
C�CCH), 84.00 ((OMe)PhC-C�CCH), 84.91 and 84.87 (CC�CC), 126.44 ±
128.98 (m, o-, m-, p-C6H5), 139.49 (m, ipso-C6H5); MS (DCI/NH3): m/z :
1034 [M�NH4]� .


15-Chloro-3,6,9-trimethoxy-3,6,9-triphenylpentadeca-1,4,7,10,13-pentayne
(8b): Rf� 0.15 (hexane/acetone 8:2); 1H NMR (CDCl3): d� 2.77 (s, 1H;
�CH), 3.34 (t, 5J(H,H)� 2 Hz, 2 H;�CCH2C�), 3.48 ± 3.55 (m, 9H; OCH3),
4.10 (t, 5J(H,H)� 2 Hz, 2 H; �CCH2Cl), 7.34 ± 7.37 (m, 9 H; m-, p-C6H5),
7.72 ± 7.75 (m, 6 H; o-C6H5); MS (DCI/NH3): m/z : 562 [M�NH4]� .


3,6,9,18,21,24-Hexamethoxy-3,6,9,18,21,24-hexaphenylhexacosa-1,4,7,10,
13,16,19,22,25-nonayne (9): Rf� 0.20 (hexane/acetone 7:3); 1H NMR
(CDCl3): d� 2.76 (s, 2 H; �CH), 3.25 (s, 4H; �CCH2C�), 3.47 ± 3.53 (m,
18H; OCH3), 7.31 ± 7.34 (m, 18H; m-, p-C6H5), 7.72 ± 7.74 (m, 12H; o-C6H5);
MS (DCI/NH3): m/z : 984 [M�NH4]� .


30-Chloro-3,6,9,18,21,24-hexamethoxy-3,6,9,18,21,24-hexaphenyltriaconta-
1,4,7,10,13,16,19,22,25,28-decayne (10): 1H NMR (CDCl3): d� 2.77 (s, 1H;
�CH), 3.34 (t, 5J(H,H)� 2 Hz, 6 H; �CCH2C�), 3.48 ± 3.55 (m, 18H;
OCH3), 4.10 (t, 5J(H,H)� 2 Hz, 2 H;�CCH2Cl), 7.34 ± 7.37 (m, 18H; o-, m-
C6H5), 7.72 ± 7.75 (m, 12 H; o-C6H5); MS (DCI/NH3): m/z : 1070 [M�NH4]� .


3,6,9,14,17,20-Hexamethoxy-3,6,9,14,17,20-hexaphenyldocosa-1,4,7,10,12,
15,18,21-octayne (4b): Rf� 0.30 (heptane/acetone 7:3); 1H NMR (CDCl3):
d� 2.75 (s, 2H;�CH), 3.51 ± 3.53 (m, 18 H; OCH3), 7.32 ± 7.38 (m, 18H; m-,
p-C6H5), 7.68 ± 7.76 (m, 12 H; o-C6H5); MS (DCI/NH3): m/z : 932
[M�NH4]� .


3,6,9,14,17,20,25,28,31-Nonamethoxy-3,6,9,14,17,20,25,28,31-nonaphenyl-
tritriaconta-1,4,7,10,12,15,18,21,23,26,29,32-dodecayne (4c): Rf� 0.20 (hep-
tane/acetone 7:3); 1H NMR (CDCl3): d� 2.75 (s, 2H;�CH), 3.51 ± 3.53 (m,
27H; OCH3), 7.32 ± 7.38 (m, 27H; m-, p-C6H5), 7.68 ± 7.76 (m, 18H; o-C6H5);
MS (DCI/NH3): m/z : 1389 [M�NH4]� .
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Influence of Highly Preorganised 7,7-Diphenylnorbornane in the Free Energy
of Edge-to-Face Aromatic Interactions


Antonio García Martínez,* JoseÂ Osío Barcina,* and AÂ lvaro de Fresno Cerezo[a]


Abstract: The influence of preorgan-
ised 7,7-diphenylnorbornane in the sta-
bility (Ka) of host ± guest complexes as
well as in the determination of the
energy of edge-to-face aromatic inter-
actions has been investigated. The guest
molecules studied bind more strongly
with hosts that contain the cofacial 7,7-
diphenylnorbornane subunit than with


similar hosts that have a 1,1-diphenyl-
cyclohexane subunit. On the other hand,
the value of the edge-to-face aromatic
interactions calculated for our com-


plexes (ÿ0.2� 0.6 kJ molÿ1) is signifi-
cantly lower (by a factor of seven) than
the one previously reported in the
literature. This result highlights the
importance of entropic factors in the
determination of weak noncovalent in-
teractions.


Keywords: aromatic interactions ´
diphenylnorbornane ´ host ± guest
chemistry ´ noncovalent interactions


Introduction


Although noncovalent interactions have been known for
more than a century,[1] it is mainly during the last decades that
the essential role they play in biology, chemistry and materials
science has been shown.[2, 3] Despite their importance, the
study of these weak interactions is not always easy[4] because
frequently they act simultaneously or are masked by other
interactions, especially in biological systems. Therefore, the
design of adequate models for the study of a particular
interaction is an important tool in chemistry and, in some
cases, remains a challenge.


An interesting approach to the quantification of aromatic
edge-to-face interactions[6] by using chemical double-mutant
cycles (a combination of thermodynamic cycles and muta-
genesis) has recently been proposed.[5] In this approach, a
value of ÿ1.4� 0.8 kJ molÿ1 for the aromatic edge-to-face
interaction was obtained by comparing the stabilities (DG) of
complexes A ± D (Scheme 1). The accuracy of this method-
ology is based on the assumption that both the host and the
guest are essentially rigid; therefore, ªthe experiments are not
complicated by losses of conformational mobility on com-
plexationº and, as a consequence, the geometry of the
interactions is almost the same in each complex.[5] However,
this argument has received some criticism[7] on the basis that


the models in Scheme 1 are not in fact rigid because of the
rotatable benzylic bonds. This fact makes entropic contributions
non-negligible because conformations may be different in
each complex.[7] On the other hand, the structural determination
of supramolecular aggregates remains a major problem,
particularly in the case of weakly bonded complexes. Thus,
there is some doubt about the face-to-face or propeller-like
conformation of the aryl groups of the 1,1-diphenylcyclohex-
ane subunit in the supramolecular-zipper systems A ± D.[5]


Results and Discussion


As can be seen in Scheme 1, the main nucleus of the host
molecules in complexes A ± D is a subunit of 1,1-diphenylcy-
clohexane (DPC; 1). In our opinion, the lack of conforma-
tional stability in this subunit of the complexes could also
affect the determination of the free energy of complexation of
compounds 3 b and 3 c. Diphenylmethane (DPM) and some of
its derivatives are frequently used in the construction of
macrocycles,[8] catenanes,[9] rotaxanes[9a, 10] and other host
molecules.[11] This subunit provides an electron-rich zone able
to facilitate the complexation of the guest, especially in
neutral hosts;[8d±j, m, 11e] the face-to-face arrangement being the
optimal conformation for the formation of host ± guest com-
plexes in most cases. However, the DPC subunit is far from
being rigid, even when placed in the structure of macrocycles.
Surprisingly, no thermodynamic study of the conformations of
DPC has been carried out until now. Only calculations of the
potential energy surface (PES) of the parent compound,
DPM, have been published.[12] A rotational barrier of about
2.7 kJ molÿ1 has been determined for DPM and its more stable
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conformation has the aryl groups arranged in a propeller-like
conformation (C2 symmetry, torsional angle 57.08 according to
the B3LYP/6-31G* method[12b]). This situation has prompted
us to undertake the calculation of the free energy surface
(FES) of DPC by using the ab initio RHF/STO-3G method.[13]


The energies and free energies (at 20 8C) of the cofacial,
propeller and perpendicular conformations are given in
Table 1. The global minimum corresponds to the propeller
conformation 1 b, with Cipso-C-Cipso'-Cortho torsional angles of
ÿ58.18 and ÿ71.78. The perpendicular 1 c and cofacial 1 a
conformations are first-order saddle points (an imaginary
frequency was found for both conformations). The global
maximum is the cofacial conformation 1 a.


We have previously shown[14] that 7,7-diphenylnorbornane
(DPN; 2 ; Scheme 1) is a highly preorganised diphenylme-
thane derivative in which, due to the steric hindrance of the
exo-H of the norbornane framework, the most stable con-
formation has the aryl rings in an apical face-to-face arrange-
ment with C2v symmetry. As a consequence, a new homo-


conjugative band is observed in
the UV spectrum. This sub-
strate has been used to study
the nature of aromatic face-to-
face interactions,[15] in the syn-
thesis of homoconjugated poly-
mers[16] and in the preparation
of new homoconjugated chro-
mophores with nonlinear optic
(NLO) properties.[17]


In view of the above, we
decided to reinvestigate the
quantification of the aromatic
edge-to-face interaction by us-
ing host molecules in which
DPC was replaced by DPN
(complexes E ± H, Scheme 1).
In our opinion, this change
should contribute to the study
of the entropic contributions
that affect the measurement of
the edge-to-face interactions.
The results of our study are
summarised in Table 2, togeth-
er with literature values for the
related complexes A ± D. The
values in Table 2 were deter-
mined by assuming a 1:1 stoi-
chiometry in the formation of
complexes E ± H[18] and that
association (dimerisation) of
the components is negligible.
Association constants (Ka)
were determined by using the
Benesi ± Hildebrand equa-
tion.[18, 19]


At first sight, the data report-
ed in Table 2 show that the
association constants (Ka) in


the complexes with a DPC subunit (A ± D) are very similar
to those with a DPN (E ± H) subunit. However, a more
detailed analysis reveals some important differences. We
measured the association constant of complex A and obtained
a value of 31� 2mÿ1, which is significantly lower than the one
reported in the literature (48� 2mÿ1).[5] Therefore, complex E


Scheme 1. Structures of DPC, DPN and complexes A ± H.


Table 1. Energies (E) and free energies (G) (no scaled values) of the
cofacial (point group Cs), propeller (C1) and perpendicular (Cs) conforma-
tions of DFC calculated with the ab initio RHF/STO-3G method.


1a, Cs 1b, C1 1c, Cs


E [kJ molÿ1] ÿ 1 798 374.1 ÿ 1 798 379.4 ÿ 1 798 376.7
G [kJ molÿ1] ÿ 1 797 451.7 ÿ 1 797 459.5 ÿ 1 797 458.4







Edge-to-Face Aromatic Interactions 1171 ± 1175
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has a higher Ka than A or, in other words, the guest molecule
binds more strongly to a host possessing a DPN subunit that is
preorganised with the aryl groups in a face-to-face conforma-
tion.


Some interesting conclusions about the structure of the
complexes can be reached from the energy data obtained
from thermochemical calculations. As can be seen (Table 1),
the energy difference (DE) between the more stable propeller
(1 b) and the cofacial (1 c) conformations of DPC is
5.3 kJ molÿ1. On the other hand, by considering the difference
between rotational and vibrational entropies of the whole
molecule, an intrinsic DG value of 7.8 kJ molÿ1 (at 20 8C) is
obtained for the formation of complexes in a cofacial
configuration (in relation to the propeller conformation)
from the isolated molecules of DPC (Table 1). Besides this,
the fact that the propeller ± cofacial change causes a decrease
in the entropy of mixing of Rln2 should be considered.[20] This
represents an increase of free energy of 1.7 kJ molÿ1 at 20 8C.
Therefore, the formation of a complex with the DPC subunit
in a cofacial conformation requires an increase of free energy
(DG) of 9.5 kJ molÿ1 in comparison with the propeller
conformation. In the case of complexes from the substituted
DPC subunit, 3 b and 3 c (Scheme 1), this DG value should be
even higher because, due to the electrostatic repulsion
between the electron-rich aryl rings in the cofacial disposition,
DE is expected to be higher.[15] It can be concluded that
cofacial supramolecular complexes derived from the DPN
subunit 4 b or 4 c (Scheme 1) should be more stable (by
ca. 9.5 kJ molÿ1) than complexes derived from 3 b or 3 c.
However, this assumption is not in agreement with the
experimental results (Table 2). As can be seen, the free energy
difference between complexes A and E is only 1.2 kJ molÿ1


(from our results). This discrepancy clearly shows that the aryl
rings of 3 b and 3 c are not arranged in a cofacial conformation
in their complexes[21] and seems to indicate that in complexes
A ± D this subunit is almost in the propeller C1 conformation,
depicted in Table 1, but with hindered racemisation (libra-
tion) due to the interactions between the ring of the
isophthaloyl moiety and the aryl rings of 3 b/3 c. Moreover,
the difference between the free energy of complexes E ± H
and the free energy of complexes A ± D reported in the
literature[5a] (DDG ; Table 2), varies from ÿ0.1 to 0.7. If the
geometry of the central nucleus of complexes A ± D were be
the same as in complexes E ± H, the value of DDG should be
constant. The variations observed can be explained by
considering that the conformation of subunit 3 b/3 c in


complexes A ± D is not the same in each case. On going from
complex B to complex D the value of DDG decreases with the
stability of the complexes; this shows that the edge-to-face
interactions between the three central aryl rings are not
constant. Thus, as a result of the decrease of the central edge-
to-face interaction, there is an increase in the mobility of the
aryl rings of 3 b and 3 c and, therefore, in the racemisation rate
of the complexes; while in E ± H, the DFN subunit is fixed in a
cofacial conformation.


The difference in stability between the two complexes A
and E is also revealed by the differences in complexation-
induced changes in the 1H NMR chemical shift (Figure 1). As


Figure 1. Complexation-induced changes in 1H NMR (CDCl3) shifts of
complexes E and A (in brackets).


can be seen, the values of the induced changes in chemical
shifts (measured at the same concentration) in complex E are
more pronounced than in complex A (in brackets) due to the
fact that in complex A the aromatic pocket of the host is
arranged in a propeller conformation. As a result of this, the
geometry of the complexes is different, with the distance
between the host and the guest probably larger in the case of
A than in E because of a weaker binding complexation. A
relevant argument in favour of this assumption is that the
highest differences in the complexation-induced changes in
chemical shifts are observed in the aromatic proton of the
isophthaloyl group of the guest, which lies directly in the
aromatic pocket of the host, and the protons involved in the
hydrogen bonds, the main forces stabilising the complexes.


The question now is what influence the use of complexes
E ± H (with higher preorganisation and Ka) may have on the
determination of the edge-to-face interaction between the
terminal rings of complexes A and E. The magnitude of this
interaction is given by the equation: (DGAÿDGB)ÿ (DGCÿ
DGD). According to this, a value ofÿ0.2� 0.6 kJ molÿ1 for the
aromatic edge-to-face interaction is obtained from our DG
values; this is considerably lower (by a factor of 7) than the
result reported previously with complexes A ± D (ÿ1.4�
0.8 kJ molÿ1).[5] Moreover, in complexes E ± H the interaction
between the CÿH bonds of the terminal aryl rings of the host
and the C�O carbonyl amide of the guest, whose value is
given by DGCÿDGD (Scheme 1), is stronger (ÿ1.5�
0.8 kJ molÿ1) than the aromatic edge-to-face interaction. In


Table 2. Association constants (Ka) [molÿ1] and free energies (DG) [kJ molÿ1] of
complexes A ± H and value of the chemical shift of the pure complex relative to the
shift of the pure guest in solution (Do) for the isophthaloyl proton H1.


Com-
plex


Ka DG(I) Do Com-
plex


Ka DG(II) DDG[a]


E 48� 3 ÿ 9.5� 0.2 ÿ 1.95 A 48� 2[b] ÿ 9.6� 0.1 ÿ 0.1(1.2)[c]


F 25� 2 ÿ 7.8� 0.2 ÿ 2.01 B 17� 2[b] ÿ 7.1� 0.3 0.7
G 20� 2 ÿ 7.3� 0.3 ÿ 0.66 C 15� 3[b] ÿ 6.8� 0.5 0.5
H 11� 2 ÿ 5.8� 0.5 0.97 D 10� 2[b] ÿ 5.7� 0.5 0.1
A 31� 2 ÿ 8.3� 0.2 ÿ 1.75


[a] DDG�DG(II)ÿDG(I). [b] Ref. [5]. [c] Calculated from the DG(I) value
obtained in this work for complex A.
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complexes A ± D, the opposite relationship (ÿ1.1 kJ molÿ1


versus ÿ1.4 kJ molÿ1) is obtained.[5] On the other hand, DGD


reflects the sum of the values of the amide hydrogen bonds
and two edge-to-face aromatic interactions. Assuming that
the contribution of these aromatic interactions is small, the
resulting energy of the amide hydrogen bond, which is nearly
the same in both complexes D and H (� ÿ 2.7� 0.3 kJ molÿ1),
is lower than the average value reported for the amide
hydrogen bond,[7a] probably because the geometry of the
hydrogen bonds in these complexes is not optimal,[7a,b, 22] due
to steric hindrance.


Finally, an important factor that could have an influence on
the determination of the aromatic edge-to-face interaction by
using these models is the variation in the geometry of the
complexes introduced by changes in the substitution of the
host and guest molecules. Although X-ray data are not
available,[21] the value of the chemical shift of the pure
complex relative to the shift of the pure guest in solution (Do),
calculated with the Benesi ± Hildebrand equation,[19] can give
some valuable information. In Table 2 the corresponding
values for proton H1 of the guest (Scheme 1) are reported. As
can be seen, the differences found in the four complexes E ± H
are rather high and difficult to explain only by means of
substituent changes; this points to some differences in the
geometry of the complexes, although it should be remem-
bered that small changes in the geometry cause large
variations in the complexation-induced changes in chemical
shifts, due to the anisotropy of the aromatic rings.[21]


Conclusion


In this work we have reinvestigated the determination of
aromatic edge-to-face interactions through chemical double-
mutant cycles using more preorganised complexes; they were
made by changing the 1,1-diphenylcyclohexane (DPC; 1)
subunit of the hosts to the cofacial 7,7-diphenylnorbornane
(DPN; 2). With this modification, the guest molecules fit into
the cavity of the host better and the resulting complexes show
higher association constants, mainly due to the lower entropic
cost of the complexation.[23] The magnitude of the aromatic
edge-to-face interaction between the terminal aryl groups
calculated by us with complexes E ± H is small (ÿ0.2�
0.6 kJ molÿ1) and lower (by a factor of seven) than the result
reported in the literature obtained with diphenylcyclohexane-
derived host molecules. These results suggest, in agreement
with previous opinions,[7a] that the lack of rigidity of the
molecules chosen as models for this study is an important
limitation in the accurate determination of weak interactions,
since a small change in the structure of the model leads to
considerably different results. Finally, as we mentioned in the
introduction, diphenylmethane derivatives are frequently
used in the construction of supramolecular structures. In our
opinion, 7,7-diphenylnorbornane (2) can advantageously be
used instead of other diphenylmethane derivatives in situa-
tions in which a high preorganisation is required. Further
work on the use of 7,7-diphenylnorbornane in the design of
host molecules is currently under way.


Experimental Section


All compounds in this work have been prepared according to procedures
described earlier.[5, 9b, 24]


Compound 4a : M.p. 283.0 ± 285.0 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 6.93 (s, 4 H), 3.20 (s, 4 H), 2.98 ± 2.90 (m, 2H), 2.11 (s, 12H),
1.70 ± 1.50 (m, 4H), 1.30 ± 1.10 (m, 4H); 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d� 139.7, 136.6, 126.9, 121.5, 62.9, 41.7, 28.7, 17.9; MS (60 eV, EI): m/z
(%): 334 (55) [M]� , 320 (21), 319 (100), 253 (31), 198 (18), 159 (21), 134
(45), 131 (60), 124 (50), 116 (26).


Compound 4 b : M.p. 227.3 ± 229.5 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.80 (d, J(H,H)� 8.4 Hz, 4H), 7.48 (d, J(H,H)� 8.4 Hz, 4H),
7.35 (s, 2NH), 7.11 (s, 4H), 3.05 ± 2.97 (m, 2H), 2.15 (s, 12H), 1.75 ± 1.60 (m,
4H), 1.35 (s, 18H), 1.40 ± 1.20 (m, 4 H); 13C NMR (75 MHz, CDCl3, 25 8C,
TMS): d� 165.8, 155.0, 144.7, 135.2, 131.8, 131.3, 127.0, 127.0, 125.5, 64.1,
41.5, 34.9, 31.1, 28.4, 18.7; MS (60 eV, EI): m/z (%): 655 (8) [M�1]� , 654
(18) [M]� , 161 (100); IR (CHCl3): d� 3429 (m), 3155 (m), 1668 (s) cmÿ1.


Compound 4c : M.p. 206.0 ± 209.0 8C; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.81 (d, J(H,H)� 8.3 Hz, 2H,), 7.48 (d, J(H,H)� 8.3 Hz, 2H,),
7.33 (s, NH), 7.09 (s, 2H), 7.07 (s, 2H), 6.82 (s, NH), 3.05 ± 2.95 (m, 2 H), 2.15
(s, 6 H), 2.11 (s, 6 H), 1.72 ± 1.58 (m, 4H), 1.35 (s, 9 H), 1.28 (s, 9H), 1.40 ±
1.20 (m, 4 H); 13C NMR (75 MHz, CDCl3, 25 8C, TMS): d� 176.6, 165.7,
155.1, 144.7, 144.6, 135.1, 135.0, 131.7, 131.3, 131.2, 127.0, 127.0, 127.0, 125.5,
64.0, 41.6, 39.1, 34.9, 31.1, 28.4, 27.7, 18.9, 18.7; MS (60 eV, EI): m/z (%): 579
(37) [M�1]� , 578 (79) [M]� , 563 (26), 502 (29), 402 (24), 161 (100), 57 (95);
IR (CHCl3): d� 3438 (w), 3155 (w), 1668 (s) cmÿ1.


Determination of association constants : Ka values were determined in
CDCl3 by means of 1H NMR titrations and by using the Benesi ± Hilde-
brand equation:[19]


1/D� 1/Ka 1/Do1/ao � 1/Do


in which D is the observed shift of the host (guest) protons for the system in
equilibrium relative to the shift for the pure host (guest) in solution; Do is
the shift for the host (guest) in the pure complex relative to the shift of the
pure host (guest) in solution; ao is the guest (host) concentration; Ka is the
equilibrium constant. The values of Ka and Do were obtained from linear
regression analysis, by plotting 1/D against 1/ao. The concentration of the
host was kept constant while the concentration of the guest was varied from
a ratio of 1:2 to 1:10 . To determine the error of the measurements, at least
three different experiments were carried out and the shifts of 3 ± 4 protons
were considered. A second set of experiments in which the concentration of
the guest remained fixed and the concentration of the host varied was also
carried out. The same conclusions were reached in this case, but due to
limited solubility of the host at high ao values, the accuracy of this
determination was considered to be lower and, therefore, these results are
not included in Table 2.
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Structural Consequences of Metal Complexation of cyclo[Pro-Phe-Phe-Ala-
Xaa]2 Decapeptides**


Gabriella Saviano,[a] Filomena Rossi,[b] Ettore Benedetti,[b] Carlo Pedone,[b]
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Abstract: The conformational features
of both free and Ca2�-complexed cyclo-
[Pro-Phe-Phe-Ala-Xaa]2 (with Xaa�
Glu(OtBu), Lys(ClZ), Leu, and Ala) in
solution have been determined by NMR
spectroscopy and extensive distance ±
geometry calculations. The decapeptides
are conformationally homogeneous in
solution and show common structural
features in their free and complexed
forms. The structures of the free form
contain only trans peptide bonds and are
topologically similar to the structure of
gramicidin-S, folded up in two antipar-
allel extended structures, stabilized by


interstrand hydrogen bonds, and closed
at both ends by two b-turns. In contrast,
the Ca2�-complexed peptides present
two cis peptide bonds and are generally
similar to those observed for the metal-
complexed forms of antamanide and
related analogues, folded into a saddle
shape with two b-turns. The Glu(OtBu)-,
Leu-, and Lys(ClZ)-containing peptides
examined here maintain the biological


activity of the cyclolinopeptide A in
their ability to competitively inhibit
cholate uptake. The natural antamanide
and cyclolinopeptide A are both able to
inhibit the uptake of bile salts into
hepatocytes. They share the same postu-
lated active sequence Pro-Phe-Phe.
Based on our structural results, we
conclude that the ability to adopt a
global conformation, characterized by a
clear amphipathic separation of hydro-
phobic and hydrophilic surfaces, is an
important feature for the functioning of
this class of peptides.


Keywords: antamanide ´ cyclolino-
peptide A ´ ion binding ´ NMR
spectroscopy ´ peptides


Introduction


Transport of metal ions in biological systems represents an
important function in life. One way of transporting charged


atoms through lipophilic systems, such as membranes, is by
encapsulation of the metal ion into a peptide molecule that
has external lipophilic properties. Peptides are well suited
for this task since they can fold and twist around the metal
n such a manner as to provide carbonyl oxygen atoms
in a proper orientation for the coordination of the metal
ion. This property is attributed to the flexibility of the peptide
molecule about the NÿCa and CaÿC' bonds in the back-
bone (f and y dihedral angles), as well as bonds in the side
chains.


The ability of peptides to interact with metals can be
enhanced by cyclization, a commonly employed method for
reducing the conformational freedom of the molecule. Cycliz-
ing the peptide in the appropriate manner can result in the
shape required to complex metal ions, either by a partial or a
complete ion encapsulation.[1±3] Because of this, cyclic pep-
tides are considered good candidates to act as bioregulators in
the transport of ions across biological membranes. Character-
ization of the conformational changes in cyclic peptides
induced upon complexation should provide the necessary
insight to design molecules with improved ion affinity and
selectivity and therefore enhanced biological function.


The natural antamanides, (AA, cyclo[Val-Pro-Pro-Phe-
Phe-Val-Pro-Pro-Phe-Phe])[4] and cyclolinopeptide A (CLA,
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cyclo[Pro-Pro-Phe-Phe-Leu-Ile-Ile-Leu-Val])[5] are both able
to inhibit the uptake of bile salts into hepatocytes.[6] CLA and
AA share the same postulated active sequence Pro-Phe-
Phe.[7] This feature is thought to represent the minimum
necessary prerequisite for bioactivity[8±11] (an additional pro-
line, preceding this triplet of residues, increases the biological
activity of both CLA and AA).


Studies of AA and related analogues have illustrated a
strong correlation between bioactivity and ability to complex
ions.[12, 13] This capability could reflect the readiness of the
molecule to assume the proper conformation for binding of
the substrate or, as suggested by Karle et al.,[14] the metal ion
could induce the AA molecule to adopt the proper shape. The
differences in the conformations between the complexed and
uncomplexed forms of AA and related molecules have been
studied in the solid state by X-ray structure analysis[15] and in
solution by NMR spectroscopy.[16] For the uncomplexed state
in crystals, only one conformation has been observed which is
characterized by two cis Pro ± Pro peptide bonds. The
uncomplexed conformation is quite distinct from the Li�-
or Na�-complexed structure, although the two cis peptide
bonds are preserved. The major difference is the change
from the elongated, relatively planar backbone ring in the
uncomplexed molecule to the folded ring in the alkali
complex brought about by the rearrangement of the carbonyl
groups of the peptide backbone to form the metal complex.
This arrangement gives rise to different intramolecular
hydrogen bonding schemes: a pair of the 4! 1-type hydrogen
bonds in the metal AA complexes and a pair of 5! 1-
intramolecular hydrogen bonds in the uncomplexed struc-
tures.


Cyclolinopeptide A is an homodetic nonapeptide, isolated
from linseed,[17] which has been characterized in solution[18, 19]


and in the solid state.[20] In solution the high degree of
flexibility of CLA and the use of polar solvents always
prevented the observation of a single conformer. Only in
chloroform at 214 K was it possible to solve the solution
structure of CLA by NMR spectroscopy.[20] Under these
conditions, the structural features of CLA are practically
identical to the solid-state form. This conformation, however,
cannot be regarded as the bioactive one since it corresponds
to that exhibited, both in the solid state and in solution at
room temperature, by the less active cyclo[Pro-Pro-Phe-Phe-
Aib-Aib-Ile-d-Ala-Val].[21] Addition of bivalent metal ions to
the CLA solution induces drastic structural changes. In
particular, Ba2� ions stabilize a well-defined equimolar
cation/peptide complex. The complexed peptide structure is
characterized by all-trans peptide bonds and two clearly
distinct surfaces, a polar one hosting the Ba2� ion and a
predominantly apolar face.[22]


Recently we reported the structural analysis, both in the
solid state and in solution,[23] of the homodetic cyclopeptide
cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2 (cDECA), a synthetic
analogue of CLA. Despite both CLA and cDECA exhibiting
similar CD50 (peptide concentration required to inhibit the
cholate uptake in hepatocytes by 50 %) values of 0.8 and
0.6 mm, respectively (K. Ziegler, Institut für Pharmakologie
und Toxikologie, Giessen, Germany, private comunication),
their conformational preferences were observed to be very


different. The structure of cDECA was found to be much
more rigid, with respect to CLA, with almost no changes
observed between the conformation in solution and that in the
solid state.


To study how metal ions can modulate the conformation of
cDECA, we have undertaken the structural characterization
of this decapeptide upon complexation with metal ions by
employing high-resolution NMR spectroscopy and distance ±
geometry calculations. Moreover, we report results from the
conformational study of the free and calcium-complexed
forms of three new analogues of cDECA, in which the
Glu(OtBu) group is replaced by Lys(ClZ), Leu, and Ala,
respectively. These modifications all lead to a reduction in
biological activity, with respect to cDECA: CD50 values of
1.8 mm, 2.2 mm, and 14 mm, for the Lys(ClZ)-, Leu-, and Ala-
containing compounds, respectively (K. Ziegler, private
comunication).


Results and Discussion


NMR analysis : Each of the peptides examined here, vary in
terms of the size and nature of the amino acid at the
Glu(OtBu) position in the parent decapeptide (peptide 1),
cyclo[ProPhePheAlaGlu(OtBu)]2: Lys(ClZ) (peptide 2), Leu
(peptide 3), and Ala (peptide 4). The structural features of the
molecules were determined from analysis of the chemical shift
values, quantitative evaluation of 3JNH,CH vicinal coupling
constants, temperature coefficients of the NH resonances, and
the proton ± proton distances based on the NOEs. The
examination of the free form of the peptides was carried out
at 300 K, while for the metal-complexed forms, a range of
temperatures (245 ± 300 K) was employed. All spin systems
were identified by means of total correlation spectroscopy
(TOCSY)[24] and double quantum-filtered correlated spectro-
scopy (DQF-COSY)[25] experiments. Rotating frame nuclear
Overhauser enhancement spectroscopy (ROESY)[26] and
nuclear Overhauser enhancement spectroscopy (NOESY)[27]


spectra were used to sequentially assign the resonances of
identical residues. Under the experimental conditions utilized
and at 500 MHz, the decapeptides are in the extreme
narrowing limit, displaying positive NOEs in the NOESY
spectra.


Table 1, Table 2, and Table 3 contain 3JNH,CH, NH temper-
ature coefficients, and interproton distances measured for the
free forms of the three new decapeptides, respectively. These
data allowed us to propose common structural features
characterizing all four peptides (including the parent com-


Table 1. 3J(NH,CH) values [Hz] of the uncomplexed cyclo[Pro1-Phe2-
Phe3-Ala4-Xaa5]2 peptide in acetonitrile at room temperature (Xaa�
Glu(OtBu) (1), Lys(ClZ) (2), Leu (3), Ala (4)).


Residue Peptide number f
1 2 3 4 [8]


Phe2 6.1 6.4 6.5 7.4 ÿ 80 to ÿ60
Phe3 10.8 11.1 10.6 10.6 ÿ 120
Ala4 7.5 7.4 7.9 7.8 ÿ 160 to ÿ140, ÿ80
Xaa5 11.2 11.0 10.6 11.0 ÿ 120
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pound previously investigated).[23] The essential features
include: 1) a complete symmetry of the two pentameric
moieties, 2) a backbone with all peptide bonds adopting a
trans conformation, 3) two antiparallel extended structures,
stabilized by interstrand Xaa!Phe hydrogen bonds, closed at
both ends by two b-turns of type I centered on the two -Xaa-
Pro-Phe-Phe- moieties.


The topological features of the three anologues are almost
identical to that of the Glu(OtBu) parent peptide[23] and are
characterized by two well-separated surfaces, a hydrophilic
one consisting of the peptide backbone and a hydrophobic
one above the peptide backbone plane, formed by the
protruding side chains of all of the residues. We have
previously reported a similar amphipathic separation for the
barium-complexed form of cyclolinopeptide A.[22]


The ability of the four cyclic peptides to form complexes
with sodium and calcium ions was then examined. The
addition of sodium ions does not alter the appearance of the
NMR spectra of all four peptides and therefore was taken to
indicate that no sodium complex was formed. Addition of


calcium ions, on the contrary, enormously influences all
spectra, and it was possible to monitor the formation of
equimolar cation/peptide complexes. Figure 1 shows the


Figure 1. 500 MHz 1H NMR spectra of Ca2�-complexed cyclo[Pro-Phe-
Phe-Ala-Leu]2 at 300 and 245 K. The subspectra of all amino acid residues
are referred to the low-temperature spectrum. Greek letters identify
different types of protons of each residue.


spectra that result upon addition of calcium to peptide 3
(Xaa�Leu). The room-temperature spectrum shows reso-
nances lacking fine structure and the NH groups of residues 2
and 5 merge into the noise. Lowering the temperature to
245 K freezes the molecular conformation and/or the ex-
change with solvent molecules, leading to a finely structured
spectrum. This residual conformational freedom does not
imply any cis ± trans isomerization of Pro residues. In fact,
NOESY spectra at 300 and 245 K show that all Pro residues
are in the same conformation (see above). Similar trends are
observed for all four calcium-complexed peptide analogues.


As for the free peptides, the Ca2�-complexed forms of the
cyclodecapeptides in acetonitrile adopt symmetric conforma-
tions, as indicated by the appearance of only one set of sharp
signals (see Figure 1). In particular, in the low-field region of
the spectra, it is possible to distinguish only four doublets
attributable to amide protons (see Table 4). This behavior is
confirmed by the remaining regions of the spectra, indicating
that the structure of the cyclic dimers in solution is perfectly
symmetric, only one set of resonances is obtained for the
protons of the i and the i�5 residues. Since the amino acids are
indistinguishable, in the NMR analysis section of this paper


Table 2. NH Temperature coefficients [Dd/DT (ppb/K)] of the uncom-
plexed cyclo[Pro1-Phe2-Phe3-Ala4-Xaa5]2(Xaa�Glu(OtBu) (1), Lys(ClZ)
(2), Leu (3), Ala (4)).


Residue Peptide number
1 2 3 4


Phe2 ÿ 4.6 ÿ 4.4 ÿ 5.0 ÿ 6.2
Phe3 ÿ 0.6 ÿ 1.0 ÿ 0.6 ÿ 1.7
Ala4 ÿ 2.4 ÿ 2.8 ÿ 3.7 ÿ 3.1
Xaa5 ÿ 0.6 ÿ 2.0 ÿ 1.0 ÿ 1.8


Table 3. Interproton distances of the uncomplexed cyclo[Pro1-Phe2-Phe3-
Ala4-Xaa5]2 (Xaa�Glu(OtBu) (1), Lys(ClZ) (2), Leu (3), Ala (4); from
NOESY spectra in acetonitrile, 300 K, tm� 200 ms).


Distance[a] Peptide number
1 2 3 4


d[NHPhe3ÿNHAla4] 2.6 2.6 2.5 2.6
d[aPhe3ÿNHAla4] 3.1 3.2 ± 3.2
d[aAla4ÿNHAla4] 2.3 2.3 2.2 2.3
d[aAla4ÿNH Xaa5] 2.5 2.5 2.7 2.6
d[aGlu5ÿNH Xaa5] 3.2 2.9 3.0 3.0
d[dPro1ÿNHPhe2] 3.0 [b] ± 2.9
d[aPhe2ÿNHPhe2] 2.9 2.9 2.9 [b]


d[bPhe2ÿNHPhe2] 3.2 3.0 ± [b]


d[b'Phe2ÿNHPhe2] 2.7 2.6 2.6 2.6
d[aPhe3ÿNHPhe3] 3.1 3 3.1 3.0
d[b'Phe3ÿNHPhe3] 2.6 2.6 2.7 2.6
d[aGlu5ÿdPro1] 2.3 2.2 2.3 2.2
d[aGlu5ÿd'Pro1] 3.2 3 3.2 3.3
d[bPhe3ÿb'Phe3] 1.8 1.8 1.8 1.8
d[aPro1ÿNHPhe2] 3.7 ± ± [b]


d[NHPhe3ÿNHXaa5] 3.4 ± ± ±
d[NHAla4ÿNHXaa5] ± 3.2 3.0 2.7
d[aPhe2ÿbPhe2] 2.7 2.7 2.5 2.6
d[aPhe2ÿb'Phe2] 3 2.9 2.7 2.9
d[aPhe3ÿbPhe3] 2.6 2.6 2.7 2.5
d[aPhe3ÿb'Phe3] 3 3 2.7 2.9
d[NHPhe2ÿNHPhe3] [b] [b] 2.8 [b]


d[aPhe2ÿNHPhe3] ± ± 2.8 [b]


[a] Reference distance d[bPhe3-b'Phe3]� 1.8. [b] Peaks superimposed
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we use the abbreviation Pro1,6 to indicate both Pro1 and Pro6


residues, and similarly for the other amino acids. Interestingly,
all diastereotopic proton pairs exhibit distinct chemical shifts
(Table 4) as Ca2� complexes.


Upon formation of the ion complex, some of the proton
resonances undergo large variations. For example, in all of the
free peptides, Ala4 NH is the resonance at lowest field, while
in the calcium-complexed spectra it is the amide at highest
field. All Ala4 CaH groups, on the other hand, shift in exactly
the opposite direction. Phe2 NH, which is the highest field NH
resonance in all of the free peptides, becomes the lowest field
resonance in the complexed forms. Even the CaH protons of
Pro1 and Xaa5 change chemical shifts considerably upon
complexation, with Pro1 shifting 1 ppm to lower field, while
Xaa5 shifts 1.2 ppm to higher field. These variations in
chemical shift suggest considerable structural modification
of the peptides upon calcium ion complexation.


In addition to the chemical shift changes, a number of
NOEs are found to be unique to the complexed forms of the
peptides. The first relevant structural effect of the calcium
complexation concerns the backbone conformation: the two
Xaa10ÿPro1 and Xaa5ÿPro6 peptide bonds, which are trans in
the free cyclodecapeptides, adopt a cis orientation upon
cation complexation. A comparison of the ROESY spectra in
the a ± d region of peptide 4 in its free and complexed forms at
245 K is shown in Figure 2. The Ala5ÿPro6 and Ala10ÿPro1 dad


and dad' , indicative of trans peptide bonds, characterize the
free peptide; in contrast, Ala5ÿPro6 and Ala10ÿPro1 daa


confirm a cis arrangement of this bond in the complexed
peptide. In fact, the XaaÿPro peptide bonds of all four
analogues were found to be cis, as indicated by strong
XaaÿPro daa NOEs and the observation of a large difference
(ca. 10 ppm) in the 13C chemical shift between b- and g-carbon
atoms of the proline residues.[28]


The NH ± CaH coupling constants were measured both
directly from the 1D and DQF-COSY spectra. The exper-
imental 3JNH,CaH values measured for the complexed form of
the peptides, with the corresponding allowed f ranges[29] are
given in Table 5. The 3JNH,CaH value for the Ala4,9 residues is
large enough to be compatible with a narrow set of f angle
values, centered around ÿ1208, corresponding to a trans
arrangement of the HN-CaH moiety. All 3JNH,CaH values of


Figure 2. Comparison of the a-d region of the ROESY spectra at 245 K of
cyclo[Pro-Phe-Phe-Ala-Ala]2 in its free (top) and complexed forms
(bottom). The free peptide spectrum clearly shows the Ala5ÿPro6 and
Ala10ÿPro1 dad and dad' , indicative of trans peptide bonds. In the calcium-
complexed peptide spectrum the presence of Ala5ÿPro6 and Ala10ÿPro1 daa


indicates cis peptide bonds.


Phe2,7 and Phe3,8, with the exception of that of Phe3,8 residue in
peptide 3 (Xaa�Leu), are compatible with f values charac-
teristic of residues in the i�1 and i�2 position of a type I b-
turn (ÿ608 and ÿ908).


Interproton distances were calculated from NOESY spec-
tra collected with mixing times of 200 and 350 ms. The values
for the parent compound 1, are given in Table 6. Short
distances between the NH protons of Phe2 and Phe3 and
between the NH protons of Phe3 and Ala4 confirm the
presence of two type-I b-turns ranging from Pro1,6 to Ala4,9.
Similar NOEs were found for complexes 2 and 3 ; complex 4,
on the the other hand, shows slightly longer distances for the
same pairs of protons.


Combining all of the structural parameters derived from the
NMR analysis allowed the development of a preliminary


Table 4. Chemical shifts of the Ca2� complex of cyclo[Pro-Phe-Phe-Ala-
Glu(OtBu)]2 in acetonitrile at 245 K (13C values in parentheses).


Pro1 Phe2 Phe3 Ala4 Glu5


NH ± 8.60 7.0 6.35 8.20
aCH 5.16 4.24 4.45 4.80 3.86


(59.3) (59.4) (55.5) (47.0) (53.0)
bCH 2.44 ± 2.23 3.03 ± 2.61 3.28 ± 3.16 1.24 2.10 ± 1.75


(32.7) (37.0) (35.2) (19.3) (24.0)
gCH 1.85 ± 1.34 ± ± ± 2.50 ± 2.36


(21.9) ± ± ± (30.1)
dCH 3.51 ± 3.39


(47.3)
others ± H2,6 6.5 H2,6 7.35 ± 1.49(OtBu)


H3,5 7.17 H3,5 7.48
H4 7.25 H4 7.39


Table 5. 3JNH,CH values [Hz] of the Ca2� complex of cyclo[Pro-Phe-Phe-
Ala-Glu(OtBu)]2 in acetonitrile at 245 K.


Residue Peptide number f
1 2 3 4 [8]


Phe2 3.0 3.0 3.3 3.0 ÿ 60, 0, 120
Phe3 8.4 8.3 4.7 7.9 ÿ 140, ÿ80
Ala4 9.8 8.9 8.4 9.1 ÿ 120
Xaa5 5.2 6.5 4.7 7.9 ÿ 160, ÿ80, ÿ60
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model of the peptide structures for the Ca2�/cyclodecapeptide
complexes. The model is characterized by two XaaÿPro cis
peptide bonds and two type-I b-turns stabilized by two
intramolecular hydrogen bonds between the NH group of
Ala4 and the C�O group of Pro1, and between the NH group
of Ala9 and the C�O group of Pro6. The conformation of the
Ca2�/peptide complex differs from both the solid-state and
solution structures of the free decapeptide,[23] which presents
all-trans peptide bonds and an intramolecular hydrogen-
bonding pattern similar to that observed for gramicidin S.[30]


Computational results : The distance ± geometry calculations,
used to build the three-dimensional structure of the cDECA
complex matching all of the experimental data, illustrated
that a single conformer could satisfy all of the NMR-derived
structural parameters (Figure 3). This structure exhibits a
twofold symmetry with two repeating sequences Pro1-Phe2-
Phe3-Ala4-Glu(OtBu)5 linked together by turns with the Phe-
Phe residues in the corners. This conformer is consistent with


Figure 3. The 80 structures refined with the distance- and angle-driven
dynamics (DADD) procedure superimposed with the backbone atoms N,
Ca, C, and O of the Ca2�-complexed cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2


as obtained from distance ± geometry analysis


the distance restraints, temper-
ature coefficients, and coupling
constants. A comparison of the
average distance ± geometry
structural parameters (i.e. the
corresponding dihedral angles)
with the corresponding values
derived from the NMR experi-
ments (the experimental inter-
proton NOE distances) shows a
good agreement (see Table 6
and 7).


A stereoview of the average
structure of Ca2�/cDECA, as
obtained from the distance ±
geometry calculations, which
illustrates all of the intramolec-
ular hydrogen bonds, is present-


ed in Figure 4b. As predicted, the structure possess two cis
peptide bonds (between Glu(OtBu)5,10ÿPro1,6) two type I b-
turns with the Phe-Phe residues in the i�1 and i�2 position,
respectively. In addition, the carbonyl oxygen atoms of Pro1,6


Table 6. Relevant NOE-derived distances [�] for the Ca2� complex of cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2 in
acetonitrile at 245 K, and corresponding average calculated distances derived from distance ± geometry
calculations.


NOEs Measured Calculated NOEs Measured Calculated


NHPhe2,7ÿNHPhe3,8 2.63 2.82 NHPhe3,8-NHAla4,9 2.53 2.53
aPro1,6ÿNHPhe2,7 2.23 2.08 aPhe2,7ÿNHPhe2,7 2.61 2.80
bPhe2,7ÿNHPhe2,7 2.35 2.50 b'Phe2,7ÿNHPhe2,7 2.8 2.92
bPro1,6ÿNHPhe2,7 3.2 3.29 b'Pro1,6ÿNHPhe2,7 2.5 2.54
aAla4,9ÿNHGlu5,10 2.1 2.16 aGlu5,10ÿNHGlu5,10 2.68 2.63
gGlu5,10ÿNHGlu5,10 2.82 2.82 g'Glu5,10ÿNHGlu5,10 2.56 2.56
aPhe3,8ÿNHPhe3,8 2.63 2.84 aPhe2,7ÿNHPhe3,8 3.15 3.06
bPhe3,8ÿNHPhe3,8 2.78 2.84 b'Phe3,8ÿNHPhe3,8 2.51 2.54
aAla4,9ÿNHAla4,9 2.68 2.90 aPhe3,8ÿNHAla4,9 3.1 3.11
aGlu5,10ÿaPro1,6 2.08 2.23 bPro1,6ÿaPro1,6 2.28 2.34
b'Pro1,6ÿaPro1,6 2.53 2.75 bPhe2,7ÿaPhe2,7 2.4 2.43
bPhe2,7ÿaPhe2,7 2.95 3.04 bPhe3,8ÿaPhe3,8 2.48 2.42
b'Phe3,8ÿaPhe3,8 2.59 2.99


Figure 4. Stereoview of a) the metal-free cDECA structure as obtained by
X-ray structure analysis[23] and b) average solution structure of the Ca2�-
complexed cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2 as obtained from dis-
tance ± geometry analysis.


Table 7. Torsional angles [8] of the Ca2�-complexed cyclo[Pro-Phe-Phe-
Ala-Glu(OtBu)]2 as obtained from distance ± geometry calculations.


Residue f y w


Pro1,6 ÿ 79.8 164.2 ÿ 177.5
Phe2,7 ÿ 56.6 ÿ 19.9 ÿ 179.6
Phe3,8 ÿ 91.8 ÿ 16.1 ÿ 179.7
Ala4,9 ÿ 124.2 ÿ 162.1 170.9
Glu(OtBu)5,10 ÿ 44.5 134.4 ÿ 26.7
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and Ala4,9 are arranged in an ideal geometry for complexation
with the metal ion.


For comparison purposes, the X-ray structure of the metal-
free cDECA (equivalent to the structure observed in sol-
ution) is depicted in Figure 4a. The major differences with the
structure of the complexed peptide, namely the two cis
peptide bonds (Table 8) and a remarkably different intra-


molecular hysrogen-bonding scheme, are clearly visible. In
the X-ray structure of cDECA, the central amide bonds of the
b-turns are oriented upward and downward. Upon complex-
ation, the orientation of the amides rearranges to accomodate
the ion. Interestingly, the structure of the free peptide is
characterized by a much more compact shape, in which most
of the oxygen atoms used to bind Ca2� in the complex are now
involved in intramolecular hydrogen bonds. This rearrange-
ment gives rise to two clearly distinct surfaces, a polar one
hosting the Ca2� ion and a predominantly apolar one (Fig-
ure 5); the overall shape of the molecule is similar to that
observed for the Ba2� ± cyclolinopeptide A complex (Fig-
ure 6).


Figure 5. Molecular model of the Ca2�-complexed cyclo[Pro-Phe-Phe-
Ala-Glu(OtBu)]2. The metal ion is represented as a gray sphere.


Mapping out the surface exposed region of the final
conformation indicates a good agreement with an aqueous
environment. Therefore, the results in acetonotrile have
biological relevance, and in fact, we believe that the obser-
vations reported here will be more strongly borne out in
aqueous solution, in which a stronger tendency for a hydro-
phobic collapse can be supposed.


Figure 6. Stereodrawing of the solution structure of Ba2�-complexed
cyclolinopeptide A.[22] The oxygen atoms probably involved in the metal
coordination are represented as black spheres.


Finally, it is important to note that the solution structures of
the Ca2�-cDECA complex and the crystal structures of Li�


complexes of [Val8-Ala9]-AA[2a] (Figure 7) and perhydro-
AA[2b] are structurally similar. The root mean square (rms)
deviation of the backbone atom superposition is 0.69 and
0.74 � for [Val8-Ala9]-AA and perhydro-AA Li� complexes,
respectively. In addition, the structures present the same
intramolecular hydrogen-bonding scheme.


Figure 7. Stereodrawing of a) the crystal structure of the Li� complex of
[Val8-Ala9] antamanide[2a] and of b) the average structure of Ca2�-
complexed cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2


Notably, the orientation of the Phe side chains in the
solution structure was not determined except by distance ±
geometry procedure. Then, they should be folded against the
folded backbone to form a hydrophobic envelope around the
polar interior as found for the Li� complex of [Val8-Ala9]-
AA[2a] , in order for the complex to be compatible with the
membrane environments. In fact, the crystal structure of the
only inactive metal complex (Li�-perhydroAA),[2b] in which
Phe residues are replaced with Cha (cyclohexylalanyl)
residues, shows the Cha side chains extended away from the
backbone.


Conclusion


The conformational behavior of the calcium-complexed
cyclodecapeptide cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2 (cDE-
CA), a biologically active synthetic analogue of CLA with
similar CD50 values, has been investigated by NMR spectro-
scopy and distance ± geometry calculations. We have also
analyzed the free and calcium-complexed forms of three new


Table 8. Torsional angles [8] of cyclo[Pro-Phe-Phe-Ala-Glu(OtBu)]2 as
obtained from X-ray structure analysis.


Residue f y w c1,1


Pro1 ÿ 58 127 172
Phe2 65 18 179 ÿ 51
Phe3 ÿ 156 123 180 ÿ 169
Ala4 ÿ 133 138 ÿ 179
Glu(OtBu)5 ÿ 149 176 ÿ 175 65
Pro6 ÿ 61 ÿ 32 ÿ 172
Phe7 ÿ 94 ÿ 15 ÿ 178 ÿ 77
Phe8 ÿ 166 162 170 58
Ala9 ÿ 128 143 176
Glu(OtBu)10 ÿ 147 177 ÿ 179 69
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analogues of cDECA, in which the Glu(OtBu) residue is
replaced by Lys(ClZ), Leu, and Ala residues, respectively.
These analogues, with the exception of the Ala-containing
peptide, have higher CD50 values similar to that of cDECA.


The cDECA is characterized by different conformational
behavior in its free and complexed forms in solution. In
particular, the structure of the complexed peptide presents
two cis peptide bonds, while the free peptide shows all-trans
peptide bonds. Both the solid-state and solution structures of
ion-free cDECA show two C10 ring structures involving
residues Glu(OtBu)10 ± Phe3 and Glu(OtBu)5 ± Phe8 intercon-
nected by two nearly extended strands.[23] This structure is
topologically similar to that of gramicidin-S[30] but differs from
those of antamanide and related analogues, both in their
free[31] and metal-complexed forms.[2, 3, 16]


Notably, all decapeptides examined here are conforma-
tionally homogeneous in solution and show common struc-
tural features in their free and complexed forms. All cyclo-
decapeptides, with the exception of cyclo[Pro-Phe-Phe-Ala-
Ala]2, exhibit CD50 values close to that of the parent natural
compound CLA. Considering the chemical composition of
these peptides it appears evident that the overall hydrophobic
character of the molecules plays a role in their activity. In fact,
the long and hydrophobic side chains enhance bioactivity, as
the corresponding CD50 values clearly show.


From these results, it seems possible to infer that metal ions
are able to modulate the conformation of this class of
compounds. Moreover, these data further support the hy-
pothesis that the biological activity of this class of peptides (as
competitive inhibitors of cholate uptake) is related to their
ability to adopt a global shape characterized by a clear
separation of hydrophobic and hydrophilic surfaces upon
metal-ion complexation.


Experimental Section


Synthesis : The protected linear pentapeptides Boc-Lys(ClZ)-Pro-Phe-Phe-
Ala-OtBu, Boc-Leu-Pro-Phe-Phe-Ala-OtBu, and Boc-Ala-Pro-Phe-Phe-
Ala-OtBu (Boc� tert-butyloxycarbonyl) were prepared in solution by
adopting the mixed anhydride coupling method. The removal of Boc and
OtBu groups was achieved by treatment of the protected pentapeptides
(1 mmol) with trifluoroacetic acid (TFA; 20 mL) for 1 h at room temper-
ature under stirring. The solvent was evaporated in vacuo and the residue
thoroughly treated with diethyl ether.


Cyclization reaction, general procedure : The deprotected linear pentapep-
tide trifluoroacetates (1 mmol) were dissolved in a mixture of DMF
(120 mL) and THF (100 mL) and treated with isobutylchloroformate
(136 mg, 1 mmol) at ÿ10 8C under stirring. After 10 min stirring at ÿ10 8C
a precooled solution of N-methylmorpholine (0.22 mL) in DMF (450 mL)
and THF (250 mL) was added, and the reaction mixture stirred for 1 h at
0 8C and then overnight at room temperature. The organic solvent was
evaporated under reduced pressure and the residue was taken up in CH2Cl2


(100 mL). It was then washed with saturated NaHCO3, KHSO4 (0.5m), and
water, dried over Na2SO4, and evaporated. The residues obtained were
chromatographed on a silica gel column (100� 25 cm) in CHCl3 ± CH3OH
(95:5 v/v) as eluant. The fractions containing the cyclic compounds were
collected and the products further purified by preparative HPLC using a
C18 reverse-phase column (2.2� 25 cm) eluted by linear gardient H2O 0.1%
TFA and CH3CN 0.1% TFA.


From linear precursor NH2-Lys(ClZ)-Pro-Phe-Phe-Ala-OH both mono-
meric cyclopentapeptide and dimeric cyclodecapeptide were obtained in
3.0% and 20 % yield, respectively. Rf� 0.40 in CHCl3 ± CH3OH (95:5 v/v);
FAB-MS: m/z 579 for cyclo[Pro-Phe-Phe-Ala- Lys(ClZ)]. Rf� 0.45 in


CHCl3 ± CH3OH (95:5 v/v); FAB-MS: m/z 1518 as expected for cyclo[Pro-
Phe-Phe-Ala-Lys(ClZ)]2 (peptide 2).


From linear precursors NH2-Leu-Pro-Phe-Phe-Ala-OH and NH2-Ala-Pro-
Phe-Phe-Ala-OH only the corresponding dimeric cyclopeptides were
obtained in 12 % and 20 % yields respectively.


For cyclo[Pro-Phe-Phe-Ala-Leu]2 (peptide 3) Rf� 0.35 in CHCl3 ± CH3OH
(95:5 v/v); FAB-MS: m/z 1150.


For cyclo[Pro-Phe-Phe-Ala-Ala]2 (peptide 4) Rf� 0.28 in CHCl3 ± -CH3OH
(95:5 v/v); FAB-MS: m/z 1066.


The amino acid analysis was satisfactory, the use of chiral stationary phases
for determination of the optical purity of the amino acids showed the
absence of racemization during the peptide synthesis.


NMR measurements : All samples were prepared by dissolving the
appropriate amount of peptide in deuterated acetonitrile (99.98 % Carlo
Erba, Milano Italy) up to a final concentration of 2mm. For ion complex-
ation, the peptides were titrated with hexahydrate sodium and calcium
perchlorate (Carlo Erba Milano Italy). Acetonitrile was used because of
the high solubility of the peptides in this solvent and in order to compare
our results with literature data for similar compounds.


NMR spectra were recorded on a Bruker AMX-500 spectrometer in the
245 ± 300 K range. All chemical shifts, in parts per million (ppm), are
referred to the methyl resonance of acetonitrile (d� 2.0 ppm for 1H
spectra; d� 1.5 ppm for 13C spectra). One-dimensional (1D) NMR spectra
were typically acquired using 32 ± 48 scans with 32,768 data size. Pulse
programs of the standard Bruker software library were used for the two-
dimentional (2D) experiments. All 2D spectra were acquired in the phase-
sensitive mode, with quadrature detection in both dimensions, by use of the
time proportional phase increment (TPPI).[32] Typically 256 experiments of
48 scans each were performed: relaxation delay, 1 s; size: 2048; 6024 Hz
spectral width in F2; zero-filling to 1024 in F1; squared cosine or Gaussian
multiplication were used in both dimensions before the Fourier trans-
formation. Mixing times of 70 and 150 ms were used for TOCSY[24] and
ROESY,[26] respectively. NOESY[27] experiments were run at mixing times
from 150 to 350 ms. Nuclear Overhauser effects (NOEs) of potential
diagnostic value were measured at 200 and 350 ms. Interatomic distances
were calculated by the method of Esposito and Pastore,[33] using the
distance between the two b protons of Phe2 (1.80 �) for calibration.
Temperature coefficients of the amide protons were measured in the 280 ±
310 K range.


Distance ± geometry calculations : The distance ± geometry calculations
were carried out by a modified version of the DGII program[34, 35] according
to published procedures.[36±39] Experimentally determined distances (calcu-
lated using the isolated two-spin approximation) that were more restrictive
than the geometric distance bounds (holonomic restraints)[36] were merged
to create a distance matrix. Distances between the upper and lower bounds,
which also satisfy the triangular inequality law, were then chosen randomly
using the random metrization procedure.[37] The structures were first
embedded in four dimensions and then partially minimized using conjugate
gradients followed by distance and angle driven dynamics (DADD).[40, 41]


The DADD simulation was carried out at 1000 K for 50 ps and then there
was a gradual reduction in temperature over the next 30 ps. The DADD
procedure utilizes the holonomic and experimental distance constraints
plus a chiral penalty function for the generation of the violation ªenergyº
and forces. A distance matrix was then calculated from each structure and
the EMBED algorithm[35] used to calculate coordinates in three dimen-
sions. The optimization and DADD procedure were then repeated. The
metrization and refinement of 100 structures required approximately 12 h
of cpu time using a single processor on a SGI Indigo2 (R4400) at 180 MHz.
Interactive modeling was performed using the Insight II program from
Molecular Simulations, Inc.
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Acid-Labile Protecting Groups for the Synthesis of Lipidated Peptides


Dieter Kadereit,[a, b] Patrick Deck,[a] Ines Heinemann,[a] and Herbert Waldmann*[a]


Abstract: Lipidated peptides and their
neolipoprotein derivatives are efficient
tools for the investigation of biological
processes in molecular detail. These
compounds are often acid- and base-
labile, and their synthesis requires the
use of a combination of blocking groups
that can be removed under very mild
conditions. In this article we demon-
strate that the Boc urethane and differ-
ent trityl-type protecting groups can be


cleaved selectively under acidic condi-
tions that are mild enough to be com-
patible with the demands of lipopeptide
synthesis. Thus, the Boc group was
cleaved with TMS triflate in the pres-
ence of lutidine, and the methyltrityl


(Mtt) and the methoxytrityl (Mmt)
group were removed with 1 % TFA in
dichloromethane in the presence of
triethylsilane as cation scavenger. Re-
moval of the phenylfluorenyl group was
achieved with up to 3 % TFA in di-
chloromethane in the presence of trie-
thylsilane at 0 8C. These protecting-
group techniques were successfully ap-
plied in the synthesis of differently
lipidated H-Ras peptides.


Keywords: lipids ´ lipoproteins ´
peptides ´ protecting groups ´ Ras
proteins


Introduction


Lipidated proteins embodying palmitic acid thioesters and
farnesyl or geranylgeranyl thioethers play important roles in
the transduction of extracellular signals across the cell
membrane and in numerous intracellular processes like
vesicle formation and targeting.[1, 2] Synthetic lipidated pro-
teins carrying different lipid modifications may be employed
as invaluable tools for the study of such biological processes in
molecular detail. For example, we recently described the
synthesis of lipidated Ras proteins based on the combination
of the techniques of molecular biology and organic synthesis,
that is, the bacterial expression of a truncated non-lipidated
Ras protein and its coupling with different lipidated peptides
via a maleimido linker.[2] Biophysical and cell-biological
investigation of these neolipoproteins then gave insight into
the mechanisms by which Ras proteins are specifically
targeted to the plasma membrane, a process which is crucial
to signalling via Ras. The availability of efficient methods for


the synthesis of lipidated peptides is paramount to the success
of this method. These peptide conjugates are both base-labile
(if they embody palmitic acid thioesters) and acid-sensitive (if
they embody prenyl groups, i.e. farnesyl- or geranylgeranyl
thioethers) ruling out the use of many established protecting
groups. While the introduction of enzyme- and noble-metal-
sensitive protecting groups[3] provided efficient solutions to
this synthetic problem additional degrees of freedom are
urgently required if longer peptides and peptides incorporat-
ing amino acids with reactive side-chain functionalities like
NH2 and SH groups have to be constructed.[4] This problem is
particularly apparent in the case of our target compound, the
maleimido-modified H-Ras C-terminus 1 a (Scheme 1). Apart
from the maleimido moiety, the structure carries an acid-
labile farnesyl thioether, a base-labile thioester and a
nucleophilic NH2 side chain that requires protection during
peptide synthesis or is susceptible to an undesired S!N acyl
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Scheme 1. Differently modified target peptides corresponding to the
H-Ras C-terminus for the synthesis of protein ± peptide conjugates.
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shift. Therefore, for the NH2 functionality a protecting group
was required that is compatible with the demands of lipo-
peptide synthesis. The obvious Pd0-catalyzed removal of allyl-
type protecting groups, which is one of the most powerful
methods for lipopeptide synthesis, cannot be employed in the
presence of maleimido groups since under the conditions
required for the removal of this blocking group undesired side
reactions occur, in particular attack of the alkyl-accepting
nucleophile and/or the phosphine ligands on the a,b-unsatu-
rated double bond.


The very pronounced base lability of the palmitic acid
thioesters (hydrolysis occurs at pH> 7) excludes the use of
base-labile protection groups, an assumption that was easily
confirmed by some preliminary experiments. Deprotection by
oxidation or reduction was considered to be equally problem-
atic owing to the presence of the thioether and the double
bonds of the prenyl groups. However, initial orientating
experiments revealed that the prenyl thioethers tolerated very
low concentrations of acids like TFA. Since the palmitic acid
thioesters are stable to acid treatment we investigated the use
of different acid-sensitive protecting groups in lipopeptide
synthesis. In this paper we report that the Boc urethane and
different trityl-type blocking groups can be employed suc-
cessfully for the synthesis of multifunctional lipopeptides. We
demonstrate their use in the construction of maleimido-
modified H-Ras peptides and the coupling of these peptide
conjugates to a truncated H-Ras protein.


Results and Discussion


From the numerous acid-labile protecting groups available for
the one approach, we chose the Boc group since it is one of the
standard urethanes widely employed in peptide chemistry for
which numerous deprotection conditions are available. For
the other approach, trityl-type groups removable under mild
conditions were investigated as possible alternatives for side-
chain protection, since for this purpose urethane protecting
groups are not necessary and since the lability of the trityl core
can be fine-tuned by introducing appropriate substituents into
the aromatic ring systems.


Initial experiments evaluating the suitability of these
protecting groups were carried out with model dipeptides of
the type Fmoc-Lys(Xxx)-Cys(Far)-OMe, which were synthe-
sized from an appropriately protected amino acid derivative
and S-farnesylated cysteine methyl ester.[5]


From the numerous different procedures for Boc cleavage,
treatment with SnCl4 in dichloromethane[6] and amine-buf-
fered trimethylsilyl trifluoromethanesulfonate (TMSOTf)[7]


were chosen as promising methods. Both had previously been
successfully used in the presence of acid-labile functionalities.
The former method was used for Boc deprotection in the
presence of thioamides,[6] while the latter represents a
procedure to remove tert-butyloxycarbonyl urethanes in the
presence of tert-butyl esters or the acid-labile Rink linker.[8]


Additionally, this technique offers the advantage that the
reactivity can be adjusted by the choice and the relative
amount of amine base.


Treatment of dipeptide 4 as test substrate with SnCl4 led to
rapid cleavage of the Boc group as well as to side reactions in
the farnesyl moiety, which were clearly evident as judged by
NMR. In contrast, application of a TMSOTf/lutidine mixture
removed the Boc group cleanly without side reactions
(Scheme 2). Furthermore, a wide range of amines could be
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Scheme 2. Cleavage of a Boc group in the presence of a farnesyl moiety.
EEDQ: 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline.


used including volatile amines like EtMe2N. Evaporation of
the excess amine and solvent after completion of the reaction
avoids an aqueous workup step, which can be a tedious pro-
cedure when multiply lipid-modified peptides are involved.


As an alternative for lysine side-chain protection, the
4-methyltrityl group[9] (Mtt) was investigated. This group can
be removed by treatment with a mixture of acetic acid,
trifluoroethanol, and CH2Cl2 (1:2:7) or a solution of 1 % TFA
in CH2Cl2.[9] Application of the latter protocol resulted in
cleavage of the Mtt group in dipeptide 7. However, as we were
concerned about concentrating the TFA during solvent
removal, an excess of EtMe2N was added prior to distillation.
After neutralization partial retritylation occurred, indicating
that the addition of a cation scavenger is necessary. Sub-
sequently, treatment of dipeptide 7 with the TFA solution in
the presence of EtSiH3 gave 5 in excellent yield (Scheme 3).
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Scheme 3. Removal of the methyltrityl group in the presence of a farnesyl
moiety.


Motivated by this success, we investigated the limitations of
TFA-mediated removal of protecting groups in the presence
of acid-labile prenyl groups. Test reactions demonstrated that
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peptides incorporating the farnesyl group can be treated with
up to 5 vol% of TFA in CH2Cl2 for one hour without side
reactions. This was demonstrated by the removal of the
phenylfluorenyl group (PhFl) from 9 (Scheme 4). The PhFl
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PhFl-Glu(OMe)-Cys(Far)-OMe


3 % TFA/DCM, Et3SiH, 0 °C
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EDC:


Scheme 4. Removal of the phenylfluorenyl group in the presence of a
farnesyl moiety. EDC: 1-ethyl-3(dimethylamino)propylcarbodiimide hy-
drochloride, HOBt: 1-hydroxybenzotriazole.


group is 6000 times more stable towards hydrolysis than the
parent trityl group.[10] Nevertheless, it can be cleaved under
mild conditions. Upon treatment of PhFl-protected glutamyl
peptide 9 with 3 % TFA in methylene chloride in the presence
of Et3SiH as cation scavenger, dipeptide 10 was isolated in
95 % yield.


Trityl-type protecting groups with comparable acid lability
are known for other functionalities as well. For instance, the S-
methoxytrityl group (Mmt) represents the equivalent thiol
group protection, and can be removed by treatment with 1 %
TFA in dichloromethane. This was demonstrated for dipep-
tide 12 as a test substrate. The free thiol 13 was isolated in
quantitative yield under similar conditions to those used for
N-Mtt removal (Scheme 5).


Fmoc-Cys(Mmt)-Cys(Far)-OMeFmoc-Cys(Mmt)-OH


H
N CO2Me


S


N
H


Fmoc


O


HS


H-Cys(Far)-OMe


OMe


quant.
Mmt:


13


11 3


+


12


1% TFA/CH2Cl2,                  
Et3SiH


EDC/HOBt


89 %


Scheme 5. Removal of the S-methoxytrityl group (Mmt) in the presence of
a farnesyl moiety.


Having established two different types of acid-labile protect-
ing groups, namely the Boc urethane and a trityl-type blocking
function, for the synthesis of prenylated peptides, we tested
the Boc and Mtt groups in the synthesis of the palmitoylated,
farnesylated, and maleimido-modified target peptide 1 a. For
this purpose a block condensation strategy was chosen
because it readily gives access to differently protected
pentapeptides and differently lipidated analogues thereof.


To start with, the allyloxycarbonyl (Aloc) group in the
palmitoylated tripeptide 14 a[11] was replaced by the maleimi-
do linker group in a two-step procedure. Subsequent acid-
mediated removal of the tert-butyl ester gave fully modified
building block 15 a (Scheme 6). The other building blocks, 16
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MIC-Met-Ser-Cys(Pal)-Lys(PG)-Cys(Far)-OMe


MIC-Met-Ser-Cys-Lys-Cys-OMe
S


O


S


1. [Pd(PPh3)4], DMB
2. MIC-OH, EEDQ
3. TFA


60 %
14a 15a


PG=Boc: 4
PG=Mtt:  7


PG=Boc: 16
PG=Mtt:  17


Et2NH
CH2Cl2


15a, EEDQ


PG=Boc: 18a
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in prenyl group
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Scheme 6. Application of Boc and Mtt protecting-group strategies in the
synthesis of 1a. DMB: N,N'-dimethyl barbituric acid.


and 17, were accessible by careful removal of the Fmoc group
from Boc- and Mtt-protected dipeptides 4 and 7, respectively.
Dipeptides of this type carry the intrinsic risk of diketopiper-
azine formation by nucleophilic attack of the unmasked lysine
a-amino group on the cysteine methyl ester, thereby render-
ing isolation of the dipeptides 16 and 17 problematic. This side
reaction was not observed during Fmoc removal. However,
after subsequent block condensation the diketopiperazines
were isolated as the major by-products.


As the final step, the protecting groups on the lysine side
chain in pentapeptides 18 a and 19 a had to be removed. In the
case of the Boc group the conditions that were successfully
applied for deprotection of dipeptide 4 permitted undesired
side reactions in the prenyl group. Variation of this procedure
did not result in an improvement. However, to our delight,
treatment of Mtt-protected pentapeptide 19 a with 1 % TFA
in dichloromethane and Et3SiH gave target peptide 1 a in 96 %
isolated yield (Scheme 6). No undesired side reactions were
observed at all.


This result prompted us to select the Mtt protecting group
for the synthesis of the differently lipid-modified analogous
target peptides 1 b and 1 c. These analogues were synthesized
by means of the strategy developed for palmitoylated peptide
1 a. The required tripeptide building blocks were synthesized
by condensation of dipeptide 20, which is accessible by N-hydr-
oxysuccinimide(HOSu)-mediated coupling of Fmoc-Met-OH
with serine,[12] with the already modified cysteine tert-butyl ester
21 b or 21 c. Fmoc removal, condensation with maleimidocap-
roic acid, and subsequent treatment with TFA delivered the
tripeptide building blocks 15 b and 15 c (Scheme 7).
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R=Hd:    26 %
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Scheme 7. Synthesis of the analogous peptides 1 b and 1 c by the Mtt
strategy.


In the case of both tripeptides 15 b and 15 c the subsequent
block condensation with dipeptide 17 gave the desired
pentapeptides in only low yield. It proved difficult to improve
this result as significant amounts of diketopiperazine were
formed as a side product during the condensation reaction,
and the separation of diketopiperazine and pentapeptide was
problematic. The final deprotection reaction under the
conditions described above once more proceeded smoothly
and without any undesired side reactions. The target peptides
1 b and 1 c were isolated in 97 % and in 76 % yield,
respectively.


Conclusion


Acid-labile protecting groups can be cleaved in the presence
of acid-sensitive prenyl groups under mild conditions. In
particular, trityl-based groups, namely the N-methyltrityl
(Mtt), the N-phenylfluorenyl (PhFl), and the S-methoxytrityl
(Mmt) group, may be applied advantageously in the synthesis
of lipidated H-Ras peptides.


Experimental Section


General : 1H and 13C NMR spectra were recorded on Bruker AC-250,
Bruker AM-400, and Bruker DRX-500 spectrometers and were based on
tetramethylsilane (TMS) as internal standard. EI-MS and FAB-MS were
recorded on a Finnigan MAT 90 mass spectrometer with 3-nitrobenzyl
alcohol (3-NBA) as a matrix for FAB-MS. Combustion analysis was carried
out with a Heraeus CHN-Rapid analyser. Flash chromatography was
executed on columns packed with Baker silica gel (30 ± 60 mm). TLC was
performed on Kieselgel 60F254 aluminum sheets (Merck Darmstadt,
Germany). All reagents were obtained from Fluka, Aldrich, Sigma, or
Novabiochem. All solvents were dried and distilled by standard proce-
dures.


N(a)-Fluorenylmethoxycarbonyl-N(e)-tert-butyloxycarbonyl-(l)-lysyl-S-far-
nesyl-(l)-cysteine methyl ester (Fmoc-Lys(Boc)-Cys(Far)-OMe) (4):
1-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ; 227 mg,
0.917 mmol) was added to a solution of Fmoc-Lys(Boc)-OH (2 ; 331 mg,
0.705 mmol) and H-Cys(Far)-OMe[5] (3 ; 239 mg, 0.705 mmol) in dichloro-
methane (10 mL). After 16 h the solvent was evaporated in vacuo and the


residue was dissolved in ethyl acetate (50 mL). The solution was extracted
twice with 0.5n hydrochloric acid (50 mL) and saturated NaHCO3 solution
(50 mL), dried over MgSO4, and filtered. The solvent was evaporated in
vacuo and the product was isolated by flash chromatography (hexane/ethyl
acetate 2:1) to yield 4 (425 mg, 0.538 mmol, 76%) as a colorless solid. M.p.
57 8C; [a]20


D �ÿ8.9 (c� 1.0, CHCl3); 1H NMR (CDCl3, 500 MHz, TMS):
d� 7.76 (d, J� 7.5 Hz, 2H, Fmoc-CH), 7.60 (d, J� 7.0 Hz, 2 H, Fmoc-CH),
7.40 (t, J� 7.4 Hz, 2 H, Fmoc-CH), 7.31 (t, J� 7.4 Hz, 2H, Fmoc-CH), 6.71
(b, 1H, NH), 5.50 (b, 1H, NH), 5.15 ± 5.19 (m, 1H, CH�C Far), 5.04 ± 5.12
(m, 2H, CH�C Far), 4.72 ± 4.79 (m, 1H, a-CH Cys), 4.66 (b, 1H, NH),
4.38 ± 4.45 (m, 2 H, Fmoc-CH2), 4.20 ± 4.26 (m, 2 H, a-CH Lys, Fmoc-CH),
3.74 (s, 3H, COOCH3), 3.06 ± 3.20 (m, 4 H, CH2 Far, e-CH2 Lys), 2.95 (dd,
J� 13.9 Hz, J� 4.8 Hz, 1 H, b-CH2a Cys), 2.85 (dd, J� 13.9 Hz, J� 6.3 Hz,
1H, b-CH2b Cys), 1.93 ± 2.10 (m, 8 H, CH2 Far), 1.80 ± 1.92 (m, 1 H, CH2a


Lys), 1.38 ± 1.74 (m, 5 H, CH2 Lys), 1.68 (s, 3 H, CH3 Far), 1.62 (s, 6H, CH3


Far), 1.60 (s, 3H, CH3 Far), 1.43 (s, 9H, CH3 Boc); 13C NMR (CDCl3,
100 MHz, TMS): d� 171.7 (C�O), 171.1 (C�O), 156.2 (C�O), 143.9 (quart,
Fmoc), 143.7 (quart, Fmoc), 141.3 (quart, Fmoc), 140.1 (quart, Far), 135.3
(quart, Far), 131.3 (quart, Far), 127.7 (Fmoc-CH), 127.1 (Fmoc-CH), 125.1
(Fmoc-CH), 124.3 (Far-CH), 123.7 (Far-CH), 120.0 (Fmoc-CH), 119.4 (Far-
CH), 79.1 (quart, Boc), 67.1 (Fmoc-CH2), 54.6 (a-CH), 52.6 (COOCH3),
51.8 (a-CH), 47.1 (Fmoc-CH), 39.9 (CH2), 39.7 (CH2), 39.6 (CH2), 33.1
(CH2), 32.2 (CH2), 29.8 (CH2), 29.6 (CH2), 28.4 (Boc-CH3), 26.7 (CH2), 26.4
(CH2), 25.7 (Far-CH3), 22.3 (CH2), 17.7 (Far-CH3), 16.1 (Far-CH3), 16.0
(Far-CH3); MS (FAB, 3-NBA): m/z : 790.4 [M�H]� , 690.4 [MÿBoc�H]� .


N(a)-Fluorenylmethoxycarbonyl-N(e)-(4-tolyldiphenylmethyl)-(l)-lysyl-S-
farnesyl-(l)-cysteine methyl ester (Fmoc-Lys(Mtt)-Cys(Far)-OMe) (7):
EEDQ (142 mg, 0.575 mmol) was added to a solution of Fmoc-Lys(Mtt)-
OH[9] (6 ; 276 mg, 0.442 mmol) and H-Cys(Far)-OMe[5] (3 ; 150 mg,
0.442 mmol) in dichloromethane (5 mL). After 20 hours the solvent was
evaporated in vacuo and the residue was dissolved in ethyl acetate (30 mL).
The solution was extracted twice with 0.5n hydrochloric acid (20 mL) and
saturated NaHCO3 solution (20 mL), dried over MgSO4, and filtered. The
solvent was evaporated in vacuo and the product was isolated by flash
chromatography (hexane/ethyl acetate 3:1) to yield 6 (312 mg, 0.330 mmol,
75%) as a colorless oil. [a]20


D �ÿ10.1 (c� 1.0, CHCl3); 1H NMR (CDCl3,
500 MHz, TMS): d� 7.74 (d, J� 7.1 Hz, 2H, Fmoc-CH), 7.57 (d, J� 7.9 Hz,
2H, Fmoc-CH), 7.45 (d, J� 7.6 Hz, 4H, Mtt-CH), 7.23 ± 7.38 (m, 10H,
Fmoc-CH, Mtt-CH), 7.15 (t, J� 7.3 Hz, 2 H, Mtt-CH), 7.06 (d, J� 8.1 Hz,
2H, Mtt-CH), 6.59 (b, 1H, NH), 5.29 (d, J� 7.7 Hz, 1 H, NH), 5.14 ± 5.17
(m, 1 H, CH�C Far), 5.05 ± 5.10 (t, J� 7.7 Hz, 2H, CH�C Far), 4.72 ± 4.79
(m, 1 H, a-CH Cys), 4.37 ± 4.43 (m, 2 H, Fmoc-CH2), 4.16 ± 4.22 (m, 2H, a-
CH Lys, Fmoc-CH), 3.69 (s, 3H, COOCH3), 3.15 (dd, J� 13.1 Hz, J�
8.2 Hz, 1H; CH2a Far), 3.06 (dd, J� 13.2 Hz, J� 7.4 Hz, 1 H, CH2b Far),
2.93 (dd, J� 13.9 Hz, J� 4.8 Hz, 1H, b-CH2a Cys), 2.85 (dd, J� 13.9 Hz,
J� 5.0 Hz, 1 H, b-CH2b Cys), 2.29 (s, 3H, Mtt-CH3), 1.93 ± 2.12 (m, 10H,
CH2 Far, e-CH2 Lys), 1.78 ± 1.88 (m, 1H, CH2a Lys), 1.45 ± 1.74 (m, 3 H, CH2


Lys), 1.67 (s, 3 H, CH3 Far), 1.62 (s, 3 H, CH3 Far), 1.59 (s, 3 H, CH3 Far), 1.58
(s, 3H, CH3 Far), 1.41 ± 1.49 (m, 2H, CH2 Lys); 13C NMR (CDCl3, 125 MHz,
TMS): d� 171.6 (C�O), 171.0 (C�O), 156.0 (C�O), 146.4 (quart, Mtt),
143.9 (quart, Fmoc), 143.7 (quart, Fmoc), 143.3 (quart, Mtt), 141.3 (quart,
Fmoc), 140.1 (quart, Far), 135.3 (quart, Far), 135.4 (quart, Mtt), 131.3
(quart, Far), 128.6 (Mtt, CH), 128.6 (Mtt, CH), 128.5 (Mtt, CH), 127.7
(Fmoc-CH), 127.1 (Fmoc-CH), 126.1 (Mtt, CH), 125.1 (Fmoc-CH), 124.3
(Far-CH), 123.7 (Far-CH), 120.0 (Fmoc-CH), 119.5 (Far-CH), 70.6 (quart,
Mtt), 67.1 (Fmoc-CH2), 54.8 (a-CH), 52.6 (COOCH3), 51.7 (a-CH), 47.2
(Fmoc-CH), 43.4 (CH2), 39.7 (CH2), 39.6 (CH2), 33.1 (CH2), 32.9 (CH2),
30.7 (CH2), 29.9 (CH2), 29.7 (CH2), 26.4 (CH2), 25.7 (Far-CH3), 23.2 (CH2),
20.9 (Mtt-CH3), 17.7 (Far-CH3), 16.1 (Far-CH3), 16.0 (Far-CH3); MS (FAB,
3-NBA): m/z : 945.4 [M�H]� , 868.4 [MÿC6H5]� , 854.4 [MÿC6H4CH3]� ,
257.1 [Mtt]� .


N(a)-Fluorenylmethoxycarbonyl-(l)-lysyl-S-farnesyl-(l)-cysteine methyl
ester (Fmoc-Lys-Cys(Far)-OMe) (5): By Boc deprotection : TMSOTf
(12.0 mL, 66.5 mmol) was added to a solution of Fmoc-Lys(Boc)-Cys(Far)-
OMe (4 ; 10.5 mg, 13.3 mmol) and 2,6-lutidine (15.4 mL, 133 mmol) in dry
dichloromethane (0.7 mL). After one hour, dichloromethane (20 mL) was
added, the solution was extracted twice with 0.5n hydrochloric acid
(20 mL) and saturated NaHCO3 solution (20 mL), dried over MgSO4, and
filtered. The solvent was evaporated in vacuo and the product was isolated
by flash chromatography to yield 5 (6.9 mg, 9.98 mmol, 75 %) as a colorless
solid.
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By Mtt removal : Et3SiH (14.1 mL, 88.8 mmol) was added to a solution of
Fmoc-Lys(Mtt)-Cys(Far)-OMe (7; 8.4 mg, 8.88 mmol) in a 1% solution of
TFA in dichloromethane (0.7 mL). Within five minutes the mixture
changed from yellow to colorless. After 60 minutes a solution of 1%
EtMe2N in dichloromethane (0.8 mL) was added, the solvent was
evaporated in vacuo, and the product was isolated by flash chromatography
(CHCl3/MeOH 8:1) to yield 5 (5.8 mg, 8.41 mmol, 95%) as a colorless solid.
M.p. 57 8C; [a]20


D �ÿ4.3 (c� 0.3, CHCl3); 1H NMR (CDCl3/CD3OD 6:1,
500 MHz, TMS): d� 7.77 (d, J� 7.5 Hz, 2 H, Fmoc-CH), 7.60 ± 7.64 (m, 2H,
Fmoc-CH), 7.40 (t, J� 7.4 Hz, 2H, Fmoc-CH), 7.30 ± 7.6 (m, 2 H, Fmoc-
CH), 5.19 (t, J� 7.5 Hz, 1H, CH�C Far), 5.08 (t, J� 6.9 Hz, 2H, CH�C
Far), 4.67 (dd, J� 7.5 Hz, J� 5.0 Hz, 1H, a-CH Cys), 4.37 ± 4.44 (m, 2H,
Fmoc-CH2), 4.23 (t, J� 6.8 Hz, 2 H, a-CH Lys, Fmoc-CH), 3.75 (s, 3H,
COOCH3), 3.20 (dd, J� 12.9 Hz, J� 8.4 Hz, 1 H, CH2a Far), 3.10 (dd, J�
12.7 Hz, J� 7.3 Hz, 1H, CH2b Far), 2.90 ± 2.97 (m, 3H, b-CH2a Cys, e-CH2


Lys), 2.81 (dd, J� 13.9 Hz, J� 7.6 Hz, 1H, b-CH2b Cys), 1.93 ± 2.10 (m, 10H,
CH2 Far, CH2 Lys), 1.78 ± 1.85 (m, 1H, CH2a Lys), 1.55 ± 1.74 (m, 1H, CH2b


Lys), 1.68 (s, 3 H, CH3 Far), 1.65 (s, 3 H, CH3 Far), 1.60 (s, 3 H, CH3 Far), 1.59
(s, 3 H, CH3 Far), 1.31 ± 1.42 (m, 2H, CH2 Lys); 13C NMR (CDCl3/CD3OD
6:1, 125 MHz, TMS): d� 172.5 (C�O), 171.5 (C�O), 156.8 (C�O), 144.0
(quart, Fmoc), 143.8 (quart, Fmoc), 141.4 (quart, Fmoc), 140.2 (quart, Far),
135.5 (quart, Far), 131.5 (quart, Far), 127.9 (Fmoc-CH), 127.2 (Fmoc-CH),
125.2 (Fmoc-CH), 124.4 (Far-CH), 123.8 (Far-CH), 120.0 (Fmoc-CH), 119.6
(Far-CH), 67.2 (Fmoc-CH2), 54.2 (a-CH), 52.7 (COOCH3), 52.2 (a-CH),
47.2 (Fmoc-CH), 39.8 (CH2), 39.8 (CH2), 39.3 (CH2), 32.7 (CH2), 31.9
(CH2), 29.7 (CH2), 26.8 (CH2), 26.7 (CH2), 26.6 (CH2), 25.7 (Far-CH3), 22.0
(CH2), 17.7 (Far-CH3), 16.1 (Far-CH3), 16.0 (Far-CH3); MS (FAB, 3-NBA):
m/z : 690.5 [M�H]� ; HRMS (FAB, 3-NBA) calcd for C40H55N3O5S (689.95):
690.3941; found: 690.3954.


N-[9-(9-Phenylfluorenyl)]-a-(l)-(g-methylglutamyl)-S-farnesyl-(l)-cys-
teine methyl ester (PhFl-Glu(OMe)-Cys(Far)-OMe) (9): At 0 8C, 1-ethyl-
3(dimethylamino)propylcarbodiimide hydrochloride (EDC; 173 mg,
0.884 mmol) was added to a solution of PhFl-Glu(OMe)-OH[13] (8,
300 mg, 0.736 mmol), H-Cys(Far)-OMe (3, 250 mg, 0.736 mmol) and
1-hydroxybenzotriazole (HOBt; 230 mg, 1.47 mmol) in dichloromethane
(40 mL). After 20 h the solution was extracted twice with 0.5n hydrochloric
acid (10 mL) and 10% Na2CO3 solution (10 mL), dried over Na2SO4, and
filtered. The solvent was evaporated in vacuo and the product was isolated
by flash chromatography (hexane/ethyl acetate 3:1) to yield 9 (518 mg,
0.7 mmol, 96 %) as a colorless oil. [a]20


D �ÿ8.9 (c� 1.0, CHCl3); 1H NMR
(CDCl3, 400 MHz, TMS): d� 7.69 ± 7.09 (m, 14H, NH, PhFl), 5.19 (m, 1H,
CH�C Far), 5.10 (m, 2 H, CH�C Far), 4.48 (m, 1H, a-CH Cys), 3.75 (s, 3H,
OCH3 Cys), 3.59 (s, 3H, OCH3 Glu), 3.09 (m, 3 H, CH2 Far, NH), 2.75 (dd,
J� 14 Hz, J� 5 Hz, 1 H, b-CH2a Cys), 2.68 (dd, J� 14 Hz, J� 5 Hz, 1H, b-
CH2b Cys), 2.48 (m, 1H, a-CH Glu), 2.40 ± 2.25 (m, 2H, g-CH2 Glu), 2.13 ±
1.96 (m, 8H, CH2 Far), 1.75 (m, 2H, b-CH2 Glu), 1.68 (s, 3 H, CH3 Far), 1.66
(s, 3H, CH3 Far), 1.60 (s, 6 H, CH3 Far); 13C NMR (CDCl3, 100 MHz, TMS):
d� 174.4 (C�O), 171.7 (C�O), 141.1 (quart, PhFl), 140.8 (quart, PhFl),
140.4 (quart, Far), 135.8 (quart, Far), 131.7 (quart, Far), 128.9 (quart, PhFl),
128.4 (CH PhFl), 127.8 (CH PhFl), 127.7 (CH PhFl), 126.9 (CH PhFl), 125.3
(CH PhFl), 124.7 (CH Far), 124.1 (CH Far), 120.4 (CH PhFl), 120.3 (CH
PhFl), 119.9 (CH Far), 73.4 (quart, PhFl), 56.6 (a-CH), 52.9 (OCH3), 52.0
(OCH3), 51.6 (a-CH), 40.1 (CH2), 34.1 (CH2), 30.6 (CH2), 30.3 (CH2), 30.1
(CH2), 27.1 (CH2), 26.8 (CH2), 26.1 (CH2), 18.1 (CH3 Far), 16.5 (CH3 Far),
16.4 (CH3 Far); MS (FAB, 3-NBA): m/z calcd for C44H54N2O5S: 722.9760;
found: 722.9719.


a-(l)-(g-Methylglutamyl)-S-farnesyl-(l)-cysteine methyl ester (H-Glu-
(OMe)-Cys(Far)-OMe) (10): At 0 8C, Et3SiH (440 mL, 2.77 mmol) was
added to a solution of 9 (200 mg, 0.277 mmol) in a 3% solution of TFA in
dichloromethane. Within five minutes the mixture turned from yellow to
colorless. After 3 h at 0 8C Et2MeN (1 mL) was added, the solvent was
evaporated in vacuo, and the product was isolated by flash chromatography
(CHCl3/MeOH 30:1) to yield 10 (127 mg, 0.263 mmol, 95%) as a yellowish
oil. [a]20


D �ÿ12.7 (c� 1.0, CHCl3); 1H NMR (CDCl3, 400 MHz, TMS): d�
5.21 (m, 1H, CH�C Far), 5.09 (m, 2H, CH�C Far), 4.75 (m, 1 H, a-CH Cys),
3.76 (s, 3H, OCH3 Cys), 3.68 (s, 3H, OCH3 Glu), 3.48 (m, 1H, NH), 3.24 ±
3.11 (m, 3 H, CH2 Far, a-CH Glu), 2.95 (dd, J� 14 Hz, J� 5 Hz, 1H, b-CH2a


Cys), 2.88 (dd, J� 14 Hz, J� 5 Hz, 1 H, b-CH2b Cys), 2.53 ± 2.46 (m, 2 H, g-
CH2 Glu), 2.15 ± 1.88 (m, 10H, CH2 Far, b-CH2 Glu), 1.68 (s, 6 H, CH3 Far),
1.60 (s, 6H, CH3 Far); 13C NMR (CDCl3, 100 MHz, TMS): d� 174.2 (C�O),
171.7 (C�O), 140.4 (quart, Far), 135.8 (quart, Far), 131.7 (quart, Far), 124.7


(CH Far), 124.1 (CH Far), 119.9 (CH Far), 54.8 (a-CH), 52.9 (OCH3), 52.1
(OCH3), 51.8 (a-CH), 40.0 (CH2), 33.8 (CH2), 30.7 (CH2), 30.5 (CH2), 30.2
(CH2), 27.1 (CH2), 26.8 (CH2), 26.1 (CH2), 18.1 (CH3 Far), 16.5 (CH3 Far),
16.4 (CH3 Far); MS (FAB, 3-NBA): m/z calcd for C25H42N2O5S: 482.6775;
found: 482.6736.


N-Fluorenylmethoxycarbonyl-(S-4-methoxytrityl)-(l)-cysteyl-(S-farnesyl)-
(l)-cysteine methyl ester (Fmoc-Cys(Mmt)-Cys(Far)-OMe) (12): At 0 8C,
HOBt (48 mg, 0.35 mmol) and EDC (54 mg, 0.28 mmol) were added to a
solution of Fmoc-Cys(Mmt)-OH[14] (145 mg, 2.40 mmol) and 3 (80 mg,
2.4 mmol) in dichloromethane (20 mL). The solution was stirred at room
temperature for 15 h. Ethyl acetate was added and the solution was
extracted twice with 0.5n hydrochloric acid (15 mL) and with 0.5n
NaHCO3 solution (15 mL), and once with brine (15 mL), dried over
Na2SO4, and filtered. The solvent was evaporated in vacuo and the product
was isolated by flash chromatography (n-hexane/ethyl acetate 2:1) to yield
12 (197 mg, 89%) as a colorless oil. [a]20


D �ÿ3.2 (c� 0.5); 1H NMR
(CDCl3, 500 MHz, TMS): d� 7.74 (dd, J� 9.8 Hz, J� 7.7 Hz, 2 H, Fmoc-
CH), 7.56 (b, 2 H, Fmoc-CH), 7.42 (d, J� 7.6 Hz, 4H, Mmt-CH), 7.25 ± 7.40
(m, 10 H, Fmoc-CH, Mmt-CH), 7.20 (t, J� 7.3 Hz, 2 H, Mmt-CH), 6.80 (d,
J� 8.9 Hz, 2H, Mmt-CH), 6.61 (d, J� 7.8 Hz, 1 H, NH), 5.14 (t, J� 7.6 Hz,
1H, CH�C Far), 5.03 ± 5.09 (m, 2H, CH�C Far), 4.35 ± 4.36 (m, 2H, Fmoc-
CH2), 4.21 (t, J� 6.9 Hz, 1H, Fmoc-CH), 3.82 ± 3.86 (m, 2 H, a-CH Cys),
3.76 (s, 3 H, COOCH3), 3.69 (s, 3 H, OCH3), 3.11 (dd, J� 13.1 Hz, J�
8.2 Hz, 1H, CH2a Far), 3.05 (dd, J� 13.0 Hz, J� 7.4 Hz, 1 H, CH2b Far),
2.89 (dd, J� 13.9 Hz, J� 5.0 Hz, 1H, b-CH2a Cys), 2.80 (dd, J� 13.9 Hz,
J� 6.0 Hz, 1H, b-CH2b Cys), 2.72 (dd, J� 13.3 Hz, J� 7.7 Hz, 1 H, b-CH2a


Cys), 2.65 (dd, J� 13.3 Hz, J� 5.3 Hz, 1H, b-CH2b Cys), 1.94 ± 2.06 (m, 8H,
CH2 Far), 1.67 (s, 3H, CH3 Far), 1.62 (s, 3H, CH3 Far), 1.59 (s, 3H, CH3 Far),
1.57 (s, 3H, CH3 Far); 13C NMR (CDCl3, 125 MHz, TMS): d� 170.7 (C�O),
170.0 (C�O), 158.3 (C�O), 155.9 (quart, Mmt), 144.7 (quart, Mmt), 143.8
(quart, Fmoc), 143.7 (quart, Fmoc), 141.3 (quart, Fmoc), 140.0 (quart, Far),
136.4 (quart, Mmt), 135.3 (quart, Far), 131.3 (quart, Far), 130.8 (Mmt, CH),
129.5 (Mmt, CH), 128.1 (Mmt, CH), 127.7 (Fmoc-CH), 127.1 (Fmoc-CH),
126.9 (Mmt, CH), 125.1 (Fmoc-CH), 124.3 (Far-CH), 123.7 (Far-CH), 120.0
(Fmoc-CH), 119.5 (Far-CH), 113.4 (Mmt, CH), 67.2 (Fmoc-CH2), 66.9
(quart, Mmt), 55.2 (COOCH3), 53.9 (OCH3), 52.5 (a-CH), 52.0 (a-CH),
47.1 (Fmoc-CH), 39.7 (CH2), 39.6 (CH2), 33.8 (CH2), 33.2 (CH2), 29.9
(CH2), 26.7 (CH2), 26.4 (CH2), 25.7 (CH3), 17.7 (CH3), 16.1 (CH3), 16.0
(CH3); HRMS (FAB, 3-NBA): m/z calcd for C57H64NaN2S2O6 ([M�Na]�):
959.4139; found: 959.4104.


N-Fluorenylmethoxycarbonyl-(l)-cysteyl-(S-farnesyl)-(l)-cysteine methyl
ester (Fmoc-Cys-Cys(Far)-OMe) (13): At room temperature, 1% trifluoro-
acetic acid in dichloromethane (1.5 mL) was added to a solution of 12
(30 mg, 32 mmol) in dichloromethane (0.2 mL). Et3SiH (51 mL, 0.32 mmol)
was added to the orange solution. After 30 min toluene (4 mL) was added
and the solvents were evaporated in vacuo. The addition of toluene and
evaporation was repeated twice. The product was isolated by flash
chromatography (n-hexane/ethyl acetate 2:1) to yield 13 quantitatively as
a colorless solid. M.p. 67 ± 69 8C; [a]20


D �ÿ8.5 (c� 0.7); 1H NMR (CDCl3,
500 MHz, TMS): d� 7.77 (d, J� 7.5 Hz, 2 H, Fmoc-CH), 7.60 (d, J� 6.7 Hz,
2H, Fmoc-CH), 7.40 (t, J� 7.5 Hz, 2H, Fmoc-CH), 7.31 ± 7.34 (m, 2H,
Fmoc-CH), 6.91 (b, 1 H, NH), 5.75 (b, 1H, NH), 5.17 ± 5.20 (m, 1H, CH�C
Far), 5.07 ± 5.10 (m, 2H, CH�C Far), 4.74 ± 4.78 (m, 1 H, a-CH Cys), 4.45 ±
4.47 (m, 3H, a-CH Cys, Fmoc-CH2), 4.24 (t, J� 6.8 Hz, 1H, Fmoc-CH),
3.76 (s, 3 H, COOCH3), 3.19 (dd, J� 13.1 Hz, J� 8.2 Hz, 1H, CH2a Far),
3.06 ± 3.15 (m, 1H, b-CH2a Cys), 3.11 (dd, J� 13.1 Hz, J� 7.4 Hz, 1H, CH2b


Far), 2.99 (dd, J� 13.9 Hz, J� 4.7 Hz, 1 H, b-CH2a Cys), 2.85 (dd, J�
13.4 Hz, J� 6.3 Hz, 1 H, b-CH2b Cys), 2.69 ± 2.80 (m, 1H, b-CH2b Cys),
1.95 ± 2.11 (m, 8 H, CH2 Far), 1.68 (s, 3 H, CH3 Far), 1.65 (s, 3H, CH3 Far),
1.60 (s, 3 H, CH3 Far), 1.59 (s, 3 H, CH3 Far); 13C NMR (CDCl3, 125 MHz,
TMS): d� 170.9 (C�O), 169.5 (C�O), 155.9 (C�O), 155.9, 143.8 (quart,
Fmoc), 143.6 (quart, Fmoc), 141.4 (quart, Fmoc), 140.3 (quart, Far), 135.4
(quart, Far), 131.3 (quart, Far), 127.8 (Fmoc-CH), 127.1 (Fmoc-CH), 125.0
(Fmoc-CH), 124.3 (Far-CH), 123.7 (Far-CH), 120.1 (Fmoc-CH), 119.3 (Far-
CH), 67.3 (Fmoc-CH2), 55.9 (COOCH3), 52.8 (a-CH), 51.9 (a-CH), 47.2
(Fmoc-CH), 39.7 (CH2), 39.6 (CH2), 39.3 (CH2), 34.3 (CH2), 33.1 (CH2),
29.8 (CH2), 27.2 (CH2), 26.7 (CH2), 26.4 (CH2), 25.7 (CH3), 17.7 (CH3), 16.1
(CH3), 16.0 (CH3); HRMS (FAB, 3-NBA): m/z calcd for C37H49N2S2O5:
665.3118; found: 665.3083.


(l)-Methionyl-(l)-seryl-S-palmitoyl-(l)-cysteine tert-butyl ester (H-Met-
Ser-Cys(Pal)-OtBu): PhSiH3 (34 mL, 0.279 mmol) and [Pd(PPh3)4] (16 mg,
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0.0139 mmol) were added under an argon atmosphere to a solution of
Aloc-Met-Ser-Cys(Pal)-OtBu[11] (14a ; 100 mg, 0.139 mmol) in THF
(1 mL). After two hours the solvent was evaporated in vacuo and
H-Met-Ser-Cys(Pal)-OtBu was isolated by size-exclusion chromatography
(Sephadex LH-20, CHCl3/MeOH 1:1) as a colorless, waxy solid (50 mg,
0.0789 mmol, 57%). [a]20


D �ÿ20.9 (c� 1.0, CHCl3); 1H NMR (500 MHz,
CDCl3, TMS): d� 8.06 (d, J� 7.7 Hz, 1 H, NH), 7.27 (d, J� 7.3 Hz, 1H,
NH), 4.66 ± 4.70 (m, 1H, a-CH), 4.47 ± 4.50 (m, 1H, a-CH), 4.07 (dd, J�
11.5 Hz, J� 5.3 Hz, 1H, b-CH2a Ser), 3.60 (dd, J� 11.5 Hz, J� 4.7 Hz, 1H,
b-CH2b Ser), 3.59 (dd, J� 8.1 Hz, J� 4.7 Hz, 1 H, a-CH Met), 3.47 (dd, J�
14.1 Hz, J� 4.1 Hz, 1H, b-CH2a Cys), 3.27 (dd, J� 14.1 Hz, J� 6.1 Hz, 1H,
b-CH2b Cys), 2.60 ± 2.65 (m, 2H, g-CH2 Met), 2.56 (t, J� 7.6 Hz, 2 H, CH2


Pal), 2.43 (b, 2 H, NH2), 2.11 ± 2.19 (m, 1 H, b-CH2a Met), 2.11 (s, 3H, SCH3


Met), 1.77 ± 1.84 (m, 1H, b-CH2b Met), 1.58 ± 1.65 (m, 2H, CH2 Pal), 1.46 (s,
9H, CO2C(CH3)3), 1.25 (s, 24 H, CH3(CH2)12(CH2)2COS), 0.87 (t, J�
6.9 Hz, 3 H, w-CH3 Pal); 13C NMR (125 MHz, CDCl3, TMS): d� 199.4,
175.3, 170.7, 168.8 (4 C�O), 83.3 (CO2C(CH3)3), 62.8 (b-CH2 Ser), 54.2,
54.0, 53.0 (3 a-CH), 44.1 (b-CH2 Cys), 33.9, 31.9, 30.6, 30.2, 29.7, 29.7, 29.6,
29.4, 29.4, 29.2, 29.0 (11 CH2), 27.9 (CO2C(CH3)3), 25.6, 22.7 (2 CH2), 15.3
(SCH3 Met), 14.1 (CH3 Pal); MS (FAB, 3-NBA): m/z : 634.4 [M�H]� ;
elemental analysis calcd (%) for C31H59N3O6S2: C 58.55, H 8.84, N 5.85;
found:C 58.49, H 8.61, N 5.54.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-palmitoyl-(l)-cysteine tert-
butyl ester (MIC-Met-Ser-Cys(Pal)-OtBu): EEDQ (29.3 mg, 118 mmol)
was added to a solution of MIC-OH (18.3 mg, 86.8 mmol) and H-Met-Ser-
Cys(Pal)-OtBu (50 mg, 78.9 mmol) in dichloromethane (1 mL). After
18 hours the solvent was evaporated in vacuo and the product was isolated
by flash chromatography (dichloromethane/ethanol 30:1, then 20:1) as a
colorless, waxy solid (41.5 mg, 50.2 mmol, 64 %). [a]20


D �ÿ3.6 (c� 1.0,
CHCl3); 1H NMR (CDCl3, 500 MHz, TMS): d� 7.37 ± 7.39 (m, 2H, NH),
6.78 (d, J� 7.9 Hz, 1H, NH), 6.69 (s, 2 H, MIC-CH), 4.63 ± 4.74 (m, 2 H, a-
CH Cys, a-CH Met), 4.57 ± 4.62 (m, 1 H, a-CH Ser), 3.99 (dd, J� 11.4 Hz,
J� 4.2 Hz, 1H, b-CH2a Ser), 3.69 (dd, J� 11.5 Hz, J� 5.6 Hz, 1H, b-CH2b


Ser), 3.49 ± 3.53 (m, 2 H, MIC-NCH2), 3.46 (dd, J� 14.0 Hz, J� 4.4 Hz, 1H,
b-CH2a Cys), 3.32 (dd, J� 14.0 Hz, J� 6.1 Hz, 1H, b-CH2b Cys), 2.52 ± 2.61
(m, 4H, g-CH2 Met, CH2 Pal), 2.23 (t, J� 7.5 Hz, 2H, MIC), 2.08 ± 2.15 (m,
1H, b-CH2a Met), 2.11 (s, 3 H, SCH3 Met), 1.95 ± 2.03 (m, 1H, b-CH2b Met),
1.56 ± 1.69 (m, 6H, CH2 Pal, CH2 MIC), 1.46 (s, 9H, CO2C(CH3)3), 1.24 ±
1.36 (m, 26H, CH3(CH2)12(CH2)2COS, CH2 MIC), 0.88 (t, J� 6.9 Hz, 3H,
w-CH3 Pal); 13C NMR (CDCl3, 125 MHz, TMS): d� 199.0 (C�O), 173.2
(C�O), 171.9 (C�O), 170.9 (2 C�O MIC), 170.1 (C�O), 168.9 (C�O), 134.1
(2 CH MIC), 83.3 (CO2C(CH3)3), 62.8 (b-CH2 Ser), 54.6 (a-CH), 53.1 (a-
CH), 52.3 (a-CH), 44.1 (b-CH2 Cys), 37.6 (CH2), 36.1 (CH2), 33.6 (CH2),
31.9 (CH2), 30.3 (CH2), 30.1 (CH2), 29.7 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4
(CH2), 29.4 (CH2), 29.2 (CH2), 29.0 (CH2), 28.2 (CH2), 27.9 (CO2C(CH3)3),
26.3 (CH2), 26.2 (CH2), 25.6 (CH2), 25.0 (CH2), 22.7 (CH2), 15.3 (SCH3


Met), 14.1 (CH3 Pal); MS (FAB, 3-NBA): m/z : 849 [M�Na]� , 827 [M�H]� ,
771 [Mÿ tBu�H]� ; HRMS (FAB, 3-NBA): calcd for C41H71N4O9S2:
827.4662; found: 827.4622.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-palmitoyl-(l)-cysteine (MIC-
Met-Ser-Cys(Pal)-OH) (15 a): TFA (1 mL) was added to a solution of MIC-
Met-Ser-Cys(Pal)-OtBu (35.7 mg, 43.2 mmol) in dichloromethane (1 mL).
After 3 h toluene (2 mL) was added and the solvents were evaporated in
vacuo. The addition of toluene and evaporation was repeated twice to yield
15a quantitatively as a colorless solid. M.p. 161 8C; [a]20


D �ÿ8.5 (c� 1.1,
CHCl3/CH3OH 2:1); 1H NMR (CDCl3/CD3OD 6:1, 500 MHz, TMS): d�
6.75 (s, 2 H, MIC-CH), 4.65 (dd, J� 7.4 Hz, J� 4.6 Hz, 1 H, a-CH Cys), 4.53
(dd, J� 8.3 Hz, J� 5.6 Hz, 1 H, a-CH Met), 4.44 (t, J� 5.1 Hz, 1H, a-CH
Ser), 3.87 (dd, J� 11.4 Hz, J� 4.8 Hz, 1 H, b-CH2a Ser), 3.73 (dd, J�
11.4 Hz, J� 5.3 Hz, 1 H, b-CH2b Ser), 3.50 ± 3.54 (m, 3 H, MIC-NCH2, b-
CH2a Cys), 3.27 (dd, J� 14.0 Hz, J� 7.5 Hz, 1 H, b-CH2b Cys), 2.52 ± 2.61
(m, 4H, g-CH2 Met, CH2 Pal), 2.25 (t, J� 7.5 Hz, 2H, MIC), 2.09 ± 2.17 (m,
1H, b-CH2 Met), 2.12 (s, 3 H, SCH3 Met), 1.92 ± 1.99 (m, 1H, b-CH2a Met),
1.57 ± 1.70 (m, 6 H, CH2 Pal, 4CH2 MIC), 1.24 ± 1.36 (m, 26H,
CH3(CH2)12(CH2)2COS, CH2 MIC), 0.88 (t, J� 6.9 Hz, 3 H, w-CH3 Pal);
13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS): d� 199.9 (C�O), 174.8
(C�O), 172.6 (C�O), 172.1 (C�O), 171.6 (2 C�O MIC), 170.8 (C�O), 134.5
(2CH MIC), 62.3 (b-CH2 Ser), 55.3 (a-CH), 52.9 (a-CH), 52.8 (a-CH), 44.3
(b-CH2 Cys), 37.9 (CH2), 36.1 (CH2), 34.1 (CH2), 32.2 (CH2), 31.6 (CH2),
30.4 (CH2), 30.3 (CH2), 30.0 (CH2), 29.9 (CH2), 29.9 (CH2), 29.7 (CH2), 29.6
(CH2), 29.5 (CH2), 29.3 (CH2), 28.5 (CH2), 26.6 (CH2), 26.5 (CH2), 25.8


(CH2), 25.4 (CH2), 22.9 (CH2), 15.3 (SCH3 Met), 14.2 (CH3 Pal); MS (FAB,
3-NBA): m/z : 793.4 [M�Na]� , 771.4 [M�H]� ; HRMS (FAB, 3-NBA) calcd
for C37H63N4O9S2: 771.4036; found 771.4068.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-palmitoyl-(l)-cysteyl-N(e)-
tert-butoxycarbonyl-(l)-lysyl-S-farnesyl-(l)-cysteine methyl ester (MIC-
Met-Ser-Cys(Pal)-Lys(Boc)-Cys(Far)-OMe) (18 a): Et2NH (0.1 mL) was
added to a solution of 7 (28.8 mg, 36.5 mmol) in dichloromethane (0.4 mL).
After 2 h the solvent was evaporated in vacuo, the residue was dissolved in
dichloromethane (2 mL), and 15a (23.4 mg, 30.4 mmol) and EEDQ (9.8 mg,
36.5 mmol) were added. After 18 h the solvent was evaporated in vacuo and
the product was isolated by flash chromatography (dichloromethane/
ethanol 30:1, then 20:1) to yield 18 a (30.3 mg, 22.9 mmol, 76%) as a
colorless, waxy solid. M.p. 119 8C; [a]20


D �ÿ24.6 (c� 1.3, CHCl3); 1H NMR
(CDCl3, 500 MHz): d� 7.63 (b, 1H, NH), 7.45 (b, 1 H, NH), 7.29 (b, 1H,
NH), 7.15 (b, 1 H, NH), 6.98 (d, J� 7.3 Hz, 1H, NH), 6.69 (s, 2 H, MIC-CH),
5.17 ± 5.27 (m, 1 H, CH�C Far), 5.07 ± 5.15 (m, 2 H, CH�C Far), 4.74 ± 4.86
(m, 1H, a-CH), 4.63 ± 4.72 (m, 2 H, a-CH), 4.44 ± 4.51 (m, 1 H, a-CH),
4.05 ± 4.10 (m, 1H, a-CH), 3.95 ± 4.03 (m, 1H, b-CH2a Ser), 3.78 ± 3.88 (m,
1H, b-CH2b Ser), 3.76 (s, 3H, COOCH3), 3.50 (t, J� 7.2 Hz, 2H, MIC-
NCH2), 3.05 ± 3.45 (m, 6H, 2 CH2 Far, 2e-CH2 Lys, b-CH2 CysPal), 2.94 ± 3.04
(m, 1 H, b-CH2a CysFar), 2.85 (m, 1H, b-CH2 CysFar), 2.49 ± 2.67 (m, 4 H, g-
CH2 Met, CH2 Pal), 2.21 ± 2.27 (m, 2H, MIC), 1.88 ± 2.19 (m, 14 H, b-CH2


Met, SCH3 Met, CH2a Lys, CH2 Far), 1.35 ± 1.72 (m, 11H, CH2 Pal, CH2


MIC, CH2 Lys), 1.68 (s, 3 H, CH3 Far), 1.62 (s, 6 H, CH3 Far), 1.60 (s, 3H,
CH3 Far), 1.45 (s, 9H, CH3 Boc), 1.22 ± 1.34 (m, 26H,
CH3(CH2)12(CH2)2COS, CH2 MIC), 0.88 (t, 3H, J� 6.9 Hz, w-CH3 Pal);
13C NMR (CDCl3, 125 MHz): d� 173.4 (C�O), 171.7 (C�O), 170.8 (C�O),
169.4 (C�O), 167.5 (C�O), 166.9 (C�O), 156.3 (C�O), 140.0 (quart, Far),
135.3 (quart, Far), 134.1 (2 CH MIC), 131.3 (quart, Far), 124.3 (Far-CH),
123.8 (Far-CH), 119.5 (Far-CH), 79.1 (quart, Boc), 64.2 (b-CH2 Ser), 54.9
(a-CH), 53.8 (a-CH), 53.4 (a-CH), 52.9 (a-CH), 52.6 (COOCH3), 44.1
(CH2), 40.4 (CH2), 39.7 (CH2), 39.6 (CH2), 37.7 (CH2), 36.0 (CH2), 35.5
(CH2), 32.7 (CH2), 31.9 (CH2), 29.7 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5
(CH2), 29.4 (CH2), 29.1 (CH2), 29.0 (CH2), 28.4 (Boc-CH3), 26.8 (CH2), 26.6
(CH2), 26.4 (CH2), 25.7 (Far-CH3), 25.7 (CH2), 22.6 (CH2), 17.7 (Far-CH3),
16.2 (Far-CH3), 16.0 (Far-CH3) 15.4 (SCH3 Met), 14.1 (CH3 Pal); MS (FAB,
3-NBA): m/z : 1342.9 [M�Na]� , 1322.0 [M�H]� , 1220.8 [MÿBoc�H]� ;
HRMS (FAB, 3-NBA) calcd for C62H106N7O11S3 ([MÿBoc�H]�):
1220.711; found: 1220.719.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-palmitoyl-(l)-cysteyl-N(e)-(4-
tolyldiphenylmethyl)-(l)-lysyl-S-farnesyl-(l)-cysteine methyl ester (MIC-
Met-Ser-Cys(Pal)-Lys(Mtt)-Cys(Far)-OMe) (19 a): Et2NH (0.2 mL) was
added to a solution of 7 (50.0 mg, 55.1 mmol) in dichloromethane (0.8 mL).
After 4 h the solvent was evaporated in vacuo, the residue was dissolved in
dichloromethane (2 mL), and 15a (32.7 mg, 42.4 mmol) and EEDQ
(13.6 mg, 55.1 mmol) were added. After 16 h the solvent was evaporated
in vacuo and the product was isolated by flash chromatography (dichloro-
methane/ethanol 30:1, then 20:1) to yield 19 a (36.5 mg, 24.7 mmol, 58 %) as
a colorless, waxy solid. M.p. 183 8C; [a]20


D �ÿ23.8 (c� 1.6, CHCl3);
1H NMR (CDCl3, 500 MHz, TMS): d� 7.65 (b, 1 H, NH), 7.52 (b, 1H,
NH), 7.49 (d, J� 7.6 Hz, 4 H, Mtt-CH), 7.41 (d, J� 7.2 Hz, 2H, Mtt-CH),
7.34 ± 7.38 (m, 6 H, Mtt-CH), 7.21 (d, J� 8.1 Hz, 2H, Mtt-CH), 6.69 (s, 2H,
MIC-CH), 5.16 ± 5.20 (m, 1 H, CH�C Far), 5.07 ± 5.11 (m, 2H, CH�C Far),
4.57 ± 4.63 (m, 1H, a-CH), 4.47 ± 4.53 (m, 1 H, a-CH), 4.38 ± 4.44 (m, 2 H, a-
CH), 4.15 ± 4.23 (m, 1 H, a-CH), 3.88 ± 3.95 (m, 1 H, b-CH2a Ser), 3.75 ± 3.80
(m, 1H, b-CH2b Ser), 3.68 (s, 3 H, COOCH3), 3.48 (t, J� 7.2 Hz, 2H, MIC-
NCH2), 3.39 ± 3.45 (m, 1H, b-CH2a CysPal), 3.13 ± 3.25 (m, 2 H, 1 CH2a Far, b-
CH2 CysPal), 3.07 ± 3.12 (m, 1H, 1 CH2b Far), 2.81 ± 3.01 (m, 4H, b-CH2


CysFar, b-CH2 Lys), 2.49 ± 2.62 (m, 4 H, g-CH2 Met, CH2 Pal), 2.35 (s, 3H,
Mtt-CH3), 2.19 ± 2.28 (m, 2 H, MIC), 1.92 ± 2.15 (m, 14H, b-CH2 Met, SCH3


Met, CH2a Lys, CH2 Far), 1.35 ± 1.72 (m, 11H, CH2 Pal, CH2 MIC, CH2 Lys),
1.68 (s, 3H, CH3 Far), 1.65 (s, 3 H, CH3 Far), 1.60 (s, 6 H, CH3 Far), 1.19 ± 1.38
(m, 26 H, CH3(CH2)12(CH2)2COS, CH2 MIC), 0.88 (t, J� 6.7 Hz, 3 H, w-
CH3 Pal); 13C NMR (CDCl3, 125 MHz, TMS): d� 173.3 (C�O), 171.8
(C�O), 170.7 (C�O), 168.9 (C�O), 146.5 (quart, Mtt), 143.2 (quart, Mtt),
140.0 (quart, Far), 135.5 (quart, Mtt), 135.3 (quart, Far), 134.0 (2CH MIC),
131.3 (quart, Far), 128.6 (Mtt, 3 CH), 127.1 (Mtt, CH), 126.1 (Mtt, CH),
124.3 (Far-CH), 123.8 (Far-CH), 119.5 (Far-CH), 70.6 (quart, Mtt), 54.7 (a-
CH), 53.8 (a-CH), 53.2 (a-CH), 52.5 (COOCH3), 44.0 (CH2), 40.4 (CH2),
43.6 (CH2), 39.7 (CH2), 39.6 (CH2), 37.7 (CH2), 36.0 (CH2), 35.7 (CH2), 32.8
(CH2), 31.9 (CH2), 30.2 (CH2), 29.7 (CH2), 29.7 (CH2), 29.4 (CH2), 29.1
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(CH2), 28.4 (CH2), 27.9 (CH2), 26.8 (CH2), 26.6 (CH2), 26.4 (CH2), 25.7 (Far-
CH3), 25.6 (CH2), 25.2 (CH2), 22.7 (CH2), 20.9 (Mtt-CH3), 17.7 (Far-CH3),
16.2 (Far-CH3), 16.0 (Far-CH3), 15.3 (SCH3 Met), 14.1 (CH3 Pal); MS (FAB,
3-NBA): m/z : 1474.5 [MÿH]� , 1399.6 [MÿC6H5]� , 1385.5 [Mÿ
C6H4CH3]� , 1220.8 [MÿMtt�H]� , 257.3 [Mtt]� .


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-palmitoyl-(l)-cysteyl-(l)-ly-
syl-S-farnesyl-(l)-cysteine methyl ester (MIC-Met-Ser-Cys(Pal)-Lys-Cys-
(Far)-OMe) (1a): Et3SiH (16.5 mL, 104 mmol) was added to a solution of
19a (15.3 mg, 10.4 mmol) in a 1 % solution of TFA in dichloromethane
(0.5 mL). After 70 min a solution of 1 % EtMe2N in dichloromethane
(0.6 mL) was added, the solvent was evaporated in vacuo, and the product
was isolated by size-exclusion chromatography (Sephadex LH-20, CHCl3/
MeOH 1:1) to yield 1 a (12.1 mg, 9.91 mmol, 96 %) as a colorless, waxy solid.
M.p. 160 8C; [a]20


D �ÿ24.0 (c� 0.6, CHCl3); 1H NMR (CDCl3/CD3OD 4:1,
500 MHz, TMS): d� 7.99 (d, J� 6.8 Hz, 1 H, NH), 7.89 ± 7.93 (m, 2H, NH),
7.85 (d, J� 6.7 Hz, 1H, NH), 7.70 (d, J� 8.0 Hz, 1 H, NH), 6.73 (s, 2H, MIC-
CH), 5.17 ± 5.23 (m, 1H, CH�C Far), 5.05 ± 5.14 (m, 2H, CH�C Far), 4.62 ±
4.67 (m, 1 H, a-CH), 4.38 ± 4.50 (m, 3H, a-CH), 4.31 ± 4.36 (m, 1H, a-CH),
3.77 ± 3.81 (m, 2H, b-CH2 Ser), 3.76 (s, 3H, COOCH3), 3.51 (t, J� 7.2 Hz,
2H, 2MIC-NCH2), 3.35 ± 3.41 (m, 1H, b-CH2a CysPal), 3.19 ± 3.28 (m, 2H,
CH2a Far, b-CH2b CysPal), 3.09 ± 3.16 (m, 1 H, CH2b Far), 2.92 ± 3.00 (m, 3H,
b-CH2a CysFar, e-CH2 Lys), 2.78 ± 2.84 (m, 1 H, b-CH2a CysFar), 2.51 ± 2.62 (m,
4H, g-CH2 Met, CH2 Pal), 2.24 ± 2.32 (m, 2H, MIC), 1.88 ± 2.14 (m, 14 H, b-
CH2 Met, SCH3 Met, CH2a Lys, CH2 Far), 1.52 ± 1.76 (m, 9 H, CH2 Pal, CH2


MIC, CH2 Lys), 1.68 (s, 6H, CH3 Far), 1.60 (s, 6H, CH3 Far), 1.38 ± 1.52 (m,
2H, CH2 Lys), 1.21 ± 1.38 (m, 26H, CH3(CH2)12(CH2)2COS, CH2 MIC), 0.88
(t, J� 6.9 Hz, 3 H, w-CH3 Pal); 13C NMR (CDCl3/CD3OD 4:1, 125 MHz,
TMS): d� 200.6 (C�O), 175.2 (C�O), 173.0 (C�O), 172.0 (C�O), 171.4
(C�O), 171.3 (C�O), 170.8 (C�O), 140.3 (quart, Far), 135.5 (quart, Far),
134.3 (2CH MIC), 131.5 (quart, Far), 124.5 (Far-CH), 123.9 (Far-CH), 119.7
(Far-CH), 61.8 (b-CH2 Ser), 55.8 (a-CH), 54.6 (a-CH), 53.1 (a-CH), 52.8
(a-CH), 52.7 (COOCH3), 52.3 (a-CH), 44.2 (CH2), 39.8 (CH2), 39.6 (CH2),
37.8 (CH2), 35.9 (CH2), 32.7 (CH2), 32.1 (CH2), 31.0 (CH2), 30.9 (CH2), 30.4
(CH2), 29.8 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4
(CH2), 29.2 (CH2), 28.4 (CH2), 26.9 (CH2), 26.6 (CH2), 26.4 (CH2), 26.4
(CH2), 25.7 (Far-CH3), 25.7 (CH2), 25.2 (CH2), 22.8 (CH2), 22.1 (CH2), 17.7
(Far-CH3), 16.2 (Far-CH3), 16.1 (Far-CH3), 15.3 (SCH3 Met), 14.1 (CH3


Pal); MS (FAB, 3-NBA): m/z : 1220.5 [M�H]� .


N-Fluorenylmethoxycarbonyl-(l)-methionyl-(l)-serine (Fmoc-Met-Ser-
OH) (20): DCC (1.00 g, 4.85 mmol) was added at 0 8C to a solution of
Fmoc-Met-OH (1.50 g, 4.04 mmol) and N-hydroxysuccinimide (0.47 g,
4.04 mmol) in dry THF (5 mL). After 2.5 h the solution was filtered and
the solvent was evaporated in vacuo. The residue was dissolved in dioxane
(10 mL) and added at 0 8C to a solution of serine (0.64 g, 6.06 mmol) and
NaOH (0.24 g, 6.06 mmol) in water (10 mL). After the mixture had spent
two days at ambient temperature, water (50 mL) was added and the
solution was extracted twice with ethyl acetate (50 mL). By addition of
hydrochloric acid the pH of the aqueous layer was adjusted to 3 and the
solution was again extracted with ethyl acetate (3� 50 mL). The combined
organic layers were dried over MgSO4 and filtered, and the solvent was
evaporated in vacuo to yield 20 (1.52 mg, 3.32 mmol, 82 %) as a colorless
solid, which was used without further purification. [a]20


D ��10.6 (c� 1.0,
chloroform/methanol 2:1); 1H NMR (CDCl3/CD3OD 6:1, 500 MHz, TMS):
d� 7.75 (d, J� 7.5 Hz, 2H, CH Fmoc), 7.61 (t, J� 6.5 Hz, 2H, CH Fmoc),
7.39 (t, J� 7.4 Hz, 2H, CH Fmoc), 7.30 (t, J� 7.5 Hz, 2H, CH Fmoc), 4.55 (t,
J� 3.5 Hz, 1H, a-CH Ser), 4.43 (dd, J� 10.5 Hz, J� 7.2 Hz, 1H, a-CH
Met), 4.34 ± 4.39 (m, 2 H, CH2 Fmoc), 4.21 (t, J� 6.9 Hz, 1 H, CH Fmoc),
3.98 (dd, J� 11.5 Hz, J� 3.9 Hz, 1 H, b-CH2a Ser), 3.86 (dd, J� 11.5 Hz, J�
3.4 Hz, 1H, b-CH2b Ser), 2.51 ± 2.60 (m, 2 H, g-CH2 Met), 2.05 ± 2.14 (m,
1H, b-CH2a Met), 2.09 (s, 3H, Met-CH3), 1.86 ± 1.98 (m, 1H, b-CH2b Met);
13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS): d� 172.5 (C�O), 172.3
(C�O), 157.0 (C�O), 144.1 (quart, arom, Fmoc), 143.9 (quart, arom, Fmoc),
141.5 (quart, arom, Fmoc), 128.0 (arom, Fmoc-CH), 127.3 (arom, Fmoc-
CH), 125.3 (arom, Fmoc-CH), 120.2 (arom, Fmoc-CH), 67.3 (Fmoc-CH2),
62.3 (b-CH2 Ser), 55.0 (a-CH), 54.2 (a-CH), 47.3 (Fmoc-CH), 32.1 (g-CH2


Met), 30.2 (b-CH2 Met), 15.2 (SCH3 Met); MS (FAB, 3-NBA): m/z : 481.2
[M�Na]� , 459.2 [M�H]� ; HRMS (FAB, 3-NBA) calcd for C23H27N2O6S:
459.1590; found 459.1564, elemental analysis calcd (%) for C23H26N2O6S: C
60.25, H 5.72, N 6.11; found:C 60.09, H 5.82, N 5.63.


S-Hexadecyl-(l)-cysteine tert-butyl ester (H-Cys(Hd)-OtBu) (21): Under
an argon atmosphere, dithiothreitol (1.4 g, 9.08 mmol) was added to a


solution of (H-Cys-OtBu)2
[15] (500 mg, 2.27 mmol) and Et3N (630 mL,


4.54 mmol) in dichloromethane (10 mL). After 100 min, dichloromethane
(40 mL) was added and the solution was extracted three times with water
(50 mL), dried over MgSO4, and filtered. The solvent was evaporated in
vacuo, the residue was dissolved in dry DMF (10 mL), and hexadecyl
bromide (2.77 mL, 9.08 mmol) and Et3N (630 mL, 4.54 mmol) were added
under an argon atmosphere. After two days, water (50 mL) was added and
the solution was extracted three times with diethyl ether (50 mL). The
combined organic layers were dried over MgSO4 and filtered, the solvent
was evaporated in vacuo, and the product was isolated by flash chroma-
tography (hexane/ethyl acetate 2:1) to yield 21b (723 mg, 1.80 mmol, 40%)
as a colorless oil. [a]20


D �ÿ3.5 (c� 2.0, CHCl3); 1H NMR (CDCl3,
500 MHz, TMS): d� 3.52 (dd, J� 7.3 Hz, J� 4.7 Hz, 1 H, a-CH Cys), 2.89
(dd, J� 13.3 Hz, J� 4.6 Hz, 1H, b-CH2a Cys), 2.74 (dd, J� 13.3 Hz, J�
7.3 Hz, 1 H, b-CH2b Cys), 2.54 (t, J� 7.4 Hz, 2 H, CH2 Hd), 2.00 (s, 2H,
NH2), 1.53 ± 1.61 (m, 2H, CH2 Hd), 1.48 (s, 9H, CO2C(CH3)3), 1.31 ± 1.39
(m, 2H, CH2 Hd), 1.25 (s, 24H, CH3(CH2)12(CH2)3S), 0.88 (t, J� 6.8 Hz,
3H, w-CH3 Hd); 13C NMR (CDCl3, 125 MHz, TMS): d� 173.2 (C�O), 81.6
(CO2C(CH3)3), 54.7 (a-CH Cys), 37.4 (CH2), 32.8 (CH2), 31.9 (CH2), 29.7
(CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.2 (CH2), 28.8
(CH2), 28.0 (CO2C(CH3)3), 22.7 (CH2), 14.1 (CH3 Hd); MS (FAB, 3-NBA):
m/z : 402.4 [M�H]� , 346.3 [Mÿ tBu�H]� .


N-Fluorenylmethoxycarbonyl-(l)-methionyl-(l)-seryl-S-hexadecyl-(l)-cys-
teine tert-butyl ester (Fmoc-Met-Ser-Cys(Hd)-OtBu) (22 b): EEDQ
(382 mg, 1.55 mmol) was added to a solution of 20 (600 mg, 1.31 mmol)
and H-Cys(Hd)-OtBu (21 b ; 478 mg, 1.19 mmol) in DMF (7 mL). After
3 days, ethyl acetate (50 mL) was added and the solution was extracted
twice with 0.5n hydrochloric acid (50 mL), saturated NaHCO3 solution
(50 mL), and brine (50 mL), dried over MgSO4, and filtered. The solvent
was evaporated in vacuo and the product was isolated by flash chromatog-
raphy (hexane/ethyl acetate 1:1) to yield 22 b (639 mg, 0.759 mmol, 64%)
as a colorless solid. M.p. 114 8C; [a]20


D �ÿ12.3 (c� 1.5, CHCl3); 1H NMR
(CDCl3, 500 MHz, TMS): d� 7.76 (d, J� 7.5 Hz, 2 H, Fmoc-CH), 7.59 (dd,
J� 7.4 Hz, J� 3.8 Hz, 2 H, Fmoc-CH), 7.40 (t, J� 7.4 Hz, 2 H, Fmoc-CH),
7.32 (t, J� 7.4 Hz, 2H, Fmoc-CH), 7.03 ± 7.09 (m, 2 H, NH), 5.50 (d, J�
7.4 Hz, 1H, NH), 4.61 ± 4.69 (m, 1H, a-CH), 4.48 ± 4.54 (m, 1 H, a-CH),
4.38 ± 4.45 (m, 3 H, Fmoc-CH2, a-CH), 4.22 (t, J� 6.9 Hz, 1H, Fmoc-CH),
4.05 ± 4.12 (m, 1 H, b-CH2a Ser), 3.62 ± 3.71 (m, 1H, b-CH2b Ser), 2.98 (dd,
J� 13.8 Hz, J� 4.5 Hz, 1 H, b-CH2a Cys), 2.91 (dd, J� 13.6 Hz, J� 6.1 Hz,
1H, b-CH2b Cys), 2.52 ± 2.61 (m, 2H, g-CH2 Met), 2.50 (t, J� 7.4 Hz, 2H,
CH2 Hd), 2.11 (s, 3 H, SCH3 Met), 2.08 ± 2.16 (m, 1H, b-CH2a Met), 1.95 ±
2.03 (m, 1H, b-CH2b Met), 1.49 ± 1.58 (m, 2 H, CH2 Hd), 1.47 (s, 9H,
CO2C(CH3)3), 1.22 ± 1.38 (m, 26H, CH3(CH2)13(CH2)2S), 0.88 (t, J� 6.9 Hz,
3H, w-CH3 Hd); 13C NMR (CDCl3, 125 MHz, TMS): d� 171.8 (C�O),
170.2 (C�O), 169.7 (C�O), 156.2 (C�O), 143.8 (quart, Fmoc), 143.7 (quart,
Fmoc), 141.3 (quart, Fmoc), 127.7 (Fmoc-CH), 127.1 (Fmoc-CH), 125.1
(Fmoc-CH), 120.0 (Fmoc-CH), 83.1 (CO2C(CH3)3), 67.2 (Fmoc-CH2), 62.9
(b-CH2 Ser), 54.5 (a-CH), 54.0 (a-CH), 52.6 (a-CH), 47.1 (Fmoc-CH), 34.0
(CH2), 32.7 (CH2), 32.0 (CH2), 31.9 (CH2), 30.1 (CH2), 29.7 (CH2), 29.7
(CH2), 29.6 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 28.8
(CH2), 28.0 (CO2C(CH3)3), 22.7 (CH2), 15.3 (SCH3 Met), 14.1 (CH3 Hd);
MS (FAB, 3-NBA): m/z : 864.5 [M�Na]� , 842.7 [M�H]� , 786.4 [Mÿ
tBu�H]� ; elemental analysis calcd (%) for C46H71N3O7S2: C 65.60, H
8.50, N 4.99; found: C 65.55, H 8.36, N 4.97.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-hexadecyl-(l)-cysteine tert-
butyl ester (MIC-Met-Ser-Cys(Hd)-OtBu): Et2NH (4 mL) was added to a
solution of 22b (203 mg, 0.242 mmol) in dichloromethane (4 mL). After
1.5 h the solvents were evaporated in vacuo, the residue was dissolved in
dichloromethane (2 mL), and MIC-OH (56.1 mg, 0.226 mmol) and EEDQ
(77.6 mg, 0.314 mmol) were added. After 15 h the solvent was evaporated
in vacuo and the residue was dissolved in ethyl acetate (40 mL). The
solution was extracted twice with 0.5n hydrochloric acid (40 mL), saturated
NaHCO3 solution (40 mL), and brine (40 mL), dried over MgSO4, and
filtered. The solvent was evaporated in vacuo and the product was isolated
by flash chromatography (hexane/ethyl acetate 1:3) to yield the product
(135 mg, 0.166 mmol, 69 %) as a colorless solid. M.p. 88 8C; [a]20


D �ÿ12.0
(c� 1.0, CHCl3); 1H NMR (CDCl3, 500 MHz, TMS): d� 7.12 (d, J� 7.7 Hz,
2H, NH), 6.69 (s, 2 H, MIC-CH), 6.40 (d, J� 7.5 Hz, 1 H, NH), 4.60 ± 4.68
(m, 2H, 2a-CH), 4.49 ± 4.54 (m, 1H, a-CH), 4.54 ± 4.58 (m, 1H, a-CH), 4.06
(dd, J� 11.4 Hz, J� 3.6 Hz, 1 H, b-CH2a Ser), 3.69 (dd, J� 11.5 Hz, J�
5.5 Hz, 1 H, b-CH2b Ser), 3.51 (t, J� 7.2 Hz, 2 H, MIC-NCH2), 2.99 (dd, J�
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13.7 Hz, J� 4.7 Hz, 1H, b-CH2a Cys), 2.91 (dd, J� 13.6 Hz, J� 6.2 Hz, 1H,
b-CH2b Cys), 2.53 ± 2.61 (m, 2H, g-CH2 Met), 2.52 (t, J� 7.4 Hz, 2 H, CH2


Hd), 2.22 (t, J� 7.5 Hz, 2H, MIC), 2.08 ± 2.14 (m, 1H, b-CH2a Met), 2.12 (s,
3H, Met-CH3), 1.96 ± 2.04 (m, 1 H, b-CH2b Met), 1.50 ± 1.70 (m, 6 H, CH2


MIC, CH2 Hd), 1.48 (s, 9H, CO2C(CH3)3), 1.22 ± 1.37 (m, 28 H,
CH3(CH2)13(CH2)2S, CH2 MIC), 0.88 (t, J� 6.9 Hz, 3 H, w-CH3 Hd);
13C NMR (CDCl3, 125 MHz, TMS): d� 173.1 (C�O), 171.5 (C�O), 170.9
(2 C�O MIC), 170.1 (C�O), 169.7 (C�O), 134.1 (2CH MIC), 83.1
(CO2C(CH3)3), 62.7 (b-CH2 Ser), 54.5 (a-CH), 52.5 (a-CH), 52.5 (a-CH),
37.6 (CH2), 36.2 (CH2), 34.0 (CH2), 32.6 (CH2), 31.9 (CH2), 31.3 (CH2), 30.3
(CH2), 29.7 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.2
(CH2), 28.8 (CH2), 28.2 (CH2), 28.0 (CO2C(CH3)3), 26.3 (CH2), 24.9 (CH2),
22.7 (CH2), 15.3 (SCH3 Met), 14.1 (CH3 Hd); MS (FAB, 3-NBA): m/z : 835.5
[M�Na]� , 813.5 [M�H]� , 757.4 [Mÿ tBu�H]� ; HRMS (FAB) calcd for
C41H72N4NaO8S2 ([M�Na]�): 835.4689; found: 835.4727.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-hexadecyl-(l)-cysteine (MIC-
Met-Ser-Cys(Hd)-OH) (15 b): TFA (0.25 mL) was added to a solution of
MIC-Met-Ser-Cys(Hd)-OtBu (61.0 mg, 75.0 mmol) in dichloromethane
(0.25 mL). After 3 h, toluene (4 mL) was added and the solvent was
evaporated in vacuo. Addition of toluene and evaporation were repeated
twice to yield 15 b in quantitative yield as a colorless solid. M.p. 141 8C;
[a]20


D �ÿ9.6 (c� 1.0, CHCl3/MeOH 2:1); 1H NMR (CDCl3/CD3OD 6:1,
500 MHz, TMS): d� 6.72 (s, 2 H, MIC-CH), 4.48 ± 4.70 (m, 3H, 3 a-CH),
3.88 ± 3.93 (m, 1 H, b-CH2a Ser), 3.73 ± 3.78 (m, 1H, b-CH2b Ser), 3.52 (t, J�
7.2 Hz, 2H, MIC-NCH2), 3.04 (dd, J� 13.8 Hz, J� 4.4 Hz, 1 H, b-CH2a


Cys), 2.95 (dd, J� 13.9 Hz, J� 6.8 Hz, 1 H, b-CH2b Cys), 2.49 ± 2.58 (m, 4H,
g-CH2 Met, CH2 Hd), 2.24 (t, J� 7.3 Hz, 2 H, MIC), 2.06 ± 2.16 (m, 1 H, b-
CH2a Met), 2.11 (s, 3 H, Met-CH3), 1.90 ± 1.98 (m, 1H, b-CH2b Met), 1.53 ±
1.69 (m, 6 H, CH2 MIC, CH2 Hd), 1.22 ± 1.41 (m, 28H, CH3(CH2)13(CH2)2S,
CH2 MIC), 0.88 (t, J� 6.8 Hz, 3H, w-CH3 Hd); 13C NMR (CDCl3/CD3OD
6:1, 125 MHz, TMS): d� 174.4 (C�O), 172.7 (C�O), 172.4 (C�O), 171.3
(2 C�O MIC), 170.6 (C�O), 134.3 (2CH MIC), 62.4 (b-CH2 Ser), 55.0 (a-
CH), 52.6 (a-CH), 52.3 (a-CH), 37.8 (CH2), 36.0 (CH2), 33.7 (CH2), 32.6
(CH2), 32.0 (CH2), 31.6 (CH2), 30.3 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7
(CH2), 29.7 (CH2), 29.5 (CH2), 29.4 (CH2), 29.0 (CH2), 28.3 (CH2), 26.4
(CH2), 25.1 (CH2), 22.8 (CH2), 15.3 (SCH3 Met), 14.2 (CH3 Hd); MS (FAB,
3-NBA): m/z : 779.5 [M�Na]� , 757.4 [M�H]� ; HRMS (FAB) calcd for
C37H64N4NaO8S2 ([M�Na]�): 779.4063; found: 779.3996.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-hexadecyl-(l)-cysteyl-N(e)-(4-
tolyldiphenylmethyl)-(l)-lysyl-S-farnesyl-(l)-cysteine methyl ester (MIC-
Met-Ser-Cys(Hd)-Lys(Mtt)-Cys(Far)-OMe) (19 b): Et2NH (0.4 mL) was
added to a solution of 7 (90.0 mg, 95.1 mmol) in dichloromethane (1.6 mL).
After 4 h the solvent was evaporated in vacuo, the residue was dissolved in
a mixture of dichloromethane (5 mL) and trifluoroethanol (0.1 mL), and
15b (55.9 mg, 73.8 mmol) and EEDQ (23.7 mg, 95.9 mmol) were added.
After 15 h the solvent was evaporated in vacuo and the product was
isolated by flash chromatography (dichloromethane/ethanol 30:1) to yield
19b (28.3 mg, 19.3 mmol, 26 %) as a colorless, waxy solid. M.p. 175 8C;
[a]20


D �ÿ21.2 (c� 1.0, CHCl3); 1H NMR (CDCl3/CD3OD 6:1, 500 MHz,
TMS): d� 7.42 (d, J� 7.6 Hz, 4H, Mtt-CH), 7.22 ± 7.33 (m, 2 H, Mtt-CH),
7.24 ± 7.34 (m, 6H, Mtt-CH), 7.13 ± 7.20 (m, 2 H, Mtt-CH), 7.05 ± 7.09 (m, 2H,
Mtt-CH), 6.71 (s, 1H, MIC-CH), 6.70 (s, 1 H, MIC-CH), 5.15 ± 5.23 (m, 1H,
CH�C Far), 5.05 ± 5.12 (m, 2H, CH�C Far), 4.34 ± 4.64 (m, 5H, 5a-CH),
3.88 ± 3.95 (m, 1H, b-CH2a Ser), 3.69 ± 3.78 (m, 1H, b-CH2b Ser), 3.69 (s, 3H,
COOCH3), 3.47 ± 3.55 (m, 2 H, MIC-NCH2), 3.21 (dd, J� 13.1 Hz, J�
8.2 Hz, 1H, CH2a Far), 3.09 (dd, J� 13.1 Hz, J� 7.4 Hz, 1 H, CH2b Far),
2.90 ± 2.98 (m, 4 H, b-CH2 CysHd, b-CH2a CysFar), 2.79 (dd, J� 13.8 Hz, J�
7.8 Hz, 1H, b-CH2b CysFar), 2.45 ± 2.58 (m, 6H, g-CH2 Met, CH2 Hd, e-CH2


Lys), 2.30 (b, 3H, Mtt-CH3), 2.18 ± 2.26 (m, 2H, MIC), 1.82 ± 2.15 (m, 14H,
b-CH2 Met, SCH3 Met, CH2a Lys, CH2 Far), 1.48 ± 1.69 (m, 11 H, CH2 MIC,
CH2 Lys, CH2 Hd), 1.68 (s, 3 H, CH3 Far), 1.67 (s, 3H, CH3 Far), 1.60 (s, 6H,
CH3 Far), 1.19 ± 1.39 (m, 28H, CH3(CH2)13(CH2)2S, CH2 MIC), 0.88 (t, J�
6.8 Hz, 3H, w-CH3 Hd); 13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS):
d� 174.3 (C�O), 172.2 (C�O), 172.1 (C�O), 171.2 (2 C�O MIC), 170.6
(C�O), 176.9 (C�O), 169.4 (C�O), 146.4 (quart, Mtt), 143.3 (quart, Mtt),
140.1 (quart, Far), 135.8 (quart, Mtt), 135.4 (quart, Far), 134.2 (2CH MIC),
131.4 (quart, Far), 128.7 (Mtt, 3CH), 127.8 (Mtt, CH), 126.2 (Mtt, CH),
124.4 (Far-CH), 123.9 (Far-CH), 119.6 (Far-CH), 70.7 (quart, Mtt), 62.1 (b-
CH2 Ser), 54.9 (a-CH), 53.6 (a-CH), 53.0 (a-CH), 52.8 (a-CH), 52.5
(COOCH3), 52.1 (a-CH), 43.6 (CH2), 39.8 (CH2), 37.7 (CH2), 35.9 (CH2),
33.9 (CH2), 33.5 (CH2), 32.8 (CH2), 32.6 (CH2), 32.4 (CH2), 32.0 (CH2), 31.3


(CH2), 30.6 (CH2), 30.3 (CH2), 29.8 (CH2), 29.7 (CH2), 29.7 (CH2), 29.4
(CH2), 29.0 (CH2), 28.3 (CH2), 26.8 (CH2), 26.6 (CH2), 26.4 (CH2), 26.3
(CH2), 25.7 (Far-CH3), 25.0 (CH2), 22.8 (CH2), 20.9 (Mtt-CH3), 17.7 (Far-
CH3), 16.2 (Far-CH3), 16.0 (Far-CH3), 15.4 (SCH3 Met), 14.1 (CH3 Hd); MS
(FAB, 3-NBA): m/z : 1484.6 [M�Na]� , 1462.4 [M�H]� , 1460.4 [MÿH]� ,
1384.5 [MÿC6H5ÿH]� , 1371.5 [MÿC6H4CH3]� , 1206.6 [MÿMtt�H]� ,
257.2 [Mtt]� .


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-hexadecyl-(l)-cysteyl-(l)-ly-
syl-S-farnesyl-(l)-cysteine methyl ester (MIC-Met-Ser-Cys(Hd)-Lys-Cys-
(Far)-OMe) (1 b): Et3SiH (16.2 mL, 102 mmol) was added to a solution of
19b (14.9 mg, 10.2 mmol) in a 1 % solution of TFA in dichloromethane
(0.8 mL). After 50 min a solution of 1 % EtMe2N in dichloromethane
(0.9 mL) was added, the solvent was evaporated in vacuo, and the product
was isolated by size-exclusion chromatography (Sephadex LH-20, CHCl3/
MeOH 1:1) to yield 1b (11.9 mg, 9.86 mmol, 97%) as a colorless, waxy solid.
M.p. 193 8C; [a]20


D �ÿ39.0 (c� 0.3, CHCl3/MeOH 2:1); 1H NMR (CDCl3/
CD3OD 6:1, 500 MHz, TMS): d� 6.74 (s, 2 H, MIC-CH), 5.20 (t, J� 7.3 Hz,
1H, CH�C Far), 5.06 ± 5.13 (m, 2H, CH�C Far), 4.63 (dd, J� 8.2 Hz, J�
5.0 Hz, 1 H, a-CH), 4.42 ± 4.48 (m, 3H, 3a-CH), 4.38 (t, J� 4.6 Hz, 1 H, a-
CH), 3.92 (dd, J� 11.5 Hz, J� 4.4 Hz, 1H, b-CH2a Ser), 3.79 (dd, J�
11.5 Hz, J� 4.9 Hz, 1H, b-CH2b Ser), 3.75 (s, 3H, COOCH3), 3.52 (t, J�
7.2 Hz, 2 H, MIC-NCH2), 3.24 (dd, J� 13.1 Hz, J� 8.3 Hz, 1H, CH2a Far),
3.12 (dd, J� 13.2 Hz, J� 7.2 Hz, 1H, CH2b Far), 3.00 (dd, J� 13.6 Hz, J�
6.5 Hz, 1H, b-CH2a CysHd), 2.93 ± 2.99 (m, 3 H, b-CH2a CysFar, e-CH2 Lys),
2.89 (dd, J� 13.6 Hz, J� 7.9 Hz, 1H, b-CH2b CysHd), 2.80 (dd, J� 13.9 Hz,
J� 8.2 Hz, 1 H, b-CH2b CysFar), 2.51 ± 2.61 (m, 4 H, g-CH2 Met, CH2 Hd),
2.29 (t, 2 H, J� 7.0 Hz, MIC), 1.94 ± 2.15 (m, 14 H, b-CH2 Met, SCH3 Met,
CH2a Lys, CH2 Far), 1.54 ± 1.78 (m, 9H, CH2 Hd, CH2 MIC, CH2 Lys), 1.68
(s, 6H, CH3 Far), 1.61 (s, 6 H, CH3 Far), 1.41 ± 1.50 (m, 2H, CH2 Lys), 1.21 ±
1.39 (m, 28H, CH3(CH2)13(CH2)2S, CH2 MIC), 0.88 (t, J� 7.0 Hz, 3 H, w-
CH3 hexadecyl); 13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS): d� 175.3
(C�O), 173.0 (C�O), 172.3 (C�O), 171.7 (C�O), 171.4 (C�O), 171.4 (C�O),
140.3 (quart, Far), 135.6 (quart, Far), 134.4 (2 CH MIC), 131.5 (quart, Far),
124.5 (Far-CH), 124.0 (Far-CH), 119.8 (Far-CH), 62.0 (b-CH2 Ser), 55.8 (a-
CH), 53.9 (a-CH), 53.3 (a-CH), 52.9 (a-CH), 52.7 (COOCH3), 52.4 (a-
CH), 39.9 (CH2), 39.7 (CH2), 37.8 (CH2), 36.0 (CH2), 33.0 (CH2), 32.8
(CH2), 32.5 (CH2), 32.1 (CH2), 31.0 (CH2), 30.7 (CH2), 30.5 (CH2), 29.9
(CH2), 29.9 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.1
(CH2), 28.4 (CH2), 26.9 (CH2), 26.7 (CH2), 26.5 (CH2), 26.5 (CH2), 25.8
(Far-CH3), 25.3 (CH2), 22.9 (CH2), 22.2 (CH2), 17.8 (Far-CH3), 16.2 (Far-
CH3), 16.1 (Far-CH3), 15.3 (SCH3 Met), 14.2 (CH3 Hd); MS (FAB, 3-NBA):
m/z : 1206.5 [M�H]� .


N-Fluorenylmethoxycarbonyl-(l)-methionyl-(l)-seryl-S-tert-butylthio-(l)-
cysteine tert-butyl ester (Fmoc-Met-Ser-Cys(tBu)-OtBu) (22 c): EEDQ
(488 mg, 1.97 mmol) was added to a solution of Fmoc-Met-Ser-OH (20 ;
835 mg, 1.82 mmol) and H-Cys(tBu)-OtBu (21 c ; 403 mg, 1.82 mmol) in
DMF (8 mL). After 15 h ethyl acetate (50 mL) was added and the solution
was extracted twice with 0.5n hydrochloric acid (50 mL), saturated
NaHCO3 solution (50 mL), and brine (50 mL), dried over MgSO4, and
filtered. The solvent was evaporated in vacuo and the product was isolated
by flash chromatography (hexane/ethyl acetate 2:1) to yield 22c (618 mg,
0.875 mmol, 58%) as a colorless solid. M.p. 133 8C; [a]20


D �ÿ49.8 (c� 1.1,
CHCl3); 1H NMR (CDCl3, 500 MHz, TMS): d� 7.75 (d, J� 7.5 Hz, 2H,
Fmoc-CH), 7.58 (dd, J� 7.4 Hz, J� 3.7 Hz, 2H, Fmoc-CH), 7.39 (t, J�
7.5 Hz, 2H, Fmoc-CH), 7.27 ± 7.34 (m, 3H, J� 7.4 Hz, 2 Fmoc-CH, 1 NH),
7.24 (d, J� 6.9 Hz, 1H, NH), 5.50 (d, J� 7.7 Hz, 1H, NH), 4.72 ± 4.79 (m,
1H, a-CH), 4.57 ± 4.63 (m, 1H, a-CH), 4.35 ± 4.47 (m, 3H, a-CH, Fmoc-
CH2), 4.21 (t, J� 6.9 Hz, 1H, Fmoc-CH), 4.06 (dd, J� 11.3 Hz, J� 3.0 Hz,
1H, b-CH2a Ser), 3.70 (dd, J� 11.0 Hz, J� 5.1 Hz, 1H, b-CH2b Ser), 3.22
(dd, J� 13.6 Hz, J� 4.1 Hz, 1H, b-CH2a Cys), 3.10 (dd, J� 13.6 Hz, J�
6.1 Hz, 1 H, b-CH2b Cys), 2.52 ± 2.65 (m, 2 H, g-CH2 Met), 2.07 ± 2.18 (m,
1H, b-CH2a Met), including 2.10 (s, 3H, Met-CH3), 1.95 ± 2.05 (m, 1 H, b-
CH2b Met), 1.47 (s, 9 H, CO2C(CH3)3), 1.30 (s, 9H, SC(CH3)3); 13C NMR
(CDCl3, 125 MHz, TMS): d� 171.6 (C�O), 170.2 (C�O), 169.2 (C�O),
156.2 (C�O), 143.9 (quart, arom, Fmoc), 143.7 (quart, arom, Fmoc), 141.3
(quart, arom, Fmoc), 127.7 (arom, Fmoc-CH), 127.1 (arom, Fmoc-CH),
125.1 (arom, Fmoc-CH), 120.0 (arom, Fmoc-CH), 83.3 (CO2C(CH3)3), 67.2
(Fmoc-CH2), 62.7 (b-CH2 Ser), 54.3 (a-CH), 54.0 (a-CH), 53.1 (a-CH), 48.4
(SC(CH3)3), 47.1 (Fmoc-CH), 42.2 (b-CH2 Cys), 32.0 (CH2), 30.1 (CH2),
29.8 (SC(CH3)3), 27.9 (CO2C(CH3)3), 15.3 (SCH3 Met); MS (FAB, 3-NBA):
m/z : 737.1 [M�K]� , 728.2 [M�Na]� , 706.3 [M�H]� , 650.2 [Mÿ tBu�H]� ,
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593.1 [Mÿ 2tBu�H]� ; elemental analysis calcd (%) for C34H47N3O7S3: C
57.85, H 6.71, N 5.95; found: C 58.13, H 6.77, N 6.11.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-tert-butylthio-(l)-cysteine
tert-butyl ester (MIC-Met-Ser-Cys(tBu)-OtBu): Et2NH (3 mL) was added
to a solution of 22c (100 mg, 0.142 mmol) in dichloromethane (3 mL).
After 5 h the solvent was evaporated in vacuo, the residue was dissolved in
dichloromethane (2 mL), and MIC-OH (32.9 mg, 0.156 mmol) and EEDQ
(45.5 mg, 0.184 mmol) were added. After 18 h dichloromethane (40 mL)
was added, the solution was extracted twice with 0.5n hydrochloric acid
(40 mL), saturated NaHCO3 solution (40 mL), and brine (40 mL), dried
over MgSO4, and filtered. The solvent was evaporated in vacuo and the
product was isolated by flash chromatography (dichloromethane/ethanol
30:1, then 20:1) to yield the product (55.8 mg, 82.4 mmol, 58 %) as a
colorless solid. M.p. 98 8C; [a]20


D �ÿ41.7 (c� 0.8, CHCl3); 1H NMR
(CDCl3, 500 MHz, TMS): d� 7.29 (d, J� 7.8 Hz, 1 H, NH), 7.23 (d, J�
7.2 Hz, 1H, NH), 6.69 (s, 2 H, MIC-CH), 6.52 (d, J� 7.3 Hz, 1 H, NH), 4.72 ±
4.77 (m, 1 H, a-CH), 4.62 ± 4.68 (m, 1H, a-CH), 4.54 ± 4.58 (m, 1H, a-CH),
4.06 (dd, J� 11.5 Hz, J� 3.9 Hz, 1 H, b-CH2a Ser), 3.71 (dd, J� 11.5 Hz, J�
5.4 Hz, 1H, b-CH2b Ser), 3.51 (t, J� 7.2 Hz, 2H, MIC-NCH2), 3.23 (dd, J�
13.7 Hz, J� 4.4 Hz, 1H, b-CH2a Cys), 3.12 (dd, J� 13.6 Hz, J� 6.2 Hz, 1H,
b-CH2b Cys), 2.53 ± 2.65 (m, 2H, g-CH2 Met), 2.23 (t, J� 7.5 Hz, 2 H, MIC),
2.09 ± 2.18 (m, 1H, b-CH2a Met), 2.12 (s, 3 H, Met-CH3), 1.96 ± 2.05 (m, 1H,
b-CH2b Met), 1.64 ± 1.70 (m, 2H, CH2 MIC), 1.57 ± 1.63 (m, 2 H, CH2 MIC),
1.49 (s, 9H, CO2C(CH3)3), 1.28 ± 1.36 (m, 2 H, CH2 MIC), 1.32 (s, 9H,
SC(CH3)3), 13C NMR (CDCl3, 125 MHz, TMS): d� 173.2 (C�O), 171.7
(C�O), 170.9 (2 C�O MIC), 170.1 (C�O), 169.2 (C�O), 134.1 (2CH MIC),
83.3 (CO2C(CH3)3), 62.6 (b-CH2 Ser), 54.5 (a-CH), 53.1 (a-CH), 52.5 (a-
CH), 48.4 (SC(CH3)3), 42.2 (b-CH2 Cys), 37.6 (CH2), 36.1 (CH2), 31.5
(CH2), 30.3 (CH2), 29.8 (SC(CH3)3), 29.7 (CH2), 28.2 (CH2), 28.0
(CO2C(CH3)3), 26.3 (CH2), 24.9 (CH2), 15.3 (SCH3 Met); MS (FAB,
3-NBA): m/z : 699.3 [M�Na]� , 677.3 [M�H]� , 621.3 [Mÿ tBu�H]� , 564.2
[Mÿ 2tBu]� ; HRMS (FAB) calcd for C29H49N4O8S3: 677.2713; found:
677.2728.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-tert-butylthio-(l)-cysteine
(MIC-Met-Ser-Cys(tBu)-OH) (15 c): TFA (0.25 mL) was added to a
solution of MIC-Met-Ser-Cys(tBu)-OtBu (15.1 mg, 22.3 mmol) in dichloro-
methane (0.25 mL). After 3 h, toluene (1 mL) was added and the solvent
was evaporated in vacuo. Addition of toluene and evaporation were
repeated twice to yield 15c in quantitative yield as a colorless solid. M.p.
123 8C; [a]20


D �ÿ48.6 (c� 0.7, CHCl3/MeOH 2:1); 1H NMR (CDCl3/
CD3OD 6:1, 500 MHz, TMS): d� 7.78 (d, J� 7.6 Hz, 1H, NH), 7.71 (d,
J� 7.6 Hz, 1H, NH), 7.45 (d, J� 7.7 Hz, 1 H, NH), 6.73 (s, 2H, MIC-CH),
4.73 ± 4.79 (m, 1 H, a-CH), 4.47 ± 4.55 (m, 2H, 2a-CH), 3.89 (dd, J�
11.5 Hz, J� 4.8 Hz, 1 H, b-CH2a Ser), 3.75 (dd, J� 11.5 Hz, J� 5.3 Hz,
1H, b-CH2b Ser), 3.52 (t, J� 7.2 Hz, 2 H, MIC-NCH2), 3.26 (dd, J� 13.7 Hz,
J� 4.4 Hz, 1H, b-CH2a Cys), 3.11 (dd, J� 13.7 Hz, J� 7.6 Hz, 1 H, b-CH2b


Cys), 2.52 ± 2.58 (m, 2 H, g-CH2 Met), 2.24 (t, J� 7.5 Hz, 2H, MIC), 2.07 ±
2.16 (m, 1H, b-CH2a Met), 2.12 (s, 3 H, Met-CH3), 1.90 ± 1.99 (m, 1H, b-
CH2b Met), 1.56 ± 1.69 (m, 4H, CH2 MIC), 1.26 ± 1.35 (m, 2 H, CH2 MIC),
1.33 (s, 9H, SC(CH3)3); 13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS):
d� 174.5 (C�O), 172.4 (C�O), 171.3 (2 C�O MIC), 170.6 (C�O), 134.3
(2CH MIC), 62.2 (b-CH2 Ser), 55.0 (a-CH), 52.7 (a-CH), 52.3 (a-CH), 48.3
(SC(CH3)3), 41.7 (b-CH2 Cys), 37.8 (CH2), 36.0 (CH2), 31.5 (CH2), 30.3
(CH2), 29.9 (SC(CH3)3), 28.4 (CH2), 26.4 (CH2), 25.2 (CH2), 15.3 (SCH3


Met); MS (FAB, 3-NBA): m/z : 659.3 [M�K]� , 643.2 [M�Na]� , 621.2
[M�H]� ; HRMS (FAB) calcd for C25H41N4O8S3: 621.2087; found: 621.2094.


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-tert-butylthio-(l)-cysteyl-N(e)-
(4-tolyldiphenylmethyl)-(l)-lysyl-S-farnesyl-(l)-cysteine methyl ester
(MIC-Met-Ser-Cys(tBu)-Lys(Mtt)-Cys(Far)-OMe) (19 c): Et2NH (0.4 mL)
was added to a solution of 7 (85.6 mg, 90.5 mmol) in dichloromethane
(1.6 mL). After 4 h the solvent was evaporated in vacuo, the residue was
dissolved in a mixture of dichloromethane (2 mL) and trifluoroethanol
(0.1 mL), and 15 c (47.1 mg, 69.6 mmol) and EEDQ (24.2 mg, 90.5 mmol)
were added. After 13 h the solvent was evaporated in vacuo and the
product was isolated by flash chromatography (dichloromethane/ethanol
30:1) to yield 19c (25.9 mg, 19.5 mmol, 28%) as a colorless, waxy solid. M.p.
155 8C; [a]20


D �ÿ47.2 (c� 0.5, CHCl3); 1H NMR (CDCl3, 500 MHz, TMS):
d� 7.43 (d, J� 7.8 Hz, 4H, Mtt-CH), 7.30 (d, J� 8.2 Hz, 2 H, Mtt-CH),
7.01 ± 7.26 (m, 8 H, Mtt-CH), 6.68 (s, 1H, MIC-CH), 6.66 (s, 1H, MIC-CH),
5.16 ± 5.23 (m, 1 H, CH�C Far), 5.03 ± 5.11 (m, 2 H, CH�C Far), 4.40 ± 4.75
(m, 5H, 5 a-CH), 3.91 ± 3.99 (m, 1 H, b-CH2a Ser), 3.60 ± 3.80 (m, 4H, b-


CH2b Ser, COOCH3), 3.44 ± 3.52 (m, 2 H, MIC-NCH2), 3.05 ± 3.22 (m, 4H,
b-CH2 CysStBu, CH2 Far), 2.94 (dd, J� 14.8 Hz, J� 4.9 Hz, 1 H, b-CH2a


CysFar), 2.84 (dd, J� 14.1 Hz, J� 7.2 Hz, 1H, b-CH2b CysFar), 2.48 ± 2.62 (m,
4H, g-CH2 Met, e-CH2 Lys), 2.29 (b, 3 H, Mtt-CH3), 2.19 ± 2.28 (m, 2H,
MIC), 1.82 ± 2.15 (m, 14H, b-CH2 Met, SCH3 Met, CH2a Lys, CH2 Far),
1.45 ± 1.72 (m, 9H, CH2 MIC, CH2 Lys), 1.67 (s, 3 H, CH3 Far), 1.65 (s, 3H,
CH3 Far), 1.59 (s, 6 H, CH3 Far), 1.24 ± 1.41 (m, 11H, SC(CH3)3, CH2 MIC);
13C NMR (CDCl3, 125 MHz, TMS): d� 173.4 (C�O), 171.1 (C�O), 170.9
(C�O), 170.5 (C�O), 146.5 (quart, Mtt), 143.2 (quart, Mtt), 140.1 (quart,
Far), 135.5 (quart, Mtt), 135.3 (quart, Far), 134.1 (2CH MIC), 131.3 (quart,
Far), 128.6 (Mtt, 3 CH), 127.8 (Mtt, CH), 126.2 (Mtt, CH), 124.3 (Far-CH),
123.8 (Far-CH), 119.5 (Far-CH), 70.6 (quart, Mtt), 62.3 (b-CH2 Ser), 54.3
(a-CH), 53.5 (a-CH), 52.8 (a-CH), 52.5 (COOCH3), 51.8 (a-CH), 48.6
(CH2), 48.4 (SC(CH3)3), 41.0 (CH2), 39.7 (CH2), 37.6 (CH2), 36.2 (CH2), 36.1
(CH2), 32.8 (CH2), 31.0 (CH2), 30.9 (CH2), 30.3 (CH2), 29.8 (SC(CH3)3),
29.7 (CH2), 28.3 (CH2), 28.2 (CH2), 26.7 (CH2), 26.5 (CH2), 26.4 (CH2), 26.3
(CH2), 25.7 (Far-CH3), 24.9 (CH2), 21.0 (Mtt-CH3), 17.7 (Far-CH3), 16.2
(Far-CH3), 16.0 (Far-CH3), 15.4 (SCH3 Met); MS (FAB, 3-NBA): m/z :
1348.5 [M�Na]� , 1326.5 [M�H]� , 1248.4 [MÿC6H5]� , 1334.5 [Mÿ
C6H4CH3]� , 1070.5 [MÿMtt�H]� , 257.1 [Mtt]� .


Maleimidocaproyl-(l)-methionyl-(l)-seryl-S-tert-butylthio-(l)-cysteyl-(l)-
lysyl-S-farnesyl-(l)-cysteine methyl ester (MIC-Met-Ser-Cys(tBu)-Lys-Cys-
(Far)-OMe) (1 c): Et3SiH (11.4 mL, 71.6 mmol) was added to a solution of
19c (9.5 mg, 7.2 mmol) in a 1 % solution of TFA in dichloromethane
(0.8 mL). After 60 min a solution of 1 % EtMe2N in dichloromethane
(0.9 mL) was added, the solvent was evaporated in vacuo and the product
was isolated by size-exclusion chromatography (Sephadex LH-20, CHCl3/
MeOH 1:1) to yield 1c (5.8 mg, 5.4 mmol, 76 %) as a colorless, waxy solid.
M.p. 155 8C; [a]20


D �ÿ59.0 (c� 0.2, CHCl3/MeOH 2:1); 1H NMR (CDCl3/
CD3OD 6:1, 500 MHz, TMS): d� 6.74 (s, 2 H, MIC-CH), 5.21 (t, J� 7.3 Hz,
1H, CH�C Far), 5.08 ± 5.14 (m, 2H, CH�C Far), 4.63 (dd, J� 8.1 Hz, J�
5.0 Hz, 1H, a-CH), 4.60 (dd, J� 8.5 Hz, J� 5.7 Hz, 1H, a-CH), 4.42 ± 4.56
(m, 2 H, 2 a-CH), 4.38 (t, J� 4.7 Hz, 1 H, a-CH), 3.92 (dd, J� 11.4 Hz, J�
4.7 Hz, 1 H, b-CH2a Ser), 3.81 (dd, J� 11.4 Hz, J� 5.0 Hz, 1 H, b-CH2b Ser),
3.76 (s, 3H, COOCH3), 3.52 (t, J� 7.2 Hz, 2H, 2 MIC-NCH2), 3.18 ± 3.26
(m, 2H, CH2a Far, b-CH2a CysStBu), 3.12 (dd, J� 13.5 Hz, J� 7.5 Hz, 1H,
CH2b Far), 3.08 (dd, J� 13.6 Hz, J� 8.5 Hz, 1 H, b-CH2b CysStBu), 2.93 ± 2.99
(m, 3H, b-CH2a CysFar, e-CH2 Lys), 2.80 (dd, J� 13.9 Hz, J� 8.2 Hz, 1 H, b-
CH2b CysFar), 2.52 ± 2.61 (m, 2H, g-CH2 Met), 2.30 (td, J� 7.5 Hz, J�
2.3 Hz, 2H, MIC), 1.92 ± 2.16 (m, 14 H, b-CH2 Met, SCH3 Met, CH2a Lys,
CH2 Far), 1.59 ± 1.79 (m, 7 H, CH2 MIC, CH2 Lys), 1.68 (s, 6 H, CH3 Far),
1.61 (s, 6 H, CH3 Far), 1.41 ± 1.50 (m, 2 H, CH2 Lys), 1.30 ± 1.39 (m, 11H,
SC(CH3)3, CH2 MIC); 13C NMR (CDCl3/CD3OD 6:1, 125 MHz, TMS): d�
175.4 (C�O), 173.1 (C�O), 172.2 (C�O), 171.5 (C�O), 171.4 (C�O MIC),
171.3 (C�O), 140.3 (quart, Far), 135.6 (quart, Far), 134.4 (2 CH MIC), 131.5
(quart, Far), 124.5 (Far-CH), 124.0 (Far-CH), 119.8 (Far-CH), 61.9 (b-CH2


Ser), 55.9 (a-CH), 54.0 (a-CH), 53.4 (a-CH), 53.0 (a-CH), 52.7 (COOCH3),
52.4 (a-CH), 40.7 (CH2), 39.9 (CH2), 39.7 (CH2), 37.8 (CH2), 36.0 (CH2),
32.7 (CH2), 31.0 (CH2), 30.8 (CH2), 30.5 (CH2), 30.0 (SC(CH3)3), 29.7
(CH2), 28.5 (CH2), 26.9 (CH2), 26.7 (CH2), 26.5 (CH2), 25.8 (Far-CH3), 25.3
(CH2), 22.2 (CH2), 17.8 (Far-CH3), 16.2 (Far-CH3), 16.1 (Far-CH3), 15.4
(SCH3 Met); MS (FAB, 3-NBA): m/z : 1070.5 [M�H]� ; HRMS (FAB) calcd
for C50H83N7O10S4: 1070.516; found: 1070.519.
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Macrochelation, Cyclometallation and G-Quartet Formation:
N3- and C8-Bound PdII Complexes of Adenine and Guanine
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Andrew J. Edwards,[b] William Clegg,[b] and Andrew Houlton*[a]


Abstract: The reactions of PdII ions
with a series of chelate-tethered deriva-
tives of adenine and guanine have been
studied and reveal a difference in the
reactivity of the purine bases. Reactions
of [PdCl2(MeCN)2] and A-alkyl-enH ´ Cl
(alkyl� propyl or ethyl, A� adenine,
en� ethylenediamine) yield the mono-
cationic species [PdCl(A-N3-Et-en)]�


(1) and [PdCl(A-N3-Pr-en)]� (2). Both
involve co-ordination at the minor
groove site N3 of the nucleobase as


confirmed by single-crystal X-ray anal-
ysis. Reactions with the analogous G-al-
kyl-enH ´ Cl derivatives (G� guanine,
alkyl� ethyl or propyl) were more com-
plex with a mixture of species being
observed. For G-Et-en ´ HCl a product
was isolated which was identified as


[PdCl(G-C8-Et-en)]� (3). This com-
pound contains a biomolecular metal ±
carbon bond involving C8 of the purine
base. Crystallography of a product ob-
tained from reaction of G-Pr-enH ´ Cl
and [Pd(MeCN)4][NO3]2 reveals an oc-
tacationic tetrameric complex (4), in
which each ligand acts to bridge two
metal ions through a combination of a
tridentate binding mode involving the
diamine and N3 and monodentate coor-
dination at N7.


Keywords: adenine ´ cyclometala-
tion ´ guanine ´ G-quartets ´
hydrogen bonding ´ palladium


Introduction


An insight into the interactions which take place between
metal ions and nucleobases, nucleotides and nucleic acids is
fundamental to the understanding of many biological phe-
nomena. Hence such studies have become central to bio-
inorganic chemistry.[1±3] A key objective in this area has been
to establish the details of these interactions. For the nucleo-
bases, delineation of the preferred coordination sites has
largely been facilitated by using simple model systems,
particularly 9-alkylpurines and 1-alkylpyrimidines.[1±3] For
purines these sites are now acknowledged as being N7 and
N1, which, in double-stranded DNA (ds-DNA), are located in
the major groove and at the helix centre respectively.


In contrast, while it is well established that organic reagents
react with the minor groove site, N3[4] and the major groove


site, C8[5] of purine nucleobases, the interaction of metal ions
at these sites is not widely considered. An increasing number
of reports, however, indicate that metal ions do bind at these
less common sites with potentially significant effects.[6±14] For
example, metal complexes are known to bind to the minor
groove of ds-DNA,[11] divalent metal ions have been impli-
cated in stabilizing A-tract structures through such interac-
tions,[9] and individual nucleoside ± phosphates have also been
reported to interact with N3 in the cases of several divalent
metal ions.[6]


Nucleobases can also react to form organometallic species
as a result of metal ± carbon bond formation. Early studies on
the synthesis of tagged-nucleic acid demonstrated that
nucleotide ± triphosphates, UTP, CTP, dUTP and dCTP
undergo mercuration at C5.[13] Guanosine and adenosine
were also later confirmed to form metal ± carbon-bonded
derivatives through metallation at C8.[14] Transition metal ions
have also been shown to form such organometallic species on
reaction with nucleobases, though, in general these are
restricted to examples with pyrimidines.[15]


We have recently begun to explore the reactivity of chelate-
tethered nucleobase derivatives towards metal ions.[12, 16]


Examples of mononuclear complexes involving either N3±
or C8 ± metal binding have been observed with adenine.[12]


Furthermore, the capacity for these ligands to bridge metal
ions has led to the generation of discrete or extended
polynuclear complexes.[16] These studies have also highlighted
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a base-specific interaction of the minor groove site of N3 with
copper ions.[16] Here we report on the reactions of PdII ions
with adenine and guanine derivatives tethered with ethyl-
enediamine (en). The results highlight a significant difference
in the reactivity of the two nucleobases. For adenine, the metal
ion binds at the minor-groove based site of N3 in each case.
With guanine, however, a mixture of products is observed,
from which we have been able to isolate and characterise a
C8-cyclometallated species for the G-Et-en derivative and a
molecular-square which features both N3 and N7 coordina-
tion to the guanine moiety from reactions with G-Pr-en.


Results and Discussion


Reactions of PdII and adenine derivatives: Reactions of the
adenine-derived ligands, A- Et-en and A-Pr-en, with PdII ions
involved adding an aqueous solution of ligand as the hydro-
chloride salt to a refluxing solution of PdCl2 in MeCN. Each
reaction yielded a yellow solid upon work-up which analysed
as [PdCl(A-N3-Et-en)]� (1) or [PdCl(A-N3-Pr-en)]� (2), as
Clÿ salts. In the case of 1 conversion to the corresponding
BF4


ÿ salt by metathesis with NaBF4 was performed as an aid
in the preparation of single crystals.


The molecular structures of 1 and 2 are shown in Figure 1
and Figure 2, respectively. In both complexes the palladium,
co-ordinated by three nitrogen donors and one chloride anion,


Figure 1. Molecular structure of the cation 1, [PdCl(A-N3-Et-en)]� ,
featuring five- and seven-membered chelate rings. Selected bond lengths
[�]: Pd1ÿCl1 2.3189(9), Pd1ÿN3 2.047(3), Pd1ÿN12 2.040(3), Pd1ÿN15
2.031(3); Pd1 ´´´ H10A 2.851 �.


adopts a distorted square-planar geometry. The ethylenedi-
amine group and N3 of the adenine moiety contribute the
three nitrogen donor atoms and hence the nucleobase ± di-
amines act as tridentate ligands in each case. This gives rise to
five- and seven-membered chelate rings in 1 and five- and
eight-membered chelate rings in 2. The co-ordination mode
seen in these complexes is analogous to the macrochelation
reported for nucleotides by Sigel et al.[6] The adenine moieties
lie at angles of 40.18 and 72.98 with respect to the metal


coordination plane for 1 and 2, respectively. This latter value
is close to that observed in [6,'6',9-TMA-N3-Pd(dien)]2�


(78.28) (where TMA is 6',6',9-trimethyladenine)[7] suggesting
that the propyl chain is of sufficient length to allow
coordination at N3 without imposing additional geometric
constraints.


Figure 2. Molecular structure of the cation 2, [PdCl(A-N3-Prop-en)]� ,
featuring five- and eight-membered chelate rings. Selected bond lengths
[�]: Pd1ÿCl1 2.3000(10), Pd1ÿN3 2.031(3), Pd1ÿN13 2.045(3), Pd1ÿN16
2.010(3); Pd ´´´ H10A 2.521 �.


In both complexes 1 and 2, a consequence of the ligand-
binding mode is to position one of the N9-bound methylene
protons in close proximity to the metal centre and may be
considered an agostic interaction (1: Pd ´´ ´ H 2.851 �;
H10A ´´´ PdÿN12 668, H10A ´´´ PdÿCl 122.68 ; 2 : Pd ´´ ´ H
2.521 �; H10B ´´´ PdÿN13 80.48, H10B ´´´ PdÿCl 99.38). This
structural feature accounts for the considerable downfield
shift of the C10-bound proton resonances as observed by
1H NMR spectroscopy. This may be attributed to the effect of
the diamagnetic anisotropy of the pair of electrons in the PdII


dz2 orbital. Figure 3 compares the 1H NMR spectrum of the
ligand, A-Et-enH ´ Cl with that of the complex [PdCl(A-N3-
Et-en)]BF4 in D2O. The resonance corresponding to one of
the protons bonded to C10 is clearly seen at d� 5.60 as
compared to a chemical shift of d� 4.25 in the free ligand (the
other proton is coincident with the solvent peak (HOD)).
This feature appears to be diagnostic for N3 coordination,
as similar effects have also been observed in N3-bound
[M(dien)]2� (M�Pd, Pt) derivatives of 6',6',9-trimethylade-
nine.[7] Another noteworthy feature is the difference in
chemical shifts of the resonances attributed to the aromatic
protons H2 and H8 as compared to those in the spectrum of
the free ligand.


While PdII may be considered typical in its reactivity with
purine bases, that is the preferred binding sites are N1 and N7,
there have been a number of recent reports of palladium co-
ordinating to the less common site N3 of adenine derivatives.
Steric hindrance of N1 and N7 has been used to promote such
binding through the methylation of N6 in 6,6',9-trimethyl-
adenine.[7] Loeb and co-workers have designed a palladium-
containing receptor which was found to bind adenine at N3 in
conjunction with associated second-sphere p-stacking and
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hydrogen bonding interactions.[8] A comparison of the inter-
atomic distances in these compounds with those of 1 and 2
reveal no significant differences.


Analysis of the molecular packing in the crystal structures
reveals in 1 intermolecular base-pairing interactions involv-
ing the Hoogsteen (H) faces of adjacent adenine moieties. An
inversion-related pairing of H ´´´ H faces (N7 ´´ ´ N6 distance
2.928 �) generates an R2


2(10) motif[17] which further inter-
acts with inversion-related neighbours through the WC-
face N1 and the N15 amine proton (N1 ´´´ N15 distance
2.971 �) forming a centrosymmetric pattern (Figure 4).
Together these form R2


2(10) R2
2(12)chains which are cross-


linked through Cl1 ´´´ HN12 interactions (3.205 �) to form
sheets.


Figure 4. Intermolecular hydrogen bonding interactions in 1 generating an
R2


2(10) R2
2(12) chain involving the W ± C and H faces of the adenine


moieties. These are crosslinked into sheets through NH ´´´ Cl interactions.


In 2 inversion-related pairs of molecules interact through
the W ± C face to form R2


2(8) rings (N1 ´´´ N6 3.089 �). Further
interactions take place between each molecule in the pair with
those in an adjacent pair through the metal-bound chloride
ion and the second proton on N6 (N6 ´´ ´ Cl1 3.439 �). This
interaction forms an R2


2(16) motif which contains parallel
non-eclipsed adenine groups separated by about 3.5 � (Fig-
ure 5).


Figure 5. Hydrogen-bonded inter-nucleobase interactions in 2. Molecules
related by inversion centre forming an R2


2(8) motif with the W ± C faces of
adenine.


Reactions of PdII and guanine derivatives: From the reaction
of G-Et-enH ´ Cl with [PdCl2(MeCN)2] in MeCN/H2O, after
work-up and metathesis with NaBF4, a sample was isolated
which was characterised by single-crystal X-ray analysis as
[PdCl(G-C8-Et-en)][BF4], [3][BF4]. This species again con-


Figure 3. 1H NMR spectra (500 MHz, D2O) of A-Et-enH ´ Cl (top) and [PdCl(A-N3-Et-en)][BF4] (bottom). Numbering used corresponds with the
crystallographic scheme.
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tains the ligand in a tridentate binding mode, but in this
instance the binding site to the nucleobase is at C8.


The molecular structure of 3 is shown in Figure 6 and
highlights the distorted square-planar geometry of the PdII


formed by co-ordination of the en group, a chloride anion and
the C8 of the guanine moiety. The complex cation 3 is virtually
planar (mean deviation from Pd1/Cl1-C8-N12-N15 plane�
0.8977 �), though the two ethylene chains are disordered over
two positions. The PdÿC8gua bond length is 1.974(3) � in 3 and
compares with 1.989(3) � for RuÿC8ade in [Ru(Cl2dmso-
(A-C8-Et-en)][12b] and with distances of 1.943 � and 2.040 �
for palladium imidazolin-2-ylidene complexes.[18] Metallation
at C8 is accompanied by proton transfer to N7 which is
indicated by the downfield resonance at d� 11.57 in the
1H NMR spectrum.


Examples of organometallic nucleobase derivatives that
contain biomolecular metal ± carbon bonds are limited, espe-
cially so for purines. Taube and Clark have reported on
reactions of RuII/RuIII ammines with a series of alkylated
xanthine derivatives and observed C8-binding in several
cases; however, the nucleobases adenine and guanine did
not feature in these studies.[19] C8-mercurated guanine and
inosine derivatives have been prepared, but these are poly-
substituted with binding at C8 attributed to the increase in
acidity of the C8 proton as a result of N7 coordination.[14] A
similar argument has been put forward to account for the
formation of trans-[Pd(8-(methylthio)theophyllinato-N7)-
(theophyllinato-C8)(PPh3)2].[20]


Simple electron counting indicates that the guaninyl residue
in 3 must act as a one-electron donor for the compound to be a
16-electron species.[21] In fact, 3 may be considered as a typical
cyclometallation product, well known for PdII chemistry and
generally considered to involve pre-coordination of an
adjacent ligand followed by electrophilic substitution, in this
case base-assisted by N7.[22] To our knowledge 3 represents the
first structurally characterised example of a guanine residue
to contain a metal-carbon bond. The complex is however
analogous to the previously described adenine complex
[RuCl2dmso(A-C8-Et-en)] for which we were also able to
isolate the pre-co-ordinated intermediate which bears a
pendant adenine group.[12b]


Figure 7 shows the intermolecular hydrogen bonding in 3
involving the self-complementary pairing of the minor groove
edge of guaninyl moiety over an inversion centre (N3 ´´´ N2
3.115 �). This pairing is seen in a number of guanine-derived


compounds including the com-
plex trans-[Pt(NH3)2(6,6',9-tri-
methylAde-N3)((EtGua-
N7)]2�.[23] Further hydrogen
bonding in 3 occurs between
the W ± C face and the BF4


ÿ ion
and the modified H face inter-
acts strongly with occluded wa-
ter (N7 ´´ ´ O1 2.805 �; O6 ´´ ´ O1
2.781 �).


In fact, reaction mixtures of
[PdCl2(MeCN)2] and G-Et-en-
H ´ Cl were shown to contain
several other species. 1H NMR
spectra indicated a mixture of
at least three species, based


upon the number of H8 resonances, in addition to the C8-
metallated derivative 3. The major one of these three had
spectral features which were indicative of N3 coordination
(multiplets at d� 6.06 and 4.93 in D2O, for the protons
attached to methylene group adjacent to N9). ES-MS data on
reaction mixtures revealed the presence of a dimer, m/z 685
corresponding to [Pd2L2ÿ 3 H]� as well as the major peaks at
m/z 380 and 342 for complexed ions [PdLCl]� and [PdLÿ
H]� . We have previously characterised dimeric complexes
such as [Zn2(G-Prop-en)Cl2] which involves N7 binding to one
metal ion, while the diamine function binds a second.[24]


Analogous species can easily be envisaged with PdII ions.
However, attempts to isolate these minor species from the
reaction mixtures were unsuccessful.


It was similarly the case with the G-Pr-enH.Cl ligand that
analysis of reactions with Pd ions revealed the formation of
multiple species and isolation of pure compounds was
problematic. For instance, 1H NMR spectroscopy of the
reaction mixtures of [PdCl2(MeCN)2] and G-Pr-enH ´ Cl
contained five distinct resonances corresponding to G-H8


Figure 6. Molecular structure of the cation 3 [PdCl(G-C8-Et-en)]� , featuring five- and six-membered chelate
rings. Selected bond lengths [�]: Pd1ÿCl1 2.3084(9), Pd1ÿC8 1.974(3), Pd1ÿN12 2.038(3), Pd1ÿN15 2.094(3).


Figure 7. Inter-nucleobase interactions in [3][BF4] involving the minor-
groove edge of the guanine moieties forming R2


2(8) motif. The N2 ´´´ N3
separation is 3.115 �.
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(d� 7.70, 7.85, 8.15, 8.23 and 8.24) with the resonance at d�
8.15 most prominant. Positive ion ES-MS indicated the
presence of oligomers with peaks at m/z 815 and 709
corresponding to [Pd3(G-Prop-en)2-5H]� and [Pd2(G-Prop-
en)2-3H]� in addition to those at m/z 394 and 356 for
mononuclear complexed ions [PdCl(G-Prop-en)]� and
[Pd(G-Prop-en)ÿH]� . Unfortunately, repeated attempts to
isolate pure compounds by recrystallization from aqueous
solutions were unsuccessful.


Single crystals of 4 which were suitable for crystallographic
analysis were finally obtained in low yield (ca. 5 %) by
crystallization of the material obtained from reactions of
G-Pr-enH ´ Cl with PdCl2 in aqueous MeCN after halide
metathesis with AgNO3. ES-MS data for the crystalline
material dissolved in aqueous solution contained peaks at m/z
356 and 709 which are assigned to [Pd(G-Pr-en)ÿH]� and
[Pd2(G-Pr-en)2-3H]� , respectively. Higher molecular weight
species were not apparent.


In fact in the solid state, 4 was shown to contain a tetrameric
assembly involving a ligand binding mode analogous to that
seen in 1 and 2, that is the diamine function and N3 of the
nucleobase bind in a tridentate manner (Figure 8). However,


Figure 8. Mononuclear fragment of the [Pd4-G4] quartet 4 highlighting the
N3 co-ordination of the nucleobase and the similarity to 2. Atomic
numbering is conventional for the guanine residue and the alkyldiamine
tether is as for 2.


in addition guanine co-ordinates a second metal ion at N7 and
this bridging mode assembles four [Pd(G-N3-Pr-en)]2� units
into a tetrameric octa-cationic macromolecule (Figure 9).
Each of the mononuclear N7-N3-co-ordinated guaninyl frag-
ments bear, perhaps unsurprisingly, a striking resemblance to
the N3-adeninyl complex 2 (compare Figure 8 with Figure 2).
For example, in 4 the nucleobase lies at an angle of 72.28 to the
and the short H10 ´´ ´ Pd distance is 2.436 � compared with
72.98 and 2.521 � for these same parameters in 2. To the best
of our knowledge, 4 is only the second structurally charac-
terised example of an N3-co-ordinated guanine derivative, the
tri-platinum complex [9-EtG(N1,N7,N3-Pt(NH3)3] being re-
ported some time previously by Lippert et al.[25]


Figure 9 shows a view of the octacationic tetrameric unit.
All the atoms in the tetramer occupy general positions in the
crystal lattice, hence there is no crystallographic symmetry


Figure 9. Octacationic Pd-based guaninyl quartet, 4, comprising [Pd(G-
N3,N7-Prop-en)]2� moities. Selected structural parameters [�]: Pd1ÿN7C
2.033, Pd2ÿN7 2.042, Pd3ÿN7A 2.038, Pd4ÿN7B 2.029, PdÿN7av 2.036;
Pd1ÿN3 2.049, Pd2ÿN3A 2.081, Pd3ÿN3B 2.056, Pd4ÿN3C 2.049 PdÿN3av


2.059; PdÿN13av 2.043; PdÿN16av 2.016; Pd1 ´´´ Pd2edge 7.243, Pd1 ´´´ Pd4edge


7.237, Pd2 ´´´ Pd3edge 7.269, Pd3 ´´´ Pd4edge 7.244; Pd1 ´´´ Pd3diag 9.871, Pd2 ´´´
Pd4diag 10.062 �.


element defining the square. The Pd ´´ ´ Pd edge distances
exhibit a narrow range; Pd1 ´´´ Pd2 7.243, Pd2 ´´ ´ Pd3 7.269,
Pd3 ´´´ Pd4 7.244 and Pd1 ´´´ Pd4 7.237 �. The diagonal dis-
tances are Pd1 ´´´ Pd3 9.871 and Pd2 ´´´ Pd4 10.062 �. The four
Pd ions lie in a plane (mean deviation 0.8467 �) with
diagonally related ions exhibiting deviation in the same
direction (Pd1 and Pd3 �0.85; Pd2 and Pd4 ÿ0.85 �). The
guaninyl residues are inclined at about 528 to the plane
defined by the four metal ions and alternate, as indicated by
the W ± C face of the nucleobase, in an head-tail-head-tail
manner around the square. Guaninyl groups oriented in the
same sense are inclined at angles of 65.48 and 66.08 relative to
each other and the N1 ´´ ´ N1B closest approach is 3.863 �.
Unusually for nucleobase-metal ion bridging modes it is the
co-ordination geometry of the metal ion that generates the
right angles of the assembly; N7C-Pd1-N3 90.2, N7-Pd1-N3A
90.2, N7A-Pd1-N3B 91.0, N7B-Pd1-N3C 90.5. The guaninyl
residues in 4 act to form approximately linear bridges by co-
ordinating at N3 and N7. More typical are 908 bridges formed
through purine (N1 � N7) and 1208 bridges through
pyrimidine (N1 � N3) binding modes.[26]


Nucleobase quartets are an increasingly understood aspect
of DNA chemistry and in addition to natural systems[27] a
number of synthetic examples have been characterised.[28,29] A
feature general to all these assemblies is a dependence on
metal ions for formation, though the details of the metal
ion ´´´ nucleobase interactions vary considerably. Interesting-
ly, an alternative Pd-bridged guanine tetrameric structure has
been proposed for solutions containing equimolar equivalents
of [Pd(en)(NO3)2] and 5'-GMP or 5'-IMP.[30] This complex has
C4 symmetry and involves metal ion binding at N1 and N7
(Figure 10).


Compound 4 is in fact the second example of a G-quartet
generated through co-ordinate bond formation with these
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ligand systems. The other example is based upon octahedrally
co-ordinated CdII ions.[24] In this case the metal ions are ligated
by the diamine function, N7 of the guaninyl residue, and H2O
to form squares which are extended into columns through
bridging SO4


2ÿ ions. The absence of metal ion binding at N3
has a profound effect upon the structure of the individual
tetrameric units, as illustrated in Figure 11. For example, the
four G-residues lie effectively in the plane with the W ± C
faces pointing outwards from the centre of the square and this
facilitates the stacking of tetrads into columns. By contrast,
the head-tail-head-tail orientation of the guaninyl moieties in
4 is required to allow Pd ± N3 binding. The two quartets may
be considered as open and closed counterparts with inter-
conversion being dependent on a change in the ligand binding
mode [N7]>[N7�N3] (Figure 11). The resulting [N7�N3]


Figure 11. Comparison of the open and closed forms of [Metal4-G4]
quartets formed with guanine-alkyldiamines. Left, the open Cd-derived
assembly which involves N7 binding and, right, the closed Pd-derived
structure which involves N3� N7. The arrows indicate the necessary ligand
substitution for interconversion between the two forms.


mode seen in 4 hinders base ´´ ´ base stacking and in fact there
are no inter-tetramer interactions in the crystal lattice of 4.
However, as with the [Cd4-G4] tetrad, the W ± C faces of the
guaninyl groups are available for hydrogen bonding interac-
tions. This common feature of the quartets generated through
co-ordinate bond formation is in contrast to the majority of
nucleobase quartets which are assembled through comple-
mentary hydrogen bonding interactions. Compound 4 along
with the Cd-containing derivative reported elsewhere[24]


collectively extend the range of nucleobase quartet architec-
tures to include examples which retain a capacity for base
pairing interactions.


Conclusion


The attachment of a chelating
tether to the N9 position of the
purine nucleobases, adenine
and guanine, enables the prep-
aration of novel nucleobase
complexes. Moreover, the pres-
ence of the tethered group
highlights some differences in
the reactivities of the two bases.


For instance, with palladium, cyclometallation may occur with
guanine but under similar conditions this was not observed
with adenine.


Furthermore, with guanine there is a greater tendency for
polynuclear species to be isolated compared to adenine.[24] In
fact, 3 is the only mononuclear complex containing guanine
we have isolated to date. This may be rationalised from the
known reactivity of the respective N7 site with G>A. This
factor also accounts for the greater tendency for reactions
with G ligands to give multiple species compared to those
containing A.


Finally, metal ion binding at the purine N3 site in these
diamine systems has generally been restricted to adenine.
[12, 16, 24] However, guanine-N3 co-ordination has been dem-
onstrated some time ago[25] and the palladium-G-quartet 4
extends this exclusive class of compounds. Furthermore this
complex emphasises that the steric demand of the 2-amino
group of guanine is not prohibitive to metal ion co-ordination
at the minor groove N3 site.


Experimental Section


Materials : 9-(2-Chloroethyl)adenine and 9-(3-chloropropyl)adenine were
prepared by a published procedure[31] and converted to the corresponding
ethylenediamine by reaction with neat reagent as described previously.[12]


9-(2-Chloroethyl)guanine and 9-(3-chloropropyl)guanine were prepared
following literature methods from amino-6-chloro-purine[32] and reacted in
an analogous manner to the adenine derivatives to form the corresponding
ethylenediamines as hydrochloride salts.[12b, 24]


NMR spectra were measured on a Joel Lambda 500 spectrometer. Mass
spectra were measured at the EPSRC MS Service University of Wales,
Swansea.


Preparation of [Pd(A-N3-Et-en)Cl]Cl, [1]Cl : PdCl2 (0.50 g, 2.8 mmol) was
dissolved in refluxing acetonitrile (80 mL). To this was added dropwise an
aqueous solution (30 mL) of ethylenediamine-N,-9-ethyladenine hydro-
chloride (0.73 g, 2.8 mmol), the mixture was heated at reflux for 16 h. The
solvent was removed from the cooled solution under reduced pressure and
the resulting solid residue was dissolved in water (100 mL), any undissolved
solids were removed by filtration. Evaporative removal of the solvent
yielded the crude product which was recrystallised from a minimum
volume of water to afford the product as a microcrystalline yellow powder
(0.75 g, 67%).1H NMR ([D6]DMSO): d� 2.45 (m, 2H; H13', H14), 2.85 (m,
1H; H11'), 2.95 (m, 1 H; H14'), 3.00 (m, 1 H; H13), 3.25 (m, 1 H; H11), 4.71
(d, J� 15 Hz, 1H; H10'), 5.20 (ddd, J� 4, 12, 16, Hz, 1H; H10), 5.25 (m,
1H; H15/H15'), 5.40 (m, 1H; H15/15'), 7.00 (m, 1 H; H12), 8.15 (s, 1H; H6/
H6'), 8.25 (s, 1H; H8), 8.30 (s, 1 H; H2), 8.43 (s, 1 H; H6/6'): elemental
analysis calcd (%) for C9H15Cl2N7Pd ´ 2H2O: C 24.87, H 4.40, N 22.56;
found: C 24.27, H 4.24, N 21.46; MS: m/z (%): 364 [M]� , 326 (100) [Mÿ
HCl]� . The chloride salt was converted to the corresponding BF4


ÿ salt using
a saturated aqueous solution of NaBF4, to aid in the growth of single
crystals suitable for X-ray diffraction studies.


Figure 10. Proposed structure for [Pd(en)4(5'GMP)4]4� involving N1 � N7 binding (ref. [30]) compared to the
structure of 4.
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[Pd(A-N3-Pr-en)Cl]Cl, [2]Cl : An aqueous solution (15 mL) of ethylenedi-
amine-N-propyladenine hydrochloride (0.38 g, 1.4 mmol) was added drop-
wise to a refluxing solution of PdCl2 (0.25 g, 1.4 mmol) in acetonitrile
(40 mL). On the addition of the ligand solution a fine yellow solid
precipitated. The mixture was allowed to continue at reflux for 16 h. The
solid was collected from the cooled solution by filtration and washed with
acetonitrile. The crude product was recrystallised from water (15 mL) to
afford the product as a yellow microcrystalline solid (0.42 g, 73 %): 1H NMR
([D6]DMSO): d� 1.88 (m, 1 H; H11'), 1.99 (m, 1H; H12'), 2.34 (m, 3H;
H11, H12, H14), 2.44 (m, 1H; H15), 2.62 (m, 1H; H15'), 2.90 (ddd, J� 4, 12,
16 Hz, 1 H; H14), 4.82 (dd, J� 4, 15 Hz, 1H; H10), 5.27 (d, J� 7 Hz, 1H;
H16), 5.56 (m, 1 H; H16'), 6.91 (m, 1H; H10'), 7.33 (d, J� 9 Hz, 1H; H13),
8.13, (s, 1H; H6/6'), 8.20 (s, 1H; H6/6'), 8.27 (s, 1 H; H2), 8.34 (s, 1 H; H8):
elemental analysis calcd (%) for C10H17Cl2N7Pd ´ 2H2O: C 26.77, H 4.72, N
21.85; found: C 26.24; H, 4.44; N, 21.18; MS: m/z (%): 378 (100) [M]� , 340
(100) [MÿHCl]� . Suitable crystals for single-crystal X-ray diffraction
analysis were grown by the controlled cooling of a hot aqueous solution


[Pd(G-C8-Et-en)Cl]BF4, [3]BF4 : To a refluxing solution of PdCl2 (0.07 g,
0.4 mmol) in acetonitrile (30 mL) was added dropwise a solution of
ethylenediamine-N,9-ethylguanine hydrochloride (0.11 g, 0.4 mmol) in
water (25 mL). The mixture was stirred at reflux for 16 h. The solvent
was removed from the cooled solution in vacuo. The solid residue was
dissolved in a minimum volume of water (5 mL), the addition of a saturated
aqueous solution of NaBF4 afforded the crude product as an orange/brown
solid, (0.07 g, 41 %). Crystalline material suitable for analysis by X-ray
diffraction was obtained by the controlled cooling of a hot aqueous
solution: 1H NMR ([D6]DMSO): d� 2.44 (m, 1 H; H13), 2.58 (m, 1H;
H14), 2.81 (m, 1H; H13), 3.11 (m, 1H; H14), 3.13 (m, 2 H; H11, H11), 4.40
(m, 1H; H10), 4.49 (m, 1H; H10), 5.30 (s br, 1 H; H15), 5.67 (s br, 1H;
H15), 7.04 (m, 1H; H12), 7.13 (s, 1H; H2). 7.24 (s, 1 H; H2), 10.93 (s (broad),
1H; H1), 11.51 (s br, 1 H; H7): elemental analysis calcd (%) for
C9H15ClN7OPdBF4: C 23.20; H 3.24; N 21.04; found: C 23.37; H 3.38; N
20.58; ES-MS: m/z (%): 380 (100) [M]� 342 (100) [MÿHCl]� .


Reaction of PdII with G-Pr-enH ´ Cl to give 4 : PdCl2 (0.19g, 1.04 mmol) was
dissolved in refluxing acetonitrile (30 mL). After 1 h the solution was
cooled to room temperature and AgNO3 was added with stirring.
Precipitated AgCl was removed by filtration through celite and the filtrate
heated to reflux. To this was added dropwise an aqueous solution (30 mL)
of ethylenediamine-N,9-propylguanine hydrochloride (0.30 g, 1.04 mmol).
The mixture was refluxed for a further 3 h, the resulting yellow solution was
concentrated under reduced pressure. On standing a yellow powder
precipitated and was collected by filtration. The crude material was
recrystallised from aqueous solution. 1H NMR ([D6]DMSO): d� 1.99 (m,
1H; H14), 2.11 (m, 2 H; H14', H11), 2.64 (m, 2 H; H12, H15), 2.79 (m, 2H;
H12', H15'), 3.06 (m, 1 H; H11'), 4.02 (m, 1H; H10), 4.18 (m, 1H; H10'),
5.28 (s, 1H; H16), 5.44 (s, 1 H; H16'), 6.71 (s, 1H; H13), 6.96 (s, 2 H; H2,
H2'). 8.17 (s, 1H; H8), 11.22 (s, 1H; H1); elemental analysis calcd (%) for
[Pd4(C40H68N28O4)Cl4](NO3)4 ´ 4 HCl ´ 4 H2O: C 23.6, H 3.9, N 22.0; found:
C 23.14, H 3.70, N 21.80. This indicates that the removal of Clÿ ions with
AgNO3 was imcomplete. A small quantity (ca. 5 %) of crystalline material
(4) suitable for single-crystal X-ray diffraction analysis was obtained from a
slowly evaporating aqueous solution.


X-ray diffraction studies


Crystal data for [1]BF4 : C9H15ClN7PdBF4, Mr� 449.9, triclinic, space group
P1Å, a� 6.5449(11), b� 10.0951(17), c� 12.321(2) �, a� 99.515(5), b�
105.391(4), g� 105.649(4)8, V� 730.8(2) �3, Z� 2, 1calcd� 2.045 g cmÿ3 ;
MoKa radiation, l� 0.71073 �, m� 1.505 mmÿ1, T� 160 K. Of 4513 meas-
ured reflections, corrected for absorption, 3139 were unique (Rint� 0.0638,
q� 28.38); R� 0.0350 (F values, F2> 2s), Rw� 0.0961 (F2 values, all data),
GOF� 1.068 for 224 parameters, final difference map extremes �1.09 and
ÿ1.46 e �3. The structure was solved by direct methods. All non-H atoms
were refined anisotropically. H atom coordinates were refined for N-H
atoms with Uiso� 1.2Ueq (N). For H atoms attached to carbon a riding
model was used.


Crystal data for [2]Cl : C10H21Cl2N7O2Pd, Mr� 448.6, triclinic, space group
P1Å, a� 7.0346(8), b� 7.3548 (9), c� 17.801(2) �, a� 88.670(2), b�
80.500(3), g� 64.645(2)8, V� 819.69(17) �3, Z� 2, 1calcd� 1.818 g cmÿ3 ;
synchrotron radiation, l� 0.6956 �, m� 1.475 mmÿ1, T� 160 K. Of 4655
measured reflections, corrected for absorption, 2909 were unique (Rint�
0.0265, q� 25.78); R� 0.0397 (F values, F2> 2s), Rw� 0.1059 (F2 values, all


data), GOF� 1.079 for 231 parameters, final difference map extremes
�1.07 andÿ1.41 e �3. The structure was solved by direct methods. All non-
H atoms were refined anisotropically. H atom coordinates were refined for
N-H atoms with Uiso� 1.2Ueq (N). For H atoms attached to carbon a riding
model was used. The small crystal size (0.20� 0.10� 0.01 mm) necessitated
data collection with synchrotron radiation, SRS at Daresbury Laboratory,
station 9.8.


Crystal data for [3]BF4 ´ 1.3H2O : C9H15ClN7OPdBF4 ´ 1.3 H2O, Mr� 489.9,
monoclinic, space group P21/c, a� 12.5802(17), b� 14.1472(19), c�
9.4291(12) �, b� 105.194(4)8, V� 1619.5(4) �3, Z� 4, 1calcd�
2.009 gcmÿ3 ; MoKa radiation, l� 0.71073 �, m� 1.378 mmÿ1, T� 160 K.
Of 9849 measured reflections, corrected for absorption, 3695 were unique
(Rint� 0.0259, q� 28.4o); R� 0.0341 (F values, F2> 2s), Rw� 0.0816 (F2


values, all data), GOF� 1.027 for 268 parameters and 14 restraints. Final
difference map extremes �0.86 and ÿ0.77 e �3. The carbon atoms in the
two ethylene chains were disordered over two sets of positions with major
and minor sites occupied 63.2:36.8(7) %. The geometry and anisotropic
displacement parameters were restrained in these parts of the molecule.
The coordinates of H atoms on N2 and O(1W) were freely refined, all
others were refined with a riding model as for 1. H atoms were not located
for the partially occupied water molecules of crystallization, O(2W). The
structure was solved by direct methods.


Crystal data for 4 : C40H88Cl2N34O32Pd4, Mr� 2053.9, monoclinic, space
group P21/c, a� 30.425(2), b� 15.9284(12), c� 16.5310(12) �, b�
105.714(2)8, V� 7712.0(10) �3, Z� 4, 1calcd� 1.769 g cmÿ3 ; synchrotron
radiation, l� 0.6942 �, m� 1.090 mmÿ1, T� 160 K. Of 57349 measured
reflections, corrected for absorption, 14546 were unique (Rint� 0.1019, q�
25.08); R� 0.1167 (F values, F2> 2s), Rw� 0.2570 (F2 values, all data),
GOF� 1.207 for 1102 parameters and 806 restraints. Final difference map
extremes �4.10 and ÿ2.41 e�3. Two of the six nitrate ions are disordered.
Of the ten water molecules one is split over two sites and a further two are
at half occupancy. The structure was solved by direct methods. The crystal
was extremely small (0.07� 0.04� 0.01 mm) and gave relatively poor data,
even with intense synchrotron radiation.


Programs used: SHELXTL (G. M. Sheldrick, SHELXTL manual, Bruker
AXS Inc., Madison, WI., USA, 1998, version 5.1). 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-102899 (1), CCDC-102900 (2),
CCDC-147964 (3), CCDC-147965 (4). 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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Solid-Phase Synthesis of Homogeneous Ruthenium Catalysts on Silica
for the Continuous Asymmetric Transfer Hydrogenation Reaction


Albertus J. Sandee, DanieÈ lle G. I. Petra, Joost N. H. Reek,* Paul C. J. Kamer, and
Piet W. N. M. van Leeuwen*[a]


Abstract: The solid-phase synthesis of
new asymmetric transfer hydrogenation
catalysts as well as the use of these silica
supported systems in batch and flow
reactors is reported. The ruthenium
complex of NH-benzyl-(1R,2S)-(ÿ)-nor-
ephedrine covalently tethered to silica
showed a high activity and enantiose-
lectivity in the reduction of acetophe-
none. In three consecutive batchwise
catalytic runs, we obtained ee values of


88 %. In a continuous flow reactor, a
very constant catalytic activity was ob-
served; no catalyst deactivation occur-
red over a period of one week. This has
been ascribed to successful site isolation.
Using optimized conditions in this flow


reactor, the ee was as high as 90 % at
95 % conversion. The supported cata-
lysts generally show the same trend in
catalyst performance as in solution. The
viability of our approach was further
shown in one example, the ruthenium(ii)
complex of (1S,2R)-(�)-2-amino-1,2-di-
phenylethanol, for which an enantio-
meric excess of 58 % was observed,
which is nearly three times higher than
its homogeneous analogue.


Keywords: asymmetric catalysis ´
hydrogen transfer ´ immobilization
´ ruthenium ´ solid-phase synthesis


Introduction


Chiral alcohols form an important class of intermediates for
the pharmaceutical, agrochemical, flavor, and fragrance
industry. The enantioselective synthesis of chiral secondary
alcohols by catalytic reduction of the corresponding ketone is
therefore an important transformation in organic synthesis.[1]


One of the most attractive methods for this reaction is
asymmetric transfer hydrogenation since it can give a high
product yield with high enantiomeric excess at relatively mild
conditions [Eq. (1)].


Much effort has been devoted to the development of new
chiral catalysts and rapid progress has been made in this
area.[2] Insight into the mechanism is increasing rapidly and
the rational design of catalysts has led to several efficient


systems.[3] The best catalysts reported so far are ruthenium(ii)
complexes with chiral diamine and amino alcohol ligands.[4] In
our previous studies, the ruthenium complex of NH-benzyl-
(1R,2S)-(ÿ)-norephedrine proved to be an excellent catalyst
for the reduction of acetophenone, showing up to 95 % ee at
high conversions.[5]


The utilization of immobilized catalysts in the asymmetric
transfer hydrogenation reaction can provide a significant
improvement over the homogeneous process. It enables the
long-term use of expensive catalyst and provides a clean and
straightforward separation of the product. More importantly,


the transfer hydrogenation re-
action in isopropanol benefits
from a continuous process as it
requires a low substrate con-
centration to obtain high enan-
tioselectivity. Hence, the space-


time-yield can be increased by using a continuous flow
reactor. Examples of immobilized asymmetric transfer hydro-
genation catalysts, however, are still rare.[6] A few interesting
approaches were recently reported that concern the anchor-
ing of transfer hydrogenation catalysts onto organic sup-
ports.[7] Although high ee values were obtained, the applic-
ability of these immobilized systems is limited due to swelling
of the support which results in low activity and poor
recyclability. The immobilization onto inorganic supports
could thus improve the catalyst performance. To the best of
our knowledge, only two examples have been reported in
literature to date concerning a silica-immobilized asymmetric
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transfer hydrogenation catalyst.
Lemaire et al. reported a cata-
lyst ªnoncovalentlyº linked to
the silica support that showed a
good initial performance in a
continuous flow reactor.[8] This
system suffered from deactiva-
tion of the catalyst due to
catalyst destruction or leaching
of catalytically active material.
A covalently anchored catalyst
based on a rhodium complex of
gamma-silylated amines was re-
ported by Moreau et al.[9] This
system was found to be ex-
tremely slow and ee values
ranged between 25 and 80 %.
The recovery or recycling of
this catalyst was not reported.
Herein, we report the synthesis
of asymmetric transfer hydro-
genation catalysts on silica and
the use of these systems in
batch and flow reactors. Fur-
thermore, we recognized that
one of our synthetic strategies
towards immobilized transfer
hydrogenation catalysts could
be applied expeditiously in the
solid-phase synthesis of novel
transfer hydrogenation cata-
lysts. This is shown by the syn-
thesis and subsequent testing of
a small series of new asymmet-
ric transfer hydrogenation cat-
alysts on silica. We will show that silica is a valuable support
for solid-phase synthesis, catalysis and catalyst recycling.


Results and Discussion


Ligand immobilization: The novel ligand NH-3-(trimethoxy-
silyl)benzyl-(1R,2S)-norephedrine (3) was synthesized by
N-alkylation of (1R,2S)-norephedrine (1) by p-(chlorome-


thyl)phenyl-trimethoxysilane using Na2CO3 as a base (Sche-
me 1 A). This ligand is the trialkoxy-functionalized analogue
of the N-benzylated norephedrine ligand 2 that gave high ee
values in homogeneously catalyzed reactions in our previous


studies.[5] Ru(3) in solution also gave high ee values at a high
conversion (vide infra). Ligand 3 was immobilized on silica by
refluxing a suspension of silica and 3 in toluene for 18 h,
followed by several washes with toluene to obtain 4. The
support was modified by reacting 4 with a large excess of
dimethyldimethoxysilane to form 4 a. As a result, the silanol
sites of the silica support are transformed into alkylsilane
sites.


Alternatively, the solid-phase synthesis route was also
investigated (Scheme 1 B). In this method, the silica support
was first functionalized with p-benzyl chloride sites. In the
next step, the silanol sites are modified to alkylsilanes with an
excess of dichlorodimethylsilane in the presence of triethyl-
amine. The ligand synthesis of 4 b is then completed by
coupling the amino alcohol to the p-benzyl chloride sites.


Scheme 1. Synthetic approaches to silica-immobilized amino alcohol ligands. A) Ligand synthesis followed by
immobilization. B) Solid-phase synthesis of amino alcohol ligands.
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Catalytic experiments were performed with ruthenium amino
alcohol complexes freshly prepared in situ using [{RuCl2(h6-p-
cymene}] as the RuII precursor.


Catalyst studies: The catalytic performance of the silica-
immobilized systems was initially examined in batch experi-
ments using suspensions that contain 400 mg silica loaded
with 0.06 mmol NH-3-(trimethoxysilyl)benzyl-(1R,2S)-nor-
ephedrine and 0.006 mmol (p-cymene)ruthenium(ii) chloride
dimer in dry propan-2-ol (10 mL) containing tBuOK
(0.01 mmol) and acetophenone (1 mmol).[10] The ruthenium-
catalyzed asymmetric transfer hydrogenation of acetophe-
none (Table 1, entry 3) resulted in ee values up to 88 % at 95 %
conversion.


The catalyst is remarkably fast; a conversion of 20 % was
obtained after 1 h, which is only two to three times slower
than the homogeneous analogue under the same conditions.
Monitoring the reaction showed that the reaction rate is
initially almost independent of the substrate concentration
(Figure 1). At higher conversions, the rate becomes depend-
ent of the substrate concentration, which was also observed
for the homogeneously catalyzed analogue.[5]


A blank reaction, in the absence of amino alcohol ligand,
was performed to investigate the effect of the inorganic
support on the catalytic reaction. On mixing [{RuCl2(h6-p-
cymene)}] and silica without any ligand, the RuII precursor
adsorbs on the silica, which was concluded from the color
change of the silica from white to orange. The reactivity of
these Ru species, however, is negligible (Table 1, entry 4). The
influence of acidic silanol sites of the support on the catalysis
was further investigated by comparing the result of Ru(4) with
that of Ru(4 a). It was found that these sites do not influence


Figure 1. Evolution of the asymmetric transfer hydrogenation of aceto-
phenone catalyzed by Ru(4) (for more details, see Experimental Section).


the stereoselectivity of the catalytic reaction (Table 1, en-
tries 6 and 9).[11] This again shows that the reaction is not
catalyzed by unligated RuII species that are adsorbed or
ionically bonded to the silica. The catalytic activity was found
to be somewhat lower for Ru(4 a) than for Ru(4). We ascribe
this to the partial poisoning of the immobilized amino alcohol
sites during the premodification procedure.[12] Using alterna-
tively prepared Ru(4 b), this is effectively circumvented since
the amino alcohol ligand is introduced after the modification
procedure. We did indeed find that the activity of Ru(4 b) is
higher than that of Ru(4 a) (Table 1, entries 9 and 12).
Conversion after two hours increases from 25 % for Ru(4 a)
to 51 % for Ru(4 b). More importantly, Ru(4 b) was also more
active than the catalyst anchored on unmodified silica Ru(4).
The results indicate that nonmodified silica does affect the
catalyst by adsorbing part of the RuII, hence the formation of
catalytically active sites is disturbed. This is effectively
suppressed by premodification of the silica with alkylsilane
groups by method B (see Scheme 1 B).


To show the importance of the benzyl chloride linker in
tethering the amino alcohol to the surface, a catalytic experi-
ment was performed by using a mixture of 1, [{RuCl2(h6-p-
cymene}], and silica. After thorough washing of the reaction
mixture, it showed poor catalytic activity (Table 1, entry 5). It
was concluded from this experiment that immobilization is
not effective without benzyl chloride linker.[8, 13]


Catalyst recovery: Recovery of the catalyst was investigated
by performing subsequent batchwise experiments (Table 1).
In three consecutive catalytic runs, the enantioselectivity
remained the same (88 %) or was even increased (from 85 to
92 %). Atomic emission spectroscopy studies showed that
ruthenium leached from the catalyst system more in the first
catalytic runs (5 to 10 %) than in subsequent runs (1 or 2 %).


The catalyst showed a very constant, steady performance
within a catalytic run up to high conversions (Figure 1). A
small decrease in catalyst activity was found in successive
runs. This is probably due to the slow decomposition of
catalyst caused by the recycling routine, since color changes
(from purple-red to orange-yellow) were observed upon
addition of a fresh batch of reaction mixture. This can also
account for the observed ruthenium leaching.[14]


The performance of Ru(4 b) in a continuous flow reactor
was investigated in order to obtain a more robust system for


Table 1. Results from the hydrogen transfer reduction of acetophenone in
a batch slurry reaction.[a]


Entry Catalyst Conversion[b] ee alcohol[c] Ru-leaching[d]


{cycle} [%] [%] [%]


1[e] Ru(2) 88[f] 95
2 Ru(3) homogeneous 81 93
3 Ru(4) 95[g] 88
4 Ru(silica) 0.2 0
5 Ru(1)/silica 4 91
6 Ru(4) {1} 38 88 6
7 Ru(4) {2} 33 88 3
8 Ru(4) {3} 27 88 2
9 Ru(4 a) {1} 25 88 7


10 Ru(4 a) {2} 27 88 1
11 Ru(4 a) {3} 20 87 < 1
12 Ru(4 b) {1} 51 85 11
13 Ru(4 b) {2} 43 86 6
14 Ru(4 b) {3} 34 92 3


[a] The reaction was carried out with 6� 10ÿ6 mol [{RuCl2(p-cymene)}2]
and 400 mg silica, containing 6� 10ÿ5 mol ligand at room temperature in
isopropanol (10 mL) containing acetophenone (0.1m) and tBuOK (0.01m).
[b] Conversions after 2 h, determined by means of GLC analysis. [c] De-
termined by means of GLC analysis using a chiral cycloSil-B column.
[d] Determined by means of atomic emission spectroscopy, percentage of
the total amount of Ru charged. [e] Data taken from ref. [5]. [f] Conversion
after 1 h. [g] Conversion after 24 h.







Solid-Phase Synthesis on Silica 1202 ± 1208


Chem. Eur. J. 2001, 7, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1205 $ 17.50+.50/0 1205


the asymmetric reduction of ketones with an immediate and
straightforward separation of the product from the catalyst.
For this reason, a small column equipped with a glass-filter
was charged with freshly prepared Ru(4 b) (1 g catalyst that
contains 10 ± 20 mg ruthenium precursor). A homogeneous
isopropanol solution containing 0.01m potassium tert-butox-
ide (tBuOK) and 0.1m acetophenone was allowed to pass
through the catalyst bed. The catalyst performance was
measured at flow rates in the range of 120 ± 1400 mLhÿ1


(Figure 2 and Table 2).


Figure 2. Dependency of ee and conversion on the flow rate in a
continuous flow reactor for the hydrogen transfer reduction of acetophe-
none (see Experimental Section).


As expected, catalyst performance is strongly dependent on
the flow rate. At a flow rate of 120 mL hÿ1, the observed ee of
the product is 63 % at 95 % conversion, whereas at flow rates
higher than 700 mL hÿ1, the product is formed in 89 % ee. At a
lower flow rate and hence a longer residence time of the
product, equilibration becomes significant. This results in a


decreased ee, because the reverse reaction is faster for the
product formed in enantiomeric excess in the reduction
reaction.[15] Under the reaction conditions used, the catalyst
performed best at a flow rate of 700 mL hÿ1 (89 % ee at 90 %
conversion).


The influence of the base concentration was found to be
small. Lowering the amount of tBuOK in the substrate
mixture to 0.005m did not change catalyst performance
(Table 2, entry 7). In the complete absence of base, it was
found that the catalyst performed optimally, with 90 %ee at
95 % conversion (Table 2, entry 8). The results clearly show, in
accordance with Noyori�s work on ruthenium diamine cata-
lysts,[16] that the base is required only for the formation of the
active transfer hydrogenation complex. This feature is partic-
ularly interesting in the use of our continuous flow system
since the chiral product is obtained immediately, free from
base and catalyst.


The influence of the substrate concentration on ee was
investigated using acetophenone concentrations ranging from
0.1 to 0.8m (Table 2, entries 6, 9, and 10). The enantioselec-
tivity remained unchanged in this range (89� 1 %) and the
conversion at an acetophenone concentration of 0.8m is still
29 %. Application of the immobilized catalyst in a continuous
set-up resulted in interestingly high space-time-yields. De-
pending on the acetophenone concentration, the space-time-
yield was between 15 (Table 2, entry 8) and 39 g Lÿ1 hÿ1


(Table 2, entry 10), whereas for the homogeneous analogue
it was estimated at 5.7 g Lÿ1 hÿ1.[15, 17]


The immobilized ruthenium catalyst applied in the contin-
uous flow system is remarkably stable. In order to study the
difference in stability, we performed several experiments to
compare the flow system with the homogeneously catalyzed
reaction. At an acetophenone concentration of 0.1m, the
homogeneous system Ru(2) was deactivated after 95 %
conversion of the first batch of substrate (Figure 3). In a


Figure 3. Catalyst performance of Ru(2) in the homogeneous hydrogen
transfer reduction of two subsequent batches of acetophenone (The
reaction was carried out at 20 8C using [{RuCl2(p-cymene)}2]
(0.01225 mmol), 2 (0.0313 mmol), tBuOK (0.075 mmol), and acetophenone
(5 mmol) in propan-2-ol (50 mL).


second experiment at a higher concentration (0.8m), we
observed complete catalyst deactivation at 33 % conversion.
Catalyst deactivation occurred typically after a reaction time
of 20 h.


Table 2. Results from the hydrogen transfer reduction of acetophenone in
a flow reactor[a]


Entry Flow rate Conversion[b] ee alcohol[c] Ru-leaching[d]


[mLhÿ1] [%] [%] [%]


1 120 95 63 n.d.
2 240 95 77 n.d.
3 350 95 83 n.d.
4 700 90 89 < 1
5 1400 81 90 < 1
6[e] 1400 95 89 < 1
7[f] 1400 95 89 < 1
8[g] 1400 95 90 < 1
9[h] 1400 53 88 < 1


10[i] 1400 29 88 < 1


[a] The reactions were carried out at room temperature using silica (1 g),
containing �0.35 mmol ligand and [{RuCl2(p-cymene)}2] (0.0143 mmol)
and an eluent of isopropanol, containing tBuOK (0.01m) and acetophenone
(0.1m). [b] Conversions are average numbers of 2 ± 11 h continuous product
stream, determined every 30 or 60 min by means of GLC analysis.
[c] Average numbers of 2 ± 11 h stabilized product stream determined by
means of GLC analysis using a chiral cycloSil-B column. [d] Determined by
means of atomic emission spectroscopy, percentage of the total amount of
Ru per h. n.d.�not determined. [e] [{RuCl2(p-cymene)}2] charging�
0.0324 mmol. [f] As entry 6, but c[tBuOK]� 0.005m. [g] As entry 6, but
in the absence of tBuOK. [h] As entry 8, but [acetophenone]� 0.4m. [i] As
entry 8, but [acetophenone]� 0.8m.
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In the continuous flow reactor, the catalyst is surprisingly
more stable; both conversion and enantioselectivity remained
the same for days (Figure 4). The reaction was monitored at


Figure 4. Catalyst performance of Ru(4 b) in a continuous flow reactor for
the hydrogen transfer reduction of acetophenone. a) Detailed monitoring
of the product yield per hour and enantiomeric excess of the product flow.
b) Study of the long-term catalyst stability (see Experimental Section).


one hour intervals over a period of 11 h and the product yield
was found to be stable with a constant enantiomeric excess of
90 % (Figure 4 a). To study catalyst stability, the reaction was
monitored over a longer period (Figure 4 b). A small decrease
in activity of the catalyst was observed only after one week.
Within seven days, no notable changes were observed in both
product yield and enantioselectivity of the catalyst; the
catalyst was still active after three weeks of continuous use.
The chiral product was obtained free from polluting base and
ruthenium, which was substantiated by atomic emission
spectroscopy (AES) experiments (leaching was less than
1 % of the ruthenium charged during 3 ± 11 h of catalysis). The
remarkable difference in catalyst stability between Ru(2) in
solution and the silica-immobilized analogue is suggested to
be an effect of site isolation.[18±20] Clear evidence, supporting
the view that the polymer matrix maintains the isolation of
active catalytic sites has been reported in the reduction of
olefins using polymer-anchored titanocene catalysts.[21] Also,
in the enantioselective hydrogenation using immobilized
rhodium and iridium catalysts, site isolation was shown to
play an important role:[22] the catalytic sites were prevented
from irreversible clustering towards catalytically inactive
species. In the enantioselective reduction of 3-oxobutanoate
using [RuCl((S)-binap)(arene)]Cl (binap� 2,2'bis(diphenyl-


phosphanyl)-1,1'-binaphthyl), the formation of ruthenium
trimers was reported to cause complete catalyst deactiva-
tion.[23, 24] Since the Ru(2)-catalyzed reduction proceeds under
comparable conditions, we suggest that ruthenium clustering
is also responsible for the observed catalyst deactivation in
our case. The difference in catalyst stability between Ru(2)
and the immobilized analogue is therefore likely to be a
results of effective site isolation.


Catalyst screening: Although some excellent catalysts for the
transfer hydrogenation of acetophenone have been reported,
there is still a challenge to find selective catalysts for
functionalized substrates of industrial interest. Solid-phase
synthesis and rapid screening techniques[25] are being applied
increasingly to speed up the search for novel catalysts.[26] Silica
has not been reported as a support for solid phase synthesis of
homogeneous catalysts thus far, whereas inorganic materials
already have proven to be very useful in libraries of
heterogeneous catalysis and in combinatorial material sci-
ence.[27]


Solid-phase synthesis strategy B (Scheme 1), which proved
to be a viable procedure for the preparation of Ru(4 b),
facilitates the development of series of potentially interesting
silica immobilized catalysts. This is demonstrated by the
straightforward synthesis (and screening) of a small series of
immobilized chiral ruthenium complexes 5 ± 9. The immobi-


lized NH-benzylated ligands were derived from five different
amino alcohols: (1R,2S)-norephedrine (4b), (1S,2R)-(�)-2-
amino-1,2-diphenylethanol (5), (R)-(ÿ)-2-amino-2-phenyle-
thanol (6), (S)-(�)-2-amino-3-methyl-1-butanol (7), (R)-(�)-
2-amino-3-phenyl-1-propanol (9); and a diamine: (1R,2R)-
(�)-1,2-diphenylethylenediamine (8). These systems were
(simultaneously) prepared in separate vials and applied in
combination with ruthenium in the transfer hydrogenation of
acetophenone in a batchwise process.


All ruthenium amino alcohol complexes showed good
activity and significant enantioselectivity in the transfer-
hydrogenation of acetophenone, whereas diamine 8 induced
hardly any ee (Table 3). Surprisingly, catalyst Ru(5), with 58 %
ee, was far more selective than the homogeneous analogue for
which an ee of 20 % had been reported.[5, 28] We suggest that
higher catalyst stability due to immobilization can give rise to
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improved catalyst selectivity, especially for complexes that are
intrinsically less stable due to steric restrictions. The other
catalysts performed as expected, based on previous detailed
studies on substituent effects of homogeneous systems.[3] All
RuII amino alcohol catalysts could be used in a second catalyst
run and generally showed approximately the same ee values
(Table 3) at lower conversions.


Conclusion


We have shown that silica is a valuable support for enantio-
selective transfer hydrogenation catalysts. Owing to the
properties (chemical and physical) of the support, the
immobilized catalysts are only slightly less active than the
homogeneous analogue. The silica surface was found to
influence catalyst efficiency, because it adsorbs inactive
ruthenium species. This was effectively suppressed by mod-
ifying the silica with alkylsilane groups.


The silica-immobilized ruthenium complex of NH-3-(tri-
methoxysilyl)benzyl-(1R,2S)-norephedrine complex showed
a good performance in successive runs in the asymmetric
transfer hydrogenation of acetophenone. An even better
performance was found for this catalyst in a continuous flow
reactor. Under optimized conditions, this process converts a
constant flow of acetophenone into phenylethanol in 95 %
yield and 90 % ee. The performance of this system is virtually
unaltered for one week, showing no significant ruthenium
leaching. The high stability of this system is in contrast with
that of the homogeneous analogue. In this respect, effective
site isolation due to the immobilization of the ruthenium
catalyst was found to be of great importance.


The flow system is potentially interesting for applications in
the synthesis of fine chemicals; the facile and immediate
separation of the catalyst from the product, which is obtained
free from polluting ruthenium and base, is more convenient
than conventional separation methods. It also requires much


smaller equipment than the homogeneous analogue since the
reaction is concentration-restricted.


The solid-phase synthesis strategy, in which the amino
alcohol ligand is introduced in the final step of the synthesis,
enables the unique integration of a rapid catalyst synthesis
method with the application of these systems in subsequent
batch reactions or a continuous flow reactor. Any successful
ªhitº in the screening experiment can subsequently be tested
in a continuous flow reactor on a range of different substrates.
In view of the rapid development in combinatorial approaches
in catalysis, we believe that the strategy to use silica supports
for solid-phase synthesis in combination with catalyst immo-
bilization is very promising.


Experimental Section


General information : All reactions and manipulations were routinely
performed under an argon or nitrogen atmosphere using standard Schlenk
techniques. Acetonitrile, propan-2-ol, methanol, and triethylamine were
distilled from CaH2, THF and toluene were distilled from Na prior to use.
Acetophenone was degassed and stored over molecular sieves. All other
reagents and chemicals were reagent grade and were used as received from
commercial suppliers. Column chromatography was performed by using
silica 60, 70 ± 230 mesh ASTM (Merck). 1HNMR spectra were recorded on
a Varian AMX 300 spectrometer and 13CNMR spectra were recorded on a
Varian Inova 500 spectrometer. Chemical shifts are in ppm relative to
tetramethylsilane (TMS). Mass spectra were recorded on a JEOL JMS SX/
SX102A four section mass spectrometer, coupled to a JEOL MS-MP7000
data system. Microanalyses (C, H, N) were performed on an Elementar -
Vario EL apparatus (Foss Electric). Gas chromatography was performed
by using a Carlo Erba GC Vega 2 instrument, 25 m column: CycloSil-B
(chiral) and a Carlo Erba HRGC Mega 2 instrument, 25 m column:
BPX6635 (SGE) (nonchiral).


Synthesis of NH-3-(trimethoxysilyl)benzyl-(1R,2S)-norephedrine (3): At
0 8C, p-(chloromethyl)phenyltrimethoxysilane (448 mg, 1.85 mmol) was
added to a suspension of norephedrine (250 mg, 1.65 mmol) and Na2CO3


(192 mg, 1.85 mmol) in acetonitrile (20 mL). The white turbid suspension
was slowly heated and stirred for 18 h at 60 8C. The reaction mixture was
filtered over a pad of Celite and the solvent was removed under reduced
pressure. The crude product was purified by flash column chromatography
(silica 60, eluent: ethyl acetate) and obtained as a colorless oil.(The ligand
was stored under an inert atmosphere at ÿ20 8C). Yield 19% (113 mg);
1HNMR (300 MHz, CDCl3): d� 7.63 ± 7.34 (ab, 3J� 8.1 Hz, 4H; ArH),
7.29 ± 7.24 (m, 5 H; ArH), 4.80 (d, 3J� 3.9 Hz, 1H; CHOH), 3.89 (s, 2H;
CH2), 3.61 (s, 9 H; OCH3), 2.99 (dq, 3J� 3.9 Hz, 3J� 2.7 Hz, 1 H; CHNH),
0.85 (d, 3J� 6.6 Hz, 3 H; CH3); 13CNMR (500 MHz, CDCl3): d� 142.85 (C-
CH2), 141.34 (C-CHOH), 135.20 (SiC-CH), 128.24 (SiC), 128.20 (CHOH-
C-CH), 127.82 (CHOH-C-CH-CH), 127.23 (CH-CH-CH), 126.23 (CH2-C-
CH), 73.26 (CHOH), 57.89 (CH-CH3), 51.34 (CH2), 51.00 (OCH3), 14.86
(CH3); HRMS (FAB): calcd for C19H28O4NSi: 362.1787; found 362.1787;
elemental analysis (%) for C19H27O4NSi: calcd: C 63.13, H 7.53, N 3.87;
found: C 62.83, H 7.11, N 3.73.


Immobilization procedures: 4 : Degassed and predried silica gel 60 (1 g)
was slurried in a solution of NH-3-(trimethoxysilyl)benzyl-(1R,2S)-nor-
ephedrine (3) (50 mg, 0.14 mmol) in toluene (20 mL). The suspension was
stirred for 18 h at 100 8C. The silica was washed with toluene (3� 5 mL) and
dried under reduced pressure.


4a : Dimethyldimethoxysilane (1 mL) was added to a suspension of 4
(500 mg) in toluene (10 mL). The suspension was stirred for 18 h at 100 8C
and the silica was washed with toluene (3� 5 mL) and dried under reduced
pressure.


4b : Degassed silica 60 (4 g) was suspended in a solution of p-(chlorome-
thyl)phenyltrimethoxysilane (350 mg, 1.42 mmol) in toluene (20 mL).
After the slurry was stirred for 2.5 h at 80 8C, the toluene was removed
under vacuum and the silica was subsequently washed with toluene (3�
5 mL). Then toluene (30 mL) and triethylamine (10 mL) were added


Table 3. Results from the screening of catalysts Ru(4b) to Ru(9) in the
hydrogen transfer reduction of acetophenone in a batch slurry reactor[a]


Entry Catalyst Conversion[b] ee alcohol[c] Configuration
{cycle} [%] [%]


1 {1} Ru(4b) 51 85 R
2 {2} Ru(4b) 43 86 R
3 {1} Ru(5) 9 58 S
4 {2} Ru(5) 5 49 S
5 {1} Ru(6) 48 27 R
6 {2} Ru(6) 30 27 R
7 {1} Ru(7) 49 32 S
8 {2} Ru(7) 73 29 S
9 {1} Ru(8) 8 5 R


10 {2} Ru(8) 0 ± ±
11 {1} Ru(9) 83 13 R
12 {2} Ru(9) 52 19 R


[a] The reaction was carried out with [{RuCl2(p-cymene)}2] (4� 10ÿ6 mol)
and silica (250 mg), containing�3.5� 10ÿ5 mol ligand at room temperature
in isopropanol (10 mL) containing acetophenone (0.1m) and tBuOK
(0.01m). [b] Conversions after 2 h, determined by means of GLC analysis.
[c] Determined by means of GLC analysis using a chiral cycloSil-B column
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followed by the dropwise addition of dichlorodimethylsilane (5 mL). A
white precipitate formed immediately. After the reaction mixture was
stirred for 18 h at room temperature, the crude product was collected on a
filter and subsequently washed with THF (3� 10 mL), MeOH (3� 10 mL),
and THF (3� 10 mL), and finally dried under reduced pressure.
The above described benzyl chloride functionalized silica (2 g) was
suspended in a mixture of norephedrine (200 mg, 1.32 mmol) and triethyl-
amine (2 mL) in acetonitrile (30 mL). The slurry was stirred for 18 h at
70 8C. After the liquids were removed from the reaction mixture under
vacuum, 4b was washed with MeOH (2� 10 mL) and THF (2� 10 mL).
Compound 4b was dried under reduced pressure and was stored at ÿ20 8C
under an inert atmosphere.


Catalysis procedure : In a typical catalysis experiment, a suspension of (p-
cymene)ruthenium(ii) chloride dimer (3.5 mg, 0.006 mmol) and silica
(400 mg) that contains NH-3-(trimethoxysilyl)benzyl-(1R,2S)-norephe-
drine (0.06 mmol) in dry propan-2-ol (7 mL) was heated at 60 8C for
30 min. After the deep red reaction mixture had been cooled to 0 8C, 0.1m
tBuOK in propan-2-ol (3 mL) and acetophenone (0.1 mL) were added. The
resulting purple-red suspension was stirred for 2 h at room temperature.
The liquids were subsequently removed from the catalyst by means of a
syringe. Then propan-2-ol (9 mL), 0.1m tBuOK (1 mL), and acetophenone
(0.1 mL) were added to the catalyst. Catalytic reactions were typically run
for 2 h and recycled twice.


Continuous flow reactor : A mixture of [{RuCl2(h6-p-cymene}] (20 mg,
0.033 mmol) and 4b (1 g, containing �0.35 mmol NH-benzylated ligand)
were slurried in propan-2-ol (20 mL) and heated at 60 8C for 30 min. After
the resulting red mixture had been cooled down to 0 8C, 0.1m tBuOK in
propan-2-ol (4 mL) and acetophenone (0.3 mL) were added. The resulting
purple-red mixture was stirred at room temperature until a deep red silica
in a light-yellow solution was obtained (ca. 20 min). The flow reactor
(diameter of 0.7 cm) was loaded with the reaction mixture by using a glass
elbow (forming a catalyst bed that is �1.5 cm high). The catalyst bed was
allowed to settle and the reaction mixture on top was gently forced through
the bed with a small over-pressure of argon or nitrogen. A fresh reaction
mixture of propan-2-ol (50 mL) containing acetophenone (0.1m) and
tBuOK (0.01m) was allowed to pass through the catalyst bed. Samples were
taken every 30 or 60 min and analyzed by GC. Experiments were started
when product streams were stabilized after the initiation period (ca. 1 h).
The flow rate of the reactor was adjusted with the over-pressure of argon or
nitrogen. Overnight standing was applied by the maintenance of a very
small argon overpressure and a low flow rate.


Catalyst screening : The series of catalysts in the screening experiment were
synthesized in a procedure similar to that of 4b. Compounds 5 ± 9 were
prepared on stirring slurries of p-benzyl chloride on silica (250 mg), amino
alcohol or diamine (25 mg), triethylamine (250 mL) in acetonitrile (5 mL)
for 18 h at 60 8C. After removal of the solvent, all samples were successively
washed with: methanol (2� 4 mL), THF (2� 4 mL), and propan-2-ol
(4 mL). The samples were charged with [{RuCl2(h6-p-cymene}] (2.5 mg,
4� 10ÿ6 mol) and propan-2-ol (8 mL), and stirred for 30 min at 60 8C. After
the mixture had been cooled to room temperature, a mixture containing
tBuOK (0.1m ; 0.1 mL) and acetophenone (1 mL) was added. All reactions
were sampled after 2 h and fresh substrate solutions were added after
removal of the liquid layer.
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Chemistry and Properties of Cycloheptatetraene in the Inner Phase
of a Hemicarcerand


Ralf Warmuth* and Melissa A. Marvel[a]


Abstract: Low-temperature photolysis
of phenyldiazirine, incarcerated inside
a hemicarcerand which is built from two
cavitands connected by four butane-1,4-
dioxy linker groups, yields transient
phenylcarbene; this carbene then under-
goes ring photochemical expansion to
cycloheptatetraene in low yield. Com-
petitively, the transiently formed phe-
nylcarbene reacts with the surrounding
hemicarcerand. The yield of the photo-
chemical ring expansion was increased
when the photolysis was carried out
inside a partially deuterated hemicarcer-
and. Two insertion products resulting
from an intramolecular phenylcarbene
insertion into an acetal CÿH(D) bond or
an a-CÿH bond of a butane-1,4-dioxy
linker group have been isolated and
characterized. The measured isotope
effect for insertion into an acetal
CÿH(D) bond at 15.5 K is consistent


with a reaction of singlet phenylcarbene.
Incarcerated cycloheptatetraene is sta-
ble for a limited time at 100 8C and
almost infinitely stable at room temper-
ature in the absence of oxygen. NOESY
experiments provide the distance ratio
r21/r23� 1.134� 0.01 between protons
H1 ± H2 and H2 ± H3 of cycloheptate-
traene which is consistent with its twist-
ed structure. Low-temperature photoly-
sis of phenyldiazirine, incarcerated in-
side a chiral hemicarcerand which is
built from two cavitands connected with
three butane-1,4-dioxy and one (S,S)-
2,3-O-isopropylidene-2,3-dihydroxybu-
tane-1,4-dioxy linker group yields two
diastereomeric cycloheptatetraene hemi-


carceplexes in a 2:3 ratio (30% total
yield). Variable temperature 1H NMR
studies provided a lower limit of DG=�
19.6 kcal molÿ1 for the enantiomeriza-
tion barrier of cycloheptatetraene. In-
carcerated cycloheptatetraene reacts
rapidly with oxygen to yield benzene
and carbon dioxide via the 1,2-dioxa-
spiro[2,6]nona-4,6,8-triene intermedi-
ate. Different mechanisms for the for-
mation of this spirodioxirane intermedi-
ate are discussed based on the measured
rate of the oxygen addition. The activa-
tion parameters for the decarboxylation
of the spirodioxirane have been meas-
ured in different bulk solvents. The free
energy of activation shows very little
solvent dependency. However, a strong
propensity for enthalpy ± entropy com-
pensation due to a solvent reorganiza-
tion that accompanies the reaction co-
ordinate is observed.


Keywords: carbenes ´ dioxiranes ´
hemicarcerands ´ molecular contain-
er compounds ´ strained molecules


Introduction


The gas-phase isomerization of phenylcarbene is a very
important and fascinating carbene rearrangement.[1] At high
temperature, phenylcarbene (1) undergoes ring expansion to
cycloheptatetraene (2) (Scheme 1). The elucidation of the
mechanism of the rearrangement of 1 and related arylcar-
benes as well as the spectroscopic characterization of all


HH


H
HH


1 2 3 24


Scheme 1. Ring expansion observed for phenylcarbene (1) to cyclohepta-
tetraene (2).


postulated intermediates 1 ± 4 has been a great challenge since
its discovery more than 30 years ago.[2]


The identity of triplet phenylcarbene (31) and 2 have been
firmly established spectroscopically in low-temperature ma-
trices.[3] Chapman and co-workers photochemically generated
31 in an argon matrix at 10 K.[3b,c] Upon further irradiation, 31
rearranged to cycloheptatetraene which was characterized by
UV/Vis and FT-IR spectroscopy. Matrix isolation of the
pyrolysis products of phenyldiazomethane (5) confirmed that
cycloheptatetraene is the ground state on this region of the
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spectra of 9 ´ 12, 10 ´ 12, 15 ´ 12, 16 ´ 12, 15 ´ benzene, 21, 22, and 23. DQF-
COSY spectra of 20, 23 and of a solution containing 10 ´ 25. MALDI-
TOF spectra of a solution containing 10 ´ 25.
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C7H6 potential energy surface.[3c] Rapid dimerization upon
warming the matrix prevented any mechanistic conclusions
regarding the equilibrium between cycloheptatetraene and
cycloheptatrienylidene 3, which plays an essential role in the
solution-phase chemistry of both intermediates 2 and 3.[4] The
missing spectroscopic evidence for bicycloheptatriene 4,[3c]


which is predicted as an intermediate in the phenylcarbene
rearrangement by high level ab initio calculations,[5] posed
questions on its importance in this rearrangement. Conclusive
spectroscopic evidence for the participation of bicyclohepta-
trienes in arylcarbene rearrangements has only been provided
for 6 and 7 in the related naphthylcarbene rearrangements
(Scheme 2).[6]


CH


CH


6


7


Scheme 2. Naphthylcarbene rearrangements.


Of particular interest are the energetics of the individual
steps in the phenylcarbene rearrangement which strongly
differ from those of the related phenylnitrene (8) rearrange-
ment (Scheme 3).[1e, 7]


N


N
N


8 9


Scheme 3. Phenylnitrene (8) rearrangement.


Though ab initio calculations predict a high exothermicity
of 16 ± 18 kcal molÿ1 for the ring expansion of 1 to 2,[5] this
rearrangement usually requires high temperatures unless 1 is
produced with a tremendous amount of excess energy, for
example, by the reaction of atomic carbon with benzaldehyde
or benzene. Under these conditions it thermally expands even
at 77 K as has been recently
demonstrated by Shevlin and
co-workers.[8] On the other
hand, the related solution-
phase rearrangement of phe-
nylnitrene (8) to ketimine 9
takes place within one nano-
second at room temperature.
Platz and co-workers measured
the ring-expansion barrier of 8
to Ea� 5.6� 0.3 kcal molÿ1 and
A� 1013.1�0.3 sÿ1.[9] This barrier is
7 ± 9 kcal molÿ1 lower than the
calculated barrier for the ring


expansion of 1 which is in the range of 13 ± 15 kcal molÿ1.[5]


One goal of our research efforts is the detailed spectroscopic
investigation of the relevant intermediates in the phenyl-
carbene rearrangement and the experimental determination
of all barriers on the phenylcarbene potential energy surface.


Recently, we reported on the first step towards our long-
term goal.[10] We made use of the ability of molecular
container compounds to shelter an incarcerated guest mole-
cule from bulk-phase reactants, which allowed for the
stabilization and spectroscopic characterization of cyclobuta-
diene and o-benzyne.[11±14] We observed photochemical ring
expansion from 1 to 2 in the inner phase of hemicarcerand 9
and 10 (Scheme 4).[15]


Cycloheptatetraene (2) is stable even at temperatures up to
100 8C, while protected from dimerization by the surrounding
host. During our investigation of the inner-phase chemistry of
incarcerated 2, we discovered an interesting new reaction of 2.
When we exposed 9 ´ 2 or 10 ´ 2 to oxygen, the incarcerated
guest reacted rapidly to yield quantitatively benzene 11. Here,
we report on the inner-phase chemistry of phenylcarbene and
cycloheptatetraene (2). In particular, we carried out a detailed
mechanistic investigation of the reaction between 2 and
oxygen.


Results and Discussion


Synthesis of phenyldiazirine hemicarceplexes : We prepared
hemicarceplexes 9 ´ 12 and 10 ´ 12 in 83 % and 80 % yield by
reacting the diol-hosts 13 and 14, respectively, with butane-
1,4-dimethylsulfonate and Cs2CO3 in HMPA in the presence
of excess 12.[16, 17] Using the same procedure but replacing
butane-1,4-dimethylsulfonate with (ÿ)-1,4-di-O-tosyl-2,3-O-
isopropylidene-l-threitol gave hemicarceplexes 15 ´ 12 and
16 ´ 12 in 19 % and 23 % yield, respectively. The deuterated
diol-host 14 was prepared from 17 as outlined in Scheme 5
using modified procedures reported for the preparation of
13.[16, 18] The reaction of resorcinarene 17 with excess CD2Cl2


in DMF in the presence of K2CO3 at 80 ± 85 8C for eight days
afforded 18 in 50 %.[18a] Cavitand 18 was converted to 14 as
reported earlier for synthesis of the parent 13 from 19.[16, 18]


Inner-phase photolysis of phenyldiazirine : The mechanism of
the photochemical phenylcarbene rearrangement has been
investigated by Chapman and co-workers in argon at


Scheme 4. Photochemical ring expansion from 1 to 2 in the inner phase of hemicarcerand 9 and 10.
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10 K.[3b±d] Photolysis of matrix-isolated 12 yields 5 and singlet
phenylcarbene 11 which rapidly undergoes intersystem cross-
ing to triplet 31. Upon irradiation at 416 nm, 31 undergoes ring
expansion to 2. The inner-phase photochemistry of 12 is
similar. Brief irradiation (30 s, l> 320 nm) of a solution of 9 ´
12 in CDCl3 at room temperature yielded a new hemi-
carceplex together with several other products, which result
from intramolecular phenylcarbene insertions into 9.[13b] After
further photolysis (10 min) the new hemicarceplex was no
longer detectable by 1H NMR spectroscopy. We tentatively
assign this hemicarceplex to the phenyldiazomethane hemi-
carceplex 9 ´ 5 based on its photosensitivity and the strong IR
absorption at 2061.5 cmÿ1 (2055 cmÿ1, in argon at 15 K),[3c]


which is absent prior to and after prolonged photolysis. Due to
its thermal instability, no attempts were undertaken to isolate
9 ´ 5. The main product (57 % yield) under these photolysis
conditions was the intramolecular phenylcarbene insertion
product 20. This hemicarcerand results from an insertion of
transiently formed 1 into a highly activated inward pointing
acetal CÿH bond of 9. The structural assignment of 20 is based
on the results of deuteration studies (see below) and on
symmetry considerations. Insertion product 20 has Cs sym-
metry. Consistently, the 1H NMR spectrum of 20 shows a set
of four chemically different aryl protons Ha (ratio 2:2:2:2), six
chemically different outward pointing acetal protons Ho (ratio
1:1:1:1:2:2), six chemically different methine protons Hm


(ratio 1:1:1:1:2:2), and five chemically different inward


pointing acetal protons Hi (ra-
tio 1:1:1:2:2) (Figure 1). The
protons of the inner-phase lo-
cated benzyl group are assigned
to multiplets at d� 5.55 (d), 4.90
(t), 3.65 (t, partially covered by
an inward pointing acetal pro-
ton) and 1.20 (d) (ratio 2:2:1:2).


When we photolyzed a solu-
tion of 9 ´ 12 in toluene at 77 K,
20 was again the major product
(84 %). In some runs, small
amounts (<2 %) of the cyclo-
heptatetraene complex 9 ´ 2
formed as well. Lowering the
photolysis temperature to
15.5 K increased the yield of
9 ´ 2 (12.5 %) and decreased
that of 20 (83 %). Higher yields
of 10 ´ 2 and a greatly decreased
amount of acetal CÿD insertion
resulted from the photolysis of
the partially deuterated hemi-
carceplex 10 ´ 12 as a conse-
quence of a kinetic isotope
effect for this insertion (see
Table 1). In the low tempera-
ture photolysis (T� 77 K) a
second insertion products 22
and 23 formed in small
amounts (Table 2 and Figure 2).


Table 1. Relative product yields [%][a] for the inner-phase photolysis of 12
inside hemicarcerands 9 and 10.


T Hemicarceplex 9 ´ 2 10 ´ 2 20 21 22 23 kH/kD


295 K 9 ´ 12 n.d.[b] 57 n.d.
295 K 10 ´ 12 n.d.[b] 24 n.d.[b] 4.2
195 K 9 ´ 12 n.d.[b] 58 n.d.
195 K 10 ´ 12 n.d.[b] 57 n.d.[b] 1


77 K 9 ´ 12 2 84 4.5
77 K 10 ´ 12 18 60 13 3.5


15.5 K 9 ´ 12 12.5 83 2.5
15.5 K 10 ´ 12 31 46 10 5.7


[a] Yields were determined by integration of selected signal of each
compound in the room temperature 1H NMR spectra of the photolyzed
solutions and are based on the amount of formed phenylcarbene. [b] n.d.:
not detected. NMR detection limit was approximately 1%.
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9:  X = CH2; 
10:  X = CD2; 
13:  X = CH2;
14:  X = CD2;


15:  X = CH2;
16:  X = CD2;


R = (CH2)4CH3


A = (CH2)4
A = (CH2)4
A = H H
A = H H


20
21


X = CH2; Y = H
X = CD2; Y = D


R = (CH2)4CH3


17 (X = H H; Z = Y = Br)


18 (X  = CD2; Y = Z = Br)


24 (X = CD2; Y = Z = OH) 14


R = (CH2)4CH3


a


b c


19 (X = CH2; Y = Z = Br)


A = (S, S)


Scheme 5. Synthesis of various hemicarcerands: a) CD2Cl2, DMF, K2CO3, 80 8C, 8 d. b) 1) nBuLi, THF;
2) B(OCH3)3; 3) H2O2, OHÿ. c) 3 equiv MsO(CH2)4OMs, NMP, Cs2CO3, 14 h, rt.


Figure 1. 1H NMR spectrum (400 MHz, CDCl3, 25 8C) of 20 : (*) protons
of the inner-phase located benzyl group.
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Figure 2. Partial 1H NMR spectra (400 MHz, CDCl3, 25 8C) of a) a
solution of 10 ´ 12 immediately after irradiated extensively at 15.5 K with
low intensity light (l> 320 nm); b) the same solution recorded one day
later, and c) 23. The changes in spectra a) and b) are due to the inside ±
outside rotation of the intramolecularly fixed benzyl group of 23.


These products arise from an insertion of 1 into an alpha-CÿH
bond of one of the hemicarcerand dioxybutane linker groups.
After the insertion, the benzyl unit of 22 and 23 undergoes an
inside ± outside rotation, in which it rotates from the inner
phase through an opening in the hemicarcerand shell into the
bulk phase. This conformational isomerization is most likely
driven by a release of torsional strain at the carbon at which
the insertion took place. This inside ± outside rotation could
be followed by 1H NMR spectroscopy and is accompanied by
large chemical shift changes of the benzyl group protons.


We were very surprised to observe this product, since the
alpha-CÿH bonds of the 1,4-dioxybutane linkers are pointing
away from the inner phase in all available X-ray crystal
structures of 9 ´ guest.[15] This suggests that either the linker
groups are conformationally mobile under cryogenic condi-
tions, or that during the cooling to low temperature different
linker conformations are frozen such that their alpha-CÿH
bonds are partially exposed to the inner phase.


The measured hemicarcerand induced upfield-shift of the
guest protons in 9 ´ 12 suggests that the axis, which connects


the para- and the diazirine-C of
12, is aligned with the D4 axis of
9 (Scheme 6).


It is reasonable to assume
that 1 will be generated in a
similar orientation in which the
carbene carbon is closer to the
acetal hydrogens pointing in-
ward as compared to the pro-
tons of the butanedioxy linker
groups. Thus, 1 must be confor-
mationally mobile at low tem-


peratures to be able to form 22 and 23 as a consequence of the
limited contractability of 9 and 10. The inner phase of
hemicarcerand 9 and 10 can be regarded as a ªsoftº hydro-
carbon matrix which allows reactive intermediates to display
some chemical selectivity and to distinguish CÿH and CÿD
bonds in their intramolecular reactions.


From the measured product distributions listed in Table 1,
we estimated the kinetic isotope effect kH/kD for the acetal
CÿH insertion of 1. We assumed that under our photolysis
conditions, all triplet 31 is photochemically rearranged to 2.
Under this assumption, 20 and 21 are derived from singlet
phenylcarbene. The ratio kH/kD can be calculated from the
yields of 20 and 21 in the following Equation 1.


kH


kD


� �20� � �1ÿ �21��
�21� � �1ÿ �20�� (1)


These calculated kinetic isotope effects at room temperature
and below 77 K are slightly larger than the isotope effects for
the reaction of phenylcarbene with cyclohexane and cyclo-
hexene which have been measured earlier by Platz and co-
workers.[19] The latter isotope effects are approximately 2 and
3 at room temperature and 77 K, respectively. From a product
analysis which revealed the absence of typical triplet phenyl-
carbene derived products, Platz and co-workers concluded
that they measured pure isotope effects for the reaction of
singlet phenylcarbene. The difference between their isotope
effects and the inner-phase isotope effects might be a
consequence of the different nature of the CÿH bonds
involved. Alternatively, 20 and 21 might be partially triplet
phenylcarbene derived which will result in a larger kH/kD ratio
due to the expected larger isotope effect of 31.[20] This is a
likely possibility since we know for sure that triplet phenyl-
carbene is formed in substantial amounts at 77 K or below.


Characterization of incarcerated cycloheptatetraene : In our
previous communication, we reported a detailed spectroscop-
ic characterization of incarcerated cycloheptatetraene.[10] In
the 1H NMR spectrum of a photolyzed solution of 10 ´ 2
recorded in [D8]toluene at room temperature, we assign three
multiplets at d� 3.26, 3.76 and 4.93 to the three chemically
different protons of 2 (Table 2).


We were able to confirm our assignment by homonuclear
COSY and NOESY spectra, which show cross signals between
proton H1 and H2 and cross signals between protons H2 and
H3 (Figure 3). In order to measure the relative internuclear
distances between H2 and H1 (r21) and H2 and H3 (r23), we


N
NH


H


H
H


9•12


∆δ


1.97 ppm


1.33 ppm


1.84 ppm


3.77 ppm


Scheme 6. Measured hemicar-
cerand induced upfield-shifts of
the guest protons in 9 ´ 12.


Table 2. Experimental (dexptl) and computed (dcalcd) 1H NMR chemical
shifts of 2 and calculated host induced upfield shifts (Dd). Calculations
were performed on the B3LYP/6-311G** optimized geometry of 2.[23±25]


dexptl dcalcd Dd dcalcd Dd


B3LYP/6-311G��(2d,2p) HF/6-311G�(2d,p)


H1/H1' 3.76 5.93 2.17 5.92 2.16
H2/H2' 3.26 6.38 3.12 6.32 3.06
H3/H3' 4.93 6.88 1.95 6.74 1.81
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Figure 3. Partial NOESY spectrum (500 MHz, [D8]toluene, 5 8C; tmix�
1250 ms) of 10 ´ 12 after it has been irradiated (l> 320 nm, 15.5 K). Cross
peaks of the protons of incarcerated 2 are indicated.


recorded NOESY spectra with increasing mixing times (500 ±
1250). In the region of initial linear built up of the cross peak
intensities I21 and I23 in this three spin system, the internuclear
distances can be calculated from the r ÿ6


xy dependence of Ixy


according to Equation (2).[21]


r21


r23


� I21


I23


� �1=6


(2)


From the average cross peak intensity ratio at three different
mixing times (750 ms, 1000 ms, 1250 ms) we determined a
distance ratio r21/r23� 1.134� 0.01. In Table 3 we have sum-
marized the corresponding distance ratios extracted from


recent ab initio geometry optimizations of 1 at different levels
of theory.[5, 22] The excellent agreement between the exper-
imental and the predicted distance ratio is firm support for the
successful inner-phase generation of 2.


In addition, we have carried out GIAO calculations of the
1H NMR chemical shifts of 2 based on its B3LYP/6-311G**


geometry using the DFT and HF approach.[23±25] The calcu-
lated and experimental 1H NMR chemical shifts together with
the hemicarcerand induced shielding (Dd) are listed in
Table 2. The calculated Dd values suggest an inner-phase
orientation of 2 in which the strained allene bonds are facing
an equatorially located opening in the hemicarcerand shell.
This predicted orientation is important for the observed inner-
phase chemistry of incarcerated 2.


Inner-phase reactivity and barrier of enantiomerization of
cycloheptatetraene : Despite the large strain energy, incarcer-
ated 2 does not react with methanol or water in the bulk phase
even at higher temperature (60 8C).[10] We speculated earlier
that the non-reactivity of 2 is due to an unfavorable inner-
phase equilibrium between 2 and 3. The latter is known to
react rapidly with alcohols in solution to yield the tropylium
cation.[4a] Cycloheptatetraene enantiomerizes by the planar
singlet 3. Recent ab initio calculations have identified the
open shell singlet 1A2-3 as a possible enantiomerization
transition state structure.[5a,b] In order to measure the equili-
brium constant between 2 and 3, we generated 2 in the chiral
inner phase of hemicarcerand 16.[26] We anticipate that the
resulting two diastereomeric hemicarceplexes 16 ´ (�)-2 and
16 ´ (ÿ)-2 would be differentiable by 1H NMR spectroscopy,
thus allowing us to follow their thermal interchange through
the guest enantiomerization.


Irradiation of a solution of 16 ´ 12 in [D8]toluene (15.5 K,
l> 320 nm) gave 16 ´ (�)-2 and 16 ´ (ÿ)-2 (total yield 30 %)
together with phenylcarbene insertion products. Fortunately,
both diastereomeric hemicarceplexes formed in approximate-
ly equal amounts (ratio 2:3) and their guest protons H2, H2'
showed a small but discernible Dd value of 15 Hz (Figure 4).


Figure 4. Partial 1H NMR spectra (400 MHz, [D8]toluene) at different
temperatures showing the two partially overlapping multiplets, which are
assigned to the cycloheptatetraene protons H2,H2' of 16 ´ (�)-2 and 16 ´
(ÿ)-2.


Table 3. Comparison between the calculated and the experimental dis-
tance ratio r21/r23 in cycloheptatetraene (2).


Method r21/r23 D Ref.


exptl 1.134� 0.01
BLYP/6-31G* 1.112 0.022 [5a]
B3LYP/6-31G* 1.120 0.014 [5c]
B3LYP/6-311G** 1.122 0.012 this work
CASSCF(8,8)/6-31G* 1.112 0.022 [5c]
MP2/6-31G* 1.124 0.01 [5b]
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Whether the diastereomeric excess of 20 % results from
asymmetric induction in the phenylcarbene ring expansion or
from an inner-phase equilibration of the diastereomeric
complexes is not clear and requires further investigations.
Unfortunately, we could not induce coalescence of both
signals even at 100 8C (Figure 4). From the absence of line
broadening we conclude that the barrier must be higher than
19.6 kcal molÿ1,[27] which sets a lower limit in agreement with
all current calculations (Scheme 7).[5]


H H HH


HH


∆G‡>19.6 kcal mol-1


∆G


Scheme 7. Enantiomerization barrier.


Thus, the enantiomerization barrier must dependent
strongly on the medium and must be lowered in polar
environments such as alcohols which would favor the more
polar 3 with a larger calculated dipole moment (m� 1.26 D,
B3LYP/6-311��G**) as compared to 2 (m� 5.07 D, B3LYP/
6-311��G**).[4c] In addition, it is likely that hydrogen-bond
formation with an alcohol strongly stabilizes 3 as suggested by
Borden and Karney.[28] Indeed, gas-phase DFT calculations
(B3LYP/6-311��G** level of theory) predict a 8.5 kcal molÿ1


stabilization of 1A1-3 upon hydrogen bonding to metha-
nol,[23±25] whereas 2 and CH3OH are only weakly bound
(DEstab� 0.6 kcal molÿ1 through an O-H/p interaction (Fig-
ure 5). This reduces the enantiomerization barrier by


Figure 5. Stabilization of cycloheptatrienylidene and cycloheptatetraene
upon hydrogen-bond formation with methanol. Relative energies (B3LYP/
6-311��G**�ZPVE) are calculated at the B3LYP/6-311G** optimized
geometries (2, 1A1-3 and CH3OH) and at the B3LYP/6-31G* optimized
geometries (2 ´´´ HOCH3 and 1A1-3 ´´´ HOCH3 complex).


7.9 kcal molÿ1. Though the predicted inner-phase orientation
of 2 exposes the allenic carbon to the bulk phase, steric


interactions between the bulk-phase hydrogen-bond donor
methanol and the atoms that line up the equatorial located
portal of 10 might destabilize such a through-shell hydrogen-
bonding interaction.


Inner-phase reaction of cycloheptatetraene with oxygen :
When we exposed solutions containing 9 ´ 2 or 10 ´ 2 to the
atmosphere, we observed a rapid reaction of 9 ´ 2 and 10 ´ 2
with oxygen which yields the benzene hemicarceplex and
CO2. The latter most likely escapes the inner phase and was
detected by FT-IR spectroscopy. The formed benzene hemi-
carceplex was identified by its characteristic signal in the
1H NMR spectrum of the reaction mixture and by comparison
with an authentic sample prepared as published by Cram and
co-workers.[14]


In order to elucidate the mechanism of this interesting
reaction, we carried out low temperature 1H NMR studies in
the hope of detecting possible intermediates. Indeed, these
studies revealed the formation of an intermediate hemi-
carceplex. When we purged a [D8]toluene solution of 10 ´ 2
with air at ÿ15 8C for two minutes and followed the fate of
10 ´ 2 at ÿ10 8C by 1H NMR spectroscopy, the proton signals
assigned to 2 slowly disappeared and a new set of three
multiplets appeared at d� 6.43 (m), 4.44 (d, J� 11.8 Hz), and
2.99 (m). The integral of each multiplet corresponds to two
protons (Figure 6).


Figure 6. Partial 1H NMR spectra (400 MHz) of a photolyzed solution of
10 ´ 12 in [D8]toluene at ÿ10 8C a) and b), and at 27.6 8C c): 3 min after the
solution was saturated with air a), one hour later b), and after 90 min at
27.6 8C c); Peaks for the 1H nuclei of incarcerated 2 (*), 25 (*), and
benzene (*).


A DQF-COSY experiment showed cross peaks between the
doublet at d� 4.44 and the multiplet at 6.43 and between the
doublet at 4.44 and the multiplet at 2.99. Upon warming of
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this solution to room temperature, the intermediate hemi-
carceplex decomposed quantitatively to 10 ´ benzene, which
was identified by the characteristic singlet at 4.97 of the six
benzene protons (Figure 6). The HR-MALDI-TOF mass
spectrum of the above solution shows a isotopic cluster with
the base peak at m/z 2138.192 which we assign to the ion [10 ´
(2�O2)�Na]� . This ion is absent in the HR-MALDI-TOF MS
recorded after the solution has been standing at room
temperature for 2 h. At the same time, the intensity of the
isotopic cluster of [10 ´ benzene�Na]� increases by the same
amount. The NMR spectroscopic and mass spectrometric data
are only consistent with the guest of the intermediate
hemicarceplex being either dioxirane 25 or tropone oxide 26
assuming fast rotation around the CÿO bond of 26 on the
NMR time scale. The absence of a strong UV/VIS absorption
band in the region between 350 nm and 650 nm, which would
be characteristic for carbonyl oxides[29] and which is predicted
at lmax 546 nm for 26, excludes the latter as the guest
structure.[30] Thus, all spectroscopic data are consistent with
25. We assign the three multiplets at d� 6.43, 4.44, and 2.99 to
the protons H2/H2', H1/H1', and H3/H3' of 25, respectively.


OO
H1


H2


H1'


'H2


H3' H3


O
O


O
O


25 26a 26b


The formation of 25 involves the reaction of a singlet
ground state reactant 2 with a triplet ground state reactant
(O2) which is an interesting situation. Similar spontaneous
autoxidations in the absence of an initiator have been
observed by Cram and co-workers for cyclobutadiene (27)
incarcerated inside a hemicarcerand,[12] and by Maier and co-
workers for the kinetically stabilized tri- (28),[31] and tetra-tert-
butylcyclobutadiene (29).[32]


27 28 29


Even though a spin inversion is necessary somewhere along
the reaction coordinate, both cyclobutadiene and 2 show
extremely high reactivity towards oxygen. The fact that 2 can
thermally rearrange to various intermediates on the C7H6


potential energy surface such as 1, 3, or 4,[33] of which each
could be the reacting species, makes the present case
especially interesting. We have considered four different
reaction pathways A ± D for this autoxidation leading to 25
(Scheme 8). In pathway A, charge-transfer complex forma-
tion between triplet oxygen 3O2 and 2 induces an intersystem
crossing (ISC) of the former to yield singlet oxygen 1O2.
Dioxirane 25 is formed either via an allowed side-on [2�8]
addition between 1O2 and 2 or alternatively via an end-on
[2�8] addition followed by the thermal cyclization of the
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Scheme 8. Reaction pathways A ± D for the autoxidation leading to 25.


resulting tropone oxide 26 (Scheme 8, pathway A). Such a
thermal intersystem crossing of 3O2 induced by charge-
transfer complex formation between 3O2 and the highly
strained 3,3,6,6-tetramethyl-1-thia-4-cycloheptyne (30) was
observed earlier by Krebs and co-workers (Scheme 9).[34, 35]
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Scheme 9. Thermal intersystem crossing of 3O2 induced by charge-transfer
complex formation between 3O2 and the highly strained 3,3,6,6-tetrameth-
yl-1-thia-4-cycloheptyne (30).[34, 35]


Consistent with this mechanism is the lower limit of the
activation barrier Ea� 21 kcal molÿ1 measured[35] which is
similar to the singlet ± triplet splitting of molecular oxygen
EST� 22.54 kcal molÿ1,[36] and the successful trapping of tran-
siently formed singlet oxygen with tetramethylethylene.


In the present reaction, attempts to trap transiently
produced singlet oxygen with furan in the bulk solvent failed.
A comparison of the relative reaction rates shows further
major differences between the reaction of 2 and of 30 with
oxygen. The rate of the reaction between oxygen and 10 ´ 2 is
first order in the concentration of oxygen. The measured
bimolecular rate constant kO2�2 in CDCl3 at 263 K is kO2�2�
5.6� 10ÿ4 molÿ1 sÿ1. At the same temperature, the rate con-
stant of the addition of oxygen to 30 is about five orders of
magnitude slower (kO2�30 (263 K) �1� 10ÿ8 molÿ1 sÿ1).[34] The
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latter rate was estimated from the experimental activation
energy and the room temperature rate constant in oxygen
saturated CCl4 (kO2�30 (295 K) �1� 10ÿ6 molÿ1 sÿ1).[34, 35] Both
reactions should have similar activation barriers of about
Ea� 22 kcal molÿ1. This would lead to a positive estimated
activation entropy DS=� 8 e.u., which is unlikely for a
reaction that requires the formation of an ordered charge-
transfer complex. In pathway B, triplet 3O2 reacts with triplet
cycloheptatrienylidene, for example, 3A2-3. Triplet 3A2-3 is
predicted to lie approximately 2 ± 5 kcal molÿ1 above 1A2-3,
which is the possible enantiomerization transition state
structure of 2.[5a,b] Based on this small singlet ± triplet gap
and the similar geometries of 1A2-3 and 3A2-3, intersystem
crossing between both states would be extremely fast and
would provide a very efficient route for the equilibration of 2
and 3A2-3. The expected experimental rate constant kexptl for
this reaction pathway is given by Equation (3).[37]


kexptl�KeqkO2
(3)


Keq� k1k2/kÿ1kÿ2 is the equilibrium constant between 3A2-3
and 2. Assuming a rate constant kO2


� 10ÿ9 molÿ1 sÿ1 typical for
the reaction of triplet carbenes with oxygen,[29] the measured
rate constant kexptl� 5.6� 10ÿ4 molÿ1 sÿ1 at 263 K allows us to
estimate Keq and thus the free energy difference DG(263 K)
between 3A2-3 and 2 is DG(263 K)� 14.8 kcal molÿ1.


Clearly, DG(263 K) is much lower than our measured lower
limit of the enantiomerization barrier of 2 which is contra-
dictory and excludes the participation of 3A2-3 or any other
triplet state of 3 in this autoxidation. For a similar reason,
reaction pathway C, in which the autoxidation is initiated by a
reaction of 3O2 with 4, can be excluded. Bicycloheptatriene (4)
is predicted as an intermediate in the thermal equilibration
between cycloheptatetraene and phenylcarbene. Recent ab
initio calculations place 4 approximately 15 ± 17 kcal molÿ1


above 2. Assuming, that the reaction between 3O2 and 4 is
rate-controlling in pathway C, which leads to a reaction rate
constant kexptl�K ´ k3, requires a rate constant k3 at the
diffusion limit. We regard this as very unlikely. Therefore,
triplet oxygen must add directly to the allenic carbon of 2 to
give triplet biradical 26 a, which cyclizes after a singlet ± triplet
intersystem crossing (pathway D).[38] Though a thermal car-
bonyl oxide ± dioxirane equilibrium has not been observed in
condensed phases, the barrier for cyclization of 26 is expected
to be substantially lower compared with formaldehyde oxide
H2COO (activation energy� 20.3 ± 24.0 kcal molÿ1)[39] due to
the smaller double bond character of the CÿO bond of 26.[30]


The answer to the question why 2 is so reactive towards
triplet oxygen and the nature of the initializing step of the
autoxidation of 2 is not clear, yet. Maier and co-workers
suggested an initial electron transfer step in the biradical type
reactivity of cyclobutadiene.[31c] An electron transfer from a
strained olefinic bond to 3O2 to produce radical ions or a
charge-transfer complex has also been postulated by Bartlett
and Banavali in the spontaneous autoxidation of various
strained cyclic olefins.[40] We are currently studying related
systems, which will hopefully provide more insight into this
interesting reaction.[41]


It is reasonable to assume that the thermal decarboxylation
of 25 involves an initial electrocyclization of 25 to norcar-
adiene (31) followed by the homolytic cleavage of the OÿO
bond and the cheletropic extrusion of CO2 as shown in
Scheme 10.


OO C OOOO OO


25 31


+


Scheme 10. Decarboxylation of 25.


In order to support this mechanism, we determined the
activation parameters, Ea and A, from the temperature
dependence of the rates of decarboxylation (Figure 7 and
Table 4). At all temperatures and in all bulk solvents, we
observed first-order kinetics.


Figure 7. Arrhenius plots of the decarboxylation of 10 ´ 25 in different bulk
solvents: CDCl3 (&; ÐÐ); [D8]toluene (&, Ð -); [D8]THF (*, - - - -); CH2Cl2


(~; Ð - -).


We noticed interesting aspects regarding these activation
parameters:
1. The free activation energies DG= in the different solvents


are almost identical (DDG=� 0.45 kcal molÿ1).
2. The enthalpy and entropy contributions to DG= vary


among the different solvents by as much as 13 kcal molÿ1.
We explain the solvent dependence of the activation param-
eters with a strong propensity of this inner-phase reaction
towards enthalpy ± entropy compensation due to a solvent
reorganization.[42, 43] A solvent reorganization is expected if a


Table 4. Activation parameters for the decarboxylation of 10 ´ 25 in
different bulk solvents.


Solvent Ea logA DG=


(298 K)
DH=


(298 K)
DS=


(298 K)
TDS=


(298 K)


[D8]THF[a] 31.5 20.1 21.45 30.9 31.7 13.4
CDCl3


[a] 22.1 13.1 21.62 21.5 ÿ 0.5 ÿ 0.95
[D8]toluene[a] 18.7 10.5 21.9 18.1 ÿ 12.7 ÿ 3.93
CH2Cl2


[b] 21.9 13.0 21.52 21.3 ÿ 0.8 ÿ 1.3


[a] Measured by 1H NMR spectroscopy. [b] Measured by normal-phase
HPLC.
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conformational change of the host (e.g., a twisting,[44] bending,
elongation or contraction) accompanies the reaction coordi-
nate. It is obvious that the transition state of the decarbox-
ylation will have a very different shape and size as compared
to 25. Thus, host 10 will react to the change of the guest with a
change of its own shape and size, in order to maximize the
host ± guest interactions. The increased (decreased) surface
area of 10 will require more (less) solvent molecules for a
complete solvation leading to a decrease (increase) of DH=


due to solvent ± host interactions which is accompanied with
an increase (decrease) of TDS=by an equal amount due to the
higher order of the solvent molecules in the solvation shell as
compared to the bulk.[43] Interestingly, many enzymes display
isokinetic behavior for their substrate binding steps and also
for the catalyzed transformation inside their binding cav-
ities.[45] As in the present case, this behavior has been
explained with a conformational change of the enzyme that
accompanies the substrate binding or reaction step. Thus
molecular containers display enzyme type behavior in their
inner-phase reactions. The fact that the different Arrhenius
plots don�t exactly cross at a common point suggests that this
inner-phase decarboxylation possibly exhibits a small solvent
effect as a result of a small dipole moment change of the
hemicarceplex upon approaching the transition state. For
example, the overall dipole moment of the hemicarceplex will
change during a bending motion of the surrounding host,
which has no net dipole moment if in a straight conformation,
and/or from a dipole moment change of the reacting guest.


Since DG=(inner phase) is only slightly affected by the bulk
medium, it is readily comparable with the free energy of
activation in the gas or liquid phase DG=. This allows one to
probe the influence of the host on an inner-phase reaction
rate. Unfortunately, an experimental DG= for the decarbox-
ylation of free 25 is not available. We are currently exploring
methods to generate 25 in the inner phase of a container
compound and subsequently release the guest into the bulk in
order to study its bulk phase decomposition kinetics.


Experimental Section


General : All reactions were conducted under argon unless noted otherwise.
Tetrahydrofuran (THF) was freshly distilled from benzophenone ketone
just prior to use. Hexamethylphosphoric triamide (HMPA) was dried over
activated molecular sieves (4 �). Dimethylformamide (DMF) and 1-meth-
yl-2-pyrrolidinone (NMP) were purified by filtration through activated
aluminum oxide and silica gel. 1H NMR spectra were recorded on a
500 MHz or a 400 MHz Varian FT NMR spectrometer. 13C NMR spectra
were recorded on a 200 MHz Varian FT NMR spectrometer. Spectra were
recorded in CDCl3, [D8]toluene or [D8]THF and referenced to residual
CHCl3, [D7]toluene or [D7]THF at d� 7.26, 2.09, or 3.58, respectively. The
temperature of the NMR spectrometer was calibrated with methanol
(below 310 K) and ethylene glycol (above 310 K) temperature standards
using calibration curves implemented in the Varian NMR software. FAB-
MS were determined on a ZAB SE instrument with 3-nitrobenzyl alcohol
(NOBA) matrix. MALDI-TOF mass spectra were obtained on an Ion Spec
HiResMALDI mass spectrometer. FT-IR spectra were recorded on a
Nickolet 580B with a Model 3600 station. CHN elementary analysis were
obtained from Desert Analytics, Tuscon, Arizona. Gravity chromatography
was performed on Bodman silica gel (70 ± 230 mesh). Thin-layer chroma-
tography involved aluminum-backed plates (silica gel 60 F254, 0.25 mm).


Cavitand 18 : Tetrabromoresorcinarene (17, 3 g, 2.77 mmol) was placed in a
heavy wall pyrex tube containing a magnetic stirring bar and was dissolved


in degassed dry DMF (25 mL) under argon. Anhydrous K2CO3 (5.5 g) and
CD2Cl2 (5.5 mL, 99.6 %, Cambridge Isotope Laboratories) were added.
The tube was sealed and stirred at 80 ± 85 8C for 8 d. After the reaction
mixture was cooled to 0 8C, the tube was opened and the precipitated
product was filtered off and washed with DMF (5 mL) and water (3�
50 mL). The crude product was dried under vacuum, redissolved in the
minimum amount of CH2Cl2 and purified by column chromatography
(silica gel, CH2Cl2/hexane 1:1 v :v) to yield 18 (1.56 g, 50 %). 1H NMR
(400 MHz, CDCl3, 25 8C): d� 7.03 (s, 4H, arylH), 4.85 (t, 4H, CH), 2.20 (dt,
8H, CHCH2), 1.48 ± 1.3 (m, 24H, CH2CH2CH2CH2CH3), 0.92 (t, 12H,
CH3); 13C NMR (50.29 MHz, CDCl3, 22 8C): d� 152.4, 139.6, 119.4, 113.9,
98.1 (vb), 37.9, 32.1, 30.1, 27.7, 22.9, 14.3; HR-MS: calcd for C52H52O8D8Br4:
1136.151; found: 1136.164 [M]� .


Cavitand 24 was synthesized from 18 in 77% yield according to a procedure
published by Cram and co-workers for the synthesis of the parent non-
deuterated cavitand.[17b] 1H NMR (400 MHz, CDCl3, 25 8C): d� 6.63 (s,
4H, arylH), 5.4 (br s, 4H, OH), 4.69 (t, 4H, CH), 2.17 (dt, 8 H, CHCH2),
1.48 ± 1.3 (m, 24H, CH2CH2CH2CH2CH3), 0.91 (t, 12 H, CH3); 13C NMR
(50.29 MHz; CDCl3, 22 8C): d� 142.3, 141.1, 138.9, 110.5, 37.1, 32.3, 29.8,
27.8, 22.9, 14.3; HR-MS: calcd for C52H56O12D8: 911.478; found: 911.479
[M]� .


Hemicarcerand 14 was prepared from 17 in 22% yield according to a
procedure published by Cram and co-workers for 13.[15] 1H NMR
(400 MHz, CDCl3, 25 8C): d� 6.79 (s, 2 H, arylH), 6.76 (s, 4 H, arylH),
6.57 (s, 2 H, arylH), 4.68 (t, 4 H, CH methine), 4.66 (t, 4H, CH methine),
3.96 ± 3.78 (m, 12 H, OCH2CH2), 2.23 ± 2.08 (m, 16H, CHCH2CH2), 1.98
(br s, 8H, OCH2CH2), 1.94 (br s, 4H, OCH2CH2), 1.5 ± 1.3 (m, 48H,
CHCH2CH2CH2CH2CH3), 0.89 ± 0.95 (m, 24 H, CH3); 13C NMR
(50.29 MHz, CDCl3, 22 8C): d� 149.1, 148.9, 148.8, 144.7, 144.3, 142.3,
141.2, 139.5, 139.2, 139.1, 138.6, 114.5, 110.4, 99.3 (vb), 74.1, 72.9, 37.2, 37.1,
32.3, 30.0, 29.9, 27.9, 27.8, 27.3, 26.9, 22.9, 14.3; HR-MS: calcd for
C116H130O24D16Na: 1962.108; found: 1962.109 [M�Na]� .


Hemicarceplex 9 ´ 12 : A suspension of 13 (152 mg, 0.063 mmol), butane-1,4-
dimethylsulfonate (147 mg, 0.6 mmol), anhydrous Cs2CO3 (750 mg) and
phenyldiazirine (200 mL)[16] in dry HMPA (10 mL) was stirred under argon
at room temperature in the dark for 3.5 d. The reaction mixture was
pipetted into brine (50 mL) and filtered. The collected precipitate was
washed with water (2� 5 mL) and methanol (2� 5 mL) and redissolved in
CHCl3 (10 mL). After the evaporation of the solvent, the residual crude
product was dried under vacuum for 30 min, redissolved in the minimum
amount of CH2Cl2 and purified by column chromatography (silica gel,
CH2Cl2) to yield 9 ´ 12 as a white powder (133.5 mg, 80.6 %). The
hemicarceplex was stored atÿ25 8C, where it was stable without detectable
decomposition for several months. 1H NMR (400 MHz, CDCl3, 25 8C): d�
6.88 (s, 8H, arylH), 5.61 (d, 8H, OCHouterHO), 5.55 (d, 2 H, o-aryl-H of
guest), 5.05 (t, 2 H, m-aryl-H of guest), 4.70 (t, 8 H, CH methine, host), 4.12
(d, 8H, OCHinnerHO), 3.85 (br s, 16 H, OCH2CH2), 3.13 (t, 1H, p-aryl-H of
guest), 2.24 ± 2.16 (m, 16 H, CHCH2CH2), 1.86 (br s, 16H, OCH2CH2), 1.5 ±
1.3 (m, 48 H, CHCH2CH2CH2CH2CH3), 0.93 (t, 24H, CH3), 0.09 (s, 1H,
CH-methine, guest); 13C NMR (50.29 MHz, CDCl3, 22 8C): d� 148.9(H),
144.5 (H), 139.4 (H), 135.8 (G), 127.7 (G), 126.2 (G), 123.2 (G), 114.7 (H),
98.6 (H), 72.3 (H), 37.2 (H), 32.3 (H), 30.2 (H), 27.9 (H), 27.7 (H), 22.9 (H),
21.5, 14.3 (H); FAB-MS (NBA-matrix): m/z (%): 2095.6 (30) [M�H]� ,
2067.7 (100) [MÿN2ÿH]� ; elemental analysis calcd (%) for
C127H158N2O24: C 72.75, H 7.60, N 1.34; found: C 72.93, H 7.47, N 1.15.


Hemicarceplex 10 ´ 12 was prepared from 14 in 80% yield as described for
the synthesis of 9 ´ 12 from 13. 1H NMR (400 MHz, CDCl3, 25 8C): d� 6.89
(s, 8H, arylH), 5.55 (d, 2H, o-aryl-H of guest), 5.05 (t, 2H, m-aryl-H of
guest), 4.70 (t, 8H, CH methine, host), 3.85 (br s, 16H, OCH2CH2), 3.12 (t,
1H, p-aryl-H of guest), 2.24 ± 2.16 (m, 16 H, CHCH2CH2), 1.86 (br s, 16H,
OCH2CH2), 1.5 ± 1.3 (m, 48 H, CHCH2CH2CH2CH2CH3), 0.93 (t, 24H,
CH3), 0.10 (s, 1H, CH-methine, guest); FAB-MS (NBA-matrix): m/z (%):
2111.7 (50) [M�H]� , 2083.7 (100) [MÿN2�H]� , 1994.2 (60) [Mÿ 12�H]� .


Hemicarceplex 15 ´ 12 was prepared in 19% yield from 13 as described for
9 ´ 12 with the exception that (S,S)-(ÿ)-1,4-di-O-tosyl-2,3-O-isopropyl-
idene-l-threitol was used instead of butane-1,4-dimethylsulfonate.
1H NMR (400 MHz, CDCl3, 25 8C): d� 6.9 ± 6.8 (m, 8H, arylH), 5.72 ± 5.5
(m, 8H, OCHouterHO), 5.46 (d, 2 H, o-aryl-H of guest), 4.95 (t, 2 H, m-aryl-
H of guest), 4.72 (t, 4 H, CH methine, host), 4.68 (t, 4 H, CH methine, host),
4.37 (d, 2H), 4.2 ± 3.63 (m, 24 H), 3.02 (t, 1H, p-aryl-H of guest), 2.3 ± 1.7
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(m, 28H), 1.5 ± 1.3 (m, 48H, CHCH2CH2CH2CH2CH3), 1.31 (s, 6 H, CH3),
1.0 ± 0.85 (m, 24 H, CH3), 0.01 (s, 1 H, CH-methine, guest); FAB-MS (NBA-
matrix): m/z (%): 2167.7 (34) [M�H]� , 2142.0 (100) [MÿN2�H]� ;
elemental analysis calcd (%) for C130H162N2O26: C 71.99, H 7.53, N 1.29;
found: C 71.78, H 7.37, N 1.28.


Hemicarceplex 16 ´ 12 was prepared in 23% yield from 14 as described for
the synthesis of 15 ´ 12 from 13. 1H NMR (400 MHz, CDCl3, 25 8C): d�
6.9 ± 6.8 (m, 8H, arylH), 5.46 (d, 2H, o-aryl-H of guest), 4.95 (t, 2 H, m-aryl-
H of guest), 4.72 (t, 4 H, CH methine, host), 4.68 (t, 4 H, CH methine, host),
4.37 (d, 2H), 4.2 ± 3.63 (m, 16 H), 3.02 (t, 1H, p-aryl-H of guest), 2.3 ± 1.7
(m, 28H), 1.5 ± 1.3 (m, 48H, CHCH2CH2CH2CH2CH3), 1.31 (s, 6 H, CH3),
1.0 ± 0.85 (m, 24 H, CH3), 0.01 (s, 1 H, CH-methine, guest); FAB-MS (NBA-
matrix): m/z (%): 2185.1 (56) [M�H]� , 2155.7 (100) [MÿN2�H]� .


Hemicarceplex 15 ´ benzene : A suspension of diol 13 (31 mg, 16 mmol),
(S,S)-(ÿ)-1,4-di-O-tosyl-2,3-O-isopropylidene-l-threitol (35 mg, 74 mmol)
and Cs2CO3 (200 mg) in degassed anhydrous DMF (4 mL) was stirred for
2.5 d at 50 ± 55 8C under argon. The reaction mixture was poured into water
(30 mL). The precipitate was filtered off, washed with methanol (2 mL),
dried at high vacuum overnight and then dissolved in benzene (2 mL). The
benzene solution is sealed in a pyrex tube and is heated to 130 8C for 3 d.
After the solution had cooled to room temperature, the tube was opened
and the benzene solution was concentrated. The crude hemicarceplex was
purified by column chromatography (silica gel, CH2Cl2) to yield 15 ´ ben-
zene as a white powder (18 mg, 68%). 1H NMR (400 MHz, [D8]toluene,
15 8C): d� 7.3 ± 7.2 (m, 8H, arylH), 5.84 (m, 2H, OCHouterHO), 5.80 (m, 2H,
OCHouterHO), 5.76 (m, 2H, OCHouterHO), 5.65 (m, 2 H, OCHouterHO), 5.2 ±
5.05 (m, 8H, CH methine, host), 4.37 (d, 2H), 4.2 ± 3.63 (m, 24H), 4.82 (s,
6H, guest-H), 4.40 (d, 2 H), 4.33 (d, 2H), 4.31 (d, 2 H), 4.25 ± 4.1 (m, 16H),
3.68 (t, 2H), 3.5 ± 3.4 (m, 4 H), 3.38 (t, 2 H), 2.44 ± 2.14 (m, 28 H), 1.65 ± 1.2
(m, 54 H, CHCH2CH2CH2CH2CH3; linker CH3), 1.0 ± 0.8 (m, 24H, CH3);
13C NMR (50.29 MHz, CDCl3, 22 8C): d� 149.3, 149.2, 149.0, 148.8, 148.6,
148.2, 145.3, 145.1, 144.6, 139.5, 139.4, 139.3, 139.2, 139.1, 127.1 (guest),
114.8, 114.4, 114.2, 114.1, 110.3, 99.5, 99.4, 78.7, 74.6, 74.5, 74.2, 37.3, 32.4,
30.3, 30.1, 28.4, 28.0, 26.8, 23.0, 14.4; HR-MS: calcd for C129H162O26Na:
2150.125; found: 2150.123 [M�Na]� .


Photolysis experiments


General : In all photolysis experiments, samples were irradiated with the
output of an Oriel Hg Power-Max lamp operating at 200 W (photolysis at
T� 77 K) or at 115 ± 120 W (photolysis at 15.5 K). A 10 cm water-filter and
a 320 nm cut-off filter (WG320) was placed between the lamp and the sample.


Sample preparation : A solution of 9 ´ 12 or 10 ´ 12 (2 ± 4 mg) in [D8]toluene
(150 ± 200 mL for the photolysis at 15.5 K, otherwise 550 mL) was placed in a
pyrex NMR tube and degassed by four freeze ± pump ± thaw cycles under
vacuum. The NMR tube was sealed off under vacuum.


Photolysis at 77 K : Sample cooling was achieved with liquid nitrogen in a
partially silvered dewar. The sample tube was placed in the light beam such
that the bottom part of the frozen solution was in the focal point (4 ± 5 mm
diameter). First, the front of the sample was irradiated for 10 min, followed
by further 10 min irradiation after the sample tube had been turned by 1808.
During this irradiation the upper part of the frozen solution was protected
from the light beam. After each 2� 10 min irradiation period, the sample
was moved downwards in 5 mm steps until all of the frozen solution had
been irradiated (typically 6 ± 7 vertical steps).


Photolysis experiments at lower temperatures : Cooling of the sample was
achieved with a Cryogenics Closed Cycle Laboratory System Model CWS-
202 (APD Cryogenics), which had been modified for this purpose. We
designed a sample holder, which was made out of high purity copper and
which allowed cooling of up to 250 mL of a solution sealed inside an NMR
tube. The sample holder was screwed onto the top the expander. We placed
an indium gasket between holder and expander for optimal thermal
conductivity between both. In order to accommodate the sealed NMR
tube, an eight inch long, stainless steel tube (8 mm inner diameter) was
welded onto the upper port of the vacuum shroud. Irradiation of the sample
was performed through a quartz window in the vacuum shroud. Prior to the
photolysis, the lamp position was adjusted such that the sample was exactly
in the focal point of the light beam. In a typical photolysis experiment, the
solution was cooled in the dark to about 11 ± 12 K. The irradiation of the
frozen solution was performed as described for the photolysis at 77 K
except that the irradiation time was reduced to each time 5 min and that the
sample tube was moved every 5 min 2.5 mm downwards in the light beam


(total 5 ± 6 times 5 min). After this irradiation period, the sample was
rapidly warmed up to 250 K in the dark to allow mixing by convection,
recooled back to 10 ± 12 K and was further irradiated for 4 min 5 ± 6 times.
This sample thawing, recooling, and irradiation cycle was repeated once
again until the sample was finally warmed to room temperature. All further
manipulations of the sample were conducted using standard Schlenk line
techniques. Typically, after three irradiation cycles, signals assigned either
to the diazirine hemicarceplex or the diazomethane hemicarceplex could
not be identified in the 1H NMR spectrum of the photolyzed sample.


The photoproducts 20 ± 23 were isolated and purified with semipreparative
HPLC on a 250� 10 mm LUNA silica column (Phenomenex) using 0.15 %
or 0.05 % THF in CH2Cl2 at a flow rate of 5 mL minÿ1 (20, 21: tR� 15.9 min
(0.15 % THF); 22, 23 : tR� 5.3 min (0.05 % THF)).


Insertion product 20 : 1H NMR (400 MHz, CDCl3, 25 8C): d� 6.93 (s, 2H,
arylH), 6.92 (s, 2 H, arylH), 6.85 (s, 2 H, arylH), 6.81 (s, 2 H, arylH), 5.94 (t,
1H, OCHouter(O)CH2Ph), 5.81 (d, 1H, OCHouterHO), 5.75 (d, 3 H,
OCHouterHO), 5.73 (d, 1 H, OCHouterHO), 5.55 (d, 2H, o-Ph-H), 5.42 (d,
2H, OCHouterHO), 4.97 (t, 2H, CH methine), 4.90 (t, 2H, m-Ph-H), 4.83 (t,
1H, CH methine), 4.77 (t, 1H, CH methine), 4.64 (d, 1H, OCHinnerHO),
4.61 (t, 2H, CH methine), 4.48 (t, 1H, CH methine), 4.26 (d, 2H,
OCHinnerHO), 4.23 (t, 1H, CH methine), 4.23 (d, 1 H, OCHinnerHO), 4.1 ±
3.8 (m, 12H, OCH2CH2), 3.8 ± 3.7 (m, 4 H, OCH2CH2, 2H, OCHinnerHO),
3.65 (t, 1H, p-Ph-H), 3.64 (d, 1H, OCHinnerHO), 1.6 ± 2.38 (m, 32H,
CHCH2CH2, OCH2CH2), 1.6 ± 1.2 (m, 48 H, CHCH2CH2CH2CH2CH3), 1.20
(d, 2H, OCHouter(O)CH2Ph), 1.0 ± 0.8 (m, 24H, CH3); FAB-MS (NBA-
matrix): m/z (%): 2067.7 (100) [M�H]� ; elemental analysis calcd (%) for
C127H158O24: C 73.74, H 7.70; found: C 74.04, H 7.84.


Insertion product 21: 1H NMR (400 MHz, CDCl3, 25 8C): d� 6.93 (s, 2H,
arylH), 6.92 (s, 2H, arylH), 6.85 (s, 2H, arylH), 6.81 (s, 2H, arylH), 5.55 (d,
2H, o-Ph-H), 4.97 (t, 2 H, CH methine), 4.90 (t, 2 H, m-Ph-H), 4.85 (t, 1H,
CH methine), 4.77 (t, 1H, CH methine), 4.61 (t, 2H, CH methine), 4.48 (t,
1H, CH methine), 4.23 (t, 1 H, CH methine), 4.1 ± 3.8 (m, 12 H, OCH2CH2),
3.8 ± 3.7 (m, 4 H, OCH2CH2), 3.65 (t, 1 H, p-Ph-H), 2.38 ± 1.6 (m, 32H,
CHCH2CH2, OCH2CH2), 1.6 ± 1.2 (m, 48 H, CHCH2CH2CH2CH2CH3), 1.20
(s, 1 H, OCDouter(O)CHDPh), 0.8 ± 1.0 (m, 24 H, CH3); HR-MS: calcd for
C127H142O24D16Na: 2106.202; found: 2106.209 [M�Na]� .


Insertion product 22 : 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.21 (t, 2H,
m-Ph-H), 7.13 (t, 1H, p-Ph-H), 7.09 (d, 2H, o-Ph-H), 6.85 ± 6.7 (m, 8H,
arylH), 5.84 (d, 1H, OCHouterHO), 5.83 ± 5.76 (m, 6 H, OCHouterHO), 5.74
(d, 1 H, OCHouterHO), 4.75 ± 4.6 (m, 8 H, CH methine), 4.49 (m, 1H,
OC(CH2Ph)HCHH), 4.0 ± 3.7 (m, 15 H, OCH2CH2), 2.95 (dd, J� 4,
13.2 Hz, 1H, CHHPh), 2.67 (dd, J� 10.4, 13.2 Hz, 1H, CHHPh), 2.3 ± 2.1
(m, 16H, CHCH2CH2), 2.1 ± 1.8 (m, 15H, OCH2CH2), 1.73 (m, 1H,
OC(CH2Ph)HCHH), 1.5 ± 1.2 (m, 48H, CHCH2CH2CH2CH2CH3), 1.0 ±
0.80 (m, 24 H, CH3); HR-MS: calcd for C127H158O24Na: 2090.104; found:
2090.108 [M�Na]� .


Insertion product 23 : 1H NMR (400 MHz, CDCl3, 25 8C): d� 7.23 (t, 2H,
m-Ph-H), 7.13 (t, 1H, p-Ph-H), 7.09 (d, 2H, o-Ph-H), 6.85 ± 6.7 (m, 8H,
arylH), 4.75 ± 4.6 (m, 8H, CH methine), 4.43 (m, 1 H, OC(CH2Ph)HCHH),
4.0 ± 3.7 (m, 15 H, OCH2CH2), 2.96 (dd, J� 4.0, 13.6 Hz, 1H, CHHPh), 2.66
(dd, J� 10.8, 13.2 Hz, 1 H, CHHPh), 2.3 ± 2.1 (m, 16H, CHCH2-
CH2), 2.1 ± 1.8 (m, 15H, OCH2CH2), 1.73 (m, 1H, OC(CH2Ph)HCHH),
1.5 ± 1.2 (m, 48H, CHCH2CH2CH2CH2CH3), 1.0 ± 0.85 (m, 24H, CH3); HR-
MS: calcd for C127H132O24D16Na: 2106.202; found: 2106.207 [M�Na]� .


Computations : Geometry optimizations were performed with density
functional theory using the Becke3LYP[24, 25] functionals and several basis
sets with the program Gaussian 98.[23] For the geometry and energy
computations of the hydrogen-bonded complex between 1A1-3 and
methanol, the geometry of 1A1-3 was constrained. Chemical shift calcu-
lations were carried out by the GIAO method, which is implemented in the
program Gaussian 98. Chemical shifts are calculated relative to TMS which
has absolute shielding values of 31.6297 (B3LYP/6-311��G(2d,2p)//
B3LYP/6-31G(d)) and 32.7030 (HF/6-311�G(2d,p)//B3LYP/6-31G(d)).[46]
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An Allosteric Synthetic Catalyst:
Metal Ions Tune the Activity of an Artificial Phosphodiesterase


Igor O. Fritsky, Reina Ott, Hans Pritzkow, and Roland Krämer*[a]


Abstract: A trinuclear metal complex
of general formula (LÿH)Ms(Mf)2 rep-
resents the first allosteric low molecular
weight catalyst. L is a polyaza ligand
having a tetradentate and two bidentate
metal binding sites, Ms is a ªstructuralº
(allosteric) metal, and Mf are functional
(catalytic) metals which interact with a
substrate. In mononuclear [(LÿH)Ms]�


complexes [(LÿH)Cu(MeOH)]ClO4 (1a),
[(LÿH)Cu]NO3 ´ 2H2O (1b), [(LÿH)Ni]-
ClO4 ´ 4 H2O (2), and [(LÿH)Pd]ClO4 ´
2 H2O (3), prepared from L and M2�


salts, the metal is strongly bound by an
in-plane N4-coordination (confirmed by
X-ray crystal structure determination of
1 a). Formation of trinuclear complexes
[(LÿH)MsCu2]5�, with two functional


Cu2� ions coordinated to the bidentate
sites of L, was evidenced in solution by
photometric titration and by isolation of
[(LÿH)Cu3][PO4][ClO4]2 ´ 9H2O (4). The
trinuclear complexes catalyze the cleav-
age of RNA-analogue 2-(hydroxyprop-
yl)-p-nitrophenyl phosphate (HPNP),
an activated phosphodiester. From a
kinetic analysis of the cleavage rate at
various HPNP concentrations, parame-
ters KHPNP (the equilibrium constant for
binding of HPNP to [(LÿH)MsCu2]5�


and kcat (first-order rate constant for


cleavage of HPNP when bound to the
catalyst) were derived: KM� 170 (Ms�
Cu2�), 340 (Ms�Ni2�), 2600 (Ms�Pd2�)
mÿ1, kcat� 17� 10ÿ3 (Ms�Cu2�), 3.1�
10ÿ3 (Ms�Ni2�), 0.22� 10ÿ3 (Ms�Pd2�)
sÿ1. Obviously, the nature of the allosteric
metal ion Ms strongly influences both
substrate affinity and reactivity of the
catalyst [(LÿH)MsCu2]5�. Our interpre-
tation of this observation is that subtle
differences in the ionic radius of Ms and
in its tendency to distort the N4ÿMs


coordination plane have a significant
influence on the conformation of the
catalyst (i.e., preorganization of func-
tional Cu2� ions) and thus on catalytic
activity.


Keywords: allosterism ´ copper ´
catalysts ´ enzyme models ´ phos-
phodiester cleavage


Introduction


In vivo catalytic activity of enzymes is often controlled by
complex regulatory systems. Allosteric regulation is an
important possibility for the tuning of catalytic efficiency.
An allosteric effector (a molecule or ion) binds in a non-
covalent fashion to a site other than the active site but alters
the conformation of the enzyme active site. In the active site
of E. coli alkaline phosphatase a phosphate monoester
substrate is hydrolyzed by a dizinc(ii) site while a Mg2� ion,
which is located about 6 � away from the zinc ions, is a strong
allosteric activator[1] since it stabilizes the active conformation
of the enzyme. Replacement of structure-stabilizing Mg2� by
other metals alters or even inhibits catalytic activity of native
alkaline phosphatases[2] or their mutants.[3]


In synthetic chemistry allosteric tuning of receptor proper-
ties by metal ions or organic molecules has been widely
explored for supramolecular host ± guest systems.[4] Recent
examples of positive allostery include Zn2�-induced binding
of a fluorescent dye by polyazamacrocycles,[5] and Cs�-
induced binding of C60 by a cyclophane host.[6] Negative
allostery was demonstrated for diamine binding to a bis-
zinc(ii) porphyrinic system which is perturbed by Ba2�-
coordination to an allosteric crown ether subunit of the
host,[7] and for a hydrogen bonding receptor which is
deactivated by CuI.[8]


Tuning of guest selectivity (naphthalene versus biphenyl) of
a hydrophobic host by variation of the allosteric metal (Zn2�,
Cu2�) was interpreted as a consequence of different metal
coordination geometries which induce different host confor-
mations.[9]


While allostery in host ± guest chemistry is well explored,
reports on allosteric regulation of synthetic molecular cata-
lysts are rare. Tee and co-workers have observed that the
transesterification of nitrophenyl alkanoates by cyclodex-
trines is accelerated up to 10-fold by addition of alkyl alcohols,
carboxylates or sulfonates. Formation of ternary complexes
(cyclodextrin ± substrate ± allosteric effector) was suggested
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on the basis of kinetic data alone.[10] In a similar reaction assay,
cleavage of alkyl nitrites by cyclodextrin OH-groups is
accelerated by the dodecyltrimethylammonium ion.[11] In
both cases, intermolecular reactions are stoichiometric, in
fact the cyclodextrin was used in large excess. Rebek has
reported an intramolecular cyclization reaction of a function-
alized 2,2'-bipyridine which is strongly accelerated by NiII


ions. Complexation of Ni by the bpy chelator imposes
preorganization of reactive 6,6'-substituents and facilitates
cyclization.[12]


To our knowledge, an abiotic allosteric catalyst which
displays turnover behavior has not yet been described. In this
paper we report allosteric regulation of a metal-based catalyst
for phosphodiester cleavage. In our system two functional
metal ions (denoted Mf, Scheme 1) are exposed for direct
interaction with the substrate while reactivity is modulated by
the identity of a third ªstructuralº metal Ms. Some of these
results were recently published as a preliminary communica-
tion.[13]


N


N


N


N


N


N


N
N


N


Ms


 


Mf Mf


Scheme 1. The allosteric catalyst [(LÿH)Ms(Mf)2], Ms� structural (allos-
teric) metal, Mf� functional (catalytic) metal.


Results and Discussion


Preparation of the novel polypyridyl ligand L (Scheme 2)
which has one tetradentate and two bidentate metal binding
sites is outlined only briefly herein, details on synthesis and
X-ray structure have been reported elsewhere.[14] L is
prepared in two reaction steps starting from 4-(2-pyridyl)-
pyrimidine (Scheme 2).[15] Coupling with 2-bromo-6-lithiopyr-


Scheme 2. Synthesis of L.


idine[16] gave 4-(6-bromo-2-pyridyl)-6-(2-pyridyl)-pyrimidine.
L was obtained analogously to a reported method for
2-quinolyl-2(1H)-quinolylideneacetonitrile[17] or related com-
pounds[18] from bromopyridyls and cyanacetamide. It is a dark
red solid, the enamine-tautomer was identified by X-ray
crystallography.


Mononuclear complexes : L interacts with transitional metal
salts in organic solvents in the presence of alkali (KOH),
proton substitution occurs immediately for Cu and manifests
by color change from wine-red to purple. Formation of Ni and
Pd complexes requires elevated temperature. By reaction
with M2� salts 1:1 complexes [(LÿH)Cu(MeOH)]ClO4 (1 a),
[(LÿH)Cu]NO3 ´ 2 H2O (1 b), [(LÿH)Ni]ClO4 ´ 4 H2O (2), and
[(LÿH)Pd]ClO4 ´ 2 H2O (3) were obtained in nearly quantita-
tive yields as purple microcrystalline solids and identified as
mononuclear complexes by satisfactory elemental analysis,
variety of spectroscopic methods and X-ray single crystal
analysis of 1 a. Electronic spectra exhibit very intensive bands
in the visible and near UV region which are attributed to
extended p-conjugation in both L and its complexes. The band
in the visible region of L at 499 nm (e� 4040) undergoes low
frequency shift in the spectra of the complexes (524 nm in 1 b,


Abstract in German: Der erste allosterische niedermolekulare
Katalysator ist ein dreikerniger Metallkomplex der allgemeinen
Formel (LÿH)Ms(Mf)2. L steht für einen Polypyridyl-Ligan-
den mit einer vierzähnigen und zwei zweizähnigen Chelat-
einheiten; Ms ist ein strukturelles (allosterisches) Metallion,
und Mf sind funktionelle (katalytische) Metallionen, die direkt
mit dem Substrat in Wechselwirkung treten. In den einkernigen
[(LÿH)Ms]�-Komplexen [(LÿH)Cu(MeOH)]ClO4 (1a),
[(LÿH)Cu]NO3 ´ 2 H2O (1b), [(LÿH)Ni]ClO4 ´ 4 H2O (2)
und [(LÿH)Pd]ClO4 ´ 2 H2O (3), dargestellt aus L und M2�-
Salzen, wird das Metallion durch N4-Koordination (für 1a
bestätigt durch eine Kristallstrukturanalyse) stark gebunden.
Die Bildung der dreikernigen Komplexe [(LÿH)MsCu2]5�, in
denen zwei funktionelle Cu2�-Ionen an die zweizähnigen
Bindungsstellen von L koordiniert sind, wurde in Lösung
durch photometrische Titrationen und durch die Isolierung von
[(LÿH)Cu3][PO4][ClO4]2 ´ 9 H2O (4) nachgewiesen. Die drei-
kernigen Komplexe katalysieren die Spaltung des RNA-
Analogons 2-(Hydroxypropyl)-p-nitrophenylphosphat (HPNP),
eines aktivierten Phosphodiesters. Die Gleichgewichtskonstan-
te KHPNP für die Bindung von HPNP an [(LÿH)MsCu2]5�, und
die Geschwindigkeitskonstante erster Ordnung kcat für die
Spaltung von HPNP, das an den Katalysator gebunden ist,
wurden aus der kinetischen Analyse der Spaltungsgeschwin-
digkeit bei verschiedenen HPNP-Konzentrationen bestimmt:
KHPNP� 170 (Ms�Cu2�), 340 (Ms�Ni2�), 2600 (Ms�
Pd2�)mÿ1, kcat� 17� 10ÿ3 (Ms�Cu2�), 3.1� 10ÿ3 (Ms�Ni2�),
0.22� 10ÿ3 (Ms�Pd2�) sÿ1. Offensichtlich wird sowohl die
Substrataffinität als auch die Aktivität des Katalysators
[(LÿH)MsCu2]5� durch die Natur des allosterischen Metallions
Ms stark beeinflusst. Nach unserer Ansicht ist dies darauf
zurückzuführen, dass bereits geringfügige Unterschiede im
Ionenradius von Ms und dessen Neigung, die N4 ± Ms Koor-
dinationsebene zu verzerren, starken Einfluss auf die Konfor-
mation des Katalysators (d.h. die Präorganisation der funk-
tionellen Cu2�-Ionen) und damit auf die katalytische Aktivität
haben.
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522 nm in 2, and 543.5 nm in 3), accompanied by substantial
increase of extinction coefficients (e� 7000 for 1 b, 7200 for 2,
and 6700 for 3). It is evident that the diamagnetic Pd complex
possesses different spectral properties compared with para-
magnetic Ni and Cu (paramagnetism of Ni complex see
below). The influence of electronic structure of the metal ion
on the UV/Vis spectrum of ligands with extended p-system
was discussed for NiII-porphyrin complexes in which transi-
tion from diamagnetic square-planar NiII to paramagnetic
octahedral NiII, induced by axially coordinating ligands, is
accompanied by significant shifts of the optical bands.[19]


Formation of [(LÿH)Cu]� from L and CuII in DMSO/water
1:3 at pH 7 is complete within seconds and could therefore be
followed by photometric titration of L with copper(ii) nitrate
solution. A sharp isobestic point at 463 nm is observed for up
to 1 equiv Cu. In contrast, titration with Ni(NO3)2 and
[Pd(CH3CN)4](BF4)2 was complicated by slow formation of
the 1:1 complexes at room temperature.


MALDI-MS spectra of solutions of the complexes contain
major peaks corresponding only to [(LÿH)M]� patterns with
characteristic isotopic distribution for specific metal ions. IR
spectra of all isolated complexes indicate, apart of intensive
absorption bands corresponding to counterion vibrations
(nitrate or perchlorate), sharp peaks attributable to nÄ(C�N)
stretching mode; these indicate only minor shifts (DnÄ


�10 cmÿ1) from its position in the spectrum of the free ligand
(2179 cmÿ1). Absorption in this region is typical for the
conjugated nitrile group,[17, 18] so that one can conclude that
the coordinated ligand keeps a fully conjugated structure,
which is also confirmed by X-ray analysis of 1. Unlike the
spectrum of the free ligand, the spectra of the complexes lack
the broad band of nÄ(pyridyl-NÿH) observable at 3448 cmÿ1 in
the spectrum of L.


EPR and NMR spectroscopic data of mononuclear com-
plexes are consistent with tetradentate metal coordination.
Frozen solutions of copper(ii) complexes at concentration of
1� 10ÿ3 ± 5� 10ÿ4m displayed broad and featureless EPR
signals. As in the case of copper(ii) porphyrin complexes this is
presumably due to aggregation of the molecules during the
freezing process.[20] We had to use samples which were
diamagnetically diluted with 10-fold excess of L in order to
obtain spectra with resolved fine structure. The EPR spec-
trum of 1 in CHCl3/MeOH glass at 120 K has a superhyperfine
structure (nine lines) and is characterized by parameters
typical for in-plane N4-coordination of CuII (gk � 2.207, Ak �
196 G).[21] 1H NMR spectra (solutions in [D6]DMSO) of the
diamagnetic square-planar Pd complex and paramagnetic Ni
complex contain a single set of resonances and thus suggest C2


symmetry. For [(LÿH)Ni]� paramagnetic shifts (d� 6.5 ± 84)
relative to the spectrum of the free ligand and line broadening
is large for five 1H NMR signals belonging to the coordinated
py and pym rings. Note, that the signal of the pym-2 proton
undergoes the largest downfield shift and was observed at d�
93 because this proton is closest to the paramagnetic center.
Similar paramagnetic shifts were reported for the NiII com-
plexes with 2,2'-bipyridine.[22] Four signals of [(LÿH)Ni]�


which give intensive cross-peaks in 1H,1H-COSY spectrum
are shifted less than 2 ppm and thus belong to the uncoordi-
nated py rings. Obviously, in [(LÿH)Ni]� octahedral NiII with
axial solvent coordination is favored in solution rather than a
diamagnetic square-planar structure. In the 1H NMR spec-
trum of the palladium complex only small (<0.2 ppm) shifts
relative to the free ligand are observed, with exception of the
pym-2 proton which is shifted downfield by 1.1 ppm. In the
NOESY spectrum the signal of pym-5 proton gives an
intensive cross-peak with the signal of py-3/py'-3 protons.
This indicates that pyrimidine ring is situated in cis-position
with respect to the internal pyridine ring, as expected for
tetradentate coordination of the ligand.


In order to check the stability of complexes 1, 2, and 3 with
respect to potentially competitive chelating ligands (1,2-
diaminoethane, edta), we have treated solutions containing
the complexes with an excess of these ligands. 5� 10ÿ5m
solutions of complexes in DMSO/water 1:3 were treated with
15 equivalents chelating ligand. No evidence of metal ab-
straction from the complexes was detectable by photometry
after 12 h at pH 8.


Crystal and molecular structure of [(LÿH)Cu(MeOH)]ClO4


(1 a): The molecular structure of 1 a and the numbering
scheme is shown in Figure 1, and selected bond lengths, angles
and torsion angles are listed in Table 1. Compound 1 a is ionic


Figure 1. Molecular structure and numbering scheme for 1 a (top). View of
the [(LÿH)Cu]� cation (bottom).
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and consists of the complex cation [(LÿH)Cu(MeOH)]� and
perchlorate anions, bridged by means of hydrogen bond
formed between one of the perchlorate oxygens and methanol
(O1 ´ ´ ´ O2 2.795(4) �). We are not aware of transitional metal
complexes of dipyridylacetonitrile or related ligands which
have been characterized by X-ray crystallography, and there-
fore we discuss the structure of 1 a in more detail.


The complex cation of 1 a comprises a distorted square-
pyramidal copper(ii) ion coordinated in the equatorial plane
to four nitrogen atoms of the two internal pyridine and two
pyrimidine rings, and to the methanol molecule occupying the
apical position. The ligand adopts a helical conformation
which is quite close to planar (Figure 1, bottom). It comprises
of two nearly planar triaromatic py-pym-py moieties, linked
byÿC(CN)ÿ spacer. The dihedral angle between these planes
is 12.28(9)8. The nitrogen atoms in the terminal pyÿpym
fragments adopt expected transoid conformation.


The central dipyridylmethine unit is virtually planar (with
maximal deviation from the mean plane observed for C35 by
0.101(3) �), and the C2ÿC36 and C2ÿC42 bond lengths are
nearly equal (1.424(3) and 1.433(4) �, respectively); this
indicates delocalization of the negative charge at sp2-hybri-


dized C2. In the free ligand the corresponding bonds are
noticeably different (1.396(3) and 1.454(3) �) due to non-
equivalency between protonated and non-protonated pyri-
dine rings. The value of angle C36-C2-C42 128.6(3)8 is close to
that in the free ligand (127.3(2)8).


The internal pyridine CÿN bond lengths are slightly longer
then those typical for pyridine rings (1.362(4) ± 1.365(4) �),
which indicates accumulation of negative charge on nitrogen,
and there is significant difference in CÿC bond lengths: two
shorter bonds (1.355(5) ± 1.372(5) �) are alternated with two
longer bonds (1.399(5) ± 1.426(5) �) (Table 1). This implies
that on substitution of the proton by metal ions the central
pyridine rings exist rather in the pyridylidene than in the
pyridine form. Similar geometrical features were reported for
complexes of the deprotonated bis(pyridyl)methane ligand.[23]


The equatorial N4 environment co-ordination plane of CuII


displays a slight tetrahedral distortion with nitrogen atoms
deviated by 0.103(1) ± 0.164(2) �) alternatively above and
below the best plane. The copper atom is raised by 0.115(2) �
toward the apical oxygen O1. The CuÿN(py) distances
(Cu1ÿN31 and Cu1ÿN41) are equal (1.978(3) �) and a bit
shorter than CuÿN(pym) (Cu1ÿN53 2.037(3) and Cu1ÿN23
2.047(3) �), the axial contact Cu1ÿO1 2.253(3) � is much
longer, which is typical for copper(ii) square-pyramidal
complexes. The pyrimidine C22ÿH ´ ´ ´ HÿC52 separation in
the complex is only 2.17 � and corresponds to the van der
Waals distance of atoms at a sp2-carbon (van der Waals H ´ ´ ´ H
contact distance for the sp2 CÿH� 2.12 �, CÿH ´ ´ ´ H angle�
1208, 2.22 � for 1308 ; the corresponding CÿH ´ ´ ´ H angles in 1
are 124 and 1258).[24] Consequently, the helical twist of
[(LÿH)Cu]� is important to reduce repulsion of pyrimidine
hydrogen atoms. The extent of the helical twist is expected to
be very sensitive to the size and stereochemical preferences of
the metal ion.


In the case of torsion of two terminal pyridine rings in cis
position with respect to the adjacent pyrimidine rings, the
complex cation has two bidentate bipyridyl-like pockets
which are able to coordinate two additional functional metal
ions Mf. The N21 ´ ´ ´ N51 separation is 5.568(4) �, and an
Mf ´ ´ ´ Mf distance of about 6 � is estimated if the MfÿN
distance is 2.0 �.


In the crystal [(LÿH)Cu]� cations form a centrosymmetric
dimer (Figure 2) with long axial contact of the copper atom
with the C�N group of the neighboring complex (Cu1 ´ ´ ´ Cu1
(ÿx, 1ÿ y, ÿz) 6.278(1) �, Cu1 ´ ´ ´ N4 (ÿx, 1ÿ y, ÿz)


Figure 2. Fragment of the crystal packing of 1a demonstrating formation
of dimers and their organisation into strips.


Table 1. Selected bond lengths [�], angles and torsion angles [8] for 1a.


Cu1ÿN31 1.978(3) N31-Cu1-N41 93.17(11)
Cu1ÿN41 1.978(3) N31-Cu1-N53 175.06(11)
Cu1ÿN53 2.037(3) N41-Cu1-N53 82.20(11)
Cu1ÿN23 2.047(3) N31-Cu1-N23 81.74(11)
Cu1ÿO1 2.253(3) N41-Cu1-N23 164.76(11)


N53-Cu1-N23 103.18(11)
N31-Cu1-O1 90.95(11)
N41-Cu1-O1 102.98(13)
N53-Cu1-O1 88.42(11)
N23-Cu1-O1 91.50(13)


N1ÿC1 1.147(5) N1-C1-C2 177.3(5)
C1ÿC2 1.428(5) C36-C2-C1 115.4(3)
C2ÿC36 1.424(4) C36-C2-C42 128.6(3)
C2ÿC42 1.433(4) C1-C2-C42 115.9(3)
N21ÿC22 1.324(4) C36-N31-C32 118.8(3)
N23ÿC22 1.348(4) N31-C32-C24 114.5(3)
N31ÿC36 1.362(4) N31-C32-C33 123.6(3)
N31ÿC32 1.364(4) C33-C32-C24 121.8(3)
N41ÿC42 1.364(4) C32-C33-C34 117.9(3)
N41ÿC46 1.365(4) C35-C34-C33 120.0(3)
N51ÿC52 1.322(4) C34-C35-C36 120.4(3)
N53ÿC52 1.348(4) N31-C36-C35 119.2(3)
C32ÿC33 1.367(5) N31-C36-C2 121.8(3)
C33ÿC34 1.400(5) C42-N41-C46 118.6(3)
C34ÿC35 1.355(5) N41-C42-C2 122.0(3)
C35ÿC36 1.426(5) N41-C42-C43 119.4(3)
C42ÿC43 1.429(4) C44-C43-C42 120.4(3)
C43ÿC44 1.360(5) C43-C44-C45 119.9(3)
C44ÿC45 1.399(5) C46-C45-C44 117.9(3)
C45ÿC46 1.372(5) N41-C46-C45 123.7(3)


C45-C46-C54 121.7(3)
N41-C46-C54 114.7(3)


C13-C12-C26-C25 175.6(4)
C25-C24-C32-N31 177.6(3)
C32-N31-C36-C2 175.1(3)
C1-C2-C36-N31 ÿ 171.7(3)
C1-C2-C42-N41 178.4(3)
C42-C2-C36-N31 5.6(6)
C36-C2-C42-N41 1.1(6)
C45-C46-C54-N53 179.6(3)
C55-C56-C62-C63 173.7(4)
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3.428(4) �), and stacking interactions between pairs of sym-
metrically related internal pyridine rings, with centroid-to-
centroid distance of about 3.4 �. Crystallographic observa-
tions support the idea of aggregation of [(LÿH)Cu]� mole-
cules in frozen solutions which gives rise to broadened EPR
signals.


Trinuclear complexes : Formation of trinuclear complexes
[(LÿH)MsCu2] in water/DMSO 3:1 solution at pH 7 (which
corresponds to the conditions of kinetic experiments on
phosphodiester cleavage, see below) was studied by photo-
metric titration of [(LÿH)Ms]� with copper nitrate solution.


2-(hydroxypropyl)-p-nitrophenyl phosphate (HPNP) present
in reaction solution was replaced by hydrolytically more
stable dimethyl phosphate to avoid complication of optical
spectra by release of nitrophenyl phosphate (lmax� 400 nm),
the product of intramolecular HPNP cleavage. Batch titra-
tions in the presence of HPNP indicate thatÐwithin the limits
of experimental errorÐoptical spectra are identical for
HPNP- and dimethylphosphate-containing titration solutions.
Binding of Cu2� to the bidentate sites of [(LÿH)Ms]� is
accompanied by a decrease of absorbance around 520 nm and
increase of absorbance around 630 nm, with sharp isosbestic
points at 555 nm (Ms�Cu, Figure 3), 565 nm (Ms�Ni) and


Figure 3. Spectrophotometric titration of [(LÿH)Cu]NO3 (10ÿ4m) with
copper(ii) nitrate in water/DMSO 3:1 solution at pH 7 and 20 8C. Spectra
correspond to addition of Cu in 0.5 equiv steps (0 to 4 equiv Cu).


600 nm (Ms�Pd). The color of the solutions changes from
purple to dark blue in the case of Ms�Cu, Ni and to bluish-
purple for Ms�Pd. The maximum of the optical band of
[(LÿH)PdCu2]5� (551 nm) is shifted only 8 nm relative to
[(LÿH)Pd]� (543 nm), therefore spectral changes are less
significant compared with [(LÿH)Cu3]5� (lmax� 602 nm) and


[(LÿH)NiCu2]5� (lmax� 613 nm). Absorbance diagrams at
635 nm of the titrations are given in Figure 4a, b.


For [(LÿH)Pd]� the absorbance increases almost linearly
for 0 to 2 equiv Cu and levels off at >2 equiv Cu (absorbance
of free Cu2� is negligible). In contrast, excess Cu is required


Figure 4. Increase of 635 nm absorbance on photometric titration of
[(LÿH)Ms]� (10ÿ4m) with copper nitrate solution. Water/DMSO 3:1,
pH 7.0, 5� 10ÿ4m Na-dimethyl phosphate, buffer 5mm 3-(N-morpholino)-
propanesulfonic acid (MOPS), T� 20 8C, a) Ms�Cu, Ni, b) Ms�Pd.


for nearly quantitative formation of complexes [(LÿH)Cu3]5�


and [(LÿH)NiCu2]5�, indicating a lower affinity of Cu2� to
[(LÿH)Cu]� and [(LÿH)Ni]� .


Trinuclear complexes are substantially stabilized by addi-
tion of phosphate which is expected to bridge the two
functional Cu ions and overcome electrostatic repulsion
between the metal cations. When the titrations of Figure 4 a
are performed in the presence of KH2PO4 (1 equiv), nearly
quantitative formation of [(LÿH)Cu3]5� and [(LÿH)NiCu2]5�


on addition of 2.0 equiv Cu2� is indicated by the absorbance
profiles (no significant increase of absorbance at >2 equiv
Cu). The titration profile of [(LÿH)Pd]� (Figure 4b) is not
affected by KH2PO4 since the trinuclear complex is formed
quantitatively even in the absence of phosphate.


When the pH is lowered from 7 to 5 by addition of HNO3 in
unbuffered titration solutions, a shift in the equilibrium
toward the mononuclear complex [(LÿH)Ms]� is detectable.
Since we have no evidence for significant protonation of
pyridyl groups at pH 5, this effect may be related to the
protonation of Cu-coordinated hydroxide present at pH 7
(pKa of (bpy)Cu-coordinated water is 7.9 at 25 8C).[25] Thus,
Cu-coordinated hydroxide may reduce electrostatic repulsion
of Cu2� ions in [(LÿH)MsCu2]5�.


Binding of two Cu2� ions to [(LÿH)Ms]� may proceed with
positive, negative, or without any cooperativity at all. While
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the spectra of complexes [(LÿH)MsCu2]5� are obtained by
titration with excess Cu2�, the spectra of dinuclear complexes
[(LÿH)MsCu]3� are not available. The optical spectrum of the
isolated dinuclear complex [(LÿH)Cu2]Cl3 (see below) in
DMSO/MeOH 1:1 solution is similar to the sum of the spectra
of [(LÿH)Cu]� and [(LÿH)Cu3]5�. Therefore, it appears to be
difficult to distinguish even the extreme cases between the
positive cooperativity with exclusive formation of
[(LÿH)MsCu2]5�, and the negative cooperativity with exclu-
sive formation of [(LÿH)MsCu]3� at 1 equiv Cu2�. Therefore
we cannot draw any conclusions from photometric titrtrations
on cooperative incorporation of Cu by [(LÿH)Ms]� (although
kinetic data (Figure 5) rather suggest a positive cooperativity,
assuming that the dinuclear complexes are much less reactive
than the trinuclear complexes).


To make sure that Cu does not substitute Ni and Pd in the
tetradentate site under the conditions of kinetic experiment in
the [(LÿH)NiCu2]5� and [(LÿH)PdCu2]5� complexes, we have
investigated solutions containing [(LÿH)Ms]� and 4 equiv
Cu2� (conditions see legend of Figure 5), kept at 20 8C for
three days, by MALDI mass spectrometry. Under ionization
conditions labile metals at bidentate sites dissociate off and
an intensive [(LÿH)Ms]� peak is observed. Since we found
only [(LÿH)Ni]� and [(LÿH)Pd]� patterns as major peaks
and only traces (<1 %) of [(LÿH)Cu]� , metal exchange at the
tetradentate site is insignificant. (In control experiments,
mixtures of freshly prepared [(LÿH)Ms]� (Ms�Ni, Pd)�4 Cu
and [(LÿH)Cu]��4 Cu gave patterns of [(LÿH)Ms]� and
[(LÿH)Cu]� in the expected ratio). In more rigid condi-
tions (solutions were kept at 50 8C during 4 h), in case of
the Ni complex substitution at the tetradentate site occurs
to a small extent: The relative ratio of Ni and Cu iso-
topic patterns is about 9:1. In the case of the Pd complex,
only minor signals corresponding to Cu pattern were ob-
served (<1 % the intensity of the Pd pattern). In kinetic
studies (see below) initial rates were detected for reac-
tion times <15 min at 20 8C. Therefore, significant exchange
of tetradentate Ni or Pd by Cu in [(LÿH)MsCu2]5� is
negligible.


We have attempted to prepare trinuclear complexes
[(LÿH)Cu3] by addition of two equivalents of copper(ii)
nitrate or acetate to a solution of [(LÿH)Cu](NO3) complex in
methanol (addition is accompanied by color change from
purple to blue). Dark blue powders were obtained by
precipitation with saturated aqueous sodium perchlorate.
The products obtained, however, failed to give satisfactory
analytical data. According to ball-and-stick models the
tetrahedral PO4


3ÿ anion satisfies geometric requirements for
a triatomic angular bridging coordination to [(LÿH)Cu3].
Also, highly charged phosphate anion is a good donor and
efficiently compensates electrostatic repulsion of Cu2� in the
trinuclear complex. In this juncture, the aforementioned
stabilizing role of phosphate anion in formation of trinuclear
complexes becomes understandable. Moreover, addition of
one equivalent phosphate results in complete inhibition of
phosphodiesterase activity of trinuclear complexes in solution
discussed below. By reaction of [(LÿH)Cu]� with two
equivalents copper perchlorate and Na3PO4, followed by
precipitation with aqueous NaClO4, we have obtained a dark-


blue microcrystalline complex which gave correct elemental
analysis for [(LÿH)Cu3][PO4][ClO4]2 ´ 9 H2O (4).


The electronic spectrum of 4 (absorption maximum at
587 nm, e� 7000, DMSO) reminiscent of that obtained in the
titration of [(LÿH)Cu]� in the presence of one equivalent
KH2PO4 at two (or more) equivalents Cu (maximum at
602 nm, e� 7600, water/DMSO 3:1). The EPR spectrum at
110 K (in DMSO/MeOH 1:1) exhibits a broad asymmetric
feature at g� 2.08 with no resolved fine structure and no
signal at half-field.


Reaction of L with one equivalent copper(ii) chloride and
one equivalent base followed by addition two more equiv-
alents copper(ii) chloride resulted in formation of blue-violet
precipitate for which we suggest a dinuclear structure
[(LÿH)Cu2]Cl3 ´ 3 H2O (5) based on microanalysis. It means
that chloride ions are not capable to support trinuclear co-
ordination, according to ball and stick models Clÿ cannot
bridge two copper atoms coordinated at bidentate sites.
Rather, a trinuclear complex is destabilized by mutual steric
repulsion of two Cu-coordinated Clÿ ions. Complex 5 has an
absorption maximum at 535 nm (e� 9000, DMSO/MeOH
1:1), and broad featureless signal in the EPR spectrum with
g� 2.07 both at 115 and 300 K (DMSO/MeOH 1:1).


Catalytic phosphodiester cleavage : We have examined the
reactivity of [(LÿH)MsCu2]5� toward nitrophenyl phosphate
mono- and diesters. Only minor activity was detected with
bis(p-nitrophenyl)phosphate and (p-nitrophenyl)phosphate
while the complex with Ms�Cu in particular is highly
reactive toward the RNA analogue HPNP. HPNP is widely
used to investigate phosphoesterase activity of metal com-
plexes. Intramolecular cyclization of this phosphodiester
(Scheme 3) is easily followed photometrically by the 400 nm


Scheme 3. Intramolecular cleavage of the phosphodiester 2-(hydroxy-
propyl)-p-nitrophenyl phosphate (HPNP).


absorbance of released nitrophenolate. First, kinetic studies at
varying Cu2� concentrations were performed in a buffered
water/DMSO 3:1 mixture at pH 7.0, 10ÿ4m complex concen-
tration and 5� 10ÿ4m HPNP. With mononuclear complexes
[(LÿH)Ms]� (at [Cu2�]� 0, Figure 5) HPNP cleavage rate is
very low (kobs <2� 10ÿ6 sÿ1) since the Pd complex is saturated
coordinatively and interaction with the substrate at a single
axial coordination site (for Ni and eventually Cu complexes)
provides at best modest activation.


Cleavage rate increases dramatically when Cu2� is added to
[(LÿH)Ms]� (Figure 5). In reasonable agreement with photo-
metric results (Figure 4) >2 equiv Cu are required for
quantitative formation of [(LÿH)MsCu2]5� and maximum
level of activity, although no further increase of rate at
>2.5 equiv Cu and even some decrease at >4 equiv Cu is
observed.[26] Many examples for the efficient cleavage of
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Figure 5. kobs for cleavage of HPNP (5� 10ÿ4m) by [(LÿH)Ms]� (10ÿ4m) at
varying copper(ii) nitrate concentrations. Water/DMSO 3:1, pH 7.0, buffer
5mm MOPS, T� 20 8C. Catalysis by free Cu2� (kobs� 2.5� 10ÿ6 sÿ1 at 10ÿ4m
Cu2�) was neglected. Average values of three kinetic runs, reproducible
within 15 %.


phosphate esters by cooperation of two metal ions in
phosphoesterase model complexes have been reported.[27] In
its reactivity toward HPNP our system with two functional Cu
ions is comparable to other dicopper(ii) artificial phospho-
esterases.[28]


Kinetics of HPNP cleavage was explored in more detail
using complexes prepared in situ from [(LÿH)Cu](NO3) and
three equivalents copper(ii) nitrate. On the basis of photo-
metric data (Figure 4) we estimate that>85 % of [(LÿH)Cu]�


is converted to the trinuclear complex under these conditions.
Kinetic parameters were derived from initial rates only
because the analysis is complicated for prolonged reaction
times by competitive binding of product (cyclic phospho-
diester) to the catalyst. The reaction is first order in complex
concentration (range 0.5 ± 3� 10ÿ4m), and first order in HPNP
at low concentration (10ÿ4 ± 10ÿ3m). With 2.5 mm HPNP and
10ÿ4m complex at least two catalytic turnovers without loss of
activity were detected. Addition of one equivalent PO4


3ÿ per
complex completely inhibits cleavage of HPNP while addition
of 5 equiv NaClO4 or NaNO3 has no effect on kobs.


Remarkably, the reactivity of complexes [(LÿH)MsCu2]5�


toward HPNP strongly depends on the structural metal Ms.
[(LÿH)NiCu2]5� is three times and [(LÿH)Cu3]5� is even ten
times more reactive than [(LÿH)PdCu2]5�.


pH Rate profiles (Figure 6) are very similar for the three
complexes, with a maximum at pH 6.5 ± 7, a slight decrease of
activity (by about 20 %) when pH is lowered to 6 and a
significant decrease of activity (by 30 ± 60 %) at pH 7.5 At
higher pH copper hydroxide precipitate forms, and at pH �5
the trinuclear complex dissociates to some extent into
[(LÿH)Ms]� and free Cu2� ions. A bell shaped pH rate profile
is often observed for metal-promoted HPNP cleavage. The
increase of rate with increasing pH is explained by generation
of metal-promoted hydroxide which acts as a general base in
HPNP cleavage (alternatively free hydroxide might deprot-
onate the alcohol group of the substrate). The decrease of rate
at higher pH might reflect competitive binding of hydroxide
to the catalyst which prevents binding of the substrate.


Although this is not clear in detail which factors contribute to
the shape of the pH rate profiles in Figure 6, it seems unlikely
that Cu-coordinated water has very different pKa values for
different Ms. This would give rise to different maxima in the
profiles.


Figure 6. Dependence of kobs on pH for cleavage of HPNP (5� 10ÿ4m) by
[(LÿH)MsCu2]5� (�10ÿ4m, prepared in situ from 1 b, 2, or 3 (10ÿ4m) and
excess copper(ii) nitrate (3� 10ÿ4m)). Water/DMSO 3:1, pH 6.0, 6.5: 5 mm
2-(n-morpholino)ethanesulfonic acid (MES) buffer; pH 7.0, 7.5: 5 mm
MOPS buffer, T� 20 8C. Average values of three kinetic runs, reproducible
within 15 %.


Saturation behavior in catalytic HPNP cleavage was ex-
plored at varying substrate concentrations and 10ÿ4m complex
concentration. Again, trinuclear complexes were prepared
from [(LÿH)Ms]� (10ÿ4m) and 3 equiv Cu2�, with some
uncertainty about the exact concentration of the trinuclear
complex (>0.85� 10ÿ4m). A Lineweaver ± Burke plot (Fig-
ure 6) illustrates the linear dependence of reciprocal initial
rate (dc/dt)ÿ1 on reciprocal substrate concentration. Thus,
catalysis follows in good approximation Michaelis ± Menten
law for a HPNP concentration range 1.5� 10ÿ4 to 2.5� 10ÿ3m
(in case of Pd data at HPNP concentrations <0.3 mm are not
included since cleavage was too slow to be measured
accurately).


From the plots in Figure 7 the values of kcat (first order rate
constant for the cleavage of HPNP when bound to the


Figure 7. Lineweaver ± Burke plot for catalytic HPNP cleavage depend-
ence of (dc/dt)ÿ1 on [HPNP]ÿ1. Catalysts [(LÿH)MsCu2]5� were prepared in
situ from 1b, 2, or 3 (10ÿ4m) and excess copper(ii) nitrate (3 equiv, 3�
10ÿ4m). Water/DMSO 3:1, pH 7.0, 5mm MOPS buffer, T� 20 8C. Catalysis
by free Cu2� (kobs� 2.5� 10ÿ6 sÿ1 at 10ÿ4m Cu2�) was neglected. Average
values of three kinetic runs, reproducible within 20%.
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catalyst) and of KM (Michaelis constant) were derived, using
the following equation:


(dc/dt)ÿ1� (kcat ´ [catalyst])ÿ1� (KM ´ kcat ´ [catalyst] ´ [HPNP]0)ÿ1


and implying that concentration of the trinuclear catalyst is
10ÿ4m. KHPNP� (KM)ÿ1 corresponds to the equilibrium con-
stant for binding of HPNP to [(LÿH)MsCu2]5�. The difference
in kcat values is very significant (Table 2): [(LÿH)Cu3]5�


cleaves HPNP six times faster than [(LÿH)NiCu2]5� and 77
times faster than [(LÿH)PdCu2]5�. A reverse trend is found
for KHPNP, substrate affinity of [(LÿH)PdCu2]5� is eight times
higher than of [(LÿH)NiCu2]5� and 16 times higher than for
[(LÿH)Cu3]5�. Previously determined HPNP binding con-
stants of dinuclear copper(ii) and zinc(ii) complexes in water
range from 102 to 5� 104mÿ1 and depend on preorganization
of the metal ions and on competition with metal bound
hydroxide.[27c, 29] Cyclization of [(LÿH)Cu3]5�-bound HPNP at
25 8C is about 106 times faster than the uncatalysed reaction at
pH 7 and 25 8C, for which we have measured kobs� 1.2�
10ÿ8 sÿ1 in water/DMSO 3:1 medium at 40 mm HPNP
concentration, and about 102 times faster than the Cu2�-ion
mediated reaction (literature: kcat� 6� 10ÿ4 sÿ1 at 37 8C and
pH 6.85 in water);[30] for [Cu2�]� 10ÿ4m and [HPNP]� 5�
10ÿ4m we have measured kobs� 2.5� 10ÿ6 sÿ1, compared with
2.7� 10ÿ4 sÿ1 for [(LÿH)Cu3]5�, conditions see Figure 5. It is
obvious that the structural metal Ms in complexes
[(LÿH)MsCu2]5� has substantial influence on both substrate
affinity and catalytic efficiency.


In our view this must be a consequence of different catalyst
conformations aligned with varying preorganization of the
functional copper ions. Even subtle differences in the ionic
radius of Ms and its tendency to distort the N4 ± Ms plane of
coordination are expected to have substantial influence on the
helical twist of the ligand framework (compare Figure 1) and
consequently on Mf ± Mf distance and relative orientation of
Mf coordination polyhedra.


Copper(ii)-mediated catalysis of HPNP cleavage is usually
attributed to Lewis acid activation of the substrate and action
of Cu-OH as a general base which promotes intramolecular
nucleophilic attack of the alcohol group.[30] These features
should also be relevant in the catalysis by [(LÿH)MsCu2]5�,
but mechanistic details cannot be derived from kinetic data.


Remarkably, the catalytically most active complex
[(LÿH)Cu3]5� has the lowest affinity for HPNP. Additionally,
functional Cu2� is bound more labile compared with


[(LÿH)PdCu2]5�. This can be interpreted in terms of a
destabilized ground state (i.e. , the HPNP-catalyst complex),
reflected by low binding constants of both HPNP and
functional Cu2�. Ground state destabilization contributes to
rate acceleration by reducing the energy gap between ground
state and transition state and is recognized as an important
motif of enzymatic catalysis. Apparently, in [(LÿH)Cu3]5� the
structural copper ion induces a change in the conformation
which disfavors (compared with complexes having Ms�Ni,
Pd) HPNP binding so that the catalyst ± substrate complex is
relatively high in energy. On the other hand, the trigonal-
bipyramidal transition state of the intramolecular nucleophil-
ic substitution at phosphorus must be substantially stabilized.


We have considered other effects which may contribute to
the different reactivities of complexes [(LÿH)MsCu2]5�. A
potential role of axial coordination sites at Ms (Ms�Cu, Ni) in
substrate activation was examined with ball-and-stick models.
A direct interaction of the Mf-coordinated phosphodiester
with Ms, that is bridging of Mf


and Ms by the phosphate group,
appears sterically impossible.
Even hydrogen bonding of axial
Ms ± H2O with Mf-coordinated
phosphate ester is disfavored.
Also, efficient cooperation of
two copper ions across the
bridging pyrimidine moiety is
ruled out experimentally. The
in situ prepared dinuclear cop-
per(ii) complex of 4,6-di(2-pyridyl)pyrimidine [(py2pym)-
Cu2]4� cleaves HPNP with a first order rate constant of only
8� 10ÿ6 sÿ1 under the conditions of Figure 5.


A potential influence of Ms on the Lewis acidity of
functional Cu2� ions is another effect which is worth consid-
ering. In 1:1 copper(ii) complexes with bidentate N,N-
chelators the p-acceptor properties of the ligand influence
the stability of ternary complexes with oxoanions and
reactions of the latter in which Cu2� acts as a Lewis acidic
activator.[31] However, even dramatic variation of the p-
acceptor capacity of the ligand has only moderate effect on
reaction rate, for example when 2,2'-bipyridine is replaced by
aliphatic amines rate decreases about two-fold.[31] Even if
different Ms


2� ions impose subtle differences in charge
distribution of the extended p-system of the ligand, we do
not believe that this significantly influences Lewis acidity of
Cu.


Conclusion


In conclusion, our system may be considered as a prototype of
a synthetic allosteric catalyst having well defined catalytic and
allosteric subunits. In the typical case of enzyme regulation by
metals the latter reversibly bind to the allosteric site as
external modifiers. We cannot investigate the reactivity of
[(LÿH)MsCu2]5� in the absence of the allosteric metal. We see,
however, certain parallels to alkaline phosphatases in which
replacement of a structural Mg2� by other divalent metals
strongly influences the catalytic activity mediated by two


Table 2. Catalytic cleavage of HPNP by catalyst [(LÿH)MsCu2]5�, values
of KHPNP (formation constant of catalyst ± HPNP complex) and kcat (rate
constant for the cleavage of catalyst-bound HPNP), derived from Line-
weaver-Burke plot, see Figure 6.


Ms KHPNP [mÿ1] kcat [sÿ1]


Cu2� 170 17� 10ÿ3


Ni2� 340 3.1� 10ÿ3


Pd2� 2600 0.22� 10ÿ3
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functional Mg2� ions. Another remarkable aspect is the
straightforward possibility of fine-tuning preorganization of
the two functional metal ions Mf by variation of the structural
metal Ms. This will allow the systematic investigation of
metal ± metal cooperativity in various reactions for a range of
MfÿMf distances and relative orientation of Mf coordination
polyhedra. Other approaches to this problem have been
described but require elaborate synthesis of a set of binu-
cleating ligands with different spacing groups.[32]


Experimental Section


General procedures and methods : Syntheses were carried out under
nitrogen in dry solvents using standard Schlenk technique, while work up
was performed using grade solvents on the air. Ligand L was synthesized
according to the procedure reported previously.[14] 2-(Hydroxypropyl)-p-
nitrophenyl phosphate (HPNP) was prepared as its barium(ii) salt,
following a reported procedure.[33] The metal salts were reagent grade
and used without further purification. 1H and 13C NMR spectra were
obtained on Bruker AC-300 (300.13 MHz) and Bruker AC-400
(400.13 MHz) spectrometers, chemical shifts are reported in ppm down-
field from Me4Si. Assignment of the signals in 1H and 13C NMR spectra was
obtained with 1H,1H and 1H,13C COSY spectra. IR spectra were recorded
on a Perkin ± Elmer 983 G spectrometer. Field desorption (FD) and matrix-
assisted laser desorption/ionization (MALDI) (2-(4-hydroxyphenylazo)-
benzoic acid matrix) mass spectra were recorded with a Finnigan MAT
8230 instrument. Absorbance UV/Vis spectra of solutions were registered
on a Specord S100 spectrophotometer (Carl Zeiss Jena). The EPR spectra
of solid samples and frozen solutions were recorded on a Bruker ESP 300E
spectrometer at X band (9.3 GHz) at 120 and 300 K. For spectrophoto-
metric and kinetic measurements deionised water and reagent grade
solvents (DMSO, methanol) were used, the solutions were handled in the
air. Elemental analyses were performed by the Microanalytisches Labo-
ratorium des Organisch-Chemischen Instituts der Universität Heidelberg.


Spectrophotometric titrations (Figure 4): Solutions of the mononuclear
complexes 1 a, 2, or 3 (0.1 mm), (3-[N-morpholino]propanesulfonic acid)-
buffer (MOPS) (0.05m, pH 7.0) and sodium dimethylphosphate (0.5 mm)
were prepared in water/DMSO 3:1. Appropriate amounts of a Cu(NO3)2 ´
3H2O stock solution (2 mm in water/DMSO 3:1) were added. About 30 s
after addition of metal salt UV spectra were recorded at 25 8C. On
prolonged standing of the solutions no further spectral changes with time
were detectable.


Kinetic studies : Reaction solutions were prepared by combining appro-
priate amounts of the mononuclear complexes 1 b, 2, or 3 (0.4 mm stock
solutions in DMSO), Cu(NO3)2 ´ 3 H2O (2mm stock solution in H2O), and
MOPS buffer (0.5m stock solution in H2O, pH 7.0). The reaction was
started by addition of the substrate HPNP (5mm stock solution in H2O).
For the experiments are summarised in Figure 5, final concentrations in the
reaction mixtures were 0.1 mm complex, 0.5mm HPNP and 0.05m MOPS
buffer in water/DMSO 3:1, the concentration of Cu(NO3)2 varied from 0 to
0.3mm. Transesterification of HPNP was followed spectrophotometrically
by the release of p-nitrophenolate at 400 nm (e� 18600mÿ1 cmÿ1), consid-
ering equilibration p-nitrophenol/p-nitrophenolate at pH 7.0 (pKa 7.15).
The pseudo first order rate constants kobs were determined from the initial
rate of the reaction (<5 % conversion). All reported data are average
values of at least three measurements (reproducibility <15%).


Determination of kcat and KM by UV/Vis measurements was performed in
microplates on a Tecan Spectrafluor Plus spectrophotometer, reaction
solutions were prepared by a robotic liquid handling system (Genesis 150
workstation, Tecan). MOPS buffer (0.5m stock solution in H2O, pH 7.0),
water, and HPNP (varying concentrations from 0.1mm to 10mm in H2O)
were added to solutions of the mononuclear complexes 1 b, 2, or 3 (0.4 mm
stock solution in DMSO). Final concentrations in the reaction mixtures
were 0.1mm complex and 0.05 mm MOPS buffer in water/DMSO 3:1,
HPNP concentrations varied from 0.025 to 2.5mm. Reactions were started
by addition of 2.5 equiv Cu(NO3)2 ´ 3 H2O (1.2mm stock solution in H2O).
Transesterification of HPNP was followed spectrophotometrically by the


release of p-nitrophenolate at 430 nm (e� 13000m-1 cmÿ1), considering
equilibration p-nitrophenol/p-nitrophenolate at pH 7.0 (pKa 7.15). The
pseudo first order rate constants kobs were determined from the initial rate
of the reaction (<5 % conversion). All reported data are average values of
three measurements (reproducibility <20 %).


Caution! Transition metal perchlorate complexes are potentially explosive
and should be handled with utmost care and in small quantities!


Ligand L (for comparison with complexes selected spectroscopic data are
given): MS (FD): m/z (%): 505.5 (100) [M]� ; 1H NMR (300.13 MHz,
[D6]DMSO): d� 7.57 (ddd, 2 H, J3,5� 1.1, J4,5� 7.7, J5,6� 4.8 Hz, py-5,), 7.84
(d, 2H, J4,5� 7.8 Hz, py'-5), 8.01 (td, 2 H, J3,4� 7.7, J4,6� 1.2 Hz, py-4), 8.11 (t,
2H, J3,4� 7.8 Hz, py'-4), 8.29 (m, 2H, py-3), 8.40 (d, 2 H, py'-3), 8.73 (d, 2H,
py-6), 8.75 (d, 2H, J2,5� 1.1 Hz, pym-2), 9.24 (d, 2 H, pym-5), 16.02 (s, 1H,
NH); 13C NMR (CDCl3, 75.47 MHz): d� 70.88 [C(C�N)], 113.28 (py'-5),
113.59 (pym-5), 121.65 (py-3), 122.04 (C�N), 122.71 (py'-3), 125.27 (py-5),
137.89 (py'-4), 137.00 (py-4), 146.72 (py'-6), 149.14 (py-6), 152.91 (py-2/2'),
155.13 (py-2/2'), 158.37 (pym-2), 160.64 (pym-4/6), 163.04 (pym-4/6); UV/
Vis (DMSO): lmax (e)� 382 (14 600), 499 nm (4040 molÿ1 dm3 cmÿ1); IR
(KBr): nÄ � 2179 (C�N), 3448 br (NÿH) cmÿ1; elemental analysis calcd (%)
for C30H19N9 (505.5): C 71.28, H 3.79, N 24.94; found: C 71.15, H 3.92, N
24.66.


[(LÿH)MsX]nSolv (X�NO3
ÿ, ClO4


ÿ ; Solv�MeOH or H2O). Ligand L
(20 mg, 0.04 mmol) was dissolved in CH2Cl2 (10 mL), then methanol
(20 mL) and aq KOH (1m, 0.04 mL) were added. To this reaction mixture
the aqueous solution of the corresponding metal salt (copper(ii) or nickel(ii)
nitrate (1m, 0.04 mL) or [Pd(CH3CN)4](BF4)2 (17.5 mg, 0.04 mmol, dis-
solved in 5 mL acetonitrile) was added on stirring. The reaction mixture
was stirred and heated at 40 ± 60 8C for 30 min. After cooling excess 1m
aqueous solution of potassium nitrate or sodium perchlorate, respectively,
was added (10 mL). The precipitates were filtered, washed with water, and
dissolved on a filter in warm methanol or, in the case of palladium complex,
in hot methanol/acetonitrile 1:1 mixture. Complexes were precipitated by
addition of diisopropyl ether, separated by centrifugation, washed with
diethyl ether, and dried in vacuo.


[(LÿH)Cu(MeOH)]ClO4 (1a): Dark red-violet needle-shaped crystals
(19 mg, 68%) suitable for X-ray analysis were grown by slow diffusion of
diethyl ether vapors into saturated solution of 1 a in methanol. MALDI-
MS: m/z (%): 567.0 (100) [63Cu(LÿH)]�), 569.0 (54) [65Cu(LÿH)]� ; IR (KBr
pellets): nÄ � 2172 (C�N), 1108 (ClÿO), 624 (d(ClÿO)) cmÿ1; elemental
analysis calcd (%) for CuC31H22N9ClO5 (699.6): C 53.22, H 3.17, N 18.02;
found: C 53.29, H 3.34, N 17.88.


[(LÿH)Cu]NO3 ´ 2 H2O (1b): Yield: 17 mg, 64%; MALDI-MS: m/z (%):
567.0 (100) [63Cu(LÿH)]� , 569.0 (54) [65Cu(LÿH)]� ; UV/Vis (H2O/DMSO
3:1): lmax (e)� 384 (16 000), 524 nm (7000 molÿ1 dm3 cmÿ1); IR (KBr): nÄ �
2178 (C�N), 1358 (NÿO nitrate) cmÿ1; elemental analysis calcd (%) for
CuC30H22N10O5 (666.1): C 54.09, H 3.33, N 21.03; found: C 54.24, H 3.13, N
20.93.


[(LÿH)Ni]ClO4 ´ 4H2O (2): Yield: 21 mg, 71 %; MALDI-MS: m/z (%):
562.0 (100) [58Ni(LÿH)]� , 564.0 (39) [60Ni(LÿH)]� ; 1H NMR (300.13 MHz,
[D6]DMSO): d� 7.99 (s, 2 H, py-5), 9.04 (s, 2H, py-4), 9.47 (s, 2H, py-3),
10.80 (s, 2 H, py-6), 14.58 (s, 2H, pym-5 or py'-4), 45.82 (br s, 2H, pym-5 or
py'-4), 61.62 (br s, 2 H, py'-3 or py'-5), 63.25 (br s, 2H, py'-3 or py'-5), 93.08
(br s, 2H, pym-2); UV/Vis (H2O/DMSO 3:1): lmax (e)� 384 (25 600),
522 nm (7200 molÿ1 dm3 cmÿ1); IR (KBr): nÄ � 2171 (C�N), 1099 (ClÿO),
625 (d(ClÿO)) cmÿ1; elemental analysis calcd (%) for NiC30H26N9ClO8


(734.7): C 49.04, H 3.57, N 17.16; found: C 48.88, H 3.61, N 16.87.


[(LÿH)Pd]ClO4 ´ 2 H2O (3): Yield: 24 mg, 80%; MALDI-MS: m/z (%):
607.9 (27) [104Pd(LÿH)]� , 608.9 (72) [105Pd(LÿH)]� , 609.9 (100)
[106Pd(LÿH)]�), 611.9 (74) [108Pd(LÿH)]� , 613.9 (37) [110Pd(LÿH)]� ;
1H NMR (300.13 MHz, [D6]DMSO): d� 7.69 (ddd, 2H, J4,5� 7.7, J5,6�
4.2 Hz, py-5), 7.82 (d, 2 H, J4,5� 7.7 Hz, py'-5), 7.95 (t, 2 H, J3,4� 7.7 Hz,
py'-4), 8.08 (td, 2 H, J3,4� 7.7, J4,6� 1.2 Hz, py-4), 8.42 (d, 4H, py-3�py'-3),
8.78 (d, 2H, py-6), 9.13 (d, 2 H, pym-5), 9.83 (d, 2H, pym-2); UV/Vis (H2O/
DMSO 3:1): lmax (e)� 383 (9800), 543.5 nm (6700 molÿ1 dm3 cmÿ1); IR
(KBr): nÄ � 2189 (C�N), 1102 (ClÿO), 625 (d(ClÿO)) cmÿ1; elemental
analysis calcd (%) for PdC30H22N9ClO6 (746.4): C 48.27, H 2.97, N 16.89;
found: C 47.88, H 2.75, N 16.86.


[(LÿH)Cu3][PO4][ClO4]2 ´ 9H2O (4): To a solution of [(LÿH)Cu)]ClO4


prepared as described above from ligand L (20 mg, 0.04 mmol), copper(ii)
perchlorate (0.1m aqueous solution, 0.4 mL) and NaOH (0.04 mL 1m
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aqueous solution) in CH2Cl2/methanol (10/20 mL), two additional equiv-
alents of Cu(ClO4)2 and then one equivalent aq Na3PO4 (0.1m, 0.2 mL)
were added. The obtained deep blue solution was stirred 30 min at 40 8C,
filtered, and saturated aqueous NaClO4 was added (5 mL) to the filtrate.
The precipitate was filtered off, washed with acetone, redissolved in
methanol (30 mL) and then precipitated again by addition of diethyl ether
(50 mL). The dark blue precipitate was separated by centrifugation and
dried in vacuum (28 mg, 61 %). UV/Vis (DMSO): lmax (e)� 394 (19 600),
587 nm (7000 molÿ1 dm3 cmÿ1); IR (KBr): nÄ � 2183 (C�N), 1099 br (ClÿO,
PÿO), 625 (d(ClÿO)) cmÿ1; elemental analysis calcd (%) for
Cu3C30H36N9Cl2PO21 (1151.2): C 31.30, H 3.15, N 10.95; found: C 31.26, H
2.98, N 10.80.


[(LÿH)Cu2]Cl3 ´ 3H2O (5): To a stirred solution of [(LÿH)Cu)]Cl prepared
as described above from ligand L (20 mg, 0.04 mmol), copper(ii) chloride
(0.1m in methanol, 0.4 mL) and aq LiOH (1m, 0.04 mL) in CH2Cl2/
methanol (10/20 mL), two additional equivalents CuCl2 were added at
40 8C. The blue-violet precipitate was separated by centrifugation, washed
with acetone, diethyl ether, and dried in vacuo (23 mg, 73 %). UV/Vis
(DMSO/MeOH 1:1): lmax (e)� 392 (26 300), 534.5 nm
(9000 molÿ1 dm3 cmÿ1); IR (KBr): nÄ � 2180 (C�N), 3412 br (OÿH) cmÿ1;
elemental analysis calcd (%) for Cu2C30H24N9Cl3O4 (799.0): C 45.49, H 3.05,
N 15.92; found: C 45.39, H 3.17, N 15.76.


X-ray Crystallography : Details of the X-ray data collection and refinement
for 1 a are given in Table 3.[34] Intensities were collected using a Bruker
AXS CCD Smart 1000 diffractometer at 173 K. Corrections for Lorentz
and polarization effects were applied. Absorption corrections were


performed by semiempirical method based on multiple scans of equivalent
reflections using SADABS routine.[35] The structure was solved by direct
methods and refined by full-matrix, least-squares on all F 2


o using
SHELXTL NT V.5.1.[36] The non-hydrogen atoms were refined anisotropi-
cally. All the aromatic and OÿH hydrogen atoms were localized in
difference Fourier syntheses, and their positional and isotropic thermal
parameters were included in the refinement. The methyl protons were
included in calculated positions and allowed to ride on the atom to which
they were linked.
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Cyclic Sulfonimidates by Dynamic Diastereomer-Differentiating Cyclisation:
Large-Scale Synthesis and Mechanistic Studies


Michael Reggelin* and Bernd Junker[a]


Dedicated to Professor Horst Kunz on the occasion of his 60th birthday


Abstract: A dynamic diastereomer differentiating cyclisation is the key step in a new
large-scale synthesis of both enantiomers of the cyclic sulfonimidates 1 (Aldrich no.
54 099-4) and ent-1 (Aldrich no. 54 412-4). These are valuable starting materials in the
asymmetric synthesis of chiral oxa- and azaheterocyclic compounds. NMR spectro-
scopic studies on the reacting system reveal N-chloro sulfinamides to be reactive
intermediates in the oxidative chlorination of sulfinamides with tert-butyl hypochlor-
ite and allow for the inspection of the configurational behaviour of the involved
sulfonimidoyl chlorides and sulfonimidoyl bromides.


Keywords: asymmetric synthesis ´
chiral resolution ´ diastereomer dif-
ferentiation ´ NMR spectroscopy ´
sulfonimidates


Introduction


Chiral, non-racemic sulfoximines are valuable intermediates
in asymmetric synthesis.[1] In particular, allylic sulfoximines
have gained much attention in this area. Amongst the
successful applications of these compounds are asymmetric
SN2'-reactions with organo cuprates[2, 3] and allyl transfer
reactions.[4±6] The primarily formed vinyl sulfoximines of the
latter reaction can be transformed to isomerically pure highly
substituted tetrahydrofurans,[7] oxabicyclic systems,[8] and
pyrrolidines.[9, 10] Cyclic sulfonimidates of type 1 have shown
to be excellent precursors for the synthesis of these powerful
solutions for asymmetric d3-synthons.[11, 12]


They are easily converted to a broad range of enantiomeri-
cally pure sulfoximines including allylic sulfoximines by
nucleophilic ring opening with inversion of the configuration


at sulfur.[4, 11] 2-Cycloalkenylmethyl sulfoximines are acces-
sible through an addition ± elimination isomerization se-
quence starting from cyclic ketones.[3, 5] The most prominent
member of this family of cyclic sulfonimidates, the isopropyl
derivative 1 and its enantiomer ent-1, are available on an
intermediate scale by oxidative cyclization of the sulfinamides
epi-2 and 2, respectively, involving two stereoselective trans-
formations (Scheme 1, black arrows).[12]


Diastereomerically pure, crystalline 2 was obtained from
the crystallization of the 1:1 mixture of 2 and epi-2 formed
during the sulfinamide synthesis employing racemic para-
toluene sulfinylchloride. In the mother liquor of this crystal-
lization epi-2 is enriched to approximately 4:1 ± 5:1 and the
oxidative cyclization of this mixture via epi-3 (Scheme 1, black
arrows) yields the heterocycles 1:epi-1 in the same ratio.
Fortunately 1 has a much higher bias to crystallization than
epi-1 and therefore they can be separated satisfactorily.
Although this procedure works quite well even on an
intermediate scale (up to 0.4 mol of sulfinamides) it has some
severe drawbacks:
1) From our work with allylic sulfoximines derived from 1


and S-epi-1 we learned that the lk-relative configuration in
1 (SS, SC) or ent-1 (RS, RC) is favourable to achieve
maximum asymmetric inductions.[5, 8] Therefore it is desir-
able to find an efficient procedure for the synthesis of this
diastereomer.


2) Unfortunately the cyclization of the mother liquors being
enriched in epi-2 delivers only a mixture of sulfonimidates,
which means the product must be recrystallised. Thus for
the preparation of 1 at least two crystallisations are
necessary.
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3) Only about 35 % of the crystalline sulfinamide 2 can be
transformed to epi-1 and only 30 ± 35 % of the preferred
heterocycle 1 is available from the oily sulfinamide epi-2.


This analysis led us to the conclusion that instead of using the
current strategy which is based on the preservation of the
isomeric purity of the sulfinamides 2 and epi-2 in a series of
stereocontrolled reaction steps, it may be better to synthesise
1 or ent-1 through a diastereomer differentiating cyclisation of
a configurationally labile precursor.


Results and Discussion


Large-scale preparation of cyclic sulfonimidates : The early
work of Cram[13] and Johnson[14] concerning the configura-
tional behaviour of sulfonimidoyl chlorides encouraged us to
work with the diastereomeric sulfonimidoyl chlorides 3 and
epi-3 as potentially labile intermediates (Scheme 1, Table 1).


Various mixtures of the configurationally stable epimeric
sulfinamides 2 and epi-2 were oxidatively chlorinated at
various temperatures in THF using tert-butyl hypochlorite as
the reagent.[15] The resulting mixture of sulfonimidoyl chlor-
ides 3 and epi-3 was transformed to the target sulfonimidates 1
and epi-1 by addition of a number of different nitrogen bases
without prior isolation of the former compounds. From the
results of these experiments we derived the scenario depicted


in Scheme 1 (the bromine containing compounds 4 and epi-4
will be discussed later). After the oxidative chlorination
yielding 3 and epi-3 the system may follow different reaction
pathways encoded by different colours.


Scheme 1. Oxidative chlorination of sulfinamides and cyclisation of the generated sulfonimidoyl chlorides to the target sulfonimidates 1 and epi-1.
a) tBuOCl, THF. b) KBr, 2 ± 5 mol % [18]crown-6. c) Various amine bases; the most successful were DBU and Me2NEt. d) H2O.


Table 1. Base-induced cyclisations of sulfonimidoyl chlorides 3 and epi-3
derived from sulfinamides 2 and epi-2.[a]


Entry base T [8C][b] 2 :epi-2 1 :epi-1 Main reaction path[c]


1 DBU ÿ 78 22.6:1.0 1.0:18 black (oinv)
2 DBU ÿ 40 22.6:1.0 1.9:1.0 black/red
3 (iPr)2NEt ÿ 40 18.6:1.0 5.7:1.0 black/red
4 (Me)2NEt ÿ 40 18.6:1.0 16.4:1.0 red (oret)
5 (Me)2NEt ÿ 40 11.8:1.0 13.7:1.0 red (oret)
6 (Me)2NEt ÿ 40 22.6:1.0 23.3:1.0 red (oret)
7 (Me)2NEt ÿ 30 11.8:1.0 10.8:1.0 red (oret)
8 (Me)2NEt ÿ 40 1.0:1.0 2.8:1.0 black/red
9 (Me)2NEt ÿ 40 2.7:1.0 1.0:1.3 black/red


10 (Me)2NEt ÿ 20 18.6:1.0 7.8 :1.0 black/red
11 (Me)2NEt ÿ 10 18.6:1.0 4.7:1.0 black/red
12 (Me)2NEt 0 18.6:1.0 2.9:1.0 black/red
13 (Me)2NEt ÿ 50 11.8:1.0 8.3:1.0 (black)/red
14 (Me)2NEt ÿ 72 22.6:1.0 9.0:1.0 black/red
15 2,6-lutidine 0 18.6:1.0 - blue
16 pyridine 0 18.6:1.0 ± blue
17 pyridine ÿ 20 18.6:1.0 ± blue


[a] All cyclisations proceeded in quantitative yields. [b] Internal temper-
ature. [c] oinv : overall inversion, oret : overall retention.
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1) The ªblue pathwayº: If the base is too weak as with
pyridine or 2,6-lutidine, no cyclisation takes place and only
the hydrolysis product 6 is isolated after aqueous workup
(entries 15-17, Table 1).


2) The ªblack pathwayº: If the base is sufficiently strong to
transform the OH group in 3 and epi-3 into an oxygen
nucleophile which intramolecularly attacks the sulfur atom
with inversion of its configuration, the cyclised products
epi-1 and 1 are formed. If the oxidative chlorination of the
sulfinamides 2 and epi-2 occurs with retention of the sulfur
configuration, as Cram and Johnson have found, then the
overall process proceeds with inversion. This pathway
should be preferred for strong, non-nucleophilic bases (see
below).


3) The ªred pathwayº: If the base is a small molecule and a
reasonable nucleophile, displacement of the chloride ion
may successfully compete with oxygen-deprotonation. As
a consequence the sulfonimide ammonium salts 5 and epi-
5 are produced with inversion of the sulfur configuration.
These intermediates can now undergo a base induced
cyclisation reaction regenerating the base and delivering
the target heterocycles 1 and epi-1, again with inversion of
the sulfur configuration. The overall process now proceeds
with retention and the base plays a double role: it is a
catalyst for the first inversion occurring during the chloride
ion displacement reaction and a stoichiometric reagent for
the cyclisation.


4) The ªgreen pathwayº [excluding the transhalogenation
reaction b)]: If, as hoped, the sulfonimidoyl chlorides 3 and
epi-3 are configurationally labile on the timescale of any
other reaction with the base (k 3


epi� k 3
1 ,k 3


2� and if k 3
1=k 3


2


then a major precondition for a dynamic epimer differ-
entiation would be fulfilled. The sulfonimidates 1 and epi-1
should be produced in unequal amounts in a constant ratio
independent from both the initial 3 :epi-3 (and therefore
also 2 :epi-2) ratio and the reaction progress.[16±18] With the
2 :epi-2 ratio being close to one (which is their usual
ratio[11, 12]) then the achievable diastereomeric excess of 1
or epi-1 is controlled by the ratio of the reaction rates of
the concurring cyclisation reactions (k3


2/k3
1�.


The analysis of the data in Table 1 clearly shows that the
latter scenario, two diastereoselective cyclisations coupled to
a rapid preequilibrium between two configurationally labile
precursors, obviously doesn�t occur. The observed diastereo-
meric composition of the sulfonimidates (1 and epi-1) is
strongly dependent on temperature, base and the initial ratio
of the diastereomeric sulfinamides 2 and epi-2. Nevertheless
there is not only bad news from these experiments. Of special
importance from a synthetic point of view are those entries
describing a conservation of a given diastereomeric compo-
sition (entries 1, 4 ± 7). The low-temperature cyclisation with
DBU (first entry) refers to our previously published proto-
col.[12] A given sulfinamide composition, here 22.6:1, in favour
of 2 is ªtranslatedº to a corresponding sulfonimidate ratio
(here 1:18 in favour of epi-1) with overall inversion of the
sulfur configuration (Scheme 1, black pathway). When DBU
is replaced by dimethyl ethyl amine (Me2NEt) and the
temperature is raised to ÿ40 8C, then the same 22.6:1 ratio
of sulfinamides 2 and epi-2 is converted through the red


pathway (Scheme 1) to a 23.3:1 ratio of sulfonimidates but
this time favouring the overall retention of product 1 (Table 1,
entry 6, base premixed with sulfinamide). As described above
we believe this to be a consequence of a series of three
stereoselective steps: oxidative chlorination (retention), nu-
cleophilic displacement of Clÿ by the small base (inversion)
and finally a base-induced cyclisation (inversion). This
interpretation is corroborated by entries 4 ± 7 in Table 1.
Within experimental error every 2 :epi-2 ratio can be ªtrans-
latedº into the corresponding 1:epi-1 ratio. As expected, every
increase in the steric bulk of the amine hampers the
nucleophilic displacement step from 3/epi-3 to 5/epi-5
(Scheme 1, red pathway). This entails the black, direct
pathway to become more and more competitive which in
turn leads to a product mixture reflecting the relative weight
of these two concurring reaction alternatives (Table 1, en-
tries 2 and 3). Furthermore it is interesting to note that the
optimum reaction temperature is ÿ30 ± ÿ 40 8C. Both higher
(entries 10 ± 12) as well as lower (entries 13 and 14) temper-
atures increase the importance of the direct cyclisation (black
pathway) and lower the stereoselectivity of the reaction.
Finally from entries 8 and 9 it can be deduced that this direct
cyclisation always plays some role even at the optimum
temperature for the red pathway. With the 2 :epi-2 ratio
approaching 1:1 significant deviations from the expected
product ratios occurs. With 2 :epi-2� 1:1, a slight excess of
epimer 1 (1:epi-1� 2.8:1) is observed rather than the expected
1:1 product ratio. This may be due to either an enhanced
reactivity of 3 in the red pathway or a faster reaction of epi-3
in the direct cyclisation (black) pathway. Assuming the first
alternative to be true, then a slight excess of 2 in the starting
material should ªtranslateº to a pronounced excess of 1 in the
resulting product mixture. In fact, the opposite is true, when
2 :epi-2� 2.7:1 a final product mixture of 1:epi-1� 1.0:1.3 is
obtained (Table 1, entry 9). This strongly suggests that the
slight deviations of the product compositions from the
expected 1:1 relation between the 2 :epi-2 ratio and the
1:epi-1 ratio can be traced back to a slightly enhanced
reactivity of the sulfonimidoyl chloride epi-3 in the direct
cyclisation pathway.


These results show that there is a certain reactivity differ-
ence between the cyclisation precursors 3 and epi-3 and that it
is possible to synthesize both epimers of 1 as pure diaster-
eomers starting from only one precursor sulfinamide 2 or epi-
2. Although this is a nice feature of the system, especially due
to the fact that it is much easier to isolate the crystalline 2
diastereomerically pure, it is still necessary to separate the
former compound by fractionated crystallization or column
chromatography. Faced with this situation we started thinking
about the possibility of lowering the barrier of epimerisation
of the cyclisation precursor by a transhalogenation reaction.


Assuming a dehalogenation ± rehalogenation reaction to be
the key step in the epimerisation process of a sulfonimidoyl
halogenide, a change of the halogen from chlorine to bromine
should lower the barrier of sulfur inversion. We therefore
tried to convert the mixture of 3 and epi-3 obtained after the
oxidative chlorination into the corresponding sulfonimidoyl
bromide mixture of 4 and epi-4 (Scheme 1, green pathway) by
addition of an equimolar amount of potassium bromide prior
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to the reaction with tert-butyl hypochlorite. Indeed at ÿ30 8C
and even better at ÿ20 8C a 3:1 (2 :epi-2) mixture of
sulfinamides was converted to a 6.0:1.0 and a 6.7:1.0 mixture
of the target sulfonimidates 1 and epi-1, respectively (Table 2,
entries 1 and 2).


A comparison with the experimental results achieved under
similar conditions with the chlorides 3 and epi-3 alone
(Table 1, entry 9) shows that the addition of KBr is accom-
panied by a disproportionate increase in the amount of 1
produced in the cyclisation. This can be interpreted as the
result of a rapid cyclisation via epi-4, disfavouring the slower
alternative involving the epimer 4. Although we cannot
exclude the other pathways involving the chlorides to
interfere with the desired green pathway (Scheme 1), the
experimental result clearly shows a significant effect of the
KBr addition and therefore gives a strong indication that the
bromides 4 and epi-4 participate in the reaction sequence (see
also the NMR studies described below). Unfortunately, even
at the optimum temperature (ÿ20 8C) the product composi-
tion was still not independent from the initial sulfinamide
composition (Table 2, entry 4). At least two reasons for this
behaviour are plausible:
1) The epimerisation preequilibrium interconverting 4 and


epi-4 is still not fast enough to decouple the diastereose-
lectivity of the cyclisation from the reaction progress.


2) The concentration of the bromides is too low and there-
fore, although the bromides are expected to be more
reactive, a significant fraction of the product is still formed
via the configurationally stable chlorides.


To accelerate the sulfonimidoyl bromide formation we added
[18]crown-6 (18C6) (5 mol %) to the heterogenous reaction
mixture containing the substrate (2/epi-2, 3 mL THF per
mmol) and KBr at ÿ20 8C. To our delight a 1.0:1.0 mixture, a
18.0:1.0 mixture and a 1.0:5.0 mixture of the sulfinamides 2
and epi-2 was converted to an about 9:1 mixture of
sulfonimidates 1 and epi-1, respectively (Table 2, entries 6 ±
8). A reduction of the 18C6 content to 2 % was tolerable
(Table 2, entry 9), whereas a further reduction of its concen-
tration to 0.5 % eroded the stereoselectivity considerably


(Table 2, entry 5). Obviously under these optimized condi-
tions (ÿ20 8C, 1.2 equiv KBr, 2 ± 5 % 18C6, slow amine
addition after oxidative chlorination) the superposition of a
halide differentiation (the bromides react faster than the
chlorides) and a dynamic epimer differentiation (epi-4 reacts
ca. 9 ± 10 times faster than 4) leads to a quantitative
conversion of any given sulfinamide composition to a
sulfonimidate mixture being highly enriched (9.0:1.0 ±
11.0:1.0) in the desired heterocycle 1. This reaction can easily
be scaled up and has been performed on a 300 g scale (see
Experimental Section).


For the sake of completeness it must be noted that the
obvious variant, the use of bromine as oxidation agent and
source of bromide ion failed (Table 2, entries 11 and 12). To
our surprise this was also true in the experiment employing
tetrabutyl ammonium bromide (TBAB) as bromide source
(Table 2, entry 13). The low stationary concentration of 4 and
epi-4 maintained by the 18C6 assisted transhalogenation step
is suspected to hide an answer to this question. To gain further
insight into the complex reaction processes and to corroborate
our interpretations from the chemical experiments we studied
the reaction by NMR spectroscopy.


NMR Studies : First we prepared three samples (A, B, C ; all in
0.4 mL [D8]THF; Table 3) defining three different starting
conditions.


Sample A contained a mixture of 2 and epi-2 in a molar
ratio of 1:1.48, sample B was a mixture of 2 and epi-2 (1:1.48),
KBr and [18]crown-6 (18C6) and sample C was composed like
B but this time almost pure 2 (2 :epi-2� 29.2:1.0) was used.
Parts of the 400 MHz proton spectrum of A at ÿ20 8C are
depicted in Figure 1 (black trace, methyl group region in
Figure 1A, aromatic region in Figure 1B).


After the addition of 160 mmol tBuOCl to this mixture at
ÿ20 8C (generating sample A-Cl, Table 3) a quantitative
conversion of the sulfinamide mixture to the corresponding
mixture of the epimeric sulfonimidoyl chlorides 3 and epi-3
was observed (Figure 1, red traces). A closer inspection of
these spectra led us to the following conclusions:
1) The oxidative chlorination is a fast (seconds time scale)


and clean reaction even at ÿ20 8C.
2) The diastereomeric ratio of the sulfinamides (2 :epi-2�


1:1.48) is perfectly conserved in the product sulfonimidoyl
chlorides 3 :epi-3. This ratio changes only very slowly


Table 2. Oxidative cyclisation of the sulfinamides 2 and epi-2 with
sulfonimidoyl bromide involvement.[a]


Entry Bromine source T [8C] 2 :epi-2 1 :epi-1


1 KBr ÿ 30 3.0:1.0 6.0:1.0
2 KBr ÿ 20 3.0:1.0 6.7:1.0
3 KBr 0 3.0:1.0 4.5:1.0
4 KBr ÿ 20 12.0:1.0 9.0:1.0
5 KBr/0.5 % 18C6 ÿ 20 1.0:1.0 4.6:1.0
6 KBr/5 % 18C6 ÿ 20 1.0:1.0 9.0:1.0
7 KBr/5 % 18C6 ÿ 20 18.0:1.0 9.0:1.0
8 KBr/5 % 18C6 ÿ 20 1.0:5.0 9.5:1.0
9 KBr/2 % 18C6 ÿ 20 22.0:1.0 11.0:1.0


10 KBr/2 % 18C6 ÿ 10 1.0:1.0 6.5:1.0
11 Br2


[b] ÿ 20 3.0:1.0 1.0:1.6
12 Br2


[b] ÿ 20 12.0:1.0 1.0:1.0
13 TBAB[c] ÿ 20 1.0:1.0 3.0:1.0


[a] All experiments were carried out using Me2NEt as the base. [b] 3 mL
toluene per mmol substrate, 2.3 equiv Me2NEt premixed prior to hypo-
chlorite addition. [c] TBAB: tetrabutylammonium bromide.


Table 3. NMR samples studied.[a]


Sample 2/epi-2
[mmol]


2 :epi-2 tBuOCl
[mmol]


KBr
[mmol]


18C6
[mmol]


A 149 1.00:1.48 ± ± ±
A-Cl 149 1.00:1.48 160 ± ±
B 145 1.00:1.48 ± 174 5.8[b]


B-Cl 145 1.00:1.48 160 174 5.8[b]


C 128 29.22:1.00 ± 156 5.2[c]


C-Cl 128 29.22:1.00 143 156 5.2[c]


[a] All experiments were carried out in 0.4 mL [D8]THF. [b] 4.0 mol % with
respect to 2/epi-2. [c] 4.1 mol % with respect to 2/epi-2.
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within hours at that temperature, accounting for a consid-
erable configurational stability of these chlorides under
the measuring conditions (see also Figure 4 and the related
discussion below).


3) The aromatic part of these spectra (Figure 1B) displays the
expected differences in the chemical shifts of the ortho and
meta protons for the sulfur(iv) and sulfur(vi) species. From
our experience we know that a chemical shift difference of
approximately 0.25 for the ortho and meta protons (Ddo,m)
of a para-toluene-substituted sulfur compound is charac-
teristic for the oxidation state iv, whereas a Ddo,m of about
0.5 is indicative of sulfur(vi) species. In accordance with
these correlations, Ddo,m� 0.22 and 0.29 for 2 and epi-2,
respectively. For the oxidised 3 and epi-3 mixture, Ddo,m�
0.56 and 0.53, respectively.


To learn more about the oxidative chlorination process and
the influence of the added KBr and 18C6 we studied sample B
(Table 3). Again a 1H NMR spectrum was recorded at ÿ20 8C
in [D8]THF (Figure 2a).


As expected the integrated intensity of the overlapping
meta-protons of both epimers is twice as high as the integrated
intensity of the corresponding NH signals. As with sample A,
tert-butyl hypochlorite was added to initiate the oxidative


Figure 2. a) Aromatic region and NH signals of the 1.00:1.48 mixture of the
sulfinamides 2 and epi-2. The integrated intensity of the NH�s equals half of
the intensitiy of the meta-protons as expected. b) Immediately after the
addition of tert-butyl hypochlorite a number of new signals in the highfield
aromatic portion of the 1H NMR spectrum appear. The integrated intensity
of the sulfur(iv)-related meta-signals exceeds the expected 1:2 ratio.
c) Expansion of the aromatic region of the spectrum shown in b). The black
signals correspond to the ortho- and meta-protons of the starting
sulfinamides (2 and epi-2), the red signals belong to the oxidation product
(3 and epi-3) and the green signals are due to the N-chlorinated
sulfinamides 2-Cl and epi-2-Cl.


chlorination but this time this was done at ÿ78 8C. The cold
sample was then placed into the probehead at ÿ20 8C and
immediately after receiving a lock signal (some seconds later)
a single scan 1H NMR spectrum was recorded (Figure 2b). As
we had hoped the reaction was not complete this time (56 %
of the starting sulfinamides 2 and epi-2 had been consumed).
From the relative intensity of the residual NH signals it can be
deduced that sulfinamide 2 reacts slightly faster than epi-2.
What was very interesting was the analysis of the ratio
between the combined NH intensity and the sulfur(iv)-related
meta-protons. The integral of these latter protons consider-
ably exceeded the expected factor of two (3.58:1 instead of
2:1). An obvious explanation for this observation is that the
new sulfur(iv)-compounds generated lack NH protons. We


Figure 1. A) Methyl group resonances in the 1H NMR spectrum of a
1.00:1.48 mixture of 2 and epi-2 (in black) and the resulting mixture of
sulfonimidoyl chlorides 3 and epi-3 (in red) after oxidative chlorination.
B) Aromatic region of the same spectra. The chemical shift difference
between the ortho and meta protons is indicative of the oxidation state of
the sulfur compounds under consideration; Ddo,m(2)� 0.22, Ddo,m(epi-
2)� 0.29, Ddo,m(epi-3)� 0.53, Ddo,m(3)� 0.56.
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believe these compounds to be the N-chlorinated sulfina-
mides 2-Cl and epi-2-Cl ((Ddo,m� 0.18 for 2-Cl and Ddo,m�
0.26 for epi-2-Cl, Figure 2c and Scheme 2).


Scheme 2. The oxidative chlorination of sulfinamides with tert-butyl
hypochlorite occurs through N-chlorination.


Therefore, to our surprise, the initial step in the oxidative
chlorination of sulfinamides with tert-butyl hypochlorite is not
an electrophilic attack of the reagent at sulfur but a
N-chlorination. The sulfonimidoyl chlorides 3 and epi-3 then
are generated by a rearrangement process with retention of
the configuration at the sulfur. By comparison with authentic
samples it was possible to assign the signals in the aromatic
region of the 1H NMR spectrum (Figure 2c) and by careful
integration we were able to determine the concentration of all
contributing species in this sample (2 and epi-2 (black):
44.2 %; 3 and epi-3 (red): 24.8 %; 2-Cl and epi-2-Cl (green):
31.0 %). In accordance with our interpretation that the
N-chlorinated species is a reactive intermediate we observed
a clean convergence of all associated 1H NMR signals to a
final signal set representing the epimeric mixture of the
sulfonimidoyl chlorides 3 and epi-3 (Figure 3).


The zero point of the time course of the reaction was
defined as the first spectrum we were able to obtain after
mixing of the components as described above.


The final molar ratio of these sulfonimidoyl chlorides
(3 :epi-3� 1.00:0.97, determined using sample C, Figure 4,
trace h) is different from the molar ratio of the epimeric
sulfinamides (2 :epi-2� 1:1.48 in sample B or 29.22:1.00 in
sample C, Table 3) used as starting materials.


Given the configurational stability of the chlorides 3 and
epi-3 and their stereospecific formation (retention) from the
sulfinamides we have to conclude that there must be config-
urationally labile, albeit invisible, intermediates. We believe
these to be the already mentioned sulfonimidoyl bromides 4
and epi-4 (Scheme 1, green equilibrium arrows). A small


Figure 3. b) ± f) Time evolution of the signals in the aromatic region
observed during the oxidative chlorination of a 1.00:1.48 2 :epi-2 [shown in
trace a)] mixture with tert-butyl hypochlorite in the presence of [18]crown-6
(4 mol %) and KBr (1.2 equiv) in [D8]THF at ÿ20 8C. g) The same spectral
region of an independently prepared mixture of 3 and epi-3 (1:1.50).


fraction (� 5 %) of 3/epi-3 is converted to 4/epi-4 through
nucleophilic displacement of Clÿ by KBr/18C6. The generated
sulfonimidoyl bromides are configurationally labile at ÿ20 8C
and start to epimerise. At the same time we have to assume
that the KCl produced during the transhalogenation reaction
takes part in the back reaction regenerating the starting
chlorides 3 and epi-3. The overall effect is a sulfonimidoyl
bromide induced epimerisation of the precursor sulfonimi-
doyl chlorides. Within this mechanistic picture the final 3 :epi-
3 ratio reflects the equilibrium composition of the ªinvisibleº
bromides 4 and epi-4. As already mentioned, this ratio was
found to be 1.00:0.97 and therefore is not only different from
the sulfinamide composition but also clearly different from
the 1:epi-1 ratio (9:1) observed in the cyclization experiments
described above (Scheme 1). Under the reasonable assump-
tion that this cyclization is a stereospecific (stereoselective by
reaction mechanism) nucleophilic displacement reaction, this
discrepancy in the molar ratio is a strong indication that the
stereochemical outcome of the reaction sequence yielding the
target sulfonimidates 1 and epi-1 via the sulfonimidoyl
bromides 4 and epi-4 is not a conservation of their equilibrium
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Figure 4. Time evolution of an oxidative chlorination reaction of almost
pure sulfinamide 2 (29.2:1) in the presence of KBr (1.2 equiv) and
[18]crown-6 (4 mol %) and proof of the configurational stability of the
sulfonimidoyl chlorides 3 and epi-3 under the reaction conditions. a) Proton
resonances of the diastereotopic methyl groups of isomer 2 at ÿ20 8C in
[D8]THF solution. b) ± g) Same spectral region after addition of tert-butyl
hypochlorite. The temperature was raised to 0 8C during the experiment
which explains the chemical shift deviation of the signals of interest from
the reference resonances. h) Composition of the mixture after equilibration
(3 :epi-3� 1.00:0.97). i) KBr/[18]crown-6-free sample of almost pure
sulfonimidoyl chloride 3 (24.3:1.0) prepared by oxidation of 2 (29.3:1.0)
shows only little epimerisation after 24 min at ÿ20 8C.


concentrations but indeed a kinetic dynamic epimer differ-
entiating cyclisation. This interpretation is corroborated by
the already mentioned NMR experiment using almost pure
sulfinamide 2 (Sample C, Table 3, Figure 4). After the
addition of tert-butyl hypochlorite the time evolution of this
sample was studied at ÿ20 8C to 0 8C (Figure 4). Again the
zero point of the reaction was defined as the first 1H NMR
spectrum recorded after the addition of the reagent (Fig-
ure 4b). The highfield portion of this spectrum is clearly
dominated by the methyl signals of 3. As time passes by the
intensity of the upcoming signals of the epimer, epi-3,
increase, thus clearly demonstrating the sulfonimidoyl bro-
mide mediated epimerisation discussed above. After 18 min
the 3 :epi-3 ratio is close to 2:1 (Figure 4g) and after about 3 h
at ÿ20 8C, equilibrium (3 :epi-3� 1.00:0.97) is established
(Figure 4h). Finally from Figure 4i) it can be derived that
the initial 3 :epi-3 ratio of 1.00:29.2 (which should be identical
with the ratio of the sulfinamide precursors 2 :epi-2 (Figure 4a)
if the oxidation proceeds with clean retention of the config-
uration at sulfur) is only slightly changed to 1.00:24.34
indicating a significantly slower epimerization rate of the
chlorides compared to the bromides. From these results it is
obvious that the bromides are involved in the reaction
sequence and are responsible for the 3/epi-3 epimerisation.


Conclusions


A highly efficient entry to the enantiomerically pure sulfon-
imidate 1, being a valuable starting material for a number of
asymmetric transformations[1, 4, 5, 7±9] has been developed. A
key feature of this preparation is a dynamic kinetic differ-
entiation of the configurationally labile sulfonimidoyl bro-
mides 4 and epi-4 generated in substoichiometric amounts
prior to the final cyclisation event. The target sulfonimidate 1
can be obtained on a large scale (checked up to 300 g)
usually[19] in quantitative yield as a 9:1 mixture (1:epi-1)
irrespective of the diastereomeric ratio of the starting
sulfinamides 2 and epi-2.


1H NMR studies on the reacting system revealed that the
initial step in the oxidative chlorination of sulfinamides with
tert-butyl hypochlorite is not S- but N-chlorination generating
N-chlorinated sulfinamides. These constitutionally labile
(seconds to some minutes time scale at ÿ20 8C) intermediates
rearrange with retention of the configuration at sulfur to the
corresponding sulfonimidoyl chlorides which are configura-
tionally fairly stable at ÿ20 8C at least on the time scale of the
subsequent reactions. Transhalogenation with KBr and 18C6
yields the configurationally labile sulfonimidoyl bromides
that are responsible for a slow interconversion of the chlorides
through the back reaction (chlorination of the sulfonimidoyl
bromides). The epimerisation of the bromides is fast enough
to decouple the diastereoselectivity of the subsequent epimer
differentiating cyclisation from both the reaction progress and
the diastereomeric composition of the starting material.


This new synthetic protocol allows for the large-scale
preparation of the valuable chiral auxiliary 1 (and, of course,
ent-1 starting from d-valine) and replaces less efficient
procedures published earlier.[11, 12] We think that all obstacles
hampering a broad application of this powerful tool for the
asymmetric synthesis of highly substituted hetero(poly)cyclic
compounds have now been overcome. Finally we would like
to mention that 1 and ent-1 will soon be commercially
available (1: Aldrich no. 54 099-4, ent-1: Aldrich no. 54 412-4).


Experimental Section


Large-scale preparation of (2S,4S)-4-isopropyl-2-para-toluene-4,5-dihy-
dro-[1,2l6,3]oxathiazole-2-oxide (1): A 6 L three-necked flask equipped
with a mechanical stirrer, a 250 mL dropping funnel and a thermometer
(ÿ80 8C to 30 8C) was charged with a crude mixture (ca. 75% purity from
1H NMR) of the epimeric sulfinamides 2 and epi-2 (300.0 g, 1.243 mol) (the
usual molar ratio from their preparation[11] is around 1:1, but every other
ratio is tolerable as well) dissolved in THF (3.73 L, 3 mL per mmol). Finely
ground, dry KBr (177.51 g, 1.492 mol, 1.2 equiv) and [18]crown-6 (9.86 g,
37.3 mmol, 3.0 mol %) was added at RT with stirring. After stirring for an
additional 30 min at ambient temperature, the mixture was cooled to about
ÿ30 8C and freshly prepared tBuOCl (148.45 g, 1.367 mol, 1.1 equiv) was
added slowly, ensuring that the internal temperature did not exceedÿ20 8C
(the application of an efficient cryostat is highly recommended, although at
this stage of the preparation temperature control is not as critical as in the
following step). After the addition was complete stirring was continued for
30 min during which the internal temperature was carefully adjusted to
ÿ22 8C. Ethyl dimethyl amine (269.37 g, 2.486 mol, 2.0 equiv) (DO NOT
use triethylamine or any other base!) was added with careful control of the
internal temperature (ÿ22 8C�T�ÿ 19 8C). The resulting suspension was
again stirred for an additional 30 min at ÿ20 8C and then poured into a
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rapidly stirred mixture of sat. NH4Cl solution (2 L) and diethyl ether (ca.
500 mL). Water was added until all solids dissolved and the resulting clear
phases were separated. The aqueous layer was extracted three times with
ether (ca. 200 mL) and the combined organic extracts dried over Na2SO4


and the solvents were removed under reduced pressure yielding a crude,
semicrystalline product (ca. 300 g) containing a 8.6:1.0 mixture of the
epimeric sulfonimidates 1 and epi-1. Recrystallisation of the material from
tert-butyl methyl ether and hexanes/petroleum ether (b.p. 40 ± 70 8C)
yielded 1 as a white crystalline solid (142.4 g, 0.596 mol, 64%). The yield
is corrected for the real sulfinamide content of the starting material.
Usually the yield of this cyclisation is considerably higher, but the low
quality of the sulfinamide mixture reduces not only the theoretical yield but
also hampers crystallisation. M.p. 81 8C; Rf� 0.43 (diethyl ether/hexanes
1:1); [a]20


D �ÿ93.8 (c� 1.0 in CH2Cl2); 1H NMR (400 MHz, CDCl3, 300 K):
d� 7.86 (ªdº, 2H; o-H2), 7.31 (ªdº, 2H; m-H2), 4.66 (dd, 1H; 5'-H), 4.02
(ddd, 1H; 4-H), 3.83 (dd, 1 H; 5-H), 2.44 (s, 3 H; p-CH3), 1.79 (dqq, 1H;
4-CH(CH3)2), 1.17, 0.95 (2�d, 2� 3H; 4-CH(CH3)2); J5,5'� 7.6 Hz, J5,4�
9.0 Hz, J5',4� 6.0 Hz, J4,4-CH(CH3)2


� 8.3 Hz, J4-CH(CH3)2,4-CH(CH3)2
� 6.7 Hz; 13C


NMR (100 MHz, CDCl3, 300 K): d� 144.81 (p-C), 135.02 (ipso-C), 129.67
(m-C), 129.10 (o-C), 75.45 (5-C), 70.88 (4-C), 34.09 (4-CH(CH3)2), 21.53
(p-CH3), 20.31 (4-CH(CH3)2), 18.43.
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[15]Crown-5: An Unsymmetrical Bifacial Hydrogen-Bond Acceptor in
Crystal Engineering


Jonathan W. Steed,*[a] Evelina Sakellariou,[a] Peter C. Junk,*[b] and Matthew K. Smith[b]


Abstract: Reaction of [15]crown-5 with erbium nitrate and a range of nickel salts
results in the formation of the hydrogen-bonded chain species [Er(NO3)3(H2O)3] ´
[15]crown-5 ´ H2O (3), [Ni(H2O)6]Br2 ´ [15]crown-5 ´ 2 H2O (4), [Ni(H2O)6](ClO4)2 ´
[15]crown-5 ´ 2 H2O (5), [Ni(H2O)6](NO3)2 ´ [15]crown-5 ´ 2 H2O (6) and [{Ni-
(H2O)4}2(m-Cl)2]Cl2 ´ [15]crown-5 (7). Complexes 3 ± 5 exhibit low symmetry struc-
tures with 2 ± 4 unique crown ether molecules, whereas 6 and 7 are more symmetrical.
The factors contributing to this behaviour are discussed within the wider context of
[15]crown-5 structures in the Cambridge Structural Database.


Keywords: aqua complexes ´ crown
compounds ´ crystal engineering ´
hydrogen bonds


Introduction


At the current state of the art it is not usually possible to
predict the finer details of solid-state structure (e.g., space
group, unit-cell dimensions etc.).[1] However, as the field of
crystal engineering matures,[2, 3] it has become possible to
rationalise, and indeed predict qualitatively, the effects of
dominant intermolecular interactions, notably moderate to
strong hydrogen bonds.[4] As a result significant progress has
been made towards the rational design of crystalline struc-
tures with consistently conserved gross structural features
(e.g., the R2


2(8) motif[5] in unhindered carboxylic acid di-
mers[6]), and with an understanding of the origins of such
motifs comes the ability to disrupt them by incorportion of
steric bulk or competitive groups.[7] It has become clear that
one almost essential prerequisite to crystal design is the
isolation of particular intermoleclar interactions so that the
design process is not subject to interference by a wide
spectrum of competing intermolecular forces.[8] Our approach
to this has been to examine the solid-state chemistry of the
crown ethers.[9±12] In crystal engineering terms crown ethers
are effective hydrogen-bond acceptors by virtue of their
electronegative sp3 oxygen atoms, while they are only weak
hydrogen-bond donors as a result of the presence of the very
weakly acidic ÿCH2ÿ groups. It was our anticipation, sup-


ported by earlier work,[13±18] that the donor and acceptor
properties of the crown ethers may be essentially decoupled,
allowing scope for structure prediction as a result of moderate
strength hydrogen bonds to the ether oxygen atoms, while
retaining the high degree of crystallinity associated with the
much less directional weak hydrogen bonds to the ÿCH2ÿ
groups. The crown ethers also have the advantage of a high
degree of flexibility, allowing them to adapt to the properties
of more rigid hydrogen-bond donor units.


As part of this programme we have previously examined
the interaction of uranyl salts with [15]crown-5,[10, 19] isolating
the hydrogen-bonded chain complexes (H5O2)[UO2Cl3-
(H2O)2] ´ [15]crown-5 (1; Fig-
ure 1) and [UO2Cl2(H2O)3] ´
[15]crown-5 (2 ; Figure 2). Both
compounds show the character-
istic unsymmetrical bifacial
conformation of uncoordinated
[15]crown-5; this involves a ª3-
up, 2-downº arrangement of the
ether oxygen atoms such that
three hydrogen-bond aceptors
are available on one face of the
molecule and two on the other.
Formally this may be described
by a torsion angle sequence
(g�)aa(gÿ)aa(g�)aa(gÿ)agÿ(gÿ)-
aa with OÿCÿCÿO torsion an-
gles alternating �gauche (gen-
erally�608) except for two that
must retain the same sign as a
consequence of molecular sym-
metry.[15] For simplicity this con-
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Figure 1. The hydrogen-bond-
ed chain structure of (H5O2)-
[UO2Cl3(H2O)2] ´ [15]crown-5 (1)
that exhibits two unique half
crown ethers. Spheres represent
oxygen atoms of the H5O2


�


unit.
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Figure 2. The unique 4� 4 hydrogen-bonded array in [UO2Cl2(H2O)3]16 ´
16([15]crown-5) (2).


formation will be denoted ª� �ÿ�ÿ º. This bifacial behav-
iour is consistent with the observation of two unique (half)
crown ethers for 1 (space group C2/c); however, compound 2
exhibits a total of sixteen unique crown-ether/metal-complex
pairs (P32). This latter result was rationalised in terms of the
rigidity of the multiple hydrogen-bonding interactions be-
tween five of the six aqua OH protons of the [UO2Cl2(H2O)3]
molecule and the [15]crown-5 acceptor; this leads to ªfrus-
trationº between the conflicting driving forces of crystal close-
packing and maximisation of strongly directional hydrogen
bonds. The presence of five non-bifurcated[20] interactions
exerts a marked orientational preference of the acceptor, in
turn defining the orientation of the next donor in the chain,
resulting in a non-repeating pattern. In the case of 1, however,
the presence of only four aqua protons on the
[UO2Cl3(H2O)2]ÿ anion apparently results in the need for a
much less sterically demanding bifurcated interaction and
hence a more symmetrical structure.


The characteristically unsymmetrical conformation of
[15]crown-5 has led us to investigate its chemistry with a
wide range of other moderate to strong hydrogen-bond
donors based on metal aqua complexes in anticipation of
conserving the unsymmetrical features of the structures, and
we now report the results of these investigations along with
supporting data from the Cambridge Structural Database
(CSD).[21]


Results and Discussion


Co-crystallised complexes were prepared with a variety of
metal aqua ions and [15]crown-5 from aqueous solution. In all
cases hydrogen-bonded chain-type structures were obtained,
exhibiting a wide variety of crystal-packing arrangements.
(Crystal data are given in Table 2 in the Experimental
Section.) Of the greatest relevance to the observed frustration
in 2 was the complex [Er(NO3)3(H2O)3] ´ [15]crown-5 ´ H2O
(3), which was obtained from the reaction of hydrated erbium
nitrate with [15]crown-5 in water. The neutral, nine-coordi-
nate [Er(NO3)3(H2O)3] complex possesses a ªT-shapedº


arrangement of water molecules with OÿErÿO angles of
76.6(2)8, 85.0(2)8 and 147.8(2)8 (averages). Ostensibly equiv-
alent angles in crystallographically independent molecules
cover a range of about 38, highlighting the effects of hydrogen
bonding on molecular structure. This overall geometry gives a
total of six water protons available to interact with the five
crown ether acceptors. This situation is highly reminiscent of
that found for 2, although in that case the OÿUÿO angles are
less evenly distributed, giving a distorted ªY-shapedº geom-
etry for the ªU(H2O)3º unit. Also as with 2 the crown ethers
adopt an unsymmetrical � �ÿ�ÿ conformation, and the
result is again a structure requiring multiple complexes in the
asymmetric unit in order to simultaneously satisfy the
requirements of close packing and maximisation of hydro-
gen-bonded interactions, in this case to give a unique 2� 2
array of erbium complex/crown pairs, Figure 3. Each erbium


Figure 3. The 2� 2 asymmetric unit in [Er(NO3)3(H2O)3]4 ´ [15]crown-5 ´
(H2O)4 (3). Selected bond lengths: ErÿOwater 2.309(4) average; ErÿOanion


2.429(4) average; Er(1)ÿO ´´´ Ocrown 2.713, 2.706, 2.797, 2.672 and 2.678 �.


complex forms a total of five hydrogen bonds to crown ether
acceptors with O ´´´ O contacts ranging from 2.67 ± 2.89 �,
which are typical of this kind of system.[20] The remaining aqua
proton forms a hydrogen bond to lattice water, which in turn
interacts with an adjacent stack of complex/crown units. While
this Z' value1) of 4 is significantly lower than that of 16
encountered for 2, it firmly establishes that the asymmetry
encountered for the latter may be linked to the combination
of packing factors encountered in these systems leading to
packing ªfrustrationº. Compound 3 also exhibits some well-
defined disorder of all four unique crown ethers. The large


1) Z' is defined as the number of conventional formula units (Z) divided by
the number of independent general positions. This value may be misleading
as an asymmetry indicator in compounds such as 1, which possesses two
unique half crown ethers resulting in Z'� 1 despite the presence of two
independent crowns. It�s application to supramolecular chemistry needs
particular care since the definition of ªformula unitº is generally a
molecular one. The parameter Z'' has been introduced recently to indicate
the number of independent molecular units or fragments (B. P. van Eijick,
J. Kroon, Acta. Crystallogr. Sect. B 2000, 56, 535).
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differences in the coordinates of pairs of disordered con-
formations suggests that this disorder may be static and,
hence, also suggests the possible existence of a further
supercell in which disorder need not be present. Interestingly,
the triclinic a and g angles for 3 are very close to 908 (89.6448
and 89.8328, respectively) suggesting the presence of mono-
clinic pseudosymmetry. Pseudosymmetry has been observed
extensively in various structures of cholesterol and has been
discussed in depth for cholesterol monohydrate (Z'� 8,
P1).[22] As with the present work it was established that
strong intermolecular interactions were responsible for dis-
tortions away from strict crystallographic symmetry. This is
also the case for the largest Z' value recorded in the
Cambridge Structural Database (CSD)[21, 23] of 32 for
Me2SnOH.[24] This material reduces to an orthorhombic
subcell that contains only two discrete molecules. The choice
of the true monoclinic cell, (Z� 64, Z'� 32, Pn (No. 7)) is
dictated by the presence of an 83 helical molecular chain
arising from Sn ´´ ´ O ´´´ Sn interactions.[24]


Hydrogen-bonded chain structures were also observed
from the reaction of a variety of nickel salts with [15]crown-
5. In the cases of nickel bromide, perchlorate and nitrate the
structures all involve alternating [Ni(H2O)6]2� cations and
[15]crown-5 acceptors, situated axially, with hydrogen bonds
to the non-coordinated anions that are found in the equatorial
plane of the cations. Despite the fact that these gross
structural features and even the number of enclathrated
water molecules are conserved, the bromide complex [Ni-
(H2O)6]Br2 ´ [15]crown-5 ´ 2 H2O (4) possesses four unique
crown ether molecules, six unique nickel cations (two whole
and four situated on crystallographic inversion centres) and
eight unique water molecules (Z'� 4), Figure 4. However the


Figure 4. The asymmetric unit of [Ni(H2O)6]Br2 ´ [15]crown-5 ´ 2H2O (4)
(Z'� 4). Selected bond lengths: Ni(1)ÿOwater 2.041(5) ± 2.078(5); Ni(3)ÿ
Owater 2.035(5) ± 2.071(5); Ni(1)ÿO ´´´ Ocrown 2.724, 2.740, 2.706, 2.731 �;
Ni(3)ÿO ´´´ Ocrown 2.732, 2.748, 2.772 �.


perchlorate species [Ni(H2O)6](ClO4)2 ´ [15]crown-5 ´ 2 H2O
(5) exhibits only two unique complex/crown pairs (Z'� 2),
while the nitrate complex [Ni(H2O)6](NO3)2 ´ [15]crown-5 ´


2 H2O (6) exhibits a high symmetry structure with Z'� 1 and
a single unique crown. In compound 4 hydrogen-bonded chain
propagation occurs along the abc body diagonal, while in 5 the
alternating crown ether acceptors and metal-complex donors
stack along the crystallographic ac diagonal. In compound 6
chain propagation is along c and this axis length is essentially
identical to that found for the chain-propagation direction in 3
along the a axis (16.0457(6) and 16.0389(5) �, respectively).


Perhaps the most interesting comparison in these systems is
that between bromide 4 and perchlorate salt 5. Compound 4
possesses two unique, parallel hydrogen-bonded chain seg-
ments (each containing two unique crown ethers), whereas
compound 5 exhibits only one. In the latter case there is only a
single hydrogen bond through the perchlorate anions that
links the water ligands of one chain to those adjacent in one
dimension, but not in the second dimension perpendicular to
the direction of chain propagation. The chains are thus
relatively isolated from one another in terms of the existence
of strong, multiple intermolecular interactions. In contrast, in
4 multiple OH ´´´ Br ´´´ HO bridges link chains in two dimen-
sions perpendicular to chain propagation giving rise to a
three-dimensional hydrogen-bonded network (O ´´´ Br dis-
tances 3.30 ± 3.42 �). This feature is shared by 3, in which
coordinated nitrato ligands are linked by bridging enclath-
rated water molecules to aqua ligands in two dimensions, and
by 2, in which OH ´´´ Cl hydrogen bonds (O ´´´ Cl distances
3.18 ± 3.36 �) link the three symmetry equivalent components
of the 32 screw. Such inter-chain communication is not
observed for the symmetrical 1. However, if hydrogen-
bonding interactions from one chain to another are important
for the observation of low-symmetry structures, they are not
the sole factor at work. The highly symmetrical 6 (Z'� 1) has
similar inter-chain hydrogen bonding as in 3 mediated by
enclathrated water molecules, albeit with rather long hydro-
gen bond distances. Furthermore 5 does exhibit two unique
crown ethers within the same chain, an observation appa-
rently independent of strong inter-chain hydrogen bonds. It is
useful, therefore to look at the structures of individual chains.


Clearly the observation of more than one unique crown
ether per chain, as is the case for compounds 1 ± 5, cannot be a
property intrinsic to [15]crown-5 itself in the solid state, nor to
any particular [15]crown-5/metal-complex hydrogen-bonded
pair (compare 5 and 6, Z'� 2 and 1 respectively, both of which
contain the ª[Ni(H2O)6]2� ´ [15]crown-5º unit). As a result the
interactions of the individual chains to the anions must also be
involved in the case of 5 at least. A close comparison of the
octahedral metal ions in 5 and 6 reveals none of the axial
NiÿO bond-length shortening found in the analogous
[18]crown-6 complexes.[11] Indeed the NiÿO bond lengths in
6 fall into a narrow range 2.0352(11) ± 2.0593(10) �. A wider
range is observed for both nickel cations in 5 2.034(7) ±
2.081(6) �, which suggests greater strain on the complex
arising from intermolecular interactions. Indeed, while both
species form pairwise hydrogen bonds to the perchlorate and
nitrate anions, it is only in the case of 5 that equatorial water
ligands interact with both anions and are also hydrogen
bonded to the crown ethers, Figure 5. In the case of 6 only one
such simultaneous hydrogen-bonding pattern occurs, Figure 6.
It is possible that this is enough to displace Ni(2) some 0.14 �
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Figure 5. The asymmetric unit of [Ni(H2O)6](ClO4)2 ´ [15]crown-5 ´ 2H2O
(5) (Z'� 2). Selected bond lengths: Ni(1)ÿOwater 2.041(7) ± 2.081(6);
Ni(2)ÿOwater 2.034(8) ± 2.080(8); Ni(1)ÿO ´´´ Ocrown 2.725, 2.752, 2.829,
2.691, 2.742, 2.769 �; Ni(2)ÿO ´´´ Ocrown 2.634, 2.884, 2,630, 2.823 �.


Figure 6. The single unique metal-complex/crown-ether pair in the nitrate
complex [Ni(H2O)6](NO3)2 ´ [15]crown-5 ´ 2H2O (6). Selected bond lengths:
NiÿOwater 2.0352(11) ± 2.0593(10); NiÿO ´´´ Ocrown 2.753, 2.737, 2.773, 2.797,
2.811 �.


away from the coordinates (0.5, 0, 0.5), which would result in a
centric structure. It is also possible that in maximising this
double, geometrically constrained interaction the crown ether
is constrained to adopt a conformation impossible to repeat in
an adjacent site along the chain.


A much more striking difference between the symmetrical
compound 6 and the unsymmetrical compounds 4 and 5 is
seen in the orientations of successive crown ether molecules
within a chain. In the case of 4 the nickel ions may be divided
into two classes; firstly Ni(1) and Ni(2), which hydrogen bond
to the crown ethers only through two trans (axial) water
ligands to form a total of four hydrogen bonds to crown ethers
per metal complex, and secondly Ni(3) ± Ni(6), which use both
axial and equatorial water to interact with the crown ether to
give a total of six hydrogen bonds to crown oxygen atoms.
Similarly in 5 Ni(1) exhibits a total of six hydrogen bonds to
crown ethers, Ni(2) only four. Thus, in 4 and 5 the crown
ethers alternate the orientation of their ª3-oxygenº and ª2-
oxygenº faces, while adopting the usual ª� �ÿ�ÿ º con-
formation. This packing mode is also observed for the
[18]crown-6 analogue of 4 (a species which also exhibits an
unusual unsymmetrical chain structure) in which the
[18]crown-6 adopts an unusual conformation exhibiting ª4-
oxygenº and ª2-oxygenº faces.[11] In contrast, in compound 6,
the crown ether acceptors pack in parallel fashion such that


each metal complex forms a total of five hydrogen bonds.
With regard to this feature, compound 2 appears to adopt an
irregular structure in which the majority of crown ether units
parallel 6, but with occasional ªintermediate casesº in which
the orientation of particular oxygen atoms is approximately
within the plane of the crown ether; disorder between the two
possibilities is observed for 3. Compound 1, which contains
two unique (half) crown ether molecules, alternates as for 4
and 5.


As a final example we examined the reaction of NiCl2 ´
6 H2O with [15]crown-5 in anticipation of observing a
structure similar to the bromide analogue 4. Surprisingly,
however, the greater coordinating ability of the Clÿ ligands
results in the formation of a chloride-bridged structure of
composition [{Ni(H2O)4}2(m-Cl)2]Cl2 ´ [15]crown-5 (7), Fig-
ure 7. Despite the presence of a binuclear metal complex the


Figure 7. The symmetrical complex [{Ni(H2O)4}2(m-Cl)2]Cl2 ´ [15]crown-5
(7) (two asymmetric units showing chain structure). Selected bond lengths:
Ni(1)ÿOwater 2.0426(18) ± 2.079(2); Ni(1)ÿCl(2) 2.3828(6); Ni(1)ÿCl(1)
2.4174(6) �; NiÿO ´´´ Ocrown 2.753, 2.766, 2.707, 2.821, 2.876 �.


basic hydrogen-bonded chain structure is retained with chain
propagation along the ab diagonal, with a longer repeat
distance (10.72 � vs 7.96 ± 8.03 � in 5 and 6, and 8.51 � in 3).
Each crown ether accepts a total of five non-bifurcated
hydrogen bonds in the usual, non-disordered � �ÿ�ÿ
conformation, while individual chains link by short hydrogen
bonds to non-coordinated Clÿ anions (O ´´´ Cl 3.02 ± 3.08 �).
The ª2-oxygenº face of the crown forms hydrogen bonds only
to the axial O(1) of Ni(1), while the ª3-oxygenº face interacts
with both axial and equatorial water ligands of Ni(2). This is a
similar situation to that encountered for the symmetrical 6,
but distinct from the more unsymmetrical perchlorate salt 5
and bromide 4. This leads to a tentative conclusion that the
observation of more than one unique crown ether within a
chain is linked to the alternating structure observed in 4 and 5.
Gratifyingly, this observation is corroborated by the structure
of the mixed hexaaqua, oxo-bridged species [Fe(H2O)6]2-
[{Fe(H2O)5}2(m-O)](NO3)10 ´ 4 [15]crown-5 ´ 6H2O (8).[25, 26] This
remarkable complex involves an [{Fe(H2O)5}2(m-O)]4� ion
sandwiched between a discrete pair of [Fe(H2O)6]2� ´
2 ([15]crown-5) buffers, Figure 8. Crucially each of the (equiv-
alent) hexaaqua ions closely resemble Ni(1) in 4 and 5 in that
they exhibit a total of six hydrogen bonds, three to each crown
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Figure 8. Two asymmetric units of [Fe(H2O)6]2[{Fe(H2O)5}2(m-O)]-
(NO3)10 ´ 4 ([15]crown-5) ´ 6H2O (8)[25, 26] showing the tetrametallic array
that represents the supramolecular building block of the structure (nitrate
anions and some lattice water omitted for clarity).


ether. The crown ethers are of two quite distinct types. The
ªinnerº symmetry-equivalent pair are of the usual � �ÿ�ÿ
conformation and possess two hydrogen bonds to a water
molecule through the ª2-oxygenº faces. This water molecule
in turn interacts with the large [{Fe(H2O)5}2(m-O)]6� unit. The
outer pair of crown ethers adopt an unusual ª� ���ÿ º
conformation with no interactions to the outer face. The
hydrogen-bonded chain is thus finite and represents a ªsliceº
of the infinite structures seen for 4 and 5. Once again
alternation results in the presence of two unique crown ethers.
Inter-chain interaction is by means of sparse hydrogen bonds
to nitrate anions and is apparently insufficient to cause more
then one-dimensional asymmetry.


A search of the CSD[23] reveals some 37 structrues (with
available coordinates) that contain unsubstituted [15]crown-5
in which the crown ether acts solely as a hydrogen-bond
acceptor (as opposed to coordinated to a metal cation). These
structures are detailed in Table 1. The overwhelming obser-
vation that comes from this analysis is the confirmation that
low-symmetry structures (i.e. , Z' >1) are not an intrinsic
property of [15]crown-5 itself, but depend on the coincidence
of a number of factors, of which the bifacial nature of the
[15]crown-5 acceptor is one. To this may be added the need for
multiple intermolecular interctions with a marked orienta-
tional preference. In the examples studied these interactions
include both intra- and inter-chain.


Closely related to compounds 2 and 3 are structures
LIGVUS,[27] SONRIW,[28] FUVFIL,[29] KOKDIX,[30]


VEDHOB[31] and the series [M(H2O)8/9]Cl3 ´ [15]crown-5
(M�Y, Gd, Lu, Nd and Er) typified by FAYVEG01 (M�
Y)[32] (LIGVUS� [La(NO3)3(H2O)2(MeOH)(2,2'-bipyri-
dyl)] ´ [15]crown-5, SONRIW� [La(NO3)3(H2O)2(1,10'-phe-
nanthroline)] ´ [15]crown-5, FUVFIL� [UO2(H2O)5](ClO4) ´
MeCN ´ H2O ´ 3([15]crown-5), KOKDIX� [Y(H2O)3(NO3)3]2 ´
2 Me2CO ´ 3 ([15]crown-5), VEDHOB� [Eu(NO3)3(H2O)3] ´
2 ([15]crown-5) ´ 2 MeCN). Of all these hydrogen-bonded
chain structures only FUVFIL[29] and KOKDIX[30] exhibit
more than one independent crown ether moiety. Both
represent special cases in which the hydrogen-bonded struc-
ture is a discrete unit, as for 8, rather than part of chain
structure. In the case of KOKDIX one central crown links two
metal complexes, which are in turn capped by two terminal
crown ether moieties. The central crown ether is thus
necessarily distinct from the two terminal units and additional
symmetry is not possible without disorder. Complex FUVFIL
exhibits a trigonal array of crown ethers surrounding a single
UO2(H2O)5


2� unit.


Structure SONRIW,[28] however, despite the Z' value of 1, is
a very remarkable compound in which the crystallographic
asymmetric unit corresponds to a small section of a vast
helical structure (space group P65) with a pitch of 43.769 �,
requiring six molecules to complete one helical turn, Figure 9.


Figure 9. Sixfold helical array in [La(NO3)3(H2O)2(1,10-phenanthroline)] ´
[15]crown-5.[28] The degree of helical twist corresponds with the crystallo-
graphic 65 symmetry resulting in a single unique metal-complex/crown-
ether pair in the crystallographic asymmetric unit, Z'� 1.


The helicity is apparently a consequence of the same strong
and directional OH2 ´´ ´ crown hydrogen-bonds seen in all of
the other examples discussed so far, with the additional
influence of the disparity in width of the planar phenanthro-
line ligand on one side of the metal cation and the three
nitrato ligands on the other. In order to close pack efficiently
the hydrogen-bonded chain must kink at every link. It is
perhaps fortuitous that the degree of bending required
corresponds exactly to the crystallographic 65 symmetry. This
may be compared to much less pronounced non-crystallo-
graphic 83 helicity in Me3SnOH which results in a total of
32 unique complexes.[24]


Closely related to SONRIW is LIGVUS.[27] This material,
based on 2,2'-bipyridyl, is not helical and possesses an
additional methanol ligand removing the size disparity
between the planar pyridyl portion of the molecule and the
three nitrato ligands. This results in the more usual linear
chain structure and again Z'� 1. Interestingly, comparing
LIGVUS with 2 and 3, the two last compounds possess six
hydrogen bond donors, whereas LIGVUS exhibits a perfect
match of five donors to the five crown ether acceptor atoms.
This again points to the inter-chain communication resulting
from this sixth ªfreeº proton that may contribute towards the
unsymmetrical structure.


One final interesting case is structure KUPHEI[33] {[Cu-
(H2O)4]2[Cu3Cl8(H2O)2] ´ 2 ([15]crown-5)} which exhibits the
face alternation seen for 4 and 5, but has only one unique
crown ether. In this case there are two different types of metal
complex, however.


Conclusion


After analysis of the large body of available data it is possible
to state with some confidence that there is no simple, single
factor responsible for the observation of low-symmetry, high
Z' structures in these [15]crown-5-based systems. Low sym-
metry is apparently a result of a subtle additive effect of three
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dimensional interactions. Individual contributing circumstan-
ces may be identified and it is clear from the present study that
the unsymmetrical shape of the [15]crown-5 molecule itself is
one such factor. It is also clear that molecular parameters such
as Z' entirely fail to adequately represent supramolecular
structure. Instances of large Z' values are de facto indications
of the presence of a greater supramolecule or hierarchy of
supramolecules. In the final analysis it is curious to note that
as many unsymmetrical species based on [15]crown-5 have
been reported in the present work than were previously
known in the entire Cambridge Structural Database. If


metaphysical explanations are discounted, then it may be
that this is partially due to recent improvements in area-
detector technology and the routine use of very low-temper-
ature data collection facilities. Such instrumental factors must
undoubtedly greatly increase the chances of indexing weak
reflections characteristic of ªsupramolecular supercellsº that
display subtleties of the crystal packing unobservable on a
conventional instrument at room temperature. If this is the
case, it is likely that many more low-symmetry species will
appear in the literature over the next few years. A more wide-
ranging survey of this phenomenon is planned.


Table 1. Hydrogen-bonded structures containing [15]crown-5.


Refcode Formula No. unique Crown H-bonds per crown H-bonded
uncoord. crowns conformation (O ´´´ O < 3.0 �) structure type


CAGTIN [Sm(H2O)4([15]crown-5)](ClO4)2 ´ [15]crown-5 ´ H2O 1 ����ÿ 5[c] chain through anions
CIGSAM [CuCl2(H2O)2(MeOH)] ´ [15]crown-5 2[e] ��ÿ�ÿ 5 chain
DUCNEU [ZnCl2(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ 4 chain
FANRUH [SnCl4(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ 4 chain
FAYVEG01 [Y(H2O)8]Cl3 ´ [15]crown-5 1 ��ÿ�ÿ 5 chain
FILVOL[a] [Gd(H2O)8]Cl3 ´ [15]crown-5 1[b] ��ÿ�ÿ 5 chain
FILVUR[a] [Lu(H2O)8]Cl3 ´ [15]crown-5 1[b] ��ÿ�ÿ 5 chain
FUVFIL [UO2(H2O)5](ClO4) ´ MeCN ´ H2O ´ 3([15]crown-5) 3 ��ÿ�ÿ 4[c] discrete


����ÿ 4[c]


����ÿ 4[c]


GARLUG [NH4([15]crown-5)2][UO2Cl4] ´ MeCN 2 ����ÿ 5[d] discrete
GEMXIF [ThCl4(H2O)2(MeOH)2] ´ MeCN ´ [15]crown-5 1 � 0-�ÿ 6 chain
GOHTAY [Nd(H2O)9]Cl3 ´ [15]crown-5 1 ����ÿ 6 chain
GOHTEC [NdCl2(H2O)6]Cl ´ [15]crown-5 1 ��ÿ�ÿ 5 chain
JOTQOY (H7O3 ´ [15]crown-5)[AuCl4] 2 ��ÿ�ÿ 5[c] chain
KOGSII SO3NH2 ´ [15]crown-5 2 ����ÿ 5[c] discrete
KOKDIX [Y(H2O)3(NO3)3]2 ´ (Me2CO)2 ´ 3 ([15]crown-5) 3 ��ÿ�ÿ 4 discrete


����ÿ 3
����ÿ 3


KUPHAE [CuCl2(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ ±[b] chain
KUPHEI [Cu(H2O)4]2[Cu3Cl8(H2O)2] ´ 2 ([15]crown-5) 1 ��ÿ�ÿ 5 chain
KUZJEU [Mg(H2O)6]2[Cu3Cl8(H2O)2] ´ 2 ([15]crown-5) ´ 2 H2O 1 ��ÿ�ÿ 5 chain
LIGVUS [La(NO3)3(H2O)2(MeOH)(2,2'-bipyridyl)] ´ [15]crown-5 1 ��ÿ�ÿ 5 chain
NASSUV [Cd(H2O)2([15]crown-5)][CdI3(H2O)] ´ [15]crown-5 ´ MeCN 1 ��ÿ�ÿ 4 chain
POGDUK01 [SnCl2Me2(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ ±[f] ±[f]


PUJCIG[a] [Yb(H2O)8]Cl3 ´ [15]crown-5[b] 1 ��ÿ�ÿ 5 chain
PXCDCB [CuBr2(H2O)2] ´ [15]crown-5[b] (isostructural with KUPHAE) 1 ��ÿ�ÿ 5 chain


(2 bifurcated)
SONRIW [La(NO3)3(H2O)2(1,10-phenanthroline)] ´ [15]crown-5 1 ��ÿ�ÿ 5 P65 helical chain


(2 bifurcated)
SOQXEB [Na4Br([15]crown-5)4][TlBr4][b] 1 ±[b] ±[b] double shell clathrate
TEDZEH [MeCClNH2][TaCl6] ´ [15]crown-5 1 ����� 5 discrete


(bifurcation)
TEDZIL [Et3NH][TaCl6] ´ [15]crown-5 1 ����ÿ 1 discrete
TONFEH [La2Cl6(H2O)4(1,10-phenanthroline)2] ´ [15]crown-5 ´ MeCN 1 ��ÿ�ÿ 5 chain


(2 bifurcated)
TUKVAW [NH4(15crown-5)2][Cd(SCN)3] 2� 1�2 ����� 5 discrete


(bifurcation)
VANFUL [Eu(NO3)3(H2O)2([15]crown-5)] ´ [15]crown-5 1 ±[b] ±[b] discrete
VEBWUU [Zr(C5H5)Cl3(H2O)2] ´ [15]crown-5 2� 1�2 ��ÿ�ÿ 4[b] chain
VEDHOB [Eu(NO3)3(H2O)3] ´ 2 ([15]crown-5) ´ 2MeCN 1 ��ÿ�ÿ 3 discrete
VILMOS [MoCl4(dme)] ´ [15]crown-5 1 ����ÿ 0


discrete (long CH ´´´ O)
VUKKOB [InCl3(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ 4 chain
WIDPOO [VOCl2(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ 4 chain
YICCIW[a] [Er(H2O)8]Cl3 ´ [15]crown-5 1 ��ÿ�ÿ 5 chain
ZEGSAF10[g] [La(H2O)4([15]crown-5)](ClO4)3 ´ [15]crown-5 ´ H2O 1 ±[b] ±[b] discrete
ZOCYUL[h] [FeCl3(H2O)2] ´ [15]crown-5 1 ��ÿ�ÿ 4 chain


[a] Isostructural with FAYVEG01. [b] Crown disordered. [c] Two bifurcated hydrogen bonds. [d] NH ´´´ O <3.1 � with bifurcation. [e] Space group Pn.
[f] Coordinates incorrect? [g] Isostructural with CAGTIN. [h] Isostructural with VUKKOB.
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Experimental Section


Instrumental : [15]Crown-5 was pur-
chased from Fluka and hydrated
metal salts were purchased from
Aldrich; these were not purified
prior to use. Deionised water was
used as solvent, and microanalyses
were performed at the Department
of Chemistry at James Cook Univer-
sity. Infrared spectra were performed
as Nujol mulls in NaCl plates on a
Nicolet Nexus FTIR spectrophotom-
eter. All products displayed some
degree of moisture sensitivity when
exposed to the atmosphere. For this
reason yields were not measured in
order to protect crystals for the X-ray
experiment, but are estimated to be
about 50 ± 70% based on metal salt.


Preparations : In all experiments, a
1:1 mixture of hydrated metal salt
(�0.12 g, 0.45 mmol) and [15]crown-
5 (0.10 g, 0.45 mmol) were dissolved
in a minimum of water (ca. few mL)
and allowed to slowly evaporate.
Infrared spectra confirmed the pres-
ence of [15]crown-5 with bands near
945 and 1355 cmÿ1. Suitable micro-
analyses were obtained for all com-
pounds. Crystals suitable for the
X-ray diffraction experiments were
isolated from the mass of crystals
obtained. Details for each particular
compound are given below.


[Er(NO3)3(H2O)3] ´ [15]crown-5 ´ H2O (3): Small pink plates of 3 deposited
from solution. M.p 179 ± 82 8C; elemental analysis calcd (%) for C10H28Er-
N3O18: C 18.60, H 4.37, N 6.51; found C 18.8, H 4.6, N 6.5; IR (Nujol): nÄ �
3360 (m, br), 1654 (m), 1350 (s), 1306 (m), 1091 (m, br), 1025 (m), 938 (s),
840 (m), 815 cmÿ1 (m).


[Ni(H2O)6]Br2 ´ [15]crown-5 ´ 2H2O (4): Long green needles of 4 deposited
from solution. M.p. 115 ± 8 8C; elemental analysis calcd (%) for
C10H36Br2NiO13: C 20.61, H 6.23; found C 20.8, H 6.5; IR (Nujol): nÄ �
3359 (s, br), 1620 (s), 1354 (s), 1295 (w), 1250 (m), 1097 (s), 943 (m),
840 cmÿ1 (m).


[Ni(H2O)6](ClO4)2 ´ [15]crown-5 ´ 2H2O (5): Long green acicular crystals of
5 deposited from solution. M.p. 46 ± 8 8C; elemental analysis calcd (%) for
elemental analysis calcd (%) for C10H36Cl2NiO21: C 19.31, H 5.83; found C
19.4, H 5.2; IR (Nujol): nÄ � 3384 (m, br), 1635 (m), 1354 (s), 1296 (m), 1104
(m, br), 945 (m), 829 cmÿ1 (w).


[Ni(H2O)6](NO3)2 ´ [15]crown-5 ´ 2H2O (6): Small green acicular crystals of
6 deposited from solution. M.p. 62 ± 6 8C; elemental analysis calcd (%) for
C10H36N2NiO19: C 21.95, H 6.63, N 5.12; found C 22.0, H 6.7, N 5.1; IR
(Nujol): nÄ � 3360 (m, br), 1646 (m), 1355 (s), 1294 (w), 1097 (s), 1040 (m),
946 (m), 828 cmÿ1 (w).


[{Ni(H2O)4}2(m-Cl)2]Cl2 ´ [15]crown-5 (7): Small green acicular crystals of 7
deposited from solution. M.p.� 139 8C (decomp); elemental analysis calcd
(%) for C10H36Cl4Ni2O13: C 19.26, H 5.82; found C 21.67, H 6.52. The sample
was relatively unstable with respect to loss of water of crystallisation and
retained uncomplexed crown ether tenaciously. This proved impossible to
remove, while keeping the crystalline sample hydrated. IR (Nujol): nÄ �
3358 (m, br), 1614(s), 1356(s), 1306 (w), 1260 (m), 1096 (s), 1040 (m), 943
(s), 840 cmÿ1 (m).


Crystallography : Crystal data and data collection parameters are summar-
ized in Table 2. Crystals were mounted by using a fast setting epoxy resin on
the end of a glass fibre and cooled on the diffractometer to 100 K with an
Oxford Cryosystems low-temperature attachment. All crystallographic
measurements were carried out with a Nonius KappaCCD equipped with
graphite monochromated MoKa radiation by using f and w rotations of 28
frame width and a detector-to-crystal distance of 30 mm. Integration was


carried out by the program DENZO-SMN.[34] Data sets were corrected for
Lorentz and polarization effects and for the effects of absorption with the
program Scalepack.[34] Structures were solved by using the direct methods
option of SHELXS-97[35] and developed with conventional alternating
cycles of least-squares refinement and difference Fourier synthesis
(SHELXL-97[36]) with the aid of XSeed.[37] All non-hydrogen atoms were
refined anisotropically, while hydrogen atoms were fixed in idealized
positions and allowed to ride on the atom to which they were attached.
Hydrogen-atom thermal parameters were tied to those of the atom to
which they were attached. Acidic protons were located on final difference
Fourier maps and their positional and isotropic displacement parameters
refined freely wherever possible. For 5 ± 7 water hydrogen atoms were
located experimentally and then allowed to ride on the parent atom. All
calculations were carried out either on a Silicon Graphics Indy R5000
workstation or an IBM-PC compatible personal computer. For details of
refinements see Table 2.


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-147469 ±
CCDC-147473. 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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A Study of Gas-Phase Reactions of Radical Cations of Mono- and
Dihaloethenes with Alcohols by FT-ICR Spectrometry and Molecular Orbital
Calculations: Substitution versus Oxidation


Andreas Nixdorf and Hans-Friedrich Grützmacher*[a]


Abstract: The ion-molecule reactions of
the radical cations of vinyl chloride (1),
vinyl bromide (2), 1,2-dichloroethene
(3), 1,2-dibromoethene (4), 1,1-dichloro-
ethene (5), and 1,1-dibromoethene (6)
with methanol (MeOH) and ethanol
(EtOH) have been studied by FT-ICR
spectrometry. In the case of EtOH as
reactant the oxidation of the alcohol to
protonated acetaldehyde by a formal
hydride transfer to the haloethene rad-
ical cation is the main process if not only
reaction observed with the exception of
the 1,2-dibromoethene radical cation
which exhibits slow substitution. In sec-
ondary reactions the protonated acetal-
dehyde transfers the proton to EtOH
which subsequently undergoes a well
known condensation reaction of EtOH
to form protonated diethyl ether. With
MeOH as reactant, the 1,2-dihaloethene
radical cations of 3 .� and 4 .� exhibit no
reaction, while the other haloethene
radical cations undergo the analogous


reaction sequence of oxidation yielding
protonated formaldehyde. Generally,
bromo derivatives of haloethene radical
cations react predominantly by substitu-
tion and chloro derivatives by oxidation.
This selectivity can be understood by the
thermochemistry of the competing proc-
esses which favors substitution of Br
while the effect of the halogen substitu-
ent on the formal hydride transfer is
small. However, the bimolecular rate
constants and reaction efficiencies of the
total reactions of the haloethene radical
cations with both alcohols exhibit dis-
tinct differences, which do not follow the
exothermicity of the reactions. It is
suggested that the substitution reaction
as well as the oxidation by formal


hydride transfer proceeds by mecha-
nisms which include fast and reversible
addition of the alcohol to the ionized
double bond of the haloethene radical
cation which generates a b-distonic oxo-
nium ion as the crucial intermediate.
This intermediate is energetically excit-
ed by the exothermic addition and frag-
ments either directly by elimination of a
halogen substituent to complete the
substitution process or rearranges by
hydrogen migration before dissociation
into the protonated aldehyde and a b-
haloethyl radical. Reversible addition
and hydrogen migrations within a long
lived intermediate is proven experimen-
tally by H/D exchange accompanying
the reaction of the radical cations of
vinyl chloride (1) and 1,1-dichloro-
ethene (5) with CD3OH. The suggested
mechanisms are substantiated by ab
initio molecular orbital calculations.


Keywords: FT-ICR spectrometry ´
ion-molecule reactions ´ nucleophil-
ic substitution ´ radical ions ´ reac-
tion mechanism


Introduction


Organic radical ions constitute an interesting and important
class of reactive intermediates.[1] Many reactions, which are
slow or even unknown for neutral reaction partners, turn out
to be possible and useful for organic synthesis after trans-
formation of one of the reactants into a radical ion. In
particular, radical cations of arenes and alkenes are interest-
ing intermediates. Their typical reactions are fast cycloaddi-
tion with neutral alkenes,[2] smooth reactions with electron


rich nucleophiles,[3] and hydrogen transfer to and from
appropriate hydrogen acceptors or donors.[4] Mass spectrom-
etry is a convenient tool for mechanistic studies of the
reactions of radical cations because they are easily generated
in the gas phase from their neutral precursors by electron-
impact ionization and can undergo subsequently reactions
with neutral reactants either by chemical ionization (CI) mass
spectrometry or, more adequately, by using one of the
powerful techniques for the investigation of the kinetics of
ion-molecule reactions.[5] One of these latter techniques is
Fourier-transform ion-cyclotron resonance (FT-ICR) spec-
trometry. Here, the radical ions are trapped by a strong and
homogeneous magnetic field, are ªcooledº within the trap-
ping cell to their ground state at room temperature, and react
with selected gaseous compounds under carefully controlled
conditions. Although one has to consider explicitly the special
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situation of reactions of isolated species in the diluted gas
phase far from thermal equilibrium with the surroundings, this
method gives valuable information about the reactivity of
organic radical cations by direct observation of the radical
cations and their (charged) products during the reactions and
by the uncomplicated determination of rate constants of the
reactions.


Earlier we investigated the reactions of the radical cations
of halogenated arenes and alkenes with ammonia and simple
amines as typical N-nucleophiles using FT-ICR.[6±8] In all these
systems the main primary reaction observed is substitution of
one halogen substituent to yield aromatic and vinylic ammo-
nium ions, respectively. The kinetics of these ion-molecule
reactions reveal that halogen substitution proceeds by an
addition/elimination mechanism, and especially in the case of
the radical cations of alkenes, addition of the N-nucleophile in


the first reaction step occurs fast and without a noticeable
activation barrier to generate energetically excited distonic
ions as reaction intermediates (Scheme 1). Then, the fate of
this excited intermediate determines the rate and the outcome
of the total reaction.


Scheme 1. Reaction pathway.


Besides N-nucleophiles, O-nucleophiles are frequent part-
ners in the reactions of unsaturated radical cations since
alcohols and ethers are often used as solvents. Therefore, we
studied the ion-molecule reactions of unsaturated radical
cations with some simple aliphatic alcohols as prototypical
O-nucleophiles. So far we have not observed any reaction of
the radical cations of halogenated benzenes with alcohols.
However, fast ion-molecule reactions are observed by FT-
ICR for the reactions of ionized halogenated alkenes and
aliphatic alcohols. In this paper we report the results of a study
of the reactions of the radical cations of the monohaloethenes
vinyl chloride (1) and vinyl
bromide (2) and of dihalo-
ethenes, that is 1,2-dichloro-
ethene (3), 1,2-dibromoethene
(4), 1,1-dichloroethene (5), and
1,1-dibromoethene (6) with
MeOH and EtOH by FT-ICR
spectrometry. In addition, the
experimentally observed reaction pathways were analyzed by
a computation of critical points along the reaction coordinates
using a high level of theory. The results demonstrate that in
these reaction systems substitution of a halogen by the
O-nucleophile competes with oxidation of the alcohol to the
(protonated) aldehyde. However, experiment and theory
show that both reactions originate from the same distonic
ion generated as an excited intermediate by a fast exothermic
addition of the O-nucleophile to the ionized alkene.


Results and Discussion


Reaction of monohaloethene radical cations 1.� and 2 .� : The
radical cations of the vinyl halides 1 and 2 yield efficient
reactions with MeOH and EtOH as shown by the bimolecular
rate constants kbi and the reaction efficiencies eff presented in
Table 1. In each case the decay of the radical cation follows
strictly the kinetics of a pseudo-first order reaction, and
kinetic plots of the four reactions are shown in Figure 1.


The bromo derivative 2 .� turns out to be substantially less
reactive than the vinyl chloride radical cation 1.� towards both
alcohols. A similar effect has been observed for the reactions
of these radical cations with ammonia.[7b] However, while in


Abstract in German: Die Ion/Molekül-Reaktionen von Vinyl-
chlorid (1), Vinylbromid (2), 1,2-Dichlorethen (3), 1,2-Dibro-
methen (4), 1,1-Dichlorethen (5) und 1,1-Dibromethen (6) mit
Methanol (MeOH) und Ethanol (EtOH) wurden mit Hilfe der
FT-ICR-Spektrometrie untersucht. Die Oxidation des Alkohols
zum protonierten Aldehyd durch eine formale Hydrid-Über-
tragung zum Halogenethen-Radikalkation ist für EtOH die
überwiegende oder sogar einzige Reaktion, mit Ausnahme des
1,2-Dibromethen-Radikalkations, das langsam unter Substitu-
tion reagiert. Der protonierte Acetaldehyd überträgt das Proton
in einer Sekundärreaktion auf überschüssiges EtOH und leitet
so eine bekannte Kondensationsreaktion des EtOH zum proto-
nierten Diethylether ein. Mit MeOH erfolgt bei den ionisierten
1,2-Dihalogenethenen 3 .� und 4 .� keine Reaktion, während die
Radikalkationen der übrigen Mono- und Dihalogenethene eine
analoge Reaktionssequenz für die Oxidation von MeOH zum
protonierten Formaldehyd zeigen. Generell reagieren die
Radikalkationen der Br-substituierten Ethene vorwiegend
unter Substitution, während bei den Cl-Derivaten die Oxida-
tion überwiegt. Dieser Unterschied kann mit Hilfe der Thermo-
chemie der konkurrierenden Reaktionswege erklärt werden.
Die bimolekularen Geschwindigkeitskonstanten und die Ef-
fektivitäten der Gesamtreaktion der Radikalkationen mit
beiden Alkoholen zeigen jedoch deutliche Unterschiede, die
nicht alleine mit Hilfe der unterschiedlichen Exothermizität der
Reaktionen erklärt werden können. Es wird gezeigt, dass
sowohl Substitution als auch Oxidation nach einem Reak-
tionsmechanismus erfolgen, bei dem als entscheidende Zwi-
schenstufe ein distonisches Oxoniumion durch schnelle und
reversible Addition des Alkohols an die ionisierte Doppel-
bindung des Radikalkations entsteht. Dieses Zwischenprodukt
ist aufgrund der exothermen Addition energetisch hoch ange-
regt und fragmentiert entweder durch Abspaltung eines Halo-
gensubstituenten als Abschluss der Substitution oder nach
Wasserstoffwanderungen durch Dissoziation in protonierten
Aldehyd und b-Halogenradikal als Oxidationsprodukte. Re-
versible Addition des Alkohols und Wasserstoffwanderungen
in einem langlebigen Additionsprodukt werden durch H/D-
Austauschreaktionen bei der Reaktion der Radikalkationen
von 1 und 5 experimentell nachgewiesen. Der vorgeschlagene
Mechanismus wird durch theoretische Berechnungen gestützt.
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Figure 1. Kinetic plots of the reaction of the radical cations of vinyl
chloride (1.�), and vinyl bromide (2 .�) with MeOH and EtOH. a) 1.�/
MeOH; b) 2 .�/MeOH; c) 1.�/EtOH; d) 2 .�/EtOH.


the case of ammonia and other N-nucleophiles both mono-
haloethenes undergo mainly halogen substitution besides
minor proton transfer, the product ion distribution of their
reactions with MeOH and EtOH differs significantly. Sub-
stitution of the halogen in 1.� and 2 .� by CH3OH and C2H5OH


gives rise to product ions C3H7O�, m/z 59, and C4H9O�, m/z
73, respectively, but these ions are observed with a high
abundance only during the reactions of the bromo derivative
2 .� . The main products at the end of the reaction of the chloro
ion 1.� (see Scheme 2) with MeOH are the ions m/z 33 (CH5O


Scheme 2. The main products at the end of the reaction of the chloro
ion 1.� .


by exact mass determination using high-resolution FT-ICR
mass spectrometry) and m/z 47 (C2H7O by exact mass
determination) or using EtOH as reactant the ions m/z 47
(C2H7O by exact mass determination) and m/z 75 (C4H11O by
exact mass determination). These ions are also formed during
the reactions of 2 .� with these alcohols, but only as side
products. In the case of MeOH the ion CH5O, m/z 33,
corresponds to protonated methanol MeOH2


�, and it is
known that this ion reacts further with MeOH to generate
protonated dimethyl ether Me2OH�, m/z 47.[9] Analogously, in
the EtOH reactions the ion C2H7O, m/z 47, corresponds to
protonated ethanol EtOH2


� which condensates with another
EtOH molecule to yield protonated diethyl ether Et2OH�,
m/z 75. These consecutive reactions of the protonated
alcohols ROH2


� are clearly visible in the kinetic plot of
Figure 1 by the sigmoidal shape of the intensity curves of the
respective protonated ether R2OH�. However, proton trans-
fer from the haloethene radical cation to the alcohols can not
be a primary reaction because MeOH (proton affinity (PA)�
754.3 kJ molÿ1)[10] and EtOH (PA� 776.4 kJ molÿ1)[10] are not
strong bases, and an estimation of the reaction enthalpy shows
that the deprotonation of 1.� and 2 .� by MeOH is endother-
mic for all possible halovinyl radicals. Indeed, a closer
inspection of the initial stages of the reaction reveals ions
CH3O�, m/z 31, and C2H5O�, m/z 45, respectively, as the
primary reaction products and the precursors of the proto-
nated alcohols. This especially apparent in the reactions of 1.�


with EtOH (see Figure 1c). As shown by their acidity the ions
CH3O�, m/z 31, and C2H5O�, m/z 45, correspond to proto-
nated formaldehyde and acetaldehyde, respectively. Thus, the
primary reactions of the vinyl halide radical cations 1.� and 2 .�


with MeOH and EtOH are nucleophilic substitution of the
halogen by an alcohol molecule and oxidation of the alcohol
to the respective protonated aldehyde.


The direct substitution of the halogen of the ionized vinyl
halides 1.� and 2 .� by MeOH and EtOH gives rise to O-
protonated vinyl methyl ether AH� and vinyl ethyl ether
BH�, respectively. By analogy with the mechanism of the
halogen substitution by N-nucleophiles,[7, 8] an addition/elim-
ination mechanism (Scheme 3) is suggested also for the
substitution reaction of 1.� and 2 .� with MeOH and EtOH.
The PA of vinyl ethers for O-protonation are experimentally


Table 1. Bimolecular rate constants, kbi , collision rate constants, kcoll , and
reaction efficiencies, eff, of the reactions of vinyl halide radical cations 1 .�


and 2 .� with MeOH and EtOH.


MeOH EtOH
radical cation kbi


[a] kcoll
[a] eff [%] kbi


[a] kcoll
[a] eff [%]


H2C�CHCl .�(1 .�) 7.2 20.1 36 11.6 19.5 60
H2C�CHBr.�(2 .�) 3.4 18.6 18 7.0 17.5 36


[a] � 10ÿ10 [cm3 moleculeÿ1 sÿ1].
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not available and can not be used for a determination of the
enthalpy of formation, DHo


f , of AH� and BH�. Therefore, the
enthalpy of reaction, DHo


r , both for the total reaction and the
individual reaction steps, was obtained by molecular orbital
calculation of relevant stationary points along the reaction
coordinate at the FC-UMP4(STDQ)/D95**//UHF/D95**
level of theory for odd electron species and FC-
MP4(STDQ)/D95**//RHF/D95** level for even electron
species. The results are given in Table 2, and the resulting
minimum energy reaction path (MERP) is shown in Figure 2.


Figure 2. Minimum energy reaction path for the substitution process of the
radical cation of vinyl chloride, 1.� , and MeOH (numbers indicate relative
enthalpy in kJ molÿ1).


According to these calculation the substitution of the Cl
atom of 1.� by MeOH is exothermic by 19 kJ molÿ1. The
experimental DHo


f of 2 .� exceeds that of 1.� by 28 kJ molÿ1,
and by the difference of the DHo


f a Br atom is 9 kJ molÿ1 more
stable than a Cl atom.[10] Using these differences of DHo


f of the
reactants and products of the substitution reaction of 1.� and


2 .� with MeOH, the latter re-
action is estimated to be dis-
tinctly exothermic by
56 kJ molÿ1. This increase in
exothermicity explains the ex-
perimentally observed preva-
lence of 2 .� for substitution,
since no extra activation barrier
is found by the ab initio calcu-


lation along the MERP of the substitution reaction. By
exchanging MeOH by EtOH in the reactions of 1.� and 2 .� it
is expected that the ethyl group stabilizes the ionic reaction
product BH� more than the neutral reactant alcohol.[11]


Therefore, the substitution reaction of 1.� and 2 .� with ETOH
are both expected to be slightly more exothermic than with
MeOH.


The addition of the alcohol to the ionized double bond gives
rise to two isomeric distonic adduct ions depending on the
regiochemistry of the addition. In analogy to the Markovni-
kov rule the product formed by addition of the alkoxy moiety
to the unsubstituted C atom of 1.� or 2 .� is denoted as the
Markovnikov adduct in which the radical site is stabilized by
the adjacent halogen. Hence, this adduct is more stable than
the anti-Markovnikov adduct in which the radical site
corresponds to a primary radical. In the case of the addition
of MeOH to 1.� the addition step is calculated to be very
exothermic (Markovnikov adduct 1 a(MeOH) .� by
103 kJ molÿ1; anti-Markovnikov adduct 1 b(MeOH) .� by
83 kJ molÿ1). In the diluted gas phase of the FT-ICR cell this
energy stays in 1 a(MeOH) .� and 1 b(MeOH) .� as excess
energy which is used to drive the further reaction of the
excited distonic ions. However, only the less stable
1 b(MeOH) .� is able to eliminated the Cl atoms without
further rearrangement. We found a transition state for the
interconversion of 1 a(MeOH) .� and 1 b(MeOH) .� corre-
sponding to a barrier of 35 kJ molÿ1. This barrier for an 1,2-
shift of MeOH is considerably smaller than the barrier of
115 kcal molÿ1 obtained for the 1,2-shift of the NH3 group in
the adducts of NH3 to 1.� .[7b] A 1,2-shift of H2O in the adduct
of H2O and ethene radical cation is known to occur through
re-dissociation into an ion/neutral complex and not through a
transition state.[12] An analogous complex may be involved
also in the interconversion of 1 a(MeOH) .� and 1 a(MeOH) .� .
In any case, isomerization between the two adducts is fast
because they are highly excited by the exothermic addition
step. Therefore, it is remarkable that oxidation of the alcohols
by a formal hydride transfer to the vinylic radical cations and
production of protonated aldehydes competes successfully
with substitution.


Protonated aldehydes and ketones, that is, hydroxycarbe-
nium ions, are abundant fragment ions in the electron
ionization mass spectra of alcohols. However, the generation
of these ions during the reactions of 1.� and 2 .� with alcohols
via oxidation by direct electron transfer and subsequent
fragmentation of the molecular ions of the alcohols is
excluded because of the large difference between the ioniza-
tion energies (IE) of the vinyl halides 1 and 2 and MeOH or
EtOH.[10] The oxidation of MeOH and EtOH to protonated
aldehydes by the vinyl halide radical cations 1.� and 2 .� occurs


Scheme 3. Addition/elimination mechanism suggested for the substitution reaction of 1.� and 2 .� with MeOH
and EtOH.


Table 2. Ab initio calculation for the construction of the MERPs of the
reaction of vinyl chloride radical cation, 1 .� , and MeOH.


FC-(U)MP4/(STDQ)/D95** ZPE Etherm


[hartree] [kJ molÿ1] [kJ molÿ1]


H2C�CHCl .� (1 .�) ÿ 537.0348188 117 127
MeOH ÿ 115.4352078 145 157
1a(MeOH) ÿ 652.5133765 277 295
1b(MeOH) ÿ 652.5051894 273 291
1c(MeOH) ÿ 652.5023446 278 294
H2C�CHÿO�(H)CH3 ÿ 192.912873 272 286
Cl . ÿ 459.5681221 0 4
TS(MeOH shift) ÿ 652.4973731 267 287
H3CÿCHCl . ÿ 537.9560795 147 157
ClH2CÿCH2


. ÿ 537.9507668 145 157
H2C�OH� ÿ 114.5157816 115 123
TS(H shift) ÿ 652.4614882 266 281
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by hydride abstraction specifically from the a-C atom.
Enthalpies of formation, DHo


f , are known for the reactants
vinyl halide radical cation 1.� or 2 .� and MeOH or EtOH as
well as for the final products chloroethyl radical or bromo-
ethyl radical and protonated formaldehyde or protonated
acetaldehyde.[10, 13] These data have been used to calculate the
enthalpy of reaction, DHr, of the oxidation.[14] The results
show that hydride transfer from MeOH to 1.� is exothermic
by 13 kJ molÿ1 only if the more stable 1-chloroethyl radical is
formed (see Scheme 4). Similarly, the hydride transfer from


Scheme 4. Hydride transfer reaction.


MeOH to 2 .� is exothermic by 8 kJ molÿ1 only for formation
of the 1-bromoethyl radical. Thus, oxidation of MeOH by
hydride transfer to 1.� is about as exothermic as substitution
of the Cl atom, while in the case of 2 .� substitution of the Br
atom is distinctly more exothermic than the oxidation. This is
in line with the experimental observation that oxidation is
much more effective in the reactions of 1.� while substitution
is the main reaction of 2 .� . Because of some ambiguity of the
experimental DHo


f of 1.� and AH� the enthalpy of reaction of
hydride transfer and the DHo


f of relevant stationary points
along the MERP (see below) have been calculated by
molecular orbital theory at the same level as for substitution.
The results are included in Table 2 and the resulting MERP is
shown Figure 3. By these calculations the hydride transfer


Figure 3. Minimum energy reaction path for the oxidation process of the
radical cation of vinyl chloride, 1.� , and MeOH (numbers indicate relative
enthalpy in kJmolÿ1).


from MeOH to 1.� under formation of CH2�OH� and the
1-chloroethyl radical is exothermic by 4.8 kJ molÿ1, in good
agreement with the value derived from the selected exper-
imental values.[14] For EtOH as reactant the hydride transfer is
calculated from the available experimental data to be strongly


exothermic both for 1.� (DHo
r �ÿ92 kJ molÿ1) and 2 .�


(DHo
r �ÿ87 kJ molÿ1) for the formation of an 1-haloethyl


radical and even exothermic for the formation of a b-
haloethyl radical as the neutral product.


In principle the mechanism of the oxidation process can
either correspond to a direct (ªtrueº) hydride transfer from
the alcohol to the alkene radical cation or to a separate
transfer of an electron and a hydrogen atom (or even
something ªin betweenº), spanning a mechanistic scenario
from a synchronous process to a stepwise process (Scheme 5).


Scheme 5. Mechanistic reaction pathway.


However, in contrast to hydride abstraction by carbenium
ions a significant energy barrier is expected for a hydride
abstraction by a radical cation.[15] The total oxidation process
is only slightly exothermic but nevertheless competes with
exothermic substitution. Therefore, a direct hydride transfer
which is handicapped by an additional activation barrier is not
likely to occur. The alternative, a two-step mechanism,
requires under the conditions of a diluted gas phase of an
FT-ICR cell that the two reaction steps occur in a single
collision complex. There is no chance for the second step to
proceed if the products of the first step escape from the
complex, and the ionic primary products would be detected in
the mass spectrum. Several examples of ion-molecule reac-
tions involving multi-step mechanisms are known which
proceed in a single long-lived collision complex.[16] As
mentioned before, charge exchange between 1.� or 2 .� and
MeOH or EtOH is strongly endothermic (47 ± 98 kJ molÿ1),
and it is very unlikely that the energy released during the
complex formation between 1.� or 2 .� and MeOH or EtOH is
large enough to compensated this endothermicity to allow
electron transfer as the initial step within the complex. The
attempt to calculate the unknown complexation energy
between 1.�and MeOH by ab initio methods failed because
immediate collapse of the complex to the distonic addition
product. The other possible two-step mechanism mediated by
a long-lived collision complex is hydrogen atom abstraction
from the a-CH2 group of MeOH or EtOH by the radical
cation 1.� or 2 .� and electron transfer in the complex of the
products of this step, the a-hydroxyalkyl radical and the
halogen substituted ethyl cation, to generate the final
products. The DHo


f of haloethyl cations C2H4Cl� and C2H4Br�


have been determined by appearance energy determination
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using photoionization and energy resolved electron impact,[17]


but have not included into the NIST data base ref. [10]
because of some ambiguity in the DHo


f of the neutral
precursors and in the structure of the ions.[17b] In the case of
cation C2H4Cl� it has been proven, that the most stable isomer
corresponds to the a-chloroethyl cation CH3CHCl�.[18] Ac-
cepting the published values of DHo


f (CH3CHCl�) of 828[17a] ±
833 kJ molÿ1[17b] the hydrogen abstraction from MeOH by 1.�


is endothermic by at least 39 kJ molÿ1, which again has to be
compensated for by the energy released during complex
formation between 1.� and MeOH. Thus, also the second
pathway of a complex-mediated mechanism of the formal
hydride transfer is unlikely, although it cannot be rigorously
excluded. However, there is in another a multi-step mecha-
nism in which the reactants are first covalently bonded in the
initial step followed by electron and hydrogen transfer in this
intermediate, which is depicted in Scheme 5. In fact, this
intermediate corresponds to the b-distonic oxonium ion
1 b(MeOH) .� which is also generated in the first step of the
substitution process by nucleophilic addition of the aliphatic
alcohol with anti-Markovnikov orientation to the double
bond of the ionized vinyl halide 1.� or 2 .� . Subsequent
internal H abstraction by the radical site converts the
energetically excited b-distonic ion eventually into an a-
distonic oxonium ion 1 c ´ (MeOH) .� which fragments into the
final products haloethyl radical and protonated aldehyde. This
mechanism is attractive because it involves the same inter-
mediate, which is generated in the collision complex of the
reactants without an activation barrier, both for substitution
and oxidation accounting for the effective competition
between both reactions. Further, hydrogen rearrangements
as depicted in Scheme 5 are common in energetically excited
distonic ions, in particular if more stable a-distonic ions are
generated.[19]


We searched by ab initio methods for a transition state for
the 1,4-H shift 1 b(MeOH) .�! 1 c(MeOH) .� . Using FC-
UMP4(STDQ)/D95**//UHF/D95** an activation barrier of
97 kJ molÿ1 was found (Table 2). As can be seen from the
representation of the calculated MERP in Figure 3, this
transition state exceeds the energy level of the reactants by
14 kJ molÿ1 which would make the total oxidation process of
MeOH by 1.� very slow. However, the reliability of the DDHo


f


of transition states obtained by the molecular orbital calcu-
lation at the present level of theory is probably only
�20 kJ molÿ1 for open shell systems. Indeed, a preliminary
calculation of the energy of the transition state of the 1,4-H
shift using a larger basis set than D95** lowers the activation
barrier by about 13 kJ molÿ1.[20] Thus, the activation energy for
the 1,4-H shift may be in fact somewhat lower than originally
calculated which allows competition between substitution of
Cl and oxidation by a formal hydride transfer as observed
experimentally.


To get some experimental information about hydrogen
rearrangements during the oxidation of aliphatic alcohols by
the vinyl halide radical cations, the reactions of the radical
cation of trideuterated vinyl chloride [D3]1


.� with MeOH and
of 1.� with 1,1,1-trideuteromethanol [D3]MeOH were studied.
In the first case only primary product ions CH2�OH� and
subsequently secondary ions CH3OH2


� were observed, while


in the second case only ions CD2�OH� and CD3OH2
� are


detected, confirming experimentally the absence of any direct
proton transfer from 1.� to MeOH. However, in reaction of
1.� with [D3]MeOH ions C2H2DCl .� are observed at 1 ± 4 s
reaction time, although only in low abundances of 2 ± 4 %.
These deuterated ions disappear at longer reaction times by
reaction with [D3]MeOH, but it is clear that they have been
generated by H/D exchange of the vinyl chloride radical
cations with the trideuteromethyl group of the neutral
reactant during the reaction. Besides H/D exchange this
result proves unambiguously a reversible first step which is in
complete agreement with the suggested mechanisms for the
halogen substitution reaction and alcohol oxidation.


Reaction of dihaloethene radical cations 3 .� , 4 .� ,5 .� and 6 .� :
The rate constants, kbi , and reaction efficiencies, eff, of the
reactions of the radical cations of 1,2-dichloroethene (3 .�)
(mixture of cis/trans isomers),[21] of 1,2-dibromoethene (4 .�)
(mixture of cis/trans isomers), of 1,1-dichloroethene (5 .�) and
of 1,1-dibromoethene (6 .�) with MeOH and EtOH are
collected in Table 3, and the kinetic plots of the reactions of
5 .� with MeOH and EtOH and 6 .� with MeOH are shown in
Figure 4.


The radical cations 3 .� and 4 .� do not react at all with
MeOH, very likely because the expected reactions are
endothermic. This is confirmed by estimation of DHo


r for the
oxidation by hydride transfer for the dichloro derivative 3 .� ,
for which the DHo


f of the relevant species are available in the
literature.[22] From these data the oxidation of MeOH by
hydride transfer to 3 .� is endothermic by about 42 kJ molÿ1


(and remains endothermic even if the uncertainties of the data
are taken into account). One can assume by comparison with
the reactions of 1.� and 2 .� that substitution of a Br atom by
MeOH is energetically more favorable by about 30 kJ molÿ1,
but this decrease of the enthalpy of reaction is obviously not
enough to allow an efficient reaction between the 1,2-dibromo
derivative 4 .� and MeOH. In contrast to the reactions with
MeOH, both 3 .� and 4 .� carry out reactions with EtOH,
although with very different efficiency and with different
main products. As discussed before, hydride abstraction from
EtOH is much more energetically favorable than from
MeOH, accordingly 3 .� reacts with EtOH exclusively by
oxidation via hydride transfer. The reaction is fast with an
efficiency of 22 % and is estimated to be exothermic by about
37 kJ molÿ1.[23] In contrast, the total reaction of the 4 .� with
EtOH is slow with an efficiency of only 4 %, and the main


Table 3. Bimolecular rate constants, kbi , collision rate constants, kcoll , and
reaction efficiencies, eff, of the reactions of dihaloethene radical cations
3 .� ± 6 .� with MeOH and EtOH.


MeOH EtOH
radical cation kbi


[a] kcoll
[a] eff [%] kbi


[a] kcoll
[a] eff [%]


ClHC�CHCl .�(3 .�) nr[b] 3.8 17.6 22
BrHC�CHBr.�(4 .�) nr[b] 0.7 16.2 4
H2C�CCl2


.�(5 .�) 1.6 18.3 8 7.2 17.6 41
H2C�CBr2


.�(6 .�) 0.9 17.6 6 6.5 16.2 40


[a] � 10ÿ10 [cm3 moleculeÿ1 sÿ1]. [b] nr� no reaction.
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Figure 4. Kinetic plots of the reaction of the radical cations of 1,1-
dichloroethene (5 .�), and 1,1-dibromoethene (6 .�), with MeOH and EtOH.
a) 5 .�/MeOH; b) 6 .�/MeOH; c) 5 .�/EtOH.


reaction pathway is substitution of one bromo substituent.
This is in line with the expectation, that a hydride abstraction
by 4 .� is more endothermic because a reduced stabilization of
the resulting alkyl radical by the Br substituent, and that
substitution of Br is energetically more favorable than that of
Cl. However, the small reaction efficiency indicates that even
in the case of 4 .� substitution is thermoneutral or even slightly
endothermic.


The 1,1-dihaloethene radical cations 5 .� and 6 .� undergo
slow reactions with MeOH and fast reactions with EtOH.
With the latter reactant only oxidation of EtOH by hydride
abstraction is observed, and no product ions of substitution
are detected. With MeOH, the 1,1-dichloro derivative 5 .�


reacts only by a hydride transfer, while the 1,1-dibromo
derivative 6 .� yields mainly protonated bromovinyl methyl
ether CH2�CBr-OH�-CH3, by substitution. The hydride
transfer from EtOH to 5 .� exhibits a reaction efficiency of
22 % and that from MeOH only 8 %, in agreement with an
estimation of the reaction enthalpy of these two processes of
ÿ63 kJ molÿ1 and �15 kJ molÿ1, respectively. Unexpectedly,
the reaction of 5 .� and MeOH is not complete, as can be seen
from the kinetic plot in Figure 4, but finishes at 60 ± 70 %
conversion. This effect is discussed in a separate paper,[24]


where it is proven that the unreactive fraction of ions
C2H2Cl2


.� generated from 5 .� consists of the isomeric 1,2-
dichloroethene radical cation 3 .� . This unprecedented rear-
rangement of an organic radical cation by 1,2-H and 1,2-Cl
shifts occurs parallel to the slow reaction of 5 .� with MeOH


and is catalyzed by MeOH. However, it should be noted that
this effect is observed specifically for the reaction of 5 .� with
MeOH, and neither in the reaction of 5 .� with EtOH nor in
the reactions of the 1,1-dibromo derivative 6 .� with both
alcohols.


The differences of the preferred reaction channel (halogen
substitution versus oxidation by hydride transfer) observed
for dichloroethene and dibromoethene radical cations 3 .� ,
4 .� , 5 .� , and 6 .� as well as the effects of using MeOH or EtOH
as the neutral reactant can again be understood by the
different effects of the Cl and Br substituent on the enthalpy
of the two reaction channels competing for the fragmentation
of the distonic ion generated in the first reaction step by
nucleophilic addition of the alcohol to the ionized dihalo-
ethene (Scheme 6).


Scheme 6. Reaction step leading to ionized dihaloethene.


On the one side, EtOH instead of MeOH reduces definitely
the reaction enthalpy for hydride transfer from the a-C atom
while only a small effect on the reaction enthalpy of the
substitution is expected. Thus, all dihaloethene radical cations
with exception of the 1,2-dibromo derivative 4 .� undergo a
fast reaction with EtOH by hydride abstraction and formation
of protonated acetaldehyde. A Br substituent stabilizes the
haloalkyl radical, which is the neutral product of the hydride
transfer, less than a Cl substituent. Thus, at least two geminal
Br substituents as in 6 .� are necessary to make hydride
transfer from EtOH exothermic owing to the concomitant
formation of an 1,1-dibromoethyl radical. Therefore, 4 .� ,
which produces a haloethyl radical with only one Br
substituent at the radical site, shows only minor hydride
abstraction from EtOH. On the other side, substitution of Br
by the alcohol is energetically favored over substitution of Cl.
As a consequence 4 .� reacts slowly with EtOH by substitu-
tion. Similarly, neither a single chlorine nor a single bromine
substituent at the radical site stabilizes the haloalkyl radical
enough to make the hydride abstraction from MeOH
exothermic. Hence, no reaction is observed between 3 .� or
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4 .� and MeOH, and in the case of the 1,1-dihaloethene radical
cations and MeOH only the 1,1-dichloro derivative 5 .� reacts
slowly by hydride transfer and formation of protonated
formaldehyde, while the main reaction path of the 1,1-
dibromo derivative 6 .� is substitution. These effects demon-
strate again a direct competition between substitution and
oxidation also of the dihaloethene radical cations, as predicted
by the suggested mechanism with the addition product as the
common intermediate for both reactions.


The slow reaction of the 1,1-dihaloethene radical cations 5 .�


and 6 .� with MeOH give the chance to examine the reaction
mechanism further by using [D3]MeOH and MeOD as
reactants. The mechanistic picture developed so far for the
reactions of haloalkene radical cations with nucleophiles
postulates as a first reaction step a fast exothermic and
reversible addition of the nucleophile to the ionized double
bond. The reactions of 5 .� and 6 .� with MeOH are slow
because the final reaction steps are only slightly exothermic or
even endothermic. However, the initial addition of MeOH
which generates the distonic oxonium ion should be similar
exothermic as for the monohaloethene radical cations 1.� and
2 .� . Thus, the small efficiencies of the total reaction of 5 .� and
6 .� with MeOH imply a high reversibility of the first addition
step and the possibility that the excited distonic intermediate
undergoes reversible hydrogen atom migrations before dis-
sociation back to the reactants. Obviously this is the case for
5 .� as shown by the kinetic plot of its reaction with [D3]MeOH
in Figure 5. During this reaction the consecutive formation of


Figure 5. Kinetic plot of the reaction of the radical cation of 1,1-
dichloroethene (5 .�) with [D3]MeOH.


C2HDCl2
.� and C2D2Cl2


.�[25] in substantial abundances up to
20 % is observed. This proves unambiguously that a reversible
addition of [D3]MeOH to 5 .� occurs initially and that the b-
distonic intermediate formed lives long enough for H/D-
exchange reactions to occur before dissociation back to
reactants. Further, no H/D-exchange is observed during the of
5 .� with MeOD, as expected from the proposed reaction
mechanism.


Interestingly, no H/D exchange is observed during the
reaction of the 1,1-dibromo derivative 6 .� with [D3]MeOH.
This reaction results mainly in substitution of one bromine
atom of 6 .� and oxidation by hydride abstraction is a minor
process. However, an H/D-isotope effect on the branching
ratio is observed for [D3]MeOH as reactant. The branching
ratio of substitution versus oxidation of 1.9:1 in the case of
MeOH increases to 5.3:1 in the case of [D3]MeOH, corre-


sponding to a H/D-isotope effect of 2.8 which is very likely
only due to the hydride abstraction. This isotope effect shows
that the hydrogen rearrangement of the b-distonic intermedi-
ate into the a-distonic oxonium ion, which precedes directly
the dissociation into the products of the hydride transfer
reaction, is the rate limiting step of the oxidation of MeOH by
6 .� . In this case no H/D-exchange is expected to accompany
the hydride transfer reaction of 6 .� .


Conclusion


The study of the ion-molecule reaction of mono- and
dihaloethene radical cations with MeOH and EtOH as simple
O-nucleophiles adds further information to the understanding
of the reactivity of unsaturated organic radical cations
towards nucleophiles. The typical reaction of these radical
cations is the substitution of a halogen substituent by the
nucleophile, and this has been proven to proceed by an
addition/elimination mechanism. In the case of alcohols as
weak O-nucleophiles the substitution reaction has to compete
with oxidation of the primary alcohols to the corresponding
protonated aldehydes. Formally, this oxidation corresponds to
the transfer of a hydride ion to the haloethene radical cation.
However, it is suggested that the oxidation takes place as an
ªinner sphereº process to account for the experimental
results, in particular for the exchange between the hydrogens
of the haloethene radical cation and of the methyl group of
MeOH which is proved by using [D3]MeOH as reactant.
According to this mechanism the oxidation involves three
reaction steps. In the first step the same b-distonic oxonium
ion as for the substitution process is formed by addition of the
alcohol to the ionized double bond. However, instead of a
fragmentation by loss of a halogen substituent the b-distonic
intermediate rearranges in the second step by hydrogen atom
migration into an a-distonic ion which eventually dissociates
in the third step into the protonated aldehyde and a halolethyl
radical as the oxidation products. In the case of the reaction of
ionized vinyl chloride 1.� with MeOH the stationary points
along the MERP of this mechanisms as well as the MERP of
the substitution process have been calculated by ab initio
methods, and the results agree reasonably with the suggested
mechanisms. In particular, no activation barrier has been
found for the addition of the O-nucleophile to the ionized
C�C double bond, in complete analogy to the addition of
N-nucleophiles. Using EtOH as reactant instead of MeOH
makes the oxidation process considerably more energetically
favorable, and in addition the activation barrier for the
rearrangement of the a-hydrogen in the distonic intermediate
is considerably reduced. Consequently, the oxidation of EtOH
by the formal hydride transfer dominates the reaction with
most of the haloethene radical cations studied. Substituting
the chlorine atom of the haloethene radical cation by a
bromine atom influences predominantly the substitution by
decreasing the enthalpy of reaction for this process. By these
two effects the variation of the total rate constants of the
haloethene radical cations and of the branching ratio between
substitution and oxidation can be understood.
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Finally it should be emphasized that the ion-molecule
reactions of the haloethene radical cations with simple
aliphatic alcohols are a further instructive example of the
importance of the fragmentation of an energetically excited
intermediate which is generated by the addition of an electron
rich partner to the ionized double bond of the alkene
derivative. Ab initio calculation demonstrate that this addi-
tion step is very exothermic in the reactions studied here,
although not so much as in the case of the N-nucleophiles
studied before. However, the total reactions of the haloethene
radical cations 1.� ± 6 .� in particular with MeOH are only
moderately exothermic or even slightly endothermic. Thus,
the rate constants and the outcome of these reactions are
much more affected by variations of the enthalpy of reaction
than in the case of the reaction with N-nucleophiles.


The fact, that the gas phase ion-molecule reactions of the
haloethene radical cations are controlled by an energetically
excited intermediate is of importance if the present results are
used to predict or understand the same reactions in solution.
No activation barrier has been observed for the addition step,
hence one can expect fast formation of the b-distonic addition
product also in solution. However, deactivation of excited
species is fast in solution. Therefore, the b-distonic inter-
mediate should be trapped as a reactive but long-lived species
in solution. In the case of the reaction of the alkene radical
cations with alcohols the reactive centers of the b-distonic
intermediate correspond to an alkyl radical and a protonated
ether. Therefore, deprotonation is a very likely follow-up
reaction in solution which leaves a b-alkoxy radical as the
reactive species. The final fate of this radical will depend on its
individual structure, but in most cases hydrogen abstraction
by the radical will be the final step yielding the adduct of the
alcohol as the final product.


Experimental Section


Compounds : Vinyl chloride (1) (99.5 %), vinyl bromide (2) (98 %), 1,2-
dichloroethene (3) (mixture of cis/trans isomers, >97%), 1,2-dibromo-
ethene (4) (mixture of cis/trans isomers, >97 %), 1,1-dichloroethene (5)
(>97%) as well as methanol and ethanol (>99.5 %, Merck) used as the
neutral reagent are commercially available as pure compounds and were
used without further purification. 1,1-Dibromoethene (6), which slowly
polymerizes upon storage, was freshly prepared from 1,1,2-tribromoethane
as described in ref. [7d].


FT-ICR spectrometry : Ion-molecule reactions were investigated with a
Spectrospin Bruker CMS 47X FT-ICR instrument[26] equipped with 4.7 Te-
sla magnet, an external EI/CI-ion source[27] and a cylindrical ICR Infinity
cell.[28] The radical cations C2H3X


.� and C2H2X2
.� (X�Cl, Br) were


generated in the external ion source by electron impact at a nominal
electron energy of 18 ± 27 eV. All ions formed were transferred into the FT-
ICR cell containing the respective alcohol at an appropriate constant
background pressure of 10ÿ8 ± 10ÿ7 mbar. The ions were isolated by
applying a broad band ejection (ªchirp ejectionº, 88 Vp±p, 80 ms) followed
by a series of single frequency pulses (ªsingle shotsº, 14 Vp±p, 1.6 ms) to
select only one isotopomer of 12C2


1H3X
.� and C2H2X2


.� (X� 35Cl or 79Br, if
not stated otherwise). The isolated radical cations were thermalized by
collision with argon introduced into the ICR cell by a pulsed valve as
described before.[7c] After a delay time of 500 ms for removing argon any
fragment ions or product ions formed during the cooling period were
ejected again by single shots, and special care was taken to avoid any
translational excitation of the isolated vinyl halide radical cations during
this procedure. The time for the reaction of ions CH2�CHX .� with the


alcohol was varied from 1.5 ms to 15 s. Then, all ions in the FT-ICR cell
were excited by an frequency sweep of 88 Vp±p with a step width of 7.8 kHz
and an excitation pulse time of 8 ms. The mass spectra were recorded by
32 K data points for 20 ± 30 different reaction times. Each mass spectrum is
the average of at least 16 data acquisition sequences. After exponential
multiplication of the time domain signal and Fourier transformation the
peak intensities of the magnitude spectra were normalized to the sum of all
ion detected at that reaction time and plotted versus the reaction time
(ªkinetic plotº).


The pseudo-first order rate constants kexp were obtained from the slope of a
logarithmic plot of the relative reactant ion intensity versus the reaction
time and the bimolecular rate constants kbi were calculated by taking into
account the number density of ammonia in the FT-ICR cell. The number
density was calculated from the pressure of the neutral reagent gas in the
FT-ICR cell which was measured by an ion gauge located between the FT-
ICR cell and the turbomolecular pump. The readings of the ion gauge were
corrected for the sensitivity of respective alcohol as the neutral gas,[29] and
the pressure within the FT-ICR cell was calibrated by measuring the rate
constant for NH3


.��NH3!NH4� .NH2 (kbi� 21� 10ÿ10 cm3 moleculeÿ1


sÿ1[30]). The normalized efficiency (in %) of the ion-molecule reaction is
given by kbi/kcoll� 100, where the collision rate constant kcoll was calculated
using the method of Su and Chesnavich.[31] The reproducibility of the
experimental rate constants is very good, but the error of the absolute rate
constants obtained by the procedure was estimated to about 30 % mainly
because of the uncertainty of the measurement of the partial pressure of the
neutral reactant within the FT-ICR cell.


Computational details : Ab initio molecular orbital calculations were
performed by the GAUSSIAN 92 program[32] on a RS/6000 workstation or
a SNI S600/20 computer. The geometries of all species were fully optimized
at the Hartree ± Fock level with the D95** basis set[33] using gradient
procedures.[34] For double-zeta level calculations a Huzinaga basis set[35] for
the bromine atom (13s10p4d/6s5p2d) was used with an additional
d-function exponent of 0.389. The spin-unrestricted Hartree ± Fock formal-
ism was used for the open shell radical cations and the restricted Hartree ±
Fock formalism for the closed shell species. Harmonic vibrations were
computed to characterize properly the stationary points on the potential
energy hypersurfaces as minima (for equilibrium structures) or first order
saddle points (for transition state structures) and to estimate the zero-point
vibrational energy E 0


vib. The latter energy was scaled by an empirical factor
of 0.9 to correct the systematic overestimation of vibrational frequencies by
the Hartree ± Fock calculations.[36] The frozen core approximation FC-
(U)MPn was used for all perturbation calculations. Single point calcula-
tions were performed at the (U)MP4(SDTQ)/D95** level of theory.
Unfortunately, a spin unrestricted wave function may contain contributions
from unwanted spin states which distort the potential hypersurface. For
that reason spin projected FC-UMP4 energies (PMP4) have been
calculated to obtain improved values of the potential energy. The absolute
energy was corrected for the zero-point vibrational energy to calculate the
reaction enthalpy DH 0


r at 0 K. The enthalpies of formation, DH 298
f at 298 K


were derived from the corresponding calculated values of DH 0
f using


standard statistical thermodynamics.[37]
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Unique Structural Properties of the Mg ± Al Hydrotalcite Solid Base Catalyst:
An In Situ Study Using Mg and Al K-Edge XAFS during Calcination and
Rehydration**


Jeroen A. van Bokhoven,* Jules C. A. A. Roelofs, Krijn P. de Jong,
and Diek C. Koningsberger[a]


Abstract: The changes in the layered
structure of Mg ± Al hydrotalcite (Mg/
Al� 2) during heat treatment have been
investigated by using in situ XAFS
simultaneously at the Mg and Al
K-edges. The development of unique in
situ instrumentation allowed the coordi-
nation environments at both the Mg and
Al centers to be monitored as a function
of the temperature and heat treatment.
The results of this study show that the
hydrotalcite structure is highly flexible,
and should lead to the further develop-
ment of hydrotalcites as new solid basic
catalysts. Moreover, the Mg and Al
cations in the cation layers show differ-
ent behavior as a function of temper-
ature. The coordination of some octahe-


dral Al ions decreases already at a
temperature of 425 K, whereas the co-
ordination about Mg does not show any
modification at this temperature. How-
ever, hydrotalcite treated at 425 K, fol-
lowed by cooling down to room temper-
ature resulted in a complete reversal to
the original octahedral Al coordination.
It is proposed that AlÿOH bond break-
age occurs at �425 K, without the
evolution of H2O. This bond is restored
after cooling to room temperature. The
actual dehydroxylation of hydrotalcite


commences between 425 and 475 K, as
indicated by a change in coordination of
both the Mg and Al centers. This is
accompanied by the evolution of H2O
molecules and the changes are hence
irreversible without the presence of
excess water. Heat treatment at 725 K
leads to the development of an MgO-
like phase (octahedral Mg) and a mixed
octahedral/tetrahedral Al phase. A sub-
sequent rehydration at room temper-
ature entirely restores the original coor-
dination about the Al and Mg centers of
hydrotalcite to a distance of 15 �, to
which XAFS spectroscopy is sensitive.Keywords: EXAFS spectroscopy ´


heterogeneous catalysis ´ hydrotal-
cite ´ solid bases


Introduction


Hydrotalcites (HTs) and structures derived therefrom have
many applications that are related to their structural proper-
ties.[1] Recently, modified HTs have proven to be active in the
coupling of various ketones and aldehydes in base-catalyzed
aldol condensation reactions,[2, 3] such as the condensation of
citral and acetone to yield pseudoionone, which is an
industrially important intermediary for the production of
vitamin A. Usage of a solid base catalyst instead of the
currently applied homogeneous alkaline bases makes reuse of
the catalyst possible, leading to a reduction of waste streams.
Furthermore, modified HTs display high activity already at


low temperatures. These properties make HT-like compounds
promising catalysts for commercial use.


The structure and the related activity of HT-like com-
pounds are strongly related to the applied heat treatment.[3, 4]


A calcination step at high temperature (723 ± 773 K) followed
by a rehydration step at room temperature yields a highly
active catalyst for the catalytic reactions mentioned above. An
understanding of the processes leading to an active catalyst,
demands detailed knowledge of the structural changes in HT
during heat treatment.


Hydrotalcite, [Mg6Al2(OH)16](CO3) ´ 4H2O, is a layered
double hydroxide (LDH). LDH structures are related to that
of brucite, Mg(OH)2, in which the Mg cations occupy the
centers of hydroxy octahedra. These octahedra are joined
along their edges, forming a layered structure, composing
hexagonal platelets.[1] In hydrotalcite some of the Mg2� ions
are replaced by Al3� ions, inducing a net positive charge in the
cation layers. Charge-balancing anions (usually CO3


2ÿ) and
water molecules are present in the interlayers.


X-ray diffraction (XRD), 27Al MAS NMR, IR, thermal
gravimetric analysis (TGA), and CO2 temperature program-
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med desorption (TPD) are often used techniques to deter-
mine the structure of HTs. It is well documented that for HTs,
physisorbed and interstitial water is removed at temperatures
above approximately 325 K and 460 K, respectively. At higher
temperatures the HT undergoes dehydroxylation and decar-
boxylation, giving rise to H2O and CO2 evolution. XRD
indicates the formation of an MgO-like phase at temperatures
above 725 K,[5] and in addition, at those temperatures, an
amorphous Al2O3 phase is formed. Above about 1100 K the
normal spinel MgAl2O4 appears.[6]


27Al MAS NMR spectroscopy[7, 8] shows that the coordina-
tion of Al is lowered from octahedral to tetrahedral after
calcination above 500 K. This process already commences at
relative low temperatures. Rehydration of the calcined
product at room temperature results in a restoration of the
original structure, which is both shown with XRD and 27Al
MAS NMR spectroscopy. XRD indicates a return of the
platelike structure and the NMR spectrum indicates the
reappearance of octahedrally coordinated Al centers. This so-
called memory effect is lost after calcination above 773 K, due
to the formation of the stable spinel MgAl2O4.[1] A calcina-
tion ± rehydration cycle yields a modified HT with mainly
OHÿ ions as charge-balancing anions. Repeated calcination ±
rehydration cycles result in the segregation of Al from the
cation layer and in the formation of spinel MgAl2O4.[9] Until
now, little is known about the changes in the coordination at
the Mg centers during heat treatment and subsequent
rehydration. One 25Mg MAS NMR study on hydrotalcite
calcined to various temperatures shows the formation of a
poorly crystalline MgO phase after calcination above 675 K.[7]


To be able to understand and therefore to optimize the
activation process, in situ characterization is a necessity.
Recent instrumental development[10, 11] has enabled in situ
measurements by X-ray absorption fine structure spectros-
copy (XAFS) at the Mg and AlK-edges. XAFS at the Al and
Mg K-edges provides electronic and geometric information
about these elements. The different coordinations at Mg and
Al can clearly be distinguished by the appearance of
characteristic features in the near-edge spectra.[12] HT-like
compounds have been studied by using XAFS spectroscopy,
however, application of in situ studies was until now restricted
to heavy elements.[13]


In this study, structural information of both Mg and Al is
obtained by measuring the Mg and AlK-edges under in situ
(at elevated temperature) and ex situ (at room temperature
after previous treatment in the laboratory) conditions. It will
be shown that large differences exist between the results
obtained by in situ and ex situ studies of the samples. Changes
in coordination due to calcination and rehydration of hydro-
talcite with Mg/Al� 2 will be discussed. Unique information
can be obtained since the coordinations of the Al and Mg
centers are determined in the same in situ experiment.


Results


Mg reference compounds


Figure 1 shows the Mg K-edge spectra of the reference
materials having different Mg coordinations. The spectrum
of MgAl2O4 was digitized from reference [14]. The position of


Figure 1. Mg K-edge spectra of reference compounds having tetrahedrally
and octahedrally coordinated Mg centers.


the absorption edge in the spectrum of tetrahedral Mg in
MgAl2O4 is lower in energy than the absorption edge in the
spectrum of octahedral Mg. In the spectrum of Mg(OH)2, a
slowly rising edge is visible. However, the first maximum
appears at approximately the same energy as the first
maximum in the spectrum of MgO. These reference com-
pounds show Mg K-edge spectra that are very similar to
earlier reported data.[14]


Al reference compounds


The Al K-edge spectra of reference compounds containing
tetrahedral and octahedral Al, respectively, are presented
in Figures 2 a and 2 b, respectively. These spectra and the


Figure 2. Al K-edge spectra of reference compounds having tetrahedrally
(a) and octahedrally (b) coordinated aluminum centers.







FULL PAPER J. A. van Bokhoven et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1260 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61260


relationship between the characteristic features (indicated by
arrows) in the spectra and the structure of the samples have
been discussed extensively elsewhere.[12, 15, 16, 17, 18] It was con-
cluded that the characteristic features in the near-edge spectra
are indicative of different Al coordinations in the com-
pounds.[12] Criteria that can be used, are: 1) energy position of
the edge, 2) intensity in the near-edge region, 3) shape of the
whiteline, and 4) peaks at specific energy, including pre-edges.
These different characteristic features are evident in Figures
2 a and 2 b. In general, an octahedral compound shows two
resonances above the absorption edge at 1568 and 1572 eV,
whereas a tetrahedral compound shows a single sharp rising
edge at 1566 eV. Moreover, the near-edge in a spectrum of an
octahedral compound has higher intensity than the near-edge
for a tetrahedral compound. A broad peak at 20 eV above the
absorption edge is visible in Al K-edge spectra of tetrahedral
compounds. It is emphasized here that the near-edge region
(0 ± 15 eV above the edge) in the Al K-edge spectra is
determined by long-range multiple scattering.[19] Thus, the
fine structure and peaks that appear in the spectra in this
energy range are determined by ordering of the structure in
the range 0 ± 15 � around the absorber.


As-synthesized hydrotalcite


Figure 3 shows the Mg and Al K-edge near-edge spectra of
the as-synthesized hydrotalcite (HTa.s.). The energy scales of
these spectra are aligned on the first maximum in the spectra,


Figure 3. Mg and Al K-edge spectra of as-syntehsized hydrotalcite (Mg/
Al� 2:1).


and are set to 0 eV. The spectrum taken at the Mg K-edge is
shifted by 1308 eV, and that taken at the Al K-edge by
1565 eV.


The Al K-edge spectrum is characteristic of a spectrum of
octahedrally coordinated Al centers: It shows a split whiteline
with resonances at 1568 and 1572 eV, indicated by arrows in
Figure 2 b. The spectrum is identical to an Al K-edge spec-
trum of HT reported in the literature.[20] No intensity at
1566 eV, characteristic of tetrahedral Al centers is found.


The Mg K-edge spectrum of HTa.s. is very similar to its
Al K-edge spectrum, although the peaks are less distinct and
broadened and a surplus in intensity at about 10 eV above the
absorption edge is visible. The spectrum is different from the
spectrum of brucite Mg(OH)2 (Figure 1), indicating that Mg
in HT has a somewhat different octahedral structure.


Ex situ treated hydrotalcite


Figure 4 shows the room temperature Mg K-edge spectra of
the ex-situ treated hydrotalcite (HTex'T'; where 'T'�maxi-
mum calcination temperature) samples. The spectrum of


Figure 4. Mg K-edges of ex situ heat-treated hydrotalcite, showing a
gradual change in the spectra after treatment above 475 K. A restoration of
the structure is visible for a rehydrated sample that had previously been
heated to 725 K (HTex725r.h.).


HTex425, is identical to the spectrum of HTa.s. After heating
the hydrotalcite above 475 K, changes in the spectra appear:
an increase in the intensity at about 1310 eV is observed. The
absorption edge of the spectrum of HTex725 is shifted to
lower energy and a clear decrease in intensity in the range 5 to
about 15 eV above the edge is visible. Moreover, the peak at
about 1330 eV occurs at a different energy than samples that
are treated at lower temperature, indicating a change in Mg
coordination. The spectrum of HTex725 resembles the
spectrum of MgO (see Figure 1); however, the peaks are less
distinct and less fine structure is visible in the spectrum of
HTex725. The spectrum of the calcined and subsequent
rehydrated HT (HTex725r.h.; Figure 4) is identical to the
spectrum of the starting material, HTa.s., showing a complete
and quantitative reversal of Mg coordination after rehydration.


The Al K-edge spectra of the HTex'T' samples are given in
Figures 5 a and 5 b. The spectrum of HTex425 does not differ
from the spectrum of HTa.s. A detailed comparison of the
spectrum of HTex475 and HTex425 is given in Figure 5 b. The
spectrum of HTex475 shows a decrease in intensity of the
octahedral peaks and an increase in intensity is visible at
1566 eV, showing a decrease in octahedral content, while
tetrahedral Al centers appear. This is continued progressively
at higher temperatures, as clearly visible in the spectrum of
HTex725. The difference between the spectrum of HTa.s. and
HTex725 is highlighted in Figure 6 by subtracting the spec-
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trum of HTa.s. from that of HTex725 while applying a
normalization factor. In this manner the octahedral contribu-
tion to the spectrum of HTex725 can be removed leaving the
contribution of the changed Al coordination in the spectrum.
The normalization factor is varied until the difference
spectrum did not contain any non-realistic negative contribu-
tions below the absorption edge.[12] This difference spectrum is
compared to a reference compound of tetrahedral Al (such as
zeolite NaY[12]). This spectrum reveals all the characteristic
features of tetrahedral Al centers: A sharp absorption edge at
1566 eV, two features at 5 ± 10 eV above the absorption edge,
and a broad peak at about 20 eV. The spectra differ at 3 ± 7 eV
above the absorption edge, which may be due to a somewhat
different octahedral coordination in the calcined HT, in
comparison to the parent hydrotalcite, HTa.s.


High temperature treated hydrotalcite


Figure 7 shows the Mg K-edge spectra of hydrotalcite that are
measured during treatment at high temperature HT'T' (where


'T' is the temperature at which
the sample was measured). In
the Mg K-edge spectra, no
changes can be observed be-
tween HTa.s. and HT425 within
the noise-level. An increase in
intensity just on the absorption
edge is visible in the spectra
recorded for HT475.


Figure 8 shows the corre-
sponding Al K-edge spectra
which clearly show the differ-
ences between the spectrum for
HT425 and that for HTa.s. The
changes consist of a decrease in
intensity of the two peaks at
1568 and 1572 eV, and an edge
shift towards lower energy.


Figure 5. a) Al K-edges of ex situ heat-treated hydrotalcite, showing a gradual change in the spectra after
treatment above 475 K. b) Al K-edge of HTex425 and HTex475.


Figure 7. In situ measured Mg K-edge spectra of hydrotalcite indicating a
change in Mg coordination at temperatures above 475 K.


Figure 8. In situ measured Al K-edge spectra of hydrotalcite showing the
appearance of less coordinated Al sites already at 425 K.


Figure 6. Contribution of tetrahedral Al sites isolated from HTex725
compared to a tetrahedral Al reference compound (NaY zeolite).







FULL PAPER J. A. van Bokhoven et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1262 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61262


Moreover, a small increase in intensity at about 20 eV above
the absorption edge appears, which is indicative of an increase
in the tetrahedral Al content.[12] The differences in the
spectrum taken at 475 K are more distinct.


EXAFS analysis


The Fourier transforms after background subtraction and
normalization of the Al K-edge spectra of HTa.s. and
HTex725 are given in Figure 9. Both the magnitude and the


Figure 9. Fourier transform (k1, Dk� 2.7 ± 8 �) of the Al K-edge EXAFS
of HTex725 and HTa.s. indicating differences in AlÿO bond length and in
coordination number by differences in node positions of the imaginary part
and in absolute intensity.


node positions of the imaginary part are different, indicating
differences in AlÿO bond length and coordination number
between HTa.s. and HTex725. R space fits of the spectra are
given in Figure 10 (HTa.s.) and 11 (HTex725). The fit param-


Figure 10. Fourier transform (k1, Dk� 2.7 ± 8 �) of the Al K-edge EXAFS
of HTa.s. and the best fit obtained.


eters are given in Table 1. The spectrum of HTa.s. was fitted
using one shell of oxygen neighbors, and a reasonable
agreement of intensity and especially node position is


obtained. An AlÿO bond lengths of 1.83 and 1.86 � in HT
are normal for octahedrally coordinated Al centers (compare
the AlÿO bond lengths in corund which has three AlÿOa


bonds of 1.86 � and three AlÿOb bonds of 1.97 �[21]).


Figure 11. Fourier transform (k1, Dk� 2.7 ± 8 �) of the Al K-edge EXAFS
of HTex725 and the best fit obtained.


The near-edge spectrum of HTex725 (Figure 5 a) indicated
the presence of both tetrahedrally and octahedrally coordi-
nated Al centers. Therefore, a two-shell fit was performed on
the normalized EXAFS of HTex725, one comprising the
tetrahedrally coordinated Al centers and one the octahedrally
coordinated Al centers. The resulting fit was within the noise-
level (Figure 11). In order to verify the effect of fitting a
second shell to the spectrum of HTa.s., a two-shell fit was
performed also for this spectrum; however, this did not lead to
a better fit.


The coordination numbers (N) given in Table 1 are frac-
tional, since in XAS spectroscopy a sum of all contributing
atoms is measured. The shell with the shorter AlÿO bond
length represents the tetrahedrally coordinated content, and
the longer bond length denotes the octahedrally coordinated
content.


Discussion


Mg and Al coordinations in the HT structure


Figure 3 shows that in as-synthesized hydrotalcite, the edges
in the respective Al and Mg K-edge spectra have similar
characteristics, which is expected for two neighboring ele-
ments in the Periodic Table occupying identical cation
positions. Both spectra show two peaks just above the


Table 1. AlÿO fitted coordination parameters.[a]


Parameters
N Ds2 [�] R [�] DE0 [eV]


HTa.s. 6 0.0002 1.82 3.17
HTex450 oct 4.9 ÿ 0.064 1.86 ÿ 5.49
tet 0.7 0.01 1.56 ÿ 8.55


[a] Fitted in R space, 1<R< 2, 2.7< k< 8, k1-weighted.
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absorption edge that are more pronounced in the spectrum
recorded at the Al K-edge. These peaks are broader in the Mg
spectrum, which also has significant intensity at about 10 eV
above the edge. In the HT structure, Al always has six Mg
atoms at next-nearest-neighbor positions (connected through
OH groups), whereas Mg has both Al and Mg at these
positions.[1] This more variable coordination around the Mg
cations could result in less distinct peaks in the near-edge in
Mg K-edge spectra. The broadening of the peaks in the Mg
spectra could indicate that Mg hasÐon averageÐa more
distorted environment than Al in terms of its first few
coordination spheres within one cation layer: An X-ray
absorption spectrum is an average of all the atoms contained
in the sample. The near-edge in the spectra is determined by
long-range scattering, and it is thus sensitive to ordering up to
about 15 � around the absorber (being either Mg or Al).[19]


The broad peak at about 25 eVabove the absorption edge is
visible at both edges, which again is evidence for Mg and Al
occupying identical cation positions. The Mg K-edge spec-
trum of brucite (MgVI(OH)2; Figure 1) shows sharper reso-
nances and more fine structure than the spectrum of HTa.s.
This is also evidence of less structured Mg coordination in HT
than in brucite in the 0 ± 15 � range around the Mg atoms in
both these structures. This local disorder is also observed in
the XRD pattern of HT. In XRD spectra of HT, the in-plane
reflections are relatively broad[1, 2, 3] showing disorder at a
somewhat longer range.


Changing Mg and Al coordinations as a function of temper-
ature


HTex'T' samples : The Al and Mg coordinations change
strongly as a function of the temperature of calcination. The
edge in the Mg K-edge spectra (Figure 4) shifts to somewhat
lower energy, and the intensity in the near-edge decreases.
The Mg K-edge spectrum of HT calcined at 725 K, strongly
resembles the spectrum of MgVIO (Figure 1), indicating an
MgO-like phase is formed during calcination at 725 K. In this
structure the Mg center becomes octahedrally coordinated as
in the rock salt structure. The rehydration at room temper-
ature completely restores the original spectrum (Figure 4),
indicating the Mg coordination is identical to that of Mg in as-
synthesized HT, HTa.s., that is distorted octahedal.


The Al K-edge spectra show a progressive decrease in
intensity of the characteristic peaks for octahedral coordina-
tion at 1568 and 1572 eV, and an increase in intensity at
1566 eV (Figures 5 a and 5 b) after calcination above 475 K.
Figure 6 shows the difference spectrum obtained from the
subtracting the spectrum of HTa.s. from that of HTex725. This
difference spectrum shows large similarities with the spectrum
of NaY, which can be considered as a typical spectrum of
tetrahedrally coordinated Al. This provides direct evidence
for the presence of tetrahedrally coordinated Al centers after
calcination of HT. The Al coordination can be quantitatively
reversed to its original coordination after rehydration
(HTex725r.h.). No indications exist of other modes of
coordination (Mg or Al) in the rehydrated HT (HTex725r.h.)
other than those already present in the as-synthesized HT.


HT'T' samples : Figures 7 and 8 show the Mg and Al K-edge
spectra, respectively, measured in situ at room temperature,
425, and 475 K. At 425 K, the Al coordination already begins
to change, which was not observed for the pretreated (at
425 K) calcined sample (HTex425) measured at room temper-
ature. The Mg coordinations in HT'T' samples start changing
at a temperature of 475 K, very similar to the case for HTex'T'
samples. This is the temperature of the pretreated samples at
which also the Al spectra showed changes (HTex475, Figures
5 a and 5 b). Apparently, the changes in Al coordination
induced by calcination at 425 K (HT425) are fully reversed
upon cooling down the sample to room temperature. Only
when the Mg coordination is changed (which occurs above
475 K), the changes in the Al coordination are no longer
reversible. This information is only available through per-
forming XAFS experiments during the heat treatment. The
consequences of this observation are discussed in the next
section.


Discussion of the structure of HT


Activation of hydrotalcite is performed by calcination up to
725 K and followed by a rehydration step. The charge-
balancing CO3


2ÿ ions are (largely) replaced by OHÿ ions.
After this calcination ± rehydration cycle no new Mg and Al
coordination modes are observed by Mg and Al K-edge
XAFS; the Mg and Al coordinations are completely restored
to the original octahedral hydrotalcite structure. During heat
treatment, however, the Al and Mg coordinations alter. The in
situ and ex situ experiments show clear differences, indicating
the importance of using a true in situ technique.


Although some controversy exists concerning the temper-
atures at which changes in the HT structure occur, there is a
common concensus that first adsorbed and interstitial H2O is
removed from the interlayer; second, dehydroxylation at the
cation layers occurs, creating less coordinated Al centers. 27Al
MAS NMR spectroscopy recorded at elevated temperatures
indicate that this process occurs already at temperatures
above 375 K.[7] Here it is shown more specifically that the
coordination of Al is lowered at a temperature of 425 K.
However, these changes are reversible after cooling down the
sample to room temperature. As shown in Scheme 1 at 425 K,


Scheme 1. Processes occurring during heat treatment of hydrotalcite.
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a few AlÿOH bonds are broken, which lowers the Al
coordination. However, this occurs without dehydroxylation
at the cation layers. Most likely these are AlÿOHÿMg groups
that are positioned near the edges of the cation layers or in the
top or bottom layer in the stacked cation layer arrangement.


The processes proposed in Scheme 1 are a working
hypothesis. The structure as drawn in Scheme 1 at a temper-
ature of 475 K could be stabilized by anions and water
molecules in the interlayer through a delocalization of charge.
It has been proposed[22] that diffusion of protons and the
reaction with hydroxyl ions to form water are the initial steps
in the thermal decomposition of gibbsite, whose structure
resembles that of hydrotalcite. Gibbsite also has a layered
structure of octahedrally coordinated aluminum hydroxides.
In hydrotalcites, a proton of a nearby hydroxide could diffuse
to an AlÿOH group at 475 K, yielding a water molecule. This
water molecule coordinates less strongly to the aluminum
center, hence the aluminum coordination is lowered. The
relatively low temperature prevents this water molecule from
completely losing contact with the aluminum center, and the
structural change is fully reversed after cooling down the
sample to room temperature.


At temperatures above 475 K, the actual dehydroxylation
process commences and a change of both the Mg and Al
coordination is expected, exactly as observed. These dehy-
droxylation processes are no longer reversible as indicated in
Scheme 1. At 475 K, the MgÿOH bonds start breaking and the
coordination at the Mg centers is altered by the formation of
new Mg-O-Mg bonds. This process is accompanied by the
evolution of H2O from the sample. At this temperature, the
formation of a rocksalt MgO-like phase starts occurring (Mg
has an octahedral coordination in MgO). Once this phase has
formed, the changes to the structure are no longer reversible
after the sample has been cooled down. However, the
addition of an excess of water (during rehydration at room
temperature) fully reverses the changes in the coordinations,
even after the hydrotalcite has been calcined to 725 K. X-ray
diffraction reveals a change in the 003 and 006 reflections at
about 455 K,[3, 6, 23] showing a decrease in interlayer distance.
This was attributed to a loss of interstitial H2O. However, as
shown in this study, at 425 K the Al coordination is already
changing, and at 475 K also the Mg coordination. Thus at
425 K, some AlÿOH bond-breaking occurs, and above 475 K,
dehydroxylation is already occurring. It is therefore conclud-
ed that changes to the structure at these low temperatures
take place in the interlayers as well as inside the MgÿAl
hydroxide layers, the latter probably near the external surface
of the cation layers.


At higher temperatures decarboxylation occurs, which is
accompanied by the formation of an MgO phase. It has been
proposed that dehydroxylation first occurs within one layer,
and that only after removal of carboxyl ions a dehydroxyla-
tion between two consecutive layers may occur.[24] This last
process is accompanied by a loss of the lamellar arrangement
of the layers leading to drastic changes in the XRD pattern.
The temperature at which this process occurs starts at 525 K
and continues up to 800 K. The structures formed after
calcination at these temperatures still exhibit the so-called
memory effect,[1] although the restoration of the HT layered


structure is much slower for the samples calcined at the higher
temperatures. The decarboxylation results in an MgO-like
phase and a mixed tetrahedral ± octahedral Al2O3 phase,
which is confirmed in this study. The EXAFS of the HTex725
sample could be fitted taking two AlÿO shells into account
(Table 1). This shows the presence of both tetrahedrally and
octahedrally coordinated aluminum centers with a short and a
long AlÿO bond length, respectively. However, a comparison
of the Mg K-edge spectra of HTex725 (Figure 4) with those of
MgO (Figure 1) reveals that the latter shows much more fine
structure, indicating larger ordering and a more crystalline
phase. The MgO-like phase formed after heating the HT at
725 K can be completely reversed into a HT structure,
restoring the layered structure completely on the length-scale
of the XAS, that is about 15 � around the absorber atom. This
implies that separation of a Mg and an Al phase does not
occur and, hence large crystalline Mg oxide or Al oxide phases
are not expected.


Conclusion


Mg and Al K-edge spectroscopy is a unique tool for monitor-
ing the changes in Al and Mg coordinations as a function of
(calcination) temperature in HT-like compounds. The in situ
and ex situ experiments show clear differences. This proves
the importance of application of true in situ techniques when
structural changes during the activation of a catalyst are
investigated.


The structure of HT is very flexible. The Al and Mg
coordinations can change depending on the conditions. At
425 K, the coordination of some of the octahedrally coordi-
nated Al centers becomes less through a reversible AlÿOH
bond breakage. At temperatures higher than 475 K, dehy-
droxylation of the Mg and Al cations in the cation layer
occurs. This is a continuous process at increasing temper-
atures. The Mg coordination starts changing at temperatures
above 475 K and formation of an MgO-like phase occurs.
XAFS analysis indicates a MgO-like structure after calcina-
tion at 725 K and the presence of a mixed tetrahedral ± octa-
hedral Al phase. The HT layered structure is completely
restored after rehydration at room temperature and within
the length-scale of XAS (ca. 15 �) the obtained structures are
identical to the as-synthesized material.


Experimental Section


Sample preparation


An aqueous solution (45 mL) of Mg(NO3)2 ´ 6 H2O (0.1 mol, P.A. Acros)
and Al(NO3)3 ´ 9 H2O (0.05 mol, Z.A. Merck) was added in one portion to a
second solution (70 mL) containing NaOH (0.35 mol) and Na2CO3


(0.09 mol) at 333 K. The mixture was maintained at this temperature for
24 h under vigorous stirring, after which the white precipitate was filtered
off and washed several times. The HT was dried for 24 h at 393 K. This is
denoted as the as-synthesized HT (HTa.s.). ICP analysis revealed a Mg/Al
ratio of 2. MgO was obtained by heating (MgCO3)4 ´ Mg(OH)2 ´ 5H2O
(Sigma) under a flow of dry nitrogen to above 825 K. The sample was
cooled down under a flow of nitrogen to prevent the formation of
hydroxides. Mg(OH)2 was prepared by dispersing MgO into decarbonated
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water. These compounds were checked for crystallinity and structure by
XRD.


MgO has a rock salt crystal structure in which the Mg is octahedrally
coordinated. MgAl2O4 is a normal spinel structure, in which Mg occupies
tetrahedral sites and Al octahedral sites in close-packed oxygen layers.
Mg(OH)2 has the brucite structure, in which magnesium hydroxide
octahedrons link to form infinite sheets. Hence, in MgO and Mg(OH)2,
Mg is octahedrally coordinated, whereas in the normal spinel, MgAl2O4, it
is tetrahedrally coordinated.


Sample treatments


HTex'T' samples : Before measurement, the hydrotalcite was calcined to
various temperatures in the laboratory under a nitrogen flow at heating
rates of 10 K minÿ1. These samples are called HTex'T', where 'T' represents
the maximum calcination temperature. For example, HTex475 is HTa.s.
heated in nitrogen at 10 K minÿ1 to 475 K and maintained at that
temperature for 8 h. The nitrogen flow was maintained during cooling
down of the sample and the samples were stored under nitrogen. A batch of
the sample calcined at 725 K (HTex725) was rehydrated at 303 K by use of a
water-saturated nitrogen flow of 100 mL minÿ1 for at least 6 h. This sample
is referred to as HTex725r.h. XRD and N2 and CO2 sorption experiments
on some of these samples have been published elsewhere.[3] The HTex'T '
samples were measured at room temperature.


HT'T' samples : HTa.s. was measured in situ at the Mg and Al K-edges.
Heating rate was 10 K minÿ1 under a flow of dry helium. These samples are
called HT'T', where 'T' represents the temperature at which the measure-
ment took place, hence HT425 is measured at 425 K under a flow of dry
helium.


XAFS measurements


XAFS measurements were performed at beamline 3.4 at the SRS,
Daresbury (UK). The in situ low-energy X-ray absorption fine structure
(ILEXAFS) set-up[10, 11] were used. Both electron yield (measuring drain
current) and fluorescence yield (using a gas proportional counter) were
used as detection of the XAS signal, yielding very similar results. The
intensity of the initial X-ray beam is determined by measuring the drain
current of either a Au or a Cu mesh with a thickness of less than 3 mm.


YB66 crystals were used as monochromator crystals, allowing the measure-
ment of both the Al K-edge near edge and the EXAFS. Using these
crystals, the energy range at the Mg K-edge is limited to the near edge, due
to higher order effects. Higher harmonics were removed by detuning the
crystals (rocking of the Bragg peak) so the intensity was reduced to about
50% of the maximum intensity.


XANES analysis : The electron yield spectra were pre-edge and back-
ground subtracted and normalized after averaging three scans. The
normalization was performed by dividing the pre-edge subtracted spectrum
by the intensity of the post-edge background at 50 eV above the edge. As
the energy range above the Mg K edge is limited, due to the used
monochromator YB66 crystals, the spectra were post-edge, background
fitted over the maximum data range available (ca. 60 eV above the edge).


EXAFS analysis : The fluorescence data (average of three scans) were used
to generate the EXAFS function. The background was subtracted using
cubic spline routines.[25, 26] Reference phase shifts and back-scatterings
amplitude functions of the AlÿO absorber back-scatterer pair were
determined for a-AlPO4 (The procedure followed has been described in
detail elsewhere).[28] The spectra were fitted in R space, from 1<R< 2 �
after Fourier transform of 2< k< 8. k0, k1, and k3 weighting of the spectra
was performed and the best fit was obtained in all dimensions.
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Electron Transfer Through Molecular Bridges Between Reducible
Pentakis(thiophenyl)benzene Subunits


Marcel Mayor,*[a] Michael Büschel,[c] Katharina M. Fromm,[d] Jean-Marie Lehn,*[a, b]


and Jörg Daub[c]


Abstract: ªDimersº 3, 4 and 7, which
consist of two reducible pentakis(thio-
phenyl)benzene subunits linked by dif-
ferent molecular structures, have been
synthesised as model compounds for
reducible molecular-wire-type synthons
to represent differences in the electron-
transfer ability as a function of the
bridging structure. The bridging units
consist of para-divinylbenzene in 3, bis-
hydrazone in 4 and diacetylene in 7.
Their ability to transfer electrons from


one reducible subunit to the other was
investigated by electrochemical and
spectroelectrochemical methods and, in
the case of 4 and 7, the solid-state
structures support the experimental
findings. The para-divinylbenzene


bridge in 3 was found to completely
isolate the reducible structures (Class I
system). In contrast, the diacetylene
bridge in 7 electronically connects the
two reducible structures (Class III sys-
tem) and, thus, demonstrates its poten-
tial application as a ªmolecular wireº.
The bis-hydrazone-linked compound 4
displayed only a low level of electronic
connection between the subunits and
was only observed in the spectroelec-
trochemical investigation.


Keywords: conjugation ´ electron
transfer ´ mixed-valent compounds
´ molecular wires ´ polythio-
benzenes


Introduction


Currently, a growing interest has been directed towards the
design of molecular wires[1±4] and rods,[5, 6] since such struc-
tures may serve as building blocks for nanoscale chemical
entities that are geometrically and dimensionally confined.
They may act as connectors in molecular and supramolecular
electronic and photonic devices.[7] A molecular bottom-up
approach to complex functional entities, for example, elec-


trical circuits or single-electron computing devices, depends
strongly on the postulate that it may be possible to move
single electrons between individual compartments.[8, 9] This
simple function, namely the transfer of electrons from one
subunit to another, has been a topic of interest for quite some
time. Since the advent of the mixed-valence chemistry in
1967,[10] numerous structures have been studied that contain
two or more active redox units, both inorganic[2] and organic,
that are connected by molecular structures; their electron
transport features have been discussed and analysed at
various levels of detail.


Molecular wires based on pyridinium end-groups and
carotenoid-type conjugated chains (termed caroviologens)
have already been investigated in our laboratory and have
been shown to induce electron transport through lipid vesicle
membranes.[11] The structural reorganisation of anthracene-
bridged stilbenoids by oxidation and reduction has also been
studied.[12] Most of the molecular wires based on organic
systems were, however, focused on electron-rich, oxidisable
structures, such as thiophenes,[13] nitrogen-based mixed-va-
lence systems,[14] pyrroles[15] and so forth. These oxidisable
structures loose electrons and the mobility of the holes
generated in the molecular structures was investigated.
Reducible subunits take up additional electrons in their
LUMO, which may lead to higher electronic mobility in the
connecting molecular structure.


Poly(phenylthio)-substituted aromatic systems are well-
known for their host ± guest chemistry in the solid state[16] and
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have been shown to display remarkably low reduction poten-
tials.[17] Therefore, they appear to be promising candidates to
study the electron-transfer ability of molecular structures that
contain connected reducible subunits. They have already been
incorporated as electron-acceptor sites in a macrobicyclic
ligand,[18] in reducible rod-like molecular wires[19] and in
reducible nanosized macrocycles based on meta-diacetylene-
linked poly(phenylthio)-substituted benzenes.[20]


We chose two pentakis(thiophenyl)benzene units connect-
ed by different conjugated p systems as bridges as the model
compounds to investigate the electron-transfer ability in
molecular structures that contain reducible subunits. A
para-divinylbenzene bridge (1,4-bis(ethenyl)benzene-2',2''-
diyl) in 3, a bis-hydrazone bridge (2,3-diazabuta-1,3-dien-
1,4-diyl) in 4 and a diacetylene bridge (buta-1,3-diyne-1,4-
diyl) in 7[19] were investigated.


Herein we describe the synthesis of the model compounds
3, 4 and 7. Their electrochemical and spectroelectrochemical
properties as well as, in part, their solid-state structures, are
reported and discussed from the point of view of a possible
electron transfer through the bridging structure.


Results and Discussion


Synthetic procedures : The new compounds 3 and 4, along
with the previously described compound 7,[19] each consisting
of two reducible pentakis(thiophenyl)benzenes separated by
different molecular spacers, were synthesised as shown in
Scheme 1. All new compounds were characterised by 1H and
13C NMR spectroscopy, FAB-MS and microanalysis, as well as
by single-crystal X-ray analysis for compounds 4 and 7.


Starting with commercial pentafluorobenzaldehyde (1), the
fluorine atoms were substituted by thiophenyl sodium salt in
1,3-dimethylimidazolidin-2-one (DMI) to give the pentakis-
(thiophenyl)benzaldehyde (2) in 75 % yield. Compound 2 is
the starting material for all three compounds 3, 4 and 7.


Treatment of 2 with para-xylylenebis(triphenylphosphoni-
um bromide) in presence of a base gave the para-divinylben-
zene-bridged trans,trans-1,4-bis-{[2'-(2'',3'',4'',5'',6''-pentathio-
phenyl)phenyl]ethenyl}benzene (3) in 49 % yield. The trans,-
trans configuration of the bridging structure is proved by the
coupling constant of J� 16 Hz between the ethenyl protons at
d� 6.86 and 6.49, respectively. Compound 3 is a bright yellow
solid and soluble in organic solvents, such as dichloromethane,
chloroform, diethyl ether and toluene.


Treatment of 2 with hydrazine hydrate in acetonitrile
heated under reflux gave trans,trans-decathiophenylbenzal-
dehyde azine 4 in 32 % yield as a light yellow precipitate. The
trans,trans configuration of the bridging structure was proved
by single-crystal X-ray analysis. The light yellow solid is
soluble in organic solvents, such as dichloromethane, chloro-
form, diethyl ether and toluene. Single crystals suitable for
X-ray analysis were obtained by slow diffusion of hexane into
a solution of 4 in chloroform.[21]


In a Corey ± Fuchs reaction sequence, the aldehyde 2 was
first converted to the dibromoolefin 5 :[22] a CBr4/PPh3 solution
was added to a solution of 2 in acetonitrile heated under
reflux, and the desired dibromoolefin 5 was isolated in 69 %
yield. In later experiments, the reaction was repeated in dry
dichloromethane at room temperature without changes in
yield or quality of the product. Compound 5 is a brown-yellow
solid that is very soluble in aprotic organic solvents. It is well
characterised by 1H and 13C NMR spectroscopy and FAB-MS.


Scheme 1. Synthesis of the model compounds 3, 4 and 7. Reaction conditions: a) DMI, PhSNa, RT; b) NaOH/CH2Cl2, Ph3P�CH2(p-C6H4)CH2P�Ph3 ´ 2 Brÿ ;
c) CH3CN, H2NNH2 ´ H2O, reflux; d) CH3CN, CBr4, PPh3, RT; e) THF, nBuLi, ÿ78 8C, H2O, RT; f) C6H5N, CuAc2 ´ H2O, 55 8C.
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However, several attempts to prepare a sample of 5 suitable
for microanalysis failed. All microanalyses of 5 were consis-
tently too high in carbon. Whether this error is caused by
impurities or by the burning/combustion behaviour of 5
during the analysis could not be clarified. However, the
quality of 5 was sufficient for the envisaged synthetic target
and was therefore used without further purification. The
acetylenic derivative 6 was prepared by reaction of 5 with
n-butyllithium:[22] a solution of 5 in THF was treated with a
2.5 fold excess of n-butyllithium in hexane at ÿ78 8C and
quenched with aqueous ammonium chloride to give com-
pound 6 in 65 % yield. 1-Ethinyl-2,3,4,5,6-pentakis(thiophen-
yl)benzene (6) is a yellow solid that is soluble in aprotic
solvents. Oxidative coupling of 6 gave compound 7:[23]


compound 6 was heated to 55 8C with one equivalent of
copper acetate monohydrate in pyridine to give the diacety-
lene-bridged 7 in 65 % yield as an intense orange solid that is
moderately soluble in aprotic organic solvents, such as
chloroform, methylene chloride, toluene or tetrahydrofuran.
Crystallisation from hot toluene gave single crystals suitable
for X-ray analysis.


Electrochemical studies : The redox behaviour of compounds
3, 4 and 7, which consist of two reducible subunits connected
by a conjugated p system as a bridging unit is of particular
interest, as it will reveal the electron-transfer ability of the
different bridging structures and thereby their potential use as
ªmolecular wiresº between reducible subunits.


The electrochemical properties of compounds 3, 4 and 7
were investigated by cyclic voltammetry (CV) at room
temperature in anhydrous dimethylformamide (DMF) with
tetra-n-butylammonium hexafluorophosphate (0.1m
TBAPF6) as the supporting electrolyte. A three-electrode
set-up was used with a platinum disk as the working electrode,
a platinum wire as the counter-electrode and a silver wire as
the dummy reference electrode. All samples were used at a
concentration of 5� 10-3m and the formal reduction potentials
((Epa � Epc)/2) were determined with respect to the ferroce-
nium/ferrocene (Fc�/Fc) couple with E8'(Fc�/Fc)� 0.5 V
versus SCE as the internal reference. The criterion applied
for reversibility was 1.0� 0.5 for the ratio of the difference
peak potential and the half-peak potential of the compound
and ferrocene in the same measurement and no shift of the
half-wave potential with varying scan rates (10 ± 250 mVsÿ1).
The relative numbers of electrons were determined by
measurements at limiting current with a rotating disk
electrode. The plateau currents were compared to the plateau
current of hexakis(para-tert-butylphenylthio)benzene as the
internal standard for a one-electron reduction, assuming
similar diffusion coefficients of the compound and the
internal standard. The values are given in Table 1 as formal
reduction potentials with respect to SCE.


The parent monomeric compound hexakis(phenylthio)ben-
zene displays a reversible one-electron reduction at ÿ1.56 V
versus SCE under the same conditions.[17, 19] The two para-
divinylbenzene-bridged reducible subunits in compound 3
display only one reversible reduction wave corresponding to
two electrons at a formal potential of ÿ1.39 V versus SCE.
The bis-hydrazone-linked subunits in compound 4 display


only one reduction wave corresponding to two electrons at
ÿ1.19 V at a scan rate of 100 mV sÿ1. A more detailed analysis
of the reduction wave showed a marginal shift of the reduction
potential to more negative values with increasing scan rate
(7 mV per 100 mVsÿ1). However, the observation of a single
reduction wave indicates that the two redox centres are
independent and the bridging structure behaves rather as a
non-conjugated spacer. In the classification for mixed-valence
compounds from Robin and Day, compounds 3 and 4 with
isolated redox centres are Class I derivatives.[10]


The diacetylene-linked subunits in compound 7 display two
reversible one-electron reduction waves at a formal potential
of ÿ1.12 and ÿ1.38 V versus SCE, indicating that the first
reduction yields a mono-anion stabilised by delocalisation
over both electron-accepting subunits. The separation between
the waves of 260 mV indicates that the mono-anion 7.ÿ is
thermodynamically stabilised towards disproportionation to
give 7 and 72ÿ by the comproportionation constant of Kc�
2.55� 104 which suggests 7 to be a Class II derivative.[10, 24] The
diacetylene bridge connects the two subunits and facilitates active
electron transfer: it displays its ability to function as electron-
conducting spacer unit for molecular wire applications.


A more detailed analysis of the delocalisation of the first
reducing electron over the ªdimericº structures 3, 4 and 7
requires investigations on the single reduced species 3 .ÿ , 4 .ÿ


and 7.ÿ , respectively, which were performed by spectroelec-
trochemical techniques.


Spectroelectrochemical studies : UV/VIS/NIR spectroelectro-
chemical investigations were performed under the conditions
for electrochemistry (DMF, 0.1m TBAPF6, RT) in a cell
described elsewhere.[25]


The radical anion of the parent monomeric compound
hexakis(phenylthio)benzene displays two absorption maxima
at l� 420 and 590 nm and both have a bathochromic shift
with respect to the lowest energy absorption maximum of the
neutral species at l� 343 nm. The uniformity of the process is
demonstrated by isosbestic points at l� 313 nm and 379 nm,
and the reversibility, already observed in the CV experiment,
is confirmed by recovery of the starting spectrum after
reoxidation.


The para-divinylbenzene-bridged 3 displays only one
reversible two-electron reduction wave in the CV experiment.
The stepwise coulometric reduction to the dianion 32ÿ is
shown by the increase in the intensity of the lowest energy
absorption at l� 861 nm and a concomitant decrease of the
absorption at 331 nm from the neutral 3 (Figure 1). Isosbestic


Table 1. Cyclic voltammetry data for C6(SPh)6, 3, 4 and 7.[a]


Compound Eo '
2 [V][b] Eo '


2 [V][b]


C6(SPh)6 ÿ 1.56[c] ±
3 ÿ 1.39[d] ±
4 ÿ 1.19[d] ±
7 ÿ 1.12[e] ÿ 1.38[e]


[a] Platinum working electrode in 0.1m TBAPF6/DMF; scan rate:
100 mV sÿ1. [b] In V versus SCE (Fc�/Fc couple with E8'(Fc�/Fc)� 0.5 V
versus SCE as internal standard), formal reduction potential E8'� (Epa �
Epc)/2. [c] See Ref. [17]. [d] Two-electron reduction wave. [e] See Ref. [19].
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Figure 1. Spectroelectrochemistry of the reduction of 3 to 32ÿ. Evolution of
the UV/Vis/NIR spectrum; potential range: ÿ1150 to ÿ1300 mV.


points at l� 298 and 418 nm show the uniformity of the
process, while the recovered starting spectrum after reoxida-
tion documents its reversibility. As already concluded from its
CV, the two subunits are independent and, therefore, it can be
confirmed that 3 is a Class I derivative.[10]


The spectroelectrochemical investigations of bis-hydrazone
4 performed in DMF demonstrate the limited reversibility of
the reduction process within duration of the experiment
(30 spectra each at 480 nm minÿ1). The original spectrum is
not completely restored. The CV of 4 displays only one
reduction wave, which suggests that the two reducible units
are electronically independent. However, it is interesting to
note that two reductive processes can be detected in the
spectroelectrochemical experiment: the first reduction step
leads to new absorption bands at l� 517, 622 and 1250 nm.
The long-wavelength absorption at 1250 nm may either be
attributed to a radical anion, or less likely, to a dianionic
species. Based on structural considerations, we assign this
band to a compound in which the central diazabutadiene
spacer group acquires features of an azo group. Thus, the
spacer unit is strongly reorganised in the first reduction step so
that the second reduction step is much easier and very fast.
This is in agreement with electrochemical studies and
demonstrates that an increase in the scan rate causes the
reduction wave to be slightly displaced to more negative
values. Additionally, the ratio of anodic and cathodic currents
is independent of the scan rate. The assignment to a radical
anion is further supported by the disappearance of this long-
wavelength absorption on extended reduction and leads to
new absorption bands at l� 295, 409 and 765 nm. The limited
reversibility may be caused by protonation or elimination
reactions.[26] Therefore, upon reduction of 4, negative charge is
not exclusively transferred into the reducible subunits, but to
some extent into the spacer group.


The two separated reduction waves of the diacetylene-
linked 7 observed by CV indicates the formation of a stable
radical anion 7.ÿ allowing its spectroscopic characterisation
(Figure 2). The spectroelectrochemical investigation confirms
this finding and displays, as expected for coupled subunits, two
separated reduction steps. During the first reduction process,
the absorption bands of 7 at l� 346 and 407 nm vanish, while
bands of the radical anion 7.ÿ at l� 281, 600 and 1310 nm
appear. The 600 nm band has shoulders at 503 and 557 nm.


Figure 2. Spectroelectrochemistry of the reduction of 7 to 72ÿ. Top:
Evolution of the UV/Vis/NIR spectrum upon reduction of 7 to 7.ÿ ;
potential range: ÿ900 to ÿ1070 mV. Bottom: Evolution of the UV/Vis/
NIR spectrum upon further reduction of 7.ÿ to 72ÿ ; potential range: ÿ1100
to ÿ1300 mV.


Similar to 4 .ÿ , the lowest energy absorption of 7.ÿ at 1310 nm
may be assigned to an intervalence charge-transfer (IV-CT)
band. The uniformity of the process is demonstrated by
isosbestic points at 298 and 457 nm, and the reversibility
already observed in the CV experiment is confirmed by
recovery of the starting spectrum after reoxidation.


On further reduction to the dianion 72ÿ, the band at l�600 nm
and its shoulders, as well as the broad band at 1310 nm,
decrease, while the absorption spectrum of 72ÿ appears with
absorptions at l� 267 and 294 nm and an intense lowest
energy band at 774 nm with two shoulders at 662 and 706 nm.
Again, the isosbestic points at 317, 627 and 922 nm indicate
the uniformity of the reduction process, and the regeneration
of the starting spectrum documents its reversibility.


Analysis of the UV spectrum of 7.ÿ provides further insight
into the electronic coupling in the mono-reduced state. For
both Class II and III compounds, an absorption band in the
near infrared region with low intensity is expected. For a
Class II system, the electronic coupling integral H can be
calculated according to the Hush approach.[27] For Class III
systems with strong coupling, delocalisation occurs.


A plot of absorbance versus wavenumber of the low-energy
transition at l� 1310 nm of 7.ÿ leads to an unsymmetrical line
shape with vibrational progression and an extinction coeffi-
cient of 19 500mÿ1 cmÿ1 (Figure 3). Consequently, the band
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Figure 3. Plot of absorbance (A) versus nÄ for the IT band of 7.ÿ .


shape is in agreement with either a vertical transition in a
Class III system with a large vibrational progression or a cut-
off Class II IV-CT band. Recently, Nelsen has analysed
spectra of intervalence systems at the Class II/III borderline
in detail.[28] The high extinction coefficient and the vibrational
progression of the n� 7500 cmÿ1 absorption of 7.ÿ account for
an almost delocalised system, which has already passed the
Class II/III borderline.


The spectra of the three doubly reduced compounds 32ÿ, 42ÿ


and 72ÿ resemble each other with absorptions at l� 861, 765
and 774 nm, respectively. The hypsochromic shift of 72ÿ


compared to 32ÿ is attributed to a more extended delocalisa-
tion in 32ÿ.


Crystal structure of compounds 4 and 7: The solid-state
structures of ªdimersº 4 and 7 were determined by X-ray
diffraction and are shown in Figure 4. They offer a deeper
understanding of the ability of the reducing electrons to move
from one subunit to the other. The reducing electron will, by
definition, occupy the LUMO of the molecule which is part of
the p system. Good electronic communication between
subunits in a compound requires that their individual p


systems have a considerable overlap. Particular attention will
therefore be focused on the structural features of the p


systems of the reducible subunit and the connected bridging
structures.


The solid-state structure of 4 shows that the molecule
consists of two reducible pentakis(thiophenyl)benzene sub-
units covalently linked by a trans,trans-CH�N-N�CH bridge
with a crystallographic inversion centre in the middle of the
NÿN bond. The two reducible subunits are separated (centre
to centre) by 8.7 � and the central benzene cores are in
parallel planes which are separated by 3.8 �. The bond
lengths in the bridging unit (C6C7�N1ÿN1'�C7'C6') are
1.488 � (C6ÿC7), 1.254 � (C7ÿN1) and 1.421 � (N1ÿN1').
The bridging angles of 120.48 (C6-C7-N1) and 111.18 (C7-N1-
N1') are as expected for a benzaldehyde-azine structure. Of
particular interest, however, is the torsion angle of �728
between the C�N double bond and the central benzene plane


Figure 4. Crystal structures of 4 (top) and 7 (bottom).


of the terminal subunits. The planes of both benzene rings
form an angle of 728 with the plane of the C�N bond, so that
only a weak conjugation of these p systems is expected for the
neutral species. This is confirmed by the CV experiments
discussed above and the observable amounts of 4 .ÿmay be the
result of structural changes in the singly reduced species. The
alternating ªupº and ªdownº pattern (ududu) of the phenyl-
thio substituents and the range of the sulfur angles (104 ±
1068) agree with those found in the solid structure of the
parent hexakis(phenylthio)benzene.[29]


In spite of the fact that the para-divinylbenzene-bridged 3 is
a crystalline compound, several attempts to obtain suitable
single crystals of 3 failed. However, we assumed that, in
analogy to 4, the p systems of the bridging para-divinylben-
zene unit and of the terminal pentakis(phenylthio)benzene
units are more or less orthogonal and thus lead to little
overlap. The CV and spectroelectrochemical investigations
showed 3 to be a Class I compound with independent redox
centres, which confirms such an assumption.


The solid-state structure of 7 shows that the molecule
consists of two pentakis(thiophenyl)benzene units linked by a
diacetylene bridge with a crystallographic inversion centre in
the middle of the C8ÿC8' central bond (Figure 4). The two
central benzene cores of the reducible subunits are separated
by 9.4 � (centre to centre) and are in parallel planes
separated by 0.75 �. The bond length in the diacetylene
bridge (C6ÿC7�C8ÿC8'�C7'ÿC6') are 1.436 (C6ÿC7), 1.202
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(C7ÿC8) and 1.372 � (C8ÿC8'), and the bridge angles of 175.5
(C6-C7-C8) and 178.28 (C7-C8-C8') deviate only slightly from
linearity. The conformation of 7 shows the phenylthio groups
in para and ortho positions to the diacetylene bridge point
to the same side of the central benzene core to give an
unexpected (udddu) pattern. However, this does not disturb
the sulfur angles, which are in the expected range (104 ± 1068).
The overlap between the p system of the diacetylene bridging
structure and the p system of the reducible subunits should be
independent of the torsion angle of one subunit relative to the
other. Even though both central benzene rings of 7 are in
parallel planes, it is probably not a requirement for the
electronic interaction between them. Evidently, the cylindri-
cal acetylenic p system bears the advantage of this ªrotational
freedomº. A stronger overlap would be expected for a
conformationally optimised double-bond connector and in
fact, the already mentioned bathochromic shift of the lowest
energy absorption of the doubly reduced para-divinylben-
zene-bridged structure 32ÿ, in contrast to the doubly reduced
diacetylene-bridged structure 72ÿ, may be caused by such an
effect in the doubly reduced form. Other redox centres
connected by anthracene-bridged stilbenoids have been
reported to display such conformational changes upon
oxidation.[12]


Conclusions


The present results indicate the suitability of diacetylene
connections as active electron-transfer linkers between mo-
lecular entities, while the para-divinylbenzene and the bis-
hydrazone bridges probably require additional structural
conditions for efficient electron transfer. The potential of
the diacetylene connection is illustrated, to some extent, by
the rapidly growing field of acetylene ªscaffoldingº.[30, 31]


Furthermore, they confirm the potential of poly(thiophen-
yl)-substituted aromatic compounds to act as reducible
subunits in molecular structures and devices. This is the case
for reducible molecular rigid rods,[19] reducible molecular
macrocycles[20] and reducible macrobicyclic ligands[18] that
contain such groups.


Experimental Section


General : All reaction vessels were flame-dried in an nitrogen atmosphere.
Reactions were carried out under nitrogen with commercial reagents
without further purification. THF: distilled over Na. CH3CN: distilled over
CaH2. Column chromatography (CC): commercial-grade solvents, dis-
tilled; silica gel: Geduran SI 60 from Merck. Thin-layer chromatography
(TLC): Macherey-Nagel pre-coated TLC plates SIL G-50 UV254, visual-
isation by UV. Melting points: Büchi B-540, uncorrected. IR: Perkin ±
Elmer FT-IR 1600. 1H NMR: Bruker AC200 (200 MHz); d relative to the
solvent signal: CDCl3: dH� 7.26. 13C NMR: Bruker AC200 (50 MHz); d


relative to the solvent signal: CDCl3: dC� 77.00. The mass spectra were
performed at the Laboratoire de SpectromeÂtrie de Masse, Strasbourg
(France).


Pentathiophenyl benzaldehyde (2): Thiophenyl sodium salt (18 g,
136.20 mmol) was dissolved in 1,3-dimethylimidazolidin-2-one (DMI;
100 mL) and pentafluorobenzaldehyde (3.81 g, 19.43 mmol) was added.
The solution immediately turned orange and was stirred for 12 h at room
temperature, poured into a saturated NaCl solution and extracted with


toluene. The organic layer was separated and dried over MgSO4.
Evaporation of the solvent yielded 2 (9.49 g, 14.67 mmol, 75 %) as a yellow
solid. M.p. 122 8C; IR (KBr): nÄ � 3051 (w), 1704 (s), 1579 (m), 1476 (s), 1438
(s), 1288 (w), 1164 (w), 1080 (m), 1023 (m), 999 (w), 929 (w), 735 (s), 698
(m), 687 (s), 469 cmÿ1 (w); 1H NMR (CDCl3): d� 6.85 ± 7.35 (m, 25H), 9.87
(s, 1 H); 13C NMR (CDCl3): d� 126.32, 126.39, 126.83, 128.19, 128.48,
128.85, 128.96, 129.26, 136.32, 136.94, 137.23, 140.91, 146.57, 147.56, 150.72,
190.08; FAB-MS: m/z (%): 650 (8), 649 (21), 648 (46), 647 (75), 646 (100)
[M]� ; elemental analysis calcd (%) for C37H26OS5: C 68.70, H 4.05; found:
C 68.81, H 4.07.


trans,trans-1,4-Bis-{[2'-(2'',3'',4'',5'',6''-pentathiophenyl)phenyl]ethenyl}
benzene (3): A 50 % NaOH solution (4 mL) was added to pentathiophenyl
benzaldehyde (0.21 g, 323 mmol) and para-xylylenebis(triphenylphospho-
nium bromide) (0.13 g, 163 mmol) in CH2Cl2 (8 mL). The colour changed
immediately from yellow to red. After 20 h the reaction mixture was
poured into water and extracted with CH2Cl2. Column chromatography
(silica, benzene) yielded 3 (0.13 g, 79 mmol, 49%) as light yellow solid. Rf


(silica, xylene): 0.70; m.p. 76 8C; 1H NMR (CDCl3): d� 6.95 ± 7.5 (m, 54H),
6.86 (d, J� 16 Hz, 2H), 6.49 (d, J� 16 Hz, 2H); 13C NMR (CDCl3): d�
149.32, 149.21, 147.49, 146.09, 142.64, 138.13, 137.60, 136.29, 134.39, 128.93,
128.35, 128.16, 127.99, 126.58, 126.02; FAB-MS: m/z (%): 1367 (20), 1366
(36), 1365 (69), 1364 (89), 1363 (100, molecular mass), 1362 (61) [M]� , 1275
(33), 1274 (45), 1273 (50), 1272 (35); elemental analysis calcd (%) for
C82H58S10: C 72.21, H 4.29; found: C 72.36, H 4.44.


trans,trans-Decathiophenyl benzaldehyde azine (4): Pentathiophenyl benz-
aldehyde (0.532 g, 822 mmol) and hydrazine hydrate (0.016 g, 328 mmol)
were refluxed in CH3CN (12 mL) for 16 h. The light yellow precipitate was
collected by filtration, washed with cold CH3CN and dried under high
vacuum to yield 4 (0.135 g, 105 mmol, 32%) as a light yellow solid. Rf (silica,
toluene/hexane 1:2): 0.31; m.p. 201 8C; 1H NMR (CDCl3): d� 8.15 (s, 2H),
6.85 ± 7.2 (m, 50H); 13C NMR (CDCl3): d� 159.25, 149.24, 147.93, 144.59,
142.13, 137.60, 137.52, 136.92, 129.09, 128.94, 128.87, 128.61, 128.37, 128.10,
126.37, 126.21, 126.13; FAB-MS: m/z (%): 1293 (22), 1292 (44), 1291 (75),
1290 (79), 1289 (100) [M]� , 1202 (34), 1201 (64), 1200 (71), 1199 (93), 1181
(34), 1180 (35), 1179 (47); elemental analysis calcd (%) for C74H52N2S10:
C 68.91, H 4.06; found: C 68.83, H 4.15.


1-(2',2'-Dibromoethenyl)-2,3,4,5,6-pentathiophenyl benzene (5): Penta-
thiophenyl benzaldehyde (0.839 g, 1.30 mmol) was heated under reflux in
dry CH3CN (30 mL). A solution of carbon tetrabromide (1.29 g,
3.89 mmol) and triphenyl phosphine (2.04 g, 7.78 mmol) in dry CH3CN
(10 mL) was added over a period of 5 min. After heating under reflux for
20 min, filtration and evaporation of the solvent gave a yellow solid as a
crude product. Column chromatography (silica, toluene/hexane 1:1)
yielded 5 (0.72 g, 0.897 mmol, 69%) as a yellow dye. IR (film): nÄ � 3071
(w), 1579 (m), 1476 (s), 1438 (s), 1323 (w), 1286 (w), 1080 (m), 1023 (m), 999
(w), 837 (m), 736 (s), 698 (s), 686 (s), 646 (m), 481 cmÿ1 (m); 1H NMR
(CDCl3): d� 7.15 ± 7.52 (m, 25H), 6.70 (s, 1H); 13C NMR (CDCl3): d�
93.98, 125.92, 126.50, 127.71, 127.86, 128.01, 128.78, 128.92, 129.15, 136.13,
136.76, 137.46, 143.70, 145.72, 146.28, 147.16; FAB-MS: m/z (%): 805 (11),
804 (28), 803 (21), 802 (40), 801 (14), 800 (18), [M]� , 725 (10), 724 (28), 723
(43), 722 (100), 721 (36), 720 (77) [MÿBr]� .


1-Ethinyl-2,3,4,5,6-pentathiophenyl benzene (6): Compound 5 (0.10 g,
0.125 mmol) was dissolved in absolute THF (10 mL) and cooled to
ÿ78 8C. n-Butyllithium (1.6m in hexane, 0.2 mL, 0.32 mmol) was added
dropwise. The mixture was stirred for 1 h underÿ70 8C, allowed to warm to
room temperature and then stirred at this temperature for 1 h at. A
saturated NaCl solution (40 mL) was added, and the mixture extracted with
toluene (3� 10 mL). The combined organic layers were dried over MgSO4.
Column chromatography (silica, toluene/hexane 1:2) yielded 6 (0.052 g,
0.08 mmol, 65 %) as a yellow dye. IR (film): nÄ � 3285 (w), 2956 (w), 1582
(m), 1477 (s), 1437 (m), 1082 (m), 1024 (m), 735 (s), 687 cmÿ1 (s); 1H NMR
(CDCl3): d� 3.58 (s, 1 H), 6.9 ± 7.4 (m, 25 H); 13C NMR (CDCl3): d� 80.37,
88.35, 125.54, 125.76, 125.88, 126.72, 127.69, 128.15, 128.77, 128.96, 129.88,
137.34, 138.02, 138.41, 140.21, 145.14, 149.22, 153.81; FAB-MS: m/z (%): 645
(26), 644 (49), 643 (99), [M]� , 642 (89), 641 (100), 565 (15), 457 (13), 456
(32), 454 (16), 424 (23), 422 (19), 379 (17), 378 (38), 377 (22), 348 (35), 347
(52), 346 (89), 327 (16), 316 (32), 315 (17), 314 (40); elemental analysis calcd
(%) for C38H26S5: C 70.99, H 4.08; found: C 70.88, H 4.22.


1,4-Di(pentathiophenyl)phenyl-buta-1,3-diyne (7): Compound 6 (0.115 g,
0.178 mmol) and copper(ii) acetate monohydrate (0.039 g, 0.197 mmol,
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1.1 equiv) were heated to 55 8C in pyridine (5 mL). After 1 h the reaction
mixture was poured onto ice water and extracted with toluene. The organic
layer was washed successively with 25 % AcOH, 1m NaHCO3 and saturated
NaCl, and dried over MgSO4. Evaporation of the solvent yielded a crude
product (0.139 g). Crystallisation from CHCl3/hexane gave 7 (65 %) as
orange crystals. M.p. 186 8C; IR (KBr): nÄ � 1581 (m), 1477 (s), 1438 (m),
1311 (w), 1079 (m), 1023 (m), 999 (w), 741 (m), 732 (s), 697 (m), 686 cmÿ1


(m); 1H NMR (CDCl3): d� 6.8 ± 7.3 (m, 50 H); 13C NMR (CDCl3): d�
83.01, 86.62, 126.23, 126.31, 126.52, 128.18, 128.40, 129.01, 129.28, 133.78,
136.48, 137.44, 137.80, 146.51, 146.59, 148.43; FAB-MS: m/z (%): 1287 (20),
1286 (41), 1285 (68), 1284 (88), 1283 (100), [M]� , 1282 (66), 1281 (29), 1207
(29), 1206 (30), 1205 (28), 643 (50), 642 (44), 641 (83); elemental analysis
calcd (%) for C76H50S10: C 71.10, H 3.93; found: C 71.30, H 4.07.
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Rate and Mechanism of the Reversible Formation of Cationic (h3-Allyl)-
palladium Complexes in the Oxidative Addition of Allylic Acetate to
Palladium(0) Complexes Ligated by Diphosphanes


Christian Amatore,* Sophie Gamez, and Anny Jutand*[a]


Abstract: The oxidative addition of the
allylic acetate, CH2�CHÿCH2ÿOAc, to
the palladium(0) complex [Pd0(P,P)],
generated from the reaction of
[Pd(dba)2] with one equivalent of P,P
(P,P�dppb� 1,4-bis(diphenylphosphan-
yl)butane, and P,P� dppf� 1,1'-bis(di-
phenylphosphanyl)ferrocene), gives a
cationic (h3-allyl)palladium(ii) complex,
[(h3-C3H5)Pd(P,P)�], with AcOÿ as the
counter anion. This reaction is reversible
and proceeds through two successive


equilibria. The overall equilibrium con-
stants have been determined in DMF.
Compared with PPh3, the overall equi-
librium lies more in favor of the cationic
(h3-allyl)palladium(ii) complex when bi-
dentate P,P ligands are considered in the
order: dppb> dppf> PPh3. The reac-


tion proceeds via a neutral intermediate
complex [(h2-CH2�CHÿCH2ÿOAc)Pd0-
(P,P)], which has been kinetically de-
tected. The rate constants of the succes-
sive steps have been determined in
DMF by UV spectroscopy and conduc-
tivity measurements. The overall com-
plexation step of the Pd0 by the allylic
acetate C�C bond is faster than the
oxidative addition/ionization step which
gives the cationic (h3-allyl)palladium(ii)
complex.


Keywords: allyl complexes ´ kinet-
ics ´ oxidative addition ´ palladium ´
P,P ligands


Introduction


Palladium complexes are efficient catalysts in nucleophilic
substitutions on allylic acetates or derivatives (Tsuji ± Trost
reactions) [Eq. (1)].[1] We have established that the oxidative


addition of the allylic acetate CH2�CHÿCH2ÿOAc to the
palladium(0) complex generated from [Pd0(dba)2] and two
equivalents of PPh3 (dba� trans,trans-dibenzylideneacetone)
is a reversible reaction, which gives a cationic (h3-allyl)palla-
dium(ii) with AcOÿ as the counter anion [Eq. (2) in
Scheme 1].[2] This reaction proceeds by successive equilibria
via the putative intermediate [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(PPh3)2] [Eqs. (4) and (5) in Scheme 1].[2] The
oxidative addition to allylic carbonates is also reversible and
proceeds with isomerization at the allylic position.[3]


[Pd0(dba)2], when associated with bidentate diphosphane
ligands (P,P), generates efficient catalytic precursors for
Tsuji ± Trost reactions and chiral diphosphanes induce enan-


Scheme 1. Oxidative addition of allylic acetate to the Pd0 complex
generated from [Pd0(dba)2] and two equivalents of PPh3.


tioselective reactions.[1, 4] The reactive species generated from
the reaction of [Pd0(dba)2] with one equivalent of P,P ligand
have been identified through a mechanistic investigation of
their oxidative addition to PhI.[5] [Pd0(P,P)] and
[Pd0(dba)(P,P)] are involved in an equilibrium, and both
complexes react in parallel with PhI. However [Pd0(P,P)] is
the more reactive complex (k1>> k'1) (Scheme 2).[5]


Scheme 2. Reactive complexes in oxidative addition.
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Here we report investigations of the mechanism of the
oxidative addition of allylic acetates to the palladium(0)
complexes generated from the reaction between [Pd(dba)2]
and one equivalent of P,P (P,P� dppb� 1,4-bis(diphenylphos-
phanyl)butane and P,P� dppf� 1,1'-bis(diphenylphospha-
nyl)ferrocene). We establish that cationic (h3-allyl)palladi-
um(ii) complexes are formed in a multistep reversible
oxidative addition.


Results and Discussion


Reversibility of the oxidative addition of allylic acetate to the
palladium(0) complex formed from the reaction of
[Pd0(dba)2] with one equivalent of dppb


Kinetic investigations : As for the reaction of [Pd0(dba)2] and
two equivalents of PPh3, the oxidative addition of allylic
acetate CH2�CHÿCH2ÿOAc to the palladium(0) complexes
generated from the reaction of [Pd0(dba)2] with one equiv-
alent of dppb was monitored by conductivity measurements to
characterize the formation of ionic species. 31P and 1H NMR
spectroscopy were used to characterize the allylpalladium(ii)
complex formed in the oxidative addition, and UV spectros-
copy was used to monitor the reactivity of the active
palladium(0) complex with the allylic acetate.


As previously reported, the formation of [Pd0(dba)(dppb)]
from the reaction of [Pd0(dba)2] and one equivalent of dppb in
DMF or THF is a slow reaction because of the formation of
the intermediate complex [Pd0(dppb)2] (Scheme 3).[5]


Scheme 3. Mechanism of the formation of [Pd0(dba)(dppb)].


Therefore any mechanistic investigation of the reactivity of
[Pd0(dba)(dppb)] in oxidative addition should be undertaken
at least 45 min after mixing [Pd0(dba)2] and one equivalent of
dppb (2 mm each in DMF) at room temperature.


The conductivity k of a solution of [Pd0(dba)(dppb)]
(2 mm), formed from [Pd0(dba)2] (2 mm) and dppb (2 mm) in
DMF, increased after addition of five equivalents of allylic
acetate and reached a limiting value (Figure 1; n� 5). This
limiting value increased slightly after addition of five more
equivalents of allylic acetate, but remained unchanged after a
third addition of five equivalents of allylic acetate (Figure 1).
The limiting conductivity of the solution decreased upon
successive additions of n' equivalents of dba (Figure 1). These
experiments demonstrate the formation of ionic species that
are involved in an equilibrium with the starting reagents,
because their concentration increases upon increasing the
allylic acetate concentration [Eq. (9)]. Moreover, dba, whose


effect is to decrease the concentration of the ionic species,
accompanied by the formation of increasing amounts of
[Pd0(dba)(dppb)] (vide infra), is involved in the reverse
reaction of this equilibrium [Eq. (9)].


The 31P NMR spectrum of a solution of [Pd0(dba)2] and one
equivalent of dppb in DMF exhibited the two signals of equal
magnitude for [Pd0(dba)(dppb)] at d� 21.7 and 18.0 due to
the monoligation of dba (Table 1).[5] After addition of 44


equivalents of CH2�CHÿCH2ÿOAc, only a single signal was
observed at d� 21.5, which was assigned to the cationic (h3-
allyl)palladium complex [(h3-C3H5)Pd(dppb)]�(AcOÿ) by
comparison with a pure sample of [(h3-C3H5)Pd(dppb)]BF4


(d� 21.7). This latter complex was synthesized by treatment
of [{(h3-C3H5)Pd(m-Cl)}2] with two equivalents of dppb in the
presence of a chloride ion scavenger.[6] Starting from a
solution of [(h3-C3H5)Pd(dppb)]BF4 in DMF, which exhibited
a single signal at d� 21.7, addition of two equivalents of
nBu4NOAc and 10 equivalents of dba resulted in two signals
at d� 21.7 and 18, characteristic of [Pd0(dba)(dppb)]. This
establishes the occurrence of the reverse reaction of the
equilibrium [Eq. (9)]. The magnitude of the signal at d� 21.7
was higher than that of the signal at d� 18, although they have
the same magnitude for [Pd0(dba)(dppb)] alone. This means
that the equilibrium [Eq. (9)] was not completely shifted
towards [Pd0(dba)(dppb)]. The signal of the cationic complex
at d� 21.7 was then still observed, overlapping one of the two


Figure 1. Conductivity measurements in DMF at 25 8C. Initially:
[Pd(dba)2] (2 mm) and dppb (2mm), then successive additions of n
equivalents of CH2�CHÿCH2ÿOAc as indicated by the arrows (0< t<
1500 s) followed by successive additions of n' equivalents of dba as
indicated by the arrows (t> 1500 s).


Table 1. 31P NMR shifts of the Pd0 complexes formed from the reaction of
[Pd(dba)2] and one equivalent of P,P and of the cationic (h3-allyl)palla-
dium(ii) complexes formed in the oxidative addition to allylic acetate in
DMF. The results are compared to those obtained from the reaction of
[Pd(dba)2] and two equivalents of PPh3.[2]


d[a] dppb dppf PPh3


[Pd0(dba)(P,P)][b] 21.7 and 18.0 20.7 and 18.3 27.4 and 25.5
[(h3-C3H5)Pd(P,P)]� (AcOÿ)[b] 21.5 24.2 24.1
[(h3-C3H5)Pd(P,P)]BF4


[c] 21.7 24.3 24.1


[a] Determined versus H3PO4 as an external standard in DMF containing
10% of [D6]acetone. [b] Formed in situ. [c] Authentic sample.







(h3-Allyl)palladium(ii) Complexes 1273 ± 1280


Chem. Eur. J. 2001, 7, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1275 $ 17.50+.50/0 1275


signals of [Pd0(dba)(dppb)] at d� 21.7, and was responsible
for the higher magnitude of the signal at d� 21.7 when
compared with that at d� 18.


The reaction of [(h3-C3H5)Pd(dppb)]BF4 with acetate ions
was also monitored by UV spectroscopy in DMF. A solution
of [(h3-C3H5)Pd(dppb)]BF4 (2 mm) did not exhibit any ab-
sorbance band at around 400 nm. After addition of five
equivalents of dba and five equivalents of nBu4NOAc, the
absorption band characteristic of [Pd0(dba)(dppb)] at l�
385 nm appeared. These two last experiments give clear
evidence that a palladium(0) complex is formed by attack of
the acetate ion on the cationic (h3-allyl)palladium complex
(reverse reaction of the equilibrium in Equation (9)).


Although oxidative additions of allylic acetates to Pd0


complexes ligated by diphosphane ligands are usually consid-
ered to be irreversible,[1a] we have established that the
oxidative addition of the allylic acetate to the Pd0 complex
formed from the reaction of [Pd(dba)2] and one equivalent of
dppb is a reversible reaction. The equilibrium constant K of
the overall equilibrium [Eq. (10)] (P,P� dppb) could be
determined from conductivity measurements, using the data
in Figure 1.


Denoting n as the total number of equivalents of CH2�CHÿ
CH2ÿOAc, n' that of added dba, xeq the equilibrium concen-
tration of [(h3-C3H5)Pd(P,P)�] and AcOÿ relative to the initial
concentration C0 of [Pd0(dba)(P,P)], one obtains [Eq. (11)].


K � ��h3-C3H5�Pd�P;P����AcOÿ��dba�
�Pd�dba��P;P���CH2�CHÿCH2ÿOAc�


� x2
eq�1� xeq � n'�C0


�1ÿ xeq��nÿ xeq�
�11�


Note that at equilibrium, [dba]� (1�xeq�n')C0 since one
equivalent of dba is released during the generation of
[Pd(dba)(P,P)] from [Pd(dba)2] [Eqs. (6) ± (8); see Scheme 1].
In addition, xeq� keq/kirrev, where keq is the conductivity
measured when the equilibrium [Eq. (10)] is fully established
in the presence of CH2�CHÿCH2ÿOAc (n� 15; 10< n'< 80)
and kirrev the conductivity when the equilibrium [Eq. (10)] is
totally displaced towards its right-hand side, (n� 15, n'� 0).
The value of K was then calculated from the slope of the
regression line obtained by plotting xeq


2/(1ÿ xeq) versus
(nÿ xeq)/(1�xeq�n')C0 (Figure 2; K/C0� 9 �1 at 25 8C for
dppb; Table 2).


Therefore, the oxidative addition of allylic acetate to a
palladium(0) complex is reversible when the palladium(0)
center is ligated by two monophosphane ligands (e.g., PPh3)[2]


as well as by a bidentate phosphane ligand such as dppb.
However the equilibrium lies more in favor of the cationic (h3-
allyl)palladium complex when the palladium center is ligated
by dppb (Table 2).


When the time scale of the initial part of the curve in
Figure 1 was extended (0< t< 100 s), an S-shaped curve is
observed for the kinetics of the formation of the ionic species


Figure 2. Determination of the overall equilibrium constant K for the
oxidative addition of CH2�CHÿCH2ÿOAc to the palladium(0) complex
formed in situ from [Pd(dba)2] (C0� 2mm) and dppb (2mm), in the
presence of n equivalents of CH2�CHÿCH2ÿOAc and n' equivalents of
added dba in DMF at 25 8C [Eq. (9)], using the conductivity data of
Figure 1. Plot of xeq


2/(1ÿ xeq) versus (nÿ xeq)/(1�xeq�n')C0 [Eq. (11)].
xeq�keq/kirrev, keq: conductivity measured when the equilibrium [Eq. (9)] is
fully established in the presence of CH2�CHÿCH2ÿOAc (n� 15; 10< n'<
80) and kirrev : conductivity when the equilibrium [Eq. (9)] is totally
displaced towards its right-hand side (n� 15, n'� 0).


Figure 3. Oxidative addition of CH2�CHÿCH2ÿOAc (10 mm) to the
palladium(0) complex formed in situ from [Pd(dba)2] (2mm) and dppb
(2mm) in DMF at 25 8C. a) (^) Molar ratio of [Pd0(dba)(dppb)] versus time,
determined by UV spectroscopy at 425 mm, in a 1 mm path cell. b) (&)
Molar ratio of the cationic complex [(h3-C3H5)Pd(dppb)�](OAcÿ) versus
time, determined by conductivity measurements. c) (*) Molar ratio of the
neutral intermediate complex [(h2-CH2�CHÿCH2ÿOAc)Pd0(dppb)] versus
time, determined from curves a and b of Figure 3 (see text).


(Figure 3, curve b). This is clear evidence of the involvement
of at least one neutral intermediate complex on the way to the
cationic (h3-allyl)palladium(ii) complex. This prompted us to
investigate the kinetics of the reaction of the palladium(0)


Table 2. Equilibrium and rate constants for the oxidative addition of allylic
acetate to the Pd0 complex generated from the reaction of [Pd(dba)2] and
one equivalent of P,P in DMF (Scheme 5, Equation (10), C0� 2 mm). The
results are compared to those obtained from the reaction of [Pd(dba)2] and
two equivalents of PPh3.[2]


P,P dppb dppf PPh3


T [8C] 3 25 10 16 25 20


K/C0 9 1 0.53 0.35 0.017
102�K0k1 [sÿ1] 1.6 5.8 1.0 1.7
k1


app [mÿ1sÿ1] 8 26 4.8 8.4
102�k2 [sÿ1] 2.5[a] 1.8[b]


k1
app/k2 [mÿ1] 1050 270


[a] Rate-determining step as soon as the allylic acetate concentration is
higher than 1mm. [b] Rate-determining step as soon as the allylic acetate
concentration is higher than 3.8 mm.
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center with the allylic acetate by UV spectroscopy. The
complex [Pd0(dba)(dppb)], quantitatively formed in a mix-
ture of [Pd0(dba)2] and one equivalent of dppb (2 mm each in
DMF), was characterized by UV spectroscopy by its absorp-
tion band at lmax� 385 nm. Addition of five equivalents of
CH2�CHÿCH2ÿOAc to this solution at 25 8C resulted in a
decay of the absorbance of [Pd(dba)(dppb)] of up to 2 % of its
initial value (curve a in Figure 3) with a half-reaction time of
t1/2� 8 s. The rate of disappearance of the palladium(0) in its
reaction with five equivalents of allylic acetate is thus faster
than the rate of formation of the ionic species monitored by
conductivity measurements (curve b in Figure 3, t1/2� 25 s).
This again demonstrates the involvement of an intermediate
(neutral because it does not give rise to any increase of the
solution conductivity) in the overall reaction (9). The
evolution of the concentration of this neutral intermediate
versus time could be deduced from the complement of the
sum of curves a and b to the total amount of palladium (see
curve c in Figure 3). Even though this intermediate complex
could not be characterized due to its too short half-life time, it
is presumably an adduct in which the palladium(0) is ligated to
the C�C bond of the allylic acetate as in [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(P,P)], in agreement with usual literature consen-
sus.[1, 7] Note that such a neutral intermediate was not kineti-
cally detected when the ligand was PPh3.[2]


Since [Pd0(dba)(P,P)] is the major complex involved in an
equilibrium with [Pd0(P,P)] and since both complexes were
found to be reactive in the oxidative addition to PhI
(Scheme 2),[4] a question arises about the formation of the
intermediate Pd0 adduct by a SN1- or SN2-type mechanism.
Indeed this may occur either from [Pd0(dba)(P,P)] (route A),
from [Pd0(P,P)] (route B), or from both complexes
(Scheme 4).


Scheme 4. The two possible routes for the reaction of allylic acetate to the
Pd0 complexes generated from [Pd(dba)2] and one equivalent of P,P ligand.


Discrimination between routes A and B in Scheme 4 was
achieved after a detailed kinetic investigation of this reaction.
The rate of disappearance of [Pd0(dba)(dppb)] over time was
monitored by UV spectroscopy (l� 425 nm) as a function of
the dba and the allylic acetate concentrations ([CH2�CHÿ
CH2ÿOAc]> 10 mm), under conditions where reactions A or
B were totally shifted towards the formation of the allylic
acetate/Pd0 adduct, as attested by the complete disappearance


of the UV absorption band of [Pd0(dba)(dppb)] at the end of
the reaction. The backward reactions (rate constants kÿ1 and
kÿ1' in Scheme 4) could then be neglected. In the absence of
added dba, plotting the experimental rate constant kexp (sÿ1)
versus the allylic acetate concentration afforded a straight line
passing through the origin (Figure 4a). Consequently the


Figure 4. Oxidative addition of CH2�CHÿCH2ÿOAc to the palladium(0)
complex formed in situ from [Pd(dba)2] (2 mm) and dppb (2mm) in DMF,
under conditions where the overall reaction is irreversible ([CH2�CHÿ
CH2ÿOAc]> 10mm). a) Plot of the experimental rate constant kexp for the
disappearance of [Pd0(dba)(dppb)], monitored by UV spectroscopy, versus
CH2�CHÿCH2ÿOAc concentration, at 3 8C. b) Plot of the experimental
rate constant kexp for the disappearance of [Pd0(dba)(dppb)] monitored by
UV spectroscopy versus the reciprocal of dba concentration at 25 8C.


reaction order in the allylic acetate was found to be 1. This
establishes that only one Pd0 complex is involved in the
complexation of the allylic acetate C�C bond. On the other
hand, kexp/[CH2�CHÿCH2ÿOAc] varied linearly versus the
reciprocal of dba concentration for various concentrations of
allylic acetate (Figure 4b). The reaction order in dba is thus
ÿ1, which indicates that [Pd0(dppb)] is the only reactive
species (route B), under conditions where the whole reaction
is irreversible. Based on the principle of microscopic rever-
sibility, route B must also be followed during the reverse
reaction. Consequently, the overall oxidative addition of the
allylic acetate to the palladium(0) complex formed from the
reaction between [Pd(dba)2] and one equivalent of dppb is a
reversible reaction, which proceeds through a sequence of
three reversible steps (Scheme 5). The first two steps corre-
spond to an SN1 ± type substitution of the dba ligand by the
allylic acetate, which presumably coordinates through its C�C
double bond. It is followed by the true oxidative addition step
(also called the ionization step), which is also reversible and
gives ionic species (Scheme 5).
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Scheme 5. Mechanism of the oxidative addition of allylic acetate to the Pd0


complex generated from [Pd(dba)2] and one equivalent of P,P ligand (P,P�
dppb, dppf). Overall equilibrium: K�K0K1K2 in Equation (10).


Based on Scheme 5, the disappearance of the Pd0 complex
in the presence of allylic acetate obeys the kinetic law in
Equations (12a) and (12b) when dba is in excess. From the
slope of the regression line obtained in Figure 4b, one
therefore readily determines K0k1� 5.8� 10ÿ2 sÿ1 at 25 8C
(Table 2).


ln([Pd0]/[Pd0]0)�ÿkexpt�ÿK0k1[CH2�CHÿCH2ÿOAc]t/[dba] (12a)


with kexp/[CH2�CHÿCH2ÿOAc]�K0k1/[dba] (12b)


In the absence of added dba, the concentration of dba
varies as the reaction proceeds because of the progressive
displacement of the equilibrium between [Pd0(dba)(dppb)]
and [Pd0(dppb)]. The disappearance of the Pd0 complex obeys
then the kinetic law in Equations (13a) and (13b).[8] From the
slope of the regression line obtained in Figure 4a, one has
K0k1� 1.6� 10ÿ2 sÿ1 at 3 8C (Table 2).


2ln([Pd0]/[Pd0]0)�1ÿ [Pd0]/[Pd0]0�ÿK0k1[CH2�CHÿCH2ÿOAc]t/C0


�ÿk'expt (13a)


with k'exp�K0k1[CH2�CHÿCH2ÿOAc]/C0 (13b)


Since K0 and k1 cannot be determined but only K0k1, one
can only determine the apparent rate constant k1


app for the
overall formation of [(h2-CH2�CHÿCH2ÿOAc)Pd0(dppb)]
from [Pd0(dba)(dppb)] via [Pd0(dppb)] [Eq. (14)]. k1


app is
given by the kinetic law of Equation (15). By comparison to
Equation (13b) one gets: k1


app�K0k1/C0� 8mÿ1sÿ1 at 3 8C
(Table 2).


Pd0(dba)(P,P)�CH2�CHÿCH2ÿOAc


ÿ!k1
app


(h2-CH2�CHÿCH2ÿOAc)Pd0(P,P)� dba (14)


2 ln([Pd0]/[Pd0]0)� 1ÿ [Pd0]/[Pd0]0�ÿk1
app[CH2�CHÿCH2ÿOAc]t (15)


The rate constant of the oxidative addition/ionization step
(k2 in Scheme 5) has been determined by conductivity
measurements under conditions where the overall reaction
was irreversible (n� 40 equivalents of allylic acetate) so that
the reverse reactions (rate constants kÿ1 and kÿ2) could be


neglected. Under such conditions, the S-shaped curve, pre-
viously obtained in Figure 3b for the kinetics of formation of
the cationic [(h3-C3H5)Pd(dppb)�] complex, was not observed
(Figure 5a) because the formation of [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(dppb)] [Eq. (14)] was considerably faster than the


Figure 5. Kinetics of the formation of [(h3-C3H5)Pd(dppb)�](AcOÿ)] by
the oxidative addition of CH2�CHÿCH2ÿOAc to the palladium(0) complex
formed in situ from [Pd(dba)2] (2 mm) and dppb (2mm) in DMF at 25 8C
under conditions where the overall reaction is irreversible ([CH2�CHÿ
CH2ÿOAc]� 80mm). a) Conductivity of the solution as a function of time.
b) Plot of ln((klimÿ k)/klim) versus time (klim: conductivity measured at the
end of the reaction; k : conductivity measured at time t). ln((klim ÿ k)/
klim)�ÿk2t (Scheme 5, Table 2).


oxidative addition/ionization step of [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(dppb)]. This latter reaction was then the rate-
determining step of the overall sequence and its rate constant
k2 could then be readily determined from the conductivity
data of Figure 5a. Plotting ln((klimÿ k)/klim) versus time gave a
straight line (klim: conductivity measured at the end of the
reaction; k : conductivity measured at time t) passing through
the origin (Figure 5b): ln((klimÿ k)/klim)�ÿk2t. The value of
k2 could then be readily determined from the slope of the
regression line: k2� 2.5 (�0.1)� 10ÿ2 sÿ1 at 25 8C (Table 2). It
was checked that within experimental accuracy, the rate of
formation of the cationic [(h3-C3H5)Pd(dppb)�] complex,
monitored by conductivity measurements, did not depend
on the concentration of the allylic acetate in the range 0.02 ±
0.1m (10< n< 50). This confirms a posteriori that the two
steps of complexation and oxidative addition/ionization
proceed successively on different time scales, the oxidative
addition/ionization step being slower (rds) than the overall
complexation step. As soon as the allylic acetate concentra-
tion is higher than 1 mm, then k1


app[CH2�CHÿCH2ÿOAc]> k2


when P,P� dppb.
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Reversibility of the oxidative addition of allylic acetate to
the palladium(0) complex formed from the reaction of
[Pd0(dba)2] and one equivalent of dppf


Kinetic investigations : A similar strategy was used to inves-
tigate the mechanism of the oxidative addition of the allylic
acetate CH2�CHÿCH2ÿOAc to the palladium(0) complex
generated from [Pd0(dba)2] and one equivalent of dppf. The
mechanism is very similar to that established above for dppb
(Scheme 5), involving only different values for the equilibri-
um and rate constants. The overall equilibrium constant K was
determined from conductivity measurements as explained
above for dppb. K0k1 and k1


app were determined from UV
spectroscopy and k2 from conductivity measurements under
conditions where the reverse reactions of the complexation
and ionization steps were not operating (see above).


The complex [Pd0(dba)(dppf)] was quantitatively formed
from the reaction of [Pd0(dba)2] and one equivalent of dppf
(2 mm each in DMF) through a fast reaction [Eq. (16)], which
was complete upon mixing.[5]


[Pd0(dba)2]�dppf! [Pd0(dba)(dppf)]�dba (16)


The conductivity of a solution containing [Pd0(dba)2] and
one equivalent of dppf (2 mm each in DMF) increased after
successive additions of the allylic acetate, attesting again to
the formation of ionic species. Fifty equivalents of allylic
acetate were required to observe a complete shift of the
equilibrium [Eq. (17)] towards the right-hand side.


[Pd0(dba)(dppf)]�CH2�CHÿCH2ÿOAc


�K [(h3-C3H5)Pd(dppf)]� � AcOÿ � dba (17)


In agreement with the formulation in Equation (17),
successive additions of dba induced a decay of the conduc-
tivity plateau. The equilibrium constant K of the overall
equilibrium [Eq. (17)] could thus be obtained from such
conductivity data, as detailed above for dppb (vide supra,
Equation (11)). K/C0� 0.35� 0.01 at 25 8C for dppf. The value
of K/C0 is temperature dependent (Table 2) and increases
when the temperature decreases, characterizing an exother-
mic reaction.


The involvement of the cationic (h3-allyl)palladium(ii)
complex formed in this reaction has been established by 31P
NMR spectroscopy (Table 1) by comparison to an authentic
sample with BF4


ÿ as the counter anion: [(h3-
C3H5)Pd(dppf)]BF4 whose 31P NMR single signal in DMF is
located at d� 24.3. After addition of 10 equivalents of
nBu4NOAc and two equivalents of dba to a solution of [(h3-
C3H5)Pd(dppf)]BF4 in DMF, two signals at d� 20.8 and d�
18.5 characteristic of [Pd0(dba)(dppf)][5] developed at the
expense of the cationic complex signal. This confirms the
existence of the overall reverse reaction of the equilibrium in
Equation (17).


The rate of formation of the cationic complex [(h3-
C3H5)Pd(dppf)]�(AcOÿ) in the presence of 50 equivalents of
allylic acetate, that is when the overall equilibrium was totally
shifted towards the formation of the cationic complex, was
monitored by conductivity measurements. The kinetic curve
exhibited an S-shaped form (Figure 6a), demonstrating the


Figure 6. Kinetics of the formation of [(h3-C3H5)Pd(dppf)�](AcOÿ)] by
the oxidative addition of CH2�CHÿCH2ÿOAc to the palladium(0) complex
formed in situ from [Pd(dba)2] (2mm) and dppf (2mm) in DMF at 16 8C
under conditions where the overall reaction is irreversible ([CH2�CHÿ
CH2ÿOAc]� 100 mm). a) Conductivity of the solution as a function of time.
b) Plot of ln((klimÿ k)/klim) versus time (klim: conductivity measured at the
end of the reaction; k : conductivity measured at time t). At t> 150 s,
ln((klimÿ k)/klim)�ÿk2t (Scheme 5, Table 2).


formation of an intermediate Pd0 adduct [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(dppf)][7] as in Scheme 5. The rate constant k2 could
then be calculated from these conductivity data, again by
plotting ln((klimÿ k)/klim) versus time (Figure 6b) and only
considering the part of the curve obtained at longest times
(t> 150 s, beyond the inflection point) for which the forma-
tion of the cationic complex was no longer limited by the
faster formation of [(h2-CH2�CHÿCH2ÿOAc)Pd0(dppf)]
(vide supra). Under such conditions, ln((klimÿ k)/klim)�ÿk2t
and k2� 1.8� 10ÿ2 sÿ1 was then determined at 16 8C (Table 2).


The rate of disappearance of [Pd0(dba)(dppf)] in the overall
oxidative addition to allylic acetate was monitored by UV
spectroscopy (l� 400 nm) at 16 8C. The reaction order in the
allylic acetate is one (Figure 7). K0k1� 10ÿ2 sÿ1 and k1


app�
4.8(�0.2)� 10ÿ2mÿ1 sÿ1 were calculated from the slope of
the regression line of Figure 7 (Table 2). Again the ionization
step is the rate-determining one as soon as the allylic acetate
concentration exceeds a few mm. Indeed, k1


app[CH2�CHÿ
CH2ÿOAc]> k2 provided the allylic acetate concentration is
higher than 3.6 mm.


Even though the rate constants k1
app and k2 were deter-


mined at different temperatures for dppb and dppf (25 8C and
16 8C, respectively, Table 2), for identical allylic acetate
concentrations the ratio k1


app/k2 is higher for dppb than for
dppf (Table 2). This means that the rates of the overall
complexation step and oxidative addition/ionization step are
closer for dppf than for dppb, in agreement with the more
pronounced sigmoïdal character of Figure 6a (dppf) as
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Figure 7. Oxidative addition of CH2�CHÿCH2ÿOAc to the palladium(0)
complex formed in situ from [Pd(dba)2] (2 mm) and dppf (2mm) in DMF at
16 8C. Plot of the experimental rate constant kexp for the disappearance of
[Pd0(dba)(dppf)], monitored by UV spectroscopy, versus CH2�CHÿCH2ÿ
OAc concentration.


compared with Figure 5a (dppb). The overall equilibrium
constant K is approximately 25 times smaller for dppf than for
dppb at 25 8C (Table 2).


Conclusion


In DMF, the oxidative addition of allylic acetate to the
palladium(0) complex generated from the reaction of
[Pd0(dba)2] and one equivalent of P,P (P,P� dppb, dppf)
proceeds from [Pd0(P,P)] and eventually gives cationic (h3-
allyl)palladium(ii) complexes [(h3-C3H5)Pd(P,P)�] with AcOÿ


as the counter anion, by a reversible process involving at least
two successive equilibria (Scheme 5). Compared with the case
with PPh3,[2] the overall equilibrium lies more in favor of the
cationic (h3-allyl)palladium(ii) complex for the bidentate P,P
ligands considered in this work, with the order: dppb>
dppf>PPh3. Therefore, acetate ions react with (h3-allyl)pal-
ladium(ii) complexes with either bidentate or monodentate
phosphane ligands to restore the allylic acetate and Pd0


complexes. Under the usual catalytic conditions where the
concentration of the allylic acetate is considerably higher than
that of the palladium catalyst, the overall oxidative addition
may be then considered as irreversible for the P,P ligands
investigated here. However, as the catalytic reaction proceeds,
acetate ions are continuously released in solution. Their
concentration increases and they may then compete with poor
or stabilized nucleophiles (whose concentration decreases as
the reaction proceeds) in the nucleophilic attack of cationic
(h3-allyl)palladium(ii) complexes. If the reversible oxidative
addition proceeds with partial isomerization at the allylic
position, as established for allylic carbonates,[3] acetate ions
may then interfere in enantioselective processes. The stereo-
chemistry of the reaction of acetate ions with cationic (h3-
allyl)palladium(ii) complexes is under investigation.


For all ligands considered herein, our kinetic data establish
the fast initial formation of intermediate [(h2-CH2�CHÿCH2ÿ
OAc)Pd0(P,P)] complexes where the Pd0 is ligated to the C�C
bond of the allylic acetate. This is followed by the slow


formation of the cationic (h3-allyl)palladium(ii) complexes.
For dppb, as soon as the allylic acetate concentration is higher
than 10 mm, the overall Pd0 complexation step [Eq. (14)]
occurs at least 10 times faster than the oxidative addition/
ionization step (k2 in Scheme 5), which is then the rate-
determining step of the overall process. In the case of dppf, the
oxidative addition/ionization step is also rate-determining but
more than 40 mm of allylic acetate are required to observe
clean kinetic control by the oxidative addition/ionization step,
indicating that the time scales of the two successive reactions
are comparatively closer for dppf than for dppb.


For identical allylic acetate concentrations, the rate of
formation of [(h2-CH2�CHÿCH2ÿOAc)Pd0(P,P)] complexes
varies in the order: dppb> dppf (compare k1


app�K0k1/C0 in
Table 2). The rate of this reaction depends on both the
intrinsic affinity of [Pd0(P,P)] for the allylic acetate C�C bond
(rate constant k1) and on its concentration given by K0. Only
K0k1 could be determined (Table 2). Neglecting steric effects
in a first approach, the affinity of [Pd0(P,P)] for the C�C bond
(k1) should increase when the basicity of the phosphane
decreases.[9] On the other hand, K0 usually increases when the
basicity of the ligand decreases.[8b] Therefore K0k1 should
increase when the basicity of the ligand decreases. The
basicity order is: dppf> dppb. The more basic ligand is dppf
and k1


app is indeed found to be the smallest for dppf.
The rate constants of the oxidative addition/ionization step


(compare k2 in Scheme 5 and Table 2) are very similar for
dppb and dppf. For any oxidative addition performed from a
low-valent metal ligated by a bidentate ligand, the more basic
the ligand and the smaller the bite angle, the faster the
oxidative addition. In the present case, the basicity order is
dppf> dppb, whereas the bite angle order is dppb< dppf.[10]


As a consequence of those two opposing effects, the rate of
the oxidative addition step does not depend significantly on
the ligand dppb or dppf.


Experimental Section


General : DMF was distilled from calcium hydride under vacuum and kept
under argon. Commercial allylic acetate CH2�CHÿCH2ÿOAc (Acros) was
used after filtration on alumina. Commercial [{Pd(h3-C3H5)(m-Cl)}2]
(Acros) was used without any purification. [Pd(dba)2][11] and [(h3-
C3H5)Pd(dppb)]BF4


[6] were prepared according to described procedures.
The synthesis of [(h3-C3H5)Pd(dppf)]BF4 was adapted from a related
procedure.[2, 12] 31P NMR spectra were recorded on a Bruker spectrometer
(101 MHz) using H3PO4 as an external reference. UV spectra were
recorded on a DU 7400 Beckman spectrophotometer. Conductivity
measurements were performed with a Tacussel CD6NG conductimeter.
The cell constant was determined to be 0.9. UV experiments were
performed in a thermostated 1 mm path length cell on mixtures of
[Pd(dba)2] (2mm) and one equivalent of dppb or dppf in DMF and the
suitable amount of CH2�CHÿCH2ÿOAc. A UV experiment was performed
from a solution of [(h3-C3H5)Pd(dppb)]BF4 (2mm) containing five equiv-
alents of dba and five equivalents of nBu4NOAc.


Synthesis of [(h3-C3H5)Pd(dppf)]BF4 : A solution of dppf (0.28 g, 0.5 mmol)
in acetone (28 mL) was added to a solution of [Pd(h3-C3H5)(m-Cl)]2 (0.1 g,
0.25 mmol) in acetone (5 mL). NaBF4 (0.48 g, 4.5 mmol) in water (6 mL)
was added, leading to the formation of a pale yellow precipitate. The solid
complex was dissolved in dichloromethane and precipitated in petroleum
ether. Two molecules of the complex [(h3-C3H5)Pd(dppf)]BF4 crystallize
with one molecule of dichloromethane. 1H NMR (250 MHz, [D1]CHCl3,
TMS): d� 3.48 (m, 2 H; H syn), 4.03 (br.d, J� 7.4 Hz, 2 H; H anti), 4.19 (d,
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2H; Cp-H), 4.40 (d, 2 H; Cp-H), 4.44 (d, 2H; Cp-H), 4.48 (d, 2 H; Cp-H),
5.30 (s, 1H; 1/2CH2Cl2, extra signal), 5.89 (tt, J� 15 and 7.4 Hz, 1H; internal
H), 7.41 ± 7.62 (m, 20 H; aromatic H); 31P NMR: (see Table 1); elemental
analysis (%) calcd for C37H35BF4FeP2Pd ´ 1/2CH2Cl2 (833.16): calcd: C 54.1,
H 4.3; found: C 53.80, H 4.28.
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Synthesis and Molecular Recognition of Novel Oligo(ethylenediamino)
Bridged Bis(b-cyclodextrin)s and Their Copper(ii) Complexes:
Enhanced Molecular Binding Ability and Selectivity by Multiple Recognition


Yu Liu,* Chang-Cheng You, and Bin Li[a]


Abstract: Four bridged bis(b-cyclodex-
trin)s tethered by different lengths of
oligo(ethylenediamine)s have been syn-
thesized and their inclusion complex-
ation behavior with selected substrates
elucidated by circular dichroism spec-
troscopy and fluorescence decay. In
order to study their binding ability
quantitatively, inclusion complexation
stability constants with four dye guests,
that is, brilliant green (BG), methyl
orange (MO), ammonium 8-anilino-1-
naphthalenesulfonic acid (ANS), and
sodium 6-(p-toluidino)-2-naphthalene-
sulfonate (TNS), have been determined


in aqueous solution at 25 8C with spec-
trophotometric, spectropolarimetric, or
spectrofluorometric titrations. The re-
sults obtained indicate that the two
tethered cyclodextrin units might coop-
eratively bind to a guest, and the molec-
ular binding ability toward model sub-
strates, especially linear guests such as
TNS and MO, could be extended. The
tether length plays a crucial role in the


molecular recognition, the binding con-
stants for ANS and TNS decrease line-
arly with an increase in the tether length
of dimeric cyclodextrin. The Gibbs free
energy changes (ÿDG o) for the unit
increment per ethylene are 0.99 kJ molÿ1


for ANS and 0.44 kJ molÿ1 for TNS,
respectively. On the other hand, the
presence of a copper(ii) ion in metal-
lobis(b-cyclodextrin)s oligo(ethylene-
diamino) tethers enhances not only the
original binding ability, but also the
molecular selectivity through triple or
multiple recognition, as compared with
the parent bis(b-cyclodextrin)s.


Keywords: cyclodextrins ´ dyes ´
molecular recognition ´ cooperative
effects ´ supramolecular chemistry


Introduction


Cyclodextrins, a class of cyclic oligosaccharides with six to
eight d-glucose units linked by a-1,4-glucose bonds, are well
known to accommodate various guest molecules into their
truncated cone-shaped hydrophobic cavity in aqueous solu-
tion.[1±3] This fascinating property enables them to be success-
fully used as drug carriers,[4] separation reagents,[5] enzyme
mimics,[6] and photochemical sensors[7, 8] in science and
technology. However, the binding constants of natural cyclo-
dextrins and their simple derivatives with model substrates
are generally in the range of 102 to 104 dm3 molÿ1, and this
limits their application as enzyme mimics and to a greater
extent as antibody mimics. In this context, introduction of an
additional cyclodextrin unit to the rim of a cyclodextrin seems
attractive, since the potential cooperative work of two
adjacent cyclodextrin units should greatly enhance their
binding ability with model substrates through hydrophobic


interactions. Much work has been devoted to the design and
syntheses of novel cyclodextrin dimers since the 1980s, and a
strong binding constant (KS) as high as 1011 dm3 molÿ1,[9] has
been obtained, and this is the same magnitude as the antigen ±
antibody interaction.


Cyclodextrin dimers tethered by the spacer (or linker) of
different sizes and shapes may afford distinctly different
binding abilities and molecular selectivities. Hence, diverse
functional groups such as alkanedioates,[10, 11] disulfides,[12, 13]


dipyridines,[14, 15] and imidazole,[16, 17] have been used as
the linker between two cyclodextrin units. Unexpectedly,
cyclodextrin dimers tethered with oligo(ethylenediamine)
units have rarely been synthesized and therefore their
molecular recognition behavior has not been extensively
investigated, except for the study of Tabushi et al.[18] and a
short report by Liu et al.[19] There is an inherent advantage for
the oligo(ethylenediamine) tether incorporated in bis(cyclo-
dextrin), since the tether group can ligate to transition metal
ions, thus enabling us to modify, and potentially switch the
original binding ability through the metal ligation. In the
preliminary work,[19] we have investigated the molecular
binding and recognition of triethylenetetraamino tethered b-
cyclodextrin with fluorescent dyes ANS and TNS, and found
that the copper(ii) introduced onto the oligo(ethylenedi-


[a] Prof. Yu. Liu, Dr. C.-C. You, Dr. B. Li
Department of Chemistry, Nankai University
Tianjin, 300071 (P.R. China)
Fax: (�81) 22-2350-4853
E-mail : yuliu@public.tpt.tj.cn


FULL PAPER


Chem. Eur. J. 2001, 7, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1281 $ 17.50+.50/0 1281







FULL PAPER Y. Liu et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1282 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61282


N(H3C)2N


ANS TNS


N
H


SO3NaNH SO3NH4


MO


N


C2H5


C2H5N
C2H5


C2H5
HSO4


N SO3Na


BG


amine) tether enhances both the original binding ability and
the molecular selectivity.


In order to examine the molecular recognition of oligo-
(ethylenediamino) tethered b-cyclodextrin systematically, we
will report herein the syntheses of several novel b-cyclo-
dextrin dimers with polyamino tethers and their molecular
binding ability and selectivity with model dye guest molecules
in different sizes and shapes. At
the same time, we can also
further explore the possibility
of external modification of the
binding ability through metal
ligation. The results obtained
indicate that the size/shape-
matching between the host b-
cyclodextrin dimer and the
guest dye crucially dominates
the complex stability. As anoth-
er point of interest the role of
the tether length in the molec-
ular recognition of cyclodextrin
dimers will be revealed. From
the present results, it will be
shown that the complex stabil-
ity generally decreases with the
increase of the tether length of
dimeric b-cyclodextrin.


Results and Discussion


Synthesis : As shown in
Scheme 1, the bridged bis(b-
cyclodextrin)s 1 ± 4 were syn-
thesized in satisfactory yields
starting from 6-O-monotosyl-b-
cyclodextrin, while the metal-
lobis(b-cyclodextrin)s 5 and 6
were prepared from diethyl-
enetriamino-bridged bis(b-cy-
clodextrin) 2 and triethylenete-
traamino-bridged bis(b-cyclo-
dextrin) 3, respectively, by the


coordination reaction with copper(ii) perchlorate in aqueous
solution. In addition to the elemental analysis data, the IR
spectra of 5 or 6 clearly indicate the presence of perchlorate,
showing the vibration bands at 1114.2 and 939.2 cmÿ1.
Furthermore, a weak absorption at 624 cmÿ1, which may be
assigned to a weakly coordinated perchlorate, is also ob-
served, and indicates that the CuII ion is coordinated to the
oligo(ethylenediamino)-bridged bis(cyclodextrin) to form
metallobis(b-cyclodextrin).


Conductivity measurements were also performed to ex-
plore the complex stoichiometry for the metallobis(b-cyclo-
dextrin)s in aqueous solution as the conductivity of the system
reduces with the complex formation. The results obtained
indicate that the complex stoichiometry is 1:1 for both 2-CuII


and 3-CuII complexes. A representative Job�s plot for the 1:1
complexation of bis(b-cyclodextrin) 2 with copper(ii) per-
chlorate is shown in Figure 1.


ICD spectra : Circular dichroism spectra have been widely
employed to elucidate the absolute conformation of chiral
compounds since this method was established at the end of the
1960s.[20] The achiral compounds located in a chiral environ-
ment produce induced circular dichroism (ICD) signal(s) in
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Scheme 1. Syntheses of b-cyclodextrin derivatives 1 ± 6.
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Figure 1. A Job plot of the complexation of bis(b-cylclodextrin) 2 with
copper(ii) perchlorate in aqueous solution. ([2]� [CuII]� 50 mmol dmÿ3).


the corresponding transition band(s). Therefore, the inclusion
behavior of the bridged bis(b-cyclodextrin)s with methyl
orange was investigated using the ICD phenomena. As is
shown in Figure 2, both native b-cyclodextrin and bridged


Figure 2. Circular dichroism spectra of methyl orange (10 mmol dmÿ3)
a) without and b) with b-cyclodextrin (1.6 mmol dmÿ3) and c) with ethyl-
enediamino-bridged bis(b-cyclodextrin) 1 (50 mmol dmÿ3).


bis(b-cyclodextrin) 1 induce appreciable CD at the p ± p*
transition band of the azo group in methyl orange, while no
CD is seen in the absence of cyclodextrin (Figure 2, trace a).
These results clearly indicate that the methyl orange molecule
is included in the chiral cyclodextrin cavity. The ICD spectrum
of methyl orange (10 mmoldmÿ3) with b-cyclodextrin
(1.6 mmol dmÿ3) shows a positive Cotton effect peak at
428 nm (De��1.86 dm3 molÿ1 cmÿ1). With the dual hydro-
phobic cavities, the bridged bis(b-cyclodextrin) 1 at an even
lower concentration (50 mmoldmÿ3) induces a somewhat
stronger Cotton effect at 465 nm (De�ÿ2.00 dm3 molÿ1


cmÿ1). This may be attributed to the enhanced binding ability
and/or to the more efficient ICD upon inclusion by 1
compared with b-cyclodextrin. The induced molar circular
dichroism (De) gradually increased upon further addition of
b-cyclodextrin or bis(b-cyclodextrin) 1.


From the geometrical requirement, the methyl orange
molecule is inferred to be incorporated longitudinally into the
b-cyclodextrin cavity.[21, 22] However, the ICD signals of
methyl orange induced by b-cyclodextrin and bis(b-cyclo-
dextrin)s are distinctly different. From the pioneering studies


of Harata, KajtaÂr, and Shimizu et al.[23±26] on the ICD
phenomena of cyclodextrin complexes, an empirical rule
was proposed: If the transition moment of the guest chromo-
phore is parallel to the axis of symmetry of cyclodextrin (that
is, the axis of the cavity), then the sign of the ICD signal for
that transition will be positive, whereas if the moment axis is
aligned perpendicular to the cavity axis, the sign of ICD will
be negative. From this rule, it can be concluded that the azo
group of methyl orange is included in the cyclodextrin cavity,
as is shown in Figure 3a. However, the negative ICD signal of
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Figure 3. Possible structures of inclusion complexes between methyl
orange and a) b-cyclodextrin, ICD >0; and b) dimeric b-cyclodextrins,
ICD <0.


the methyl orange ± bis(cyclodextrin) 1 complex at 465 nm
can not be interpreted rationally by using the above rule. In
this aspect, Kodaka�s results[27±29] seem attractive, since he
proposed that the sign of the ICD will be opposite to the
expectation of the above rule, if the chromophore is located
outside the cyclodextrin cavity on the basis of the Kirkwood ±
Tinoco theoretical calculation. We can deduce that the two
aromatic groups in methyl orange are included into the
adjacent cavities of bis(cyclodextrin) 1, respectively, while the
azo group is exposed outside the cyclodextrin cavity, as shown
in Figure 3b. From the ICD results, it is proposed that the two
cyclodextrin cavities cooperatively work to encapsulate an
appropriate geometric guest.


Fluorescence spectra and fluorescence lifetimes : ANS and
TNS barely fluoresce in aqueous solution, but emit strong
fluorescence in a nonpolar environment, therefore, they have
been widely used as fluorescent probes in both biological and
organic chemistry. We can use these two fluorescent dyes as
probes to examine the inclusion complexation of bridged
bis(b-cyclodextrin)s 1 ± 6. As can be seen from Figure 4, the
fluorescent intensity of ANS gradually increases upon addi-
tion of bis(b-cyclodextrin) 2. At the same time, a large
hypochromic shift of emission maximum from 522 to 477 nm
is observed. These results clearly indicate that the aromatic
group of ANS is embedded into the hydrophobic cavity of
cyclodextrins. The fluorescent sensitization of bis(cyclodex-
trin)s is much stronger relative to native b-cyclodextrin, and
this could be ascribed to the cooperative interaction of the
former upon inclusion complexation with guest dyes.


To further investigate the inclusion complexation of bis(b-
cyclodextrin)s, the fluorescence lifetimes of bis(b-cyclodex-
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Figure 4. Fluorescence spectral changes of ANS (10 mmol dmÿ3) upon
addition of diethylenetriamino-bridged bis(b-cyclodextrin) 2. The concen-
tration of 2 (from a to m) is 0, 26, 53, 80, 106, 132, 159, 185, 212, 265, 318,
371, and 424 mmol dmÿ3. Excitation wavelength was 350 nm.


trin)s with ANS were determined by the time-correlated
single-photon-counting method. Since the rates of complex-
ation/decomplexation are much slower than the fluorescence
decay,[30] the decay profile of fluorescence intensity (F(t)) can
be described as the sum of unimolecular decays for all
fluorescing species present in the solution [see Equation (1)].


F(t)�
Xn


i� 1


ai exp(ÿ t/ti (n� 1, 2, etc.) (1)


In Equation (1) n represents the number of components, ai


the amplitude of the i-th component, and ti the decay time. In
the absence of the host, the fluorescence decay curve
observed for ANS in aqueous solution was fitted perfectly
to a single exponential function.[32] In contrast, the decay
profile of ANS in the presence of b-cyclodextrin or bis(b-
cyclodextrin)s could be analyzed only by a linear combination
of two exponential functions. The short and long fluorescence
lifetimes (tS and tL) and relative quantum yields (F) observed
for ANS in the presence of native b-cyclodextrin and bis(b-
cyclodextrin)s 1 ± 6 are summarized in Table 1.


From the data listed in Table 1, we can see that ANS itself
exhibits a very short lifetime of 0.4 ns in aqueous solution, but
in the presence of b-cyclodextrin exhibits two lifetimes of
0.5 ns and 3.1 ns, respectively. The shorter lifetime is consis-


tent with the original lifetime, while the elongated lifetime of
3.1 ns in the presence of b-cyclodextrin clearly indicates that
the environment around the ANS molecule is more hydro-
phobic than the bulk water. As we have demonstrated in
previous reports,[33, 34] b-cyclodextrin is unfavorable for com-
plexation with the naphthalene moiety with a substituent on
the a-site. It is assumed that the anilino residue in ANS
participates in the inclusion complexation with b-cyclodex-
trin. The lifetimes of aniline (2.7 ns) and N-methylaniline
(3.7 ns) in the presence of b-cyclodextrin are consistent with
the above long lifetime. On the other hand, the inclusion
complex stabilities of aniline (KS� 61 dm3 molÿ1) and N-
methylaniline (KS� 83 dm3 molÿ1) with b-cyclodextrin are
also in accord with that of ANS.[35]


Interestingly, we see from Table 1 that ANS exhibits two
longer lifetimes of 3.0 and 11.0 ns, in the presence of bis(b-
cyclodextrin)s 1 ± 6. The shorter lifetime of 3.0 ns is ascribed
to the interaction of the anilino moiety with the b-cyclodextrin
cavity as described above. A probable explanation for the
much longer lifetime of 11.0 ns is that the naphthalene group
partly penetrates into an adjacent b-cyclodextrin cavity of the
cyclodextrin dimers. In this context, the two b-cyclodextrin
units, which are tethered through an oligo(ethylenediamino)
spacer, cooperatively encapsulate a guest in the inclusion
complexation. Therefore, it is not difficult to understand the
strong binding ability of bis(b-cyclodextrin)s.


Spectral titration : Complex formation with cyclodextrin
usually alters the original spectrum of the guest molecule.
Figure 5 shows the spectral changes of brilliant green with
gradual addition of diethylenetriamino tethered bis(b-cyclo-
dextrin) 2. As shown in Figure 5, the intensity at the
absorption maximum around 625 nm is considerably de-
creased with the increase of the bis(b-cyclodextrin) (2)
concentration.


If a 1:1 stoichiometry is assumed, where the two b-
cyclodextrin moieties in 1 ± 6 are treated as a unit, the
inclusion complexation of a guest (Dye) with a host (bisCD) is
expressed by Equation (2).


Dye�bisCD�KS


Dye ± BisCD (2)


Table 1. The fluorescence lifetimes (t) and relative quantum yields (F) of ANS in the absence and presence of polyamino bridged b-cyclodextrins (1 ± 6) in
aqueous solution at 25 8C.


Guest Conc/mmol dmÿ3 Host Equiv tS/ns FS/% tL/ns FL/% c2 Ref.


aniline 271.6 none 0.8 100 1.18 [a]
271.6 b-CD 15 0.8 59 2.7 41 1.18 [a]


N-methyl-aniline 238 none 1.1 100 1.43 [a]
b-CD 10 1.1 23 3.7 77 1.06 [a]


ANS 500 none 0.4 100 1.46 [b]
10 none 0.4 100 1.42 [c]


250 b-CD 10 1.5 67.6 3.2 32.4 1.24 [b]
10 b-CD 40 0.5 96.5 3.1 3.5 1.00 [c]
10 1 20 3.0 53.6 12.3 46.4 1.35 [c]
10 2 22 3.8 58.4 11.1 41.6 1.49 [c]
10 3 21 3.4 62.7 11.2 37.3 1.23 [c]
10 4 20 3.1 76.5 10.7 23.5 1.45 [c]
10 5 20 3.2 55.6 10.9 44.4 1.48 [c]
10 6 20 2.7 58.0 10.8 42.0 1.37 [c]


[a] Ref. [31]; [b] ref. [32]; [c] this work.
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Figure 5. UV spectra of brilliant green (11 mmol dmÿ3) in the absence and
presence of various concentrations of diethylenetriamino-bridged bis(b-
cyclodextrin) 2 (from a to j): 0, 50, 100, 150, 200, 250, 300, 350, 400,
450 mmol dmÿ3.


Then, the binding constant (KS) can be obtained from the
analysis of the sequential changes of absorption (DA) at
various cyclodextrin concentrations, with a nonlinear least-
squares method according to the curve-fitting Equation (3).


DA� {De([Dye]0�[bisCD]0�1/KS)


�
�����������������������������������������������������������������������������������������������������������������
De2��Dye�0 � �bisCD�0 � 1=Ks�2 ÿ 4De2�Dye�0�bisCD�0


q
}/2 (3)


where [Dye]0 and [bisCD]0 refer to the total concentrations of
the guest and bis(cyclodextrin) and De is the differential
molar extinction coefficient of dye guest in the absence and
presence of bis(cyclodextrin). Similar equations for the
spectropolarimetric or spectrofluorometric titrations can also
be deduced.[32, 36]


Figure 6 illustrates the curve-fitting analyses result for the
inclusion complexation of bis(b-cyclodextrin) 2 with ANS and
BG. As shown in Figure 6, no serious deviations are found in
the curve-fitting, and this confirms the 1:1 stoichiometry for
the host ± guest complexation assumed above. The complex
stability constants (KS) obtained are listed in Table 2, along
with the free energy change of complex formation (ÿDG o).
The data obtained in a similar way by the spectropolarimetric
or spectroflurometric titrations are also listed in Table 2.
When repeated measurements were performed, the KS value
was reproducible within an error of �5 %, which corresponds
to an estimated error of 0.15 kJ molÿ1 in the free energy of
complexation (DG). In order to visualize the inclusion
complexation behavior of bis(b-cyclodextrin)s with dye
guests, the changing profiles of free energy change (ÿDG)
upon complexation with 1 ± 6 are shown in Figure 7.


Molecular binding ability and selectivity : Native and simple
modified cyclodextrins afford only very small binding con-
stants probably due to the weak hydrophobic interactions.
Dimeric cyclodextrins, however, afford much more stable
inclusion complexes through cooperative binding of two
adjacent cavities and potential multiple recognition ability.
From Table 2, we can see that the binding constants of
bis(cyclodextrin)s 1 ± 6 with the guest dyes are larger than
those of native b-cyclodextrin. As a result of cooperative
binding, the binding constant of dimeric b-cyclodextrin (2)


Figure 6. Curve-fitting analyses of a) fluorescence spectral titrations of
ANS and b) UV/Vis spectral titrations of BG with diethylenetriamino-
bridged bis(b-cyclodextrin) 2.


Table 2. Stability constants (KS) and Gibbs free energy changes (DG o) for
the inclusion complexation of dye guests with polyamino bridged bis(b-
cyclodextrin)s (1 ± 6) in aqueous solution at 25.0 8C.


Host Guest KS log KS DG o/kJmolÿ1 Method[a] Ref.


b-CD BG 2187 3.34 19.1 UV [b]
MO 3560 3.55 20.3 CD [c]
ANS 103 2.01 11.5 Fl [c]
TNS 3670 3.56 20.3 Fl [c]


1 BG 12 050 4.08 23.3 UV [b]
MO 24 300 4.39 25.0 CD [b]
ANS 2430 3.39 19.3 Fl [b]
TNS 18 800 4.27 24.4 Fl [b]


2 BG 6260 3.80 21.7 UV [b]
MO 34 300 4.54 25.9 CD [b]
ANS 1310 3.12 17.8 Fl [b]
TNS 14 800 4.17 23.8 Fl [b]


3 BG 20 300 4.31 24.6 UV [b]
MO 6290 3.80 21.7 CD [b]
ANS 1040 3.02 17.2 Fl [d]
TNS 13 900 4.14 23.6 Fl [d]


4 BG 4570 3.66 20.9 UV [b]
MO 6520 3.81 21.8 CD [b]
ANS 702 2.85 16.2 Fl [b]
TNS 10 700 4.03 23.0 Fl [b]


5 BG 14 250 4.15 23.7 UV [b]
MO 19 500 4.29 24.5 CD [b]
ANS 1570 3.20 18.2 Fl [b]
TNS 21 100 4.32 24.7 Fl [b]


6 BG 56 700 4.75 27.1 UV [b]
MO 34 400 4.54 25.9 CD [b]
ANS 1350 3.13 17.9 Fl [d]
TNS 23 000 4.36 24.9 Fl [d]


[a] UV: Ultraviolet/Visible, CD: circular dichroism, Fl: fluorescence;
[b] this work; [c] ref. [32]; [d] ref. [19].







FULL PAPER Y. Liu et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1286 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61286


Figure 7. Gibbs free energy changes (ÿDG) for the inclusion complexation
of dimeric b-cyclodextrins 1 ± 6 with some guest dyes.


with methyl orange is higher than that of native b-cyclodextrin
by a factor of 10, while the binding constant of dimeric b-
cyclodextrin 1 with ANS is even higher than that of native b-
cyclodextrin by a factor of 24.


From Table 2 and Figure 7, we can see that the molecular
selective profile of b-cyclodextrin is in the order TNS�
MO>BG>ANS. Dimeric b-cyclodextrins 1, 2, 4, and 5 give
a similar selective sequence, that is, MO>TNS>BG>ANS,
or TNS>MO>BG>ANS. Triethylenetetraamino tethered
b-cyclodextrin dimer 3 and its copper(ii)-complex 6, however,
afford significantly different molecular selective profiles of
BG>TNS>MO>ANS and BG>MO>TNS>ANS, re-
spectively. In general, the linear guest dyes, that is, TNS and
MO, afford the highest complexation stability constants with
bis(b-cyclodextrin) hosts, because the longitudinally incorpo-
ration fits into the geometrical requirement. On the other
hand, both TNS and ANS possess a phenyl and a naphthyl
moiety, but the former forms a more stable complex with
dimeric b-cyclodextrins than the latter. The examination of
the CPK (Corey ± Pauling ± Koltun) molecular model reveals
that the naphthalene moiety in ANS can not penetrate deeply
into the b-cyclodextrin cavity owing to the steric hindrance.
Therefore from the four guest dyes used, the weakest binding
constants for ANS with bis(b-cyclodextrin)s together with the
fluorescence lifetime results are not difficult to understand.
Unexpectedly, brilliant green, a triangular molecule, may
form very stable inclusion complexes with bis(b-cyclodextrin)
hosts in some cases. A probable explanation is that the host
conformations also affect the host ± guest inclusion complex-
ation.


We are especially interested in the effect of the tether
length in the molecular recognition of dimeric b-cyclodex-
trins. As shown in Table 2 and Figure 7, the molecular binding
constants for ANS and TNS are gradually decreased with the
increase of the host tether length. Sikorski and Petter[37] have
quantitatively studied the tether length effect of disulfide
bridged bis(b-cyclodextrin)s with BNS, and found that the
Gibbs free energy change (ÿDG) decreases linearly with the
increasing number of methylenes in the tether (NC) and


affords the unit decrement of complex stability per methylene
(ÿdDG o/dNC) as 2.4 kJ molÿ1(The original value of
0.25 kcal molÿ1 quoted by Sikorski and Petter is incorrect.
The data were recalculated from the original binding con-
stants given in the paper.) In Figure 8, the Gibbs free energy


Figure 8. Plots of Gibbs free energy changes (ÿDG) versus the ethylene
number in the tether for the inclusion complexation of dimeric b-
cyclodextrins 1 ± 4 with ANS and TNS.


changes (ÿDG) for the inclusion complexation of ANS and
TNS were plotted against the number of ethylene units in the
tether. As shown in Figure 8, the free energy changes (ÿDG)
decrease linearly, but the unit decrement of complex stability
per ethylene are somewhat different, that is, 0.99 kJ molÿ1 for
ANS and 0.44 kJ molÿ1 for TNS, respectively. The free energy
decrease may be ascribed to the fact that the flexible tether is
unfavorable for the cooperative binding of the two adjacent
cyclodextrin cavities. On the other hand, Venma and Nolte
et al.[38, 39] have revealed that the longer flexible tether of
dimeric cyclodextrins, such as the octamethylene spacer, may
penetrate into its own cavity to form a self-inclusion complex.
The guest molecule must overcome much steric hindrance to
fit in the host cavity. As the results of the two factors from
above, bis(b-cyclodextrin) 4 always affords the weakest
binding ability.


However, the binding constants for BG and MO do not
always decrease with the increasing host tether length. The
molecular binding ability for BG is in the order of 3> 1> 2>
4, while that for MO is 2> 1> 4> 3. These results indicate
that the match of size/shape between the host and the guest
dominates the stability of the inclusion complex formed to
some extent.[40, 41] In this context, the tether length of host 3 is
suitable for the cooperative binding of brilliant green, while
host 2 gives the most stable complex with methyl orange.


There are many interesting reports that monomodified
cyclodextrins with oligo(ethylenediamino) arms with cop-
per(ii) can alter not only the original binding ability,[42, 43] but
also the chiral selectivity.[44±45] If there are appropriate func-
tional groups in the tether of dimeric cyclodextrin, the tether
may also participate in the molecular recognition proce-
dure.[32, 46, 47] Therefore, we prepared the copper(ii) complex of
diethylenetriamino and triethylenetetraamino analogues and
examined their molecular binding ability. It can be seen from
Table 2 that the coordination of the ligand tether of 2 and 3 to
CuII further enhances the binding ability of 5 and 6 for ANS,
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TNS, and BG. This further enhancement is attributable to the
conformational fixation by metal ligation, electrostatic inter-
action with the ligated CuII, and/or ligation of the nitrogen of
guest dyes to CuII in 5 and 6. If one of the latter two
mechanisms are operative, the metallobis(b-cyclodextrin)s 5
and 6 serve as the host with ternary recognition (two
hydrophobic and one electrostatic/coordination) sites. Thus,
the TNS/ANS selectivity is enhanced from 11 for 2 to 14 for 5,
and from 13 for 3 to 17 for 6, respectively, which could be
ascribed to the triple recognition of the guest by metallobis(b-
cyclodextrin)s 5 and 6. As for the methyl orange guest, we
may note that 6 gives a binding constant similar to 1, while 5
affords a binding constant in the same magnitude as 2. It may
be concluded that the ligation of CuII would shorten the
effective length of the tethers, and further confirms the tether
length�s important role in the molecular recognition.


Conclusion


In conclusion, bridged bis(b-cyclodextrin)s 1 ± 4 tethered by
oligo(ethylenediamine) significantly extend the original mo-
lecular binding ability of the parent b-cyclodextrin, and the
complex stability constants for the selected guests are larger
than native b-cyclodextrin by factors from 2 to 24 through the
cooperative interaction. Furthermore, the complex stability
also depends greatly on the tether length of bis(b-cyclo-
dextrin)s and the size and shape of guests. In particular, the
coordination of copper(ii) ion to the tether not only orientates
two b-cyclodextrin cavities to fit the shape of the guest
molecule, but also acts as an additional site of guest
recognition through coordination and/or electrostatic inter-
action. As a result, a further enhanced molecular binding
ability and selectivity could be observed for metallobis(b-
cyclodextrin)s 5 and 6.


Experimental Section


Materials : All guest dyes, that is, brilliant green (BG), methyl orange
(MO), ammonium 8-anilino-1-naphthalenesulfonic acid (ANS), and so-
dium 6-p-toluidino-2-naphthalenesulfonic acid (TNS), were commercially
available and used without further purification. b-Cyclodextrin of reagent
grade (Shanghai Reagent Factory) was recrystallized twice from water and
dried in vacuo at 95 8C for 24 h prior to use. N,N-Dimethylformamide
(DMF) was dried over calcium hydride for two days and then distilled
under a reduced pressure prior to use.


Triethylenetetraamino bridged b-cyclodextrin dimer (3) was synthesized by
the reaction of mono[6-O-(p-toluenesulfonyl)]-b-cyclodextrin (6-OTs-b-
CD)[48] with mono(6-triethylenetetraamino-6-deoxy)-b-cyclodextrin in
DMF according to the procedure reported previously.[19] . Ethylenediamino
bridged bis(b-cyclodextrin) 1, diethylenetriamino bridged bis(b-cyclodex-
trin) 2, and tetraethylenepentaamino bridged bis(b-cyclodextrin) 4 were
synthesized by the reaction of mono[6-O-(p-toluenesulfonyl)]-b-cyclodex-
trin with the corresponding oligo(ethylenediamino)-b-cyclodextrin in DMF
according to a similar synthetic procedure described previously for
b-cyclodextrin dimer 3. A representative synthetic procedure was given
as follows.


Ethylenediamino bridged bis(b-cyclodextrin) 1: 6-OTs-b-CD was prepared
by the reaction of p-tosyl chloride with b-cyclodextrin in alkaline aqueous
solution according to literature reports.[48] Then, 6-OTs-b-CD was con-
verted to mono(6-ethylenediamino-6-deoxy)-b-cyclodextrin in 70% yield
on heating in excess triethylenetetraamine at 70 8C for 7 h.[49, 50] The


mixture of mono(6-ethylenediamino-6-deoxy)-b-cyclodextrin (1.2 g) and
6-OTs-b-CD (1.3 g) was allowed to react in DMF (50 mL) with stirring
under nitrogen at 80 8C for 3 d. The resultant solution was poured into
acetone (300 mL), and the precipitate formed was collected by filtration.
This procedure was repeated several times. The crude product thus
obtained was subsequently purified on a CM Sephadex C-25 ionic column
with 1 mol dmÿ3 aqueous ammonia as eluent and a Sephadex G-25 column
with water as eluent, respectively. After the residue was dried in vacuo, a
pure sample was obtained in 19% yield. 1H NMR (300 MHz, D2O, TMS):
d� 5.05 (m, 14H), 4.1 ± 3.6 (m, 56 H), 3.6 ± 3.2 (m, 28H), 2.9 ± 2.5 (m, 4H);
13C NMR (400 MHz, D2O, TMS): d� 104.66, 103.98, 86.86, 83.99, 75.92,
74.87, 74.67, 72.10, 63.38, 47.87; MS(MALDI-TOF): m/z : 2294 [Mÿ
4H2O]� ; elemental analysis calcd (%) for C86H144O68N2� 4H2O (2366.1):
C 43.66, H 6.48, N 1.18; found: C 43.53, H 6.60, N 1.36.


Diethylenetriamino bridged bis(b-cyclodextrin) 2 : Compound 2 was
prepared from mono[6-O-(p-toluenesulfonyl)]-b-cyclodextrin and
mono[6-diethylenetriamino-6-deoxy]-b-cyclodextrin according to proce-
dures similar to those in the synthesis of 1 (yield 20%). 1H NMR (300 MHz,
D2O, TMS): d� 4.9 (m, 14H), 4.0 ± 3.5 (m, 56 H), 3.5 ± 3.1 (m, 28H), 3.0 ±
2.4 (m, 8H); 13C NMR (400 MHz, D2O, TMS): d� 104.58, 103.98, 86.86,
83.91, 76.30, 75.84, 74.82, 74.61, 72.28, 63.09, 61.90, 47.71; MS(MALDI-
TOF): m/z : 2337 [Mÿ 2H2O]� ; elemental analysis calcd (%) for
C88H149O68N3� 2 H2O (2373.2): C 44.54, H 6.50, N 1.77; found: C 44.55, H
6.25, N 1.91.


Tetraethylenepentaamino bridged bis(b-cyclodextrin) 4 : Compound 4 was
prepared from 6-OTs-b-CD and mono[6-tetraethylenepentaamino-6-de-
oxy]-b-cyclodextrin according to procedures similar to those in the
synthesis of 1 (yield 17 %). 1H NMR (300 MHz, D2O, TMS): d� 4.9 (m,
14H), 4.0 ± 3.6 (m, 56H), 3.6 ± 3.2 (m, 28H), 2.9 ± 2.6 (m, 16 H); 13C NMR
(400 MHz, D2O, TMS): d� 104.71, 103.91, 86.76, 83.99, 75.93, 74.82, 74.66,
63.04, 55.05, 47.90, 38.51; MS(MALDI-TOF): m/z : 2447 [M�Naÿ 2 H2O]� ;
elemental analysis calcd (%) for C92H159O68N5� 2H2O (2459.3): C 44.93, H
6.68, N 2.85; found: C 45.15, H 6.52, N 3.09.


Diethylenetriamino bridged bis(b-cyclodextrin) copper(ii) complex 5 : As
for the preparation of metallobis(b-cyclodextrin) 6,[19] bis(cyclodextrin) 2
was added portionwise to a dilute aqueous solution of slightly excess
copper(ii) perchlorate in an ice/water bath. Several drops of chloroform
were further added, and the resultant solution was kept at 5 8C for 2 d.
Then, the precipitate formed was collected by filtration, washed succes-
sively with a small amount of ethanol and diethyl ether, and then dried in
vacuo to give bis(cyclodextrin) CuII-complex 5 in 40% yield. Elemental
analysis calcd (%) for C88H149O68N3�Cu� 2ClO4� 4H2O (2635.6): C
39.56, H 5.92, N 1.57; found: C 39.32, H 5.82, N 1.56.


Measurements : CD and UV/Vis spectra were recorded in a conventional
quartz cell (light path 10 mm) on a JASCO J-720S spectropolarimeter or a
JASCO UV550 spectrophotometer equipped with a PTC-348WI temper-
ature controller to keep the temperature at 25 8C. Fluorescence spectra
were measured in a conventional rectangular quartz cell (10� 10� 45 mm)
at 25 8C on a JASCO FP-750 fluorescence spectrometer with the excitation
and emission slits of 5 nm width. Electronic conductivity was measured on a
DDS-12A (Zhejiang) digital conductive instrument.


Fluorescence lifetimes were determined by the time-correlated single-
photon-counting method using a Horiba NAES-550 instrument with a time
resolution of 0.5 ns. A self-oscillating discharge lamp filled with hydrogen
gas was employed as the pulsed light source, and the excitation light was
made monochromatic by a 10 cm monochrometer. The emission from the
sample was passed through an appropriate filter (Toshiba UV-33) placed
before the detector unit in order to eliminate scattered excitation light.
Maximum counts of up to 10000 were collected for each measurement. The
accumulated signals were then processed and the lifetime determined by
deconvolution with nonlinear least squares fit.
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Multiple Use of Soluble Metallodendritic Materials as Catalysts and Dyes


Martin Albrecht, Neldes J. Hovestad, Jaap Boersma, and Gerard van Koten*[a]


Abstract: Different sizes of core-func-
tionalized metallodendritic wedges were
prepared by anchoring sensor-active
arylplatinum(ii) sites at the focal point
of FreÂchet-type polyether dendritic
wedges of various generations. The
strong color of these metallodendrimers
in the presence of SO2 was used to assess
the permeability of nanofiltration mem-
branes (molecular weight cut-off of
400 dalton) at ambient pressure. A pri-
mary result of these studies is that
dendrimers do not have to be excep-
tionally large for successful retention.


Hence, nanofiltration, membrane-cap-
ped, immersion vials were developed,
which operate as sensor devices when
loaded with metallodendrimers with
good retention properties. Appropriate
substitution of the dye site at the focal
point of these metallodendritic wedges
by a catalytically active group afforded


dendritic catalysts that exhibit essential-
ly the same physical properties (shape,
retention) as the corresponding dye-
functionalized dendritic wedges. When
this homogeneous catalyst is compart-
mentalized in membrane-capped vials, a
unique and convenient method for its
retrieval from product solutions is avail-
able. Moreover, such immobilized met-
allodendritic catalysts can be regenerat-
ed and stored for months without losing
their activity; this provides access for the
development of novel sustainable ho-
mogeneous catalysts.


Keywords: dendrimers ´ homogene-
ous catalysis ´ metallodendrimers ´
nanofiltration ´ nickel ´ platinum ´
sensors


Introduction


Metallodendrimers,[1] that is, dendrimers that are functional-
ized with transition metal centers, have attracted widespread
interest for various applications such as ion detection, gas
sensoring, light harvesting, or redox-active switches.[2] Partic-
ularly intriguing is their use as homogeneous (multisite)
catalysts,[3] since they combine many advantages of heteroge-
neous and homogeneous catalysts (convenient separation of
catalyst and product solution paired with high and well-
defined selectivity). Nanofiltration techniques with appropri-
ate membranes have been suggested for efficient catalyst
removal and recovery for multiple use.[4] It is evident that the
availability of nanofiltration membranes[5] with suitable per-
meability characteristics is critical for the success of such
dendritic applications. Whilst several techniques for the
measurement of the porosity (pore size) of various types of
membranes have been developed,[6] a fast and reliable assess-
ment of the permeability of nanofiltration membranes still
presents a major issue, in particular for the application of
metallodendritic catalysts in membrane reactors.[7]


Our concept to assess the permeability of membranes relies
on the use of macromolecular supports of known size[8] that
are functionalized with (pertinent) dyes as markers.[9] We
have chosen for a new, ªserialº approach, which involves first
the functionalization of a series of suitable dendritic supports
of increasing molecular weight and size with a dye to assess
the permeability of a given membrane. Subsequently the dye
in the dendritic support of choice is substituted by a catalyti-
cally active center, thus providing a macromolecular catalyst
system with well-defined permeability properties. Evidently,
these modifications should not affect the structure and/or shape
of the macromolecular support. Moreover, the dye and cata-
lytically active site should exert a similar (ideally the same)
influence on the properties of the support (polarity, size, etc.).


A system that fulfills these prerequisites is based on a series
of polyether dendritic wedges,[10] the core of which is
functionalized with a pincer ligand that is known to complex
a variety of different metal centers. Depending on the metal
site, such pincer ± metal complexes can be used as catalysts
(e.g., RuII, RhI, IrI, PdII)[3a, 11] in a number of organic trans-
formations or as dyes (PtII).


The working principle of the platinum dye is the instanta-
neous detection of SO2 gas by formation of a reversible h1-
PtÿS bond between SO2 and the platinum center in
[PtX(NCNÿR)] complexes (where NCNÿR is the N,C,N'
terdentate-bonding ªpincerº-type ligand [2,6-(CH2NMe2)2-4-
(R)-C6H2]ÿ and R is a linker, e.g., to a dendritic wedge).[12]


Bonding of SO2 gas is accompanied by characteristic spectro-
scopic changes, as these initially colorless [PtX(NCNÿR)]
complexes turn bright orange on SO2 coordination. Hence,
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the diagnostic color in SO2-saturated solutions can be used as
a probe to assess the permeation of (sensor-functionalized)
dendrimers through nanofiltration membranes.


Results and Discussion


FreÂchet-type polyether dendritic wedges of zeroth to third
generation[10] were functionalized at their focal points with the
sensor-active organoplatinum(ii) site. A covalent linkage
between sensor unit and dendritic support was achieved by
etherification of the phenolic hydroxyl group of the pincer
ligand in the complex [PtBr(NCNÿOH)] (1) with benzylic
bromides present in the dendritic wedges. This gave the
metallodendrimers 2 ± 5 in good yields (Scheme 1). Spectro-
scopic analyses are in good accordance with the formation of
these platinum-functionalized dendrimers and, hence, provide
evidence that the organometallic sites are resistent to the
applied reaction conditions, as no decomposition products
originating from PtÿN or PtÿC bond cleavage were observed.
The 1H NMR spectra of the metallodendrimers in the d�
4.5 ± 5.1 region are illustrative: the signals due to the benzylic
ArCH2Br protons of the dendritic wedges of the starting
materials (located at dH� 4.6) disappeared completely upon
coupling and instead, new resonance signals appeared around
d� 5.0, which were assigned to the benzylic protons from the
newly formed benzyl aryl ether.


The size of these metallodendrimers correlates with in-
creasing generation number. Theoretical and experimental
investigations on the second- and higher generations suggest-
ed that the dendritic wedges adopt a partly backfolded
conformation with a hydrodynamic radius rh of 0.8 nm (for
second-generation wedge) and 1.0 nm (for third genera-
tion).[13] The first-generation dendritic molecule 3 was calcu-
lated to possess a radius of not more than 0.6 nm (fully
extended structure, molecular mechanics, mm2 level). Due to


the additional presence of the organoplatinum unit in 4 and 5,
these values represent only the lower limits.


Similar to the original detector systems, which are com-
posed of platinum complexes that contain the pincer ligand
without dendritic support (e.g., 1),[12] the novel metalloden-
drimers 2 ± 5 display a high sensitivity towards low concen-
trations of SO2. Selective SO2 recognition by these organo-
platinum materials was established to occur through rever-
sible h1-PtÿS bond formation (Scheme 2), which is indicated
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Scheme 2. Reversible bonding of SO2 on platinum(ii) complexes contain-
ing the NCN pincer ligand induces a diagnostic color change of the
material.


by various spectroscopic changes and which is most prom-
inently reflected by two characteristic metal-to-ligand charge
transfer bands in the UV/vis spectrum (lmax around 420 and
350 nm). Similarly, the metallodendrimers 2 ± 5 instantly turn
from colorless to bright orange when exposed to an SO2-
enriched solution.[14] From UV-visible spectroscopic measure-
ments, no indication was obtained for a generation-dependent
solvatochromism (in CH2Cl2, CHCl3, or C6H6).[15] Therefore,
these arylplatinum-functionalized dendrimers 2 ± 5 can have a
dual function as i) sensors for reversible SO2 gas detection and
ii) as dyes, provided that excess of SO2 is present.


We have used the dye characteristics to probe the suitability
of these macromolecules for nanofiltration membrane appli-
cations in homogeneous systems.[16] In SO2-saturated solu-
tions, leaching of any dendritic material through a membrane
is instantly indicated by colorization of the solution at the
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Scheme 1. Synthesis of the arylplatinum-functionalized polyether dendrimers 2 ± 5.
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other side of the membrane. In a typical experiment, a
solution of the metallodendrimers 3 ± 5 was separated by a
nanofiltration membrane (SelRO-MPF-60; claimed molecu-
lar weight cut-off: 400 dalton)[17] from pure CH2Cl2 under a
static SO2 atmosphere (1 atm). The diffusion of the metal-
lodendrimer through this membrane was subsequently moni-
tored on-line by UV-visible spectroscopy and related to the
elapsed time. A plot is shown in Figure 1, which clearly reveals


Figure 1. Generation-dependent retention behavior of metallodendrimers
by nanofiltration membranes, measured as relative absorbance of the
detector sites outside the immersion vial (UV-visible spectroscopy).


a correlation of the diffusion properties of the metalloden-
drimers 3 ± 5 with the molecular weight and size of the
corresponding macromolecules (Figure 1). A moderate re-
tention performance was established for 3 (t1/2� 108 h),
whereas the retention time of the higher generation den-
drimers is acceptable (t1/2 for 4� ca. 300 h) to excellent
(extrapolated t1/2 for 5 >60 days). A direct conclusion from
these results is that dendrimers do not need to be exceedingly
large for successful membrane applications.


This was demonstrated by loading a nanofiltration, mem-
brane-capped, glass vial (Figure 2) with a solution of 5 in
CH2Cl2 (colorless). When such a vial was placed in CH2Cl2


Cap with hole


O-ring


MPF-60 membrane


O-ring


Immersion vial


Figure 2. Schematic representation of the nanofiltration, membrane-
capped, immersion vials fabricated for dendrimer compartmentalization.


that was pre-treated with SO2, a rapid and diagnostic color
change to orange was observed within the vial only. Notably,
such vials allow for the qualitative and quantitative on-line
SO2 gas detection owing to the solubility and well-defined


connectivity in 5. When using other supports, these applica-
tions are limited because of an undefined number of active
sites (e.g., in polymers) or because of difficulties associated
with the homogeneity of the system (solid-phase supports).


The compartmentalized sensor device was conveniently
regenerated by removal of the orange vial from the SO2-
containing environment and subsequent washing with pure
CH2Cl2. Proper storage of such vials did not lead to any
notable loss of activity.[18, 19]


This concept is readily extended to the fabrication of a
multiple use metallodendritic device: substitution of the
arylplatinum unit in 5 by a catalytically active site affords a
metallodendritic catalyst with well-defined retention proper-
ties for applications with a specific membrane.[20] This
approach was exemplified by using substituted [NiCl(NCN)]
units as catalysts for the Kharasch addition of polyhalogen-
ated alkanes to alkenes (CÿC bond formation).[21] To this end,
the NCN-type ligand precursor 2,6-(CH2NMe2)2-4-NH2-
BrC6H2 was connected to a third-generation dendritic wedge,
by applying an amidation protocol, and was subsequently
treated with [Ni(cod)2] which afforded the metallodendrimer
6 (Scheme 3). The catalytic activity of 6 was preliminarily tested


O O


O


O


O


O


O


O


O O


O


O


OO


O


O O


HN


O


O


O


O


O


O O


O


O


Me2N NMe2Ni


Br


OO


O


H2N


NMe2


NMe2


Br


O


OH


6


1. SOCl2


2.


3. [Ni(cod)2]


Scheme 3. Synthetic protocol for the preparation of the dendritic nickel(ii)
catalyst 6.


in the Kharasch addition of CCl4 to methyl methacrylate
(MMA) under standard conditions.[21] Comparison of these
results with unsupported catalysts (i.e., of [NiCl(NCN)])
reveals similar reaction rates and turnover numbers (TON�
310).[11b] This is in contrast to the earlier observations with
periphery-functionalized, polynickelated dendrimers, which
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suffer from (negative) dendritic effects during catalysis.[22]


This dendritic effect relies on the fact that the Kharasch
addition reaction involves the formation of a persistent
arylnickel(iii) radical and a reactive .CCl3 radical, which adds
to the alkene under formation of a product radical.[23] Product
formation involves a single electron transfer and nickel
reduction from NiIII again to NiII. When the nickel sites are
located in too close proximity (i.e. , non-random distribution
in solution), as in periphery-functionalized metallodendrim-
ers of higher generations, recombination of .CCl3 and/or
product radicals at the dendrimer periphery becomes a
competitive process due to the high local radical concentra-
tion. This process prevents the reduction of the catalytically
inactive NiIII center, thereby quenching the Kharasch addition
reaction.[22] Evidently, these undesired effects cannot occur in
the present core-functionalized mononickelated dendrimers.


Since the organonickel dendrimer 6 combines the catalytic
activity of the model catalyst with the permeability properties
established for the dye macromolecule 5, it was compartmen-
talized in a nanofiltration, membrane-capped, immersion vial.
When such a vial was exposed to substrate-containing
solutions (CCl4 and MMA), a catalytic reaction inside the
vial took place, which was essentially complete within
48 hours (conversion >99 %, Figure 3). The relatively long


Figure 3. Kharasch addition reaction using a membrane-capped vial
loaded with a solution of the third-generation nickel dendrimer 6 as
catalyst (circles). After 36 h, the conversion has reached virtually 100 %.
For comparison, an identical reaction has been carried out without having
compartmentalized the catalyst (batchwise; squares), which required a
work-up procedure involving separation of the product from residual
catalyst traces. The reaction delay with catalyst 6 is attributed to limited
mass transfer caused by the relatively small membrane surface area.


reaction time required for this process (cf. 4 h reaction time
with noncompartmentalized catalyst 6) presumably originates
from a restricted mass transfer of substrates into the
immersion vial. These (technical) problems can be solved by
increasing the overall percentage of the membrane-covered
surface of the immersion vial. Note that in the setup used
here, this surface is very small and does not exceed 5 % of the
total surface of the vial (Figure 2).


Separation of the dendrimer-bound nickel catalyst from
product solution is conveniently accomplished by removing
the vial. Catalyst recycling and separation from residual
substrate occurred analogously to sensor regeneration (vide
supra), and is efficiently achieved by washing the catalyst-
containing immersion vial in pure solvents.


This technique provides a unique solution for keeping the
soluble metal catalyst continuously compartmentalized dur-
ing homogeneous catalysis, also at ambient pressure. More-
over, this method warrants a nondestructive yet efficient
catalyst recovery[24] and may provide access to sustainable
catalysts that can be stored for several weeks without
significant loss of catalyst activity.


Conclusion


In the work presented here, we have demonstrated the
potential of metallodendritic wedges as multiple use devices:
when functionalized at the focal point with dyes these well-
defined macromolecules can be used for the assessment of the
permeability properties of (nano)porous materials at ambient
pressure. In this way, dendritic wedges with excellent reten-
tion characteristics for a given nanofiltration membrane were
identified. Modification of the chemical properties of these
dendritic wedges was accomplished by substitution of the core
unit without significantly affecting its physical characteristics,
for example, shape and retention properties. This is a
consequence of the unique molecular architecture of core-
functionalized dendritic wedges, which is characterized by a
highly regular and well-defined structure at the periphery and
a well-defined active site that is located at its focal point. In a
serial approach, substitution of the dye in the core of these
wedges with a catalytically active center afforded metal-
lodendritic catalysts with known retention properties. Im-
mersion of these catalytically active metallodendrimers as
solutions in membrane-capped vials provided novel and
simple catalyst systems, which successfully combine the
benefits of homogeneous and heterogeneous catalysts: they
operate in a fully dissolved (homogeneous) mode (cf. high
selectivity, random distribution of the catalytic sites within the
vial), are conveniently removed from product mixtures, and
can be fully regenerated and stored for prolonged time.


Experimental Section


General : All reagents and solvents were obtained commercially and used
without further purification unless stated. Reactions involving nickel
derivatives were carried out by using standard Schlenk techniques under an
inert atmosphere of dry, oxygen-free nitrogen. Et2O, THF, and hexane were
distilled from Na/benzophenone, and CH2Cl2 was distilled from CaH2 prior
to use. The retention measurements were carried out according to
literature procedures by using carefully activated MPF-60 nanofiltration
membranes.[5] All spectra were recorded at 300 MHz (1H) and 75 MHz
(13C{1H}). Spectra were obtained in CDCl3 solution at 25 8C, unless stated
otherwise, and are referenced to SiMe4 (d� 0.00). Mass spectra were
carried out under electron ionization (EI) conditions (70 eV). Elemental
analyses were obtained from Kolbe, Mikroanalytisches Laboratorium
(Mülheim, Germany). Matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectra were acquired by using a nitrogen laser
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emitting at 337 nm (accelerating voltage: 23 000 ± 25000 V; external
calibration: bovine insuline; matrix: 3,5-dihydroxy-benzoic acid).


The platinum complex [PtBr{2,6-(CH2NMe2)2-4-(OSiMe2tBu)-C6H2}],[12b]


[Ni(cod)2] (cod� cycloocta-1,5-diene),[25] 4-amino-2,6-bis[(dimethylami-
no)methyl]bromobenzene,[26] and the dendritic wedges (containing either
a carboxylic acid or a benzyl bromide functionality at the core)[10] were
prepared according to described procedures.


[PtBr{2,6-(CH2NMe2)2-4-(OH)-C6H2}] (1): Bu4NF (1 mL, 1m in THF) was
added to a solution of [PtBr{2,6-(CH2NMe2)2-4-(OSiMe2tBu)-C6H2}]
(0.60 g, 1.0 mmol) in THF (15 mL). After 0.5 h, H2O was added (1 mL,
excess), and the reaction mixture stirred for 16 h. During this period, a
white precipitate gradually formed, which was subsequently collected by
filtration. The solid was washed with THF (2� 5 mL) and dried in vacuo to
afford 1 as a white solid (0.39 g, 81%); elemental analysis calcd (%) for
C12H19BrN2OPt: C 29.88, H 3.97, N 5.81; found C 29.71, H 3.89, N 5.78;
1H NMR: d� 6.39 (s, 2 H; ArH), 4.45 (br s, 1H; OH), 3.98 (s, 3J(Pt,H)�
45.0 Hz, 4 H; ArCH2N), 3.12 (s, 3J(Pt,H)� 39.3 Hz, 12H; NCH3); 13C{1H}
NMR: d� 152.9 (C-para), 144.1 (C-ortho), 137.0 (C-ipso), 106.9 (C-meta),
77.2 (ArCH2N), 55.1 (NCH3).


General procedure for the coupling of 1 with dendritic benzyl bromides
(platinum metallodendrimers): A suspension containing equimolar
amounts of BrCH2ÿGx (x� 0 ± 3), 1, and excess of K2CO3 (2 ± 4 mol equiv)
in acetone was heated to reflux temperature in the presence of [18]crown-6
(0.2 mol %) for 20 h. The mixture was poured on water and extracted three
times with CH2Cl2. This afforded the crude product, which was redissolved
in a small amount of CH2Cl2 and precipitated by adding pentane (ca.
20 volume equiv). Subsequent purification by column chromatography
(SiO2; CH2Cl2/acetone 4:1) afforded the organometallic dendrimers as
analytically pure, white solids.


[PtBr{2,6-(CH2NMe2)2-4-(OCH2-G0)-C6H2}] (2): From BrCH2-G0 (0.55 g,
3.2 mmol), 1 (388 mg, 0.80 mmol), and K2CO3 (0.14 g, 1 mmol) in acetone
(10 mL). Analytically pure 2 was obtained by liquid ± liquid diffusion of
Et2O into a solution of 2 in CH2Cl2. Elemental analysis calcd (%) for
C19H25BrN2OPt (572.42): C 39.87, H 4.40, N 4.89; found C 39.75, H 4.53, N
4.82; 1H NMR: d� 7.42 ± 7.34 (m, 5 H; ArH), 6.53 (s, 2 H; ArH), 4.98 (s, 2H;
ArCH2O), 3.99 (s, 3J(Pt,H)� 46.4 Hz, 4 H; ArCH2N), 3.12 (s, 3J(Pt,H)�
38.2 Hz, 12H; NCH3); 13C{1H} NMR: d� 156.6 (C-para), 143.9 (C-ortho),
137.5 (C-ipso), 137.3 (ArC), 128.5 (ArC), 127.9 (ArC), 127.4 (ArC), 106.8
(C-meta), 77.6 (ArCH2N), 70.6 (ArCH2O), 55.1 (NCH3); FAB-MS: m/z :
491.2 [MÿBr]� , 572.2 [M]� .


[PtBr{2,6-(CH2NMe2)2-4-(OCH2-G1)-C6H2}] (3): From BrCH2-G1 (183 mg,
0.48 mmol), 1 (233 mg, 0.48 mmol), and K2CO3 (0.27 g, 2 mmol) in acetone
(15 mL). Slow diffusion of Et2O into a concentrated solution of crude 3 in
CH2Cl2 afforded pure 3 as microcrystalline, white solid. Yield: 352 mg
(94 %); elemental analysis calcd (%) for C33H37BrN2O3Pt (784.67): C 50.51,
H 4.75, N 3.57; found C 50.38, H 4.67, N 3.49; 1H NMR: d� 7.43 ± 7.31 (m,
10H; ArH), 6.66 ± 6.56 (m, 3H; ArH), 6.50 (s, 2 H; ArH), 5.02 (s, 4H;
ArCH2O), 4.91 (s, 2H; ArCH2O), 3.97 (s, 3J(Pt,H)� 40.2 Hz, 4 H;
ArCH2N), 3.10 (s, 3J(Pt,H)� 35.7 Hz, 12 H; NCH3); 13C{1H} NMR: d�
160.1 (ArC), 156.5 (C-para), 143.9 (C-ortho), 139.8 (ArC), 137.5 (C-ipso),
136.7 (ArC), 128.6 (ArC), 128.0 (ArC), 127.5 (ArC), 106.8 (C-meta), 106.2
(ArC), 101.2 (ArC), 77.5 (ArCH2N), 70.4 (ArCH2O), 70.1 (ArCH2O), 55.1
(NCH3); FAB-MS: m/z : 704.3 [MÿBr]� , 784.3 [M]� .


[PtBr{2,6-(CH2NMe2)2-4-(OCH2-G2)-C6H2}] (4): From BrCH2-G2 (202 mg,
0.25 mmol), 1 (127 mg, 0.26 mmol), and K2CO3 (0.11 g, 0,8 mmol) in
acetone (10 mL). Yield: 260 mg (86 %); elemental analysis calcd (%) for
C61H61BrN2O7Pt (1209.17): C 60.59, H 5.09, N 2.32; found C 61.58, H 5.29, N
1.96; 1H NMR: d� 7.44 ± 7.31 (m, 20 H; ArH), 6.68 ± 6.54 (m, 9H; ArH),
6.50 (s, 2H; ArH), 5.03 (s, 8H; ArCH2O), 4.98 (s, 4H; ArCH2O), 4.91 (s,
2H; ArCH2O), 3.96 (s, 3J(Pt,H)� 39.3 Hz, 4H; ArCH2N), 3.10 (s,
3J(Pt,H)� 35.7 Hz, 12H; NCH3); 13C{1H} NMR: d� 160.1 (ArC), 160.0
(ArC), 156.5 (C-para), 143.9 (C-ortho), 139.9 (ArC), 139.2 (ArC), 137.5 (C-
ipso), 136.7 (ArC), 128.6 (ArC), 128.0 (ArC), 127.5 (ArC), 106.8 (C-meta),
106.4 (ArC), 106.3 (ArC), 101.5 (ArC), 101.3 (ArC), 77.5 (ArCH2N), 70.4
(ArCH2O), 70.1 (ArCH2O), 70.0 (ArCH2O), 55.1 (NCH3); MALDI-TOF:
m/z : 1130.5 [MÿBr]� , 1233.1 [M�Na]� .


[PtBr{2,6-(CH2NMe2)2-4-(OCH2-G3)-C6H2}] (5): From BrCH2-G3 (340 mg,
0.021 mmol), 1 (27 mg, 0.06 mmol), and K2CO3 (0.11 g, 0,8 mmol) in
acetone (10 mL). Yield: 325 mg (77 %); elemental analysis calcd (%) for
C117H109BrN2O15Pt ´ 3 CH2Cl2 (2312.96): C 62.31, H 5.01, N 1.21; found C


62.38, H 5.31, N 1.42; 1H NMR: d� 7.44 ± 7.33 (m, 40 H; ArH), 6.70 ± 6.58
(m, 21 H; ArH), 6.51 (s, 2H; ArH), 5.03 (s, 16H; ArCH2O), 5.01 (s, 2H;
ArCH2O), 4.98 (s, 8H; ArCH2O), 4.91 (s, 4 H; ArCH2O), 3.93 (br s,
3J(Pt,H) not resolved, 4H; ArCH2N), 3.09 (s, 3J(Pt,H) not resolved, 12H;
NCH3); 13C{1H} NMR: d� 160.1 (ArC), 160.0 (ArC), 158.6 (ArC), 156.5
(C-para), 143.9 (C-ortho), 139.9 (ArC), 139.2 (ArC), 139.1 (ArC), 138.7
(ArC), 137.5 (C-ipso), 136.7 (ArC), 128.6 (ArC), 127.9 (ArC), 127.5 (ArC),
106.8 (C-meta), 106.3 (ArC), 101.5 (ArC), 101.3 (ArC), 77.2 (ArCH2N), 71.0
(ArCH2O), 70.4 (ArCH2O), 70.0 (ArCH2O), 69.9 (ArCH2O), 55.0 (NCH3),
two quaternary carbons not resolved; MALDI-TOF: m/z : 1978.1 [Mÿ
Br]� , 2058.0 [M]� .


Br{2,6-(CH2NMe2)2-4-{OC(O)-G3}-C6H2}: A solution of SOCl2 (0.40 mL,
0.5m solution in Et2O, 0.20 mmol) was added dropwise to a solution of
HOC(O)-G3 (0.24 g, 0.15 mmol) in THF (10 mL) over 15 min. The reaction
mixture was stirred for 2 h, followed by in vacuo removal of the organic
solvents. The residue was redissolved in CH2Cl2 (3 mL) and added
dropwise to a solution of 4-amino-2,6-bis[(dimethylamino)methyl]bromo-
benzene (57.2 mg, 0.20 mmol) in CH2Cl2 (5 mL). The reaction mixture was
heated at reflux temperature for 16 h. Subsequently, this mixture was
washed with aqueous K2CO3 (1 M, 3� 15 mL), and the organic layers dried
over Na2SO4. After removal of all volatiles in vacuo, the dendrimer-
supported ligand precursor was obtained as a yellowish solid. Yield: 0.26 g
(93 %); elemental analysis calcd (%) for C117H108BrN3O15 (1876.08): C
74.91, H 5.80, N 2.24; found C 75.10, H 5.91, N 2.15; 1H NMR: d� 8.17 (br s,
1H; NH), 7.77 (s, 2 H; ArH), 7.40 (m, 40 H; ArH), 7.13 (s, 2H; ArH), 6.77 (s,
1H; ArH), 6.65 (m, 18H; ArH), 5.02 (m, 28H; ArCH2O), 3.60 (s, 4H;
ArCH2N), 2.35 (s, 12H; NCH3); 13C{1H} NMR: d� 165.5 (C�O), 160.7
(ArC), 160.5 (ArC), 160.3 (ArC), 139.4 (C-ortho), 139.1 (ArC), 137.2 (C-
para), 137.2 (ArC), 137.0 (ArC), 131.4 (ArC), 128.8 (ArC), 128.3 (ArC),
127.8 (ArC), 121.7 (C-ipso), 121.5 (C-meta), 106.7 (ArC), 106.4 (ArC), 106.0
(ArC), 105.8 (ArC), 102.0 (ArC), 101.9 (ArC), 70.3 (ArCH2O), 64.0
(ArCH2N), 45.8 (NCH3), one ArCH2O signal not resolved; FAB-MS: m/z :
1876.5 [M�H]� .


[NiBr{2,6-(CH2NMe2)2-4-{OC(O)-G3}-C6H2}] (6): To a stirred solution of
Ni(cod)2 (50.0 mg, 0.182 mmol) in THF (10 mL) at ÿ78 8C was added
dropwise a solution of the dendritic ligand precursor (0.20 g, 0.11 mmol) in
THF (5 mL). After the addition was complete, the temperature was
allowed to warm to room temperature over 2 h and stirring was continued
for another 2 h. The suspension was filtered, and the filtrate evaporated in
vacuo. The residue was washed with cold hexane (2� 5 mL), then
redissolved in CH2Cl2 (5 mL), and precipitated by adding hexane
(40 mL). This yielded 0.18 g of 6 as a yellow solid (87 %). 1H NMR
(CD2Cl2): d� 7.72 (br s, 1H; NH), 7.35 (m, 42H; ArH), 6.65 (m, 21H; ArH),
5.00 (m, 28H; ArCH2O), 3.95 (s, 4H; ArCH2), 3.11 (s, 12H; NCH3);
13C{1H} NMR (CD2Cl2): d� 165.5 (C�O), 160.2 (ArC), 160.1 (C-ipso),
158.6 (ArC), 156.5 (ArC), 143.9 (C-ortho), 139.9 (ArC), 139.2 (C-para),
139.2 (ArC), 138.7 (ArC), 136.8 (ArC), 128.6 (ArC), 128.0 (ArC), 127.5
(ArC), 121.5 (ArC), 110.9 (C-meta), 108.2 (ArC), 106.9 (ArC), 106.2 (ArC),
104.9 (ArC), 101.6 (ArC), 101.3 (ArC), 70.1 (ArCH2N and ArCH2O), 65.8
(ArCH2O), 55.1 (NCH3); MALDI-TOF-MS m/z : 1959.0 [M�Na]� .


Permeability measurements : An immersion vial (2 mL volume) was
charged with a solution of the appropriate metallodendrimer (typically
20 mmol in 2 mL CH2Cl2) and closed with a membrane-covered cap. This
vial was then placed into a flask containing CH2Cl2 (60 mL), which was
previously saturated with SO2. The change of the color of this outer
solution was monitored through a cuvette, which was directly connected to
the flask containing the CH2Cl2, and related to the elapsed time.


Standard catalysis : Prior to use, a solution of methyl methacrylate
(28 mmol), CCl4 (104 mmol), and dodecane (internal standard, 8.9 mmol)
was degassed thoroughly by using standard freeze-pump-thaw methods.
Subsequently, the catalyst (9.1� 10ÿ5 mol) in CH2Cl2 (10 mL) was added
under an inert atmosphere at room temperature. The reaction was
monitored by regular collection of samples (0.2 mL) which were subjected
to GC analysis.


Acknowledgement


This work was supported in part (NJH) by the Council for Chemical
Sciences of the Netherlands Organization for Scientific Research (CW-
NWO) and the Dutch Technology Foundation (STW) with financial aid
from DSM/Gist-brocades.







FULL PAPER G. van Koten et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1294 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61294


[1] For reviews see, for example: a) D. A. Tomalia, H. D. Durst, Top.
Curr. Chem. 1993, 165, 193 ± 313; b) J. Issberner, R. Moors, F. Vögtle,
Angew. Chem. 1994, 106, 2507 ± 2514; Angew. Chem. Int. Ed. Engl.
1994, 33, 2413 ± 2420; c) J. M. J. FreÂchet, Science 1994, 263, 1710 ±
1715; d) G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic
Molecules: Concepts, Syntheses, Perspectives, VCH, Weinheim, 1996 ;
e) F. Zeng, S. C. Zimmerman, Chem. Rev. 1997, 97, 1681 ± 1712; f) H.
Frey, C. Lach, K. Lorenz, Adv. Mater. 1998, 10, 279 ± 293; g) A. W.
Bosman, H. M. Hanssen, E. W. Meijer, Chem. Rev. 1999, 99, 1665 ±
1688; h) ªDendrimersº (Ed. F. Vögtle), Top. Curr. Chem. 1998, 197,
whole issue; for reviews on metallodendrimers specifically, see:
i) G. R. Newkome, E. He, C. N. Moorefield, Chem. Rev. 1999, 99,
1689 ± 1746; j) M. A. Hearshaw, J. R. Moss, Chem. Commun. 1999,
1 ± 8; k) E. C. Constable, Chem. Commun. 1997, 1073 ± 1080.


[2] M. Fischer, F. Vögtle, Angew. Chem. 1999, 111, 934 ± 955; Angew.
Chem. Int. Ed. 1999, 38, 884 ± 905 and references therein.


[3] a) J. W. J. Knapen, A. W. van der Made, J. C. de Wilde, P. W. N. M.
van Leeuwen, P. Wijkens, D. M. Grove, G. van Koten, Nature 1994,
372, 659 ± 663; b) C. Bolm, N. Derrien, A. Seger, Synlett 1996, 387 ±
388; c) C. Köllner, B. Pugin, A. Togni, J. Am. Chem. Soc. 1998, 120,
10274 ± 10 275; d) M. T. Reetz, G. Lohmer, R. Schwickardi, Angew.
Chem. 1997, 109, 1559 ± 1562; Angew. Chem. Int. Ed. Engl. 1997, 36,
1526 ± 1529; e) H. Brunner, J. Organomet. Chem. 1995, 500, 39 ± 46;
f) P. Bhyrappa, J. K. Young, J. S. Moore, K. S. Suslick, J. Am. Chem.
Soc. 1996, 118, 5708 ± 5711; g) C. C. Mak, H. F. Chow, Macromolecules
1997, 30, 1228 ± 1230; h) G. E. Oosterom, R. J. van Haaren, J. N. H.
Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Chem Commun. 1999,
1119 ± 1120.


[4] a) N. Brinkmann, D. Giebel, G. Lohmer, M. T. Reetz, U. Kragl, J.
Catal. 1999, 183, 163 ± 168; b) N. J. Hovestad, E. B. Eggeling, H. J.
Heidbüchel, J. T. B. H. Jastrzebski, U. Kragl, W. Keim, D. Vogt, G.
van Koten, Angew. Chem. 1999, 111 1763 ± 1765; Angew. Chem. Int.
Ed. 1999, 38, 1655 ± 1658.


[5] a) U. Kragl, C. Dreisbach, Angew. Chem. 1996, 108, 684 ± 685; Angew.
Chem. Int. Ed. Engl. 1996, 35, 642 ± 644; b) U. Kragl, C. Dreisbach, C.
Wandrey in Applied Homogeneous Catalysis with Organometallic
Compounds, Vol. 2 (Eds.: B. Cornils, W. A. Herrmann), VCH,
Weinheim, 1996, Chapter 3.2; c) M. Perry, H. Yacubowicz, C. Linder,
M. Nemas, R. Katraro (Membrane Products Kiryat Weizmann Ltd.),
US 5.151.182, 1992 [Chem. Abs. 1992, 117, 252 962].


[6] X. S. Zhao, G. Q. Lu, X. Hu, Chem. Commun. 1999, 1391 ± 1392.
[7] T. Yamaguchi, T. Ito, T. Sato, T. Shinbo, S. Nakao, J. Am. Chem. Soc.


1999, 121, 4078 ± 4079.
[8] For dendritic wedges with defined size, see: a) V. Percec, C.-H. Ahn,


G. Ungar, D. J. P. Yeardley, M. Möller, S. S. Sheiko, Nature 1998, 391,
161 ± 164; b) V. Percec, W.-D. Cho, P. E. Mosier, G. Ungar, D. J. P.
Yeardley, J. Am. Chem. Soc. 1998, 120, 11 061 ± 11 070.


[9] a) V. Balzani, S. Campagna, G. Denti, A. Juris, S. Serroni, M. Venturi,
Acc. Chem. Res. 1998, 31, 26 ± 34; b) H. Zollinger, Color. A Multi-
disciplinary Approach, Wiley-VCH, Weinheim, 1999.


[10] C. J. Hawker, J. M. J. FreÂchet, J. Am. Chem. Soc. 1990, 112, 7638 ±
7647.


[11] a) G. van Koten, Pure Appl. Chem. 1989, 61, 1681 ± 1694; b) D. M.
Grove, G. van Koten, A. H. M. Verschuuren, J. Mol. Catal. 1989, 45,
169 ± 174; c) M. Gozin, A. Weisman, Y. Ben-David, D. Milstein,
Nature 1993, 364, 699 ± 701; d) F. Gorla, A. Togni, L. M. Venanzi, A.
Albinati, F. Lianza, Organometallics 1994, 13, 1607 ± 1616; e) M.
Gupta, C. Hagen, W. C. Kaska, R. E. Cramer, C. M. Jensen, J. Am.
Chem. Soc. 1997, 119, 840 ± 841; f) J. M. Longmire, X. Zhang, M.
Shang, Organometallics 1998, 17, 4374 ± 4379; g) D. E. Bergbreiter,
P. L. Osburn, Y.-S. Liu, J. Am. Chem. Soc. 1999, 121, 9531 ± 9538; h) P.
Dani, T. Karlen, R. A. Gossage, S. Gladiali, G. van Koten, Angew.
Chem. 2000, 112, 759 ± 761; Angew. Chem. Int. Ed. 2000, 39, 743 ± 745.


[12] a) M. Albrecht, G. van Koten, Adv. Mater. 1999, 11, 171 ± 174; b) M.
Albrecht, R. A. Gossage, M. Lutz, A. L. Spek, G. van Koten, Chem.
Eur. J. 2000, 6, 1431 ± 1445.


[13] a) R. L. Lescanec, M. Muthukumar, Macromolecules 1990, 23, 2280 ±
2288; b) T. H. Mourey, S. R. Turner, M. Rubinstein, J. M. J. FreÂchet,
C. J. Hawker, K. L. Wooley, Macromolecules, 1992, 25, 2401 ± 2406.


[14] In the 1H NMR spectra of the SO2 adducts, the resonances of the
CH2N and NCH3 protons display a diagnostic low-field shift by 0.23
and 0.15 ppm, respectively, see ref. [12b].


[15] a) C. J. Hawker, K. L. Wooley, J. M. J. FreÂchet, J. Am. Chem. Soc.
1993, 115, 4375 ± 4376; b) E. Buncel, S. Rajagopal, Acc. Chem. Res.
1990, 23, 226 ± 231.


[16] P. L. Dubin, S. L. Edwards, J. I. Kaplan, M. S. Mehta, D. A. Tomalia, J.
Xia, Anal. Chem. 1992, 64, 2344 ± 2347.


[17] SelRO-nanofiltration membranes (MPF-60) were purchased from
Koch Membrane Systems, Düsseldorf, Germany; further product
information may be found under http://www.kochmembrane.com.


[18] It should be noted, however, that slow diffusion of metallodendrimer 5
through the membrane takes place. Since the diffusion is an
equilibrium process and since the membrane has to be kept in
solution, it is recommended to cover these vials with a thin film of
solvent, which is only a fraction of the volume inside the vial. This
minimalizes any leaching of active material through the membrane
and hence avoids the loss of activity; this allows us to monitor SO2


concentrations quantitatively even after several weeks.
[19] This provides access to the construction of multi-purpose sensor


devices: loading of several vials with various sensor sites which are
diagnostic for different particular substrates and which are anchored
on a third-generation FreÂchet-type dendritic wedge generates a sensor
device for the simultaneous detection of several substances. For other
(organometallic) sensor-active sites, see: a) U. E. Spichiger-Keller,
Chemical Sensors and Biosensors for Medical and Biological Appli-
cations, Wiley-VCH, Weinheim, 1998 ; b) G. Ashkenasy, A. Ivanisevic,
R. Cohen, C. E. Felder, D. Cahen, A. B. Ellis, A. Shanzer, J. Am.
Chem. Soc. 2000, 122, 1116 ± 1122; c) A. K. McEvoy, C. M. McDo-
nagh, B. D. MacCraith, Analyst 1996, 121, 785 ± 788; d) T. Grady, T.
Butler, B. D. MacCraith, D. Dermot, M. A. McKervey, Analyst 1997,
122, 803 ± 806; e) C. Malins, B. D. MacCraith, Analyst, 1998, 123,
2373 ± 2376; f) K. J. Franz, N. Singh, S. J. Lippard, Angew. Chem. 2000,
112, 2194 ± 2196; Angew. Chem. Int. Ed. 2000, 39, 2120 ± 2122.


[20] Pioneering work in this area involved the confinement of enzymes as
homogeneous catalysts in dialysis membranes and subsequent appli-
cation in membrane-enclosed enzymatic catalysis (MEEC). However,
in those studies the permeability properties of the membrane were not
determined. For details, see: M. D. Bednarski, H. K. Chenault, E. S.
Simon, G. M. Whitesides, J. Am. Chem. Soc. 1987, 109, 1283 ± 1285.


[21] a) M. S. Kharasch, E. V. Jensen, W. H. Urry, Science 1945, 67, 1626;
b) R. A. Gossage, L. A. van de Kuil, G. van Koten, Acc. Chem. Res.
1998, 31, 423 ± 431; c) L. A. van de Kuil, D. M. Grove, R. A. Gossage,
J. W. Zwikker, L. W. Jenneskens, W. Drenth, G. van Koten, Organo-
metallics 1997, 16, 4985 ± 4994.


[22] A. W. Kleij, R. A. Gossage, J. T. B. H. Jastrzebski, M. Lutz, A. L.
Spek, G. van Koten, Angew. Chem. 2000, 112, 179 ± 181; Angew.
Chem. Int. Ed. 2000, 39, 176 ± 178.


[23] H. Fischer, Macromolecules 1997, 30, 5666 ± 5672.
[24] for other methods, see: a) V. Chechik, R. M. Crooks, J. Am. Chem.


Soc. 2000, 122, 1243 ± 1244; b) B. Richter, A. L. Spek, G. van Koten,
B.-J. Deelman, J. Am. Chem. Soc. 2000, 122, 3945 ± 3951.


[25] R. A. Schunn, Inorg. Synth. 1974, 15, 5 ± 9.
[26] L. A. van de Kuil, H. Luitjes, D. M. Grove, J. W. Zwikker, J. G.


van de Linden, A. M. Roelofsen, L. W. Jenneskens, W. Drenth, G.
van Koten, Organometallics 1994, 13, 468 ± 477.


Received: July 10, 2000 [F2592]








Cluster and Periodic Calculations of the Ethene Protonation Reaction
Catalyzed by theta-1 Zeolite: Influence of Method, Model Size,
and Structural Constraints


MerceÁ Boronat,[a] Claudio M. Zicovich-Wilson,[a] Pedro Viruela,[b] and Avelino Corma*[a]


Abstract: The protonation of ethene by three different acid sites of theta-1 zeolite
was theoretically studied to analyze the extent and relevance of the following aspects
of heterogeneous catalysis: the local geometry of the Brùnsted acid site in a particular
zeolite, the size of the cluster used to model the catalyst, the degree of geometry
relaxation around the active site, and the effects related to medium- and long-range
interactions between the reaction site and its environment. It has been found that
while the reaction energy is very sensitive to the local geometry of the site, the
activation energy is mainly affected by the methodology used and by electrostatic
effects on account of the carbocationic nature of the transition state.


Keywords: ab initio calculations ´
cluster models ´ density functional
calculations ´ heterogeneous cataly-
sis ´ zeolites


Introduction


Acidic zeolites play an important role in the petroleum and
chemical industries as solid catalysts for a number of hydro-
carbon reactions, such as isomerization, oligomerization,
alkylation, and cracking.[1, 2] For a long time it has been
accepted that the mechanism of heterogeneous catalysis over
solid acids is analogous to that of homogeneous reactions in
the gas phase or superacid media, and that carbenium and
carbonium ions are the intermediate species formed by the
interaction of hydrocarbon molecules with the Brùnsted acid
sites in the zeolite.[3, 4] However, the carbocation-based
mechanisms developed for zeolites are too simple, since they
do not take explicit consideration of the solid and conse-
quently they can not provide information about the exact
nature of the reaction-activated complexes and intermediates,
or the catalytic role played by the zeolite.


In this sense, quantum chemistry is a powerful tool to obtain
a clearer insight into these reaction mechanisms. It allows the
analysis of some aspects of heterogeneous catalysis that can
not be directly studied by means of experimental techniques,
such as the structure and nature of the reaction intermediates


and transition states through which the processes occur, or the
activation energies involved in the different elemental steps of
the reaction. The main problem that arises when studying the
mechanism of solid-acid catalyzed reactions by quantum
chemistry is the very large dimensions of the catalyst particle
that makes the rigorous treatment of the solid difficult. For
this reason, the systems are generally simplified following
several approaches. In this way, in the cluster model, a part of
the solid catalyst (usually the active site) is simulated by a
limited number of atoms that are ªextractedº from the system
and treated as a molecule. This approach allows the use of
high-quality theoretical methods and the optimization of
minima and transition-state geometries as well as frequency
calculations. It is, therefore, particularly suited to describe
local phenomena, such as the interaction of organic molecules
with catalytically active sites. It has been successfully applied
to investigate the interaction of methanol[5, 6] with Brùnsted
acid sites, the protonation of olefins,[7] the adsorption of
carbenium ions,[8] the H/D exchange between alkanes and the
zeolite acid sites,[9±11] the dehydrogenation[10, 11] and crack-
ing[11±14] of alkanes, the isomerization of hydrocarbons,[15, 16]


the hydride transfer between alkanes and alkenes,[17, 18] the
paraffin/olefin alkylation,[19] etc.


One of the disadvantages of the cluster approach is that the
systems often used to model the active site in the zeolite
(HO(H)Al(OH)3, SiX3-OH-AlX3, or SiX3-OH-AlX2-OSiX3,
with X�H, OH) are not typical of any particular zeolite and
therefore they are not able to explain the different catalytic
behavior exhibited by structurally different zeolites. Other
limitations of this approach are derived from neglecting the
long-range electrostatic effects caused by the Madelung
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potential of the crystal and the appearance of border effects
where the cluster is separated from the rest of the solid.


In the periodic approach, the host catalyst is represented by
an infinite perfect crystalline system. The calculations take
advantage of the translational symmetry of the crystal and
therefore the long-range electrostatic effects are included in a
very natural way, while boundary effects are absent. In
particular, the implementation of theory based on Gaussian-
type atomic orbitals (GTAO)[20] is a useful tool to be used in
quantum-chemical research because it can provide accurate
information on the physicochemical properties of solid state-
materials at the same methodological level (basis sets,
Hamiltonians) as available in standard quantum-chemistry
codes. This approach has been recently employed in several
studies on the catalytic properties of zeolites[21, 22] with quite
satisfactory performance. Unfortunately, at present, the
evaluation of analytic derivatives of the energy with respect
to the structural parameters is not yet implemented in
periodic codes that use GTAO. Geometry optimizations of
large systems is, in general, a hard task and limits the
suitability of this approach in reactivity studies.


The aim of this work is to evaluate the extent and relevance
of the following aspects of heterogeneous catalysis: a) the
local geometry of the active site in a particular position of a
particular zeolite, b) the size of the cluster used to model the
catalyst and the degree of geometry relaxation around the
active site, as well as c) the effects related to medium- and
long-range interactions between the reaction site and its
environment. The reaction chosen is the protonation of an
olefin, ethene, by a zeolite Brùnsted acid site. This process was
first studied by Kazansky et al.[23] with the [HO(H)Al(OH)3]
cluster at the HF/3-21G theoretical level. They found that
protonation of ethene results in the formation of a stable and
covalently bound surface ethoxide, and that the reaction
proceeds through a transition state in which the geometry and
electronic structure of the organic fragment resembles that of
a carbenium ion. The same results were later obtained for
propene, n-butene, and isobutene by the use of larger clusters
and calculations methods at a higher level of theory.[7, 15] In all
cases it was found that the reaction intermediates formed are
not ionic but covalent alkoxides, and that these alkoxides are
several kcal molÿ1 more stable than the adsorbed olefins. In
agreement with these results, a number of 13C NMR MAS
spectroscopic studies have detected alkyl groups covalently
bound to the framework oxygen atoms on the surface of acidic
zeolites.[24±27]


All these theoretical studies were performed within the
cluster approach, with its previously mentioned limitations,
and with small models that do not represent any existing/real
zeolite. In contrast, we have now investigated the ethene
protonation reaction with models that represent different
active sites of a particular zeolite, and theoretical methods
that include most effects of relevance in heterogeneous
catalysis. The geometries of the ethene molecule adsorbed
on the Brùnsted acid site, of the resulting covalent ethoxide,
and of the transition state for the process have been optimized
with the cluster approach and both Hartree ± Fock and density
functional theory (DFT) calculations. Apart from a general
H3Si-OH-AlH2-O-SiH3 cluster, four different acid sites of


zeolite theta-1 have been considered, as explained in the next
section. The influence of the framework flexibility has been
analyzed by optimization of the geometry of the three species
involved adsorbed on clusters of increasing size. Finally, the
long-range effects have been evaluated by periodic calcula-
tions on the optimized structures. It has been found that when
the geometry of the active site is somehow restricted to
represent a particular position in the framework, the struc-
tural changes necessary to accommodate the ethoxide com-
plex become more difficult and, as a consequence, the
ethoxide is destabilized in relation to the ethene p complex.
The same trend was reported in a previous study of alkene
chemisorption in chabazite,[28] although the alkoxide destabi-
lization in that case was not as important as that found in the
present work. It has also been observed, in agreement with
previous work,[28±30] that because of the ionic character of the
transition state, the activation energies are greatly influenced
by electrostatic effects, especially those of short and medium
range.


Models and Methods
Theta-1 is a unidimensional medium-pore high-silica zeolite that exhibits
valuable properties, such as thermal stability, shape-selectivity, and acidic
character. The silicon framework of theta-1 is composed of 5-T and 6-T
rings (where 5-T ring is a ring containing five tetrahedrally coordinated
centers) which link to form 10-T-ring channels parallel to c (Figure 1).
There are four crystallographically distinct T atoms of relative occupancy
4:4:8:8. The refined orthorhombic Cmc21 structure of pure silica theta-
1[31, 32] was used as a starting point. The unit cell was duplicated in the
channel direction and one Al and one H atom were introduced to create a
Brùnsted acid site. The primitive cell of the H-zeolite obtained contains 73
atoms and a Si/Al ratio of 23. The geometry of the system was then
optimized with molecular mechanics techniques with GULP[33] and the
shell-model force field derived by Schröder and Sauer.[34] The Al atom was
introduced into the T1, T2, and T3 positions, and the proton was placed
only on those oxygen atoms linked to the corresponding Al center that
resulted in a bridging hydroxy group pointing towards the 10-T ring. By the
exclusion of T4 and the H atoms pointing towards the 5-T or the 6-T rings,
we made sure that all the active sites studied are accessible to organic
molecules.


Figure 1. Structure of theta-1 framework showing the atom-labeling
scheme.
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Three clusters of different size were then cut out from each one of the
resulting structures (Figure 2). Cluster B contains the central aluminum
atom, the four oxygen atoms bonded to it, the four silicon atoms bonded to
the oxygens and the hydrogen atom which forms the bridging hydroxy
group. In cluster C, two coordination spheres were added to the two silicon
atoms bonded to the oxygen atoms involved in the ethene protonation
reaction. Cluster D includes two complete 10-T rings of the unidimensional
channel and all the atoms of cluster C. In all cases, the dangling bonds that
connect the cluster to the rest of the solid were saturated with hydrogen
atoms at 1.49 � from the silicon atoms and orientated towards the positions
occupied in the crystal by the oxygen atoms in the next coordination
sphere. For the sake of comparison, the previously used H3Si-OH-AlH2-
OSiH3 model (cluster A in Figure 2) was also included in the study.


Figure 2. Cluster models used in this work.


The geometries of the p complex formed by adsorption of ethene onto the
active site, of the covalent ethoxide, and of the transition state for the
process were optimized with clusters A, B, and C to simulate the solid
catalyst. When cluster A was used, all geometric parameters were fully
optimized except the dihedral angles of the silicon atoms, in order to keep
the heavy atoms of the cluster in the same plane. When clusters B and C
were used, the terminal SiH3 groups were kept fixed at their original
positions and the coordinates of all other atoms were completely
optimized. These calculations were performed both at the Hartree ± Fock
and density functional B3LYP[35] levels using the standard 6-31G* basis
set[36] and the Berny analytical gradient method[37] as implemented in the
Gaussian 94 computer program.[38]


Then, the optimized structures obtained with cluster C were introduced
into cluster D, which contains two complete 10-T rings of the theta-1
unidimensional channel, and single-point calculations of the energy of the
resulting systems were carried out. The basis set employed is a standard
6-31G** for the hydrogen, oxygen, and carbon atoms, while 6 ± 21G* was
used for the silicon atoms. The exponents of the most diffuse Gaussians in
the cases of Si and O have been reoptimized for periodic calculations.[39] For
the aluminum atoms, a nonstandard 8/511/1 (s/sp/d) set was used. For the
sake of comparison, single-point calculations with this basis set were
performed for the structures previously optimized using clusters A, B, and
C.


Finally, to test the influence of the long-range effects neglected in the
cluster approach, the HF/6-31G* optimized structures obtained with
cluster C were reinserted into the original periodic framework and
single-point energy calculations were performed at the HF theoretical
level with the CRYSTAL 98 software package[40] and the previously
mentioned basis set. The standard tolerances proposed in the manual were
used for the integral evaluation, and eight k points (shrinking factor 2) were
used for sampling within the Brillouin Zone.


Results and Discussion


Active sites : Table 1 summarizes the relative stability of the
five Brùnsted sites in theta-1 that are accessible to organic
molecules. The results of the molecular mechanics optimiza-
tions indicate that all sites are equally stable, except the T1


site with the proton located on O12, and therefore this site has
not been henceforth considered. The most stable conforma-
tion at this level of theory was obtained for the Al atom
situated at T2, no matter whether the proton was located on
O12 or on O23, the T1/O11 and T3/O23 sites were slightly less
stable. The geometry of these sites was reoptimized with the
cluster C model and the HF/6-31G* method; it was found that
the most stable conformation at this level corresponds to the
Al atom situated in the T2 position with the proton located on
O12. Since the present study of the ethene protonation
reaction is mainly based on the cluster approach, we have
considered that when the Al atom is in the T2 position (from
now on T2 site) the initial reactant will be ethene adsorbed on
the proton located on O12 and the ethoxide will be formed on
O23. When the Al atom is situated at T1, the most stable
conformation corresponds to the proton located on O11, but
the ethoxide can be formed either on O12 or on the other O11
atom bonded to T1. The two possibilities have been consid-
ered and, therefore, there are two different cluster models
associated with this site, T1a and T1b, respectively. Finally, in
the case of the Al atom situated at T3, both the proton of the


Table 1. Relative energies [kcal molÿ1] of the theta-1 Brùnsted acid sites
considered in this work.


Al ± O MM cluster C (HF) Periodic (HF)


T1ÿO11 0.93 3.58, 3.74 2.99, 3.00
T1ÿO12 2.33
T2ÿO12 0.14 0.00 0.00
T2ÿO23 0.00 0.69
T3ÿO23 0.92 0.77 0.92
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Brùnsted acid site and the ethoxide are located on O23, and
therefore there is only one cluster model named T3.


Table 2 summarizes the HF/6-31G*-optimized values of the
most important geometric parameters of the C clusters
corresponding to T1a, T1b, T2, and T3 acid sites. It can be
seen that the geometry of the bridging hydroxy group is
completely equivalent in all sites. Only in the case of the T1b


cluster there are observable differences, such as the slightly
shorter O2ÿAl bond length, the smaller Si-O2-Al angle, or the
wider O1-Al-O2 angle. This is so because in the T1b cluster
the O2 atom does not belong to the 10-T ring, but links two of
these rings. Since the proton of the acid site always points
towards the center of the 10-T ring, the calculated H-O1-Al-
O2 dihedral angle value for T1b, ÿ117.28, is also completely
different from the values obtained for the other sites, which
are close to 08.


It can also be seen in Table 2 that some electrostatic
properties of the acid site, such as the positive charge or the


largest component of the traceless electric field gradient
tensor (QH) on the proton of the bridging hydroxy group, do
not differ from one site to another. It has been shown that
there is a linear relationship between QH and the vibrational
frequency of the OH bond,[22] which is a measure of the
acidity. The electric field on the proton was also calculated
within the periodic approach, although it is known that for a
system described by the exact electronic wavefunction the
electric field at each nucleus is exactly zero for an equilibrium
structure. In this case, the obtained values are �0.007 hartree
bohrÿ1 eÿ1 for two reasons: the basis set used in the
calculations is not saturated and the geometry of the system
has not been optimized within the periodic approach.[22]


According to the calculated values, the intrinsic acidity of
the four sites considered is similar. However, as discussed in
the next sections, the activation and reaction energies
calculated for the different sites are not equivalent. This
indicates that it is not always possible to find a direct
relationship between the intrinsic properties of the bridging
hydroxy group and the activity of the site for a given reaction.


Geometry of the reaction species : The structures correspond-
ing to ethene adsorbed on the Brùnsted acid site, to the
transition state for the studied reaction, and to the ethoxide
complex obtained with cluster B are depicted in Figure 3; and
Table 3 summarizes the HF- and B3LYP-optimized values of
the most important parameters of these three systems
calculated with clusters A, B, and C.


The optimized geometry of the p complex formed between
ethene and the Brùnsted acid site is quite independent of the
method and the model used in the calculations. The CÿC bond
in ethene is 1.32 and 1.34 � at the HF and B3LYP levels,
respectively; the calculated OÿH bond length is 0.96 � at the
HF level and 0.99 � at the B3LYP level; and the CÿH bond
length obtained with the HF method, �2.5 �, is slightly
longer than that provided by the B3LYP functional, namely
�2.3 �. The most important difference between the HF- and
DFT-optimized values corresponds to the Si-O2-Al angle:
when clusters B or C are used, the values of the angle
calculated with B3LYP are between 1 ± 58 smaller than the HF
values; however, in the case of cluster A this difference


Figure 3. Optimized structures of a) ethene adsorbed on a Brùnsted acid site, b) transition state for the ethene protonation reaction, and c) the ethoxide
complex.


Table 2. HF/6-31G*-optimized values of the most important geometric
parameters of the four acid sites considered in this work obtained with
cluster C (bond lengths in � and angles in degrees). Net atomic charge
(qH� in je j ), electrostatic potential (V0 in V), and absolute value of the
largest component of the traceless electric field gradient tensor (QH in
V �ÿ2) on the proton of the bridging hydroxy calculated at the periodic HF
level. The atom numbering is shown in Figure 3.


T1a T1b T2 T3


O1ÿH 0.955 0.955 0.956 0.955
O1ÿSi 1.681 1.682 1.685 1.689
O1ÿAl 1.905 1.907 1.913 1.905
H-O1-Al 105.7 104.9 106.0 109.2
Si-O1-Al 138.2 138.9 136.7 136.0
O1-Al-O2 91.4 101.6 92.0 95.8
O2ÿSi 1.593 1.592 1.594 1.593
O2ÿAl 1.721 1.709 1.718 1.712
Si-O2-Al 149.5 141.9 147.2 149.0
H-O1-Al-O2 9.4 ÿ 117.2 0.9 ÿ 6.5
qH� 0.399 0.399 0.402 0.403
V0 ÿ 31.926 ÿ 31.926 ÿ 31.919 ÿ 31.902
QH 23.880 23.880 23.818 24.001
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increases to almost 108. When the degree of geometry
relaxation increases, that is, when cluster C instead of cluster
B is used in the optimizations, the calculated SiÿO1 bond
length shortens from 1.70 to 1.68 � and that of SiÿO2 shortens
from 1.61 ± 1.63 to 1.59 ± 1.60 �, this being the only observed
variation. With respect to the geometry of the particular site
considered, the only noticeable difference corresponds to the
optimized value of the O1-Al-O2 angle at the T1b site
(101.88), which is between 58 and 108 greater than in any other
site.


When the geometry of the ethoxide is analyzed, a big
difference is observed between the values obtained with
cluster A and those obtained with a cluster that represents a
particular site in zeolite theta-1. The carbon atom is more
covalently bound to the framework oxygen when cluster A is
used, as reflected in the calculated C2ÿO2 bond lengths
(1.45 ± 1.47 � in cluster A and 1.49 ± 1.51 � in the others).


Notably, the values of the
C-O2-Al and Si-O2-Al angles
obtained with cluster A are
1208, and the C2, O2, Si, and
Al atoms are in the same plane.
When the cluster used is re-
stricted so as to represent a
particular active site in a real
zeolite, the geometric changes
necessary for the O atom to
adopt this conformation be-
come impossible. Thus, for ex-
ample, the C-O2-Al angles ob-
tained with either cluster B or C
are always between 107 and
1108, while the calculated Si-
O2-Al angles are never smaller
than 1338. As regards the clus-
ter size, the most relevant dif-
ferences observed when going
from cluster B to C are related
to SiÿO1 and C2ÿO2 bond
lengths. The former decrease
from 1.61 ± 1.63 � in cluster B
to 1.58 ± 1.60 � in cluster C,
while the latter increase slightly
suggesting a certain degree of
correlation between the alkox-
ide CÿO bond strength and
cluster size.


The ethene protonation reac-
tion occurs through a concerted
mechanism that involves the
transition state depicted in Fig-
ure 3 b. At the same time as
when the hydrogen atom of the
bridging hydroxy group proto-
nates one of the carbon atoms
of ethene (C1), the positive
charge that appears on C2 in-
teracts with one of the neigh-
boring basic oxygen atoms of


the zeolite to result in the formation of the covalent ethoxide
complex. The geometry of the transition state optimized by
means of different models and theoretical methods is given in
Table 3. In all cases, the proton that is being transferred from
the zeolite to the ethene molecule is closer to the carbon than
to the oxygen atom. The calculated C1ÿH bond lengths are
�1.2 � in all cases, while the O1ÿH bond lengths calculated
with clusters B and C are about 0.1 and 0.15 �, respectively,
longer than those obtained with cluster A. The same tendency
is observed for the C2ÿO2 bond lengths: the values obtained
with cluster A are �0.1 and �0.3 � shorter than those
calculated with clusters B and C, respectively. This indicates
that, as the cluster becomes more similar to the real zeolite,
the organic fragment in the transition state it located further
from the catalyst wall. It has also been observed that, while on
cluster A the C1, C2, H, O1, O2, and Al atoms are more or less
coplanar, when clusters B and C are used the organic


Table 3. HF/6-31G* and B3LYP/6-31G* (italics) optimized values of the most important geometric parameters
of ethene, ethoxide and the transition state for the studied reaction (bond lengths in � and angles in degrees). The
atom numbering is shown in Figure 3.


site T1a T1b T2 T3
cluster A B C B C B C B C


ethene p complex
C1ÿC2 1.322 1.322 1.322 1.322 1.322 1.322 1.322 1.322 1.322


1.338 1.337 1.338 1.337 1.337 1.337 1.337 1.337 1.337
C1ÿH 2.500 2.503 2.484 2.503 2.497 2.508 2.478 2.488 2.528


2.253 2.275 2.267 2.275 2.267 2.290 2.248 2.254 2.279
C2ÿH 2.500 2.574 2.526 2.574 2.568 2.528 2.497 2.471 2.525


2.260 2.344 2.314 2.344 2.330 2.311 2.280 2.245 2.273
SiÿO1 1.695 1.696 1.677 1.696 1.675 1.700 1.679 1.709 1.685


1.708 1.704 1.686 1.704 1.684 1.707 1.687 1.717 1.692
O1ÿH 0.959 0.961 0.962 0.961 0.962 0.961 0.963 0.961 0.962


0.987 0.987 0.990 0.987 0.989 0.987 0.991 0.989 0.991
Si-O2-Al 156.0 149.0 150.7 143.9 142.3 146.0 149.0 148.0 150.5


146.6 146.9 150.3 140.4 137.8 143.5 148.7 145.5 150.5


ethoxide
C1ÿC2 1.514 1.513 1.514 1.514 1.513 1.514 1.511 1.514 1.512


1.517 1.513 1.514 1.515 1.514 1.511 1.512 1.514 1.512
C2ÿO2 1.451 1.482 1.488 1.486 1.490 1.493 1.495 1.489 1.498


1.471 1.503 1.511 1.508 1.513 1.510 1.521 1.511 1.521
SiÿO1 1.612 1.615 1.588 1.606 1.579 1.615 1.583 1.618 1.584


1.632 1.635 1.607 1.624 1.597 1.633 1.596 1.636 1.599
C-O2-Al 120.2 107.7 107.4 108.9 106.7 107.8 106.5 108.8 108.0


120.3 108.6 108.6 109.8 107.6 108.5 106.7 109.5 108.0
Si-O2-Al 119.9 136.5 134.3 135.7 135.0 137.0 135.4 136.6 134.6


120.0 136.2 133.6 134.7 133.2 136.5 135.5 135.9 134.5>


transition state
O1ÿH 1.453 1.509 1.542 1.549 1.586 1.564 1.633 1.533 1.562


1.338 1.419 1.488 1.433 1.492 1.465 1.547 1.439 1.528
C1ÿH 1.243 1.232 1.247 1.218 1.232 1.211 1.212 1.222 1.244


1.292 1.255 1.230 1.245 1.231 1.226 1.198 1.240 1.210
C1ÿC2 1.385 1.385 1.372 1.386 1.374 1.387 1.377 1.387 1.371


1.397 1.401 1.400 1.402 1.400 1.404 1.405 1.403 1.403
C2ÿO2 2.388 2.510 2.691 2.591 2.792 2.578 2.703 2.532 2.717


2.153 2.221 2.335 2.239 2.361 2.242 2.324 2.229 2.333
SiÿO1 1.639 1.644 1.609 1.639 1.603 1.645 1.604 1.652 1.612


1.669 1.665 1.631 1.658 1.626 1.663 1.622 1.673 1.629
C2-O2-Al 118.0 98.7 96.0 94.5 89.3 96.6 100.3 99.3 96.0


122.3 104.2 101.0 103.4 98.9 102.8 102.4 104.3 102.0
Si-O2-Al 129.2 146.5 149.4 145.3 144.9 148.6 150.7 147.9 151.7


126.2 142.4 143.7 140.2 139.0 143.3 145.8 143.3 146.0







FULL PAPER A. Corma et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1300 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61300


fragment tends to move away from this position and to be
located out of the plane of the 10-T ring. It is also to be noted
that the differences previously mentioned between the
geometry of the ethoxide complex obtained with cluster A
and those provided by the clusters that represent active sites
in zeolite theta-1 begin to be observed in the transition state.
Thus, for example, the C-O2-Al and Si-O2-Al angles calcu-
lated with cluster A are close to 1208 and 1308, respectively,
while the values obtained with clusters B and C are between
908 and 1058 in the first case and between 1408 and 1508 in the
second one.


Action and reaction energies : The reaction energies DE of the
ethene protonation reaction (Table 4) have been calculated as
the total energy difference between the ethoxide and the
ethene p complex, and therefore negative values indicate that


the covalent ethoxide is more stable than adsorbed ethene.
The first remarkable result concerning the calculated values
of DE is the great difference existing between the values
obtained with cluster A and those obtained with a cluster that
represents a particular active site in theta-1 zeolite. It can be
seen that when cluster A is used, the covalent ethoxide is
more stable by 11.7 kcal molÿ1 at the HF level and
13.8 kcal molÿ1 at the B3LYP level than the adsorbed ethene.
However, when the geometry of the cluster is restricted to
simulate a particular active site, the ethoxide is greatly
destabilized in relation to the ethene p complex. Thus, for
example, the HF calculated DE values are between ÿ1.5 and
�6.3 kcal molÿ1, depending on the considered site and on the
cluster used. DFT calculations seem to slightly increase the
relative stability of the ethoxide, and the calculated DE values
are between ÿ5.5 and �2.2 kcal molÿ1. The most negative DE
values are obtained when the reaction occurs on the T1 site,
while on T2 and T3 sites the ethoxide is considerably less
stable than the adsorbed ethene. With respect to the influence
of the zeolite flexibility or the cluster size on the calculated
reaction energies, no clear tendencies are observed, while
periodic calculations yield higher reaction energies on all
sites.


Some of these energetic differences can be easily related to
optimized geometries of the ethoxide as discussed above. The
ethoxide complex is more strongly bonded to the framework
oxygen when cluster A is used, as reflected in the shorter
calculated C2ÿO2 bond length (1.45 and 1.47 � at the HF and


B3LYP levels, respectively). When the reaction occurs on the
T1 site, the calculated C2ÿO2 bond lengths are�1.48 ± 1.49 �
at the HF level and ÿ50 ± 1.51 � at the B3LYP level, while on
T2 and T3 sites the obtained values are slightly longer, 1.49 ±
1.50 � at the HF level and 1.51 ± 1.52 � at the B3LYP level.
Therefore, the increase in the C2ÿO2 bond length reflects a
weakening of the covalent bond and therefore a destabiliza-
tion of the ethoxide.


The additional increase in the reaction energy provided by
the periodic calculations is mainly attributed to the fact that
the geometries were not optimized at the periodic level but
rather with cluster C. To illustrate this, let us consider Figure 4


Figure 4. HF/6-31G*-optimized structures of the ethoxide complex adsor-
bed on a) T1a, b) T1b, c) T2, and d) T3 sites. Cluster D is shown.


which shows the HF-optimized structures of the four ethoxide
complexes studied adsorbed on cluster D. While on T1b and
T2 sites the organic fragment is situated inside the cluster and
is therefore completely surrounded by oxygen and silicon
atoms, on T1a and especially on T3, most of the organic
fragment is situated near the edge of the cluster. It is then to
be expected that the most important differences between
cluster D and periodic results will be observed on T1a and on
T3, as has been indeed found. Nevertheless, even on T1b and
T2 there is a difference of 2.5 kcal molÿ1 between the cluster D
and the periodic calculated reaction energies which can not be
attributed to this representation. To explain this observation,
the Mulliken charge distribution in the cluster and in the
periodic systems has been analyzed in depth. The oxygen
atoms in the periodic system are �0.01 e more negatively
charged than in cluster D, both in the case of the adsorbed
ethene and in the case of the ethoxide. Notably, although the


Table 4. Reaction energies [kcal molÿ1] calculated at the HF and B3LYP
levels.[a]


HF B3LYP
T1a T1b T2 T3 T1a T1b T2 T3


B ÿ 1.53 0.71 5.49 2.14 ÿ 5.49 ÿ 3.67 ÿ 0.48 ÿ 2.40
C ÿ 0.64 0.28 4.85 4.79 ÿ 4.77 ÿ 3.93 1.18 0.27
D ÿ 0.64 0.16 4.66 6.31 ÿ 4.92 ÿ 3.88 0.73 2.15
periodic 3.86 2.59 7.25 11.68


[a] The values calculated with cluster A are ÿ11.68 and ÿ13.75 kcal molÿ1


at the HF and B3LYP levels, respectively.
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differences in population are small, they are relevant because
the systems compared have been calculated at the same
geometry and level of theory. Therefore, changes in the
population analysis can only be related to differences between
the character of the electronic structure in the large (and quite
ªrealisticº) cluster D and in the crystalline catalyst. The
slightly larger electron population on the O atoms provided
by the periodic calculations reflects an enhancement of the
system ionicity that causes a loss of covalent character in the
C2ÿO2 bond. Following the trend observed when increasing
the cluster size, it is to be expected that further geometry
relaxation in the periodic model would result in an increase of
the C2ÿO2 bond length and a lowering of the reaction energy.
Also, we have tested that in both the cluster D and the
periodic models, the distances between hydrogens atoms of
the ethoxy group and zeolitic O atoms are always larger than
2.2 �. This fact discards the possibility that the alkoxy groups
be additionally stabilized in the periodic model because of
hydrogen bond interactions.


The activation energies summarized in Table 5 have been
calculated as the total energy difference between the tran-
sition state and the reactant, which is the ethene p complex.


The most important factor influencing the activation energy is
the methodology used. When electron correlation effects are
included by means of DFT, the activation energies are
lowered between 11 and 17 kcal molÿ1. The results obtained
with cluster A are not too different from those obtained with
cluster B ; however, when each site is considered separately a
dependence between the calculated activation energies and
the cluster size is found at the HF level. Thus, at the HF level,
when cluster D instead of cluster C is used, the activation
barrier is 1 ± 4 kcal molÿ1 lower, and a similar stabilization
occurs when cluster C instead of cluster B is used. An
explanation for this behavior is that while the reactant and the
reaction product are neutral species, the transition state is
highly ionic, and therefore electrostatic effects have a greater
influence on its energy. Although the cluster approach is not
well suited to treat these effects, it is obvious that as the
cluster size increases, the model is more similar to a real
zeolite and electrostatic effects are somewhat included. In
fact, the activation energies calculated with cluster D are very
similar to those obtained with the periodic approach, which
introduces all short- and long-range electrostatic effects.


Another point of view can be obtained by studying the
electronic structure of the transition state. The Mulliken


population analysis indicates that on all sites, as the size of the
cluster increases, the net atomic charge on the H atom that is
being transferred decreases, while no clear tendencies are
found for either the charges on the carbon atoms or for the
global charge on the organic fragment. The charge decrease
on the H1 atom when passing from cluster C to the periodic
model is �0.01 e in all cases.


Figure 5 shows the difference map between the electronic
density of periodic and cluster C transition states on the T2
site. Electron density has been calculated on the plane parallel


Figure 5. Electron density difference map between periodic and cluster C
models of the transition state on T2 site. Isodensity lines are at each 2�
10ÿ4 j e j .


to xy that contains the H1 atom. Differences between both
models are, in general, small in the region where the reaction
occurs. Nevertheless, in straight correlation with the Mulliken
population analysis, electron density on H1 is larger in the
periodic model than in cluster C. On the other hand, the
electron density along the lines connecting atoms H1ÿO1 and
C2ÿO2 is slightly larger in cluster C than in the periodic
model. This is to be associated with a more ionic character of
the transition state in the periodic model. The enhancement of
ionicity in periodic calculations has been previously discussed
in relation to the stability of the ethoxide-zeolite complex.
The main difference is that, while in that case the increase in
ionicity results in a destabilization of the covalent C2ÿO2
bond, in this case, because of the charge separation existing in
the transition state, the overall effect is to stabilize the ion ±
pair complex.


At the B3LYP level, the stabilization of the transition state
caused by the increase of the cluster size is less important, and
varies between 0 and 2 kcal molÿ1. This is in agreement with
the previous explanation. According to the Mulliken popu-
lation analysis, the positive charge on the C2H5


� fragment of
the transition state is�0.8 e at the HF level and only�0.5 e at
the B3LYP level, independent of the cluster used. This means


Table 5. Activation energies [kcal molÿ1] calculated at the HF and B3LYP
levels.[a]


HF B3LYP
T1a T1b T2 T3 T1a T1b T2 T3


B 41.89 42.78 44.37 43.88 25.01 26.38 28.09 27.14
C 38.41 39.09 42.59 40.37 24.63 25.54 29.11 27.28
D 35.52 36.14 38.84 39.61 23.18 23.86 27.64 27.92
periodic 36.24 36.03 38.49 36.21


[a] The values calculated with cluster A are 42.55 and 25.67 kcal molÿ1 at
the HF and B3LYP levels, respectively.
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that the ionic character of the transition state is more marked
at the HF level and therefore the stabilization of this structure
as a result of electrostatic effects should be more important at
this level, as has been indeed found.


Conclusions


The protonation of ethene by three different acid sites of
theta-1 zeolite to give covalent ethoxide intermediates has
been theoretically investigated by means of cluster and
periodic calculations, and the influence of the methodology
used, of the cluster size and degree of geometry relaxation,
and of the global effects caused by the whole crystal have been
analyzed.


It has been found, in agreement with previous work,[28] that
the stability of the ethoxide complex is very sensitive to the
local geometry of the active site, with the calculated reaction
energies covering a range of up to 9 kcal molÿ1. The main
reason is that the structural changes necessary to accommo-
date the covalent ethoxide become more difficult when the
geometry of the system is restricted to represent a particular
site in a particular zeolite and, as a consequence, the ethoxide
is greatly destabilized with respect to adsorbed ethene. It has
also been observed that long-range effects included in
periodic calculations tend to increase the ionicity of the
systems, to produce an additional destabilization of the
covalent ethoxides. In fact, in many cases, the reaction energy
DE is positive which indicates that the ethoxide is less stable
than the initial reactant. From a chemical point of view, this
means that covalent alkoxides can be reactive intermediates
in many zeolite-catalyzed reactions since they are not as
stable as earlier cluster calculations suggested and therefore
the real activation energies involved will not be so high. From
a methodological point of view, it can be concluded that when
the cluster approach is used, complete optimization of all the
geometric parameters of the system is not recommendable
since it will often yield unrealistic energies.


The local arrangement of the active site and the degree of
geometry optimization have little influence on the activation
energies, which are mainly affected by the methodology used
and by electrostatic effects. Thus, inclusion of electron
correlation effects by means of DFT lowers the calculated
activation barriers by more than 10 kcal molÿ1. With respect to
the electrostatic effects, it has been found that as the cluster
size increases and more oxygen atoms are included in the
system, the transition state becomes more stable in relation to
ethene and ethoxide. The reason is that while the reactant and
the product are neutral species, the transition state is highly
ionic and therefore it is stabilized by the negative potential
created by the oxygen atoms of the catalyst. The lowering of
the activation energy at the HF level (�6 kcalmolÿ1) is more
important than at the DFT level (�2 kcalmolÿ1) because the
ionic character of the transition state, represented by the net
positive charge on the C2H5


� fragment, is more marked at the
HF level.[29]


In synthesis, as the model becomes more realistic, changes
in both the reaction and the activation energies are observed,
although the causes are different in each case. Reaction


energies are mainly affected by structural relaxation. In
addition, there is a weakening of the covalent CÿO bond in
the ethoxide which is related to a slight increase of the ionicity
as the system size approaches the periodic limit of the model.
On the other hand, activation energies are not so dependent
on geometry restrictions but, because of the ionic character of
the transition state, they are mainly influenced by electrostatic
effects that rapidly converge with cluster size. It is to be
stressed that this stabilization mainly involves the O atoms of
the channel wall that are within the closest region around the
organic fragment, no matter whether or not long-range
electrostatic effects are included in the calculation.
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Facial-Selective Allylation of Methyl Ketones for the Asymmetric Synthesis
of a-Substituted Tertiary Homoallylic Ethers
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Abstract: The asymmetric synthesis of
enantiomerically pure a-substituted ter-
tiary homoallylic ethers 4 a, 11 and
12 a ± c by the allylation of ethyl methyl
ketone (1 a) with g-substituted allylsi-
lanes 9 a ± h is described. The allylsilanes
were obtained by a nickel-catalysed
Grignard cross-coupling reaction of
(E)- and (Z)-(3-iodoallyl)trimethylsi-
lane with various Grignard reagents.
The reaction of the allylsilanes with 1 a


in the presence of the trimethylsilyl
ether of N-trifluoroacetylnorpseudo-
ephedrine (3), and catalytic amounts of
a mixture of trimethylsilyl triflate and
trifluoromethanesulfonic acid led to the
homoallylic ethers 4 a, 11 and 12 a ± c
with two new stereogenic centres, with a


selectivity of 1:9 to >20:1 for the
homoallylic and of 1:99 to >60:1 for
the allylic centre. The facial selectivity
does not depend on the configuration of
the allylsilane, and in all reactions the
anti product is preferentially formed.
Interestingly, a pronounced switch of
facial selectivity takes place with in-
creasing length of the alkyl group of the
allylsilane.


Keywords: allylation ´ amino alco-
hols ´ homoallylic alcohols ´ silanes


Introduction


A large number of natural products such as hydroxymyopor-
one,[1] cembranoids,[2] cineromycins[3] and erythrolids[4] con-
tain an aliphatic tertiary alcohol moiety with a methyl group
as one of the substituents. In Nature, this functionality is
usually formed by an oxidative process of a methyl-substi-
tuted alkene. The chemical synthesis can easily be achieved by
the allylation of an alkyl methyl ketone using allylsilanes, for
example.[5] However, this transformation leads to a racemic
mixture. In contrast, a facially selective allylation of alkyl
methyl ketones is possible by the reaction of methyl ketone 1
with allyltrimethylsilane 2 in the presence of the norpseudo-
ephedrine derivative 3[6] and a catalytic amount of trifluoro-
methanesulfonic acid (TfOH) (Scheme 1). The homoallylic
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Scheme 1. Allylation of alkyl methyl ketones 1 a and 1b with allyltrime-
thylsilane 2 in the presence of 3.


ethers 4 are the only products that are formed from the
reaction of 1 a, with a diastereomeric ratio (d.r.) of 9:1 when
the reaction is carried out at ÿ78 8C, and with a d.r. of 24:1 at
ÿ1048 C. Even more selective is the reaction of 1 b, which
proceeds with a d.r. of 99:1 at ÿ78 8C. The corresponding
tertiary alcohols 5 can easily be obtained from 4 by reductive
cleavage of the benzyl ether moiety either using lithium in
liquid ammonia, or lithium in the presence of 4,4'-di-tert-
butylbiphenyl. The described procedure is the only general
method currently known for the facially selective addition to
alkyl methyl ketones. All allylation methods employing either
equimolar amounts of a chiral allyl reagent (such as allylbor-
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anes and allyltitanium compounds) or chiral catalysts (which
gave excellent selectivities with aldehydes) failed when
applied to alkyl methyl ketones.[7±10] Herein we describe the
facially selective allylation of 1 a with g-substituted allylsi-
lanes to generate a-substituted tertiary homoallylic ethers
with two new stereogenic centres.


Results and Discussion


Synthesis of g-substituted allylsilanes : Several procedures are
known for the selective synthesis of (E)- and (Z)-configured
allylsilanes.[11] However, the Grignard cross-coupling of
trimethylsilyl(TMS)-alkenyl halides, such as (E)-7 and (Z)-7,
with various alkyl Grignard reagents 8 a ± d provided the most
suitable access to a large number of substituted allylsilanes
(Scheme 2).[12] Allylsilane (Z)-7 was obtained as described by
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Scheme 2. Synthesis of g-substituted allylsilanes 9 c ± j.


Schinzer et al. ,[13] and (E)-7 was synthesized in 40 % overall
yield by hydroalumination of propargyl trimethylsilane with
diisobutylaluminum hydride (DIBAL-H) followed by treat-
ment with iodine. Coupling of (E)-7 and (Z)-7 with the alkyl
Grignard reagents 8 in the presence of a catalytic amount of
Cl2Ni(PPh3)2 proceeded stereoselectively, and led to the
formation of the isomerically pure allylsilanes 9 c ± j in 58 to
87 % yield (Table 1). Allylsilanes 9 a and 9 b were prepared
starting with the methylation of propargyl trimethylsilane to
give 10, followed by reduction, using either DIBAL-H/MeLi
or Ni-P2 (nickel boride catalyst)/H2 (Scheme 3).[14±16] In the


TMS


Me


TMS


TMSMe


10


DME, reflux


DIBAL-H, MeLi,


Ni(OAc)2, NaBH4


(74%)


9a


9b
H2, EtOH


(11%)


Scheme 3. Synthesis of g-substituted allylsilanes 9 a and 9 b.


first case, (E)-9 a was obtained as a pure compound, albeit in a
low yield. The second procedure led to the formation of the
(Z)-configured crotylsilane 9 b in 74% yield.


Allylation of 1 a : 2-Butanone is the methyl ketone that
experiences the poorest facial differentiation, and was there-
fore chosen as the substrate for the allylation with different
allyltrimethylsilanes 9. The reaction was performed in a
domino-type fashion[17] by adding catalytic amounts of a
mixture of TfOH/TMSOTf (1:1) to a mixture of ketone 1 a,
the g-substituted allylsilane 9, and the TMS ether 3 in
dichloromethane at ÿ78 8C, to give the homoallylic ethers 4 a,
11 and 12 (Scheme 4). Although allyltrimethylsilane 2 gave 4 a
as the main product in 95 % yield after 1 h, the g-substituted
allylsilanes 9 a ± h are less reactive (Table 2). The reactivity of
the allylsilanes 9, and the diastereomeric ratios found for the
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Scheme 4. Allylation of ethyl methyl ketone 1a with g-substituted
allylsilanes 9 a ± j in the presence of 3.


Table 1. Cross-coupling of the vinylic halides 7 with various Grignard
reagents.


R Vinylic halide Product[a] t [h] Yield [%]


Et (E)-7 9c 4 70
Et (Z)-7 9d 4.5 68
Pr (E)-7 9e 2.5 69
Pr (Z)-7 9 f 6 69
Bu (E)-7 9g 20 59
Bu (Z)-7 9h 3.5 58
Bn (E)-7 9 i 3.5 74
Bn (Z)-7 9j 24 87


[a] E/Z-selectivity �99 % in all cases.


Table 2. Allylations of ethyl methyl ketone (1a) with g-substituted
allylsilanes 2 and 9a ± h in the presence of 3.


Allylsilane/
config.[a]


R Main
product


t Yield [%][b] R :S (C-3)[c] S :R (C-4)[d]


2 H 4a 2 h 95 ± 1:9
9a/E Me 11 3 d 79 1:16 1:9
9b/Z Me 11 5 d 73 1:> 99 1:3
9c/E Et 12a 6 d 64 23:1 2.2:1
9d/Z Et 12a 5 d 46 > 40:1 6.4:1
9e/E Pr 12b 9 d 70 23:1 4.5:1
9 f/Z Pr 12b 8 d 35 > 50:1 14:1
9g/E Bu 12c 10 d 67 > 25:1 5.6:1
9h/Z Bu 12c 10 d 47 > 60:1 > 20:1


[a] In the case of 9 i,j no products were obtained. [b] Mixture of isomers.
[c] Allylic centre by GC analysis. [d] Homoallylic centre by 13C NMR
analysis.
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products 4 a and 11 strongly depend on the length of R and, to
some extent, also on their double-bond configuration. Most
surprising, however, was the finding, that a change in the
facial selectivity was observed with an increasing length of the
alkyl chain of the allylsilane. The facial selectivities ranged
from 1:> 99 to>60:1 for the allylic centre at C-3 and from 1:9
to >20:1 for the homoallylic centre C-4. Thus, reaction of 1 a
with 2, and 9 a and 9 b gave the homoallylic ethers 4 a and 11,
respectively, as the main products, with the R configuration at
C-4 and the S configuration at C-3. On the contrary, the
reaction of 1 a with 9 e ± h led to 12 a ± c as the main products,
with the S configuration at C-4 and the R configuration at C-3.
The change in facial selectivity at C-4 using the methyl- and
the ethyl-substituted allylsilane (E)-9 a and (E)-9 c, as well as
(Z)-9 b and (Z)-9 d, proceeded gradually from 1:9 to 2.2:1, and
from 1:3 to 6.4:1, respectively. However, the total opposite is
found for C-3 in which the facial selectivity went from 1:16 to
23:1, and from 1:> 99 to >60:1.[18] In the reactions, the
selectivity for C-4 is usually higher when using (Z)-allylsi-
lanes. The yields range from 35 ± 95 %, depending on the
substituent and on the configuration of the allylsilane. There-
fore the yields are always slightly better for the (E)-
allylsilanes. In all cases, no by-products were formed, except
for small amounts of the desilylated norpseudoephedrine
derivative 3, which could be recovered by chromatography.
All products were crystalline, and therefore the diastereo-
merically pure homoallylic ethers were obtained by recrystal-
lisation from pentane. The benzyl-substituted allylsilanes 9 i
and 9 j did not give the corresponding homoallylic ethers
when reacted with ethyl methyl ketone (1 a) under the
described conditions, probably for steric reasons. Similarly, a
reaction did not take place when alkenyl iodide (E)-7 was
used. In both cases, starting material was recovered.


To shorten the reaction time, the allylation was carried out
at higher temperatures (e.g. ÿ40 8C). However, the resulting
yields and selectivities were significantly lower in all cases. An
important point to take into consideration is the quality of the
catalyst. During the optimisation of the allylation reaction, it
was shown that the catalytically active species in the allylation
of ketones is TfOH. The reproducibility of the allylation and
of the yield strongly depends on the purity of the acid. We
therefore produced the acid for these investigations by partial
hydrolysis of TMSOTf. Under these conditions, constant and
reproducible results were obtained. In the meantime, we also
use high-quality TfOH, which is available in glass ampoules
from Fluka and Aldrich.


Structure elucidation : The structures of the homoallylic ethers
were determined by X-ray analysis (for 11, 12 a and 12 c) as
well as by 1H and 13C NMR spectroscopy.[19] As an example,
the characteristic signals in the 1H NMR spectrum of 12 a are
discussed in detail. The signals for the norpseudoephedrine
moiety are quite similar for all homoallylic ethers. The
aromatic hydrogen atoms resonate as a multiplet at d�
7.17 ± 7.38. The signal of the benzylic proton is found at d�
4.54 as a doublet with J� 4.0 Hz, and the neighbouring proton
gives rise to multiplet centred at d� 4.06. The methyl group
resonates as a doublet at d� 1.20 with J� 6.8 Hz. The signal
for the amide proton is found at d� 6.40 as a broad doublet


with J� 8.0 Hz. The methyl group at the homoallylic centre
gives rise to a singlet at d� 0.98, while the two other methyl
groups both appear as triplets with J� 7.3 Hz at d� 0.63 and
0.88. The signals for the diastereotopic hydrogen atoms of the
methylene groups are found as multiplets centred at d� 1.15
and 1.48 (CH2 of the side chain) and d� 1.62 (Cq-CH2CH3).
The secondary vinylic proton resonates as a doublet of
doublets of doublets with J� 9.9, 10.0 and 16.7 Hz at d� 5.61.
The signals for the vinylic CH2 group appear as doublets of
doublets at d� 4.97 (J� 2.2 and 16.7 Hz) for Htrans and at d�
5.11 (J� 2.2 and 9.9 Hz) for Hcis. The allylic CH group
resonates as a doublet of doublets of doublets at d� 1.87 with
J� 2.0, 10.0, and 10.0 Hz.


Mechanistic considerations : It is well known that the allyla-
tion of aldehydes and ketones using either (E)- or (Z)-
allylsilanes lead to the same stereochemistry of the main
product in both cases.[20] However, the Lewis acid catalysed
crotylations give mainly the syn products, whereas in the
described reactions, the products with an anti orientation of
the relevant substituents at the stereogenic centres were
formed nearly exclusively. Recently, we were able to give a
clear mechanistic explanation for the highly selective allyla-
tion of aldehydes, which pro-
ceeds with a d.r.>99:1, by using
our procedure based on on-line
NMR spectroscopy.[21] It was
shown that an oxazolidinium
ion 13 a is formed as an inter-
mediate, which then reacts in a
stereoselective way with allyl-
trimethylsilane. In contrast, the
surprisingly high facial selectiv-
ity found in the allylation of ketones, and especially the
change in facial selectivity with an increase in the bulkiness of
the substituent R of the allylsilane, cannot as yet be
rationalised consistently. Contrary to what was found in the
allylation of aldehydes, an oxazolidinium ion 13 b is not an
intermediate. However, as is the case in the reaction of
aldehydes, the NHCOCF3 moiety in 3 is necessary for a high
selectivity. Thus, the reaction of 1 a and allylsilane 2 in the
presence of TfOH and the TMS ether of 1-phenylethanol
proceeds with a low diastereoselectivity (d.r.� 1:1.8).


Conclusion


The allylation of ethyl methyl ketone 1 a with g-substituted E-
and Z-allylsilanes was studied, and was found to give a-
substituted homoallylic ethers with two new stereogenic
centres. In the presence of the norpseudoephedrine derivative
3, homoallylic ethers 11, 12 a, 12 b, and 12 c were obtained with
excellent selectivities of 1:> 99 for C-3 and >20:1 for C-4.
The resulting functionality was not accessible either by other
allylation procedures, or by an aldol-type reaction. In contrast
to the Lewis acid induced allylation of aldehydes and ketones,
the anti products were formed nearly exclusively in this case.
The most surprising feature of this reaction, however, is the
reversal of facial selectivity with increasing bulkiness of the
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substituent of the allylsilane. The high facial selectivity, and
the change in the selectivity when bulkier allylsilanes were
used, is explained by an enzyme-like model in which the
formation of a pocket is assumed, due to hydrogen bonding of
1 and 3.


Experimental Section


(E)-(3-Iodoallyl)trimethylsilane ((E)-7): DIBAL-H (200 mmol, 20% sol-
ution in hexane) was added to a solution of propargyl trimethylsilane
(200 mmol) in hexane (80 mL) at 25 8C. The reaction mixture was stirred at
50 8C for 3.5 h, and was then concentrated in vacuum. The residue was
dissolved in THF (100 mL) and iodine (200 mmol, solution in THF
(100 mL)) was added at ÿ50 8C. The mixture was warmed up to 25 8C,
hydrolysed by adding water (100 mL), and treated with saturated aqueous
Na2S2O3 solution to remove the remaining iodine. The organic layer was
separated, the aqueous layer was extracted with CH2Cl2 (4� 25 mL), and
the combined organic layer was dried over MgSO4 and concentrated in
vacuum. Distillation (Vigreux, 10 cm, �5 mbar) gave (E)-7 (21.2 g, 40%)
as a colorless, light-sensitive liquid. 1H NMR (CDCl3, 200 MHz): d� 0.02
(s, 9H), 1.54 (dd, J� 1.2 and 8.5 Hz, 2H), 5.69 (dt, J� 1.2 and 14.2 Hz, 1H),
6.45 (dt, J� 8.5 and 14.2 Hz, 1 H); 13C NMR (CDCl3, 50 MHz): d�ÿ2.03,
27.50, 69.98, 143.0; HR-MS: calcd for C6H13ISi 239.9831, found 239.9831.


Cross-coupling: general procedure : Alkylmagnesium bromide (�2m
diethyl ether solution, 30 mmol) was added to a mixture of bis(triphenyl-
phosphane)nickel dichloride (15.0 ± 45.0 mmol) and (3-iodo-2-propenyl)tri-
methylsilane ((E)-7 or (Z)-7, 15.0 mmol) in diethyl ether (50 mL) at
ÿ35 8C. The mixture was stirred at this temperature for 3 ± 24 h (see
Table 1), and then hydrolysed with saturated aqueous NH4Cl. The organic
layer was washed with saturated NH4Cl solution, and combined with the
pentane extracts (2� 20 mL) of the aqueous layer. The combined organic
layer was washed with saturated aqueous NaHCO3 and brine, and dried
over anhydrous MgSO4. The solvent was evaporated, and the products
were obtained as colourless liquids (purification by distillation or chroma-
tography). The isomeric purities were analysed by GC.


2-Butynyltrimethylsilane (10): Methyllithium (133 mmol, 1.6m solution in
diethyl ether) was added dropwise to a mixture of propargylsilane
(111 mmol) in THF (150 mL) at ÿ78 8C. The solution was stirred for 3 h,
and then iodomethane (222 mmol) was added atÿ78 8C. After warming up
to 25 8C over a period of 3 h, the reaction mixture was stirred for 5 h at this
temperature. Water (100 mL) and pentane (100 mL) were then added. The
organic layer was washed with water (10� 250 mL) and dried over Na2SO4.
Distillation (30 cm Vigreux) led to the alkyne 10 (11.9 g, 85 %, 86%
solution in THF) as a colourless liquid. V.p. 110 8C; 1H NMR (CDCl3,
300 MHz): d�ÿ0.06 (s, 9H), 1.24 (q, J� 3.0 Hz, 2 H), 1.62 (t, J� 3.0 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d�ÿ2.18, 3.45, 6.82, 73.68, 76.23.


(E)-2-Butenyltrimethylsilane (9 a): Methyllithium (1.6m in diethyl ether,
100 mmol) was added to a solution of DIBAL-H (1m in hexane, 100 mmol)
in DME (30 mL) at 25 8C. The mixture was stirred for 1 h. Hexane and
diethyl ether were then removed under vacuum at 25 8C (DME remained),
and the alkyne 10 (50.0 mmol) was added. The mixture was heated at reflux
for 24 h, and then water (100 mL) and pentane (100 mL) were added. The
organic layer was washed with water (7� 100 mL), and the alkene 9a
(5.50 mmol, 11%) was isolated by distillation as a colourless 50 % solution
in pentane. 1H NMR (CDCl3, 300 MHz): d�ÿ0.02 (s, 9H), 1.14 (d, J�
7.5 Hz, 2 H), 1.66 (d, J� 6.0 Hz, 3 H), 5.15 ± 5.50 (m, 2H); 13C NMR (CDCl3,
75 MHz): d�ÿ2.01, 18.03, 22.59, 123.08, 127.02.


(Z)-2-Butenyltrimethylsilane (9b): A solution of NaBH4 (4.20 mmol,
159 mg) in EtOH (10 mL), ethylenediamine (8.40 mmol, 505 mg), and
the alkyne 10 (42.0 mmol) were added to a suspension of Ni(OAc)2 ´ 4H2O
(4.20 mmol, 1.05 g) in EtOH (20 mL). The mixture was stirred vigorously
under a hydrogen atmosphere for 24 h (1 atm, 25 8C) and filtered through
silica gel (pentane). The organic layer was then washed with water (5�
100 mL), and dried over Na2SO4. Distillation (20 cm Vigreux) led to the
alkene 9 b (3.98 g, 31.0 mmol, 74%) as a colourless liquid. V.p. 120 8C;
1H NMR (CDCl3, 300 MHz): d�ÿ0.08 (s, 9H), 1.48 (d, J� 7.5 Hz, 2H),
1.55 (d, J� 6.0 Hz, 3 H), 5.26 ± 5.50 (m, 2 H); 13C NMR (CDCl3, 75 MHz):
d�ÿ1.78, 12.59, 18.06, 121.16, 126.42.


Allylation with substituted allylsilanes: general procedure : The catalyst
(30 mL, TfOH/TMSOTf 1:1) was added dropwise to a mixture of auxiliary 3
(0.50 mmol, 1.0 equiv), ethyl methyl ketone (1.00 mmol, 2.0 equiv), and
allylsilane (1.00 mmol, 2.0 equiv) in CH2Cl2 (2.5 mL) at ÿ78 8C. The
mixture was stirred at this temperature for 5 ± 10 days, and triethylamine
(0.15 mL) was then added atÿ78 8C. The reaction mixture was washed with
water (2 mL) and dried over MgSO4. tert-Butylammonium fluoride
(TBAF; 0.50 mmol) was added, and the solution was stirred for 1 h at
room temperature. The solvent was evaporated, and the crude product was
purified by chromatography (silica gel, petroleum ether/tert-butyl methyl
ether 10:1 ± 20:1). The crystals for X-ray analysis were obtained by
recrystallisation from pentane at ÿ20 8C.


Formation of the catalyst : Trimethylsilyl trifluormethanesulfonate
(TMSOTf, 1 mL, 7.48 mmol) was poured into a Schlenk flask. Water
(33.6 mL, 1.87 mmol) was then added to the TMSOTf. After three days, the
hydrolysis was complete and a catalytically active mixture of (TMS)2O,
TfOH and TMSOTf (1:2:2) was formed.


(3S,4R,1'S,2'S)-3,4-Dimethyl-4-(1'-phenyl-2'-trifluoracetamido-1'-pro-
poxy)-hex-1-ene (11): M.p. 67 8C; [a]20


D �ÿ36.0 (c� 1, CHCl3); 1H NMR
(CDCl3, 200 MHz): d� 0.62 (t, J� 7.5 Hz, 3H), 1.06 (d, J� 7.0 Hz, 3H),
1.13 (s, 3H), 1.21 (d, J� 7.0 Hz, 3 H), 1.28 (q, J� 7.5 Hz, 2H), 2.44 (dq, J�
7.0 Hz, 1H), 4.08 (mc, 1 H), 4.55 (d, J� 3.5 Hz, 1H), 5.03 ± 5.10 (m, 2H),
5.96 (ddd, J� 18.0, 9.5, and 8.0 Hz, 1 H), 6.42 (d, J� 8.0 Hz, 1H), 7.17 ± 7.38
(m, 5 H); minor diastereomer (distinguishable signals): d� 0.89 (t, J�
7.5 Hz, 3 H), 0.97 (d, J� 7.0 Hz, 3 H), 2.33 (dq, J� 7.0 Hz, 1 H); 13C NMR
(CDCl3, 50 MHz): d� 8.08, 14.89, 16.90, 20.31, 30.26, 44.71, 51.95, 73.87,
81.14, 114.79, 115.89 (q, 1JC,F� 288 Hz), 126.69, 127.72, 128.19, 140.78,
141.42, 156.41 (q, 2JC,F� 37 Hz); elemental analysis calcd (%) for
C19H26F3NO2: C 63.85, H 7.33; found: C 64.02, H 7.45.


(3R,4S,1'S,2'S)-3-Ethyl-4-methyl-4-(1'-phenyl-2'-trifluoracetamido-pro-
poxy)-hex-1-ene (12 a): M.p. 90.1 8C; [a]20


D �ÿ21.4 (c� 0.5, CHCl3);
1H NMR (CDCl3, 300 MHz): d� 0.63 (t, J� 7.3 Hz, 3H), 0.88 (t, J�
7.3 Hz, 3H), 0.98 (s, 3 H), 1.15 (mc, 1 H), 1.20 (d, J� 6.8 Hz, 3H), 1.48
(mc, 1H), 1.62 (mc, 2 H), 1.87 (ddd, J� 2.0, 10.0, 10.0 Hz, 1 H), 4.06 (mc,
1H), 4.54 (d, J� 4.0 Hz, 1H), 4.97 (dd, J� 2.2, 16.7 Hz, 1 H), 5.11 (dd, J�
2.2, 9.9 Hz, 1H), 5.61 (ddd, J� 9.9, 10.0, 16.7 Hz, 1 H), 6.40 (dbr, J� 8.0 Hz,
1H), 7.17 ± 7.38 (m, 5 H); minor diastereomer (distinguishable signals): d�
0.90 (t, J� 7.3 Hz, 3H), 1.10 (s, 3H), 1.22 (d, J� 6.8 Hz, 3 H), 2.06 (ddd, J�
2.0, 10.0, and 10.0 Hz, 1 H), 4.05 (dd, J� 2.2, 16.7 Hz, 1 H), 5.13 (dd, J� 2.2,
9.9 Hz, 1H), 5.70 (ddd, J� 9.9, 10.0, 16.7 Hz, 1H); 13C NMR (CDCl3,
75 MHz): d� 8.08, 12.13, 16.86, 21.00, 21.58, 28.90, 51.89, 53.89, 73.90, 80.93,
115.84 (q, 1JC,F� 288.4 Hz), 116.73, 126.80, 127.69, 128.17, 138.78, 141.36,
156.39 (q, 2JC,F� 37 Hz); elemental analysis calcd (%) for C20H28F3NO2: C
64.67, H 7.60; found: C 64.45, H 7.67.


(3R,4S,1'S,2'S)-3-Propyl-4-methyl-4-(1'-phenyl-2'-trifluoracetamido-pro-
poxy)-hex-1-ene (12 b): M.p. 65.9 8C; [Ga]20


D �ÿ27.0 (c� 0.5, CHCl3);
1H NMR (CDCl3, 300 MHz): d� 0.60 ± 0.67 (m, 4H, 6-H3), 0.89 (t, J�
7.3 Hz, 3H), 0.90 (s, 3H), 1.08 ± 1.38 (m, 5 H), 1.21 (d, J� 1.5, 10.0 Hz, 3H),
4.06 (mc, 1H), 4.53 (d, J� 5.0 Hz, 1H), 4.96 (dd, J� 2.0, 17.0 Hz, 1 H), 5.09
(dd, J� 2.0, 10.0 Hz, 1 H), 5.62 (ddd, J� 10, 10, 17 Hz, 1 H), 6.42 (dbr, J�
8.0 Hz, 1H), 7.20 ± 7.36 (m, 5 H); minor diastereomer (distinguishable
signals): d� 0.62 (t, J� 7.5 Hz, 3H), 1.11 (s, 3 H), 2.18 (dt, J� 1.5 and
10.0 Hz, 1 H), 5.72 (ddd, J� 10.0, 10.0, and 17.0 Hz, 1 H); 13C NMR (CDCl3,
75 MHz): d� 7.95, 13.88, 16.58, 20.58, 21.50, 28.70, 30.33, 51.70, 51.79, 73.90,
80.81, 115.81 (q, 1JC,F� 288 Hz), 116.24, 126.80, 127.69, 128.17, 138.78,
141.36, 156.39 (q, 2JC,F� 36 Hz); elemental analysis calcd (%) for
C21H30F3NO2: C 65.43, H 7.84; found: C 65.24, H 7.85.


(3R,4S,1'S,2'S)-3-Butyl-4-methyl-4-(1'-phenyl-2'-trifluoracetamido-pro-
poxy)-hex-1-ene (12 c): M.p.66.4 8C; [a]20


D �ÿ24.0 (c 0.5, CHCl3); 1H NMR
(CDCl3, 500 MHz), d� 0.64 ± 0.74 (m, 1H), 0.79 (t, J� 7.5 Hz, 3H), 0.89 (t,
J� 7.0 Hz, 3H), 0.91 (s, 3 H), 1.08 ± 1.43 (m, 5H), 1.20 (d, J� 6.8 Hz, 3H),
1.62 (mc, 2 H), 1.96 (dt, J� 1.6, 10.0 Hz, 1H), 4.54 (d, J� 4.0 Hz, 1H), 4.96
(dd, J� 2.0, 17.0 Hz, 1H), 5.08 (dd, J� 2.0, 10.0 Hz, 1H), 5.61 (ddd, J�
10.0, 10.0, 17.0 Hz, 1H), 6.42 (dbr, J� 8.0 Hz, 1 H), 7.24 ± 7.35 (m, 5H);
minor diastereomer (distinguishable signals): d� 0.62 (t, J� 7.5 Hz, 3H),
1.12 (s, 3 H), 5.73 (ddd, J� 10.0, 10.0, and 17.0 Hz, 1 H); 13C NMR (CDCl3,
75 MHz): d� 8.03, 14.00, 16.75, 21.57, 22.71, 27.98, 28.76, 29.86, 51.85, 52.01,
73.89, 80.96, 115.84 (q, 1JC,F� 288 Hz), 116.43, 126.85, 127.67, 128.15, 139.29,
141.30, 156.39 (q, 2JC,F� 37 Hz); elemental analysis calcd (%) for
C22H32F3NO2: C 66.14, H 8.07; found: C 66.17, H 7.99.
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Elimination of Cross-Talk and Modulation of Function in an Organized
Heterosupramolecular Assembly


Alan Merrins, Xavier Marguerettaz, S. Nagaraja Rao, and Donald Fitzmaurice*[a]


Abstract: A close-packed monolayer of
TiO2 nanocrystals was deposited on a
conducting glass support using Lang-
muir ± Blodgett (LB) techniques and
fired. A close-packed mixed monolayer
of eicosyl phosphonic acid (I) and the
viologen, 1,1'-dieicosyl-4,4'-bipyridini-
um dichloride (II) was then deposited
on the TiO2 substrate, also using LB
techniques. At sufficiently high dilutions
of II in I, a single viologen molecule is


adsorbed with a known orientation at
the surface of each nanocrystal. The
resulting assembly was incorporated as
the working electrode in an electro-
chemical cell. Under open circuit con-
ditions, bandgap excitation of a TiO2


nanocrystal results in electron transfer
to a viologen molecule. No electron
transfer between the viologen molecules
adsorbed at different nanocrystals is
observed. At a positive applied poten-
tial, electron transfer following bandgap
excitation is largely suppressed. Consid-
ered are the implications of these find-
ings for the development of practical
devices based on modulatable function
addressable on the nanometer scale.


Keywords: bandgap excitation ´
electron transfer ´ nanostructures ´
supramolecular chemistry ´ titanium


Introduction


A heterosupermolecule is
formed by covalently and non-
covalently linking condensed
phase and molecular compo-
nents.[1] By analogy with a su-
permolecule, the properties of
the components of a heterosu-
permolecule largely persist and
there exists an associated het-
erosupramolecular function.[2]


Scheme 1 shows two heterosu-
permolecules formed by cova-
lently and non-covalently link-
ing a condensed phase (TiO2


nanocrystal) and molecular (vi-
ologen) component, respective-
ly.[3, 4] In each case the associ-
ated heterosupramolecular
function, light-induced vectori-
al electron transfer, has been
demonstrated.


The heterosupramolecular assembly shown in Scheme 2
was prepared by chemisorbing molecular components (viol-
ogen) at the surface of the constituent condensed phase
components (TiO2 nanocrystal) of a nanostructured film. The
above heterosupramolecular assembly was incorporated as
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Scheme 1. Two examples of heterosupermolecules formed by covalently and noncovalently linking a condensed
phase (TiO2 nanocrystal) and molecular (viologen) component.
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the working electrode in an electrochemical cell. Under open
circuit conditions, bandgap excitation results in electron
transfer to the viologen. At positive applied potentials
electron transfer is largely suppressed.[5] Function modulation
is effective because each TiO2 nanocrystal is simultaneously a
component of a heterosupermolecule and of the nanostruc-
tured film used to effect function modulation. The nano-
structured film is termed an intrinsic substrate.


The heterosupramolecular assembly in Scheme 2 has the
following limitations:[5] Firstly, the heterosupermolecules
cannot be addressed individually, as the location of a given
heterosupermolecule within the assembly is not uniquely
determined; secondly, the heterosupermolecules do not act
independently, a consequence of electron transfer between
the components of adjacent heterosupermolecules; and
thirdly, the mechanism by which function modulation is
effected is poorly understood, mainly because the properties
of nanostructured semiconductor electrodes are themselves
poorly understood.


To begin to address these limitations, an organised hetero-
supramolecular assembly has been prepared. Briefly, a close-
packed monolayer of TiO2 nanocrystals was deposited on
conducting glass using Langmuir-Blodgett (LB) techniques
and fired. A close-packed mixed monolayer of eicosyl
phosphonic acid (I) and the viologen 1,1'-dieicosyl-4,4'-
bipyridinium dichloride (II) was then deposited on the TiO2


substrate, also using LB techniques. At sufficiently high
dilutions of II in I, a single viologen molecule is adsorbed with
a known orientation at the surface of each nanocrystal. The
resulting assembly was incorporated as the working electrode
in an electrochemical cell and electron transfer to the
viologen, following bandgap excitation of a TiO2 nanocrystal,


monitored under open circuit conditions and at a positive
applied potential.


It was expected that for the organised heterosupramolec-
ular assembly described above the following would be the
case: Firstly, that each heterosupermolecule would be indi-
vidually addressable; secondly, that each heterosupermole-
cule would act independently within the assembly; and
thirdly, that function modulation would be effective and
accounted for by a well defined mechanism. Herein we
consider the extent to which these expectations have been met
and the consequent implications for the development of
practical devices based on modulatable function addressable
on the nanometer scale.


Results and Discussion


Deposition and characterisation of close-packed monolayers
of TiO2 nanocrystals on a conducting glass support


A heat-treated TiO2 (anatase) sol, stabilised by cetyltrime-
thylammonium bromide (CTAB), was prepared following the
method of Kotov et al.[6] The constituent nanocrystals, char-
acterised by optical absorption spectroscopy and transmission
electron microscopy (TEM), possess an absorption onset at
370� 10 nm and an average diameter of 23� 2 �.[6, 7] Use of
CTAB as a stabiliser ensures these nanocrystals are hydro-
phobic, form a monolayer on water and may be deposited on a
suitable substrate using LB techniques.[8] By adopting this
approach, a monolayer of TiO2 nanocrystals has been
deposited on a carbon coated nickel grid and fired at 450 8C
for 2 h. From the corresponding TEM (Figure 3b of reference
[8a]) it is clear that the deposited nanocrystals are close-
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Scheme 2. Formation of a heterosupramolecular assembly.
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packed despite, as a consequence of the initially adsorbed
CTAB layer, being separated by 3 �.


Up to ten monolayers of TiO2 nanocrystals have been
deposited on fluorine-doped tin oxide glass.[8] Firing at 450 8C
for 2 h removes the adsorbed CTAB and forms an ohmic
contact (see below) between the deposited nanocrystals and
the conducting glass support. Figure 1 shows the optical


Figure 1. Optical absorption spectra of indicated number of close-packed
monolayers of TiO2 nanocrystals deposited on a microscope slide and fired
for 2 h at 450 8C.


absorption spectra of one, four and ten monolayers of TiO2


nanocrystals deposited on a standard microscope slide and
fired in air at 450 8C for 2 h. Microscope slides are used in this
instance because the resulting spectra, due to the absence of
interference fringes caused by the metal oxide film present on
conducting glass, are of superior quality. As expected, the
measured absorbance increases linearly with the number of
deposited monolayers.


It has been observed, in the case of a nanostructured TiO2


(4 mm thick) film deposited on conducting glass, that electrons
occupy available states of the conduction band at applied
potentials more negative than the potential of the conduction
band edge (Vcb) at the semiconductor ± liquid electrolyte
interface (SLI). Occupation of the available conduction band
states is accompanied by an absorbance increase at wave-
lengths longer than that corresponding to the onset of
bandgap excitation.[9] This absorbance increase is accounted
for by Drude theory modified for electron scattering in a
semiconductor lattice by phonons and ionised impurities.[9, 10]


Occupation of the available conduction band states is also
accompanied by an absorbance decrease at wavelengths
shorter than that corresponding to the onset of bandgap
excitation.[9] This absorbance decrease is accounted for by the
Burstein ± Moss shift that accompanies band-filling.[9, 11]


Figure 2a shows the potential-dependent optical absorption
spectra measured at pH 2.0 for a monolayer of TiO2 nano-
crystals deposited on conducting glass. The absorbance
changes observed at applied potentials more negative than
Vcb are assigned to the Burstein ± Moss shift and the Drude
absorption accompanying occupation of available conduction
band states by electrons.[9, 11] Similar spectra are measured at
pH 12.0 although, the absorbance changes observed at a given
applied potential are smaller than those measured at pH 2.0.


Figure 2. a) Potential-dependent optical absorption spectra of a close-
packed monolayer of TiO2 nanocrystals deposited on F-doped tin oxide
glass and fired for 2 h at 450 8C. Spectra were measured at the indicated pH
and applied potentials versus SCE against a background spectrum
measured at 0.00 V. b) Absorbance increase at 780 nm of sample in a).
Absorbance changes were measured at the indicated pH and applied
potentials versus SCE against a background measured at 0.00 V.


Figure 2b shows the absorbance increases at 780 nm at pH
values of 2.0 and 12.0 observed on sweeping the applied
potential to more negative values. Clearly, electrons occupy
the available conduction band states at more negative
potentials at pH 12.0. This observation is consistent with a
shift of the conduction band edge to more negative potentials
at higher pH values, a property characteristic of metal oxide
semiconductors in aqueous solution.[12, 13] The measured shift
in the onset for absorption of 60 mV/pH unit is close to the
expected value.[12, 13] Consequently, the measured onset for
absorption has been used to estimate Vcb. It is also noted that
the values obtained,ÿ0.6 Vandÿ1.2 Vat pH 2.0 and pH 12.0,
respectively, are in good agreement with those determined
previously for nanoporous-nanocrystalline films prepared
either by LB or sol ± gel methods.[8, 9]


Similar experiments (not shown) were performed for four
and ten close-packed monolayers of TiO2 nanocrystals
deposited on conducting glass and fired at 450 8C for 2 h.
The measured spectra are in good qualitative agreement with
those measured for one monolayer although, as expected, the
absorbance changes are correspondingly larger. Similar
values for Vcb at pH 2.0 and 12.0 were obtained.


The findings presented confirm that potentiostatic control
of the Fermi potential (Vf) of a substrate consisting of
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between one and ten close-packed monolayers of TiO2


nanocrystals deposited on conducting glass, and by implica-
tion the Vf of the nanocrystals constituting these monolayers,
is possible.


Preparation and characterisation of mixed monolayers of I
and II at the air/water interface


Scheme 3 shows the structure of I.[14] Important features of
this molecule include the following: Firstly, a phosphonic acid
head group that is strongly chemisorbed at the surface of a
TiO2 nanocrystal,[15, 16] a property generally attributed to the
Lewis basisity of the oxygen atoms of this group[17] ; and
secondly, an alkyl chain which endows this molecule with a
sufficiently hydrophobic character to permit use of LB
techniques to deposit an ordered monolayer on an appro-
priate substrate.[16]


Scheme 3 also shows the structure of II.[18] Important
features of this molecule include the following: Firstly, a
stable organic electron acceptor whose marked change in
optical cross-section following reduction allows electron
transfer to this molecule be monitored spectroscopically;[19]


and secondly, symmetric alkyl chains, equal in length to those
in I, which endow this molecule with a sufficiently hydro-
phobic character to permit use of LB techniques to deposit an
ordered monolayer on an appropriate substrate and which
minimise the possibility of phase separation.[17, 18, 20]


The surface pressure versus area isotherms for monolayers
of I and II and mixtures of I and II are shown in Figure 3.
These monolayers and mixed monolayers are denoted as
follows: A (100 % I), B (86 % I and 14 % II), C (75 % I and
25 % II), D (50 % I and 50 % II) and E (100% II).


Figure 3. Surface pressure versus area isotherms for monolayers of A
(100 % I), B (86 % I and 14 % II), C (75 % I and 25% II), D (50 % I and
50% II) and E (100 % II) conditioned by compression to 30 mN mÿ1 on an
aqueous subphase containing added KCl (0.1 mol dmÿ3) at pH 5.5 and
25 8C.


The isotherm for A is close to ideal and displays the
expected gas-to-liquid and liquid-to-solid transitions.[17] By
extrapolating the linear (solid) region of the above isotherm
to zero surface pressure a value of 22 �2 is obtained for the
area occupied by a molecule in the hypothetical state of an
uncompressed close-packed monolayer.[17] This value agrees
well with that expected for I and implies that the alkyl chains
of a compressed monolayer are close-packed in an all-trans
configuration.[14, 17, 21] Recent studies of monolayers of long-
chain aliphatic phosphonic acids at the air/water interface
have shown this to be the case and have shown these
monomers to have average tilt and twist angles of 18 and
438, respectively, under similar conditions.[21]
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Scheme 3. The structure of I and II and schematic representations of the monolayers and mixed monolayers A (100 % I), B (86 % I and 14% II), C (75 % I
and 25 % II), D (50 % I and 50% II) and E (100 % II).
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The surface pressure versus area isotherm for E shows no
distinct gas-to-liquid or liquid-to-solid transitions. By extrap-
olating the linear (solid) region of the above isotherm to zero
surface pressure a value of 150 �2 is obtained for the area
occupied by a molecule in the hypothetical state of an
uncompressed close-packed monolayer.[17] This value agrees
well with that expected for a close-packed monolayer of II in
which each molecule is oriented (Scheme 3) with its bipyr-
idine moiety parallel to air/water interface.[18] Implicit in the
above, is that the alkyl chains of the constituent monomers are
not close-packed and do not possess well defined average tilt
or twist angles (see below).


The surface pressure versus area isotherms for B, C and D
possess, to varying degrees, properties characteristic of the
two limiting cases A and E. On the one hand, the isotherm
measured for B is qualitatively similar to that measured for A.
On the other hand, the isotherms measured for C and D are
qualitatively similar to that measured for E.


More quantitatively, the average areas per molecule for a
compressed monolayer of A and E are 22 �2 and 150 �2,
respectively. On this basis, an average area per molecule of
40 �2 would have been predicted for a compressed monolayer
of B (86 % I and 14 % II). The average area per molecule for
B is found to be 27 �2. Similarly, an average area per molecule
of 54 �2 would have been predicted for a compressed
monolayer of C (75 % I and 25 % II). The average area per
molecule for C is found to be 37 �2. Finally, an average area
per molecule of 86 �2 would have been predicted for a
compressed monolayer of D (50 % I and 50 % II). The
average area per molecule is found to be 75 �2.


To account for these findings it is proposed, as previously
reported and shown in Scheme 3,[18] that up to four I are
incorporated in the cavity created by II. Consistent with this
view, an average area per molecule of 27 �2 for B (I :II is 6:1)
implies four of six I are accommodated inside the cavity
created by II. Upon compressing a monolayer of B, as the
cavity is 100 % occupied the isotherm observed is similar to
that for A and suggests the alkyl chains are close-packed.
Similarly, an average area per molecule of 37 �2 for C (I :II is
3:1) implies all I are accommodated inside the cavity created
by II. Upon compressing a monolayer of C where the cavity is
75 % occupied, the isotherm observed is also similar to that
for A and suggests the alkyl chains are essentially close-
packed. Finally, an average area per molecule of 75 �2 for D
(I :II is 1:1) implies all I are accommodated inside the cavity
created by II. Upon compressing a monolayer of D where the
cavity is only 25 % occupied, the isotherm observed is similar
to that for E and suggests the alkyl chains are not close-
packed. It is noted that the concentration of II is 5.2�
1013 cmÿ2 in a compressed monolayer of B, while it is 6.7�
1013 cmÿ2 in a compressed monolayer of C, D or E.


The findings presented confirm that the structures of the
compressed monolayers and mixed monolayers A to E are as
shown in Scheme 3.


Deposition and characterisation of mixed monolayers of I and
II on close-packed monolayers of TiO2 nanocrystals


By way of notation, a monolayer of A deposited on a
monolayer of close-packed TiO2 nanocrystals is denoted


TiO2(1)-A. The same monolayer deposited on ten close-
packed monolayers of TiO2 nanocrystals is denoted TiO2(10)-
A. An analogous notation is used for a monolayer of B to E
deposited on one to ten close-packed monolayer(s) of TiO2


nanocrystals.
It is necessary to determine whether the structure of a


monolayer of A to E at the air/water interface and deposited
on one to ten close-packed monolayer(s) of TiO2 nanocrystals
is the same. Toward this end, a monolayer of A to E has been
deposited on a close-packed monolayer of TiO2 nanocrystals.
The resulting organised assemblies, denoted TiO2(1)-A to
TiO2(1)-E, have been characterised by polarised reflectance
infrared reflection ± absorption spectroscopy (IRRAS) and by
potential dependent optical absorption spectroscopy.


The IRRAS of TiO2(1)-A (Figure 4a) agrees well with that
recently reported for a close-packed monolayer of a long-
chain aliphatic phosphonic acid deposited on a monolayer of


Figure 4. a) IRRAS of TiO2(1)-A, TiO2(1)-B, TiO2(1)-C, TiO2(1)-D and
TiO2(1)-E. Spectra were measured using p-polarised light at an angle of
incidence of 738 and against a background spectrum recorded for TiO2(1).
b) Comparison of the IRRAS measured and simulated for TiO2(1)-A and
TiO2(1)-B.


TiO2 nanocrystals.[14, 21] The bands observed at 2917 cmÿ1


(0.0023 au) and 2850 cmÿ1 (0.0012 au) are assigned to the
asymmetric and symmetric -CH2- stretches of I,respectively.
The magnitude of these absorptions confirm that a monolayer
is present.[14, 21] The frequency of these bands confirm that the
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deposited monolayer is constituted from molecules close-
packed in an all-trans configuration.[14, 21] More quantitatively,
the measured IRRAS has been simulated by using the method
of Allara and co-workers (see Figure 4b and Table 1).[22] The
values determined for the average tilt and twist angles of the


constituent monomers of TiO2(1)-A are 178 and 488, respec-
tively.


The IRRAS of TiO2(1)-B (Figure 4a) agrees well with that
measured for TiO2(1)-A. The bands observed at 2916 cmÿ1


(0.0018 au) and 2848 cmÿ1 (0.0010 au) are assigned to asym-
metric and symmetric -CH2- stretches, respectively. The
frequency and magnitude of these absorptions confirm the
presence of a monolayer close-packed molecule in an all-trans
configuration.[14, 21] The above spectrum has also been simu-
lated using the method of Allara and co-workers (see
Figure 4b and Table 1).[22] The values determined for the
average tilt and twist angles of the constituent monomers of
TiO2(1)-B are 138 and 488, respectively.


The IRRAS of TiO2(1)-C to TiO2(1)-E (Figure 4a) differ
qualitatively from those measured for TiO2(1)-A and TiO2(1)-
B. Specifically, the bands assigned to the asymmetric and
symmetric -CH2- stretches shift to higher frequencies, de-
crease in intensity and broaden significantly on going from
TiO2(1)-B to TiO2(1)-E. The bands broaden and shift to
higher frequencies due to the increasingly liquid-like state of
the deposited monolayer. The reduced intensity is due to a
decrease in the number of alkyl chains per unit area. Both are
a consequence of the cavity within II progressively emptying
on going from TiO2(1)-B to TiO2(1)-E as shown in Scheme 3.
These spectra have also been simulated by using the method
of Allara and co-workers (see Table 1).[22, 23] The values
determined for the average tilt angles of TiO2(1)-C and
TiO2(1)-D are 178 and 298 respectively. The values deter-
mined for the average twist angles of TiO2(1)-C and TiO2(1)-
D are 478 and 458, respectively. The corresponding values for
TiO2(1)-E could not be determined as the measured spectrum
is that of an entirely liquid-like monolayer.


The potential-dependent optical absorption spectra of
TiO2(1)-A to TiO2(1)-E have been measured at pH 2.0 and
an applied potential of ÿ0.80 V. As expected, the spectrum
measured for TiO2(1)-A (not shown) agrees well with that
measured for TiO2(1) (Figure 2a) as in both cases the
measured spectrum is assigned to electrons occupying the
available states of the conduction band. The spectra measured
for TiO2(1)-B and TiO2(1)-E are shown in Figure 5 and are


assigned to electrons occupying the available states of the
conduction band and to the radical cation of the viologen
II.[9, 19] It is noted, that the radical cation component of the
spectrum measured for TiO2(1)-B is less intense than that the
same component measured for TiO2(1)-E. It is noted also, as


expected, that the intensity of
the radical cation component
of the spectra measured for
TiO2(1)-C (not shown) to
TiO2(1)-E is constant.


More quantitatively, as the
first reduction potential of the
bipyridine moiety of II is
ÿ0.5 V (SCE)[18, 24] and as Vcb


for the nanocrystal substrate is
ÿ0.6 V,[9] it is assumed all II are


reduced at an applied potential of ÿ0.80 V. On this basis, and
taking a value of 1.37� 104 molÿ1 dm3 cmÿ1 for the ex-
tinction coefficient of the radical cation of II in water at
550 nm,[19] we predict absorbances of 0.0013 au and 0.0015 au
for TiO2(1)-B and TiO2(1)-E, respectively. These values agree
well with those measured. The lower absorbance by the
radical cation of II in TiO2(1)-B, compared to that for TiO2(1)-


Table 1. Characterisation of mixed monolayers of I and II deposited on a monolayer of close-packed TiO2


nanocrystals.[a]


Property TiO2(1)-A TiO2(1)-B TiO2(1)-C TiO2(1)-D TiO2(1)-E


extrapolated surface area [�2 per molecule] 22 27 37 75 150
asymmetric CH2 stretch [cmÿ1] 2917 2916 2917 2917 2929
symmetric CH2 stretch [cmÿ1] 2850 2848 2850 2849 2855
average tilt angle [8] determined 17 13 17 29 noted
average twist angle [8] determined 13 48 47 45 noted


[a] Monolayers were conditioned on an aqueous subphase at pH 5.5 and 25 8C and deposited at 30 mN mÿ1 on a
substrate consisting of a close-packed monolayer of TiO2 nanocrystals deposited on F-doped tin oxide glass.


Figure 5. a) Potential-dependent optical absorption spectra of TiO2(1)-B.
Spectra were measured at pH 2.0 and the indicated applied potentials
versus SCE against a background spectrum measured at 0.00 V. b) As in
a) for TiO2(1)-E.
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E, is due to the lower surface concentration of adsorbed II in
TiO2(1)-B.


The findings presented confirm that the structure of a
monolayer A to E at the air/water interface (Scheme 3) and
deposited on a close-packed monolayer of TiO2 nanocrystals
in TiO2(1)-A to TiO2(1)-E (Scheme 4) are similar. These


+  + +  + +  + +  +


+  + +  + +  + +  + Monolayer of B


Monolayer of TiO2 Nanocrystals


Conducting Glass Substrate


Conducting Glass Substrate


Monolayer of TiO2 Nanocrystals


Monolayer of E


Scheme 4. Schematic representations of the organised assemblies TiO2(1)-
B (top) and TiO2(1)-E (bottom).


findings also confirm that the alkyl chains of I and II are close
packed in an all-trans configuration in A to C but not D and E.
As discussed in detail elsewhere, the principal difference
between these monolayers at the air/water interface and
deposited on a close-packed monolayer of TiO2 nanocrystals
is the average tilt angles of the monomers.[21] In accordance
with these findings, the organised assemblies TiO2(1)-B and
TiO2(1)-E are represented as shown in Scheme 4.


Elimination of cross-talk in an organised heterosupramolec-
ular assembly


The organised heterosupramolecular assembly TiO2(1)-B
consists of a monolayer of close-packed TiO2 nanocrystals
on which has been deposited a close-packed mixed monolayer
of B (see Scheme 4). Under these conditions, there are an
average of two II adsorbed at each nanocrystal, each with
their viologen moiety oriented parallel to the nanocrystal
surface and isolated from each other by co-adsorbed I. For
this reason, it is expected that electron transfer between
adjacent viologens in the organised heterosupramolecular
assembly TiO2(1)-B will be inhibited. To test this expectation,
the potential dependent optical absorption spectroscopy of
TiO2(1)-B to TiO2(10)-B and TiO2(1)-E to TiO2(10)-E has
been studied in detail.


Figure 6a shows the results of experiments at pH 2.0 and
12.0 in which absorption by TiO2(1)-E at 550 nm was
monitored as a function of applied potential. The absorbance
increase at 550 nm is assigned to electrons occupying the
available states of the conduction band and to the formation


Figure 6. a) Absorbance increase at 550 nm of TiO2(1)-E. Absorbance
changes were measured at the indicated pH and applied potentials versus
SCE against a background measured at 0.00 V. b) As in a) for TiO2(10)-E.


of the radical cation of II.[9, 19] At pH 2.0, it is found that
electrons occupy the available states of the conduction band
and II is reduced at applied potentials more negative than
ÿ0.6 V. This finding is consistent with the first reduction
potential of II (ÿ0.5 V) and Vcb (ÿ0.6 V) having similar
values. At pH 12.0, it is found that II is reduced at applied
potentials more negative than the first reduction potential of
II but more positive than Vcb (ÿ1.2 V). Electrons occupy the
available states of the conduction band at applied potentials
more negative than Vcb. This finding is consistent with the first
reduction potential of II (ÿ0.5 V) and Vcb (ÿ1.2 V) having
significantly different values.


Similar experiments were performed for TiO2(4)-E (not
shown) and TiO2(10)-E (Figure 6b). At pH 2.0, II is reduced
and electrons occupy the available states of the conduction
band at applied potentials more negative than ÿ0.6 V. At pH
12.0, II is reduced at applied potentials close to or more
negative than Vcb. Specifically, II is reduced at applied
potentials more negative than ÿ0.9 V and ÿ1.2 V for
TiO2(4)-E and TiO2(10)-E, respectively. Electrons occupy
the available states of the conduction band at applied
potentials more negative than Vcb.


Qualitatively and quantitatively different behaviour is
observed for TiO2(1)-B to TiO2(10)-B. Specifically, II is
reduced at applied potentials more negative than Vcb at both
pH 2.0 and pH 12.0 for TiO2(1)-B, TiO2(4)-B (not shown) and
TiO2(10)-B (Figure 7).







FULL PAPER D. Fitzmaurice et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1316 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61316


Figure 7. a) Absorbance increase at 550 nm of TiO2(1)-B. Absorbance
changes were measured at the indicated pH and applied potentials versus
SCE against a background measured at 0.00 V. b) As in a) for TiO2(10)-B.


These findings are consistent with II in TiO2(1)-E and
TiO2(4)-E being reduced by electron transfer directly from
the conducting glass substrate and/or by trap mediated (bulk
or surface) electron transfer from a nanocrystal. That is,
occupation of the available conduction band states by
electrons is not a pre-requisite for reduction of II. These
findings are also consistent with the viologen II in TiO2(10)-E
being reduced by conduction band state mediated electron
transfer from a nanocrystal. That is, occupation of the
available conduction band states by electrons is a pre-
requisite for reduction of II.


In apparent contradiction is the finding that for TiO2(1)-B
to TiO2(10)-B occupation of the available conduction band
states by electrons is a pre-requisite for reduction of II.
Clearly, direct electron transfer from the conducting glass
substrate and/or trap state mediated electron transfer from a
TiO2 nanocrystal to II is less important in TiO2(1)-B and
TiO2(4)-B than in TiO2(1)-E and TiO2(4)-E. This apparent
contradiction is resolved by proposing that direct and/or trap
state mediated electron transfer is important in TiO2(1)-E and
TiO2(4)-E because it is accompanied by electron transfer from
one viologen to another, that is cross-talk. It is likely that the
existence of a number of hot-spots, where direct and/or trap
state mediated electron transfer is pronounced, leads to
reduction of a significant fraction of II. In TiO2(1)-B and
TiO2(4)-B the presence of co-adsorbed I prevents electron


transfer from one viologen to another and cross-talk is
inhibited. Under these conditions conduction band state
mediated electron transfer dominates.


The findings presented confirm that electron transfer
between adjacent viologens in TiO2(1)-B to TiO2(10)-B is
inhibited. Or, in other words, that each heterosupermolecule
in the heterosupramolecular assemblies TiO2(1)-B to
TiO2(10)-B acts independently.


Function modulation in an organised heterosupramolecular
assembly


Detailed characterisation of the heterosupramolecular as-
sembly TiO2(1)-B has established that it is organised as shown
in Scheme 4. As a consequence, each heterosupermolecule
within the assembly is individually addressable. Furthermore,
each heterosupermolecule is isolated within the assembly and
cross-talk is inhibited. It remains, therefore, to demonstrate
that the heterosupramolecular function of the above assembly
is light induced vectorial electron transfer and that this
function may be modulated potentiostatically.


Toward these ends, the TiO2 nanocrystal components in
TiO2(10)-E and TiO2(10)-B were excited at 355 nm and
electron transfer to II monitored in real-time at 630 nm under
open circuit conditions and at a positive applied potential
(�0.60 V). These experiments could not be performed for
TiO2(1)-E and TiO2(1)-B or TiO2(4)-E and TiO2(4)-B as the
optical cross-section at 355 nm was not sufficient to generate a
measurable concentration of reduced II.


Figure 8a shows absorption transients measured following
bandgap excitation of TiO2(10)-E and TiO2(10)-A under open
circuit conditions. The transient for TiO2(10)-E is assigned to
trapped electrons and to the radical cation of II, while the
transient for TiO2(10)-A is assigned to trapped electrons.[5] At
a positive applied potential (�0.60 V) the transients for
TiO2(10)-E and TiO2(10)-A are similarly assigned (Figure 8b).
The difference of the transients measured for TiO2(10)-E and
TiO2(10)-A under open circuit conditions and at a positive
applied potential (�0.60 V) are plotted in Figure 8c.


The difference transients in Figure 8c show that under open
circuit conditions the radical cation of II is formed over a
period of about 0.5 ms and is long-lived. At a positive applied
potential no radical cation is formed in the first 0.5 ms
following bandgap excitation although, radical cation forma-
tion is observed on a slower time scale. The concentration of
radical cation reaches a maximum after 2 ms and subsequently
decays at the same rate as the transient assigned to trapped
electrons.


Figure 9a shows absorption transients measured following
bandgap excitation of TiO2(10)-B and TiO2(10)-A under open
circuit conditions. The transient for TiO2(10)-B is assigned to
trapped electrons and to the radical cation of II, while the
transient for TiO2(10)-A is assigned to trapped electrons.[5] At
a positive applied potential (�0.60 V) the transients for
TiO2(10)-B and TiO2(10)-A are similarly assigned (Figure 9b).
The difference of the transients measured for TiO2(10)-B and
TiO2(10)-A under open circuit conditions and at a positive
applied potential (�0.60 V) are plotted in Figure 9c.
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Figure 8. a) Transient absorbance at 630 nm measured following pulsed
excitation at 355 nm (15 mJ per pulse, single shot) of TiO2(10)-E and
TiO2(10)-A under open circuit conditions. b) As in a) for TiO2(10)-E and
TiO2(10)-A at an applied potential of�0.60 V versus SCE. c) Difference of
transients measured in a) and b).


The difference transients in Figure 9c show that under open
circuit conditions the radical cation of II is formed over a
period of about 0.5 ms and is long-lived. At a positive applied
potential no radical cation is formed in the first 0.5 ms
following bandgap excitation although, radical cation forma-
tion is observed on a slower time scale. The concentration of
radical cation reaches a maximum after 2.5 ms and subse-
quently decays.


Clearly, the above data analysis is predicated on an
assumption that the concentration of trapped electrons and


Figure 9. a) Transient absorbance at 630 nm measured following pulsed
excitation at 355 nm (15 mJ per pulse, single shot) of TiO2(10)-B and
TiO2(10)-A under open circuit conditions. b) As in a) for TiO2(10)-B and
TiO2(10)-A at an applied potential of�0.60 V versus SCE. c) Difference of
transients measured in a) and b).


their decay kinetics are not affected by the presence of a
molecular monolayer adsorbed at the surface of the nano-
structured film. Bearing in mind, however, that there are ten
monolayers of nanocrystals and that only one of these layers is
in contact with the deposited molecular monolayer, this
appears reasonable.


Function modulation is assumed to be effective for the
following reasons: At the open circuit potential, Vf is close to
Vcb permitting reduction of II (see Scheme 5). Specifically, the
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Scheme 5. Schematic representation of the process that occurs when an
open circuit potential is applied; Vf is close to Vcb and reduction of II is
permitted.


generation of electron-hole pairs by bandgap excitation
results in electron transfer from the conduction band of a
TiO2 nanocrystal to the viologen moiety in II. At the positive
applied potential, Vf is positive of Vcb preventing reduction of
the viologen moiety of II (see Scheme 6). Specifically, the
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Scheme 6. Schematic representation of the process that occurs when a
positive applied potential is used; Vf is positive of Vcb and reduction of the
viologen moiety of II is prevented.


generation of electron-hole pairs by bandgap excitation
results in electron transfer to the conducting glass substrate.


The findings confirm that, depending on the potential
applied to the heterocomponents of the heterosupramolecu-
lar assembly, the function of the constituent heterosupermo-
lecules (light-induced electrons transfer) may be modulated
between an ON state under open circuit conditions and OFF


state at �0.60 V (see Scheme 5 and Scheme 6, respectively).
Further, that the modulation state of the constituent hetero-
supermolecules may be inferred if the potential applied to
heterocomponents constituting the heterosupramolecular
assembly is known.


Clearly, there is also a mechanism by which the radial cation
of the viologen moiety in II is formed and subsequently decays
in both TiO2(10)-E and TiO2(10)-B. In this context it is noted
that an important difference between TiO2(10)-E and
TiO2(10)-B is that in the former the viologen moieties in II
are not insulated from each other by co-adsorbed I and
electron transfer between these moieties is uninhibited, while
in the latter the viologen moieties in II are isolated from each
other by co-adsorbed I and electron transfer between these
moieties is inhibited.


At the open circuit potential all the viologen moieties in
TiO2(10)-E and TiO2(10)-B are reduced following bandgap
excitation by electron transfer from the nanocrystal at which a
viologen is adsorbed. This process is largely complete after 0.5
ms and the radical cations of II which are formed are long-
lived as the trap states, which mediate their oxidation, are
filled with electrons.


At a positive applied potential there is no direct electron
transfer, following bandgap excitation, from a nanocrystal to
an adsorbed viologen in either TiO2(10)-E or TiO2(10)-B (see
Scheme 6). There is, however, electron transfer from filled
trap states to the viologens in the molecular monolayer
adsorbed at the surface of the outermost of the ten mono-
layers of TiO2 nanocrystals. In the case of TiO2(10)-E the rates
at which these electrons migrate into the adsorbed monolayer
of II is relatively fast as electron transfer between these
viologens is uninhibited. The rate at which these electrons
migrate out of the adsorbed monolayer is also relatively fast
as this is the rate at which the trap states are being emptied at
a positive applied potential. As a consequence, the steady
state concentration of reduced II is relatively low. In the case
of TiO2(10)-B the rates at which these electrons migrate into
the adsorbed monolayer of II is relatively slow as electron
transfer between II is inhibited. The rate at which these
electrons migrate out of the adsorbed monolayer is also
relatively slow, that is slower than the rate at which the trap
states are being emptied at a positive applied potential. As a
consequence, the steady-state concentration of reduced II is
relatively high.


Conclusion


Having undertaken a detailed characterisation of the organ-
ised heterosupramolecular assemblies TiO2(1)-E to TiO2(10)-
E, it is possible to state the following: Firstly, each viologen is
adsorbed in monomeric form with its bipyridine moiety flat on
the nanocrystal substrate; secondly, there are less than three
viologens adsorbed at each nanocrystal; thirdly, electron
transfer between neighbouring viologens, that is cross-talk, is
uninhibited; fourthly, at a sufficiently negative applied
potential the viologens in TiO2(1)-E and TiO2(4)-E are
reduced either by direct electron transfer from the conducting
glass substrate or by trap state mediated electron transfer
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from a nanocrystal followed by electron transfer to nearest
neighbour viologens; and finally, at sufficiently negative
applied potentials the viologens in TiO2(10)-E are reduced
by conduction band state mediated electron transfer from a
nanocrystal followed by electron transfer to nearest neigh-
bour viologens.


Having undertaken a detailed characterisation of the
organised heterosupramolecular assemblies TiO2(1)-B to
TiO2(10)-B it is possible to state the following: Firstly, each
viologen is adsorbed in monomeric form with its bipyridine
moiety flat on the nanocrystal substrate; secondly, there are
less than two viologens adsorbed at each nanocrystal; and
finally, because these viologens are partially isolated by a co-
adsorbed long-chain aliphatic acid, electron transfer between
neighbouring viologens is inhibited.


Based on the above findings it was asserted that the
organised heterosupramolecular assembly TiO2(1)-B is accu-
rately represented in Scheme 4; that each heterosupermole-
cule is individually addressable; that each heterosupermole-
cule will act independently within the assembly; and that
function modulation will be effective and accounted for by a
well-understood mechanism.


Concerning the first of these properties, since the hetero-
supramolecular assembly is organised each of the constituent
heterosupermolecules in TiO2(1)-B is in principle address-
able. To date, however, it has not proved possible for the
following technical reasons to address a single heterosuper-
molecule: Firstly, there are two viologens adsorbed at each
nanocrystal; and secondly, the technology necessary to
selectively irradiate a nanocrystal and to monitor to the
absorption change accompanying the subsequent electron
transfer to the viologen is not routinely available. Toward this
end, the ratio of I to II has been increased to 12:1, thereby
reducing the number of viologens per nanocrystal to one.
Furthermore, work has commenced on the development of a
modified near-field scanning optical microscope that will
permit individual heterosupermolecules to be addressed.


Concerning the second of these properties, it has clearly
been demonstrated that even for ratios of I :II of 6:1 in
TiO2(1)-B electron transfer between nearest neighbour viol-
ogens on the same or different nanocrystals is inhibited.
Furthermore, because each nanocrystal is separated by about
3 �, electron transfer between nanocrystals is not expected to
be an important process. In short, each of the heterosuper-
molecules in the assembly acts independently.


Concerning the third point, function modulation can be
assumed to be effective in TiO2(10)-B. On the one hand, for
TiO2(10)-B under open circuit conditions each photogener-
ated electron-hole pair results in formation of a radical cation.
On the other hand, at a positive applied potential no electron
transfer is observed. In short, the heterosupramolecular
function associated with each heterosupermolecule in the
assembly, light-induced vectorial electron transfer, is effi-
ciently modulated between an ON state (at the open circuit
potential) and an OFF state (at a positive applied potential).
Further, the modulation state (ON or OFF) of each of the
constituent heterosupermolecules of the assembly may be
inferred if the potential applied to the intrinsic substrate or
individual nanocrystals is known.


Experimental Section


Synthesis of condensed-phase component


TiO2 nanocrystals were prepared as described by Kotov et al.[6] Briefly, a
solution of titanium tetraisopropoxide in 2-propanol (1.125 mL, 1:9 by
volume) was added to chloroform (60 mL) and 2-propanol (40 mL)
containing excess water (150 mL present in added catalyst). The above
addition was carried out in the presence of cetyltrimethylammonium
bromide stabiliser (0.015 g) and tetramethylammonium hydroxide catalyst
(0.2 g, 75 % by wt. water). The resulting sol was refluxed at 90 8C for 90 min.
Characterisation was by optical absorption spectroscopy, using a Hewlett-
Packard 8452A diode array spectrophotometer, and by transmission
electron microscopy, using a JEOL 2000 TEMSCAN. The measured onset
for absorption and average nanocrystal diameter, 370� 10 nm and 23�
2 �, respectively, are in good agreement with previously reported
values.[6, 7]


Synthesis of molecular components


The molecular components eicosyl phosphonic acid (I) and 1,1'-dieicosyl-
4,4'-bipyridinium dichloride (II) were used in the course of the studies
reported.
Preparation of I
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Scheme 7. Reagents and conditions for the preparation of I : a) neat reflux;
b) 50 % HCl, reflux.


Component I was prepared as shown in Scheme 7. Elemental analysis (%)
calcd for C20H43O3P: C 66.26, H 11.96, P 8.54; found: C 66.00, H 12.05, P,
8.06; 1HNMR ([D]chloroform): d� 0.88 (t, J� 7.6 Hz, 3 H), d 1.2 ± 1.3
(unresolved m, 34H), 1.84 (m, 2H), 3.43 (m, 2H).


Preparation of II
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Scheme 8. Reagents and conditions for the preparation of II : a) acetone
reflux; b) bromoeicosane, acetonitrile, reflux; c) reflux in HCl (10 %v/v).


Component II was prepared as shown in Scheme 8. Elemental analysis (%)
calcd for C50H90N2Cl2 ´ 4H2O: C 69.76, H 11.39, N 3.25, Cl 8.14; found: C
69.61, H 11.66, N 3.32, Cl 8.35; 1HNMR ([D]trifluoroacetic acid): d� 0.84
(t, J� 7.6 Hz, 6H), 1.27 ± 1.44 (m, 68H), 2.04 ± 2.14 (m, 4 H), 4.71 ± 4.76 (t,
J� 7.33, 4H), 8.61 ± 8.63 (dd, J� 5.86, 4H, unresolved), 9.03 ± 9.05 (dd, J�
5.86, 4H unresolved).


Preparation of organised heterosupramolecular assemblies


The required number of monolayers of close-packed TiO2 nanocrystals
were deposited on F-doped tin oxide glass (0.5 mm, 8 W squareÿ1, Nippon
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Sheet Glass Company) using a JL Automation Langmuir Minitrough.[8]


Briefly, hexane (20 mL) was added to the TiO2 sol (100 mL) whose
preparation has been described above. The resulting stock solution
(300 mL) was spread, using a precision syringe, on the surface of the
aqueous subphase at pH 5.5 and 25 8C. Having allowed 1 h for solvent
evaporation, the resulting monolayer was conditioned by successive
compression-expansion cycles to 25 mNmÿ1. Maintaining the above
monolayer at 25 mNmÿ1 for 30 min resulted in an additional 25 % decrease
in surface area. Subsequent compression-expansion cycles to 30 mNmÿ1


were highly reversible and resulted in a final area per particle of about
550 �2 at 30 mN mÿ1. Two pieces of conducting glass; mounted back-to-
back and previously dipped were raised at a rate of 20 mm minÿ1 through a
conditioned monolayer of TiO2 nanocrystals compressed to 30 m Nmÿ1.
Deposition occurs on both sides of the glass and is observed only on the up-
stroke. Prior to deposition of a second monolayer, the conducting glass
substrates were maintained in the raised position and allowed to dry for
about 15 min. They were then dipped and raised again to deposit the
additional monolayers. To remove the organic material, the deposited
monolayer or monolayers were fired at 450 oC for 2 h.


A monolayer of the required molecular components was deposited, also
using a JL Automation Langmuir Minitrough, on the required number of
previously fired monolayers of TiO2 nanocrystals on conducting glass.
Briefly, stock solutions of I in chloroform and II in chloroform/methanol
(20 % by vol.) were prepared. Stock solutions containing I and II in the
following proportions were then prepared: A (100 % I), B (86 % I and 14%
II), C (75 % I and 25% II), D (50 % I and 50% II) and E (100 % II). The
required volume (between 150 mL and 450 mL) of stock solution (3.5�
10ÿ4 mol dmÿ3) was spread, using a precision syringe held, on the surface of
the aqueous subphase containing added KCl (0.1 mol dmÿ3) at pH 5.5 and
25 8C. Having allowed 1 h for solvent evaporation, the resulting monolayers
was conditioned by compression at a barrier rate of 30 mm minÿ1 to a final
surface pressure of 30 mN mÿ1. Finally, two substrates mounted back-to-
back and previously dipped, were raised at a rate of 20 mm minÿ1 through a
conditioned monolayer compressed to 30 m Nmÿ1. Deposition, which
occurs on both substrates, is observed only on the up-stroke.


Infrared reflection absorption spectroscopy


Infrared reflection absorption spectroscopy was used to characterise the
monolayers prepared from the stock solutions A to E above following their
deposition on a close-packed monolayer of TiO2 nanocrystals supported on
conducting glass. Specifically, a variable-angle reflection accessory (Gra-
seby-Specac) was placed in the sample compartment of a FT-IR spec-
trometer (Mattson Infinity) equipped with a MCT detector (liquid nitrogen
cooled). The sample compartment was purged with nitrogen prior to and
during data acquisition. Spectra were recorded at 2 cmÿ1 resolution (one
zero-filling) using p-polarised light with an incident angle of 738. All spectra
reported are a ratio of 1000 sample scans to 1000 background scans, the
latter recorded for a close-packed monolayer of TiO2 nanocrystals on
conducting glass substrate.


Infrared transmission spectroscopy


Also recorded were infrared transmission spectra of I and II in the
crystalline state. The final spectra were obtained by co-addition of 100
scans recorded under a nitrogen purge at 1 cmÿ1 resolution for a known
concentration of the crystalline compound in a KBr pellet (0.05 mg in
100.00 mg of KBr). The optical path length was determined by measure-
ment of the thickness of the KBr pellet. All spectra reported are a ratio of
100 sample scans to 100 background scans; the latter recorded for a blank
KBr pellet of the same thickness.


Real-time transient optical absorption spectroscopy


Transient absorption spectra were measured by irradiating the sample with
a 5 ns pulse at 355 nm from a Continuum Surelight Nd:YAG laser and using
a pulsed Xe-lamp aligned perpendicularly to the beam as a probe source.
The 150W Xe-lamp, equipped with an applied photophysics model 408
power supply and applied photophysics model 410 pulsing unit, allowed
generation of 0.5 ms pulses. An Oriel model 71445 shutter was placed
between the lamp and the sample and was opened for 100 ms to prevent
fatigue of the PMT. Bandpass filters, both pre- and post- cut-off, were used
to minimise the adverse effects of scattered light. The samples were placed
at an angle of 458 with respect to the laser and probe light and set-up in such
a way that the scattered light was reflected away from the detector. By


doing this, it was possible to record in the early time domain (t> 50 ns)
without measuring artefacts due to scattered light. Sample rate was kept
relatively low (10 s intervals) to prevent electron accumulation in the
semiconductor materials. Light was collected in a LDC analytical mono-
chromator, detected by a Hamamatsu R928 Photomultiplier tube and
recorded on a Le Croy 9360, 600 MHz oscilloscope. The laser oscillator,
Q-switch, lamp, shutter and trigger were externally controlled using a
digital logic circuit that allowed for synchronous timing. Absorbance was
plotted against time.


In the course of these experiments organised heterosupramolecular
assemblies were prepared as described above. Specifically, aqueous
electrolyte solutions, containing LiClO4 (0.2 mol dmÿ3) at pH 3 (added
perchloric acid) and NaSCN hole scavenger (0.1 mol dmÿ3), were degassed
by bubbling with Ar for 30 min. These assemblies formed the working
electrode (1 cm2 surface area) of a closed three-electrode single compart-
ment cell, the counter electrode being platinum and the reference electrode
a saturated calomel electrode (SCE).
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Elimination of Cross-Talk and Modulation of Function in an Organized
Heterosupramolecular Assembly


Alan Merrins, Xavier Marguerettaz, S. Nagaraja Rao, and Donald Fitzmaurice*[a]


Abstract: A close-packed monolayer of
TiO2 nanocrystals was deposited on a
conducting glass support using Lang-
muir ± Blodgett (LB) techniques and
fired. A close-packed mixed monolayer
of eicosyl phosphonic acid (I) and the
viologen, 1,1'-dieicosyl-4,4'-bipyridini-
um dichloride (II) was then deposited
on the TiO2 substrate, also using LB
techniques. At sufficiently high dilutions
of II in I, a single viologen molecule is


adsorbed with a known orientation at
the surface of each nanocrystal. The
resulting assembly was incorporated as
the working electrode in an electro-
chemical cell. Under open circuit con-
ditions, bandgap excitation of a TiO2


nanocrystal results in electron transfer
to a viologen molecule. No electron
transfer between the viologen molecules
adsorbed at different nanocrystals is
observed. At a positive applied poten-
tial, electron transfer following bandgap
excitation is largely suppressed. Consid-
ered are the implications of these find-
ings for the development of practical
devices based on modulatable function
addressable on the nanometer scale.


Keywords: bandgap excitation ´
electron transfer ´ nanostructures ´
supramolecular chemistry ´ titanium


Introduction


A heterosupermolecule is
formed by covalently and non-
covalently linking condensed
phase and molecular compo-
nents.[1] By analogy with a su-
permolecule, the properties of
the components of a heterosu-
permolecule largely persist and
there exists an associated het-
erosupramolecular function.[2]


Scheme 1 shows two heterosu-
permolecules formed by cova-
lently and non-covalently link-
ing a condensed phase (TiO2


nanocrystal) and molecular (vi-
ologen) component, respective-
ly.[3, 4] In each case the associ-
ated heterosupramolecular
function, light-induced vectori-
al electron transfer, has been
demonstrated.


The heterosupramolecular assembly shown in Scheme 2
was prepared by chemisorbing molecular components (viol-
ogen) at the surface of the constituent condensed phase
components (TiO2 nanocrystal) of a nanostructured film. The
above heterosupramolecular assembly was incorporated as
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Scheme 1. Two examples of heterosupermolecules formed by covalently and noncovalently linking a condensed
phase (TiO2 nanocrystal) and molecular (viologen) component.
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the working electrode in an electrochemical cell. Under open
circuit conditions, bandgap excitation results in electron
transfer to the viologen. At positive applied potentials
electron transfer is largely suppressed.[5] Function modulation
is effective because each TiO2 nanocrystal is simultaneously a
component of a heterosupermolecule and of the nanostruc-
tured film used to effect function modulation. The nano-
structured film is termed an intrinsic substrate.


The heterosupramolecular assembly in Scheme 2 has the
following limitations:[5] Firstly, the heterosupermolecules
cannot be addressed individually, as the location of a given
heterosupermolecule within the assembly is not uniquely
determined; secondly, the heterosupermolecules do not act
independently, a consequence of electron transfer between
the components of adjacent heterosupermolecules; and
thirdly, the mechanism by which function modulation is
effected is poorly understood, mainly because the properties
of nanostructured semiconductor electrodes are themselves
poorly understood.


To begin to address these limitations, an organised hetero-
supramolecular assembly has been prepared. Briefly, a close-
packed monolayer of TiO2 nanocrystals was deposited on
conducting glass using Langmuir-Blodgett (LB) techniques
and fired. A close-packed mixed monolayer of eicosyl
phosphonic acid (I) and the viologen 1,1'-dieicosyl-4,4'-
bipyridinium dichloride (II) was then deposited on the TiO2


substrate, also using LB techniques. At sufficiently high
dilutions of II in I, a single viologen molecule is adsorbed with
a known orientation at the surface of each nanocrystal. The
resulting assembly was incorporated as the working electrode
in an electrochemical cell and electron transfer to the
viologen, following bandgap excitation of a TiO2 nanocrystal,


monitored under open circuit conditions and at a positive
applied potential.


It was expected that for the organised heterosupramolec-
ular assembly described above the following would be the
case: Firstly, that each heterosupermolecule would be indi-
vidually addressable; secondly, that each heterosupermole-
cule would act independently within the assembly; and
thirdly, that function modulation would be effective and
accounted for by a well defined mechanism. Herein we
consider the extent to which these expectations have been met
and the consequent implications for the development of
practical devices based on modulatable function addressable
on the nanometer scale.


Results and Discussion


Deposition and characterisation of close-packed monolayers
of TiO2 nanocrystals on a conducting glass support


A heat-treated TiO2 (anatase) sol, stabilised by cetyltrime-
thylammonium bromide (CTAB), was prepared following the
method of Kotov et al.[6] The constituent nanocrystals, char-
acterised by optical absorption spectroscopy and transmission
electron microscopy (TEM), possess an absorption onset at
370� 10 nm and an average diameter of 23� 2 �.[6, 7] Use of
CTAB as a stabiliser ensures these nanocrystals are hydro-
phobic, form a monolayer on water and may be deposited on a
suitable substrate using LB techniques.[8] By adopting this
approach, a monolayer of TiO2 nanocrystals has been
deposited on a carbon coated nickel grid and fired at 450 8C
for 2 h. From the corresponding TEM (Figure 3b of reference
[8a]) it is clear that the deposited nanocrystals are close-
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Scheme 2. Formation of a heterosupramolecular assembly.
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packed despite, as a consequence of the initially adsorbed
CTAB layer, being separated by 3 �.


Up to ten monolayers of TiO2 nanocrystals have been
deposited on fluorine-doped tin oxide glass.[8] Firing at 450 8C
for 2 h removes the adsorbed CTAB and forms an ohmic
contact (see below) between the deposited nanocrystals and
the conducting glass support. Figure 1 shows the optical


Figure 1. Optical absorption spectra of indicated number of close-packed
monolayers of TiO2 nanocrystals deposited on a microscope slide and fired
for 2 h at 450 8C.


absorption spectra of one, four and ten monolayers of TiO2


nanocrystals deposited on a standard microscope slide and
fired in air at 450 8C for 2 h. Microscope slides are used in this
instance because the resulting spectra, due to the absence of
interference fringes caused by the metal oxide film present on
conducting glass, are of superior quality. As expected, the
measured absorbance increases linearly with the number of
deposited monolayers.


It has been observed, in the case of a nanostructured TiO2


(4 mm thick) film deposited on conducting glass, that electrons
occupy available states of the conduction band at applied
potentials more negative than the potential of the conduction
band edge (Vcb) at the semiconductor ± liquid electrolyte
interface (SLI). Occupation of the available conduction band
states is accompanied by an absorbance increase at wave-
lengths longer than that corresponding to the onset of
bandgap excitation.[9] This absorbance increase is accounted
for by Drude theory modified for electron scattering in a
semiconductor lattice by phonons and ionised impurities.[9, 10]


Occupation of the available conduction band states is also
accompanied by an absorbance decrease at wavelengths
shorter than that corresponding to the onset of bandgap
excitation.[9] This absorbance decrease is accounted for by the
Burstein ± Moss shift that accompanies band-filling.[9, 11]


Figure 2a shows the potential-dependent optical absorption
spectra measured at pH 2.0 for a monolayer of TiO2 nano-
crystals deposited on conducting glass. The absorbance
changes observed at applied potentials more negative than
Vcb are assigned to the Burstein ± Moss shift and the Drude
absorption accompanying occupation of available conduction
band states by electrons.[9, 11] Similar spectra are measured at
pH 12.0 although, the absorbance changes observed at a given
applied potential are smaller than those measured at pH 2.0.


Figure 2. a) Potential-dependent optical absorption spectra of a close-
packed monolayer of TiO2 nanocrystals deposited on F-doped tin oxide
glass and fired for 2 h at 450 8C. Spectra were measured at the indicated pH
and applied potentials versus SCE against a background spectrum
measured at 0.00 V. b) Absorbance increase at 780 nm of sample in a).
Absorbance changes were measured at the indicated pH and applied
potentials versus SCE against a background measured at 0.00 V.


Figure 2b shows the absorbance increases at 780 nm at pH
values of 2.0 and 12.0 observed on sweeping the applied
potential to more negative values. Clearly, electrons occupy
the available conduction band states at more negative
potentials at pH 12.0. This observation is consistent with a
shift of the conduction band edge to more negative potentials
at higher pH values, a property characteristic of metal oxide
semiconductors in aqueous solution.[12, 13] The measured shift
in the onset for absorption of 60 mV/pH unit is close to the
expected value.[12, 13] Consequently, the measured onset for
absorption has been used to estimate Vcb. It is also noted that
the values obtained,ÿ0.6 Vandÿ1.2 Vat pH 2.0 and pH 12.0,
respectively, are in good agreement with those determined
previously for nanoporous-nanocrystalline films prepared
either by LB or sol ± gel methods.[8, 9]


Similar experiments (not shown) were performed for four
and ten close-packed monolayers of TiO2 nanocrystals
deposited on conducting glass and fired at 450 8C for 2 h.
The measured spectra are in good qualitative agreement with
those measured for one monolayer although, as expected, the
absorbance changes are correspondingly larger. Similar
values for Vcb at pH 2.0 and 12.0 were obtained.


The findings presented confirm that potentiostatic control
of the Fermi potential (Vf) of a substrate consisting of
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between one and ten close-packed monolayers of TiO2


nanocrystals deposited on conducting glass, and by implica-
tion the Vf of the nanocrystals constituting these monolayers,
is possible.


Preparation and characterisation of mixed monolayers of I
and II at the air/water interface


Scheme 3 shows the structure of I.[14] Important features of
this molecule include the following: Firstly, a phosphonic acid
head group that is strongly chemisorbed at the surface of a
TiO2 nanocrystal,[15, 16] a property generally attributed to the
Lewis basisity of the oxygen atoms of this group[17] ; and
secondly, an alkyl chain which endows this molecule with a
sufficiently hydrophobic character to permit use of LB
techniques to deposit an ordered monolayer on an appro-
priate substrate.[16]


Scheme 3 also shows the structure of II.[18] Important
features of this molecule include the following: Firstly, a
stable organic electron acceptor whose marked change in
optical cross-section following reduction allows electron
transfer to this molecule be monitored spectroscopically;[19]


and secondly, symmetric alkyl chains, equal in length to those
in I, which endow this molecule with a sufficiently hydro-
phobic character to permit use of LB techniques to deposit an
ordered monolayer on an appropriate substrate and which
minimise the possibility of phase separation.[17, 18, 20]


The surface pressure versus area isotherms for monolayers
of I and II and mixtures of I and II are shown in Figure 3.
These monolayers and mixed monolayers are denoted as
follows: A (100 % I), B (86 % I and 14 % II), C (75 % I and
25 % II), D (50 % I and 50 % II) and E (100% II).


Figure 3. Surface pressure versus area isotherms for monolayers of A
(100 % I), B (86 % I and 14 % II), C (75 % I and 25% II), D (50 % I and
50% II) and E (100 % II) conditioned by compression to 30 mN mÿ1 on an
aqueous subphase containing added KCl (0.1 mol dmÿ3) at pH 5.5 and
25 8C.


The isotherm for A is close to ideal and displays the
expected gas-to-liquid and liquid-to-solid transitions.[17] By
extrapolating the linear (solid) region of the above isotherm
to zero surface pressure a value of 22 �2 is obtained for the
area occupied by a molecule in the hypothetical state of an
uncompressed close-packed monolayer.[17] This value agrees
well with that expected for I and implies that the alkyl chains
of a compressed monolayer are close-packed in an all-trans
configuration.[14, 17, 21] Recent studies of monolayers of long-
chain aliphatic phosphonic acids at the air/water interface
have shown this to be the case and have shown these
monomers to have average tilt and twist angles of 18 and
438, respectively, under similar conditions.[21]
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Scheme 3. The structure of I and II and schematic representations of the monolayers and mixed monolayers A (100 % I), B (86 % I and 14% II), C (75 % I
and 25 % II), D (50 % I and 50% II) and E (100 % II).
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The surface pressure versus area isotherm for E shows no
distinct gas-to-liquid or liquid-to-solid transitions. By extrap-
olating the linear (solid) region of the above isotherm to zero
surface pressure a value of 150 �2 is obtained for the area
occupied by a molecule in the hypothetical state of an
uncompressed close-packed monolayer.[17] This value agrees
well with that expected for a close-packed monolayer of II in
which each molecule is oriented (Scheme 3) with its bipyr-
idine moiety parallel to air/water interface.[18] Implicit in the
above, is that the alkyl chains of the constituent monomers are
not close-packed and do not possess well defined average tilt
or twist angles (see below).


The surface pressure versus area isotherms for B, C and D
possess, to varying degrees, properties characteristic of the
two limiting cases A and E. On the one hand, the isotherm
measured for B is qualitatively similar to that measured for A.
On the other hand, the isotherms measured for C and D are
qualitatively similar to that measured for E.


More quantitatively, the average areas per molecule for a
compressed monolayer of A and E are 22 �2 and 150 �2,
respectively. On this basis, an average area per molecule of
40 �2 would have been predicted for a compressed monolayer
of B (86 % I and 14 % II). The average area per molecule for
B is found to be 27 �2. Similarly, an average area per molecule
of 54 �2 would have been predicted for a compressed
monolayer of C (75 % I and 25 % II). The average area per
molecule for C is found to be 37 �2. Finally, an average area
per molecule of 86 �2 would have been predicted for a
compressed monolayer of D (50 % I and 50 % II). The
average area per molecule is found to be 75 �2.


To account for these findings it is proposed, as previously
reported and shown in Scheme 3,[18] that up to four I are
incorporated in the cavity created by II. Consistent with this
view, an average area per molecule of 27 �2 for B (I :II is 6:1)
implies four of six I are accommodated inside the cavity
created by II. Upon compressing a monolayer of B, as the
cavity is 100 % occupied the isotherm observed is similar to
that for A and suggests the alkyl chains are close-packed.
Similarly, an average area per molecule of 37 �2 for C (I :II is
3:1) implies all I are accommodated inside the cavity created
by II. Upon compressing a monolayer of C where the cavity is
75 % occupied, the isotherm observed is also similar to that
for A and suggests the alkyl chains are essentially close-
packed. Finally, an average area per molecule of 75 �2 for D
(I :II is 1:1) implies all I are accommodated inside the cavity
created by II. Upon compressing a monolayer of D where the
cavity is only 25 % occupied, the isotherm observed is similar
to that for E and suggests the alkyl chains are not close-
packed. It is noted that the concentration of II is 5.2�
1013 cmÿ2 in a compressed monolayer of B, while it is 6.7�
1013 cmÿ2 in a compressed monolayer of C, D or E.


The findings presented confirm that the structures of the
compressed monolayers and mixed monolayers A to E are as
shown in Scheme 3.


Deposition and characterisation of mixed monolayers of I and
II on close-packed monolayers of TiO2 nanocrystals


By way of notation, a monolayer of A deposited on a
monolayer of close-packed TiO2 nanocrystals is denoted


TiO2(1)-A. The same monolayer deposited on ten close-
packed monolayers of TiO2 nanocrystals is denoted TiO2(10)-
A. An analogous notation is used for a monolayer of B to E
deposited on one to ten close-packed monolayer(s) of TiO2


nanocrystals.
It is necessary to determine whether the structure of a


monolayer of A to E at the air/water interface and deposited
on one to ten close-packed monolayer(s) of TiO2 nanocrystals
is the same. Toward this end, a monolayer of A to E has been
deposited on a close-packed monolayer of TiO2 nanocrystals.
The resulting organised assemblies, denoted TiO2(1)-A to
TiO2(1)-E, have been characterised by polarised reflectance
infrared reflection ± absorption spectroscopy (IRRAS) and by
potential dependent optical absorption spectroscopy.


The IRRAS of TiO2(1)-A (Figure 4a) agrees well with that
recently reported for a close-packed monolayer of a long-
chain aliphatic phosphonic acid deposited on a monolayer of


Figure 4. a) IRRAS of TiO2(1)-A, TiO2(1)-B, TiO2(1)-C, TiO2(1)-D and
TiO2(1)-E. Spectra were measured using p-polarised light at an angle of
incidence of 738 and against a background spectrum recorded for TiO2(1).
b) Comparison of the IRRAS measured and simulated for TiO2(1)-A and
TiO2(1)-B.


TiO2 nanocrystals.[14, 21] The bands observed at 2917 cmÿ1


(0.0023 au) and 2850 cmÿ1 (0.0012 au) are assigned to the
asymmetric and symmetric -CH2- stretches of I,respectively.
The magnitude of these absorptions confirm that a monolayer
is present.[14, 21] The frequency of these bands confirm that the
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deposited monolayer is constituted from molecules close-
packed in an all-trans configuration.[14, 21] More quantitatively,
the measured IRRAS has been simulated by using the method
of Allara and co-workers (see Figure 4b and Table 1).[22] The
values determined for the average tilt and twist angles of the


constituent monomers of TiO2(1)-A are 178 and 488, respec-
tively.


The IRRAS of TiO2(1)-B (Figure 4a) agrees well with that
measured for TiO2(1)-A. The bands observed at 2916 cmÿ1


(0.0018 au) and 2848 cmÿ1 (0.0010 au) are assigned to asym-
metric and symmetric -CH2- stretches, respectively. The
frequency and magnitude of these absorptions confirm the
presence of a monolayer close-packed molecule in an all-trans
configuration.[14, 21] The above spectrum has also been simu-
lated using the method of Allara and co-workers (see
Figure 4b and Table 1).[22] The values determined for the
average tilt and twist angles of the constituent monomers of
TiO2(1)-B are 138 and 488, respectively.


The IRRAS of TiO2(1)-C to TiO2(1)-E (Figure 4a) differ
qualitatively from those measured for TiO2(1)-A and TiO2(1)-
B. Specifically, the bands assigned to the asymmetric and
symmetric -CH2- stretches shift to higher frequencies, de-
crease in intensity and broaden significantly on going from
TiO2(1)-B to TiO2(1)-E. The bands broaden and shift to
higher frequencies due to the increasingly liquid-like state of
the deposited monolayer. The reduced intensity is due to a
decrease in the number of alkyl chains per unit area. Both are
a consequence of the cavity within II progressively emptying
on going from TiO2(1)-B to TiO2(1)-E as shown in Scheme 3.
These spectra have also been simulated by using the method
of Allara and co-workers (see Table 1).[22, 23] The values
determined for the average tilt angles of TiO2(1)-C and
TiO2(1)-D are 178 and 298 respectively. The values deter-
mined for the average twist angles of TiO2(1)-C and TiO2(1)-
D are 478 and 458, respectively. The corresponding values for
TiO2(1)-E could not be determined as the measured spectrum
is that of an entirely liquid-like monolayer.


The potential-dependent optical absorption spectra of
TiO2(1)-A to TiO2(1)-E have been measured at pH 2.0 and
an applied potential of ÿ0.80 V. As expected, the spectrum
measured for TiO2(1)-A (not shown) agrees well with that
measured for TiO2(1) (Figure 2a) as in both cases the
measured spectrum is assigned to electrons occupying the
available states of the conduction band. The spectra measured
for TiO2(1)-B and TiO2(1)-E are shown in Figure 5 and are


assigned to electrons occupying the available states of the
conduction band and to the radical cation of the viologen
II.[9, 19] It is noted, that the radical cation component of the
spectrum measured for TiO2(1)-B is less intense than that the
same component measured for TiO2(1)-E. It is noted also, as


expected, that the intensity of
the radical cation component
of the spectra measured for
TiO2(1)-C (not shown) to
TiO2(1)-E is constant.


More quantitatively, as the
first reduction potential of the
bipyridine moiety of II is
ÿ0.5 V (SCE)[18, 24] and as Vcb


for the nanocrystal substrate is
ÿ0.6 V,[9] it is assumed all II are


reduced at an applied potential of ÿ0.80 V. On this basis, and
taking a value of 1.37� 104 molÿ1 dm3 cmÿ1 for the ex-
tinction coefficient of the radical cation of II in water at
550 nm,[19] we predict absorbances of 0.0013 au and 0.0015 au
for TiO2(1)-B and TiO2(1)-E, respectively. These values agree
well with those measured. The lower absorbance by the
radical cation of II in TiO2(1)-B, compared to that for TiO2(1)-


Table 1. Characterisation of mixed monolayers of I and II deposited on a monolayer of close-packed TiO2


nanocrystals.[a]


Property TiO2(1)-A TiO2(1)-B TiO2(1)-C TiO2(1)-D TiO2(1)-E


extrapolated surface area [�2 per molecule] 22 27 37 75 150
asymmetric CH2 stretch [cmÿ1] 2917 2916 2917 2917 2929
symmetric CH2 stretch [cmÿ1] 2850 2848 2850 2849 2855
average tilt angle [8] determined 17 13 17 29 noted
average twist angle [8] determined 13 48 47 45 noted


[a] Monolayers were conditioned on an aqueous subphase at pH 5.5 and 25 8C and deposited at 30 mN mÿ1 on a
substrate consisting of a close-packed monolayer of TiO2 nanocrystals deposited on F-doped tin oxide glass.


Figure 5. a) Potential-dependent optical absorption spectra of TiO2(1)-B.
Spectra were measured at pH 2.0 and the indicated applied potentials
versus SCE against a background spectrum measured at 0.00 V. b) As in
a) for TiO2(1)-E.
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E, is due to the lower surface concentration of adsorbed II in
TiO2(1)-B.


The findings presented confirm that the structure of a
monolayer A to E at the air/water interface (Scheme 3) and
deposited on a close-packed monolayer of TiO2 nanocrystals
in TiO2(1)-A to TiO2(1)-E (Scheme 4) are similar. These


+  + +  + +  + +  +


+  + +  + +  + +  + Monolayer of B


Monolayer of TiO2 Nanocrystals


Conducting Glass Substrate


Conducting Glass Substrate


Monolayer of TiO2 Nanocrystals


Monolayer of E


Scheme 4. Schematic representations of the organised assemblies TiO2(1)-
B (top) and TiO2(1)-E (bottom).


findings also confirm that the alkyl chains of I and II are close
packed in an all-trans configuration in A to C but not D and E.
As discussed in detail elsewhere, the principal difference
between these monolayers at the air/water interface and
deposited on a close-packed monolayer of TiO2 nanocrystals
is the average tilt angles of the monomers.[21] In accordance
with these findings, the organised assemblies TiO2(1)-B and
TiO2(1)-E are represented as shown in Scheme 4.


Elimination of cross-talk in an organised heterosupramolec-
ular assembly


The organised heterosupramolecular assembly TiO2(1)-B
consists of a monolayer of close-packed TiO2 nanocrystals
on which has been deposited a close-packed mixed monolayer
of B (see Scheme 4). Under these conditions, there are an
average of two II adsorbed at each nanocrystal, each with
their viologen moiety oriented parallel to the nanocrystal
surface and isolated from each other by co-adsorbed I. For
this reason, it is expected that electron transfer between
adjacent viologens in the organised heterosupramolecular
assembly TiO2(1)-B will be inhibited. To test this expectation,
the potential dependent optical absorption spectroscopy of
TiO2(1)-B to TiO2(10)-B and TiO2(1)-E to TiO2(10)-E has
been studied in detail.


Figure 6a shows the results of experiments at pH 2.0 and
12.0 in which absorption by TiO2(1)-E at 550 nm was
monitored as a function of applied potential. The absorbance
increase at 550 nm is assigned to electrons occupying the
available states of the conduction band and to the formation


Figure 6. a) Absorbance increase at 550 nm of TiO2(1)-E. Absorbance
changes were measured at the indicated pH and applied potentials versus
SCE against a background measured at 0.00 V. b) As in a) for TiO2(10)-E.


of the radical cation of II.[9, 19] At pH 2.0, it is found that
electrons occupy the available states of the conduction band
and II is reduced at applied potentials more negative than
ÿ0.6 V. This finding is consistent with the first reduction
potential of II (ÿ0.5 V) and Vcb (ÿ0.6 V) having similar
values. At pH 12.0, it is found that II is reduced at applied
potentials more negative than the first reduction potential of
II but more positive than Vcb (ÿ1.2 V). Electrons occupy the
available states of the conduction band at applied potentials
more negative than Vcb. This finding is consistent with the first
reduction potential of II (ÿ0.5 V) and Vcb (ÿ1.2 V) having
significantly different values.


Similar experiments were performed for TiO2(4)-E (not
shown) and TiO2(10)-E (Figure 6b). At pH 2.0, II is reduced
and electrons occupy the available states of the conduction
band at applied potentials more negative than ÿ0.6 V. At pH
12.0, II is reduced at applied potentials close to or more
negative than Vcb. Specifically, II is reduced at applied
potentials more negative than ÿ0.9 V and ÿ1.2 V for
TiO2(4)-E and TiO2(10)-E, respectively. Electrons occupy
the available states of the conduction band at applied
potentials more negative than Vcb.


Qualitatively and quantitatively different behaviour is
observed for TiO2(1)-B to TiO2(10)-B. Specifically, II is
reduced at applied potentials more negative than Vcb at both
pH 2.0 and pH 12.0 for TiO2(1)-B, TiO2(4)-B (not shown) and
TiO2(10)-B (Figure 7).
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Figure 7. a) Absorbance increase at 550 nm of TiO2(1)-B. Absorbance
changes were measured at the indicated pH and applied potentials versus
SCE against a background measured at 0.00 V. b) As in a) for TiO2(10)-B.


These findings are consistent with II in TiO2(1)-E and
TiO2(4)-E being reduced by electron transfer directly from
the conducting glass substrate and/or by trap mediated (bulk
or surface) electron transfer from a nanocrystal. That is,
occupation of the available conduction band states by
electrons is not a pre-requisite for reduction of II. These
findings are also consistent with the viologen II in TiO2(10)-E
being reduced by conduction band state mediated electron
transfer from a nanocrystal. That is, occupation of the
available conduction band states by electrons is a pre-
requisite for reduction of II.


In apparent contradiction is the finding that for TiO2(1)-B
to TiO2(10)-B occupation of the available conduction band
states by electrons is a pre-requisite for reduction of II.
Clearly, direct electron transfer from the conducting glass
substrate and/or trap state mediated electron transfer from a
TiO2 nanocrystal to II is less important in TiO2(1)-B and
TiO2(4)-B than in TiO2(1)-E and TiO2(4)-E. This apparent
contradiction is resolved by proposing that direct and/or trap
state mediated electron transfer is important in TiO2(1)-E and
TiO2(4)-E because it is accompanied by electron transfer from
one viologen to another, that is cross-talk. It is likely that the
existence of a number of hot-spots, where direct and/or trap
state mediated electron transfer is pronounced, leads to
reduction of a significant fraction of II. In TiO2(1)-B and
TiO2(4)-B the presence of co-adsorbed I prevents electron


transfer from one viologen to another and cross-talk is
inhibited. Under these conditions conduction band state
mediated electron transfer dominates.


The findings presented confirm that electron transfer
between adjacent viologens in TiO2(1)-B to TiO2(10)-B is
inhibited. Or, in other words, that each heterosupermolecule
in the heterosupramolecular assemblies TiO2(1)-B to
TiO2(10)-B acts independently.


Function modulation in an organised heterosupramolecular
assembly


Detailed characterisation of the heterosupramolecular as-
sembly TiO2(1)-B has established that it is organised as shown
in Scheme 4. As a consequence, each heterosupermolecule
within the assembly is individually addressable. Furthermore,
each heterosupermolecule is isolated within the assembly and
cross-talk is inhibited. It remains, therefore, to demonstrate
that the heterosupramolecular function of the above assembly
is light induced vectorial electron transfer and that this
function may be modulated potentiostatically.


Toward these ends, the TiO2 nanocrystal components in
TiO2(10)-E and TiO2(10)-B were excited at 355 nm and
electron transfer to II monitored in real-time at 630 nm under
open circuit conditions and at a positive applied potential
(�0.60 V). These experiments could not be performed for
TiO2(1)-E and TiO2(1)-B or TiO2(4)-E and TiO2(4)-B as the
optical cross-section at 355 nm was not sufficient to generate a
measurable concentration of reduced II.


Figure 8a shows absorption transients measured following
bandgap excitation of TiO2(10)-E and TiO2(10)-A under open
circuit conditions. The transient for TiO2(10)-E is assigned to
trapped electrons and to the radical cation of II, while the
transient for TiO2(10)-A is assigned to trapped electrons.[5] At
a positive applied potential (�0.60 V) the transients for
TiO2(10)-E and TiO2(10)-A are similarly assigned (Figure 8b).
The difference of the transients measured for TiO2(10)-E and
TiO2(10)-A under open circuit conditions and at a positive
applied potential (�0.60 V) are plotted in Figure 8c.


The difference transients in Figure 8c show that under open
circuit conditions the radical cation of II is formed over a
period of about 0.5 ms and is long-lived. At a positive applied
potential no radical cation is formed in the first 0.5 ms
following bandgap excitation although, radical cation forma-
tion is observed on a slower time scale. The concentration of
radical cation reaches a maximum after 2 ms and subsequently
decays at the same rate as the transient assigned to trapped
electrons.


Figure 9a shows absorption transients measured following
bandgap excitation of TiO2(10)-B and TiO2(10)-A under open
circuit conditions. The transient for TiO2(10)-B is assigned to
trapped electrons and to the radical cation of II, while the
transient for TiO2(10)-A is assigned to trapped electrons.[5] At
a positive applied potential (�0.60 V) the transients for
TiO2(10)-B and TiO2(10)-A are similarly assigned (Figure 9b).
The difference of the transients measured for TiO2(10)-B and
TiO2(10)-A under open circuit conditions and at a positive
applied potential (�0.60 V) are plotted in Figure 9c.
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Figure 8. a) Transient absorbance at 630 nm measured following pulsed
excitation at 355 nm (15 mJ per pulse, single shot) of TiO2(10)-E and
TiO2(10)-A under open circuit conditions. b) As in a) for TiO2(10)-E and
TiO2(10)-A at an applied potential of�0.60 V versus SCE. c) Difference of
transients measured in a) and b).


The difference transients in Figure 9c show that under open
circuit conditions the radical cation of II is formed over a
period of about 0.5 ms and is long-lived. At a positive applied
potential no radical cation is formed in the first 0.5 ms
following bandgap excitation although, radical cation forma-
tion is observed on a slower time scale. The concentration of
radical cation reaches a maximum after 2.5 ms and subse-
quently decays.


Clearly, the above data analysis is predicated on an
assumption that the concentration of trapped electrons and


Figure 9. a) Transient absorbance at 630 nm measured following pulsed
excitation at 355 nm (15 mJ per pulse, single shot) of TiO2(10)-B and
TiO2(10)-A under open circuit conditions. b) As in a) for TiO2(10)-B and
TiO2(10)-A at an applied potential of�0.60 V versus SCE. c) Difference of
transients measured in a) and b).


their decay kinetics are not affected by the presence of a
molecular monolayer adsorbed at the surface of the nano-
structured film. Bearing in mind, however, that there are ten
monolayers of nanocrystals and that only one of these layers is
in contact with the deposited molecular monolayer, this
appears reasonable.


Function modulation is assumed to be effective for the
following reasons: At the open circuit potential, Vf is close to
Vcb permitting reduction of II (see Scheme 5). Specifically, the
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Scheme 5. Schematic representation of the process that occurs when an
open circuit potential is applied; Vf is close to Vcb and reduction of II is
permitted.


generation of electron-hole pairs by bandgap excitation
results in electron transfer from the conduction band of a
TiO2 nanocrystal to the viologen moiety in II. At the positive
applied potential, Vf is positive of Vcb preventing reduction of
the viologen moiety of II (see Scheme 6). Specifically, the
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Scheme 6. Schematic representation of the process that occurs when a
positive applied potential is used; Vf is positive of Vcb and reduction of the
viologen moiety of II is prevented.


generation of electron-hole pairs by bandgap excitation
results in electron transfer to the conducting glass substrate.


The findings confirm that, depending on the potential
applied to the heterocomponents of the heterosupramolecu-
lar assembly, the function of the constituent heterosupermo-
lecules (light-induced electrons transfer) may be modulated
between an ON state under open circuit conditions and OFF


state at �0.60 V (see Scheme 5 and Scheme 6, respectively).
Further, that the modulation state of the constituent hetero-
supermolecules may be inferred if the potential applied to
heterocomponents constituting the heterosupramolecular
assembly is known.


Clearly, there is also a mechanism by which the radial cation
of the viologen moiety in II is formed and subsequently decays
in both TiO2(10)-E and TiO2(10)-B. In this context it is noted
that an important difference between TiO2(10)-E and
TiO2(10)-B is that in the former the viologen moieties in II
are not insulated from each other by co-adsorbed I and
electron transfer between these moieties is uninhibited, while
in the latter the viologen moieties in II are isolated from each
other by co-adsorbed I and electron transfer between these
moieties is inhibited.


At the open circuit potential all the viologen moieties in
TiO2(10)-E and TiO2(10)-B are reduced following bandgap
excitation by electron transfer from the nanocrystal at which a
viologen is adsorbed. This process is largely complete after 0.5
ms and the radical cations of II which are formed are long-
lived as the trap states, which mediate their oxidation, are
filled with electrons.


At a positive applied potential there is no direct electron
transfer, following bandgap excitation, from a nanocrystal to
an adsorbed viologen in either TiO2(10)-E or TiO2(10)-B (see
Scheme 6). There is, however, electron transfer from filled
trap states to the viologens in the molecular monolayer
adsorbed at the surface of the outermost of the ten mono-
layers of TiO2 nanocrystals. In the case of TiO2(10)-E the rates
at which these electrons migrate into the adsorbed monolayer
of II is relatively fast as electron transfer between these
viologens is uninhibited. The rate at which these electrons
migrate out of the adsorbed monolayer is also relatively fast
as this is the rate at which the trap states are being emptied at
a positive applied potential. As a consequence, the steady
state concentration of reduced II is relatively low. In the case
of TiO2(10)-B the rates at which these electrons migrate into
the adsorbed monolayer of II is relatively slow as electron
transfer between II is inhibited. The rate at which these
electrons migrate out of the adsorbed monolayer is also
relatively slow, that is slower than the rate at which the trap
states are being emptied at a positive applied potential. As a
consequence, the steady-state concentration of reduced II is
relatively high.


Conclusion


Having undertaken a detailed characterisation of the organ-
ised heterosupramolecular assemblies TiO2(1)-E to TiO2(10)-
E, it is possible to state the following: Firstly, each viologen is
adsorbed in monomeric form with its bipyridine moiety flat on
the nanocrystal substrate; secondly, there are less than three
viologens adsorbed at each nanocrystal; thirdly, electron
transfer between neighbouring viologens, that is cross-talk, is
uninhibited; fourthly, at a sufficiently negative applied
potential the viologens in TiO2(1)-E and TiO2(4)-E are
reduced either by direct electron transfer from the conducting
glass substrate or by trap state mediated electron transfer
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from a nanocrystal followed by electron transfer to nearest
neighbour viologens; and finally, at sufficiently negative
applied potentials the viologens in TiO2(10)-E are reduced
by conduction band state mediated electron transfer from a
nanocrystal followed by electron transfer to nearest neigh-
bour viologens.


Having undertaken a detailed characterisation of the
organised heterosupramolecular assemblies TiO2(1)-B to
TiO2(10)-B it is possible to state the following: Firstly, each
viologen is adsorbed in monomeric form with its bipyridine
moiety flat on the nanocrystal substrate; secondly, there are
less than two viologens adsorbed at each nanocrystal; and
finally, because these viologens are partially isolated by a co-
adsorbed long-chain aliphatic acid, electron transfer between
neighbouring viologens is inhibited.


Based on the above findings it was asserted that the
organised heterosupramolecular assembly TiO2(1)-B is accu-
rately represented in Scheme 4; that each heterosupermole-
cule is individually addressable; that each heterosupermole-
cule will act independently within the assembly; and that
function modulation will be effective and accounted for by a
well-understood mechanism.


Concerning the first of these properties, since the hetero-
supramolecular assembly is organised each of the constituent
heterosupermolecules in TiO2(1)-B is in principle address-
able. To date, however, it has not proved possible for the
following technical reasons to address a single heterosuper-
molecule: Firstly, there are two viologens adsorbed at each
nanocrystal; and secondly, the technology necessary to
selectively irradiate a nanocrystal and to monitor to the
absorption change accompanying the subsequent electron
transfer to the viologen is not routinely available. Toward this
end, the ratio of I to II has been increased to 12:1, thereby
reducing the number of viologens per nanocrystal to one.
Furthermore, work has commenced on the development of a
modified near-field scanning optical microscope that will
permit individual heterosupermolecules to be addressed.


Concerning the second of these properties, it has clearly
been demonstrated that even for ratios of I :II of 6:1 in
TiO2(1)-B electron transfer between nearest neighbour viol-
ogens on the same or different nanocrystals is inhibited.
Furthermore, because each nanocrystal is separated by about
3 �, electron transfer between nanocrystals is not expected to
be an important process. In short, each of the heterosuper-
molecules in the assembly acts independently.


Concerning the third point, function modulation can be
assumed to be effective in TiO2(10)-B. On the one hand, for
TiO2(10)-B under open circuit conditions each photogener-
ated electron-hole pair results in formation of a radical cation.
On the other hand, at a positive applied potential no electron
transfer is observed. In short, the heterosupramolecular
function associated with each heterosupermolecule in the
assembly, light-induced vectorial electron transfer, is effi-
ciently modulated between an ON state (at the open circuit
potential) and an OFF state (at a positive applied potential).
Further, the modulation state (ON or OFF) of each of the
constituent heterosupermolecules of the assembly may be
inferred if the potential applied to the intrinsic substrate or
individual nanocrystals is known.


Experimental Section


Synthesis of condensed-phase component


TiO2 nanocrystals were prepared as described by Kotov et al.[6] Briefly, a
solution of titanium tetraisopropoxide in 2-propanol (1.125 mL, 1:9 by
volume) was added to chloroform (60 mL) and 2-propanol (40 mL)
containing excess water (150 mL present in added catalyst). The above
addition was carried out in the presence of cetyltrimethylammonium
bromide stabiliser (0.015 g) and tetramethylammonium hydroxide catalyst
(0.2 g, 75 % by wt. water). The resulting sol was refluxed at 90 8C for 90 min.
Characterisation was by optical absorption spectroscopy, using a Hewlett-
Packard 8452A diode array spectrophotometer, and by transmission
electron microscopy, using a JEOL 2000 TEMSCAN. The measured onset
for absorption and average nanocrystal diameter, 370� 10 nm and 23�
2 �, respectively, are in good agreement with previously reported
values.[6, 7]


Synthesis of molecular components


The molecular components eicosyl phosphonic acid (I) and 1,1'-dieicosyl-
4,4'-bipyridinium dichloride (II) were used in the course of the studies
reported.
Preparation of I
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CH3Br CH3
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HO


HO
CH3
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+


19
CH2 CH2


CH2
19


19


b


I


Scheme 7. Reagents and conditions for the preparation of I : a) neat reflux;
b) 50 % HCl, reflux.


Component I was prepared as shown in Scheme 7. Elemental analysis (%)
calcd for C20H43O3P: C 66.26, H 11.96, P 8.54; found: C 66.00, H 12.05, P,
8.06; 1HNMR ([D]chloroform): d� 0.88 (t, J� 7.6 Hz, 3 H), d 1.2 ± 1.3
(unresolved m, 34H), 1.84 (m, 2H), 3.43 (m, 2H).


Preparation of II


N N
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CH2


CH2
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19
CH2
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Scheme 8. Reagents and conditions for the preparation of II : a) acetone
reflux; b) bromoeicosane, acetonitrile, reflux; c) reflux in HCl (10 %v/v).


Component II was prepared as shown in Scheme 8. Elemental analysis (%)
calcd for C50H90N2Cl2 ´ 4H2O: C 69.76, H 11.39, N 3.25, Cl 8.14; found: C
69.61, H 11.66, N 3.32, Cl 8.35; 1HNMR ([D]trifluoroacetic acid): d� 0.84
(t, J� 7.6 Hz, 6H), 1.27 ± 1.44 (m, 68H), 2.04 ± 2.14 (m, 4 H), 4.71 ± 4.76 (t,
J� 7.33, 4H), 8.61 ± 8.63 (dd, J� 5.86, 4H, unresolved), 9.03 ± 9.05 (dd, J�
5.86, 4H unresolved).


Preparation of organised heterosupramolecular assemblies


The required number of monolayers of close-packed TiO2 nanocrystals
were deposited on F-doped tin oxide glass (0.5 mm, 8 W squareÿ1, Nippon
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Sheet Glass Company) using a JL Automation Langmuir Minitrough.[8]


Briefly, hexane (20 mL) was added to the TiO2 sol (100 mL) whose
preparation has been described above. The resulting stock solution
(300 mL) was spread, using a precision syringe, on the surface of the
aqueous subphase at pH 5.5 and 25 8C. Having allowed 1 h for solvent
evaporation, the resulting monolayer was conditioned by successive
compression-expansion cycles to 25 mNmÿ1. Maintaining the above
monolayer at 25 mNmÿ1 for 30 min resulted in an additional 25 % decrease
in surface area. Subsequent compression-expansion cycles to 30 mNmÿ1


were highly reversible and resulted in a final area per particle of about
550 �2 at 30 mN mÿ1. Two pieces of conducting glass; mounted back-to-
back and previously dipped were raised at a rate of 20 mm minÿ1 through a
conditioned monolayer of TiO2 nanocrystals compressed to 30 m Nmÿ1.
Deposition occurs on both sides of the glass and is observed only on the up-
stroke. Prior to deposition of a second monolayer, the conducting glass
substrates were maintained in the raised position and allowed to dry for
about 15 min. They were then dipped and raised again to deposit the
additional monolayers. To remove the organic material, the deposited
monolayer or monolayers were fired at 450 oC for 2 h.


A monolayer of the required molecular components was deposited, also
using a JL Automation Langmuir Minitrough, on the required number of
previously fired monolayers of TiO2 nanocrystals on conducting glass.
Briefly, stock solutions of I in chloroform and II in chloroform/methanol
(20 % by vol.) were prepared. Stock solutions containing I and II in the
following proportions were then prepared: A (100 % I), B (86 % I and 14%
II), C (75 % I and 25% II), D (50 % I and 50% II) and E (100 % II). The
required volume (between 150 mL and 450 mL) of stock solution (3.5�
10ÿ4 mol dmÿ3) was spread, using a precision syringe held, on the surface of
the aqueous subphase containing added KCl (0.1 mol dmÿ3) at pH 5.5 and
25 8C. Having allowed 1 h for solvent evaporation, the resulting monolayers
was conditioned by compression at a barrier rate of 30 mm minÿ1 to a final
surface pressure of 30 mN mÿ1. Finally, two substrates mounted back-to-
back and previously dipped, were raised at a rate of 20 mm minÿ1 through a
conditioned monolayer compressed to 30 m Nmÿ1. Deposition, which
occurs on both substrates, is observed only on the up-stroke.


Infrared reflection absorption spectroscopy


Infrared reflection absorption spectroscopy was used to characterise the
monolayers prepared from the stock solutions A to E above following their
deposition on a close-packed monolayer of TiO2 nanocrystals supported on
conducting glass. Specifically, a variable-angle reflection accessory (Gra-
seby-Specac) was placed in the sample compartment of a FT-IR spec-
trometer (Mattson Infinity) equipped with a MCT detector (liquid nitrogen
cooled). The sample compartment was purged with nitrogen prior to and
during data acquisition. Spectra were recorded at 2 cmÿ1 resolution (one
zero-filling) using p-polarised light with an incident angle of 738. All spectra
reported are a ratio of 1000 sample scans to 1000 background scans, the
latter recorded for a close-packed monolayer of TiO2 nanocrystals on
conducting glass substrate.


Infrared transmission spectroscopy


Also recorded were infrared transmission spectra of I and II in the
crystalline state. The final spectra were obtained by co-addition of 100
scans recorded under a nitrogen purge at 1 cmÿ1 resolution for a known
concentration of the crystalline compound in a KBr pellet (0.05 mg in
100.00 mg of KBr). The optical path length was determined by measure-
ment of the thickness of the KBr pellet. All spectra reported are a ratio of
100 sample scans to 100 background scans; the latter recorded for a blank
KBr pellet of the same thickness.


Real-time transient optical absorption spectroscopy


Transient absorption spectra were measured by irradiating the sample with
a 5 ns pulse at 355 nm from a Continuum Surelight Nd:YAG laser and using
a pulsed Xe-lamp aligned perpendicularly to the beam as a probe source.
The 150W Xe-lamp, equipped with an applied photophysics model 408
power supply and applied photophysics model 410 pulsing unit, allowed
generation of 0.5 ms pulses. An Oriel model 71445 shutter was placed
between the lamp and the sample and was opened for 100 ms to prevent
fatigue of the PMT. Bandpass filters, both pre- and post- cut-off, were used
to minimise the adverse effects of scattered light. The samples were placed
at an angle of 458 with respect to the laser and probe light and set-up in such
a way that the scattered light was reflected away from the detector. By


doing this, it was possible to record in the early time domain (t> 50 ns)
without measuring artefacts due to scattered light. Sample rate was kept
relatively low (10 s intervals) to prevent electron accumulation in the
semiconductor materials. Light was collected in a LDC analytical mono-
chromator, detected by a Hamamatsu R928 Photomultiplier tube and
recorded on a Le Croy 9360, 600 MHz oscilloscope. The laser oscillator,
Q-switch, lamp, shutter and trigger were externally controlled using a
digital logic circuit that allowed for synchronous timing. Absorbance was
plotted against time.


In the course of these experiments organised heterosupramolecular
assemblies were prepared as described above. Specifically, aqueous
electrolyte solutions, containing LiClO4 (0.2 mol dmÿ3) at pH 3 (added
perchloric acid) and NaSCN hole scavenger (0.1 mol dmÿ3), were degassed
by bubbling with Ar for 30 min. These assemblies formed the working
electrode (1 cm2 surface area) of a closed three-electrode single compart-
ment cell, the counter electrode being platinum and the reference electrode
a saturated calomel electrode (SCE).
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The p Complexation of Alkali and Alkaline Earth Ions by the Use of meso-
Octaalkylporphyrinogen and Aromatic Hydrocarbons


Lucia Bonomo, Euro Solari, Rosario Scopelliti, and Carlo Floriani*[a]


Abstract: The full metallation of meso-
octaalkylporphyrinogens [R8N4H4]
(R�Et, 1; nBu, 2 ; CH2Ph, 3 ; (CH2)4,
4) with heavy alkali metals (M�K, Rb,
Cs) leads to the porphyrinogen-M4 com-
pounds, in which the solvation of the
alkali cations is largely assured by the
intra- and intermolecular p-interactions
with the pyrrolyl anions. Such a mode of
complexation results in a structural
diversity as a function of the meso
substituents, the size of the metal ion,
and the solvent. The structure of the
unsolvated polymers [R8N4M4]n (R�Et,
M�K, 5 ; M�Rb, 6 ; M�Cs, 7; R�
(CH2)4, M�Rb, 8 ; M�Cs, 9) have been
clarified through the X-ray analysis of 7
recrystallized from diglyme. The struc-
ture shows that the tetraanion binds two
Cs ions inside the cavity, which display in
one case h1:h1:h1:h1 and in the other
h5 :h5 :h5 :h5 interaction modes. Bidimen-


sional polymerization is assured by four
Cs ions, which each bind at the h5


position on the exo face of each pyrrole.
With bulkier meso substituents, different
polymeric forms are obtained (R� nBu,
M�K, 10 ; M�Rb, 11; M�Cs, 12), and
their structures were clarified through
the X-ray analysis of 10, which was
recrystallized from dimethoxyethane.
The polymeric units are made up by
the monomeric units [Bu8N4K2]2ÿ, in
which one potassium is h1:h1:h1:h5 and
the other h5 :h1:h5 :h1 bonded inside the
porphyrinogen cavity. In the case of
R�CH2Ph, the monomeric anion
[(PhCH2)8N4K2]2ÿ (13) has been struc-
turally identified. The metallation of 1


and 2 with active forms of alkaline earth
metals (M'�Ca, Sr, Ba) led to dinuclear
compounds [R8N4M'2] (R�Et, M'�Ca,
14 ; M'� Sr, 15 ; M'�Ba, 16 ; R� nBu.
M'�Ba, 18), in which both metals inside
the cavity are h1:h3 :h1:h3 (Ca) and
h1:h5 :h1:h5 (Sr and Ba) bonded to the
porphyrinogen tetraanion. The coordi-
nation sphere of each metal ion is
completed by two THF molecules,
which, in the case of Ba, are easily
replaced by an arene ring [Bu8N4Ba2(h6-
arene)2] (arene� durene, 22 ; naphtha-
lene, 23 ; toluene, 24 ; benzene, 25). The
X-ray structures of 14, 15, 18, 22, and 23
are described in detail. We have tried to
establish a relationship between the
solid-state and solution structures by
analyzing the 1H NMR spectra of the
porphyrinogen complexes.


Keywords: alkali metals ´ alkaline
earth metals ´ pi interactions ´ por-
phyrinogens


Introduction


It is now clear that cation ± p interactions have a prominent
position among the various noncovalent binding forces that
determine the solvation of metal ions.[1] Cation ± p interac-
tions are considered in the context of biology and are involved
in protein structures[2] and protein ± ligand interactions. A
number of hypotheses relate the activity of artificial receptors
in aqueous media[3] with the fact that organic binding sites
composed primarily of aromatic groups can compete with full
aqueous solvation. The conventional assumption that the
interaction of alkali cations and hard bases is energetically
more favourable, has been disproved by a number of


fundamental studies which establish that cation ± p interac-
tions are among the strongest noncovalent bonding forces.[1]


Significant examples of the cation ± p solvation can be found
in the alkali-arylphosphane derivatives reported by G. W.
Rabe et al.[4]


This report investigates the solvation of the alkali (K, Rb,
Cs) and alkaline earth ions (Ca, Sr, Ba),[1, 5±7] with the pyrrole
ring as the p binding site.[5, 6, 8] The pyrrole ring is among the
most important functionalities in natural molecules, from
porphyrin to proteins, etc. The cooperative effect of four
pyrroles has been considered in the form of the meso-
octaalkylporphyrinogen tetraanion,[8] in which each pyrrole is
electronically unrelated to each other, due to the presence of
meso-sp3 carbons. The latter assure the conformational
flexibility of the porphyrinogen skeleton; thus the four
pyrrolyl anions can orient to form a sort of p cavity
(Scheme 1).


This arrangement of the four pyrroles, which can display an
h5 interaction both inside and outside the cavity, has been
observed in a variety of transition metal derivatives.[8] The
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present report also presents an
idea of the structural diversity
that can be derived from the
different bonding modes of the
porphyrinogen tetraanion in
the case of Group 1 and 2
metals[9, 10] and the use of aro-
matic hydrocarbons as coli-
gands[11] to complete the coor-
dination sphere of the alkaline


earth ions. Two of the compounds reported here have
appeared in a short communication.[12]


Results and Discussion


Alkali ions : K, Rb, Cs : The metallation of meso-octaalkyl-
porphyrinogen with alkali metals has the double advantage of
making available the deprotonated form of porphyrinogen,
which is appropriate for metal complexation, and of identifying
the alkali-cation bonding mode to the porphyrinogen tetraan-
ions. There are numerous cases in which the metallo-meso-
octaalkylporphyrinogen functions as a carrier of salts, namely
alkali hydrides or polar organometallics.[8, 13] In such com-
pounds, the key interaction is the solvation of alkali ions by
the pyrrolyl anions that function as h3 or h5 binding sites.[8, 13]


By changing the size of the alkali cation, we move from mono-
meric structures, as observed in Li and Na derivatives,[14, 15] to
polymeric ones, as observed for K, Rb, and Cs. In the case of Cs,
a significant change in the bonding mode of the alkali cation
occurs, in which the p intervention with the pyrroles becomes the
predominant one. The meso substituent at this stage become
particularly important in determining both the solubility and
the overall structure. The metallation of the protonated meso-
octaalkylporphyrinogens 1 ± 4 has been performed as report-
ed in the Experimental Section. In the case of meso-ethyl or
meso-cyclopentyl derivatives, the metallation led to polymeric
unsolvated species, 5 ± 9, as reported in Scheme 2. With more
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Scheme 2. Synthetic scheme for alkali-porphyrinogen complexes.


bulky substituents, such as the n-butyl, a different polymeric
form comes out, with a partial solvation of the alkali cation
(see complexes 10 ± 13 a). In the case of more sterically
demanding meso substituents, such as benzyl, the ion-sepa-
rated form 13 b has been isolated. In the three classes of
compounds 5 ± 9, 10 ± 13 a, and 13 b, the binding of two cations
inside the porphyrinogen cavity is similar. The size of the
alkali cation and the meso-alkyl
substituents are the two factors
which allow one class of com-
pounds to switch to another.
The main structural features of
such classes of compounds are
exemplified in the structures of
7, 10, 13 a, and 13b. The num-
bering scheme of the porphyri-
nogen skeleton is displayed in
Scheme 3.


The overall structure of the
Cs-porphyrinogen 7 is a three-
dimensional network (Figures 1 and 2), made up of two ± di-
mensional sheets that are connected by solvent molecules.
The two-dimensional building blocks are formed by Cs2-
porphyrinogen monomeric units connected by four Cs cations.
The four pyrrolyl anions are oriented in a cone conformation,
thus making a p binding cavity which hosts two Cs cations.
Unlike the case of potassium (see below), the size of cesium
does not allow both cesium ions to display the same bonding
mode to the pyrroles. In fact, Cs1 is h1:h1:h1:h1 bonded to the
four nitrogen atoms (Cs1 ´´ ´ N1, 3.156(10) �; Cs1 ´´ ´ N2,
3.139(9) �), while Cs2 is h5 :h5 :h5 :h5 bonded to the four
pyrroles and has two short and two long Cs ± Pyrcentroid


distances (Cs2 ± h5(Pyr), 3.069(8) �, Cs2 ± h5(Pyr),
3.342(8) �). The two Cs ions are in close proximity at
3.984(1) �. The connectivity between the Cs2-porphyrinogen


Figure 1. Ball-and-stick representation of complex 7 showing the adopted
labeling scheme (solvent and hydrogen atoms omitted for clarity). Letters
A, B, and C refer to the following symmetry transformations:ÿx� 1/2,ÿy,
z ; x, ÿy, z ; ÿx � 1/2, y, z.
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fined by the meso-octaalkylpor-
phyrinogen tetraanion.
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Figure 2. Crystal packing of complex 7 viewed down the c axis.


units is assured by the two Cs ions which are bonded h5 to the
external face of the pyrrolyl anions. The apparent large range
of the Cs ± h5(Pyr) intermolecular distances, which range from
3.107(8) to 3.330(8) �, is due to the disorder that affects the
two external Cs ions.


The molecular complexity in the solid state of the
potassium derivatives 10, 13 a, and 13 b is quite different,
since it is polymeric in the first two cases and monomeric in
the last. They are, however, rather close where the behavior of
the porphyrinogen is concerned, acting as a p-dinucleating
ligand, and the K2-porphyrinogen core (see Figure 3 for
complex 10). For the sake of clarity only details of 10 are given
in the text, (crystallographic data for 13 a and 13 b are
available from the Cambridge Crystallographic Data Centre,
see Experimental Section), although we emphasize here the
differences between them. The porphyrinogen skeleton dis-
plays a partial cone in 10 (Table 1), while it has a 1,3-alternate
conformation in 13 a and 13 b. This difference in the con-
formation leads to different bonding modes of the two
potassium ions inside the ligand cavity. In complex 10, K1 is
h1:h1:h1:h5 bonded to the four pyrroles (K1ÿN1� 2.880(3),
K1ÿN2� 2.953(3), K1ÿN3� 2.901(3), K1ÿh5(Pyr)�
2.823(2) �), whereas K2 is h5 :h1:h5 :h1 bonded (K2(ÿh5-
(Pyr)� 2.973(2), K2ÿN2� 2.985(3), K2ÿh5(Pyr)� 2.910(2),


Figure 3. Ball-and ± stick representation of compound 10 showing the
adopted labeling scheme without the hydrogen and disordered atoms from
site B.


K2ÿN4� 2.812(3) �) (Table 2). A reference compound for a
structural comparison can be, among others,[7, 16] the [(h5-
C5Me5)KPy2]1 (Kÿ-(h5-C5Me5)av, 2.789; KÿNav, 2.926 �).[17]


The structural parameters do not differ greatly for a wide
series of cyclopentadienyl derivatives.


In the compounds 13 a and 13 b both potassium ions display
the same bonding sequence h5:h1:h5:h1. Due to the presence of
meso-sp3 carbons in 1 ± 4, the four pyrroles adopt a parallel
orientation, thus defining a p cavity, in which the two
potassium ions reside (K1 ´´ ´ K2, 3.364(1) � in 10). The size
of the cavity is defined by the following parameters in 10 :
N1 ´´ ´ N3� 4.922(4); N2 ´´´ N4� 4.749(4); Pyr(1)centroid ´ ´ ´
Pyr(3)centroid, 5.704(3); Pyr(2)centroid ´ ´ ´ Pyr(4)centroid , 6.223(3) �.
Complex 10 also contains, in the repeating monomeric unit,
two additional potassium ions: K3, which is bonded h5 to
Pyr(2) (KÿPyrcentroid, 2.781(2) �), whereas K4 and K5, which
have half occupancy, bridge adjacent porphyrinogen skele-
tons, and give rise to a polymeric chain. K4 is located on a
twofold axis and K5 on an inversion center. Both are h5-
bonded to the pyrrolyl anions of adjacent monomeric units


Table 1. Comparison of relevant structural parameters within ligand units.


7 10 14 15 18 19[b] 22[b] 23


deviations form the
N4 core [�]


N1 ÿ 0.012(7) ÿ 0.094(2) 0.095(2) 0.125(4) 0.119(7) ÿ 0.151(1) [ÿ0.184(1)] 0.147(9) [0.13(1)] 0.135(4)
N2 0.012(7) 0.092(2) ÿ 0.095(2) ÿ 0.125(4) ÿ 0.119(7) 0.151(1) [0.184(1)] ÿ 0.147(9) [-0.13(1)] ÿ 0.135(4)
N3 ÿ 0.012(7) ÿ 0.093(2) 0.095(2) 0.125(4) 0.119(7) ÿ 0.151(1) [ÿ0.184(1)] 0.147(9) [0.13(1)] 0.135(4)
N4 0.012(7) 0.095(2) ÿ 0.095(2) ÿ 0.125(4) ÿ 0.119(7) 0.151(1) [0.184(1)] ÿ 0.147(9) [ÿ0.13(1)] ÿ 0.135(4)


angle between AB[a] [8] 24.6(6) 102.3(2) 79.2(1) 82.2(3) 97.7(1) 83.1(1) [67.3(1)] 98.7(5) [81.4(5)] 81.3(8)
angle between AC[a] [8] 30.2(6) 37.7(2) 51.2(2) 43.4(3) 47.2(1) 66.5(1) [30.6(1)] 45.1(5) [43.2(5)] 135.0(8)
angle between AD[a] [8] 53.9(6) 95.1(2) 100.8(2) 97.8(3) 79.2(1) 66.1(1) [87.4(1)] 81.6(5) [83.1(5)] 82.0(8)
angle between BC[a] [8] 24.6(6) 81.9(2) 100.8(2) 97.8(3) 79.2(1) 66.1(1) [87.4(1)] 81.6(5) [97.0(5)] 81.9(8)
angle between BD[a] [8] 72.0(6) 13.9(2) 51.2(2) 43.4(3) 47.2(1) 30.1(1) [80.1(1)] 45.6(5) [136.8(5)] 135.0(8)
angle between CD[a] [8] 53.9(6) 82.6(2) 79.2(2) 82.2(3) 97.7(1) 83.1(1) [67.3(1)] 98.7(5) [98.6(5)] 81.3(8)


[a] A, B, C and D define the pyrrole rings containing N1, N2, N3 and N4 (following the labeling scheme). [b] Values in brackets refer to a second ligand unit.
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(K4ÿPyrcentroid, 2.859(4); K5ÿPyrcentroid, 2.792(2) �). In addi-
tion, significant short distances have been found between the
meso-butyl substituents and the potassium ions K4 and K5
(K4 ´´´ C22� 3.534(4); K4 ´´´ C46� 3.617(4); K5 ´´´ C37�
3.466(4); K5 ´´´ C38� 3.423(4) �). The overall structure of
10 (Figure 3 and Figure 4) is a two ± dimensional network,


Figure 4. Crystal packing of compound 10 viewed down the b axis.


thanks to dimethyl ether (DME) molecules binding K1 and
K2 across the polymeric chains. Complex 13 a displays a
monodimensional polymeric chain arrangement similar to
that found in 10.


In the structural analysis of porphyrinogen alkali cation
compounds, the relationship between the solid-state and
solution structures is intriguing. The only method we have for
inspecting the structure in solution is 1H NMR spectroscopy.
The first difficulty one faces is the insolubility of such
compounds in hydrocarbons, which are the most innocent
media in keeping the solid-state structure intact. When
dissolved in strongly polar solvents, we expect significant
modifications of the solid-state structure, although this
depends on the nature of the solvent. A major difference
was observed between pyridine and THF on the one hand and


dimethyl sulfoxide (DMSO) on the other. There is significant
evidence that the first two solvents, though they cleave the
polymeric structure, maintain the dimetallic core inside the
porphyrinogen cavity, while DMSO seems to encourage
partial demetallation to monometallic porphyrinogens. The
1H NMR spectra of 6 and 7 at room temperature show a two ±
fold symmetry with a singlet for the eight b-pyrrole protons,
while the meso substituents give rise to two sets of doublets of
quartets and two triplets. The presence of two different ethyl
groups is in agreement with the presence in the X-ray
structure of two nonequivalent faces related to the N4 mean
plane, one of them containing the Csÿh1:h1:h1:h1, the other
Csÿh5:h5:h5:h5. Equivalence of the ethyl groups occurs at
61 8C and 69 8C for 6 and 7, respectively; this suggests that
fluxional behavior of the two Cs ions exchanges their roles at
an appropriate temperature. In the case of the potassium
derivative, which has a 1H NMR spectrum in pyridine in
agreement with a fourfold symmetry at room temperature,
such an exchange has a much lower thermal barrier. The
1H NMR spectra of 5 ± 7 in DMSO at room temperature are in
agreement with a fourfold symmetry. In this latter case, the
solvent causes, quite probably, a partial demetallation of the
dimetallic unit, which converts it into a monometallic one, and
full solvation one of the two ions of the dinuclear core.


Alkaline earth ions: Ca, Sr, Ba : In the case of the alkaline
earth ions, magnesium stays per se due to its covalent
character and its covalent radius. In fact, it forms porphyri-
nogen complexes in which the interactions with the ligand
imply exclusive s bonds with the N4 core.[18]


Ionic size is the determining factor for making the meso-
octaalkylporphyrinogen behave mostly as p-binding systems.
Therefore, we used the alkaline earth ions from calcium to
barium. The metallation was carried out in THF by using the
metal in an active form prepared as reported in the
literature[19] (see Experimental Section). The final com-
pounds, complexes 14 ± 18, contain two metal ions squeezed
inside the same cavity that are p-bonded by the pyrrolyl
anions and, in addition, bind two molecules of THF
(Scheme 4). The alkaline earth ion maintains the p solvation
inside the porphyrinogen cavity, as do some of the early
transition metal ions, namely zirconium and niobium.[8, 14]


Complexes 14, 15, and 18 have quite similar structural
features (Figures 5, 6, and 7). The ligand has a permanent 1,3-


Table 2. Selected bond lengths [�] for compounds 7, 10, 14, 15, 18, 19, 22, and 23


7[b] 10[b] 14 15 18 19 22 23


M1-h5(Pyr)[a] 2.823(2) 2.771(1) 2.796(2) 2.872(4) 2.581(2) 2.870(4) 2.849(6)
M2-h5(Pyr)[a] 3.069(8) [3.342(8)] 2.973(2) [2.910(2)]
M3-h5(Pyr)[a] 3.246(8) [3.330(8)] 2.781(2)
M4-h5(Pyr)[a] 3.107(8) [3.249(8)] 2.859(4) [2.792(2)]
M1-h3(Pyr)[a] 2.713(1) 2.804(2) 2.882(4) 2.900(4) 2.877(6)
M1-h1(Pyr)[a] 3.156(9) 2.880(3) 2.634(2) 2.750(4) 2.843(8) 2.467(2) 2.838(8) 2.818(7)
M1-h1(Pyr)[a] 3.139(9) 2.953(3)
M1-h1(Pyr)[a] 2.901(3)
M2-h1(Pyr)[a] 2.985(3)
M2-h1(Pyr)[a] 2.812(3)
M1-h6(arene)[a] 2.812(3) 3.068(7) 3.077(7)


[a] h5(Pyr), h3(Pyr), h1(Pyr), h6(arene) indicate the centroids. [b] Values in brackets refer to different pyrrolyl moities.
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Scheme 4. Synthetic scheme for porphyrinogen complexes of alkaline
earth ions.


Figure 5. Ball-and-stick representation of complex 14 without hydrogens
and THF molecules. Letters A, B, and C denote the following symmetry
operations: ÿx � 1, ÿy � 1/2, z ; ÿy � 3/4, xÿ 1/4, ÿz � 3/4; y � 1/4, ÿx
� 3/4, ÿz � 3/4.


alternateconformation, thus forming a p-dinucleating cavity.
The two ions are symmetrically located on opposite sides of
the N4 mean plane, and are out-of-plane by a distance of
�1.621(1) � for 14, �1.736(1) � for 15 and �1.856(1) � for
18. The ion size is an important factor in the determination of
the bonding mode to the pyrrolyl anions. The hapticity
assignment, h3 or h5, is made by selecting the shortest distance
of the metal to the centroid of the fragment to be considered.
In many cases, a clear-cut answer is possible, while in others
the two distances can be close. In complex 14, the Ca ion may
be considered as h1 to a pair of pyrroles (Caÿh1(Pyr),
2.634(2) �) and h3 to the other pairs (Caÿh3(Pyr),
2.713(1) �), since the calculated Caÿh5(Pyr) distance is
significantly longer (Caÿh5(Pyr), 2.771(1) �). In this context,


Figure 6. Ball-and-stick representation of complex 15 (hydrogens omitted
for clarity). Letters A, B, and C denote the following symmetry operations:
ÿy� 3/4, xÿ 1/4,ÿz� 3/4; y� 1/4,ÿx� 3/4,ÿz� 3/4;ÿx� 1,ÿy� 1/
2, z.


Figure 7. Ball-and-stick representation of complex 18 (hydrogens omitted
for clarity). Letters A, B, and C denote the following symmetry operations:
ÿx � 1/4, ÿy � 1/4, z ; x, ÿy � 1/4, ÿz � 1/4; ÿx � 1/4, y, ÿz � 1/4.


the h3-bonded pyrrole may be considered as an h3-azaallyl,
which makes an interesting structural comparison to the
calcium bisallyl derivative, [Ca{C3(SiMe3)2H3}2(thf)2].[20]


By increasing the size of the cation, the ligand maintains its
conformation, which is the same observed for the free form,
but the cations move further away from each other (Ca ´´´
Ca� 3.241(1), Sr ´ ´ ´ Sr� 3.472(1), Ba ´´ ´ Ba� 3.712(1) �). This
move causes a change in the bonding mode of Sr and Ba,
which have h5 and h1 interactions with the two pairs of
pyrroles (Srÿh5(Pyr), 2.796(2); Srÿh1(Pyr), 2.750(4); Baÿh5-
(Pyr), 2.872(4); Baÿh1(Pyr), 2.843(8) �). In complexes 15 and
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18, the hapticity of the pyrrole bonding to Sr and Ba is not as
clear as it is in the case of Ca, because the Srÿh3(Pyr) and
Baÿh3(Pyr) bond lengths are 2.804(2) and 2.882(4) �, re-
spectively. In complexes 15 and 18 the arrangement of the two
h5-pyrrolyl anions mimics two bent cyclopentadienyls
(PyrÿMIIÿPyr: 148.4(1)8, 143.9(3)8, respectively). Each cation
completes its coordination sphere with two THF molecules
(CaÿO, 2.428(2); SrÿO, 2.578(3); BaÿO, 2.771(10) �). These
parameters are unique and cannot be compared to those of
existing structures. The only possible comparison could be
made with the cyclopentadienyl derivatives,[21] although the
pyrrolyl anion in a macrocyclic structure does not have the
same function as the Cp ligand. In cyclopentadienyl deriva-
tives the CaÿC bond lengths are significantly shorter,
wheareas in the organo-calcium compounds reported here,
the average metal ± carbon bond length ranges from 2.62(2) to
2.73(3) � .[22]


The formation of mononuclear complexes has been ach-
ieved in the reaction of 14 ± 16 with the lithium-porphyrino-
gen, [Et8N4Li4(thf)4] which leads to 19 ± 21 (Scheme 4). The
reaction is, in fact, a metal redistribution reaction. The
structure of 19 in Figure 8 arises formally from that of 14, in


Figure 8. Ball-and-stick representation of complex 19 (hydrogens omitted
for clarity). Prime denotes the following symmetry operation: ÿx � 3/2, y,
ÿz � 1/2. Only one of the two half molecules included in the asymmetric
unit is shown.


which one of the calcium cations has been replaced by two
lithium cations. The calcium cation lies opposite to the two
lithium cations in complex 19 with respect to the N4 average
plane (out-of-plane distances: Ca1 ´´´ N4 ÿ1.256(2), Li ´ ´ ´ N4


�1.635(4); and Ca2 ´´´ N4,�1.242(2), Li ´´ ´ N4ÿ1.593(4) � for
two independent molecules). In complex 19, which has fewer
steric constraints than 14, the calcium atom is h5-bonded
(CaÿPyr(centroid)av, 2.581(2) �) to the trans-pyrroles, which
gives rise to a bent cyclopentadienyl-type structure (Pyrÿ
CaÿPyr, 165.95(7)8) and h1-bonded to the other pair of
pyrroles (CaÿNav, 2.467(2) �), which in turn function as h3-
binding sites for the two lithium cations (Liÿh3(N1,C1,C2),
2.069(5) �).


An unusual and interesting solvation of the alkaline earth
ions was observed when 18 was dissolved in isooctane in the
presence of aromatic hydrocarbons. This event is shown by
the formation of 22 ± 25, in which THF, which completes the
coordination sphere of barium in 18, was replaced by an arene
ring. Complexes 22 ± 25 have been isolated in a crystalline
form and can be recrystallized from n-hexane. The exper-
imental procedure shows that aromatic hydrocarbons, when
used in a moderate excess, compete with THF to bind the
barium cation. In addition, the chemical shift of the aromatic
ring protons are significantly affected by the binding of
barium, and no exchange was observed between the bound
and the free aromatic hydrocarbon. Such stability and kinetic
inertness is surprising for an arene-barium complex. A rare
example has been reported in the literature, in which toluene
is h6-bonded to barium (Baÿ(h6-C7H8), 3.121 �).[23]


We give a full report on the structures of 22 and 23 in the
text, while data for the analogous structures of 24 and 25 are
are available from the Cambridge Crystallographic Data
Centre (see Experimental Section). The structures of 22 and
23 (Figures 9 and 10 respectively) are similar to that of 18, in


Figure 9. Ball-and-stick representation of complex 22 (hydrogens omitted
for clarity). Letter A denotes the following symmetry operation: x,ÿy,ÿz.
Only the molecule which includes Ba1 and Ba2 is shown.


which two THF molecules have been replaced by an arene
ring, namely durene (22) and naphthalene (23). The ligand
maintains the 1,3-alternate conformation, and the structural
parameters which identify the h5 :h1 bonding mode of Ba to the
porphyrinogen are close to those in 18 (22 : Baÿh5(Pyr)av,
2.870(4); Baÿh3(Pyr)av, 2.900(4); Baÿh1(Pyr), 2.838(8) �. 23 :
Baÿh5(Pyr)av, 2.849(6); Baÿh3(Pyr)av, 2.877(6); Baÿh1(Pyr),
2.818(7) �). The reciprocal position of the two Ba ions is
slightly affected, the Ba ± Ba mean distance is 3.709(1) � in 22
and 3.694(1) � in 23 and the out-of-N4-plane values move to
�1.855(2) � and �1.847(1) � in 22 and 23, respectively. The
two arene rings in 22 and 23 are h6-bonded to the metal with
an average distance of 3.068(7) and 3.077(7) �, respectively.
The structures of 24 and 25 differentiate from those of 22 and
23 in that one barium is perfectly h6-bonded to the arene ring
(3.068(3), 3.086(5) �), while the other is not able to bind the
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Figure 10. Ball-and-stick representation of complex 23 (hydrogens omit-
ted for clarity). Letter A refers to the following symmetry transformation:
ÿx, y, ÿzÿ 1/2.


arene ring regularly which allows only weak h2 or h3 bonds(h2


for C6H6, h3 for C7H8).
Due to the solubility of complexes of alkaline earth ions


and porphyrinogen in hydrocarbons, a close relationship
between the solid-state and solution structures can be found
for these complexes. The 1H NMR spectra indicate that the
D2d structure in the solid-state is retained in solution. The
room-temperature 1H NMR spectra of 14 ± 16 in toluene show
a doublet of quartets and a single triplet for the meso-ethyl
groups. Coalescence which relates to the ethyl groups is not
achieved in any of those complexes at a temperature lower
than 110 8C. The calcium derivative 14 is near to the
coalescence close to this temperature, and, as expected, its
value increases with the increasing size of the metal ion. The
1H NMR spectrum of 18, which is quite similar to those of 14 ±
16, is not particularly affected by the replacement of the two
THF molecules by an arene ring in 22 ± 25. The 1H NMR
spectra have a similar pattern discussed for complexes 14 ± 16.


Conclusion


This is a unique report on a macrocyclic ligand acting as p


binding cavity for alkali and alkaline earth ions. In addition, it
has been shown how general and relevant the p binding mode
of aromatic groups can be to alkali and alkaline earth
ions.[1, 4±6] The solid-state structures have been correlated with
those in solution by using 1H NMR spectroscopy. This type of
structural relationship is almost neglected in the case of
complexes of Group 1 and 2 metal ions.


Experimental Section


General Procedure : All operations were carried out under an atmosphere
of purified nitrogen. All solvents were purified by standard methods and
freshly distilled prior to use. NMR spectra were recorded on a DPX-400
Bruker instrument. Elemental analyses were performed on an
EA 1110 CHN elemental analyzer by CE Instruments. The synthesis of 1


was performed as reported in the literature.[8a] The preparation of active
Ca, Sr, and Ba metals was performed as reported in the literature.[19]


Synthesis of 2 : A catalytic amount of MeSO3H (4 mL) was added slowly to
a stirred solution of pyrrole (50 mL, 0.72 mol) and 5-nonanone (125 mL,
0.72 mol). The solution was heated under reflux for 4 h. The white solid
precipitate was collected, washed with absolute ethanol (3� 200 mL), dried
in vacuo, and stored under nitrogen (89.5 g, 65.0 %). 1H NMR (400 MHz,
[D6]benzene, 25 8C, TMS): d� 7.09 (br s, 4 H; NH), 6.00 (d, J(H,H)�
2.4 Hz, 8H; C4H2N), 1.88 (m, 16 H; CH2), 1.5 ± 1.2 (m, 32 H; CH2), 0.93 (t,
24H, J(H,H)� 7.32 Hz, CH3); elemental analysis calcd (%) for C52H84N4


(765.2): C 81.62, H 11.06, N 7.32; found C 81.87, H 11.13, N 7.35.


Synthesis of 3 : A catalytic amount of MeSO3H (1 mL) was added to a
solution of dibenzylketone (21.0 g, 0.1 mol) and pyrrole (7 mL, 0.1 mol) in
MeOH (300 mL). The reaction mixture was refluxed for 12 h. A white
precipitate was collected, washed with acetone (2� 25 mL) and dried in
vacuo (8 g, 32 %). Crystals suitable for X-ray diffraction were grown in a
mixture of THF/n-hexane. 1H NMR (CD2Cl2, 400 MHz, [D2]dichloro-
methane, 25 8C, TMS): d� 7.20 (m, 24 H; ArH), 6.90 (m, 16 H; ArH), 6.27
(br s, 4H; NH), 5.65 (d, J(H,H)� 2.4 Hz, 8H; C4H2N), 2.90 (q, J(H,H)�
12.7 Hz, 16H; CH2); elemental analysis calcd (%) for C76H68N4 (1037.4): C
87.99, H 6.61, N 5.40; found C 87.13, H 7.17, N 5.41.


Synthesis of 4 : MeSO3H (5 mL) was added slowly to a solution of
cyclopentanone (100 mL, 1.25 mol) and pyrrole (87 mL, 1.25 mol) in EtOH
(800 mL). The reaction mixture was refluxed for 3 h. The white solid
precipitate was collected, washed with EtOH (4� 100 mL), and dried in
vacuo (110 g, 66 %). Crystals suitable for X-ray diffraction were grown in a
mixture of THF/n-hexane. 1H NMR (400 MHz, [D2]dichloromethane,
25 8C, TMS): d� 7.10 (br s, 4 H; NH), 5.89 (d, J(H,H)� 2.9 Hz, 8H; C4H2N),
2.04 (m, 16 H; CH2), 1.71 (m, 16H; CH2); elemental analysis calcd (%) for
C36H44N4 (532.8): C 81.16, H 8.32, N 10.52; found C 80.93, H 8.38, N 10.54.


Synthesis of 5 : Potassium (26.6 g, 0.68 mol) and naphthalene (43.6 g,
0.340 mol) were added to a solution of 1 (92 g, 0.17 mol) in THF (800 mL)
at room temperature. The reaction mixture was heated under reflux for
several days. Once the reaction was completed, a white solid dried in vacuo
(99 g, 84%). 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.20 (s, 8H;
C4H2N), 1.67 (q, J(H,H)� 7.34 Hz, 16 H; CH2), 0.38 (t, J(H,H)� 7.34 Hz,
24H; CH3); 1H NMR ([D5]pyridine, 400 MHz, 298 K, TMS): d� 5.54 (s,
8H; C4H2N), 1.82 (q, J(H,H)� 7.34 Hz, 16H; CH2), 0.53 (t, J(H,H)�
7.34 Hz, 24H; CH3); elemental analysis calcd (%) for C36H48K4N4 (693.2):
C 62.38, H 6.98, N 8.08; found C 62.52, H 6.62, N 8.11.


Synthesis of 6 : Rubidium (0.93 g, 10.9 mmol) and naphthalene (0.7 g,
5.45 mol) were added to a solution of 1 (1.47 g, 2.72 mmol) in THF
(100 mL) at room temperature. The reaction mixture was heated under
reflux for several days. Once the rubidium was eliminated, the white
precipitate was collected and dried in vacuo (1.7 g, 71 %). 1H NMR
(400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.17 (s, 8H; C4H2N), 1.63 (q,
J(H,H)� 7.34 Hz, 16 H; CH2), 0.34 (t, J(H,H)� 7.34 Hz, 24 H; CH3);
1H NMR (400 MHz, [D5]pyridine, 25 8C, TMS): d� 6.25 (s, 8 H; C4H2N),
2.56 (dq, Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz, 4 H; CH2), 2.44 (dq,
Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz, 4 H; CH2), 2.28 (dq, Jgem(H,H)�
13.2 Hz, Jvic(H,H)� 7.34 Hz, 4H; CH2), 2.1 (dq, Jgem(H,H)� 13.2 Hz,
Jvic(H,H)� 7.34 Hz, 4H; CH2), 1.04 (t, J(H,H)� 7.34 Hz, 12H; CH3), 0.84
(t, J(H.H)� 7.34 Hz, 12H; CH3); 1H NMR (400 MHz, [D5]pyridine, 87 8C,
TMS): d� 5.74 (s, 8 H; C4H2N), 2.26 (q, J(H,H)� 7.34 Hz, 16H; CH2), 0.34
(t, J(H,H)� 7.34 Hz, 24 H; CH3); elemental analysis calcd (%) for
C36H48N4Rb4 (878.7): C 49.21, H 5.51, N 6.38; found C 49.34, H 5.67, N 6.47.


Synthesis of 7: Cesium (0.98 g, 7.39 mmol) and naphthalene (0.47 g,
3.7 mmol) were added to a solution of 1 (1.0 g, 1.85 mmol) in THF
(100 mL) at room temperature. The reaction mixture was heated under
reflux overnight. The white precipitate was collected and dried in vacuo
(1.6 g, 81%). 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.17 (s,
8H; C4H2N), 1.63 (q, J(H,H)� 7.34 Hz, 16H; CH2), 0.34 (t, J(H,H)�
7.34 Hz, 24H; CH3); 1H NMR (400 MHz, [D5]pyridine, 25 8C, TMS): d�
6.19 (s, 8H; C4H2N), 2.42 (dq, Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz,
4H; CH2), 2.36 (dq, Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz, 4H; CH2),
2.22 (dq, Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz, 4 H; CH2), 2.05 (dq,
Jgem(H,H)� 13.2 Hz, Jvic(H,H)� 7.34 Hz, 4 H; CH2), 1.12 (t, J(H,H)�
7.34 Hz, 12H; CH3), 0.87 (t, J(H,H)� 7.34 Hz, 12H; CH3); 1H NMR
(400 MHz, [D5]pyridine, 87 8C, TMS): d� 5.83 (s, 8 H; C4H2N), 2.15 (br s,
16H; CH2), 0.28 (t, J(H,H)� 7.34 Hz, 24 H; CH3); elemental analysis calcd
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(%) for C36H48Cs4N4 (1068.4): C 40.47, H 4.53, N 5.24; found C 40.78, H
4.62, N 5.37; X-ray analysis was performed on the solvated form of 7, which
was recrystallized from diglyme, [7 (Digly)2].


Synthesis of 8 : Rubidium (0.5 g, 5.85 mmol) and naphthalene (0.37 g,
2.92 mmol) were added to a solution of 4 (0.78 g, 1.46 mmol) in THF
(100 mL) at room temperature. The reaction mixture was heated under
reflux overnight. The white precipitate was collected and dried in vacuo
(1.1 g, 86%). 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.15 (s,
8H; C4H2N), 1.91 (t, J(H,H)� 6.85 Hz, 16 H; CH2), 1.38 (t, J(H,H)�
6.85 Hz, 16 H; CH2); elemental analysis calcd (%) for C36H40N4Rb4


(870.6): C 49.67, H 4.63, N 6.43; found C 49.60, H 4.52, N 6.12.


Synthesis of 9 : Cesium (1.0 g, 8.28 mmol) and naphthalene (0.53 g,
4.14 mmol) were added to a solution of 4 (1.1 g, 2.07 mmol) in THF
(100 mL) at room temperature. The reaction mixture was heated under
reflux overnight. A white precipitate was collected and dried in vacuo
(1.7 g, 77%). 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.05 (s,
8H; C4H2N), 2.07 (t, J(H,H)� 6.85 Hz, 16H; CH2), 1.39 (t, J(H,H)�
6.85 Hz, 16H; CH2); elemental analysis calcd (%) for C36H40Cs4N4


(1060.3) C 40.78, H 3.80, N 5.28; found C 40.83, H 3.91, N 5.02.


Synthesis of 10 : Potassium (2.64 g, 68.0 mmol) and naphthalene (4.33 g,
34.0 mmol) were to a solution of 2 (12.9 g, 17.0 mmol) in THF (300 mL)
added at room temperature. The reaction mixture was heated under reflux
for several days. Once the potassium was eliminated, a white solid was
collected and dried in vacuo (13.8 g, 72 %). 1H NMR (200 MHz,
[D6]DMSO, 25 8C, TMS): d� 5.14 (s, 8H; C4H2N), 3.55 (m, 16H; THF),
1.75 (m, 16H; THF), 1.68 (m, 16H; CH2), 0.98 (m, 16 H; CH2), 0.81 (m,
16H; CH2), 0.68 (t, J(H,H)� 7.34 Hz, 24 H; CH3); elemental analysis calcd
(%) for C52H80K4N4 ´ 4THF(1206.0): C 67.72, H 9.36, N 4.65; found C 68.39,
H 9.35, N 4.76. The X-ray analysis was performed on the DME solvated
form of 10 (10 ´ 3DME).


Synthesis of 11: Rubidium (0.89 g, 10.44 mmol) and naphthalene (0.67 g,
5.2 mmol) were added to a solution of 2 (2.0 g, 2.61 mmol) in THF
(100 mL) at room temperature. The reaction mixture was heated under
reflux for 12 h. A white precipitate was collected and dried in vacuo (2.5 g,
69%). 1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.11 (s, 8H;
C4H2N), 3.55 (m, 16H; THF), 1.71 (m, 16H; THF), 1.61 (m, 16 H; CH2),
0.95 ( m, 16H; CH2), 0.83( m, 16H; CH2), 0.64 (t, J(H,H)� 7.34 Hz, 24H;
CH3); elemental analysis calcd (%) for C52H80N4Rb4 ´ 4 THF (1391.5): C
58.69, H 8.11, N 4.03; found C 58.09, H 7.85, N 4.26.


Synthesis of 12 : Cesium (1.39 g, 10.44 mmol) and naphthalene (0.67 g,
5.22 mmol) were added to a solution of 2 (2.0 g, 2.61 mmol) in THF
(100 mL) at room temperature. The reaction mixture was refluxed
overnight. A white solid was collected and dried in vacuo (2.8 g, 68%).
1H NMR (400 MHz, [D6]DMSO, 25 8C, TMS): d� 5.12 (s, 8H; C4H2N), 3.55
(m, 16H; THF), 1.71 (m, 16 H; THF), 1.62 (m, 16 H; CH2), 1.0 ( m, 16H;
CH2 overlapping with m, 16H; CH2), 0.68 (t, J(H,H)� 7.34 Hz, 24 H; CH3);
elemental analysis calcd (%) for C52H80Cs4N4 ´ 4THF (1.581.3): C 51.65, H
7.14, N 3.54; found C 51.18, H 6.97, N 3.69.


Synthesis of 13 : Potassium (2.64 g, 68.0 mmol) and naphthalene (4.33 g,
34.0 mmol) were added to a solution of 3 (12.9 g, 17.0 mmol) in THF
(300 mL) at room temperature. The reaction mixture was heated under
reflux for several days. Once the potassium was eliminated, a white solid
was collected and dried in vacuo (13.8 g, 61 %). 1H NMR (400 MHz,
[D8]THF, 25 8C, TMS): d� 7.12 (m, 16 H; ArH), 6.96 (br s, 8H; ArH), 6.84
(m, 16H; ArH), 5.89 (s, 8 H; C4H2N), 3.58 (m, 8H; THF), 3.08 (br s, 8H;
CH2), 3.03 (br s, 8 H; CH2), 1.58 (m, 8H; THF); elemental analysis calcd
(%) for , C76H64K4N4 ´ 2 THF (1333.9): C 75.63, H 6.05, N 4.20; found C
76.04, H 6.12, N 4.25; X-ray analysis was performed on two differently
solvated forms: 13a� [13(thf)5] ´ THF and 13b� [13][K(Digly)3]2.


Synthesis of 14 : A suspension of active calcium[19] (27.7 mmol) in THF
(300 mL) was added to a solution of 1 (7.03 g, 13.0 mmol) in THF (200 mL),
and the reaction mixture was stirred for 1 h at room temperature. The white
suspension, which formed rapidly, was stirred for 2 h, and then the solvent
was evaporated to dryness. The solid residue was extracted with benzene
(250 mL), and the solution was evaporated to dryness. The residue was
triturated with n-hexane (200 mL) to give a white solid that was collected
and dried in vacuo (8.55 g, 72.6 %). Crystals of 14 suitable for X-ray analysis
were grown in a mixture of THF/n-hexane and contain a THF molecule of
crystallization. 1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d� 6.11 (s,
8H; C4H2N), 3.45 (m, 16H; THF), 2.14 (dq, Jgem(H,H)� 14.2 Hz,


Jvic(H,H)� 7.34 Hz, 8 H; CH2), 2.2 (dq, Jgem(H,H)� 14.2 Hz, Jvic(H,H)�
7.34 Hz, 8 H; CH2), 1.29 (m, 16H; THF), 0.85 (t, J(H,H)� 7.32 Hz, 24H;
CH3); elemental analysis calcd (%) for C52H80N4Ca2O4 (905.4): C 68.98, H
8.91, N 6.19; found C 68.44, H 8.82, N 6.11.


Synthesis of 15 : Compound 1 (7.6 g, 14.1 mmol) was added to a suspension
of active strontium (28.2 mmol) in THF (300 mL). The reaction mixture
was stirred for 5 h at room temperature. The solvent was evaporated to
dryness. The solid residue was extracted with benzene (250 mL), and the
solution was evaporated to dryness. n-Hexane (200 mL) was added and
gave rise to a white solid that was collected and dried in vacuo (10.23 g,
72.5 %). Crystals suitable for X-ray analysis were grown in a mixture of
THF/n-hexane and contain one THF of crystallization. 1H NMR (400 MHz,
[D8]toluene, 25 8C, TMS): d� 6.07 (s, 8 H; C4H2N), 3.45 (m, 16H; THF),
2.21 (dq, Jgem(H,H)� 14.2 Hz, Jvic(H,H)� 7.34 Hz, 8H; CH2), 2.0 (dq,
Jgem(H,H)� 14.2 Hz, Jvic(H,H)� 7.34 Hz, 8H; CH2), 1.29 (m, 16H; THF),
0.9 (t, J(H,H)� 7.32 Hz, 24H; CH3); elemental analysis calcd for
C52H80N4O4Sr2 (1000.5): C 62.43, H 8.06, N 5.60; found C 62.53, H 8.12,
N 6.01.


Synthesis of 16 : Compound 1 (2.93 g, 5.4 mmol) was added to a suspension
of active barium (10.8 mmol) in THF (300 mL), and the reaction mixture
was stirred overnight at room temperature. The solvent was evaporated to
dryness, the solid residue was extracted with benzene (100 mL), and the
resulting solution was evaporated to dryness. The residue was triturated
with n-hexane (80 mL) to give a white solid that was collected and dried in
vacuo (3.93 g, 66 %). 1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d�
5.88 (s, 8 H; C4H2N), 3.76 (m, 16H; THF), 2.12 (dq, Jgem(H,H)� 14.2 Hz,
Jvic(H,H)� 7.34 Hz, 8 H; CH2), 1.73 (dq, Jgem(H,H)� 14.2 Hz, Jvic(H,H)�
7.34 Hz, 8 H; CH2), 1.44 (m, 16H; THF), 0.83 (t, J(H,H)� 7.34 Hz, 24H;
CH3); elemental analysis calcd (%) for C52H80Ba2N4O4 (1099.9): C 56.79, H
7.33, N 5.09; found C 56.36, H 7.12, N 4.88.


Synthesis of 17: A suspension of active calcium (26.0 mmol) in THF
(300 mL) was added to a solution of 2 (10 g, 13.0 mmol) in THF (200 mL),
and the reaction mixture was stirred for 12 h at room temperature. The
solvent was evaporated to dryness and benzene (250 mL) was added.
Undissolved NaI was filtered off. The solution was evaporated to dryness,
and n-pentane (100 mL) was added to give a white solid that was collected
and dried in vacuo (9.35 g, 64%). 1H NMR (400 MHz, [D8]toluene, 25 8C,
TMS): d� 6.11 (s, 8H; C4H2N), 3.93 (m, 16 H; THF), 2.25 (ddd,
Jgem(H,H)� 13.2 Hz, Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8 H; CH2),
1.93 (ddd, Jgem(H,H)� 13.2 Hz, Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz,
8H; CH2), 1.6 ± 1.5 (m, 24 H; CH2), 1.32 (m, 16 H; THF), 1.19 (m, 8H; CH2),
1.04 (t, J(H,H)� 7.34 Hz, 24 H; CH3); elemental analysis calcd for
C68H112Ca2N4O4 (1129.8): C 72.29, H 9.99, N 4.96; found C 72.54, H 9.69,
N 4.87.


Synthesis of 18, 24, and 25 : A suspension of active barium (36.0 mmol) in
THF (300 mL) was added to a solution of 2 (13.8 g, 18.0 mmol) in THF
(200 mL), and the reaction mixture was stirred for 12 h at room temper-
ature. The solvent was evaporated to dryness, and benzene (250 mL) was
added. Undissolved NaI was filtered off. The solution was evaporated to
dryness, and n-pentane (100 mL) was added to give a white solid, which was
collected and dried in vacuo (15.6 g, 65 %). Crystals suitable for X-ray
analysis were obtained from hot isooctane.


Compound 18 : 1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d� 5.92 (s,
8H; C4H2N), 3.54 (m, 16H; THF), 2.20 (ddd, Jgem(H,H)� 13.2 Hz,
Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8 H; CH2), 1.73(ddd,
Jgem(H,H)� 13.2 Hz, Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8 H; CH2),
1.5 ± 1.3 (m, 16 H; THF � m, 24H; CH2), 1.16 (m, 8 H; CH2), 1.33 (m, 16H;
THF), 1.03 (t, J(H,H)� 7.34 Hz, 24 H; CH3); elemental analysis calcd (%)
for C68H112Ba2N4O4 (1324.3): C 61.67, H 8.52, N 4.23; found C 61.48, H 8.63,
N 4.10.


Compound 25 : Compound 18 was heated under reflux in benzene to
produce 25, a white crystalline solid; elemental analysis calcd (%) for
C64H92Ba2N4 (1192.1): C 64.48, H 7.78, N 4.70; found C 64.37, H 7.63, N 4.55.
Crystals suitable for X-ray analysis contained two molecules of benzene of
crystallization.


Compound 24 : Compound 18 was heated under reflux in toluene gave
crystals suitable for X-ray analysis which corresponded to compound 24 ;
elemental analysis calcd (%) for 24, C66H96Ba2N4 (1220.1): C 64.97, H 7.93,
N 4.59; found C 64.63, H 8.12, N 4.23. The crystals used for the X-ray
analysis contained two moles of C7H8 as crystallization solvent.
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Synthesis of 19 : A solution of [Et8N4Li4(thf)4] (3.22 g, 3.8 mmol) and 14
(3.44 g, 3.8 mmol) in THF (300 mL) was heated under reflux for 24 h. The
solution was evaporated to dryness and the white residue was triturated
with n-hexane to give a white solid, which was collected and dried in vacuo
(2.76 g, 85.0 %). Crystals suitable for X-ray analysis were grown in a
mixture of THF/n-hexane. 1H NMR (400 MHz, [D6]benzene, 25 8C, TMS):
d� 6.18 (s, 8H; C4H2N), 3.44 (m, 16H; THF), 2.06 (q, J(H,H)� 7.32 Hz,
8H; CH2), 2.00 (q, J(H,H)� 7.32 Hz, 8H; CH2), 1.34 (m, 16 H; THF), 1.00
(t, J(H,H)� 7.32 Hz, 12 H; CH3), 0.94 (t, J(H,H)� 7.32 Hz, 12 H; CH3);
elemental analysis calcd (%) for C52H80N4CaLi2O4 (879.2): calcd C 71.04, H
9.17, N 6.37; found C 71.07, H 9.01, N 6.90.


Synthesis of 20 : A solution of [Et8N4Li4(thf)4] (4.0 g, 4.69 mmol) and 15
(4.69 g, 4.69 mmol) in THF (300 mL) was heated under reflux for 24 h. The
solution was evaporated to dryness and the white residue was triturated
with n-hexane to give a white solid, which was collected and dried in vacuo
(6.2 g, 71 %). 1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d� 6.13 (s,
8H; C4H2N), 3.25 (m, 16H; THF), 2.20 (q, J(H,H)� 7.32 Hz, 8 H; CH2),
2.06 (q, J(H,H)� 7.32 Hz, 8H; CH2), 1.31 (m, 16H; THF), 1.07 (t, J(H,H)�
7.32 Hz, 12H; CH3), 0.97 (t, J(H,H)� 7.32 Hz, 12H; CH3); elemental
analysis calcd (%) for C52H80Li2N4O4Sr (926.7): C 67.39, H 8.70, N 6.05;
found C 67.56, H 9.0, N 5.88.


Synthesis of 21: A solution of [Et8N4Li4(thf)4] (3.5 g, 3.8 mmol) and 16
(4.52 g, 4.11 mmol) in THF (300 mL) was heated under reflux for 24 h. The
solution was evaporated to dryness and the white residue was triturated
with n-hexane to give a white solid, which was collected and dried in vacuo
(5.12 g, 69.0 %). 1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d� 6.00 (s,
8H; C4H2N), 3.25 (m, 16H; THF), 2.12 (q, J(H,H)� 7.32 Hz, 8 H; CH2),
1.92 (q, J(H,H)� 7.32 Hz, 8H; CH2), 1.32 (m, 16H; THF), 1.11 (t, J(H,H)�
7.32 Hz, 12H; CH3), 0.87 (t, J(H,H)� 7.32 Hz, 12H; CH3); elemental
analysis calcd (%) for C52H80BaLi2N4O4 (976.4): C 63.96, H 8.26, N 5.74;
found C 63.54, H 7.95, N 5.35.


Synthesis of 22 : A solution of 18 (3.0 g, 2.26 mmol) and durene (1.2 g,
9.0 mmol) was heated under reflux for 24 h in isooctane. After cooling, a
white crystalline solid precipitated was collected and dried in vacuo (1.2 g,
41%). Crystals suitable for X-ray diffraction were obtained from isooctane.
1H NMR (400 MHz, [D8]toluene, 25 8C, TMS): d� 6.85 (s, 4H; ArH), 5.85
(s, 8H; C4H2N), 2.15 (ddd, Jgem(H,H)� 13.2 Hz, Jvic1(H,H)� 12.2 Hz,
Jvic2(H,H)� 3.9 Hz, 8 H; CH2), 2.11 (s, 24 H; CH3), 1.69 (ddd, Jgem(H,H)�
13.2 Hz, Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8H; CH2), 1.55 ± 1.3 (m,
24H; CH2), 1.01 (m, 8 H; CH2), 1.04 (t, J(H,H)� 7.32 Hz, 24 H; CH3);
elemental analysis calcd (%) for C72H108Ba2N4 (1304.3): C 66.3, H 8.35, N
4.30; found C 66.18, H 8.12, N 4.06.


Synthesis of 23 : A solution of 18 (5.0 g, 3.77 mmol) and naphthalene (1.9 g,
15.1 mmol) was heated under reflux in isooctane for 24 h. After cooling, a
white crystalline precipitate was collected and dried in vacuo (2.9 g, 59%).
Crystals suitable for X-ray analysis were obtained from n-hexane. 1H NMR
(400 MHz, [D6]benzene, 25 8C, TMS): d� 7.71 (m, 8H; ArH), 7.17 (m, 8H;
ArH), 5.98 (s, 8H; C4H2N), 2.26 (ddd, Jgem(H,H)� 13.2 Hz, Jvic1(H,H)�
12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8H; CH2), 1.78 (ddd, Jgem(H,H)� 13.2 Hz,
Jvic1(H,H)� 12.2 Hz, Jvic2(H,H)� 3.9 Hz, 8 H; CH2), 1.42 (m, 24H; CH2),
1.22 (m, 8H; CH2), 1.04 (t, J(H,H)� 7.32 Hz, 24H; CH3); elemental
analysis calcd (%) for C72H96Ba2N4 (1292.2) : C 66.92, H 7.49, N 4.34; found
C 66.98, H 7.81, N 4.14.


X-ray crystallography : Suitable crystals of compounds 7, 10, 14, 15, 18, 19,
22, and 23 were mounted in glass capillaries and sealed under nitrogen.
Crystallographic data is listed in Table 3. Data for complexes 15, 18, 22, and
23 were collected at 143 K on a mar 345 imaging plate detector and reduced
with marHKL release 1.9.1.[24] Diffraction data for compounds 7, 10, 14, and
19 were collected at 143 K on a KUMA diffractometer, which has k
geometry, equipped with a CCD area detector and reduced with CrysAlis
RED release 1.6.3.[25] No absorption corrections were made for any of the
data sets. Structure solutions were determined with SIR97.[26] All structures
were refined using the full-matrix least-squares on F 2 with all non-H atoms
anisotropically defined. The H atoms were placed in calculated positions by
using the ªriding modelº with Uiso� a�Ueq(C) (where a is 1.5 for methyl
hydrogens and 1.2 for other hydrogens, while C is the parent carbon atom).
All structures (except 19) were problematic to refine and the strategies we
used to work them out are listed belew.


The external cesium ions and solvent molecules of compound 7 were
disordered. For example, although CS3 lies on a m symmetry site; its


occupancy factor was forced to be 1�4. Cs4 was split in two positions, A and
B, over a mm2 symmetry site; this forced their overall occupancy factors
[A� 0.145(2), B� 0.106(2)] to be equal to 1�4 (by means of the SUMP
instruction). These problems that concerned the cesiums also affected the
solvent molecules, which were retained as isotropic and geometrically
restrained and for which it was not possible to locate all the atoms.
Hydrogens belonging to such molecules were not included in the model.


Compound 10 showed disorder that involved terminal atoms of the n-butyl
chains of the ligand (atoms C32, C35, C36, C44, and C52). It was possible, in
this case, to find two different sites, A and B, in which their occupancy
factors could be constrained to 1 by means of the PART instruction
(occupancy factors for site A: C32 (0.77(1)), C35 and C36 (0.76(2)), C44
(0.62(1)), C52 (0.81(1)). These disordered parts of the structure model
required geometric and rigid-body restraints to obtain acceptable thermal
and geometrical parameters.


The problems encountered in compounds 14 and 15 refer to the external
THF molecule which was disordered; this was complicated by symmetry.
No hydrogens belonging to the disordered THF molecule were included in
the model, and some geometrical restrains were applied.


In the case of complex 18, the atoms showed very high vibrational motion
and rigid body and geometric restraints were used for the alkyl chains and
THF ligands (Uiso for Hs was fixed to 0.08 �2).


In the case of complex 22, XPREP[27] clearly indicated an orthorhombic C
lattice type, but the examination of systematic absence exceptions showed
only the presence of a 21 axis, while the mean jE2ÿ 1 j was 1.102. Therefore,
the suggested space group was accepted (C2221). In the final stages of
refinement, some rigid body and geometric restraints were applied to some
alkyl chains. For one atom (C54), we were able to determine two spatial
positions, A and B, (occupancy factor for site A� 0.61(2)) and include them
into the model (Uiso for Hs was fixed to 0.08 �2).


Extreme disorder affected the naphthalene ring in complex 23, because the
arene can adopt two dispositions which maintain the six-membered ring
linked to barium in the same place (occupancy factor for disposition A�
0.52(1)). Geometric constraints and restraints were applied by using
AFIX 116 and DFIX instructions in order to find reasonable parameters.
Some other geometric restraints were applied to alkyl chains and hydro-
gens were not included into the model.Structure refinement, molecular
graphics, and geometric calculations were carried out on all structures with
the SHELXTL software package, release 5.1.[28] 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-150075 (7), CCDC-150076 (10),
CCDC-152180 (13 a), CCDC-152181 (13b), CCDC-112148 (14), CCDC-
150077 (15), CCDC-150078 (18), CCDC-112149 (19), CCDC-150079 (22),
CCDC-150080 (23), CCDC-152182 (24), and CCDC-152183 (25). 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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Pt-Tetraethynylethene Molecular Scaffolding: Synthesis and Characterization
of a Novel Class of Organometallic Molecular Rods
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Abstract: The series of monodisperse
Pt-bridged TEE oligomers 3 a ± f was
prepared by oxidative Glaser ± Hay oli-
gomerization of monomer 7 under end-
capping conditions. These novel molec-
ular rods extend in length from 3.3 nm
(monomeric 3 a) to 12.1 nm (hexameric
3 f). Their isolation was achieved by high
performance gel permeation chroma-
tography (GPC), and their purification
was best monitored by analytical GPC in
combination with matrix-assisted laser-
desorption-ionization mass spectrome-
try (MALDI-TOF MS). The mass spec-
tra of each oligomer revealed the mo-


lecular ion or its sodium complex as
parent ion together with a clean, highly
characteristic fragmentation pattern.
Delayed addition of the end-capping
reagent PhC�CH to the oligomerization
mixture afforded polymer 10 with an
average of �32 repeat units and a
remarkably narrow molecular weight
distribution (Mw/Mn� 1.06), which is


indicative of a living polymerization
process. UV/Vis spectral data as well as
measurements of the second hyperpo-
larizability g by third harmonic gener-
ation (THG) revealed a nearly complete
lack of p-electron delocalization along
the oligomeric backbone. The Pt atoms
act as true insulating centers, and the
PtÿC(sp) bonds hardly possess any p


character. The synthesis of the molec-
ular rods 3 a ± f provides another dem-
onstration of the power of oxidative
acetylenic homocouplings for the prep-
aration of unusual nanoarchitecture.


Keywords: gel-permeation chroma-
tography ´ MALDI-TOF mass spec-
trometry ´ molecular wires ´ non-
linear optics ´ platinum


Introduction


Monodisperse, soluble oligomers are well established model
compounds for linearly p-conjugated polymers, and their
systematic study has enabled the elaboration of useful,
predictive structure ± property relationships.[1±4] Whereas
most of these remarkable molecular architectures feature
linear backbones made from carbon atoms, organic ± inor-
ganic hybrid oligomers and polymers with backbones consist-
ing of metal s-bis(acetylide) repeat units[5±7] have also
attracted attention as compounds with promising nonlinear
optical properties. In particular, platinum(ii)-bridged poly-
ynes[8, 9] have been widely studied for third-order nonlinear
optical effects.[10, 11]


We have previously shown that tetraethynylethene (TEE,
3,4-diethynylhex-3-ene-1,5-diyne) derivatives[12, 13] act as effi-
cient h1-ligands and form mono- and dinuclear platinum(ii)


complexes such as 1 a ± c and 2.[14] X-ray crystal structure data
of 1 a and 1 b revealed coplanarity of the TEE moieties, and
indicated possible electronic delocalization across the metal
center. This notion was further supported by the electronic
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absorption spectra which were dominated by strong metal-to-
ligand charge-transfer (MLCT) bands. These observations
stimulated our interest in the preparation of a series of Pt-
bridged tetraethynylethene oligomers to explore their opto-
electronic properties and to determine the rod length at which
saturation of these properties occurs. Similar investigations
have been extensively conducted over the past years with
series of poly(triacetylene) (PTA) oligomers containing p-
conjugated all-carbon backbones made from TEE or (E)-1,2-
diethynylethene (DEE, (E)-hex-3-ene-1,5-diyne) repeat
units.[15]


Here, we describe the synthesis of a novel series of Pt-
bridged TEE oligomers 3 a ± f (Figure 1) with the hexameric
3 f with the unprecedented lengthÐfor monodisperse rods
with metal-acetylenic backbonesÐof 12.1 nm,[16] and we also
examine their optical and nonlinear optical properties.[17±19]


Figure 1. Platinum(ii)-bridged TEE oligomers. The lengths calculated by
the AM1 semiempirical method[16] include the end-capping phenyl rings.


Results and Discussion


Synthesis : In an initial approach, we planned to prepare
platinum(ii)-bridged oligomers 4 (Scheme 1) by coupling
trans-bis-deprotected TEE 5[12] with the dinuclear complex 6


Scheme 1. Attempted preparation of oligomers 4. a) trans-[PtCl2(PEt3)2]
(3 equiv), CuI (2 mol %), (iPr)2NH, 20 8C, 24 h, 25 %; b) CuI, (iPr)2NH,
20 8C, 20 h.


under end-capping conditions, using the variant of the
Hagihara coupling[8] described by Ziessel and co-workers.[9]


For that purpose, 5 was transformed with trans-[PtCl2(PEt3)2]
(3 equiv) in the presence of CuI (catalytic amount) and
(iPr)2NH as base into the dinuclear complex 6 which was
isolated in 25 % yield. This yield could not be improved by
variation of the catalyst, reaction temperature, or the nature
of the base. All subsequent attempts to couple 5 with 6 in the
presence of phenylacetylene, however, failed to give isolable
oligomers. Similarly, modified stepwise approaches towards
the construction of 4 remained unsuccessful.


We subsequently turned to the preparation of the oligo-
meric series 3 a ± f which we hoped to achieve by oxidative
coupling[20] of the extended monomer 7 under end-capping
conditions. For this purpose, monodeprotected TEE 8[21] was
transformed by Hagihara coupling into the platinum(ii) s-
bis(acetylide) complex 9 (52 %) which was converted in
quantitative yield into 7 by selective removal of the Me3Si
protecting groups (Scheme 2). The trans-geometry of complex
9 was unambiguously revealed by a X-ray crystal structure,
which, however, was too disordered to provide accurate bond-
length and bond-angle information.[22]


The subsequent oxidative oligomerization under end-cap-
ping conditions was investigated under various conditions. It
was rapidly becoming clear that the Glaser ± Hay protocol[23]


was superior to the Eglinton ± Glaser procedure[24] to achieve
the desired conversion. The conditions (concentration of
reagent and catalyst, solvent, temperature, time of addition of
the end-capping reagent) were systematically varied and
optimized for both yield and ease of isolation of the individual
oligomers. Finally, two sets of conditions were applied to
obtain the six oligomers in the amount required for subse-
quent physical study (Scheme 2). For the preparation of the
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Scheme 2. Preparation of the extended monomer 7 and oligomerization to
give 3 a ± f : a) trans-[PtCl2(PEt3)2], CuI, (iPr)2NH, THF, 20 8C, 45 h, 52%;
b) 1n NaOH, wet THF, MeOH, 20 8C, 3 h; quant; c) CuCl, N,N,N',N'-
tetramethylethylenediamine (TMEDA), PhC�CH (added immediately),
CH2Cl2, molecular sieves (4 �), air, 20 8C, 90 min, 56 % (3 a), 9% (3b), 4%
(3c); d) CuCl, TMEDA, PhC�CH (added after 10 min), 1,2-dichloroben-
zene, molecular sieves (4 �), air, 80 8C, 1 h, 17 % (3a), 12 % (3 b), 20%
(3c), 13% (3 d), 4% (3e), 1 % (3 f).


smaller rods 3 a ± c (variant A) the oxidative coupling was
performed at 20 8C in CH2Cl2, with two equivalents of end-
capping reagent directly added at the beginning of the
reaction. In contrast, the coupling for the entire series of
oligomers 3 a ± f (variant B) was best conducted in 1,2-
dichlorobenzene at 80 8C with the end-capping reagent added
only 10 min after the initiation of the reaction. The higher
temperature as well as the 10 min delay in the addition of
PhC�CH were crucial for the formation of the higher
oligomers in isolable yields. The increase in temperature
accelerates the oligomerization, and in the initial absence of
end-capping reagent, this favors the formation of longer rods.
When the end-capping agent is added after a longer period of
time (20 min), longer-chain polymers are mainly formed and
isolated (see below).


For the optimization of the reaction conditions, the
oligomerizations were conveniently monitored by analytical
gel permeation chromatography (GPC, two G2500HHR
columns from TosoHaas connected in series; eluent: THF).
Figure 2 shows the chromatogram of the mixture of oligomers
3 a ± f obtained by variant B as described above. Whereas the
smaller rods all give resolved peaks, hexameric 3 f was only
detected as a shoulder of the peak assigned to pentameric 3 e.
Matrix-assisted laser-desorption-ionization mass spectrome-
try [MALDI-TOF-MS; matrix: 2',4',6'-trihydroxyacetophe-
none (THA)/ammonium citrate (AHC)] revealed that the
shoulder fraction not only contained hexameric 3 f but also
higher oligomers up to the undecamer.


The separation of the smaller rods 3 a ± c obtained by
oligomerization variant A was conveniently achieved by
gravity GPC on polystyrene ± divinylbenzene copolymer
beads (Bio-Beads S-X1 and S-X3 from Bio-Rad, eluent:
CH2Cl2 or PhMe). However, the isolation and purification of
the larger oligomers 3 d ± f from the product mixture obtained
by variant B reached the performance limits of currently
available analytical and preparative GPC. By analytical GPC
(two G2500HHR columns from TosoHaas connected in
series), the retention times of pentameric 3 e (11.60 min)


Figure 2. Analytical GPC traces of the oligomeric product mixture 3a ± f
obtained by Glaser ± Hay oligomerization of 7 in 1,2-dichlorobenzene at
80 8C with addition of PhC�CH after 10 min and a total reaction time of
1 h. Two G2500HHR columns from TosoHaas connected in series, eluent:
THF, T� 40 8C, UV/Vis detection at l� 430 nm. Monomeric 3 a appears at
the highest retention time (13.74 min), hexameric 3 f at the lowest retention
time (11.59 min) buried under a shoulder to the peak at 11.60 min for
pentameric 3 e, together with nonseparable higher oligomers up to the
undecamer (MALDI-TOF MS).


and hexameric 3 f (11.59 min) were extremely close (Fig-
ure 2). The separation was finally achieved by a multi-step
protocol which involved i) separation of the smaller rods 3a ± c
by gravity GPC as described above and ii) high-performance
GPC on two GROM-SDV-Gel 1000 columns connected in
series, using up to 80 separation cycles (for the isolation of 3 f)
and PhMe as the eluent.


Addition of the end-capping reagent after 20 min to the
Hay oligomerization mixture in 1,2-dichlorobenzene at 80 8C,
the longer-chain polymer 10 was obtained in 62 % yield
(Scheme 3). Lower molecular weight components were re-
moved by GPC and red-colored 10 was isolated as an air-
stable polydisperse compound which only decomposed above
250 8C and was readily soluble in CHCl3, CH2Cl2, PhMe, and
even hexane.


Characterization of oligomers 3 a ± f and polymer 10 : The new
organometallic rods were characterized by single symmetrical
peaks in the analytical GP chromatograms and by IR, UV/Vis,
and NMR (1H, 13C, 31P) spectroscopy, as well as MALDI-TOF
mass spectrometry. The latter technique was particularly
useful to establish purity and monodispersity of the oligomers.
Either the protonated molecular ion [M�H]� (3 a ± c, in THA/
AHC) or the [M�Na]� ion (3 d ± f, in 3-(3-indolyl)acrylic acid
(IAA), Figure 3) appeared as the parent ion in the spectra of
all oligomers. Characteristic fragmentation patterns were
observed as illustrated in Figure 4 for the smaller rods 3a ± c.







FULL PAPER F. Diederich et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1336 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61336


In the spectrum of monomeric
3 a, the molecular ion 1504
[M�H]� (100 %) was accompa-
nied by an intense fragment ion
at m/z 967 (75 %), formed by
loss of one end-capped TEE
from the Pt center. In the
spectrum of dimeric 3 b
([M�H]�� 2806, 100 %), the
same intense fragment ion


(m/z 966, 95 %) was accompanied by a second one (m/z
2269, 30 %) resulting also from cleavage at a Pt center. In the
spectrum of 3 c ([M�H]�� 4106, 100 %), three fragment ions


resulting from similar cleavage patterns were observed at m/z
967 (95 %), 2268 (18 %), and 3570 (13 %). Similar cleavage
patterns were also observed in the spectra of the higher
oligomers 3 d ± f. The intensity of these fragmentation patterns
can be modulated by the choice of matrix and desorption-
ionization conditions.


Similar to polymer 10, oligomers 3 a ± f were readily soluble
in CH2Cl2, CHCl3, PhMe, or hexane. They are highly stable
both in solution and in the solid state, and storage over
12 months at room temperature under ambient atmosphere
did not lead to any noticeable decomposition. Decomposition
only starts a few degrees below their melting points which are
quite high (e.g. 207 8C for 3 a and 234 ± 238 8C for 3 f).


The amount of structural information gained from the
1H NMR spectra (CDCl3) was quite limited owing to signal
overlap. A characteristic quintet-like multiplet around d�
1.90 ± 2.25 was observed for the CH2 protons of the phosphane
ligands, and results from a complex coupling pattern with
{195Pt,1H}, {31P,1H} and {1H,1H} couplings.[25, 26] In the 13C NMR
spectra (CDCl3) of the shorter rods 3 a ± c, all resonances of
the vinylic carbon atoms between d� 128 and 133 were
resolved, whereas the acetylenic resonances already over-
lapped at the stage of trimeric 3 c, which showed 18 out of the
theoretically expected 26 resonances. The spectra of the
higher oligomers revealed little information due to severe
overlap of the resonances. The 1H- and 13C-broadband-
decoupled 31P NMR spectrum (CDCl3) of monomeric 3 a
displayed one resonance at d� 12.44 (1J(195Pt,31P)�
2340 Hz).[27] Correspondingly, two resonances were observed
in the spectra of 3 b [d� 12.44 (1J(195Pt,31P)� 2334 Hz) and
12.93 (1J(195Pt,31P)� 2326 Hz)] and 3 c [d� 12.31
(1J(195Pt,31P)� 2342 Hz) and 12.94 (1J(195Pt,31P)� 2326 Hz)].
For tetrameric 3 d, the two expected 31P NMR resonances
were still clearly discernable [d� 12.54 (1J(195Pt,31P)�
2322 Hz) and 13.58 (1J(195Pt,31P) �2324 Hz)]. However, an
increase in the broadening of the peaksÐpossibly owing to


Scheme 3. Synthesis of polymer 10 : a) CuCl, TMEDA, molecular sieves (4 �), 1,2-dichlorobenzene, air, end-
capping reagent added after 20 min, 80 8C, 2 h, 62%.


Figure 3. MALDI-TOF mass spectra (matrix: IAA) of oligomers 3 d ± f.


Figure 4. Fragmentation observed in the MALDI-TOF mass spectra
(matrix: THA/AHC) of the shorter oligomer 3 a ± c.
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long-range couplingsÐoccurred and prevented spectral inter-
pretation for the next higher oligomer. Owing to the small
quantities of isolated hexameric 3 f and the lack of informa-
tion obtained from the various NMR spectra as a result of
severe peak overlap, no NMR spectra were recorded for the
longest representative of this series of molecular rods.


Polymer 10 was characterized by IR and 1H NMR spectro-
scopies, which indicated the absence of residual free terminal
alkyne moieties, in agreement with exhaustive end-capping.
Analytical GPC on a PL-Gel column (a styrene ± divinyl-
benzene copolymer; THF, 45 8C), with polystyrene standards
and laser light-scattering detection, afforded a number-
average molecular weight (Mn) of 40 100 (number-average
degree of polymerization Xn� 31) and a weight-average
molecular weight (Mw) of 42 400 (weight-average degree of
polymerization Xw� 33).[28] Thus, polymer 10 is characterized
by a very narrow molecular weight distribution (polydisper-
sity) Mw/Mn� 1.06. Such narrow molecular weight distribu-
tions are characteristic for ªliving polymerizationsº,[29] and
this result is in agreement with the current mechanistic
understanding of Cu-catalyzed oxidative alkyne homocou-
pling reactions.[20]


Linear and nonlinear optical properties : The electronic
absorption spectra of the Pt-TEE hybrid oligomers 3 a ± f in
CH2Cl2 are shown in Figure 5. They reveal a strong metal-to-
ligand charge-transfer band,[14, 26, 30] with high molar extinction
coefficients, and they dominate the longer-wavelength spec-
tral region. Both the maximum of this band and the spectral
end-adsorption shift only slightly to longer wavelengths up to
the tetramer, after which saturation of the electronic proper-
ties occurs. Thus, lMLCT moves from 436 nm (in monomeric
3 a) to 442 nm (in pentameric 3 e) and remains exactly at this
wavelength in hexameric 3 f.[31] In the series of TEE-based
oligomers 11 a ± e[15a,b] much larger bathochromic changes of
the position of the longest wavelength absorption maxima
(lmax) and the end-absorption were observed with oligomeric
length. Thus, this maximum appeared at 479 nm in 11 a and
shifted to 514 nm in pentameric 11 e. These data are a strong
indication that, despite efficient MLCT, electronic conjuga-
tion along the entire backbone in the Pt-bridged TEE
oligomers 3 a ± f is quite limited.


The similarity of the UV/Vis spectra of all oligomers 3 d ± f
strongly suggests that throughout the series similar confor-
mations (s-trans orientation of neighboring TEE C�C double
bonds with respect to the C�CÐPtÐC�C fragments) and
configurations (trans-geometry at the Pt centers and in the
individual TEE moieties) are maintained.


Figure 5. Electronic absorption spectra of A) the lower oligomer 3a ± c
and B) the higher oligomers 3d ± f recorded at 20 8C in CH2Cl2.


In agreement with inefficient p-electron conjugation along
the linear backbone, the UV/Vis spectrum of polymer 10 in
CH2Cl2 closely resembles the monodisperse oligomers, with
lMLCT appearing at 446 nm.


Measurements of the second hyperpolarizability g in CHCl3


by third-harmonic generation (THG)[32] further corroborated
these results (Table 1). None of the compounds investigated
showed an electronic absorption at the third-harmonic
frequency 3w (636 nm), and thus their g values are not
resonantly enhanced.


The second hyperpolarizability g increases linearly with the
number n of monomeric repeat units in the molecular rods. In
contrast, most oligomers with a linear p-conjugated backbone
show a power law increase of the second hyperpolarizability
gana[15e,f, 33, 34] below the effective conjugation length where
saturation occurs. THG measurements of the TEE-based
oligomer series 11 a ± c[34a] showed a superlinear growth of the
second hyperpolarizability versus oligomeric length (Table 1),
in contrast to the linear increase observed for the Pt-TEE
oligomers 3 a ± c. The Pt centers in 3 a ± c and 10 clearly exert
an insulating effect, and we conclude that PtÿC(sp) bonds in
these compounds are pure s-bonds similar to the bonds in
alkyl platinum compounds.[35]
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Conclusion


The synthesis of the monodisperse Pt-bridged TEE oligomers
3 a ± f, up to a length of 12.1 nm, provides another example of
spectacular molecular architecture accessible by oxidative
acetylenic coupling. An increase in oligomeric length beyond
hexameric 3 f is actually not limited by the coupling method as
shown by the successful preparation of polymer 10 containing
an average of �32 repeat units and a remarkably narrow
molecular weight distribution (Mw/Mn� 1.06). Rather, the
separation of even longer monodisperse rods from the
mixture obtained by end-capping oligomerization of 7 is
currently limited by the performance of analytical and
preparative GPC. It should be pointed out, however, that
progress in the development of these important techniques is
extensive and rapid. During the early stages of the doctoral
thesis which includes the presented work,[36] oligomer sepa-
ration was only possible up to the stage of trimeric 3 c but
towards the end of the work, new highly efficient GPC
columns became available which enabled oligomer separation
up to the stage of hexameric 3 f. Besides GPC, MALDI-TOF-
MS has been a key technique in this project. Because the
signal overlap in the 1H and 13C NMR spectra increases with
extended oligomeric length and the concomitant loss of
structural information, the measurement of the molecular ion
(or its sodium complex) as the parent ion together with the
observation of a clean and highly characteristic fragmentation
pattern have been invaluable for the characterization of the
organometallic molecular rods 3 a ± f. On the other hand, the
optical and nonlinear optical properties of these compounds
clearly show that these compounds lack any characteristics of
molecular wires. The Pt atoms are true insulating centers since
the PtÿC(sp) bonds hardly possess any p-character, thereby
localizing p-electron conjugation to the dimeric TEE repeat
units.


Experimental Section


Materials and general methods : Reagents and solvents were purchased
reagent-grade from Aldrich or Fluka and used without further purification.
Compounds 5[12] and 8[21] were prepared as described in the literature. THF
and Et2O were distilled from sodium/benzophenone. CH2Cl2, CHCl3, and
1,2-dichlorobenzene were distilled over CaH2. Anhydrous MgSO4 was used


as the drying agent after aqueous workup. Evaporation and concentration
in vacuo were carried out at water aspirator pressure. Flash chromatog-
raphy (FC): SiO2-H (40 ± 50 mm) or SiO2-60 (40 ± 63 mm) from Fluka. Thin-
layer chromatography (TLC) was carried out on DURASIL G/UV254 glass
plates from Macherey ± Nagel with visualization by UV light or dipping
into a potassium permanganate solution and subsequent heating with a
heat gun. Melting points (m.p.) were determined on a Büchi SB-540
apparatus and are uncorrected. UV/Vis spectra (e [l molÿ1 cmÿ1]) were
recorded on a Varian-Cary-5 spectrophotometer at 293 K. Infrared spectra
[cmÿ1] were obtained on a Perkin ± Elmer 1600 FTIR spectrometer. NMR
spectra (1H, 13C, 31P, 195Pt) were recorded on a Bruker AMX 500 and Varian
Gemini 300 or 200 at 293 K, with solvent peak (1H, 13C) or Na2PtCl6 (195Pt)
as reference. 31P NMR spectra were measured with 1H- and 13C-broadband
decoupling, 13C NMR spectra with 1H-broadband decoupling. All NMR
spectra were recorded in CDCl3 unless noted otherwise. Chemical shifts (d)
are reported in parts per million (ppm). Signal multiplicities: s (singlet), d
(doublet), t (triplet), q (quartet), quin (quintet), m (multiplet), ms, md,
mquint (higher-order multiplets with singlet, doublet, or quintet-type
structure). EI-MS spectra were acquired on a VG-Tribrid spectrometer
measured at 70 eV. FAB-MS spectra were recorded on a VG-ZAB-2SEQ
spectrometer utilizing m-nitrobenzyl alcohol (3-NOBA) as the matrix.
MALDI-TOF-MS spectra were obtained using a Bruker Reflex instrument
with 3-(indol-3-yl)acrylic acid (IAA) or 2',4',6'-trihydroxyacetophenone
(THA)/ammonium hydrogen citrate (AHC) as matrices; linear positive-
ion mode at �15 and 20 kV, respectively. Elemental analyses were carried
out by the Mikrolabor in the Laboratorium für Organische Chemie at ETH
Zürich.


Analytical GPC : Two TosoHaas TSKgel G2500HHR (5 mm) columns or
one Shodex CG KF-802.5 and one Shodex GPC KF-803L column were
connected in series. Instrumentation used was as follows (all Merck ± Hi-
tachi): HPLC pump L-7100; column oven L-7360; UV detector L-7400 and
chromato-integrator D-2500.


Preparative GPC : Lower oligomers 3a ± c and polymer 10 were separated
on a glass-column (5� 180 cm) filled with Bio-Rad Bio-Beads S-X1 or
S-X3 beads. The UV/Vis detector was from Knauer and all chromatograms
were recorded at ambient temperature with a variable detection wave-
length ranging from l� 300 ± 600 nm. The solvent used was PhMe or
CH2Cl2 (technical grade, distilled prior to use) at 20 8C with a flow rate of
approximately 10 drops minÿ1 operated with gravity. The styrene/divinyl-
benzene-copolymer gel was allowed to swell for 24 h prior to use in
approximately the seven-fold volume of solvent. Separation of higher
oligomers 3d ± f was obtained by high-performance GPC with two GROM-
SDV-Gel 1000 columns from GROM Analytik und HPLC GmbH
connected in series and PhMe as the eluent, using the Merck ± Hitachi
instrumentation described above. The columns were first equilibrated with
THF (24 h, flow rate 0.5 mL minÿ1) then with PhMe using a THF/PhMe
concentration gradient by increasing the PhMe content by 2 % per min, the
flow rate was 0.5 mL minÿ1. The oligomeric mixture (c� 1 ± 2.5 mg mLÿ1)
was dissolved in PhMe (2 ± 4 mL) and the solution filtered before injection.
Fractions of 2 mL were taken (UV detection at 430 nm) and subjected to
analytical GPC. The number of separation cycles required to reach
monodispersity was 30 (3d), 45 (3e), and 80 (3 f).


Analytical GPC for oligomeric mass determination : Analytical GPC for
oligomeric mass determination was carried out on a Knauer GP chromato-
graph with a KMX-6-LAALS (Low Angle Laser Light Scattering) detector
from Chromatix. Data sampling and evaluation were carried out with
TriSEC GPC-Software Version 2.7. Column PL-Gel mixed-C5 from
Polymer Laboratories (7.5� 600 mm) was used with calibration by poly-
styrene standards from Polymer Laboratories. The eluent was THF and the
flow rate was 1 mL minÿ1.


Third-harmonic generation measurements : The laser source was a pulsed
Nd/YAG laser (l� 1.064 mm, 10 Hz repetition rate, pulse duration of 5 ns)
which was used to pump a H2 gas Raman cell and yielded a frequency
shifted wavelength of l� 1.907 mm. The s-polarized beam was focused onto
the sample with a f� 500 mm lens. Third-harmonic generation measure-
ments were performed by rotating the 1 mm thick fused silica cuvette with
the solution parallel to the polarization to generate well known Maker-
fringe interference patterns. The Maker-fringe patterns were analyzed in a
manner similar to that described in the literature.[37] All measurements
were calibrated against fused silica c�3�fs � 1.6� 10ÿ22 m2 Vÿ2 (1.1�
10ÿ14 esu).[38] A comparison of measurements of fused silica in vacuum


Table 1. Second hyperpolarizabilities g (ÿ3w, w,w,w) of oligomers 3a ± c, polymer
10 and, for comparison, oligomers 11a ± c in CHCl3. The THG experiments were
performed at the fundamental wavelength of l� 1907 nm.[a]


Compound n e3w g g g/n g/n
[mÿ1 cmÿ1] [10ÿ36 esu] [10ÿ48 m5 Vÿ2] [10ÿ36 esu] [10ÿ48 m5 Vÿ2]


3a 1 0 200 2.8 200 2.8
3b 2 0 450 6.3 220 3.1
3c 3 0 660 9.2 220 3.1


10 � 32 0 7400 103 230 3.2
11a 1 0 102 1.43 102 1.43
11b 2 0 430 6.0 215 3.0
11c 3 0 1070 15 357 5.0


[a] Reference c �3�fs � 1.6�10ÿ22 m2 Vÿ2 (1.1� 10ÿ14 esu) experimental error 10 %; n�
number of monomeric repeat units in the molecular rods.
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and air allowed all subsequent measurements to be performed in air. CHCl3


solutions with initial concentrations of 0.5 to 1.5 weight percent were
prepared and later diluted to four lower concentrations. From the
concentration series, the molecular second hyperpolarizability of the solute
molecules was elucidated.


Molecular modeling of the oligomeric rods : Molecular structures were
constructed and energy-minimized using the force field Esff within the
molecular modeling package Insight II.[39] X-ray crystallographic data[14]


provided constraints for the orientation of the Si(iPr)3 and PEt3 groups. The
force field calculations were stopped when energy changes between
minimization steps were below 0.5 kcal molÿ1. The structures were sub-
sequently refined using the AM1 method as implemented in the program
SPARTAN Version 5.0,[16] providing the oligomeric lengths given in
Figure 1.


trans-(m-{(E)-3,4-Bis[(triisopropylsilyl)ethynyl]hex-3-ene-1,5-diyne-1,6-
diyl})-dichlorotetrakis(triethylphosphane)diplatinum(ii) (6): trans-[PtCl2-
(PEt3)2] (344 mg, 0.684 mmol), CuI (1 mg, 5 mmol), and (iPr)2NH
(0.5 mL) were added to 5 (100 mg, 0.229 mmol) in dry THF (5 mL) in a
Schlenk apparatus (50 mL), and the red-brown mixture was stirred for 24 h
at 20 8C under Ar in the dark. Filtration over silica gel and evaporation in
vacuo of the solvent gave a dark-brown, highly viscous oil which was
purified by FC (silica gel, hexane/CH2Cl2 1:1) to provide 6 (80 mg, 25%) as
a dark-yellow solid. M.p. 197 8C; 1H NMR (300 MHz): d� 2.12 ± 1.84 (m,
24H), 1.20 ± 0.93 (m, 78H); 31P NMR (121.5 MHz): d� 15.25
(1J(195Pt,31P)� 2395 Hz); IR (CHCl3): nÄ � 2944 (m), 2922 (w), 2867 (m),
2355 (s), 2333 (s), 2100 (m), 2078 (m), 672 (m), 661 (m); FAB-MS: m/z (%):
1373.5 (10), 1372.5 (22), 1371.5 (36), 1370.5 (60), 1369.5 (81), 1368.5 (100),
1367.5 (98), 1366.5 (84), 1365.5 (47), 1364.5 (19) [M]� .


trans-Bis{(Z)-3,4-bis[(triisopropylsilyl)ethynyl]-6-(trimethylsilyl)hex-3-
ene-1,5-diynyl}bis(triethylphosphane)platinum(ii) (9): A solution of 8
(295 mg, 0.580 mmol), trans-[PtCl2(PEt3)2] (145 mg, 2.89 mmol), CuI
(1.0 mg, 0.005 mmol), and (iPr)2NH in degassed dry THF (5 mL) was
stirred in a Schlenk apparatus (20 mL) for 45 h at 20 8C in the dark. Workup
in the dark involved filtration of the mixture over silica gel and evaporation
in vacuo, and yielded a highly viscous dark-brown oil. FC (silica gel,
hexane/CH2Cl2 2:1) and recrystallization (CH2Cl2/MeCN 2:1) afforded 9
(217 mg, 52 %) as lemon-yellow needles. M.p.> 250 8C (decomp); 1H NMR
(500 MHz): d� 2.04 ± 1.98 (m, 12H), 1.13 ± 1.05 (m, 102 H), 0.16 (s, 18H);
13C NMR (125.8 MHz): d� 128.40, 121.95, 110.15, 110.11, 106.07, 105.92,
103.75, 101.02, 98.75, 97.25, 18.74, 16.48, 11.40, 8.30, ÿ0.16; 31P NMR
(202.5 MHz): d� 12.55 (1J(195Pt, 31P)� 2346 Hz); 195Pt NMR (107.5 MHz):
d�ÿ4705.6 (t, 1J(195Pt,31P)� 2345 Hz); IR (CHCl3): nÄ � 3018 (m), 2963
(w), 2863 (w), 2364 (s), 2065 (m), 1600 (w); UV/Vis (CHCl3): lmax (e)� 397
(41 700), 298 (sh, 19700), 285 (20 300); FAB-MS: m/z (%): 1447 [M]� ;
C74H132Si6P2Pt ´ 2CH2Cl2 (1617.29): calcd (%) for: C 56.44, H 8.48; found: C
56.23, H 8.86.


trans-Bis{(Z)-4-ethynyl-6-(triisopropylsilyl)-3-[(triisopropylsilyl)ethynyl]-
hex-3-ene-1,5-diynyl}bis(triethylphosphane)platinum(ii) (7): NaOH (1n,
5 mL) was added to 8 (210 mg, 0.145 mmol) in wet THF (10 mL) and
MeOH (50 mL), and the mixture was stirred in the dark for 3 h at 20 8C.
Workup in the dark involved filtration over silica gel and evaporation in
vacuo to give 7 (189 mg, quant. yield) as a dark-yellow, unstable solid which
was used without further purification. 1H NMR (200 MHz): d� 2.13 ± 1.93
(m, 12H), 1.15 ± 1.00 (m, 102 H); 31P NMR (121.5 MHz): d� 12.38
(1J(195Pt,31P)� 2346 Hz).


Glaser ± Hay oligomerization of 7: Variant A: Compound 7 (189 mg,
0.145 mmol) and PhC�CH (32 mL, 0.284 mmol) were dissolved in CH2Cl2


with molecular sieves (4 �). A solution of Hay catalyst (prepared by
stirring CuCl (16 mg, 162 mmol) and TMEDA (0.7 mL) in CH2Cl2 (5 mL)
for 30 min at 20 8C under a stream of O2) was added, and the mixture was
stirred in the air for 11 h and turned brownish-yellow. Additional PhC�CH
(32 mL, 0.284 mmol) was added, and stirring was continued for 1 h until
TLC (silica gel, CH2Cl2/hexane 2:1) and analytical GPC indicated
completion of the reaction. CH2Cl2 (100 mL) was added, and the
suspension was extracted with saturated aqueous NH4Cl solution (2� )
and saturated aqueous NaCl solution (1� ). Filtration over silica gel and
evaporation in vacuo yielded a highly viscous, orange-colored oil which,
according to TLC (silica gel, CH2Cl2/hexane 2:1) contained four products
with Rf values of 0.63 (3 c), 0.70 (3b), 0.75 (3a), and 0.87 (1,4-diphenylbuta-
1,3-diyne). Analytical GPC (eluent: THF) on two G2500HHR columns


connected in sequence gave retention times of 13.95 min (3 a), 12.76 min
(3b), and 12.20 min (3 c). GPC (eluent: PhMe) on Bio-Beads S-X1 afforded
yellow 3 a (123 mg, 56%) and orange-colored 3 b (19 mg, 9 %), while GPC
(eluent: PhMe) on Bio-Beads S-X3 provided pure light-red 3 c (7 mg, 4%).


Variant B: Compound 7 (261 mg, 0.200 mmol) was dissolved in 1,2-
dichlorobenzene (8.12 mL) with molecular sieves (4 �), and the mixture
was heated to 80 8C. Hay-catalyst (prepared by stirring CuCl (22.0 mg,
0.223 mmol) and TMEDA (99 mL) in 1,2-dichlorobenzene (4.06 mL) for
30 min at 20 8C under a stream of O2) was added and, after stirring for
10 min at 80 8C, PhC�CH (176 mL, 1.56 mmol) was added. Stirring was
continued for 50 min at 80 8C, then PhMe (100 mL) was added and the
mixture was extracted with saturated aqueous NH4Cl solution (2� 50 mL)
and saturated aqueous NaCl solution (50 mL). Filtration over silica gel and
evaporation gave a red-brown precipitate (291 mg) which was purified first
by GPC (PhMe) on Bio-Beads S-X1 to give 3a (51 mg, 17%) and 3b
(34 mg, 12%), then on Bio-Beads S-X3 to give 3c (55 mg, 20 %). Analytical
GPC (two G2500HHR columns connected in series, eluent: THF) showed
the higher oligomers at retention times of 11.84 min (3 d), 11.60 min (3e),
and 11.59 min (3 f). High-performance GPC on two GROM-SDV-Gel 1000
columns (2� 60 cm; eluent: PhMe) using multiple separation cycles gave
pure 3d (35 mg, 13%), 3 e (10 mg, 4%), and 3 f (1 mg, 1 %).


trans-Bis{(Z)-8-phenyl-3,4-bis[(triisopropylsilyl)ethynyl]oct-3-ene-1,5,7-
triynyl}bis(triethylphosphane)platinum(ii) (3a): M.p.> 207 8C (decomp
>195 8C); 1H NMR (200 MHz): d� 7.55 ± 7.46 (m, 4 H), 7.41 ± 7.31 (m,
6H), 2.23 ± 1.91 (mquint , 12H), 1.25 ± 1.05 (m, 102 H); 13C NMR (50.3 MHz):
d� 132.41, 132.31, 129.01, 128.60, 128.50, 122.47, 106.06, 104.09, 99.55, 98.22,
84.06, 81.34, 80.26, 75.08, 18.72, 16.42, 11.23, 8.20; 31P NMR (121.5 MHz):
d� 12.44 (1J(195Pt,31P)� 2340 Hz); IR (CHCl3): nÄ � 2944 (m), 2867 (m),
2356 (w), 2077 (s), 1600 (m), 1467 (m), 678 (m); UV/Vis (CHCl3): lmax (e)�
436 (58 800), 406 (sh, 49 400), 305 (sh, 36900), 294 (41 900), 278 (38 700);
MALDI-TOF-MS (THA/AHC): m/z (%): 1526 (30) [M�Na]� , 1504 (100)
[M�H]� , 967 (75) [MÿC36H47Si2]� ; C84H124Si4P2Pt (1503.27): calcd (%)
for: C 67.12, H 8.31; found: C 67.08, H 8.45.


trans,trans-Bis{(Z)-8-phenyl-3,4-bis[(triisopropylsilyl)ethynyl]oct-3-ene-
1,5,7-triynyl}[m-((Z,Z)-dodeca-3,9-diene-1,5,7,11-tetrayne-1,12-diyl)]tetra-
kis(triethylphosphane)diplatinum(ii) (3b): M.p.> 213 8C (decomp
>203 8C); 1H NMR (500 MHz): d� 7.49 ± 7.44 (m, 4 H), 7.36 ± 7.29 (m,
6H), 2.19 ± 1.98 (m, 24 H), 1.16 ± 1.05 (m, 204 H); 13C NMR (125.8 MHz):
d� 132.31, 132.23, 128.91, 128.52, 128.41, 125.20, 124.63, 122.43, 109.24,
106.09, 105.95, 104.08, 99.53, 99.49, 99.47, 98.75, 98.34, 98.13, 98.07, 84.06,
81.42, 81.16, 80.25, 75.11, 18.95 ± 18.60 (m), 16.75 ± 16.20 (m), 11.55 ± 11.30
(m), 8.55 ± 8.20 (2 m); 31P NMR (121.5 MHz): d� 12.93 (1J(195Pt,31P)�
2326 Hz), 12.44 (1J(195Pt,31P)� 2334 Hz); IR (CHCl3): nÄ � 2944 (m), 2867
(m), 2067 (s), 1600 (s), 1467 (m); UV/Vis (CHCl3): lmax (e)� 434 (84 100),
416 (sh, 78800), 305 (sh, 57200), 294 (63 400), 278 (sh, 57 100); MALDI-
TOF-MS (THA/AHC): m/z (%): 2805 (100) [M�H]� , 2269 (30) [Mÿ
C36H47Si2]� , 966 (95) [MÿC104H161Si6P2Pt]� ; C152H238Si8P4Pt2 ´ 3C6H5CH3


(3080.77): calcd (%) for: C 67.45, H 8.57; found: C 67.57, H 8.75.


trans,trans,trans-Bis[m-((Z,Z)-dodeca-3,9-diene-1,5,7,11-tetrayne-1,12-
diyl]bis{(Z)-8-phenyl-3,4-bis[(triisopropylsilyl)ethynyl]oct-3-ene-1,5,7-
triynyl}hexakis(triethylphosphane)triplatinum(ii) (3 c): M.p. 217 ± 219 8C
(decomp >210 8C); 1H NMR (500 MHz): d� 7.49 ± 7.44 (m, 4H), 7.36 ±
7.29 (m, 6H), 2.18 ± 1.91 (m, 36H), 1.18 ± 1.03 (m, 306 H); 13C NMR
(125.8 MHz): d� 132.50, 132.31, 132.23, 128.92, 128.52, 128.41, 127.95,
125.13, 124.63, 122.41, 111.54, 111.04, 109.55, 109.24, 106.09, 104.08, 99.49,
98.73, 98.34, 98.29, 98.13, 84.05, 83.82, 81.45, 81.35, 80.22, 75.10, 18.91 ±
18.68 (m), 16.50 ± 16.36 (m), 11.51 ± 11.33 (m), 8.43 ± 8.27 (2m); 31P NMR
(121.5 MHz): d� 12.94 (1J(195Pt,31P)� 2326 Hz), 12.31 (1J(195Pt,31P)�
2342 Hz); IR (CHCl3): nÄ � 3022 (m), 2867 (w), 2067 (s), 1600 (s), 1467
(w); UV/Vis (CHCl3): lmax (e)� 485 (sh, 54000), 437 (93 300), 416 (sh,
86500), 305 (sh, 66200), 295 (72 300); MALDI-TOF-MS (THA/AHC): m/z
(%): 4106 (100) [M�H]� , 3570 (13) [MÿC36H47Si2]� , 2268 (18) [Mÿ
C104H161Si6P2Pt]� , 967 (95) [MÿC172H275Si10P4Pt2]� .


(Inclusion of large non-stoichiometric solvent amounts prevented accurate
elemental analyses of 3c ± f).


trans,trans,trans,trans-Bis{(Z)-8-phenyl-3,4-bis[(triisopropylsilyl)ethynyl]-
oct-3-ene-1,5,7-triynyl}octakis(triethylphosphane)tris[m-((Z,Z)-dodeca-3,9-
diene-1,5,7,11-tetrayne-1,12-diyl]tetraplatinum(ii) (3d): M.p. 222 ± 225 8C
(decomp >218 8C); 1H NMR (500 MHz): d� 7.49 ± 7.42 (m, 4H), 7.38 ± 7.27
(m, 6H), 2.20 ± 1.95 (m, 48H), 1.17±1.05 (m, 408 H); 13C NMR (125.8 MHz):
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d� 132.32 (several quaternary C-atoms are lacking due to weakness of
resonances at small material quantities), 132.23, 128.47, 128.41, 110.42,
105.51, 103.99, 99.53, 84.08, 81.17, 18.85 ± 18.64 (m), 16.75 ± 16.07 (m),
11.74 ± 11.33 (m), 8.53 ± 7.99 (m); 31P NMR (162.0 MHz): d� 13.58
(1J(195Pt,31P) >2324 Hz), 12.54 (1J(195Pt,31P) �2322 Hz); IR (CHCl3): nÄ �
3033 (m), 2944 (w), 2867 (w), 2355 (s), 2339 (m), 2067 (m), 1600 (s), 1467
(w), 683 (m); UV/Vis (CHCl3): lmax (e)� 486 (sh, 65 200), 439 (106 500), 423
(sh, 101 200), 305 (sh, 75100), 294 (81 300); MALDI-TOF-MS (IAA): m/z
(%): 5430 (100) [M�Na]� , 5407 (81) [M�H]� , 4873 (10) [MÿC36H47Si2]� ,
3572 (38) [MÿC104H161Si6P2Pt]� , 2270 (95) [MÿC172H275Si10P4Pt2]� .


trans,trans,trans,trans,trans-Bis{(Z)-8-phenyl-3,4-bis[(triisopropylsilyl)-
ethynyl]oct-3-ene-1,5,7-triynyl}decakis(triethylphosphane)tetrakis[m-(Z,Z)-
dodeca-3,9-diene-1,5,7,11-tetrayne-1,12-diyl]pentaplatinum(ii) (3e): M.p.
228 ± 231 8C (decomp > 224 8C); 1H NMR (500 MHz): d� 7.49 ± 7.42 (m,
4H), 7.37 ± 7.29 (m, 6 H), 2.19 ± 1.98 (m, 60 H), 1.17 ± 1.05 (m, 510 H); IR
(CHCl3): nÄ � 3010 (w), 2867 (w), 2148 (w), 2067 (s), 1602 (s), 1467 (w), 996
(w), 917 (w), 850 (w), 699 (m), 682 (m); UV/Vis (CHCl3): lmax (e)� 486 (sh,
74300), 442 (113 600), 423 (105 900), 305 (sh, 77 300), 294 (81 400); MALDI-
TOF-MS (IAA): m/z (%): 6730 (100) [M�Na]� , 6708 (86) [M�H]� , 6171
(13) [MÿC36H47Si2]� , 4872 (23) [MÿC104H161Si6P2Pt]� , 3573 (33) [Mÿ
C172H275Si10P4Pt2]� , 2271 (85) [MÿC240H389Si14P6Pt3]� .


trans,trans,trans,trans,trans,trans-Bis{(Z)-8-phenyl-3,4-bis[(triisopropylsi-
lyl)ethynyl]-oct-3-ene-1,5,7-triynyl}dodecakis(triethylphosphane)penta-
kis[m-(Z,Z)-dodeca-3,9-diene-1,5,7,11-tetrayne-1,12-diyl]hexaplatinum(ii)
(3 f): M.p. 234 ± 238 8C (decomp > 230 8C); IR (CHCl3): nÄ � 3022 (w), 2944
(w), 2867 (w), 2355 (m), 2322 (w), 2067 (m), 1600 (s), 1467 (w), 1006 (w),
917 (w), 706 (m), 689 (m); UV/Vis (CHCl3): lmax (e)� 486 (sh, 75800), 442
(116 000), 423 (sh, 108 300), 305 (sh, 79 100), 294 (86 000); MALDI-TOF-
MS (IAA): m/z (%): 8032 (100) [M�Na]� , 808 (89) [M�H]� .


a,w-Bis[phenylethynyl]poly[trans-bis{(Z)-4-ethynyl-6-(triisopropylsilyl)-
3-[(triisopropylsilyl)ethynyl]hex-3-ene-1,5-diynyl}bis(triethylphosphane)-
platinum(ii)] (10): A mixture of 7 (100 mg, 77 mmol) and molecular sieves
(4 �) in 1,2-dichlorobenzene was heated to 80 8C. Under a stream of O2, a
solution of Hay catalyst (prepared by stirring CuCl (8.4 mg, 85 mmol) and
TMEDA (99 mL) in 1,2-dichlorobenzene (2 mL) under a stream of O2 for
30 min at 20 8C) was added. After stirring for 20 min at 80 8C, PhC�CH
(176 mL, 1.56 mmol) was added and the mixture stirred for 2 h at that
temperature. PhMe (50 mL) was added, and the mixture was extracted with
saturated aqueous NH4Cl solution (2� 25 mL) and saturated aqueous
NaCl solution (50 mL). Filtration over silica gel and evaporation gave a
red-brown precipitate which was purified by GPC (Bio-Beads S-X1, PhMe)
on Bio-Beads S-X1 to give 10 (62 mg, �62%) as a solid with traces of 1,4-
diphenylbuta-1,3-diyne which could not be removed even after three GPC
separations. 1H NMR (500 MHz): d� 7.49 ± 7.46 (m), 7.44 ± 7.27 (m), 2.14 ±
1.91 (br m), 1.35 ± 0.83 (br s); IR (CHCl3): nÄ � 3011 (w), 2944 (m), 2867 (m),
2356 (w), 2322 (w), 2067 (s), 1600 (s), 1489 (m), 1461 (m), 1183 (m), 1017
(w), 917 (w), 883 (w), 700 (s), 689 (s); UV/Vis (CHCl3): lmax (e) �489 (sh,
90100), 446 (127 300), 423 (105 900), 305 (sh, 77300), 294 (81 400).
(e calculated for polymer with 32 monomeric repeat units).
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Structural Rearrangements in Triple-Decker-Like Complexes with Mixed
Group 15/16 Ligands: Synthesis and Characterization of the Redox Couple
[Cp*2 Fe2As2Se2]/[Cp*2 Fe2As2Se2]� (Cp*�C5Me5)
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Abstract: The reaction of As4Se4 with
stoichiometric amounts of [Cp*2 Fe2-
(CO)4] (Cp*�C5Me5) in boiling toluene
forms [Cp*2 Fe2As2Se2] (1) in good yield.
X-ray crystallography shows 1 to have a
triple-decker structure which comprises
a tetraatomic m,h4:4-As2Se2 ligand. Den-
sity functional theory (DFT) and ex-
tended Hückel molecular orbital (EH-
MO) calculations confirm that the
As2Se2 ligand behaves as a four-electron
p donor. Oxidation of 1 with equimolar
amounts of [(C5H5)2Fe]PF6, Br2 and I2,
respectively, gave compounds 2 ± 4. Ac-
cording to X-ray crystallographic inves-
tigations that were carried out on 2 and


4, the oxidation state has a considerable
influence on the structure of the
Fe2As2Se2 core: significant shortening
of the FeÿFe distance (Dd(FeÿFe)>
0.3 �) and weakening of the AsÿAs
bond length ((Dd(AsÿAs)> 0.3 �) sug-
gests the formal presence of two di-
atomic AsSe ligands and a FeÿFe bond.
DFT and EHMO calculations confirm
that an electron is removed from an
occupied FeÿFe orbital of antibonding
character during oxidation. All molec-


ular orbitals lower their energies upon
oxidation, but the energy drop is rela-
tively small for those involving the
AsÿAs bond. An additional structural
feature in 4 consists of an electronic
interaction of the iodide with both As
atoms which suggests a formally neutral
ion pair. Electrochemical studies con-
firm that the oxidation of 1 is a rever-
sible one-electron process with E1/2�
�0.07 V (in THF). These studies also
reveal that 4 dissociates in polar sol-
vents, such as THF, into [1]� and Iÿ,
which is followed by transformation into
1 and I3.


Keywords: arsenic ´ iron ´ selenium
´ structure elucidation


Introduction


The chemistry of mixed ligands from Group 15/16 elements
represents a rapidly growing field, which ranges from
diatomic ligands, which are either unstable in the free state
or nonexistent, to polymers in natural and synthetic solids.
Anionic and neutral main group clusters lie between these
extremes and either serve as ligand precursors or are directly
incorporated into metal complexes.[1, 2] Suitable substrates for
small ligands are organometallic fragments which contain, for
example, cyclopentadienyl and/or CO ligands. It is interesting


to compare the structural and electronic properties of the
products obtained from complexes derived from pure
Group 15 (E)[3a±d] or Group 16 (X)[4a±f] elements with those
obtained from mixed EmXn ligands.


The incorporation of diatomic AsS ligands into organo-
metallic complexes has been realized by different meth-
ods.[5a±d] A related chemistry of AsSe ligands does not yet
exist, although selenoarsenates[6a±c] and mixed anionic cage
molecules[7a,b] have been employed for the synthesis of
extended structures or molecular ªmetal main group hybrid
clustersº.[8] Herein we report the reaction of amorphous
As4Se4 with [Cp*2 Fe2(CO)4] (Cp*�C5Me5). Structural and
reactivity studies of the resulting products reveal an unpre-
cedented rearrangement within the new Fe2As2Se2 core.


Results and Discussion


Synthesis and structure of [Cp*2 Fe2As2Se2] (1): The reaction of
As4Se4 with stoichiometric amounts of [Cp*2 Fe2(CO)4] in
boiling toluene gave rise to the green ± brown compound
[Cp*2 Fe2As2Se2] (1) in 85 % yield (Scheme 1 b). The character-
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Scheme 1. a) X�S: toluene, 110 8C; b) X� Se: toluene, 110 8C; c) 1/8 S8,
CH2Cl2, 20 8C.


ization of 1 is based on elemental analyses, mass spectrometry
and X-ray diffraction studies. The IR spectrum of 1 contains
absorption bands typical of the Cp* ligand. The 1H NMR
spectrum shows a sharp resonance for the methyl groups at
d� 1.45 and the 77Se NMR spectrum exhibits a singlet at d�
ÿ388.


A slightly different result was obtained some time ago in
the analogous reaction of [Cp*2 Fe2(CO)4] with As4S4 in which
both [Cp*2 Fe2As2S2] and [Cp*2 Fe2As2S3] were formed
(Scheme 1 a).[9a,b] The latter compound was formed in mod-
erate yield in a reaction of 1 with S8 at room temperature
(Scheme 1 c). [Cp*2 Fe2As2S3] was identified by its mass
spectrum, its typical violet color and its 1H NMR spectrum.
All the data were found to be identical with those of the
independently prepared compound.[9a,b] The trace product
[Cp*2 Fe2As2S2Se] was observed which may be derived for-
mally from [Cp*2 Fe2As2S3] by substitution of one S by one Se
atom.


The reactions presented in Scheme 1 a,b demonstrate a
slight but significant difference in the reaction behavior of the
As4S4 and As4Se4 starting materials. These differences are
more pronounced when the reactions are carried out in
toluene at 60 8C. The As4Se4 reaction proceeded more slowly
and produced the brown complex [Cp*2 Fe2(CO)4Se2][10] as the
only product after 14 days, whereas the related As4S4 reaction
gave a series of compounds which incorporated As-containing
ligands, for example, [Cp*(CO)2FeAs5S2], which contains the
mixed Zintl ion [As5S2]ÿ .[2, 9a,b, 11]


A crystal structure determination of 1 shows that its
molecular structure (Figure 1) is closely related to that of
[(C5Me4Et)2Fe2As2S2].[9a,b]


The main group elements form a trapezoid oriented in a
parallel manner with respect to the cyclopentadienyl rings of


Figure 1. Schakal plots of the molecular structure of 1.


the organometallic fragments, which bisects the Fe ± Fe axis,
thus forming a triple-decker-type structure (Figure 1, Table 1).


A structural key parameter is the AsÿAs separation which
is shorter in 1 (2.587(3) �) than in [(C5Me4Et)2Fe2As2S2]
(2.629(1) �). A similar trend has been found for the hypo-
thetically naked tetraatomic cisoid planar As2X2 molecules
(X� Se: 2.649 �, X� S: 2.682 �) by DFT/B3LYP geometry
optimizations.[12] The observed AsÿAs distances in both iron
complexes correspond to values reported for cage molecules
like P2As2S6 (2.509 �),[13] As4Se4 (2.567(9), 2.57(2) �),[14] b-
As4S4 (2.593(6) �)[15a±c] and diarsadisilabicyclo[1.1.0]butane
(2.602(3) �).[16] They are, however, longer than those ob-
served or calculated for planar or tetrahedral As4 units which
range from 2.44 to 2.51 �.[17] The AsÿSe bond lengths in 1
(mean 2.281(3) �) may have some partial double-bond
character like the cyclic anions [As2Se6]2ÿ and [As3Se6]3ÿ, in
which exocyclic AsÿSe bond lengths are between 2.276(2) and
2.296(4) � as compared to 2.398(3) ± 2.424(3) � for endocy-
clic AsÿSe.[18a±d]


On the basis of these data one may suggest that the
Fe2As2Se2 core may either contain two coplanar diatomic
AsSe bridges (as has been previously assumed for
[Cp*2 Fe2As2S2][2, 9a,b]) or one m,h4:4-As2Se2 ligand. Free tetra-
atomic E2X2 molecules are not known with the exception of
cis-N2O2,[19] but complexes with P2X2 units (X� S,[20]


Se[20, 21a,b]) have been described.


Electrochemistry and oxidation reactions of [Cp*2 Fe2As2Se2]
(1) and structures of 2 and 4: Electrochemical studies show
that 1 undergoes two reversible one-electron transfer steps.
The cyclic voltammogram of 1 in THF (Figure 2) exhibits two
reversible peak systems E1'/E1 and E2'/E2 between �1 and
ÿ1 V. Half-wave potentials (E1/2�ÿ 0.07 and �0.72 V) were


Table 1. Selected bond lengths [�] and angles [8] for [Cp*2 Fe2As2Se2] (1),
[Cp*2 Fe2As2Se2]PF6 (2) and [Cp*2 Fe2As2Se2I] (4).


1 2 4


Fe1 ´´´ Fe2 3.162(2) 2.821(1) 2.806(2)
Fe1,2ÿSe1[a] 2.429(4) 2.50(1) 2.410(4)
Fe1,2ÿSe2[a] 2.413(4) 2.50(1) 2.403(3)
Fe1,2ÿAs1[a] 2.458(4) 2.29(1) 2.383(2)
Fe1,2ÿAs2[a] 2.456(4) 2.28(1) 2.382(6)
As1 ´´´ As2 2.587(3) 2.89(1) 2.932(3)
Se1ÿAs1 2.279(3) 2.31(1) 2.380(2)
Se2ÿAs2 2.283(3) 2.28(1) 2.364(2)
Se1 ´´´ Se2 3.198(3) 3.32(1) 3.205(3)
As1 ´´´ I 3.241(3)
As2 ´´´ I 3.258(3)
Fe1-Se1,2-Fe2[a] 81.5(1) 76.2(3) 71.3(1)
Fe1-As1,2-Fe2[a] 80.1(1) 68.8(3) 72.2(1)
Se1-As1-As2 98.0(1) 95.0(4) 93.2(1)
Se2-As2-As1 97.3(1) 95.9(4) 93.3(1)
As1-I-As2 53.7(1)


[a] Mean values.
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Figure 2. Cyclic voltammogram of 1 (c� 1.7 mmol Lÿ1) in THF
(0.2 mol Lÿ1 NBu4PF6) on platinum disk electrode. Sweep rate 50 mV sÿ1,
initial potential ÿ0.6 V.


found to increase independently of scan rate and peak
currents and linearly with v1/2. For each oxidation step the
potential gap between the anodic and cathodic peaks is close
to 60 mV (after ohmic drop correction at a scan rate of
0.05 V sÿ1). This set of data is consistent with two successive
one-electron transfer steps.[22] The oxidative behavior of 1 has
also been studied in CH2Cl2 on a carbon disk electrode
(Figure 3a); similar oxidation features as in THF, E1' and E2',


Figure 3. Linear sweep voltammogram of 1 (c� 0.8 mmol Lÿ1) in CH2Cl2


(0.2 mol Lÿ1 NBu4PF6) on rotating carbon disk electrode. a) At room
temperature; b) after oxidation on vitreous carbon gauze at 0.1 V (Q�
1 F molÿ1 of 1); c) after further oxidation at �0.8 V (Q� 1.2 F molÿ1 of 1).


are found, but at slightly more negative potentials (E1/2�
ÿ 0.25 and �0.69 V). In addition, we were able to perform
electrolyses with the use of carbon as electrode material.
Controlled potential electrolysis at 0.1 V consumes
0.95 F molÿ1 of 1. The rotating disk electrode voltammogram
of the resulting solution (Figure 3 b) shows the oxidation wave
E2' and reduction wave E1 according to Equation (1). The


solution of the monocation [1]� exhibits an ESR signal (g�
1.9912) with no evidence of coupling with 77Se. Further


electrolysis at the potential of wave E2' (working potential
�0.8 V, coulometric consumption of 1.2 F molÿ1 of [1]�)
generates the dication [1]2� (Figure 3 c) from [1]�ÿ eÿ!
[1]2�. However, [1]2� is unstable at room temperature and
forms [1]� slowly.


Chemical oxidation of 1 with equimolar amounts of
[(C5H5)2Fe]PF6, Br2, and I2, respectively, gave the green ±
brown compounds 2 ± 4 in good yields [Eqs. (2) and (3)].


Purification of compounds 3 and 4 was achieved by column
chromatography on SiO2 which suggests that they have some
covalent nature. This was confirmed by X-ray crystallographic
and electrochemical studies. The composition of compounds
2 ± 4 was confirmed by elemental analyses. The FD mass
spectra of 2 ± 4 contain a peak which corresponds to [1]� . The
mass spectrum of 4 exhibits an additional peak which may be
attributed to the ionized undissociated compound,
[Cp*2 Fe2As2Se2I]� . This finding is consistent with an iodide
ion that is weakly coordinated to the As atoms.


The reaction of 1 with I2 also produced trace amounts of
brown [Cp*4 Fe4As2Se3] (5) [Eq. (3)] which was identified by
FD mass spectrometry. One may propose a cubane-like cluster


with a Fe4(m3-As)2(m3-Se)2 core as a possible structure for 5,
where one As vertex is involved in an exo AsÿSe (third Se
atom) double bond.[20, 23]


Spectroscopic information on the new compounds 2 ± 4 is
relatively poor. Although IR spectra contain n(C ± H) and, in
the case of 2, additional n(P ± F) vibrations, the NMR spectra
of the paramagnetic compounds do not show any significant
signals. X-ray crystallographic studies have been carried out
on single crystals of 2 and 4.


Complex 2 crystallizes in the centrosymmetric space group
P1Å and contains one discrete organometallic cation [1]� and
one PF6


ÿ ion in the unit cell. Thus, the cations occupy a set of
special positions around the symmetry centers. This leads to a
model with disordered AsÿSe vectors. Refinement of this
model with occupancies of 0.5 for As and Se atoms suggest a
trapezoidal geometry of the central tetraatomic unit which is
directly derived from that of the parent neutral complex 1
(Figure 4). The AsÿAs bond length in 2 (2.89(1) �) is much
longer than in 1 (2.587(3) �) which indicates considerable
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Figure 4. Molecular structure of 2 : Left) ORTEP representation showing
the 50% disorder of the main group ligands; right) view along the Fe ± Fe
vector (Pluto).


weakening or even cleavage of this bond, but it remains
shorter than the SeÿSe distance (Table 1). The AsÿSe bond
lengths remain essentially unchanged upon oxidation. An-
other structural feature of interest, which occurs on oxidation
of 1 to 2, is the decrease of the FeÿFe distance by more than
0.3 �. This suggests the presence of a metal ± metal bond in
the cation. The FeÿAs bonds in 2 are shorter (mean 2.283 �)
than in 1 (mean 2.457 �), whereas the FeÿSe bonds are
essentially the same (2.438(9) vs. 2.421(3) �).


The molecular framework of the cation in 4 (Figure 5)
resembles roughly those of its precursor 1 and the cation of 2,
although the particular position of the iodide caps almost


Figure 5. Schakal plots of the molecular structure of 4.


symmetrically the As ± As edge of the (AsSe)2 middle deck.
Nevertheless, significant structural changes and trends within
the inorganic cores of 1, 2 and 4 are observed (Table 1): 1) the
Fe ± Fe distances decrease in the order 1> 2> 4 ; 2) the AsÿAs
distances increase in the same order; 3) the AsÿSe bonds in 4
(2.37 �) are clearly longer than in 1 (2.28 �) and 2 (2.30 �);
4) the SeÿSe distances vary in the order 1� 4< 2; 5) the
FeÿAs bond lengths decrease from 1 (2.45 �) to 4 (2.38 �) to
2 (2.28 �) and 6) the FeÿSe bond lengths are longer in 2
(2.50 �) than in 1 (2.42 �) and 4 (2.40 �).


These crystallochemical features argue for a consideration
of complex 4 as intermediate between purely ionic and
neutral. The iodide anion of compound 4 associates to the
molecular frame of the cation [1]� which is probably due to its
high polarizability. The anion ± cation interaction in the
resulting neutral adduct is strong enough to allow the
purification of 4 (and 3) by column chromatography. Effec-
tively, the As ´´´ I contacts (mean distance 3.24 �) seem to be
short enough for significant bonding interactions. For com-
parison AsÿI bonds range between 2.51(1) (AsI3)[24] and
3.051(4) � (As6I8


2ÿ).[25] An example of van der Waals
interactions is found in the AsI3 lattice, in which the arsenic
and iodine layers are separated by about 3.5 �.[24]


The importance of cation ± anion interaction to the con-
formation of the ring methyl groups is evident when viewing
the structures of 1, 2 and 4 along the Fe ± Fe vector. The
methyl groups in 2 are staggered (Figure 4 right) due to the
short FeÿFe separation, whereas those in 1 (Figure 1 right)
and 4 (Figure 5 right) are eclipsed. The eclipsed conformation
of Cp* rings in 4 may be due to the steric effect of iodide
interacting with the cation.[26]


Electrochemical studies of the halogen-containing com-
pounds 3 and 4 show that they dissociate into discrete ions in
CH2Cl2 or THF, which leads to the reduction of [1]� by Brÿ or
Iÿ. Therefore, the resulting solutions contain 1, [1]� , and X3


ÿ


(X�Br, I). The polarogram of 4 in THF (Figure 6) exhibits


Figure 6. Polarogram (average current) of 4 (c� 0.7 mmol Lÿ1) in THF
(0.2 mol Lÿ1 NBu4PF6).


oxidation waves E1' and E2' and a reduction wave E1 which
demonstrates the presence of both 1 and [1]� in solution. An
additional reduction wave E* is observed at ÿ0.44 V which
corresponds to the reduction of I3


ÿ.[27] The overall process is
expressed in Equation (4). The relative heights of waves E1' and


E1 (Figure 6) in our experiments show that concentrations of 1
and [1]� are effective in a ratio 2:1. This is confirmed by
coulometric measurements. Moreover, we have verified that
iodide ions act as reducing agents by adding one equivalent of
Bu4NI to electrogenerated 2, which incorporates cation [1]� ,
giving rise to the same polarogram as that of Figure 6.


Theoretical considerations : Complexes 1 ± 4 may be described
as triple-decker-type compounds with mixed ligands from
main Groups 15 and 16. A variety of complexes with
homoatomic ligands of the type [Cp2M2E4] is known for
E�P, As, and S and different metals M. Usually, the main
group atoms arrange to form rectangles in which diatomic
ligands are separated from each other by distances that are
too long for strong bonding interactions. Rectangular core
geometries with short and long EÿE distances have been
realized in [(Cp*Co)2P4],[28] [(C5Me4EtRh)2P4],[29] [(C5Me5-
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Co)2As4][30] and [(Cp*Fe)2S4]I2.[31a,b] Exceptions include
[(C5Me4tBuCo)2As4]2� which has an almost square As4 middle
deck[17] and [(1,3-tBu2C5H3Fe)2P4], in which the P atoms form
a trapezoid.[32a,b] The latter complex shows a dynamic 31P
NMR spectrum in solution which has been interpreted as a
rearrangement into a compound with the elusive Fe2(m,h2:2-
P2)2 core.[28]


The geometrical features of complexes 1, 2 and 4 indicate a
contribution of p molecular orbitals of the As/Se bridging
ligands to the bonding in these bimetallic complexes. Thus, the
As2Se2 ligand in 1 would behave as a formal four-electron p


m,h4:4-donor giving rise to 30 valence electrons (2� 13 (CpFe)
� 4 (p)). According to the Wade ± Mingos rules[33a,b] there are
16 electrons (8 skeleton electron pairs (SEP)) available for
cage bonding. This corresponds to a nido-pentagonal bipyr-
amid, in which the vacant site is located in the As2Se2 plane
between the selenium atoms. Fouteen of the total 16 electrons
are furnished by the As2Se2 ligand (2� 3 As � 2� 4 Se) and
the remaining two electrons are provided by the two CpFe
organometallic fragments.


We have carried out the single-point DFT/B3LYP (3 ± 21G
basis) (Gaussian94[34]) and EHMO (CACAO[35a,b]) calcula-
tions on 1 (C5H5 instead of C5Me5) and on the As2Se2 and
CpFe ´´´ FeCp fragments where compound 1 was built with
idealized C2v symmetry (Fe ± Fe vector taken as ªyº direction)
and metric parameters from its X-ray data.


These calculations confirm the contribution of 14 electrons
from the As2Se2 central deck to the bonding in 1 (Figure 7).
They populate the s (10 electrons; AsÿSe and AsÿAs bonds
and Se lone pairs) and p (4 electrons; AsSe) molecular


Figure 7. Molecular orbitals relevant for cage bonding in 1.


orbitals which are built of ªpº As and Se atomic orbitals. In
agreement with earlier description of the electronic structures
of triple deckers[17, 36] , the two electrons from the naked
bimetallic CpFe ´´´ FeCp fragment (FeI, d7) have ªdxyÿ dyzº
nature in EHMO calculations. B3LYP/3-21G calculations give
the highest occupied molecular orbital (HOMO) of this
fragment which is built of a favorable overlap between the
ªspyº hybrids from each iron center. Since there is a rather
long FeÿFe separation (3.16 �), a population of ªpº metallic
orbitals is plausible for the naked bimetallic CpFe ´´´ FeCp


fragment. A further ªp ± dº rehybridization in this fragment
should occur upon complex formation with the tetraatomic
As2Se2 central fragment.


The stability of 1 is not only due to the m,h4:4 donor nature of
the central ligand. There are also strong p back interactions
between the a2- and b2-filled bimetallic orbitals and the empty
p* orbitals of As2Se2. Moreover, this stability is enhanced by
participation of the in-plane s As2Se2 orbitals to the overall
bonding, which has been discussed by Mealli et al. for
complexes with a cyclo-P3 central deck.[37]


It has been already stated that the oxidation of 1 leads to a
drastic shortening of FeÿFe distance and a lengthening of
AsÿAs bond (Table 1) while retaining the Fe2As2Se2 cage
geometry. To improve our understanding of these observa-
tions, we have carried out single-point calculations on the
cation of 1 with metric parameters from X-ray data found for
compound 2 which have been averaged to C2v symmetry. A
comparison of the results obtained for 1 and for the cation of 2
shows that the oxidation occurs mainly at the metal ± metal
antibonding orbital of b2 symmetry, which is (for 1) the
HOMO in EHMO calculations and the HOMO-5 in the DFT/
B3LYP model. The other higher energy filled orbitals
(HOMO to HOMO-4) in the DFT model are nonbonding
bimetallic combinations. The b2 orbital is a current s metal ±
metal antibonding y2 ± y2 function where the ªyº direction is
taken as that of the Fe ± Fe vector. It seems to play a major
role in determination of direct metal ± metal interactions (and
distances) in CpM triple deckers despite other lower energy
M ± ligand ± M bonding interactions. The population of this b2


orbital by two electrons as in compound 1 (FeÿFe� 3.16 �) or
in isoelectronic complexes [(Cp*Co)2E4] (CoÿCo when E�P:
3.10 �;[28] E�As: 3.19 �[30]) results in MÿM distances of
nonbonding character. One-electron oxidation reduces this
distance to 2.81 ± 2.82 � as observed in complexes 2 and 4
where the b2 molecular orbital becomes the HOMO and is
occupied by one electron in both EHMO and DFT methods.
Non-occupation of this orbital (which becomes the LUMO)
leads to the formation of a strong metal ± metal bond as
observed in [(Cp'Fe)2P4] complexes (2.58 ± 2.64 �).[28, 32a,b]


The oxidation of 1 leads to the predicted lowering of the
energies of all filled molecular orbitals calculated for the
cation of 2. However, the magnitude of the energy drop for
orbitals with AsÿAs bonding nature is smaller than for the
other orbitals (with the exception of the b2 FeÿFe orbital
which was discussed above) and may argue for the observed
weakening of the AsÿAs bond in 2.


The iodide ion in the structure of 4 caps the As ± As edge of
the As2Se2 ligand at van der Waals contacts with the As atoms.
To recognize whether such a position is a consequence of
crystal packing or of an electronic interaction of Iÿ with the
cation [1]� , we have carried out single-point calculations on 1,
[1]�Iÿ (complex 4) and [1]� (B3LYP/3 ± 21G, metric param-
eters from X-ray data) with natural bond orbital (NBO)
analyses.[34] The trends of charge evolution on different
fragments ((CpFe)2, As2Se2, As, Se) on going from 1 to
[1]�Iÿ and to [1]� have been evaluated. They gave the
following results which are listed in the order 1, [1]�Iÿ and
[1]�: �3.26, �2.00, �3.94 for (CpFe)2; ÿ3.25, ÿ1.53, ÿ2.94
for As2Se2; ÿ0.58, 0.00, ÿ0.40 for As; ÿ1.04, ÿ0.75, ÿ1.06
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for Se. The charge calculated for the iodide in [1]�Iÿ is equal
to ÿ0.49 e. These results show that there is an efficient
transfer of electron density from the iodide to the cation [1]�


which leads to a true ion pair [1]� ± Iÿ. Moreover, the crystals
of 3 ([1]� , Brÿ) are isostructural with 4.[26] A similar cation ±
anion interaction may take place in the less polarizable
bromide.


Conclusion


The reaction of [Cp*2 Fe2(CO)4] with As4Se4 gives
[Cp*2 Fe2As2Se2] (1) which comprises the novel Se�AsÿAs�Se
ligand. The result confirms that amorphous As4Se4 is a
convenient source of mixed Group 15/16 ligands.[38] Better
selectivity of the reaction and pronounced stability of the
product as compared to the related As4S4 reaction allows a
detailed investigation of the chemical behavior of 1, and
provides new insights into the structure and bonding of this
type of compound. The structural description of 1 on the basis
of crystallographic and theoretical investigations is best
rationalized as a triple-decker-type complex containing a
m,h4:4-As2Se2 ligand acting as a four-electron p donor with p


back interactions and with contribution of the in-plane s


orbitals of the central deck in the metal ± ligand bonding. A
previous structural proposal which considered the analogous
[Cp*2 Fe2As2S2] to contain two diatomic AsS ligands[9a,b] needs
therefore to be reconsidered.


Two diatomic AsSe ligands seem to be present in the
oxidation products 2 ± 4 of 1. Analyses of the electronic
situation of 2 show that the AsÿAs interaction persists, though
much weaker than in 1. The case is still more complicated
when using I2 (or Br2


[26]) as an oxidant. Structural, electro-
chemical, and theoretical analyses of 4 evoke similar struc-
tural effects as in 2. However, in the case of 4, the considerable
bonding interactions of the anion with both As atoms of the
cation significantly modify the distribution of electron density
over the whole molecule.


From a formal point of view the redox couple
[Cp*2 Fe2As2Se2]/[Cp*2 Fe2As2Se2]� may be regarded as first
example for a reversible dimerization of diatomic EX ligands.
In the case of E4X4 cage fragmentation, however, one has to
consider the extrusion of tetraatomic E2X2 fragments from
the cages as new building blocks.[2]


Experimental Section


General methods and instruments that were used have been described in
ref. [9]. The ESR spectrum was taken at room temperature on a Bruker
ESP 300 spectrometer (field calibration with DPPH (g� 2.0034). Cyclic
voltammetry as carried out in a standard three-electrode Tacussel UAP4
unit cell. The reference electrode was saturated calomel (SCE) separated
from the solution by a sintered glass disk. The auxiliary electrode was a Pt
wire. For all voltammetric measurements the working electrode was a
carbon or Pt disk electrode initially polished with alumina. For the
polarograms a three-electrode Tipol polarograph was used. The dropping
Hg electrode (DMF) characteristics were m� 3 mgsÿ1 and t� 0.5 s. In all
cases the electrolyte was a 0.2 M solution of nBu4NPF6 in THF or CH2Cl2.
The electrolyses were performed with an Amel 552 potentiostat coupled to
an Amel 721 electronic integrator.
As4Se4 was employed as amorphous powder which was obtained by fusing
together equimolar amounts of As and Se at 500 8C.[14, 39]


Synthesis of [Cp*2 Fe2As2Se2] (1): A grey to violet mixture of [Cp*2 Fe2-
(CO)4] (494 mg, 1.0 mmol) and As4Se4 (616 mg, 1.0 mmol) in toluene
(50 mL) was refluxed for 15 h. After cooling and filtration the solvent was
removed under vacuum. The brown oily residue was dissolved in toluene/
pentane (2:1) and chromatographed on silica gel (column 23� 3 cm). A
green-brown band was eluted in toluene/pentane (2:1) which contained 1 in
85% yield. Recrystallization of 1 from toluene gave dark brown prisms.
Elemental analysis calcd (%) for C20H30As2Fe2Se2 (1; 689.9): C 34.81, H
4.38; found C 34.58, H 4.50; FD MS (from toluene): m/z 692.1 (80Se);
1H NMR (250 MHz, CDCl3, 25 8C, TMS): d� 1.45 (s, 30H); 77Se NMR
(76 MHz, CDCl3, Se(CH3)2): d�ÿ388.


Synthesis of [Cp*2 Fe2As2Se2]PF6 (2): A mixture of 1 (340 mg, 0.49 mmol)
and [(C5H5)2Fe]PF6 (162 mg, 0.49 mmol) in CH2Cl2 (80 mL) was stirred for
16 h at 20 8C. After evaporation of the solvent the green-brown residue was
suspended in toluene, transferred onto a frit and washed with toluene (5�
10 mL) to remove the yellow ferrocene. The residue was dissolved in
CH2Cl2 (20 mL) and after evaporation of the solvent, crude 2 was obtained
in 94 % yield. The compound was recrystallized from acetone. Elemental
analysis calcd (%) for C20H30As2F6Fe2PSe2 (2 ; 834.9): C 28.70, H 3.61; found
C 28.38, H 3.69; FD MS (from acetone): m/z 691.7 ([1]�).


Synthesis of [Cp*2 Fe2As2Se2Br] (3): A solution of Br2 (46.3 mg, 0.29 mmol)
in CHCl3 (0.75 mL) was dropped into the solution of 1 (200 mg, 0.29 mmol)
in CHCl3 (50 mL). The mixture was stirred for 16 h at 20 8C. After
evaporation of the solvent the residue was suspended in toluene (20 mL),
filtered over a frit and washed with toluene. The residue was dissolved in
acetone and then the solvent was evaporated in vacuo. Chromatography of
the residue on silica gel (column 15� 3 cm) produced a bright green band,
which contained very small quantities of a still unknown product, and a
green-brown band, which contained 3 in 78% yield, after elution with
toluene/acetone (1:1). Crystals of 3 were obtained from methanol at
ÿ25 8C. Elemental analysis calcd (%) for C20H30As2BrFe2Se2 (3 ; 769.8): C
31.20, H 3.93; found C 31.08, H 4.02; FD MS (from methanol): m/z : 691.7
([1]�).


Reaction of [Cp*2 Fe2As2Se2] (1) with iodine: A solution of I2 (74 mg,
0.29 mmol) in toluene (10 mL) was slowly added dropwsie to the solution
of 1 (200 mg, 0.29 mmol) in toluene (40 mL). The mixture was stirred for
16 h at 20 8C and the solvent was then evaporated. The residue underwent
chromatography on a silica gel column (15� 3 cm) from which a green
band which contained [Cp*2 Fe2(AsSe)2I] (4) in 84 % yield was eluted in
toluene/acetone (1:1). A brown band containing [Cp*4 Fe4As2Se3] (5) in 2%
yield was eluted with acetone. Crystals of 4 and 5 were obtained by
recrystallization from acetone. Elemental analysis calcd (%) for C20H30As2-
Fe2ISe2 (4 ; 816.8): C 29.34, H 3.69; found C 29.13, H 3.84; FD MS (from
acetone): m/z : 691.9 ([1]�) and 818.6 ([4]�). Molecular weight calcd for
C40H60As2Fe4Se3 (5); 1153.8; FD MS (from acetone): m/z : 1151.7 (centre,
simulated, [M]�).


Reaction of [Cp*2 Fe2As2Se2] (1) with S8: A mixture of 1 (295 mg,
0.43 mmol) and S8 (13 mg, 0.43 mmol) in CH2Cl2 (50 mL) was stirred for
40 h at 20 8C. After evaporation of solvent, the brown residue was applied
to a silica gel column (15� 3 cm). The green-brown 1 was recovered in
toluene before a red-violet band which contained [Cp*2 Fe2As2S3][9] in 8%
yield. Molecular weight calcd for C20H30As2Fe2S3: 628.2; FD MS (from
toluene): m/z 627.9 and 675.9 (fitting for C20H30As2Fe2S2Se) [M]� .


X-ray structure determination of complexes 1, 2 and 4 :[40] Crystal data were
collected on a SyntexR3 (1, 4) and on an Enraf-Nonius-CAD4 (2)
diffractometer at room temperature. Relevant crystal and data collection
parameters are summarized in Table 2. The structures were solved by using
standard Patterson methods, least-squares refinement, and Fourier techni-
ques. The calculations were performed with the SHELXTL Plus for 1 and 4
(refinement on F) and with SHELXL97 for 2 (refinement on F 2) program
packages.


Acknowledgement


We are grateful to the Deutsche Forschungsgemeinschaft for financial
support of this work and to Prof. Dr. G. Huttner for support of X-ray
crystallographic work (structure solution of 1 and 4). Parts of this work
have also been supported by the Deutscher Akademischer Auslandsdienst
(DAAD) and EGIDE of the French government (Procope Program).







FULL PAPER J. Wachter et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1348 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 61348


[1] G. W. Drake, J. W. Kolis, Coord. Chem. Rev. 1994, 137, 131.
[2] J. Wachter, Angew. Chem. 1998, 110, 783; Angew. Chem. Int. Ed. 1998,


37, 750.
[3] a) K. H. Whitmire, J. Coord. Chem. 1988, 17, 95; b) D. Fenske, J.


Ohmer, J. Hachgenei, K. Merzweiler, Angew. Chem. 1988, 100, 1300;
Angew. Chem. Int. Ed. 1988, 27, 1277; c) O. J. Scherer, Angew. Chem.
1990, 102, 1137; Angew. Chem. Int. Ed. Engl. 1990, 29, 1104; d) A.-J.
DiMaio, A. L. Rheingold, Chem. Rev. 1990, 90, 169.


[4] a) H. Vahrenkamp, Angew. Chem. 1975, 87, 363; Angew. Chem. Int.
Ed. Engl. 1975, 14, 322; b) A. Müller, W. Jaegermann, J. H. Enemark,
Coord. Chem. Rev. 1982, 46, 245; c) M. Draganjac, T. B. Rauchfuss,
Angew. Chem. 1985, 97, 745; Angew. Chem. Int. Ed. Engl. 1985, 24,
742; d) A. Müller, E. Diemann, Adv. Inorg. Chem. 1987, 31, 89; e) J.
Wachter, Angew. Chem. 1989, 101, 1645; Angew. Chem. Int. Ed. Engl.
1989, 28, 1613; f) L. C. Roof, J. W. Kolis, Chem. Rev. 1993, 93, 1037.


[5] a) H. Brunner, H. Kauermann, U. Klement, J. Wachter, T. Zahn, M. L.
Ziegler, Angew. Chem. 1985, 97, 122; Angew. Chem. Int. Ed. Engl.
1985, 24, 132; b) A.-J. DiMaio, A. L. Rheingold, Inorg. Chem. 1990,
29, 798; c) B. K. Das, M. G. Kanatzidis, Inorg. Chem. 1995, 34, 6505;
d) H. Brunner, H. Kauermann, L. Poll, B. Nuber, J. Wachter, Chem.
Ber. 1996, 129, 657.


[6] a) J.-H. Chou, M. G. Kanatzidis, J. Solid State Chem. 1996, 123, 115;
b) M. G. Kanatzidis, J.-H. Chou, J. Solid State Chem. 1996, 127, 186;
c) J.-H. Chou, J. A. Hanko, M. G. Kanatzidis, Inorg. Chem. 1997, 36, 4.


[7] a) T. M. Martin, P. T. Wood, G. L. Schimek, W. T. Pennington, J. W.
Kolis, Inorg. Chem. 1995, 34, 4385; b) S. C. O'Neal, W. T. Pennington,
J. W. Kolis, Inorg. Chem. 1992, 31, 888.


[8] J. W. Kolis, P. M. Young, Chemistry, Structure, and Bonding of Zintl
Phases and Ions (Ed.: S. M. Kauzlarich), VCH, 1996, 225.


[9] a) H. Brunner, H. Kauermann, B. Nuber, J. Wachter, M. L. Ziegler,
Angew. Chem. 1986, 98, 551; Angew. Chem. Int. Ed. Engl. 1986, 25,
557; b) H. Brunner, L. Poll, J. Wachter, B. Nuber, J. Organomet. Chem.
1994, 471, 117.


[10] W. A. Herrmann, J. Rohrmann, E. Herdtweck, C. Hecht, J. Organo-
met. Chem. 1986, 314, 295.


[11] H. Brunner, L. Poll, J. Wachter, Polyhedron 1996, 15, 573.


[12] O. Blacque, M. M. Kubicki, J. Wachter, in preparation for New J. Chem.
[13] W. Hönle, C. Wibbelmann, W. Brockner, Z. Naturforsch. 1984, 39b,


1088.
[14] T. J. Bastow, H. J. Whitfield, J. Chem. Soc. Dalton Trans. 1973, 1739.
[15] a) T. Ito, N. Morimoto, R. Sadanaga, Acta Crystallogr. 1952, 5, 775;


b) D. J. E. Mullen, W. Nowacki, Z. Kristallogr. 1972, 136, 48; c) E. J.
Porter, G. M. Sheldrick, J. Chem. Soc. Dalton Trans. 1972, 1347.


[16] M. Drieû, R. Janoschek, H. Pritzkow, Angew. Chem. 1992, 104, 449;
Angew. Chem. Int. Ed. Engl. 1992, 31, 460.


[17] C. von Hänisch, D. Fenske, F. Weigend, R. Ahlrichs, Chem. Eur. J.
1997, 3, 1494.


[18] a) C. H. E. Belin, M. M. Charbonnel, Inorg. Chem. 1982, 21, 2504;
b) M. Ansari, J. A. Ibers, S. C. O'Neal, W. T. Pennington, J. W. Kolis,
Polyhedron 1992, 11, 1877; c) W. Czado, U. Müller, Z. Anorg. Allg.
Chem. 1998, 628, 239; d) D. M. Smith, M. A. Pell, J. A. Ibers, Inorg.
Chem. 1998, 37, 2340.


[19] R. D. Harcourt, J. Mol. Struct. (Theochem) 1990, 206, 253.
[20] O. J. Scherer, G. KemeÂny, G. Wolmershäuser, Chem. Ber. 1995, 128,


1145.
[21] a) L. Y. Goh, W. Chen, R. C. S. Wong, Z. -Y. Zhou, H. K. Fun,


Mendeleev Commun. 1995, 60; b) L. Y. Goh, W. Chen, R. C. S. Wong,
Organometallics 1999, 18, 306.


[22] M. Noel, K. I. Vasz, Cyclic Voltammetry and the Frontiers of Electro-
chemistry, Aspect Publications, London, 1990.


[23] O. J. Scherer, S. Weigel, G. Wolmershäuser, Chem. Eur. J. 1998, 4,
1910.


[24] a) Y. Morino, T. Ukaji, T. Ito, Bull. Chem. Soc. Jpn. 1966, 39, 71; b) R.
Enjalbert, J. Galy, Acta Crystallogr. Sect. B 1980, 36, 914.


[25] C. A. Ghilardi, S. Midollini, S. Moneti, A. Orlandini, J. Chem. Soc.
Chem. Commun. 1988, 1241.


[26] A recently performed crystal structure analysis of 3 shows identical
results (M. Zabel, personal communication; F. Leis, Thesis, Universi-
tät Regensburg, 2000).


[27] E. Samuel, D. Guery, J. Vedel, J. Organomet. Chem. 1984, 263, C43.
[28] M. E. Barr, L. F. Dahl, Organometallics 1991, 10, 3991.
[29] O. J. Scherer, M. Swarowsky, G. Wolmershäuser, Angew. Chem. 1988,


100, 423; Angew. Chem. Int. Ed. Engl. 1988, 27, 405.


Table 2. Crystal structure data of complexes 1, 2, and 4.


1 2 4


formula C20H30As2Fe2Se2 C20H30As2F6Fe2PSe2 C20H30As2Fe2ISe2


molecular mass 691.8 834.87 818.72
crystal size [mm] 0.40� 0.55� 0.70 0.25� 0.25� 0.15 0.40� 0.60� 0.75
crystal system monoclinic triclinic monoclinic
space group (no.) P21/c (14) P1Å (2) P21/c (14)
a [�] 10.541(3) 7.988(1) 14.150(3)
b [�] 13.736(4) 8.350(1) 10.333(2)
c [�] 16.655(4) 10.483(1) 16.991(5)
a [8] 98.74(1)
b [8] 103.92(2) 101.40(1) 91.39(2)
g [8] 93.43(1)
V [�] 2341 674.6(1) 2484(1)
Z 4 1 4
1calcd [g cmÿ3] 1.96 2.06 2.18
F(000) 1344 405 1556
radiation MoKa MoKa MoKa


m[mmÿ1] 7.16 6.32 7.99
scan mode w w w


2Vmax [8] 58.0 52.6 50.0
absorption correction (Y scans) 7.0< 2V< 37.0 (6 reflections) 7.0< 2V< 39.2 (7 reflections) 7.4< 2V< 42.6 (8 reflections)
transmission (min/max) 0.52/1.00 0.62/1.00 0.56/1.00
total reflections 6523 2729 4822
observed reflections 2327 1989 2970


I> 2.5s(I) I> 2.0s(I) I> 2.5s(I)
parameters refined 236 166 245
R(F) 0.085 0.040 0.051
Rw 0.069 0.103 (wR(F2)) 0.046
residual electron density [e�ÿ3] � 1.17/ÿ 1.07 � 0.58/ÿ 0.75 � 1.13/ÿ 1.03







Complexes with Mixed Group 15/16 Ligands 1342 ± 1349


Chem. Eur. J. 2001, 7, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0706-1349 $ 17.50+.50/0 1349


[30] O. J. Scherer, K. Pfeiffer, G. Heckmann, G. Wolmershäuser, J.
Organomet. Chem. 1992, 425, 141.


[31] a) H. Brunner, A. Merz, J. Pfauntsch, O. Serhadli, J. Wachter, M. L.
Ziegler, Inorg. Chem. 1988, 27, 2055; b) H. Ogino, H. Tobita, S.
Inomata, M. Shimoi, J. Chem. Soc. Chem. Commun. 1988, 586.


[32] a) O. J. Scherer, G. Schwarz, G. Wolmershäuser, Z. Anorg. Allg.
Chem. 1996, 622, 951; b) O. J. Scherer, T. Hilt, G. Wolmershäuser,
Organometallics 1998, 17, 4110.


[33] a) K. Wade, Adv. Inorg. Chem. Radiochem. 1976, 18, 1; b) D. M. P.
Mingos, R. L. Johnston, Struct. Bonding 1987, 68, 29.


[34] Gaussian 94, Revision E.1, Gaussian, Inc., Pittsburgh PA, 1995.
[35] a) R. Hoffmann, W. N. Lipscomb, J. Chem. Phys. 1962, 36, 2872; b) C.


Mealli, D. M. Proserpio, J. Chem. Educ. 1990, 67, 399.
[36] a) J. W. Lauher, M. Elian, R. H. Summerville, R. Hoffmann, J. Am.


Chem. Soc. 1976, 98, 3219; b) E. D. Jemmis, A. C. Reddy, Organo-


metallics 1988, 7, 1561; c) W. Tremel, R. Hoffmann, M. Kertesz, J. Am.
Chem. Soc. 1989, 111, 2030.


[37] C. Mealli, F. Costanzo, A. Ienco, M. Peruzzini, E. Perez-Carreno,
Inorg. Chim. Acta 1998, 275, 366.


[38] H. Brunner, F. Leis, B. Nuber, J. Wachter, Polyhedron 1998, 18, 347.
[39] S. C. O�Neal, W. T. Pennington, J. W. Kolis, J. Am. Chem. Soc. 1991,


113, 710.
[40] Crystallographic data of 1, 2 and 4 (excluding structure factors) have


been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication nos. CCDC-143 349 (1), -143350 (2) and
-143 351 (4). 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). .


Received: May 11, 2000
Revised version: October 23, 2000 [F2479]





