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Introduction


A recent development in organic synthesis is the application
of divalent samarium iodide (SmI2) as an excellent one-
electron reducing agent.[1] The utility of this reagent is readily
demonstrated by opening a few pages of a textbook on SmI2


chemistry. There, one will find many kinds of unique reactions
which are apparently inaccessible by the traditional method-
ologies. Nobody would doubt that these tremendous strides
are due to the satisfactory but not extremely strong reducing
ability of this reagent toward organic compounds (Sm2�/
Sm3��ÿ1.55 V vs. SCE).[2] Furthermore, the reducing ability
can be easily controlled by the simple addition of cosolvents
such as alcohols and amides not only to accelerate the rate of
reduction but to steer the reaction along specific pathways.[1]


Thus active species with desired reactivity are available from


the electron-transfer process of SmI2; this provides an
opportunity to establish numerous novel reactions with high
selectivity and efficiency. It is also worth noting that SmI2 is
soluble in a variety of polar solvents, which is a remarkable
contrast to the poor solubility of usual inorganic reducing
agents. These characteristics, which are combined with facility
in preparation and handling and high stability in an inert
atmosphere, have led many chemists to the discovery of
various SmI2-mediated reactions in organic chemistry. These
achievements, therefore, have been naturally followed by the
application of SmI2 chemistry to polymer synthesis.


One may be amazed at the fact that SmI2 chemistry has
evolved prodigiously in only these two decades; systematic
study of the reactivity of SmI2 started in just 1980![3]


Reflecting this brief history, only ten years have passed since
the first publication concerning the use of SmI2 in polymer
synthesis appeared in 1987.[4] Thus, the number of polymer-
ization systems using SmI2 is still limited. However, one can
undoubtedly understand the great potential of this reagent in
polymer chemistry by learning that the only access to some
unique polymerizations is by the use of SmI2. In this paper,
the authors wish to briefly summarize these attractive studies
on the new polymerization reactions where the electron
transfer induced by SmI2 serves as a key step.[5] SmI2-
promoted polymerizations are roughly classified into the
following three types. One is the polarity inversion of a
cationic growing center into an anionic one followed by
polymerization of electrophilic monomers to produce block
copolymers made of different types of monomers with
different polymerization mechanisms. The second involves
the bisinitiation of electrophilic vinyl monomers by electron
transfer from SmI2 to monomers. The last is the extension of
carbon ± carbon bond-forming reactions into stepwise poly-
merizations.


Discussion


Transformation reactions : What distinguishes electron-trans-
fer reactions from normal ones is their ability to invert the
polarity of reactants. For example, cationic and anionic
species are theoretically changed in polarity by two-electron
transfer into nucleophilic and electrophilic agents, respective-
ly. This concept was applied to the polarity inversion of
growing centers for chain polymerization. The strategy of
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double-electron reduction of cationic growing centers by SmI2


into terminal nucleophiles and subsequent polymerization of
electrophilic monomers is schematically illustrated in
Scheme 1.


One may consider that this reaction is quite simple
and readily achieved. However, the difficulty of ac-
complishing this reaction is demonstrated by the fact
that there had been no examples for the direct
reduction of growing centers until quite recently. This
is not only because the stability of propagation ends of
polymers is not always enough to undergo further
reactions even in the case of living polymerization, but
also because appropriate electron-transfer agents with
mild reactivity, moderate solubility, and facility in usage
have not been established. Only in 1994 was the direct
double-electron reduction of the living
cationic end of poly(THF) reported for
the first time, utilizing SmI2.[6] The grow-
ing center of living poly(THF) is smooth-
ly and quantitatively reduced into a
terminating carbanion by treating the
living polymer with two equivalents of
SmI2 in the presence of hexamethylphos-
phoramide (HMPA) (Scheme 2). It
should be noted that direct reduction of
the cationic growing center is achieved in
one pot, in contrast to the traditional
methods, in which complicated multistep
pathways are usually required.[7] Further-
more, the terminating carbanion reacts with typical electro-
philes including aromatic and aliphatic aldehydes, aromatic


ketones, and isocyanates quantitatively.[6] In other words, the
SmI2-induced transformation enables the cationic polymer-
ization to be formally end-capped by electrophiles.


The ability of alkylsamarium (RSmI2) to initiate the
polymerization of electrophilic monomers
provides block copolymers of the cationic
polymerizable monomer (THF) with
anionic ones (Scheme 3). For example,
polymerization of tert-butyl methacrylate
(TBMA) by the poly(THF) macroanion
gives the block copolymer of THF with
TBMA.[8] It should be noted that the
initiation efficiency of TBMA polymeriza-


tion with the macroanion is quantitative. Thus, contamination
with homopolymers of THF or TBMA is negligible, and the
block copolymer is attainable with relatively narrow molec-
ular weight distribution and controlled unit ratio. Block
copolymers of THF with e-caprolactone (CL)[9] or d-valer-
olactone (VL)[10] are also selectively accessible by a similar
procedure. Additionally, ABA-type triblock copolymers can
be obtained simply by using trifluoromethanesulfonic anhy-
dride as an initiator for the THF polymerization.[11]


The terminating carbanion generated by the above-men-
tioned reaction is not adequate for the polymerization of
methacrylates other than TBMA because the attack of the
terminal carbanion toward the carbonyl carbon of methacry-
lates dominates over the conjugated addition in the case of
sterically undemanding methacrylates.[12] Therefore, it is
necessary to control the reactivity of the terminal nucleophile
to fit the second monomer. Again, the capability to generate
various active species constitutes a salient feature of electron-
transfer reactions. This concept was combined with recent
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Scheme 1. Schematic representation of the SmI2-induced transformation.
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Scheme 2. Double-electron reduction of the cationic living end of poly(THF) with
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Scheme 3. Polymerization of TBMA, CL, and VL with poly(THF) macroanion.
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progress where, in the lanthanide-catalyzed polymerization,
the appropriate choice of ligands or counterions of lanthanide
metals greatly expands the availability of monomers.[13]


Namely, a simple modification of the reduction enabled the
creation of poly(THF) with samarium amide at the terminal,
which is suitable for the polymerization of methyl methacryl-
ate (MMA) (Scheme 4).[14] The formation of terminal sama-
rium amide is achieved by treatment of living poly(THF) with
N-tert-butylaziridine before the reduction with SmI2. The
reductive cleavage of the carbon ± nitrogen bond of the
terminal aziridinium moiety and the subsequent elimination
of ethylene gives the samarium amide.


The diversity of active species generated by the electron-
transfer process of SmI2 also permits the living end of
poly(THF) to be transformed into a stabilized carbanion,
samarium enolate, which mimics the propagation group of
poly(MMA) (Scheme 5).[15] This can be accomplished by the
end-capping of living poly(THF) with sodium 2-bromoisobu-
tyrate followed by the reduction of the carbon ± bromine bond
with SmI2 in the presence of N,N-diethylpivalamide (DEPA).
The initiation efficiency of MMA is quantitative; thus, a block
copolymer of THF with MMA with quite narrow molecular
weight distribution is selectively obtained without any for-
mation of the homopolymer of THF or MMA. This reaction is
the most effective method for the production of well-defined
block copolymers of THF with methacrylates. The block
copolymer of THF with 2-hydroxyethyl methacrylate, an
amphiphilic block copolymer, is also readily available by the
polymerization of 2-tert-butylsiloxyethyl methacrylate and
acidic hydrolysis of the siloxy group.[16] Considering that
cationic polymerizations, especially those of cyclic monomers,
can be terminated with alkali metal carboxylates, this method


will expand the range of applicability of the first monomers
whose propagation ends cannot supply suitable active species
by direct reduction with SmI2. Furthermore, this reaction
excludes the use of the hazardous additive, HMPA.


Bifunctional initiators : From the viewpoint of polymer syn-
thesis, active species with plural initiation sites serve as
multifunctional polymerization initiators. In spite of the long
history of the concept of bifunctional initiators introduced by
Szwarc,[17] metallic bisinitiators are relatively uncommon. A
traditional route to bimetallic initiators is the use of highly
reactive reducing agents such as sodium naphthalenide.
Electron transfer between a metal naphthalenide and a
monomer gives an anion radical, which dimerizes to a dianion.
Although this kind of dianion works well for the bisinitiation
of nonpolar monomers such as styrene and dienes, it cannot
be applied to polar monomers. This is simply because the
extremely high reactivity of reducing agent induces side
reactions that inhibit the precise polymerization.[18] The mild
and controllable reducing ability of SmI2 very nicely circum-
vented these restrictions; some active species formed through
the electron-transfer processes by SmI2 have proven to be
useful as new bifunctional initiators. A typical example was
given by the bisinitiation of methacrylates under the SmI2/
HMPA system.[12] Poly(MMA) with propagation ends at both
terminals is obtained in good yield. It is interesting that the
addition of a small amount of SmI3 as a common cationic salt
drastically improves the living nature of the polymerization
(Scheme 6). For example, the observed molecular weight of
poly(MMA) becomes much higher than the calculated one
when the polymerization is conducted without SmI3.[12] In
fact, in the presence of SmI3, the quantitative formation of


poly(MMA) with predicted molecular
weight and low polydispersity is attain-
able.[19] An alternative divalent sama-
rium salt, Cp*2 Sm, is also known to
serve as an excellent reducing agent
which leads to the bisinitiation of
methacrylates.[20, 21] However, in the
case of Cp*2 Sm, the isolation of the
dianion and strict conditions with rig-
orous exclusion of air and water are
required for the well-controlled forma-
tion of polymer because of the insta-
bility of the dianion. The advantage of
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Scheme 4. Transformation of the cationic growing center of living poly(THF) into a terminal samarium amide.
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SmI2 is the convenient access to well-defined polymethacryl-
ates by the simple Grignard technique.


The reducing ability of the SmI2/HMPA system also enables
the reduction and consequential bisinitiation of styrene
derivatives having electron-withdrawing groups such as
amides,[22a] esters,[22b] and sulfonamide groups[22c] (Scheme 7).
An example is the polymerization of N,N-dimethyl-4-ethe-
nylbenzamide (EWG�CONMe2) with SmI2, giving a poly-
mer with quite narrow molecular weight distribution
(Mw/Mn� 1.04) in quantitative yield.[22a] Isolation of the
homocoupled products of N,N-diethyl-4-ethenylbenzamide
(EWG�CONEt2) is possible; this gives evidence of the in
situ formation of bimetallic initiators. The effect of the
addition of a common salt, SmI3, is also observed on the
polymerization of ester-substituted styrenes. For example,
without SmI3, quantitative consumption of tert-butyl 4-
ethenylbenzoate is not attainable (up to 70 %), and the
polymer produced exhibits broad polydispersity (Mw/Mn�
1.36). In contrast, simply the addition of SmI3 leads to the
quantitative formation of the polymer with quite narrow
molecular weight distribution (Mw/Mn� 1.05).[22b]


Stepwise polymerizations : As described in the literature, the
use of SmI2 often gives unorthodox reaction patterns which
cannot be achieved by conventional methods. The idea of
extending these bond-forming reactions to polymer synthesis
is a simple way to construct new materials with novel main
chain structures.


Most of these stepwise polymerizations involve the C ± C
bond formation of active species which are generated through
the reduction of carbonyl compounds with SmI2 (Scheme 8).
Brandukova et al. have demonstrated an example of the
stepwise polymerization, which includes a reductive homo-
coupling polymerization of aromatic
dicarboxylic acid chlorides to
poly(1,2-diketone)s.[4, 23] The polymer
produced contains both 1,2-diketone
and 1-hydroxyketone units, and their
ratio depends on the reaction condi-
tions. In some cases, poly(1,2-dike-
tone)s with high molecular weight
(Mw� 25 000) are attainable. The rel-
atively high solubility and thermal
stability of the polymer provide a
prospect of their utilization as heat-


resistant materials. The presence of reactive
groups in the polymer main chain, that is the
1,2-diketone unit, permits the polymer to be
transformed into quinoxaline-containing pol-
ymers by reaction with o-diamines. The
analogous homocoupling polymerization of
aromatic dialdehydes produces poly(1,2-di-
ol)s with moderate molecular weight.[24]


Poly(alcohol)s with a tertiary alcohol moi-
ety in the main chain are accessible by the
cross-coupling polymerization of diketones
with bifunctional unsaturated compounds
(Scheme 8).[25] The present polymerization
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system.


also involves the reduction of the carbonyl group into a ketyl
radical that attacks the olefinic carbon of diolefins. The
interest of this polymerization lies in the formation of a
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as hydrophilic materials, the unavoidable oxidation of secon-
dary alcohol units often causes serious problems in practical
use. Furthermore, the 1,2-diol units present as contaminants in
the main chain are subject to oxidation with eventual cleavage
of the main chain. However, the polymers produced by this
method are resistant to oxidative conditions;[25c] no changes in
molecular weight of the polymer are found after the treatment
with ceric ammonium nitrate (CAN), whereas a serious
decrease in the molecular weight of poly(vinyl alcohol) is
observed under similar conditions.


Of particular interest is the formation of a reactive polymer
with anionic sites along the polymer main chain by the
reductive coupling polymerization of aromatic diisocyanates.
Treatment of aromatic diisocyanates with SmI2 in the
presence of HMPA affords a polymer with aromatic oxamide
structure after protonation (Scheme 9).[26a] Without acidic
work-up, novel reactive polymers with nucleophilic active
sites on the polymer backbone are attainable. Subsequent


reactions of this poly(anion) with electrophiles such as alkyl
and allyl halides, aliphatic isocyanates, acid chlorides, and
aldehydes are feasible, leading to substituted poly(oxamide)s
in a one-pot procedure.[26b] In contrast to the poor solubility of
the parent unsubstituted poly(oxamide)s, the substituted
polymers exhibit excellent solubility in organic solvents,
which offers opportunities for further reactions and processes.
Synthesis of poly(oxamide)s soluble in water as well as having
characteristic properties as polyelectrolytes is also possible by
reaction with 1,3-propane sultone.[26c] Furthermore, the poly-
(anion) is available as a novel polymeric initiator; the
polymerization of electrophilic monomers including CL,
MMA, and TBMA provides the corresponding graft copoly-
mers in one pot.[26d]


Another example for the utilization of SmI2 in stepwise
polymerization is the preparation of polymers containing the
Group 14 elements such as poly(silane)s, poly(stannane)s, and
poly(germane)s (Scheme 10).[27] The utility of SmI2 in the
production of these materials lies in the fact that these
polymerizations can be conducted under much milder con-
ditions than those of traditional synthetic methods including
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Met = SiR2, GeR2, SnR2


(-2SmI2Cl) n


Scheme 10. Reductive homocoupling polymerization of Group 14 metal
halides.


the Wurtz-type condensation (Kipping method). Although
the molecular weights of the polymers are not always high, the
extremely mild conditions of the polymerization sugest that
the method may supplant the Kipping method.


In this paper, we have described several examples for the
applications of SmI2 for polymer synthesis. SmI2-catalyzed
polymerizations that do not involve electron transfer and the
use of other divalent samarium salts in polymer synthesis have
not been discussed[28] although they are also nice approaches
to new polymeric materials. The versatility of SmI2 in making
unique polymerization reactions accessible may lead many


chemists to recognize the great
potential of this reagent to provide
novel methodologies in polymer
chemistry as well as in organic
synthesis. In addition, the recent
success in the development of a
catalytic cycle of SmI2


[29] promises
to further expand its utility as a
polymerization catalyst in stepwise
polymerizations. In SmI2, polymer
chemists possess a new and power-
ful tool. The combination of fresh
ideas and elegant use of this tool
will allow access to a variety of
unexpected polymer architectures.
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Oxidation of Difluorovinylidene


Carsten Kötting, Wolfram Sander,* Michael Senzlober, and Hans Bürger


Abstract: Difluorovinylidene is a highly reactive and extremely electrophilic singlet
carbene that thermally abstracts an oxygen atom from CO2 at temperatures as low as
30 K. The resulting difluoroketene is characterized for the first time using IR
spectroscopy in combination with isotopic labeling and density functional theory
(DFT) calculations. The three observed IR absorptions of the ketene at 1274, 1427,
and 2162 cmÿ1 are assigned to the asymmetrical FCF stretching vibration and the
asymmetrical and symmetrical CCO stretching vibrations, respectively. The oxida-
tion of difluorovinylidene with 3O2 results in a complex product mixture with CF2,
C2F4, CO2, COF2, and CO as the major products. A mechanism consistent with all
observed products is proposed.


Keywords: carbenes ´ ketenes ´
matrix isolation ´ oxidations ´ vinyl-
idenes


Introduction


Difluorovinylidene 1 is the first vinylidene that could be
isolated and spectroscopically characterized in noble gas
matrices.[1] Since 1 is obtained in a very clean and simple
reaction by UV irradiation of matrix-isolated difluoroacety-
lene 2, the reactivity with a variety of substrates can be
investigated. The highly reactive vinylidene 1 not only adds
CO and N2 rapidly at temperatures as low as 20 K, [1] but also
forms a weakly bound compound with xenon.[2] In this
compound a substantial charge is transferred from Xe to the
terminal carbon atom of 1. This extreme electrophilicity of the
singlet ground state carbene 1 is in line with its large electron
affinity of 2.255 eV determined by negative-ion photoelectron
spectroscopy in the gas phase.[29] Thus, 1 is the most electro-
philic and most reactive carbene known to date and both the
philicity and reactivity are in marked contrast to the stable
nucleophilic singlet carbenes described by Arduengo
et al.[30±32]


The reaction of 3O2 with triplet[3±7] or singlet[8] carbenes
leads to carbonyl O-oxides as the primary products.[9, 10] As
expected, the spin-allowed reaction of triplet carbenes with
3O2 is much faster than the reaction of singlet carbenes.
Electron-withdrawing groups in the singlet carbenes increase
the reaction rates of the electrophilic attack on 3O2 (the
reaction of most triplet carbenes is diffusion-controlled and
independent of substituents). The carbonyl oxides are highly
labile and on irradiation with visible light they eliminate
oxygen atoms to give the corresponding carbonyl compounds
or rearrange to give dioxiranes. This reaction sequence is now
frequently used to identify carbenes isolated in matrices
(Scheme 1).


Scheme 1. Mechanisms of the oxidation and carboxylation of carbenes.


In the solid state (matrix) the reaction of carbenes with CO2


yields a-lactones (oxiranones) which could be matrix-isolated
in several cases,[11±13] while in the gas phase fragmentation to
CO and the corresponding carbonyl compounds predomi-
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nates.[14] A study of the influence of substituents on the
reactivity of carbenes towards CO2 suggests that the nucle-
ophilicity rather than the spin state of the carbene governs its
reactivity.[13] Thus, in contrast to the reactivity with 3O2,
electron-withdrawing groups decrease the reaction rates.
From that it was concluded that the primary step is the
nucleophilic attack of the carbene center to the CO2 carbon
atom to form a zwitterionic (or diradicaloid) intermediate,
which subsequently ring-closes to give the a-lactone. It is
therefore of interest to investigate the reaction of the
extremely electrophilic 1 with both CO2 and 3O2.


Results and Discussion


Difluorovinylidene 1 is obtained in yields of up to 90 % by
irradiation (l� 193 nm, ArF Excimer-Laser) of difluoroace-
tylene 2, matrix-isolated in Ar at 7 K.[1] When 2 is irradiated in
0.5 ± 1 % O2- or CO2-doped Ar matrices, vinylidene 1 is still
the major product, and only small amounts of new products
are formed. Under these conditions most of the molecules of 1
are produced in matrix cages that do not contain the trapping
reagents O2 and CO2, respectively, and thus no reaction
occurs. On annealing doped argon matrices to 30 ± 40 K, the
diffusion of trapped species becomes rapid and the thermal
formation of products can be directly monitored by IR
spectroscopy.


Annealing of 1 in a 1 % CO2-doped Ar matrix at 30 K
results in the formation of CO (2138 cmÿ1) and a new product
3 with IR absorptions at 1274, 1427, and 2162 cmÿ1 (Table 1,
Figure 1). The vibration at 1274 cmÿ1 is characteristic of an
asymmetrical FCF stretching vibration (Table 2), and the
absorption at 2162 cmÿ1 of a heterocumulene C�C�X. To
identify the newly formed compound 3 and to assign the
observed vibrations, the experiment was repeated with both
13CO2 and C18O2. With 13CO2 none of the vibrations of 3 are
shifted, and 13CO (2091.4 cmÿ1) is formed as the only CO
isotopomer. This demonstrates that one of the oxygen
atomsÐbut not the C atomÐof CO2 is transferred to 1.
Using C18O2 results in the formation of C18O (2087.5 cmÿ1)
and in significant red shifts of two of the absorptions of 3 : the
band at 1427 cmÿ1 is red-shifted by 19 cmÿ1, and the band at
2162 cmÿ1 by 22 cmÿ1. These vibrations are assigned to the ns


and nas CCO stretching vibration, respectively, of a ketene.
The absorption at 1274 cmÿ1 is not affected by 18O substitu-


Figure 1. a) IR difference spectrum showing the photochemistry of
difluoroketene 3 in argon at 7 K. Bottom part, bands disappearing; top
part, bands appearing on irradiation with l> 550 nm. b) Calculated
spectrum of 3 (MP2/6 ± 311G(d) scaled by 0.97).


tion, as expected for the nasym (FCF) stretching vibration
orthogonal to the nsym and nasym (CCO) stretching modes. The
IR spectra clearly reveal that the newly formed compound 3 is


Table 1. Experimental and calculated IR spectroscopic data of difluoroketene 3.[a]


Entry Sym Ar, 10 K D18O MP2/6 ± 311G(d)
(scaled by 0.97)


D18O B3LYP/6 ± 311G(d) D18O Assignment


1 B2 - 167.8 (0) 0 204.8 (2) 4 1(CF2)(rock)


2 B1 - 199.4 (2) 4 236.4 (0) 0 g(CF2)(wag)


3 B1 - 374.6 (1) 5 380.8 (2) 5 g(COO)(oop)


4 A1 - 450.4 (1) 4 456.4 (1) 4 d(CF2)
5 B2 - 660.1 (0) 1 682.0 (1) 2 d(CCO)
6 A1 - 785.5 (8) 11 808.1 (7) 11 ns(CF2)
7 B2 1274.4 (80) 0 1286.1 (75) 0 1276.5 (70) 0 nas(CF2)
8 A1 1426.8 (100) 19 1421.3 (100) 19 1463.6 (100) 20 ns(CCO)
9 A1 2161.6 (42) 22 2180.1 (32) 22 2269.9 (59) 24 nas(CCO)


[a] Wavenumbers and 18O shifts in cmÿ1, relative intensities in parentheses.


Table 2. FCF stretching vibrations.


ns (FCF) nas (FCF)


808[a,b] 1274


918 1267


919 1290


938 1271


967 1239


1102 1221


849/1304[a,c] 1301[a]


[a] Calculated (B3LYP/6 ± 311G(d)). [b]ns(CF2) mixes with n(CC).
[c]ns(CF2) mixes with ns(CO2).
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the so far unknown difluoroketene. The frequency of nas(C-
CO) is close to that of ketene 4 (in argon: 2142 cmÿ1)[26] and
dichloroketene 5 (in argon: 2155 cmÿ1)[27] , while ns(CCO) is
blue-shifted by 46 cmÿ1 relative to 4 and 137 cmÿ1 relative to 5.


This assignment is confirmed by MP2[17] and DFT[18, 19]


calculations, which nicely reproduce band positions, intensi-
ties, and the isotopic shifts (Table 1, Figure 1). The ns (FCF)
stretching vibration of 3 is calculated at 808 cmÿ1 (B3LYP),
however, due to its low intensity it is not observed exper-
imentally. The low intensity of this mode results from the
small dipole moment of 3 and the mixing of the CF2 vibration
with the in-phase movement of the CO group. Other modes of
3 are predicted to be even lower in intensity.


Figure 2 shows some calculated properties of ketene 4 and
difluoroketene 3. The calculated geometry of 4 is very close to
the geometry derived from microwave spectra, which dem-
onstrates the reliability of the DFT calculations.[28] Bond


Figure 2. Geometry (bond angle in deg, bond lengths
in �) and NPA charges of a) difluoroketene 3 and b) ketene
4 calculated at the B3LYP/6 ± 311(d,p) level of theory. The
comparison of the calculated with experimental (in italics)
geometry of 4 (ref. [28]) reveals the accuracy of the
calculation.


lengths and NPA charges of the CCO group in 3
are similar to that in 4, whereas the fluorine
substitution results in a reduced XCX bond
angle and a negative NPA charge of this carbon.
Since the polarity of CF2 is comparable to that of CO, the
dipole moment decreases from 1.42 in 4 to 0.05 Debye in 3.


Difluoroketene 3 is highly photolabile, and irradiation with
visible light (l> 550 nm) results in the complete fragmenta-
tion into CO and CF2 (Figure 1, Scheme 2, Scheme 3). The
reverse reaction is not observed: CF2 can be matrix-isolated in


Scheme 2. Reactions of difluorovinylidene 1 with CO2 and O2.


neat CO, and neither annealing of the matrix nor UV or
visible irradiation leads to 3. Several attempts to synthesize 3
were reported in literature, however, in all cases only the
products of the fragmentation were observed.[20±23] This
suggests that the barrier of the fragmentation is small and
that the equilibrium lies on the side of the fragments. This is in
contrast to most other carbenes, which are rapidly trapped by
CO even in CO-doped Ar matrices at 35 ± 45 K.[10] Ab initio
calculations by Boldyrev et al. predict that the fragmentation
of 3 is almost thermoneutral, whereas the fragmentation of
monofluoroketene and ketene 4 was calculated to be endo-
thermic by 41.8 kcal molÿ1 and 77.2 kcal molÿ1 (experimental
for 4 : 78 kcal molÿ1), respectively.[24]


a-Lactones are stable under the conditions of matrix
isolation,[11±13] and because in the reaction of 1 a-lactone 7
could not be observedÐalthough the formation of 7 is
estimated to be exothermic by 26 kcal molÿ1Ðwe conclude
that it is not formed. An alternative mechanism which
accounts for the formation of 3 and CO and which does not


involve 7 is the electrophilic attack of 1 on one of the oxygen
atoms of CO2. Thus, the oxygen abstraction results from the
extreme electrophilicity of 1.


The photochemical and thermal reaction of vinylidene 1 in
an 0.5 % O2-doped argon matrix leads to a complex mixture of
products (Table 3). During the irradiation of 2 in O2-doped


Scheme 3. Reaction energies calculated at the B3LYP/6-311G(d,p)�ZPE level of theory.







FULL PAPER W. Sander et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1614 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91614


matrices ozone is
formed, presumably by
the reaction of oxygen
atoms O(3P) (formed by
the 193 nm photolysis
of O2) with 3O2. Major
products of the oxida-
tion of 1 are CO2, CO,
CF2, and CF2O (8). CF2


rapidly dimerizes to
give tetrafluoroethene
10 or is trapped by 1 to
give tetrafluoroallene
11, which are also ob-
served in the matrix


(Scheme 4). These products were also found in the thermal
decomposition of acetylene 2, which suggests that the 2!1
rearrangement occurs thermally at elevated temperatures.[25]


Difluoroketene 3 is a minor product in the oxidation of 1,
presumably formed by a secondary reaction of 1 and CO2 and
not by the direct reaction with O2 (Scheme 2).


The formation of CO2 and CF2 from 1 and O2 requires an
intermediate such as difluoromethylenedioxirane 9. Several
absorptions with very low intensity (e. g. at 1296 and
1294 cmÿ1) are formed during the 193 nm irradiation of 2 in


O2-doped argon and disappear on warming the matrix to 35 K
within several minutes. However, due to the low concentra-
tion in the matrix this intermediate could not be unambigu-
ously identified. According to calculations at the B3LYP level
of theory the formation of dioxirane 9 from 1 and 3O2 is
exothermic by 70.5 kcal molÿ1, and the decomposition of 9 to
CF2 and CO2 releases another 96.7 kcal molÿ1 (Table 4).
Although the formation of dioxirane 9 as an intermediate in
the oxidation of 1 is plausible, the direct spectroscopic
characterization is still lacking.


In summary, the reaction of vinylidene 1 with CO2 leads to
difluoroketene 3 and CO in high yields, while the reaction
with molecular oxygen produces CF2 and CO2 as the principal
products. Secondary thermal and photochemical reactions
account for all minor products found in the matrix. The
extreme reactivity of 1 is governed by its unprecedented
electrophilicity.


Experimental Section


Matrix-isolation experiments were performed by standard techniques with
an APD CSW-202 Displex closed-cycle helium cryostat. Matrices were
produced by deposition of argon (Messer-Griesheim, 99.9999 %) on top of
a CsI window with a rate of approximately 0.15 mmol minÿ1. In order to
prevent aggregation of difluoroacetylene 2, depositions of the matrices
were done at 7 K. Infrared spectra were recorded by using a Bruker IFS66
FTIR spectrometer with a standard resolution of 0.5 cmÿ1 in the range of
400 ± 4000 cmÿ1.


The following gases were used for the doped matrices: O2 (Messer
Griesheim, 99.998 %), 18O2 (Alfa, 99.51 atom % 18O2), CO2 (Messer
Griesheim, 99.995 %), C18O2 (Alfa, 99.75 atom % 18O2), 13CO2(MSD-
Isotopes, 99.3 atom % 13C).


Table 3. IR absorptions of the compounds observed in a 0.5 % O2-doped
Ar matrix containing vinylidene 1 after annealing at 35 K for several
minutes.


Wavenumber Irel
[a] 18O shift[b] Assignment


2345.4 100 35 CO2


2163.1 5 24 3
2146.8 8 50 CO[c]


2138.4 12 50 CO (free)
2085.1 3 diazo[d]


2065.9 13 11
1941.2 19 32 8
1909.7 29 34 8
1860.7 7 41 ?
1646.5 9 diazo[d]


1426.7 7 16 3
1340.9 79 2
1330.2 27 10
1295.9 6 6 9
1293.6 2 8 9
1274.4 3
1271.1 14 butatriene[e]


1266.7 6 1
1238.1 18 11
1179.0 40 10
1121.6 10 ?
1115.8 7 ?
1102.2 8 6
1067.2 6 ?
1039.5 4 59 O3


1034.7 14 11
969.9 5 15 8
764.7 8 5 8
660.7 11 8 CO2


[a] Relative intensities of the IR absorption based on the CO2 absorption.
[b] Isotopic shifts if 18O2 was used in the experiment. [c] CO complexed to
other constitutents of the matrix. The structure of the complex is unknown.
[d] Diazodifluoroethene formed by trapping of 1 with traces of N2 in the
matrix.[1] [e] Tetrafluorobutatriene formed by dimerization of 1.[2]


Table 4. Relative energies (B3LYP/6 ± 311G(d)) of some C2F2O2 species.


Erel�ZPE


235.1


214.6


196.1


150.5


125.6


28.9


0.7


0.0


Scheme 4. Reactions of difluorocar-
bene 6.
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Irradiations were carried out with an ArF Excimer Laser (l� 193 nm;
Lambda Physik COMPex 100) or Osram HBO 500 W/2 mercury high-
pressure arc lamps in Oriel housings equipped with quartz optics. IR
irradiation from the mercury high-pressure arc lamp was absorbed by a
10 cm path of water. Schott cut off filters were used (50 % transmission at
the wavelength specified) in combination with dichroic mirrors.


Calculations were performed with the Gaussian94 program package.[15, 16]


Frequency calculations were done at the B3LYP/6 ± 311G(d,p)[18, 19] and the
MP2/6 ± 311G(d,p)[17] level of theory. Thermodynamic properties were
calculated at the B3LYP/6 ± 311G(d,p) level of theory and include the zero-
point energy.
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Nature of the Magnetic Interaction in the (Cu2�, Ln3�) Pairs: An Empirical
Approach Based on the Comparison Between Homologous (Cu2�, Ln3�) and
(Ni2�


LS, Ln3�) Complexes**


Jean-Pierre Costes,* Françoise Dahan, Arnaud Dupuis, and Jean-Pierre Laurent


Abstract: The reaction of {2,2'-[1-meth-
yl-1,2-propanediyl bis(nitrilomethyli-
dyne]-di(6-methoxyphenolato)}copper-
(ii) (LCu) or nickel(ii) (LNi) with
Ln(NO3)3 in acetone led to strictly
heterodinuclear [LCu(Me2CO)Ln-
(NO3)3] and [LNi(Me2CO)Ln(NO3)3]
complexes (with Ln� all the lanthanides
except prometheum; Ni in the low-spin
state). Three complexes [(Cu2�, Ce3�),
(Cu2�, Yb3�) and (Ni2�, Dy3�)] have
been structurally characterized. They
crystallize in the same monoclinic space


groups P21/c (no. 14) and are isomor-
phous. This relationship in conjunction
with the diamagnetism of the Ni2� ion
allow an empirical evaluation of the
effect of the crystal field on the magnetic
properties as well as an approach to-
wards the nature of the coupling be-
tween the copper(ii) and the lanthani-


de(iii) ions in the [LCu(Me2CO)Ln-
(NO3)3] complexes. The Cu ± Ln inter-
action is antiferromagnetic for Ln�Ce,
Nd, Sm, Tm, and Yb, and ferromagnetic
for Ln�Gd, Tb, Dy, Ho, and Er; how-
ever, the Cu ± Pr and the Cu ± Eu pairs
are devoid of any significant interaction
along with the Cu ± La and Cu ± Lu pairs,
in accordance with the nonmagnetic
nature of the ground state for these
lanthanide ions.


Keywords: copper ´ heterodinu-
clear complexes ´ lanthanides ´
magnetic properties ´ nickel


Introduction


We have previously described[1, 2] the synthetic possibilities
offered by Schiff base ligands derived from 2-hydroxy-3-
methoxybenzaldehyde to produce strictly dinuclear (Cu2�,
Ln3�) complexes (Ln�Pr, Eu, Gd, Yb). However, we did not
succeed in determining the nature (ferro- or antiferromag-
netic) of the exchange interaction, except for the (Cu2�, Gd3�)
pair. The discrete dinuclear (Cu2�, Gd3�) complexes, devoid of
any intermolecular interaction, have given unambiguous
support to the conclusions extracted from the investigations
of polynuclear complexes.[3±10] The observed ferromagnetic
behavior is an intrinsic property of the (Cu2�, Gd3�) pair.
More recently we have shown that this conclusion may be
extended to the nickel(ii, high-spin)-gadolinium(iii) pair.[11]


The major difficulties in analyzing the magnetic properties
of the (Cu2�, Ln3�) couples arise from the fact that the ground
state of the Ln3� ion (Ln=La, Eu, Gd, Lu) has a first-order


angular momentum which prevents the use of a spin-only
Hamiltonian for isotropic exchange.[12, 13] The joint effects of
the crystal field and orbital contribution can result in an
important anisotropy of the magnetic susceptibility and
exchange interaction. The crystal field splitting is usually of
the order of kT at room temperature, so that the thermal
dependence of the populations of the Stark levels has to be
implicitly taken into account. To date, the studies addressing
these problems in the case of (3d, 4 f) molecular complexes
are very scarce.[5, 10, 14, 15]


This situation prompted us to investigate the possibilities of
a more empirical approach based on a comparison of the
magnetic properties of homologous (Cu2�, Ln3�) and (Ni2�


LS,
Ln3�) complexes. Just after the completion of our study, we
were made aware of a very similar analysis which leads to the
conclusion that a ferromagnetic exchange interaction is
operative in the (Cu2�, Dy3�) pair.[16]


The present work focuses on the study of the magnetic
susceptibility of 22 complexes belonging to the homologous
families [LNiLS(Me2CO)Ln(NO3)3] and [LCu(Me2CO)-
Ln(NO3)3], where L represents the dideprotonated form of
{2,2'-[1-methyl-1,2-propanediyl bis(nitrilomethylidyne]-di(6-
methoxyphenol)}, and Ln represents all the lanthanides
except prometheum. Structural characterizations of the
(Cu2�, Ce3�), (Cu2�, Yb3�), and (Ni2�, Dy3�) complexes are
reported.


[*] Dr. J.-P. Costes, Dr. F. Dahan, Dr. A. Dupuis, Dr. J.-P. Laurent
Laboratoire de Chimie de Coordination du CNRS
UPR 8241 lieÂe par convention aÁ l�UniversiteÂ Paul Sabatier
205 route de Narbonne, F-31077 Toulouse Cedex (France)
Fax: (�33) 5-61-33-30-03
E-mail : costes@lcc-toulouse.fr


[**] Ln3�� all the lanthanides except prometheum.
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Results and Discussion


Preparation and characterization : The synthetic strat-
egies that we have previously used to obtain several
examples of dinuclear (Cu2�, Ln3�) complexes have
been recently extended to the preparation of (Ni2�


HS,
Ln3�) and (VO2�, Gd3�) complexes.[11, 17] A slight
modification of these processes affords convenient
routes to (Ni2�


LS, Ln3�) complexes. Indeed, the spin state
of the Ni2� ion depends on the nature of the diimino
chain present in the Schiff base ligand. Shortening the
chain from N-C-CMe2-C-N to N-C-CMe2-N prevents
the axial coordination of solvent molecules and stabil-
izes the low-spin state of Ni2�. For the investigations
reported here, we have prepared two series of dinuclear
(Cu2�, Ln3�) and (Ni2�


LS, Ln3�) complexes, where Ln
represents any ion of the 4 f family, except prometheum
which is radioactive.


The IR spectra of all of these compounds are
superimposable. Owing to the large electronic delocal-
ization occurring in these complexes, any absorption
cannot be considered in isolation and attributed with
certainty. However, two bands at 1464(� 2) and
1368(� 1) cmÿ1 are attributable to the bidentate nitrato
ions. The complexes display very similar mass spectra
(FAB�). In every case, the predominant signal is
attributable to the [LMLn(NO3)2]� ion (M�Cu or Ni).


The structures of three complexes [LCuCe(NO3)3]
(1), [LCuYb(NO3)3] (2), and [LNiDy(NO3)3] (3) were
determined by X-ray crystallography. In all three cases,
the crystal system is monoclinic with space group P21/c
(no. 14), and the unit cell contains four discrete
[LMLn(NO3)3] entities with intervening acetone molecules
(Table 1). A view of 3 is represented in Figure 1. Significant
bond lengths and angles are given in Table 2 for the three


Figure 1. Molecular plot for [LNi(Me2CO)2Dy(NO3)3] (3) (ellipsoids
drawn at the 40 % probability level).


complexes along with those of the previously reported
complex [LCuGd(NO3)3] (4).[1] The following features were
observed for 1, 2, and 3 :
1) The central region of the structure is occupied by the M2�


and Ln3� ions which are bridged one to the other by two
phenolato oxygen atoms from the ligand.


2) The four atoms of the bridging entity are not exactly
coplanar which leads to a roof-shaped MO2Ln core.


Abstract in French: La rØaction des complexes {2,2'-[1-mØthyl-
1,2-propanedyil bis(nitrilomØthylidine]-di(6-mØthoxyphØnola-
to)} cuivre(ii) (LCu) ou nickel(ii) (LNi) avec Ln(NO3)3


conduit, dans l�acØtone, à des complexes [LCu(Me2CO)-
Ln(NO3)3] et [LNi(Me2CO)Ln(NO3)3] strictement dinuclØai-
res (avec Ln� tous les lanthanides exceptØ le promØthØum
radioactif et Ni prØsentant un Øtat bas spin). La dØtermination
structurale de trois complexes ((Cu2�, Ce3�), (Cu2�, Yb3�),
(Ni2�, Dy3�)) a ØtØ rØalisØe. Ils cristallisent dans le meÃme
groupe d�espace P21/c (N8 14) et sont isomorphes. Cet isomor-
phisme, ainsi que le diamagnØtisme des centres nickel, per-
mettent une Øvaluation empirique de l�effet du champ cristallin
sur les propriØtØs magnØtiques ainsi qu�une approche de la
nature du couplage entre le cuivre(ii) et les ions lanthanide(iii)
dans les complexes [LCu(Me2CO)Ln(NO3)3. Ainsi, l�interac-
ction Cu ± Ln est antiferromagnØtique pour Ln�Ce, Nd, Sm,
Tm, Yb et ferromagnØtique pour Ln�Gd, Tm, Dy, Ho, Er. Les
complexes Cu ± Pr et Cu ± Eu sont dØpourvus d�interaction
significative, tout comme Cu ± La et Cu ± Lu, en accord avec la
nature non magnØtique de niveau fondamental de ces ions
lanthanide.


Table 1. Crystallographic data of 1 ± 3.


1 2 3


chemical formula C23H28CeCuN5O14 C23H28CuN5O14Yb C23H28DyN5NiO14


Mr 802.17 835.09 819.71
T [K] 293(2) 293(2) 293(2)
crystal system monoclinic monoclinic monoclinic
space group P21/c (no. 14) P21/c (no. 14) P21/c (no. 14)
a [�] 9.7853(13) 9.8357(13) 10.0653(10)
b [�] 19.069(2) 18.858(2) 18.724(2)
c [�] 16.136(2) 15.957(2) 15.757(2)
b [8] 96.60(2) 96.42(2) 96.827(10)
V [�3] 2990.9(6) 2941.1(7) 2948.6(6)
Z 4 4 4
F(000) 1600 1648 1628
1calcd [Mg mÿ3] 1.781 1.886 1.847
m(MoKa) [mmÿ1] 2.289 3.944 3.229
crystal size [mm] 0.40� 0.35� 0.20 0.50� 0.20� 0.15 0.50� 0.40� 0.25
Tmin ± Tmax 0.8248 ± 0.9992 0.7361 ± 0.9990 0.5928 ± 0.9997
2q range [8] 3 ± 54 3 ± 54 3 ± 54
no. of data collected 6894 6762 6758
no. of unique data 6524 6401 6406
Rav. (on I) 0.0149 0.0175 0.0135
observed data [I> 2 s(I)] 4069 4708 4973
variable parameters 327 327 327
S 1.077 1.078 1.209
(D/s)max 0.010 0.002 0.009
R[a] 0.0362 0.0284 0.0314
wR[b] 0.0989 0.0717 0.0793
(D/1)min [e�ÿ3] ÿ 0.581 ÿ 0.665 ÿ 0.558
(D/1)max [e �ÿ3] 0.694 0.724 0.667


[a] R�� j jFo jÿjFc j j /� jFo j (obsd reflections).
[b] wR� [�w( jF 2


o jÿjF 2
c j )2/�w jF 2


o j 2]1/2 (all reflections).
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3) The acetone molecule is axial with respect to the M2� ion,
but not coordinated to it in the case of the (Ni2�, Dy3�)
complex (Ni ± O� 3.139 �) and, at best, semicoordinated
(Cu ± O� 2.623(3) and 2.601(5) �) for the (Cu2�, Ce3�)
and (Cu2�, Yb3�) complexes.


4) The copper ion adopts a square-based [4�1] coordination
mode, the equatorial N2O2 donors are from L. The copper
ion protrudes out of the mean N2O2 plane by 0.11 ± 0.12 �.


5) The geometry around the nickel ion is square planar.
6) The Ln ion is ten-coordinate. In addition to the two


phenolate oxygen atoms, the coordination sphere contains
two oxygen atoms from the OMe side arms of L and six
oxygens from the three bidentate nitrato ions.


7) The separations between metal ions belonging to neigh-
boring dinuclear units are much larger than the related
intramolecular M ´´´ Ln separations and preclude any
significant intermolecular interaction.


A preliminary structural study of the (Cu2�, Er3�) and (Ni2�,
Er3�) complexes show that these complexes are also isomor-
phous.


Magnetic study : Of the 30 possible complexes, or 15 M ± Ln
pairs (M�Ni2�, Cu2�), one pair has to be deleted because Pm
is radioactive, and two other pairs have no 3 d ± 4 f interaction
because the Ln centers are diamagnetic (Ln�La, Lu), and a


fourth, M ± Gd, has already been studied.[1] Informative
magnetic susceptibility measurements have been performed
for the 22 remaining low-spin nickel and copper complexes in
the 2 ± 300 K temperature range. In these 22 complexes, the
lanthanide ions possess a first-order angular momentum
which prevents the use of a spin-only Hamiltonian for
isotropic exchange. This is the reason why we investigated
the possibility of a more empirical approach based on a
comparison of the magnetic properties of homologous (Cu,
Ln) and (Ni, Ln) complexes in which nickel centers are low-
spin (diamagnetic). The comparison between isomorphous
(Cu,Ln) and (Ni, Ln) complexes is needed in order to
eliminate the crystal field contribution of Ln ions in each pair.
Thus, the resulting behavior can be attributed to intramolec-
ular magnetic interactions because the dinuclear complexes
are well isolated, as confirmed by the structural determina-
tions which showed that intermolecular interactions are
impossible. These results only give information on the type
of interaction (ferro- or antiferromagnetic), but they cannot
lead to a quantitative determination.


Three types of behaviour are observed; they are illustrated
in Figure 2, which reports the thermal dependence of the cMT
product for three paired complexes (Cu2�, Ln3�)/(Ni2�, Ln3�)
(Ln� neodymium, europium, and dysprosium). In each case,
the third curve represents the variation of the difference
D(T)� (cMT)CuLnÿ (cMT)NiLn.


For all the (Cu2�, Ln3�) complexes, the cMT values at 300 K
are practically equal to the sum of the contribution attribut-
able to noninteracting Cu2� and Ln3� ions. In the (Ni2�, Ln3�)
complexes, the experimental cMT values only consist of the
contribution of the rare earth ion which, in the free-ion
approximation, may be evaluated by the expression given in
Equation (1), where l is the spin-orbit coupling parameter
and gJ the Zeeman factor [Eq. (2)].


c�Ng2
Jb


2J�J � 1�
3 kT


� 2 b
2�gJ ÿ 1��gJ ÿ 2�


3 l
(1)


gJ�
3


2
��S�S� 1� ÿ L�L� 1�


2 J�J � 1� (2)


S, L, and J are the spin, orbital, and total quantum numbers,
respectively. On lowering the temperature, (cMT)CuLn and


Table 2. Selected bond lengths [�] and angles [8] for 1 ± 4.[a]


1 2 3 4[a]


M ± O1 1.913(4) 1.896(3) 1.827(3) 1.879(5)
M ± O2 1.933(4) 1.898(3) 1.840(3) 1.904(5)
M ± N1 1.924(5) 1.903(3) 1.829(4) 1.942(6)
M ± N2 1.918(5) 1.926(3) 1.849(4) 1.918(7)
Ln ± O1 2.435(4) 2.307(3) 2.372(3) 2.398(5)
Ln ± O2 2.417(4) 2.298(3) 2.356(3) 2.337(5)
Ln ± O3Me 2.684(4) 2.586(3) 2.563(3) 2.626(5)
Ln ± O4Me 2.659(4) 2.586(2) 2.550(3) 2.614(5)
Ln ± O(nitrato) [b] 2.556(4) ±


2.580(4)
2.393(3) ±
2.486(3)


2.432(4) ±
2.500(4)


2.452(5) ±
2.529(5)


Ln ± O1-M 106.1(2) 106.2(1) 107.7(1) 105.9(2)
Ln-O2-M 106.1(2) 106.4(1) 107.9(2) 107.4(2)
O1-M-O2 82.4(2) 80.8(1) 81.4(1) 81.8(2)
O1-Ln-O2 63.0(1) 64.55(9) 60.7(1) 63.0(2)
D[c] 14.3(4) 13.2(3) 14.0(3) 12.9(5)


[a] Cf. ref. [1]. [b] Minimum and maximum values. [c] Dihedral angle be-
tween the M-O1-O2 and Ln-O1-O2 planes.


Figure 2. Thermal dependence of cMT for [LCu(Me2CO)Ln(NO3)3] (&) and [LNi(Me2CO)Ln(NO3)3] (� ) complexes at 0.1 T. The solid line corresponds to
the difference D between the two cMT. Left: Ln�Nd; center: Ln�Eu; right: Ln�Dy.
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(cMT)NiLn decrease. For the (Ni2�, Ln3�) complexes, the plot of
cMT versus T deviates significantly from that predicted from
Equation (1). Interestingly, the curves of (cMT)CuLn and
(cMT)NiLn versus T are roughly parallel from 300 to 80 K.
The difference D(T) is approximately constant and equal to
0.38� 0.05 cm3 molÿ1 K, which represents the cMT values
attributable to an isolated copper(ii) ion. These observations
indicate that the decrease of (cMT)CuLn and (cMT)NiLn must be
considered as an intrisic characteristic of the Ln ion and
essentially attributed to the depopulation of the Stark levels.
The isomorphism of the various (Cu2�, Ln3�) and (Ni2�, Ln3�)
complexes suppports the view that, for a given rare earth ion,
the same crystal field is operative in both complexes, which
gives rise to the same distribution of Stark levels. Below �
80 K, the parallelism of the cMT plots is preserved when Ln�
Pr and Eu and D(T) is practically constant. On the contrary,
lowering the temperature causes D(T) to decrease when Ln�
Ce, Nd, Sm, Tm, and Yb, and to increase when Ln�Gd, Dy,
Ho, Tb, and Er. This behavior cannot originate in intermo-
lecular interactions since structural data show that the
complexes contain discrete dinuclear entities which are well-
isolated from each other. They must be attributed to solely
intramolecular magnetic interactions. These interactions are
expected to be feeble and, therefore, only perceptible at low
temperatures.


To sum up the discussion, we can represent the quantity
D(T) by Equation (3).


D(T)� (cMT)CuLnÿ (cMT)NiLn� (cMT)Cu� JCuLn(T)(3)


The local contribution (cMT)Cu is equal to the Curie
constant, which has been determined in the (Cu2�, La3�) and
(Cu2�, Lu3�) complexes. The variation of JCuLn(T) with temper-
ature is easily extracted from the experimental data, but is
presently not amenable to a detailed analysis which would
lead to a quantitative determination of the exchange param-
eters in the ground and excited crystal-field states.[12, 13]


However, the direction (increase or decrease) of that
variation is directly related to the nature (ferro- or antiferro-
magnetic) of the overall interaction between the Cu2� and
Ln3� ions. A similar comparison made with the M ± Gd pair
confirms the ferromagnetic interaction previously observed.[1]


According to this rationale, the interaction is antiferromag-
netic when Ln�Ce, Nd, Sm, Tm, Yb, and ferromagnetic when
Ln�Gd, Tb, Dy, Ho, Er. It may be noted that the (Cu2�,
Dy3�) pair has been found to be ferromagnetic,[10, 16] while
according to Gatteschi et al. the isotropic component of the
exchange is antiferromagnetic, while the anisotropic parts are
ferromagnetic.[5]


Two complexes, (Cu2�, Pr3�) and (Cu2�, Eu3�) are charac-
terized by a zero value of JCuLn(T) which suggests that they are
devoid of any interaction and the Pr3� and Eu3� ions are acting
as nonmagnetic materials at low temperature. In fact, the low
temperature limit of (cMT)NiLn (Ln�Pr, Eu) is effectively
zero. This conclusion is consistent with the fact that the 4F0


ground state of europium is nonmagnetic, while the ground
term 3H4 of praseodymium can give rise to a singlet ground
Stark level, as Pr3� is a non-Kramer ion.[18, 19]


Conclusions


In general, our conclusions regarding the nature of the overall
Cu ± Ln interactions are in line with the predictions of Kahn
et al.[8] These authors have stated that for the 4f1 ± 4f6


configurations of of Ln3�, angular and spin momenta are
antiparallel in 2S�1LJ free-ion ground state (J�Lÿ S). A
parallel alignment of the Cu2� and Ln3� spin momenta would
lead to an antiparallel alignment of the angular momenta, that
is to an overall antiferromagnetic interaction. Conversely, for
the 4f8 ± 4f13 configurations (J�L� S), a parallel alignment of
the Cu2� and Ln3� spin momenta would result in an overall
ferromagnetic interaction.


All the complexes considered in the present study, except
(Cu2�, Tm3�) and (Cu2�, Yb3�), comply with this rationale
which suggests that the spin momenta of Cu2� and Ln3� are
parallel to each other. At present, it is still not clear why the
two (Cu2�, Tm3�) and (Cu2�, Yb3�) pairs do not follow the
general trend.


Experimental Section


Materials and methods : All starting materials were purchased from Aldrich
and were used without further purification. Elemental analyses were
carried out by the Service de Microanalyse du Laboratoire de Chimie de
Coordination, Toulouse (C, H, N). 1H NMR spectra were recorded with a
Bruker WM 250 spectrometer working at 293 K. Magnetic susceptibility
data were collected on a powdered sample of the compound with a
SQUID-based sample magnetometer on a QUANTUM Design Model
MPMS instrument. All data were corrected for diamagnetism of the ligand,
estimated from Pascal�s constants[21] (ÿ337� 10ÿ6 emu molÿ1 for [LCuLn(-
NO3)3] ´ Me2CO complexes and ÿ336� 10ÿ6 emu molÿ1 for [LNiLn(-
NO3)3] ´ Me2CO). Positive FAB mass spectra were recorded in DMF as a
solvent and 3-nitrobenzyl alcohol matrix with a Nermag R10-10 spectrom-
eter.


{2,2''-[1-Methyl-1,2-propanediyl-bis(nitrilomethylidyne]-di(6-methoxyphe-
nolato)(2ÿ )nickel(iiii)} (LNi ´ H2O): This complex was prepared as previ-
ously described.[20] 1H NMR (250 MHz, CDCl3, 20 8C, TMS): d� 7.36 (s,
1H; CH); 7.29 (s, 1 H; CH); 6.65 (m, 4 H; ArCH); 6.4 (m, 2 H; ArCH); 3.81
(s, 3 H; OCH3); 3.80 (s, 3H; OCH3); 3.24 (s, 2H; CH2); 1.43 (s, 6H; CH3);
anal. calcd for C20H22N2NiO4 ´ H2O (431.1): C 55.7, H 5.6, N 6.5; found C
55.7, H 5.4, N 6.6.


[LMLn(NO3)3] ´ Me2CO : These complexes with M�CuII, NiII and Ln� all
the lanthanides(iii) except Pm3� (radioactive) were prepared by a reported
procedure.[1] All the compounds were characterized by elemental analysis
(C, H, N), IR, and mass (FAB� ) spectrometries. As a typical example:
Tm(NO3)3 ´ 5 H2O (0.25 g, 5.5� 10ÿ4 mol) was added to LNi ´ H2O (0.23 g,
5.5� 10ÿ4 mol) in acetone. The precipitate which formed was filtered off
and washed with cold acetone and diethyl ether. Yield: 0.36 g (80 %); MS
(FAB, 3-nitrobenzyl alcohol matrix): m/z (%): 705 (100),
[C20H22N4NiO10Tm]� ; anal. calcd for C20H22N5NiO13Tm ´ Me2CO: C 33.4,
H 3.4, N 8.5; found C 33.4, H 3.2, N 8.4.


Crystal structure analysis of 1, 2, and 3 : Crystals suitable for X-ray
crystallography were obtained by the deposition of a few milligrams of
LM ´ H2O (with M�Cu, Ni) and Ln(NO3)3xH2O in a tube, followed by
addition of acetone and slow evaporation of the solution at room
temperature. Crystal data for all structures are presented in Table 1. Data
were measured on an Enraf ± Nonius CAD4 diffractometer with MoKa (l�
0.71073 �) radiation and w ± 2 q scans at 293 K. The reflections were
corrected for Lorentz polarization effects with the MolEN package.[22]


Semiempirical absorption corrections,[23] based on y scans, were applied.
The structures were solved by a Patterson procedure with the SHELXS-86
program[24] and refined against all F2


o (SHELXL-93)[25] with a weighting
scheme wÿ1� s2(F2


o)� (aP)2�bP where 3 P� (F2
o� 2 F2


c) and a and b are
constants adjusted by the program. All non-hydrogen atoms were refined
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anisotropically, except C sp2 atoms which were refined isotropically.
Hydrogen atoms were included by a riding model with U equal to 1.1 times
Ueq of atom of attachment. 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-100 940. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Chiral Recognition of Alcohols in the Crystal Lattice of Simple Metal
Complexes of O,O'-Dibenzoyltartaric Acid: Enantiocomplementarity and
Simultaneous Resolution


AndraÂs Mravik,* Zsolt Böcskei, KaÂ lmaÂn Simon, Ferenc Elekes, and ZoltaÂn IzsaÂki


Abstract: A simple preparative method for the enantiomeric enrichment of alcohols
is reported. Crystallization of the complexes of alcohols formed with calcium and zinc
O,O'-dibenzoyltartrates led to effective resolutions of the alcohols. However, zinc
and calcium dibenzoyltartrates are complementary resolving agents upon coordina-
tive resolution of less-hindered alkoxy alcohols. Mixed copper(ii) salts of O,O'-
dibenzoyltartaric acid formed with carboxylic acids can also be applied to the
resolution of alkoxy alcohols, thereby providing the simultaneous resolution of an
alcohol and a carboxylic acid. Zinc dibenzoyltartrate can form coordination
compounds with alkoxy alcohols as well as lattice inclusion compounds with simple
alcohols as revealed by the four X-ray structures reported here.


Keywords: alcohols ´ chiral
recognition ´ enantiomeric
resolution ´ inclusion compounds


Introduction


The access to enantiopure alcohols on a preparative scale is
performed most frequently by optical resolution. Apart from
enzymatic methods[1] and selective inclusion compound for-
mation,[2, 3a] however, most of the resolutions are achieved by
a traditional route involving fractional crystallization of the
diastereoisomeric salts of a derivative (for example, phthalic
monoester) formed with optically active amines.[3] The most
important chemical methods for the preparation of enantio-
pure alcohols, applied particularly to tetrahydrofurfuryl
alcohol (1), are shown in Scheme 1.


The optical resolution through a derivative requires addi-
tional steps to be included into the procedure (acylation of the
racemic alcohol, purification of the racemic acid phthalate,
diastereomer crystallizations, decomposition of the salt ob-
tained, hydrolysis of the half-ester, and recovery of the
enantiomeric alcohol), which cause a drastic decrease in the


Scheme 1. The main chemical routes to enantiomeric tetrahydrofurfuryl
alcohol (a short review of the methods can be found in ref. [8b]). a) Jones�s
reagent; b) ephedrine; c) CH2N2; d) LAH; e) brucine; overall yields for
steps a,b,c,d and a,e,c,d: 7 %;[4a] f) phthalic anhydride/pyridine; g) aqueous
NaOH; f,e,g: involve several crystallization steps, yield not given ref.
[4b]; h) resolution by inclusion crystallization, yield: 15 %;[4c] yields are
based on half of the starting racemic 1.


final yield. Furthermore, the resolving agent itself is often
expensive and/or toxic. Primary alcohols can be resolved in
the form of the corresponding carboxylic acid, which must be
reduced to give the desired alcohol. More advantageous is the
resolution of the alcohol itself, which can be achieved by
inclusion crystallization.[2, 3a] However, the appropriate chiral
host compounds are very expensive and generally available on
a gram scale only. In contrast, enantiopure O,O'-dibenzoyl-
tartaric acid is available on an industrial scale at a relatively
low price.


We report here the application of simple metal complexes
of O,O'-dibenzoyltartaric acid (4) as new resolving agents for
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alcohols. Based upon the coordinating ability of metal ions for
alcohols, efficient enantiomeric resolutions can be performed
by using enantiopure O,O'-dibenzoyltartrate ions (HLÿ0 , L2ÿ


0 )
as chiral modifiers. Furthermore, the O,O'-dibenzoyltartrate
moieties play an important role in the formation of complexes
that crystallize well.


Results and Discussion


Previously we reported on the use of calcium complexes
Ca(L0) (7) and Ca(HL0)2 (8) for the resolution of carboxylic
acids and hydroxy acid esters.[5] The neutral calcium salt 7 can
be applied, however, to the resolution of certain alcohols by
crystallizing the complexes 9-(L), where L stands for the
alcohol (currently 1 ± 3) to be resolved.


[Ca(L)2](L0) 9-(L)


The best results were obtained when one mole of 7 and four
(or more) moles of the racemic alcohol were allowed to react
in 96 % ethanol, followed by the crystallization of 9-(L) from
ethanol or an ethanol/acetone mixture (see Table 1). Crystal-
line complexes of type 9 were obtained with alkoxy alcohols
only. A very stable complex (9-(6)) formed with 2-methox-
yethanol (6) is the key compound upon the enantiomeric
resolution of O,O'-dibenzoyltartaric acid by preferential
crystallization.[6] A simple, mild work-up involves the trans-
formation of 9-(L) into the mixed calcium salt[5, 7] (10a)
formed with methoxyacetic acid (HLM), (5a) [Eq. (1)].


[Ca(L)2](L0)�HLM ÿ! [Ca(H2O)](HL0)(LM) ´ H2O� 2L (1)


The liberated alcohol can be obtained[8a] from the mother
liquor after removal of salt 10a (90 ± 95 % yield). Enantiopure
tetrahydrofurfuryl alcohol (R)-1 was obtained in 52 % overall
yield. This procedure involves three crystallization steps, in
contrast to that with the acid phthalate, which requires five or
six crystallization steps to provide the enantiopure phthalic
monoester.[4b] As an alternative method, the one presented
here seems to be the simplest procedure for the preparation of
enantiopure tetrahydrofurfuryl alcohol.[8b] However, in the
work-up reaction [Eq. (1)] methoxyacetic acid can be re-
placed with racemic tetrahydrofuroic acid (5b) (Scheme 2).


Scheme 2.


During this second reaction the resolution of tetrahydro-
furoic acid and the recovery of the optically active tetrahy-
drofurfuryl alcohol can be achieved in one step.


In order to expand the range of such coordinative
resolutions, we changed the central metal ion. The zinc
complexes studied next exhibit substantial differences to the
calcium complexes. First of all, an enantiocomplementary
effect occurs, which means that the configuration of the alkoxy
alcohol forming the less soluble complex with Zn(L0) (15)
changes to the opposite one when the O,O'-dibenzoyltartrate
ion of the same configuration is used. In addition, the zinc ion
readily coordinates other molecules (water, ethanol) to form
crystalline compounds. In most cases only one molecule of
alkoxy alcohol is coordinated. Thus, tetrahydrofurfuryl alco-
hol (1) and 1-methoxy-2-propanol (3) form crystalline com-
plexes 16-(L), where L stands for (S)-1 or (S)-3.


[Zn(H2O)2(EtOH)(L)](L0) ´ H2O 16-(L)


X-ray crystallographic analysis of 16-((S)-1) and 16-((S)-3)
showed similar structures. The molecular structure of 16-((S)-
1) is shown in Figure 1. A stereoview of the packing in 16-((S)-
1) is given in Figure 2.


Abstract in Hungarian: Alkoholok rezolvaÂlaÂsaÂnak egy uÂj,
egyszeru" , gyakorlati moÂdszerØt ismerteti jelen közlemØnyünk.
Az eljaÂraÂs alapja az a megfigyelØs, hogy bizonyos alkoholok,
elso" sorban alkoxi-alkoholok kristaÂlyos komplexet alkotnak az
O,O'-dibenzoil-borko" sav fØmsoÂival. E komplexek kristaÂlyo-
sítaÂsa segítsØgØvel az illeto" alkoholok enantiomerjei elvaÂlaszt-
hatoÂk egymaÂstoÂl. Figyelemre mØltoÂ az a tØny is, hogy egy-
szeru" bb alkoxi-alkoholok esetØben a kalcium- Øs cink-diben-
zoiltartaraÂt ellentØtes konfiguraÂcioÂjuÂ alkoholokkal kØpez sta-
bilabb komplexet, így e kØt fØm-tartaraÂt egymaÂst kölcsönösen
kiegØszíto" rezolvaÂloÂ aÂgens. A dibenzoil-borko" sav Øs egy a-
halogØnkarbonsav vegyes rØzsoÂja szintØn alkalmas alkoholok
enantiomerjeinek elvaÂlasztaÂsaÂra, leheto" vØ tØve ezaÂltal az illeto"
alkohol Øs karbonsav egyideju" rezolvaÂlaÂsaÂt.
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Figure 1. Molecular structure of 16-((S)-1).


In contrast to the compounds of type 16, a complex with two
molecules of 2-hydroxymethyltetrahydropyran (2) (Zn(L0) ´
2 ((S)-2) ´ 3 H2O) was obtained, which may be formulated as 17
considering the structure of 16-((S)-1) (see Figure 1).


[Zn(H2O)2((S)-2)2](L0) ´ H2O 17


In the case of tetrahydrofurfuryl alcohol (1) the enantio-
meric excess can be increased from 39 % to 60 % by
crystallizing the complex 18 in the first step.


[Zn(H2O)(EtOH)((S)-1)](HL0)(CH3COO) ´ H2O 18


Complex 18 can be obtained from ethanol in the presence
of acetic acid.[9] However, two recrystallizations of 18 from
aqueous ethanol afforded pure 16-((S)-1). An interesting case


is that of the resolution of 2-methoxy-2-phenylethanol (11 a).
Normally, enantiopure 11 a can be obtained by reducing
enantiomeric a-methoxyphenylacetic acid,[10a,b] which is avail-
able by optical resolution with optically active amines, for
example with ephedrine.[11] On the other hand, racemic 11 a
can be prepared from styrene oxide by acid-catalyzed
methanolysis.[12] The isomeric 2-methoxy-1-phenylethanol
(11 b) (10 % in the starting mixture) was excluded during
the crystallization. Thus, (R)-11 a (57% ee) obtained from
19[15] contained less than 0.5 % 11b (GC).


[Zn(H2O)3((R)-11a)](L0) 19


This procedure is fully controlled by the concentration of
water. Thus, 19 can be crystallized from ethanol or aqueous
ethanol (containing less than 10 % water), whereas the
resolved 11 a can be simply extracted from the aqueous
solution of 19.


Simple alcohols (L, such as 2-propanol or 2-butanol) can
also form crystalline complexes[13] of the formula 20-(L).


[Zn(H2O)5](L0) ´ L 20-(L)


The X-ray crystal structure of 20-(12) (Figure 3) revealed
that, in contrast to the above coordination compounds (16, 17,
18, and 19), 20-(12) exists as a true lattice inclusion compound.
This probably holds for 20-((R)-13) as well.


The packing in 20-(12) is shown in Figure 4. A similar
inclusion compound (20-(THF)) was formed with THF, but
decomposed on long standing in air. The X-ray molecular
structure of 20-(THF) is shown in Figure 5. A somewhat
different complex (21)[14] was obtained from 1,3-butanediol
(14) in the presence of acetic acid.


[Zn(H2O)4](HL0)(CH3COO) ´ ((S)-14) 21


In all four complexes studied by X-ray crystallography the
Zn2� ion is coordinated by one of the carboxylate oxygen


Figure 2. Stereoview of the packing in 16-((S)-1).
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Figure 3. Molecular structure of 20-(12).


Figure 4. Packing diagram of 20-(12).


atoms of the tartrate ion. In addition, in two of the complexes
(16-((S)-1) and 16-((S)-3)) Zn2� is also coordinated by the
oxygen atoms of the bidentate ligands of tetrahydrofurfuryl
alcohol (cf. the molecular structure of 16-((S)-1) in Figure 1)
and 1-methoxy-2-propanol (in 16-((S)-3)), respectively. The
remaining three coordination sites are occupied in both
complexes by the oxygen atoms of an ethanol as well as two


Figure 5. Molecular structure of 20-(THF).


water molecules. A third water molecule can be found outside
the coordination sphere of the Zn2� ion. This water molecule
seems to play an essential role by utilizing all of its hydrogen
bonding capabilities to interconnect the coordination spheres
of three Zn2� ions (by accepting hydrogen bonds from one of
the water molecules (O36) and the alcoholic hydroxyl group
of the ethanol as well as donating hydrogen bonds to the
carboxylate oxygen atoms of two different tartrate anions,
none of the carboxylates coordinate Zn2� ions directly).
Parallel columns of Zn2� coordination spheres are arranged
into layers which are separated again by hydrophobic layers.
These are made up of perpendicularly oriented stacked
columns of repeating ethyl, phenyl, tetrahydrofurfuryl, phe-
nyl, ethyl, phenyl, tetrahydrofurfuryl etc. moieties (cf. the
packing diagram of 16-((S)-1), Figure 2). In complexes 20-
(THF) and 20-(12) bidentate ligands are replaced by mono-
dentate analogues. These are unable to get in the coordination
sphere of the Zn2� ions, but are present in the holes of the host
type crystal structures as guest molecules. Instead of the
bidentate ligands two more water molecules show up in the
coordination sphere of Zn2� ions resulting in a totally altered
intermolecular structure (see the molecular structure of 20-
(12) in Figure 3).


The complex 16-((S)-1) is isostructural with 16-((S)-3),
while 20-(THF) is pseudoisostructural with 20-(12). By the
latter we mean that the unit cell constants, the crystal system
and space group of 20-(THF) and 20-(12) are different, but
only due to a small deformation of the crystal lattice of 20-
(THF) as compared with 20-(12) and vice versa (see the
packing diagrams of 20-(THF) and 20-(12) in Figure 6 and
Figure 4, respectively). The unit cell constants of 16-((S)-1)
and 16-((S)-3) are also almost the same showing a high degree
of isostructurality, while in the case of 20-(12) one of the cell
constants (b) is about twice that of the c cell edge of 20-
(THF), while the remaining two are very similar.
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Figure 6. Packing diagram of 20-(THF).


Recovery of the resolved alcohols can be achieved by
extraction or in certain cases by distilling off the low-boiling
azeotrope of the alcohol formed with water. A special work-
up may involve ligand exchange, that is, conversion of the
complex into another species, by which the previously
complexed alcohol is freed. The results obtained with calcium
and zinc (2R,3R)-O,O'-dibenzoyltartrates are given in Table 1.


The copper(ii) complexes of O,O'-dibenzoyltartaric acid
may exhibit an interesting new field of optical resolution.


A series of copper(ii) complexes of the general formula[15]


25-(L,A) exists that can be applied to the enantiomeric
resolution of the coordinated ligands L and A (as Aÿ).


[Cu(L)nl
(H2O)nw](HL0)(A) 25-(L,A)


In the formula for 25-(L,A), L stands for an alcohol (nl


generally equal to 1), and A stands for an acid (HA) anion
(Aÿ). That is, a mixed copper(ii) salt (generally more stable
than the corresponding zinc salt) of O,O'-dibenzoyltartaric
acid formed with HA will be the resolving agent for the
alcohol L. On the other hand, a stable mixed salt exists (mixed
salts with acetic acid and a-halogeno acids were investigated;
compare to the mixed calcium salts[5]), which can be applied
to the resolution of HA. However, the enantiomeric compo-
sitions of L and HA obtained from 25 are mutually affected by
A and L, respectively. In conclusion, L and HA can be
resolved in one crystallization step, even when starting from
the racemic forms of both compounds. This simultaneous
resolution phenomenon is demonstrated by a few examples
given in Table 2.


Table 1. Complex salts of calcium and zinc (2R,3R)-O,O'-dibenzoyltar-
trates obtained with alcohols.


L M Solvent[a] Complex Yield[%][b] ee [%][c]


1 Ca EtOH/acetone 9 90 67(R)
2 Ca EtOH/acetone 9 89 28(R)
3 Ca EtOH 9 81 69(R)
6 Ca EtOH/6 9 92[d] ±
1 Zn EtOH/water 16 78 39(S)
1 Zn EtOH/(AcOH) 18 84 60(S)
2 Zn EtOH/water 17 41 33(S)
3 Zn EtOH/water 16 71 81(S)
6 Zn EtOH/6 16 95[d] ±
11[e] Zn EtOH 19 92[f] 57(R)
12 Zn water/12 20 89[d] ±
13 Zn water 20 82 30(R)
14 Zn water/(AcOH) 21 93 12(S)


[a] EtOH: 96% ethanol. [b] Yield of the complex based on half of the
starting racemic alcohol. [c] Enantiomeric excess and configuration (in
parentheses) of the optically active alcohol obtained from the complex
were determined by comparing the specific rotation value and the sign of
rotation to those of the pure enantiomer. [d] Yield based on the amount of
M(L0). [e] 90 % 11a and 10% 11 b. [f] Yield based on half of the racemic
11a.


Table 2. Copper complexes 25-(L,A) obtained with one (L or A) and two
(L and A) resolvable ligands.


L[a] HA[b] Yield[%][c] eeL[%][d] eeHA[%][e]


1 AcOH 74 11(S) ±
EtOH 24 66 ± 14(R)
1 24 41 44(S) 11(R)
EtOH 23 66 ± 3(R)
1 23 60 55(S) 19(R)
2 23 81 62(S) 29(R)
2 AcOH 75 31(R) ±
EtOH 22 86 ± 32(S)
1 22 35 8(S) 33(S)


[a] Starting (racemic) alcohol; EtOH: ethanol. [b] Starting (racemic) acid;
AcOH: acetic acid. [c] Yield of the complex 25 based on half of the starting
racemic ligand (L or HA); in other cases equimolar amounts of racemic L
and racemic HA were used. [d] Enantiomeric excess and configuration (in
parentheses) of the alcohol (L) isolated from 25 were determined by
comparing the specific rotation value and the sign of rotation to those of the
pure enantiomer. [e] Enantiomeric excess and configuration (in paren-
theses) of the acid (HA) isolated from 25 were determined by comparing
the specific rotation value and the sign of rotation to those of the pure
enantiomer.
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Conclusion


New, simple resolving agents can be obtained from O,O'-
dibenzoyltartaric acid by complexing it with metals. The
methods presented here along with those applied to the
enantioseparation of other nonbasic compounds may provide
an opportunity for the development of simple procedures
which yield pure compounds.


Experimental Section


General : Commercially available chemicals (>98%) were used except for
11, which was prepared as reported previously.[12] Solvents were purified by
standard methods; 96 % ethanol was redistilled. Melting points were
measured on a Gallenkamp apparatus and are uncorrected. IR spectra
(KBr) were recorded on a Perkin-Elmer 1600 FT-IR spectrometer. Optical
rotations were measured on a Perkin ± Elmer 241 polarimeter. GC/MS:
Hewlett ± Packard HP 5890; HP-5 column (25 m� 0.2 mm� 0.5 mm)
methyl-phenyl(5 %) polysiloxane; He, 35 cm minÿ1, 75 kPa; T program:
50 8C (5 min), 50 to 300 8C (10 8C minÿ1). MS: Hewlett ± Packard HP-5971,
70 eV, T� 150 8C, scan mode, 2.2 scans sÿ1.


9-((R)-1): (2R,3R)-O,O'-Dibenzoyltartaric acid monohydrate (30.1 g,
80 mmol) was dissolved in ethanol and then CaO (4.48 g, 80 mmol) was
added. The mixture was briefly refluxed until a clear (or almost clear)
solution was obtained. To the warm solution, racemic tetrahydrofurfuryl
alcohol (32.6 g, 320 mmol) and acetone (16 mL) were added. The solution
was seeded, slowly cooled, and finally allowed to stand for 10 h at 5 8C. The
crystalline precipitate was filtered off (43.0 g, 71.7 mmol) and recrystallized
twice from a mixture of ethanol/acetone (5:1). The air-dried material
(33.6 g, 56 mmol, 70 %) melted at 65 ± 67 8C. A pure sample of 9-((R)-1)
obtained from a solution containing (R)-1 in excess had a melting point of
73 ± 76 8C. IR (KBr): n� 3406, 2977, 1718, 1618, 1389, 1270, 1116, 1071,
720 cmÿ1.


(R)-Tetrahydrofurfuryl alcohol ((R)-1): Methoxyacetic acid (3.8 g,
42 mmol) and water (8 mL) were added to a warm solution of 9-((R)-1)
(20 g, 33.3 mmol) in ethanol (40 mL). The stirred solution was cooled to
15 8C, at which temperature it was stirred for an hour. The crystals (10a)
were removed by filtration, and the mother liquor was distilled at
atmospheric pressure until the head temperature had increased to 90 8C.
Anhydrous sodium carbonate (2.0 g) was added to the residue, and the
mixture was stirred for 30 min followed by the addition of chloroform
(100 mL) and anhydrous sodium sulfate (6 g). Vigorous stirring was
continued for an hour. After all solids were filtered off, the solution was
evaporated, and the residue was fractionated at reduced pressure. Pure (R)-
tetrahydrofurfuryl alcohol (5.0 g, 49 mmol, 74%) was obtained. [a]22


D �
ÿ2.18 (neat), [a]22


D �ÿ18.5 (c� 1.0 in chloroform), [a]22
D �ÿ17.1 (c� 5.4


in chloroform). ee> 98 %. Ref. [4b]: [a]20
D �ÿ2.18 (neat), [a]20


D �ÿ17.1
(c� 5.4 in chloroform).


(R)-2-Methoxy-2-phenylethanol ((R)-11a): To a hot solution obtained by
dissolving (2R,3R)-O,O'-dibenzoyltartaric acid monohydrate (5.64 g,
15 mmol) and zinc acetate dihydrate (3.29 g, 15 mmol) in ethanol
(25 mL), racemic 11[12] (3.8 g, 25 mmol) was added, and the stirred solution
was seeded at 40 ± 50 8C. The mixture was slowly cooled to 10 8C and
allowed to stand. The crystalline complex (6.5 g, 10.4 mmol) was filtered off
and recrystallized twice from aqueous ethanol (6 % and 10 % water). The
air-dried material (19) (3.1 g, 4.9 mmol) had a melting point of 202 ± 206 8C
(decomp). The complex was suspended in water (15 mL), and toluene
(25 mL) was added. Upon stirring the solid dissolved, and the organic layer
was separated. The aqueous layer was extracted with a second portion of
toluene (20 mL). The organic layers were combined and dried over sodium
sulfate. The solvent was removed at reduced pressure, and the residue was
distilled to give pure (11a> 99.5 %) (R)-11a (0.61 g; 4.0 mmol). B.p.0.1 60 ±
62 8C. (Retention time t� 14.40 min.) [a]22


D �ÿ132 (c� 1.0 in acetone).
ee> 98%. Ref. [10b]: [a]20


D �ÿ129.5 (neat), ref. [10c]: [a]20
D �ÿ133 (c� 1 in


acetone).


Simultaneous resolution of 2-hydroxymethyltetrahydropyran and 2-bro-
mopropionic acid : Racemic 2-bromopropionic acid (6.6 g, 43 mmol),


racemic 2-hydroxymethyltetrahydropyran (5.0 g, 43 mmol) and water
(9 mL) were added to a solution of (2R,3R)-O,O'-dibenzoyltartaric acid
monohydrate (9.0 g, 24 mmol) and copper(ii) acetate hydrate (4.80 g,
24 mmol) in ethanol (18 mL),. The solution was allowed to stand at room
temperature, then cooled to 5 8C to complete the crystallization. The
crystalline complex was filtered off and air-dried (12.62 g). This material
was suspended in water (12 mL), and concentrated NH3 was added until a
clear solution was obtained. The aqueous solution was extracted three
times with chloroform (35 mL each). The combined organic phase was
dried and evaporated. The residual oil was fractionated to give (S)-2-
hydroxymethyltetrahydropyran (1.60 g, 13.8 mmol, 64%) (2> 99.5 %,
retention time t� 9.49 min). [a]22


D �� 11.9 (c� 1.0 in water). ee� 62%.
Ref. [19]: [a]22


D �� 19.2 (c� 1 in water). To the aqueous solution, water
(15 mL), toluene (50 mL), and excess concentrated hydrochloric acid were
added; the mixture was warmed for a short period, cooled to 10 8C, and
allowed to stand until the solid material completely separated. The solution
was filtered, the toluene layer was separated, and the aqueous layer was
extracted with ethyl acetate (50 mL). The organic phases were combined,
dried over sodium sulfate, and concentrated in vacuo. The residue was
distilled to give (R)-2-bromopropionic acid (2.48 g, 16.2 mmol, 75%).
(23> 99.5 %, retention time t� 11.11 min). [a]22


D �� 8.7 (c� 1.0 in
methanol). ee� 29 %. Ref. [20] for the (S) isomer: [a]21


D �ÿ29.8 (c� 1 in
methanol).


Crystal data for 16-((S)-1): Mr� 623.89, monoclinic, space group P21, a�
11.187(3), b� 11.451(2), c� 11.334(1) �, b� 104.096(14)8, V�
1408.2(5) �3, Z� 2, 1calcd� 1.471 g cmÿ3, m� 1.820 mmÿ1. A colorless plate-
like crystal (0.50� 0.30� 0.05 mm3) gave a data set of 3130 reflections
(Vmax� 75.148) of which 2999 were unique with Rint� 0.047 and 2086 had
intensities higher than 2s(I). A psi-scan correction was applied: min/max
transmission: 0.665/1.000. R1� 0.0570, wR2� 0.1457, GOF� 1.000 for
those reflections with I> 2s(I). The Flack parameter[16] x� 0.04(8)
confirms the absolute configuration.


Crystal data for 16-((S)-3): Mr� 611.88, monoclinic, space group P21, a�
11.193(2), b� 11.4997(14), c� 11.3151(10) �, b� 105.234(10)8, V�
1405.3(5) �3, Z� 2, 1calcd� 1.446 g cmÿ3, m� 1.811 mmÿ1. A colorless nee-
dlelike crystal (0.50� 0.30� 0.25 mm3) gave a data set of 3189 reflections
(Vmax� 75.098) of which 3047 were unique with Rint� 0.054 and 2626 had
intensities higher than 2s(I). No absorption correction was applied. R1�
0.0456, wR2� 0.1185, GOF� 1.047 for those reflections with I> 2s(I). The
Flack parameter[16] x�ÿ0.01(4) confirms the absolute configuration.


Crystal data for 20-(12): Mr� 571.83, orthorhombic, space group P212121,
a� 9.091(8), b� 36.209(10), c� 7.9225(14) �, V� 2607.8(23) �3, Z� 4,
1calcd� 1.456 g cmÿ3, m� 0.945 mmÿ1. A colorless needlelike crystal
(0.50� 0.30� 0.25 mm3) gave a data set of 3130 reflections (Vmax�
75.148) of which 2971 were unique and 2290 had intensities higher than
2s(I). R1� 0.0818, wR2� 0.2296, GOF� 1.040 for those reflections with
I> 2s(I).


Crystal data for 20-(THF): Mr� 583.83, monoclinic, space group P21, a�
8.845(3), b� 8.098(25), c� 18.117(25) �, b� 95.86(5)8, V� 1290.8(44) �3,
Z� 2, 1calcd� 1.502 gcmÿ3, m� 1.943 mmÿ1. A colorless platelike crystal
(1.00� 0.75� 0.30 mm3) gave a data set of 2939 reflections (Vmax� 75.268)
of which 2766 were unique with Rint� 0.063 and 2656 had intensities higher
than 2s(I). R1� 0.0619, wR2� 0.1666, GOF� 1.086 for those reflections
with I> 2s(I). The Flack parameter[16] x� 0.06(6) confirms the absolute
configuration.


Crystal structure determinations: Single crystals of 16-((S)-1) and 16-((S)-
3) were grown from an ethanol/water mixture, whereas crystals of 20-(12)
and 20-(THF) were obtained from water. All data were collected at room
temperature with a Rigaku AFC6S diffractometer; w/2V scans measured
by using graphite-monochromated CuKa radiation. Three standards moni-
tored every 150 reflections indicated no significant decay in any of the four
cases. Lorentz-polarization corrections were applied in all cases. All
structures were solved by using the TEXSAN package[17] and refined with
SHELXL-93[18] against F 2 using all unique reflections. All non-hydrogen
atoms were refined anisotropically. Most hydrogen atoms were generated
based upon geometrical evidence, with XÿH bond length dependent on the
chemical nature of X. Some hydrogen atom positions (for example those
belonging to the water molecules) were taken from difference Fourier
calculations and reinforced by forming hydrogen bonds with proper
geometry. Crystallographic data (excluding structure factors) for the
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structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
100599. 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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Novel Molecular Clusters Having Aluminum ± Phosphorus,
Aluminum ± Arsenic, and Gallium ± Arsenic Skeletons, and Synthesis of an
Al4As6Li4 Rhombododecahedron


Matthias Driess,* Stephan Kuntz, Klaus Merz, and Hans Pritzkow


Abstract: The cyclocondensation reac-
tion of the primary silylarsanes 4 a, b
with the trimethylamine adducts of
alane (5 a) leads, under liberation of
H2, to the four-membered 1,3-diarsa-2,4-
dialuminetane heterocycles 2 a, b. The
latter derivatives were characterized by
NMR spectroscopy and a single-crystal
X-ray diffraction analysis. Compound
2 a consists of a puckered four-mem-
bered Al2As2 ring, which contains three-
coordinate As and four-coordinate Al
centers and, surprisingly, the NMe3


groups are cis oriented. Upon heating
of 2 a, b in toluene, the NMe3 groups at
the Al centers are readily cleaved and
the resulting unsolvated Al2As2 rings
trimerize, affording the novel hexagonal


prismatic Al6As6 cluster compounds
1 a, b. The latter were characterized by
(1H, 27Al) NMR and IR spectroscopy,
and the structure of 1 a was established
by a X-ray diffraction analysis. The
conversion of the silylarsane 4 a with
the amine ± gallane 5 b and of the silyl-
phosphane 4 c with the amine ± alane 5 a,
respectively, gives directly, that is, with-
out NMR-spectroscopically detectable
intermediates, the hexameric arsagal-
lane and phosphaalane clusters 1 c and
1 d, respectively. They are isostructural
with 1 a. Interestingly, the d (27Al) values


of 1 a (48), 1 b (40), and 1 d (46) are
relatively small compared to that of 2 a
(127) and 2 b (140), although the Al
centers are in all cases four-coordinate,
due to the ring strain in 1 a, b, and 1 d.
The reaction of the silylarsane 4 a with
[LiAlH4] in the molar ratio of 1:1 in
Et2O as solvent gives, under elimination
of H2, access to the unusual novel
heteroaggregate 3, which has a rhombo-
dodecahedral Al4As6Li6 skeleton. The
structure of 3 was established by X-ray
diffraction. Surprisingly, the same reac-
tion of the starting materials in 1,2-
dimethoxyethane instead of Et2O as
solvent leads to an unusual triple ion
pair compound.Keywords: aluminum ´ arsenic ´


clusters ´ gallium ´ lithium


Introduction


There is currently considerable interest in volatile low-
molecular-weight single-source precursors for the synthesis
of binary and multinary III/V semiconductors with remark-
able optoelectronic properties, such as GaN, InGaAs, and
InGaAlP, by MOVPE (metalorganic vapor phase epitaxy)
and CBE (chemical beam epitaxy) techniques.[1] However,
higher molecular-weight aluminum und gallium chalcoge-
nides and pnictides, respectively, are potentially useful co-
catalysts for the polymerization reactions of unsaturated
organic substrates. For instance, the alumoxanes [tBuAl(m3-
O)]n (n� 6, 7, 9) can act as cocatalysts in the Pd-catalyzed


conversion of CO and ethene to furnish polyketone poly-
mers [2] and are functional models of MAO (methylalumox-
ane) which is a cocatalyst in the Ziegler ± Natta polmerization
process.[3] However, structure ± reactivity relationships con-
cerning aluminum and gallium pnictide cage compounds have
been investigated far less than the chalcogenides of type A[4]


and the imino derivatives B.[5, 6] Hitherto phosphaimino
derivatives of gallane were known, which are tetrameric and
adopt the cubane-like structure C.[7]


We report here on the first hexameric arsinoalanes and -
gallanes 1 a ± c, and on the phosphorus homologue 1 d, in
which the Al and Ga centers are each bonded to one H atom
(Scheme 1). These compounds are formed by trimerization of
the corresponding M2E2 ring dimers 2 (M�Al, Ga; E�As,
P). Furthermore we describe the new heteroaggregate 3,
which has a rhombododecahedral Al4As6Li4 skeleton.
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Scheme 1. Synthesis of 2a, b and 1a ± d.


Results and Discussion


A facile method to form M ± P and M ± As bonds (M�Al,
Ga) is represented by the reaction of primary phosphanes and
arsanes (protic E ± H bonds) with H3M ± base adducts (M�
Al, Ga; hydridic M ± H bonds), which takes place under
elimination of H2. Thus, the reaction of the silylarsanes 4 a and
b with 5 a furnishes, under evolution of H2, the heterocycles
2 a and b, respectively. These heterocycles are the first
compounds of this type. Their composition is proven by
correct elemental analyses and the constitution is established
by NMR spectroscopy (1H, 27Al) and X-ray diffraction.
According to a single-crystal X-ray structure determination,
2 a consists of a puckered four-membered Al2As2 ring with
pyramidally l3, s3-coordinated As atoms and tetrahedrally
surrounded aluminum centers (Figure 1). The Me3N groups at
the Al centers are surprisingly cis-oriented to each other,
which is probably due to the steric demand of the silyl group
at arsenic.


The average Al ± As distance is 2.447(2) � and thus is only
slightly little longer than the value in the borazine analogue
(Mes*AlAsPh)3 (2.430 �, Mes*� 2,4,6-tBu3C6H2) which,
however, has only three-coordinate Al centers.[8] The average
endocyclic angle at arsenic is much smaller (76.14(6)8) than
the respective angle at the Al atom (100.41(7)8). The Al ± N
distances of 2.044(3) and 2.036(3) in 2 a are significantly
shorter than that in [5a]2 (2.063(8) �).[9] The compounds 2 a
and 2 b are thermally sensitive and rearrange to the corre-
sponding clusters 1 a, b, a process which may be easily
monitored by 27Al NMR spectroscopy. Apparently, the 27Al
nuclei in 2 a, b are relatively deshielded at d� 127 and 140,
respectively, compared to those in 1 a (d� 48) and 1 b (d� 40),
respectively. Notably the d values of 2 a, b are in the
characteristic region of four-coordinate Al compounds,
whereas the chemical shifts of 1 a and 1 b indicate an unusual


Figure 1. Molecular structure of 2 a. Selected distances [�] and angles [8]:
Al1 ± As1 2.439(2), Al1 ± As2 2.460(2), Al1 ± N1 2.044(3), Al1 ± H1 1.56(4),
Al2 ± As1 2.439(2), Al2 ± As2 2.444(2), Al2 ± N2 2.036(3), Al2 ± H2 1.59(4);
As1-Al1-As2 100.19(7), As1-Al2-As2 100.64(6), Al1-As1-Al2 76.38(6),
Al2-As2-Al2 75.91(6).


shielding, and the d values are between those expected for
four- and five-coordinate Al compounds.[10] This difference is
probably due to ring strain in the prismatic skeleton of 1 a, b.
The Me3N donor molecules are easily cleaved off upon
heating of 2 a in toluene, and the donor-free Al2As2 cycles
trimerize to form the hexameric arsinoalane 1 a, which
possesses a hexagonal prismatic Al6As6 skeleton, as shown
by an X-ray crystal structure determination (Figure 2).
Crystals of 1 b, prepared in similar way to those of 1a, were
not suitable for an X-ray crystal structure determination.


Compound 1 a has a center of symmetry and consists of two
puckered six-membered Al3As3 rings that are linked together
through six transversal Al ± As bonds, thus implying six four-


Figure 2. Solid-state structure of 1 a (1 c and 1 d are isotypic). Selected
distances [�] and angles [8]: As1 ± Al1 2.511(3), As1 ± Al2 2.470(2), As2 ±
Al1 2.468(3), As2 ± Al2 2.504(4), As1 ± Al1' 2.464(3); Al1-As1-Al2 84.9(1),
Al1-As2-Al2 85.05(9), Al1'-As1-Al2 122.5(1), Al1'-As1-Al1 84.5(1), As2-
Al1-As1 94.8(1), As1-Al2-As2 94.9(1), As1'-Al1-As1 95.3(1), As1''-Al2-
As1 115.4(2), Al1''-As2-Al1 123.7(1).
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membered Al2As2 ring increments in the
skeleton. The average Al ± As distance is
2.488(3) � and thus only marginally longer
than the value in 2 a. The average endocyclic
angle at arsenic in the Al3As3 ring (123.3(1)8)
is significantly larger than that at aluminum
(114.6(2)8), whereas the reverse is true in the
Al2As2 ring increments (Al-As-Al 84.9(1), As-
Al-As 94.8(1)8). Apparently, the bulky iPr3Si
groups at arsenic shield the Al ± H bonds
sterically, resulting in a almost spherical
molecule shape. The topography of the mol-
ecule is practically identical with that of the
nitrogen analogue (HAlNiPr)6.[5] Vibrational
spectroscopic data of such complex aggregates
are relatively rare. IR-(Infrared) and Raman-
spectroscopic investigations of 1 a revealed
the mode of the total symmetric stretching
vibration of the Al6As6 cage at 299 cmÿ1


(Raman active) and the asymmetric cage
vibration lies at 340 cmÿ1. Because of the
proximity of the latter vibrations to the As ± Si
stretching mode (ca. 380 cmÿ1) one expects a
significant vibration coupling. However, the
Al ± H vibration can be identified as the only
pure stretching vibration modes which appear at n� 1814,
1790 (sh) (IR active) and 1824, 1819 (sh) cmÿ1 (Raman
active), respectively. Whereas the reaction of 4 a, b with 5 a
furnishes the compounds 1 a, b via 2 a, b as isolable inter-
mediates, the conversion of iPr3SiAsH2 (4 a) with H3GaNMe3


(5 b) and of iPr3SiPH2 (4 c) with H3AlNMe3 (5a), respectively,
takes place under similarly mild reaction conditions (room
temperatur, Et2O as solvent) but an intermediate of the type 2
could not be detected. The hexameric arsinogallane 1 c and
the phosphinoalane 1 d were isolated in 71 and 92 % yield,
respectively, and have been characterized by NMR spectro-
scopy and elemental analyses. Their molecular structures are
isotypic with 1 a but the quality of the crystals is moderate,
that is, a discussion of their geometry is meaningless. The 31P
NMR chemical shift of 1 d at d�ÿ277 indicates a strong s-
donor effect from aluminum to the P centers, and the 27Al
NMR chemical shift at d� 46 is identical to the values
obtained for the arsenic homologues 1 a, b. It is instructive to
compare the stretching vibration spectra of 1 c (Ga6As6


skeleton) and 1 a (Al6As6 skeleton): The total symmetric
stretching vibration of the Ga6As6 skeleton in 1 c appears in
the Raman spectrum at n� 175 cmÿ1 [1 a (Al ± As): 299 cmÿ1] ;
this frequency coincides with the deformation mode of the
iPr3Si group, which is a very weak asymmetric mode that lies
at n� 235 cmÿ1 (IR-active). The n(GaH) mode (2087 cmÿ1,
IR; 2019, 2091 cmÿ1, Raman) is blue-shifted by more than
200 cmÿ1(!) compared to the n(AlH) bands in 1 a (1814,
1790 cmÿ1, IR) and this clearly demonstrates the special
position of gallium in Group 13, since it is more electronegative
than aluminum in its compounds (1.756 vs. 1.613 according to
Allen)[11] and has a relatively small covalent radius.


A remarkably facile way to cluster compounds with Al, As,
and Li centers as skeleton atoms is provided by the reaction of
the primary silylarsane 4 a with [LiAlH4] in the molar ratio of


1:1 in Et2O as solvent (Scheme 2). This leads, under evolution
of H2, to the heteroaggregate 3, which can be isolated in the
form of sparingly soluble, pale yellow crystals. Its structure
was established by an X-ray crystal structure determination
(Figure 3).


The generation of 3 may be simply described by a stepwise
cyclocondensation reaction of four molar equivalents of
[LiAlH4] with six arsane molecules. This initially gives rise
to the tetraionic Al4As6 skeleton 3A, which bears four Li
counterions (two of which are each coordinated by one Et2O
molecule) for neutralization. Further cyclocondensation of
this intermediate with two equivalents of arsane finally
affords 3. The formation of 3 is very surprising since the same
reaction of the starting materials in 1,2-dimethoxyethane
(DME) instead of Et2O as solvent leads to the unusual triple
ion pair 6 as the sole product.[12] Apparently, the drastic
solvent-dependence suggests that the coordination of the Li
ions and the strength of the interaction of the solvated Li
centers with the anionic Al, As backbone mainly determines
the reaction site, but the mechanism is still unknown.
Furthermore, it is remarkable that the reaction of primary
amines with [LiAlH4] does not lead to nitrogen-analogous
cage compounds.[13]


The 1H NMR spectrum of 3 reveals the presence of two
solvent molecules Et2O, and the 27Al NMR spectrum shows a
broad signal at d� 51. The latter value is identical with the
respective values in 1 a, 1 b, and 1 d, and seems typical for l4,
s3-coordinate Al centers in the environment of three pnic-
togen and one H centers. The centrosymmetric structure of
the rhombododecahedral Al4As6Li4 skeleton in 3 may be
viewed as close packing of the anionic RAs2ÿ particles
(arsanediides) with Li� and HAl2� ions. The topography of
the cluster skeleton is identical with that of the donor-solvent-
free dimeric triarsanide aggregate [(iPr3Si ± AsLi)3GetBu]2,[14]


Scheme 2. Formation of 3 and structure of 6.
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with related triamides,[15] and with a recently described
lithium aluminum phosphanide.[16] Extra electronic stabiliza-
tion of each arsenic m3-coordinate Li center is achieved by
solvation with one Et2O molecule for Li1 or in the case of the
Li2 center by Li-H-C interactions with iPr groups close by.
The average Al ± As distance of 2.494(6) � is longer than that
in 1 a due to the (higher) fivefold coordination of the As
centers. The Li ± As distances (2.48(3) ± 2.85(3) �) are quite
different for steric and electronic reasons. We are presently
investigating whether 1 a ± 1 d are potentially cocatalysts for
ethene polymerization and for the co-oligomerization of
ethene and CO to give polyketones. Furthermore, experi-
ments to develop a method for stibinoalanes and related
gallanes are in progress.


Experimental Section


All experiments were routinely carried out under anerobic and anhydrous
conditions by using Schlenk techniques. Solvents were appropriately dried,
distilled, and saturated with argon prior to use. The starting compounds
4a ± c[17] and 5a, b[18]were prepared according to the literature. NMR
spectra were recorded on a Bruker DPX 250 spectrometer using dry
degassed C7D8: 1H NMR (250 MHz), 31P NMR (101 MHz), 27Al NMR
(65 MHz); chemical shifts (d) are given relative to external standards (1H,
SiMe4; 31P, 85 % H3PO4; 27Al, 30% AlCl3). All isolated compounds gave C,
H analyses consistent with their formulas.


Synthesis of 1,3-Bis(triisopropylsilyl)-2,4-bis(trimethylamine)-
1,3-diarsa-2,4-dialuminetane (2 a) and 1,3-Bis(dimethylthexylsil-
yl)-2,4-bis(trimethylamine)-1,3-diarsa-2,4-dialuminetane (2 b)
2 a : A solution of 5a (0.48 g, 5.38 mmol) in Et2O (50 mL) was
allowed to react at 35 8C with 4 a (1.26 g, 5.38 mmol). After the
evolution of H2 was complete, the clear solution was concentrated
to about 5 mL and stored at ÿ25 8C, whereby the product
crystallized. Yield: 1.61 g (2.52 mmol), 94 %; m.p. 135 8C (de-
comp). 1H NMR: d� 2.11 (s, 42 H; iPrSi), 2.21 (s, 18H; NMe3),
Al ± H not observed; 27Al NMR: d� 127 (br); selected IR spectral
data (KBr pellet): n(Al ± H)� 1772 cmÿ1 (sh); C24H62Al2As2N2Si2


(638.7): calcd C 45.13, H 9.78, N 4.39; found C 44.98, H 9.76, N
4.27.


2 b : A similar procedure was used to that for the synthesis of 2a,
starting from 5a (0.36 g, 4.03 mmol) and 4 b (0.88 g, 4.03 mmol)
4 b. Yield of the colorless solid: 1.09 g (1.78 mmol), 89%; m.p.
109 8C (decomp). 1H NMR: d� 0.79 (s, 12 H; MeSi), 1.16 (br d,
26 H; Me2(iPr)C), 2.23 (s, 18 H; NMe3), Al-H not observed; 27Al
NMR: d� 140 (br); selected IR spectral data (KBr pellet): n (Al ±
H)� 1781 cmÿ1 (sh); C22H58Al2As2N2Si2 (610.7): calcd C 43.27 , H
9.57 , N 4.59; found C 43.55, H 9.55, N 4.44.


Synthesis of the Al6As6 clusters 1 a and 1 b


1 a : A solution of 5 a ( 0.25 g, 2.81 mmol) in toluene (25 mL) was
allowed to react with 4a (0.66 g, 2.81 mmol) at 110 8C. After 3 h
the solution was concentrated at room temperature in vacuum
(10ÿ2 Torr) to about 5 mL. Fractional crystallization at ÿ25 8C
afforded colorless crystals of 1 a. The crystals contain one formula
unit toluene. Yield: 0.66 g (0.42 mmol), 90 %; m.p. 198 8C
(decomp); alternatively when a solution of 2 a (1.61 g, 2.52 mmol)
in toluene (50 mL) was heated at 110 8C and subsequently the
solution was concentrated to about 5 mL in vacuum, 1a (1.2 g,
0.77 mmol) was obtained in 89 % yield after crystallization at
ÿ25 8C; 1H NMR: d� 1.38 (d, J(H, H)� 6.9 Hz, 108 H; Me2CH-
Si), 1.60 (sept, J(H, H)� 6.9 Hz, 18H; Me2CHSi), Al ± H not
observed; 27Al NMR: d� 48 (br); selected IR spectral data (KBr
pellet): n (Al ± H)� 1814, 1790 cmÿ1 (sh); C61H140Al6As6Si6


(1653.7): calcd C 44.30 , H 8.53; found C 44.10, H 8.55.


1 b : A similar procedure was used to that for the synthesis of 1a,
starting from 5a (0.25 g, 2.81 mmol) and 4b (0.62 g, 2.81 mmol) in


toluene (25 mL) at 110 8C and subsequent crystallization. The crystals
contain one formula unit toluene. Yield: 0.69 g (0.47 mmol), 90%; m.p.
109 8C (decomp); 1H NMR: d� 0.84 (s, 36H; MeSi), 1.21 (br.m, 78H;
Me2(iPr)C), Al ± H not observed; 27Al NMR: d� 40 (br.); selected IR
spectral data(KBr pellet): n(Al ± H)� 1778 cmÿ1 (s); C55H128Al6As6Si6


(1569.6): calcd C 42.09 , H 8.22; found C 41.78, H 8.19.


Synthesis of the Ga6As6 cluster 1c : A similar procedure was used to that for
the synthesis of 1 a, starting from 5 b (0.20 g, 1.59 mmol) and 4 a (0.37 g,
1.59 mmol) in toluene (25 mL) at 110 8C. Concentration of the solution to
about 5 mL and crystallization at ÿ25 8C afforded 1c. The crystals contain
one formula unit toluene. Yield: 0.35 g (0.19 mmol), 71%; m.p. 98 8C
(decomp); 1H NMR: d� 1.32 (d, J(H, H)� 6.8 Hz, 108 H; Me2CHSi), 1.55
(sept, J(H, H)� 6.8 Hz, 18 H; Me2CHSi), 5.95 (br, 6H, GaH); selected IR
spectral data (KBr pellet): n� 2087 cmÿ1 (s); C61H140As6Ga6Si6 (1910.1):
calcd C 38.36 , H 7.39; found C 38.02, H 7.21.


Synthesis of the Al6P6 cluster 1d : A similar procedure was used to that for
the synthesis of 1a, starting from 5 a (o.20 g, 2.24 mmol) and 4c (0.43 g,
2.24 mmol) in toluene at 110 8C. Concentration of the solution to about
5 mL and crystallization at ÿ25 8C afforded colorless crystals. Yield: 0.44 g
(0.34 mmol), 92 %; m.p. 105 8C (decomp); 1H NMR: d� 1.32 (d, J(H, H)�
6.9 Hz, 108 H; Me2CHSi), 1.58 (sept, J(H, H)� 6.9 Hz, 18 H; Me2CHSi),
5.39 (br, 6H; AlH); 27Al NMR: d� 46 (br); 31P NMR: d�ÿ277 (br);
selected IR spectral data (KBr pellet): n� 1828 cmÿ1 (s); C61H140Al6P6Si6


(1390.0): calcd C 52.71, H 10.15; found C 52.44, H 10.02.


Formation of the Al4As6Li4 cluster 3 : A solution of [LiAlH4] (0.11 g,
3 mmol) in Et2O (50 mL) was allowed to react with an equimolar amount of
4a (0.69 g) at room temperature until the evolution of H2 was complete (ca.
6 h). The pale yellow solution was concentrated to about 5 mL. Fractional
crystallization at ÿ25 8C afforded 3. Yield: 0.39 g (0.33 mmol), 44%; m.p.
78 8C (decomp); 1H NMR: d� 1.16 (t, 12 H; (CH3CH2)2O), 1.35 (m, 126 H;
Me2CHSi), 3.35 (q, 8H; (CH3CH2)2O), Al ± H not observed; 27Al NMR:


Figure 3. Solid-state structure of 3. Selected distances [�] and angles [8]: As1 ± Al2
2.486(6), As1 ± Al1 2.515(5), As1 ± Li2' 2.56(3), As1 ± Li1' 2.80(3), Al1 ± As3' 2.482(5),
Al1 ± As2 2.491(6), As2 ± Li2 2.46(2), As2 ± Al2 2.516(5), As2 ± Li1 2.78(3), Al2 ± As3
2.510(5), As3 ± Al1' 2.482(5), As3 ± Li2 2.65(3), As3 ± Li1' 2.66(3), O1 ± Li1 1.91(3);
As2-Al1-As3' 102.5(2), As1-Al1-As2 100.5(2), As1-Al1-As3' 109.2(2), As2-Li1-As3'
91.0(7), As1'-Li1-O1 120.7(11), As2-Li2-As3 106.6(9), As2-Li2-As1' 113.0(11), As1'-
Li2-As3 102.7(9), Al1-As1-Al2 79.3(2), Al1-As1-Li2' 74.1(6), Al1-As2-Li1 80.3(6),
Li1-As2-Li2 73.3(8), Al1'-As3-Li1' 82.8(6), Al2-As3-Li2 69.9(5).
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d� 51 (br); selected IR spectral data (KBr pellet): n(Al ± H)� 1812 cmÿ1


(sh); C61H140Al6P6Si6 (1390.0): calcd C 52.71, H 10.15; found C 52.44, H
10.02.


X-Ray structural analyses : Experimental details on the X-ray crystal
structure determinations of 1 a, 2 a, and 3 are listed in Table 1. Intensity data
were collected on a Siemens-Stoe AED2 (2 a) and on a Siemens P4
diffractometer (1 a and 3) at ÿ70 8C with absorption corrections, using
MoKa radiation in w scans. The structures were solved by direct methods
(SHELXS86)[19a] and refined by full-matrix least-square methods based on
F 2 using all measured reflections (SHELXL93)[19b] with anisotropic
temperature factors for all non-hydrogen atoms except for Li. The
positions of the H atoms, with exception of the Al ± H hydrogen atoms in
1a, were calculated. 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-100720. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, GB-Cambridge CB2 1EZ (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 1. Crystal data and structure refinement for compounds 1 a, 2 a, and 3.


1a 2a 3


formula C54H132Al6As6Si6 C24H62Al2As2N2Si2 C62H146Al4As6Li4O2Si6


formula weight 1561.54 638.74 1677.52
temperature [K] 203(2) 203(2) 203(2)
crystal system tetragonal triclinic monoclinic
space group P4(2)/m P1Å P2(1)/n
a [�] 13.926(4) 11.782(8) 14.391(6)
b [�] 13.926(4) 12.351(8) 22.55(2)
c [�] 22.403(8) 13.182(8) 14.654(6)
a [8] 90 96.92(5) 90.00
b [8] 90 93.89(5) 109.68(3)
g [8] 90 110.22(5) 90.00
volume [�3] 4345(2) 1774.5(20) 4477.8(40)
Z 2 2 2
1 [g cmÿ3] 1.194 1.195 1.244
F(000) 1632 680 1760
crystal size [mm] 0.3� 0.3� 0.2 0.7� 0.3� 0.25 0.2� 0.2� 0.1
V max.[8] 27.50 28 22.5
hkl range 0/18, 0/18, 0/29 ÿ 15/15, ÿ16/16, 0/17 0/9, 0/24, ÿ15/14
reflections collected 5446 8578 4883
independent reflections 5046 6085 4613
abs. coeff. [cmÿ1] 2.452 2.014 2.366
transmission 0.485 1.000 0.777 0.999
parameters 178 341 370
goodness-of-fit on F2 0.876 1.027 0.613
R1 [I> 2s(I)] 0.0588 0.0418 0.0541
wR2 (all data) 0.2231 0.0899 0.1239
residual electron
density [e �-3]


1.633/ÿ 0.474 0.381/ÿ 0.525 0.510/ÿ 0.337








The Synthesis of Some Phthalocyanines and Napthalocyanines
Derived from Sterically Hindered Phenols


Matthew Brewis, Guy J. Clarkson, Paul Humberstone, Saad Makhseed,
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Abstract: The synthesis of a number of
phthalocyanines (Pcs) and naphthalo-
cyanines (NPcs) bearing bulky substitu-
ents is described. Precursors are pre-
pared by using a nucleophilic aromatic
substitution reaction between a steri-
cally hindered phenol and 4-nitrophtha-
lonitrile, 3-nitrophthalonitrile or 6-fluo-
ro-2,3-napthalonitrile. Thus, Pcs and
NPcs derived from 2,6-diisopropylphe-


nol, 3,5-di-tert-butylphenol and 2,6-di-
phenylphenol possess substituents that
are forced by steric constraints to adopt
a non-planar conformation which en-
hances the solubility of the macrocycle.


In particular, the Pc derived from 2,6-di-
tert-butyl-4-methylphenol displays ex-
ceptional solubility and a reduced ten-
dency to aggregate in solution. 2,6-Di-
tert-butylphenol reacts as a carbon nu-
cleophile to produce biphenyl phthalo-
nitrile precursors to Pcs containing
redox-active phenolic substituents.Keywords: atropisomerism ´ nucle-


ophilic aromatic substitutions ´
phthalocyanines


Introduction


Phthalocyanine (Pc) and its derivatives are well established as
industrial colorants and photoconductors in xerography. In
addition, numerous possibilities exist for the exploitation of
the fascinating properties of Pcs in such diverse fields as non-
linear optics, optical data storage, sensors, photodynamic
therapy of cancer, solar energy conversion and electrochrom-
ism.[1] Hence, over the past few decades there has been a
considerable effort to synthesise novel Pc derivatives which
possess enhanced properties relative to the parent macrocycle
such as solubility in common organic solvents,[2] absorbency in
the near IR (such as shown by 2,3-napthalocyanines
(NPcs)),[3] liquid crystallinity,[4] redox behaviour,[5] and the
ability to produce well-ordered thin films.[6]


A useful synthetic route to soluble tetrasubstituted Pcs
involves the aromatic nucleophilic substitution reaction
between commercially available 4-nitrophthalonitrile 1 and
a suitable oxygen, nitrogen or sulfur nucleophile followed by
the cyclotetramerisation of the resultant phthalonitrile deriv-
ative.[7] In particular, 4-(cumylphenoxy)phthalonitrile[8] and 4-
(neopentoxy)phthalonitrile[9] have been used as precursors in
a number of studies requiring soluble Pc products. Analogous


reactions between 3-nitrophthalonitrile 2 and suitable nucle-
ophiles have proved successful in providing precursors to
1,8(11),15(18),22(25)-tetrasubstituted Pcs.[10] The aim of the
present work was to extend this synthetic methodology to
provide phthalonitrile and naphthalonitrile (2,3-dicyanonaph-
thalene) precursors derived from sterically hindered phenols.
It was anticipated that this would result in Pcs and NPcs
containing bulky substituents placed at sites where they can
interfere best with cofacial self-association and therefore
enhance solubility. In addition, a reduction in the tendency of
Pcs to aggregate in solution could be advantageous in a
number of applications including photodynamic cancer ther-
apy and non-linear optics.


Results


The sterically hindered phenols chosen as starting materials
for this study were 2,6-diisopropylphenol 3, 2,6-diphenylphe-
nol 4, 2,6-di-tert-butylphenol 5 and 2,6-di-tert-butyl-4-methyl-
phenol 6. In addition, 3,5-di-tert-butylphenol 7, in which the
bulky solubilising groups do not hinder the hydroxyl func-
tionality, was used for comparison. In DMF, at 50 ± 70 8C, the
anion of each of these phenols displaces the nitro group of 1 to
provide a phthalonitrile derivative (Scheme 1).


Phenols 3, 4, 6 and 7 produce the expected 4-phenoxy-
phthalonitriles 8 ± 11 in good yield. However, we found that
the anion of 5 reacts efficiently with 1 as a carbon nucleophile
to give 4-(3',5'-di-tert-butyl-4'-hydroxyphenyl)phthalonitrile
12. The biphenyl structure of 12 was confirmed by 1H NMR
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and IR spectroscopy, and a single-
crystal X-ray diffraction study. This
structure was also consistent with
the observation of a large batho-
chromic shift of the band of longest
wavelength in the UV/Vis absorp-
tion spectrum, from 345 to 505 nm,
on the addition of base, which is
characteristic of the formation of a
conjugated phenolic anion. Several
previous studies have illustrated the
ability of the anion of 5 to behave as
a carbon nucleophile in the prepa-
ration of biphenyl derivatives
through aromatic nucleophilic sub-
stitution.[11] Indeed, a precedent for
the formation of 12 is the reaction
between the anion of 5 with 3,4,5,6-
tetrachlorophthalonitrile to give
3,5,6-trichloro-4-(3',5'-di-tert-butyl-
4'-hydroxyphenyl)phthalonitrile, a
useful precursor to dodecachloro-
tetra-(3,5-di-tert-butyl-4-hydroxy-
phenyl)phthalocyanine.[12]


As expected, under similar con-
ditions the phenols 3 ± 5 and 7 react
with 3-nitrophthalonitrile 2 to pro-
duce the analogous 3-substituted
phthalonitriles 13 ± 16 (Scheme 2),
although in much poorer yield. In


Scheme 1. Reagents and conditions: i. anhydrous K2CO3; DMF, 50 ± 70 8C, (25 ± 82% yield); ii. lithium, pentanol, 135 8C, (12 ± 72 % yield); iii. acetic acid.


Scheme 2. Reagents and conditions: i. anhydrous K2CO3, DMF, 50 ± 70 8C, (4 ± 59% yield). ii. lithium,
pentanol, 135 8C, (1 ± 30%); iii. acetic acid.
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particular, 4-(3',5'-di-tert-butyl-4'-hydroxyphenyl)phthalo-
nitrile 16 was isolated in only 4 % yield from the highly
complex, tarry, product mixture. The attempted reaction
between the anion of 6 and 2 failed.


Recently, a number of elegant routes to soluble octasub-
stituted NPcs have been described.[13] However the utility of
aromatic nucleophilic substitution for the preparation of
naphthalonitrile precursors is relatively unexplored.[14] The
anion of 7 reacts with 6-nitronaphthalonitrile 17[15] to produce
napthalonitrile 21 in 42 % yield. Unfortunately, this com-
pound was contaminated by an unidentified orange by-
product and required purification by column chromatography.
By substituting 6-fluoronapthalonitrile 18[16] for 17 in the
appropriate reactions, pure, colourless samples of napthalo-
nitriles 19 ± 21 were obtained after a single recrystallisation
and in better yield (Scheme 3). However, no reaction occurs
between 18 and the anion of 5 or 6 even after prolonged
heating. Notably, an oxidative coupling reaction occurs
between 17 and the anion of 5 to give 22 in 38 % yield. This
reaction appears analogous to that, described by Stahly,[17]


between the anion of 5 and 1,3-dinitrobenzene which gave
(3',5'-di-tert-butyl-4'-hydroxyphenyl)-2,4-dinitrobenzene.
Compound 22 is yellow both as a solid and in chloroform
(lmax� 354 nm) but turns blue on the addition of base (lmax�
610 nm).


The compounds 8 ± 12, 13 ± 16 and 19 ± 21 all undergo
cyclotetramerisation, in refluxing pentanol with lithium
pentyloxide catalysis followed by acidic work-up, to afford


the expected metal-free Pcs 23 ± 27, 28 ± 31 and NPcs 32 ± 34,
respectively (Schemes 1 ± 3). Only naphthalonitrile 22 fails to
yield a macrocyclic product. Pc 28 can be prepared only in
minute quantities (ca. 1 % yield) but is isolated easily due to
its insolubility in cold solvents. In each case spectroscopic
analysis (1H NMR, UV/Vis, IR) and fast atom bombardment
mass spectroscopy (FAB-MS) gave spectra consistent with the
proposed structures. A well defined (i.e. non-aggregated) 1H
NMR spectrum was obtained for each Pc 23 ± 31 under
appropriate conditions (60 8C, 1� 10ÿ3 mol dmÿ3 concentra-
tion in C6D6). Pc 25 is remarkable in that it displays a sharp 1H
NMR spectrum (Figure 1b) under conditions (e. g. 25 8C,
concentration� 1� 10ÿ2 mol dmÿ3 in CDCl3) in which the
other Pcs give highly broadened spectra due to aggregation
(Figure 1 a). The 1H NMR spectra of NPcs 32 ± 34 are each
severely broadened due to aggregation even in dilute C6D6


solution at elevated temperatures.
Cyclotetramerisation of monosubstituted phthalonitriles


usually results in the formation of four regioisomers. These
four isomers possess C4h, Cs, C2v and D2h molecular symmetry
(ignoring the tautomers formed due to the exchange of the
protons between the four inner nitrogen atoms) and, assuming
a statistical distribution, are prepared in a relative yield of
1:4:2:1, respectively. It was deduced from their highly complex
1H NMR spectra that all Pcs and NPcs were obtained as
mixtures of isomers, with the exception of the sparingly
soluble Pc 31 which has a relatively simple spectrum.
Previously, Hanack and co-workers separated all four isomers


Scheme 3. Reagents and conditions: i. anhydrous K2CO3; DMF, 50 ± 70 8C, (30 ± 51% yield); ii. lithium, pentanol, 135 8C
(12 ± 33% yield); iii. acetic acid .
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Figure 1. The aromatic region of the 1H NMR spectrum of 23 (a), which is
broadened due to aggregation, and 25 (b), which shows no evidence of self-
association. Both spectra were obtained under the same conditions
(concentration� 1� 10ÿ2 mol dmÿ3 in CDCl3 at 25 8C).


of two different tetrasubstituted Pcs by HPLC.[18] No attempt
was made to separate the isomers by chromatography in this
study but the relative insolubility of a portion of Pcs 28 and 30
in cold solvent was investigated by 1H NMR spectroscopy at
elevated temperatures (ca. 60 8C). A simple spectrum was
obtained from these samples similar to that displayed by Pc
31. This indicated that these Pcs are composed of a single
highly symmetrical isomer (i. e. C4h or D2h); the C4h isomer is
the most probable as it was the most insoluble isomer isolated
by Hanack et al.[18] In addition, it is likely that steric hindrance
would prevent the formation of the Cs, C2v and D2h isomers of
Pc 31. Steric hindrance may also account for the exceptionally
low yield of formation for 28 and 29.


Discussion


The extent to which the sterically hindered phenoxy sub-
stituents hinder Pc self-association in solution will be depend-
ent on their conformation relative to the Pc macrocycle. A
similar conformation would be expected in the phthalonitrile
precursors, information on which can be deduced readily by


1H NMR analysis. It has been
suggested that diphenyl ethers, in
which one of the phenyl rings
contains two large groups ortho
to the oxygen linkage, preferen-
tially adopt a 'H-inside' confor-
mation (Figure 2).[19±21] This ten-
dency is enhanced if the other
phenyl ring contains electron-
withdrawing groups which con-
jugate with a lone pair of elec-
trons of the oxygen link.[20] The
H-inside conformation results in


the resonances of the ortho-hydrogens appearing in unusually
shielded positions.


Table 1 gives the chemical shifts of the aromatic hydrogen
atoms for the phthalonitrile subunit of the diphenyl ethers 8 ±
11 and 13 ± 15. The degree of importance of the H-inside
conformation for the compounds in solution can be estimated
by a comparison of the chemical shifts of the ortho-hydrogens
of the sterically hindered diphenyl ethers 8 ± 10 (Ha and Hb)
and 13, 14 (Ha only) with those of the related, unhindered
ethers 11 (Ha and Hb) and 15 (Ha only), respectively. It can be
deduced that the H-inside conformation is most important for


13 and 14 which are additionally hindered due to the ortho-
nitrile substituent. An interesting property of phthalonitrile
13 is that its 1H NMR spectrum shows two environments for
the isopropyl methyl groups (d� 1.13 and 1.27), strongly
suggesting that rotation about the aryl ± oxygen bonds is slow
on the NMR time-scale and that the diphenyl ether is
effectively frozen in the H-inside conformation. Similar
atropic effects have been observed previously in related
diphenyl ethers derived from 3 such as 2,4-dinitro-(2',6'-
diisopropylphenoxy)benzene.[21] That the same conforma-
tional arrangements exist in the derived Pc 28 is apparent
from the shielded position of the signal for the ortho-
hydrogen in the spectrum of the single isomer fraction
(d(Ha)� 7.15) relative to that of the analogous hydrogen
atoms in 30 (d(Ha)� 7.66). Atropisomerism is also present in
Pc 28 as indicated by two signals (d� 1.26 and 1.60) for the


Figure 2. The preferred 'H-
inside' conformation of steri-
cally hindered diphenyl
ethers illustrated for 13.


Table 1. Selected 1H NMR shifts (d) in some of the compounds studied.


Ha Hb Hc


8 7.13 7.23 7.74
9 6.85 6.89 7.43
10 7.61 7.74 7.82
11 7.27 7.31 7.76


13 6.79 7.45 7.54
14 6.60 7.10 7.21
15 7.11 7.47 7.59


19 6.96 7.59 7.99
20 6.78 7.20 7.62
21 7.25 7.60 8.00


28 (C4v) 7.15 7.63 9.33
30 (C4v) 7.66 7.74 9.00
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isopropyl methyl groups in the 1H NMR spectrum of the
single isomer fraction. No coalescence of these peaks was
observed on heating. Similar comparisons of the aromatic
resonances of hindered napthalonitriles 19 and 20 (Ha) with
unhindered 21 indicate that these two compounds also exist
largely in the H-inside conformation in solution.


Compound 10 is anomalous in that despite the two large
ortho tert-butyl groups there is no evidence of a H-inside
conformation from its 1H NMR spectrum. Indeed, the
phthalonitrile hydrogens (Ha, Hb and Hc) appear strongly
deshielded relative to those of 11 (Table 1). Furthermore, the
resonances originating from protons on the other ring (d�
6.46 (CH), 1.71 (CH3)) are highly shielded as compared to
their position in a previously described alkyl ether of phenol 6
(d� 7.03 (CH) 2.27 (CH3)).[22] It would appear that 10 adopts a
conformation by which the lone pair of electrons of the
oxygen link can only conjugate with the phenyl ring which
bears the tert-butyl groups and not with the phthalonitrile
moiety. It is not understood why the 1H NMR spectrum of this
compound differs so markedly from the other phthalonitriles
in this study, or from similar compounds described previously
(e. g. 4-bromo-(2',4',6'-tri-tert-butylphenoxy)benzene).[21]


Nevertheless, this conformation of the phenoxy groups in
the derived Pc 25, as shown by its 1H NMR spectrum, is highly
beneficial for the reduction of aggregation (Figure 1b)


Compounds 9, 14 and 20, derived from phenol 4, display
relatively shielded aromatic protons associated with the
phthalonitrile unit (Table 1); each type of proton (Ha, Hb


and Hc) has signals which are shifted upfield by 0.3 ± 0.5 ppm
compared with the values for the analogous protons on
compounds 11, 15 and 21, respectively. Molecular models
suggest that one of the phenyl substituents must lie in close
proximity to the phthalonitrile moiety when the molecule
adopts a H-inside conformation. It is proposed that the ring
current of the adjacent phenyl ring causes the observed
shielding effects. Similar shielding effects are apparent in the
highly complex 1H NMR spectra of Pcs 24 and 29 and NPc 33
which all possess signals in the range d� 6.3 ± 7.0. This
indicates that the phenyl substituents must be forced by
analogous conformational constraints to lie within the shield-
ing portion of the strong ring current of the aromatic
macrocycle due to the adoption of a H-inside conformation.


UV/Vis absorption spectra of the blue-green Pcs 22 ± 31 in
dichloromethane or toluene exhibit the split Q-band which is
characteristic of metal-free Pcs (Figure 3 a). No cofacial
aggregation effects were observed at the concentrations used
(5� 10ÿ5 moldmÿ3). The 1,8(11),15(18),22(25)-tetrasubstitut-
ed Pcs 28 ± 30 (Q-band; lmax� 722 [e� 110 000], 689 nm [e�
90 000]) absorb further to the red than the
2,9(10),16(17),23(24)-tetrasubstituted Pcs 23 ± 26 (Q-band;
lmax� 704 nm, 669 nm). Pcs 27 (Q-band; lmax� 715, 683 nm)
and 31 (Q-band; lmax� 728, 694 nm) are red-shifted slightly
compared to the phenoxy-substituted Pcs with the same
substitution pattern. On addition of an excess of tetrabuty-
lammonium hydroxide (TBAH), the Q-band of Pc 27 exhibits
a large bathochromic shift to 796 nm and a reduction in
intensity to e� 35 000 (Figure 3 b). Pc 31 shows a similar shift
to 800 nm. This dramatic effect demonstrates that the
deprotonated phenolic substituents interact strongly with


Figure 3. Visible absorption spectra for Pc 27 in CH2Cl2: a) under neutral
conditions; b) after the addition of base (TBAH).


the Pc macrocycle resulting in a near-IR absorbing chromo-
phore similar to that of the naphthalocyanines. For compar-
ison, the addition of excess TBAH to a solution of the
isomeric phenoxy-substituted Pc 26 gives a single, unshifted
Q-band at 690 nm consistent with the formation of the more
symmetrical Pc2ÿ ion due to the loss of the two protons from
the central cavity. In general, hindered phenols are readily
oxidised to stable free radical species (e. g. galvinoxyl). They
may also undergo further oxidation to form quinones. We are
presently investigating the redox properties of Pc 27 and other
Pcs derived from phthalonitrile 12.[23]


As expected, NPcs 32 and 34 are green solids which are
soluble in a wide range of organic solvents and display the
typical single sharp Q-band absorption (lmax� 784 nm, e� 160
000) of NPcs in the near-IR region of the spectrum
(Figure 4 a). A less intense absorption (l� 722 nm) is


Figure 4. Visible absorption spectra for 33 (a) and 32 (b). Both spectra
were obtained under the same conditions (concentration 5� 10ÿ6 mol dmÿ3


in CH2CCl2).


exhibited by solutions at 5� 10ÿ5 mol dmÿ3 but this band is not
evident in the spectrum of more dilute solutions (5�
10ÿ6 mol dmÿ3). Therefore, we conclude that the minor band
arises from exciton coupling due to cofacial aggregation in
solution.
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Surprisingly, NPc 33 is a blue compound, not unlike a Pc in
appearance, both as a solid and in solution. This unusual
colour originates from a strong absorption at 620 nm (e� 41
000) which is present in addition to the Q-band (lmax�
782 nm, e� 46 000) and the band due to intermolecular
excition coupling at 736 nm (Figure 4 b). Variation of the
concentration of 33 in toluene confirms the assignment of the
band at 736 nm to a dimeric species as it disappears at high
dilution. The ratio of the intensity of the Q-band to that of the
absorption at 620 nm remains constant over the concentration
range from 5� 10ÿ5 to 5� 10ÿ6 moldmÿ3. In addition, the
relative intensity of these bands is not influenced when the
UV/Vis spectrum is measured in other solvents (THF,
dichloromethane, pyridine). These observations suggest that
the anomalous band at 620 nm arises from an intramolecular
rather than intermolecular phenomenon. It is possible that the
position of the phenyl substituents over the macrocycle, as
evident from the shielded position of the relevant hydrogens
in the NMR spectrum of 33, encourages an electron transfer
from the relatively easily oxidised NPc ring. It is notable that
the visible absorpton spectrum of the one-electron oxidised
radical of tetra-tert-butylnaphthalocyanine has a major ab-
sorption band at 630 nm.[24]


Conclusions


As found in previous studies,[8, 9] the aromatic nucleophilic
substitution reaction between phenols and 1 is an extremely
useful and high yielding reaction for the preparation of
precursors to highly soluble Pcs. Of particular interest are the
Pcs derived from highly hindered phenols 5, which possesses
redox-active phenolic substituents, and 6, which displays an
unusual lack of aggregation in solution. The use of
analogous reactions employing 2 for the preparation of
1,8(11),15(18),22(25)-tetrasubstituted Pcs is less useful due
to the much lower yield for cyclotetramerisation and different
solubilities of the resulting isomers. However, it has been
demonstrated that the synthetic methodology can be readily
extended to the preparation of soluble NPcs by using 6-fluoro-
2,3-naphthalonitrile as the starting material.


Experimental Section


Routine 1H NMR spectra were measured at 300 MHz by using a Inova 300
spectrometer. High resolution (500 MHz) 1H NMR spectra were recorded
by using a Varian Unity 500 spectrometer. UV/Vis spectra were recorded
on a Shimadzu UV-260 spectrophotometer from toluene or dichloro-
methane solutions using cells of pathlength 10 mm. IR spectra were
recorded on a ATI Mattson Genesis Series FTIR (KBr/Germanium beam
splitter). Elemental analyses were obtained with a Carlo Erba Instruments
CHNS-O EA 108 Elemental Analyser. Routine low-resolution chemical
ionisation (CI) and electron ionisation (EI) were obtained by using a Fisons
instruments Trio 2000. Pc fast atom bombardment (FAB) spectra were
recorded on a Kratos Concept spectrometer. Routine melting point
determination was carried out with a Gallenkemp melting point apparatus
and melting points are uncorrected. All solvents were dried and purified as
described in Perrin and Armarego.[25] Silica gel (60 Merck 9385) was used in
the separation and purification of compounds by column chromatography.
Preparation of phthalonitriles: In a typical procedure, anhydrous potas-
sium carbonate (9 g) was added to a solution of 4-nitrophthalonitrile (8 g,


46 mmol) and 2,6-di-tert-butylphenol 5 (11.4 g, 55 mmol) in dry DMF
(50 mL). Immediately a deep red colour was evolved and the mixture was
stirred under a nitrogen atmosphere for 72 h at 60 8C. Water (300 mL) was
added and the mixture extracted with ethyl acetate (3� 100 mL). The
organic layer was washed with NaOH (1� 100 mL) and water (3� 75 mL)
and dried over anhydrous MgSO4. Evaporation of the solvent under
reduced pressure yielded the crude product. Recrystallisation from ethanol
gave 4-(3,5-di-tert-butyl-4-hydroxyphenyl)phthalonitrile 12 as colourless,
prismatic crystals (12.5 g, 82%), m.p. 209 ± 210 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.55 (s, 18 H, 6 CH3), 5.58 (s, 1H, OH), 7.42 (s,
2H, CH), 7.80 ± 8.00 (m, 3 H, 3 CH); 13C NMR (75 MHz, CDCl3, 25 8C): d�
30.1, 34.5, 112.3, 114.5, 115.8, 116.2, 124.1, 128.1, 130.8, 131.5, 133.7, 137.1,
147.3, 162.5; IR(KBr): nÄ � 3416 (OH), 2232 cmÿ1(C�N); MS(CI): m/z : 350
[M��NH�


4 ], 332 [M�]; elemental analysis; C 79.55, H 7.50, N 8.20;
calculated for C22H24N2O: C 79.47, H 7.28, N 8.43.


The following compounds were prepared by similar procedures:


8 : Yield 76% (from 1 and 3); m.p. 115 ± 116 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.18 (d, 3J(H,H)� 7 Hz, 12H, 4 CH3), 2.87
(sept, 3J(H,H)� 7 Hz, 2H, 2 CH), 7.13 (br d, 3J(H,H)� 8 Hz, 1 H, CH), 7.23
(br s, 1 H, CH), 7.27 ± 7.40 (m, 3 H, 3 CH), 7.74 (d, 3J(H,H)� 8 Hz, 1 H, CH);
13C NMR (75 MHz, CDCl3, 25 8C): d� 23.2, 27.1, 108.2, 114.9, 115.4, 117.7,
119.4, 119.8, 125.1, 127.3, 135.4, 140.8, 146.8, 162.3; IR(KBr): nÄ �
2232 cmÿ1(C�N); MS(CI): m/z : 322 [M��NH�


4 ], 304 [M�]; elemental
analysis; C 78.78, H 6.69, N 9.25; calculated for C20H20N2O: C 78.91, H 6.63,
N 9.20.


9 : Yield 70% (from 1 and 4); m.p. 117 ± 119 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 6.85 (dd, 3J(H,H)� 9, 2 Hz, 1 H, CH), 6.89 (d,
3J(H,H)� 2 Hz, 1H, CH), 7.28 ± 7.60 (m, 14H); 13C NMR (75 MHz, CDCl3,


25 8C): d� 107.8, 114.9, 115.3, 116.8, 120.1, 120.2, 127.2, 127.8, 128.4, 129.0,
130.1, 134.7, 135.8, 136.5, 146.8, 160.6; IR(KBr): nÄ � 2230 cmÿ1(C�N);
MS(CI): m/z : 390 [M��NH�


4 ], 372 [M�]; elemental analysis; C 83.60, H
4.20, N 7.60; calculated for C26H16N2O: C 83.85, H 4.33, N 7.52.


10 : Yield 25% (from 1 and 6); m.p. 176 ± 178 8C (hexane); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.29 (s, 18 H, 2 C(CH3)3), 1.71 (s, 3 H, CH3),
6.46 (s, 2 H, CH), 7.61 (dd, 3J(H,H)� 8, 2 Hz,1 H, CH), 7.74 (d, 3J(H,H)�
8 Hz, 1 H, CH),7.82 (d, 3J(H,H)� 8 Hz, 1 H, CH); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 24.7, 29.3, 34.7, 114.3, 115.0, 115.3, 118.2, 121.3, 131.1,
131.3, 133.8, 143.3, 146.7, 149.4, 162.0; IR(KBr): nÄ � 2232 cmÿ1(C�N);
MS(CI): m/z : 364 [M��NH�


4 ], 346 [M�]; elemental analysis; C 80.08, H
7.64, N 8.13; calculated for C23H26N2O: C 79.73, H 7.56, N 8.08.


11: Yield 80% (from 1 and 7); m.p. 127 ± 128 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.37 (s, 18H, 6 CH3), 6.93 (d, 3J(H,H)� 2 Hz,
2H, CH), 7.27 (dd, 3J(H,H)� 9, 2 Hz, 1 H, CH), 7.31 (d, 3J(H,H)� 2 Hz,
1H, CH), 7.41 (t, 3J(H,H)� 2 Hz, 2H, 2 CH), 7.76(d, 3J(H,H)� 9 Hz, 1H,
CH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 31.3, 35.1, 108.2, 114.6, 115.4,
115.8, 117.7, 120.2, 121.0, 121.2, 135.3, 153.0, 153.9, 162.3; IR(KBr): nÄ �
2233 cmÿ1(C�N); MS(CI): m/z : 350 [M��NH �


4 ], 332 [M�]; elemental
analysis; C 79.20, H 7.31, N 8.62; calculated for C22H24N2O: C 79.48, H 7.28,
N 8.43.


13 : Yield 21% (from 2 and 3); m.p. 136 ± 137 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.13 (d, 3J(H,H)� 7 Hz, 6H, 2 CH3), 1.27 (d,
3J(H,H)� 7 Hz, 6H, 2 CH3), 2.91 (sept, 3J(H,H)� 7 Hz, 2H, 2 CH), 6.79
(dd, 3J(H,H)� 9, 1 Hz,1 H, CH), 7.26 ± 7.40 (m, 3 H, 3 CH), 7.45 (dd,
3J(H,H)� 9, 1 Hz, 1H, CH), 7.54 (t, 3J(H,H)� 9 Hz); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 22.3, 24.1, 27.3, 104.1, 112.6, 115.2, 117.3, 117.9, 124.9,
126.1, 127.3, 134.2, 140.7, 146.9, 161.5; IR(KBr): nÄ � 2232 cmÿ1(C�N);
MS(CI): m/z : 322 [M��NH�


4 ], 304 [M�]; elemental analysis; C 78.98, H
6.54, N 9.25; calculated for C20H20N2O: C 78.91, H 6.63, N 9.20.


14 : Yield 45% (from 2 and 4); m.p. 128 ± 129 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 6.60 (dd, 3J(H,H)� 8, 1 Hz, 1H, CH), 7.10
(dd, 3J(H,H)� 8, 1 Hz, 1H, CH), 7.21 (t, 3J(H,H)� 8 Hz, 1 H, CH), 7.24 ±
7.42 (m 7H, 7 CH), 7.5 ± 7.6 (m, 6 H, 6 CH); 13C NMR (75 MHz, CDCl3,


25 8C): d� 104.2, 112.5, 115.0, 116.4, 118.5, 125.8, 127.3, 127.9, 128.4, 129.0,
130.8, 133.5, 135.8, 136.3, 146.6, 159.6; IR(KBr): nÄ � 2230 cmÿ1(C�N);
MS(CI): m/z : 390 [M��NH�


4 ], 372 [M�]; elemental analysis; C 83.73, H
4.28, N 7.82; calculated for C26H16N2O: C 83.85, H 4.33, N 7.52.


15 : Yield 59% (from 2 and 7); m.p. 154 ± 155 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.36 (s, 18H, 6 CH3), 6.97 (d, 3J(H,H)� 1 Hz,
2H, CH), 7.11 (dd, 3J(H,H)� 9, 1 Hz, 1H, CH), 7.39 (t, 3J(H,H)� 1 Hz, 2H,
2 CH), 7.47(dd, 3J(H,H)� 9, 1 Hz, 1H, CH), 7.59 (t, 3J(H,H)� 9 Hz, 1H,
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CH); 13C NMR (75 MHz, CDCl3, 25 8C): d� 31.3, 35.1, 102.8, 114.6, 115.4,
117.4, 117.7, 119.8, 120.1, 126.4, 134.2, 153.1, 153.8, 160.2; IR(KBr): nÄ �
2233 cmÿ1(C�N); MS(CI): m/z : 350 [M��NH�


4 ], 332 [M�]; elemental
analysis; C 79.35, H 7.38, N 8.45; calculated for C22H24N2O: C 79.48, H 7.28,
N 8.43.
16 : Yield 4% (from 2 and 5); m.p. 201 ± 203 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.50 (s, 18 H, 6 CH3), 5.51 (s, 1H, OH), 7.39 (s,
2H, CH), 7.70 ± 8.00 (m, 3 H, 3 CH); 13C NMR (75 MHz, CDCl3, 25 8C): d�
30.3, 34.2, 112.5, 114.6, 115.2, 116.3, 124.1, 128.1, 130.6, 131.8, 133.5, 137.3,
147.5, 162.6; IR(KBr): nÄ � 3493 (OH), 2234 cmÿ1(C�N); MS(CI): m/z : 350
[M��NH�


4 ], 332 [M�]; elemental analysis; C 79.52, H 7.34, N 8.42;
calculated for C22H24N2O: C 79.47, H 7.28, N 8.43.


19 : Yield 41% (from 3 and 18); m.p. 233 ± 234 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.18 (d, 3J(H,H)� 7 Hz, 12H, 4 CH3), 3.00
(sept, 3J(H,H)� 7 Hz, 2H, 2 CH), 6.96 (d, 3J(H,H)� 2 Hz, 1 H, CH), 7.30 ±
7.44 (m, 3H, 3 CH), 7.59 (dd, 3J(H,H)� 9,2 Hz,1 H, CH), 7.99 (d, 3J(H,H)�
9 Hz, 1H, CH), 8.12 (s, 1H, CH), 8.34 (s, 1 H, CH) ; 13C NMR (75 MHz,
CDCl3, 25 8C): d� 23.3, 27.1, 107.7, 109.2, 110.8, 115.8, 116.0, 122.4, 124.8,
126.8, 128.8, 130.8, 134.3, 134.8, 135.4, 141.1, 147.1, 160.8; IR(KBr): nÄ �
2232 cmÿ1(C�N); MS(CI): m/z : 372 [M��NH�


4 ], 354 [M�]; elemental
analysis; C 81.01, H 5.97, N 7.50; calculated for C24H22N2O: C 81.33, H 6.26,
N 7.90.


20 : Yield 30% (from 4 and 18); m.p. 240 ± 241 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 6.78 (d, 3J(H,H)� 2 Hz, 1H, CH), 7.20 (dd,
3J(H,H)� 9, 2 Hz, 1 H, CH), 7.24 ± 7.34 (m, 6 H), 7.49 ± 7.59 (m, 7H), 7.62 (d,
3J(H,H)� 9 Hz, 1H, CH), 7.82 (s, 1 H, CH), 8.18 (s, 1H, CH); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 107.8, 110.2, 110.4, 115.7, 116.0, 122.6, 122.9,
126.7, 127.5, 128.2, 128.3, 128.9, 130.2, 130.9, 134.1, 135.1, 136.1, 137.1, 148.0,
159.3; IR(KBr): nÄ � 2232 cmÿ1(C�N); MS(CI): m/z : 440 [M��NH�


4 ], 422
[M�]; elemental analysis; C 85.01, H 4.27, N 6.60; calculated for C30H18N2O:
C 85.29, H 4.29, N 6.63;


21: Yield 51% (from 7 and 18 ; 42% from 17); m.p. 208 ± 209 8C (ethanol);
1H NMR (300 MHz, CDCl3, 25 8C): d� 1.38 (s, 18H, 6 CH3), 7.00 (d,
3J(H,H)� 2 Hz, 2H, CH), 7.25 (d, 3J(H,H)� 2 Hz, 1 H, CH), 7.38 (t,
3J(H,H)� 2 Hz, 2H, 2 CH), 7.60 (dd, 3J(H,H)� 9, 2 Hz, 1H, CH), 8.00 (d,
3J(H,H)� 9 Hz, 1H, CH), 8.18 (s, 1H, CH), 8.33 (s, 1H, CH); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 31.3, 35.0, 108.3, 110.5, 111.4, 113.0, 114.7,
115.4, 115.8, 119.4, 123.7, 129.4, 130.6, 134.5, 134.9, 135.4, 153.5, 160.5;
IR(KBr): nÄ � 2232 cmÿ1(C�N); MS(CI): m/z : 400 [M��NH�


4 ], 382 [M�];
elemental analysis; C 81.52, H 6.61, N 7.23; calculated for C26H26N2O: C
81.64, H 6.85, N 7.33.


22 : Yield 38% (from 5 and 17); m.p. 276 ± 278 8C (ethanol); 1H NMR
(300 MHz, CDCl3, 25 8C): d� 1.52 (s, 18 H, 6 CH3), 5.58 (s, 1H, OH), 7.12 (s,
2H, 2 CH), 8.08 (d, 3J(H,H)� 9 Hz, 1 H, CH), 8.13 (d, 3J(H,H)� 9 Hz, 1H,
CH), 8.33 (s, 1H, CH), 8.49 (s, 1 H, CH); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 30.2, 34.5, 111.9, 112.3, 114.9, 115.8, 116.6, 122.1, 124.3, 126.2, 129.0,
133.6, 134.2, 135.6, 136.2, 136.7, 155.0, 163.5; IR(KBr): nÄ � 3620 (OH), 2237
(C�N), 1533, 1355 (NO2) cmÿ1; MS(CI): m/z : 445 [M��NH�


4 ], 427 [M�];
elemental analysis; C 73.02, H 5.90, N 9.80; calculated for C26H25N3O3: C
73.04, H 5.89, N 9.83.


Preparation of phthalocyanines: In a typical procedure, 4-(2',6'-di-tert-
butyl-4'-methylphenoxy)phthalonitrile 10 (0.5 g, 0.36 mmol) was dissolved
in dry 1-pentanol (2 mL). The solution was heated to reflux under a
nitrogen atmosphere and lithium (20 mg) added. After 24 h, the solution
was cooled and acetic acid added (0.5 mL). The solvents were removed
under reduced pressure and the residue purified by column chromatog-
raphy (silica gel, toluene:hexane (2:1) eluant). Reprecipitation from
toluene into hexane afforded pure metal-free 2,9(10),16(17),23(24)-tet-
ra(2',6'-di-tert-butyl-4'-methylphenoxy)phthalocyanine 25 (350 mg, 70%
yield), m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C): d�ÿ1.0 (br s, 2H,
2 NH), 1.40 (br s, 72 H, 8 C(CH3)3), 2.15 (m, 12H, 4 CH3), 6.96 (m, 8H,
8CH), 7.99 ± 8.02 (m, 4 H, 4CH), 9.30 ± 9.50 (m, 8 H, 8CH); IR(KBr): nÄ �
3290 cmÿ1(NH); UV/Vis (CH2Cl2): 704, 669, 641, 608, 343 nm; MS(FAB):
m/z : 1388 [M��H�]; elemental analysis; C 79.82, H 7.75, N 7.95; calculated
for C92H106N8O4: C 79.61, H 7.70, N 8.08.


The following compounds were prepared by similar procedures:


23 : Yield 43% (from 8); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.0 (br s, 2H, 2 NH), 1.40 ± 1.50 (m, 48 H, 16 CH3), 3.65 ± 3.80 (m, 8H,
8 CH), 7.40 ± 7.50 (m, 12H, 12 CH), 7.60 ± 7.80 (m, 4H, 4 CH), 9.10 ± 9.40 (m,
8H, 8 CH); IR(KBr): nÄ � 3290 cmÿ1(NH); UV/Vis (CH2Cl2): 704, 669, 641,


608, 343 nm; MS(FAB): m/z : 1219 [M��H�]; elemental analysis; C 78.59,
H 6.81, N 9.07; calculated for C80H82N8O4: C 78.78, H 6.78, N 9.19.


24 : Yield 59% (from 9); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.2 (br s, 2 H, 2 NH), 6.60 ± 9.50 (m, 64 H, 64 CH); IR(KBr): nÄ �
3290 cmÿ1(NH); UV/Vis (CH2Cl2): 705, 669, 641, 606, 352 nm; MS(FAB):
m/z : 1494 [M��H�]; elemental analysis; C 83.90, H 4.49, N 7.55; calculated
for C104H66N8O4: C 83.73, H 4.46, N 7.51


26 : Yield 72% (from 10); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.3 (br s, 2H, 2 NH), 1.40 ± 1.50 (br s, 72H, 24 CH3), 7.40 ± 7.80 (m,
16H, 16 CH), 8.80 ± 9.00 (m, 8H, 8 CH); IR(KBr): nÄ � 3294 cmÿ1(NH);
UV/Vis (CH2Cl2): 701, 667, 639, 607, 342 nm; MS(FAB): m/z : 1333 [M��
H�]; elemental analysis; C 79.50, H 7.70, N 8.20; calculated for C88H98N8O4:
C 79.35, H 7.42, N 8.42.


27: Yield 12% (from 12); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.3 (br s, 2H, 2 NH), 1.70 (br s, 72H, 24 CH3), 5.25 (s, 4H, 4 OH),
8.00 ± 8.50 (m, 12H, 12 CH), 9.00 ± 9.90 (m, 12 H, 12 CH); IR(KBr): nÄ �
3641 (OH), 3289 cmÿ1(NH); UV/Vis (CH2Cl2): 715, 683, 652, 620, 344 nm;
MS(FAB): m/z : 1334 [M�� H�]; elemental analysis; C 79.60, H 7.52, N
8.79; calculated for C88H98N8O4: C 79.35, H 7.42, N 8.42.


28 : Yield 3% (from 13 ; 1 % single isomer fraction, probably C4v isomer);
m.p. >300 8C; 1H NMR (C4v isomer, 500 MHz, C6D6, 60 8C): d�ÿ2.0 (br s,
2H, 2 NH), 1.26 (d, 3J(H,H)� 7 Hz, 14 H, 8 CH3), 1.60 (d, 3J(H,H)� 7 Hz,
14H, 8 CH3), 3.74 (sept, 3J(H,H)� 7 Hz, 8H, 8 CH), 7.15 (d, 3J(H,H)�
8 Hz, 4H, 4 CH), 7.36 ± 7.45 (m, 12 H, 12 CH), 7.63 (t, 3J(H,H)� 8 Hz, 4H, 4
CH), 9.33 (d, 3J(H,H)� 8 Hz, 4H, 4 CH); IR(KBr): nÄ � 3290 cmÿ1(NH);
UV/Vis (CH2Cl2): 712, 679, 648, 612, 343 nm; MS(FAB): m/z : 1219 [M��
H�]; elemental analysis; C 78.65, H 6.73, N 9.41; calculated for C80H82N8O4:
C 78.78, H 6.78, N 9.19.


29: Yield 4% (from 14); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.8 (br s, 2 H, 2 NH), 6.30 ± 9.40 (m, 64 H, 64 CH); IR(KBr): nÄ �
3290 cmÿ1(NH); UV/Vis (CH2Cl2): 712, 680, 649, 615, 352 nm; MS(FAB):
m/z : 1494 [M��H�]; elemental analysis; C 83.98, H 4.25, N 7.59; calculated
for C104H66N8O4: C 83.73, H 4.46, N 7.51.


30: Yield 30% (from 15 ; 4 % single isomer fraction, probably C4v isomer);
m.p. >300 8C; 1H NMR (C4v isomer, 500 MHz, C6D6, 60 8C): d�ÿ1.7 (br s,
2H, 2 NH), 1.30 (br s, 72H, 24 CH3), 7.43 (t, 3J(H,H)� 1 Hz, 1H CH), 7.63
(d, 3J(H,H)� 1 Hz, 2 H, 2 CH), 7.66 (d, 3J(H,H)� 8 Hz, 4 H, 4 CH), 7.74 (t,
3J(H,H)� 8 Hz, 4 H, 4 CH), 9.00 (d, 3J(H,H)� 8 Hz, 4 H, 4 CH); IR(KBr):
nÄ � 3294 cmÿ1(NH); UV/Vis (CH2Cl2): 712, 680, 649, 615, 352 nm;
MS(FAB): m/z : 1332 [M�� H�]; elemental analysis; C 79.23, H 7.35, N
8.40; calculated for C88H98N8O4: C 79.35, H 7.42, N 8.42.


31: Yield 1% (from 16); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ1.3 (br s, 2 H, 2 NH), 1.70 (s, 72H, 24 CH3), 5.30 (s, 4H, 4 OH), 8.00 ±
8.50 (m, 12H, 12 CH), 9.00 ± 9.90 (m, 12H, 12 CH); IR(KBr): nÄ � 3641
(OH), 3289 cmÿ1(NH); UV/Vis (CH2Cl2): 728, 694, 655, 623, 344 nm;
MS(FAB): m/z : 1334 [M��H�].


32 : Yield 30% (from 19); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ0.5 (br s, 2 H, 2 NH), 1.40 ± 1.60 (br m, 48 H, 16 CH3), 3.65 ± 3.85 (br m,
8H, 8 CH), 7.40 ± 8.90 (m, 32 H, 32 CH); IR(KBr): nÄ � 3290 cmÿ1(NH); UV/
Vis (CH2Cl2): 784, 740, 710, 330 nm; MS(FAB): m/z : 1420 [M�� H�];
elemental analysis; C 81.52, H 6.71, N 7.56; calculated for C96H90N8O4: C
81.21, H 6.39, N 7.89.


33 : Yield 12% (from 20); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ0.4 (br s, 2H, 2 NH), 6.60 ± 9.50 (br m, 72H, 72 CH); IR(KBr): nÄ �
3290 cmÿ1(NH); UV/Vis (CH2Cl2): 784, 736, 620, 338 nm; MS(FAB): m/z :
1692 [M��H�]; elemental analysis; C 84.79, H 4.66, N 6.39; calculated for
C120H74N8O4: C 85.19, H 4.41, N 6.62.


34 : Yield 33% (from 21); m.p. >300 8C; 1H NMR (500 MHz, C6D6, 60 8C):
d�ÿ0.5 (br s, 2 H, 2 NH), 1.45 ± 1.65 (br s, 72H, 24 CH3), 7.40 ± 7.80 (m,
24H, 24 CH), 8.80 ± 9.00 (m, 8H, 8 CH); IR(KBr): nÄ � 3294 cmÿ1(NH);
UV/Vis (CH2Cl2): 782, 720, 330 nm; MS(FAB): m/z : 1332 [M��H�];
elemental analysis; C 81.56, H 7.11, N 7.52; calculated for C104H106N8O4: C
81.53, H 6.97, N 7.31.
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Weak M ± H ´´´ H ± C and M ± Cl ´´ ´ H ± C Interactions in Orthometalated
Iridium and Rhodium Complexes**


Ling-Yu Huang, Uwe R. Aulwurm, Frank W. Heinemann, Falk Knoch, and Horst Kisch*


Abstract: Four different types of intramolecular MX ´´´ HC interactions have been
observed in a series of five, structurally very similar, orthometalated iridium(iii) and
rhodium(iii) complexes. For X�H and M� Ir or Rh, two-center or three-center
interactions with MH ´´´ HC distances of 1.80 ± 1.83 (M� Ir) or 2.00 ± 2.20 � (M�
Rh) were observed. For X�Cl the MCl ´´´ HC distances of the three-center
arrangement (M� Ir) were in the range of 2.38 ± 2.60 �, while values of 2.41 ±
2.89 � were found for the four-center geometry (M�Rh). These weak interactions
open new perspectives for the mechanism of cyclometalations.


Keywords: azo compounds ´ hydro-
gen bonds ´ iridium ´ metalations ´
rhodium


Introduction


A detailed knowledge of the nature of weak intra- and
intermolecular interactions may facilitate the rational design
of physical and chemical properties in artificial and biological
systems. A typical example is the outstanding and well-
documented role of hydrogen bonding in organic systems,[1, 2]


although only a few cases have been reported in the field of
organometallic chemistry. These are intermolecular H ´´´ H
bonds (3 ± 7 kcal molÿ1) between a metal hydride fragment as
the donor and a NH or OH ligand group as the acceptor
(Scheme 1, type A), as observed, for example, in hexacoordi-
nated IrIII(H)2 complexes with amino or hydroxy-
pyridine ligands (L


_
NH, L


_
OH). The presence of hydrogen


bonding was deduced from the IrH ´´´ HN and IrH ´´´ HO
distances which lie in the range of 1.7 ± 2.2 � and are therefore
significantly less than twice the van der Waals radius of H
(2.40 �).[3, 4] Further evidence of their existence stems from
the shortening of the hydride T1 relaxation time and H ± H
coupling with the HN or HO groups, as has been observed in a
few cases.[3, 4] The reactivity-controlling properties of these
weak H ´´´ H bonds were demonstrated by H2 elimination,
which proceeds by intramolecular protonation of Ir ± H
by the H ± O


_
L ligand.[4] In addition, a few intermolecular


Scheme 1. Four different types of intramolecular MX ´´´ HC interactions.


versions of these MH ´´´ HX (X�N,O) interactions are
known.[5]


Contrary to these results on structurally different com-
pounds, we report in the following on five, structurally very
similar complexes which exhibit numerous weak intramolec-
ular interactions between M ± H or M ± Cl and ligand CH
groups as well as an intermolecular CH ´´´ O interaction.
These hexacoordinate IrIII and RhIII compounds contain an
orthometalated azobenzene or arylimine ring and two phos-
phane ligands in trans position, and were isolated during our
work on the mechanism of the rhodium-catalyzed synthesis of
indoles from 1,2-diaryldiazenes and alkynes.[6] The recently
published survey of the Cambridge Crystallographic Data-
base revealed that several complexes contain unfurcated
MH ´´´ HC bonds with distances of 1.5 ± 2.2 � (Scheme 1,
type A,).[7a] In two cases a bifurcated arrangement of the type
(sp3)CH ´´´ MH ´´´ HC(sp3) was observed which exhibits


[*] Prof. Dr. H. Kisch, Dipl.-Chem. L.-Y. Huang, Dr. U. R. Aulwurm,
Dr. F. W. Heinemann, Dr. F. Knoch
Institut für Anorganische Chemie der Universität Erlangen-Nürnberg
Egerlandstrasse 1, D-91058 Erlangen (Germany)
Fax: (�49) 9131 857363
E-mail : kisch@anorganik.chemie.uni-erlangen.de


[**] Transition Metal Complexes of Diazenes, Part XLII. For Part XLI,
see: U. Dürr, F. W. Heinemann, H. Kisch, J. Organomet. Chem. 1998,
558, 91.


FULL PAPER


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1641 $ 17.50+.25/0 1641







FULL PAPER H. Kisch et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1642 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91642


H ´´´ H distances of 2.40 � (M�Rh[7b]) and 2.00 � (Ir[7c])
(Scheme 1, type B, X�H). And during preparation of this
manuscript it was reported that a tetrafurcated system
[(sp3)CH]2 ´´ ´ IrH ´´ ´ [HC(sp3)]2 exists in [IrCl2(NH3)(H)(P-
Cy3)2] (Scheme 1, type D, X�H).[7d] In contrast, there is
much less information in the literature about weak MCl ´´ ´ HC
bonds. A unique example is [Ir(H)2Cl(PtBu2Ph)2], which also
contains a bifurcated system (sp3)CH ´´´ IrCl ´´ ´ HC(sp3) with
short Cl ´´ ´ H contacts of 2.52 and 2.55 � (Scheme 1, type B,
X�Cl).[7c] The corresponding Cl ´´´ HC distances in organic
compounds are in the range between 2.57 and 2.94 � (note
that the sum of the van der Waals radii is 2.95 �).[8]


Results


The orthometalated compounds 1 ± 3 and 4 b were synthesized
according to Scheme 2 (R1�H). The preparation and molec-
ular structure of 4 a was published recently.[9] The results of
the single-crystal X-ray structural determinations are sum-
marized in Figure 1 and Tables 1 and 2.


In the case of 1 and 3 the solvent dichloromethane was
included in the crystal; however, the distances to any metal
atom were larger than 3.00 � and therefore it is omitted in
Figure 1. Each of the complexes 1 ± 4 b consists of a five-
membered, planar metallacycle containing the hexacoordi-
nate metal ion. The latter is further ligated by two trans
phosphane ligands, one chloro ligand trans to the s-aryl


Figure 1. Molecular structures of 1, 2, 3, and 4 b.


group, and a hydride (1 ± 3) or second chloride (4 a, 4 b) in the
remaining coordination site.


In the 1H NMR spectra, the hydride signals of 1, 2, and 3
appear at d�ÿ14 to ÿ18. For 1 and 3, the hydrido ligands
could be localized from a difference Fourier synthesis.


Abstract in German: Vier verschiedene Typen intramolekula-
rer MX ´´´ HC ± Wechselwirkungen lassen sich in einer Reihe
von fünf strukturell verwandten, orthometallierten MIII-Kom-
plexen nachweisen. Für X�H und M� Ir bzw. Rh wurden
zwei- bzw. dreizentrige Anordnungen mit MH ´´´ HC-Abstän-
den von 1.80 ± 1.83 (M� Ir) bzw. 2.00 ± 2.20 � (M�Rh)
gefunden. Für X�Cl liegen die MCl ´´ ´ HC-Abstände der
dreizentrigen Anordnungen (M� Ir) bei 2.38 ± 2.60 �, der
vierzentrigen bei 2.41 ± 2.89 �. Diese schwachen Wechselwir-
kungen eröffnen für den Mechanismus von Cyclometallie-
rungsreaktionen neue Perspektiven.


Scheme 2. Synthesis of the complexes 1 ± 4b.


M L X R1 R2 Ar E


1 Ir PPh3 H MeO H p-MeOC6H4 N
2 Ir PPh3 H H Cl Ph N
3 Rh PCy3 H H H Ph N
4a Rh PPh3 Cl Cl H Ph N
4b Rh PPh3 Cl H Cl Ph CH


Table 2. Selected bond angles [8] of 1 ± 4 b.[a]


1 2 [b] 3 4a 4b


Cl3-M-X[c] 76 71 92 92.76(4) 92.43(4)
Cl3-M-N1 104.8(1) 103.3(2) 102.0(1) 98.4(1) 96.7(1)
C6-M-X 102 109 89 90.4(1) 90.0(2)
C6-M-N1 76.2(2) 76.0(4) 77.4(1) 78.4(2) 80.9(2)
M-N1-N2 113.9(3) 116.5(6) 113.8(3) 116.7(3) 113.5(3)[d]


M-C6-C1 114.8(4) 113.4(8) 113.3(3) 111.9(3) 111.9(3)
N2-C1-C6 120.3(5) 121.9(1) 121.3(4) 118.8(4) 115.6(4)
P1-M-X 84 79 76 88.54(4) 87.23(6)
P2-M-X 84 89 84 86.55(4) 87.82(6)
P1-M-Cl3 88.6(2) 87.8(1) 90.57(4) 87.44(4) 91.13(4)
P2-M-Cl3 88.6(2) 89.4(1) 87.59(4) 91.67(4) 90.36(4)
P1-M-P2 167.0(1) 167.4(1) 158.84(4) 174.96(4) 174.89(4)


[a] See legend to Table 1. [b] One of the two crystallographically inde-
pendent molecules. [c] X�H1 or Cl2. [d] C7�N2.


Table 1. Selected bond lengths [�] of 1 ± 4b.[a]


Compounds 1 2[b] 3 4 a 4b


M ± X[c] 1.65[d] 1.65 1.65[d] 2.359(1) 2.354(2)
M ± Cl3 2.506(2) 2.498(3) 2.497(1) 2.494(1) 2.483(2)
M ± N1 2.215(4) 2.194(8) 2.245(4) 2.079(3) 2.084(4)
N1�N2 1.280(6) 1.289(10) 1.278(5) 1.279(5) 1.303(5)[e]


N2 ± C1 1.367(7) 1.392(13) 1.400(5) 1.366(5) 1.435(6)[e]


C1 ± C6 1.381(7) 1.376(14) 1.416(5) 1.413(6) 1.429(9)
C6 ± M 1.989(5) 2.035(9) 1.988(4) 1.991(4) 2.014(4)
M ± P1 2.327(1) 2.335(3) 2.368(1) 2.392(1) 2.394(2)
M ± P2 2.327(1) 2.337(3) 2.374(1) 2.386(1) 2.378(2)


[a] Atom numbering scheme according to Scheme 3, which is different to
the crystal structure data deposited. [b] One of the two crystallographically
independent molecules. [c] X�H1 or Cl2. [d] The bond length before
normalization was 1.66 (1) and 1.54 (3). [e] C7�N2.
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Interatomic distances were calculated[8] by means of normal-
ized C ± H (1.09 �) and M ± H (1.65 �) bond lengths, as
described in the literature.[2b, 4, 7a, 10] The results of these
calculations are summarized in Figures 2 and 3 and Tables 3
and 4.


Discussion


Bond lengths between the metal and the phosphorus ligands
and within the metallacycles are as expected and do not
exhibit any unusual features. The strong trans influence of the
s-aryl group[4, 11] in all compounds results in elongated M ± Cl3
bond lengths of 2.48 ± 2.50 �, compared to the M ± Cl2
distances of 2.36 and 2.35 � observed for 4 a and 4 b,
respectively. These values are in accordance with the values
of 2.51 and 2.36 � reported for IrIII ± Cl bonds with a trans
hydrido and chloro ligand, respectively.[12] From this agree-
ment one can assume that the trans influences of aryl and
diazene are the same as for hydride and chloride, respectively.
This is further corroborated by the Rh ± Cl bond length of a
trans-Cl-Rh-Cl moiety of an octahedral RhIII complex which is
also 2.36 �.[12] Based on these comparisons, the Ir ± H bond
length in 1 is expectd to be about 1.57 �, as reported for a
trans Cl-Ir-H group;[12] however, a longer value of 1.66 � is
observed. A similar conclusion is not possible for the Rh ± H
bond (1.54 �) of 3 because comparable data are not available.
However, since a Rh ± H bond length of 1.31 � was reported
for [RhH(PPh3)4],[13] the same trend appears likely. The
unmetalated phenyl ring lies in the plane of the metallacycle
in 1, while it is rotated out of the plane by 15, 10, 40, and 508 in
the case of 2, 3, 4 a, and 4 b, respectively.


It is evident from the calculated distances that both hydrido
and chloro ligands are involved in multicenter interactions
with the C ± H bonds of neighboring ligands. As a criterion,
only MX ´´´ HC distances shorter than 2.20 (X�H) and
2.95 � (X�Cl) were considered, although this is an arbitrary
limit since the influence of electrostatic forces may reach
much further.[2a] Agostic interactions are absent, as indicated
by the fact that all M ´´´ HC distances are longer than 3.00 �.


In the two triphenylphosphane complexes 1 and 2, a
bifurcated interaction with an average IrH ´´´ HC(sp2) dis-
tance of 1.81� 0.01 � and average Ir-H-H and H-H-C angles
of 131� 1 and 133� 18 are observed (Figure 2, Scheme 1,
type B). These values are in agreement with the average
H ´´´ H distance of 1.99 � and M-H-H and H-H-C angles of


Figure 2. Short intramolecular contacts in 1 ± 4b.


130 and 1428, respectively, reported for type A arrange-
ments.[7] The tricyclohexylphosphane complex 3 contains a
trifurcated interaction system (Scheme 1, type C, X�H). It
has two short RhH ´´´ HC(sp3) distances of 2.03� 0.03 � and a
longer one of 2.20 �, with corresponding Rh-H-H angles of
140, 136, and 1208, respectively. In all cases, the weak H ´´´ H
bonding gives rise to the formation of a six-membered ring.


In addition to the slightly elongated M ± H bonds, the
presence of a weak H ´´´ H interaction is also corroborated by
the fact that the two phosphane ligands of 1 and 3 are bent
towards the hydride, as indicated by the P1-M-H and P2-M-H
angles of 84 and 84 (1) and 76 and 838 (3), respectively. This
results in P1-M-P2 angles of 167 (1), 167 (2), and 1598 (3).


1H NMR investigations indicate that weak C ± H ´´´ H ± Ir
interactions are also present in CDCl3 solution (Scheme 3). In


Table 3. Angles [8] of the intramolecular MH ´´´ HC and MCl ´´´ HC interactions, see Figure 2.


MXHa MXHb MXHc MXHo MXHm XHaC XHbC XHcC XHoC XHmC


1 (X�H1) 131 131 ± ± 136 136 ± ± ± ±
(X�Cl3) 82 82 ± 80 ± 152 152 ± 163 ±


2 (X�H1) 132 130 ± ± ± 123 136 ± ± ±
(X�Cl3) 78 76 ± 79 ± 146 127 ± 150 ±


3 (X�H1) 140 136 120 ± ± 120 129 118 ± ±
(X�Cl3) 78 88 84 81 ± 118 115 133 154 ±


4a (X�Cl2) 87 96 79 ± 84 129 116 139 ± 114
(X�Cl3) 82 89 77 82 ± 118 133 152 116 ±


4b (X�Cl2) 83 97 79 ± 84 115 119 123 ± 116
(X�Cl3) 82 79 87 82 ± 134 129 153 111 ±


Table 4. Calculated MH ´´´ HC and MCl ´´´ HC distances [�].


X ´´´ Ha X ´´´ Hb X ´´´ Hc X ´´´ Ho X ´´´ Hm


1 (X�H) 1.80 1.80 ± ± ±
(X�Cl3) 2.56 2.56 ± 2.39 ±


2 (X�H) 1.81 1.83 ± ± ±
(X�Cl3) 2.63 2.65 ± 2.38 ±


3 (X�H) 2.00 2.06 2.20 ± ±
(X�Cl3) 2.89 2.81 2.60 2.41 ±


4a (X�Cl2) 2.43 2.71 2.61 ± 2.60
(X�Cl3) 2.83 2.46 2.50 2.59 ±


4b (X�Cl2) 2.72 2.58 2.82 ± 2.53
(X�Cl3) 2.48 2.63 2.51 2.64 ±
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Scheme 3. Atom-numbering scheme of complexes 1 ± 4b used for NMR
spectra.


a NOE experiment, selective saturation of the
hydride resonance of 1 at d�ÿ16.7 led to an
enhancement of the signal from the ortho protons
of the phosphane phenyl and from the meta proton of
the orthometalated phenyl ring of the azo ligand (Hm,
as in Figure 2) by 5 % and 8 %, respectively; the meta
and para protons were not influenced. Complemen-
tary irradiation of the ortho proton resonance
increased the intensity of the hydrido signal by
27 %, while irradiation of Hm led only to an enhance-
ment of 5 %. The hydride 1 has a short minimum T1


relaxation time of 0.36 s at 400 Mhz and 240 K in
CD2Cl2 that is caused by the C ± H ´´´ H ± Ir inter-
action. A H ´´´ H distance between the hydride and
the closest H ± C group is calculated to be 1.8� 1 �,
assuming that the rate of dipole ± dipole relaxation of
the hydride depends on the contribution of one ortho
proton.[14] This value is the same as that found in the
X-ray structural analysis. When the contributions of
two ortho protons are considered,[7d] a distance of
2.0� 0.1 � is obtained, which still can be attributed
to a short contact.


The MCl ´´´ HC interaction is of types C and D (Scheme 1,
X�Cl). In all the complexes, in addition to the phosphane
hydrogen atoms, the ortho proton (Ho) of the unmetalated
phenyl ring also becomes involved in the interaction, and in
4 a and 4 b additionally the meta proton Hm. In 1 and 2 the
average IrCl ´ ´ ´ Ha,bC(sp2) length is 2.60� 0.05 �, and the
distance from Ho to the neighboring chloro ligand increases
from 2.38 (1, 2) over 2.41 (3) and 2.59 (4 a) to 2.64 � (4 b). This
elongation corresponds to the increasing twist angle of the
unmetalated phenyl ring relative to the planar metallacycle
(vide supra). In complex 3 the unconventional hydrogen
bonding can be represented by type D with one short RhCl ´´´
HoC(sp2) distance of 2.41 � and three longer RhCl ´´´ HC(sp3)
distances of 2.89, 2.81, and 2.60 �, in agreement with the
greater acceptor properties of HC(sp2) compared to those of
HC(sp3).[15] In contrast to the triphenylphosphane complexes,
the weak tetrafurcated RhCl ´´ ´ HC interaction with the
tricyclohexylphosphane ligand gives rise to the formation of
a five- instead of a six-membered ring. A type D interaction is
also present in 4 a and 4 b, which results in RhCl2 ´´´ HC(sp2)
distances of 2.43 and 2.66� 0.05 � (4 a), and 2.58 and 2.77�
0.05 � (4 b). The short contact (RhCl2 ´´´ Hm : 2.60 (4 a),
2.53 � (4 b)) of Cl2 with the meta proton Hm of the
orthometalated phenyl ring gives rise to a five-membered
ring. An analogous interaction between IrH and Hm is absent
in 1 and 2 since the corresponding distances are larger than


2.85 �, which is far greater than the sum of the van der Waals
radii (2.40 �). This may be due to the much smaller size of the
hydride with regard to the chloride ligand. Contrary to the
situation for Cl2, the weak bonding of the Cl3 ligand gives rise
to two short and two long distances (4 a : 2.48� 0.02 and
2.71� 0.12 �; 4 b : 2.50� 0.02 and 2.63� 0.05 �).


In the solid state structure of 1 there are two short
intermolecular C ± H ´´´ O interactions with H ´´´ O contacts
of 2.54 � and a C-H-O angle of 1498 between the methoxy
group of the unmetalated phenyl ring and neighboring
triphenylphosphane C ± H bonds (Figure 3). Similar values
were also observed for carbonic acid dimers.[2, 16, 17]


Conclusions


The MH ´´´ HC interactions observed within this series of five,
structurally very similar complexes give rise to bifurcated
(M� Ir) and trifurcated (M�Rh) systems, while tri- and
tetrafurcated arrangements are observed for MCl ´´ ´ HC
interactions in the cases of Ir and Rh, respectively. This weak
and unconventional bonding mode may have model character
for the initial interactions in orthometalations as it could
induce M ± C bond formation and H2/HX elimination without
a preceding oxidative C ± H addition.[7a, 18]


Experimental Section


Unless otherwise stated, all operations were performed under an atmos-
phere of dry and oxygen-free nitrogen using standard Schlenk techniques.
All solvents were degassed and saturated with nitrogen before use.
Rhodium and iridium trichloride were obtained from Degussa AG.
Commercially available triphenylphosphane (Aldrich) was used after
recrystallization from ethanol. [RhCl(PPh3)3],[19] [IrCl(PPh3)3],[20] and
[RhCl(C8H14)]n


[21] were prepared according to literature procedures. The
following instruments were used: NMR: Jeol FT-JNM-EX 270; IR:
Perkin ± Elmer 983 and FT-IR 1600; Jeol Mstation 700 and Varian
MAT 212; elemental analysis: Carlo Erba 1106 and 1108 (CHN).


Complexes 1 and 2 : [IrCl(PPh3)3] (200 mg, 0.2 mmol) in toluene (5 mL) was
added to the stirred solution of the azobenzene derivative [azoanisole
(72.9 mg) or 2-chloroazobenzene (86.7 mg, 0.4 mmol)] in toluene (10 mL).
After the mixture had been heated for 2 h at 100 8C, the solvent was
removed and the residue was washed with petroleum ether (5 mL) and


Figure 3. Short intermolecular contacts in 1.
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methanol (2� 5 mL), and then dried in vacuo. The compounds were
recrystallized from CH2Cl2/MeOH. Yields: 1: 100 mg (49 %), 2 : 131 mg
(66 %).


1: Orange-brown microcrystalline powder; m.p. 236 ± 240 8C (decomp); IR
(KBr): nÄ � 2139 (vw) and 2127 (w) (Ir ± H) cmÿ1; 1H NMR (270 MHz,
CDCl3): d� 7.58 (d, 2H; H2' and H6'), 7.57 (d, 1 H; H2), 7.33 (dd, 12H;
ortho H of PPh3), 7.16 (t, 6 H; para H of PPh3), 7.07 (t, 12H; meta H of
PPh3), 6.57 (d, 2H; H3' and H5'), 6.22 (dd, 1H; H3), 5.72 (s, 1H; H5), 3.79
(s, 3 H; OMe of C4'), 3.07 (s, 3H; OMe of C4), ÿ16.7 (t, 1 H, J(P,H)�
17.2 Hz, Ir ± H); anal. calcd for the solvent-free compound, which was
obtained by boiling in MeOH, filtering off, and drying in vacuo;
C50H44ClIrN2O2P2 (994.52): C 60.39, H 4.46; N 2.82; found: C 59.64, H
4.47, N 2.77. 2 : Dark red microcrystalline powder; m.p. 227 ± 230 8C
(decomp); IR (KBr): nÄ � 2196 (vw), 2160 (w), 2140, (vw) 2109 (w) (Ir ±
H) cmÿ1; 1H NMR (270 MHz, CDCl3): d� 7.75 (d, 2 H; H2' and H6'), 7.33
(dd, 12 H; ortho H of PPh3), 7.23 (d, 2 H; H3' and H5'), 7.18 (t, 6H; para H of
PPh3), 7.09 (t, 12H; meta H of PPh3), 6.61 (d, 1 H; H5), 6.56 (d, 1H; H3),
5.87 (t, 1H; H4), ÿ16.7 (t, 1 H; Ir ± H, J(P,H)� 17.2 Hz); anal. calcd for
C48H39Cl2IrN2P2 (968.91): C 59.50, H 4.06, N 2.89; found: C 59.10, H 4.27, N
2.91.


Complex 3 was synthesized in an analogous manner to that described in
ref. [22] from [RhCl(C8H14)2] (71.6 mg, 0.2 mmol), azobenzene (72.3 mg,
0.4 mmol), and tricyclohexyl phosphane (98.2 mg, 0,66 mmol) in toluene
(10 mL). Orange-brown microcrystals were obtained after three recrystal-
lizations from CH2Cl2/MeOH. Yield: 19.8 mg (10 %); m.p. 230 ± 235 8C
(decomp); IR (KBr): nÄ � 2214 (vw) and 2150 (w) (Rh ± H) cmÿ1; 1H NMR
(270 MHz, CDCl3): d� 8.85 (d, 2 H; H2' and H6'), 8.11 (d, 1H; H2), 7.70 (d,
1H; H5), 7.45 (t, 2H; H3'and H5'), 7.36 (m, 1H; H4'), 7.12 (t, 1H; H3), 7.04
(t, 1H; H4), 0.73 ± 2.10 (m, 66H of 2 PCy3), ÿ14.4 (dt, 1 H; J(Rh,H)�
32.7 Hz, J(P,H)� 15.6 Hz, Rh ± H); anal. calcd for a sample dried for 5 h in
vacuo; C48H76ClN2P2Rh ´ CH2Cl2 (966.39): C 60.90, H 8.14, N 2.90; found: C
60.16, H 8.30, N 2.82.


Complex 4a : Synthesized according to ref. [6].


Complex 4b : The mixture of [RhCl(PPh3)3] (46.3 mg, 0.05 mmol) and 2,6-
dichlorobenzylideneaniline (125 mg 0.5 mmol) in BuOH (2 mL) was
heated for 5 min. After filtration the yellow residue was washed with


petroleum ether (3� 5 mL) and then dried in vacuo. A light yellow powder
was obtained after recrystallization from CH2Cl2. Yield: 49.4 mg (99 %);
1H NMR (270 MHz, CDCl3): d� 8.16 (s, 1 H; H7), 7.67 ± 6.98 (m, 31 H), 6.98
(t, 1H; H4'), 6.73 (t, 2H; H3' and H5'), 6.38 (d, 2H; H2' and H6'), 6.10 ( t,
1H; H4); anal. calcd. for C49H39Cl3NP2Rh ´ CH2Cl2 (998.01): C 60.17, H
4.14, N 1.40; found: C 59.90, H 4.09, N 1.40.


T1 measurements : The spin-lattice relaxation times were measured by the
inversion-recovery method (908 pulse) on a Jeol Lamda 400 spectrometer
in CDCl2. T1 values of 0.50, 0.45, 0.42, 0.41, 0.38, 0.35, 0.39, 0.43, and 0.54 s
were observed at 20, 5, 0, ÿ5, ÿ20, ÿ30, ÿ40, ÿ50, and ÿ65 8C,
respectively. The accuracy in temperature measurement was � 0.1 8C.


X-ray structure determinations : The measurements were carried out on an
automated four-circle diffractometer (Siemens P4) with graphite-mono-
chromated Moka radiation, (l� 0.71073 �). The w scan technique was
applied with variable scan speeds (3.0 ± 308 minÿ1.). Structures were solved
by direct methods SHELXTL-PLUS or SHELXTL-5.03.[23, 24] Structure
refinement was carried out by full-matrix least-square methods on F 2


(SHELXTL-5.03) and all non-hydrogen atoms were refined with aniso-
tropic displacement parameters. All hydrogen atoms could be localized in a
difference Fourier map, except the hydride ligand of 2. However, for the
present investigation all hydrogen atoms were calculated for ideal geo-
metries by using normalized values (d(C ± H)� 1.09 �, d(Ir ± H)�d(Rh ±
H)� 1.65 �). The hydrogen atoms were allowed to ride on their
corresponding preceding atoms, their isotropic thermal parameters were
tied to those of adjacent atoms by a factor of 1.5. Table 5 contains the
relevant crystal data.


Single crystals of 1 and 3 were obtained from CH2Cl2/CH3OH, 2 from
CH2Cl2/pentane and 4 a, 4 b directly from CH2Cl2. 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-100 704. 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 : depos-
it@ccdc.cam.ac.uk)


Acknowledgments: This work was supported by the Deutsche Forschungs-
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Table 5. Crystal data, data collection, and refinement parameters.


Compounds 1 2 3 4b


formula C50H44ClIrN2O2P2 ´ CH2Cl2 C48H39Cl2IrN2P2 C48H76ClN2P2Rh ´ 1.5CH2Cl2 C49H39Cl3NP2Rh ´ CH2Cl2


molecular weight 1079.4 968.9 1008.8 997.9
crystal size [mm] 0.6� 0.6� 0.4 0.5� 0.4� 0.4 0.4� 0.4� 0.3 0.6� 0.5� 0.4
crystal system orthorhombic monoclinic monoclinic orthorhombic
space group Pnma P21/c P21/n Pbca
a [�] 19.336(2) 9.761(5) 13.982(2) 18.83(1)
b [�] 15.212(2) 39.75(3) 21.106(3) 21.30(1)
c [�] 15.778(5) 21.52(1) 17.484 (1) 22.30(2)
a [8] 90 90 90 90
b [8] 90 95.75(4) 105.28(1) 90
g [8] 90 90 90 90
V [�3] 4641(2) 8308(8) 4977(1) 8944(9)
Z 4 8 4 8
m(Mo, Ka) [mmÿ1] 3.161 3.456 0.657 0.789
1calcd [gcmÿ3] 1.545 1.549 1.346 1.482
T (K) 293 293 200 200
F(000) 2160 3856 2132 4064
no. of reflns colld 6807 21613 11309 12997
no. of unique reflns 5281 17735 10867 9816
Rint 0.0211 0.0673 0.0527 0.0557
no. of obs. reflns 3945 7624 5264 5707
obs. criterion Fo> 4s(Fo) Fo> 4s(Fo) Fo> 4s(Fo) Fo> 4s(Fo)
q range [8] 3.3 ± 54.3 3.6 ± 54.1 4.3 ± 54.1 3.4 ± 54.2
no. of refin. parameters 318 997 536 532
R1 (obsd data) 0.0302 0.0492 0.0448 0.0473
wR2 (all data) 0.0739 0.1709 0.0945 0.0864
D1max/min [e �ÿ3] 0.947/ÿ 0.639 2.300/ ± 1.822 0.914/ ± 0.829 0.906/ÿ 0.709
S (all data) 0.926 0.758 0.747 1.297
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An OsII-NiII-PdII Trimetallic Complex as an Electro-Switchable-
Photoinduced-Electron-Transfer Device


Eran Zahavy and Marye Anne Fox*


Abstract: A trimetallic complex bear-
ing a sequence of redox-active metal
coordination sites (OsII-NiII-PdII 1) and
an analogous bimetallic complex (OsII-
NiII 2) function as electro-switchable-
photoinduced-electron-transfer (ES-
PET) molecular devices, in which the
OsII center is the light-harvesting com-
ponent, the PdII site is the electron
acceptor, and the NiII site serves as the
electroswitchable intervening spacer.
The NiII center can be reduced selec-


tively, permitting regulation of the pho-
toinduced-electron-transfer from the ex-
cited OsII site to the PdII. In their
oxidized forms, both 1 and 2 show
transient biexponential emission decays
in which the short-lived component is
assigned to oxidative quenching of *OsII


by NiII and the long-lived (minor) com-
ponent to the unquenched *OsII site. In
the electroreduced form, the bimetallic
complex 2 shows suppressed oxidative
quenching by the NiII site and an ex-
tended localized emission lifetime. In
the trimetallic complex, the electrore-
duction enables direct oxidative quench-
ing by the PdII site. The direct oxidation
by NiII was significantly reduced (from
90 % to 50 %) and the lifetime of the
excited OsII site was extended.


Keywords: electron transfer ´
molecular devices ´ molecular
switches ´ osmium ´ P ligands


Introduction


In recent years, the search for molecular-scale devices for
information processing has been intensive.[1±4] The ability to
switch a molecular unit ON and OFF is a key component of an
efficient molecular device, since it allows modulation of the
physical response of such a device by external physical or
chemical triggers. Light-driven molecular switches have been
used in photoisomerizable molecules,[2, 5] supramolecular
systems,[1, 3] photoresponsive polymers,[6] and in the photo-
activation of enzymes.[7, 8]


Molecular switches were also achieved by utilizing chemical
triggers for controlling the emission properties and the
structures of supramolecular systems.[3, 4, 9, 10, 11] For example,
Wasielewski et al.[12] have recently demonstrated a new
approach to forming a molecular switch by employing a
photogenerated intramolecular electric field (from a D1


� ±
A1
ÿ ion pair ) to influence charge separation in a second


donor ± acceptor (D2 ± A2) pair. Wagner et al.[13] have shown
that the redox state of a Mg-porphyrin unit can switch the
direction of photoinduced energy flow and the emission
intensity observed within a multiporphyrin array. Goulle
et al.[14] have achieved an electro-photoswitch in the lumines-
cence of a RuII(bpy)3 unit covalently attached to a quinone.


Recently Otsuki et al.[15] presented a means for electro-
switching the emission of a bis-RuII complex by reducing the
azo linker connecting the two metal centers. Polynuclear
metal complexes have also been investigated as potential
components of such molecular devices[16±23] because of their
electron- and energy-transfer properties.


Herein we present a molecular device, based on a
polynuclear metal complex, that functions as an electro-
switchable-photoinduced-electron-transfer (ESPET) device.
The operational principle of this molecular device is outlined
in Scheme 1, in which S is the light-harvesting component, A
is the electron acceptor, and E is an intervening electro-
switchable component that possesses stable oxidation and
reduction states, Eox and Ered, respectively. Photoexcitation of
S produces an easily oxidizable state, and electron transfer to
either Eox or A is permissible. However, if the reduction
potential of the couple Eox/Ered is less negative than the A/Aÿ


couple and the spacer is geometrically closer to S*, the
oxidation of S* by Eox would be favored (route 1, Scheme 1).
The geometric proximity of these two components will rapidly
lead to the thermodynamically favored reaction, that is,
charge recombination (route 2, Scheme 1). That route would
reconvert the molecular device into the OFF state. However,
electroreduction of Eox to Ered will create a new molecular
functionality. When E is in its reduced state, electron transfer
from S* to A can take place, either in one or two steps to
produce S�-Ered-Aÿ (route 3, Scheme 1). This redox pair might
be stable and long-lived, thanks to the geometric separation of
the charged sites and the difficulty in generating the further
reduced state Eÿred (route 4, Scheme 1). Charge separation will
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Scheme 2. Energetic ordering for favorable photoinduced electron trans-
fer to produce S�-Ered-A in (a) and to produce S�-Ered-A-ÿin (c). Charge
recombination is rapid in S�-Ered-A (b), but slow in S�-Ered-Aÿ(d) because
of the inaccessibility of Ered to Aÿ.


thus form the ON state of the supramolecule. The required
energetic ordering for each of the components of this device is
shown in Scheme 2.


We show herein a demonstration of the concept embodied
in Scheme 1 by employing a trimetallic complex with electro-
chemical potentials ordered as required by Scheme 2. To our
knowledge, this study represents, for the first time, a clear
indication that electrochemical switching of the redox state of
a spacer intervening between a donor ± acceptor pair can
dictate the type of the observable charge separation and the
lifetime of the resulting ion pair.


Results and Discussion


Preparation of the metalated complexes : Trimetallic complex
1, bearing OsII, NiII, and PdII at sequential metal coordination
sites, and an analogous bimetallic complex 2 with only the first
two metals were prepared by standard means. The bimetallic
complex 2 is prepared by metalation of a previously described
complex 3 [Eq. (1)].[23] Upon treatment of 2 with monome-


Scheme 1. The operational principle governing an electro-switchable-photoinduced-electron-transfer (ESPET) device. See text for details.
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tallic complex 4, which was attained by a previously described
route [Eq. (2)],[25] complex 1 is obtained in 44 % yield
[Eq. (3)].


Absorption spectra and redox potentials : The trimetallic
complex 1 contains the three required sites for the proposed
ESPET device arranged in the correct potential gradient. The
OsII center serves as the light-harvesting component, the PdII


site as the electron acceptor, and the NiII site as the electro-
switchable couple. Previous studies in our group[23] have
measured the electrochemical potentials for monometallic
reference compounds 5 a and 5 b. From the cyclic voltammet-


ric peak positions of 1 ± 4 and the onset of light absorption by
the OsII complex 3, the redox potentials (vs. Ag/AgCl) of the
relevant pairs were calculated: OsII/OsIII� 1.36 V, *OsIII/
*OsII�ÿ0.69 V, NiII/NiI�ÿ0.18 V, NiI/Ni0�ÿ0.45 V, and
PdII/Pd0�ÿ0.6 V.


The absorption spectra of 1, 2 and 3 are shown in Figure 1.
Complex 1 exhibits an absorption maximum at 480 nm
assigned to an MLCT state of OsII!bpy,[24] the shoulder at


Figure 1. Absorption spectra of (40 mm) solutions in degassed [nBu4N]PF6/
acetonitrile: a) 3 ; b) 2 ; c) 1.


380 nm assigned to an MLCT state of OsII!tppb,[24] and an
additional strong absorption at 360 nm, assigned to a LMCT
state of tppb!PdII.[25] The absorption spectrum of 2 is similar
except that its absorption at 360 nm is weaker.


From the electrochemical data and the energy of the
excited state of the OsII site, the free energy (DG) involved for
electron transfers from the excited OsII to the NiII and PdII


sites and in the charge recombination in 1 can be calculated
(Scheme 3). The NiII site can be selectively reduced electro-
chemically to Ni0 in the potential range from ÿ0.60 V to
ÿ0.45 V to the ON state, whereas its oxidized state (as NiII)
will function as the OFF state [Eq. (4)].


Scheme 3. DG changes in 1 that accompany the electron transfer reaction.


Excited-state interactions in the oxidized state : The emission
spectra of 1, 2, and 3 are shown in Figure 2. The presence of
the NiII and PdII sites in 1 and the presence of the NiII site in 2
cause strong emission quenching of the excited OsII site. The


Figure 2. Fluorescence spectra of (0.3 mm) solutions in degassed
[nBu4N]PF6/acetonitrile: a) 1; b) 2 ; c) 3.


emission quantum yields decreased from f3� 0.049 for 3 to
f� 0.003 for both 1 and 2. The quenching implies strong
intramolecular interaction between the OsII excited state and
the acceptor sites in the trimetallic and the bimetallic
complexes.


The excited-state lifetime of the trimetallic complex 1 and
the bimetallic complex 2 were measured by single photon
counting. Excitation of the complexes was conducted at
570 nm and emission was measured at 620 nm. Figure 3, curve
a, shows the transient decay of the bimetallic complex 2. The
observed decays fit a biexponential curve with lifetimes
(Table 1): t1(2)� 9(� 1) ns, t2(2)� 250(� 10) ns, with the
spectral weightings of x1(2)� 0.96 and x2(2)� 0.04, respec-
tively.


The transient decay of the trimetallic complex 1 is shown in
Figure 4. This decay is also fit by a biexponential curve with
similar lifetimes (Table 1): t1(1)� 9(� 1) ns, t2(1)� 247(�
10) ns with the spectral weightings of x1(1)� 0.90 and
x2(1)� 0.10, respectively. The short component in each
complex is assigned to the direct quenching of the excited
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Figure 3. Transient emission of 2 (0.2 mm) in degassed 0.1m [nBu4N]PF6/
acetonitrile, after electroreduction (ÿ500 mV) for: a) 0 min, b) 30 min,
c) 90 min, and d) 150 min.


Figure 4. Transient emission of 1 (0.2 mm) in degassed 0.1m [nBu4N]PF6/
acetonitrile, after electroreduction (ÿ500 mV) for: a) 0 min and b) 150 min.


OsII center by the NiII site. The long-lived component (250 ns)
is assigned to the natural decay of the OsII site, since the
lifetime of the complex 3 is also 250(� 10) ns. The long
lifetime decays contribute 4 % to the observed decay in 2 and
10 % in 1, indicating that the fraction of unquenched OsII


complex 3 or the presence of impurity in the final products
(because its production by concomitant photodecomposition)
is low. Nevertheless, these results show that there is no
separate contribution to the quenching process from the PdII


site. That observation is in accord with the original expect-
ations following from thermodynamics; namely, that the
excited OsII is quenched by the NiII site only, and not by
interaction with the PdII site, as a consequence of geometric
alignment of the redox-graded metals in the trimetallic
complex.


Excited-state interactions in the reduced state : Electroreduc-
tion of the complexes was achieved by applying a potential of
ÿ500 mV in a standard electrochemical cell with a Pt wire as


working electrode, Ag/AgCl as reference electrode, and
a Pt wire as counterelectrode separated from the
substrate solution by a glass frit. The electroreduction
was conducted under a flow of nitrogen saturated
with the solvent (CH3CN). With the reduced complexes,
the flash excitation experiments described above were
repeated.


Figure 3, curves b, c, and d, show the result of electro-
reduction of NiII on the emission lifetime of the bimetallic
complex 2. The short-lived component lifetime (9 ns) is not
changed, within experimental error, but its contribution to the
biexponential curve is decreased from 96 % to 35 % after
150 min of electroreduction (Table 1). The long-lived compo-
nent of the biexponential curve is extended to 490 ns after the
electroreduction and its contribution to the excited state
decay increases from 4 % to 65 % (Table 1). Thus, the bulk
reduction of NiII to Ni0 in 2 avoids the oxidative quenching of
the excited OsII center by the NiII site.


The remaining fraction (35 %) of the excited OsII sites that
are quenched by the NiII site can be completely rationalized as
a function of incomplete reduction deriving from the limited
efficiency of the bulk electroreduction. The longer emission
lifetime observed after electroreduction results from the new
electronic environment of the excited OsII center. The
reduced form of the complex, OsII ± Ni0, contains very high
electron density which is reflected in the rigidification of the
complex. As a result, the emission lifetime is increased from
250 ns to 490 ns.


Electroreduction of the trimetallic complex 1 produces a
similar influence on the emission lifetime. Figure 4, curve b,
shows the transient emission observed after electroreduction
of the NiII to Ni0 for 150 min. This curve fits to a triexponential
decay with three independent lifetimes (Table 1), assigned
respectively to the oxidative quenching of the excited OsII by
the remaining unreduced NiII sites (t1� 7.7� 0.9 ns), to the
newly enabled oxidative quenching of the excited OsII by the
PdII sites (t2� 28� 2 ns), and to the natural decay of the
excited OsII complex in its new electronic environment (t3�
487� 20 ns).


After the reduced samples of 1 and 2 had been exposed to
air for 24 h and the the emission lifetimes had been
remeasured, lifetimes virtually identical to those observed
for the oxidized form of the complex (prior to the electro-
reduction) were measured (Table 1). A small difference in the
contribution of the two components to the overall biexpo-
nential decay, however, suggests that the electroreduction/
oxidation proceeds with partial decomposition of the com-
plexes.


Table 1. Measured lifetimes of 1 and 2 under electroreduction conditions.[a]


Bimetallic complex 2 Trimetallic complex 1
reduction
time [min]


t1 [ns] x1 t2 [ns] x2 t1 [ns] x1 t2 [ns] x2 t3 [ns] x3


0 9(� 1) 0.96(� 0.05) 250(� 10) 0.04(� 0.002) 9(� 1) 0.90(� 0.05) 247(� 10) 0.10(� 0.01) -
30 8.1(� 1) 0.74� 0.03) 340(� 10) 0.26(� 0.02)
90 8.6(� 0.9) 0.42(� 0.02) 440(� 20) 0.58(� 0.03))
150 8.3(� 0.9) 0.35(� 0.02) 490(� 20) 0.65(� 0.03)) 7.7(� 0.9) 0.50(� 0.02) 28(� 2) ns 0.20(� 0.01) 487(� 20) 0.3(� 0.02)
0[b] 9.1(� 1) 0.90(� 0.05) 251(� 10) 0.10(� 0.01) 9.7(� 1) 0.79(� 0.04) 256(� 10) 0.21(� 0.01)


[a] r2 values for the fitting were from 95 ± 99.2 %. [b] Measured after the reduced samples were exposed to air for 24 h .
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Transient absorption spectra : The transient absorption spec-
tra of 3 and 1 in its oxidized and reduced form are shown in
Figure 5. The absorption spectrum of 3 (Figure 5, curve a) is
characterized by a broad absorption from 500 nm to 620 nm.


Figure 5. Transient absorption spectra of (0.2 mm) solutions in degassed
[nBu4N]PF6/acetonitrile: (*) 3, (&) 1, (� ) 1 after electroreduction
(ÿ500 mV, 90 min).


Although a quantitative analysis of the kinetic data was
difficult because of the small number of repetition pulses at
each wavelength, lifetime of the excited state was estimated as
200 ± 250 ns. This result is compatible with the emission
lifetime shown to be 250 ns.


Figure 5, curve b, is the transient absorption spectrum of the
trimetallic complex 1. The spectrum is characterized by an
absorption maximum at l� 540 nm assigned to the interva-
lence absorption of the formed OsIII-NiI -PdII.[26] This result
supports our conclusion from the time-resolved emission
studies that in the trimetallic complex only the NiII site
quenches the OsII excited state, and the PdII has no part in the
quenching. After electroreduction of the NiII site in the
trimetallic complex 1, the absorption spectrum changes
(Figure 5, curve c), and two absorption maxima are observed
at l� 540 nm and l� 610 nm. These absorption are assigned
to the intervalence absorption of the formed OsIII -NiI-PdII


and OsIII-Ni0-PdI.[26] These results are supported by the time-
resolved studies that show emission from OsIII-NiI-PdII as a
result of the oxidative quenching of excited OsII by the NiII in
the nonreduced form of the complex that still exists in the
solution, and from OsIII -Ni0 -PdI as a result of the oxidative
quenching of the excited OsII by the PdII in the reduced form
of the complex.


In summary, a functional electro-switchable-photoinduced-
electron-transfer (ESPET) device has been demonstrated for
the trimetallic complex 1 and the bimetallic complex 2.
Electroreduction of a bulk solution of the complex permits a
new oxidative quenching route not available prior to electro-
reduction. Upon partial electroreduction, the bimetallic
complex showed a smaller fraction of oxidative quenching
by NiII (from 96 % to 35 %) and an extended lifetime of the
excited OsII emission (from 250 ns to 490 ns). In the trimetallic
complex, partial electroreduction of the NiII site enables
direct oxidative quenching by the PdII site (with a lifetime of
28(� 2) ns, x� 0.2). The direct oxidation by NiII was signifi-
cantly reduced (from 90 % to 50 %) and the lifetime of the


excited OsII site was extended, as for the bimetallic complex
under similar conditions, from 250 ns to 490 ns.


Experimental Section


Materials : Tetra(bisphenylphosphino)benzene (tppb)[27] and (bpy)2OsII-
tppb(PF6)2 (3)[23, 24, 28] were prepared according to literature procedures.


Preparation of OsII-tppb-NiII (2):[25, 29] (bpy)2OsII-tppb(PF6)2 (3) (60.0 mg,
0.045 mmol) in CH2Cl2 (4 mL) was added dropwise to a solution of
[Ni(H2O)6]Cl2 (12 mg, 0.05 mmol) in ethanol (2 mL). The solution was
heated to reflux for 30 min under Ar. CH2Cl2/methanol (9:1, 40 mL) was
added and the resulting clear solution was poured into hexane (100 mL).
An orange precipitate (35 mg, 44 % yield) was collected on a glass frit. 31P
NMR: d� 55.5 (s, 1P, Ni-coordinated phosphane); 28.7 (s, 1P, Os-
coordinated phosphane); mass spectrum (CI� ) for C74H58N4P4Cl2Os1Ni1:
1446; calcd 1445.8; elemental analysis for C74H58N4P6F12Cl2Os1Ni1: calcd: C
51.09, H 3.33, N 3.33; found: C 45.15, H 3.89, N 3.25. Note that the
complexes are quite hygroscopic, so that the CI� mass spectrum, together
with clean NMR spectra, are better indications of purity than the elemental
analysis.


Preparation of dppb-PdII-tppb (4):[25] 1,2-Bis(diphenylphosphino)benzene
(Strem Chemical, 100.0 mg, 0.225 mmol) in CH2Cl2 (100 mL) was added
dropwise to tetrakis(acetonitrile)palladium(ii) tetrafluoroborate (Strem
Chemical, 100.0 mg, 0.225 mmol) in acetonitrile (10 mL). The solution was
stirred under Ar at room temperature for 1 h. The resulting yellow solution
was transferred by syringe to an addition funnel under Ar, and then added
dropwise to a solution of tppb (200.0 mg, 0.25 mmol) in CHCl3/CH2Cl2 (1:1
20 mL), to afford a green solution. The solvent was removed under reduced
pressure and the resulting powder was reprecipitated from CH2Cl2/ether
(104 mg, 30 % yield). 31P NMR: d� 54.2 (s, 2P, Pd-coordinated phosphane),
ÿ13.3 (s, 1P, free phosphane), mass spectrum (CI� ) for C84H66P6Pd1:1367;
calcd: 1366.4; elemental analysis for C84H66P6B2F8Pd1: calcd: C 65.45, H
4.28, P 12.07, Pd 6.90; found: C 64.81, H 4.56, P 12.16, Pd 6.24. Note that as
with 2, complex 4 is quite hygroscopic.


Preparation of OsII-tppb-NiII-tppb-PdII-dppb (1): A solution of (bpy)2OsII-
tppb-NiIICl2 (2), (30 mg, 0.015 mmol) in CH2Cl2/CH3OH (1:1 30 mL) was
mixed with a solution of dppb-PdII-tppb (4) (23 mg, 0.015 mmol) in CH2Cl2


(10 mL). The resulting solution was stirred for 4 h under Ar at room
temperature, during which the solution turned red. The solvent was
removed under reduced pressure and the product was reprecipitated from
CH2Cl2/ether. Orange powder (23 mg, 40% yield) was collected on a glass
frit. 31P NMR: d� 54.8 (s, 2P, Ni-coordinated phosphane), 48.7 (s, 2P, Pd-
coordinated phosphane), 28.8 (s, 1P, Os-coordinated phosphane); mass
spectrum (FAB in triethylamine) for C158H124N4P10Os1Ni1Pd1: 2742; calcd.
2741.3; elemental analysis for C158H124N4P14F32B2Os1Ni1Pd1: calcd: C 54.2,
H 3.55, N 1.60; found: C 52.0, H 4.01, N 1.10. Note that as with 2, complex 1
is highly hygroscopic.
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Protonated 2,3-DihydrobilindionesÐModels for the Chromophores of
Phycocyanin and the Red-Absorbing Form of Phytochrome


Michael Stanek and Karl Grubmayr*


Abstract: New structural and thermo-
dynamic data on the protonation of 2,3-
dihydrobilindiones are presented with
respect to the ionic aspects of the
chromophore ± protein interactions in
biliproteins. When intermolecular pro-
tonation with stoichiometric quantities
of strong (sulfonic) acids was investigat-
ed by NMR spectroscopy, it was found
that the positive charge is localized at
the nitrogen atom of the azafulvenic ring
B moiety. Complete protonation by
weaker (carboxylic) acids can be ach-
ieved only intramolecularly at low tem-
perature. The (2R,3R,3'R,CysR)-cys-
teine adduct of phycocyanobilin dimeth-


yl ester was synthesized to mimic the
acid ± base chemistry between protein
and chromophore. Thermodynamic data
for the equilibrium between its neutral
form 1 and zwitterion 1� were calculated
from the temperature dependence of the
visible spectra (DH8�ÿ20.8 kJ molÿ1,
DS8�ÿ71 Jmolÿ1 Kÿ1). These data are
in accord with others from intramolec-
ular proton transfers, explaining the
perfect order of highly conserved con-


sensus sequences necessary for the ef-
fective protonation of the chromophores
in various light-harvesting biliproteins
such as phycocyanin. On the other hand,
the highly negative value of DS8 indi-
cates the possibility of the reprotonation
of the protein in case of steric interfer-
ence. The geometrical changes of the
protonated Pr chromophore of phyto-
chrome as a result of the Z!E photo-
isomerization may trigger proton trans-
fer back to the protein and thus initiate
the sequence of dark reactions that lead
to the physiologically active Pfr form of
phytochrome.


Keywords: chromophores ´ phyco-
cyanin ´ phytochrome ´ proteins ´
zwitterionic states


Introduction


The photoactivity of the phycocyanins[1] and phytochromes[2]


depends on the unique structure of the 2,3-dihydrobilindione
chromophore,[3] which enables perfect tuning of their absorp-
tion spectra by distinct chromophore ± protein interactions.
Among these the covalent linkage of the chromophores to the
apoproteins by thioethers and the formation of ion pairs
between the chromophores in the protonated state and the
corresponding carboxylates of the proteins are thought to be
essential for photophysical and photochemical functionality:
for instance, excitation energy transfer in the light-harvesting
complexes of cyanobacteria or red algae,[4] and the regulation
of plant gene expression by light and phytochrome.[5]


From crystal structures of phycocyanin,[6] as well as other
phycobiliproteins,[7] such as allophycocyanin,[8] phycoerythro-
cyanin,[9] and phycoerythrin,[10] a common principle for the
protonation of their chromophores becomes evident: proto-
nation always takes place at the dipyrrin moiety of rings B and
C and is caused exclusively by aspartic acid residues. In the


form of the various phytochromes that absorbs red light,
commonly named the Pr form, the chromophores are also
protonated by acidic residues of the protein. Protonation is
indicated best by significant bathochromic shifts of the long-
wavelength absorption maxima of phytochromobilin and
phycocyanobilin during self-assembly with recombinant apo-
phytochromes.[11]


In spite of all that is known about the holoproteins,
structural details of their protonated chromophores remain
uncertain. With respect to the distribution of the positive
charge three distinct structures can be taken into consider-
ation (I ± III, Figure 1 b). In structure I the symmetry of the
protonated dipyrrin moiety[12] principally remains resulting in
charge delocalization as found in protonated bilindiones of
symmetric substitution patterns,[13] whereas in structures II
and III the different oxidation state of the two lactam
substituents, the 2,3-dihydropyrrolinone of ring A and the
pyrrolinone of ring D, may cause a localization of the positive
charge on either the nitrogen of ring B or that of ring C. In
addition to this the question arises as to whether protonation
by aspartic acid residues can be achieved quantitatively. At
first glance the formation of stable ion pairs seems to be
unlikely comparing the acidities of protonated 2,3-dihydrobi-
lindiones (pKa� 4.6)[14] and aliphatic carboxylic acids, for
instance, acetic acid (pKa� 4.8).
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Here, we report on the structure and
the spectral properties of the synthetic
model compound 1, which is in equili-
brium with its zwitterionic species 1�,
representing the adduct of cysteine and
phycocyanobilin in its (2R,3R,3'R,CysR)-
configuration. With respect to the ex-
tended chromophores of phycocyanin
and the Pr form (Figure 1 a) the main
difference is the helical conformation of 1
and 1�, respectively, adopted by bilin-
diones in solution as the most stable one.
Nevertheless, 1 is able to mimic the acid ±
base chemistry between protein and
chromophore. The protonation of the
dipyrrin moiety by the cysteinic carboxyl
group proceeds intramolecularly. Stereo-
chemical influences can be quantified in
comparison with the (2S,3S,3'S,CysR)-
diastereomer 2 and 2�, respectively. In-
vestigations are based on the results of
the intermolecular protonation of the 2,3-
dihydrobilindione models 3 and 4 (Fig-
ure 2). They will be presented first.


Results and Discussion


Intermolecular protonation : The results on the structure of
protonated 2,3-dihydrobilindiones are based predominantly
on NMR spectroscopic investigations. At first, model com-
pounds 3 and 4 were selected on account of their clear NMR
spectra: their 1H NMR spectra only consist of singlets, and
because of the peripheral methyl substituents the assignment
of all quaternary carbons by gradient-enhanced heteronuclear
multiple bond correlation (HMBC) is unambiguous even for
the protonated chromophores. Compounds 3 and 4 are Z/E
diastereomers with respect to the exocyclic double bond of
ring D representing those species, which are believed to be
important for the photochemistry of phytochrome.


Because of its high acid strength p-toluenesulfonic acid (p-
TsOH) was used for protonation forming the stable hydro-
tosylates 3 ´ H�OTsÿ and 4 ´ H�OTsÿ. Compared with the salts
of weaker acids, for instance hydrodichloroacetates, hydro-
tosylates are advantageous to NMR experiments by slowing
down intermolecular proton exchange rates and thus prevent-


Figure 1. a) Comparison of the extended (5anti,10syn,14anti) conformation of the protein-bound
chromophores of phycocyanin and the Pr form and the helical (5syn,10syn,14syn)-conformation of
model compound 1 in its zwitterionic form 1�. b) Hypothetical chromophore structures of protonated
2,3-dihydrobilindiones.


Abstract in German: Neue strukturelle und thermodynami-
sche Daten zur Protonierung von 2,3-Dihydrobilindionen
werden im Hinblick auf die ionischen Anteile der Chromo-
phor ± Protein Wechselwirkung in Biliproteinen vorgestellt.
Die intermolekulare Protonierung wurde mit stöchiometri-
schen Mengen starker Säuren (Sulfonsäuren) NMR-spek-
troskopisch untersucht. Die positive Ladung wird am Stick-
stoffatom der Azafulveneinheit von Ring B lokalisiert. Die
vollständige Protonierung mit schwachen Säuren (Carbonsäu-
ren) erfolgt nur intramolekular bei tiefen Temperaturen. Das
(2R,3R,3'R,CysR)-Cystein-Addukt des Phycocyanobilindime-
thylesters wurde synthetisiert um die Säure ± Base-Chemie
zwischen Protein und Chromophor nachzuahmen. Die ther-
modynamischen Daten des Gleichgewichts zwischen der Neu-
tralform 1 und dem zugehörigen Zwitterion 1� wurden aus der
Temperaturabhängigkeit der UV/Vis-Spektren ermittelt
(DH8�ÿ20.8 kJ molÿ1, DS8�ÿ71 J molÿ1 Kÿ1). Die Überein-
stimmung mit den Daten anderer intramolekularer Protonen-
transfer-Reaktionen erklärt die Notwendigkeit für einen hohen
Ordnungszustand aus streng konservierten Konsensussequen-
zen für die Protonierung der Chromophore in Biliproteinen
mit Lichtsammelfunktion, beispielsweise dem Phycocyanin.
Andererseits deutet der stark negative DS8-Wert auf die
Möglichkeit einer Reprotonierung des Proteins nach sterischer
¾nderung hin. Demnach vermag die Geometrieänderung des
protonierten Chromophors in der Pr-Form des Phytochroms
nach erfolgter Z!E-Photoisomerisierung den Protonentrans-
fer zum Protein hin auszulösen und damit die Sequenz jener
Dunkelreaktionen einzuleiten, die zur physiologisch aktiven
Pfr-Form des Phytochroms führen.


Figure 2. Structural formula of the diastereomeric model compounds 3
and 4 in the (4Z,9Z,15Z,5syn,10syn,14syn)- and (4Z,9Z,15E,5syn,10syn,14-
syn) geometry.
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ing the formation of averaged signals. This is shown in
Figure 3 for mixtures of 3 and its hydrodichloroacetate as well
as its hydrotosylate within the range of the methine proton
signals: addition of dichloroacetic acid to solutions of 3
resulted in the formation of shifted averaged signals, whereas
the use of p-TsOH enables detection of the signals of 3 ´ H� as
well as those of 3.


Figure 3. 1H NMR spectra of the methine proton region of 3 in CDCl3 at
25 8C. a) 3 (6.4� 10ÿ3m), not protonated. b) 3 (6.4� 10ÿ3m) on addition of
0.6 equiv dichloroacetic acid showing averaged signals of 3 and its
hydrodichloroacetate. c) 3 (2.6� 10ÿ3m) on addition of 0.4 equiv p-TsOH
showing separated signals of 3 and its hydrotosylate.


NH signals cannot be seen in the 1H NMR spectra of the
hydrodichloroacetates, but under similar conditions the
hydrotosylates show four NH singlets slightly broadened
within the range d� 9 ± 12. On protonation only the signal of
the methine proton in position 10 is shifted significantly
downfield (Dd (ppm)� 0.416 [3 ´ H�ÿ 3]; 0.686 [4 ´ H�ÿ 4])
indicating protonation at the dipyrrin substructure. The Dd


values of all other 1H NMR signals are less than 0.25 ppm and
cannot be used for a detailed structure determination.
However, a comparison of the Dd values of all 13C NMR
signals belonging to the quaternary carbons of the chromo-
phore is helpful (Figure 4, Table 1). In particular, the upfield
shifts of the C-6 signal (Dd (ppm)�ÿ13.57 [3 ´ H�ÿ 3];
ÿ14.07 [4 ´ H�ÿ 4]) and the C-9 signal (Dd (ppm)�ÿ17.36
[3 ´ H�ÿ 3]; ÿ17.84 [4 ´ H�ÿ 4]) are not only remarkable in
value but also conclusive. They exceed all other Dd values and
belong to both carbons in the a-position to the nitrogen of
ring B where the positive charge must be localized. Concern-
ing signal shifts, this finding is in accordance with 13C NMR
data of pyridine and pyridinium ions.[15] In addition, different
chemical shift values of the carbons positioned quasisym-
metrically within the dipyrrin skeleton, in particular the d


values of C-6 (d� 152.4 [3 ´ H�]; 152.8 [4 ´ H�]) and C-14 (d�
142.1 [3 ´ H�]; 142.0 [4 ´ H�]), argue against charge delocaliza-
tion and exclude structure I (Figure 1 b). Thus, protonated 2,3-
dihydrobilindiones correspond to structure III.


Stereochemical properties of the chromophores are not
changed on protonation. According to the ROESY spectra
the (4Z,9Z,15Z,5syn,10syn,14syn)-geometry of 3 remains in
3 ´ H�OTsÿ. The same applies to the (4Z,9Z,15E,5syn,10-
syn,14syn) geometry of 4 and 4 ´ H�OTsÿ. The extension of the


Figure 4. Correlation of 13C NMR signals in the region of the quaternary carbons of a) 3 ´ H�OTsÿ and 3 and b) 4 and 4 ´ H�OTsÿ. Signals of TsOÿ are
indicated by crosses, those of the o- and m-carbons below d� 130 are truncated for clarity. Complete dissolution of 4 ´ H�OTsÿ at 2 8C in CDCl3 necessitates
the addition of a small amount of TFA. The corresponding quartet of the carbonyl carbon near d� 160 is indicated by circles.
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chromophores to the (anti,syn,anti) conformation as found in
phycobiliproteins seems to be unlikely for 2,3-dihydrobilin-
diones intermolecularly protonated in solution.


Intramolecular protonation : Dissolved in chloroform the
chromophores of the compounds 1 and 2 are protonated
quantitatively at low temperature by the carboxyl group of the
covalently attached cysteine moiety. In contrast to carboxyl-
protected derivatives, for instance, the trimethylsilylethyl
esters 1 ´ Tmse and 2 ´ Tmse, the chromophores cannot be
protonated under similar conditions by acetic acid, not even in
large excess. Assuming that the pKa values of acetic acid and
the carboxyl groups in 1 and 2 are more or less equal, the
proton transfer in 1 and 2 must proceed intramolecularly
resulting in the formation of the zwitterions 1� and 2�.


Interconversion of the neutral and the zwitterionic forms is
temperature-dependent and can be followed by reversible
changes of their 1H NMR and UV/Vis spectra.


On cooling, the formation of the zwitterion can be observed
in the UV/Vis spectra by the batho- and hyperchromic shifts
of the long-wavelength absorption band (Figure 5). The
equilibrium is shifted almost quantitatively towards 1� at
ÿ57 8C and towards 2� at ÿ33 8C. At these temperatures the
protonation of the chromophores is practically complete and
the absorption maxima remain quite constant despite further
cooling.


The temperature dependence of the equilibrium between
neutral and zwitterionic species is also characterized by
isosbestic points. For the calculation of the thermodynamic
data the extinction values of the pure neutral species 1 and 2,
which cannot be measured directly from the absorption
spectra, were set equal to those of carboxyl-deprotonated 1
and 2 (Table 2). The fit of their absorption spectra to the
isosbestic points was sufficient and differences in absorbance
compared with 1 and 2 were therefore neglected. The negative
values of DH8 and DS8, which are typical of intramolecular
proton transfer reactions,[16] regulate the equilibrium.


Depending on the temperature, the 1H NMR spectra of 1
and 2 show similarities with the spectra of the dichloroace-
tates as well as the tosylates of 3 ´ H� and 4 ´ H�. On cooling,
the averaged signal of the methine proton in position 10 is
shifted downfield and no NH signals are detectable. However,
below ÿ50 8C all four NH signals can be observed in the case
of compound 2�, resembling the signal pattern of the hydro-
tosylates of 3 and 4 at room temperature. Thus, the intra-
molecular protonation by the cysteinic carboxyl group at low
temperature seems to be equivalent to intermolecular proto-
nation by p-TsOH at room temperature. Consequently, we
conclude that protonation of 2,3-dihydrobilindione chromo-


Table 1. 13C chemical shifts (d) in CDCl3 assigned by HMQC and HMBC
spectroscopy.


3 (298 K) 3 ´ H�OTsÿ


(278 K)
4 (298 K) 4 ´ H�OTsÿ


(275 K)


C1 175.9 177.9 174.7 178.5
C2 44.2 44.0 44.5 43.8
C3 39.5 40.9 39.3 41.1
C3' 29.4 28.5 28.9 28.4
C4 159.3 161.1 158.4 160.8
C5 89.9 87.4 89.9 88.0
C6 166.0 152.4 166.9 152.8
C7 131.0 127.5 130.9 127.7
C7' 9.9 9.8 9.7 9.6
C8 139.5 143.6 139.8 144.5
C8' 9.9 10.6 9.7 10.5
C9 149.4 132.0 149.5 131.7
C10 111.3 114.8 112.3 116.0
C11 132.7 130.3 130.1 128.5
C12 128.6 139.4 128.0 139.4
C12' 9.5 10.4 9.5 10.3
C13 124.2 127.1 122.7 126.4
C13' 9.4 9.8 9.7 10.1
C14 133.5 142.1 131.4 142.0
C15 96.6 97.5 101.3 104.6
C16 136.3 140.2 139.2 142.1
C17 141.7 142.1 138.3 139.7
C17' 10.0 9.8 12.6 11.8
C18 127.6 128.6 132.5 132.7
C18' 8.7 8.2 8.8 8.4
C19 173.6 173.5 170.9 172.6


Figure 5. UV/Vis spectra showing the temperature dependence of the proton transfer equilibrium of 1 and 1� in chloroform. Spectra were recorded at
ÿ57 8C for 1� (black), and at ÿ45, ÿ30, ÿ15, 0, 15, 30, and 58 8C for equilibrium mixtures of 1 and 1� (gray). All values of e are corrected to room
temperature. The spectrum indicated by 1 originates from the diisopropylethylammonium carboxylate of 1 at room temperature, because in chloroform the
equilibrium cannot be shifted completely towards 1 below the boiling point of the solvent.


Table 2. Data for the proton transfer equilibria.


lmax [nm] lmax� [nm] DG8
[kJ molÿ1]


DH8
[kJ molÿ1]


DS8
[J molÿ1 Kÿ1]


1> 1� 584 641 � 0.2 ÿ 20.8 ÿ 71
2> 2� 581 650 ÿ 1.3 ÿ 26.8 ÿ 86
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phores by carboxylic acids requires intramolecularity and low
temperature, as demonstrated for the quantitative formation
of 1� and 2�. In phycobiliproteins protonation by aspartic acid
residues is favored by the highly ordered arrangement of short
consensus sequences[17] enabling the correct geometry neces-
sary for effective ion-pair formation. On the other hand,
conversion of the zwitterions 1� and 2� into the neutral forms
1 and 2 by raising the temperature indicates that in
biliproteins proton transfer from the protonated chromo-
phore back to the aspartate could be induced by geometrical
strain on the ion pair. Regarding phytochrome, geometrical
change by Z!E photoisomerization[18] of the Pr chromo-
phore may induce deprotonation in this way. Some results
from resonance Raman spectroscpy on phytochrome[19] sug-
gest that such chemistry may be relevant in the sequence of
dark reactions towards the physiologically active far-red-
absorbing form of phytochrome.


Synthesis and stereochemistry : The synthesis of 1� and 2�


started with the addition of N-(benzyloxycarbonyl)-cysteine
trimethylsilylethyl ester (Cbz-Cys-OTmse) to the 3-ethyl-
idene double bond of phycocyanobilin dimethyl ester
(PCBDME) according to ref. [20], resulting in the formation
of the four diastereomeric Tmse esters: 1 ´ Tmse
(2R,3R,3'R,CysR), 2 ´ Tmse (2S,3S,3'S,CysR), and two Tmse
esters with the (2R,3R,3'S,CysR) and (2S,3S,3'R,CysR) con-
figuration. From this mixture 1 ´ Tmse was separated by thin-
layer chromatography on silica gel. After deprotection with
tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran
(THF), followed by chromatography and treatment first with
aqueous HCl and then with water, compound 1 was obtained
in equilibrium with 1�. Analogously, the remaining three
diastereomeric Tmse esters were transformed into their
carboxylic acids yielding optically pure 2 in equilibrium with
2� after separation by column chromatography on silica gel
followed by successive treatment with aqueous HCl and
water.


The assignment of the relative configuration with respect to
the centers 2, 3, and 3' in 1, 1 ´ Tmse, and 2 is based on distinct
H,H-ROESY cross-peaks: 2$ 3''; 2'$ 3$ 3''; 3$ 5$ 3'.
The absolute configuration of center 2 was determined by a
comparison of the CD spectra of optically pure PCBDME.[21]


The (2R) enantiomer was obtained by thermal elimination of
Cbz-Cys-OTmse from 1 ´ Tmse in toluene at 83 8C.


Model compounds 3 and 4 were synthesized according to
the protocol of Gossauer[22] by condensation of (4Z)- or (4E)-
9-formyl-2,3,7,8-tetramethyldipyrrin-1(10H)-one with (4Z)-
2,3-dihydro-9-tert-butyloxycarbonyl-3,3,7,8-tetramethyldipyr-
rin-1(10H)-one[23] in trifluoroacetic acid (TFA). For spectro-
scopic investigations the tosylates of 3 ´ H� and 4 ´ H� were
prepared by adding stoichiometric quantities of p-TsOH to
the solutions of 3 and 4.


Conclusion


In summary, we have shown that the chromophores of 2,3-
dihydrobilindiones are protonated without change of their
overall geometry at the nitrogen of ring B where the positive


charge is localized. This result, based on NMR spectroscopic
investigations of synthetic model compounds, contributes to a
better understanding of the ionic chromophore ± protein
interactions in biliproteins. With respect to phycocyanin, we
conclude that protonation of the chromophores by aspartic
acid residues is entropically controlled. In general, the
formation of ion pairs in biliproteins depends on perfect
order among chromophore and amino acid residues, but
interference by steric strain may result in the reverse reaction.
This may be relevant to the photochemically initiated
conversion of the red-absorbing form of phytochrome, when
geometrical changes upon the Z!E photoisomerization of
the protonated Pr chromophore are followed by proton
transfer back to the protein.


Experimental Section


General techniques : All chemicals were reagent grade. Solvents were
generally distilled prior to use; THF was distilled from sodium benzophe-
none ketyl. p-TsOH ´ H2O was melted under high vacuum prior to use.
Column chromatography was performed on silica gel (E. Merck, silica
gel 60, 0.063 ± 0.200 mm). Preparative thin-layer chromatography was
performed on precoated glass-backed plates (E. Merck, silica gel F256,
0.5 mm). NMR spectra were recorded on a Bruker Avance DRX-500
spectrometer. The assignment of 13C signals is based on gradient-enhanced
HMQC and HMBC experiments. IR spectra were recorded on a Perkin
Elmer FT-IR spectrometer Paragon 1000 PC. UV/Vis and CD spectra were
recorded on a Hitachi U-3210 spectrometer and a Jobin-Yvon Mark V
circular dichrograph. Isosbestic points are indicated by lip. Electrospray
and electron-impact mass spectra were measured on Hewlett Packard MS-
Engines 5989 API and 5989 A.


(4Z,9Z,15Z,2R,3R,3''R,CysR)-3-(1-(N-benzyloxycarbonyl-cystein-S-yl)-
ethyl)-18-ethyl-2,3-dihydro-8,12-bis-(2-methoxycarbonylethyl)-2,7,13,17-t-
etramethyl-23H-bilin-1,19(21H,24H)-dione (1): TBAF (10 mg, 31.7 mmol)
was added to a solution of 1 ´ Tmse (11.5 mg, 11.8 mmol) in THF (2 mL ).
The reaction mixture was stirred under an argon atmosphere for 30 min,
diluted with CH2Cl2 (40 mL), washed with H2O (3� 120 mL), with aqueous
NaHCO3 (0.2m, 60 mL), and dried over Na2SO4. After evaporation of the
solvent the residue was purified by thin-layer chromatography (silica gel,
CH2Cl2/MeOH� 10/1). Elution with MeOH gave 1 (8.2 mg, 80 %) as a blue
solid. Dissolution in CH2Cl2 and treatment with aqueous HCl (0.1n, 50 mL)
and H2O (3� 100 mL) afforded a solution of 1 in equilibrium with 1� at a
ratio near to 1:1 at room temperature. Rf (silica gel, CH2Cl2/MeOH� 10/1):
0.3; 1H NMR (500 MHz, CDCl3; d corresponds to the top of the broad
single averaged signals of 1 and 1� at 278 K): d� 7.28 (5H; H-C-Ph), 7.08
(1H; H-C10), 5.97 (1H; H-C15), 5.93 (1H; H-N-Cys), 5.66 (1H; H-C5),
4.98 (2H; H2-C-Bzl), 4.30 (1H; H-aC-Cys), 3.65 (6H; 2�CH3-O), 3.41
(1H; H-C3'), 3.16 (1H; H(1)-bC-Cys), 3.09 ± 2.80 (6H; H2-C8', H2-C12',
H(2)-bC-Cys, H-C3), 2.60 ± 2.48 (5H; H2-C8'', H2-C12'', H-C2), 2.32 (2 H;
H2-C18'), 2.18, 2.08 (6H; H3-C17', H3-C13'), 2.03 (3H; H3-C7'), 1.39 (3 H;
H3-C3''), 1.25 (3H; H3-C2'), 1.13 (3H; H3-C18''); (H,H)-ROESY NMR
(500 MHz, CDCl3, 278 K): 2'$ 3, 2$ 3'', 3$ (5,3''), 3'$ 5, 5$ 7', 7'$
(8',8''), 10$ (8',12'), 13'$ (12',12''), 15$ (13',17'), 2,6-Ph$CH2-Bzl; IR
(CHCl3): nÄ � 3372, 3270, 3151, 2973, 2954, 2934, 2875, 1732, 1687, 1633,
1609 cmÿ1; UV/Vis (CHCl3, 298 K): lmax (e)� 624 (22 000), 352 (26 600),
274 nm (15 100); lip [1/1�] (e)� 575 (15 960), 442 (2050), 367 (24 200), 334
(25 100), 319 nm (19 300); CD (CHCl3, 298 K): lmax (De)� 593 (ÿ35), 350
(52), 275 nm (ÿ16); C46H55N5O10S; MS (ESIp): m/z (%)� 870 (100)
[M�H]� , 615 (6) [PCBDME�H]� .


(4Z,9Z,15Z,2S,3S,3''S,CysR)-3-(1-(N-benzyloxycarbonyl-cystein-S-yl)-eth-
yl)-18-ethyl-2,3-dihydro-8,12-bis-(2-methoxycarbonylethyl)-2,7,13,17-tetra-
methyl-23H-bilin-1,19(21H,24H)-dione (2): TBAF (60 mg, 230 mmol) was
added to a solution of 2 ´ Tmse and its diastereomers with the
(2R,3R,3'S,CysR) and (2S,3S,3'R,CysR) configuration (90 mg, 93 mmol) in
THF (4 mL). The reaction mixture was stirred under an argon atmosphere
for 40 min, diluted with CH2Cl2 (80 mL), washed with H2O (3� 120 mL),
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with aqueous NaHCO3 (0.2m, 60 mL), and dried over Na2SO4. After
evaporation of the solvent the residue was subjected to column chroma-
tography (silica gel, CH2Cl2/MeOH� 15/1) separating 2 from its diaster-
eomers. Fractions containing 2 were treated with aqueous HCl (0.1n,
50 mL) and H2O (3� 100 mL). The ratio of 2 and 2� was near 1:2 at room
temperature. Rf (silica gel, CH2Cl2/MeOH� 10/1): 0.4; 1H NMR (500 MHz,
CDCl3; d corresponds to the top of the broad averaged signals of 2 and 2� at
273 K): d� 7.30 (5 H; H-C-Ph), 7.23 (1H; H-C10), 5.89 (2H; H-C15, H-N-
Cys)), 5.69 (1 H; H-C5), 5.07 (2H; H2-C-Bzl), 4.41 (1H; H-aC-Cys), 3.66,
3.65 (6H; 2�CH3-O), 3.55 (2H; H-C3', H(1)-bC-Cys), 3.10 ± 2.80 (7H; H2-
C8', H2-C12', H(2)-bC-Cys, H-C3, H-C2), 2.55 (4H; H2-C8'', H2-C12''), 2.32
(2H; H2-C18'), 2.13, 2.04, 2.02 (9H; H3-C17', H3-C13', H3-C7'), 1.43 (3H;
H3-C3''), 1.30 (3H; H3-C2'), 1.07 (3H; H3-C18''); (H,H)-ROESY NMR
(500 MHz, CDCl3, 299 K): 2'$ 3, 2$ 3'', 3$ (5, 3''), 3'$ (5, aC-Cys), 5$
(7', aC-Cys), 7'$ (8', 8''), 10$ (8', 12'), 13'$ 12', 15$ (13', 17'), 2,6-Ph$
CH2-Bzl; IR (CHCl3): nÄ � 3294, 2973, 2954, 2934, 2875, 1732, 1690, 1630,
1602 cmÿ1; UV/Vis (CHCl3, 298 K): lmax (e)� 638 (24 100), 350 (24 800), 330
(25 400), 277 nm (12 300); lip [2/2�] (e)� 581 (15 800), 432 (2500), 376
(18 700), 333 (24 500), 318 nm (19 500); CD (CHCl3, 298 K): lmax (De)� 623
(38), 349 (ÿ56), 273 nm (19); C46H55N5O10S; MS (ESIp): m/z (%)� 914
(22) [MÿH�2Na]� , 892 (100) [M�Na]� , 870 (15) [M�H]� .


Synthesis of 3 and 4 : A solution of (Z)-9-formyl-2,3,7,8-tetramethyldipyr-
rin-1(10H)-one[22] (60 mg, 235 mmol) in MeOH (200 mL) was irradiated
with a high-pressure mercury immersion lamp (Hanau, TQ 150 ± 1725)
under an argon atmosphere for 2 h in a Pyrex well. After evaporation of the
solvent under reduced pressure the residue was added at once to a stirred
solution of (Z)-2,3-dihydro-9-tert-butyloxycarbonyl-3,3,7,8-tetramethyldi-
pyrrin-1(10H)-one[23] (72 mg, 235 mmol) in TFA (5 mL). After stirring for
90 min at room temperature MeOH (15 mL) was added. The reaction
mixture was diluted with CH2Cl2 (200 mL), washed with H2O (3� 150 mL),
with aqueous NaHCO3 (0.5m, 100 mL), and dried over Na2SO4. After
evaporation of the solvent the residue was subjected to column chroma-
tography (silica gel, CH2Cl2/MeOH� 30/1) separating 3 (80 mg, 61%)
from 4 (25 mg, 19 %).


(4Z,9Z,15Z)-2,3-Dihydro-3,3,7,8,12,13,17,18-octamethyl-23H-bilin-1,19(21-
H,24H)-dione (3): M.p. 244 8C; Rf (silica gel, CH2Cl2/MeOH� 30/1): 0.5;
1H NMR (500 MHz, CDCl3): d� 6.60 (s, 1H; H-C10), 6.01 (s, 1 H; H-C15),
5.45 (s, 1H; H-C5), 2.35 (s, 2H; H2-C2), 2.18 (s, 3 H; H3-C12'), 2.13 (s, 3H;
H3-C8'), 2.11 (s, 3 H; H3-C17'), 2.09 (s, 3H; H3-C13'), 1.99 (s, 3H; H3-C7'),
1.84 (s, 3 H; H3-C18'), 1.42 (s, 6 H; 2�H3-C3'); (H,H)-ROESY NMR
(500 MHz, CDCl3): 2$ 3', 5$ (7', 3'), 10$ (8', 12'), 15$ (13', 17'), 17'$
18'; IR (CHCl3): nÄ � 3430, 3006, 2921, 2862, 1738, 1716, 1688, 1635,
1596 cmÿ1; UV/Vis (CHCl3): lmax (e)� 584 (14 100), 347 (32 500), 275 nm
(17 400); C27H32N4O2; MS (70 eV; EI): m/z (%)� 444 (100) [M]� .


(4Z,9Z,15E)-2,3-Dihydro-3,3,7,8,12,13,17,18-octamethyl-23H-bilin-1,19(21-
H,24H)-dione (4): M.p. 242 8C; Rf (silica gel, CH2Cl2/MeOH� 30/1): 0.3;
1H NMR (500 MHz, CDCl3): d� 7.56 (s, 1H; H-N24), 6.58 (s, 1H; H-C10),
6.23 (s, 1H; H-C15), 5.38 (s, 1 H; H-C5), 2.33 (s, 2 H; H2-C2), 2.15 (s, 3H;
H3-C12'), 2.12 (s, 3H; H3-C8'), 2.01 (s, 3 H; H3-C17'), 1.98 (s, 3 H; H3-C13'),
1.97 (s, 3 H; H3-C7'), 1.86 (s, 3H; H3-C18'), 1.35 (s, 6 H; 2�H3-C3'); (H,H)-
ROESY NMR (500 MHz, CDCl3): 2$ 3', 5$ (7', 3'), 10$ (8', 12'), 15$
(13', 24), 17'$ 18'; UV/Vis (CHCl3): lmax (e)� 546 (15 100), 350 (22 500),
276 nm (14 500); C27H32N4O2; MS (70 eV; EI): m/z (%)� 444 (100) [M]� .


Hydrotosylates of 3 and 4 : Hydrotosylates were prepared in solution by
adding stoichiometric quantities of p-TsOH dissolved in CDCl3 or CHCl3


to the corresponding solutions of 3 and 4.


3 ´ H�OTsÿ : 1H NMR (500 MHz, CDCl3, 278 K): d� 11.73, 11.46, 10.66,
9.92 (4� s, 4 H; 4�H-N), 7.02 (s, 1H; H-C10), 6.03 (s, 1 H; H-C15), 5.40 (s,
1H; H-C5), 2.31 (s, 3 H; H3-C8'), 2.28 (s, 3H; H3-C12'), 2.27 (s, 2H; H2-C2),
2.08 (s, 3H; H3-C13'), 2.05 (s, 3H; H3-C7'), 1.91 (s, 3 H; H3-C17'), 1.60 (s,
3H; H3-C18'), 1.27 (s, 6 H; 2�H3-C3'), tosylate: 7.75 (d, 3J� 8 Hz, 2 H; H-
C2,C6), 6.97 (d, 3J� 8 Hz, 2H; H-C3,C5), 2.26 (s, 3H; H3-C4'); (H,H)-
ROESY NMR (500 MHz, CDCl3, 298 K): 2$ 3', 5$ (7', 3'), 10$ (8', 12'),
15$ (13', 17'), 17'$ 18'; IR (CHCl3): nÄ � 3440, 3006, 2921, 1710, 1688, 1633,
1600 cmÿ1; UV/Vis (CHCl3): lmax (e)� 624 (36 900), 352 (28 100), 277 nm
(11 500).


4 ´ H�OTsÿ : 1H NMR (500 MHz, CDCl3, 275 K): d� 11.65, 11.51, 10.41,
9.45 (4� s, 4 H; 4�H-N), 7.02 (s, 1H; H-C10), 6.42 (s, 1 H; H-C15), 5.47 (s,
1H; H-C5), 2.43 (s, 2 H; H2-C2), 2.30 (s, 3H; H3-C8'), 2.25 (s, 3H; H3-C12'),
2.06 (s, 3H; H3-C7'), 1.94 (s, 3H; H3-C13'), 1.81 (s, 3H; H3-C17'), 1.78 (s,


3H; H3-C18'), 1.33 (s, 6 H; 2H3-C3'), tosylate: 7.54 (d, 3J� 8 Hz, 2H; H-
C2,C6), 7.05 (d, 3J� 8 Hz, 2H; H-C3,C5), 2.29 (s, 3 H; H3-C4); (H,H)-
ROESY NMR (500 MHz, CDCl3, 280 K): 2$ 3', 5$ (7', 3'), 10$ (8', 12'),
15$ (13'), 17'$ 18'; UV/Vis (CHCl3): lmax (e)� 610 (34 000), 353 (23 400),
304 nm (12 900).
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Deprotonated 2,3-DihydrobilindionesÐModels for the Chromophore of
the Far-Red-Absorbing Form of Phytochrome


Michael Stanek and Karl Grubmayr*


Abstract: Chromophore anions of syn-
thetic 2,3-dihydrobilindiones can serve
as models for the chromophore of the
far-red-absorbing form of phytochrome
because of the strong resemblance of
their UV/Vis spectra. Significant red
shifts of their long-wavelength maxima
result from the elongation of the chro-
mophores by deprotonation and the
donor ± acceptor reversal upon the con-
version of the ring A lactam (N!C�O)
into the lactim anion (N�C Oÿ). The
best resemblance was observed in the
case of a 15-E configured chromophore
anion. 13C NMR spectroscopic investi-
gations demonstrated that changes in


chromophore structure are caused not
only by regioselective deprotonation of
the 2,3-dihydrolactam moiety of ring A,
but also by the subsequent dipyrrin
tautomerization within rings B and C.
Generally, the chromophore structure
can be interpreted in terms of an oxy-
gen-donor/oxygen-acceptor-substituted
polyene. The remarkable red shift of the
long wavelength maximum results from
the strong donor power of the oxygen


atom on ring A, where the negative
charge is localized. A simple model can
be proposed for the interconversion of
the structurally different chromophores
of the red-absorbing form (Pr) and the
far-red-absorbing form (Pfr) of phyto-
chrome, based on oppositely charged
chromophore ions of different geometry
and stability: a stable 15Z-configured
cation for physiologically inactive Pr and
a labile 15E-configured anion for phys-
iologically active Pfr. Interconversion
requires only two types of reactions,
namely Z/E photoisomerization and
proton transfer.


Keywords: chromophores ´ isomer-
izations ´ photochemistry ´ phyto-
chrome ´ tautomerism


Introduction


Phytochromes are the photoreceptors of photomorphogene-
sis, regulating growth and development of green plants by
light-induced interconversion of two distinct forms: the red-
absorbing form (Pr) and the far-red-absorbing form (Pfr)
named after the different positions of their long-wavelength
absorption maxima around 660 nm and 730 nm.[1] Irradiation
with light of those wavelengths initiates Pr/Pfr interconver-
sion necessary for the activation or the blocking of signaling
pathways.[2] Thus, the physiological activity of phytochromes
in plants is triggered photochemically and depends on the
light available under the prevailing conditions.


Structurally, phytochromes are homodimers of biliproteins.
Their chromophores belong to the family of 2,3-dihydrobi-
lindiones,[3] which are also photoactive in the light-harvesting
phycobiliproteins phycocyanin and allophycocyanin. The
structure of the Pr chromophore is similar to that of
phycocyanin chromophores, which is known in detail from


crystal structure analysis.[4] Covalently attached to the protein
by a thioether bond, the Pr chromophore is probably fixed by
ion pairs in an extended conformation in the protonated state
(Figure 1). Transformation to the Pfr chromophore is initiated
by a Z!E photoisomerization of the double bond exocyclic
to ring D followed by a sequence of reactions in the ground
state, often called dark reactions. The formation of inter-
mediates was determined spectroscopically, but their struc-
tures and that of the Pfr chromophore remain largely
unknown.[5]


Figure 1. Absorption spectra of Pr and Pfr; structural formula of the Pr
chromophore in the extended conformation.
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In this study, we report on the deprotonation of 2,3-
dihydrobilindiones and on the structure of their anions, and
demonstrate that the structural change of the chromophores
leads to absorption spectra similar to those of the Pfr
chromophore in the long-wavelength region. In spite of the
different conformations between our helical model com-
pounds dissolved in organic solvents and the extended
geometry of the chromophores bound to the protein there is
good agreement. Based on NMR and UV/Vis data we present
a possible reaction scheme for the dark reactions of the Pr
chromophore, including a structural proposal for the Pfr
chromophore.


Results and Discussion


Deprotonation of 2,3-dihydrobilindiones is accompanied by a
remarkable red shift of the long-wavelength absorption
band.[6] In the case of the synthetic model compound 1 the
absorption maximum is shifted bathochromically by 202 nm
(lmax: 582 [1], 784 nm [1ÿ]) with tetrahydrofuran (THF) as
solvent and tetra-n-butylammonium fluoride (TBAF) as
base[7] (Figure 2 a). This shift value exceeds all others that
have ever been observed upon chemical modification of the
chromophore, such as protonation, complexation, or trans-
formation into iminoesters.[8] For instance, the shift value for


Figure 2. a) UV/Vis spectra of 1, 2, and 1ÿ ´ TBDH� in THF. b) Corre-
lation of the chromophore structures by hypothetical tautomerization
(I!II) and deprotonation (II!III). c) p-electron systems polarized in the
course of the long-wavelength transition of 1, 2, and 1ÿ.


the ring A methyliminoester 2 is only 86 nm (lmax 668 nm [2]).
In spite of such a difference, however, the long-wavelength
absorption bands of 1ÿ and 2 are of the same type, suggesting
that the structure of the chromophores is similar. Their
structures can be related to a hypothetical tautomer of 1,
resembled by the chromophore structure II, made by two
independent tautomerizations: dipyrrin tautomerization of
rings B and C and lactam ± lactim tautomerization of ring A
(Figure 2 b). A tautomer like this is not stable per se in
solution. However, its chromophore can be fixed, as shown in
2, substituting the kinetically mobile proton of the lactim
hydroxy group by a methyl carbon. In this context, the
structure of 1ÿ simply results from deprotonation of the lactim
hydroxy group, but strictly speaking the corresponding
formula must be regarded as a reasonable resonance struc-
ture. The proof of that structure is based on NMR spectro-
scopic investigations complemented by an interpretation of
the absorption spectra.


Structure of deprotonated 2,3-dihydrobilindiones : Deproto-
nation of 1 with equivalent quantities of the bicyclic guanidine
base 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)[9] instead of
TBAF was advantageous in all NMR experiments for two


Abstract in German: Die Chromophor-Anionen von 2,3-
Dihydrobilindionen wurden wegen der ¾hnlichkeit ihrer UV/
Vis-Spektren als Modelle für den Chromophor des Phyto-
chroms in der physiologisch aktiven Far-red-Form spektro-
skopisch untersucht. Die charakteristischen Rotverschiebungen
der langwellig gelegenen Absorptionsmaxima resultieren aus
der Verlängerung der Chromophore durch Deprotonierung
und der Donor-Acceptor-Umkehr beim Übergang vom Ring A
Lactam (N!C�O) zum Lactim-Anion (N�C Oÿ). Die
beste Übereinstimmung wurde mit einem 15E-konfigurierten
Chromophor-Anion beobachtet. 13C-NMR-spektroskopische
Untersuchungen ergaben, daû die ¾nderung der Chromophor-
struktur nicht nur auf der regioselektiven Deprotonierung des
Ring-A-Lactams, sondern auch auf der nachfolgenden Dipyr-
rin-Tautomerie der Ringe B und C beruht. Allgemein ent-
spricht die Chromophorstruktur einem Sauerstoff-Donor/Sau-
erstoff-Acceptor substituierten Polyen. Die Lokalisierung der
negativen Ladung am Ring-A-Sauerstoffatom bedingt dessen
hohe Donorstärke und damit auch die ausgeprägte Rotver-
schiebung. Hinsichtlich der gegenseitigen Umwandlung der
strukturell unterschiedlichen Chromophore der beiden Phy-
tochromformen Pr und Pfr kann ein einfaches Modell vorge-
schlagen werden, dem gegensätzlich geladene Chromophor-
Ionen mit unterschiedlicher Geometrie und Stabilität zugrunde
liegen: ein 15Z-konfiguriertes Chromophor-Kation für physio-
logisch inaktives Pr und ein 15E-konfiguriertes Chromophor-
Anion für physiologisch aktives Pfr. Die Chemie der gegen-
seitigen Umwandlung benötigt nur zwei Reaktionstypen: Z/E-
Photoisomerisierungen und Protonentransferreaktionen.
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reasons. First, the long-term stability of 1ÿ in solution
necessary for all 2D NMR techniques was achieved in this
way as oxidative degradation was retarded. Second, clear
spectra without signal overlap of TBD ´ H� and 1ÿ were
obtained and interpreted more easily in terms of structure and
stereochemistry. In particular, all quaternary carbons of 1ÿ


were assigned by gradient-enhanced heteronuclear multiple
bond correlation (HMBC) and correlated to those of 1 and 2
(Figure 3, Table 1). As for the shift differences of correspond-
ing signals on the transformation of 1 into 1ÿ and 1 into 2, it is
evident that all of these differences are equal in sign and
comparable in value; this indicates the same type of chromo-
phore for 1ÿ and 2.


Compared with the effect on 2, the influence of the negative
charge on 1ÿ results in a more effective upfield shift of the C1
and C4 signals. This result implies that deprotonation takes
place regioselectively, affecting the lactam proton of ring A.
With respect to the four quasisymmetric pairs of carbons
within the dipyrrin skeleton (C-6/C-14; C-7/C-13; C-8/C-12;
C-9/C-11), the shifting of the signals of each pair in opposite
directions is significant in the formation of both 1ÿ and 2
starting from 1. Seven out of eight pairs of signals even have
their correlation lines crossed, the exception being that of C-8
and C-12 in 1ÿ, where the lines only come close to each other.
This finding is in accordance with dipyrrin tautomerization
causing the mutual change of pyrrolic and azafulvenic carbons
of the rings B and C upon deprotonation or during the
formation of ring A iminoesters.


Deprotonation and dipyrrin tautomerization do not change
the overall geometry of 2,3-dihydrobilindiones in solution. In
the ROESY spectra of 1 and 1ÿ two clear cross-peaks
correlate each of the three methine signals to the two singlets
of the adjacent methyl groups, confirming the (all-Z,all-syn)-
geometry. In detail, however, the exchange of the single and
the double bonds of the B ± C methine bridge blocks the
former conformational mobility within the (9Z,10syn) range


and opens a new one around
the (10Z,9syn) geometry. An
overall geometry like this is
assumed to be stabilized by
hydrogen bonds formed by
the pyrrolic NH of ring B and
the lactamic NH of ring D with
the nitrogens of the lactimic
ring A and the azafulvenic ring
C. In the 1H NMR spectrum of
1ÿ the NH signals were not
detected, presumably as a re-
sult of the fast proton exchange
with TBD ´ H�, but in 2 both
NH signals can be seen slightly
broadened in a region typical
of hydrogen-bonding protons
(dNH� 11.88 [ring B]; 9.46
[ring D]).


Structurally based interpreta-
tion of the absorption spectra :
The change in chromophore


structure upon the conversion of 1 into 1ÿ resembles that of
pH indicators, for instance the phthaleins, where deprotona-
tion initiates a chemical transformation of the chromophore,
enlarging the p-electron system and shifting the absorption
band bathochromically. With respect to 1 and 1ÿ this enlarge-
ment can be specified as an elongation of the chromophore
and has to be interpreted in terms of a donor ± acceptor
reversal of the ring A lactam (N!C�O) into the lactim anion
(N�C Oÿ). The p-electron system polarized in the course of


Figure 3. Correlation of 13C NMR signals in the region of the quaternary carbons of a) 1ÿ and 1 in [D6]DMSO
and b) 1 and 2 in CDCl3. The signal of the guanidinium carbon of TBD ´ H� is indicated by *.


Table 1. 13C chemical shifts (d) assigned by HMQC and HMBC spectro-
scopy.


1 CDCl3 2 CDCl3 1 [D6]DMSO 1ÿ [D6]DMSO


C1 175.9 180.2 175.1 188.8
C2 44.2 45.1 43.6 46.5
C3 39.5 43.1 39.3 42.0
C3' 29.4 29.3 28.7 28.9
C4 159.3 165.8 160.7 182.5
C5 89.9 97.4 88.6 81.9
C6 166.0 140.0 164.1 149.6
C7 131.0 120.4 131.9 119.9
C7' 9.9 8.9 9.4 8.8
C8 139.5 131.3 138.6 133.0
C8' 9.9 9.5 9.5 9.2
C9 149.4 129.6 147.6 130.4
C10 111.3 115.7 111.9 111.4
C11 132.7 148.5 131.9 144.1
C12 128.6 138.2 127.8 131.8
C12' 9.5 9.9 9.2 9.7
C13 124.2 130.1 123.4 126.3
C13' 9.4 9.7 9.0 9.6
C14 133.5 161.3 134.0 152.2
C15 96.6 97.7 95.7 99.1
C16 136.3 141.7 137.4 138.9
C17 141.7 139.6 141.3 138.9
C17' 10.0 9.5 9.5 9.3
C18 127.6 128.7 127.2 125.7
C18' 8.7 8.7 8.4 8.6
C19 173.6 171.7 173.8 171.9
CH3 ± O ± 56.6 ± ±







Deprotonated 2,3-Dihydrobilindiones 1660 ± 1666


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1663 $ 17.50+.25/0 1663


the long-wavelength electronic transition is shorter in 1 than
1ÿ (Figure 2c). The change of the dipole moment in 1 is caused
by the fact that the polarization of the p electrons from the
nitrogen donor of ring A towards the oxygen acceptor of ring
D does not affect the p electrons of the ring A carbonyl group
significantly. This can also be seen in the ground state of 1,
where the C�O stretching vibration of ring A is assigned to
the band at 1716 cmÿ1, which is closer to the values observed
for ketones than to those for five-membered lactams. In other
words, polarization of p electrons by the absorption of red
light parallels the direction of the n!p* delocalization of the
nitrogen lone pair on ring A towards the carbonyl group of
ring D in the ground state. In comparison, the chromophore of
1ÿ is elongated by the inclusion of the deprotonated hydrox-
yimino moiety of ring A. Therefore, polarization of the p


electrons covers the entire chromophore from the donor
oxygen of ring A to the acceptor oxygen of ring D, causing a
remarkable bathochromic shift. Basically, this oxygen-donor/
oxygen-acceptor concept is the same for the methyliminoester
2, but the lower donor power of its methoxy group obviously
results in a smaller bathochromic shift than in 1ÿ, where
the donor power is markedly increased by the negative
charge.


Deprotonation of the (2R,3R,3'R,CysR) configured com-
pound 3, which was synthesized as an optically pure model for
the phytochrome chromophore, is accompanied by a clear
reversal of the De sign in the CD spectra (Figure 4). Inversion
of the chromophore helix from the M to the P-helix can be
deduced by using the helicity rule, generally applied for (all-
Z,all-syn)-bilindiones.[10] The signs of the De values are also in
accordance with the CD spectrum of a similarly configured
phycocyanobilin seryliminoester,[11] confirming that the chro-
mophore structure of deprotonated 2,3-dihydrobilindiones
and their iminoesters are of the same type.


(15E)-chromophore anion as a model for the Pfr chromo-
phore : The absorption maximum of 2,3-dihydrobilindiones
could best be shifted near to that of the Pfr chromophore
around 730 nm by deprotonation of model compound 4,


which is the 15E-configured diastereomer of 1. The prepara-
tion of the anion 4ÿ is conveniently achieved by the addition
of TBAF to a solution of 4 in THF at a temperature around
15 8C. Under conditions like these, deprotonation followed by
tautomerization is rather fast and the lifetime of 4ÿ is long
enough to measure one absorption spectrum. The long-
wavelength absorption band resembles that of Pfr. The
absorption maximum is found at 752 nm. Within a few
minutes 4ÿ is completely converted into 1ÿ by thermal
15E!15Z isomerization monitored spectrophotometrically
in the long-wavelength region (Figure 5a). The rate of
isomerization [k(12 8C)� 1.1� 10ÿ3 sÿ1] is more than two
orders of magnitude greater than those of nondeprotonated
15E-configured chromophores.[12] Because of such instability,
determined attempts to ascertain the structure of 4ÿ by NMR
spectroscopic investigations failed. Therefore, stereochemical
assignment of the (4Z,10Z,15E,5syn,9syn,14syn) geometry is
based on the clear chemical correlation to 4 and 1ÿ


complemented by the characteristic hypso- and hyperchro-
micity of the long-wavelength absorption maximum (lmax (e)
in THF: 582 (14 200) [1]; 535 (18 200) [4]) also observed on
15Z!15E photoisomerization of the nondeprotonated ana-
logues.[12b]


The absorption maximum of 4ÿ is blue-shifted by 32 nm
compared with that of 1ÿ. Such a difference in lmax values has
long been known for E/Z diastereomers of bilindiones[13] and
is explained by a different twist of the planar ring moieties to
each other. In 4ÿ steric congestion caused by the methyl group
in position 17 results in higher torsion around the C14 ± C15
single bond, decreasing p-orbital overlap between rings C and
D and shifting the absorption maximum to 752 nm. Accord-
ingly, a further blue shift towards the lmax value of the Pfr
chromophore at 730 nm should be induced by higher twist
angles. In principle, they can be assumed in the (14anti)-
conformation (Figure 5 b), where the increase in steric
hindrance of the adjacent methyl groups in positions 13 and
17 would extend the blue shift by widening the torsion angle.


Beside the bathochromic shift of the long-wavelength
absorption maximum there are two further characteristics in


Figure 4. UV/Vis and CD spectra of 3 and 3ÿ in CHCl3 at 25 8C.







FULL PAPER K. Grubmayr and M. Stanek


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1664 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91664


Figure 5. a) UV/Vis spectra showing the thermal 15E!15Z isomerization
of 4ÿ to 1ÿ in THF at 12 8C. b) The C/D half of the structural formula of the
15E-configured phytochrome chromophore in the 14-syn and the 14-anti
conformation. Additional torsion in the 14-syn conformer compared with
4ÿ could induce a hypsochromic shift of the long-wavelength maximum
towards 730 nm. In the 14-anti conformer such torsion might already be set
by the additional steric hindrance of the adjacent methyl groups in
positions 13 and 17.


the absorption spectra of the chromophore anions 1ÿ and 4ÿ


that can also be observed in the spectrum of the Pfr form.
Firstly, the long-wavelength maximum is accompanied by a
shoulder, which should more precisely be termed a vibronic
structure. The resemblance to the structured band of various
donor ± acceptor substituted polyenes,[14] like merocyanines,
corroborates the applicability of the oxygen-donor/oxygen-
acceptor concept for spectra interpretation. Secondly, the
spectrum exhibits a new absorption band at about 400 nm that
is significant for deprotonated chromophores. The band
actually originates from one of two overlapping bands
observed in the spectra of neutral uncharged or protonated
2,3-dihydrobilindiones at ca. 350 nm. The red shift to 400 nm
is caused by the high donor strength of the negatively
charged oxygen. The corresponding electronic transition is
polarized perpendicular to that of the long-wavelength
band. The intensities of the short and long-wavelength
absorption maxima are balanced in 1ÿ and 4ÿ because of the
roughly square geometry of their chromophores. In Pfr,
however, the intensities are quite different, indicating a more
or less rectangular geometry of the chromophore, which is
characteristic of bilindiones in stable extended conforma-
tions.[15]


Conclusion


Understanding the biological functionality of phytochrome at
the molecular level requires information on the structural
changes of both chromophore and protein. Because of the
color change from the inactive to the active state, investiga-
tions concentrate on methods using the chromophore as the
reporter molecule. In organic chemistry approaches, struc-
tural changes of model chromophores by chemical trans-
formations were classified as relevant when they were
accompanied by the characteristic changes in the absorption
spectra.


In this study the deprotonation of 2,3-dihydrobilindiones
was found to change the chromophore structure in such a way
that the UV/Vis spectra of the anions formed and that of Pfr
become conformable. The best resemblance was observed
with a 15E-configured chromophore anion. Deprotonation
takes place regioselectively at the 2,3-dihydrolactam sub-
structure and is followed by tautomerization of the dipyrrin
moiety. The chromophore structure formed thereby can be
interpreted in terms of an oxygen-donor/oxygen-accep-
tor-substituted polyene. The remarkable red shift of the
long-wavelength maximum results from the strong donor
power of the ring A oxygen where the negative charge is
localized.


Concerning the photocycle of phytochrome, we can now
present a model that is based on oppositely charged chromo-
phore ions of different geometry and stability (Figure 6): a
stable 15Z-configured cation for physiologically inactive Pr
and a labile 15E-configured anion for physiologically active
Pfr. To run the photocycle, two distinct types of reversible
reactions are necessary: photoisomerization via the excited
state and proton transfer in the ground state. In our proposed
pathway for the Pr!Pfr transformation (Figure 6), the
photochemical 15Z!15E isomerization is followed by two
proton transfers from the chromophore and one within the
chromophore. Thereby the mutual switch of opposite charges
between chromophore and protein may contribute to the
physiologically different states of the Pr and Pfr form.
Hydrogen-bridged ion pairs can stabilize both states. The
chemistry of our model is in accordance with that of two other
well-studied photoactive proteins: in bacteriorhodopsin[16]


and in the photoactive yellow protein[17] it is a Z/E photo-
isomerization of the chromophore that is likewise followed by
a proton transfer.


Experimental Section


General techniques : All chemicals were reagent grade. Solvents were
generally distilled prior to use, THF was distilled from sodium benzophe-
none ketyl. Column chromatography was performed on silica gel (Merck,
silica gel 60, 0.063 ± 0.200 mm). NMR spectra were recorded on a Bruker
Avance DRX-500 spectrometer. The assignment of 13C signals is based on
gradient-enhanced HMQC and HMBC experiments. IR spectra were
recorded on a Perkin Elmer FT-IR spectrometer Paragon 1000 PC. UV/Vis
and CD spectra were recorded on a Hitachi U-3210 spectrometer and a
Jobin-Yvon Mark V circular dichrograph. Isosbestic points are indicated by
lip. Electron-impact mass spectra were measured on a Hewlett Packard
MS-Engine 5989 A.
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Synthesis of model compounds : Synthesis of compounds 1, 3, and 4 is
described in the preceding paper. Model compound 2 was synthesized
according to refs. [18,19].


Spectroscopic data for 1: 1H NMR (500 MHz, [D6]DMSO): d� 6.74 (s, 1H;
H-C10), 6.00 (s, 1H; H-C15), 5.53 (s, 1 H; H-C5), 2.21 (s, 2H; H2-C2), 2.15
(s, 3 H; H3-C12'), 2.12 (s, 3H; H3-C8'), 2.04 (s, 3H; H3-C17'), 2.06 (s, 3H; H3-
C13'), 1.97 (s, 3H; H3-C7'), 1.71 (s, 3 H; H3-C18'), 1.34 (s, 6 H; 2�H3-C3');
(H,H)-ROESY NMR (500 MHz, [D6]DMSO): 2$ 3', 5$ (7', 3'), 10$ (8',
12'), 15$ (13', 17'), 17'$ 18'.


(4Z,10Z,15Z)-2,3-Dihydro-1-methoxy-3,3,7,8,12,13,17,18-octamethyl-22H-
bilin-19(24H)-one (2): A mixture of 1 (30 mg, 67.5 mmol) in CHCl3 (3 mL)
and Zn(OAc)2 ´ 2 H2O (25 mg, 209 mmol) in MeOH (1.4 mL) was stirred for
2 min under an argon atmosphere at room temperature. Acetic anhydride
(0.54 mL, 5.71 mmol) was added and the reaction mixture was stirred under
reflux for 7 min. After cooling the mixture was diluted with CH2Cl2


(50 mL), washed with aqueous NaHCO3 (0.2m, 3� 80 mL), and dried over
Na2SO4. After the evaporation of the solvent the residue was subjected to
column chromatography (silica gel, CH2Cl2/MeOH� 30/1) yielding 2
(20 mg, 64 %) as a bluish-green solid. M.p. 211 8C; Rf (silica gel, CH2Cl2/
MeOH� 30/1): 0.75; 1H NMR (500 MHz, CDCl3): d� 11.88 (s, 1H; H-
N22), 9.46 (s, 1 H; H-N24), 6.81 (s, 1 H; H-C10), 5.94 (s, 1H; H-C15), 5.67 (s,
1H; H-C5), 3.74 (s, 3H; H3-CO), 2.47 (s, 2 H; H2-C2), 2.20 (s, 3H; H3-C8'),
2.17 (s, 3 H; H3-C12'), 2.09 (s, 3 H; H3-C17'), 2.07 (s, 3H; H3-C13'), 2.06 (s,
3H; H3-C7'), 1.89 (s, 3H; H3-C18'), 1.39 (s, 6H; 2�H3-C3'); (H,H)-
ROESY NMR (500 MHz, CDCl3): 2$ 3, 5$ (7', 3'), 10$ (8', 12'), 15$
(13', 17'), 17'$ 18'; IR (CHCl3): nÄ � 3338, 3002, 2861, 1687, 1599, 1572,
1511 cmÿ1; UV/Vis (THF): lmax (e)� 668 (18 200), 349 (34 200), 340
(33 300), 279 nm (16 800); C28H34N4O2; MS (70 eV; EI): m/z (%): 458
(100) [M]� .


Preparation of the chromophore anions : For NMR spectroscopic inves-
tigations 1ÿ was prepared by the addition of 1.5 equiv TBD to a solution of
1 in [D6]DMSO. For UV/Vis spectroscopic investigations 3ÿ was prepared
by the addition of TBD to a solution of 3 in CHCl3 or DMSO. The anion 4ÿ


was prepared by the addition of TBAF in excess to a solution of 4 in THF.


Spectroscopic data of 1ÿ: 1H NMR (500 MHz, [D6]DMSO): d� 6.55 (s, 1H;
H-C10), 5.89 (s, 1 H; H-C15), 5.03 (s, 1H; H-C5), 2.10 (s, 3 H; H3-C8'), 2.07
(s, 3H; H3-C12'), 2.01 (s, 3H; H3-C13'), 1.98 (s, 3 H; H3-C17'), 1.94 (s, 3H;
H3-C7'), 1.94 (s, 2 H; H2-C2), 1.67 (s, 3 H; H3-C18'), 1.23 (s, 6H; 2�H3-C3'),
TBD ´ H� : 3.10 (t, 3J� 5.9 Hz, 4 H; H2-C2,C10), 2.98 (t, 3J� 5.9 Hz, 4 H; H2-


C4,C8), 1.74 (tt, 4 H; H2-C3,C9); (H,H)-ROESY NMR (500 MHz,
[D6]DMSO): 2$ 3', 5$ (7', 3'), 10$ (8', 12'), 15$ (13', 17'), 17'$ 18';
UV/Vis (THF): lmax (e)� 784 (24 900), 414 (31 000), 339 (28 000), 312 nm
(19 200); UV/Vis (CHCl3): lmax (e)� 759 (16 200), 405 (20 900), 361 nm
(24 300).


Spectroscopic data for 3ÿ : UV/Vis (CHCl3): lmax (e)� 765 (16 700), 410
(21 900), 362 (23 200), 313 nm (16 100); UV/Vis (DMSO): lmax (e)� 796
(16 700), 419 (41 000), 363 (34 000), 316 nm (24 800); CD (CHCl3): lmax


(De)� 762 (41), 411 (ÿ32), 385 (ÿ26), 361 nm (ÿ37); CD (DMSO): lmax


(De)� 819 (15), 747 (7), 427 (-23), 388 (ÿ11), 364 nm (ÿ20).


Spectroscopic data for 4ÿ : UV/Vis (THF, 285 K): lmax (e)� 752 (40 800), 407
(34 100), 356 (34 000), 263 nm (23 400); lip [4ÿ!1ÿ] (e)� 774 (24 800), 430
(15 600), 413 (35 800), 316 (23 900), 287 nm (23 500).
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Modeling the Growth and Molecular Structure of Electrically Conducting
Polymers: Application to Polypyrrole


Jean-Christophe Lacroix,* Rui-Jorge Valente, François Maurel, and Pierre-Camille Lacaze


Abstract: The growth of polypyrrole
generated by electrochemical oxidation
of the monomer was studied by two
modeling approaches. The first is based
on transition state calculations of suc-
cessive coupling reactions to yield the
polymer. The second evaluates the acti-
vation energy of coupling reactions by
means of the frontier orbital model. The
two methods predict a growth trend for
polypyrrole in agreement with the struc-
ture inferred from spectroscopic inves-
tigations and provide a description of
the electronic modifications induced by


the growth of the highly conjugated
structure. The first approach overesti-
mates electrostatic interactions between
the two reacting species, whereas the
second neglects these interactions but
exaggerates the importance of orbital
interactions. Combining these two ap-
proaches allows separation of the elec-


tronic effects and leads to general rules
for their evolution and their impact on
the growth of polypyrrole. A theoretical
framework capable of rationalizing sol-
vent and counterion effects in electro-
polymerization is proposed. The first
approach suggests a mechanism for
defect formation which excludes reac-
tions between a pyrrole radical cation
and a nonterminal monomer unit of an
oligomer chain. Oxidation of the succes-
sive oligomers at high doping levels is
shown to be a key factor for the growth
of long, regular polymer structures.


Keywords: ab initio calculations ´
density functional calculations ´ pol-
ymerizations ´ polpyrrole ´ semi-
empirical modeling


Introduction


Considerable effort has been devoted to preparing electrically
conducting organic polymers which consist of chains with
alternating single and double bonds. They have been pro-
posed for applications in batteries,[1] biosensors,[2] protective
coatings for metals,[3] conductive photoresists,[4] optical
switches,[5] and electrochromic[6] and electroluminescent[7]


devices. However, they are difficult to characterize because
of their very low solubility in common solvents. For this
reason, their molecular structures have been proposed on the
basis of various surface-science spectroscopic techniques
(XPS, IR, Raman).


Electropolymerization is one of the most valuable techni-
ques for obtaining conductive polymers. The first step of the
process is a one-electron electrooxidation of the monomer,
which forms a very reactive radical cation in the vicinity of the
electrode. The polymer is generated by a succession of
coupling reactions involving this radical cation. While many
studies have been devoted to determining the properties of
these materials, only a few attempts have been made to


elucidate the mechanism of electropolymerization. Several
electrochemical studies on the dimerization step[8] led to the
conclusion that it involves coupling of two radical cations. The
subsequent coupling reactions which generate the polymer
are little known and are generally considered to be similar to
the dimerization step. Two pathways can be considered for the
synthesis of long polymer chains: monomer ± oligomer and
oligomer ± oligomer reactions. It is generally accepted that the
former is predominant, and several experimental observa-
tions, such as the structural differences between polypyrrole
and poly(bipyrrole) and the recent work of Barbarella et al.[9]


on the oligomerization of 3-(alkylsulfanyl)thiophenes, sup-
port this idea. However, it was also demonstrated that
terpyrrole, bipyrrole, and pyrrole radical cations have similar
lifetimes in acetonitrile[10] (rate constants for dimerization:
5� 108, 1.2� 109, and ca. 109mÿ1 sÿ1, respectively), whereas
tetrapyrrole has a much longer lifetime. Therefore, a contri-
bution of oligomer ± oligomer reactions to the growth of
polypyrrole cannot be excluded, and they presumably com-
pete with monomer ± oligomer reactions. Here we assume that
long polymer chains are obtained by successive monomer ±
oligomer coupling reactions; growth by oligomer ± oligomer
reactions will be addressed elsewhere.


Mechanism schemes, based on the spectroscopically deter-
mined structure, have been formulated with the mesomeric
forms of the radical cation generated by oxidation of the
monomer. However, such schemes give no indication of the
driving forces for bond formation and can neither predict the
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most reactive sites nor consider the elec-
tronic modifications that are induced by the
growth of a highly conjugated system.


Molecular modeling methods make it
possible to propose new mechanistic ap-
proaches, which, in association with spec-
troscopic techniques, are useful tools in
elucidating the polymer structure and in
understanding the factors which affect electropolymerization.
Few quantum chemical studies have focused on the polymer-
ization process.[11±16] Recently, the polymerization of aniline
derivatives was examined[16] by density functional calculations
and discussed in terms of the softness/hardness concept;
however, the study was restricted to the dimerization reaction.


Here the mechanism of electropolymerization is described
by means of molecular modeling. Quantum chemical calcu-
lations were used to describe the successive coupling reactions
between the monomer and oligomers of increasing length.
The first objective was to determine which method is
appropriate, in terms of calculation time and accuracy, for
the treatment of polymer growth. The methods were eval-
uated by running calculations on the synthesis of polypyrrole,
one of the best studied conducting polymers and one whose
structure is well known. Given that there are several potential
sites for attack of a pyrrole radical cation on oligomers of
increasing length, correct prediction of the regioselectivity of
each coupling reaction is crucial. Initially we restricted our
study to the formation of the protonated dicationic inter-
mediate (Scheme 1), because this step determines the regio-
selectivity of the process.[17] There is good theoretical and


experimental evidence that dimerization precedes deproto-
nation,[8, 18] and this mechanism is thermodynamically and
kinetically favored. The second objective was understanding
the factors that cause the dimerization reaction to follow a
mechanism involving the coupling of two radical cations
instead of one in which a radical cation attacks a neutral
monomer. Can we predict the experimental conditions that
will favor one of these two mechanisms? A third objective is
to understand chain ± monomer reactions. These are generally
regarded as being analogous to the dimerization reaction, in
spite of the fact that the electronic structure of the successive
oligomers must evolve as the chain length grows. Few
experimental data are available on these reactions, but
understanding them is crucial for determining the effects that
favor the synthesis of long, regular chains without structural
defects.


Methods of Calculation


The relative activation energies and hence the selectivities of the coupling
reactions at various reactive sites (from the Arrhenius equation, T�
298 K), were evaluated by two approaches.


The first approach was the calculation of transition states. The reaction-
coordinate procedure was used to explore the region of the potential
energy surface that contains a transition state (TS) by means of energy
calculations on the supermolecule formed from the two reactive species.
Owing to the size of the molecules to be handled (up to the hexamer), a
semiempirical method is required for TS searches. The AM1 method[19] was
prefered to PM3[20] since the latter predicts unrealistic partial charges on
nitrogen atoms, whereas AM1 provides reliable results for aromatic
compounds and gives good predictions of the dissociation energies of
radical cations.[21] All geometries were optimized without symmetry
constraints. Application of the semiempirical method AM1(UHF) to the
reaction between two pyrrole radical cations gave potential energy/
reaction coordinate curves of the same general form for the different
coupling sites. The energy barrier corresponds to a well defined transition
state since the diagonalized force-constant matrix contains only one
negative eigenvalue, and animation of the vibrations indicates that the
transition states connect the correct reactants and products, that is, bond
formation and bond breaking correspond to the forward and backward
reactions.[22] This approach required relative activation energies, which
were initially calculated at the semiempirical AM1 level, since semi-
empirical energies are generally adequate for determination of regiose-
lectivity.[23] The correlation energy was taken into account by combining of
semiempirical AM1 optimized geometries with MP2[24] and DFT single-
point calculations (MP2/6-31G*//AM1 and B3LYP/6-31G*//AM1). The
hybrid Becke3LYP method was used for the DFT calculations and was
preferred to MP2/6-31G*//AM1 for studying the polymerization steps since
it gives correlation effects at the cost of a simple ab initio calculation. This is
the Becke three-parameter functional[25] with nonlocal correction provided
by the LYP expression.[26] According to this procedure, absolute activation
energies are not calculated accurately, and it is assumed that errors in the
activation energies of two similar reactions are similar, so that the
calculated differences are significant. This must be kept in mind when
analyzing the results. Accurate computation of absolute energies remains a


Abstract in French: La croissance Ølectrochimique du poly-
pyrrole a ØtØ modØlisØe par deux approches thØoriques
diffØrentes. La premi�re repose sur le calcul des Øtats de
transition des rØactions de couplage conduisant à l'obtention du
polym�re. La deuxi�me Øvalue l'Ønergie d'activation des ces
rØactions dans le cadre du mod�le des orbitales fronti�res. Les
deux mØthodes prØdisent une structure pour le polym�re en
accord avec celle proposØe à partir des donnØes expØrimentales
et dØcrivent les modifications Ølectroniques induites par la
croissance de la structure conjuguØe. La premi�re approche
surestime les interactions Ølectrostatiques entre les esp�ces qui
se couplent alors que la seconde approche nØglige compl�te-
ment ces interactions et exag�re ainsi l'importance des inter-
actions orbitalaires. La combinaison de ces deux approches
permet donc de sØparer les effets Ølectroniques et conduit à des
r�gles sur leurs Øvolutions et leurs impacts respectifs pendant la
croissance du polypyrrole. Un cadre thØorique, susceptible de
rationaliser les effets de solvant et de contre ion dans les
processus d'ØlectropolymØrisation est ainsi Øtabli. Par ailleurs,
la premi�re approche sugg�re un mØcanisme de formation des
dØfauts dans le matØriau qui exclue les rØaction entre un radical
cation pyrrole et un oligom�re via un motif central de
l'oligom�re. De plus, les deux approches indiquent que
l'oxydation des oligom�res à des forts taux de dopage est un
param�tre essentiel de l'obtention de chaînes longues et sans
dØfauts structuraux.


Scheme 1.
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major challenge, requires excessive calcula-
tion times, and is beyond the scope of this
work.


The second approach evaluates the activa-
tion energy of the successive reactions that
lead to the polymer by means of the frontier
orbital model. In this strategy, calculation of
the electronic structure of the reacting
species involved in the growth of the poly-
mer is the only requirement and no infor-
mation on the transition states of the
reactions is obtained. The semiempirical
AM1 method was used with full geometry
optimization. Calculations were performed
with UHF and RHF methods. Both gave essentially the same results for the
major coupling of each step and for the overall trend as the oligomer length
increases. Since the frontier orbital model is derived from a Hückel
approach to the chemical bond, the restricted Hartree ± Fock results (RHF)
will be presented, although the unrestricted Hartree ± Fock method (UHF)
gives better results for radical structures.[27]


All semiempirical calculations were performed with the MOPAC 7
program. Gaussian 94 was used for ab initio and DFT calculations.[28]


Unless otherwise stated, all calculations refer to the gas phase. Solvent
effects were modeled by the AMSOL V5.4 software[29] with the SM2 and
SM4 solvation models[29] on the basis of the gas-phase optimized geometry.
Futhermore, for the dimerization of pyrrole by the the radical/substrate
mechanism, it was found that the relaxation of the transition state geometry
induced by the solvent is small. The SM2 and SM4 methods are based on
atomic charges derived from the AM1 semiempirical Hamiltonians and
calculate the solvation energies by using a cavity adapted to the molecular
shape of the solvated molecule. For a wide range of neutral and ionic
molecules they yield solvation energies with an average error of only 1-
2 kcal molÿ1.


Results and Discussion


Transition state calculations


1) Dimerization step


Radical cation/radical cation mechanism : Table 1 lists abso-
lute energy barriers and relative coupling rates for different
coupling sites calculated by AM1, 6-31G*//AM1, MP2/6-


31G*//AM1, and B3LYP/6-31G*//AM1 for the reaction
between two pyrrole radical cations. Ab initio and DFT
results clearly indicate that the major coupling mode involves
the C2 carbon atoms of the two radical cations. This is in
agreement with experimental results. Electron correlation is
very important and lowers the barriers considerably (on going
from 6-31G*//AM1 to MP2/6-31G*//AM1). The MP2/6-
31G*//AM1 and B3LYP/6-31G*//AM1 results give similar
absolute energy barriers. Therefore, the latter method was
used for the following steps of the growth process. As
expected, the use of semiempirical methods with the UHF
formalism yielded inaccurate results.[23c] Futhermore, semi-
empirical calculations underestimate energy differences be-
tween the transition states and therefore indicate lower
regioselectivity than the ab initio calculations.


This approach allows a relatively precise description of the
geometry of the transition states of these coupling reactions.
This is in general experimentally inaccessible. The evolutions
of the AM1-calculated geometry and of the HOMO for the
C2 ± C2' coupling of the supermolecule formed by the two
reactive species are shown in Figures 1 and 2. The major
interaction between the two radical cations involves the p


orbitals. When two pyrrole radical cations approach one
another, the carbon 2pz orbitals overlap significantly, and the
two molecules come together with their planes roughly
parallel. Consequently, these orbitals are brought approx-


Figure 1. Evolution of the geometry for the a ± a coupling of two pyrrole radical cations; a) dc±c� 2.5 �; b) transition state; c) dihydropyrrole dication.


Figure 2. Evolution of the supermolecule HOMO for the a ± a coupling of two pyrrole radical cations. a) dc±c� 2.5 �; b) transition state; c) dihydropyrrole
dication.


Table 1. Activation energies relative to the reactants (in kcal molÿ1) and relative rates of the different
coupling reactions (ratios between the calculated coupling rates for different coupling sites and the highest
calculated coupling rate) calculated by means of different modeling methods for pyrrole dimerization by
the radical cation/radical cation mechanism.


AM1 631G*//AM1 MP2/6-31G*//AM1 B3LYP/6-31G*//AM1


a ± a energy barriers [kcal molÿ1] 74.8 94.6 58.1 60.6
relative rates 1 1 1 1


a ± b energy barriers [kcal molÿ1] 75.2 102.2 61.6 65.7
relative rates 0.5 10ÿ6 3� 10ÿ3 2� 10ÿ4


b ± b energy barriers [kcal molÿ1] 75.4 109.5 65.7 70.8
relative rates 0.3 10ÿ11 10ÿ6 10ÿ8
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imately into a s-type overlap. This induces ring deformation,
and the hydrogen atoms linked to the coupling carbon centers
move out of the molecular planes. The intermediate dimeric
dication has tetrahedral carbon centers which are sp3-hybri-
dized and prevent conjugation between the rings. This
sequence is confirmed by analyzing the variations in the
interatomic distance and p-electron delocalization during the
formation of bipyrrole. The main geometric characteristics of
the species involved are listed in Table 2.


The C2 ± C2' distance in the transition state is 2.2 �, which
is a normal distance for carbon ± carbon bond formation in
transition states.[30] The corresponding distance in the stable
protonated dimeric dication is 1.543 �, which is indicative of a
C ± C single bond between the sp3 carbon atoms of the two
reactants. The aromatic character of the rings, which is already
partially lost in the radical cation, disappears in the transition
state and in the protonated dimeric dication because these sp3


carbon centers prevent conjugation. The dramatic decrease in
the C3 ± C4 and N ± C5 distances indicates a more pronounced
double-bond character. The N ± C2 distance increases and
becomes a single bond length during coupling. The loss of two
protons regenerates the aromatic rings. Table 2 shows that the
pronouced single- and double-bond character of the dimeric
dication are much less evident in bipyrrole.


Radical cation/substrate mechanism : The dimerization mech-
anism is considered to be a radical cation/radical cation
process but earlier studies suggested a radical cation/substrate
mechanism.[31] Under the conditions of electrochemical syn-
thesis, the local concentrations of radical cations and unoxi-
dized monomer are roughly equal, and this implies that the
frequencies of encounters between two radical cations and
between a radical cation and a molecule are similar. The two
mechanisms could therefore compete, and the nature of the
solvent and other experimental parameters may favor one of
the mechanisms. We therefore studied the radical cation/
substrate mechanism to understand the factors involved.


Two pyrrole molecules with an overall charge of �1 are
brought together so as to simulate the radical cation/substrate
mechanism. When the two molecules are separated, the
charge is located completely on one ring, and the other is
uncharged. An initial minimum on the energy profile
indicates a long-range ion ± dipole complex, which is more
stable than the dissociated reactants. When the two molecules
are brought closer together, the energy increases until the
transition state is reached. The calculated geometry of the


transition state is similar to that of the radical cation/radical
cation mechanism, with the two rings parallel, but the distance
between the carbon atoms which couple is approximately
0.15 � shorter. Although this calculated difference requires
confirmation by higher level calculations, it is in agreement
with the theoretical study of Tanaka et al.[32] The most
important difference is the marked decrease in the energy
barrier as compared to the radical cation/radical cation
mechanism. The energy of the transition state is lower than
that of the reactants but higher than that of the complex. This
type of energy profile is also obtained for SN2 reactions in the
gas phase.[33] Activation energies are ÿ9.3, ÿ8.1, and
ÿ6.2 kcal molÿ1 (AM1) for the C2 ± C2', C2 ± C3', and C3 ±
C3' coupling reactions, respectively. The regioselectivity for
the radical cation/substrate mechanism appears to be similar
to that of the radical cation/radical cation mechanism; this
means that they cannot be distinguished on this basis.
However, in view of the considerable difference in the energy
barriers, the radical cation/substrate mechanism is, as expect-
ed, clearly preferred in the gas phase.


Solvent effects : The transition state energies calculated for the
radical cation/radical cation mechanism in the gas phase are
high because of the electrostatic repulsion associated with the
approach of two positively charged species. However, in the
vicinity of the electrode solvent is present, and this plays an
important role in weakening this interaction. An AM1-SM2
calculation of the energy on the basis of the optimized gas-
phase geometry indicates that the solvent (here water)
stabilizes the doubly charged transition state more than the
reactants (two singly charged pyrrole molecules) by as much
as 63 kcal molÿ1. This value is largely independent of the
coupling sites of the two pyrrole radical cations, and therefore
solvation appears to have little impact on the regioselectivity
of the process. The dimerization of two radical cations, which
appeared very difficult in the gas phase, becomes feasible
when solvent effects are included. They dramatically lower
the activation energy of the radical cation/radical cation
mechanism in aqueous solution. The same calculations on the
radical cation/substrate mechanism show that the solvent
stabilizes the 1� transition state less than the reactants (one
pyrrole cation and one neutral pyrrole molecule) by
17 kcal molÿ1. The activation energy becomes positive and
comparable to that of the radical cation/radical cation
mechanism. Combining the B3YP/6-31G*//AM1 gas-phase
absolute energy barriers with the D(DG0


solv) calculated at the


Table 2. Main AM1-calculated geometric parameters for the species involved in the a ± a dimerization of pyrrole by the radical cation/radical cation
mechanism.


N ± C5 [�] C4 ± C5 [�] C3 ± C4 [�] C2 ± C3 [�] N ± C2 [�] C2 ± H [�] C2 ± C2' [�]


pyrrole radical cation 1.384 1.467 1.382 1.467 1.384 1.101 -
transition state 1.350 1.480 1.383 1.472 1.434 1.103 2.199
dimer dication 1.335 1.474 1.364 1.530 1.488 1.137 1.543
bipyrrole 1.389 1.406 1.429 1.415 1.400 - 1.435
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AM1-SM2 level gives an approximate energy barrier of
ÿ2.9 kcal molÿ1 for the radical cation/radical cation mecha-
nism in aqueous solution and �1.9 kcal molÿ1 for the radical
cation/substrate mechanism (C2 ± C2' coupling). Thus, com-
petition between these two mechanisms can be understood
only if solvent effects are taken in account. Interestingly,
performing the same calculation with the AM1-SM4 model,
which is parametrized to reproduce free enthalpies of
solvation in hexane, leads to the prediction that in a such
solvent the radical cation/substrate mechanism will remain
largely dominant (radical cation/radical cation 26.0, radical
cation/substrate ÿ9.4 kcal molÿ1). This last case is purely
hypothetical, since in such a solvent ion pairing, which has not
been modeled, occurs and weakens the electrostatic inter-
actions. Although accurate prediction of the preferred
mechanism requires higher level calculations, it is neverthe-
less possible to suggest that solvent effects are strong enough
in water to make the radical cation/radical cation mechanism
predominant, while in apolar, aprotic solvents additional
reduction of the electrostatic interaction by counterion effects
or ion pairing will be needed. In polar, aprotic solvents such as
acetonitrile, in which it has been shown experimentally that
dimerization occurs by an radical cation/radical cation
mechanism, solvent effects may not be sufficiently strong to
explain the experimental observations, and counterion effects
could play a key role in the competition.


2) Chain ± monomer reactions
Transition states involving an oligomer and the oxidized


monomer were first calculated without solvent effects. The
results are therefore perturbed by the overestimation of
electrostatic interactions. Solvent effects were introduced by
means of AM1-SM2 calculations of the energy on the basis of


the optimized gas-phase geometry. The calculations were
performed with oligomers of increasing length. The oligomer
that is kinetically favored in step nÿ 1 is chosen in step n.


The supermolecule has a charge of �2 in the trimerization
and the tetramerization steps, and a charge of �3 in the
subsequent steps in order to maintain a charge of �1 on the
monomer. When the total charge in the pentamerization step
is�2 and the two reactants are far from each other, the charge
is on the tetrapyrrole and the monomer is neutral. This recalls
a well-known experimental result: it is easier to oxidize
tetrapyrrole electrochemically to the dication than pyrrole to
the monocation. This charge distribution does not fit the
experimental observation that electropolymerization occurs
only if a pyrrole radical cation is formed. Furthermore, it has
been shown that polypyrrole is doped to the extent of 30 ±
50 % during its synthesis. We therefore imposed an overall
charge of �3 for the pentamerization and hexamerization
steps and ensured that the charges were well distributed in the
system when the reactants were far apart (pyrrole singly
charged, oligomer doubly charged).


Calculated energy barriers and relative rates for successive
coupling steps in the gas phase are listed in Table 3.


General features of oligomerization reactions


A) Regioselectivity and transition state structure : The kineti-
cally favored coupling mode involves the Ca carbon atom of
the oligomer and the C2 carbon atom of the monomer (AM1
and B3LYP/6-31G*//AM1). This is in agreement with the
structure of polypyrrole that was inferred from experimental
observations. The transition state geometries of the successive
predominant coupling steps appear to be very similar
(Figure 3 top). The transition state for the tetramerization
step consists of a terpyrrole molecule and a pyrrole molecule


Table 3. Energy barriers (in kcal molÿ1) and relative rates of the different coupling reactions for pyrrole oligomerization at the B3LYP//AM1 level. Overall
charge 2� in the tri-, tetra-, and pentamerization steps, 3� in the penta- and hexamerization steps.[a]


Coupling site Ca ± C2 Ca ± C3 Cb ± C2 Cc ± C2 Cd ± C2 Ce ± C2 Cf ± C2


Trimerization
energy barriers 46.6 50.1 64.8 60.8 - - -
relative rates 1 0.003 10-14 5.10-11 - - -


Tetramerization
energy barriers 35.0 36.7 56.6 48.2 52.0 - -
relative rates 1 0.06 10ÿ16 10ÿ10 4� 10ÿ13 - -


Pentamerization (overall 2� charge)
energy barriers 25.9 28.2 46.1 - 42.0 38.0 -
relative rates 1 0.02 10ÿ14 - 10ÿ12 10ÿ9 -


Pentamerization (overall 3� charge)
energy barriers 83.4 86.7 95.6 99.6 105.4 116.2 -
relative rates 1 0.004 10ÿ9 10ÿ12 10ÿ16 10ÿ24 -


Hexamerization
energy barriers[b] 77.7 78.6 83.4 88.6 96.6 97.8 97.1


68.1 70.5 81.7 - - - 98.1
relative rates[b] 1 0.2 7� 10ÿ5 10ÿ8 2� 10ÿ14 2� 10ÿ15 6.10ÿ15


1 0.02 10ÿ10 - - - 10ÿ 22


[a] The majour product of the step is indicated in bold type. [b] AM1//AM1 results, B3LYP//AM1 results
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Figure 3. Geometry of the transition state during the pentamerization step.
Top: For Ca ± C2 coupling; bottom: For Ce ± C2. coupling.


in two parallel planes. The two hydrogen atoms linked to the
carbon atoms that couple lie out of the planes of the
molecules, and further evolution towards the tetramer
dication increases the dihedral angles between the ring planes
and the CaCbH planes. Analysis of the variations of the
interatomic distances and p-electron delocalization during the
reaction leads to the same conclusion as for the dimerization
step, that is, the intermediate has tetrahedral sp3 carbon
centers which prevent conjugation between rings.


B) Structural defects : Polypyrrole contains some Ca ± Cb


bonds, which are regarded as defects in the polymer backbone
because they prevent good conjugation.[34] The mechanism
and the factors that control the number of defects in the
chains are not fully understood. However, it is widely
accepted that chain growth renders the Ca and Cb atoms
equivalent, and that defects are generated by coupling
between Cb of the oligomer and C2 of the monomer. It has
also been proposed that defect formation implies central
chain motifs[35] or chain ± chain reactions.[36]


The modeling approach developed here reveals the princi-
pal mode of defect formation in polymer chains.[37] In all the
steps treated, the reaction leading to defects in polypyrrole
seems to be coupling between Ca of the oligomer and
C3 of the monomer radical cation. The alternative
route to Ca ± Cb bondsÐcoupling between Cb of the
oligomer and C2 of the monomer radical cation,
which is the usual mode of defect formation pro-
posed in the literatureÐappears to be negligible,
since the most reactive site of the successive oligom-
ers is clearly Ca. Coupling between a carbon atom of
the monomer and a carbon atom situated in an
internal ring of the chain appears very unlikely. The
probability of chain ± chain reactions involving in-
ternal ring carbons would appear to be even lower.
This mode of defect formation implies that once the
Ca carbon of an oligomer is blocked, the radical
cations generated by oxidation are much more stable.
This has been observed experimentally for a-blocked
or end-capped oligothiophenes[8b, 38]


The low reactivity of carbon atoms situated in
internal units of the chains cannot be attributed to


steric effects, since the forming carbon ± carbon bond is
shorter for Cd ± C2 than for Ca ± C2 transition states. It can
be attributed to the greater loss of conjugation induced by
binding a pyrrole radical cation at such positions. Indeed, the
geometry in the Cd ± C2 transition state is predicted to differ
considerably from that involving a terminal unit of the chain
(Ca ± C2). As can be seen in Figure 3 bottom, the two
molecules are still in parallel planes but the tetrapyrrole
molecule is severely deformed and is no longer planar
(bending angle: 158). This dramatically reduces the conjuga-
tion and consequently increases the activation energy of the
reaction.


C) Solvent effects : Solvent effects appear to be dependent on
the relative coupling sites between the two reacting species.
The D(DG0


solv) values for the reaction leading to Cd ± C2 and
Cb ± C2 coupling are higher than those for Ca ± C2 and Ca ± C3
coupling. This is in marked contrast to the the dimerization
reaction. It indicates that solvent effects will influence the
regioselectivity of reactions between a pyrrole radical cation
and an oligomer and lower the energy gap between the
competing coupling reactions. These differences in the
solvation of the various transition states can be attributed to
variations in charge distribution. Charge separation is higher
in the Cd ± C2 and Cb ± C2 transition states than in the Ca ± C2
and Ca ± C3 transition states and leads to stronger solvation.


Evolution during the growth process
The evolution of properties during polymer growth is more


difficult to analyze, because calculations performed on
molecules with different numbers of atoms must be com-
pared, whereas the regioselectivity of each step is based on the
comparison of calculations on molecules with equal numbers
of atoms. Table 4 shows the overall trend predicted for the
partial charge on the pyrrole oligomers, the interatomic
distance between the coupling carbon atoms in the transition
states, the activation energies, and the regioselectivity at the
B3LYP/6-31G*//AM1 level (gas-phase calculations). It also
shows the evolution of D(DG0


solv) calculated by AM1-SM2 for
the successive oligomerization steps. Combining the B3LYP/


Table 4. Calculated variations with chain length for the coupling of pyrrole with an
oligopyrrole: Partial charge on the pyrrole moieties in TS, TS interatomic distance,
B3LYP//AM1 gas phase energy barriers, gas phase regioselectivity, AM1 ± SM2
D(DG0


solv), and approximate energy barriers in water.


Dimeri-
zation


Trimeri-
zation


Tetra-
meriza-
tion


Pentamerization[a] Hexa-
meriza-
tion


partial charge on pyrrole 1 0.80 0.63 (0.46) 0.84 0.73


C ± C distance [�] in TS 2.20 2.14 2.09 (2.02) 2.11 2.07


B3LYP//AM1


gas phase energy
barriers [kcal molÿ1]


60.6 46.6 35 (25.9) 83.4 68.1


B3LYP//AM1 gas
phase % of defect


2� 10ÿ4 3� 10ÿ3 6� 10ÿ2 (2� 10ÿ2) 4� 10ÿ3 2.10ÿ2


D(DG0
solv) AM1 ± SM2


(kcal.molÿ1)
ÿ 63.4 ÿ 47.7 ÿ 34.3 (ÿ9.4) ÿ69.2 -


energy barriers in water
[kcal molÿ1]


ÿ 2.9 ÿ 1.1 0.6 (16.5) 14.2 -


[a] (Overall charge 2� ), Overall charge 3� .
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6-31G*//AM1 gas-phase absolute energy barriers with the
calculated D(DG0


solv) at the AM1-SM2 level allows a crude
evaluation of the activation energy barrier in aqueous solution
during the growth process.


A)Gas-phase evolutions : Provided the same overall charge is
imposed on the supermolecule, the energy barrier decreases
during polypyrrole growth. The activation energy for terpyr-
role formation is lower than that for dimerization. This result
holds as long as the supermolecule bears the same overall
charge (�2 or�3). However, when the charge increases from
�2 to �3 (pentamerization step) the calculated energy
barrier increases. This effect appears to be correlated with
the evolution of the electrostatic repulsion between the two
reacting molecules. The charge is distributed over the entire
oligomer chain, and this implies that the net charge on each
atom decreases when the length of the oligomer increases.
This reduces the electrostatic interactions between the two
molecules; consequently, the energy barrier decreases. En-
ergy barriers increase when the charge of the system goes
from �2 to �3, because the net charge on each atom and the
electrostatic repulsion between the two reacting species
increase. This trend does not necessarily reproduce what
really happens in the growth process, since at this stage the
calculations do not include solvent effects. The results are
therefore distorted by the overestimation of the electrostatic
interactions between the reacting species.


The observed evolution of the charge distribution between
the two reacting moieties in the successive transition states
indicates that pronounced electron transfer from the oligomer
to the pyrrole radical cation occurs, and that this electron
transfer increases with the oligomer length. At the same time,
the HOMOs of the successive transition states evolve; these
HOMOs appear to be a linear combination of the two
SOMOs of the separated species with a small contribution of
SOMO� 1 of the pyrrole radical cation (deduced by means of
single-point calculation on the separated species in the
transition state geometry). As the oligomer length increases,
the SOMO ± SOMO interaction decreases sharply, whereas
the contribution of SOMO� 1 of the pyrrole radical cation to
the HOMO of the transition state increases and is responsible
for the increasing partial charge transfer between the two
reacting species. As a consequence of these two effects, the
overall orbital interaction decreases as the oligomer length
increases (for a given C2 ± C2' distance).


The decrease in the electrostatic repulsion and of the
frontier orbital interactions (for the same C2-C2' distance) as
the oligomer length increases leads to a pronounced evolution
of the C ± C distance in the successive transition states. This
distance decreases with increasing oligomer length as long as
the supermolecule bears the same overall charge (�2 or �3)
but increases sharply when the overall charge goes from�2 to
�3. Although higher level calculations (TS geometry opti-
mization at the ab initio level) might be needed to confirm this
geometry evolution, this trend can be interpreted as follows. It
is generally accepted that the more reactive a molecule is, the
sooner the TS will be reached.[39] Hence, for a bond-forming
reaction, the length of this bond in the transition state
increases with increasing reactivity of the reactants. There-


fore, the evolution of the C ± C distance in the successive
transition states probably reflects the decreasing reactivity of
the oligomers towards the pyrrole radical cation with increas-
ing oligomer length. However, this evolution can generally be
correlated with the value of the absolute energy barrier
(according to the Hammond postulate), since it is generally
observed that as the absolute energy barrier increases, the
transition state is reached later in the reaction.[39] This is
clearly not the case here. This contradiction suggests that the
frontier orbital interaction effect has a greater influence on
the geometry of the successive transition states than the
electrostatic repulsion (a shorter C2 ± C2' distance would be
needed to provide additional stabilization by stronger frontier
orbital interactions in the successive transition states, but
electrostatic repulsion increases with decreasing C2 ± C2'
distances).


Table 4 also shows the evolution of the calculated regiose-
lectivity of each step at the B3LYP/6-31G*//AM1 level. As
long as the supermolecule bears the same overall charge, the
regioselectivity of the successive coupling steps decreases
continuously. When the overall charge goes from �2 to �3,
the regioselectivity increases sharply. This clearly indicates
that oxidation of the oligomers at high doping levels is a key
factor for the growth of long, regular polymer structures.


B) Solvent effects : When solvent effects are introduced into
the calculations, the energy barriers become more realistic.
The solvent stabilizes the transition states far more than
separated radical cations. As expected D(DG0


solv) decreases
sharply as the oligomer length increases, since the overall
charge is delocalized over a larger number of atoms, and
partial charge transfer reduces the charge separation in the
transition states. Electrostatic interactions are therefore bal-
anced by solvation in these successive coupling reactions.
Combining the B3YP/6-31G*//AM1 gas-phase absolute en-
ergy barriers with D(DG0


solv) calculated at the AM1-SM2 level
gives an approximate energy barrier for the successive C2-C2'
coupling steps (Table 4). The dimerization, trimerization, and
tetramerization steps have similar activation energies in
aqueous solution (ÿ2.9, ÿ1.1 and 0.6 kcal molÿ1, respective-
ly); dimerization is the fastest process. In contrast, there is a
pronounced difference between the activation energy of the
tetramerization (�0.6 kcal molÿ1) and the pentamerization
steps (�14.2 and 16.5 kcal molÿ1 for an overall charge of �3
and �2, respectively). The relative rates of the dimerization,
trimerization, and tetramerization steps appear to be highly
dependent on the electrolytic solvent. Strong solvent screen-
ing (as in water) of the electrostatic interactions is needed to
make dimerization faster than tetramerization.


Frontier orbital model : The main defect of the modeling
approach presented above is that gas-phase results are
distorted by overestimation of electrostatic interactions. Our
calculations with the SM2 model, on the basis of the gas-phase
optimized geometries, show that the solvent considerably
lowers these interactions. A simpler and complementary
approach is to analyze the successive coupling reactions with
the frontier orbital model. This model postulates that the
regioselectivity is controlled by interactions between the
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frontier orbitals of the reacting species and completely
neglects electrostatic interactions. Thus the reactions are
examined from an extreme view point that exaggerates the
influence of orbital interactions. This approach uses a screen-
ing effect to simulate the influence of a solvent, which
considerably reduces electrostatic interactions. The supres-
sion of all such interactions can be regarded as equivalent to
the use of an imaginary solvent with maximum screening
effect.


The frontier orbital model evaluates the relative activation
energies by means of a simple calculation of the molecular
orbitals of the separate reactants. This model does not
describe the transition states but has been used successfully
with several conducting polymers of known structures [12±14, 35]


It has the advantage of using few calculation resources.
Here we simply present the main results obtained for


polypyrrole growth without describing the model in detail. A
radical cation/radical cation mechanism was assumed. The
major orbital interaction between two molecules A and B is
then that between the SOMO of molecule A and the SOMO
of molecule B. The ratio of two competitive coupling rates is
given by Equation (1). Here va1!b and va2!b are the rates of


va1!b


va2!b


� exp
�


2�b2
a1bC2


a1
C2


b ÿ b2
a2 bC2


a2
C2


b�
kT�ESOMOA


ÿ ESOMOB
�


�
(1)


coupling of sites a1 and a2 of molecule A on site b of molecule
B, Ca and Cb are the atomic orbital coefficients of atoms A and
B in the molecular frontier orbitals SOMOA and SOMOB,
ESOMOA


and ESOMOB
the energies of these orbitals, and b the


resonance integrals. Resonance integrals depend on the
distance between the two coupling atoms, on the nature of
the atoms, and on the semiempirical method used. The bCC


were calculated by AM1 for a s-type overlap between 2pz


orbitals and for interatomic distances of 1.75, 2.00, and 2.25 �.
A distance between 2 and 2.25 � was found by transition state
calculations (first approach), but since the frontier orbital
model does not allow it to be determined and since the
previous calculations suggested that it falls with increasing
oligomer length, the coupling results are reported for several
interatomic distances.


In the more general case, the SOMOÿ 1, SOMO, and
SOMO� 1 have been used in the description of the oligom-
er ± monomer interaction. However, the results are practically
the same if only the SOMO is used, as in the case of the
heptamerization step (Table 7). In the case of a dimerization
reaction by a radical cation/radical cation mechanism,
ESOMOA


�ESOMOB
, and Equation (2) is obtained.


va1!b


va2!b


� exp
�


2�ba1bCa1
Cb ÿ ba2bCa2


Cb�
kT


�
(2)


1) Dimerization step


The highest SOMO of the pyrrole radical cation is a p orbital,
delocalized over the aromatic ring. The most important
contribution to this orbital comes from the carbon atom in the
position a to the nitrogen atom (Scheme 2). The frontier
orbital model therefore clearly indicates that the pyrrole


Scheme 2.


radical cation will react preferentially at the a-carbon atom.
Scheme 2 also shows the HOMO of neutral pyrrole.


Radical cation/radical cation mechanism : Table 5 lists the
relative coupling rates for the dimerization step by a radical
cation/radical cation mechanism. Frontier orbital interactions
clearly indicate a preference for the a ± a dimer; the a ± b and
b ± b dimers are predicted to be generated in extremely small
quantities. At shorter distances between the coupling carbon


atoms, orbital interactions and apparent regioselectivity
increase. It is interesting to compare these results with those
obtained by the transition state approach. Both predict the
a ± a dimer to be the major dimer, but with very different
proportions of by-products. The transition state calculation
suggests a less regioselective reaction than the frontier orbital
approach, which predicts almost no byproducts. Apparently,
there are two opposing electronic effects in dimerization:
frontier orbital interactions favor a ± a coupling because of
the high spin density on the a-carbon atom of the pyrrole
radical cations, whereas electrostatic interactions direct the
reaction towards other coupling sites because the a-carbon
atoms bear most of the excess positive charge.


Radical cation substrate mechanism : Within the framework of
the frontier orbital model, the radical cation/radical cation
mechanism is greatly preferred over the radical cation/
substrate mechanism. Maximum orbital interaction occurs
for the first mechanism because the SOMOs of the two radical
cations have the same energy (Figure 4), and the two electrons
are stabilized by this interaction. The frontier orbital inter-
action is not so favorable for the radical cation/substrate
mechanism. In this case the most important interaction is that
between the SOMO of the radical cation and the HOMO of
the neutral pyrrole molecule. This three-electron interaction
is necessarily weaker. Furthermore, the HOMO of the neutral
pyrrole molecule lies higher than the SOMO of the radical
cation, and this further reduces the orbital interaction.
Frontier orbital interactions favor the radical cation/radical
cation mechanism, whereas electrostatic interactions suggest
that the reaction should follow the radical cation/substrate
mechanism.


Table 5. Predicted relative coupling rates of pyrrole dimerization for
various coupling distances (ratios between the calculated coupling rates for
different sites and the highest calculated rate).


Distance [�] a ± a a ± b b ± b


1.75 1 8.10ÿ21 2.10ÿ28


2.00 1 2.10ÿ16 3.10ÿ22


2.25 1 5.10ÿ12 3.10ÿ16
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The frontier orbital approach simulates the influence of a
solvent, which considerably reduces electrostatic interactions
by a screening effect. The results obtained from the frontier
orbital approach are consistent with those deduced by
including solvent effects in the transition state calculations.


2) Polymer growth and doping levels


The regioselectivity predicted for the successive coupling
steps when the successive oligomers have a charge of �1 are
presented in Table 6. The major product of each step is
indicated by bold type. The kinetically favored mode in all
coupling steps involves the Ca carbon atom of the oligomer


and the C2 carbon atom of the monomer. This is in agreement
with the structure of polypyrrole inferred from experimental
observations and that predicted by transition state calcula-
tions. This result confirms that this approach can be used to
predict the molecular structure of conducting polymers with
far shorter calculation times than the transition state ap-
proach. The frontier orbital approach underlines the effect of
molecular orbital overlap on the growth process. This overlap
is strongly affected by binding a new monomer unit onto the
chain. Three effects that appear particularly important in the
first steps of polymerization can be distinguished. First, the
SOMO energy of the successive oligomers increases with
increasing number of monomer units. Therefore, the differ-
ence between the SOMO energy of the monomer and that of
the chain increases. It is 1.97 eV for the bipyrrole cation and


rises to 3.2 eV for the tetrapyrrole cation. As a
consequence, the frontier orbital interactions be-
tween the chain and the monomer are considerably
reduced. This is not surprising, since the successive
oligomers are fully conjugated, so that the molec-
ular orbitals become softer during the growth
process. Second, the atomic orbital coefficients of
the SOMO decrease progressively with increasing
oligomer size. This is due to increasing delocaliza-
tion of the molecular orbitals.[35] The SOMO
atomic orbital coefficients of the two carbon atoms
on the terminal monomer unit range from from
0.638 ± 0.303 in singly charged pyrrole to 0.218 ±
0.107 in singly charged terpyrrole. Third, as the
oligomer becomes longer, the energies of SOMO,
SOMOÿ 1 and SOMO� 1 become closer. The
frontier orbital interactions between the growing


chain and the monomer involve these orbitals, although they
are three- or one-electron interactions and are therefore less
strongly stabilizing than SOMO ± SOMO interactions.


For successive oligomers with a charge of�1 and a constant
C ± C distance these evolutions of the frontier orbital inter-
actions with increasing oligomer size induce: 1) a progressive
decrease in the calculated regiospecificity of coupling reac-
tions due to the increasing difference between the SOMO
energies of the oligomer and the monomer and to the effect of
the progressive decrease in the atomic orbital coefficients.
(this decrease in regioselectivity is partially compensated by a
progressive decrease in the C ± C distance as the chain
lengthens; see Table 4); and 2) a progressive increase in the
activation energy of the reaction between the monomer and
the chain. If is it assumed that the concentration of the
monomer radical cation remains approximately constant near
the electrode, then an oxidized monomer would react with
another monomer radical cation rather than with a previously
formed oligomer. Therefore, the growth of a long chain would
be negligible compared to dimerization or the formation of
small chains, and polymerization should be inhibited.


A theory consistent with the experimental observations
requires factors which increase the frontier orbital interac-
tions and hence lower the activation energy and increase the
regioselectivity. Calculations suggest that the doping level of
the chain has a major impact on the frontier orbital
interactions and consequently on the electropolymerization
process. Oxidation of the chain leads to a harder species and
lowers the energy gap between its SOMO and that of the
oxidized monomer. This increases the frontier orbital inter-
action and implies that the regioselectivity will be improved
and reactions between the monomer and the chain favored.
Table 7 compares the calculated regiospecificity of the


Figure 4. Frontier orbital interactions for radical cation/radical cation and radical cation/
substrate mechanisms.


Table 6. Predicted relative coupling rates of pyrrole oligomerization for
various coupling distances (ratios between the calculated coupling rates for
different sites and the highest calculated rate).


Distance [�] Ca ± C2 Cb ± C2 Cc ± C2 Cd ± C2


Trimerization
1.75 1 2� 10ÿ6 2� 10ÿ4 -
2.00 1 3� 10ÿ4 5� 10ÿ3 -
2.25 1 2� 10ÿ2 7� 10ÿ2 -


Tetramerization
1.75 1 10ÿ3 3� 10ÿ2 2� 10ÿ2


2.00 1 2� 10-2 10ÿ1 8� 10ÿ2


2.25 1 10ÿ1 3� 10ÿ1 2� 10ÿ1


Table 7. Predicted relative coupling rates of pyrrole heptamerization for
various doping levels (ratios between the calculated coupling rates for
different sites and the highest calculated rate).


(17 % doping level) (50 % doping level)
Distance [�] Ca ± C2 Cb ± C2 Ca ± C2 Cb ± C2


1.75 1 10ÿ1 1 10ÿ3


2.00 1 2� 10ÿ1 1 5� 10ÿ3


2.25 1 5� 10ÿ1 1 10ÿ2
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heptamerization step of polypyrrole for a charge on the
hexamer of �1 (17 % doping level) with that for a charge of
�3 (50 % doping level). This could be a general effect
applicable to most conducting polymers. Interestingly, Ko-
bryanskii et al.[40] experimentally demonstrated for the elec-
trosynthesis of poly(p-phenylene) that the degree of polymer-
ization depends on the doping level and proposed that high
doping is needed for the formation of high molecular weight
polymer chains.


Conclusions


The two approaches developed here support the molecular
structure of polypyrrole that was proposed on the basis of
experimental findings. They can therefore be regarded as
complementary to spectroscopic methods for the structure
elucidation of other polymers. The frontier orbital method
requires fewer calculations, is easier to implement, and is
likely to find many applications in this field.


The frontier orbital approach predicts that the radical
cation/radical cation mechanism is preferred, whereas the
transition state approach indicates that the two mechanisms
compete and that it might be possible to find electrochemical
conditions that direct the reaction towards a radical cation/
substrate mechanism. While the activation energy for dimer
formation is very high for the radical cation/radical cation
mechanism in the gas phase (60.5 kcal molÿ1 at the B3LYP/6-
31G*//AM1 level), it becomes reasonable when solvent
effects (SM2 model) are included. Conversely, the activation
energy for the radical cation/substrate mechanism, which is
negative in the gas phase, becomes positive and comparable to
that of the radical cation/radical cation mechanism in
solution. In water, the radical cation/radical cation reaction
is predicted to be faster.


The variations of geometry and of p-electron delocalization
during the reaction can be analysed by transition state
calculations, which explore the entire reaction coordinate
between the reactant species and the intermediate. This
information is not accessible by experimental methods and is
obtained here with relatively short calculation times. This
approach also suggests a mechanism for the formation of
structural defects in the chain, albeit in contradiction with the
assumption that defects are created by reactions involving
internal units of the chain.


An interesting feature of both approaches is that they can
be used to investigate the effects of the doping level on
polymer synthesis. High doping levels are associated with the
formation of polymer chains with high molecular weight and
few structural defects. Neither method alone is perfect, but
when their shortcomings are understood (transition state
calculations in the gas phase overestimate electrostatic
interactions, while the frontier orbital model neglects them
completely), it is possible to discern the effects of the different
electronic factors on the mechanism and the outcome of
chain ± monomer reactions. Solvent and counterion effects in
the electrochemical synthesis of conducting polymers are
always important. Application of quantum chemical calcu-
lations such as those performed in this study should help to


shed some light on the polymer growth process and its
dependence on monomer structure and experimental con-
ditions.
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The Nonoctahedral Structures of d0, d1, and d2 Hexamethyl Complexes**
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Dedicated to Professor Hans-Georg von Schnering


Abstract: The homoleptic d0 hexameth-
yl complexes [M(CH3)6]2ÿ (M�Ti, Zr,
Hf), [M(CH3)6]ÿ (M�V, Nb, Ta),
[M(CH3)6] (M�Cr, Mo, W), and
[M(CH3)6]� (M�Tc, Re) all prefer non-
octahedral structures derived from a
trigonal prism. This was shown by den-
sity functional calculations which em-
ployed quasirelativistic effective-core
potentials. The nonconventional struc-
tures are due to both improved s bond-
ing M ± CH3 interactions in nonoctahe-
dral versus octahedral structures, and to
core polarization. While most of the
anions feature regular trigonal-prismatic
equilibrium structures B of D3 symme-
try, the neutral and cationic species are


distorted towards a C3 symmetrical
structure A, as found previously for
[W(CH3)6]. The computed trends may
be understood on the basis of energy
denominators for second-order orbital
interactions, and ligand ± ligand repul-
sion. As both are increased by scalar
relativistic effects in the 5 d row, the 4 d
complexes exhibit the largest deviations
from a regular prism. C3v structures
derived from an octahedron are gener-


ally less stable than the prismatic ar-
rangements. This is also valid for the d1


complexes [Tc(CH3)6] and [Re(CH3)6],
and for the d2 systems [Ru(CH3)6] and
[Os(CH3)6]. However, due to the addi-
tional electrons present, these species
are predicted to favor regular rather
than distorted prisms. NMR and IR
spectroscopic parameters for the, as yet
unknown, compound [Os(CH3)6] are
predicted to facilitate experimental
characterization. The molecular and
electronic structures of all the species
are discussed with the help of natural
population analyses.


Keywords: density functional calcu-
lations ´ hexamethyl complexes ´
nonoctahedral structures ´ transition
metals


Introduction


Recently, independent quantum chemical[1] and low-temper-
ature X-ray diffraction[2] studies have conclusively shown that
the equilibrium structure of hexamethyltungsten, [W(CH3)6],
is a distorted trigonal prism (the WC6 skeleton has C3v


symmetry, the overall computed symmetry is only C3
[1] , see


also ref. [3]). Previous studies had favored a regular prism,[4, 5]


and prior to that an octahedral structure had been assumed.[6]


As [W(CH3)6] is an experimentally accessible,[4, 6] neutral
homoleptic complex with small and simple monodentate
ligands, it serves as the most spectacular prototype for a
nonoctahedral hexacoordinate complex with a formal d0


configuration. Other examples include the solid-state struc-


ture of the [Zr(CH3)6]2ÿ ion (regular trigonal prismatic, with a
D3h skeleton)[7] or computed structures of the simple hexahy-
dride [WH6] (distorted trigonal prismatic, C3v) and related
hydride model systems.[1, 5, 8, 9] During the course of the
present study, X-ray crystallographical studies of the complex
anions [TaR6]ÿ (R�Ph, CH2Ph) were reported by Kleinhenz
et al.[10] to have structures close to a regular trigonal prism.
Extended solid-state structures with trigonal prismatic metal
coordination are well known.[11] Among further nonoctahe-
dral hexacoordinate structures of molecular d0 complexes,
those with chelating ligands (e.g. dithiolates) have been of
considerable interest.[12] Some related d0 ± d2 compounds may
be of biological significance in the context of model com-
pounds for oxomolybdenum enzymes.[13]


At a more general level, these unusual coordination
arrangements fit well with other nonclassical low-symmetry
structures of d0 systems, such as bent dicoordinate,[14, 15]


pyramidal tricoordinate,[16] or square pyramidal pentacoordi-
nate[5, 17, 18] complexes of Group 2 through Group 5 metals and
of the lanthanides.[19] Many computational studies have shown
that the low-symmetry structures are favored by a max-
imization of metal d-orbital participation in s bonding to the
ligands, as well as by the polarization of the subvalence p shell
of the metal [these two aspects are not strictly separable,[20] as


[*] Priv.-Doz. Dr. M. Kaupp
Max-Planck-Institut für Festkörperforschung
Heisenbergstrasse 1, D-70569 Stuttgart (Germany)
Fax: (�49) 711-689-1010
E-mail : kaupp@vsibm1.mpi-stuttgart.mpg.de


[**] Supporting information for this article is available on the WWW
under http://www.wiley-vch.de/home/chemistry/ or from the author.
The data contains the full Cartesian coordinates in � for all optimized
structures (16 Tables).
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the valence (nÿ 1)d orbitals and the semi-core (nÿ 1)p
orbitals for these early transition metals have very similar
radial maxima]. In contrast, ligand ± ligand repulsion and p


bonding favor more symmetrical structures.
Do all d0 hexamethyl complexes prefer nonoctahedral


structures? Are they regular trigonal prismatic, like the anion
in [Li(tmed)]2[Zr(CH3)6] (tmed�N,N,N',N'-tetramethyl eth-
ylenediamine ),[7] or distorted like [W(CH3)6]?[1, 2] In order to
gain a better understanding of the electronic effects that
govern the structural preferences of these types of systems, we
have now extended our computational study of [W(CH3)6][1]


to other valence-isoelectronic hexamethyl complexes: anion-
ic: [M(CH3)6]2ÿ (M�Ti, Zr, Hf), [M(CH3)6]ÿ (M�V, Nb, Ta);
neutral: [M(CH3)6] (M�Cr, Mo, W); cationic: [Tc(CH3)6]� ,
[Re(CH3)6]� . We will also examine neutral complexes with a
formal d1 or d2 configuration of the metal ([M(CH3)6], M�
Tc, Re, Ru, Os) to investigate the structural effects of
additional electrons. Thus, for example, we show that the d1


species [Re(CH3)6] has a regular prismatic structure, in
contrast to the conclusions drawn from a recent X-ray
structure determination.[2] These studies also serve as a basis
for the investigation of more complicated, heteroleptic
compounds, which we have initiated.[21, 22] Moreover, we hope
that our structural predictions will stimulate more experi-
mental work in this area.


Computational details: In our previous study of [W(CH3)6],[1]


we found that the structural and energetic characteristics
computed by density functional theory (DFT) with gradient-
corrected exchange-correlation functionals are in excellent
agreement with the results of more sophisticated post-
Hartree ± Fock treatments (MP2, CCSD, CCSD(T)). There-
fore, throughout the present study we employed the more
economical DFT methods, which employed Becke�s exchange
functional[23] and Perdew�s correlation functional[24] (this
combination of gradient-corrected functionals is often denot-
ed as BP86). The basis sets correspond to basis A of ref. [1].
Thus, quasirelativistic small-core effective-core potentials
(ECPs) and 6s5p3d valence basis sets[25] are used for the
metals (for [W(CH3)6] we also include results obtained with a
nonrelativistic metal ECP[25b] for comparison). Carbon ECPs
and DZP valence basis sets,[26] as well as a hydrogen DZ
basis[27] are also the same as in ref. [1]. We note in passing that
the use of ab initio derived ECPs in DFT applications is well
validated for the core sizes employed here.[1, 28]


Following the experience with a larger set of possible
structures for [W(CH3)6],[1, 5] we have decided to compare the
structures and energies for three stationary points on the
[M(CH3)6](m) potential energy surfaces (Figure 1): The dis-
torted trigonal prismatic C3-symmetric structure A (Figur-
e 1 a) corresponds to the equilibrium structure of
[W(CH3)6].[1, 2] The regular prismatic D3 structure B (Figur-
e 1 b) is a low-lying transition state for the tungsten complex.[1]


As a third alternative, the distorted octahedral C3v arrange-
ment C (Figure 1 c) has been considered. For the dianions
[M(CH3)6]2ÿ, the optimization of C converged to a D3d


symmetric structure, close to a regular octahedral framework.
In all other cases, we expect regular octahedral structures to
be considerably less favorable than structure C, as shown
previously[1, 5] for [W(CH3)6] (in many cases, SCF convergence
in D3d symmetry was difficult to achieve, and we have not
attempted a systematic survey of these stationary points).
Positive energies are calculated for those six occupied Kohn ±
Sham orbitals of the dianions [M(CH3)6]2ÿ (M�Ti, Zr, Hf)
with the highest energies. This indicates that the free dianions
are probably not stable with respect to electron detachment.
Nevertheless, we expect the structural results and computed
relative energies to be meaningful, as the limited one-particle
basis set does not allow the ejection of electrons from the
system (this is confirmed by comparison with the experimen-
tal structure for [Zr(CH3)6]2ÿ, cf. below). Similar considera-
tions are frequently used for anionic systems and should hold
well, provided the negative charge is not too large.[29] The
monoanions do not have positive occupied MO energies.


In the case of structure C for the d2 systems [Os(CH3)6] and
[Ru(CH3)6], it was not obvious from qualitative MO argu-
ments, whether the ground state would be a closed-shell
singlet or an open-shell triplet state, as the lowest unoccupied
MO (LUMO) for the corresponding structures of the d0


systems is a degenerate set of e symmetry; however, an a1


MO is energetically almost degenerate as well (these three
orbitals may be regarded as derived from a t2g set at Oh


symmetry). Therefore, both possibilities have been evaluated.
However, it turned out that the singlet states were difficult to
converge in DFT calculations. We thus resorted to Hartree ±


Abstract in German: Die homoleptischen d0-Hexamethyl-
Komplexe [M(CH3)6]2ÿ (M�Ti, Zr, Hf), [M(CH3)6]ÿ (M�V,
Nb, Ta), [M(CH3)6] (M�Cr, Mo, W) und [M(CH3)6]� (M�
Tc, Re) bevorzugen durchweg nichtoktaedrische, vom trigo-
nalen Prisma abgeleitete Strukturen. Dies zeigen Dichtefunk-
tional-Berechnungen mit quasirelativistischen Pseudopotentia-
len. Die nichtklassischen Strukturen gehen auf verbesserte M ±
CH3 s-Bindungen in den nichtoktaedrischen Strukturen und
auf Rumpfpolarisation zurück. Während die meisten der
anionischen Systeme regulär trigonal-prismatische Strukturen
B mit D3-Symmetrie aufweisen, sind die neutralen und die
kationischen Spezies nach C3-Symmetrie (A) verzerrt, wie
bereits zuvor für [W(CH3)6] gefunden. Die berechneten Trends
werden durch die Betrachtung von Energie-Nennern für
Orbitalwechselwirkungen in Störungstheorie zweiter Ordnung
sowie durch die Ligand ± Ligand-Abstoûung verständlich. Da
beide durch skalar-relativistische Effekte in der 5 d-Reihe
erhöht werden, weisen die 4 d-Komplexe die gröûte Tendenz
zur Verzerrung der prismatischen Struktur auf. Vom Oktaeder
abgeleitete C3v-Strukturen C sind generell weniger stabil als die
prismatischen Anordnungen. Dies gilt auch für die d1-Kom-
plexe [Tc(CH3)6] und [Re(CH3)6] sowie für die d2-Systeme
[Ru(CH3)6] und [Os(CH3)6]. Aufgrund der zusätzlichen
Elektronen werden diese Spezies jedoch als regulär trigonal-
prismatisch vorhergesagt. NMR- und IR-spektroskopische
Parameter für die bislang unbekannte Verbindung [Os(CH3)6]
werden zur Unterstützung einer experimentellen Charakteri-
sierung angegeben. Die Strukturen und elektronischen Eigen-
schaften aller Komplexe werden mit Hilfe der natürlichen
Populationsanalyse diskutiert.
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Fock calculations (which converge more easily, due to the
larger band gap obtained), and used the Hartree ± Fock
optimized structures and MOs to start subsequent DFT
calculations. The resulting DFT-optimized structures were
close to the HF results. However, the energy of the highest
occupied Kohn ± Sham MO (HOMO) obtained was slightly
higher than that of the LUMO. This does indicate difficulties
with the correct description of these singlet states with a high-
lying nonbonding HOMO by the present DFT calculations.[30]


As the energies obtained for these singlet states are generally
significantly above the triplet energies (which are themselves
not competitive with structures B), we will in the following
concentrate on the triplet results only.


All structures have been fully optimized within the given
point group symmetry. The calculations were carried out with
the Gaussian 94 and Gaussian 92/DFT programs.[31] Open-
shell species (doublet [Tc(CH3)6] and [Re(CH3)6], and the
triplet states of [Ru(CH3)6] and [Os(CH3)6] for structure C)
were computed at the unrestricted (spin-polarized) Kohn ±
Sham level. Generally, the �finegrid� option of the Gaussian
programs was used for numerical integrations. In selected
cases (see below), the nature of the stationary points was
characterized by harmonic vibrational frequency analyses, by
the use of numerical differentiation of analytical first energy
derivatives. Natural population analyses[32] (NPA) used the
built-in subroutines of the Gaussian packages.[31]


Results and Discussion


A. Relative energies : Table 1 gives the relative energies
obtained for the different stationary points. For all species, the
distorted octahedral arrangements C are significantly higher
in energy than structures A or B derived from the trigonal
prism. Structure C is the most competitive for the d0 dianions
of Group 4 (a similar situation also pertains to simple hydride
model systems[5, 8, 9]). Here the optimization converged to
almost regular octahedral D3d structures (cf. subsection B
below), which are only � 40 ± 65 kJ molÿ1 above the preferred
trigonal prismatic arrangements (D3 structures B). In all other
cases, structure C is considerably less stable. Thus, apparently
all species studied here prefer structures derived from the


trigonal prism rather than those derived from the octahedron.
Harmonic vibrational frequency analyses give one imaginary
frequency for structure C of [Cr(CH3)6] and [W(CH3)6].
Previous optimizations of the latter species without symmetry
or with C3 symmetry, starting from structure C, converged
back to structure A.[1] Seven imaginary frequencies are
computed for the D3d structure C of [Hf(CH3)6]2ÿ.


All dianions and two of the monoanions ([V(CH3)6]ÿ ,
[Ta(CH3)6]ÿ) definitely prefer regular trigonal-prismatic
structures B, in agreement with the regular prismatic solid-
state structures of [Zr(CH3)6]2ÿ,[7] [TaPh6]ÿ ,[10] and
[Ta(CH2Ph)6]ÿ .[10] In contrast, a distortion to A is found for
all neutral Group 6 species [M(CH3)6] (M�Cr, Mo, W),[1, 2]


and for the cations [Tc(CH3)6]� and [Re(CH3)6]� . In these
cases, B is a transition state, between 12 kJ molÿ1 and
112 kJ molÿ1 higher in energy than A. The same holds for
[Nb(CH3)6]ÿ ; however, here the energy gain upon distortion is
only � 0.8 kJ molÿ1, and the structural distortions are rela-
tively small (see Section B). Apparently, in this case the
potential energy surface for the �inversion motion� A!B!B


Figure 1. Atom labeling for the three [M(CH3)6](m) structures considered. a) Distorted trigonal-prismatic C3 structure A.
b) Regular trigonal-prismatic D3 structure B. c) Distorted octahedral C3v structure C.


Table 1. Relative energies [kJ molÿ1] for different stationary points on the
potential energy surfaces.[a]


Species Distorted
prism A (C3)


Regular
prism B (D3)


Distorted octa-
hedron C (C3v)


[Ti(CH3)6]2ÿ ± 0.0 � 52.8[b]


[Zr(CH3)6]2ÿ ± 0.0 � 65.8[b]


[Hf(CH3)6]2ÿ ± 0.0 � 43.4[b]


[V(CH3)6]ÿ ± 0.0 � 120.0
[Nb(CH3)6]ÿ 0.0 � 0.8 � 125.4
[Ta(CH3)6]ÿ ± 0.0 � 130.1
[Cr(CH3)6] 0.0 � 11.5 � 98.6
[Mo(CH3)6] 0.0 � 39.3 � 110.3
[W(CH3)6] (QR) 0.0 � 24.6 � 131.9
[W(CH3)6] (NR) 0.0 � 52.5 � 103.3
[Tc(CH3)6]� 0.0 � 112.2 � 90.3
[Re(CH3)6]� 0.0 � 93.0 � 110.0
[Tc(CH3)6][c] ± 0.0 � 148.1
[Re(CH3)6][c] ± 0.0 � 169.5
[Ru(CH3)6] ± 0.0[d] � 136.3[e]


[Os(CH3)6] ± 0.0[d] � 160.4[e]


[a] Energies relative to the most stable structure (distorted trigonal prism
A if observed, otherwise regular prism B). [b] Optimizations converged to
D3d symmetry. [c] Doublet states. [d] Closed-shell singlet states. [e] Triplet
states.
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is very shallow. Indeed, the negative force constant of the A2
symmetry inversion mode computed for B is only
�ÿ 0.02 mDyne �ÿ1 (imaginary frequency w� i82 cmÿ1) in
[Nb(CH3)6]ÿ , compared to about ÿ 0.25 mDyne �ÿ1 (imagi-
nary frequency w� i282 cmÿ1) and �ÿ 1.04 mDyne �ÿ1 (w�
i745 cmÿ1) at the same level for [W(CH3)6] and [Re(CH3)6]� ,
respectively. Apparently, very recent X-ray diffraction studies
give regular trigonal-prismatic structures for both
[Ta(CH3)6]ÿ and [Nb(CH3)6]ÿ .[33] This may indicate
that the very small tendency of the niobium system
to distort is too insignificant to be detectable in the
solid state.


Optimizations in C3 symmetry for the d1 and d2


systems [M(CH3)6] (M�Tc, Re, Ru, Os) also lead
to very slightly lower energies (by � 0.7, 0.7, 2.5,
and 1.9 kJ molÿ1, respectively) than those obtained
in D3 symmetry. However, here the structural
deviations from B are negligible, and vibrational
frequency analyses for B give no imaginary
frequencies [the A2 �inversion� mode is computed
to have a positive force constant of
�0.03 mDyne �ÿ1 (w� 114 cmÿ1) for [Re(CH3)6], and of
�0.11 mDyne �ÿ1 (w� 278 cmÿ1) for [Os(CH3)6]. In these
cases, the very shallow potential energy surfaces may be at the
limits of accuracy for the numerical integrations of the
exchange-correlation potential in the DFT calculations. In
any case, the addition of electrons to formal d0 species reduces
the driving force towards distortion to the extent that the d1 and
d2 species should be regarded as regular trigonal prismatic.


The present results for [Re(CH3)6][1] disagree with the
recent structure determination by Pfennig and Seppelt,[2]


which gave preference to a distorted structure A, albeit with
less deviations from B than found for [W(CH3)6]. Therefore,
we have also optimized the structure of [Re(CH3)6] at the
MP2 level (with the same basis sets as in the DFT calcu-
lations). The MP2 structures, optimized in C3 symmetry, are in
excellent agreement with the DFT results and indicate no
deviation from a regular prism. Meanwhile, a better refine-
ment of the X-ray data for [Re(CH3)6] has apparently been
achieved,[33] which confirms the computed regular
prism.


The barrier for the A!B!A inversion in-
creases from [Cr(CH3)6] to [Mo(CH3)6] but de-
creases from [Mo(CH3)6] to [W(CH3)6]. Similarly,
the barrier is larger for [Tc(CH3)6]� than for
[Re(CH3)6]� (note also the differences between
[Nb(CH3)6]ÿ and [Ta(CH3)6]ÿ). As the barrier for
[W(CH3)6] is larger with a nonrelativistic than
with a quasirelativistic tungsten ECP (NR vs. QR,
Table 1), its reduction from the 4 d to the corre-
sponding isoelectronic 5 d complex is largely due
to scalar relativistic effects. We expect this to be a
general phenomenon. The largest barrier is thus
found for the cationic 4 d species [Tc(CH3)6]� .
The reasons for these trends are discussed in
subsection C. Note that structure C is even less
competitive for the 5 d0 complexes than for their
4 d0 analogues (except for the D3d structure of
[Hf(CH3)6]2ÿ), due to relativity (Table 1).


B. Structures : The main structural parameters for the differ-
ent stationary points are summarized in Tables 2 ± 4. The data
given are restricted to the skeletal parameters. The hydrogen
positions, and thus the finer details of the methyl group
deformations (e.g. the slight twisting of the methyl groups
away from D3h symmetry in A, as well as agostic interactions),
may be inferred from the optimized Cartesian coordinate sets


Table 2. Skeletal structure parameters computed for the distorted trigonal-prismatic
minima (C3, A).[a]


Species r(M ± C1) r(M ± C4) a(C1-M-C2) a(C4-M-C5) a(C1-M-C4)


[Nb(CH3)6]ÿ 2.253 2.268 90.2 79.8 77.3
[Cr(CH3)6] 2.029 2.108 93.7 76.0 77.6
[Mo(CH3)6] 2.136 2.206 97.3 74.7 75.5
[W(CH3)6] (QR)[b] 2.147 2.209 95.6 75.6 76.2
[W(CH3)6] (NR) 2.174 2.244 98.8 74.1 74.7
[Tc(CH3)6]� 2.069 2.184 99.6 73.8 74.4
[Re(CH3)6]� 2.079 2.190 98.7 74.0 75.0


[a] Distances [�], angles [8]. See Figure 1a for atom labeling. [b] Average experimental
results are:[2] r(M ± C1)� 2.12 �, r(M ± C2)� 2.20 �, C1-M-C2� 95.48, C4-M-C5� 76.88.


Table 3. Skeletal structure parameters computed for the regular trigonal-
prismatic structures (D3, B).[a]


Species r(M ± C) a(C1-M-C2) a(C1-M-C4)


[Ti(CH3)6]2ÿ 2.240 84.5 78.2
[Zr(CH3)6]2ÿ 2.397 85.0 77.4
[Hf(CH3)6]2ÿ 2.393 85.2 77.5
[V(CH3)6]ÿ 2.130 83.9 78.9
[Nb(CH3)6]ÿ 2.262 84.7 77.9
[Ta(CH3)6]ÿ 2.266 84.8 77.8
[Cr(CH3)6] 2.070 82.7 80.6
[Mo(CH3)6] 2.175 83.7 79.3
[W(CH3)6] (QR) 2.181 84.6 78.1
[W(CH3)6] (NR) 2.216 83.6 79.3
[Tc(CH3)6]� 2.133 81.4 82.3
[Re(CH3)6]� 2.137 83.1 80.1
[Tc(CH3)6] 2.141 83.0 80.1
[Re(CH3)6] 2.151 83.6 79.4
[Ru(CH3)6] 2.106 81.9 81.8
[Os(CH3)6] 2.121 82.3 81.2


[a] Distances [�], angles [8]. See Figure 1b for atom labeling.


Table 4. Skeletal structure parameters computed for the distorted octahedral arrange-
ments (C3v, C).[a]


Species r(M ± C1) r(M ± C4) a(C1-M-C2) a(C4-M-C5) a(C1-M-C4)


[Ti(CH3)6]2ÿ[b] 2.257 92.6 87.3
[Zr(CH3)6]2ÿ[b] 2.424 92.0 87.8
[Hf(CH3)6]2ÿ[b] 2.420 92.2 87.8
[V(CH3)6]ÿ 2.204 2.089 81.2 111.2 80.9
[Nb(CH3)6]ÿ 2.312 2.233 78.7 113.5 79.8
[Ta(CH3)6]ÿ 2.308 2.255 80.7 109.3 82.6
[Cr(CH3)6] 2.188 1.981 80.0 115.2 77.8
[Mo(CH3)6] 2.257 2.107 77.3 116.8 76.7
[W(CH3)6] (QR) 2.258 2.120 77.9 115.9 77.6
[W(CH3)6] (NR) 2.290 2.151 76.7 117.6 75.8
[Tc(CH3)6]� 2.244 2.047 76.7 117.4 76.1
[Re(CH3)6]� 2.248 2.059 76.9 117.0 76.6
[Tc(CH3)6] 2.223 2.101 79.3 115.8 77.3
[Re(CH3)6] 2.237 2.118 79.3 114.9 78.3
[Ru(CH3)6][c] 2.215 2.104 83.2 114.6 77.3
[Os(CH3)6][c] 2.222 2.120 82.3 113.9 78.2


[a] Distances [�], angles [8]. See Figure 1 c for atom labeling. [b] Convergence to �regular
octahedral� D3d structures. [c] Results for the triplet state.
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given in the Supporting Information. We only note here in
passing, that for structures A and C, (C-H)!M agostic
interactions are apparent from the structural data for all
complexes, comparable to those discussed previously for
[W(CH3)6].[1] Agostic interactions are less noticeable for
structure B.[1] We also note that neither in C3 nor in D3


symmetry are the two trigonal faces of the prism required to
be exactly eclipsed, that is to have a twist angle of 08.
However, the optimized structures are generally very close to
the ideal prism, with twist angles around 2 ± 38 (the largest
twist of � 78 is computed for structure A of [Cr(CH3)6]).


For the distorted trigonal prismatic structures A (Table 2),
deviations from the regular prism may be judged by the
difference between the M ± C1 and M ± C4 distances, and
between the C1-M-C2 and C4-M-C5 angles (see Figure 1 a).
In general, the M ± C1 distances corresponding to the
expanded face of the prism (larger C1-M-C2 angles) are
contracted compared to the M ± C distances in the regular
prismatic D3 structures B (Table 3), whereas the M ± C4
distances are longer. The magnitude of the distortion in-
creases along the series [Nb(CH3)6]ÿ<< [Cr(CH3)6]<
[W(CH3)6]< [Mo(CH3)6]< [Re(CH3)6]�< [Tc(CH3)6]� . With
a nonrelativistic tungsten ECP (NR), the distortion for
[W(CH3)6] is calculated to be larger than that for [Mo(CH3)6],
consistent with the larger �inversion� barrier (see above).
While the angular distortion for the anion [Nb(CH3)6]ÿ is still
significant, the M ± C distances on the two faces differ much
less than for the other systems, consistent with the almost
negligible barrier.


More general comparisons of vertical and horizontal
periodic trends for bond lengths and angles are provided by
the data for structure B in Table 3. As expected, the M ± C
distances decrease along a given row of the periodic table,
from dianion to monoanion to neutral complex to cation.
Similarly, the distances increase on descending a group.
However, corresponding 4 d and 5 d complexes have very
similar M ± C distances, due to the well-known combined
effects of relativity and shell-structure expansion (lanthanide
contraction).[34] The angular structures for these regular
trigonal-prismatic arrangements are very similar. The C1-M-
C2 angles within a given trigonal face of the prism increase
very slightly with increasing overall negative charge, and are
very slightly reduced for the 3 d systems. The M ± C distances
in the d1 systems [Tc(CH3)6] and [Re(CH3)6] are larger than in
the corresponding cations, but are contracted compared to
[Mo(CH3)6] and [W(CH3)6], respectively. The distances in
[Ru(CH3)6] and [Os(CH3)6] are still somewhat shorter. This is
to be expected from the incomplete screening of nuclear


charge by the nonbonding metal d-electrons. A slight decrease
of the C1-M-C2 angles is seen along a d0-d1-d2 series within a
given row. The computational results for the dianion
[Zr(CH3)6]2ÿ agree excellently with the average values
[r(Zr ± C)� 2.38 �, a(C1-Zr-C2)� 85.00, a(C1-M-C4)�
77.40] obtained by X-ray diffraction for the salt [Li(t-
med)]2[Zr(CH3)6].[7] Similarly, the parameters computed for
[Ta(CH3)6]ÿ agree well with those found for the first
coordination shell around tantalum in solid [Li4Br3(Et2O)7][-
Ta(CH2Ph)6].[10]


The C3v-distorted octahedral arrangements C (Table 4,
Figure 1 c) deviate strongly from regular octahedra, except
for the dianionic systems which prefer regular D3d structures
(these in turn deviate only by a few degrees from ideal
octahedral bond angles). The expanded face of the distorted
structures is close to planarity (see C4-M-C5 angles!). In all
cases, the shorter M ± C distances belong to this expanded face
of the octahedron, similar to the situation for structure A (see
above), in notable contrast to the structures of simple
hexahydride model systems (in the hydride systems, the
shorter M ± H distances are generally connected to the
compressed angles).[1, 5, 8, 9] While distortion from structure B
to structure A is restricted mainly to the neutral and cationic
d0 systems (see above), the computed structures C deviate
rather significantly from regular octahedra for all species,
except for the dianions. This includes the d1 and d2 systems,
which are almost as distorted as their d0 counterparts.


C. Bonding analyses : Tables 5 ± 7 summarize the main results
of natural population analyses (NPA) for the different nuclear
arrangements. The metal charges are generally much lower
and the d populations are larger than those implied by a
formal d0 (or d1, d2) configuration and by the corresponding
formal oxidation state. As expected, this covalent bonding
character becomes more notable as one moves to the right in a
given row of the periodic table (e.g. from [Hf(CH3)6]2ÿ to
[Re(CH3)6]�). Thus, while the dianions still exhibit large
negative charges on the methyl ligands, the charges may even
be slightly positive for the hypothetical [Tc(CH3)6]� and
[Re(CH3)6]� . This is significant in the context of ligand ± li-
gand repulsive interactions (see below).


For any of the three structures, the 5 d complex of a given
group exhibits the largest metal charge (Tables 5 ± 7). As
shown by the comparison of the quasirelativistic and non-
relativistic ECP results (QR vs. NR) for [W(CH3)6], this is
largely due to the well-known relativistic destabilization of
the 5 d orbitals,[34] which facilitates charge transfer. This
relativistically increased bond ionicity is expected to be a


Table 5. NPA charges Q and metal populations for the C3 structures A.[a]


Species Q(M) s(M) p(M) d(M) Q(C1) Q(C4) Q(CH3)1 Q(CH3)4


[Nb(CH3)6]ÿ � 1.310 0.405 0.037 3.275 ÿ 1.069 ÿ 1.009 ÿ 0.400 ÿ 0.369
[Cr(CH3)6] � 0.829 0.382 0.020 4.791 ÿ 0.897 ÿ 0.783 ÿ 0.167 ÿ 0.111
[Mo(CH3)6] � 0.793 0.406 0.021 4.826 ÿ 0.907 ÿ 0.790 ÿ 0.161 ÿ 0.104
[W(CH3)6] (QR) � 1.148 0.427 0.012 4.370 ÿ 0.982 ÿ 0.868 ÿ 0.215 ÿ 0.168
[W(CH3)6] (NR) � 0.824 0.384 0.011 4.812 ÿ 0.905 ÿ 0.792 ÿ 0.166 ÿ 0.108
[Tc(CH3)6]� � 0.465 0.413 0.051 6.125 ÿ 0.743 ÿ 0.651 � 0.072 � 0.106
[Re(CH3)6]� � 0.804 0.501 0.017 5.707 ÿ 0.831 ÿ 0.713 � 0.012 � 0.052


[a] The charges and overall populations do not match exactly, as the depletion of some metal semi-core orbitals has been neglected.
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general phenomenon for early 5 d complexes in high formal
oxidation states. We strongly suspect that it may be respon-
sible for the generally higher tendency of 5 d, as compared to
4 d complexes, to aggregate in the condensed phase (e.g.
Re2O7 is a polymeric solid,[35] whereas Tc2O7 features mono-
meric molecular units in its crystal structure[36]), or for the
larger Lewis acidity of the 5 d compared to 4 d
complexes in high oxidation states[37] (of course the
larger ionicity also contributes to the larger overall
stability of higher oxidation states in the 5 d series[34a]).
In the present context, the larger bond ionicity leads to
larger ligand ± ligand repulsion for the 5 d complexes
than for the corresponding 4 d species. As a conse-
quence, the 5 d systems exhibit a smaller tendency to
distort from the regular prism B to structure A
(compare [Re(CH3)6]� vs. [Tc(CH3)6]� , [W(CH3)6] vs.
[Mo(CH3)6], or [Ta(CH3)6]ÿ vs. [Nb(CH3)6]ÿ). On the
other hand, we may also expect the 3 d species to exhibit
larger ligand ± ligand repulsion than the 4 d complexes,
due to the significantly smaller metal radii, and to the


correspondingly shorter ligand ± ligand distances involved.
This is also borne out by the computed structures and energies
(Tables 1 ± 4).


Following a qualitative second-order perturbation theory
argument for orbital mixing upon distortion,[38] the driving
force for a symmetry lowering should be inversely propor-
tional to the energy difference between the relevant orbitals.
Table 8 relates the inverse of the HOMO ± LUMO energy
differences (1/De) for structures B of the d0 systems to the
A!B!A inversion barrier DE. If we restrict ourselves to the
4 d and 5 d species, there is a rough correspondence between
1/De and DE, consistent with arguments based on second-
order orbital mixing.[5, 8, 38] The greater importance of ligand ±
ligand repulsion for the 3 d systems may be inferred from the
fact that the barrier height is generally lower than expected
from the comparison of 1/De to the corresponding 4 d and 5 d
complexes. Relativistic effects do not only increase the bond
ionicity in [W(CH3)6] (see Tables 5 ± 7) but also the HOMO ±
LUMO gap in B (Table 8). This reduces the barrier height


even further for this and the other 5 d complexes (compared to
the 4 d systems).


We note that structures C exhibit the lowest metal charges
and the largest metal d populations for a given complex
(except for the d2 complexes and for the D3d structures of the
dianions, see Table 7). If maximization of the d population


Table 7. NPA charges Q and metal populations for C3v structures C.[a]


Species Q(M) s(M) p(M) d(M) Q(C1) Q(C4) Q(CH3)1 Q(CH3)4


[Ti(CH3)6]2ÿ[b] � 1.647 0.429 0.170 1.758 ÿ 1.187 ÿ 0.608
[Zr(CH3)6]2ÿ[b] � 1.990 0.452 0.126 1.438 ÿ 1.266 ÿ 0.669
[Hf(CH3)6]2ÿ[b] � 2.204 0.495 0.067 1.140 ÿ 1.295 ÿ 0.840
[V(CH3)6]ÿ � 1.168 0.372 0.044 3.433 ÿ 0.909 ÿ 1.049 ÿ 0.358 ÿ 0.381
[Nb(CH3)6]ÿ � 1.187 0.409 0.048 3.387 ÿ 0.926 ÿ 1.074 ÿ 0.330 ÿ 0.400
[Ta(CH3)6]ÿ � 1.773 0.496 0.037 2.659 ÿ 1.056 ÿ 1.191 ÿ 0.436 ÿ 0.487
[Cr(CH3)6] � 0.654 0.345 0.016 5.009 ÿ 0.738 ÿ 0.851 ÿ 0.112 ÿ 0.108
[Mo(CH3)6] � 0.629 0.378 0.018 5.022 ÿ 0.738 ÿ 0.864 ÿ 0.085 ÿ 0.125
[W(CH3)6] (QR) � 1.037 0.469 0.009 4.500 ÿ 0.809 ÿ 0.967 ÿ 0.143 ÿ 0.201
[W(CH3)6] (NR) � 0.658 0.361 0.014 5.008 ÿ 0.742 ÿ 0.859 ÿ 0.089 ÿ 0.129
[Tc(CH3)6]� � 0.397 0.380 0.013 6.262 ÿ 0.623 ÿ 0.716 � 0.102 � 0.099
[Re(CH3)6]� � 0.681 0.474 0.010 5.863 ÿ 0.662 ÿ 0.803 � 0.067 � 0.037
[Tc(CH3)6] � 0.518 0.395 0.021 6.106 ÿ 0.723 ÿ 0.835 ÿ 0.065 ÿ 0.106
[Re(CH3)6] � 0.785 0.491 0.019 5.741 ÿ 0.765 ÿ 0.911 ÿ 0.100 ÿ 0.162
[Ru(CH3)6][c] � 0.527 0.413 0.022 7.066 ÿ 0.734 ÿ 0.824 ÿ 0.071 ÿ 0.105
[Os(CH3)6][c] � 0.742 0.519 0.017 6.749 ÿ 0.765 ÿ 0.885 ÿ 0.097 ÿ 0.151


[a] The charges and overall populations do not match exactly, as the depletion of some metal semi-core orbitals has been neglected. [b] Convergence to
�regular octahedral� D3d structures. [c] Results for the triplet state.


Table 8. Computed HOMO and LUMO orbital energies (au)[a] for structure B
compared to the A ± B ± A activation barrier (kJ molÿ1).


Species e(HOMO) (a2) e(LUMO) (a1) De 1/De DE(BÿA)[b]


[Cr(CH3)6] ÿ 0.216 ÿ 0.165 0.051 19.6 11.5
[Mo(CH3)6] ÿ 0.206 ÿ 0.159 0.047 21.3 39.3
[W(CH3)6] (QR) ÿ 0.207 ÿ 0.145 0.052 19.2 24.6
[W(CH3)6] (NR) ÿ 0.202 ÿ 0.159 0.043 23.3 52.5
[Tc(CH3)6]� ÿ 0.401 ÿ 0.381 0.020 50.0 112.2
[Re(CH3)6]� ÿ 0.400 ÿ 0.375 0.025 40.0 93.0
[V(CH3)6]ÿ ÿ 0.030 � 0.055 0.085 11.8 ±
[Nb(CH3)6]ÿ ÿ 0.027 � 0.059 0.086 11.6 0.8
[Ta(CH3)6]ÿ ÿ 0.029 � 0.074 0.103 9.7 ±


[a] Kohn ± Sham orbital energies. [b] See Table 1.


Table 6. NPA charges Q and metal populations for the D3 structures B.[a]


Species Q(M) s(M) p(M) d(M) Q(C) Q(CH3)


[Ti(CH3)6]2ÿ � 1.399 0.402 0.130 2.082 ÿ 1.125 ÿ 0.566
[Zr(CH3)6]2ÿ � 1.581 0.418 0.115 1.907 ÿ 1.177 ÿ 0.596
[Hf(CH3)6]2ÿ � 1.863 0.461 0.068 1.607 ÿ 1.224 ÿ 0.644
[V(CH3)6]ÿ � 1.243 0.379 0.035 3.360 ÿ 1.008 ÿ 0.373
[Nb(CH3)6]ÿ � 1.356 0.406 0.039 3.224 ÿ 1.051 ÿ 0.393
[Ta(CH3)6]ÿ � 1.752 0.467 0.030 2.699 ÿ 1.127 ÿ 0.460
[Cr(CH3)6] � 0.979 0.380 0.023 4.637 ÿ 0.876 ÿ 0.164
[Mo(CH3)6] � 1.059 0.413 0.026 4.535 ÿ 0.914 ÿ 0.177
[W(CH3)6] (QR) � 1.362 0.490 0.014 4.126 ÿ 0.981 ÿ 0.227
[W(CH3)6] (NR) � 1.129 0.394 0.019 4.473 ÿ 0.924 ÿ 0.189
[Tc(CH3)6]� � 0.819 0.395 0.027 5.801 ÿ 0.779 � 0.030
[Re(CH3)6]� � 1.106 0.520 0.024 5.388 ÿ 0.854 ÿ 0.018
[Tc(CH3)6] � 0.681 0.426 0.025 5.903 ÿ 0.824 ÿ 0.113
[Re(CH3)6] � 0.933 0.507 0.022 5.571 ÿ 0.883 ÿ 0.156
[Ru(CH3)6] � 0.319 0.429 0.021 7.259 ÿ 0.751 ÿ 0.053
[Os(CH3)6] � 0.566 0.518 0.013 6.916 ÿ 0.801 ÿ 0.095


[a] The charges and overall populations do not match exactly, as the
depletion of some metal semi-core orbitals has been neglected.
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were the only criterion of stability, structure C should be the
most stable one. Evidently, as we argued previously for
[W(CH3)6],[1] structure C must exhibit strong ligand ± ligand
repulsion, which increases as the complex distorts away from a
regular octahedron to increase the d-orbital participation in s-
bonding (note that the D3d structures for the dianions exhibit
very low d populations and large metal charges). This makes
the (strongly) distorted octahedral structures C less compet-
itive with the arrangements based on a trigonal prism. As a
general feature, the methyl groups on the expanded face of
the distorted octahedron exhibit larger negative charges than
those on the compressed side. Correspondingly, hybridization
analyses of the corresponding natural localized molecular
orbitals show more covalency and larger d-orbital participa-
tion on the compressed side.


Similarly, structures A have smaller negative charges and
larger metal ± ligand covalency (Table 5) for those methyl
groups which are on the compressed side of the distorted
trigonal prism (methyl groups 4 ± 6, see Figure 1 a). In general,
distortion from B to A reduces the positive metal charges, in
agreement with the notion of a general maximization of
covalent s bonding. The distortion particularly reduces the
negative charges of the methyl groups on the compressed side,
as these start to interact with a metal hybrid orbital formed
from the d2


z orbital (mainly involved in the LUMO in
structure B) and the pz orbital. The charges of the methyl
groups on the expanded side (C1 ± C4) change very little upon
distortion.


For the d1 and d2 systems, the MO analysis of structure B
confirms that the extra nonbonding electron(s) populate(s) a
metal d2


z-type orbital, with some additional small coefficients
at the hydrogen atoms. This result is consistent with previous
qualitative MO arguments.[1, 5, 8, 9] Evidently, this extra d2


z


occupation quenches the tendency towards a low-symmetry
B!A distortion, making the regular trigonal-prismatic
structure B the most favorable arrangement. Compared to
the d0 cations [M(CH3)6]� (M�Tc, Re), the positive metal
charges of the corresponding neutral d1 systems are reduced
much less than by one whole electronic charge (by � 0.15 e
when comparing structure B for both cations and neutral
complexes). Thus, some rearrangement of charge towards the
ligands takes place upon reduction, in spite of the dominant d2


z


character of the singly occupied MO (SOMO; cf. ligand
charges in Table 6). The NPA metal charges of the d2 systems
[M(CH3)6] (M�Ru, Os) are also still appreciably positive
(Table 6).


Gibson et al. have previously attempted to assign the EPR
spectrum of [Re(CH3)6] on the basis of octahedral symme-
try.[39] To explain the observation of an EPR spectrum for this
molecule (in contrast to the absence of EPR signals for the
octahedral ReF6, dynamically distorted by Jahn ± Teller
effects), they assumed that the degeneracy of the t2g singly
occupied MO had been lifted by spin-orbit coupling. In spite
of this, no satisfactory fit of the electronic g tensor was
achieved.[39] The trigonal-prismatic D3 structure found here
evidently allows a much easier rationalization of the EPR
spectrum, as the unpaired electron occupies a nondegenerate
a1 MO. Similar considerations apply to the interpretation of
the photoelectron spectra of [Re(CH3)6] and [W(CH3)6].[6c]


D. NMR and IR spectroscopic parameters for [Os(CH3)6]:
While several of the prismatic d0 systems discussed here, as
well as the d1 system [Re(CH3)6], have now been experimen-
tally investigated,[2, 4, 6, 7, 10, 33] the diselenolate complex
[W(Se2(COOCH3)2)3]2ÿ[40] appears to be the only structurally
characterized example of a molecular nonoctahedral system
with a clear d2 configuration (d2 configurations have some-
times been assumed for dithiolene ligands, but due to the
delocalized nature of bonding, the actual d configuration in
these systems is not well defined[12, 13]). Therefore, the as yet
unknown, simple trigonal prismatic hexamethyl complexes
[Ru(CH3)6] and [Os(CH3)6] appear to be very interesting
targets for experimental studies. This is particularly valid
for the osmium complex, which should be the more stable
species. Therefore, we present quantum chemical predictions
of NMR chemical shifts, as well as IR frequencies and
intensities, that will hopefully facilitate the experimental
characterization.


The 13C and 1H chemical shieldings for the D3 structures B
have been calculated at the SOS-DFPT-IGLO level,[41] with
the deMon-NMR program,[41, 42] using the same metal ECPs
and valence basis sets as in the optimizations, but with IGLO-
II all-electron basis sets[43] on C and H. All other computa-
tional parameters have already been detailed for
[W(CH3)6].[1] The calculations for [Os(CH3)6] give a 13C
NMR shift of d��67.5, and a 1H shift of d��2.2 (average
for nonequivalent hydrogen atoms in D3 symmetry), both
relative to TMS. The corresponding shifts for [Ru(CH3)6] are
d��72.3 and �2.4, respectively.


Our previously computed 13C shifts at the same level for
[W(CH3)6] were d��53.3 and �71.3 for the nonequivalent
sets of carbon atoms in structure A (av d� 62.3). This is
somewhat too low compared to the average experimental
value of d� 83.1. The lower computed shifts for these types of
systems should be largely due to systematic errors of the
computational method.[1, 44] Thus, we also suspect that the 13C
shifts for the two d2 systems may be higher than the computed
values by roughly 20 ppm, which places our best estimates
slightly below or above d� 90 for [Os(CH3)6] and
[Ru(CH3)6], respectively. For the dianion [Zr(CH3)6]2ÿ, our
calculations (structure B) give a 13C shift of d� 23.4, which is
in somewhat better agreement with the experimental
value of d� 32.0.[7] The small deviation from the experi-
mental value and the relatively low shift are both consistent
with a relatively large HOMO ± LUMO energy gap for the
dianion.


Figure 2 shows the predicted IR spectrum for [Os(CH3)6],
obtained by convoluting the computed harmonic vibrational
frequencies and intensities for structure B with Lorenzians of
half-width� 10 cmÿ1. Compared to the previously computed
spectrum for [W(CH3)6] at the same level (for structure A),[1]


the predicted spectrum for the osmium complex is consid-
erably simpler, which is partly due to the higher symmetry.
Most notably, however, there is very little intensity in the M ±
C stretching region around 500 ± 550 cmÿ1. Figure 3
shows the corresponding computed spectrum for the d1


complex [Re(CH3)6], which agrees well with the experi-
mental data.[45] The structure of the spectrum is very
similar to that of the osmium complex, except for the
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Figure 2. Simulated IR spectrum for [Os(CH3)6] (D3 structure B). The
calculated harmonic vibrational frequencies and intensities have been
convoluted by Lorenzians of half-width 10 cmÿ1. Intensities have been
scaled to that of the most intense band. Assignments are indicated by
arrows.


Figure 3. Simulated IR spectrum for [Re(CH3)6] (D3 structure B).
Computational assignments in normal letters, experimental assignments
from ref. [45] at the bottom of the diagram in italics.


somewhat larger intensity in the M ± C stretching region. The
decrease in M ± C stretching intensity along the series
[W(CH3)6]> [Re(CH3)6]> [Os(CH3)6] is readily explained
by the significant decrease in M ± C bond polarity along the
same series (cf. computed charges in Tables 5 and 6).


Conclusions


All homoleptic d0, d1, and d2 hexamethyl complexes studied
here by quantum chemical calculations prefer coordination
polyhedra derived from a trigonal prism rather than from an
octahedron. Consistent with previous results for
[W(CH3)6],[1, 2] the isoelectronic [Cr(CH3)6] and [Mo(CH3)6]
compounds feature trigonal-prismatic structures distorted
towards C3 symmetry. Even more strongly distorted C3


structures are predicted for the hypothetical cations
[Tc(CH3)6]� and [Re(CH3)6]� . In contrast, the dianions


[M(CH3)6]2ÿ (M�Ti, Zr, Hf) and the monoanions
[M(CH3)6]ÿ (M�V, Ta) have regular prismatic D3 structures,
consistent with experimental results for the [Zr(CH3)6]2ÿ


ion,[7] with X-ray results for [TaR6]ÿ (R� phenyl, tolyl),[10]


and with a very recent X-ray study of [Ta(CH3)6]ÿ .[33] For
[Nb(CH3)6]ÿ the calculations indicate very slight deviations
from the regular prism, with a shallow potential for the
�inversion� motion.


A distortion of the prism is only preferable when the
increased repulsion between the ligands, or between ligand
orbitals and nonbonding metal orbitals (for the d1 and d2


systems), is overcome to a significant extent by the electronic
driving forces for distortion (mainly the improved metal d-
orbital participation in s bonding to the ligands, possibly also
the polarization of the metal semi-core p shell). As a negative
molecular charge is mainly concentrated on the ligands, the
anions have the least tendency to distort, whereas the cations
[Tc(CH3)6]� and [Re(CH3)6]� show the largest covalency and
thus the largest distortion. Within a given group, the tendency
to distort increases from the 3 d to the 4 d complex but
decreases to the 5 d complex, such that it is largest for the 4 d
species. The smaller distortions for the 5 d species are due to
the scalar relativistic expansion of the 5 d orbitals, which, for
example, leads to increased bond ionicity and thus to larger
ligand ± ligand repulsion. Apart from these electrostatic con-
siderations, the relativistic increase of the energy gap between
the relevant MOs (those that mix upon symmetry lowering)
also reduces the preference for distortion.


The addition of electrons to the d2
z-type LUMO of the


regular prismatic structure B (cf. qualitative MO diagram in
refs. [5, 8a]) reduces the tendency to distort towards structure
A. Thus, the d1 complexes [Tc(CH3)6] and [Re(CH3)6] and the
d2 species [Ru(CH3)6] and [Os(CH3)6] apparently prefer
regular prismatic structures B. The discrepancy between the
computational prediction for [Re(CH3)6][1] and a previous
experimental study giving a distorted structure[2] appears to
have been settled in favor of the regular prism.[33] Of course,
the very shallow potential for the �inversion� motion
A!B!A in this species has to be kept in mind. Even for
the, as yet experimentally unknown, d2 systems [Ru(CH3)6]
and [Os(CH3)6], a structure C, derived from an octahedron, is
not competitive with the trigonal prismatic arrangement B.
NMR and IR spectroscopic predictions have been made for
the [Os(CH3)6] molecule to facilitate its experimental char-
acterization.


The nonoctahedral structural preferences found here for all
of the d0 hexamethyl complexes should be contrasted to the
more conventional, regular octahedral d0 systems with
electronegative p-donating ligands, for example [MX6 (M�
Cr, Mo, W; X� halogen, OR, NR2). One may expect that
mixed-ligand systems [MXnY6ÿn] (n� 1 ± 5) featuring both p-
donor ligands Y and pure s-donor ligands X, may at some n
exhibit a change in preference from octahedral to trigonal
prismatic structures. This notion is indeed confirmed by first
exploratory calculations.[22]
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Preparation and Structures of [W(CH3)6], [Re(CH3)6], [Nb(CH3)6]ÿ , and
[Ta(CH3)6]ÿ


Sven Kleinhenz, ValeÂrie Pfennig, and Konrad Seppelt


Abstract: The results of the first crystal structure determination of [W(CH3)6] are
confirmed: its structure is strongly distorted towards a trigonal-prismatic C3v


symmetry, while [Re(CH3)6] has a regular trigonal-prismatic symmetry, and
[Ta(CH3)6]ÿ and [Nb(CH3)6]ÿ show a slight distortion from ideal trigonal prismatic.
This distortion is similar but much weaker than that in [W(CH3)6]; the structure is
additionally influenced by one strong CH3 ´´´ Li� contact.


Keywords: hexamethyl complexes ´
structure elucidation ´ transition
metals


Introduction


[W(CH3)6] and [Re(CH3)6], which were first synthesized by G.
Wilkinson in 1973 and 1976, respectively,[1, 2] were always
considered to be special cases of transition metal compounds
because they are the only neutral hexamethylated species and
they are quite unstable. Calculations which predicted that
certain d0 complexes should be nonoctahedral[3] and the
experimental observation that [Zr(CH3)6]2ÿ has an almost
regular trigonal-prismatic structure,[4] (although cationic ± a-
nionic interactions could add to this peculiar structure),
increased the general interest in these complexes with solely
s-bonding ligands. In subsequent years, a number of theoret-
ical investigations were undertaken that have all shown that
the compounds [MH6] and [M(CH3)6] (M� transition metal)
should indeed be nonoctahedral.[5±12] This discussion gained
momentum when an electron diffraction study of [W(CH3)6]
in the gaseous state proved it to be trigonal-prismatic.[13] In
1996 we were able to obtain single crystals of [W(CH3)6] and
[Re(CH3)6] by low-temperature crystallization (ÿ908) in
acetone: we had found that recrystallization from carbohy-
drides resulted only in crystals which behaved very much like
powder samples according to their X-ray diffraction patterns.
The structural determination indicated a C3v-distorted trigo-
nal prism for [W(CH3)6], which contains three longer W±C
bonds with narrow angles, and three shorter bonds with wider
angles.[14] We have also crystallized [Re(CH3)6]; it has a
structure which is much closer to a regular trigonal prism.[14]


Since these structures are of general interest, we now report


some more detailed information, especially for [Re(CH3)6],
for which we chose the wrong space group in the original,
previously reported determination.[14]


Since then, the important question has been as to whether
there would be molecules or ions with similar irregular
structures. We chose to start with the isoelectronic structures
[Ta(CH3)6]ÿ and [Nb(CH3)6]ÿ , for which no data has been
published to date. Recently, we were able to crystallize and
determine the structures of [Ta(C6H5)6]ÿ and [Ta(4-
CH3C6H4)6]ÿ , which are close to trigonal prismatic, but show,
of course, strong deviations from the ideal structure; this is
due to the packing of the large ligand rings.[15]


Results and Discussion


The reactions between WF6 or WCl6 and Zn(CH3)2 are a
convenient alternative for the preparation of [W(CH3)6].
There are several advantages over the original preparation
from WCl6 and [Al(CH3)3]; for example, the by-product ZnF2


is completely insoluble in the solvents used, and no (CH3)3N is
required to trap the [(CH3)2AlCl]2 generated as a by-product
in the original preparation.


In the reaction between WF6 and Zn(CH3)2, all members of
the series [FxW(CH3)6ÿx] should be intermediates. We tried to
monitor the reaction by 19F NMR spectroscopy, since, in
principle, it should be possible to identify all the
[FxW(CH3)6ÿx] compounds, including the various possible
isomers. However, these compounds with both substituents
[FxW(CH3)6ÿx] only exist in minute amounts alongside WF6


and [W(CH3)6], and therefore are barely detectable, even by
sensitive 19F NMR spectroscopy. So the interesting questions
remain unanswered: namely at which stage of methylation the
change from octahedral (WF6) to trigonal-prismatic and
further to distorted trigonal-prismatic [W(CH3)6] occurs, and
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whether some of these intermediates show fluxionality
between several geometries. We were only able to identify
[F5WCH3] by its doublet ± quintet 19F NMR spectrum, which
confirms that it has the same octahedral structure as WF6


(Figure 1).


Figure 1. 19F NMR spectrum of [W(CH3)6] dissolved in WF6 (20 8C,
376.3 MHz). The doublet ± quintet system, denoted by (*), is due to
[F5WCH3].


We found that the crystallization of needle-shaped single
crystals of [W(CH3)6] from acetone at ÿ90 8C is easily
reproducible. We repeated the crystal structure analysis of
[W(CH3)6], which we have already published, not only
because of its importance for the understanding of the general
bonding principles in this compound, but also to see if it might
crystallize in another manner (polymorphism) and also to
check whether our original choice of space group was correct.
We confirmed our previously published results, especially the
occurrence of two crystallographically different molecules in
the noncentrosymmetric orthorhombic lattice. Bond lengths
and angles varied slightly, depending somewhat on the chosen
crystal and the way the absorption correction was performed.
Numerical values for the bond lengths and angles are taken
from a data set which we believe to be the best one so far. The
two crystallographically different molecules in the unit cell
are packed slightly differently, as already discussed,[14] but
both molecules are very much alike, having a C3v-distorted
trigonal-prismatic structure (Figure 2 and Table 1). Most of
the hydrogen atoms can be located in difference Fourier maps,
and there is no evidence so far for any agostic positioning of
the hydrogen atoms. The C3v distortion from a regular
prismatic structure is such that the bond angles between the
three shorter bonds are larger, while those between the three
longer bonds are quite small. The average difference in bond
length between the long and the short bonds is 8.5 pm or 4 %.
The average bond length of the long bonds (av 218.7 pm) is
between those of [Ta(CH3)6]ÿ (222.6 pm, excluding the Ta ± C
bond lengthened by the Li� contact), and those of [Re(CH3)6]
(212.5 pm). Thus, the short bonds can be regarded as excep-
tional (av� 210.2 pm).


It is worth comparing the experimental structure with the
results from the most sophisticated and most recent ab initio
calculations:[12] W ± C bond lengths and C-W-C bond angles
are in very good agreement (Table 1). The calculations predict
a very small rotation (a few degrees) of the methyl groups
with retention of C3 symmetry; this lowers the energy by 0.6 ±
3.2 kJ molÿ1 (depending on the way electron correlation was


Figure 2. Ortep plot of [W(CH3)6], molecule I, viewed from side (top) and
top (bottom). The structure of molecule II is qualitatively the same; bond
lengths and angles differ at most by 2 pm and 0.88, respectively. For
numerical values see Table 1.


included in the calculation). The methyl groups also seem to
be tilted slightly away from the direction of the W ± C bond.
This is interpreted in terms of in weak agostic bonding,
especially of one of the hydrogen atoms situated on each of
the methyl groups with shorter bonds. Of course, the crystal
structure cannot address this question satisfactorily; however,
the experimentally found orientation of the methyl groups,
best seen in Figure 2 bottom, greatly resembles the calculated
orientation.


The best method for the preparation of [Re(CH3)6] is still
the one from [ReOCl4] with excess LiCH3 with the inter-
mediate formation of [Re(CH3)8]2ÿ.[2] Again, needle-shaped
single crystals were obtained from acetone at ÿ90 8C. The
results of the crystal structure analysis of [Re(CH3)6] are given


Table 1. Results of the X-ray structural determination and the calculated
structure of [W(CH3)6]: bond lengths [pm] and angles [8].[a]


Molecule I Molecule II Calculated


W1 ± C11 210.1(11) W2 ± C21 208.2(15) W ± C1 214.7
W1 ± C12 210.3(13) W2 ± C22 210.2(14)
W1 ± C13 211.8(14) W2 ± C23 210.5(14)
W1 ± C14 217.9(14) W2 ± C24 217.7(11) W ± C4 220.9
W1 ± C15 219.8(14) W2 ± C25 218.1(16)
W1 ± C16 220.4(14) W2 ± C26 218.3(14)
C11-W1-C12 95.7(5) C21-W2-C22 93.9(6) C1-W-C2 95.6
C12-W1-C13 98.8(6) C21-W2-C23 94.2(8)
C12-W1-C13 96.4(6) C22-W2-C23 96.0(6)
C14-W1-C15 76.5(5) C23-W2-C25 75.5(6) C4-W-C5 75.6
C14-W1-C16 76.2(5) C24-W2-C25 76.0(5)
C15-W1-C16 75.3(5) C25-W2-C22 75.7(7)


[a] Ref. [12b], quasi-relativistic calculation.
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in Figure 3 and Table 2. We discovered that in the originally
reported crystal structure we had chosen the wrong space
group (Cc instead of P21/n), because all the reflections with
h�l=2 n were weak and had been overlooked. Luckily, this


Figure 3. Ortep plot of [Re(CH3)6], viewed from side (top) and top
(bottom). For numerical values see Table 2.


does not change the structure of the molecule very much.
[Re(CH3)6] is an almost perfect trigonal prism. Thus, it is
evident that the addition of one electron to the [W(CH3)6]
system changes the structure from distorted trigonal prismatic
to regular trigonal prismatic. The average Re ± C bond length
is 212.5 pm. This value is comparable with the value of
211.7 pm in [ReO(CH3)4][16] and 206.0(9) pm in [CH3ReO3][17] .
The progression towards shorter bond lengths reflects the
increasing unsaturation of the central atom. All hydrogen
atoms, except one, could be located and refined, and there is
no sign of any agostic positioning. However, X-ray diffraction
is not the method of choice for settling this question.


Finally, we want to address the question of how the regular
trigonal-prismatic structure of [Zr(CH3)6]2ÿ, which is iso(va-
lence)electronic to [W(CH3)6], can be explained. In order to
narrow down this question we have prepared, possibly for the
first time, compounds containing the anions [Nb(CH3)6]ÿ and
[Ta(CH3)6]ÿ , and have also determined their crystal struc-
tures. The best method of preparation of [Ta(CH3)6]ÿ is from
[Ta(CH3)5], obtained from TaF5 and LiCH3, which is treated
with LiCH3 to give [Ta(CH3)6]ÿ . Although it is difficult to
handle pure [Ta(CH3)5] because it is sensitive towards oxygen,
moisture, and temperatures above ÿ40 8C, this method is
superior to the direct preparation of [Ta(CH3)6]ÿ from TaF5


because essentially no by-products are produced which could
interfere in the difficult crystallization. [Nb(CH3)6]ÿ was also
obtained in two steps from NbF5 and LiCH3, but with the
intermediate [Nb(CH3)3F2], mainly because handling
[Nb(CH3)5] in preparative amounts (>0.5 g) is dangerous
because of the explosive nature of this material. The crystal
structures of the compounds [Li(OEt2)3]�[Nb(CH3)6]ÿ and
[Li(OEt2)3]�[Ta(CH3)6]ÿ are almost identical; it is possible
that the two compounds are isomorphous. At first glance, both
anions have a regular trigonal-prismatic structure, which is
influenced by the contact of the Li� ion to one methyl group.
This results in a lengthening of these particular Nb ± C and
Ta ± C bonds and also affects the angles in a systematic
manner, see Figures 3 and 4 and Table 3. If one considers the
experimental C-Ta-C and C-Nb-C bond angles, one can detect
also a C3v distortion similar to that in [W(CH3)6], which is
slightly more pronounced in [Nb(CH3)6


ÿ] than in [Ta(CH3)6]ÿ:
one triplet of methyl groups, namely the one which does not
contain the methyl group that has a contact to Li�, displays
quite large angles (av Me-M-Me� 87.98 (M�Nb) and 86.38
(M�Ta)). However, the distortion of the bond angles by the
contact to the Li� cation is also very effective. Bond lengths
vary only slightly in these two triplets. This is in good
agreement with calculations of [Nb(CH3)6]ÿ (Table 3). Calcu-
lations predict that the energy minimum for [Nb(CH3)6]ÿ


should have a C3v-distorted trigonal prism as in [W(CH3)6],
with a considerable distortion of the bond angles and lesser
distortion of the bond lengths.[12] However, this structure is
calculated to be only 0.8 kJ molÿ1 below that of the regular


Figure 4. Ortep plot of one formula unit of [Li(OEt2)3]�[Ta(CH3)6]ÿ . The
structure of [Li(OEt2)3]�[Nb(CH3)6]ÿ is virtually identical (see Table 3).


Table 2. Results of the X-ray structural determination and the recent
calculation of [ReCH3]: bond lengths [pm] and angles [8].[a]


X-ray Calcu-
lated


X-ray Calcu-
lated


Re1 ± C1 211.8(5) 215.1 C1-Re1-C2 82.8(2) 83.6
Re1 ± C2 212.8(5) C1-Re1-C3 83.3(2)
Re1 ± C3 213.7(6) C2-Re1-C3 84.3(2)
Re1 ± C4 213.2(5) C4-Re1-C5 83.7(2)
Re1 ± C5 213.0(5) C4-Re1-C6 83.8(2)
Re1 ± C6 212.2(5) C5-Re1-C6 84.3(2)


[a] ref [12b].
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trigonal-prismatic structure. [Ta(CH3)6]ÿ should have a regu-
lar trigonal-prismatic structure.


We interpret these results as a consequence of the negative
charge in the anions, which is certainly delocalized among the
six methyl groups. It lends enough interligand electrostatic
repulsion so that the sterically highly unfavorable [W(CH3)6]
structure is no longer obtained, or the deviation is only weakly
expressed.


The Ta ± C bond lengths (av 222.6 pm, excluding the Ta ± C
bond lengthened by the Li� contact) can be compared to the
apical Ta ± C bond of 211(2) pm and the basal Ta ± C bonds
(218.0(5) pm in square-pyramidal [Ta(CH3)5]).[18] The length-
ening caused by steric crowding and the addition of a negative
charge is apparent. However, it must be kept in mind that the
trigonal-prismatic structure of [Ta(CH3)6]ÿ cannot be ob-
tained by simply adding the sixth ligand to the basal plane of
[Ta(CH3)5]. The [Ta(CH3)6]ÿ structure is obtained by the
addition of the sixth CH3 ligand to any of the triangular planes
of the [Ta(CH3)5] square pyramid. This reaction pathway
would require essentially only a shift of the apical methyl
group away from the incoming methyl group with a simulta-
neous increase in its bond length. Bond lengths and angles of
the basal methyl groups remain quite unaffected.


Conclusion


The search for other molecules or ions that have a [W(CH3)6]
structure should focus on the 4 d period or positive ions, for
example, the unknown [Mo(CH3)6] and [Re(CH3)6]� .[12]


Experimental Section


All experiments were carried out under pure, dry argon. Compounds stable
at room temperature were handled in a glove box (concentration of O2 and
H2O <1 ppm). Solvents were dried over sodium, degassed, and kept under
argon. WF6 was obtained from Merck Co. (Darmstadt, Germany). WCl6


was made by chlorination of W metal at 600 8C.[19] [Zn(CH3)2] (1m solution
in heptane) was purchased from Aldrich Inorganic. TaF5 and NbF5 were
obtained from Pennwalt Ozark ± Mahoning Chemicals (Oklahoma USA)
and sublimed in vacuo (180 8C, 10ÿ3 mbar) before use. Solid methyllithium


was obtained from the reaction of CH3Cl with lithium in ether and double
recrystallization, followed by drying in vacuo (<10ÿ4 mbar and 120 8C)
which gave a white solid. Methyllithium solution in ether (1.6m) is
commercially available (Sigma-Aldrich).


[W(CH3)6]:


From WCl6 : In a glove box WCl6 (0.95 g, 2.4 mmol) was weighed into a
glass container (50 mL) with two openings. n-Pentane (10 mL) was
condensed in vacuo onto the WCl6. A solution of (CH3)2Zn in n-heptane
(7 mL, 1m) was slowly added dropwise atÿ78 8C. The reaction mixture was
stirred for two days at ÿ35 8C. During this time the color turned deep
orange. The mixture was filtered at ÿ10 8C and then concentrated in vacuo
at ÿ70 8C. The yield (46 %) of [W(CH3)6] was determined by its
quantitative reaction with NO and by weighing the product
[(CH3)4W{ON(CH3)NO}2].[1]


From WF6 : A glass container (50 mL) with two openings was attached to a
vacuum line, and WF6 (1.1 g, 3.69 mol) and n-pentane (10 mL) were
condensed into it in vacuo and with cooling (liquid nitrogen). A solution of
(CH3)2Zn in n-heptane (11.5 mL, 1m) was slowly added dropwise atÿ78 8C.
The mixture was stirred at ÿ35 8C for two days, filtered at ÿ10 8C, and
concentrated in vacuo at ÿ70 8C to afford an orange solution. The yield
(53 %) was determined as described above. 1H NMR (CD2Cl2, ÿ20 8C,
400 MHz): d� 1.72 (J(187W,1H)� 6.0 Hz); {1H}13C NMR (CD2Cl2, ÿ20 8C,
100,4 MHz): d� 83.46 (J(187W,13C)� 43.2 Hz).


Crystals were obtained by complete evaporation of the solvent mixture at
ÿ70 8C in vacuo, and redissolution in acetone at ÿ60 8C. Slow cooling to
ÿ90 8C gave needle-shaped, red-brown crystals.


[Re(CH3)6]: In a glove box, ReOCl4 (0.5 g, 1.48 mmol) was weighed into a
glass container with two openings, and Et2O (10 mL) was condensed onto
it. Under stirring, CH3Li (15 mmol, 1.6m in Et2O) was added dropwise at
ÿ78 8C. The reaction mixture was allowed to warm slowly to room
temperature for a few minutes, cooled quickly to ÿ50 8C, and then the
solvent was pumped off. At ÿ78 8C, n-pentane (20 mL) and degassed H2O
(4 mL) were condensed onto the brown solid. CH4 evolved as the mixture
was allowed to warm to room temperature, and the pentane solution turned
green. The solution was transferred into a glass ampoule by means of a
2 mm Teflon tube, the solvent was slowly pumped off at ÿ78 8C, and
acetone was added. The residue was redissolved in acetone and cooled to
ÿ95 8C to afford needle-shaped, dark green crystals.


[Li(OEt2)3]�[Ta(CH3)6]ÿ: In a Schlenk tube (100 mL) equipped with a
magnetic stirring bar, a suspension of [TaF5] (1.0 g, 3.6 mmol) in pentane
(20 mL) was cooled to ÿ78 8C. Solid LiCH3(0.35 g, 16 mmol) was added
over a period of � 30 min. The mixture was allowed to warm slowly to
ÿ25 8C and then stirred for 16 h. The resulting light yellow solution
containing a small amount of a brown deposit was distilled in vacuo and
collected in a trap cooled by liquid nitrogen. After the mixture had been
pumped for 16 h under vacuum (p< 10ÿ4 mbar), the Schlenk tube was
allowed to warm to room temperature; the nonvolatile solid had turned
black. Yellow, crystalline [Ta(CH3)5] was found separately from the
distilled solvent in the trap. It was redissolved in pentane at ÿ78 8C under
argon to give a light yellow solution of [Ta(CH3)5]. This solution was
concentrated under vacuum to 50 % and transferred into a small Schlenk
tube (16 mm diameter, 300 mm long) by means of a Teflon tube. After
addition of a small amount of ether (� 25% excess) the solution was
titrated with a solution of LiCH3 in ether (1.6m) until it became a white
suspension. The mixture was warmed to ÿ20 8C and then treated in a
supersonic bath to give a very light yellow solution with a small amount of a
white solid. Light yellow crystals were obtained from this solution on
gradual cooling to ÿ90 8C.


[Li(OEt2)3]�[Nb(CH3)6]ÿ: In a Schlenk tube (100 mL) equipped with a
magnetic stirring bar, a suspension of [NbF5] (1.6 g, 8.5 mmol) in pentane/
ether (1:1, 20 mL) was cooled to ÿ35 8C. A solution of LiCH3 (10.6 mL,
17 mmol, 1.6m) in ether was added slowly. The mixture was stirred for 3 h,
and then all volatiles of the resulting yellow suspension were distilled in
vacuo into a trap cooled to ÿ78 8C. The Schlenk tube was allowed to warm
to room temperature and pumped for 16 h (p< 10ÿ4 mbar). A yellow solid
(presumably [(CH3)3NbF2]), and part of the solvent were found in the trap,
while the residue in the Schlenk tube had turned black. The yellow solid
was redissolved in the distilled solvent and the resulting the yellow solution
was transferred under argon into a small Schlenk tube by means of a Teflon
tube. The mixture was titrated with a solution of LiCH3 in ether (1.6m) until


Table 3. Results of the X-ray structural determination for comparison with the
data obtained by calculation of [Ta(CH3)6]ÿ and [Nb(CH3)6]ÿ in
[Li(Et2O)3]�[Ta(CH3)6]ÿ and [Li(Et2O)3]�[Nb(CH3)6]ÿ . Bond lengths [pm]
and angles [8].[a]


X-ray Calculated X-ray Calculated
D3h D3h C3v


Ta1 ± C1 226.2(4) 226.6 Nb ± C1 225.8(6) 226.2 226.8
Ta1 ± C2 220.7(4) Nb ± C2 222.5(7)
Ta1 ± C3 222.0(5) Nb ± C3 221.7(7)
Ta1 ± C4 222.4(5) Nb ± C4 220.5(7) 225.3
Ta1 ± C5 222.7(4) Nb ± C5 222.5(7)
Ta1 ± C6 223.0(4) Nb ± C6 222.7(7)
C1-Ta-C2 81.3(2) 84.8 C1-Nb-C2 80.0(3) 84.7 79.8
C1-Ta-C3 86.9(2) C1-Nb-C3 80.7(3)
C2-Ta-C3 81.7(2) C2-Nb-C3 85.1(3)
C4-Ta-C5 89.0(2) C4-Nb-C5 90.9(3) 90.2
C4-Ta-C6 81.9(2) C4-Nb-C6 89.9(3)
C5-Ta-C6 88.2(2) C5-Nb-C6 83.0(3)


[a] Ref. [12b].
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a white solid formed. After 2 h sedimen-
tation, a clear yellow solution appeared
above a gray solid. The liquid phase was
transferred by means of a thin Teflon
tube into an ampoule (10 mm). Yellow
crystals precipitated from the solution
when it was kept atÿ90 8C for a few days.
Raman (ÿ80 8C): nÄ � 2976 (20, 2930 (35),
288 (30), 1445 (20), 1404 (12), 1327 (4),
1282 (3), 1139 (45), 1102 (55), 1063 (45),
1021 (5), 1000 (6), 912 (6), 898 (5), 835
(20), 795 (7), 784 (7), 616 (4), 492 (100),
405 (20), 316 (10) cmÿ1.


Crystal structure determinations : (See
also Table 4). Glass tubes containing
single crystals were opened into the
mouth of a special apparatus designed
for handling moisture-, oxygen-, and
temperature-sensitive compounds.[20] A
suitable crystal was selected. In the case
of [W(CH3)6] and [Re(CH3)6], the nee-
dle-shaped crystals were cut so that the
maximum length did not exceed 1 mm in order to weaken the anisotropy of
absorption. The crystal was mounted on a glass tip with perfluoropolyether
([W(CH3)6], [Re(CH3)6]) or Nujol/methylcyclohexane ([Nb(CH3)6]ÿ and
[Ta(CH3)6]ÿ), and adjusted. The reflections were measured on a Enraf ±
Nonius CAD4 diffractometer with MoKa radiation and a graphite mono-
chromator. Cell dimensions were obtained by fine orientation of 25
reflections with 20< q< 258. Data were collected in the w-scan mode with a
maximum of 60 s for each reflection, depending on intensity, and leaving
25% of the measuring time for background measurements. Friedel pairs
were measured in case of the three noncentrosymmetric crystal systems.
After Lorentz polarization and psi-scan absorption correction the struc-
tures were solved with the SHELX 86 program[21] and refined with
SHELXS 97.[22] All atoms, except hydrogen, were refined anisotropically.
[W(CH3)6]: Best results were obtained for a racemic twin of the non-
centrosymmetric space group with occupational factors close to 50 %. Since
only most, but not all, hydrogen atoms could be located and refined, we
chose a rigid methyl group refinement which allows the methyl groups to
rotate and tilt against the W ± C bonds. All hydrogen atoms were refined
with a single, common isotropic vibrational parameter. [Re(CH3)6]: All
hydrogen atoms, except one, could be refined independently with a single,
common isotropic vibrational parameter. One hydrogen atom was found at
a distance of 50 pm from the C6 atom. Therefore, the same rigid group
refinement procedure as used for [W(CH3)6] was applied which allowed
rotation and tilting against the Re ± C axes. [Li(OEt2)3]�[Ta(CH3)6]ÿ: The
hydrogen atoms on C1 (bridging between Ta and Li) were refined
independently. All other hydrogen atoms were refined with rigid methyl
and methylene groups. [Li(OEt2)3]�[Nb(CH3)6]ÿ: All hydrogen atoms were
refined with rigid methyl and methylene groups. 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-101 029. Copies of the data can be
obtained free of charge on application to CCDC, 12Union Road, Cam-
bridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).
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Table 4. Crystallographic data.


[W(CH3)6] [Re(CH3)6] [Li(Et2O)3]�[Ta(CH3)6]ÿ [Li(Et2O)3]�[Nb(CH3)6]ÿ


Mc 274.05 276.41 500.45 412.41
T [8C] ÿ 163 ÿ 163 ÿ 153 ÿ 153
space group Pbc21(No. 29) P21/n P212121 P212121


a [pm] 630.9(1) 1114.6(3) 1054.2(1) 1054.2(1)
b [pm] 1315.8(1) 626.4(2) 1448.5(1) 1628.6(1)
c [pm] 2091.3(3) 1332.9(2) 1628.6(1) 1448.5(1)
b [8] 90 113.98(2) 90 90
V [10 pm3] 1736.1(4) 850.3(4) 2487(2) 2486(3)
Z 8 4 4 4
absorption coeff [mmÿ1] 13.22 14.2 4.43 0.493
qmax [8] 30 35 30 25
reflections collected 6492 2410 5923 2902
reflections, independent 5776 1725 5923 2902
refined parameters 165 120 229 220
R 0.048 0.021 0.026 0.041
wR2 0.109 0.053 0.069 0.117
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Abstract: Rogioldiol B ((ÿ)-3) and ro-
gioldiol C ((ÿ)-7) were isolated from the
red seaweed Laurencia microcladia,
which grows at Il Rogiolo along the
coast of Tuscany, as the first examples of
15,14-friedoobtusane diterpenes. The
absolute configuration at their bromi-
nated moiety was assumed to be identi-
cal to rogiolal (2), already isolated from
the same seaweed as a putative biode-
gradation product of rogioldiol A ((ÿ)-


1). Failure to define the absolute config-
uration through investigation of Mosh-
er�s esters reflects a so far unrecognized
problem of sterically crowded secondary
alcohols in acyclic systems. However,
the absolute configuration at C9, de-


fined by exciton-coupling techniques,
could be extended to C10 by extensive
NMR experimentation and molecular
mechanics calculations. Surprisingly
(ÿ)-3 and (ÿ)-7 have the opposite con-
figuration at C10, which suggests that
they are formed along two different
biogenetic pathways involving mirror-
image folding of a geranyl geraniol-
derived precursor.


Keywords: conformation analysis ´
diterpenes ´ Mosher�s esters ´ natu-
ral products ´ NMR spectroscopy


Introduction


Mosher�s method for the assignment of the absolute config-
uration of chiral secondary alcohols is based on NMR
spectroscopic data (dSÿ dR) for diastereomers obtained from
the antipodal forms of an optically active esterifying agent
possessing an anisotropic group, such as a phenyl ring,
commonly methoxytrifluoromethylphenyl acetyl chloride
(MTPA-Cl).[1] This method has gained tremendous impor-
tance in the assignment of the absolute configuration of
structurally complex natural products since a) secondary
hydroxyl groups can be created in derivatives[2] (which are
needed in very small amounts and can be recovered by ester
hydrolysis), and b) whenÐas normally occursÐthe CF3 and
ÿOÿC�O groups lie in the same plane as the carbinyl H atom,
it is expected that dSÿ dR� 0, since the anisotropic effects of
the phenyl group must be the same on the protons at either
the front side or the rear side of the molecule; this affords a
criterion for testing the self-consistency of the methodology.


Axial or pseudoaxial OH groups at ring positions may not
attain this ideal conformation, thus hindering the application
of Mosher�s methodology.[2a, 3] That this also
applies to sterically encumbered sec-OH


group in acyclic compounds is shown here on dealing with
the first examples of 15,14-friedoobtusane diterpenes. Their
stereostructures have profound biogenetic implications.


Results and Discussion


The relative configuration : The NMR spectra (Table 1) for
rogioldiol B ((ÿ)-3, Scheme 1, p. 1695) closely resemble those
for rogioldiol A ((ÿ)-1), which was isolated, together with its
putative biodegradation product rogiolal (2), from the red
seaweed Laurencia microcladia growing at Il Rogiolo on the
coast of Tuscany.[4] This fact suggested, in line with the MS
spectra (Experimental Section), an isomeric relationship
between (ÿ)-3 and (ÿ)-1. In particular, the brominated ring
and inter-ring chain for (ÿ)-3 could be assigned by compar-
ison of the NMR spectra of (ÿ)-1 and (ÿ)-3 (Table 1).[4]


However, rogioldiol B lacks both the gem-dimethyl group
and the C(13)�C(14) double bond of (ÿ)-1, which are
replaced by MeC(14)�C(15)Me. This and the presence of an
exo-methylene group are fully supported by three sets of long-
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range heteronuclear correlation (HMBC) data: of H10 with
C8, C9, C11, C15, and C18, of Me20 with C10, C14, and C15,
and of Me19 with C14 and C15. Additional structural support
is afforded by positive NOE between Me19 and Me20.
Differential decoupling and COSY experiments complete the
picture, allowing a thorough assignment of all proton and
carbon resonances. This forms the basis for the stereochemical
and conformational elucidation of this compound.


The relative configurations of (ÿ)-3 at the brominated ring
are the same as for (ÿ)-1.[4] The equatorial position of
bromine is supported by the coupling pattern of H2, whose
positive NOE with Me16 supports the cis position of Br and
OH at 2,3, while the axial position of H6 rests on its coupling
pattern (Table 1). An E configuration at C7�C8 is determined
by the upfield resonance of Me17. The pseudoequatorial
position of H10, and a preferential conformation with
dihedral angle H6ÿC6ÿC7ÿC17 of approximately 1808, are
based on a strong positive NOE of Me17 with Hax1, Hax5, and
H9. The assignment of the relative configurations at C9 and
C10 proved much more difficult ; a moderate J9,10 coupling of
5.5 Hz suggested equilibration among several conformers. A
conformational-space search through the molecular mechan-
ics (MM) program GMMX allowed us to restrict the analysis
to the conformers generated by rotation around the bonds
C8ÿC9 and C9ÿC10. This was carried out in 308 increments,
and revealed four significant minimum-energy conformers
within an energy window of 2.5 kcal molÿ1. These are the
C9ÿC10 rotamers 3 a (dominant), 3 b, and 3 c, and the very
minor C8ÿC9 rotamer 3 d (Figure 1 and Table 2), leading to an
averaged J9,10� 6.1 Hz, in fair agreement with the experimen-
tal value of 5.4 Hz. The appropriate choice of this model is
also proven by a satisfactory agreement between experimen-
tal and mean calculated values of J8,9 (Table 2). Further
support is given by the positive NOE of H10 with H9, Ha18,


Figure 1. The four relevant conformations of rogioldiol B, 3 a (major), 3b,
and 3c for rotation around the C9ÿC10 bond, and 3d for rotation around
the C8ÿC9 bond, as inferred from MM calculations.


and Me20, and of Me20 with H9. For the C6ÿC7 bond, both
coupling values and MM calculations indicated that in the
preferred conformer H6 and Me-17 take antiperiplanar
positions. The pseudoaxial chain at C10 reflects allylic strain[5]


by the exo-methylene group to equatorial chain attachment,
resulting in a MM-calculated high-strain-energy half-chair
conformation. This constitutes a suitable model to judge
shift ± reagent effects since vicinal J values remained unal-
tered on progressively adding [Eu(fod)3]. Data in Figure 2
and in the experimental section show that [Eu(fod)3], when
added in less than the stoichiometric amount, binds mainly to


Table 1. 1H and 13C NMR data (C6D6) for rogioldiol B ((ÿ)-3) and rogioldiol C ((ÿ)-7).


Atom (ÿ)-3 (ÿ)-7
1H[a] 13C 1H[b] 13C


1 ax 2.24 q (12.3); eq 1.94 dddd (2.1, 3.4, 4.5, 12.3) 38.82 t ax 2.33 q (12.3); eq 2.02 ddd (3.3, 4.3, 12.3) 38.93 t
2 3.60 dd (4.5, 12.3) 65.79 d 3.65 dd (4.3, 12.3) 65.88 d
3 ± 70.23 s ± 70.23 s
4 ax 0.97 dt (4.0, 13.2); eq 1.84 td (3.0, 13.2) 37.46 t ax 0.97 br.t (13.2); eq 1.84 td (3.3, 13.2) 37.47 t
5 ax 1.79 dtd (3.6, 12.3, 13.2); eq 1.27 tdd (2.1, 3.2, 12.3) 25.68 t ax 1.81 dtd (3.3, 12.3, 13.2); eq 1.29 ddd (2.5, 3.3, 12.3) 25.80 t
6 1.56 tt (3.3, 12.3) 48.42 d 1.66 tt (3.3, 12.3) 48.65 d
7 ± 139.75 s ± 142.13 s
8 5.20 qd (1.2, 8.7) 126.29 d 5.25 qd (1.3, 8.5) 125.47 d
9 4.54 dd (5.5, 8.7) 70.03 d 4.43 dd (8.5, 9.4) 66.10 d
10 2.76 d (5.5) 55.70 d 2.82 d (9.4) 61.98 d
11 ± 146.85 s ± 147.05 s
12 ax 2.39 ttd (1.8, 9.2, 13.3); eq 2.15 dddd 1.1, 3.0, 5.4, 13.3) 30.58 t 2.02 m 33.18 t
13 1.98 m 33.28 t ax 0.90 dq (3.6, 12.3); eq 1.31 ddd (2.0, 4.4, 12.3) 36.55 t
14 ± 124.48 s 2.03 dqd (2.0, 6.4, 12.3) 32.64 d
15 ± 129.53 s ± 152.11 s
16 1.09 s 30.53 q 1.10 s 30.58 q
17 1.43 d (1.2) 15.03 q 1.53 d (1.3) 14.99 q
18 4.79 m 109.91 t a) 4.60 td (1.5, 2.9); b) 4.64 br d (2.9) 111.00 t
19 1.50 br s 19.07 q 0.93 d (6.4) 18.07 q
20 1.73 br s 19.31 q a) 4.84 br t (1.7); b) 4.76 t (1.7) 110.32 t


[a] NOE1D: 4.54!2.76 and 1.73; 1.73!4.54, 2.77 and 1.50; 1.43!4.54 and 2.24; additional NOE2D 5.20!4.54; 4.79!2.76 and 2.15; 3.65!1.09.
[b] NOE1D: 4.84!2.82; 4.76!0.93; 4.64!2.02; 4.60!2.82; 4.43!2.03 and 1.53; 1.53!4.43, 2.33 and 1.81; additional NOE2D: 5.25!2.82; 3.65!1.10. Dd


(ppm� 100) observed on addition of [Eu(fod)3] (conc [3]/[Eu(fod)3]� 0.4): 4.43 (124), 5.25 (114), 2.82 (82), 4.84 (39), 2.03 (39), 4.60 (30), 4.76 (25), 1.53 (23),
1.66 (21), 2.33 (21), 4.64 (19), 0.93 (8), 3.65 (6), 1.10 (5), under which conditions NOE1D H9!H14 and Me17; H8!H10 and H6; H10!H8, Ha18 and Ha20.
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Figure 2. Values preceded by an algebraic sign represent the difference in
hertz between the corresponding resonances of (S)-MTPA ester 4 and (R)-
MTPA 5 (top structure) and the analogues 8 and 9, respectively (bottom
structure) (R�MTPA). The other values (Dd(ppm� 100)) represent
[Eu(fod)3]-induced deshielding in CDCl3 for (ÿ)-3 (top) and (ÿ)-7
(bottom) (R�H).


HO9, inducing larger shifts on both Ha18 and Hax12 than on
Me20. This implies that on average the hydroxyl group is
closer to these two groups than to Me20, and it is also closer to
C18 than to C19, as approximately represented by the
dominant conformer 3 a (Figures 1 and 2). For conformer 3 c
opposite effects would be predicted, but 3 c is less populated
than 3 a, while for conformer 3 b the observed changes in
chemical shift would be expected to be the same for all the
groups since they all have similar interatomic distances.


Data for rogioldiol C ((ÿ)-7, Scheme 2) (Table 1 and
Experimental Section) support the presence of the same
brominated ring and inter-ring chain as in (ÿ)-3. The other
ring differs from that of (ÿ)-3 in that both double bonds are in
the form of exo-methylene groups. This assignment was based
on the coupling pattern of H14, selective homonuclear
decoupling experiments, and long-range HMBC of Me19
with C13, C14, and C15, as well as COSY experiments.
Conformational analysis disclosed that, within an energy


window of 3 kcal molÿ1, (ÿ)-7 exists in four minimum-energy
conformations, 7 a (dominant), 7 b, 7 c, and 7 d (Figure 3 and
Table 2), leading to an average J9,10� 10 Hz in good agree-
ment with the experimental value of 9.4 Hz. Added [Eu(fod)3]
becomes bound mainly to HO9, inducing larger shifts on both
Ha20 and Hax14 than on Ha18. This implies that on average the
hydroxyl group is closer to these two groups than to Ha18, and
is also closer to C(20) than to C(18), as approximately
represented by the dominant conformer 7 a (Figures 2 and 3).
Both 7 c (which, per se, is expected to have opposite shifts)
and 7 d are minor conformers, while 7 b must be neutral for the
same reasons illustrated above for 3 b.


Figure 3. The four relevant conformations of rogioldiol C, 7a (major), 7b,
and 7c for rotation around the C9ÿC10 bond, and 7d for rotation around
the C(8)ÿC(9) bond, as inferred from MM calculations.


These conclusions are in accordance with both PCMODEL
and MM3 calculations, while PM3 semiempirical calculations
failed to simulate these systems correctly. Although we took
care to account for nonbonded interactions between hydro-
gens with the Spartan package (Wavefunction), PM3 calcu-
lations pointed to very similar ratios for the three conformers
7 a, 7 b, and 7 c (Figure 3) or their C10 epimers, while 7 d was
not evaluated. This pattern does not fit the NMR observa-


Table 2. Results from GMMX/MM3 calculations for rogioldiol B (ÿ)-3 and rogioldiol C (ÿ)-7.


Conf. Ei
[a] [kcal molÿ1] xi


[b] C7-C8-C9-C10 tors. angle H-C9-C9-C10-H-C10 tors. angle Calculated J8,9 [Hz][c] Calculated J9,10 [Hz][c]


3a 0.00 0.42 ÿ 114 � 179 11.6 10.5
3b 0.31 0.25 ÿ 96 ÿ 59 11.6 1.7
3c 0.17 0.31 ÿ 112 � 67 8.6 2.3
3d 1.72 0.02 � 78 ÿ 176 6.4 10.6


7a 0.00 0.75 ÿ 112 � 179 11.2 10.5
7b 0.90 0.17 ÿ 97 ÿ 62 9.9 1.4
7c 1.71 0.04 ÿ 106 � 63 10.2 2.3
7d 1.63 0.04 � 85 ÿ 179 5.8 10.6


[a] Relative strain energy of conformers as obtained from GMMX conformational space search and MM3 (block diagonal and full matrix minimization
mode) energy minimization of more stable conformers. [b] Conformer molar ratio as evaluated at rt by Boltzman distribution xi� exp[(-Ei/RT)]Si (exp[(-Ei/
RT)]. [c] Evaluated by Altona�s equation (C. A. G. Haasnoot, F. A. A. M. De Leeuw, C. Altona, Tetrahedron 1980, 36, 2783) as a subroutine in PCMODEL
program.
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tions, reflecting the well-known difficulty of semiempirical
calculations in accounting for the relative heats of formation
of conformers.


The absolute configuration : The above results imply that (ÿ)-
3 and (ÿ)-7 differ in absolute configuration at either C9 or
C10. Mosher�s MTPA esters, 4/5 from (ÿ)-3 (Scheme 1) or 8/9
from (ÿ)-7 (Scheme 2), proved unsuitable to deal with this
question. As shown in Figure 2, the sign of (dSÿ dR) is not


Scheme 1. Synthesis of MTPA and 4-bromobenzoate esters. [a] (ÿ)-(R)-
MTPA-Cl, pyr, DMPA, rt, 3 h; [b] (�)-MTPA-Cl in place of (ÿ)-(R)-
MTPA-Cl. [c] 4-Br-C6H4-COCl, pyr, cat. DMAP, rt, overnight.


Scheme 2. Synthesis of MTPA and 4-bromobenzoate esters; [a], [b] and [c]
as in Scheme 1.


conserved along the rear side and the front side of the
molecule, that is, along the sides flanking the ideal Mosher�s
plane, the deviations being worse for 8/9 than for 4/5. This
failure was unexpected on the basis of current literature but is
not surprising in view of the large deviations from Mosher�s
ideal conformation observed for these compounds.


We then turned to the exciton-coupling technique,[6] relying
on the facile esterification of HO9 and the adjacency of
C7�C8. Phenyl esters 6 and 10 showed a positive Cotton effect
while the relevant dihedral angle OÿC9ÿC8ÿC7 was also
positive (Figure 4), thus indicating R configuration at C9 in
both cases. Combining these observations with those in the
previous section, it must be concluded that (ÿ)-3 and (ÿ)-7
have opposite configuration at C10, R and S, respectively. It
should be appreciated that conformers 6 a (Figure 4A) and


10 a (Figure 4B) are the equivalent of the preferred con-
formers 3 a (Figure 1) and 7 a (Figure 3) of the natural
products, respectively. Thus, 6 a and 10 a fulfill the condition


Figure 4. A): Major (6 a) and minor (6 b) conformations for rotation
around the C8ÿC9 bond of rogioldiol B p-bromobenzoate, as inferred from
MM calculations; B): major (10 a) and minor (10b) conformers for rotation
around the C8ÿC9 bond of rogioldiol C p-bromobenzoate; the relevant
torsional angle C7ÿC8ÿC9ÿO for CD analysis is shown.


of the exciton-coupling technique that there must be a
preferred conformer for rotation around the C8ÿC9 bond.
Eclipsing of C7�C8 with H9 is justified by the effect of 1,3-
allylic strain and the smallness of the proton. According to
MM3 calculations, the population ratios 6 a/6 b and 10 a/10 b
are approximately 80:20, corresponding to about 1 kcal molÿ1.
Thus, the observed Cotton effect might well reflect the
average of two opposite contributions.


Conclusions and Outlook


The discovery of the first 15,14-friedoobtusanes, (ÿ)-3 and
(ÿ)-7, has had the practically interesting side-effect of
demonstrating the failure of Mosher�s NMR methodology
for the assignment of the absolute configuration of sterically
crowded acyclic secondary alcohols. However, the surprising
finding of opposite chirality at the pivotal center C10 of these
metabolites is the most challenging aspect of this work. We
envisage the intervention on a monocyclogeraniol intermedi-
ate of cyclases with opposite chirality at the active center, that
is, the existence of antipodal pathways (Scheme 3). The
production of enantiomeric metabolites from the same
nominal species collected in different locations is not unusu-
al,[7, 8] although the taxonomic assignment is rarely described
in detail and thus remains to be proven. Also rather frequent
is the detection of quasiracemic or enantiomerically impure
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metabolites from an organism, in particular monoterpenes
from terrestrial plants,[9a] products of phenol oxidative cou-
pling,[9b] and alkaloids from possible involvement of vestigial
enzymes.[9c] In contrast, the formation of diastereomers that
require distinct antipodal pathways is quite uncommon, the
most clear-cut case being clavulanic acid and clavam metab-
olites from actinobacteria.[10] Formation of rogioldiol B ((ÿ)-
3) and C ((ÿ)-7) may be seen as an example of the latter
category[10] for eukaryotes. The presence of (ÿ)-3 and (ÿ)-7 at
similar concentrations in algal extracts makes it unlikely that
either one of these metabolites was produced by a contam-
inating different species of Laurencia which had escaped our
attention during the collection.


Laurencia microcladia, which grows at Il Rogiolo, is
atypical of its genus and of a nominally like species[11] also
for its production of oxepanes.[12] Since secondary metabolites
are an expression of functional genes, this speaks for a wide
genetic variability. Therefore, the population of L. micro-
cladia studied here should be considered as a border-zone
population[13] which may supply great genetic diversity,
relevant to the evolutionary process. For this reason, preser-
vation of border-zone populations of lower eukaryotic
organisms is more important than preservation of the last
rhinoceros, which, with its few offspring, has little to offer to
the palette of evolution.


Experimental Section


General methods : See ref. [4]; in addition: COSY 1H ± 1H,[4] NOE2D,[14]


HMQC,[4] and HMBC[4] were carried out on both (ÿ)-3 and (ÿ)-7. NOE1D
stands for differential NOE, reported as irradiated proton!observed
proton. MM calculations were carried out by the programs GMMX and
PCMODEL (based on the MMX forcefield) from Serena Software and
MM3(96) from QCPE.
Isolation of compounds : The residue (0.12 g) obtained from evaporation of
fraction 36 of the 54 fractions previously derived from L. microcladia
extracts[4] was purified by reverse-phase HPLC with MeCN/H2O (65:35),
followed by nitrile HPLC with hexane/(iPr)OH (97:3), and several
fractions were collected. The residue (0.03 g), from evaporation of fraction
7, was purified by Si-60 HPLC with hexane/Et2O (1:1), which yielded


rogioldiol B ((ÿ)-3) (tR� 7.8 min,
11 mg, 0.02 %) and rogioldiol C ((ÿ)-
7) (tR� 8.9 min, 6 mg, 0.01 %).


Rogioldiol B ((ÿ)-3): [a]20
D �ÿ195 (c�


0.45, MeOH); 1H NMR (CDCl3): d�
2.15 (q, J� 12.1 Hz, Hax1), 2.01 (dddd,
J� 2.1, 3.7, 4.1, 12.1 Hz, Heq1), 4.14 (dd,
J� 4.1, 12.1 Hz, H2), 0.97 (dt, J� 4.0,
13.2 Hz, Hax4), 1.84 (td, J� 3.0, 13.2 Hz,
Heq4), 2.10 (dq, J� 3.6, 12.4 Hz, Hax5),
1.45 (tdd, J� 2.1, 3.2, 12.4 Hz, Heq5),
1.93 (tt, J� 3.1, 12.0 Hz, H6), 5.13 (br d,
J� 9.1 Hz, H8), 4.53 (dd, J� 5.5, 9.1 Hz,
H9), 2.76 (d, J� 5.5 Hz, H10), 2.37 (ttd,
J� 1.8, 9.2, 13.3 Hz, Hax12), 2.24 (dddd,
J� 1.1, 3.0, 5.4, 13.3 Hz, Heq12), 2.05 (m,
H213), 1.31 (s, H316), 1.59 (d, J� 1.2 Hz,
H317), 4.75 (t, J� 1.9 Hz, Ha18), 4.82 (t,
J� 1.9 Hz, Hb18), 1.61 (br s, H319), 1.73
(br s, H320); NOE1D: 5.13!1.93;
4.82!2.15; 4.75!2.76; 4.54!2.76,
1.73, 1.59; 2.76!4.75, 4.53, 1.73; Dd


(ppm� 100) observed on addition of
[Eu(fod)3] (conc. [3]/[Eu(fod)3]� 0.2): 4.53 (49), 5.13 (28), 2.74 (25), 4.75
(13), 2.37 (12), 1.73 (7), 1.59 (6), 2.24 (8), 1.61 (4), 1.31 (2); 13C NMR
(CDCl3):d� 38.82 (t, C1), 65.79 (d, C2), 70.23 (s, C3), 37.46 (t, C4), 25.68 (t,
C5), 48.42 (d, C6), 139.75 (s, C7), 126.29 (d, C8), 70.03 (d, C9), 55.70 (d,
C10), 146.85 (s, C11), 30.58 (t, C12), 33.28 (t, C13), 124.48 (s, C14), 129.53 (s,
C15), 30.53 (q, C16), 15.03 (q, C17), 109.91 (t, C18), 19.07 (q, C19), 19.31 (q,
C20); Dd (ppm� 100) observed on addition of [Eu(fod)3] (conc [3]/
[Eu(fod)3]� 0.2): 70.03 (79), 126.29 (25), 139.75 (19), 109.91 (19), 146.85
(16), 129.53 (13), 55.70 (13), 15.03 (10), 30.58 (8), 48.42 (7), 33.28 (7), 30.53
(7), 19.07 (5), 19.31 (5), 124.48 (4), 38.82 (4), 70.23 (4), 25.68 (3), 37.46 (0);
MS (70 eV, EI): m/z (%) � 364/366 (10/10, [MÿH2O]�), 349/351 (4/4,
[MÿMeÿH2O]�), 284 (30, [MÿH2OÿHBr] .� , 269 (13), 245 (15), 225
(15), 163 (17), 122 (100).


MTPA esters of (ÿ)-3 : Rogioldiol B ((ÿ)-3 ; 4 mg) was treated with 3 equiv
(�)-(S)-MTPA-Cl and 4-dimethylaminopyridine (1.0 mg) in dry pyridine
(0.5 mL). The same procedure was followed with (ÿ)-(R)-MTPA-Cl. In
each case, the reaction was quenched after 3 h with saturated aq. CuSO4


(1 mL) followed by Et2O (4 mL) and the mixture was passed through a
Whatman phase-separation filter. The organic phase was evaporated and
subjected to Si60 HPLC with n-hexane/iPrOH (98:2) to give 4 (tR�
5.5 min) from (ÿ)-(R)-MTPA-Cl or 5 (tR� 6.8 min) from (�)-(S)-MTPA-
Cl.


Data for 4: [a]20
D �ÿ113 (c� 0.14, MeOH); 1H NMR (CDCl3): d� 2.12 (q,


J� 12.0 Hz, Hax1), 1.99 (m, Heq1), 4.13 (dd, J� 4.7, 11.8 Hz, H2), 2.05 and
1.45 (m, H24), 170 and 1.58 (m, H25), 1.94 (tt, J� 3.3, 12.0 Hz, H6), 5.17
(quint. d, J� 1.2, 9.7 Hz, H8), 5.87 (dd, J� 5.4, 9.7 Hz, H9), 2.75 (br d, J�
5.4 Hz, H10), 2.16 and 2.03 (m, H212), 2.05 (m, H213), 1.32 (s, H316), 1.69 (d,
J� 1.2 Hz, H317), 4.67 (dt, J� 0.7, 2.1 Hz, Hb18), 4.43 (m, Ha18), 1.53 (br s,
H319 and H320), 7.6 ± 7.3 (series of m, aromatic CH); 3.56 (q, J� 1.3 Hz,
OMe); NOE1D: 5.86!2.75, 1.69, 1.53; 4.43!2.75; 4.67!2.16;
2.75!5.88, 5.17, 4.43, 1.53; 13C NMR (CDCl3): d� 33.08 (t, C1), 65.45 (d,
C2), 70.19 (s, C3), 37.39 (t, C4), 25.83 (t, C5), 48.21 (d, C6), 143.81 (s, C7),
127.12 (d, C8), 75.82 (d, C9), 52.75 (d, C10), 144.76 (s, C11), 30.11 (t, C12),
38.56 (t, C13), 124.15 (s, C14), 129.95 (s, C15), 30.57 (q, C16), 15.63 (q, C17),
110.76 (t, C18), 19.33 (q, C19), 18.72 (q, C20), [165.92 (s, CO), 128.27 (d),
129.43 (d), 120.67 (d), 132.71 (s), 55.55 (q), MTPA signals].


Data for 5 : [a]20
D �ÿ47 (c� 0.12, MeOH); 1H NMR (CDCl3): d� 1.92 (tt,


J� 3.1, 12.1 Hz, H6), 5.00 (quint d, J� 1.2, 9.6 Hz, H8), 5.76 (dd, J� 6.3,
9.6 Hz, H9), 2.80 (br d, J� 6.3 Hz, H10), 1.32 (s, H316), 1.71 (d, J� 1.2 Hz,
H317), 4.73 (dt, J� 0.7, 2.1 Hz, Hb18), 4.65 (m, Ha18), 1.58 (br s, H319), 1.67
(br s, H320), 7.6 ± 7.3 (series of m, aromatic CH), 3.48 (q, J� 1.1 Hz, OMe);
NOE2D: 5.76!2.80, 1.71; 4.65!2.80; 13C NMR (CDCl3): d� 33.15 (t, C1),
65.54 (d, C2), 70.22 (s, C3), 37.41 (t, C4), 25.87 (t, C5), 48.18 (d, C6), 143.73
(s, C7), 127.55 (d, C8), 75.82 (d, C9), 52.79 (d, C10), 144.92 (s, C11), 29.85 (t,
C12), 38.59 (t, C13), 124.62 (s, C14), 129.84 (s, C15), 30.57 (q, C16), 15.68 (q,
C17), 110.63 (t, C18), 19.33 (q, C19), 19.23 (q, C20), [166.08 (s), 128.33 (d),
129.53 (d), 120.79 (d), 132.20 (s), and 55.37 (q), MTPA signals]; the C9
signal was overlapped by the CHCl3 residual signal.


Scheme 3. Hypothetical biogenetic scheme from geranyl geranyl pyrophosphate to rogioldiol B ((ÿ)-3) and
rogioldiol C ((ÿ)-7).







Antipodal Pathways 1692 ± 1697


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1697 $ 17.50+.25/0 1697


Rogioldiol B p-bromobenzoate (6): 4-Bromobenzoylchloride (5 equiv) and
a catalytic amount of 4-dimethylaminopyridine were added to a solution of
(ÿ)-3 (1.4 mg) in dry pyridine (0.2 mL). The mixture was stirred overnight
at room temperature and then MeOH (0.5 mL), sat. aq. CuSO4 (2 mL), and
n-hexane (4 mL) were added in sequence. The mixture was allowed to
percolate through a Whatman phase-separation filter. The filtrate was
evaporated, and the resulting residue was purified by Si-60 HPLC with
hexane/iPrOH (97:3) to obtain 6 (tR� 6.5 min, 1.0 mg, 43 %). UV (MeOH):
lmax (e)� 244 (22 000 molÿ1 Lcmÿ1); CD (MeOH): Demax (246 nm)��5.8;
1H NMR (CDCl3, reporting only signals significantly different from (ÿ)-3):
d� 5.18 (br d, J� 9.5 Hz, H8), 5.90 (dd, J� 5.9, 9.5 Hz, H9), 2.93 (br d, J�
5.9 Hz, H10), 1.70 (br s, H317), 4.82 (m, Hb18), 4.73 (m, Ha18), 1.76 (s, H319),
1.70 (s, H320); MS (70 eV, EI): m/z (%)� 364/366 (21/21, [Mÿ
BrC6H5COOH].�), 349/351 (2/2, [MÿBrC6H5COOHÿH2O]�), 243/245
(13/13), 225/227 (5/5), 183/185 (100/100), 173 (16), 145 (12), 121 (42), 105
(31), 91 (23), 43 (47).


Rogioldiol C ((ÿ)-7): [a]20
D �ÿ61 (c� 0.18, MeOH); 1H NMR (CDCl3):


d� 2.19 (q, J� 12.1 Hz, Hax1), 2.03 (ddd, J� 3.4, 4.4, 12.1 Hz, Heq1), 4.16
(dd, J� 4.4, 12.1 Hz, H2), 1.00 (br t, J� 13.2 Hz, Hax4), 1.86 (td, J� 2.5,
13.2 Hz, Heq4), 2.21 (dq, J� 3.4, 12.4 Hz, Hax5), 1.49 (ddd, J� 2.5, 3.4,
12.4 Hz, Heq5), 1.98 (tt, J� 3.4, 12.1 Hz, H6), 5.09 (qd, J� 1.3, 8.9 Hz, H8),
4.43 (dd, J� 8.9, 9.6 Hz, H9), 2.79 (d, J� 9.6 Hz, H10), 2.20 (m, H212), 1.68
(dq, J� 2.7, 12.3 Hz, Hax13), 1.49 (m, Heq13), 2.32 (tdq, J� 2.0, 6.5, 12.3 Hz,
H14), 1.31 (s, H316), 1.61 (d, J� 1.3 Hz, H317), 4.60 (t, J� 2.0 Hz, Ha18),
4.67 (t, J� 2.0 Hz, Hb18), 1.11 (d, J� 6.5 Hz, H319), 4.91 (br t, J� 1.8 Hz,
Ha20), 4.89 (t, J� 1.8 Hz, Hb20); NOE1D: 5.09!2.79 (4%), 1.98 (5%);
4.91!2.79 (12 %); 4.89!1.11 (4%); 4.67!2.20; 4.60!2.79 (4%);
4.43!2.34 (6%), 1.62 (6%); 1.62!4.43 (7%), 2.19; 1.31!4.16 (6%);
1.11!4.89 (5%), 1.49; Dd (ppm� 100) observed on addition of [Eu(fod)3]
(conc [3]/[Eu(fod)3]� 0.3): 4.43 (83), 5.09 (78), 2.79 (54), 4.91 (25), 2.32
(23), 4.60 (20), 4.67 (13), 1.61 (15), 4.89 (15), 1.11 (5), 3.65 (4), under the
same conditions NOE1D : H9!H14 and Me17; H8!H10 and H6;
H10!H8, Ha18, and Ha20; 13C NMR (CDCl3): d� 38.93 (t, C1), 65.88 (d,
C2), 70.23 (s, C3), 37.47 (t, C4), 25.80 (t, C5), 48.65 (d, C6), 142.13 (s, C7),
125.47 (d, C8), 66.10 (d, C9), 61.98 (d, C10), 147.05 (s, C11), 33.18 (t, C12),
36.55 (t, C13), 32.64 (d, C14), 152.11 (s, C15), 30.58 (q, C16), 14.99 (q, C17),
111.00 (t, C18), 18.07 (q, C19), 110.32 (q, C20); Dd (ppm� 100) observed on
addition of [Eu(fod)3] (conc [3]/[Eu(fod)3]� 0.8): 66.10 (d, (360)), 125.47
(d, (151)), 110.32 (t, (31)), 111.00 (t, (24)), 61.98 (d, (23)), 14.17 (q, (18)),
144.17 (s, (17)), 31.77 (t, (15)), 48.41 (d, (14)), 26.92 (q, (14)), 137.34 (d,
(12)), 36.48 (s, (12)), 123.28 (d, (12)), 70.24 (s, (10)), 31.72 (q, (8)), 38.67 (t,
(7)), 37.41 (t, (6)), 25.48 (t, (6)), 30.61 (q, (5)), 65.84 (d, (4)); MS (70 eV, EI):
m/z (%)� 364/366 (2/2, [MÿH2O].�), 284 (13, [MÿH2OÿHBr].�), 269/
267 (7/7), 243/245 (14/14), 225/227 (14/14), 163 (58), 145 (41), 135 (22), 119
(29), 107 (96), 93 (56), 71 (100).


MTPA esters of (ÿ)-7: Following the procedure described above for (ÿ)-3,
treatment of (ÿ)-7 (2 mg) with (ÿ)-(R)-MTPA-Cl yielded 8 (tR� 6.0 min),
while treatment of (ÿ)-7 with (�)-(S)-MTPA-Cl gave 9 (tR� 7.5 min).


Data for 8 : [a]20
D �ÿ10 (c� 0.14, MeOH); 1H NMR (CDCl3): d� 2.14 (q,


J� 12.0 Hz, Hax1), 2.01 (m, Heq1), 4.14 (dd, J� 4.6, 11.9 Hz, H2), 2.20 and
1.97 (m, H24), 1.85 and 2.20 (m, H25), 2.13 (tt, J� 3.3, 12.0 Hz, H6), 5.20
(quint.d, J� 1.2, 9.7 Hz, H8), 6.04 (dd, J� 9.7, 10.4 Hz, H9), 3.11 (br d, J�
10.4 Hz, H10), 2.39 (qd, J� 6.5, 10.7 Hz, H12), 1.65 and 1.42 (m, H213), 1.95
and 2.03 (m, H214), 1.33 (s, H316), 1.74 (d, J� 1.2 Hz, H317), 4.51 (dt, J�
0.7 Hz, 2.1, Hb18), 4.59 (m, Ha18), 1.01 (d, J� 6.5 Hz, H319), 4.68 (t, J�
1.8 Hz, Hb20), 4.64 (m, Ha20), 7.6 ± 7.3 (series of m, aromatic CH), 3.49 (q,
J� 1.3 Hz, OMe); NOE1D: 6.04!2.39 and 1.74; 3.11!5.20, 4.64 and 4.59;
2.39!6.04.


Data for 9 : [a]20
D ��12 (c� 0.11, MeOH); 1H NMR (CDCl3): d� 2.08 (q,


J� 12.0 Hz, Hax1), 2.00 (m, Heq1), 4.13 (dd, J� 4.8, 11.8 Hz, H2), 4.96
(quint.d, J� 1.2, 9.6 Hz, H8), 5.97 (dd, J� 9.6, 10.5 Hz, H9), 3.13 (br d, J�
10.5 Hz, H10), 2.38 (qd, J� 6.5, 10.7 Hz, H12), 1.31 (s, H316), 1.76 (d, J�
1.2 Hz, H317), 4.72 (dt, J� 0.9, 2.0 Hz, Hb18), 4.81 (m, Ha18), 1.05 (d, J�
6.5 Hz, H319), 4.65 (t, J� 1.8 Hz, Hb20), 4.62 (m, Ha20), 7.5 ± 7.3 (series of m,


aromatic CH), 3.49 (q, 1.3, OMe); NOE1D: 5.97!2.38 and 1.76;
3.13!4.96, 4.81 and 4.62; 2.38!5.97.


Rogioldiol C p-bromobenzoate (10): 4-Bromobenzoylchloride (5 equiv)
and a catalytic amount of 4-dimethylaminopyridine were added to a
solution of (ÿ)-7 (1.4 mg) in dry pyridine (0.2 mL). The mixture was stirred
overnight at room temperature and then MeOH (0.5 mL), sat. aq. CuSO4


(2 mL), and n-hexane (4 mL) were added in sequence. The mixture was
percolated through a Whatman phase-separation filter. The filtrate was
evaporated, and the resulting residue was purified by Si-60 HPLC with
hexane/iPrOH (97:3) to give 10 (tR� 4.2 min, 1.0 mg, 43 %). UV (MeOH):
lmax (e)� 243 (20400 molÿ1 L cmÿ1); CD(MeOH): Demax (246)�� 6.0; 1H
NMR (CDCl3, reporting only signals significantly different from (ÿ)-7):
d� 5.18 (br d, J� 9.5 Hz, H8), 6.00 (dd, J� 9.5, 10.3 Hz, H9), 3.17 (br d, J�
10.3 Hz, H10), 1.74 (br s, H317), 4.63 (m, Hb18), 4.78 (m, Ha18), 0.99 (d, J�
7.0 Hz, H319), 4.72 (m, Hb18), 4.68 (m, Ha18); MS (70 eV, EI): m/z (%)�
364/366 (8/8, [MÿBrC6H5COOH].�), 349/351 (1/1, [MÿBrC6H5COOHÿ
H2O]�), 243/245 (20/20), 225/227 (8/8), 200/202 (4/4), 183/185 (100/100), 173
(10), 145 (12), 121 (11), 105 (18), 81 (23), 69 (37).
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Probing the Activities and Mechanisms of Leukotriene A4 Hydrolase with
Synthetic Inhibitors


J. Heather Hogg, Ian R. Ollmann, Anders Wetterholm, Martina Blomster Andberg,
Jesper Haeggström, Bengt Samuelsson, and Chi-Huey Wong*


Abstract: Leukotriene (LT) A4 hydrolase catalyzes the hydrolysis of leukotriene A4


to form leukotriene B4, a potent inflammatory mediator. Recently, the synthesis and
evaluation of the highly effective competitive LTA4 hydrolase inhibitor 2 (Ki�
1.6 nm) was described.[25] In the present study, we describe the biological activity of
2 against LTB4 biosynthesis, as well as the design, synthesis, and evaluation of a new
series of inhibitors intended to probe the active site of the enzyme. On the basis of
these results and of previously reported site-directed mutagenesis and inhibition
studies, the mechanisms of peptide and epoxide hydrolysis catalyzed by LTA4


hydrolase are discussed.


Keywords: enzyme inhibitors ´
hydrolases ´ hydroxamates ´
metalloenzymes ´ peptides


Introduction


Leukotriene (LT) A4 hydrolase (EC 3.3.2.6) catalyzes the
hydrolysis of LTA4 [(5S,6S)-5,6-oxido-7,9-trans-11,14-cis-eico-
satetraenoic acid] to LTB4 [(5S,12R)-dihydroxy-6,14-cis-8,10-
trans-eicosatetraenoic acid], which acts as a chemokine for
neutrophils.[1±3] As high levels of LTB4 have been detected in
many sites of inflammation,[4, 5] LTB4 has been implicated in a
number of inflammatory diseases including gout,[6, 7] psoria-
sis,[8] inflammatory bowel disease,[9] bronchial asthma,[10, 11]


and rheumatoid arthritis.[12]


The enzyme also exhibits an intrinsic aminopeptidase
activity (Figure 1) which is selective for N-terminal arginine-
containing tripeptides,[13] but accepts dynorphins and enke-
phalins as substrates too.[14] The active site contains a single
zinc atom, and site-directed mutagenesis indicates that each of
the three putative zinc ligands is required for both the peptide
and epoxide hydrolase activities.[15] In addition, Tyr383 plays
critical roles in both activities.[16, 17] These results suggest that
the two activities occur at a common or overlapping
site.[14, 18±20] Indeed, a series of tight-binding peptide isosteres
synthesized as inhibitors of the peptidase activity are also
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Figure 1. The epoxide hydrolase and aminopeptidase activities of LTA4


hydrolase.


competitive inhibitors of the hydrolase activity,[21±25] including
for example mercaptoamine 1[26] and hydroxamate 2[25]


(Figure 2), which have Ki values of 0.35 nm and 1.6 nm,
respectively, measured against the peptidase activity of the
enzyme. It has been found that there is a strong linear
correlation between the potencies of competitive inhibitors
against the two activities.[27] Thus, if a competitive inhibitor is
strongly active against the peptidase activity, it will also, in
general, be a strongly active competitive inhibitor of the
hydrolase activity.


While the mechanism of the aminopeptidase activity is
comparatively well understood as LTA4 hydrolase is a
member of the superfamily of zinc metalloproteases, which
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Figure 2. A competitive inhibitor of LTA4 hydrolase 1 (Ki� 0.35 nm) and a
hydroxamate-type inhibitor 2 (Ki� 1.6nm).


includes thermolysin and aminopeptidase M, the mechanism
of the hydrolase activity remains unclear. The enzyme has
very little sequence similarity with other epoxide hydrolases
and also differs from them in several other respects.[28, 29] Thus,
no analogies between its mode of action and that of the other
enzymes can be drawn. Following the discovery that LTA4 can
irreversibly inhibit the enzyme, it was proposed that the
epoxide hydrolase mechanism occurred in two distinct
steps.[30] Tyrosine 378 was found to be the nucleophile
responsible for the irreversible inactivation.[31] Interestingly,
the Y378F mutant has enhanced specific activity (kcat) over
the wild-type enzyme. However, it produces large quantities
of the D6-trans-D8-cis isomer of LTA4, suggesting its role is to
hold the substrate in the correct geometry in the active site
rather than act as a proton donor or reactive intermediate of
some kind.[32, 33] A recent finding that the Y383F mutant
produces substantial quantities of an isomer of LTB4,
characterized by a syn-5,6 diol produced by a formal syn-
facial attack on the epoxide, resulted in the proposal that the
hydrolase activity operated by a two-stage mechanism char-
acterized by an SN1 opening of the epoxide to form a trienyl
cation followed by nucleophilic attack either by water[17] in the
case of LTB4 biosynthesis, or Tyr378 in the case of irreversible
inactivation.[31]


The single active-site zinc ion may participate in the
catalysis in one of two ways. It may act as a Lewis acid on
the epoxide, thus facilitating its opening, or it may coordinate
the reacting water molecule, activating it toward general-base
catalysis, as is thought to occur in the aminopeptidase
mechanism.[34] Because of the geometry of the transition state
(as suggested by the stereochemistry of the double bonds in
the substrate and product) it is apparent that the reacting
water molecule and scissile epoxide residue are on opposite
faces of the triene, making it unlikely that the zinc acts at both
oxygens at the same time. Which mode of action is actually
involved has still not been determined, and remains an
important question to be answered.


Here we report on a new series of hydroxamate inhibitors
of LTA4 hydrolase and their implications on the mechanism of
epoxide hydrolysis.[16, 17, 31, 32, 35]


Results and Discussion


Inhibition of the peptidase activity : The extremely tight
interaction between inhibitor 1 and LTA4 hydrolase was


posited to arise from a high-affinity contact between the
potent metal ligands at the polar head of these molecules
accompanied by a substantial contribution arising from the
long hydrophobic benzyloxyphenyl tail, presumably in some
part of the same large hydrophobic pocket normally occupied
by LTA4. It is known that LTA4 methyl ester is not a substrate
for this enzyme[36] (though it is a suicide inhibitor); this
suggests the importance of the acid moiety in molecular
recognition and the likelihood of a highly selective carbox-
ylate recognition site within the enzyme active site.


With derivatives of metallophilic aminopeptidase inhibitor
1, several possible binding arrangements of these inhibitors
relative to the epoxide hydrolysis transition state were
examined.[24] Because the zinc is thought to activate water in
the aminopeptidase activity, this same role was examined in
the epoxide hydrolase activity. A superimposition of a model
of 1 over a model of the transition state with the zinc at the
reacting water molecule (Figure 3A) suggested that (if this
overlapped model is correct) the enzyme�s carboxylate-
recognition element would be in the vicinity of the benzyl
group of 1. On the basis of this hypothesis, a series of
derivatives of 1 with an additional carboxylate substituent
were prepared; each derivative resulted in a minimum of a
10 000-fold loss of affinity, suggesting that this model is
unlikely to be correct. An alternative binding mode as shown
in Figure 3B may occur.
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Figure 3. A and B show the overlay of 1 and LTA4 in the binding site as
possible modes of inhibition. Current data supports model B.


A second model which placed the zinc at the scissile
epoxide was then considered. Modeling the metallophilic
head of the inhibitor to lie at, or near, the position of the
scissile epoxide suggested that the addition of a pentanoic acid
substituent to the metallophilic head group of the inhibitor
would strongly mimic the C1 ± C5 region of the substrate
(Figure 4). Hydroxamate 2 was designed to have a spacer with
four methylene groups between the hydroxamate and carbox-
ylate moieties. This modification resulted in a dramatic
increase in binding potency (Ki now 1.6 nm) over the parent
hydroxamate (Table 1).[25] Hydroxamate 4, with a shorter
linker, binds slightly more weakly (Ki� 3.4 nm). The corre-
sponding methyl esters of these compounds, 3 (Ki� 28 nm)
and 5 (Ki� 11 nm), both show an order of magnitude decrease
in binding, demonstrating that this binding pocket prefers the







FULL PAPER C.-H. Wong et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1700 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91700


O
Zn++


OH


O


O


H3
+N


N
OH


O


O


OH


Figure 4. A possible binding mode of 2 with the hydroxamate moiety
located at the epoxide binding site and coordinated to the zinc. The two
carboxylates are overlapped. Current data supports this binding mode.


free carboxylate. As the chain which links the carboxylate gets
longer (10 and 11, the synthesis of which is shown in
Scheme 1) the binding potencies decrease, with the corre-
sponding esters again about ten times less active than the
acids.


Incorporation of groups such as an amine 15 (IC50�
0.40 mm) or a phenyl group 13 (IC50� 0.11 mm) in the place of
the carboxylate again results in a decrease in activity (the
synthesis of 13 and 15 is shown in Scheme 2). While the
methyl esters 3 and 5 are not as potent as their corresponding
acids, they are significantly better inhibitors than the others in
this series. This may suggest that there is a hydrogen-bonding
interaction responsible for the change in the binding free
energy rather than a charge ± charge interaction.


There still remained a third reasonable alternative binding
model for these compounds, which again placed the zinc
adjacent to the reacting water molecule during the epoxide
hydrolase reaction. This model orients the hydrophobic
portion of the inhibitor in the opposite direction from that
in the first model (Figure 5). Here, the hydroxamate lies


proximal to the end of the triene and
the carboxylate lies near the epoxide,
perhaps interacting with the same
Lewis acid as the opening epoxide. If
this is the case, one would predict that
by extending our inhibitor to incorpo-
rate a second carboxylate which would
overlay that of LTA4, we should again
see an increase in potency as the result
of finally achieving the putative carbox-
ylate recognition site (Figure 6).


To this end, we studied a final set of
hydroxamic acids (32 ± 41). Initially
these compounds were synthesized us-
ing an amine as a linker (Schemes 3 and
4). In this way, simply by varying the
amino acid used, a number of com-
pounds may be quickly synthesised with
a defined stereochemistry at the posi-
tion alpha to the amine. It was also
hypothesized that having a positively
charged amine in the vicinity of the
carboxylate might help mimic the
charge distribution of an opening epox-
ide, a feature of this model.


An initial exploration of the prefer-
red stereochemistry using l- (37, IC50�
0.031 mm) and d-alanine (38, IC50�
0.041 mm) derivatives showed very little
preference for a single diastereomer
(Table 2). As l-amino acids are more
readily available and the l-isomer ap-
peared to be slightly more potent, the
structure of 37 was chosen as a template
for further development. Both com-
pounds, however, were less potent than
the original compound 2. Addition of a
second carboxylate on a linker of the
appropriate length, in 40, resulted in a
small increase in potency (Ki� 20 nm),
but nowhere near the two orders of
magnitude we saw with the incorpora-
tion of the first carboxylate. The Ki


value for 40 (20 nm) compares some-
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Scheme 1. Synthesis of carboxylate chain links from (2S)-2-N'-Boc-amino-3-(4-benzyloxyphenyl)-N-
hydroxypropylamine.


Table 1. IC50 and Ki values for hydroxamates containing a carboxylate moiety (against the
peptidase activity of LTA4 hydrolase).
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Figure 5. Another possible binding mode of 2 with the carboxylate moiety
located at the epoxide binding site and the zinc ion coordinated to a water
molecule.
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Figure 6. Design of new inhibitors based on the binding mode shown in
Figure 5.


what favorably against the shorter 39 (Ki� 78 nm), but the
difference is not great. An amino group rather than a
carboxylate leads to a tenfold reduction in potency (41,
IC50� 0.20). As observed in the earlier series of carboxylate-
containing inhibitors, the corresponding methyl esters (32 ±
36) were all less potent than their analogous acids.


As the presence of the charged amino linker led to
decreased potency (2 vs. 37), a final compound which uses a
thioether as a linker was synthesized (Scheme 5). The
thioether moiety is perhaps a better mimic of a methylene
group as it has no associated charge and does not participate


in hydrogen-bonding interactions.
Use of a thioether as a linker rather
than an amine led to inhibitor 46
(IC50� 0.02 mm, Ki� 14 nm) which
appears to be more potent than its
amine-containing analog 37 (Ki�
78 nm), but still not as good as the
parent compound 2 (Ki� 1.6 nm).
This may be a better choice for a
linker for further inhibitors.


The failure to identify any com-
pelling increases in potency on add-
ing a second carboxylate in this
series of molecules indicates these
modifications contribute only weak
additional interactions, if any, with
the enzyme. The only binding model
to date with good predictive capa-
bility has been model two, on which
2 was based (Figure 4). It is of note
that this model predicts that the
active-site zinc operates at the ep-
oxide, suggesting that its role in
epoxide hydrolysis may be as a
Lewis acid, facilitating the initial
stage of the SN1 conversion of LTA4


to LTB4.
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Scheme 3. Synthesis of hydroxamic acids 17 ± 26.


Though it is far from certain that the zinc atom acts as a
Lewis acid at the epoxide, a growing body of indirect evidence
supports this role. There appears to be a consistent substrate-
design motif which specifies a preferred distance between the
carboxylate termini of the substrates and the sites of zinc-
catalyzed chemistry. The distance between the epoxide and
carboxylic acid in LTA4 is very similar to that between the
scissile amide bond and the C-terminus of a tripeptide, the
preferred substrate size for the enzyme�s aminopeptidase
activity,[13] and also the length of a series of known peptidase
inhibitors[37, 38] (Figure 7).
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Scheme 2. Synthesis of amine and phenyl derivatives of (2S)-2-N'-Boc-amino-3-(4-benzyloxyphenyl)-N-
hydroxypropylamine.
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Site-directed mutagenesis studies published to date further
corroborate this view. Glu296 (sequentially adjacent to His295,
one of the zinc ligands) is required for the aminopeptidase
activity, acting as the general base in the deprotonation of
water. However, it does not play this role during epoxide
hydrolysis; the E296A mutant displays full epoxide hydrolase
activity.[35] This behavior would support the theory that the
zinc atom may act as a Lewis acid for the epoxide opening as
no general base would be expected to be needed in the vicinity
of the zinc ion in such a mechanism. In addition, Tyr383 is also


required for the aminopeptidase reaction but
not for the epoxide hydrolase activity. On the
basis of homology with thermolysin, it is thought
to be a proton source for the S1 amine during
peptide hydrolysis.[16] The Y383F, Y383Q, and
Y383H mutants of LTA4 hydrolase have severe-
ly diminished aminopeptidase activities. In the
epoxide hydrolysis case, these mutations allow
water to attack at the C6 end of the trienyl
cation in a syn-facial sense at the site of the
broken epoxide CÿO bond, rather than the
usual C12 position.[17] If this is to be explained
simply as the appearance of a hole in the enzyme
adjacent to residue 383, as the result of the
reduction of size, then it appears that Tyr383, and
by inference the zinc atom, are adjacent to the
epoxide.


Finally, it should be noted that the attack of
water on LTA4 in the active site occurs from the
energetically disfavored face of the molecule as
predicted by molecular orbital theory. If the zinc
atom activates water for a general base catalysis,
the epoxide may open concurrently with a
general acid catalysis as part of an SN2' mech-
anism. However, at least in the case of mutants
at position 383, it seems fairly clear that the
mechanism is more SN1 in character. Further-
more, if the conserved zinc atom is to act directly
(as opposed to allosterically) to accelerate the
reaction as part of an SN1 mechanism, then it
should act to accelerate the rate-determining
step, the opening of the epoxide.


For the sake of exploring all possibilities, one
could argue that even if the epoxide hydrolysis
reaction is SN2 in nature, if the zinc operated as a
water activator and Glu296 as a base in this
reaction, the absence of Glu296 would not be
observed in the overall enzymatic rates as it
would act after the rate-determining step in the
reaction. Similarly, one could argue that the
observed distance similarities between the
lengths of tripeptides and the C1 ± C6 region of
LTA4 is a coincidence, and the observation of the
5,6-isomer of LTB4 as a result of mutations at
position 383 arises from some remote allosteric
effect. It is clear that there still remains much to
be understood about the structure of LTA4


hydrolase and the epoxide hydrolysis mecha-
nism.


The degree to which this model is in agreement with an
earlier model proposed by Orning, Gierse, and Fitzpatrick,[13]


which places LTA4 in the S1' pocket, remains unclear. In that
work, it was originally proposed that the S1' pocket bound
LTA4 on the basis of its observed preference for hydrophobic
substituents as well as some data derived from the inhibitory
behavior of arphamenine. As the S1 pocket prefers arginine,
whose delocalized positive charge might be a good mimic of
the developing delocalized trienyl cation in a SN1-like LTA4


hydrolysis transition state, there remains some basis upon


Table 2. IC50 and Ki values for extended hydroxamates 6 ± 54 and 6 ± 63 (against the
peptidase activity of LTA4 hydrolase).
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Figure 7. Overlay of 2 and a tripeptide.


which to suspect that the pocket plays host to
LTA4. It appears reasonable that the benzyloxy-
phenyl portion of the inhibitors discussed here
and in previous works binds in either the S1 or
S1' subsites, because of their likely proximity to
the zinc atom. Some evidence, including a
strong requirement for a free amine adjacent
to the zinc ligand[24] and the efficacy of a series
of peptide transition-state isosteres,[21±23] sug-
gests that these inhibitors bind S1 despite its
preference for arginine. The identification of
the subsite which binds the large, rigid, hydro-
phobic benzyloxyphenyl group might help elu-
cidate a likely home for LTA4 in the active site,
therefore O-benzyl-l-tyrosine p-nitroanilide
hydrochloride 47 was prepared by Tesser�s
method.[39] Unfortunately, it was found that this
material was highly insoluble in water and could
not be evaluated as a substrate for the enzyme.
O-Benzyl-l-serine p-nitroanilide 48 was also
prepared and found not to be a substrate at
10 mm. Larger, more soluble, O-benzyl tyrosine
containing peptidic substrates or chimeric pep-
tides containing LTA4-like structures may help
resolve this issue.


Inhibition of the epoxide hydrolase
activity: The IC50 and Ki values of
several of the hydroxamates have
been determined against the epox-
ide hydrolase activity of purified
enzyme (Table 3). These values are
all consistently an order of magni-
tude higher than those against the
peptidase activity. This reflects the
fact that these assays are run at
much higher enzyme concentra-
tions, necessary for the detection
of the product (see experimental).
In these assays, the enzyme concen-
tration is 360 nm ; thus the IC50 value
for 2 (0.14mm) is an upper limit
rather than a close approximation
of the Ki. The Ki values for our two
best inhibitors, 2 and 46, were not
determined as their inhibition
curves were too steep under these
high enzyme concentrations to
gather meaningful and reproduci-
ble data.
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Scheme 5. Synthesis of compounds 45 and 46, which contain a thioether linker.


Table 3. IC50 and Ki values for selected hydroxamates (against the epoxide hydrolase activity
of LTA4 hydrolase).
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Whole cell assays: A number of these hydroxamates were also
shown to be effective inhibitors of LTB4 synthesis in
polymorphonuclear leukocytes stimulated with the ionophore
A23187 or incubated with LTA4 (Table 4). Further experi-
ments with 2 also showed it to be selective for LTA4 hydrolase
(Figure 8). At approximately 1 mm, the production of the
nonenzymatic hydrolysis products of LTA4 has doubled while
the production of LTB4 has essentially been stopped, indicat-


Figure 8. Effects of 6 ± 26 on the formation of LTB4 (*), and the
nonenzymatic hydrolysis products of LTA4 (all-trans isomers of LTB4, &)
in isolated human polymorphonuclear leukocytes.


ing that while LTA4 hydrolase has been inhibited, the enzymes
leading up to the production of LTA4 have remained
unaffected. However, at higher concentrations we also see a
fall in the production of the nonenzymatic hydrolysis prod-
ucts, suggesting that our inhibitor is now interfering with other
processes in this pathway. There is, however, a window of
opportunity at 1 mm, where hydroxamate 2 is selective for
LTA4 hydrolase. Mercaptoamine 1 has a similar profile;


however, it shows optimal selectivity at a
concentration of 10 mm rather than at 1 mm.[40]


Addition of exogenous arachidonic acid to
the assays of hydroxamate 2 fully restores the
production of the nonenzymatic hydrolysis
products; however, the inhibition of LTB4


production by LTA4 hydrolase is still complete
(Table 5). Again, a similar result is seen in the
case of mercaptoamine 1.[40]


Conclusions


With compounds 2 and 4, we have demonstrat-
ed that the inclusion of a free carboxylate
moiety in our hydroxamate class of inhibitors is
crucial for tight binding to LTA4 hydrolase.
When this carboxylate is placed in a position
more distal from the hydroxamate moiety we
see a decrease in activity, and an even greater
decrease is seen when the carboxylate is re-
placed by another moiety such as an amine or a
hydrophobic group. Incorporation of a second
carboxylate, as suggested by one of the binding
modes shown in Figure 5B, did show a small
increase in the potency of the inhibitor when
viewed in context (37 vs. 40), but it was not as
significant as that seen with the incorporation of
the first carboxylate.[25] This behavior, in con-
junction with previously published mutagenesis
results and enzyme-kinetic and inhibitory stud-
ies, suggests the possible modes of action of the
enzyme (Figures 9 and 10). While in the amide-


Table 4. IC50 values for selected hydroxamates (against the epoxide hydrolase activity of
LTA4 hydrolase in isolated human polymorphonuclear leukocytes).
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Table 5. Effects of hydroxamic acid 2 on LTB4 biosynthesis in intact
polymorphonuclear lymphocytes (PMNL). PMNL (20� 106 in 1 mL) were
preincubated with or without inhibitor for 10 min on ice followed by 15 min
at 37 8C and further incubated with 2mm ionophore A23187� 30 mm
arachidonic acid (AA) for 5 min at 37 8C. Reactions were quenched with
MeOH and samples processed and analyzed as described in the exper-
imental section. The all-trans isomers of LTB4 are D6-trans- and 12-epi-D6-
trans-LTB4. Formation of the respective compounds are expressed in % of
the control samples assayed in the absence of inhibitor.


% of the control
all-trans isomers
of LTB4


LTB4 5-HETE


Control 100 100 100
[I]� 100 mm 60 0 0
[I]� 500 mm 0 0 0


Control�AA 100 100 100
[I]� 100 mm�AA 132 0 135
[I]� 500 mm�AA 96 0 100
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cleavage reaction, the zinc ion appears to be close to the
scissile bond, two possible modes of action are proposed for
the epoxide hydrolase activity. The active-site zinc atom may
act as a Lewis acid on the epoxide during LTA4 hydrolysis,
though no direct evidence of such a role has yet been found, or
it may activate the reacting water molecule, as in the amide


cleavage reaction, with the involve-
ment of a different general base and a
different general acid.


Experimental Section


General : The reagents used were commer-
cially available and used without further
purification. Methylene chloride (CH2Cl2)
was distilled from CaH2, and tetrahydrofuran
(THF) was distilled from sodium and benzo-
phenone prior to use. Anhydrous methanol
was purchased from Aldrich. All reactions
were run under an inert atmosphere of argon
unless otherwise noted. The HCl/acetic acid
solution used for Boc deprotections was made
by bubbling HCl gas through glacial acetic
acid for 5 min.
1H NMR chemical shifts (d) are reported
relative to tetramethylsilane (CDCl3), the
solvent peak at d� 2.49 ([D6]DMSO), or the
solvent peak at d� 3.30 ([D4]methanol). 13C
NMR spectra reported in CDCl3 are refer-
enced to the solvent peak at d� 77.0, those in
[D4]methanol are referenced to the solvent
peak at d� 49.0, and those in [D6]DMSO are
referenced to the solvent peak at d� 39.5.
Thin-layer chromatography was performed on
silica-gel plates (0.25 mm, Merck) and flash
chromatography was performed on silica gel
(230 ± 400 mesh, Merck). The known reaction
of hydroxamic acids with ferric chloride to
give a red color was used systematically to
further confirm the presence of the hydrox-
amate moiety. All yields are unoptimized.


Inhibition studies of the peptidase activity of
LTA4 hydrolase : All assays were performed in
Tris-HCl buffer (50 mm, pH 8.0) with l-alanyl-
p-nitroanilide (1.87 mm) as substrate. LTA4


hydrolase (1.4 mg) purified from human leu-
kocytes was added for each assay (final
volume� 1.0 mL, [E]� 20nm). The rate of
formation of p-nitroaniline was spectrophoto-
metrically monitored at 405 nm. The high
enzyme concentration as compared to inhib-
itor concentration ([E]t� [I]t) was accounted
for by using the appropriate kinetic equations
for tight-binding inhibitors and the Ki values
were determined using nonlinear regression
methods.[24]


Inhibition studies of the epoxide hydrolase
activity of LTA4 : The epoxide hydrolase
activity was determined from short-time
(15 s) incubations of enzyme (2.5 mg�
360 nm) and inhibitor (0.01 ± 10 mm) dissolved
in DMSO (final conc� 0.5%; v/v), in 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid (HEPES; 50mm), pH 8, (100 mL) with
LTA4 (67 mm) at room temperature. Reactions
were quenched with 2 vols of MeOH. PGB1


was added as internal standard, and samples
were extracted and analyzed by RP-HPLC, as previously described.[41]


Enzyme and inhibitor were preincubated for 45 min at room temperature
prior to activity determinations.


Preparation and incubation of granulocytes : Human granulocytes were
prepared from buffycoat by dextran sedimentation, centrifugation on
Lymfoprep�, and hypotonic lysis of the remaining erythrocytes as
previously described.[42] The cells were resuspended at a concentration of
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20� 106 cellsmLÿ1 in Dulbecco�s phosphate-buffered saline, pH 7.4. Ali-
quots (1 mL) were preincubated with or without various concentrations of
inhibitor for 10 min on ice followed by 15 min at 37 8C prior to the addition
of A23 187 (2mm)� arachidonic acid (30 mM). After 5 min, the incubations
were quenched with 1 vol of MeOH and subjected to solid-phase extraction
and RP-HPLC. The eluate was monitored at 270 nm and 235 nm, for the
detection and quantitation of LTB4 and 5-hydroxyeicosatetraenoic acid (5-
HETE), respectively.


Cell culture : Whole blood was obtained from healthy volunteers by
venepuncture and collected into EDTA-treated Vacutainers (Becton
Dickinson, Rutherford, NJ). After mixing for 45 ± 50 min, the blood was
transferred to LeukoPREP tubes (Becton Dickinson, Lincoln Park, NJ)
and the peripheral blood mononuclear cells (PBMC) were separated
according to the manufacturer�s instructions. The isolated PBMC were
washed with two 15 mL volumes of Dulbecco�s phosphate-buffered saline
(D-PBS) and the cell pellet was resuspended at a concentration of 2� 106


cells mLÿ1 in RPMI 1640 media supplemented with 10% fetal bovine
serum (FBS), 50mm betamercaptoethanol, 1 mm sodium pyruvate,
50 mgmLÿ1 gentamycin, and 0.1 mm nonessential amino acids. Cells were
added to a 96-well plate precoated with OKT3 (Ortho Biotech, Raritan,
NJ). Plates were coated as previously described by Ritchie et al.[43] 100 mL
(2� 105 cells) of the cell suspension were added to each well followed by
the addition of sufficient phorbol myristate acetate (PMA) to achieve a
final concentration of 50 ngmLÿ1. Drugs or vehicles were then added to
cultures for a final well volume of 200 mL. Cultures were maintained in a
humid atmosphere of 95 % air and 5 % CO2 at 37 8C for 72 h. 6 h prior to
harvest, each well was pulsed with 1 mCi of 3H thymidine (6.7 Cimmolÿ1,
New England Nuclear, Boston, MA). Cells were harvested onto glass-fiber
filters with a Tomtec-96 cell harvester (Tomtec, Orange CT) and the
radioactivity incorporated was measured with a Packard Matrix 9600 direct
beta counter (Packard, Meridian, CT).


Relative binding model generation : The models of the binding orientation
of the substrate LTA4 relative to the inhibitors discussed here were
obtained as a result of a combination of model overlay with plastic
molecular models (Maruzen, Japan) augmented by computational molec-
ular modeling and minimization techniques using Insight 95 and Discover
2.98 (MSI) on a Silicon Graphics Octane workstation. Preliminary
computational experiments revealed that the compounds discussed in this
work were found to exhibit a large number of conformers which
corresponded to local energetic minima. In each proposed model, it was
verified computationally that conformers similar to those shown in
Schemes 4, 5, 6, and 7 were energetically reasonable. The compounds
were aligned in such a way that portions of the molecule posited to interact
with the zinc atom were in spacially similar areas. When possible,
hydrophobic regions of inhibitors were paired with hydrophobic regions
of the substrate, transition-state complex and hydrogen-bond acceptors and
charged regions on the inhibitor were paired with similar moieties in the
substrate transition-state complex.


(2S)-2-N''-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine : This
compound was synthesized as previously described.[25]


N-Hydroxy-N-(2S)-N''-Boc-2-amino-3-phenylpropyl-7-carboxymethylhep-
tanamide (6): Isobutyl chloroformate (76 mL, 0.59 mmol) was added to a
solution of suberic acid monomethyl ester (128 mL, 0.71 mmol), and
triethylamine (104 mL, 0.59 mmol) in THF (10 mL) at 0 8C. The resulting
slurry was stirred for 30 min and then (2S)-2-N'-Boc-amino-3-(4-benzyl-
oxyphenyl)-N-hydroxypropylamine (200 mg, 0.54 mmol) was added. The
cooling bath was removed and the reaction mixture stirred for 30 min. The
reaction mixture was then poured into CH2Cl2 (100 mL), washed (1n HCl,
saturated NaHCO3, saturated NaCl), and dried (MgSO4). Purification by
flash chromatography (1:3 EtOAc/hexanes) and recrystallization (THF/
hexanes) yielded compound 6 as a white solid (217 mg, 74%). 1H NMR
(500 MHz, CDCl3, 25 8C, TMS): d� 8.61 (s, 1H), 7.43 (d, J� 7 Hz, 2H), 7.39
(t, J� 7.5 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.10 (d, J� 8.5 Hz, 2H), 6.93 (d,
J� 8.5 Hz, 2H), 5.05 (s, 2H), 4.65 (d, J� 9 Hz, 1H), 4.22 (dd, J� 13.5 and
13.5 Hz, 1H), 4.13 (m, 1 H), 3.66 (s, 3H), 3.03 (dd, J� 13.5 and 2.5 Hz, 1H),
2.77 (m, 2 H), 2.53 (m, 1H), 2.29 (m, 3H), 1.65 ± 1.52 (m, 4H), 1.39 (s, 9H),
1.32 (m, 4 H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 174.7, 174.2, 158.2,
157.8, 136.9, 130.1, 128.6, 128.0, 127.4, 115.1, 80.9, 70.0, 51.4, 50.4, 48.1, 37.3,
34.0, 32.4, 29.0, 28.9, 28.2, 24.8, 24.4; HRMS [M�Cs]� calcd for
C30H42N2O7Cs: 675.2046, found: 675.2058.


N-Hydroxy-N-[(2S)-N''-Boc-2-amino-3-phenylpropyl]-7-carboxymethyl-
nonanamide (7): Isobutyl chloroformate (73 mL, 0.56 mmol) was added to a
solution of sebacic acid monomethyl ester (121 mg, 0.56 mmol) and
triethylamine (78 mL, 0.56 mmol) in THF (5 mL) at 0 8C. The resulting
slurry was stirred for 30 min and then (2S)-2-N'-Boc-amino-3-(4-benzylox-
yphenyl)-N-hydroxypropylamine (140 mg, 0.37 mmol) in THF (5 mL) was
added. The reaction mixture was stirred for 30 min and then poured into
CH2Cl2 (50 mL), washed (1n HCl, saturated NaHCO3, saturated NaCl),
and dried (MgSO4). Purification by flash chromatography (1:3 EtOAc/
hexanes) and recrystallization (THF/hexanes) yielded compound 7 as a
white solid (87 mg, 41%). The major by-product was iso-butyl carbamate.
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d� 8.61 (s, 1 H), 7.43 (d, J� 7 Hz,
2H), 7.39 (t, J� 7.5 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1H), 7.10 (d, J� 8.5 Hz,
2H), 6.92 (d, J� 8.5 Hz, 2 H), 5.05 (s, 2 H), 4.67 (m, 1 H), 4.22 (dd, J� 13.5
and 13.5 Hz, 1 H), 4.13 (m, 1H), 3.66 (s, 3H), 3.03 (dd, J� 13.5 and 2.5 Hz,
1H), 2.77 (m, 2 H), 2.53 (m, 1H), 2.29 (m, 3H), 1.65 ± 1.52 (m, 4H), 1.39 (s,
9H), 1.28 (m, 8 H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 174.8, 174.3,
158.2, 157.8, 136.9, 130.0, 128.6, 127.9, 127.4, 115.1, 80.9, 70.0, 51.4, 50.4, 48.1,
37.2, 34.1, 32.5, 29.4, 29.2, 29.1, 28.2, 24.9, 24.6; HRMS [M�Cs]� calcd for
C32H46N2O7Cs: 703.2359, found: 703.2344.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-7-carboxyme-
thylheptanamide (8): Hydroxamate 6 (20 mg, 0.037 mmol) was treated with
a solution of HCl/acetic acid (1 mL) for 30 min. The reaction mixture was
diluted with toluene (10 mL) and the solvent removed from the resulting
mixture. The resulting solid was rinsed with ether and then azeotroped with
toluene to give 8 as a white solid (17.0 mg, 96 %). 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 10.11 (s, 1 H), 8.11 (br s, 3H), 7.43 (d, J� 7.0 Hz,
2H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz,
2H), 6.97 (d, J� 8.5 Hz, 2 H), 5.07 (s, 2H), 3.81 (dd, J� 8.0 and 14.5 Hz,
1H), 3.56 (s, 3 H), 3.55 (m, 1H), 3.47 (dd, J� 4.0 and 14.0 Hz, 1 H), 2.89 (dd,
J� 5.5 and 14.0 Hz, 1H), 2.75 (dd, J� 8.5 and 14.0 Hz, 1H), 2.36 (t, J�
7.0 Hz, 2H), 2.27 (t, J� 7.5 Hz, 2H), 1.47 (m, 4H), 1.24 (m, 4H); 13C NMR
(125 MHz, [D6]DMSO, 25 8C): d� 174.3, 173.4, 157.4, 137.1, 130.5, 128.5,
128.0, 127.9, 127.7, 114.9, 69.2, 51.2, 50.2, 48.7, 35.1, 33.2, 31.7, 28.5, 28.3, 24.3,
23.7; HRMS [M�Cs]� calcd for C25H34N2O5Cs: 575.1522, found: 575.1538.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-9-carboxyme-
thylnonanamide (9): Hydroxamate 7 (14.1 mg, 0.025 mmol) was treated
with a solution of HCl/acetic acid (1 mL) for 30 min. The reaction mixture
was diluted with toluene (10 mL) and the solvent removed from the
resulting mixture. The resulting solid was rinsed with ether and then
azeotroped with toluene to give 9 as a white solid (12.0 mg, 97%). 1H NMR
(500 MHz, [D6]DMSO, 25 8C): d� 10.08 (s, 1 H), 8.08 (br s, 3H), 7.43 (d, J�
7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J�
8.5 Hz, 2 H), 6.97 (d, J� 8.5 Hz, 2 H), 5.07 (s, 2 H), 3.81 (dd, J� 8.0 and
14.5 Hz, 1H), 3.56 (s, 3 H), 3.54 (m, 1H), 3.47 (dd, J� 4.5 and 14.5 Hz, 1H),
2.88 (dd, J� 5.5 and 14.0 Hz, 1H), 2.75 (dd, J� 8.0 and 14.0 Hz, 1 H), 2.36
(t, J� 7.0 Hz, 2 H), 2.26 (t, J� 7.0 Hz, 2H), 1.47 (m, 4H), 1.22 (m, 8 H); 13C
NMR (125 MHz, [D6]DMSO, 25 8C): d� 174.4, 173.4, 157.4, 137.1, 130.5,
128.5, 128.0, 127.9, 127.7, 114.9, 69.2, 51.2, 50.2, 48.7, 35.1, 33.3, 31.7, 28.8,
28.6, 28.5, 24.4, 23.9; HRMS [M�Cs]� calcd for C27H38N2O5Cs: 603.1835,
found: 603.1855.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-7-carboxy-
heptanamide (10): LiOH (1.0m, 2.5 mL) was added to hydroxamate 6
(50 mg, 0.092 mmol) in THF/MeOH (2:1, 7.5 mL), and the biphasic mixture
was stirred vigorously for 30 min. The mixture was poured into HCl (1n,
20 mL) and extracted with EtOAc. The organic layer was dried (MgSO4)
and the solvent removed to give a pale yellow oil (46 mg, 94 %). The oil
(16 mg, 0.030 mmol) was then treated with a solution of HCl/acetic acid
(1 mL) for 30 min. The reaction mixture was diluted with toluene (10 mL)
and the solvent removed from the resulting mixture. The resulting solid was
rinsed with ether and then azeotroped with toluene to give an oil. CH2Cl2


(5 mL) was added and 10 precipitated out as a white solid (12.3 mg, 87%).
1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 11.87 (br s, 1H), 10.07 (s, 1H),
8.06 (br s, 3H), 7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J�
7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz, 2H), 6.97 (d, J� 8.5 Hz, 2 H), 5.07 (s, 2H),
3.81 (dd, J� 8.0 and 14.0 Hz, 1 H), 3.53 (m, 1H), 3.46 (dd, J� 4.0 and
14.0 Hz, 1H), 2.87 (dd, J� 5.5 and 13.5 Hz, 1H), 2.75 (dd, J� 8.0 and
14.0 Hz, 1 H), 2.36 (t, J� 7.0 Hz, 2H), 2.17 (t, J� 7.5 Hz, 2H), 1.46 (m, 4H),
1.24 (m, 4 H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d� 174.5, 174.3,
157.4, 137.1, 130.5, 128.5, 128.0, 127.9, 127.7, 114.9, 69.2, 50.2, 48.7, 35.1, 33.6,
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31.7, 28.5, 28.4, 24.4, 23.8; HRMS [M�Cs]� calcd for C24H32N2O5Cs:
561.1366, found: 561.1379.


N-Hydroxy-N-[(2S)-2-amino-3-phenylpropyl]-9-carboxynonanamide (11):
LiOH (1.0m, 2.0 mL) was added to hydroxamate 7 (50 mg, 0.088 mmol) in
THF/MeOH (2:1, 6.0 mL), and the biphasic mixture was stirred vigorously
for 30 min. The mixture was poured into HCl (1n, 30 mL) and extracted
with EtOAc. The organic layer was dried (MgSO4) and the solvent removed
to give a pale yellow oil (49 mg, 99 %). The oil (16 mg, 0.029 mmol) was
then treated with a solution of HCl/acetic acid (1 mL) for 30 min. The
reaction mixture was diluted with toluene (10 mL) and the solvent removed
from the resulting mixture. The resulting solid was rinsed with ether and
then azeotroped with toluene to give 11 as a white solid (13.4 mg, 94%). 1H
NMR (500 MHz, [D6]DMSO, 25 8C): d� 11.96 (br s, 1 H), 10.08 (s, 1 H), 8.08
(br s, 3H), 7.43 (d, J� 7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz,
1H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97 (d, J� 8.5 Hz, 2H), 5.07 (s, 2 H), 3.81 (dd,
J� 8.0 and 14.0 Hz, 1H), 3.53 (m, 1H), 3.47 (dd, J� 4.5 and 14.5 Hz, 1H),
2.88 (dd, J� 5.5 and 14.0 Hz, 1H), 2.75 (dd, J� 8.0 and 14.0 Hz, 1 H), 2.35
(t, J� 7.0 Hz, 2 H), 2.17 (t, J� 7.0 Hz, 2H), 1.46 (m, 4H), 1.23 (m, 8 H); 13C
NMR (125 MHz, [D6]DMSO, 25 8C): d� 174.5, 174.3, 157.4, 137.1, 130.5,
128.5, 128.0, 127.9, 127.7, 114.9, 69.2, 50.2, 48.7, 35.1, 33.7, 31.8, 28.8, 28.7,
28.6, 24.5, 23.9; HRMS [M�Cs]� calcd for C26H36N2O5Cs: 589.1679, found:
589.1695.


N-Hydroxy-N-[(2S)-N''-Boc-2-amino-3-(4-benzyloxyphenyl)propyl]-5-
phenylpentanamide (12): Isobutyl chloroformate (76 mL, 0.59 mmol) was
added to a solution of 5-phenylvaleric acid (127 mg, 0.71 mmol) and
triethylamine (104 mL, 0.75 mmol) in THF (10 mL) at 0 8C. The resulting
slurry was stirred for 30 min and then (2S)-2-N'-Boc-amino-3-(4-benzylox-
yphenyl)-N-hydroxypropylamine (200 mg, 0.54 mmol) was added. The
cooling bath was removed and the reaction mixture was stirred for 30 min.
The mixture was then poured into CH2Cl2 (100 mL), washed (1n HCl,
saturated NaHCO3, saturated NaCl), and dried (MgSO4). Purification by
flash chromatography (1:3 EtOAc/hexanes) and recrystallization (THF/
hexanes) yielded compound 12 as a white solid (172 mg, 60%). 1H NMR
(500 MHz, CDCl3, 25 8C): d� 8.62 (s, 1H), 7.43 (d, J� 7 Hz, 2H), 7.39 (t,
J� 7.5 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1 H), 7.25 (dd, J� 6.5 and 7.5 Hz, 2H),
7.16 (d, J� 7 Hz, 3 H), 7.10 (d, J� 8.5 Hz, 2 H), 6.92 (d, J� 8.5 Hz, 2 H), 5.05
(s, 2H), 4.65 (m, 1H), 4.22 (dd, J� 13.5 and 13.5 Hz, 1H), 4.13 (m, 1H),
3.03 (dd, J� 13.5 and 2.5 Hz, 1H), 2.77 (m, 2 H), 2.61 (m, 2H), 2.57 (m,
1H), 2.32 (m, 1H), 1.64 (m, 4H), 1.36 (s, 9 H); 13C NMR (125 MHz, CDCl3,
25 8C): d� 174.6, 158.2, 157.8, 142.4, 136.9, 130.1, 128.6, 128.4, 128.2, 128.0,
127.5, 125.6, 115.2, 80.9, 70.0, 50.5, 48.1, 37.3, 35.7, 32.3, 31.3, 28.2, 24.4;
HRMS [M�Cs]� calcd for C32H40N2O5Cs: 665.1992, found: 665.1979.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-5-phenylpen-
tanamide (13): Hydroxamate 12 (20 mg, 0.038 mmol) was treated with a
solution of HCl/acetic acid (1 mL) for 30 min. The reaction mixture was
diluted with toluene (10 mL) and the solvent removed from the resulting
mixture. The resulting solid was rinsed with ether and then dissolved in
CH2Cl2. Removal of the solvent gave 13 as a white solid (17.6 mg, 99 %). 1H
NMR (500 MHz, CDCl3, 25 8C): d� 10.09 (s, 1 H), 8.07 (br s, 3H), 7.43 (d,
J� 7.0 Hz, 2 H), 7.36 (t, J� 7.0 Hz, 2 H), 7.32 (t, J� 7.0 Hz, 1H), 7.25 (t, J�
7.0 Hz, 2 H), 7.21 ± 7.13 (m, 3H), 7.19 (d, J� 8.5 Hz, 2H), 6.96 (d, J� 8.5 Hz,
2H), 5.06 (s, 2 H), 3.80 (dd, J� 7.0 and 14.5 Hz, 1H), 3.52 (br, 1H), 3.45 (dd,
J� 4.5 and 14.5 Hz, 1 H), 2.87 (dd, J� 4.5 and 14.0 Hz, 1H), 2.75 (dd, J�
8.0 and 14.0 Hz, 1 H), 2.55 (t, J� 7.0 Hz, 2H), 2.40 (br t, J� 7.0 Hz, 2H), 1.51
(m, 4 H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d� 174.2, 157.4, 142.1,
137.1, 130.5, 128.5, 128.4, 128.3, 128.2, 128.0, 127.9, 127.7, 125.6, 114.9, 69.2,
50.2, 48.7, 41.9, 35.11, 35.0, 31.6, 30.7, 23.6; HRMS [M�Cs]� calcd for
C27H32N2O3Cs: 565.1467, found: 565.1478.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-5-aminopen-
tanamide (15): Hydroxamate 14 (19.1 mg, 0.033 mmol) was treated with a
solution of HCl/acetic acid (1 mL) for 30 min. The reaction mixture was
diluted with toluene (10 mL) and the solvent removed from the resulting
mixture. The resulting solid was rinsed with ether and then dissolved in
CH2Cl2. Removal of the solvent gave 15 as a white solid (14.7 mg, 99%). 1H
NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.25 (s, 1H), 8.19 (br s, 3H), 7.93
(br s, 3H), 7.43 (d, J� 7.5 Hz, 2 H), 7.39 (t, J� 7.5 Hz, 2 H), 7.33 (t, J� 7.5 Hz,
1H), 7.21 (d, J� 8.5 Hz, 2 H), 6.96 (d, J� 8.5 Hz, 2H), 5.07 (s, 2 H), 3.81 (dd,
J� 7.0 and 14.5 Hz, 1 H), 3.53 (br m, 1H), 3.49 (dd, J� 4.5 and 14.5 Hz, 1H),
2.90 (dd, J� 4.5 and 14.0 Hz, 1 H), 2.76 (m, 1 H), 2.74 (m, 2H), 2.42 (br t,
2H), 1.53 (m, 4 H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d� 173.9,
157.4, 137.1, 128.5, 128.1 127.9, 127.7, 114.9, 69.2, 50.2, 48.6, 38.6, 35.1, 31.2,


26.6, 20.8; HRMS [M�Cs]� calcd for C21H29N3O3Cs: 504.1263, found:
504.1277.


Benzyl 4-pentenoate : 4-Pentenoic acid (2.0 g, 20 mmol), benzyl bromide
(2.8 mL, 24 mmol), anhydrous potassium carbonate (13.8 g, 100 mmol),
and tetrabutylammonium iodide (500 mg) were combined in anhydrous
acetone (40 mL) and stirred overnight at room temperature. The reaction
mixture was filtered and the solvent removed. The residue was taken up in
EtOAc, washed (1n HCl, saturated NaHCO3, saturated NaCl) and dried
(MgSO4). Purification by flash chromatography (1:30 EtOAc/hexanes then
1:1 EtOAc/hexanes) gave compound benzyl 4-pentenoate as a yellow liquid
(3.6 g, 96%). 1H NMR (500 MHz, CDCl3, 25 8C): d� 7.36 (m, 5 H), 5.84
(ddt, J� 6.0, 10.5 and 17 Hz, 1 H), 5.12 (s, 2H), 5.05 (ddt, J� 17, 1.5, and
1.5 Hz, 2 H), 5.00 (ddt, J� 10, 1.5, and 1.5 Hz, 2H), 2.47 (m, 2 H), 2.40 (m,
2H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 172.9, 159.8, 136.5, 135.9,
128.5, 128.2, 115.5, 66.2, 33.5, 28.8; HRMS [M�H]� calcd for C12H15O2:
191.1071, found: 191.1062.


Benzyl 4-oxobutyrate (16): Ozone was bubbled through a solution of
benzyl 4-pentenoate (3.6 g, 19.0 mmol) in a 3:1 mixture of CH2Cl2 and
MeOH (100 mL) at ÿ78 8C until a blue color persisted. Oxygen was then
bubbled through until the solution was colorless again and then excess
dimethyl sulfide (4.4 mL) was added. The reaction mixture was stirred for
30 min, before NaHCO3 (5%, 100 mL) was added and the cooling bath
removed. The layers were separated and the aqueous layer extracted with
CH2Cl2. TLC analysis showed two overlapping spots. After leaving to stand
in CH2Cl2 for 2 days, TLC analysis showed only one spot, namely the
aldehyde, suggesting that the other spot was the ozonide. Purification by
flash chromatography (1:3 EtOAc/hexanes) yielded pure aldehyde 16
(3.36 g, 92%). 1H NMR (500 MHz, CDCl3, 25 8C): d� 9.80 (s, 1 H), 7.35 (m,
5H), 5.13 (s, 2H), 2.81 (t, J� 6.5 Hz, 2H), 2.68 (t, J� 6.5 Hz, 2 H); 13C
NMR (125 MHz, CDCl3, 25 8C): d� 199.9, 172.0, 135.6, 128.5, 128.2, 128.2,
66.6, 38.4, 26.5; HRMS [M�H]� calcd for C11H13O3: 193.0865, found:
193.0860.


Benzyl N-Boc-N-[(1S)-1-carboxymethylethyl]-4-aminobutyrate (17): A
solution of l-alanine methyl ester hydrogen chloride (394 mg, 2.8 mmol)
in CH2Cl2 (10 mL) was treated with triethylamine (390 mL, 2.8 mmol) and
the resulting salts were filtered off to give a solution of the free amine. This
was added to a solution of aldehyde 16 (500 mg, 2.6 mmol) in CH2Cl2


(20 mL), and MgSO4 (500 mg) was added. The mixture was stirred at room
temperature for 2 h. The reaction mixture was then filtered and the solvent
removed to give the imine. This was taken up in MeOH (20 mL, 0 8C) and
sodium borohydride (295 mg, 6.5 mmol) was then added in one portion and
the resulting mixture was stirred for 30 min. Saturated NH4Cl (20 mL) was
added and the methanol removed in vacuo. CH2Cl2 (40 mL) was added and
the layers separated. The aqueous layer was extracted twice more with
CH2Cl2 and the combined organic layers washed (saturated NaHCO3,
saturated NaCl) and dried (MgSO4). Removal of the solvent gave the
secondary amine (0.65 g, 88%) which was used without further purifica-
tion.


Di-tert-butyl pyrocarbonate (550 mg, 2.53 mmol) was added to a solution of
the amine (0.65 g, 2.3 mmol) in dioxane (2 mL), THF (2 mL), and water
(2 mL) under argon at 0 8C and stirring was continued at room temperature.
The reaction was complete after 30 min (TLC, 1:1 EtOAc/hexanes). Water
(10 mL) was added and the product was extracted with EtOAc. The organic
layer was dried (MgSO4) and the solvent removed in vacuo to give
compound 17 as a colorless oil (784 mg, 90 %). This product was used
without further purification.


Benzyl N-Boc-N-[(1R)-1-carboxymethylethyl]-4-aminobutyrate (18): A
solution of d-alanine methyl ester hydrogen chloride (394 mg, 2.8 mmol) in
CH2Cl2 (10 mL) was treated with triethylamine (390 mL, 2.8 mmol) and the
resulting salts were filtered off to give a solution of the free amine. This was
added to a solution of aldehyde 16 (500 mg, 2.6 mmol) in CH2Cl2 (20 mL),
and MgSO4 (500 mg) was added. The mixture was stirred at room
temperature for 2 h and then filtered, and the solvent removed to give
the imine. This was taken directly up in MeOH (20 mL) at 0 8C, and sodium
borohydride (295 mg, 6.5 mmol) was added in one portion and the mixture
was stirred for 30 min. Saturated NH4Cl (20 mL) was added and the
methanol removed in vacuo. CH2Cl2 (40 mL) was added and the layers
separated. The aqueous layer was extracted twice more with CH2Cl2 and
the combined organic layers washed (saturated NaHCO3, saturated NaCl)
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and dried (MgSO4). Removal of the solvent gave the secondary amine
(0.65 g, 88%) which was used without further purification.


Di-tert-butyl pyrocarbonate (550 mg, 2.53 mmol) was added to a solution of
the amine (0.65 g, 2.3 mmol) in CH2Cl2 (10 mL) under argon at 0 8C and
stirring was continued overnight at room temperature. The solvent was
removed in vacuo and purification by flash chromatography gave
compound 18 as a colorless oil (680 mg, 83%). This compound exists as
two conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 7.32 (m,
5H), 5.12 (s, 2H), 4.39 (m, 0.5H), 3.93 (m, 0.5H), 3.69 (s, 3H), 3.43 (m,
0.5H), 3.34 (m, 0.5H), 3.17 (m, 0.5H), 3.08 (m, 0.5H), 2.39 (m, 2 H), 1.91
(m, 2 H), 1.44 (d, J� 7.0 Hz, 3H) 1.42 (s, 4 H), 1.41 (s, 5H); 13C NMR
(125 MHz, CDCl3, 25 8C): d� 173.1, 172.9, 172.6, 155.4, 154.8, 135.9, 128.5,
128.2, 80.4, 80.4, 66.2, 55.9, 54.7, 53.4, 52.0, 46.5, 45.4, 31.4, 31.2, 28.3, 24.9,
24.0, 15.9, 15.3; HRMS [M�H]� calcd for C20H30NO6: 380.2073, found:
380.2079.


Benzyl N-Boc-N-[(1S)-1,3-dicarboxymethylpropyl]-4-aminobutyrate (19):
A solution of l-glutamine dimethyl ester hydrogen chloride (548 mg,
2.6 mmol) in CH2Cl2 (20 mL) was treated with triethylamine (365 mL,
2.6 mmol) and the resulting salts were filtered off to give a solution of the
free amine. This was added to a solution of aldehyde 16 (500 mg, 2.6 mmol)
in CH2Cl2 (20 mL), and MgSO4 (500 mg) was added. The mixture was
stirred at room temperature for 2 h. The reaction mixture was then filtered
and the solvent removed to give the imine. This was taken directly up in
MeOH (10 mL) at 0 8C, sodium borohydride (295 mg, 6.5 mmol) was added
in one portion, and the reaction mixture stirred for 30 min. The reaction
mixture was worked up as for 18 to yield the secondary amine (0.75 g, 82%)
which was used immediately without further purification.


Di-tert-butyl pyrocarbonate (545 mg, 2.5 mmol) was added to a solution of
the amine (0.75 g, 2.14 mmol) in CH2Cl2 (5 mL) under argon at 0 8 C and
stirring was continued overnight at room temperature. Additional di-tert-
butyl pyrocarbonate (150 mg, 0.69 mmol) was added and stirring continued
for 24 h. The solvent was removed in vacuo and purification by flash
chromatography gave compound 19 as a colorless oil (844 mg, 72% from
the aldehyde). This compound exists as two conformers in CDCl3. 1H NMR
(500 MHz, CDCl3, 25 8C): d� 7.35 (m, 5 H), 5.12 (s, 2 H), 4.23 (br, 0.5H),
3.92 (br, 0.5H), 3.69 (s, 3H), 3.68 (s, 3 H), 3.52 (br, 0.5 H), 3.34 (br, 0.5H),
3.03 (m, 1 H), 2.42 ± 2.33 (m, 5 H), 2.09 (m, 1H), 1.90 (m, 2 H), 1.44 (s, 4H),
1.40 (s, 5 H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 173.3, 173.0, 172.6,
171.6, 155.4, 154.7, 136.0, 128.5, 128.2, 80.7, 80.5, 66.2, 59.5, 58.8, 52.1, 51.7,
47.8, 46.7, 31.4, 31.3, 30.4, 28.2, 25.5, 24.7, 24.3, 23.6; HRMS [M�Cs]� calcd
for C23H33NO8Cs: 584.1261, found: 584.1277.


Benzyl N-Boc-N-[(1S)-1,4-dicarboxymethylbutyl]-4-aminobutyrate (20):
A solution of 2-l-aminoadipic acid dimethyl ester hydrogen chloride
(450 mg, 2.0 mmol) in CH2Cl2 (20 mL) was treated with triethylamine
(300 mL, 2.16 mmol) and the resulting salts were filtered off to give a
solution of the free amine. This was added to a solution of aldehyde 16
(500 mg, 2.6 mmol) in CH2Cl2 (20 mL) and MgSO4 (500 mg) was added.
The mixture was stirred at room temperature for 4 h. The reaction mixture
was then filtered and the solvent removed to give the imine. This was taken
directly up in MeOH (10 mL) at 0 8C), sodium borohydride (295 mg,
6.5 mmol) was added in one portion, and the reaction mixture stirred for
30 min. The resulting mixture was worked up as for 18 to yield the
secondary amine (0.72 g, 98 %) which was used immediately without
further purification.


Di-tert-butyl pyrocarbonate (500 mg, 2.3 mmol) was added to a solution of
the crude amine (0.72 g, 2.0 mmol) in CH2Cl2 (5 mL) under argon at 0 8C
and stirring was continued overnight at room temperature. Additional di-
tert-butyl pyrocarbonate (200 mg, 0.92 mmol) was added and stirring
continued for 48 h. The solvent was removed in vacuo and purification by
flash chromatography gave compound 20 as a colorless oil (580 mg, 62%
from the amine). This compound exists as two conformers in CDCl3. 1H
NMR (500 MHz, CDCl3, 25 8C): d� 7.35 (m, 5 H), 5.11 (s, 2 H), 4.29 (br,
0.5H), 3.86 (br, 0.5H), 3.67 (s, 3H), 3.66 (s, 3 H), 3.50 (br, 0.5 H), 3.31 (br,
0.5H), 3.03 (m, 1H), 2.42 ± 2.33 (m, 4H), 2.00 ± 1.78 (m, 4 H), 1.64 (m, 2H),
1.44 (s, 4H), 1.40 (s, 5 H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 173.5,
173.0, 172.8, 172.1, 171.8, 155.5, 154.8, 135.9, 135.9, 128.5, 128.2, 80.5, 80.5,
66.2, 60.2, 59.0, 52.0, 51.5, 47.4, 46.0, 33.6, 33.5, 31.5, 31.3, 29.7, 28.7, 28.2,
24.5, 23.7, 21.9, 21.8; HRMS [M�Cs]� calcd for C24H35NO8Cs: 598.1417,
found: 598.1431.


Benzyl N-Boc-N-[(1S)-1-carboxymethyl-5-N''-Boc-aminopentyl]-4-amino-
butyrate (21): A solution of e-N-Boc-l-lysine methyl ester hydrogen
chloride (775 mg, 2.6 mmol) in CH2Cl2 (20 mL) was treated with triethyl-
amine (365 mL, 2.6 mmol) and the resulting salts were filtered off to give a
solution of the free amine. This was added to a solution of aldehyde 16
(500 mg, 2.6 mmol) in CH2Cl2 (20 mL), and MgSO4 (500 mg) was added.
The mixture was stirred at room temperature for 2 h. The reaction mixture
was then filtered and the solvent removed to give the imine. This was taken
up directly in MeOH (10 mL) at 0 8C, sodium borohydride (295 mg,
6.5 mmol) was added in one portion, and the reaction mixture stirred for
30 min. The resulting mixture was worked up as for 18 to yield the
secondary amine which was used immediately without further purification.


Di-tert-butyl pyrocarbonate (625 mg, 2.89 mmol) was added to a solution of
the amine in CH2Cl2 (10 mL) under argon at 0 8C and stirring was continued
overnight at room temperature. Additional di-tert-butyl pyrocarbonate
(200 mg) was added and stirring continued for 24 h. The solvent was
removed in vacuo and purification by flash chromatography gave
compound 21 as a colorless oil (1.28 g, 83%). This compound exists as
two conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 7.35 (m,
5H), 5.12 (s, 2 H), 4.58 (br, 1H), 4.33 (m, 0.5H), 3.85 (br, 0.5H), 3.68 (s,
3H), 3.49 (br, 0.5 H), 3.29 (br, 0.5H), 3.11 (m, 2 H), 3.05 (m, 1 H), 2.40 (m,
2H), 2.1 ± 1.7 (m, 4 H), 1.49 (m, 2H), 1.45 (s, 5H), 1.44 (s, 9 H), 1.40 (s, 4H),
1.35 (m, 2 H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 172.9, 172.1, 155.9,
128.5, 128.2, 80.5, 79.1, 66.2, 60.4, 59.0, 52.0, 47.3, 45.7, 40.3, 31.6, 31.3, 30.0,
29.8, 29.5, 29.0, 28.4, 28.3, 24.6, 23.8, 23.5; HRMS [M�Cs]� calcd for
C28H44N2O8Cs: 669.2152, found: 669.2166.


N-Boc-N-[(1S)-1-carboxymethylethyl]-4-aminobutyric acid (22): A solu-
tion of benzyl ester 17 (660 mg, 1.74 mmol) in EtOAc (10 mL) was stirred
vigorously in the presence of Pd/C (10 % on carbon, 30 mg) under a
hydrogen atmosphere until no ester remained (2 h). The hydrogen was then
evacuated and replaced with argon. The reaction mixture was filtered
through Celite and the solvent removed to give 22 as a colorless oil (499 mg,
99%) which was used without further purification. This compound exists as
two conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 4.15 (m,
0.5H), 3.96 (m, 0.5H), 3.72 (s, 3H), 3.50 (m, 0.5H), 3.38 (m, 0.5H), 3.20 (m,
0.5H), 3.11 (m, 0.5H), 3.03 (m, 1H), 2.42 ± 2.33 (m, 4H), 2.00 ± 1.78 (m,
4H), 1.64 (m, 2H), 1.44 (s, 4 H), 1.40 (s, 5 H); 13C NMR (125 MHz, CDCl3,
25 8C): d� 178.6, 178.2, 172.9, 172.5, 155.1, 80.8, 80.4, 55.9, 54.7, 52.1, 46.3,
45.2, 31.1, 28.2, 24.6, 24.0, 15.8, 15.3; HRMS [M�Cs]� calcd for
C13H23NO6Cs: 422.0580, found: 422.0590.


N-Boc-N-[(1R)-1-carboxymethylethyl]-4-aminobutyric acid (23): A solu-
tion of benzyl ester 18 (660 mg, 1.74 mmol) in EtOAc (10 mL) was stirred
vigorously in the presence of Pd/C (10 % on carbon, 30 mg) under a
hydrogen atmosphere until no ester remained (2 h). The hydrogen was then
evacuated and replaced with argon. The reaction mixture was filtered
through Celite and the solvent removed to give 23 as a colorless oil (499 mg,
99%) which was used without further purification. This compound exists as
two conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 4.15 (m,
0.5H), 3.96 (m, 0.5H), 3.72 (s, 3H), 3.50 (m, 0.5H), 3.38 (m, 0.5H), 3.20 (m,
0.5H), 3.11 (m, 0.5H), 3.03 (m, 1H), 2.42 ± 2.33 (m, 4H), 2.00 ± 1.78 (m,
4H), 1.64 (m, 2H), 1.44 (s, 4 H), 1.40 (s, 5 H); 13C NMR (125 MHz, CDCl3,
25 8C): d� 178.6, 178.2, 172.9, 172.5, 155.1, 80.8, 80.4, 55.9, 54.7, 52.1, 46.3,
45.2, 31.1, 28.2, 24.6, 24.0, 15.8, 15.3; HRMS [M�Cs]� calcd for
C13H23NO6Cs: 422.0580, found: 422.0590.


N-Boc-N-[(1S)-1,3-dicarboxymethylpropyl]-4-aminobutyric acid (24): A
solution of benzyl ester 19 (820 mg, 1.8 mmol) in EtOAc (15 mL) was
stirred vigorously in the presence of Pd/C (10 % on carbon, 35 mg) under a
hydrogen atmosphere until no ester remained (2 h). The hydrogen was then
evacuated and replaced with argon. The reaction mixture was filtered
through Celite and the solvent removed. Purification by flash chromatog-
raphy (1:1 EtOAc/hexanes then EtOAc) yielded 24 as a colorless oil
(494 mg, 76 %). This compound exists as two conformers in CDCl3. 1H
NMR (500 MHz, CDCl3, 25 8C): d� 4.24 (m, 0.5H), 3.95 (m, 0.5 H), 3.73 (s,
3H), 3.69 (s, 3H), 3.57 (m, 0.5 H), 3.38 (m, 0.5H), 3.06 (m, 1 H), 2.47 ± 2.36
(m, 5 H), 2.11 (m, 1 H), 1.89 (m, 2H), 1.46 (s, 4H), 1.41 (s, 5 H); 13C NMR
(125 MHz, CDCl3, 25 8C): 178.8, 178.5, 173.4, 171.7, 171.6, 155.4, 155.0, 81.0,
80.6, 59.5, 58.8, 52.2, 51.7, 47.7, 46.6, 31.2, 30.5, 30.4, 28.2, 25.5, 24.7, 24.0,
23.5; HRMS [M�Na]� calcd for C16H27NO8Na: 384.1634, found: 384.1645.


N-Boc-N-[(1S)-1,4-dicarboxymethylbutyl]-4-aminobutyric acid (25): A
solution of benzyl ester 20 (560 mg, 1.2 mmol) in EtOAc (10 mL) was
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stirred vigorously with Pd/C (10 % on carbon, 25 mg) under a hydrogen
atmosphere until no ester remained (2 h). The reaction mixture was filtered
through Celite and the solvent removed. Purification by flash chromatog-
raphy (1:1 EtOAc/hexanes, then EtOAc) gave 25 as a colorless oil (395 mg,
90%). This compound exists as two conformers in CDCl3. 1H NMR
(500 MHz, CDCl3, 25 8C): d� 4.32 (m, 0.5H), 3.90 (m, 0.5H), 3.72 (s, 3H),
3.68 (s, 3 H), 3.55 (m, 0.5H), 3.35 (m, 0.5 H), 3.08 (m, 1H), 2.48 ± 2.31 (m,
2H), 2.37 (t, J� 7.0 Hz, 2 H), 2.02 (m, 1H), 1.96 ± 1.80 (m, 3H), 1.69 (m,
2H), 1.46 (s, 4 H), 1.42 (s, 5H); 13C NMR (125 MHz, CDCl3, 25 8C): d�
178.8, 178.5, 173.7, 173.5, 172.1, 171.8, 155.6, 155.1, 80.9, 80.5, 60.3, 59.0, 52.1,
51.6, 47.2, 45.8, 33.6, 33.5, 31.2, 29.7, 28.7, 28.2, 24.2, 23.6, 21.9, 21.8; HRMS
[M�Na]� calcd for C17H29NO8Na: 398.1791, found: 398.1776.


N-Boc-N-[(1S)-1-carboxymethyl-5-N''-Boc-aminopentyl]-4-aminobutyric
acid (26): A solution of benzyl ester 21 (1.28 g, 2.39 mmol) in EtOAc
(15 mL) was stirred vigorously in the presence of Pd/C (10 % on carbon,
45 mg) under a hydrogen atmosphere until no ester remained (2 h). The
hydrogen was then evacuated and replaced with argon. The reaction
mixture was filtered through Celite and the solvent removed. Purification
by flash chromatography (1:1 EtOAc/hexanes then EtOAc) yielded 26 as a
colorless oil (946 mg, 89 %). This compound exists as two conformers in
CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 5.71 (m, 0.5H), 4.65 (m,
1H), 4.33 (m, 0.5 H), 3.87 (m, 0.5 H), 3.70 (s, 3 H), 3.53 (m, 0.5H), 3.31 (m,
0.5H), 3.11 ± 3.04 (m, 3 H), 2.40 ± 2.30 (m, 2H), 2.10 ± 1.70 (m, 4H), 1.53 (m,
2H), 1.46 (s, 4 H), 1.43 (s, 9H), 1.40 (s, 5H); 13C NMR (125 MHz, CDCl3,
25 8C): d� 178.0, 177.9, 172.3, 172.0, 156.0, 155.7, 155.1, 80.7, 80.3, 79.1, 60.3,
58.9, 52.0, 47.0, 45.5, 40.2, 31.1, 29.8, 29.7, 29.5, 28.9, 28.3, 28.2, 24.3, 23.6,
23.4; HRMS [M�Cs]� calcd for C21H38N2O8Cs: 579.1682, found: 579.1664.


N-Hydroxy-N-[(2S)-2-N''''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-N''-
Boc-N''-[(1S)-1-carboxymethylethyl]-4-aminobutanamide (27): Isobutyl
chloroformate (39 mL, 0.30 mmol) was added to a solution of acid 22
(87 mg, 0.30 mmol) and triethylamine (42 mL, 0.30 mmol) in THF (5 mL,
0 8C). The resulting slurry was stirred for 30 min and then hydroxylamine
(2S)-2-N'-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine
(100 mg, 0.27 mmol) was added. The cooling bath was removed and the
reaction mixture stirred for 30 min. The reaction mixture was then poured
into CH2Cl2 (50 mL), washed (1n HCl, saturated NaHCO3, saturated
NaCl), and dried (MgSO4). Purification by flash chromatography (1:2
EtOAc/hexanes) yielded compound 27 as a colorless oil (109 mg, 63%).
This compound exists as two conformers in CDCl3. 1H NMR (500 MHz,
CDCl3, 25 8C): d� 8.66 (s, 1 H), 7.43 (d, J� 7 Hz, 2 H), 7.39 (t, J� 7.5 Hz,
2H), 7.33 (t, J� 7.0 Hz, 1H), 7.10 (d, J� 8.5 Hz, 2H), 6.93 (d, J� 8.5 Hz,
2H), 5.05 (s, 2H), 4.62 (m, 1 H), 4.45 (m, 0.5H), 4.19 (m, 2 H), 3.96 (m,
0.5H), 3.71 (s, 3H), 3.38 ± 3.15 (m, 2H), 3.09 (m, 1 H), 2.81 (m, 2H), 2.62 (m,
1H), 2.31 (m, 1H), 1.87 (m, 2 H), 1.45 (s, 9H), 1.40 (s, 3H), 1.38 (s, 9 H); 13C
NMR (125 MHz, CDCl3, 25 8C): d� 174.1, 173.9, 172.9, 172.6, 158.2, 157.8,
155.4, 154.8, 136.9, 130.0, 128.7, 128.5, 127.9, 127.4, 115.1, 80.9, 80.7, 80.3,
80.0, 70.0, 55.9, 54.7, 52.0, 50.51, 48.4, 48.1, 47.1, 45.9, 37.3, 37.2, 34.6, 31.5,
30.0, 29.1, 28.3, 24.7, 23.7, 22.6, 16.0, 15.9, 15.4, 14.1; HRMS [M�Cs]� calcd
for C34H49N3O9Cs: 776.2523, found: 776.2505.


N-Hydroxy-N-[(2S)-2-N''''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-N''-
Boc-N''-[(1R)-1-carboxymethylethyl]-4-aminobutanamide (28): Isobutyl
chloroformate (77 mL, 0.59 mmol) was added to a solution of acid 23
(189 mg, 0.65 mmol) and triethylamine (105 mL, 0.75 mmol) in THF
(10 mL) at 0 8C. The resulting slurry was stirred for 30 min and then (2S)-
2-N'-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine (200 mg,
0.54 mmol) was added. The cooling bath was removed and the reaction
stirred for 30 min. The reaction was then quenched by addition of 3-
dimethylaminopropylamine and poured into CH2Cl2 (60 mL), washed (1n
HCl, saturated NaHCO3, saturated NaCl), and dried (MgSO4). Purification
by flash chromatography (1:2 EtOAc/hexanes) yielded compound 28 as a
colorless oil (285 mg, 82 %). This compound exists as two conformers in
CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.65 (d, J� 12.0 Hz, 1H),
7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.10
(d, J� 8.5 Hz, 2 H), 6.93 (d, J� 8.5 Hz, 2H), 5.05 (s, 2H), 4.65 (m, 1H), 4.44
(m, 0.5H), 4.18 (m, 1H), 4.15 (m, 1 H), 3.96 (m, 0.5 H), 3.69 (s, 3 H), 3.35 (m,
0.5H), 3.31 (m, 0.5 H), 2.76 (m, 2 H), 2.59 (m, 0.5H), 2.31 (m, 1H), 1.85 (m,
2H), 1.45 (s, 4 H), 1.40 (s, 5H), 1.38 (s, 9H); 13C NMR (125 MHz, CDCl3,
25 8C): d� 174.1, 173.9, 172.9, 172.6, 158.2, 157.8, 155.5, 154.8, 136.9, 130.1,
128.6, 128.0, 127.5, 115.1, 81.0, 80.8, 80.4, 80.0, 70.0, 55.9, 54.7, 52.0, 50.5,
48.3, 48.1, 47.2, 45.9, 37.3, 37.2, 30.0, 29.2, 28.3, 28.2, 24.7, 23.7, 16.0, 16.0, 15.4;
HRMS [M�Cs]� calcd for C34H49N3O9Cs: 776.2523, found: 776.2544.


N-Hydroxy-N-[(2S)-2-N''''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-N''-
Boc-N''-[(1S)-1,3-dicarboxymethylpropyl]-4-aminobutanamide (29): Iso-
butyl chloroformate (77 mL, 0.59 mmol) was added to a solution of acid
24 (234 mg, 0.65 mmol) and triethylamine (105 mL, 0.75 mmol) in THF
(10 mL) at 0 8C. The resulting slurry was stirred for 30 min and then (2S)-2-
N'-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine (200 mg,
0.54 mmol) was added. The cooling bath was removed and the reaction
stirred for 30 min. The reaction was then quenched by addition of 3-
dimethylaminopropylamine and poured into CH2Cl2 (60 mL), washed (1n
HCl, saturated NaHCO3, saturated NaCl), and dried (MgSO4). Purification
by flash chromatography (1:2 EtOAc/hexanes) yielded compound 29 as a
colorless oil (293 mg, 76 %). This compound exists as two conformers in
CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.65 (br s, 0.5H), 8.61 (br s,
0.5H), 7.43 (d, J� 7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz,
1H), 7.10 (d, J� 8.5 Hz, 2 H), 6.93 (d, J� 8.5 Hz, 2H), 5.05 (s, 2H), 4.66 (m,
1H), 4.28 (m, 0.5 H), 4.18 (m, 1H), 4.15 (m, 1 H), 3.96 (m, 0.5 H), 3.70 (s,
3H), 3.67 (s, 3H), 3.48 (m, 0.5 H), 3.30 (m, 0.5H), 3.09 ± 2.95 (m, 2H), 2.77
(m, 2 H), 2.61 (m, 1 H), 2.41 (m, 2 H), 2.41 ± 2.20 (m, 2 H), 2.11 (br, 1H), 1.85
(m, 2H), 1.45 (s, 4 H), 1.40 (s, 5 H), 1.38 (s, 9H); 13C NMR (125 MHz,
CDCl3, 25 8C): d� 174.0, 173.9, 173.8, 173.4, 171.8, 171.7, 158.2, 157.9, 157.8,
155.5, 154.8, 136.9, 130.1, 128.7, 128.6, 128.0, 127.4, 115.1, 80.8, 80.7, 80.4,
80.1, 70.0, 59.6, 59.5, 52.1, 51.7, 50.5, 48.3, 48.1, 47.1, 37.3, 37.2, 30.6, 30.6, 30.0,
29.9, 29.3, 29.2, 28.2, 28.2, 25.6, 24.7, 24.1, 23.3; HRMS [M�Cs]� calcd for
C37H53N3O11Cs: 848.2734, found: 848.2755.


N-Hydroxy-N-[(2S)-2-N''''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-N''-
Boc-N''-[(1S)-1,4-dicarboxymethylbutyl]-4-aminobutanamide (30): Isobu-
tyl chloroformate (75 mL, 0.59 mmol) was added to a solution of acid 25
(215 mg, 0.57 mmol) and triethylamine (110 mL, 0.76 mmol) in THF
(10 mL) at 0 8C. The resulting slurry was stirred for 30 min and then (2S)-
2-N'-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine (200 mg,
0.54 mmol) was added. The cooling bath was removed and the reaction
mixture stirred for 30 min. The reaction was then quenched by addition of
3-dimethylaminopropylamine and poured into CH2Cl2 (60 mL), washed
(1n HCl, saturated NaHCO3, saturated NaCl), and dried (MgSO4).
Purification by flash chromatography (1:2 EtOAc/hexanes) yielded com-
pound 30 as a colorless oil (292 mg, 75%). This compound exists as two
conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.68 (br s,
0.5H), 8.65 (br s, 0.5 H), 7.43 (d, J� 7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2H), 7.33
(t, J� 7.0 Hz, 1 H), 7.10 (d, J� 8.5 Hz, 2 H), 6.93 (d, J� 8.5 Hz, 2H), 5.03 (s,
2H), 4.80 (m, 0.5 H), 4.76 (br d, J� 9.0 Hz, 0.5H), 4.31 (m, 0.5 H), 4.20 ± 4.05
(m, 2 H), 3.89 (m, 0.5 H), 3.68 (s, 3 H), 3.65 (s, 3 H), 3.45 (m, 0.5 H), 3.27 (m,
0.5H), 3.09 ± 2.96 (m, 2 H), 2.76 (m, 2 H), 2.60 (m, 1H), 2.41 ± 2.20 (m, 3H),
1.98 (br, 1H), 1.83 (m, 3 H), 1.67 (m, 2H), 1.45 (s, 4H), 1.39 (s, 5 H), 1.37 (s,
9H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 173.9, 173.8, 173.7, 173.4,
172.1, 171.9, 158.1, 157.9, 157.7, 155.6, 154.8, 136.8, 130.0, 128.7, 128.5, 127.9,
127.4, 115.0, 80.8, 80.6, 80.4, 80.1, 70.0, 60.2, 60.1, 58.9, 51.9, 51.5, 50.5, 48.3,
48.1, 47.9, 46.5, 37.2, 37.2, 33.7, 33.5, 30.0, 29.7, 29.6, 29.2, 28.8, 28.2, 28.1, 24.2,
23.3, 21.9, 21.8; HRMS [M�Cs]� calcd for C38H55N3O11Cs: 862.2891, found:
862.2868.


N-Hydroxy-N-[(2S)-2-N''''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-N''-
Boc-N''-[(1S)-1-carboxymethyl-5-N''-Boc-aminopentyl]-4-aminobutanamide
(31): Isobutyl chloroformate (77 mL, 0.59 mmol) was added to a solution of
acid 26 (290 mg, 0.65 mmol) and triethylamine (105 mL, 0.75 mmol) in THF
(10 mL) at 0 8C. The resulting slurry was stirred for 30 min and then (2S)-2-
N'-Boc-amino-3-(4-benzyloxyphenyl)-N-hydroxypropylamine (200 mg,
0.54 mmol) was added. The cooling bath was removed and the reaction
mixture stirred for 30 min. The reaction was then quenched by addition of
3-dimethylaminopropylamine and poured into CH2Cl2 (60 mL), washed
(1n HCl, saturated NaHCO3, saturated NaCl), and dried (MgSO4).
Purification by flash chromatography (1:2 EtOAc/hexanes) yielded com-
pound 31 as a colorless oil (389 mg, 90%). This compound exists as two
conformers in CDCl3. 1H NMR (500 MHz, CDCl3, 25 8C): d� 8.67 (br d,
J� 14.0 Hz, 1H), 7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t,
J� 7.0 Hz, 1 H), 7.10 (d, J� 8.5 Hz, 2 H), 6.93 (d, J� 8.5 Hz, 2H), 5.05 (s,
2H), 4.79 (m, 1 H), 4.65 (m, 1H), 4.38 (m, 0.5 H), 4.19 (m, 1H), 4.15 (m,
1H), 3.88 (m, 0.5 H), 3.69 (s, 3 H), 3.42 (m, 0.5H), 3.25 (m, 0.5H), 3.13 (m,
1H), 3.06 (m, 1H), 2.78 (m, 2 H), 2.59 (m, 0.5H), 2.31 (m, 1 H), 1.95 (m,
1H), 1.85 (br, 2 H), 1.51 (m, 2H), 1.45 (s, 3H), 1.43 (s, 6H), 1.40 (s, 3H), 1.38
(s, 6 H), 1.38 (s, 9H); 13C NMR (125 MHz, CDCl3, 25 8C): d� 174.0, 173.8,
172.4, 172.2, 158.2, 157.9, 157.8, 156.0, 155.0, 136.9, 130.1, 128.6, 128.0, 127.4,
115.1, 80.8, 80.7, 80.4, 80.1, 79.0, 70.0, 60.4, 60.3, 59.0, 52.0, 50.5, 48.4, 48.2,
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47.8, 46.3, 46.2, 40.3, 37.2, 30.0, 29.8, 29.7, 29.5, 29.2, 29.0, 28.4, 28.3, 28.2,
24.3, 23.9, 23.6, 23.3; HRMS [M�Cs]� calcd for C42H64N4O11Cs: 933.3626,
found: 933.3649.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1-
carboxymethylethyl]-4-aminobutanamide, HCl salt (32): Hydroxamate 27
(44 mg, 0.068 mmol) was treated with a solution of HCl/acetic acid (1 mL)
for 30 min. The reaction mixture was diluted with toluene (10 mL) and the
solvent removed from the resulting mixture. The resulting solid was rinsed
with ether and then azeotroped with toluene to give 32 as a white solid
(28.1 mg, 94 %). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.31 (s, 1H),
9.64 (br s, 1H), 9.27 (br s, 1H), 8.22 (br s, 3 H), 7.43 (d, J� 7.0 Hz, 2H), 7.39
(t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J� 8.5 Hz, 2H), 6.97 (d,
J� 8.5 Hz, 2 H), 5.07 (s, 2H), 4.12 (m, 1 H), 3.82 (dd, J� 8.0 and 14.0 Hz,
1H), 3.74 (s, 3H), 3.54 (br, 1H), 3.47 (dd, J� 4.0 and 14.5 Hz, 1H), 3.00 ±
2.88 (m, 2H), 2.93 (dd, J� 6.0 and 13.5 Hz, 1H), 2.76 (dd, J� 7.5 and
13.5 Hz, 1H), 2.52 (t, J� 7.0 Hz, 2 H), 1.85 (m, 2H), 1.45 (d, J� 7.0 Hz, 3H);
13C NMR (125 MHz, [D6]DMSO, 25 8C): d� 173.3, 169.9, 157.4, 137.1, 130.5,
128.5, 128.1, 127.9, 127.7, 114.9, 69.2, 54.2, 53.0, 50.2, 48.7, 44.8, 35.1, 29.2,
22.5, 20.6, 14.4; HRMS [M�H]� calcd for C24H34N3O5: 444.2498, found:
444.1339.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1R)-1-
carboxymethylethyl]-4-aminobutanamide, HCl salt (33): Hydroxamate 28
(58 mg, 0.090 mmol) was treated with a solution of HCl/acetic acid (1.5 mL)
for 30 min. The reaction mixture was diluted with toluene (10 mL) and the
solvent removed from the resulting mixture. The resulting solid was rinsed
with ether and then azeotroped with toluene to give 33 as a white solid
(42.8 mg, 92 %). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.32 (s, 1H),
9.68 (br s, 1H), 9.31 (br s, 1H), 8.23 (br s, 3 H), 7.43 (d, J� 7.0 Hz, 2H), 7.39
(t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J� 8.5 Hz, 2H), 6.97 (d,
J� 8.5 Hz, 2 H), 5.07 (s, 2H), 4.13 (m, 1 H), 3.83 (dd, J� 8.0 and 14.5 Hz,
1H), 3.74 (s, 3 H), 3.55 (br, 1H), 3.48 (dd, J� 4.0 and 14.5 Hz, 1H), 2.95 (m,
3H), 2.77 (dd, J� 8.0 and 14.0 Hz, 1H), 2.52 (t, J� 7.5 Hz, 2 H), 1.88 (m,
2H), 1.45 (d, J� 7.0 Hz, 3H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d�
173.2, 169.9, 157.3, 137.1, 130.5, 128.5, 128.1, 127.9, 127.7, 114.9, 69.2, 54.2,
53.0, 50.2, 48.7, 44.8, 35.0, 29.0, 20.6, 14.4; HRMS [M�Cs]� calcd for
C24H33N3O5Cs: 576.1475, found: 576.1489.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1,3-
dicarboxymethylpropyl]-4-aminobutanamide, HCl salt (34): Hydroxamate
29 (75 mg, 0.091 mmol) was treated with a solution of HCl/acetic acid
(1 mL) for 30 min. The reaction mixture was diluted with toluene (10 mL)
and the solvent removed from the resulting mixture. The resulting solid was
rinsed with ether and then azeotroped with toluene to give 34 as a white
solid (52.7 mg, 99%). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.30 (s,
1H), 9.75 (br s, 1 H), 9.39 (br s, 1H), 8.22 (br s, 3 H), 7.43 (d, J� 7.0 Hz, 2H),
7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97
(d, J� 8.5 Hz, 2 H), 5.07 (s, 2 H), 4.09 (br, 1H), 3.82 (dd, J� 8.0 and 14.0 Hz,
1H), 3.72 (s, 3 H), 3.59 (s, 3H), 3.55 (br, 1H), 3.48 (dd, J� 3.5 and 14.0 Hz,
1H), 2.93 (dd, J� 5.5 and 14.0 Hz, 1 H), 2.93 (m, 2 H), 2.77 (dd, J� 8.0 and
14.0 Hz, 1 H), 2.50 (m, 4 H), 2.17 (m, 1H), 2.10 (m, 1H), 1.88 (m, 2 H); 13C
NMR (125 MHz, [D6]DMSO, 25 8C): d� 173.2, 172.1, 168.8, 157.3, 137.1,
130.5, 128.5, 128.1, 127.9, 127.7, 114.9, 69.2, 57.9, 53.0, 51.6, 50.2, 48.7, 45.5,
35.0, 29.0, 28.8, 23.9, 20.5; HRMS [M�Cs]� calcd for C27H37N3O7Cs:
648.1686, found: 648.1699.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1,4-
dicarboxymethylbutyl]-4-aminobutanamide, HCl salt (35): Hydroxamate
30 (46 mg, 0.063 mmol) was treated with a solution of HCl/acetic acid
(1 mL) for 30 min. The reaction mixture was diluted with toluene (10 mL)
and the solvent removed from the resulting mixture. The resulting solid was
rinsed with ether and then azeotroped with toluene to give 35 as a white
solid (27.4 mg, 71 %). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.31 (s,
1H), 9.55 (br s, 1 H), 9.32 (br s, 1H), 8.21 (br s, 3 H), 7.43 (d, J� 7.0 Hz, 2H),
7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97
(d, J� 8.5 Hz, 2 H), 5.07 (s, 2 H), 4.09 (br, 1H), 3.80 (dd, J� 8.5 and 14.0 Hz,
1H), 3.75 (s, 3 H), 3.58 (s, 3H), 3.55 (br, 1H), 3.48 (dd, J� 4.0 and 14.0 Hz,
1H), 2.92 (dd, J� 5.0 and 14.0 Hz, 1 H), 2.90 (m, 2 H), 2.78 (dd, J� 8.5 and
14.0 Hz, 1 H), 2.51 (t, J� 7.0 Hz, 2H), 2.34 (t, J� 7.0 Hz, 2H), 1.86 (m, 4H),
1.62 (m, 1H), 1.46 (m, 1H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d�
173.2, 172.8, 169.2, 157.4, 137.1, 130.5, 128.5, 128.1, 127.9, 127.7, 114.9, 69.2,
58.4, 53.0, 51.4, 50.2, 48.7, 45.5, 35.0, 32.5, 29.0, 28.0, 20.5, 19.8; HRMS
[M�Cs]� calcd for C28H39N3O7Cs: 662.1842, found: 662.1852.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1-c-
arboxymethyl-5-aminopentyl]-4-aminobutanamide, HCl salt (36): Hydrox-
amate 31 (50 mg, 0.063 mmol) was treated with a solution of HCl/acetic
acid (1 mL) for 30 min. The reaction mixture was diluted with toluene
(10 mL) and the solvent removed from the resulting mixture. The resulting
solid was rinsed with ether and then azeotroped with toluene to give 36 as a
pale yellow solid (38 mg, 99%). 1H NMR (500 MHz, [D6]DMSO, 25 8C):
d� 10.25 (s, 1 H), 9.75 (br s, 1 H), 9.30 (br s, 1 H), 8.20 (br s, 3H), 8.04 (br s,
3H), 7.43 (d, J� 7.0 Hz, 2H), 7.36 (t, J� 7.0 Hz, 2H), 7.32 (t, J� 7.0 Hz, 1H),
7.19 (d, J� 8.5 Hz, 2H), 6.96 (d, J� 8.5 Hz, 2H), 5.06 (s, 2H), 4.03 (br, 1H),
3.83 (dd, J� 7.0 and 14.0 Hz, 1H), 3.76 (s, 3H), 3.55 (br, 1 H), 3.48 (dd, J�
3.0 and 14.0 Hz, 1H), 2.96 (br, 2H), 2.94 (dd, J� 3.0 and 14.0 Hz, 1H),
2.80 ± 2.69 (m, 3H), 2.53 (t, J� 7.0 Hz, 2H), 1.96 ± 1.79 (m, 4 H), 1.55 (m,
2H), 1.42 (m, 1H), 1.29 (m, 1H); 13C NMR (125 MHz, [D6]DMSO, 25 8C):
d� 173.2, 169.2, 157.2, 130.5, 128.5, 128.1, 127.9, 127.7, 114.9, 89.4, 69.2, 58.5,
53.0, 48.7, 46.0, 38.2, 35.0, 29.0, 26.3, 21.2, 20.5; HRMS [M�H]� calcd for
C27H41N4O5: 501.3077, found: 501.3087.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1-
carboxyethyl]-4-aminobutanamide, HCl salt (37): LiOH (1.0m, 2.5 mL)
was added to hydroxamate 27 (73 mg, 0.11 mmol) in THF/MeOH (2:17,
5 mL) and the biphasic mixture was stirred vigorously for 30 min. The
mixture was poured into HCl (1n, 30 mL) and extracted with EtOAc. The
organic layer was dried (MgSO4) and the solvent removed to give a pale
yellow oil (70 mg, 99 %). The oil (26 mg, 0.041 mmol) was then dissolved in
HCl/acetic acid (1 mL) and stirred for 30 min. The reaction mixture was
diluted with toluene (10 mL) and the solvent removed from the resulting
mixture. The resulting solid was rinsed with ether and then azeotroped with
toluene to give 37 as a white solid (18.5 mg, 89%). 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 10.26 (s, 1 H), 9.13 (br s, 2 H), 8.18 (br s, 3 H), 7.43 (d,
J� 7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1 H), 7.21 (d, J�
8.5 Hz, 2 H), 6.97 (d, J� 8.5 Hz, 2 H), 5.07 (s, 2H), 3.96 (m, 1 H), 3.84 (dd,
J� 8.0 and 15.0 Hz, 1H), 3.55 (br, 1 H), 3.46 (dd, J� 4.5 and 14.5 Hz, 1H),
2.92 (m, 3H), 2.76 (dd, J� 8.5 and 14.0 Hz, 1H), 2.52 (t, J� 7.0 Hz, 2H),
1.84 (m, 2 H), 1.43 (d, J� 7.0 Hz, 3 H); 13C NMR (125 MHz, [D6]DMSO,
25 8C): d� 173.4, 171.2, 157.6, 137.3, 130.7, 128.7, 128.3, 128.1, 128.0, 115.1,
69.4, 54.6, 50.4, 48.9, 45.0, 35.3, 29.2, 20.8, 14.7; HRMS [M�Cs]� calcd for
C23H31N3O2Cs: 562.1318, found: 562.1335.


N-Hydroxy-N-[(2R)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1R)-1-
carboxyethyl]-4-aminobutanamide, HCl salt (38): LiOH (1.0m, 2.5 mL)
was added to hydroxamate 28 (90 mg, 0.13 mmol) in THF/MeOH (2:1,
7.5 mL) and the biphasic mixture was stirred vigorously for 1 h. The mixture
was poured into HCl (1n, 50 mL) and extracted with EtOAc. The organic
layer was dried (MgSO4) and the solvent removed to give a pale yellow oil
(84 mg, 95%). The oil (30 mg, 0.048 mmol) was then dissolved in HCl/
acetic acid (1 mL) and stirred for 30 min. The reaction mixture was diluted
with toluene (10 mL) and the solvent removed from the resulting mixture.
The resulting solid was rinsed with ether and then azeotroped with toluene
to give 38 as a white solid (22.3 mg, 93%). 1H NMR (500 MHz, [D6]DMSO,
25 8C): d� 10.28 (s, 1H), 9.11 (br s, 2H), 8.19 (br s, 3H), 7.43 (d, J� 7.0 Hz,
2H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz,
2H), 6.97 (d, J� 8.5 Hz, 2H), 5.07 (s, 2 H), 3.92 (m, 1H), 3.84 (m, 1H), 3.55
(br, 1 H), 3.46 (dt, J� 3.0 and 14.5 Hz, 1 H), 2.92 (m, 3H), 2.76 (dd, J� 8.5
and 14.0 Hz, 1 H), 2.52 (t, 2 H), 1.84 (m, 2 H), 1.42 (d, J� 7.0 Hz, 3 H); 13C
NMR (125 MHz, [D6]DMSO, 25 8C): d� 173.2, 171.0, 157.2, 137.1, 130.2,
128.5, 128.1, 127.9, 127.7, 114.9, 69.2, 54.5, 50.1, 48.7, 44.8, 35.1, 28.9, 20.6,
14.5; HRMS [M�Cs]� calcd for C23H31N3O2Cs: 562.1318, found: 562.1328.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1,3-
dicarboxypropyl]-4-aminobutanamide, HCl salt (39): LiOH (1.0m, 2.5 mL)
was added to hydroxamate 29 (114 mg, 0.16 mmol) in THF/MeOH (2:1,
7.5 mL) and the biphasic mixture stirred vigorously for 1 h. The mixture was
poured into HCl (1n, 30 mL) and extracted with EtOAc. The organic layer
was dried (MgSO4) and the solvent removed to give a pale yellow oil
(106 mg, 96 %). The oil (37 mg, 0.054 mmol) was then dissolved in HCl/
acetic acid (1 mL) and stirred for 30 min. The reaction mixture was diluted
with toluene (10 mL) and the solvent removed from the resulting mixture.
The resulting solid was rinsed with ether and then azeotroped with toluene
to give 39 as a white solid (28.1 mg, 94%). 1H NMR (500 MHz, [D6]DMSO,
25 8C): d� 10.27 (s, 1 H), 9.20 (vbr s, 2H), 8.19 (br s, 3 H), 7.43 (d, J� 7.0 Hz,
2H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz,
2H), 6.97 (d, J� 8.5 Hz, 2H), 5.07 (s, 2 H), 3.92 (m, 1H), 3.84 (m, 1H), 3.55
(br, 1 H), 3.46 (m, 1H), 3.00 ± 2.86 (m, 3H), 2.75 (dd, J� 8.5 and 14.0 Hz,
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1H), 2.52 (m, 2H), 2.46 (m, 1H), 2.32 (m, 1 H), 2.11 (m, 1H), 2.02 (m, 1H),
1.85 (m, 2H); 13C NMR (125 MHz, [D6]DMSO, 25 8C): d� 173.3, 173.1,
170.0, 157.4, 137.1, 130.5, 128.5, 128.1, 127.9, 127.7, 114.9, 69.2, 58.2, 50.1, 48.7,
45.5, 35.1, 29.3, 29.0, 24.1, 22.5, 20.6; HRMS [M�Cs]� calcd for
C25H33N3O7Cs: 620.1373, found: 620.1398.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1,4-
dicarboxybutyl]-4-aminobutanamide, HCl salt (40): LiOH (1.0m, 2.5 mL)
was added to hydroxamate 30 (86 mg, 0.12 mmol) in THF/MeOH (2:1,
7.5 mL) and the biphasic mixture was stirred vigorously for 30 min. The
mixture was poured into a mixture of HCl (1n, 10 mL) and saturated NaCl
(10 mL) and extracted with EtOAc. The organic layer was dried (MgSO4)
and the solvent removed to give a pale yellow oil (81 mg, 98 %). The oil
(29 mg, 0.041 mmol) was then dissolved in HCl/acetic acid (1 mL) and
stirred for 30 min. The reaction mixture was diluted with toluene (10 mL)
and the solvent removed from the resulting mixture. The resulting solid was
rinsed with ether and then azeotroped with toluene to give 40 as a white
solid (22.5 mg, 95%). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.25 (s,
1H), 9.10 (br s, 2 H), 8.20 (br s, 3 H), 7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J�
7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97 (d, J�
8.5 Hz, 2 H), 5.07 (s, 2 H), 3.88 (m, 1 H), 3.83 (m, 1 H), 3.54 (br, 1 H), 3.45
(dt, J� 4.5 and 14.0 Hz, 1 H), 2.92 (m, 2H), 2.92 (dd, J� 4.5 and 13.5 Hz,
1H), 2.76 (dd, J� 8.0 and 13.5 Hz, 1H), 2.52 (t, 2H), 2.25 (t, J� 7.0 Hz,
2H), 1.84 (m, 2 H), 1.64 (m, 1H), 1.46 (m, 1 H); 13C NMR (125 MHz,
[D6]DMSO, 25 8C): d� 174.2, 173.5, 170.5, 157.6, 137.3, 130.7, 128.7, 128.3,
128.1, 128.0, 115.1, 69.4, 68.3, 59.1, 50.3, 48.9, 45.7, 35.3, 33.23, 29.2, 28.3,
20.8, 20.1; HRMS [M�Cs]� calcd for C26H35N3O7Cs: 634.1529, found:
634.1538.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-N''-[(1S)-1-
carboxy-5-aminopentyl]-4-aminobutanamide, HCl salt (41): LiOH (1.0m,
2.5 mL) was added to hydroxamate 31 (93 mg, 0.12 mmol) in THF/MeOH
(2:1, 7.5 mL) and the biphasic mixture was stirred vigorously for 1 h. The
mixture was poured into HCl (1n, 50 mL) and extracted with EtOAc. The
organic layer was dried (MgSO4) and the solvent removed to give a pale
yellow oil (87 mg, 96 %). The oil (31 mg, 0.039 mmol) was then dissolved in
HCl/acetic acid (1 mL) and stirred for 30 min. The reaction mixture was
diluted with toluene (10 mL) and the solvent removed from the resulting
mixture. The resulting solid was rinsed with ether and then azeotroped with
toluene to give 41 as a white solid (20.1 mg, 86%). 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 10.29 (s, 1H), 9.23 (br s, 2H), 8.20 (br s, 3 H), 8.04
(br s, 3H), 7.43 (d, J� 7.0 Hz, 2 H), 7.39 (t, J� 7.0 Hz, 2 H), 7.33 (t, J� 7.0 Hz,
1H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97 (d, J� 8.5 Hz, 2H), 5.07 (s, 2H), 3.86 (m,
1H), 3.84 (dd, J� 8.0 and 14.5 Hz, 1H), 3.55 (br, 1 H), 3.47 (dd, J� 2.0 and
14.5 Hz, 1 H), 2.92 (m, 3H), 2.80 ± 2.71 (m, 3H), 2.52 (t, 2H), 1.89 (m, 2H),
1.58 (m, 2H), 1.47 (m, 1 H), 1.32 (m, 1H); 13C NMR (125 MHz, [D6]DMSO,
25 8C): d� 173.2, 170.2, 157.4, 137.1, 130.5, 128.5, 128.1, 127.9, 127.7, 114.9,
69.2, 58.8, 50.1, 48.7, 45.6, 38.2, 35.1, 29.0, 28.2, 26.4, 21.3, 20.6; HRMS
[M�Cs]� calcd for C26H38N4O5Cs: 619.1897, found: 619.1892.


S-Acetyl-4-mercaptobutyric acid (42): Potassium thioacetate (1.0 g,
9.0 mmol) was added in one portion to a solution of 4-bromobutyric acid
(1.0 g, 6.0 mmol) in anhydrous DMF (5 mL) under argon at room
temperature. The reaction was difficult to monitor by TLC as the starting
material was hard to detect (2:1 hexanes/EtOAc). The reaction mixture
was stirred for a total of 1 h then the solvent removed in vacuo. The residue
was taken up in ether and washed (0.1n HCl, brine). Purification by flash
chromatography yielded VI-58 as a colorless oil (0.75 g, 78 %). 1H NMR
(400 MHz, CDCl3, 25 8C): d� 2.94 (t, J� 7.0 Hz, 2H), 2.45 (t, J� 7.0 Hz,
2H), 2.34 (s, 3 H), 1.92 (dt, J� 7.0 and 7.0 Hz, 2 H); 13C NMR (100 MHz,
CDCl3, 25 8C): d� 195.7, 178.9, 32.6, 30.6, 28.2, 24.5.


Methyl (R)-(�)-2-bromopropionate. (R)-(�)-2-bromopropionic acid
(1.0 g, 590 mL, 6.5 mmol) was treated with ethereal diazomethane to give
the methyl ester. Acetic acid was added to destroy any excess diazo-
methane and the ethereal solution was concentrated by distillation to give
the product in ether (10 mL, approximately 0.65 mm). This solution was
used directly in the following reaction (compound 43).


S-[(1S)-1-carboxymethylethyl]-4-mercaptobutyric acid (43): NaOH (1n,
1.2 mL, 1.2 mmol, deoxygenated) was added dropwise to thioacetate 42
(300 mg, 1.8 mmol) in methanol (7 mL, deoxygenated). The resulting
solution was stirred for 15 min. Additional NaOH (1n, 0.6 mL, 0.6 mmol)
was added followed by methyl (R)-(�)-2-bromopropionate (5 mL of �
0.65 mm solution, see preceding description). Stirring was continued for


45 min (TLC 1:1 EtOAc/hexanes). The reaction mixture was poured into
EtOAc (100 mL), and the layers were separated and the organic layer
washed (1n HCl, brine). Purification by flash chromatography (5 %
acetone/toluene) gave the desired product 43 as a colorless oil (0.37 g,
100 %). 1H NMR (400 MHz, CDCl3, 25 8C): d� 3.75 (s, 3 H), 3.43 (q, J�
7.0 Hz, 1 H), 2.71 (m, 1 H), 2.67 (m, 1 H), 2.50 (t, J� 7.0 Hz, 2H), 1.92 (m,
2H), 1.45 (d, J� 7.0 Hz, 3 H). HRMS [M�H]� calcd for C8H15O4S: 207.0691,
found: 207.0695.


N-Hydroxy-N-[(2S)-2-N''-Boc-amino-3-(4-benzyloxyphenyl)propyl]-S-[(1-
S)-1-carboxymethylethyl]-4-mercaptobutanamide (44): Isobutyl chlorofor-
mate (75 mL, 0.59 mmol) was added to a solution of acid 43 (121 mg,
0.59 mmol) and triethylamine (105 mL, 0.75 mmol) in THF (10 mL) at 0 8C.
The resulting slurry was stirred for 30 min and then (2S)-2-N'-Boc-amino-3-
(4-benzyloxyphenyl)-N-hydroxypropylamine (200 mg, 0.54 mmol) was
added. The cooling bath was removed and the reaction mixture stirred
for 30 min. The reaction was then quenched by addition of 3-dimethyl-
aminopropylamine and poured into CH2Cl2 (60 mL), washed (1n HCl,
saturated NaHCO3, saturated NaCl), and dried (MgSO4). Purification by
flash chromatography (1:2 EtOAc/hexanes, then 1:1 EtOAc/hexanes)
yielded compound 44 as a colorless oil (275 mg, 91 %). 1H NMR
(400 MHz, CDCl3, 25 8C): d� 8.65 (s, 1H), 7.45 ± 7.30 (m, 5H), 7.10 (d,
J� 8.5 Hz, 2H), 6.93 (d, J� 8.5 Hz, 2 H), 5.05 (s, 2 H), 4.65 (d, J� 8.5 Hz,
1H), 4.19 (q, J� 11.5 Hz, 1 H), 4.14 (m, 1H), 3.73 (s, 3H), 3.41 (q, J�
7.0 Hz, 1H), 3.04 (dd, J� 1.5 and 11.0 Hz, 1 H), 2.77 (m, 2H), 2.72 ± 2.56 (m,
3H), 1.94 ± 1.82 (m, 1 H), 1.43 (dd, J� 0.6 and 7.0 Hz, 3H), 1.39 (s, 9 H); 13C
NMR (100 MHz, CDCl3, 25 8C): d� 173.7, 158.2, 157.8, 136.9, 130.0, 128.6,
128.0, 127.5, 115.2, 81.0, 70.0, 52.2, 50.5, 48.1, 40.7, 37.2, 31.4, 31.1, 28.2, 24.2,
17.2; HRMS [M�H]� calcd for C29H40N2O7SCs: 693.1611, found: 693.1625.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-S-[(1S)-1-car-
boxymethylethyl]-4-mercaptobutanamide, HCl salt (45): Hydroxamate 44
(80 mg, 0.14 mmol) was treated with a solution of HCl/acetic acid (2 mL)
for 30 min. The reaction mixture was diluted with toluene (10 mL) and the
solvent was removed from the resulting mixture. The resulting solid was
rinsed with ether and then azeotroped with toluene to give 45 as a white
solid (51 mg, 73%). 1H NMR (400 MHz, [D6]DMSO, 25 8C): d� 10.06 (br s,
1H), 8.03 (br s, 3H), 7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J� 7.0 Hz, 2H), 7.33 (t,
J� 7.0 Hz, 1 H), 7.21 (d, J� 8.5 Hz, 2 H), 6.97 (d, J� 8.5 Hz, 2H), 5.07 (s,
2H), 3.81 (dd, J� 8.0 and 14.0 Hz, 1 H), 3.62 (s, 3H), 3.58 ± 3.44 (m, 3H),
2.89 (dd, J� 5.5 and 14.0 Hz, 1H), 2.76 (dd, J� 8.0 and 14.0 Hz, 1 H), 2.60
(m, 2 H), 2.46 (m, 2H), 1.74 (m, 2 H), 1.28 (d, J� 7.0 Hz, 3H); 13C NMR
(100 MHz, [D6]DMSO, 25 8C): d� 173.6, 173.1, 157.4, 137.1, 130.5, 128.4,
127.9, 127.8, 127.7, 115.1, 69.2, 52.0, 50.1, 48.7, 35.1, 30.7, 30.3, 23.8, 17.2;
HRMS [M�Cs]� calcd for C24H32N2O5SCs: 593.1086, found: 593.1074.


N-Hydroxy-N-[(2S)-2-amino-3-(4-benzyloxyphenyl)propyl]-S-[(1S)-1-car-
boxyethyl]-4-mercaptobutanamide, HCl salt (46): LiOH (1.0m, 2.5 mL)
was added to hydroxamate 44 (90 mg, 0.16 mmol) in THF/MeOH (2:1,
7.5 mL) and the biphasic mixture was stirred vigorously for 30 min. The
mixture was poured into HCl(1n 30 mL) and extracted with EtOAc. The
organic layer was dried (MgSO4) and the solvent removed to give a pale
yellow oil (85 mg, 97 %). The oil was then treated with a solution of HCl/
acetic acid (2 mL) for 30 min. The reaction mixture was diluted with
toluene (10 mL) and the solvent removed from the resulting mixture. The
resulting solid was rinsed with ether, azeotroped with toluene, then taken
up in CH2Cl2 and allowed to crystallize overnight to give 46 as a white solid
(67 mg, 84%). 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.13 (br s, 1H),
8.03 (br s, 3H), 7.43 (d, J� 7.0 Hz, 2H), 7.39 (t, J� 7.0 Hz, 2H), 7.33 (t, J�
7.0 Hz, 1H), 7.21 (d, J� 8.5 Hz, 2H), 6.97 (d, J� 8.5 Hz, 2 H), 5.07 (s, 2H),
3.81 (dd, J� 8.5 and 14.5 Hz, 1 H), 3.54 (m, 1H), 3.46 (dd, J� 4.0 and
14.5 Hz, 1H), 2.88 (q, J� 7.0 Hz, 1 H), 2.90 (dd, J� 5.5 and 14.0 Hz, 1H),
2.75 (dd, J� 7.0 and 13.5 Hz, 1H), 2.61 (m, 2 H), 2.46 (m, 2H), 1.73 (m, 2H),
1.28 (d, J� 7.0 Hz, 3 H); 13C NMR (100 MHz, [D6]DMSO, 25 8C): d� 173.6,
173.1, 157.4, 137.1, 130.5, 128.4, 128.0, 127.9, 127.7, 115.1, 69.2, 50.1, 48.7, 35.1,
30.8, 30.3, 23.8, 17.4; HRMS [M�Cs]� calcd for C23H30N2O5SCs: 579.0930,
found: 579.0944.


O-Benzyl-ll-tyrosine p-nitroanilide, HCl salt (47): N-Boc-O-benzyl-l-
tyrosine (10 mmol, Advanced Chemtech) and p-nitroaniline (10 mmol)
were dissolved in dry pyridine (40 mL). The solution was chilled to between
ÿ15 8C and ÿ20 8C on a carefully monitored acetone/dry-ice bath. After
15 minutes, phosphorus oxychloride (11 mmol, 1.0 mL) was added drop-
wise over a period of five minutes. In contrast to the reaction reported by
Tesser, from which this synthetic route was derived, no red by-product was
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observed.[39] After 45 minutes, the color was observed to have lightened
considerably and the reaction was judged complete by TLC (1:1 EtOAc/
hexanes). Crushed ice (50 mL) was then added and the mixture was
transferred to a separating funnel. Upon melting of the ice, the organic
phase was diluted with ethyl acetate (200 mL) and washed 4� 100 mL HCl
(0.1n), 1� 100 mL saturated CuSO4, 1� 100 mL saturated NaHCO3, and
1� 50 mL saturated NaCl. The organic phase was dried under reduced
pressure, and the resultant yellow solid recrystallized from hot isopropyl
alcohol (300 mL), to give p-nitroanilide (3.83 g, 78%) as pale yellow
crystals. 1H NMR (500 MHz, [D6]DMSO, 25 8C): d� 10.66 (s, 1 H), 8.03 (d,
J� 7.2 Hz, 2 H), 7.84 (d, J� 7.2 Hz, 2 H), 7.42 (d, J� 6.8 Hz, 2H), 7.37 (t, J�
6.8 Hz, 2 H), 7.31 (t, J� 6.8 Hz, 1 H), 7.23 (d, J� 7.2 Hz, 2 H), 6.90 (d, J�
7.2 Hz, 2H), 5.05 (s, 2H), 4.3 (m, 1 H), 3.35 (m, 1 H), 2.7 ± 3.0 (m, 2H ), 1.32
(s, 9H); 13C NMR (100 MHz, [D6]DMSO, 25 8C): d� 172.1, 157.0, 155.5,
145.1, 142.2, 137.2, 130.2, 129.8, 128.4, 127.8, 127.6, 125.0, 118.9, 114.4, 78.2,
69.1, 57.1, 36.2, 28.2; HRMS [M�Na]� calcd for C27H29N3O6Na: 514.1954,
found: 514.1938.


p-Nitroanilide (492 mg, 1 mmol) was dissolved in conc. HCl/AcOH
(30 mL), and stirred for 45 minutes at room temperature. The acetic acid
was removed under reduced pressure followed by coevaporation with
toluene (3� 30 mL). The resultant yellow solid was used without further
purification. Yield: 410 mg (96 %). 1H NMR (500 MHz, [D6]DMSO, 25 8C):
d� 11.9 (br s, 1H), 8.5 (br s, 3 H), 8.236 (d, J� 9.0 Hz, 2 H), 7.911 (d, J�
9.0 Hz, 2H), 7.409 (d, J� 5.5 Hz, 2 H), 7.361 (t, J� 7.5 Hz, 2H), 7.301 (t, J�
7.0 Hz, 1H), 7.269 (d, J� 8.0 Hz, 2H), 6.934 (s, J� 8.5 Hz, 2H), 5.041 (s,
2H), 4.40 (m, 1H), 3.0 ± 3.3 (m, 2H ), 1.32 (s, 9H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C): d� 168.3, 158.2, 144.9, 143.4, 137.7, 131.4, 129.5, 129.0,
128.8, 128.4, 128.3, 127.3, 125.6, 119.9, 115.4, 69.7, 55.1, 33.6; HRMS
[M�Na]� calcd for C22H22N3O4: 392.1610, found: 392.1621.


O-Benzyl-ll-serine p-nitroanilide (48): N-Boc-O-benzyl-l-serine (10 mmol,
Peninsula) and p-nitroaniline (10 mmol) were dissolved in dry pyridine
(40 mL). The solution was chilled to between ÿ15 8C and ÿ20 8C on a
carefully monitored acetone/dry-ice bath. After 15 minutes, phosphorus
oxychloride (11 mmol, 1.0 mL) was added dropwise over a period of five
minutes. After 45 minutes, the color was observed to have lightened
considerably and the reaction was judged complete by TLC (1:1 EtOAc/
hexanes). Crushed ice (50 mL) was then added and the mixture transferred
to a separating funnel. Upon melting of the ice, the organic phase was
diluted with ethyl acetate (200 mL) and washed 4� 100 mL HCl (0.1n),
1� 100 mL saturated CuSO4, 1� 100 mL saturated NaHCO3, and 1�
50 mL saturated NaCl. The organic phase was dried under reduced
pressure. This material was highly soluble in isopropyl alcohol, so it was
purified by silica-gel chromatography (10 % acetone in toluene) instead, to
give p-nitroanilide (3.68 g, 75%) as a yellow oil. 1H NMR (500 MHz,
[D6]DMSO, 25 8C): d� 9.05 (br s, 1H), 8.122 (d, J� 8.5 Hz, 2 H), 7.578 (d,
J� 8 Hz, 2 H), 7.3 (m, 5H), 5.555 (d, J� 7.0 Hz, 1H), 4.567 (m 2H), 4.48 (m,
1H), 3.815 (m 2H), 1.45 (s, 9 H); 13C NMR (125 MHz, [D6]DMSO, 25 8C):
d� 169.2, 155.9, 143.4, 143.3, 136.9, 128.6, 128.2, 127.9, 124.9, 119.1, 80.9,
73.6, 69.3, 54.6, 28.2.


p-Nitroanilide (421 mg, 1.0 mmol) was dissolved in conc. HCl/AcOH
(30 mL), followed by stirring for 45 minutes at room temperature. The
acetic acid was removed under reduced pressure followed by coevapora-
tion with toluene (3� 30 mL). The resultant yellow oil was purified by
silica-gel chromatography (5 % MeOH, 1% triethylamine in dichloro-
methane). Yield: 266 mg (84 %). 1H NMR (400 MHz, [D6]DMSO, 25 8C):
d� 8.23 (d, J� 7.5 Hz, 2H), 7.92 (d, J� 7.5 Hz, 2 H), 7.3 (m, 5 H), 5.0 (vbr s,
2H), 4.50 (s, 2 H), 3.62 (m, 2H), 3.59 (m, 1H); 13C NMR (100 MHz,
[D6]DMSO, 25 8C): d� 173.5, 145.0, 142.2, 138.2, 128.2, 127.4, 125.0, 118.9,
72.5, 72.1, 55.7; HRMS [M�Na]� calcd for C16H17N3O4: 316.1297, found:
316.1307.
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Interplay of Structural Flexibility and Crystal Packing in a Series of
Paramagnetic Cyclopentadienyl/Dithiolene Mo and W Complexes:
Evidence for Molecular Spin Ladders


Marc FourmigueÂ,* Benoît Domercq, Isabelle V. Jourdain, Philippe MolinieÂ ,
Fabrice Guyon, and Jacques Amaudrut


In memory of Jean Rouxel


Abstract: Mixed cyclopentadienyl/di-
thiolene complexes of general formula
[Cp2MIV(dithiolene)] with M�Mo, W
and dmit2ÿ (2-thioxo-1,3-dithiole-4,5-di-
thiolate), dmid2ÿ (2-oxo-1,3-dithiole-4,5-
dithiolate), and dsit2ÿ (2-thioxo-1,3-di-
thiole-4,5-diselenolate) as dithiolene li-
gand are oxidized to the six correspond-
ing 1:1 charge-transfer salts with
TCNQF4 (tetrafluorotetracyanoquino-
dimethane), and their X-ray crystal
structures are described. The structural
flexibility of these complexes is evident
in the large variations of the folding
angle of the MQ2C2 plane (M�Mo or
W, Q� S in dmid2ÿ and dmit2ÿ, Q� Se in
dsit2ÿ) along the Q ± Q hinge in the
[Cp2M(dithiolene)]� . cations, and is ra-
tionalized thanks to an extended Hückel
molecular orbital fragment analysis. In
the solid, TCNQFÿ.


4 radical anions are
strongly dimerized into diamagnetic
[TCNQF4]2ÿ


2 moieties, while the
[Cp2M(dithiolene)]� . cations form
head-to-tail dimers whose structure de-


pends on the nature of the metal and the
dithiolene ligand. These dimers organize
in the solid state into various one-
dimensional supramolecular structures,
from quasi-regular chains to spin lad-
ders, taking full advantage of the minute
differences introduced between the dif-
ferent complexes (Mo vs. W, O vs. S vs.
Se in the dithiolene ligands). [Cp2Mo-
(dmid)][TCNQF4] and [Cp2W(dmid)]-
[TCNQF4] are isostructural, the
[Cp2M(dmid)]� . cations (M�Mo, W)
form dimers held together by dmid/dmid
overlap interactions, and they interact
with each other to give spin ladders, as
confirmed by the analysis of the mag-
netic susceptibility temperature depend-
ence. Albeit isostructural, the Mo and W
spin ladders exhibit different spin gaps,
reflecting the differences between inter-


molecular overlaps. Two phases were
obtained from [Cp2Mo(dmit)] and
TCNQF4, very thin needles of a 2:1
phase, [Cp2Mo(dmit)]2[TCNQF4], and a
solvent-containing 1:1 phase, shown to
be [Cp2Mo(dmit)][TCNQF4][CH2Cl2]0.33


by X-ray crystal structure determina-
tion. In the latter minor phase,
[Cp2Mo(dmit)]� . forms head-to-tail
dimers which interact with each other
in a ladderlike motif. In [Cp2W-
(dmit)][TCNQF4], lateral S ´´´ S interac-
tions lead to the formation of weak
dimers, which also interact with each
other in a ladder-type structure, as con-
firmed by analysis of the magnetic
susceptibility temperature dependence.
[Cp2Mo(dsit)][TCNQF4] and [Cp2W-
(dsit)][TCNQF4] are isostructural;
[Cp2M(dsit)]� . cations (M�Mo, W)
are organized into antiferromagnetic
chains in which Cp/dsit overlap interac-
tions alternate with lateral chalcogen/
chalcogen (Se, S) interactions.


Keywords: crystal engineering ´ di-
thiolene complexes ´ magnetic prop-
erties ´ molybdenum ´ spin ladders


Introduction


The crystal engineering of molecular solids is dependent on
the ability to act on the delicate balance between intermo-
lecular interactions such as hydrogen bonds,[1, 2] p-p overlap


between open-shell molecules, or both.[3] In these radical
compounds, the topology of the overlap between singly
occupied molecular orbitals (SOMO), typically p-type orbi-
tals delocalized over a large part of the molecule, determines
to a large extent the dimensionality of the intermolecular
interactions, and therefore plays a crucial role in the
competition between a localized Mott insulator state, a
superconducting or metallic (pseudo-1D or 2D) state, or a
3D insulating antiferromagnetic ground state. The question of
dimensionality and its manipulation are a particularly chal-
lenging task, and the specific case of low dimensionality plays
a crucial role in materials science where 1D conducting chains
and their associated instabilities (CDW, SDW, spin-Peierls),[4]


layered organic (BEDT-TTF salts),[5, 6] and inorganic (cup-
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rates) superconductors,[7] magnetic chains,[8, 9] and spin ladder
systems[10] are of considerable present interest.


While flat, rigid radical species derived from tetrathiaful-
valenes or square-planar dithiolene complexes[11, 12] are
known to yield structures with recurrent 1D (Bechgaard
salts) or 2D (the so-called a, b, or k phases of ET salts)
patternsÐunless very large counteranions are used[13]Ðwe
expect nonplanar, flexible, open-shell molecules with a
delocalized spin density, to afford novel solid-state architec-
tures with electronic properties that reflect the distribution of
intermolecular interactions, while at the same time avoiding
the well-known uniform p stacking. In that respect, hetero-
leptic complexes of general formula [Cp2MIV(dithiolene)]
with M�Ti, Zr, V,[14] Nb,[15] Mo, and W[16] are particularly
attractive. The molybdenum complexes, which can be for-
mally described as MoIV 18-electron d2 species, can be
reversibly oxidized[17] to the paramagnetic d1 complexes;
those bearing sulfur-rich dithiolene ligands such as [Cp2Mo-
(dmit)] (dmit2ÿ � 2-thioxo-1,3-dithiole-4,5-dithiolate) or
[Cp2Mo(dddt)] (dddt2ÿ� 5,6-dihydro-1,4-dithiine-2,3-dithio-
late) proved to be appropriate candidates for the elaboration


of electroactive materials with singlet ± triplet antiferromag-
netic interactions (Scheme 1),[18] or with an ordered three-
dimensional antiferromagnetic ground state.[19] These com-
plexes also offer a wide range of possible chemical modifica-


Scheme 1.


tions at the metal center (Mo vs. W), the cyclopentadienyl
(Cp, MeCp, Cp*, . .), or the dithiolene ligands (dsit, dmid, ..).
In addition to this structural variability, they also exhibit a
high conformational flexibility, with a possible folding of the
MS2C2 metallacycle along the S ± S hinge. The latter is strongly
dependent on the electron count and the nature of the metal
and the ligands. They are thus more prone to distortion in
order to accomodate different structural requirements, a rare
feature which will be illustrated in this paper.


We describe a series of novel charge-transfer salts between
the flexible organometallic donors [Cp2M(dithiolene)] (M�
Mo, W, dithiolene� dmit2ÿ (2-thioxo-1,3-dithiole-4,5-dithio-
late), dmid2ÿ (2-oxo-1,3-dithiole-4,5-dithiolate), dsit2ÿ (2-thi-
oxo-1,3-dithiole-4,5-diselenolate)) and the powerful organic
p-acceptor TCNQF4. Six different complexes of molybdenum
and tungsten have been investigated with the aim of analyzing
how comparatively minute modifications of their composition
and shape influence the way they: i) organize in the solid state,
ii) interact with each other, iii) the nature and iv) strength of
these interactions. The structural analysis of these para-
magnetic salts as well as their magnetic susceptibility temper-
ature dependence reveal a wealth of different structural
organizations based on a recurrent [{Cp2M(dithiolene)� .}2]
radical cations dimer motif, which interacts to give an
alternating spin chain or a spin ladderÐa magnetic structure
currently of great interest in solid-state physics.


Results and Discussion


The organometallic donor molecules and their charge-trans-
fer salts with TCNQF4: Six [Cp2M(dithiolene)] complexes
were prepared as previously described from the reaction of
[Cp2MoCl2] or [Cp2WCl2] with the corresponding dithiolene
disodium salt.[18] Three different dithiolenes were used:
dmid2ÿ, dmit2ÿ, and dsit2ÿ. Dmid2ÿ and dsit2ÿ only differ from
dmit2ÿ in terms of their composition. An oxygen atom is
substituted for the terminal sulfur atom in dmid2ÿ, and two
selenium atoms are substituted for the two coordinating sulfur


Abstract in French: L'oxydation de complexes mixtes cyclo-
pentadiØnyl/dithiol�ne, de formule gØnØrale [Cp2MIV(dithiol�-
ne) avec M�Mo, W et comme ligand dithiol�ne le dmit2ÿ, le
dmid2ÿ et le dsit2ÿ (dmit2ÿ : 2-thioxo-1,3-dithiole-4,5-dithiolate;
dmid2ÿ : 2-oxo-1,3-dithiole-4,5-dithiolate; dsit2ÿ : 2-thioxo-1,3-
dithiole-4,5-diselenolate) par le TCNQF4 (tØtrafluorotØtracya-
noquinodimØthane) conduit à la formation des six sels à
transfert de charge correspondants, dont les structures cristal-
lines sont dØcrites. La flexibilitØ structurale de ces complexes est
illustrØe par les diffØrentes torsions du plan MQ2C2 (Q� S, Se)
le long de l'axe Q ± Q, dØformations qu'expliquent des calculs
de type Hückel Øtendu. Dans le solide, les anions TCNQFÿ.


4


s'associent en dim�res diamagnØtiques pendant que les
radicaux cations [Cp2M(dithiolene)]� . forment des dim�res
teÃte-beÃche dont l'arrangement dØpend de la nature du mØtal et
du dithiol�ne. Ces dim�res s'organisent dans des structures
Øtendues, chaines rØguli�res, chaines alternØes ou Øchelles de
spin selon leur nature (Mo vs. W, O vs. S vs. Se). [Cp2Mo-
(dmid)][TCNQF4] et [Cp2W(dmid)][TCNQF4] sont isostruc-
turaux, les cations [Cp2M(dmid)]� . s'arrangent en dim�res
avec un recouvrement entre fragments dmid. L'analyse de la
susceptibilitØ magnØtique confirme l'organisation de ces dim�-
res en Øchelle de spin, dont le gap de spin est directement corrØlØ
aux recouvrements intra-dim�res. Deux phases sont obtenues à
partir de [Cp2Mo(dmit)], des aiguilles tr�s fines d'une phase
2:1, [Cp2Mo(dmit)]2[TCNQF4] et un solvate [Cp2Mo(d-
mit)][TCNQF4][CH2Cl2]0.33. Une autre phase est isolØe avec
Cp2W(dmit), qui conduit aussi à la formation d'une Øchelle de
spin, confirmØe par la dØpendance en tempØrature de la
susceptibilitØ magnØtique. Enfin les sels [Cp2Mo-
(dsit)][TCNQF4] et [Cp2W(dsit)][TCNQF4] sont isostructu-
raux, les cations [Cp2M(dsit)]� . (M�Mo, W) forment des
chaines antiferromagnØtiques dans lesquelles des recouvre-
ments intermolØculaires de type Cp/dsit alternent avec des
recouvrements chalcog�ne/chalcog�ne (Se, S).
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atoms in dsit2ÿ. They are known to lead to homoleptic square-
planar metal (Ni, Pt, Pd) complexes whose molecular geo-
metries[20, 21] closely resemble those of the dmit2ÿ complexes.
Cyclic voltametry experiments conducted on the novel dsit2ÿ


complexes, [Cp2Mo(dsit)] and [Cp2W(dsit)], show that they
oxidize reversibly to the cationic and dicationic states at
higher potentials than the corresponding dmit2ÿ complexes
(Table 1). A similar shift to higher potentials upon selenium


substitution has been reported[22] for the oxidation of
[Ni(dsit)2]2ÿ compared to that of [Ni(dmit)2]2ÿ. On the other
hand, the substitution of tungsten for molybdenum does not
significantly modify the redox potentials of the complexes.
This behavior indicates that the HOMO of those complexes
has strong dithiolene character.


As shown before,[16, 18] the high oxidation potential of these
complexes facilitate a reaction with an electron acceptor such
as TCNQF4,[23] which reduces at 0.53 V vs. SCE in CH3CN.[24]


Indeed, dark blue solutions, characteristic of the presence of
the TCNQFÿ.


4 radical anion, were obtained by mixing hot
solutions of the organometallic donor molecules and
TCNQF4. For every complex but one ([Cp2Mo(dmit)], see
below), slow cooling afforded black parallelepiped crystals of
the 1:1 phases, [Cp2Mo(dmid)][TCNQF4], [Cp2W(dmid)]-
[TCNQF4], [Cp2W(dmit)][TCNQF4], [Cp2Mo(dsit)]-
[TCNQF4], and [Cp2W(dsit)][TCNQF4], as shown by ele-
mental analysis and crystal structure determination. Despite
the seemingly minor changes in the nature of the dithiolene
ligands on substituting dmid2ÿ or dsit2ÿ for dmit2ÿ, three
different crystal structures are obtained with the three
different dithiolenes. Indeed, the two dmid2ÿ complexes
[Cp2Mo(dmid)] and [Cp2W(dmid)] (Figure 1) afforded iso-
structural salts (triclinic, space group P1Å) as well as the two
dsit2ÿ complexes [Cp2Mo(dsit)] and [Cp2W(dsit)] (monoclin-
ic, space group P21/c). A third variation was obtained with the
dmit2ÿ ligand, the 1:1 salt [Cp2W(dmit)][TCNQF4].


In the case of [Cp2Mo(dmit)], very thin needlelike crystals
were obtained repeatedly, which surprisingly analyzed as
[Cp2Mo(dmit)]2[TCNQF4], that is a 2:1 salt. However, X-ray
quality crystals of this stoichiometry were not obtained, but a
few single crystals of a solvated 1:1 phase, [Cp2Mo-
(dmit)][TCNQF4][CH2Cl2]1/3 , were isolated and their crystal
structure is also reported herein. These four structures offer a
unique opportunity to gain some insight in the competition
between the contributions of the numerous intermolecular
forces which ultimately determine the structural arrange-
ments of the salts and, as a consequence, their magnetic
properties.


Figure 1. A view of the unit cell of [Cp2Mo(dmid)][TCNQF4].


The geometrical features of TCNQFÿ.
4 are very similar in


each of the compounds (Table 2). Bond lengths are character-
istic of the TCNQFÿ.


4 radical anion.[25] In the solid state, these
radical anions form into strongly dimerized chains. Different


intra- and inter-dimer overlaps are observed in the four
structural types. In the [Cp2M(dmid)][TCNQF4] salts (M�
Mo, W), the characteristic bond-over-ring overlap with a
plane-to-plane distance of 3.16 � alternates with larger inter-
dimer plane-to-plane distances at 3.30 (Mo) or 3.31 � (W)
and limited overlap, as confirmed by extended Hückel (EH)
calculations of the two intra- and inter-dimer interaction
energies between the LUMO of TCNQF4 (Table 3). From the
large intra-dimer interaction energy values, we expect the
dimeric (TCNQFÿ.


4 )2 moiety to lie in a singlet state at room
temperature and below. Similar conclusions can be inferred
from the structural arrangements and calculated overlaps in
the TCNQFÿ.


4 chains in [Cp2Mo(dmit)][TCNQF4][CH2Cl2]1/3 ,


Table 1. Cyclic voltammetry data in V vs. SCE (in CH3CN, nBu4NPF6


0.05m, at 100 mV sÿ1).


E1
1=2 E2


1=2


[Cp2Mo(dmit)] 0.36 0.94
[Cp2Mo(dmid)] 0.31 0.96
[Cp2Mo(dsit)] 0.40 0.95
[Cp2W(dmit)] 0.34 0.86
[Cp2W(dmid)] 0.30 0.84
[Cp2W(dsit)] 0.37 0.86


Table 2. Average bond lengths in TCNQFÿ.
4 radical anions in the salts, and


corresponding values for neutral TCNQF4. E.s.d. on the average values are
calculated according to s� [S(diÿ dmean)2/(nÿ 1)]1/2.


a b c d e f


Mo/dmid 1.362(5) 1.412(8) 1.425(6) 1.418(5) 1.146(4) 1.338(4)
W/dmid 1.362(5) 1.423(9) 1.42(1) 1.42(1) 1.15(1) 1.333(8)
Mo/dmit 1.37(2) 1.40(2) 1.44(2) 1.42(4) 1.14(3) 1.35(2)
W/dmit 1.358(8) 1.420(8) 1.414(8) 1.42(1) 1.14(1) 1.341(7)
Mo/dsit 1.33(2) 1.43(2) 1.42(2) 1.43(2) 1.15(1) 1.35(2)
W/dsit 1.37(1) 1.41(2) 1.42(2) 1.43(2) 1.14(1) 1.34(2)
(TCNQFÿ.


4 )[a] 1.360 1.420 1.429 1.435 1.140 1.349
(TCNQF4)[b] 1.334 1.437 1.372 1.437 1.140 1.337


[a] In [Fe(C5H5)2][TCNQF4]: J. S. Miller, J. H. Zhang, W. M. Reiff, Inorg.
Chem. 1987, 26, 600. [b] T. J. Emge, M. Maxfield, D. O. Cowan, T. J.
Kistenmacher, Mol. Cryst. Liq. Cryst. 1981, 65, 161.
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[Cp2W(dmit)][TCNQF4], and [Cp2M(dsit)][TCNQF4] (M�
Mo, W); a sligthly weaker, laterally displaced, bond-over-ring
intra-dimer overlap is observed in [Cp2W(dmit)][TCNQF4]
and a stronger, eclipsed overlap in the other salts.


Geometrical characteristics of the [Cp2M(dithiolene)]
complexes in the various salts are collected in Table 4. The
Mo vs. W substitution does not significantly modify the metal-


to-chalcogen distances, as observed in homoleptic dithiolene
complexes of Mo and W.[26] Furthermore, in every complex,
the MQ2C2 (M�Mo, W; Q� S, Se) metallacycle is folded
along the Q ± Q axis (Figure 2); the folding angle q varies
strongly with the nature of the metal and the dithiolene
ligand, from 10.2(1)8 in [Cp2Mo(dmit)]� . to 32.38(1)8 in
[Cp2W(dsit)]� . . Larger folding angles are observed syste-
matically on going from Mo to W, while the order, dsit>
dmid> dmit, can be established for the dithiolene ligands.
This is in agreement with earlier[27] extended Hückel calcu-
lations which demonstrate that in the neutral d2 18-electron
complexes, the highest occupied Cp2M fragment orbital of a1


symmetry, does not interact with the highest occupied frag-
ment orbital of the dithiolene ligand, a p-type orbital of b2


symmetry. Upon oxidation, the system stabilizes by folding,


Figure 2. ORTEP lateral view of [Cp2Mo(dsit)]� . , showing the folding of
the MoSe2C2 plane along the Se ± Se axis.


this leads to a lowering of the symmetry to Cs but allows a
mixing in different proportions of the two fragment orbitals
(Figure 3).


Figure 3. Extended Hückel fragment orbital interactions of the [Cp2M(di-
thiolene)] complexes in their folded geometry.


We have already shown[14b] for d0 complexes such as
[Cp2Ti(dmit)] or [Cp2Ti(dddt)] that larger folding angles are
a consequence of a better overlap between the fragment
orbitals, which in turn relies on the relative energy levels of
both fragment orbitals. The closer these energy levels are, the
stronger the interaction (and q value). Indeed, as shown in
Figure 3, the fragment orbitals which are closest in energy,
namely the a1 metal-centered orbital of the Cp2W2� fragment
and the p-type orbital for the dsit2ÿ fragment interact strongly,
leading to the largest folding angle as observed in
[Cp2W(dsit)]� . , while those fragment orbitals whose energy
difference is largest, that is the Cp2Mo2� and dmit2ÿ moieties,
generate the [Cp2Mo(dmit)]� . complex with the smallest
folding angle. Accordingly, strong folding is associated with an
extended mixing of the fragment orbitals and hence a lower
contribution of the dithiolene to the HOMO (Figure 4). This
effect will be of great importance when collections of such
cation radicals will be considered in the solid state.


This amazing variety of geometries for closely related
complexes illustrates two major features of solid-state chem-
istry of organometallic compounds, that is structural varia-
bility and structural flexibility.[28] The structural variability
comes from the endless possibilities offered by the number
and type of ligands, the coordination geometry, the charge of
the complexes, as shown here by the chalcogen atom


Table 3. Extended Hückel overlap interactions (double-z basis) in the
[TCNQFÿ.


4 ]2 dimers (in eV).


Intra-dimer Inter-dimer


[Cp2Mo(dmid)]/TCNQF4 0.78 0.09
[Cp2W(dmid)]/TCNQF4 0.76 0.10
[Cp2Mo(dmit)]/TCNQF4 1.04 0.15
[Cp2W(dmit)]/TCNQF4 0.60 0.07
[Cp2Mo(dsit)]/TCNQF4 1.12 0.04
[Cp2W(dsit)]/TCNQF4 1.11 0.04


Table 4. Averaged bond lengths (a ± f [�]), angles (a ± g [8]), and the folding
angle q for the [Cp2M(dithiolene)� .] radical cations in their 1:1 TCNQF4 salts.
E.s.d. on the averaged values are calculated according to s� [S(diÿ dmean)2/
(nÿ 1)]1/2.


Param-
eter


Mo/dmid W/dmid Mo/dmit W/dmit Mo/dsit W/dsit


a 2.428(1) 2.421(2) 2.444(4) 2.426(2) 2.559(2) 2.551(1)
2.434(1) 2.425(2) 2.448(4) 2.441(1) 2.563(2) 2.555(2)


b 1.698(5) 1.704(7) 1.684(13) 1.721(6) 1.86(1) 1.86(1)
1.701(4) 1.722(7) 1.681(14) 1.722(6) 1.86(1) 1.89(1)


c 1.371(6) 1.37(1) 1.43(2) 1.374(8) 1.38(2) 1.33(2)
d 1.735(4) 1.740(7) 1.720(14) 1.735(6) 1.74(1) 1.77(1)


1.732(5) 1.738(7) 1.742(13) 1.734(6) 1.73(1) 1.75(1)
e 1.766(6) 1.770(9) 1.708(13) 1.734(7) 1.72(1) 1.76(1)


1.767(4) 1.779(9) 1.761(14) 1.738(7) 1.76(1) 1.75(1)
f 1.204(7) 1.199(9) 1.636(13) 1.635(7) 1.62(1) 1.60(1)


a 83.00(5) 83.27(7) 83.12(13) 83.18(5) 83.68(5) 83.88(5)
b 102.7(1) 101.9(2) 105.0(6) 101.5(2) 99.5(3) 98.8(4)


102.5(2) 101.4(2) 105.2(5) 101.6(2) 99.9(4) 98.6(4)
q 21.2(1) 26.9(1) 10.2(1) 27.56(1) 27.90(6) 32.38(1)
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Figure 4. Contribution of the a1 metal-centered and the b2 ligand-centered
fragment orbitals to the molecular HOMO-1 (left) and HOMO (right) for
each complex, calculated in the geometry adopted in the solid state. q is the
MQ2C2 plane folding angle.


substitution in the series dmid2ÿ, dmit2ÿ, dsit2ÿ or by the metal
atom substitution in the Mo, W series. Indeed, these series
offer valuable opportunities to test the effects of one
modification on the whole crystal and the electronic structure
of the solid. The structural flexibility is convincingly illus-
trated here by the broad range of folding angles q along the
S ± S (dmit2ÿ, dmid2ÿ) or Se ± Se (dsit2ÿ) hinges.


Interplay between the conformation of the dimeric
[{Cp2M(dithiolene)� .}2] units, their solid-state arrangement
and their magnetic properties : For each of the four structural
types encountered here, the organometallic cations syste-
matically organize as centrosymmetrical dimers with parallel
dithiolene planes; the relative orientation of the two mole-
cules depends strongly upon the nature of the dithiolene
ligand. Indeed, in the dmid complexes (Figure 5), the


Figure 5. Side view and top view (relative to the dmid2ÿ ligand) of the
[{Cp2Mo(dmid)� .}2] dimer.


dithiolene planes stack on top of each other, and display a
short plane-to-plane distance which is similar in the Mo and
W salts (3.42(1) (Mo) and 3.47(3) � (W)). The two dmid2ÿ


ligands fit tightly into each other by positioning one sulfur
atom directly above the terminal oxygen atom and an other
sulfur atom in the hollow at the center of the 1,3-dithiole ring.
An analogous dimer geometry is observed for [Cp2Mo-
(dmit)]� . , albeit with a larger plane-to-plane distance
(3.80(2) �) which reflects the larger van der Waals radius of
the outer sulfur atom of the dmit2ÿ ligand. In the solid state
(Figure 6), these dimeric moieties are piled up parallel to the


Figure 6. A view of the ladder structure adopted by the cations in the
[Cp2M(dmid)][TCNQF4] salts (M�Mo, W).


TCNQF4 stacking axis, and one short lateral inter-dimer S ´´´ S
contact (S1 ´´ ´ S4 3.666(2) �) is identified; it gives rise to an
unprecedented ladder-type structure in molecular systems,
the rungs are the dimeric [{Cp2M(dmid)� .}2] units, which
interact with each other along the legs parallel to the stacking
axis.


Spin ladders are currently the object of theoretical and
experimental investigations[29] in connection with the discov-
ery of high-temperature superconductivity in lightly doped
ladderlike antiferromagnets. However, physical realizations
of spin ladders are scarce and limited to localized S� 1/2
copper salts such as inorganic oxides, SrCu2O3,[30]


Srnÿ1Cun�1O2n,
[31] or (VO)2P2O7


[32] , or coordination complexes
such as [Cu2(1,4-diazacycloheptane)2Cl4].[33] Only very re-
cently were spin ladders considered for molecular nickel
dithiolene[34] or tetrathiafulvalene salts.[35, 36] This rare pattern
of radical association is also found in [Cp2Mo-
(dmit)][TCNQF4][CH2Cl2]0.33 in which short intermolecular
S ´´ ´ S distances between dimers have also been identified
(3.598(5) and 3.606(5) �). As already mentioned, only a few
crystals of this 1:1 phase were isolated, which precluded
further magnetic susceptibility measurements.


The temperature dependence of the susceptibility of
[Cp2Mo(dmid)][TCNQF4] and [Cp2W(dmid)][TCNQF4] is
shown in Figure 7. The shape of the curves is characteristic
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Figure 7. Temperature dependence of the magnetic susceptibility of the
[Cp2M(dmid)][TCNQF4] salts (M�Mo, W). In insert: fits of the low-
temperature data (see text).


of the presence of antiferromagnetic interactions together
with a gap in the low-temperature region. They are consistent
with the structural analysis which suggested the presence of
ladder-type structures for both compounds (Scheme 2). Note


Scheme 2.


also the contribution of a Curie tail, most visible in the Mo
compound. Attempts to fit the susceptibility data for both
dmid2ÿ compounds with a simple dimer model (Bleaney ±
Bower law) failed, showing that the dimers do indeed further
interact with each other in the solid. Two-leg ladder systems
have a finite spin gap, because a finite energy is needed to
create an S� 1 excitation.[37] In the limit where the exchange
coupling j J? j within the rungs is larger than the exchange
coupling j Jk j along the chains, the ground state has a total
spin of S� 0 because each rung is in a spin singlet. A spin of
S� 1 excitation lies at an energy j J? j above the ground state,
and the coupling along the chains creates a band of S� 1
magnetic excitations with a dispersion of about 2 j Jk j . The
spin gap is the minimum excitation energy as given in
Equation (1).


Dspin�j J? jÿj Jk j� Jk2/2 j J? j (1)


The magnetic susceptibility is predicted to cross over from a
high-temperature Curie ± Weiss form to an exponential fall-
off [Eq. (2)], reflecting the finite spin gap.[38]


c/Tÿ1/2 exp(ÿDspin/kT) (2)


Indeed, the low-temperature data (below the susceptibility
maximum) can be fitted by Equation (2), by also taking into
account the small Curie contribution. From the fits, we deduce
DMo� 74 K and DW� 13 K. Numerical parametrizations of a
spin ladder susceptibility in the whole temperature range have
been recently described by Barnes and Riera but only in the
case J?/Jk � 1.1, which is not expected to be the case here given
the strong intra-dimer interaction. We can, however, extract
values of Jk and J? by considering the calculations described
by Troyer, Tsunetsugu, and Würtz[41] for the situation j J? j>
j Jk j . Indeed, the temperature of the susceptibility maximum
T(cmax) is found to vary with the ratio Jk/J?, and we observed
that this variation can be fitted by a quadratic function of Jk/J?
[Eq. (3)].


T(cmax)/ j J? j� 0.625 ÿ0.01835 Jk/J?� 0.2532 (Jk/J?)2 (3)


By combining Equation (3) with Equation (1), we can
deduce values for Jk and J? (Table 5). Note that the


antiferromagnetic interaction appears to be much stronger
in the Mo compound (J?/k�ÿ106.8 K) than in the W
compound (J?/k�ÿ23.4 K). Indeed, the W complex exhibits
a smaller dithiolene contribution to the SOMO (see Figure 3),
hence the smaller intermolecular interactions mediated
through these dithiolene/dithiolene overlaps. In a Hubbard
model, the exchange integral J between radicals can be
related to the ratio b2/U, where b describes the interaction
energy between SOMOs and U the energy difference between
the (singlet or triplet) ground state configuration, that is
[Cp2M(dmid)]� .[Cp2M(dmid)]� . and a charge transfer con-
figuration, that is [Cp2M(dmid)]0[Cp2M(dmid)]2�.[39, 40] Ex-
tended Hückel calculations of the interaction energies within
a dimer afforded bMo� 0.11 eV and bW� 0.050 eV. We deduce
(bMo/bW)2� 4.8, in very good agreement with J?(Mo)/J?(W)�
4.5. Note also that these two isostructural Mo and W salts
offer a unique opportunity to possibly modify in a controlled
manner the spin gap in a series of salts by crystallizing solid
solutions of the two complexes, [Cp2Mo(dmid)]x[Cp2W-
(dmid)]1ÿx[TCNQF4].


[Cp2W(dmit)� .][TCNQFÿ.
4 ] offers a second example of


dimer association since the organometallic cations are no
longer in a face-to-face arrangement as observed for the other
structures but are laterally displaced (Figure 8), with short
dmit/dmit intermolecular contacts (S3 ´´´ S3 3.433(4), S3 ´´´ S5
3.749(5) �). These dimers interact with each other only
through dmit/Cp interactions along the <100> TCNQF4


stacking axis, giving rise to a ladder motif (Figure 9). Indeed,
the susceptibility data (Figure 10) can not be simply depicted
as the sum of a Curie tail and an isolated singlet ± triplet law.
From an analysis as above, we deduce a spin gap value of
Dspin/k� 40 K.


Table 5. Magnetic characteristics of [Cp2Mo(dmid)][TCNQF4] and
[Cp2W(dmid)][TCNQF4].


D [K] T(cmax) [K] J? [K] Jk [K]


[Cp2Mo(dmid)][TCNQF4] 74 70 106.8 40.7
[Cp2W(dmid)][TCNQF4] 13 17 23.4 15.6
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Figure 8. Side view and top view (relative to the dmit2ÿ ligand) of the
[{Cp2W(dmit)� .}2] dimer.


Figure 9. The ladderlike solid-state organization of the [Cp2W(dmit)]� .


radical cations in [Cp2W(dmit)][TCNQF4]. Intra-dimer interaction: - - - - ,
inter-dimer interaction: ´´ ´ ´ .


Figure 10. Temperature dependence of the magnetic susceptibility of
[Cp2W(dmit)][TCNQF4]. Insert: fit of the low-temperature data (see text).


A third, completely different interaction pattern is provid-
ed by the two isostructural Mo and W dsit2ÿ complexes.
Within a dimer, the two parallel dsit planes are now 4.57 (Mo)
and 4.55 � (W) apart; the Se ´´ ´ Se distances (4.559(2) (Mo)


and 4.504(2) � (W)) are more than twice the Se van der Waals
radius (� 2 �) (Figure 11). However, carbon atoms of one of
the Cp rings are actually close to the sulfur atoms of the dsit


Figure 11. Side view and top view (relative to the dsit2ÿ ligand) of the
[{Cp2Mo(dsit)� .}2] dimer. The Cp rings have been omitted for clarity in the
view perpendicular to the dsit plane.


moiety of the other molecule (S1 ´´ ´ C10 3.51(2), S2 ´´´ C9
3.62(2) �). This intermolecular dsit/Cp interaction is expect-
ed to be sizeable since, as seen above, the large folding angle
exhibited by these complexes leads to a strong contribution of
the Cp2M2� fragment orbital to the SOMO. Indeed the
corresponding intra-dimer interaction energies determined by
extended Hückel calculations amount to 0.27 and 0.21 eV in
the Mo and W salts, respectively. Furthermore, short inter-
molecular lateral contacts between dimers (S ´´´ S 3.671(5) and
S ´´ ´ Se 3.634(4) � in the Mo salt, and S ´´´ S 3.673(5) and S ´´´
Se 3.654(5) � in the W salt) link the dimers with each other,
thus giving rise to an alternated chain of [Cp2M(dsit)� .]
cations (Figure 12). The temperature dependence of the


Figure 12. The chain structure of the [Cp2M(dsit)]� . cations (M�Mo, W).
The dotted lines show the inter-dimer chalcogen ± chalcogen interactions.
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susceptibility of the two complexes is given in Figure 13. Data
for the molybdenum salt are satisfactorily simulated within
the antiferromagnetic uniform chain model[41, 42] for which an


Figure 13. Temperature dependence of the magnetic susceptibility of
[Cp2Mo(dsit)][TCNQF4] and [Cp2W(dsit)][TCNQF4]. The solid line is a fit
to the alternated chain model (see text).


analytical expression has been derived [Eq. (4)],[43, 44] in which
x�j J j /kT.


cmol� c0�
C1


T
�Ng2b


2


kT


0:25� 0:07497x � 0:075235x2


1:0� 0:9931x � 1:172135x2 � 0:757825x3
(4)


We found JMo/k�ÿ147 K, C1� 0.010 Kÿ1 (i.e. 2.7 % spin
per mole) and c0� 7.4� 10ÿ4 emu molÿ1. For [Cp2W(dsit)]-
[TCNQF4], the more pronounced susceptibility maximum
reflects some higher degree of alternation in the cation chain.
The best fit was obtained within the alternated chain
model[45, 46] with JW/k�ÿ113 K and a� 0.5. These large J
values compare favorably with the EH calculated intra-dimer
interaction energies mentioned above with bMo� 0.27 eV,
bW� 0.21 eV, and (bMo/bW)2� 1.6, the latter can be compared
with JMo/JW� 1.3.


Conclusion


Three different structural patterns of association are identi-
fied and serve to demonstrate the potential of flexible
organometallic complexes for the construction of electro-
active materials. The dithiolene ligand modifications (O vs. S
vs. Se), and the metal substitution (Mo vs. W) not only modify
the geometrical characteristics of the individual molecules but
also modulate the extent of delocalization of the radical
species between the cyclopentadienyl, the metal, and the
dithiolene moieties, and have a direct consequence on the
possible intermolecular arrangements and their associated
magnetic behavior. Furthermore, in the isostructural Mo and
W salts (with dmid2ÿ and dsit2ÿ), the substitution of W for Mo
only has a slight influence on the molecular structures but a
considerable one on the electronic structures, as reflected by
different spin gap values (DMo, DW) in the [Cp2M(dmid)] spin
ladders or different alternation parameters (aMo, aW) in the
[Cp2M(dsit)] alternated chains. This illustrates the extreme
sensitivity of the solid-state electronic properties of molecular
materials to minute changes of the molecular shapes and
intermolecular interactions.


Experimental Section


[Cp2Mo(dmit)] and [Cp2Mo(dmid)] complexes were prepared as previ-
ously described from the reaction of [Cp2MoCl2] (Strem Chemicals) with
the corresponding sodium salt of the desired dithiolene.[30] The corre-
sponding [Cp2W(dmit)] and [Cp2W(dmit)] complexes were prepared
analogously.[47] The precursor of the dsit2ÿ ligand, dsit(COPh)2, was
prepared according to the literature.[48]


[Cp2Mo(dsit)]: To a solution of dsit(COPh)2 (0.5 g, 1 mmol) in dry THF
(50 mL) was added a solution of tBuCH2ONa (1.45m, 1.4 mL, 1 mmol) in
toluene. After the mixture has been stirred for 1 h, solid [Cp2MoCl2] was
added, and the solution warmed to reflux for 2 d. After evaporation of the
cooled suspension, the residue was Soxhlet extracted with 1,1,2-trichloro-
ethane, and the solution was filtered on a short silica gel column.
Concentration afforded [Cp2Mo(dsit)] as a violet microcrystalline powder
(0.22g, 43 %).Elemental analysis calcd for C13H10MoS3Se2: C 30.24, H 1.95;
found: C 29.68, H 1.96.
[Cp2W(dsit)]: A solution of tBuCH2ONa (1.45m, 2.25 mL, 3.2 mmol) in
toluene was added to a solution of dsit(COPh)2 (400 mg, 0.8 mmol) in dry
THF (50 mL). After stiring the solution for half an hour, [Cp2WCl2] (Strem
Chemicals, 300 mg, 0.779 mmol) was added. The solution was refluxed for
36 h, and the product was then purified by chromatography on a silica gel
column (CH2Cl2/cyclohexane, 4/1). The solution was concentrated and
cooled to 4 8C overnight. The crystalline precipitate was filtered and
washed with cyclohexane (0.22 g, 45 %). Elemental analysis calcd for
C13H10S3Se2W1: C 25.84, H 1.67, S 15.92; found: C 25.73, H 1.84, S 15.88.


Charge-tranfer salts with TCNQF4 : All salts were prepared by mixing hot
solutions of TCNQF4 dissolved in dry CH3CN and the dithiolene complex
dissolved in CH2Cl2 (for the Mo complexes) or in CH3CN (for the W
complexes). Slow cooling of the resulting dark solutions, which were then
stored at 4 ± 6 8C overnight afforded black crystals of the title compounds.


[Cp2Mo(dmid)][TCNQF4]: Elemental analysis calcd for C25H10F4Mo1-
N4O1S4: C 43.99, H 1.48, N 8.21, S 18.79; found: C 41.68, H 1.71, N 8.24, S
18.51 %.


[Cp2W(dmid)][TCNQF4]: Elemental analysis calcd for C25H10F4N4O1S4W1:
C 38.97, H 1.31, N 7.27, S 16.65; found: C 38.67, H 1.68, N 7.18, S 16.63 %.


[Cp2Mo(dsit)][TCNQF4]: Elemental analysis calcd for
C25H10F4Mo1N4S3Se2: C 37.89, H 1.27, N 7.07, S 12.14; found: C 35.86, H
1.76, N 5.81, S 13.82 %.


[Cp2W(dsit)][TCNQF4]: Elemental analysis calcd for C25H10F4N4S3Se2W1:
C 34.11, H 1.14, N 6.36, S 10.93; found: C 33.88, H 1.25, N 6.30, S 10.05 %.


[Cp2Mo(dmit)]2[TCNQF4]: Mixing solutions of [Cp2Mo(dmit)] and
TCNQF4 led to the rapid precipitation of thin needlelike crystals which
analyses as a 2:1 phase, [Cp2Mo(dmit)]2[TCNQF4]. Elemental analysis
calcd for C38H20F4Mo2N4S10: C 40.71, H 1.80, N 5.00, S 28.60; found: C 40.51,
H 2.06, N 4.86, S 27.79%. Only a few crystals were suitable for X-ray
structural analysis and crystal structure resolution shows them to be a
solvated 1:1 phase, [Cp2Mo(dmit)][TCNQF4](CH2Cl2)0.33 . Attempts to
modify the stoichiometry of the major phase by changing the ratio of the
two components or the solvents used were unsuccessful.


[Cp2W(dmit)][TCNQF4]: Elemental analysis calcd for C25H10F4N4S5W1: C
38.18, H 1.28, F 9.66, N 7.12, S 20.38; found: C 38.14, H 1.47, F 8.93, N 7.29, S
20.39 %.


X-Ray diffraction studies : Crystallographic data are given in Table 6. Data
for [Cp2Mo(dmid)][TCNQF4] and [Cp2Mo(dsit)][TCNQF4] were colleted
on a Enraf-Nonius CAD4-F diffractometer, the structures were solved by
direct methods and refined against F using the Xtal 3.4 set of programs.[49]


Data for the four other salts were collected on a Stoe Imaging Plate
Diffractometer (IPDS), the structures were solved by direct methods and
refined against F 2 using the SHELXTL5.04 set of programs.[50] Hydrogen
atoms were placed at calculated positions (C ± H� 0.93 �), included in
structure factor calculations but not refined (riding model). In the structure
of [Cp2Mo(dmit)][TCNQF4][CH2Cl2]0.33 , one of the cyclopentadienyl rings
was found to be disordered at two positions, with a 50:50 occupation.
Furthermore, a disordered dichloromethane molecule was identified near
an inversion center; the chlorine atoms common to the two molecules are
related by the inversion center. Refinement of the occupation parameter s
of carbon and chlorine atoms converges to 0.31 and 0.68, respectively, and
was then set to 0.33 for a given CH2Cl2 molecule.
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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-101010.
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).


Magnetic susceptibility measurements and analysis : Magnetic susceptibil-
ity data were collected on a commercial Quantum Design MPMS5 SQUID
susceptometer. Data were corrected for molecular diamagnetism and
holder contribution.


Extended Hückel calculations : Extended-Hückel type calculations[51] were
performed with double-z quality orbitals[52] for C, Mo, W, F, N, O, S, and Se.
Single-z orbitals were used for H.
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On the Constitutional Stability of h1-Allylmetal Compounds


Reinhard W. Hoffmann* and AndreÂ Polachowski


Abstract: Many h1-allymetal species undergo a rapid haptotropic rearrangement.
The stereochemical outcome of reactions of these allylmetal species with aldehydes
depends on whether the haptotropic rearrangement is faster or slower than the
reaction with the aldehyde. We present here a test system based on kinetic resolution,
by which just this information becomes available. Thus, haptotropic rearrangement
of cyclohexenyllithium, -magnesium chloride, -titanium triisopropoxide, and
-titanium tetraisopropoxide, was found to be faster than addition to the aldehyde
9. Borotropic rearrangement in cyclohexenyldiethylborane was found to be slower
than the addition to the aldehyde 9.


Keywords: allyl complexes ´ kinetic
resolution ´ rearrangements


Introduction


Efficient synthesis of polyfunctional open-chain compounds
requires reactions in which stereogenic centers are generated
simultaneously with the formation of the molecular backbone.
It is for this reason that stereocontrolled aldol addition of
enolates and stereoselective addition of allyl metal com-
pounds to aldehydes were intensively studied since the
1980s.[1] The addition of h1-crotylmetallic compounds to
aldehydes[2, 3] is in several instances complicated by a con-
current haptotropic rearrangement of the allylmetal com-
pounds comprising the compounds 1 ± 3.[4, 5]


On reaction of any member of the set A of compounds 1 to
3 with an aldehyde, the product may be any member of the set
B of compounds 4 to 8 or a mixture thereof (Scheme 1).
Unless the C ± C-bond formation is reversible,[6] the members
of the set B do not interconvert, that is the outcome of the
reaction is kinetically controlled. The selectivity attained
depends then on distinct low-energy pathways that connect
individual members of set A with those of set B. But it also
depends on the relative rate of reaction with respect to the
haptotropic rearrangement of the allylmetal compounds
within the set A. Given the complexity of the system it
testifies to the intuition and tenacity of chemists that highly
stereoselective carbon ± carbon bond-forming reactions have
been developed based on such transformations. Representa-
tive cases are that for M� SnR3, where both 1 and 3 lead to
4,[7] for M�B(OR)2 1 leads specifically to 5, and 3 specifically
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R


OH OH


R R


OH OH


R


2 31


RCHO


5 6 74


Set A


Set B


Scheme 1. The possible outcomes from the reaction of h1-crotyl metallic
compounds with aldehydes.


to 4.[4] For M�Ti(OR)3 it is likely that the lowest energy
pathway is the one connecting compound 1 to 5.[8] For most
other cases, including metals such as lithium, magnesium, zinc,
chromium, samarium, and indium, only tentative mechanistic
discussions are possible at present.[3, 5]


Even if the position of the equilibrium in set A is
known,[9, 10] on account of the Curtin Hammett principle this
may not be relevant to the stereoselectivity attained on
reaction with an aldehyde when the equilibration within set A
is more rapid than the addition to the aldehyde. Rate
constants for haptotropic rearragentments of allylmetal com-
pounds have been determined in some cases,[10, 11, 12] but in the
absence of knowledge about the rate of reaction with an
aldehyde these data do not delineate which mechanistic
situation[13]ÐCurtin Hammett (dynamic kinetic resolution) or
non-Curtin Hammett (thermodynamic or dynamic thermody-
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namic resolution)Ðprevails in a given system. To answer
these questions, all one needs to know is whether the rate of
additon of an allylmetal compound to an aldehyde is faster or
slower than the haptotropic rearrangement within the former.


We report here on a study to gain just this information by a
test based on kinetic resolution of enantiomeric com-
pounds.[14, 15] We assume that the haptotropic rearrangement
proceeds in a suprafacial manner and that the rate of the
rearrangement between the members of set A may be
represented by the rate of equilibration between 2 and 3.
That is, we assume that the rate of equilibration 1 > 2 and 3
> 2 are of the same order of magnitude. If this is the case, the
system 1, 2, 3 may be approximated by a different system 8, in
which the haptotropic shift of the metal constitutes an
enantiomerization.


At this point, the problem delineated above is reduced to
the problem of defining the configurational stability of a
species such as 8 on a time scale defined by the rate of reaction
with which this species reacts in a bimolecular reaction, a
problem for which we found a solution several years ago.[14, 15]


Moreover, due to the geometric restraints present in 8 the
products of the reaction with an aldehyde are confined to the
structures 4 and 5.


Results


Development of the test reaction


The test is based on the kinetic resolution which may occur on
reaction of a chiral substrate with a chiral reagent. Since the
present study is devoted to the reaction of allylmetal
compounds with aldehydes, we had to choose a chiral
aldehyde such as 9 as the reaction partner.


This entails the inconvenience that one has to deal with four
products 10 ± 13 instead of two on account of the fact that the
aldehyde group is prochiral and gives rise to an additional
stereogenic center upon reaction with 8 (Scheme 2). Relevant
for the test is the ratio between (10� 11� set C) and (12�
13� set D).[13, 16] To determine this ratio structural assign-
ments have to be made to all four products. This among other
factors[15, 17] determined the choice of the aldehyde 9 : The
aldehyde chosen should a) be available in enantiomerically
pure form, b) have a low tendency to racemize, c) react in high
yield with the substrates 8, d) lead to a significant level of


kinetic resolution on reaction with the allylmetal compound 8,
and e) also allow for easy quantitation of the ratio of the
products 10 ± 13.


In the initial phase of this work we tested a variety of
aldehydes (2-benzyloxypropanal, 2-dibenzylamino-3-phenyl-
propanal, 2-methylpentanal, 2,3-dimethyl-butanal, 2-phenyl-
propanal) which did not meet all of the requirements. 2,3,3-
Trimethylbutanal (9) was eventually chosen as the best
compromise. The racemic aldehyde 9 was prepared by
oxidation of 2,3,3-trimethylbutanol.[18]


The synthesis of the enantiomerically pure aldehyde 9
started with the alkylation of the Evans[19] acyloxazolidinone
14 with lithium diisopropylamide and methyl iodide to give
90 % of diastereomerically pure 15 (Scheme 3). The latter
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Scheme 3. Synthesis of 9 starting from acyloxazolidinone 14.


was converted[20] to the thioester 16 in 93 % yield. Reduction
of 16 following the Fukuyama protocol[21] failed when
triethylsilane was used, but could be achieved in 89 % yield
when the less sterically demanding ethyldimethylsilane was
used as the reductant. The enantiomeric purity of greater than
95 % of the thioester 16 was ascertained with reference to
racemic 16 (prepared in the same manner), by using hepta-
fluorobutyrylcamphoratoeuropium as a chiral NMR shift
reagent. Reduction of 16 to the aldehyde 9 is assumed [21] to
proceed without loss of enantiomeric purity.


Next, the expected reaction products 10 to 13 had to be
prepared and their structures had to be assigned. To this end,
the cyclohexenylboronate 8 e was generated according to
Scheme 4. It was obtained in 81 % yield by reaction of
cyclohexenylmagnesium bromide (8 b) with isopropoxytetra-
methyldioxaborolane 17.[22] Reaction of 8 e with the racemic
aldehyde 9 furnished two alcohols, to which we assign
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Scheme 4. Synthesis of rac-10 and rac-13 from 8 b.
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Scheme 2. Reaction of 8 with 9, leading to four products (10 ± 13).
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structures rac-10 and rac-13 : The alcohols could be separated
by chromatography. The alcohol which revealed a 13C NMR
signal at d� 74.2 was then subjected to ozonolysis followed by
acetalization to provide the compound 19 (Scheme 5).
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Scheme 5. Conversion of rac-10 into 19a.


The dioxane ring in 19 is in a chair conformation as seen
from the d(13C) values (d� 18.8, 29.7, 99.6) of the acetonide
moiety.[23] The branched substituent at C-2 should be equa-
torial. The H,H coupling constant J1,2� 2.3 Hz indicates that
the alkyl chain at C-1 is axial. This means that the alcohol
associated with the signal at d� 74.2 should be either 10 or 13.
Regarding the conformation about the C-2/C-3 bond com-
pound 19 would have to relax two syn-pentane interactions,
which results in a skewed arrangement.[24] The H,H coupling
contant J2,3 of 2.3 Hz is in line with such an interpretation, see
19 a, whereas the ozonolysis product (not shown) from alcohol
13 would be expected to have a large coupling constant J2,3 .
This establishes structure 10 for the alcohol, which exhibits a
13C NMR signal at d� 74.2, obtained from the reaction of 8 e
with the aldehyde 9.


The mixture of alcohols obtained (d� 74.2 and d� 76.1)
was oxidized with the Dess ± Martin reagent to give a mixture
of two ketones 21 and 23. The alcohols therefore have
different relative configuration at C1 and C3 (Scheme 6).


Hydrogenation of the mixture of alcohols 10 and 13 gave
rise to a mixture of two alcohols 20 and 22. The alcohols 10
and 13 therefore differ also in the configuration at C-2. This
establishes the relative configuration of 13 and 10 as the ones
shown in Scheme 6.
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Scheme 6. Establishment of the relative configurations of 13 and 10.


In a second series of experiments cyclohexenyllithium (8 a)
was generated from cyclohexenyltributyltin (24) and added to
the aldehyde 9 (Scheme 7). This resulted in two alcohols, one
with a 13C NMR signal at d� 74.2, identified as 10, and one
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Scheme 7. Reaction of 8a with 9 to give rac-10 and rac-12.


with a 13C NMR signal at d� 75.0. The structure of the
latter, 12, was established by the transformations given in
Scheme 8.
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Scheme 8. Establishment of the relative configuration of 12.


Hydrogenation of the mixture obtained led to a single
alcohol 20. This indicated that 10 and 12 have the identical
relative configuration at C-2 and C-3. Oxidation of the
mixture of 10 and 12 gave a mixture of two ketones 21 and 23,
showing that the two adducts differ in the configuration at C-
1. This establishes the structure of 12 as shown in Scheme 8.


Therefore the structure of the alcohols 10, 12, and 13 of the
four possible reaction products between an allylmetal com-
pound 8 with the aldehyde 9 have been assigned. Any fourth
diasteromer to be obtained would by exclusion have the
structure 11.


Kinetic resolution on reaction of allylmetal compounds 8 with
the aldehyde 9


A given enantiomer of the aldehyde 9 may react with a
different rate with each enantiomer of the allylmetal com-
pound 8 (kinetic resolution). The test to be carried out
depends on the magnitude of this kinetic resolution. The
kinetic resolution is numerically equivalent to the ratio of the
amounts of product alcohols 10� 11� set C formed to that of
the alcohols 12� 13� set D when carrying out the reaction of
the racemic organometallic compounds with the racemic
aldehyde 9. In the case that the haptotropic rearrangement of
the allylmetal compound 8 is faster than the addition to the
aldehyde 9, the set C/set D product ratio should be the same
when using either enantiomerically pure or racemic aldehyde
9. However, for the case that the haptotropic rearrangement
of 8 is slower than the additon to the aldehyde 9, reaction with
the enantiomerically pure aldehyde should give a set C/set D
product ratio approaching the value of 1:1 on high conversion,
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whereas on reaction with the racemic aldehyde 9 the set C/set
D product ratio should still reflect the kinetic resolution. A
meaningful test system then requires that the ratio of products
of set C to the one of set D should be different from 1:1 in an
analytically significant manner on reaction of the allylmetal
compound 8 (racemate) with the racemic aldehyde. This
means that the ratio should be greater than 1.2.[17] The product
ratio of the alcohols 10 ± 13 obtained can be readily deter-
mined from the 1H and 13C NMR spectra of the crude alcohol
mixtures.


At this point a series of allylmetal compounds 8 were
screened to evaluate which compounds show a sufficient
kinetic resolution in the reaction with the aldehyde 9. The
results are summarized in Table 1.


The product ratios obtained are a consequence of the
interplay of several preferences inherent in the reaction
partners: That is the ratio between supra- and antrafacial
reaction at the allylic system, the level and direction of simple
diastereoselection on the formation of the new carbon ± car-
bon bond, and the level of 1,2-induction (Cram versus anti-
Cram selectivity) of the aldehyde 9. The absence of the
product 11 can be attributed to a high asymmetric induction
from the aldehyde 9. A detailed discussion of the product
ratios obtained is beyond the scope of the present paper. The
only data relevant for the application of the kinetic resolution
test are the set C/set D product ratio and the total yield of
products. Of the reactions reported in Table 1, the kinetic
resolution (the set C/set D product ratio) was too low for the
reaction of the cyclohexenyl cerium system (8 d) and the
yields were too low[15] for the barium (8 c) and the tin trihalide
(8 i) systems in conjunction with the level of kinetic resolution
to render the kinetic resolution test meaningful. Likewise the
cyclohexenyl chromium, zinc, and samarium reagents 8Ðdata
not given in the tableÐresulted in unacceptable low
yields. Thus we found ourselves limited with the present
reagent system to the lithium, magnesium, boron, and
titanium cases.


Relative rates of haptotropic rearrangement of 8 and its
addition to the aldehyde 9


At this point, at last, the test reaction to determine the relative
rate of the haptotropic rearrangement of cyclohexenyl metal
compounds 8 with respect to the rate of their addition to the
aldehyde 9 could be run. The test is based on a comparison of
the set C/set D product ratios on reaction with racemic
aldehyde 9 versus those obtained by using enantiomerically
pure 9 (Table 2).


In the case of the lithium compound 8 a, the set C/set D
product ratio is the same when using either racemic or
enantiomerically pure aldehyde 9. This indicates that the
haptotropic rearrangement within 8 a is faster than addition to
the aldehyde 9. The same result would be obtained if
cyclohexenyllithium were symmetrical, that is if the lithium
cation is bound in a trihapto manner.[25] Allylic Grignard
reagents are monohapto bound.[26] Therefore the absence of a
significant difference in the set C/set D product ratios on
reaction with either racemic or enantiomerically pure alde-
hyde 9 again signals that racemization of 8 b is faster than its
addition to 9.


Allylboronates such as 8 e are known to be constitutionally
stable.[27] Haptotropic rearrangement in the absence of Lewis
acids[28] is slow on a macroscopic time scale. Therefore on
reaction of 8 e with either racemic or enantiomerically pure 9
different product ratios must result. This indeed is found. In
contrast to allylboronates, allylboranes undergo a rapid allylic
rearrangement,[12] even at low temperatures. The results in
Table 2 show that addition of 8 f to aldehyde 9 proceeds faster
than the allylic rearrangement within 8 f. The haptotropic
rearrangement in cyclohexenyl-9-BBN (8 j) is likely slower[11]


than that of 8 f. This would be in line with the finding of Rossi
et al.[29] that a 1:1 mixture of diastereomeric products 26 and
27 resulted from the reaction of racemic 8 j with the
enantiomerically pure b-lactam 25 (Scheme 9).
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Scheme 9. Reaction of 8 j with 25.


Allyltitanium reagents have been assumed to undergo a
rapid haptotropic rearrangement. The results obtained here
show that for both 8 g and 8 h this rearrangement is faster than


Table 1. Product ratios on reaction of cyclohexenyl metal compounds 8
with the racemic aldehyde 9.


Relative amounts [%] Total
yield [%]


Set C/
Set D


8[a] M 10 11 12 13 10 ± 13 ratio


a Li 57 0 43 0 83 57:43
b MgCl 55 0 44 0 81 55:45
c BaCl 62 0 38 0 62 62:38
d CeCl3 52 0 32 16 55 52:48
e B(OR)2 29 0 0 71 84 29:71
f BEt2 31 0 0 69 86 31:69
g Ti(OiPr)3 77 0 23 0 70 77:23
h Ti(OiPr) ÿ4 63 0 26 11 75 63:37
i SnCl3 90 0 10 0 41 90:10


[a] Reaction conditions: a : THF, ÿ78 8C, 30 min; b : THF, 0 8C, 30 min; c :
3-chlorocyclohexene, 9, Ba, THF, ÿ78 8C, 40 min; d : cyclohexenyllithium,
CeCl3, THF, ÿ78 8C, 3 h; e : petroleum ether, 0 8C, 36 h; f : diethyl ether,
20 8C, 3 h; g : cyclohexenyllithium, Ti(OiPr)3Cl, THF, ÿ78 8C,15 h to 20 8C;
h : cyclohexenyllithium, Ti(OiPr)4, THF, ÿ78 8C, 3.5 h, then 20 8C, 30 min;
i : 3-bromocyclohexene, SnCl2, NaI, THF, 20 8C, 24 h.


Table 2. Set C/set D product ratios on reaction of cyclohexenyl metal
compounds 8 with racemic and enantiomerically pure aldehyde 9.


rac-9 (S)-9
8 M Set C/Set D Yield Set C/Set D Yield


a Li 57:43 83 56:44 85
b MgCl 55:45 81 54:46 76
e B(OR)2 29:71 84 47:53 79
f BEt2 31:69 86 50:50 83
g Ti(OiPr)3 77:23 70 75:25 73
h Ti(OiPr)ÿ4 63:37 75 76:39 69
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the addition to the aldehyde 9. On the other hand, an
allyltitanium species 28 has been reported recently[30] that is
configurationally stable on a macroscopic time scale.


Ti(OiPr)2


SiMe3


SiMe3H


CrCl3


CrCl3
29 30


28


Finally, some related observations should be mentioned
regarding other allylmetal species, for which the present test
system was not applicable. Knochel et al.[31] reported that
geranyl and neryl-chromium species 29 and 30 do not
interconvert more rapidly than they add to benzaldehyde.[32]


Conclusion


The two mechanistic scenarios on addition of allylmetal
compounds to an electrophile (aldehyde)Ðhaptotropic re-
arrangement faster or slower than reactionÐmay be differ-
entiated by a test based on kinetic resolution. With the test
system comprising cyclohexenyl metal systems 8 and the
aldehyde 9 we were able to show for the lithium (8 a),
magnesium (8 b), and titanium compounds (8 g, h) that
reaction with 9 is slower than the haptotropic rearrangement.
The opposite was found for the cyclohexenyldiethylborane 8 f.


Experimental Section


All temperatures quoted are not corrected: 1H NMR, 13C NMR: Bruker
AC-300, AMX-500; boiling range of petroleum ether: 40 ± 60 8C; flash
chromatography: silica gel Si60, E. Merck AG, Darmstadt, 40 ± 63mm.


rac-2,3,3-Trimethylbutanal (9): Dimethylsulfoxide (0.71 mL, 0.78 g,
10 mmol) was added dropwise to a solution of oxalyl chloride (0.77 g,
6.0 mmol) in dichloromethane (20 mL) at ÿ78 8C. After stirring for 15 min
a solution of rac-2,3,3-trimethylbutanol[18] (0.58 g, 5.0 mmol) in dichloro-
methane (10 mL) was added dropwise. Stirring was continued for 15 min at
ÿ50 8C. Finally, triethylamine (2.8 mL, 20 mmol) was added and the
mixture was allowed to warm to room temperature. Saturated aqueous
NH4Cl solution (20 mL) was added, the phases were separated, and the
aqueous phase was extracted with tert-butyl methyl ether (3� 15 mL). The
combined organic phases were dried with MgSO4 and concentrated.
Distillation of the residue furnished 9 (422 mg, 74%) as a colorless oil of
b.p.68� 54 8C. 1H NMR (300 MHz, CDCl3): d� 0.85 (s, 9H), 0.88 (d, J�
6.9 Hz, 3 H), 2.01 (dq, J� 6.9 and 3.2 Hz, 1 H), 9.63 (d, J� 3.2 Hz, 1 H); 13C
NMR (75 MHz, CDCl3): d� 8.9, 27.5, 32.6, 55.4, 205.6; elemental analysis
calculated for C7H14O: C 73.63, H 12.36, found: C 73.52, H 12.41.


(4S)-3-(3''3''-Dimethylbutanoyl)-4-isopropyl-oxazolidine-2-one (14): A sol-
ution of n-butyllithium in hexane (20.7 mL, 31.5 mmol) was added
dropwise at ÿ78 8C to a solution of (4S)-4-isopropyl-oxazolidin-2-one
(3.88 g, 30.0 mmol) in THF (150 mL). After 30 min 3,3-dimethylbutanoyl
chloride (4.44 g, 33.0 mmol) was added and the mixture was stirred for 1 h
at ÿ78 8C. The mixture was poured into saturated aqueous NaHCO3


solution (300 mL), the phases were separated, and the aqueous phase
was extracted with tert-butyl methyl ether (3� 50 mL). The combined
extracts were dried with Na2SO4 and concentrated. Flash chromatorgaphy
of the residue with petroleum ether/diethyl ether (3:1) gave 14 (6.14 g,
90%) as an almost colorless oil. [a]20


D ��72.6 (c� 1.63, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 0.83 (d, J� 6.9 Hz, 3H), 0.86 (d, J� 7.0 Hz, 3H),
1.01 (s, 9H), 2.30 (m, 1H), 2.69 (d, J� 14.7 Hz, 1H), 3.00 (d, J� 14.7 Hz,
1H), 4.11 ± 4.21 (m, 2 H), 4.41 (m, 1H); 13C NMR (75 MHz, CDCl3): d�
14.6, 17.9, 28.5, 29.5, 31.3, 45.9, 58.4, 62.9, 154.0, 171.8; elemental analysis


calculated for C12H21NO3: C 63.41, H 9.31, N 6.16; found: C 63.53; H 9.35; N
6.23.


(2''S,4S)-3-(2'',3'',3''-Trimethylbutanoyl)-4-isopropyl-oxazolidine-2-one (15):
A solution of n-butyllithium in hexane (17.7 mL, 26.8 mmol) was added
dropwise at 0 8C to a solution of diisopropylamine (4.12 mL, 29.3 mmol) in
THF (70 mL). After stirring for 20 min the mixture was cooled to ÿ78 8C
and a solution of 14 (5.55 g, 24.4 mmol) in THF (15 mL) was added. After
the mixture had been stirred for 1 h at ÿ78 8C, methyl iodide (7.63 mL,
122 mmol) was added. After stirring for a further 8 h atÿ78 8C the mixture
was allowed to warm to room temperature. Saturated aqueous NH4Cl
solution (60 mL) was added, the phases were separated, and the aqueous
phase was extracted with tert-butyl methyl ether (2� 50 mL). The
combined organic extracts were dried with Na2SO4 and concentrated to
leave a slightly yellowish solid product. This was recrystallized twice from
petroleum ether/diethyl ether (5:1) to furnish diastereomerically pure 15
(5.30 g, 90 %) of m.p. 100 8C. [a]20


D ��115 (c� 1.58, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 0.85 (d, J� 6.9 Hz, 3H), 0.89 (d, J� 7.0 Hz, 3H),
0.97 (s, 9H), 1.14 (d, J� 7.0 Hz, 3 H), 2.33 (m, 1H), 3.86 (q, J� 7.0 Hz, 1H),
4.12 ± 4.22 (m, 2H), 4.42 (m, 1H); 13C NMR (75 MHz, CDCl3): d� 13.3,
14.6, 17.9, 27.3, 28.4, 33.3, 44.5, 58.5, 62.9, 153.9, 176.6; elemental analysis
calculated for C13H23NO3: C 64.70, H 9.61, N 5.80; found: C 64.73, H 9.47, N
5.78.


Ethyl (2S)-2,3,3-trimethylbutanoylthioate (16): A solution of n-butyllithi-
um in hexane (54 mL, 100 mmol) was added at ÿ78 8C dropwise to a
solution of ethane thiol (8.6 g, 0.14 mol) in THF (300 mL). After stirring for
30 min the mixture was allowed to warm to 0 oC, which resulted in a white
suspension. A solution of 15 (9.82 g, 40.7 mmol) in THF (300 mL) was
added dropwise at 0 8C. The mixture was stirred overnight at room
temperature, and aqueous sodium hydroxide solution (250 mL, 0.5m) was
added. The aqueous phase was extracted with tert-butyl methyl ether (3�
75 mL), the combined extracts were dried with MgSO4 and concentrated.
The residue was filtered with petroleum ether/diethyl ether (3:1) over a
short column of silica gel in order to remove the oxazolidinone. The
filtrates containing 16 were concentrated and distilled to give 16 as a
colorless oil (6.57 g, 93%) of b.p. 20 78 8C; [a]20


D ��114.5 (c� 1.03, CHCl3,
[a]20


D ��122 (c� 1.89, CHCl3); 1H NMR (300 MHz, CDCl3): d� 0.94 (s,
9H), 1.08 (d, J� 7.0 Hz, 3 H), 1.19 (t, J� 7.4 Hz, 3 H), 2.41 q, J� 7.0 Hz,
1H), 2.79 (dq, J� 14.8 and 7.4 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d�
13.2, 14.7, 23.2, 27.7, 33.3, 58.1, 202.8; elemental analysis calculated for
C9H18OS: C 62.02, H 10.41; found: C 61.83, H 10.45.
(S)-2,3,3-Trimethylbutanal (9): Palladium on carbon (10 %, 0.79 g) was
added to a solution of 16 (5.19 g, 29.8 mmol) in dichloromethane (30 mL)
followed by addition of dimethylethylsilane[33] (3.94 g, 44.7 mmol). After
1 h the mixture was filtered over Kieselgur, the filtrate was concentrated,
and the residue was distilled to give 9 (3.03 g, 89 %) as a colorless oil of
b.p.68� 54 8C; [a]20


D ��18.1 (c� 2.01, ethanol) cf. ref. [34]: [a]20
D ��17.82


(c� 2, ethanol), ee� 94%.


2-(2-Cyclohexenyl)-tetramethyl-1,3,2-dioxaborolane (8e): To a solution of
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (17)[22] (3.93 g,
21.1 mmol) in THF (25 mL) was added atÿ78 8C a solution of cyclohexenyl
magnesium bromide (28 mL, 21.1 mmol) in THF. After the mixture had
been allowed to warm to room temperature overnight it was poured into
diethyl ether (72 mL), 1n aqueous hydrochloric acid (21 mL), and
saturated aqueous NH4Cl solution (21 mL). The phases were separated
and the aqueous phase was extracted with tert-butyl methyl ether (2�
30 mL). The combined organic phases were washed with brine (30 mL),
dried with Na2SO4, and concentrated. Distillation of the residue furnished
8e (3.56 g, 81%) of b.p.8� 93 8C; 1H NMR (300 MHz, CDCl3): d� 1.22 (s,
12H), 1.40 ± 1.82 (m, 4 H), 1.96 (m, 2H), 5.61 ± 5.72 (m, 2 H); 13C NMR
(75 MHz, CDCl3): d� 22.5, 24.1, 24.7, 24.8, 25.0, 83.1, 126.0, 127.6.


1-(Cyclohex-2-enyl)-2,3,3-trimethylbutanol (10 and 13): Molecular sieves
(A3, 0.5 g) were added into a solution of 2,3,3-trimethylbutanal (9) (0.343 g,
3.00 mmol) in petroleum ether (3 mL) at 0 8C. A solution of 8e (0.312 g,
1.5 mmol) in petroleum ether (2 mL) was subsequently added. After 36 h
the mixture was filtered and saturated aqueous NH4Cl solution (10 mL)
was added. The phases were separated and the aqueous phase was
extracted with tert-butyl methyl ether (2� 15 mL). The combined organic
phases were dried with Na2SO4 and concentrated. Flash chromatography of
the residue with petroleum ether/ diethyl ether (10:1) furnished the
alcohols 10 and 13 (total yield 247 mg, 84%). The diastereomer ratio was
determined from the 1H NMR spectra of the crude product.
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10 : 1H NMR (300 MHz, CDCl3): d� 0.86 (d, J� 5.2 Hz, 3H), 0.91 (s, 9H),
1.44 ± 1.55 (m, 4 H), 1.74 ± 1.81 (m, 2 H), 1.97 (m, 2H), 2.11 (m, 1 H), 3.65
(dd, J� 8.5 and 1.1 Hz, 1 H), 5.50 ± 5.56 (m, 1H), 5.73 ± 5.79 (m, 1 H); 13C
NMR (75 MHz, CDCl3): d� 7.8, 20.8, 25.0, 25.4, 28.1, 33.2, 40.6, 43.5, 74.2,
128.1, 129.4.


13 : 1H NMR (300 MHz, CDCl3): d� 0.78 (d, J� 7.0 Hz, 3 H), 0.97 (s, 9H),
1.35 ± 1.79 (m, 6H), 1.97 (m, 2H), 2.41 (m, 1 H), 3.51 (d, J� 8.1 Hz, 1H),
5.42 ± 5.48 (m, 1H), 5.91 ± 5.98 (m, 1H); 13C NMR (75 MHz, CDCl3): d�
12.6, 20.8, 21.9, 25.1, 29.0, 33.3, 39.5, 44.2, 76.1, 130.4, 131.7.


A solution of n-butyllithium in hexane (1.58 mL, 3.00 mmol) was added in
the top compartment of a two-compartment reaction vessel[35] to a solution
of tributyl-2-cyclohexenyltin (24) (1.11 g, 3.00 mmol) in THF (10 mL) at
ÿ100 8C. After this mixture was allowed to warm to ÿ78 8C over 3 h it was
added to a solution of 9 (0.514 g, 4.50 mmol) in THF (5 mL) precooled in
the lower compartment of the reaction vessel. After the mixture had been
stirred for 30 min, saturated aqueous NH4Cl solution (10 mL) was added.
The phases were separated and the aqueous phase was extracted with tert-
butyl methyl ether (2� 10 mL). The combined extracts were dried with
Na2SO4 and concentrated. Flash chromatography of the residue with
petroleum ether/diethyl ether (10:1) furnished 10 and 12 (total 0.49 g,
83%). The diastereomer ratio was determined in the crude product by
NMR spectroscopy.
12 : 1H NMR (300 MHz, CDCl3, selected data): d� 0.84 (d, J� 5.0 Hz, 3H),
3.57 (dd, J� 8.8 and 1.2 Hz, 1H), 5.81 ± 5.89 (m, 1H); 13C NMR (75 MHz,
CDCl3): d� 7.6, 21.4, 25.2, 26.2, 28.2, 33.0, 40.3, 43.6, 75.0, 128.6, 128.7.


Reaction with cyclohexenylmagnesium chloride and the aldehyde 9 was
carried out in a similar manner in the two-compartment reaction vessel at
0 8C.


Reaction with cyclohexenyltitanium triisopropoxide was carried out in the
two-compartment reaction vessel as follows: Cyclohexenyllithium was
generated from cyclohexenyltributyltin (24, 1.5 mmol) as described above.
This solution was transferred by cannula to chlorotitanium triisopropoxide
(0.430 g, 1.65 mmol) in THF (5 mL) at ÿ78 8C. After stirring for 1 h,
reaction with 9 was effected at this temperature.


Reaction with cyclohexenyltitanium tetraisopropoxide was carried out in a
similar manner at ÿ78 8C by using 1.1 equivalents of titanium tetraisoprop-
oxide.


Cyclohexenyldiethylborane was generated in the following manner:
Cyclohexenyltributyltin (24) (23.7 g, 63.8 mmol) was added dropwise
under argon to a solution of bromodiethylborane (8.48 g, 57.0 mmol) in
anhydrous dichloromethane (40 mL) at ÿ50 8C. After stirring for 15 h at
room temperature, distillation furnished the cyclohexenylborane 8 f
(6.44 g, 75%) as a colorless pyrophoric liquid, b.p.0.13� 38 8C. The physical
properties corresponded to those in ref. [36]. Reaction with 9 was carried
out as described for 8 e above.


5[(1-Methoxy-1-methyl-ethoxy)-butyl]-2,2-dimethyl-4-(1,2,2-trimethyl-
propyl)-1,3-dioxane (19): A stream of ozone in oxygen was introduced at
ÿ78 8C into a solution of 10 (316 mg, 1.61 mmol) in methanol (15 mL) and
dichloromethane (15 mL) until the blue color of the solution persisted.
Excess ozone was purged from the mixture with nitrogen. NaBH4 (363 mg,
9.6 mmol) was added at ÿ78 8C in small portions, and the mixture was
allowed to warm to room temperature. Aqueous NaOH (1m, 30 mL) was
added, the phases were separated, and the aqueous phase was saturated
with NaCl and extracted with ethyl acetate (5� 15 mL). The combined
organic phases were dried with Na2SO4 and concentrated. Flash chroma-
tography with ethyl acetate furnished the triol 18 (295 mg, 79%) as
colorless crystals of m.p. 83 8C. 1H NMR (300 MHz, CDCl3): d� 0.88 (s,
9H), 0.90 (broad d, 3 H), 1.33 ± 1.44 (m, 4 H), 1.47 ± 1.62 (m, 4H), 3.61 ± 3.70
(m, 4 H), 3.93 (d, J� 5.1 Hz, 1H); 13C NMR (75 MHz, CDCl3): d� 9.1, 23.5,
25.7, 27.8, 32.8, 33.4, 44.3, 46.2, 62.4, 63.6, 73.0. To a solution of 18 (150 mg,
0.64 mmol) in 2,2-dimethoxypropane (4.29 g, 41.2 mmol) was added at
room temperature pyridinium p-toluene sulfonate (83 mg, 0.33 mmol).
After the mixture had been stirred for 10 h at 39 8C, water (25 mL) was
added. The phases were separated and the aqueous phase was saturated
with NaCl. The aqueous phase was extracted with tert-butyl methyl ether
(4� 15 mL). The combined extracts were dried with Na2SO4 and concen-
trated. Flash chromatography of the residue with petroleum ether/diethyl
ether (10:1) furnished 19 (184 mg, 83 %) as a colorless oil. The signal
assignments in the 1H and 13C NMR spectra mentioned are based on
500 MHz H,H- and H,C-correlation spectra and NOESY experiments. 1H


NMR (300 MHz, CDCl3): d� 0.83 (s, 9 H), 0.83 (d, J� 7.1 Hz, 3 H), 1.03 ±
1.08 (m, 1 H), 1.15 ± 1.20 (m, 1H), 1.26 (qd, J� 7.1 and 2.3 Hz, 1H), 1.31 (s,
6H), 1.31 (s, 3H), 1.41 (s, 4H), 1.49 ± 1.61 (m, 3 H), 1.73 ± 1.87 (m, 1 H), 3.17
(s, 3H), 3.37 (m, 2H), 3.75 (dd, J� 12.0 and 1.5 Hz, 1 H), 3.96 (dd, J� 12.0
and 1.8 Hz, 1 H), 4.03 (dd, J� 2.3 and 2.3 Hz, 1H); 13C NMR (125 MHz,
CDCl3): d� 10.0, 18.8, 23.6, 24.4, 24.5, 27.4, 29.7, 30.3, 33.7, 40.5, 45.3, 48.3,
60.5, 63.2, 70.2, 98.3, 99.6; elemental analysis calculated for C20H40O4: C
69.72, H 11.70; found: C 69.53, H 11.64.


1-(2-Cyclohexenyl)-2,3,3-trimethyl-1-butanone (21 and 23): Dess ± Martin
reagent (0.89 g, 2.09 mmol) was added to a solution of 10 and 13 (4:1,
298 mg, 1.52 mmol) in dichloromethane (10 mL) and pyridine (1.22 mL).
After stirring for 2 h at room temperature, the mixture was partitioned
between tert-butyl methyl ether (30 mL) and semisaturated aqueous
NaHCO3 solution (30 mL). Sodium thiosulfate (0.60 g, 2.4 mmol) was
added and the phases were separated. The aqueous phase was extracted
with tert-butyl methyl ether (2� 30 mL). The combined organic extracts
were dried with Na2SO4 and concentrated. Flash chromatography of the
residue with petroleum ether/diethyl ether (7:1) furnished the diastereo-
meric ketones 21 and 23 in a 4:1 ratio (0.28 g, 95 %).


21: 1H NMR (300 MHz, CDCl3): d� 0.90 (s, 9 H), 0.97 (d, J� 7.0 Hz, 3H),
1.49 ± 1.93 (m, 4H), 1.97 (m, 2H), 2.61 (q, J� 7.0 Hz, 1 H), 3.20 (m, 1H),
5.61 ± 5.66 (m, 1H), 5.79 ± 5.86 (m, 1H); 13C NMR (75 MHz, CDCl3): d�
13.1, 20.9, 24.7, 25.1, 27.6, 33.6, 50.6, 52.6, 124.2, 129.6, 216.2.


23 : 1H NMR (300 MHz, CDCl3): d� 0.88 (s, 9 H), 0.96 (d, J� 7.2 Hz, 3H),
1.47 ± 1.85 (m, 4H), 1.94 (m, 2H), 2.60 (q, J� 7.1 Hz, 1 H), 3.14 (m, 1H),
5.64 ± 5.69 (m, 1H), 5.76 ± 5.83 (m, 1H); 13C NMR (75 MHz, CDCl3): d�
13.1, 20.4, 23.7, 24.7, 27.6, 33.4, 50.6, 52.8, 123.6, 130.1, 215.4.


1-Hydroxy-2,3,3-trimethylbutylcyclohexane (20 and 22): Platinum dioxide
(ca. 10 mg) was added to a solution of the alcohols 10 and 13 (3:7, 114 mg,
0.58 mmol) in ethanol (1.5 mL). The solution was stirred for 15 h under an
atmosphere of hydrogen. The mixture was filtered over a small pad of
Kieselgur, which was washed with tert-butyl methyl ether (30 mL). The
combined filtrates were concentrated, and the residue was purified by flash
chromatography with petroleum ether/diethyl ether (5:1) to give a 3:7
mixture of the alcohols 20 and 22 (106 mg, 93%).


20 : 1H NMR (300 MHz, CDCl3): d� 0.81 (d, J� 7.1 Hz, 3 H), 0.90 (s, 9H),
1.08 ± 1.26 (m, 7H), 1.40 (q, J� 7.1 Hz, 1H), 1.63 ± 1.77 (m, 4H), 1.95 ± 1.99
(m, 1H), 3.48 (dd, J� 6.1 and 7.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): d�
7.8, 26.1, 26.2, 26.5, 28.2, 29.6, 29.8, 33.0, 42.6, 43.2, 75.7; elemental analysis
calculated for C13H26O: C 78.72, H 13.21; found: C 78.64, H 13.51.


22 : 1H NMR (300 MHz, CDCl3): d� 0.78 (d, J� 7.1 Hz, 3 H), 0.94 (s, 9H),
1.12 ± 1.47 (m, 6 H), 1.64 (m, 4 H), 1.75 (m, 3 H), 3.32 (m, 1H); 13C NMR
(75 MHz, CDCl3): d� 12.8, 25.0, 26.3, 26.7, 26.9, 29.0, 31.5, 33.4, 41.1, 45.7,
77.9.
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Sources of Naked Divalent First-Row Metal Ions: Synthesis and
Characterization of [MII(NCMe)6]2� (M�V, Cr, Mn, Fe, Co, Ni)
Salts of Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate


Wayne E. Buschmann and Joel S. Miller*


Abstract: [MII(NCMe)6][TFPB]2 (M�
V, Cr, Mn, Fe, Co, Ni; [TFPB]ÿ� tetra-
kis[3,5-bis(trifluoromethyl)phenyl]bo-
rate) were synthesized and character-
ized in the solid state and in solution. As
a result of the extremely poor coordi-
nating ability of [TFPB]ÿ , a wide redox-
stable window, as well as chemically
facile loss of the MeCN ligands, these
salts are excellent sources of naked
divalent first-row metal ions. Thermol-
ysis up to 100 8C leads to the loss of one
MeCN and formation of a h2-bound
nitrile, while addition of MeCN reforms
[MII(NCMe)6]2�. Above 130 8C decom-
position occurs with loss of MeCN and
abstraction of fluoride from the anion to
form MF2. The room temperature effec-


tive moments [MII(NCMe)6][TFPB]2 are
in the range typically found for other
octahedral divalent salts of these metal
ions, with values greater than the spin-
only values observed for the CrII, FeII,
CoII, and NiII salts; these are ascribed to
first- and second-order spin-orbit ef-
fects. The temperature dependence of
the susceptibility for the FeII and the
CoII salts can be fit to expressions that
include zero-field splitting (D) with g�
2.4, D�ÿ0.5 K, and qfit�ÿ5 K for FeII,
and g� 2.0, D�ÿ1 K, TIP� 50�


10ÿ6 emu molÿ1, and qfit�ÿ8 K for CoII.
The infrared n2-CN absorption energies
of the [MII(NCMe)6][TFPB]2 salts qual-
itatively map with the predicted ligand
field stabilization energy. In solution
these salts exhibit electronic spectra
consistent with octahedral cations. Li-
gand field splittings (Do) range from
9600 (CoII) to 14 300 cmÿ1 (VII) and are
greater than those of the hexaaquo
species and, where data is available,
are slightly smaller than those of the
hexaammine species. There is evidence
in the electronic and infrared spectra for
significant tetragonal distortion in the
CrII salt.


Keywords: acetonitrile complexes ´
ligand field theory ´ magnetic prop-
erties ´ N ligands ´ transition metals


Introduction


Sources of metal ions that are soluble in nonaqueous solvents
and possess very weakly or, ideally, noncoordinating, redox-
stable anions are essential for developing many areas of
chemistry, and we have found a particular need in the
synthesis of many molecule-based magnetic materials.[1] The
ability of a weak Lewis base to occupy a metal coordination
site to create an extended lattice is often deterred by anions
and/or solvent molecules that are more strongly coordinating.
The synthesis of Prussian blue analogues, that is, 3-D network
structures possessing ´´´!M C�N!M' N�C!M ´ ´ ´
chains along all three bonding axes, in nonaqueous media is
one situation in which anions such as [CF3SO3]ÿ and [BF4]ÿ ,
and solvents such as acetonitrile remain coordinated metal


centers in Prussian blue type lattices, thus preventing com-
plete formation of an extended lattice.[1] Since the nitrogen
end of cyanide of a hexacyanometallate has a basicity
comparable to that of ammonia in the spectrochemical
series,[2] nucleophilic solvents of comparable basicity present
in great excess can be difficult to fully displace by a
hexacyanometallate in relatively dilute (stoichiometric) con-
centrations. Other nominally inert anions such as [BPh4]ÿ can
reduce or chemically react with a metal center.[3]


Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate ([TFPB]ÿ)[4]


is an anion that avoids these limitations as it is essentially
noncoordinating.[3a] Its salts are extremely soluble (even in
diethyl ether) and it is redox stable between about 1.6 and
ÿ1.8 V vs Ag/AgCl (aq).[5] (In comparison, the E1/2 for
[BPh4]ÿ was reported to be about 0.5 V vs Ag/AgNO3-
(MeCN).[3b]) This anion can be prepared with many different
cations, including K�,[4] Ag�,[5] Tl�,[6] [tetraalkyl-
ammonium]� ,[7] and ferrocenium.[8] [MII(NCMe)6][TFPB]2


(M�V, Cr, Mn, Fe, Co, Ni), as a result of their facile ability
to lose MeCN, provide naked metal cation sources that are
soluble in MeCN, THF, and even Et2O and, along with their
chemical and physical properties, are reported herein.
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Results and Discussion


Elemental analyses of [MII(NCMe)6][TFPB]2 (M�V, Cr, Mn,
Fe, Co, Ni) are consistent with the proposed formulation.
These analyses are insensitive to the metal ion present since
the molecular mass is very large, >2000 g molÿ1, and varies
only by the difference in the mass of the metal. Obtaining
reasonable analyses was problematic owing to the ease of
solvent loss at room temperature and combustion problems.
Sample sizes of approximately <2 mg gave poor analyses,
unusually high in %N, while larger samples gave more
consistent results.[9] If one assumes less than six MeCN
molecules in the molecular formula, the difference between
the calculated and observed percent composition increases.


Thermal properties : Thermal gravimetric analyses (TGA) of
[MII(NCMe)6][TFPB]2 are qualitatively similar, but do show
some differences (Figure 1; Table 1). Each salt has a small


Figure 1. TGA of the K[TFPB], Ag[TFPB], and [MII(NCMe)6][TFPB]2


salts.


weight loss below 100 8C corresponding to the loss of
�1 MeCN. Above 100 8C, however, between about 74 and
93 % weight loss occurs corresponding to both the loss of
remaining MeCN and decomposition of the [TFPB]ÿ anion.
Closer inspection of this large weight loss region reveals one
or two changes in slope that are consistent with different rates
of desolvation and/or decomposition processes. Onset tem-
peratures for these changes in rate of weight loss are


summarized in Table 1, and range from 131 8C (CrII) to
146 8C (VII and NiII).


The NiII salt decomposes the most completely leaving a
light gray residue. The total weight loss observed (95.1 %)
correlates well with that expected for residual NiF2 (95.2 %).
Hence, upon complete loss of solvent the active metal reacts
with the nominally inert anion. The other salts retain more
mass and leave black residues suggesting an incomplete and/
or more complex decomposition reactions between the
desolvated metal ion and the [TFPB]ÿ anion. This is
supported by the fact that when K[TFPB] is thermalized
under the same conditions, there is no decomposition below
about 340 8C (Figure 1). Ag[TFPB] also decomposes in the
TGA leaving a white residue after an 87.8 % weight loss. This
is in good agreement with the calculated weight loss of 86.9 %
assuming AgF is the residue.


Fluoride abstraction from the CF3 groups in [TFPB]ÿ to
form MF2 (or MF) is facile in the solid state when the
coordination sphere of the metal ion becomes vacant as a
result of to solvent loss. Abstraction of fluoride from [TFPB]ÿ


has been observed to be quite efficient in the presence of
trialkylsilanes in poorly coordinating solvents yielding fluo-
rosilanes and triphenylmethane.[10] Aryl cations have recently
been found to activate the F2C ± F bonds in [TFPB]ÿ


intermolecularly in solution.[11]


Infrared spectra : The infrared (IR) spectra of [MII(NC-
Me)6][TFPB]2 as Nujol mulls exhibit two sharp nCN absorp-
tions of medium, approximately equal intensity at 2320 and
2294 cmÿ1, Table 2. The CrII salt is the only exception with an
additional, weaker absorption at 2277 cmÿ1 also being present.


The absorptions for the [TFPB]ÿ anion are typical for its
salts.[4, 6±8] The two IR nCN absorption bands observed for free
acetonitrile are assigned to the 2253 cmÿ1 fundamental n2-CN
stretching mode and a combination mode (n3� n4) at
2293 cmÿ1.[12b, 13] These modes are similarly assigned to the
coordinated acetonitrile. Free acetonitrile, however, is not
present in the spectra. These assignments were made neglect-
ing Fermi resonance effects.[12b, 13]


Table 1. Thermal gravimetric analyses of the [MII(NCMe)6][TFPB]2 salts
up to 450 8C at 15 8C/ min.


Weight loss <100 8C Weight loss >100 8C
Tonset [8C] % loss Tonset [8C] Tonset [8C] Tonset [8C] Total %


loss


Ni ambient 1.6 146 160 185 95.1
Co ambient 1.4 145 [a] 168 85.5
Fe ambient 1.5 143 180 221 84.4
Mn [a] 139 167 220 84.2
Cr ambient 2.2 131 159 211 85.1
V ambient 0.8 146 160 231 74.3


[a] Not resolved.


Table 2. Infrared nCN absorption bands of [MII(NCMe)6][TFPB]2 com-
pared to many of the known [MII(NCMe)n](X)2 salts as Nujol mulls.


Anion, X nCN [cmÿ1][a] Ref.


Ni [TFPB] 2326 (m) 2299 (m)
[BF4][b] 2316 2292 [12c]


Co [TFPB] 2321 (m) 2295 (m)
[BF4][b] 2316 2292 [12c]


Fe [TFPB] 2318 (m) 2291 (m)
[BF4][b] 2310 2287 [12c]


Mn [TFPB] 2315 (m) 2289 (m)
[BF4][c] 2307 2282 [12c]


Cr [TFPB] 2324 (m) 2297 (m) 2277 (w)
[BF4][c] 2333 (m) 2305 (m) [15]


V [TFPB] 2320 (m) 2291 (m)
[BPh4][b] 2310 (w) 2280 (m) [28]


[a] Relative intensities are included as m (medium) and w (weak). [b] Six
MeCNs coordinated to the metal ion. [c] Four MeCNs coordinated to the
metal ion.
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The presence of only two absorptions is consistent with high
symmetry of the coordinated MeCNs about the metal center,
that is, octahedral, tetrahedral, or square planar coordina-
tion.[14] Additional absorptions are expected for reduced-
symmetry five- or three-coordinate MeCN adducts or octa-
hedral complexes that have considerable Jahn ± Teller (tet-
ragonal) distortions. In the case of CrII the three-peak
absorption pattern is reproducible in its relative intensities,
suggestive of two weakly coordinating axial MeCNs (relative
to the equatorial MeCNs) that are responsible for the weaker
absorption at 2277 cmÿ1. For D4h [CrII(NCMe)4][BF4]2 the
[BF4]ÿ anions occupy the axial positions and the four
equatorial MeCN ligands exhibit their nCN absorptions at
2333 and 2305 cmÿ1.[15] Hence, the data is consistent with the
[CrII(NCMe)6][TFPB]2 formulation. Additionally, there is
evidence in the electronic spectrum for a considerable
Jahn ± Teller distortion for this ion, vide infra.


The energy of both IR nCN absorptions for the coordinated
acetonitrile is higher than those of free acetonitrile. This is
expected due to the s donation of electron density from the
nitrogen lone pair of the nitrile that has some antibonding
character.[2, 16] Within the series of [MII(NCMe)6][TFPB]2


(M�V, Cr, Mn, Fe, Co, Ni), the energy of both nCN


absorptions decreases from Ni to Mn, then increases to Cr,
and decreases again to V. The peak separation remains
constant for all cases. This trend qualitatively maps with the
ligand field stabilization energy with the exception of VII


(Figure 2) and is in accord with studies on the [SbCl6]ÿ and
[SnCl6]2ÿ salts.[13b]


When these salts are allowed to stand at room temperature
for extended periods of time (hours), solvent is lost and an
additional IR absorption grows in at 1731 cmÿ1. This change
occurs most rapidly in the VII salt, but is observed for all salts.
When a sample has undergone this change, it can be
recrystallized to reform the original hexacoordinate com-


Figure 2. n2-CN stretching frequency (labeled points) and predicted ligand
field stabilization energy (LFSE, solid line) as a function of the number of d
electrons for [MII(NCMe)6][TFPB]2.


pound. The source of this absorption is unknown, but based
on its energy it is assigned to a h2-bound nitrile, 1. This
assignment is consistent with the known h2-bound nitrile nCN


absorptions ranging from 1725 to 1766 cmÿ1.[17]


The [MII(NCMe)6]2� salts with more strongly
coordinating anions, for example, [CF3SO3]ÿ


and [BF4]ÿ , do not show evidence for this
behavior as these anions will occupy the vacant
coordination sites.


Electronic structure : Acetonitrile solutions of [MII(NC-
Me)6][TFPB]2 exhibit electronic absorption spectra that are
consistent with divalent metal ions in an octahedral ligand
field environment.[12, 18, 19] The electronic absorptions are
comparable with those of the [MII(OH2)6]2� ions, but are
shifted to higher energies by 900 to 4000 cmÿ1 (Table 3).


Table 3. Summary of electronic spectra for [MII(NCMe)6][TFPB]2 in MeCN


Observed values for [MII(NCMe)6]2� Reported values and assignments for [MII(OH2)6]2� [12, 19, 23]


lmax [cmÿ1] e [mÿ1cmÿ1][a] Do [cmÿ1] lmax [cmÿ1] e [mÿ1cmÿ1] Do [cmÿ1] Assignment


Ni[c] 10400 7.1 10 400 8700 1.6 8 700 3T2g(F) 3A2g(F)
17200 5.8 14500 2.0 3T1g(F) 3A2g(F)
27500 8.0 25300 4.6 3T1g(P) 3A2g(F)


Co[d] 9200 5.2 9 600 8000 1.3 9 300 4T2g(F) 4T1g(F)
20300 14.3 19600 4.8 4A2g(F) 4T1g(F)
21200 14.7 21600 2.1 4T1g(P) 4T1g(F)


Fe 10900 9.2 10 900 10000 1.1 10 000 5Eg 5T2g


Mn 15100 � 0.2 11 100 18600 0.013 8 500 4T1g(G) 6A1g


19100 � 0.3 22900 0.009 4T2g(G) 6A1g


unresolved 24900 0.031 4Eg(G) 6A1g


unresolved 25150 0.014 4A1g(G) 6A1g


23700 � 0.5 27900 0.018 4T2g(D) 6A1g


26900 � 0.6 29700 0.013 4Eg(D) 6A1g


unresolved 32400 0.02 4T1g(P) 6A1g


Cr 9000 1.8 15 500 9500 2.0 14 000 [b]


15500 12.7 14000 5.2 5T2g 5Eg


V 16300 46.3 16 300 12300 4.1 12 300 4T2g(F) 4A2g(F)
22500 46.3 18500 6 4T1g(F) 4A2g(F)


[a] Concentrations were 1 ± 2.5mm in MeCN; path length of 5 cm; background was solvent vs solvent; [TFPB]ÿ cutoff above 33 000 cmÿ1. [b] Forbidden
transition due to tetragonal distortion of the octahedral coordination sphere.[12e] [c] The corresponding absorptions (and e) for [NiII(NH3)6]2� are 10 800 cmÿ1


(4.0mÿ1 cmÿ1), 17500 cmÿ1 (4.8mÿ1 cmÿ1), and 28200 cmÿ1 (6.3mÿ1 cmÿ1) reflecting a Do of 10800 cmÿ1.[21] [d] The corresponding absorptions (and e) for
[CoII(NH3)6]2� are 9000 cmÿ1 (3mÿ1 cmÿ1), 18500 cmÿ1 (4mÿ1 cmÿ1), and 21 100 cmÿ1 (8mÿ1 cmÿ1) reflecting a Do of 10200 cmÿ1.[21]







FULL PAPER J. S. Miller and W. E. Buschmann


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1734 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91734


Hence, the transition assignments for the absorptions are the
same for both the hexaaquo and the hexakis(acetonitrile)
ions. The electronic spectra of the [MII(NCMe)6]2� ions are
shown in Figure 3, and the ligand field splitting values (Do,
Table 3) are calculated by means of the absorption lmax


energies and graphical interpolation of the Tanabe ± Sugano
diagrams.[20] The Do�s range from 9600 (CoII) to 14 300 cmÿ1


(VII) as VII>CrII>MnII>FeII>NiII>CoII. This differs from
the CrII>VII>FeII>CoII>NiII>MnII ordering observed for
[MII(OH2)6]2�.[12a] The molar extinction coefficients (e) range
from 0.2 to 46 cmÿ1mÿ1.


Figure 3. Electronic absorption spectra of the [MII(NCMe)6][TFPB]2 salts
in MeCN (b� 5 cm). a) NiII, 2.435 mm, b) CoII, 1.240 mm ; c) FeII, 1.244 mm ;
d) MnII, 2.261 mm (three scans averaged between 12500 and 35 000 cmÿ1);
e) CrII, 0.982 mm (absorptions at 22600 and 28 000 cmÿ1 are due to about
4% CrIII from air oxidation); f) VII, 0.990 mm.


In general, the electronic spectra are very comparable to
the [MII(OH2)6]2�[19, 21] and other weak field per-ligated
octahedral cationic complexes with ligands such as ammo-
nia,[21] nitromethane,[12d] ethylacetate,[12d] and pyridine.[22] The
values of Do for the [MII(NCMe)6]2� ions in most cases are
considerably larger than those of the [MII(OH2)6]2� ions; this
is in agreement with acetonitrile being a stronger field ligand
than water in the spectrochemical series. In the context of a


Prussian blue lattice, the weak field ligand site [M(NC)6]n� has
been reported to have a ligand field strength comparable to
that of ammonia.[2] The reported Do values for [NiII(NH3)6]2�


and [CoII(NH3)6]2� (10 800 and 10 200 cmÿ1, respectively[21a])
are slightly greater than the Do values found for the
hexakis(acetonitrile) adducts (10 400 and 9600 cmÿ1, respec-
tively). Hence, MeCN falls between H2O and NH3 in the
spectrochemical series.[12a] Consequently, the ability of these
ions to dissolve in solvents other than acetonitrile, which can
compete with a hexacyanometallate for coordination to a
metal ion, is important to enhance the formation of an
extended Prussian blue lattice.


The molar extinction coefficients (e) of the Laporte
(symmetry) forbidden d!d transitions for the
[MII(NCMe)6]2� ions are greater than those of the
[MII(OH2)6]2� ions. This is ascribed to an increase in vibronic
coupling of coordinated MeCN with respect to water;[2,19] this
also contributes to the larger Do values. The stronger vibra-
tional coupling, together the greater polarizability of acetoni-
trile with respect to water, leads to a larger vibrational
modulation of the crystal field and a greater breakdown of the
Laporte selection rule for transitions that are ligand field
dependent, thus leading to greater e values.[19] This effect is
also seen for the very weakly absorbing MnII ion with
transitions that are both Laporte and spin forbidden.


The electronic spectrum of [CrII(NCMe)6]2�, like
[CrII(OH2)6]2�, exhibits a weak absorption at 9000 cmÿ1 (e�
1.8 cmÿ1mÿ1) attributed to a low energy transition in a
tetragonally distorted cubic d-orbital manifold (Figure 3e).[12e]


The tetragonal distortion is consistent with the observation of
a third, minor IR nCN absorption, vide supra, with the two axial
MeCN ligands being less strongly bound than the equatorial
ligands. At higher energy there are absorptions that are due to
about 4 % CrIII contaminant as a result of oxidation. The
amount of contaminant varies from spectrum to spectrum
suggesting that oxidation occurs during acquisition of the
spectra and that impurities are not inherent to the compound.
Upon air exposure, solutions quickly turn green and the
resulting spectra are of the contaminant CrIII species (Fig-
ure 4).


Figure 4. Electronic absorption spectrum of [CrII(NCMe)6][TFPB]2 in
MeCN oxidized in air for about 10 min.
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Magnetic properties : The room temperature effective mag-
netic moments (meff, � [8cT]1/2) of [MII(NCMe)6][TFPB]2 are
presented in Table 4. meff are calculated from the measured
molar susceptibility (c) based on the above proposed formula
assuming a LandeÂ g value of 2.[23] Only for the VII and MnII


salts are the values of meff consistent with the expected spin
only values.[12a,b, 18] The other salts have meff�s exceeding the
spin only values, but are within the range of what is commonly
observed for these ions, Table 4.[12] For M�Ni the observed
moment is 3.31 mB vs the calculated spin-only value of 2.83 mB.
However, it is comparable with 3.20,[12a] 3.23,[12b] and
3.22 mB,[12c] reported for [NiII(NH3)6]2�, [NiII(NCMe)6]Br2,
and [NiII(NCMe)6][BF4]2, respectively. Likewise, the mo-
ments for M�Co, Fe, and Cr are 5.31, 5.85, and 5.09 mB,
respectively, in good agreement with those of [CoII(NC-
Me)6][BF4]2 (5.18 mB


[12c]), [FeII(NCMe)6][BF4]2 (5.42[12c] and
5.59 mB


[12d]), and [CrII(OH2)6]Br2 (4.90 mB
[12e]). These values


exceed the spin-only values because the T ground states for
high-spin octahedral CoII and FeII are subject to large first-


Figure 5. Temperature dependent meff (*, &) and 1/c curves (*, &) for
[FeII(NCMe)6][TFPB]2 (*, *) and [CoII(NCMe)6][CF3SO3]2 (&, &). The
solid lines are fits to Equations (1) and (2) (see text).


order spin-orbit coupling effects, while the T excited states of
NiII and CrII contribute second-order spin-orbit coupling to
give substantial zero-field splitting and is reflected in g values
greater than 2. Modeling of the spin-orbit coupling parame-
ters for the cubic-field 4T1g and 5T2g terms[24] may account for
the magnetic behavior of these ions.


c(T) of [CoII(NCMe)6][CF3SO3]2
[25] and [FeII(NCMe)6]-


[TFPB]2 were measured between 2 and 250 K and are plotted
as cÿ1(T) and meff(T) (Figure 5).[26] cÿ1(T) is linear and was fit
to the Curie ± Weiss expression [c/ g2(Tÿ q)ÿ1] with g� 2 and
q�ÿ4 K for CoII, and g� 2.4 and q�ÿ12 K for FeII,
suggesting weak antiferromagnetic coupling. The meff(T) of
the CoII and FeII salts decrease with decreasing temperature
from 5.20 and 5.85 mB to 3.91 and 3.12 mB, respectively, at 2 K
suggestive of zero-field splitting.[27] Above 20 K the FeII and
CoII could be fit to Equations (1) and (2),[27] respectively, with


g� 2.4, D (zero-field splitting parameter)�ÿ0.5 K, qfit�
ÿ5 K, and no temperature independent paramagnetism
(TIP) for FeII, and g� 2.0, D�ÿ1 K, TIP� 50�
10ÿ6 emu molÿ1, and qfit�ÿ8 K for CoII (Figure 5). The q-
values obtained from the Curie ± Weiss fits are in reasonable
agreement with those obtained from Equations (1) and (2), as
are the g values. Below 20 K the data for both FeII and CoII


deviate from calculations and have a change in slope in the
dm(T)/dT data, suggesting a phase transition or onset of
differing phenomena.


Conclusion


[MII(NCMe)6][TFPB]2 (M�V, Cr, Mn, Fe, Co, and Ni) have
been prepared and characterized. This formulation is similar
to that found in the hexakis(acetonitrile) NiII and CoII salts
when [CF3SO3]ÿ and [BF4]ÿ are the anions;[12, 15] however, the
MnII, and CrII salts have the formula [MII(NCMe)4][X]2 when
X is [BF4]ÿ .[12c, 15] For these [BF4]ÿ salts the more strongly
coordinating anions occupy the axial coordination positions.
Solution spectra show that these are all high spin, octahedral,
divalent metal solvates except for CrII, which has a resolvable
Jahn ± Teller (tetragonal) distortion. Estimated values of Do


for these complexes, which range from 9600 cmÿ1 (CoII) to
16 300 cmÿ1 (VII), show that acetonitrile has a greater ligand
field strength than water in the hexaaquo complexes and falls
slightly under NH3 in the spectrochemical series.[19]


Upon loss of approximately one MeCN ligand, a terminal
NCMe ligand chelates and becomes an h2 nitrile that becomes
terminal again upon addition of MeCN. Upon thermal
treatment, fluoride abstraction from the [TFPB]ÿ anion
occurs together with solvent loss from the coordination
sphere. When stored cold, because of the lability of the


Table 4. Room temperature effective moments (mB) of [MII(NCMe)6]-
[TFPB]2.


meff meff
[12, 18, 28] meff G.S.!E.S.[b]


(observed)[a] (typical values) (spin only)


Ni[c] 3.31 (1) 2.8 ± 3.5 2.83 3A2!3T2


Co[d] 5.38 (1) 4.7 ± 5.5 3.87 4T1!4T2


Fe[e] 5.85 (1) 5.0 ± 5.9 4.90 5T2!5E
Mn[f] 5.98 (2) 5.6 ± 6.1 5.92 6A1


Cr[g] 5.09 (3) 4.8 ± 5.0 4.90 5E!5T2


V[h] 3.92 (1) 3.8 ± 4.0 3.87 4A2!4T2


[a] Each entry is an average of four measurements at 300 K. Numbers in
parentheses are estimated standard deviations of the measurements in the
least significant digits. [b] First spin-allowed electronic transition. [c] The
meff reported for [NiII(NH3)6]2�, [NiII(NCMe)6]Br2, and [NiII(NCMe)6][BF4]2


are 3.20,[12a] 3.23,[12b] and 3.22 mB,[12c] respectively. [d] The meff reported for
[CoII(NCMe)6][BF4]2 is 5.18 mB.[12c] [e] The meff reported for [FeII(NC-
Me)6][BF4]2 are 5.42 [12c] and 5.59 mB.[12d] [f] The meff reported for [MnII(NC-
Me)4][BF4]2 is 5.90 mB.[12c] [g] The meff reported for [CrII(OH2)6]Br2 is
4.90 mB.[12e] [h] The meff reported for [VII(NCMe)6][BPh4]2 and
[NH4]2[VII(OH2)6][SO4]2 are 4.0 [28] and 3.76 mB,[18] respectively.
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MeCN ligands, these salts are useful sources of naked divalent
transition metal cations with good solubility and noninteract-
ing anions in nonaqueous media.


Experimental Section


General : All manipulations were performed under nitrogen or argon with
standard Schlenk techniques in a Vacuum Atmospheres inert atmosphere
DriLab. Dichloromethane was dried and distilled under nitrogen from
CaH2. Acetonitrile was dried and twice distilled under N2 from CaH2.
Diethyl ether and tetrahydrofuran were dried and distilled under nitrogen
from sodium benzophenone ketyl radical.


Materials : The [V(NCMe)6][BPh4]2,[28] [Cr(NCMe)4][BF4]2,[15] and potas-
sium tetrakis[3,5-bis(trifluoromethyl)]phenyl]borate[29] were synthesized as
previously described. Ag[CF3SO3], [(Ph3P)2N]Cl, [nBu4N]Cl, [Et4N]Cl
(Aldrich), AgNO3 (Alfa), MnCl2 (Allied Chemical), NiCl2, CoCl2, and
FeBr2 (Mallinckrodt) were used as received. Owing to solvent loss,
[MII(NCMe)6][TFPB]2 (M�V, Cr, Mn, Fe, Co, Ni) must be stored cold.


Spectroscopic measurements : IR spectra were recorded on a BioRad
Model FTS-40 spectrophotometer with � 1 cmÿ1 resolution. Samples were
analyzed as Nujol and Fluorolube mulls between NaCl plates. UV/Vis/NIR
spectra [250 to 1900 nm (5250 ± 40 000 cmÿ1)] were recorded on a Cary-17D
spectrophotometer with an On-Line Instrument Systems interface. Sol-
ution spectra were measured in quartz cells with a 5 cm path length. The
solvent, MeCN, was purified as described above.


Thermal measurements : Elemental analyses were performed on freshly
prepared samples hermetically sealed under argon in tin capsules and
combusted in a Perkin Elmer, model 2400, elemental analyzer. Thermal
properties of materials were studied on a TA Instruments Model 2910
differential scanning calorimeter (DSC) and a TA Model 2050 thermal
gravimetric analyzer (TGA). The DSC was equipped with a LNCA liquid
N2 cooling accessory enabling operation between ÿ150 and 500 8C with a
modulated cell or up to 725 8C with a standard DSC cell. The TGA operates
between ambient and 1000 8C and was located in a Vacuum Atmospheres
inert atmosphere DriLab to study oxygen and moisture sensitive samples.
DSC samples were weighed and hermetically sealed in aluminum pans in
an argon atmosphere. TGA samples were handled in an argon atmosphere
and heated under a nitrogen purge. Sample sizes were between 0.8 and
2 mg. Heating rates were 15 8Cminÿ1 for TGA and 5 8Cminÿ1 for DSC
experiments.


Magnetic measurements : Magnetic susceptibility measurements were
made between 2 and 300 K using a Quantum Design MPMS-5 5T SQUID
magnetometer with a sensitivity of 10ÿ8 emu (or 10ÿ12 emu Oeÿ1 at 1 T) and
equipped with the ultra-low field (� 0.005 Oe) accessory, reciprocating
sample measurement system, and continuous low temperature control with
enhanced thermometry features. Core diamagnetic contributions were
calculated from standard tables and range from ÿ976� 10ÿ6 emu molÿ1


(NiII salt) to ÿ979� 10ÿ6 emu molÿ1 (VII salt).


Ag[B{C6H3(CF3)2}4]: A dry MeCN (7 mL) solution of Ag(NO3)
(1.086 mmol, 0.1846 g) was added to a MeCN (10 mL) solution of
K[B{C6H3(CF3)2}4] [29] (1.109 mmol, 1.000 g). A white precipitate of KNO3


began to form immediately. This was stirred for � 10 min and Et2O was
added to help precipitate KNO3, which was removed by filtration. The
filtrate was concentrated in vacuo to dryness (without heating above ca.
80 8C). The solid was redissolved in CH2Cl2 while minimizing light
exposure, and the remaining KNO3 removed by filtration. The filtrate
was layered with hexanes and kept at ÿ30 8C to recrystallize the product.
0.834 g of colorless prisms were isolated (79 % yield) that clouded slightly
when dried. IR(Nujol): nÄ � 1609 (m), 1357 (s), 1281 (vs), 1144 cmÿ1 (vs);
TGA: 87.8% weight loss between 122 8C (Tonset) and 250 8C leaving a white
residue; calcd 86.9 % weight loss for AgF as residue Ag[B{C6H3(CF3)2}4];
AgBC33.68H14.24F24 (993.51): calcd C 40.65, H 1.61; found C 40.55, H 1.84.


[NiII(NCMe)6][B{C6H3(CF3)2}4]2 : A dry MeCN (15 mL) solution of
Ag[B{C6H3(CF3)2}4] (1.332 mmol, 1.294 g) was added to NiBr2


(0.6662 mmol, 0.4156 g) and the mixture was stirred at room temperature
in darkness for 12 h. The AgBr was filtered off leaving a sky-blue filtrate.
This was concentrated in vacuo to 6 mL and cooled to ÿ35 8C, and 1.100 g
of pale blue-purple needles were formed (81 % yield). The product was


stored at ÿ40 8C. IR (Nujol): nÄCN� 2326 (m), 2299 cmÿ1 (m); TGA: 95.1 %
weight loss between room temperature and 450 8C leaving a light gray
residue; calcd 95.2 % weight loss for NiF2 as residue; B2C76F48H42N6Ni
(2031.42): calcd C 44.92, H 2.08, N 4.14; found C 44.87, H 2.14, N 4.89.


[CoII(NCMe)6][B{C6H3(CF3)2}4]2 : A dry MeCN (15 mL) solution of
Ag[B{C6H3(CF3)2}4] (1.280 mmol, 1.243 g) was added to CoCl2


(0.640 mmol, 0.0831 g) and the mixture stirred at room temperature in
darkness for 12 h. The AgCl was filtered off leaving a pink filtrate. This was
concentrated in vacuo to 6 mL and cooled to ÿ35 8C, and 1.057 g of pale
pink needles were formed (81 % yield). The product was stored at ÿ40 8C.
IR (Nujol): nÄCN� 2321 (m), 2295 cmÿ1 (m); TGA: 85.5 % weight loss
between room temperature and 450 8C leaving a black residue;
B2C76CoF48H42N6 (2031.66): calcd C 44.92, H 2.08, N 4.14; found C 44.09,
H 2.04, N 4.17.


[FeII(NCMe)4][B{C6H3(CF3)2}4]2 : A dry MeCN (15 mL) solution of
Ag[B{C6H3(CF3)2}4] (1.357 mmol, 1.317 g) was added to FeBr2


(0.6784 mmol, 0.1463 g) and the mixture was stirred at room temperature
in darkness for 12 h. The AgBr was filtered off leaving a pale yellow filtrate.
This was concentrated in vacuo to 6 mL and cooled to ÿ35 8C, and 1.090 g
of colorless needles were formed (83 % yield). The product was stored at
ÿ40 8C. IR (Nujol): nÄCN� 2318 (m), 2291 cmÿ1 (m); TGA: 84.4 % weight
loss between room temperature and 450 8C leaving a black residue;
B2C76F48FeH42N6 (2028.58): calcd C 45.00, H 2.09, N 4.14; found C 43.86, H
1.88, N 4.29.


[MnII(NCMe)6][B{C6H3(CF3)2}4]2 : A dry MeCN (15 mL) solution of
Ag[B{C6H3(CF3)2}4] (1.283 mmol, 1.245 g) was added to MnCl2


(0.641 mmol, 0.0807 g) and the mixture was stirred at room temperature
in darkness for 12 h. The AgCl was filtered off leaving a pale pink filtrate.
This was concentrated in vacuo to 6 mL and cooled to ÿ35 8C, and 0.983 g
of colorless fine needles were formed (76 % yield). The product was stored
at ÿ40 8C. IR (Nujol): nÄCN� 2315 (m), 2289 cmÿ1 (m); TGA: 84.2 % weight
loss between room temperature and 450 8C leaving a black residue;
B2C76F48H42MnN6 (2027.67): calcd C 45.02, H 2.09, N 4.14; found C 45.29, H
2.00, N 4.57.


[CrII(NCMe)6][B{C6H3(CF3)2}4]2 : A dry THF (5 mL) solution of
K[B{C6H3(CF3)2}4] (0.9880 mmol, 0.8913 g) was added to a THF/MeCN
(6 mL, 5:1) solution/suspension of [Cr(NCMe)4][BF4]2 (0.4940 mmol,
0.1926 g). The remaining [Cr(NCMe)4][BF4]2 solid dissolved upon addition
and a white precipitate of K[BF4] formed. The reaction mixture was stirred
for 4 h at room temperature and then filtered. The filtrate was concentrated
in vacuo to dryness, and the sky-blue solid redissolved in MeCN to
crystallize the product at ÿ35 8C. 0.742 g of sky-blue fine needles were
recovered (74 % yield). The product was stored at ÿ40 8C. IR (Nujol):
nÄCN� 2324 (m), 2297 (m), 2277 cmÿ1 (w); TGA: 85.1 % weight loss between
room temperature and 450 8C leaving a black residue; B2C76CrF48H42N6


(2024.73): C 45.08, H 2.09, N 4.15; found C 45.40, H 2.28, N 5.59.


[VII(NCMe)6][B{C6H3(CF3)2}4]2 : A dry MeCN/CH2Cl2 (20 mL, 1:1) solu-
tion of [(Ph3P)2N][B{C6H3(CF3)2}4] (1.315 mmol, 1.843 g) was added to a
stirred MeCN (40 mL) solution/suspension of [V(NCMe)6][BPh4]2


(0.6413 mmol, 0.6001 g). The remaining solid [V(NCMe)6][BPh4]2 dis-
solved rapidly on addition of the anion solution and [(Ph3P)2N][BPh4]
crystallized out of solution. After 20 min the solution was concentrated in
vacuo to 15 mL and filtered to remove [(Ph3P)2N][BPh4]. The blue solution
was cooled to ÿ35 8C, and 0.888 g of aqua-blue needles were formed (68 %
yield). The product was stored at ÿ40 8C. IR (Nujol): nÄCN� 2320 (m),
2291 cmÿ1 (m); TGA: 74.3 % weight loss between room temperature and
450 8C leaving a black residue; B2C76F48H42N6V (2023.68): calcd C 45.11, H
2.09, N 4.15; found C 44.49, H 2.06, N 4.25.
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A Novel Aldol Condensation Alternative: a,b-Unsaturated Aldehydes from
3-Hydroxy-1-alkynes via Dihydrodioxepins


Heng-xu Wei and Manfred Schlosser*


Abstract: The controlled aldol condensation between an aliphatic ketone and an
acetaldehyde equivalent remains a challenge. One solution to this evergreen problem
consists of the nucleophilic addition of acetylene to the ketone and the subsequent
isomerization of the resulting 3-hydroxy-1-alkyne to the corresponding 2-alkenal. So
far, however, the latter step could only be executed with acid-insensitive substrates.
We now present a milder, three-step method which extends the scope of the
procedure considerably. In the first step, the 3-hydroxy-1-alkynes are converted into
2-propynyl ethylene glycol monoethers; these then undergo base-catalyzed cycliza-
tion to give the dihydro-1,4-dioxepins, which are hydrolyzed in acidic medium in the
third and final step.


Keywords: aldehydes ´ aldol con-
densation ´ alkynes ´ enethers ´
retinoids


Introduction


Terminal alkynes can be hydrated under acid and mercuric
salt catalysis to afford 2-alkanones.[1] In contrast, a simple
method is lacking that would allow the generation of
aldehydes from 1-alkynes. Such a transformation, however,
can be accomplished with 3-hydroxy-1-alkynes as the sub-
strates, as has been demonstrated by Pauling et al.[2] In the
presence of a silylated vanadium catalyst, the alkynol isomer-
izes, presumably through an allenol intermediate, to the a,b-
unsaturated aldehyde. For example, 3,7-dimethyl-6-octen-1-
yn-3-ol gives citral (as a 1:3 mixture of neral and geranial) in
almost quantitative yield. Unfortunately, the scope of this
process is restricted to acid-insensitive substrates. Ethynyl-b-
ionol does not afford b-ionylideneacetaldehyde, a versatile
C15-building block; rather, it decomposes after dehydration to
give the corresponding trienyne (Scheme 1).


The most straightforward route to b-ionylideneacetalde-
hyde (again obtained as a mixture of geometrical isomers[3]) is
based on the addition of (Z)-2-ethoxyvinyllithium[4] to b-
ionone and the subsequent hydrolysis of the resulting (Z)-2-
ethoxyvinyl-b-ionol under acidic conditions. However, from
an economic point of view, it would be attractive to avoid the
expensive organometallic reagent and to apply a two-step


Scheme 1. The reaction of an acid-insensitive substrate affords the a,b-
unsaturated aldehyde, whereas an acid-sensitive substrate, ethynyl-b-ionol,
does not.


sequence starting with the ethynylation of b-ionone, followed
by the addition of ethanol onto the triple bond of the resulting
ethynyl-b-ionol (Scheme 2). However, this goal can be
achieved only indirectly.


Scheme 2. Possibilities for the synthesis of b-ionylideneacetaldehyde.
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Results and Discussion


Despite numerous attempts, we did not succeed in achieving a
direct conversion of ethynyl-b-ionol into the enether under
acceptable conditions. The base-catalyzed addition of meth-
anol or ethanol to triple bonds is known, but it is restricted to
acetylene itself and derivatives thereof endowed with activat-
ing, that is carbanion-stabilizing, substituents (such as ethy-
nylbenzene or propiolic acid esters).[5]


If an intermolecular reaction fails, the entropy-conserving
intramolecular version may offer a better chance. By combin-
ing various 1-alkyn-3-ols with oxirane or, more conveniently,
ethylene sulfite we prepared a series of ethylene glycol
monoethers 1. The question was now whether the base-
catalyzed cyclization, if it occurred at all, would choose the
desired course leading to dihydro-1,4-dioxepins 2 or take the
wrong track and give methylene-1,4-dioxanes 4. Depending
on the intermediate, acid-promoted hydrolysis would afford
enals 3 or hydroxyketones 5 (Scheme 3).


Scheme 3. Possible intramolecular base-catalyzed cyclization reactions of
ethylene glycol monoethers 1.


The predicted outcome is based on the assumption that in
either case the hydrolysis involves as the key intermediate a
(2-hydroxyethyloxy)allyl cation, which is formed by the
heterolytic scission of the bond between the tertiary carbon
atom and the protonated oxygen atom attached to it (as
exemplified for the dioxepins 2 in Scheme 4). If instead the b-


Scheme 4. Possible rearrangements of the key intermediate, the (2-
hydroxyethyloxy)allyl cation, produced during hydrolysis.


carbon atom of the enether unit were preferentially proto-
nated, the hydrolysis of dioxepins 2 and methylenedioxanes 4
would provide 3-(2-hydroxyethoxy)-substituted aldehydes
and 2-alkanones, respectively. At least in the latter case, a
subsequent elimination of ethylene glycol to produce enones
would be extremely difficult to accomplish.


The few literature precedents found were anything but
encouraging. Ethylene glycol monoethers derived from 2-
propyn-1-ol (propargyl alcohol), 2-butyn-1-ol, and 3-butyn-2-
ol gave upon cyclization mainly five- and six-membered and
only minor amounts of seven-membered rings (yields averag-
ing 5 % except in two cases when 15 % and 29 % were
reached).[6] The first example we studied appeared to confirm
this trend. When dissolved in a mixture of potassium tert-
butoxide and tert-butyl alcohol and heated under reflux, 2-
[(1,1-dimethyl-3-phenyl-2-propynyl)oxy]ethanol (6) rapidly
reacted to give a mixture of (Z)- and (E)-3-benzylidene-2,2-
dimethyl-1,4-dioxane (7; 81 %) along with a small quantity of
3,5-dihydro-5,5-dimethyl-7-phenyl-2H-1,4-dioxepin (8 ; 5 %)
(Scheme 5). To our delight, the regioselectivity of the intra-


Scheme 5. Reaction of 2-[(1,1-dimethyl-3-phenyl-2-propynyl)oxy]ethanol
(6) to give dioxane 7 and a small quantity of dioxepin 8.


molecular addition of the alcohol to a triple bond changed
profoundly when we used starting materials 1 which carry no
substituent at the terminal acetylenic position. The dioxepins
2 now became the predominant products (Table 1).


The acid-catalyzed hydrolysis was accomplished with a 1m
solution of hydrogen chloride in 20 % aqueous tetrahydrofur-
an (5 h under reflux) and proceeded as expected. The dioxane
7 gave the 3-hydroxy-2-alkanone 9, while enals 3 a ± f were
obtained from the dioxepins 2 a ± f (Table 2). In general, the


Abstract in German: 3-Hydroxy-1-alkine lassen sich auf
einfache Weise in 2-Alkenale umwandeln. Das dreistufige
Verfahren besteht aus der Herstellung von 2-Propinylethyl-
englykolmonoethern 1, deren basekatalysierter Cyclisierung zu
Dihydro-1,4-dioxepinen 2 und deren säurekatalysierter Hydro-
lyse. Die Methode kann auf wertvolle Zwischenstufen der
Isoprenoid-Synthese, etwa auf Ethinyl-b-ionol, erfolgreich
angewendet werden.


Table 1. Base-catalyzed cyclization of 2-[(1-R-1-methyl-2-propynyl)oxy]e-
thanols 1: total yields of products and ratios of six- versus seven-membered
rings (4 vs. 2) formed.
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products were isolated as a mixture of Z and E isomers in
ratios ranging from 1:2 to 1:3. 3-Methyl-2-penten-4-ynal (3 f)
was the only exception. In agreement with the thermody-
namic preference of simple 2-alken-4-ynes[7] for the cis
configuration, its Z isomer was found to predominate.


The 3,5-dihydro-5-ethynyl-5-methyl-2H-1,4-dioxepin (2 f)
can be used as an unorthodox[8] isoprenoid C6 unit. After
deprotonation (with butyllithium) to the corresponding
lithium acetylide, it was added to the C14 aldehyde (E)-2-
methyl-4-(2,6,6-trimethyl-1-cyclohexenyl)-2-butenal, the cor-
nerstone of Isler�s synthesis of vitamin A.[9] Alcohol 10
(obtained in 91 % yield) was then submitted to consecutive
dehydration (to dioxepin 11) and hydrolysis to afford 11,12-
dehydroretinal 12 (62 %; (Z)D13/(E)D13 4:1) (Scheme 6).


Scheme 6. Synthesis of 11,12-dehydroretinal (12).


Experimental Section


General : For standard working practice and abbreviations see recent
publications from this laboratory (e.g. ref. [10]). 1H NMR spectra were
recorded at 400 MHz in deuterochloroform.


Preparation of 2-[(2-propynyl)oxy]ethanols 1 and 6 :


2-[(1,1-Dimethyl-2-propynyl)oxy]ethanol (1 a): B.p. 78 ± 80 8C/20 mmHg
(ref. [11]: b.p. 171 ± 172 8C); n20


D � 1.4524.


2-[(1-Methyl-1-phenyl-2-propynyl)oxy]ethanol (1b): Sodium hydride
(0.72 g, 30 mmol) was added to a solution of 2-phenyl-3-butyn-2-ol (3.7 g,
25 mmol) in dimethylformamide (0.10 L) at 0 8C. After the evolution of
hydrogen had ceased, ethylene sulfite (2.3 mL, 3.3 g, 30 mmol) was added


at 0 8C and the mixture was then stirred for 1 h at 0 8C. Diethyl ether
(0.10 L) and water (0.10 L) were added and the aqueous layer extracted
with diethyl ether (3� 0.10 L). The combined organic phases were washed
with water (3� 50 mL) and brine (0.10 L), then dried. After evaporation of
the solvent, the residue was distilled to give a colorless liquid. Yield: 11.0 g
(55 %); b.p. 90 ± 92 8C/0.07 mmHg; d20


4 � 1.05; n20
D � 1.5245; 1H NMR: d�


7.6 (m, 2H), 7.4 (m, 2H), 7.3 (m, 1H), 3.7 (m, 3 H), 3.3 (m, 1 H), 2.75 (s, 1H),
2.08 (br s, 1 H), 1.77 (s, 3H); MS: 175 (48 %, [M�ÿ 15]), 146 (9 %), 129
(100 %), 105 (48 %); anal. calcd for C12H14O2 (190.24): C 75.76, H 7.42;
found C 75.67, H 7.19%.


2-[(1,5-Dimethyl-1-ethynyl-4-hexenyl)oxy]ethanol (1 c): Prepared as de-
scribed for 1b from 3,7-dimethyloct-6-en-1-yn-3-ol (4.3 mL, 3.8 g,
25 mmol). Yield: 1.8 g (37 %); b.p. 83 ± 85 8C/0.2 mmHg (ref. [12]: b.p.
85 ± 92 8C/0.4 mmHg); d20


4 � 0.96; n20
D � 1.4706 (ref. [12]: n20


D � 1.4712); 1H
NMR: d� 5.1 (m, 1H), 3.7 (m, 4H), 2.47 (s, 1 H), 2.1 (m, 2H), 2.03 (s, 1H),
1.7 (m, 2H), 1.68 (d, J� 0.9 Hz, 3H), 1.62 (s, 3 H), 1.44 (s, 3 H); MS: 197
(11 %, [M��1]), 119 (100 %); anal. calcd for C12H20O2 (196.29): C 73.43, H
10.27; found C 73.47, H 10.07 %.


2-[[1-Ethynyl-1-methyl-3-(2,6,6-trimethylcyclohexenyl)-2-propenyl]oxy]-
ethanol (1 d): Due to the instability of the substrate in the presence of bases,
in particular sodium hydride, at 0 8C, the standard protocol (see preparation
of compound 1 b, above) had to be modified: at ÿ 75 8C, butyllithium
(25 mmol) in hexane (17 mL) and ethylene sulfite (1.9 mL, 2.7 g, 25 mmol)
were consecutively added to ethynyl-b-ionol (5.8 mL, 5.5 g, 25 mmol) in a
mixture of diethyl ether (0.10 L) and hexamethylphosphoric triamide
(9.0 mL, 8.2 g, 50 mmol). The solution was kept at ÿ 75 8C for 1 h and then
allowed to warm to 25 8C. Water (0.10 L) was added and the product was
extracted with diethyl ether (3� 0.10 L). After evaporation of the solvent,
the residue was eluted from silica gel with a mixture of ethyl acetate and
hexanes [1:4 (v/v)] to afford a colorless oil. Yield: 3.1 g (47 %); d20


4 � 1.03;
n20


D � 1.4950; 1H NMR: d� 6.45 (dm, J� 16.0 Hz, 1 H), 5.33 (d, J� 16.0 Hz,
1H), 3.7 (m, 3 H), 3.5 (m, 1 H), 2.63 (s, 1H), 2.0 (m, 1H), 1.98 (t, J� 6.3 Hz,
2H), 1.66 (d, J� 0.9 Hz, 3 H), 1.61 (s, 3 H), 1.6 (m, 2H), 1.5 (m, 2H), 1.01 (s,
3H), 0.99 (s, 3 H); MS: 263 (8 %, [M��1]), 262 (23 %, [M�]), 247 (100 %);
anal. calcd for C17H26O2 (262.39): C 77.82, H 9.99; found C 78.03, H 9.84 %.


2-[(1-Ethynyl-1-methyl-2-propenyl)oxy]ethanol (1e): Prepared as descri-
bed for 1b from 3-methylpent-1-en-4-yn-3-ol (2.8 mL, 2.4 g, 25 mmol).
Yield: 2.1 g (60 %); b.p. 59 ± 60 8C/3 mmHg; d20


4 � 0.97; n20
D � 1.4571; 1H


NMR: d� 5.75 (dd, J� 17.2, 10.2 Hz, 1 H), 5.59 (br d, J� 17.2 Hz, 1H), 5.27
(br d, J� 10.2 Hz, 1 H), 3.7 (m, 2 H), 3.6 (m, 1H), 3.5 (m, 1H), 2.61 (s, 1H),
2.05 (br s, 1H), 1.57 (s, 1 H); MS: 141 (1%, [M��1]), 140 (3 %, [M�]), 125
(100 %); anal. calcd for C8H12O2 (140.18): C 68.55, H 8.63; found C 68.50, H
8.54 %.


2-[(1-Ethynyl-1-methyl-2-propynyl)oxy]ethanol (1 f): Analogously ob-
tained from 3-methylpent-1,4-diyn-3-ol[13] (2.4 g, 25 mmol). Yield: 2.1 g
(60 %); b.p. 60 ± 61 8C/2 mmHg; d20


4 � 0.98; n20
D � 1.4605; 1H NMR: d� 3.9


(m, 2H), 3.8 (m, 2H), 2.57 (s, 2H), 2.0 (br s, 1 H), 1.81 (s, 3H); MS: 123
(25 %, [M�ÿ 15]), 107 (14 %), 77 (100 %); anal. calcd for C8H10O2 (138.17):
C 69.55, H 7.29; found C 69.60, H 7.39 %.


2-[(1,1-Dimethyl-3-phenyl-2-propenyl)oxy]ethanol (6): A mixture contain-
ing 2-[(1,1-dimethylprop-2-ynyl)oxy]ethanol[11] (3.4 mL, 3.2 g, 25 mmol),
bromobenzene (4.0 mL, 5.9 g, 38 mmol), tetrakis(triphenylphospine)palla-
dium (65 mg, 0.056 mmol), copper bromide (28 mg, 0.20 mmol), lithium
bromide (90 mg, 1.00 mmol), and piperidine (20 mL) was heated to 90 8C
with stirring. When the exothermic reaction (which raised the temperature
temporarily to about 110 8C) had ceased, the mixture was heated to 100 8C
for an additional 30 min. Water (0.10 L) was added and the product then
extracted with diethyl ether (4� 0.10 L). The combined organic layers were
dried and evaporated. Distillation of the residue gave a colorless liquid.
Yield: 4.8 g (86 %); b.p. 98 ± 100 8C/0.3 mmHg; d20


4 � 1.04; n20
D � 1.5353; 1H


NMR: d� 7.4 (m, 2H), 7.3 (m, 2 H), 3.8 (m, 4 H), 1.61 (s, 1 H), 1.56 (s, 6H);
MS: 205 (2%, [M��1]), 204 (1%, [M�]), 160 (52 %), 143 (100 %); anal.
calcd for C13H16O2 (204.27): C 76.44, H 7.89; found C 76.51, H 8.04 %.


Dioxepins and dioxanes:


(Z)-3-Benzylidene-2,2-dimethyl-1,4-dioxane [(Z)-7]: A solution of 2-[(1,1-
dimethyl-3-phenyl-2-propynyl)oxy]ethanol (6 ; 4.9 mL, 5.1 g, 25 mmol) in
tert-butyl alcohol (5 mL) was added dropwise to a boiling solution of
potassium tert-butoxide (2.8 g, 25 mmol) in tert-butyl alcohol (20 mL). The
solution was heated under reflux for 12 h. Water (0.10 L) was added and the
product then extracted with diethyl ether (3� 0.10 L), dried, and the


Table 2. Products formed upon acidic hydrolysis of dioxane 7 and
dioxepins 2a ± f : yields and, where applicable, Z/E ratios.







Aldehyde Synthesis 1738 ± 1743


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1741 $ 17.50+.25/0 1741


solvent evaporated. Distillation gave a liquid product which, according to
gas chromatography (30 m, DB-1, 100 8C; 30 m, DB-WAX, 100 8C),
contained the dioxanes (Z)-7 and (E)-7 along with the dioxepin 8 in a
73:21:6 ratio. Yield: 4.2 g (83 %); b.p. 81 ± 82 8C/0.2 mmHg; anal. calcd for
C13H16O2 (204.27): C 76.44, H 7.89; found C 76.36, H 7.85. (Z)-3-
Benzylidene-2-dimethyl-1,4-dioxane [(Z)-7] was isolated as a pure com-
pound by preparative gas chromatography (6 m, 5% C-20 M, 50 8C); n20


D �
1.5526; 1H NMR: d� 7.6 (m, 2H), 7.3 (m, 2H), 7.2 (m, 1 H), 5.62 (s, 1H), 4.1
(m, 2H), 3.9 (m, 2 H), 1.52 (s, 6 H); MS: 205 (100 %, [M��1]), 204 (7%,
[M�]), 189 (12 %, [M�ÿ 15]). The structures of the two other products, (E)-
3-benzylidene-2,2-dimethyl-1,4-dioxane [(E)-7] and 2,3-dihydro-5,5-di-
methyl-7-phenyl-1,4-dioxepin (8), obtained by preparative gas chromatog-
raphy (see above) as a 2:1 mixture, were tentatively assigned on the basis of
their 1H NMR spectra: d� 7.6 (m, 2H), 7.3 (m, 2 H), 7.2 (m, 1H), 6.21 (s,
0.67 H), 5.32 (s, 0.33 H), 4.2 (m, 0.67 H), 4.0 (m, 2H), 3.9 (m, 1.33H), 1.47 (s,
2H), 1.27 (s, 4H).


2,3-Dihydro-5,5-dimethyl-1,4-dioxepin (2a): An analogous reaction per-
formed with 2-[(1,1-dimethyl-2-propynyl)oxy]ethanol (1a ; 3.4 mL, 3.2 g,
25 mmol) gave an 80:20 mixture of dioxepin 2 a and dioxane 4 a ; yield: 2.6 g
(81 %); b.p. 68 ± 70 8C/65 mmHg. The two components were separated by
preparative gas chromatography (6 m, 5 % C-20 M, 50 8C). Dioxepin 2a :
d20


4 � 0.88; n20
D � 1.4475; 1H NMR: d� 5.99 (d, J� 8.3 Hz, 1H), 4.36 (d, J�


8.3 Hz, 1H), 4.1 (m, 2H), 3.9 (m, 2 H), 1.33 (s, 6H); MS: 129 (100 %,
[M��1]), 128 (2%, [M�]), 118 (46 %); anal. calcd for C7H12O2 (128.17): C
65.60, H 9.44; found C 65.61, H 9.47 %. 2,2-Dimethyl-3-methylene-1,4-
dioxane (4a): 1H NMR: d� 4.42 (d, J� 1.2 Hz, 1H), 4.28 (d, J� 1.2 Hz,
1H), 3.9 (m, 2H), 3.8 (m, 2H), 1.42 (s, 6 H); MS: 129 (100 %, [M��1]), 128
(3%, [M�]), 113 (56 %); anal. calcd for C7H12O2 (128.17): C 65.60, H 9.44;
found C 65.56, H 9.29 %.


2,3-Dihydro-5-methyl-5-phenyl-1,4-dioxepin (2 b): Under the same condi-
tions as described for the reaction of 6, 2-[(1-methyl-1-phenyl-2-propyny-
l)oxy]ethanol (1b ; 4.8 mL, 4.8 g, 25 mmol) gave a 91:9 mixture of dioxepin
2b and dioxane 4b. Yield: 4.1 g (86 %); b.p. 69 ± 70 8C/0.25 mmHg. The two
components were separated by preparative gas chromatography (6 m, 5%
C-20 M, 150 8C). Dioxepin 2b : d20


4 � 0.91; n20
D � 1.5379; 1H NMR: d� 7.5 (m,


2H), 7.3 (m, 2 H), 7.2 (m, 1H), 6.27 (d, J� 8.3 Hz, 1H), 4.81 (d, J� 8.3 Hz,
1H), 4.11 (ddd, J� 12.7, 5.2, 1.3 Hz, 1H), 4.02 (ddd, J� 12.7, 7.8, 1.6 Hz,
1H), 3.77 (ddd, J� 14.1, 5.2, 1.6 Hz, 1H), 3.55 (ddd, J� 14.1, 7.8, 1.3 Hz,
1H), 1.59 (s, 3H); MS: 191 (10 %, [M��1]), 190 (2%, [M�]), 118 (100 %);
anal. calcd for C12H14O2 (190.24): C 75.76, H 7.42; found C 75.54, H 7.35%.
2-Methyl-3-methylene-2-phenyl-1,4-dioxane (4b): 1H NMR: d� 7.5 (m,
2H), 7.4 (m, 2H), 7.3 (m, 1H), 4.85 (d, J� 1.2 Hz, 1H), 4.58 (d, J� 1.2 Hz,
1H), 3.99 (ddd, J� 12.2, 11.0, 3.4 Hz, 1 H), 3.85 (ddd, J� 12.2, 2.9, 2.1 Hz,
1H), 3.80 (ddd, J� 11.9, 11.0, 2.9 Hz, 1H), 3.62 (ddd, J� 11.9, 3.4, 2.1 Hz,
1H), 1.57 (s, 3H); MS: 191 (8%, [M��1]), 190 (53 %, [M�]), 105 (100 %);
anal. calcd for C12H14O2 (190.24): C 75.76, H 7.42; found C 75.71, H 7.46%.


2,3-Dihydro-5-methyl-5-(4-methyl-3-pentenyl)-1,4-dioxepin (2 c): Under
the same conditions as described for the reaction of 6, 2-[(1,5-dimethyl-1-
ethynyl-4-hexenyl)oxy]ethanol (1c ; 5.1 mL, 4.9 g, 25 mmol) gave an 85:15
mixture of dioxepin 2c and dioxane 4c. Yield: 4.3 g (87 %). The two
components were separated by column chromatography (silica gel, ethyl
acetate/hexanes 1:6). Dioxepin 2c : b.p. 58 ±59 8C/0.5 mmHg; d20


4 � 0.89;
n20


D � 1.4768; 1H NMR: d� 6.04 (d, J� 8.5 Hz, 1 H), 5.1 (m, 1 H), 4.24 (d,
J� 8.5 Hz, 1H), 4.13 (ddd, J� 12.5 Hz, 5.5 Hz, 1.1 Hz, 1 H), 4.04 (ddd, J�
12.5, 6.8, 1.1 Hz, 1H), 3.88 (ddd, J� 14.2, 6.8, 1.1 Hz, 1H), 3.80 (ddd, J�
14.2, 5.5, 1.1 Hz, 1H), 2.1 (m, 2 H), 1.68 (d, J� 1.2 Hz, 3 H),1.61 (s, 1H), 1.5
(m, 2H), 1.28 (s, 3 H); MS: 197 (19 %, [M��1]), 196 (2%, [M�]), 119
(100 %); anal. calcd for C12H20O2 (196.29): C 73.43, H 10.27; found C 73.29,
H 10.07 %. 3-Methyl-3-methylene-2-(4-methyl-3-pentenyl)-1,4-dioxane
(4c): b.p. 59 ± 60 8C/0.5 mmHg; n20


D � 1.4723; 1H NMR: d� 5.1 (m, 1H),
4.46 (d, J� 1.4 Hz, 1H), 4.23 (d, J� 1.4 Hz, 1 H), 2.9 (m, 3H), 3.7 (m, 1H),
2.0 (m, 2 H), 1.9 (m, 1 H), 1.68 (d, J� 0.9 Hz, 3H), 1.7 (m, 1H), 1.61 (br s,
3H), 1.36 (s, 3H); MS: 197 (17 %, [M��1]), 196 (1%, [M�]), 119 (100 %);
anal. calcd for C12H20O2 (196.29): C 73.43, H 10.27; found C 73.33, H
10.11 %.


2,3-Dihydro-5-methyl-5-[2-(2,6,6-trimethylcyclohexenyl)ethenyl]-1,4-diox-
epin (2 d): Under the same conditions as described for the reaction of 6, 2-
[[1-ethynyl-1-methyl-3-(2,6,6-trimethylcyclohexenyl)-2-propenyl]oxy]etha-
nol (1 d ; 6.3 mL, 6.5 g, 25 mmol) gave a 96:4 mixture of 2 d and 4d. Yield:
7.2 g (79 %); b.p. 85 ± 87 8C/0.02 mmHg; d20


4 � 0.90; n20
D � 1.4706. No sepa-


ration of the two isomers was achieved. Dioxepin 2d : 1H NMR: d�


6.21 (d, J� 8.3, 1H), 6.11 (dm, J� 16.2 Hz, 1 H), 5.32 (d, J� 16.2 Hz,
1H), 4.43 (d, d J� 8.3 Hz, 1 H), 4.20 (ddd, J� 12.5, 4.2, 0.7 Hz, 1 H), 3.99
(ddd, J� 12.5, 8.6, 1.1 Hz, 1 H), 3.90 (ddd, J� 14.0, 8.6, 0.7 Hz, 1 H), 3.75
(ddd, J� 14.0, 4.2, 0.7 Hz, 1 H), 1.98 (t, J� 6.2 Hz, 2 H), 1.66 (d, J� 0.9 Hz,
3H),1.6 (m, 2 H), 1.4 (m, 2H), 1.42 (s, 3 H), 0.99 (s, 6H); MS: 263 (32 %,
[M��1]), 262 (37 %, [M�]), 247 (100 %); anal. calcd for C17H26O2 (262.39):
C 77.82, H 9.99; found C 78.22, H 10.13 %. 2-Methyl-3-methylene-2-[2-
(2,6,6-trimethylcyclohex-1-en-1-yl)-1-ethylenyl]-1,4-dioxane (4 d): The by-
product was identified by gas chromatography (30 m, DB-1, 180 8C; 30 m,
DB-WAX, 180 8C) and its structure assigned on the basis of its character-
istic olefinic 1H NMR signals: d� 4.51 (d, J� 1.2 Hz, 0.04 H), 4.36 (d, J�
1.2 Hz, 0.04 H).


2,3-Dihydro-5-ethylenyl-5-methyl-1,4-dioxepin (2 e) and 2-ethenyl-2-meth-
yl-3-methylene-1,4-dioxane (4 e): Under the same conditions as described
for the reaction of 6, 2-[(1-ethynyl-1-methyl-2-propenyl)oxy]ethanol (1e ;
3.6 mL, 3.5 g, 25 mmol) gave a 93:7 mixture of dioxepin 2e and dioxane 4e.
Yield: 2.8 g (80 %); b.p. 73 ± 74 8C/38 mmHg; d20


4 � 0.89; n20
D � 1.4650; 1H


NMR: d� 6.18 (d, J� 8.5 Hz, 0.9H), 5.87 (dd, J� 17.6, 10.5 Hz, 0.1H), 5.76
(dd, J� 17.3, 10.4 Hz, 0.9 H), 5.3 (m, 0.2 H), 5.28 (dd, J� 17.3, 1.5 Hz, 0.9H),
5.17 (dd, J� 10.4, 1.5 Hz, 0.9H), 4.61 (d, J� 1.2 Hz, 0.1H), 4.35 (d, J�
8.5 Hz, 0.9H), 4.34 (d, J� 1.2 Hz, 0.1 H), 4.16 (ddd, J� 12.6, 4.3, 1.2 Hz,
1.0 H), 4.00 (ddd, J� 12.6, 8.1, 1.5 Hz, 1 H), 3.82 (ddd, J� 14.0, 8.5, 1.2 Hz,
1H), 3.73 (ddd, J� 14.0, 4.3, 1.5 Hz, 1 H), 1.43 (s, 0.3 H), 1.38 (s, 2.7 H); MS:
141 (1 %, [M��1]), 140 (4%, [M�]), 126 (50 %), 125 (100 %); anal. calcd
for C8H12O2 (140.18): C 68.55, H 8.63; found C 68.94, H 8.64 %.


2,3-Dihydro-5-ethynyl-5-methyl-1,4-dioxepin (2 f): Under the same con-
ditions as described for the reaction of 6, 2-[(1-ethynyl-1-methyl-2-
propenyl)oxy]ethanol (1 f ; 3.6 mL, 3.5 g, 25 mmol) gave a 73:27 mixture
of dioxepin 2 f and dioxane 4 f. Yield: 2.2 g (65 %). The two isomers were
separated by column chromatography (silica gel, ethyl acetate/hexanes 1:1
(v/v)). Dioxepin 2 f : B.p. 50 ± 53 8C/20 mmHg; n20


D � 1.4727; 1H NMR: d�
6.11 (d, J� 7.9 Hz, 1H), 4.55 (d, J� 7.9 Hz, 1 H), 4.33 (ddd, J� 12.9, 4.3,
1.2 Hz, 1H), 4.21 (ddd, J� 13.9, 8.2, 1.2 Hz, 1H), 3.99 (ddd, J� 12.9, 8.2,
1.5 Hz, 1H), 3.91 (ddd, J� 13.9, 4.3, 1.5 Hz, 1 H), 2.50 (s, 1 H), 1.38 (s, 3H);
MS: 139 (1 %, [M��1]), 138 (2 %, [M�]), 105 (100 %); anal. calcd for
C8H10O2 (138.17): C 69.55, H 7.29; found C 69.60, H 7.39%. 2-Ethynyl-2-
methyl-3-methylene-1,4-dioxane (4 f): b.p. 50 ± 51 8C/20 mmHg; n20


D �
1.4736; 1H NMR: d� 4.57 (d, J� 1.6 Hz, 1 H), 4.52 (d, J� 1.6 Hz, 1H),
4.38 (ddd, J� 14.2, 11.1, 3.1 Hz, 1H), 4.02 (ddd, J� 11.1, 2.8, 1.8 Hz, 1H),
3.92 (ddd, J� 14.2, 11.6, 3.1 Hz, 1 H), 3.73 (ddd, J� 11.6, 2.8, 1.8 Hz, 1H),
2.56 (s, 1 H), 1.67 (s, 3H); MS: 139 (1%, [M��1]), 138 (2%, [M�]), 105
(100 %); anal. calcd for C8H10O2 (138.17): C 69.55, H 7.29; found C 69.60, H
7.39 %. Heating a mixture of 2-[(1-ethynyl-1-methyl-2-propenyl)oxy]etha-
nol (3.6 mL, 3.5 g, 25 mmol), potassium hydroxide (2.0 g, 50 mmol) and
water (25 mL) for 3 h under reflux gave an 84:16 mixture of dioxepin 2 f
and dioxane 4 f. Yield: 2.5 g (72 %).


Hydrolysis of dioxanes (7) and dioxepins (2):


3-Hydroxy-3-methyl-1-phenyl-2-butanone (9): A solution of 3-benzyli-
dene-2,2-dimethyl-1,4-dioxane (7; Z/E ratio� 78:22; 5.1 mL, 5.1 g,
25 mmol), which also contained 6 % of dioxepin 8), and 12m sulfuric acid
(20 mL) in tetrahydrofuran (0.10 L) was kept at 25 8C for 12 h. Water
(50 mL) was added and the product then extracted with diethyl ether (4�
50 mL). The combined organic layers were washed with a saturated
aqueous solution of sodium hydrogen carbonate (2� 50 mL) and brine
(50 mL), and then dried. After evaporation of the solvent, the residue was
distilled to give a-hydroxyketone 9. Yield: 3.4 g (76 %); b.p. 96 ± 99 8C/
0.02 mmHg; (ref. [14]: b.p. 100 8C/0.05 mmHg); n20


D � 1.5454; 1H NMR: d�
7.3 (m, 5 H), 3.87 (s, 2H), 1.8 (br s, 1H), 1.43 (s, 6H).


3-Methyl-3-butenal (3a): A solution of 2,3-dihydro-5-dimethyl-1,4-dioxe-
pin (2 a ; 3.6 mL, 3.2 g, 25 mmol) and 6m hydrochloric acid (20 mL) in
tetrahydrofuran (0.10 L) was heated under reflux for 5 h. Water (50 mL)
was added and the product was then extracted with diethyl ether (4�
50 mL). The combined organic layers were washed with a saturated
aqueous solution of sodium hydrogen carbonate (2� 50 mL) and brine
(50 mL), and then dried. Distillation afforded the a,b-unsaturated alde-
hyde 3 a. Yield: 0.95 g (45 %); b.p. 75 ± 77 8C/70 mmHg (ref. [15]: b.p. 130 ±
135 8C); n20


D � 1.4550 (ref. [15]: n20
D � 1.4550); 1H NMR: d� 9.96 (d, J�


8.2 Hz, 1H), 5.89 (dm, J� 8.2 Hz, 1H), 2.17 (d, J� 1.2 Hz, 3H), 1.99 (d,
J� 1.1 Hz, 3H).
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(E)-3-Phenyl-2-butenal (3 b): From 2,3-dihydro-5-methyl-5-phenyl-1,4-di-
oxepin (2 b ; 5.2 mL, 4.8 g, 25 mmol), as described for the hydrolysis of
dioxepin 2a, as a 1:3 Z/E mixture according to gas chromatography (30 m,
DB-1, 100 8C; 5 m, 5% C-20 M, 150 8C). Yield: 2.4 g (65 %); b.p. 75 ± 77 8C/
0.5 mmHg (ref. [16]: b.p. 79 ± 84 8C/0.1 mmHg); n20


D � 1.5866 (ref. [16]: n20
D �


1.5861).


(E)-3,7-Dimethyl-2,6-octadienal (3c): From 2,3-dihydro-5-methyl-5-(4-
methyl-3-pentenyl)-1,4-dioxepin (2c ; 5.5 mL, 4.9 g, 25 mmol), as described
for the hydrolysis of dioxepin 2a, as a 1:2 Z/E mixture according to gas
chromatography (30 m, DB-1, 100 8C; 30 m, DB-WAX, 120 8C). Yield: 1.5 g
(40 %); b.p. 58 ± 60 8C/1 mmHg (ref. [17]: b.p. 53 ± 54 8C/0.05 mmHg); n20


D �
1.4870 (ref. [18]: n20


D � 1.4874).


(2(E),4(E))-3-Methyl-5-(2,6,6-trimethylcyclohex-1-enyl)pent-2,4-dien-1-al
(3d): From 2,3-dihydro-5-methyl-5-[2-(2,6,6-trimethylcyclohexenyl)ethen-
yl]-1,4-dioxepin (2 d ; 7.3 mL, 6.6 g, 25 mmol), as described for the
hydrolysis of dioxepin 2a, as a 1:3 2(Z),4(E)/2(E),4(E) mixture according
to gas chromatography (30 m, DB-1, 180 8C; 30 m, DB-WAX, 180 8C).
Yield: 4.9 g (90 %); b.p. 95 ± 98 8C/0.05 mmHg (ref. [19]: b.p. 90 ± 95 8C/
0.01 mmHg); n20


D � 1.5765 (ref. [19]: n20
D � 1.5780).


(E)-3-Methyl-2,4-pentadienal (3e): From 2,3-dihydro-5-ethylenyl-5-meth-
yl-1,4-dioxepin (2 e containing 7% of dioxane 4e) (3.9 mL, 3.5 g, 25 mmol),
as described for the hydrolysis of dioxepin 2a, as a 1:2 Z/E mixture
according to gas chromatography (30 m, DB-1, 60 8C; 30 m, DB-WAX,
60 8C). Yield: 1.0 g (45 %); b.p. 54 ± 56 8C/12 mmHg (ref. [20]: b.p. 51 ±
52 8C/12 mmHg); n20


D � 1.5205 (ref. [20]: n20
D � 1.5220).


(Z)-3-Methyl-2-penten-4-ynal (3 f): From 2,3-dihydro-5-ethynyl-5-methyl-
1,4-dioxepin (2 f) (3.8 mL, 3.5 g, 25 mmol), as described for the hydrolysis
of dioxepin 2a, as a 7:1 Z/E mixture according to gas chromatography (5 m,
5% SE-30, 70 8C; 5 m, 5% C-20 M, 70 8C). Yield: 1.2 g (50 %); b.p. 47 ±
50 8C/20 mmHg (ref. [21]: b.p. 40 ± 44 8C/14 mmHg); n20


D � 1.4985 (ref. [22]:
n20


D � 1.4970).


11,12-Dehydroretinal


2,3-Dihydro-5-[4(E)]-3-hydroxy-4-methyl-6-(2,6,6-trimethylcyclohexen-
yl)-4-hexen-1-ynyl]-5-methyl-1,4-dioxepin (10): Butyllithium (25 mmol) in
hexane (17 mL) and 2-methyl-4-(2,6,6-trimethylcyclohexenyl)-2-butenal[23]


(5.5 mL, 5.2 g, 25 mmol) were added consecutively to a solution of 2,3-
dihydro-5-ethynyl-5-methyl-1,4-dioxepin (2 f ; 3.8 mL, 3.5 g, 25 mmol) in
tetrahydrofuran (0.10 L) cooled to ÿ 75 8C. After 1 h at 25 8C, ethanol
(10 mL) was added. The mixture was absorbed on silica gel (10 mL) and
eluted from a column filled with more silica gel (200 mL) (ethyl acetate/
hexanes 1:4 (v/v)) to afford a 1:2 diastereomeric mixture. Yield: 7.8 g
(91 %); anal. calcd for C22H32O3 (344.49): C 76.70, H 9.36; found C 76.74, H
9.11 %. Minor diastereoisomer (isolated from the first chromatographic
fractions): n20


D � 1.4995; 2.6 g (30 %); 1H NMR: d� 6.05 (d, J� 8.0 Hz, 1H),
5.47 (t, J� 6.5 Hz, 1 H), 4.77 (d, J� 5.5 Hz, 1 H), 4.53 (d, J� 8.0 Hz, 1H),
4.30 (ddm, J� 12.8, 4.6 Hz, 1 H), 4.16 (ddm, J� 13.8, 8.3 Hz, 1H), 3.97
(ddm, J� 12.8, 8.3 Hz, 1H), 3.85 (ddm, J� 13.8, 4.6 Hz, 1 H), 2.74 (d, J�
6.5 Hz, 2 H), 1.91 (br t, J� 6.3 Hz, 2 H), 1.80 (s, 3 H), 1.61 (s, 3 H), 1.6 (m,
2H), 1.57 (s, 3H), 1.4 (m, 2 H), 0.97 (s, 3 H), 0.96 (s, 3H); MS: 345 (1%,
[M��1]), 279 (4%), 207 (6 %), 123 (100 %). Major diastereoisomer
(isolated from the later chromatographic fractions): n20


D � 1.5041; 5.2 g
(61 %); 1H NMR: d�� 6.05 (d, J� 7.9 Hz, 1 H), 5.46 (t, J� 6.5 Hz, 1H),
4.77 (d, J� 5.5 Hz, 1H), 4.53 (d, J� 7.9 Hz, 1 H), 4.30 (ddm, J� 12.6, 4.7 Hz,
1H), 4.16 (ddm, J� 13.9, 8.2 Hz, 1 H), 3.97 (ddm, J� 12.6, 8.2 Hz, 1 H), 3.85
(ddm, J� 13.9, 4.7 Hz, 1H), 2.74 (d, J� 6.5 Hz, 2H), 1.91 (br t, J� 6.3 Hz,
2H), 1.80 (s, 3H), 1.6 (m, 2H), 1.57 (s, 3 H), 1.53 (s, 3 H), 1.4 (m, 2 H), 0.97 (s,
3H), 0.96 (s, 3 H); MS: 345 (9 %, [M��1]), 344 (11 %, [M�]), 329 (15 %,
[M�ÿ 15]), 327 (100 %).


[3(E),5(E)]-2,3-Dihydro-5-methyl-5-[(4-methyl-6-(2,6,6-trimethylcyclo-
hexenyl)-3,5-hexadien-1-ynyl]-1,4-dioxepin (11): (Methoxycarbonylsulfa-
moyl)triethylammonium hydroxide[24] (11.9 g, 50 mmol) and the hydroxy-
lated dioxepin 10 (8.6 mL, 8.6 g, 25 mmol) were dissolved in toluene
(0.10 L). After heating to 80 8C for 6 h, the mixture was absorbed on silica
gel (10 mL). Column chromatography (ethyl acetate/hexanes 1:10 (v/v))
afforded a yellow oil. Yield: 5.3 g (65 %); n20


D � 1.5527; 1H NMR: d� 6.24
(br d, J� 16.0 Hz, 1 H), 6.08 (d, J� 16.0 Hz, 1H), 6.07 (d, J� 8.0 Hz, 1H),
5.44 (br s, 1 H), 4.61 (d, J� 8.0 Hz, 1 H), 4.34 (ddm, J� 12.8, 4.6 Hz, 1H),
4.24 (ddm, J� 14.2, 8.2 Hz, 1H), 4.00 (ddd, J� 12.8, 8.2, 1.4 Hz, 1 H), 3.88
(ddd, J� 14.2, 4.6, 1.4 Hz, 1H), 2.04 (s, 3 H), 2.00 (br t, J� 6.3 Hz, 2 H,), 1.68
(s, 3H), 1.63 (s, 3H), 1.6 (m, 2 H), 1.4 (m, 2H), 1.00 (s, 6H); MS: 327 (70 %,


[M��1]), 326 (15 %, [M�]), 311 (14 %, [M�ÿ 15]), 113 (100 %); anal. calcd
for C22H30O2 (326.48): C 80.94, H 9.26; found C, 81.10 H 9.36 %.


[2(Z),6(E),8(E)]-3,7-Dimethyl-9-(2,6,6-trimethylcyclohexenyl)-2,6,8-non-
atrien-4-ynal (12):[25, 26] A solution of 6m hydrochloric acid (20 mL) and
dioxepin 11 (8.5 mL, 8.2 g, 25 mmol) in tetrahydrofuran (0.10 L) was kept
under nitrogen for 16 h at 25 8C. Then diethyl ether (0.10 L) and water
(50 mL) were added. The organic layer was washed with an aqueous
solution of saturated sodium hydrogencarbonate (2� 50 mL) and brine
(50 mL), and then dried. After evaporation of the solvent, the residue was
purified by chromatography (neutral aluminum oxide, ethyl acetate/
hexanes 1:10 (v/v)) to give a yellow oil which, according to gas
chromatography (30 m, DB-1, 200 8C; 30 m, DB-WAX, 200 8C), contained
the [2(Z),6(E),8(E)] and (2(E),6(E),8(E)] isomers in a 4:1 ratio. Yield:
4.4 g (62 %); n20


D � 1.6094; 1H NMR: d� 10.08 (d, J� 8.3 Hz, 0.8H), 10.04
(d, J� 8.3 Hz, 0.2 H), 6.39 (dm, J� 16.2 Hz, 1 H), 6.16 (d, J� 16.2 Hz, 1H),
6.12 (dm, J� 8.3 Hz, 1 H), 5.62 (br s, 0.8H), 5.60 (br s, 0.2 H), 2.35 (d, J�
1.5 Hz, 0.6H), 2.17 (d, J� 1.2 Hz, 2.4H), 2.11 (d, J� 1.4 Hz, 0.6 H), 2.13 (d,
J� 0.8 Hz, 3H), 2.0 (m, 2H), 1.71 (d, J� 0.7 Hz, 2.4 H), 1.6 (m, 2H), 1.5 (m,
2H), 1.02 (s, 6H).
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Photoinduced Processes in Highly Coupled Multicomponent Arrays Based on
a Ruthenium(ii)Bis(terpyridine) Complex and Porphyrins


Lucia Flamigni,* Francesco Barigelletti, Nicola Armaroli, Jean-Paul Collin,*
Jean-Pierre Sauvage,* and J. A. Gareth Williams


Abstract: A new multicomponent array
(PH2-Ru-PAu) has been synthesized,
consisting of a free-base arylporphyrin
and a gold(iii) arylporphyrin, assembled
together with a central ruthenium(ii)-
bis(terpyridine) complex. The photo-
physical properties of this triad, of the
molecular models and of the related
dyads Ru ± PH2 and Ru ± PAu have been
determined by steady-state and time-
resolved methods. Excitation of the
Ru ± PH2 array in the porphyrin subunit
results in energy transfer from the
porphyrin singlet to the 3MLCT-excited
level of the ruthenium complex (k�
2.4� 109 sÿ1), followed by a very fast
(k> 5� 1010 sÿ1) energy transfer to the
porphyrin-localized triplet state with an
efficiency close to unity. The role of the
ruthenium in perturbing the spin multi-
plicity of the excited states is essential to
promote the fast energy transfer be-
tween the free-base porphyrin singlet


and the lowest MLCT excited state of
the complex, which is formally a triplet.
Excitation of the Ru ± PAu dyad in the
MLCT manifold of the ruthenium com-
plex yields the porphyrin-localized trip-
let within our experimental resolution
(20 ps) with unit efficiency. No evidence
of photoinduced electron transfer
emerges from our data and the observed
processes are essentially ascribed to
energy transfer by a Dexter-type mech-
anism. In the PH2-Ru-PAu triad excita-
tion in the free-base-porphyrin subunit
produces the excited singlet state, which
is quenched with a rate k� 5.6� 109 sÿ1.
The quenching is assigned to energy
transfer by a Dexter mechanism to the


3MLCT state of the ruthenium complex,
which in turn transfers triplet energy
very rapidly (k> 5� 1010 sÿ1) to the gold
porphyrin and to the free-base porphy-
rin units with an efficiency ratio of four.
The overall quantum yield of porphyrin
triplets is unity. Direct excitation in the
MLCT manifold of the complex causes a
similar photoinduced energy transfer to
the peripheral porphyrins. Excitation of
the gold(iii) porphyrin in the triad pro-
duces the corresponding triplet, which is
unable to promote the thermodynami-
cally allowed triplet energy transfer to
the spatially opposite free-base porphy-
rin. The prevalence of energy-transfer
processes with respect to thermodynam-
ically allowed electron transfer in this
and related systems is discussed on the
basis of the nature of the metal complex
and of current theories.


Keywords: electrochemistry ´
photoinduced processes ´
porphyrins ´ ruthenium ´
supramolecular chemistry


Introduction


Porphyrin type components have been widely used in multi-
component arrays to promote photoinduced energy- or
electron-transfer processes.[1] The most important reasons
for such investigations arise from the interest in mimicking
natural photosystems,[1a±d] the successful strategies proposed
to attach the tetrapyrrolic ring both by covalent[1±6] or
noncovalent[7±14] bonds to suitable molecular entities and the


high extinction coefficients throughout the visible region. In
addition, the intermediates involved in the photoinduced
processes are relatively easy to detect by optical spectroscopic
techniques.[4±12, 15±19, 22]


Our synthetic work has been aimed at the construction of
molecular assemblies with rigid geometries based on por-
phyrins and transition metal complexes.[1d] In particular a new
strategy has been designed based on the templating effect of a
transition metal cation (generally RuII) to assemble two
porphyrinic components in a rigid and linear array.[19b±c, 20] The
resulting triad, properly functionalized, should be suitable for
use as a building block for more complex linear entities to
achieve photoinduced vectorial electron or energy transport
over long distances.


Previous work on molecular triads, consisting of a ruth-
enium(ii)bis(terpyridyl) unit covalently linked to either a
zinc(ii) or free-base porphyrin as the terminal group on one
side and a gold(iii) porphyrin on the opposite side, indicates
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the formation of a charge-separated state over the centre-to-
centre 30 � distance separating the terminal porphyrins.[19c] In
that case, the photoinduced electron transfer occurred from
the excited state of the zinc or free-base porphyrin to the
metal complex, followed by a secondary thermal electron
transfer to the appended gold(iii) porphyrin. Direct photo-
induced electron transfer between opposite porphyrins did
not occur in spite of the favourable driving force, neither from
the free-base or zinc(ii) porphyrin singlet, nor from the excited
gold(iii) porphyrin triplet. The poor ability of the central Ru
complex in promoting electronic coupling between the
extreme components was identified as the reason for the


inefficiency of such direct electron transfer between terminal
units during the porphyrin excited state lifetime. The same
reason was put forward for the inefficiency of triplet energy
transfer between the extreme porphyrins.


A subsequent approach was aimed at substituting the
chemically fragile etioporphyrin used in the previous study
with the more robust tetraphenyl free-base or zinc deriva-
tives.[21, 22] As the latter is less electron rich, a RuII-terpyridyl
derivative more prone to reduction was used in order to
maintain the driving force for charge separation. The RuII


complex used in this case turned out to perform as a drain for
the energy delivered to the system and, because of the
extremely short intrinsic lifetime of its excited state, was
unable to perform any useful act. The outcome of this study
was quite different from the one discussed above.[19b±c] Our
main result was the preponderance of energy-transfer proc-
esses between formally spin-forbidden states that was made
feasible as a result of the perturbing heavy-atom effect. This
result, compared with the previous ones,[19] shows the large
influence on the overall performance of a complex structure
brought about by very small changes in the engineering of the
molecular structure.


Our present interest is to substitute the etioporphyrin of the
previously synthesized molecular triads with a more robust
arylporphyrin and to try to increase the electronic coupling
between peripheral porphyrins in order to promote direct
electron and energy transfer. This is achieved by the
preparation of a linear triad consisting of free-base and
gold(iii) triarylporphyrins as terminal groups, with the fourth
meso position of each porphyrin attached directly to the
terpyridyls coordinating the central RuII (Figure 1). Substitu-
tion of etio- with arylporphyrins should improve the robust-
ness of the system as compared with the previously synthe-
sized RuII triad[19c] and, owing to the less electron-rich nature
of the arylporphyrin, prevent the electron-transfer step from
the porphyrin singlet to the metal complex, by increasing the
endoergonicity of this process. The direct connection of the p-
porphyrin system to the ligand orbitals should improve the
electronic communication between the terminal porphyrins,
thereby promoting the direct electron and/or energy transfer
between them. In fact, energy transfer between triplets occurs
by the Dexter mechanism,[23] which can itself be regarded as a
double-electron exchange affected by similar parameters to
those determining electron transfer.


The present work reports on the synthesis, spectroscopy,
electrochemistry and photophysical properties of the new
molecular triad PH2-Ru-PAu, the reference dyads Ru ± PH2


and Ru ± PAu, the model compounds for the ruthenium
complex Ru and Ru'' and the porphyrins PH2 and PAu. The
schematic formulae of the investigated compounds are shown
in Figure 1.


Results and Discussion


The models : The choice of a proper model for the Ru complex
moiety is not straightforward. The photophysical properties of
bis(terpyridine)ruthenium complexes are in fact known to be
highly dependent on the nature of the substituents, partic-


Abstract in Italian: E�stata sintetizzata una nuova struttura
sopramolecolare costituita da due aril porfirine, di cui una a
base libera e l�altra metallata con oro(iii), assemblate mediante
un complesso centrale bis-terpiridinico di rutenio(ii), PH2-Ru-
PAu. Le proprietà fotofisiche della triade, dei modelli mole-
colari e delle relative diadi Ru-PH2 e Ru ± PAu, sono state
determinate mediante metodi stazionari e risolti nel tempo.
L�eccitazione del sistema Ru ± PH2 nella sottounità porfirinica
ha come risultato un trasferimento di energia dallo stato di
singoletto della porfirina allo stato eccitato 3MLCT del
complesso di rutenio (k� 2.4� 109 sÿ1) seguito da un velocis-
simo (k> 5� 1010 sÿ1) trasferimento di energia al tripletto
localizzato sulla porfirina con un efficienza quasi unitaria. Il
ruolo del rutenio nel perturbare la molteplicità di spin dello
stato eccitato � essenziale per promuovere il rapido trasferi-
mento di energia fra lo stato di singoletto della porfirina a base
libera ed il piuÁ basso stato eccitato MLCT del complesso, che �
formalmente un tripletto. L�eccitazione della diade Ru ± PAu
nella banda MLCT del complesso di rutenio produce lo stato di
tripletto localizzato sulla porfirina in tempi minori della nostra
risoluzione strumentale (20 ps) con efficienza unitaria. Dai
dati disponibili non si ha evidenza di processi di trasferimento
elettronico ed i processi osservati sono essenzialmente attribuiti
a trasferimento di energia che ha luogo con un meccanismo di
tipo Dexter. Nella triade PH2-Ru-PAu, l�eccitazione nella sub-
unità porfirina a base libera dà luogo allo stato eccitato di
singoletto che viene spento con una costante di velocità k�
5.6� 109 sÿ1. Lo spegnimento � attribuito a trasferimento di
energia, con un meccanismo di tipo Dexter, allo stato 3MLCT
del complesso di rutenio che a sua volta trasferisce energia di
tripletto molto rapidamente (k> 5� 1010 sÿ1) alla oro(iii)
porfirina ed alla porfirina a base libera con un rapporto nelle
rispettive efficienze pari a 4. La resa complessiva di tripletto
delle porfirine � unitaria. Eccitazione diretta nella banda
MLCT del complesso ha come risultato un analogo trasferi-
mento di energia alle porfirine periferiche. Eccitazione della
oro(iii) porfirina nella triade risulta nella formazione del
corrispondente tripletto che non � in grado di trasferire energia
alla porfirina a base libera che si trova alla estremità opposta,
nonostante sia termodinamicamente favorevole. La prevalen-
za, in sistemi di questo tipo, di processi di trasferimento di
energia rispetto a trasferimento di elettrone termodinamica-
mente consentiti, � discussa sulla base della natura del
complesso metallico e delle teorie correnti.







FULL PAPER L. Flamigni, J.-P. Collin, J.-P. Sauvage et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1746 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91746


ularly at the 4' position of the ligand.[24, 25] In particular, the
excited-state lifetime of the complex at room temperature can
vary by several orders of magnitude and the energy level of
the lowest excited state can vary by fractions of eV. Among
other factors, the electron-withdrawing and -releasing proper-
ties of the substituents, or the presence of available proto-
nation sites or groups that can promote the electronic
delocalization of the ligand can affect the 3MLCT excited-
state properties.[25, 26]


The right model for our case should possess a substituent
which can mimic the electronic environment of the meso
position of the porphyrins. We used [Ru(ttpy)2]2� (Ru; ttpy�
4'-(p-tolyl)-2,2':6',2''-terpyridine) as a model, because of the
aromatic environment offered to the 4' position by the tolyl
substituent, similar to the meso position of porphyrins. In the
dyads, in which a methyl group is the substituent opposite to
the porphyrin, the [Ru(ttpy)2]2� model could be less appro-
priate, therefore we also examined [Ru(4'-methyl-
terpyridine)2]2� (Ru'') in order to be able to evaluate critically
the pertinence of the model to the relevant supramolecular
structure.


Synthesis of the ligands and complexes : 4'-methylterpyridine
was prepared as described previously[19b] and oxidized to 4'-
formylterpyridine with selenium oxide. The terpyridine-
appended porphyrin (previously prepared by the Adler
method[19b]) was prepared following the general procedure
of Lindsey[27] in 11 % yield. The symmetrical porphyrin PH2


was obtained in substantial quantities as a by-product of this
reaction. Metallation of the porphyrins with gold was carried
out under acidic conditions (glacial acetic acid) to inhibit
competitive complexation to the terpyridine group. The
formation of the ruthenium complexes, the dyads and triad
makes use of the mild dechlorination procedure established
recently.[19b] In the first step, the terpyridine or porphyrin-


appended terpyridine (L) is treated with ruthenium trichlor-
ide to give RuLCl3. This is subsequently dechlorinated by
reaction with silver tetrafluoroborate or silver triflate in
acetone solution to yield the solvated complex
[RuL(acetone)3]3�. Reaction with the appropriate second
terpyridine in refluxing ethanol under inert atmosphere leads
to the asymmetrical bis(terpyridine)ruthenium complex. In
each case, anion exchange to form the PFÿ6 salt was carried out
prior to purification by column chromatography on silica with
highly polar eluants.


Electrochemical behaviour : The redox potentials obtained in
BuCN are compiled in Table 1 for the dyads Ru ± PAu, Ru ±
PH2, the triad PH2-Ru-PAu and reference compounds Ru,
Ru'', PH2 and PAu. Reversible monoelectronic waves were
observed in almost all redox processes. In the dyads and the
triad, the different reversible waves can be easily assigned to
their individual components, Ru and PH2 (or PAu) indicating
ruthenium-complex and porphyrin-centred redox processes,
respectively. Concerning the reference compounds Ru, PH2,
and PAu, the cyclic voltammogram curves display the usual
oxidation and reduction processes as previously repor-
ted.[24, 19c, 22] A small effect due to the methyl group (electron
donor) in 4' position of the terpyridine in Ru'' leads to a
slightly less positive oxidation potential and a more negative
reduction potential as compared with the redox potentials of
Ru. In the triad and the dyads, some interaction is expected
between the ruthenium complex and the porphyrinic compo-
nents due to the close proximity of the different subunits.
Since the porphyrinic units are electron-withdrawing groups,
the oxidation potential of the ruthenium complex moves to
more positive potential. This effect seems to be negligible on
the reduction potential of the terpyridine ligands. The
influence of the ruthenium complex (as an acceptor group)
on the redox behaviour of the porphyrinic subunits is


Figure 1. Schematic formulae of compounds studied.
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particularly discernible on the reduction waves. The addition
of the first electron to the porphyrin ring is easier in the case
of the dyads and the triad as compared with the porphyrin
models. The modification of the redox potentials in the dyads
and the triad (in the order of 100 mV or less) expresses a
relatively low interaction between each component resulting
from a mutual electronic effect. As a consequence, the usual
approach based on a localized description of the individual
components seems reasonable in first approximation.


Steady state spectroscopic determinations : The absorption
maxima with the calculated molar absorption coefficients for
the models and the arrays are reported in Table 2. The
absorption spectrum of Ru ± PAu superimposed with the sum


of the spectra (molar absorption coefficients) of the model
components is shown in Figure 2. Ru and Ru'' are alternatively
used as models for the complex. The absorption spectrum of
the triad PH2-Ru-PAu, superimposed with the individual


Figure 2. Absorption spectra of butyronitrile solutions of the Ru ± PAu
dyad (Ð), Ru�PAu (- - -) and Ru''�PAu ( ´´ ´ ´ ´ ´ ).


components Ru, PH2 and PAu and their sum, is given in
Figure 3.


From these data it is evident that the metal complex in the
dyads is better described by an average of Ru and Ru''
properties, while the complex in the triad is better described
by Ru. As far as the MLCT transitions of the complex and the
Q bands of the porphyrins are concerned, both the position
and the intensity of the bands in the arrays appear to be
affected only to a very modest extent with respect to the
models, while a larger effect can be detected on the Soret
bands of the porphyrins and the ligand centred bands of the
complex (see Figure 3 and Table 2).


We were unable to detect any emission from Ru'' solutions
at room temperature by steady state techniques. At 77 K the


emission is intense and centred at 604 nm. Ru
displays a weak luminescence at room temperature
(lmax� 640 nm) that is strongly enhanced at 77 K
(lmax � 628 nm), in agreement with previous
reports.[24] PAu does not fluoresce; only a phos-
phorescence peak at 710 nm can be detected in
glassy solutions at 77 K. PH2 fluoresces strongly
(F� 0.19[19a]) at room temperature and in glassy
solutions at 77 K (Table 3).


At room temperature, upon excitation of the
Ru ± PH2 dyad and the PH2-Ru-PAu triad, the
only detectable luminescence is due to the free-
base porphyrin, which is quenched with respect to


the model (Figure 4). The excitation spectrum, measured with
an emission wavelength equal to that of the porphyrin
fluorescence, overlaps the absorption spectrum of the free-
base porphyrin.


Figure 3. Absorption spectra of butyronitrile solutions of the PH2-Ru-PAu
triad (Ð), PH2�Ru�PAu ( ´´ ´ ´ ´ ), Ru (- - -), PH2 (Ð) and PAu (- ´ - ´ - ´ ).


Table 1. Redox Potentials in butyronitrile.


Oxidation E1/2 [V vs SCE] Reduction E1/2 [V vs SCE]


Ru 1.33 ÿ 1.11 ÿ 1.36
Ru'' 1.31 ÿ 1.18 ÿ 1.42
PH2 1.33[a] 1.11 ÿ 1.07 ÿ 1.48
PAu ÿ 0.47 ÿ 1.02
Ru ± PH2 1.41 1.27 1.07 ÿ 0.96 ÿ 1.07 ÿ 1.39 ÿ 1.65


Ru PH2 PH2 PH2 Ru Ru PH2


Ru ± PAu 1.37 ÿ 0.41 ÿ 0.87 ÿ 1.18 ÿ 1.42
Ru PAu PAu Ru Ru


PH2-Ru-PAu 1.44 1.20[b] ÿ 0.42 ÿ 0.86 ÿ 0.97 ÿ 1.17 ÿ 1.40 ÿ 1.67
Ru PH2 PAu PAu PH2 Ru Ru PH2


[a] Poorly defined wave. [b] Two overlapped waves.


Table 2. Absorption maxima in butyronitrile.


lmax [nm] (e� 10ÿ4 [Mÿ1cmÿ1])


Ru 490 (3.35)
Ru'' 479 (1.61)
PH2 419 (49.5) 516 (1.70) 551 (0.99) 592 (0.49) 648 (0.53)
PAu 413 (36.5) 524 (1.77) 560 (0.29)[a]


Ru ± PH2 485 (3.58) 421 (23.48) 517 (2.86) 557 (1.64) 592 (0.76) 649 (0.65)
Ru ± PAu 485 (2.89) 412 (22.02) 525 (2.43)
PH2-Ru-PAu 490 (4.75) 416 (30.60) 522 (4.42) 557 (2.17) 585 (0.98) 649 (0.60)


[a] Shoulder.
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Figure 4. Emission spectra of butyronitrile solutions of PH2 (Ð), Ru ±
PH2(- - -) and PH2-Ru-PAu ( ´´ ´ ´ ´ ). The excitation wavelengh is 598 nm,
at which the solutions have equal absorbances.


The phosphorescence signal of the gold porphyrin can be
detected in Ru ± PAu dyad at 77 K, but it is practically absent
in the triad PH2-Ru-PAu (Figure 5). The excitation spectrum,
measured with an emission wavelength equal to that of the
PAu phosphorescence in Ru ± PAu, overlaps the absorption
spectrum of the dyad, showing also the typical MLCT band of
the Ru-complex. Emission data are given in Table 3.


Figure 5. Phosphorescence spectra at 77 K of butyronitrile solutions of
PAu (- - -), Ru ± PAu (Ð), and PH2-Ru-PAu ( ´´ ´ ´ ´ ). The excitation
wavelengh is 420 nm.


Time-resolved luminescence : The lifetimes of the PH2 fluo-
rescence in the model, in the dyad and in the triad were
measured to be 8.3 ns, 400 ps and 175 ps, respectively, at room
temperature, in reasonable agreement with the reduction in
the luminescence yields measured by steady state spectro-
scopy. The emission of the Ru'' model at room temperature,
which could not be detected by the steady state method, was
registered with a streak camera and displays a maximum at


620 nm with a lifetime of 40 ps (Figure 6). The model Ru
displays an emission with maximum at 640 nm and a lifetime
of 700 ps at room temperature.


Figure 6. Emission decay profile for Ru'' solutions in butyronitrile. The
exponential fit corresponding to t� 40 ps (Ð), and the excitation profile
( ´´ ´ ´ ´ ) are also shown. In the inset, the emission spectral profile detected in
the time interval 0 ± 50 ps is reported.


The attempt to determine the luminescence lifetime of the
ruthenium complex at room temperature from Ru ± PAu,
Ru ± PH2 and the triad was unsuccessful since no signal
attributable to Ru or Ru'' could be registered by the streak
camera. While this may be expected in the PH2-containing
dyad and the triad, in which the luminescence from the free
base can overshadow the weaker emission from the complex,
the absence of such emission in the Ru ± PAu dyad in a totally
dark spectral region is indicative of the fact that the quenching
is faster than our detection limit (t< 20 ps, k> 5� 1010 sÿ1).
The data related to luminescence lifetimes are given in
Table 3.


Time-resolved absorbance : Both ruthenium complexes show
a transient absorbance with a negative signal corresponding to
the bleaching of the ground state 1MLCT absorption band and
two positive absorbances around 400 nm and 600 nm. As can
be seen by the spectra of Figure 7, obtained under similar
experimental conditions, the intensity of the absorption signal
is reduced for Ru'' with respect to Ru by one order of
magnitude. The lifetimes are 40 ps and 680 ps for Ru'' and Ru,


Figure 7. Differential transient absorption spectra at the end of a 35 ps
pulse of butyronitrile solutions of Ru'' (a) and Ru (b). The experimental
conditions are the same.


Table 3. Emission properties in butyronitrile.


298 K 77 K E [eV][d]


lmax [nm] t [ns] Ffluo lmax [nm]


Ru 640 0.7[a] ± 628 1.97
Ru'' 620[a] 0.04[a] ± 604 2.05
PH2 651 8.3 0.19[b] 647 1.92
PAu 710 1.75
Ru ± PH2 654 0.4[a] 0.006 643 1.93
Ru ± PAu 700 1.77
PH2-Ru-PAu 653 0.175[a] 0.003 645 1.92


710[c] 1.75


[a] Streak camera. [b] From ref. [19a]. [c] Very weak signal. [d] Energy
level from the emission maxima at 77 K.
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respectively, and are in excellent agreement with the lifetimes
derived by luminescence decay.


Picosecond flash photolysis of PH2 shows the typical singlet
absorption band (lmax� 440 nm) that only very partially
evolves to triplet on the time scale of this experiment (0 ±
3 ns). The fully evolved triplet absorbance can be detected
with a nanosecond-flash-photolysis apparatus and displays an
intense band at 450 nm with a weaker tail extending over
800 nm, characterized by the bleaching signals of the ground
state Q bands. In deaerated solutions the lifetime of the PH2


triplet is 200 ms.
The triplet absorbance can be detected after excitation of


BuCN solutions of PAu ; it is characterized by bands at
445 nm, 610 nm and 770 nm, and a lifetime of 1.4 ns. The 550 ±
850 nm wavelength region is displayed in Figure 8a.


Figure 8. Differential transient absorption spectra at the end of a 35 ps
pulse of butyronitrile solutions of PAu (a), Ru ± PAu (b), and PH2-Ru-PAu
(c). Absorbance of solutions at the exciting wavelength are 0.21, 0.32 and
0.41, respectively.


The absorbance signal detected immediately after pico-
second irradiation at 532 nm of an Ru ± PAu dyad solution
shows the typical bands of PAu triplet, decaying with a
lifetime of 1,4 ns coincident with that of the model. No bands
assignable to the radical anion of PAuIII formed by electron
transfer from Ru, which absorbs around 735 nm,[28] could be
detected under our experimental conditions (Figure 8b). It
should be noted that differences at wavelengths shorter than
670 nm are assigned to the differences in ground state
absorbances. The yield of PAu triplet formation was very
similar for the dyad and the model indicating that the photons
absorbed by the Ru moiety at 532 nm (30 % if one takes an
average of Ru and Ru'' extinction coefficients) in the dyad
populate the PAu triplet with unitary efficiency.


The absorbance signal detected immediately after pico-
second irradiation of the Ru ± PH2 dyad shows the bands of
the free-base porphyrin singlet, which decays with a lifetime
of 380 ps (Figure 9), in good agreement with the 400 ps
luminescence lifetime. In parallel to the decay of the singlet
there is an increase of the near-IR band typical of the
triplet,[29] which is already present at the end of the pulse. The
PH2 triplet present immediately after the pulse is assigned to a
rapid (faster than our instrumental resolution, k> 5� 1010 sÿ1)


Figure 9. Differential transient absorption spectra, in the 540 ± 840 nm
region, of butyronitrile solutions of Ru ± PH2 at the end of a 35 ps laser
pulse (a), and 1.4 ns after the end of the pulse (b). The inset shows the decay
of the absorbance at 620 nm and the exponential fit (t� 380 ps).


energy transfer from the 3MLCT of the Ru complex. The Ru
moiety in fact absorbs more than 50 % of the incident light at
532 nm. The subsequent time evolution of the formed triplet
can be followed by nanosecond-flash photolysis in air-free
solutions in which a decay time of 40 ms is measured.


The increase in the intersystem-crossing rate to the ground
state with respect to the model can be assigned to the effect of
the Ru heavy atom. The calculated yield of the triplet in the
dyad is close to unity, higher than the one in the model
(Table 4 and Figure 10). This indicates that the energy


absorbed by the Ru moiety at 532 nm (more than 50 % if
we take an average of Ru and Ru'' absorption coefficients) is
transferred to the PH2 triplet with a close to unity yield, in
agreement with the findings of the picosecond experiment.


The picosecond absorption spectrum on the triad PH2-Ru-
PAu excited at 532 nm shows, as the prominent feature
immediately after the flash, the absorption spectrum of the
PAu triplet (Figure 8c). The 440 nm band of the PH2-localized
excited singlet is overshadowed by the PAu triplet band at the
same wavelength. No indication of the existence of other
intermediates can be derived from our transient absorbance
results. After the decay of the PAu triplet, which occurs with
t� 1.4 ns, a residual absorption typical of the PH2 triplet can


Table 4. Transient absorbance in butyronitrile.


STATE t [ns] FT


Ru 3MLCT 0.7
Ru'' 3MLCT 0.04
PH2


3PH2 2� 105 0.61[a]


PAu 3PAu 1.4 1.0[a]


Ru ± PH2
1PH2 0.38
3PH2 4� 104 0.90[b]


Ru ± PAu 3PAu 1.4 1.0[b]


PH2-Ru-PAu 3PAu 1.4 0.95[b]


3PH2 2� 104 0.12[b]


[a] From ref. [19 a]. [b] From 3PH2 or 3PAu absorbance at 680 ± 700 nm, see
experimental section.
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Figure 10. Differential transient absorption spectra after a 20 ns laser
pulse of butyronitrile solutions of PH2 (Ð), Ru ± PH2 ( ´´ ´ ´ ) and PH2-Ru-
PAu (- - -). The absorbance of the solutions at the exciting wavelength was
0.15, 0.22, 0.4, respectively.


be detected by nanosecond-flash photolysis (Figure 10). In
air-free solutions the lifetime of the PH2-based triplet is 20 ms.
An estimate of the porphyrin triplet yields (fT) gives a value
of 0.95 for PAu and of 0.12 for PH2. This is a clear indication
that all the photons absorbed by the compo-
nents of the triad convert to these triplet
states. The successive decay to the ground
state is unperturbed for the PAu-based
triplet, while the rate of PH2-based triplet
decay is faster with respect to the model,
probably because of some heavy-atom effect
of the nearby ruthenium ion. The data
derived from transient absorbance experi-
ments are given in Table 4.


Photoinduced processes : Our interpretation
of the above results is summarized in the
energy diagrams of Figure 11, where the
deactivation processes of the excited states
at room temperature are reported. The
energy levels of the charge-separated states
(only the lowest one is reported for each
dyad) are derived from the electrochemical
potentials of Table 1 and the excited-state
energies from the emission maxima at 77 K
of Table 2. The 3PH2 energy level has been
measured previously.[21]


Ru ± PH2 dyad : In this dyad (Figure 11a) the
lowest charge-separated state lies above the
higher excited state of the system, and
corresponds to the reduced metal complex
unit and the oxidized porphyrin, Ruÿ ± PH�


2 .
The electron-transfer processes to produce
the charge-separated (CS) state are ender-
gonic by approximately 0.2 eV, both ap-
proaching it from Ru ± 1PH2, the singlet
localized on the porphyrin, or from 3Ru ±
PH2, the excited state localized on the
3MLCT of the Ru complex. The energy level
of the latter, which could not be directly
measured because of the absence of any
emission from this moiety in the dyad,
was assumed to be placed between the


luminescent level of the Ru and Ru'' models, that is, at
about 2 eV.


Time-resolved luminescence and absorption experiments
indicate that the Ru ± 1PH2 state has a lifetime of 390 ps, and is
therefore quenched with respect to the model (t� 8.3 ns) with
a rate k1� 2.4� 109 sÿ1.[30] Similarly we found that the
luminescence of 3Ru ± PH2 was also completely quenched
and we derived a rate of k2> 5� 1010 sÿ1 for this process. The
excitation spectrum, measured with an emission wavelength
equal to that of the the singlet porphyrin emission, is identical
to the PH2 absorbance, therefore energy-transfer processes
from the 3Ru ± PH2 to Ru ± 1PH2 can be excluded. We could
not detect any transient feature ascribable to the CS state and,
therefore, we assumed that none of the two quenching
processes was due to electron transfer, but rather to energy-
transfer steps. Energy transfer from Ru ± 1PH2 to 3Ru ± PH2,
that is, between states of different multiplicity, can occur
because of the perturbed nature of the 3MLCT state of the
ruthenium complex, which is only formally a triplet. The
mechanism can only be of Dexter type,[23] since dipole ± dipole


Figure 11. Schematic energy level diagrams for a) Ru ± PH2, b) Ru ± PAu and c) PH2-Ru-PAu.
The partition of photons at 532 nm calculated on the basis of the absorption coefficients of the
models is in PH2-Ru-PAu : PH2 20%, Ru 30 %, PAu 50 %; in Ru ± PH2 : Ru 55 %, PH2 45%; in Ru-
PAu : Ru 30%, PAu 70%. In the dyads, an average of absorption coefficients of Ru and Ru'' has
been used.
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interaction (Forster mechanism)[31] would require a sizable
intensity for the electronic transition connecting the ground
state to the sensitized state of the acceptor (i.e., from Ru ±
PH2 to 3Ru ± PH2), which is not the case.


Energy transfer by the Dexter mechanism can be envisaged
as a double-electron exchange and can be treated by a
formalism[32] similar to electron transfer.[33] In this framework,
the relatively slow rate of energy transfer from Ru ± 1PH2 to
3Ru ± PH2 can be accounted for by the unfavourable driving
force (DG slightly positive). The 3Ru ± PH2 state is, in
addition, immediately populated by intersystem-crossing
from the 1Ru ± PH2, that is, the 1MLCT localized on the Ru
complex that is formed by direct absorption of 532 nm
photons. From the 3Ru ± PH2 state an extremely fast energy
transfer to the porphyrin-localized Ru ± 3PH2 triplet occurs.
The yield of formation of the latter triplet is close to unity,
indicating an efficient and complete, within experimental
error, funnelling of the electronic energy to this state.[34]


Energy transfer between triplets occurs by the Dexter
mechanism, and it is not surprising that the 3Ru ±
PH2!Ru ± 3PH2 step, characterized by favourable thermody-
namics (DG�ÿ0.5 eV; a small distance and a sizeable
electronic coupling between donor and acceptor), occurs at
rates faster than those previously reported for similar systems
of the order of 3� 109 sÿ1.[19] The deactivation to the ground
state of the Ru ± 3PH2 occurs slightly faster than the model,
probably because of the ruthenium heavy-atom effect on the
intersystem-crossing rate.


Ru ± PAu dyad : In this dyad (Figure 11b) the lowest-energy
CS state, corresponding to the reduced porphyrin and
oxidized metal centre Ru� ± PAuÿ, lies below the 3MLCT
level centred on the metal complex 3Ru ± PAu and slightly
above the Ru ± 3PAu, the porphyrin-localized triplet. The
quenching of 3Ru ± PAu (k> 5� 1010 sÿ1) could, in principle,
occur by electron transfer. We could not detect any inter-
mediate attributable to this process, but we found a unitary
yield of formation of Ru ± 3PAu, indicating an efficient energy
transfer between the ruthenium-complex- and the porphyrin-
based triplets. The decay of Ru ± 3PAu to the ground state
occurs unperturbed with respect to the model PAu. The
extremely fast triplet energy transfer occurring in this dyad
can be explained, as in the previous case, by the occurrence of
a Dexter-type energy transfer between a donor and acceptor
closely coupled.


PH2-Ru-PAu triad : An additional state has to be considered
in the triad (Figure 11c), with respect to those of the
component dyads. This is the PH2


�-Ru-PAuÿ state, corre-
sponding to the oxidation of free-base porphyrin and reduc-
tion of the gold(iii) porphyrin. According to the electro-
chemical results this state is lower in energy than all the others
involved, except for the triplet state localized on the free-base
3PH2-Ru-PAu. From the experimental results, the quenching
of 1PH2-Ru-PAu occurs slightly faster (k� 5.6� 109 sÿ1) than
that detected for 1PH2 ± Ru, probably because of a slightly less
unfavourable driving force, and we ascribe it to energy
transfer to PH2-3Ru-PAu, similar to that which happens in the
dyad. The triplet so-formed undergoes a rapid deactivation
(k> 5� 1010 sÿ1). We know from the behaviour of the dyads


that both 3PH2-Ru-PAu and PH2-Ru-3PAu can rapidly
quench the triplet localized on the metal complex PH2-3Ru-
PAu. The relative importance of the two paths described
above can be derived from the ratio of the yields of the
resulting products, 0.12 and 0.95 for 3PH2-Ru-PAu and PH2-
Ru-3PAu, respectively. For the latter a yield of 0.5 can be
assigned to absorption at 532 nm by the PAu moiety and only
the remaining 0.45 must be accounted for by energy transfer.
As a consequence the ratio of the rates of energy transfer to
the PAu- and PH2-localized triplets is calculated to be four.
The so-formed porphyrin triplet PH2-Ru-3PAu decays as for
the model compound, while the other porphyrin triplet 3PH2-
Ru-PAu decays with a lifetime of 20 ms, reduced with respect
to the same excited state in the model 3PH2 and in the dyad
Ru ± 3PH2. This can be traced to a rather important heavy-
atom effect, both from gold and ruthenium, on the intersys-
tem-crossing rate of 3PH2-Ru-PAu to the ground state.
Neither electron transfer from the free base to the triplet
state of the opposite PAu, nor triplet energy transfer from
PH2-Ru-3PAu to 3PH2-Ru-PAu could be detected, in spite of
their exoergonicity. A similar behaviour was also noticed for
less coupled systems,[19c] and was assigned to the inability of
the interposed Ru-complex to promote efficient electronic
coupling during the short lifetime of 3PAu. The unitary yield
of triplets formed indicate that the energy-transfer processes
discussed here can account for the total light absorbed and can
satisfactorily describe the photoinduced processes occurring
within this system.


Conclusions


It has been found that, in spite of the coupling of the
components in the present multicomponent arrays, the
systems can be described in terms of intramolecular processes
between states localized on the individual components, which
retain their properties with very small perturbations. The use
of two different models for the metal complex core has
allowed us to assess the pertinence of the model. Within this
framework, the photophysical properties of a new rutheni-
um ± terpyridine complex, bis(4'-methyl-2,2':6',2''-terpyri-
dine)ruthenium(ii), have been determined. The predominant
role of energy-transfer processes in the deactivation of excited
states of multicomponent arrays assembled on ruthenium
metal complexes has been shown and is in agreement with our
previous findings.[21±22] The occurrence of energy-transfer
processes, which are formally forbidden on the basis of the
spin multiplicity (i.e., from the free porphyrin based excited
singlet to the 3MLCT excited state localized on the ruthenium
complex), is made possible by the heavy-atom-perturbing
effect brought about by the ruthenium. We have shown that,
when thermodynamically allowed, the energy transfer occurs
and effectively competes with the even more exothermic
electron-transfer processes. The energy transfer is thought to
occur by a Dexter mechanism, which can be envisaged as a
double-electron exchange. The reason for the prevalence of
energy with respect to electron transfer can be found in the
lower reorganisational energy required by an energy-transfer
process in which no net charge transfer occurs, compared with
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electron transfer in which an electron is transferred from one
site to another of the molecule, thereby requiring an higher
solvent reorganization energy.


The investigated arrays have proved to be very efficient in
performing energy-transfer processes. The occurrence of
triplet energy migration between the extreme porphyrin
components in the triad is probably precluded at room
temperature by the short lifetime of the 3PAu donor. We
intend to assess the occurrence of the Ru-complex-mediated
energy transfer by an electron exchange mechanism in a glass,
where the lifetime of the donor is greatly increased. In order
to develop arrays of this type that are able to produce
electron-transfer processes, one must consider the use of
metal complexes with higher excited states and similar redox
properties. We are currently working in this direction.


Experimental section


Synthesis : Reactions requiring an inert atmosphere or anhydrous con-
ditions were carried out under a dynamic atmosphere of dry, oxygen-free
argon. Dichloromethane was distilled under argon from P2O5 prior to use
and pyrrole was purified by distillation at atmospheric pressure. All
porphyrinic derivatives and ruthenium complexes were protected from
light during chromatographic purification and during reactions. Thin layer
chromatography (TLC) was carried out with aluminium oxide plates
(aluminium-backed Merck Art 5550) or silica plates (glass-backed).
Preparative column chromatography was carried out with neutral alumina
(Merck Aluminium Oxide 90, activity II ± III, 70 ± 230 mesh) or with silica
(Merck Silica Gel 60, 230 ± 400 mesh). 1H NMR spectra were recorded with
a Bruker WP 200SY, a Bruker AC250 or a Bruker AC300, referenced
internally to residual protio-solvent resonances and reported relative to
tetramethylsilane (d� 0). Coupling constants are quoted in Hertz. Mass
spectra (FAB) were recorded on a VG ZAB-HF spectrometer and ESMS
on a VG Platform.


4''-Formyl-2,2'':6'',2''''-terpyridine : Methyl terpyridine (1g, 4 mmol) and
selenium dioxide (2g, 18 mmol) were stirred vigorously in dioxane
(80 cm3) under reflux for 7 days. The progress of the reaction was readily
monitored by TLC on alumina with an eluant of ethyl acetate/hexane
(30:70). The Rf values of the starting material and product were 0.61 and
0.27, respectively. After the reaction had gone to completion, (according to
TLC), the mixture was filtered and the dioxane removed under reduced
pressure. The residue was dissolved in CH2Cl2, re-filtered and the solvent
removed. Recrystallisation of the residue from hexane containing 5%
dichloromethane yielded a colourless crystalline solid in 50 % yield. The
melting point and 1H NMR spectrum match those reported previously for
this compound prepared by a different procedure.[35, 19b]


5-[4''-(2,2'':6'',2''''-terpyridyl)]tris[10,15,20-3,5-di-tert-butyl)phenyl]porphy-
rin : This compound was prepared according to the general procedures
developed by Lindsey et al.[27] Formyl terpyridine (104.5 mg, 0.4 mmol) and
3,5-di-tert-butyl benzaldehyde (1.75g, 8 mmol) were dissolved in dichloro-
methane (600 cm3) directly distilled from P2O5. Pyrrole (564 mg, 8.4 mmol,
freshly distilled) was added, followed by trifluoroacetic acid (0.2 cm3) and
the mixture stirred under nitrogen for 2 h at room temperature in the dark.
During this time, the solution turned a deep orange. DDQ was added
(1.36g, 6 mmol) and the mixture stirred for a further 2 h at room
temperature, during which time the solution became very dark. An excess
of triethylamine was added and the solvent removed under reduced
pressure. Purification was carried out by column chromatography on
alumina (gradient elution from hexane to 20 % diethyl ether/hexane). A
second column was necessary in order to isolate the pure porphyrin in 11%
yield. (Rf� 0.45 on alumina, ether/hexane� 30:70). 1H NMR (200 MHz,
CDCl3, 25 8C): d� 9.40 (s, 2H), 8.97 (m, 2H), 8.95 (s and overlapping
mutiplets, 8 H), 8.67 (dd, J(H,H)� 4.3, 0.8 Hz, 2H), 8.12 (m, 6 H), 8.00
(ddd, J(H,H)� 8.0, 8.0, 1.8 Hz, 2 H), 7.81 (two t overlapping, J(H,H)�
1.8 Hz, 3H), 7.38 (ddd, J(H,H)� 7.5, 4.8, 1.1 Hz, 2H), 1.51 (s, 54H), ÿ2.55
(s, 2 H). (Note that a more highly resolved spectrum of this porphyrin


recorded at 400 MHz allowing a full assignment has been reported
previously[19b]); UV-Vis (CH2Cl2): lmax (e)� 648 (5300), 592 (4800), 554
(10 000), 518 (17 800), 421 nm (500 000); MS (FAB� ): m/z (%): 1106 (100)
[M��H].


[5-{4''-(2,2'':6'',2''''-terpyridyl)}tris{10,15,20-(3,5-di-tert-butyl)phenyl}porphy-
rinato]aurate : The terpyridine-appended porphyrin (37 mg, 33 mmol)
together with KAuCl4 (32 mg, 83 mmol) and sodium acetate (22 mg,
264 mmol) were dissolved in acetic acid (5 cm3). The resulting green
solution was purged with nitrogen and then heated at reflux temperature
under inert atmosphere for 40 h, the flask being wrapped in aluminium foil
to shield from the light. The progress of the metallation reaction was
monitored by visible absorption spectroscopy: the long wavelength Q
bands in the free-base porphyrin (648 and 592 nm) were not present in the
metalloporphyrin. After reaction, acetic acid was removed under reduced
pressure and the residue taken up into dichloromethane. The solution was
washed with Na2CO3 (10 % aqueous solution) followed by a saturated
aqueous solution of KPF6 and finally water. After drying over anhydrous
sodium sulfate, the solvent was removed and the crude product purified by
column chromatography on alumina (gradient elution from dichloro-
methane to 10 % methanol/dichloromethane). Yield 71%; 1H NMR
(200 MHz, CDCl3, 25 8C): d� 9.38 (overlapping m, 10H), 9.00 (d,
J(H,H)� 8.0 Hz, 2 H), 8.65 (dd, J(H,H)� 3.9, 1.0 Hz, 2 H), 8.09 (over-
lapping m, 8H), 7.93 (two overlapping t, J(H,H)� 2.0 Hz, 3H), 7.44 (ddd,
J(H,H)� 7.4, 4.9, 1.2 Hz, 2 H), 1.54 (s, 54H); UV-Vis (CH2Cl2): lmax (e)�
555(3 100), 520 (18 000), 415 nm (350 000); MS (FAB� ): m/z (%): 1300.9
(100) [M�].


Triad PH2-Ru-PAu : RuCl3 ´ 3H2O (5 mg, 19 mmol) was added to a
suspension of the gold porphyrin (28 mg, 19 mmol) in absolute ethanol
and the mixture heated at reflux for 4 h and was shielded from the light.
The solvent was then removed under reduced pressure with mild heating
only and the red residue obtained was re-dissolved in an acetone/ethanol
mixture (15 cm3:3 cm3) in the presence of AgBF4 (12 mg, 57 mmol). The
mixture was heated gently to 50 8C for 3 h under argon, during which time a
fine precipitate of AgCl appeared. This was removed by filtration over
Celite and the Celite was washed with more acetone. Absolute ethanol
(5 cm3) was added to the combined filtrate and washings and the acetone
subsequently removed selectively by rotary evaporation without heating.
Free-base porphyrin (21.4 mg, 19 mmol) was added and the mixture heated
at reflux under nitrogen for 4 h in the dark. The solvent was removed under
reduced pressure and the residue re-dissolved in dichloromethane and
washed with saturated KPF6 (aq) to obtain the PFÿ6 salt of the triad. The
dichloromethane solution was dried over anhydrous sodium sulfate and the
solvent removed. The crude product (30 mg) was purified by column
chromatography on silica (60g) with a gradient elution from CH3CN to
CH3CN/H2O/KNO3 (saturated aqueous solution, 95:5:0.02; Rf� 0.35 under
these conditions). Following further anion exchange with KPF6, the
required triad was isolated in 20% yield. 1H NMR (300 MHz, CD2Cl2,
25 8C): d� 9.98 (d, J(H,H)� 5.3 Hz, 2H), 9.65 (d, J(H,H)� 3.7 Hz, 4H),
9.55 (s, 2 H), 9.42 (two t, J(H,H)� 5.5 Hz, 4 H), 9.26 (d, J(H,H)� 4.8 Hz,
2H), 9.18 (d, J(H,H)� 4.8 Hz, 2H), 8.98 (s, 4 H), 8.68 (d, J(H,H)� 8.1 Hz,
2H), 8.54 (d, J(H,H)� 8.1 Hz, 2H), 8.20 (dd, J(H,H)� 8.6, 1.3 Hz, 8H),
8.15 (d, J(H,H)� 4.8 Hz, 6 H), 8.04 (m, 8H), 7.90 (d, J(H,H)� 1.8 Hz, 4H),
7.61 (dd, J(H,H)� 6.6 Hz, 2 H), 7.51 (dd, J(H,H)� 6.6 Hz, 2H), 1.63 (s,
36H), 1.61 (s, 72 H), ÿ2.74 (s, 2H); UV-Vis (BuCN): data reported in
Table 2; MS (FAB� ): m/z (%): 2799 (67) [M��(PF6)2], 2654 (36)
[M��(PF6)], 2507 (75) [M�].


Dyad Ru-PH2 : Ruthenium methyl terpyridine trichloride was prepared by
a procedure analogous to that used for the tolylterpyridine compound.[36]


Thus, methylterpyridine (50 mg, 0.2 mmol) and RuCl3 ´ 3 H2O (52 mg,
0.2 mmol) were heated together in absolute ethanol (15 cm3) under reflux
for 4 h and the red-brown precipitate which formed was separated by
filtration and washed successively with ethanol, toluene and ether. A
suspension of the trichloride (9 mg, 19.8 mmol) in a mixture of acetone and
absolute ethanol (8 cm3:2 cm3) was heated at reflux in the presence of
AgBF4 (11.7 mg, 59.4 mmol) for 3 h under nitrogen. The fine precipitate of
AgCl was removed by filtration over Celite and ethanol (absolute, 4 cm3)
was added to the dark purple filtrate. The acetone was selctively removed
by rotary evaporation without heating. Free-base porphyrin was added
(22 mg, 19.8 mmol) and the ethanol solution then heated under nitrogen at
reflux temperature for 4 h in the dark. Subsequently, the solvent was
removed and the residue redissolved in dichloromethane and subjected to
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anion exchange with KPF6 (aq) as described for the triad. The crude
product was purified by chromatography on silica under conditions
analogous to those used for the triad. Yield 7 mg (24 %); 1H NMR
(200 MHz, CD2Cl2, 25 8C): d� 9.47 (s, 2 H), 9.23 (d, J(H,H)� 4.7 Hz, 2H),
9.15 (d, J(H,H)� 4.9 Hz, 2H), 8.98 (s, 4H), 8.62 (s, 2H), 8.51 (d, J(H,H)�
7.9 Hz, 2 H), 8.45 (d, J(H,H)� 7.6 Hz, 2 H), 8.17 (d, J(H,H)� 1.9 Hz, 4H),
8.13 (d, J(H,H)� 1.7 Hz, 2H), 8.02 (ddd, J(H,H)� 7.9, 7.9, 1.5 Hz, 2 H), 7.90
(overlapping mutiplets, 6H), 7.73 (d, J(H,H)� 4.7 Hz, 2 H), 7.55 (d,
J(H,H)� 4.7 Hz, 2H), 7.42 (ddd, J(H,H)� 6.5, 1.3, 1.3 Hz, 2H); 7.33
(ddd, J(H,H)� 6.4, 1.3, 1.3 Hz, 2H): UV-Vis (BuCN): data reported in
Table 2; MS (ES� ): m/z (%): 1599.3 (3) [M��(PF6)], 727,1 (100) [M2�].


Dyad Ru ± PAu : The gold dyad Ru ± PAu was prepared in an analogous
manner from ruthenium methylterpyridine trichloride and the gold
porphyrin. UV-Vis bands in butyronitrile are reported for both dyads in
Table 2.


Bis(methylterpyridine)ruthenium(iiii) hexafluorophosphate (Ru''): Rutheni-
um methylterpyridine trichloride (30 mg, 66 mmol) was heated in acetone
(5 cm3) in the presence of silver triflate (51 mg, 198 mmol) for 3 h and the
silver chloride precipitate removed by filtration through Celite. Absolute
ethanol was added (4 cm3) and the acetone removed selectively by rotary
evaporation. Methylterpyridine (16 mg, 66 mmol) was then added and the
ethanolic solution heated under reflux for 4 h. The rutheniumbis(methyl-
terpyridine) was isolated as its triflate salt by recrystallisation from ethanol.
Anion exchange was subsequently performed with KPF6 as described for
the dyad Ru ± PH2. Yield� 15 mg (38 %); 1H NMR (250 Hz, CD3CN,
25 8C): d� 8.73 (s, 4H), 8.54 (m, 4 H), 8.01 (ddd, J(H,H)� 8.3, 8.3, 1.4 Hz,
4H), 7.42 (m, 4H), 7.25 (ddd, J(H,H)� 7.6, 5.7, 1.5 Hz, 4H), 3.01 (s, 6H); 13C
NMR (62.9 MHz, CD3CN, 25 8C): d� 22.0 (CH3) 125.0, 125.4, 128.2, 138.9
(aryl CH, outer pyridyls), 149.2 (C ± Me), 153.3 (aryl CH, centre pyridyl),
155.8, 159.1 (quaternary C); UV-Vis (BuCN): data are reported in Table 2;
MS (ES� ): m/z (%): 298.1 (100) [M2�].


[{5,10,15,20-(3,5-di-tert-butyl)phenyl}porphyrinato]aurate (PAu): This
compound was prepared by metallation of the symmetrical porphyrin
PH2 under the experimental conditions described previously.[37]


Electrochemical measurements : Experiments were performed on a PAR
model 273A potentiostat with a three-electrode system in butyronitrile
containing 0.1m nBu4NBF4 as supporting electrolyte. The working elec-
trode was a platinum disk. The potentials values were determined by cyclic
voltammetry at a scan rate of 100 mVsÿ1 and were reported versus a
saturated potassium chloride calomel electrode (SCE).


Spectroscopic and photophysical measurements : The solvent used was
butyronitrile (Fluka). Absorption spectra were recorded at room temper-
ature with a Perkin ± Elmer Lambda 5 spectrophotometer. Uncorrected
emission spectra were obtained with a Spex Fluorolog II spectrofluorim-
eter, equipped with a Hamamatsu R-928 photomultiplier tube. The delayed
luminescence spectra of gold(iii) porphyrin triplets were recorded by the
same spectrofluorimeter equipped with a 1934D phosphorimeter accessory
(Spex). Spectra at 77 K were measured from quartz capillary tubes
immersed in a home-made quartz dewar filled with liquid nitrogen. An
IBH single-photon counting apparatus (lexc� 337 nm, 1 ns time resolution)
and a system based on a Nd:YAG laser and a Hamamatsu C1587 streak
camera (lexc� 532 nm, 20 ps time resolution) were used to detect fluo-
rescence lifetimes. Streak images were used to detect the Ru'' spectral
profile at room temperature. Experimental details are reported else-
where.[38a] Nanosecond-flash-photolysis studies were made with the second
harmonic of a Nd:YAG laser, the energy was 1 ± 2 mJ per pulse. Samples
were degassed by freeze-and-pump cycles. Details on the experimental
setup have been reported previously.[38b,c] Transient absorption spectra in
the picosecond time domain were measured by a pump-and-probe system.
The second harmonic of a Nd:YAG laser (Continuum PY62-10) with a
35 ps pulse was used to excite the samples with energy ranging from 2 to
5 mJ. Further details on the experimental set-up and the treatment of data
are reported elsewhere.[22] Yields of formation of the porphyrin triplets
(FT) in the dyads and the triad were determined by comparing the transient
absorbances at 680 ± 700 nm, wavelength out of ground state absorbance,
with the corresponding values of the model compounds PH2 and PAu, and
making corrections for the fraction of light absorbed at 532 nm by the
samples. It was assumed that the molar absorption coefficients of triplets
are unaffected in passing from models to the arrays.


The spectroscopic energies of the electronic levels of the various
compounds were derived from the maxima of the luminescence bands at
77 K. Experimental uncertainties are estimated to be 8% for lifetime
determination, 10% for quantum yields, 20% for molar absorption
coefficients and 3 nm for emission and absorption peaks. The working
temperature is 298 K, unless otherwise stated.
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Survival of Dipolar Splittings between Equivalent Nuclei in High-Speed
MAS-NMRÐInterpretation of the 31P Coupling Patterns
for Tetraphosphorus Decaoxide


Gunnar Jeschke,* Wilfried Hoffbauer, and Martin Jansen*


Abstract: It has been demonstrated ex-
perimentally that homonuclear dipolar
couplings may influence the line shapes
in solid-state NMR spectra even at
magic-angle sample spinning (MAS)
speeds that are much larger than the
dipolar couplings themselves. The effect
occurs for chemically equivalent or
nearly equivalent nuclei if the MAS
speeds are smaller than, or of the same
order of magnitude as, the chemical shift
anisotropy, and is sensitive to even very
small chemical shift differences. For
tetraphosphorus decaoxide with dipolar


couplings of about 900 Hz between
phosphorus nuclei and a chemical shift
anisotropy of about 60 kHz at 11.74 T,
calculations show that even a hypothet-
ical spinning speed of 100 kHz is not
sufficient to remove dipolar line broad-
ening completely. At technically feasible
spinning speeds of 8 ± 14 kHz, line split-
tings are observed that can be traced


back to a spin system of three crystallo-
graphically equivalent nuclei and one
nonequivalent nucleus. These coupling
patterns are analysed quantitatively with
the help of spectrum simulations. Infor-
mation is obtained on the symmetry of
the molecule and of its environment in
the crystalline state. The findings imply
that multipulse decoupling techniques
may be needed in addition to high-speed
MAS to obtain utmost resolution in 31P
solid-state NMR spectroscopy for a
sizeable number of phosphorus com-
pounds.


Keywords: NMR spectroscopy ´
solid-state structures ´ structure
elucidation


Introduction


Highly symmetric, small molecules like tetraphosphorus
decaoxide are of considerable interest for our understanding
of chemical bonding as well as of crystal packing.[1] For the
precise determination of solid-state structures of such systems,
NMR spectroscopy employing the magic-angle sample spin-
ning (MAS) method[2] is a valuable tool that complements X-
ray crystallography. As compared to the latter method, MAS-
NMR can detect different aspects of crystal structure since it
features a different averaging over space and time. Further-
more MAS-NMR benefits from the high sensitivity of the
chemical shift to even minor changes in the electron
distribution. At the same time such molecules can serve as
well-defined, relatively simple test cases for assessing the
potential of solid-state NMR for structure determination on
more complex systems.


In the case of P4O10, an initial crystal structure determi-
nation by X-ray diffraction[3] and a later refinement based on
the same experimental data[4] revealed the space group R3c
with two different phosphorus sites. Furthermore, different
lengths of 1.41 and 1.51 � were obtained for the terminal
phosphorus ± oxygen bonds of the unique and the three
symmetrically equivalent phosphorus atoms, respectively.
However, in spite of the expected high sensitivity of 31P
chemical shifts to differences in the chemical environment of
different kinds of phosphorus atoms, all phosphorus nuclei
were found to be equivalent within experimental error in a
first high-resolution MAS-NMR investigation of solid
P4O10.[5] Indeed, a recent reinvestigation of the crystal
structure employing diffractometer and Guinier powder data
resulted in a geometry of the P4O10 molecule with the same
length for all terminal bonds and in accordance with Td


symmetry.[6] However, the space group R3c was confirmed,
and given the resolution usually obtained in 31P MAS-NMR
spectra, it was still suspect that the two different phosphorus
sites could not be distinguished. The present work was
undertaken with the aim of finding the reason for this lack
of resolution and to check whether the NMR results are in
agreement with the crystal structure derived from the X-ray
data.


We found that the homonuclear dipolar couplings between
phosphorus couplings lead to line splittings and/or broad-
enings at MAS speeds that exceed these couplings by more
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than an order of magnitude. The resulting coupling patterns
were shown to be a source of structural information in cases
where they are sufficiently resolved. It was demonstrated that
undesired line broadenings due to this effect cannot be
completely removed by technically feasible sample spinning
speeds.


Results and Discussion


Symmetry of the spin system : In contrast to X-ray diffraction,
which determines symmetry by averaging over the whole
crystal and over times much longer than a second, NMR
spectroscopy probes a local symmetry on a time scale well
below a second. Furthermore, X-ray diffraction may have
difficulty detecting small deviations from a high symmetry,
since these lead only to very weak additional reflections that
may be buried in the noise. In NMR spectroscopy, however,
such deviations lead to an additional splitting of strong signals
that is a very sensitive indicator of a different chemical
environment of individual atoms in a structure. This is
particularly useful for nuclei like phosphorus where the
chemical shift range is large. The symmetry of the spin system
as seen by NMR may therefore differ from the one expected
from X-ray data, providing additional information on the
structure. In the case at hand, the most recent X-ray data[6]


suggest an A3B spin system owing to the combined C3v


symmetry of the molecule and its environment. At first sight,
the line shapes of the centerband and sidebands in the 31P


MAS-NMR spectrum acquired at a phosphorus Larmor
frequency of w0� 161.44 MHz and wr� 8 kHz (Figure 1) seem
to contradict this expectation. Notably, the P ± P distances in
P4O10 correspond to homonuclear dipolar couplings of about


Figure 1. MAS-NMR spectrum of P4O10 at a 31P Larmor frequency of
161.44 MHz and a sample rotation frequency of 8 kHz. a) Experimental
spectrum; b) detail plots of the sidebands with significant intensity;
c) simulated lineshapes of the sidebands with significant intensity assuming
the parameter set given in Table 1.


900 Hz, so that one might expect at first sight that they are
averaged out by the much faster sample rotation. Therefore
only two lines corresponding to the two sites are anticipated;
these lines should not exhibit any fine structure. An increase
of only 25 % in the phosphorus Larmor frequency leads to a
visible improvement in resolution, as can be seen by compar-
ing Figure 1 and Figure 2. This improvement cannot be
explained solely by the scaling of the chemical shift difference
with the external field. As a first approximation, the line-
shapes can now be interpreted as a triplet and a singlet that
overlap each other partially. The intensity ratio between the
two multiplets is very close to 3:1, while the intensity
distribution within the triplets deviates strongly from the
ratio 1:1:1 which would be expected if the splitting was due to
chemical inequivalence. J couplings between 31P nuclei
separated by two bonds are too small to account for the
splittings. Furthermore, the splitting depends on the side band
order and on wr . We are thus forced to reconsider the effect of
the dipolar couplings.


The existence of a splitting for chemically equivalent nuclei
at the same crystal site in solid-state NMR spectra is well
understood. It results from the symmetry breaking introduced
by the magnetic field if the principle axes of the chemical shift
anisotropy (CSA) tensors do not coincide. It was also
established early on by Maricq and Waugh[7] that this splitting
is not averaged out by MAS in the same way as a
heteronuclear dipolar coupling, since the Hamiltonians at
different times do not commute. Following this seminal work
the corresponding effects have been studied quite extensive-
ly[8] and it has been shown that they are inversely proportional
to the MAS sample rotation frequency nr .[8a,d] It has also been


Abstract in German: Anhand von Experimenten wird gezeigt,
daû homonucleare dipolare Kopplungen die Linienform in
Festkörper-NMR-Spektren selbst dann beeinflussen können,
wenn sie viel kleiner sind als die Probenrotationsfrequenz bei
einer MAS-Messung. Der Effekt tritt für chemisch äquivalente
oder nahezu äquivalente Kerne auf, falls die Probenrotations-
frequenz von der gleichen Gröûenordnung oder kleiner ist als
die Anisotropie der chemischen Verschiebung. Mit ihm lassen
sich auch kleine Differenzen der isotropen chemischen Ver-
schiebung messen. Für Tetraphosphordecaoxid mit dipolaren
Kopplungen zwischen den Phosphorkernen von etwa 900 Hz
und einer Anisotropie der chemischen Verschiebung von etwa
60 kHz (bei 11.74 T) zeigen Rechnungen, daû selbst eine
hypothetische Rotationsfrequenz von 100 kHz nicht ausrei-
chen würde, um die dipolare Verbreiterung völlig zu beseitigen.
Bei den erreichbaren Rotationsfrequenzen von 8 ± 14 kHz
beobachtet man Aufspaltungen, die sich auf ein Spinsystem
zurückführen lassen, das aus drei kristallographisch äquiva-
lenten und einem nichtäquivalenten Kern besteht. Mit Spek-
trensimulationen gelingt es, die Kopplungsmuster quantitativ
auszuwerten. Man erhält dabei Informationen über die Sym-
metrie sowohl des Moleküls selbst als auch seiner Umgebung
im Kristall. Die Resultate zeigen, daû für eine Reihe von
Phosphorverbindungen zusätzlich zur MAS-Technik die An-
wendung von Multi-Puls-Entkopplungstechniken erforderlich
wäre, um die gröûtmögliche Auflösung von 31P-Festkörper-
NMR-Spektren zu erreichen.
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Figure 2. Sideband lineshapes in MAS-NMR spectra of P4O10 at a 31P
Larmor frequency of 202.45 MHz and different sample rotation frequen-
cies nr . For the centerband (isotropic line) a chemical shift scale is given.
The parameters for the simulation are listed in Table 1. a) nr� 8 kHz,
experimental spectrum; b) nr� 8 kHz, simulated spectrum; c) nr� 14 kHz,
experimental spectrum; d) nr� 14 kHz, simulated spectrum.


demonstrated that the corresponding mechanisms may intro-
duce J coupling effects from couplings between chemically
equivalent spins into MAS spectra.[9] The theoretical results
suggest that homonuclear dipolar splittings might still be
present at sample rotation frequencies that are much larger
than the couplings themselves, but to the best of our knowl-
edge this has never been demonstrated experimentally or by
simulations.


To check if the lineshapes in the MAS spectra of P4O10 are
actually due to these effects, we have performed simulations
for nr� 14 kHz and n0� 202.45 MHz considering both chem-
ical shift anisotropy and dipolar coupling for four-spin systems
of the types A4, A3B, and A2B2


[10] with a difference in the
chemical shifts of 1.5 ppm between the PA and PB nuclei; the
shapes of the isotropic lines are displayed in Figure 3a, b, and
c, respectively. All simulations in this work were performed
using the magnetic resonance software library GAMMA[11]


with its implementation of Floquet operators.[12] This ap-
proach is related to the theoretical description for two-spin
systems by Kubo and McDowell.[8a, b] Computational details
are described in the Experimental Section. The dipolar
coupling of d� 890 Hz used in the simulations corresponds
to the P ± P bond length of 2.810 � that was calculated from
the X-ray data.[6] Td symmetry of the molecule was assumed to
determine the mutual orientation of the tensors. From the


Figure 3. Simulated lineshapes of MAS-NMR side bands for different
four-spin systems under conditions where the main features are resolved.
The labels designate the isotropic chemical shifts. a) A4 system; b) A3B
system; c) A2B2 system.


shapes of the PA line in Figure 3 we may conclude that the
signal of equivalent nuclei shows a splitting with a multiplicity
that equals the number of these nuclei, while the shape of the
PB line in Figure 3b does not feature a splitting due to the
coupling to the PA nuclei. We checked by further simulations
that these general features of the multiplet pattern do not
change in going to A3X and A2X2 systems; the multiplet
centers coincide with the isotropic chemical shift in these
cases. Note that the splitting pattern is thus completely
different from that expected in the liquid state, where an
isotropic coupling in an A3X system of I� 1/2 spins would lead
to doublet and quadruplet splittings of the PA and PX line,
respectively. A comparison of the lineshapes of the isotropic
line and the sidebands (data not shown) in the simulated
spectrum of the A3B system with the experimental spectrum
reveals that solid P4O10 is characterized by an A3B spin system
and that our initial model already resembles the actual
situation quite closely. To obtain the exact coupling and shift
parameters, the simulations have to be fitted to the exper-
imental data.


Symmetry of the P4O10 molecule and its environment : The
simulated pattern for an A3B system with Td symmetry of the
molecule is in general agreement with the experimental
observations (compare Figure 2c and Figure 3b). One may
then conclude that deviations from the crystal structure
obtained by X-ray diffraction must be small if they exist at all.
This notion is supported by the fact that the CSA tensors of PA


and PB are found to feature axial symmetry within exper-
imental error. Note, however, that MAS sideband patterns are
not sensitive to small deviations of the tensor from axial
symmetry.[13] For Td symmetry, the geometry of the coupling
network of the four phosphorus atoms can be described by a
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single parameter, namely the distance rPP between any two
phosphorus nuclei. The direction of the unique axes of the
four chemical shift anisotropy tensors is along the four C3 axes
of the molecule. A deviation of the molecular symmetry from
Td (to C3v) leads to a trigonal pyramid. Its geometry can be
described by introducing a second parameter q� r 'PP/rpp,
where rPP is now the distance between two basal PA nuclei
and r 'PP is the distance between a basal PA and the apical PB


nucleus. The unique axis of the CSA tensor of PB is along the
remaining C3 axis. To a good approximation, the unique axis
of the CSA tensors of the PA nuclei points towards the center
of gravity of the triangle formed by the three other P nuclei.
We have fitted the two parameters q and rPP, using the values
calculated from the X-ray crystal structure (q� 1, rPP�
2.810 �) as starting values. Indeed, any change in these
parameters leads to a deterioration of the fit between
experimental and simulated spectra. The maximum error of
the two parameters can be estimated as dq� 0.01 and drPP�
0.04 �. For the difference in the isotropic chemical shifts of PA


and PB we find Ddiso� 1.3 ppm. This value compares to solvent
effects of up to 5 ppm on 31P in similar chemical environments
in liquid-state NMR, while the chemical shift range for PV


coordinated by four oxygen atoms extends from ÿ5 to
60 ppm.[15] Hence the chemical shift difference can be
accounted for satisfactorily by intermolecular effects, that is,
by the different distances of PA respectively PB nuclei to atoms
in neighboring molecules.


With the complete parameter set given in Table 1, a good
agreement between the simulated and experimental spectra is


obtained for different 31P Larmor frequencies and sample
spinning speeds (see Figures 1 and 2). Moreover, a simulation
for the experimental conditions used by Grimmer and Wolf
(nr� 3.5 kHz and n0� 109.3 MHz) shows that the lack of
resolution between the PA and PB sites in their investigation
was predominantly due to residual effects of the dipolar
couplings (Figure 4a). In fact, resolution at nr� 3.5 kHz and
n0� 109.3 MHz may be even worse than suggested by this
figure. In our simulations we have assumed that Gaussian line
broadening is the same at lower field and sample rotation
speed as in our own experiments. Since part of this broadening
is caused by the dipolar couplings to phosphorus atoms in
neighboring molecules, it is actually expected to increase if
field and sample rotation frequency are decreased.


A detailed comparison of Figures 2a and 2c with Figures 2b
and 2d shows that there are still minor lineshape deviations
that cannot be explained by experimental inadequacies and
that cannot be removed within the model of the spin system
used up to now. As a source, we have excluded deviations of
the chemical shift tensors from axial symmetry by simulations.


Figure 4. Simulated lineshapes of MAS-NMR centerbands for the best-fit
parameter set for P4O10 (cf. Table 1) at different 31P Larmor frequencies n0


and sample rotation frequencies nr . a) nr� 3.5 kHz, n0� 109.3 MHz; b) nr�
35 kHz, n0� 202.45 MHz; c) nr� 100 kHz, n0� 202.45 MHz; d) nr�
500 kHz, n0� 202.45 Mhz.


We have also considered J coupling as a possible source of the
lineshape deviations, since the second-order effects in the
solid state may reintroduce it even for chemically equivalent
nuclei.[9, 14] The introduction of a small isotropic J coupling
improves the fits slightly, with the optimum at Jiso� 15 Hz.
Though this is within the expected range for a phosphorus ±
phosphorus J coupling through two bonds,[15] it is hardly
significant in view of the remaining lineshape deviations. The
most probable source for these deviations is dipolar coupling
to equivalent phosphorus nuclei of the PA type in neighboring
molecules. From the known distances, such couplings can be
estimated to be of the order of 100 Hz. An inclusion of
neighboring molecules into the simulated spin system as
would be necessary to obtain an even better fit is not feasible.
Nevertheless we may conclude from the results displayed in
Figures 1 and 2 that the NMR results are in full agreement
with the most recent crystal structure.[6]


Strictly speaking, NMR evidence derived from dipolar
couplings confirms the Td symmetry of only the phosphorus
coupling network; it does not exclude differences in the length
of the terminal P ± O bonds as found in the older crystal
structure.[4] In view of the large chemical shift range of PV


coordinated by four oxygen atoms, one would expect, how-
ever, that any variance of these bond lengths above 0.01 �
would lead to chemical shift differences that are resolved. The
only observed shift difference is the one between the PA and
PB nuclei of Diso� 1.3 ppm, which is satisfactorily accounted
for by the different intermolecular environments of the two
nuclei. A difference in the bond length as large as 0.1 � as in
the older crystal structure[4] is expected to have much more
dramatic effects. By means of simulations, we can also
estimate that any unresolved chemical inequivalence between
the three PA must be smaller than 0.2 ppm, since larger values


Table 1. Best-fit NMR parameter set for P4O10 consisting of the isotropic
shifts diso, the anisotropy Ds and asymmetry h of the CSA tensor, and the
dipolar coupling dA to PA nuclei for both sites. The mutual orientation of
the interaction tensors is determined by the Td symmetry of the molecule.


Site diso Ds [ppm] h dA [Hz]


A ÿ 45.5� 0.1 296� 5 0.0� 0.2 890� 25
B ÿ 46.8� 0.1 291� 5 0.0� 0.2 890� 25
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lead to a significant deterioration of the fit that cannot be
removed by adjusting other parameters. This resolution for
chemical inequivalence compares to a line width of about
0.5 ppm (full width at half height 100 Hz) for the singlet and
the components of the triplet. The strong dependence of the
homonuclear coupling pattern on chemical shift differences
makes it an even more sensitive tool for the detection of
symmetry deviations than a well-resolved isotropic MAS-
NMR spectrum.


As a result of these investigations, we conclude that the
NMR spectra are in best agreement with P4O10 molecules of
Td symmetry in an environment of only C3v symmetry. In this
case, the dipole moment of the molecule vanishes and the
stabilization of the crystal can be considered as exclusively
due to van-der-Waals interactions. The crystal packing that
leads to the space group R3c can then be considered as driven
by an optimization of the van der Waals interactions. It has
been shown before by Cruickshank that the crystal packing
found experimentally is more dense than in a hypothetical
crystal of cubic symmetry.[4] On the other hand, a lower
symmetry of the P4O10 molecule would lead to a nonvanishing
dipole moment and electric dipole interactions would have to
be considered in the discussion of crystal packing. Neither the
X-ray nor the NMR data indicate that this is the case.


General remarks on the effect of homonuclear dipolar
couplings on MAS-NMR spectra : Theoretical results on the
combined effects of homonuclear dipolar couplings and CSA
on MAS spectra in the absence of significant J couplings are
not yet reflected in textbooks and reviews and are widely
disregarded in the interpretation of 31P MAS-NMR spectra.
Our experimental results and numerical simulations show
clearly that even for MAS speeds much larger than the
couplings themselves such effects can lead to resolved
splittings or substantial line broadening if the coupled spins
are nearly equivalent and if the CSA is not completely
averaged out by MAS. Though numerical simulations based
on the theory of Kubo and McDowell[8] account quantitatively
for the effect, its significance is not easily recognized in
analytical formulae, mainly since an analytical computation of
the powder average is hardly possible. Nevertheless, a
qualitative explanation can be given. The comparatively small
homonuclear dipolar couplings survive high-speed MAS since
they add to and are protected by the much larger anisotropy
of the chemical shift. With this explanation, one expects that
the removal of dipolar broadening or splitting by MAS
requires nr� nCSA instead of nr� nd in the case of chemically
equivalent or nearly equivalent nuclei. Indeed, this is found in
simulations with the parameters for P4O10 (nCSA� 60 kHz).
The broadening is still comparatively strong at nr� 35 kHz
(Figure 4b) and still visible at nr� 100 kHz (Figure 4c). To
obtain linewidths in the MAS spectra as they are observed for
rare nuclei under otherwise similar experimental conditions,
an MAS speed of nr� 500 kHz would be needed (Figure 4d).
Note that nr� 100 kHz is already sufficient to suppress all
sidebands, that is, this MAS speed would yield an isotropic
spectrum if the CSA only was present. This is due to the fact
that the CSA is an inhomogeneous interaction in the sense of
Maricq and Waugh, where nr> nCSA leads to complete


removal.[7] Interestingly enough, the presence of both homo-
nuclear dipolar coupling and CSA requires higher MAS
speeds for complete averaging than the presence of any of the
two interactions alone. Even state-of-the-art MAS systems
are not expected to achieve the necessary MAS speeds in the
near future.


Our simulations show that the effect diminishes strongly
even for chemical shift differences that are still smaller than
the dipolar couplings themselves: The interaction between the
PA and PB nuclei leads to only a broadening but not to further
splitting. Because of the Td symmetry of the molecule, this
weakening of the effect can be only be due to the chemical
shift difference. Such a high sensitivity of the effect to
deviations from chemical equivalence is also suggested by
Equation (66) in Kundla and Lippmaa�s work.[8d] The split-
tings are thus potentially a useful tool for proving high
symmetry in a crystal structure, since they can be easily
distinguished from chemical shift differences by their
different response to changes in the static field and MAS
speed.


These results are of considerable importance for MAS-
NMR experiments on abundant nuclei with moderate gyro-
magnetic ratio and large CSA, as for instance 31P and 205Tl. As
an example consider dipolar couplings between the nearly
equivalent phosphorus nuclei in nucleotide di- and triphos-
phates that are of a similar order of magnitude to the ones in
P4O10. Utmost resolution may not be obtained in such cases
even with the highest technically feasible MAS speeds
without resorting to homonuclear decoupling techniques like
CRAMPS.[16] The feasibility of multipulse decoupling in 31P
MAS-NMR has been demonstrated before, albeit with the
aim of improving resolution at artificially lowered MAS
rotation speeds.[17] It may be suspected that intermolecular
dipolar couplings between equivalent nuclei determine the
line widths in a sizeable part of the 31P MAS-NMR spectra
measured to date. Even more significantly, splittings or strong
broadenings due to intramolecular couplings may have been
misinterpreted in the past as symmetry deviations in a number
of cases. For instance, because of such an unexpected broad-
ening in the spectrum of P4O6S4 we postulated a small
deviation from the crystal symmetry as determined by X-ray
diffraction.[1] The broadening can now be traced back to the
homonuclear couplings in an A4 spin system and is in
complete agreement with the X-ray data. Furthermore, one
may expect that the resolution of MAS-NMR spectra for
phosphate glasses with dense, infinite networks of chemically
nearly equivalent phosphorus nuclei can be improved by
homonuclear decoupling techniques.


Conclusion


MAS at sample rotation frequencies much larger than the
homonuclear dipolar couplings in tetraphosphorus decaoxide
was found to fail in averaging out these couplings. The effect is
quantitatively accounted for by the spectrum simulations
presented here, can be rationalized as a protection of the
smaller anisotropy of the dipolar couplings by the larger
anisotropy of the chemical shifts, and is in agreement with
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earlier theoretical results.[8] It has been demonstrated that
completely isotropic spectra for typical 31P NMR parameters
cannot be obtained with technically feasible sample rotation
speeds if equivalent or nearly equivalent nuclei couple with
each other. Therefore, we suggest the investigation of
combined multipulse homonuclear decoupling and MAS as
a means for line narrowing in 31P solid-state NMR spectra of
both ordered and disordered systems.


The coupling patterns in the MAS-NMR spectra of P4O10


have been interpreted within a model that assumes an isolated
system of the four 31P nuclear spins of one molecule and
considers CSA and homonuclear dipolar couplings. For the
first time, MAS spectra of such complexity were analysed
quantitatively. This was achieved by identifying characteristics
of the spectrum that depend only on a subset of the unknown
parameters and by using Floquet formalism for the simulation
of the sideband lineshapes. The symmetry of the spin system
and the NMR parameters are in agreement with the space
group R3c, the Td symmetry of the molecule, and the
intramolecular phosphorus ± phosphorus distance of 2.81 �
found in the most recent X-ray diffraction study. The crystal
packing can thus be discussed purely in terms of van der Waals
interactions.


Experimental Section


Experimental details : NMR measurements were performed with a Varian
Unity 400 and a Bruker ASX-500 spectrometer at phosphorus Larmor
frequencies of 161.44 and 202.45 MHz, respectively. The MAS probe heads
were purchased from Doty Scientific and Bruker. Tetraphosphorus
decaoxide (Optipur, Merck, Darmstadt) was purified by sublimation and
filled into standard zirconia MAS rotors (Bruker and Doty) in a glove box.
Tight-fitting rotor caps were found to provide sufficient protection against
moisture if the rotor was driven by dry nitrogen.


Data analysis: The parameter fit is based on a model of an isolated spin
system consisting of the four phosphorus nuclei (spin 1/2) of one P4O10


molecule. The Hamiltonian of this spin system includes four chemical shift
tensors and six dipolar coupling tensors. Because of the size of the problem,
it is important to restrict the size of the Floquet matrix to the minimum
permissible number of Floquet states. If we use the convention of Levante
et al. for the choice of the initial density matrix, the evolution of the system
can be considered as a point-spread process in Floquet space.[18] From the
appearance of the spectra it is then immediately obvious that during the
whole experiment there are no significant coherences (and hence
populations) that involve Floquet states much farther apart than the width
of the static spectrum. More precisely, the Floquet matrix can be truncated
to a dimension NF [Expression (1)], where Dn is the width of the static


NF� 2
�


Dn


nr


� 1
�


(1)


spectrum. To check this reasoning, we have numerically simulated our final
spectra with values of NF smaller and larger than the limit defined by this
expression. The results show that the spectra obtained with a larger
dimension of the Floquet matrix are for all practical purposes indistin-
guishable from the ones obtained with dimension NF while a smaller
dimension leads to visible distortions. With this truncation and for
sufficiently high sample rotation frequencies, numerical simulations based
on Floquet formalism are computationally much more efficient than
simulations based on the technique of a piecewise constant Hamiltonian.


To further reduce the computational effort, spiral sampling[19] with the
minimum permissible number of orientations NO (89 orientations on the
unit sphere for a spectrum with eight sidebands of significant intensity) was
used in the powder average. For one parameter set at the largest sample


spinning frequency of nr� 14 kHz, it was found that even significant
increases in NO do not lead to visible changes in the simulated spectra. In
simulations for other nr , both numbers were increased in proportion to the
number of sidebands. One simulation for the four-spin system with NF� 10
and NO� 89 takes about six hours of CPU time on a Sun SparcUltra
workstation. It is therefore of utmost importance to define characteristics
of the spectra that depend strongly only on a subset of the free parameters.
Such characteristics are the intensity distribution among the sidebands of
each group of equivalent spins that depends only on the purely anisotropic
part of the CSA tensor (see below), and the frequencies of the isotropic
lines that depend only on the isotropic shifts and on a small correction for
the dipolar splitting. The correction does not change significantly when the
phosphorus ± phosphorus distances and the bond angles are varied within a
chemically reasonable range. As a third characteristic, the lineshapes of the
isotropic lines and its sidebands depend only on the dipolar couplings and
on the mutual orientation of the tensors if the parameters discussed above
are already fixed. A first approximation for the purely anisotropic part of
the chemical shift tensors was obtained with the program WIN-MAS
(Bruker) that is based on a numerical implementation of the method of
Herzfeld and Berger.[20] Though this method is, in principle, only valid for
an isolated spin 1/2, we found that in our case the parameters for the CSA
used in a simulation of a spectrum with couplings are recovered from a
WIN-MAS analysis within experimentally feasible precision. We obtained
dipolar coupling corrections of the isotropic shifts of 0.07 and 0.21 ppm for
the PA and PB sites, respectively, from a simulation for the parameter set
corresponding to the most recent crystal structure.[6] The latter correction is
slightly larger than the experimental precision. The dipolar couplings and
mutual orientations of the tensors can be calculated for a given geometry of
the molecule by symmetry considerations as discussed above. The line-
shapes of the isotropic line and its sidebands were fitted by varying the
parameters that define this geometry. An additional Gaussian line broad-
ening was introduced to account for relaxation and for effects of dipolar
couplings to neighboring molecules; this broadening can be fitted
separately after the quantum mechanical simulation.
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High-Resolution Double-Quantum 31P NMR:
A New Approach to Structural Studies of Thiophosphates


Jörn Schmedt auf der Günne and Hellmut Eckert*


Dedicated to Professor Bernt Krebs on the occasion of his 60th birthday


Abstract: High-resolution double-
quantum 31P NMR spectroscopy was
used to provide structural information
about crystalline and glassy thiophos-
phates. Double-quantum coherences are
created under MAS conditions by
phase-modulated continuous-wave irra-
diation such that the nutational frequen-
cy is a multiple of seven rotor periods


(C7 sequence), and the intensity of the
double-quantum coherence is measured
as a function of the excitation time. As
demonstrated with reference com-
pounds, the double-quantum excitation


dynamics determined in this fashion
differentiate clearly between orthothio-
phosphate (PS3ÿ


4 ), pyrothiophosphate
(P2S4ÿ


7 ) and hexahypothiophosphate
(P2S4ÿ


6 ) units based on differences in
the strength of 31P homonuclear dipole ±
dipole couplings. By means of this
method, a structural model is presented
for the crystallization of glassy Li4P2S7.


Keywords: magic-angle spinning ´
NMR spectroscopy ´ phosphorus ´
sulfur ´ thiophosphate


Introduction


Binary and ternary sulfides and selenides based on elements
of main group 13 ± 15 are of considerable interest in solid-state
chemistry owing to the richness in structural features in the
crystalline state.[1±4] In addition, many of these are systems for
glasses with extremely high ionic mobilities, giving rise to
interesting applications in the solid electrolyte industry.[5±8]


Specifically, the synthetic and structural chemistry of metal
thiophosphate systems has been an area of intense research
activity.[3, 4] Polychalcogenide flux chemistry has been used in
recent years to prepare new ternary and quaternary thio-
phosphates.[2] The complexity of the equilibria present in such
fluxes may also account for the large structural differences
between various crystalline and glassy thiophosphates.[9±11]


This rather uncommon feature is of considerable interest for
a fundamental understanding of glass formation in chalcoge-
nide systems.


Because of the absence of long-range periodicity, only very
limited information about the glassy state is available from
diffraction methods. In contrast, solid-state nuclear magnetic
resonance (NMR) spectroscopy has proven to be an element-
selective, inherently quantitative technique uniquely suited
for the structural analysis of glasses.[12±14] In particular magic-


angle spinning (MAS) allows for a facile quantitative
distinction of different local environments based on differ-
ences in the corresponding isotropic chemical shifts. This
concept has been successfully applied to the characterization
of the local order in many glass systems. In particular, the
excellent resolution of 31P MAS-NMR has been used to great
advantage for deriving very detailed structural models in a
variety of phosphate glasses.[15±18]


Compared with the situation in oxidic glasses, the chemical
shift distinction of structural fragments in sulfide-based
glasses is much less straightforward. Scheme 1 shows three


Scheme 1. Structural fragments present in crystalline thiophosphate com-
pounds.


common structural units present in many thiophosphates. The
31P chemical shift ranges of these species show considerable
overlap, as previously demonstrated for the binary systems
Li2S ± P2S5 and Ag2S ± P2S5.[7, 8] The structural interpretation of
31P MAS-NMR spectra of glassy thiophosphates therefore
meets with uncertainty, requiring the use of alternative and
complementary NMR strategies. Powerful new techniques
have recently been developed which reintroduce homonu-
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clear dipole ± dipole couplings into the high-resolution MAS
experiment, providing site-resolved information on internu-
clear spatial proximity and connectivity in solids.[19±25] Within
the scope of these studies, the published 31P double-quantum
NMR results obtained on various crystalline phosphates
demonstrate considerable potential for applications to glassy
materials.[26±30] In the present contribution, we report how this
method can be used to differentiate between common
thiophosphate structural units (Scheme 1) and to characterize
structural changes encountered when thiophosphate glasses
are brought to crystallization.


Principles and NMR methodology : Numerous experimental
approaches have been used to reintroduce homonuclear
dipole ± dipole couplings into the magic-angle spinning
NMR experiment.[19±24] While the relative merits and draw-
backs of these techniques depend greatly on the system
studied, a concern common to all real-world applications is
the sensitivity to resonance offset and molecular orientation
effects. With respect to this issue, a pulse sequence known as
C7 has performed well in systems with moderate chemical
shift dispersion.[24] The pulse sequence is shown in Figure 1.


Figure 1. A) Pulse sequence for double-quantum NMR spectroscopy using
C7 for excitation and reconversion; B) coherence transfer diagram
reflecting the pathways selected through phase cycling.


The sandwich of seven pairs of phase-shifted 2p pulses per
rotor period serves to excite double-quantum (DQ) coher-
ence, which is allowed to evolve for an incremented evolution
time t1. The second seven-pulse sandwich serves to reconvert
this double-quantum coherence to zero-quantum coherence,
and the final 908 pulse creates observable magnetization
(single-quantum coherence), which is acquired during the
detection period t2. Two-dimensional data processing allows
the single-quantum spectrum to be correlated with the
double-quantum spectrum, thereby proving the existence of
dipole ± dipole interactions.


In principle, the strength of the dipole ± dipole interaction
can be assessed quantitatively by determining the rate at
which double-quantum coherence is excited. In such an
experiment, the DQ signal intensity is measured under
systematic variation of the length of the excitation period.
Detailed simulations of the double-quantum coherence
excitation dynamics have been presented in the literature


for various cases.[24, 29, 31±34] For a static two-spin system, the
double-quantum intensity initially increases with increasing
excitation time (with a rate dependent on the strength of the
dipole ± dipole coupling) and then oscillates about an asymp-
totic value at longer times. Detailed numerical simulations
have shown that the average Hamiltonian of the C7 sequence
with MAS produces an essentially analogous time-dependent
behavior for a two-spin system.[24] In a multispin system, the
DQ excitation dynamics are more complicated, and to date
calculations have been presented only for static samples.[32, 33]


These calculations show a rapid initial increase of DQ
intensity at short excitation times, although the oscillatory
component never develops. Rather, at longer excitation times
the DQ intensity decreases again in an exponential fashion, as
higher order coherences are produced. Similar results are
expected for the DQ dynamics under the average Hamilto-
nian of the C7 pulse sequence. As previously reported,[31] a
crude approximate description of the DQ dynamics is given
by Equation (1). This formula implies that the initial increase


I2(te)�A t2
e exp{ÿ te/T2} (1)


of the DQ intensity can be approximated by a series
expansion, truncated after the quadratic term. The rate of
this initial increase is described by the parameter A, which is
governed by the second moment describing the strength of the
two-spin interaction responsible for the DQ coherence. The
constant T2 governing the decay of DQ coherence at longer
excitation times reflects the strength of additional spin ± spin
interactions, contributing to the buildup of higher order
coherences. In addition, other relaxation processes, including
experimental imperfections,[33, 34] may contribute to this decay.
A and T2 can potentially serve as parameters differentiating
between the structural fragments shown in Scheme 1. This
question will be explored in the present study.


Experimental Section


Sample preparation and characterization : Table 1 gives an overview of the
samples investigated. Since some of the starting materials and products are
extremely air-sensitive, all preparations and sample manipulations were
conducted in a glove box (Vacuum Atmospheres) under an Ar atmosphere.
The following starting materials were used: Li2S (Aldrich, >98 %), HgS
(Fluka, >98%), P (Aldrich, 99.999 %), S (Fluka, 99.999 %), SnS (Fluka,
98%), Ag2S (Fluka, >98%), P2S5 (Fluka, 98 %). Syntheses were carried
out within sealed evacuated quartz ampules (pressures< 10ÿ4 bar), with the
reaction times and temperatures listed in Table 1. Identity and purity of the
crystalline materials were ascertained by X-ray powder diffraction
(Guinier ± Huber, CuKa) and by comparing their solid-state 31P MAS-
NMR spectra with literature data where known. Glassy Li4P2S7 was
obtained by rapid (ice water) quenching of the melt within a sealed ampule.
The completely glassy state was ascertained by the absence of sharp X-ray
powder diffraction peaks, and by differential scanning calorimetry with a
Netzsch DSC 200 differential scanning calorimeter. At the heating rate of
10 8C minÿ1, a value Tg� 216 8C was obtained, in agreement with the
literature value.[9]


Solid-state NMR : All NMR experiments were carried out at 202.3 MHz on
a Bruker DSX 500 NMR spectrometer equipped with a commercial 4 mm
MAS-NMR probe. The quality factor of this probe was lowered to 100 by
adding a 150 kW resistor in parallel to the coil. Samples were rotated within
zirconia spinners. By means of appropriate teflon spacers, the sample was







FULL PAPER H. Eckert, J. Schmedt auf der Günne


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1764 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91764


confined to the middle 1/3 of the rotor volume. A commercially available
pneumatic control unit was used to confine MAS frequency variations to a
� 2 Hz interval for the duration of the experiment. Chemical shifts are
externally referenced to 85% phosphoric acid. 2-D correlated spectroscopy
(COSY) experiments in the phase-sensitive mode (States-TPPI method)[35]


were carried out on Ag7P3S11, using MAS at a spinning speed of 10 kHz and
rotor-synchronized incrementation in the t1 domain (512 experiments). The
908 pulse length was 1.9 ms. 8 scans were added at a recycle delay of 3 s, and
an 8-step phase cycle was used.


The shortest excitation time in the double-quantum experiments consists of
a continuous-wave block of two rotor periods� length, with 14 different
phase entries as previously detailed.[24] In subsequent experiments the
number of rotor cycles is successively increased. Phase cycling used during
the excitation period and during the acquisition were set to select the
coherence pathways shown in Figure 1. All data were acquired with a four-
step phase cycle, using the States method for obtaining pure absorption 2-D
double-quantum spectra. The rf field strength was optimized for each
sample by adjusting the amplifier power on a 2p pulse of fixed length, while
the rf field strength of the final read pulse was determined independently.
A 2 ms phase preset time for the digital phase shifter was chosen. The
evolution time t1 in these 2-D experiments was rotor-synchronized in all
experiments. Typical experimental conditions were: spinning speed 10 kHz,
recycle delay 1 ± 70 s, 128 t1 increments. The most critical parameter for the
success of the experiment is the length of the spin-lattice relaxation time,
which in most of the samples lies in the vicinity of several minutes.


Results and Discussion


The crystalline materials investigated were chosen as proto-
type compounds representing each of the structural fragments
depicted in Scheme 1. In the case of Ag7P3S11, the 31P MAS-
NMR spectrum contains three resonances belonging to the
isolated PS3ÿ


4 and the two inequivalent atoms of the thiopyr-
ophosphate (P2S4ÿ


7 ) groups. Figure 2a illustrates the assign-
ment of these resonances based on a COSY experiment. The
intense cross-correlation peaks between the resonances at
101.1 and 91.1 ppm indicates coherence transfer between
these spins due to scalar spin ± spin interactions revealing the
P ± S ± P connectivity. Figure 2b shows the 2-D correlation
spectrum of this compound, obtained by the C7 sequence.
Note the strong double-quantum transition (BC) obtained
between the two phosphorus sites of the P2S4ÿ


7 group. In
addition, weak double-quantum auto- and cross-correlation
peaks are also observed in this spectrum, because of weaker
long-range dipole ± dipole interactions.


Figure 2. a) 2-D correlated spectrum (COSY) of Ag7P3S11, symmetrized
data in magnitude; each contour level reflects a 2.5-fold gain in intensity, S/
N� 770, one pulse spectrum acquired with a relaxation delay of 1 s. b) 2-D
double-quantum spectrum of Ag7P3S11. The P ± S ± P connectivity is clearly
identified by the intense crosspeak B ± C in the double-quantum dimension.


Figure 3 shows the experimental results obtained by
applying the C7 sequence to the crystalline compounds under
investigation where the excitation period is systematically
incremented. In the absence of absolute intensity measure-
ments, the data presented here are internally normalized. As
described in the previous section, the intensity of the double-
quantum coherence at first increases as a function of te, while
at long excitation periods a subsequent decrease is observed.
Most importantly, Figure 3 illustrates that the double-quan-
tum dynamics can clearly differentiate between the three
types of structural fragments present in these model com-
pounds. Figure 4 shows a typical fit to Equation (1), resulting
in the fitting parameters A and T2. As illustrated in Table 2,
both the parameters A and T2 provide an unambiguous
distinction between the structural fragments represented by
these model compounds. As discussed above, the parameter A
is expected to depend on the dipolar second moment
characterizing the dipolar coupling between the two closest
spins in the sample. While Table 2 reveals a correlation, a
more detailed discussion of this relationship requires absolute


Table 1. Synthesis conditions and structural references for the crystalline materials
studied.


Starting materials Experimental conditions Structural
reference


Hg2P2S6 (crystalline) HgS, P, S 800 8C, 1 d; ÿ10 K hÿ1, 3 d [37]
Hg2P2S6 (crystalline)
(presumed stoichiome-
try, impurity in Hg2P2S7


preparation)


HgS, P, S(excess) 240 8C, 1 d new phase
assignment
(see text)


Li4P2S6 (crystalline) Li2S, P, S 850 8C, 2 h; 325 8C, 6 d [10]
Sn1.008P2S6 (crystalline) SnS, P2S5 800 8C, 1 d; ÿ10 K hÿ1, 3 d [38]
Hg2P2S7 (crystalline) HgS, P, S(excess) 240 8C, 1 d [39]
Ag7P3S11 (crystalline) Ag2S, P, S 850 8C, 2 h; 500 8C, 2 d [36]
Li7PS6 (crystalline) Li2S, P, S 600 8C, 3 d [40]
Li4P2S7 (glassy) Li2S, P, S 900 8C, 2 h ice-water,


quench
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Figure 3. Double-quantum excitation profiles for compounds bearing
typical structural fragments in crystalline thiophosphates. Top: P2S4ÿ


6 units
in Sn1.008P2S6 (&) and Hg2P2S6 (!); middle: P2S4ÿ


7 units in Ag7P3S11 (!) and
Hg2P2S7 (&); bottom: PS3ÿ


4 units in Ag7P3S11 (!) and Li7PS6 (&). Error bars
are estimated from the signal-to-noise ratio.


Figure 4. Fit of the double-quantum excitation curve for the compound
Hg2P2S7 to Equation (1).


DQ intensity measurements and additional studies on a larger
number of reference compounds. Such studies are currently
being carried out in our laboratory.


In the sample of the Hg2P2S7 model compound, a separate
resonance was observed at d� 102.6, indicating the presence
of an impurity of unknown structure. The double-quantum
excitation profile of this resonance was determined to be very
much like that measured for the model compounds with the
P2S4ÿ


6 unit (see Table 2). Based on these results, we assign this
resonance to a second, previously unknown crystalline
modification of Hg2P2S6.


Figure 5a shows the 31P MAS-NMR spectra of glassy
Li4P2S7 before and after crystallization. As previously report-
ed, this transition is accompanied by a large change in
chemical shift.[9] X-ray powder diffraction results have shown
that the process can be described by Equation (2). This


(Li4P2S7)glass ÿ! Li4P2S6�S (2)


produces elemental sulfur and lithium hexahypothiophos-
phate containing a phosphorus ± phosphorus bond.[10] The
large 31P MAS-NMR shift difference encountered in
Figure 5a suggests that glassy Li4P2S7 has a fundamentally
different structure. Based on this result, we previously
speculated about the presence of dimeric P2S4ÿ


7 groups.
However, the chemical shift offers no definite assignment.


Table 2. Fitting parameters A and T2 from Equation (1), shortest internuclear distance and corresponding dipolar second moment (M2(31P ± 31P)) calculated
from this two-spin interaction for the crystalline model compound and glass samples studied.


Model compound diso (31P) A T2 [ms] r(shortest P ± P) [pm] M2 (106 rad2 sÿ2)


PS3ÿ
4 Li7PS6 88.5� 0.2 0.83� 0.04 1.7� 0.1 structure unknown ±


Ag7P3S11 103.3� 0.2 0.9� 0.1 1.5� 0.2 559 0.20


P2S4ÿ
7 Hg2P2S7 111.8� 0.2 1.9� 0.1 0.70� 0.03 343 1.90


Ag7P3S11 101.1� 0.2; 91.1� 0.2 1.71� 0.04 0.77� 0.02 356 1.51
Li4P2S7 (glassy) 90� 1 1.5� 0.2 0.87� 0.08 structure unknown ±


P2S4ÿ
6 Hg2P2S6 109.4� 0.2 3.8� 0.7 0.34� 0.05 227 22.6


Hg2P2S6
[a] 102.6� 0.2 3.2� 0.2 0.42� 0.02 structure unknown ±


Sn1.008P2S6 91.3� 0.2 (shoulder at 90.6� 0.2) 3.9� 0.3 0.33� 0.02 221 26.4
Li4P2S6 109.1� 0.2 (108.5� 0.2) 4.1� 0.2 0.32� 0.01 ± ±


[a] Presumed stoichiometry of a new compound, structural assignment from NMR behavior (see text).
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Figure 5. a) 202.3 MHz single pulse 31P MAS-NMR spectra of glassy
Li4P2S7 (bottom) and crystalline Li4P2S6 (top); b) double-quantum excita-
tion profiles for 31P atoms in glassy Li4P2S7 (&) and crystalline Li4P2S6 (!).
Error bars are estimated from the signal-to-noise ratio.


Figure 5b shows the results of the C7 experiments. While
the double-quantum excitation dynamics for the crystallized
sample closely follow those observed in other hexahypothio-
phosphates, in the glassy state the typical excitation pattern
for a P2S4ÿ


7 group is clearly evident. This result lends strong
credence to our previous structural assignment. Evidently, the
pyrothiophosphate structure corresponds to an energy mini-
mum only at the local level, and therefore it can be stabilized
only in the glassy state. This feature is quite uncommon in the
structural chemistry of glass-forming oxides. In contrast,
covalent, nonoxidic glasses are frequently characterized by a
considerable degree of chemical disorder, including the
competition of homo- and hetero-polar bonding, and the
existence of striking disparities in the local environments of
stoichiometrically analogous crystals and glasses.[12±14]


Conclusion


The results of the present study reveal the excellent potential
of dipolar magic-angle spinning NMR spectroscopy to


provide important structural information in crystalline and
glassy thiophosphate systems. In particular, the dependence of
31P double-quantum intensities on the length of the excitation
period as measured by the C7 pulse sequence differentiates
excellently between typical structural fragments present in
such materials. The method can be used to propose structures
of previously unknown crystalline compounds and to charac-
terize structural transformations encountered during
crystal$ glass transitions. Finally, it is clear that the structural
chemistry of thio- and selenophosphate systems is much more
varied than represented by the fragments shown in Scheme 1.
Applications of double-quantum spectroscopy to other types
of structural units known in such systems and to a wider range
of glassy materials are currently underway.
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The Remarkable Structural Diversity of Alkali Metal Pyridine-2-thiolates
with Mismatched Crown Ethers


Scott Chadwick and Karin Ruhlandt-Senge*


Abstract: The metathesis reaction of
butyllithium or sodium or potassium
hydride with pyridine-2-thiol is effected
in ethereal or hydrocarbon media,
where the addition of crown ether
(which is essential in the case of sodium
hydride) facilitates the metalation step.
The reaction is driven forward irrever-
sibly by the evolution of a volatile
component (C4H10 or H2). It is shown
that the choice of crown ether is of
paramount importance in determining
the solid-state structural outcome. When
the cavity size of the crown ether is
matched with the alkali metal ionic
radius, simple monomeric formulations
are identified in [Li(12C4)(NC5H4S-2)]
(1) (12C4� [12]crown-4), [Na(15C5)-


(NC5H4S-2)] (2) (15C5� [15]crown-5),
and [K(18C6)(NC5H4S-2)] (3) (18C6�
[18]crown-6), although the geometrical
relationship between cation and anion in
this series has proven to be more com-
plex than was anticipated. The com-
plexes resulting from the pairing of
crown ethers that are either too small
or too large relative to the alkali metal
exhibit a rich structural diversity that is a
direct function of the macrocyclic do-
nor: dimeric [{Li(NC5H4S-2)}2{18C6}]


(4) and monomeric [Na(18C6)-
(NC5H4S-2)] (5) are formed in the
presence of 18C6; the unprecedented
metalloanionic [{Na(12C4)2}2{Na(NC5


H4S-2)2(thf)}{Na(NC5H4-m-S-2)(NC5H4-


S-2)}]2 (6), with two hitherto unknown
metallates, is obtained when 12C4
is employed; and the unusual poly-
meric [{K(m-NC5H4-m-S-2)}2{15C5}]1 (7)
results from the templating ability of
15C5. All complexes reported have been
identified primarily through single-crys-
tal X-ray structural analysis together
with 1H and 13C NMR (solubility per-
mitting), IR spectroscopy, and melting
point determination.


Keywords: alkali metals ´ coordina-
tion modes ´ crown compounds ´
metallacycles ´ solid-state structures
´ thiolates


Introduction


Alkali metal and alkaline earth metal chalcogenolates based
on oxygen have been extensively investigated for decades.
Complexes of the general formula [M(OR)n]m (M�Group I
or II cation; R� alkyl, vinyl, aryl, silyl) incorporating a
metal ± oxygen bond have found application in such diverse
fields as organic and inorganic synthesis, biochemistry, and the
production of solid-state materials.[1] Despite the extensive
literature on alkali metal and alkaline earth metal alkoxides,
aryloxides, enolates, and other related species, new results on
the synthesis and especially the structural identification of
these complexes are continually being disseminated.[2] More-
over, the impetus behind much of the current research into
these oxygen-containing metal complexes is the wish to
elucidate the parameters influencing the observed solid-state


structural chemistry, and based on this information, to apply
the data in developing (where appropriate) solution structural
models to explain the chemical reactivity.


An analogous program of synthesis and structural identi-
fication is emerging for the complexes of alkali metal and
alkaline earth metal chalcogenolates of the heavier chalcogen
elements sulfur, selenium, and tellurium. For the putative
metal complexes, a broad array of applications in organic and
inorganic synthesis, biochemistry, and solid-state technology
are also known.[3] It is only recently, however, that detailed
analyses of the solid-state structures of these metal chalcoge-
nolates have started coming to light. As part of a larger
research effort into the synthesis, solution, and solid-state
structural identification of alkali and alkaline earth metal
thiolates and their applications, we have been interested in
elucidating the parameters affecting their structural chemistry
through a program of stepwise reagent modification in the
synthesis of families of target compounds.


During the course of our investigations we have focused our
attention on the role that crown ether ligation plays in the
solid-state structural chemistry of alkali metal pyridine-2-
thiolates. The premise of this work is based on a very simple
question: How will the crown ether/alkali metal pairing affect
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the observed structural chemistry in a homologous thiolate
series? It was assumed that matching the crown ether to the
cationic radius would stabilize the formation of simple
monomeric structures. This has been realized in the syn-
thesis of [Li(12C4)(NC5H4S-2)] (1) (12C4� [12]crown-4),
[Na(15C5)(NC5H4S-2)] (2) (15C5� [15]crown-5), and
[K(18C6)(NC5H4S-2)] (3) (18C6� [18]crown-6), although
the specific geometrical details of these complexes belie an
underlying complexity in the relationship between cation and
anion. In the case of mismatched crown ether/cation pairings,
the structures of the alkaline earth metal siloxides
[M(15C5)(OSiPh3)2(thf)] (M� Sr and Ba) were the first to
be elucidated.[4] The crown ether occupies a coordination
hemisphere of the strontium or barium, thereby stabilizing
monomeric formulations. In the alkali metal pyridine-2-
thiolate series in which crown ethers that are either too small
or too large coordinate the cation, however, simple mono-
meric formulations are not observed. A fascinating array of
structural diversity has subsequently been identified in the
crown ether-templated dimer [{Li(NC5H4S-2)}2{18C6}] (4),
the asymmetrically coordinated monomer [Na(18C6)-
(NC5H4S-2)] (5), the novel solvent-separated ion quadruple
containing sodium-centered anions [{Na(12C4)2}2{Na-
(NC5H4S-2)2(thf)}{Na(NC5H4-m-S-2)(NC5H4S-2)}]2 (6), and
the crown ether-templated polymer [{K(m-NC5H4-m-S-
2)}2{15C5}]1 (7).


Results


An efficient synthetic route to the crown ether-coordinated
alkali metal pyridine-2-thiolate complexes 1 ± 7 is the meta-
thesis reaction (alkane/H2 elimination) of an organometal or
metal-hydride reagent with the thiol in the presence of an
appropriately chosen macrocyclic donor [Eqs. (1) and (2), in


which AR� nBuLi; AH�NaH, KH; S� tetrahydrofuran
(thf), toluene; D� 12C4, 15C5, 18C6]. Various benefits


AR�NC5H4S-2
solvent �S�


donor �D�
! [A(NC5H4S-2)(D)x(S)y]�RH (1)


AH�NC5H4H2


solvent �S�


donor �D�
! [A(NC5H4S-2)(D)x(S)y]� 1/2 H2 (2)


distinguish the alkane/H2 elimination reaction from other
routes to the target complexes: there is significant latitude in
the choice of solventÐboth ethereal and hydrocarbon media
have been employed; the reagents are commercially available
in acceptable purity and at reasonable cost; the reaction is
driven towards completion by the evolution of a volatile
molecule, resulting in cleaner products (the absence of this
advantage is a major limitation in the salt-forming metathesis
protocol); and reaction times are relatively brief at room
temperature, allowing for parallel studies and incremental
modifications to the components of the system.


The metalation of pyridine-2-thiol in the presence of
various crown ether molecules was verified initially through
crystallization and subsequent solid-state structural identifi-
cation. Compounds 1 ± 3 display similar molecular topologies
overallÐtheir monomeric formulations are attributed to the
favorable crown ether/cation pairing. In contrast, 4 ± 7 display
a variety of unexpected structural motifs (especially the
unprecedented disodate 6) as a result of mismatching the
cationic radius with the size of the crown ether cavity.


Crystallographic information and data collection parame-
ters for 1 ± 7 are provided in Table 1 and the Experimental
Section.[5] A compilation of pertinent bond lengths and angles
for all compounds is given in Table 2. In each complex,
geometrical data for the respective crown ether molecule
(bond lengths and angles) were unexceptional and can be
found among the crystal structure data.[5]


Table 1. Crystallographic data for compounds 1 ± 7.


Compound 1 2 3 4 5 6 7


formula C13H20LiNO4S C15H24NNaO5S C17H28KNO6S C22H32Li2N2O6S2 C17H28NNaO6S C56H88N4Na4O17S4 C20H28 K2N2O5S2


fw 293.30 353.40 413.56 498.5 397.45 1309.50 518.76
crystal size [mm] 0.35� 0.15� 0.15 0.30� 0.08� 0.08 0.40� 0.20� 0.05 0.60� 0.30� 0.08 0.35� 0.30� 0.02 0.35� 0.25� 0.08 0.20� 0.20� 0.05
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic triclinic monoclinic
a [�] 8.7156(1) 13.5757(4) 8.2304(1) 12.8329(3) 12.8581(3) 8.261(1) 12.7656(3)
b [�] 14.0409(4) 8.8741(1) 17.935(1) 8.4037(2) 18.2125(2) 13.1684(3) 9.6624(3)
c [�] 12.0892(3) 15.3303(4) 14.3530(1) 14.737(1) 8.7456(2) 31.7086(1) 19.8051(4)
a [8] 90 90 90 90 90 88.191(1) 90
b [8] 93.624(2) 110.099(1) 92.636(1) 98.231(1) 101.499(1) 83.903(1) 91.856(1)
g [8] 90 90 90 90 90 73.478(1) 90
V [�3] 1476.46(6) 1734.40(7) 2116.48(3) 1572.94(5) 2006.92(7) 3288.30(8) 2441.60(1)
Z 4 4 4 4 4 2 4
space group P21/n Ia P21/n P21/n Cc P1Å P21/c
1calcd [gcmÿ3] 1.319 1.353 1.298 1.053 1.315 1.323 1.411
lin.abs.coeff. [mmÿ1] 0.229 0.235 0.380 0.200 0.214 0.239 0.592
min/max transmission 0.722/0.964 0.807/0.928 0.627/0.962 0.718/0.928 0.68/0.96 0.621/0.977 0.72/0.94
2q range [8] 4 ± 56 5 ± 56 3 ± 56 3 ± 56 3 ± 56 2 ± 45 3 ± 56
total refl./Rint 6339 (0.0938) 5419 (0.0285) 12647 (0.0620) 9509 (0.0456) 6339 (0.0310) 13073 (0.0871) 14089 (0.0803)
indep. refl. 3430 2746 4876 3709 3798 8008 5563
obs. refl. (>2s) 1835 2446 3262 2440 3185 4023 2906
no. parameters 181 208 235 154 235 764 280
R1, wR2 (all data)[a] 0.1305, 0.1186 0.0470, 0.0769 0.1049, 0.1590 0.0945, 0.1269 0.0589, 0.0880 0.1878, 0.1914 0.1665, 0.1541
R1, wR2 (>2s)[a] 0.0568, 0.1008 0.0377, 0.0720 0.0647, 0.1403 0.0567, 0.1139 0.0417, 0.0801 0.0938, 0.1566 0.0769, 0.1256
peak and hole [e �ÿ3] 0.254 and ÿ0.265 0.202 and ÿ0.222 0.565 and ÿ0.897 0.222 and ÿ0.215 0.233 and ÿ0.266 0.405 and ÿ0.322 0.363 and ÿ0.423


[a] S j jFo jÿjFc j j /S j o j , wR2� [Sw{(Fo)2ÿ (Fc)2}2/Sw{(Fo)2}2]1/2
.
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[Li(12C4)(NC5H4S-2)] (1): Li(1) is six-coordinate with inter-
actions to the four 12C4 oxygen atoms and both N and S
atoms of the chelating thiolate ligand (Figure 1). The O-Li(1)-
O bond angles (77.8(2) ± 148.3(2)8) do not indicate a specific
coordination geometry. This is further corroborated by the
N(1)-Li(1)-O and S(1)-Li(1)-O angles (98.9(2) ± 162.0(3)8 and
99.0(2) ± 163.4(2)8, respectively). Instead, the crown ether and


thiolate ligands each occupy one coordination hemisphere of
the cation. The Li(1) ± S(1) bonding interaction distance is
exceptionally long at 2.894(5) �, while the Li(1) ± N(1) bond
is correspondingly short at 2.002(5) �. The Li(1) ± O distances
vary between 2.061(5) and 2.237(5) �, a reflection of the
cation displacement above the plane of oxygen atoms in the
crown by 0.995 �. The four-membered Li(1)-S(1)-N(1)-C(1)


Table 2. Selected bond lengths [�] and angles [8] for compounds 1 ± 7.


Compound 1
Li(1) ± S(1) 2.894(5) Li(1) ± O(1) 2.189(5) Li(1) ± O(3) 2.237(5) S(1) ± C(1) 1.741(3)
Li(1) ± N(1) 2.002(5) Li(1) ± O(2) 2.061(5) Li(1) ± O(4) 2.066(5) N(1) ± C(1) 1.358(3)
Li(1)-S(1)-C(1) 69.15(13) S(1)-Li(1)-O(1) 99.0(2) N(1)-Li(1)-O(1) 110.9(2) Li(1)-N(1)-C(1) 111.2(2)
S(1)-Li(1)-O(2) 163.4(2) N(1)-Li(1)-O(2) 101.7(2)
S(1)-Li(1)-N(1) 62.41(14) S(1)-Li(1)-O(3) 104.3(2)
N(1)-Li(1)-O(3) 98.9(2) S(1)-C(1)-N(1) 117.0(2) S(1)-Li(1)-O(4) 101.4(2) N(1)-Li(1)-O(4) 162.0(3)


Compound 2
Na(1) ± S(1) 3.038(1) Na(1) ± O(2) 2.621(2) Na(1) ± O(4) 2.515(2) S(1) ± C(1) 1.735(3)
Na(1) ± N(1) 2.429(3) Na(1) ± O(3) 2.433(2) Na(1) ± O(5) 2.500(2) N(1) ± C(1) 1.358(4)
Na(1) ± O(1) 2.481(2)
Na(1)-S(1)-C(1) 76.41(1) S(1)-Na(1)-O(2) 127.75(7) N(1)-Na(1)-O(2) 84.47(8) Na(1)-N(1)-C(1) 107.9(2)
S(1)-Na(1)-O(3) 102.00(6) N(1)-Na(1)-O(3) 120.12(8)
S(1)-Na(1)-N(1) 56.98(7) S(1)-Na(1)-O(4) 88.38(6)
N(1)-Na(1)-O(4) 145.14(9) S(1)-C(1)-N(1) 118.3(2) S(1)-Na(1)-O(5) 95.24(6) N(1)-Na(1)-O(5) 110.33(8)
S(1)-Na(1)-O(1) 149.98(6) N(1)-Na(1)-O(1) 105.27(8)


Compound 3
K(1) ± S(1) 3.2558(1) K(1) ± O(2) 2.956(2) K(1) ± O(5) 2.898(2) S(1) ± C(1) 1.744(3)
K(1) ± N(1) 2.854(3) K(1) ± O(3) 2.908(2) K(1) ± O(6) 2.911(2) N(1) ± C(1) 1.363(4)
K(1) ± O(1) 2.878(2) K(1) ± O(4) 2.884(2)
K(1)-S(1)-C(1) 82.72(1) S(1)-K(1)-O(3) 91.78(5) N(1)-K(1)-O(2) 132.35(7) K(1)-N(1)-C(1) 106.4(2)
S(1)-K(1)-O(4) 127.53(5) N(1)-K(1)-O(3) 116.30(7) S(1)-K(1)-N(1) 51.64(5) S(1)-K(1)-O(5) 125.35(5)
N(1)-K(1)-O(4) 101.03(7) S(1)-C(1)-N(1) 119.2(2) S(1)-K(1)-O(6) 116.08(5) N(1)-K(1)-O(5) 73.76(7)
S(1)-K(1)-O(1) 85.99(5) N(1)-K(1)-O(1) 111.49(7) N(1)-K(1)-O(6) 92.29(7) S(1)-K(1)-O(2) 80.70(4)


Compound 4
Li(1) ± S(1) 2.604(4) Li(1) ± O(1) 2.149(4) Li(1) ± O(3A) 2.011(4) N(1) ± C(1) 1.356(3)
Li(1) ± N(1) 2.057(4) Li(1) ± O(2A) 2.026(4) S(1) ± C(1) 1.737(2)
S(1)-Li(1)-N(1) 67.78(1) S(1)-Li(1)-O(1) 166.3(2) N(1)-Li(1)-O(1) 99.0(2) Li(1)-S(1)-C(1) 73.51(1)
S(1)-Li(1)-O(2A) 110.3(2) N(1)-Li(1)-O(2A) 123.7(2) S(1)-C(1)-N(1) 116.6(2) S(1)-Li(1)-O(3A) 101.9(2)
N(1)-Li(1)-O(3A) 113.2(2)
C(1)-N(1)-Li(1) 102.0(2)


Compound 5
Na(1) ± S(1) 2.764(1) Na(1) ± O(1) 2.593(2) Na(1) ± O(3) 2.451(2) S(1) ± C(1) 1.736(3)
Na(1) ± N(1) 2.649(2) Na(1) ± O(2) 2.513(2) Na(1) ± O(4) 3.020(2) N(1) ± C(1) 1.358(3)
S(1)-Na(1)-N(1) 58.91(5) S(1)-Na(1)-O(1) 115.02(6) N(1)-Na(1)-O(1) 96.17(7) Na(1)-S(1)-C(1) 84.84(9)
S(1)-Na(1)-O(2) 148.62(6) N(1)-Na(1)-O(2) 89.74(7) S(1)-C(1)-N(1) 118.4(9) S(1)-Na(1)-O(3) 107.49(6)
N(1)-Na(1)-O(3) 87.66(8)
C(1)-N(1)-Na(1) 97.4(2) S(1)-Na(1)-O(4) 82.34(5) N(1)-Na(1)-O(4) 120.12(7)


Compound 6
Na(1) ± O(1) 2.464(7) Na(2)-O(10) 2.511(6) Na(3)-N(1) 2.455(8) Na(4) ± S(4) 2.907(4)
Na(1) ± O(2) 2.514(6) Na(2) ± O(11) 2.487(6) Na(3) ± N(2) 2.483(8) Na(4) ± S(4A) 2.879(4)
Na(1) ± O(3) 2.477(7) Na(2) ± O(12) 2.417(6) Na(3) ± O(17) 2.385(8) Na(4) ± N(3) 2.433(8)
Na(1) ± O(4) 2.441(7) Na(2) ± O(13) 2.421(6) S(1) ± C(37) 1.758(9) Na(4) ± N(4A) 2.482(8)
Na(1) ± O(5) 2.472(6) Na(2) ± O(14) 2.513(6) N(1) ± C(37) 1.351(1) S(3) ± C(47) 1.743(8)
Na(1) ± O(6) 2.448(7) Na(2) ± O(15) 2.437(6) S(2) ± C(42) 1.758(8) N(3) ± C(47) 1.375(9)
Na(1) ± O(7) 2.546(7) Na(2) ± O(16) 2.480(6) N(2) ± C(42) 1.343(1) S(4) ± C(52) 1.756(9)
Na(1) ± O(8) 2.437(7) Na(3) ± S(1) 2.823(5) Na(4) ± S(3) 2.933(4) N(4) ± C(52) 1.323(9)
Na(2) ± O(9) 2.509(6) Na(3) ± S(2) 2.812(4)
S(1)-Na(3)-N(1) 60.9(2) S(1)-Na(3)-S(2) 151.2(2) N(3)-Na(4)-S(4) 102.3(2) Na(3)-S(1)-C(37) 78.4(3)
S(1)-Na(3)-N(2) 113.2(2) N(3)-Na(4)-S(4A) 109.6(2) S(1)-C(37)-N(1) 119.6(7) S(2)-Na(3)-N(1) 114.6(2)
N(3)-Na(4)-N(4A) 156.4(3)
C(37)-N(1)-Na(3) 100.5(6) N(1)-Na(3)-N(2) 160.1(3) S(4)-Na(4)-N(4A) 100.0(2)
S(2)-Na(3)-N(2) 60.2(2) S(3)-Na(4)-N(3) 58.7(2) S(4)-Na(4A)-N(4) 58.8(2) Na(3)-S(2)-C(42) 78.7(3)
Na(4)-S(3)-C(47) 78.5(3) S(4)-Na(4)-S(4A) 98.64(1) S(2)-C(42)-N(2) 118.4(7) S(3)-C(47)-N(3) 117.1(6)
Na(4a)-S(4)-C(52) 79.0(3) C(42)-N(2)-Na(3) 99.5(5) C(47)-N(3)-Na(4) 105.5(5) S(4)-C(52)-N(4) 118.5(7)
O(17)-Na(3)-S(1) 101.8(2) S(3)-Na(4)-S(4) 123.73(1) C(52)-N(4)-Na(4A) 103.6(5) O(17)-Na(3)-N(1) 93.5(3)
S(3)-Na(4)-S(4A) 137.09(1) Na(4)-S(4)-Na(4A) 81.36(1) O(17)-Na(3)-S(2) 106.9(2) S(3)-Na(4)-N(4A) 113.7(2)
C(52)-S(4)-Na(4) 93.3(3) O(17)-Na(3)-N(2) 106.4(3)
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Figure 1. Computer-generated plot of 2 with anisotropic displacement
parameters depicting 30% probability. Hydrogen atoms have been omitted
for clarity.


chelate ring has interior angles of 62.41(1)8 about Li(1),
69.15(1)8 about S(1), 117.0(2)8 about C(1), and 111.2(2)8 about
N(1). Within the pyridine-2-thiolate ligand, the C(1) ± S(1)
and C(1) ± N(1) distances are 1.741(3) and 1.358(3) �, re-
spectively, while the C ± C bond lengths fall in the range
1.376(3) ± 1.414(3) �.


[Na(15C5)(NC5H4S-2)] (2): Na(1) is seven-coordinate with
five crown ether oxygen contacts and an S/N-chelating
pyridine-2-thiolate ligand (Figure 1). The broad ranges ob-
served in the O-Na(1)-O, N(1)-Na(1)-O, and S(1)-Na(1)-O
angles (65.31(7) ± 133.32(9)8, 84.47(8) ± 145.14(9)8, and
88.38(6) ± 149.98(6)8, respectively) preclude assignment of
the coordination environment about the cation to any clear
geometry. Rather, the crown ether molecule occupies one
coordination hemisphere of the cation, while the thiolate


ligand occupies the other hemisphere. The Na(1) ± S(1) and
Na(1) ± N(1) bond lengths are 3.038(1) and 2.429(3) �,
respectively, and the Na(1) ± O interactions range over
2.433(2) ± 2.621(2) �. The cation is displaced 1.021 � above
the plane of the oxygen atoms in the macrocycle. Angles
within the Na(1)-S(1)-C(1)-N(1) four-membered chelate ring
are 56.98(7)8 about Na(1), 76.41(1)8 about S(1), 118.3(2)8
about C(1), and 107.9(2)8 about N(1). Bond lengths and angles
within the thiolate ligand are unremarkable, with an S(1) ±
C(1) bond length of 1.735(3) � and a C(1) ± N(1) distance of
1.358(4) �. The C ± C bond lengths in the aromatic ring are in
the range 1.375(4) ± 1.413(4) �.


[K(18C6)(NC5H4S-2)] (3): K(1) is eight-coordinate with six
crown ether oxygen contacts and the S/N-chelating pyridine-
2-thiolate ligand. The O-K(1)-O, S(1)-K(1)-O, and N(1)-K(1)-
O bond angles occur over a broad range of 57.65(6) ±
153.85(6)8, 80.70(4) ± 27.53(5)8, and 73.76(7) ± 132.35(7)8, re-
spectively. The coordination geometry is composed of two
hemispheres with the crown ether occupying one site and the
thiolate ligand the other. The K(1) ± S(1) and K(1) ± N(1)
bond lengths are 3.2558(1) and 2.854(3) �, respectively, and
K(1) ± O contacts range over 2.878(2) ± 2.956(2) �. K(1) is
displaced 0.773 � above the oxygen atoms in the crown ether.
Angles within the K(1)-S(1)-C(1)-N(1) four-membered che-
late ring are 51.64(5)8 about K(1), 82.72(1)8 about S(1),
119.2(2)8 about C(1), and 106.4(2)8 about N(1). Geometrical
data within the thiolate ligand are as expected, with an S(1) ±
C(1) bond of 1.744(3) � and an N(1) ± C(1) interaction of
1.363(4) �. The C ± C bond lengths in the aromatic ring are in
the range 1.375(4) ± 1.415(4) �.


[{Li(NC5H4S-2)}2{18C6}] (4): The crown ether resides over a
crystallographic inversion center so that one {Li(NC5H4S-2)}
unit is associated with one-half of the crown. The complete
symmetry-generated structure therefore has two {Li(NC5H4S-


Table 2. (Contiuned)


Compound 7
K(1) ± S(1) 3.387(2) K(1) ± O(3) 2.822(3) K(2) ± S(2) 3.266(2) K(2) ± O(3) 3.263(3)
K(1) ± S(1A) 3.350(2) K(1) ± O(4) 3.408(3) K(2) ± S(2A) 3.399(2) K(2) ± O(4) 2.864(3)
K(1) ± N(1) 2.984(4) K(1) ± O(5) 2.910(3) K(2) ± N(2) 2.922(4) K(2) ± O(5) 3.255(4)
K(1) ± N(1A) 2.834(4) S(1) ± C(1) 1.750(5) K(2) ± N(2A) 2.896(4) S(2) ± C(6) 1.735(5)
K(1) ± O(1) 2.774(3) N(1) ± C(1) 1.350(6) K(2) ± O(2) 2.772(3) N(2) ± C(6) 1.374(5)
K(1) ± O(2) 3.000(3)
S(1)-K(1)-N(1) 48.87(8) N(1)-K(1)-O(3) 158.21(1) K(2)-N(2)-K(2A) 82.98(1) K(1)-S(1)-C(1) 71.1(2)
N(1)-K(1)-O(4) 120.79(9) S(2)-K(2)-S(2A) 109.37(4) S(1)-C(1)-N(1) 117.7(3) N(1)-K(1)-O(5) 90.62(1)
S(2)-K(2)-N(2A) 84.17(8) C(1)-N(1)-K(1) 89.7(3) S(1A)-K(1)-O(1) 95.94(7) N(2)-K(2)-S(A) 81.43(7)
C(1)-S(1)-K(1A) 80.0(2) S(1A)-K(1)-O(2) 86.89(6) N(2)-K(2)-N(2A) 97.02(1) K(1)-S(1)-K(1A) 70.61(3)
S(1A)-K(1)-O(3) 101.65(7) S(2A)-K(2)-N(2A) 49.50(8) C(1)-N(1)-C(5) 119.0(4) S(1A)-K(1)-O(4) 152.31(6)
S(2)-K(2)-O(2) 174.62(7) C(1)-N(1)-K(1A) 108.2(3) S(1A)-K(1)-O(5) 151.64(7) S(2)-K(2)-O(3) 133.28(6)
C(5)-N(1)-K(1) 117.5(3) N(1A)-K(1)-O(1) 142.40(1) S(2)-K(2)-O(4) 87.12(7) C(5)-N(1)-K(1A) 126.8(3)
N(1A)-K(1)-O(2) 99.41(1) S(2)-K(2)-O(5) 94.02(6) K(1)-N(1)-K(1A) 83.98(1) N(1A)-K(1)-O(3) 71.51(1)
N(2)-K(2)-O(2) 124.40(1) S(1)-K(1)-S(1A) 109.39(3) N(1A)-K(1)-O(4) 107.99(1) N(2)-K(2)-O(3) 166.58(1)
S(1)-K(1)-N(1A) 83.68(8) N(1A)-K(1)-O(5) 158.23(1) N(2)-K(2)-O(4) 120.91(9) N(1)-K(1)-S(1A) 82.13(8)
S(2)-K(2)-N(2) 50.86(8) N(2)-K(2)-O(5) 86.02(9) N(1)-K(1)-N(1A) 96.02(1) K(2)-S(2)-C(6) 80.4(2)
S(2A)-K(2)-O(2) 70.71(7) N(1A)-K(1)-S(1A) 50.12(8) S(2)-C(6)-N(2) 118.2(3) S(2A)-K(2)-O(3) 105.63(6)
S(1)-K(1)-O(1) 128.54(8) C(6)-N(2)-K(2) 99.8(3) S(2A)-K(2)-O(4) 157.66(7) S(1)-K(1)-O(2) 160.22(7)
C(6)-S(2)-K(2A) 74.30(1) S(2A)-K(2)-O(5) 136.11(7) S(1)-K(1)-O(3) 110.66(7) K(2)-S(2)-K(2A) 70.63(4)
N(2A)-K(2)-O(2) 99.49(1) S(1)-K(1)-O(4) 80.42(6) C(6)-N(2)-C(10) 118.1(4) N(2A)-K(2)-O(3) 96.20(9)
S(1)-K(1)-O(5) 85.19(7) C(6)-N(2)K(2A) 97.9(3) N(2A)-K(2)-O(4) 120.70(1) N(1)-K(1)-O(1) 94.07(1)
C(10)-N(2)-K(2) 128.3(3) N(2A)-K(2)-O(5) 174.21(1)
N(1)-K(1)-O(2) 148.42(1) C(10)-N(2)-K(2A) 121.4(3)
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2)} units per crown ether. The cation Li(1) is five-coordinate
with three crown ether oxygen interactions and the S/N-
chelating thiolate ligand (Figure 2). The coordination geom-
etry about Li(1) can be described as a distorted trigonal
bipyramid, where N(1), O(3), and O(2a) occupy equatorial


Figure 2. Computer-generated plot of 4 with anisotropic displacement
parameters depicting 30% probability. Hydrogen atoms have been omitted
for clarity.


positions and S(1) and O(1a) the axial sites. Equatorial bond
angles fall in the range 113.2(2) ± 123.7(2)8, while the axial ±
equatorial angles lie between 67.78(1)8 and 110.3(2)8, and the
axial ± axial S(1)-Li(1)-O(1a) angle is 166.3(2)8. Distortions
from an ideal trigonal-bipyramidal geometry are mainly
associated with the S(1) ± equatorial bond angles. In order
for the thiolato S atom to move into the axial coordination
position of Li(1), the pyridine-2-thiolate ligand must pivot
about N(1). This can be observed in the very wide C(5)-N(1)-
Li(1) angle of 138.7(2)8 and the compression of the S(1)-C(1)-
N(1) angle to 116.6(2)8. The Li(1) ± S(1) and Li(1)-N(1) bond
lengths are 2.606(4) and 2.057(4) �, respectively, and the
lithium ± crown interactions range between 2.011(4) and
2.149(4) �. The cation is displaced 1.157 � above the plane
of the three crown oxygen atoms ligated to Li(1). Angles
within the four-membered Li(1)-S(1)-C(1)-N(1) chelate ring
are 67.78(1)8 about Li(1), 73.51(1)8 about S(1), 116.6(2)8
about C(1), and 102.0(2)8 about N(1). The S(1) ± C(1) and
N(1) ± C(1) bond lengths are 1.737(2) and 1.356(3) �, respec-
tively, as expected, and C ± C bond lengths in the aromatic
ligand are observed to be between 1.371(3) and
1.409(3) �.


[Na(18C6)(NC5H4S-2)] (5): Na(1) is six-coor-
dinate with four crown ether interactions and
an S/N-chelating thiolate ligand (Figure 3).
Bond angles about Na(1) are in the range
58.91(5) ± 148.62(6)8, and the Na(1) ± S(1) and
Na(1) ± N(1) bond lengths are 2.764(1) and
2.649(2) �, respectively. Na(1) resides in the
crown so that four Na(1) ± O contacts can be
considered significant (2.451(2) ± 3.020(2) �),
while O(5) and O(6) are considerably further
away (>3.4 �). Na(1) is displaced above the
plane of O(1) ± O(4) by 0.810 �. S(1)-Na(1)-O
angles are observed to be in the broad range of
82.34(5) ± 148.62(6)8, while the N(1)-Na(1)-O


Figure 3. Computer-generated plot of 5 with anisotropic displacement
parameters depicting 30% probability. Hydrogen atoms have been omitted
for clarity.


angles lie in a narrower range of 87.66(8) ± 120.12(7)8. Bond
angles within the four-membered Na(1)-S(1)-C(1)-N(1) che-
late ring are 58.91(5)8 about Na(1), 84.84(9)8 about S(1),
118.4(2)8 about C(1), and 97.4(2)8 about N(1). The S(1) ± C(1)
and N(1) ± C(1) bond lengths are 1.736(3) and 1.358(3) �,
respectively, and the C ± C bond lengths in the aromatic ring
are observed to be between 1.363(4) and 1.419(4) �.


[{Na(12C4)2}2{Na(NC5H4S-2)2(thf)}{Na(NC5H4-m-S-2)-
(NC5H4S-2)}]2 (6): Compound 6 resides over a crystallo-
graphic inversion center, which is located in the center of the
Na2S2 four-membered ring [Na(4)-S(4)-Na(4A)-S(4A)]. The
two sodium-centered anions are shown in Figure 4. With
respect to the cations in the asymmetric unit, Na(1) and Na(2)
are each eight-coordinate; two 12C4 molecules complex each
metal in a sandwich fashion. Na(1) ± O(crown) and Na(2) ±
O(crown) contacts range over 2.441(7) ± 2.546(7) and
2.417(6) ± 2.513(6) �, respectively. The first of the two dis-
tinctive sodium anions is Na(3), which is five-coordinate with
two S/N-chelating thiolate ligands and one THF molecule.
The overall geometry can be described as a distorted square


Figure 4. Computer-generated plot showing the sodium-centered anions in 6 with anisotropic
displacement parameters depicting 30% probability. Hydrogen atoms have been omitted for
clarity.
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pyramid, where the pyridine-2-thiolates comprise the base
and THF is located in the axial position. Distortion from an
ideal square pyramid can be seen in the O(17)-Na(3)-S(1),
O(17)-Na(3)-S(2), O(17)-Na(3)-N(1), and O(17)-Na(3)-N(2)
bond angles of 101.8(2)8, 106.9(2)8, 93.5(3)8, and 106.4(3)8,
respectively. Within the S2N2 basal plane, angles about sodium
vary between 60.2(2)8 and 160.1(3)8. The acute values are
attributable to the internal angles of the chelating ligands, and
the obtuse values are between the thiolate ligands. Bond
lengths about Na(3) are 2.823(5) � to S(1), 2.812(4) � to S(2),
2.455(8) � to N(1), 2.483(8) � to N(2), and 2.385(8) � to
O(17). Angles within the four-membered Na(3)S(1)C-
(37)N(1) chelate ring are 60.9(2)8 about Na(3), 78.4(3)8 about
S(1), 119.6(7)8 about C(37), and 100.5(6)8 about N(1). S(1) ±
C(37) and N(1) ± C(37) bond lengths are 1.758(9) and
1.351(1) �, as expected. The overall structural parameters of
the second pyridine-2-thiolate ligand in this anion are similar.
Angles within the four-membered chelate ring are 60.2(2)8
about Na(3), 78.7(3)8 about S(2), 118.4(7)8 about C(42), and
99.5(5)8 about N(2). The S(2) ± C(42) and N(2) ± C(42) bond
lengths are again as expected, being 1.758(8) and 1.343(1) �,
respectively.


The second sodate ion in the asymmetric unit is Na(4),
which is part of the pyridine-2-thiolate-bridged dimeric unit
shown in Figure 4. Within this symmetry-generated dimer,
one thiolate ligand bridges two symmetry-related metal
centers, while a second thiolate ligand occupies a terminal
coordination site. The dimer can be described as a rhombus
with internal angles of 98.64(1)8 about Na(4) and 81.36(1)8
about S(4). Similarly to the first sodium anion, Na(3), Na(4) is
also five-coordinate, with three sulfur and two nitrogen
contacts; the coordination geometry about Na(4) likewise
can be described as a distorted square pyramid. Two thiolate
ligands, S(3)/N(3) and S(4a)/N(4a), occupy the basal plane,
while in place of a THf molecule in the axial position, a
bridging thiolato atom, S(4), coordinates at this site. Dis-
tortion from square-pyramidal geometry is evident in the
axial ± equatorial angles as well as in the intrabasal angles.
S(4)-Na(4)-S(3), S(4)-Na(4)-S(4a), S(4)-Na(4)-N(3), and
S(4)-Na(4)-N(4a) angles are in the range 98.64(1) ±
123.73(1)8, while the intrabasal angles range between
58.7(2) and 156.4(3)8. With respect to the ligands about
Na(4), one thiolate is terminally coordinating, with Na(4) ±
S(3) and Na(4) ± N(3) bond lengths of 2.933(4) and
2.433(8) �, respectively. S(4) is the bridging thiolato atom
with a contact of 2.907(4) � to Na(4) and 2.879(4) � to the
symmetry-generated Na(4a). N(4a), from the symmetry-
related bridging pyridine-2-thiolate, coordinates to Na(4) at
2.482(8) �. Interestingly, the bridging Na ± S interactions are
shorter than the terminal Na ± S contact: the bridging Na(4) ±
S(4) and Na(4) ± S(4a) bond lengths are observed to be
2.907(4) and 2.879(4) �, in comparison with the terminal
Na(4) ± S(3) interaction of 2.933(4) �.


Geometrical data for the two distinctive pyridine-2-thio-
lates in this anion are quite similar, regardless of their bridging
or terminal orientation. Bond angles within the four-mem-
bered chelate ring of the terminal thiolate ligand are 58.7(2)8
about Na(4), 78.5(3)8 about S(3), 117.1(6)8 about C(47), and
105.5(5)8 about N(3), and for the four-membered chelate ring


of the bridging thiolate the bond angles are 58.8(2)8 about
Na(4a), 79.0(3)8 about S(4), 118.5(7)8 about C(52), and
103.6(5)8 about N(4). The S ± Cipso and N ± Cipso distances are
as expected and fall in the range 1.743(8) ± 1.756(9) and
1.323(9) ± 1.375(9) �, respectively. The coordination geome-
try about the bridging thiolate sulfur, S(4), can be described as
a compressed pyramid with an angle sum of 253.78.


[{K(m-NC5H4-m-S-2)}2{15C5}]1 (7): The crown ether 15C5
serves as a template upon which two distinctive {K(NC5H4S-
2)} units interact, one on each face of the crown. An inversion
center relates K(1) to K(1a) and K(2) to K(2a). Likewise, the
two bridging m-S/m-N pyridine-2-thiolates doubly bridge the
symmetry-related potassium pairs and are also repeated by
the crystallographic inversion center. The overall result is two
distinct K2/N2/S2 motifs, which are linked through a 15C5
molecule (Figure 5). K(1) is nine-coordinate with five crown


Figure 5. Computer-generated plot of part of the polymeric chain dis-
played in 7 with anisotropic displacement parameters depicting 30%
probability. Hydrogen atoms have been omitted for clarity.


contacts ranging from 2.774(3) to 3.408(3) � and two S/N-
chelating pyridine-2-thiolate molecules, one of which is
generated by the inversion center. The K(1) ± S(1) and
K(1) ± S(1a) bond lengths are 3.387(2) and 3.350(2) �,
respectively, while the K(1) ± N(1) and K(1) ± N(1a) bond
lengths are 2.984(4) and 2.834(4) �. Geometrical data for
K(2) are similar to those for K(1), except that the former
cation is eight-coordinate with only four significant contacts
to the crown ether and two S/N-chelating pyridine-2-thiolate
molecules. K(2) ± O interactions range between 2.772(3) and
3.263(3) �, with O(1) more than 3.9 � from K(2). The K(2) ±
S(2) and K(2) ± S(2a) interactions are 3.266(2) and 3.399(2) �,
respectively, while K(2) ± N(2) and K(2) ± N(2a) bond lengths
are 2.922(4) and 2.896(4) �.


Each pyridine-2-thiolate ligand bridges two symmetry-
related potassium cations with both sulfur and nitrogen
atoms, resulting in four-membered KSCN, K2S2, and K2N2


rings. The S(1)/N(1)-K(1)-S(1a)/N(1a) angles range between
82.13(8) and 109.39(3)8, while the S(1)/N(1)-K(1)-O and
S(1a)/N(1a)-K(1)-O angles are found to lie between 71.51(1)8
and 160.22(7)8. Angles within the four-membered K(1)-S(1)-
C(1)-N(1) chelate ring are 48.87(8)8 about K(1), 71.1(2)8
about S(1), 117.7(3)8 about C(1), and 89.7(3)8 about N(1). The
second four-membered K(1a)-S(1)-C(1)-N(1) chelate ring has
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internal bond angles of 50.12(8)8 about K(1a), 80.0(2)8 about
S(1), 117.7(3)8 about C(1), and 108.2(3)8 about N(1). The
S(1) ± C(1) and N(1) ± C(1) bond lengths are 1.750(5) and
1.350(6) �, respectively. The sum (221.98) of angles about S(1)
indicates a compressed pyramidal geometry, while the range
of angles about N(1), 83.98(1) ± 126.8(3)8, indicates a distorted
tetrahedral geometry.


In the second thiolate molecule, S(2)/N(2)-K(2)-S(2a)/
N(2a) angles range between 81.43(7)8 and 109.37(4)8, while
S(2)/N(2)-K(2)-O and S(2a)/N(2a)-K(2)-O angles are in the
range 86.02(9) ± 174.62(7)8. Angles within the four-membered
chelate rings are: for K(2)-S(2)-C(6)-N(2), 50.86(8)8 about
K(2), 80.4(2)8 about S(2), 118.2(3)8 about C(6), and 99.8(3)8
about N(2); and for K(2a)-S(2)-C(6)-N(2), 49.50(8)8 about
K(2a), 74.30(1)8 about S(2), 118.2(3)8 about C(6), and 97.9(3)8
about N(2). The S(2) ± C(6) and N(2) ± C(6) bond lengths are
1.735(5) and 1.374(5) �, respectively. The sum of the angles
about S(2) is 225.338, indicating a very compressed pyramidal
geometry, while the range of angles about N(2) (99.8(3) ±
128.3(3)8) suggests a distorted tetrahedral geometry.


Discussion


The initial observation which launched this investigation into
alkali metal pyridine-2-thiolate structural chemistry was the
exceptional length of the Li(1) ± S(1) bond in 1 (2.894(5) �),
and the corresponding relative shortness of the Li(1) ± N(1)
distance (2.002(5) �). The question was then raised of
whether the strong Li(1) ± N(1) contact was a manifestation
of the hard-acid/hard-base pairing between lithium and the
nitrogeno center of the resonance-delocalized anion, and if so,
how the geometrical interactions between cation and anion
would change with an increase in the metal radius. With the
goal of answering these seemingly straightforward questions,
the synthesis of a family of crown-ether-coordinated alkali
metal pyridine-2-thiolates was initiated. As expected, pairing
of the appropriately sized crown ether according to the radius
of the cations led to the monomers 1 ± 3. Indeed, the
geometrical relationship between cation and anion is influ-
enced by the metal ionic radius (vide infra); however, two
reaction parameters have been changed simultaneously in the
syntheses of 1 ± 3 : the metal center and the crown ether. In an
attempt to change just one reaction parameter at a time and
allow for the most meaningful structural comparisons, the
syntheses of all the Li/Na/K- and 12C4/15C5/18C6-containing
permutations were explored. The subsequently identified
group of crown ether-coordinated alkali metal pyridine-2-
thiolates 4 ± 7 display a fascinating range of structural
diversity, highlighting the role that a mismatched crown ether
can play in the solid state, and by inference, in solution.


The anomalously long Li(1) ± S(1) bond length in 1 can be
compared with several analogous lithium ± sulfur interactions
in related S ± C ± N resonance-delocalized systems. For exam-
ple, in the dimeric lithio-2-mercaptobenzimidazole [Li(hm-
pa)2(C6H4NC(S)N)Li(m-hmpa)]2 (hmpa� hexamethylphos-
phoramide), one weak Li ± S interaction of 2.842(1) � and
one strong Li ± S contact of 2.525(1) � are observed. In the
related lithio-2-mercaptopyrimidine [Li(hmpa)(C3H3NC-


(S)N)]1 , only a weak Li ± S interaction of 2.804(5) � has
been identified.[6] In both of these structures the coordination
environment about the cation is completed by strong inter-
actions between Li and the O and N of hmpa, resulting in a
coordination number of four. The dimeric formulation of
lithio-2-mercaptobenzoxazole, [Li(m-hmpa)C6H4NC(S)O]2 ´
H2O, features a marginally stronger Li ± S bond of
2.757(1) �, with amide, H2O, and bridging hmpa donor
molecules completing the coordination environment about
the four-coordinate cations.[7]


The weak Li(1) ± S(1) interaction of 2.894(5) � in 1 can be
attributed, in part, to the six-coordinate cation; however, the
presence of a strong Li ± Namido bond (2.002(5) �) indicates
preferential hard-acid/hard-base pairing. The sole example of
a six-coordinate lithium cation in thiolate-related structural
chemistry is the pyrazine thiolate [Li(tmeda)S2CCH2-
(C4H2N2Me-2)]1 (tmeda�N,N,N',N'-tetramethylethylenedi-
amine). The thiolato S atoms coordinate lithium at 2.554(4)
and 2.688(5) �, respectively. Also chelating the cation is one
TMEDA molecule, and the nascent monomeric units are
linked into an infinite chain through Li ± N interactions of
2.129(5) �.[8] In comparison with 1, the six-coordinate cation
in the pyrazine thiolate forms significantly shorter Li ± S
bonds. Indeed, the common upper limit for Li ± Sthiolato


interactions is approximately 2.6 �, as in a large family of
structurally identified compounds.[9] The Li ± Sthiolato values
above can be contrasted with those for neutral sulfur donor
ligation of lithium in [Li(tmeda)(C6H4S(tBu)-2)]2 and [Li-
(tmeda)(C(CH3)S(CH2)3S)]2.[10, 11] The former exhibits a
Li ± S interaction of 2.712(5) �, while the latter has a Li ± S
contact of 2.516 �.


Bond lengths that are similar to that of the Li(1) ± N(1)
bond (2.002(5) �) in 1 have been observed in donor-free and
donor-coordinated lithium bis(trimethylsilyl)amides. For ex-
ample, in trimeric [LiN(SiMe3)2]3 the metal ± Namido contact
distance is 2.000(1) �, and in the ether-coordinated dimer
[Li(Et2O)N(SiMe3)2]2 the metal ± Namido distance is greater
(2.055(1) �).[12] Clearly, then, the coordination about Li(1) in
1 is composed of a significant amide contribution and a
relatively weak thiolate interaction.


Compounds 2 (Figure 1) and 3 are the first monomeric,
heavier alkali metal pyridine-2-thiolates to be structurally
characterized. Few structural studies have been published on
sodium thiolates or potassium thiolates in general,[13] and only
one sodium pyridine-2-thiolate structure has been described
in the literature to dateÐthat of the bis(tert-butyldimethyl-
silyl)-substituted [Na(NC5H2S-2-(SiMe2tBu)2-3,6)]6.[14] This
compound displays a hexagonal-prismatic structure based
on an Na6S6 core framework. Each sodium cation interacts
with three thiolato sulfur atoms and one intramolecularly
coordinating nitrogen atom, resulting in a coordination
number of four. Na ± S distances range from 2.792(5) to
2.831(5) �, while the Na ± N distance is 2.481(9) �. Of
relevance to 3 is the structure of a K12S12 cluster species,
[K2S2C(CNC2N-iPr2-2,5-Me2-3,4)]6, which is based on a K6S6


hexagonal prism surrounded by a K6S6 12-membered ring.[15]


The K ± Sthiolato interactions range between 3.023(3) and
3.308(5) � for cations in four- and five-coordinate environ-
ments. In contrast with these heavier alkali metal pyridine-2-
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thiolate derivatives, the seven-coordinate sodium cation in 2
displays an interaction of 3.038(1) � with S(1), while eight-
coordinate K(1) in 3 bonds to S(1) at 3.2558(1) �. The large
discrepancy in Na ± S bond lengths between [Na(NC5H2S-2-
(SiMe2tBu)2-3,6)]6 and 2 does not rest solely in the different
coordination numbers about the cation. The matching of the
relative sizes of the alkali metal cation and the chelating
pyridine-2-thiolate must play an important role in the
structural geometry (vide infra).


The series of monomeric alkali metal trityl derivatives
[Li(OEt2)2C(N-2-C5H4)Ph2], [Na(thf)3C(N-2-C5H4)Ph2], and
[K(pmdta)(thf)C(N-2-C5H4)Ph2] (pmdta� pentamethyldie-
thylenetriamine) feature intramolecular M ± N bonding of
1.972(5), 2.414(7), and 2.809(5) �, respectively.[16] Further-
more, in the sodium and potassium bis(trimethylsilyl)amides
[Na(N(SiMe3)2]1 and [KN(SiMe3)2]2, metal ± Namido bonding is
exhibited at 2.355(4) � and 2.750(3) and 2.803(3) �, respec-
tively.[12] Comparison of these values with the metal ± Namido


bond lengths of 2.002(5) � in 1, 2.429(3) � in 2, and
2.854(3) � in 3 suggests relatively strong M ± N interactions
in the monomeric complexes.


Compounds 1 ± 3 display a smooth increase in metal ± Sthiolato


and metal ± Namido bond lengths, in accord with an increasing
ionic radii and coordination numbers (Table 3). M ± S and M ±
N bond lengths in [Li(12C4)(NC5H4S-2)] are 2.894(5) and


2.002(5) �, in [Na(15C5)(NC5H4S-2)] 3.038(1) and
2.429(3) �, and in [K(18C6)(NC5H4S-2)] 3.2558(1) and
2.854(3) �. This constitutes an increase in the series from 1
to 3 for the M ± S and M ± N distances of 0.362 and 0.852 �.
With a change in ionic radius of 0.75 � from Li� (CN� 6) to
K� (CN� 8), the 0.852 � difference between Li ± N and K ± N
bonding reflects the increasing radius of the cation.[17] The
0.362 � difference in M ± S bonding accounts for the excep-
tionally long Li(1) ± S(1) interaction in 1, and also reflects the
increase in ionic radius of the metal down the series.


The overall bonding trends in 1 ± 3 can be understood in
light of related M ± S and M ± N distances and comparison
with the sum of the ionic and van der Waals radii. Each of
compounds 1 ± 3 displays an M ± N interaction which is
significantly less than the sum of the ionic M� and nitrogen
van der Waals radii: 2.002(5) � compared with 2.45 � in 1,


2.429(3) � compared with 2.81 � in 2, and 2.854(3) �
compared with 3.45 � in 3. These values suggest a strong
amide contribution to the metal environment throughout the
series. Indeed, similar M ± N distances have been observed in
alkali metal amides (vide supra). The sums of the ionic M�


and sulfur van der Waals radii, however, point to a significant
increase in the M ± S bonding interaction as the cation radius
increases. In 1 the Li(1) ± S(1) bond length (2.894(5) �) is
0.194 � longer than the sum of the ionic Li� (CN� 6) and
sulfur van der Waals radii. Furthermore, although several
examples of resonance-delocalized lithium thiolates with long
Li ± S interactions are known, the vast majority of structures
have an Li ± S interaction under 2.60 �, suggesting the
thiolato interaction with lithium in 1 is very weak. Compound
2 displays a slightly stronger Na ± S interaction than was
observed for Li(1) ± S(1) in 1. The bond length of 3.038(1) �
for Na(1) ± S(1) is just less than the sum (93.06 �) of the ionic
Na� (CN� 7) and sulfur van der Waals radii. This should still
be considered a weak interaction, however, as typical Na ± S
bond lengths fall below 2.80 �.[9a, 13, 14] The larger potassium
cation allows for significant K ± Sthiolato and K ± Namido inter-
actions to occur simultaneously. In 3 the K(1) ± S(1) bond
length of 3.2558(1) � is shorter than the sum (3.45 �) of the
ionic K� (CN� 8) and sulfur van der Waals radii, and the
K(1) ± S(1) distance correlates well with data from other


structural investigations on potassium thio-
late complexes.[9a, 13, 15] The increase in the
alkali metal ± Sthiolato interaction in the above
series is also evident in the C(1)-N(1)-M(1)
bond angle. From 1 to 3 this angle steadily
decreases as the M(1) ± S(1) interaction
becomes more significant: it is 112.2(2)8 in
1, 107.9(2)8 in 2, and 106.4(2)8 in 3.


An increase in ionic radius may not be the
sole reason for the variance in M ± S and
M ± N bonding in 1 ± 3. According to the
hard/soft acid/base concept, the larger cat-
ion (acid) should demonstrate a preference
for interacting with the larger anion
(base).[18] In the potassium pyridine-2-thio-
late 3, this preference is modestly exhibited
by a strong K(1) ± S(1) contact and a K(1) ±
N(1) bond length that is marginally longer


than typical K ± Namido interactions. Further up the alkali metal
family, the sodium pyridine-2-thiolate 2 displays intermediate
values: the Na(1) ± S(1) and Na(1) ± N(1) bond lengths are
long in comparison with reference data; in the lithium
pyridine-2-thiolate 1 there is clearly a predominance of an
amide contribution from the resonance-delocalized S ± C ± N
anion.


In the absence of an intramolecularly coordinating func-
tionality, the resulting structure of lithium aryl thiolates is very
sensitive to the steric nature of the aromatic moiety. For
example, in the series [Li(py)(SCH2Ph)]1 , [Li(py)2(SPh)]1 ,
and [Li(py)3(SC6H4Me-2)] (py� pyridine), small changes in
the aryl ligand lead to distinct structural modifications: a
ladder-like polymer, an infinite one-dimensional chain, and a
monomer, respectively.[9k] Each cation is four-coordinate,
and the ranges of Li ± S and Li ± N bond lengths are


Table 3. Comparison of M ± S, M ± N, and M ± O bond lengths for compounds 1 ± 3 and 4 ± 7.


Compound M CN[a] M ± S [�] M ± N [�] M ± O [�][b]


[Li(12C4)(NC5H4S-2)], 1 6 2.894(5) 2.002(5) 2.061(5) ± 2.237(5)
[Na(15C5)(NC5H4S-2)], 2 7 3.038(1) 2.429(3) 2.433(2) ± 2.621(2)
[K(18C6)(NC5H4S-2)], 3 8 3.2558(1) 2.854(3) 2.878(2) ± 2.956(2)
[Na(18C6)(NC5H4S-2)], 5 6 2.764(1) 2.649(2) 2.451(2) ± 3.020(2)
6 Na(1) 8 2.441(7) ± 2.546(7)


Na(2) 8 2.417(6) ± 2.513(6)
Na(3) 5 2.823(5), 2.812(4) 2.455(8)


2.483(8)
2.385(8)[c]


Na(4) 5 2.879(4), 2.907(4)
2.933(4)


2.482(8)
2.433(8)


[{K(m-NC5H4-m-S-2)}2{15C5}]1 , 7 K(1) 9 3.350(2) 2.834(4) 2.774(3) ± 3.408(3)
3.387(2) 2.984(4)


K(2) 8 3.266(2) 2.922(4) 2.772(3) ± 3.263(3)
3.399(2) 2.896(4)


[a] CN� coordination number. [b] oxygen� crown ether. [c]�THF.
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2.412(6) ± 2.513(6) � and 2.045(5) ± 2.05(6) �, respectively. It
is also informative to compare the monomeric formulations of
compounds 1 ± 3 with the structures of alkali metal phen-
oxides without crown ethers. In the absence of the coordina-
tion-satiating effects of a crown ether, the sterically unen-
cumbered phenoxide ligand leads to polymeric species for the
alkali metal family.[19] In another example, a polymer has also
been observed in [Na(OC6H4-4-Me)]1 , where the methyl
substituent had little effect on the ionic association.[20] In
contrast, an intramolecularly coordinating functionality on
the aryl ligand or Lewis-base donor makes it possible to the
isolate oligomeric alkali metal aryloxide species, for example,
trimeric [Li(OC6H2-2,6-(CH2NMe2)2-4-Me)]3 and tetrameric
[Na(OC6H2-2,6-(CH2NMe2)2-4-Me)]4, and the tetrameric and
hexameric phenoxides [Na(tmu)(OPh)]4 (tmu�N,N,N',N'-
tetramethylurea) and [Na(thf)(OPh)]6.[21] It is expected, then,
that the family of alkali metal pyridine-2-thiolates would
exhibit oligomeric or polymeric structures in the absence of
macrocyclic Lewis-donor coordination.


The synthesis of mismatched crown ether/alkali metal pairs
was undertaken to address the effect on the solid-state
structural chemistry if one reaction parameter at a time is
changed (for example, if 12C4 coordination of lithium
pyridine-2-thiolate is changed to 18C6). In the permutations
that were examined subsequently, a diverse group of crown
ether-coordinated alkali metal pyridine-2-thiolates could be
identified in which seemingly innocuous changes in the crown
ether had led to vastly different structural formulations.


The solid-state structure of 4 can be viewed as an 18C6-
bridged lithium pyridine-2-thiolate dimer, in which one
{Li(NC5H4S-2)} unit interacts with three crown oxygen atoms
through the cation and the second unit is generated by an
inversion center in the crown ether ring (Figure 2). A related
structural motif has been observed in the lithium phenoxide
[{Li(OPh)}2{18C6}], where the cation is five-coordinate with
three crown ether oxygen interactions and has contacts with
both phenoxide units.[22] An important distinction between
the two structures, however, is the location of the cations
relative to the mean plane of the crown ether. In the
phenoxide, the lithium cations are essentially in the crown
ether plane; however, in 4 the cations are displaced above or
below the crown ether. This displacement is probably a
manifestation of the steric presence and chelating nature of
the pyridine-2-thiolate ligand.


In marked contrast with 1, which has a Li(1) ± S(1) bond
length of 2.894(5) �, 4 displays a shorter Li(1) ± S(1) inter-
action of 2.604(4) � and a comparatively long Li(1) ± N(1)
bond of 2.057(4) �. This is further corroborated by the tighter
C(1)-N(1)-Li(1) bond angle of 102.0(2)8 in the dimer,
compared with 111.2(2)8 in 1. A lower coordination environ-
ment about a cation will result in a decrease in relevant bond
lengths; however, the Li(1) ± S(1) distance in 4 is 0.290 �
shorter than in the 12C4-coordinated monomer 1, a difference
too significant to attribute solely to a reduced coordination
number. The discrepancy in Li ± Sthiolato bonding may well
reside in the steric interaction between the crown ether and
pyridine-2-thiolate, which is manifested in the S(1)-Li(1)-O
bond angles. The narrow S(1)-Li(1)-O(1) and S(1)-Li(1)-O(4)
angles of 99.0(2) and 101.4(2)8 in 1 (Figure 1) may be


contrasted with the more open values of 101.9(2) and
110.3(2)8 for S(1)-Li(1)-O(3) and S(1)-Li(1)-O(2a) in 4
(Figure 4). Further, the axial ± axial bond angle for S(1)-
Li(1)-O(1a) of 166.3(2)8 in 4 is 2.98 larger than the corre-
sponding angle in 1. These data suggest a crown ether
conformation in the dimer 4 which facilitates a closer
Li(1) ± S(1) interaction by way of a reduced steric presence
when compared with 12C4-ligated 1.


In contrast with the monomer 3 and the dimer 4,
asymmetric crown-ether ligation of the sodium cation is
observed in 5, where four of six crown ether oxygen atoms
interact with the cation (Figure 3). Several examples exist of
unusual coordination modes of crown ethers with sodium
cations, although no examples involving sodium thiolates and
18C6 have been reported in the literature. For example, a
remarkable triple-decker ion triple, [(18C6)Na(18C6)-
Na(18C6)][C5H-2,3,4,5-Ph4]2, features eight-coordinate so-
dium cations, where each metal interacts with six oxygen
atoms of an 18C6 molecule and two oxygen atoms of a shared
18C6 ligand.[23] In the dimeric sodium phenoxide [Na(m-
dicyclohexo18C6)(m-OPh)Na(m-OPh)]2, the crown ether se-
questers one cation with all six of its oxygen atoms while
interacting with the second cation with just two oxygen
atoms.[24] In another example, two 15C5 molecules surround
the sodium cation in [{Na(15C5)2}{NbOCl4(CH3CN)}].[25] The
alkali metal resides essentially in the plane of one crown,
while the second crown is oriented orthogonally with respect
to the first and interacts with just two of its oxygen atoms. In 5,
four Na(1) ± O interactions are in the range from 2.451(2) to
3.020(2) �, while the remaining two Na ± O contacts are
longer than 3.4 �. When it is borne in mind that the sum of
ionic Na� (CN� 6) and oxygen van der Waals radii is 2.66 �,
the Na(1) ± O(4) bond length of 3.020(2) � can be considered
very weak; thus there is some uncertainty in the cation
coordination number (five or six).[17] Indeed, the geometrical
data for 5 suggest a lower coordination environment about
Na(1). Specifically, the Na(1) ± S(1) bond length of 2.764(1) �
in 5 is decidedly shorter than the corresponding distance of
3.038(1) � in the 15C5-coordinated monomer 2. This value is
actually quite similar to the average Na ± S interaction (four-
coordinate sodium) in [Na(tmeda)(SC6H2-2,4,6-iPr3)]
(2.772(1) �).[13a] If the Nacation ± Namido bonding is considered,
the Na(1) ± N(1) distance of 2.649(2) � in 5 is longer than
Na(1) ± N(1) interaction in 2 (2.429(3) �). As with
[{Li(NC5H4S-2)}2{18C6}], the stronger Nacation ± Sthiolato bond-
ing in 5 may be the result of a lower cation coordination
number in conjunction with a reduced steric presence from
the orientation and asymmetric ligation of 18C6.


Changing just one reaction parameter by using 12C4
instead of 18C6 leads to a remarkable solid-state product.
Compound 6 is the first solvent-separated, sodium-centered,
anionic pyridine-2-thiolate ion quadruple (Figure 4; only the
anions are shown). The only other related complexes known
are the contact-ion complex [Rb2{Na(hfac)3}] (hfac� hexa-
fluoroacetylacetonate) and the solvent-separated contact ion
quadruple [Na(18C6)(thf)2][Na(18C6){C(NO2)3}2].[26, 27] Geo-
metrical data for 6 may be compared with the 15C5- and
18C6-coordinated sodium pyridine-2-thiolates 2 and 5, re-
spectively (Table 3). The Na(1) and Na(2) ± O(crown) dis-
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tances in 6 are comparable with the values for 2 and those in
the lower range for 5. The Na ± Sthiolato and Na ± Namido bonds in
the metallate 6 exhibit intermediate values in comparison
with the other two crown ether-complexed pyridine-2-thio-
lates, although cations Na(3) and Na(4) are both only five-
coordinate in 6. For example, the range of Na ± S bonding in 6
is 2.812(4) ± 2.933(4) �, while the seven-coordinate cation in 2
has an Na(1) ± S(1) interaction of 3.038(1) �, and the six-
coordinate cation in 5 displays an Na(1) ± S(1) distance of
2.764(1) �. The longer Na ± S distances in the metallate
compared with the Na ± S distance in the higher coordinate
cation in 2 can be attributed to anionic repulsion of the two
pyridine-2-thiolate ligands about Na(3) and Na(4).


The intermediate Na ± S bond lengths in 6 can also be
correlated with median Na ± N values. The Na ± Namido inter-
actions in the metallate range from 2.433(8) to 2.483(8) �,
which lies between the comparable values of 2.429(3) � in 2
and 2.649(2) � in 5. Clearly, the Na ± S and Na ± N interac-
tions are coupled so that an increase in the Nacation ± Sthiolato


bond length results in a stronger Nacation ± Namido interaction
and, conversely, a decrease in the Nacation ± Sthiolato bond length
results in a weaker Nacation ± Namido bond. It is also noteworthy
that the product stoichiometry in 6 reflects the reactant
stoichiometry: there is one 12C4 molecule per cation and per
pyridine-2-thiolate.


15C5 coordination of sodium allowed the isolation of
monomeric [Na(15C5)(NC5H4S-2)}; however, in the presence
of potassium the same crown ether results in the one-
dimensional polymer, 7 (Figure 5). Compound 7 does not
reflect the initial thiol:crown ether:metal hydride reaction
stoichiometry of 1:1:1; instead, only one-half of the available
macrocycle was utilized in the formation of this one-dimen-
sional polymer. The crown ether serves to bridge the unusual
{K(NC5H4S-2)}2 dimeric units, structural motifs resembling
the hypothetical structure of dimeric [K2(OPh)2(15C5)2].[28]


Geometrical data for 3 and 7 are very similar, reflecting
high cation coordination numbers. The bridging nature of the
two pyridine-2-thiolates in polymeric 7 results in slightly
longer K ± S and K ± N distances than those in monomeric 3
(Table 3). For example, K ± S bond lengths in 7 range from
3.266(2) to 3.399(2) �, and the K(1) ± S(1) distance in 3 is
3.2258(1) �. A similar effect is observed in the K ± N distances
in 7 as compared with that in monomeric 3. The bridging K ± N
interactions cover the range 2.834(4) to 2.984(4) � in the
polymer, and K ± N is 2.854(3) � in the monomer. The Kcation ±
Ocrown ether bond lengths in 7 are observed over a broader range
than in 3, and different values are exhibited for K(1) and K(2)
in the polymer. K(1) interacts with all five oxygen atoms of
15C5 between 2.774(3) and 3.408(3) �, while K(2) has four
crown ether oxygen contacts between 2.772(3) and
3.262(3) �, with the remaining oxygen significantly further
away (>3.9 �) than the sum (3.15 �) of the ionic K� (CN� 8)
and oxygen van der Waals radii.[17]


The polymeric formulation of 7 may be contrasted with
dimeric 4. In the latter complex, the small lithium cation is
adequately coordinated by three crown ether oxygen atoms
and the chelating pyridine-2-thiolate, resulting in a distorted
trigonal-bipyramidal ligand arrangement. With a larger po-
tassium ion, however, the more spacious coordination envi-


ronment allows for numerous cation ± anion and cation ±
crown ether interactions, thereby leading to polymerization.


The S ± Cipso bonding in 1 ± 7 can be compared with early
crystallographic work on the structure of pyridine-2-thiol.[29]


Solid-state structural investigations supported the a-thiopyr-
idone assignment I in Scheme 1. Evidence for this thione


Scheme 1. Tautomeric forms of pyridine-2-thiol.


tautomer (rather than the thiol form II) comes from an
analysis of pertinent bond angles and also by analogy with the
oxygen congener a-pyridone, which has been shown to exist
as the ketone tautomer in the solid state.[30] In contrast, an
analysis of the S ± Cipso bond lengths in 1 ± 7 suggests that the
bond order decreases uniformly upon metalation. Specifically,
in the structure of a-thiopyridone the S ± Cipso bond length was
found to be 1.68(2) �, a value associated with partial double-
bond character; however, in the alkali metal pyridine-2-
thiolate complexes 1 ± 7 S ± Cipso bonds are observed to be in
the range 1.735(3) ± 1.758(9) �, suggesting a decrease in the
bond order.


Conclusion


Through the synthesis and solid-state structural identification
of 1 ± 7, an unexpected structural diversity has emerged with
respect to both specific geometrical comparisons and overall
molecular topology. We had anticipated the gross structural
chemistry of established crown ether/cation pairings, as
observed in a series of monomeric alkali metal pyridine-2-
thiolates; however, the connective relationships between
cation and anion turned out to be more complex than we
expected. In contrast, when pyridine-2-thiol is metalated in
the presence of a crown ether that is either too small or too
large relative to the cationic radius, an asymmetrically
coordinated monomer, a crown-ether-templated dimer or
polymer, or a very unusual separated metalloanionic ion
quadruple can be isolated.


The monomeric formulations of 1, 2, and 3 can be attributed
to the pairing of an alkali metal with a crown ether which is
capable of sequestering the cation, while simultaneously, and
in conjunction with chelating pyridine-2-thiolate, satiating
many of the cation�s coordinative requirements. Significant
geometrical differences were observed, however, in the
relationship between the cation and anion in this series. The
small lithium center was shown to interact primarily with the
hard nitrogeno center of the resonance-delocalized S ± C ± N
anion, with little contribution from the thiolato S atom.
Further down the alkali metal family, sodium exhibited a
moderately stronger Na ± S contact (albeit longer than
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expected) and potassium displayed an anticipated K ± S bond
length, while the metal ± Namido contacts for both compounds
were reminiscent of weak alkali metal ± Namido interactions.
The cation ± anion bonding in this series, therefore, appears to
be governed not only by hard/soft acid/base pairing but also
by a size effect: the large potassium cation can accommodate
both strong amido and thiolato contributions, whereas the
much smaller lithium center interacts preferentially with
amido groups, and sodium exhibits intermediate interac-
tions.


When a crown ether that was either too small or too large
relative to the alkali metal cation was employed in the
metalation of pyridine-2-thiol, a structurally diverse family of
complexes was obtained. 15C5 and 18C6 both served as
bridging units in 7 and 4 : the larger potassium cation paired
with a crown ether too small to bind the metal in-plane leads
to polymerization, while the coordination environment about
lithium when paired with a crown ether larger than the metal
is satiated by three oxygen atoms and the anion, leading to a
dimeric product. A simple change of ligand, from 18C6 to
12C4, leads to vastly different solid-state products in 5 and 6.
18C6 can accommodate sodium in-plane, but in the presence
of chelating pyridine-2-thiolate only four out of six crown
oxygen atoms can interact with the cation. In contrast, two
molecules of 12C4 (which are far too small to coordinate
sodium in-plane) form a coordination sandwich with the
metal, thereby allowing the assembly of an unprecedented
solvent-separated, sodium-centered pyridine-2-thiolate ion
quadruple with two distinctive sodium metalates.


Experimental Section


General procedures : All reactions were performed under a purified
nitrogen atmosphere using modified Schlenk techniques and a Braun
Labmaster 100 dry-box. Toluene and THF were distilled just before use
from Na/K alloys, then subjected to two freeze ± pump ± thaw cycles.
Commercially available [12]crown-4 (12C4) and [15]crown-5 (15C5) were
dried over 3 � molecular sieves; [18]crown-6 (18C6) was dissolved in
freshly distilled diethyl ether and stirred with finely cut sodium metal for
one day. After filtration from the metal, the crown ether was recrystallized
at ÿ20 8C and used as isolated. Readily available nBuLi was used as a 1.6m
solution in hexanes. Mineral oil suspensions of NaH and of KH were each
washed repeatedly with freshly distilled hexane and dried under vacuum.
Pyridine-2-thiol was purified by sublimation inside a nitrogen-purged cold-
finger apparatus. 300 MHz 1H NMR and 100 MHz 13C NMR spectra were
recorded on a Bruker DPX-300 spectrometer. Infrared spectra were
recorded as Nujol mulls between KBr plates on a Perkin-Elmer PE 1600
FTIR spectrometer.


Compounds 1 ± 7 were synthesized by a straightforward metathesis reaction
of the appropriate alkali metal reagent (nBuLi, NaH, or KH) with NC5H4-
S(H)-2 in an aromatic or ethereal solvent and with the addition of an
appropriate crown ether. Importantly, all reaction stoichiometries involved
an equimolar ratio of reactants, and after the initial metalation each
reaction was filtered hot through a Celite-padded filter frit. Crystallization
was performed in the reaction solvents mentioned below. A representative
synthesis is described in detail for 1, and physical data are provided for
all the compounds reported. The moisture- and oxygen-sensitive nature of
1 ± 7 has precluded the acquisition of reliable elemental microanalysis
results.


[Li(12C4)(NC5H4S-2)] (1): A Schlenk flask (100 mL) was charged with
pyridine-2-thiol (0.11 g, 1.0 mmol) and 12C4 (0.18 g, 1.0 mmol). Toluene
(25 mL) was added, then nBuLi (0.63 mL, 1.0 mmol) was added dropwise,
and the mixture was stirred at room temperature for 30 min. A light-tan


gum formed quickly but was dissolved subsequently with brief heating.
After the solution had been filtered hot through a Celite-padded frit and
cooled to room temperature, a pale cloudiness developed and required the
addition of THF (approximately 5 mL). Storage at ÿ20 8C for several days
led to the isolation of a small crop of clear needles in 18% yield (0.06 g).
M.p.: irreversible melt to a yellow oil, 114 ± 117 8C; 1H NMR ([D8]THF):
d� 7.71 (m, 1 H), 7.12 (m, 1 H), 6.94 (m, 1H), 6.37 (m, 1 H), 3.62 (s, 16H);
13C{1H} NMR ([D8]THF): d� 146.84, 134.29, 130.01, 113.12, 71.41; IR
(Nujol): nÄ � 3034 (w), 2903 (s), 1580 (s), 1533 (m), 1461 (s), 1406 (m), 1377
(m), 1286 (w), 1270 (m), 1257 (m), 1130 (s), 1103 (m), 1079 (m), 1056 (m),
1025 (m), 984 (m), 924 (m), 852 (m), 735 (s), 728 (m), 640 (m), 533 (m), 439
(m) cmÿ1.


[Na(15C5)(NC5H4S-2)] (2): Long colorless needles formed on storage of
the THF-solvated reaction at 0 8C over several days in 19.1 % yield (0.14 g).
M.p.: decomposition to a brown oil above 185 8C; 1H NMR ([D5]pyridine):
d� 8.11 (m, 1H), 7.95 (m, 1H), 7.11 (m, 1H), 6.58 (m, 1 H), 3.62 (s, 20H);
13C{1H} NMR ([D5]pyridine): d� 148.40, 134.11, 130.35, 113.30, 70.14;
IR (Nujol): nÄ � 2928 (s), 1572 (m), 1528 (w), 1463 (s), 1377 (s), 1352 (m),
1298 (w), 1124 (m), 1086 (m), 974 (m), 938 (w), 756 (m), 725 (m), 408
(w) cmÿ1.


[K(18C6)(NC5H4S-2)] (3): Colorless plates formed in 36% yield (0.15 g)
from the toluene-solvated reaction mixture after it had been cooled
gradually to room temperature. M.p.: irreversible melt to a yellow oil, 80 ±
84 8C; 1H NMR ([D8]THF): d� 7.86 (b d, 1 H), 7.27 (d, 1H), 7.09 (t, 1H),
6.47 (t, 1 H), 3.57 (s, 24 H); 13C{1H} NMR ([D8]THF): d� 139.92, 135.69,
134.31, 111.56, 71.38; IR (Nujol): nÄ � 2920 (s), 1570 (m), 1531 (w), 1465 (s),
1404 (w), 1377 (m), 1350 (m), 1246 (m), 1103 (s), 961 (m), 836 (m), 752 (m),
732 (m), 485 (w), 442 (w) cmÿ1.


[{Li(NC5H4S-2)}2{18C6}] (4): Colorless needles formed in 32 % yield
(0.16 g) from the toluene-solvated reaction mixture when it was cooled to
ÿ20 8C for several days. M.p.: irreversible melt to a light-yellow oil, 128 ±
132 8C; 1H NMR ([D8]THF): d� 7.68 (d, 2 H), 7.13 (d, 2H), 6.94 (t, 2H),
6.37 (t, 2H); 13C NMR ([D8]THF, [D5]pyridine) was precluded because of
marginal solubility; IR (Nujol): nÄ � 3030 (w), 2918 (s), 1634 (w), 1578 (s),
1538 (s), 1458 (s), 1408 (s), 1377 (s), 1295 (m), 1132 (s), 1092 (s), 1076 (s),
1054 (m), 943 (s), 844 (m), 824 (m), 768 (s), 727 (s), 640 (w), 499 (w), 409
(m) cmÿ1.


[Na(18C6)(NC5H4S-2)] (5): The pale-yellow toluene/THF-solvated reac-
tion mixture produced colorless plates in 76 % yield (0.30 g) after it was
cooled to ÿ20 8C for several days. M.p.: reversible melt to a tan oil, 115 ±
120 8C; 1H NMR ([D8]THF): d� 7.80 (d, 1 H), 7.16 (d, 1H), 6.81 (t, 1H),
6.27 (t, 1 H), 3.59 (s, 24H); 13C{1H} ([D8]THF) d� 183.65, 147.92, 132.91,
129.85, 112.21, 71.07; IR (Nujol): nÄ � 2922 (s), 1573 (s), 1532 (s), 1465 (s),
1400 (s), 1377 (m), 1347 (s), 1282 (m), 1245 (m), 1104 (s), 964 (s), 839 (s),
752 (s), 727 (s), 622 (w), 528 (w), 492 (w), 444 (m), 410 (w) cmÿ1.


[{Na(12C4)2}2{Na(NC5H4S-2)2(thf)}{Na(NC5H4-m-S-2)(NC5H4S-2)}]2 (6):
Colorless plates formed in 55 % yield (0.18 g) from a toluene/THF-solvated
reaction mixture cooled to room temperature. M.p.: irreversible melt to a
clear oil, 148 ± 153 8C; 1H NMR ([D8]THF): d� 7.73 (d, 8H), 7.16 (d, 8H),
6.83 (t, 8 H), 6.28 (t, 8 H), 3.61 (s, 128 H); 13C{1H} NMR ([D8]THF): d�
147.23, 132.83, 129.68, 112.08, 70.18; IR (Nujol): nÄ � 2921 (s), 1573 (m), 1553
(m), 1489 (m), 1465 (s), 1399 (m), 1377 (m), 1303 (w), 1287 (m), 1250 (m),
1167 (w), 1136 (m), 1121 (m), 1089 (s), 1021 (s), 975 (m), 921 (m), 850 (m),
771 (m), 724 (m), 626 (w), 557 (m), 442 (w), 416 (m) cmÿ1.


[{K(m-NC5H4-m-S-2)}2{15C5}]1 (7): Colorless plates formed gradually in
39% isolated yield (0.10 g) from a THF-solvated reaction mixture over
several days at room temperature. M.p.: shrinking above 160 8C, irrever-
sible melt at 228 ± 235 8C; 1H NMR ([D8]THF): d� 7.75 d, 7.13 d, 6.73 t, 6.20
t, 3.62 s (integration was unreliable because of low solubility); 13C NMR
([D8]THF, [D5]pyridine) was precluded because of poor solubility; IR
(Nujol): nÄ � 2920 (s), 1575 (s), 1530 (m), 1464 (m), 1436 (s), 1396 (s), 1377
(m), 1258 (m), 1122 (s), 1039 (w), 973 (m), 947 (m), 836 (w), 768 (s), 722
(m), 622 (w), 494 (m), 440 (m) cmÿ1.


X-ray crystallographic studies : Crystals of X-ray quality were grown for all
compounds as described above. They were removed from the Schlenk tube
under a stream of N2 and covered immediately with a layer of viscous
hydrocarbon oil (Paratone N, Exxon). A suitable crystal was selected with
the aid of a microscope; it was attached to a glass fiber, and placed
immediately in the low-temperature N2 stream of the diffractometer.[31] The
intensity data sets for all compounds were collected utilizing a Siemens
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SMART system, complete with three-circle goniometer and CCD detector
operating atÿ54 8C. Each data set was collected atÿ123 8C using a Cryojet
low-temperature device (Oxford Instruments) and graphite monochro-
mated MoKa radiation (l� 0.71073 �). The data collections nominally
covered a hemisphere of reciprocal space by utilizing a combination of
three groups of exposures, each with a different f angle and each exposure
covering 0.38 in w. Crystal decay was monitored by repeating a set of initial
frames at the end of the data collection and comparing the duplicate
reflections; no decay was observed for any of the compounds reported. An
absorption correction was applied by utilizing the program SADABS.[32]


The crystal structures of all the compounds were solved by direct methods
(as included in the SHELXL program package). Missing atoms were
located in subsequent difference Fourier maps and included in the
refinement. The structures of all the compounds were refined by full-
matrix least-squares refinement on F 2.[33] Hydrogen atoms were placed
geometrically and refined using a riding model and with Uiso constrained at
1.2 (for non-methyl groups) times Ueq of the carrier C atom. The
crystallographic program used for structural refinement was installed on
a Silicon Graphics Indigo2 R10000 Solid Impact. Scattering factors were
those provided by the SHELXL program.[33] All non-hydrogen atoms, with
the exception of some disordered or restrained positions, were refined
anisotropically. Disordered thf positions in 6 were refined using split
positions. Because of this disorder, high-angle data were very weak and
were therefore suppressed.


Crystallographic parameters for compounds 1 ± 7 are summarized in
Table 1, and selected bond lengths and angles can be found in Table 2.
Additional crystallographic data have been deposited with the CCDC.[5]
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7-Deazaadenine-DNA: Bulky 7-Iodo Substituents
or Hydrophobic 7-Hexynyl Chains Are Well Accommodated
in the Major Groove of Oligonucleotide Duplexes


Frank Seela* and Matthias Zulauf


Abstract: Oligonucleotides containing 7-deaza-7-(hex-1-ynyl)-2'-deoxyadenosine
(1) and 7-deaza-7-iodo-2'-deoxyadenosine (2) are described. The corresponding
phosphoramidites (3 a,b) were synthesized and employed in solid-phase oligonucleo-
tide synthesis. The modified 7-deazaadenine residues show selective base-pairing
with dT. According to the Tm values and the thermodynamic data of duplex
formation, the 7-iodo and the 7-(hex-1-ynyl) residues of a 7-deazaadenine moiety
increase the duplex stability with retention of the particular DNA structure. This is
different from 8-substituted adenine, which destabilizes the nucleic acid duplex
significantly. The nucleoside 1 fluoresces strongly.


Keywords: DNA structures ´
duplex stability ´ nucleosides ´
oligonucleotides


Introduction


Modified oligonucleotides are useful tools with which to
probe the influence of specific changes to bases or to sugar
moieties on the structural, spectroscopic, and thermodynamic
properties of nucleic acids. They have also attracted interest as
gene expression inhibitors (antisense oligonucleotides) and
are used as hybridization probes.[1] In particular, the 7-
deazapurine (pyrrolo[2,3-d]pyrimidine) nucleosides, nucleo-
tides, and oligonucleotides (purine numbering is used
throughout the discussion section) have already made a
significant contribution to various areas of this research.[2±4]


Previously, we observed that less bulky substituents intro-
duced at the 7-position of 7-deazaadenine-containing oligo-
deoxynucleotides stabilize the oligonucleotide duplex struc-
ture compared with the parent adenine-containing DNA
fragments.[5] These findings are in line with the effects of 5-
substituted pyrimidine nucleosides with less bulky groups.[6, 7]


Nevertheless, very bulky substituents or lipophilic side chains
in 7-deazapurine nucleosides can affect the major groove in
various ways and can thereby change the DNA structure. Up
to now, such studies have only been performed on 7-
deazaguanine and 2,6-diamino-7-deazapurine containing oli-


gonucleotides.[8, 9] Thermal denaturation profiles of oligo-
phosphorothioates containing C-7 propyne derivatives of 7-
deaza-2'-deoxyguanosine and 7-deaza-2'-deoxyadenosine hy-
bridized to RNA have been reported.[10]


This work focuses on the properties of oligonucleotides
with rather bulky iodo or lipophilic (hex-1-ynyl, hxy) sub-
stituents in the 7-position of the 7-deazaadenine moiety (1 and
2, shown in Scheme 1). Evidence for the influence of modified
residues on the stability of duplexes will be presented and
thermodynamic data will be determined. The results of these
studies can have practical applications: a) a 7-iodo substitu-
ent, when used in the form of the isotope 135I, can be valuable
for the isotopic labeling of DNA; b) the lipophilic 7-alkynyl
side-chains can improve the delivery of antisense constructs
through the cell membrane, and c) the rodlike structures of
the 7-(hex-1-ynyl) side-chain have the potential to allow the
identification of particular nucleobases by atomic force
microscopy (AFM).


Here, we report the synthesis of the phosphoramidites 3 a,b.
A series of oligonucleotides with different sequence patterns
are prepared and their physicochemical properties, as well as
their duplex structure and stability, are studied.


Results and Discussion


Monomers : Single-crystal X-ray analysis as well as 1H NMR
and NOE measurements have already been used for the
conformational analysis of 7-deaza-7-iodo-2'-deoxyadenosine
(I7c7Ad, 2).[11] It has been demonstrated that the bulky iodo
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substituent does not affect the favorable anti conformation of
the nucleoside (2)[11] as has been reported for 8-substituted
purines.[12] The 7-deaza-7-(hex-1-ynyl)-2'-deoxyadenosine
(hxy7c7Ad, 1) was prepared by the palladium-catalyzed
cross-coupling reaction of 7-deaza-7-iodo-2'-deoxyadenosine
(2) with hex-1-yne.[13] It was observed that compound 1
exhibits strong fluorescence.[14] More than 30 7-alkynyl-7-
deazaadenine nucleosides have been synthesized since and
studied with regard to their fluorescence, quantum yields, and
lifetimes.[15] Figure 1 shows the excitation and emission
spectra of compound 1. The quantum yield was found to be


Figure 1. Fluorescence spectra (excitation and emission) of 7-deaza-7-
(hex-1-ynyl)-2'-deoxyadenosine (1) measured in double-distilled H2O with
10ÿ5m nucleoside concentration.


0.27 and the lifetime 5.8 ns; both were
measured in aqueous solution. A typical
feature of the fluorescence spectrum is
the large Stokes shift, which can be
related to a charged transition state
(1: excitation: 280 nm; emission:
397 nm).[16]


Regarding oligonucleotide synthesis,
it has been reported that the NH2-
protecting groups of 7-deaza-2'-deoxy-
adenosine are more stable than those of
2'-deoxyadenosine.[17] The same was ex-
pected for the 7-substituted derivatives 1
and 2. Several acyl derivatives (4 a ± d)
were prepared as well as the (dimethyl-


amino)methylidene derivatives 5 a,b (Scheme 2).[18] The in-
creased basicity of the 6-amino group of 2 prompted us to try
the acylation reaction in EtOH solution with acid anhydrides,


O


HO


N


N N


HO


(Me)2NHC N


O


HO


N


N N


HO


NHR I R


4a-e 5a,b


Scheme 2. N6-amino-protected nucleosides [4 a : R�Bz, b : R�Ac, c : R�
iBu, d : R�Piv, e : R�Pac; 5a : R� I, b : R�C�C(CH2)3CH3].


using conditions developed earlier for the relatively nucleo-
philic amino group of 2'-deoxycytidine.[19] However, these
conditions resulted in low reaction yields (� 20 %). Higher
yields (� 50 %) were obtained when compounds 4 a ± d were
prepared by the protocol of transient protection.[20] Only the
phenoxyacetyl derivative 4 e was prepared by peracylation
followed by selective deprotection of the sugar moiety.[21]


The stability of the various protecting groups (4 a ± e and
5 a,b) was studied by UV spectrophotometry in 25 % aqueous
NH3 (Table 1). From these data it is apparent that the
benzoylated derivative 4 a is too stable for oligonucleotide
synthesis, whereas the phenoxyacetyl nucleoside 4 e is too
labile. Because the (dimethylamino)methylidene compounds
5 a,b were readily available, further investigations were
performed with these derivatives. The intermediates 5 a,bAbstract in German: Oligonucleotide, die 7-Desaza-7-(hex-1-


inyl)-2'-desoxyadenosin (1) oder 7-Desaza-7-iodo-2'-desoxya-
denosin (2) enthalten, werden beschrieben. Entsprechende
Phosphoramidite (3a,b) wurden synthetisiert und in der
Festphasensynthese eingesetzt. Die modifizierten 7-Desazaa-
denine gehen eine selektive Basenpaarung mit dT ein. Laut den
Tm-Werten und den thermodynamischen Daten der Duplex-
bildung stabilisieren die 7-Iod- und 7-(Hex-1-inyl)-Reste
Oligonucleotid-Duplexe unter weitgehender Erhaltung der
DNA-Struktur. Dies unterscheidet sie von 8-substituierten
Adeninen, die die Duplexstruktur signifikant destabilisieren.
Das Nucleosid 1 weist eine starke Fluoreszenz auf.
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Scheme 1. Nucleosides and phosphoramidite building blocks used for the synthesis of oligonucleo-
tides [a : R� I, b : R�C�C(CH2)3CH3].


Table 1. Half-life values (t1/2) for the deprotection of 7-deazaadenine
2'-deoxyribonucleosides in 25 % aq. ammonia.[a]


l [nm] t1/2 [min]


bz6I7c7Ad (4 a) 312 290
ac6I7c7Ad (4b) 299 7
ibu6I7c7Ad (4 c) 299 12
piv6I7c7Ad (4 d) 303 103
pac6I7c7Ad (4 e) 301 4
fma6I7c7Ad (5 a) 323 82
fma6hxy7c7Ad (5 b) 321 110


[a] Measured at 40 8C.
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were treated with 4,4'-dimethoxytriphenylmethyl chloride to
give the (MeO)2Tr derivatives 6 a,b (Scheme 3).[22] The
phosphoramidites 3 a, b were prepared from the DMT deriv-
atives under standard conditions from chloro((2-cyanoethyl)-
diisopropylamino)phosphine.


O


HO


N


N N


(MeO)2TrO


(Me)2NHC N


Cl


R


NC(CH2)2OPN(i Pr)2


56-61%


6a,b


5a,b
(MeO)2TrCl


67-70%
3a,b


Scheme 3. Synthesis of the 7-deazaadenine nucleoside building blocks for
DNA synthesis [a : R� I, b : R�C�C(CH2)3CH3].


The structures of the new compounds were determined by
1H, 13C, and 31P NMR spectra and by elemental analyses
(Table 2 and Experimental Section). The 13C chemical shifts
of the derivatives 4 a ± e, 5 a,b, and 6 a,b were assigned from
the coupling pattern of the corresponding gated-decoupled
13C NMR spectra. According to Table 2, carbon-7 of the 7-
iodo derivatives shows a strong upfield shift upon iodination,
which is due to the strong mesomeric effect of the iodo
substituent.


The nucleosides 1 and 2 were analyzed by 1H NOE
spectroscopy to elucidate the base conformation around the
N-glycosylic bond. Vicinal 1H,1H coupling constants of the
sugar protons revealed the most favored puckering (N vs S-
conformer populations) of these nucleosides. It was found that
the 7-(hex-1-ynyl) chain influences the conformation of the
parent 7-deazaadenine in a similar way to the bulky iodo
substituent. The conformation of the 7-(hex-1-ynyl) nucleo-
side 1 around the N-glycosylic bond is anti and the sugar
confomation is 69 % S-type compared to 71 % determined for
the iodo compound 2.[23] Thus, it can be anticipated that both
nucleosides form B-like DNA structures if incorporated in a
DNA-duplex.


Oligonucleotides : Oligonu-
cleotides were synthesized
on a solid phase by means of
an automated synthesizer
with the phosphoramidites
3 a,b, as well as those of the
regular DNA constituents.[24]


The oligonucleotides were
prepared and purified by oli-
gonucleotide purification car-
tridges,[25] and their homoge-
neity was determined by re-
verse-phase HPLC. Figure 2
shows that the mobility of the
parent oligomer 7 was de-
creased by a 7-iodo substitu-
ent (!11) and even more by
the lipophilic hexynyl side
chain of 12. The nucleoside
composition of the oligomers
was determined by hydrolysis with snake-venom phospho-
diesterase followed by alkaline phosphatase (see Figure 3, for
example), as well as by MALDI-TOF mass spectroscopy
(Table 3).


Figure 3. HPLC profiles of the oligonucleotides a) 11 and b) 24 after
enzymatic hydrolysis with snake-venom phosphodiesterase, followed by
alkaline phosphatase in 1m Tris ± HCl buffer (pH 8.3), gradient II ; for
details see Experimental Section.


Table 2. 13C NMR chemical shifts of 7-deazaadenine 2'-deoxyribofuranosides.[a,b]


C(2)[c] C(6)[c] C(5)[c] C(7)[c] C(8)[c] C(4) C(1') C(3') C(4') C(5')
C(2)[d] C(4)[d] C(4a)[d] C(5)[d] C(6)[d] C(7a)[d]


c7Ad 151.6 157.5 102.9 99.6 121.6 149.6 83.3 71.1 87.3 62.1
1 152.5 157.5 102.3 95.5 125.4 149.0 83.1 70.9 87.4 61.9
2 152.0 157.3 103.2 51.9 126.9 149.8 83.0 71.0 87.5 62.0
4a 151.9 167.3 114.5 54.6 131.9 151.1 83.1 71.0 87.8 61.8
4b 150.9 151.1 112.7 53.8 131.3 151.5 83.0 70.8 87.5 61.7
4c 150.8 151.3 113.3 54.0 131.4 151.6 82.9 70.8 87.5 61.7
4d 150.7 151.5 114.0 54.0 131.4 152.0 82.9 70.8 87.5 61.7
4e 151.1 157.6 112.0 53.2 131.6 151.7 83.1 70.9 87.7 61.8
5a 151.5 160.2 110.3 53.6 128.6 150.9 83.0 71.1 87.5 61.9
5b 151.6 160.9 110.1 97.5 127.1 150.7 82.9 71.0 87.4 61.9
6a 151.2 160.2 110.3 53.9 128.3 151.0 82.8 70.9 85.6 64.3
6b 151.9 161.0 110.2 98.0 127.1 151.0 82.7 70.8 85.5 64.3


[a] Measured in [D6]DMSO at 25 8C. [b] Superimposed by DMSO. [c] Purine numbering. [d] Systematic numbering.


Figure 2. HPLC profiles of
the oligonucleotides 5'-d(A ±
T)6 (7), 5'-d(I7c7A ± T)6 (11),
and 5'-d(hxy7c7A ± T)6 (12)
after purification by reverse-
phase (RP-18) chromatogra-
phy, gradient I ; for details see
Experimental Section.
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Self-complementary oligonucleotides with alternating bases or
alternating base tracts : Oligonucleotide duplexes with alter-
nating 5'-d(A ± T)n, for example poly[5'-d(A ± T)] ´ poly[5'-
d(A ± T)], have a more flexible secondary structure than
other oligonucleotide duplexes. They have a small helical
twist on the 5'-d(A ± T) steps and a larger one on the 5'-d(T ±
A) steps.[26, 27] For this kind of duplexes [5'-d(A ± T)n],
environmental factors such as dehydration and counterion
binding will influence their secondary as well as their tertiary
structure. Therefore, structural modification of the base
residues has a major impact on the stability of such duplexes.


In order to study this behavior, alternating self-comple-
mentary oligonucleotides 5'-d(A ± T)6 (7), 5'-d[(A)6 ± (T)6]
(13), and 5'-d[(A)3 ± (T)3 ± (A)3 ± (T)3] (16) were prepared and
the influence of 7-substituents on the Tm values as well as on
the thermodynamic data was determined (Table 4). From
Table 4, it is apparent that the alternating oligonucleotides
with 7-halogenated 7-deazaadenine residues have Tm values
generally about 20 8C higher than those with the nonsubsti-
tuted 7-deazaadenine residue. This amounts to a Tm increase
of about 1.7 8C per modified base residue, which is almost
independent of whether the halogen substituent is Cl, Br, or I.
The stabilization of duplexes containing 7-halogenated 7-
deazaadenines reflects a favorable enthalpic term compared
with the duplex of 5'-d(A ± T)6 (7). However, when the
halogenated compounds 9, 10, and 11 are compared with 5'-
d(c7A ± T)6 (8), the change of entropy seems to play the major
role. The duplex of 5'-d[(hxy7c7A)6 ± (T)6] (15), which also


shows a significant Tm increase, is stabilized by a more
favorable entropy term. Some of these observations on the
duplexes derived from the analogues of 5'-d(A ± T)6 (7) can
also be made for oligomers in which larger segments alternate
(Table 4, Figure 4).


The retention of the helix geometry of the duplexes, shown
in Table 4, can be seen from their CD spectra. The oligonu-


Figure 4. Melting profiles of the alternating duplexes a) 5'-d[(I7c7A ± T)6]2


(11 ´ 11), and b) 5'-d[(hxy7c7A ± T)6]2 (12 ´ 12), measured at 270 nm in 1m
NaCl, 100 mm MgCl2, and 60mm Na cacodylate (pH� 7.0) with 10 mm
oligomer concentration.


Table 3. Molecular weights determined from MALDI-TOF mass spectra
of oligonucleotides.


M� (calcd) M� (found)


5'-d(I7c7A ± T)6 (11) 4391.9 4392.0
5'-d[(I7c7A)6-(T)6] (14) 4391.9 4394.8
5'-d[(I7c7A11)-A] (29) 5070.5 5071.2
5'-d(hxy7c7A ± T)6 (12) 4117.3 4117.1
5'-d[(hxy7c7A)6-(T)6] (15) 4117.3 4116.5
5'-d(hxy7c7A11)-A] (30) 4567.1 [a]


5'-d(hxy7c7A-A)6 (31) 4171.4 4173.0
5'-d(CGCG(hxy7c7A)2TTCGCG) (20) 3804.7 3801.2
5'-d(GTI7c7AG(I7c7A)2TTCTI7c7AC) (23) 4144.0 4144.3


[a] Not detected.


Table 4. Tm values and thermodynamic data for self-complementary oligonucleotides with alternating bases or base tracts.


Tm [8C][a,b] DH [kcal molÿ1] DS [cal molÿ1 Kÿ1] DG8 [kcal molÿ1]


5'-d[(A ± T)6]2 (7 ´ 7) 33(26) ÿ 45(ÿ44) ÿ 125(ÿ127) ÿ 6.3(ÿ5.5)
5'-d[c7A ± T)6]2


[5] (8 ´ 8) 36(27) ÿ 65(ÿ53) ÿ 186(ÿ153) ÿ 6.8(ÿ5.5)
5'-d[(Cl7c7A ± T)6]2


[5] (9 ´ 9) 57(51) ÿ 60(ÿ63) ÿ 159(ÿ173) ÿ 10.6 (ÿ9.8)
5'-d[(Br7c7A ± T)6]2


[5] (10 ´ 10) 57(51) ÿ 62(ÿ55) ÿ 165(ÿ148) ÿ 10.9(ÿ9.4)
5'-d[(I7c7A ± T)6]2 (11 ´ 11) 59(53) ÿ 65(ÿ70) ÿ 174(ÿ192) ÿ 11.4(ÿ10.6)


(ÿ71)[c] (ÿ193)[c] (ÿ10.8)[c]


5'-d[(hxy7c7A ± T)6]2 (12 ´ 12) 52(49) ÿ 47(ÿ62) ÿ 123(ÿ170) ÿ 9.3(ÿ9.4)
5'-d[(A)6-(T)6]2 (13 ´ 13) 46(40) ÿ 81(ÿ75) ÿ 232(ÿ219) ÿ 9.1(ÿ7.4)
5'-d[(I7c7A)6-(T)6]2 (14 ´ 14) 58(52) ÿ 76(ÿ76) ÿ 206(ÿ212) ÿ 11.9(ÿ10.4)
5'-d[(hxy7c7A)6-(T)6]2 (15 ´ 15) 58(52) ÿ 64(ÿ54) ÿ 169(ÿ144) ÿ 11.3(ÿ9.0)


5'-d[(A)3-(T)3-(A)3-(T)3]2 (16 ´ 16) 40(35) ÿ 71(ÿ69) ÿ 203(ÿ201) ÿ 7.8(ÿ6.4)
5'-d[(hxy7c7A)3-(T)3-(hxy7c7A)3-(T)3]2 (17 ´ 17) 61(57) ÿ 66(ÿ57) ÿ 175(ÿ149) ÿ 12.1(ÿ10.8)


[a] Measured at 270 nm in 1m NaCl containing 100 mm MgCl2 and 60 mm Na cacodylate (pH� 7.0) with 10mm oligonucleotide concentration. [b] Values in
parentheses measured at 270 nm in 0.1m NaCl, 100 mm MgCl2, and 10mm Na cacodylate (pH� 7.0) with 10mm oligonucleotide concentration. [c] Determined
from the concentration dependence of the Tm values.
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cleotide duplexes 9, 10, and 12 exhibit the characteristics of a
B-like DNA structure, with a positive band at 275 nm and a
negative lobe around 250 nm (Figure 5). Only the CD
spectrum of the iodine-containing duplex 11 differs signifi-
cantly from the others (Figure 5).


Figure 5. CD spectra of the alternating duplexes 5'-d[(Cl7c7A ± T)6]2 (9 ´ 9),
5'-d[(Br7c7A ± T)6]2 (10 ´ 10), 5'-d[(I7c7A ± T)6]2 (11 ´ 11), and 5'-d[(hxy7-


c7A ± T)6]2 (12 ´ 12), measured at 10 8C in 1m NaCl, 100 mm MgCl2, and
60mm Na cacodylate (pH� 7.0) with 10 mm oligomer concentration.


Self-complementary oligonucleotides with palindromic se-
quences : The next oligonucleotides to be investigated were
also self-complementary but contained a palindromic se-
quence, which represents the recognition site of the endo-
deoxyribonuclease Eco RI 5'-d(GAATTC).[28] Hairpin for-
mation has been previously reported, in particular for the
Dickerson ± Drew oligomer 5'-d(CGCGAATTCGCG)[29]


measured at low salt concentration in the absence of
Mg2�.[30] Since our measurements were performed at 1m or
0.1m NaCl in the presence of 0.1m MgCl2, only duplex
formation can be anticipated for all cases. The thermody-
namic data of the oligonucleotides were determined by curve
shape analysis of the melting profiles by means of the program
Meltwin 3.0[31] and in a few cases also from the concentration
dependence of the Tm values (Table 5, Figure 6). The thermo-
dynamic data obtained by these two methods are in sufficient


Figure 6. 1/Tm vs log c plot of self-complementary duplexes 19 ´ 19, 20 ´ 20,
23 ´ 23, and 24 ´ 24 ; for sequences see Table 5.


agreement. This underlines the fact that duplex formation
follows a two-state process.


In the case of the oligomers related to the Dickerson ±
Drew dodecamer 5'-d(CGCGAATCGCG) (18) (Table 5),
the replacement of dA residues by either 1 (!20 ´ 20) or 2
(!19 ´ 19) increases the Tm values above the value of the
parent duplex 18 ´ 18. The same is observed for 5'-d(GTA-
GAATTCTAC) (21). The Tm increase is between 1 ± 1.5 8C per
modified base residue, depending on the sequence and the
type of substituent. A 7-(hex-1-ynyl) residue has less of a
stabilizing effect than the 7-iodo substituent in the case of the
sequence type 21. Again, the stabilization by the alkynyl
residue is caused by more favorable entropy, even when the
enthalpy change is unfavorable.


Non-self-complementary Oligonucleotides: homooligonucleo-
tides : For the studies of homooligonucleotide duplexes, the
oligomers 5'-d[(I7c7A)11 ± A] (29) and 5'-d[hxy7c7A)11-A] (30)
were hybridized with d(T)12 (26), and their Tm values were
compared with those of d(A)12 ´ d(T)12 (25 ´ 26) (Table 6).
Stabilization for the hybrid 29 ´ 26 (Tm 54 8C) containing 7-
iodo-7-deazaadenine residues was similar to alternating 5'-
d(I7c7A ± T)6 (11), compared with the parent duplex d(A)12 ´
d(T)12 (25 ´ 26) (Tm 44 8C). As can be seen from Table 6, the


Table 5. Tm values and thermodynamic data of self-complementary oligonucleotides containing 7-iodo- and 7-(hex-1-ynyl)-7-deazaadenine.


Tm [8C][a,b] DH [kcal molÿ1] DS [calmolÿ1 Kÿ1] DG8 [kcal molÿ1]


5'-d[(CGCGAATTCGCG)]2 (18 ´ 18) 64(63) ÿ 83(ÿ73) ÿ 224(ÿ195) ÿ 13.7(ÿ12.6)
5'-d[(CGCG(I7c7A)2TTCGCG)]2 (19 ´ 19) 65(63) ÿ 94(ÿ90) ÿ 255(ÿ247) ÿ 14.5(ÿ13.9)


ÿ 95[c] ÿ 258[c] ÿ 14.5[c]


5'-d[(CGCG(hxy7c7A)2TTCGCG)]2 (20 ´ 20) 70(69) ÿ 89(ÿ84) ÿ 238(ÿ225) ÿ 15.5(ÿ14.8)
ÿ 94[c] ÿ 253[c] ÿ 16.0[c]


5'-d[(GTAGAATTCTAC)]2 (21 ´ 21) 46(43) ÿ 79(ÿ84) ÿ 226(ÿ225) ÿ 9.2(ÿ8.6)
(ÿ75)[c] (ÿ215)[c] (ÿ8.5)[c]


5'-d[(GTAGI7c7AATTCTAC)]2 (22 ´ 22) 47 ÿ 82 ÿ 231 ÿ 9.9
5'-d[(GTI7c7AG(I7c7A)2TTCTI7c7AC)]2 (23 ´ 23) 55(50) ÿ 80(ÿ81) ÿ 221(ÿ229) ÿ 11.1(ÿ10.0)


ÿ 85(ÿ85)[c] ÿ 236(ÿ242)[c] ÿ 12.0(ÿ10.3)[c]


5'-d[(GThxy7c7AG(hxy7c7A)2TTCThxy7c7AC)]2 (24 ´ 24) 52(48) ÿ 56(ÿ63) ÿ 149(ÿ173) ÿ 9.4(ÿ9.1)
ÿ 62[c] ÿ 168[c] ÿ 10.3[c]


[a] Measured at 270 nm in 1m NaCl, 100 mm MgCl2, and 60mm Na cacodylate (pH� 7.0) with 10mm single-strand concentration. [b] Measured at 270 nm in
0.1m NaCl, 100 mm MgCl2, and 10mm Na cacodylate(pH� 7.0) with 10 mm single-strand concentration. [c] Determined from the concentration dependence of
the Tm values.
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stabilization by iodinated bases reflects a favorable enthalpy
term. In contrast to 29, no cooperative melting profile was
observed for 5'-d[(hxy7c7A)11 ± A] ´ d(T)12 (30 ´ 26). This phe-
nomenon has already been observed in the case of 5-
substituted pyrimidines, for example by the introduction of
a hexyl tether into synthetic DNA, which led to an unfavor-
able effect on the duplex stability.[32] These results also agree
with our finding that a consecutive arrangement of bulky and
hydrophobic 7-substituents, such as hex-1-ynyl of hxy7c7Gd


along the major groove of a double helix hybridized with
oligo(dC), leads to duplex destabilization. The destabilization
is not found for c7Gd.[33] This is probably due to desiccation of
the molecule, causing a shrinking of the major groove.
However, when alternating hxy7c7Ad residues and dA
(oligomers 31 and 32) are present, stable duplexes with
d(T)12 (31 ´ 26 and 32 ´ 26) are formed. These are stabilized by
a more favorable entropy term (Table 6).


It has been reported that base-stacking interactions within
single-stranded oligomers can be quite strong and can lead to
preorganised single-strand helices.[34] This preorganization of
a single strand influences the duplex stability in such a way
that the more stable secondary structure of one of the single
strands determines the secondary structure of the duplex. As
the CD spectra give information on the secondary structure of
such single strands, the spectra of compounds d(A)12 (25), 5'-
d[(I7c7A)11 ± A] (29), 5'-d[(hxy7c7A)11 ± A] (30), and 5'-
d[(hxy7c7A ± A)6] (31) were measured (Figure 7). The CD


Figure 7. CD spectra of the single-stranded homooligonucleotides d(A)12


(25), 5'-d[(I7c7A)11-A] (29), 5'-d[(hxy7c7A)11-A] (30), and 5'-d[(hxy7c7A-
A)6] (31). Measured at 10 8C in 1m NaCl, 100 mm MgCl2, and 60mm Na
cacodylate (pH� 7.0) with 7.5mm single-strand concentration.


spectra of the alternating oligonucleotide 31 is somewhat
similar to that of d(A)12 (25), which shows the characteristics
of a right-handed B-DNA helix. These spectra are signifi-
cantly different from that of the homooligomer 5'-d(I7c7A11 ±
A) (29). However, the latter is also typical for the CD
spectrum of normal (A/T)-paired duplexes of a homo-
DNA.[35] On the other hand, the oligomer 5'-d[(hxy7c7A)11 ±
A] (30) exhibits a CD spectrum that looks different from the
spectra mentioned above.


As it was of interest whether the temperature-induced
changes of the CD spectra resulted from a cooperative
destacking, the CD values of 5'-d(I7c7A11 ± A) (29) at 283 nm
were plotted against the temperature. The linear dependence
indicates that no cooperative destacking occurred (Figure 8).


Figure 8. Temperature-dependent CD data (ellipticities) of single-strand-
ed 5'-d[(I7c7A)11-A] (29), measured at 283 nm in 1m NaCl, 100 mm MgCl2,
and 60 mm Na cacodylate (pH� 7.0) with 7.5mm single-strand concentra-
tion.


Non-self-complementary oligonucleotides with mismatches : It
was also of interest to study the base-pair selectivity of the
modified oligonucleotides. For this purpose, a hxy7c7Ad


residue was incorporated into the center of dT12. This
oligomer was hybridized with dA12 homomers containing
the dT, dA, dC, and dG bases opposite to the 7-deazaadenine
moiety (Table 7). The modified duplex (34 ´ 35) showed a
slightly higher stability than the parent duplex (33 ´ 34),
caused by more favorable entropy and a slightly lower
enthalpy change. With dC (35 ´ 36), dG (35 ´ 37), and dA
(25 ´ 35), the duplex stability is significantly decreased. These
results show that only the hxy7c7Ad-dT base pair is stable and


Table 6. Tm values and thermodynamic data for non-self-complementary oligonucleotides containing consecutive base residues.


Tm [8C][a,b] DH [kcal molÿ1] DS [calmolÿ1 Kÿ1] DG8 [kcal molÿ1]


d(A)12 ´ d(T)12 (25 ´ 26) 44(37) ÿ 84(ÿ91) ÿ 238(ÿ267) ÿ 9.8(ÿ7.9)
5'-d[(c7A)11-A] ´ d(T)12


[5] (27 ´ 26) 30(24) ÿ 73(ÿ67) ÿ 215(ÿ199) ÿ 6.3(ÿ5.0)
5'-d[(Br7c7A)11-A] ´ d(T)12


[5] (28 ´ 26) 54(48) ÿ 85(ÿ79) ÿ 234(ÿ219) ÿ 12.7(ÿ10.7)
5'-d[(I7c7A)11-A] ´ d(T)12 (29 ´ 26) 54(49) ÿ 98(ÿ80) ÿ 275(ÿ222) ÿ 13.7(ÿ10.9)
5'-d[(hxy7c7A)11-A] ´ d(T)12 (30 ´ 26) [c]


5'-d[(hxy7c7A-A)6] ´ d(T)12 (31 ´ 26) 47 ÿ 59 ÿ 160 ÿ 9.5
5'-d[(hxy7c7A)3-(A)3-(hxy7c7A)3-(A3)] ´ d(T)12 (32 ´ 26) 50 ÿ 59 ÿ 157 ÿ 10.3


[a] Measured at 270 nm in 1m NaCl, 100 mm MgCl2, and 60mm Na cacodylate (pH� 7.0) with 5mm single-strand concentration. [b] Values in parentheses
measured at 270 nm in 0.1m NaCl, 100 mm MgCl2, and 10mm Na cacodylate (pH� 7.0) with 5 mm single-strand concentration. [c] No melting was observed.
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that mismatches can be observed. Duplexes with 8-bromo-2'-
deoxyadenosine are strongly destabilized (34 ´ 38). In this
case, the 8-substituent forces the nucleoside into the syn
conformation and can therefore interfere with the sugar ±
phosphate backbone.[12, 36]


Non-self-complementary oligonucleotides with random base
composition : The oligonucleotides discussed above have
special sequences and are not representative of the common
regions of natural DNA. Therefore, two oligonucleotides, 5'-
d(TAGGTCAATACT) (39) and 5'-d(AGTATTGACCTA)
(40), were constructed to form a stable hybrid with a Tm


value of 50 8C. This duplex is used in our laboratory as a


standard to study the influence
of modified bases on duplex
structure and stability. The oli-
gonucleotides 39 ± 45 were syn-
thesized. They were then hybri-
dized with the complementary
strand, and the Tm values were
measured. Duplex formation
was observed in all cases (Ta-
ble 8). The overall increase in
stability of the deoxyoligonu-
cleotide duplexes was 1.5 8C per
I7c7Ad residue, although the du-
plex stabilization caused by a
hxy7c7Ad residue is somewhat
lower. The highest Tm values
were found for the hybrids 42 ´
43, 44 ´ 45, and 42 ´ 45. When
single-stranded oligomers con-
taining 7-iodo-7-deazaadenine


residues are hybridized with those containing a 7-(hex-1-
ynyl) chain, for example in 42 ´ 45, stable duplexes are also
formed. No final decision can be made as to whether duplex
stabilization results from more favorable enthalpic or entropic
terms. The deoxyoligonucleotide single strands 39, 42, and 44
were also hybridized with the ribooligonucleotide 41. In these
cases, a less stable helix was formed than for the oligodeox-
ynucleotide duplexes 39 ´ 40, 40 ´ 42, and 40 ´ 44. This agrees
with observations on regular DNA ± RNA hybrids.[37] The
oligodeoxyheteroduplexes shown in Table 8 form B-DNA
structures, as observed by CD spectroscopy, whereas the
hybrids with the ribooligonucleotide strand 41 form an A-
DNA structure (Figure 9).


Table 7. Tm values and thermodynamic data of non-self-complementary oligonucleotides containing mismatches
opposite to 7-(hex-1-ynyl)-7-deazaadenine.


Tm [8C][a,b] DH
[kcal molÿ1]


DS
[calmolÿ1 Kÿ1]


DG8
[kcal molÿ1]


5'-d[(T)5-A-(T)6] (33) 39(33) ÿ 97(ÿ110) ÿ 284(ÿ301) ÿ 8.4(ÿ6.6)
3'-d[(A)5-T-(A)6] (34)


5'-d[(T)5-hxy7c7A-(T)6] (35) 41(35) ÿ 81(ÿ90) ÿ 232(ÿ268) ÿ 8.7(ÿ7.1)
3'-d[(A)5-T-(A)6] (34)


5'-d[(T)5-hxy7c7A-(T)6] (35) 28 ÿ 44 ÿ 146 ÿ 6.0
3'-d[(A)5-C-(A)6] (36)


5'-d[(T)5-hxy7c7A-(T)6] (35) 28 ÿ 46 ÿ 127 ÿ 5.7
3'-d[(A)5-G-(A)6] (37)


5'-d[(T)5-hxy7c7A-(T)6] (35) 27 ÿ 64 ÿ 188 ÿ 5.9
3'-d(A)12 (25)


5'-d[(T)5-Br8A-(T)6] (38) 34(28) ÿ 77(ÿ81) ÿ 226(ÿ245) ÿ 7.1(ÿ5.4)
3'-d[(A)5-T-(A)6] (34)


[a] Measured at 270 nm in 1m NaCl, 100 mm MgCl2, and 60 mm Na cacodylate (pH� 7.0) with 5mm single-strand
concentration. [b] Values in parentheses measured at 270 nm in 0.1m NaCl, 100 mm MgCl2, and 10 mm Na
cacodylate (pH� 7.0) with 5mm single-strand concentration.


Table 8. Tm values and thermodynamic data for non-self-complementary oligonucleotides containing 7-iodo- and 7-(hex-1-ynyl)-7-deazaadenine.


Tm [8C][a,b] DH [kcal molÿ1] DS [calmolÿ1 Kÿ1] DG8 [kcal molÿ1]


5'-d(TAGGTCAATACT) (39) 50(47) ÿ 90(ÿ82) ÿ 252(ÿ230) ÿ 11.8(ÿ10.4)
3'-d(ATCCAGTTATGA) (40)


5'-d(TAGGTCAATACT) (39) 48(46) ÿ 65(ÿ82) ÿ 176(ÿ230) ÿ 10.2(ÿ10.1)
3'-r(AUCCAGUUAUGA) (41)


5'-d(TI7c7AGGTC(I7c7A)2TI7c7ACT) (42) 55 ÿ 81 ÿ 221 ÿ 12.2
3'-d(ATCCAGTTATGA) (40)


5'-d(TAGGTCAATACT) (39) 54 ÿ 85 ÿ 236 ÿ 12.3
3'-d(ATCCI7c7AGTTI7c7ATGA) (43)


5'-d(TI7c7AGGTC(I7c7A)2TI7c7ACT) (42) 58(54) ÿ 85(ÿ81) ÿ 231(ÿ224) ÿ 13.1(ÿ12.0)
3'-d(ATCCI7c7AGTTI7c7ATGA) (43)


5'-d(TI7c7AGGTC(I7c7A)2TI7c7ACT) (42) 48 ÿ 80 ÿ 225 ÿ 10.1
3'-r(AUCCAGUUAUGA) (41)


5'-d(Thxy7c7AGGTC(hxy7c7A)2Thxy7c7ACT) (44) 54 ÿ 79 ÿ 217 ÿ 11.9
3'-d(ATCCAGTTATGA) (40)


5'-d(TAGGTCAATACT) (39) 52 ÿ 93 ÿ 260 ÿ 12.2
3'-d(ATCChxy7c7AGTThxy7c7ATGA) (45)


5'-d(Thxy7c7AGGTC(hxy7c7A)2Thxy7c7ACT) (44) 58(55) ÿ 103(ÿ91) ÿ 285(ÿ253) ÿ 14.2(ÿ12.8)
3'-d(ATCChxy7c7AGTThxy7c7ATGA) (45)


5'-d(Thxy7c7AGGTC(hxy7c7A)2Thxy7c7ACT) (44) 48(43) ÿ 96(ÿ74) ÿ 273(ÿ209) ÿ 11.5(ÿ9.5)
3'-r(AUCCAGUUAUGA) (41)


5'-d(TI7c7AGGTC(I7c7A)2TI7c7ACT) (42) 59(54) ÿ 82(ÿ81) ÿ 223(ÿ222) ÿ 13.0(ÿ12.0)
3'-d(ATCChxy7c7AGTThxy7c7ATGA) (45)


[a] Measured at 270 nm in 1m NaCl, 100 mm MgCl2, and 60mm Na cacodylate (pH� 7.0) with 5mm single-strand concentration. [b] Values in parentheses
measured at 270 nm in 0.1m NaCl, 100 mm MgCl2, and 10mm Na cacodylate (pH� 7.0) with 5mm single-strand concentration.
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Figure 9. CD spectra of the heteroduplexes (41 ´ 42), (41 ´ 44), (42 ´ 43), and
(44 ´ 45) (for sequences see Table 8),


Conclusion and Outlook


From these experiments, it can be concluded that bulky iodo
substituents or lipophilic hexynyl residues attached to the 7-
position of a 7-deazaadenine moiety stabilize the oligonu-
cleotide duplex structure. The stabilization occurs both in the
series of self-complementary and non-self-complementary
oligonucleotide duplexes. The increase of Tm is sequence-
dependent and can be due to more favorable enthalpy or
entropy changes.


In all cases, the bulky 7-substituents have steric freedom
within the grooves of the DNA. This is different from the 8-
substituents of purine residues, which unlike the 7-substitu-
ents interfere with the sugar ± phosphate backbone. Further-
more, the halogen and the alkynyl 7-substituents reduce the
basicity of nitrogen 1 of the 7-deazaadenine moiety (pKa


values: c7Ad� 5.3,[38] I7c7Ad� 4.5, hxy7c7Ad� 4.3). At the
same time, the 6-amino group can become a better proton
donor. With regard to these properties, compounds 1 and 2 are
closer analogues of dA (pKa� 3.8[38]) than the nonsubstituted
7-deaza-2'-deoxyadenosine (c7Ad).


The duplex stability of oligonucleotides with 7-substituted
7-deazaadenine residues is significant for hybridization stud-
ies and for the stability of antisense oligonucleotides. It is also
important for the complete replacement of a purine base by
base-modified nucleosides with a large substituent or a
reporter group on the purine base. However, oligonucleotides
with bulky substituents at position 8 of an adenine base cannot
be used for such purposes, as they make the duplex rather
unstable (Table 7). Recently, it was shown that compounds 1
and 2 can be used in the triphosphate form (46 a,b, Scheme 4)
as 100 % substitutes for dATP during the DNA-polymerase-
catalyzed elongation of a growing oligonucleotide chain on a
single-stranded DNA matrix.[39] The 8-bromo dATP 47 cannot
be incorporated in such a way and will cause chain termi-
nation when used instead of ATP.[39]


In addition to the observations made for the oligonucleo-
tides, the 7-alkynyl derivatives of 7-deaza-2'-deoxyadenosine
represent a new class of highly fluorescent nucleosides. They
have bulky hydrophobic bases in the favorable anti confor-
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Scheme 4. Triphosphates of 7-deazaadenine and adenine [a : R� I, b : R�
C�C(CH2)3CH3].


mation required for hybridization. The bright fluorescence of
7-deaza-7-(hex-1-ynyl)-2'-deoxyadenosine (1) makes this
molecule useful for fluorescence studies on DNA, even on
the single molecule level.


Experimental Section


Monomers : Flash chromatography (FC): at 0.4 bar with silica gel 60
(Merck, Darmstadt, Germany). Solvent systems for FC and TLC: CH2Cl2/
MeOH 9:1 (A), petroleum ether (boiling range 40 ± 60 8C)/acetone 1:1 (B).
Samples were collected with an UltroRac II fractions collector (LKB
Instruments, Sweden). Melting points: Büchi SMP-20 apparatus (Büchi,
Switzerland). UV spectra: 150-20 spectrometer (Hitachi, Japan). NMR
spectra: AC 250 and AMX-500 spectrometers (Bruker, Germany); d values
are relative to internal Me4Si or external H3PO4. Microanalyses were
performed by Mikroanalytisches Laboratorium Beller (Göttingen, Ger-
many).
Oligonucleotides : Oligonucleotides were synthesized with a 380 B DNA
synthesizer (Applied Biosystems, Germany) according to the standard
protocol. The oligonucleotides were purified by oligonucleotide purifica-
tion cartridges.[25] The enzymatic hydrolysis of the oligomers was performed
as described in ref. [40]. Quantification of the constituents was made on the
basis of the peak areas, which were divided by the extinction coefficients of
the nucleoside (e260 values: dA 15400, dC 7300, dG 11400, dT 8800, I7c7Ad


5000, hxy7c7Ad 6600). Snake-venom phosphodiesterase (EC 3.1.15.1,
Crotallus durissus) and alkaline phosphatase (EC 3.1.3.1., E. coli) were
generous gifts of Boehringer Mannheim, Germany). MALDI-TOF spectra
were provided by Dr. S. Hahner and J. Gross (Prof. Hilgenkamp, Institute
of Medicinal Physics and Biophysics, University of Münster, Germany).
RP-18 HPLC: 250� 4 mm RP-18 column; Merck-Hitachi HPLC; gradients
of 0.1m (Et3NH)OAc (pH 7.0)/MeCN 95:5 (A) and MeCN (B); gradient I :
50 min 0 ± 50% B in A, flow rate 1 mL minÿ1; gradient II : 20 min 0 ± 20% B
in A ; 40 min 20 ± 40 % B in A, flow rate 1 mL minÿ1.
Determination of melting curves and thermodynamics : Absorbance vs.
temperature profiles were measured on a Cary 1/1E UV/VIS spectropho-
tometer (Varian, Australia) with a Cary thermoelectrical controller. The Tm


values were measured in the reference cell with a Pt-100 resistor, and the
thermodynamic data (DH, DS, DG8) were calculated with the program
MeltWin 3.0.[31] Circular dichroism (CD) spectra were recorded on a Jasco-
600 (Jasco, Japan) spectropolarimeter, a thermostatically controlled bath
(Lauda-RCS-6) and 1 cm cuvettes.
General procedure for the acylation of 4-amino-7-(2-deoxy-b-dd-erythro-
pentofuranosyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (2): Me3SiCl (650 mL,
5.1 mmol) was added to a solution of compound 2[13] (188 mg, 0.5 mmol) in
anhydrous pyridine (3 mL), and was stirred at r.t. After 30 min, the acid
chloride (2.5 mmol) was introduced and the solution was kept at r.t. for
another 2 h. The mixture was cooled to 0 8C, diluted with H2O (2 mL), and
stirred for 10 min. After the addition of 25% aq. NH3 (2 mL), stirring was
continued for 2 h at r.t. The solution was evaporated and the residue was
purified by using flash chromatography (column 10� 3 cm, solvent A).
4-(Benzoylamino)-7-(2-deoxy-b-dd-erythro-pentofuranosyl)-5-iodo-7H-py-
rrolo[2,3-d]pyrimidine (4a): The reaction was performed according to the
general procedure. When benzoyl chloride (351 mg, 290 mL) was used,
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colorless needles were obtained, which were crystallized from MeOH
(159 mg, 66%). M.p. 195 8C; TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 230
(28 400), 273 (6500), 312 nm (6100); 1H NMR (500 MHz, [D6]DMSO, 30 8C,
TMS): d� 2.24 (m, 1H; Ha-C(2')), 2.47 (m, 1 H; Hb-C(2')), 3.55 (m, 2 H; 2
H-C(5')), 3.84 (m, 1H; H-C(4')), 4.36 (m, 1H; H-C(3')), 5.03 (t, 3J(H,H)�
5.3 Hz, 1 H; OH-C(5')), 5.33 (d, 3J(H,H)� 3.9 Hz, 1 H; OH-C(3')), 6.66 (t,
3J(H,H)� 6.9 Hz, 1H; H-C(1')), 7.57 (m, 3H; 3 arom. H), 8.05 (d,
3J(H,H)� 8 Hz, 2 H; 2 arom. H), 8.05 (s, 1H; H-C(6)), 8.71 (s, 1 H; H-
C(2)), 10.90 (s, 1 H; NH); C18H17IN4O4 (480.3): calcd. C 45.02, H 3.57, N
11.67; found C 45.10, H 3.62, N 11.85.


4-(Acetylamino)-7-(2-deoxy-b-dd-erythro-pentofuranosyl)-5-iodo-7H-pyr-
rolo[2,3-d]pyrimidine (4 b): As described for 4a with acetyl chloride
(196 mg, 178 mL). A 6 % aq. NH3 solution (2 mL, 20 min, r.t.) was used.
Crystallization (MeOH/EtOAc, 8:2) produced colorless needles (101 mg,
48%). M.p. 201 8C; TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 273 (6500),
298 nm (6000); 1H NMR (500 MHz, [D6]DMSO, 30 8C, TMS): d� 2.18 (s,
3H; CH3), 2.24 (m, 1H; Ha-C(2')), 2.44 (m, 1 H; Hb-C(2')), 3.54 (m, 2H; 2
H-C(5')), 3.83 (m, 1H; H-C(4')), 4.35 (m, 1H; H-C(3')), 4.95 (t, 3J(H,H)�
5.3 Hz, 1 H; OH-C(5')), 5.29 (d, 3J(H,H)� 3.9 Hz, 1 H; OH-C(3')), 6.62 (t,
3J(H,H)� 6.9 Hz, 1 H; H-C(1')), 8.00 (s, 1H; H-C(6)), 8.62 (s, 1H; H-C(2)),
10.21 (s, 1 H; NH); C13H15IN4O4 (418.2): calcd C 37.34, H 3.62, N 13.40;
found C 37.37, H 3.74, N 13.48.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-5-iodo-4-(iso-butyrylamino)-7H-
pyrrolo[2,3-d]pyrimidine (4c): The reaction was performed as described
for 4a but with iso-butyryl chloride (266 mg, 260 mL). In this case, 12% aq.
NH3 (2 mL, r.t., 30 min) was used. Colorless needles from MeOH (114 mg,
51%). M.p. 192 8C; TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 272 (6200),
299 nm (5700); 1H NMR (250 MHz, [D6]DMSO, 30 8C, TMS): d� 1.21 (s,
6H; 2 CH3), 2.24 (m, 1H; Ha-C(2')), 2.44 (m, 1 H; Hb-C(2')), 2.80 (m, 1H;
CH), 3.55 (m, 2H; 2 H-C(5')), 3.85 (m, 1 H; H-C(4')), 4.37 (m, 1H; H-
C(3')), 4.96 (t, 3J(H,H)� 5.3 Hz, 1 H; OH-C(5')), 5.29 (d, 3J(H,H)� 3.9 Hz,
1H; OH-C(3')), 6.64 (t, 3J(H,H)� 6.9 Hz, 1H; H-C(1')), 8.01 (s, 1H; H-
C(6)), 8.63 (s, 1 H; H-C(2)), 10.16 (s, 1 H; NH); C15H19IN4O4 (446.2): calcd
C 40.37, H 4.29, N 12.56; found C 40.25, H 4.30, N 12.46.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-5-iodo-4-(pivaloylamino)-7H-py-
rrolo[2,3-d]pyrimidine (4 d): As described for 4 a with 2[13] (94 mg,
0.25 mmol), pivaloyl chloride (150 mg, 150 mL), and treatment with 12%
aq. NH3 (2 mL, r.t. 30 min). An amorphous solid was obtained (58 mg,
51%). TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 274 (5800), 300 nm (5300);
1H NMR (500 MHz, [D6]DMSO, 30 8C, TMS): d� 1.10 (s, 3H; 3 CH3); 2.23
(m, 1H; Ha-C(2')), 2.47 (m, 1 H; Hb-C(2')), 3.56 (m, 2H; 2 H-C(5')), 3.84
(m, 1H; H-C(4')), 4.36 (m, 1 H; H-C(3')), 4.98 (br, 1H; OH-C(5')), 5.30 (br,
1H; OH-C(3')), 6.63 (t, 3J(H,H)� 6.9 Hz, 1H; H-C(1')), 8.00 (s, 1H; H-
C(6)), 8.63 (s, 1H; H-C(2)), 9.90 (s, 1 H; NH). FAB-MS (NBA): m/z �
461.1 [M�H]� .


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-5-iodo-4-(phenoxyacetylamino)-
7H-pyrrolo[2,3-d]pyrimidine (4e): Phenoxyacetic anhydride (1.7 g,
6.0 mmol) was added to a solution of 2[13] (376 mg, 1.0 mmol) in dry
pyridine (10 mL) under stirring at r.t. After 2 h, H2O (2 mL) was added and
the stirring was continued for another 15 min. The mixture was evaporated
and the residue dissolved in CH2Cl2 (100 mL). The solution was washed
with 5% aq. NaHCO3 (2� 25 mL) and H2O (2� 25 mL). The organic
layers were combined, dried over Na2SO4, filtered and evaporated to
dryness. The resulting oil was treated with Et3N/pyridine/H2O (1:1:3)
(30 mL) and was stirred (30 min). The solution was evaporated to dryness
and was analyzed using FC (column 10� 3 cm, A). Crystallization (MeOH/
EtOAc, 3:1) produced colorless crystals (265 mg, 52 %). M.p. 199 8C; TLC
(A): Rf 0.5; UV (MeOH): lmax (e)� 236 (21 600), 275 (6100), 301 nm (5800);
1H NMR (250 MHz, [D6]DMSO, 30 8C, TMS): d� 2.23 (m, 1 H; Ha-C(2')),
2.47 (m, 1 H; Hb-C(2')), 3.53 (m, 2 H; 2 H-C(5')), 3.84 (m, 1 H; H-C(4')),
4.36 (m, 1 H; H-C(3')), 4.88 (s, 2H; CH2OPh), 4.99 (t, 3J(H,H)� 5.3 Hz,
1H; OH-C(5')), 5.32 (d, 3J(H,H)� 3.9 Hz, 1 H; OH-C(3')), 6.63 (t,
3J(H,H)� 6.9 Hz, 1H; H-C(1')), 7.01 (m, 3 H; 3 arom. H), 7.32 (m, 2H; 2
arom. H), 8.05 (s, 1H; H-C(6)), 8.66 (s, 1H; H-C(2)), 10.37 (s, 1 H; NH);
C19H19IN4O5 (510.3): calcd C 44.72, H 3.75, N 10.98; found C 44.75, H 3.61,
N 10.79.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-4-{[(dimethylamino)methylide-
ne]amino}-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (5a): N,N-dimethylform-
amide dimethylacetal (2.0 g, 16.8 mmol) was added to a solution of 7-(2-
deoxy-b-d-erythro-pentofuranosyl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidine
(2)[13] (400 mg, 1.06 mmol) in methanol (20 mL) and the solution was stirred


for 2 h at 40 8C. After evaporation, the residue was purified by FC (column
10� 5 cm, A), yielding a colorless foam (389 mg, 85 %), which was isolated
from the main zone. TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 229 (17 400),
277 (10 400), 323 nm (19 000); 1H NMR (500 MHz, [D6]DMSO, 30 8C,
TMS): d� 2.18 (m, 1H; Ha-C(2')), 2.47 (m, 1H; Hb-C(2')), 3.18, 3.22 (2s,
6H; Me2N), 3.54 (m, 2H; 2 H-C(5')), 3.81 (m, 1 H; H-C(4')), 4.32 (m, 1H;
H-C(3')); 5.00 (t, 3J(H,H)� 5.4 Hz, 1H; OH-C(5')), 5.23 (d, 3J(H,H)�
3.9 Hz, 1 H; OH-C(3')), 6.52 (t, 3J(H,H)� 7.0 Hz, 1 H; H-C(1')), 7.70 (s,
1H; H-C(6)), 8.30 (s, 1 H; H-C(2)), 8.82 (s, 1H; N�CH); C14H18IN5O3


(431.2): calcd C 38.99, H 4.21, N 16.24; found C 39.09, H 4.27, N 16.10.


7-(2-Deoxy-b-dd-erythro-pentofuranosyl)-4-{[(dimethylamino)methylide-
ne]amino}-5-(hex-1-ynyl)-7H-pyrrolo[2,3-d]pyrimidine (5 b): Compound
5b was prepared from 7-(2-deoxy-b-d-erythro-pentofuranosyl)-5-(hex-1-
ynyl)-7H-pyrrolo[2,3-d]pyrimidine (1)[13] (400 mg, 1.21 mmol) and N,N-
dimethylformamide dimethylacetal (2.0 g, 16.8 mmol) as described for 5a.
On FC, a colorless foam (373 mg, 80%) was obtained from the main zone.
TLC (A): Rf 0.5; UV (MeOH): lmax (e)� 278 (12100), 321 nm (14300); 1H
NMR (500 MHz, [D6]DMSO, 30 8C, TMS): d� 0.91 (t, 3J(H,H)� 7.3 Hz,
3H; CH3), 1.45 (sextet, 3J(H,H)� 7.2 Hz, 2H; CH2-CH3), 1.53 (quintet,
3J(H,H)� 7.3 Hz, 2H; CH2-CH2-CH3), 2.18 (m, 1H; Ha-C(2')), 2.42 (t,
3J(H,H)� 6.8 Hz, 2 H; CH2), 2.47 (m, 1 H; Hb-C(2')), 3.16, 3.18 (2s, 6H;
Me2N), 3.56 (m, 2H; 2 H-C(5')), 3.84 (m, 1 H; H-C(4')), 4.35 (m, 1H; H-
C(3')), 5.02 (t, 3J(H,H)� 5.3 Hz, 1 H; OH-C(5')), 5.24 (d, 3J(H,H)� 3.7 Hz,
1H, OH-C(3')); 6.53 (t, 3J(H,H)� 6.8 Hz, 1H, H-C(1')), 7.71 (s, 1H; H-
C(6)), 8.32 (s, 1H; H-C(2)), 8.76 (s, 1H; N�CH); C20H27N5O3 (385.5): calcd
C 62.32, H 7.06, N 18.17; found C 62.48, H 7.03, N 18.53.
7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofura-
nosyl]-4-[{(dimethylamino)methylidene}amino]-5-iodo-7H-pyrrolo-
[2,3-d]pyrimidine (6 a): 4,4'-dimethoxytriphenylmethyl chloride (256 mg,
0.76 mmol) was added to a solution of 5 a (300 mg, 0.70 mmol) in dry
pyridine (3 mL). After stirring at 50 8C for 1 h, the mixture was poured into
5% aq. NaHCO3 soln. (10 mL) and extracted with CH2Cl2 (2� 50 mL). The
combined organic layers were dried over Na2SO4, filtered, and evaporated.
The residue was analyzed by FC (column 12� 4 cm, A), yielding a colorless
foam (360 mg, 70 %). TLC (A): Rf 0.6; UV (MeOH): lmax (e)� 236 (29 200),
275 (12 200), 322 nm (19 600); 1H NMR (500 MHz, [D6]DMSO, 30 8C,
TMS): d� 2.24 (m, 1H; Ha-C(2')), 2.57 (m, 1 H; Hb-C(2')), 3.18 (m, 2 H; 2
H-C(5')), 3.18, 3.22 (2s, 6 H; Me2N), 3.72 (s, 6H; 2 MeO), 3.92 (m, 1H; H-
C(4')), 4.37 (m, 1 H; H-C(3')), 5.30 (d, 3J(H,H)� 4.0 Hz, 1H; OH-C(3')),
6.54 (t, 3J(H,H)� 6.6 Hz, 1H; H-C(1')), 6.84 (m, 4 H; 4 arom. H), 7.22-7.38
(m, 9 H; 9 arom. H), 7.56 (s, 1H; H-C(6)), 8.31 (s, 1 H; H-C(2)), 8.82 (s, 1H;
N�CH); C35H36IN5O5 (733.6): calcd C 57.30, H 4.95, N 9.55; found C 57.48,
H 5.12, N 9.44.


7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofura-
nosyl]-4-[{(dimethylamino)methylidene}amino]-5-(hex-1-ynyl)-7H-pyrro-
lo[2,3-d]pyrimidine (6b): Compound 6b was prepared from 5a (300 mg,
0.78 mmol) as described for 6 a but with 4,4'-dimethoxytriphenylmethyl
chloride (290 mg, 0.86 mmol). FC (column 12� 4 cm, A) produced a
colorless foam (360 mg, 67 %). TLC (A): Rf 0.6; UV (MeOH): lmax (e)�
276 (17 500), 320 nm (12 900); 1H NMR (500 MHz, [D6]DMSO, 30 8C,
TMS): d� 0.91 (t, 3J(H,H)� 7.3 Hz, 3 H; CH3), 1.45 (sextet, 3J(H,H)�
7.2 Hz, 2H; CH2-CH3), 1.53 (quintet, 3J(H,H)� 7.3 Hz, 2 H; CH2-CH2-
CH3), 2.18 (m, 1 H; Ha-C(2')), 2.41 (t, 3J(H,H)� 6.8 Hz, 2 H; CH2), 2.53 (m,
1H; Hb-C(2')), 3.16, 3.18 (2s, 6H; Me2N), 3.18 (m, 2 H, H-C(5')), 3.71 (s,
6H; 2 MeO), 3.91 (m, 1H; H-C(4')), 4.34 (m, 1 H; H-C(3')), 5.28 (d,
3J(H,H)� 3.9 Hz, 1 H; OH-C(3')), 6.53 (t, 3J(H,H)� 7.0 Hz, 1H; H-1'), 6.82
(m, 4H; 4 arom. H), 7.20 ± 7.36 (m, 9H; 9 arom. H), 7.56 (s, 1 H; H-C(6)),
8.30 (s, 1H; H-C(2)), 8.73 (s, 1 H; N�CH); C41H45N5O5 (687.8): calcd C
71.59, H 6.59, N 10.18; found C 71.64, H 6.63, N 10.28.


7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofura-
nosyl]-4-[{(dimethylamino)methylidene}amino]-5-iodo-7H-pyrrolo[2,3-d-
]pyrimidine-3''-[(2-cyanoethyl)-N,N-diisopropyl phosphoramidite] (3 a):
Chloro-(2-cyanoethoxy)-N,N-diisopropylaminophosphine (126 mg,
0.53 mmol) was added to a stirred solution of 6a (300 mg, 0.41 mmol)
and anhydrous N,N-diisopropylethylamine (212 mg, 1.64 mmol) in dry
THF (2 mL) under an Ar atmosphere at room temperature. The reaction
mixture was stirred for another 30 min and was filtered. The filtrate was
diluted with ethyl acetate (30 mL) and extracted twice with ice-cold aq.
10% Na2CO3 solution (2� 10 mL) and H2O (10 mL). The organic phases
were dried over Na2SO4 and evaporated to dryness. The solid material was
purified by FC (column 8� 3 cm, B), yielding a colorless foam (222 mg,
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61%) from the main zone. TLC (B): Rf 0.4, 0.5; 31P NMR (101 MHz,
CDCl3, 30 8C, 85% H3PO4): d� 149.0, 149.2.


7-[2-Deoxy-5-O-(4,4''-dimethoxytriphenylmethyl)-b-dd-erythro-pentofura-
nosyl]-4-[{(dimethylamino)methylidene}amino]-5-(hex-1-ynyl)-7H-pyrro-
lo[2,3-d]pyrimidine-3''-[(2-cyanoethyl)-N,N-diisopropyl phosphoramidite]
(3b): Compound 6b (300 mg, 0.44 mmol) was treated with anhydrous N,N-
diisopropylethylamine (220 mg, 1.70 mmol) and chloro-(2-cyanoethoxy)-
N,N-diisopropylamino phosphine (135 mg, 0.57 mmol) as described for 3a.
A colorless foam (220 mg, 56%) was obtained. TLC (B): Rf 0.4, 0.5; 31P
NMR (101 MHz, CDCl3, 30 8C, 85% H3PO4): d� 149.1, 149.3.
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Synthesis, Spectroscopic Characterisation, and Metal Ion Interaction of a
New a-Helical Peptide


Giuseppe Impellizzeri,* Giuseppe Pappalardo,* Roberto Purrello, Enrico Rizzarelli,
and Anna Maria Santoro


Abstract: A 15-mer model peptide was
synthesised by the solid phase method.
The solution structure of this peptide
was investigated by circular dichroism
(CD) and NMR spectroscopy. CD re-
sults indicated that the peptide adopts a
helical conformation in the presence of
2,2,2-trifluoroethanol (TFE) and its hel-
icity is influenced by pH. NMR studies,
carried out in H2O/TFE (1:1), allowed
the sequence-specific assignment of the


proton resonances to be made, in addi-
tion to a more precise location of the
helical structure in the peptide se-
quence. The ability of different divalent
metal ions (Cu2�, Ni2�) to induce an a-
helix was also investigated in aqueous


solution by means of CD spectroscopy;
the results obtained indicate that Ni2� is
able to promote the a-helical conforma-
tion at neutral pH. In contrast, the CD
spectrum of the Cu2� ± peptide complex
does not show any indication of a helical
conformation. The reasons for this be-
haviour are proposed on the basis of
ESR and UV/Vis data.


Keywords: circular dichroism ´ hel-
ical structures ´ metal interactions ´
NMR spectroscopy ´ peptides


Introduction


Most of the regular secondary structures observed in folded
proteins can be classified into three main motifs: a-helices, b-
sheets and turns.[1] Among these, the a-helix is the most
abundant secondary structure element in proteins, and it is
therefore of considerable importance to understand the
factors that stabilise the a-helical structure, both in isolated
fragments of proteins and in intact protein chains.[2] The major
advance in the field of peptide helices was the design of short
peptide sequences that show good a-helix formation in
water.[3] Several studies have been aimed at promoting a-
helix formation: i) by introducing conformational constraints
in peptides,[4] ii) by inserting a,a-substituted amino acids, such
as a-aminoisobutyric acid in the peptidic sequence,[5] iii) by
the use of ion-pair interactions to stabilise the helix.[3a, 6]


Another useful strategy is to direct the folding of an a-amino
acid sequence and to stabilise existing secondary structures
within polypeptides by metal complexation.[7] For example, a-
helical secondary structures have been stabilised by the
formation of a metal-mediated cross-link that employs the
side chains of both natural or unnatural amino acid residues
located at the i and i�4 positions of the polypeptide
sequence.[8] The sequences, however, were carefully designed
to display a helical structure in the absence of metal, and in a
way such that small conformational changes caused by the
addition of a metal could be easily detected. It would be
interesting to investigate whether peptides which contain a
greater number of metal-complexing amino acid side chains
could be forced into stable helices by the presence of metal
ions.


On the other hand, different metals tend to satisfy their own
chemical and geometrical requirements upon complexation.
Therefore, a peptide ligand might exhibit specific conforma-
tions in the presence of distinct metal ions. In this respect, we
recently observed that divalent metal ions exhibit differing
abilities to induce folding in a octapeptide containing
histidine.[7m] This differing ability has been correlated with
the imidazole binding strength and the tendency to assume
square-planar coordination by the metal ions studied. Inter-
estingly, only Ni2� is able to induce ordered peptide structures
at pH 7.


In order to explore further the effect of metal complexation
on the conformation of short oligopeptides, we have designed
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and synthesised the model peptide P1D2A3D4A5H6A7H8A9-


H10A11A12A13H14G15 (PADH).[*] The peptide has been de-
signed to produce a model with the propensity to adopt an a-
helix conformation and, at the same time, has multiple sites
for binding metals. The sequence contains a large number of
alanine residues. Alanine was chosen because of its high
propensity to form a helix.[6c, 9] The Asp2, His6 and Asp4, His8


residues were placed in position i, and i�4 respectively. In this
position, an ion-pair or hydrogen bond interaction between
their side chains might arise to stabilise the helical form. In
addition, they are also well spaced for the simultaneous
coordination to metal ions.[8a,c] The remaining two histidine
residues, namely His10 and His14, were inserted near the
carboxyl termini of the sequence in order to maximise the
benefits from the charge-helix dipole interaction,[10] and were
also in position i, and i�4 as a further site for the coordination
of metal ions.[8a,c] Proline was inserted as the first amino acid at


the N-terminus because of its ability to promote the first turn
of an a-helix.[1, 10]


Herein we report the structural characterisation of PADH
by CD and NMR spectroscopy. Furthermore, the influence of
Cu2� and Ni2� ions on the conformational behaviour of this
peptide was investigated with CD, ESR and UV/Vis techni-
ques.


Experimental Section


Materials : All N-fluorenylmethoxycarbonyl (Fmoc)-protected amino
acids, Fmoc-Gly-Pepsyn-KA resin, 2-(1-H-benzotriazole-1-yl)-1,1,3,3-tet-
ramethyluronium tetrafluoroborate (TBTU), N-hydroxybenzotriazole
(HOBT) and N,N-dimethylformamide (DMF, peptide synthesis grade)
were purchased from Millipore. N,N-Diisopropylethyl amine (DIEA) and
triisopropylsilane were from Aldrich; 2,2,2-trifluoroethanol (TFE) was
from Sigma; deuterated trifluoroethanol ([D3]TFE) was from ICN;
trifluoroacetic acid (TFA) was from Carlo Erba. All other chemicals were
of the highest grade available and were used without further purification.


Peptide synthesis and purification : The peptide was synthesised on a
Milligen Model 9050 peptide synthesiser, with Fmoc-Gly-Pepsyn-Ka as
starting resin. All Fmoc-protected amino acids, except the proline residue,
were introduced according to the TBTU/HOBT/DIEA method; the N-
terminal proline residue was linked by the active ester method. The
synthesis was carried out under a fourfold excess of amino acid at every
cycle and each amino acid was recirculated through the resin for
40 minutes. The following amino acid derivatives were used: Fmoc-l-
His(Trt)-OH, Fmoc-l-Ala-OH, Fmoc-l-Asp(OtBu)-OH, Fmoc-l-Pro-
OPfp. After completion of the synthesis, the peptide was cleaved from
the resin by treatment with a mixture of trifluoroacetic acid (TFA) and
water which contained triisopropylsilane as a scavenger (TFA/H2O/
triisopropylsilane 95/2.5/2.5 v/v/v) for 1.5 h. The solution containing the
free peptide was filtered off from the resin, concentrated in vacuo at a
temperature not exceeding 30 8C and then precipitated with cold, freshly
distilled ether. The precipitate was filtered and desiccated under vacuum to
yield the crude peptide (190 mg). Purification of the peptide was
accomplished by semipreparative reversed-phase HPLC on a Vydac C18


(250� 10 mm, particle size: 5 mm, pores: 300 �) with a 35-min linear
gradient of 5 ± 20% acetonitrile/water/0.1 % TFA with a flow rate of
3 mL minÿ1. Elution profiles were monitored at 222 nm. The desired
peptide fraction (20 min retention time) was collected, lyophilised and
characterised by 1H NMR spectroscopy and FAB-MS spectrometry (1448
[M�H]� , calcd 1447.63]. Analytical RP-HPLC, performed on a Vydac C18


(150� 4.6 mm, particle size: 5 mm, pores: 300 �) column with gradient
mentioned above, indicated that the crude peptide was>90 % pure and the
HPLC purified peptide >98 % pure.


pH measurements: All pH measurements were made with an Orion Model
SA 520 pH meter equipped with a MI 410 combined pH electrode. The
instrument was calibrated with standard buffers which had pH values of
4.01, 7.00 and 10.00. When pH measurements were run in the presence of
TFE the electrode was calibrated just prior to use under the same
experimental conditions.
Spectroscopic measurements :


CD spectroscopy : The CD spectra were obtained at 25 8C under a constant
flow of nitrogen on a Jasco model J-600 spectropolarimeter which had been
calibrated with an aqueous solution of ammonium d-camphorsulfate.[11]


The measurements reported were carried out in water, aqueous TFE, and
at different pH values in a cuvette (1 mm path length). All experiments
were performed in the UV region (190 ± 250 nm). The spectra represent the
average of 2 ± 10 scans. CD intensities are expressed as mean residue
ellipticities (deg cm2 dmolÿ1) calculated by [q]� q/lcn, where q is the
ellipticity observed (mdeg), l is the path length of the cell (cm), c is the
peptide concentration (m) and n is the number of peptide bonds in the
sequence.


NMR spectroscopy : Sample solutions were prepared in H2O/D2O (9:1 v/v)
and in H2O/[D3]TFE (1:1 v/v) mixtures. The pH of the solutions were
adjusted to 6.0 (value uncorrected for the isotope effect) by the addition of
sodium hydroxide (0.1m). Sodium (trimethylsilyl)propionate (TSP) was


Abstract in Italian: In questo lavoro � descritta la progetta-
zione e la sintesi di un nuovo oligopeptide in grado di adottare
una conformazione ad a-elica e di formare complessi con ioni
metallici, attraverso la coordinazione con le catene laterali di
residui ammino acidici inseriti in opportune posizioni della
sequenza. Mediante l�utilizzo della spettroscopia CD � stato
accertato che il peptide adotta una conformazione ad a-elica in
presenza di TFE e che il suo grado di elicità � influenzato dal
pH, indicando un coinvolgimento delle catene laterali ammino
acidiche nella stabilizzazione dell�elica. Un dettagliato studio
NMR, condotto in H2O ed in presenza di TFE, ha permesso di
attribuire tutti i segnali presenti nello spettro protonico ed una
analisi piuÁ precisa sulla conformazione ad a-elica adottata dal
peptide. Inoltre, la capacità dei differenti ioni metallici (Ni2�,
Cu2�) di indurre la struttura ad a-elica � stata studiata per
mezzo della spettroscopia CD. I risultati ottenuti indicano che
il Ni2� � in grado di promuovere la conformazione ad a-elica,
mentre gli spettri CD ottenuti in presenza di Cu2� non
evidenziano la presenza di tale conformazione. Sulla base di
indagini UV/Vis ed ESR condotti sui complessi formati dal
peptide con i due metalli, si � concluso che la peculiare abilità
del Ni2� ad indurre la formazione di a-elica puoÁ essere spiegata
con la formazione di complessi bidentati deboli che si formano
presumibilmente con le catene laterali dell�istidina e dell� acido
aspartico posti in posizione i, i�4; mentre il Cu2� forma delle
specie complesse piuÁ forti che causano il ripiegamento della
catena polipeptidica attorno al centro metallico. I dati riportati
nel presente lavoro possono assumere particolare importanza
relativamente alla progettazione di biosensori di natura
peptidica che mostrano selettività verso gli ioni metallici, ed
inoltre contribuiscono ad aumentare le conoscenze sul ruolo
svolto dagli ioni metallici nel folding delle proteine.


[*] Abbreviations: one-letter symbols for the amino acids: P, Pro; D, Asp;
A, Ala; H, His; G, Gly. CD, circular dichroism; DQF-COSY, double
quantum-filtered correlation spectroscopy; TOCSY, total correlation
spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser effect spectroscopy; ROESY, rotating-frame Overhauser
effect spectroscopy; ESR electron spin resonance.
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added to the samples as a reference. The final concentration of the samples
was � 5mm. 1D and 2 D NMR spectra were recorded at room temperature
on a Bruker AMX-600 spectrometer operating at 600.13 MHz. 1D NMR
spectra were collected with 16 K data points over a spectral width of
6000 Hz in 64 scans. All 2D NMR spectra were obtained in the phase-
sensitive mode with time-proportional phase incrementation (TPPI).[12]


DQF-COSY[13] spectra were acquired with 2 K data points in the t2


dimension and 2� 512 t1 increments, recording 8 transients for each
increment. TOCSY[14] spectra, were acquired with a MLEV-17 sequence
of 63 ms and a mixing time of 68 ms with 2 K data points in the t2 dimension
and 512 t1 increments, recording 32 transients for each increment. NO-
ESY[15] and ROESY[16] spectra were collected with 2 K data points in the t2


dimension and 512 t1 increments recording 8 and 32 transients for each
increment, respectively. A mixing time of 200 ms was used to obtain the
NOESY spectrum, while ROESY spectra were performed at two different
mixing times: 150 ms and 400 ms. The water resonance was suppressed by
low-power presaturation. All the NMR spectra were processed with the
software supplied by the manufacturer.


ESR spectroscopy : ESR spectra were recorded in frozen solutions on a
Bruker ER 200 D X-band instrument driven by the 3220 data system and
with a standard low-temperature apparatus. The diphenylpicrylhydrazyl
(DPPH) radical (g� 2.0036) was used to standardise the klystron
frequency, the magnetic field was monitored by a Bruker type ER 035 M
gauss meter. Complex solutions (5 mm) were prepared by mixing aqueous
solutions of isotopically pure 63Cu(NO3) ´ 6 H2O and peptide in a metal to
ligand ratio of 1:1. Five solutions with pH values of 4, 5, 6, 7, and 8 were
prepared in this way. After the pH was adjusted to the desired value, up to
5% methanol was added to increase the spectral resolution. All the
measurements were carried out at 150 K.


UV/Vis spectroscopy : UV/Vis spectra were recorded on a Perkin ± Elmer
UV/Vis Lambda 2S spectrophotomer in cuvette with a path length of 2 cm
and a sample concentration of 2mm.


Results and Discussion


CD measurements : The ability of PADH to adopt the a-helix
conformation was evidenced by CD spectroscopy; the CD
spectrum of an a-helix consists of two minima at 222 nm and
206 nm, and a maximum at 193 nm.[17] Because the random
coil conformation has a very low ellipticity at 222 nm, the
enhancement in the amount of helix present is represented by
the increase of the intensity of the minimum at 222 nm. The
CD spectra of PADH, collected in water and at various
percentages of TFE in H2O, are shown in Figure 1. TFE is


Figure 1. CD spectra of PADH at different percentages of TFE in water at
25 8C and pH 6.1. From top to bottom (thin arrow): 0, 5, 10, 20, 30, 40, 50,
60, 70, 80%. There is an apparent isodichroic point at about 203 nm (thick
arrow).


known to induce helical conformation in peptides; however,
the precise mechanism of this structure induction is still
unknown. This induction is not general for all peptides and the
propensity for helix formation has been suggested to be a
prerequisite.[18]


In the absence of TFE, the dominant CD feature is a strong
negative band below 200 nm, indicative of a peptide with a
predominantly random coil conformation.[17] When CD
spectra of PADH were measured in the presence of an
increasing volume % of TFE in H2O, a positive band emerged
at about 190 nm, along with two negative bands centred at 206
and at 222 nm. The presence of an apparent isodichroic point
near 203 nm, is indicative of the presence of a mixed helix ±
coil conformation.[18c, 19] A plot of [q]222 against TFE percent-
age (Figure 2) gives a sigmoidal curve, which indicates that the
induction of the helical structure by TFE is a cooperative
process.[18c]


Figure 2. Plot of [q]222 versus volume% TFE in H2O for PADH under the
same experimental conditions as Figure 1.


The measure of the [q]222 is the most commonly used
parameter to estimate the fraction of a-helix. However, it has
been reported that although the [q]222 value can be correctly
applied to calculate the helix percentage in proteins, it fails in
the estimation of the helix content in small peptides.[20] Other
spectral parameters can be considered to reveal helix
propensity in small peptides: i) the [q] ratio of the minimum
at 222 nm to the minimum at a shorter wavelength, ii) the
position of this last minimum, iii) the crossover wavelength l0 .
In particular, an increase of the [q] ratio to a value close to
unity, together with a shift of the shorter wavelength
minimum towards 206 nm and a shift of the l0 value to longer
wavelengths are indicative parameters of high helix propen-
sity. The above mentioned spectral parameters obtained from
the spectra shown in Figure 1 are reported in Table 1. At
>50 % TFE, the spectral parameters do not change signifi-
cantly. This indicates that at this percentage of TFE, PADH is
predominantly in the a-helix conformation.


Concentration-dependent CD studies were carried out at
25 8C in 50 % TFE and at pH 7 (Figure 3). In the range of
about 1 ± 362 mm, the mean residue ellipticity [q]222 is inde-
pendent of the peptide concentration, indicating an intra-
molecular helical structure.[6c]
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Figure 3. Dependence of the ellipticity at 222 nm on the concentration of
PADH at 25 8C and in 50 %TFE, pH 7. Each point represents the average of
three determinations.


The effect of pH on helix formation has also been
investigated both in water and in 50 % aqueous TFE
(Figure 4). The obtained data display a similar trend, indicat-
ing an increase in the ellipticity at 222 nm as the pH is raised.
Some considerations can be made by analysing the curves. At
pH 2.5, the peptide is completely protonated and, in this
condition, exhibits the lowest helix content. As the pH is
increased the ellipticity increases until a first plateau is
reached at pH 7.5. Since the pKa values of the aspartic acid
and histidine side chains are expected to fall in this pH


Figure 4. The pH dependence of the [q]222 at 25 8C for PADH in 50% TFE/
H2O (&) and in pure H2O (*).


range,[21] it is reasonable to hypothesise that these amino acid
residues influence the stabilisation of the a-helix conforma-
tion of PADH (this effect is particularly evident in the
presence of TFE, see Figure 4). In particular, an increase in
the amount of helix should result from the favourable
interaction of the negatively charged carboxylate side chains
of the aspartic acid residues with the helix dipole. This kind of
ionic interaction is known to have a positive effect on the
stabilisation of the helix structure.[10] Additional stabilising
contributions may arise from hydrogen bond or ion pair
interactions between the carboxylate groups of the aspartic
acid side chains and the imidazole side chains of the histidine
residues located in positions i and i�4, respectively. The
effects of the histidine residues are less interpretable because
of their wide distribution along the sequence. We expect that
the histidine residues located near the C-terminus (His10 and
His14) should interact more strongly with the helix dipole
when their imidazole side chains are protonated, on the other
hand the histidine residues located at the interior positions
(His6 and His8) should display opposite behaviour.[10, 21b]


By raising the pH above 8.5, another increase in the helix
content is observed and a final plateau is reached at pH�
10.5. This second increment is probably correlated with the
deprotonation of the N-terminal amino group which results in
a decrease in the electrostatic repulsion with the positive end
of the helix macrodipole.[22] Interestingly, in the case of the
titration carried out in the presence of TFE, the effects of the
charged groups on the helix structure are more evident. This
different influence may simply be the consequence of the fact
that PADH adopts an a-helix conformation in the TFE/H2O
mixture and this situation enhances the ionic effects; however,
it also suggests that the ionic interactions could be strength-
ened, probably owing to the smaller dielectric constant of
TFE compared to that of water.


NMR measurements :
1H NMR resonance assignments : NMR studies were carried
out both in H2O and in [D3]TFE/H2O (1:1). Sequence-specific
assignment was obtained by following the procedure descri-
bed by Wüthrich.[23] The sequential assignment of this peptide
was not straightforward because of the redundancy of Ala and
His residues in the central part of the sequence. This caused
some difficulty, especially in the analysis of the spectra
recorded in water, where the lack of a well-defined structure
caused severe overlapping of the signals associated with the
amide protons (Figure 5 a). In the presence of TFE, the
assignment became more manageable. Under these condi-
tions, most of the degeneracy in the amide region was
removed (Figure 5 b) and a series of characteristic sequential
NOEs were observed in both the NOESY and ROESY
spectra. It is known that structured peptides show a greater
dispersion of the amide resonances than their unstructured
forms. The chemical shifts of the PADH protons recorded in
[D3]TFE/H2O (1:1) are given in Table 2.


Analysis of secondary structure : Although CD spectroscopy
represents the fastest way to verify helical conformation in
peptides, it only gives a measure of the average amount of
structure formed by the sample. On the other hand, NMR


Table 1. CD parameters of PADH in H2O and at different volume% of
TFE in H2O.[a]


% TFE [q]min� 10ÿ3


(lmin, nm)
[q]222� 10ÿ3 [q]ratio l0 [nm] [q]190� 10ÿ3


0 ÿ 8.92 (197.6) ÿ 0.87 0.10 ÿ 4.91
5 ÿ 8.43 (197.2) ÿ 1.29 0.15 ÿ 4.59
10 ÿ 7.75 (198.8) ÿ 1.75 0.22 ÿ 1.90
20 ÿ 6.67 (201.2) ÿ 3.30 0.49 193.8 2.38
30 ÿ 7.49 (204.8) ÿ 5.11 0.68 196.6 8.16
40 ÿ 8.20 (204.8) ÿ 6.41 0.78 197.8 12.70
50 ÿ 8.64 (206.0) ÿ 7.10 0.82 198.6 14.80
60 ÿ 9.38 (206.0) ÿ 7.70 0.82 199.1 17.92
70 ÿ 9.63 (206.0) ÿ 8.14 0.84 199.1 18.94
80 ÿ 10.12 (206.0) ÿ 8.42 0.83 199.1 20.93


[a] Parameters are derived from the experimental CD spectra shown in
Figure 1; [q] is expressed as mean residue ellipticity (deg cm2 dmolÿ1)
calculated as indicated in the Experimental Section; [q]ratio is the ratio of
the ellipticity at 222 nm to that at the shorter wavelength minimum; l0


represents the wavelength at which the CD signal changes its sign.
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Figure 5. 1H NMR spectrum of the NH/aromatic region of PADH
dissolved in a) H2O/D2O (9:1) at pH 6 and in b) [D3]TFE/H2O (1:1) at
pH 6.


spectroscopy can define the extent and position
of the helix in a given peptide more precisely.[24]


As seen above in the CD measurements, PADH
is predominantly in the a-helical conformation in
50 % TFE. Therefore, the conformational anal-
ysis was carried out in [D3]TFE/H2O (1:1). The
presence of the helical conformation along the
sequence was verified by applying four criteria of
helicity: sequential and medium-range NOEs,
values of 3JaN coupling constants and the values
of the chemical shifts. It is known that the dNN (i,
i�1) distance is shorter in the a-helix conforma-
tion than in an extended chain.[23] A series of
sequential i, i�1 amide ± amide NOEs were
clearly observed in both the NOESY and the
ROESY spectra. When the same experiments


were performed in water very few NOEs were observed in the
same region; therefore, the presence of such NOEs in the
spectra acquired in the presence of TFE is in agreement with a
conformational transition toward a helical structure. A more
stringent criterion for a a-helix structure is the presence of
NOEs connecting a protons with b protons in the chain
located three residues away.[23] A series of successive da,b (i,
i�3) connectivities were observed and unambiguously as-
signed, starting from Ala5 up to His8. Additional cross-peaks
may be present but are obscured by a,b cross-peaks belonging
to the same residue, as in the case of Ala9 ± Ala12, or their
assignment is not univocal, as in the case of His10 ± Ala13 and
Ala11 ± His14 which are exchangeable with Asp4 ± Ala7 and
Ala3 ± His6, respectively. Figure 6 summarises all the NOE
connectivities observed between protons in the peptide, as
well as several 3JaN coupling constants. The measured 3JaN


coupling constants for the alanine residues are <6 Hz, which
suggests that these residues tend to adopt a helical conforma-
tion, while those pertinent to the histidine residues are bigger,
according to their lesser ability in stabilising the helical
structure.[21b]


It is well known that in a-helical peptides, the a-proton
chemical shifts tend towards upfield values.[25] A convenient
way to detect these variations in the chemical shifts is to plot
the differences between the measured value and the respec-
tive random coil value versus the position along the peptide
sequence (Figure 7). The negative values for adjacent Ha


protons from residue Ala3 to Ala9 indicate the presence of a
helical structure in this section of the peptide backbone. This
evidence is also in good agreement with the da,b (i, i�3) NOEs
observed in the same region of the sequence. The histidines
located near the C-terminus tend to interrupt the propagation
of the helical conformation notwithstanding the contrary
effect of the intervening three alanines. When all the above-
mentioned criteria are applied, it is possible to state that the
peptide adopts a significant amount of helical structure in
50 % aqueous TFE. This observation is in agreement with the
CD data.


Figure 8 shows the MM� energy-minimised structure
of the proposed conformation adopted by PADH in


Table 2. Proton chemical shifts of PADH.[a]


Residue NH a-H b-H Others


Pro-1 4.42 2.10, 2.50 g 2.10; d 3.41, 3.50
Asp-2 8.68 4.78 2.80, 2.88
Ala-3 8.45 4.29 1.44
Asp-4 8.21 4.65 2.83
Ala-5 8.14 4.18 1.45
His-6 8.36 4.51 3.31 [b]


Ala-7 8.05 4.23 1.46
His-8 8.14 4.60 3.23, 3.35 [b]


Ala-9 8.07 4.25 1.47
His-10 8.17 4.65 3.23, 3.35 [b]


Ala-11 8.11 4.31 1.45
Ala-12 8.03 4.34 1.42
Ala-13 7.90 4.30 1.40
His-14 8.00 4.70 3.26, 3.38 [b]


Gly-15 8.13 3.82, 3.97


[a] Chemical shifts are expressed in d and referenced to internal TSP
[sodium(trimethylsilyl)]propionate. Values were measured in 50 %
[D3]TFE and 50% H2O at pH 6.1 and at 25 8C. [b] Sequence-specific
assignment not obtained, the values are: 8.55, 8.57, 8.59, (2H); 7,34 (4H).


Figure 6. Schematic summary of the NOE connectivities and J(NH,CaH) coupling constants
of PADH observed in [D3]TFE/H2O (1:1). Solid lines indicate unambiguous NOEs. Empty
and dashed lines indicate possible NOEs where chemical shift degeneracy interferes with
identification. Line thickness is proportional to the NOE intensity. The amino acid residues
are indicated by the standard one-letter code.
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Figure 7. Plot of the difference between the observed chemical shifs of
CaH protons of PADH in [D3]TFE/H2O (1:1) and those of random coil
values (Dd�dobsÿdrandom coil) versus the position along the sequence. The
random coil values were taken from Wüthrich.[23]


Figure 8. Molecular mechanics-optimised structure of the possible helical
conformation adopted by PADH. For the sake of clarity, the hydrogen
atoms and the alanine side chains have been omitted. The peptide
backbone is presented as a ribbon.


50 % TFE/H2O. This structure was obtained by transforming
the measured 3JaN coupling constants into dihedral angles, and
the values obtained were then introduced as constraints into
the calculation. Moreover, interproton distance restraints
were generated from the ROESY and NOESY data. The
obtained structure is a distorted, somewhat elongated helical
conformation.


Interaction with metal ions : The influence of Cu2� and Ni2�


ions on the PADH conformation was investigated by CD,
ESR and UV/Vis techniques. Figure 9 shows the CD spectra
obtained in the absence (spectrum I) and in the presence of
Ni2� at pH 7 (spectra II and III). The CD spectrum recorded
at a Ni2� :PADH ratio of 5:1 (spectrum III) shows an inflection
of the minimum at 222 nm accompanied by the shift of the
other minimum towards higher wavelengths and by the
presence of a cross-over. These spectral features suggest a
conformational transition towards a helical structure. Evi-
dence for the complexation of Ni2� with PADH was provided
by UV/Vis experiments. The spectra were recorded at pH 6,
because the presence of a precipitate at pH 7 prevented the
measurements. The electronic spectra, recorded in the visible
region at Ni2� :PADH ratios of 1:1 and 2:1, show a shift of the
characteristic bands of Ni2� to higher frequencies. In partic-
ular, with regard to the spectroscopic data obtained for the
hexaquo ion under the same experimental conditions, the


Figure 9. CD spectra of PADH (3.2� 10ÿ4m) in the absence (I) and in the
presence of Ni2� with Ni2� :PADH ratios of 1:1 (II) and 5:1 (III) in H2O at
pH 7.


3T2g(F) 3A2g(F) transition shifts from 8870 cmÿ1 to
10 340 cmÿ1, while the 3T1g(F) 3A2g(F) transition shifts from
14 500 cmÿ1 to 14 840 cmÿ1 (this second transition is split into
two components, therefore the centre of these two bands has
been taken as the indicative value) (see Table 3). When the


Ni2� :PADH ratio was increased from 3:1 to 5:1 the visible
spectrum became more complicated because of the extra
spectral contributions due to the free Ni2� hexaquo ion. This
suggests that PADH is able to accommodate up to two Ni2�


ions in its structure. In the spectra obtained in with
metal:ligand ratios of 1:1 and 2:1, negligible variations are
observed, which indicates that the two ions are located in
quite similar binding sites. Moreover, the shifts are signifi-
cantly low, when compared to the signals of the hexaquo ion,
thus suggesting that the donor atoms involved in the
interaction with the two Ni2� ions form weak complexes. On
the basis of these data, it is possible to hypothesise that each
Ni2� is complexed with the side chains of one aspartyl and one
histidyl residues in position i, i�4, as represented in Figure 10.


The effects of Cu2� on the peptide conformation are very
different than those observed for the Ni2� ion. Figure 11 shows
the CD spectra recorded at pH 4 in the absence (spectrum I)
and at different Cu2� :PADH ratios (spectra II and III). The
spectra obtained in the presence of Cu2� do not show any
features of a helical structure, but rather resemble that of a
random coil. Information concerning the copper binding site


Table 3. EPR and UV/Vis parameters of Ni2� and Cu2� complexes formed with
PADH.


Metal/ligand
ratio


pH gk Ak (104 cmÿ1) l1 [nm] (e


[dm3 molÿ1 cmÿ1])
l2 [nm] (e


[dm3 molÿ1 cmÿ1])


[Ni(H2O)6]2� 6.0 ± ± 1149 (0.7) 690 (1.8)
1:1 6.0 ± ± 966 (7.1) 674 (9.5)
2:1 6.0 ± ± 966 (6.9) 674 (9.1)
3:1 6.0 ± ± 966 (4.1) 682 (6.4)
5:1 6.0 ± ± ± 687 (5.6)
Cu2�


1:1 4.0 2.295(3) 180(4) 614 (95) ±
1:1 7.0 2.229(3) 189(3) 594 (205) ±
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Figure 10. Sketch of the optimised structure of the PADH ± Ni2� complex.
The hydrogen atoms and the alanine side chains are not shown for the sake
of clarity.


Figure 11. CD spectra of PADH (3.6� 10ÿ4m) in the absence (I) and in the
presence of Cu2� with Cu2� :PADH ratios of 1:1 (II) and 5:1 (III) in H2O at
pH 4.


was obtained with ESR and UV/Vis investigations. The ESR
spectra of frozen solutions of the 63Cu2� ± PADH system
showed magnetic parameters which changed according to the
pH of the aqueous solution (Table 3). The spectrum obtained
at pH 4 showed magnetic parameters somewhat similar to
those determined in the case of [Cu(imidazole)4]2� species,[26]


but the slightly different gk and Ak values can be associated
with an arrangement of the four donor atoms in a plane
distorted towards a tetrahedral coordination. Unfortunately,
it was not possible to ascertain the number of nitrogen atoms
coordinated to Cu2� because the spectrum did not show any
s.h.f. (superhyperfine) pattern. Therefore, the probability that
one or two carboxylate oxygen atoms participate in the
coordination cannot be ruled out. Nevertheless, whichever
donor atoms are involved in the complexation, they lead to
the formation of a single complex species, as observed in the


ESR spectrum, that does not induce helical conformation, as
evidenced in the CD spectra. If the pH of the aqueous solution
was raised to 7 ± 8, gk decreased and Ak increased as a
consequence of the deprotonation of amide nitrogen atoms
which can substitute for the imidazole nitrogen atoms or the
carboxylate oxygen atoms. This trend is also confirmed by
visible optical data since on raising the pH a blue shift of the
copper absorption band is clearly observed.[27] The CD spectra
recorded at pH 7 do not show the presence of any helical
structure either (not shown).


The data obtained with Ni2� and Cu2� metals point out an
interesting aspect since it seems to indicate that PADH adopts
different conformations with respect to the metal ion. In other
model peptides[8] different metal ions influence, in a positive
or a negative fashion, the stabilisation of the a-helix, by
complexing with a single designed metal binding site. In the
present case, the metal ion has several sites along the peptide
sequence to choose from; therefore each metal might impose
its preferred coordination geometry giving rise to different
peptide conformations. In this respect, the observation that
Ni2� forms weak two-coordinate complexes with the amino
acid side chains could explain its peculiar capability of
inducing the helical structure in PADH, whereas the propen-
sity of Cu2� to form more stable four-coordinate complex
species forces the peptide to fold around the metal centre.


Conclusions


We have designed and synthesised a new model peptide in
which amino acid residues, such as Asp and His, were
introduced in appropriate positions along the sequence in
order to sustain helical conformation and to permit complex-
ation to a metal ion. On the basis of the CD and NMR data, it
is possible to confirm that the peptide is predominantly in a-
helix conformation in 50 % H2O/TFE solution. Moreover, the
pH dependence of helix formation in PADH indicates that the
protonation states of Asp and His residues, as well as those
relative to the N- and C-terminus, are important determinants
of the observed helicity. The analysis of NMR data suggests
that the helix conformation includes mainly the seven
residues at the N-terminus (from Ala3 to Ala9), while the
remaining two histidines located near the C-terminus appear
to prevent the propagation of the helix in this direction.


The conformational properties of PADH upon complex-
ation with different metal ions, were found to depend on the
type of metal utilised; in particular, when PADH is complexed
with Ni2� at pH 7 a helical structure is present. In contrast, the
presence of Cu2� at pH 4 did not induce the helix structure.


In conclusion, we have demonstrated that PADH retains a
good propensity to helix formation and that its conformation
can be modulated by metal complexation. We believe that the
results reported herein could be of importance for the
construction of metal-complexing macromolecular systems
that adopt different three-dimensional structures depending
on the type of metal ion utilised.
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Reactions of Gaseous, Halogenated Propene Radical Cations with Ammonia:
A Study of the Mechanism by Fourier Transform Ion Cyclotron Resonance


Michael Büchner, Andreas Nixdorf, and Hans-Friedrich Grützmacher*


Abstract: The gas-phase ion-molecule
reactions of the radical cations of 2-
chloropropene (1�.), 2-bromopropene
(2� .), and 2-iodopropene (3� .), as well
as of the corresponding three 3,3,3-
trifluoropropenes (4� . ± 6� .) with ammo-
nia have been studied by FT-ICR mass
spectrometry complemented by ab initio
calculations of the reaction thermo-
chemistry. In all cases a deprotonation
of the 2-halopropene radical cations by
ammonia is distinctly exothermic. In
spite of this, the substitution of the halo
substituent by NH3 is the main reaction
pathway for 1�. and 2� . and is still
competing for the slowly reacting iodo
derivative 3� . . In the latter case depro-
tonation generates not only NH�


4 , but


also the proton-bridged dimer [H3N ´´
H� ´ ´ NH3]. These effects prove that the
first addition step of the substitution by
an addition-elimination mechanism of
the haloalkene radical cations can com-
pete effectively with exothermic depro-
tonation and occurs without noticeable
activation energy. In fact it appears
likely that the deprotonation of the
unsaturated radical cations proceeds
also by an addition-elimination process.
The calculation of the reaction enthalpy


shows that addition of NH3 to the ion-
ized 3,3,3-trifluoro-2-halopropenes 4� . ±
6� . is especially exothermic. Experimen-
tally this effect is not only reflected in
the increased reaction efficiency of the
substitution product, even in the case of
the iodo derivative 6� . , but also in
competing fragmentations of the strong-
ly excited distonic intermediates gener-
ated by the addition step. This corrobo-
rates the postulate that the variation of
the rate constants with the substituents,
which is observed for the reactions of
ionized haloalkenes with ammonia, is
caused by the excess energy released in
the initial addition step.


Keywords: ion-molecule reactions ´
mass spectrometry ´ nucleophilic
substitution ´ radical ions ´
reaction mechanisms


Introduction


The detection of radical cations as reactive intermediates has
initiated an increasing number of studies of their reactivities
in solution[1] and in the gas phase.[2] These studies reveal that,
in particular, organic radical cations exhibit a high reactivity
that is attributed to their electron deficiency and which has
been termed electron hole catalysis.[3] In line with this concept
unsaturated organic radical cations display fast reactions with
electron-rich donor molecules and generate a variety of
reaction products by addition, substitution, and/or fragmen-
tation reactions. However, owing to the short lifetime of most
organic radical cations in solution it is difficult to obtain
information about the details of the reaction mechanisms and
to determine which structural factors control the reaction
rates.[4] In contrast, even very reactive gaseous radical cations


are easily investigated by appropriate mass spectrometric
techniques, and a study of the gas phase ion-molecule
reactions of unsaturated organic radical cations can display
many details of the reaction mechanisms.


Recently, we have performed a systematic study of the gas
phase reactions of mono- and dihalogenated arenes[5] with
ammonia and simple amines via radical cations using Fourier-
transform ion cyclotron resonance (FT-ICR) spectrometry.
These reactions result in the substitution of one halogen
substituent by the nucleophile through an addition-elimina-
tion mechanism. The kinetics and the rather low reaction
efficiency of less than 15 % show that the first addition step of
the aromatic substitution process is rate-determining. This
was explained by the configuration mixing model of Shaik and
Pross[6] of polar organic reactions. However, further studies
revealed that the mechanisms of the aromatic substitution via
radical cations is more complex and includes rearrangement
steps between addition of the nucleophile and elimination of
the halo substituent.[5b,c]


In the case of gas phase substitution reactions of olefinic
radical cations the addition of the nucleophile is not expected
to be the rate-determining step.[2a] This was corroborated by
FT-ICR studies of the ion-molecule reactions of the radical
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cations of vinyl halides with ammonia,[7] and by a
preliminary investigation of the reactions of 1,2-
dichloro- and dibromoethenes with ammonia and
amines through radical cations.[8] In these reac-
tions substitution of one halogen substituent
occurs with a high reaction efficiency although
the reaction rates are still distinctly below the
collision rate. Verification has been obtained that
the product of the reaction of vinyl halide radical
cations with ammonia corresponds to the
N-protonated vinyl amine as expected for an addition-
elimination mechanism.[7] A vinyl halide radical cation
produces two isomeric intermediate b-distonic ions by addi-
tion of ammonia that are analogous to a Markovnikov and
anti-Markovnikov orientation, but only the less stable anti-
Markovnikov adduct has the correct configuration for the
final loss of the halogen atom (Scheme 1). A calculation of the
minimum energy reaction pathway (MERP) by ab initio
methods suggested that the rearrangement of the intermedi-
ate b-distonic ions by 1,2-NH3 shifts is important for the
efficiency of the total reaction.[7] Therefore, the apparently
simple substitution of haloalkene radical cations by a
nucleophile is also very likely to be a complex multistep
reaction. The deprotonation of vinyl halide radical cations by
ammonia was calculated to be exothermic, but nevertheless
deprotonation was found to be only a minor process. There-
fore it had to be assumed that the addition of electron-rich
reactants like ammonia or amines to the ionized double bond
of the radical cations of haloalkenes is very fast in order to


compete successfully with proton transfer and may occur even
without any activation barrier, in line with theoretical
predictions.[2] Further, a highly energized b-distonic ion is
generated by the exothermic addition, and the excess
energy of this intermediate addition product should drive
the reaction further and may in fact be responsible for
the sometimes puzzling outcome of the reactions of
unsaturated organic radical cations with electron-rich reac-
tants.


More experimental information is needed to understand
the extraordinary reactivity of olefinic radical cations and the
course of their reactions with nucleophiles. In particular, the
successful competition of addition to the ionized double bond
of the haloalkene radical cation against deprotonation by a
basic nucleophile should be verified unequivocally. Further,
the role of the excess energy imparted to the inter-
mediate distonic ion by an exothermic addition step
should be examined further. Thus, we complemented the
previous investigations by a study of the ion-molecule
reactions of ionized 2-halopropenes 1 ± 3 and 3,3,3-tri-
fluoro-2-halopropenes 4 ± 6 with ammonia using FT-ICR
spectrometry.


The radical cations of the 2-halopropenes 1 ± 3 should be
distinctly more acidic than the previously studied ionized
vinyl halides because deprotonation of a propene radical
cation yields a stabilized allyl radical. Therefore, the radical
cations 1 ± 3 are well-suited for an investigation of the
competition between addition and deprotonation of unsatu-
rated organic radical cations by basic substrates. It will be
shown that, surprisingly, the substitution reaction of radical
cations 1 ± 3 is still observed in spite of the exothermic
deprotonation by ammonia, thus corroborating a fast addition
step of the nucleophile to the ionized double bond. In the case
of all ionized 2-halopropenes the addition step generating a b-
distonic ion by addition of ammonia is expected to be more
exothermic than for ionized haloethenes. This effect should be
especially increased for the radical cations of the 3,3,3-
trifluoro-2-halopropenes 4 ± 6. Further, deprotonation of 4 ± 6
is not expected to interfere with substitution because of the
missing methyl group. Hence, the radical cations 4 ± 6 are
expected to reveal more clearly effects of a chemical
activation during the addition step on the further fate of the
excited intermediate distonic ions. It will be shown that this is
indeed the case, and that the large excess energy present in the
distonic ion results in additional fragmentations. The results of
the kinetic experiments for 2-halopropene radical cations
1�. ± 3� . will be discussed first and will be followed by a
discussion of the reactions of the radical cations 4� . ± 6� . with
ammonia.


Abstract in German: Die Ion/Molekül-Reaktionen von Ra-
dikalkationen der 2-Halogenpropene 1�. ± 3� . und der 3,3,3-
Trifluor-2-halogenpropene 3� . ± 6� . mit Ammoniak in der
Gasphase werden mit Hilfe der FT-ICR-Massenspektrometrie
untersucht und durch Ab initio-Rechnungen zur Thermo-
chemie der verschiedenen Prozesse ergänzt. Die Deprotonie-
rung der 2-Halogenpropen-Radikalkationen durch Ammoniak
ist danach in allen Fällen deutlich exotherm. Trotzdem ist für
1�. und 2� . die Substitution des Cl- bzw. Br-Substituenten die
Hauptreaktion und auch im Fall des langsamer reagierenden
I-Derivats 3� . eine intensive Konkurrenzreaktion. Im letzteren
Fall wird bei der Deprotonierung nicht nur NH�


4 ge-
bildet, sondern auch das protonenverbrückte Dimere
[H3N ´´ H� ´ ´ NH3]. Diese Befunde beweisen, daû der erste
Additionsschritt im Additions/Eliminierungsmechanismus der
Substitution wie die Deprotonierung ohne gröûere Aktivie-
rungsschwelle verläuft. Berechnungen der Reaktionsenthalpie
zeigen, daû die Addition von NH3 an die ionisierten 3,3,3-
Trifluor-2-halogenpropene 4� . ± 6� . besonders exotherm ist. Im
Experiment zeigt sich dies nicht nur durch erhöhte Reaktions-
geschwindigkeitskonstanten des gesamten Prozesses, sondern
auch durch zusätzliche Fragmentierungen des hoch angeregten
distonischen Zwischenprodukts. Dies stimmt mit der Vorstel-
lung überein, daû die Abstufung der Geschwindigkeitskon-
stanten der Reaktionen ionisierter Halogenalkene mit Ammo-
niak durch die unterschiedliche Überschuûenergie im Addi-
tionsprodukt bestimmt wird.


Scheme 1. Substitution reaction of haloethene radical cations with ammonia.
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Results and Discussion


Thermochemistry : In discussing ion-molecule reactions in the
gas phase at very low pressures studied by FT-ICR spectrom-
etry, it should be noted that these reactions occur in isolated
collision complexes of the reactants without energy exchange
with the surroundings. These collision complexes are electro-
statically activated by the energy gained from ion/dipole and
ion/induced dipole interactions, and this excess energy may be
used to induce chemical transformations within the
complex. A consequence of the lack of any additional
(thermal) activation is that only exothermic processes
are observed, and that the experimental rate constants
of the chemical reactions are not directly related the
internal barrier or activation energy of a chemical
reaction within the complex. Hence it is useful to
accompany the experimental rate measurements by a
theoretical calculation or estimation of the minima and
other stationary points along the MERP of the ion-
molecule reaction to get a better basis for the discussion
of the experimental results.


The parallel reactions shown in Scheme 2 for 2-
halopropene radical cations 1�. ± 3� . and ammonia are


Scheme 2. Substitution and deprotonation of halopropene radical
cations 1 ± 6 with ammonia.


expected to occur because of the distinct gas-phase
acidity of the propene radical cation[9] and also from
consideration of the results obtained for ion-molecule reac-
tions of ionized vinyl halides with ammonia.[7, 8] The heat of
formation (DHf) of chloroethene, bromoethene, and their
radical cations are known with high accuracy,[10] and the
MERP of their reaction with ammonia has been calculated by
high-quality ab initio methods.[7] Further, DHf of many C2, C3,
and C4 alkenes, their radical cations, and of other radicals are
known reliably.[10] These data can be combined to calculate
the minima along the MERP of the reactions of 2-chloropro-
pene 1�. with ammonia at the MP2/6-31G* level of theory,
making extensive use of isodesmic reactions and anchoring
the relative heats of formation at DHf(chloroethene� .)�
999 kJ molÿ1 (238.8 kcal molÿ1).[10] and DHf(chloro-
ethene� .)� 1027 kJ molÿ1 (245.4 kcal molÿ1).[10] The specific
isodesmic reactions used and the relevant data are given in the


Appendix. In most cases more than one isodesmic reaction
has been calculated to arrive at a value of a specific DHf. The
results deviate by less than � 10 kJ molÿ1, which also corre-
sponds to the estimated limits of error of most of the
experimental data used, and this is sufficient for a discussion
of the trends of the thermochemistry between the closely
related reactions studied here . The DHf of 1�. , of the reaction
intermediates, and of reaction products obtained are given in
Table 1. These data have been used for the construction of the


schematic MERP shown in Figure 1. The activation energy for
the 1,2-NH3 shift between the isomeric distonic adduct ions
was shown previously not to depend much on the substitution
type[7] and was taken from the published MERP of the
chloroethene radical-cation reaction.


The substitution reaction of 1�. by ammonia is distinctly
more exothermic than the reaction of the chloroethene
radical cation (132 kJ molÿ1 vs. 116 kJ molÿ1), but the exother-
micity of the addition step forming the Markovnikov adduct is
almost identical. The new feature of the MERP of the reaction
of 1�. with ammonia is the deprotonation reaction yielding the
2-chloroallyl radical and NH�


4 ; this is very exothermic, as
expected.


It is known that the result of isodesmic reactions often does
not depend on the level of the ab initio method used.[11] This


Table 1. Calculated heats of formation of reactants, intermediates, and products of
the reactions of 2-halogenopropene radical cations 1�. ± 3� . and 3,3,3-trifluoro-2-
chloropropene radical cation 4� . with ammonia.


DHf


[kJ molÿ1]
Reaction DHr


[kJ molÿ1]


2-chloropropene� . (1� .) 940
NH3 ÿ 46[a]


distonic adduct (Markovnikov) 691 addition, Markovnikov ÿ 203
distonic adduct (anti-Markovnikov) 722 addition, anti-


Markovnikov
ÿ 172


2-propenyl-ammonium cation 641
Cl atom 121[a] substitution ÿ 132
2-chloroallyl radical 112
Ammonium cation 632[a] deprotonation ÿ 150


2-bromopropene� . (2� .) 990
NH3 ÿ 46[a]


distonic adduct (Markovnikov) 743 addition, Markovnikov ÿ 201
2-propenyl-ammonium cation 641
Br atom 112[a] substitution ÿ 191
2-bromoallyl radical 171
Ammonium cation 632[a] deprotonation ÿ 141


2-iodopropene� . (3� .) 994
NH3 ÿ 46[a]


distonic adduct (Markovnikov) 786 addition, Markovnikov ÿ 162
2-propenyl-ammonium cation 641
I atom 107[a] substitution ÿ 200
2-iodoallyl radical 227
Ammonium cation 632[a] deprotonation ÿ 89


trifluoro-2-chloropropene (4� .) 507
NH3 ÿ 46[a]


distonic adduct (Markovnikov) 85 addition, Markovnikov ÿ 376
distonic adduct (anti-Markovnikov) 131 addition, anti-


Markovnikov
ÿ 330


2ÿ (3,3,3-trifluoro-propenyl-
ammonium cation


61


Cl atom 121[a] substitution ÿ 279


[a] taken from ref. [10]
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has been confirmed in the present case by a calculation the
isodesmic reactions for 1�. and its products also by the lower
level methods MP2/3-21G and MP2/STO-3G. Hence, the DHf


necessary for the construction of the MERPs of the reactions
of the bromo and iodo derivatives 2� . and 3� . , and of the 3,3,3-
trifluoro-2-propene radical cation 4� . with ammonia have
been determined only by these methods. While this may
introduce increased uncertainty into the DHf values obtained,
the main source of error is the limited number of DHf of
reference compounds for the iodo derivative 3, the trifluoro
derivative 4, and their radical cations. For example, the DHf of
iodoethene and iodopropene had to be estimated by Benson�s
incremental method, and in the case of 4 only the DHf of the
3,3,3-trifluoropropene,[10] the 2,2,2-trifluoroethyl,[10] and the
3,3,3-trifluoropropyl radical[10] are known. Nonetheless, the
DHf obtained (see Table 1) can be used semiquantitatively to
discuss the variation of the reaction energies with changing
the substituents. For the reactions of the 2-bromopropene
radical cation 2� . the MERP is essentially identical to that of
the chloro derivative 1�. with exception of the reaction
enthalpy (DHr) of the substitution, which is more exothermic
by approximately 60 kJ molÿ1. A similar result has been
obtained by high-quality ab initio calculations of the MERPs
of the corresponding haloethene radical cations.[7] The DHr of
the substitution of the iodo substituent of 3� . by ammonia
exhibits a further increase, as expected, owing to the small
bond energy of the CÿI bond cleaved, but the addition step
generating the Markovnikov adduct and the deprotonation
yielding a 2-iodoallyl radical and NH�


4 are distinctly less
exothermic by about 40 and 60 kJ molÿ1, respectively. This
trend is expected because of the increased stabilization of the
reactant alkene radical cation by an iodo substituent at the
double bond, which is also reflected in the decreased
ionization energy of iodoethene[10] and the decreased stabili-
zation of a radical by an a-iodo substituent. For 3� . , a
deprotonation yielding an allene and an iodine atom is also
slightly exothermic by 15 kJ molÿ1, whereas the analogous
process is endothermic and almost thermoneutral in the case
of 1�. and 2� . , respectively.


Compared with the 2-chloropropene reaction
system of 1�. the MERP of the reaction of the
3,3,3-trifluoro-2-chloropropene radical cation 4� .


with ammonia exhibits a strong increase in the
exothermicity of the first addition step by
70 kJ molÿ1 and also of the total substitution
reaction. These effects can be attributed to a
combination of a stabilization effect of the CF3


substituent on the radical site of the distonic
Markovnikov adduct ion and on a destabilization
of the reactant alkene radical ion. The first effect
is seen by the difference of 30 kJ molÿ1 of the DHf


of the 2,2,2-trifluoroethyl radical and the ethyl
radical[10] (relative to the corresponding ethanes),
and the second effect increases the ionization
energy of 3,3,3-trifluoropropene to 10.95 eV by
more than 1 eV, relative to propene.[10] This
corroborates the calculated CF3 effects on the
MERP of 4� .


Summarizing, the results of an estimation and
ab initio calculation of the MERPs of the


reaction of 2-halopropene radical cations with ammonia
assure the expected effects of the substituents on the reaction
thermochemistry. In particular the deprotonation of all three
halopropene radical cations by ammonia is distinctly exother-
mic and can be expected always to compete effectively with
the substitution reaction. Further, in the series of the ionized
2-chloro-, 2-bromo-, and 2-iodopropene the substitution
reaction becomes increasingly more exothermic, while the
effect of the halo substituents on the initial addition step is
opposite. Finally, the substitution reaction of the 3,3,3-
trifluoropropene radical cations is indeed distinctly more
exothermic than that of the ionized 2-halopropenes and, in
particular, exhibits a very exothermic initial addition step of
ammonia to the ionized double bond.


Reactions of 2-halopropene radical cations 1 ± 3 with ammo-
nia : The rates of exothermic proton transfer between small
ions and basic molecules are expected to approach the ion-
molecule collision rate. Hence, deprotonation of the radical
cations of 1 ± 3 should override any other parallel ion-
molecule reaction that exhibitis a bottle neck on the MERP,
because of entropic effects or the presence of a substantial
activation energy. The experimental ion-intensity vs. reaction-
time curves (kinetic plot) obtained for the reaction of 2-
halopropene radical cations 1�. , 2� . , and 3� . with ammonia
are shown in Figure 2. In all three cases the decay of the 2-
halopropene radical cations follows exactly pseudo-first-order
kinetics, and the bimolecular rate constants (kbi), the reaction
efficiencies of the total reaction, and the branching ratio
between deprotonation and halogen substitution are given in
Table 2.


The efficiencies of the total reaction of 1�. and 2� . are
rather large and approach the collision rate, while that of the
iodo derivative 3� . is distinctly smaller. It is clearly seen from
Figure 2 that substitution of the halogen atom in 1�. ± 3� . by
the NH3 group to form the product ion with m/z� 58
competes effectively with proton transfer to the ammonium
ion (m/z� 18), in spite of the distinctly exothermic deproton-


Figure 1. MERP (minimum reaction energy path) for deprotonation and substitution of 2-
chloropropene radical cations 1�. by ammonia.
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Figure 2. Plot of ion intensity vs. reaction time (kinetic plot) for the
reaction of a) 2-chloropropene radical cations 1�. , b) 2-bromopropene
radical cations 2� . , and c) 2-iodopropene radical cations 3� . with ammonia.


ation process. Substitution is still the main process for the
chloro and the bromo derivatives 1�. and 2� . , which also show
an almost identical branching ratio for the deprotonation and
substitution. This similar behavior of 1�. and 2� . in their
reactions with ammonia is in agreement with the similar


MERPs calculated for these processes (see previous section).
The efficiencies of 49 % and 43 % of the substitution process
of 1�. and 2� . , calculated from the branching ratio, are slightly
larger and smaller, respectively, than the values obtained for
this process of ionized vinyl chloride and vinyl bromide (57 %
and 35 %[7]). This suggests that the increased total reaction
efficiencies of the halopropenes 1�. and 2� . are due to the
additional deprotonation reaction.


In the case of the less reactive iodopropene radical cation
3� . , deprotonation is the main process. Interestingly, depro-
tonation yields not only ammonium ions (m/z� 18), but also
the proton-bridged dimer of ammonia [H3N ´´ H� ´ ´ NH3]
(m/z� 35). Under the experimental conditions used, the
reaction of 3� . proceeds to yield about equal amounts of the
substitution product (m/z� 58), ammonium ions (m/z� 18),
and the proton-bridged dimer (m/z� 35). From this branching
ratio an efficiency of only about 13 % is calculated for the
substitution process. A decrease of the efficiency of the gas-
phase substitution reaction of haloalkene radical cations with
decreasing strength of the carbon ± halogen bond has been
observed before[7] and will be discussed further in the next
section. The origin of this effect is very likely a smaller
amount of excess energy in the distonic addition product of
the first reaction step. Here it is of interest to note that even in
the case of the slowly reacting 3� . , substitution is still
competitive with regard to deprotonation by ammonia.
Again, this observation excludes a direct substitution mech-
anism of the SN2 type in ionized haloalkenes, which is
entropically demanding and which would impose an activa-
tion barrier on the reaction path. Instead, the substitution
proceeds by at least two reaction steps of an addition-
elimination mechanism, with a fast first addition step that
evidently overrides even exothermic deprotonation. This is
only conceivable if the collision complex of a 2-halopropene
radical cation and ammonia collapses quickly to the b-distonic
addition product without any activation barrier. Thus, the
results obtained here confirm the ab initio calculations of the
MERP of ionized vinyl halides with ammonia[7] and of the
addition of ethene radical cations to neutral ethene,[12] which
show no activation barrier for the addition of the electron-rich
neutral reaction partner to the ionized alkene double bond.
This ease of addition of nucleophiles also explains the high
reactivity of alkene radical cations in solution generated
electrochemically or by single-electron-transfer reactions.


To complete the examination of the substitution reaction of
the 2-halopropene radical cations 1�. ± 3� . with ammonia, the
structure of the C3H8N� product ion was verified by a gas-
phase titration experiment[13] from which the proton affinity
(PA) of the neutral C3H7N precursor (conjugate base) of the
product ion can be determined. It has been shown previously
for the substitution-product ion of vinyl halide radical cation
with ammonia, that originally a vinyl ammonium ion is the
only reaction product, which isomerizes more or less quickly
by a shuttle mechanism[14, 7] into the more stable, protonated
aldiminium ion during deprotonation. Accordingly, the de-
protonation of the C2H6N� product ions by a reference base
with a PA between the PA of vinylamine and acetaldimine
exhibits bimodal kinetics.[7] If the 2-propenyl ammonium ion
generated by the substitution from 1�. ± 3� . behaves analo-


Table 2. Kinetic parameters for the reaction of 2-halogenopropene radical
cations with ammonia.


kbi� 10ÿ10 Efficiency Branching ratio
[cm3 molÿ1 secÿ1] [%] substitution/deprotonation


1� . 17.8 84 58:42
2� . 15.7 77 56:44
3� . 7.47 37 35:31:34[a]


[a] m/z 35 (proton-bridged dimer of ammonia).
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gously, the proton shuttle during deprotonation converts the
2-propenyl ammonium ion P (initially formed) into an
acetone immonium ion A (Scheme 3), and deprotonation of
the product ions C3H8N� by a suitable base should again
exhibit bimodal kinetics; this can be used to estimate the PA
of the neutral C3H7N precursor of P and A.


Scheme 3. Shuttle mechanism for the base-catalyzed tautomerization of
protonated enamines and ketimines in the gas phase.


The PA of the appropriate conjugate bases of C3H7N were
calculated by AM1, which is known to reproduce the PA
within � 20 kJ molÿ1,[15] yielding PA(2-propenylamine)�
881 kJ molÿ1 and PA(acetone imine)� 923 kJ molÿ1 (experi-
mental value 934 kJ molÿ1[10a]). As expected, the PA of
acetone imine is considerably larger than that of 2-propenyl-
amine. From these values it is concluded that a reference base
with a PA< 870 kJ molÿ1 does not deprotonate the C3H8N�


product ions and a base with a PA> 940 kJ molÿ1 quickly
deprotonates all C3H8N� product ions, while the deprotona-
tion by a base with a PA around 900 kJ molÿ1 should exhibit
bimodal kinetics. Indeed, this is observed experimentally.
With ammonia (PA� 854.0 kJ molÿ1[10a]) and methylamine
(PA� 899.0 kJ molÿ1[10a]) no deprotonation is observed, while
complete deprotonation is achieved with diethylamine (PA�
952.4 kJ molÿ1[10a]). The kinetic plots for the deprotonation
of the C3H8N� product ions by ethylamine (PA�
911.8 kJ molÿ1[10a]) and dimethylamine (PA�
929,5 kJ molÿ1[10a]) are shown in Figure 3. Deprotonation by
both amines exhibits clearly the bimodal kinetics of a fast
exothermic proton transfer and of a slow endothermic or
thermoneutral deprotonation. However, owing to the differ-
ent capabilities of the amines to act as a catalyst for the proton
shuttle, the fractions of quickly and slowly deprotonated ions
C3H8N� are different.


From these kinetic data the PA of the two isomers of
the neutral C3H7N precursors are limited to
899 kJ molÿ1<PA(C3H7N(I))< 914 kJ molÿ1 and 930
kJ molÿ1<PA(C3H7N(II))< 952 kJ molÿ1 or 906 � 7 kJ molÿ1


and 941� 11 kJ molÿ1, respectively; this is in reasonable
agreement with the calculated PA of the conjugate bases, 2-
propenylamine and acetone imine, of the expected products.
This absolutely analogous behavior of the reaction products
of the substitution of ionized haloethenes and halopropenes


Figure 3. Plot of ion intensity vs. reaction time for the deprotonation (gas-
phase titration) of the substitution product C3H8N� (from 2� .) by a) ethyl-
amine (PA� 911.8 kJmolÿ1[10]), and b) dimethylamine (PA�
929.5 kJmolÿ1[10])


with ammonia confirms that both substitution reactions take
identical routes[7] to homologous products, in spite of the
much more effective competition of the deprotonation of the
radical cations in the case of the 2-halopropenes. Therefore,
addition of ammonia results in isomeric b-distonic ammonium
ions, corresponding to Markovnikov and anti-Markovnikov
orientation, and interconversion by a 1,2-NH3 shift before the
halogen atom is lost from the less stable anti-Markovnikov
product as depicted in Scheme 4.


Scheme 4. Mechanism of nucleophilic substitution reaction of ionized
halopropenes 1�. ± 3� . .


In addition to confirming the addition-elimination mecha-
nism for the nucleophilic substitution of aromatic and olefinic
radical cations, the results presented here also suggest a
special mechanism of the deprotonation reaction of these
unsaturated radical cations. In particular the deprotonation of
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the iodo derivative 3� yielding a proton-bridged dimer of
ammonia (m/z� 35) is not explained easily by a simple
proton-transfer mechanism. Generally it is assumed that
deprotonation of radical cations by a base occurs through a
loose transition state structurally related to a proton-bridged
complex of the base and the radical formed by deprotonation.
This critical configuration is reached by a direct approach of
the base onto the acidic hydrogen atom (Scheme 5) within the
collision complex of the reactants, followed by a rapid proton
transfer if the reaction is exothermic.


Scheme 5. Mechanisms of deprotonation of ionized halopropenes 1�. ± 3� .


by ammonia.


In the case of the alkene radical cations studied here, the
nucleophilic base is also trapped competitively in the collision
complex by addition to the double bond. However, if the
further substitution process of the addition product is slow, the
addition product will dissociate back to the complex of
reactants, which once again are available for a deprotonation
reaction. A consequence of this picture of the dynamics of the
reaction of the 2-halopropene radical cations with ammonia is
that the total reaction efficiency should always approach the
collision rate, because deprotonation is exothermic and fast
for all three radical cations 1�. ± 3� . . However, the experiment
shows that in the case of the iodo derivative 3� . not only is the
substitution process slow, but also the exothermic deprotona-
tion is slow, as shown by the decreased total reaction
efficiency. An obvious explanation of this effect is that
deprotonation does not occur independently of the substitu-
tion, but proceeds via the distonic addition product
(Scheme 5). A syn-1,2-elimination in the anti-Markovnikov
adduct as well as a 1,3-elimination in the preferred Markov-
nikov adduct should exhibit a considerable activation barrier
that requires sufficient excess energy in the addition product
for the elimination of NH�


4 . Since the adduct ion derived from
3� . is less excited than in the case of the chloro and bromo
derivatives 1�. and 2� . , deprotonation by this mechanism is
also reduced and may in fact need a second ammonia
molecule to surmount the activation barrier. However, addi-
tional and more focussed experiments are needed to sub-
stantiate these ideas about a special deprotonation mecha-
nism of unsaturated radical cations.


Reactions of 3,3,3-trifluoro-2-halopropene radical cations
4� . ± 6� . with ammonia : The 3,3,3-trifluoro-2-halopropene
radical cations lack the methyl group that could be easily
deprotonated with ammonia. Hence, substitution of the 2-
halogen substituent is expected to be the only efficient process
observed for the reactions of 4� . ± 6� . with ammonia. The
bimolecular rate constants (kbi) and reaction efficiencies of
these reactions are presented in Table 3, and Figure 4 displays,
as an example, the kinetic plot for the reaction of the bromo
derivative 5� . and the iodo derivative 6� . with ammonia.


Figure 4. Plot of ion intensity vs. reaction time (kinetic plot) for the
reaction of a) 3,3,3-trifluoro-2-bromopropene radical cations 5� . , and
b) 3,3,3-trifluoro-2-iodopropene radical cations 3� . with ammonia.


For all three 3,3,3-trifluoro-2-halopropene radical cations
4� . ± 6� . excellent pseudo-first-order kinetics were observed,
and the kbi obtained from the decay of these radical cation
show that the reaction is very efficient for the chloro and
bromo derivatives 4� . and 5� . . The reaction again proceeds
essentially with the ion-molecule collision rate, while the iodo
substituted radical cation 6� . exhibits a reduced reaction
efficiency. Contrary to the original expectation, the ammo-


Table 3. Kinetic parameters for the reaction of 3,3,3-trifluoro-2-halogen-
opropene radical cations with ammonia.


kbi� 10ÿ10 Efficiency
[cm3 molÿ1 secÿ1] [%]


4� . 17.9 88
5� . 17.4 87
6� . 10.7 54
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nium ion is the only abundant reaction product at long
reaction times for all three radical cations 4� . ± 6� . (Figure 4).
However, an inspection of the ion-intensity vs. reaction-time
curves of the ammonium ion and the expected substitution-
product ion C3H5NF�3 reveals that the ammonium ion clearly
arises from a deprotonation of the substitution product
C3H5NF�3 , which accordingly exhibits a maximum of its
intensity during the reaction. The deprotonation of the
C3H5NF�3 ion was corroborated in a separate experiment by
isolation of the C3H5NF�3 ions and ejection of all other ions
from the FT-ICR cell after an appropriate reaction time
yielding the product ion C3H5NF�3 with sufficient intensity.
Following the isolation, a complete deprotonation of the
C3H5NF�3 ions by ammonia was observed. Evidently, the CF3-
substituent lowers the PA of the conjugate base 2-(3,3,3-
trifluoropropenyl)amine below the PA of ammonia
(854 kJ molÿ1[10]), so that the corresponding ammonium
C3H5NF�3 ion, which is the expected substitution product of
4� . ± 6� . , is quickly deprotonated with ammonia. This effect of
the strongly electron-withdrawing CF3 group on the PA is well
documented for carbonyl compounds, ethers, and amines,[10]


which exhibit PA values 50 ± 100 kJ molÿ1 lower than the
corresponding CH3 substituted derivatives. The PAs of 2-
(3,3,3-trifluoropropenyl)amine (817 kJ molÿ1) and trifluoro-
acetone imine (833 kJ molÿ1), which are the conjugate bases of
the possible reaction products, are both below the PA of
ammonia.


Besides the C3H5NF�3 ion and the ammonium ion, the
reaction of 4� . ± 6� . with ammonia forms product ions with
m/z� 92 in moderate yields, and the iodo derivative 6� .


generates additional ions with m/z� 219, m/z� 199, and
m/z� 196. Accurate mass determination of these ions, from
the high-mass-resolution capability of the FT-ICR spectrom-
eter of m/Dm� 300 000, proves unequivocally the following
elemental composition for these ions: m/z� 92�C3H4NF�2 ,
m/z� 219�C3H4NF2I�


. , m/z� 199�C3H3NFI� . , and m/z�
196�CF3I�


. . The formation of a C3H4NF�2 ion corresponds to
the loss of HF from the regular substitution product C3H5NF�3 .
An inspection of the ion-intensity vs. reaction-time curves
shows that this second product ion (C3H4NF�2 ) is formed in
parallel to the main product ion and not by a consecutive
elimination of HF caused by attack of ammonia on C3H5NF�3 .
Obviously the excess energy present in the b-distonic ion
created by a very exothermic addition of ammonia to the
3,3,3-trifluoro-2-halopropenes 4� . ± 6� . not only induces the
loss of the halogen substituent, but is sufficient to provoke
additional elimination of HF in the still energetically excited
substitution product before the products separate from the
reaction complex. In line with this argument, the excited b-
distonic intermediate arising from the addition of ammonia to
the iodo derivative 6� . eliminates one and two molecules HF
instead of losing iodine to yield the ions m/z� 219,
C3H4NF2I�


. and m/z� 199, C3H3NFI� . , respectively. The
structures of these ions were not examined, but the elimi-
nation of HF from assorted ions driven by the thermodynamic
stability of HF is well known in mass spectrometry.[16] The
most obvious mechanism is a 1,4-HF elimination from the
Markovnikov-adduct ion yielding the radical cation of a 3,3-
difluoro-2-haloallylamine, and the structure of the adduct ion


calculated by ab initio methods indeed indicates an inter-
action between a proton of the NH�


3 group and a fluorine
atom from the CF3 group. It is not well understood, however,
why the C3H4NF2I�


. and C3H3NFI� . ions are formed only
during the reaction of the 3,3,3-trifluoro-2-iodopropene
radical cation 6� . . The addition of ammonia to the other
radical cations 4� . and 5� . is even more exothermic leading to
an even more chemically activated b-distonic ion. It should be
noted that the reaction efficiency for 4� . and 5� . corresponds
almost to the collision limit because of this large excess energy
available in the reaction intermediate. It may be that the large
excess energy of these intermediates reduces the life-time of
the distonic ions so much that elimination of HF is bypassed
because of the tight transition state necessary. Similarly, the
formation of CF3I�


. (m/z� 196) as a product of the reaction of
6� . with ammonia is unprecedented and surprising. Without
further information the reaction pathway yielding this ion
from the b-distonic intermediate is difficult to visualize, but
clearly requires the rearrangement of an excited ion. Hence,
the formation of all these additional product ions during the
reaction of the radical cations of 3,3,3-trifluoro-2-halopro-
penes 4 ± 6 with ammonia demonstrate convincingly the
presence of an especially large amount of excess energy in
the intermediates of these reactions, as expected from the
thermochemical calculations. Further, these results show that
the reactions following the formation of the excited b-distonic
ion by addition of ammonia to the alkene radical cations are
controlled at least as well by dynamic effects as by thermo-
chemistry. Thus, the efficiency of the reactions of the
haloalkene radical cations with ammonia increases form the
haloethenes to the corresponding 3,3,3-trifluoro-2-halopro-
penes as expected from the calculated MERPs. This shows
that in this series there is an increasing release of excess
energy during the first addition step to drive the subsequent
reaction. By the same effect of a decrease of the chemical
activation of the distonic intermediates in each series of
ionized chloro-, bromo-, and iodoalkene, the decrease of the
substitution reaction efficiency is explained. However, al-
though the distonic intermediate derived from the iodo
derivative 6� . is less chemically activated than its chloro and
bromo analogues derived from 4� . and 5� . , it nevertheless
exhibits more side reactions with greater abundance. This
mixture of effects still makes it difficult to predict the course
and the rate constants of the total reaction of ionized alkenes
with electron-rich reactants.


Experimental Section


FT-ICR spectrometry : All FT-ICR experiments were performed in a
Spectrospin Bruker CMS 47X FT-ICR instrument,[17] equipped with an
InfinityTM[18] cell of 6 cm length, a 4.7 T superconducting magnet, a 24 bit/
128 kword Aspect 3000 computer and an external ion source.[19]


Kinetic measurements : Ions were generated by 25 eV electron impact (EI)
from the halopropenes and an ion source pressure of 10ÿ6 mbar. The
mixture of the ions produced was focused into the FT-ICR cell by means of
a transfer optic. The trapping voltages of the back and front plates were set
to 1� 0.1 V and the voltages of the excitation plates to 0.0� 0.1 V. The ions
under study were selected by broad-band (frequency sweep) ejection of
88 Vp±p and rf pulses of 14 Vp±p fixed-frequency (single shots) ejections. The
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ejection process was finished after 15 ± 20 ms. To remove any excess kinetic
energy prior to reaction, the ions were thermalized by collisions with argon
added by a pulsed valve (opened for 8 ± 15 ms). The argon was removed
after a delay time of 0.5 ± 1.0 s. Fragment ions and product ions formed
during this period were again ejected by single shots of 14 Vp±p. This
method has been described in detail previously.[5a] Ammonia as reactant gas
was introduced into the FT-ICR cell continuously by a leak valve resulting
in a constant pressure of 3� 10ÿ8 to 8� 10ÿ8 mbar. The pressure readings of
the ionization gauge were corrected for the sensitivity of the neutral gas
used[20] and were calibrated by rate measurements of the reaction NH�


3
.�


NH3!NH�
4 NH2


. (kbi� 21� 10ÿ10 cm3 moleculeÿ1 sÿ1).[21] The sensitivity for
NH3 was taken from ref. [20]. The reaction-time delay varied from 1.5 ms to
10 s. After the reaction time, all ions were excited by a frequency sweep of
88 Vp±p with a step width of 7.8 kHz and an excitation pulse of 8 ms. FT-ICR
spectra were averaged by 8 data acquisition circles and recorded by 32 k
data points for 30 different reaction times. Peak intensities were obtained
by exponential multiplication and Fourier transformation of the time
domain signal. For kinetic evaluation, peak intensities of the magnitude
spectra were normalized to the sum of all ions detected at each reaction
time. By fitting these data to an exponential function by means of the
Microcal Origin 4.5 program,[22] the reaction rate constants kexp were
obtained. The bimolecular rate constants kbi were calculated by use of the
number density of the neutral reactant derived from the corrected pressure.
The efficiencies of the reaction is given by kbi/kcol . The collision rate
constant kcol was calculated by the method of Su and Chesnavich.[23]


Gas phase titration experiments : Gas phase titration experiments were
performed by generation of the substitution product by chemical ionization
(CI) in the external CI source of ammonia and 2-bromopropene. The ions
were focused into the FT-ICR cell and deprotonated by the titration base
present in the FT-ICR cell at a constant pressure. The determination of the
deprotonation efficiency followed the procedure described above for the
kinetic measurements. However, the thermalization of the cations had to
be omitted, because otherwise an erroneous ratio of the isomers may be
observed due to uncontrolled reaction during this period. Amines with
proton affinities[10] from 899 to 998 kJmolÿ1 were used as titration bases.


Materials and reagents : Ammonia (99.8 %; Merck), methanol (>99.9 %;
Merck), 2-chloropropene 1 (>97 %; Fluka) and 2-bromopropene 2
(>99%; Fluka) were obtained commercially.


Synthesis of 2-iodopropene 3 and 2-halo-3,3,3-trifluoropropenes 4 ± 6 : The
purity of 2-iodopropene and of the 2-halo-3,3,3-trifluoropropenes synthe-
sized in this work were analyzed by gas chromatography (Hewlett Packard
HP 5890 Series II equipped with a 30 m SE 54 capillar column, a VG
Autospec mass spectrometer and a Bruker AC250P 1H NMR spectrom-


eter). For 1H NMR characteriza-
tion the protons of 4 ± 6 are la-
beled as indicated in the struc-
tures given below. The 2-halo-
3,3,3-trifluoropropenes 4 ± 6 were
prepared by a two step synthesis,
starting with the addition of the


halogen to 1,1,1-trifluoropropene, which generates the corresponding 1,2-
dihalo-3,3,3-trifluoropropanes. These were transformed by elimination of
HX to the corresponding 2-halo-3,3,3-trifluoropropenes according to a
modified method of R. N. Hazeldine and K. Leedham with KOH/EtOH as
the base.[24]


Synthesis of 2-iodopropene 3 : 2-chloro-2-iodopropane was synthesized by
the reaction of 2-chloropropene with concentrated hydroiodic acid.[25] 2,2-
diiodopropane was synthesized by stirring 2-chloro-2-iodopropane (4.5 g,
22.0 mmol), sodium iodide (15.0 g, 100.0 mmol) and acetone (50 mL) for
three days at ambient temperature. Distilled water (100 mL) was added to
the reaction mixture, and the aqueous layer was washed three times with
dichloromethane (100 mL). The combined dichloromethane layers were
washed three times with distilled water and dried over anhydrous sodium
sulfate. The solvent was removed by vacuum (15 mbar). The crude product
was distilled at 0.03 mbar into a liquid-nitrogen-cooled Schlenk tube
yielding 2,2-diiodopropane (0.23 g, 0.8 mmol). 1H NMR (250 Hz, CDCl3,
25 8C; TMS): d� 3.00 (s, 6 H; ÿCH3); MS (70 eV, EI): m/z (%): 296 (23)
[M� .], 254 (7) [I�.


2 ], 169 (100) [C3H6I�], 128 (8) [HI� .], 127 (19) [I�]; 42 (15)
[C3H�.


6 ], 41 (67) [C3H�
5 ] 40 (6) [C3H�.


4 ], 39 (30) [C3H�
3 ]. 2-iodopropene was


obtained from the 2,2-diiodopropane by elimination of hydroiodic acid.


General procedure for synthesis of 2-halo-3,3,3-trifluoropropenes : 1,1,1-
trifluoropropene was condensed at ÿ30 8 to ÿ40 8C into a two neck
reaction flask and the halogen was introduced as a gas (Cl2) or as a liquid
(Br2, ICl) into the stirred 1,1,1-trifluoro-propene until the typical color of
the halogen persisted in the reaction mixture. Then the reaction mixture
was stirred at ÿ30 8C for another hour. After warming up, the excess
halogen was removed with a diluted aqueous solution of sodium bisulfite.
The aqueous layer was separated, and the organic layer was washed three
times with distilled water, dried over phosphorus pentoxide, filtered, and
fractionated by distillation at normal pressure to yield the 1,2-dihalo-3,3,3-
trifluoropropenes. These were converted into the 2-halo-3,3,3-trifluoro-
propenes by treatment with KOH/EtOH at ÿ10 8C. After neutralization of
the reaction mixture with hydrochloric acid the 2-halo-3,3,3-trifluoropro-
penes were extracted with hexane and purified by distillation.


1,2-Dichloro-3,3,3-trifluoropropane : B.p. 53 8C; purity (by GC): 98,0 %; 1H
NMR (250 Hz, CDCl3, 25 8C; TMS): d� 4.34 (m; 1H; CH3), 3.97 (dd, 1H;
CH2), 3.73 (dd, 1 H; CH1).


2-chloro-3,3,3-trifluoropropene (4): This very volatile compound (b.p.
15 8C) was distilled directly from the reaction mixture after warming up
and neutralization with hydrochloric acid. The yield was not determined.
1H NMR (250 Hz, CDCl3, 25 8C; TMS): d� 6.07 (ddt, 2 H; CH2), 5.79 (dd,
2H; CH1); MS (70 eV): m/z (%): 132 (39)/130 (100) [M� .], 113 (12)/ 111
(37) [M� .ÿF], 95 (100) [C3F3H�


2 ]; 87 (11)/85 (34) [CF2Cl�], 75 (40)
[C3F2H�], 69 (87) [CF�3 ], 63 (29)/61 (81) [M�ÿCF3], 26 (20) [C2H�.


2 ].


1,2-dibromo-3,3,3-trifluoropropane : B.p. 116 8C; purity (by GC): 98%; 1H
NMR (250 Hz, CDCl3, 25 8C; TMS): d� 4.44 (m, 1H; CH3), 3.88 (dd, 1H;
CH2), 3.64 (dd, 1 H; CH1).


2-bromo-3,3,3-trifluoropropene (5): Yield: 91%; b.p. 34 8C; purity (by GC):
>95 %; 1H NMR (250 Hz, CDCl3, 25 8C; TMS): d� 6.50 (q, 1 H; CH2), 6.03
(q, 1 H; CH1); MS (70 eV, EI): m/z (%): 176 (65) /174 (65), [M� .], 157 (12)/
155 (19) [M� .ÿF], 131 (14)/129 (14) [CF2Br�], 107 (24)/105 (25) [M� .ÿ
CF3], 95 (100) [C3F3H�


2 ], 75 (39) [C3F2H�], 69 (71) [CF�3 ], 26 (26) [C2H�.
2 ].


1-chloro-3,3,3-trifluoro-2-iodopropane : Purity (by GC): 99.0 %; 1H NMR
(250 Hz, CDCl3, 25 8C; TMS): d� 4.45 (m, 1 H; CH3), 3.95 (q, 1 H; CH2),
3.84 (dd, 1 H; CH1). The compound decomposed during heating.


3,3,3-trifluoro-2-iodopropene (6): The thermally labile iodide 6 was
sampled into a liquid-nitrogen-cooled flask during distillation. Yield:
50%; b.p. 56 8C; purity (by GC): 98 %; 1H NMR (250 Hz, CDCl3, 25 8C;
TMS): d� 6.95 (q; 2 H; CH2), 6.30 (dd, 2 H; CH1); MS (70 eV): m/z (%):
222 (100) [M� .]; 203 (23) [M� .ÿF]; 177 (8) [CF2I�]; 153 (5) [M� .ÿCF3];
128 (25) [HI� .]; 127 (71) [I�], 95 (24) [C3F3H�


2 ]; 75 (92) [C3F2H�], 69 (85)
[CF�3 ].


Appendix


The experimental heats of formation (DHf) used for the calculation of the
isodesmic reactions are given in Table 4. The DHf(chloroethene� .) and
DHf(bromoethene� .) are well known. However, in the case of iodoethene
only the ionization energy of 9.30� 0.10 eV is tabulated. Combining this
with the DHf of 2-iodoethene derived by the increment system of S. W.
Benson[26] yields DHf(iodoethene� .) given in Table 4. The NIST Webbook
contains two values for DHf(2-chloropropene), and the value of
ÿ24.7 kJmolÿ1 has been selected for the further calculations, since this
value is more consistent with Benson�s increments.[26] No experimental
values for DHf(2-bromopropene) and DHf(iodopropene) are available, and
these DHf have been estimated with Benson�s increments.[26]


Isodesmic reactions of the following type [Eqs. (1) and (2)], in which the
halogen substituent and either an H atom or a CH3 substituent change their
places, have been used for the calculation of DHf (2-halopropene� .).


CH3ÿCX�CH�.
2 �HÿCH�CH�.


2 ÿ! HÿCX�CH�.
2 �CH3ÿCH�CH�.


2 (1)


CH3ÿCX�CH�.
2 �HÿC(CH3)�CH�.


2 ÿ!
HÿCX�CH�.


2 �CH3ÿC(CH3)�CH�.
2 (2)


In the case of 2-bromopropene� . and 2-iodopropene� . the values obtained
in this way were confirmed by isodesmic reactions of a halogen interchange
with 2-chloropropene� . and chloroethene� . , which had been calculated at
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the MP2/6-31G* level of theory. Similarly, the distonic ions generated by
the addition of NH3 to the haloalkene radical cations in the Markovnikov
and anti-Markovnikov mode were treated in the isodesmic reactions as
substituted alkyl radicals [Eqs. (3), (4), (5), and (6)].


CH3ÿC .(X)ÿCH2(NH�
3 )�HÿC .HÿCH3 ÿ!


HÿC .(X)ÿCH2(NH�
3 )�CH3ÿC .HÿCH3 (3)


CH3ÿC .(X)ÿCH2(NH�
3 )�HÿC .(CH3)ÿCH3 ÿ!
HÿC .(X)ÿCH2(NH�


3 )�CH3ÿC .(CH3)ÿCH3 (4)


CH3ÿC(NH�
3 )(X)ÿC .H2�HÿCH2ÿC .H2 ÿ!


HÿC(NH�
3 )(X)ÿC .H2�CH3ÿCH2ÿC .H2 (5)


CH3ÿC(NH�
3 )(X)ÿC .H2�HÿCH(CH3)ÿC .H2 ÿ!


HÿC .(X)ÿCH2(NH�
3 )�CH3ÿCH(CH3)ÿC .H2 (6)


Since the DHf of the distonic ions formed by addition of NH3 to the radical
cation of iodoethene are not available, a second set of isodesmic reactions
were used, in which the distonic ions were equilibrated with the radical
cations of the appropriate 2-halopropenes. The DHf of substitution product
2-propenyl ammonium cation was obtained from the DHf of its lower
homologue vinyl ammonium cation by comparing with alkenes in the
isodesmic reactions given in Equations (7) and (8).


CH3ÿC(NH�
3 )�CH2�HÿCH�CH2 ÿ!


HÿC(NH�
3 )�CH2�CH3ÿCH�CH2 (7)


CH3ÿC(NH�
3 )�CH2�HÿC(CH3)�CH2 ÿ!


HÿC(NH�
3 )�CH2�CH3ÿC(CH3)�CH2 (8)


Finally, the DHf of the 2-haloallyl radical cations were calculated from the
isodesmic reactions given in Equations (9) and (10).


CH2�CXÿCH.
2�CH3ÿCH�CH2 ÿ! CH2�CHÿCH.


2�CH3ÿCX�CH2 (9)


CH2�CXÿCH.
2�CH3ÿC(CH3)�CH2CH2�C(CH3)ÿCH.


2


�CH3ÿC(X)�CH2 (10)


The DHf of the relevant species derived from 3,3,3-trifluoro-2-chloropro-
pene were calculated by analogous sets of isodesmic reactions with the
corresponding species derived from 2-chloropropene and 3,3,3-trifluoro-
propene, with its radical cation, the 2,2,2-trifluoroethyl radical and the
3,3,3-trifluoropropyl radical as references.
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Arenedicarboximide Building Blocks for Fluorescent Photoinduced
Electron Transfer pH Sensors Applicable with Different
Media and Communication Wavelengths


Lynda M. Daffy, A. Prasanna de Silva,* H. Q. Nimal Gunaratne, Christian Huber,
P. L. Mark Lynch, Tobias Werner, and Otto S. Wolfbeis*


Abstract: N-(aminoalkyl)-4-chloro-
naphthalene-1,8-dicarboximides 1, N-
(aminoalkyl)-4-acetamidonaphthalene-
1,8-dicarboximides 3 and N,N'-bis(ami-
noalkyl)-perylene-3,4:9,10-tetracarboxy-
diimides 4 show good fluorescent off ±
on switching in aqueous alcoholic solu-
tion with protons as required for fluo-
rescent PET sensor design. The excita-
tion wavelengths lie in the ultraviolet


(lmax� 345 and 351 nm) for 1 and 3 and
in the blue-green (lmax� 528, 492 and
461 nm) for 4 ; the emission wavelengths
lie in the violet (lmax� 408 nm) for 1, in
the blue (lmax� 474 nm) for 3 and in the


yellow-orange (lmax� 543 and 583 nm)
for 4. Compound 4 b shows substantial
fluorescence enhancement with protons
when immobilized in a poly(vinylchlor-
ide) matrix, provided that 2-nitrophenyl-
octyl ether plasticizer and potassium
tetrakis(4-chlorophenyl)borate additive
are present to prevent dye crystalliza-
tion and to facilitate proton diffusion
into the membrane, respectively.


Keywords: fluorescence ´ mem-
branes ´ photoinduced electron
transfer ´ pH sensors ´ sensors


Introduction


Fluorescence is a powerful sensing technique when expressed
through molecular[1] or macroscopic devices.[2] The former
offers access to small spaces down to the nanometer domain[3]


and allows real-time visualization in micron-scale fields of
importance in biology.[4] The latter offers robust and reusable
optode systems for monitoring larger scale targets encoun-
tered in medical,[5] chemical[6] and environmental[7] science.
While several principles are available for the design of
fluorescent sensors,[8] photoinduced electron transfer (PET)
is particularly valuable in this regard.[9] Briefly, the principle is
to bias the competition between PET and fluorescence in a
fluorophore ± spacer ± receptor system. This bias is achieved
by allowing the receptor to bind to the chosen analyte. Thus,
the presence of the analyte is signalled by a switching on of


fluorescence. Fluorescent PET sensors possess the feature of
modularity[1c,10] which potentially allows the combination of
various fluorophores of different colours with a given receptor
provided that certain criteria for PET are met. Here we
present a rare instance where a whole family of sensors is
constructed from a single simple reaction type involving
commercially available materials[11]Ðarenedicarboxyanhy-
drides and w-N,N-dialkylaminoalkylamines. This sensor fam-
ily possesses amine receptors for protons and several arene-
dicarboximide fluorophores addressable at different wave-
lengths. The pH-sensing behaviour of this family is examined
in fluid solution and, importantly, in polymer membrane
matrices. The latter media are crucial for the application
of fluorescent PET sensors as optode macro devices.
Fluorophore ± spacer ± receptor systems have not previously
been incorporated into optode macro devices, though an
orthogonal fluorophore ± receptor system[1c] has been so used
recently.[12] The nature of the membrane material and
additives are found to be critical determinants of sensor
performance.


Results and Discussion


The design of systems 1 a,b, 2, 3, 4 a ± c involved the following
considerations. PET processes occur readily between naph-
thalene and amines in intra[13]- and intermolecular[14] contexts.
Naphthalene-1,8-dicarboximide is also a good PET acceptor
from amines.[15] Amines cease to be PET donors when they
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are protonated. The molecular orbital description of fluores-
cent PET sensing[9a] suggests that the HOMO of the fluo-
rophore must lie lower in energy than the receptor HOMO.


Therefore it is very probable that the HOMO of 4-chloro-
naphthalene-1,8-dicarboximide will lie even lower than that of
naphthalene and naphthalene-1,8-dicarboximide, that is, 1 a
and b should be effective PET sensors for pH.


While the redox potentials of 4-chloronaphthalene-1,8-
dicarboximide are not available, estimates can be made from
available values for naphthalene-1,8-dicarboximide itself.
Samanta and Saroja find that the thermodynamic driving
force for PET (DGPET) from triethylamine to naphthalene-1,8-
dicarboximide is ÿ1.5 eV,[15] according to the Weller equa-
tion.[16] Systems analogous to 2 are known to be capable of
acting as fluorescent PET sensors provided that the amine
receptor is attached by a spacer to the 4-amino position rather
than the imide nitrogen since kinetic barriers to PET arise in
the latter case.[17] Thus 2 is expected to show little PET sensing
activity. In fact, this expectation has been borne out in a
previous study by Yuan and Brown.[18] On the other hand,
PET thermodynamics are likely to be more favourable in the
case of 3 due to the attenuation of the electron-releasing
character of the 4-amino group. The origin of the kinetic
barrier in 2 also disappears in 3 since the strongly push ± pull
internal charge transfer (ICT) fluorophore is not present.[17]


Perylene-3,4:9,10-tetracarboxydiimides are good electron
acceptors[19, 20] and the prognosis for the fluorescent PET
sensing activity of 4 b and c is favourable. For instance, we can
apply Weller�s Equation (1)[16] to the case of 4 b and c.


DGPET�ÿES´FluorophoreÿEred´Fluorophore�Eox´Receptorÿ e2/er (1)


The singlet energy of the perylene-3,4:9,10-tetracarboxy-
diimide fluorophore (ES´Fluorophore) can be estimated as 2.3 eV
from the value for the N,N'-bis(2',5'-tert-butylphenyl) deriv-


ative.[19, 21] The same model compound provides an estimate
for the reduction potential of the fluorophore (Ered´Fluorophore) as
ÿ0.7 V (vs SCE).[20] The oxidation potential of the receptor
(Eox´Receptor) can be approximated by the value for triethyl-
amine as �1.0 V.[22] The radical ion pairing term (e2/er) is
�0.1 V.[23] The thermodynamic driving force for PET (DGPET)
in 4 b and c is therefore ÿ0.7 eV. Since primary amines are
weak PET donors compared to their tertiary counter-
parts,[24, 25] the sensing performance of 4 a is likely to be
poorer than that of 4 b and c. We included some preliminary
results concerning the sensing ability of 4 a ± c in a 1992
review.[1c] Petkov and coworkers have also noted the proton-
induced switching on of the fluorescence of 4 b and c in
1994.[26]


Compounds 4 a,[27] 4 b,[28, 26] and 4 c[26] are known from
previous studies, none of which examined their detailed pH-
sensing behaviour. Compounds 1 a and b, 2 and 4 a ± c were
synthesized according to one-step procedures; 3 was prepared
from 2 by acetylation. These general procedures are available
in the literature because 4-aminonaphthalene-1,8-dicarbox-
imides and perylene-3,4:9,10-tetracarboxydiimides have been
useful compounds in areas other than sensing. 4-Chloronaph-
thalene-1,8-dicarboximides frequently serve as synthetic pre-
cursors of their 4-amino counterparts.[24] 4-Aminonaphtha-
lene-1,8-dicarboximides have found use as antitumour
agents,[29] fluorescent cell markers and stains,[30] laser dyes,[31]


solar collectors,[24] fluorescent flaw detectors[32] and models for
PET processes.[17, 33, 34] Perylene-3,4:9,10-tetracarboxydii-
mides have been used as laser dyes,[35] solar collectors[32] and
reprographic media,[36, 37] especially when good photostability
is sought.[38±40]


The absorption spectra of 1 a and b are independent of pH
in all respects, as required of an ideal fluorescent PET sensor
for protons. The relevant parameters are collected in Table 1.
The 4-chloronaphthalene-1,8-dicarboximide fluorophore is
essentially devoid of ICT character in the (Franck ± Condon
or thexi) excited state. The situation for 3 is similar. Even
though the 4-aminonaphthalene-1,8-dicarboximide fluoro-
phore possesses considerable ICT character,[41, 17] the exten-
sive delocalization of the negative charge over the arenedi-
carboximide group reduces any interaction across the spacer
with the protonated amine receptor to very low levels[17] in the
case of 2. The absorption spectra of 4 a ± c do not show any
pH-dependent band shifts, since the perylene-3,4:9,10-tetra-
carboxydiimide fluorophore does not give rise to ICT excited
states.[19±21] However, in the case of 4 b and c, there are
significant pH-dependent changes in band height (Figure 1)
which suggest reversible aggregation processes at alkaline pH
values. Analysis of these absorbance (A) changes according to
Equation (2)[42] gives the pKa values listed in Table 1.


log[(AmaxÿA)/(AÿAmin)]�pHÿ pKa (2)


Only one pKa value is found experimentally for these
diamines since the two amines are widely separated and hence
their pKa values should only differ by the statistical value of
0.3.[43] The pKa values of 9.5 and 10.1 for 4 b and 4 c are in the
range expected for the tertiary amine receptor with an
electron-withdrawing imide some distance away. Compound
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Figure 1. pH dependence of the absorption of 4 b.


4 c yields the higher value owing to the longer trimethylene
spacer. For comparison, 1-amino-2-diethylaminoethane and
1-amino-3-diethylaminopropane have pKa values (for the
monoprotonated species) of 9.9 and 10.6 respectively.[44] The
lower pKa value of 4.2 detected for 4 b is probably character-
istic of the aggregate.


As Figure 2 shows, the fluorescence emission spectra of 1 a
and 3 are smoothly pH-dependent with proton-induced
fluorescence enhancements (FE) of 1 ± 2 orders of magnitude.
Thus the PET sensor design is justified. The preservation of
the emission band position and shape across the pH range is


Figure 2. pH dependence of fluorescence emission spectra of 10ÿ5 mol L of
1a (left) and 3 (right) in MeOH/H2O (1:4, v/v). The pH values are, in order
of decreasing intensity, 8.06, 9.03, 9.55, 9.81, 9.93, 10.03, 10.32 and 10.65 for
1a and 7.25, 9.61, 9.83, 9.97, 10.08, 10.17, 10.62 and 11.17 for 3. The
excitation wavelengths are 355 nm for 1a and 320 nm for 3.


typical.[1c, 9a] The smaller proton-induced FE value of 1 b
compared with 1 a is a result of the slower PET rate arising
from the morpholino nitrogen centre of higher oxidation
potential than diethylamino nitrogen.[45] The pH dependence
of fluorescence intensity can be analyzed with Equa-
tion (3)[1c, 9a] giving the pK '


a values listed in Table 1. The


log[(IFmaxÿ IF)/(IFÿ IFmin)]� pHÿpK '
a (3)


pK '
a values are so designated in order to distinguish them as


fluorimetrically determined quantities unlike the pKa values
obtained absorptiometrically.[11] Since the receptor units of
these supramolecular systems remain in the ground state in
these studies, the pK '


a values are different from pK�
a values


commonly discussed in the fluorescence literature concerning
electronically excited receptors.[46] Therefore the present pK '


a


values remain in line with expectations of ground-state
physical organic chemistry.[47]


System 2 shows a small pH dependence of fluorescence in
the direction opposite to that expected of a PET off ± on
sensor for protons. The kinetic barrier to PET that can arise in
the excited state of 4-aminonaphthalene-1,8-dicarboximide[17]


has been pointed out earlier. The lack of PET sensing ability
of 2 has been reported previously by Yuan and Brown.[18] The
small amount of proton-induced fluorescence quenching in 2
is due to intramolecular hydrogen bonding of the protonated
amine receptor to a carbonyl group of the fluorophore in its
ICT excited state.[17, 48] The pK '


a value (10.0) corresponding to
this behaviour is virtually identical to the pK '


a values observed
for similar diethylamino sidechains in 1 a and 3. The fluo-
rescence of 2 undergoes strong and irreversible quenching in
alkaline media (pH> 11) due to hydrolysis.


The pH-dependent fluorescence properties of 4 a ± c were
eagerly awaited because of the long communication wave-
lengths exhibited by these molecules. Long-wavelength ex-
citation reduces problems of autofluorescence and scattering
during fluorescent sensing within many biological and indus-
trial matrices.[49] Furthermore, the prospect of employing
blue-light-emitting diodes for visible excitation bodes well for
the construction of macro devices. While porphyrin ± tin(iv)[50]


and tris(bipyridyl)ruthenium(ii)[51] systems have been used for
pH sensing with visible excitation, the former requires
excitation at the more intense Soret band at 423 nm (e�


Table 1. Optical and protonation properties of systems 1a,b, 2, 3, 4 a ± c.[a]


Property 1a[b] 1b[b] 2 3 4 a 4b 4 c


lmax´Abs (nm) 346 345 434 351 527, 492, 457 529, 494, 463 528, 492, 461
log emax (mÿ1 cmÿ1) 4.2 4.2 4.1[c] 4.5 4.8,[d] 4.6, 4.2 4.9, 4.8, 4.6 5.0, 4.8, 4.4
pKa ± [e] ± [e] 9.7 9.8 ± [e] 9.5, 4.2 10.1
lmax´Flu (nm) 408 407 548 474 542, 582 543, 582 543, 582
FE 56 25 0.8 10 2.6 11 46
pK '


a 9.8 6.0 10.0 10.0 9.9 9.7, 4.6 9.9


[a] MeOH/H2O (1:4, v/v) was used as solvent for 1 ± 3 but the less soluble 4a--c were examined in EtOH/H2O (1:1, v/v), with NaCl (0.1m) for ionic strength
control unless noted otherwise. All the lmax values in both absorption and emission are essentially independent of pH, except in the case of lmax´Flu value of 2,
which has a small hypsochromic shift of 6 nm in basic solution, and the lmax´Abs value of 3, which shows a small bathochromic shift of 6 nm in basic solution.
The fluorescence emission of 1 a and b is so low in basic solution that a lmax.Flu value could not be determined. Fluorescence experiments are performed with
excitation at wavelengths where there is no pH dependence of absorbance. [b] Model fluorophore 1c has the following parameters: lmax´Abs� 341 nm,
lmax´Flu� 410 nm. [c] In EtOH, from ref. [18]. [d] In HCO2H, from ref. [27]. [e] Absorbance changes are too small to permit reliable determination of pKa


value.
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8.4� 105mÿ1 cmÿ1) rather than the weak Q band at 577 nm
(e� 1.4� 104mÿ1 cmÿ1). The latter systems are best excited at
473 nm (e� 6.8� 103mÿ1 cmÿ1).


The attraction of 4 a ± c is that they potentially allow
wavelengths up to 528 nm with e values of up to 8.0�
104mÿ1 cmÿ1.[26] In the event, the fluorescence of 4 a and c is
conveniently excitable at the isosbestic points of 470 nm and
that of 4 b at 452 nm. The longer wavelength of 528 nm can
also be used with suitable correction for absorbance changes if
so desired. The fluorescence emission spectra of 4 a ± c are
smoothly dependent on pH. An example (for 4 b) is presented
in Figure 3. The main pH dependence of fluorescence


Figure 3. Fluorescence spectra of compound 4 b, excited at 452 nm, in an
EtOH/H2O mixture (1:1, v/v). The pH values are, in order of decreasing
intensity, 3.10, 4.31, 4.45, 4.67, 4.85, 5.15, 7.45, 9.45, 9.63, 9.85, 10.10, 10.19
and 11.19.


intensity gives rise to pK '
a values of 9.7 ± 9.9 after analysis with


Equation (3). As noted under the discussion of pH-dependent
absorption spectra, only one pK '


a value will emerge from such
measurements on these diamines. Of course, the fluorescence
will only be switched on when both of the amine receptors are
protonated.[43] These pK '


a values for 4 b and c are in close
agreement with the corresponding pKa values obtained from
the pH-dependent absorption spectra discussed above. This
has been found to be the case in PET pH sensors irrespective
of the fluorophore type.[52] The pK '


a value of 4 a also lies in the
expected range. The proton-induced FE values are over an
order of magnitude greater for 4 b and c as expected for well-
behaved PET sensors.


The observation that the highest FE value in this set is seen
for 4 c in spite of its longest spacer suggests that the
trimethylene unit is undergoing folding in these aggrega-
tion-prone molecules. Folding of trimethylene chains brings
terminal groups closer together than in dimethylene chains, as
found in the classical Hirayama rule for intramolecular
excimer formation.[53] The FE values decrease upon increasing
the spacer length from di- to trimethylene in more soluble
PET sensors where such folding is less likely.[52] Further
evidence for the aggregation tendency is the observation of a
second step with pK '


a� 4.6 in the fluorescence intensity/pH
profile of 4 b. This second step was also detected by pH-
dependent absorption spectroscopy as noted above. Such
aggregation effects can be minimized by working with very
dilute solutions of these sensor molecules. Their detectability


remains high owing to their high extinction coefficients and
their high fluorescence quantum yields. Case 4 a has a
noticeably lower, but still useful, FE value than its relatives
4 b,c. Primary amines are much less oxidizable than their
tertiary amine counterparts[22] and hence the probability of
PET in the unprotonated form of 4 a is significantly less.
Recent examples of this phenomenon are found in 9-amino-
methylanthracenes[25] and 3-(2'-aminoethyl)amino benzimi-
dazo[2,1-a]benz[de]isoquinolin-7-ones.[52]


Figure 4 displays the fluorescence emission spectra of 4 b
embedded in a poly(vinylchloride) (PVC) matrix with 2-
nitrophenyloctyl ether (NPOE) plasticizer and potassium


Figure 4. Excitation and emission spectra of 4b in a plasticized PVC
membrane. Emission spectra, excited at 497 nm, were acquired at pH
values (in order of decreasing intensity) of 2.8, 7.0, 10.0, 11.08, 12.0 and 13.0.


tetrakis(4-chlorophenyl)borate (PTCB) additive as a function
of pH of the contacting solution. The spectral positions and
shape are in reasonable agreement with the aqueous alcohol
data in figure 3. The temporal response (<100 s) is seen in
Figure 5. Analysis of the information in Figure 4 according to


Figure 5. Response time and relative signal change of membrane 4b
containing PTCB additive.


Equation (3) gives a pK '
a value of 11.6, which is considerably


larger than the corresponding value found in aqueous
alcoholic solution. This is to be expected since the membrane
exerts a substantial matrix effect on protonation equili-
bria.[3, 54] Compound 4 c, under similar conditions, yields a
pK '


a value of 11.9. The proton-induced FE values are also
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reduced from the values seen in aqueous alcoholic solution.
Values of 4.0 and 3.5 are found for membrane-embedded 4 b
and 4 c, respectively. Both inter-[16] and intramolecular[55] PET
are known to be retarded in less polar media. More viscous
media have the same effect.[56, 57] Nevertheless, the pH
response of these visibly excitable optode macro devices are
clearly large enough to be useful. An additional positive
feature is that there is no evidence of any aggregation of the
dyes within the membrane under these conditions.


The essential role of the PTCB additive is again underlined
by the fact that pH-dependent emission spectra of 4 b or 4 c
cannot be observed in its absence. The NPOE plasticizer also
proved to be irreplaceable, in spite of its undesirable yellow
colour, since the use of the colourless 2-cyanophenyloctyl
ether (CPOE) derivative resulted in leaching of the dye or its
crystallization. Attempts to replace the PVC membrane with
a hydrogel led to small pH responses or none at all.


Compounds 1 a and 2 leach rapidly (ca. 5 min) from PVC/
NPOE membranes when contacted with aqueous pH buffer
solutions. The addition of lipophilic borate salts such as PTCB
stabilizes against dye leaching.[58] It also improves selectivity
and response by aiding attainment of electroneutrality by ion
exchange. Optical sensory macro devices require such mass
transfer to establish equilibrium between the analyte phase
and the membrane matrix.[59] The short communication
wavelengths of 2 lead to a poor fluorescence signal against
the fluorescence background from the membrane support.
The relatively high fluorescence quantum yield of 1 a produ-
ces a measurable signal above the background in spite of the
short wave excitation required. However, the pH-responsive
fluorescence intensity change is small (ca. 10 %) and in the
opposite direction to that seen in aqueous alcoholic solution.
The fluorescence signal from 1 a embedded in the membrane
is largely unaltered by pH changes. The effects due to the
lower polarity and higher viscosity of membrane media
discussed in the previous paragraph are obviously of major
consequence here. The small (ca. 10 %) quenching effect
corresponding to a pK'


a value of 10.1 seen in less basic solution
can be assigned to ion-pairing of the tetrakis(4-chlorophe-
nyl)borate anion with the protonated 1 a.


Conclusion


The aminoalkyl arenecarboximides are shown to be a
versatile family of fluorescent PET pH sensor molecules with
the advantages of one-step synthesis, the availability of a
range of appropriate starting materials and the accessibility of
communication wavelengths spanning the rainbow. When
incorporated in plasticized polymer membranes containing
lipophilic borate salts, the longer wavelength members show
promise as optode macro devices for pH monitoring.


Experimental Section


UV-visible absorption spectra were recorded on Perkin ± Elmer Lambda 9
and Hitachi U-3000 spectrophotometers. Fluorescence emission and
excitation spectra were obtained with Perkin ± Elmer LS-5B and Aminco


Bowman Series 2 instruments. The general conditions are given in Table 1.
General Electric QE 300 and Bruker AC 250 nuclear magnetic resonance
spectrometers and VG MS 902 and Varian MAT 311 A mass spectrometers
were also employed for data gathering. The recommended corrections[60]


were applied to the measured pH values[61] in aqueous alcoholic solutions.
The conditions used for the spectroscopic studies in aqueous alcoholic
solution are given in the footnotes to Table 1.


The polymer membranes required for optode macro devices were prepared
in several stages. Dye ± polymer ± plasticizer ± additive cocktails consisting
of dye in PVC polymer ± NPOE plasticizer ± PTCB lipophilic borate
additive were formulated in THF with a PVC/THF ratio of 13.5 mg mLÿ1.
The solute composition was PVC (34.5 %) ± NPOE (63.2 %) ±
PTCB (1.7 %) (w/w). The dye content was determined by its solubility in
the plasticizer at saturation. 100 mL of the dye ± polymer ± THF cocktail was
dropped onto a dust-free polyester support of 125 mm thickness and 25 mm
diameter (Goodfellow Cambridge LS 146585). The membranes were
conditioned by exposure to a THF-saturated atmosphere for 4 hours
followed by further exposure to ambient air for another hour. Final
conditioning was accomplished by placing the membrane in a flow-through
fluorescence cell and pumping 0.1m NaCl solution until a constant
fluorescence signal was obtained. The fluorescence signal was recorded
from a front-face configuration.


N-(2''-Diethylaminoethyl)-4-chloronaphthalene-1,8-dicarboximide (1 a):
N,N-diethylaminoethylamine (1.45 g, 12.5 mmol) was added to a suspen-
sion of 4-chloronaphthalene-1,8-dicarboximide (2.91 g, 12.5 mmol) in
toluene (30 mL). The mixture was then refluxed for 4 hours, after which
the solvent was evaporated under vacuum. The residue was then dissolved
in hydrochloric acid (1.0m), washed with dichloromethane, basified with
sodium carbonate (1.0m) and extracted with dichloromethane. The solvent
was evaporated under vacuum and the product crystallized from ethanol.
Yield 60%. M.p. 104 8C; MS: m/z (%)� 332 (1 %) [M�(Cl37)], 330 (4 %)
[M�(Cl35)]; C18H19N2O2Cl (332): calcd C 65.35, H 5.79, N 8.47, Cl 10.72;
found C 65.01, H 5.46, N 8.19, Cl 10.57; 1H NMR (CDCl3): d� 8.65 (d, 1H,
7-ArH), 8.59 (d, 1 H, 2-ArH), 8.50 (d, 1 H, 5-ArH), 7.83 (m, 2 H, 3,6-ArH),
4.28 (t, 2 H, OCNCH2), 2.78 (t, 2H, CH2N(CH2)2), 2.63 (q, 4H, N(CH2)2),
1.07 (t, 6 H, CH3).


N-(2''-Morpholinoethyl)-4-chloronaphthalene-1,8-dicarboximide (1 b): Ob-
tained from 4-(2'-aminoethyl)morpholine according to the procedure for
1a. The product was crystallized from ethanol. Yield 45%. M.p. 158 8C;
MS: m/z (%)� 346 (1 %) [M�(Cl37)], 344 (3 %) [M�(Cl35)]; C18H17N2O3Cl
(346): calcd C 62.70, H 4.97, N 8.12; found C 62.23, H 4.73, N 7.88; 1H NMR
(CDCl3): d� 8.65 (d, 1H, 7-ArH), 8.59 (d, 1H, 2-ArH), 8.50 (d, 1 H, 5-
ArH), 7.83 (m, 2 H, 3,6-ArH), 4.35 (t, 2H, OCNCH2), 3.65 (t, 4H,
(CH2)2O), 2.72 (t, 2H, CH2N(CH2)2), 2.57 (t, 4 H, N(CH2)2).


N-n-Butyl-4-chloronaphthalene-1,8-dicarboximide (1c): Obtained from n-
butylamine according to the procedure for 1a. The product was crystallized
from glacial acetic acid. Yield 60%. M.p. 180 8C; MS: m/z (%)� 289 (1 %)
[M�(Cl37)], 287 (4%) [M�(Cl35)]; C16H14NO2Cl (287.0713): found 287.0801;
1H NMR ((CD3)2SO): d� 8.59 (m, 2H, 2,7-ArH), 8.39 (d, 1 H, 5-ArH), 7.96
(m, 2 H, 3,6-ArH), 4.05 (t, 2 H, NCH2), 1.57 (dd, 2H, N CH2CH2), 1.30 (m,
2H, CH2CH3), 0.89 (t, 3H, CH3).


N-(2''-Diethylaminoethyl)-4-acetamidonaphthalene-1,8-dicarboximide (3):
N-(2'-diethylaminoethyl)-4-aminonaphthalene-1,8-dicarboximide (2 ; 1.0 g,
3.2 mmol), acetic anhydride (5 mL) and glacial acetic acid (10 mL) were
refluxed with magnetic stirring for 45 minutes. The product crystallized on
cooling and was recrystallized from glacial acetic acid. Yield 70%. M.p.
135 8C; C20H23N3O3 (353.33): calcd C 67.97, H 6.56, N 11.89; found C 67.76,
H 6.28, N 11.72; 1H NMR (CD3OH): d� 7.8 ± 8.7 (m, 5 H, ArH), 4.5 (t, 2H,
OCNCH2), 3.4 (m, 6 H, NCH2), 2.3 (s, 3H, CH3CO), 1.4 (t, 6H, CH3).


Acknowledgments: We thank SERC/EPSRC (UK) and The Department
of Education in Northern Ireland for support.


Received: November 24, 1997 [F903]


[1] a) V. Balzani, F. Scandola, Supramolecular Photochemistry, Ellis
Horwood, Chichester, 1991; b) J.-M. Lehn, Supramolecular Chemistry,
VCH, Weinheim, 1995 ; c) R. A. Bissell, A. P. de Silva, H. Q. N.
Gunaratne, P. L. M. Lynch, G. E. M. Maguire, K. R. A. S. Sanda-







PET Sensors 1810 ± 1815


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1815 $ 17.50+.25/0 1815


nayake, Chem. Soc. Rev. 1992, 21, 187; d) A. Fernandez-Gutierrez, A.
Munoz de la Pena in Molecular Luminescence Spectroscopy: Methods
and Applications, Part 1 (Ed.: S. G. Schulman), Wiley, New York,
1985, p. 371; e) Fluorescent Chemosensors of Ion and Molecule
Recognition, ACS Symp. Ser. 538 (Ed.: A. W. Czarnik), American
Chemical Society, Washington DC, 1993 ; f) Chemosensors of Ion and
Molecule Recognition (Eds.: J.-P. Desvergne, A. W. Czarnik), Kluwer,
Dordrecht, 1997.


[2] Fibre Optic Chemical Sensors and Biosensors ; Vol. 1, 2 (Ed.: O. S.
Wolfbeis), CRC, Boca Raton, 1991.


[3] R. A. Bissell, A. J. Bryan, A. P. de Silva, C. P. McCoy, J. Chem. Soc.
Chem. Commun. 1994, 405.


[4] R. Y. Tsien, Chem. Eng. News, 1994, July 18, 34.
[5] a) S. G. Schulman, S. X. Chen, F. L. Bai, M. J. P. Leiner, L. Weis, O. S.


Wolfbeis, Anal. Chim. Acta 1995, 304, 165; b) O. S. Wolfbeis, Pure
Appl. Chem. 1987, 59, 663.


[6] a) M. N. Taib, R. Narayanaswamy, Anal. Chem. 1995, 120, 1617;
b) W. R. Seitz, Anal. Chem. 1984, 56, 16A.


[7] G. J. Mohr, O. S. Wolfbeis, Anal. Chim. Acta 1995, 316, 239.
[8] a) B. Valeur, in Molecular Luminescence Spectroscopy: Methods and


Applications, Part 3 (Ed.: S. G. Schulman), Wiley, New York, 1993,
p. 25; b) B. Valeur, in Topics in Fluorescence Spectroscopy, Vol. 4:
Probe Design and Chemical Sensing (Ed.: J. R. Lakowicz), Plenum,
New York, 1994, p. 21; c) A. P. de Silva, H. Q. N. Gunaratne, T.
Gunnlaugsson, A. J. M. Huxley, C. P. McCoy, J. T. Rademacher, T. R.
Rice, Chem. Rev. 1997, 97, 1515.


[9] a) R. A. Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch,
G. E. M. Maguire, C. P. McCoy, K. R. A. S. Sandanayake, Top. Curr.
Chem. 1993, 168, 223; b) A. W. Czarnik, Acc. Chem. Res. 1994, 27, 302;
c) L. Fabbrizzi, A. Poggi, Chem. Soc. Rev. 1995, 24, 197. Recent
examples: d) C. R. Cooper, T. D. James, Chem. Commun. 1997, 1419;
e) M. Kollmannsberger, T. Gareis, S. Heinl, J. Breu, J. Daub, Angew.
Chem. 1997, 109, 1391; Angew. Chem. Int. Ed. Engl. 1997, 36, 1333; f) T.
Gareis, C. Huber, O. S. Wolfbeis, J. Daub, Chem. Commun. 1997, 1717.


[10] A. P. de Silva, T. Gunnlaugsson, T. E. Rice, Analyst 1996, 121, 1759.
[11] The closest example concerns a family of 5-pyridyl-1,3-diaryl pyrazo-


lines which were substitutionally tunable (A. P. de Silva, H. Q. N.
Gunaratne, P. L. M. Lynch, J. Chem. Soc. Perkin Trans. 2 1995, 685).
However, these were not produced from one-step syntheses. The
addressable wavelength ranges were also much smaller than in the
present instances.


[12] T. Werner, C. Huber, S. Heinl, M. Kollmannsberger, J. Daub, O. S.
Wolfbeis, Fresenius J. Anal. Chem. 1997, 359, 150.


[13] a) E. A. Chandross, H. T. Thomas, Chem. Phys. Lett. 1971, 9, 393;
b) D. R. G. Brimage, R. S. Davidson, Chem. Commun. 1971, 1385.


[14] a) R. S. Davidson, K. R. Trethewey, Chem. Commun. 1976, 827; b) K.
Kano, M. Yanagimoto, H. Uraki, B. Zhou, S. Hashimoto, Bull. Chem.
Soc. Jpn. 1986, 59, 993.


[15] A. Samanta, G. Saroja, J. Photochem. Photobiol. A. Chem. 1994, 84,
19.


[16] A. Weller, Pure Appl. Chem. 1968, 16, 115.
[17] A. P. de Silva, H. Q. N. Gunaratne, J.-L. Habib-Jiwan, C. P. McCoy,


T. E. Rice, J.-P. Soumillion, Angew. Chem. 1995, 107, 1889; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1728.


[18] D. Yuan, R. G. Brown, J. Chem. Res. (M) 1994, 2337.
[19] W. E. Ford, P. V. Kamat, J. Phys. Chem. 1987, 91, 6373.
[20] W. E. Ford, H. Hiratsuka, P. V. Kamat, J. Phys. Chem. 1989, 93, 6692.
[21] H. Langhals, Chem. Ber. 1983, 118, 4641.
[22] a) C. K. Mann, K. K. Barnes, Electrochemical Reactions in Nonaqu-


eous Systems, Dekker, New York, 1970 ; b) H. Siegerman, in Technique
of Electroorganic Synthesis (Ed.: N. L. Weinberg), Wiley, New York,
1975, p. 667.


[23] Z. R.Grabowski, J. Dobkowski, Pure Appl. Chem. 1983, 55, 245.
[24] Q. Xuhong, Z. Zhenghua, C. Kongchang, Dyes Pigm. 1989, 11, 13.
[25] J. C. Beeson, M. A. Huston, D. A. Pollard, T. K. Venkatachalam,


A. W. Czarnik, J. Fluoresc. 1993, 3, 65.
[26] T. Deligeorgiev, D. Zaneva, I. Petkov, I. Timcheva, R. Sabnis, Dyes


Pigm. 1994, 24, 75.


[27] I. Lukac, H. Langhals, Chem. Ber. 1983, 116, 3524.
[28] N. V. Khromov-Borisov, M. L. Indenbom, A. F. Danilov, Khim. Farm.


Zh. 1980, 14, 15 (Chem. Abstr. 1980, 93, 106986m).
[29] M. F. Brana, A. M. Sanz, J. M. Castellano, C. M. Roldan, C. Roldan,


Eur. J. Med. Chem. Chim. Ther. 1981, 16, 207.
[30] W. W. Stewart, Nature 1981, 292, 17.
[31] A. Pardo, J. M. L. Poyato, E. Martin, J. J. Camacho, D. Reyman, J.


Lumin. 1990, 46, 381.
[32] B. M. Krasovitskii, B. M. Bolotin, Organic Luminescent Materials,


VCH, Weinheim, 1989.
[33] M. P. Debreczeny, W. A. Svec, M. R. Wasielewski, New J. Chem. 1996,


20, 815.
[34] D. Gosztola, B. Wang, M. R. Wasielewski, J. Photochem. Photobiol. A.


Chem. 1996, 102, 71.
[35] M. Sandrai, G. R. Bird, Opt. Commun. 1984, 51, 62.
[36] K. Y. Law, Chem. Rev. 1993, 93, 449.
[37] a) P. F. Gordon, P. Gregory, Organic Chemistry in Colour, Springer,


Berlin, 1987; b) P. Gregory, High Technology Applications of Organic
Colorants, Plenum, New York, 1991.


[38] T. Maki, H. Hashimoto, Bull. Chem. Soc. Jpn. 1952, 25, 411.
[39] T. Maki, H. Hashimoto, Bull. Chem. Soc. Jpn. 1954, 27, 602.
[40] H. Langhals, Heterocycles 1995, 40, 477.
[41] M. S. Alexiou, V. Tychopoulos, S. Ghorbanian, J. H. P. Tyman, R. G.


Brown, P. I. Brittain, J. Chem. Soc. Perkin Trans. 2 1990, 837.
[42] K. Connors, Binding Constants: The Measurement of Molecular


Complex Stability, Wiley, New York, 1987.
[43] A. P. de Silva, R. A. D. D. Rupasinghe, J. Chem. Soc. Chem. Commun.


1985, 1669.
[44] a) E. P. Serjeant, B. Dempsey, Ionization Constants of Organic Acids


in Aqueous Solution, Pergamon, New York, 1979 ; b) D. D. Perrin,
Dissocation Constants of Organic Bases in Aqueous Solution, Butter-
worths, London, 1972.


[45] J. R. Lindsay-Smith, D. Masheder, J. Chem. Soc. Perkin Trans. 2 1977,
1732.


[46] W. Klöppfer, Adv. Photochem. 1977, 10, 311.
[47] N. S. Isaacs, Physical Organic Chemistry, Longman, Burnt Mill, 1987.
[48] A. Pardo, E. Martin, J. M. L. Poyato, J. J. Camacho, M. F. Brana, J. M.


Castellano, J. Photochem. Photobiol. A. Chem. 1987, 41, 69.
[49] H. T. Karnes, J. S. O�Neal, S. G. Schulman, in Molecular Luminescence


Spectroscopy: Methods and Applications, Part 1 (Ed.: S. G. Schulman),
Wiley, New York, 1985, p. 717.


[50] R. Grigg, W. D. J. A. Norbert, J. Chem. Soc. Chem. Commun. 1992,
1298.


[51] a) R. Grigg, W. D. J. A. Norbert, J. Chem. Soc. Chem. Commun. 1992,
1300; b) R. Grigg, J. M. Holmes, S. K. Jones, W. D. J. A. Norbert, J.
Chem. Soc. Chem. Commun. 1994, 185.


[52] A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch, A. L. Patty, G. L.
Spence, J. Chem. Soc. Perkin Trans. 2 1993, 1611.


[53] F. Hirayama, J. Chem. Phys. 1965, 42, 3161.
[54] a) E. J. Fendler, J. H. Fendler, Catalysis in Micellar and Macro-


molecular Systems, Academic, New York, 1975 ; b) D. B. Papkovsky,
G. V. Ponomarev, O. S. Wolfbeis, J. Photochem. Photobiol. A: Chem.
1997, 104, 151.


[55] R. A. Bissell, A. P. de Silva, W. T. M. L. Fernando, S. T. Patuwathavi-
thana, T. K. S. D. Samarasinghe, Tetrahedron Lett. 1991, 32, 425.


[56] M. R. Wasielewski, G. L. Gaines, M. P. O�Neal, M. P. Niemczyk, W. A.
Svec, in Supramolecular Chemistry (Eds.: V. Balzani, L. De Cola),
Kluwer, Dordrecht, 1992, p. 202.


[57] L. Fabbrizzi, M. Licchelli, P. Pallavicini, A. Perotti, A. Taglietti, D.
Sacchi, Chem. Eur. J. 1996, 2, 75.


[58] T. Rosatzin, E. Bakker, K. Suzuki, W. Simon, Anal. Chim. Acta 1993,
280, 197.


[59] O. S. Wolfbeis, Ch. Huber, T. Werner, in ref. [1f], p. 61.
[60] S. G. Schulman, R. W. Townsend, J. Pharm. Sci. 1993, 82, 771.
[61] H. Galter, pH Messung: Grundlagen, Methoden, Anwendungen,


Geräte, VCH, Weinheim, 1990.








The First Theoretical and Experimental Proof of Polythiocarbamatozinc(ii)
Complexes, Catalysts for Sulfur Vulcanization


Peter J. Nieuwenhuizen, Andreas W. Ehlers, Johannes W. Hofstraat, Sander R. Janse,
Michel W. F. Nielen, Jan Reedijk,* and Evert-Jan Baerends*


Abstract: The existence of polythiocar-
bamatozinc complexes, species pre-
sumed to be involved in catalyzing sulfur
vulcanization, has been studied by com-
putational and mass-spectrometric tech-
niques. Density functional calculations
reveal that the sulfuration energy of
bis(trithiocarbamato)zinc(ii) is compara-
ble to that of bis(phenyltrithiolato)-
zinc(ii), a stable sulfurated complex.
Interestingly, the analogous nonsym-


metrically sulfurated complex (dithio-
carbamato)(tetrathiocarbamato)zinc(ii)
is energetically slightly more favorable.
The calculations indicate that polythio-
carbamatozinc complexes may indeed
be involved in the sulfur vulcanization


cascade, a conclusion corroborated by
ensuing laser-desorption ionization
(LDI) mass-spectrometric measure-
ments on mixtures of dithiocarbamato-
zinc(ii) complexes and elemental sulfur.
These demonstrate the presence of poly-
thiocarbamatozinc ions that are sulfu-
rated with up to eight additional sulfur
atoms.


Keywords: density functional calcu-
lations ´ mass spectrometry ´ S
ligands ´ vulcanization ´ zinc


Introduction


Accelerated sulfur vulcanization is the key technology of a
vast industry that produces a wide range of useful rubber
materials. Despite decades of extensive fundamental and
applied research, essential aspects about the mechanism of
accelerated vulcanization are still unknown.[1] This is partic-
ularly true for what are called sulfur-rich or polythiocarba-
matozinc(ii) complexes. Polythiocarbamatozinc(ii) complexes
are inferred to be important catalytic intermediates in the
accelerated sulfur-vulcanization of rubber,[1, 2] and have been
suggested to form when zinc dithiocarbamates 1, present in
the vulcanization mixture, incorporate one or more sulfur
atoms in the dithiocarbamate chelate ring.[3]


The possible involvement of polythiozinc(ii) complexes in
the vulcanization process was proposed as early as 1921.[4, 5] To


date such intermediates occupy a central position in many of
the proposed vulcanization schemes.[1, 2] They are, for exam-
ple, claimed to activate elemental sulfur,[2, 6, 7] to assist in the
exchange and transport of sulfur atoms in the vulcanizing
rubber,[8, 9] and also to catalyze the formation of sulfur
crosslinks.[10] Nevertheless, proof for their existence is lacking.
Although X-ray crystal structures of related bis(phenyltri-
thiolato)zinc(ii) complexes,[11, 12] as well as of rhenium(iii)[13]


and osmium(iii) trithiocarbamate[14] complexes may suggest
the existence of polythiocarbamatozinc(ii) complexes, such
complexes have not been synthesized, and have not even been
detected spectroscopically.[15-17] The proposed reaction
schemes are therefore only based on hypotheses and indirect
indications. We felt that computational techniques would
furnish desirable new evidence about the (in)ability to form
polythiocarbamatozinc complexes from 1 and sulfur.


In the past few years computational techniques have
become increasingly powerful and reliable, and are now able
to handle large systems containing transition metals.[18, 19]


Their application has been particularly important in evaluat-
ing the structure and reactivity of transient transition-metal
intermediates that occur in catalytic processes.[19] Therefore,
and for the first time in the field of sulfur vulcanization,
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density functional theory (DFT) ± based calculations were
applied to investigate the possible involvement of polythio-
carbamatozinc(ii) complexes as catalysts in sulfur vulcaniza-
tion. Herein we report state-of-the-art DFT calculations
which reveal that polythiocarbamatozinc complexes are likely
to form during vulcanization, as their sulfuration energies are
comparable to those of stable polythiolatozinc complexes.
This result prompted us to seek additional experimental
evidence by means of mass spectrometry. Consequently we
report laser-desorption ionization (LDI) mass-spectrometric
(MS) data, which constitutes the first direct experimental
proof for polythiocarbamatozinc(ii) complexes.


Results and Discussion


Structure of polythiocarbamatozinc(iiii) complexes: The inabil-
ity to prove the existence of polythiocarbamatozinc(ii) has
been an important disadvantage of theories claiming their
involvement as vulcanization catalysts. However, some in-
dication has been obtained because certain related trithiola-
tozinc(ii) complexes do exist. Bis(phenyltrithiolato)zinc(ii)
complexes 2 have been synthesized, and their X-ray crystal
structures have been solved.[11, 12] By density functional
calculation of the energy of the sulfurated bis(phenyltrithio-
lato)zinc complex (3/3) 2 (Scheme 1), as well as that of the


Scheme 1. Sulfuration of zinc complexes 1 and 2.


non-sulfurated bis(phenyldithiolato)zinc(ii) complex (2/2)
2,[20] an energy value DEsulfuration,2 for an experimentally-
observed sulfuration can be obtained (Scheme 1). Similarly,
an energy value DEsulfuration,1 for the hypothesized sulfuration
of bis(dimethyldithiocarbamato)zinc(ii) 1 may be calculated.
Comparison of these values would yield information about
the thermodynamics of the latter process. This methodology
requires correct calculation and optimization of the four zinc
complexes depicted in Scheme 1, whereas the reported X-ray
crystal structures of (2/2) and (3/3) 2 are used for comparison
and validation.


First the structures of (2/2) 2 and (3/3) 2 were calculated by
DF methods. Table 1 lists the most relevant calculated and
observed bond lengths and angles. As can be seen these are in
good agreement. The average deviation for all bond lengths
and angles of (2/2) or (3/3) 2 is about 3 %.


The calculated structures of (2/2) 1 and (3/3) 1 are depicted
in Figure 1. The tetrahedrally coordinated structure calculat-
ed for (2/2) 1 could not be compared to an X-ray crystal
structure, since in the crystal lattice 1 is dinuclear.[21] In this
case the applied methodology was nevertheless validated by
calculating the structure of the analogous anionic complex
tris(dimethyldithiocarbamato)zincate, [Zn(dmtc)3]ÿ . An X-
ray crystal structure is available of this complex.[22] Again
good agreement was obtained between calculated and ob-
served bond lengths and angles, demonstrating that the
density functional methodology provides rapid access to
reliable molecular information about zinc ± thiolate com-
plexes. Finally, the inferred structure of (3/3) 1 was obtained
by insertion of two sulfur atoms in the Zn ± S bond of (2/2) 1,
and optimization.


One striking feature about (3/3) 1 is the puckering of the
five-membered zinc ± trithiocarbamate rings. The additional
sulfur atoms are slightly below, and the zinc ion substantially
above the chelate plane, defined by the original dithiocarba-
mate ligand (tZn1-S1-S2-C1� 258). In contrast, for (3/3) 2 the five-


Abstract in Dutch: Het bestaan van polythiocarbamato-
zinkcomplexen, verbindingen waarvan wordt aangenomen
dat ze betrokken zijn bij het katalyseren van zwavelvulkani-
satie, is onderzocht met behulp van berekeningen en massa-
spectrometrische technieken. Quantumchemische berekening-
en tonen aan dat het complex bis(trithiocarbamato)zink(ii) een
sulfureringsenergie heeft die vergelijkbaar is met de energie van
bis(fenyltrithiolato)zink(ii), een stabiel zwavelrijk complex.
Het analoge niet-symmetrische zwavelrijke complex (dithio-
carbamato)(tetrathiocarbamato)zink(ii) is energetisch iets gun-
stiger. Deze berekeningen geven aan dat polythiocarbamato-
zinkcomplexen inderdaad betrokken kunnen zijn in de zwa-
velvulkanisatie-cascade, een conclusie die bovendien wordt
bevestigd door Laser-Desorptie Ionizatie (LDI)-massa-spec-
trometrische metingen, uitgevoerd aan mengsels van dithiocar-
bamato-zinkcomplexen en zwavel. Daarbij worden polythio-
carbamato-zink-ionen waargenomen die zijn verrijkt met eÂeÂn
tot acht extra zwavelatomen.


Table 1. Selected bond lengths [�] and angles [8] of (sulfurated) complexes
1 and 2.


Complex Calculated 1 Calculated 2 Observed 2


(2/2) Zn ± S1 2.400 2.397 2.355(4)[a]


C1 ± S1 1.754 1.729 1.70(1)[b]


C1 ± R1 1.347[c] 1.469[d] 1.46(2)[d]


Zn-S1-C1 82.1 81.8 82.0(4)
S1-C1-R1 120.9[c] 120.3[d] 120.2(8)[d]


(3/3) Zn ± S1 2.346 2.370 2.328(3)
Zn ± S3 2.417 2.395 2.335(3)
C1 ± S2 1.783 1.732 1.70(1)
C1 ± S3 1.721 1.705 1.68(1)
S1 ± S2 2.088 2.063 2.007(3)
C1 ± R1 1.354[c] 1.476[d] 1.46(1)[d]


Zn-S3-C1 101.9 102.4 104.3(3)
Zn-S1-S2 99.3 100.4 102.1(1)
S1-S2-C1 109.7 111.4 111.4(3)
S1-Zn-S2 96.1 96.9 95.8(1)
Zn1-S1-S2-R1 24.3[c] ÿ 10.9[d] ÿ 4.2[d]


S3-R1-C2-C3 9.7[c] 39.9[d] 38.8[d]


[a] Average value for Zn1 ± S1 and Zn1 ± S2. [b] Average value for C1 ± S1
and C1 ± S2. [c] R1�N1. [d] R1�C1.
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Figure 1. DF-calculated structure of (2/2) 1 and (3/3) 1, and X-ray crystal
structure of (3/3) 2.


membered chelate ring is relatively planar (tZn1-S1-S2-C1�
ÿ118). Another feature is that, upon going from (2/2) 2 to
(3/3) 2, the aromatic ring rotates out of the plane with the
chelate ring to as much as 388. In (3/3) 1, on the other hand,
the orientation of nitrogen atoms is trigonal planar, just as for
(2/2) 1, and the rotation relative to the chelate ring is only 88.
This implies that in (3/3) 1 p donation by the substituent NMe2


is stronger than by the phenyl substituent in (3/3) 2. This
results in somewhat longer C ± S distances for (3/3) 1 than for
(3/3) 2. Nevertheless, the most important outcome of the
calculations is the substantial overall similarity between the
optimized structures of the sulfur-rich complexes (3/3) 1 and
(3/3) 2. Thus, from the structural data no evidence is obtained
that indicates that sulfuration of bis(dimethyldithiocarbama-
to)zinc(ii) would be less favorable than sulfuration of bis
(phenyldithiolato)zinc(ii).


Instead of symmetrical sulfur insertion, leading to (3/3) 1 or
2, two sulfur atoms may also be inserted in the same
dithiocarbamate ligand. This is depicted for 1 in Figure 2,
but was also calculated for 2. In (2/4) 1 the sulfur atoms are
inserted on the same side of the ligand, whereas in (2/4') 1, the
two atoms are inserted on opposite sides of the ligand. Finally,
Figure 2 shows the structure of (4/4) 1, in which four sulfur
atoms are inserted symmetrically. The geometries of the
complexes (2/3) 1 and (3/4) 1 were also optimized, yet their
structures are very similar to those presented above and are
therefore not discussed here.


The geometrical changes brought about by sulfuration are
quite small. This is evident when (2/2), (3/3) and (4/4) 1 are
compared (Table 2). It is observed that one thione C ± S bond
shortens from 1.754 � in dithiocarbamate, through 1.721 �,
and finally to 1.707 � in the tetrathiocarbamate ligand, that is
it attains slightly more double-bonded character. At the same
time the other C ± S bond becomes more single-bonded,


Figure 2. DF-calculated structures of (2/4) 1, (2/4') 1 and (4/4) 1.


increasing slightly to 1.783 � in the trithiocarbamate and to
1.813 � in the tetrathiocarbamate. The Zn ± thione bond
lengthens from 2.400 � over 2.417 � to 2.524 �. Finally, the
extra sulfur atoms become more firmly bound, as reflected by
the distances of 2.400, 2.346 and 2.320 �, respectively.


Calculation of sulfuration energies: By calculating the ener-
gies of the optimized structures, it is possible to predict the
energy difference for sulfuration of the various complexes.
Such sulfuration energies may be expressed as isodesmic
reactions,[23] which yields very accurate reaction enthalpies
because the number of bonds of each formal type is retained.
Equation 1 depicts isodesmic sulfur transfer from (3/3) 2 to
(2/2) 1. For this sulfur-exchange reaction an energy difference
of only 58.6 kJ molÿ1 was calculated. Thus, insertion of two
sulfur atoms in (2/2) 1 is just slightly less favorable than
insertion in (2/2) 2, implying that this reaction should be
practically feasible.


Zn(S2C-NMe2)2�Zn(S3C-Ph)2 ÿ! Zn(S3C-NMe2)2�Zn(S2C-Ph)2 (1)


Table 2. Selected bond lengths [�] of thiocarbamato complexes of 1.


Complex Zn ± S� Zn ± S-S S�C S ± C


(2/2) 2.400 ± 1.754 1.754
(3/3) 2.417 2.346 1.721 1.783
(4/4) 2.524 2.320 1.707 1.813
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The sulfuration energies for the various polythio complexes
may also be expressed relative to the energy of the unsulf-
urated complex and the ground-state energy of the sulfur
atoms.[24] The values for sulfuration of 1 and 2 are listed in
Table 3.


The observed[20] insertion of two sulfur atoms into (2/2) 2,
which yields (3/3) 2, is calculated to be exothermic by
552.7 kJ molÿ1. The reaction of interest, that is sulfur insertion
into 1 (Table 3, entry 3) is slightly less exothermic, namely by
494.1 kJ molÿ1.


As expected, insertion of only one sulfur atom into 1
provides just half the energy, 246.7 kJ molÿ1 and
247.4 kJ molÿ1, respectively, upon going from (2/2) 1 via (2/3)
1 to (3/3) 1. Table 2 shows that when the second sulfur atom is
inserted in the ring already containing an additional sulfur
atom (resulting in the nonsymmetrical complex (2/4) 1, shown
in Figure 2), the energy gain is 257.0 kJ molÿ1, totalling to
503.7 kJ molÿ1 for nonsymmetric insertion of two sulfur atoms
into one zinc ± dithiocarbamate ring (entry 4). This energy
gain implies that (2/4) 1 is energetically favored over (3/3) 1 by
about 10 kJ molÿ1. Thus, when Equation (1) is reformulated
into Equation (2), the energy difference for sulfur exchange
reduces to 49.0 kJ molÿ1.


Zn(S2C-NMe2)2�Zn(S3C-Ph)2 ÿ!
(Me2NCS2)Zn(S4C-NMe2)�Zn(S2C-Ph)2


(2)


In contrast, for 2 the symmetrical (3/3) complex is favored
over the (2/4) complex by 52.3 kJ molÿ1, which is in agreement
with the fact that (3/3) 2 is found experimentally. This striking
difference between complexes that are otherwise so similar
may in fact be related to the larger participation of the NMe2


substituent of 1 in the p-bonding system of the sulfur atoms,
compared to the phenyl group in 2.


Table 3 also shows that formation (2/4') 1 is relatively
unfavorable, but, interestingly, that insertion of two additional
sulfur atoms in (2/4) 1, furnishing (4/4) 1, is energetically more
exothermic than insertion of the first two sulfur atoms. This
implies that if sulfuration of 1 with two sulfur atoms would
occur, perpetuating sulfuration to (4/4) 1 would be quite
likely. In contrast, the sulfuration energy of 2 decreases when
going from (2/2) via (3/3) to (4/4) from 552.7 kJ molÿ1 to
466.8 kJ molÿ1, respectively. However, incorporation of four
sulfur atoms into 2 still yields about 15 kJ molÿ1 more energy
than incorporation into 1.


The theoretically predicted energies for sulfuration of 1 and
2 are quite large, and have values of about ÿ250 kJ molÿ1 per
sulfur atom. However, in practice the required sulfur atoms
are derived from octatomic elemental sulfur, which has to be
broken up first. This involves a substantial amount of
endothermic energy too. The calculated atomization energy
values of S8 lie in the same order of magnitude as the
predicted sulfuration energies. It should be remembered,
however, that sulfur vulcanization is usually performed at
high temperatures, which may furnish part of the energy
required to break up the sulfur ring.


The important outcome is that the theoretical data indicate
that a (3/3) or a (2/4) tetrathiocarbamatozinc(ii) complex has
an energy comparable to that of the bis(trithiobenzoato)
zinc(ii) complexes. The latter are stable compounds at
ambient temperature.[11, 12] As a consequence the sulfuration
energy of 1 will be quite balanced, or slightly endothermic,
furnishing evidence that 1 is likely to be sulfurated in the
presence of elemental sulfur, and especially at elevated
temperatures, for example during vulcanization. This is
endorsed by the observation that the solubility of elemental
sulfur in benzene increases proportionally with the amount of
1 added,[25] which may indeed be explained by incorporation
of sulfur in the zinc ± dithiocarbamate ring. Interestingly, and
hitherto unnoticed, the density functional calculations point
out that incorporation of more than two sulfur atoms into 2
would be feasible, whereas insertion of two additional sulfur
atoms into (2/2) 1 is energetically as likely as insertion of the
first two. It is this characteristic which may even explain why 1
is so effective as vulcanization catalyst.


LDI-MS on zinc ± dithiocarbamate/sulfur mixtures: The out-
come of the calculations provided the stimulus to continue our
search for experimental techniques that could confirm the
theoretical predictions regarding involvement of polythiocar-
bamatozinc(ii) catalysts. In view of the apparent instability of
polythiocarbamatozinc complexes, efforts were directed at
mass-spectrometric techniques. These deal with isolated
complexes in vacuum, which would prevent undesired trans-
fer or loss of the additional sulfur atoms. Unfortunately, direct
heating probe-MS, in which a sample of 1 mixed with sulfur
was heated to vulcanization temperatures (140 8C) was
unsuccessful. At these temperatures no zinc-containing spe-
cies were shown to evaporate from the probe. Heating the
probe from room temperature up to 350 8C was equally
unsuccessful as elemental sulfur evaporated completely at the
low pressures required in the probe chamber, prior to
reaching a temperature where 1 desorbs. Thus it appeared
necessary to activate either elemental sulfur or 1, whilst
maintaining a mixture at the same time. As heat activation
was excluded, the principles of (matrix-assisted) laser-desorp-
tion ionization (MA)LDI-MS proved to be extremely useful.
This technique uses laser excitation to desorb and ionize
sample molecules, in an indirect way,[26] after which they
desorb from the probe and may be detected.


LDI-MS in positive-ion mode of a mixture of bis(dime-
thyldithiocarbamato)zinc(ii), Zn(dmtc)2, and elemental sulfur
produces a multitude of signals. Part of the spectrum in the
positive-ion mode is depicted in Figure 3.


Table 3. Sulfuration energies [kJ molÿ1] for the polythiocomplexes 1 and 2.


Entry Reactants Products 1 2


1 (2/2)�S (2/3) ÿ 246.7 ±
2 (2/3)�S (3/3) ÿ 247.4 ±
3 (2/2)� 2 S (3/3) ÿ 494.1 ÿ 552.7
4 (2/2)� 2 S (2/4) ÿ 503.7 ÿ 500.4
5 (2/2)� 2 S (2/4') ÿ 456.1 ±
6 (3/3)�S (3/4) ÿ 248.0 ±
7 (3/4)�S (4/4) ÿ 263.3 ±
8 (3/3)� 2 S (4/4) ÿ 511.3 ÿ 466.8
9 (2/2)� 4 S (4/4) ÿ 1005.4 ÿ 1019.5
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The low-mass region of the spectrum (not shown) displays a
variety of ions derived from elemental sulfur, that is S�2 up to
S�8 . It is believed that these ions result from direct ionization
of (fragments of) elemental sulfur. Alternatively such ions
may combine with nonionized sulfur. This would explain the
ions S�9 up to S�16, which can be observed in the high-mass part
of the MS spectrum. However, and more important for the
current investigation, the sulfur ions may also react with 1
(prior to desorption and/or time-of-flight detection), which
would account for the multitude of zinc-derived ions observed
in the spectrum. Indeed this appears to be the case, as when no
elemental sulfur is added, no positive LDI mass spectrum can
be obtained for 1. Thus sulfur acts as a pseudo-MALDI matrix
and provides indirect ionization of the zinc complex. In the
present study this phenomenon proved to be essential.


The zinc ions observed in Figure 3 may be divided in three
subsets, and are listed together with their assignment in
Table 4. The first and most relevant subset commences with
signals at m/z� 304, 306, and 308 Da, the isotope pattern of
intact [Zn(dmtc)2]� . Then, at repeating mass increments of
32 Da, and with decreasing intensities, corresponding ions are
detected indicating incorporation of one up to four additional
sulfur atoms.


These results support the above-mentioned
density functional calculations, which indicate that
it is energetically feasible to incorporate more
than one sulfur atom into the zinc ± dithiocarba-
mate chelate ring (that is, more than two per
complex). However, no statement can be made
about the actual structure, for example (3/3) or
(2/4) 1 for a disulfurated zinc complex. The
(additional) involvement of metallasulfur rings
as reported,[13] for example, for Os2(S5)(S3CNMe2)-
(S2CNMe2)3 is considered less likely. It is clear
from the MS spectra that the polythiocarbamato-
zinc(ii) complexes display no preference for one
particular number of sulfur atoms, which would
obviously be required for discrete metallasulfur
ring formation. Instead, the decreasing intensity
with increasing number of sulfur atoms might
point to a statistical phenomenon, in which the
favorable enthalpy of sulfur insertion is offset by
unfavorable entropy. However, this conclusion
should be handled with care due to the unknown
ionization efficiencies of these species.


The second subset also corroborates that 1 is able to
incorporate more than one sulfur atom in the zinc ± dithio-
carbamate ring. This subset (indicated with b) commences
with a large (relative intensity 85 %) signal at m/z� 186 Da
(not shown in Figure 3), which can be attributed to [Zn-
dmtc]� in view of the zinc isotope pattern. Again, at repeating
mass increments of 32 Da, corresponding ions show that up to
eight sulfur atoms are incorporated. The ions that contain
more sulfur atoms have successively lower intensities, with the
exception of [Zn-S2-dmtc]� , of which the intensity is two ±
three times higher than that of the neighboring [Zn-S-dmtc]�


and [Zn-S3-dmtc]� ions. This may be associated with the
additional stability that arises from the involvement of a six-
membered ring (that is, as in (4/4) 1 in Figure 2).


The third subset of species (g) is observed at m/z 488 and is
characterized by the isotope pattern of a Zn2 compound. In
the crystal lattice, 1 is indeed dinuclear.[21] The ion with m/z
488 must be [Zn2(dmtc)3]� , that is the dimer minus one dmtc
group. Again incorporation of up to four additional sulfur
atoms is evident (m/z� 520, 552, 584, and 616). The ion of the
parent compound, [Zn2(dmtc)4]� (m/z� 608), can hardly be
discerned.


Smaller zinc-derived signals at m/z� 392, 424, and 456 Da
are assigned to [Zn(dmtc)2(SCNMe2)]� , [Zn(dmtc)3]� , and
[Zn(dmtc)3(S)]� (designated d). The low-mass region further-
more displays various fragments of complexes, such as a signal
at m/z� 152 (relative intensity 56 %), which can be attributed
to [Me2NCS3]� .


Formation of polythiocarbamatozinc complexes is not
restricted to 1. The LDI-MS spectrum of the ethyl-derivative
of 1, bis(diethyldithiocarbamato)zinc(ii) was also measured,
and displayed similar ions. This indicates, not unexpectedly,
that sulfur incorporation is a general feature of the class of
zinc ± dithiocarbamates.


Hitherto only zinc-dithio acids have been observed that
were enriched with up to two sulfur atoms. Now LDI-MS
provides the first experimental evidence for the existence of


Figure 3. Summed LDI-ToF mass spectrum of a mixture of 1 and elemental sulfur
(bx� [Zn-Sx-dmtc]� ; gx� [Zn2(dmtc)3(Sx)]� ; dx� [Zn(dmtc)3(S)x]�).


Table 4. Assignment of zinc-derived signals in the LDI-MS spectrum of 1 and
sulfur.


m/z Desig-
nation


Assignment m/z Desig-
nation


Assignment


304.3 ± [Zn(dmtc)2]� 432.1 ± [Zn(dmtc)2(S4)]�


312.0 b4 [Zn-S4-dmtc]� 440.1 b8 [Zn-S8-dmtc]�


336.2 ± [Zn(dmtc)2(S)]� 456.1 d1 [Zn(dmtc)3(S)]�


344.1 b5 [Zn-S5-dmtc]� 488.0 g0 [Zn2(dmtc)3]�


368.1 ± [Zn(dmtc)2(S2)]� 520.1 g1 [Zn2(dmtc)3(S)]�


376.0 b6 [Zn-S6-dmtc]� 552.0 g2 [Zn2(dmtc)3(S2)]�


392.1 d-1 [Zn(dmtc)2(SCNMe2)]� 583.8 g3 [Zn2(dmtc)3(S3)]�


400.0 ± [Zn(dmtc)2(S3)]� 607.4 ± [Zn2(dmtc)4]�


407.9 b7 [Zn-S7-dmtc]� 615.8 g4 [Zn2(dmtc)3(S4)]�


424.0 d0 [Zn(dmtc)3]�
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polythiocarbamatozinc complexes. These measurements con-
firm the outcome of the density functional calculations; the
formation of disulfurated dithiocarbamatozinc complexes is
possible, but larger numbers of sulfur atoms may be incorpo-
rated in the zinc ± dithiocarbamate chelate ring as well.


Conclusion


The first density functional study in the field of sulfur
vulcanization has revealed that polythiocarbamatozinc com-
plexes may indeed be involved as catalytic intermediates in
the vulcanization cascade. It has been calculated that their
formation energy is comparable to that of bis(phenyltrithio-
lato)zinc(ii), an experimentally observed sulfurated zinc
complex. This theoretical prediction is confirmed by laser-
desorption ionization mass-spectrometric measurements,
which prove the presence of the inferred bisulfurated zinc(ii)
complexes. Moreover, the MS data also display the formation
of polythiocarbamato complexes with more than one sulfur
atom inserted in the zinc ± dithiocarbamate ring, which had
been predicted by the density functional calculations. The
combined theoretical and mass-spectrometric evidence con-
stitutes the first direct proof for the existence of these hitherto
undetected polythiocarbamatozinc complexes.


Experimental Section


Density functional calculations: The calculations were carried out using the
Amsterdam-Density-Functional (ADF) programme developed by Baer-
ends et al.[27] The MOs were expanded in an uncontracted set of Slater type
orbitals (STOs) containing diffuse functions. The basis sets of the main-
group atoms are of double-z quality and have been augmented with one set
of polarisation functions on each element (2p on H, 3d on C, N and S).[28, 29]


The zinc basis set is of triple-z quality and has been augmented with a 4p
polarisation function. The 1s core shell of carbon, nitrogen and the 1s2s2p
core shells of zinc and sulfur were treated by the frozen-core (FC)
approximation.[30] An auxiliary set of s, p, d, f and g STOs, centered on all
nuclei, was used to fit the molecular density and to represent the Coulomb
and exchange potentials accurately in each self-consistent field (SCF)
cycle.[31] The numerical integration was done using the scheme developed
by te Velde et al.[32] All calculations were performed at the NL-SCF level,
using the local density approximation (LDA) in the Vosko ± Wilk ± Nusair
parametrisation[33] with nonlocal corrections for exchange (Becke88)[34] and
correlation (Perdew86).[35] Geometries were optimized by using the
analytical gradient method implemented by Versluis[36] and Ziegler.[37]


LDI-MS: (Matrix-assisted) laser-desorption ionisation time-of-flight mass
spectrometry, (MA)LDI-ToF-MS, was performed on a Bruker Biflex II
using a nitrogen laser at 337 nm, an accelerating voltage of 19.5 kV, a
reflector voltage of 20 kV and an extraction pulse height of 5.5 kV with a
delay time of 400 ns with respect to the laser pulse. The mass spectra
obtained for 110 shots were summed. Bis(dimethyldithiocarbamato)zinc(ii)
1 (97 %, Aldrich) and bis(diethyldithiocarbamato)zinc(ii) (98 %, Aldrich)
were recrystallized from chloroform and mixed with two molar equivalents
of elemental sulfur (S8). Samples were suspended in acetone and 0.5 mL
spots were pipetted on the target.
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Phosphorus Oxonitridosodalites: Synthesis Using a Molecular Precursor and
Structural Investigation by X-Ray and Neutron Powder Diffraction and
31P MAS NMR Spectroscopy
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Abstract: The oxonitridophosphates
M8ÿmHm[P12N18O6]Cl2 (M�Cu, Li) with
a sodalite-like [P12N18O6]6ÿ framework
of corner-sharing PN3O tetrahedra have
been synthesized by the reaction of the
respective metal chlorides with
(NH2)2P(O)NP(NH2)3 ´ NH4Cl. In this
precursor the desired molar ratio,
P:O� 2:1, of the [P12N18O6]6ÿ frame-
work structure has been preorganized
on a molecular level. Analogous oxoni-
tridosodalites have also been obtained


from the metal salts MX (M�Cu, Li;
X�Cl, Br, I) or Li2S, the P/O and P/N
components OP(NH2)3 and SP(NH2)3 or
HPN2, and NH4X or MX as halogen
sources. The crystal structures of
the phosphorus oxonitridosodalites
Cu4.8H3.2[P12N18O6]Cl2 (1), Li5.5H2.5[P12-


N18O6]Cl2 (2), Li6.2H1.8[P12N18O6]Br2 (3),
and Li5.8H2.2[P12N18O6]I2 (4) have been
investigated by using neutron and X-ray
powder diffraction as well as 31P MAS
NMR spectroscopy. Rietveld refine-
ments have been performed in the space
group I4Å3m (Z� 1, a� 820.25(1) to
830.81(2) pm for X�Cl to I). No exper-
imental evidence for a crystallographic
ordering of the N/O atoms and for other
than PN3O tetrahedra in the sodalite
frameworks has been obtained.


Keywords: neutron diffraction ´
NMR spectroscopy ´ oxonitridophos-
phate ´ sodalite ´ solid-state structures


Introduction


During a systematic investigation of phosphorus nitrides[1] we
have recently synthesized the nitridosodalite Zn7[P12N24]Cl2.[2]


Unlike the well-known oxosodalites, in which frameworks of
corner-sharing TO4 tetrahedra (T� Si, Al, B, etc.) occur, these
nitridosodalites contain corner-sharing PN4 units. Substitu-
tions of Zn2� and Clÿ have yielded the nitridosodalites
M6�(n/2)ÿmH2m[P12N24]Xn (0�m� 4, n� 2), M�Zn2�, Co2�,
Ni2�, Mn2� ; X�Clÿ, Brÿ, Iÿ),[3, 4] (M8[P12N24]Y2 (M�Zn2�,
Co2�, Cd2� ; Y�O2ÿ, S2ÿ, Se2ÿ, Te2ÿ),[5] and M6[P12N24] (M�
Zn2�).[6]


In all these nitridosodalites only divalent metal ions occur.
However, for ion-exchange reactions analogous compounds
containing monovalent metal ions instead of divalent ones
would be desirable. Therefore we focused our attempts on the
syntheses of isotypic oxonitridophosphate sodalites, where a


partial substitution of the bridging atoms N3ÿ by O2ÿ would
cause a charge reduction of the framework from [P12N24]12ÿ to
[P12N18O6]6ÿ. As a consequence a complete substitution of the
divalent metal ions by monovalent ones should be possible.


The concept of adjusting the framework charge as a
function of the charge on the inner cage ions has recently
been applied to the hydrothermal syntheses of cobalt-
substituted aluminum phosphate sodalites.[7] However, a
controlled partial substitution of the O-bridging atoms in
framework structures of connected TO4 tetrahedra (T�Al,
Si, P, etc.) by nitrogen has never been achieved: this concept
would significantly extend the structural variabilities of
common oxidic zeolites.


With (NH2)2P(O)NP(NH2)3
[8] we have now developed a


molecular precursor compound, which allows precise control
of the desired [P12N18O6]6ÿ framework stoichiometry during
the formation of oxonitridosodalites. The precursor concept
has been used widely for the syntheses of amorphous
ceramics[9] and also in chemical vapor deposition (CVD).
Recently, we used molecular precursor compounds for the
synthesis of polymeric nonmetal nitrides, which show struc-
tural similarities to oxidic phosphates and silicates. These
nitridophosphates and nitridosilicates are built up of con-
nected PN4 and/or SiN4 tetrahedra. Thus we obtained
crystalline single-phase SiPN3,[10] a-P3N5,[11] and HP4N7,[12]


starting from Cl3SiNPCl3, P(NH2)4I, and (NH2)2P(S)NP-
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(NH2)3, respectively. In these precursor compounds specific
structural elements of the desired products are preorganized
on a molecular level.


Results and Discussion


The precursor compound (NH2)2P(O)NP(NH2)3 is useful
specifically for the controlled synthesis of [P12N18O6]6ÿ frame-
works of the desired oxonitridosodalites. The molecular
compound exhibits the required molar ratio, P:O� 2:1, and
it already contains phosphorus atoms which are linked by a
nitrogen bridge and which are tetrahedrally coordinated by N
and O, respectively. Furthermore, (NH2)2P(O)NP(NH2)3 is
easily transformed into oxygen-substituted polyphosphazenes
during thermal condensation.[8]


Accordingly the reaction of LiCl with (NH2)2P(O)NP-
(NH2)3 yields the phosphorus oxonitridosodalite Li5.5H2.5-
[P12N18O6]Cl2 (2) directly [Eq. (1)].


6(NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl� (8ÿm)MCl ÿ!
M8ÿmHm[P12N18O6]Cl2� (12+m) NH3� (12ÿm) NH4Cl


(1)


During the synthesis of the molecular precursor the adduct
(NH2)2P(O)NP(NH2)3 ´ NH4Cl is obtained primarily. The
separation of NH4Cl is complicated and the reaction product
is normally obtained in low yield.[8] Other starting materials
have therefore been tested. The reaction of the metal halides
MX (CuCl, CuBr, LiCl, LiBr, LiI) with equimolar mixtures of
HPN2 and OP(NH2)3 yielded analogous P ± O ± N sodalites
[Eq. (2)].


6OP(NH2)3� 6 HPN2� (8ÿm)MX ÿ!
M8ÿmHm[P12N18O6]X2� (6�m)NH3� (6ÿm) NH4X


(2)


The P ± O ± N sodalites obtained by this procedure often
contain significant amounts of Clÿ which are affected by the
used HPN2. This starting material has been synthesized by
ammonolysis of (PNCl2)3, so it often contains chloride.
Therefore the reaction with metal bromides or iodides yielded
P ± O ± N sodalites with mixed halide anions such as
Cu5H3[P12N18O6]Cl0.1Br1.9 , Li5.4H2.6[P12N18O6]Cl0.1Br1.9 , or
Li5.7H2.3[P12N18O6]Cl0.2I1.8 ; however, compound 1 has also been
synthesized by this procedure.


Contamination of the reaction products by Clÿ is avoided
when HPN2 is replaced by SP(NH2)3. This molecular pre-
cursor is easily transformed into polymeric phosphorus imide
nitrides H3xP3N5�x by thermal condensation.[13] Thus the
reaction of the metal halides MZ (LiCl, LiBr, LiI, CuCl,
CuBr) with equimolar mixtures of SP(NH2)3 and OP(NH2)3


yielded Li5.8H2.2[P12N18O6]I2 (4) [Eq. (3)].


6OP(NH2)3� 6 SP(NH2)3� (8ÿm) MX ÿ!
M8ÿmHm[P12N18O6]X2�mNH3� (6ÿm)NH4X� 6(NH4)2S


(3)


Unlike the formation of oxygen-free nitridophosphate
sodalites, where S2ÿ might be incorporated to form
Zn8[P12N24]S2,[5] in P ± O ± N sodalites synthesized by using
SP(NH2)3 no sulfur has been incorporated either into the
framework or within the sodalite cages.


Lithium-containing P ± O ± N sodalites can also be obtained
by the reaction of Li2S with OP(NH2)3, SP(NH2)3, and NH4X
(X�Cl, Br, I) [Eq. (4)]. A specific advantage of this
procedure is that the use of anhydrous lithium halides can
be circumvented. By this method Li6.2H1.8[P12N18O6]Br2 (3) has
been obtained.


6OP(NH2)3� 6 SP(NH2)3� 2NH4X� (4ÿm/2)Li2S ÿ!
Li8ÿmHm[P12N18O6]X2� (10ÿm/2)H2S� 20 NH3


(4)


Since the P ± O ± N sodalites 1 ± 4 have been obtained only
as microcrystalline powders (crystal size 1 ± 3 mm), powder
diffraction experiments have been performed.


The powder diagrams of the P ± O ± N sodalites 1 ± 4
(Figures 1 and 2) have been indexed unequivocally with the
programs ITO[14] and TREOR-90.[15] Their similarity to the
powder diagrams of P ± N sodalites is evident.[2±6] The body-
centered cubic cell has also been confirmed by synchrotron
diffraction data (1, 2) and neutron diffraction experiments (2).
The cubic lattice constants (820.13(1) to 830.81(2) pm,
(Table 1) compare well with those of P ± N sodalites.[2±6] Since
Li� and Cu� have almost the same ionic radii (Cu�(CN 4),
74 pm; Li�(CN 4) 73 pm)[16, 17] the P ± O ± N sodalites 1 and 2
have similar lattice constants, that of 2 being slightly increased
because the compound has a higher metal content. The
increase in size of the anions Clÿ<Brÿ< Iÿ causes an
analogous increase in the lattice constants in the sequence
2< 3< 4. In contrast, a partial replacement of the framework
nitrogen by oxygen has only a minor effect on the lattice.


Rietveld refinements have been performed with the
program GSAS[18] using the structure of Zn7[P12N24]Cl2


[2] as
a starting model. The results of the refinement are shown in
Figures 1 (compound 1, X-ray and neutron data) and 2
(compounds 2, 3, and 4, X-ray data).


Abstract in German: Die Oxonitridophosphate
M8ÿmHm[P12N18O6]Cl2 (M�Cu, Li) wurden durch Reaktion
des jeweiligen Metallchlorids mit (NH2)2P(O)NP(NH2)3 ´
NH4Cl erhalten. In diesem Precursor ist das molare Verhältnis
P:O� 2:1 des [P12N18O6]6ÿ-Gerüstes auf molekularer Ebene
vororganisiert. Die Oxonitridophosphate bestehen aus einem
sodalithanalogen [P12N18O6]6ÿ-Gerüst aus eckenverknüpften
PN3O-Tetraedern. Analoge Oxonitridosodalithe wurden au-
ûerdem durch Reaktion der Metallsalze MX (M�Cu, Li; X�
Cl, Br, I) oder Li2S, den P/O- und P/N-Komponenten
OP(NH2)3 und SP(NH2)3 oder HPN2 und NH4X oder MX
als Halogenidquellen erhalten. Die Kristallstrukturen der
Phosphor-oxonitridosodalithe Cu4,8H3,2[P12N18O6]Cl2 (1),
Li5,5H2,5[P12N18O6]Cl2 (2), Li6,2H1,8[P12N18O6]Br2 (3), und
Li5,8H2,2[P12N18O6]I2 (4) wurden durch Neutronen- und Rönt-
genbeugung an Pulvern sowie mittels 31P-MAS-NMR-Spektro-
skopie untersucht. Die Rietveld-Verfeinerungen wurden in der
Raumgruppe I4Å3m (Z� 1, a� 820.25(1) ± 830.81(2) pm für
X�Cl ± I) durchgeführt. Die experimentellen Ergebnisse deu-
ten darauf hin, daû die sodalithanalogen Gerüste ausschlieû-
lich aus PN3O-Tetraedern, ohne weitere Ausordnung der N/O-
Atome, aufgebaut sind.
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Figure 1. Powder diffraction patterns and difference profiles of the
Rietveld refinements for 1. Allowed peak positions are marked by vertical
lines; crosses indicate observed and lines show calculated results. The
neutron powder diffraction pattern (above) was obtained with the D2B
high-resolution diffractometer of the Institute Laue Langevin (ILL) in
Grenoble (France) (l� 127.63 pm), whereas the X-ray powder diffraction
pattern was recorded on a D5000 diffractometer (Siemens) using MoKa


radiation (70.93 pm).


On the basis of the neutron diffraction data, the fractional
occupancy factors for N and O in compound 1 have been
refined. A differentiation of both bridging atoms in the


Figure 2. X-ray powder diffraction patterns and difference profiles of the
Rietveld refinements of 2 (top), 3 (middle), and 4 (bottom). Allowed peak
positions are marked by vertical lines; crosses indicate observed and lines
show calculated results. The diffraction patterns were recorded on a D5000
diffractometer (Siemens) using MoKa radiation (70.93 pm).


P ± O ± N sodalites is possible in principle because nitrogen
and oxygen show a significant difference in their neutron
scattering power (b(N)� 9.36� 10ÿ15 m, b(O)� 5.803�
10ÿ15 m).[19] The bridging atoms are located on the same
Wyckoff position x x z (24g) with fractional site occupancy
factors of 0.77(1) and 0.23(1) for N and O, respectively.
Rietveld refinements have also been carried out in potential
subgroups of cubic, rhombohedral, tetragonal, or orthorhom-
bic symmetry in order to rule out a possible crystallographic
ordering of the N/O atoms. In accordance with the neutron
diffraction data and as has been proven by chemical analyses
of compound 4, the molar ratio N:O� 3:1 has been fixed for
the Rietveld refinement of the X-ray powder diffraction data
(1 ± 4). Details of the final refinement are listed in Table 1.


Table 1. Details of the crystal structure refinements by the Rietveld method of
1 ± 4.


Neutron
diffraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


Compound 1 1 2 3 4


Mr [gmolÿ1] 1098.98 1098.98 831.41 924.46 1016.08
crystal system cubic cubic cubic cubic cubic
space group I4Å3m I4Å3m I4Å3m I4Å3m I4Å3m
a [pm] 820.13(1) 820.25(1) 820.54(2) 824.58(3) 830.81(2)
V 551.62(1) 551.88(4) 552.44(3) 560.65(5) 573.46(4)
Z 1 1 1 1 1
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
l [pm] 127.63 70.926 70.926 70.926 70.926
profile range (2V) 8 ± 151 5.5 ± 60 5.0 ± 61 5.0 ± 60 6.0 ± 60
no. data points 2860 2725 2800 2750 2700
observed reflections 129 108 111 108 110
no. pos. parameters 14 8 8 8 8
no. profile parameters 11 9 9 9 9
no. background
parameters


4 4 4 4 4


Rp 0.0251 0.0704 0.0851 0.0490 0.0928
wRp 0.0333 0.0932 0.1144 0.0641 0.1294
RF 0.0461 0.1271 0.1325 0.2410 0.1187
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Selected interatomic distances and angles as well as atomic
coordinates and isotropic temperature factors are summar-
ized in Tables 2 and 3.


According to the crystallographic results, and as confirmed
by chemical analyses of compound 4, the P ± O ± N sodalites
contain a [P12N18O6]6ÿ framework structure of corner-sharing
PN3O tetrahedra (Figure 3). Complex arrangements XM4ÿn


(X�Cl, Br, I; M�Li, Cu; 0.9< n< 1.6) are localized within
the b-cages. An isoelectronic [Si6Al6O24]6ÿ framework occurs
in the oxosodalite Na8[Si6Al6O24]Cl2. The aluminosilicate is
formally derived from SiO2 because of a partial substitution of
the tetrahedral centers (Si) by aluminum. An analogous
charge reduction is obtained in the P ± O ± N sodalites, which
are formally derived from HPN2 by partial substitution of the
bridging atoms (N) by oxygen.


The distances P ± (O,N) (160.6(4) ± 161.6(3) pm) vary be-
tween the values found in PON[20] (158.2(1) ± 159.2(1) pm)
and the P ± N distance in Zn7[P12N24]Cl2 (163.6(7) pm).[2] The
bond angles P-(N,O)-P (128.0(3) ± 130.7(4)8) are similar to
with the corresponding values in PON (131.59(0)8,
132.89(0)8)[20] and Zn7[P12N24]Cl2 (125.8(4)8)[2] . The Xÿ ions
at the center of the b-cages (Figure 3) are coordinated by
monovalent metal ions (distances: Cu ± Cl, 215.6(4) (neutron)
and 217.3(4) pm (X-ray); Li ± Cl, 232.9(2) pm; Li ± Br,


Figure 3. Section of the crystal structure of the P ± O ± N sodalites
M8ÿxHx[P12N18O6]X2 (M�Cu, Li; X�Cl, Br, I). The zeolite-like b-cage is
shown (P: black; N/O: gray; XM4 tetrahedra M: small white circles).


258(4) pm; LiI, 278(3) pm). The metal ions exhibit three
contacts with N/O atoms of the P6(N,O)6 rings, in addition to
the contacts with the halide ions, thus forming distorted
tetrahedra (distances: Cu ± (O,N), 219.5(2) (neutron) and
217.2(6) pm (X-ray); Li ± (O,N), 232.9(2), 202(2), and
200(1) pm). Approximately 0.25 ± 0.4 of the metal ions per
formula unit are replaced by hydrogen atoms. Crystallo-
graphic localization of these atoms in compounds 1 ± 4 was not
possible. However, the presence of the H atoms covalently
bound to nitrogen atoms of the [P12N18O6]6ÿ framework
has been confirmed unequivocally by IR spectroscopy (Fig-
ure 4).


Figure 4. FTIR spectrum of 4.


The IR spectra of compounds 1 ± 4 are very similar. The IR
absorptions observed at 3150 and 1345 cmÿ1 are typical for
imido groups in the P ± N sodalites Zn7ÿmH2m[P12N24]Cl2.[3]


According to the values for oxygen-free P ± N sodalites, three
groups of bands occur around 1150, 900, and 540 cmÿ1,
belonging to nas(P-(O,N)-P), ns(P-(O,N)-P), and d(P-(O,N)-


Table 2. Selected interatomic distances [pm] and angles [8] of 1 ± 4.


Neutron
diffraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


Compound 1 1 2 3 4


P ± (N,O) 160.6(4) 161.2(3) 161.4(2) 161.6(3) 161.6(3)
M ± (N,O) 219.5(2) 217.2(6) 232.9(2) 202(2) 200(1)
M ± X 215.6(4) 217.3(4) 232.9(2) 258(4) 278(3)
(N,O)-P-(N,O) 107.7(1) 108.0(2) 106.9(2) 107.5(2) 107.6(2)


113.0(1) 112.4(2) 114.7(3) 113.5(4) 113.3(4)
P-(N,O)-P 129.0(1) 128.3(3) 128.0(3) 128.9(4) 130.7(4)


Table 3. Results of the structure refinements for 1 ± 4.


Neutron
diffraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


X-ray dif-
fraction


Compound 1 1 2 3 4


M in (8c) x x x
x 0.1518(2) 0.1529(3) 0.164(2) 0.181(3) 0.193(2)


fractional
occupancy factor


0.573(3) 0.590(5) 0.69(6) 0.78(4) 0.73(6)


Beq [�2] 0.039(1) 0.036(1) 0.07(1) 0.01(1) 0.01(1)


P in (12d) 1�4 1�2 0


Beq [�2] 0.0068(4) 0.0008(5) 0.0135(4) 0.011(1) 0.0094(6)


N/O in (24g) x x y
x 0.1418(1) 0.1407(4) 0.1439(3) 0.1425(4) 0.1430(5)


y 0.4191(1) 0.4175(6) 0.4184(5) 0.4190(7) 0.4230(6)


fractional
occupancy factor N


0.77(1) 0.75 0.75 0.75 0.75


fractional
occupancy factor O


0.23(1) 0.25 0.25 0.25 0.25


Beq [�2] 0.0097(1) 0.008(2) 0.013(1) 0.008(2) 0.006(1)


X in (2a) 0 0 0
Beq [�2] 0.064(2) 0.065(3) 0.037(1) 0.040(1) 0.0344(6)
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P). A decrease in the local symmetry of the framework due to
the partial substitution of N by O leads to a splitting of the IR
bands.


Whereas the M ± Cl distances are relatively short for 1 and 2
(sum of the ionic radii: Cu/Cl, 241 pm; Li/Cl, 240 pm)[16, 17] the
distances M ± N are found to be considerably shorter than the
corresponding sums of the ionic radii (Cu/N, 206 pm; Cu/O,
198 pm; Li/N, 205 pm; Li/O, 197 pm).[16, 17] This might be
attributable to a local distortion of the structure, with the
metal ions M being moved from their ideal positions. The
reason for this distortion might be that the eightfold position
x x x (8c) is only fractionally occupied by 0.6 ± 0.75 of the M
atoms; the remaining 0.25 ± 0.4 of the atoms are hydrogen.
Similar indications of a disorder within the b-cages have been
observed in the P ± N sodalites Zn7ÿmH2m[P12N24]Cl2.[3] In
contrast, the distances M ± X (X�Br, I) and M ± (N,O) for 3
and 4 are close to the sum of the ionic radii (Li/Br, 255 pm; Li/
I, 279 pm; Li/N, 205 pm; Li/O, 197 pm).[16, 17]


To obtain information about the chemical environment of
the 31P nuclei in the P ± O ± N sodalites, 31P MAS NMR
spectra of 4 have been recorded (Figure 5). A corresponding


Figure 5. 31P MAS NMR spectrum of 4 (observation frequency,
161.98 MHz; MAS frequency, 14 kHz).


investigation of 1 was difficult, because this compound was
always contaminated with small amounts of paramagnetic Cu
metal which had been formed by the reduction of Cu� by
NH3. The 31P MAS NMR spectrum of 4 exhibits one isotropic
signal at d�ÿ8.7. Despite the broadening of the signal
(FWHM� 8 ppm) no splitting, and thus no evidence for other
than PN3O tetrahedra in the P ± O ± N-sodalite 4, have been
obtained. The chemical shift in nitridophosphates and oxoni-
tridophosphates normally decreases with increasing degree of
condensation (HP4N7, d�ÿ26;[21] Zn8[P12N24]O2, d� 3.6;[22]


Zn6[P12N24], d� 2.0;[22] LiPN2, d� 0.0;[10, 22] Li7PN4, d� 49.2/
54.6[23]) and decreasing formal charge per P(N,O)4 tetrahe-
dron (PON, d�ÿ0.9/ÿ 10.5[20]). In less condensed nitrogen-
substituted phosphate glasses, chemical shifts of d�ÿ10 and
d� 0 have been attributed to PO3N and PO2N2 tetrahedra.[24]


A similar relationship between the 29Si chemical shift and the
nitrogen content of condensed SiOxN4ÿx tetrahedra (1< x< 4)
has been observed in oxonitridosilicates.[25]


Conclusions


A partial substitution of the bridging nitrogen atoms by
oxygen in nitridosodalites has been accomplished with the
synthesis of the oxonitridosodalites M8ÿmHm[P12N18O6]Z2


(M�Cu, Li; Z�Cl, Br, I). These compounds represent a
link between oxophosphates and nitridophosphates. Thus the
substitution of oxygen by nitrogen, and vice versa, allows a
modification of phosphates which is comparable with the
substitution of Si by Al yielding aluminosilicates. Several
nitridosilicates have been obtained analogously, thus extend-
ing the structural possibilities of conventional oxosilicates;[26]


furthermore, oxonitridosilicates have been investigated as
well as oxonitridoaluminosilicates.[27]


Experimental Section


General techniques : All reactions involving solvents were performed under
an Ar atmosphere using standard Schlenk techniques. CH2Cl2 was refluxed
with P4O10 and distilled before use. Solution 14N NMR spectra were
recorded at 18.070 MHz on a Bruker ARX250 spectrometer; neat CH3NO2


was used as an external reference. Solution 31P NMR spectra were recorded
at 101.254 MHz on the same spectrometer and they were referenced to
85% H3PO4 as an external standard. Solid-state 31P MAS NMR spectra
were recorded at 161.98 MHz on a Bruker DSX 400 and were referenced to
85% H3PO4 as an external standard. Infrared spectra were obtained on a
Bruker IFS66v FTIR spectrometer (KBr pellets). X-ray microanalyses
were performed by using a JEOL JSM-6400 scanning electron microscope
equipped with an energy-dispersive spectrometer (germanium detector,
Voyager 2100; Noran Instruments).


Starting materials : Phosphorus nitride imide (HPN2) was synthesized from
hexachlorocyclotriphosphazene (PNCl2)3) by multistage reaction under
flowing ammonia (NH3, 99.8 %; Linde) in a silica glass tube.[5] Phosphor-
othionic triamide (SP(NH2)3) and phosphoric triamide (OP(NH2)3) were
obtained by reaction atÿ78 8C of liquid NH3 with previously distilled SPCl3


(98 %; Fluka) and OPCl3 (98 %; Fluka), respectively.[28, 13] LiCl was
synthesized from LiH (98 %; Alfa) by reaction (500 8C, 6 h) with gaseous
HCl which had been dried by passing it once over P4O10 and twice through
concentrated H2SO4. CuCl and CuBr were obtained according to the
literature by reaction of Cu(OAc)2 ´ H2O with acetyl chloride and acetyl
bromide, respectively, in a mixture of acetic acid containing more than 50%
(v/v) of acetic anhydride [Eqs. (5) and (6)].[29]


Cu(OAc)2 ´ H2O� 2 AcCl ÿ! CuCl2� (Ac)2O� 2AcOH (5)


2CuCl2
DT=�Ac�2O! 2 CuCl�Cl2 (6)


LiBr (puriss.; Fluka), LiI (purum; Fluka), and Li2S (99 %; Alfa) were dried
under vacuum (p< 10ÿ5 mbar, T� 700 8C/24 h, heating rate 1 8C minÿ1).
The purity of the starting compounds was checked by powder X-ray
diffraction and IR spectroscopy. Whereas in CuCl and Li2S no water was
detected, LiCl, LiBr and LiI still contained small amounts. All compounds
were stored and handled in a glove-box under Ar.


(NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl : The adduct was synthesized [Eq. (7)] by
reaction at ÿ78 8C of liquid ammonia with pentachlorooxodiphosphazene,


Cl2(O)PÿN�PCl3� 10 NH3 ÿ!
(NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl� 4 NH4Cl


(7)


Cl2(O)PÿN�PCl3,[30] which can be readily synthesized by reaction of PCl5


with (NH4)2SO4 [Eq. (8)]. The by-product [Cl3PÿN�PCl3]�[PCl6]ÿcan be
converted into Cl2(O)PÿN�PCl3, by reaction with SO2 [Eq. (9)]. NH4Cl
formed during the ammonolysis of Cl2(O)PÿN�PCl3 was removed by
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reaction with (C2H5)2NH followed by extraction of (C2H5)2NH2Cl with
CH2Cl2 [Eq. (10)].


4PCl5� (NH4)2SO4 ÿ! 2 Cl2(O)PÿN�PCl3� SO2� 8 HCl�Cl2 (8)


[Cl3PÿN�PCl3]� [PCl6]ÿ� 2 SO2


ÿ! Cl2(O)PÿN�PCl3� 2 SOCl2+OPCl3
(9)


NH4Cl� (C2H5)2NH ÿ! NH3 "� (C2H5)2NH2Cl (10)


Cl2(O)PÿN�PCl3 : PCl5 (93.5 g, 0.45 mol) and (NH4)2SO4 (13.2 g, 0.1 mol)
were added to C2H2Cl4 (200 mL) and the mixture was refluxed for 1 h. The
gaseous by-products were removed under vacuum (600 ± 800 mbar). The
mixture was allowed to cool to room temperature (RT) and SO2 was
bubbled through the solution for 20 min. After filtration followed by the
evaporation of C2H2Cl4 under vacuum, a yellowish oil was obtained which
crystallized slowly at RT. The product was further purified by micro-
distillation (p< 10ÿ3 mbar, Toil� 90 8C). For this procedure the temperature
should be kept as low as possible to avoid polycondensation. 31P NMR
(C6D6): d1�ÿ1.4 (d), d2�ÿ11.4 (d), 2JPP� 19 Hz.


(NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl : In a three-necked bottle CH2Cl2


(300 mL, p.a.; Merck) was saturated with dried NH3 (3.8; Linde) at
ÿ78 8C under a purified Ar atmosphere. A precooled solution of
pentachlorooxodiphosphazene (6.7 g, 25 mmol) in CH2Cl2 (50 mL) was
added dropwise with stirring. Subsequently the suspension was allowed to
warm under an NH3 atmosphere to room temperature. The product was
isolated by filtration, (C2H5)2NH (20 mL, 0.192 mol) in CH2Cl2 (90 mL)
was added, and the mixture was refluxed for 24 h. The (C2H5)2NH2Cl
formed was removed by extraction with hot CH2Cl2. Yield: 5.3 g,
23.5 mmol, 94% of (NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl; 31P NMR (D2O):
d1� 18.4 (d), d2� 14.2 (d), 2JPP� 30 Hz; 14N NMR (D2O):
d(NH4Cl)�ÿ362 (s, sharp), d(H10N6OP2)�ÿ335 (very broad);
(NH2)2(O)PÿN�P(NH2)3 ´ NH4Cl (225.56): calcd. P 27.5, N 43.5, Cl 15.7;
found: P 28.9, N 45.1, Cl 15.3.


Cu4.8H3.2[P12N18O6]Cl2 (1): Large amounts (typical yield 900 mg) of 1 for
neutron diffraction experiments were obtained by the reaction of CuCl
with HPN2 and OP(NH2)3. In the first step CuCl (0.4703 g, 4.75 mmol),
HPN2 (0.342 g, 5.7 mmol), and OP(NH2)3 (0.5415 g, 5.7 mmol) were
transferred under argon into the lower end of a silica glass ampoule (wall
thickness 1 mm, internal diameter (i.d.) 18 mm, length 30 cm) and the
opening was connected to a bubble counter filled with paraffin. The lower
end of the ampoule was heated to 350 8C and kept there for 12 h. Ammonia
which was formed during the reaction was released through the bubble
counter. The mixture was allowed to cool to RT, ground to a fine powder in
a glove-box, transferred into a silica glass ampoule (wall thickness 2 mm,
i.d. 11 mm, length 100 mm), and sealed. In the second step the reaction
mixture was heated to 700 8C (1 8Cminÿ1) kept there for 48 h and then
cooled to RT (1 8C minÿ1). During the synthesis the NH4Cl which was
formed sublimed to the upper end of the ampoule. Cu4.8H3.2[P12N18O6]Cl2 is
stable to all solvents, acids, and alkalis at RT. Decomposition was
accomplished in a microwave system (mls 2000; Mls GmbH) in a mixture
of concentrated H2SO4 and 30 % H2O2 using Teflon vessels. Cu4.8H3.2[P12-


M18O6]Cl2 (1098.98): calcd.: P 33.8, N 22.9, Cu 27.8; found: P 31.5, N 23.2,
Cu 25.7.


Li5.5H2.5[P12N18O6]Cl2 (2): LiCl (14.3 mg, 0.333 mmol) and (NH2)2P(O)NP-
(NH2)3 ´ NH4Cl (90.2 mg, 0.4 mmol) were mixed thoroughly and transferred
to a silica glass ampoule (wall thickness 2 mm, i.d. 11 mm, length 100 mm),
which was then sealed. In the first step the mixture was heated to 200 8C
(1 8Cminÿ1) and kept there for 24 h, then it was heated to 700 8C
(1 8Cminÿ1) kept there for 48 h and finally cooled to RT (1 8C minÿ1).
During the synthesis NH4Cl formed sublimed to the upper end of the
ampoule. The NH3 evolved created pressures of up to 25 bar in the closed
ampoule. Li5.5H2.5[P12N18O6]Cl2 is stable to all solvents, acids, and alkalis at
RT. Decomposition was accomplished in a microwave system (mls 2000;
Fa. Mls GmbH) in a mixture of concentrated H2SO4 and 30% H2O2 using
Teflon vessels. Li5.5H2.5[P12N18O6]Cl2 (831.41): calcd.: P 44.7, N 30.3, Li 4.6;
found: P 41.7, N 31.9, Li 4.3;


Li6.2H1.8[P12N18O6]Br2 (3): Li2S (12.9 mg, 0.281 mmol), SP(NH2)3 (49.4 mg,
0.444 mmol), OP(NH2)3 (42.2 mg, 0.444 mmol), and NH4Br (55.1 mg,


0.563 mmol) were mixed thoroughly, transferred into a silica glass ampoule
(wall thickness 2 mm, i.d. 11 mm, length 100 mm), and sealed. In the first
step the mixture was heated to 200 8C (1 8C minÿ1) and kept there for 24 h,
then heated to 700 8C (1 8C minÿ1) and kept there for 48 h, and finally
cooled to RT (1 8C minÿ1). Excess NH4Br, Li2S, and the LiBr formed
partially sublimed to the upper end of the ampoule during the reaction.
Further impurities were dissolved in water. Li6.2H1.8[P12N18O6]Br2 is stable
to all solvents, acids, and alkalis at RT. Decomposition of Li6.2H1.8[P12-


N18O6]Br2 was accomplished in a microwave system (mls 2000; Mls GmbH)
in a mixture of concentrated H2SO4 and 30 % H2O2 using Teflon vessels.
Li6.2H1.8[P12N18O6]Br2 (924.46): calcd.: P 40.2, N 27.3, Li 4.65; found P 38.2,
N 27.7, Li 4.4.


Li5.8H2.2[P12N18O6]I2 (4): LiI (101.9 mg, 0.76 mmol), SP(NH2)3 (63.4 mg,
0.571 mmol), and OP(NH2)3 (54.3 mg, 0.571 mmol) were mixed thoroughly,
transferred into a silica glass ampoule (wall thickness 2 mm, i.d. 11 mm,
length 100 mm), and sealed. In the first step the mixture was heated to
200 8C (1 8C minÿ1) and kept there for 24 h, then heated to 700 8C
(1 8C minÿ1) and kept there for 48 h, and finally cooled to RT (1 8C minÿ1).
During the synthesis the NH4I that was formed sublimed to the upper end
of the ampoule. Excess LiI was dissolved in water. Li5.8H2.2[P12N18O6]I2 is
stable to all solvents, acids, and alkalis at RT. Decomposition was
accomplished in a microwave system (mls 2000; Fa. Mls GmbH) in a
mixture of concentrated H2SO4 and 30 % H2O2 using Teflon vessels.
Li5.8H2.2[P12N18O6]I2 (1016.08): calcd.: P 36.6, N 24.8, Li 4.0, H 0.2, O 9.4,
I 25.0; found P 35.3, N 26.5, Li 4.4, H 0.5, O 9.2, I 24.5.


Crystal structure analysis : The X-ray diffraction patterns were obtained by
using a Siemens D5000 automatic powder diffractometer in Debye ±
Scherrer geometry (glass capillaries, diameter 0.3 mm) with MoKa radiation
(quartz monochromator) and a scintillation detector. High-resolution
synchrotron powder diffraction data were collected at the X7A beamline of
the National Synchrotron Light Source (NSLS), Brookhaven (USA), in
order to rule out a splitting of the reflections due to possible symmetry
reduction of the cubic lattice.


The neutron diffraction investigations of Cu4.8H3.2[P12N18O6]Cl2 (1) were
performed with the high-resolution D2B powder diffractometer of the
Institute Laue Langevin (ILL) in Grenoble (France). The sample (about
2g) was enclosed in a vanadium can (diameter 8 mm, length 60 mm). A
wavelength of 127.63 pm was selected by using a Ge (337) monochromator
crystal.


Further details of the crystal structure investigations can be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen, Germany (fax: (�49) 7247-808-666; e-mail : crysdata@fiz-karlsru-
he.de), on quoting the depository numbers CSD-408393 (Cu4.8H3.2[P12-


M18O6]Cl2, neutron diffraction), CSD-408394 (Cu4.8H3.2[P12M18O6]Cl2, X-
ray diffraction), CSD-408395 (Li5.5H2.5[P12N18O6]Cl2), CSD-408396
(Li6.2H1.8[P12N18O6]Br2), and CSD-408397 (Li5.8H2.2[P12N18O6]I2).
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PdGeS3ÐA Novel One-Dimensional Metathiogermanate


Dirk Johrendt* and Markus Tampier


In memory of Jean Rouxel


Abstract: The novel compound PdGeS3


has been synthesized by direct reaction
of the elements at 600 8C. Single crystals
of the fibrous material were grown in a
molten flux of NaSCN. The crystal
structure was determined by single-crys-
tal X-ray diffraction techniques. PdGeS3


crystallizes in the monoclinic space
group C2/m (a� 14.217(6), b�
3.453(2), c� 9.079(6) �, b� 106.58(4)8,
Z� 4). The structure is characterized by
one-dimensional 11[(PdGeS3)2] double
strands that run along the b axis. These
are built up by two opposite chains of
corner-sharing GeS4 tetrahedra, repre-


senting {uB, 1 11}[1GeS3]2ÿ einer single
chains. The palladium atoms connecting
these chains reside in distorted square-
planar environments surrounded by four
sulfur atoms. High anisotropy of chem-
ical bonding emerged because interac-
tions between the strands consisist of
van der Waals forces exclusively. The
juxtaposition of the double chains is
similar to a two-dimensional hexagonal


close-packed arrangement. The elec-
tronic structure and bonding is analyzed
in real space by means of the electron
localization function (ELF) resulting
from self-consistent LMTO band struc-
ture calculations. Peculiarities in the
atomic arrangement of the strands are
explained by the spatial requirements of
the lone pairs of electrons on sulfur and
their interactions with the palladium
atoms. The mutual dependencies of the
bonding within and between the chains
are discussed by using a two-dimen-
sional ELF map.


Keywords: chalcogens ´ electronic
structure ´ germanium ´ palladium
´ solid-state structures


Introduction


Thiogermanate compounds are built up of GeS4 tetrahedra
separated and charge-balanced by main group or transition
metal ions. In a formal sense these materials represent higher
homologues of silicates. Indeed some similarities originate
from the same underlying tetrahedral pattern, but silicate and
thiogermanate chemistry is different and the overlap is rather
limited. The reason for this is the difference in the bonds:
Si ± O bonds are highly ionic, whereas Ge ± S bonds are almost
purely covalent. Main group and transition metal thiogerma-
nates have been known for more than 25 years. Surveys given
by Olivier-Fourcade et al.[1] and Krebs[2] show a remarkable
variety of structures. Many structural motifs emerge by
arranging and connecting GeS4 tetrahedra in various manners
and combining them with the coordination polyhedra of the
metal components.


Some orthothiogermanates A2GeS4 adopt structures well
known from silicates like the olivine type (A�Fe, Mn, Mg,
Ca) with octahedral metal coordination.[3,4] With increasing


ionic radii of A2�, variants of the K2SO4 type (A�Ba),[5] or
special structure types (A� Sr, Eu)[6] not known from silicates
are formed. Unusual structures were also found for com-
pounds with monovalent base metals such as Tl4GeS4


[7] or
Li4GeS4,[8] and the trivalent lanthanides A4Ge3S12 (A� lan-
thanoid).[9]


During the last few years, numerous new multinary
chalcogenides have been prepared by using the reactive flux
method evolved by Kanatzidis and co-workers.[10] Within this
exploratory synthetic route, also new thiogermanate com-
pounds such as KGaGeS4,[11] La6MgGe2S14,[12] or KAGeS4


(A� lanthanoid)[13] with isolated GeS4 tetrahedra were re-
ported.


Metathiogermanates AGeS3 or A2GeS3 with corner-sharing
(GeS3)2nÿ


n chains, such as SnGeS3 or Na2GeS3, likewise form
their own structure types.[14, 15] Analogous copper and silver
compounds crystallize in blende or wurtzite-type variants with
tetrahedral metal coordination.[16, 17] A common feature of all
known metathiogermanates is the connection of the different
(GeS3)2nÿ


n chains by the metals. The sulfur atoms coordinating
the metal never all originate from the same strand. Thus, all
metathiogermanates described so far have three-dimensional
structures.


The evident structural flexibility of germanium chalcoge-
nides facilitates a tuning of their physical properties by the
substitution of the metal components. These materials possess
a variety of properties suitable for applications in new
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technologies, such as nonlinear optics (NLO) and electro-
optical devices.[18, 19] No known compound satisfies the long
wish list of properties for optical materials, which is, more-
over, different for each application. Thus, a deeper insight into
the electronic structure of complex chalcogenides is highly
recommended. Up to now no detailed description of chemical
bonding in this kind of materials is available.


As mentioned above, the coordination preferences of the
metal components are important factors that determine the
structures of thiogermanate compounds. For this reason, we
were interested in introducing transition metal atoms that
exhibit coordination modes other than octahedral (like Fe) or
tetrahedral (like Cu). Those metals, which prefer environ-
ments of lower dimensionality such as the nickel triade
elements are expected to form a range of interesting
structures when combined with different GeS4 tetrahedra
patterns. We chose palladium, which is expected to reside in a
square-planar environment surrounded by sulfur, as a starting
point for our investigations. Herein we report the synthesis,
crystal structure determination, and chemical bonding of the
first palladium thiogermanate PdGeS3.


Results and Discussion


The new compound PdGeS3 was obtained as orange trans-
parent fibers of up to a few millimeters in length. As seen from
the scanning electron micrograph in Figure 1, the fiber
diameters are less than 1 m. Tufts are formed by accumulation
of the flexible strands. Needlelike crystals, grown in a NaSCN
flux were of waxlike consistency. This manifestation of the


Figure 1. Scanning electron micrograph of PdGeS3 fibers, magnification
1500� .


material is already indicative of the distinct one-dimensional
character of the compound, which was confirmed by the
structure determination.


A perspective view of the crystal structure of PdGeS3 along
the crystallographic b axis is shown in Figure 2. Selected


Figure 2. Crystal structure of PdGeS3, perspective view along [010].


interatomic distances and angles are compiled in Table 1. One
of the main features of this novel structure type are linear one-
dimensional 11[(GeS3)2ÿ] tetrahedra chains that run parallel to
the b axis. Palladium atoms in a distorted square-planar
environment surrounded by four sulfur atoms connect two
adjacent chains. Two sulfur atoms come from each of the
opposite chains. The Pd ± S distances of 2.337 � and 2.342 �


Abstract in German: Das neuartige Metathiogermanat
PdGeS3 wurde durch Erhitzen der Elemente auf 600 8C
dargestellt. Es bilden sich extrem dünne, orangefarbene Fasern
(Æ� 1m). Einkristalle für die röntgenographische Strukturbe-
stimmung konnten durch tempern in einer NaSCN-Schmelze
erhalten werden. Hauptmerkmal der Struktur von PdGeS3


(C2/m, a� 14.217(6), b� 3.453(2), c� 9.079(6) �, b�
106.58(4)8, Z� 4) sind quasi-eindimensionale 11[(PdGeS3)2]
Doppelstränge, die entlang der b-Achse verlaufen. Sie sind
aufgebaut aus zwei parallelen linearen Ketten kantenverknüpf-
ter GeS4-Tetraeder. Verbunden werden je zwei dieser {uB,
1 11}[1GeS3]2ÿ Einer-Einfachketten durch Pd-Atome, die qua-
dratisch-planar von S-Atomen koordiniert sind. Zwischen den
Doppelsträngen wirken nur schwache van der Waals-Kräfte,
die zu den extrem anisotropen mechanischen Eigenschaften
führen. In der Ebene senkrecht zur Faserrichtung ähnelt die
Anordnung der Stränge einer zweidimensionalen hexagonal-
dichten Packung. Die elektronische Struktur von PdGeS3 wird
mit Realraum-Techniken analysiert. Die Elektronenlokalisie-
rungsfunktion ELF zeigt, daû Verzerrungen der Doppelsträn-
ge auf den Raumbedarf der freien Elektronenpaare des
Schwefels und deren Wechselwirkungen mit den Pd-Orbitalen
zurückzuführen sind. Relationen der chemischen Bindung
innerhalb und zwischen den Strängen werden auf der Basis der
ELF-Ergebnisse diskutiert.


Table 1. Selected bond lengths [�] and angles [8] of PdGeS3.


Pd ± S3 2.337(2)� 2 S2-Pd-S3 169.6(1)
Pd ± S2 2.342(2)� 2 S3-Pd-S3 95.3(1)
Pd ± S2 3.448(3) S2-Pd-S2 95.0(1)
Pd ± Pd 3.391(2) S1-Ge-S1 101.7(1)
Ge ± S1 2.226(2)� 2 S2-Ge-S1 109.2(1)� 2
Ge ± S2 2.229(3) S3-Ge-S1 109.0(1)� 2
Ge ± S3 2.236(3) S2-Ge-S3 117.5(1)







A 1D Metathiogermanate 1829 ± 1833


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1831 $ 17.50+.25/0 1831


are slightly longer than that in PdS2 (2.30 �),[20] but nearly the
same as that in K2Pd3S4 (2.34 �).[21] As seen from the S2-Pd-S3
angle of 169.68, the palladium atoms are displaced from the
square plane towards the interior of the strands. The Pd ± Pd
distance is 3.39 �, that is significant longer than the Pd ± Pd
contacts of 3.05 ± 3.24 � in ternary chalcogenides A2Pd3Q4


(A�K, Rb, Cs, Q� S, Se).[22]


The GeS4 tetrahedra in PdGeS3 are slightly distorted; Ge-S
distances to the terminal sulfur atoms (Ge ± S2: 2.229; Ge ±
S3: 2.236 �) are longer than to the bridging sulfur (Ge ± S1:
2.226 �). This is contrary to what has so far been found in
metathiogermanates such as PbGeS3 and Na2GeS3, which
display shorter bonds to the terminal sulfur atoms.[1] Silicates
show the same behavior. Using the nomenclature for silicates
derived by Liebau,[23] PdGeS3 contains linear {uB,
1 11}[1GeS3]2ÿ chains called einer single chains; such chains
have not been observed in silicates or thiogermanates.
Hitherto the only representatives with einer single chains
were CuGeO3


[24] and K2CuCl3;[25] however, in contrast to
PdGeS3 these compounds
have three-dimensional
character. This very rare
structural motif, that is
a single 1 11[(PdGeS3)2]
strand, is depicted in Fig-
ure 3.


Figure 4 shows a projec-
tion of the structure along
the crystallographic b axis.
High anisotropy of chemi-
cal bonding is evident in
this compound. The bond-
ing character is covalent
within the strands; howev-
er, interactions between the
double chains are weak and
consist of van der Waals
forces exclusively. Distan-
ces between sulfur atoms
of different chains of
3.45 ± 3.7 � are somewhat


shorter than twice the van der Waals radius of sulfur
(3.7 �).[26] Weak bonding between the chains clearly explains
the mechanical properties of the material, particularly the
appearance of extremely fine fibers. Also the juxtaposition of
the double chains in the crystal can be understood in terms of
anisotropic bonding. As seen from Figure 4, six neighboring
chains surround every strand in a distorted hexagonal manner.
A kind of close packing results, which, however, has two
restrictions: the hexagonal arrangement is distorted because
of the nonspheric cross-section and the chains are at the same
height (i.e. position in y) only along the c, but not along the a
direction due to the C-centering of the lattice. Along the a axis
the strands are arranged like a zip with each atom pointing
towards the gaps of the neighboring chain. An evident
tendency is to make the strand juxtaposition along the b axis
as close as possible.


A close inspection of the geometry raises questions about
the distortions of the chains. At this point it is not clear why


Figure 4. Crystal structure of PdGeS3, projection along [010].


the distances between germanium and the two terminal sulfur
atoms are different. The strands could be symmetric because
of their molecular character. In particular the reason for the
significant displacement of the palladium atoms from the
plane of sulfur atoms is not clearly evident. More detailed
information about the chemical bonding is required in order
to explain these results.


To gain a better insight into the chemical bonding in
PdGeS3, band structure calculations were carried out with the
LMTO-method. For the sake of clarity, the discussion is
confined to the more vivid real space representations of the
electronic structure. Figure 5 shows the total density of states
and the contribution of the palladium 4d orbitals (shaded
area) of PdGeS3. The 3s states of sulfur and 4s states of
germanium extend around ÿ13 and ÿ8 eV, respectively.
Between ÿ6 eV and the Fermi level we find the p levels of


Figure 5. Electronic density of states for PdGeS3; the energy zero is taken
at the Fermi level.


Figure 3. 11[(PdGeS3)2] strand with
{uB, 1 11}[1GeS3]2ÿ einer single
chains.
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sulfur and germanium mixed with the metal 4d states. The
strong broadening of the Pd 4d levels indicates various
interactions with the orbitals of the neighboring atoms. As
expected from the charge-precise ionic formula splitting
Pd2�Ge4�(S2ÿ)3, the material is a semiconductor. The calcu-
lated energy gap is 1.6 eV, but it must be kept in mind that the
local density approximation always produces energy gaps that
are much smaller than the experimental values. Above the
Fermi level the palladium 4d contribution around �2.5 eV
can be assigned to the x2ÿ y2 orbital pushed up in energy by
the crystal field splitting.


The significant displacement of the Pd atoms from the
square plane towards the interior of the strands leads to a
Pd ± Pd distance of 3.39 �. An attractive metal ± metal bond-
ing interaction, if any exists, must be made by the Pd 4dz2


orbitals pointing towards the neighboring metal atom. The
analysis of the band structure near the Fermi level reveals Pd-
Pd dds* antibonding character for the z2 orbitals near the top
of the valence band. These antibonding states are filled; thus
we conclude that no Pd ± Pd bonding takes place within the
chains. Reasons for the displacement out of the plane may
rather be found in the juxtaposition of the strands. This should
be governed by the competition between the closest packing
and the spatial requirements of the lone pairs on sulfur. Of
course the arrangement which yields the lowest total energy
will determine the structure.


Figure 6 shows the electron localization function (ELF)
calculated for the (010)-plane perpendicular to the chains at
y� 0. The shape and orientation of the lone pairs of electrons


Figure 6. Electron localization function (ELF); (010)-plane at y� 0;
contour values are 0.8 to 0.96.


on sulfur are clearly visible. High localization (ELF� 0.9) is
also discerned in the bonding region between S2/S3 and Ge, as
expected for covalent Ge ± S bonding. Maxima at S2 pointing
towards S3 and vice versa are residuals from the Pd ± S bonds
that lie outside the plane. Regions with high ELF values are
remarkably different around the sulfur atoms S2 and S3. The


lone pair of electrons at S3 points towards empty space, but
less space is available around S2. A significant deformation of
the lone pair topology is visible at S2 (compare with S3). As
seen from the ELF topology, it avoids interaction with the
neighboring palladium atom. This effect appears weak, since
the Pd ± S2 distance is 3.45 �; however, the S2 atom is located
above the square plane of sulfur atoms around the palladium
atom, and thus, the S2 lone pair of electrons interacts with
the Pd dz2 orbital lobe pointing out of the chain. Both orbitals
are filled, so a repulsive interaction (pds* antibonding)
results. This situation is similar to that in PdS2, where
Pd adopts square-planar coordination with two additional
sulfur atoms above and below the plane, leading to elongated
octahedra.[20] The two longer Pd ± S distances in PdS2


are 3.3 �. Clearly this repulsive interaction cannot be weak,
because it changes the cubic pyrite type to the layered PdS2


structure. Evidently, the same force is working in PdGeS3:
the electronic repulsion deforms the lone pair of electrons
on S2. In order to make the Pd ± S2 distance as long as
possible, the Pd atoms are displaced towards the interior
of the strands. At the same time the charge distribution (and
thus the ELF) around S2 is reorganized compared to that
around S3, leading to slightly different Pd ± S and Ge ± S bond
lengths. As the ELF analysis shows, the weak asymmetry of
the terminal Ge ± S bonds and the shift of the Pd atoms indeed
have their origin in the special juxtaposition of the one-
dimensional chains. Antibonding interactions between Pd and
the lone pair of electrons on S2 distort the strands, but
nevertheless this is the arrangement of lowest energy in the
solid state.


Experimental Section


General Remarks : Starting materials were palladium metal powder
(Degussa, 99.99 %), germanium powder (Chempur, 99.999 %), and S flakes
(Chempur, 99.999 %).


Palladium metathiogermanate, PdGeS3 : A stochiometric mixture of Pd
powder (0.232 g, 2.18 mmol), Ge (0.1583 g, 2.18 mmol), and S flakes
(0.2097 g, 6.54 mmol) was loaded into a silica tube. After the tube had been
evacuated and flushed with argon three times, it was sealed under an argon
atmosphere (ambient pressure). The mixture was heated at a rate of
50 8C hÿ1 to 600 8C, kept at this temperature for one week, and then the
furnace was allowed to cool to room temperature. This procedure produced
tufts of extremely fine transparent orange fibers (diameter �1 m, length up
to 1 mm) of PdGeS3, which are stable in air and insoluble in water, CS2, and
common organic solvents. In order to grow crystals, the product was
annealed in a molten flux of NaSCN at 600 8C for one week. NaSCN was
vacuum-dried at 120 8C before use. After the flux had been dissolved in
water and dried in vacuum, orange needlelike crystals were obtained. No
impurities could be detected within the accuracy of the X-ray powder
diffraction experiment, although traces of binary palladium sulfides were
visible in the microscope.


Structure determination : The crystal structure was determined by single-
crystal X-ray diffraction at room temperature. A Siemens P3 diffractom-
eter was used for the data collection. Lorentz and polarization corrections
were performed. Small absorption effects remained uncorrected. The
structure was solved in the space group C2/m by using direct methods
(SHELXTL)[27] and refined against F2


o (SHELXL-93),[28] Final refinements
included anisotropic displacement parameters for all atoms. Details of the
data collection and refinement are given in Table 2; the final atomic and
equivalent displacement parameters are listed in Table 3. Important
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interatomic distances and angles are summarized in Table 1. Further details
of the crystal structure investigations can be obtained from the Fachinfor-
mationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany
(fax: (�49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting
the depository number CSD-408505.


Electronic structure calculations : Self-consistent ab initio band structure
calculations were performed using the LMTO method in its scalar
relativistic version (program LMTO-ASA 47).[29] A detailed description
may be found elsewhere.[30±34] Reciprocal space integrations were per-
formed with the tetrahedron method using 524 irreducible k-points within
the Brillouin zone.[35] The basis sets consisted of 4d/5s/5p orbitals for Pd, 4s/
4p for Ge and 3s/3p for S. The 3d orbitals for S, 4d for Ge, and 4f for Pd
were treated by the downfolding technique.[36] To achieve space filling
within the atomic sphere approximation, interstitial spheres are introduced
to avoid too large overlap of the atom-centered spheres. The empty sphere
positions and radii were calculated by using an automatic procedure
developed by Krier et al.[37] An overlap of more than 15% was not allowed
for any two atom-centered spheres. A two-dimensional grid of the ELF[38]


was calculated. Within density functional theory, ELF depends on the
excess of local kinetic energy due to the Pauli principle compared with the
bosonic system (Pauli kinetic energy tP(r)). By definition the values for ELF
are confined to [0,1]. Regions in space, where the Pauli principle does not
increase the kinetic energy of the electrons (i.e. high values of ELF) can be
identified as areas where pairing of electrons with opposite spins play an


important role. Thus, high values of ELF can be treated as equivalent to
covalent bonds or lone pairs of electrons.[39]
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Table 2. Crystal data and details of the data collection of PdGeS3.


empirical formula PdGeS3


formula weight 275.17
diffractometer Siemens P3
radiation, wavelength [�] MoKa , l� 0.71073
monochromator graphite
data collection mode q-2q scan
crystal size [mm] 0.02� 0.25� 0.02
T [K] 298
crystal system monoclinic
space group C2/m
a [�] 14.217(6)
b [�] 3.453(2)
c [�] 9.079(6)
b [8] 106.58(4)
V [�3] 427.1(8)
Z 4
1calcd [gcmÿ3] 4.298
m (MoKa) [mmÿ1] 12.54
q-range [8] 3 ± 35
data collected 2709
unique data 1076 (Rint� 0.106)
refinement method full-matrix, based on F2


parameters 32
R1(F> 4s(F)), R1(all) 0.058, 0.091
wR2 (all) 0.156
goodness-of-fit 0.931
largest diff. peak/hole [e �ÿ3] 2.82/ÿ 2.14


Table 3. Atomic coordinates and equivalent displacement parameters for
PdGeS3 (all atoms in 4i (x,0,z), standard deviations in parentheses).[a]


Atom x z Ueq
[a]


Pd 0.3873(1) 0.0286(1) 0.0164(2)
Ge 0.0861(1) 0.3091(1) 0.0170(2)
S1 0.6294(2) 0.4689(3) 0.0200(5)
S2 0.1768(2) 0.1453(3) 0.0191(5)
S3 0.9229(2) 0.2095(3) 0.0185(5)


[a] The equivalent displacement parameter is defined as one-third of the
orthogonalized Uij tensor.








Templated Crystallisation of Calcium and Strontium Carbonates on Centred
Rectangular Self-Assembled Monolayer Substrates
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Abstract: The calcite and vaterite mod-
ifications of CaCO3 possess threefold
symmetry axes in their crystal structures,
while the aragonite modification does
not. Since many self-assembled mono-
layers (SAMs) of simple thiols on gold
organise in a hexagonal close-packed
manner, patterns for the templated crys-
tallisation of the first two polymorphs on
SAMs are simple to achieve. This is not
true in the case of aragonite. A substi-
tuted disulphide derived from anthra-


cene-2-carboxylic acid, which has been
previously established as forming cen-
tred rectangular lattices when assembled
on a gold (111) surface, has therefore
been employed to form substrates for
the crystallisation of CaCO3 with the
specific intention of preferentially in-


ducing the growth of aragonite. For
comparison, we have also performed
such crystallisations on a SAM substrate
derived from hexadecane thiol. While
the crystallisation of the CaCO3 poly-
morphs is invariably accompanied by
the problem of competing phases, SrCO3


crystallises from solution uniquely in the
strontianite modification, which is iso-
structural with aragonite. We have thus
performed the crystallisation of SrCO3


as well and present the results.


Keywords: alkyl thiol ´ aragonite ´
biomineralization ´ calcium ´
crystal growth


Introduction


There exists sustained interest in understanding natural
biomineralisation processes[1] typified by the ability of small
amounts of organic substances to determine the modes of
crystallisation of certain inorganic materials. Central to these
studies is the templated crystallisation of calcium carbonate in
its three ubiquitous polymorphs, calcite, vaterite and aragon-
ite, on substrates whose specific surface structure can be
controlled. Such studies have included the crystallisation of
calcium carbonate on surfaces modified with proteins,[2]


beneath Langmuir monolayers at the air ± water interface[3]


and on self-assembled monolayers (SAMs) of alkylsilyl
compounds on Si wafers.[4] Additionally, there has been some
interest in growing crystals of the calcium carbonate poly-


morphs in polymers[5] and in bicontinuous emulsions;[6] these
are of interest from a materials perspective rather than from
the viewpoint of understanding natural biomineralisation
processes. Our recent work in the area of templated crystal-
lisation/model biomineralisation has focused on the use of
SAMs of w-substituted alkylthiols on Au (111) as substrates
for templating the crystallisation of CaCO3 in its different
crystal modifications. We have been guided by the broad
principles that the surface structure of the SAMs can be
determined through atomic force microscopy (AFM) and can
be correlated with the polymorphism and habits of the CaCO3


crystals they template and, further, that the polarity of the
surface layer can be controlled through changing the w


functionality.
Our previous contributions on this subject have been


concerned less with microscopic detail than with some general
aspects of CaCO3 crystallisation on SAMs of substituted
alkylthiols on gold.[7, 8] This has included establishing whether
the substrate truly acts as a template, followed by studies on
the effects that temperature, the nature of the w substituent
and the length of the alkyl chain of the thiol may have upon
the relative and absolute amounts of the polymorphs of
CaCO3 formed on the SAMs. During these studies, we have
observed that aragonite is usually formed only when crystal-
lisation is carried out at 45 8C instead of 22 8C. Rietveld
refinement of X-ray powder diffraction (XRD) profiles has
proved to be a useful tool in estimating the relative amounts


[*] Prof. W. Tremel, J. Küther, Dr. R. Seshadri
Institut für Anorganische Chemie und Analytische Chemie
Johannes Gutenberg-Universität Mainz, Becherweg 24
D-55099 Mainz (Germany)
Fax: (�49) 6131-39-3922
E-mail : tremel@indigotrem1.chemie.uni-mainz.de


Dr. G. Nelles, Prof. H.-J. Butt
Institut für Physikalische Chemie
Johannes Gutenberg-Universität Mainz, Welderweg 11
D-55099 Mainz (Germany)


Dr. M. Schaub
W. C. Heraeus GmbH, Heraeusstr. 12 ± 14, D-63450 Hanau (Germany)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1834 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91834







1834 ± 1842


Chem. Eur. J. 1998, 4, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1835 $ 17.50+.25/0 1835


(weight fractions) of the different polymorphs and thus
proved crucial to obtaining a heuristic view of the processes
taking place.


In this contribution we focus on two distinct substrates and
their effect on templating the crystallisation of CaCO3. The
substrates are SAMs of mercapto hexadecane [CH3(CH2)15SH
(1), referred to in the rest of this article as C16H] and an
anthracene terminated thiol (2, referred to as ANTH), which
is the ester of anthracene-2-carboxylic acid and 11-mercapto
undecanol. Both the substrates have been characterised by


AFM investigations, which are presented here. We chose
C16H as being a representative thiol that forms SAMs with
the classical hexagonal lattice, as described later on. The
polymorphs calcite and vaterite possess threefold symmetry
axes (the respective space groups are R-3c and P63/mmc[9]),
while aragonite crystallises in the orthorhombic space group
Pmcn[10] and possesses no such threefold axis.[11] Since many


thiols form hexagonal close-packed lattices,[12] aragonite
templating is difficult to achieve thereon. The ANTH derived
substrate showed greater promise for the templating of
aragonite, since it forms a centred rectangular lattice when
self-assembled on an Au (111) surface. The comparison gains
validity from the fact that both SAMs are hydrophobic.


Another distinction of the aragonite structure is that the
Ca2� ions are nine-coordinate, rather than displaying the six-
coordination observed in the calcite and vaterite structures.
Ca2� is rather small for nine-coordination. Sr2� on the other
hand is big enough so that the aragonite structure is the stable
polymorph for SrCO3. Since the crystallisation of the different
polymorphs of CaCO3 are complicated by competing phase
amounts, rationalising the preference of one polymorph over
another is not trivial. As an example, the observation of one
polymorph and not another could indicate the promotion of
the one as well as the inhibition of the other. We therefore felt
that comparing the crystallisation of SrCO3 in the aragonite/
strontianite modification with the crystallisation of CaCO3 in
all three modifications might yield some insights into which
factors are important.


The present study complements related work by Litvin
et al. ,[13] who have shown that the rectangular structure of the
Langmuir monolayer obtained from a 5-hexadecyloxyisoph-
thalic acid derivative can preferentially crystallise aragonite at
the air ± water interface through specific templating. Our use
of robust, well-characterised self-assembled monolayers on
solid substrates rather than of Langmuir monolayers opens up
new possibilities and raises some interesting questions.


Results


AFM studies : Alkylthiols or -disulphides can be chemisorbed
from solution onto clean metal surfaces (Cu, Ag, Au, etc.)
whereupon they self-assemble into well-organised monolay-
ers.[14] The two-dimensional structure of these monolayers can
be influenced by various parameters including the nature and
surface structure of the metal, the alkyl chain length and the w


head group. Figure 1a shows a low-magnification AFM image
of the Au (111) surface covered with C16H. The features seen
correspond to terraces on the Au (111) surface. In panel b) we
show the same substrate at higher magnification, now
permitting the lattice formed by a monolayer of C16H to be
observed. The inset shows a two-dimensional Fourier trans-
form of this image, and attests to the hexagonal structure of
the SAM. The hexagonal lattice constant was determined by
AFM to be 5.0 �, which agrees well with the values of the
lattice constants obtained on a series of n-alkanethiols.[15]


The anthracene derived disulphide ANTH displays a
different pattern of thiol organisation. At low magnification
(Figure 2a) the AFM image suggests the presence of two
kinds of domains, each between 10 and 50 nm in extent.
Zooming in on the two different domains it appears that there
is no long-range periodicity in the darker areas, but the lighter
areas display, at high magnification, a centred rectangular
lattice structure (Figure 2b). The Fourier transform in the
inset of Figure 2b yields the symmetry, and further analysis
gives lattice parameters of 6.48 � and 8.31 � for the sides of


Abstract in German: Die beiden Modifikationen von CaCO3,
Calcit und Vaterit, enthalten in ihrer Kristallstruktur eine
dreizählige Symmetrieachse, die dritte Modifikation, Aragonit,
enthält hingegen keine. Selbstorganisierte Monoschichten
(SAMs) vieler einfacher Alkylthiole bilden auf Gold(111)-
Oberflächen hexagonal dichteste Packungen. Diese eignen sich
besonders zur templatinduzierten Kristallisation der ersten
beiden CaCO3-Phasen. Um speziell die Bildung des ortho-
rhombischen Aragonits zu fördern, wurde in dieser Arbeit ein
Disulfid verwendet, welches sich von einer substituierten
Anthracencarbonsäure ableitet und auf Gold(111)-Oberflä-
chen rechteckig c-zentrierte Gitter bildet. Zum Vergleich
wurden Experimente auf Monoschichten aus Hexadecanthiol
durchgeführt. Die Existenz von drei miteinander in Konkur-
renz stehenden Phasen erschwert es, Einblicke in die Wech-
selwirkungen zwischen Templat und Kristall zu erhalten. Da
dieses Problem beim zum Aragonit isostrukturellen System
von SrCO3 umgangen werden kann, wurden ebenfalls Kri-
stallisationen des Strontianits untersucht.
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Figure 1. Atomic force micrographs of a gold surface covered with C16H.
a) The low-magnification deflection mode image shows terraces on the
gold surface. b) Higher magnification in friction mode allows the hexagonal
lattice of the SAM to be seen. The inset of is a Fourier transform of the
image, attesting to the hexagonal structure of the thiol monolayer.


the centred rectangular lattice.[15] The reason for ANTH to
organise in this manner has to do with optimal packing of the
anthracene group. The profile of the anthracene head group
as seen from above is approximately oval and the densest
packing of ovals leads to a centred rectangular structure.
Figure 3 is a sketch of the two different schemes of thiol
organisation on the Au (111) surface. A comparison of the
known crystal structure of anthracene[16] and of other
condensed aromatics (naphthalene, tetracene etc.)[17] with
the 2D lattice structure of the SAM observed here is
revealing. The anthracene structure can be described as a
(nearly) close packing of anthracene molecules in the ab
plane, with the long axis of the anthracene molecules being
nearly perpendicular to this plane and with every alternate
molecule in the plane being oriented in a slightly different
manner. In the [001] projection, the anthracene molecules
display herringbone order rather than the uni-axial scheme
depicted in Figure 3. However, the a and b lattice parameters
of anthracene (8.56 and 6.04 �, respectively) are very similar
to those of the centred rectangular lattice determined by us.


Figure 2. a) Low-magnification height-mode AFM image of an ANTH
covered gold surface. The light and dark regions correspond to regions with
and without long-range periodicity, respectively, within the thiol mono-
layer. b) One of the light domains of a) in higher magnification in friction
mode. The lattice structure is visible and, from the Fourier transform
depicted in the inset, is seen to be centered rectangular.


This close similarity suggests that the ellipsoids depicted in
Figure 3 can therefore be considered as envelopes within
which the anthracene molecule has high existence probability.
The tethering of the anthracene head groups to the gold
surface through long alkyl chains might also affect the nature
of the packing (herringbone vs. uni-axial). Within the
resolution of the present technique, these features cannot be
unequivocally resolved. The different surface structures of the
two SAMs presented here can be expected to influence the
way they are able to template crystals.


Templated crystallisation : We have demonstrated in our
earlier publications that it is possible to grow all three water-
free calcium carbonate modifications, namely calcite, aragon-
ite and vaterite, at slightly elevated temperatures.[8] Two
methods have been used to collect information about phase
composition and morphologies of the crystals deposited on
the SAM substrates. Scanning electron (SE) microscopy
provides a view of crystal habits: crystals of calcite appear
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Figure 3. a) Scheme for the 2D hexagonal close packing of simple thiols
such as C16H on Au (111) surfaces. In the case of C16H aH� 5.00(1) �, and
gH� 1208. b) Scheme for the close packing of thiols (for disulphides the
shape of the thiolates is considered) that possess an oval rather than
circular profile when viewed from above. The primitive monoclinic and
centered rectangular lattices are outlined. For ANTH, gM� 104.78, aM�
5.30(1) �, aCR� 6.48(1) � and bCR� 8.31(1) �.


as compact rhombs, crystals of vaterite as hexagonal florets,
while aragonite tends to crystallise in needles that cluster.[18]


Scale factors obtained from the Rietveld refinement of the X-
ray powder diffraction patterns (usually refining cell, profile
and preferred orientation parameters) are then used to
calculate the amounts of the individual phases.


Figure 4 illustrates the kind of X-ray powder diffraction
patterns obtained from the crystals grown on the ANTH
surface. Figure 4a shows the experimental profile (uppermost
trace) and the contributions to the refined profile from the
different amounts of the three polymorphs, calcite (C),
vaterite (V) and aragonite (A), obtained when the crystal-
lisation was carried out at 22 8C. The trace at the bottom is the
difference in the experimental and refined profiles. Likewise,
Figure 4b displays the data acquired from crystallisation
experiments carried out at 45 8C on the ANTH surface. In
this latter case the experimental data is consistent with the
complete absence of vaterite and a high aragonite:calcite
ratio.


The analysis of these and other X-ray diffraction profiles
leads to the histograms in Figure 5, which show the phase
composition of crystals collected from the two SAM surfaces
as well as Au and glass references substrates at 22 8C and
45 8C. We estimate the relative spread in the data, due to
fluctuations between experiments, as well as errors introduced
during the analysis to be less than 10 %. At 22 8C all the
surfaces show nearly equal amounts of calcite and vaterite
except for ANTH, which shows a small amount of aragonite
as well. At 45 8C the possibility arises to build the high-
pressure orthorhombic aragonite phase in greater quantities.
On the polar glass surface calcite and aragonite are found in
about equal proportions. This surface is probably representa-
tive of the thermodynamics of CaCO3 formation at the two
temperatures in the absence of templating effects. The
organised hexagonal templates Au (111) and C16H clearly
disfavour aragonite. On the ANTH surface, however, we find
about 15 % aragonite when the crystallisation is carried out at


Figure 4. a) Experimental and refined powder X-ray diffraction profiles of
CaCO3 crystals collected from the ANTH surface after crystallisation at
22 8C. The experiment (top), the refined contributions due to calcite (C),
vaterite (V) and aragonite (A), and the difference between the exper-
imental and refined profiles (bottom) are shown. b) Experimental and
refined powder X-ray diffraction of CaCO3 crystals collected from the
ANTH surface after crystallisation at 45 8C. Vaterite does not contribute to
the refined profile.


Figure 5. Histograms of the phase composition (weight fractions) of
CaCO3 samples collected from different surfaces after crystallisation at
22 8C and 45 8C.
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22 8C and nearly 90 % aragonite when the crystallisation is
carried out at 45 8C.


In an attempt to understand modes of templating of the
different crystal polymorphs on the ordered, well-character-
ised surfaces, we turn to the SE micrographs of the C16H and
ANTH surfaces with the CaCO3 crystals grown thereon
(Figures 6 and 7). We can then proceed to draw links between
the crystal habits and orientations, and the 2D structure of the
template surface. Figures 6a and 6b display the C16H surface
with the crystals of calcite (rhombs) and vaterite (florets)
grown at a temperature of 22 8C. The rhombic calcite crystals
are often seen as standing on a vertex. This mode of
templating of the calcite crystals is explained by recognising
the (001) plane of the calcite crystal as sitting flat on the SAM
surface, since the dimensions of the (001) plane are in nearly
perfect epitaxy with the 2D hexagonal SAM structure. In the
case of vaterite, such templating is more difficult to identify.
The fact that the florets stand edge-on suggests, from our
knowledge of the vaterite crystal morphology, that the planes
in contact with the thiol substructure could be parallel to
either (100) or (110). In studying cuts of the crystal structure
parallel to these planes, we are unable to identify any low
index plane that might be epitaxial with the hexagonal thiol
template. In panels c) and d), obtained from crystallisations
on C16H performed at 45 8C, the clustering of the calcite
rhombs on this low-polarity surface is more clearly seen
though the vaterite florets are not so easily distinguished.


From isolated calcite crystals, we see that the templating
pattern is maintained.


Figure 7a displays all three crystal polymorphs of CaCO3


formed on the ANTH surface at 22 8C. The calcite rhombs are
now oriented in an arbitrary fashion and the vaterite florets


Figure 6. a) and b) SE micrographs showing crystals of calcite (rhombs) and vaterite (florets
standing on edge) obtained from CaCO3 crystallisation at 22 8C on C16H substrates. c) and d) SE
micrographs of calcite crystals formed at 45 8C on C16H substrates. The scale bars are a) 200 mm,
b) 200 mm, c) 50 mm and d) 20 mm.


Figure 7. a) SE micrograph of CaCO3 crystals
formed on ANTH substrates at 22 8C. All three
modifications, calcite rhombs, vaterite florets sit-
ting flat and aragonite needles, are seen. b) SE
micrograph of CaCO3 crystals formed on the
ANTH surface at 45 8C. The crystals are mostly
aragonite, with a few calcite rhombs also being
observed. c) Bundle of aragonite needles at higher
magnification. The bundle is overturned and pre-
sents the flat surface on which it was nucleated. The
scale bars in the panels are a) 200 mm, b) 200 mm
and c) 10 mm.
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are now seen to sit flat on their {001} crystal face. Comparing
this with the micrographs in Figure 6, we evidence the effect
of the different thiol structures on the crystals they template.
In Figure 7a we also observe some aragonite needles clustered
in the shape of a dog bone. On raising the temperature at
which crystallisation is carried out to 45 8C the vaterite florets
are missing (Figure 7b), consistent with the powder X-ray
pattern. One observes mostly bundles of aragonite needles
and a few small calcite rhombs. The calcite rhombs do not
display any evidence for templating. However, the manner in
which the bundles of aragonite needles resemble one another
suggests that the substrate plays a specific role. In panel c) of
Figure 7 we see, in high magnification, an efflorescent bundle
of aragonite needles that had fortuitously turned over during
the process of preparing the samples for the microscopy. The
base of this bundle is extremely flat suggesting that it has been
in direct contact with the SAM. The small hole in the centre is
due to the growth of the bundle preventing the uniform
accretion of material. The base of the bundle is about 5 mm
across. We know from the AFM images that the substrates are
not crystalline over such a large extent and infer that the
templating cannot be homogenous throughout. What is
interesting is that after growing outwards perpendicular to
the surface for a few mm, the growth direction of the needles
changes and they fan out. We return to this point in the
discussion.


As mentioned in the introduction, the larger size of the Sr2�


cation ensures that the carbonate crystallises in a stable
aragonite/strontianite structure. We were thus inclined to
examine whether the patterns of crystallisation of SrCO3


yields insight into aragonite crystallisation in the absence of
competing phases. Figure 8 is the refined powder X-ray


Figure 8. Experimental, refined and difference powder X-ray diffraction
profiles of SrCO3 in the strontianite/aragonite modification. The crystals
were collected from a gold surface after crystallisation at 22 8C.


pattern of SrCO3 crystallised on a clean gold substrate. There
is only one crystalline phase present, namely strontianite, that
has the aragonite structure, but with slightly different
positional parameters and larger lattice parameters. Fig-
ures 9a and 9b compare the nature of the crystals obtained
on a) clean gold and b) ANTH surfaces. In neither case is


Figure 9. SE micrographs of SrCO3 crystals formed a) on a gold surface
and b) on the ANTH surface at 22 8C. c) SE micrograph of a single
strontianite needle. The pseudo sixfold symmetry of the needle axis is to be
noted. The scale bars are a) 50 mm, b) 50 mm and c) 5 mm.


there any evidence for a preferred growth direction and,
interestingly, while the needles resemble those formed by
CaCO3 in the aragonite modification they do not cluster.
Panel c) of Figure 9 displays one such needle in higher
magnification. Of note is that the needle surface is not
continuous, but fragmented and that the overall symmetry
around the needle axis is sixfold.


The fact that we do not observe any obvious templating
mode in the case of SrCO3 on the ANTH surface in the
present experiments is perhaps not exclusively due to the
absence of a suitable mode of epitaxy, but instead could be
related to the kinetics of crystallisation. The smaller solubility
product of SrCO3 (compared with CaCO3) might result in the
crystallisation taking place too rapidly for templating effects
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to manifest. To further understand these aspects we attempted
the crystallisation of SrCO3 at 4 8C (by placing the exper-
imental set-up in a refrigerator). At this temperature the
solubility of SrCO3 does not change much (from the value at
22 8C), but the (NH4)2CO3 decomposition takes place much
more slowly. Heterogeneous nucleation on the template
surface therefore becomes much more important as seen
from the SE micrographs in Figure 10 at a) low and b) high


Figure 10. SE micrographs of SrCO3 crystals formed on the ANTH surface
at 4 8C at a) low magnification, showing banding or the formation of lines of
crystals on the surface and b) high magnification showing the kind of
bundling observed in the case of aragonite. The scale bars are a) 500 mm
and b) 20 mm.


magnification. The formation of large-scale structures on the
surface in the form of bands of crystals (Figure 10a) is
something that we have also observed in other crystallisation
experiments on thiol surfaces. The scale of the ordering (over
millimetres) has nothing to do with the microscopic structure
of the surface and is more likely related to Coulombic effects,
which are of large-length scales. This is an aspect that needs to
be investigated in detail. The florets seen in higher magnifi-
cation (Figure 10b) resemble the structures formed by ara-
gonite on this surface more closely and this suggests templat-
ing through epitaxy.


Discussion


Before attempting to correlate the 2D structure of the SAM
substrates with the habits and orientations of the CaCO3


crystals grown thereon, it should be noted that for the AFM


studies we used mica/Au and for the templated crystallisation
we used glass/Cr/Au. In the latter case we expect the planar
extent of the domains of single-crystalline Au (111) to be
smaller. In both cases, the size of the Au (111) domains (and
therefore the SAMS) are much smaller than the CaCO3 or
SrCO3 crystals that we examine. This is particularly true in the
case of the ANTH substrate in which the crystalline domains
extend only over 10 ± 50 nanometers. The correlation between
template and crystal structure is therefore justified only on
assuming that the template need only act in the very early
stages of crystallisation, when the nucleating crystal and the
crystalline domains in the SAM substrate are similar in extent.


On the C16H surface, correlating the {001} face [the (001)
plane] of the growing calcite crystal to the structure of the
substrate is trivial and is illustrated in Figure 11a. Similar


Figure 11. a) Scheme for epitaxy between the (001) plane of calcite and the
underlying hexagonal (as in C16H) SAM substructure. The Ca atoms are
depicted with hatched circles. b) Plausible modes of epitaxy between
aragonite and the ANTH SAM lattice. The Ca atoms are depicted with
hatched circles. At the upper left corner is a scheme showing the (100)
plane of aragonite and the middle right section shows a scheme of the (001)
plane of aragonite; both are overlayed on the centered rectangular SAM
lattice. The sides of the aragonite cell are aA� 4.96 �, bA� 7.98 � and cA�
5.75 �. c) Scheme for the twinning of two typical aragonite crystals.
d) Scheme for the trilling of three crystals. The crystal faces are labelled.


templating modes for vaterite do not seem as simple and
indeed in the surfaces presented here we find no clear
evidence for templating. Of the three polymorphs vaterite is
the least stable and its formation is possibly a manifestation of
Ostwald�s rule of successive crystallisation, wherein atoms
condense from the gas phase or precipitate from solution to
yield the least stable phase first. Indeed, it is our finding that
vaterite crystals redissolve over a period of time and
reprecipitate as the other modifications. The case of aragonite
is complicated by the way the needles tend to form bundles
and the presence of twinning. In earlier contributions we have
remarked on the preference of aragonite for rough or ill-
formed surfaces,[7, 8] noting that it could be a result of the
suppression of the other phases and/or the induction of
aragonite. This lead us to attempt the growth of aragonite on a
gold surface roughened by the tethering of gold colloids
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through dithiols.[19] However, despite the high aragonite yields
on such a surface there was no evidence for templating, with
the aragonite needles found in all possible orientations. The
AFM images of the ANTH surface shown in Figure 2 suggest
that while the local symmetry in the ordered domains (and
possibly also the domains with no long-range periodicity)
could be centred rectangular, the alternation of ordered and
disordered regions could give rise to a surface that is
microscopically rough and therefore favour aragonite forma-
tion. However comparisons between the nature of the bundles
of aragonite needles obtained in the present case with those
obtained on the colloid-roughened surface support a picture
of specific templating on the ANTH surface due to its 2D
lattice structure.


SrCO3 growth results in similar crystal morphologies when
the growth is carried out on clean Au (111) or on ANTH,
despite SrCO3 being isostructural with the CaCO3 modifica-
tion aragonite. When the temperature is lowered to 4 8C,
specific growth patterns emerge. This suggests the importance
of kinetics in templated crystallisation processes.


Litvin et al.[13] suggest that on their rectangular Langmuir
monolayer the preferred templating plane is (010), with the
epitaxial strain being less that 10 %. On the other hand, we
find through a comparison of low-index planes that a plane
parallel to (100) provides reasonable lattice matching with the
thiol substrate as depicted in the scheme in Figure 11. This
plane results in absolute lattice mismatch of 4 % and 11 %
along the two sides. For strontianite, the same plane would
result in lattice mismatch of 2 % and 6 %. The choice of this
initial growth direction, namely [100], also allows us to
reconcile the sudden fanning of the initial needles into the
efflorescent bundle that is finally obtained. It would seem that
secondary nucleation on the initial aragonite crystals takes
place that then permits the crystal to grow along the [001]
direction. This is the pseudohexagonal axis that permits the
kind of threefold twinning (trilling) that is observed in higher
magnification of the needles of both CaCO3 and SrCO3. Panel
b) of Figure 11 shows plausible schemes for epitaxy between a
plane parallel to the (100) and (001) planes of CaCO3-
aragonite and the centred rectangular thiol lattice. Consider-
ing the (001) plane the mismatch is larger, being 4 % and 23 %
along the two sides. The chief reason for our suggesting (100)
as the nucleating plane rather than (001) is not the larger
mismatch of the latter, but the observation that the needles
fan out after growing a few micrometres. Panel c) of Figure 11
displays the labelling of the crystal faces of a typical twin of
aragonite and panel d) shows a trilling, as presented in the
literature.[20] We propose that each needle of aragonite or
strontianite is such a trilling and the bundling is caused due to
the sudden change in the growth direction from that of the
original template, plausibly from [100] to the [001] needle
direction. In the absence of realistic computer simulations of
the nucleation and growth of CaCO3 on the SAM substrates,
we can only speculate on the nature of the initial interaction.
Considering the low polarity of the substrates used here, we
can expect that carbonate ions would be in close contact with
the organic substrates. In the case of aragonite nucleating on
the (100) plane on the ANTH substrate, it would appear that
the triangular carbonate groups nucleate with the plane of this


group perpendicular to the plane of the substrate and that one
of the oxygen atoms is in closest contact to the substrate.


Experimental Section


Details of the AFM measurements on SAMs of a number of different thiols
can be found in refs. [15, 21] and of the templated crystallisation experi-
ments in ref. [8]. Hexadecanethiol (abbreviated C16H, synthesis grade)
was purchased from Merck and SrCl2 ´ 6 H2O (PA) from Fluka. The
synthesis of the disulphide [(C14H9)COO(CH2)11S]2 is described in ref. [22].
For the AFM measurements Au (111) substrates were prepared by
evaporating 100 nm Au onto freshly cleaved mica in vacuum of around
10ÿ4 Pa at an evaporation rate of 0.2 nm sÿ1 employing a Baltec MED 020
coating system. After coating, the substrates were heated rapidly to 400 8C
in a purpose-built chamber and then quenched in a methanol bath to room
temperature. SAMs were prepared by placing the gold-coated substrates
for 12 to 18 hours in a 10ÿ4 ± 10ÿ3m solution of the corresponding thiol or
disulphide in ethanol or dichloromethane, followed by removal and
extensive rinsing. The measurements were done in a fluid cell with a
Nanoscope IIIa. The samples were imaged under ethanol in contact mode
with silicon nitride cantilevers of 100 mm length with sharpened tips (spring
constant 0.09 N mÿ1, Olympus). Details of image analysis are described
elsewhere.[21]


The crystallisation of calcium (strontium) carbonate was carried out on
glass-slide substrates, which were coated with 2 nm Cr, 50 nm Au and a
thiol SAM, over a 48 h period by holding the slides with the active surface
down in temperature- and pH-controlled solutions of CaCl2 or SrCl2. Solid
(NH4)2CO3 was used as a CO2 source for the precipitation. The powder
XRD measurements were performed in the q/2q transmission geometry
with a Siemens D5000 powder diffractometer with Ge(111) monochrom-
atized CuKa radiation (1.54056 �). Crystals were scraped from the surface
and mounted on ScotchTM tape. Data were collected from 208 to 608 2q,
with a step size of 0.028 and a count time of 25 seconds per step. Because of
the very small yields, it was necessary to collect samples from three to four
substrates for each experiment. The powder diffraction patterns were
subject to Rietveld refinement[23] by means of the XND computer
program.[24] SE micrographs were acquired on a Zeiss DSM 962 at
acceleration tensions of 5 ± 15 kV. The substrates on which the crystallisa-
tion was carried out were cut in small pieces, fastened with conducting glue
on aluminium sample holders and sputtered with gold before inserting into
the SE microscope.
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Tetracyclic Arenes by Benzannulation of Tricyclic Carbene Complexes of
Chromium with Alkynes: Chemo-, Regio-, and Stereoselectivity**


Jürgen Pfeiffer, Martin Nieger, and Karl Heinz Dötz*


Dedicated to Professsor Wolfgang Steglich on the occasion of his 65th birthday


Abstract: The tricarbonyl chromium complexes 7 ± 9 and the tetracyclic arenes 11 ±
13 were synthesized from 1-hexyne and the tricyclic chromium carbene complexes
3 ± 5, which are derived from diazo precursors. The nonplanar dibenzocyclohepten-
ylidene complex 4 afforded the benzannulation product SpMh/RpPh-8 stereoselec-
tively, as established by NMR spectra and an X-ray crystal structure analysis. The
benzannulation failed with the carbene complexes 1 and 2, presumably due to their
reduced propensity for decarbonylation. Upon reaction with 1-hexyne, carbene
complex 21, bearing two electronically different arene substituents, revealed only a
low regioselectivity (1.6:1) in favour of chromium complex 22, which results from the
annulation of the less electron-rich arene ring.


Keywords: arenes ´ benzannulation
´ carbenes ´ chromium ´
helical structures


Introduction


Fischer-type carbene complexes[1] have become valuable tools
for stereoselective carbon ± carbon bond formation within the
last three decades.[2] One of the most important synthetic
applications is the reaction of alkenyl- or aryl-substituted
alkoxycarbene complexes of chromium with alkynes, which
results in the formation of densely functionalized phenols or
naphthohydroquinones, respectively, by sequential coupling
of the alkyne, the carbene and one carbonyl ligand at a
Cr(CO)3 template (Figure 1).[3] This formal [3�2�1] cyclo-
addition proceeds with considerable regioselectivity in case of
alkyne substituents of distinctly different size.[4, 5] Generally,
the arene formation is the major reaction path; however,
depending both on the substrates and the reaction conditions,
other cycloaddition products have been observed as well.[6]


The synthetic potential of the benzannulation reaction has


Figure 1. Mechanism of the benzannulation reaction.


been demonstrated in the synthesis of various naturally
occuring compounds like vitamins of the E and K series,[7]


antibiotics like deoxyfrenolicin,[8] various daunomycinones[9]


and fredericamycin.[10] Kinetic studies[11] indicate that the
benzannulation reaction starts with a reversible decarbon-
ylation that is followed by coordination of the alkyne to form
a tetracarbonyl alkynecarbene complex A as the first
intermediate.[12, 13] Further support for the mechanism has
been provided by isolation and structural characterization of
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presumed intermediates relevant to B[14] and C,[15] as well as
by extended Hückel molecular orbital (EHMO)[16] and
quantum chemical calculations.[17, 18] We recently reported
the synthesis and first benzannulation reactions of tricyclic
carbene complexes of chromium derived from diazo precur-
sors.[19] We now present a full account of the regio- and
stereochemical implications, as well as of the chemoselectivity
of this type of reaction.


Results and Discussion


Reactions with 1-hexyne : The chromium carbene complexes
1 ± 6[19] derived from diazo precursors were treated with 1-
hexyne (4 equiv) in tert-butyl methyl ether at room temper-
ature (reaction of 3 required warming to 40 8C). After
consumption of the starting compounds, silylation with
NEt3/tert-butyldimethylsilyl chloride (TBDMSCl) and col-
umn chromatographic workup, the tricarbonyl chromium
complexes 7 ± 10 and the tetracyclic arenes 11 ± 13 were
obtained in good overall yields with complete regioselectivity
(Scheme 1, Table 1). Surprisingly, no benzannulation reaction
products could be obtained from the reactions of the carbene
complexes 1 and 2 under various reaction conditions. Instead,
a 78 % yield of the formal carbene dimer 9,9'-[bis-(9H)-
fluorenylidene] (14) (see Scheme 2), which results from
thermal decomposition of carbene complex 1,[19] was isolated,
while reaction of 2 only gave a complex reaction mixture.[20]


Molecular structure of the tricarbonyl chromium complexes 8
and 9 in solution : Compounds 8 and 9, obtained from the
benzannulation reactions of the carbene complexes 4 and 5,
respectively, with 1-hexyne, contain a plane of chirality and
are known to adopt a helical conformation.[21] As a result, two
diastereomers may be formed in each case. For the tricarbonyl
complex 9, containing a CH2ÿCH2 bridge, a temperature
dependence of the NMR spectra was observed that can be
rationalized in terms of a conformational flexibility of the
tetracyclic carbon skeleton (Figure 2). The 13C NMR spec-
trum of 9 measured at 253 K showed all expected resonances
as sharp signals. Warming to 298 K led to broadening of some
signals, for example, the resonance of the carbonyl groups;


Scheme 1. Reactions of the carbene complexes 1 ± 6 with 1-hexyne.
Reagents and conditions: a) 1-hexyne (4 equiv), tBuOMe, 20 8C (40 8C in
case of 3), 2 h; b) TBDMSCl (4 equiv), NEt3 (4 equiv), 20 8C, 2 h.


moreover, several signals of the arene carbon atoms coordi-
nated to the Cr(CO)3 fragment could not be detected. Further
increase in temperature to 323 K resulted in sharp signals
once again. This behaviour can be explained by the presence
of the thermodynamically more stable SpMh/RpPh


[22] diaster-
eomer at 253 K as a single stereoisomer. At 323 K the
interconversion of the helical conformers is fast with respect
to the NMR time scale. In the temperature range between 253
and 323 K the interconversion is slow, but the observation of
both diastereomers together could not be achieved. The
NMR spectra of the annulation product 8 revealed a single set
of signals and no temperature dependence of the NMR
spectra was observed; this is in accordance with a less
pronounced flexibility of the unsaturated seven-membered
ring of 8.


Abstract in German: Die aus Diazovorstufen erhaltenen
Carbenkomplexe des Chroms 3 ± 5 reagieren mit 1-Hexin
unter Benzanellierung zu den tetracyclischen Tricarbonyl-
chromkomplexen 7 ± 9 und den tetracyclischen Arenen 11 ± 13.
Anhand der Temperaturabhängigkeit der NMR-Spektren so-
wie durch eine Röntgenstrukturanalyse konnte die stereoselek-
tive Bildung von SpMh/RpPh-8 aus 4 nachgewiesen werden.
Keine Benzanellierung gehen dagegen die Carbenkomplexe 1
und 2 mit 1-Hexin ein, was sich durch deren geringere Neigung
zur Abspaltung eines Kohlenmonoxidliganden erklären läût.
Bei der Reaktion von 1-Hexin mit dem Carbenkomplex 21, der
zwei elektronisch verschiedene Arylsubstituenten aufweist, trat
eine mäûig bevorzugte Anellierung des elektronenärmeren
Arylrings ein (22 :23� 1.6:1).


Table 1. Products from the reactions of carbene complexes 1 ± 6 with 1-
hexyne.


Products Yield [%] S [%][a]


1 14 78
2 [b]


3 7 26 68
11 42


4 8 55 55
5 9 27 53[c]


12 < 5
13 26


6 10 62 62


[a] Sum of all benzannulation products. [b] Only an unseparable reaction
mixture was obtained. [c] Without 12.
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Scheme 2. Reactions of the carbene complexes 1, 3 and 4 with
bis(trimethylsilyl)ethyne. Reagents and conditions: a) tmsÿC�Cÿtms
(4 equiv), tBuOMe, 20 8C (40 8C in case of 3), 2 h; b) MeOH, 20 8C, 1 h.


X-ray crystal structure of tricarbonyl chromium complex 8 :
The relative configuration of the benzannulation reaction
product 8 in the solid state was unequivocally established by
X-ray crystal structure analysis after suitable crystals had
been obtained from a saturated solution in n-hexane at
ÿ28 8C (Figure 3, Table 2). As expected, the tricarbonyl
chromium moiety in 8 is coordinated to the sterically less


Table 2. Selected bond lengths and dihedral angles of 8 (for atom
numbering see Figure 3, standard deviations are given in parentheses).


bond lengths [pm]
Cr1ÿC1 219.7(6)
Cr1ÿC2 226.1(7)
Cr1ÿC3 230.9(8)
Cr1ÿC3a 233.9(7)
Cr1ÿC12c 225.8(7)
Cr1ÿC12b 224.7(7)


dihedral angles [8]
C1-C12b-C12c-C3a ÿ 6.5 (0.9)
C3-C3a-C12c-C12b 9.2 (1.0)
C2-C3-C3a-C12c ÿ 6.5 (1.0)
C3a-C3-C2-C1 1.1 (1.0)
C3-C2-C1-C12b 1.4 (1.0)
C2-C1-C12b-C12c 1.5 (1.0)
C12-C12a-C12b-C1 32.2 (0.9)
C7-C6a-C12c-C12b ÿ 17.9 (1.1)


Figure 3. Molecular structure of chromium complex 8.[23]


Figure 2. Temperature dependence of the CO (left) and one of the
CH2ÿCH2 bridge carbon atoms (right) of chromium complex 9 (125.6 MHz,
CDCl3).


a) 323 K
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crowded face of the carbon skeleton to form the
SpMh/RpPh diastereomer as a single stereoisomer
(Figure 3). As already known from related com-
pounds, the tricarbonyl chromium moiety is bound to
the arene ring in a staggered conformation in the
solid state.[24] In addition, the tricarbonyl chromium
fragment is coordinated in a noncentrosymmetric
manner and shifted away from the seven-membered
ring as indicated by the unequal h-CareneÿCr bond
lengths (Table 2).[25] The diastereoselectivity of the
benzannulation reaction of 4, which does not contain
any stereochemical information, can be explained by
the reaction mechanism and the structure of the
central seven-membered ring of carbene complex 4.
According to theoretical studies,[16±18] the formation
of the vinyl carbene complexes Aanti or Asyn repre-
sents the side-differentiating step of the reaction
mechanism (Figure 4). The rigid nonplanar structure
of the 5-(5H)-dibenzo[a.d]cycloheptenylidene moi-
ety[26] offers an explanation for the preferred forma-
tion of the vinyl carbene complexes Aanti that leads to
the benzannulation product 8 with the SpMh/RpPh


stereochemistry.


Reactions with bis(trimethylsilyl)ethyne and 4-pen-
tyn-1-ol : Two strategies have been applied in order to
explain the lack of reactivity of the carbene complexes 1 and 2
towards 1-hexyne. Reaction of the carbene complexes 1, 3 and
4 with bis(trimethylsilyl)ethyne led only in case of 4 to the
expected[15] vinyl ketene 15, which could not be isolated in
pure form (Scheme 2); addition of methanol gave a 26 % yield
of methyl ester 16 after purification by preparative HPLC. As
with 1-hexyne, only the carbene dimer 14 (82% yield) could
be isolated from the reaction of carbene complex 1 with
bis(trimethylsilyl)ethyne along with a small amount of (9H)-
fluorene-9-one. Surprisingly, reaction of carbene complex 3
gave no vinyl ketene; instead, cyclopropene 17 was obtained
in a 44 % yield after sublimation, representing the first
example of a cyclopropenation of an alkyne by a chromium
carbene complex.[27] The different reactivity of carbene
complexes 3 and 4 may be rationalized in terms of the
conformative flexibility of the xanthene moiety.[28] As a result,
in the presumed vinyl carbene intermediate the a-trimethyl-
silyl substituent and the xanthene carbon skeleton are occa-
sionally in the same plane. This coplanar conformation
imposes a steric strain that may be reduced by an intra-
molecular rearrangement accompanied by loss of the tetra-
carbonyl chromium fragment. As a result, the formation of
cyclopropene 17 is assumed to be faster than the CcarbeneÿC�O
coupling leading to a vinyl ketene.


Reaction of 4-pentyn-1-ol with the carbene complexes 1, 3
and 4 was expected to yield either the benzannulation
reaction products or d-lactones by intramolecular addition
of the hydroxy group to the vinyl ketene intermediate. In case
of 1, carbene dimer 14 and (9H)-fluorene-9-one were isolated
once again along with a 59 % yield of pentacarbonyl(2-
oxacyclohexylidene)chromium(0) (18), resulting from alkynol
cyclization[29] of 4-pentyn-1-ol with the pentacarbonyl chro-
mium fragment, which evolves during the thermal decom-


position of carbene complex 1 (Scheme 3). Reaction of the
xanthenylidene complex 3 afforded the tetracyclic arene 19
after silylation of the benzannulation product, whereas
reaction of 4 gave the chromium tricarbonyl complex 20
along with a 33 % yield of 2-oxacyclohexylidene complex 18.
As in the reaction of carbene complex 4 with 1-hexyne, the
benzannulation product 20 is presumed to adopt the SpMh/
RpPh configuration.


Because no reaction giving evidence for decarbonylation
occurred between the carbene complexes 1 and 2 and the


Scheme 3. Reactions of the carbene complexes 1, 3 and 4 with 4-pentyn-1-
ol. Reagents and conditions: a) 4-pentyn-1-ol (4 equiv), tBuOMe, 20 8C
(40 8C in case of 3), 2 h; b) TBDMSCl (4 equiv), NEt3 (4 equiv), 20 8C, 2 h.


Figure 4. Diastereoselective formation of SpMh/RpPh-8.
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alkynes employed, we presume that the diverse reaction
behaviour of the carbene complexes 1 ± 5 reflects their
different propensity for decarbonylation.[30] Assuming a slow
rate of carbon monoxide dissociation from the carbene
complex 1, which benefits from a more efficient stabilization
(compared with 4) of the metal carbene moiety as a result of
the almost planar carbene ligand,[19] thermal decomposition to
yield the carbene dimer 14 is much faster than decarbon-
ylation. In contrast, the nonplanarity of the dibenzo[a.d]cy-
cloheptenylidene ligand of 4 results in an enhanced propensity
for decarbonylation, which enables the alkyne coordination
that is crucial for the benzannulation reaction. In all reactions
of xanthenylidene complex 3, representing the most stable of
the carbene complexes employed, warming to 40 8C was
required to achieve decarbonylation; this is in accordance
with the electron-donating character of the xanthenylidene
ligand.


Reaction of pentacarbonyl[(4-methoxyphenyl)(phenyl)car-
bene]chromium(0) (21) with 1-hexyne : Studies directed
towards the regioselectivity of the formal [3�2�1] cyclo-
addition reaction of diarylcarbene complexes containing two
electronically different arene substituents remain controver-
sial so far.[4a, 31±32] In order to address this aspect of the
benzannulation reaction, carbene complex 21 was treated
with 1-hexyne. After silylation, the two regioisomeric tricar-
bonyl complexes (22 and 23) were obtained (Scheme 4). The


Scheme 4. Reaction of carbene complex 21 with 1-hexyne. Reagents and
conditions: a) 1-hexyne (4 equiv), tBuOMe, 20 8C, 2 h; b) TBDMSCl
(4 equiv), NEt3 (4 equiv), 20 8C, 2 h.


regioselectivity (isomer ratio 22 :23� 1.6:1), which was found
to be in accordance with a preference for the less electron-rich
arene already reported earlier by this group,[31] was very low.
The regioisomers 22 and 23 have been assigned on the basis of
their 1H NMR spectra. The spectrum of the major isomer 22 is
characterized by an ABCD spin system of the resonances
assigned to the protons H5 to H8. In contrast, substitution of
proton H6 by a methoxy group results in an ABC spin system
in 23 that is characterized by the coupling constant between
H5 and H7 (4JHH� 1.96 Hz).


In summary, the benzannulation reaction of the tricyclic
carbene complexes 3 ± 5 provides an efficient synthetic
strategy to obtain tetracyclic arenes with a defined substitu-
tion pattern on the newly formed arene ring.


Experimental Section


General : All operations were carried out in flame-dried glassware under an
atmosphere of argon with standard Schlenk techniques. 1H and 13C NMR
spectra were recorded on Bruker AM 250, AM 400 and DRX 500 spec-
trometers. All chemical shifts are given relative to TMS as external
standard. FT-IR spectra were recorded on a Nicolet Magna 550 spectrom-
eter. MS(EI) and HR-MS(EI) were determined on a Kratos MS-50
spectrometer. Elemental analyses were carried out with an Elementar-
analysator CHN-O-Rapid (Heraeus). Melting points were recorded with a
Büchi SMP 20 and are uncorrected. Thin-layer chromatography (TLC):
Merck precoated sheets, 60F254; column chromatography was performed
with Merck silica gel, grade 60 (0.062 ± 0.200 mm).


Starting compounds : Dichloromethane, tert-butyl methyl ether, n-hexane
and petroleum ether (40/60) were dried by distillation from calcium
hydride under argon. Liquid starting compounds were degassed by the
freeze, pump and thaw technique and stored over molecular sieves (4 �).
The carbene complexes 1 ± 6 and 21 were prepared according to published
procedures.[19] All other chemicals were used as received from commercial
sources.


Crystal structure determination of tricarbonyl chromium complex 8 :
C31H34CrO4Si ´ 0.25 hexane, M� 572.2, triclinic, space group P1Å (no. 2),
red crystals, dimensions 0.05� 0.13� 0.40 mm3, a� 11.787(1), b�
12.912(1), c� 21.191(1) �, a� 85.06(1)8, b� 79.17(1)8, g� 75.73(1)8, V�
3067.3(4) mm3, Dc� 1.24 Mgmÿ3, Z� 4, m (CuKa)� 3.708 mmÿ1, T�
200(2) K, F(000)� 1210; 8286 reflections were collected on an Enraf-
Nonius CAD4 diffractometer (2qmax� 1108, ÿ12�h� 0, ÿ13� k� 13,
ÿ22� l� 22), 7708 symmetry independent reflections (Rint� 0.043) were
used for the structure solution (direct methods)[33] and refinement (full-
matrix least squares on F 2,[34] 691 parameters, 58 restraints), non-hydrogen
atoms were refined anisotropically, H atoms localized by difference
electron density and refined with a riding model; wR2� 0.214 [R1� 0.076
for I> 2s(I)]. An empirical absorption correction was applied.[35] The
solvent n-hexane was disordered. Crystallographic data (excluding struc-
ture factors) for the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-101048. 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).


General procedure for the reactions of carbene complexes 1 ± 6 and 21 with
alkynes : The carbene complex (1 mmol) was dissolved in tert-butyl methyl
ether (10 mL) at ÿ20 8C. After addition of the corresponding alkyne
(4 mmol) and three cycles of the freeze, pump and thaw technique, the
reaction mixture was stirred at room temperature until consumption of the
carbene complex was complete (1 ± 2 h, TLC control; the reactions of
carbene complex 3 required gentle warming to 40 8C). This was accom-
panied by a colour change from violet (1), red (2, 4 ± 6, 21) or blue (3) to
orange or colourless. After transferring the reaction mixture by syringe into
a Schlenk tube containing TBDMSCl (4 mmol, 0.6 g) and NEt3 (4 mmol,
0.4 g), the mixture was stirred for another two hours. After removal of the
solvent under reduced pressure the residue was separated by column
chromatography under argon at ÿ20 8C.


Reaction of pentacarbonyl[9-(9H)-fluorenylidene]chromium(0) (1) with 1-
hexyne : The reaction of 1 (1 mmol, 0.35 g) with 1-hexyne (4 mmol, 0.33 g)
afforded 9,9'-[bis-(9H)-fluorenylidene] (14) (0.13 g, 0.39 mmol, 78 % with
regard to 1) after column chromatographic workup (eluent: petroleum
ether/dichloromethane� 3:1).


9,9'-[Bis-(9H)-fluorenylidene] (14): Red crystals, m.p. 186 8C (lit. : 185 ±
187 8C[36]); Rf� 0.8 (petroleum ether/dichloromethane� 3:1); 1H NMR
(400 MHz, CDCl3): d� 7.32 (t, 3JHH� 7.82 Hz, 4 H; ArH), 7.40 (t, 3JHH�
7.43 Hz, 4H; ArH), 7.70 (d, 3JHH� 7.43, 4H; H4, H4', H5, H5'), 8.32 (d,
3JHH� 7.82 Hz, 4H; H1, H1', H8, H8'); 13C NMR (100.6 MHz, CDCl3): d�
119.63 (4C; ArCt), 119.82 (2C; C9, C9'), 125.79 (4 C; ArCt), 127.55 (4 C;
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ArCt), 129.16 (4C; ArCt), 136.51 (4C; ArCq), 140.18 (4C; ArCq); IR (KBr):
nÄ � 3055 (m), 1477 (m), 1444 (s, C�C), 1348 (m), 763 (s), 721 cmÿ1 (vs); MS
(70 eV, EI): m/z (%): 328 (100) [M�], 300 (10), 163 (15); HR-MS (EI): calcd
for C26H16: 328.1252; found 328.1247 (100 %, [M�]).


Reaction of exo-pentacarbonyl{spiro-(1''''H)-indeno-(1'''',1'')-cycloprop[2'',3''-
b]-1-(1H)-indanylidene}chromium(0) (2) with 1-hexyne : The reaction of 2
(1 mmol, 0.42 g) with 1-hexyne (4 mmol, 0.33 g) followed by column
chromatographic workup (eluent: petroleum ether/dichloromethane� 1:1)
afforded 0.36 g of an orange mixture of compounds that could not be
separated.


Reaction of pentacarbonyl[9-(9H)-xanthenylidene]chromium(0) (3) with
1-hexyne : The reaction of 3 (1 mmol, 0.37 g) with 1-hexyne (4 mmol,
0.33 g) at 40 8C afforded an orange solution. Column chromatographic
workup (eluent: petroleum ether/dichloromethane� 2:1) gave the ben-
zannulation product 11 (0.17 g, 0.42 mmol, 42 %) and the corresponding
tricarbonyl chromium complex 7 (0.14 g, 0.26 mmol, 26 %).


2-Butyl-3-tert-butyldimethylsilyloxy-benzo[k.l]xanthene (11): Colourless
crystals; Rf� 0.9 (petroleum ether/dichloromethane� 2:1); 1H NMR
(500 MHz, CDCl3): d� 0.20 (s, 6H; Si(CH3)2), 0.95 (t, 3JHH� 7.34 Hz, 3H;
H4'), 1.11 (s, 9H; C(CH3)3), 1.42 (psex, 3JHH� 7.34 Hz, 2H; H3'), 1.64
(pquin, 3JHH� 7.34 Hz, 2H; H2'), 2.76 (t, 3JHH� 7.34 Hz, 2 H; H1'), 6.85 (d,
3JHH� 7.45 Hz, 1 H; ArH), 7.05 (d, 3JHH� 8.34 Hz, 1H; ArH), 7.07 (t, 3JHH�
7.95 Hz, 1H; ArH), 7.21 (t, 3JHH� 7.25 Hz, 1H; ArH), 7.32 (t, 3JHH�
7.95 Hz, 1 H; ArH), 7.45 (s, 1H; H1), 7.47 (d, 3JHH� 8.75 Hz, 1H; ArH),
7.77 (d, 3JHH� 7.55 Hz, 1H; ArH); 13C NMR (125.6 MHz, CDCl3): d�
ÿ3.12 (2C; Si(CH3)2), 14.08 (C4'), 16.69 (C(CH3)3), 22.69 (C3'), 26.08
(3C; C(CH3)3), 30.55 (C2'), 32.60 (C1'), 107.32 (ArCt), 115.37 (ArCt),
116.89 (ArCt), 116.93 (ArCt), 120.32 (ArCq), 121.00 (ArCq), 121.55 (ArCq),
122.13 (ArCt), 123.24 (ArCt), 126.23 (ArCt), 128.77 (ArCt), 129.47 (ArCq),
129.49 (ArCq), 146.86 (C3), 151.06, 151.54 (2C; C6a, C6b); MS (70 eV, EI):
m/z (%): 404 (100) [M�], 347 (15) [M�ÿC4H9], 290 (60) [M�ÿ 2C4H9], 73
(30) [Si(CH3)�3 ]; HR-MS (EI): calcd for C26H32O2Si: 404.2171; found
404.2167 (100 %, [M�]); C26H32O2Si (404.62): calcd C 77.18, H 7.91; found C
77.08, H 8.04.


Tricarbonyl[1-3a:11c-11b-h-(2-butyl-3-tert-butyldimethylsilyloxy-ben-
zo[k.l]xanthene)]chromium(0) (7): Orange crystals; m.p. 85 8C (decomp);
Rf� 0.45 (petroleum ether/dichloromethane� 2:1); 1H NMR (500 MHz,
CDCl3, 253 K): d� 0.49 (s, 3 H; SiCH3), 0.52 (s, 3H; SiCH3), 1.02 (t, 3JHH�
7.66 Hz, 3H; H4'), 1.15 (s, 9 H; C(CH3)3), 1.5 (psex, 3JHH� 7.66 Hz, 2H;
H3'), 1.69 (pquin, 3JHH� 7.66 Hz, 2H; H2'), 2.48 (dt, 2JHH� 13.55 Hz,
3JHH� 7.66 Hz, 1H; H1'), 2.85 (dt, 2JHH� 13.55 Hz, 3JHH� 7.66 Hz, 1H;
H1'), 5.81 (s, 1H; H1), 6.81 (d, 3JHH� 6.08 Hz, 1H; H6), 7.09 (t, 3JHH�
7.65 Hz, 1 H; H10), 7.07 (d, 3JHH� 7.65 Hz, 1H; H8), 7.36 (t, 3JHH� 7.65 Hz,
1H; H9), 7.45 (m, 2H; H4, H5), 7.69 (d, 3JHH� 7.64 Hz, 1 H; H11);[37] 13C
NMR (125.6 MHz, CDCl3, 253 K): d�ÿ3.73 (q; SiCH3),ÿ1.89 (q; SiCH3),
14.14 (q; C4'), 18.76 (s; C(CH3)3), 22.89 (t; C3'), 25.92 (q, 3 C; C(CH3)3),
30.28 (t; C2'), 33.06 (t; C1'), 82.30 (d; C1), 92.06 (s; Ar-h-Cq), 92.56 (s; Ar-h-
Cq), 104.11 (s; Ar-h-Cq), 104.55 (s; Ar-h-Cq), 108.22 (d; ArCt), 116.08 (d;
ArCt), 117.15 (d; ArCt), 117.68 (s; C10a), 122.46 (d; ArCt), 124.04 (d; ArCt),
127.53 (s; C3), 130.04 (d; ArCt), 130.78 (d; ArCt), 150.64, 151.52 (s, 2C; C6a,
C6b), 233.39 (s; 3C, CO); FT-IR (hexane): nÄ � 1963 (vs, C�O, A1), 1901 (s,
C�O, E), 1889 cmÿ1 (sh, C�O, E); MS (70 eV, EI): m/z (%): 540 (18) [M�],
484 (5) [M�ÿ 2 CO], 456 (100) [M�ÿ 3 CO], 404 (95) [M�ÿCr(CO)3], 290
(40) [M�ÿCr(CO)3ÿ 2C4H9], 126 (40), 73 (30) [Si(CH3)�3 ], 52 (14) [Cr�];
HR-MS (EI): calcd for C29H32CrO5Si: 540.1424; found 540.1404 (18 %,
[M�]).


Reaction of pentacarbonyl{5-(5H)-dibenzo[a.d]cycloheptenylidene}chro-
mium(0) (4) with 1-hexyne : The reaction of 4 (1 mmol, 0.38 g) with 1-
hexyne (4 mmol, 0.33 g) afforded an orange solution. After silylation and
column chromatographic workup (eluent: petroleum ether/
dichloromethane� 2:1) 0.30 g SpMh/RpPh-8 were obtained.


SpMh/RpPh-Tricarbonyl{1-3a:12c-12b-h-(2-butyl-3-tert-butyldimethylsilyl-
oxy-benzo[4,5]cyclohepta[1,2,3-de]naphthalene)}chromium(0) (8): Orange
crystals; m.p. 105 ± 108 8C (decomp), Rf� 0.55 (petroleum ether/
dichloromethane� 2:1); 1H NMR (500 MHz, CDCl3, 253 K): d� 0.45 (s,
6H; Si(CH3)2), 1.01 (t, 3JHH� 7.55 Hz, 3 H; H4'), 1.12 (s, 9H; C(CH3)3), 1.51
(m, 2 H; H3'), 1.72 (pquin, 3JHH� 7.55 Hz, 2 H; H2'), 2.52 (dt, 2JHH�
15.51 Hz, 3JHH� 7.55 Hz, 1H; H1'), 2.82 (dt, 2JHH� 15.51 Hz, 3JHH�
7.55 Hz, 1 H; H1'), 5.67 (s, 1H; H1), 6.46 (d, 3JHH� 12.32 Hz, 1 H; H7),
6.58 (d, 3JHH� 12.32 Hz, 1H; H8), 7.05 (d, 3JHH� 6.76 Hz, 1H; H6), 7.15 (d,


3JHH� 6.95 Hz, 1 H; H9), 7.31 (dd, 3JHH� 6.76, 8.74 Hz, 1H; H5), 7.33 ± 7.37
(m, 2H; H10, H11), 7.39 (d, 3JHH� 7.15 Hz, 1H; H12), 7.65 (d, 3JHH�
8.74 Hz, 1H; H4);[37] 13C NMR (125.6 MHz, CDCl3, 253 K): d�ÿ3.53
(SiCH3), ÿ2.04 (SiCH3), 14.23 (C4'), 18.73 (C(CH3)3), 22.99 (C3'), 25.59
(3C; C(CH3)3), 29.97 (C2'), 33.18 (C1'), 93.93 (C1), 103.08 (Ar-h-Cq),
105.06 (Ar-h-Cq), 106.11 (Ar-h-Cq), 106.61 (Ar-h-Cq), 122.63 (C4), 127.74
(C5), 129.42 (C11), 129.76 (C10), 130.24 (C6), 130.69 (C3), 131.16 (C9),
131.89 (C12), 132.66 (C8), 133.75 (C7), 135.83 (ArCq), 137.13 (ArCq), 137.29
(ArCq), 233.68 (3C; CO);[38] FT-IR (hexane): nÄ � 1957 (vs, C�O, A1), 1894
(s, C�O, E), 1880 cmÿ1 (s, C�O, E); MS (70 eV, EI): m/z (%): 550 (8) [M�],
494 (4) [M�ÿ 2 CO], 466 (100) [M�ÿ 3CO], 414 (40) [M�ÿCr(CO)3], 357
(14) [M�ÿCr(CO)3ÿC4H9], 300 (16) [M�ÿCr(CO)3ÿ 2C4H9], 126 (31),
73 (9) [Si(CH3)�3 ], 52 (3) [Cr�]; HR-MS (EI): calcd for C31H34CrO4Si:
550.1631; found 550.1629 (8%, [M�]); C31H34CrO4Si (550.69): calcd C 67.61,
H 6.22; found C 67.93, H 6.34.


Reaction of pentacarbonyl{5-(5H)-dibenzo[a.d]cycloheptylidene}chromi-
um(0) (5) with 1-hexyne : The reaction of 5 (1 mmol, 0.38 g) with 1-hexyne
(4 mmol, 0.33 g) afforded an orange reaction mixture. Silylation and
column chromatographic workup (eluent: petroleum ether/dichloro-
methane� 2:1) gave impure 2-butyl-3-tert-butyldimethylsilyloxy-7,8-dihy-
dro-benzo[4,5]cyclohepta[1,2,3-de]naphthalene (12) (<5 %, identified by
mass spectrometry), tricarbonyl chromium complex 9 (0.15 g, 0.27 mmol,
27%) and the thermolabile unprotected tetracyclic benzannulation prod-
uct 13[39] (0.08 g, 0.26 mmol, 26%).


2-Butyl-3-tert-butyldimethylsilyloxy-7,8-dihydro-benzo[4,5]cyclohep-
ta[1,2,3-de]-naphthalene (12): Colourless oil; Rf� 0.7; MS (70 eV, EI): m/z
(%): 416 (3) [M�], 359 (3) [M�ÿC4H9], 302 (100) [M�ÿ 2C4H9], 274 (15),
259 (30) [M�ÿ 2C4H9ÿCH3ÿSi], 245 (19) [M�ÿC4H9ÿTBDMS], 231
(45); HR-MS (EI): calcd for C28H36OSi: 416.2535; found 416.2544 (3 %,
[M�]).


Tricarbonyl{1-3a:12c-12b-h-[2-butyl-3-tert-butyldimethylsilyloxy-7,8-dihy-
drobenzo[4,5]cyclohepta[1,2,3-de]naphthalene]}chromium(0) (9): Red
crystals; m.p. 76 8C (decomp); Rf� 0.4 (petroleum ether/dichloro-
methane� 2:1); 1H NMR (500 MHz, CDCl3, 298 K): d� 0.49 (s, 3H;
SiCH3), 0.53 (s, 3 H; SiCH3), 0.95 (t, 3JHH� 7.25 Hz, 3H; H4'), 1.13 (s, 9H;
C(CH3)3), 1.28 (psex, 3JHH� 7.35 Hz, 2 H; H3'), 1.62 (m, 2H; H2'), 2.68
(ddd, 2,3JHH� 5.12, 11.72, 14.00 Hz, 1H; H1'), 2.84 (ddd, 2,3JHH� 5.12, 11.52,
14.11 Hz, 1H; H1'), 3.01 (br, 2 H; H7 or H8), 3.27 (br, 2H; H7 or H8), 5.88
(s, 1 H; H1), 6.86 (d, 3JHH� 6.26 Hz, 1 H; ArH), 6.99 (d, 3JHH� 7.35 Hz, 1H;
ArH), 7.03 (dd, 3JHH� 6.75, 8.84 Hz, 1 H; ArH), 7.17 (t, 3JHH� 6.85 Hz, 1H;
ArH), 7.23 (t, 3JHH� 7.63 Hz, 1H; ArH), 7.81 (d, 3JHH� 7.83 Hz, 1 H; ArH),
8.18 (d, 3JHH� 8.74 Hz, 1 H; ArH); 13C NMR (125.6 MHz, CDCl3, 298 K):
d�ÿ3.06 (SiCH3), ÿ2.23 (SiCH3), 13.99 (C4'), 18.94 (C(CH3)3), 23.00
(C3'), 25.94 (3 C; C(CH3)3), 29.77 (C2'), 32.72 (C1'), 34.66 (br; C8), 40.03
(C7), 100.97 (Ar-h-Cq), 103.05 (Ar-h-Cq), 125.3 (ArCt), 125.45 (ArCt),
126.86 (ArCt), 127.18 (ArCt), 127.93 (ArCt), 128.68 (ArCt), 132.24 (ArCt),
137.44 (ArCq), 141.19 (ArCq), 143.49 (ArCq), 233.23 (3C; CO); 13C NMR
(125.6 MHz, CDCl3, 253 K): d�ÿ3.45 (SiCH3), ÿ2.24 (SiCH3), 14.15
(C4'), 18.82 (C(CH3)3), 22.97 (C3'), 25.71 (3C; C(CH3)3), 29.54 (C2'), 32.98
(C1'), 34.56 (C8), 39.83 (C7), 100.97 (Ar-h-Cq), 101.32 (Ar-h-Cq), 102.51
(C1), 103.28 (Ar-h-Cq), 106.48 (Ar-h-Cq), 124.97 (ArCt), 125.76 (ArCt),
126.79 (ArCt), 127.01 (ArCt), 127.84 (ArCt), 128.72 (ArCt), 130.62 (C3),
132.29 (ArCt), 137.21 (ArCq), 141.16 (ArCq), 143.28 (ArCq), 233.28 (3 C;
CO);[40] FT-IR (KBr): nÄ � 2958 (m), 2927 (m), 2858 (m), 1952 (vs, C�O, A1),
1880 (vs, C�O, E), 1849 (vs, C�O, E), 1460 (m, C�C), 1363 (m), 1261 (m),
1103 (m, Si-O-C), 864 (m), 804 cmÿ1 (m); MS (70 eV, EI): m/z (%): 552 (0.3)
[M�], 496 (0.2) [M�ÿ 2CO], 468 (33) [M�ÿ 3 CO], 416 (100) [M�ÿ
Cr(CO)3], 359 (32) [M�ÿCr(CO)3ÿC4H9], 302 (40) [M�ÿCr(CO)3ÿ
2C4H9], 287 (20) [M�ÿCr(CO)3ÿC4H9ÿCH3], 84 (20) [C4H8Si�], 73
(22) [Si(CH3)�3 ]; HR-MS (EI): calcd for C31H36CrO4Si: 552.1788; found
552.1787 (0.3 %, [M�]); C31H36CrO4Si (552.71): calcd C 67.37; H 6.57; found
C 66.59, H 6.56.


2-Butyl-7,8-dihydro-3-hydroxybenzo[4,5]cyclohepta[1,2,3-de]naphthalene
(13): Colourless unstable solid; Rf� 0.25 (petroleum ether/
dichloromethane� 2:1); 1H NMR (500 MHz, C6D6): d� 0.92 (t, 3JHH�
7.50 Hz, 3 H; H4'), 1.31 (psex, 3JHH� 7.50 Hz, 2 H; H3'), 1.55 (pquin,
3JHH� 7.50 Hz, 2H; H2'), 2.52 (t, 3JHH� 7.50 Hz, 2 H; H1'), 3.06 (br, 2H; H7
or H8), 3.28 (br, 2H; H7 or H8), 4.86 (s, 1H; OH), 7.14 (d, 3JHH� 7.25 Hz,
1H; ArH), 7.18 (d, 3JHH� 6.85 Hz, 1 H; ArH), 7.27 ± 7.29 (m, 1H; ArH), 7.34
(t, 3JHH� 8.09 Hz, 1 H; ArH), 7.35 (t, 3JHH� 7.91 Hz, 1 H; ArH), 7.54 (s, 1H;
H1), 7.69 (d, 3JHH� 7.65 Hz, 1H; ArH), 8.39 (d, 3JHH� 8.35 Hz, 1H; ArH);
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13C NMR (125.6 MHz, C6D6): d� 14.12 (C4'), 22.79 (C3'), 29.69 (C2'), 32.36
(C1'), 35.33 (C8), 40.33 (C7), 120.64 (ArCt), 121.39 (ArCq), 124.49 (ArCt),
126.54 (ArCq), 126.72 (ArCt), 127.04 (ArCt), 127.11 (ArCt), 127.75 (ArCt),
131.12 (ArCq), 131.42 (ArCq), 132.19 (ArCt), 133.31 (ArCt), 140.43 (ArCq),
141.86 (ArCq), 143.77 (ArCq), 149.31 (C3); FT-IR (KBr): nÄ � 3566 (m,
OÿH), 3022 (m), 2953 (m), 2926 (m), 2853 (m), 1598 (w), 1504 (w), 1377
(w), 1171 (m), 770 (s), 752 cmÿ1 (m); MS (70 eV, EI): m/z (%): 302 (100)
[M�], 287 (5) [M�ÿCH3], 259 (38) [M�ÿC3H7], 245 (18) [M�ÿC4H9], 231
(14) [M�ÿC4H9ÿCH2], 215 (20), 202 (8); HR-MS (EI): calcd for C22H22O:
302.1671, found 302.1672 (100 %, [M�]).


Reaction of pentacarbonyl[bis(4-methoxyphenyl)carbene]chromium(0)
(6) with 1-hexyne : The reaction of 6 (1 mmol, 0.42 g) with 1-hexyne
(4 mmol, 0.33 g) gave tricarbonyl chromium complex 10 (0.36 g, 0.62 mmol,
62%) after silylation and column chromatographic workup (eluent:
petroleum ether/dichloromethane� 1:1).


Tricarbonyl{1-4a:8a-h-[3-butyl-4-tert-butyldimethylsilyloxy-6-methoxy-1-
(4'-methoxy)phenyl-naphthalene]}chromium(0) (10): Red crystals; Rf� 0.6
(petroleum ether/dichloromethane� 1:1); 1H NMR (500 MHz, CDCl3):
d� 0.52 (s, 3H; SiCH3), 0.58 (s, 3 H; SiCH3), 0.97 (t, 3JHH� 7.52 Hz, 3H;
H4''), 1.18 (s, 9 H; C(CH3)3), 1.49 (psex, 3JHH� 7.52 Hz, 2 H; H3''), 1.68
(pquin, 3JHH� 7.52 Hz, 2 H; H2''), 2.58 (dt, 2JHH� 15.51 Hz, 3JHH� 7.52 Hz,
1H; H1''), 2.87 (dt, 2JHH� 15.51 Hz, 3JHH� 7.52 Hz, 1 H; H1''), 3.89 (s, 3H;
OCH3), 3.95 (s, 3H; OCH3), 5.48 (s, 1H; H2), 7.04 (d, 3JHH� 8.54 Hz, 2H;
H3', H5'), 7.06 (dd, 3JHH� 9.49 Hz, 4JHH� 2.53 Hz, 1H; H7), 7.15 (d, 4JHH�
2.53 Hz, 1 H; H5), 7.57 (br, 2H; H2', H6'), 7.73 (d, 3JHH� 9.49 Hz, 1 H; H8);
13C NMR (125.6 MHz, CDCl3): d�ÿ3.07 (SiCH3), ÿ1.69 (SiCH3), 13.97
(C4''), 18.88 (C(CH3)3), 22.88 (C3''), 25.84 (3C; C(CH3)3), 29.99 (C2''),
32.71 (C1''), 55.37 (OCH3), 55.52 (OCH3), 95.61 (C2), 99.85 (Ar-h-Cq),
100.35 (C5), 102.05 (Ar-h-Cq), 105.25 (Ar-h-Cq), 107.80 (Ar-h-Cq), 113.89
(2C; C3', C5'), 122.42 (C7), 128.02 (C4), 129.72 (C8), 129.89 (C1'), 132.16
(2C; C2', C6'), 158.77, 159.76 (2 C; C6, C4'), 233.94 (3C; CO);[38] FT-IR
(hexane): nÄ � 1956 (vs, C�O, A1), 1889 (s, C�O, E), 1876 cmÿ1 (s, C�O, E);
MS (70 eV, EI): m/z (%): 586 (9) [M�], 530 (2) [M�ÿ 2CO], 502 (100)
[M�ÿ 3CO], 450 (78) [M�ÿCr(CO)3], 393 (109 [M�ÿCr(CO)3ÿC4H9],
336 (26) [M�ÿCr(CO)3ÿ 2 C4H9], 126 (29), 73 (53) [Si(CH3)�3 ], 52 (25)
[Cr�]; HR-MS (EI): calcd for C31H38CrO6Si: 586.1843; found 586.1843
(9%, [M�]); C31H38CrO6Si (586.72): calcd C 63.46, H 6.53; found C 63.53, H
6.57.


Reaction of pentacarbonyl[9-(9H)-fluorenylidene]chromium(0) (1) with
bis(trimethylsilyl)ethyne : The reaction of 1 (1 mmol, 0.35 g) with bis(tri-
methylsilyl)ethyne (4 mmol, 0.68 g) afforded 9,9'-[bis-(9H)-fluorenylidene]
(14) (0.14 g, 0.41 mmol, 82% with regard to 1) and a small amount of (9H)-
fluorene-9-one (<5 %) after column chromatographic workup (eluent:
petroleum ether/dichloromethane� 3:1).


Reaction of pentacarbonyl[9-(9H)-xanthenylidene]chromium(0) (3) with
bis(trimethylsilyl)ethyne : The reaction of 3 (1 mmol, 0.37 g) with bis(tri-
methylsilyl)ethyne (4 mmol, 0.68 g) afforded a pale yellow reaction
mixture. Column chromatographic workup (eluent: petroleum ether/
dichloromethane� 2:1) followed by sublimation gave cyclopropene 17
(0.15 g, 0.44 mmol, 44%).


2,3-Bis(trimethylsilyl)-spiro{cyclopropene[1.9']-(9'H)-xanthene} (17): Pale
yellow crystals; m.p. 85 8C; Rf� 0.6; 1H NMR (500 MHz, CDCl3): d� 0.17
(s, 18 H; 2� Si(CH3)3), 6.57 (d, 3JHH� 6.86 Hz, 2 H; ArH), 6.85 ± 6.93 (m,
4H; ArH), 7.00 ± 7.05 (m, 2 H; ArH); 13C NMR (125.6 MHz, CDCl3): d�
ÿ0.68 (6 C; 2�Si(CH3)3), 29.79 (C1), 115.12 (2 C; ArCt), 122.10 (2C; C2,
C3), 122.29 (2C; ArCt), 124.38 (2C; ArCt), 125.73 (2C; ArCt), 131.87 (2C;
C8a', C9a'), 153.25 (2C; C4a', C4b'); FT-IR (KBr): nÄ � 3037 (w), 2960 (w),
1728 (m), 1483 (s), 1446, (s), 1261 (vs), 847 (vs), 760 cmÿ1 (vs); MS (70 eV,
EI): m/z (%): 350 (45) [M�], 335 (3) [M�ÿCH3], 277 (80) [M�ÿ Si(CH3)3],
262 (85) [M�ÿ Si(CH3)3ÿCH3], 247 (5) [M�ÿSi(CH3)3ÿ 2CH3], 73 (100)
[Si(CH3)�3 ]; HR-MS (EI): calcd for C21H26OSi2: 350.1522; found 350.1519
(45 %, [M�]); C21H26OSi2 (350.61): calcd C 71.94, H 7.47; found C 71.89, H
7.79.


Reaction of pentacarbonyl{5-(5H)-dibenzo[a.d]cycloheptenylidene}chro-
mium(0) (4) with bis(trimethylsilyl)ethyne : The reaction of 4 (1 mmol,
0.38 g) with bis(trimethylsilyl)ethyne (4 mmol, 0.68 g) afforded a colourless
reaction mixture. Column chromatographic workup (eluent: petroleum
ether/dichloromethane� 5:1) gave impure vinyl ketene 15 as colourless
solid. After dissolving in CH2Cl2 (20 mL) and addition of methanol (1 mL)
the reaction mixture was strirred at room temperature for one hour.


Separation by preparative HPLC (n-hexane/diethyl ether� 95:5) gave
methyl ester 16 (0.11 g, 0.26 mmol, 22%).


{[5'-(5'H)-Dibenzo[a.d]cycloheptenylidene]trimethylsilyl}methyltrimethyl-
silylketene (15): Rf� 0.4 (dichloromethane); FT-IR (KBr): nÄ � 2954 (m),
2923 (m), 2853 (m), 2077 (vs, C�C�O), 1257 (s), 842.9 (vs), 802 cmÿ1 (s);
MS (70 eV, EI): m/z (%): 388 (18) [M�], 360 (40) [M�ÿCO], 287 (35)
[M�ÿCOÿ Si(CH3)3], 272 (100) [M�ÿCOÿ Si(CH3)3ÿCH3], 218 (27),
73 (88) [Si(CH3)�3 ]; HR-MS (EI): calcd for C24H28OSi2: 388.1679; found
388.1680 (18 %, [M�]).


Methyl-2,3-bis(trimethylsilyl)-3-{5'-(5'H)-dibenzo[a.d]cycloheptenylidene}-
propionate (16): Colourless solid; m.p. 101 8C; Rf� 0.55 (petroleum ether/
diethyl ether� 2:1); 1H NMR (500 MHz, CDCl3): d�ÿ0.22 (s, 9H;
Si(CH3)3), ÿ0.17 (s, 9H; Si(CH3)3), 3.67 (s, 3H; OCH3), 4.04 (s, 1H; H2),
6.93 (d, 3JHH� 11.68 Hz, 1H; Halkene), 6.98 (d, 3JHH� 11.68 Hz, 1 H; Halkene),
7.19 (d, 3JHH� 7.63 Hz, 1 H; ArH), 7.23 (t, 3JHH� 7.55 Hz, 1H; ArH), 7.26 ±
7.28 (m, 2H; ArH), 7.32 ± 7.39 (m, 4 H; ArH); 13C NMR (62.5 MHz, CDCl3):
d�ÿ0.15 (3C; Si(CH3)3), 2.19 (3 C; Si(CH3)3), 42.77 (C2), 50.92 (OCH3),
126.33 (ArCt), 126.89 (ArCt), 127.16 (ArCt), 127.60 (ArCt), 128.03 (ArCt),
128.32 (ArCt), 128.50 (2 C; ArCt), 131.14 (ArCt), 131.35 (ArCt), 133.79
(ArCq), 135.01 (ArCq), 137.95 (ArCq), 139.49 (ArCq), 141.13 (ArCq), 149.41
(ArCq), 175.19 (C�O); FT-IR (KBr): nÄ � 3063 (m), 3013 (m), 2949 (m),
2897 (m), 1724 (s), 1703 (vs, C�O), 1433 (m), 1246 (vs), 843 (vs), 791 cmÿ1


(m); MS (70 eV, EI): m/z (%): 420 (35) [M�], 405 (25) [M�ÿCH3], 316 (28)
[M�ÿOCH3ÿ Si(CH3)3], 301 (20) [M�ÿOCH3ÿ Si(CH3)3ÿCH3], 287
(10) [M�ÿOCH3ÿSi(CH3)3ÿCHO], 272 (26) [M�ÿOCH3ÿSi(CH3)3ÿ
CHOÿCH3], 215 (80) [M�ÿOCH3ÿCOÿ 2Si(CH3)3], 147 (30), 89 (20),
73 (100) [Si(CH3)�3 ]; HR-MS (EI): calcd for C25H32O2Si2: 420.1941; found
420.1949 (35 %, [M�]); C25H32O2Si2 (420.7): calcd C 71.38, H 7.67; found C
71.26, H 7.71.


Reaction of pentacarbonyl[9-(9H)-fluorenylidene]chromium(0) (1) with 4-
pentyn-1-ol : The reaction of 1 (1 mmol, 0.35 g) with 4-pentyn-1-ol (4 mmol,
0.33g) afforded 14 (0.075 g, 0.23 mmol, 46% with regard to 1) and 2-
oxacyclohexylidene complex 18 (0.16 g, 0.59 mmol, 59 %) after column
chromatographic workup (eluent: petroleum ether/dichloromethane�
3:1).


Pentacarbonyl(2-oxacyclohexylidene)chromium(0) (18): Orange crystals;
m.p. 48 8C (decomp); Rf� 0.5 (petroleum ether/dichloromethane� 3:1);
1H NMR (500 MHz, CDCl3): d� 1.65 (pquin, 3JHH� 7.13 Hz, 2H; CH2),
1.87 (pquin, 3JHH� 6.68 Hz, 2H; CH2), 3.49 (t, 3JHH� 6.85 Hz, 2H; H6),
4.62 (t, 3JHH� 5.96 Hz, 2H; H3); 13C NMR (125.6 MHz, CDCl3): d� 15.7
(CH2), 21.3 (CH2), 52.8 (C6), 74.9 (C3), 216.6 (4C; COcis), 224.1 (1 C;
COtrans), 355.7 (1 C; Ccarbene); FT-IR (hexane): nÄ � 2063 (m, C�O, A1), 1986
(w, C�O, B), 1944 cmÿ1 (vs, C�O, E, A1); MS (70 eV, EI): m/z (%): 276 (25)
[M�], 248 (12) [M�ÿCO], 220 (8) [M�ÿ 2CO], 192 (12) [M�ÿ 3 CO], 164
(24) [M�ÿ 4CO], 136 (90) [M�ÿ 5CO], 108 (12), 80 (22), 52 (100) [Cr�];
C10H8CrO6 (276.17): calcd C 43.49, H 2.92; found C 43.44, H 3.09.


Reaction of pentacarbonyl[9-(9H)-xanthenylidene]chromium(0) (3) with
4-pentyn-1-ol : The reaction of 3 (1 mmol, 0.37 g) with 4-pentyn-1-ol
afforded a pale yellow reaction mixture. In situ silylation and column
chromatographic workup (eluent: petroleum ether/dichloromethane� 2:1)
gave the benzannulation product 19 (0.12 g, 0.24 mmol, 68%) as a yellow
oil, which slowly decomposed even at ÿ38 8C.[39]


2-(3-tert-Butyldimethylsilyloxy)propyl-3-tert-butyldimethylsilyloxyben-
zo[k.l]xanthene (19): Yellow unstable oil; Rf� 0.5 (petroleum ether/
dichloromethane� 2:1); 1H NMR (500 MHz, CDCl3): d� 0.06 (s, 6H;
Si(CH3)2), 0.19 (s, 6 H; Si(CH3)2), 0.92 (s, 9 H; C(CH3)3), 1.11 (s, 9H;
C(CH3)3), 1.87 (m, 2H; H2'), 2.82 (m, 2 H; H1'), 3.66 (t, 3JHH� 6.31 Hz, 2H;
H3'), 6.84 (d, 3JHH� 7.65 Hz, 1 H; ArH), 7.04 (d, 3JHH� 8.12 Hz, 1H; ArH),
7.07 (t, 3JHH� 7.75 Hz, 1H; ArH), 7.20 (t, 3JHH� 7.75 Hz, 1 H; ArH), 7.29 (t,
3JHH� 8.05 Hz, 1 H; ArH), 7.46 (s, 1H; H1), 7.47 (d, 3JHH� 8.49 Hz, 1H;
ArH), 7.78 (d, 3JHH� 7.35 Hz, 1H; ArH); 13C NMR (125.6 MHz, CDCl3):
d�ÿ5.26 (2 C; Si(CH3)2), ÿ3.07 (2C; Si(CH3)2), 18.40 (C(CH3)3), 18.71
(C(CH3)3), 26.02 (3 C; C(CH3)3), 26.12 (3 C; C(CH3)3), 27.28 (C2'), 33.30
(C1'), 62.80 (C3'), 107.39 (ArCt), 115.34 (ArCt), 116.94 (2 C; ArCt), 120.37
(ArCq), 120.96 (ArCq), 121.62 (ArCq), 122.15 (ArCt), 123.27 (ArCt), 126.26
(ArCt), 128.07 (ArCq), 128.80 (ArCt), 129.52 (ArCq), 146.99 (C3), 151.06,
151.52 (C6a, C6b); FT-IR (film): nÄ � 2954 (s), 2929 (s), 2858 (s), 1600 (m),
1485 (s), 1402 (s), 1263 (vs, CO-Si), 1108 (s), 966 (s), 843 (vs), 768 cmÿ1 (s);
MS (70 eV, EI): m/z (%): 520 (100) [M�], 505 (2) [M�ÿCH3], 463 (5)
[M�ÿC4H9], 348 (12) [M�ÿC4H9ÿTBDMS], 147 (20), 73 (50)
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[Si(CH3)�3 ]; HR-MS (EI): calcd for C31H44O3Si2: 520.2829; found 520.2821
(100 %, [M�]).


Reaction of pentacarbonyl{5-(5H)-dibenzo[a.d]cycloheptenylidene}chro-
mium(0) (4) with 4-pentyn-1-ol : The reaction of 4 (1 mmol, 0.38 g) with 4-
pentyn-1-ol (4 mmol, 0.33 g) afforded an orange reaction mixture. Silyla-
tion followed by column chromatographic workup (eluent: petroleum
ether/dichloromethaner� 2:1) gave carbene complex 18 (0.09 g,
0.33 mmol, 33%) and tricarbonyl chromium complex 20 (0.30 g, 0.46 mmol,
46%).


Tricarbonyl{1-3a:12c-12b-h-[2-(3-tert-butyldimethylsilyloxy)propyl-3-tert-
butyldimethylsilyloxybenzo[4,5]cyclohepta[1,2,3-de]naphthalene]}chromi-
um(0) (20): Red crystals; m.p. 84 8C (decomp); Rf� 0.5 (petroleum ether/
dichloromethane� 2:1); 1H NMR (500 MHz, CDCl3): d� 0.09 (s, 6H;
Si(CH3)2), 0.43 (s, 3H; SiCH3), 0.44 (s, 3 H; SiCH3), 0.93 (s, 9H; C(CH3)3),
1.12 (s, 9H; C(CH3)3), 1.98 (m, 2H; H2'), 2.69 (ddd, 2,3JHH� 6.66, 9.79,
14.62 Hz, 1H; H1'), 2.89 (ddd, 2,3JHH� 5.49, 9.51, 14.62 Hz, 1H; H1'), 3.79
(m, 2 H; H3'), 5.72 (s, 1H; H1), 6.42 (d, 3JHH� 12.27 Hz, 1 H; H7 or H8),
6.52 (d, 3JHH� 12.27 Hz, 1H; H7 or H8), 7.01 (d, 3JHH� 6.76 Hz, 1H; ArH),
7.10 (d, 3JHH� 6.56 Hz, 1H; ArH), 7.20 ± 7.30 (m, 3H; ArH), 7.41 (d, 3JHH�
7.26 Hz, 1 H; ArH), 7.66 (d, 3JHH� 8.64 Hz, 1 H; ArH); 13C NMR
(125.6 MHz, CDCl3): d�ÿ5.26 (SiCH3), ÿ5.25 (SiCH3), ÿ3.04 (SiCH3),
ÿ1.99 (SiCH3), 18.39 (C(CH3)3), 18.87 (C(CH3)3), 25.94 (3C; C(CH3)3),
25.98 (3C; C(CH3)3), 26.77 (C2'), 33.29 (C1'), 62.37 (C3'), 94.53 (C1), 102.41
(Ar-h-Cq), 104.14 (Ar-h-Cq), 105.53 (Ar-h-Cq), 107.05 (Ar-h-Cq), 123.37
(ArCt), 127.22 (ArCt), 129.26 (ArCt), 129.74 (ArCt), 130.37 (ArCt), 131.26
(ArCt), 131.60 (C3), 131.97 (ArCt), 132.78 (ArCt), 133.75 (ArCt), 135.99
(ArCq), 137.31 (ArCq), 137.55 (ArCq), 233.54 (3C; CO); FT-IR (hexane):
nÄ � 1959 (vs, C�O, A1), 1897 (s, C�O, E), 1884 cmÿ1 (s, C�O, E); FT-IR
(KBr): nÄ � 2963 (m), 2931 (m), 2857 (m), 1950 (vs, C�O, A1), 1871 (s, C�O,
E), 1471 (m), 1370 (m), 1258 (m), 1100 (m), 833 (m), 781 cmÿ1 (m); MS
(70 eV, EI): m/z (%): 666 (10) [M�], 582 (37) [M�ÿ 3 CO], 530 (100) [M�ÿ
Cr(CO)3], 473 (8) [M�ÿCr(CO)3ÿC4H9], 268 (30) [M�ÿCr(CO)3ÿ
2 tBuMe2SiO], 73 (78) [Si(CH3)�3 ]; HR-MS (EI): calcd for C33H46CrO2Si2:
582.2441; found 582.2449 (37 %, [M�ÿ 3CO]); C36H46CrO5Si2 (666.93):
calcd C 64.83, H 7.14; found C 64.63, H 6.95.


Reaction of pentacarbonyl[4-methoxyphenyl(phenyl)carbene]chromi-
um(0) (21) with 1-hexyne : The reaction of 21 (1 mmol, 0.39 g) with 1-
hexyne (4 mmol, 0.33 g) afforded an orange solution. Silylation followed by
column chromatographic workup (eluent: petroleum ether/diethyl ether�
3:1) gave the tricarbonyl chromium complexes 23 (0.14 g, 0.25 mmol, 25%)
and 22 (0.22 g, 0.4 mmol, 40%).


Tricarbonyl{1-4a:8a-h-[3-butyl-4-tert-butyldimethylsilyloxy-1-(4'-methoxy)-
phenylnaphthalene]}chromium(0) (22): Red crystals; Rf� 0.4 (petroleum
ether/diethyl ether� 3:1); 1H NMR (500 MHz, CDCl3): d� 0.41 (s, 3H;
SiCH3), 0.45 (s, 3H; SiCH3), 0.95 (t, 3JHH� 7.25 Hz, 3H; H4''), 1.13 (s, 9H;
SiC(CH3)3), 1.45 (psex, 3JHH� 7.25 Hz, 2H; H3''), 1.64 (pquin, 3JHH�
7.25 Hz, 2H; H2''), 2.57 (m, 1 H; H1''), 2.85 (m, 1 H; H1''), 3.91 (s, 3H;
OCH3), 5.75 (s, 1 H; H2), 6.95 ± 7.15 (m, 4H; H2', H3', H5', H6'), 7.39 (t, 3J�
7.65 Hz, 1H; ArH), 7.45 (t, 3JHH� 7.65 Hz, 1 H; ArH), 7.75 (d, 3JHH�
8.64 Hz, 1 H; ArH), 8.02 (d, 3JHH� 8.64 Hz, 1H; ArH); 13C NMR
(125.6 MHz, CDCl3): d�ÿ3.44 (SiCH3), ÿ2.27 (SiCH3), 14.11 (C4''),
18.78 (C(CH3)3), 22.95 (C3''), 25.62 (3 C; C(CH3)3), 29.54 (C2''), 32.86
(C1''), 55.38 (OCH3), 97.64 (C2), 100.47 (Ar-h-Cq), 101.04 (Ar-h-Cq), 105.57
(Ar-h-Cq), 106.38 (Ar-h-Cq), 113.34 (C1'), 125.46 (ArCt), 126.54 (ArCt),
126.88 (2 C; ArCt), 126.65 (ArCt), 128.03 (2C; ArCt), 131.13 (C4), 131.74
(ArCt), 159.29 (C4'), 233.44 (3C; CO); FT-IR (hexane): nÄ � 1961 (vs, C�O,
A1), 1894 (s, C�O, E), 1884 cmÿ1 (s, C�O, E); MS (70 eV, EI): m/z (%): 556
(20) [M�], 500 (46) [M�ÿ 2CO], 472 (100) [M�ÿ 3 CO], 420 (28) [M�ÿ
Cr(CO)3], 363 (18) [M�ÿCr(CO)3ÿC4H9], 306 (31) [M�ÿCr(CO)3ÿ
2C4H9], 126 (27), 73 (23) [Si(CH3)�3 ], 52 (25) [Cr�]; HR-MS (EI): calcd
for C30H36CrO5Si: 556.1737; found 556.1757 (20 %, [M�]); C30H36CrO5Si
(556.59): calcd C 64.73, H 6.52; found C 64.63, H 6.45.[41]


Tricarbonyl{1-4a:8a-h-(3-butyl-4-tert-butyldimethylsilyloxy-6-methoxy-1-
phenylnaphthalene)}chromium(0) (23): Red crystals; Rf� 0.5 (petroleum
ether/diethyl ether� 3:1); 1H NMR (500 MHz, CDCl3): d� 0.51 (s, 3H;
SiCH3), 0.55 (s, 3H; SiCH3), 0.93 (t, 3JHH� 7.35 Hz, 3H; H4''), 1.18 (s, 9H;
C(CH3)3), 1.43 (psex, 3JHH� 7.35 Hz, 2H; H3''), 1.61 (pquin, 3JHH� 7.87 Hz,
2H; H2''), 2.47 (dt, 2JHH� 14.15 Hz, 3JHH� 8.40 Hz, 1H; H1''), 2.78 (dt,
2JHH� 14.15 Hz, 3JHH� 8.07 Hz, 1H; H1''), 3.96 (s, 3H; OCH3), 5.45 (s, 1H;
H2), 7.04 (dd, 3JHH� 9.38 Hz, 4JHH� 1.96 Hz, 1H; H7), 7.09 (d, 4JHH�


1.96 Hz, 1H; H5), 7.38 ± 7.60 (m, 5 H; H2', H3', H4', H5', H6'), 7.72 (d,
3JHH� 9.44 Hz, 1H; H8); 13C NMR (125 MHz, CDCl3): d�ÿ3.46 (SiCH3),
ÿ1.71 (SiCH3), 14.07 (C4''), 18.76 (C(CH3)3), 22.85 (C3''), 25.81 (3 C;
C(CH3)3), 29.80 (C2''), 32.93 (C1''), 55.50 (OCH3), 95.86 (C2), 98.79 (Ar-h-
Cq), 99.28 (Ar-h-Cq), 101.93 (Ar-h-Cq), 105.34 (Ar-h-Cq), 122.43 (2 C; C2',
C6'), 127.59 (C4), 128.49 (ArCt), 129.45 (2 C; C3', C5'), 129.64 (ArCt),
130.00 (ArCt), 131.61 (ArCt), 135.52 (C1'), 158.55 (C6), 233.83 (3 C; CO);
FT-IR (hexane): nÄ � 1959 (vs, C�O, A1), 1892 (s, C�O, E), 1881 cmÿ1 (s,
C�O, E); MS (70 eV, EI): m/z (%): 556 (10) [M�], 500 (6) [M�ÿ 2 CO], 472
(100) [M�ÿ 3CO], 420 (55) [M�ÿCr(CO)3], 363 (22) [M�ÿCr(CO)3ÿ
C4H9], 306 (27) [M�ÿCr(CO)3ÿ 2 C4H9], 126 (30), 73 (23) [Si(CH3)�3 ], 52
(25) [Cr�]; HR-MS (EI): calcd for C30H36CrO5Si: 556.1737; found 556.1714
(10 %, [M�]); C30H36CrO5Si (556.59): calcd C 64.73, H 6.52; found C 64.63,
H 6.45.[41]
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Abstract: The acetylene exchange in
[L2Ti(h2-Me3SiC2SiMe3)] (L�Cp (h5-
C5H5), Cp* (h5-C5Me5), THI (h5-tetra-
hydroindenyl), L2�Me2Si(h5-C5H4)2)
by corresponding alkynylsilanes
RC�CSiMe2H or, alternatively, the re-
duction of [L2TiCl2] with magnesium in
THF in the presence of alkynylsilanes
led to the formation of titano-
cene silylalkyne complexes [L2Ti-
(RC2SiMe2H)]; L�Cp, R� tBu 1, Ph
2, SiMe3 3, SiMe2H 4 ; L�Cp*, R� tBu
5, R� SiMe2H 6 ; L�THI, R� tBu 7
and L2�Me2Si(h5-C5H4)2, R� tBu 8.
The zirconocene alkyne complexes with
additional ligands [Cp2Zr(thf)(h2-
RC2SiMe2H)]; R� tBu 9 a, Ph 10 a,
SiMe3 11 a, and SiMe2H 12 a were also
prepared by an acetylene exchange re-
action starting from [Cp2Zr(thf)(h2-Me3-


SiC2SiMe3)] and the corresponding


alkynylsilanes RC�CSiMe2H. Dynamic
NMR investigations in [D8]THF show
an equilibrium between [Cp2Zr(thf)(h2-
RC2SiMe2H)] and the solvent-free de-
rivative [Cp2Zr(RC2SiMe2H)]. Upon
dissolving in n-hexane a complete elim-
ination of the THF ligand yields zirco-
nocene alkyne complexes without addi-
tional ligands [Cp2Zr(RC2SiMe2H)];
R� tBu 9 b, Ph 10 b, SiMe3 11 b, and
SiMe2H 12 b. IR spectra, X-ray structur-
al, and NMR investigations indicate that
the characteristic feature of the titano-
cene complexes 1 ± 4 and 8 and the
zirconocene complexes without THF
ligands 9 b ± 12 b is an agostic interaction


between the Si ± H bond and the metal
center. The effect of this Si-H-metal
interaction is considerably stronger at
low temperatures and in the solid state.
The L2M moieties showing this bond
activation are active catalysts in hydro-
silylation and dehydrogenative polysi-
lane formation reactions. In the case of
PhC�CSiMe2H a coupling of two acety-
lenes to give titana- (13) and zirconacy-
clopentadienes (14) was observed; the
unsymmetrically substituted compounds
13 a, 14 a are kinetically favored and
formed first. Subsequent cycloreversion
leads to the thermodynamically more
stable symmetrical metallacyclopenta-
dienes 13 b and 14 b. Both compounds
do not show any interaction of the Si ± H
groups with the metal.


Keywords: homogeneous catalysis ´
Si ligands ´ Si ± H activation ´ tita-
nium ´ zirconium


Introduction


Extensive investigations of polysilanes has resulted in a
number of potential applications as advanced materials.[1] The
general method for the preparation of polysilanes is the
Wurtz-type coupling of dichlorosilanes by alkali metals.[2] An


alternative method is the transition-metal-catalyzed dehydro-
genative coupling of silanes (Scheme 1).


Scheme 1. The dehydrogenative coupling of silanes as a synthetic route to
polysilanes.


In 1985 Harrod et. al obtained for the first time polysilane
chains of significant length (10 ± 20 Si atoms) by this method
in the presence of Group 4 metallocene compounds.[3] Since
metallocenes proved to be particularly efficient in the
coupling reaction, several types of catalyst precursors have
been successfully tested by different research groups: L2MR2


(L�Cp, Cp*; M�Ti, Zr; R�Me, Ph) by Harrod and co-
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workers, [CpCp*M{Si(SiMe3)3}R] (M�Zr, Hf; R�H,
Cl, Me) by Tilley and co-workers,[4] combinations of
[Cp2MCl2] (M�Ti, Zr, Hf) or [Me2E(C5H4)2MCl2] (E� Si,
C; M�Ti, Zr, Hf) with nBuLi by Corey and co-wor-
kers,[5] and [Cp2M(OAr)2] (M�Ti, Zr) by Corriu and
Moreau.[6]


The mechanism of the dehydrogenative polymerization of
silanes is still under investigation, but there are two main
proposals regarding possible intermediates. A postulated
mechanism by Tilley suggests a stepwise s-bond metathesis,
which involves four-center transition states.[7] A second
mechanism suggested includes metallasilylene intermediates
as catalytically active species, whereas Hengge and Wein-
berger proposed a b-elimination from [L2M(H)(SiR2 ± SiR3)]
yielding [L2M�SiR2] and HSiR3.[8] Harrod for his part favored
an a-elimination of hydrogen from [L2M(H)SiHR2] for the
formation of [L2M�SiR2].[9]


The stereoselective dehydrogenative polymerization of
phenylsilane has also been investigated.[10] In all catalytic
polymerizations of silanes the complexation and activation of
a Si ± H bond is the most important elemental step. In this
respect this bonding, starting from a very weak interaction up
to a Si ± H bond cleavage has been intensively studied.[11] In
most cases saturated alkyl- or arylsilanes were studied;
however, little interest has been focused on the unsaturated
alkynylsilanes.


Eaborn et al. reported the oxidative addition of a Si ± H
group in HMe2SiC�CSiMe2H to Pt0 in preference to the p-
coordination of the triple bond, this led to the complex cis-
[Pt(H)SiMe2C�CSiMe2H(PPh3)2].[12] Reactions of alkynylsi-
lanes with cobalt carbonyl complexes have also been descri-
bed.[13]


Recently, we reported the reaction of the cis-alkyne
complex [Cp2Ti(h2-Me3SiC2SiMe3)] with tBuC�CSiMe2H
which gave the trans-alkyne complex [Cp2Ti-
(tBuC�CSiMe2H)] with a strong Si-H-Ti interaction.[14] Ab
initio calculations on this complex suggest a better formula-
tion as a d2 metal compound with a strong s*-accepting H ± Si
bond.[15] In catalytic investigations titanocene alkyne com-
plexes [L2Ti(h2-Me3SiC2SiMe3)] (L� h5-C5H5, h5-C5Me5, h5-
tetrahydroindenyl, Me2Si(h5-C5H4)2, (O)(Me2Si)2(h5-C5H4)2)
and the zirconocene alkyne complexes [Cp2Zr(thf)(h2-
Me3SiC2SiMe3)] and [Cp2Zr(pyridine)(h2-Me3SiC2SiMe3)]
were found to be effective precatalysts in dehydrogenative
silane polymerization.[37] This demonstrates the particular
affinity of Group 4 metallocenes toward Si ± H bonds.[16]


Herein we report reactions of titanocene and zirconocene
derivatives with alkynylsilanes and discuss the character of
the resulting Si ± H metal interactions.


Results and Discussion


Syntheses of metallocene alkynylsilane complexes : The
titanocene alkyne complexes [L2Ti(RC2SiMe2H)] (L�Cp
(h5-C5H5), Cp* (h5-C5Me5), THI (h5-tetrahydroindenyl), L2�
Me2Si(h5-C5H4)2) can be prepared by an acetylene exchange
reaction starting from the corresponding [L2Ti(h2-Me3SiC2-


SiMe3)] and the alkynylsilane RC�CSiMe2H. Since the
isolation of the product from the remaining starting materials
is sometimes difficult, better yields can often be obtained
starting from the titanocene dichloride[L2TiCl2]. The reduc-
tion of [L2TiCl2] with equimolar amounts of magnesium in
THF in the presence of the alkynylsilanes provides their
complexes in high purity and yields (Scheme 2).


The comparable zirconocene alkyne complexes with addi-
tional ligands [Cp2Zr(thf)(h2-RC2SiMe2H)]; R� tBu (9 a), Ph
(10 a), SiMe3 (11 a) and SiMe2H (12 a) were prepared by an
acetylene exchange reaction starting from [Cp2Zr(thf)(h2-
Me3SiC2SiMe3)] and the corresponding alkynylsilanes
RC�CSiMe2H (Scheme 3). Upon dissolving in noncoordinat-
ing solvents, such as n-hexane, these complexes eliminate
THF to yield zirconocene alkynylsilane complexes without
additional ligands [Cp2Zr(RC2SiMe2H)]; R� tBu (9 b), Ph
(10 b), SiMe3 (11 b) and SiMe2H (12 b) (Scheme 3).


Abstract in German: Der Alkin-Austausch in [L2Ti(h2-
Me3ÿSiC2SiMe3)] (L�Cp (h5-C5H5), Cp* (h5-C5Me5), THI
(h5-Tetrahydroindenyl), L2�Me2Si(h5-C5H4)2) durch entspre-
chende Alkinylsilane RC�CSiMe2H oder alternativ die Reduk-
tion von [L2TiCl2] mit Magnesium in THF bei Anwesenheit der
Alkinylsilane führt zur Bildung der Titanocen-Silylalkin-
Komplexe [L2Ti(RC2SiMe2H)]; L�Cp, R� tBu 1, Ph 2,
SiMe3 3, SiMe2H 4 ; L�Cp*, R� tBu 5, R� SiMe2H 6 ; L�
THI, R� tBu 7 und L2�Me2Si(h5-C5H4)2, R� tBu 8. Die
analogen Zirconocen-Komplexe mit Zusatzliganden
[Cp2Zr(thf)(h2-RC2SiMe2H)]; R� tBu 9a, Ph 10a, SiMe3


11a und SiMe2H 12a wurden ausgehend vom
[Cp2Zr(thf)(h2-Me3SiC2SiMe3)] ebenfalls über einen Alkin-
Austausch durch die Alkinylsilane RC�CSiMe2H hergestellt.
Dynamische NMR-Untersuchungen in [D8]THF zeigen ein
Gleichgewicht zwischen [Cp2Zr(thf)(h2-RC2SiMe2H)] und
dem Lösungsmittel-freien Derivat [Cp2Zr(RC2SiMe2H)].
Beim Auflösen in n-Hexan tritt eine völlige Eliminierung des
THF-Liganden ein, und die Zirconocen-Alkin-Komplexe ohne
Zusatzliganden [Cp2Zr(RC2SiMe2H); R� tBu 9b, Ph 10b,
SiMe3 11b und SiMe2H 12b fallen an. Das wichtigste Merkmal
der Titanocen-Komplexe 1-4 und 8 sowie der Zirconocen-
Komplexe ohne THF Liganden 9b-12b ist eine agostische
Wechselwirkung zwischen den Si-H-Bindungen und dem
Metallzentrum, die in den IR-Spektren, den Röntgenkristall-
strukturen und NMR-Untersuchungen angezeigt wird. Der
Effekt der Si-H-Metall-Wechselwirkung ist im Festzustand und
bei tiefen Temperatüren beträchtlich stärker ausgeprägt. Die
L2M-Komplexe, die eine solche Bindungs-Aktivierung zeigen,
sind auch die aktivsten Katalysatoren bei der Hydrosilylierung
und der dehydrierenden Bildung von Polysilanen. Im Falle des
PhC�CSiMe2H kuppeln zwei Acetylene zu Titana- (13) und
Zirconacyclopentadienen (14), wobei die Bildung der unsym-
metrisch substituierten Verbindungen 13a, 14a kinetisch
begüstigt ist und zuerst erfolgt. Eine anschlieûende Cyclore-
version führt zu den thermodynamisch stabileren und sym-
metrisch substituierten Metallacyclopentadienen 13b und 14b.
Beide Verbindungen zeigen keine Wechselwirkung der Si-H-
Gruppen mit dem Metall.
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The distinguishing characteristic feature of the metallocene
alkynylsilane complexes is an interaction of the Si ± H bond
with the metal center, though this is strongly dependent on the
electronic and steric influences of ligands and substituents.
There is no agostic interaction in the case of the bulky
pentamethylcyclopentadiene and tetrahydroindenyl ligands
because of steric restrictions around the metal center.
Similarly, the zirconium complexes containing additional
donors, such as THF, exibit no Si-H-Zr interaction. The
electronic structure of the complexes, especially the electron
density at the metal, is also important and plays a key role in
enabling the electron donation by the Si ± H bond toward the
metal center.


Coupling reactions : Reactions of Group 4 metallocenes with
acetylene derivatives usually result in a coupling of two
acetylene molecules and the formation of a metallacyclopen-
tadiene complex. However, this reaction depends on the
three-dimensional features of the alkyne substituents; steri-
cally demanding groups, such as R� tBu or SiMe3, prevent
the coupling. In reactions of the alkynylsilanes a coupling of
two acetylenes to give titana- 13 a, b and zirconacyclopenta-
dienes 14 a, b was observed only with PhC�CSiMe2H. The
coupling reaction is kinetically controlled and initially the
unsymmetrically substituted compounds 13 a, 14 a are formed
preferably. A subsequent cycloreversion of the acetylene units
results in the thermodynamically more stable symmetric
products 13 b and 14 b (Scheme 4); the reversion proceeds
slower for the titanocene cycle.


NMR spectroscopic measurements of the cyclic
metallocenes reveal conventional Si ± H resonances
between d� 3 and 4, and the 29Si NMR signals appear
in the high-field region expected for such silanes
(between d�ÿ20 and ÿ40). Hence the metallacyclo-
pentadienyl complexes are metal(iv) compounds, and
due to a lack of electron density there are no
interactions between the d0-metal centers and the
Si ± H bonds.


IR spectroscopy: The agostic interaction of the
silicon ± hydrogen bond of the alkynylsilane with the
metal center leads to characteristic spectroscopic
properties for these complexes. This interaction is
evident from IR spectra, since it causes a significant
shift of the Si ± H bond vibration of about 400-
500 cmÿ1 towards lower wavenumbers due to the
decrease of the bond strength. This represents a
considerable change of the character of the Si ± H
bond, as shifts, for example, for agostic Si-H-Zr


interactions were found at about 1900 cmÿ1.[17] Unfortunately,
it is often not possible to distinguish between the stretching
frequencies of the C ± C triple bond and the Si ± H bond, and
between the complexed C ± C bond and the weakened Si ± H
bond as they appear in the same regions. Table 1 lists the
stretching frequencies n(Si ± H) of the complexes compared to
those of the free alkynylsilanes.


The IR data of the alkynylsilane complexes do not reveal a
significant difference between the titanium and zirconium
compounds with regard to the shifts of the Si ± H signals upon
complexation, and both metals show about the same kind of
Si-H-M interaction. The only significant differences occur
between complexes with and without Si-H-M interactions, as
for instance 1 and 5 or between the zirconium derivatives of
type a and b.


NMR spectroscopy : Typical features of the NMR spectra are
a strong high-field shift of the silyl proton and a drastic
decrease in the coupling constant 1J(H,Si) (Table 1). These
parameters indicate the presence of a strong Si-H-M inter-
action, which may be described as a three-center, two-electron
bond (agostic interaction). High-field shifts are generally
found for protons in bridging positions, while terminal protons
in Group 4 d0 complexes appear at low field (e.g.
[Cp2*MH(OMe)]: M�Ti: d� 3.33,[18] M�Zr: d� 5.70;[19]


[Cp2ZrH(NtBuSiMe2H)] d � 5.53;[17] [(tBu3SiNH)3ZrH] d�
9.60[20]). This interpretation is supported by the hydrogen ±
silicon coupling constants, which are found in a range between
values characteristic for one-bond interactions (1J, 170 ±


200 Hz) and true two-bond interactions (2J, <20 Hz),
namely 68 ± 123 Hz. A detailed interpretation of such
intermediate values was given by Schubert[11] who
described complexes with strong Si-H-M interactions
as frozen intermediates in the oxidative addition of Si ±
H to LnM. Coupling constants of similar size were
recently reported for Si ± H complexes of Zr[17] and
Ru.[21]


Some other NMR parameters are useful for describ-
ing the bonding in these complexes. The coupling


Scheme 2. Synthesis of titanocene alkyne complexes.


Scheme 3. Synthesis of zirconocene alkyne complexes.


Scheme 4. The coupling reaction of the alkynylsilane PhC�CSiMe2H to give the
titana- 13 a, b or zirconacyclopentadienes 14a, b. Distribution of 14a:14 b after
1 h� 1:1, after 12 h� 1:3, and after 36 h� 1:10.
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constant 3J(SiH,CH3) is 3.8 Hz for the free silanes and
decreases or even vanishes in the alkynylsilane complexes
because of the reduction of the Si ± H bond order. Conse-
quently, the Si ± C bond order increases (towards a double
bond), and the 29Si NMR signal is shifted more than 50 ppm
downfield to a region where the resonances of sp2 hybridized
silicon atoms, such as in silenes or sila-allenes (d> 10), are
expected.[22] However, the trend for the 29Si NMR shift upon
Si ± H activation is not a general one, downfield shifts (at
Mn[23]) were found as well as strong upfield shifts (at Ru[21] or
Zr[17]).


Another two parameters are specific for the bonding in the
alkynylsilane complexes: the shifts of the cyclopentadienyl
ligand and the quaternary Si-substituted carbon atom. Tita-
nocene alkyne complexes are best described as metallacyclo-
propenes (TiIV or d0 compounds);[24] their cyclopentadienyl
NMR signals appear at low field (cf. [Cp2Ti(h2-tBuC2SiMe3)]
dH � 6.5, dC� 117[25]). However, for the titanocene (and
zirconocene) alkynylsilane complexes we find these signals at
remarkably higher field (complex 1: dH(193 K)� 4.8,
dC(193 K)� 101). The Si-H-M interaction emulates coordina-
tion of a further ligand and changes the electron density at the
metal center; according to ab initio calculations,[15] complex 1
is best described as a d2 compound. The shift of the quaternary
Si-substituted carbon atom is completely unlike that of an
alkyne complex (cf. [Cp2Ti(h2-tBuC2SiMe3)]: d� 205;[25] com-
plex 1: d� 89.4 (193 K)). This shift is difficult to rationalize,
but an important contribution might be made by the unusual
coordination geometry around this quaternary carbon atom.
The bond angle Si-C-C is only 1508,[14] and it is possible to
define a plane through the carbon in such a way that all atomic
neighbors reside on the same side of this plane. In other
words, the side opposite the titanium is completely naked. A
similar situation is found in 1,3-butadiyne complexes that may


also be regarded as metallacyclocumulenes
(Figure 1), where the b-carbon atoms give
NMR signals at d� 95 (M�Ti, R� tBu [26])
or d� 106 (M�Zr, R� tBu [27]).


These shifts, however, indicate a funda-
mental difference between complexes of
alkynylsilanes and complexes of other al-
kynes. Compounds lacking the strong Si-H-
M interaction (5 ± 7, 9 a ± 12 a) are character-
ized by parameters similar to those applied
to common alkyne complexes,[28] and the data for the SiMe2H
group differ little from those of the free silanes.


Dynamic behavior and temperature dependence in solution :
The chemical shifts and coupling constants of most of the
complexes are found to be strongly temperature dependent
(Table 1). At low temperature the spectra exhibit the features
indicative of strong Si-H-M interactions. When the sample is
heated, all these parameters change and become more
appropriate for a species without an activated Si ± H bond
(the proton signal moves downfield). However, no line
broadening or any second species is observed over the
accessible temperature range for the complexes with only
one Si ± H function.


Complex 4, which contains two Si ± H functions, shows an
additional effect. Only one of the Si ± H bonds is activated, the
other one remains unaffected. The NMR signals of the two
different S ± H bonds are observed separately at low temper-
ature (Table 2), but upon heating they broaden, merge, and
eventually show up as an averaged signal, but not in the
middle where it is expected. Instead, the averaged signal is
shifted downfield, and this shift increases with temperature, as
found for the monofunctional complexes. The first of these
two phenomena, connected with line broadening, can be


Table 1. Selected spectroscopic data (IR, NMR) of alkynylsilane complexes carrying one Si ± H functionality.


Compound No IR NMR
nÄ(SiH),(C�C) [cmÿ1] SiMe2H


T [K] d(1H) d(29Si) 1J(Si,H) [Hz]


[Cp2Ti(tBuC2SiMe2H)] 1 1747, 1685 303[a] ÿ 3.74 ÿ 0.5 123
193[a] ÿ 7.32 17.6 93


[Cp2Ti(PhC2SiMe2H)] 2 1752, 1737 303[b] ÿ 5.96 21.0 99
[Cp2Ti(Me3SiC2SiMe2H)] 3 1766, 1685 297[c] ÿ 5.24 15.4 117
[Cp*2 Ti(tBuC2SiMe2H)] 5 2081, 1614 297[c] 4.47 ÿ 36.4 183
[(THI)Ti(tBuC2SiMe2H)] 7 2090 297[c] 3.97 ÿ 35.4 185
[Me2Si(h5-C5H4)2Ti(tBuC2SiMe2H)] 8 1753 299[a] ÿ 6.54 7.4 100


224[a] ÿ 7.24 11.4 94
[Cp2Zr(thf)(tBuC2SiMe2H)] 9a 2094, 1688 217[b] 4.58 ÿ 26.5 174
[Cp2Zr(thf)(PhC2SiMe2H)] 10a 2064, 1683 213[b] 4.37 ÿ 22.2 175
[Cp2Zr(thf)(Me3SiC2SiMe2H)] 11a 2086, 1699 246[b] 4.54 ÿ 23.6 179
[Cp2Zr(tBuC2SiMe2H)] 9b 1689 297[c] ÿ 3.74 16.1 72


217[b] ÿ 3.69 18.2 72
[Cp2Zr(PhC2SiMe2H)] 10b 1688, 1617 233[a] ÿ 3.55 20.6 88[e]


[Cp2Zr(Me3SiC2SiMe2H)] 11b 1700 (br) 297[c] ÿ 4.29 34.3 68
229[b] ÿ 4.27 35.7 68


free alkynylsilanes
tBuC�CSiMe2H 2139, 2157 303[c] 4.31 ÿ 38.6 200
PhC�CSiMe2H 2141, 2161 303[c] 4.31 ÿ 37.3 202
Me3SiC�CSiMe2H 2114, 2144 303[d] 4.37 ÿ 38.9 201
HMe2SiC�CSiMe2H 2094, 2145 303[d] 4.12 ÿ 38.6 202


[a] [D8]toluene. [b] [D8]THF. [c] C6D6. [d] CDCl3. [e] 303 K.


Figure 1. Struc-
tural formula of
metallacyclocu-
mulenes.
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easily explained by an alternating interaction of the Si ± H
groups with the titanium center (flip-flop coordination,
Scheme 5).


Scheme 5. The alternating interaction (flip-flop coordination) of the Si ± H
groups about the metal center.


The explanation of the second phenomenon, the extraordi-
nary temperature-dependent shifts and coupling constants, is
less apparent. One could assume that the strength of the Si-H-
Ti interaction is determined by temperature (a single-
minimum potential, which could be defined in a simplified
way, in that the preferred position of the H atom is closer to
the metal upon cooling and closer to silicon upon heating).
Such a process would only require minimal rearrangements of
the atomic skeleton and should possibly occur also in the
crystal. The chemical shifts for complex 1 in the solid state at
ambient temperature (Table 3) are close to those observed in
solution at very low temperature, where further cooling has
almost no more effect and the signals do not show strong
temperature shifts. The values in Table 3 should therefore also
be appropriate for the structure of 1 determined by X-ray
crystallography. As the values are almost independent of
temperature, this experiment makes the model described
above (single-minimum potential) less probable.


Another possible explanation would be the existence of a
very fast equilibrium between the species with an activated


Si ± H bond and a common alkyne complex (a double-
minimum potential, represented by A and B, Scheme 6). At
low temperature, A would be the preferred species. At higher
temperature, the population of B should increase (for
entropic reasons, because the molecule gains another degree


Scheme 6. Dynamic behavior of the zirconocene and titanocene com-
plexes, which may explain the behavior of the averaged Si ± H NMR signal
at different temperatures.


of freedom: the rotation about the Si ± C bond), and the NMR
parameters (which are always averaged values) suggest a less
activated species. Because of the limited thermal stability of


the titanium complexes it was not possible to drive the
equilibrium completely to the side of B, and even at the
highest accessible temperatures (330 ± 350 K), the in-
fluence of a Si-H-Ti interaction is clearly visible.


For the zirconium complexes 9 ± 12 the situation is
even more complicated. The solvent-free species
behave similar to the respective titanium complexes,
but the temperature dependence is not as great. The
intermediate B seems to be energetically less favored
for Zr than for Ti, and this is not surprising since it is
known that zirconocene alkyne complexes have a


Table 2. Selected NMR data for complexes carrying two Si ± H functions.


Compound Temperature 1H NMR 29Si NMR
[M](HMe2SiC2SiMe2H) [K] SiMe2H Cp SiMe2H (1JSiH [Hz])


free coord free coord


4 [M]�Cp2Ti 356[a] 0.41 5.36 ÿ 9.6 (161)
303[b] ÿ 0.39 5.29 ÿ 3.0 (152)
165[b] 4.58 ÿ 8.04 4.94 ÿ 22.8 (186) 34.3 (92)


6 [M]�Cp*2 Ti 303[c] 4.49 ± ÿ 33.4 (184) ±
12a [M]�Cp2Zr(thf) 300[d] 4.71 ± 5.25


246[d] 4.58 ± 5.57
203[d] 4.44 ± 5.58 ÿ 21.3 (176) ±


4.74 ÿ 28.0 (178)
12b [M]�Cp2Zr 365[a] 0.50 4.93


290[a] 4.98 ÿ 4.35 4.93 ÿ 21.8 (190) 34.8 (70)
246[a] 5.05 ÿ 4.40 4.93 ÿ 21.6 (187) 35.3 (69)


[a] [D8]toluene. [b] (C2D5)2O. [c] C6D6. [d] [D8]THF.


Table 3. Comparison of NMR data of 1 in solution and solid-state.


291 K
solid


320 K
solid


193 K
[D8]toluene


303 K
[D8]toluene


356 K
[D8]toluene


d(13C) Cp 102.1, 101.8 102.2, 101.9 100.8 105.8 109.8
CMe3 40.0 40.0 39.3 40.6 41.6
CMe3 34.2 34.2 32.9 32.6 32.3
SiMe2 ÿ 1.1, ÿ1.7 ÿ 1.0, ÿ1.6 ÿ 3.0 ÿ 2.5 ÿ 2.2
C(tBu) 207.8 207.9 206.1 216.2 224.5
C(Si) 92.5 92.9 89.4 116.4


d(29Si) SiMe2H 16.7 16.1 17.6 ÿ 0.5
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greater tendency to coordinate additional ligands than the
corresponding titanocene alkyne complexes.[29] Recently
equilibria have been studied between solvent-free complexes
[L2Zr(alkyne)] and the solvates [L2Zr(thf)(alkyne)], L� cy-
clopentadienyl derivative.[30] If the zirconium complexes 9 ± 12
are dissolved in THF, the solvent competes successfully with
the Si ± H bond at the metal center (Scheme 6, A and C). At
low temperatures, THF coordination is favored (complex
12 a :12 b� 14:1 at 203 K), but at higher temperatures, disso-
ciation of the solvate is preferred, again for entropic reasons,
and the Si ± H function occupies the free coordination site
(complex 12 a :12 b� 1:1.3 at 290 K).


The discussed species could be identified in cold solutions
of 10 and 12 in THF (Table 3), and their interconversion has
been proven by magnetization transfer experiments in the
region of slow exchange. At 203 K, there are four distinguish-
able Si ± H groups for 12, two for the degenerate rotational
isomers of 12 a (C and C'', R� SiMe2H), and two for 12 b, for
which the flip-flop between A and A'' is frozen out. On heating
the sample, the signals of 12 a coalesce first (because of an
exchange between C and C'' by alkyne rotation or interchange
of the solvent ligand; this behavior is known for such alkyne
complexes[31]). A broadening of the A and A'' resonances
occurs then, and finally all signals merge and only one set of
signals, representing the average of all four species, is
observed above room temperature. Complex 10 exhibits
three Si ± H groups at 213 K, two for the rotational isomers C
and C'' of 10 a, which are no longer degenerate (R�Ph), and
the third for the activated function of 10 b (A in Scheme 6).


The existence of the intermediate B is not an absolute
necessity to understand the dynamic behavior of the zircono-
cene complexes (dotted arrows in Scheme 6). Its postulated
existence allows, however, a straightforward explanation of
the described temperature-dependent NMR parameters,
particularly for the titanocene complexes. A final decision
on the relevance (and the exact bonding) of B cannot be made
because in no case were values (for example, chemical shifts
of the silyl proton; Table 1) found that resemble those of the
titanocene or zirconocene species in which a Si-H-M inter-
action is definitely excluded (for example, 5 or 11 a).


Fan and Lin[15] calculated the stabilization of the titanium
complex 1 by the strong Si-H-Ti interaction to be about
33 kJ molÿ1. An estimation of the activation barrier for the
flip-flop process for the titanium complex 4 (from the
coalescence of signals for the Si ± H or Me groups) gives a
value of DG 6�


190 of 37 kJ molÿ1. If we assume an equilibrium
between A, B and A'' (Scheme 6), we may take the chemical
shift of the averaged Si ± H signal as representing the
equilibrium constant between A and B. From its temperature
dependence, a reaction enthalpy DH of about ÿ18 kJ molÿ1


for the process B ! A in hexane can be derived. These are
very rough estimates (because of the limited number of data
points and the uncertainties in the determination of T), but as
the values are all of the same magnitude they are consistent
with the assumption that the discussed equilibria are not
unreasonable.


For complex 12 b, the zirconium analogue of 4, a free
activation enthalpy DG 6�


350 of 60 kJ molÿ1 (in toluene) was
estimated for the flip-flop process. This is consistent with the


assumption that the Si-H-M interaction in the zirconocene
complexes is somewhat stronger than in the titanocene
analogues.


Crystallographic characterization : In addition to the already
crystallographically characterized titanium complex 1,[14] we
obtained suitable single crystals of the solvent-free zirconium
complex 12 b (Table 4). The structure determined (Figure 2)
enabled the two metallocenes with different central metals to
be compared with regard to the silicon-hydrogen-metal
interaction, because the interacting hydrogen atom could be
found and refined.


Figure 2. Perspective view (ORTEP) of complex 12b.


Table 4. Crystal data and structure refinement for 12 b.


empirical formula C16H24Si2Zr
formula weight 363.75
crystal system monoclinic
space group P21/n
unit cell dimensions
a [�] 8.661(2)
b [�] 13.927(3)
c [�] 14.754(3)
b [8] 99.62(3)
volume 1754.6(7) �3


Z 4
1calcd 1.377 gcmÿ3


absorption coefficient 0.750 mmÿ1


F(000) 752
crystal color red
crystal description prism
crystal size 0.5� 0.4� 0.4 mm
temperature [K] 200(2)
radiation MoKa


measurement device Stoe-IPDS
theta range for data collection 2.02 to 24.238
index ranges ÿ 9�h� 9, ÿ15� k� 16, 0� l� 16
independent reflections 2663 [R(int)� 0.030]
reflections observed [I� 2s(I)] 2475
data/restraints/parameters 2663/0/174
R indices [I� 2s(I)] R1� 0.026, wR2� 0.067
R indices (all data) R1� 0.029, wR2� 0.081
goodness of fit on F 2 (all data) 1.191
largest difference peak and hole 0.46 and ÿ0.46 e�ÿ3
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Complexes of alkynylsilanes containing an Si-H-metal
interaction display a trans configuration of the alkyne ligand
in contrast to the common cis arrangement.[29] The previously
discussed significant reduction of the silicon ± hydrogen bond
order due to the presence of a Si-H-M interaction, which had
already been supported by NMR spectroscopic (coupling
constant 1JSiH) data, is confirmed by the X-ray crystallographic
data (Table 5). Almost identical structures were found for


both compounds with only small differences attributed to
different covalent radii of the central atoms. The most
important feature of the alkynylsilanes are the relative
positions of the metal, Si, and H atoms. The metal ± hydro-
gen (12 : Zr ± H 2.042(4); 1: Ti ± H 1.82(5) �) and metal ± sili-
con (12 : Zr ± Si 2.758(1); 1: Ti ± Si 2.655(2) �) distances are
rather short and fall within the range of normal single bond
lengths observed for a variety metallocene complexes con-
taining M ± H or M ± Si bonds.[32] The M ± H distances are
remarkably short and similar to those observed in metal-
locene hydrides. Surprisingly, the Si ± H bonds also do not
show significant lengthening (Si ± H: 1.634(4) � for 12 b,
1.42(6) � for 1) and fall within the region expected for
tetrahedral silanes.[11a] However, the distinct difference of
0.2 � between both Si ± H distance confirms a strong steric
influence around the central atom and suggests that the
relative small space between silicon and hydrogen is forced by
a three-dimensional congestion in the neighborhood of the
metal. Another important structural characteristic of both
complexes is the shortened Si ± C distances of 1.766(6) (1) and
1.787(3) � (12 b), which reveals a certain double-bond
character.[33] Together with a stronger metal coordination
(M ± C distances, Table 5) of C12 than of C11, these data
would be expected in the case of a complete hydrogen transfer
to the metal and the formation of silaallene structure (see
Scheme 7, Structure B) which would contradict the observa-
tion of a silicon ± hydrogen coupling constant in the NMR
spectra.


Characterization of the Si-H-M interaction in alkynylsilane
metallocene complexes : In general, silicon ± hydrogen bonds
are particularly good electron donors toward transition
metals. These interactions have been studied in detail and


some Group 4 metallocenes containing such interactions have
already been isolated.[11, 17, 32, 34] Usually, Si-H-M interactions
can be described by the three different structures A, B, and C
(Scheme 7). Structure A can be considered as one in which a


Scheme 7. Three different ways to describe the Si-H-M interaction.


sole s-donation of the Si ± H bond towards an unoccupied d
orbital of the metal occurs. Structure B is characterized by an
additional p-type interaction between a filled metal d orbital
and the s* orbital of the Si ± H bond. The Si ± H bond order is
reduced by both interactions and an even stronger activation
can lead to an oxidative addition with a complete Si ± H bond
cleavage (structure C). Since the three-center, two-electron
interaction in the described alkynylsilane complexes seems to
gradually intensify upon decreasing temperature it was
necessary to consider whether the strengthening of the bond
can result in a complete oxidative addition of the Si ± H bond
at the metal with the formation of a metal hydride silaallenyl
structure (Scheme 8, Structure C).


Scheme 8. Three different resonance structures to describe the Si-H-M
interaction in alkynylsilane metallocene complexes. The structure C
becomes more important as the temperature is lowered.


In the case of the described Group 4 metallocene com-
plexes with alkynylsilane derivatives carrying Si ± H function-
alities we can not unambigously prove a complete oxidative
addition of the Si ± H bonds to the metal centers, even though
some spectroscopic data suggest a considerable importance of
the resonance structure C, particularly at low temperatures
and in the solid state. The most striking indications supporting
a silaallenyl hydride structure are certainly the 29Si NMR
resonances, which lie above d� 20 in the specific region of sp2-
hybridized silicon atoms, and the huge difference in the
chemical 13C NMR shifts of the acetylenic carbon atoms. The
carbon atoms carrying the Si ± H group appear remarkably
upfield at around d� 115, whereas the other C signal is found
above d� 200, typical for metal-bonded sp2 carbon atoms. The
diffence increases at lower temperatures with high-field shifts
of the allenyl carbon up to 90 ppm (see data of 1, Table 3).
Similar differences were observed for cyclic cumulenes with
central bent allenyl atoms (difference about 105 ppm; see
discussion above). The cyclic cumulene structure of these
complexes[26, 27] was unprecedented and highly unexpected
due to the strain of the cycle. Meanwhile this stucture has
been calculated to be thermodynamically very stable and its
existence has been proved by theoretical methods.[35] Further


Table 5. Selected bond lengths and angles of the zirconocene complex 12b
(M�Zr, R� SiMe2H) in comparison to the corresponding data of the
titanocene 1 (M�Ti, R� tBu).


[Cp2M(R ± C12�C11 ±
Si1HMe2)]


12b 1


distances [�]
M ± Si1 2.758(1) 2.655(2)
M ± H 2.042(4) 1.82(5)
M ± C11 2.407(3) 2.276(7)
M ± C12 2.299(3) 2.162(7)
C11 ± C12 1.291(4) 1.275(9)
C11 ± Si1 1.787(3) 1.766(6)
Si1 ± H17 1.634(4) 1.42(6)
angles [8]
C11-Si1-H17 106.7(2) 98(2)
Si1-C11-C12 150.2(2) 149.5(6)
R-C12-C11 134.1(2) 135.2(7)
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indications of a silaallenyl hydride come from X-ray diffrac-
tion analyses. Besides short M ± H and M ± Si bond lengths
normally associated with common single bonds, the crystal
structures of 1[14] and 12 b show a significant shortening of the
Si ± C distances towards Si�C double bonds consistent with a
coordinatively stabilized silaallenyl structure, resulting from
steric crowding which forces the hydride close to the silicon.


On the other hand the mesomeric structure A (Scheme 8) is
supported by the fact that the Si ± H distances of both
complexes (1 and 12 b) are not too great in the crystal and
fall within the range of silicon ± hydrogen bonds. Also the
remarkable Si ± H coupling constant of about 70 ± 90 Hz is a
sign of a silicon ± hydrogen interaction, even though the
homonuclear coupling 3JH,H between the Si ± H and the Si-
methyl protons is drastically reduced at low temperatures.
One could argue whether the Si ± H coupling is a one-bond
coupling or whether it is more appropriate to attribute it to a
two-bond coupling 2JSi,H. Examples for such 2J couplings are
known and range from less than 10 Hz up to 70 Hz,[32a]


although the question has been asked whether the high values
represent genuine two-bond interactions or whether they
contain contributions from direct bonding.[23] Three-dimen-
sional crowding around the central metal could also be a
reason for the lack of a complete seperation of Si and H, as the
hydride is forced close to the silicon by steric hindrance. A
puzzling result, which can be considered as untypical for
Group 4 metallocene hydrides, is the extreme upfield shift of
the hydrogen signal, as common hydrides are usually shifted
downfield (see discussion above).


Conclusions


In conclusion, a supposed hydrogen transfer at low temper-
atures cannot be ruled out but requires further investigations
of the reaction behavior of alkynylsilane complexes. Judged
by the spectroscopic IR and NMR data the structure of the
silane complexes is best described as an agostic three-center,
two-electron interaction between the Si ± H bond and the
metal center (Scheme 8, B). A considerable strengthening of
this interaction is observed in solution upon decreasing the
temperature. This continues until a certain limit is reached
and the agostic interaction becomes frozen at a state close to
the hydridosilyl extreme. One could speak of an arrested
hydrogen transfer along the reaction coordinate, which
represents the oxidative addition of the Si ± H bond at the
metal.


Relationship to catalytic reactions : The titanocene and
zirconocene complexes with intramolecularly coordinating
alkynylsilanes can serve as suitable model compounds to
study the intermolecular interaction of similar alkyne com-
plexes with silanes, which are used in catalytic reactions such
as the hydrosilylation of aldimines and ketimines[36] and the
dehydrogenative polymerization of silanes[37] (Scheme 9).


The assumed first step in the catalytic reactions is the
interaction with the silane. Whether these interactions are
possible or not is strongly dependent on the ligands L (Cp or


Scheme 9. The titanocene and zirconocene complexes with intramolecu-
larly coordinating alkynylsilanes (left) are potential models to study the
intermolecular interaction of similar complexes (right), which are used in
catalytic reactions.


Cp*),the size of the metals (Ti or Zr), and the substituents
of the alkyne R (Ph or SiMe3) in the complexes [L2M(h2-
RC2R)]. In this respect, there are some similarities to the
coordination of a second ligand L' to obtain complexes of the
type [L2M(L')(h2-RC2R)]. Here the size of L' in combination
with the size of M makes such complexes stable or not.[30]


In the above-mentioned catalytic sytems we used silanes
that differed in size (PhMe2SiH, Ph2SiH2, and PhSiH3), but in
our alkynylsilane complexes this effect is not considered
because all complexes contain a silane R-C�CSiMe2H. This
allowed us to study the influences of L and M.


In a series of investigated precatalysts for the dehydrogen-
ative polymerization of hydrosilanes, the complexes [L2M(h2-
Me3SiC2SiMe3)] with L�Cp are the most active (compared
to other ligands L such as Cp*). This is surprising, because
Tilley described the formation of catalytically inactive hy-
dride-bridged dimers starting from [Cp2Zr] complexes, but
found a slow dehydrocoupling by using [Cp*2 Zr] complexes.[7]


The result of our comparison is that those combinations of L
and M that allow an intensive interaction of the alkynylsilane
with the metal are also the best suited precatalysts, in
agreement with the above-mentioned data.


Experimental Section


General data: All manipulations were carried out under an inert atmos-
phere of argon by using standard Schlenk techniques. Solvents were
freshly distilled from sodium tetraethylaluminate prior to use. NMR
spectra were recorded on a Bruker ARX 400 (solution) or MSL 300 (solid
state) spectrometer. Chemical shifts are given on the d scale relative to
SiMe4 and were referenced against the solvent signals. Solid-state spectra
were recorded by the CP/MAS technique (ZrO2 rotors, 4 mm o.d.) and
referenced against external adamantane (d(13C)� 38.4) or Q8M8 silox-
ane[38] (d(29Si)� 11.6). IR data were obtained on a Nicolet Magna 500
(Nujol mulls using KBr plates). X-ray crystallographic data were collected
with a STOE-IPDS diffractometer using graphite-monochromated MoKa


radiation. The structure was solved by direct methods (SHELXS-86) [39]


and refined by full-matrix least-squares techniques against F 2 (SHELXL-
93).[40]


Preparation of alkynylsilane complexes : a) A solution of the alkynylsilane
RC�CSiMe2H (1 mmol; R� tBu, Ph, SiMe3, SiMe2H) in THF (15 mL) was
added to a mixture of magnesium turnings (1.1 mmol) and the appropriate
metallocene dichloride [L2MCl2] (1 mmol; M�Ti, Zr; L�Cp (h5-C5H5),
Cp* (h5-C5Me5), THI (h5-tetrahydroindenyl); L2�Me2Si(h5-C5H4)2). After
the reduction was complete (about 4 h at ambient temperature) the solvent
was removed in vacuo and replaced by n-hexane (15 mL). Filtration and
subsequent evaporation to dryness led to the alkynylsilane complex, which
could be recrystallized from a solution in n-hexane at ÿ30 8C. b) Starting
from the bis(trimethylsilyl)acetylene complexes [L2M(L)(h2-Me3SiC2-


SiMe3)] in THF the acetylene ligand can be substituted by an equimolar
amount of an alkynylsilane because of the higher stability of Si ± H
complexes. After evaporation of THF n-hexane was added and the solution
filtered. To obtain the pure alkynylsilane complexes the products had to be







FULL PAPER W. Baumann, U. Rosenthal et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0409-1860 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 91860


separated from the starting metallocene by crystallization at lower
temperatures. This reduced the yields by about 15 ± 25%. Separated
products were washed with cold hexane and dried in vacuo.


Preparation of metallacyclopentadiene complexes: The alkynylsilane
PhC2SiMe2H (0.32 g, 2.0 mmol) was added to a soution of the bis(trime-
thylsilyl)acetylene complexes [L2M(L)(h2-Me3SiC2SiMe3)] (1.0 mmol) in n-
hexane (15 mL). After the reduction was complete (about 4 h at 40 8C) the
solvent was removed in vacuo and replaced by a n-hexane/THF mixture (3/
1, 20 mL). Filtration and subsequent crystallization led to the metal-
lacyclopentadiene complex. Separated products were washed with cold
hexane and dried in vacuo.


[Cp2Ti(tBuC2SiMe2H)] (1): [Compound 1 has already been spectroscopi-
cally characterized.][14] Yield: Method a) 67 %, method b) 46%, dark red
crystals. 1H NMR ([D8]toluene, 303 K): d�ÿ3.74 (sept, 1H; SiH), ÿ0.02
(d, 3J(H,H)� 2.5 Hz, 6 H; SiMe2), 1.05 (s, 9 H; tBu), 5.28 (s, 10 H; Cp); 13C
NMR ([D8]toluene, 303 K): d�ÿ2.5 (1J(Si,C)� 61 Hz; SiMe2), 32.6
(CMe3), 40.6 (CMe3), 105.8 (Cp), 116.4 (CSiMe2), 216.2 (CCMe3); 29Si
NMR ([D8]toluene, 303 K): d�ÿ0.5 (1J(Si, H)� 123 Hz). IR (Nujol): nÄ �
1685, 1747 cmÿ1 (SiH, C�Ccoord). C18H26SiTi (318.4): calcd: C 67.91, H 8.23;
found: C 67.57, H 8.11.


[Cp2Ti(PhC2SiMe2H)] (2): Yield: Method a) 42 %, violet crystals, m.p.
125 ± 130 8C. 1H NMR ([D8]THF, 303 K): d�ÿ5.96 (sept, 1H; SiH), 0.46
(d, 3J(H,H)� 2.0 Hz, 6 H; SiMe2), 5.15 (s, 10H; Cp), 7.22 (1 H; p-Ph) 7.36
(2H; m-Ph) 7.61 (2 H; o-Ph); 13C NMR ([D8]THF, 303 K): d�ÿ2.9
(SiMe2), 102.9 (Cp), 109.6 (CSiMe2), 128.1 (p-Ph), 128.7, 132.8 (CH Ph),
139.0 (i-Ph), 195.8 (CPh); 29Si NMR ([D8]THF, 303 K): d� 21.0
(1J(Si, H)� 99 Hz). IR (Nujol): nÄ � 1737, 1752 cmÿ1 (SiH, C�Ccoord).
C20H22SiTi (338.4): calcd: C 71.00, H 6.55; found: C 70.64, H 6.40.


[Cp2Ti(Me3SiC2SiMe2H)] (3): Yield: Method a) 53%, violet oily solid. 1H
NMR (C6D6, 297 K): d�ÿ5.24 (1H; SiH), 0.11 (d, 3J(H,H)� 2.2 Hz, 6H;
SiMe2), 0.20 (s, 9 H; SiMe3), 5.22 (s, 10 H; Cp); 13C NMR ([D8]toluene,
303 K): d�ÿ2.7 (SiMe2, SiMe3), 103.8 (Cp), 117.7 (CSiMe2), 202.8
(CSiMe3); 29Si NMR (C6D6, 297 K): d�ÿ8.5 (SiMe3), 15.4 (1J(Si,H)�
117 Hz, SiMe2). IR (Nujol): nÄ � 1685, 1766 cmÿ1 (SiH, C�Ccoord). C17H26Si2-


Ti (334.4): calcd: C 61.05, H 7.84; found: C 60.71, H 7.51.


[Cp2Ti(HMe2SiC2SiMe2H)] (4): Yield: Method b) 61%, violet crystals,
m.p. 142 ± 146 8C. 1H NMR (C6D6 at 303 K: averaged data, see also
Table 2): d�ÿ0.96 (2H; SiH), 0.27 (d, 3J(H, H)� 2.9 Hz, 12 H; SiMe2),
5.02 (s, 10H; Cp); 13C NMR (C6D6, 303 K): d�ÿ2.2 (1J(Si, C)� 57 Hz;
SiMe2), 103.0 (Cp), 162.3 (CSiMe2); 29Si NMR (C6D6, 303 K): d� 0.5 (1J(Si,
H)� 147 Hz). IR (Nujol): nÄ � 1759, 1771 cmÿ1 (SiH, C�Ccoord), 2106 cmÿ1


(SiHfree). C16H24Si2Ti (320.4): calcd: C 59.98, H 7.55; found: C 59.65, H 7.37.


[Cp*2 Ti(h2-tBuC2SiMe2H)] (5): Yield: Method a) 51%, yellow-brown
crystals, m.p. 90 ± 92 8C. 1H NMR (C6D6, 297 K): d� 0.12 (d, 3J(H, H)�
3.6 Hz, 6H; SiMe2), 0.99 (s, 9H; tBu), 1.80 (s, 30 H; Cp*), 4.47 (sept, 1H;
SiH); 13C NMR (C6D6, 297 K): d� 1.7 (SiMe2), 13.0 (C5Me5), 33.3 (CMe3),
43.7 (CMe3), 122.0 (C5Me5), 208.7 (CSiMe2), 242.7 (CCMe3); 29Si NMR
(C6D6, 297 K): d�ÿ36.4 (1J(Si, H)� 183 Hz). IR (Nujol): nÄ � 2081 cmÿ1


(SiH), 1614 cmÿ1 (C�Ccoord). C28H46SiTi (458.6): calcd: C 73.33, H 10.11;
found: C 73.02, H 9.87.


[Cp*2 Ti(h2-HMe2SiC2SiMe2H)] (6): Yield: Method a) 52 %, yellow-green
powder, m.p. 86 ± 90 8C. 1H NMR (C6D6, 303 K): d� 0.52 (d, 3J(H, H)�
3.7 Hz, 12H; SiMe2), 1.70 (s, 30H; Cp*), 4.49 (sept, 3J(H, H)� 3.7 Hz, 2H;
SiH); 13C NMR (C6D6, 303 K): d� 0.1 (SiMe2), 12.4 (C5Me5), 122.0
(C5Me5), 245.1 (CSiMe2); 29Si NMR (C6D6, 303 K): d�ÿ33.4 (1J(Si, H)�
184 Hz). IR (Nujol): nÄ � 1577 cmÿ1 (C�Ccoord), 2090 cmÿ1 (SiHfree).
C26H44Si2Ti (460.7): calcd: C 67.79, H 9.63; found: C 67.41, H 9.95.


[(THI)2Ti(h2-tBuC2SiMe2H)] (7): Yield: Method a) 66%, red-brown oil.
1H NMR (C6D6, 297 K): d� 0.10 (d, 3J(H, H)� 2.5 Hz, 6H; SiMe2), 0.74 (s,
9H, tBu), 1.25 (m, 4 H; CH2), 1.40, 1.55, 1.75, 2.30, 2.45, 2.95 (m, 2 H each;
CH2), 3.97 (1 H, SiH), 5.35, 5.68, 7.00 (2 H each; CH); 13C NMR (C6D6,
297 K): d� 0.6 (SiMe2), 23.4, 23.8, 25.2, 25.7 (CH2), 31.6 (CMe3), 42.5
(CMe3), 110.9, 111.1, 113.2 (CH), 125.6 (double intensity, 2 Cq), 198.7
(CSiMe2), 237.8 (CCMe3); 29Si NMR (C6D6, 297 K): d�ÿ35.4 (1J(Si, H)�
185 Hz). IR (Nujol): nÄ � 2090 cmÿ1 (SiH), 1653 cmÿ1 (C�Ccoord.). C26H38SiTi
(426.6): calcd: C 73.21, H 8.98; found: C 73.57, H 9.24.


[{Me2Si(h5-C5H4)}2Ti(tBuC2SiMe2H)] (8): Yield: Method a) 71%, violet
oily crystals. 1H NMR ([D8]toluene, 299 K): d�ÿ6.54 (1H; SiH), 0.13 (d,
3J(H, H)� 2.0 Hz, 6 H, SiMe2H), 0.18, 0.28 (s, 3 H each; SiMe2), 1.29 (s, 9H;
tBu), 4.72, 5.04, 5.18, 6.08 (m, 2 H each; C5H4); 13C NMR ([D8]toluene,


299 K): d�ÿ5.5, ÿ5.0 (SiMe2), ÿ2.2 (1J(Si, C)� 64 Hz; SiMe2H), 33.2
(CMe3), 40.3 (CMe3), 98.2 (CSiMe2H), 98.8 (Cq), 97.9, 101.9, 108.5, 117.5
(CH), 209.0 (CCMe3); 29Si NMR ([D8]toluene, 299 K): d�ÿ16.6 (SiMe2);
7.4 (1J(Si, H)� 100 Hz; SiMe2H). IR (capillary): nÄ � 1753 cmÿ1 (SiH,
C�Ccoord). C20H30Si2Ti (374.5): calcd: C 64.14, H 8.07; found: C 63.83, H
8.41.


[Cp2Zr(thf)(h2-tBuC2SiMe2H)] (9 a): Yield: 56 % (determined by NMR
spectroscopy) orange solution, starting from 9b dissolved in THF. 1H NMR
([D8]THF, 217 K): d� 0.45 (d, 3J(H, H)� 3.4 Hz, 6 H; SiMe2), 1.18 (s, 9H;
tBu), 4.58 (sept, 1 H; SiH), 5.67 (s, 10H; Cp); 13C NMR ([D8]THF, 217 K):
d�ÿ0.7 (SiMe2), 32.8 (CMe3), 41.9 (CMe3), 106.6 (Cp), quart. C (alkyne)
not observed; 29Si NMR ([D8]THF, 217 K): d�ÿ26.5 (1J(Si, H)� 174 Hz).
IR (Nujol): nÄ � 2094 cmÿ1 (SiH), 1688 cmÿ1 (C�Ccoord.).


[Cp2Zr(tBuC2SiMe2H)] (9b): Yield: Method b) 68%, yellow-brown
crystals, m.p. 87 ± 92 8C. 1H NMR (C6D6, 297 K): d�ÿ3.74 (1 H; SiH),
0.24 (d, 3J(H, H)� 1.7 Hz, 6 H; SiMe2), 1.50 (s, 9 H; CH3), 5.12 (s, 10H; Cp);
13C NMR (C6D6, 297 K): d�ÿ2.7 (SiMe2), 33.3 (CMe3), 39.7 (CMe3), 99.0
(CSiMe2), 101.2 (Cp), 214.7 (CCMe3); 29Si NMR (C6D6, 297 K): d� 16.1
(1J(Si, H)� 72 Hz). IR(Nujol) nÄ � 1689 cmÿ1 (SiH, C�Ccoord.). C18H26SiZr
(361.7): calcd: C 59.77, H 7.25; found: C 59.55, H 7.61.


[Cp2Zr(thf)(h2-PhC2SiMe2H)] (10a): Yield: Method b) 59 % (determined
by NMR spectroscopy), yellow-green. NMR ([D8]THF at 213 K: two
isomers, see Scheme 6): Major [minor] isomer, 1H NMR: d� 0.04 [ÿ0.06]
(d, 3J(H, H)� 3.7 [3.6] Hz, 6H; SiMe2), 4.44 [4.37] (sept, 1H; SiH), 5.80
[5.69] (s, 10H; Cp), 6.57 ± 7.25 (Ph); 13C NMR: d�ÿ1.2 [ÿ1.3] (SiMe2),
107.3 (Cp, both isomers), 122.3, 123.5, 123.8, 124.8, 127.8, 128.2, 152.3, 156.7,
165.0, 194.0, 199.3, 221.8 (Cq and CH); 29Si: d�ÿ26.8 [ÿ22.2] (1J(Si, H)�
176 [175] Hz). IR (Nujol): nÄ � 2064 cmÿ1 (SiH), 1683 cmÿ1 (C�Ccoord.).


[Cp2Zr(PhC2SiMe2H)] (10 b): When 10a was dissolved in toluene, 10b was
formed quantitatively, yellow solid, m.p. 78 ± 84 8C. 1H NMR ([D8]toluene,
233 K): d�ÿ3.55 (1J(Si, H)� 73 Hz, 1 H; SiH), 0.28 (d, 3J(H, H)� 1.9 Hz,
6H; SiMe2), 5.00 (s, 10 H; Cp), 7.20 (1 H; p-Ph) 7.41 (2 H; m-Ph), 8.27 (2 H;
o-Ph); 13C NMR ([D8]toluene, 233 K): d�ÿ3.0 (SiMe2), 101.5 (Cp), 110.2
(CSiMe2), 128.7, 129.1, 133.9 (CH Ph), 139.5 (i-Ph), 201.6 (CPh); 29Si NMR
([D8]toluene, 303 K): d� 20.6 (1J(Si, H)� 88 Hz). IR(Nujol) nÄ � 1686 cmÿ1


(SiH, C�Ccoord.). C20H22SiZr (381.7): calcd: C 62.94, H 5.81; found: C 62.25,
H 6.21.


[Cp2Zr(thf)(h2-Me3SiC2SiMe2H)] (11a): Yield: 63 % (determined by NMR
spectroscopy), yellow-brown solution, starting from 11 b dissolved in THF.
1H NMR ([D8]THF, 246 K): d� 0.11 (d, 3J(H, H)� 3.6 Hz, 6 H; SiMe2),
0.15 (s, 9H; SiMe3), 4.54 (sept, 1H; SiH), 5.56 (s, 10H; Cp); 13C NMR
([D8]THF, 246 K): d�ÿ1.1 (SiMe2), 2.0 (SiMe3), 106.8 (Cp), quart. C
(alkyne) not observed; 29Si NMR ([D8]THF, 246 K): d�ÿ23.6 (1J(Si, H)�
179 Hz; SiMe2), ÿ11.4 (SiMe3).


[Cp2Zr(Me3SiC2SiMe2H)] (11 b): Yield: Method a) 32%, yellow-brown
crystals, m.p. 48 ± 49 8C. 1H NMR (C6D6, 297 K): d�ÿ4.29 (1H; SiH), 0.33
(d, 3J(H, H)� 1.8 Hz, 6 H; SiMe2), 0.50 (s, 9 H; SiMe3), 5.05 (s, 10H; Cp);
13C NMR (C6D6, 297 K): d�ÿ2.7 (SiMe2), 1.4 (SiMe3), 101.0 (Cp), 125.4
(CSiMe2), 194.7 (CSiMe3); 29Si NMR (C6D6, 297 K): d�ÿ5.8 (SiMe3), 34.3
(1J(Si, H)� 68 Hz; SiMe2). C17H26Si2Zr (377.8): calcd: C 54.05, H 6.94;
found: C 53.79, H 6.62.


[Cp2Zr(thf)(h2-HMe2SiC2SiMe2H)] (12 a): Yield: 57 % (determined by
NMR spectroscopy), orange-brown solution, starting from 12b dissolved in
THF. 1H NMR ([D8]THF, 203 K): d� 0.08, 0.26 (d, 3J(H, H)� 3.6 Hz, 6 H
each; SiMe2), 4.44, 4.74 (sept, 1 H each; SiH); 5.58 (s, 10H; Cp); 13C NMR
([D8]THF, 203 K): d�ÿ1.1, ÿ0.7 (1J(Si, C)� 49 and 50 Hz; SiMe2), 77.7
(a-CH2 THF), 106.8 (Cp), 198.3, 225.7 (1J(Si, C)� 60 and 65 Hz; CSiMe2);
29Si NMR ([D8]THF, 203 K): d�ÿ28.0, ÿ21.3 (1J(Si, H)� 178 and
176 Hz).


[Cp2Zr(HMe2SiC2SiMe2H)] (12b): Yield: Method a) 70 %, red-orange,
m.p. 45 8C. 1H NMR ([D8]toluene, 246 K): d�ÿ4.40 (1H; activated SiH),
0.24 (d, 3J(H, H)� 1.7 Hz, 6 H; activated SiMe2), 0.50 (d, 3J(H, H)� 3.7 Hz,
6H; SiMe2), 4.93 (s, 10 H; Cp), 5.05 (sept, 1H; SiH); 13C NMR
([D8]toluene, 246 K): d�ÿ3.1 (1J(Si, C)� 66 Hz; activated SiMe2), ÿ1.5
(1J(Si, C)� 52 Hz; SiMe2), 100.8 (Cp), 127.1 (1J(Si, C)� 59 Hz; activated
CSiMe2), 191.2 (1J(Si, C)� 73 Hz; CSiMe2); 29Si NMR ([D8]toluene,
246 K): d�ÿ21.6 (1J(Si, H)� 187 Hz), 35.3 (1J(Si, H)� 69 Hz; activated
SiH). C16H24Si2Zr (363.8): calcd: C 52.83, H 6.65; found: C 53.12, H 6.59.


[Cp2Ti± C(SiMe2H)=CPh ± C(SiMe2H)=CPh] (13 a): Yield: 28% (crystal-
lization at ÿ20 8C), brown crystals. 1H NMR (C6D6, 297 K): d�ÿ0.25,
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ÿ0.15 (d, 3J(H, H)� 3.9 and 3.8 Hz, 6 H each; SiMe2), 3.14, 3.62 (sept, 3J(H,
H)� 3.8 and 3.9 Hz, 1 H each; SiH), 6.01 (s, 10 H; Cp), 6.92, 7.10, 7.42 (Ph);
13C NMR (C6D6, 297 K): d�ÿ1.0, ÿ0.6 (SiMe2), 114.0 (Cp), 124.6, 126.2
(p-Ph), 125.4, 127.5, 127.9, 129.7 (CH Ph), 140.9, 146.7, 149.0, 149.6 (Cq),
211.1, 228.4 (CTi); 29Si NMR (C6D6, 303 K): d�ÿ29.6 (1J(Si, H)� 189 Hz),
ÿ36.3 (1J(Si, H)� 175 Hz). Elemental analysis of a mixture of 13a and b :
C30H34Si2Ti (498.6): calcd: C 72.26, H 6.87; found: C 72.41, H 6.89.


[Cp2Ti± C(SiMe2H)=CPh ± CPh=C(SiMe2H)] (13b): Yield: 88% (crystal-
lization at 0 8C), brown prismatic crystals, m.p. 156 ± 157 8C. 1H NMR
(C6D6, 297 K): d�ÿ0.15 (d, 3J(H, H)� 3.8 Hz, 12H; SiMe2), 3.31 (sept,
2H; SiH), 6.18 (s, 10 H; Cp), 6.75 (4H; o-Ph), 6.77 (2H; p-Ph), 6.87 (4H; m-
Ph); 13C NMR (C6D6, 297 K): d�ÿ1.1 (SiMe2), 113.8 (Cp), 125.4 (p-Ph),
127.1, 129.6 (CH Ph), 144.9, 150.0 (Cq), 218.1 (CTi); 29Si NMR (C6D6,
297 K): d�ÿ35.9 (1J(Si, H)� 176 Hz). IR(Nujol): nÄ � 2092 cmÿ1 (SiH).


[Cp2Zr± C(SiMe2H)=CPh ± C(SiMe2H)=CPh] (14 a): Yield: 40% (crystal-
lization: one day at ÿ30 8C), orange. 1H NMR ([D8]toluene, 268 K): d�
ÿ0.25 (d, 3J(H, H)� 4.0 Hz, 6 H; b-SiMe2), ÿ0.17 (d, 3J(H, H)� 3.8 Hz,
6H; a-SiMe2), 3.56, 3.71 (sept, 1 H each; a- and b-SiH), 5.94 (s, 10H; Cp),
6.84 (2 H; o-a-Ph), 6.88 (1H; p-a-Ph), 6.99 (1 H; p-b-Ph), 7.06 (2H, o-b-Ph),
7.08 (2H; m-b-Ph), 7.11 (2H; m-a-Ph); 13C NMR ([D8]toluene, 268 K): d�
ÿ1.6, ÿ0.2 (a-, b-SiMe2), 111.9 (Cp), 123.9, 126.1 (p a-, b-Ph), 124.9, 128.9
(o a-, b-Ph), 128.2, 127.6 (m a-, b-Ph), 146.1, 148.2, 149.8, 156.5, 195.5, 222.9
(quart. C); 29Si NMR ([D8]toluene, 268 K): d�ÿ37.0 (1J(Si, H)� 173 Hz,
a-Si), ÿ29.4 (1J(Si, H)� 189 Hz, b-Si). Elemental analysis of a mixture of
14a and b : C30H34Si2Zr (542.0): calcd. C 66.48, H 6.32; found: C 66.35, H
6.27.


[Cp2Zr± C(SiMe2H)=CPh ± CPh=C(SiMe2H)] (14b): Yield: 76 % (crystal-
lization: 5 days at 0 8C), yellow needles. M.p.: 160 8C. 1H NMR ([D8]tol-
uene, 268 K): d�ÿ0.19 (d, 3J(H, H)� 3.8 Hz; 6 H, SiMe2), 3.70 (sept, 2H;
SiH), 6.10 (s, 10 H; Cp), 6.70 (4H; o-Ph), 6.71 (2 H; p-Ph), 6.83 (4H; m-Ph);
13C NMR ([D8]toluene, 268 K): d�ÿ1.6 (SiMe2), 111.7 (Cp); 125.3, 127.1,
129.1 (p-, m-, o-Ph), 146.2 (i-Ph), 157.0 (CPh), 204.2 (CZr); 29Si NMR
([D8]toluene, 268 K): d�ÿ36.3 (1J(Si, H)� 174 Hz). IR (Nujol) nÄ �
2069 cmÿ1 (SiH). MS(70 eV): m/z : 380 [M]� .
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Abstract: A highly selective asymmet-
ric domino allylation of aliphatic ke-
tones is described. When methyl ketones
1 a ± g, the chiral trimethylsilyl ether 2,
and allylsilane 3 react in the presence of
catalytic amounts of trifluoromethane-
sulfonic acid, the homoallylic ethers
4 a ± g are produced with up to 24:1
diastereoselectivity and 89 % yield.
Cleavage of the obtained tertiary homo-


allylic ethers 4 using lithium or sodium
in liquid ammonia gives the homoallylic
alcohols 5 in 75 to 95 % yield and up to
92 % ee. Even ethyl methyl ketone 1 a,
the most difficult example, showed a


stereoselectivity of 9:1 at ÿ78 8C and
24:1 at ÿ109 8C. In addition, the allyla-
tion of protected hydroxyalkyl methyl
ketones 7 a ± j was investigated to give
the corresponding homoallylic ethers
8 a ± j with a diastereoselectivity of up
to >24:1 and 98 % yield. In contrast,
ethyl alkyl ketones 1 h ± j have a low
selectivity.


Keywords: allylation ´ allyl alcohols
´ allylsilanes ´ asymmetric synthesis
´ domino reactions ´ ketones


Introduction


The allylation of a carbonyl moiety is an important trans-
formation in organic chemistry,[1] since the resulting homo-
allylic alcohols are valuable intermediates in the synthesis of
natural products and other complex structures. For the
asymmetric allylation of aliphatic aldehydes, several highly
selective methods have been developed that use allylsilanes in
the presence of a chiral auxiliary, equimolar amounts of chiral
allylboronic[2] and allyltitanic[3] reagents, or chiral acetals.[4]


Recently also catalytic methods have been published.[5]


However, the stereoselective allylation of aliphatic ketones
was not possible until recently when we published a new
procedure that gives good asymmetric induction even for the
most difficult ketone, namely ethyl methyl ketone.[6] Thus,
reaction of ethyl methyl ketone (1 a), the chiral trimethylsilyl
ether 2 derived from norpseudoephedrine, and allylsilane 3 in
the presence of a catalytic amount of trifluoromethanesul-
fonic acid (TfOH) gives the homoallylic ether 4 a in high yield
and a 9:1 diastereoselectivity. The transformation is per-
formed in a domino-type process[7] by mixing all four
components together. The tertiary homoallylic alcohols 5 a
can easily be obtained from the ethers 4 a by treatment with
sodium in liquid ammonia.


In this paper we describe the details of the reaction with
unfunctionalized and protected hydroxy ketones as well as the
optimization of the reaction conditions.


Results and Discussion


Allylation of aliphatic, unfunctionalized ketones : Simple
aliphatic methyl ketones were allylated by treatment of a
mixture of two equivalents of the ketones 1 a ± g with one
equivalent of the trimethylsilyl ether of (1R,2R)-N-trifluoro-
acetylnorpseudoephedrine (2) and two equivalents of allylsi-
lane 3 (Scheme 1) in the presence of a catalytic amount of
trifluoromethanesulfonic acid (TfOH, 0.15 equiv) in dichloro-
methane at ÿ78 8C for one to five hours (Table 1). Usually,
the conversion is complete within one hour after addition of
the catalyst and a longer reaction time does normally not
improve the yield. The reaction is very clean and the
formation of by-products is not observed. Thus, the ketones
1 a ± f gave the homoallylic ethers 4 a ± f with 59 to 87 %
isolated yield (87 ± 91 % yield based on conversion) and a
good diastereoselectivity of 7.5:1 to 24:1. The reaction was
quenched by addition of aqueous triethylamine and the
products purified by column chromatography on silica gel.
Increasing steric hindrance in the substrate, as in tert-butyl
methyl ketone (1 g), causes a significant decrease of the
reaction rate; however, based on conversion the yield of the
obtained ether 4 g is 88 %. A similar observation was made for
the reactions of ketones having longer alkyl side chains on
both sides. Thus, only methyl ketones can be allylated at a
reasonable rate; ethyl propyl ketone (1 h) and hexyl propyl
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ketone (1 i) gave only about 20 % yield, and ethyl isopropyl
ketone (1 j) did not react at all. From this data it can be
assumed that the substrate and the amino alcohol derivative
form a pocket into which only a methyl group fits well but not
an ethyl group. Therefore, not unexpectedly, the stereo-
selectivity in the reaction of 1 h and 1 i is rather low. The
cleavage of the obtained ethers 4 to give the homoallylic
alcohols 5 was performed by reductive removal of the benzyl
moiety using 2.5 equiv of sodium or, even better, lithium in
liquid ammonia at ÿ78 8C. In addition to the alcohols 5 the


amphetamine 6 was obtained, which could be removed by
column chromatography. Reaction of 4 a under these con-
ditions afforded 5 a in 76 % isolated yield; 4 b and 4 f were
transformed into the alcohols 5 b and 5 f in over 85 % yield.
The conversion was always quantitative, but the isolation of
the alcohols 5 sometimes caused some problems due to their
volatility. It should be kept in mind that the functionalized
benzyl group in the tertiary homoallylic ethers 4 is a stable and
useful protecting group. Thus, many transformations of the
ethers 4 as the primary products, such as ozonolysis of the
double bond to give an aldehyde moiety, can be performed
before taking off the protecting group.


The absolute configuration of the obtained homoallylic
ethers was determined by X-ray crystallographic analysis,
performed for 4 b and 4 f. From this data it can be deduced
that the allylation of the ketones 1 using the (R,R)-norpseu-
doephedrine derivative 2 occurs from the Re face; conse-
quently, the enantiomeric homoallylic alcohols ent-5 are
obtained using the (S,S)-norpseudoephedrine derivative ent-
2 (Scheme 1).
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Scheme 1. Allylation of aliphatic ketones 1.


Allylation of functionalized ketones : For the use of the new
procedure in the synthesis of natural products it was necessary
to demonstrate that also functionalized ketones can be
employed. As already shown, nonconjugated double bonds
as in 1 c or ester moieties as in 1 e do not interfere with the
reaction (Table 1). In addition, we have studied the trans-
formation of hydroxyalkyl ketones (Table 2). First, the
stability and usefulness of different protecting groups R for
4-hydroxy-2-butanone 7 were investigated, since free hydroxy
ketones cannot be used in the allylation process. The


Abstract in German: Eine hochselektive asymmetrische do-
mino-Allylierung von aliphatischen Ketonen wird beschrieben.
Durch Reaktion der Methylketone 1a ± g mit dem chiralen
Trimethylsilylether 2 und dem Allylsilan 3 in Gegenwart
katalytischer Mengen Trifluormethansulfonsäure werden die
Homoallylether 4a ± g mit einer Diastereoselektivität von bis
zu 24:1 und Ausbeuten von 87 ± 91 % erhalten. Die Spaltung
der entstandenen tertiären Homoallylether 4 mit Natrium oder
Lithium in flüssigem Ammoniak ergibt die Homoallylalkohole
5 in 75 ± 95 % Ausbeute und bis zu 92 % ee. Selbst Ethylme-
thylketon (1a) als das schwierigste Substrat zeigt eine Stereo-
selektivitäät von 9:1 bei ÿ78 8C und 24:1 bei ÿ109 8C.
Weiterhin wurde die Allylierung der geschützten Hydroxyal-
kylmethylketone 7a ± j untersucht, welche die entsprechenden
Homoallylether 8a ± j mit Diastereoselektivitäten von bis zu
>24:1 und bis zu 98 % Ausbeute ergeben. Im Gegensatz dazu
reagieren die Ethylalkylketone 1h ± j mit geringen Selektivi-
täten und Ausbeuten.


Table 1. Synthesis of homoallylic ethers 4 a ± j from ketones 1a ± j.


1 R 4 : Yield [%][a] d.r.[b] 5 : Yield [%]


a
O


O


Ph


O


O


O
CO2Me


O


O


O


O


O


87 (91) 9:1 76


b 63 (91) 10:1 92


c 73 (89) 10:1 ±


d 79 (88) 7.5:1 ±


e 58 (91) 7.5:1 ±


f 59 (87) 24:1 85


g 22 (88) 10:1 ±


h 21 (99) 1.5:1 ±


i 22 (99) 1.4:1 ±


j < 1 ± ±


[a] The yields are based on 2. The yields in parentheses are based on
conversion of 2. [b] Diastereomeric ratio determined by 13C NMR
spectroscopy.


Table 2. Allylation of protected hydroxyalkyl ketones 7 a ± j.


7 R 8 : Yield [%][a] d.r.[b]


a Ac 43 9:1
b COOtBu 25 10:1
c Bz 30 10:1
d 3,5-NO2-Bz < 1 ±
e 4-MeOÿBz 31 10:1
f Et 64 6:1
g 4-MeOÿPh 45 10:1
h Allyl 63 9:1
i ThDMS < 1 ±
j TBDPS 98 > 24:1


[a] The yields are based on 2. [b] Determined by 13C NMR spectroscopy.
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application of the acylated substrates 7 a ± e led to insufficient
results with only low yields but good selectivity of the desired
allylated products 8 a ± e (Scheme 2). When b-alkoxy ketones
such as b-ethoxy methyl ketone (7 f) were employed the yields
improved; however, the cleavage of an ethyl ether is rather
difficult. Results similar to those for 7 f were obtained with
7 h, containing an allyl protecting group which can easily be
removed by isomerisation with transition metal complexes
like [Rh(PPh)3Cl] and hydrolysis of the vinyl ether thus
formed. With the p-methoxyphenyl group again low yields of
8 g were obtained due to the acidic reaction conditions; in
addition, the product is highly sensitive to oxygen. By far the
best results, not only with regard to the yields but also the
selectivity, were obtained with the tert-butyl diphenylsilyl
protecting group. Thus, reaction of 7 j with 2 and 3 in the
presence of TfOH gave the homoallylic ether 8 j nearly
exclusively in 98 % yield; only one diastereomer could be
detected. Desilylation of 8 j was possible under mild con-
ditions and with quantitative conversion by using TBAF in
tetrahydrofuran (Scheme 2).


O


TMSO
NH


COCF3Ph


TMS


O
NH


COCF3Ph


OR


OR


+ +
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Scheme 2. Allylation of protected hydroxyalkyl ketones 7.


Influence of the reaction conditions on the selectivity and the
yields : For optimisation of the reaction conditions, the effect
of the reaction time, temperature, catalyst, solvent, and
additives was examined. The influence of the reaction time
was checked with a mixture of one equivalents of 2, two
equivalents of the ketone 1 a, two equivalents of allylsilane 3
in dichloromethane and 0.2 equivalents of TfOH at ÿ78 8C.
After different time intervals the reaction was quenched by
addition of triethylamine and the yields were determined
(Figure 1). It could be seen that after 30 min the yield reached
70 % and that after 1 h the conversion was complete (81 %).


Figure 1. Allylation of 1a with variation of the reaction time.


In the allylation of aldehydes with the described method
TMSOTf was the most efficient catalyst; in contrast, TMSOTf
is not suitable for the allylation of ketones. Thus, only 25 %
yield was obtained under these reaction conditions with ethyl
methyl ketone (1 a). Good results, however, are usually
obtained with a 1:1 mixture of TMS-triflate and TfOH, but
pure triflic acid gives the same results. Using other Brùnsted
acids such as sulfuric acid, oleum, trifluoroacetic acid, acetic
acid, or perchloric acid no conversion was observed.


The necessary amount of the catalyst was determined by
addition of varying quantities of TfOH to a mixture of one
equivalent of 2, two equivalents of ketone 1 a and two
equivalents of allylsilane 3 dissolved in dichloromethane at
ÿ78 8C. After one hour the conversion was quenched with
triethylamine and the yields were determined (Figure 2). In
the presence of less than 10 mol% of the catalyst the
conversion was rather slow but with more than 10 mol %
the reaction rates were sufficient.


Figure 2. Allylation of 1 a with variation of the amount of TfOH.


Another interesting parameter of the described transfor-
mations is the influence of the temperature on the selectivity
(Figure 3). Under the standard conditions, one equivalent of
2, two equivalents of ketone 1 a, and two equivalents of


Figure 3. Allylation of 1 a with variation of the reaction temperature.


allylsilane 3 with 10 mol % of TfOH as catalyst for 1 h, a
diastereoselectivity of only 4.2:1 was observed at ÿ25 8C
whereas an excellent selectivity of 24:1 was found at ÿ109 8C.
Due to the low reaction rate at the latter temperature the
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yields of the homoallylic ether 4 a dropped to only 44 %, but
by using longer reaction times the yields can be improved.
Since pure dichloromethane solidifies at ÿ98 8C the reactions
were performed in a 1:1 mixture of freon 1,1 and dichloro-
methane.


In addition to the temperature also the nature of the solvent
has a great influence on the diastereoselectivity (Table 3).


Again under the standard conditions described in the previous
paragraph, the reaction was performed in different solvents.
Chloroform was as suitable as dichloromethane giving 90 % of
the homoallylic ether 4 a ; however, due to the relatively high
melting point of chloroform (ÿ63 8C) the reaction had to be
performed at ÿ60 8C with a consequent decrease of the
diastereoselectivity to 6.5:1. In pure freon 1,1 at ÿ78 8C the
homoallylic ether 4 a was obtained with 95 % yield and in a
8.4:1 ratio, whereas in a one-to-one mixture of dichloro-
methane and freon 1,1 a nearly quantitative conversion to
give 4 a in a 10:1 ratio was observed. Nonpolar solvents like
toluene could also be used with good yields (>90 %), but the
selectivity was disappointingly low at 5:1. In contrast, in polar
solvents like tetrahydrofuran a good selectivity was observed,
but the yields were unacceptable with only 20 % after a
reaction time of two days.


One clear disadvantage of the described allylation is the
requirement for two equivalents of the ketone 1 in relation to
the chiral trimethylsilyl ether 2. To investigate the influence of
the amount of ketone we varied the number of equivalents of
1 a stepwise from 0.7 to 3.0 in the standard system (Figure 4).
The optimum of conversion with nearly 90 % yield was
observed using two equivalents of 1 a. Using more than two
equivalents the yields stayed constant whereas the yield
dropped to 30 % employing only one equivalent of 1 a.


Figure 4. Allylation of 1 a with variation of the amount of 1 a.


The problem of using a twofold excess of the ketone being
clearly unacceptable for ketones which are expensive or
difficult to synthesize can be overcome by adding sterically
hindered ketones. As already shown, these ketones react very
slowly or not at all to give the corresponding homoallylic
ethers (Table 1). However, very bulky ketones were not
useful, but diethyl ketone (9 a), ethyl propyl ketone (9 b),
ethyl isopropyl ketone (9 c), propyl hexyl ketone (9 d), propyl
octyl ketone (9 e) and diisopropyl ketone (9 f) were suitable
additives (Table 4). The best results were obtained with the


ketones 9 c and 9 f containing at least one isopropyl group
(Scheme 3). With the other ketones considerable amounts of
the allylated products 10 were formed. Thus, in the presence
of 5 equiv of 9 c, the allylation of 0.9 equiv of 1 a, 1.0 equiv of
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Scheme 3. Allylation of 1 a in the presence of bulky ketones 9.


ent-2, and 2.0 equiv of 3 furnished the homoallylic ether ent-
4 a in 88 % yield with only traces of the allylated 9 c ; when
17 equiv of the additive 9 f were used, a quantitative
conversion to give ent-4 a was observed. In contrast, without
the additive ent-4 a was formed in only 24 % yield, if 0.9 equiv
of 1 a are used. In all transformation the diastereoselectivity
was as high as for the reactions without any additive (9:1).


Structure elucidation of the homoallylic ethers and homo-
allylic alcohols : The constitution of the obtained homoallylic


Table 3. Allylation of 1 a in different solvents.


Solvent 4a : Yield [%][a] d.r.[b]


CH2Cl2 91 9.0:1
CHCl3 90 6.5:1
freon 1,1 95 8.4:1
CH2Cl2/freon 1,1 97 9.9:1
toluene 90 5.3:1
THF 20 8.3:1


[a] The yields are based on 2. [b] Determined by 13C NMR spectroscopy.


Table 4. Allylation of 1 a in the presence of ketones 9.[a]


9 R R' equiv ent-4a :
Yield [%][b]


10 : Yield
[%][c]


a ethyl ethyl 1.0 33 7
b ethyl propyl 1.0 46 8


2.0 60 13
5.0 69 25


c ethyl isopropyl 1.0 48 ±
2.0 76 1
5.0 88 2


d propyl hexyl 2.0 58 12
e propyl octyl 2.0 52 2
f isopropyl isopropyl 1.0 28 ±


5.0 65 ±
17 99 ±


[a] Reaction conditions: 0.9 equiv of 1 a, 1.0 equiv of 2, 2.0 equiv of 3. [b]
The yields are based on 1a. [c] The yields are based on 2.
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ethers 4 and homoallylic alcohols 5 could easily be determined
by 1H NMR spectroscopy as discussed for the examples 4 a
and 5 a. The hydrogens at the vinyl group of 4 a resonate at
d� 5.04 ± 5.17 and d� 5.73 ± 5.95 as multiplets, for the methyl
group at the newly formed stereogenic centre a singlet at d�
1.00 is observed, and the norpseudoephedrine moiety gives
signals at d� 4.57 as a doublet with J� 4.0 Hz and at d�
4.00 ± 4.14 as a multiplet. The signals for the phenyl group are
found at d� 7.20 ± 7.37 and the signal for the NH group at d�
6.48 as a broad doublet with J� 7.5 Hz. The two diastereo-
topic protons 3-H resonate at d� 2.27 ± 2.38 as a multiplet. In
the 1H NMR spectrum of the corresponding homoallylic
alcohol 5 a the signals for the ephedrine moiety are missing
and the hydrogen of the newly formed hydroxyl group
resonates at d� 1.60 as a broad singlet.


As expected, the absolute configuration of the newly
formed stereogenic centers in the homoallylic ethers 4 could
not be determined by NMR spectroscopy. For this purpose an
X-ray crystallographic analysis was performed for the homo-
allylic ethers 4 b and 4 f.


Mechanistic considerations for the allylation of ketones : The
excellent diastereoselectivity in the allylation of aliphatic
ketones by the described procedure is surprising since all
other published methods which gave excellent results in the
allylation of aldehydes failed for ketones. In considering the
mechanism it should be emphasized that the allylation of
ketones and the allylation of aldehydes lead to opposite
absolute configurations of the newly formed stereogenic
center; therefore, it was assumed that the hydrogen of the
aldehydes corresponds to the methyl group of the alkyl
methyl ketones.[9] Thus, different reaction mechanisms must
be considered for the two transformations. In the first step we
assume the formation of an oxenium ion 15 by reaction of 1
under proton catalysis with TfOH (Scheme 4), which on
reaction with the trimethylsilyl ether 2 gives the mixed acetal
16.[10] An allylation of the protonated mixed acetal 17 by the
allylsilane 3 in a SN2 type fashion might then give the
homoallylic ethers 4 directly. The formation of an oxazolidi-
nium ion 18 a as assumed in the reaction of aldehydes (18 b)
seems to be less likely due to the steric hindrance of the
ketones; thus, oxazolidines were not observed as by-products
in the transformations of ketones. The assumption of a direct
attack of 3 on the protonated mixed acetal 17 would explain
the opposite facial selectivity in the reaction of aldehydes and
ketones since for aldehydes an inversion should take place by
opening of the intermediate N,O-acetal 18 b to give 19, as
observed. However, there are many open questions, and so far
we are neither able to explain the astounding high selectivity
in the formation of 4 nor the influence of the NÿCOCF3 group
in 2 which is necessary for the reaction.


Conclusion


The described facially selective allylation of aliphatic methyl
ketones using norpseudoephedrine (2) and allylsilane 3 is a
highly powerful method for the synthesis of enantiopure
homoallylic ethers and alcohols. For nearly all examined
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Scheme 4. Proposed mechanism of the allylation of ketones 1.


ketones a diastereoselectivity of at least 9:1 was found; this is
a distinct enhancement compared with all other allylation
methods. In addition, protected hydroxyalkyl ketones could
also be employed with a diastereoselectivity up to >24:1 and
98 % yield. Optimization of the reaction conditions allowed
the reduction of the reaction time and the amount of the
employed ketone as well as an increase in selectivity. Thus,
transformation of ethyl methyl ketone gave the corresponding
homoallylic ether in a 24:1 ratio at ÿ109 8C. The differ-
entiation of a methyl and an ethyl group makes this method
one of the strongest known asymmetric principles, shaping
this procedure into a new, very useful instrument in the
toolbox of the synthetic chemist.


Experimental Section


General aspects : All reactions were performed in oven-dried glassware in
an atmosphere of nitrogen unless otherwise noted. Melting points were
determined on a Mettler FP61 and are uncorrected. Optical rotations were
measured on a Perkin ± Elmer 241 digital polarimeter in a 1-dm cell. IR
spectra were recorded on a Bruker IFS 25 FT-IR instrument, and 1H NMR
and 13C NMR spectra with a Bruker AM-300 and a Varian VXR-200.
Chemical shifts were reported on the d scale relative to CDCl3 as an
internal standard. Mass spectra were measured at 70 eV with a Varian MAT
311A. GC analysis was carried out with hydrogen as carrier gas on a DB
1701 column (J&W Scientific, 0.25 mm� 50 m). HPLC analysis was carried
out on Nucleosil 5C18 (250 mm, 5 mm). TLC chromatography was
performed on precoated silica gel SIL G/UV254 plates (Macherey Nagel),
and silica gel 32 ± 63 (0.032 ± 0.064 mm) (Macherey Nagel) was used for
column chromatography. Microanalyses were carried out by the Mikroa-
nalytisches Labor des Instituts für Organische Chemie der Universität
Göttingen.


General procedure 1: Preparation of homoallylic ethers 4a ± d, f ± i, ent-4e,
and 8a ± c, e ± k, i from 1, 2 or ent-2, and 3 : A 1:1 mixture of TfOH
(0.1 mmol) and TMSOTf (0.1 mmol) or pure TfOH (0.2 mmol) was added
at ÿ78 8C with stirring to a solution of a ketone 1 a ± j (2.00 mmol) or 7a ± j
(2.00 mmol), (R,R)- and (S,S)-2-trifluoroacetylamino-1-trimethylsiloxy-1-
phenylpropane (2 and ent-2, 319 mg, 1.00 mmol), respectively, and allyl-
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trimethylsilane (3, 228 mg, 2.00 mmol) in CH2Cl2 (4 mL), and stirring was
continued at ÿ78 8C. After quenching the reaction by addition of triethyl-
amine (160 mL) the mixture was poured into water (10 mL), the organic
phase separated and the aqueous phase extracted with CH2Cl2 (2� 10 mL).
The combined organic phases were dried over Na2SO4 and concentrated in
vacuo. Purification of the residue by column chromatography on silica gel
with tert-butyl methyl ether/petroleum ether (20/1) gave the appropriate
homoallylic ethers 4 a ± j and 8 a ± j, respectively.


(4S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-hex-1-
ene (4 a): Reaction of ketone 1 a (144 mg, 180 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 1 h gave the
homoallylic ether 4 a (282 mg, 0.82 mmol, 82 %) as colorless needles; 32 mg
of 2 were recovered (0.10 mmol, 10%). M.p. 67 8C; [a]20


D ��11.08 (c� 1 in
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.81 (t, J� 7.0 Hz, 3 H), 1.00 (s,
3H), 1.21 (d, J� 7.0, 3 H), 1.41 (q, J� 7.0 Hz, 2 H), 2.27 ± 2.38 (m, 2H), 4.07
(m, 1H), 4.57 (d, J� 4.0 Hz, 1H), 5.04 ± 5.17 (m, 2 H), 5.73 ± 5.95 (m, 1H),
6.48 (br d, J� 7.5 Hz, 1H), 7.20 ± 7.37 (m, 5H); 13C NMR (50 MHz, CDCl3):
d� 8.47, 17.15, 23.09, 32.23, 43.25, 52.12, 74.37, 79.32, 116.02 (q, 1JCF�
285 Hz), 117.91, 126.73, 127.81, 128.32, 134.44, 141.82, 156.51 (q, 2JCF�
35 Hz); IR (KBr): nÄ � 3308 cmÿ1, 3110, 3088, 3032, 2978, 2938, 2884, 1726,
1704, 1566, 1208, 1186, 1164, 1082, 912, 762, 726, 702; MS (70 eV, EI): m/z
(%)� 302 (1), 230 (100), 107 (35), 97 (16), 69 (3); C18H24F3NO2 (343.4):
calcd C 62.96, H 7.04; found C 63.10, H 7.08.


(4S,1''R,2''R)-4-Methyl-5-phenyl-4-(2''-trifluoroacetamido-1''-phenylpro-
poxy)-hex-1-ene (4 b): Reaction of ketone 1 b (293 mg, 290 mL, 2.00 mmol)
with 2 (319 mg, 1.00 mmol) according to general procedure 1 for 48 h gave
the homoallylic ether 4 b (264 mg, 0.63 mmol, 63 %) as colorless needles;
99 mg of 2 were recovered (0.31 mmol, 31%). M.p. 100 8C; [a]20


D ��31.08
(c� 1 in CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.08 (s, 3H), 1.21 (d, J�
7.0, 3 H), 1.70 (t, J� 7.0 Hz, 2 H), 2.41 (d, J� 7.5 Hz, 2H), 2.51 (m, 2H), 4.12
(m, 1 H), 4.63 (d, J� 4.0 Hz, 1 H), 5.14 (d, J� 12 Hz, 1 H), 5.16 (d, J� 17 Hz,
1H), 5.62 ± 5.97 (m, 1H), 6.35 (br d, J� 7.5 Hz, 1 H), 6.93 (d, J� 6.0 Hz,
2H), 7.07 ± 7.43 (m, 8H); 13C NMR (50 MHz, CDCl3): d� 16.66, 23.70,
30.11, 41.58, 43.55, 51.72, 74.24, 78.68, 115.81, 115.83 (q, 1JCF� 285 Hz),
118.21, 126.71, 127.94, 128.09, 128.32, 133.89, 141.13, 142.31, 156.38 (q,
2JCF� 35 Hz); IR (KBr): nÄ � 3428 cmÿ1, 3294, 3084, 3028, 2980, 2968, 1724,
1704, 1566, 1206, 1188, 1164, 912, 752, 722, 702; MS (70 eV, EI): m/z (%)�
378 (1), 279 (9), 230 (100), 173 (45), 131 (26), 117 (27), 107 (18), 91 (44);
C24H28F3NO2 (419.5): calcd C 68.72, H 6.73; found C 68.68, H 6.73.


(4S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-oct-1,7-
diene (4c): Reaction of ketone 1 c (196 mg, 230 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 48 h gave the
homoallylic ether 4c (270 mg, 0.73 mmol, 73 %) as colorless needles; 57 mg
of 2 were recovered (0.18 mmol, 18 %). M.p. 62 8C; [a]20


D ��22.78 (c� 1 in
CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.02 (s, 3 H), 1.22 (d, J� 7.0, 3H),
1.41 ± 1.67 (m, 2H), 1.86 ± 2.20 (m, 2H), 2.33 (d, J� 7.0 Hz, 2H), 4.09 (m,
1H), 4.59 (d, J� 4.0 Hz, 1 H), 4.80 ± 4.93 (m, 2 H), 5.04 ± 5.18 (m, 2H),
5.54 ± 5.94 (m, 2 H), 6.41 (br d, J� 7.5 Hz, 1H), 7.19 ± 7.38 (m, 5 H); 13C
NMR (50 MHz, CDCl3): d� 16.86, 23.54, 28.15, 38.63, 43.46, 51.79, 74.29,
78.68, 114.08, 115.82 (q, 1JCF� 285 Hz), 118.00, 126.61, 127.70, 128.19,
134.03, 141.20, 156.41 (q, 2JCF� 35 Hz); IR (KBr): nÄ � 3310 cmÿ1, 3108,
3080, 3030, 2980, 2940, 2920, 1722, 1702, 1564, 1208, 1184, 1168, 912, 758,
722, 704; MS (70 eV, EI): m/z (%)� 328 (1), 230 (100), 123 (51), 117 (32),
107 (30), 91 (7), 81 (30), 55 (7), 41 (9); C20H26F3NO2 (369.4): calcd C 65.02,
H 7.09; found C 64.86, H 7.03.


(4S,1''R,2''R)-4-Methyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-non-1-
ene (4d): Reaction of ketone 1d (228 mg, 2.00 mmol) with 2 (319 mg,
1.00 mmol) according to general procedure 1 for 48 h gave the homoallylic
ether 4 d (304 mg, 0.79 mmol, 79%) as colorless needles; 35 mg of 2 were
recovered (0.11 mmol, 11%). M.p. 67 8C; [a]20


D ��17.78 (c� 1 in CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.82 (t, J� 7.0 Hz, 3 H), 1.00 (s, 3 H), 1.00 ±
1.60 (m, 8H), 1.22 (d, J� 7.0, 3H), 2.31 (d, J� 7.0 Hz, 2 H), 4.06 (m, 1H),
4.55 (d, J� 4.0 Hz, 1H), 5.10 (dd, J� 9.0, 1.0 Hz, 2 H), 5.61 ± 5.94 (m, 1H),
6.46 (br d, J� 7.5 Hz, 1H), 7.18 ± 7.41 (m, 5H); 13C NMR (50 MHz, CDCl3):
d� 13.96, 17.06, 22.53, 23.46, 23.66, 32.21, 39.49, 43.46, 51.96, 74.30, 79.01,
115.81 (q, 1JCF� 285 Hz), 117.81, 126.60, 127.74, 128.21, 134.32, 141.47,
156.39 (q, 2JCF� 35 Hz); IR (KBr): nÄ � 3318 cmÿ1, 3104, 3082, 3028, 2966,
2936, 2874, 1722, 1702, 1564, 1210, 1182, 1166, 1058, 914, 758, 724, 704; MS
(70 eV, EI): m/z (%)� 344 (1), 279 (9), 230 (75), 179 (32), 139 (100), 117
(27), 107 (33), 83 (27), 69 (18), 55 (25), 41 (12); C21H30F3NO2 (385.5): calcd
C 65.43, H 7.84; found C 65.40, H 7.94.


(5R,1''S,2''S)-Methyl-5-methyl-5-(2''-trifluoroacetamido-1''-phenylpropoxy)-
oct-7-enoate (ent-4 e): Reaction of ketone 1 e (288 mg, 2.00 mmol) with ent-
2 (319 mg, 1.00 mmol) according to general procedure 1 for 48 h gave the
homoallylic ether ent-4e (241 mg, 0.58 mmol, 58 %) as colorless oil; 115 mg
of 2 were recovered (0.36 mmol, 36%). [a]20


D �ÿ12.58 (c� 1 in CHCl3); 1H
NMR (200 MHz, CDCl3): d� 0.94 (s, 3H), 1.12 (d, J� 7.0, 3H), 1.20 ± 1.67
(m, 4H), 2.05 (t, J� 7.0 Hz, 2H), 2.23 (d, J� 7.0 Hz, 2H), 3.57 (s, 3 H), 4.01
(m, 1 H), 4.50 (d, J� 4.0 Hz, 1 H), 5.03 (dd, J� 13, 2.0 Hz, 2H), 5.58 ± 5.85
(m, 1H), 6.46 (br d, J� 7.5 Hz, 1 H), 7.18 ± 7.41 (m, 5H); 13C NMR (50 MHz,
CDCl3): d� 16.86, 19.12, 23.56, 33.97, 38.63, 43.37, 51.42, 51.76, 74.43, 78.62,
115.77 (q, 1JCF� 285 Hz), 118.10, 126.59, 127.73, 128.16, 133.94, 141.25,
156.35 (q, 2JCF� 35 Hz), 173.90; IR (film): nÄ � 3320 cmÿ1, 3078, 3028, 2976,
2952, 1720, 1552, 1304, 1210, 1182, 1166, 1056, 916, 758, 726, 704; MS (70 eV,
EI): m/z (%)� 374 (1), 230 (100), 169 (58), 137 (23), 117 (25), 107 (10), 95
(18), 91 (18); C21H28F3NO4 (415.5): calcd C 60.71, H 6.79; found C 60.93, H
6.91.


(4S,1''R,2''R)-4,5-Dimethyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-hex-
1-ene (4 f): Reaction of ketone 1 f (176 mg, 220 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 48 h gave the
homoallylic ether 4 f (190 mg, 0.53 mmol, 53%) as colorless needles;
125 mg of 2 were recovered (0.39 mmol, 39 %). M.p. 113 8C; [a]20


D �ÿ4.58
(c� 1 in CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.82 (s, 3H), 0.86 (d, J�
7.0 Hz, 3 H), 0.96 (d, J� 7.0 Hz, 3H), 1.19 (d, J� 7.0 Hz, 3 H), 1.79 (quint,
J� 7.0, 1H), 2.31 ± 2.49 (m, 2H), 4.09 (m, 1H), 4.60 (d, J� 4.0 Hz, 1H),
5.08 ± 5.21 (m, 2H), 5.72 ± 5.97 (m, 1 H), 6.39 (br d, J� 7.5 Hz, 1 H), 7.19 ±
7.41 (m, 5 H); 13C NMR (50 MHz, CDCl3): d� 16.57, 17.16, 17.28, 21.31,
35.08, 40.62, 51.76, 74.09, 80.85, 115.75 (q, 1JCF� 285 Hz), 117.86, 126.77,
127.74, 128.20, 134.09, 141.31, 156.42 (q, 2JCF� 35 Hz); IR (KBr): nÄ �
3312 cmÿ1, 3106, 3066, 3028, 2942, 1720, 1704, 1564, 1208, 1184, 1164,
1070, 912, 762, 722, 702; MS (70 eV, EI): m/z (%)� 230 (100), 117 (42), 111
(35), 107 (15), 91 (9), 69 (24), 55 (13), 41 (7); C19H26F3NO2 (357.4): calcd C
63.85, H 7.33; found C 63.74, H 7.28.


(4S,1''R,2''R)-4,5,5-Trimethyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-
hex-1-ene (4 g): Reaction of ketone 1g (201 mg, 250 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 72 h gave the
homoallylic ether 4 g (82 mg, 0.22 mmol, 22 %) as colorless needles; 240 mg
of 2 were recovered (0.75 mmol, 75 %). M.p. 156 8C; [a]20


D �ÿ4.78 (c� 1 in
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.85 (s, 3H), 0.99 (s, 9H), 1.20 (d,
J� 7.0 Hz, 3 H), 2.51 (d, J� 7.5 Hz, 2 H), 4.10 (m, 1 H), 4.73 (d, J� 4.0 Hz,
1H), 5.05 ± 5.20 (m, 2 H), 5.82 ± 6.07 (m, 1 H), 6.37 (br d, J� 7.5 Hz, 1H),
7.19 ± 7.49 (m, 5H); 13C NMR (50 MHz, CDCl3): d� 16.66, 19.03, 26.10,
38.89, 40.79, 51.81, 74.82, 82.78, 115.80 (q, 1JCF� 285 Hz), 117.28, 126.77,
127.72, 128.21, 136.25, 141.51, 156.44 (q, 2JCF� 35 Hz); IR (KBr): nÄ �
3432 cmÿ1, 3114, 3066, 3028, 2976, 2962, 2926, 1726, 1704, 1568, 1210,
1186, 1164, 1048, 916, 760, 726, 702; MS (70 eV, EI): m/z (%)� 330 (1), 230
(100), 125 (21), 117 (44), 115 (12), 111 (4), 107 (10), 91 (14), 69 (26), 55 (12),
43 (18), 41 (23); C20H28F3NO2 (371.5): calcd C 64.67, H 7.60; found C 64.76,
H 7.55.


(4S,1''R,2''R)-4-Ethyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-hept-1-
ene (4 h): Reaction of ketone 1 h (200 mg, 246 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 2 h gave the
homoallylic ether 4h (78 mg, 0.21 mmol, 21%) as colorless needles. M.p.
97 8C; [a]20


D ��17.78 (c� 1 in CHCl3); 1H NMR (200 MHz, CDCl3): d�
0.65 ± 0.90 (m, 6H), 1.14 (d, J� 7.0 Hz, 3H), 1.19 ± 1.63 (m, 6 H), 2.22 (ddd,
J� 7.0, 2.0, 1.0 Hz, 2 H), 4.12 (ddq, J� 7.0, 6.5, 5.0 Hz, 1H), 4.62 (d, J�
5.0 Hz, 1H), 4.94 ± 5.14 (m, 2H), 5.60 ± 5.91 (m, 1H), 6.32 (br d, J� 6.5 Hz,
1H), 7.15 ± 7.23 (m, 5 H); 13C NMR (50 MHz, CDCl3): d� 9.56, 15.81, 17.21,
18.09, 30.16, 39.48, 42.03, 52.72, 74.84, 82.88, 117.20 (q, 1JCF� 288 Hz),
118.85, 128.54, 129.21, 129.49, 135.70, 142.01, 157.82 (q, 2JCF� 36 Hz); IR
(KBr): nÄ � 3312 cmÿ1, 3108, 3078, 3030, 2964, 2940, 2876, 1726, 1704, 1564,
1210, 1184, 1168, 1072, 914, 758, 702; MS (70 eV, CI(NH3)): m/z (%)� 389
(100); C20H28F3NO2 (371.5): calcd C 64.67, H 7.60; found C 64.47, H 7.73.


(4S,1''R,2''R)-4-Propyl-4-(2''-trifluoroacetamido-1''-phenylpropoxy)-dec-1-
ene (4 i): Reaction of ketone 1 i (312 mg, 379 mL, 2.00 mmol) with 2
(319 mg, 1.00 mmol) according to general procedure 1 for 2 h gave the
homoallylic ether 4 i (93 mg, 0.22 mmol, 22%) as colorless needles. M.p.
56 8C; [a]20


D ��15.28 (c� 1 in CHCl3); 1H NMR (200 MHz, CDCl3): d�
0.78 (t, J� 7.5 Hz, 3 H), 0.87 (t, J� 6.5 Hz, 3H), 0.98 ± 1.69 (m, 14H), 1.16
(d, J� 7.0 Hz, 3H), 2.25 (ddd, J� 7.0, 1.0, 1.0 Hz, 2H), 4.14 (ddq, J� 8.0, 7.0,
5.0 Hz, 1H), 4.62 (d, J� 5.0 Hz, 1 H), 4.96 ± 5.16 (m, 2H), 5.64 ± 5.91 (m,
1H), 6.34 (br d, J� 8.0 Hz, 1H), 7.20 ± 7.44 (m, 5H); 13C NMR (50 MHz,
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CDCl3): d� 14.06, 14.49, 15.99, 16.82, 22.59, 23.57, 29.75, 31.75, 36.44, 38.58,
41.11, 51.41, 73.63, 81.28, 115.90 (q, 1JCF� 288 Hz), 117.57, 127.24, 127.83,
128.21, 134.35, 140.68, 156.52 (q, 2JCF� 36 Hz); IR (KBr): nÄ � 3312 cmÿ1,
3108, 3078, 3032, 2960, 2934, 2872, 1726, 1704, 1566, 1210, 1184, 1166, 1050,
914, 760, 702; MS (70 eV, CI(NH3)): m/z (%)� 445 (100); C24H36F3NO2


(427.6): calcd C 67.40, H 8.49; found C 67.46, H 8.38.


General procedure 2: Synthesis of the homoallylic alcohols 5 from 4 by
reductive removal of the chiral auxiliary : Condensed ammonia (40 mL)
and afterwards solid sodium (2.5 equiv) was added at ÿ78 8C to a solution
of the homoallylic ether 4 (0.5 mmol) in THF (1 mL) with vigorous stirring.
When the solution turned deep blue, the reaction was quenched by adding
methanol (5 mL). The mixture was concentrated, the residue dissolved in
Et2O (20 mL), and the obtained solution washed with brine and dried over
Na2SO4. The solvent was evaporated in vacuo and the residue purified by
column chromatography on silica gel with ethyl ether/pentane (1/10) as the
eluent to give the homoallylic alcohol 5.


(3S)-3-Methylhex-5-en-3-ol (5a): Reaction of 4a (172 mg, 0.50 mmol) with
sodium (29 mg, 1.25 mmol) according to general procedure 2 gave 5a
(49 mg, 0.38 mmol, 76%). [a]20


D ��8.78 (c� 1, CHCl3); 1H NMR
(200 MHz, CDCl3): d� 0.96 (t, J� 7.0 Hz, 3H), 1.15 (s, 3H), 1.49 (q, J�
7.0 Hz, 2 H), 1.60 (br s, 1H), 2.22 (d, J� 7.0 Hz, 2 H), 5.05 ± 5.20 (m, 2H),
5.77 ± 5.99 (m, 1 H); 13C NMR (50 MHz, CDCl3): d� 8.16, 26.14, 34.23,
45.75, 72.33, 118.50, 134.11; IR (film): nÄ � 3382 cmÿ1, 3076, 2932, 2862, 1462,
1378, 1262, 1126, 1056, 1032, 1000, 912, 734; C7H14O (114.2): calcd C 73.63,
H 12.36; found C 73.55, H 12.21.


(3S)-3-Methyl-1-phenylhex-5-en-3-ol (5b): Reaction of 4 b (210 mg,
0.50 mmol) with sodium (29 mg, 1.25 mmol) according to general proce-
dure 2 gave 5b (88 mg, 0.46 mmol, 92 %). [a]20


D �ÿ58.08 (c� 1, CHCl3); 1H
NMR (200 MHz, CDCl3): d� 1.16 (s, 3 H), 1.58 (br s, 1H), 1.55 ± 1.79 (m,
2H), 2.30 (d, J� 7.0 Hz, 2 H), 2.60 ± 2.82 (m, 2H), 5.07 ± 5.22 (m, 2H), 5.89
(ddd, J� 16, 10, 7.0 Hz, 1H), 7.12 ± 7.38 (m, 5 H); 13C NMR (50 MHz,
CDCl3): d� 26.73, 30.25, 43.70, 46.43, 72.03, 119.03, 125.65, 128.34, 128.40,
133.77, 142.51; IR (film): nÄ � 3344 cmÿ1, 3080, 3066, 3028, 2958, 2928, 2872,
1458, 1380, 1216, 1180, 1116, 1062, 1030, 994, 912, 730, 694; MS (70 eV, EI):
m/z (%)� 191 (2), 149 (39), 131 (16), 105 (8), 91 (100), 43 (20); C7H14O
(190.3): calcd C 82.06, H 9.53; found C 82.00, H 9.45.


(3R)-2,3-Dimethylhex-5-en-3-ol (5 f): Reaction of 4 f (179 mg, 0.50 mmol)
with sodium (29 mg, 1.25 mmol) according to general procedure 2 gave 5 f
(54 mg, 0.42 mmol, 85%). [a]20


D ��14.28 (c� 1, CHCl3); 1H NMR
(200 MHz, CDCl3): d� 0.90 (d, J� 7.0 Hz, 3 H), 0.94 (d, J� 7.0 Hz, 3H),
1.08 (s, 3 H), 1.40 (br s, 1H), 1.69 (sept, J� 7.0 Hz, 1H), 2.23 (d, J� 7.0 Hz,
2H), 5.07 ± 5.22 (m, 2H), 5.78 ± 5.99 (m, 1 H); 13C NMR (50 MHz, CDCl3):
d� 16.90, 17.53, 22.83, 36.84, 44.12, 74.25, 118.60, 134.09; IR (film): nÄ �
3380 cmÿ1, 3314, 3082, 2976, 2936, 2882, 1448, 1418, 1380, 1276, 1192, 1088,
1052, 912, 882; MS (70 eV, EI): m/z (%)� 87 (84), 69 (34), 43 (100); C8H16O
(128.2): calcd C 74.94, H 12.58; found C 75.12, H 12.52.


(3S,1''S,2''S)-1-O-Acetyl-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-
propoxy)-hex-5-en-1-ol (8a): Reaction of ketone 7 a (260 mg, 2.00 mmol)
with ent-2 (319 mg, 1.00 mmol) according to general procedure 1 for 4 h
gave the homoallylic ether 8 a (172 mg, 0.43 mmol, 43 %) as colorless
needles. M.p. 93 8C; [a]20


D �ÿ17.88 (c� 1, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 1.02 (s, 3 H), 1.18 (d, J� 7.0 Hz, 3 H), 1.76 (dd, J� 7.5, 7.5 Hz,
1H), 1.79 (dd, J� 7.5, 7.5 Hz, 1H), 2.00 (s, 3 H), 2.35 (d, J� 7.5 Hz, 2H),
4.00 ± 4.25 (m, 3H), 4.61 (d, J� 4.5 Hz, 1 H), 5.12 (d, J� 15.5 Hz, 1H), 5.13
(d, J� 12.0 Hz, 1 H), 5.82 (ddd, J� 16, 12, 7.5 Hz, 1H), 6.41 (br d, J�
8.0 Hz, 1H), 7.19 ± 7.39 (m, 5 H); 13C NMR (50 MHz, CDCl3): d� 16.54,
20.98, 23.81, 37.92, 43.83, 51.57, 60.65, 74.33, 77.82, 115.65 (q, 1JCF� 288 Hz),
118.64, 126.64, 127.92, 128.36, 133.46, 140.75, 156.46 (q, 2JCF� 37 Hz),
171.03; IR (KBr): nÄ � 3412 cmÿ1, 3330, 3094, 3034, 2976, 2938, 2926, 1714,
1558, 1454, 1376, 1266, 1212, 1178, 1158, 1046, 916, 758, 724, 702; MS (70 eV,
EI): m/z (%)� 400 (1), 386 (1), 360 (13), 71 (18), 43 (100); C20H26F3NO4


(401.4): calcd C 59.84, H 6.53; found C 59.93, H 6.82.


(3S,1''S,2''S)-O-Pivaloyl-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-pr-
opoxy)-hex-5-en-1-ol (8b): Reaction of ketone 7b (344 mg, 2.00 mmol)
with ent-2 (319 mg, 1.00 mmol) according to general procedure 1 for 4 d
gave the homoallylic ether 8b (111 mg, 0.25 mmol, 25%) as colorless oil.
[a]20


D �ÿ16.88 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.15 (s,
9H), 1.17 (d, J� 7.5 Hz, 3 H), 1.43 (s, 3 H), 1.62 ± 1.91 (m, 2H), 2.35 (d, J�
7.5 Hz, 2H), 3.99 ± 4.25 (m, 3H), 4.62 (d, J� 3.5 Hz, 1H), 5.12 (d, J� 12 Hz,
1H), 5.13 (d, J� 16 Hz, 1H), 5.83 (ddd, J� 16, 12, 7.5 Hz, 1H), 6.41 (br d,


J� 8.0 Hz, 1H), 7.19 ± 7.39 (m, 5H); 13C NMR (50 MHz, CDCl3): d� 16.44,
17.29, 27.02, 38.60, 43.91, 46.12, 51.59, 60.59, 75.53, 77.81, 115.77 (q, 1JCF�
290 Hz), 118.48, 125.88, 126.68, 127.81, 133.54, 140.77, 156.37 (q, 2JCF�
37 Hz); IR (film): nÄ � 3318 cmÿ1, 3080, 2978, 2938, 2876, 1724, 1712, 1554,
1456, 1286, 1210, 1166, 1056, 704; MS (70 eV, FD): m/z (%)� 402 (2), 303
(4), 230 (100), 197 (83), 107 (61), 95 (95), 57 (45), 41 (17).


(3S,1''S,2''S)-O-Benzoyl-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-pro-
poxy)-hex-5-en-1-ol (8c): Reaction of ketone 7c (384 mg, 2.00 mmol) with
ent-2 (319 mg, 1.00 mmol) according to general procedure 1 for 4 d gave the
homoallylic ether 8c (130 mg, 0.28 mmol, 28%) as a colorless oil. [a]20


D �
ÿ20.88 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.08 (s, 3H), 1.19
(d, J� 6.5 Hz, 3H), 1.78 ± 2.08 (m, 2H), 2.41 (d, J� 7.5 Hz, 2H), 4.03 ± 4.23
(m, 1 H), 4.26 ± 4.54 (m, 2 H), 4.65 (d, J� 4.0 Hz, 1 H), 5.14 (d, J� 11 Hz,
1H), 5.16 (d, J� 16 Hz, 1H), 5.86 (ddd, J� 16, 11, 7.5 Hz, 1H), 6.43 (d, J�
8.0 Hz, 1H), 7.44 (dd, J� 7.5, 7.5 Hz, 2H), 7.56 (t, J� 7.5 Hz, 1H), 8.02 (d,
J� 7.5 Hz, 2 H); 13C NMR (50 MHz, CDCl3): d� 16.54, 23.96, 38.13, 43.90,
51.59, 61.15, 74.41, 77.89, 115.81 (q, 1JCF� 288 Hz), 118.69, 126.66, 127.92,
128.30, 128.35, 129.46, 132.89, 133.46, 140.74, 156.47 (q, 2JCF� 37 Hz, C�O),
166.49; IR (film): nÄ � 3318 cmÿ1, 3072, 2978, 2936, 1720, 1706, 1552, 1454,
1276, 1208, 1178, 1070, 712; MS (70 eV, FD): m/z (%)� 422 (2), 323 (4), 230
(100), 217 (83), 105 (80), 95 (97), 77 (47); C25H28F3NO4 (463.5): calcd C
64.78, H 6.09; found C 64.88, H 6.26.


(3S,1''S,2''S)-O-p-Methoxybenzoyl-3-methyl-3-(1''-phenyl-2''-trifluoroacet-
amido-1''-propoxy)-hex-5-en-1-ol (8 e): Reaction of ketone 7 e (444 mg,
2.00 mmol) with ent-2 (319 mg, 1.00 mmol) according to general procedure
1 for 4 d gave the homoallylic ether 8e (155 mg, 0.31 mmol, 31 %) as a
colorless oil. 1H NMR (200 MHz, CDCl3): d� 1.06 (s, 3 H), 1.18 (d, J�
6.5 Hz, 3H), 1.77 ± 2.04 (mc, 2 H), 2.39 (d, J� 7.5 Hz, 2H), 3.85 (s, 3H),
4.02 ± 4.22 (m, 1 H), 4.22 ± 4.50 (m, 2 H), 4.65 (d, J� 4.5 Hz, 1 H), 5.14 (d,
J� 12 Hz, 1H), 5.16 (d, J� 16 Hz, 1H), 5.85 (ddd, J� 16, 12, 7.5 Hz, 1H),
6.53 (br d, J� 8.0 Hz, 1H), 6.90 (d, J� 8.5 Hz, 2 H), 7.19 ± 7.43 (m, 5H), 7.94
(d, J� 8.5 Hz, 2 H); 13C NMR (50 MHz, CDCl3): d� 16.52, 23.93, 38.14,
43.87, 51.60, 55.35, 60.82, 74.40, 77.87, 113.53, 115.84 (q, 1JCF� 288 Hz),
118.61, 122.57, 126.66, 127.89, 128.32, 131.49, 133.52, 140.81, 156.47 (q,
2JCF� 37 Hz), 166.26; C26H30F3NO5 (493.5): calcd C 63.28, H 6.13; found C
62.75, H 6.27.


(3S,1''S,2''S)-1-Ethoxy-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-pro-
poxy)-hex-5-ene (8 f): Reaction of ketone 7 f (232 mg, 2.00 mmol) with ent-
2 (319 mg, 1.00 mmol) according to general procedure 1 for 4 d gave the
homoallylic ether 8 f (248 mg, 0.64 mmol, 64 %) as colorless needles. M.p.
60 8C; [a]20


D �ÿ15.08 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.03
(s, 3 H), 1.16 (t, J� 7.0 Hz, 3H), 1.18 (d, J� 7.0 Hz, 3 H), 1.74 (td, J� 7.0,
4.0 Hz, 2H), 2.32 (d, J� 7.0 Hz, 2 H), 3.40 (qd, J� 5.0, 1.0 Hz, 2 H), 3.40 ±
3.58 (m, 2H), 4.01 ± 4.15 (m, 1H), 4.59 (d, J� 4.0 Hz, 1H), 5.10 (dd, J� 10,
2.0 Hz, 2H), 5.70 ± 5.95 (m, 1H), 6.53 (br d, J� 7.5 Hz, 1H), 7.19 ± 7.43 (m,
5H); 13C NMR (50 MHz, CDCl3): d� 15.05, 16.81, 23.92, 39.04, 44.02, 51.81,
66.11, 66.40, 74.46, 78.10, 115.79 (q, 1JCF� 286 Hz), 118.11, 126.63, 127.80,
128.15, 133.87, 141.32, 156.84 (q, 2JCF� 35 Hz); IR (KBr): nÄ � 3308 cmÿ1,
3110, 3086, 3028, 2976, 2936, 2874, 1722, 1700, 1566, 1382, 1210, 1182, 1168,
1118, 1106, 1054, 916, 760, 724, 704; MS (70 eV, FD): m/z (%)� 388 (1), 346
(1), 230 (100), 141 (23), 117 (23), 59 (15), 55 (41); C20H28F3NO3 (387.5):
calcd C 62.00, H 7.28; found C 62.19, H 7.51.


1-p-Methoxyphenoxy-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-pro-
poxy)-hex-5-ene (8g): Reaction of ketone 7 g (388 mg, 2.00 mmol) with ent-
2 (319 mg, 1.00 mmol) according to general procedure 1 for 3 d gave the
homoallylic ether 8g (210 mg, 0.45 mmol, 45%) as colorless oil. [a]20


D �
ÿ29.38 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.08 (s, 3H), 1.17
(d, J� 7.0 Hz, 3H), 1.78 ± 2.04 (m, 2H), 2.40 (d, J� 7.0 Hz, 2 H), 3.76 (s,
3H), 3.82 ± 4.06 (m, 2 H), 4.04 ± 4.19 (m, 1H), 4.62 (d, J� 4.5 Hz, 1 H), 5.13
(d, J� 12 Hz, 1H), 5.15 (d, J� 16 Hz, 1H), 5.87 (ddd, J� 16, 12, 7.0 Hz,
1H), 6.41 (br d, J� 8.0 Hz, 1H), 6.66 ± 6.87 (m, 4H), 7.19 ± 7.37 (m, 5H); 13C
NMR (50 MHz, CDCl3): d� 16.63, 23.96, 38.70, 44.10, 51.67, 55.70, 64.53,
74.41, 78.16, 114.59, 115.30, 115.93 (q, 1JCF� 288 Hz), 118.46, 126.67, 127.91,
128.33, 133.77, 140.89, 152.83, 153.73, 156.41 (q, 2JCF� 37 Hz); IR (film):
nÄ � 3316 cmÿ1, 3074, 2976, 2938, 1712, 1510, 1456, 1230, 1212, 1180, 1042,
826, 704; MS (70 eV, FD): m/z (%)� 465 (38), 352 (52), 230 (100), 124 (57),
107 (49), 95 (27); C25H30F3NO4 (465.5): calcd C 64.50, H 6.50; found C
65.05, H 6.82; HRMS (M�): calcd 465.2127; found 465.2126.


(3S,1''S,2''S)-1-Allyloxy-3-methyl-3-(1''-phenyl-2''-trifluoroacetamido-1''-pro-
poxy)-hex-5-ene (8 h): Reaction of ketone 7 h (256 mg, 2.00 mmol) with ent-
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2 (319 mg, 1.00 mmol) according to general procedure 1 for 3 d gave the
homoallylic ether 8 h (252 mg, 0.63 mmol, 63%) as a colorless, air-sensitive
oil. [a]20


D �ÿ14.38 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.03 (s,
3H), 1.18 (d, J� 7.0 Hz, 3H), 1.73 (dd, J� 7.0, 7.0 Hz, 1 H), 1.75 (dd, J� 7.0,
7.0 Hz, 1 H), 2.32 (d, J� 7.5 Hz, 2H), 3.37 ± 3.56 (m, 2H), 3.88 (d, J� 6.0 Hz,
2H), 4.01 ± 4.14 (m, 1 H), 4.57 (d, J� 4.0 Hz, 1 H), 5.05 ± 5.27 (m, 4H),
5.75 ± 5.92 (m, 2 H), 6.52 (br d, J� 8.0 Hz, 1 H), 7.21 ± 7.35 (m, 5 H); 13C
NMR (50 MHz, CDCl3): d� 17.06, 24.08, 39.15, 44.18, 51.93, 72.01, 74.53,
78.25, 115.85 (q, 1JCF� 288 Hz), 117.09, 118.38, 126.72, 127.96, 128.41,
134.04, 134.83, 141.32, 156.78 (q, 2JCF� 37 Hz); IR (film): nÄ � 3312 cmÿ1,
3078, 2976, 1708, 1554, 1454, 1210, 1162, 758, 702; MS (70 eV, CI (NH3)): m/
z (%)� 417 (100).


(3S,1''S,2''S)-1-(tert-Butyldiphenylsiloxy)-3-methyl-3-(1''-phenyl-2''-trifluoro-
acetamido-1''-propoxy)-hex-5-ene (8j): Reaction of ketone 7 j (653 mg,
2.00 mmol) with ent-2 (319 mg, 1.00 mmol) according to general procedure
1 for 5 h gave the homoallylic ether 8 j (586 mg, 0.98 mmol, 98 %) as a
colorless oil. [a]20


D �ÿ20.68 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3):
d� 0.96 (s, 3H), 1.01 (s, 9H), 1.12 (d, J� 7.0 Hz, 3H), 1.71 (t, J� 7.0 Hz,
2H), 2.27 (dd, J� 7.0, 7.0 Hz, 2H), 3.58 ± 3.78 (m, 2 H), 3.92 ± 4.12 (m, 1H),
4.52 (d, J� 4.5 Hz, 1 H), 5.03 (d, J� 18 Hz, 1H), 5.06 (d, J� 10 Hz, 1H),
5.76 (ddd, J� 18, 10, 7.0 Hz, 1H), 6.32 (br d, J� 8.0 Hz, 1H), 7.11 ± 7.66 (m,
15H); 13C NMR (50 MHz, CDCl3): d� 16.77, 19.06, 23.83, 26.81, 42.06,
44.10, 51.74, 60.12, 74.19, 78.11, 115.81 (q, 1JCF� 288 Hz), 118.06, 126.55,
127.61, 127.69, 127.75, 134.00, 135.52, 141.13, 156.37 (q, 2JCF� 37 Hz); IR
(film): nÄ � 3428 cmÿ1, 3320, 3134, 3072, 3052, 3030, 2958, 2932, 2890, 1720,
1710, 1548, 1428, 1380, 1210, 1168, 1110, 1090, 1028, 916, 756, 740, 728, 704;
MS (70 eV, FD): m/z (%)� 540 (1), 500 (1), 269 (38), 239 (20), 230 (17), 199
(100), 141 (3), 117 (13); C34H42F3NO3Si (597.8): calcd C 68.31, H 7.08; found
C 67.83, H 7.24.


General procedure 3: Preparation of homoallylic ether ent-4a from 1, ent-
2, and 3 : TfOH (0.2 mmol) was added at ÿ78 8C with stirring to a solution
of ketone 1 a (2.00 mmol), (S,S)-2-trifluoroacetylamino-1-trimethylsiloxy-
1-phenylpropane (ent-2, 319 mg, 1.00 mmol), allyltrimethylsilane (3,
228 mg, 2.00 mmol), and ketones 9 (1 ± 17 equiv) in CH2Cl2 (4 mL), and
stirring was continued at ÿ78 8C. After the reaction had been quenched by
addition of triethylamine (160 mL) the mixture was poured into water
(10 mL), the organic phase separated and the aqueous phase extracted with
CH2Cl2 (2� 10 mL). The combined organic phases were dried over Na2SO4


and concentrated in vacuo. Purification of the residue by column
chromatography on silica gel with tert-butyl methyl ether/petroleum ether
(20/1) gave the homoallylic ether 4 a.
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