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Introduction


Nonclassical conducting polymers have recently been
suggested by Berson et al.[1, 2] but nonclassical polymers (a)
and conducting polymers (b) are normally very different
molecular entities:
a) Nonclassical polymers (NCP)[3] are organic p-conjugated


macromolecules which cannot be described by a valence-
KekuleÂ formula (for example, polyphenylenemethines 1).
They usually serve as a basis for the search for purely
organic high-spin materials
with ferromagnetic order-
ing.[4±6]


b) Conducting polymers are usu-
ally p-conjugated macromole-
cules that exhibit semiconduct-
ing or conducting properties; here investigations are
focused mainly on two groups,[7±9] namely, doped polymers
(oxidised or reduced forms), such as doped polyacetylene
(2), polyparaphenylenes (3), polypyroles (4), etc., and low-


band-gap polymers with extended p-systems: polycondensed
rings (ladder polymers) 5,[10] graphitic ribbons 6,[11] and donor
acceptor moieties in the chain 7.[12, 13]


Discussion


Linear polyconjugated polymers with a metallic ground state,
that is, with a zero energy gap DE between the valence and
conduction bands are unknown, although in one-electron
approximations there are many theoretical models for such
one-dimensional (1D) organic polymers with a metallic
ground state. However, when the electron correlation
(Mott ± Hubbard metal ± dielectric transition[14, 15]) or the
geometrical corrections (Peierls semiconductors[16]) are taken
into account the metal becomes dielectric and the energy gaps
have a nonzero value.


An idea for a new class of linear organic conducting
polymers with metallic ground state is proposed in recent
papers by Berson et al. ,[1, 2] namely the quasialternant non-
classical polymers. The authors thus try to combine two very
different approaches to organic molecules for materials
science. Illustrations of the heteronuclear quasialternant
radicals with nonbonding MOs and their corresponding
meta-phenylene-bridged polymers suggested by Berson are
provided by structures 8 a ± c (X� S (a), O (b), NR (c); R�H,
alkyl, tosyl, or brosyl) and 9 a ± c, respectively. As demon-
strated experimentally by Berson, the ground states of 8 a ± c
(X�O, S, or NCH3) are
certainly singlets in the ac-
cessible temperature range,
but compounds 8 c with R�
tosyl or brosyl persist in both
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singlet and triplet states[2, 17, 18] and the experimental results
are in good agreement with ab initio calculations.[19, 20]


The basic idea of Berson�s approach can be traced back to
Whangbo[21] and Hubbard[14] (see also the paper by Slater[22]),
who described qualitative theoretical conditions for enabling
a simple determination of the relative stability of localised
high-spin (magnetic) versus low-spin metallic (nonmagnetic)
states in conjugated (organic) polymers. Whangbo and
Hubbard, however, described no definite molecular structures
of conjugated polymers for the determination of the ground
state of the partially or half filled bands (HFB). It follows
from the Whangbo ± Hubbard conditions [Expression (1), k�
1] that if the HFB width De is small compared to the one-site
Coulomb repulsion U, the magnetic high-spin state is favored,
while the opposite relation should hold for conducting
properties.


De< kU (1)


Now Berson believes that one should just tune the
bandwidth of the half-filled bands by substitution to obtain
either type of material properties. There remains a basic
problem, however: trying to tune this bandgap from one to
the other state given by the spin-pairing energy, especially
when using biradicals in each subunit combined through meta-
phenylene bridging. This is demonstrated in Figure 1, since as


Figure 1. Splitting of the degenerate nonbonding (NB) MOs in a perturbed
biradical and indication of the small band widening in meta-phenylene-
bridged polymers.


long as the biradical state of the subunit prevails, magnetic
ordering through intramolecular ferromagnetic interactions
should occur, which may only be overcome by intermolecular
interactions. If the subunit, on the other hand, possesses a
singlet ground state, the gap between the partially occupied
orbitals is 1 ± 1.6 eV or larger[23] and can not be diminished
easily, not even through meta-phenylene bridging, which is
known to act as a conjugation barrier[24] (see Figure 1).


Even worse, all the model compounds prepared so far (8 a ±
c, 10 a ± c) decompose above 77 K, that is, they are kinetically
very unstable and do not permit the determination of their


electronic structure (e.g. thermal
activation) at higher temperatures;
this same behavior has to be antici-
pated for the polymers 9 a ± c.


In a more general description of
the energetic situation of solid-state


properties, it follows that if the degeneracy of a band is
removed, then the widening of the nonperturbed (NP) band
depends on the degree of perturbation, classified as weak
(WP), moderate (MP), or strong (SP) (Figure 2), and it is of
major scientific interest to obtain the low-spin metallic state
(MP) or the high-spin magnetic state (NP, WP).


Figure 2. Energy-level diagrams showing increasing perturbation of non-
classical polymers with half-filled orbitals. NP nonperturbed, WP weakly
perturbed, MP moderately perturbed, and SP strongly perturbed.


p systems in which a carbon atom has bee replaced by a
heteroatom or heteroatomic group in a NCP can be consid-
ered to be perturbed. In the terminology introduced by
Longuet-Higgins,[25] a NBMO (in an alternant or QA
system[26]) will be perturbed by substitution of a carbon atom
only in those positions (active positions) for whose AO the
coefficients (C) in the NBMO are nonzero. The active
positions in the monomers of NCP 1 and QANCP 9 are
shown in Figure 3. The polyphenylenemethines (1) have a


Figure 3. The active positions in structures 8, 9.


nonmetallic (high-spin) ground state with ferromagnetically
coupled electrons within the half-filled bandÐcase NP in
Figure 2.[3, 27, 28] Substitution of the exocyclic C .H group with -
N .- or -HN .�- results in the polymer 11 (dehydrogenated and
cationic forms of poly(meta-aniline)) which have the same
topology as 1; however, the NBMO band splits and the width
corresponds to the case WP in Figure 2. The ground state also
remains a high-spin one.[27,28]


The case SP may be created by changing the topology. An
example is the isoelectronic polymer of the dehydrogenated
form of poly(meta-aniline), 12. In this case, the ground state is
nonmagnetic dielectric with a band gap DE> 1.5 eV.[27]


The type MP may be anticipated by substitution of two or
more carbon p-centers. A nonmetallic (high-spin) to metallic
(low-spin) transition may be probably achieved by substitu-
tion of the active p-centers in polymer 9 with different
substituents Ri within the meta-phenylene rings as indicated in
13.
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If the topology of polymer 9 were changed, for example to
the para-phenylene-bridged case 14, the p system would
probably no longer be nonclassical. In this case there arises a
doubling of the elementary unit with 26 p electrons per 26 p


centers, where the para-phenylene now allows a much greater
narrowing of the bandwidth, which should at least lead to very
low-band-gap polymers, probably even conducting ones.The
thermal and kinetic stability, on the other hand, would still be
a problem.


In this report we have considered only the possibility of a
transition from high-spin magnetic to low-spin metallic states.
Any study of electrical conductivity requires a knowledge not
only of the band structure (energy spectrum) of a linear
polymer but also of the mobility of the electrons. It is well-
known that meta-phenylene units are conjugation barriers[24]


in linear polymers, that is, for synthesised nonclassical
polymers, electrical conductivity depends on the charge
carrier mobility and, even if achieved, cannot reach high
levels.


In conclusion, we can claim that the physical idea for the
existence of nonclassical conducting polymers with metallic
ground state as in Figure 2b (WP) is correct. The models
presented so far, however, are in their initial stages. The
discovery of a reliable structure requires additional, more
extensive theoretical and experimental investigations, includ-
ing also thermally and kinetically stable polymers; this
will certainly be difficult to achieve, but is necessary.
Finally it seems that the suggested structures rather are
models to control and tune the low-spin to high-spin transi-
tion and the interaction between the subunits (see ref. [18]),
but that conducting properties will still be difficult to
achieve.
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Introduction


Since the observation that RhII carboxylates are superior
catalysts for the generation of transient electrophilic metal
carbenoids from a-diazocarbonyl compounds, intramolecular
carbenoid insertion reactions have assumed strategic impor-
tance for C ± C bond construction in organic synthesis.[1]


Rhodium(ii) compounds catalyse the remote functionalization
of carbon ± hydrogen bonds to form carbon ± carbon bonds
with good yield and selectivity. These reactions have been
particularly useful in the intramolecular sense to
produce preferentially five-membered rings. We
summarize here the applications of this method for
ring construction in natural product synthesis.


Discussion


Although most of the work with Rh-mediated
intramolecular C ± H insertion has focused on five-
membered ring construction, the first application


to natural product synthesis, by Cane and Thomas, involved
establishment of a six-membered ring. Thus, on exposure to
[Rh2(OAc)4], diazoketone 2 was cyclized to the tricyclic
lactone 3.[2] This product had previously been transformed by
Paquette et al. into pentalenolactone E (4, Scheme 1).[3]


The utility of this approach to five-membered heterocycles
is illustrated by the synthesis of bullatenone (7) by Adams et
al. (Scheme 2). Rhodium-acetate-mediated insertion is espe-
cially preferred adjacent to ether oxygen, as illustrated by the
cyclization of 5 to 6.[4] Oxidation of furanone 6 with SeO2


according to the procedure of Smith and Jerris provided
bullatenone (7).[5]


Rh-mediated C ± H insertion is also useful for carbocyclic
construction, as illustrated by the new asymmetric route to
(�)-morphine (11) recently reported by White et al.
(Scheme 3).[6] Cyclopentane formation is used to fashion a
pentacyclic skeleton (10) from which the piperidine ring of 11
evolves at a later stage.


Intramolecular C ± H insertion is, essentially, a method for
the specific remote functionalization of hydrocarbons. An
important implication of this for synthetic strategy is that the
C ± H insertion process can destroy symmetry, thus leading
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from a simple precursor to a much more
complex product. An alternative route to
pentalenolactone E (4 or 15) takes advantage
of this idea.[7] In the key step b-ketoester 13,
which has a single stereogenic center, is trans-
formed into the tricycle 14, which has four
stereogenic centers (Scheme 4).


A simple route to the dendrobatid alkaloid
251F (19, Scheme 5) nicely illustrates the
synthetic utility of Rh-mediated C ± H inser-
tion.[8] The excellent diastereoselectivity ob-
served in the cyclization of 16 to 17 was in fact
predicted computationally.[9]


A key feature of intramolecular C ± H in-
sertion is the inherent ability to transform an
acyclic tertiary stereogenic center into a cyclic
quaternary stereogenic center, with retention
of absolute configuration.[10] This was first
demonstrated in the course of the rhodium-
mediated cyclization of 20 to 21 shown in
Scheme 6, which led to (�)-a-cuparenone
(22).[11]


The synthesis of (�)-estrone methyl ether (27) illustrates
the enantioselective construction of a polycyclic target using
chiral auxiliary control to establish the first cyclic stereogenic
center.[12] The specific design of the naphthyl diazoester 23
directs Rh-mediated intramolecular C ± H insertion selec-
tively toward one of the two diastereotopic C ± H bonds on
the target methylene. The new ternary center so created then
directs the formation of the adjacent quaternary center in the
course of the alkylation. The chiral skew in the product
cyclopentanone 24 directs the relative and absolute course of
the intramolecular cycloaddition, to give the steroid (�)-
estrone methyl ether (27).


The high point in the development to date of Rh-mediated
C ± H insertion has been the design by Doyle et al. of
enantiomerically pure RhII complexes that direct the abso-
lute sense of the C ± H insertion reactions. The application of
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such cyclizations in natural product synthesis was demon-
strated by Doyle with the construction of chiral lignan
lactones such as (ÿ)-hinokinin (31, Scheme 8).[13]


The a-diazocarbonyl derivatives used in these studies are
easily prepared, and the rhodium-mediated cyclizations
proceed rapidly, with high catalyst turnover. As the factors
governing regio-, chemo-, diastereo- and enantioselectivity
come to be better understood, the Rh-mediated cyclization of
an a-diazocarbonyl derivative will come to be a powerful tool
for natural product synthesis.
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Abstract: The gas-phase reaction of p-
Me3SiC6H4(CH2)3C6H5 (p-TSDPP) with
gaseous cations, including C2H�


5 , Me2Cl�


and DCO�, has been studied in the
pressure range from 10ÿ8 to 103 Torr by
Fourier-transform ion cyclotron reso-
nance (FT-ICR) and by the radiolytic
technique. The protonated or alkylated
intermediates undergo intramolecular
migration and intermolecular transfer
of protons and/or Me3Si�. The results
underline the role of the spectator ring
in providing internal solvation to an
arenium moiety, as evidenced by the


noticeable stability towards Me3Si loss
with respect to a single-ring model
substrate, p-Me3SiC6H4Me (p-TST),
upon reaction with the same gaseous
ions. The extent of the alkylation route
relative to the alkyldesilylation process-
es, measured as a function of the are-
nium ion lifetime, permits derivation of
the rate constant for the conversion by


proton transfer of the originally formed
arenium ions to ipso-silylated isomers
(ki). The estimated values of ki(p-TST)�
5� 109 sÿ1 and ki(p-TSDPP)� 2� 108 sÿ1 at
120 8C suggest that intraannular H shifts
are faster than ring-to-ring H transfer, in
agreement with previous evidence from
tert-butylated arenium ions. The reac-
tivity of [Me3Si ± arene]� adducts, ade-
quately described by the Wheland s-
complex model, does not exclude the
intermediacy of an ion ± neutral nonco-
valent complex.


Keywords: arenes ´ FT-ICR ´ gas-
phase chemistry ´ hydrogen transfer
´ ion ± molecule reactions


Introduction


Arenium ions have long been recognized as key intermediates
in gas-phase aromatic substitution by charged electrophiles.[1]


A salient mechanistic feature is the tendency to isomerise by
1,2-shifts of hydrogen or other groups. A related interannular
hydrogen migration takes place following electrophilic sub-
stitution of a,w-diphenylalkanes,[2] along pathways whose gas-
phase kinetics have been the topic of several experimental[2,3]


and theoretical investigations.[4] Mass-spectrometric investi-
gations have revealed extensive hydrogen scrambling in
protonated a,w-diphenylalkanes that may lead to complete
equilibration in the 10 msec time frame, typical of metastable
loss of benzene.[5] However, in order to confer a general
validity to gas-phase kinetic studies and allow their compar-
ison with condensed-phase results, the experimental techni-
que adopted should ensure thermal equilibration of the
reactant species and allow a meaningful definition of the
reaction temperature. At the same time, it is desirable to work
with a much higher time resolution than is possible in


metastable decomposition studies. Fulfilling both conditions,
the high-pressure radiolytic technique[1] has allowed a de-
tailed kinetic study of the interannular proton transfer in
protonated diarylalkanes,[6] disclosing the effect of the spec-
tator ring on the stability of the charged intermediates.


The peculiar features of the trimethylsilyl substituent,
namely its effect of increasing the basicity of the ipso carbon[7]


and the ease of protolytic cleavage,[7b,8] have made the Me3Si
group a useful probe for elucidation of the proton motion
within selected arenium ions.[9,3a] This probe is used in the
present study to provide further evidence for the occurrence
of both intraannular and interannular proton shifts, with the
aim of assessing the relative rates of the two processes. At the
same time the reactivity of simple silylated arenium ions is
compared to that of the same species bound to a remote,
neutral aryl group.


Results


FT-ICR reactions : The reaction of Me3Si� ions with toluene
(C7H8) introduced by a pulsed valve into the ICR cell yields
[Me3Si ± C7H8]� ions (1), whose stability was checked follow-
ing their decay in the presence of C7D8 at 3.0� 10ÿ8 Torr.
Although the admission of C7H8 by the pulsed valve ensures a
partial collisional stabilization of the excited adduct ions such
as 1, allowing their detection, the only reaction pathway
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observed was the dissociation of 1 into free Me3Si� ions with a
unimolecular decay rate constant of 8 sÿ1. This result points to
the facile desilylation of 1 under the low-pressure conditions
prevailing in the FT-ICR experiments, which clearly do not
allow silylation of C7D8, neither by Me3Si� addition nor by
Me3Si� transfer from 1. By contrast, efficient Me3Si� transfer
from 1 takes place when 1,3-diphenylpropane (DPP) at 4.2�
10ÿ8 Torr is added into the cell. Remarkably, the ionic product
2, corresponding to [Me3Si ± DPP]� (m/z� 269), becomes the
predominant species at long storage time, showing a notice-
able reluctance both to dissociate unimolecularly and to
transfer Me3Si� to yield [Me3Si ± C7D8]� . Protonation of para-
trimethylsilyldiphenylpropane (p-TSDPP) provides an alter-
native route to 2. iC3H7CNH� ions [proton affinity
PA(iC3H7CN)� 194.3 kcal molÿ1][10] were chosen as a mild
protonating agent for p-TSDPP, yielding 2, which, when
formed by this alternative route, does not undergo fragmen-
tation and reacts only with adventitious water present in the
cell, giving Me3SiOH�


2 . This reaction of [Me3Si ± DPP]� has
been verified by deliberately admitting H2O into the ICR cell
at 2� 10ÿ8 Torr. As shown in Figure 1, Me3SiOH�


2 and


Figure 1. Normalized ion abundances of [Me3Si ± DPP]� (&), Me3SiOH�
2


(!) and DPPH� (*) as a function of time. The pressure of H2O was 2�
10ÿ8 Torr.


DPPH� ions are formed, which may arise by partition of a
common ion ± neutral intermediate complex [DPP ´
Me3SiOH�


2 ; Eq. (1)]. Process (1c) involves an intracomplex


2�H2O ÿ! [2 ´ H2O] ÿ! [DPP ´ Me3SiOH�
2 ] (1a)


[DPP ´ Me3SiOH�
2 ] ÿ! DPP�Me3SiOH�


2 (1b)


[DPP ´ Me3SiOH�
2 ] ÿ! [DPPH� ´ Me3SiOH]


ÿ! DPPH��Me3SiOH
(1c)


proton transfer, energetically favoured by the higher PA of
DPP[11] with respect to Me3SiOH [PA(Me3SiOH)�
194 kcal molÿ1] , whereas process (1a) is thermodynamically
driven by the higher energy of the Si ± O bond than of a typical
Si ± C bond. Accordingly, process (1a) reflects the larger
Lewis basicity of oxygenated compounds towards Me3Si�


than towards aromatics.[12]


Structural insight was sought by forming silylated adducts
from the Me3Si� reaction with C6H5(CH2)3C6D5 ([D5]DPP).
The ensuing [Me3Si ± [D5]DPP]� ions were isolated and
allowed to react with triethylamine [PA (Et3N)�


232 kcal molÿ1] . Efficient H�/D� transfer to the base (100 %
of the ADO collision rate)[13] was observed, only minor
amounts of Et3NSiMe�3 (m/z� 174) being formed. This
finding, in particular the observation of abundant ions at m/
z� 103 corresponding to Et3ND�, provides strong evidence
that the silyl group is covalently bound[14] within the [Me3Si ±
[D5]DPP]� intermediate.


Radiolytic experiments : The radiolytic reactions were carried
out at 120 8C at a pressure of ca. 700 Torr of bulk gas (CH4 or
MeCl) in the presence of 10 Torr of O2 as a radical scavenger.
The absolute radiolytic yields of the products account for a
major portion of the primary reactant ions formed by the
ionization of the bulk gas and ensuing ion ± molecule reac-
tions. Furthermore, the depression of the yields upon addition
of a base/nucleophile at increasing concentration, which
competes with the substrate for the electrophile, confirms
the ionic origin of the process under study. Conversion of the
starting substrate was kept below 1 % in order to minimize the
extent of further secondary processes that would complicate
the primary product pattern.[1]


Table 1 summarizes the distribution of the major products
(species 3 ± 6, where R�Et, (SiMe)3) from the radiolytic


methylation of p-TST and p-TSDPP at nearly constant
concentration, in the presence of MeCl as bulk gas and of
varying amounts of basic additives. As expected from the use
of a purely methylating agent, Me2Cl� from the radiolysis of
MeCl,[15] as reactant ion, only methylated and methyldesily-
lated products are detected for both substrates. The isomeric
distribution of the desilylated products from p-TSDPP and p-
TST shows that only a fraction (50 % and 30 %, respectively)
of electrophilic attack is directed to the (silylated) para
position. The significant yields of o- and m-methylated
isomers formed together with the p-derivative indicate that,
besides the direct nuclear substitution at the silylated position,
alkyldesilylation can be traced to proton migration from the
alkylated ring positions to the silylated site, followed by
release of Me3Si. The abundance of such a process, even if not
completely suppressed, strongly declines in the presence of
pyridine [PA(cC5H5N)� 226 kcal molÿ1] and at higher con-
centrations of (MeO)3PO [PA (MeO)3PO� 212 kcal molÿ1] ,
as inferred from the noticeable increase of the yield of
alkylated products with respect to the alkyldesilylated ones.
This trend is paralleled by an increasing fraction of the
products bearing a methyl group ortho to the Me3Si group of
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p-TST. In particular, it may be noticed that the ratio of the
yields of the isomeric products 1,2-dimethyl-4-trimethylsilyl-
benzene and 1,3-dimethyl-4-trimethylsilylbenzene changes by
a factor of four with an almost tenfold increase of the
(MeO)3PO concentration. In the case of p-TSDPP, two types
of methylation products are identified, deriving from the
attack of the cationic reagent either at the silylated ring
(henceforth denoted as products of type X) or at the
unsubstituted one (henceforth called products of type Y).
Increasing amounts of (MeO)3PO favour the formation of X-
type products over the Y type. A remarkable feature of the
product pattern of Table 1 concerns the stronger positive
dependence of alkylation/alkyldesilylation yield ratio on
increasing (MeO)3PO concentration in the p-TSDPP reaction
compared to p-TST.


Among the bases used at comparable concentrations,
pyridine is most effective in promoting alkylation products,
whereas alkyldesilylation is the dominant channel when
(MeO)3PO is added. An intermediate behavior is shown by
Et3N and diisopropylethylamine, a sterically hindered base
[PA(iPr2NEt)� 235 kcal molÿ1] and by 2-(dimethylamino)-
ethanol, a strong nitrogen base containing an OH group
[PA(Me2N(CH2)2OH)� 236 kcal molÿ1] . It is noteworthy that


the attempt to silylate DPP by Me3Si� ions formed in a
gaseous mixture of CH4/SiMe4/O2 (70:2:1)[12,16] in the presence
of 1.5 Torr of (MeO)3PO failed, in spite of the estimated
comparable basicity of (MeO)3PO and p-TSDPP that could
have ensured the neutralization of the intermediate [Me3Si ±
DPP]� ion by proton transfer. In contrast, when Et3N replaces
(MeO)3PO in the Me3Si� reaction with DPP, high yields of
silylated products are obtained.


The composition of the gaseous systems containing CH4 as
the bulk component and the relative yields of the products
(products 7 ± 10, R�Et, (SiMe)3) are reported in Table 2.
Attack of CnH�


5 (n� 1,2) ions from the radiation-induced
reaction of methane on mixtures of trimethylsilylbenzene
(TSB) and toluene or DPP yields three types of products: a)
alkylation products retaining the Me3Si group; b) proto- and
ethyldesilylation products, where the Me3Si group has been
replaced by H or Et; c) silylation products. The last products
are found only in the presence of a strong nitrogen base, such
as pyridine or Et3N, since no silylation products (i.e. trime-
thylsilyltoluenes or 1-(trimethylsilylphenyl)-3-phenylpro-
panes) could be detected with (MeO)3PO. As in previous
mass spectrometric and radiolytic results, alkyldesilylation
represents the major reaction channel.[9b,12]


Table 1. Gas-phase reaction of p-Me3Si ± C6H4Me (p-TST) and p-Me3Si ± C6H4(CH2)3C6H5 (p-TSDPP) with radiolytically formed Me2Cl� ions.


System composition (Torr)[a] Relative yields [%]
p-TST p-TSDPP Additives 3 4 5 6


(1,2:1,3) (o :m :p) (X:Y)[b] (o :m :p)


0.36 0.15 (MeO)3PO (0.49) 10 (85:15) 90 (45:25:30) 17 (36:64) 83 (21:27:52)
0.41 0.1 (MeO)3PO (1.26) 15 (77:23) 85 (52:23:25) 68 (43:57) 32 (25:31:44)
0.42 0.16 (MeO)3PO (2.44) 23 (45:55) 77 (48:23:25) 83 (48:52) 17 (25:28:47)
0.30 0.12 (MeO)3PO (4.10) 33 (45:55) 67 (40:23:25) 90 (60:40) 10 (27:30:43)
0.53 ± pyridine (0.51) 15 (48:52) 85 (41:32:27) ± ±
± 0.24 pyridine (0.56) ± ± 71 (35:65) 29 (21:26:53)
± 0.17 pyridine (0.61) ± ± 69 (38:62) 31 (20:28:52)
0.38 0.19 NEt3 (0.47) 10 (60:40) 90 (46:27:28) 47 (43:57) 53 (20:23:57)
± 0.24 N(iC3H7)2Et (0.41) ± ± 30 (43:57) 70 (20:28:52)
0.52 0.30 N(CH3)2(CH2)2OH (0.50) 11 (44:56) 89 (44:26:30) 33 (37:63) 67 (19:23:58)


[a] All gaseous systems contained MeCl (700 Torr) and O2 (10 Torr). Reactions carried out at 120 8C. [b] X-type isomers have the methyl group on the
substituted phenyl ring, while Y-type isomers result from alkylation at the unsubstituted ring.


Table 2. Gas-phase reaction of p-Me3SiC6H5 (TSB), o-Me3SiC6H4Me (p-TST), PhMe and 1,3-diphenylpropane (DPP) with CnH�
5 (n� 1,2) ions.


System composition (Torr)[a] Relative yields of products [%][b] Apparent
Substrates Additives 7 8 9 10 kS1/kS2


[c]


S1 S2 (o :m :p) (o :m :p) (o :m :p)


TSB (0.48) PhMe (0.64) pyridine (0.36) R�Et 2 53 37 ±
(0:40:60) (41:37:22)


R� SiMe3 5 3 ± ± 2.2
(0:51:49) (0:24:76)


TSB (0.43) DPP (0.20) pyridine (0.39) R�Et 4 ± 48 48
(0:40:60) (24:36:39)


R� SiMe3 3 ± 2 0.70
(0:45:55) (0:26:74)


TSB (0.54) DPP (0.29) Et3N (0.20) R�Et 3 ± 39 40
(24:33:43)


R� SiMe3 10 ± 8
(0:58:42) (0:17:83) 0.74


o-TST (1.5)[d] ± Et3N (0.29) R� SiMe3 ± (0:24:76) ± ±


[a] All gaseous systems contained CH4 (700 Torr) and O2 (10 Torr) and were submitted to g radiolysis at 120 8C. [b] Standard deviation ca. 3%. [c] kS1/kS2�
[P1][S2]/[P2][S1], where P1 and P2 are the products of the attack at the S1 and S2 substrates respectively. [d] The system contained CO/D2 (20:600) and O2


(10 Torr) at 37 8C.
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The kSubstrate1/kSubstrate2 (kS1/kS2) values were obtained from
the relative yields of the silylated products of TSB and toluene
or DPP, corrected for the molar ratio of the respective
substrates. The kTSB/kC7H8 ratio is 2.2 and the kTSB/kDPP ratio is
0.7 in the presence of comparable amounts of base. A salient
feature of the isomeric distribution of the silylated products is
the lack of ortho-substitution and a noticeable 2para/meta
selectivity, which ranges
from approximately 2.0
for TSB to approximately
6.0 for both toluene and
DPP. Finally, it may be
noted that the alkylation
products appear to be fav-
oured over the alkyldesily-
lation products when Et3N
rather than pyridine is
used.


The reaction promoted by the attack of DCO� on o-
Me3Si ± C6H4CH3 (o-TST), a deuterated Brùnsted acid ob-
tained from the ionization of a CO/D2 mixture, was examined
for information on the protonation-induced isomerization of
this substrate. The meta and para isomers (24:76) are formed,
suggesting the occurrence of intramolecular Me3Si�migration
following protonation.


Discussion


The g-radiolysis of CH4 produces known yields of CnH�
5 (n�


1,2) ions, which are powerful acids [PA (CH4)�
131.6 kcal molÿ1; PA (C2H4)� 162.6 kcal molÿ1] . Ionization
of MeCl eventually yields Me2Cl� ions, whose alkylation by
methyl cation transfer may involve a sizeable activation
barrier. Me3Si� ions[17] are obtained from the reaction of CnH�


5


ions with SiMe4, according to extensive mass-spectrometric[12]


and radiolytic studies.[16] The pronounced positive charge
located on the silicon atom of Me3Si� combined with the
pronounced basicity of its conjugate base [PA(CH3)2Si�
CH2)� 226 kcal molÿ1] confers upon this ion an exclusive
Lewis acid character toward the selected substrates. The
gaseous precursors used in this work generate the charged
electrophiles according to a well-established sequence of
ionization, fragmentation and ion ± molecule reactions. In the
radiolytic systems all ions undergo multiple unreactive
collisions with the bulk gas, approaching thermal equilibra-
tion before interacting with the aromatic substrate.[1]


Alkylation vs alkyldesilylation : Several experimental[12,14, 16]


and theoretical investigations[7] have addressed the problem
of the structure of Me3Si-substituted arenium ions, pointing to
the enhanced basicity of the ring carbon bearing the Me3Si
group of a silylated arene. This factor accounts for the easy
cleavage of the Me3Si group following protonation or
alkylation of silylated arenes, such as TSB, p-TST, and p-
TSDPP, directing the proton to the silylated position. The
desilylation process is induced by a) direct electrophilic attack
at the silylated carbon and b) electrophilic attack at any other
aromatic carbon followed by an H shift to the silylated carbon,


the most basic site even in the presence of other activating
ring substituents[18] . The overall reaction sequence is depicted
in Equation (2), where R�H, p-CH3, (CH2)3Ph.


Previous mass spectrometric and radiolytic studies have
demonstrated that also in the gas phase positively charged or
positively polarised silicon also displays a noticeable oxophi-
licity,[19] which accounts for the pronounced tendency of


oxygenated compounds to desilylate ipso-silylated arenium
ions.


Whereas all the bases employed in this study can deprot-
onate 11 and 12 exothermically, the branching between
routes (2c) and (2d) depends on the specific features of the
base. Nitrogen bases, especially when sterically crowded,
behave as efficient deprotonating agents, leading to silylated
products, whereas oxygen bases react as nucleophiles, selec-
tively removing the Me3Si group whenever it is bound to a
tetracoordinate carbon.[16]


Equation (2) provides the framework to discuss the results
of the present study. Methylation (E�Me) occurs when
Me2Cl� reacts with the aromatic substrate by an irreversible
MeCl displacement. Probably as a result of steric constraints,
Me2Cl� ions attack the para-silylated carbon to only a minor
extent, leading to a mixture of isomeric ions 11, where the
methyl group remains at the original site of attack, owing to
the poor migrating ability of a methyl group within an
arenium ring. Other factors being equal, the presence of
(MeO)3PO in the place of a nitrogen base enhances the
methyldesilylation route [Eq. (2c)] at the expense of the
methylation route [Eq. (2d)], in that an oxygenated base
promotes exclusive desilylation of ion 12. Accordingly, DPP
did not give silylation products in the presence of (MeO)3PO,
in spite of its high PA. Increasing (MeO)3PO concentrations
enhance the rate of process (2b), allowing a faster sampling of
11 before its conversion to 12. It follows that the isomeric
composition of the methylation products is not representative
of the positional selectivity of the electrophile, but rather
reflects the average lifetime of the intermediate ions 11.
This view is confirmed by the increasing fraction of ortho-
alkylated isomer in the presence of increasing amounts of
(MeO)3PO.
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The dependence of the alkylation/al-
kyldesilylation ratio on the structural
features of highly basic nitrogen com-
pounds can be taken as an indication for
the role of steric factors,[20] decreasing the
rate of deprotonation of ions 11 and 12
and indirectly favouring desilylation of 12.
In fact, the ratio decreases along the series
pyridine, Et3N, iPr2NEt. Although it is
highly basic, Me2N(CH2)2OH can react
either by proton transfer to the nitrogen
atom or by nucleophilic attack of the OH
group at silicon. Accordingly, the alkyla-
tion/alkyldesilylation ratio is intermediate
between those obtained with (MeO)3PO
and with the nitrogen bases.


An additional process comes into play
when a second phenyl ring is covalently
linked to the silylated arene by a methyl-
ene chain. The spectator ring is known to
engage in proton[6] or Me3C� transfer[21]


with the arenium moiety, with efficiencies
that depend, inter alia, on the features of
the substituents[22] in the arenium ion and
the spectator ring and on the length of the
polymethylene chain[23,24] joining the two
rings. Accordingly, the reactivity of p-
TSDPP is expected to differ significantly
from that of p-TST, a simple aromatic
model. In the former case, the electro-
philic attack, occurring either at the
unsubstituted or at the silylated ring,
may be followed by both interannular
and intraannular proton migration, de-
picted in Scheme 1.


The silyl group is expected to direct the
electrophilic attack by Me2Cl� preferen-
tially towards the silylated ring of p-TSDPP, leading to
arenium ions that are prone to efficient intraannular H shift to
the silylated position. Interannular H migration is instead
predicted to follow methylation at the unsubstituted ring of p-
TSDPP, finally ending in desilylation products through a
sequence of inter- and intraannular H shifts.


Me3Si loss from p-TSDPP is much less pronounced than
from p-TST. This conspicuous difference is verified both by
the alkylation/alkyldesilylation ratio of the radiolytic methyl-
ation and by the tendency towards Me3Si� loss from ions 1 and
2 in the ICR cell. A major role may be ascribed to the
favourable influence exerted by the spectator ring on the
stability of the silylated arenium ion, which underlines the
demand of charge delocalization and ion solvation in the gas
phase.


By application of the steady-state treatment to Equa-
tion (2), the relative decrease of the alkyldesilylation products
in Table 1 with increasing (MeO)3PO concentration can be
utilized to evaluate the ki rate constants that refer to the
11!12 isomerization in the case of p-TST and the overall
isomerization rate of a mixed 13 a/13 b population to a mixed
14 a/14 b population (Scheme 1) in the case of p-TSDPP. The


latter process involves a combination of inter- and intra-
annular proton transfer steps. A linear relationship is
predicted between the ratio (r) of the yields of alkylated
and alkyldesilylated products and the (MeO)3PO concentra-
tion, shown by the plots of Figure 2. The slopes, which
correspond to kB/ki, allow evaluation of the ki values, rely-
ing on the assumption that the highly exothermic deproto-


Figure 2. Plots of ratios r� [Me ± p-TSDPP]/[Me ± DPP] (.) and r� [Me ±
p-TST]/[xylenes] (&) vs. [(MeO)3PO] concentration from the radiolytic
reaction of Me2Cl� with p-TST/p-TSDPP mixtures.


Scheme 1. Electrophilic attack on p-TSDPP occurs either at the unsubstituted or at the silylated ring,
and may be followed by both interannular and intraannular H migration.
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nation by the base B proceeds at the collision frequency
(kB� kcollision), which can be calculated by the ADO theory.


At 393 K, in MeCl at ca. 1 atm, the rate constant for the
process 11!12 (ki(p-TST)� 5� 109 sÿ1) is considerably higher
than that for the 13 a/13 b!14 a/14 b process (ki(p-TSDPP)� 2�
108 sÿ1). From these data a valuable insight can be gained on
the overall proton shift sequences. In fact, the lower rate for
the 13 a/13 b!14 a/14 b process can be ascribed to the lower
rate of a (possibly) rate-determining interannular proton shift
and/or to a decreased rate of intraannular proton shift when
compared to the same process occurring within the single-ring
arenium ion. The data in Table 1 show that, whereas higher
amounts of the base enhance the relative yield of both X and
Y products with respect to methyldesilylation products, the
effect is more pronounced for X products. This finding
supports the hypothesis that 1,2-H shifts within the trimethyl-
silylated arenium ion are faster than ring-to-ring migrations,
in agreement with previous findings on tert-butylated arenium
ions, for which the different rates have been traced to the
lower preexponential factor of interannular compared with
1,2-H transfer.[6]


Intermolecular Me3Si group transfer : The exceptional mobi-
lity of Me3Si�, especially when it is originally bound to carbon
and directed to an oxygen or halogen atom as the migration
terminus, prompted the study of Me3Si� transfer processes in
parallel with the observed proton migration processes.
Evidence for Me3Si� transfer from [Me3Si ± arene]� to aro-
matic compounds is provided by mass spectrometry and
radiolysis. The dependence of the efficiences of Me3Si�


transfer on energetic factors emerges clearly from the relative
reactivity scale (DPP>TSB> toluene), which follows the
relative PA scale. Me3Si� transfer is observed only when
thermodynamically favourable. No thermoneutral or endo-
thermic silyl migration occurs, for example, from [Me3Si ±
arene]� (arene� [D8]toluene, DPP) to toluene. The reluc-
tance of [Me3Si ± DPP]� to undergo arene exchange is
consistent with the stability of adduct 2 with respect to
unimolecular dissociation, in marked contrast to [Me3Si ±
C7H8]� . These results point to the role played by the spectator
phenyl ring of DPP in stabilizing adduct 2, probably through a
chelate-type interaction. In fact, when the conformation of
the linking chain allows, as in this case, the parallel arrange-
ment of the two ring planes, a substantial intramolecular
solvation effect has been found to provide a most effective
electrostatic stabilization. Examples where this effect was
found include the DPP adduct ions DPPCr�,[25] DPPH�,[24]


and DPPCMe�3 .[21]


Structure of [Me3Si ± DPP]� complexes : The study of the
reactivity of [Me3Si ± DPP]� complexes provides further
valuable structural insight. Both a p-complex (15) or a s-
complex (16) structure can account for the observed Me3Si�


transfer to H2O. In fact, while 15 can react only by ligand
exchange, 16 can in principle undergo both proton transfer
and Me3Si� transfer, which is especially favoured when an
oxygenated partner is involved. However, the isolation of
silylated neutral products when Me3Si� is allowed to react
with DPP in the presence of Et3N under radiolytic conditions,


as well as the pronounced D� transfer from [Me3Si ±
[D5]DPP]� to Et3N in the FT-ICR cell, speak in favour of a
s complex with a covalent C ± Si bond. The existence of both p


and s complexes cannot be excluded, however. The inter-
vention of a p complex with some degree of orientation along
the reaction coordinate to silylated products from the Me3Si�


reaction with arenes appears reasonable and may also be
involved in the protonation-induced isomerization of o-
Me3Si ± toluene. The isomerization to the meta and especially
to the para isomers in a ratio close to that obtained from the
direct silylation of toluene by Me3Si� ions suggests that 16
dissociates to an intermediate ion ± neutral complex, corre-
sponding to the species obtained from reaction of free Me3Si�


with toluene, probably resembling 15, before undergoing
Me3Si� attack at an aromatic carbon.


Conclusions


The gas-phase reactions of charged electrophiles, including
Me2Cl� and C2H�


5 , with p-TSDPP and with p-TST as model
substrates demonstrate the occurrence of proton and Me3Si�


migration processes. Furthermore, the efficiency of the
processes is affected by the presence of an additional aryl
ring providing internal solvation to the arenium ring. Whereas
the [Me3Si ± DPP]� ion is adequately described by a s-
complex structure, by analogy to the [Me3Si ± toluene]� ion,
it displays an enhanced stability with regard to unimolecular
loss of Me3Si�. The Me3Si group has been successfully used to
probe the intra- and interannular proton migrations within
alkylated p-TSDPP, pointing to a higher rate for the intra-
annular proton shift. This result confirms previous views
regarding the relative rates of the two processes based on the
comparison with single-ring arenium ions.


Experimental Section


Materials : The gases were research-grade products from Matheson, with a
stated purity exceeding 99.98 mol %. Most other chemicals used were
purchased from commercial sources. p-Me3SiC6H4Me (p-TST) and o-
Me3SiC6H4Me (o-TST) were prepared from the reaction of trimethylsilyl
methanesulfonate with the Grignard reagent of the aromatic precursors, p-
BrC6H4Me and o-BrC6H4Me, respectively. o- and p-TST were purified by
preparative GLC in a 1.5-m stainless steel column packed with SE 30 (20 %
w/w). p-Me3SiC6H4(CH2)3C6H5 (p-TSDPP) was a kind gift from Prof. D.
Kuck.[26] The identity of the products was confirmed by NMR and mass
spectrometric analysis.


Radiolytic experiments : The gaseous systems were prepared by standard
vacuum procedures in sealed 135-mL Pyrex vessels. The competition
experiments between p-TST and p-TSDPP required a long equilibration
time (at least 2 h at 120 8C) owing to the low vapour pressure of the less
volatile substrate. The resultant gaseous mixtures were submitted to g
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irradiation at 120 8C in a 220 Gammacell (Nuclear Canada) to a total dose
of 104 Gy, at a dose rate of 104 Gy hÿ1. A solution of the radiolytic products
in cyclohexane was recovered after repeated freeze ± thaw cycles and
analyzed by GLC-MS using a Hewlett Packard 5890 A gas chromatograph
equipped with a Model 5970B mass-selective detector or by a GC-AED
System (HP 5890 gas chromatograph, in line with an AED HP 5921 A
detector under the control of a HP 5895 A chemstation). The following
columns were used: a) a 100-m, 0.32-mm i.d. Petrocol DH fused silica
capillary column; b) a 50-m, 0.25-mm i.d. poly(ethyleneglycol) (Supecol-
wax 10) bonded-phase column (0.25 mm film thickness). The identity of the
products was verified by comparison of their retention volumes and mass
spectra with those of authentic standard samples.


FT-ICR experiments : The experiments were performed on a Bruker
Spectrospin Apex TM 47 e FT-ICR spectrometer with an external ion
source and a cylindrical Infinity� cell situated between the poles of a 4.7 T
superconducting magnet. The reactant Me3Si� ion, generated in the
external ion source operated at 160 8C by 70 eV electron impact on Me4Si
(nominal pressure 5� 10ÿ6 Torr), was transferred into the cell and reacted
with C6X5R (X�H, D; R�H, D, CX3), introduced by a pulse valve up to
peak values of about 10ÿ5 Torr for 10ÿ2 s. In this way a partial cooling of the
[Me3SiC6H5R]� adduct was achieved by collisional stabilization. A C3H8/
iC3H7CN (90:10 mol %) mixture at a total pressure of 5� 10ÿ5 Torr was
used to prepare iC3H7CNH� ions, which were allowed to protonate p-
TSDPP present in the cell at the stationary pressure of 3.0� 10ÿ8 Torr at
300 K. After isolation of the parent ion of interest by soft ejection
techniques, the progress of the reaction with the neutrals was followed. The
pressure readings of the ion gauge were calibrated by means of a standard
reaction CH.�


4 �CH4!CH�
5 �CH.


3 (k� 1.5� 10ÿ9 cm3 moleculeÿ1sÿ1)[27]


and corrected for the response factor of each neutral.[28] All parent and
product ions were characterized by exact mass measurements. The gases,
the inlets and the pulsed valves were at room temperature, except in the
case of DPP and p-TSDPP, loaded in reservoir chambers kept at a constant
120 8C because of their low volatility. The pseudo-first-order rate constants
were determined from the exponential decay rate of the reactant ion
intensity and converted into second-order rate constants from the known
value of the neutral pressure.
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Unusual Stepwise Assembly and Molecular Growth: [H14Mo37O112]14ÿ and
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Abstract: The understanding of the for-
mation of complex molecular systems
from simple building blocks by conser-
vative self-assembly processes is still a
challenge. We report the synthesis and
structural characterization of the large
reduced polyoxometallate compounds
(NH4)14[H14Mo37O112] ´ 35 H2O (1),
(NH4)21[H3Mo57V6(NO)6O183(H2O)18] ´
55 H2O (2) (by an improved synthesis)
and Na3(NH4)18[H3Mo63V6(NO)6O195-
(H2O)12] ´ 41 H2O (3). The cluster sys-
tems are formed by a stepwise growth


process. This implies the appearance,
during the cluster formation, of ephem-
eral polyoxometallate intermediates
(some of which we were able to isolate).
The negative charge and therefore the
nucleophilicity of the intermediate clus-
ter fragments increase when they are
reduced, resulting in further attraction


of electrophiles and thus in growth of
molecular systems. In the case of the
cluster anion of 3 we observed, corre-
spondingly, the loss of an {MoO}4�


oxometallate fragment by air oxidation;
this implies that its uptake and release
are controlled by the degree of reduc-
tion of the cluster. Correspondingly,
intermediates between the anions of 2
and 3 of the {Mo57�xV6} type could be
isolated. The unusual anion of 1 is
formed by symmetry breaking pro-
cesses.


Keywords: clusters ´ molecular
growth ´ molybdenum ´ polyoxo-
metallates ´ self-assembly


Introduction


Optimally functioning complex molecules or natural products
in the biosphere are most elegantly produced stepwise, either
under genetic control or epigenetically through self-assembly
under dissipative conditions, which means far from equili-
brium (natura naturans).[1] Chemists, however, are normally
constrained to use a sequence of several extremely time-
consuming reactions for synthesis of these complex molecules,
manipulating functional groups and forming covalent bonds
one by one. Here we study near-equilibrium chemical systems
where complex molecules are formed from simple fragments
by symmetry-breaking steps and/or molecular growth proc-
esses. The relevant field is that of the polyoxometallates,[2, 3]


which exhibit not only unique topological and electronic
versatility, with immense importance because of their wide
range of application,[2±4] but also the fascinating property that
fragments can be linked, starting from simple units that
resemble Platonic solids and progressing stepwise through the


mesoscopic range, where they appear in many forms, towards
macroscopic compounds with network structures.[2, 5, 6]


These and related aspects are demonstrated here through
the study of the formation of two discrete molecular systems
which are formed by basic conservative self-organization and
growth processes and contain 37 and between 63 and 69 metal
atoms, respectively.


Results and Discussion


The first of these is the cluster anion of the racemic reddish
brown compound (NH4)14[H14Mo37O112] ´ 35 H2O (1) (Fig-
ures 1 and 2) which represents an unusual binary molecular
species formed by a self-assembly process and which contains
no symmetry element. The anion 1 a of the diamagnetic,
mixed-valence compound 1 (type I according to the classi-
fication of Robin and Day[7]) obtained from molybdate
solution (see below), consists of a central {H6MoV


12-
O40(MoVO3)4} core and two similar but non-identical coor-
dinated ligands ({Mo10} and {Mo11}, Figures 1 and 2). The
ligands differ with respect to the number of Mo centres (10 or
11) and the degree of reduction and protonation. The core is
built up from an {MoV


12O40} e-Keggin type of subcore[8] which
is capped by four {MoVO3} groups. The {Mo11} ligand
(Figure 1 bottom), which has approximately s symmetry, is
mainly built up of two incomplete Mo3O4 cubes with
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octahedrally coordinated Mo atoms (Mo 18, Mo 23, Mo 24 and
Mo 21, Mo 26, Mo 27, respectively). Two MoO6 octahedra of
the first Mo3O4 unit are connected through edges to the
(neighbouring) MoO6 octahedra (Mo 22, Mo 25) linking the
two Mo3O4 units, while the third is bonded to an MoO3 cap
(Mo 14) of the central {H6MoV


12O40(MoVO3)4} core. All mo-
lybdenum atoms are of the MoV type and the m3-O and the
three m2-O atom(s) are protonated. The three MoO6 octahe-
dra forming the second Mo3O4 unit are bonded to (neigh-
bouring) polyhedra through corners. As this Mo3O4 unit
contains exclusively MoVI centres, with only the m3-O atom
being protonated, its formal charge is the same as that of the


first unit. The ligand contains one additional MoV centre
(Mo 17) and interestingly is coordinated to five oxygen atoms
forming an unusual square pyramid, which shares one edge
with a second MoO3 cap (Mo 13) of the central {H6MoV


12-
O40(MoVO3)4} core. Two further MoVI atoms (Mo19 and
Mo 20; the corresponding octahedra are linked through
corners to those of the Mo 22 and Mo 25 atoms respectively)
cap two Mo3O4 units of the central {H6MoV


12O40(MoVO3)4}
core, thus completing Mo4O4 cubes. In the {Mo 10} ligand, the
two incomplete Mo3O4 cubes comprise the Mo 29, Mo 33,
Mo 34 and Mo 31, Mo 36, Mo 37 atoms, respectively. One of
the previously mentioned MoVI-type centres (the one corre-


sponding to Mo 19 in the {Mo11}
ligand) is missing, leaving one
Mo3O4 unit of the {H6MoV


12-
O40(MoVO3)4} core uncapped
and its three m2-O atoms proto-
nated (Figure 1 top). Mo 32 and
Mo 33 are in contrast with equiv-
alent atoms (Mo 22, Mo 23) of
the {Mo11} ligand of the MoVI


type: Mo 32 has two terminal
oxygen atoms (corresponding to
the missing Mo atom) bonded to
it and the two m2-O atoms of the
Mo3O4 unit, bonded to Mo 33,
are unprotonated.


The assignment of MoV and
MoVI centres, as well as the
protonation, clearly follows
from bond-valence sum calcula-


Figure 1: Top: Structure of the cluster anion of 1. {Mo16} core: Mo atoms are enlarged (the 12 Mo atoms of the e-Keggin core are cross-hatched and the four
Mo atoms of the {MoO3} caps are hatched). {Mo10} and {Mo11} ligands: MoV centres are presented with a randomly dotted pattern and MoVI centres are black.
All O atoms are shown as open circles, the OH groups are regularly dotted and the MoV ± MoV dumbbells are denoted by broken lines. Bottom: Structure of
the {Mo11} (left) and {Mo10} ligands (right), and demonstration of their linking to the central {Mo16} core (represented by broken lines). The patterns of the
relevant atoms are identical to those in Figure 1 top with the exception of the Mo centres (Mo 17, Mo 28) of the unusual MoO5 square pyramids, which are
white with dark shading.
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tions[9] and is in agreement with the charge on the cluster
corresponding to the number of cations and the fact that all
MoV centres form the dumb-bell type of short (approx.
2.65 �) Mo ± Mo bonds. This corresponds also to the brown
colour, typical for systems with localized MoV ± MoV pairs. In
contrast with the low symmetry of 1 a, the related giant cluster
anion [Na(H2O)3H15MoV


36MoVI
6 O109{(OCH2)3CCH2OH}7]7ÿ


with a comparable central {Mo16O52} core has (quite high)
C3v symmetry: its formation is controlled by the external
organic pentaerythritol ligands.[10]


The self-assembly of 1 takes place in aqueous molybdate
solution under reducing conditions (in the presence of N2H4 ´
H2SO4) and can be rationalized by assuming the initial
formation of a cluster of the well-known a-Keggin type with
Td symmetry.[11] Its reduction yields the highly nucleophilic e-
Keggin type cluster [HxMoV


12O40](20ÿx)ÿ (Figures 1 and 2).[2, 8]


This species can be stabilized by protonation and by the
capture of four electrophilic {MoVIO3} groups, thus forming an
anion of the type [HxMoV


12O40(MoVIO3)4](20ÿx)ÿ which was
isolated with a well-defined protonation, and has been
structurally characterized as the NH2Me�2 salt.[8] Remarkably,
on further reduction (MoVI!MoV) the originally electrophilic
{MoVIO3} groups on the surface of the cluster themselves
become nucleophilic and, in addition, assume a template
function. In a type of synergistic co-assembly they evidently
attract further electrophilic polyoxometallate fragments with
10 and 11 molybdenum atoms ({Mo10}� {H3MoV


4 MoVI
6 O29}�


and {Mo11}� {H5MoV
6 MoVI


5 O31}3�) the formation of which is
due to the information stored in the {Mo16}(�
{H6MoV


12O40(MoVO3)4}18ÿ) nucleus or its template function
(see Figure 2). Finally, the anion of 1 of the type
[{Mo16}{Mo10}{Mo11}]14ÿ mentioned above is consequently


Figure 2. Top: Demonstration of the stepwise growth
process leading to the cluster anion 1a of 1. The central
highly nucleophilic e-Keggin-type {HxMo12O40} core and the
four captured {MoO3} groups are shown as blue and yellow
polyhedra, respectively. The {Mo10}- and {Mo11}-type ligands
are represented as ball-and-stick models (Mo green; O
white). Bottom: Reaction scheme corresponding to the
growth process at the top of the Figure, demonstrating
principally the step-by-step procedure in which nucleophiles
attract electrophiles, which remarkably then become nucleo-
philes on the surface of the cluster upon reduction (see also
text). O denotes species at the beginning of a growth
process. Ni(T) denotes a nucleophilic intermediate/fragment
produced under reducing conditions (2Nÿ 1 according to
Scheme 2) with a potential template function for the
generation of the electrophilic intermediate Ei (2n, accord-
ing to Scheme 2).
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produced through a type of symmetry-breaking step (Fig-
ures 1 and 2). The asymmetric growth can be attributed in
principle to the asymmetric protonation of only three of the
four m3-oxygen atoms forming the central cavity (see Fig-
ure 1); this may cause an asymmetric charge distribution and
protonation on the surface of the intermediate (see also
ref. [8]). In this context, it should be noted that self-assembly
of very simple ingredients normally leads to products of high
symmetry[2, 12] (see also refs. [6, 13]).


In the case of large metal ± oxygen clusters containing
six vanadium and between 57 and 63 molybdenum centres,
a novel type of molecular growth process takes place
which can be considered to mimic specifics of an im-
portant class of transition metal oxides with relevance to
materials science, especially to catalysis.[14, 15] The cluster
anion of the corresponding compound with the lowest Mo
content, (NH4)21[H3Mo57V6(NO)6O183(H2O)18] ´ 55 H2O (2)Ð
its {Mo57V6} centre comprising three large {Mo17} fragments
linked by six VIV centres and three {MoV


2 }-type entitiesÐis


shown in Figure 3 (bottom, left).[16, 17] An interesting struc-
tural feature is the presence of six rather large cavities located
on the outer sphere between the {Mo17} fragments (Figure 3,
bottom). These are accessible to the coordination of further
highly electrophilic metal ± oxygen fragments such as the
{MoO}4� groups, thus resultingÐin aqueous solution under
specific experimental parameters (reducing conditions
(NH2OH ´ HCl) and in the presence of an excess of molybdate
which, according to the preparation method, is added to a
solution containing 2 a)Ðin a step-by-step growth process
which enables all species of the type {Mo57�xV6} (x� 0 ± 6) to
be be formed. Each of the {MoO}4� groups binds to three
oxygen atoms (two terminal) of the {Mo57V6} core of 2 a,
resulting in a tetrahedral coordination of the incorporated Mo
atoms. The degree of occupation of the cavities can be
correlated with the degree of reduction of the cluster system.
Reduction increases the nucleophilicity of the cluster periph-
ery compared with 2 a and initiates a type of growth process in
which up to as many as six electrophilic {MoO}4� entitiesÐas


Figure 3. Top: Structure of the cluster anions 2 a and 3 a (Mo blue; V green; O red; N purple) showing extra MoO4 tetrahedra (yellow polyhedral
representation) together with one of the segments characteristic of the Uptake of {MoO}4� groups relative to 2 a. Bottom: Uptake (formal) and release of
{MoO}4� groups in the case of the cluster anions of 2 and 3 (2 a and 3 a, respectively) and of those with stoichiometries between these two. The central
{Mo57V6} core of each, 2a and 3a, is built up of three {Mo17} units (blue, polyhedral representation), which are linked by three {MoV


2 } entities (red) and six VIV


centres (green). The six {MoO}4� groups (including the relevant coordinating O atoms of 3a) are represented as yellow tetrahedra.







FULL PAPER A. Müller et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1004 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 61004


in the case of the newly synthesized blackish blue compound
(NH4)18Na3[H3Mo57V6(NO)6O189(H2O)12(MoO)6] ´ 41 H2O (3)
Ðcan be incorporated. A formal increase in the positive
charge on the corresponding cluster anion 3 a by each of the
{MoO}4� groups is locally compensated since a twofold
deprotonation of the bridging oxygen atom O 18 together
with the reduction of two symmetry-equivalent Mo 1 atoms in
the direct vicinity can be observed (see Figure 3, top).
Whereas high values (approx. 5.90) of the Mo bond-valence
sums are found for the Mo 1-type atoms (�MoVI) on the
periphery of the cluster anion 2 a, in the reduced species 3 aÐ
a mixed-valence (MoV/MoVI) compound of type III according
to the classification of Robin and Day[7]Ðwith 12 4 d electrons
(not considering the electronically isolated {Mo(NO)}3� and
the {MoV


2 } groups[16]) the corresponding atoms show a much
lower value (5.25). In 2, six 4 d electrons are almost localized
in the above-mentioned {MoV


2 } units.[16, 17]


The cavity mentioned above will now be described in detail.
All the incorporated {MoO}4� groups (Mo 8; see Figure 3, top)
which are located in the symmetry-equivalent cavities be-
tween the {Mo17} units are bound to three oxygen atoms also
found in the parent anion 2 a.[16] Two of these are the (formerly
terminal) oxygen atoms (O 1) of two neighbouring {Mo17}
units of 2 a. The third atom (O 18) is located on a crystallo-
graphic mirror plane and connects two Mo atoms (Mo 6) of
the {MoV


2 } unit (see Figure 3, top, and refs. [16, 17]). This
oxygen atom is doubly protonated in 2 a and here, owing to
coordination to the {MoO}4� group, it is (formally) deproto-
nated. Furthermore, standard extended Hückel calculations
correspondingly reveal the LUMO in 2 to be mostly localized
on peripheral positions close to the vacant cavities.


Interestingly, the (formal) uptake of electrophilic {MoO}4�


groups is reversible upon oxidation (Figure 3 b). Indeed, the
entire process can be regarded as a model for biological metal
assembly processes that are dependent on electron transfer, or
metal centre uptake and release in metal storage proteins; for
instance this model is valid for ferritin with more than 4000 Fe
atoms[18] or for the Mo storage protein of the N2-fixing
microorganism Azotobacter vinelandii with approximately 16
Mo atoms organized in a polyoxomolybdate unit.[19] The
tetranuclear Mn complex in the photosystem II of green
plants, for example, is formed by the stepwise binding of four
MnII centres accompanied by photooxidation to produce
MnIII.[18] In the ferritin case, growth of the metallocentre core
occurs by oxidative processes on the surface of the mineral
type particle.


In general, polyoxometallates represent a class of polynu-
clear, anionic metal ± oxygen clusters with an extraordinary
topological and overwhelming structural variety in the meso-
scopic region, which lies between simple, mononuclear
species such as MoO2ÿ


4 or VO3ÿ
4 and compounds with typical


solid-state structures and which is characterized by a quasi-
infinite number of possible arrangements of linked building
units.[5, 12, 20] Their ability to develop from the molecular world
and to gradually approach that of macroscopic structures
predestines the polyoxometallates for the study of phenom-
ena relating to stepwise self-organization (as in the cases
mentioned above) of nanoscale material systems with the
concomitant generation of complexity (Scheme 1).


mononuclear anions polyoxoanions oxides


(microscopic) (mesoscopic) (macroscopic)


MoO4,  VO4
2– 3– [H14Mo37O112]14–  1a MoO3,  V2O5


[H3Mo63V6(NO)6O195(H2O)12]21–  3a


[H28Mo154(NO)14O448(H2O)70](25±5)– [21]


H+ H+


Scheme 1. Stepwise self-organization of polymetallates.


In the examples mentioned above, growth or self-assembly
processes lead to highly complex structures; thus the molec-
ular complexity increases (generally with a concomitant
decrease in symmetry[22, 23]) with increasing numbers of
elements, of relevant interlinkages and of different types of
linkages.


A prerequisite for molecular growth in the case of
polymolybdates such as 1 and 2 is the facile reducibility of
the starting material and/or the relevant intermediates in the
reaction mixture. The reduction results in an increase in
nucleophilicity on certain regions of the cluster periphery and
a subsequent capture of (further) electrophilic entities in a
specific manner. The highly negatively charged species, such
as those in Figure 2, remain intact in solution because of the
large repulsive interactions between them and the protection
against hydrolysis whereby the large enthalpy of hydration
allows the continuation of a growth process.


In the biological world, the overall generation of complex-
ity occurs under dissipative conditions (that is, far from
equilibrium), and with simultaneous entropy export. Complex
biomolecules, for example, or even bioclusters, are produced
stepwise by several gene-directed processes. The FeMo
cofactor of the FeMo-protein nitrogenase for instanceÐan
unusual hetero metal ± sulfur cluster important for the devel-
opment and existence of life on EarthÐis generated stepwise
with the help of various genes.[24]


In this context, however, we also have to address the basic
question of whether it is possible to create molecular
complexity, not only far from equilibrium as in the biosphere,
but also under near-equilibrium conditions, by some con-
servative growth process (Scheme 2) including feedback


I III V VII (2N–1)


2 4 6 (2n)


Scheme 2. Conservative growth process with feedback reactions.


reactions, if the ingredients are selected correspondingly. The
odd capital Roman numerals 2Nÿ 1 represent steps of a
growing molecular system and the even lower-case Arabic
numerals 2n stand for ingredients in the solution which react
only with one particular product. Each intermediate 2Nÿ 1,
such as the {Mo16} nucleus in the case of 1 a or the
{Mo57V6(Mo)x} (x� 0 ± 5) cores of the species finally leading
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to 3 a, carries information (in J. Monod�s sense) for the
formation of the subsequent intermediate 2n, such as {Mo10},
{Mo11} and {MoO}4�, respectively, which was not originally
abundant in solution. The complex system at the end of the
growth process is generated by a symmetry-breaking step (see
also ref. [25]). It should be stressed, however, that during the
growth process in the case of 1 a the decrease in symmetry
from Td to C1 cannot be attributed to the same type of
symmetry breaking as that of more usual first- and second-
order phase transitions, for instance during crystallization
from solution or during transformation from paramagnetism
to ferromagnetism. In these cases, symmetry breaking refers
to the whole system.[22, 23]


Complex, giant, electron-rich metal oxide cluster anions
obtainable in this way may have multifunctional properties: a
high density of states in the HOMO/LUMO region with
pseudo-band structure and a narrow band gap (prerequisites
for small molecular semiconductors), electron-storage prop-
erties and thus potential suitability as redox catalysts,[2]


tunable magnetic exchange interactions according to a step-
wise substitution of paramagnetic centres (a prerequisite for
the generation of different types of molecular magnets),[26±28]


the capability for growth, nanoscale cavities and correspond-
ing host properties.[21] Furthermore, their large surface areas
model those of solids, such as mixed-valence transition metal
oxides with catalytic activity.[14]


The important conclusion is that systems or intermediates
containing building blocks with fairly high free energy (here,
species with populated antibonding orbitals
upon reduction), which can be linked in differ-
ent ways under different conditions, can gener-
ate in a stepwise manner a huge variety of
species with high molecular complexity (this is
also valid for amino acids, of course; see, for
example, refs. [29, 30]). The route leading to the
end product, according to Scheme 2, might
include feedback reactions and reaction path-
ways involving several intermediates (2Nÿ 1) of
the molecular system, in growth with a possible
template function for the formation of inter-
mediates (2n) reacting with the relevant 2Nÿ 1
species. This type of reaction is not only relevant
for prebiotic processes, but concerns the gener-
ation of complex material systems in general.


Experimental Section


Synthesis and spectroscopic data of (NH4)14[H14Mo37O112] ´
35H2O (1): (NH4)6[Mo7O24] ´ 4 H2O (14 g, 11.3 mmol),
NH4Cl (14 g, 261.9 mmol) and N2H4 ´ H2SO4 (2 g,
15.4 mmol) were dissolved in a mixture of water
(350 mL) and 100 % acetic acid (1.5 mL) and heated to
100 8C (color change, blue to green to brown). After
keeping the solution for 2 h at this temperature, the
resulting brown precipitate was filtered off from the hot
solution, then the filtrate was cooled to 20 8C and allowed
to stand for 1 ± 2 weeks in an Erlenmeyer flask covered
with a watchglass. The brown crystalline fraction of 1 was
separated from a fine brown precipitate by repeated
suspension of the latter in the filtered mother liquid


followed by decantation. Yield: 5.6 g (42 % relative to Mo).
H140Mo37N14O147: calcd H 2.24, Mo 56.90, N 3.14; found H 2.15, Mo 56.1,
N 3.12; IR (KBr pellet): nÄ � 1615 (m, d(H2O)), 1400 (s, das(NH�


4 )), 960 (s),
905 (s) (nÄ(Mo�O)); 865 (m)), 780 (vs), 745 (vs), 600 (m), 505 cmÿ1 (m);
UV/Vis (solid-state reflectance spectrum): l� 390 nm (br).


Synthesis and spectroscopic data of (NH4)21[H3Mo57V6(NO)6O183(H2O)18] ´
55H2O (2): An improved method was followed:[16] a mixture of
(NH4)6[Mo7O24] ´ 4 H2O (8.7 g, 7.0 mmol), NH2OH ´ HCl (4 g, 57.5 mmol),
NH4Cl (4.6 g, 86.0 mmol) and H2O (150 mL) was heated in a 300 mL wide-
necked Erlenmeyer flask covered with a watchglass at 60 8C without
stirring for 17 h. The hot solution was filtered and stored at room
temperature. The precipitated red crystals of (NH4)12[Mo36(NO)4O108-
(H2O)16] ´ 33H2O (4) (see ref. [16]) were filtered off after 6 h (yield: 91%).
Compound 4 (2 g, 0.312 mmol) was added to a 0.5 M aqueous VOCl2


solution (22 mL) which was subsequently heated at 90 8C for 30 min. After
a brownish precipitate had been filtered from the hot solution, NH4Cl
(0.5 g) was added to the purple filtrate, which was then stored at room
temperature for crystallization; violet hexagonal crystals of 2 were
deposited within three days. Yield: 0.79 g (36 % relative to Mo).
H233Mo57N27O262V6: calcd H 2.21, Mo 51.69, N 3.57, V 2.89; found H 1.7,
Mo 51.52, N 3.52, V 2.76.


Synthesis and spectroscopic data of (NH4)18Na3[H3Mo57V6(NO)6O189-
(H2O)12(MoO)6] ´ 41H2O (3): Aqueous solutions of Na2MoO4 ´ 2H2O
(14.92 g, 61.7 mmol, in 100 mL), NH4VO3 (2.38 g, 20.3 mmol, heated in
200 mL) and NH2OH ´ HCl (25.66 g, 369 mmol, in 100 mL) were combined
in a 500 mL round-bottomed flask (with formation of a yellow precipitate)
and acidified with 3.5 % hydrochloric acid (9.5 mL). The flask was covered
with a watchglass and heated for 6 h without stirring in an oil bath (105 8C)
(color changes: initially yellow, to orange, to greenish brown, to dark blue).
The resulting dark blue precipitate was filtered off from the hot solution
and the filtrate refluxed for about 20 min under an argon atmosphere. After
it had been cooled to approximately 80 8C, Na2MoO4 ´ 2H2O (20 g,
82.7 mmol) was added. The mixture was refluxed again for 20 min and


Table 1. Crystal data, data collection and refinement parameters.


1 2 3[a]


sum formula H140Mo37N14O147 H233Mo57N27O262V6 H181Mo63N24Na3O254V6


Mr 6239.04 10579.35 11001.50
color brown violet blue
crystal dimensions [mm] 0.4� 0.1� 0.06 0.4� 0.3� 0.3 0.2� 0.08� 0.08
crystal system monoclinic hexagonal hexagonal
space group C2/c P63/mmc P63/mmc
T [K] 203 183 203
a [�] 27.173(5) 23.496(1) 23.587(7)
b [�] 44.085(11) 23.496(1) 23.587(7)
c [�] 23.427(9) 26.811(1) 26.542(12)
a [8] 90 90 90
b [8] 103.49(2) 90 90
g [8] 90 120 120
V [�3] 27289(13) 12818.1(9) 12788(8)
Z 8 2 2
1calcd [g cmÿ3] 3.04 2.74 2.86
m(MoKa) [mmÿ1] 3.40 3.02 3.31
2qmax, measured [8] 47 54 50
reflections measured 22498 72170 8532
unique reflections (Rint) 19996 5110 4181
observed (I> 2s(I)) 13728 4304 2434
refined parameters 994 295 304
R1


[b] (Fo> 4s(Fo)) 0.0814 0.0485 0.067
wR2


[c] 0.190 0.122 0.181
D1(max/ min) [e�ÿ3] 2.4/ÿ 1.4 1.78/ÿ 1.19 1.53/ÿ 2.14


[a] Several other structures of compounds of the type {Mo57�xV6} which contain between 57
and 63 Mo atoms were determined but are not listed here. The corresponding disorder
problems with respect to different occupied positions of clusters in different unit cells will also
not be discussed here. This refers also to different possible sites for the three protons in case
of 3 though these are clearly found in the bridging O atoms of the {Mov


2} groups of 2.[16, 17]


[b] R1�
P jFoj ÿ jFcjP jFoj


. [c] wR2�
��������������������������������P


w�F 2
o ÿ F 2


c�2P
w�F 2


o�2
s


with 1/w� s2(F2
o)� 0:1�F 2


o � 2 F 2
c�


3
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subsequently slowly cooled to room temperature. From the dark blue
mother liquor which was stored at 5 8C for crystallization under an argon
atmosphere, black, needle-shaped, air-sensitive crystals were precipitated
within 5 ± 7 days. They were separated by filtration and dried in an argon
stream. Under similar but less reducing conditions and without subsequent
additon of Na2MoO4 ´ 2H2O, intermediates between 2 and 3 of formula
{Mo57�xV6} (with x� 1 ± 5) were formed. Yield: 2.0 g (18.6 % relative to
Mo). H181Mo63N24Na3O254V6: calcd H 1.66, Mo 54.94, N 3.06, Na 0.63, V
2.78; found H 1.7, Mo 55.10, N 2.93, Na 0.60, V 2.70; IR (KBr pellet): nÄ �
1580 (s, d(H2O)), 1400 (s, das(NH�


4 )), 970 (m, n(V�O)), 890 (s, n(Mo�O)),
805 (vs), 765 (s), 670 (s), 610 (s), 575 (s), 545 cmÿ1 (s); (resonance) Raman
(degassed H2O/HCl; pH 1.4, le� 1064 nm): nÄ � 953 (w), 883 (m), 826 (s),
451 cmÿ1 (m); UV/Vis (degassed H2O/HCl; pH 1.4): l� 741 nm (emol�
6.1� 104 L molÿ1 cmÿ1; IVCT); the e value can be related to the number
of MoV centers even in case of decomposition.


Single crystal X-ray structure analyses : The measurements (MoKa


radiation, graphite monochromator) were carried out with a Siemens
three-circle diffractometer with a 1 K-CCD detector (1272 frames each of
which covering 0.38 in w, for 2) and with a Siemens four-circle diffrac-
tometer (Wyckhoff scans for 1 and 3). Lorentz and empirical absorption
corrections were applied. All structures were solved with direct methods
using the program SHELXS-96[31] and refined against F 2 by full-matrix
least-squares using the program SHELXL-93.[32] The sites of reduced metal
centres as well as the protonated O atoms were determined by bond-
valence sum calculations.[9] Further details of the crystal structure
determination reported in Table 1 may be obtained from the Fachinforma-
tionszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany),
on quoting the depository numbers CSD 407984 for 1, CSD 407986 for 2
and CSD 407985 for 3.
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Compounds with the Ir3Ge7 Structure Type: Interpenetrating Frameworks
with Flexible Bonding Properties
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Abstract: Reexamination of the E-rich
(E�Ga, In) area of the binary systems
Ni/Ga and Pd/In yielded the stoichio-
metric compounds Ni3Ga7 and Pd3In7


with the Ir3Ge7 structure type. The
structure of the compounds was deter-
mined by single-crystal X-ray diffraction
methods (space group Im3Åm ; Ni3Ga7:
a� 8.4285(6) �, Pd3In7: a� 9.4323(2) �;
Z� 4). The existence of the nonstoichio-
metric phases NiGa4 and PdIn3 reported
earlier could not be confirmed and it is
assumed that Ni3Ga7 and Pd3In7 repre-


sent the most E-rich compounds in their
respective systems. The remarkable
Ir3Ge7 structure consists of two equiv-
alent interpenetrating frameworks built
from cubes and square antiprisms. Its
chemical bonding motifs were analysed
by ab initio linear muffin-tin orbital


(LMTO) and semiempirical tight-bind-
ing extended Hückel band-structure cal-
culations. It was found that the valence
electron concentration plays a crucial
role in the structural stability of the
Ir3Ge7 type and that, in the case of
strong dp bonding between transition
metal and E component, semiconduct-
ing representatives can occur. We sug-
gest that the width of the band gaps is
tunable by the choice of constituent
elements in ternary and quarternary
compounds with the Ir3Ge7 structure.


Keywords: bond theory ´ density
functional calculations ´ intermetal-
lic phases ´ semiempirical calcula-
tions ´ solid-state structures


Introduction


Systems consisting of metametallic or semimetallic p-block
elements E (Ga ± In, Ge ± Sn, As ± Sb) and an electro-
positive counterpart (i.e. alkali and/or alkaline earth
metals) have been the subject of extensive research for
many years, which has yielded a myriad of compounds
and structures.[1,2] Most of these compounds can be
classified as Zintl phases, and their distinctive charac-
teristic is the occurrence of covalently bonded poly-
anionic substructures formed by the E atoms. The electronic
structure of the sp-bonded polyanions can be simply
rationalised by electron counting schemes as the (8ÿ n)
rule for two-electron ± two-centre-bonded frameworks or
Wade�s rules for multicentre-bonded deltahedral cluster
entities.[3]


When the electropositive component is exchanged for a
transition metal T the chemical bonding picture changes
dramatically; the clear relationship between electron count
and geometrical structure prevalent in Zintl phases is lost in
compounds TmEn. Considering E-rich systems, the p-block
elements still exhibit a strong tendency to form homonuclear
bonds, but additionally the interactions of the d orbitals of the
T metals must be taken into account. Thus there is an
interplay of dp and sp bonding in these compounds, leading to
a more complex bonding situation. During our investigation
of the E-rich parts of the systems Ni/Ga and Pd/In we
obtained the compounds Ni3Ga7 and Pd3In7 with the Ir3Ge7


structure and realised that this remarkable structure type can
accomodate both extremes, namely strongly dp-bonded and
strongly sp-bonded representatives. Strong dp bonding occurs
when the T component is chosen from among the earlier
transition metals from the second or third transition series
(Nb, Mo, Re). As a consequence of strong dp bonding a band
gap is opened at or close to the Fermi level and semi-
conducting compounds can be obtained. When the d orbitals
of the T component are very contracted, as for example in Ni,
a sp-bonded substructure of E atoms emerges which resem-
bles the E substructures in Zintl phases. In this article we
report on the synthesis and structural determination of the
compounds Ni3Ga7 and Pd3In7, and the analysis of the bonding
motifs associated with the Ir3Ge7 structure type.
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Experimental Section


Synthesis : The compounds Ni3Ga7 and Pd3In7 were prepared from mixtures
of the pure elements (Ni powder, puriss., Fluka; Pd powder, 99.9 %,
ABCR; Ga ingot, 99.9 %, ABCR; In shot, 99.9 %, Aldrich) containing
1 mmol transition metal and 10 mmol E element. The reactants were
pressed into pellets and loaded into quartz ampoules, which were sealed
under vacuum. Ni/Ga samples were heated to either 300 8 or 600 8C, Pd/In
samples to 800 8C, for two days and then slowly cooled to room temper-
ature at an approximate rate of 10 8hÿ1. Excess E was dissolved with 4m
HCl. The highly crystalline products, which contained cube-shaped and
tabular single crystals, were characterised by Guinier powder diagrams
(CuKa) and their composition analysed with the EDX (energy-disperse X-
ray) method in a JEOL scanning electron microscope. The powder patterns
for both systems revealed a cubic body-centred lattice consistent with the
Ir3Ge7 structure type. In the case of the Ni/Ga products the powder patterns
exhibited additional weak lines from traces of the compound Ni2Ga3 with
the Ni2Al3 structure.


X-ray structure determination : Intensity data sets of suitable single crystals
were collected at room temperature with MoKa radiation (graphite
monochromator) on a Siemens SMART CCD diffractometer.[4] The data
collection nominally covered a full sphere of reciprocal space. Combina-
tions of five sets of exposures were used where each set had a different f
angle for the crystals and each exposure covered 0.38 in w. The crystal-to-
detector distance was 3.0 cm. The data reduction was performed with the
program SAINT[5] and an empirical absorption correction with the
program SADABS.[6] The space group Im3Åm was assigned on the basis of
the systematic absences and the statistical analysis of the intensity
distributions. Cell constants were obtained from a least-squares refinement
of the setting angle of 46 (Ni3Ga7) and 50 (Pd3In7) centred reflections on a
Huber four-circle diffractometer. The crystal structures were refined with
the Ir3Ge7 structure as model by full-matrix least-squares refinement on F2


(program SHELXL-93[7]) with the scattering factors of Ni/Ga and Pd/In,
respectively. Some details of the single crystal data collections and
refinements are listed in Table 1. Because of the similar scattering power


of the atoms in the pairs Ni/Ga and Pd/In, the occurrence of T/E mixed
occupancy positions in Ni3Ga7 and Pd3In7 cannot be totally excluded on the
basis of the refinement results. However, the composition of the actual
crystals was determined to be T3E7 by EDX analyses after the X-ray data
had been collected. Therefore we concluded that the distribution of the T
and E atoms corresponds to that in the structure type Ir3Ge7, which is also
plausible from chemical considerations (see Results and Discussion,
Section 2).


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.karls-
ruhe.de) on quoting the depository numbers CSD-408313 (Ni3Ga7) and
CSD-408314 (Pd3In7).


Theoretical calculations : The electronic structures of the compounds
Mo3Sb7, Re3As7, Ir3Ge7, Ru3Sn7 and Ni3Ga7 were calculated self-consistently
by means of the local density-functional approximation and the scalar
relativistic linear muffin-tin orbital (LMTO) method in the atomic sphere
approximation (ASA) including the combined correction (program TB-
LMTO 4.6[8]). The exchange-correlation potential was parametrised
according to von Barth and Hedin.[9] The TB-LMTO4.6 program allows
an automatic search of empty sphere (ES) positions and the determination
of sphere radii.[10] The sum of the sphere volumes equalled the unit cell
volumes and the maximum sphere overlap was below 15% for all possible
sphere combinations. Table 2 summarises the structural parameters used in


these calculations. The basis consisted of T and E s-, p-, d-, f-LMTOs for
T�Mo, Ru, Re, Ir and E� Sn, Sb (T atom f- and E-atom d-, f-LMTOs
downfolded), and of T and E s-, p-, d-LMTOs for T�Ni and E�Ga, Ge,
As (E atom d-LMTOs downfolded). The reciprocal space integrations were
performed with the tetrahedron method[11] from 72 irreducible k-points.
For molecular orbital considerations and qualitative bonding analyses
extended Hückel calculations were performed for the compounds Mo3Sb7


and Ni3Ga7 with a modified version of the program EHMACC[12] by using a
56 k-point mesh of the irreducible wedge. The Ni Hii parameters were
charge-iterated in order to obtain a better agreement of the Ni3Ga7


semiempirical and ab initio density of states (DOS). The resonance
integrals were approximated by the Wolfsberg ± Helmholtz formula Hij�
1/2 KSij (Hii � Hjj) with K� 1.75. The calculational parameters are listed
in Table 3.


Table 1. Summary of crystal data for Ni3Ga7 and Pd3In7.


Ni3Ga7 Pd3In7


crystal size [mm3] 0.05� 0.05� 0.02 0.06� 0.05� 0.09
crystal system cubic cubic
space group Im3Åm (No. 229) Im3Åm (No. 229)
lattice constants [�] a� 8.4285(6) a� 9.4323(2)
volume [�3] 598.76 839.18
Z 4 4
1calcd [gcmÿ3] 7.368 8.888
T [K] 295 295
l [�ÿ1] 0.71069 (MoKa) 0.71069 (MoKa)
absorption coeff [mmÿ1] 40.02 25.02
F(000) 1204 1924
data collecn range, 2q [8] 2 ± 107.5 2 ± 107.5
index range ÿ 18�h� 18 ÿ 21�h� 16


ÿ 19�k� 18 ÿ 15�k� 21
ÿ 19� l� 10 ÿ 21� l� 18


measured reflns 11776 15393
unique reflns 402 (Rint(F2)� 0.071) 552 (Rint(F2)� 0.059)
reflns with jF j 2� 2s( jF j 2) 317 505
absorption corr empirical (SADABS) empirical (SADABS)
transmission ratio (max:min) 1.000:0.499 0.971:0.450
extinction corr[a] c� 0.0043(6) c� 0.042(1)
params refined 10 10
GoF on jF2 j 1.272 1.448
R values[b,c] [ jF j 2� 2s( jF j 2)] R� 0.037, wR� 0.086 R� 0.026, wR� 0.052


a� 0.043, b� 2.32 a� 0.02, b� 1.66
R values (all data) R� 0.051, wR� 0.092 R� 0.030, wR� 0.053
largest hole and peak, e/�3 ÿ 2.60 and 3.08 ÿ 2.75 and 1.40


[a] F*�F[1� 0.002cF2/sin(2q)]1/4. [b] R� [S( jFo jÿjFc j )]/S jFo j .
[c] wR� {[Sw(F2


oÿF2
c)2]/Sw(F2


o)2}1/2. w� [s2( jFo j 2� (aP)2� bP]ÿ1.


P� (F2
o(� 0)� 2F2


c)/3.


Table 2. Structural data used in the LMTO calculations.


Mo3Sb7 Re3As7 Ir3Ge7 Ru3Sn7 Ni3Ga7


a (�) 9.5713 8.7162 8.735 9.332 8.4285
T 0.3425, 0, 0 0.3406, 0, 0 0.342, 0, 0 0.342, 0, 0 0.3406, 0, 0
rT (�) 1.5734 1.5192 1.4932 1.4967 1.3828
E1 0.25, 0, 0.5 0.25, 0, 0.5 0.25, 0, 0.5 0.25, 0, 0.5 0.25, 0, 0.5
rE1 (�) 1.6620 1.4334 1.4623 1.6443 1.4102
E2 0.1624, x, x 0.1678, x, x 0.156, x, x 0.156, x, x 0.16125, x, x
rE2 (�) 1.6225 1.4041 1.3905 1.5680 1.4600
ES1 0, 0, 0 0, 0, 0 0, 0, 0 0, 0, 0 0, 0, 0
rES1 (�) 1.4576 1.4902 1.3097 1.3017 1.2186
ES2 0, 0.2778, y 0, 0.2778, y 0, 0.2639, y 0, 0.2639, y 0, 0.2778, y
rES2 (�) 0.7902 0.7968 0.8190 0.8227 0.7376
ES3 0.3344, x,


0.1200
0.3438, x,
0.1199


0.3236, x,
0.1264


0.3135, x,
0.1231


0.3413, x,
0.1166


rES3 (�) 0.7605 0.7161 0.6865 0.6820 0.6712


Table 3. Parameters of the semiempirical calculations.


Hii (eV), zi Mo3Sb7 Ni3Ga7


T d (dz) ÿ 10.5, 4.540 (0.58988) ÿ 10.132, 4.540 (0.57256)
1.9 (0.58988) 1.9 (0.57256)


T s ÿ 8.34, 1.96 ÿ 7.048, 1.96
T p ÿ 5.24, 1.9 ÿ 3.515, 1.9
E s ÿ 18.8, 2.323 ÿ 14.58, 1.77
E p ÿ 11.7, 1.999 ÿ 6.75, 1.55
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Results and Discussion


1. The compounds Ni3Ga7 and Pd3In7


The E-rich parts of the systems Ni/Ga and Pd/In have been
the subject of several investigations in which structural
analyses were performed with X-ray powder diffraction
methods. In 1947 Hellner and Laves reported on the body-
centred cubic phases �NiGa4� (a� 8.41 �) and �PdIn3� (a�
9.42 �), for which they proposed a g-brass structure with
defects,[13] and in a subsequent publication Hellner confirmed
the existence of the phase �NiGa4�.[14] More recently Feschotte
and Eggimann reinvestigated the Ni/Ga system[15] and ob-
tained for �NiGa4� a lattice parameter a� 8.424 �, but could
not determine the composition of the phase. In an attempt to
solve the structure of �NiGa4�, Jingkui and Sishen distributed
8 Ni and 32 Ga atoms on four different crystallographic sites
in the space group I 23 (refined lattice parameter a�
8.4295 �).[16] The total atomic arrangement corresponded to
the Ir3Ge7 structure type, with one set of Ga atoms occupying
the Ir site and the Ni atoms partly occupying one of the two
Ge sites. For the phase �PdIn3� no detailed structural analysis
has been reported. In the most recent investigation of the Pd/
In system Harris et al. obtained a lattice parameter a�
9.4144 � for the phase �PdIn3� with the �g-brass structure�.[17]


Both phases are reported to decompose peritectically into a
mixture of T2E3 (Ni2Al3 type) and E. The decomposition
temperature of �NiGa4� (Ni3Ga7) is 358 8C[15] and that of
�PdIn3� (Pd3In7) 664 8C.[18]


According to our investigations the phases �NiGa4� and
�PdIn3� are in fact the compounds Ni3Ga7 and Pd3In7 with
the Ir3Ge7 structure. The lattice parameters of Ni3Ga7 (a�
8.4285(6) �) and Pd3In7 (a� 9.4323(2) �) correspond to
those reported for �NiGa4� and �PdIn3�. EDX analyses on
numerous crystallites in our Ni/Ga and Pd/In samples never
revealed any statistically significant deviations from the
composition T3E7. Thus, we conclude that Ni3Ga7 and Pd3In7


represent the most E-rich compounds in their respective
systems.


2. The Ir3Ge7 structure type


2.1 Geometrical analysis : The body-centred cubic Ir3Ge7


structure type was first discovered by O. Nial for the crystal
structure of the compounds Ru3Sn7 and Ir3Sn7.[19,20] It consists
of only three independent atomic positions, one for the T
atoms and two for the E atoms (E1 and E2). Up till now
25 compounds with the composition T3E7 have been reported
to adopt this structure type, but only for 12 of them have
atomic parameters been determined.[21] The refined atomic
positions and isotropic displacement factors for the represen-
tatives Ni3Ga7 and Pd3In7 investigated by us are listed in
Tables 4 and 5, and in Table 6 the relevant atomic distances
are given.


In the Ir3Ge7 structure the T atoms sit at the centre of
square antiprisms formed by the E atoms, and an ensemble of
two condensed antiprisms sharing a square face represents the
fundamental building unit of this structure type (Figure 1a).


The rotation angle between the square faces of the antiprisms
is independent of the E atom parameters and is always 458.
Thus the point group symmetry of the barrel-shaped building
unit is D4h. The E atoms situated at the waist of the barrel (the
shared square face) are denominated E1 atoms and those
defining the opposite square faces correspond to E2 atoms.
The barrels are joined together to a framework by sharing
common edges of the terminal square faces in such a way that
a cube is formed as a junction unit (Figure 1b). The centres of
these empty cubes represent the corners of the unit cell and
the resulting framework is topologically equivalent to the
arrangement of unit cell edges in a simple cubic structure. A
second equivalent framework is generated by the I symmetry
of the lattice (Figure 1c). The two interpenetrating frame-
works share the same E1 atoms, which occupy the high-
symmetry special position 12d (1/4, 0, 1/2).


The topology of the interpenetrating frameworks in the
Ir3Ge7 structure is governed by only one variable, namely the
x parameter of the site 16f (x, x, x) occupied by the E2 atoms.
This parameter can theoretically range from 0 to 1/4 and
determines the size of the empty cubes centred at 2a (0, 0, 0).
The size of the cubes is largest for xE2 values close to 1/4. Four
different distances characterise the E atom substructure: the


Table 4. Atomic coordinates, occupancies and displacement parameters
(104 �2) for Ni3Ga7.


Atom Site x y z SOF[a] Uiso


Ni 12e 0.35050(8) 0 0 1 78(1)
Ga1 12d 1/4 0 1/2 1 155(2)
Ga2 16f 0.16121(4) x x 1 107(1)


U11 U22 U33 U12 U13 U23


Ni 77(2) 79(2) 79(2) 0 0 0
Ga1 74(2) 196(2) 196(2) 0 0 0
Ga2 107(1) 107(1) 107(1) 6(1) 6(1) 6(1)


[a] SOF� site occupancy factor.


Table 5. Atomic coordinates, occupancies and displacement parameters
(104 �2) for Pd3In7.


Atom Site x y z SOF Uiso


Pd 12e 0.34819(3) 0 0 1 76(1)
In1 12d 1/4 0 1/2 1 128(1)
In2 16f 0.16219(2) x x 1 102(1)


U11 U22 U33 U12 U13 U23


Pd 68(1) 80(1) 80(1) 0 0 0
In1 60(1) 162(1) 162(1) 0 0 0
In2 102(1) 102(1) 102(1) 11(4) 11(4) 11(4)


Table 6. Selected bond lengths [�] in Ni3Ga7 and Pd3In7. The standard
deviations are all equal to or less than 0.001 �.


Ni ± Ga1 2.455� 4 Pd ± In1 2.759� 4
Ni ± Ga2 2.498� 4 Pd ± In2 2.785� 4
Ni ± Ni 2.520� 1 Pd ± Pd 2.864� 1
Ga1 ± Ni 2.455� 4 In1 ± Pd 2.759� 4
Ga1 ± Ga1 2.980� 4 In1 ± In1 3.335� 4
Ga1 ± Ga2 3.250� 8 In1 ± In2 3.630� 8
Ga2 ± Ni 2.498� 3 In2 ± Pd 2.785� 3
Ga2 ± Ga2 2.592� 1 In2 ± In2 2.869� 1
Ga2 ± Ga2 2.718� 3 In2 ± In2 3.060� 3
Ga2 ± Ga1 3.250� 6 In2 ± In1 3.630� 6
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Figure 1. The Ir3Ge7 structure type: a) the central building unit consisting
of two face-condensed square antiprisms; b) linkage of the building units to
a single framework in Ir3Ge7; c) the complete structure of Ir3Ge7 built of
two interpenetrating frameworks of the type shown in b.


distance dE1±E1 between two E1 atoms (occuring 4 times), the
distance dE1±E2 between an E1 and an E2 atom (� 8), the
distance dE2i±E2i


between two E2 atoms within a cube (� 3),
and finally the distance dE2i±E2o


between two E2 atoms
belonging to neighbouring cubes in different frameworks
(� 1). In Figure 2a the four distances are displayed as a
function of the xE2 parameter. It is easy to recognise that it is
not possible to built the E atom framework from idealised
square antiprisms (dE1±E1� dE2i±E2i


� dE1±E2) and that one of the
E2 ± E2 distances is always the shortest contact in the E


Figure 2. a) The four different distances between Ge (E) atoms in the
Ir3Ge7 structure as a function of the atomic parameter xE2. The region
where the actual values of the known compounds are situated is marked. b)
Enlargement of the section marked in (a). The xE2 values of the
representatives with determined atomic parameters are indicated with
arrows. c) The relation xT� (3x2


E2ÿ 5/16)/(2xE2ÿ 1) (solid curve) follows
from the condition of equal T± E1 and T± E2 distances in the Ir3Ge7


structure type. The pairs xT/xE2 of the known representatives follow this
relation. Large xT values imply short T± T distances.


substructure. The actual representatives of the Ir3Ge7 type
have values for the xE2 parameter in the narrow range
between 0.155 and 0.169 (Figure 2b). In this range the four
relevant E ± E distances differ least and the distance dE1±E2 is
always largest.


The second structural variable of the Ir3Ge7 type is the x
parameter of the site 12e (x, 0, 0) occupied by the T atoms.
This parameter determines the distance between the pair of T
atoms in the building unit and the distance between T and E1
atoms. Like the values for the xE2 parameter also the ones for
the xT parameter are found in a narrow range (0.334< xT<


0.353). If one assumes strong T ± T bonding or repulsive
interaction in a single building block one would expect the
two kinds of distances between T and E atoms to become
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distinctly different. The condition dT±E1� dT±E2 leads to the
following relation between the two structural variables of the
Ir3Ge7 type: xT� (3x2


E2ÿ 5/16)/(2xE2ÿ 1). Figure 2c displays
this relation together with the pairs xT/xE2 of the representa-
tives and it is clearly seen that the compounds adapt very well
to the condition for equal T ± E distances. From this geo-
metrical analysis we conclude that, for the compounds with
the Ir3Ge7 structure type, T± E bonding interactions should be
favoured over T ± T bonding interactions and that dE1±E2 as the
largest relevant E ± E distance is most probably of minor
bonding significance. In the next section we try to investigate
in more detail the bonding properties and structural stability
of the Ir3Ge7 structure type.


2.2. Analysis of the chemical bonding


General aspects : Figure 3 summarises the compounds with
the Ir3Ge7 structure type together with their valence electron
concentration (VEC, number of valence electrons per for-
mula unit). The T component is preferentially represented by


Figure 3. Summary of the known compounds with the Ir3Ge7 structure
type. The figures in parentheses are the VECs.


4d and 5d transition metals and the E component by the triels
Ga and In, the tetrels Ge and Sn, and the pentels As and Sb.
Inspecting the pairs T/E, one observes the tendency of the
electron-poor transition metals with seven or fewer valence
electrons to combine with electron-rich pentels, the tendency
of the transition metals with eight or nine valence electrons to
combine with tetrels, and the tendency of the transition metals
with 10 valence electrons to combine with triels. This restricts
the range of VEC to values between 51 and 56 electrons per
formula unit for the compounds with the Ir3Ge7 structure.


Interestingly, some of the pentel-containing compounds
were reported to be semiconductors. First Hulliger found
semiconducting behaviour of Re3As7 from resistivity meas-
urements,[22] a result which was questioned by Jensen et al.[23]


Later Jensen and Kjekshus prepared a compound Nb3Sb2Te5


and proposed it as a semiconductor.[24]


The following analysis of the chemical bonding is per-
formed in three steps and addresses the role of VEC for the
structural stability of the Ir3Ge7 type as well as the electrical
conductivity properties of its representatives.


Analysis of the electron localisation function (ELF): bonding
topology : In order to attain an overview of the bonding


situation connected with the Ir3Ge7 type we computed the
ELF[25] from the total densities of the compounds Mo3Sb7,
Ir3Ge7, Ru3Sn7 and Ni3Ga7. The scalar function ELF has
developed into a powerful tool for the characterisation of
bonds in molecules and solids[26,27] by visualisation of the Pauli
repulsion in these fermionic systems.[28] The function is
normalised to the interval between 0 and 1. Large values
indicate regions in space where the Pauli repulsion is small,
that is, where two electrons with antiparallel spin are likely to
be paired, and conversely the ELF adopts small values in
regions between electron pairs. The local maxima of the ELF
are called localisation attractors and are classified as either
bonding or nonbonding in the valence region.[29] A bonding
attractor is located between two or sometimes more atomic
cores whereas a nonbonding attractor, usually associated with
a lone pair of electrons, belongs to only one atomic core. The
atomic cores and bonding attractors characterise the bonding
topology of a molecule or a solid, and from the resulting
bonding diagrams[29] it is possible to assign bonds between
groups of atoms. It is important to note that this assignment of
bonds on the basis of the ELF is independent of the kind of
method, basis set and orbitals used for the construction of the
many-electron wave function.


When defining a bond between a pair of atoms by a single
ELF attractor located between the cores, the internuclear
distance is crucial for the formation of such a bond. The onset
of a bonding attractor will only be observed when the
internuclear distance is below a certain value and, important-
ly, a bonding interaction between two atoms as extracted from
atomic orbital interactions in LCAO-MO theory usually
occurs at larger internuclear distances. For intermetallic
compounds it is characteristic that the number of localisation
attractors by far exceeds that of electron pairs possible in
principle. Therefore it is in general not possible to assign
localised orbitals to the bond-defining attractor regions. These
so-called unsaturated attractors[29] indicate complex multi-
centre bonding or delocalised bonding in the LCAO-MO
language.


Coming back to the Ir3Ge7 type, the essential information is
obtained by calculating and analysing the ELF in the planes
(100) and (110). The (100) planes contain the pairs of T and
the squares of E1 atoms (that is the distance dE1±E1) and bisect
the line dE2i±E2i


(see Figure 1c). The (110) planes bisect the
cubes formed by the E2 atoms along their face diagonals and
thus contain, besides the pairs of T atoms, the distances dE2i±E2i


and dE2i±E2o
(Figure 1c). In the two-dimensional representa-


tions the ELF is displayed with contour lines and colour-coded
together with the electron density. The colour code is
analogous to a map in which regions of high ELF values are
coloured orange ± white and regions of low values blue ± vio-
let. In Figure 4a the ELF for Mo3Sb7 as a representative for
compounds with pentels as the E component is shown. (The
localisation pattern for Re3As7 is very much alike.) The
regions of highest localisation in this compound occur
between Mo and Sb1 atoms, and Mo and Sb2 atoms.
Additional bonding attractors are found between the pairs
of Mo atoms and the pairs of Sb2 atoms belonging to different
frameworks (Sb2i ± Sb2o). The localisation attractors associ-
ated with the second kind of Sb2 ± Sb2 pairs, which form the
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Figure 4. ELF sections (based on LMTO calculations) of the planes (100)
(left) and (110) (right) in the compounds a) Mo3Sb7, b) Ir3Ge7, c) Ru3Sn7 d)
Ni3Ga7 and e) in the Ga substructure in Ni3Ga7 without Ni atoms (�Ga7�).
The separation of the contours in a ± c is 0.1 and the contour ELF� 0.3 is
drawn in green. The separation of the contours in d,e is 0.05 and the contour
ELF� 0.25 is drawn in green. The positions of the attractors (ELF maxima)
are marked with red circles; some saddle points are marked with blue
circles.


cubes in a single framework (Sb2i ± Sb2i), represent a special
situation. In the (100) plane a broadened area of higher ELF
values is recognisable in the region where dSb2i±Sb2i


is bisected.
This area perpendicular to the pair Sb2i ± Sb2i contains two
attractors, a phenomenon which is usually observed in p-
bonded systems. However, the (110) plane reveals not a single
saddle point between this atomic pair, as expected as a


consequence of the two maxima in the (100) plane, but two
more maxima. All together four attractors are connected with
the distance dSb2i±Sb2i


, but their arrangement is not compatible
with a bond between this pair of Sb2 atoms. In contrast, in
Ir3Ge7 (Figure 4b) a bond can be assigned between the pair of
atoms Ge2i ± Ge2i whereas between the pair Ge2i ± Ge2o two
nonbonding attractors appear. In Ru3Sn7, bonds are found
between both kinds of E2 atom pairs (Figure 4c). Further, in
Ru3Sn7 the maxima associated with the T± T bonds are not
very pronounced with respect to the surrounding saddle
points where ELF isosurfaces of neighbouring localisation
domains merge[30] and a new type of attractor emerges
(Figure 4c, left). These attractors are situated above and
below a triangle Ru-Sn1-Ru and thus cannot be assigned to a
particular pair of atoms. In Ni3Ga7 this new kind of attractor is
even more pronounced whereas the attractors associated with
the pairs T ± T and T ± E1 become hardly recognisable
(Figure 4d, left). Interestingly, when the ELF for the Ga
substructure is calculated, only the (100) plane reveals a
nonbonding attractor, which is located at the position of the
saddle point between the Ni-Ga1-Ni maxima in the complete
Ni3Ga7 structure (Figure 4e, left). On the other hand bonding
attractors are found between the two different pairs of Ga2
atoms, and the bonding topologies for the Ga2 substructures
in Ni3Ga7 and the hypothetical Ga substructure without Ni
atoms correspond to each other (Figures 4d,e right).


From the analysis of the ELF we observe that the bonding
picture within the Ir3Ge7 structure can change dramatically.
Mo3Sb7 and Re3As7 are characterised by pronounced bonds
between pairs of T and pairs of T and E atoms. From Ir3Ge7


and Ru3Sn7 to Ni3Ga7 the T ± T and T ± E bonds become less
and less well-defined when comparing the differences of the
maxima and the surrounding saddle points. Instead the
substructure of E2 atoms emerges, corresponding to a bcc
arrangement of cubes with well-defined bonds.


Analysis of the band structures : The investigation of the ELF
represents a real-space bonding analysis; in order to obtain a
complete view of the bonding situation in compounds with the
Ir3Ge7 type, information from their band structures is also
essential. In the following we discuss the density of states
(DOS), which represents the one-dimensional projection of a
band structure, of the compounds Mo3Sb7, Ru3Sn7 and
Ni3Ga7. Figure 5 depicts the DOS distributions obtained from
TB-LMTO-ASA calculations for the three compounds.


The DOS of Mo3Sb7 is characterised by two gaps and is thus
split into three different parts. The part lowest in energy
represents the Sb s bands and is occupied by 14 electrons per
formula unit. Therefore the Sb s orbitals do not contribute to
the bonding in Mo3Sb7. The second part of the DOS can be
broken into contributions from the Mo d and Sb p orbitals
with the Mo d partial DOS distributed over the complete
energy range between ÿ 5.5 and 0.5 eV. This indicates that the
Mo d orbitals participate in dispersive bands which are a
consequence of strongly bonding interactions with the Sb p
orbitals. The second gap, about 0.8 eV wide, corresponds to a
band filling of 55 electrons per formula unit and is just above
the Fermi level of Mo3Sb7 (VEC� 53). This gap is a direct
consequence of the strong dp bonding, which can be seen by
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the symmetrical distribution of the Mo d partial DOS below
and above this second gap. Above the gap the states are
strongly Mo ± Sb (dp) antibonding. In Re3As7, which has the
same structuring of the DOS a few of these antibonding states
are already occupied because the VEC is 56. Thus Re3As7 is a
metallic conductor and the questioning of Hulliger�s results
concerning the conductivity properties of Re3As7 by Jensen
et al. appears to be justified.[22, 23] However, there is the
possibility that, due to different synthesis conditions, Hulliger
obtained an As-deficient compound Re3As6.8 with the appro-
priate VEC of 55. The compound Nb3Sb2Te5 has this VEC.[24]


Strong dp-bonding interactions require the diffuse d
orbitals of the earlier transition metals from the second and
third transition series. As the nuclear charge increases, the d
orbitals of these metals become more contracted [31] (note that
compared with 4d and 5d orbitals, 3d orbitals are much more
contracted). Thus the dp orbital interactions diminish grad-
ually and sp-bonding interactions between the E atoms
become more important. As a consequence both band gaps
are expected to diminish and, indeed, they are already closed
in the DOS of Ru3Sn7 (VEC� 52). Note how much the DOS
of Ru3Sn7 resembles that of Mo3Sb7. The three different parts
are still recognisable but the Ru d orbital contribution to the
states below the Fermi level is considerably larger. In Ni3Ga7


(VEC� 51) Ga s and p orbitals mix completely and the Ni d
orbitals give rise to a large contribution to the DOS in the
narrow energy range between ÿ 1 and ÿ 3 eV. Thus the d
orbitals interact only very weakly with the orbitals of E, which
gives rise to flat, nonbonding bands. All the d-based bands are
now occupied; that is, the DOS above the Fermi level has very
little Ni d orbital contribution.


The results from the analysis of the band structure/DOS
correspond exactly to those obtained from analysis of the
ELF: The Ir3Ge7 structure type can accomodate two extreme
forms of bonding motifs. In the case of strong dp orbital
interactions, a band gap at VEC� 55 is opened and bonds are
formed between pairs of T ± E and T ± T atoms as well as
between the pairs of E2 atoms belonging to different frame-
works. In the case of weak dp orbital interactions, the sp-
bonded substructure of E2 atoms corresponding to a bcc
arrangement of cubes becomes important and bonds are
found between the pairs of E2 atoms forming the cubes and


the pairs of E2 atoms between cubes belonging to
different frameworks.


We want to conclude our analysis of the chemical
bonding by addressing the role of the VEC in the
structural stability of the Ir3Ge7-type compounds.


VEC and structural stability : The known compounds
with the Ir3Ge7 structure exist in the narrow range of
VEC between 51 and 56 electrons per formula unit. In
order to investigate the role of VEC for the stability of
those compounds we calculated the crystal orbital
overlap population (COOP) curves for Mo3Sb7 and
Ni3Ga7 with the tight-binding extended Hückel meth-
od. In Figure 6a the DOS and COOP curves for Mo3Sb7


are shown. The total DOS obtained from the semi-
empirical calculation is in perfect agreement with that


obtained from the ab inito calculation (Figure 5) and also the
distribution of the Sb s and Mo d orbital contributions
corresponds exactly. The only difference is that in the
semiempirical DOS the Sb s bands are not clearly separated
but the second band gap at VEC� 55 appears very pro-
nounced. As anticipated from the considerations in the
preceding paragraph, the states below this band gap are
strongly Mo ± Sb (dp) bonding and those above strongly
antibonding. For the calculation of the Sb ± Sb COOP curve
all four different Sb ± Sb contacts (see Figures 2 a,b) have been
taken into account. The Sb ± Sb orbital interactions appear as
partly bonding and partly antibonding, and one notes that
despite these opposite interactions, a bond between Sb2i and
Sb2o atoms is observed when analysing the ELF. For
compounds with strong dp bonding the optimum VEC should
be 55, but small deviations as observed in Mo3Sb7 (VEC� 53)
and Re3As7 (VEC� 56) are apparently tolerated.


Why do the compounds with weak dp bonding adopt a
similar VEC? In Figure 6b we show the DOS and COOP
curves for Ni3Ga7 (VEC� 51) and again the agreement
between semiempirical and ab initio DOS is very good (cf.
Figure 5). When collating the COOP curves of Mo3Sb7 and
Ni3Ga7 a crucial difference is recognised: In Ni3Ga7 the Ga ±
Ga (sp) orbital interactions are strongly bonding until the
Fermi level is reached. (Note here that also the Ga1 ± Ga1
interactions are of bonding nature although no bond is formed
between these atoms.) To understand the optimum VEC for
Ni3Ga7 one might consider a sp-bonded Ga substructure in
which weakly interacting Ni atoms are embedded. In Figure
6c we compare the partial DOS of the Ga atoms in Ni3Ga7 and
the DOS of a hypothetical Ga structure without Ni atoms. The
curves are in remarkable agreement and deviate only in the
region between ÿ 11 and ÿ 9 eV, where the Ni d orbitals are
centred, and in the region above the Fermi level of Ni3Ga7.
The COOP curve of the hypothetical Ga structure without Ni
atoms exhibits a sharp change from Ga ± Ga bonding to
antibonding interactions at an energy value where VEC
corresponds to 21.5 electrons per �Ga7� formula unit (marked
by a horizontal line in Figure 6c). At almost the same energy
value the Ga ± Ga interactions become (more slowly) anti-
bonding in the Ni3Ga7. This supports the idea that the
embedding of the Ni atoms, which introduces contracted,


Figure 5. Total density of states (DOS) together with the T d (dotted lines) and E s
orbital contributions (dashed lines) of the compounds Mo3Sb7, Ru3Sn7, and Ni3Ga7


from LMTO calculations (primitive unit cell).
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Figure 6. Results from the tight-binding extended Hückel calculations (I-
centred unit cell). Left: total density of states (DOS) together with the T d
(dotted lines) and E s (dashed lines) contributions of a) Mo3Sb7 and b)
Ni3Ga7; c) the partial DOS of the Ga atoms in Ni3Ga7 (dotted line) and the
DOS of the Ga substructure in Ni3Ga7 without Ni atoms (solid line). Right:
crystal orbital overlap population (COOP; solid lines) of the contacts T± E
(4�T ± E1, 4�T ± E2; dotted lines) and E ± E (4�E1 ± E1, 8�E1 ± E2,
4�E2 ± E2; dashed lines) in a) Mo3Sb7 and b) Ni3Ga7; c) the COOP of the
contacts Ga ± Ga in Ni3Ga7 (dotted line) and the Ga substructure in Ni3Ga7


without Ni atoms (solid line).


weakly interacting d orbitals, does not dramatically change
the electronic structure of the Ga matrix. These d orbitals are
occupied by the Ni valence electrons; the optimum VEC for
Ni3Ga7 approximated as a system consisting of an sp-bonded
Ga matrix (with an optimum VEC of 21.5) and noninteracting
Ni atoms would be 51.5. This value is only slightly below that
for the optimum VEC of strongly dp-bonded compounds.
However, the COOP curves of Figure 6b reveal that above the
Fermi level of Ni3Ga7 a few Ni ± Ga bonding states are created
and the VEC corresponding to all bonding states occupied
increases to 54.


Concluding Remarks


We investigated in detail the chemical bonding properties
associated with the remarkable Ir3Ge7 structure type. Al-
though the geometrical flexiblity of this structure is rather
limited and atomic parameters of the representatives are very
similar, we discovered that two extreme bonding motifs can be
expressed with the Ir3Ge7 type. When the dp orbital inter-
action is strong, bonding within the single building unit T2E12


consisting of two face-condensed square antiprisms is primary
and the DOS exhibits a band gap at or close to the Fermi level.
In the case of weak dp orbital interactions an sp-bonded
substructure formed by one kind of E atom becomes
important. A combination of real and reciprocal space
bonding analysis was found to be very useful in the
identification of these essential bonding motifs. Interestingly,
a VEC of 52 ± 55 is compatible with both bonding motifs and
the Ir3Ge7 structure is an instructive example of the bonding
flexibility characteristic of intermetallic compounds.


The possibility that semiconductors of the Ir3Ge7 type may
be accessible deserves special attention. Hitherto among the
Ir3Ge7-type representatives only Nb3Se2Te5 and possibly an
As-deficient Re3As7 fulfil the two conditions for semiconduc-
tivity, namely strong dp bonding (for the opening of the band
gap) and an appropriate VEC of 55 electrons per formula
unit. In principle it should be possible to synthesise ternary
and quaternary representatives of the Ir3Ge7 type and obtain
the proper VEC by the flexible ratio of two different kinds of
Tatoms and/or two different kinds of E atoms. Such elemental
variations might even make it possible to tune the width of the
band gap or create metal ± insulator transitions.
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The 55% Solution: A Formula for Molecular Recognition in the Liquid State


Sandro Mecozzi and Julius Rebek, Jr.*


Abstract: Evidence is presented that
molecular recognition through encapsu-
lation processes is largely determined by
the volumes of the guest and host.
Binding of molecules of suitable dimen-
sions in the internal cavity of a molec-
ular receptor in solution can be expected
when the packing coefficient, the ratio
of the guest volume to the host volume,
is in the range of 0.55� 0.09. Larger
packing coefficients, up to 0.70, can be


reached if the complex is stabilized by
strong intermolecular forces such as
hydrogen bonds. These considerations
also apply to situations in which more
than one molecule is encapsulated. Or-


ganic liquids are generally characterized
by the same packing factors as encapsu-
lation complexes, and it is proposed that
the short-range structure of liquids and
the complexes resulting from encapsu-
lation are two aspects of the same
phenomenon. Similar volume consider-
ations are expected to apply to the
binding of substrates in biological re-
ceptors.


Keywords: host ± guest chemistry ´
molecular dynamics ´ molecular
recognition ´ self-assembly ´
supramolecular chemistry


Introduction


Modern molecular recognition in chemistry began in 1967,
when Pedersen[1] described stoichiometric complexes of
ammonium salts with crown ethers in solution. Since then
the field has expanded and evolved, and a large variety of
supramolecular systems (molecular complexes held tempora-
rily together by weak forces) have been synthesized and
characterized in solution. We focus here on molecules within
molecules,[2] that is, complexes made by hosts that completely
surround their guests. These systems present opportunities for
studying aspects of recognition phenomena related to volume.
In the recent past we have described several self-comple-
mentary subunits that assemble to form pseudospherical
spaces in dimeric capsules.[3] These self-assembled capsules
display selectivity in their choice of guests and we explore
here the physical basis of this type of recognition. We propose
that the selection is, to a first approximation, governed by
volumes, and this notion is generalizable for other types of
recognition, for example, drug design.


Finding the ideal guest for our hosts is an exercise that has
much in common with rational drug synthesis: the structure of
the target is well-defined by crystallography or highly-refined
computer modeling; the formulation of a congruent and


complementary surface follows, first virtually on the com-
puter screen and then in vitro. In practice, random screening
has the higher yield in high-affinity lead compounds in
medicinal chemistry, a record that will only be further
improved through the sheer numerics of combinatorial
chemistry. So it is with recognition. Synthetic accessibilityÐ
and sometimes serendipityÐdictates which receptor is made,
then targets are screened until a good fit is found. When the
affinity is optimized, the successful match is announced and
the word design is much overused in the publication. This
procedure, though effective, requires the availability of some
simple and useful rules that can aid in predicting the
formation of an ideal host ± guest complex. We propose here
such a rule.


Experimental Section


Background : Consider first some details of the structure and properties of
liquids. Short-range intermolecular interactions differentiate liquids from
gases, while the lack of long-range order differentiate them from solids. The
focus of the solution chemist has been on the behavior and properties of the
reacting molecules rather than on the structure of the surrounding
environment. However, several useful insights are gained by considering
the space that organic liquids occupy. In crystallography the volumes of
filled space are known as the packing coefficients (PCs), but there is limited
literature available with regard to the liquid state.[4, 5] The PC of a
compound is defined as the ratio between the sum (VW) of the van der
Waals volumes (vW) of the n molecules in a given volume (V) and the
volume (V) [Eq. (1)].
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Packing coefficients, often called packing densities, have been the object of
several studies related to the physical properties of liquids and solids, and to
the protein-folding problem. Earlier estimates of PCs for liquids range
between 0.44 and 0.56, while PCs of organic crystals and the interior of
globular proteins are reported to be in the range 0.66 ± 0.77.[5a, 6] Table 1
reports the packing coefficients that we have calculated for some common
organic liquids.[7] Usually, slightly more than half of the available space is


physically filled by the molecules of the liquid. The remaining empty space
is apparently required by the thermal motion of the molecules. There is a
compromise between the entropic freedom of the molecules and the
enthalpic comforts of contacting their temporary neighbors. As a liquid is
cooled, the magnitude of molecular motions decreases until the molecules
no longer move past each other, but are confined to specific positions (the
lattice sites): a solid is formed. Take, for example, a solid composed of hard
spheres. The simplest and most compact close-packed lattices for this
system are the hexagonally close-packed (hcp) and the cubic close-packed
(A1-ccp) lattices. Both these lattices have a theoretical packing coefficient
of 0.74. However, packing coefficients can go up to 0.90 when a close-
packed array of infinitely long cylinders is considered.[5a] Theoretically, a
hard-sphere close-packed solid at 0 K has a density of about 1.16 times the
density of the corresponding liquid at its melting point, that is, the volume
of the liquid phase can be expected to be 16 % larger than the volume of the
solid phase.[5a,b] This corresponds to an increase in the mean intermolecular
separation of only 5% and to a packing coefficient of 0.64. This is, however,
an ideal rule. The shape of the molecules and the intermolecular forces
acting among them can yield very different results, the most egregious case
being water.


How can the information about the structure of a liquid be used to make
predictions in the recognition events between a host and guest? The
connection lies in the similarity of the intermolecular forces and freedoms
that in one case organize the short-range structure of a liquid and in the
other case make formation of a noncovalent complex possible. Just as the
volume occupied by the molecules of a generic liquid is little more than
half-filled, a favorable recognition event is reached when the guest only
occupies about half of the space defined by the cavity of the host. Although
this notion may sound surprisingÐor even naiveÐwe present here
evidence that the mere filling of space in our capsules and in the container
molecules of others is a dominant factor in the behavior of synthetic host ±
guest systems.


Volume calculations : Until recently, calculation of cavity sizes has not been
a trivial matter. For example, Cram[8] describes a charming method by
which plaster forced into a Correy ± Pauling ± Koltun (CPK) model is used
to estimate cavity size and shape, while we have used a computational
method with the MacroModel program with overlapping virtual spheres of
various sizes packed into the cavity.[9] Neither of these methods provide a
satisfactory answer to the question: Where do the holes in the structure


end? Nor is there total agreement on the meaning of the volume of a
molecule: Where do the atoms end?


We first minimized hosts 1 ´ 1 ± 10 by use of the force field Amber*[10] in the
MacroModel program.[11] We then used the program GRASP[12] to estimate
the volume of the internal cavities of the capsules. The calculation involves
rolling a spherical probe along the interior surface. A small probe is ideal,
but can frequently fall out of the holes in the structure; a large probe
prevents fallout by defining a closed molecular surface, but fails to define
the smaller dimples and invaginations of the already concave surface of the
interior. Inevitably, there is error and compromise: the larger probe
underestimates the interior volume while the smaller overestimates it. The
default size of the probe in the software package GRASP has a diameter of
1.4 �. This probe proved suitable for cavity ± volume calculations for
capsules 1 ´ 1, 2 ´ 2, 3 ´ 3, 4 ´ 4, 7, 8, 9, and 10. In fact, a change of � 0.3 � in the
size of the probe translated in an averaged � 5% error in the cavity
volumes of these capsules. However, use of the default probe for the
smaller capsules 5 ´ 5 and 6 ´ 6 introduced a large error in the estimation of
the volume of the internal cavity. In fact, if the cavity in capsules 5 ´ 5 and 6 ´
6 is assumed to be spherical, the diameter of the probe is as big as the radius
of the sphere. This implies a large error in the mapping of the cavity surface
by the rolling of the probe. Reduction in the probe size to 1.0 �, for
example, is of no advantage and introduces an unwarranted discrepancy
with the larger capsules in which smaller probes do not yield a closed cavity
surface. In order to overcome this problem, another approach to the
calculation of volumes was explored.[9] This method is based on the filling
of the cavities with either a lattice of carbon atoms or with branched
hydrocarbons. The size and shape of these virtual guests were chosen in
such a way that their peripheral atoms overlap with the van der Waals radii
of the adjoining capsule atoms. The volume of the overlapping regions was
then determined and subtracted from the volume of the guest. The result is
a rough estimate of the cavity volume.


Cavity volumes calculated with both methods are reported in Table 2. As
expected either method gives consistent results for the larger capsules, but
there is a dramatic difference for the small capsules. We attribute this
difference to the intrinsic error associated with measuring small cavity


volumes by probing the molecular surface of the cavity with a necessarily
large rolling sphere. Therefore, the cavity-filling method has to be
preferred in cases where the probe size and the size of the cavity are of
comparable size. A second source of uncertainty in the volume calculation
is due to the set of atomic radii used. As there is no universally accepted set,
we used the following values: aliphatic carbon� 1.70 �, aromatic carbon�
1.75 �, oxygen� 1.60 �, nitrogen� 1.65 �, aliphatic hydrogen� 1.20 �,
aromatic hydrogen� 1.00 �, and chlorine� 1.75 �.


In order to explore the stability of the complexes, a molecular dynamics
simulation of each capsule was run. The simulation temperature was set at
300 K, the total simulation times were 200 ps and the time step was 1 fs.
GB/SA chloroform solvation was used. Structures were sampled every
10 ps, and the volume of the internal cavity was recalculated. In all of the
capsules examined, the volume of the cavity was not constant, but oscillated
in a 10 % range from the starting minimized volume. Accordingly, the
resulting value is crude: it depends greatly on the parameters used for
modeling hydrogen bonds and it neglects the breathing dynamicsÐthe


Table 1. Packing coefficients for some common organic liquids.


Organic liquid Packing coefficient[a]


benzene 0.54
toluene 0.54
n-hexane 0.51
cyclohexane 0.56
methylene chloride 0.54
chloroform 0.53
carbon tetrachloride 0.53
diethyl ether 0.51
acetone 0.52
acetonitrile 0.53
N,N-dimethylformamide 0.61
methanol 0.54
ethanol 0.55
water 0.63


[a] The packing coefficients were calculated according to [Eq. (1)]. The
van der Waals molecular volumes vW were calculated with the program
GRASP.[7]


Table 2. Volume of the internal cavities of capsules 1 ´ 1 ± 10 as calculated
according to the Grasp program (A) and to the cavity-filling method (B).


Volume of the internal cavity [�3]
A B


1 ´ 1 313 322
2 ´ 2 225 240
3 ´ 3 240 248
4 ´ 4 190 197
5 ´ 5 61 68
6 ´ 6 37 52
7 159 159
8 95 97
9 117 119
10 119 117
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Figure 1. Molecules 1 ± 6 and their dimers 1 ´ 1 ± 6 ´ 6. 1: R�CO2-n-
heptyl, 2, 3 : R� p-(n-heptyl)-phenyl, 4 : R� p-fluorophenyl, 5, 6 :
R�CO2ethyl. Residues R have been omitted from the 3D
representations of dimers 1 ´ 1 ± 6 ´ 6 for clarity.
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changes in shape (and therefore dimensions) of the capsules
that occur with the deformation of hydrogen bondsÐa
process generally agreed to involve small energy changes.
The overall error on a cavity volume calculation is determined
by several factors. Changes in volume as a result of molecular
motions account for most of the error. These changes are
taken into account by the 10 % variability in cavity volume
associated with the molecular dynamics simulations. The
importance of the error associated with the generation of the
molecular surface is minimized by use of the same probe size
for all the complexes. Finally, it is reasonable to expect that
refinements in van der Waals radii and in the computational
methods used to calculate cavity volumes will generate a
range of packing coefficients different from the ones the we
report. However, we want to emphasize that the important
concept is not the absolute numerical value of this range, but
rather the existence of a narrow range of packing coefficients
for which encapsulation of a guest is optimal. We estimate this
to be in the range 0.55� 0.09. We next examined several
possible guests by calculating the volume enclosed by their
van der Waals molecular surface. The volumes calculated in
this way are in agreement with the few known molecular
volumes.[13]


Results and Discussion


Structures 1 ± 6 (Figure 1) represent molecular
capsules. These systems involve two identical
subunits that are held together through series of hydrogen
bonds. The two halves are self-complementary with respect to
their hydrogen-bonding donors and acceptors. These dimers
resemble carcerands[14] and cryptophanes,[15] in that they form
molecule within molecule complexes, but they are formed
reversibly, and this dynamic quality makes them suitable for
measuring equilibria at ambient temperatures and in organic
media. The capsules form and dissipate on a time scale that
varies from milliseconds to hours.[16] These time intervals are
long enough to allow many types of intermolecular inter-
actions, including covalent-bond formation, to be establish-
ed.[17]


Dimer 1 ´ 1Ðthe softballÐis the largest capsule synthesized
to date with an internal cavity of approximately 313 �3.[4c, 18]


The sheer size of the cavity reduces the error on the volume
calculation and allows equilibrium ± binding studies on a
greater range of guest sizes (Figure 2).


The relative affinity or ability of several guests to induce the
capsular form 1 ´ 1 at room temperature is recorded in Table 3.
The best guests are polar adamantane derivatives such as 1-
adamantane carboxylic acid (11) and 1-adamantane amine
(12), but even the nonpolar tetramethyl adamantane (14),


when present in large excess, was encapsulated. The deriva-
tives with hydrogen-bond donors are welcome because almost
all of the atoms that line the interior of the cavity are sp2


hybridized with their p surfaces lining the cavity. Hydrogen-
bond donors can easily find their complements on these
surfaces and at the heteroatoms. Hydrogen-bond acceptors
can interact with the seam that holds the system together by
way of bifurcated hydrogen bonds. One cannot predict how
the enthalpy of those hydrogen bonds are changed when, for
example, the adamantane is inside. Nor can one predict
whether the van der Waals contacts between encapsulated
solvents and the concave surface of the capsule are more or
less favorable than those interactions of the hydrocarbon
portion of the adamantane guest. In short, there is no reliable
way of predicting what the enthalpy of the process should be.
Even so, we have found that when the dimensions of the guest
are suitable for the internal cavity of these capsules, optimal
binding is reached if about 55 % of the volume is filled.


The behavior of the softball in various solvents provides
another example of this rule. The NMR spectra in CDCl3,
[D10]p-xylene, and [D6]benzene are shown in Figure 3. In
CDCl3, two solvent molecules leave too much unoccupied
space, while three solvent molecules leave too little. The
broadened spectrum observed with suggests a dynamic system
in which well-defined capsules are minority components. For
the larger solvent xylene, the spectrum is likewise broad: the
dimeric capsule is destabilized. Calculations reported else-
where[4c] indicate that a constellation of two xylenes can only
be accommodated inside when they are forced to a face-to-
face distance of <3.3 �, this distance being less than optimal
for stacking. Only in benzene is the sharp spectrum of the
capsule seen, and only in benzene do two solvent molecules
nicely fill the appropriate volume. In other words, the benzene
molecules experience little change in free volume on entering
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Figure 2. Structures of the guests used in the encapsulation studies.


Table 3. Binding constants, volume, and packing coefficients for some
selected guests in capsule 1 ´ 1.


Binding Volume Packing
constant [�3] coefficient


11 780 175 0.56
12 190 157 0.50
13 310 177 0.56
14 6.7 211 0.67[a]


15 280 169 0.56


[a] This guest showed signs of encapsulation only when a large excess (ten
equivalents) was added to the softball in solution.
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Figure 3. NMR spectra of 4 in [D10]p-xylene (A), CDCl3 (B), and
[D6]benzene (C).


the capsule. The concentration of benzene inside the capsule
is similar to that in bulk solution (approximately 10m).
Evidence that two molecules of solvent benzene are indeed
present inside the softball is given elsewhere;[19] their release
by a single large guest provides much of the driving force for
the encapsulation process and leads to unusual thermody-
namic parameters observed.[20]


Dimer 2 ´ 2 has a spherical cavity characterized by a volume
of 225 �3.[21] This intermediate size (when envisioned with the
softball or tennis ball) allows the binding of a variety of guests
(Table 4). While most of these guests show a binding behavior
close to that seen with the softball, molecules 11 and 23 seem
to violate the proposed rule by filling much more than just
about half the volume of the cavity. These anomalies point to
an important aspect in the encapsulation process: the nature
and magnitude of the intermolecular forces at work in the
complex cannot be neglected. Guest design based on volume
and shape considerations only gives good results with the
weakest forces: dipole ± dipole, dipole ± induced dipole, and
London dispersion forces. These same forces are also
responsible for keeping molecules together in apolar aprotic
solvents and are at work in the encapsulation of the most
apolar guests in 1 ´ 1 and 2 ´ 2. However, different and stronger
intermolecular interactions are also available for binding.
Guests such as 11, 13, and 23, have hydrogen-bonding


acceptor and/or donor functionalities, and it is reasonable to
assume these groups are engaged in a hydrogen-bonding
network with the host donor/acceptor groups following
encapsulation. The extra stabilization enthalpy coming from
these interactions can then be enough to compensate for the
entropy lost and therefore to allow the encapsulation of guests
with packing coefficients up to 70 %. That this is the case is
evident from Table 4. Guests 25 and 26 have a volume and
shape similar to 11, but they are not encapsulated. Amber*
minimization of the complex between 2 ´ 2 and 11 shows the
participation of the acidic hydroxyl group in a hydrogen bond
with the carbonyls on the glycolurils. In this respect, molecule
3,[22] which forms dimer 3 ´ 3 featuring a chiral cavity, is
particularly revealing. A molecular dynamics simulation of
the complex between this dimer and 27 (V� 173 �3, PC�
0.71, K� 190mÿ1) shows the formation of a hydrogen-bond
network between the two hydroxyl groups of the guest and the
carbonyls on the host. The hydrogen bonds between the host
and the encapsulated guest are formed in a reversible way:
due to the dynamics of the complex, they constantly slide
along the interior surface by use of different donor/acceptor
groups on the host. The encapsulation of a specific guest is
therefore dependent on the nature of the intermolecular
forces engaged in the binding process. However, the encap-
sulation process cannot produce systems that are denser than
organic crystals and super-dense solids, which are character-
ized by packing coefficients around 75 %.


Dimer 4 ´ 4 is the capsule made by two calix[4]arenes.[9]


Here, the two monomers are kept together by a head-to-tail
hydrogen-bonding pattern of the urea functional groups fixed
on the upper rim of the calixarene. The cavity presents two
domains of different polarity; the hydrophobic poles that have
aromatic p systems and a hydrophilic equator that offers
hydrogen-bonding possibilities to the urea functions. The
volume calculated for the cavity is 190 �3, a value supported
by a recent crystal structure.[23] An excellent guest for this
cavity was cubane (V� 103 �3, PC� 0.54). The calixarene
capsule also binds smaller guests such as 1,4-difluorobenzene
(PC� 0.44) and pyrazine (PC� 0.38). The reason for the
binding of these smaller guests is again to be found in the
specific interactions available to these guests with the lining of
the capsule, and the positions of the guests within it. The
partially positive C ± H bonds of both pyrazine and 1,4-
difluorobenzene are directed toward the p surfaces at the
poles of the capsule and the partially negative heteroatoms
are directed toward the seam of urea hydrogens at the
equator. This positioning of pyrazine inside another type of
capsule was also deduced by Sherman,[24] about more of which
later. These specific attractive contacts with the host ulti-
mately determine whether the guest will be encapsulated and
how far on either side of the 55 % solution it can be
accommodated.


Dimer 5 ´ 5, the tennis ball, sports a fused benzene ring as
spacer between two glycoluril recognition elements and has
an internal volume of 69 �3.[25] The binding behavior of this
molecule towards apolar guests strictly conforms to the
proposed rule of cavity filling. This capsule shows some
selectivity between methane (V� 28 �3, PC� 0.41, Ka�
33mÿ1) and ethane (V� 45 �3, PC� 0.65, Ka� 51mÿ1), the


Table 4. Binding constants, volume, and packing coefficients for selected
guests in capsule 2 ´ 2.


Binding Volume Packing
constant [�3] coefficient


16 12[a] 97 0.43
17 1700[b] 103 0.46
18 1800[b] 110 0.49
19 500[b] 102 0.45
20 3800[b] 125 0.56
21 5.2� 105[b] 132 0.59
22 5.2� 105[b] 135 0.60
23 910[a] 160 0.71
11 130[a] 154 0.68
24 510[b] 142 0.63
25 0 154 0.68
26 0 181 0.80


[a] Measured by direct binding. [b] Measured by competitive binding.







The 55% Solution 1016 ± 1022


Chem. Eur. J. 1998, 4, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1021 $ 17.50+.25/0 1021


latter being preferably bound. Encapsulation of xenon (van
der Waals radius� 2.18 �, V� 43 �3, PC� 0.62) and argon
(van der Waals radius� 1.89 �, V� 28 �3, PC� 0.41), with
xenon being preferably bound, was also shown experimen-
tally. Helium (van der Waals radius� 1.6 �, V� 17 �3, PC�
0.25) was not bound.


The dimer formed by molecule 6 is the smallest of the
capsules with only an ethylene spacer between two glycoluril
recognition elements.[26] The volume of the internal cavity of
dimer 6 ´ 6 is only 52 �3 (cavity-filling method see Table 2).
This dimer is able to bind methane (V� 28 �3, PC� 0.54), but
not ethane (V� 45 �3, PC� 0.86).


The behavior of these systems can be summarized by saying
that in cases where encapsulation of the guest occurs, the
packing coefficient is statistically distributed in the range
0.55� 0.09. Guests with packing coefficients less than 45 %
are not well-encapsulated because the intermolecular inter-
actions between the host and the guest are not better than
those that the guest experiences in the bulk solvent. More-
over, a price is paid for undesirable empty space generated in
the capsule: the interior surface becomes desolvated. On the
other hand, guests with packing coefficients higher than
approximately 65 % are not easily encapsulated because this
corresponds to the artificial freezing of the molecule in the
capsule. The guest becomes restricted in its movements
compared with the freedom it enjoys in the solvent. Encap-
sulation of bigger guests can, however, be attained by extra
stabilization from additional intermolecular interactions such
as hydrogen bonds. An unusual (and yet untested) corollary is
that different guests may be preferred at different temper-
atures, but such selectivity is likely to be small.


There are a limited number of examples of molecule within
molecule systems that have been examined in other labora-
tories, and they show similar volume dependencies. Calix[4]-
arene-carceplex 7 (Figure 4) has an internal cavity of 159 �3


and has been studied in detail.[27] Several solvent guests have
been used as templating agents in the final step of the
synthesis. While the packing coefficients of all these guests
range between 0.45 and 0.65, there are striking differences in
their efficacies. For example, the reaction in N-methyl-2-


pyrrolidinone (PC� 0.58) gives a yield of 50 %, but when 1,5-
dimethyl-2-pyrrolidinone (PC� 0.74) is used, the yield is
reduced to <5 %. The optimal template reaction is reached
when the packing coefficient is in the range of the 55 %
solution, but specific contacts such as hydrogen bonds are also
involved and obscure the interpretation.


Collet et al. have described the complexation properties
and the packing coefficients of various cryptophanes, classi-
fying the corresponding host ± guest complexes in terms of
pseudoliquids, pseudocrystals, and supercritical fluids. As an
example of the complexation properties of these molecules,
we refer to cryptophanes 8 and 9 (Figure 4).[4a,b] The former
prefers CH2Cl2 as a guest to CHCl3, while 9 prefers CHCl3. By
applying our methodology to the calculation of cavity
volumes of these complexes, we were able to estimate the
volume of the internal cavities of 8 and 9 as 95 �3 and 117 �3,
respectively.[28] Accordingly, the packing coefficients of
CH2Cl2 (V� 57 �3) and CHCl3 (V� 71 �3) are 0.60 and 0.75
in cryptophane 8, and 0.49 and 0.61 in cryptophane 9,
respectively. The binding behavior of these two cryptophanes
fits within the range of the proposed rule.


As a final example, we turn to the carceplex 10 (Figure 4,
cavity size 119 �3), which has been extensively studied by
Sherman et al.[29] These authors showed that a large variety of
molecules can be used as templates in the final step of the
synthesis of 10. The best yields are reached when pyrazine
(PC� 0.62) and 1,4-dioxane (PC� 0.65) are used. The largest
guest to be used for this template step is N-methyl pyrroli-
dinone that has a PC� 0.77; a guest that gave the lowest yield.
While the process of the template step doubtless involves
considerations beyond those involved in equilibrium binding,
the results are again in reasonable agreement with the
premise developed here.


Conclusions


The complexing properties of a molecular capsule can be
estimated based on the packing coefficient of the guest in the
internal cavity of the host: the best binding is reached when
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Figure 4. Calix[4]arene-carceplex 7, cryptophanes 8 and 9, and carceplex 10.
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the packing coefficient is in the range 0.55� 0.09. This ratio
corresponds to the packing coefficient of most organic liquids.
We propose that this volume-optimized binding behavior is
also a feature of natural biological systems, the binding of
substrates and inhibitors in the active site of enzymes
conforming to the same rule. A suitable guest is one that
has, of course, the shape appropriate to fit into the capsule and
has the right packing coefficient. We fully expect that building
in specific polar interactions will tolerate greater (or smaller)
packing coefficients: the enthalpy gained in the interactions
will pay for the entropy lost or the vacuums created. Within
this steric limitation, the designer of the best guest could do
worse than begin with simple volume considerations if a cavity
is well-defined. Unhappily, either large holes in the structures
or an opening to the exterior do not often allow a precise
definition of an internal molecular cavity. In these cases, it
may be difficult to judge binding capabilities based on volume
considerations alone. The fact that most recognition events in
biological system involve just such cases is probably why the
55 % solution has taken so long to formulate.
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Synthesis and X-Ray Crystal Structure of Bis-3,3'-(nitro-
NNO-azoxy)-difurazanyl Ether


Aleksei B. Sheremetev,* Sergei E. Semenov, Vladimir S. Kuzmin,
Yurii A. Strelenko, and Sema L. Ioffe


Abstract: Two approaches to the synthesis of bis-3,3'-(nitro-NNO-azoxy)difurazanyl
ether 2 have been tested, that is, varying the sequence of the introduction of the nitro-
NNO-azoxy group and ether bridge. Difurazanyl ether formation through base-
promoted transformation of nitrofurazans has been studied in which the nitro groups
were activated by ortho electron-withdrawing substituents such as nitro-NNO-azoxy
and tert-butyl-NNO-azoxy groups. The nitro-NNO-azoxy group was formed by
destructive N-nitration of the tert-butyl-NNO-azoxy group. The X-ray crystal
structure of 2 is reported.


Keywords: azo compounds ´
furazans ´ heterocycles ´ nitro
groups ´ structure elucidation


Introduction


The definition of the explosophore for the construction of
highly energetic molecules has been the subject of the
considerable scientific interest in recent years.[1] A number
of nitrofurazans have been synthesized as potential materials
for military and space applications and evaluated for their
performance.[2] In our studies to characterize the optimum
combinations for more powerful and stable furazan mole-
cules,[3] we found that 3,3-dinitrodifurazanyl ether (1)[4] had
hich-energy potency. Since the difurazanyl ether moiety in 1 is
stable to thermal degradation, this compound is an excellent
stable and more dense analogue for hexanitrodiphenyl
ether.[5] In our studies to further define the requirements of
these attractive furazan explosives, we examined analogues of
1 that possess different terminal groups.


A recent publication by Churakov et al.[6] described the first
synthesis of new explosophoric groups, such as nitro-NNO-
azoxy, through a destructive N-nitration of an X-NNO-azoxy
compound (X�Ac, tBu) with nitronium salts. In the present
study, we report on the synthesis and characterization of a
nitro-NNO-azoxy-containing difurazanyl ether, namely bis-
3,3'-(nitro-NNO-azoxy)difurazanyl ether (2).


Results and Discussion


Synthesis : Up till now, the only method for the preparation of
difurazanyl ethers has been through ether bond formation by
base-promoted transformation of the corresponding 3-nitro-
4-R-furazans.[4, 7] As a logical extension of this methodology,
we investigated the behavior of 3-nitro-4-(nitro-NNO-azoxy)-
furazan (3). Compound 3 was synthesized by a literature
procedure.[6] The presence of the nitro-NNO-azoxy group met
the requirement that the substituent R be electron-with-
drawing.[4] Treatment of 3 with base, such as Na2CO3 in
acetonitrile at 50 8C, followed by flash chromatography led to
the isolation the desired product 2, but only in low yield (8%).
Some by-products, the ether 1 and the hydroxyfurazans 4 and
5, were isolated (Scheme 1) after column chromatography in
yields of 6, 14, and 6 %, respectively. Despite a number of
attempts, the unsymmetrical ether 6[8] was not isolated. When
the reaction was carried out at a higher temperature (approx.
80 8C) or with K2CO3 instead of Na2CO3 the starting material
3 decomposed, presumably to uncharacterized small frag-
ments such as N2, NxOy, CO2, and so forth. Unfortunately, all
attempts to form compound 2 in high yield from substrate 3
under a variety of conditions failed.


In light of these results, a stepwise approach to 2 was
developed that is outlined in Scheme 2. The approach
involved initial ether-bond formation followed by introduc-
tion of the nitro group to the NNO-azoxy moiety. The starting
compound 7 was prepared by previously reported proce-
dures.[9] The tert-butyl-NNO-azoxy group of compound 7 is
more thermally stable and less electron-withdrawing than the
nitro-NNO-azoxy group in compound 3. Therefore, in con-
trast to 3, compound 7 was relatively unreactive towards
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Na2CO3 at 50 8C and was recovered quantitatively after 0.5 h.
However, treatment of compound 7 with K2CO3 in CH3CN
under dry conditions at 80 8C afforded the ether 8 in 73 %
yield and the hydroxyfurazan 9 in 20 % yield. No products
arising from displacement of the tert-butyl-NNO-azoxy group
were detected. Thus, compounds 3 and 7 have different
chemical reactivities, indicating that the nucleofugacity of the
tert-butyl-NNO-azoxy group is lower than that of a nitro
group.[10]


Interestingly, the inclusion of 2 ± 5 % water in the acetoni-
trile reaction medium gave a mixture of products that not only
contained the ether 8 (23 %) and hydroxyfurazan 9 (56 %),
but also compound 5 (12 %) and 3,4-dihydroxyfurazan 10
(9 %). Compound 1 was not detected. Thus, the displacement
of both nitro and tert-butyl-NNO-azoxy groups occurs under
these conditions. Compound 8 was readily converted to
compound 2 by a modified literature procedure.[6] Thus,
treatment of a solution of compound 8 in acetonitrile with


excess NO2BF4 followed by chroma-
tography on silica gel gave compound 2
as the only stable product in 29 %
yield.


The structure of 2 was based on 13C,
14N, 15N, and 17O chemical shifts and
heteronuclear-coupling information.
The NMR data was consistent with
that reported for furazans[3h, 11] and
nitroazoxy compounds.[6] Thus, the 13C
chemical shift of the ether carbon atom
(C ± O) of 2 (d� 154.3) is approximate-
ly 2 ppm upfield compared with that of
1 (d� 156.3). Also, the nitrogen-sub-
stituted carbon atom (C ± NONNO2)
of 2 (d� 147.2) is shifted upfield by
approximately 6 ppm relative to the
nitro carbon atom (C ± NO2) of 1 (d�
153.9). The azoxy nitrogen (N!O)
signal in the 14N NMR spectrum of 2
appears at d�ÿ71. 5. Other notewor-
thy chemical shifts are given in the
Experimental Section.


X-ray crystal structure analysis : Al-
though crystallographic data of substi-
tuted difurazanyl ethers[4] and nitro-
NNO-azoxy compounds[6a] are availa-
ble, structural analyses of nitro-NNO-
azoxyfurazans have not been reported.
We obtained crystals of 2 suitable for a
crystallographic structure determina-
tion by recrystallization from CHCl3.
Figure 1 shows the molecular structure
in the crystal. The illustration clearly
indicates a nonplanar conformation.
Actually, the nitro-NNO-azoxy group
involves two planar moieties, namely
O(4)O(5)N(31)-N(21) and O(3)-


Scheme 1. Reaction scheme for the treatment of 3 with base.


Scheme 2. A stepwise approach to the formation of 2.


Figure 1. View of the molecular structure of 2. Selected bond lengths [�]
and angles [8]: O(2) ± C(4) 1.347, C(3) ± N(11) 1.463, N(11) ± N(21) 1.267,
N(21) ± N(31) 1.503, N(11) ± O(3) 1.235; O(31)-N(11)-N(21) 130, N(11)-
N(21)-N(31) 105, O(4)-N(31)-O(5) 130.
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N(11)-N(21)-N(31), that are oriented nearly perpendicular to
each other (84.58). The metrical parameters for the difur-
azanyl ether moiety in 2 are quite similar to those reported for
1.[4] Thus, the torsion angles C-O-CC in 2 are 11.8 and 12.78
and are closely related to the angles in one of the independent
molecules of 1.


The N(21) ± N(31) bond length (1.503 �) within the nitro-
NNO-azoxy group is significantly longer than the standard
N ± N single bond length (1.47 �)[12] and the metrical param-
eters for the nitro group (N ± O 1.195 �, O-N-O 1308) are
quite similar to those for a free NO2 molecule (1.193 � and
1348).[13] These parameters provide the reason for believing
that the initial step leading to molecular decomposition may
be the breaking of the N(21) ± N(31) bond.


In the structure of 2, all intramolecular nonbonded contacts
are van der Waals interactions. Comparison of such param-
eters as the coefficient of molecular packing (Kp) and packing
density (Dmol�Mr/Vmol) for molecules 1 and 2 indicates that
replacement of the nitro group by a nitro-NNO-azoxy group
gives rise to a slight increase of Dmol (2.90 g cmÿ3 for 1 and
2.93 g cmÿ3 for 2). A decrease of magnitude of Kp (0.653 for 1
and 0.628 for 2) thereby causes the decrease of crystal density
(1.898 g cmÿ3 for 1 and 1.845 g cmÿ3 for 2). These results are in
the excellent agreement with the earlier data on the tendency
to increase the looseness of the molecular packing with the
increase of molecule density.[14]


Thus, our initial goal of preparing 2 was successfully
accomplished. Despite compound 2 having high density and
excellent detonation properties, the compound was more
sensitive and less thermally stable than compound 1. None-
theless nitro-NNO-azoxy compounds may be important
candidates for further study.


In conclusion, the synthetic procedure by which the nitro-
NNO-azoxy group is formed in the last step has shown
promise in the preparation of other high-energy materials.
Current efforts in this laboratory are focused on further
applications of this methodology for the formation of related
compounds with high nitrogen content.


Experimental Section


CAUTION! Nitroazoxy-containing compounds are highly explosive and
may be sensitive to shock or heating and must be handled with appropriate
precautions.


Melting points were determined on a Kofler hot-stage microscope and are
uncorrected. IR spectra were recorded using a Perkin ± Elmer 577 spec-
trometer as thin films on KBr disks. Mass spectra were obtained on a
Varian MAT-311A instrument. 1H, 13C, 14N/15N, and 17O NMR spectra were
recorded on a Bruker AM 300 instrument at 300.13, 75.47, 21.68/30.42, and
40.69 MHz respectively. The chemical shift values (d) are expressed
relative to the chemical shift of the deuterated solvent, to an external
standard without correction nitromethane (14N/15N), or to water (17O).
Analytical thin-layer chromatography (TLC) was conducted on precoated
silica gel plates (Silufol F254). The plates were visualized under UV light
after development followed by spraying with a DPA reagent (5%
diphenylamine in hexane).


Reaction of 3-nitro-4-(nitro-NNO-azoxy)furazan (3) with base : Na2CO3


(0.1 g, 1 mmol) was added to a solution of 3 (0.41 g, 2 mmol) in CH3CN
(5 mL) under a dry atmosphere at 50 8C. The resulting suspension was
stirred for 0.5 ± 1 h at 50 8C. The progress of the reaction was monitored by
TLC and by the consumption of starting material. The reaction was cooled.


After addition of CH2Cl2 (50 mL), the resulting mixture was washed (H2O),
dried (MgSO4), filtered, and evaporated. The residue was a mixture of 1
and 2. The products were separated by silica gel flash chromatography with
CH2Cl2/pentane (2:1) as eluent.
Fraction 1: 3,3-Dinitrodifurazanyl ether (1) was obtained as colorless
crystals, m.p. 63 ± 64 8C, (lit. m.p. 63 ± 64 8C). On the basis of IR spectro-
scopy and TLC, the substance corresponded in all respects with the
compound described earlier.[4]


Fraction 2 : Bis-3,3'-(nitro-NNO-azoxy)difurazanyl ether (2) was afforded
as colorless crystals. M.p. 66 8C; 13C NMR (CDCl3): d� 147.2 (C ± N3O3),
154.3 (C ± O); 14N NMR (CDCl3): d�ÿ46.8 (Dn1/2� 50 Hz, NO2), ÿ71.5
(Dn1/2� 60 Hz, N!O); C4N10O9 (332.11): calcd C 14.46, N 42.18; found C
14.42, N 42.05.
The aqueous phase was strongly acidified with H2SO4 and extracted with
Et2O (4� 20 mL). The combined extracts were dried (MgSO4) and filtered.
The solvent was removed by rotary evaporation, and the residue was
separated by silica gel column chromatography with CH2Cl2!CH3CN as
eluent.
Fraction 1: 3-Hydroxy-4-nitrofurazan (5) was obtained as a yellow oil: on
the basis of IR spectroscopy, MS, and TLC, the substance corresponded in
all respects with the compound described earlier.[4]


Fraction 2 : 3-(Nitro-NNO-azoxy)-4-hydroxyfurazan (4) was obtained as
unstable colorless crystals: m.p. 28 ± 30 8C; C2H1N5O5 (175.06): calcd C
13.72, H 0.58, N 40.01; found C 13.80, H 1.15, N 39.92. Compound 4 is
strongly acidic and gives a stable ammonium salt. M.p. 123 8C; IR: nÄ �
3100 ± 2800, 1620, 1545, 1510, 1470, 1350, 1310, 1235, 1180, 1005 cmÿ1; 13C
NMR ([D4]methanol): d� 150.3 (C ± N3O3), 160.9 (C ± O); 14N NMR
([D6]acetone): d�ÿ36.7 (Dn1/2� 25 Hz, NO2), ÿ59.5 (Dn1/2� 40 Hz,
N!O), ÿ366.8 (Dn1/2� 25 Hz, NH4); C2H4N6O5 (192.09): calcd C 12.51,
H 2.01, N 43.75; found C 12.40, H 2.15, N 43.84.


Bis-3,3''-(tert-butyl-NNO-azoxy)difurazanyl ether (8): A suspension of 7
(2.15 g, 10 mmol) and K2CO3 (1.38 g, 10 mmol) in dry CH3CN (15 mL) was
stirred and refluxed. The progress of the reaction was monitored by TLC
and by the consumption of starting material. After cooling and addition of
water (100 mL), the resulting mixture was extracted with CH2Cl2 (4�
50 mL). The combined extracts were washed (H2O), dried (MgSO4),
filtered, and evaporated. Recrystallization of the residue from pentane
afforded colorless crystals of 8 (1.3 g, 73%). M.p. 66-67.5 8C; MS: m/z : 354
[M�], 339 [M�ÿCH3], 337, 299, 281, 265, 235, 224, 210, 180; IR: nÄ � 3015,
2985, 2945, 2880, 1590, 1510, 1500, 1460, 1370, 1315, 1245, 1220, 1190, 1175,
1035, 910, 870 cmÿ1; 1H NMR ([D6]acetone): d� 1.39 (s); 13C NMR
([D6]acetone): d� 25.3 (Me), 61.7 (CMe3), 152.7 (C ± NNO), 158.4 (C ± O);
14N NMR ([D6]acetone): d�ÿ73.2 (Dn1/2� 30 Hz, N!O); 17O NMR
(CDCl3/[D6]acetone): d� 480 (N!O), 410 (N-O-N), 50 (C-O-C);
C12H18N8O5 (354.33): calcd C 40.68, H 5.12, N 31.62; found C 40.73 H
5.30, N 31.45.
The aqueous phase was acidified with hydrochloric acid and extracted with
Et2O (4� 50 mL). The combined extracts were dried (MgSO4) and filtered.
The solvent was removed by rotary evaporation, and the residue was
purified by chromatography on silica gel (CH2Cl2/pentane) to give 3-(tert-
butyl-NNO-azoxy)-4-hydroxyfurazan (9) (0.37 g, 20 %) as a colorless
liquid. MS: m/z : 171 [M�ÿCH3], 160, 141, 128, 113, 102, 84; IR: nÄ �
3160 ± 2860, 1575, 1250, 920 cmÿ1; 1H NMR (CDCl3): d� 1.58 (Me), 8.8
(OH); 13C NMR (CDCl3): d� 25.3 (Me), 61.2 (CMe3), 148.8 (C ± NNO),
158.9 (C ± O); 14N NMR (CDCl3): d�ÿ67.2 (Dn1/2� 30 Hz, N!O);
C6H10N4O3 (186.17): calcd C 38.71, H 5.41, N 30.09; found C 38.82, H
5.53, N 29.94.


Bis-3,3''-(nitro-NNO-azoxy)difurazanyl ether (2): NO2BF4 (2.5 g, 19 mmol)
was added to a solution of 8 (2.0 g, 5.65 mmol) in dry CH3CN (9 mL) under
dry conditions at 10 8C. The mixture was stirred for 0.5 h at 10 8C and for 1 h
at 25 8C. Then next portion of NO2BF4 (1.0 g, 7.5 mmol) was added. After
stirring 1 h at 30 ± 32 8C the resulting mixture was diluted with CH2Cl2


(35 mL). The resulting oil was separated and extracted with CH2Cl2 (2�
10 mL). The combined extracts were washed (H2O), dried (MgSO4),
filtered, and evaporated. The residue was purified by chromatography on
silica gel (benzene) to give the product 2 (0.54 g, 29%) as colorless crystals:
m.p. 66 8C (from CHCl3).


X-ray analysis of 2 : C4N10O9, M� 332.11, monoclinic, space group P21/c,
a� 15.456(1) �, b� 7.956(1) �, c� 9.852(1) �, b� 103.18(4)8, V�
1195.8(2) �3, 1calcd� 1.845 g cmÿ3, Z� 4, l(CuKa)� 1.54178 �. The inten-
sities of 1846 reflections (1758 observed) were measured on a Syntex P21
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diffractometer (graphite-monochromated CuKa radiation), by means of the
q ± 2q scan technique (2q< 1328). The structure was solved by direct
methods, SHELX-86,[15] and refined by full matrix least squares with
SHELX-93.[16] The final RF was 0.073. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-100727. 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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Molecular Structure and Dynamics of 1,3-Distanna-2-Platina-
[3]Ferrocenophanes
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Abstract: The reaction of bis(triphenyl-
phosphane)(ethene)platinum(0) (1) with
organotin compounds such as hex-
amethyldistannane (2), 1,1,2,2-tetra-
methyl-1,2-distanna[2]ferrocenophane
(3), bis(trimethylstannyl)ethyne (4'),
and trimethylstannylethynyl-bis(diethyl-
amino)borane (4'') affordsÐunder lib-
eration of ethene and cleavage of the
Sn ± Sn bondÐthe bis(triphenylphos-
phane)platinum(ii) complexes 5 a ± 8 a.
Displacement of the triphenylphos-
phane ligands (a) from the 1,3-distan-
na-2-bis(triphenylphosphane)platina[3]-
ferrocenophane (6 a) by various chelat-


ing diphosphanes [Ph2P(CH2)nPPh2 with
n� 1 ± 3 (b, c, d, respectively), cis-
Ph2PCH�CHPPh2 (e), Fe(C5H4 ± PPh2)2


(f), and 4,5-bis(diphenylphospinometh-
yl)-2,2-dimethyl-1,3-dioxalane (DIOP,
g)] leads to the corresponding com-
plexes 6 b ± 6 g in high yield. The molec-
ular structure of the bis(diphenylphos-
phanyl)methane complex, [Pt{(SnMe2-
C5H4)2Fe}(Ph2PCH2PPh2)] (6 b), was de-
termined by X-ray structural analysis.


The tetrahedral distortion of the square-
planar coordination sphere of the plat-
inum atom in 6 b (10.38) was found to be
smaller than in 6 a (20.68). All com-
pounds were studied by multinuclear
NMR spectroscopy in solution. Dynam-
ic behavior (rotation of the PtP2 frag-
ment about an axis passing through the
platinum atom and bisecting the PtSn2


triangle) was observed by NMR spec-
troscopy for 5 a, 6 a, and 6 g, whereas
6 b ± 6 f have more rigid structures.
There is no indication of a dynamic
process in the case of 7 a or 8 a in which
only one Pt ± Sn bond is present.


Keywords: ferrocenes ´ P ligands ´
platinum ´ tin ´ NMR spectroscopy


Introduction


It is well known that bis(phosphane)platinum(0) fragments
react readily with organotin compounds to give platinum(ii)
complexes by oxidative addition.[1] If hexaorganodistannanes
are used, two Pt ± Sn bonds are formed simultaneously.[2] Thus,
the reaction of [Pt(PPh3)2(C2H4)] (1), which is a convenient
source of the [Pt(PPh3)2] fragment, with hexamethyldistan-
nane (2) and 1,1,2,2-tetramethyl-1,2-distanna[2]ferroceno-
phane (3) leads to the formation of cis-[Pt(SnMe3)2(PPh3)2]
(5 a) and cis-[Pt{(SnMe2C5H4)2Fe}(PPh3)2] (6 a), respectively
(Scheme 1). In a similar manner 1 reacts with (1-alkynyl)-
trimethylstannanes (Me3SnC�CR, 4) to give cis-
[Pt(SnMe3)(C�CR)(PPh3)2] (R� SnMe3, 7 a ; B(NEt2)2, 8 a).
With few exceptions,[3±5] complexes containing two Pt ± Sn
bonds in a Sn2PtP2 skeleton have not been well characterized.


In two recent communications X-ray structural analyses of the
tri(p-tolyl)phosphane complex cis-[Pt(SnMe3)2{P(p-tol)3}2]
(5 a'),[4] and the 1,3-distanna-2-platina[3]ferrocenophane 6 a[5]


have been reported.[19] The molecular structures of these
bis(stannyl)bis(phosphane)platinum(ii) complexes and their
dynamic behavior are of interest, since they must be
considered as the active intermediates in the Pt0-catalyzed
distannation of alkynes.[4, 5] A prominent feature of the solid-
state molecular structure of both 5 a' and 6 a is the consid-
erable tetrahedral distortion of the square-planar environ-
ment of the platinum(ii) center. In solutions of 5 a, 5 a', and 6 a
a dynamic process takes place that can be best described as a
rotation of the PtP2 unit about an axis passing through the
platinum atom and bisecting the Sn2Pt triangle.[4, 5] In the
present work (Scheme 1), we have studied the bis(trimethyl-
stannyl)bis(phosphane)platinum complexes 5 a and 5 b, and
we have prepared derivatives of 6 a with various chelating
diphosphane ligands in order to obtain further information on
the structure and the molecular dynamics of such molecules.
The cis-(trimethylstannyl)bis(triphenylphosphane)(1-alk-
ynyl)platinum complexes 7 a and 8 a were included in order
to look for dynamic properties when only one Pt ± Sn bond is
present.
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Results and Discussion


1. Synthesis of the cis-bis(stannyl)bis(phosphane)platinum
complexes 5 and 6, and the cis-bis(trimethylstannyl)bis(phos-
phane)(1-alkynyl)platinum complexes 7 a and 8 a : The bis-
(triphenylphosphane)platinum complexes 5 a ± 8 a were ob-
tained from the reaction of bis(triphenylphosphane)(ethene)-
platinum (1) with the respective organotin compounds 2, 3, or
4 (Scheme 1). In the case of 8 a, the stannyl group is selectively
transferred to platinum; there was no evidence for the
formation of a borylplatinum derivative. It has been reported
that the reaction of [Pt(PR3)4] (PR3�PPh3, P(p-tol)3,
PPh2Me) with Sn2Me6 affords mainly complexes with cis
configuration analogous to 5 a.[4] However, in our hands this
method proved to be unsuccessful for the synthesis of 6 a.
Complexes 5 b and 6 b ± 6 g were prepared by addition of the
chelating diphosphane to the bis(triphenylphosphane) com-
plexes. Two equivalents of triphenylphosphane were elimi-
nated and separated from the less soluble platinum complexes
in hexane. In the case of 5 b, the similar solubilities of 5 b and
PPh3 prevented complete separation. The complexes 5 a, 7 a,
and 8 a were obtained as white powders, whereas the
[3]ferrocenophanes 6 a ± g are yellow. All complexes can be
stored in an inert atmosphere for several weeks without
noticeable signs of decomposition. They are moderately
soluble in CHCl3 or CH2Cl2, in which they start to decompose
after a few hours, and slightly soluble in benzene or toluene;
solutions with the last two solvents can be stored for a longer
time. In the case of 6 b, recrystallization from CH2Cl2 at


ÿ15 8C gave crystalline material suitable for an X-ray
structural analysis.


2. X-ray structural analysis of the 1,3-distanna-2-platina[3]-
ferrocenophane 6 b :[6] The molecular structure of 6 b is shown
in Figure 1 and selected bond lengths and angles (along with
those of 5 a''[4] and 6 a[5] for comparison purposes) are given in
Table 1. The environments of the platinum atom in 5 a'' and 6 a
are rather similar as far as bond lengths and angles are
concerned. However, the tetrahedral distortion in 5 a'', where
the Sn-Pt-Sn and P-Pt-P planes are twisted against each other
by 34.68, is larger than in 6 a (20.68). In 6 b the Pt ± Sn bond
lengths are shorter than those of 5 a'' and 6 a by about 4 pm, the
bond angle Sn-Pt-Sn is enlarged (89.2(1)8), whereas, as
expected, the bond angle P-Pt-P is reduced (73.9(1)8), and
the tetrahedral distortion is much less pronounced (10.38). In
the [3]ferrocenophanes 6 a and 6 b, the positions of the
cyclopentadienyl rings deviate by 17.08 (6 a) and 14.08 (6 b)
from an eclipsed conformation. The deviations of the Sn ±
C(1) bonds from the plane of the C5H4 rings are small, except
for 6 b in which one of these bonds is shifted by 6.38 away from
the Fe ± Pt axis. The four-membered Pt-P-C-P ring in 6 b is not


Abstract in German: Bei der Reaktion von Bis(triphenyl-
phosphan)(ethen)platin(0) (1) mit Organozinn-Verbindungen
wie Hexamethyldistannan (2), 1,1,2,2-Tetramethyl-1,2-distan-
na[2]ferrocenophan (3), Bis(trimethylstannyl)acetylen (4 ')
und Trimethylstannylethinylbis(diethylamino)boran (4 '''') ent-
stehen - unter Freisetzung von Ethen und Spaltung der Sn-Sn-
Bindung - die Bis(triphenylphosphan)platin(ii)-Komplexe 5a -
8a. Die Verdrängung der beiden Triphenylphosphan-Ligan-
den (a) aus dem 1,3-Distanna-2-bis(triphenylphosphan)plati-
na[3]ferrocenophan (6a) durch verschiedene Chelat-Diphos-
phane (Ph2P(CH2)nPPh2 mit n� 1 ± 3 (b, c, d), cis-Ph2PCH�
CHPPh2 (e), Fe(C5H4-PPh2)2 (f), 4,5-Bis(diphenylphosphino-
methyl)-2,2-dimethyl-1,3-dioxolan (DIOP, g)) ergibt die ent-
sprechenden Komplexe 6b ± 6g in hohen Ausbeuten. Die
Molekülstruktur des Bis(diphenylphosphanyl)methan-Kom-
plexes, [Pt{(SnMe2C5H4)2Fe}(Ph2PCH2PPh2)] (6b), wurde
durch eine Röntgenstrukturanalyse bestimmt. Die tetraedrische
Verzerrung der quadratisch-planaren Koordinationssphäre des
Platinatoms ist in 6b (10.38) kleiner als in 6a (20.68). Alle
Verbindungen wurden mit Hilfe der Mehrkern-NMR-Spektro-
skopie in Lösung untersucht. Ein dynamisches Verhalten
(Rotation des PtP2-Fragments um eine Achse, die durch das
Platinatom verläuft und das PtSn2-Dreieck halbiert) wurde
NMR-spektroskopisch für 5a, 6a und 6g beobachtet, während
6b ± 6 f eine starrere Struktur besitzen. Es gibt keine Hinweise
auf einen dynamischen Prozeû in den Fällen 7a oder 8a, wo
nur eine einzige Pt-Sn-Bindung vorhanden ist.


Scheme 1. Reaction scheme for the syntheses of compounds 5 ± 8.
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Figure 1. Molecular structure of 6 b (see Table 1 for selected bond lengths
and angles).


exactly planar (mean deviation 9.7 pm). In contrast to the
tetrahedral distortion reported here, an almost perfect square-
planar geometry is typical of the majority of platinum(ii)
complexes; noteworthy examples are the cis-bis(triphenyl-
phosphane)bis(boryl)platinum(ii) complexes.[7] However, a
marked tetrahedral distortion (28.58) was also observed in
the case of cis-[Pt(GeMe2Cl)2(PEt3)2].[8] The latter result
indicates that there must be influences in addition to steric
repulsion that cause this particular structural feature.


3. NMR spectroscopic study of the bis(phosphane)platinum
complexes 5 a ± 8 a : The 31P, 119Sn, and 195Pt NMR data of the
new complexes are listed in Table 2. Relevant 1H and 13C
NMR data are given in the experimental section. The
structures proposed for 5 a ± 8 a in solution are supported by
consistent NMR data sets.


The averaging of the 2J(Sn,31P)cis and 2J(Sn,31P)trans coupling
constants is evident at room temperature for the complexes
5 a (DG=� 39.7� 1 kJ molÿ1, in agreement with data reported
for 5 a''[4]), 6 a (see Figure 2; DG=� 41.8� 1 kJ molÿ1), and 6 g
(DG=� 49.1� 2 kJ molÿ1). Since the 195Pt ± 31P coupling is not
affected, this averaging must be as a result of an intra-
molecular process without dissociation of Pt ± P bonds.[4, 5] A
transition state with a tetrahedral environment around the
platinum atom has been proposed in order to explain the
dynamics.[4] Alternatively, it is conceivable that the s-electron
density is delocalized in the Sn-Pt-Sn triangle, thus weakening
the Pt ± Sn s bonds. This is more likely for nonchelating
phosphanes or for chelating phosphanes forming a seven-
membered ring system (e.g., 6 g). In the case of smaller rings
the Sn-Pt-Sn bond angle is expected to widen, and Sn ± Sn
bonding interactions will be less favored. If only one Pt ± Sn
bond is present, as in the complexes 7 a and 8 a, there is no
indication of such a dynamic process occurring, and such
behavior is also absent in the case of trans-bis(trimethylstan-
nyl)bis(phosphane)platinum complexes.[4]


In principle, the magnitude of the 1J(195Pt,119Sn) coupling
constants should reveal changes in the nature of the Pt ± Sn
bonds. However, these data also depend strongly on influen-
ces exerted by the particular phosphane ligand in trans
position. The 2J(119Sn,117Sn) geminal coupling constants across
the platinum atom should reflect the bonding situation more
sensitively. From the assumption that contributions of oppo-
site signs arise from one-bond Sn ± Sn and two-bond cis-Sn-Pt-
Sn coupling pathways, the considerably smaller 2J(119Sn,117Sn)
values in the fluxional complexes 6 a (350.0 Hz) and 6 g
(399.4 Hz) as compared with the more rigid complexes 6 b
(542.2 Hz), 6 c (573.5 Hz), 6 d (556.6 Hz), and 6 e (542.4 Hz)
can be explained. The 1J(195Pt,31P) values for the [3]ferroce-
nophanes 6 a ± 6 g range from 1774 (6 b) to 2628 Hz (6 a). In
the case of 6 b, the smaller value is the result of significant
structural changes induced by the four-membered ring.


Table 1. Selected bond lengths [pm] and angles [8] of the platinum complex
6b, together with those of 6a[5] and 5 a''[4] for comparison.


6a 6b 5a''


Sn(1) ± Pt 264.4(1) 260.5(1) 262.89(6)
Sn(2) ± Pt 264.5(1) 259.6(1) 262.89(6)
P(1) ± Pt 230.8(2) 230.6(1) 229.9(1)
P(2) ± Pt 229.9(2) 229.9(2) 229.9(1)
Sn(1) ± C(1) 215.7(7) 214.9(6) ±
Sn(2) ± C(6) 216.0(7) 211.9(6) ±
Pt-Sn(1)-C(1) 112.7(2) 122.7(2) ±
Pt-Sn(2)-C(6) 122.7(2) 124.4(1) ±
Sn(1)-Pt-Sn(2) 82.3(1) 89.2(1) 82.91(2)
P(1)-Pt-P(2) 104.2(1) 73.9(1) 104.23(6)


Table 2. 31P, 119Sn, and 195Pt NMR data[a] of the complexes 5 ± 8.


5a[b] 5 b[c] 6a[d] 6b 6 c 6 d 6e 6 f 6 g[e] 7 a 8a[j]


d31P 32.6 ÿ 31.8 31.6 ÿ 27.3 55.6 7.3 74.0 28.1 12.6 26.3[f] 23.9[k]


2J(119Sn,31P) 652.3 ± 680.0 110.8 156.4 195.8 138.7 134.6 [e] 1606.0 1578.0
1601.5 1591.0 1574.0 1592.5 1625.0


1J(195Pt,31P) 2624.5 1750.0 2628.0 1774.0 2233.5 2332.0 2203.0 2287.5 2493.0 1855.0 1862.0
2J(31P,31P) [b] ± [d] 11.4 13.2 29.1 15.4 14.6 [e] 15.7 15.3
d119Sn ÿ 16.5 ± ÿ 27.5 ÿ 25.2 ÿ 19.5 ÿ 18.4 ÿ 31.1 ÿ 24.2 ÿ 25.2 ÿ 57.5[g] ÿ 52.9
2J(119Sn,117Sn) n.o. ± 350.0 542.2 573.5 556.6 542.4 n.o. 399.4 [h] ±
1J(195Pt,119Sn) 8532.0 ± 9056.0 10067.5 9330.0 9005.5 9120.0 9320.0 9529.0 8140.0[i] 8290.0
d195Pt ÿ 680.0 ± ÿ 742.3 ÿ 971.0 ÿ 858.4 ÿ 895.6 ÿ 942.8 n.m. ÿ 795.2 ÿ 510.0 ÿ 529.0


[a] In [D8]toluene or C6D6, at 25 8C, if not stated otherwise; coupling constants in Hz (� 1 Hz); n.o. means not observed as a result of an insufficient signal-to-
noise ratio; n.m. means not measured. [b] 5a : ÿ70 8C; 2J(119Sn,31P)� 221.2, ÿ1569.7 Hz; 2J(31P,31P)� 16.0 Hz. [c] Compound was not pure; the 31P NMR
signal and the satellites were broad, probably as the result of the presence of a small amount of Ph3P. [d] 6 a : ÿ40 8C; 2J(119Sn,31P)� 206.0, ÿ1574.5 Hz,
2J(31P,31P)� 16.2 Hz. [e] At 25 8C; 2J(119Sn,31P)� 202.2, 1551.3 Hz, 2J(31P,31P)� 19.4 Hz; (coalescence at 0 8C); at �30 8C 2J(119Sn,31P)� 656.4 Hz.
[f] Phosphorus located trans with respect to the Me3Sn group; d31P(cis)� 28.1; 2J(119Sn,31P)cis� 111.0; 1J(195Pt,31P)cis� 2880 Hz. [g] d119Sn (Sn ± C�) ÿ88. 9.
[h] 4J(119Sn,119SnC�)� 17.5 Hz. [i] 3J(195Pt,119SnC�)� 278.8 Hz. [j] In CD2Cl2; d11B� 24.3 (h1/2� 670 Hz). [k] Phosphorus located trans with respect to the Me3Sn
group; d31P(cis)� 27.0; 2J(119Sn,31P)cis� 112.5; 1J(195Pt,31P)cis� 2882. 0. Hz.
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Figure 2. 101.5 MHz 31P{1H} NMR spectra of 6 a. The spectrum at 25 8C
shows satellites due to averaged coupling constants 2J(Sn,31P), whereas the
different satellites due to 2J(Sn,31P)cis and 2J(Sn,31P)trans are clearly resolved
at ÿ40 8C. The 195Pt satellites due to 1J(195Pt,31P) remain unaffected.


Inspection of the other data shows that 1J(195Pt,31P) values of
the more fluxional compounds 6 a and 6 g are significantly
larger than for 6 c ± 6 f. This trend (see also 5 a : 1J(195Pt,31P)�
2624.5 Hz) is in line with weaker Pt ± Sn and stronger Pt ± P
bonds in the fluxional molecules. The [3]ferrocenophane
structure appears to be a stabilizing factor, as becomes
apparent by the smaller tetrahedral distortion in 6 a compared
with 5 a''. Furthermore, conditions for fast site exchange in 6 c
(101.3 MHz 31P NMR; 25 ± 100 8C) were not reached, whereas
it was reported that the analogous bis(trimethylstannyl)
complex shows coalescence signals already at 80 8C.[4] The
d195Pt data of all complexes 5 ± 8 fall into a relatively narrow
range (considering the large range of d195Pt data in general[9])
between d�ÿ500 and d�ÿ1000. The complicated depend-
ence of this parameter on various influences precludes a
meaningful discussion.


Figure 3 shows the 119Sn NMR spectrum of 7 a, which
contains abundant information on 119Sn chemical shifts and
coupling constants. Although 1H detected 119Sn NMR spectra
of the sparingly soluble complexes are attractive from the
point of consumption of spectrometer time,[10] the accurate
extraction of all coupling information, as in Figure 3, would
have been a formidable problem. The d31P data of 5 a ± 8 a are


similar to those of other bis(triphenylphosphane)platinum(ii)
complexes. In 7 a and 8 a, the presence of the electronegative
1-alkynyl group trans to a Ph3P group causes the expected
increase in the magnitude of the respective coupling constants
1J(195Pt,31P) [2880 Hz (7 a) and 2882 Hz (8 a)][9, 11] when
compared with those of the Ph3P ligand in a trans position
with respect to the Me3Sn group [1J(195Pt,31P)� 1855 (7 a) and
1862 (8 a)]. The influence of the PtP2 fragment on the 13C
NMR data in 6 is similar to that in other stannylplatinum
complexes (see also the data for 7 a and 8 a). The 13C nuclei
attached to tin (C(1) and CMe) become deshielded by about
4 ± 5 ppm compared with other 1,3-distanna[3]ferroceno-
phanes,[12] and the magnitude of the coupling constants
1J(119Sn,13C(1)) and 1J(119Sn,13CMe) is much smaller.


Conclusions and Outlook


1,2-Distanna-3-platina[3]ferrocenophanes 6 b ± 6 g are now
available with various chelating diphosphane ligands. These
complexes should be useful for transferring the 1,1'-distan-
nylferrocene moiety to alkynes, thus providing a route to
novel 1,2-distanna[4]ferrocenophanes[13] (already shown in
the case of 6 a[5]). Although metal-catalyzed distannation of
alkynes will be preferable in general, it is conceivable that
stoichiometric reactions of complexes of type 5 and 6 may be
superior for the transformation of less reactive alkynes or
other unsaturated substrates. It appears that the dynamic
properties of bis(phosphane)bis(stannyl)platinum complexes
described here are related to the tetrahedral distortion of the
square-planar coordination sphere of the platinum atom.
NMR parameters suggest that s-electron density is delocal-
ized in the Sn-Pt-Sn triangle, depending on the proximity of
the stannyl groups. Therefore, this dynamic process is absent,
if there is only one Pt ± Sn bond (7 a, 8 a) and if the stannyl
groups are in mutual trans positions,[4] or it is less favored if
the size of the chelating diphosphane enforces a larger Sn-Pt-
Sn bond angle (6 b).


Experimental Section


General : All reactions were carried out in an atmosphere of dry nitrogen,
with carefully dried solvents and oven-dried glassware. Melting points:
Büchi 510; EI (70 eV) mass spectra: Finnigan MAT8500; NMR spectra
(1H, 11B, 13C, 31P, 119Sn, and 195Pt NMR): Bruker WP 200, ARX 250, and
DRX 500 instruments equipped with multinuclear units and variable
temperature control; chemical shifts are given with respect to Me4Si
[d1H(C6D5H)� 7.15, (CHCl3/CDCl3)� 7.24, (CDHCl2)� 5.33,
(C6D5CD2H)� 2.03; d13C(C6D6)� 128.0, (CDCl3)� 77.0, (CD2Cl2)� 53.8,
(C6D5CD3)� 20.4], Et2O ± BF3 [d11B� 0 for X(11B)� 32.083971 MHz];
H3PO4, 85 % aq. [d31P� 0 for X(31P)� 40.480747 MHz], Me4Sn [d119Sn�
0 for X(119Sn)� 37.290665 Mhz]; [195Pt� 0 for X(195Pt)� 21.4 MHz].


Materials : Hexamethyldistannane 2 was used as a commercial product, and
the other starting materials such as 1,[14] 3,[12a] and 4[15, 16] were prepared
following literature procedures. The bis(triphenylphosphane)platinum
complexes 5a[2] and 6a[5] had been obtained before from the reaction of
1 with 2 and 3, respectively.[5]


General method for preparing the 1,3-distanna-2-platina[3]ferroceno-
phanes 6 b ± 6 g : The stoichiometric amount of the chelating diphosphane
(b) ± (g) was added in one portion to a suspension of 6 a (0.15 g; 0.12 mmol)
in toluene (10 mL), and the mixture was stirred for 12 h at room







Platina[3]Ferrocenophanes 1027 ± 1032


Chem. Eur. J. 1998, 4, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1031 $ 17.50+.25/0 1031


temperature. The toluene was removed in vacuo, and the residue was
extracted with hexane in order to remove Ph3P. The complexes 6 b ± 6g
were left as yellow powders.


Compound 6 b : (92.5 % yield); m.p. (decomp) 190 8C; EI MS: m/z (%):
1060 (20) [M�], 1045 (100) [M�ÿMe]; 1H NMR (250 MHz, C6D6, 25oC):
d� 0.58 (s, 2J(119Sn,1H)� 39.6 Hz, 3J(195Pt,1H)� 10.1 Hz, 12H; Me2Sn), 4.29
(m, S2,4J(31P,1H)� 18.9 Hz, 2 H; CH2), 4.43 (m, 4H; H3/4), 4.48 (m,
3J(119Sn,1H)� 9.4 Hz, 4H; H2/5), 7.0 ± 7.6 (m, 20H; Ph2P); 13C NMR
(62.9 MHz, C6D6, 25 8C): d�ÿ3.2 (S3,3J(31P,13C)� 12.4 Hz, 1J(119Sn,13C)�
196.0 Hz, 2J(195Pt,13C)� 75.1 Hz; Me2Sn), 54.3 (S1,3J(31P,13C)� 50.5 Hz;
CH2), 69.6 (3J(119Sn,13C)� 29.3 Hz, 4J(195Pt,13C)� 8.5 Hz; C3/4),
75.6 (2J(119Sn,13C)� 42.3 Hz, 3J(195Pt,13C)� 10.6 Hz; C2/5), 78.8
(S3,3J(31P,13C)� 9.5 Hz, 1J(119Sn,13C)� 300.2 Hz, 2J(195Pt,13C)� 104.5 Hz;
C1, FeC5H4), 128.7 (S1,3J(31P,13C)� 46.8 Hz; C1(Ph)), 129.0
(S3,5J(31P,13C)� 10.4 Hz; C3/5(Ph)), 131.0 (C4(Ph)), 133.1 (S2,4J(31P,13C)�
11.6 Hz, 3J(195Pt,13C)� 21.5 Hz; C2/6(Ph)).


Compound 6c : (95.7 % yield); m.p. (decomp) 194 8C; EI MS: m/z (%):
1074 (20) [M�], 1059 (100) [M�ÿMe]; 1H NMR (500 MHz, C6D6, 25oC):
d� 0.30 (d, 4J(31P,1H)� 0.6 Hz, 2J(119Sn,1H)� 39.7 Hz, 3J(195Pt,1H)� 9.2 Hz,
12H; Me2Sn), 1.76 (m, S2,3J(31P,1H)� 19.8 Hz, 3J(195Pt,1H)� 18.3 Hz, 4H;
CH2), 4.36 (m, 4H; H3/4) and 4.37 (m, 4H; H2/5, FeC5H4), 7.0 ± 7.7 (m,
20H; Ph2P); 13C NMR (125.8 MHz, C6D6, 25 8C): d�ÿ3.6 (S3,3J(31P,13C)�
16.9 Hz, 1J(119Sn,13C)� 224.0 Hz, 2J(195Pt,13C)� 67.4 Hz; Me2Sn), 33.5
(S1,2J(31P,13C)� 52.2 Hz; CH2), 69.8 (3J(119Sn,13C)� 30.1 Hz, 4J(195Pt,13C)�
3.6 Hz; C3/4), 75.4 (2J(119Sn,13C)� 42.1 Hz, 3J(195Pt,13C)� 8.4 Hz; C2/5),
78.7 (S3,3J(31P,13C)� 11.5 Hz, 1J(119Sn,13C)� 303.0 Hz, 2J(195Pt,13C)�
90.0 Hz; C1, FeC5H4), 128.8 (S1,3J(31P,13C)� 48.0 Hz; C1(Ph)), 128.9
(S3,5J(31P,13C)� 10.3 Hz; C3/5(Ph)), 131.0 (C4(Ph)), 133.6 (S2,4J(31P,13C)�
12.6 Hz; C2/6(Ph)).


Compound 6d : (89.6 % yield); m.p. (decomp) 187 ± 189 8C; EI MS: m/z
(%): 1088 (18) [M�], 335 (100) [Fe(C5H4)2SnMe2]� ; 1H NMR (250 MHz,
C6D6, 25oC): d� 0.27 (s, 2J(119Sn,1H)� 40.9 Hz, 3J(195Pt,1H)� 6.8 Hz, 12H;
Me2Sn), 1.91 (m, 4 H; P ± CH2), 0.9 (m, 2 H; C ± CH2), 4.44 (m, 4H; H3/4),


4.45 (m, 4H; H2/5, FeC5H4), 7.1 ± 7.8 (m, 20H; Ph2P); 13C NMR (62.9 MHz,
C6D6, 25 8C): d�ÿ2.8 (S3,3J(31P,13C)� 16.4 Hz, 1J(119Sn,13C)� 218.3 Hz,
2J(195Pt,13C)� 61.0 Hz; Me2Sn), 19.7 (-CH2-), 27.7 (S1,3J(31P,13C)� 41.1 Hz,
3J(195Pt,13C)� 7.0 Hz; P ± CH2), 69.9 (3J(119Sn,13C)� 29.3 Hz, 4J(195Pt,13C)�
4.2 Hz; C3/4), 75.4 (2J(119Sn,13C)� 39.9 Hz, 3J(195Pt,13C)� 8.2 Hz; C2/5),
78.8 (S3,3J(31P,13C)� 9.9 Hz, 1J(119Sn,13C)� 319.0 Hz, 2J(195Pt,13C)�
88.9 Hz; C1, FeC5H4), 128.7 (S1,3J(31P,13C)� 48.2 Hz; C1(Ph)), 128.8
(S3,5J(31P,13C)� 10.6 Hz; C3/5(Ph)), 130.8 (C4(Ph)), 133.6 (S2,4J(31P,13C)�
12.9 Hz, 3J(195Pt,13C)� 5.9 Hz; C2/6(Ph)).


Compound 6 e : (67.6% yield); m.p. (decomp) 192 8C; EI MS: m/z (%): 1072
(15) [M�], 1057 (100) [M�ÿMe]; 1H NMR (250 MHz, C6D6, 25oC): d�
0.39 (s, 2J(119Sn,1H)� 40.1 Hz, 3J(195Pt,1H)� 6.9 Hz, 12 H; Me2Sn), 4.36 (m,
4H; H3/4), 4.38 (m, 4H; H2/5, FeC5H4), 6.7 (m, S2,3J(31P,1H)� 17.3 Hz,
S3,4J(195Pt,1H)� 16.4 Hz, 2 H; �CH), 7.0 ± 7.6 (m, 20H; Ph2P); 13C NMR
(62.9 MHz, C6D6, 25 8C): d�ÿ2.7 (S3,3J(31P,13C)� 16.5 Hz, 1J(119Sn13C)�
216.4 Hz, 2J(195Pt,13C)� 62.8; Me2Sn), 69.9 (3J(119Sn,13C)� 29.8 Hz,
4J(195Pt,13C)� 4.1 Hz; C3/4), 75.5 (2J(119Sn,13C)� 40.0 Hz, 3J(195Pt,13C)�
8.0 Hz; C2/5), 78.7 (S3,3J(31P,13C)� 10.6 Hz, 1J(119Sn,13C)� 316.2 Hz,
2J(195Pt,13C)� 90.6 Hz; C1, FeC5H4), 128.8 (S1,3J(31P,13C)� 45.4 Hz;
C1(Ph)), 128.6 (S3,5J(31P,13C)� 10.2 Hz; C3/5(Ph)), 130.6 (C4(Ph)), 133.5
(S2,4J(31P,13C)� 12.4 Hz; C2/6(Ph)), 145.9 (S1,2J(31P,13C)� 77.4 Hz;�CH).


Compound 6 f : (44.6 % yield); m.p. (decomp) 235 ± 237 8C; EI MS: m/z
(%): 1230 (100) [M�]; 1H NMR (250 MHz, C6D6, 25oC): d� 0.33 (s,
2J(119Sn,1H)� 40.1 Hz, 3J(195Pt,1H)� 7.2 Hz, 12 H; Me2Sn), 4.44 (m, 4H;
H3/4), 4.46 (m, 4H; H2/5, FeC5H4), 4.03 ± 4.13 (m, 8 H; Fe(C5H4-PPh2)2),
7.0 ± 7.5 (m, 20H; Ph2P); 13C NMR (62.9 MHz, C6D6, 25 8C): d�ÿ2.6
(S3,3J(31P,13C)� 15.2 Hz, 1J(119Sn,13C)� 239.4 Hz, 2J(195Pt,13C)� 54.0 Hz;
Me2Sn), 69.7 (3J(119Sn,13C)� 29.3 Hz, 4J(119Pt,13C)� 6.0 Hz; C3/4),
75.7 (2J(119Sn,13C)� 41.2 Hz, (3J(195Pt,13C)� 8.2 Hz; C2/5), 79.0
(S3,3J(31P,13C)� 9.8 Hz, 2J(195Pt,13C)� 100.2 Hz; C1, FeC5H4), 72.4
(3J(31P,13C)� 3.0 Hz; C3/4), 74.5 (2J(31P,13C)� 16.2 Hz; C2/5), 76.7 (C1,
(Fe(C5H4 ± PPh2)2)), 128.4 (S1,3J(31P,13C)� 46.4 Hz; C1(Ph)), 128.0
(S3,5J(31P,13C)� 10.5 Hz; C3/5(Ph)); 131.0 (C4(Ph)), 134.3 (S2,4J(31P,13C)�
12.2 Hz; C2/6(Ph)).


Figure 3. 186.5 MHz 119Sn NMR spectrum of 7a in C6D6, measured by means of the refocused INEPT pulse sequence with 1H
decoupling[17] (pulse repetition time 4 s, acquisition time 2 s, 6000 transients). The expected splitting of the central resonances is
observed, together with 195Pt satellites. In addition, the expanded region of the 119Sn(C�) resonance shows 117/119Sn satellites due to
4J(Sn,Sn).
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Compound 6g : (94.0 % yield); m.p. (decomp) 188 8C; EI MS: m/z (%):
1174 (100) [M�]; 1H NMR (250 MHz, C6D6, 25oC): d� 0.11 (s,
2J(119Sn,1H)� 40.2 Hz, 3J(195Pt,1H)� 6.3 Hz, 6H; Me2Sn), 0.27 (s,
2J(119Sn,1H)� 39.6 Hz, 3J(195Pt,1H)� 6.9 Hz, 6 H; Me2Sn), 1.07 (s, Me), 3.4
(m, CH2), 4.16 (m, S3,4J(31P,1H)� 11.3 Hz; CHO), 4.17 (m, S3,4J(31P,1H)�
11.1 Hz; CHO), 4.38 (m, 4 H; H3/4) 4.41 (m, 4 H; H2/5, FeC5H4), 7.1 ± 8.0
(m, 20 H; Ph2P); 13C NMR (62.9 MHz, C6D6, 25 8C): d�ÿ1.3
(S3,3J(31P,13C)� 16.4 Hz, 1J(119Sn,13C)� 219.5 Hz, 2J(195Pt,13C)� 64.6 Hz;
Me2Sn), ÿ2.1 (S3,3J(31P,13C)� 16.4 Hz, 1J(119Sn,13C)� 219.5 Hz,
2J(195Pt,13C)� 52.2 Hz; Me2Sn), 26.9 (Me), 37.8 (S1,3J(31P,13C)� 31.1 Hz;
CH2), 78.2 (S2,3J(31P,13C)� 10.6 Hz, 4J(195Pt,13C)� 12.9 Hz; CHO), 108.9
(OCO), 69.9 (3J(119Sn,13C)� 29.3 Hz, 4J(195Pt,13C)� 5.9 Hz; C3/4), 70.0
(3J(119Sn,13C)� 29.3 Hz, 4J(195Pt,13C)� 4.7 Hz; C3/4), 75.2 (2J(119Sn,13C)�
41.1 Hz, 3J(195Pt,13C)� 7.0 Hz; C2/5), 75.4 (2J(119Sn,13C)� 39.9 Hz,
3J(195Pt,13C)� 5.3 Hz; C2/5), 78.9 (S3,3J(31P,13C)� 9.4 Hz, 1J(119Sn,13C)�
298.1 Hz, 2J(195Pt,13C)� 93.9 Hz; C1, FeC5H4), 128.8 (S1,3J(31P,13C)�
45.1 Hz; C1(Ph)), 128.6 (S3,5J(31P,13C)� 10.1 Hz; C3/5(Ph)), 130.3
(C4(Ph)), 135.1 (S2,4J(31P,13C)� 14.4 Hz; C2/6(Ph)).


Synthesis of the alkynyl-platinum complexes 7 a and 8 a : A suspension of 1
(0.16 g; 0.22 mmol) in hexane (25 mL) was cooled to ÿ78 8C and the
respective alkynyltin compound 4 (0.22 mmol) was added in one portion.
After warming to room temperature and stirring for 12 h, the clear solution
was cooled again to ÿ78 8C. After a further 2 h, the complexes 7a and 8a
precipitated as white solids. They were filtered off and dried in vacuo.


Compound 7a : (88 % yield); m.p. (decomp) 110 8C; 1H NMR (200 MHz,
C6D6, 25 8C): d� 0.32 (dd, 4J(31P,1H)� 9.5 Hz, 2.6 Hz, 2J(119Sn,1H)�
44.5 Hz, 3J(195Pt,1H)� 9.0 Hz, 9H; Me3SnPt), 0.16 (s, 2J(119Sn,1H)�
59.4 Hz, 9H; Me3SnC�), 7.0 ± 7.5 (m, 30H; Ph3P); 13C NMR (125.8 MHz;
C6D6, 25 8C): d�ÿ7.3 (1J(119Sn,13C)� 394.3 Hz; Me3Sn-), ÿ3.0 (dd,
3J(31P,13C)� 8.2 Hz, 1.9 Hz, 1J(119Sn,13C)� 245.0 Hz, 2J(195Pt,13C)� 63.8 Hz;
Me3Sn ± Pt), 111.9 (dd, 2J(31P,13C)� 115.7 Hz, 19.7 Hz; �C ± Pt), 122.4 (dd,
3J(31P,13C)� 23.2 Hz, 4.2 Hz, 2J(195Pt,13C)� 120.0 Hz; �C ± Sn) (measured
by means of the refocused INEPT pulse sequence[17] based on
3J(13CSnC1H)� 2.4 Hz[18]), 134.2, 135.0, 128.1, 129.0, Ph3P.


Compound 8 a : (92 % yield); m.p. (decomp) 94 8C; 1H NMR (200 MHz,
CD2Cl2, 25 8C): d�ÿ0.26 (dd, 4J(31P,1H)� 9.9 Hz, 2.8 Hz, 2J(119Sn,1H)�
44.5 Hz, 3J(195Pt,1H)� 9.2 Hz, 9H; Me3Sn), 2.92 (q, 8 H), 0.92 (t, 12H;
Et2N), 7.0 ± 7.5 (m, 30H; Ph3P); 11B NMR (64.2 MHz; CD2Cl2, 25 8C): d�
24.3 (h1/2� 670 Hz); 13C NMR (50.3 MHz; CD2Cl2, 25 8C): d�ÿ4.2 (dd,
3J(31P,13C)� 8.9 Hz, 2.2 Hz, 1J(119Sn,13C)� 240.0 Hz, 2J(195Pt,13C)� 66.6 Hz;
Me3Sn), 43.0, 25.0 (Et2N), 123.5 (dd, 2J(31P,13C)� 118.7 Hz, 16.6 Hz; �C ±
Pt), not observed:�C ± B, 134.0, 135.1, 128.1, 130.0, Ph3P.
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Attaching Metal-Capped sp Carbon Chains to Metal Clusters:
Synthesis, Structure, and Reactivity of Rhenium/Triosmium Complexes of
Formula [(h5-C5Me5)Re(NO)(PPh3)(CC)nOs3(CO)y(X)z]m�,
Including Carbon Geometries More Distorted than Planar Tetracoordinate


Stephen B. Falloon, Slawomir Szafert, Atta M. Arif, and J. A. Gladysz*


Abstract: Reaction of [(h5-C5Me5)Re-
(NO)(PPh3)(C�CH)] (1) and [Os3-
(CO)10(NCCH3)2] (CH2Cl2, room tem-
perature) gives the ReC2Os3 complex
[(h5-C5Me5)Re(NO)(PPh3)(CC)Os3-
(CO)10(H)] (2, 78 %). The crystal struc-
ture shows that the hydride and ReCC
terminus bridge the same two osmium
atoms symmetrically. The Re ± C and
ReC ± C bond lengths, and IR and NMR
properties, indicate contribu-
tions by both ReC�C(Os3) and
�Re�C�C�(Os3)ÿ resonance forms.
Analogous ReC4Os3 (4, 83 %) and Re-
C6Os3 (6, 61 %) complexes are prepared
similarly, and are increasingly less stable


in solution and the solid state. Cyclic
voltammograms of 2, 4, and 6 show
partially reversible oxidations. Complex
4 decarbonylates in refluxing hexane to
give [(h5-C5Me5)Re(NO)(PPh3)(CCC-
C)Os3(CO)9(H)] (7, 57 %), in which the
ReCCCC terminus binds to three osmi-
um atoms, and the adjacent carbon (and
hydride) to two. Reaction of 2 and
HBF4 ´ Et2O gives [(h5-C5Me5)Re(NO)-
(PPh3)(CC)Os3(CO)10(H)2]� ´ BFÿ4 (8�


BFÿ4 , 69 %). The crystal structure of the


SbFÿ6 salt shows an ReC2Os3 unit very
similar to that of 2, but with the hydrides
bridging different osmium ± osmium
bonds. The C3OMe complex [(h5-
C5Me5)Re(NO)(PPh3)(C�CC(OMe)�)-
Os3(CO)11] (9) decarbonylates in reflux-
ing heptane to give [(h5-C5Me5)Re-
(NO)(PPh3)(CCC)Os3(CO)9(OMe)]
(10, 63 %), in which the ReCCC termi-
nus binds to three osmium atoms, and
the center carbon binds to the osmium
that is not methoxide-bridged. The crys-
tal structure shows the ReCCC carbon
to be highly distorted, binding to four
atoms that fall on one side of a plane
through the carbon.


Keywords: carbon chains ´ clusters
´ cumulenes ´ osmium ´ rhenium


Introduction


Complexes in which sp carbon chains span transition metal
endgroups are attracting increasing attention.[1±4] These wire-
like, unsaturated linear assemblies offer aesthetic appeal, a
variety of interesting fundamental properties, and intriguing
possibilities for molecular-level devices.[5] Most such com-
pounds feature monometallic termini. However, polymetallic
termini might confer special attributes, which could include
enhanced electronic coupling or communication between the
endgroups, altered hyperpolarizabilities, and access to larger
numbers of redox states.


We were attracted by the architectural versatility of
trimetallic clusters, which should allow many modes of chain
attachment. When only the terminal carbon coordinates,
three types of junctions are possible, as depicted in Figure 1:
A, a m1 link to one metal; B, an edge-bridging m2 link to two


metals; and C, a face-bridging m3 link to three metals. In all
cases, the terminal carbon may serve as a one-, two-, or three-
electron donor, depending upon the electronic requirements
of the cluster. It should also be noted that in B and C the
terminal carbon may be sp2- or sp3-hybridized instead of being
sp-hybridized.


There is extensive literature on metal cluster carbide
complexes,[6] some of which provides models for surface-
bound intermediates in commodity-chemical processes that
are heterogeneously catalyzed. However, only a few contain
sp carbon segments that span otherwise unconnected poly-
metallic termini.[3d, 7±10] The most relevant of these feature
tricobalt clusters that are joined by m3,h1-carbon chains, such
as D in Figure 1,[7] or related species with [(h5-C5H5)MoCo2-
(CO)8] or [(h5-C5H5)WCo2(CO)8] endgroups.[3d] A complex
with an [MnMo(m2-h1:h1-C2)MnMo] unit has recently been
reported (E, Figure 1).[8] Compounds are also known in which
two carbons on each end of a (nonlinear) Cx chain are bound
to a metal cluster (F, Figure 1).[10]


We began our efforts with cluster endgroups by exploring
means of attaching chiral rhenium moieties [(h5-C5Me5)Re-
(NO)(PPh3)Cx] to triosmium carbonyl complexes. This frag-
ment is used extensively in our studies of sp carbon chains
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with monometallic endgroups, for which Re(C�C)nLi building
blocks are often employed.[2a,b] In this paper, we report that
alkynyl complexes [(h5-C5Me5)Re(NO)(PPh3){(C�C)nH}] can
be directly attached to Os3(CO)10 units to give the title
compounds. We also describe the thermal and acid ± base
properties of these species, and a structurally novel C3


complex prepared by a complementary route. A portion of
this work has been communicated previously.[11] Companion
studies involving complexes with Re/Re2 and Re/Os3 termini
and bridging C3OMe ligands are reported in detail else-
where.[12]


Results


Re(C�C)nH-derived complexes : As shown in Scheme 1, the
rhenium ethynyl complex [h5-C5Me5)Re(NO)(PPh3)(C�CH)]
(1)[13] and triosmium bis(acetonitrile) complex [Os3-
(CO)10(NCCH3)2] were combined in CH2Cl2 at room temper-


ature. After 3 h, a chromatographic work-
up gave an air-stable orange product (2,
78 %) that was characterized by IR and
NMR (1H, 13C, 31P) spectroscopy as sum-
marized in the Experimental Section.
Several observations suggested that 2
had the composition [(h5-C5Me5)Re-
(NO)(PPh3)(CC)Os3(CO)10(H)]. In par-
ticular, 1H and 13C NMR spectra showed a
diagnostic hydride ligand signal (d�
ÿ16.7) and ten terminal-CO NMR signals
(d� 184 ± 171). Spectroscopic evidence
for the C2 unit was sought.


Unsurprisingly, the ReCC 13C NMR
signals could not be located unambigu-
ously. Thus, the isotopically labeled com-
plex 2-13C2 was prepared analogously from
1-13C2.[2d] Importantly, the ReC 13C signal
(d� 245.4, CD2Cl2) was between those of
1 (d� 98.0, C6D6) and the cationic vinyl-
idene complex [(h5-C5Me5)Re-
(NO)(PPh3)(�C�CH2)]� BFÿ4 (d� 330.4,
CD2Cl2).[14] The 2JCP values, which roughly
correlate with the rhenium ± carbon bond
order, were 8.8, 15.8, and 9.5 Hz, respec-


tively. The ReCC 13C NMR signal of 2-13C2 (d� 124.2) was
near those of 1 and the vinylidene complex (d� 116.0, 111.6).
However, the 1JCC value (64.5 Hz) was much less than those of
1-13C2 (121 Hz) and the corresponding ReC�CC�CRe species
(97 Hz), but comparable with that of the analogous
�Re�C�C�C�C�Re� compound (77 Hz).[2d]


Similarly, the IR nÄNO band of 2 (1667 cmÿ1) was between
those of 1 (1637 ± 1629 cmÿ1) and the vinylidene complex
(1728 ± 1711 cmÿ1). The IR spectra of 2 and 2-13C2 were also
compared. A 1705 cmÿ1 absorption shifted to 1633 cmÿ1 (calcd
for nÄ 13C13C, 1637 cmÿ1). The nÄNO band moved slightly (to
1676 cmÿ1), but other bands in the 2100 ± 1600 cmÿ1 region
were affected by less than 2 cmÿ1. Thus, the 1705 cmÿ1


absorption was assigned to the carbon ± carbon stretching
vibration ± -a value closer to those associated with double
bonds than triple bonds. This and all of the preceding data
suggest that the C2 unit has appreciable �Re�C�C character.


Many reactions of terminal alkynes and triosmium com-
plexes [Os3(CO)10(L)(L')] (L/L'�CO or NCCH3) have been


reported.[15] However, to our knowl-
edge, adducts with formulae analo-
gous to 2 have not been isolated
previously. Thus, in order to establish
the structure definitively, and to
clarify the nature of the C2 unit, its
crystal structure was sought. Accord-
ingly, 2 was crystallized as a hexane
hemisolvate. Curiously, all the com-
pounds discussed in this paper
showed a marked tendency to retain
hexane in the solid state, even after
vacuum drying. The structure of 2
was determined as outlined in Ta-
ble 1 and the Experimental Section.
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Figure 1. Representative modes of attachment of Cx chains to metal clusters.
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Selected bond lengths and angles are given in Table 2, and the
molecular structure is depicted in Figure 2 (top). This shows
that the ReCC terminus is attached as in B (Figure 1), with the
hydride ligand bridging the same two osmium atoms. The
ReCC group occupies an axial position, as reflected by the
near-orthogonality (a1058) of the Os3 and ReOs2 planes. The
rhenium ± carbon bond (1.965(9) �) is shorter than in com-
plexes of formula [(h5-C5Me5)Re(NO)(PPh3)(C�CX)]
(2.079(9), 2.037(5), 2.032(7) �),[2a,c,d] but longer than in similar
species with �Re�C(�C)n linkages (1.909(7), 1.91(1),
1.916(7) �).[2d, 4a] Also, the ReC ± C bond (1.252(12) �) is
longer than those in disubstituted organic alkynes and alkynyl
complexes (mean values 1.192(12) and 1.210(13) �).[16] Final-
ly, the P-Re-C41 and C42-Os1-Os3 units are nearly coplanar
(a14.5(5)8). As illustrated in Figure 3, this can be attributed
to the rhenium fragment HOMO in G, which would give the
idealized conformation I for a species with appreciable
�Re�C�C character.[2d]


Hence, the spectroscopic and structural data show that 2 is
best described as a hybrid of the neutral Re-C�C-(Os3)
resonance form J and the zwitterionic �Re�C�C�(Os3)ÿ


resonance form K in Scheme 1. Although formulae such as J
and K see frequent use in the triosmium-cluster literature, it
should be emphasized that they can obscure various subtle
bonding issues. For example, the coordinatively saturated
nature of each osmium atom is more apparent in other
representations. Also, resonance form K delivers two more
electrons to the Os3 core than J, requiring reduced bond
orders elsewhere.


Extensions to higher carbon chains were investigated next.
As shown in Scheme 1, the reaction of the butadiynyl complex
[(h5-C5Me5)Re(NO)(PPh3)(C�CC�CH)] (3)[2a] and [Os3-
(CO)10(NCCH3)2] gave the ReC4Os3 adduct [(h5-C5Me5)Re-
(NO)(PPh3)(CCCC)Os3(CO)10(H)] (4) in 83 % yield as a red-
orange powder. A low-temperature reaction of the corre-
sponding hexatriynyl complex (5)[2b] afforded the thermally
labile ReC6Os3 adduct 6 (61 %). However, the analogous
octatetraynyl complex [(h5-C5Me5)Re(NO)(PPh3)(C�CC�C-
C�CC�CH)][2b] gave a multitude of products.


Mass spectra of 4 and 6 showed intense molecular ion
signals, as summarized in the Experimental Section. IR
spectra exhibited nÄNO bands similar to those of 2 (1662 and
1663 cmÿ1). The 1H NMR spectra showed upfield OsH signals
(d�ÿ13.10 and ÿ15.90). However, low-temperature 13C
NMR spectra were complicated by decoalescence phenom-
ena, as often observed with [(h5-C5Me5)Re(NO)(PPh3)]
compounds. Furthermore, practical routes to labeled 13C4 or
13C6 analogues are not available at present. The ReC signals
were evident (d� 242.9, 204.9, br s), but other Cx resonances
could only be assigned provisionally.


The UV/Visible spectra of 2, 4, and 6 showed several
absorption maxima, as summarized in the Experimental
Section and illustrated in Figure 4. These were not partic-
ularly intense compared with other Cx complexes with [(h5-
C5Me5)Re(NO)(PPh3)] endgroups.[2, 4] None was significantly
solvatochromic (hexane versus CH2Cl2 versus CH3CN). Cyclic
voltammograms showed partially reversible oxidations, as
summarized Table 3 and illustrated in Figure 4 (inset). A


Table 1. Summary of crystallographic data for 2 ´ (C6H14)0.5 , 8�SbFÿ6 ´ acetone ´ C6H6, and 10 ´ (C6H14)0.5 .[a]


2 ´ (C6H14)0.5 8� SbFÿ6 ´ acetone ´ C6H6 10 ´ (C6H14)0.5


formula C40H31NO11Os3PRe ´ (C6H14)0.5 C40H32F6NO11Os3PReSb ´ acetone ´ C6H6 C41H33NO11Os3PRe ´ (C6H14)0.5


Mr 1531.51 1862.37 1546.54
crystal system monoclinic monoclinic triclinic
space group P21/n P21/n P1Å


a [�] 14.397(4) 15.147(4) 9.575(4)
b [�] 18.994(3) 21.725(4) 13.909(5)
c [�] 16.838(2) 17.040(3) 18.937(6)
a [8] 97.92(3)
b [8] 102.78(2) 92.67(2) 103.93(3)
g [8] 82.93(3)
V [�3] 4491(2) 5601(2) 2414(2)
Z 4 4 2
1calcd [gcmÿ3] 2.265 2.208 2.128
1obs [gcmÿ3] (CCl4/CHBr2CHBr2) 2.118-2.122
crystal dimensions [mm] 0.40� 0.29� 0.25 0.32� 0.24� 0.24 0.32� 0.22� 0.09
reflections measured 8212 10205 8038
range/indices (h, k, l) 0 17, 0 22, ÿ20 19 0 17, 0 25, ÿ20 20 0 10, ÿ15 15, ÿ21 21
2q limit [8] 2.11 to 24.98 2.07 to 24.97 2.20 to 23.97
observed data, >2s(I) 7878 9810 7523
abs. coefficient [mmÿ1] 11.24 9.52 10.46
min. transmission [%] 57.7 76.4 42.9
max. transmission [%] 99.9 99.9 99.8
parameters 547 643 532
goodness of fit 1.055 1.043 1.067
R[b] 0.0347 0.0378 0.0645
wR2


[c] 0.0711 0.0788 0.1659
D/s (max) 0.002 0.001 0.008
D/1 (max) [e �3] 0.832 0.883 3.464 (1.53 � from Os2)


[a] Data common to all structures: temperature: 291(2) K; diffractometer: CAD4; radiation: MoKa (0.71073 �); data collection method: q-2q ; scan speed:
variable. [b] R�S j jFo jÿjFc j j /S jFo j . [c] wR2� (S [w(F2


oÿF2
c)2]/Sw[F4


o]1/2
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Figure 2. Structures of 2 ´ (C6H14)0.5 (top) and the cation of 8� ´ SbFÿ6 ´ ace-
tone ´ C6H6 (middle), and a superposition (bottom).
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Figure 3. Relationship between the HOMO of [(h5-
C5Me5)Re(NO)(PPh3)]� (G) and conformations of �Re�C species.


more positive E�ÿ value indicates a thermodynamically
less favorable oxidation. These data are further analyzed
below.


Table 2. Selected bond lengths [�] and angles [8] for 2 ´ (C6H14)0.5, 8�SbFÿ6 ´
acetone ´ C6H6, and 10 ´ (C6H14)0.5 .


2 ´ (C6H14)0.5 8� SbFÿ6 ´ acetone ´ C6H6 10 ´ (C6H14)0.5


Re ± P 2.395(2) 2.402(2) 2.415(4)
Re ± N 1.757(7) 1.746(8) 1.728(14)
Re ± C41 1.965(9) 1.973(10) 1.96(2)
Re ± C1 2.338(9) 2.360(9) 2.32(2)
Re ± C2 2.371(9) 2.368(9) 2.30(2)
Re ± C3 2.335(9) 2.326(9) 2.36(2)
Re ± C4 2.268(9) 2.295(9) 2.38(2)
Re ± C5 2.271(9) 2.295(9) 2.34(2)
P ± C11 1.831(9) 1.813(10) 1.83(2)
P ± C21 1.811(9) 1.824(10) 1.81(2)
P ± C31 1.829(9) 1.827(10) 1.86(2)
N ± O1 1.186(9) 1.207(9) 1.23(2)
C41 ± C42 1.252(12) 1.258(12) 1.25(2)
C42 ± C43 ± ± 1.41(3)
Os1 ± C42 2.150(9) 2.121(9) 2.28(2)
Os3 ± C42 2.164(9) 2.150(8) ±
Os1 ± C43 ± ± 2.19(2)
Os2 ± C43 ± ± 2.08(2)
Os3 ± C43 ± ± 2.06(2)
Os2 ± O81[a] ± ± 2.17(2)
Os3 ± O81[a] ± ± 2.14(2)
Os1 ± Os3 2.7933(7) 2.8075(8) 2.800(2)
Os1 ± Os2 2.8728(8) 3.0795(9) 2.822(2)
Os2 ± Os3 2.8488(7) 2.8463(7) ±
Os1 ± H1 1.79(9) 1.917(9) ±
Os3 ± H1 1.82(9) 1.701(9) ±
Os1 ± H2 ± 2.031(9) ±
Os2 ± H2 ± 1.709(9) ±
C ± O(av) 1.138 1.147 1.122


N-Re-P 90.5(2) 87.7(3) 88.1(5)
P-Re-C41 94.4(2) 93.5(2) 89.3(4)
N-Re-C41 97.5(3) 99.6(3) 99.3(7)
Re-N-O1 176.6(7) 172.3(7) 170.5(14)
C1-Re-C41 87.3(3) 91.8(4) 96.6(6)
C2-Re-C41 115.4(4) 121.6(4) 130.8(6)
C3-Re-C41 146.9(4) 149.7(4) 148.2(7)
C4-Re-C41 126.9(4) 125.4(4) 116.1(6)
C5-Re-C41 92.4(3) 93.1(3) 90.3(6)
Re-C42-C41 174.2(7) 173.8(7) 178.4(13)
C41-C42-C43 ± ± 157.1(18)
C11-P-C21 105.7(5) 105.4(5) 105.7(8)
C11-P-C31 101.0(4) 102.2(4) 105.7(9)
C21-P-C31 103.3(4) 102.8(5) 102.6(8)
Os1-Os3-Os2 61.21(2) 66.00(2) ±
Os1-C42-Os3 80.7(3) 82.2(3) ±
Os2-Os1-Os3 60.349(14) 57.61(2) 72.1(1)
Os1-Os2-Os3 58.44(2) 56.39(2) ±
Os1-C42-C41 139.3(7) 139.4(7) 134.6(14)
Os3-C42-C41 140.0(7) 138.4(7) ±
Os3-Os1-C42 49.9(2) 49.3(2) 72.3(4)
Os2-Os1-C42 81.9(2) 77.5(2) 74.2(5)
Os1-Os3-C42 49.4(2) 48.5(2) ±
Os2-Os3-C42 82.3(2) 82.6(2) ±
C42-Os1-C43 ± ± 36.7(7)
Os1-C43-C42 ± ± 75.3(11)
Os3-C43-C42 ± ± 120.3(13)
Os2-C43-C42 ± ± 124.3(13)
Os1-C42-C43 ± ± 68.0(9)
Os2-Os1-C43 ± ± 47.1(5)
Os3-Os1-C43 ± ± 46.8(5)
Os1-Os2-C43 ± ± 50.3(5)
Os1-Os3-C41 ± ± 50.8(5)
Os1-C43-Os2 ± ± 82.6(6)
Os1-C43-Os3 ± ± 82.4(6)
Os2-C43-Os3 ± ± 106.0(9)
Os2-O81-Os3[a] ± ± 100.3(7)
Os-C-O(av) 178.2 177.3 176.2


[a] Os2 ± O81'� 1.90(2); Os3 ± O81'� 2.25(2); Os2-O81'-Os3� 105.5(10)
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Figure 4. UV ± Visible spectra of 2 (full line), 4 (dotted line), 6 (broken
line; hexane, ambient temperature), and (inset) cyclic voltammogram of 4
at 100 mV sÿ1 (0.1m n-Bu4N�BFÿ4 /CH2Cl2; E�ÿ(ferrocene)� 0.46).[24]


Reactions of Re(CC)nOs3 complexes : The stabilities of 2, 4,
and 6 decreased with increasing chain length, both in solution
and in the solid state (decomp 210 ± 213, 107 ± 110, 65 ± 66 8C).
We probed the nature of these decomposition pathways.
When 2 was refluxed for several hours in nonane or decane,
little reaction occurred. When 4 was refluxed in hexane, a
clean transformation took place (Scheme 2). Workup gave a
nonacarbonyl complex with the composition [(h5-C5Me5)Re-
(NO)(PPh3)(CCCC)Os3(CO)9(H)] (7) in 57 % yield, as evi-
denced by mass spectrometry and microanalysis. The 1H and
13C NMR spectra showed diagnostic OsH (d�ÿ22.34) and
ReC (d� 242.9, d, JCP� 11.5 Hz) signals. A structure consis-
tent with these data is given in Scheme 2.


Attempts to grow crystals of 7 suitable for X-ray analysis
were unsuccessful. However, analogous adducts of Os3-
(CO)9(H) and ligands of the formula CCR (R�H, CH3,
etc.) had been characterized previously.[15, 17] All exhibit OsH
1H NMR signals near d�ÿ23, and IR nÄCO patterns similar to
7. As described below, Bruce has isolated closely related
triruthenium complexes.[3b, 18] Hence, the structure in
Scheme 2 is highly probable. Also, 7 gave an IR nÄNO band
(1663 cmÿ1) near those of 2, 4, and 6. Together with the ReC
13C NMR data and reference values given above, this suggests
an appreciable contribution by the zwitterionic resonance
form M in Scheme 2.
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Scheme 2. Reactions of Re(CC)nOs3 complexes.


When 4 was refluxed in tetrahydrofuran (THF) with
phosphines such as PPh3 or PMe2Ph substitution occurred.
However, several species were formed and could not be
separated or purified. We therefore turned our attention to
the acid ± base properties of these compounds. For example,
we wondered whether the hydride ligands might be abstracted
to give anions that could be alkylated or otherwise function-
alized. Thus, 2 and n-BuLi (1 equiv) were combined in CD2Cl2


at ÿ80 8C. No reaction occurred, as assayed by 1H and 31P
NMR. The sample was warmed to room temperature, and n-
BuLi (9 equiv) was added. Only 2 was detected. Similarly, 2
and nBuLi (10 equiv) did not react in C6D6 at room temper-
ature. Since this suggested a very electron-rich triosmium
system, protonations were then attempted.


As illustrated in Scheme 2, 2 and HBF4 ´ Et2O (1 equiv)
were combined in CD2Cl2. A 1H NMR spectrum showed
clean conversion to a new compound that exhibited two
upfield OsH signals (d�ÿ15.68, ÿ19.39, 2d, JHH� 0.9 Hz).
Workup gave the cationic dihydride complex [(h5-
C5Me5)Re(NO)(PPh3)(CC)Os3(CO)10(H)2]� BFÿ4 (8�BFÿ4 ) as
an orange powder in 69 % yield. The nÄNO value (1674 cmÿ1)
indicated an appreciable contribution by an �Re�C�C�(Os3)
resonance form, which in contrast to the case of 2 is cationic as
opposed to zwitterionic. A CD2Cl2 solution of 8�BFÿ4 was
treated with 1.0 equiv of nBuLi at room temperature. A 1H
NMR spectrum showed the clean regeneration of 2.


Table 3. Cyclic voltammetry data.[a]


Ep,a [V] Ep,c [V] E0 [V] ic/a


2 0.87 0.68 0.78 � 1
4 0.47 0.38 0.43 < 1
6 0.50 0.38 0.44 < 1
[Os3(CO)12] ± ± ± ±
[Os3(CO)10(CH3CN)2] 0.83 ± ± 1


[a] 7 ± 9� 10ÿ5m in 0.1m n-Bu4N�BFÿ4 /CH2Cl2 at 22.5� 1 8C; Pt working and
counter electrodes, Ag wire pseudoreference electrode, ferrocene standard
as in ref. [24]; scan rate 100 mV sÿ1.
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A sample of 8�BFÿ4 was treated with NaSbF6. Crystalliza-
tion yielded the hexafluoroantimonate salt 8�SbFÿ6 as an
acetone ´ C6H6 solvate. The structure was determined as
described Table 1 and the Experimental Section. The cation
is depicted in Figure 2 (middle), and key bond lengths and
angles are summarized in Table 2. The rhenium ± carbon and
ReC ± C bond lengths (1.973(10), 1.258 (12) �) are essentially
identical with those of 2. The P-Re-C41 and C42-Os1-Os3
planes also define an angle very close to that in 2 (10.6(6)8
versus 14.5(5)8). As shown by the overlay in Figure 2
(bottom), the only significant difference involves the dispo-
sition of carbonyl ligands on the osmium atoms bridged by the
new hydride ligand. Nearly all other bond lengths and angles
are within experimental error (that is, within three esd values)
of each other (Table 2).


Re(C3OMe)Os3-derived complexes : We recently reported the
synthesis of the C3OMe complex [(h5-C5Me5)Re-
(NO)(PPh3)(C�CC(OMe)�)Os3(CO)11] (9) by the route
sketched in Scheme 3.[12] This constitutes another approach
to attaching [(h5-C5Me5)Re(NO)(PPh3)Cx] moieties to trios-
mium carbonyl clusters. Unfortunately, BF3 gas did not
abstract the methoxide group cleanly,[12] despite successes
with related complexes with monometallic termini.[4] How-
ever, we thought that 9 might give novel ReC3Os3 species
under other conditions, so thermolyses were investigated.


As shown in Scheme 3, a heptane solution of 9 was refluxed.
Workup gave a red-orange powder (10) in 63 % yield, and
prisms of a hexane hemisolvate were obtained from CH2Cl2/
hexane. These were of borderline quality for X-ray crystal-
lography. However, NMR spectra showed several perplexing
phenomena (see below), and a structure could not be
confidently assigned. Thus, a data set was collected analo-
gously to those above. Refinement revealed a methoxy ligand
bridging two osmium atoms, and an apparent disorder
associated with the oxygen (62(4):38(4) occupancy). In view
of a lack of precedent for certain features of the minor form,
several points should be emphasized here.


First, the mass spectrum suggested that 10 was derived from
the loss of two CO ligands from 9, and the microanalysis (see
Experimental Section) was in excellent agreement with a
hexane hemisolvate of this formula. Second, the 1H NMR
spectrum verified the hexane hemisolvate, and showed no
OsH signals (d� 0 to ÿ22). Third, the density determined by
flotation was very close to the crystallographic density


(Table 1; 2.068 g cmÿ3 without hexane). Fourth, the prisms
melted without decomposition at 172 ± 174 8C, and remelted at
170 ± 173 8C, consistent with a homogeneous compound. Fifth,
the isotope envelope of the molecular ion closely matched
calculated ratios, as illustrated in Figure 5. In summary, there
is no evidence for a contaminant ligand that either accom-
panies or replaces the bridging methoxy ligand.


Figure 5. Comparison of observed and calculated isotope patterns for the
molecular ion of 10.


The major form of 10 is depicted in Figure 6 (top), and both
forms are filed in the Supplementary Information (see under
Crystallography, below). Most importantly, 10 is indeed an
unusual ReC3Os3 complex, in which the ReCCC terminus
bridges all three osmium atoms and the central carbon is
bound to the only osmium that is not methoxide-bridged. The
mode of chain attachment is related to, but not identical with,
that in F (Figure 1). The partial structure N (Figure 6)
illustrates pseudosymmetries (Os2�Os3) that are less appa-
rent in other representations. Rotations of N by � 908 yield
the partial structures O and P. These highlight the unusual
geometry about C43, which is analyzed further below.
Unfortunately, the 13C NMR signals of the ReC3Os3 unit
could not be located.


The Cambridge Crystallographic Database contains many
triosmium clusters with bridging methoxy ligands. All show
nearly equal osmium ± oxygen bonds that occupy converging
octahedral coordination sites, as found for the major form of
10 (Os2 ± O81 2.17(2), Os3 ± O81 2.14(2) �).[19] No cases of
disorder have been reported. The minor form of 10 exhibits
very different osmium ± oxygen bond lengths (Os2 ± O81'
1.90(2), Os3 ± O81' 2.25(2) �), with the oxygen significantly
removed from the converging octahedral coordination sites.


After much careful study, we have been
unable to explain these properties or identify
an artifactual origin. Rather than pursue an
open-ended and possibly unresolvable prob-
lem further, we simply focus for the remain-
der of this paper on the logical data associ-
ated with the major form of 10.


We analyze the bonding in 10 as follows.
First, the rhenium ± carbon bond length
(1.96(2) �) and IR nÄNO value (1668 cmÿ1)
indicate about the same degree of �Re�C�C
character as in the even-carbon Re(CC)nOs3


compounds. Second, it should be noted that
if a metal were to coordinate the terminal
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C�C linkage of an �Re�C�C�CX2 species (H,
Figure 3), it must bind either anti or syn to the
rhenium ± phosphorus bond. Both modes would give
coplanar P-Re-C and C-C-M moieties. As is evident
in Figure 6 (top), the P-Re-C41 and C42-C43-Os1
units of 10 are nearly coplanar (a3.1(5)8) with Os1
anti to the Re ± P bond. Thus, 10 can be viewed as an
osmium p complex of an �Re�C�C�C(Os2) linkage.
The usual rehybridization is evident, as reflected by
the C41-C42-C43 bond angle (157.1(18)8). Overall,
the ReC3 moiety constitutes a five-electron, 2p/3s,
�Re�C�C�C : .ÿ donor.


As a final complexity, NMR spectra of 10 reveal
more than one isomer in solution. Ratios are mark-
edly solvent-dependent. In CD2Cl2, crystallized sam-
ples show two methoxy and two pentamethylcyclo-
pentadienyl 1H signals in 48:52 area ratios (d� 3.79,
3.51 and 1.76, 1.72).[20] We propose that these repre-
sent geometric isomers about the �Re�C linkage, as
previously observed for H and I (Figure 3) in cases of
unequivalent X groups. For example, the
methylvinylidene complex [(h5-C5Me5)Re(NO)-
(PPh3)(�C�CHCH3)]� BFÿ4 gives a 57:43 equilibrium
mixture of isomers.[13] With 10, this exchanges Os1
and C43, or the �Re�C�C�C(Os2) face to which Os1


coordinates. Curiously, three 31P signals were
reproducibly observed (d� 23.6, 22.0, 21.6; area
ratio 52.6:19.7:27.7). The two less intense peaks
presumably correspond to additional isomers of
one of the �R�C isomers.[21]


Discussion


Many reactions of terminal alkynes and trios-
mium complexes [Os3(CO)10(L)(L')] (L, L'�
CO or NCCH3), as well as triiron and triruthe-
nium analogues, have been reported.[15] Surpris-
ingly, to our knowledge no adducts analogous to
the Re(CC)nOs3 species 2, 4, or 6 have been
described previously. Recently, reactions of
terminal alkynes and a low-temperature Ru3-
(CO)11 source have been shown to give the p


adducts [Ru3(CO)11(h2-RC�CH)].[22] Although
there are several modes by which 1, 3, or 5 might
initially interact with [Os3(CO)10(NCCH3)2] in
Scheme 1, this provides a precedent for the
simplest possibility.


As shown in Scheme 4, Bruce et al. have
found that the tungsten butadiynyl complex [(h5-
C5H5)W(CO)3(C�CC�CH)] and triruthenium
species [Ru3(CO)10(NCCH3)2] react to give 11,
which has a m3 ,h2-C�CH moiety.[18] When re-
fluxed in benzene, 11 decarbonylates to the
WC4Ru3(CO)9(H) complex 12, which is analo-
gous to the ReC4Os3(CO)9(H) complex 7 ob-
tained by the thermolysis of 4 in Scheme 1. In
principle, a tungsten/triruthenium complex sim-


Figure 6. Structure of major form of 10 ´ (C6H14)0.5 (top), and partial views (middle, bottom).
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ilar to 4 might be on the reaction coordinate between 11 and
12. Alternatively, a rhenium/triosmium complex similar to 11
might be on the reaction coordinate leading to 4. However, no
intermediates were detected by 31P NMR under the con-
ditions of Scheme 1.[23]


The spectroscopic features of our new complexes have close
precedents in related rhenium or triosmium species. However,
the oxidations of 2, 4, and 6 (Table 3 and Figure 4) have no
counterparts in [Os3(CO)10(L)2] compounds, and the poten-
tials are much less favorable thermodynamically than those of
other [(h5-C5Me5)Re(NO)(PPh3)(C�CX)] systems (R�
Pd(PEt3)2Cl, C�CPd(PEt3)2Cl, C�CRe(NO)(PPh3)(h5-C5Me5),
E�ÿ (CH2Cl2)[24]�ÿ0.02, 0.22, 0.01).[2] One rationale would be
a greater contribution by zwitterionic resonance forms
�Re�(C�C)n�(Os3)ÿ. This would explain the less facile
oxidation versus other rhenium complexes, or the more facile
oxidation versus other triosmium complexes. In contrast to
symmetrical Re(CC)nRe complexes,[2b] the longer-chain ad-
ducts 4 and 6 are more easily oxidized than 2. This would be
rationalized by a slight decrease in zwitterionic character with
chain length, rendering the rhenium more electron-rich,
which is consistent with the modest trend in IR nÄNO values
(2/4/6, 1667/1662/1663 cmÿ1).


Numerous mechanistic possibilities exist for the generation
of 10 in Scheme 3. We suggest than an initial carbon monoxide
dissociation is followed by a nucleophilic attack of the
ReC�C carbon upon the triosmium core, and then methoxide
migration. We are aware of only one other adduct of
[Os3(CO)9(OMe)] and a five-electron donor ligand, an
[Me2NCC(H)�CR] complex reported by Adams.[19a] The most
unusual feature of 10 is emphasized in views O and P in
Figure 6, namely that all of the bonds to the tetracoordinate
ReCCC terminus (C43) are directed to one side of a spatial
plane. Such deformations are even more severe than that of
planar tetracoordinate carbon,[25, 26] and should introduce
considerable strain and reactivity.


In fact, C43 is better described as having a trigonal
bipyramidal geometry with Os1 as one axial substituent and
the other axial substituent missing. The assembly is umbrella-
like, with the three equatorial substituents (Os2, Os3, C42)
slightly bent towards the Os1 handle. The deviation from
the equatorial plane is reflected in the sum of the C42-C43-
Os2, C42-C43-Os3, and Os2-C43-Os3 bond angles (350.68).
Similar situations occur with small-ring propellanes, in which
the quaternary carbons are said to have inverted geome-
tries.[27] It is noteworthy that Os1 is bound to the other three
substituents of C43, analogously to h4-trimethylenemethane
complexes.[28] Since osmium ± carbon bonds are intrinsically
shorter than osmium ± osmium bonds, the angle of the Os1 ±
C43 bond with the Os2-Os3-C42 plane (65.28) is less
than 908.


There is a growing awareness that cluster-based Cx com-
plexes, and other types of organometallic species, can contain
carbons with highly distorted geometries.[12, 26b,c, 28] Although 7
and 12 have not yet been structurally characterized, the four
bonds to their MCCCC termini must also lie on one side of a
spatial plane. Importantly, Shriver et al. have shown that
unique reactivity modes can be associated with such car-
bons.[6a, 29] However, the chemistry of these highly deformed


systems remains underexplored and constitutes an ongoing
objective of our program.


We have not attempted in this paper to review all of the
modes by which elemental carbon chains can bind to metal
clusters. However, the samples in Figure 1, coupled with our
data and the other examples cited, presage a field that will
become increasingly systematized. These efforts will be
motivated in part by practical objectives. For example, two-
dimensional superlattices of alkynyl- and aryl-linked metal
clusters are under active pursuit in other laboratories, with the
ultimate aim of producing nanoelectronic digital circuits.[30]


Finally, there are increasing numbers of polymetallic arrays in
which ligands are joined by sp-carbon chains.[31]


In summary, we have demonstrated that even-membered
sp-carbon chains with monorhenium and Os3(CO)10(H)
endgroups are easily constructed. The resulting h1,m2 assem-
blies are labile. From some standpoints this is desirable, as
other architecturally interesting carbon complexes such as 7
(or from related precursors, 10) can be readily accessed.
However, from a perspective of long-lived structures or
molecular devices, this is undesirable. Hence, one productive
direction for future research would be trimetallic systems with
less-dissociable spectator ligands, a more restricted set of
binding modes, and higher kinetic barriers. Nevertheless, the
new ReCxOs3 complexes described above have interesting
properties in their own right, and will be the subject of
ongoing investigations.


Experimental Section


General data : General procedures and instrumentation have been
described previously.[2a] Cyclic voltammograms were recorded with new
protocols.[2d, 24] The CH2Cl2 and CD2Cl2 were distilled or vacuum-trans-
ferred from CaH2, and THF and hexane were distilled from K/benzophe-
none. Other solvents or reagents were used as received from commercial
suppliers.


[(h5-C5Me5)Re(NO)(PPh3)(CC)Os3(CO)10(H)] (2): A Schlenk flask was
charged with 1[32] (0.025 g, 0.039 mmol), [Os3(CO)10(NCCH3)2] (0.037 g,
0.039 mmol)[33] and CH2Cl2 (10 mL). The mixture was stirred for 3 h.
Solvent was removed under vacuum (oil-pump). Thin-layer chromatog-
raphy (silica gel; hexane/CH2Cl2, 2:1 v/v) gave an orange band, which was
extracted with CH2Cl2. The extract was concentrated (approx. 1 mL), and
hexane was added (10 mL). Solvent was removed under vacuum (oil-
pump) to give 2 as an orange powder retaining 0.4 ± 0.5 equiv hexane
(0.047 g, 0.031 mmol, 78%).[34a] A CH2Cl2 solution of 2 was layered with
hexane in a sealed vial. This gave orange-red prisms that were used for X-
ray crystallography, m.p. 210 ± 213 8C (decomp). C40H31NO11Os3PRe ´
(C6H14)0.5 : calcd C 33.71, H 2.41; found C 33.03, H 2.35; IR (hexane): nÄ �
2091 (m), 2054 (s), 2039 (m), 2005 (vs), 1981 (m, sh), 1969 (m), 1705 (m),
1667 cmÿ1 (m); 1H NMR (CD2Cl2): d� 7.99, 7.40, 7.26 (m, 3 Ph), 1.74 (s,
C5Me5), ÿ16.70,(s, OsH);[34a] 13C{1H} NMR (CD2Cl2): d� 183.9, 183.8,
182.7, 181.8, 179.3, 178.4, 175.3, 172.8, 172.4, 170.7 (s, 10CO), 135.7 (br d, o-
Ph), 132.1 (br d, i-Ph), 129.3 (s, p-Ph), 128.5 (br d, m-Ph), 104.8 (s,
C5(CH3)5), 10.2 (s, C5(CH3)5); 31P{1H} NMR (CD2Cl2): d� 21.0 (s); UV/Vis
(1.1� 10ÿ5m ; hexane): lmax (e)� 316 (1.2� 104), 350 (1.2� 104), 384 nm
(1.1� 104); (CH2Cl2): lmax (e)� 320 (1.9� 104), 342 (1.8� 104), 390 nm
(1.4� 104); (CH3CN): lmax (e)� 318 (1.8� 104), 342 (1.7� 104), 394 nm
(1.3� 104).


[(h5-C5Me5)Re(NO)(PPh3)(13C13C)Os3(CO)10(H)] (2-13C2): This complex
was prepared from 1-13C2


[2d] by a procedure analogous to that for 2, m.p.
210 ± 213 8C (decomp). IR (hexane): nÄ � 2091 (m), 2054 (s), 2041 (m), 2006
(vs), 1980 (m), 1968 (m), 1676 (m), 1633 cmÿ1 (m); 1H NMR (CD2Cl2): d�
7.47 (m, 3Ph), 1.73 (s, C5Me5), ÿ16.71 (s, OsH);[34a] 13C{1H} NMR (CD2Cl2):
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d� 245.4 (dd, JCP� 8.8 Hz, JCC� 64.5 Hz, ReC), 183.9, 183.8, 182.8, 181.9,
179.4, 178.4, 175.3, 172.8, 172.4, 170.7 (s, 10 CO), 135.6 (br d, o-Ph), 132.1
(br d, i-Ph), 129.3 (s, p-Ph), 128.5 (br d, m-Ph), 124.2 (d, JCC� 64.5 Hz,
ReCC), 104.8 (s, C5(CH3)5), 10.2 (s, C5(CH3)5); 31P{1H} NMR (CD2Cl2): d�
20.6 (d, JPC� 8.9 Hz).


[(h5-C5Me5)Re(NO)(PPh3)(CCCC)Os3(CO)10(H)] (4): A Schlenk flask
was charged with 3[2a] (0.020 g, 0.030 mmol), [Os3(CO)10(NCCH3)2]
(0.028 g, 0.031 mmol), and CH2Cl2 (10 mL). The mixture was stirred for
3 h. Solvent was removed under vacuum (oil-pump). The residue was
dissolved in CH2Cl2 (1 mL), and hexane (10 mL) was added. The
precipitate was collected by filtration and dried under vacuum (oil-pump)
to give 4 as a red-orange powder retaining approximately 0.25 equiv of
hexane (0.038 g, 0.025 mmol, 83 %),[34b] m.p. 107 ± 110 8C (decomp); IR
(hexane): nÄ � 2093 (m), 2057 (vs), 2043 (vs), 2017 (vs), 2001 (vs),
1662 cmÿ1 (m); 1H NMR (CDCl3): d� 7.41 ± 7.39 (m, 3 Ph), 1.76 (s,
C5Me5), ÿ13.10 (s, OsH);[34b] 13C{1H} NMR (CD2Cl2): d� 178.4 (s), 153.4
(s), 145.8 (s), 139.2 (s), 139.0 (s), 134.5 (d, JCP� 10.3 Hz, o-Ph), 130.7 (s, p-
Ph), 128.7 (d, JCP� 10.4 Hz, m-Ph), 102.0 (s, C5(CH3)5), 10.4 (s, C5(CH3)5);
13C{1H} NMR (CD2Cl2, ÿ80 8C): d� 242.9 (br, ReC), 187.7, 185.7, 182.6,
181.6, 180.4, 179.0, 177.5, 175.8, 174.3, 174.2 (s, 10CO), 152.6, 148.4, 144.7 (s,
ReCCCC), 138.2 ± 127.7 (3 C6H5), 101.1 (s, C5(CH3)5), 9.82 (s, C5(CH3)5);
31P{1H} NMR (CD2Cl2): d� 21.6 (s); UV/Vis (1.7� 10ÿ5m, hexane): 296
(1.4� 104), 388 (7.5� 103), 500 nm (4.9� 103); (CH2Cl2): lmax (e)� 296 (sh,
1.9� 104), 508 nm (5.7� 103); (CH3CN): lmax (Ge)� 298 (1.9� 104), 506 nm
(6.2� 103); MS (positive Cs-FAB, 3-NBA/CH2Cl2):[35] m/z : 1514 [4�]
(40 %), 1486 [4�ÿCO] (100 %), 614 [(h5-C5Me5)Re(NO)(PPh3)�] (35 %),
no other peaks >15 % at m/z >450.


[(h5-C5Me5)Re(NO)(PPh3)(CCCCCC)Os3(CO)10(H)] (6): A Schlenk flask
was charged with 5[2b] (0.025 g, 0.036 mmol) and [Os3(CO)10(NCCH3)2]
(0.034 g, 0.036 mmol) and cooled to ÿ45 8C (NCCH3/CO2). The solution
was stirred and CH2Cl2 (10 mL) was added. The cold bath was allowed to
warm to room temperature. After 2 h, hexane (10 mL) was added. The
mixture was filtered through Celite (2 cm plug). Solvent was removed from
the filtrate under vacuum (oil-pump) to give 6 as a red-brown powder
retaining approximately 0.6 equiv of hexane (0.035 g, 0.023 mmol,
61%),[34c] decomp (no melting) at 65 ± 66 8C. C44H31NO11Os3PRe ´
(C6H14)0.5 : calcd C 34.95, H 2.40; found C 34.94, H 2.43; IR (hexane): nÄ �
2095 (w), 2060 (vs), 2043 (sh), 2025 (vs), 2004 (vs), 1843 (w), 1663 cmÿ1 (w);
1H NMR (CD2Cl2): d� 7.48 ± 7.40 (m, 3 Ph), 1.71 (s, C5Me5), ÿ15.90 (s,
OsH);[34c] 13C{1H} NMR (CD2Cl2, partial): d� 133.5 (d, JCP� 10.2 Hz, o-
Ph), 129.9 (s, p-Ph), 127.8 (d, JCP� 10.2 Hz, m-Ph), 100.7 (s, C5(CH3)5), 9.3
(s, C5(CH3)5); 13C{1H} NMR (CD2Cl2, ÿ80 8C): d� 204.9 (br, ReC), 190.5,
187.7, 186.9, 185.6, 183.3, 179.3, 177.5, 175.0, 174.3, 173.9 (s, 10 CO), 137.7,
136.9 (s, 2C of ReCCCCCC),[36] 134.7 ± 127.9 (3C6H5), 113.1, 112.6, 109.4 (s,
3C of ReCCCCCC),[36] 100.7 (s, C5(CH3)5), 9.6 (s, C5(CH3)5); 31P{1H} NMR
(CD2Cl2): d� 22.3 (s); UV/Vis (1.1� 10ÿ5m, hexane): lmax (e)� 306 (1.8�
104), 516 nm (3.6� 103); (CH2Cl2): lmax (Ge)� 306 (2.1� 104), 516 nm
(4.1� 103); MS (positive Cs-FAB, 2-nitrophenyl octyl ether/CH2Cl2):[35] m/
z : 1538 [6�] (100 %), 1510 [6�ÿCO] (40 %), no other peaks >20% at m/z
>500.


[(h5-C5Me5)Re(NO)(PPh3)(CCCC)Os3(CO)9(H)] (7): A Schlenk flask
was charged with 4 (0.023 g, 0.015 mmol) and hexane (15 mL) and fitted
with a condenser. The solution was refluxed and stirred (2 h), and then
cooled to room temperature. The solvent was decanted from a residue and
removed under vacuum (oil-pump) to give 7 as a red-brown powder
retaining approximately 0.4 equiv of hexane (0.013 g, 0.008 mmol,
57%),[34d] decomp (no melting) 87 ± 89 8C. C41H31NO10Os3PRe ´ (C6H14)0.5 :
calcd C 33.79, H 2.41; found C 33.71, H 2.41; IR (CH2Cl2): nÄ � 2095 (w),
2070 (vs), 2047 (s), 2037 (m), 2023 (sh), 2014 (vs), 1975 (m), 1663 cmÿ1 (w);
1H NMR (CD2Cl2): d� 7.49 ± 7.41 (m, 3 Ph), 1.77 (s, C5Me5), ÿ22.34 (s,
OsH);[34d] 13C{1H} NMR ([D8]THF): d� 174.9 (s), 170.2 (s), 170.1 (s), 166.0
(s), 134.4 (d, JCP� 10.7 Hz), 132.5 (d, JCP� 9.8 Hz), 130.9 (s, p-Ph), 128.9 (d,
JCP� 10.5 Hz, m-Ph), 102.0 (s, C5(CH3)5), 10.3 (s, C5(CH3)5); 13C{1H} NMR
([D8]THF, ÿ80 8C): d� 242.9 (d, JCP� 11.5 Hz, ReC), 182.8, 176.4(2),
175.4(2), 171.6, 170.7, 170.6, 166.2 (s, 9CO), 154.0 (s, 1C of ReCCCC),[36]


136.1 ± 129.0 (3 C6H5), 118.9, 115.5 (s, 2C of ReCCCC),[36] 101.4 (s,
C5(CH3)5), 10.2 (s, C5(CH3)5); 31P{1H} NMR (CD2Cl2): d� 21.4 (s); MS
(positive Cs-FAB, 2-nitrophenyl octyl ether/CH2Cl2):[35] m/z : 1485 [7�]
(100 %), no other peaks >10% above m/z >300.


[(h5-C5Me5)Re(NO)(PPh3)(CC)Os3(CO)10(H)2]�Xÿ (8�Xÿ):
Method A : A Schlenk flask was charged with 2 (0.025 g, 0.016 mmol) and
CH2Cl2 (10 mL) and cooled to ÿ45 8C (NCCH3/CO2). The solution was
stirrred and HBF4 ´ OEt2 (2.5 mL, 0.003 g, 0.016 mmol) was added. After
10 min, the cold bath was removed. After 1 h, the solution was filtered
through Celite (1 cm plug). Solvent was removed from the filtrate under
vacuum (oil-pump) to give 8�BFÿ4 as an orange powder retaining
approximately 0.5 equiv hexane (0.018 g, 0.011 mmol, 69%),[34e] m.p.
199 ± 201 8C (decomp). C40H32BF4NO11Os3PRe ´ (C6H14)0.5 : calcd C 31.87,
H, 2.43; found C 31.38, H 2.49; IR (CH2Cl2): nÄ � 2137 (m), 2110 (s), 2076
(s), 2058 (s), 2042 (s), 2006 (m), 1701 (w), 1674 cmÿ1 (s); 1H NMR (CD2Cl2):
d� 7.97 ± 7.90, 7.68 ± 7.25 (m, 3Ph), 1.78 (s, C5Me5), ÿ15.68 (d, JHH� 0.9 Hz,
OsH), ÿ19.39 (d, JHH� 0.9 Hz, OsH).[34e] 31P{1H} NMR (CD2Cl2): d� 22.8
(s).
Method B : A Schlenk flask was charged with 8� ´ BFÿ4 (0.025 g, 0.015 mmol),
acetone (10 mL), and NaSbF6 (0.044 g, 0.170 mmol). The sample was
stirred for 1 h, and solvent was removed under vacuum (oil-pump). The
residue was dissolved in CH2Cl2 (5 mL) and filtered through Celite (2 cm
plug). Solvent was removed under vacuum (oil-pump) to give an orange oil.
An acetone solution of the oil was layered with benzene (1:1 v/v). This gave
orange prisms of 8� ´ SbFÿ6 ´ acetone ´ C6H6 that were used for crystallog-
raphy. IR (CH2Cl2): nÄ � 2100 (w), 2043 (s), 2031 (s), 2010 (vs), 1989 (m),
1979 (s), 1966 (m), 1940 (m), 1673 cmÿ1 (m).


[(h5-C5Me5)Re(NO)(PPh3)(CCC)Os3(CO)9(OMe)] (10): A Schlenk flask
was charged with 9[12] (0.025 g, 0.016 mmol) and heptane (10 mL) and fitted
with a condenser. The solution was refluxed and stirred (4 h), and then
cooled to room temperature. Solvent was removed under vacuum (oil-
pump). Thin-layer chromatography of the residue (silica gel; hexane/
CH2Cl2 1:1 (v/v)) gave two orange bands (9, 10). The second was extracted
with CH2Cl2. The extract was concentrated (approx. 1 mL), and hexane was
added (10 mL). Solvent was removed under vacuum (oil-pump) to give 10
as a red-orange powder retaining � 0.5 equiv hexane (0.016 g, 0.011 mmol,
63%). The sample was dissolved in CH2Cl2 and layered with hexane (sealed
vial). This gave red prisms that were dried under an N2 flow and used for
crystallography (0.0095 g, 0.006 mmol),[34f] m.p. 172 ± 174 8C.
C41H33NO11Os3PRe ´ (C6H14)0.5 : calcd C 34.17, H, 2.61; found (two samples)
C 34.09/34.46, H 2.57/2.64; IR (CH2Cl2): nÄ � 2067 (m), 2044 (s), 2015 (s),
1979 (s), 1961 (s), 1668 cmÿ1 (w); 1H NMR (CD2Cl2): d� 7.60 ± 7.45 (m,
3Ph), 3.79, 3.51 (2 s, 48.0:52.0, OMe), 1.76, 1.73 (2s, 47.7:52.3, C5Me5);[34f]


31P{1H} NMR (CD2Cl2): d� 23.6, 22.0, 21.6 (3 s, 52.6:19.7:27.7); MS
(positive Cs-FAB, 3-NBA/CH2Cl2):[35] m/z : 1505 [M�] (50 %; see Figure 5),
1478 [M�ÿCO�1] (100 %), no other peaks >30 % above 400.


Crystallography : Data were collected for 2 ´ (C6H14)0.5 , 8�SbFÿ6 ´ acetone ´
C6H6, and 10 ´ (C6H14)0.5 as outlined in Table 1. Cell constants were obtained
from 25 reflections (118< 2q< 288 ; 28< 2q< 248 ; 258< 2q< 308). Space
groups were determined from systematic absences (h0 l h� l� 2n, 0k 0
k� 2n ; h0 l h� l� 2n, 0 k0 k� 2n ; none) and subsequent least-squares
refinement. Standard reflections (every 200 scans) showed no decay.
Lorentz, polarization, and empirical absorption (Y scans) corrections were
applied. The structures were solved by standard heavy-atom techniques
with the MOLEN VAX package, and refined with SHELXL-93.[37] Non-
hydrogen atoms were refined anisotropically, except for the hexane solvate
and disordered OMe atoms of 10 (which refined to a 62(4):38(4) O81/O81'
occupancy). The osmium hydrides were located and refined isotropically.
Other hydrogen atom positions were calculated and added to the structure
factor calculations. Scattering factors, and Df' and Df'' values, were taken
from the literature.[38] Crystallographic data (excluding structure factors)
for 8� ´ SbFÿ6 ´ acetone ´ C6H6 and 10 ´ (C6H14)0.5 ,[39] and an ORTEP with the
minor form of the latter, have been deposited with the Cambridge
Crystallographic Data Centre as Supplementary Publication no. CCDC-
100854. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Abstract: The influence of high super-
saturation on kinetic control and the
importance of the polypeptide structure
in the crystallization of calcium carbo-
nate polymorphs were studied in cross-
linked gelatin films containing high
concentrations of the polypeptides
poly-l-aspartate and poly-l-glutamate.
Oriented crystallization of vaterite oc-
curs in uniaxially deformed gelatin films
containing poly-l-aspartate at concenta-
tions greater than 100 mg per gram of
gelatin. The fact that no orientation of
the mineral phase was observed with


entrapped poly-l-glutamate at the same
concentrations suggests that the orient-
ed crystallization is controlled by the b


sheet structure assumed by poly-l-as-
partate in the presence of calcium ions.
These results indicate that local super-
saturation in the microenvironment in
which nucleation and growth occur plays
an important role in controlling the


deposition of vaterite in cross-linked
gelatin films. However, collagen bundles
and the ordered and oriented polypep-
tide chains of poly-l-aspartate can con-
tribute to the control of polymorphism
by inducing the formation of a specific
phase by epitaxial crystallization, as
suggested by the preferentially oriented
deposition of vaterite and aragonite.
This is of potential significance in bio-
mineralization processes and in materi-
als science.


Keywords: bioinorganic chemistry ´
biomineralization ´ calcium carbo-
nate ´ gelatin ´ materials science


Introduction


Calcium carbonate can be precipitated as three distinct
crystalline phases: calcite, aragonite, and vaterite. Calcite is
the most stable, and vaterite the least stable polymorph.[1]


Polymorphism selectivity in an inorganic environment
requires different initial conditions of temperature and
pressure and the use of additives.[2] The most soluble
polymorph, vaterite, is selectively precipitated only in the
presence of specific additives. It does not show defined
morphologies, tends to form spherical aggregates, and when
wet it changes into more stable polymorphs.[3] The poly-
morphism and habitus of calcium carbonate crystals are
difficult to control. However, these problems are easily
overcome by organisms, which control the polymorphism,
chemical composition, morphology, and texture of the depos-
ited mineral.[4] Calcite and aragonite are widespread in marine
organisms, and vaterite, monohydrocalcite, and amorphous
calcium carbonate are formed and stabilized by some
organisms.[5]


Several studies suggest that calcium carbonate polymor-
phism selectivity in organisms is controlled by specific
glycoproteins in the presence of particular substrates.[6] The
possibility of inducing preferred nucleation of calcium
carbonate polymorphs under Langmuir monolayers with an
appropriate supramolecular motif has been reported.[7]


Charged groups on a substrate can stabilize crystal clusters
in a specific or nonspecific way. When the charge distribution
and repeat distances of the charged groups are complemen-
tary to the crystal surface of a specific crystal plane, the
activation energy is lowered. The result is not only the
preferred crystallization of one polymorph, but also oriented
crystal nucleation on a specific plane of recognition. Falini
et al.[8] induced the oriented crystallization of calcite and
aragonite by means of cross-linked gelatin films with en-
trapped poly-l-aspartate (poly-Asp). These results suggested
that the control of calcium carbonate polymorphism and the
architectural assembly of the crystals were related to the
modeling of the nucleation sites in terms of poly-Asp
concentration, local supersaturation, and the shape of the
microenvironment.


To investigate the influence of higher supersaturation on
kinetic control and the importance of the polypeptide
conformation on the oriented nucleation of calcium carbonate
polymorphs, we used cross-linked gelatin films with high
concentrations of the entrapped polypeptides poly-Asp and
poly-l-glutamate (poly-Glu). The different structures of poly-
Asp and poly-GluÐthe former has a b sheet structure in the
presence of calcium ions and the latter a random conforma-


[*] Prof. A. Ripamonti, Dr. G. Falini , Dr. S. Fermani
Dipartimento di Chimica G. Ciamician, Universita� degli Studi
Via Selmi 2, 40126 Bologna (Italy)
Fax: (�39) 51-259456
E-mail : aripamo@ciam.unibo.it


Dr. M. Gazzano
Centro di Studio per la Fisica delle Macromolecole, CNR (Italy)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1048 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 61048







1048 ± 1052


Chem. Eur. J. 1998, 4, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1049 $ 17.50+.25/0 1049


tion[9]Ðshould differ in their influence on mineral deposition
in uniaxially deformed cross-linked gelatin films.


Results


In the presence of gelatin films without entrapped polypep-
tide, calcite precipitates at the air/water interface and on the
film surface. At a concentration of 100 mg of poly-Asp per
gram of gelatin, aragonite was the only calcium carbonate
polymorph detected in the unstretched films by X-ray
diffraction analysis, whereas vaterite was the sole crystalline
phase in uniaxially deformed films (Table 1; Figures 1 and 2).
Under the same conditions, poly-Glu induced the formation
of aragonite in unstretched films, and a mixture of aragonite
and vaterite in uniaxially stretched films. At higher concen-
trations of entrapped poly-Asp (300 mg per gram of gelatin)
only vaterite was detected in both stretched and unstretched
films. Under analogous conditions poly-Glu induced the


Figure 1. X-ray diffraction pattern of intact uniaxially deformed gelatin
film with internally grown vaterite. The X-ray beam was perpendicular to
the surface of the gelatin film. The characteristic collagen diffraction
maxima, meridional at 0.29 nm and equatorial at 1.1 nm, are preferentially
oriented parallel and perpendicular to the direction of elongation. The
sample is inclined with respect to the X-ray beam to intensify the
meridional reflection at 0.29 nm. The oriented vaterite reflections (002)
and (100) are indicated.


Figure 2. X-ray diffraction pattern of deproteinated vaterite fragments
obtained with the X-ray beam perpendicular (top) and parallel (bottom) to
the direction of elongation of the gelatin film.


precipitation of both vaterite and aragonite in the films
(Table 1). The FT-IR spectra of deproteinated samples
confirm the identity of the crystalline phases in showing
characteristic maxima at 744 and 875 cmÿ1 for vaterite and at
712 and 860 cmÿ1 for aragonite.[10] The presence of a small
amount of amorphous calcium carbonate can not be excluded
on the basis of X-ray diffraction and FT-IR data because of


Abstract in Italian: L�influenza della supersaturazione sul
controllo cinetico e l�importanza della struttura del polipeptide
sulla cristallizzazione dei polimorfi del carbonato di calcio
sono stati studiati usando films di gelatina reticolata contenenti
alte concentrazioni di due diversi polipeptidi : poli-l-aspartato
e poli-l-glutamato. Cristalli orientati di vaterite si depositano
all�interno di films di gelatina, uniassialmente deformati,
contenenti poli-L-aspartato quando il contenuto del polipepti-
de eÁ superiore a 100 mg per grammo di gelatina. Nessun effetto
di orientamento eÁ stato osservato nei films contenenti poli-l-
glutamato. CioÁ suggerisce che il controllo sulla cristallizzazio-
ne orientata eÁ dovuto alla struttura ordinata assunta dal poli-l-
aspartato in presenza di ioni calcio.
Questi risultati indicano che la supersaturazione locale nel
microambiente, dove hanno luogo nucleazione e crescita, ha
un ruolo importante nel controllo della deposizione di vaterite
all�interno dei films di gelatina reticolata. Tuttavia, la matrice
collagenosa e le catene polipeptidiche orientate e ordinate del
poli-l-aspartato possono contribuire al controllo del polimor-
fismo, inducendo la formazione di una fase specifica mediante
una cristallizzazione epitassiale, come suggerito dalla deposi-
zione orientata di vaterite e aragonite. CioÁ eÁ perticolarmente
significetivo per i processi di biomineralizzazione e per la
scienza dei materiali.


Table 1. Mineral phases deposited inside gelatin films containing poly-
peptides.


Unstretched Uniaxially deformed[a]


100[b] 300[b] 100[b] 300[b]


poly-Asp unoriented unoriented oriented oriented
aragonite vaterite vaterite vaterite


poly-Glu unoriented
aragonite


unoriented
vaterite and
aragonite


unoriented
vaterite and
aragonite


unoriented
vaterite and
aragonite


[a] The films were deformed at 120 %. [b] mg of polypeptide per gram of
gelatin.
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the difficulties in detecting this form when it is associated with
a crystalline phase.


Optical micrographs of vaterite deposits in uniaxially
deformed films (120 % elongation) are shown in Figure 3.
The shapes of the vaterite aggregates are modulated by the
film cavities formed by the collagen bundles. The shaping of
the organic matrix and the orientation induced by stretching
are more evident in the scanning electron micrographs of the
deproteinated samples (Figure 4). The vaterite aggregates,
which are randomly oriented in unstretched films, orient
themselves inside the cavities of the stretched films.


The X-ray diffraction patterns (Figure 1) show that during
the uniaxial deformation the gelatin layers reorganize in
bundles parallel to the direction of elongation; they are
composed of oriented segments of collagen molecules, as
indicated by the orientation of the characteristic meridional
and equatorial diffraction maxima at 0.29 and 1.1 nm,
respectively. No diffraction effect due to poly-Asp chains in
an oriented b sheet structure could be detected. This does not
exclude the possible orientation of poly-Asp chains in the b


sheet structure that is expected in the presence of calcium
ions. In fact the strongest reflections of the X-ray fiber
diffraction pattern of a b pleated sheet structure are hidden by
those of the oriented collagen bundles.


The vaterite crystals grown in the uniaxially deformed films
containing poly-Asp are preferentially oriented with the c axis
parallel to the collagen fiber axis, which in turn is parallel to
the direction of elongation (Figure 1). The arched vaterite
reflections are on layer lines, as expected for a crystal rotating
around the c axis. Indeed, the diffraction pattern did not
change on rotation of the sample around the direction of
elongation. Clearer diffraction patterns, obtained from de-
proteinated vaterite fragments with the X-ray beam perpen-
dicular and parallel to the direction of film elongation, are
shown in Figure 2. The d spacings, orientation, and indexes of
the reflections for the hexagonal subcell[11] with a� 0.413 and
c� 0.849 nm are listed in Table 2. No orientation was
observed when the X-ray beam was parallel to the direction


of elongation. The Debye rings
were continuous, and the intensities
of the (00l) reflections were not
observed; this in agreement with a
preferential orientation of vaterite
crystals with the c axis parallel to
the direction of elongation, but
randomly oriented in all the other
respects.


Discussion


The results summarized in Table 1
indicate that poly-Asp exerts a
more severe control on polymor-
phism than poly-Glu, and that uni-
axial deformation favors the for-
mation of the most soluble crystal-
line phase of calcium carbonate.
With the increased diffusion of


calcium ions in the film with a high concentration of
polypeptide, local supersaturation can become so large that
the product of the activities of the ions in the microenviron-
ment in which crystallization occurs can greatly exceed the


Figure 3. Optical micrographs of vaterite aggregates grown in oriented films at two different magnifications.
Left: Scale bar� 500 mm; right: Scale bar� 200 mm.


Figure 4. Scanning electron micrographs of deproteinated vaterite aggre-
gates. Top: Grown in unstretched films (scale bar� 10mm); bottom: Grown
in uniaxially deformed films (scale bar� 100mm). The arrow indicates the
direction of elongation.
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thermodynamic solubility product. In accordance with Ost-
wald�s rule,[12] which predicts that the least stable phase with
the highest solubility is formed preferentially under kineti-
cally controlled conditions of sequential precipitation, vater-
ite precipitates in cross-linked gelatin films when the poly-
peptide content is high. The average dimensions of the film
cavities prior to mineral deposition decrease on uniaxial
deformation, as indicated by swelling data.[8] This could imply
a higher calcium content in a smaller volume and hence an
increase in the local supersaturation, which could explain the
preferred precipitation of the less stable form at the same
polypeptide concentration. However, an orientation of the
polypeptide chains in which the carboxylate groups protrude
into the cavities of the uniaxially deformed films not only can
contribute to the increase in concentration of calcium ions,
but can also stabilize and/or induce an oriented crystalline
form by specific interactions with a particular crystal plane.


A stronger electric field due to higher concentration and
more closely spaced three-dimensional distribution of the
negatively charged carboxylate groups should favor the
interaction with the most positively charged crystalline plane.
Vaterite has two homocharged calcium planes (001) and (100)
with a charge density of about 6.7 calcium ions per square
nanometer, similar to that of the {012} calcium planes of
calcite, but higher than those of the (001) calcium planes of
calcite (4.5 calcium ions per nm2) and aragonite (5.0 calcium
ions per nm2). In biological environments[4] calcite and
aragonite often crystallize from their (001) planes, in which
the calcium ion positions are practically identical.[1] Oriented
nucleation of calcite from the homocharged (012) plane in
calcitic sponge[13] and under monolayers of polydiacetylene
carboxylates has been described.[14] Crystallization of calcite
or aragonite from the (001) plane in the presence of poly-Asp
with the b pleated-sheet structure will result in orientation of
the crystallographic c axis perpendicular to the polypeptide
sheet according to energy-optimization calculations,[15] which
revealed that the strongest binding of poly-Asp in the b


conformation occurs with the (001) basal plane of calcite. This
interaction between the polypeptide and the (001) plane of
calcite was invoked to explain the (001)-oriented crystalliza-
tion of calcite on the surface of the gelatin film at concen-
trations of entrapped poly-Asp of less than 0.5 mg per gram
gelatin.[8a] At poly-Asp concentrations between 0.5 mg and
1.0 mg per gram gelatin, crystalline deposits of aragonite
partially oriented with the c axis perpendicular to the
direction of elongation were formed in uniaxially deformed
cross-linked gelatin films.[8] Recently, crystallization of ara-
gonite preferentially oriented with the (010) plane parallel to
the monolayer surface of 5-hexadecyloxyisophtalic acid was
reported.[7b] Ionic interactions of calcium ions with hydrox-
yethyl cellulose was considered to be one of the possible
factors that influences the precipitation of organized vaterite
platelets from aqueous solutions of the cellulose ether.[16]


Oriented crystallization of vaterite from homocharged (001)
calcium ion planes takes place under stearate monolayers,
whereas under positively charged octadecylamine monolay-
ers, vaterite crystallizes from (001) and (110) planes.[17] The
orientation of vaterite crystals formed in uniaxially deformed
cross-linked gelatin films containing poly-Asp suggests that
poly-Asp with the b structure interacts with the most
positively charged crystal plane (100), which is parallel to
the c axis.


It is difficult to deduce in a complete way from these results
the factors that control the oriented crystallization of calcium
carbonate polymorphs. However, there is no doubt that the
density and geometrical arrangement of the negative charges
on the surface or in the cavities of the organic matrix in which
nucleation occurs control the oriented nucleation and influ-
ence the polymorphism selectivity. A plausible mechanism of
aragonite and vaterite growth inside collagenous matrices
must involve both thermodynamic and kinetic control. The
sequential precipitation of aragonite and then vaterite when
the local supersaturation is increased by a higher concen-
tration of poly-Asp or poly-Glu, or by the smaller size of the
cavities in the stretched films, suggests kinetic control of
polymorphism. However, the orientation of both aragonite[8b]


and vaterite crystals grown in uniaxially deformed films
containing poly-Asp suggests thermodynamic control by
specific recognition of homocharged calcium-ion crystal
planes by the b sheet structure of the polypeptide. Thus the
deposition of vaterite inside uniaxially deformed gelatin films
with entrapped poly-Asp can be schematically represented as
shown in Figure 5.


Conclusions


In conclusion, the local supersaturation in the microenviron-
ment in which nucleation and growth occur plays an
important role in controlling the deposition of aragonite or
vaterite in cross-linked gelatin films. However, the collagen
bundles and oriented b chains of poly-Asp can contribute to
the control of polymorphism by inducing the formation of a
specific phase by epitaxial crystallization, as suggested by the
preferential oriented deposition of vaterite and aragonite only
in the presence of poly-Asp. The fact that mixtures of the


Table 2. X-ray diffraction data obtained from diffraction pattern of Figure
2 top.


d [nm] Orientation[a] Intensity[b] hkl[c]


0.426 M m 002
0.359 E s 100
0.328 F s 101
0.2750 F vs 102
0.2323 vw [d]


0.2217 w 103
0.2124 M w 004
0.2073 E s 110
0.1856 w 112
0.1823 F s 104
0.1797 E vw 200
0.1651 F w 202


[a] The reflections orientations are indicated as: M�meridional, that is
parallel to film elongation; E� equatorial, that is perpendicular to film
elongation; F� four arcs arranged symmetrically with respect to the
meridional and equatorial directions. [b] vw� very weak; w�weak; m�
medium; s� strong; vs� very strong. [c] Relative to the vaterite subcell
with a� 0.413 nm c� 0.849 nm.[11] [d] This reflection can be indexed as
(211) for the hexagonal cell parameters a� 0.7169 nm c� 1.698 nm.[3d]
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different forms of calcium carbonate were not found in the
films containing poly-Asp indicates that the supramolecular
assembly exerts strict control over polymorphism. These
results on the oriented crystallization of a definite calcium
carbonate polymorph are of potential significance in crystal
engineering as well as in biomineralization.


Experimental Section


High-purity (NH4)2CO3 and CaCl2 ´ 2H2O were purchased from Merck;
type A gelatin from pigskin (300 Bloom); poly-l-aspartic acid (sodium salt,
Mr 9600) and poly-l-glutamic acid (sodium salt, Mr 9600) were purchased
from Sigma; deionized water (2 mS, Millipore).


Gelatin films containing polypeptides were prepared as previously
described.[8b] The cross-linked gelatin films become increasingly brittle
with increasing concentration of entrapped polypeptide. Therefore, the
highest polypeptide concentration used was 300 mg of polypeptide per
gram of gelatin. At this concentration the films can be uniaxially deformed
only up to 120 % elongation.


Calcium carbonate crystals were grown in the films at 18 8C by slow
diffusion of (NH4)2CO3 vapor into solution of calcium chloride(10 mm), as
described by Addadi et al.[9] Although it is difficult to reproduce the
nucleation density, the same mineral forms were observed in repeated
experiments. Deproteinated samples were obtained by treatment with
sodium hypochlorite.


Morphological investigations were carried out with an optical microscope
and a Philips XL-20 scanning electron microscope. High-angle X-ray
diffraction analysis with CuKa radiation was carried out with a flat camera.
Fourier transform infrared spectra were measured on KBr pellets in a
Nicolet 250 FT-IR spectrometer.
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Abstract: After earlier work in this
laboratory on phase relations and crystal
structures in the quasibinary system of
hydrogen fluoride and pyridine, six low-
melting adducts with trimethyl- and
triethylamine in lieu of pyridine have
now been identified and their structures
determined at ÿ150 8C: Me3N ´ 3 HF
(m.p. 0 8C, orthorhombic, Pnma, Z� 4),
Et3N ´ 3 HF (m.p. ÿ27 8C, orthorhombic,
Pbca, Z� 8), Me3N ´ 4 HF (m.p. ÿ53 8C,
triclinic, P1Å, Z� 4), Et3N ´ 4 HF (m.p.


ÿ87 8C, monoclinic, P21, Z� 2), Me3N ´
5 HF (m.p. ÿ93 8C (decomp), triclinic,
P1Å, Z� 2) and Me3N ´ 7 HF (m.p.
ÿ88 8C, hexagonal, P63, Z� 2). Struc-
ture analysis was also performed on a
further pyridine adduct: Py ´ 6 HF (m.p.
ÿ95 8C (decomp), triclinic, P1Å, Z� 2).


With the base protonated and the hydro-
gen fluoride content correspondingly
deprived of one proton, all structures
are ionic. They are described with re-
spect to the F ± H ´´´ F and
N ± H ´´´ F hydrogen bonding and the
various Hnÿ1Fÿn complex ions present.
These ions and others of the same kind
observed in crystal structures are sur-
veyed with regard to homology (size)
and isomerism.


Keywords: fluorine ´ hydrogen
bonds ´ ion pairs ´ protonation ´
solid-state structures


Introduction


Solutions of pyridine and also of small trialkylamines, mainly
triethylamine, in a large molar excess of hydrogen fluoride
(typically 1:9 and 1:3, respectively) have already been
described and are in wide use as convenient reagents for a
variety of preparative fluorination reactions.[1] The present
study is focused on the binary systems themselves, more
precisely on the adducts or complexes that can be crystallized
from them on cooling, as a function of composition. In an
earlier investigation in this laboratory, as many as eight
different low-melting adducts were identified by phase
analysis in the hydrogen fluoride and pyridine system, and
four of them were characterized by their crystal structures.[2, 3]


In the following, these methods are applied to hydrogen


fluoride adducts of trimethylamine and triethylamine,[4] and
the structure of another pyridine adduct is also reported.


Results and Discussion


The melting diagram obtained for the system of trimethyl-
amine and hydrogen fluoride (Figure 1) proves the existence
of four solid adducts Me3N ´ nHF (n� 3, 4, 5, and 7) with
melting points at 0, ÿ53, ÿ93, and ÿ88 8C, respectively. (A
phase transition at ÿ104 8C of the adduct n� 5 was indicated
by the difference thermal analysis (DTA), but was not
confirmed by the X-ray powder work.) Phase analysis in the


Figure 1. Melting diagram of the system Me3N/HF in the range 75 ±
100 mol % HF, with measuring points obtained by DTA.
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system with triethylamine was severely hampered by vitri-
fication, and only two crystalline adducts Et3N ´ nHF (n� 3
and 4), with melting points at ÿ27 and ÿ87 8C, could be
found.


Single crystals were obtained for all these adducts and for
the pyridine adduct Py ´ 6 HF, which melts incongruently at
ÿ95 8C,[2] and their structures were determined. The crystallo-
graphic data are listed in Table 1 in the order of increasing
molar HF content. With the base protonated and the hydro-
gen fluoride content deprotonated, all the adducts were found
to be ionic. Strong hydrogen bonds F ± H ´´´ F are effective
within the Hnÿ1Fÿn ions and weaker N ± H ´´´ F between these
and the NH� ions.


In the following, the structures will be dealt with in three
groups, n� 3 (two complexes), n� 4 (two complexes), and
n� 5 ± 7 (three complexes). Drawings with 25 % ellipsoids for
the non-hydrogen atoms and geometric data for the hydrogen
bonds are in Figures 2 ± 4 and Tables 2 ± 4, respectively. The
hydrogen atom positions are not corrected for the systematic
error of the X-ray method. To emphasize the complex anions
in the drawings, ellipsoid equatorial lines are shown only for
the F atoms and atomic labeling is omitted in the whole C ± H
range.


In Me3N ´ 3 HF and Et3N ´ 3 HF, the N ± H ´´´ F hydrogen
bond is donated to the central fluoride of an H2Fÿ3 or
[F(HF)2]ÿ ion and binds this and the cation in a discrete ion
pair (Figure 2 and Ta-
ble 2). For the Me3N
complex, the pair is lo-
cated on the mirror plane
of the space group.


In the structures of the
two remaining groups,
the hydrogen bonding be-
tween the cations and
larger anions involves on-
ly terminal F atoms of the
latter. At the same time,
the hydrogen bonds are
not of the unidirectional
type, but bi- or trifurcat-
ed instead. This leads to
higher connectivities
than those of ion pairs.


In Me3N ´ 4 HF and
Et3N ´ 4 HF, the anions
H3Fÿ4 are virtually planar
and in the branched-
chain form [F(HF)3]ÿ .


Abstract in German: Nach einer früheren Arbeit in diesem
Institut über Phasenbeziehungen und Kristallstrukturen im
quasibinären System von Fluorwasserstoff und Pyridin wurden
nun sechs tiefschmelzende Addukte mit Trimethyl- und Tri-
ethylamin an Stelle von Pyridin identifiziert und ihre Strukturen
bei ÿ150 8C bestimmt: Me3N ´ 3 HF (Schmp. 0 8C, orthorhom-
bisch, Pnma, Z� 4), Et3N ´ 3 HF (Schmp. ÿ27 8C, orthorhom-
bisch, Pbca, Z� 8), Me3N ´ 4 HF (Schmp. ÿ53 8C, triklin, P1Å,
Z� 4), Et3N ´ 4 HF (Schmp. ÿ87 8C, monoklin, P21, Z� 2),
Me3N ´ 5 HF (Schmp. ÿ93 8C (Zers.), triklin, P1Å, Z� 2) und
Me3N ´ 7 HF (Schmp. ÿ88 8C, hexagonal, P63, Z� 2). Auch an
einem weiteren Pyridinaddukt wurde eine Strukturanalyse
durchgeführt: Py ´ 6 HF (Schmp. ÿ95 8C (Zers.), triklin, P1Å,
Z� 2). Da die Base protoniert und der Fluorwasserstoffanteil
entsprechend deprotoniert ist, liegen ausschlieûlich ionische
Strukturen vor. Ihre Beschreibung erfolgt anhand der auftre-
tenden Wasserstoffbrücken F ± H ´´´ F und N ± H ´´´ F sowie
komplexen Anionen Hnÿ1Fÿn. Letztere und solche aus weiteren
Kristallstrukturen werden nach Homologie (Gröûe) und Iso-
merie geordnet in einem Überblick zusammengestellt.


Table 1. Summary of crystallographic data and some numbers related to the structure determinations.


Me3N ´ 3HF Et3N ´ 3HF Me3N ´ 4HF Et3N ´ 4HF Me3N ´ 5HF Py ´ 6 HF Me3N ´ 7 HF


m.p. [8C] 0 ÿ 27 ÿ 53 ÿ 87 ÿ 93 (decomp) ÿ 95 (decomp) ÿ 88
T [8C] ÿ 150 ÿ 150 ÿ 150 ÿ 150 ÿ 150 ÿ 150 ÿ 150
crystal system orthorhombic orthorhombic triclinic monoclinic triclinic triclinic hexagonal
space group; Z Pnma ; 4 Pbca ; 8 P1Å ; 4 P21; 2 P1Å ; 2 P1Å ; 2 P63; 2
a [�] 10.479(4) 11.896(7) 7.622(2) 6.182(4) 6.559(4) 7.542(6) 9.951(8)
b [�] 9.726(4) 12.704(8) 9.321(8) 11.859(7) 6.804(4) 7.568(6)
c [�] 6.375(3) 12.950(9) 10.70(1) 6.965(3) 10.002(8) 8.945(6) 5.968(4)
a [8] 102.57(6) 83.23(6) 76.78(6)
b [8] 92.03(5) 93.18(5) 72.09(5) 67.38(5)
g [8] 91.09(5) 88.16(5) 86.24(6)
V [�3] 649.7(5) 1957(2) 741(1) 509.8(5) 421.8(5) 458.7(6) 511.8(7)
1calcd [g cmÿ3] 1.218 1.094 1.247 1.180 1.253 1.442 1.292
m MoKa [mmÿ1] 0.13 0.10 0.14 0.12 0.15 0.17 0.17
2q range [8] 3� 2q� 60 3� 2q� 50 3� 2q� 50 3� 2q� 55 3� 2q� 50 3� 2q� 60 3� 2q� 60
unique data: obsd.[a] ; all 849; 999 1317; 1766 2163; 2595 1169; 1228 1235; 1476 2284; 2679 436; 545
reflections for refinement 998 1762 2562 1228 1471 2665 539
variables in last cycle 63 154 249 176 138 153 57
weighting:[b] m; n 0.059; 0.067 0.116; 3.956 0.174; 0.850 0.063; 0.030 0.086; 0.339 0.065; 0.129 0.039; 0.082
R(F) (obsd.); wR(F 2) 0.036; 0.100 0.082; 0.251 0.077; 0.291 0.032; 0.089 0.060; 0.185 0.043; 0.126 0.039; 0.105
D1 : min.; max. [e �ÿ3] ÿ 0.16; �0.48 ÿ 0.29; �0.95 ÿ 0.33; �0.65 ÿ 0.20; �0.22 ÿ 0.31; �0.59 ÿ 0.31; �0.28 ÿ 0.23; �0.14


[a] jFo j> 4sF. [b] w� 1/[s2(F2
o)� (mP)2� nP] with P� (F2


o� 2F2
c)/3


Figure 2. The ion pairs in the crystal
structures of Me3N ´ 3 HF (top, on the
mirror plane of the space group) and
Et3N ´ 3HF (bottom). Symmetry code
as in Table 2.
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With two independent cations and anions each in general
positions, the structure of the Me3N complex is the most
complicated of this study. The cations each donate three
hydrogen bonds, that is, of the type N ± H( ´´´ F)3, to terminal F
atoms of three anions. For one set of cations and anions, this
produces a one-dimensional (1D) double chain or ribbon
(Figure 3, the remaining ions are omitted for clarity, but see
Table 3). In the Et3N complex, the ions form a 1D single chain
through bifurcated N ± H( ´´ ´ F)2 bonds (see also Figure 3 and
Table 3). The results for the Me3N complex confirm the
melting point and particular isomer assignment of the anion


Figure 3. The 1D connectivities, each parallel to [100], in the crystal
structures of Me3N ´ 4HF (top; with inversion centers of the space group)
and Et3N ´ 4HF (bottom). For the Me3N compound, only one of its two
independent kinds of cations and anions is shown. Alkyl H atoms are
omitted for clarity in the Et3N compound. Symmetry codes as in Table 3.


from a low-temperature IR study,[5] but disprove the proposal
of an ion pair with a straight N ± H ´´´ F hydrogen bond to the
central fluoride.


In the complexes with n� 5 ± 7 (Figure 4 and Table 4), the
Hnÿ1Fÿn anions are either new isomers (Me3N ´ 5 HF and Py ´
6 HF) that are the same size as some of those observed
previously in other crystal structures (see below), or of a new
size (Me3N ´ 7 HF). With one inner hydrogen bond particularly
short (F ´´´ F distance 2.273 �) and virtually centered, the
H4Fÿ5 ion of Me3N ´ 5 HF contains a specific FHFÿ subunit at
its core so that the formula can be written as
[(FH)(FHF)(HF)2]ÿ . The remaining anions (n� 6 and 7)
have the structures [(FH)F{(HF)(HF)}2]ÿ and
[F{(HF)(HF)}3]ÿ , respectively. These can be derived from
the [F(HF)3]ÿ type above, by attachingÐat noticeably larger
F ´´ ´ F distancesÐan additional HF molecule each to two or
three of its terminal F atoms.


The hydrogen bonding between the cations and anions in
each complex of this group is trifurcated, leading to a 1D
ribbon in Me3N ´ 5 HF, a dimer of the formula unit around an
inversion center of the space group in Py ´ 6 HF, and a 2D layer
in Me3N ´ 7 HF. In the last complex, the cation is located on the
genuine threefold rotation axis and the anion on the 63 screw
axis (also point symmetry 3) of the space group. In this way,
the conspicuous cyclic gap in the hydrogen-bonded layer is
filled by the cation that sticks out from one of the next


Table 2. Me3N ´ 3 HF and Et3N ´ 3HF: Selected interatomic distances [�]
and angles [8].


Me3N ´ 3 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.371(1) 0.80(2) 1.57(2) 174(2)
N ± H1 ´´´ F1 2.669(1) 0.88(2) 1.79(2) 179(2)
angles at F1:
F2 ´´´ F1 ´´ ´ F2[a] 97.9(1)
F2 ´´´ F1 ´´ ´ N 130.8(1)


Et3N ´ 3 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.351(4) 0.65(6) 1.71(6) 166(6)
F3 ± H3 ´´´ F1 2.351(4) 0.70(6) 1.65(6) 176(6)
N ± H1 ´´´ F1 2.687(4) 0.83(4) 1.86(4) 175(4)
angles at F1:
F2 ´´´ F1 ´´ ´ F3 119.7(1)
F2 ´´´ F1 ´´ ´ N 126.7(1)
F3 ´´´ F1 ´´ ´ N 113.6(1)


[a] x, ÿy� 1/2, z.


Table 3. Me3N ´ 4 HF and Et3N ´ 4HF: Selected interatomic distances [�]
and angles [8].


Me3N ´ 4 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.368(4) 0.84(7) 1.53(7) 175(7)
F3 ± H3 ´´´ F1 2.370(3) 0.93(5) 1.47(5) 163(5)
F4 ± H4 ´´´ F1 2.373(3) 0.91(6) 1.47(6) 173(5)
F6 ± H6 ´´´ F5 2.392(4) 0.82(7) 1.58(7) 175(7)
F7 ± H7 ´´´ F5 2.373(4) 0.80(7) 1.58(8) 173(7)
F8 ± H8 ´´´ F5 2.386(4) 0.9(1) 1.5(1) 174(10)
N1 ± H1 ´´´ F2 2.812(5) 0.89(5) 2.22(5) 124(4)
N1 ± H1 ´´´ F3[a] 2.921(5) 0.89(5) 2.29(5) 128(4)
N1 ± H1 ´´´ F4[b] 2.984(4) 0.89(5) 2.41(5) 123(3)
N2 ± H5 ´´´ F6 2.910(5) 0.88(4) 2.22(4) 135(3)
N2 ± H5 ´´´ F3[a] 2.989(4) 0.88(4) 2.38(4) 127(3)
N2 ± H5 ´´´ F4[b] 3.123(5) 0.88(4) 2.56(4) 123(3)
angles at F1 and F5:
F2 ´´´ F1 ´´ ´ F3 106.4(1)
F2 ´´´ F1 ´´ ´ F4 110.2(1)
F3 ´´´ F1 ´´ ´ F4 143.2(1)
F6 ´´´ F5 ´´ ´ F7 103.6(1)
F6 ´´´ F5 ´´ ´ F8 125.2(2)
F7 ´´´ F5 ´´ ´ F8 130.2(2)


Et3N ´ 4HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.365(2) 0.87(4) 1.50(4) 175(3)
F3 ± H3 ´´´ F1 2.366(2) 0.77(4) 1.62(4) 167(4)
F4 ± H4 ´´´ F1 2.406(2) 0.77(4) 1.64(5) 174(4)
N ± H1 ´´´ F2 2.893(2) 0.89(3) 2.10(3) 148(2)
N ± H1 ´´´ F3[c] 2.951(3) 0.89(3) 2.36(3) 124(2)
angles at F1:
F2 ´´´ F1 ´´ ´ F3 122.6(1)
F2 ´´´ F1 ´´ ´ F4 113.6(1)
F3 ´´´ F1 ´´ ´ F4 113.4(1)


[a] ÿ x, ÿy� 1, ÿz. [b] ÿ x� 1, ÿy� 1, ÿz. [c] xÿ 1, y, z.
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Figure 4. The 1D ribbon (top; along [100]; alkyl H atoms omitted), cyclic
dimer of the formula unit (center) and 2D layer (bottom; parallel to (001))
in the crystal structures of Me3N ´ 5HF, Py ´ 6 HF, and Me3N ´ 7HF,
respectively. Symmetry codes as in Table 4.


layers along the polar c-axis direction, while the anions of
subsequent layers are arranged with their central fluorides on
top of each other.


Besides the hydrogen bonds F ± H ´´´ F and N ± H ´´´ F
considered in the structures so far, much weaker ones of the
unconventional type C ± H ´´´ F can also be recognized. This
holds particularly when a terminal F atom of an anion is not
approached by an N ± H hydrogen-bond donor function of a
cation. Thus, H ´´´ F and overall C ´´´ F distances to such F
atoms have lower limits as small as 2.31 and 3.21 �,
respectively, and the angles at the H atoms involved go up
to 1638. However, with the numerous C ± H functions and F
atoms (also of other types) present, larger distances follow
more or less continuously, and discrimination between still
significant C ± H ´´´ F hydrogen bonding and mere packing
contacts gets rather speculative very quickly, regardless of the
pertinent angles.


In Table 5, the poly(hydrogen fluoride) anions of this study
are brought together for an overview along with those
reported for other crystal structures, most of which have been
determined in this laboratory.


Experiments and Calculations


Starting mixtures for phase analysis and single-crystal growth for structure
determination were prepared by combining measured amounts of hydro-
gen fluoride and either the pure amine (pyridine) or a premixed solution
already containing about 73 mol % HF (trimethylamine, triethylamine) in a
closed system under cooling. The hydrogen fluoride was freshly distilled
from technical grade hydrofluoric acid (73 %, Fluka) in an poly(tetra-
fluoroethylene) (PTFE) apparatus. Phase analysis in the HF-rich region of
the systems Me3N/HF and Et3N/HF was carried out by means of DTA and
temperature-dependent X-ray powder diffraction. DTA was performed on
a homemade low-temperature apparatus. The samples enclosed in poly
(vinylidene fluoride) (PVDF) ampoules were rapidly cooled to liquid-
nitrogen temperature and for the measurements were subjected to heating
rates of 1 ± 2 8C minÿ1. Somewhat lower rates were used for the X-ray
powder work on a Guinier-Simon camera, with the samples in poly-
(ethylene) (PE) tubes of 0.4 mm inner diameter (sealed at both ends by


Table 4. Me3N ´ 5 HF, Py ´ 6 HF and Me3N ´ 7 HF: Selected interatomic
distances [�] and angles [8].


Me3N ´ 5 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.273(4) 1.13(9) 1.16(9) 168(8)
F3 ± H3 ´´´ F1 2.367(3) 0.98(4) 1.40(4) 174(4)
F4 ± H4 ´´´ F1 2.410(3) 0.88(7) 1.54(7) 170(6)
F5 ± H5 ´´´ F2 2.424(4) 1.07(7) 1.37(7) 169(6)
N ± H1 ´´´ F3 2.890(3) 0.84(3) 2.27(3) 131(2)
N ± H1 ´´´ F3[a] 2.933(4) 0.84(3) 2.31(3) 132(2)
N ± H1 ´´´ F4[b] 2.950(4) 0.84(3) 2.41(3) 123(2)
angles at F1 and F2:
F2 ´´´ F1 ´´ ´ F3 116.3(1)
F2 ´´´ F1 ´´ ´ F4 130.7(1)
F3 ´´´ F1 ´´ ´ F4 111.8(1)
F1 ´´´ F2 ´´ ´ F5 130.3(1)


Py ´ 6 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.337(2) 0.83(3) 1.51(3) 178(3)
F3 ± H3 ´´´ F1 2.357(2) 0.89(3) 1.47(3) 175(2)
F4 ± H4 ´´´ F1 2.419(2) 0.89(3) 1.53(3) 175(3)
F5 ± H5 ´´´ F2 2.470(2) 0.80(3) 1.67(3) 175(3)
F6 ± H6 ´´´ F3 2.497(2) 0.86(3) 1.64(3) 171(3)
N ± H1 ´´´ F4[c] 2.820(2) 0.92(2) 2.11(2) 134(2)
N ± H1 ´´´ F5 2.865(3) 0.92(2) 2.20(2) 129(2)
N ± H1 ´´´ F6 2.929(3) 0.92(2) 2.63(2) 100(1)
angles at F1, F2 and
F3:
F2 ´´´ F1 ´´ ´ F3 112.5(1)
F2 ´´´ F1 ´´ ´ F4 123.8(1)
F3 ´´´ F1 ´´ ´ F4 123.5(1)
F1 ´´´ F2 ´´ ´ F5 118.0(1)
F1 ´´´ F3 ´´ ´ F6 118.5(1)


Me3N ´ 7 HF
H bonds: d(D ´´´ A) d(D ± H) d(H ´´´ A) angles at H
F2 ± H2 ´´´ F1 2.322(3) 0.84(5) 1.49(5) 173(6)
F3 ± H3 ´´´ F2 2.466(3) 0.84(4) 1.63(4) 174(5)
N ± H1 ´´´ F3 2.944(4) 0.93(6) 2.28(4) 128(1)
angles at F1 and F2:
F2 ´´´ F1 ´´ ´ F2[d] 119.3(1)
F1 ´´´ F2 ´´ ´ F3 117.9(1)


[a] ÿ x� 1, ÿy� 1, ÿz� 1. [b] ÿ x, ÿy� 1, ÿz� 1. [c] ÿ x, ÿy� 1, ÿz.
[d] ÿ y, xÿ y, z.
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melting the polymer), which in turn were placed in thin-walled glass
capillaries for mechanical fixation. Single crystals for the structure
determinations were grown in situ on a four-circle diffractometer (Siemens
AED2) equipped with an adjustable cold nitrogen gas stream and
employed also for the subsequent X-ray measurements. A miniature
zone-melting technique with focused heat radiation[16] was applied, for
samples prepared in the same way as for the X-ray powder studies.
Crystallographic data were obtained as usual and reflection data collected
at ÿ150 8C with graphite-monochromatized MoKa radiation (l�
0.71073 �) and a variable W/q scan. Corrections for absorption were not
considered necessary. The structures were solved by direct methods and
refined on F 2 with all independent reflections (F 2> ± 3sF 2). The H atoms
were located in difference electron-density maps and, except for three in
the structure of Et3N ´ 3 HF, were freely refined. For structure solution and
drawing, the program system SHELXTL PLUS[17] was used on a VAX-
Station 3200 (Digital), and for refinement SHELXL-93[18] on a PC. Some
experimental and computational details of the structure determinations are
included in Table 1. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-100 977. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Table 5. Compounds characterized by crystal structure analysis (#: this
work) that contain Hnÿ1Fÿn ions with n� 3. Isomeric forms are listed
separately side by side.


n� 3: [F(HF)2]ÿ


KF ´ 2 HF[6], KF ´ 2.5 HF[7], Me4NF ´ 2 HF[8]


[(C10H12Se4)2]F ´ 2HF[9]


Me3N ´ 3HF[#], Et3N ´ 3 HF[#], Py ´ 3 HF[2]


n� 4: [F(HF)3]ÿ [(FH)F(HF)(HF)]ÿ


KF ´ 3 HF[7], NOF ´ 3 HF[10] KF ´ 2.5 HF[7]


Me4NF ´ 3HF[8] H2O ´ 4HF[14]


3 IF5 ´ CsF ´ 3HF[11]


K3BiCl6 ´ 2 KCl ´ KF ´ 3HF[12]


NH3 ´ 4HF[13], Me3N ´ 4 HF[#]


Et3N ´ 4HF[#], Py ´ 4HF[2]


n� 5: [F(HF)4]ÿ [(FH)(FHF)(HF)2]ÿ


KF ´ 4 HF[15], NOF ´ 4HF[10] Me3N ´ 5HF[#]


NH3 ´ 5HF[13]


n� 6: [(FH)2(FHF)(HF)2]ÿ [(FH)F{(HF)(HF)}2]ÿ


Me4NF ´ 5HF[8] Py ´ 6HF[#]


n� 7: [F{(HF)(HF)}3]ÿ


Me3N ´ 7HF[#]


n� 8: [(FH)(FH)(FH)F{(HF)(HF)}2]ÿ


NH3 ´ 8HF[13]








Acid ± Base and Metal-Ion-Binding Properties of the Quaternary
[cis-(NH3)2Pt(dGuo)(dGMP)] Complex Formed Between
cis-Diammineplatinum(ii), 2'-Deoxyguanosine (dGuo), and
2'-Deoxyguanosine 5'-Monophosphate (dGMP2ÿ) in Aqueous Solution**


Helmut Sigel,* Bin Song, Gerda Oswald, and Bernhard Lippert*


Abstract: For the first time the acid ±
base properties of a quaternary PtII


complex, [cis-(NH3)2Pt(dGuo)(dGMP)],
are evaluated, as are the quinternary
complexes resulting from its affinity for
further metal ions. To this end the acid ±
base properties of dGMP2ÿ (ref. [17]),
dGuo, and of the quaternary complex
resulting from their coordination to cis-
(NH3)2Pt2� were determined by poten-
tiometric pH titrations. Owing to the
presence of the N7-coordinated cis-
(NH3)2Pt(dGuo)2� moiety, the release
of the proton from the -P(O)2(OH)ÿ


group of [H{cis-(NH3)2Pt(dGuo)-
(dGMP)}]� is favored by DpKa�
0.44 compared with H(dGMP)ÿ


(pKH
H�dGMP� � 6.29). The two H(N1) sites


in the quaternary complex are on aver-
age acidified by DpKa� 0.8 compared


with the acidity constants of the free
ligands (pKH


dGuo� 9.24; pKH
dGMP� 9.56).


A similar acidification is to be expected
in DNA for intrastrand crosslinks by cis-
(NH3)2Pt2� between two guanine resi-
dues; that is, at physiological pH (7.4)
some deprotonation of H(N1) sites (ca.
6 %) is already possible in principle. The
stability constants of quinternary [M{cis-
(NH3)2Pt(dGuo)(dGMP)}]2� complexes
(M�Mg2�, Cu2�, Zn2�) were also meas-
ured by potentiometric pH titrations. It
is shown that the metal-ion-coordinating
properties of the -PO2ÿ


3 group of the [cis-


(NH3)2Pt(dGuo)(dGMP)] species are
slightly inhibited, compared with the
coordination tendency expected on the
basis of its basicity. This inhibition is
attributed to repulsion by the N7-coor-
dinated PtII, which is somewhat more
pronounced for M2� than for H�. How-
ever, it is moderate (about ÿ0.2 log
units), and therefore, with regard to
DNA, one may conclude that cis-
(NH3)2Pt2� coordinated to N7 of gua-
nine residues affects the metal-ion-bind-
ing properties of the DNA phosphate
backbone only slightly. This result is of
further significance regarding individual
nucleotides if these interact as substrates
in enzymic reactions with different met-
al ions through their nucleobase as well
as their phosphate residue.


Keywords: acid ± base equilibria ´
DNA complexes ´ mixed-metal ion
complexes ´ nucleotides ´ platinum
´ stability constants


1. Introduction


Cisplatin, cis-diamminedichloroplatinum(ii) or [cis-(NH3)2-
PtCl2], is a very effective anticancer drug and in wide clinical
use against testicular and ovarian cancer.[1, 2] The trans isomer,
[trans-(NH3)2PtCl2], was found to be inactive.[3, 4] This might
suggest a geometrical fit between cisplatin and its biological
target in the tumor cell, which is generally accepted to be
DNA;[5] primarily intrastrand crosslinks between adjacent
guanine residues are formed involving platinum(ii) binding to
N7.[5, 6] These observations have fostered comprehensive
studies on the properties of complexes formed with [cis-
(NH3)2Pt]2� (see for example refs. [5 ± 7]), [trans-
(NH3)2Pt]2�,[4, 8] and related compounds.[2]


Labile metal ions like Na� or Mg2� affect the stability and
conformational states of DNA and RNA,[9, 10] and enzymes
that synthesize or cleave DNA or RNA invariably require
metal ions,[9, 11±13] as do enzymes that utilize nucleotides as
substrates.[12±14] This observation led to intensive research on


[*] Prof. Dr. H. Sigel, Dr. B. Song
Institut für Anorganische Chemie, Universität Basel
Spitalstr. 51, CH-4056 Basel (Switzerland)
Fax: (�41) 61-267-1017
E-mail : sigel@ubaclu.unibas.ch


Prof. Dr. B. Lippert, Dr. G. Oswald
Fachbereich Chemie, Universität Dortmund
Otto-Hahn-Strasse 6, D-44227 Dortmund (Germany)
Fax: (�49) 231-755-3797
E-mail : lippert@pop.uni-dortmund.de


[**] Abbreviations and definitions: dGMP2ÿ, 2'-deoxyguanosine 5'-
monophosphate; dGuo, 2'-deoxyguanosine; dien, diethylene
triamine� 1,4,7-triazaheptane; edta, 1,2-diaminoethane-N,N,N',N'-
tetraacetic acid; GMP2ÿ, guanosine 5'-monophosphate; M2�, diva-
lent metal ion; [Pt(dGuo)(dGMP)], [cis-(NH3)2Pt(dGuo)(dGMP)]
(see also Figure 1); R ± PO2ÿ


3 , simple phosphate monoester or
phosphonate ligand with R representing a noncoordinating residue
(see also legend for Figure 3). Species given in the text without a
charge either do not carry one or represent the species in general (i.e.,
independent from their protonation degree); which of the two
versions applies is always clear from the context.
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the metal-ion-binding properties of nucleotides and the
constituents of nucleic acids.[2a, 15, 16] However, so far very
little is known about the effect of nucleobase-bound Pt2� on
the acid ± base[17, 18] and metal-ion-binding properties of other
nearby sites, especially on the coordination of further kineti-
cally labile metal ions[19] like Mg2�, Cu2�, or Zn2� (� M2�).


After having studied in detail[20] the coordinating properties
of dGMP2ÿ towards Mg2�, Cu2�, and Zn2�, we are now in a
position to report on the quaternary platinum(ii) complex
which has two N7-guanine sites beside two ammonias in its
metal-ion coordination sphere, [cis-(NH3)2Pt(dGuo)(dGMP)]
(Figure 1). We describe for the first time the stability of the
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Figure 1. Formal structure of the quaternary [cis-(NH3)2Pt(dGuo)-
(dGMP)] complex.


resulting quinternary complexes [M{cis-(NH3)2Pt(dGuo)-
(dGMP)}]2� formed with Mg2�, Cu2�, or Zn2�, and we
evaluate the effect of the N7-coordinated [cis-(NH3)2Pt]2�


unit on the metal-ion affinity of the phosphate group of the
N7-bound dGMP2ÿ (Figure 1).


The acid ± base properties of dGuo were also determined
and those[17, 20] of dGMP2ÿ were taken into account to the
extent necessary for a meaningful description of the effect of
N7-coordinated [cis-(NH3)2Pt]2� on the H(N1) sites of dGuo
and dGMP2ÿ in [cis-(NH3)2Pt(dGuo)(dGMP)]. Conclusions
regarding DNA and the effects of intrastrand crosslinks
formed by [cis-(NH3)2Pt]2� as well as regarding nucleotide ±
metal ion systems involved in transphosphorylations are
indicated.


2. Results and Discussion


2.1. Acidity constants of H(dGuo)�, H2(dGMP)�, and [H{cis-
(NH3)2Pt(dGuo)(dGMP)}]�: 2'-Deoxyguanosine (dGuo) may


accept a proton at N7 and release one from the H(N1) site;[21]


hence, Equilibria (1) and (2) have to be considered.


H(dGuo)� > dGuo�H� (1a)


KH
H�dGuo� � [dGuo][H�]/[H(dGuo)�] (1b)


dGuo > (dGuoÿH)ÿ�H� (2a)


KH
H�dGuo� � [(dGuoÿH)ÿ][H�]/[dGuo] (2b)


For the ribose moiety of guanosine it was shown[22] that
pKH�GuoÿH�> 12.0; hence, for 2'-deoxyguanosine it certainly
also holds that pKH�dGuoÿH�> 12, and therefore this deprotona-
tion was not considered further. The results for Equilibria (1a)
and (2a) are listed in Table 1; they agree excellently with an
early[23] determination.[24]


For 2'-deoxyguanosine 5'-monophosphate (dGMP2ÿ) the
situation is similar,[20] but in the pH range of relevance for this
study a further proton binds to the -PO2ÿ


3 group. The resulting
doubly protonated H2(dGMP)� species releases its first
proton from the H�(N7) site (pKH


H2�dGMP�), giving H(dGMP)ÿ ;
next the -P(O)2(OH)ÿ residue is deprotonated (pKH


H�dGMP�)
leading to dGMP2ÿ, and finally the H(N1) site loses its proton
(pKH


dGMP) forming (dGMPÿH)3ÿ. These acidity constants
were determined recently[17, 20] under the conditions of the
present study, and are listed under entry 2 in Table 1.[25]


Comparison of entries 1 and 2 of Table 1 reveals that the
presence of the 5'-phosphate group enhances the basicity of
N7 by DpKa� 0.39� 0.05 and the one of (N1)ÿ by DpKa�
0.32� 0.04. Understandably, the charge effect appears to be
slightly more pronounced on N7 than on (N1)ÿ because in the
anti conformation[21] N7 is somewhat closer to the phosphate
group. These effects are of the order previously observed with
related systems[26] and also close to the correction factor of
DDpKa� 0.32 needed in the next section in connection with
the evaluation of a micro acidity constant for the effect of a
-PO2ÿ


3 group (see ref. [29]).
Coordination of one dGuo and one H2(dGMP)� species,


each via N7, to [cis-(NH3)2Pt]2� gives the twofold protonated
quaternary complex [H2{cis-(NH3)2Pt(dGuo)(dGMP)}]2�, ab-
breviated as [H2{Pt(dGuo)(dGMP)}]2�. A formal structure of
the deprotonated complex is shown in Figure 1. The acidic
[H2{Pt(dGuo)(dGMP)}]2� species cannot accept more protons
in the normal pH range, but it may in total release four
protons. The first proton is probably released with a pKa value
similar to the one for H3(GMP)� from its -P(O)(OH)2 residue
(pKa� 0.3� 0.2).[22] For the deprotonation of the resulting


Table 1. Negative logarithms of the acidity constants of H(dGuo)� and H2(dGMP)� as well as of the quaternary [H{cis-(NH3)2Pt(dGuo)(dGMP)}]� complex
(Figure 1), determined by potentiometric pH titrations in water at 25 8C and I� 0.1m (NaNO3).[a]


Acid pKH
H�N7� for H�(N7) pKH


H�phosphate�
for -OP(O)2(OH)ÿ


pKH
H�N1� for H(N1)


1 H(dGuo)� 2.30� 0.04 [Eq. (1)] 9.24� 0.03 [Eq. (2)]
2 H2(dGMP)� 2.69� 0.03[b] 6.29� 0.01[b] 9.56� 0.02[b]


3 [H{Pt(dGuo)(dGMP)}]� 5.85� 0.04 [Eq. (3)] 8.20� 0.03/9.05� 0.10 [Eqs. (4),(5)]


[a] So-called practical (or mixed) constants[25] are listed; see Section 4.3. The error limits given are three times the standard error of the mean value or the sum
of the probable systematic errors, whichever is larger. [b] From refs. [17, 20].
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[H{Pt(dGuo)(dGMP)}]� species the Equilibria (3) ± (5) may
be written. In Equilibrium (3a) the -P(O)2(OH)ÿ group is


[H{Pt(dGuo)(dGMP)}]� > [Pt(dGuo)(dGMP)]�H� (3a)


KH�HfPt�dGuo��dGMP�g� �
�Pt�dGuo��dGMP���H��
�HfPt�dGuo��dGMP�g�� (3b)


[Pt(dGuo)(dGMP)] > [Pt(dGuo)(dGMP)ÿH]ÿ�H� (4a)


KH�Pt�dGuo��dGMP�� �
�fPt�dGuo��dGMP� ÿHgÿ��H��


�Pt�dGuo��dGMP�� (4b)


[Pt(dGuo)(dGMP)ÿH]ÿ > [Pt(dGuo)(dGMP)ÿ 2 H]2ÿ�H� (5a)


KH�Pt�dGuo��dGMP�ÿH� �
�fPt�dGuo��dGMP� ÿ 2 Hg2ÿ��H��
�fPt�dGuo��dGMP� ÿHgÿ� (5b)


deprotonated, whereas in reactions (4a) and (5a) the protons
are released from the two H(N1) sites (Figure 1). The results
of the potentiometric pH titrations are given in entry 3 of
Table 1.


The result pKH�HfPt�dGuo��dGMP�g� � 5.85� 0.04 shows unequiv-
ocally that this proton [Eq. (3)] is released from the mono-
protonated phosphate group of the quaternary complex
(Figure 1). The N7-coordinated [cis-(NH3)2Pt(dGuo)]2�


unit acidifies H(dGMP)ÿ by DpKa� pKH
H�dGMP� ÿ


pKH�HfPt�dGuo��dGMP�g� � (6.29� 0.01)ÿ (5.85� 0.04)� 0.44� 0.04.
The situation regarding the H(N1) sites is considerably less
clearcut, though one may assume that the next proton
[Eq. (4)] is mainly released from H(N1) of the N7-coordi-
nated dGuo because the basicity of the (N1)ÿ site is lower in
dGuo than in dGMP2ÿ (Table 1). Hence, the final proton
[Eq. (5)] may be attributed mainly to the release from the
H(N1) site of the N7-coordinated dGMP2ÿ. The average
acidification by [cis-(NH3)2Pt]2� of the H(N1) sites in
reactions (4) and (5) is given by DpKa� 1/2 (pKH


dGuo�
pKH


dGMP) ÿ 1/2 (pKH�Pt�dGuo��dGMP�� � pKH�Pt�dGuo��dGMP�ÿH�) �
1/2 [(9.24� 0.03) � (9.56� 0.02)] ÿ 1/2 [(8.20� 0.03) � (9.05�
0.10)]� 0.78� 0.11. This acidification at the nucleobase is
considerably more pronounced than the one on the phosphate
residue.


The above indications regarding the H(N1) deprotonations
and the fact that the acidity constants pKH�Pt�dGuo��dGMP�� and
pKH�Pt�dGuo��dGMP�ÿH� (Table 1, entry 3) are separated only by
DpKa� (9.05� 0.10)ÿ (8.20� 0.03)� 0.85� 0.10, that is, that
the corresponding buffer regions are overlapping, request a
detailed evaluation.


2.2. Micro acidity constant scheme for [cis-(NH3)2Pt-
(dGuo)(dGMP)]: For a correct quantification of the intrinsic
acidities of the H(N1) sites in [cis-(NH3)2Pt(dGuo)(dGMP)]
(Figure 1) it is necessary to calculate the corresponding micro
acidity constants. Figure 2 summarizes the equilibrium
scheme for this species following known routes,[22, 27, 28] defin-
ing the micro acidity constants (k) and giving their interre-
lation with the macro acidity constants (K). There are three
independent equations, Equations (6a), (6b), and (6c), in
Figure 2, but four unknown microconstants.[22, 27, 28] However,
for k�Pt�dGuoÿH��dGMPÿH��


�Pt�dGuoÿH��dGMP�� a value may be estimated based on the


Figure 2. Equilibrium scheme for [cis-(NH3)2Pt(dGuo)(dGMP)] defining
the micro acidity constants (k) and showing their interrelation with the
macro acidity constants (K) and the relationship between [cis-
(NH3)2Pt(dGuoÿH)(dGMP)]ÿ and [cis-(NH3)2Pt(dGuo)(dGMPÿH)]ÿ


and the other species present. In [cis-(NH3)2Pt(dGuoÿH)(dGMP)]ÿ the
proton is released from H(N1) in dGuo, and in [cis-
(NH3)2Pt(dGuo)(dGMPÿH)]ÿ from H(N1) in dGMP2ÿ ; [cis-
(NH3)2Pt(dGuo)(dGMP)] is also often written as [Pt(dGuo)(dGMP)].
The arrows indicate the direction for which the acidity constants are
defined. Use of the value estimated[29] for the microconstant
pk�Pt�dGuoÿH��dGMPÿH��
�Pt�dGuoÿH��dGMP�� permits calculation of the other microconstants with


Equations (6a), (6b), and (6c) (see also Section 2.2).


easily accessible (via statistical considerations)[17] micro acid-
ity constant for the deprotonation of [cis-(NH3)2Pt(dGMPÿ
H)(dGMP)]3ÿ and by taking into account the difference in
charge between this species and [cis-(NH3)2Pt(dGuoÿ
H)(dGMP)]ÿ ; this estimate[29] is given on the arrow at the
right in the upper part of Figure 2. Now the other three
microconstants can be calculated; the corresponding results
are given on the arrows in the same figure.


These microconstants now permit the estimation of the
ratio R of the (N1)-monodeprotonated species [cis-
(NH3)2Pt(dGuoÿH)(dGMP)]ÿ and [cis-(NH3)2Pt(dGuo)-
(dGMPÿH)]ÿ (Figure 2) which are N1-deprotonated either
at the N7-coordinated dGuo or at the likewise N7-bound
dGMP2ÿ, respectively [Eq. (7)]. Evidently, [cis-(NH3)2Pt-
(dGuoÿH)(dGMP)]ÿ occurs at about 67 % and the other


R� �cis-�NH3�2Pt�dGuoÿH��dGMP�ÿ�
�cis-�NH3�2Pt�dGuo��dGMPÿH�ÿ� �


kPt�dGuoÿH��dGMP�
Pt�dGuo��dGMP�


kPt�dGuo��dGMPÿH�
Pt�dGuo��dGMP�


(7)


� 10ÿ8:39


10ÿ8:65
� 100.26� 2


1
� 67


33


(N1)-monodeprotonated species at about 33 %. This estimate
proves a) that both tautomeric forms of [cis-
(NH3)2Pt(dGuo)(dGMP)ÿH]ÿ occur simultaneously in ap-
preciable amounts and b) that, as already tentatively con-
cluded in Section 2.1, the species [cis-(NH3)2Pt(dGuoÿ
H)(dGMP)]ÿ dominates.


Of course, the four micro acidity constants given in Figure 2
now also enable us to estimate the acidification which
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the various H(N1) sites experience individually owing to
the N7-coordinated [cis-(NH3)2Pt]2� unit. For example,
DpKa/dGuo� pKH


dGuoÿ pk�Pt�dGuoÿH��dGMP��
�Pt�dGuo��dGMP�� � 9.24ÿ 8.39� 0.85,


or DpKa/dGMP� pKH
dGMPÿ pk�Pt�dGuoÿH��dGMPÿH��


�Pt�dGuoÿH��dGMP�� � 9.56ÿ 8.86�
0.70. Clearly, if this calculation is carried out for all four
possibilities and averaged, one obtains the average acid-
ification DpKa� 0.78 already given in Section 2.1. However,
the individual results obtained by means of Figure 2 demon-
strate that the acidification by [cis-(NH3)2Pt]2� of the various
sites differs somewhat; this has also to be expected if [cis-
(NH3)2Pt]2� forms an intrastrand crosslink between adjacent
guanine residues in DNA.


2.3. Stability of the quinternary [M{cis-(NH3)2Pt(dGuo)-
(dGMP)}]2� complexes : From previous studies[15, 22, 30] with
purine-nucleoside 5'-monophosphates it is well known that a
metal ion bound at the phosphate group may in addition
interact with N7 of the purine moiety, and this has very
recently[20] also been proven for the [M(dGMP)] complexes of
Mg2�, Cu2�, and Zn2�. This additional interaction gives rise to
macrochelate formation, schematically expressed here in the
intramolecular Equilibrium (8).


Of course, if the [cis-(NH3)2Pt(dGuo)]2� unit is N7-coordi-
nated to dGMP2ÿ to give the quaternary complex shown in
Figure 1, macrochelate formation is not possible anymore. A
further metal ion could coordinate now only to the still
available -PO2ÿ


3 residue. The question in this case is: Does the
repulsion between the two dipositively charged metal ions still
allow the formation of such complexes, and if so, how stable
are they?


The experimental data from such systems studied by
potentiometric pH titrations can be completely described by
taking into account the Equilibria (3a) and (9a), provided that


M2�� [Pt(dGuo)(dGMP)] > [M{Pt(dGuo)(dGMP)}]2� (9a)


KM�MfPt�dGuo��dGMP�g� �
��MfPt�dGuo��dGMP�g�2��
�M2���Pt�dGuo��dGMP�� (9b)


evaluation of the data is not carried into the pH range where
formation of hydroxo complexes occurs. The measured
(exptl) stability constants according to Equation (9b) are
listed in the second column of Table 2.


The simple fact that these stability constants can be
measured proves that the complexes [M{cis-
(NH3)2Pt(dGuo)(dGMP)}]2� form. How can these stability
data be evaluated? In earlier studies[31, 32] a linear relationship
was established between the logarithms of the stability
constants of M(R ± PO3) complexes, log KM


M�RÿPO3�, and the
negative logarithms of the acidity constants of the corre-
sponding monoprotonated H(R ± PO3)ÿ species, pKH


H�RÿPO3�,
for several simple phosphate monoester ligands,[31] including
methyl phosphate.[33] The points for complexes formed with
phosphonates like methanephosphonate (abbreviated MeP2ÿ)


or ethanephosphonate (EtP2ÿ) also fall on the same straight
reference line for a given metal ion.[32] The corresponding
straight-line equations for the complexes of Mg2�, Cu2�, or
Zn2� and R ± PO2ÿ


3 ligands (where R is a residue unable to
interact with M2�) are given in Equations (10), (11) and (12),
respectively.[32] The error limits of log stability constants
calculated with given pKH


H�RÿPO3� values and Equations (10),
(11), and (12) are � 0.03, � 0.06, and � 0.06 log units
(3s),[22, 32] respectively, in the pKa range 5 ± 8 (aqueous
solution; 25 8C; I� 0.1m, NaNO3).


log KMg
Mg�RÿPO3� � (0.208� 0.015) ´ pKH


H�RÿPO3� � (0.272� 0.097) (10)


log KCu
Cu�RÿPO3� � (0.465� 0.025) ´ pKH


H�RÿPO3� ÿ (0.015� 0.164) (11)


log KZn
Zn�RÿPO3� � (0.345� 0.026) ´ pKH


H�RÿPO3� ÿ (0.017� 0.171) (12)


The data points from the stability constants of the [M{cis-
(NH3)2Pt(dGuo)(dGMP)}]2� complexes (Table 2, column 2)
and the corresponding acidity constant pKH�HfPt�dGuo��dGMP�g�
(Table 1, entry 3) are shown in Figure 3 and are to be
compared with the above-mentioned reference lines
[Eqs. (10) ± (12)] which reflect the stabilities of M(R ± PO3)
complexes solely determined by the basicity of the
-PO2ÿ


3 group. As can clearly be seen, the data points for all
three quinternary complexes fall below these lines, indicating
an inhibitory effect.


The inhibition observed in Figure 3 may be quantified by
applying pKH�HfPt�dGuo��dGMP�g� � 5.85 (Table 1) together with the
straight-line equations [Eqs. (10) ± (12)]. The resulting calcu-
lated (calcd) stability constants are the ones expected solely
on the basis of the basicity of the -PO2ÿ


3 group of the
quaternary platinum(ii) complex (Table 2, column 3). Com-
parison of the measured and calculated constants according to
Equation (13) furnishes the stability differences listed in the
final column of Table 2; they correspond to the broken
vertical lines in Figure 3.


log D[M{Pt(dGuo)(dGMP)}]� log KM�MfPt�dGuo��dGMP�g� ÿ log KM�MfPt�dGuo��dGMP�g�calcd
(13)


Table 2. Stability constants, log KM�MfPt�dGuo��dGMP�g� [Eq. (9)],[a] determined
by potentiometric pH titrations (exptl) for quinternary [M{cis-
(NH3)2Pt(dGuo)(dGMP)}]2� complexes, and their comparison with the
corresponding calculated (calcd)[b] stability constants based on the basicity
of the phosphate group in [cis-(NH3)2Pt(dGuo)(dGMP)] (see Figure 1),
together with the resulting stability difference, log D[M{Pt(dGuo)(dGMP)}]


[Eq. (13)], for aqueous solutions at 25 8C and I� 0.1m (NaNO3).


M2� log KM�MfPt�dGuo��dGMP�g� log DM[Pt(dGuo)(dGMP)]


exptl[a] calcd[b]


Mg2� 1.21� 0.04 1.49� 0.03 ÿ 0.28� 0.05
Cu2� 2.60� 0.08 2.71� 0.06 ÿ 0.11� 0.10
Zn2� 1.81� 0.06 2.00� 0.06 ÿ 0.19� 0.08


[a] The error limits (3s ; see footnote [a] of Table 1) of the derived data, in
the present case for column 4, were calculated according to the error
propagation after Gauss. [b] Calculated with pKH�HfPt�dGuo��dGMP�g� � 5.85
(Table 1) and the reference equations [see also Figure 3 and Eqs. (10),
(11), and (12)[22, 32]] .
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Figure 3. Comparison of the stability of several [M{cis-(NH3)2Pt-
(dGuo)(dGMP)}]2� complexes (*) with the relationship between
log KM


M�RÿPO3 � and pKH
H�RÿPO3� for the 1:1 complexes of Mg2�, Zn2�, and


Cu2� with some simple phosphate monoester or phosphonate ligands (R ±
PO2ÿ


3 ) (*): 4-nitrophenyl phosphate (NPhP2ÿ), phenyl phosphate (PhP2ÿ),
uridine 5'-monophosphate (UMP2ÿ), d-ribose 5-monophosphate
(RibMP2ÿ), thymidine [� 1-(2'-deoxy-b-d-ribofuranosyl)thymine] 5'-
monophosphate (dTMP2ÿ), n-butyl phosphate (BuP2ÿ), methanephospho-
nate (MeP2ÿ), and ethanephosphonate (EtP2ÿ) (from left to right). The
reference lines are drawn from Equations (10), (11), and (12). The points
due to the equilibrium constants for the M2�/[cis-(NH3)2Pt(dGuo)(dGMP)]
systems (*) are based on the data given in Table 1 (entry 3) and Table 2
(column 2). The vertical broken lines emphasize the stability differences to
the corresponding reference lines; these differences are equal to
log D[M{Pt(dGuo)(dGMP)}] for the [M{cis-(NH3)2Pt(dGuo)(dGMP)}]2� complexes
[Eq. (13)]. All the plotted equilibrium constant values refer to aqueous
solutions at 25 8C and I� 0.1m (NaNO3).


The negative stability differences mentioned (Table 2,
column 4) reflect the repulsion between M2� and the twofold
positively charged platinum(ii) located at N7 of dGMP2ÿ. Of
course, this Pt2� also has an effect on the deprotonation of the
-P(O)2(OH)ÿ residue as discussed in Sections 2.1 and 2.2, but,
as one might expect, this repulsive effect is somewhat larger
on the binding of dipositively charged divalent metal ions than
on that of the singly positively charged proton. Therefore, the
data points for the quinternary complexes fall below the
reference lines in Figure 3. However, it needs to be empha-
sized that, as our results prove, the affinity of the -PO2ÿ


3 group
in [cis-(NH3)2Pt(dGuo)(dGMP)] toward M2� is still quite
pronounced, since the inhibitory effect is very moderate
(approximately ÿ0.2 log unit; Table 2, column 4).


3. Conclusions


3.1. Possible biological relevance of guanine N(1) deproto-
nation as mediated by metal ions : The present results on the
H(N1) acidification as a consequence of N7 coordination of a
platinum(ii) entity are in agreement with previous findings for
model nucleobases,[34] nucleosides,[35] dinucleoside monophos-


phates,[36, 37] dinucleotides,[37, 38] and single-stranded deoxyoli-
gonucleotides.[38, 39] For example, pKa values as low as
approximately 8 have been observed in cisplatin-modified
DNA single strands.[39] Other metal ions behave similarly.[40, 41]


The potential biological significance of this finding appears
not to have received particular attention, either in the case of
cisplatin or for other metals. We are well aware that cisplatin-
related mutagenicity is generally ascribed to a structural
distortion of DNA[42] rather than an electronic one, but it
should be noted that even monofunctional [(dien)PtCl]Cl is a
weak mutagen in the Ames test.[43] Its acidifying effect on
guanine-(N1)H (pKa� 8.0)[44] is virtually identical to that of
cisplatin,[39] yet it does not structurally distort DNA.


As to the possible consequences of any base deprotonation
process, relatively little is known. It is generally accepted that
nucleobase ionization is somewhat suppressed in double-
stranded DNA by the fact that the base is involved in H
bonding,[45] yet that it is easily possible in single-stranded
DNA. This difference is attributed to differences in solvent
accessibility, but the fact that even double-stranded DNA is
breathing is usually ignored. Possible consequences of nucleo-
base ionization such as loss of base-pairing specificity and
base mispairing have not been considered to be biologically
relevant to mutagenesis for many years, despite an early
proposal by Lawley and Brookes in 1962.[46]


In model systems, loss of Watson ± Crick base pairing
between cytosine and N1-deprotonated guanine as well as
guanine ± guanine mispairing has been demonstrated, both in
solution[47] and in the solid state.[34] Indeed, more recently
evidence has been presented that supports the idea that
ionized nucleobases can play a role in base mispairing and
mutagenicity.[48] It has been proposed that a protein environ-
ment, specifically the active sites of polymerases,[49] might be
intrinsically capable of stabilizing ionic states of nucleobases.
On the other hand, it is clear that the concentration of an
ionized species in such an environment can differ from that
observed in a simple, aqueous medium.[48b] Irrespective of the
question of whether a metal ion entity bound to DNA,
be it platinum(ii) or any other metal ion, can be accommo-
dated in and processed by polymerases,[50] it is difficult to say
whether a certain percentage of a deprotonated, N7-plati-
nated guanine, as calculated for a single-strand DNA frag-
ment or our model system,[51] is meaningful with respect to a
biological effect.


Another aspect of interest also appears not to have been
considered in the context of metal ± DNA binding: If a metal
ion at the N7 position of guanine acidifies the proton at N1,
the probability of a proton transfer within the Watson ± Crick
base pair may become significant. The occurrence of sponta-
neous mutations have, among others, also been discussed in
terms of a concerted proton transfer (from guanine-N1 to
cytosine-N3, and from cytosine-N4 to guanine-O6) or a single
proton transfer (from guanine-N1 to cytosine-N3), respec-
tively.[52] Theoretical calculations of the energies of the
various tautomeric forms of Watson ± Crick guanine ± cyto-
sine base pairs suggest[52] that tautomerization of both bases
by a double proton transfer could occur in one out of 106 to 109


base pairs; this is close to the occurrence of substitution
mutations (with proofreading not considered).
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3.2. Some further general considerations : Among the re-
markable results of this study is the observation that a proton
at the phosphate group of the quaternary [H{cis-
(NH3)2Pt(dGuo)(dGMP)}]� complex (Figure 1) is only slight-
ly acidified by the N7-coordinated [cis-(NH3)2Pt]2� unit
(DpKa� 0.4). This contrasts with the more significant acid-
ification (on average DpKa� 0.8) of the same platinum(ii) unit
on the H(N1) sites (see Section 2.1). As the overall charge of
[cis-(NH3)2Pt(dGuo)(dGMP)] equals that of a DNA intra-
strand crosslink unit formed with [cis-(NH3)2Pt]2� and two
guanine residues, the present results are also meaningful for
the effects of [cis-(NH3)2Pt]2� if bound to (single-stranded)
DNA. Based on the observed acidification (pKa� 8.6; aver-
age of the values in Figure 2)[53] one would expect that about
6 % of the guanine residues, which carry a platinum(ii) at N7,
will be deprotonated at N1 under physiological conditions
(pH 7.4).[53] As pointed out in Section 3.1, deprotonation is
facilitated by an opening of the duplex giving access to the
solvent (H2O), a situation most likely relevant to DNA that is
in an active state (transcription, replication). The present
results further suggest, as indicated above, that the acid-
ification of the H(N1) sites by platinum(ii) turns these sites
into better H donors, rendering them even more suitable for
hydrogen bonding than the uncomplexed nucleobases. Of
course, at the same time the acceptor properties of O(6) will
be reduced. In any case, the electronic complementarity
between guanine and cytosine residues will be disturbed.


A further important result regarding DNA is the observa-
tion that the formation of quinternary [M{cis-(NH3)2Pt-
(dGuo)(dGMP)}]2� complexes is only slightly inhibited; that
is, the affinity of the -PO2ÿ


3 group for divalent metal ions
(Mg2�, Cu2�, Zn2�) is only slightly affected by the platinum(ii)
coordinated at N7 of the same nucleotide unit. Consequently,
one can expect that a nucleobase-bound platinum(ii) in DNA
will similarly affect the metal-ion-binding properties of the
phosphate backbone only little.[54] Regarding the binding of
K� or Mg2�, this conclusion is important.


Finally, it may be emphasized that for nucleotide systems
involved in transphosphorylations there is much evidence that
in simple[55] as well as in enzymatic reactions[56] two (or even
more) metal ions are involved. There is further evidence that
in reactive intermediates a metal-ion ± N7 interaction occurs
not only in the metal-ion-promoted hydrolysis[55] of ATP but
also in enzymatic reactions as proposed recently[57] for Zn2� ;
similarly, adenosine N7 nitrogens are important in a Mg2�-
dependent ribozyme.[58] For such observations the results
regarding the formation of the quinternary [M{cis-
(NH3)2Pt(dGuo)(dGMP)}]2� complexes are meaningful be-
cause they prove that a phosphate residue of an individual
nucleotide is only slightly affected in its metal-ion affinity if
this same nucleotide is also undergoing a nucleobase ± metal
ion interaction (and vice versa); naturally, such diverse
interactions allow the steric orientation of a substrate.


4. Experimental Section


4.1. Synthesis of [cis-(NH3)2Pt(dGuo)(dGMP)]: Na2(dGMP) ´ 2H2O
(1.18 mmol) was added to a solution of [cis-(NH3)2Pt(H2O)2](NO3)2


(1.18 mmol) obtained from [cis-(NH3)2PtCl2] and AgNO3 (2 equiv) in
water (15 mL) in the dark (3 h at 90 8C), and following filtration of AgCl.
After 30 min at room temperature (reaction virtually complete, according
to 1H NMR spectroscopy), dGuo (1.18 mmol) was also added (pH of
suspension 6.3), and after 2 d (pH then 6.4), an unidentified grayish
precipitate was filtered off. The resulting colorless solution was brought to
dryness by rotary evaporation (30 8C), redissolved in water and passed over
Sephadex G10 (FPLC Pharmacia/LKB; UV detection 260 nm; eluent
water). Pure [cis-(NH3)2Pt(dGuo)(dGMP)] ´ 5 H2O was obtained in low
yield (4 %). Anal. calcd (found) for C20H41N12O16PPt: C 25.78 (25.5); H 4.44
(5.4); N 18.04 (18.4). According to its IR spectrum (KBr) the product is free
of NOÿ


3 . 1H NMR (D2O, pD 6.0, 0.01m, TSP): d� 8.60 (s, H8, dGMP), 8.35
(s, H8, dGuo), 6.34 and 6.28 (t, H1', dGMP, dGuo); H8 resonances 1:1, no
indication of other species. Other fractions contained the product admixed
with NaNO3 and partly protonated, e.g. H0.7[cis-(NH3)2Pt(dGuo)-
(dGMP)](NO3)0.7 ´ 14NaNO3 ´ H2O (empirical formula based on elemental
analysis data and potentiometric titration of HNO3). These species proved
very hygroscopic.


The composition of the [cis-(NH3)2Pt(dGuo)(dGMP)] complex was also
confirmed by the potentiometric pH titrations described below: one
equivalent of NaOH was needed in the pH range where -P(O)2(OH)ÿ


groups are titrated and two equivalents of NaOH in the range where
deprotonation of H(N1) sites occurs.


4.2. Materials for the titration experiments : The nitrate salts of Na�, Mg2�,
Cu2�, and Zn2�, potassium hydrogenphthalate, the disodium salt of edta,
HNO3, and NaOH (Titrisol) (all pro analysi) were from Merck, Darmstadt
(Germany). 2'-Deoxyguanosine was purchased from Sigma Chemical, St.
Louis (MO, USA). The [cis-(NH3)2Pt(dGuo)(dGMP)] complex was
prepared as described in Section 4.1.


The aqueous stock solutions of 2'-deoxyguanosine and of the complex were
freshly prepared daily and the exact concentration was redetermined each
time (see below); in the case of the complex the pH of the stock solution
was adjusted with NaOH to about 8.4 prior to the determination of its
concentration. All solutions were prepared with deionized, ultrapure
(MILLI-Q185 PLUS, Millipore, 67120 Molsheim (France)), and CO2-free
water. The ligand concentration in the potentiometric pH titrations was
always below 1 mm, which means that self-association is certainly negligible
for these guanine derivatives.[22]


The titer of the NaOH used for the titrations was established with
potassium hydrogenphthalate. The exact concentrations of the M(NO3)2


stock solutions were determined by potentiometric pH titration of their
M(edta)2ÿ complexes by measuring the proton equivalents liberated from
H(edta)3ÿ upon complex formation.


4.3. Potentiometric pH titrations : The pH titrations were carried out with a
Metrohm E 536 potentiograph equipped with an E 665 dosimat and a
6.0202 100(NB) combined macro glass electrode. The buffer solutions (pH
4.64, 7.00, 9.00, based on the NIST scale; for details see ref. [25]) used for
calibration were also from Metrohm, Herisau (Switzerland). The direct pH-
meter readings were used to calculate the acidity constants; that is, these
constants are so-called practical, mixed, or Brùnsted constants.[25] Their
negative logarithms given for aqueous solutions at I� 0.1m (NaNO3) and
25 8C may be converted into the corresponding concentration constants by
subtracting 0.02 from the listed pKa values;[25] this conversion term contains
both the junction potential of the glass electrode and the hydrogen ion
activity.[25, 59] No conversion term is necessary for the stability constants of
the metal-ion complexes; these are as usual concentration constants.


The ionic product of water (Kw) and the above-mentioned conversion term
do not enter into the calculations because we evaluate the differences in
NaOH consumption between solutions with and without ligand[25, 26] (see
also below); this procedure also furnishes directly the concentration of the
ligand.


4.4. Determination of the acidity constants : The constants KH
H�dGuo�


[Eq. (1)] and KH
dGuo [Eq. (2)] of H(dGuo)� were determined by titrating


25 mL of aqueous 6.0mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the presence
and absence of 0.93 mm dGuo under N2 with 0.06m NaOH (3 mL). The pH
range (2.5 ± 10.4) used for the calculations by employing the difference in
NaOH consumption between the two titrations mentioned corresponded to
about 61 % (pH 2.5) neutralization for the equilibrium H(dGuo)�/dGuo
and 94 % (pH 10.4) for the equilibrium dGuo/(dGuoÿH)ÿ.
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All constants were calculated with an IBM compatible desk computer with
a 80486 processor (connected to an Epson Stylus 1000 printer and a
Hewlett ± Packard 7475A plotter) by a curve-fit procedure using a New-
ton ± Gauss nonlinear least-squares program.


The monoprotonated quaternary [cis-(NH3)2Pt(dGuo)(dGMP)] complex is
abbreviated in the following as [H{Pt(dGuo)(dGMP)}]� ; its acidity
constants KH�HfPt�dGuo��dGMP�g�, KH�Pt�dGuo��dGMP��, and KH�Pt�dGuo��dGMP�ÿH�
[Eqs. (3) ± (5)] were determined by titrating 25 mL of aqueous 0.4mm
HNO3 and NaNO3 (I� 0.1m, 25 8C) in the presence and absence of 0.2 ±
0.3mm [Pt(dGuo)(dGMP)] under N2 with 0.02m NaOH (2 mL). The pH
range used for the calculations (based on the differences between the two
titrations) corresponded to about 1 % neutralization for the equilibrium
[H{Pt(dGuo)(dGMP)}]�/[Pt(dGuo)(dGMP)] and about 90% neutraliza-
tion for [Pt(dGuo)(dGMP)ÿH]ÿ/[Pt(dGuo)(dGMP)ÿ 2H]2ÿ. The results
given in Table 1 are the averages of 16 and 9 independent pairs of titrations
for the various acidity constants of H(dGuo)� and [H{Pt(dGuo)-
(dGMP)}]� , respectively.


4.5. Determination of the stability constants : As only small amounts of
[Pt(dGuo)(dGMP)] were available, the solutions used for the determi-
nation of the acidity constants (see Section 4.4) were reused; HNO3 was
added again, along with M(NO3)2, and then the titrations were repeated
with NaOH to determine the stability constants of the
[M{Pt(dGuo)(dGMP)}]2� complexes. In some cases, after such a titration,
another portion of HNO3 was added to the same solution and the titration
with NaOH repeated. Of course, the various dilutions of the solutions were
considered in the calculations. The [Pt(dGuo)(dGMP)]/M2� ratios were:
for Mg2� 1:211, 1:172, 1:106, for Cu2� 1:14, 1:11, 1:7, and for Zn2� 1:70, 1:35.
A consequence of this procedure is that the ionic strength was sometimes
slightly greater than 0.1m ; the most extreme case occurred in an experiment
with Mg2�, where I reached a value of 0.16m.


For the [M{Pt(dGuo)(dGMP)}]2� complexes the stability constant
KM�MfPt�dGuo��dGMP�g� [Eq. (9)] was computed by taking into account the
species H�, [H{Pt(dGuo)(dGMP)}]� , [Pt(dGuo)(dGMP)], M2�, and
[M{Pt(dGuo)(dGMP)}]2�.[60] The experimental data were evaluated every
0.1 pH unit from about 3 % complex formation to a neutralization degree
of about 90 % (Mg2�) or to the beginning of the hydrolysis of M(aq)2�


(Cu2�, Zn2�). The values calculated individually under the given restrictions
for log KM�MfPt�dGuo��dGMP�g� showed no dependence on pH (Mg2�, pH range
about 4.9 ± 6.1; Cu2�, 4.3 ± 5.1; Zn2�, 4.4 ± 5.6) or on the excess amount of
M2�. The results given in Section 2.3 for the Mg2�, Cu2�, and Zn2�


complexes are always the averages of 3 independent pairs of titrations.
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Totally Stereoselective P ± O to P ± C Migration Rearrangement: Application
to the Synthesis of New Chiral o-Hydroxyaryl Phosphine Oxides


Olivier Legrand, Jean Michel Brunel, Thierry Constantieux, and GeÂrard Buono*


Abstract: The synthesis of a novel class of chiral o-hydroxyaryl phosphine oxides by
the rearrangement of a P ± O to a P ± C bond is described. This reaction proceeds with
excellent yields (75 ± 95 %) and total retention of the configuration on the
phosphorus atom. In the case of the treatment of an equimolar mixture of the
diastereomers anti-2 e and syn-2 f, the resulting compounds anti-3 e and syn-3 f,
obtained in a 1:1 molar ratio, were separated and characterized by X-ray diffraction.
On the basis of the experimental results, we suggest that the migration mechanism is
addition ± pseudorotation ± elimination; this explains the total stereoselectivity
observed at the phosphorus atom.


Keywords: asymmetric synthesis ´
chirality ´ phosphane oxides ´ reac-
tion mechanisms ´ rearrangements


Introduction


In the last 30 years, considerable developments have been
achieved for asymmetric transition metal catalyzed systems[1]


with chiral ligands such as phosphines and, more recently,
phosphorus/nitrogen bidentate donor compounds.[2, 3] In this
area, phosphorus analogues of salicylic aldehyde derivatives,
such as o-hydroxyphenyldialkylphosphine oxides or phos-
phonic acids, may exhibit similar properties.[4] Nevertheless,
few methods for the synthesis of such compounds have been
proposed. In 1981, Melvin reported the synthesis of o-
hydroxyarylphosphonates by the rearrangement of arylphos-
phates induced by a strong base, such as lithium diisopropyl-
amide (LDA) or n-butyllithium.[5] Although the usefulness of
this synthetic method has been extensively developed,[6] few
mechanistic studies have been performed and the rearrange-
ment was considered to take place via an ortho-stabilized
carbanion. The formation of the ortho-lithiated species was
corroborated by Watanabe et al.[7] and Casteel and Peri,[8] who
were able to trap the lithiated intermediate at ÿ105 8C. When
the reaction temperature was allowed to rise to ÿ78 8C, the
rearrangement proceeded rapidly to afford quantitative yields
of the o-hydroxyaryl phosphine oxide compound. Moreover,
only Welch et al. probed the synthesis of such chiral com-
pounds from (ÿ)-ephedrine.[9] Nevertheless, due to the nature


of the amino alcohol under consideration, an epimerization at
the C4 methyl group occurred and an elimination product was
formed. Thus, these results show that a general retention of
the configuration on the phosphorus cannot be unambigu-
ously postulated for the P ± O to P ± C rearrangement. In this
paper, we report a new general procedure for the preparation
of various chiral o-hydroxyaryl diazaphospholidine oxides, o-
hydroxyaryl oxazaphospholidine oxides, or o-hydroxyaryl-
phosphonates which feature a basic (P�O) and an acid site
(OH) and involve a stereoselective P ± O to P ± C rearrange-
ment. We have investigated the unambiguous stereoselectiv-
ity of this reaction at the phosphorus atom in various cases,
and we propose a mechanistic pathway based on detailed
experiments.


Results and Discussion


Already well-known in the synthesis of organoalkoxysilyl-
phenols, the direct metalation of o-halogenoaryloxy deriva-
tives of tin and phosphorus seems to be a general method for
the preparation of hydroxyaryl tin or phosphorus deriva-
tives.[1, 10, 11] This reaction proceeds via an unstable metalated
intermediate which undergoes a fast 1,3-rearrangement with
formation of an element ± carbon bond. Thus, by the use of a
modified procedure, the synthesis of chiral hydroxyaryl
phosphine oxides 3 may be achieved in a two-step reaction
(Scheme 1).


Precursors 2 were readily available from exchange reac-
tions between an aryl phosphorodichloridate and various
chiral substrates, such as amino alcohols, diamines, or diols
with high yields ranging from 76 to 95 % (Table 1). Only one
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Scheme 1. General procedure for the synthesis of o-hydroxyaryl phos-
phine oxides.


diastereomer is obtained when the chiral auxiliary is of C2


symmetry (entries 5 ± 8). In the other cases, the formation of
the two expected diastereomers was observed in a diastereo-
meric ratio ranging from 75:25 (entry 2) to 50:50 (entry 3),
depending on the nature of the chiral moiety.[12] Moreover, all
attempts to separate the diastereomers failed, except for
entry 2 where diasteromers anti-2 c and syn-2 d were cleanly
separated by column chromatography and then fully charac-
terized by NMR spectroscopic analysis.[13]


A subsequent P ± O to P ± C rearrangement on treatment of
a mixture of the two diastereomers, anti-2 and syn-2 in a
1:1 molar ratio, with LDA in THF at ÿ78 8C led to a 50:50
mixture of diastereomers anti-3 and syn-3 (Table 2). In most
cases, these diastereomers were successfully separated by
column chromatography in yields ranging from 80 to 95 % for
each diastereomer. Thus, in contrast to the reported proce-
dures, this method allows the synthesis of the two diaster-
eomers anti-3 and syn-3.[15] In the case of entry 4, the
structures of diastereomer anti-3 e and syn-3 f have been
clearly established by 1H, 13C, and 31P NMR spectroscopy and
X-ray analysis (Figures 1 and 2).[16]


In order to demonstrate the stereoselectivity of the
mechanism involved in this reaction, a pure sample of
compound anti-3 e was prepared by oxidation of the corre-
sponding chiral phosphine 4. Subsequent treatment with LDA
at ÿ78 8C resulted in the migration of the phosphinyl group
from oxygen to carbon to produce anti-3 e stereoselectively in
89 % yield (Scheme 2). Thus, the results observed from
diastereomerically pure anti-2 c, syn-2 d, and anti-2 g clearly


show that the rearrangement proceeds by a totally stereo-
selective reaction at the phosphorus atom.[17]


Since it was established that the stereochemistry of the 1,3-
phosphorus migration operates with retention of configura-
tion at the phosphorus atom, a mechanism proceeding via a
trigonal bipyramidal intermediate (TBP) can be postulated
(Scheme 3).[18] This retention of configuration may be ex-
plained by an apical addition followed by an equatorial
elimination (intermediates 6 a and 6 b) or the opposite
pathway suggesting an equatorial addition followed by an
apical elimination (intermediates 7 a and 7 b). However,
Mislow et al.[19] suggest that if the bond-making or -breaking
step is rate-determining, then apical addition and elimination
will be more favorable than either equatorial addition and
apical elimination or the opposite pathway. Thus, for associa-
tive processes with strong nucleophiles, it is generally assumed
that the nucleophile approaches a trigonal face of the
tetrahedral phosphorus center to form a pentacoordinate
intermediate with the entering nucleophile in apical position


Abstract in French: La syntheÁse d�une nouvelle classe d�oxyde
d�o-hydroxyaryl phosphines chirales via le reÂarrangement
d�une liaison P ± O en liaison P ± C est deÂcrite. Cette reÂaction
s�effectue avec d�excellents rendements chimiques (75 aÁ 95 %)
et une totale reÂtention de configuration au niveau de l�atome de
phosphore. Dans le cas de la transposition d�un meÂlange
eÂquimolaire des deux diasteÂreÂomeÁres anti-2e et syn-2 f, les
composeÂs reÂsultants anti-3e et syn-3 f obtenus dans un rapport
molaire 1:1 ont pu eÃtre seÂpareÂs et caracteÂriseÂs par diffraction
des rayons X. Sur la base de nombreux reÂsultats expeÂrimen-
taux, le passage par un meÂcanisme de type addition ± pseudo-
rotation ± eÂlimination a pu eÃtre proposeÂ et permet ainsi de
justifier de la totale steÂreÂoseÂlectiviteÂ observeÂe au niveau de
l�atome de phosphore.


Table 1. Synthesis of precursors 2.


[a] Diastereomeric ratio determined by 31P NMR spectroscopy. [b] Isolated
yield after column chromatography. [c] Pure diastereomers separated by
column chromatography (see the Experimental Section). [d] Inseparable
mixture of diastereomers.
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of the TBP (apical attack).[20] Ortho-phenyl anion attack at
one of the adjacent faces of the tetrahedron of 5, in line with
one of the nitrogen atoms of the diazaphospholane ring, leads
to TBP intermediates 6 a or 6 b in which the four-membered
oxaphosphetane ring and the five-membered diazaphospho-
lane ring adopt an axial ± equatorial position[21±24] and the
electron-donating oxygen anion ligand an equatorial posi-
tion.[25±27] For these TBP intermediates it is possible to
consider a low-energy Berry pseudorotation[28] 6 a> 7 a and
6 b> 7 b spanning the more apicophilic oxygen atom of the
oxaphosphetane ring in an apical position. The extracyclic
oxygen anion group tends to remain equatorial throughout
the pseudorotation process by serving as a pivot. These
pseudorotational processes permit overall apical introduction
of the ortho-stabilized carbanion and apical departure of the


Figure 1. Structure of anti-3e, showing the labeling scheme. Selected bond
lengths [�] and angles [8]: P ± O1 1.485(2), P ± N1 1.667(2), P ± N2 1.622(2),
P ± C12 1.790(2), O2 ± C13 1.356(3); O1-P-N1 117.87(9), O1-P-N2 117.64(9),
O1-P-C12 107.89(9), N1-P-N2 94.29(9), N1-P-C12 107.71(9), N2-P-C12
110.7(1), P-N1-C5 114.4(1), P-N1-C6 125.4(1), C5-N1-C6 119.8(2), P-N2-C1
128.4(2), P-N2-C4 115.3(1).


Figure 2. Structure of syn-3 f showing the labeling scheme. Selected bond
lengths [�] and bond angles [8]: P ± O1 1.474(8), P ± C12 1.82(1), P ± N1
1.66(1), P ± N2 1.64(1), O2 ± C13 1.34(2); O1-P-N1 116.9(5), O1-P-N2
115.9(5), O1-P-C12 106.7(5), N1-P-N2 93.3(5), N1-P-C12 111.3(5), N2-P-
C12 112.5(6), P-N1-C5 114.4(8), P-N1-C6 124.1(8), C5-N1-C6 120.(1), P-
N2-C1 127.8(9), P-N2-C4 113.9(9).


leaving group in agreement with the principle of microscopic
reversibility.[20, 29, 30] Moreover, by considering an associative
process, the inversion of the configuration at the phosphorus
atom is energetically unfavorable since it involves the
epimerization of the phosphorus PV atom in the TBP


Table 2. Preparation of compounds 3 by a stereoselective P ± O to P ± C
rearrangement of precursors 2.


[a] Isolated yield based on the proportion of each diastereomer in the
starting material mixture. [b] See ref. [14]. [c] The rearrangement proceeds
with a totally stereoselective reaction at the phosphorus atom. [d] Re-
arrangement of pure precursor anti-2 led stereoselectively to pure
compound anti-3. [e] A mixture of various nonidentified products was
obtained.
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intermediates. Such an epimerization implies high-energy
intermediates 7 and 8 in which either the oxaphosphetane or
diazaphospholane rings are forced to adopt a constrained
diequatorial position with the oxygen anion group in an apical
position[31, 32] (Scheme 4).


Conclusion


We have described the first synthesis of various new chiral o-
hydroxyaryl phosphine oxides by means of a totally stereo-
selective migration ± rearrangement procedure. A mechanis-
tic rationale involving an addition ± pseudorotation ± elimi-
nation pathway has been proposed in agreement with the


experimentally observed retention of
configuration at the phosphorus atom.
Additional studies concerning the use of
such compounds as catalysts in various
asymmetric catalyzed reactions as well as
potential biological activities are current-
ly under investigation.[33]


Experimental Section


Materials and methods : 1H NMR, 13C NMR, and
31P NMR spectra were recorded on Bruker AC100
and AC 200 spectrometers in CDCl3. The chemical
shifts (ppm) were determined relative to Me4Si
(1H and 13C) and 85 % H3PO4 (31P). Toluene,
tetrahydrofuran (THF), and diethyl ether were
distilled from sodium/benzophenone ketyl imme-
diately prior to use. Ethyl acetate and petroleum
ether (35 ± 60 8C) were purchased from SDS and
used without any further purification. Column
chromatography was performed on Merck silica
gel (70 ± 230 mesh).


General procedure for the preparation of com-
pounds 2 a ± l : phenyldichlorophosphate (1.64 mL,
11 mmol) was added dropwise at 0 8C to a solution
of the corresponding chiral amino alcohol, dia-
mine, or diol (10 mmol) and freshly distilled NEt3


(3.8 mL, 30 mmol) in dry THF (25 mL). The
mixture was stirred under N2 at RT overnight,
then filtered to remove Et3NHCl. The solvent was
evaporated under reduced pressure. The crude
product was purified by flash chromatography on
a silica gel column to give the pure compound.


(2S,4R,5S)-3,4-Dimethyl-2-phenoxy-5-phenyl-1,3-
,2-oxazaphospholidine 2-oxide (2 a) and
(2R,4R,5S)-3,4-dimethyl-2-phenoxy-5-phenyl-1,3-
,2-oxazaphospholidine 2-oxide (2b): Purification
by column chromatography (silica gel; ethyl
acetate/petroleum ether 90:10) afforded 2 a as a
white solid in 57 % yield and 2b as a white solid in
12 % yield.


2a : M.p. 94 8C; [a]25
D �ÿ102.0 (c� 1, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 13.5; 1H NMR (200 MHz, CDCl3): d� 0.66 (d, J� 6.7 Hz, 3H),
2.88 (d, J� 10.0 Hz, 3H), 3.75 (m, 1 H), 5.78 (d, J� 6.2 Hz, 1H), 7.30 (m,
10H); 13C NMR (50 MHz, CDCl3): d� 13.2 (s), 29.5 (d, J� 5.6 Hz), 60.0 (d,
J� 13.6 Hz), 80.9 (d, J� 2.5 Hz), 120.7 (d, J� 4.3 Hz, 2C), 124.9 (s), 125.6
(s, 2C), 128.2 (s), 128.4 (s, 2C), 129.6 (s, 2 C), 135.5 (d, J� 8.7 Hz), 151.2 (d,
J� 8.8 Hz); C16H18NO3P (303.29): calcd. C 63.4, H 6.0, N 4.6, P 10.2; found
C 63.7, H 5.9, N 4.8, P 10.5.


2b : M.p. 122 8C; [a]25
D �ÿ34.0 (c� 1, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 13.5; 1H NMR (200 MHz, CDCl3): d� 0.82 (d, J� 6.5 Hz, 3H),
2.81 (d, J� 10.3 Hz, 3H), 3.60 (m, 1H), 5.38 (dd, J� 6.4 Hz, J� 3.9 Hz,
1H), 7.30 (m, 10 H); 13C NMR (50 MHz, CDCl3): d� 14.2 (d, J� 3.6 Hz),
28.6 (d, J� 4.4 Hz), 58.8 (d, J� 12.8 Hz), 81.0 (s), 120.5 (d, J� 4.3 Hz, 2C),
124.8 (s), 125.9 (s, 2 C), 128.3 (s, 3C), 129.6 (s, 2C), 135.4 (d, J� 7.2 Hz),
151.1 (d, J� 8.7 Hz); C16H18NO3P (303.29): calcd. C 63.4, H 6.0, N 4.6, P
10.2; found C 63.6, H 6.1, N 4.9, P 10.3.


(2S,4S)-4-Isopropyl-2-phenoxy-3-methyl-1,3,2-oxazaphospholidine 2-oxide
(2c) and (2R,4S)-4-isopropyl-2-phenoxy-3-methyl-1,3,2-oxazaphospholi-
dine 2-oxide (2d): Purification by column chromatography (silica gel;
ethyl acetate/petroleum ether 80:20).


2c : Pale yellow syrup; yield: 58%; [a]25
D ��71.4 (c� 1.05, CH2Cl2); 31P


NMR (40.5 MHz, CDCl3): d� 16.4; 1H NMR (200 MHz, CDCl3): d� 0.88
(d, J� 7.0 Hz, 3H), 0.97 (d, J� 6.9 Hz, 3H), 2.07 (m, 1 H), 2.74 (d, J�
10.2 Hz, 3 H), 3.19 (m, 1H), 4.07 (m, 2H), 7.17 (m, 3H), 7.34 (m, 2 H); 13C
NMR (50 MHz, CDCl3): d� 14.3 (s), 17.6 (s), 27.4 (d, J� 5.6 Hz), 28.9 (d,
J� 5.5 Hz), 62.3 (d, J� 13.6 Hz), 65 (s), 120.3 (d, J� 5.0 Hz, 2C), 124.75 (s),


Scheme 3. Possible mechanism for the stereoselective P ± O to P ± C migration rearrangement.


Scheme 2. Synthesis of pure anti-3 e.


Scheme 4. High-energy intermediates 7 and 8.
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129.5 (s, 2 C), 150.2 (d, J� 7.5 Hz); C12H18NO3P (255.25): calcd. C 56.5, H
7.1, N 5.5, P 12.1; found C 57.1, H 7.1, N 5.4, P 12.5.


2d : Pale yellow syrup, yield: 20%; [a]25
D �ÿ65.5 (c� 1.1, CH2Cl2); 31P


NMR (40.5 MHz, CDCl3): d� 18.7; 1H NMR (200 MHz, CDCl3): d� 0.63
(d, J� 6.9 Hz, 3 H), 0.80 (d, J� 7.0 Hz, 3H), 1.83 (m, 1H), 2.72 (d, J�
10.4 Hz, 3 H), 3.35 (m, 1 H), 3.80 (m, 1H), 4.22 (m, 1 H), 7.14 (m, 3 H), 7.34
(m, 2 H); 13C NMR (50 MHz, CDCl3): d� 14.5 (s), 17.4 (s), 28.1 (d, J�
6.2 Hz), 30.5 (d, J� 5.5 Hz), 63.4 (d, J� 13.8 Hz), 65.4 (s), 120.7 (d, J�
4.2 Hz, 2C), 124.8 (s), 129.4 (s, 2C), 150.8 (d, J� 8.3 Hz); C12H18NO3P
(255.25): calcd. C 56.5, H 7.1, N 5.5, P 12.1; found C 57.3, H 7.2, N 5.6, P 11.9.


(2S,5S)-2-Phenoxy-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0]octane 2-
oxide (2 e) and (2R,5S)-2-phenoxy-3-phenyl-1,3-diaza-2-phosphabicy-
clo[3.3.0]octane 2-oxide (2 f): Purification by column chromatography
(silica gel; ethyl acetate/petroleum ether 80:20) afforded an equimolar,
inseparable mixture of the two diastereomers 2e and 2 f as a white solid in
91% yield. 31P NMR (40.5 MHz, CDCl3): d� 16.9, 10.9; 1H NMR
(200 MHz, CDCl3): d� 2.05 (m, 4 H), 3.50 (m, 5H), 7.20 (m, 10H); 13C
NMR (50 MHz, CDCl3): d� 26 (d, J� 3.7 Hz), 27.1 (d, J� 5.2 Hz), 31.3 (d,
J� 2.8 Hz), 32.3 (d, J� 2.9 Hz), 44.5 (d, J� 2.7 Hz), 46.5 (d, J� 2.7 Hz),
49.7 (d, J� 19.2 Hz), 51.4 (d, J� 16.3 Hz), 56.9 (d, J� 10.6 Hz), 57.7 (d, J�
11.6 Hz), 116.0 (d, J� 3.7 Hz), 117.0 (d, J� 5.2 Hz), 120.8 (d, J� 3.7 Hz),
121.0 (d, J� 5.2 Hz), 121.4 (d, J� 3.7 Hz), 121.8 (d, J� 5.2 Hz), 124.5 (d,
J� 3.7 Hz), 124.7 (d, J� 5.2 Hz), 129.2 (d, J� 4.5 Hz), 129.3 (s), 129.7 (s),
141.4 (s), 141.6 (s), 151.2 (s), 151.9 (s); C17H19N2O2P (314.32): calcd. C 65.0,
H 6.1, N 8.9, P 9.9; found: C 65.6, H 6.2, N 9.0, P 9.8.


(2S,5S)-2-Naphthoxy-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0]octane 2-
oxide (2 g) and (2R,5S)-2-naphthoxy-3-phenyl-1,3-diaza-2-phosphabicy-
clo[3.3.0]octane 2-oxide (2 h): Purification by column chromatography
(silica gel; ethyl acetate/petroleum ether 75:25) afforded an inseparable
mixture (60:40) of the two diastereomers 2g and 2h as a white solid in 76%
yield. 31P NMR (40.5 MHz, CDCl3): d� 16.7 (major), 11.4 (minor); 1H
NMR (200 MHz, CDCl3): d� 1.85 (m, 4H), 3.50 (m, 5 H), 6.90 (m, 1H), 7.15
(m, 8 H), 7.50 (m, 1H), 7.80 (m, 2H); 13C NMR (50 MHz, CDCl3): d� 26.0
(d, J� 4 Hz), 27.2 (d, J� 5.3 Hz); 31.4 (d, J� 2.6 Hz), 32.3 (s), 44.8 (d, J�
2.7 Hz), 46.5 (d, J� 2.8 Hz), 49.7 (d, J� 18.6 Hz), 51.7 (d, J� 16.4 Hz), 57.0
(d, J� 10.2 Hz), 58.0 (d, J� 11.5 Hz), 115.5 (d, J� 3.2 Hz), 116.4 (d, J�
4.5 Hz), 117.2 (d, J� 4.5 Hz), 121.4 (s), 121.7 (s), 122 (s), 122.1 (s), 124.3 (s),
124.6 (s), 125.5 (s), 125.9 (s), 126.3 (s), 126.6 (s), 127.2 (s), 127.6 (s), 129.2 (s),
129.4 (s), 134.7 (s), 141.3 (s), 141.6 (s), 147.2 (s), 148 (s); C21H21N2O2P
(364.38): calcd. C 69.2, H 5.8, N 7.7, P 8.5; found C 68.9, H 5.7, N 7.9, P 8.7.


(1S,6S)-7,9-Dimethyl-8-phenoxy-7,9-diaza-8-phosphabicyclo[4.3.0]nonane
8-oxide (2 i): Purification by column chromatography (silica gel; ethyl
acetate/petroleum ether 80:20) afforded 2 i as a pale yellow syrup in 85%
yield. [a]25


D �ÿ56.0 (c� 0.925, CH2Cl2); 31P NMR (40.5 MHz, CDCl3): d�
23.8; 1H NMR (200 MHz, CDCl3): d� 1.25 (m, 4H), 1.80 (m, 2 H), 2.05 (m,
2H), 2.60 (m, 2 H), 2.60 (d, J� 2.0 Hz, 3H), 2.65 (d, J� 2.1 Hz, 3H), 7.25
(m, 5H); 13C NMR (50 MHz, CDCl3): d� 23.8 (s, 2C), 27.6 (s), 27.8 (s), 28.1
(d, J� 10.6 Hz), 29.7 (d, J� 2.4 Hz), 62.5 (d, J� 10.0 Hz), 64.5 (d, J�
9.9 Hz), 120.7 (d, J� 3.9 Hz, 2C), 124.0 (s), 129.2 (s, 2C), 151.4 (d, J�
9.0 Hz); C14H21N2O2P (280.30): calcd. C 60.0, H 7.5, N 10.0, P 11.0; found C
60.6, H 7.7, N 9.9, P 11.2.


(4S,5S)-1,3-Dimethyl-4,5-diphenyl-2-phenoxy-1,3,2-diazaphospholidine 2-
oxide (2 j): Purification by column chromatography (silica gel; ethyl
acetate/petroleum ether 80:20) afforded 2j as a pale yellow syrup in 80%
yield. M.p. 108 8C; [a]25


D ��22.5 (c� 1, CH2Cl2); 31P NMR (40.5 MHz,
CDCl3): d� 20.3; 1H NMR (200 MHz, CDCl3): d� 2.56 (d, J� 2.5 Hz, 3H),
2.61 (d, J� 6 Hz, 3 H), 3.97 (dd, J� 21.3 Hz, J� 8.5 Hz, 2 H), 6.90 (m, 2H),
7.30 (m, 13H); 13C NMR (50 MHz, CDCl3): d� 29.8 (d, J� 3.8 Hz), 30.8 (d,
J� 2.4 Hz), 70.3 (d, J� 11.7 Hz), 71.5 (d, J� 12.5 Hz), 121.0 (s), 121.1 (s),
124.5 (s), 127.6 (s, 2C), 127.9 (s), 128.2 (s), 128.5 (d, J� 6.7 Hz, 2C),129.0 (s,
2C), 129.7 (s), 137.0 (d, J� 10.1 Hz), 137.9 (d, J� 7.3 Hz), 152.4 (d, J�
8.6 Hz); C22H23N2O2P (378.41): calcd. C 69.8, H 6.1, N 7.4, P 8.2; found C
70.2, H 6.0, N 7.2, P 8.3.


(1R,7R)-9,9-Dimethyl-4-phenoxy-3,5,8,10-tetraoxa-4-phosphabicyclo-
[5.3.0]decane 4-oxide (2k): Purification by column chromatography (silica
gel; ethyl acetate/petroleum ether 50:50) afforded 2k as a colorless syrup in
25% yield. [a]25


D ��50.9 (c� 1.1, CH2Cl2); 31P NMR (40.5 MHz, CDCl3):
d�ÿ8.1; 1H NMR (200 MHz, CDCl3): d� 1.47 (s, 6 H), 4.20 (m, 2 H), 4. 50
(m, 4 H), 7.30 (m, 5H); 13C NMR (50 MHz, CDCl3): d� 26.6 (s), 26.7 (s),
66.3 (d, J� 5.5 Hz), 67.1 (d, J� 5.8 Hz), 77.6 (s), 78.0 (s), 111.4 (s), 119.9 (d,


J� 4.4 Hz, 2C), 125.5 (s), 129.8 (s, 2C), 169.7 (s); C13H17O6P (300.24): calcd.
C 52.0, H 5.7, P 10.5; found C 52.6, H 5.8, P 10.1.


(R,R)-1,1''-Binaphthalene-2,2''-diylphenylphosphate (2 l): Purification by
column chromatography (silica gel; ethyl acetate/petroleum ether 20:80)
afforded 2 l as a white solid in 90 % yield. [a]25


D �ÿ276.0 (c� 0.5, CH2Cl2);
31P NMR (40.5 MHz, CDCl3): d�ÿ4.3; 1H NMR (200 MHz, CDCl3): d�
7.40 (m, 12H), 7.71 (d, J� 8.9 Hz, 1H), 8.04 (m, 4H); 13C NMR (50 MHz,
CDCl3): d� 117.8 (s), 119.9 (s), 120.0 (s), 120.1 (s), 120.6 (d, J� 2.7 Hz),
121.2 (s), 121.6 (s), 123.8 (s), 124.3 (s), 125.6 (s), 125.9 (s, 2C), 126.9 (s, 2C),
127.0 (s), 127.2 (s), 128.6 (d, J� 4.0 Hz), 129.9 (s, 2C), 131.2 (s), 131.7 (s),
132.0 (s), 132.3 (s), 146.0 (d, J� 10.2 Hz), 147.3 (d, J� 12.4 Hz), 150.3 (d,
J� 7.9 Hz); C26H17O4P (424.39): calcd. C 73.6, H 4, P 7.3; found: C 73.4, H
4.2, P 7.2.


General procedure for the preparation of compounds 3 b ± k : To a stirred
solution of the corresponding compounds (2 a ± k) (2.5 mmol) in dry THF
(25 mL) under N2 was slowly added at ÿ78 8C a solution of LDA (2m in
THF, 5.5 mmol). The mixture was allowed to warm to RT and was then
quenched by addition of a saturated solution of NH4Cl (20 mL). The
product was extracted with ethyl acetate (2� 30 mL). The combined
organic phases were dried over MgSO4, filtered, and evaporated under
reduced pressure. The residue was purified by flash chromatography on a
silica gel column.


(2S,4R,5S)-3,4-Dimethyl-2-(2-hydroxyphenyl)-5-phenyl-1,3,2-oxazaphos-
pholidine 2-oxide (3 b): Purification by column chromatography (silica gel;
ethyl acetate/petroleum ether 33:67) afforded 3b as a white solid in 86%
yield. M.p. 109 8C; [a]25


D �ÿ4.4 (c� 0.45, CH2Cl2); 31P NMR (40.5 MHz,
CDCl3): d� 38.6; 1H NMR (200 MHz, CDCl3): d� 0.97 (d, J� 6.5 Hz, 3H),
2.68 (d, J� 10.3 Hz, 3H), 3.90 (m, 1H), 5.76 (dd, J� 6.7 Hz, J� 4.4 Hz,
1H), 7.00 (m, 2 H); 7.40 (m, 7H); 10.80 (s, 1H); 13C NMR (50 MHz, CDCl3):
d� 14.8 (s), 28.5 (d, J� 6.1 Hz), 59.4 (d, J� 11.2 Hz), 83.4 (s), 109.2 (d, J�
168.5 Hz), 117.9 (d, J� 11.1 Hz), 119.4 (d, J� 14.4 Hz), 126.1 (s, 2 C), 128.4
(d, J� 4.2 Hz, 2C), 131.3 (s), 131.4 (s), 135.2 (s), 135.7 (d, J� 4.6 Hz), 163.4
(d, J� 7.2 Hz); C16H18NO3P (303.29): calcd. C 63.4, H 6.0, N 4.6, P 10.2;
found C 63.5, H 6.1, N 4.7, P 10.1.


(2S,4S)-4-Isopropyl-2-(2-hydroxyphenyl)-3-methyl-1,3,2-oxazaphospholi-
dine 2-oxide (3c): Purification by column chromatography (silica gel; ethyl
acetate/petroleum ether 25:75) afforded 3c as a pale yellow solid in 89%
yield. M.p. 88 8C; [a]25


D ��62.0 (c� 0.55, CH2Cl2); 31P NMR (40.5 MHz,
CDCl3): d� 40.8; 1H NMR (200 MHz, CDCl3): d� 1.01 (d, J� 7.0 Hz, 3H),
1.07 (d, J� 6.8 Hz, 3H), 2.18 (m, 1 H), 2.56 (d, J� 9.9 Hz, 3 H), 3.58 (m,
1H), 4.35 (m, 2H), 6.92 (m, 2H), 7.17 (m, 1 H) ), 7.46 (m, 1H), 10.8 (s, 1H);
13C NMR (50 MHz, CDCl3): d� 14.5 (s), 18.2 (s), 27.6 (d, J� 3.7 Hz), 28.7
(d, J� 8.7 Hz), 64.3 (d, J� 11.5 Hz), 66.8 (s), 109.4 (d, J� 164.5 Hz), 117.9
(d, J� 11.2 Hz), 119.3 (d, J� 14.5 Hz), 130.8 (d, J� 8.7 Hz), 135.0 (s), 163.2
(d, J� 6.7 Hz); C12H18NO3P (255.25): calcd. C 56.5, H 7.1, N 5.5, P 12.1;
found C 56.7, H 7.2, N 5.6, P 12.3.


(2R,4S)-4-Isopropyl-2-(2-hydroxyphenyl)-3-methyl-1,3,2-oxazaphospholi-
dine 2-oxide (3d): Purification by column chromatography (silica gel; ethyl
acetate/petroleum ether 25:75) afforded 3d as a pale yellow solid in 92%
yield. M.p. 106 8C; [a]25


D �ÿ15.0 (c� 0.6, CH2Cl2); 31P NMR (40.5 MHz,
CDCl3): d� 44.0; 1H NMR (200 MHz, CDCl3): d� 0.98 (d, J� 7.0 Hz, 3H),
1.00 (d, J� 6.9 Hz, 3H), 2.13 (m, 1H), 2.61 (d, J� 11.0 Hz, 3 H), 3.55 (m,
1H), 4.15 (m, 1 H), 4.45 (m, 1 H), 6.90 (m, 2 H), 7.30 (m, 2H), 10.8 (s, 1H);
13C NMR (50 MHz, CDCl3): d� 15.1 (s), 18.1 (s), 28.1 (d, J� 7.4 Hz), 29.4
(d, J� 5.7 Hz), 62.7 (d, J� 9.9 Hz), 67.9 (d, J� 2.2 Hz), 109.1 (d, J�
174.5 Hz), 117.9 (d, J� 12.2 Hz), 119.3 (d, J� 14.2 Hz), 132.1 (d, J�
7.2 Hz), 135.3 (d, J� 2.7 Hz), 163.7 (d, J� 4.4 Hz); C12H18NO3P (255.25):
calcd. C 56.5, H 7.1, N 5.5, P 12.1; found C 56.9, H 7.1, N 5.4, P 12.2.


(2S,5S)-2-(2-hydroxyphenyl)-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0]-
octane 2-oxide (3 e) and (2R,5S)-2-(2-hydroxyphenyl)-3-phenyl-1,3-diaza-
2-phosphabicyclo[3.3.0]octane 2-oxide (3 f): Purification by column chro-
matography (silica gel; ethyl acetate/petroleum ether 50:50) afforded 3 e as
a white solid in 47 % yield and 3 f as a white solid in 44 % yield.


3e : M.p. 158 8C; [a]25
D �� 51.4 (c� 0.7, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 33.2; 1H NMR (200 MHz, CDCl3): d� 1.95 (m, 4 H), 2.97 (m,
1H), 3.57 (m, 1H), 3.76 (m, 1H), 3.99 (m, 2 H), 6.78 (m, 1H), 6.97 (m, 4H),
7.19 (m, 4 H), 11.15 (s, 1 H); 13C NMR (50 MHz, CDCl3): d� 26.7 (s), 32.3
(s), 44.5 (s), 49.7 (d, J� 14.6 Hz), 60.0 (d, J� 5.9 Hz), 112.8 (d, J�
164.3 Hz), 116.5 (d, J� 5.8 Hz, 2 C), 117.6 (d, J� 11.7 Hz), 119.5 (d, J�
13.2 Hz), 121.9 (s), 129.3 (s, 2C), 131.4 (d, J� 7.4 Hz), 134.3 (d, J� 3.0 Hz),
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141.2 (d, J� 7.0 Hz), 162.9 (d, J� 7.0 Hz); C17H19N2O2P (314.32): calcd. C
65.0, H 6.1, N 8.9, P 9.9; found C 65.6, H 6.0, N 8.7, P 10.0.


3 f : M.p. 158 8C; [a]25
D �� 11.4 (c� 0.7, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 27.9; 1H NMR (200 MHz, CDCl3): d� 1.70 (m, 1H), 2.10 (q,
J� 6.8 Hz, 2H), 2.25 (m, 1 H), 3.10 (m, 2H), 3.60 (td, J� 8.7 Hz, J� 1.9 Hz,
1H), 4.10 (m, 1H), 4.30 (m, 1H), 6.90 (m, 4H), 7.30 (m, 5 H), 11.40 (s, 1H);
13C NMR (50 MHz, CDCl3): d� 27.4 (d, J� 5.9 Hz), 31.9 (d, J� 4.4 Hz),
44.1 (d, J� 7.2 Hz), 45.4 (d, J� 10.4 Hz), 58.1 (d, J� 10.3 Hz), 108.4 (d, J�
146.8 Hz), 116.1 (d, J� 5.6 Hz, 2C), 118.2 (d, J� 11.3 Hz), 119.5 (d, J�
14.4 Hz), 121.6 (s), 129.3 (s, 2C), 130.5 (d, J� 9.1 Hz), 134.8 (d, J� 2.5 Hz),
141.8 (d, J� 7.4 Hz), 164.8 (d, J� 6.2 Hz); C17H19N2O2P (314.32): calcd. C
65.0, H 6.1, N 8.9, P 9.9; found C 65.7, H 6.2, N 8.8, P 9.7.


(2S,5S)-2-(1-Hydroxy-2-naphthyl)-3-phenyl-1,3-diaza-2-phosphabicy-
clo[3.3.0]octane 2-oxide (3 g) and (2R,5S)-2-(1-hydroxy-2-naphthyl)-3-
phenyl-1,3-diaza-2-phosphabicyclo[3.3.0]octane 2-oxide (3 h): Purification
by column chromatography (silica gel; dichloromethane) afforded 3 g as a
white solid in 56% yield and 3 h as a white solid in 37% yield.


3g : M.p. 233 8C; [a]25
D ��161.6 (c� 0.625, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 34.2; 1H NMR (200 MHz, CDCl3): d� 2.10 (m, 4 H), 3.10 (m,
1H), 4.00 (m, 4H), 7.00 (m, 1 H), 7.30 (m, 6H), 7.70 (m, 2 H), 7.85 (m, 1H),
8.57 (m, 1 H), 12.29 (s, 1 H); 13C NMR (50 MHz, CDCl3): d� 26.7 (s), 32.3
(s), 44.4 (s), 49.7 (d, J� 14.0 Hz), 60.0 (d, J� 5.3 Hz), 104.4 (d, J� 167 Hz),
116.5 (d, J� 5.3 Hz, 2C), 119.0 (d, J� 14.2 Hz), 121.8 (d, J� 3.2 Hz), 123.5
(d, J� 4.5 Hz), 125.0 (d, J� 4.5 Hz), 125.6 (s, 2C), 125.7 (s), 127.3 (s), 128.7
(s), 129.2 (s), 136.6 (s), 141.1 (s), 161.5 (d, J� 7.7 Hz); C21H21N2O2P
(364.38): calcd. C 69.2, H 5.8, N 7.7, P 8.5; found C 69.1, H 5.7, N 8.1, P 8.6.


3h : M.p. 197 8C; [a]25
D �ÿ23.0 (c� 0.4, CH2Cl2); 31P NMR (40.5 MHz,


CDCl3): d� 29.2; 1H NMR (200 MHz, CDCl3): d� 1.80 (m, 1H), 2.06 (q,
J� 6.8 Hz, 2 H), 2.30 (m, 1 H), 3.10 (m, 2 H), 3.70 (td, J� 2.1 Hz, J� 8.7 Hz,
1H), 4.10 (m, 1 H), 4.35 (m, 1H), 6.87 (m, 2 H), 7.20 (m, 5H), 7.60 (m, 3H),
8.47 (d, J� 8 Hz, 1H), 12.44 (s, 1H); 13C NMR (50 MHz, CDCl3): d� 27.4
(d, J� 6.6 Hz), 32.0 (d, J� 4.2 Hz), 44.2 (d, J� 7.0 Hz), 54.5 (d, J�
10.2 Hz), 58.1 (d, J� 10.4 Hz), 99.9 (d, J� 149.7 Hz), 116.1 (d, J� 4.5 Hz,
2C), 119.2 (d, J� 14.3 Hz), 121.5 (s), 123.7 (s), 124.7 (d, J� 9.2 Hz), 125.5
(d, J� 10 Hz), 125.9 (s), 127.3 (s), 129.0 (s), 129.3 (s, 2 C), 136.8 (s), 141.9 (d,
J� 7.2 Hz), 164.0 (d, J� 7.0 Hz); C21H21N2O2P (364.38): calcd. C 69.2, H 5.8,
N 7.7, P 8.5; found C 69.3, H 5.9, N 7.9, P 8.5.


(1S,6S)-7,9-Dimethyl-8-(2-hydroxyphenyl)-7,9-diaza-8-phosphabicy-
clo[4.3.0]nonane 8-oxide (3 i): Purification by column chromatography
(silica gel; ethyl acetate/petroleum ether 33:67) afforded 3 i as a white solid
in 93% yield. M.p. 112 8C; [a]25


D �� 15.8 (c� 0.95, CH2Cl2); 31P NMR
(40.5 MHz, CDCl3): d� 39.2; 1H NMR (200 MHz, CDCl3): d� 1.19 (m,
4H), 1.97 (m, 4 H), 2.27 (d, J� 12.0 Hz, 3H), 2.47 (d, J� 12.0 Hz, 3 H), 2.64
(m, 1 H), 2.85 (m, 1 H), 6.82 (m, 2H), 7.06 (m, 1 H), 7.30 (m, 1H), 11.17 (s,
1H); 13C NMR (50 MHz, CDCl3): d� 24.1 (s), 24.2 (s), 28.1 (s, 2C), 28.3 (d,
J� 2.1 Hz), 28.5 (d, J� 6.0 Hz), 63.3 (d, J� 6.0 Hz), 66.0 (d, J� 7.0 Hz),
110.1 (d, J� 149.0 Hz), 117.5 (d, J� 11.0 Hz), 119.0 (d, J� 13.0 Hz), 131.5
(d, J� 8.0 Hz), 134.3 (d, J� 2.0 Hz), 163.7 (d, J� 6.0 Hz); C14H21N2O2P
(280.30): calcd. C 60.0, H 7.5, N 10.0, P 11.0; found C 60.3, H 7.6, N 10.1, P
11.1.


(4S,5S)-1,3-Dimethyl-4,5-diphenyl-2-(2-hydroxyphenyl)-1,3,2-diazaphos-
pholidine 2-oxide (3j): Purification by column chromatography (silica gel;
ethyl acetate/petroleum ether 25:75) afforded 3j as a pale yellow solid in
91% yield. M.p. 168 8C; [a]25


D �ÿ49.0 (c� 0.525, CH2Cl2); 31P NMR
(40.5 MHz, CDCl3): d� 38.8; 1H NMR (200 MHz, CDCl3): d� 2.31 (d, J�
10.2 Hz, 3H), 2.50 (d, J� 10.6 Hz, 3 H), 4.26 (dd, J� 22.9 Hz, J� 8.7 Hz,
2H), 7.25 (m, 14 H), 11.47 (s, 1 H); 13C NMR (50 MHz, CDCl3): d� 26.7 (d,
J� 6.5 Hz), 29.8 (d, J� 4.2 Hz), 71.6 (d, J� 7.7 Hz), 73.6 (d, J� 8.7 Hz),
110.2 (d, J� 155.5 Hz), 115.5 (s), 118.0 (d, J� 10.2 Hz), 119.4 (d, J�
14.0 Hz), 120.0 (s), 127.5 (s, 2C), 127.9 (s, 2C), 128.4 (s, 2C), 128.7 (s,
2C), 131.5 (d, J� 7.9 Hz), 134.6 (d, J� 2.3 Hz), 136.9 (d, J� 5.8 Hz), 137.4
(d, J� 8.9 Hz), 164.0 (d, J� 7.2 Hz); C22H23N2O2P (378.41): calcd. C 69.8, H
6.1, N 7.4, P 8.2; found C 70.1, H 6.1, N 7.3, P 8.1.


(1R,7R)-9,9-Dimethyl-4-(2-hydroxyphenyl)-3,5,8,10-tetraoxa-4-phospha-
bicyclo[3.5.0]decane 8-oxide (3k): Purification by column chromatography
(silica gel; ethyl acetate/petroleum ether 25:75) afforded 3k as a white solid
in 95% yield. M.p. 117 8C; [a]25


D ��56.0 (c� 0.45, CH2Cl2); 31P NMR
(40.5 MHz, CDCl3): d� 23.7; 1H NMR (200 MHz, CDCl3): d� 1.40 (s, 3H),
1.41 (s, 3 H), 4.04 (m, 2 H), 4.25 (m, 1H), 4.34 (m, 1H), 4.51 (m, 2H), 6.86
(m, 2 H), 7.35 (m, 2 H), 9.00 (s, 1 H); 13C NMR (50 MHz, CDCl3): d� 26.7


(s), 26.8 (s), 64.4 (d, J� 7.3 Hz), 67.4 (d, J� 8.6 Hz), 77.9 (d, J� 2.8 Hz), 78.8
(s), 111.5 (d, J� 151.0 Hz), 112.1 (s), 117.8 (d, J� 12.8 Hz), 119.6 (d, J�
13.6 Hz), 131.7 (d, J� 5.5 Hz), 135.7 (s), 161.2 (s); C13H17O6P (300.24):
calcd. C 52.0, H 5.7, P 10.5; found C 52.4, H 5.9, P 10.2.
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Regioselectivity of the Photochemical Addition of Ammonia, Phosphine, and
Silane to Olefinic and Acetylenic Nitriles


Jean-Claude Guillemin,* Curt M. Breneman, Jeffrey C. Joseph, and James P. Ferris


Abstract: An investigation of the regio-
selectivity and mechanisms of the pho-
tochemical addition of NH3, PH3, and
SiH4 to olefinic and acetylenic nitriles is
described. The photolysis of NH3 in the
presence of acrylonitrile led to the a-
addition product 2-aminopropanenitrile
(2), propanenitrile, and 2,3-dimethylbu-
tanedinitrile (3). When NH3 was photo-
lyzed in the presence of substituted
derivatives (crotononitrile, methacrylo-
nitrile, or 1-cyclohexenecarbonitrile),
the a-addition products were still ob-
tained. However, under similar reaction
conditions, only the b-addition products,
7 and 8, were obtained from acrylonitrile


and PH3, or acrylonitrile and SiH4,
respectively. On the other hand, the
photolysis of 2-butynenitrile and NH3


gave the b-addition products, (Z)- and
(E)-3-aminocrotononitrile (10). The
photolysis of these acetylenic nitriles
with PH3 or SiH4 also gave the b-adducts
(12) and (13). The a-addition of NH3


proceeds by the stepwise addition of H .


and .NH2, respectively, to the a,b-unsa-
turated nitriles. The b-addition products


are formed by a radical chain mecha-
nism initiated by photochemically gen-
erated radicals. The radical chain path-
way provides an explanation for a num-
ber of previously described photo-
chemical additions to olefins and acety-
lenes. Photochemical processes similar
to the addition of ammonia and phos-
phine to unsaturated organic com-
pounds may have played a role in the
evolution of the atmosphere of the
primitive Earth, and may even be cur-
rently occurring in the atmospheres of
other planets.


Keywords: ab initio calculations ´
alkenes ´ alkynes ´ radical reactions
´ photochemistry


Introduction


Unsaturated nitriles play a key role in many of the pathways
proposed for the prebiotic synthesis of biological molecules.
These nitriles are formed in electric discharge reactions
designed to simulate events on the primitive Earth.[1, 2] They
are found on Titan[3, 4] and in the interstellar medium.[5, 6]


Michael addition (b-addition) of nucleophiles to acetylenic
nitriles is an important step in the prebiotic synthesis of the
pyrimidine ring system,[2, 7] while the addition of HCN and
NH3 to propynenitrile results in the formation of the dinitrile
of aspartic acid.[1] Aminonitriles are utilized in almost every
step in research designed to elucidate the low-energy routes to
prebiotic molecules.[8]


Photochemical reactions of unsaturated aminonitriles play
an important role in the prebiotic synthesis of purines[9] and


imidazole;[2] however, there have been very few studies of the
photochemical addition reactions of unsaturated nitriles. The
subsequent transformation of these compounds occurs mainly
in photochemically driven reactions. It is not possible to infer
the regioselectivity of the photochemical addition reactions of
unsaturated nitriles, esters, and acids because of the conflict-
ing nature of the limited number of reports available in the
literature. Photolysis of ethyl propynoate in the presence of
isopropanol resulted in the b-addition of the isopropanol
group to the triple bond [Eq. (1)],[10] while a-addition is the
principal reaction pathway in the photochemical addition of
indene to acrylonitrile [Eq. (2)],[11] in which the ground state
of acrylonitrile adds to the excited state of indene. Both a- and
b-additions were observed in the photochemical reaction of
ammonia to ammonium acrylate [Eq. (3)].[12] b-Addition was
the exclusive product at a high photon flux or with UV
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radiation (l� 140 ± 160 nm) from a hydrogen lamp. Both a-
alanine and b-alanine were observed when a low-intensity
laser source (l� 266 nm) was used. It should be noted that the
identity of the photoproducts rests entirely on their retention
times from an ion-exchange column, and therefore requires
confirmation.


An investigation of the regioselectivity and possible
mechanisms of the photochemical addition of ammonia
(NH3), phosphine (PH3), and silane (SiH4) to acetylenic and
olefinic nitriles is presented in this report. A comparison of
the photoproducts provided insight into the reaction pathway.


Results and Discussion


Photoaddition to a,b-unsaturated nitriles : The photolysis of
NH3 in the presence of olefinic nitriles resulted in the a-
addition of .NH2 [Eq. (4)]. The formation of 2-amino-
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propanenitrile (alaninenitrile, 2) was observed when ammo-
nia was photolyzed in the presence of acrylonitrile (Scheme 1,
Table 1). Two other products, propanenitrile and the diaster-
eomers of 2,3-dimethylbutanedinitrile (3), were also identi-
fied. These three products were only observed if NH3 was
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Scheme 1. Photolysis of ammonia in the presence of acrylonitrile.


present in excess and was the light-absorbing species. No
addition products were observed when acrylonitrile was the
principal light-absorbing species. Trace amounts of propyne-
nitrile and HCN were detected in a control reaction when
acrylonitrile was irradiated by itself in the gas phase but the
isomers of 3 were not observed.[13]


Comparable reaction products were obtained by the
photolysis of NH3 in the presence of crotononitrile, meth-
acrylonitrile, and 1-cyclohexenecarbonitrile (Tables 2 and 3).
The low vapor pressure (0.7 Torr at 25 8C) of 1-cyclohexene-
carbonitrile precluded photochemical studies where it was
present in excess, but the formation of 1-aminocyclohexane-
carbonitrile (4) was observed in the presence of excess
ammonia. The corresponding dicyano compound, the diaster-
eomers of 2,3-dicyclohexylbutanedinitrile (5), and the satu-
rated nitrile, cyclohexanecarbonitrile (6), were also obtained
[Eq. (5)].
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Abstract in French: La reÂgioseÂlectiviteÂ et le meÂcanisme de
l�addition photochimique de NH3, PH3 et SiH4 sur des nitriles
eÂthyleÂniques ou aceÂtyleÂniques sont eÂtudieÂs. La photolyse de
l�ammoniac en preÂsence d�un acrylonitrile conduit aÁ un a-
aminonitrile, produit d�a-addition, aÁ un dinitrile et aÁ un
alkylnitrile. Dans les meÃmes conditions expeÂrimentales, PH3


et SiH4 en preÂsence d�un nitrile eÂthyleÂnique ou aceÂtyleÂnique
conduisent aux produits de b-addition de meÃme que NH3 en
preÂsence d�un nitrile aceÂtyleÂnique. Un processus mettant en jeu
une reÂaction radicalaire en chaîne explique la formation des
produits de b-addition. Avec NH3, la formation d�adduits a


provient de l�addition, en premieÁre eÂtape, d�un radical hydro-
geÁne sur l�insaturation; les radicaux formeÂs n�ont pas une
eÂnergie suffisante pour arracher un hydrogeÁne aÁ l�ammoniac et
deÂbuter une reÂaction en chaîne. Sous irradiation solaire, des
processus photochimiques similaires aÁ ceux de l�addition de
l�ammoniac ou de la phosphine sur des composeÂs organiques
insatureÂs peuvent avoir jouer un roÃle important dans l�eÂvolu-
ution de l�atmospheÁre primitive terrestre et peuvent actuelle-
ment s�effectuer dans les atmospheÁres d�autres planeÁtes.


Table 1. Photolysis of acrylonitrile and ammonia.[a]


Irradiation Pressure [Torr] Light absorbed Products
l [nm] NH3 Acrylonitrile by NH3 [%] 2[b] [%] 3[b] [%] Propanenitrile [%]


185, 254 10 50 9[c] 0 0 0
185, 254 50 50 33[c] 0 0 0
185, 254 300 10 94[c] 0.5 1.3 0.4
185, 254 560 3 99[c] 4.5 8.5 3.0
206 10 50 30[d] 0 0 0
206 50 50 68[d] 0 traces 0
206 300 10 98[d] 0.7 3.2 0.5
206 560 3 100[d] 4.5 10 3


[a] Irradiation time� 3 h. [b] 2 : 2-Aminopropanenitrile; 3 : diastereomers of 2,3-dimethylbutanedinitrile. [c] UVabsorbance of acrylonitrile was estimated to
be 178 cmÿ1 atmÿ1 at l� 185 nm and 22 cmÿ1 atmÿ1 at l� 206 nm.[15]







FULL PAPER J.-C. Guillemin et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1076 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 61076


On the other hand, when PH3 was photolyzed in the
presence of acrylonitrile, the b-addition product, 3-phosphi-
nopropanenitrile (7), was observed [Table 4, Eq. (6)]. Pro-
panenitrile is also formed but 3 was not detected. Photolysis of
SiH4 and acrylonitrile gave 3-silylpropanenitrile (8) and
propanenitrile [Table 5, Eq. (7)]. However, SiH4 does not
absorb light of l� 185 nm;[14] only acrylonitrile is activated by
radiation of this wavelength. Products 7 and 8 were only
observed when PH3 or SiH4 were present in excess, even if
they were not the light-absorbing species.


It was initially surprising that a-aminonitriles were ob-
tained by the photoaddition of NH3 to acrylonitrile while b-
addition products were obtained from the photoaddition of
PH3 and SiH4. The observation of 3 as a photoproduct clearly
indicated the formation of the radical CH3C


.(H)CN as a
reaction intermediate in the NH3 ± acrylonitrile system. This
observation suggests that the addition reaction proceeds by a
stepwise process in the pathway given in Scheme 1. Here the
photochemically generated H . and .NH2 add to acrylonitrile,
with the hydrogen atom adding first. The more rapid addition
of H . is consistent with the calculation that H . addition to


acetylene proceeds 700 times more rapidly than .NH2 addi-
tion.[17] Hydrogen atom addition to acrylonitrile proceeds at
the b-carbon because the radical formed is stabilized by
delocalization of its p orbital by the p-bond of the nitrile
group. Ab initio calculations at several levels of theory show
that hydrogen atom addition to the b-carbon of acrylonitrile
gives a more stable radical than if the addition was at the a-
carbon or the nitrile group (Table 6). The same addition


Table 2. Photochemical addition of NH3 to crotononitrile.[a]


Irradiation Pressure [Torr] Light absorbed Products
l [nm] NH3 Crotononitrile by NH3 [%] 16[b] [%] 15[b] [%] n-Butanenitrile [%]


185, 254 5 25 6[c] 0 0 0
185, 254 25 25 24[c] 0 0 0
185, 254 300 10 94[c] 0.5 1 1.5
185, 254 560 3 98[c] 4.5 2 2
206 5 25 2[d] 0 0 0
206 25 25 8[d] 0 0 0
206 300 10 72[d] 0.7 1.5 1.5
206 560 3 94[d] 4.5 6 6


[a] Irradiation time� 3 h. [b] 16 : 2-Aminobutanenitrile; 15 : diastereomers of 2,3-diethylbutanedinitrile. [c] UV absorbance of crotononitrile was estimated
to be 271 cmÿ1 atmÿ1 at l� 185 nm. [d] UV absorbance of crotononitrile was estimated to be 140 cmÿ1 atmÿ1 at l� 206 nm.


Table 3. Photochemical addition of NH3 to methacrylonitrile.[a]


Irradiation Pressure [Torr] Light absorbed Products
l [nm] NH3 Acrylonitrile by NH3 [%] 17[b] [%] 18[b] [%] 2-Butanenitrile [%]


185, 254 10 50 7[c] 0 � 0
185, 254 50 50 27[c] � � �
185, 254 300 10 92[c] 0.2 0.8 0.2
185, 254 560 3 99[c] 4.9 6.9 3.0
206 10 50 2[d] � � �
206 50 50 11[d] � � �
206 300 10 80[d] 0.5 2.0 0.7
206 560 3 96[d] 5.3 10 3.0
206 560 1 99[d] 8.0 14 3.0


[a] Irradiation time� 3 h; � : detected but <0.1 % yield. [b] 17: 2-Amino-2-methylpropanenitrile; 18 : 2,2,3,3-tetramethylbutanedinitrile. [c] UV absorbance
of methacrylonitrile was estimated to be 240 cmÿ1 atmÿ1 at l� 185 nm. [d] UV absorbance of methacrylonitrile was estimated to be 57 cmÿ1 atmÿ1 at l�
206 nm.


Table 4. Photochemical addition of PH3 to acrylonitrile.[a]


Irradiation Pressure [Torr] Light absorbed Products[c]


l [nm] PH3 Acrylonitrile at 185 nm by PH3
[b] [%] 7[d] [%] Propanenitrile [%] P2H4 [%]


185, 254 70 2 95 2.4 1.4 0.2
185, 254 70 4 91 2.4 7.0 0.4
185, 254 60 6 85 1.9 6.3 traces
185, 254 40 40 36 0.3 2.1 traces
185, 254 6 60 5 0 traces 0


[a] Irradiation time� 1 h. [b] UVabsorbance of acrylonitrile was estimated to be 178 cmÿ1 atmÿ1 at l� 185 nm,[15] UVabsorbance of PH3 was estimated to be
100 cmÿ1 atmÿ1 at l� 185 nm.[16] [c] The a-adduct MeCH(CN)PH2 was never detected. [d] 7: 3-Phosphinopropanenitrile.


Table 5. Photochemical reaction of SiH4 and acrylonitrile.[a]


Irradiation Pressure [Torr] Products[c, d]


l [nm] SiH4 H3C3N[b] 8 [%] Propanenitrile [%]


185, 254 70 2 3.0 traces
185, 254 75 8 1.6 2.7
185, 254 60 8 0.6 1.0
185, 254 40 40 traces 0
185, 254 8 75 0 0


[a] Irradiation time� 1 h. [b] 100 % light absorbed at l� 185 nm by
acrylonitrile. [c] 8 : 3-Silylpropanenitrile. [d] Traces of unidentified prod-
ucts have been observed but the a-adduct MeCH(CN)SiH3 was never
detected.
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mechanism accounts for the regioselec-
tivity of the photochemical addition of
NH3 to crotononitrile, methacrylo-
nitrile, and 1-cyclohexenecarbonitrile.


It should be noted that ab initio
calculations involving molecules with
unpaired electrons are often more dif-
ficult to interpret than those of closed-
shell molecules. The reason for this
difficulty stems from the potential for
spin contamination of the final wave-
function resulting from the admixture
of states of higher multiplicity with the
desired state. This can lead to distorted
geometries if optimization is attempted,
or to artificially low energies in single-
point calculations. Several options are available to minimize
these effects. First, it is possible to specify that the spatial part
of the wavefunctions for a- and b-electrons be identical. This
type of calculation uses an ROHF (restricted open-shell
Hartree ± Fock) Hamiltonian which cannot result in spin
contamination, but it can also incorrectly represent the spin
density and the underlying electron density of the system.
UHF (unrestricted Hartree ± Fock) calculations use separate
spatial descriptions for each of the electrons, but can lead to
the spin-contamination problems described above. For com-
parative purposes, all of the ab initio calculations in this paper
were performed with several levels of theory for both
geometry optimization of the radical species as well as for
the calculation of the final energies of each species. The most
reliable method used in this work to remove spin contam-
ination and to account for electron correlation is PMP 2/6-
31G�, a method in which the Mùller ± Plesset second-order
perturbation method is used to give a spin-projected, corre-
lated wavefunction.


The formation of b-substituted products in the photo-
addition of PH3 and SiH4 to acrylonitrile indicated that
CH3C


.(H)CN was not a reaction intermediate. The major
difference between NH3 addition and the addition of PH3 and
SiH4 is the much higher NH bond energy of NH3


(107.4 kcal)[18] versus that of PH in PH3 (78 kcal),[19] and SiH
in SiH4 (90.3 kcal).[18] Spin-projected MP 2/6-31G� ab initio
calculations (Figure 1) suggest that the abstraction of H . from
NH3 by CH3C


.(H)CN is not energetically favored, while the
much lower bond energies of PH3 and SiH4 suggest that
abstraction occurs to generate .PH2 and .SiH3, respectively.
The b-adduct of NH3 with acrylonitrile is observed because H .


addition generates a stabilized a-cyano radical (Scheme 2).
Hydrogen abstraction from PH3 and SiH4 is fast because of
the high partial pressures of PH3 or SiH4 in the reaction cell.
Consequently, dimerization of the radical intermediates is not
observed with PH3 and SiH4, while dimer 3 is observed in the
NH3 addition reaction.


The mechanism of the addition of PH3 and SiH4 differ from
that of the addition of NH3 in that PH3 and SiH4 add by a
radical chain process initiated by any radical species that can
abstract hydrogen from these gases. The resulting radical
chain process then generates the .PH2 or .SiH3 radicals which


H2C CHCN


H2C CHCN


PH3


hν
PH2


  +  


 +   PH3 CH3CH2CN   +


H2PCH2CHCN


 +  PH3 H2PCH2CH2CN  +  


H +. .


H . + CH3CHCN
.


CH3CHCN
.


PH2.


PH2. .


H2PCH2CHCN
.


PH2.


Scheme 2. Photolysis of phosphine in the presence of acrylonitrile.


perpetuate the chain. The equivalent of the radical chain
addition of PH3


[20] or silylphosphines[21] to olefins has been
proposed. In the case of NH3 the radicals which add are
generated by NH3 photolysis. In the case of PH3 the radicals
which initiate the chain reaction are formed by dissociation of
PH3 to .PH2 and H . ,[22] but in the case of SiH4 the radicals are


Table 6. Calculated energies of H . addition products of acrylonitrile.


Figure 1. Energetics of hydrogen abstraction from NH3.
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generated by photolysis of the acrylonitrile since SiH4 does
not absorb light at wavelengths equal to or greater than
185 nm.[14]


The greater ease of hydrogen abstraction from PH3 and
SiH4 versus NH3 also explains the formation of propanenitrile
if PH3 or SiH4 are irradiated in the presence of acrylonitrile.
The radical formed by the b-addition of a hydrogen atom to
acrylonitrile can abstract a hydrogen atom from PH3 or SiH4


to form propanenitrile (Scheme 2). The same radical, formed
by the photolysis of NH3 in the presence of acrylonitrile
(Scheme 1), cannot abstract a hydrogen from NH3 so no
propanenitrile is formed by this route. The relatively low
proportion of propanenitrile, as compared with the reaction of
acrylonitrile with PH3 and SiH4, must be formed by the
combination of a hydrogen atom with CH3C


.(H)CN.


Photoaddition to a,b-unsaturated acetylenic nitriles : Photo-
lysis of mixtures of NH3 and propynenitrile resulted in b-
addition to the triple bond with the formation of the E and Z
isomers of 3-amino-2-propenenitrile (9). The structure of this
compound was determined by 1H and 13C NMR spectro-
scopy.[23] Control reactions established that the thermal b-
addition of NH3 to propynenitrile proceeds almost as rapidly
as the photoinitiated reaction. Consequently, it is not certain
that the observed b-addition products are actually the
consequence of photochemical initiation. Subsequent studies
were performed with 2-butynenitrile: the thermal addition
reaction proceeds much more slowly than the photochemi-
cally initiated process.


Photolysis of 40:2.5 Torr mixtures of NH3 and 2-butyne-
nitrile, respectively, in which NH3 absorbed >95 % of the
light, resulted in the b-addition of .NH2 to the triple bond and
the formation of the E and Z isomers of 3-aminocrotononi-
trile (10) [Table 7, Eq. (8)]. Conversions of 1 ± 3 % were deter-


H3CC CCN C C
H


CN


H2N


H3C
C C


H


CN


H3C


H2N
NH3   +


hν + (8)


(E)-10 (Z)-10


mined by 1H NMR after irradiation times of 0.25 ± 1 h. The
yield did not increase if the irradiation time was extended
because a polymer formed on the inside of the cell which
absorbed the UV light. The yield was not changed by the
addition of ethane (150 Torr) or N2 (600 Torr) to the reaction
mixture.[24] 2-Aminocrotononitrile[8] was not detected in the
NMR spectra of the product mixture. Traces of crotononitrile
were observed after a short irradiation time, but disappeared
on longer irradiation.


An investigation of the photolysis of a mixture of NH3


(400 Torr) and 2-butynenitrile (100 Torr) at l� 254 nm for
24 h at 4 8C was not successful. 2-Butynenitrile has a weak
absorption at l� 254 nm,[25] while NH3 does not absorb at
all.[26] The only observed products were the E and Z isomers of
3-aminocrotononitrile (10), however, comparable yields of
this isomer mixture were formed in a nonirradiated control so
it could not be determined if these were photoproducts.


It was not possible to study the gas-phase photochemical
addition of NH3 to butynedinitrile because the thermal
process proceeded almost immediately at room temperature
upon mixing the gases. A mixture of butynedinitrile (14 Torr)
and NH3 (59 Torr) resulted in a 57 % yield of 2-amino-2-
butenedinitrile (11), which consists of 92 % Z and 8 % E
isomers [Eq. (9)].[27] Compounds (E)-11 and (Z)-11 were


NCC CCN C C
H


CN


H2N


NC
C C


H


CN


NC


H2N
NH3    +


hν
(9)


(E)-11 (Z)-11


+


identified by 1H and 13C NMR spectroscopy and high-
resolution mass spectrometry (HRMS). No hydrazine
(N2H4) was detected as a photoproduct when NH3 was
photolyzed. This is because N2H4 is rapidly decomposed to
N2 and H2 by the hydrogen atoms produced during NH3


photolysis.[28]


The photolysis of a mixture of propynenitrile and PH3 or
SiH4 yielded 3-phosphinoacrylonitrile [12, Eq. (10)] and 3-
silylacrylonitrile [13, Eq. (11)] respectively, along with acryl-


HC CCN H2PCH CHCN


HC CCN H3SiCH CHCN


hν


hν


(10)PH3  +


SiH4  + (11)


12


13


onitrile (Tables 8 and 9). The (Z) and (E) phosphines 12 were
obtained in 85:15 ratio and characterized by 1H and 31P NMR
spectroscopy and high-resolution mass spectrometry
(HRMS). For each isomer, three signals were observed in
the 1H NMR spectrum. For the Z isomer, the signal at d�
3.85, with a coupling constant J� 215 Hz, is typical of the
hydrogens attached to a phosphorus atom. The signals of the
vinylic protons were observed at d� 5.87 and 7.04 with a
coupling constant 3J(H,H)cis� 12.6 Hz and the expected
multiplicity. The observation of the molecular ion by HRMS
(calcd for C3H4NP: 85.0081, found: 85.0079) confirms the
structure. The (Z)- and (E)-3-silylacrylonitriles (13) were


Table 7. Photochemical addition of ammonia to 2-butynenitrile.


Irradiation Pressure [Torr] Light absorbed Irradiation time [min] (Z)-10[c] (E)-10[c]


l [nm] NH3
[a] 2-Butynenitrile N2 Ethane by NH3


[b] [%] (Temperature [8C]) [%] [%]


185, 254 40.0 2.5 0.0 0.0 > 95 15 (25) 0.47 1.02
185, 254 40.0 2.5 600.0 0.0 > 95 5 (25) 0.61 1.07
185, 254 40.0 2.5 0.0 150.0 > 95 10 (25) 0.70 1.34
185, 254 40.0 2.5 0.0 0.0 > 95 30 (ÿ8) 0.37 0.76


[a] The extinction coefficient of NH3 at l� 185 nm was taken to be 87.0 cmÿ1 atmÿ1. [b] The extinction coefficient of 2-butynenitrile at l� 185 nm was taken
to be 13.5 cmÿ1 atmÿ1.[25] [c] 10 : (Z)- and (E)-aminocrotononitrile.
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characterized by 1H NMR spectroscopy. The Z :E ratio (87:13)
was determined by integration of the SiH3 signals at d� 4.01
and 3.92, respectively. The signals of the vinylic protons of the
Z isomer were observed at d� 6.25 and 6.85. Control
reactions established that neither PH3 nor SiH4 added to
propynenitrile under these conditions in the absence of UV
irradiation. Diphosphine (P2H4), a product of PH3 photoly-
sis,[29] was also detected as a product when PH3 was irradiated
in the presence of propynenitrile. Attempts to detect disilane
(Si2H6)[30] when propynenitrile was irradiated in the presence
of SiH4 were unsuccessful.


The photochemical b-addition of NH3 to 2-butynenitrile
stands in marked contrast to the a-addition of ammonia to
acrylonitrile, but is consistent with the mechanistic principles
derived from the above studies of the photoaddition reactions
of a,b- unsaturated nitriles (Scheme 3). The reaction is


H3CCH CCNC C CNH3C


H3CCH CHCN


C C CNH3C C CCN
NH2


H3C


C CHCN
NH2


H3C


H3CCH CCN


C CCN
NH2


H3C


hν
NH3


+  NH3


NH2  +


+  NH3


14


NH2.H . +


H . +
.


.
NH2.+


NH2.+


. .


.


Scheme 3. Photolysis of ammonia in the presence of 2-butynenitrile.


initiated by the a-cyano radicals formed by H . addition to the
b-carbon of 2-butynenitrile, to generate a cyanovinyl radical
(14), the most stable of all the possibilities (Tables 10 and 11).
This abstracts hydrogen from NH3 to generate .NH2. The


formation of .NH2 initiates the chain reaction process leading
to the b-substitution products. Spin-projected open-shell ab
initio calculations performed at a reliable level of theory
which includes the effects of electron correlation (PMP 2/6-
31G�) suggests that the abstraction of a hydrogen atom from
NH3 by this radical is nearly thermoneutral (0.3 kcal molÿ1,
Figure 1), a value so close to zero that, in the absence of an
unusually large DS8 of reaction, the only conclusion that can
be drawn is that the reaction is highly probable. The same
calculation gives an enthalpy of abstraction of hydrogen from


Table 8. Photochemical reaction of PH3 and propynenitrile.[a]


Irradiation[a] Pressure [Torr] Light Products[c]


l [nm] PH3 HC3N absorbed by
PH3


[b] [%]
12[d] [%] Acrylo-


nitrile [%]
P2H4 [%]


185, 254 75 8 98 0.4 1.3 0.06
185, 254 40 40 87 0.36 0.45 0
185, 254 8 74 42 0.03 0.1 0
254 75 8 0 2.0 2.9 0
254 40 40 0 0.45 0.63 0
254 8 75 0 � 0.3 1.3 0


[a] Irradiation time� 1 h at l� 185 and 254 nm or 3 h irradiation at l� 254 nm. A
medium-pressure mercury lamp Philips TUV 6W was used for these experiments.
[b] Percent light absorbed at l� 185 nm; UV absorbance of PH3 was estimated to
be 100 cmÿ1 atmÿ1 at l� 185 nm.[16] [c] Products formed from the photolysis of
HC3N alone[32] were never observed. [d] 12 : 3-Phosphinoacrylonitrile.


Table 9. Photochemical reaction of SiH4 and propynenitrile.[a]


Irradiation Pressure [Torr] Products[c]


l [nm] SiH4 HC3N[b] 13[d] [%] Acrylonitrile[d]


[%]
Ph(CN)3


[e]


[%]
COT[e]


[%]


185, 254 140 40 0.4 0.25 0.2 0
185, 254 40 40 0.26 0.09 0.41 0
185, 254 7 100 nd nd 0.55 0
254 100 30 0.58 0.34 traces traces
254 40 40 0.12 0.10 0.3 0
254 8 75 0 0 0.5 0


[a] Irradiation time� 1 h at l� 185 and 254 nm or 3 h at l� 254 nm. A medium-
pressure mercury lamp Philips TUV 6W was used for these experiments. [b] 100 %
light absorbed by propynenitrile. [c] Traces of unidentified silanes have also been
observed. [d] 13 : 3-Silylacrylonitrile. [e] Products formed in the photolysis of HC3N
by itself.[32]


Table 10. Propynenitrile H . addition series.


Table 11. 2-Butynenitrile H . addition series.
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NH3 by the a-cyanoethyl radical of �12.2 kcal molÿ1, which
clearly shows that the reaction will probably not occur in the
absence of the same special entropy considerations (Figure 1).
Observation of the b-substituted product of 2-butynenitrile
demonstrates that hydrogen abstraction does indeed take
place with the formation of .NH2, which then undergoes b-
addition to the ground state 2-butynenitrile (Scheme 3). This
reaction proceeds by the radical chain pathway proposed
previously for the addition of PH3 and SiH4 to acrylonitrile.
SiH4 and PH3 also undergo radical chain addition to
propynenitrile to give the b-substituted acrylonitrile products.


The photochemical addition of silane must be initiated by
the radicals formed by irradiation of propynenitrile,[31]


because SiH4 does not absorb light at l� 185 nm.[14] The
observation of benzene-1,3,5-tricarbonitrile, a known photo-
product of propynenitrile, establishes that propynenitrile is
absorbing the UV light.[32]


The photoaddition mechanisms derived from the present
study provide mechanistic interpretations for previously
reported photochemical addition reactions. It is now clear
that the photochemical b-addition of isopropanol to methyl
propynoate[10] [Eq. (1)] proceeds by the radical chain process
observed in the photochemical addition of ammonia to 2-
butynenitrile. The photochemical addition of PH3 to fluoro or
simple olefins[33] is now understandable on the basis of the
radical chain mechanistic pathway developed in the present
study. When PH3 is principal absorbing species, then the main
reaction products can be explained by the radical chain
mechanism. Addition to propene yields n-propanephosphine
and, in a lower yield, iso-propanephosphine [Eq. (12),
Scheme 4]. The n-propanephosphine is the product expected


H3CCH CH2 CH3CHCH2PH2


CH3CHCH2PH2  +  PH3 CH3CH2CH2PH2  + 


PH2.


PH2.


+
.


.


Scheme 4. Radical chain mechanism for the photoaddition of phosphine to
propene.


from the radical chain process. The iso-propanephosphine is
probably also formed by this pathway, but the process is less
regioselective for a simple olefin. Irradiation of PH3 in the
presence of 1-propyne yields the (Z)- and (E)-1-propene-
phosphines[34] expected by the radical chain mechanism
[Eq. (13)]. Similarly, the addition of H2S[35, 36] and GeH4


[36]


to propyne yields the corresponding (Z)- and (E)-propene-
thiols and -germanes.


H3CCH CH2


H3CC CH H3CCH CHPH2 (H3C)H2PC CH2


PH3  +
hν


CH3CH2CH2PH2   +   (CH3)2CH(PH2) (12)


hν
PH3  + (13)+


Conclusions


These investigations have determined the reaction pathway
for the photochemical addition of inorganic compounds [HX]
to simple and activated olefins and acetylenes. In most cases,


the reaction proceeds by a radical chain pathway which can be
explained by the initial addition of the radical X . to the
unsaturated bond to give the most stable radical. The organic
radical formed then abstracts a hydrogen atom from HX to
give the addition product and another X . to propagate the
reaction. In the addition of NH3 to olefins, the radical formed
was not sufficiently energetic to abstract a hydrogen atom
from NH3. Thus, it was necessary to generate the radicals
required for the addition reaction by photolysis of NH3. If the
inorganic component does not absorb all the light, then the
product mixture will be complicated by the addition of HX to
hydrocarbons formed by photolysis of the starting olefin. If
the inorganic component used does not absorb the UV light
used, the radical chain pathway will still occur if the radicals
formed by irradiation of the hydrocarbon are sufficiently
energetic to abstract a hydrogen from the inorganic gas.


Solar UV was the most abundant energy source on the
primitive Earth[37] and this radiation is still the most prevalent
energy source in our solar system. Consequently, the disequi-
librium species present in the atmospheres of the planets and
their moons in our solar system are formed by solar UV light.
Unsaturated hydrocarbons and unsaturated nitriles are pro-
duced in processes initiated by these photons and the
compounds formed undergo the light-initiated addition
reactions described in this report. Of particular interest is
the a-addition of NH3 to acrylonitrile to form an a-amino-
nitrile, which in turn can be hydrolyzed to the amino acid
alanine. A wide array of aminonitriles, and hence amino acids,
may have been formed by the addition of NH3 to substituted
acrylonitriles in a reducing atmosphere on the primitive
Earth. These same NH3 addition reactions could have
occurred on Titan before all its atmospheric ammonia was
photolyzed to molecular nitrogen and hydrogen. The a-
aminonitriles formed would have precipitated on the cold
surface of this moon. Photochemically generated adducts of
NH3 with the unsaturated hydrocarbons present on Jupiter
are a likely source of the nitrogen-containing organics found
there.[38] The P-containing adducts are probably formed in
much smaller amounts because the partial pressures of PH3


are much lower than those of NH3 on Jupiter.[39] The
structures of these adducts and of those formed with SiH4


follow directly from the regiochemistries of the addition
processes delineated in these investigations.


Experimental Section


Caution : Phosphines and silanes are pyrophoric compounds and must be
used with great care in oxygen-free atmospheres.


General: UV spectra were determined on a Cary 219 spectrophotometer;
1H, 31P, and 13C NMR spectra on a Varian XL-200, a Varian Unity 500, and a
Bruker ARX 400; GC/MS was performed on a Hewlett Packard 5987 A
spectrometer; GC analyses were performed on a Hewlett Packard 5890
with a J and W DB-5 capillary column (30 m� 0.2 mm id). Propynenitrile,
2-butynenitrile, and butynedinitrile were prepared by the procedure of
Moureu and Bongrand[40] as modified by Miller and Lemmon.[41] 1-
Cyclohexenecarbonitrile,[42] 2,3-dicyclohexylbutanedinitrile (5),[43] and
2,2,3,3-tetramethylbutanedinitrile (18)[44] were prepared by literature
procedures. The diastereomers of 2,3-dimethylbutanedinitrile (3) and 2,3-
diethylbutanedinitrile (15) were prepared by the procedure of Whiteley
and Marianelli ; [45] 2-aminopropanenitrile (2), 2-aminobutanenitrile (16),
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and 2-amino-2-methylpropanenitrile (17) by the procedure of Bold et al.[8]


Cyclohexanecarbonitrile (19)[46] was prepared by dehydration of the
corresponding amide with P4O10 in sea sand. 3-Phosphinopropanenitrile
(7)[47] and 3-silylpropanenitrile (8)[48] were prepared as previously reported.
Commercial samples of acrylonitrile, crotononitrile, methacrylonitrile, 3-
aminocrotononitrile ((E)-10 and (Z)-10), butanenitrile, and isobutaneni-
trile were purified by distillation or sublimation before use.


Photochemistry : Photolyses were performed in cylindrical quartz cells
(10 cm� 2.8 cm). The gas mixtures were prepared on a Hg-free vacuum
line equipped with a Baratron Type 270 B signal conditioner and a 370 HA-
1000 vacuum gauge. The light sources were a low-pressure mercury lamp
with principal emissions at l� 184.9 and 253.7 nm, a iodine discharge lamp
with principal emission at l� 206.2 nm,[49] and a Philips lamp TUV 6W with
principal emission at l� 253.7 nm. The light from the iodine lamp was
filtered through 1 cm of distilled water to remove shorter wavelengths.[50]


Controls were always performed to establish that there were indeed
photochemical reactions: the gas mixtures were allowed to stand at room
temperature in the absence of light for the same period of time that the
corresponding samples were irradiated. The products of photochemical
reactions and controls were analyzed by NMR. In the calculation of the
percent light absorbed by NH3 the absorption coefficients of NH3 were
estimated to be 87 and 47 cmÿ1 atmÿ1 at l� 185 and 206 nm, respectively.[51]


The absorption coefficient of PH3 at l� 185 nm were estimated to be
100 cmÿ1 atmÿ1.[16] The absorption coefficient of propynenitrile at l� 185
and 206 nm were estimated to be 15 and 16,[32] respectively.


Photochemical addition of NH3 to a,b-unsaturated nitriles : In a typical
experiment, ammonia (50 Torr) was added to propynenitrile (50 Torr) in a
quartz photolysis cell and the mixture was immediately irradiated. A brown
solid, presumably oligomeric products, formed in the cell within 5 min.
After irradiation for 1 h, the cell was quickly rinsed with either CH2Cl2 or
CDCl3 and immediately analyzed. The polymeric product was insoluble in
these solvents. The spectral analysis of the extract proved the presence of 3-
amino-2-propenenitrile (9).[23] UV (CH2Cl2): lmax� 247 nm; Z isomer : 1H
NMR (CDCl3, 25 8C, TMS): d� 3.97 (1 H, dt, 3J(H,H)cis� 8.3 Hz,
4J(H,H)� 0.8 Hz, H2), 4.80 (2H, broad, NH2), 6.77 (1H, dt, 3J(H,H)cis�
8.3 Hz, 3J(H,H) � 10.6 Hz, H3); 13C NMR (CDCl3, 25 8C, TMS): d� 62.5
(ddt, 1J(CH)� 178.9 Hz, 2J(CH)� 2J(CH)� 6.2 Hz), 118.8 (d, 2J(CH)�
13.8 Hz), 150.3 (d, 1J(CH)� 169.4 Hz); E isomer: 1H NMR (CDCl3,
25 8C, TMS) d� 4.29 (1H, dt, 3J(H,H)trans� 13.9 Hz, 4J(H,H) <0.4 Hz, H2),
4.55 (2 H, broad, NH2), 7.00 (1 H, dt, 3J(H,H)trans� 13.9 Hz, 3J(H,H)�
10.7 Hz, H3); 13C NMR (CDCl3, 25 8C, TMS): d� 64.9 (dt, 1J(CH)�
168.6 Hz, 2J(CH)� 6.8 Hz), 121.8 (d, 2J(CH)� 5.4 Hz), 151.6 (ddt,
1J(CH)� 166.7 Hz, 2J(CH)� 3J(CH)� 4.2 Hz); MS (70 eV): m/z (%)� 69
(3) [M�], 68 (100) [M�ÿH], 67 (47) [M�ÿ 2H], 66 (23) [M�ÿ 3H], 52 (17)
[M�ÿNH2ÿH], 41 (83) [M�ÿHCN]. The product yield was determined
by a comparison of the area of the 1H NMR spectrum with that of an
internal standard of CHCl3. It was not possible to detect the presence of 2-
amino-2-propenenitrile or 2-aziridinecarbonitrile.[8]


The slow thermal addition of NH3 to propynenitrile is complete within 12 h
to form a mixture of (E,Z)-3-amino-2-propenenitrile (9). The rate of this
addition appears to increase with time and a yield of <0.5% was observed
after 1 h.


The same procedure was used in the investigation of the photochemical
addition of ammonia to the other unsaturated nitriles used in this study,
with the exception that a photolysis time of 3 h was used for the olefinic
nitriles. The photolyses of acrylonitrile alone yielded a polymeric material
and <0.5 % of HCN and propynenitrile. The vapor pressure of 1-
cyclohexenenitrile is 0.7 Torr at room temperature, therefore, it was only
possible to study the reaction of 0.7 Torr of this unsaturated nitrile with
excess (440 Torr) NH3. The addition of ammonia to 2-butynenitrile gave
the E and Z isomers of 3-aminocrotononitrile (10).[52]


2-Amino-2-butenedinitrile (11):[27] Butynedinitrile (50 Torr) and ammonia
(50 Torr) were introduced into a photolysis cell; a brown solid formed in �
1 min. The walls of the cell were then washed with either CH2Cl2 or CDCl3.
Evaporation of the solvent in vacuo led to the crude product (Yield: 21%).
The two isomers were obtained in a 8:1 ratio. Major isomer : 1H NMR
(CDCl3, 25 8C, TMS): d� 4.50 (s, 1 H), 6.70 (br d, 2 H); 13C NMR (CDCl3,
25 8C, TMS): d� 74.3 (d, 1J(CH)� 184.1 Hz), 114.1 (d, 2J(CH)� 6.3 Hz),
115.7, 133.4; Minor isomer : 1H NMR (CDCl3, 25 8C, TMS):
d� 4.75 (s, 1H), 6.70 (br d, 2H); 13C NMR (CDCl3, 25 8C, TMS): d� 77.6
(d, 1J(CH)� 180 Hz), 112.8, 116.8, 133.8; IR (CHCl3) (E�Z) : nÄ � 3501


(s, NH), 3398 (s, NH), 3020 (vs, NH), 2240 (w, CN), 2205 (m, CN), 1624 (s,
C�C) cmÿ1.


Photochemical addition of PH3 or SiH4 to a,b-unsaturated nitriles : In a
typical experiment, phosphine (40 Torr) was added to propynenitrile
(40 Torr) in a quartz photolysis cell, and the mixture was immediately
irradiated. A pale yellow solid, presumably oligomeric products, formed in
the cell within 5 min. The cell was irradiated for 1 h, then it was evacuated
on a vacuum line and the volatile products were condensed onto a cold
finger (77 K). A solvent (CDCl3) was added at this step. The cold finger was
disconnected from the vacuum line and dry nitrogen was added until the
pressure had risen by 1 atm. The liquid nitrogen was removed and the
products and solvent were collected in a NMR tube fitted to the bottom of
the finger.


3-Phosphinopropanenitrile (7):[47] 31P NMR (CDCl3, 25 8C): d�ÿ137.4
(ttt, 1J(P,H)� 195.5 Hz, 2J(P,H)� 10.5 Hz, 3J(P,H)� 5.7 Hz); 1H NMR
(CDCl3, 25 8C, TMS): d� 1.85 (dtm, 2 H, 2J(P,H)� 10.5 Hz, 3J(H,H)�
7.2 Hz), 2.56 (tm, 2H, 3J(H,H)� 7.2 Hz, 3J(P,H)� 5.7 Hz), 2.83 (dm, 2H,
1J(P,H)� 195.5 Hz).


3-Silylpropanenitrile (8):[48] 1H NMR (CDCl3, 25 8C, TMS): d� 1.14 (tq,
2H, 3J(H,H)� 8.0 Hz, 3J(H,H)� 3.8 Hz), 2.45 (t, 2 H, 3J(H,H)� 8.0 Hz),
3.58 (t, 3H, 3J(H,H)� 3.8 Hz).


3-Phosphinoacrylonitrile (12) (Z :E� 85:15): Z isomer: 31P NMR (CDCl3,
25 8C): d�ÿ136.0 (tdd, 1J(P,H)� 215 Hz, 2J(P,H)� 19.2 Hz, 3J(P,H)�
10.6 Hz); 1H NMR (CDCl3, 25 8C, TMS): d� 3.85 (ddd, 2H, 1J(P,H)�
215 Hz, 3J(H,H)� 7.2 Hz, 4J(H,H)� 1.7 Hz; PH2), 5.87 (ddt, 1 H,
3J(H,H)cis� 12.6 Hz, 3J(P,H)� 10.6 Hz, 4J(H,H)� 1.7 Hz; CHCN), 7.04
(ddt, 1H, 2J(P,H)� 19.2 Hz, 3J(H,H)cis� 12.6 Hz, 3J(H,H)� 7.2 Hz; CHP).
E isomer: 31P NMR (CDCl3, 25 8C): d�ÿ132.8 (tdd, 1J(P,H)� 209 Hz,
2J(P,H)� 17.9 Hz, 3J(P,H)� 5.6 Hz); 1H NMR (CDCl3, 25 8C, TMS): d�
3.70 (ddd, 2H, 1J(P,H)� 209 Hz, 3J(H,H)� 6.7 Hz, 4J(H,H)� 1.9 Hz; PH2),
5.81 (ddt, 1H, 3J(H,H)Htrans� 17.9 Hz, 3J(P,H)� 5.6 Hz, 4J(H,H)� 1.9 Hz;
CHCN), 7.18 (ddt, 1 H, 2J(P,H)� 3J(H,H)trans� 17.9 Hz, 3J(H,H)� 6.7 Hz;
CHP); HRMS: calcd. for C3H4NP: 85.00814, found: 85.0079; MS: m/z
(%)� 86 (3.7) [M�], 85 (86.7) [M�ÿH], 83 (22.8) [M�ÿ 3H], 82 (24.2)
[M�ÿ 4H], 59 (19.6) [M�ÿCN], 58 (61.9) [M�ÿHCN], 57 (100) [M�ÿ
H2CN].


3-Silylacrylonitrile (13) (Z :E� 83:17): Z isomer : 1H NMR (CDCl3, 25 8C,
TMS): d� 4.01 (d, 3H, 3J(H,H)� 3.5 Hz; SiH3), 6.25 (d, 1H, 3J(H,H)cis�
15.0 Hz; CHCN), 6.85 (dq, 1 H, 3J(H,H)cis� 15.0 Hz, 3J(H,H)� 3.5 Hz;
CHSi). E isomer : 1H NMR (CDCl3, 25 8C, TMS): d� 3.92 (dd, 3H,
3J(H,H)� 3.3 Hz, 4J(H,H)� 0.6 Hz; SiH3), 6.03 (dd, 1 H, 3J(H,H)trans�
19.5 Hz, 4J(H,H)� 0.6 Hz; CHCN), 7.00 (dq, 1 H, 3J(H,H)Htrans� 19.5 Hz,
3J(H,H)� 3.3 Hz, CHSi). This data is in good agreement with that reported
for the trimethylsilyl derivatives.[53]


Computational methods : All ab initio calculations were performed on a
Silicon Graphics Indigo II workstation and Gaussian 94, Rev B. The
computational data reported in Tables 6, 10, and 11 and Figure 1 are
presented in the accepted format of the Theoretical Model/Basis Set. In
cases where different levels of theory were used in the geometry
optimization and energy determination portions of the calculation, the
Model/Basis reported first refers to the energy calculation and the second
Model/Basis refers to the theoretical model used in the geometry
optimization. When only one Model/Basis data designation is given, both
the geometry optimization and energy calculations were performed with
the same method. In most cases, multiple theoretical models were used and
their results reported to facilitate comparisons between the methods. Bold
results indicate the lowest energy isomers of a given series. Since the
calculations were performed on open-shell doublet species, several
methods of handling the unpaired electron were tested. ROHF optimized
energies were compared to UHF energies with the ROHF geometries. The
full UHF geometry-optimized results are presented with S2 values before
and after spin annihilation (S2, S2


A). Where electron correlation was
expected to contribute significantly to an energy comparison result,
projected MP 2 open-shell calculations were used at the 6-31G� level of
theory.
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A Crosslinked Microperoxidase-11 and Nitrate Reductase Monolayer on a
Gold Electrode: An Integrated Electrically Contacted Electrode for the
Bioelectrocatalyzed Reduction of NOÿ


3


Fernando Patolsky, Eugenii Katz, Vered Heleg-Shabtai, and Itamar Willner*


Abstract: An integrated nitrate reductase (NR) electrode is organized on a gold
electrode base, to which it has electrical contact. A microperoxidase-11 (MP-11)
monolayer on the electrode forms an affinity complex with NR and, upon
crosslinking, generates a stable biocatalytic electrode for the electroreduction of
nitrate (NOÿ


3 ).


Keywords: biosensors ´ enzyme
electrodes ´ monolayers ´ nitrate ´
redox chemistry ´ reductases


Introduction


The hemoprotein cytochrome c (cyt.c) acts as an electron-
transfer mediator for many redox proteins. The formation of
organized interprotein complexes between cyt.c and the
protein is the key process for mediated electron transfer.[1, 2]


Microperoxidase-11 (MP-11) is a heme containing 11-amino-
acid oligopeptide that mimics the cyt.c active site micro-
environment.[3] Electrochemically driven redox transforma-
tions in the presence of redox enzymes are usually prevented
by the lack of electrical contact between the biocatalyst and
the electrode support.[4] This results from the spatial insula-
tion of the enzyme redox center by the surrounding protein.
Hemoproteins lack direct electrical contact with the electro-
des, but electron transfer may often be stimulated by
appropriate modification of the electrode surface.[4, 5] Cyto-
chrome c exhibits quasireversible redox features at bare glassy
carbon[6] and In2O3 electrodes,[7] but undergoes reversible
redox processes at gold, Pt, and Ag electrodes functionalized
by promoter groups such as pyridine,[8] iodide,[9] thiophene,[10]


or imidazole.[11] Also, negatively charged monolayers associ-
ated with electrodes have been reported to act as interfaces
for appropriate alignment of cyt.c on electrodes; this results in
electrical contact and reversible electron transfer between the
hemoprotein and the electrode.[12] Electrical contact between
cyt.c and the electrodes enables mediated biocatalyzed trans-
formation. For example, both cytochrome c-mediated reduc-
tion of oxygen in the presence of cytochrome oxidase[2a,c] and
the oxidation of lactate to pyruvate by lactate oxidase[2b,c] have


been reported. However, these cyt.c-mediated transforma-
tions require the dissociation or structural reorganization of
the hemoprotein from, or in respect of, the promoter sites in
order to form the appropriate cyt.c ± enzyme interprotein
complexes. This intrinsic flexibility of cyt.c-mediated bio-
transformations prevents the structural rigidification of
cyt.c ± enzyme-modified electrode assemblies.


Recently, we introduced a new concept of generating
integrated, bioelectrocatalytically active, enzyme electrodes
through attractive interactions between electron-transfer
mediators (cofactors or semisynthetic cofactors) and redox
enzymes.[13] Apo-glucose oxidase was reconstituted onto a
relay-FAD (flavin adenine dinucleotide) monolayer-function-
alized electrode, and the resulting enzyme electrode exhibited
effective direct electron transfer communication.[14] Lactate
dehydrogenase and alcohol dehydrogenase both formed
stable affinity complexes with a relay-NAD� (nicotinamide
adenine dinucleotide) monolayer-functionalized electrode.
The resulting cofactor ± enzyme layer was crosslinked to yield
a stable, integrated, electrically contacted cofactor ± biocata-
lyst electrode.[15] A monolayer consisting of microperoxidase-
11 covalently linked to a gold surface[16] was found to form
affinity complexes with different hemoproteins and to medi-
ate electron transfer.[17] For example, crosslinking of CoII ±
protoporphyrin-reconstituted myoglobin in an affinity com-
plex with a MP-11-functionalized electrode yields an inte-
grated electrically contacted electrode for the bioelectroca-
talyzed hydrogenation of acetylenes.[18] Here we wish to
report on the organization of an integrated electrically
contacted electrode for the bioelectrocatalytic reduction of
nitrate. We examine the affinity complex formed between
nitrate reductase (cytochrome-dependent) and a microperox-
idase-11 monolayer electrode, characterize the mediated
electron transfer that leads to the biocatalyzed reduction of
NOÿ


3 , and address the chemical means to generate the
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integrated electrode. Besides the basic interest of the charac-
terization of interprotein electron transfer in the system, the
functionalized electrode provides an active interface for the
amperometric detection of nitrate (NOÿ


3 ).


Results and Discussion


Common nitrate reductase is a NADPH-dependent enzyme
that mediates the biocatalyzed reduction of nitrate (NOÿ


3 ) to
nitrite (NOÿ


2 ). Previous reports[19] have shown that synthetic
electron mediators, such as N,N'-dialkylbipyridinium radical
cations, can substitute the natural cofactor and stimulate the
bioelectrocatalyzed reduction of NOÿ


3 . Immobilization of
nitrate reductase in polythiophene bipyridinium[19a] and poly-
pyrrole bipyridinium[19b] functionalized electrodes led to the
bioelectrocatalyzed reduction of NOÿ


3 and to the develop-
ment of amperometric nitrate biosensors. A less common
nitrate reductase (NR) is the cytochrome-dependent NR
(E.C. 1.9.6.1) from Escherichia coli.[20] This enzyme utilizes
cytochrome b1 as electron-transfer mediator. The cyto-
chrome-dependent NR is an expensive protein and its
utilization in biosensor devices requires the integration of a
biocatalyst in the form of effective electrically contacted
layered and integrated enzyme electrodes. This was accom-
plished by the crosslinking of NR in an affinity complex with a
MP-11-functionalized monolayer electrode.


Microperoxidase-11 was assembled on gold electrodes[16] as
shown in Scheme 1. The hemooligopeptide was coupled to a
base cystamine monolayer associated with the electrode.
Figure 1 shows the cyclic voltammogram of the MP-11
monolayer on a roughened gold wire[21] (geometrical area


Scheme 1. Stepwise organization of the MP-11 monolayer on a gold
electrode.


Figure 1. Cyclic voltammogram of the MP-11-monolayer-modified rough
gold electrode (roughness factor ca. 15), scan rate 200 mV sÿ1. Inset: Cyclic
voltammogram of the MP-11-monolayer-modified smooth gold electrode
(roughness factor ca. 1.5), scan rate 100 mV sÿ1. Measurements were
performed in 0.01m phosphate buffer, pH� 7.0, under argon.


0.2 cm2, roughness factor ca. 15), and (inset) on a non-
roughened gold electrode (area 0.2 cm2, roughness factor ca.
1.5). By coulometric analysis of the reduction (or oxidation)
waves, we estimated the surface coverage of MP-11 on the
roughened and smooth electrodes to be 1.3� 10ÿ10 and 2.5�
10ÿ10 mol cmÿ2, respectively. In a recent study,[22] the electron
transfer at the MP-11 monolayer was kinetically resolved
using chronoamperometry. Two modes of covalent attach-
ment of MP-11 in the monolayer array were revealed,
including the linkage of the porphyrin carboxylic acid
residues, and the oligopeptide carboxylic acid functions to
the cystamine monolayer. The ratio of the MP-11 binding
modes to the monolayer was estimated to be ca. 1:1.


The MP-11-functionalized electrode was used to mediate
the nitrate reductase biocatalyzed reduction of nitrate (NOÿ


3 ),
Scheme 2. Figure 2 shows the cyclic voltammograms of the


Scheme 2. Bioelectrocatalyzed reduction of NOÿ
3 by nitrate reductase in


the presence of the MP-11-monolayer-functionalized gold electrode.


MP-11-modified electrode in the presence of NR (2.4�
10ÿ5m) and nitrate (5� 10ÿ3m). An electrocatalytic cathodic
current is observed at the redox potential of MP-11. No
electrocatalytic current is observed in the absence of NR or at
a bare gold electrode in the presence of NR and NOÿ


3 . These
results imply that MP-11 mediates the reduction of the active
center of NR that stimulates the reduction of NOÿ


3 to nitrite
(for the characterization of the NOÿ


2 product, vide infra).
Figure 3 shows the amperometric response of the MP-11
electrode in the presence of NR (2.4� 10ÿ5m) and variable
concentrations of NOÿ


3 . The resulting current increases as
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Figure 2. Cyclic voltammograms of the MP-11-modified smooth gold
electrode: a) in the background electrolyte, 0.1m phosphate buffer,
pH� 7.0; b) in the presence of 2.4� 10ÿ5m nitrate reductase; c) in the
presence of 2.4� 10ÿ5m nitrate reductase and 5� 10ÿ3m KNO3. Potential
scan rate 5 mV sÿ1, under argon.


Figure 3. Electrocatalytic cathodic current developed in the presence of
2.4� 10ÿ5m nitrate reductase and KNO3 as a function of the KNO3


concentration. Inset: Lineweaver ± Burk plot for NOÿ
3 . Measurements


were performed at MP-11-modified gold electrode in background electro-
lyte 0.1m phosphate buffer, pH 7.0, in chronoamperometric mode with
potential steps from ÿ0.1 to ÿ0.5 V and current value taken 10 s after the
potential step, under argon.


NOÿ
3 concentration is elevated and it reaches a saturation


value at a NOÿ
3 concentration of ca. 5 mm. This is consistent


with the NR active site being saturated by the substrate
(NOÿ


3 ). As the transduced current is proportional to the
enzyme ± substrate complex, the calibration curve shown in
Figure 3 can be analyzed in terms of the Michaelis ± Menten
kinetic model. Figure 3 (inset) shows the Lineweaver ± Burk
plot of the current responses. The values KM� 2.4 mm and
Imax� 8 mA (imax� 30.8 mA cmÿ2) are derived. Thus, the MP-11
oligopeptide that represents the active site environment of
cyt.c acts as an electron-transfer mediator for the reduction of
NR and for creating the electrical contact between the
biocatalyst and the electrode.


In order to understand the mechanism of MP-11-mediated
reduction of NR, we examined the possible interactions
between the functionalized electrode and NR by means of
microgravimetric quartz-crystal microbalance (QCM) experi-
ments. Gold electrodes associated with a quartz crystal
(9 MHz, AT-cut) were functionalized by the MP-11 as out-
lined in Scheme 1. Figure 4 shows the frequency changes of
the quartz crystal modified with MP-11 upon interaction with
different concentrations of NR. The crystal frequency de-
creases upon addition of NR, implying a mass increase of the
crystal as a result of the association of NR to the MP-11
monolayer. Furthermore, the frequency of the crystal levels


Figure 4. Time-dependent frequency changes of the MP-11-modified gold/
quartz crystal in the presence of different concentrations of nitrate
reductase: a) 1 mm ; b) 4 mm ; c) 12 mm. Inset: Steady-state, equilibrated
frequency changes of the MP-11-modified gold/quartz crystal at different
concentrations of nitrate reductase.


off to a constant value after ca. 900 s. The decrease in the
crystal frequency is higher at elevated concentrations of NR
(Figure 4, inset). These results are consistent with an equili-
brium binding of NR to the MP-11 monolayer [Eq. (1)]. As


j ± jMP-11 j�NR  
Ka! j ± jMP-11 j ´ ´ ´ NR (1)


the bulk concentration of NR increases, the amount of
monolayer-associated NR is higher. An unmodified quartz
crystal does not show significant frequency changes upon
addition of NR. This indicates that the observed frequency
changes for the MP-11-functionalized crystal originate from
the specific associative interactions of NR with the MP-11
monolayer.


The Sauerbrey equation,[23] Equation (2), relates the crystal
frequency changes Df with the mass changes occurring on the
crystal with the surface area A. Using this relation and the


Df�ÿ2.3� 10ÿ6 f2
o (Dm/A) (2)


molecular weight of NR (Mr� 200 000), we can estimate the
surface coverage of the MP-11 monolayer by NR at each bulk
concentration of nitrate reductase. For example, for a bulk
concentration of NR corresponding to 12 mm, the surface
coverage of the MP-11 monolayer is estimated to be 3.8�
10ÿ12 mol cmÿ2. As the surface coverage of MP-11 on the gold
electrodes is known (1.7� 10ÿ10 mol cmÿ2 from QCM and
1.3� 10ÿ10 molcmÿ2 from electrochemical measurements),
the fraction of oligopeptide associated to the NR can be
deduced and the association constant Ka can be calculated
[Eq. (1)]. The value Ka� 3.7� 103mÿ1 for the association of
NR to the MP-11 monolayer is derived. It should be noted
that addition of a different protein such as glucose oxidase to
the MP-11-functionalized crystal at the concentration range
used for NR did not induce any decrease in frequency. This
implies that the association between MP-11 and NR origi-
nates from specific interactions.


The QCM experiments clearly reveal that interactions
between NR and the MP-11 monolayer lead to their binding
and to the formation of an oligopeptide ± NR complex. This
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complex could participate in intermolecular electron transfer
and thus the mediated reduction of NR. In order to character-
ize the kinetics of electron transfer in the complex, and
because of the cost of NR, we decided to create an integrated
MP-11/NR electrode (Scheme 3). Provided the affinity bind-
ing interactions between MP-11 and NR are sufficiently
strong, crosslinking of the enzyme layer associated with the
electrode is expected to generate a multipoint linkage
between the protein and the base monolayer, and to yield a
stable enzyme electrode. Accordingly, the MP-11/NR layered
electrode was crosslinked with glutaric dialdehyde. Figure 5
shows the cyclic voltammogram of the resulting crosslinked
assembly in the absence and in the presence of NOÿ


3 . An
electrocatalytic cathodic current at the redox potential of MP-
11 indicates the mediated bioelectrocatalyzed reduction of
nitrate. The amperometric response of the electrode is stable
and does not decrease over 60 minutes. This implies that the
protein (NR) is not dissociated from the electrode surface and
that the crosslinking yields a firm and stable electrically
contacted enzyme layer. The inset in Figure 5 shows the
amperometric responses of the electrode at different concen-
trations of nitrate. The response increases as the concentra-
tion of NOÿ


3 is elevated, and it levels off to a saturation
current at a concentration of NOÿ


3 of � 1.5� 10ÿ2m. The
saturation current originates from the saturation of the active
site of the biocatalyst with the substrate. As the transduced
current is directly proportional to the rate of bioelectrocata-
lyzed reduction of NOÿ


3 , the curve shown in the inset in
Figure 5 was analyzed in terms of the Michaelis ± Menten
model. The values Imax� 47.6 mA (imax� 15.9 mAcmÿ2) and
KM� 6.2 mm were derived for the crosslinked NR. The higher
KM value of the crosslinked NR on the electrode support, as
compared with the native, diffusing enzyme, could originate
from the partial deactivation of the biocatalyst as a result of
the immobilization process. It is also possible that the higher
KM value of the linked nitrate reductase originates from the
crosslinking process. Transport barriers keeping the substrate


from the crosslinked enzyme layer could
lead to lower substrate concentrations at the
enzyme interface compared with the bulk
substrate concentration, thereby leading to
an apparent higher KM value.


Further mechanistic insight into the MP-
11/NR-mediated reduction of nitrate was
obtained by rotating disk electrode (RDE)
experiments. The crosslinked MP-11/NR
monolayer was assembled on a gold disk
electrode, and the resulting electrocatalytic
cathodic currents were determined at differ-
ent concentrations of NOÿ


3 and variable
rotation speeds, with the application of a
constant potential ofÿ0.6 V. Figure 6, curve
a, shows the theoretical catalytic current at
variable rotation speeds calculated by the
Levich equation [Eq. (3)],[24] where n is the


Icat(A)� 0.62 nFAD2/3w1/2nÿ1/6 [NOÿ
3 ] (3)


number of electrons involved in the electro-
chemical reduction of NOÿ


3 (2 electrons), F


Figure 5. Cyclic voltammograms of the integrated MP-11/NR-monolayer-
modified gold electrode (roughness factor ca. 15): a) vs. background
solution, 0.1m phosphate buffer, pH 7.0; b) in the presence of 20 mm KNO3.
Potential scan rate 5 mV sÿ1. Inset: Electrocatalytic cathodic currents
(measured at E�ÿ0.6 V in nonstirred solution) transduced by the
integrated modified gold electrode at different concentrations of KNO3.
Measurements were performed under argon.


is the Faraday constant, the real electrode area A� 0.2 cm2,
D� 1.8� 105 cm2 sÿ1 is the diffusion coefficient[25] of NOÿ


3 , n�
0.01 cm2 sÿ1 is the kinematic viscosity for water and [NOÿ


3 ]�
2� 10ÿ5 mol cmÿ3.


Figure 6, curve b, shows the experimental catalytic currents
observed at different rotation speeds, [NOÿ


3 ]� 2� 10ÿ2m. The
observed catalytic currents at different rotation speeds were
replotted in terms of the Koutecky ± Levich formulation,[24]


inset in Figure 6. From the slope and intercept of the linear
Koutecky ± Levich plot, the interfacial electron transfer rate
constant, kel , was determined by means of Equation (4). For


kel�
I�w!1�
nFA�NOÿ


3 �
(4)


example, for a concentration of [NOÿ
3 ]� 2� 10ÿ2m, kel�


1.05� 10ÿ2 cm sÿ1 was derived. As the MP-11/NR surface


Scheme 3. Stepwise assembly of the integrated MP-11/NR-monolayer-modified gold electrode
and the bioelectrocatalyzed reduction of NOÿ


3 at the functionalized electrode.
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Figure 6. Electrocatalytic current corresponding to the bioelectrocata-
lyzed reduction of NOÿ


3 on the integrated MP-11/NR-monolayer-modified
Au RDE vs. w1/2 : a) theoretical Levich plot corresponding to Eq. (3);
b) experimentally measured electrocatalytic currents in the presence of
20 mm KNO3. Background solution consists of 0.1m phosphate buffer, pH
7.0, under argon. Inset: Koutecky ± Levich plot for the data shown.


density corresponds to G� 3.8� 10ÿ12 mol cmÿ2, the overall,
second-order, interfacial electron transfer, koverall (koverall� kel/
G) corresponds to koverall� 2.8� 106mÿ1 sÿ1. The koverall values
were determined for different concentrations of NOÿ


3 (Fig-
ure 7). As the concentration of NOÿ


3 is raised, the koverall value


Figure 7. Second-order rate constants (koverall) for the reduction of NOÿ
3 at


the integrated MP-11/NR-monolayer-modified Au RDE vs. the NOÿ
3


concentration.


decreases, and a linear relationship between kÿ1
overall and [NOÿ


3 ]
is observed. Note that if the electrocatalyzed reduction of
NOÿ


3 by MP-11/NR is diffusion-controlled, then the plot
kÿ1


overall vs. [NOÿ
3 ] should be constant (zero slope), since kÿ1


overall is
determined at w�1 . The nonzero slope of the kÿ1


overall vs.
[NOÿ


3 ] plot (Figure 7) is indicative of the formation of a
complex between NOÿ


3 and MP-11/NR, Equation (5). Ac-


j ± MP-11/NR�NOÿ
3�


k1


kÿ1


j ± MP-11/NR ´´´ NOÿ
3!k2 j ± MP-11/NR�NOÿ


2 (5)


cording to this equation, the overall electron transfer rate
constant is given by Equation (6), which can be rearranged to
Equation (7), where KM is expressed by Equation (8). From


koverall�
k2


KM � �NOÿ
3 �


(6)


1


koverall


�KM


k2


� 1


k2


[NOÿ
3 ] (7)


KM�
k2


k1 � kÿ1


(8)


the plot shown in Figure 7 we calculate k2� 4.7� 104 sÿ1 and
KM� 6.9 mm. This KM value is in good agreement with the
value derived from the Lineweaver ± Burk plot.


Figure 8. a) Coulometric analysis of the charge passed through the
electrolytic cell during bioelectrocatalyzed reduction of NOÿ


3 by the
integrated MP-11/NR-monolayer-modified gold electrode (roughness
factor ca. 15). Electrolysis was performed in the presence of 20 mm
KNO3 in 0.1m phosphate buffer upon application of the potential ÿ0.6 V,
under argon. b) Calculated charges passed through the electrolytic cell
according to analysis of the amount of the product, NOÿ


2 . Inset: Concen-
tration of NOÿ


2 produced bioelectrochemically as a function of the
electrolysis time.


A further aspect that should be addressed relates to the
identification of the product (NOÿ


2 ) formed by the bioelec-
trocatalyzed reduction of NOÿ


3 , and the application of the MP-
11/NR integrated electrode for steady-state electrolysis of
NOÿ


3 . The integrated MP-11/NR electrode was applied for the
continuous electrolysis of NOÿ


3 by the application of a
constant potential of ÿ0.6 V to the electrode. Samples of
the electrolyte were analyzed at fixed time intervals by
spectroscopic determination of NOÿ


2 . The plot inset in
Figure 8 shows the concentrations of NOÿ


2 produced over
the period of electrolysis. Curve a in the main plot in Figure 8
shows the charge that passed through the cell during
electrolysis. The amount (moles) of electrogenerated NOÿ


2


would require the passage of the charge shown in curve b of
Figure 8. Thus the current yield for the electrocatalyzed
reduction of NOÿ


3 to NOÿ
2 is ca. 85 %, implying the efficient


bioelectrocatalyzed reduction of nitrate by the integrated
enzyme electrode.


Conclusions


We have described the construction of an integrated bioca-
talytic electrode for the electrocatalyzed reduction of nitrate
(NOÿ


3 ). A MP-11 monolayer assembled on a gold electrode
provides an active interface to bind nitrate reductase (NR).
The associative interactions are sufficiently tight to enable
crosslinking of the NR layer. This process yields a stable,
electrically contacted, biocatalytic electrode for the reduction
of NOÿ


3 . The oligopeptide MP-11 mediates the reduction of
NR, and the latter enzyme biocatalyzes the reduction of NOÿ


3


to nitrite. The current transduced by the electrode is
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controlled by the concentration of NOÿ
3 , and hence the


integrated electrode could be applied as a nitrate biosensor.


Experimental Section


Materials : All materials, including cystamine (2,2'-diaminodiethyldisulfide)
(Aldrich), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) (Al-
drich), microperoxidase-11 (MP-11) (Sigma), and nitrate reductase (cyto-
chrome kind, EC 1.9.6.1) from Escherichia coli, 5 ugÿ1 (Sigma), were used
as supplied. Ultrapure water from a Nanopure (Barnstead) source was used
throughout this work.


Electrode modification : Au electrodes (0.5 mm diameter Au wire, geo-
metrical area ca. 0.2 cm2, roughness factor ca. 1.5) were cleaned from
deposited monolayers as previously described.[26] Clean Au electrodes were
roughened (roughness factor ca. 15) and modified with a cystamine
monolayer as reported elsewhere.[21] The freshly prepared cystamine-
modified Au electrodes were used for covalent coupling with micro-
peroxidase-11 (MP-11) in the presence of EDC.[16] Au electrodes modified
with an MP-11 monolayer were incubated in nitrate reductase, 0.1 unit -
mLÿ1, in 0.1m phosphate buffer, pH� 7.0, for 15 min, rinsed briefly (2 s)
with the phosphate buffer and treated with 10 % (v/v) glutaric dialdehyde
in water for 15 min to crosslink the adsorbed protein molecules on the
electrode surface.


Measurements : Electrochemical measurements (cyclic voltammetry and
amperometry under constant applied potential) used a potentiostat
(EG&G VersaStat) connected to a personal computer (EG&G research
electrochemistry software model 270/250). All the measurements were
carried out at ambient temperature (22� 2 8C) in a three-compartment
electrochemical cell consisting of the chemically modified electrode as a
working electrode, a glassy carbon auxiliary electrode isolated by a glass frit
and a saturated calomel electrode (SCE) connected to the working volume
with a Luggin capillary. All potentials are reported with respect to this
reference electrode. Argon bubbling was used to remove oxygen from the
solution in the electrochemical cell. Phosphate buffer (0.1m, pH� 7.0) was
used as a background electrolyte. For all constant potential measurements
(steady-state current measurements, electrolysis with spectral detection of
nitrite, RDE measurements) the working electrode potential was ÿ0.6 V.


To accumulate the reduced product (nitrite), a constant potential elec-
trolysis was performed at an integrated MP-11/NR-monolayer electrode (a
gold wire electrode with a geometrical surface area of ca. 0.2 cm2 and a
roughness factor of ca. 15). Nitrite formed upon bioelectrocatalytic
reduction of nitrate was determined by a spectrometric method based on
diazotization of sulfanilamide and coupling with N-1-naphthylethylenedi-
amine dihydrochloride.[19a, 27] Samples (100 mL) of the cell solution were
taken at intervals in a cuvette; then 1 mL of each of the reagents was added,
and the absorption at l� 540 nm was measured after 10 min.


A rotating disk electrode (RDE) (4.5 mm diameter) was polished with an
alumina suspension (0.3 mm, Buehler, IL, USA), rinsed with water and then
modified in the same way as the Au wire electrodes. The RDE measure-
ments were performed with an electrode rotator (model 636, EG&G). The
rate of rotation was increased stepwise and after each step the cathodic
current was measured when it had stabilized (after a few seconds).


A quartz crystal microbalance analyzer (EG&G model QCA 917) linked to
a personal computer was employed for the microgravimetric analysis.
Quartz crystals (AT-cut, EG&G) sandwiched between two Au electrodes
(area 0.196 cm2, roughness factor ca. 3.5) were used. The fundamental
frequency of the crystals was ca. 9 MHz. The crystal was mounted in a
home-built flow cell (� 1 mL) that included an injection septum and
permitted in situ rinsing of the cell solution with an external peristaltic
pump. Modification of the gold ± quartz crystal with the MP-11 was done in
the same way as for other gold electrodes.
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Mechanism of Palladium-Catalyzed Allylic Acetoxylation of Cyclohexene


Helena Grennberg* and Jan-E. Bäckvall*


Abstract: The mechanism of the qui-
none-based palladium-catalyzed oxida-
tion of cyclohexene to allylic acetate was
studied under various reaction condi-
tions with 1,2-dideuterocyclohexene
(62 ± 74 % D) as the substrate. The re-
actions gave a 1:1 mixture of 1,2-dideu-
tero- and 2,3-dideutero-1-acetoxy-2-cy-
clohexene (2 and 3, respectively), as
determined by 1H NMR spectroscopy.


Control experiments with 1-deutero-1-
acetoxy-2-cyclohexene showed that no
1,3-allylic transposition of the acetoxy
group occurred under the reaction con-


ditions employed for the allylic acetox-
ylation. These results provide evidence
for a (p-allyl)palladium intermediate in
the quinone-based palladium-catalyzed
allylic acetoxylation. With added chlor-
ide ligands and extended reaction times,
bis-allylic acetates were formed. The
presence of a stoichiometric amount of
CH3SO3H led to the formation of a
homoallylic acetate.


Keywords: allylic oxidation ´ homo-
geneous catalysis ´ palladium ´
pi-allyl intermediates ´ isotopic
labeling


Introduction


Allylic oxidation of olefins is an important reaction in organic
chemistry because it leads to synthetic intermediates that can
be used for further functionalizations. Direct allylic function-
alization of readily available olefins has already been inves-
tigated.[1] Apart from radical-initiated reactions,[2] reactions
based on selenium[3] and transition metals[4] have attracted
considerable interest. Among all these methods, the quinone-
based palladium-catalyzed allylic acetoxylation stands out as
a practical and highly useful process for the synthesis of allylic
alcohol derivatives [Eq. (1)].[5±10] In particular, simple cyclic


olefins are oxidized to their corresponding allylic carboxylates
in excellent yields and high selectivity with p-benzoquinone
(BQ) as a stoichiometric oxidant or electron-transfer medi-
ator.


Two different mechanisms for this palladium-catalyzed
process have been suggested.[11±14] These mechanisms involve
different organometallic intermediates: a (p-allyl)palladium
complex or a (s-alkyl)palladium complex. Both pathways
begin with the coordination of the alkene to PdII. The pathway
of the (p-allyl) mechanism (Scheme 1, Path A) then involves
the formation of a p complex, followed by the cleavage of the
allylic C ± H bond.[15] Subsequent nucleophilic attack by


Scheme 1. The two proposed mechanisms for the palladium-catalyzed
allylic acetoxylation: (p-allyl) route (A) versus the oxypalladation route
(B).


acetate[16] would then give the observed allylic acetate. The
pathway of the (s-alkyl) mechanism[11, 13] (Scheme 1, Path B)
would involve attack of the olefin ± palladium complex
by acetate. The (s-alkyl)palladium intermediate obtained
would then undergo a b-elimination to give the observed
product.


The latter pathway was proposed by Winstein et al. ,[12] in a
study of the stoichiometric oxidation of 1- and 2-butene. The
involvement of an acetoxypalladation in the catalytic oxida-
tion of cyclohexene to complex mixtures of products with a
PdCl2 ± CuCl2 oxidation system was demonstrated by Henry,
although a competing (p-allyl)palladium pathway was not
completely excluded.[11, 13] The (p-allyl)palladium pathway
was favored by Wolfe et al.[14] based on results from the
catalytic oxidation of isotopically labeled cyclohexene with a
PdII ± HNO3 oxidation system, in which the main by-product
was a homoallylic acetate. Frankel and co-workers also
proposed a (p-allyl)palladium intermediate in the palladi-
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um-catalyzed oxidation of methyl ole-
ate with CuCl2 or LiNO3 as stoichio-
metric oxidants, and various Pd cata-
lysts, such as palladium chloride, palla-
dium acetate, and supported zero-
valent palladium.[17] Therefore, it seems
that the mechanism depends upon both
the substrate and the oxidation system.


The quinone-based palladium-cata-
lyzed allylic acetoxylation has been
assumed to proceed via the (p-allyl)-
palladium pathway (Path A), although
evidence for such a mechanism has
been lacking until recently. In a pre-
liminary communication,[18] we provid-
ed evidence for the involvement of a
(p-allyl)palladium intermediate in the
palladium(ii)-benzoquinone-catalyzed
allylic acetoxylation of cyclohexene. In
the present paper, we give a full account of these results,
discuss the mechanism, and also present additional results
that support the (p-allyl)palladium route.


Results and Discussion


Choice and preparation of the substrate : In order to
distinguish between the two possible mechanisms (Scheme 1),
a substrate was required in which the position of the original
double bond can be easily determined in the product.[19]


Olefins such as 3- and 4-methylcyclohexene would not be
useful candidates for this type of study since asymmetrical
olefins have been found to yield mixtures of regioisomeric
allylic acetates.[7] Although studies with the objective of
improving the selectivity by the addition of ligands,[6] strong
acids,[20] or different palladium ± oxidant combinations[21] have
been carried out, the problem of regiocontrol has not yet been
solved and interpretation of the results from the oxidation of
such olefins would not be unambiguous. This problem would,
however, not arise for an isotopically labeled substrate such as
1,2-dideuterocyclohexene (1), which can form only one
regioisomer of each proposed intermediate, thus minimizing
the number of regioisomeric allylic acetates generated. Addi-
tionally, deuterium substituents would not affect the reaction
rates as much as would carbon substituents.


Cyclohexene deuterated in the vinylic position was ob-
tained from hexahydrophthalic anhydride by an a-proton ±
deuterium exchange, with D2SO4 or DCl as the deuterium
source, followed by decarboxylation of the corresponding acid
with Pb(OAc)4.[22] If commercial D2SO4 (99.5 % D) was used,
then several cycles of dehydration ± a-proton ± deuterium
exchange ± hydrolysis of the hexahydrophthalic acid formed
in the first step had to be performed prior to decarboxylation
in order to obtain a product sufficiently enriched (>60 %) in
deuterium.[23]


Allylic acetoxylation : In Scheme 2, the expected outcome of
an allylic acetoxylation of 1,2-dideuterocyclohexene is shown
for the two pathways. In both cases, the initial step would be
the formation of a p-olefin complex 4. Then, either cleavage


of an allylic C ± H bond[15] to yield a (p-allyl)palladium
intermediate 5, or a trans attack[13, 24] by acetate to give 6 takes
place. Both pathways would produce a dideuterated
1-acetoxy-2-cyclohexene[25] , which is fully deuterated at C2.
Assuming that the secondary isotope effect in the nucleophilic
attack by acetate on the (p-allyl)palladium intermediate is
negligible, the (p-allyl) pathway would give equal amounts of
the products 2 and 3. The acetoxypalladation pathway would,
on the other hand, yield only the allylic acetate 2. For an olefin
containing less deuterium, the reasoning is analogous since
the amount of deuterium at C2 in the product would reflect
the degree of deuteration in the starting olefin.[23, 26]


The results from the allylic acetoxylation of 1 (62 ± 74 % D)
are summarized in Table 1. Oxidation of 1 with Pd(OAc)2 as
the stoichiometric oxidant in acetic acid at room temperature
afforded a 1:1 mixture of the deuterated products 2 and 3, as
determined by 1H NMR spectroscopy[26] (entry 1). This is in
excellent agreement with what is expected from a mechanism
involving a (p-allyl)palladium intermediate. An increase in
the temperature did not affect the outcome of the reaction
(entry 2). The same result was obtained with catalytic
amounts (1 ± 5 %) of Pd(OAc)2 and p-benzoquinone (BQ)
as the stoichiometric oxidant (entries 3 ± 6 and 9). Neither the
addition of LiOAc (entry 7), nor the use of Pd/C[17] (entry 10),
PdCl2


[27] (entry 8), nor Pd(OCOCF3)2 in the presence of 2'-
methoxyacetophenone as ligand[6] (entry 11) affected the
ratio of compounds 2 and 3.


Several different oxidation systems were tried in the allylic
acetoxylation of 1 without any significant change in the ratio
of compounds 2 and 3. Thus, systems such as cat. Pd(OAc)2/
cat. BQ/MnO2, cat. Pd(OAc)2/cat. BQ/cat. iron phthalocya-
nine (Fe(Pc)/O2) and cat. Pd(OAc)2/CuCl2 all afforded a 1:1
ratio of 2 and 3 (entries 12 ± 16). All oxidation systems, apart
from PdII ± CuCl2


[28] and PdCl2 ± BQ,[27] yielded clean reactions
with allylic acetate as the main or only observed product.
Control experiments with isolated (h3-allyl)palladium chlor-
ide and acetate complexes[29] did verify that allylic acetate
does form from such complexes in the presence of BQ,
however, much more rapidly for an acetoxy complex than for
a chloro complex.[30]


Scheme 2. Expected outcome of the (p-allyl) route (A) versus the oxypalladation route (B) in the
allylic acetoxylation of 1,2 dideuterocyclohexene.
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To completely verify the (p-allyl)palladium pathway in
allylic oxidation, the potential involvement of a 1,3-allylic
transposition of the acetoxy substituent[31] [Eq. (2)] was


investigated. This type of rearrangement, proposed to in-
volve a cyclic s-palladium intermediate, would, if rapid
enough, lead to the observed 1:1 ratio of allylic
acetates 2 and 3 (Table 1) for the acetoxypalladation pathway
too.[32]


Thus, 1-acetoxy-1-deutero-2-cyclohexene (7) (90 % D),
prepared by CeCl3-catalyzed NaBD4 reduction of 2-cyclo-
hexenone[33] and subsequent esterification [Eq. (3)], was


subjected to various reaction conditions. When allylic acetate
7 was treated with catalytic amounts of Pd(OAc)2 (5 mol %)
in the presence of excess BQ (150 ± 200 mol %) in acetic acid
at 60 8C for 16 h, no rearrangement to 1-acetoxy-3-deutero-2-
cyclohexene (8) [Eq. (4)] could be detected by 1H NMR
spectroscopy (integration of H1 and H3).


This was also observed in the experiments run in the
presence of BQ and hydroquinone (100 mol % of each), or
excess hydroquinone (150 ± 200 mol %). In some experiments,
a palladium mirror formed, without any significant effect on
the distribution of deuterium in the allylic acetate. Not even
the treatment of 7 with PdCl2(PhCN)2 in THF at room
temperature for 2 h[31a] resulted in a rearrangement of more
than 1 ± 2 %. It is most likely that longer reaction times are
required for this kind of substrate.[34] Thus, even if the 1,3-
allylic shift of the acetate can occur under the conditions of
the allylic acetoxylation, the process is apparently not fast
enough to account for the results observed for the allylic
oxidation of 1 (Table 1), and therefore the acetoxypalladation
pathway can be excluded.


Further oxidation of the primary product : 1-Acetoxy-2-cyclo-
hexene, the primary product of an allylic acetoxylation of
cyclohexene, is still a possible substrate for allylic acetoxyla-
tion. Thus, a second oxidation leading to diacetoxycyclohex-
ene may occur. The regiochemistry of the diacetates that may
form in the second oxidation will depend on the mechanistic
pathways involved in that step.


Oxidation of 1-acetoxy-2-cyclohexene (Scheme 3) via a (p-
allyl)palladium intermediate 9 (Path A) could yield 1,2-
diacetoxy-3-cyclohexene (11) and 1,4-diacetoxy-2-cyclohex-
ene (12). It is known that complex 9 only yields 1,4-substituted
products in the presence of benzoquinone,[16b] thus, the bis-
allylic diacetate 12 would be the only product from Path A.


Table 1. Allylic oxidation of 1,2-dideuterocyclohexene (62 ± 74% D).[a, b]


Entry PdII [%] Oxidant[d]


(Additive)
T [8C] (time [h]) % D[b] 1H NMR (H3:H2:H1)[c]


Predicted via
p-allyl[e]


Predicted acetoxy-
palladation[e]


Observed
ratio[f]


1 Pd(OAc)2 (100) none 25 (4h 45) 62 1.81:1:1.81 2.63:1:1 1.43:1:1.50
2 Pd(OAc)2 (100) none 60 (2h 40) 73 2.35:1:2.35 3.70:1:1 1.64:1:1.64
3 Pd(OAc)2 (1) A 60 (26h 45) 73 1.96:1:2.0
4 Pd(OAc)2 (2) A 60 (25h) 73 2.0:1:1.98
5 Pd(OAc)2 (5) A 60 (20h) 73 1.89:1:2.18
6 Pd(OAc)2 (5) A 26 ± 28 (25h) 73 1.88:1:1.84
7 Pd(OAc)2 (5) A (0.5m LiOAc) 60 (21h) 73 1.88:1:1.75
8 PdCl2 (5) A 60 (25h) 74 2.42:1:2.42 3.85:1:1 1.84:1[g]


9 Pd(OAc)2 (5) B 60 (20h) 73 2.35:1:2.35 3.70:1:1 1.97:1:1.79
10 10%Pd/C (3) B 60 (6h) 62 1.81:1:1.81 2.63:1:1 1.61:1:1.7
11 Pd(TFA)2 (5) B (ligand)[h] 25 (6h) 74 2.42:1:2.42 3.85:1:1 1.57:1:1.51
12 Pd(OAc)2 (0.5) C 60 (50h) 63 1.85:1:1.85 2.72:1:1 1.88:1:1.88
13 Pd(OAc)2 (1) C 60 (45h) 70 2.17:1:2.17 3.33:1:1 2.17:1:2.08[i]


14 Pd(OAc)2 (2) C 60 (38h) 70 2.23:1:2.23
15 Pd(OAc)2 (5) D 60 (5h 30) 74 2.42:1:2.42 3.85:1:1 2.04:1:2.07[i]


16 Pd(OAc)2 (5) E 50 (22h) 74 2.02:1:2.04[i]


[a] The reactions were carried out on a 0.25 ± 0.5 mmol scale. [b] See the Experimental Section. [c] The integral of H2 of 1-acetoxy-2-cyclohexene was used to
normalize the integrals of H3 and H1. See the Experimental Section. [d] A: 200 % BQ and B: 100 % BQ. See refs. [6, 20, and 35], C: 10 % BQ and 110 %
MnO2, see refs. [5] and [7], D: 10% hydroquinone, 5 % Fe(Pc), st. O2, see ref. [8a], E:10% hydroquinone, 5 % Cu(OAc)2, 1 atm O2, see ref. [8b].
[e] Calculated values. [f] Estimated error � 0.02. [g] Formation of diacetate with resonance at the same chemical shift as H1. [h] 2'-Methoxyacetophenone,
see ref. [6]. [i] Averaged values (nexp� 2).
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On the other hand, an oxidation involving acetoxypalladation
(Path B) could yield 1,2-diacetoxy-3-cyclohexene (11), 1,3-
diacetoxy-1-cyclohexene (13), and 1,2-diacetoxy-2-cyclohex-
ene (14). Therefore, it is possible to determine which of the
two mechanistic pathways is operating by GLC and 1H NMR
spectroscopic analyses of the oxidation products.[35]


When 1-acetoxy-2-cyclohexene reacted with Pd(OAc)2 and
BQ under allylic acetoxylation conditions, but in the presence
of chloride ligands,[5, 7, 8] a slow reaction occurs in which 1,4-
diacetate 12[36] was isolated as a 1:1 mixture of cis and trans
isomers, together with unreacted starting material. This is the
expected outcome from a mechanism involving a (p-allyl)
intermediate (Scheme 3, Path A).


The position of the deuterium label in the diacetate
obtained from 1 via secondary in situ oxidation of the allylic
monoacetate (Scheme 4) was also consistent with a (p-allyl)
mechanism for both oxidation steps. The predicted 1H NMR
integration ratio of (H1�H4) and (H2�H3) of 1,4-diace-
toxy-2-cyclohexene (15� 16) obtained from 1 (74 % D) is


Scheme 4. Diallylic oxidation of cyclohexene 1 via allylic acetates 2 and 3.


1.83:1 for the (p-allyl) mechanism.[26] The
observed ratio of these integrals is in good
agreement with this mechanism (Table 2).


Thus, the regiochemistry of the product
formed in the secondary oxidation of 1-ace-
toxy-2-cyclohexene and the distribution of the
deuterium label in the two-step oxidation of 1
provide further evidence for the involvement of
(p-allyl)palladium intermediates in the palla-
dium-catalyzed allylic acetoxylation reaction.


Isomerization of cyclohexene : In allylic acetox-
ylation, the rate-determining step is most likely
the formation of the (p-allyl)palladium inter-
mediate, since nucleophilic attack on (p-allyl)-
palladium acetate complexes has been found to


be very rapid in the presence of BQ.[16] Because of the slow
allylic C ± H bond cleavage, double bond isomerization[37] of
the substrate olefin 1 may compete with formation of (p-
allyl)palladium complex 5. Although this isomerization has
been reported to be slow,[15b, 38] it does seem to occur to a small
extent since the integral ratio of H2 to H3 (Table 1) indicates a
loss of deuterium at C2.[39] As mentioned above, independent
of which mechanism operates in the allylic acetoxylation,
there should be no loss of deuterium at C2. The slight


Scheme 3. Oxidation of 1-acetoxy-2-cyclohexene.


Table 2. Diallylic oxidation of 1,2-dideuterocyclohexene (74 % D).[a, b]


Entry PdII [%] Oxidant [%] Additive T [8C] (time) Oxidation product[c] 1H NMR of (15� 16) (H1�H4:H2�H3)[b, c, d, e]


1 Pd(OAc)2 (5) BQ(200) 150 % LiCl 60 (26h) (15� 16) 1.62:1
2 Pd(OAc)2 (5) BQ(200) 150 % LiCl 60 (26h) (15� 16) 1.54:1
3 PdCl2 (5) BQ(200) no additive 60 (25h) (15� 16):(2� 3) 1:1 1.84:1


[a] The reactions were carried out on a 0.25 mmol scale. [b] See the Experimental Section. [c] Determined by 1H NMR spectroscopy of the product mixture.
[d] The integrals of H2 and H3 of 1,4-diacetoxy-2-cyclohexene was used to normalize the integals of H1 and H4. [e] Acetoxypalladation�p-allyl would give
an 1H NMR integration ratio of (2ÿ xD):(2ÿ xD) (i.e. 1:1), whereas the corresponding ratio for p-allyl�p-allyl would be (4ÿ xD)/(4ÿ 3 xD):1 (i. e. 1.83:1 for
xD� 0.74).


Scheme 5. Allylic acetates arising from intermediates in the rearrange-
ment of cyclohexene 1.
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isomerization may be due to a hydride elimination ± readdi-
tion mechanism, or to a reversible formation of a (p-
allyl)palladium intermediate.


The relative integral of H3 in the 1-acetoxy-2-cyclohexene
product should remain constant, regardless of the amount of
isomerization of 4 to 17, whereas that of H2 should increase as
the amount of product from the nucleophilic attack on 18
increases (Scheme 5). The distribution of allylic acetates
arising from 5 (2 and 3) to those from 18 (19 and 20) was
calculated as the ratio of the observed 1H NMR integral of H2
to that expected from the amount of deuterium label expected
if no rearrangement of 4 to 17 had occurred.[26, 40] It was found
that under standard conditions, the estimated amount of
product from 18 was 5 ± 10 %, but in reactions run with a
stoichiometric amount of Pd(OAc)2, or with catalytic amounts
of Pd/C or Pd(OCOCF3)2, it was as much as 15 ± 20 %.


Oxidation leading to the homoallylic acetate : �kermark
et al.[20] reported that reaction conditions selective for allylic
acetoxylation, in the presence of a strong acid, such as
CH3SO3H, gave good yields of homoallylic acetate [Eq. (5)]
.[41]


In a study of 3,3,6,6-tetradeuterocyclohexene, Wolfe and
Campbell observed that small amounts of homoallylic ace-
tates were formed in addition to the allylic acetates that
constituted the major isolated products.[14] The observed
position of the deuterium labels in the homoallylic acetate
indicated that an acetoxypalladation ± elimination ± double
bond migration reaction pathway might be operating parallel
to the p-allyl pathway leading to the allylic product.


For 1,2-dideuterocyclohexene, such an acetoxypallada-
tion ± elimination ± double bond migration sequence
(Scheme 6, Path B) would lead to homoallylic acetate 21.


In order to test this hypothesis, we subjected 1 to
homoallylic oxidation conditions [Eq. (5)].[20] The 1-acetoxy-
3-cyclohexene thus obtained did not show the 1H NMR
integral ratio expected for 21,[26] but rather one with the
deuterium label distributed over C1, C2, C3, and C4. The
integral ratio observed agrees more closely with a mechanism
involving a (p-allyl)palladium intermediate: the homoallylic


acetate may form from allylic acetate in a rearrangement
reaction.[42] Such a (p-allyl)-acetate attack ± double bond
migration pathway would yield homoallylic acetates 21 and
22 (Scheme 6, Path A).


When the oxidation of protic cyclohexene under homo-
allylic oxidation conditions was monitored by 1H NMR
spectroscopy, it was found that signals corresponding to a
(p-allyl)palladium complex was observed prior to the appear-
ance of any other product, and that the initally formed
product (<10 min at 60 8C) was allylic acetate. The amount of
homoallylic acetate increased with time, as the signals for the
allylic acetate disappeared.[43] This strong indication of a
rearrangement from allylic to homoallylic acetate was verified
in a separate 1H NMR experiment, in which 1-acetoxy-2-
cyclohexene was treated with Pd(OAc)2 and CH3SO3H in
deuterated acetic acid.


Conclusion


The quinone ± palladium-catalyzed allylic acetoxylation of
cyclohexene proceeds via a (p-allyl)palladium intermediate,
as shown by the use of 1,2-dideuterocyclohexene as the
substrate. The choice of stoichiometric oxidant, reaction
temperature, and reaction time did not significantly affect
the reaction pathway. Control experiments showed that no
significant isomerization of the allylic acetate via 1,3-allylic
transposition occurred under the normal reaction conditions
for the allylic acetoxylation. These results eliminate acetoxy-
palladation as a possible pathway in the palladium-catalyzed
allylic acetoxylation of cyclohexene. A slight olefin isomer-
ization was observed under allylic acetoxylation conditions.


The observations presented in this paper explain, to some
extent, the results previously observed in the allylic acetox-
ylation of substituted olefins, and could be useful for the
development of new, more selective reaction conditions for
allylic acyloxylation of these substrates.


Experimental Section


1H NMR spectra were recorded at 300 and 400 MHz in CDCl3 and
[D4]acetic acid solutions. Analytical GLC was performed on a SE 54
column (25 m, 250 mm). Chemicals and solvents were from commercial
sources and were used as received. Bis[cyclohexenyl(h3-allyl)palladium]
complexes were prepared according to literature procedures.[29, 44]


1-Acetoxy-1-deutero-2-cyclohexene (7) (90 % D): This was pre-
pared by CeCl3-catalyzed NaBD4 reduction of 2-cyclohexenone[33]


and subsequent esterification.


1,2-Didieuterocyclohexene (1): Prepared from hexahydrophthalic
acid as described by �kermark et. al[22] but with commercial D2SO4


(99.5 % D). Several cycles of dehydration ± a-proton ± deuterium
exchange-hydrolysis of the hexahydrophthalic acid formed in the
first step had to be performed prior to the decarboxylation in order
to obtain a product sufficiently enriched (>60%) in deuterium. The
amount of deuterium (xD) in the two vinylic positions was
determined by 1H NMR spectroscopy from the ratio of the relative
integral of the vinylic signal (Irel) to that of the nondeuterated
compound, which is 2. Thus, xD can be defined by [1-(Irel/2)], and
varies between 0 and 1, with the latter figure representing complete
deuteration (i. e. 1,2-dideuterocyclohexene).


Scheme 6. Expected outcome of the oxypalladation route (A) versus the (p-allyl)
route (B) in the homoallylic acetoxylation of 1,2-dideuterocyclohexene.
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Allylic acetoxylations of 1: These reactions were carried out on a 0.25 mmol
scale in acetic acid (1 mL). The reaction product was, after extractive
workup[8] and removal of most of the solvent, compared with an authentic
sample. The mechanism involving acetoxypalladation would give an 1H
NMR integration ratio of 1-acetoxy-2-cyclohexene for protons H3, H2, and
H1 (at d� 5.94, 5.69 and 5.25, respectively) of 1:(1ÿ xD):(1ÿ xD), where xD


is the relative amount of deuterium in the vinylic position of the starting
cyclohexene. For a (p-allyl)palladium mechanism, the corresponding ratio
would be 0.5(2ÿ xD):(1ÿ xD):0.5(2ÿ xD).


Allylic acetoxylation of 1-acetoxy-2-cyclohexene and diallylic acetoxyla-
tions : These reactions were carried out under allylic acetoxylation
conditions with either 1-acetoxy-2-cyclohexene, protic cyclohexene, or
deuterated cyclohexene 1 as the substrate. The reaction products were,
after extractive workup[8] and removal of most of the solvent, compared
with authentic samples of 1-acetoxy-2-cyclohexene and 1,4-diacetoxy-2-
cyclohexenes. In the oxidation of 1, a mechanism involving two (p-allyl)
intermediates would give an 1H NMR integration ratio for protons (H1�
H4) to (H3�H4) (at d� 5.91 (cis)� 5.89 (trans) and 5.32 (trans)� 5.23
(cis), respectively) of 0.5(4ÿ xD):0.5(4ÿ 3xD), [i. e. (4ÿ xD)/(4ÿ 3xD):1],
whereas the corresponding ratio for a mechanism involving an acetoxy-
palladation ± b-elimination followed by a (p-allyl) intermediate would be
(2ÿ xD):(2ÿ xD), (i. e. 1:1).


Isomerization of 1 during allylic acetoxylation : This was observed as a loss
of deuterium at C2 in the product relative to what was expected from either
mechanism. The sum of the integrals of H1, H2, and H3 had a value less
than that expected from the amount of deuterium in the substrate. The
observed integrals is the sum of the contributions from intermediate 5 [A, 2
and 3, IH2� 1ÿ xD, IH3� 0.5(2ÿ xD)], and from the (p-allyl) 18 formed
from the rearranged starting material [B, 10 and 11, IH2� 1 and IH3�
0.5(2ÿ xD)]. Also, A�B� 1 (100 % product), thus A� (1ÿ IH2, rel)/xD


and IH2, rel� IH2, obs [0.5(2ÿ xD)]/IH3, obs, since IH3� 0.5(2ÿ xD) for all values
of A and B.


Homoallylic acetoxylation : This was performed as for the allylic acetox-
ylations with protic cyclohexene or 1 as the substrate in acetic acid or in
[D4]acetic acid, but in the presence of CH3SO3H (100 mol %). The reaction
product was, after extractive workup[8] and removal of most of the solvent,
compared with an authentic sample. For 1, a mechanism involving
acetoxypalladation and a 1,3-hydrogen shift would give a integration ratio
for hydrogens 1:2:(3� 4) (at d� 5.0, 2.4, and 5.7� 5.6) of (1ÿ xD):(2ÿ
xD):2, (i. e. 0.27:1.27:2 for xD� 0.73). A mechanism involving a (p-allyl)
intermediate would lead to a ratio of [0.5(2ÿ xD)]:(2ÿ xD):[0.5(4ÿ xD)]
(i. e. 0.63:1.27:1.63). The results are in greater accord with the latter
mechanism, however with the integral for H3�H4 smaller than expected.
This is probably due to allylic acetate rearrangement.[42]
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A New Family of Luminescent Sensors for Alkaline Earth Metal Ions


Luca Prodi,* Fabrizio Bolletta, Nelsi Zaccheroni, C. Ian F. Watt, and Nichola J. Mooney


Abstract: The effects on the photophys-
ical properties of three crown ethers
(1 a ± c) containing the 1,8-dioxyxan-
thone residue caused by the complex-
ation with Ba2�, Sr2�, and Ca2� metal
ions are reported. The strong enhance-
ment of the fluorescence, the appear-
ance of a long-lived delayed fluores-
cence, and a good selectivity towards
Ba2� ions prove that 1 c is an efficient


fluorescent chemosensor for this ion. In
addition, the range of selectivities shown
by this family of crown ethers towards
the alkaline earth metal ions together
with their favorable photophysical prop-


erties, make them suitable for the con-
struction of (multi)sensory devices. The
differences in the photophysical proper-
ties between the uncomplexed and com-
plexed crown ethers can be accounted
for by the stabilization of a different
ground state conformer of the dioxy-
xanthone moiety by the metal ion within
the cavity of the crown ether.


Keywords: alkaline earth metals ´
fluorescence spectroscopy ´ lumi-
nescence ´ sensors ´ supramolecular
chemistry


Introduction


The development of new chemosensors represents one of the
more attractive challenges that chemists have to face nowa-
days. The synthesis of efficient chemosensors requires a
thorough knowledge of the principles governing the processes
of molecular recognition and signal transduction, that is the
mechanism by which the complexation of the sensor with the
analyte causes a change in the properties of the sensor
itself.[1±6]


One of the properties normally required of a chemosensor
is the selectivity towards a specific analyte. This feature is
evidently important, and may be necessary for real-space
applications. However, multisensory systems can be created
with differing sensors which can recognize a specific family of
analytes, each one with a different association constant. The
signals from the whole set of sensors are then mathematically
treated to give simultaneously the concentrations of all the
analytes of interest. These devices, in analogy to the mamma-
lian sensory systems, have been called electronic noses or
tongues and represent a promising solution to complex
analytical problems.[7, 8]


Of the various kinds of chemosensors, the luminescent
variety present many advantages since luminescence meas-
urements are usually very sensitive, are not costly, are easily
performed, and are versatile.[1, 2] With this idea in mind, we
have studied the luminescence response of a family of crown
ethers incorporating the 1,8-dioxyxanthone chromophore
upon complexation with alkaline earth metal ions.[9] We show
here that these compounds are very promising for the
construction of (multi)sensory devices.


Experimental Section


Materials : The solvents used were methanol and ethanol UVASOL from
Merck without further purification. The crowns 1a ± c and an acyclic model
2 (Scheme 1) were available from earlier work.[9] The spectroscopic and
chromatographic methods
used, including 1H and 13C
NMR and HPLC, established
the purity of 1 a ± c and of 2 as
>99,95 %, a level adequate to
eliminate the possibility of the
effect described herein as be-
ing due to impurities.


Instrumentation : Absorption
spectra were recorded with a
Perkin ± Elmer l 16 spectrophotometer. Uncorrected emission, corrected
excitation spectra, and phosphorescence lifetimes were obtained with a
Perkin ± Elmer LS 50 spectrofluorimeter.


The fluorescence lifetimes (uncertainty � 5%) were obtained with an
Edinburgh single-photon counting apparatus, in which the flash lamp was
filled with D2. Luminescence quantum yields (uncertainty � 15%) were
determined with quinine sulfate in aqueous 1n H2SO4 (F� 0.546[10]) as a
reference. In order to allow comparison of the emission intensities,
corrections for instrumental response, inner filter effects, and phototube
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Scheme 1. Crowns 1 (a : n� 3; b : n� 4;
c : n� 5) and acyclic model 2.
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sensitivity were performed.[11] A correction for differences in the refraction
index was introduced when necessary. Degassed solutions were obtained
with the freeze-thaw-pump method. Emission spectra at 77 K were
obtained in a MeOH/EtOH (4:1, v/v) rigid, transparent matrix in quartz
tubes immersed in a quartz Dewar filled with liquid N2.


Metal-binding studies : UV and emission spectra were run on a solution
of the crown ether in methanol (3 mL, 1� 10ÿ4m). Aliquots (10 mL) of the
salt solution (1� 10ÿ2m) were then added with a micro syringe and the
spectra recorded. The emission spectra were obtained by excitation of the
solution at an isobestic point. The intensity, read at the maximum of the
adduct band, was fitted to Icorr�fcrCcr�fcmCcm, where Ccr and Ccm are the
concentrations of uncomplexed and complexed crown, respectively, and fcr


and fcm are the proportionality constant between the corrected emission
intensity (in arbitrary units) and the concentration of the uncomplexed and
complexed crown ether, respectively. Ccm satisfies the usual binding
expression in Equation (1) where Mtot is the total concentration of added
metal ion.


C2
cmÿ [(Ccm�Ccr)�Mtot� 1/K]Ccm�Mtot(Ccm�Ccr)� 0 (1)


Values for the equilibrium constant, K, were then obtained by simulation of
the data with both K and fcm as adjustable parameters, using a Newton ±
Raphson procedure to minimize the sum of squares of residuals.


Results


Absorption spectra : The absorption spectra of the crown
ethers 1 a ± c in methanol (Table 1 and Figure 1) are similar to
the absorption spectrum of the model compound 2.


As already observed,[9] addition of Ca2�, Sr2�, and Ba2�


metal ions induces profound changes in the absorption spectra
of the crown ethers (Figure 1 for 1 c and Ba2�), while little or


Figure 1. Absorption spectra of a solution of 1c in methanol (1.10� 10ÿ4m)
upon addition of an increasing amount (0, 0.34, 0,67, and 1.1 molar
equivalents) of BaCl2.


no change was observed on addition of Mg2� and the alkali
metal ions. Neither were changes observed when metal ions
were added to a solution of 2. The changes observed were
dependent on the crown ether and on the metal ion added in
all cases (Table 1).


Room-temperature luminescence spectra : In aerated meth-
anol solution at room temperature, the crown ethers 1 a ± c
and the parent chromophore 2 show only a very weak
fluorescence (F< 10ÿ4, Table 2). While no changes were
observed for 2, the addition of Ca2�, Sr2�, and Ba2� metal ions


to a crown ether solution produced a strong increase in the
fluorescence band and changed its peak (see Figure 2 for 1 c
and Ba2�). As can be seen from Table 2, the position of the
peak, the luminescence quantum yield, and the excited state
lifetime depend slightly on the crown ether and on the added
metal ion. The excitation spectra parallel the changes
observed for the absorption spectra. No luminescence in-
crease was observed on addition of Mg2� or alkali metal ions.


It is of note that in some cases, the fluorescence quantum
yield increases more than a 1000-fold in going from the crown


Table 1. Relevant absorption data of the crown ethers 1a ± c and their
complexes in solution in methanol.


lmax [nm] e ([mÿ1cmÿ1])


1a 305 12000
339 5900


1a ´ Ba2� 308 11400
347 5600


1a ´ Sr2� 308 11400
343 5600


1a ´ Ca2� 306 11600
340 5500


1b 305 11700
341 5600


1b ´ Ba2� 313 12200
352 5400


1b ´ Sr2� 314 12500
351 5500


1b ´ Ca2� 308 10900
340 5500


1c 305 12500
341 6000


1c ´ Ba2� 313 12400
349 5900


1c ´ Sr2� 309 11200
347 5350


1c ´ Ca2� [a] [a]


[a] Association constant too low to obtain complete association.


Table 2. Room-temperature luminescence properties of 2, of the crown
ethers 1a ± c, and of their complexes with the alkaline earth metal ions in
solution in methanol.


lmax [nm] F t1[ns] t2 [ms][a] Kass [mÿ1]


2 439 < 10ÿ4 < 0.5 ± ±
1a 440 < 10ÿ4 < 0.5
1a ´ Ca2� 434 0.12 9 20 1.7� 102


1a ´ Sr2� 437 0.033 1.5 11 4.0� 102


1a ´ Ba2� 443 0.017 1.1 18 1.9� 103


1b 440 < 10ÿ4 < 0.5 ± ±
1b ´ Ca2� 435 0.17 11.8 45 1.7� 103


1b ´ Sr2� 424 0.019 1.1 52 3,8� 104


1b ´ Ba2� 434 0.029 1.3 54 6,5� 104


1c 441 < 10ÿ4 < 0.5 ± ±
1c ´ Ca2� 445 0.17 12.0 32 7.0� 101


1c ´ Sr2� 435 0.086 5.9 38 1.2� 103


1c ´ Ba2� 430 0.0083 1.0 20 8.9� 104


[a] Lifetime of the delayed luminescence. See the text for more details.
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Figure 2. Luminescence spectra (lexc� 309 nm) of an aerated methanol
solution of 1c upon addition of an increasing amount (0, 0.40, 0,67, 0,90, and
1.1 molar equivalents) of BaCl2. Inset: The corrected value of the intensity
read at 430 nm versus the equivalents of added BaCl2.


ether to its complexed form. Therefore association constants
between the crown ether and the metal ion can be determined
by monitoring the changes in the luminescence intensity, even
if the changes in the absorption spectra are very small. Table 2
presents the association constants determined by this method;
these values are in good agreement with those previously
determined for Sr2� and Ba2� by a spectrophotometric
method.[9] The complexation process does not depend on
the pH of the solution, except in very strongly acidic
conditions.[9]


Interestingly, degassed solutions of all the complexes
studied show, together with the above reported fluorescence,
a delayed fluorescence with a lifetime in the range 10 ± 60 ms
(Table 2), which is 104 times longer than that of the prompt
fluorescence. Time-resolved spectra show that the delayed
luminescence has the same band shape and excitation spectra
as the fluorescence observed in aerated solution. No delayed
luminescence was observed for deaerated solutions of 2 and of
the uncomplexed crowns 1 a ± c.


Low-temperature luminescence spectra : The luminescence
spectra of 1 a ± c and 2 at 77 K show interesting behavior.
While only weak fluorescence was observed, the parent
chromophore and the crown ethers show two relatively
intense, long-lived phosphorescence bands (Table 3). Thanks
to the large differences in their lifetimes, the two bands can
easily be time-resolved. As can be seen in Figure 3 for 1 c, the
two bands lie in the same spectral region and, in particular, the
highest energy features of the two bands peak at similar
wavelengths. The structures of the two bands, however, differ,


Figure 3. Phosphorescence spectra of 2 (lexc� 340 nm) in a MeOH/EtOH
(4:1, v/v) rigid matrix at 77 K recorded with a delay time of 5 ms and a gate
time of 500 ms (- - - -) and with a delay time of 100 ms and a gate time of
80 ms (Ð).


showing that the emissions originate from different excited
states. The excitation spectra are also different, as seen in
Figure 4.


Figure 4. Excitation spectra of 2 (lem� 450 nm) in MeOH/EtOH (4:1, v/v)
rigid matrix at 77 K recorded with a delay time of 5 ms and a gate time of
500 ms (- - - -) and with a delay time of 100 ms and a gate time of 80 ms (Ð).


If alkaline earth metal ions (except for Be2� and Mg2�) are
added in excess to a solution of one of the crown ethers,
however, only one phosphorescence band is observed (Fig-
ure 5), and the luminescence decay profile can be fitted with a
single exponential. The band shape, the energy, the lifetime,
and excitation spectra are, in all cases, very similar to the
longer lived component of the free crown ethers (Table 3).


Discussion


The very low fluorescence quantum yield at room temper-
ature of 2 and 1 a ± c closely parallels the behavior of xanthone
itself, for which a very efficient intersystem crossing (>99 %)
was reported.[12±14] As discussed above, the luminescence
enhancement on addition of alkaline earth metal ions to the
crown ethers 1 a ± c is dramatic. The fluorescence quantum
yield increases in going from the crown ether to the
complexed species by more than one hundred times, and, if


Table 3. Phosphorescence data of 2, 1c, and 1 c ´ Ba2� (77 K, MeOH/EtOH
4:1).


lmax [nm] t [ms]


2 428, 457, 491 3.0
435 740


1c 421, 451, 484 3.3
422(s), 438 460


1c ´ Ba2� 427 300







Luminescent Sensors 1090 ± 1094


Chem. Eur. J. 1998, 4, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1093 $ 17.50+.25/0 1093


Figure 5. Phosphorescence spectra of 1c ´ Ba2� (lexc� 340 nm) in MeOH/
EtOH (4:1, v/v) rigid matrix at 77 K recorded with a delay time of 100 ms
and a gate time of 80 ms.


excited in the 370 ± 380 nm region where only the complexed
species absorbs, the enhancement factor for the observed
fluorescence is even larger. Since all the measured quantum
yields for the complexed species are rather high (from 0.008 to
0.2, Table 2), the system shows an effective off/on response to
the complexation of alkaline earth metal ions. This kind of
response is one of the most desirable properties that a
luminescent sensor should have. Furthermore, 1 c shows good
selectivity towards Ba2� ions (see Kass values in Table 2), so
that this crown ether can act as a sensor for Ba2� in the
presence of the alkaline and the alkaline earth metal ions Na�,
K�, Cs�, Mg2�, Sr2� (10-fold excess) and Ca2� (100-fold
excess), even though the Ba2� complex has the lowest
quantum yield.


The whole family of crown ethers reported here can be seen
as an array of chemical sensors with partial specificity for the
different alkaline earth metal ions, and can therefore be used
for the construction of an electronic tongue[7] which can, in
principle, determine simultaneously the concentrations of
Ba�2, Sr2�, and Ca2� as a function of time. An additional
relevant property for physiological applications is that the
complexation does not strongly depend on the pH of the
solution.


The delayed fluorescence observed in degassed solutions
can be accounted for by the presence of an equilibrium
between the fluorescent singlet excited state and a lower lying
and longer living triplet state (see Figure 6 and below). The
fact that in all cases an identical bandshape was observed for
prompt and delayed fluorescence rules out the possibility of
an involvement of different luminescent excited states. A
delayed fluorescence due to an equilibrium between the
singlet and a triplet excited state was also observed for other
aromatic ketones, such as benzophenone.[15] The presence of
molecular oxygen is most probably responsible for the fast
deactivation of the triplet excited state in solutions which had
not been degassed.


The phenomenon of delayed fluorescence has some im-
portance in terms of applications. One of the main problems
in the analysis of the fluorescence of very complicated systems
is the background signal arising from scattered light and from
the luminescence of other fluorophores (in biological samples,
for example, from amino acids). This noise is usually very


Figure 6. Schematic representation of the lowest energy levels and
corresponding photophysical processes at room temperature for a com-
plexed species.


short-lived (usually it lasts less than 10 ns), and time-resolved
spectroscopy can help considerably to increase of the signal-
to-noise ratio if the analyte shows a longer lifetime.[16] In
particular, a lifetime in the microsecond region, as shown by
the complexed species, can allow a very efficient time
resolution with commercially available pulsed-lamp spectro-
fluorimeters, so that a very high sensitivity is possible. The
main drawback is that the complexed species may not come
into contact with molecular oxygen.


As far as the spectra recorded at 77 K are concerned, the
double phosphorescence shown by 2 and 1 a ± c is clearly
reminiscent of the behavior of the xanthone itself, for which a
double phosphorescence is also observed.[12±14] One of the
most plausible explanations for this was the presence of two
different conformers, interconverting at room temperature,
with their own set of ground and excited states.[12] While the
shorter lived component was assigned to a configuration in
which the dihedral angle between the two benzene rings
deviates from planarity, the longer lived
component was assigned to a planar con-
former in which the form A can be
accommodated.


This explanation would also account for
the different excitation spectra obtained
for the two phosphorescence bands.
The 1,8-dialkoxyxanthone chromophore
seems to behave in a similar way. X-ray
structures and molecular mechanics cal-
culations show that the most stable conformation of uncom-
plexed 1,8-dialkoxyxanthones is nonplanar; there is a fold
about the central ring such that the angles be-
tween the planes of the benzene rings are between 172 and
1638.[9] The disappearance of the short-lived component in
1 a ± c on addition of the metal ion, which stabilizes the
planar conformer, is additional evidence for the presence of
two different ground state conformers in the uncomplexed
species. We believe that the stabilization of the planar
isomer at room temperature is the reason for the much
higher fluorescence quantum yield shown by the complexed
species.
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Conclusion


We have demonstrated that one of the crown ethers studied,
namely 1 c, has all the necessary characteristics for an efficient
fluorescent chemosensor for Ba2� ions: good selectivity
towards this analyte, a very large fluorescence enhancement
factor, and a substantial independence of the pH of the
solution. In addition, if molecular oxygen is not allowed to
interact with the complexed species, the observed delayed
luminescence can be used to improve the signal-to-noise ratio
and, in this way, the sensitivity of the sensor. The whole family
of the crown ethers could also be used to produce multi-
sensory devices, such as the so-called electronic tongues, in
order to monitor simultaneously the concentrations of Ba2�,
Sr2�, and Ca2� metal ions. The results obtained can be
explained in terms of a stabilization of one of two possible
isomers caused by the complexation of the ion.
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Calix[4]pyrroles: New Solid-Phase HPLC Supports for the
Separation of Anions**


Jonathan L. Sessler,* Philip A. Gale, and John W. Genge


Abstract: The preparation of two distinct calix[4]pyrrole-modified silica gels is
reported. These systems, designed to investigate the binding characteristics of
calix[4]pyrroles with anionic and neutral substrates, also provide a new solid support
for the HPLC separation of nucleotides, oligonucleotides, N-protected amino acids
and perfluorinated biphenyls. Binding affinities for the interaction of anions with
calix[4]pyrrole amide derivatives are also reported; these were determined from 1H
NMR spectroscopic analyses carried out in CD2Cl2.


Keywords: anion binding ´ HPLC ´
macrocycles ´ oligonucleotides ´
pyrroles


Introduction


The covalent attachment of molecular receptors to solid
supports provides a time-honored means of exploring recep-
tor ± substrate interactions.[1±5] Pioneering work in this area by
Cram and co-workers produced resins, covalently modified
with chiral crown ethers, that proved capable of resolving
enantioselectively various amino acid derivatives.[1] Other
systems (most notably those of Izatt, Bradshaw, and Chris-
tensen),[2] consisting of azacrown ethers attached to silica gels,
have proven useful in the separation of mixtures of metal
cations. In this classic work and in other instances[3] this
approach has allowed binding interactions involving a large
number of substrates to be analyzed under identical exper-
imental conditions. As such, it provides a convenient and well-
validated method of quickly testing the substrate-binding
potential of a new receptor or proposed receptor.


The above approach has been extensively exploited in the
area of cation recognition and separation; however, it has
been less frequently applied in the study of anion binding.
One such approach that appears attractive involves the
attachment of a metallated porphyrin to either polystyrene
or silica gel;[6, 7] these systems have been employed in the
separation of quite a number of anionic species including
iodide, thiocyanate, and benzoic acid derivatives. We have


also introduced another anion-separating system that consists,
in general terms, of various sapphyrin-modified silica gels (for
example gel S). In this case, the resulting solid supports allow
the HPLC separation of anions such as phenyl arsenate,
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benzenesulfonate, and benzoate, as well as mixtures of
nucleotides.[8, 9] However, the observation of broad peaks in
the case of short (3- to 9-mer) oligonucleotide mixtures as well
as the synthetic difficulties associated with preparing func-
tionalized sapphyrins prompted us to search for an alternative
chelating group upon which the construction of the anion-
separating silica gels could be based. As detailed in this
report, the calix[4]pyrroles show promise in this regard.


The calix[4]pyrroles (meso-octaalkylporphyrinogens) are a
class of nonaromatic macrocycles first synthesized by Baeyer
in 1886[10] that act as effective and selective anion-binding
agents both in solution and in the solid state.[11±13] In this paper
we show two ways of attaching these easily made macrocycles
to aminopropyl silica gel. We also show that the resulting
supports (gel M and gel B) make HPLC columns that have
quite intriguing anion-separating properties.


[*] Prof. J. L. Sessler, Dr. P. A. Gale, J. W. Genge
Department of Chemistry and Biochemistry
The University of Texas at Austin, Austin, TX 78712 (USA)
Fax: (�1)512 471-7550
E-mail : sessler@mail.utexas.edu


[**] Supporting information for this paper is available on the WWW under
http://www/wiley-vch.de/home/chemistry/, or directly from the au-
thor.
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Results and Discussion


The key precursors to gel M and gel B, the functionalized
meso-hook and b-hook calix[4]pyrrole esters 1 and 2,
respectively, were synthesized from readily available starting
materials (i.e. cyclohexanone, pyrrole, and methyl-4-acetyl-
butyrate in one step for 1 and acetone, pyrrole, n-butyllithium,
and ethyl bromoacetate in two steps for 2), as previously
described.[12, 13] These molecules were de-esterified to produce
the calix[4]pyrrole monoacids 3 and 4, respectively. These
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latter materials were then coupled to aminopropyl silica gel
with standard amide-coupling conditions[14] to produce two
new silica gel solid supports containing amidocalix[4]pyrrole
groups [gel M (meso-hook) and gel B (b-hook)]. Model
compounds 5 and 6 were synthesized by coupling acids 3
and 4 with n-butylamine in the presence of (1-benzotriazol-
yl)oxy tris(dimethylamino)phosphonium hexafluorophos-
phate (BOP PF6).[15] These latter materials were used to study


the anion-binding properties of appro-
priately functionalized amidocalix[4]-
pyrrole controls in solution.


Initial experiments (using either UV
or conductance detection of anions)
proved successful, with both gels B
and M selectively retaining a) fluoride,
chloride, bromide, hydrogensulfate, and
dihydrogenphosphate (see Table 1),
b) phenyl arsenate, phenyl phosphate,
and phenyl sulfonate (Table 1), c) Cbz-


protected anionic amino acids (serine, glutamine, alanine,
phenylalanine, tryptophan, aspartate, and glutamate, Fig-
ure 1).


Figure 1. HPLC separation of Cbz-N-protected amino acids on a calix-
pyrrole-modified silica gel column, prepared from gel M. Flow rate
0.3 mL minÿ1, mobile phase 70/30, 30mm acetate buffer at pH 7.0/acetoni-
trile (v/v) (isochratic), column temperature 25 8C, UV detection at 254 nm.


The next set of substrates tested were the
phosphorylated derivatives of adenine. The
results are illustrated by Figure 2, which
shows the HPLC separation of 5'-adenosine
monophosphate (AMP), 5'-adenosine di-
phosphate (ADP) and 5'-adenosine triphos-
phate (ATP) on gel M. The order of elution
differs from that obtained on other neutral
solid supports used for anion separations,
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Table 1. Retention of anions by gels B and M.


Anion Elution times [min]
Silica gel B Silica gel M


chloride[b] 17.9 (� 0.1)[a] 15.2 (� 0.1)[a]


dihydrogenphosphate[b] 22.0 (� 0.1)[a] 20.1 (� 0.1)[a]


hydrogensulfate[b] 16.2 (� 0.1)[a] 16.2 (� 0.2)[a]


fluoride[b] 16.9 (� 0.1)[a] 16.4 (� 0.2)[a]


phenyl arsenate[c] n.d.[d] 4.9 (� 0.1)
benzoate[c] n.d.[d] 6.9 (� 0.1)
benzenesulfonate[c] n.d.[d] 7.0 (� 0.1)
phenyl phosphate[c] n.d.[d] 15.1 (� 0.1)


[a] Times given for individual elution of tetrabutylammonium anions.
[b] Anions were eluted as 1mm CH3CN solutions of their tetrabutyl-
ammonium salts under the following conditions: mobile phase CH3CN;
flow rate 0.40 mL minÿ1; detection by conductivity; column temperature
25 8C. [c] Anions were eluted as 1mm aqueous solutions under the
following conditions: mobile phase 50mm phosphate buffer, pH� 7.0, flow
rate 0.3 mL minÿ1, column temperature 25 8C, detection UV� 254 nm.
[d] n.d.� not determined.
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including standard reverse-phase liquid chromatography,[16] in
that the more highly charged nucleotide is retained longer
without the use of ion-pairing agents. This is presumably due
to the higher charge density present in the di- and triphos-
phate anions, which permits these substrates to interact more
favorably with the calix[4]pyrrole subunits present on the
column. Thus, the greater the number of phosphate groups,
the longer the retention time.


Figure 2. HPLC separation of AMP, ADP, and ATP on the calixpyrrole
column derived from gel M. Flow rate 0.3 mL minÿ1, mobile phase 200 mm
sodium phosphate (isochratic), pH 7.0, column temperature 25 8C, UV
detection at 262 nm.


On the basis that the above suppositions are true, it is
predicted that silica gels M and B should function as efficient
supports for the separation of medium-length oligonucleo-
tides, molecules that are important in both molecular biology
and medicine (e.g. antisense technologies).[17] Figure 3 shows
the separation on gel B of a mixture of unprotected oligo-
deoxyadenylate fragments (dA) containing between 12 and
18 nucleotide subunits. As expected, the species containing


Figure 3. HPLC separation of dA12±18 on the calixpyrrole column derived
from gel B. Flow rate 0.4 mL minÿ1, mobile phase 50/50, CH3CN/50 mm
sodium chloride:40 mm sodium phosphate (v/v) (isochratic), pH 7.0, column
temperature 25 8C, UV detection at 265 nm.


the greater numbers of phosphate groups display the longer
retention times, a result that was confirmed in studies
involving a similar mixture of unprotected oligodeoxythymi-
dylates (data not shown). Interestingly, both gels B and M
were found to be capable of separating three oligonucleotide
hexamers of equal charge and length (Figure 4). In these cases


Figure 4. HPLC separation of hexamers: TCTAGA, GCATGC, and
CCCGGG on the calixpyrrole column derived from gel M. Flow rate
0.4 mL minÿ1, mobile phase 50/50, CH3CN/50 mm sodium phosphate buffer
(v/v) (isochratic), pH� 7.0, column temperature 25 8C, UV detection at
265 nm.


the separation presumably reflects the different number of
hydrogen bonds that are possible for the various nucleobases
of which these oligonucleotides are comprised. This critical
finding supports the contention that calixpyrrole-based solid
supports could provide a new nonelectrophoretic HPLC
method for anionic and oligonucleotide separations that could
usefully complement reverse-phase,[18] ion-pair,[19] size-exclu-
sion,[20] or ion-exchange chromatography,[21] as well as capil-
lary electrophoresis.[22] The ease of synthesizing a functional-
ized calixpyrrole and the fact that unprotected oligonucleo-
tides may be separated are possible advantages, especially
with nonanalytical (i.e. preparative) applications.


It quickly became apparent that calix[4]pyrrole silica gels
are more easily synthesized than the corresponding sapphyr-
in-based systems; however, we were also interested in
ascertaining whether gels M and B in fact performed better
when used as anion-separating HPLC supports. We therefore
chose to investigate the separation of the same unprotected
mixture of oligodeoxyadenylate 12 ± 18 mers using the sap-
phyrin gel S (Figure 5) as previously studied with the cal-
ix[4]pyrrole support gel B (Figure 3). Comparison of Fig-
ures 3 and 5 shows that, under identical conditions of elution,
the sapphyrin column fails to effect a clean separation,
whereas gel B clearly does. While not a complete proof of


Figure 5. HPLC separation of dA12±18 on the sapphyrin column derived
from gel S. Flow rate 0.4 mL minÿ1, mobile phase 50/50, CH3CN/50 mm
sodium chloride: 40 mm sodium phosphate (v/v) (isochratic), pH 7.0,
column temperature 25 8C, UV detection at 265 nm.
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superiority, the apparently improved separation observed
with the calixpyrrole support can be rationalized in terms of
the different binding characteristics involved. Specifically,
3,12,13,22-tetraethyl-2,7,18,23-tetramethyl-8,17-di(hydroxy-
propyl)sapphyrin[23] shows a higher affinity for the phosphate
anion (Ka� 1� 104mÿ1 in methanol) than b-hydroxycarbonyl-
methyl-meso-octamethylcalix[4]pyrrole 4 (Ka< 15 mÿ1 in
methanol).[24] The higher affinity of sapphyrin towards anionic
species presumably hinders the release of the anion from the
sapphyrin subunit, thereby causing broad, ill-defined peaks.


To further assess the extent to which binding affinities
correlate with observed separation efficiencies, the chloride-,
dihydrogenphosphate-, and hydrogensulfate-binding proper-
ties of compounds 5 and 6 were analyzed in solution. The
relevant studies were carried out in CD2Cl2 (for reasons of
solubility) with the stability constants and binding stoichio-
metries (1:1 in all instances) being determined by 1H NMR
titration.[25] As can be deduced from the results in Table 2,
these analyses do in fact provide a basis for understanding the
calix[4]pyrrole-related HPLC results discussed above. For
instance, on both silica gels M and B, phenyl phosphate is
retained on the column longer than, and hence readily
separated from, benzenesulfonate; this can be explained in
terms of the fact that dihydrogenphosphate forms a stronger
bond to the model compounds 5 and 6 than hydrogensul-
fate.[26] Likewise, similar retention times are observed when
either gel M or B is used to separate, for example, H2PO4ÿ ;
this could reflect the fact that nearly identical Ka�s for this
substrate are displayed by both 5 and 6 in CD2Cl2 solution.


In addition to binding anions, calix[4]pyrroles are also
known to bind neutral substrates, albeit weakly.[29] Since weak
binding interactions can lead to good HPLC separations,[30] we
explored whether supports such as M and B could also be used
in neutral substrate separation. As a preliminary test we chose
to investigate the separation of polyfluorobiphenyls; these
compounds serve as models for the analogous, albeit much
more toxic, polychlorobiphenyls (PCBs). As illustrated in
Figure 6, these fluorinated species are readily purified on
column B with the more highly substituted substrate per-
fluorobiphenyl eluted last (similar results were obtained with
column M). Such findings are consistent with a mechanism in
which separation is achieved, at least in part, on the basis of
hydrogen-bonding interactions. In particular, the increased


Figure 6. HPLC separation of polyfluorobiphenyls on the calixpyrrole
column derived from gel B. Flow rate 0.2 mL minÿ1, mobile phase 76/24
H2O/CH3CN (v/v), column temperature 25 8C, UV detection at 254 nm.


polarization arising from the presence of the electronegative
fluorine substituents allows stronger calixpyrrole ± substrate
interactions which are analogous to those observed with
polyanionic oligonucleotide species. We therefore believe that
columns M and B could separate a wide range of both neutral
and anionic substrates, provided that the substrates differ
considerably in their overall polarity.


Experimental Section


Compounds 1, 2, and 3 were synthesized by previously published
procedures.[12, 13]


b-Hydroxycarbonylmethyl-meso-octamethylcalix[4]pyrrole (4): Com-
pound 2 (200 mg, 0.38 mmol) was stirred in 20 mL of ethanol. This slurry
was heated to reflux and NaOHaq (20 mL, 2.0m) was added. The reaction
mixture was heated under reflux until all the ester had been consumed
(approximately 4 hours). The ethanol was then removed in vacuo and a
further 50 mL of cold water added to the solution. The solution was then
acidified with concentrated perchloric acid to pH 1. The acid 4 precipitated
out as a white powder and was collected by filtration and dried under high
vacuum, yielding 146 mg (79 %). 1H NMR (500 MHz, CD2Cl2): d� 7.84 (s,
1H, NH), 7.24 (s, 1H, NH), 7.01 (coincident s, 2H, NH), 5.90 ± 5.76
(overlapping m, 5 H, CHpy), 3.71 (s, 2H, OCH2), 1.51 (s, 6H, CCH3), 1.50 (s,
6H, CCH3), 1.48 (s, 6H, CCH3), 1.47 (s, 6 H, CCH3); 13C NMR (500 MHz,
CD2Cl2): d� 179.13 (C�O), 139.96 (Cpy), 139.20 (Cpy), 139.09 (Cpy), 138.60
(Cpy), 138.52 (Cpy), 137.45 (Cpy), 133.96 (Cpy), 109.27 (Cpy) 107.11 (CH),
103.21 (CH), 103.14 (CH), 103.05 (CH), 102.91 (CH), 102.75 (CH), 102.14
(CH), 37.20 (CCH3), 35.49 (CCH3), 35.40 (OCH2), 35.23 (CCH3), 33.68
(CCH3), 30.38 (CCH3), 29.16 (CCH3), 29.09 (CCH3), 29.00 (CCH3), 28.85
(CCH3); HRMS (FAB) calcd for C30H38N4O2: 486.2989, found: 486.2995 (D


1.1 ppm).


meso-Butylamidecalix[4]pyrrole (5): Compound 3 (meso-hook acid,
268 mg, 0.43 mmol) was dissolved in dry DMF (20 mL) under an argon
atmosphere. n-Butylamine (31.6 mg, 0.43 mmol) was added followed by
BOP PF6 (230 mg, 0.52 mmol) and triethylamine (87 mg, 0.86 mmol). The
reaction mixture was stirred for 48 hours. The DMF was then removed in
vacuo and the product was purified by silica column chromatography
(SiO2, CH2Cl2:CH3OH 99:1 eluent), which yielded a white foam (118 mg,
41%). 1H NMR (250 MHz, CD2Cl2): d� 7.26 (s, 2H, NH), 7.17 (s, 2 H, NH),
5.93 (s, 2 H, CHpy), 5.92 (s, 2H, CHpy), 5.90 (s, 2 H, CHpy), 5.89 (s, 2H, CHpy),
5.46 (br t, 1H, NHamide), 3.17 (q, J� 6.3 Hz, 2H, CH2), 1.87 (br coincident
resonances, 18H, 9CH2 cyclohexyl), 1.45 (br coincident resonances, 25H,
6CH2 cyclohexyl� 5CH2 hook�CH3 hook), 0.92 (t, J� 7.2 Hz, 3 H, CH3); 13C
NMR (62.90 MHz, CD2Cl2): d� 172.6, 137.6, 137.2, 137.0, 136.9, 104.0,
103.9, 103.6, 40.0, 39.8, 39.5, 39.4, 38.8, 37.3, 37.0, 36.7, 32.2, 26.4, 25.6, 23.2,
20.9, 20.5, 14.0; HRMS (FAB) calcd for C44H61N5O: 675.4876, found:
675.4879 (D 1.2 ppm).


b-Butylamidecalix[4]pyrrole (6): Compound 4 (b-hook acid, 300 mg,
0.62 mmol) was dissolved in dry DMF (20 mL) under an argon atmosphere.


Table 2. The anion-binding properties of compounds 5 and 6 in CD2Cl2


solution.


Anion[a] Stability constants [mÿ1]
Compound 5 Compound 6


Chloride 415 (� 45) 405 (� 10)
Dihydrogenphosphate 62 (� 6) 80 (� 15)[b]


Hydrogensulfate < 10 < 10


[a] Anions were added as 0.1m CD2Cl2 solutions of their tetrabutylammo-
nium salts to 10mm solutions of the receptor in CD2Cl2 with concentration
changes being accounted for by EQNMR.[25] In determining the stability
constants, the possible effects of ion pairing (if any) were ignored.
[b] Estimated value. The NH proton resonance broadened considerably
during the titration, forcing manual notation of the resonance frequency.
This value should, therefore, be treated with caution.
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n-Butylamine (45 mg, 0.62 mmol) was added, followed by BOP PF6


(327 mg, 0.74 mmol) and triethylamine (125 mg, 1.2 mmol). The reaction
mixture was stirred for 48 hours. The DMF was then removed in vacuo and
the product was purified by silica column chromatography (SiO2,
CH2Cl2:CH3OH 99:1 eluent), which yielded a white foam (331 mg, 99%).
1H NMR (250 MHz, CD2Cl2): d� 8.80 (s, 1 H, NH), 7.24 (s, 1 H, NH), 7.01
(coincident s, 2 H, NH), 5.92 ± 5.82 (m, 7 H, 6CHpy and NHamide), 5.70 ± 5.69
(1H, d, CHpy), 3.51 (s, 2 H, OCH2), 3.29 (q, J� 6.2 Hz, 2 H, CH2), 1.66 ± 1.30
(coincident resonances, 28H, 8 CH3meso, 2 CH2 hook), 0.96 (t, 3H, CH3 hook);
13C NMR (62.9 MHz, CD2Cl2): d� 173.0, 140.2, 139.7, 139.2, 138.9, 138.4,
138.1, 137.4, 134.2, 110.7, 106.9, 103.2, 103.2, 103.1, 102.7, 102.5, 101.6, 39.7,
37.1, 35.9, 35.5, 35.4, 35.2, 32.1, 29.2, 29.0, 28.7, 20.5, 14.0; HRMS (FAB)
calcd for C34H47N5O: 541.3781, found: 541.3782 (D 0.2 ppm).


Silica gel M : Compound 3 (89 mg, 0.14 mmol) was dissolved in dry
dichloromethane (100 mL) under an argon atmosphere and cooled to
0 8C. 1-Hydroxybenzotriazole (HOBT) (4 mg, 0.029 mmol) and diisopro-
pylcarbodiimide (300 ml, 1.91 mmol) were added and stirred for 40 minutes
at 0 8C. Trimethylsilyl-protected aminopropyl silica gel (3 g, 2% w/w), 4-
dimethylaminopyridine (10 mg, 0.081 mmol), and dry pyridine (2 mL,
5.5 mmol) were then added and stirred at room temperature for 4 days. The
product was filtered and washed with dichloromethane (200 mL), methanol
(400 mL), water (100 mL), and acetonitrile (250 mL). The silica gel was
dried in vacuo for two days and was then resuspended in dry dichloro-
methane (100 mL) under an argon atmosphere. The suspension was cooled
to 0 8C. Dry pyridine (5 mL, 13.9 mmol) and acetyl chloride (1 mL,
11.4 mmol) were added and the slurry was stirred at room temperature for
24 hours. The silica gel was filtered and washed using the same procedure
described above, and then dried for 24 hours in vacuo and packed into
3.2� 100 mm HPLC columns by Alltech Associates (Deerfield, IL).
Efficiency (plates/m2): 14613. Elemental analysis: trimethylsilyl-protected
silica gel: C 3.13 %, H 0.84 %, N 0.49 %; calixpyrrole-substituted silica gel:
C 4.23 %, H 0.87 %, N 0.74 %.


Silica gel B : The procedure for the preparation of the modified silica gel
was similar to the procedure described above, but using compound 4
(100 mg, 0.20 mmol) instead of compound 3. Efficiency (plates/m2): 39058.
Elemental analysis: trimethylsilyl-protected silica gel: C 3.13 %, H 0.84 %,
N 0.49 %; calixpyrrole-substituted silica gel: C 3.96 %, H 0.85 %, N 0.76 %.
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Abstract: The reaction of [Cp2Ti(C�CPh)2], [Cp2Zr(C�CPh)2], or [(C5H4Si-
Me3)2Zr(C�CPh)2] with vanadocene in toluene at room temperature gives
[Cp2V(m-h2:h4-butadiyne)MCp '


2] 1 (M�Ti, Cp'�C5H5), 2 (M�Zr, Cp'�C5H5), or
3 (M�Zr, Cp'�C5H4SiMe3), respectively. These compounds, which have been
characterized by elemental analysis, mass spectrometry, IR and Raman spectroscopy,
exhibit similar magnetic susceptibilities. According to an X-ray diffraction analysis of
3, the [Cp2V] and Cp '


2Zr metallocene moieties are bonded to a butadiene (or
butadiyne) framework through the two internal carbon atoms for [Cp2V], and though
the two internal and the two external carbon atoms for [Cp '


2Zr]. The two internal
carbon atoms of the butadiene skeleton are planar and tetracoordinated.


Keywords: heterodimetallic com-
plexes ´ structure elucidation ´ tita-
nium ´ vanadium ´ zirconium


Introduction


The organometallic chemical vapor deposition (OMCVD) of
thin films of complex materials, that is materials containing
several elements, requires the availability of appropriate
organometallic molecular precursors containing the desired
elements. For example, Fischer et al. have obtained Ni ± In
and Co ± Ga thin films by using transition metal substituted
indanes and gallanes.[1] The ultimate goal of our work is to
prepare heterodimetallic titanium ± vanadium molecular
complexes for use as single-source precursors in the OMCVD


of ceramic thin films containing titanium, vanadium, carbon,
and nitrogen.[2] From a more general point of view, the
preparation of heterodimetallic complexes has recently at-
tracted an increasing amount of attention. This is attributed to
the new chemical reactivity that arises from the synergistic
combination of the properties of both metals; this reactivity
may be utilized in stoichiometric or catalytic reactions.[3] Most
often, an electron-poor metal (Ti, Zr) is combined with an
electron-rich metal (Rh, Ru).[4] The combination of two
electron-poor metals in a single molecule is more unusual, and
indeed, very few heterodimetallic compounds containing
elements from Groups 4 and 5 have been described. Among
the known compounds are the [Cl3TiCl3VCl3](PPh4) salt,[5] the
oxygen-bridged [(Cl)(acacen)V-O-TiCl3(thf)2] compound
(acacen�N,N'-bis(acetylacetone)ethylenediamine),[6] and
the [(tBuh5-C5H4)2Zr(h1-1,h1-1')(h6-C6H5)2V] complex.[7] A
number of possible synthetic routes towards titanium ± vana-
dium organometallic complexes
have been previously explored in
our group without much success.[2, 8]


We report here on the synthesis of
the first titanium ± vanadium and
zirconium ± vanadium organometal-
lic complexes, [Cp2V(m-h2 :h4-
butadiyne)MCp '


2] , 1 (M�Ti, Cp'�
C5H5), 2 (M�Zr, Cp'�C5H5), and 3
(M�Zr, Cp'�C5H4SiMe3) from bi-


[*] R. Choukroun, C. Danjoy, J. Zhao,[� ] B. Donnadieu, J.-P. Legros,
L. Valade, P. Cassoux
Equipe PreÂcurseurs MoleÂculaires et MateÂriaux
Laboratoire de Chimie de Coordination du CNRS
UPR 8241 lieÂe par convention aÁ l'UniversiteÂ Paul Sabatier
de Toulouse
205 Route de Narbonne, F-31077 Toulouse Cedex (France)
Fax: (33) 05-61-55-30-03


A. Zwick
Laboratoire de Physique des Solides
118 Route de Narbonne, 31062 Toulouse Cedex 4 (France)
Fax: (33) 05-61-55-62-33


[�] Permanent address ;
Department of Chemistry, Northwest University
Xi'an 710069 (P. R. China)


[**] Supporting information for this article is available on the WWW
under http://www.wiley-vch.de/home/chemistry/ or from the author.


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1100 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 61100







1100 ± 1105


Chem. Eur. J. 1998, 4, No. 6 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0406-1101 $ 17.50+.25/0 1101


s(alkynyl)metallocene, [Cp '
2M(C�CPh)2], and vanadocene.


These compounds have been characterized by mass spec-
trometry, magnetic susceptiblity measurements, and IR and
Raman spectroscopy. The structural arrangement in com-
pounds has been confirmed by an X-ray crystal structure
determination of compound 3.


Results and Discussion


The reactivity of alkyne triple bonds in substituted titano-
cene and zirconocene compounds has recently been exten-
sively studied.[9±13] In this regard, titanium ± silver and titani-
um ± copper compounds have been prepared by Lang et al,[14]


and the oxidative addition of [Cp2Hf(C�CPh)2] by [Cp2Zr(bu-
tadiene)] has been found to give [Cp2Hf(m-C�CPh)-
ZrCp2].[10 a] In addition the formation mechanism of
[Cp2V(h2-R1CCR2)] (Scheme 1, R1�R2�Ph) has revealed


Scheme 1.


that the oxidative addition of vanadocene (the oxidation state
of vanadium increases from ii to iv) to R1C�CR2 alkynes is
possible.[15] Thus, a new route to heterodimetallic titanium ±
vanadium or zirconium ± vanadium complexes can be envis-


aged based on the reaction of the appropriate acetylenic
titanium or zirconium compounds with vanadocene.


The reaction of [Cp2Ti(C�CPh)2] or [Cp2Zr(C�CPh)2] with
vanadocene in toluene at room temperature afforded com-
pounds 1 and 2 as brown solids in yields of 80 and 90 %,
respectively. Compound 1 seems to be moderately stable in air
and is insoluble in common organic solvents. The same
compounds are also obtained when these reactions are
performed in THF. Elemental analysis and mass spectrometry
(chemical ionization with methane)[16] gave results consistent
with the C36H30TiV formula. The IR absorption band corre-
sponding to the alkynyl C�C bonds, which appears at
2065 cmÿ1 in the IR spectrum of the starting [Cp2Ti(C�CPh)2]
compound,[9] or at lower frequencies in the range between
1960 and 1850 cmÿ1 when alkynyl groups interact with another
metal,[14, 17] is not present in the spectrum of the titanium ±
vanadium compound 1.[16] Moreover, the measured magnetic
moment of 1.73 mB is consistent with the presence of one
single electron in the molecule and indicates that the formal
oxidation state of vanadium has increased from ii to iv. These
findings provided the first clear indications that vanadocene
had reacted with the two (C�CPh) alkynyl groups.


The disappearance of the n(C�C) band in the IR spectrum
of 1 should be accompanied by the formation of bands
corresponding to C�C bonds;[18] however, this was not clear in
the IR spectrum because of its complexity in the relevant
spectral range, but was conspicuous in the Raman spectrum.
Indeed, in the Raman spectrum of the starting
[Cp2Ti(C�CPh)2] compound, the n(C�C) band is clearly
observed at 2070 cmÿ1. Another band found at 1600 cmÿ1


may be assigned to the aromatic phenyl groups.[16] This
n(C�C) band is not observed in the spectrum of the titanium ±
vanadium compound 1, but an intense band with a shoulder
appears at 1600 cmÿ1. This band is assigned to C�C bonds, and
the shoulder is attributed to phenyl group bonds. The
assignments were verified by comparing these Raman spectra
with those of phenyl acetylene and styrene,[16] the Raman
spectrum of phenyl acetylene displays a strong band corre-
sponding to the C�C bond at n� 2090 cmÿ1 and a less intense
band for the phenyl group at n� 1600 cmÿ1, and the Raman
spectrum of styrene, displays a strong band with a shoulder
characteristic of the C�C bonds at 1570 ± 1550 cmÿ1.


As mentioned above, complex 1 is insoluble in most
common organic solvents, and attempts at recrystallization
of the compound, as well as at crystal growth by a slow
diffusion reaction of the two component molecules were
unsuccessful. Thus, since it is known that zirconium com-
pounds usually crystallize better than their titanium ana-
logues, we prepared the zirconium ± vanadium analogue of 1
by using the analogous acetylenic zirconium complex
[Cp2Zr(C�CPh)2]. The resulting compound 2 was character-
ized by elemental analyses, mass spectrometry, [16] IR spec-
troscopy (no n(C�C) band was observed), [16] Raman spectros-
copy (n(C�C) bands observed at 1570 (sh) and 1550 (s) cmÿ1),
[16] and magnetic measurements (magnetic moment of
1.65 mB). In this case we were able to grow crystals of 2 by a
slow diffusion reaction of the two component molecules.
Although these crystals seemed, at first sight, to be of
sufficient quality for an X-ray structural determination,


Abstract in French: La reÂaction de [Cp2Ti(C�CPh)2],
[Cp2Zr(C�CPh)2], ou [(C5H4SiMe3)2Zr(C�CPh)2], avec le
vanadoceÁne, dans le tolueÁne et aÁ la tempeÂrature ambiante,
permet d'obtenir les composeÂs de formule geÂneÂrale [Cp2V(m-
h2 :h4-butadiyne)MCp '


2] avec, respectivement, M�Ti, Cp'�
C5H5, (1), M�Zr, Cp'�C5H5 (2), ou M�Zr, Cp'�C5H4Si-
Me3, (3). Ces composeÂs ont eÂteÂ caracteÂriseÂs par analyse
eÂleÂmentaire et spectromeÂtrie de masse. Des mesures de
susceptibiliteÂ magneÂtique indiquent que dans ces trois compo-
seÂs l'eÂtat d'oxydation formelle du vanadium est IV. Des eÂtudes
par spectroscopies IR et Raman montrent la disparition des
liaisons C�C des composeÂs de deÂpart, et leur remplacement
dans les composeÂs 1 ± 3 par des liaisons C�C. Une eÂtude de
diffraction des rayons X a permis de deÂterminer la structure
cristalline du composeÂ 3. Cette structure est caracteÂriseÂe par le
fait que l'entiteÂ [Cp2V] est lieÂe aux atomes de carbone internes
d'un fragment butadieÁne, tandis que l'entiteÂ [Cp'2Zr] est lieÂe aÁ la
fois aux atomes de carbone internes et aux atomes de carbone
externes de ce meÃme fragment butadieÁne. La teÂtra-coordination
des deux atomes de carbone internes du fragment butadieÁne est,
de manieÁre inattendue, situeÂe dans un plan.
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examination of the profiles of the Bragg reflections indicated
that all of the crystals were of very poor quality. However a set
of diffraction intensities was collected (see Experimental
Section). A tentative refinement of this data led to a
disordered structure: the Fourier syntheses indicated that
the electron density at both metal centers was almost
identical. Nevertheless, the resulting overall molecular ar-
rangement[16] was found to be similar to that observed in the
fully resolved structure of [Cp2V(m-h2:h4-butadiyne)Zr(C5H4-


SiMe3)2] (3, vide infra).
Faced with this difficulty in distinguishing between the two


metal centers in the structure solution, we prepared an
analogue of compound 2 in which the two metal centers could
be differentiated readily by the substituents on their respec-
tive cyclopentadienyl groups. Thus treatment of [(C5H4Si-
Me3)2Zr(C�CPh)2] with vanadocene according to a procedure
similar to that used for 2 resulted in a crystalline black product
3 in 55 % yield. Compound 3 was characterized by elemental
analysis, IR spectroscopy (no n(C�C) band was observed),[16]


Raman spectroscopy (n(C�C) band observed at 1550
(s) cmÿ1), and magnetic measurements (magnetic moment of
1.73 mB). This compound can be described, like compounds 1
and 2, as a heterodimetallic structure containing vanadiu-
m(iv), zirconium atoms, and C�C bonds. Good quality single
crystals of 3 were obtained by a slow diffusion reaction of the
two component molecules, and the crystal structure was
determined by X-ray diffraction.


The molecular structure of 3 is shown in Figure 1 and
selected bond lengths and angles are listed in Table 1. Several


Figure 1. Molecular structure and atom numbering scheme for compound
3 (for clarity only one atom has been labeled for the phenyl rings).


striking features of the bonding arrangement in 3 are worthy
of mention. First, the vanadium atom resides in a metal-
lacyclopropane environment: the V ± C2 and V ± C3 bond
lengths are in the range expected for a V ± C s bond,[18] and the
C2 ± C3 distance (1.447 �) is characteristic of a C ± C single
bond in a conjugated system. Thus, to our knowledge, a
metallacyclopropane vanadium core is observed for the first
time. By comparison, the corresponding C�C bond length in a
metallacyclopropene is typically 1.25 ± 1.28 �.[15, 18] Moreover,
the C2-C1-C51 and C3-C4-C61 bond angles in compound 3
are 128.4 and 129.08, respectively, that is, out of the range


observed for the corresponding angles (134 ± 1488) in systems
containing p-bonded alkynyl C�C bonds.[19] The environment
around the zirconium atom could be regarded as a h4-diene
(or h4-diyne) zirconium structure.[20] First, the C1 ± C2 and
C3 ± C4 distances (1.336 and 1.331 �, respectively) are in the
range of a C�C bond linkage and similar to the C�C bond
length observed in the zirconacyclopropene complex
[Cp2Zr(Me3SiCCPh)(PMe3)].[21] Second, the Zr ± C1 and
Zr ± C4 distances of 2.224 and 2.235 �, respectively, are in
the range expected for a Zr ± C s bond (2.27 � in
[Cp2ZrMe2][22]). Third, the Zr ± C2 and Zr ± C3 distances are
2.458 and 2.459 �, respectively, which indicates that the Zr
atom is coordinated in an olefinic s-plane fashion to both
internal carbon atoms of the butadiene skeleton.[23] The
specific connections of C2 and C3 to their four neighboring
atoms (Zr, V, C1, C3 and Zr,V, C2, C4, respectively) reveal
that they reside in planar environments and are tetracoordi-
nated; the sum of the angles around C2, and around C3, is
3608.[23] It may be noted that atoms C2 and C3 may be
considered as unsaturated and, thus, their planar tetracoordi-
nation could have been expected. The planes Cp(centroid)-V-
Cp(centroid) and Cp'(centroid)-Zr-Cp'(centroid) are nearly


Table 1. Selected intramolecular interatomic distances [�] and bond
angles [8] for compound 3.


Zr ± C1 2.224(3) Si1 ± C5 1.869(4)
Zr ± C2 2.458(3) Si1 ± C6 1.874(4)
Zr ± C3 2.459(3) Si1 ± C7 1.864(4)
Zr ± C4 2.235(3) Si1 ± C21 1.864(4)
Zr ± Cp1* 2.260(av) Si2 ± C8 1.878(5)
Zr ± Cp2 2.256(av) Si2 ± C9 1.872(5)
V ± C2 2.112(3) Si2 ± C10 1.863(5)
V ± C3 2.117(3) Si2 ± C15 1.871(4)
V ± Cp3 1.937(av) C1 ± C2 1.336(5)
V ± Cp4 1.947(av) C1 ± C51 1.482(4)


C2 ± C3 1.447(5)
C3 ± C4 1.331(5)
C4 ± C61 1.478(4)


C1-Zr-C2 32.7(1) Zr-C1-C2 83.3(2)
C1-Zr-C3 66.9(1) Zr-C1-C51 148.2(2)
C2-Zr-C3 34.2(1) C2-C1-C51 128.4(3)
C1-Zr-C4 99.4(1) Zr-C2-V 143.0(2)
C2-Zr-C4 66.7(1) Zr-C2-C1 64.0(2)
C3-Zr-C4 32.5(1) V-C2-C1 152.9(3)
Cp1-Zr-Cp2 133.7(av) Zr-C2-C3 72.9(2)
C2-V-C3 40.0(1) V-C2-C3 70.2(2)
Cp3-V-Cp4 142.0(av) C1-C2-C3 136.9(3)
C5-Si1-C6 107.7(2) Zr-C3-V 142.5(2)
C5-Si1-C7 107.8(2) Zr-C3-C2 72.8(2)
C6-Si1-C7 110.3(2) V-C3-C2 69.8(2)
C5-Si1-C21 106.6(2) Zr-C3-C4 64.4(2)
C6-Si1-C21 110.1(2) V-C3-C4 152.5(3)
C7-Si1-C21 114.1(2) C2-C3-C4 137.2(3)
C8-Si2-C9 106.4(2) Zr-C4-C3 83.0(2)
C8-Si2-C10 108.7(3) Zr-C4-C61 148.0(2)
C9-Si2-C10 109.5(2) C3-C4-C61 129.0(3)
C8-Si2-C15 116.8(2)
C9-Si2-C15 107.0(2)
C10-Si2-C15 108.4(2)


[a] Cp are the centroids of the cyclopentadienyl rings. Cp1: C11 ± C15; Cp2:
C21 ± C25; Cp3: C31 ± C35; Cp4: C41 ± C45.
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perpendicular to the plane defined by the butadiene skeleton
C1-C2-C3-C4 (the corresponding angles are 91 and 848,
respectively), and the line connecting the Zr to the V atom is
orthogonal to the C2 ± C3 bond. These results show that the
zirconium atom is connected symmetrically to a four-carbon
chain that can be described as a butadiene (or butadiyne)
fragment. For comparison, similar Zr ± C distances are
displayed (2.300 and 2.597 �) in the bonding of the Zr atom
to the diene in [Cp2Zr(h4-s-cis-2,3-dimethylbutadiene)].[20b]


Compound 3 could be compared to similar titanocene and
zirconocene species, A and B , described by Rosenthal
et al.[13f,g] The zirconocene diyne A (M�Zr) contains a
cumulene structure in which the central C�C bond coordi-


nates to the metal center. Another arrangement, observed in
complexes B and 3, consists of the interaction of the central
C�C bond with a second metal center.


The observed reaction between the bis(phenylethynyl)zir-
conocene and vanadocene and the formation of the hetero-
dimetallic zirconium ± vanadium compound 3 may be under-
stood as resulting from the transfer of the phenylethynyl
group from zirconium to vanadium to give [Cp2V(CCPh)2]
and zirconocene Cp2Zr. Just like the latter species, which has
been extensively studied because of its high reactivity,[24]


[Cp2V(CCPh)2] should also be considered as a transient
species.[9] Both species certainly are extremely reactive and
stabilization of the bis(ethynyl)vanadocene by Cp2Zr implies
the reductive coupling of alkynes via the formation of the
metallacyclopropane vanadium.


Conclusion


The first heterodinuclear organometallic complexes contain-
ing titanium and vanadium, or zirconium and vanadium,
namely 1 ± 3, have been prepared and characterized by
elemental analysis and mass spectrometry, and exhibit similar
magnetic susceptibilities, IR and Raman spectra. Compound 1
is formed by the reaction of vanadocene with the two alkyne
groups of [Cp2Ti(C�CPh)2]. These results were confirmed by
the preparation and characterization of the zirconium ± va-
nadium analogue 2. Finally, the structural arrangement of
these types of compounds has been further confirmed by the
determination of the crystal structure of the trimethylsilyl-
substituted zirconium ± vanadium analogue 3. The structure
consists of a zirconocene complex s-bonded to a butadiene
(or butadiyne) ligand containing two internal planar coordi-
nated carbon atoms that are also bonded to a vanadocene
moiety. This structure could be formally considered as the
conceptual s-boundary form of the s-p bonding description in


Scheme 2.


the alkynyl homo- and heterodimetallic systems studied so far
(Scheme 2).


Future research along this line is aimed at the preparation
of titanium ± vanadium organometallic complexes with a
better solubility or volatility. These compounds would be
potential single-source precursors for the preparation of
ceramic thin films containing titanium, vanadium, carbon,
and nitrogen. In this respect, the trimethylsilyl-substituted
zirconium ± vanadium analogue 3 is soluble in common
organic solvents and potentially could be used as a single-
source precursor in spray pyrolysis techniques.


Experimental Section


All syntheses and subsequent manipulations were carried out under argon
by conventional Schlenk tube techniques or using a drybox (Vacuum
Atmosphere Dry-Lab) filled with argon. Liquids were transferred by
syringe or cannula. All solvents were dried by conventional methods,
distilled under argon, and degassed before use. [Cp2V],[25]


[Cp2Ti(C�CPh)2],[9] [Cp2Zr(C�CPh)2],[11b] and [(C5H4SiMe3)2ZrCl2][26]


were prepared according to previously reported procedures. Elemental
analyses were performed at the laboratory (C, H, N) and by the Service
National de Microanalyses du CNRS (Si, Ti, V, Zr). Mass spectrometry
analysis (chemical ionization with methane) was conducted on a Nermag,
Model R10-10, spectrometer. The intensity ratios of the peaks are
consistent with the distribution of the isotopes of titanium and zirconium.
Magnetic susceptibility measurements were carried out by Faraday�s
method. IR spectra were obtained in Nujol by using a Perkin-Elmer,
Model 983G, spectrometer. Raman spectra were obtained by using a XY-
DILOR Raman spectrometer with a CCD-OMA4 detector and a Notch
filter.


[(C5H4SiMe3)2Zr(C�CPh)2]: A 1m solution of LiC�CPh (4.8 mL,
4.8 mmol) in THF was added dropwise at ambient temperature to a
solution of [(C5H4SiMe3)2ZrCl2] (1.06 g, 2.4 mmol) in toluene (40 mL). The
resulting reaction mixture was stirred at room temperature for 3 h and then
filtered. The reaction mixture was concentrated to 7 mL under vacuum,
pentane (30 mL) was slowly added, and the resulting solution was left
overnight in a freezer. A solid (brown crystals), which was very sensitive to
air and moisture, precipitated, was filtered off, washed with pentane, and
dried under vacuum. Yield: 460 mg (34 %); C32H36Si2Zr (Mr�
568.0 gmolÿ1) calcd C 67.66 H 6.39; found C 67.01, H 5.96. 1H NMR
(250 MHz, C6D6): d� 7.51 (m, 4 H, Ph), 7.05 (m, 6H, Ph), 6.66 (t, J� 2.4 Hz,
4H, C5H4), 5.99 (t, J� 2.6 Hz, 4 H, C5H4), 0.43 (s, 18 H, SiMe3). IR (Nujol):
n� 2072 cmÿ1 (C�C).


[Cp2V(m-h2 :h4-butadiyne)TiCp2] (1): A solution of [Cp2Ti(C�CPh)2]
(700 mg, 1.8 mmol) in toluene (10 mL) was added dropwise at room
temperature to a solution of [Cp2V] (332 mg, 1.8 mmol) in toluene (10 mL).
A brown solid immediately precipitated. This solid was filtered off, washed
with toluene, and dried under vacuum. Yield: 910 mg (90 %); C36H30TiV
(Mr� 561.5 gmolÿ1) calcd C 77.01, H 5.38, Ti 8.53, V 9.08; found C 76.5, H
5.4, Ti 8.9, V 8.0; MS (70 eV, CI/methane): m/z : 562 (C36H30TiV�H), 381
(C26H20Ti�H), 182 (C10H10V�H); Raman: n� 1570 (s; C�C), 1550 cmÿ1


(sh; C�C(Ph)).
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[Cp2V(m-h2 :h4-butadiyne)ZrCp2] (2): Compound 2 was prepared analo-
gously to 1 by using [Cp2Zr(C�CPh)2] instead of [Cp2Ti(C�CPh)2] as
starting material. Yield: 980 mg (90 %); C36H30ZrV (Mr� 604.8 g molÿ1)
calcd C 71.49, H 4.95, Zr 15.08, V 8.42; found C 71.2, H 5.1, Zr 15.8, V 8.0;
MS (70 eV, CI/methane): m/z : 643 (C36H30ZrV�C3H5), 422 (C26H20Zr�
H), 182 (C10H10V�H); Raman: n� 1570 (s; C�C), 1550 cmÿ1 (sh;
C�C(Ph)).


[Cp2V(m-h2 :h4-butadiyne)Zr(C5H4SiMe3)2] (3): A solution of [Cp2V]
(89 mg, 0.49 mmol) in toluene (8 mL) was added at room temperature to
a solution of [(C5H4SiMe3)2Cp2Zr(C�CPh)2] (280 mg, 0.49 mmol) in
toluene (5 mL). The reaction mixture was concentrated to 6 mL under
vacuum, pentane (6 mL) was slowly added, resulting in a two-phase
solution. After three days of slow diffusion, black crystals were filtered off,
washed with pentane, and dried under vacuum. Yield : 200 mg (54 %);
C42H46Si2VZr (Mr� 749.1 g molÿ1) calcd C 67.34, H 6.19, V 6.80, Zr 12.18;
found C 66.51, H 5.59, V 7.0, Zr 11.90; 1H NMR (250 MHz, C6D6): d� 8.12
(d, 4H, para H, Ph), 7.38 (t, 4H, meta H, Ph), 7.18 (m, obscured by C6D6,
ortho H, Ph), 6.15 (t, J� 2.4 Hz, 4 H, C5H4), 5.67 (t, J� 2.6 Hz, 4 H, C5H4),
ÿ0.25 (s, 18H, SiMe3); Raman: n� 1550 cmÿ1 (s; C�C).


Attempted X-ray study of compound 2 : Selected crystals, sensitive to air
and humidity, were protected in Vaseline oil and put into capillaries.
Diffraction data were collected on a CAD4 ENRAF-NONIUS diffrac-
tometer at 293 and 150 K. Examination of the profiles of the Bragg
reflections indicated that all crystals were of very poor quality. However, a
set of diffraction intensities was collected,[27] but no quantitative data could
be drawn from this study.


X-ray structure determination of compound 3 : The selected crystal,
sensitive to air and humidity, was protected in Vaseline oil and put into a
capillary. Diffraction data were collected on a STOE IPDS diffractometer
at 180 K. Relevant crystal data and data collection parameters are
summarized in Table 2. The structure was determined by using direct
methods,[28] and refined by standard full-matrix least-squares and Fourier
techniques by using the CRYSTALS program package.[29] Phenyl rings
were treated as rigid groups with an isotropic temperature factor refined
for each individual carbon atom. Hydrogen atoms were located on the final
difference Fourier maps and their contribution was included in the
structure factor calculations by using idealized geometry and arbitrary


isotropic temperature factors. Crystallographic data (excluding structure
factors) have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100 799. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.-
cam.ac.uk).
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New Potent Sialyltransferase InhibitorsÐSynthesis of Donor and of
Transition-State Analogues of Sialyl Donor CMP-Neu5Ac


Franz Amann, Christoph Schaub, Bernd Müller, and Richard R. Schmidt*


Abstract: Enzymatic sialyl transfer with CMP-Neu5Ac as donor can be inhibited by
CDP. Therefore phosphonates 1 a,b, 2 and 3 were synthesized as substrate analogues.
With a(2 ± 6)-sialyltransferase from rat liver (EC2.4.99.1) only moderate inhibition
was found for these compounds. In order to obtain transition-state analogues of
CMP-Neu5Ac different linkages between 2,3-dehydro-N-acetylneuraminol and CMP
were generated, yielding 4, (R)-5 and (R)-6. Compound (R)-6, in which the CMP
residue is attached to C-1 of 2,3-dehydro-N-acetylneuramin-1-yl phosphonate,
exhibited excellent a(2 ± 6)-sialyltransferase inhibition in the nanomolar range
(Ki� 350 nm), resulting in a 130-fold higher affinity for the enzyme than CMP-
Neu5Ac (KM� 46 mm).


Keywords: enzyme inhibitors ´ neu-
raminic acids ´ substrate analogues
´ transferases ´ transition states


Introduction


Sialic acids play an important role in quite a few biological
processes, such as cell adhesion and inflammation.[1] Addi-
tionally, several reports indicate that there is a correlation
between cell-surface sialic acid or sialyltransferase activity
and the growth[2] or metastatic potential of tumour cells.[3, 4] In
order to elucidate the influence of sialyl residues in biological
systems it is therefore desirable to develop specific inhibitors
for sialyltransferases. Various sialyltransferases, independent
of their source and their acceptor specificity, employ cytidine
monophosphate N-acetylneuraminic acid (CMP-Neu5Ac,
Scheme 1) as the donor substrate;[5] donor analogues or
transition-state analogues (Scheme 1, CMP-Neu5Ac=) with
high enzyme affinity could therefore become particularly
versatile inhibitors. Only a few donor or acceptor analogues
serving as sialyltransferase inhibitors have been reported.[6±11]


We present here new CMP-Neu5Ac analogues (1 ± 3) which
are derived from cytidine diphosphate (CDP) A, which is a
natural sialyltransferase inhibitor.[9, 12] From the potential
transition state (CMP-Neu5Ac=) in sialyltransferase catalyzed
reactions (Scheme 1),[9, 13] new types of transition-state ana-
logues are derived (4 ± 6).[14] The synthesis of compounds 1 ± 6
and their inhibition properties of a(2 ± 6)-sialyltransferase,
obtained from rat liver (EC 2.4.99.1), will be reported.


Results and Discussion


Synthesis of sialyltransferase inhibitors based on CDP : CDP
is known to be a potent sialyltransferase inhibitor which
shows competitive inhibition for a(2 ± 6)-sialyltransferase of
rat liver with a Ki value of approximately 10mm[9, 12] (Table 1).
Therefore, the corresponding methylene phosphonate ana-
logue B (Scheme 1) could result in similar inhibition proper-
ties (which have not yet been determined).[15] In order to
investigate the importance of the sialyl moiety for binding
affinity, we recently studied various CMP-quinic acid deriv-
atives as donor analogues.[9] The most potent inhibitor was
CMP-quinic acid itself (Scheme 1, C) with a Ki value of 44mm,
which is practically identical to the KM value of CMP-Neu5Ac
(45 mm) in this reaction.[9] Therefore, we reasoned that an
additional negative charge at the CMP residue could be
sufficient for high enzyme affinity, yet the complete Neu5Ac
residue may not be required. Consequently, structurally much
simpler compounds were synthesized, for instance 1 a, where
the distance between the two negative charges (four bonds) is
similar to that in CDP. Additionally, compounds 1 b, 2 and 3
were prepared, which have a distance of five bonds between
the negative charges, as in CMP-Neu5Ac. For compounds 1 ±
3 Ki values at least in the range of CDP were expected.


For the synthesis of 1 a, commercially available triethyl
phosphonoacetate 7 a[16] was treated with trimethylsilyl iodide
in acetonitrile, resulting in phosphonate ester cleavage;
subsequent addition of aniline furnished anilinium salt 8 a[17]


(Scheme 2). Condensation of 8 a with 5'-O-unprotected cyti-
dine derivative 9[9, 10, 18] and DCC in pyridine afforded
cytidinyl phosphonate 10 a. Deacylation with NaOMe/MeOH
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followed by ester cleavage with aqueous NaOH yielded the
desired cytidinyl phosphonate 1 a. Inhibition studies with
a(2 ± 6)-sialyltransferase[19] showed competitive inhibition
with Ki� 2 mm, which is surprisingly two orders of magnitude
less efficient than CDP (Table 1).


Molecular modelling calculations[20] indicated that cytidinyl
phosphonopropionate 1 b, the homologue of 1 a, is structurally
more closely related to CDP than 1 a. For the synthesis of 1 b
practically the same methodology was applied: commercially
available triethyl phosphonopropionate 7 b[21] was trans-
formed into monoester 8 b, which was condensed with 9[9, 18]


by means of 2,4,6-triisopropylbenzenesulfonyl chloride
(TIBS-Cl) in pyridine as condensing agent, to furnish 10 b in
high yield; deacylation and then ester cleavage gave target
molecule 1 b (Scheme 2). Substrate 1 b exhibited competitive
inhibition of a(2 ± 6)-sialyltransferase with Ki� 270 mm, thus
showing markedly higher enzyme affinity than 1 a.


Replacement of the carboxylate group in 1 b by a phos-
phonate group led to 2, which was readily obtained from
ethane-1,2-diphosphonate 11 (Scheme 3).[22] Reaction of the
bis-tetrabutylammonium salt of 11 with 5'-O-tosyl-cytidine
derivative 12, which was readily obtained from 9 by treatment
with p-toluenesulfonic anhydride in the presence of DMAP,
gave ethane-1,2-diphosphonate monocytidinyl ester 13 in high
yield. Deacylation with NaOMe in MeOH gave target
molecule 2. Its Ki value was determined as 750 mm, suggesting


Abstract in German: Die enzymatische Übertragung von
Sialylgruppen mit Hilfe von CMP-Neu5Ac als Donor kann mit
CDP inhibiert werden. Deshalb wurden als Substratanaloga
die Phosphonate 1a,b, 2 und 3 synthetisiert. Sie wirkten jedoch
bei der a(2 ± 6)-Sialyltransferase aus Rattenleber (EC 2.4.99.1)
nur mäûig inhibierend. Um Übergangszustandsanaloga von
CMP-Neu5Ac zu erhalten, wurden verschiedene Verknüp-
fungen zwischen 2,3-Dehydro-N-acetylneuraminol und CMP
erzeugt und so die Verbindungen 4, (R)-5 und (R)-6 erhalten.
Verbindung (R)-6, bei welcher der CMP-Rest an C-1 von 2,3-
Dehydro-N-acetylneuramin-1-ylphosphonat geknüpft ist, zeig-
te Inhibition der a(2 ± 6)-Sialyltransferase im nanomolaren
Bereich (Ki� 350 nM); (R)-6 weist somit eine 130mal höhere
Affinität zum Enzym auf als das natürliche Substrat CMP-
Neu5Ac (KM� 46 mm).


Scheme 1. Cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) and its activated form, and analogues of the two.


Table 1. Inhibition constants (Ki) of substrate analogues A, C, and 1 ± 3.[a]


Ki [mm] Ref.


A (CDP) 10� 2 [9,12]
C 44� 7 [9]
1a 2000� 200 ±
1b 270� 20 ±
2 750� 70 ±
3 250� 20 ±


[a] For details, see Experimental Section.
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Scheme 2. Synthesis of cytidinyl phosphonate 1a and cytidinyl phosphono-
propionate 1b.


that the phosphonate group did not contribute significantly to
enzyme binding affinity. Therefore, the effect of introduction
of an a-methylene group into 1 b was studied, leading to 3 as
target molecule. Thus, a spatial orientation of the negative


Scheme 3. Synthesis of cytidin-5'-yl ethylenediphosphonate salt 2.


charges as in CMP-Neu5Ac should be favoured (Scheme 4).
To this end, a-methylene-b-phosphonopropionate 14[23] was
condensed with 9 in the presence of DCC in pyridine as


Scheme 4. Synthesis of cytidin-5'-yl (2-carboxy-2-propenyl)phosphonate
salt 3.


condensing agent to afford cytidinyl phosphonate 15. Deacy-
lation with NaOMe in MeOH, transformation into the sodium
salt (!16) and then ethyl ester cleavage with NaOH in
MeOH/water gave target molecule 3 which exhibited a Ki


value of 250 mm.
Evidently, readily accessible but structurally simplified


CMP-Neu5Ac analogues 1 ± 3 are able to inhibit a(2 ± 6)-
sialyltransferase; however, they do not reach the values of
CDP or CMP-quinic acid (Scheme 1, A, C), despite being
structurally similar to CDP. Therefore, a new approach was
considered.


Synthesis of transition-state analogues of CMP-Neu5Ac : The
proposed transition state developing from sialyltransferases
with CMP-Neu5Ac in the sialyl transfer to acceptors is shown
in Scheme 1 (CMP-Neu5Ac=). From this model, which is
based on the recently supported SN1-type mechanism,[9, 13]


phosphorus derivatives 4 ± 6 were considered potentially
efficient inhibitors. In compounds 4 and 6 the distance
between the anomeric center (C-2 of the Neu5Ac residue)
and the leaving group (CMP) is increased, compared with
those expected in the transition state (CMP-Neu5Ac=). In
particular 6 was of interest, because it contains two negative
charges separated by five bonds, as in CMP-Neu5Ac, and in
addition the anomeric center is trigonal planar, the confor-
mation assumed for an SN1-type transition state.


Compounds 4 ± 6 were prepared from 2,3-dehydroneura-
minic acid. For the synthesis of 4, Neu5Ac was transformed
into 2,3-dehydro derivative 17,[24] which, with p-thiocresol in
the presence of carbonyl diimidazole (CDI) as condensing
agent, gave the thioester derivative 18. Reduction with
NaBH4 in EtOH afforded neuraminol derivative 19
(Scheme 5). Condensation with cyanoethoxy-bis(diisopropyl-
amino)phosphane[25] in the presence of the activator system
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diisopropylamine/tetrazole led to phosphitamide derivative
20 in high yield. Subsequent condensation with 9 in the
presence of tetrazole afforded a phosphite triester intermedi-
ate, which on oxidation with tert-butylhydroperoxide and then
treatment with triethylamine as base led to loss of the
cyanoethyl group to afford phosphorus diester 21, but only in
moderate yield. Therefore, 9 was treated with cyanoethoxy-
bis(diisopropylamino)phosphane with diisopropylammonium
tetrazolide to give phosphitamide derivative 22.[26] Reaction
of neuraminol derivative 19 with 22 in the presence of
tetrazole, then oxidation with tert-butylhydroperoxide and
base-catalyzed cleavage of the cyanoethyl group afforded 21
in very good overall yield. Deacylation with NaOMe in
MeOH, chromatography over RP-18 with triethylammonium
carbonate buffer as eluent, and then ion exchange afforded
target molecule 4. Compound 4 exhibited competitive inhib-
ition with Ki� 2 mm, thus showing unexpectedly low affinity
for the active site of a(2 ± 6)-sialyltransferase (Table 2).


For the synthesis of target molecules 5 and 6, neuraminol
derivative 19 was oxidized with Dess ± Martin periodinane[27]


leading to aldehyde 23 in high yield (Scheme 6). Reaction
with dibenzyl phosphite in the presence of NEt3 as base


Scheme 6. Synthesis of 24 and 25, precursors of 5 and 6, and of a-
hydroxyphosphonate (R)-26 from neuraminol derivative 19.


furnished epimeric a-hydroxyphosphonates (R)-24 and (S)-24
in a 4:1 ratio, which could be separated by chromatography.
Only (R)-24 was used in ensuing reactions because the minor


Scheme 5. Synthesis of cytidin-5'-yl phosphate 4 from 2,3-dehydroneuraminic acid.


Table 2. Affinity of CMP-Neu5Ac (KM) and comparison of inhibition
constants (Ki) of transition-state analogues 4 ± 6 and 6''.[a]


KM [mm] Ki [mm] Ref.


CMP-Neu5Ac 46� 7 ± [9,28]
4 ± < 2000 ±
(R)-5 ± 400� 40 ±
(E)-6'' ± 6� 0.5 ±
(R)-6 ± 0.35� 0.05 ±


[a] For details, see Experimental Section.
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epimer (S)-24 was not available in sufficient quantity. The
structural assignment was based on the Mosher method as
discussed below. Full O-acetylation was required in order to
carry out hydrogenolytic debenzylation of 24 successfully;
thus, (R)-24 treated with acetic anhydride in pyridine gave
(R)-25 ; subsequent hydrogenolytic debenzylation with palla-
dium on carbon as catalyst and then O-deacylation with
NaOMe in MeOH afforded a-hydroxyphosphonate (R)-26 in
high yield; in the hydrogenation step reduction of the enol
ether moiety was not observed. Hydrogenolytic debenzyla-
tion of (R)-25 and immediate coupling with cytidine deriva-
tive 9 in the presence of DCC in pyridine containing DMAP
gave condensation product (R)-27 (Scheme 7). Deacylation of
(R)-27 with NaOMe in MeOH afforded target molecule (R)-
5, which also exhibited competitive inhibition with a Ki value
of 400 mm.


Scheme 7. Synthesis of phosphonate 5.


We reasoned that introduction of a second negative charge
at the glycosylation site should greatly increase binding
affinity to sialyltransferases. In order to prove this hypothesis,
(R)-24 was condensed with cytidinyl phosphitamide 22 in the
presence of tetrazole as catalyst; then oxidation of the
intermediate phosphite triester with tert-butylhydroperoxide
gave the corresponding phosphate, which on treatment with
NEt3 as base led to phosphate diester (R)-28 in good yield
(Scheme 8). Hydrogenolytic debenzylation with Pd/C as
catalyst followed by deacylation with NaOMe in MeOH
furnished target molecule (R)-6 in very good yield. As a minor
by-product diene derivative (E)-6'' was isolated, which ob-
viously originates from a base-promoted deacetoxyphospho-
nylation. The configurational assignment was based on NMR
data (two-dimensional ROESY spectrum); the assignment is
also in accordance with the generally observed influence of
stereoelectronic effects.[28, 29]


The observed deacetoxyphosphonylation is quite a facile
reaction when there is no electron-withdrawing moiety in this
system. Thus, transformation of neuraminol derivative 19 into
bromide 30 via mesylate 29 and then Michaelis ± Arbuzov
reaction with tris(trimethylsilyl)phosphite gave phosphonate
31 in quantitative yield (Scheme 9). Treatment of 31 with
TBAF in THF gave, on formal acetoxybis(trimethylsilyl)-
phosphonate elimination, diene 32, which turned out to be a
quite labile compound.


For both compound (R)-6 and by-product (E)-6'' the
inhibition of a(2 ± 6)-sialyltransferase was investigated. Com-
petitive inhibition was found for both compounds with a Ki


Scheme 8. Synthesis of phosphate 6.


Scheme 9. Synthesis of diene 32 from neuraminol derivative 19.


value of 6 mm for (E)-6'' and 0.35 mm for (R)-6. Thus, the
transition-state analogue (R)-6 exhibits excellent inhibition
results; it shows a 130-fold increased affinity to the active site
of a(2 ± 6)-sialyltransferase compared with the natural sub-
strate CMP-Neu5Ac (KM� 46 mm).[9, 30] Obviously, a planar C-
2 of the Neu5Ac residue in combination with two negative
charges in close proximity, which are separated by five bonds
and presumably in a syn-arrangement, leads to high affinity
for the active site of a(2 ± 6)-sialyltransferase. Additionally,
the cytidine residue is a basic requirement for active-site
recognition, as shown by Kleineidam et al.[8] Further studies
with this powerful substance are in progress.


Configurational assignment of (R)- and (S)-24 : The configuration of the
new stereocenter in 24 was based on chemical correlation and Mosher�s
method.[31, 32] To this end, (R)-26 was treated with ozone; the resulting ester
was saponified without isolation to give (ÿ)-a-hydroxyphosphonoacetic
acid, which by comparison was found to have (R) configuration.[18, 32] (ÿ)-a-
Hydroxyphosphonoacetic acid was also obtained from a new galactal
derivative whose configuration could be assigned by 31P NMR of a
corresponding Mosher ester.[18]
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Experimental Section


Solvents were purified according to the standard procedures. Melting
points are reported in degrees Celsius (uncorrected). NMR measurements
were recorded at 22 8C on a Bruker AC 250 Cryospec, Bruker DRX 600 or a
Jeol JNM-GX 400. TMS or the resonance of the deuterated solvent was
used as internal standard; solvents: CDCl3, d� 7.24; CD3OD, d� 3.315;
D2O, d� 4.63. For 31P NMR phosphoric acid was used as an external
standard; 31P NMR spectra were broadband 1H-decoupled. MALDI-mass
spectra were recorded on a Kratos Kompact Maldi 1 and 2,5-dihydrox-
ybenzoic acid (DHB) or 6-aza-2-thiothymine (ATT) were used as matrices.
FAB mass spectra were measured on a Finnigan MAT 312/AMD5000
(70 eV, 70 8C). Optical rotations were measured on a Perkin ± Elmer
polarimeter 241/MS in a 1 dm cell at 22 8C. Thin-layer chromatography was
performed on Merck silica gel plastic plates 60F254 or Merck glass plates
RP-18; compounds were visualised by treatment with a solution of
(NH4)6Mo7O24 ´ 4 H2O (20 g) and Ce(SO4)2 (0.4 g) in 10% sulfuric acid
(400 mL). Flash chromatography was performed on J.T. Baker silica gel 60
(0.040 ± 0.063 mm) at a pressure of 0.3 bar. Preparative HPLC separations
were performed on an Autochrom System with a Shimadzu LC 8A
preparative pump and a Rainin Dynamax UV 1 detector at 254 nm. The
column used was a Lichrosorb RP-18, 7 mm, 250� 16 mm (Knauer,
Germany). Mixtures of acetonitrile and 0.05m triethylammonium bicar-
bonate (TEAB) (pH 7.2 ± 7.5) were used as the mobile phase.


Anilinium (ethoxycarbonylmethyl)phosphonate (8a) was synthesized from
7a as previously described.[17]


Anilinium (2-ethoxycarbonylethyl)phosphonate (8 b): The triethyl ester 7b
(3 g, 12.59 mmol) and potassium iodide (4.18 g, 25.19 mmol) were sus-
pended in dry acetonitrile (15 mL) and TMSCl (2.74 g, 25.19 mmol) was
added dropwise. After stirring for 30 min at 35 8C the suspension was
filtered and the residue was washed twice with dry diethyl ether. The
filtrate was concentrated under reduced pressure and the residue was
dissolved in dry methanol (15 mL) containing aniline (2.29 mL,
25.19 mmol). The solvents were removed to afford a yellow solid which
was purified by recrystallization from acetone to yield white needles of 8b
(2.59 g, 75 %). M.p. 162 ± 164 8C; 1H NMR (CD3OD): d� 1.24 (t, J� 7.2 Hz,
3H; OCH2CH3), 1.8 ± 2.0 (m, 2H; 1 a,b-H), 2.50 ± 2.65 (m, 2 H; 2a,b-H),
4.12 (q, 2 H; OCH2CH3), 7.0 ± 7.1 (m, 3H; 3-, 4-, 5-anilinium-H), 7.25 ± 7.35
(m, 2 H; 2-,6-anilinium-H); C11H18NO5P (275.24): calcd C 48.01, H 6.59, N
5.09; found C 47.89, H 6.68, N 5.06.


N-Acetyl-2'',3''-di-O-acetylcytidine (9) was synthesized as previously de-
scribed.[9, 18]


Triethylammonium (N-acetyl-2'',3''-di-O-acetylcytidin-5''-yl) (ethoxycarbo-
nylmethyl)phosphonate (10a): A solution of the anilinium salt 8a (417 mg,
1.6 mmol) in dry methanol (10 mL) was converted into the free acid by ion-
exchange chromatography (Amberlite IR120, H�). Dry pyridine (0.5 mL)
was added and the solution was evaporated. The residue was coevaporated
with toluene and dissolved in dry pyridine (3 mL). DCC (495 mg,
2.4 mmol) was added to the solution and after 10 min of stirring cytidine
9 (298 mg, 0.8 mmol) was added to the red suspension. The mixture was
stirred for 9 days at room temperature; water (15 mL) was then added and
after 30 min the urea precipitate was filtered off. The solvents were
removed under reduced pressure and the residue was purified by flash
chromatography (ethyl acetate/methanol 3:1� 1% triethylamine) to yield
the phosphonate ester 10 a (207 mg, 42 %) as colourless triethylammonium
salt. Rf� 0.12 (ethyl acetate/methanol 3:1� 1 % triethylamine); [a]D� 28
(c� 0.5 in methanol); 1H NMR (250 MHz, CD3OD): d� 1.21 ± 1.33 (m,
12H; 3NCH2CH3 , OCH2CH3), 2.06, 2.10, 2.18 (3 s, 9 H; COCH3), 2.83 (d, 2J
(1''P)� 20.5 Hz, 2H; 1a,b''-H), 3.19 (q, J� 7.3 Hz, 6H; 3NCH2CH3), 4.13
(q, J� 7.2 Hz, 2 H; OCH2CH3), 4.15 ± 4.30 (m, 2 H; 5a'-, 5 b'-H), 4.40 ± 4.45
(m, 1H; 4'-H), 5.40 ± 5.55 (m, 2H; 2'-, 3'-H), 6.21 (d, J(1',2')� 4.6 Hz, 1H;
1'-H), 7.52 (d, J(5,6)� 7.5 Hz, 1H; 5-H), 8.48 (d, 1H; 6-H); 31P NMR
(161.7 MHz, CD3OD): d� 13.43 (s, phosphonate); MS (MALDI, negative
mode, matrix: ATT): m/z� 519 [(MÿNHEt�3 )ÿ], 639 [(M�H2O)ÿ], 620.6
for C25H41N4O12P.


Triethylammonium (N-acetyl-2'',3''-di-O-acetylcytidin-5''-yl) (2-ethoxycar-
bonylethyl)phosphonate (10b): The anilinium salt 8 b (823 mg, 3 mmol)
was converted to the free acid by ion-exchange chromatography (Amber-
lite IR, 120 H�), coevaporated twice with dry pyridine and finally dissolved
in dry pyridine (10 mL). TIBS-Cl (1.36 g, 4.5 mmol) was added to form a


dark red solution, to which cytidine 9 (554 mg, 1.5 mmol) was added in
portions. After 15 h at room temperature the reaction was quenched by
addition of water (5 mL) and filtered over Celite, and the solvents were
removed under reduced pressure. The residue was purified by flash
chromatography (ethyl acetate/methanol 5:1� 1% to 3:1� 1% triethyl-
amine) and RP-18 chromatography (water/methanol 2:1) to afford the
triethylammonium salt 10b (475 mg, 50%) contaminated with minor
quantities of phosphonic acid 8b, which could be removed by preparative
HPLC (CH3CN/water 5:95 to 30:70). Rf� 0.11 (ethyl acetate/methanol
3:1� 1% triethylamine); [a]D��21.7 (c� 1 in methanol); 1H NMR
(250 MHz, CD3OD): d� 1.22 (t, J� 7.2 Hz, 3H; OCH2CH3), 1.32 (t, J�
7.1 Hz, 9 H; 3NCH2CH3), 1.8 ± 2.0 (m, 2H; 1a,b''-H), 2.07, 2.10, 2.18 (3 s,
9H; 3COCH3), 2.50 ± 2.63 (m, 2H; 2a,b''-H), 3.19 (q, 6H; NCH2CH3), 4.10
(q, 2 H; OCH2CH3), 4.06 ± 4.25 (m, 2H; 5a,b'-H), 4.38 ± 4.42 (m, 1H; 4'-H),
5.40 ± 5.49 (m, 2 H; 2'-, 3'-H), 6.16 (d, J(1',2')� 4.2 Hz, 1 H; 1'-H), 7.52 (d,
J(6,5)� 7.6 Hz, 1H; 6-H), 8.41 (d, 1H; 5-H); 31P NMR (161.7 MHz,
CD3OD): d� 24.46 (s, phosphonate); MS (FAB, negative mode, matrix: 3-
nitrobenzyl alcohol): m/z� 532 [(MÿNHEt�3 )ÿ], 554 [(MÿNHEt�3 ÿ
H��Na�)ÿ], 634.3 for C26H43N4O12P.


Disodium cytidin-5''-yl carboxymethylphosphonate (1 a): A solution of
sodium methoxide (0.5m) in dry methanol (0.2 mL) was added to a solution
of ethyl ester 10 a (50 mg, 0.08 mmol) in dry methanol (5 mL). After 2 h of
stirring at room temperature an additional 0.5m solution of sodium
methoxide in dry methanol (0.5 mL) was added. After 8 h of stirring the
solution was neutralized with Amberlite IRC 176 (H�), filtered and
evaporated. The residue was dissolved in water/methanol (1:1, 3 mL) and
NaOH (1m, 0.5 mL) was added. After stirring overnight, the solution was
neutralized with Amberlite IRC 176 (H�) and filtered and the pH adjusted
to 8 with NaOH (1m). Lyophilization and subsequent purification by
preparative HPLC (0.05m TEAB� 0.5% CH3CN, 8 mL minÿ1, tR� 9 min)
yielded 1 a (24 mg, 73%) as a colourless foam. Rf� 0.33 (ethyl acetate/
methanol/1m NH4OAc 1:1:1); 1H NMR (250 MHz, D2O): d� 2.61 (d,
2J(H,P)� 21.0 Hz, 2 H; 1a,b''-H), 3.9 ± 4.2 (m, 5H; 2'-, 3'-, 4'-, 5a,b'-H), 5.79
(d, 2J(1',2')� 3.5 Hz, 1H; 1'-H), 6.0 (d, J(6,5)� 7.6 Hz, 1H; 6-H), 7.87 (d,
1H, 5-H); MS (MALDI, negative mode, matrix: ATT): 365 [(Mÿ
2Na��H�)ÿ], 409.2 for C11H14N3O9PNa2.


Disodium cytidin-5''-yl (2-carboxyethyl)phosphonate (1 b): To a solution of
ethyl ester 10b (42 mg, 0.067 mmol) in dry methanol (5 mL) a solution of
sodium methoxide (0.5m) in dry methanol (0.5 mL) was added. After
stirring for 1 h, the solution was neutralized with Amberlite IRC 176 (H�),
and filtered, and the solvents were removed under reduced pressure. The
residue was dissolved in water/methanol (1:1, 3 mL), and NaOH (1m,
0.5 mL) was added. After 3 days of stirring at room temperature the
solution was neutralized with Amberlite IRC 176 (H�) and filtered and the
pH adjusted to a value of 8 with NaOH (1M). After lyophilization the
residue was purified by preparative HPLC (0.05m TEAB� 0.5% CH3CN,
8 mL minÿ1, tR� 9.2 min). Ion-exchange chromatography (Amberlite
IR120, Na�) afforded colourless disodium salt 1b (17 mg, 60 %). Rf�
0.67 (ethyl acetate/methanol/1m NH4OAc 1:1:1); 1H NMR (250 MHz,
D2O): d� 1.6 ± 1.8 (m, 2 H; 1 a,b''-H), 2.1 ± 2.3 (m, 2 H; 2a,b''-H), 3.80 ± 4.05
(m, 2 H; 5a,b'-H), 4.05 ± 4.15 (m, 3H; 2'-, 3'-, 4'-H), 5.78 (d, 3J(1',2')�
3.3 Hz, 1 H; 1'-H), 5.92 (d, J(6,5)� 7.4 Hz, 1H; 6-H), 7.78 (d, 1 H; 5-H);
31P NMR (161.7 MHz, D2O): d� 28.19 (s, phosphonate); MS (FAB,
negative mode, matrix: glycerol): m/z� 378 [(Mÿ 2Na��H�)ÿ], 400
[(MÿNa�)ÿ], 422 [(MÿH�)ÿ] 423.2 for C12H16N3O9PNa2.


N-Acetyl-2'',3''-di-O-acetyl-5''-O-tosylcytidine (12): Cytidine derivative 9
(105 mg, 284 mmol) was stirred with 4-toluenesulfonic acid anhydride
(139 mg, 427 mmol) and dimethylaminopyridine (35 mg, 427 mmol) in
dichloromethane (4 mL) for 7 days under exclusion of moisture. Triethyl-
amine (200 mL) was added before the solution was concentrated. The
residue was purified over silica gel (toluene/acetone 3:1) to obtain 12
(114 mg, 77%) as a colourless foam. Rf� 0.44 (toluene/acetone 1:1), [a]D�
�33 (c� 1.0 in CHCl3); 1H NMR (250.13 MHz, CDCl3): d� 2.03 (s, 3H;
OAc), 2.04 (s, 3H; OAc), 2.23 (s, 3H; NHAc), 2.43 (s, 3 H; SO2C6H4CH3),
4.26 (dd, J(4',5 a')� 3.3 Hz, J(5a',5b')� 10.9 Hz, 1 H; 5a'-H), 4.34 (ddd,
J(3',4')� 4.3 Hz, J(4',5b')� 2.3 Hz, 1 H; 4'-H), 4.41 (dd, 1H; 5 b'-H), 5.24
(dd, J(1',2')� J(2',3')� 5.0 Hz, 1H; 2'-H), 5.28 (dd, 1 H; 3'-H), 6.07 (d, 1H;
1'-H), 7.32 (d, J(5,6)� 7.6 Hz, 1H; 5-H), 7.35 (d, J� 8.5 Hz, 2H;
SO2C6H4CH3, meta), 7.68 (d, 1H; 6-H), 7.79 (d, 2H; SO2C6H4CH3, ortho),
9.96 (br s, 1H; NH); C22H25N3O10S (523.52): calcd C 50.47, H 4.81, N 8.03;
found C 49.63, H 4.66, N 7.97.
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Trisodium N-acetyl-2'',3''-di-O-acetylcytidin-5''-yl ethylene-1,2-diphospho-
nate (13): Ethylene-1,2-diphosphonic acid[22] (41 mg, 215 mmol) was mixed
with tetrabutylammonium hydroxide (0.8m) in methanol (537 mL). The
solvent was removed and the residue was coevaporated several times with
dry acetone and finally with toluene. The resulting salt 11 was stirred
together with tosylate 12 (45 mg, 86 mmol) in DMF (2 mL) overnight. The
reaction mixture was concentrated under reduced pressure, taken up with
water and stirred with Dowex W50 X2 (ammonium form). The ion-
exchange resin was filtered off and the filtrate concentrated. The raw
product was purified by chromatography on cellulose (acetone/0.05m
ammonium bicarbonate 3:1). The fractions containing the product were
concentrated, lyophilized from water, taken up in water, stirred with IR120
(Na�), filtered and lyophilized again to give 13 (21 mg, 42%). Rf� 0.35
(cellulose, acetone/0.05m ammonium bicarbonate 2:1); 1H NMR
(250.13 MHz, D2O): d� 1.52 ± 1.64 (m, 4 H; 2 PCH2), 1.95 (s, 3H; OAc),
1.97 (s, 3 H; OAc), 2.04 (s, 3H; NHAc), 3.90 ± 4.07 (m, 2H; 5a'-H, 5 b'-H),
4.40 (br s, 1H; 4'-H), 5.25 (dd, J(2',3')� J(3',4')� 5.2 Hz, 1 H; 3'-H), 5.32
(dd, J(1',2')� 4.2 Hz, 1H; 2'-H), 5.99 (d, 1 H; 1'-H), 7.18 (d, J(5,6)� 7.5 Hz,
1H; 5-H), 8.16 (d, 1 H; 6-H); MS (FAB, negative mode, matrix: DMF/
nitrobenzylalcohol): m/z� 540 [(Mÿ 3Na��2H�)ÿ] 607.3 for
C17H22N3Na3P2O13.


Disodium cytidin-5''-yl ethylenediphosphonate (2): Acetylated starting
material 13 (20 mg, 33 mmol) was taken up in methanol (5 mL) and treated
with sodium methoxide (1m) in methanol (0.5 mL). After ten minutes
methanol-washed IRC 176 (H�) was added. The mixture was filtered and
concentrated and the residue was lyophilized from water to give 2 (15 mg,
quant.) of a powder. Rf� 0.06 (cellulose, acetone/0.05m ammonium
bicarbonate 2:1); 1H NMR (250.13 MHz, D2O): d� 1.41 ± 1.71 (m, 4H;
2PCH2), 3.88 (ddd, J(4',5a')� 2.4 Hz, J(5a',5b')� 11.8 Hz, J(5a',P)�
5.2 Hz, 1H; 5a'-H), 3.98 (ddd, J(4',5 b')� 1.9 Hz, J(5 b',P)� 3.9 Hz, 1H;
5b'-H), 4.07 ± 4.14 (m, 3H; 2'-H, 3'-H, 4'-H), 5.77 (d, J(1',2')� 3.6 Hz, 1H;
1'-H), 5.92 (d, J(5,6)� 7.6 Hz, 1 H; 5-H), 7.75 (d, 1H; 6-H); 31P NMR
(242.55 MHz, D2O): d� 27.45 (d, 2J� 73.1 Hz, phosphonate), 31.65 (d,
phosphonate); MS (FAB, negative mode, matrix: water/DMSO/acetic acid/
glycerol 1:1:1:1): m/z� 414 [Mÿ 2 Na��H�], 459.2 for C11H17N3Na2P2O10.


Monocyclohexylammonium (2-ethoxycarbonyl-2-propenyl)phosphonate
(14) was synthesized as previously described.[23]


Triethylammonium (N-acetyl-2'',3''-di-O-acetylcytidin-5''yl) (2-ethoxycar-
bonyl-2-propenyl)phosphonate (15): A solution of the monocyclohexylam-
monium salt 14 (500 mg, 1.8 mmol) in dry methanol (5 mL) was converted
into the free acid by ion-exchange chromatography (Amberlite IR120,
H�). Dry pyridine (0.5 mL) was added and the solution was evaporated.
The residue was coevaporated with toluene and dissolved in dry pyridine
(3 mL). DCC (1.2 g, 5.8 mmol) was added to the solution. After 10 min of
stirring, cytidine 9, (1.5 g, 4 mmol) was added to the white suspension. The
mixture was stirred for 7 days at room temperature, then water (15 mL)
was added and after 30 min the urea precipitate was filtered off. The
solvents were removed under reduced pressure and the residue was
purified by flash chromatography (ethyl acetate/methanol 5:1� 1 %
triethylamine) to yield phosphonate ester 15 (500 mg, 43 %) as a colourless
salt. Triethylammonium salt 15 was contaminated with minor quantities of
phosphonic acid 14. Rf� 0.11 (ethyl acetate/methanol 3:1� 1% triethyl-
amine); 1H NMR (250 MHz, CDCl3): d� 1.25 (m, 12H; 3 NCH2CH3 ,
OCH2CH3), 1.99, 2.06, 2.18, (3s, 9 H; 3OAc), 2.88 (d, 2J(CH2,P)� 21.0 Hz,
2H; CH2-P), 3.15 (q, J� 7.3 Hz, 6H; 3NCH2CH3), 4.2 (m, 5H; 4'-H, 5 a',b'-
H, OCH2CH3), 5.40 (m, 2 H; 2'-,3'-H), 5.78 (d, 2J(3b'',3a'')� 5.1 Hz, 1H;
3b''-H), 6.15 (d, J(1',2')� 3.9 Hz, 1'-H), 6.21(d, 2J(3 a'',3 b'')� 5.1 Hz, 1H;
3a''-H) , 7.41 (d, 3J(5,6)� 7.5 Hz, 1H; 5-H), 8.14 (d, 1 H; 6-H); MS
(MALDI, negative mode, matrix: ATT): m/z� 566 [(MÿH�)ÿ], 567 for
C21H27N3NaO12P.


Sodium cytidin-5''-yl (2-ethoxycarbonyl-2-propenyl)phosphonate (16): To a
solution of ethyl ester 15 (100 mg, 0.16 mmol) in dry methanol (4 mL) a
solution of sodium methoxide (1m) in dry methanol (0.2 mL) was added.
After 30 min of stirring at room temperature the solution was neutralized
with Amberlite IR120 (H�), and evaporated. The residue was dissolved in
methanol (3 mL) and converted with Amberlite IR 120 (Na�) into the
sodium salt. It was purified by crystallization from chloroform to yield 16 as
colourless crystals (50 mg, 73 %). M.p. 163 ± 166 8C; Rf� 0.68 (RP-18,
water/ethanol 3:1); 1H NMR (250 MHz, CD3OD): d� 1.25 (t, J� 7.1 Hz,
3H; OCH2CH3), 2.8 (d, 2J(CH2,P)� 21.0 Hz, 2H; CH2-P), 4.02 ± 4.21 (m,
7H; 2'-,3'-,4'-,5 a',b'-H, OCH2CH3), 5.81 (d, 2J(3a'',3 b'')� 5.1 Hz, 1 H; 3a''-


H), 5.87 (d, J(1',2')� 3.1 Hz, 1H; 1'-H), 6.09 (d, J(5,6)� 7.8 Hz, 1 H; 5-H),
6.19 (d, 1H; 3 b''-H), 8.28 (d, 1 H; 6-H).


Disodium cytidin-5''-yl (2-carboxy-2-propenyl)phosphonate (3): NaOH
(1m, 0.5 mL) was added to a solution of ethyl ester 16 (50 mg, 0.11 mmol)
in water/methanol (2:1, 3 mL). After stirring overnight, the solution was
neutralized with Amberlite IR 120 (H�), filtered and converted into the
sodium salt with Amberlite IR120 (Na�). The filtrate was concentrated
under reduced pressure and the residue was dissolved in 1 mL of water.
Addition of 10 mL of ethanol caused 3 (30 mg, 63 %) to precipitate as a
white powder. Rf� 0.81 (RP-18 water/ethanol 3:1); [a]D�ÿ12.8 (c� 0.05,
water); 1H NMR (250 MHz, D2O): d� 2.62 (d, 2J(CH2,P)� 21.0 Hz, 2H;
CH2-P), 3.86 ± 4.08 (m, 5 H; 2'-,3'-,4'-,5a',b'-H), 5.57 (d, 2J(3 a'',3 b'')�
5.1 Hz, 1 H; 3a''-H), 5.74 (d, J(1',2')� 3.1 Hz, 1H; 1'-H), 5.98 (d, 1H,
3b''-H), 6.01 (d, J(5,6)� 7.8 Hz, 1H, 5-H), 7.91 (d, 1 H, 6-H). 31P NMR
(161.70 MHz, D2O): d� 25.86 (s, phosphonate); MS (FAB, negative mode,
matrix: glycerol/3-nitrobenzyl alcohol): m/z� 390 [(MÿH�)ÿ], 482
[(M�glycerolÿH�)ÿ], 391.25 for C13H18N3O9P.


5-Acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-dd-glycero-dd-
galacto-non-2-enopyranosonic acid (17): The compound was synthesized
from 2,4,7,8,9-penta-O-acetyl-N-acetylneuraminic acid as previously de-
scribed.[24] Rf� 0.39 (ethyl acetate/methanol 7:1� 3 % acetic acid); [a]D�
�65 (c� 1.0 in CHCl3); 1H NMR (250.13 MHz, CDCl3): d� 1.91 (s, 3H;
NHAc), 2.01 (s, 3 H; OAc), 2.04 (s, 3H; OAc), 2.05 (s, 3 H; OAc), 2.09 (s,
3H; OAc), 4.09 (dd, J(8,9 a)� 5.8 Hz, J(9a,9 b)� 11.0 Hz, 1H; 9a-H),
4.31 ± 4.41 (m, 2H; 5-H, 6-H), 4.55 (dd, J(8,9 b)� 3.0 Hz, 1H; 9 b-H), 5.34
(ddd, J(7,8)� 4.8 Hz, 1H; 8-H), 5.45 ± 5.52 (m, 2H; 4-H, 7-H), 6.03 (d,
J(3,4)� 3.1 Hz, 1 H; 3-H), 6.12 (d, J(5,NH)� 9.1 Hz, 1 H; NH), 10.71 (br s,
1H; COOH); C19H25NO12 ´ H2O (459.41): calcd C 47.80, H 5.70, N 2.93;
found C 48.05, H 5.65, N 3.21.


4-Methylphenyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-di-
deoxy-dd-glycero-dd-galacto-non-2-enpyranosonothioate (18): Acid 17
(95 mg, 20 mmol) was dissolved in DMF (20 mL) and cooled to 0 8C.
Carbonyldiimidazole (35 mg, 219 mmol) was then added. The cooling bath
was removed and the solution stirred for 2 h under exclusion of moisture. 4-
Thiocresol was added to the solution, which was diluted with ethyl acetate
(100 mL) after another hour. The solution was washed with brine and
several times with water. The aqueous layers were combined and extracted
again with ethyl acetate. The combined organic layers were finally washed
with water, dried over magnesium sulfate and concentrated. The remaining
oil was purified by chromatography over silica gel (toluene/ethyl acetate/
methanol 20:4:1) and yielded 1.12 g (74 %) crystals. M.p. 139 8C; Rf� 0.49
(toluene/acetone 1:1), [a]D��62 (c� 1.0 in CHCl3); 1H NMR
(250.13 MHz, CDCl3): d� 1.93 (s, 3 H; NHAc), 2.03 (s, 3H; OAc), 2.06
(s, 3 H; OAc), 2.09 (s, 3H; OAc), 2.15 (s, 3H; OAc), 2.36 (s, 3H;
SC6H4CH3), 4.23 (dd, J(8,9 a)� 6.0 Hz, J(9 a,9b)� 12.4 Hz, 1H; 9a-H), 4.38
(ddd, J(5,6)� J(5,NH)� 9.0 Hz, J(4,5)� 7.2 Hz, 1 H; 5-H), 4.51 (dd,
J(6,7)� 3.5 Hz, 1H; 6-H), 4.52 (dd, J(8,9 b)� 3.4 Hz, 1 H; 9 b-H), 5.50 ±
5.56 (m, 3 H; 4-H, 7-H, NH), 5.51 (ddd, J(7,8)� 6.0 Hz, 1H; 8-H), 5.87 (d,
J(3,4)� 3.3 Hz, 1 H; 3-H), 7.19 ± 7.29 (m, 4H; SC6H4CH3); C26H31NO11S
(565.60): calcd C 55.21, H 5.52, N 2.48; found C 55.31, H 5.59, N 2.66.


5-Acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-dd-glycero-dd-
galacto-non-2-enitol (19): Compound 18 (85 mg, 150 mmol) was dissolved
in ethanol (5 mL) and cooled to 0 8C under exclusion of moisture. Sodium
borohydride (144 mg, 3.81 mmol) was added under rapid stirring. After
three hours, concentrated ammonium chloride solution was poured into the
reaction mixture. When the evolution of gas ceased, water (20 mL) was
added. The solution was extracted with ethyl acetate several times. The
organic layers were collected, dried over magnesium sulfate and concen-
trated. Chromatography over silica gel (toluene/acetone 1:1) gave 19
(49 mg, 73%), a colourless foam. Rf� 0.38 (toluene/ethyl acetate/methanol
5:2:1), [a]D��41 (c� 1.0 in CHCl3); 1H NMR (250.13 MHz, CDCl3): d�
1.89 (s, 3H; NHAc), 2.02 (s, 3H; OAc), 2.03 (s, 3 H; OAc), 2.06 (s, 3H;
OAc), 2.09 (s, 3H; OAc), 2.98 (br s, 1 H; OH), 3.88 (br d, J(1 a,1b)�
13.6 Hz, 1H; 1a-H), 3.97 (dd, J(8,9 a)� 7.2 Hz, J(9a,9 b)� 12.4 Hz, 1H;
9a-H), 4.09 (br d, 1H; 1 b-H), 4.19 (dd, J(5,6)� 9.6 Hz, J(6,7)� 2.9 Hz, 1H;
6-H), 4.36 (ddd, J(5,NH)� 9.7 Hz, J(4,5)� 7.9 Hz, 1 H; 5-H), 4.60 (dd,
J(8,9 b)� 2.5 Hz, 1 H; 9b-H), 4.87 (d, J(3,4)� 2.7 Hz, 1 H; 3-H), 5.35 (ddd,
J(7,8)� 7.2 Hz, 1H; 8-H), 5.37 ± 5.42 (m, 2 H, 4-H; 7-H), 5.66 (d, 1 H; NH);
C19H27NO11 (445.43): calcd C 51.23, H 6.11, N 3.14; found C 50.91, H 6.16, N
3.17.
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(5-Acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-dd-glycero-dd-
galacto-non-2-enitol-1-yl) 2-cyanoethyl phosphite diisopropylamide (20):
Alcohol 19 (117 mg, 263 mmol) was dried under reduced pressure together
with diisopropylammonium tetrazolide (23 mg, 131 mmol). This mixture
was taken up in dichloromethane (4 mL) under exclusion of moisture. 2-
Cyanoethyl phosphite bisdiisopropylamide[25] (167 mL, 525 mmol) was
added. After the mixture had been stirred for one hour, concentrated
sodium bicarbonate solution (5 mL), water and dichloromethane were
added. The organic layer was dried over magnesium sulfate and concen-
trated. The raw product was quickly filtered over silica gel (toluene/acetone
1:1) to give a mixture of the two diastereomers of 20 and 2-cyanoethyl
phosphite diisopropylamide, which does not interfere in the next step (in
total 228 mg of a colourless oil). Rf� 0.6 (toluene/acetone 1:1).


Triethylammonium (5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-
dideoxy-dd-glycero-dd-galacto-non-2-enitol-1-yl) (N-acetyl-2'',3''-di-O-acetyl-
cytidin-5''-yl) phosphate (21):
a) From phosphite 20 : The raw product 20 (225 mg, approximately
260 mmol) and compound 9 (96 mg, 260 mmol) were coevaporated several
times with toluene and finally with dichloromethane and dried under
reduced pressure. This mixture was taken up with dichloromethane
(10 mL) under a nitrogen atmosphere. 1H-Tetrazole (27 mg, 390 mmol)
was added and dissolved slowly. The solution was cooled to ÿ10 8C after
stirring overnight. Tert-butylhydroperoxide solution (3m) in toluene
(173 mL) was added. 3 h later, triethylamine (1 mL) diluted with dichloro-
methane (5 mL) was dropped into the reaction mixture, which was
concentrated after 2 h. The residue was purified over silica gel (ethyl
acetate/methanol 3:1� 2 % triethylamine) to give 110 mg of the product
which could not be separated from an impurity (probably 1-phosphite of
compound 19).
b) From phosphite 22 : Phosphite 22 (63 mg, 141 mmol) and alcohol 19
(73 mg, 128 mmol) were taken up in dichloromethane, foamed and dried in
vacuum. The foam was dissolved in dry dichloromethane (5 mL) under
nitrogen. 1H-Tetrazole (13 mg, 192 mmol) and, after this had been stirred
for three hours, tert-butylhydroperoxide solution in toluene (3m, 85 mL,
256 mmol) were added. After another hour triethylamine (1 mL) was
added. After stirring overnight, the reaction mixture was carefully
concentrated and chromatographed over silica gel (ethyl acetate/methanol
5:1� 1% triethylamine) to yield 21 (122 mg, ca. 90 %) of a pale yellow
syrup. Rf� 0.11 (ethyl acetate/methanol 3:1); 1H NMR (250.13 MHz,
CD3OD): d� 1.36 (t, J� 7.3 Hz, 9H; 3NCH2CH3), 1.90 (s, 3H; NHAc), 2.03
(s, 3H; OAc), 2.04 (s, 3 H; OAc), 2.07 (s, 3 H; OAc), 2.12 (s, 3 H; OAc), 2.13
(s, 3H; OAc), 2.15 (s, 3H; OAc), 2.23 (s, 3H; NHAc), 3.25 (q, 6H;
3NCH2CH3), 4.08 ± 4.46 (m, 9 H; 4'-H, 5a'-H, 5 b'-H, 1a'' 1 b''-H, 5''-H, 6''-
H, 9 a''-H, 9 b''-H), 5.04 (d, J(3'',4'')� 2.4 Hz, 1 H; 3''-H), 5.23 (ddd,
J(7'',8'')� 7.2 Hz, J(8'',9 a'')� 10.0 Hz, J(8'',9 b'')� 2.8 Hz, 1 H; 8''-H),
5.42 ± 5.52 (m, 4H, 2'-H, 3'-H, 4''-H, 7''-H), 6.24 (d, J(1',2')� 3.8 Hz, 1H;
1'-H), 7.57 (d, J(5,6)� 7.5 Hz, 1 H; 5-H), 8.47 (d, 1 H; 6-H); MS (MALDI,
negative mode, matric:ATT): m/z� 875 [(MÿHNEt�3 )ÿ], 976.9 for
C40H59N5O21P.


(N-Acetyl-2'',3''-di-O-acetylcytidin-5''-yl) 2-cyanoethyl phosphite diisopro-
pylamide (22): Alcohol 9 (95 mg, 257 mmol) was dried under reduced
pressure together with diisopropylammonium tetrazolide. The mixture was
taken up with dichloromethane (3 mL) under exclusion of moisture. 2-
Cyanoethyl phosphite bisdiisopropylamide (163 mL, 514 mmol) was added.
After stirring overnight, the reaction mixture was concentrated and
purified over silica gel (toluene/acetone 3:1) to give 22 (108 mg, 74 %), a
colourless foam containing both diastereomers. Rf� 0.46 (toluene/acetone
1:1); 1H NMR (250.13 MHz, CDCl3): d� 1.14 ± 1.26 (m, 12H; 4NCHCH3),
2.02 ± 2.09 (m, 6 H; 2OAc), 2.24 (s, 3H; NHAc), 2.65 (m, 2 H;
OCH2CH2CN), 3.54 ± 3.66 (m, 2H; 2NCHCH3), 3.72 ± 4.04 (m, 4 H; 5a'-
H, 5b'-H, OCH2CH2CN), 4.32 (br s, 1H; 4'-H), 5.31 ± 5.46 (m, 2 H; 2'-H, 3'-
H), 6.28 ± 6.35 (d, J(1',2')� 5.0 Hz, 1H; 1'-H), 7.42 (d, J(5,6)� 7.6 Hz, 1H;
5-H), 8.22 ± 8.23 (d, 1 H; 6-H), 9.92 (br s, 1H; NH); C24H36N5O9P (569.56):
calcd C 50.61, H 6.37, N 12.30; found C 50.55, H 6.44, N 12.15.


Triethylammonium (5-acetamido-2,6-anhydro-3,5-dideoxy-dd-glycero-dd-
galacto-non-2-enitol-1-yl) (cytidin-5''-yl) phosphate (4): Compound 21
(120 mg, 122 mmol) was dissolved in methanol (3 mL) and treated with
sodium methoxide (1m) in methanol (0.5 mL). After stirring overnight,
ammonium chloride (100 mg) was added. The solvent was removed and the
residue was purified by HPLC over RP-18 silica gel. Lyophilization gave 4
(56 mg, 67%). HPLC: prep. RP-18 column (flow: 7 mL minÿ1, 0.05m


triethylammonium bicarbonate buffer� 7 % acetonitrile): tR� 13.5 min;
1H NMR (250.13 MHz, D2O): d� 1.12 (t, J� 7.4 Hz, 9 H; 3NCH2CH3), 1.90
(s, 3H; NHAc), 3.04 (q, 6 H; 3NCH2CH3), 3.44 (br d, J(7'',8'')� 9.5 Hz, 1H;
7-H), 3.47 (dd, J(8'',9a'')� 6.6 Hz, J(9 a'',9 b'')� 12.5 Hz, 1 H; 9a''-H),
3.66 ± 3.73 (m, 2 H; 8''-H, 9b''-H), 3.87 (dd, J(4'',5'')� 8.6 Hz, J(5'',6'')�
10.8 Hz, 1 H; 5''-H), 3.86 ± 4.76 (m, 7 H; 2'-H, 3'-H, 4'-H, 5 a'-H, 5b'-H, 1a''-
H, 1 b''-H), 4.03 (br d, 1H; 6''-H), 4.16 (d, J(3'',4'')� 1.7 Hz, 1H; 4''-H), 4.83
(d, 1H; 3''-H), 5.82 (d, J(1',2')� 3.5 Hz, 1H; 1'-H), 5.94 (d, J(5,6)� 8.0 Hz,
1H; 5-H), 7.76 (d, 1H; 6-H); 31P NMR (242.55 MHz, D2O): d�ÿ3.71 (s,
phosphate); MS (FAB, negative mode, matrix: glycerol/water 1:1): m/z�
581 [(MÿHNEt�3 )ÿ] 682.7 for C26H45N5O14P.


5-Acetamido-4,7,8,9-tetra-O-acetylaldehydo-2,6-anhydro-3,5-dideoxy-dd-g-
lycero-dd-galacto-non-2-enose (23): Alcohol 19 (235 mg, 528 mmol) was
dissolved in dichloromethane (10 mL). Periodinane (257 mg, 607 mmol)
was added and the solution stirred for 20 min. Subsequently the mixture
was diluted with dichloromethane (100 mL) and stirred for another 20 min
with a mixture of sodium thiosulfate (2.2 g), water (5 mL), and concen-
trated sodium bicarbonate solution (5 mL). The organic layer was
separated, washed with water and dried over magnesium sulfate. The
crude product was purified over silica gel (toluene/acetone 1:1) to give 23
(193 mg, 82%) as a colourless foam. Rf� 0.39 (toluene/acetone 1:1), [a]D�
�102 (c� 1.0 in CHCl3); 1H NMR (250.13 MHz, CDCl3): d� 1.93 (s, 3H;
NHAc), 2.03 (s, 3 H; OAc), 2.04 (s, 3H; OAc), 2.08 (s, 3 H; OAc), 2.10 (s,
3H; OAc), 4.19 (dd, J(8,9 a)� 6.5 Hz, J(9 a,9b)� 12.3 Hz, 1 H; 9a-H), 4.38
(ddd, 1H; J(4,5)� 6.6 Hz, J(5,6)� 8.3 Hz, J(5,NH)� 8.3 Hz, 5-H), 4.41 (dd,
J(6,7)� 3.9 Hz, 1H; 6-H), 4.48 (dd, J(8,9 b)� 3.3 Hz, 1 H; 9 b-H), 5.38 (ddd,
J(7,8)� 5.9 Hz, 1 H; 8-H), 5.46 (dd, 1H; 7-H), 5.56 (dd, J(3,4)� 3.2 Hz, 1H;
4-H), 5.60 (d, 1H; NH), 5.82 (d, 1 H; 3-H), 9.20 (s, 1H; CHO); C19H25NO11


(443.41): calcd C 51.47, H 5.68, N 3.16; found C 51.09, H 5.76, N 3.23.


Dibenzyl (5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-D-
erythro-L-gluco-non-2-enitol-1-yl)phosphonate [(R)-24] and dibenzyl (5-
acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-dd-erythro-ll-ma-
nno-non-2-enitol-1-yl)phosphonate [(S)-24]: Aldehyde 23 (53 mg,
119 mmol) was dissolved in dichloromethane (3 mL). Dibenzyl phosphite
(40 mL, 179 mmol) and triethylamine (5 mL) were added. The solution was
stirred for one hour, concentrated and chromatographed over silica gel
(toluene/acetone 1:1) to give 83 mg (99 %) of the product as a colourless
foam. The two diastereomers were formed in a ratio of R :S� 4:1; they
could be separated by MPLC over silica gel (toluene/acetone 2:3).
(R)-24 : Rf� 0.44 (toluene/acetone 2:3), [a]D��56 (c� 1.0 in CHCl3);1H
NMR (250.13 MHz, CDCl3): d� 1.85 (s, 3H; NHAc), 1.98 (s, 6 H; 2OAc),
2.00 (s, 3H; OAc), 2.04 (s, 3 H; OAc), 3.86 (dd, J(8,9 a)� 7.4 Hz, J(9 a,9 b)�
12.4 Hz, 1H; 9a-H), 4.13 (dd, J(1,OH)� 9.4 Hz, J(OH,P)� 6.5 Hz, 1H;
OH), 4.19 (dd, J(5,6)� 9.1 Hz, J(6,7)� 3.5 Hz, 1H; 6-H), 4.31 (dd, J(1,P)�
14.6 Hz, 1 H; 1-H), 4.42 (ddd, J(4,5)� 7.5 Hz, J(5,NH)� 9.1 Hz, 1H; 5-H),
4.61 (dd, J(8,9 b)� 2.6 Hz, 1 H; 9 b-H), 5.02 (dd, J(3,4)� J(3,P)� 3.1 Hz,
1H; 3-H), 5.06 ± 5.11 (m, 4 H; 2CH2C6H5), 5.29 (ddd, J(7,8)� 4.9 Hz, 1 H; 8-
H), 5.36 (dd, 1H, 4-H), 5.40 (dd, 1 H; 7-H), 5.83 (d, 1H; NH), 7.30 ± 7.34 (m,
10H; 2CH2C6H5); C33H40NO14P ´ 3/2 H2O (705.66): calcd C 54.10, H 5.91, N
1.91; found C 54.12, H 5.72, N 2.11.
(S)-24 Rf� 0.44 (toluene/acetone 2:3), [a]D��69 (c� 1.0 in CHCl3); 1H
NMR (250.13 MHz, CDCl3): d� 1.85 (s, 3 H; NHAc), 1.99 (s, 3 H; OAc),
2.00 (s, 3H; OAc), 2.02 (s, 6 H; 2 OAc), 3.55 (br s, 1H; OH), 4.08 (dd,
J(8,9 a)� 6.8 Hz, J(9 a,9b)� 12.0 Hz, 1 H; 9a-H), 4.24 (dd, J(5,6)� J(6,7)�
4.7 Hz, 1 H; 6-H), 4.40 (dd, J(8,9 b)� 4.0 Hz, 1H; 9 b-H), 4.43 (d, J(1,P)�
13.2 Hz, 1H; 1-H), 4.52 (ddd, J(4,5)� 4.7 Hz, J(5,NH)� 9.3 Hz, 1H; 5-H),
5.00 ± 5.17 (m, 6H; 3-H, 4-H, 2CH2C6H5), 5.40 (ddd, J(7,8)� 4.1 Hz, 1H; 8-
H), 5.50 (dd, 1 H; 7-H), 6.37 (d, 1H; NH), 7.25 ± 7.34 (m, 10 H; 2CH2C6H5);
C33H40NO14P ´ 3/4 H2O (705.66): calcd C 55.11, H 5.82, N 1.95; found C 55.08,
H 5.94 N 2.09.


Dibenzyl (5-acetamido-1,4,7,8,9-penta-O-acetyl-2,6-anhydro-3,5-dideoxy-
dd-erythro-ll-gluco-non-2-enitol-1-yl)phosphonate [(R)-25]: Compound
(R)-24 (153 mg, 217 mmol) was mixed with pyridine and acetic anhydride
(2 mL each). After stirring for 2 h the solution was concentrated under
vacuum and filtered over silica gel (toluene/acetone 2:1) to give (R)-25
(150 mg, 92%) as a colourless foam. Rf� 0.45 (toluene/acetone 1:1), [a]D�
�62 (c� 1.0 in CHCl3); 1H NMR (250.13 MHz, CDCl3): d� 1.89 (s, 3H;
NHAc), 1.90 (s, 3 H; OAc), 2.00 (s, 6H; 2OAc), 2.01 (s, 6H; 2OAc), 4.09
(dd, J(8,9 a)� 6.2 Hz, J(9a,9 b)� 12.2 Hz, 1H; 9a-H), 4.17 (dd, J(5,6)�
J(6,7)� 6.0 Hz, 1H; 6-H), 4.33 (dd, J(8,9 b)� 3.9 Hz, 1 H; 9 b-H), 4.42 (ddd,
J(4,5)� 6.0 Hz, J(5,NH)� 9.5 Hz, 1 H; 5-H), 5.00 ± 5.15 (m, 5H; 3-H,
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2CH2C6H5), 5.21 (ddd, J(3,4)� J(4,P)� 6.0 Hz, 1H; 4-H), 5.36 (dd, J(7,8)�
5.2 Hz, 1 H; 8-H), 5.47 (dd, 1 H; 7-H), 5.53 (d, J(1,P)� 14.0 Hz, 1 H; 1-H),
5.93 (d, 1H; NH), 7.27 ± 7.39 (m, 10H; 2 CH2C6H5); C35H42NO15P (747.70):
calcd C 56.22, H 5.66, N 1.87; found C 56.01, H 5.74, N 1.91.


Disodium (5-acetamido-2,6-anhydro-3,5-dideoxy-dd-erythro-ll-gluco-non-2-
enitol-1-yl)phosphonate [(R)-26]: Compound (R)-25 (48 mg, 64 mmol) was
dissolved in isopropanol (10 mL). Palladium on charcoal (5 mg, 10% Pd)
was added and the mixture was stirred vigorously under hydrogen at
normal pressure. After 40 min the catalyst was filtered off and washed with
methanol. Filtrate and washings were combined and sodium methoxide in
methanol (1m, 0.2 mL) was added. After 10 min the solution was
concentrated to a volume of about 3 mL and quickly diluted with acetone
(15 mL). The precipitate was centrifuged, washed with acetone and dried
under reduced pressure to give (R)-26 (23 mg, 90 %) of an amorphous
powder. Rf� 0.70 (cellulose, acetone/0.05m ammonium bicarbonate 1:1);
1H NMR (250.13 MHz, D2O): d� 1.90 (s, 3 H, NHAc), 3.40 (dd, J(6,7)�
1.7 Hz, J(7,8)� 9.8 Hz, 1H; 7-H), 3.44 (dd, J(8,9 a)� 6.9 Hz, J(9 a,9 b)�
12.0 Hz, 1H; 9a-H), 3.69 (dd, J(8,9 b)� 2.6 Hz, 1 H; 9b-H), 3.74 (ddd, 1H;
8-H), 3.87 ± 4.01 (m, 3H; 1-H, 5-H, 6-H), 4.22 (ddd, J(3,4)� J(4,6)� 2.7 Hz,
J(4,5)� 7.0 Hz, 1 H; 4-H), 4.77 (dd, J(3,P)� 2.7 Hz, 1 H; 3-H); MS (FAB,
negative mode, matrix: glycerol/acetic acid/DMSO/water 1:1:1:1): m/z�
378 [(MÿNa�)ÿ] 401.2 for C11H18NNa2O10P.


Triethylammonium (N-acetyl-2'',3''-di-O-acetylcytidin-5''-yl) (5-acetamido-
1,4,7,8,9-penta-O-acetyl-2,6-anhydro-3,5-dideoxy-dd-erythro-ll-gluco-non-2-
enitol-1-yl)phosphonate [(R)-27]: The peracetylated phosphonate (R)-25
(125 mg, 167 mmol) was taken up in methanol (15 mL) and stirred for
30 min with palladium on charcoal (10 mg, 10 % Pd) under a hydrogen
atmosphere at normal pressure. The mixture was filtered and washed with
methanol. Pyridine (200 mL) was added before the solvent was removed.
The residue was coevaporated with pyridine several times, dried under
reduced pressure and taken up with pyridine again. Dicyclohexylcarbodii-
mide (103 mg, 501 mmol), dimethylaminopyridine (2 mg, 17 mmol) and
compound 9 (93 mg, 251 mmol) were added under exclusion of moisture.
After stirring overnight, water (2 mL) was added and the reaction mixture
was filtered, washed with pyridine and concentrated. Chromatography over
silica gel (ethyl acetate/methanol 5:1 to 3:1� 1% triethylamine) afforded
(R)-27 (111 mg, 65%) of a colourless glass. Rf� 0.22 (ethyl acetate/
methanol 2:1� 1% triethylamine); 1H NMR (250.13 MHz, CD3OD): d�
1.35 (t, J� 7.3 Hz, 9H; 3NCH2CH3), 1.90 (s, 3H; NHAc), 2.02 (s, 3H; OAc),
2.03 (s, 3 H; OAc), 2.07 (s, 3 H; OAc), 2.11 (s, 3 H; OAc), 2.12 (s, 3H; OAc),
2.15 (s, 3H; OAc), 2.17 (s, 3H; OAc), 2.23 (s, 3 H; NHAc), 3.24 (q, 6H,
3NCH2CH3), 4.23 (dd, J(8'',9a'')� 6.6 Hz, J(9a'',9b'')� 12.4 Hz, 1 H; 9a''-
H), 4.25 ± 4.46 (m, 5H; 4'-H, 5a'-H, 5 b'-H, 5''-H, 6''-H), 4.52 (dd,
J(8'',9b'')� 2.8 Hz, 1 H; 9b''-H), 5.14 (dd, J(3'',4'')� J(3'',P)� 2.8 Hz, 1H;
3''-H), 5.37 (d, J(1'',P)� 14.3 Hz, 1 H; 1''-H), 5.38 ± 5.55 (m, 5H; 2'-H, 3'-H,
4''-H, 7''-H, 8''-H), 6.25 (d, J(1',2')� 4.5 Hz, 1H; 1'-H), 7.58 (d, J(5,6)�
7.5 Hz, 1 H; 5-H), 8.47 (d, 1 H; 6-H); MS (MALDI, negative mode, matrix:
ATT): m/z� 917 [(MÿHNEt�3 )ÿ], 1019.9 for C42H62N5O22P.


Sodium cytidin-5''-yl (5-acetamido-2,6-anhydro-3,5-dideoxy-dd-erythro-ll-
gluco-non-2-enitol-1-yl)phosphonate [(R)-5]: Compound 27 (85 mg,
83 mmol) was dissolved in methanol (6 mL) and treated with sodium
methoxide (1m) in methanol (0.2 mL). After reaction overnight, the
solution was diluted with acetone (14 mL). Centrifugation, washing with
acetone and drying under reduced pressure afforded 5 (44 mg, 88 %), an
amorphous powder. Rf� 0.71 (cellulose, acetone/0.05m ammonium bicar-
bonate 1:1); 1H NMR (250.13 MHz, D2O): d� 1.90 (s, 3 H; NHAc), 3.43
(br d, J(7'',8'')� 8.6 Hz, 1 H; 7''-H), 3.46 (dd, J(8'',9 a'')� 6.7 Hz,
J(9a'',9 b'')� 13.7 Hz, 1H; 9a''-H), 3.68 (br d, 1H; 9 b''-H), 3.71 (ddd, 1H;
8''-H), 3.91 (dd, J(4'',5'')� 8.1 Hz, J(5'',6'')� 10.8 Hz, 1H; 5''-H), 3.98 ± 4.20
(m, 7 H; 2'-H, 3'-H, 4'-H, 5a'-H, 5b'-H, 1''-H, 6''-H), 4.25 (ddd, J(3'',4'')�
1.0 Hz, J(4'',6'')� 5.5 Hz, 1H; 4''-H), 4.83 (dd, J(3'',P)� 1.0 Hz, 1H; 3''-H),
5.82 (d, J(1',2')� 3.4 Hz, 1H; 1'-H), 5.92 (d, J(5,6)� 7.5 Hz, 1H; 5-H), 7.83
(d, 1H; 6-H); 31P NMR (161.70 MHz, D2O): d� 16.69 (s, phosphonate);
MS (FAB, negative mode, matrix: glycerol/acetic acid/DMSO 1:1:1): m/z�
581 [(MÿNa�)ÿ] 604.4 for C20H30N4NaO14P.


Triethylammonium (5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-1-di-
benzylphosphoryl-3,5-dideoxy-dd-erythro-ll-gluco-non-2-enitol-1-yl) (N-
acetyl-2'',3''-di-O-acetylcytidin-5''-yl) phosphate [(R)-28]: Compound (R)-
24 (111 mg, 157 mmol) was treated as described for compound 21 (route b).
A colourless syrup of (R)-28 (143 mg, 73%) was obtained. Rf� 0.30 (ethyl
acetate/methanol 2:1); 1H NMR (250.13 MHz, CD3OD): d� 1.33 (t, J�


7.3 Hz, 9 H; 3NCH2CH3), 1.88 (s, 3 H; NHAc), 1.98 (s, 3 H; OAc), 2.00 (s,
6H; 2OAc), 2.07 (s, 3 H; OAc), 2.11 (s, 3 H; OAc), 2.12 (s, 3 H; OAc), 2.20
(s, 3H; NHAc), 3.21 (q, 6H; 3NCH2CH3), 4.11 (dd, J(8'',9 a'')� 6.0 Hz,
J(9a'',9 b'')� 11.1 Hz, 1 H; 9a''-H), 4.17 (ddd, J(4',5 a')� 4.5 Hz,
J(5a',5 b')� 12.7 Hz, J(5a',P)� 1.8 Hz, 1 H; 5 a'-H), 4.26 ± 4.50 (m, 4 H; 4'-
H, 5b'-H, 5''-H, 6''-H), 4.46 (dd, J(8'',9b'')� 2.2 Hz, 1 H; 9b''-H), 5.15 (dd,
J(1'',P)� 11.1 Hz, J(1'',P)� 15.6 Hz, 1H; 1''-H), 5.19 ± 5.31 (m, 6H; 3''-H,
8''-H, 2 CH2C6H5), 5.45 ± 5.52 (m, 4H; 2'-H, 3'-H, 4''-H, 7''-H), 6.24 (d,
J(1',2')� 4.0 Hz, 1 H; 1'-H), 7.34 ± 7.44 (m, 10H; 2CH2C6H5), 7.54 (d,
J(5,6)� 7.5 Hz, 1 H; 5-H), 8.18 (d, J(5'',NH)� 9.4 Hz, 1 H; NH), 8.48 (d,
1H; 6-H); MS (MALDI, positive mode, matrix: ATT): m/z� 1161 [(Mÿ
NEt3�Na�)�], 1238.1 for C54H73N5O24P2.


Trisodium 5-acetamido-2,6-anhydro-3,5-dideoxy-1-phosphoryl-dd-erythro-
ll--gluco-non-2-enitol-1-yl cytidin-5''-yl phosphate [(R)-6] and sodium (1E)
5-acetamido-2,6-anhydro-3,4,5-trideoxy-dd-manno-non-1,3-dienitol-1-yl cy-
tidin-5''-yl phosphate [(E)-6'']: Freshly prepared compound (R)-28 (81 mg,
65 mmol) was taken up with methanol (5 mL), and palladium on charcoal
(10 mg, 10% Pd) was added. The mixture was stirred vigorously under a
hydrogen atmosphere at normal pressure. The catalyst was filtered off and
washed. Filtrate and washings were combined and sodium methoxide (1m,
0.3 mL) was added. After 15 min acetone (20 mL) was quickly added. The
precipitate was centrifuged, washed with acetone and dried under reduced
pressure. The crude product was purified by HPLC over RP-18 silica gel.
The fractions containing the product were combined and lyophilized, taken
up in water and stirred with IR120 (Na�). Filtration and lyophilization
afforded 42 mg (88 %) (R)-6. A second compound was eluted from the
column (after the product), which may have been formed from the unstable
intermediate after the hydrogenolysis. It was also transformed into the
sodium form and lyophilized to give (E)-6'' (2 mg, 5%).
(R)-6 : HPLC: prep. RP-18 column (flow: 8 mL minÿ1, 0.1m triethylammo-
nium hydrogencarbonate buffer� 2% acetonitrile): tR� 6.5 min; 1H NMR
(250.13 MHz, D2O): d� 1.94 (s, 3 H; NHAc), 3.42 (br d, J(7,8)� 9.2 Hz, 1H;
7-H), 3.49 (dd, J(8'',9a'')� 6.6 Hz, J(9a'',9 b'')� 11.8 Hz, 1H; 9 a''-H), 3.74
(dd, J(8'',9 b'')� 2.6 Hz, 1H; 9b''-H), 3.82 (ddd, 1H; 8''-H), 3.87 (dd,
J(4'',5'')� 4.0 Hz, J(5'',6'')� 7.7 Hz, 1H; 5''-H), 4.05 (dd, 1H; 6''-H), 4.10 ±
4.33 (m, 7H; 2'-H, 3'-H, 4'-H, 5 a'-H, 5b'-H, 1''-H, 4''-H), 4.86 (dd,
J(3'',4'')� J(3'',P)� 2.4 Hz, 1H; 3''-H), 6.02 (d, J(1',2')� 3.2 Hz, 1 H; 1'-H),
6.03 (d, J(5,6)� 7.5 Hz, 1H; 5-H), 7.92 (d, 1H; 6-H); 31P NMR
(161.70 MHz, D2O): d� 1.00 (d, phosphate), 11.28 (d, phosphonate); MS
(FAB, negative mode, matrix: glycerol/acetic acid/DMSO 1:1:1): m/z� 683
[(Mÿ 2Na��H�)ÿ] 728.4 for C20H29N4Na3O17P2.
(E)-6'': HPLC: prep. RP-18 column (flow: 8 mL minÿ1, 0.1m triethylammo-
nium bicarbonate buffer� 2% acetonitrile): tR� 21.6 min; 1H NMR
(250.13 MHz, D2O): d� 1.95 (s, 3H; NHAc), 3.49 (dd, J(6'',7'')� 1.0 Hz,
J(7'',8'')� 8.9 Hz, 1 H; 7''-H), 3.57 (dd, J(8'',9 a'')� 6.9 Hz, J(9 a'',9 b'')�
12.6 Hz, 1H; 9 a''-H), 3.74 ± 3.79 (m, 3 H; 6''-H, 8''-H, 9b''-H), 4.03 ± 4.22
(m, 5H; 2'-H, 3'-H, 4'-H, 5a'-H, 5 b'-H), � 4.6 (m, 1H; 5''-H), 5.70 (ddd,
J(3'',4'')� 10.2 Hz, J(1'',3'')� J(3'',5'') 1.0 Hz, 1 H; 3''-H), 5.90 (d, J(1',2')�
4.2 Hz, 1H; 1'-H), 6.01 (d, J(5,6)� 7.5 Hz, 1 H; 5-H), 6.43 (br d, J(1'',P)�
4.6 Hz, 1 H; 1''-H), 6.50 (dd, J(4'',5'')� 2.1 Hz, 1 H; 4''-H), 7.77 (d, 1 H; 6-
H); 31P NMR (161.70 MHz, D2O): d�ÿ2.23 (s, phosphate); MS (FAB,
negative mode, matrix: glycerol/acetic acid/DMSO/water 1:1:1:1): m/z�
563 [(MÿNa�)ÿ] 586.4 for C20H28N4NaO13P.


5-Acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-1-O-mesyl-dd-
glycero-dd-galacto-non-2-enitol (29): Alcohol 19 (354 mg, 794 mmol) was
taken up in a mixture of dichloromethane (10 mL) and triethylamine
(223 mL, 1.59 mmol). The solution was cooled to 0 8C and mesylchloride
(109 mL, 1.41 mmol) dissolved in dichloromethane (0.5 mL) was added. The
reaction mixture was diluted with dichloromethane (50 mL), after 1 h,
washed with water, dried over magnesium sulfate and concentrated to give
29 (422 mg, quant) as a colourless foam. Rf� 0.40 (toluene/ethyl acetate/
methanol 5:2:1), [a]D��50 (c� 1.0 in CHCl3);1H NMR (250.13 MHz,
CDCl3): d� 1.92 (s, 3 H; NHAc), 2.03 (s, 3 H; OAc), 2.04 (s, 3H; OAc),
2.05 (s, 3 H; OAc), 2.11 (s, 3 H; OAc), 3.07 (s, 3H; SO2CH3), 4.10 (dd,
J(8,9 a)� 6.2 Hz, J(9 a,9b)� 12.2 Hz, 1H; 9a-H), 4.29 (dd, J(5,6)� 7.9 Hz,
J(6,7)� 4.5 Hz, 1H; 6-H), 4.35 (dd, J(8,9 b)� 2.6 Hz, 1 H; 9 b-H), 4.41 (ddd,
J(4,5)� 6.1 Hz, J(5,NH)� 9.4 Hz, 1H; 5-H), 4.48 (d, J(1a,1 b)� 12.4 Hz,
1H; 1a-H), 4.56 (d, 1 H; 1b-H), 5.14 (d, J(3,4)� 3.4 Hz, 1H; 3-H), 5.33 (dd,
1H; 4-H), 5.38 (ddd, J(7,8)� 6.2 Hz, 1 H; 8-H), 5.46 (dd, 1H; 7-H), 5.63 (d,
1H; NH); C20H29NO13S (523.51): calcd C 45.89, H 5.58, N 2.68; found C
45.30, H 5.64, N 2.84.
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5-Acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-1-bromo-1,3,5-trideoxy-dd-
glycero-dd-galacto-non-2-enitol (30): Compound 29 (180 mg, 344 mmol) was
dissolved in DMF (15 mL). Powdered potassium bromide (164 mg,
1.37 mmol) was added. After stirring overnight, the reaction mixture was
concentrated under reduced pressure. Purification over silica gel (toluene/
acetone 1:1) afforded 30 (168 mg, 96 %) as a colourless foam. Rf� 0.43
(toluene/ethyl acetate/methanol 5:2:1), [a]D��51 (c� 1.0 in CHCl3); 1H
NMR (250.13 MHz, CDCl3): d� 1.92 (s, 3 H; NHAc), 2.04 (s, 6 H; 2OAc),
2.06 (s, 3 H; OAc), 2.11 (s, 3H; OAc), 3.74 (d, J(1 a,1b)� 11.0 Hz, 1H; 1a-
H), 3.81 (d, 1H; 1b-H), 4.12 (dd, J(8,9 a)� 5.9 Hz, J(9a,9b)� 12.4 Hz, 1H;
9a-H), 4.31 ± 4.40 (m, 2 H; 5-H, 6-H), 4.44 (dd, J(8,9 b)� 3.0 Hz, 1 H; 9b-
H), 5.03 (d, J(3,4)� 3.0 Hz, 1 H; 3-H), 5.38 (ddd, J(7,8)� 5.9 Hz, 1H; 8-H),
5.34 ± 5.39 (m, 2H; 4-H, NH), 5.45 (dd, J(6,7)� 3.1 Hz, 1 H; 7-H);
C19H26BrNO10 (508.32): calcd C 44.89, H 5.16, N 2.76; found C 44.32, H
5.13, N 3.21.


Bistrimethylsilyl (5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-1,3,5-tri-
deoxy-dd-glycero-dd-galacto-non-2-enitol-1-yl)phosphonate (31): Bromide
30 (12 mg, 24 mmol) was foamed with dichloromethane and dried under
reduced pressure. Subsequently tristrimethylsilyl phosphite (100 mL) was
added. This mixture was heated to 90 8C under a pressure of 25 mbar for
two hours. Then excess phosphite was removed by distillation under a
pressure of approximately 1 mbar. The product (approximately 20 mg) is a
colourless oil sensitive to moisture. Rf� 0 (toluene/acetone 1:1); 1H NMR
(250.13 MHz, CDCl3): d� 0.25 ± 0.29 (m, 18 H; 6CH3), 1.91 (s, 3H; NHAc),
2.01 (s, 3 H; OAc), 2.02 (s, 3 H; OAc), 2.03 (s, 3 H; OAc), 2.09 (s, 3H; OAc),
2.45 (dd, J(1 a,1b)� 14.9 Hz, J(1a,P)� 22.0 Hz, 1H; 1a-H), 2.63 (dd,
J(1b,P)� 21.8 Hz, 1H; 1 b-H), 4.17 (dd, J(8,9 a)� 7.0 Hz, J(9a,9b)�
12.0 Hz, 1H; 9 a-H), 4.24 (d, J(5,6)� J(6,7)� 6.2 Hz, 1 H; 6-H), 4.40 ± 4.49
(m, 2H; 5-H, 9b-H), 4.93 (dd, J(3,4)� J(3,P)� 4.3 Hz, 1H; 3-H), 5.15 (ddd,
J(4,5)� 9.6 Hz, J(4,P)� 3.0 Hz, 1H; 4-H), 5.42 (ddd, J(7,8)� 4.6 Hz,
J(8,9 b)� 3.5 Hz, 1H; 8-H), 5.51 (dd, 1H; 7-H), 6.59 (d, J(5,NH)�
9.1 Hz, 1 H; NH).


5-Acetamido-1,2,3-tri-O-acetyl-4,8-anhydro-5,6,7,9-tetradeoxy-dd-manno-
non-6,8-dienitol (32): Ester 31 (19 mg, 24 mmol) was dissolved in dry
acetone (1 mL). The solution was cooled to 0 8C and treated with
tetrabutylammonium fluoride solution (1m) in THF (100 mL). After stirring
for 30 min it was concentrated and purified over silica gel (toluene/acetone
1:1). Product 32 is a colourless oil which decomposes on storage. Rf� 0.48
(toluene/acetone 1:1); 1H NMR (250.13 MHz, CDCl3): d� 1.96 (s, 3H;
NHAc), 2.03 (s, 3 H; OAc), 2.05 (s, 3H; OAc), 2.08 (s, 3 H; OAc), 3.99 (dd,
J(4,5)� 7.1 Hz, J(3,4)� 2.7 Hz, 1 H; 4-H), 4.16 (dd, J(1a,1 b)� 12.5 Hz,
J(1a,2)� 5.6 Hz, 1 H; 1 a-H), 4.26 (s, 1 H; 9 a-H), 4.44 (dd, J(1b,2)� 2.2 Hz,
1H; 1 b-H), 4.54 (s, 1 H; 9 b-H), 4.57 ± 4.58 (m, 1 H; 5-H), 5.31 (dd, J(2,3)�
6.8 Hz, 1H; 3-H), 5.36 (ddd, 1H; 2-H), 5.55 (d, J(5,NH)� 8.8 Hz, 1H; NH),
5.77 (br dd, J(6,7)� 3.3 Hz, J(5,7)� 1.0 Hz, 1H; 7-H), 6.10 (dd, J(5,6)�
2.0 Hz, 1 H; 6-H).


Sialyltransferase assay: The inhibitors 1a, 1 b, 2, 3, 4, (R)-5, (R)-6 and (E)-6''
were tested according to the published procedure;[9] a-(2,6)-sialyltransfer-
ase from rat liver (EC 2.4.99.1) was purchased from Sigma.
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First Total Synthesis of Dihydroxerulin, a Potent Inhibitor of
the Biosynthesis of Cholesterol**


Konrad Siegel and Reinhard Brückner*
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Abstract: Dihydroxerulin (1) is a noncytotoxic inhibitor of cholesterol biosynthesis.
In spite of being achiral and devoid of OH groups, it was synthesized efficiently
(12 steps, 6 steps in the longest linear sequence) from the optically active,
polyhydroxylated sugar lactone 6. Our synthesis follows the strategy of Scheme 2
and illustrates with the b-elimination 10!(Z)-9 a novel general approach to g-
alkylidenebutenolides with stereopure Cb�C bonds. The enol triflate (Z)-9 was
hydrogenolyzed to lactone (Z)-11 under very mild conditions. A Wittig reaction with
the derived aldehyde (Z)-13 delivered 30 % of the title compound. Its 800 MHz 1H
NMR spectrum revealed that the C8�C9 bond of synthetic, and therefore also natural,
1 is trans-substituted.


Keywords: butenolides ´ lactones ´
natural products ´ stereoselective
synthesis ´ structure elucidation


Introduction


Many natural products are g-alkylidenebutenolides[1, 2] but
only a few of them contain no additional ring substituent.[3] A
prominent example of such a compound is dihydroxerulin (1;
Scheme 1). It was isolated from Xerula melanotricha Dörfelt
and structurally elucidated (except for the configuration of
the C8�C9 double bond) by Steglich, Anke, et al.[4] Dihydro-
xerulin is a noncytotoxic inhibitor of cholesterol biosynthesis


Scheme 1. Dihydroxerulin (1) and its derivatives, with numbering scheme.


(ID50� 1 mg gÿ1), preventing the incorporation of [14C]acetate,
but not of [14C]mevalonic acid, into cholesterol produced from
HeLa S3 cells.[4] Dihydroxerulin was only isolated in 90:10 ±
65:35 mixtures with xerulin (2). Nonetheless, 500 MHz 1H
NMR spectra of these mixtures in CDCl3 allowed to
determine the constitution of the major component entirely
and in addition almost all of its stereochemistry. The only
unknown remained the configuration of the C8�C9 bond, due
to severe signal overlap. However, this configuration was
suspected to be trans, because compounds 1 and 2 cooccurred
with xerulinic acid (3).[4] The latter displays nonsuperimposed
signals for 8-H and for 9-H and a mutual first-order splitting
by J8,9� 14.9 Hz; this is a typical value for Jtrans.


The unique structure of the presently known members 1 ± 3
of the xerulin family, the pronounced depression of choles-
terol levels which they cause, and the hope that structural
analogues might turn out to be even more biologically active
make these and similar compounds attractive targets for
synthetic chemists. We initiated such a program ourselves and
present in the following the first laboratory synthesis of
dihydroxerulin (1). In addition, a computer analysis of the
800 MHz 1H NMR spectrum of synthetic 1 in C6D6 corrobo-
rated the hitherto only suspected (vide supra) 8-trans config-
uration.


It is important that our synthesis makes the particular target
molecule 1 accessible by an approach that we hope will
become a general strategy for the stereocontrolled production
of g-alkylidene butenolides with or without a-substituents.[5]


The key steps are stereospecific anti-selective eliminations of
water from the g-(1-hydroxyalkyl)-substituted 2(5H)-fura-
nones 4 or iso-4, be they racemic or enantiopure, depicted in


[*] Prof. Dr. R. Brückner, Dipl.-Chem. K. Siegel
Institut für Organische Chemie der Georg-August-Universität
Tammannstr. 2, D-37077 Göttingen (Germany)
Fax: (�49) 551-392944
E-mail : rbrueck@gwdg.de


[**] First presented at the 9th IUPAC Symposium Organometallic
Chemistry Directed Towards Organic Synthesis (OMCOS 9) in
Göttingen, July 20 ± 25, 1997 (poster 453).
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Scheme 2. Furanones of generic structure 4 give g-alkyli-
denebutenolides (Z)-5 if they eliminate anti while, under the
same proviso, the diastereomeric furanones iso-4 give the


Scheme 2. Stereospecific anti-selective eliminations of water from the g-
(1-hydroxyalkyl)-substituted 2(5H)-furanones 4 and iso-4.


isomeric butenolides (E)-5. To the best of our knowledge, b-
eliminations have so far only allowed access to g-alkylidene-
butenolides with little[6] or with no stereoselectivity at all[7]


(exception: ref. [8]); it did not matter whether the elimination
step was performed separately[6b, 7a,c] or took place in sit-
u.[6a,c,d, 7b]


Results and Discussion


Our synthesis of dihydroxerulin started from l-gulono-1,4-
lactone (6 ; Scheme 3).[9] Protection of the primary alcohol
function[10] delivered the silylated lactone 7. All free OH
groups of this compound were sulfonylated and two of them
subsequently eliminated by treatment with 3.3 equiv of triflic


Scheme 3. a) tBuMe2SiCl (0.95 equiv), imidazole (2.0 equiv), DMF,
ÿ30 8C, 1 h; !RT, 2 h; 58%; b) pyridine (5.0 equiv), Tf2O (3.3 equiv),
CH2Cl2, ÿ85 8C, 40 min; !ÿ 20 8C, 80 min; !ÿ 10 8C, 90 min; 85 % (Z :E
>99:1); c) LiCl (3.0 equiv), NiCl2(PPh3)2) (2 mol %), THF, RT, 15 s;
Bu3SnH (1.1 equiv), RT, 30 s; 83 % (Z :E� 94:6); d) HF pyridine complex
(11.2 equiv), THF, 0 8C, 3 h; addition of silica gel powder (for flash
chromatography) under continued stirring at 0 8C, 15 min; 80% (Z :E�
96:4); e) Dess ± Martin periodinane (1.1 equiv), CH2Cl2, RT, 5 min; 90 % as
a 95:5 mixture, recrystallized from EtOAc/pentane at ÿ78 8C as a 98:2 Z :E
mixture; 82 %.


anhydride in the presence of pyridine. We assume that the
tris(triflate) 8 formed as a short-lived intermediate. It must
have suffered two spontaneous b-eliminations. In all like-
lihood the first elimination gave rise to the endocyclic C�C
bond of a butenolide triflate 10[11] whereas the second
elimination introduced the crucial stereogenic semicyclic
C�C bond, thus furnishing the alkylidenebutenolide triflate
(Z)-9.[12] This compound was isolated in 85 % yield and with a
Z :E ratio of >99:1 (after flash chromatography on silica
gel[13]).


At this point, two subgoals had been reached: the g-carbon
of butenolide (Z)-9 was incorporated into a correctly and
homogeneously configured C�C bond and the a-carbon was
poised for a desoxygenation. The latter was realized through a
transition metal complex catalyzed hydrogenolysis of the C ±
OTf bond with Bu3SnH (Scheme 3). Using NiCl2(PPh3)2 for
this purpose for the first time, the reduction of (Z)-9 went to
completion at room temperature within only 30 s and
provided 83 % (Z)-11. The nickel catalyst was vastly superior
to [PdCl2(PPh3)2], [Pd(PPh3)4][14] or [Pd2(dba)3 ´ CHCl3], each
of which required 100 times longer for hydrogenolysis
(60 min) and still rendered only half the yield (� 43 %). The
only drawback is that we could not entirely suppress an
isomerization of the semicyclic double bond: (Z)-11 showed
an isomer ratio of Z :E� 94:6 (determined, as are all other
isomer ratios of this study, from 1H NMR integrals). The


Abstract in German: Dihydroxerulin (1) ist ein nichtcytoto-
xischer Inhibitor der Cholesterin-Biosynthese. Obwohl diese
Verbindung achiral ist und keine OH-Gruppen enthält, wurde
sie in sehr effizienter Weise (12 Stufen, 6 Stufen in der längsten
linearen Sequenz) aus dem optisch aktiven und hochhydroxy-
lierten Zuckerlacton 6 synthetisiert. Die von uns realisierte
Route folgt der in Schema 2 dargelegten Synthesestrategie. Sie
illustriert am Beispiel der b-Eliminierung 10!(Z)-9 einen
neuartigen generellen Zugang zu g-Alkylidenebutenoliden, die
eine stereochemisch definierte Cg�C-Bindung von frei wähl-
barer Konfiguration enthalten. Das Enoltriflat (Z)-9 wurde
unter sehr milden Bedingungen zum triflatfreien Lacton (Z)-
11 hydrogenolysiert. Eine Wittig-Reaktion mit dem davon
abgeleiteten Aldehydolacton (Z)-13 und dem Ylid des stark
ungesättigten Phosphoniumsalzes 21 lieferte die Titelverbin-
dung in 30 % Ausbeute. Deren 800-MHz-1H-NMR-Spektrum
zeigte, daû die C8�C9-Bindung von synthetischem und mithin
auch von natürlichem 1 trans-substituiert ist.
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ensuing steps were a desilylation with the HF pyridine
complex[15] to 80 % of alcohol (Z)-12, which possessed a
96:4 Z :E composition, and a Dess ± Martin oxidation.[16]


These provided 90 % of aldehyde (Z)-13 as a Z :E 95:5
mixture or, after recrystallization, 82 % of almost isomerically
pure material (Z :E� 98:2) (Scheme 3).


The presently achieved degree of configurational control of
the semicyclic C�C bond of our synthetic intermediates (Z)-9,
(Z)-11, (Z)-12, and (Z)-13 of Scheme 3 surpasses our initial
results considerably. Indeed, an undesired isomerization of
this C�C bond threatened every step of the described
sequence. In order to be sure that we dealt with Z-configured
semicyclic C�C bonds throughout Scheme 3 we prepared all
E isomers by the conceptually identical series of transforma-
tions depicted in Scheme 4 starting from d-mannono-1,4-
lactone (iso-6). After monosilylation[10] (!7) the tandem


Scheme 4. a) tBuMe2SiCl (1.0 equiv), imidazole (2.0 equiv), DMF,
ÿ30 8C, 1 h; !RT, 2 h; 62%; b) pyridine (5.0 equiv), Tf2O (3.3 equiv),
CH2Cl2, ÿ78 8C; !0 8C, 120 min; 60% (E :Z> 99:1); c) LiCl (3.0 equiv),
NiCl2(PPh3)2 (2 mol %), THF, RT, 15 s; Bu3SnH (1.1 equiv), RT, 30 s; 79%
(E :Z� 83:17); d) HF pyridine complex (11.2 equiv), THF, 0 8C, 3 h;
addition of silica gel powder (for flash chromatography) under continued
stirring at 0 8C, 15 min; 76 % (E :Z� 81:19); e) Dess ± Martin periodinane
(1.1 equiv), CH2Cl2, RT, 10 min; 81% (E :Z� 79:21).


triflation/b-elimination reaction with triflic anhydride and
pyridine provided the butenolide triflate (E)-9 in 60 % yield as
a single isomer (E :Z> 99:1). This transformation constitutes
one of our first realizations[5] of the Scheme 2 approach to g-
alkylidenebutenolides (E)-5 from g-(a-hydroxyalkyl)buteno-
lides iso-4.[12] The [NiCl2(PPh3)2]-catalyzed hydrogenolysis of
triflate (E)-9 with Bu3SnH delivered compound (E)-11 in
82 % yield. However, we observed a competing isomerization
of the semicyclic double bond lowering the E :Z ratio to 83:17.
Desilylation of ether (E)-11 by HF/pyridine[15] gave 76 % of
the alcohol (E)-12 (E :Z� 81:19). It was oxidized (81 % yield)
with Dess ± Martin periodinane[16] giving aldehyde (E)-13 as a
79:21 E:Z mixture.


Having compounds 9 and 11 ± 13 now as pairs of isomers in
our hands, it was evident that each compound originating
from the synthesis of Scheme 3 belonged to one configura-
tional series and each compound emerging from a reaction of
Scheme 4 to the opposite configurational series. This followed


from the groupwise similarities of the 300 MHz 1H NMR
shifts of the protons 1'-H and 4-H, respectively (Table 1). In Z
vs. E isomers, these resonances were shifted upfield by about
0.5 ppm.[17]


The highly unsaturated side-chain of dihydroxerulin (1) was
prepared as shown in Scheme 5. Two 1,4-eliminations of HCl
from the dichlorobutyne 14 gave the butadiyne dianion.[18]


Propylation of one of its termini[18] and iodination of the other
provided the iododiyne 17.[19] It was Stille-cross-coupled[20]


with the stannane 18 obtained from the pentenynol 15[21] and
Bu3SnH in one step.[22] The resulting alcohol 19 was trans-
formed via bromide 20[23] into the triphenylphosphonium salt
21.[24] The Wittig reaction between the ylid derived therefrom
and the aldehyde (Z)-13 brought the first synthesis of
dihydroxerulin (1) to an end (Scheme 5). The target com-
pound was initially obtained in a mixture with at least two
isomers (55 % total yield). Careful purification by repetitive
passages through silica-gel-filled flash chromatography col-
umns[13] led to 30 % of pure dihydroxerulin (1). Our synthesis
encompasses 2� 5 consecutive steps in the two linear
sequences which converge in the last, single, eleventh step.
Our synthetic specimen of dihydroxerulin (1) was identical
with the natural product,[4] as evidenced by coinciding
500 MHz 1H NMR shift values and coupling constants (in
CDCl3; Table 2).


What we felt remained to be proved from first NMR
principles were the configurations of the stereogenic C4�C5,
C6�C7, C8�C9, and C10�C11 bonds of dihydroxerulin. Clearly,
the route by which we obtained 1 already implies that the
C4�C5, C8�C9, and C10�C11 bonds of 1 possess the same
configuration as the correponding double bonds in the
precursor aldehyde (Z)-13 and phosphonium salt 21. Inde-
pendently, the Z configuration of the C4�C5 bond follows
unequivocally from the 1H NMR shift criterion established in
entries 1 ± 4 of Table 1 (compare with entries 5, 6). The C6�C7


and C10�C11 bonds of 1 are clearly trans configured because of
the magnitude of the vicinal coupling constants J6,7 (14.3 Hz)
and J10,11 (15.5 Hz). However, we could not tell right away the
configuration of the C8�C9 bond, since under the Steglich/
Anke[4] measuring conditions (500 MHz, CDCl3) the 8-1H/9-
1H NMR subspectrum of 1 is higher-order. Because signal
spreading in the 8-1H/9-1H range was slightly larger in C6D6


Table 1. 1H NMR shifts (at 300 MHz in CDCl3) distinguishing between Z- and E-
configured g-alkylidenebutenolides.


R1 R2 dZ-isomer dE-isomer dZÿ dE


1'-H 4-H 1'-H 4-H 1'-H 4-H


9 tBuMe2SiO ± CH2 OTf 5.64 7.26 6.02 7.91 ÿ 0.38 ÿ 0.65
11 tBuMe2SiO ± CH2 H 5.41 7.36 5.83 7.85 ÿ 0.42 ÿ 0.49
12 HO ± CH2 H 5.48 7.39 5.91 7.83 ÿ 0.43 ÿ 0.44
13 (O�)CH H 5.63 7.59 6.18 8.13 ÿ 0.55 ÿ 0.54
1 (synthetic) ± ± 5.90 7.38 ± ± ± ±
1 (natural)[4] ± ± 5.88 7.35 ± ± ± ±
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Scheme 5. a) NaNH2 (3.0 equiv), PrBr (1.1 equiv), NH3/DMSO (6:1),
ÿ33 8C, 4 h; used crude (ref. [18] 58 ± 62%); b) CuCN (1.1 equiv), BuLi
(2.2 equiv), THF, ÿ78 8C!RT, 30 min; !ÿ 78 8C, Bu3SnH (1.1 equiv),
then 15, ÿ78 8C, 2.5 h; 78 % (ref. [22] 67%); c) I2 (1.0 equiv), morpholine
(3.0 equiv), THF, 45 8C, 10 h; 43 % over the two steps; d) LiCl (3.0 equiv),
PdCl2(PPh3)2 (2 mol %), THF, RT, 5 h; 81 %; e) NaBr (1.5 equiv), BF3 ´
OEt2 (1.5 equiv), MeCN, RT, 6 h; 61%; f) PPh3 (1.0 equiv), MeCN, RT,
12 h; 99%; g) nBuLi (1.0 equiv), THF, ÿ83 8C, 3 min; (Z)-13 (1.0 equiv),
ÿ83 8C, 6 h; !RT, 2 h; after repeated chromatography 30% 1 and 25%
mixtures of other isomers.


than in CDCl3 we used the former for recording a 800 MHz 8-
1H/9-1H NMR subspectrum of 1 as our ultimate means
(Figure 1, top half). We then calculated (trial and error
method) this subspectrum from the values d7H� 5.9725,


Figure 1. Experimental (top) and calculated (bottom) 8-1H/9-1H subspec-
trum of dihydroxerulin (1) at 800 MHz in C6D6.


d10H� 6.5190, J7,8� 10.3 Hz, and J9,10� 10.4 Hz which were
directly accessible from the first-order resonances of 7-H and
10-H. We varied d8H in 0.000125-ppm steps between 5.8381�
0.0025 ppm, d9H in 0.000125-ppm steps between 5.8606�
0.0025 ppm, and J8,9 first in 0.5-Hz steps between 10.0 and
14.0 Hz and then in 0.2-Hz steps between 14.0 and 16.0 Hz
until the calculated (Figure 1, top half) and experimental 8-
1H/9-1H subspectrum (Figure 1, top half) coincided. In this
case, d8H� 5.84, d9H� 5.86, and J8,9� 14.8 Hz. The last value
proves that the C8�C9 bond of dihydroxerulin (1) is trans-
configured.


We are currently trying to expand the scope of our g-(a-
hydroxyalkyl)butenolide 4!g-alkylidenebutenolide 5 strat-
egy to obtain xerulin (2) and xerulinic acid (3) by variations of
our approach to dihydroxerulin (1) presented here.


Experimental Section


General methods: All reactions were performed in oven-dried (110 8C)
glassware under N2. Reactions with light-sensitive compounds were
performed in brown glassware or in ordinary glassware wrapped by
aluminum foil. THF was freshly distilled from K, CH2Cl2 and pyridine from
CaH2, MeCN from P4O10. Products were purified by flash chromatogra-
phy[13] on Merck silica gel 60 (eluents given in brackets; volume of each
collected fraction (mL)/column diameter (cm): 1.3/1.0, 4/1.5, 8/2.0, 14/2.5,
20/3.0, 30/4, 50/5, 80/6, 125/75; which fractions contained the isolated
product is indicated in each description as product in fractions xx ± yy).
Yields refer to analytically pure samples. Isomer ratios were derived from
suitable 1H NMR integrals. 1H [CHCl3 (d� 7.26) as internal standard in
CDCl3 or C6HD5 (d� 7.16) as internal standard in C6D6] and 13C NMR
[C6D6 (d� 128.00) as internal standard in C6D6]: Bruker AMX 300 and
Varian VXR500S; integrals in accord with assignments; coupling constants
in Hz. The assignments of 1H and 13C NMR resonances refer to the IUPAC
nomenclature and primed numbers belong to the side-chain, except for
dihydroxerulin which was numbered as shown in Table 2. Combustion
analyses: M. Beller and F. Hambloch, Institute of Organic Chemistry,
University of Göttingen; MS: Dr. G. Remberg, Institute of Organic
Chemistry, University of Göttingen; IR spectra: Perkin ± Elmer 1600 Series
FT-IR; UV spectra: Perkin ± Elmer Lambda 2; melting points were
measured on a Dr. Tottoli apparatus (Büchi) and are uncorrected.


Dihydroxerulin (1): nBuLi (2.5m in hexane, 487 mL, 1.22 mmol, 1.0 equiv)
was added to phosphonium salt 21 in THF (20 mL) at ÿ83 8C. The


Table 2. Comparison of 1H NMR data at 500 MHz in CDCl3 between synthetic and
natural dihydroxerulin (1);[4] chemical shifts in ppm, coupling constants in Hz.


proton 2 3 5 6 7 ± 9 10 11 16 17 18


chemical shift
natural 1[4] 6.17 7.35 5.88 6.80 6.37 ± 6.54 6.74 5.69 2.32 1.57 0.99
synthetic 1 6.19 7.38 5.90 6.82 6.39 ± 6.56 6.77 5.72 2.35 1.59 1.01


couplings 3J2,3
5J2,5


3J5,6
3J6,7


3J9,10
3J10,11


7J11,16
3J16,l7


3J17,18


natural 1[4] 5.5 0.5 11.8 14.5 10.5 15.5 1.2 7.0 7.5
synthetic 1 5.4 ± 11.9 14.3 10.5 15.5 1.0 7.1 7.3
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aldehyde (Z)-13 (151 mg, 1.22 mmol) precooled at ÿ83 8C in THF (5 mL)
was added to this solution after 3 min. The reaction was allowed to proceed
at ÿ83 8C for 6 h and at room temp for 2 h. The solvent was removed in
vacuo. The crude product was purified by flash chromatography (5 cm,
fractions 1 ± 9 petroleum ether:tBuOMe:CH2Cl2 10:1:1, fractions 10 ± 19
petroleum ether:tBuOMe:CH2Cl2 5:1:1, product in fractions 7 ± 19) yielded
the title compound as a mixture of isomers (177 mg, 55%). Dihydroxerulin
(1) could be separated from it by repeated flash chromatographies (3 cm,
fractions 1 ± 29 petroleum ether:tBuOMe:CH2Cl2 6:1:0.2, fractions 30 ± 49
petroleum ether:tBuOMe:CH2Cl2 4:1:0.2, fractions 50 ± 84 petroleum
ether:tBuOMe:CH2Cl2 3:1:0.2, product in fractions 52 ± 84). The pure title
compound (96 mg, 30 %) was isolated as an orange solid [m.p. 132 ± 135 8C
(decomp), ref. [4] 143 ± 154 8C for a mixture with xerulin]. 1H NMR
(500 MHz): d� 1.01 (t, J18,17� 7.3, 18-H3), 1.59 (tq, J17,18� J17,16� 7.2, 17-H2),
2.35 (td, J16,17� 7.0, 7J16,11� 1.0, 16-H2), 5.72 (d, J11,10� 15.4, 11-H), 5.90 (d,
J5,6� 11.9, 5-H), 6.19 (d, J2,3� 5.5, 2-H), 6.39 ± 6.56 (m, 7-H, 8-H, 9-H), 6.77
(dd, J10,11� 15.5, J10,9� 10.5, 10-H), 6.82 (dd, J6,7� 14.3, J6,5� 11.8, 6-H), 7.38
(d, J3,2� 5.3, 3-H); 1H NMR (800 MHz, C6D6, C6HD5 as internal standard):
d� 0.73 (t, J18,17� 7.4, 18-H3), 1.22 (qt, J17,18� J17,16� 7.2, 17-H2), 1.91 (dt,
J16,17� 7.0, 7J16,11� 0.8, 16-H2), 5.08 (d, J5,6� 11.7, 5-H), 5.45 (d, J11,10� 15.5,
11-H), 5.48 (d, J2,3� 5.3, 2-H), 5.78 ± 5.88 (m, 8-H, 9-H)*, 5.97 (dd, J6,7�
14.8, J7,8� 10.3, 7-H), 6.23 (d, J3,2� 5.3, 3-H), 6.52 (dd, J10,11� 15.4, J10,9�
10.4, 10-H), 6.57 (dd, J6,7� 15.1, J6,5� 11.7, 6-H); (* a computer analysis was
done because these signals were higher-order; cf. body of the text). A 3J1H,1H


correlation spectrum (500 MHz, C6D6) shows cross-peaks between the
following resonances: 2-H, 3-H; 5-H, 6-H; 6-H, 7-H; 7-H, 8-H/9-H;
8-H/9-H, 7-H/10-H; 10-H, 8-H/9-H; 10-H, 11-H; 16-H2, 17-H2; 17-
H2, 18-H3. A n�3J1H,1H correlation spectrum (500 MHz, C6D6) shows
cross-peaks between the following resonances: 2-H, 3-H, 5-H; 3-H, 2-
H, 5-H; 5-H, 2-H, 3-H, 6-H, 7-H; 6-H, 5-H, 7-H; 7-H, 5-H, 6-H, 8-H/
9-H; 8-H/9-H, 7-H, 10-H; 10-H, 5-H, 8-H/9-H; 11-H, 16-H2; 16-H2,
11-H, 17-H2; 17-H2, 16-H2, 18-H3; 18-H3, 17-H2; 13C NMR (125.7 MHz,
C6D6; C6D6 as internal standard): d� 13.37 (C-18), 21.68 (C-16), 21.91 (C-
17), 66.74 and 80.80 (C-13, C-14), 75.64 (C-12), 87.58 (C-15), 112.20 (C-11),
113.64 (C-5), 118.81 (C-2), � 128 (C-6)*, 134.78 and 135.70 (C-8, C-9),
137.35 (C-7), 141.83 (C-3), 144.19 (C-10), 149.79 (C-4), 168.49 (C-1) (*
signal superimposed by C6D6 and therefore not unambiguously identifi-
able). A 1J1H,13C correlation spectrum (500 MHz and 125.7 MHz, respec-
tively, C6D6) shows cross-peaks between the following resonances: 2-H,
C-2; 3-H,C-3; 5-H,C-5; 6-H,C-6; 7-H,C-7; 8-H/9-H,C-8, C-9;
10-H,C-10; 11-H,C-11; 16-H2,C-16; 17-H2,C-17; 18-H3,C-18. A
n�1J1H,13C correlation spectrum (500 MHz and 125.7 MHz, respectively,
C6D6) shows cross-peaks between the following resonances: 2-H,C-1,
C-3, C-4; 3-H,C-1, C-2, C-4; 5-H,C-3, C-4, C-7; 6-H,C-4; 7-H,C-9;
8-H/9-H,C-7, C-10; 10-H,C-8; 11-H,C-9, C-10, C-12; 16-H2,C-12,
C-13/C-14, C-15; 17-H2,C-15, C-16, C-18; 18-H3,C-17; IR (CDCl3): n�
3155, 2965, 2930, 2255, 1775, 1750, 1530, 1465, 1380, 1335, 1105, 1065, 995,
910, 735, 650 cmÿ1; UV (MeOH): lmax (lg e)� 396 (5.61), 413 (5.64) nm;
C18H16O2 (264.3): calcd C 81.79, H 6.10; found C 81.98, H 6.08; m/z�
264.1150� 2 mDa (M�) confirmed by HRMS (EI, 70 eV).


(ÿ)-ll-6-(tert-Butyldimethylsilyl)-gulono-1,4-lactone (7): A solution of tert-
butyldimethylsilyl chloride (1.05 g, 7.00 mmol, 0.95 equiv) in CH2Cl2


(5 mL) was added to a mixture of l-gulono-1,4-lactone (6 ; 1.31 g,
7.30 mmol) and imidazole (0.94 g, 13.9 mmol, 1.9 equiv) in DMF (15 mL)
at ÿ40 8C over 2 h. The mixture was stirred at ÿ30 8C for 1 h and at RT for
2 h. It was poured into ice water (50 mL) and extracted with tBuOMe (3�
50 mL). The organic layers were dried over Na2SO4. After removal of the
solvent, flash chromatography (4 cm, fractions 1 ± 5 petroleum ether:-
tBuOMe 1:1, fractions 6 ± 12 tBuOMe, product in fractions 8 ± 12) yielded
the title compound (1.25 g, 58 %) as a glassy solid. [a]20


D �ÿ29.6 (c� 0.96 in
acetone); 1H NMR (300 MHz): d� 0.12 [s, Si(CH3)2], 0.91 (s, tBu), 2.84 (d,
J5,5-OH� 3.4, 5-OH), 3.21 (d,J2,2-OH� 7.3, 2-OH), AB signal (dA� 3.75, dB�
3.84, JAB� 10.5, in addition split by JA,5� 7.9, JB,5� 4.9, 6-H2), superimposes
3.71 (d, J3,3-OH� 2.2, 3-OH), 4.15 (mc, 5-H), 4.39 (dd, J4,5� 5.7, J4,3� 3.0, 4-
H), 4.46 (dd, J2,2-OH� 7.0, J2,3� 5.1, 2-H), 4.54 (mc, presumably hardly
resolved ddd, J3,2� 5.0, J3,3-OH� J3,4� 2.5, 3-H); IR (CHCl3): nÄ � 3550, 2955,
2860, 1780, 1465, 1255, 1195, 1120, 840, 790, 765 cmÿ1; C12H24O6Si (292.4):
calcd C 49.29, H 8.29; found C 49.29, H 8.40.


(ÿ)-dd-6-O-(tert-Butyldimethylsilyl)-mannono-1,4-lactone (iso-7) was pre-
pared from tert-butyldimethylsilyl chloride (50 wt % in toluene, 9.00 mL,
3.91 g, 25.9 mmol, 1.0 equiv), d-mannono-1,4-lactone (iso-6 ; 4.614 g,


25.93 mmol), and imidazole (3.531 g, 51.86 mmol, 2.0 equiv) as a glassy
solid (4.723 g, 62 %) analogously as described for the preparation of
compound 7. [a]20


D �ÿ15.6 (c� 0.77 in CHCl3); 1H NMR (300 MHz,
contains 4 mol %� 1 wt % tBuOMe): d� 0.10 [2� s, Si(CH3)2], 0.91 (s,
tBu), 3.28 (br s, 3�OH), AB signal (dA� 3.80, dB� 3.88, JAB� 10.7, in
addition split by JA,5� 3.7, JB,5� 3.6, 6-H2), 4.04 (ddd, J5,4� 8.7, J5,6 H(A)


approx J5,6 H(B)� 3.9, 5-H), 4.32 (dd, J4,5� 8.7, J4,3� 2.7, 4-H), 4.51 (d, J2,3�
4.5, 2-H), 4.64 (dd, J3,2� 4.7, J3,4� 2.9, 3-H); IR (CHCl3): n� 2975, 1790,
1465, 1365, 1230, 1210, 1075, 845, 780, 765, 750 cmÿ1; C12H24O6Si (292.4):
calcd C 49.29, H 8.27; found C 49.41, H 8.07.


5-[(Z)-2-(tert-Butyldimethylsiloxy)ethylidene]-3-(trifluoromethanesulfo-
nyloxy)-2(5H)-furanone [(Z)-9]: Triflic anhydride (3.219 g, 1.42 mmol,
3.3 equiv) was added to a solution of triol 7 (1.000 g, 3.420 mmol) and
pyridine (1.353 g, 17.10 mmol, 5.0 equiv) in CH2Cl2 (40 mL) at ÿ78 8C over
40 min. The mixture was allowed to warm to ÿ20 8C over 80 min and
subsequently stirred between ÿ20 and ÿ10 8C for 90 min. It was recooled
to ÿ78 8C and poured without workup onto a flash chromatography
column (5 cm, CH2Cl2, product in fractions 6 ± 9). The title compound
(1.135 g, 85 %) was eluted as a white solid (m.p. 45 8C). Small signals of (E)-
9 at d� 6.02 (1'-H) and d� 7.91 (4-H) showed Z :E selectivity of >99:1. 1H
NMR (300 MHz): d� 0.08 [s, Si(CH3)2], 0.89 (s, tBu), 4.54 (d, J2',1'� 6.4, 2'-
H2), 5.64 (t, J1',2'� 6.4, 1'-H), 7.26 (s, 4-H)* (* this signal was caused by (Z)-9,
as proved by integration); IR (CDCl3): n� 2930, 2860, 1800, 1610, 1440,
1230, 1135, 1075, 1050, 900, 840, 760, 715, 650 cmÿ1. C13H19F3O6SSi (388.4):
calcd C 40.20, H 4.93; found C 40.49, H 4.79.


5-[(E)-2-(tert-Butyldimethylsiloxy)ethylidene]-3-(trifluoromethanesulfo-
nyloxy)-2(5H)-furanone [(E)-9] was prepared from triflic anhydride
(3.322 g, 11.78 mmol, 3.3 equiv), triol iso-7 (1.032 g, 3.530 mmol), and
pyridine (1.394 g, 17.65 mmol, 5.0 equiv) as a colorless liquid (816 mg,
60%) as described for the preparation of compound (Z)-9. Here, (Z)-9 was
not detectable by 1H NMR. 1H NMR (300 MHz): d� 0.13 [s, Si(CH3)2],
0.94 (s, tBu), 4.56 (d, J2',1'� 4.5, 2'-H2), 6.02 (t, J1',2'� 4.7, 1'-H), 7.91 (s, 4-H);
IR (CDCl3): nÄ � 2960, 2930, 2895, 2860, 1800, 1785, 1610, 1440, 1225, 1175,
1135, 1110, 1070 cmÿ1; C13H19F3O6SSi (388.4): calcd C 40.20, H 4.93; found
C 40.31, H 4.93.


5-[(Z)-2-(tert-Butyldimethylsiloxy)ethylidene]-2(5H)-furanone [(Z)-11]:
A mixture of LiCl (460 mg, 10.8 mmol, 3.0 equiv) and NiCl2(PPh3)2


(46 mg, 70 mmol, 2 mol %) was added to a solution of the triflate (Z)-9
(1.400 g, 3.605 mol) in THF (15 mL). After 15 s Bu3SnH (1.158 g,
3.969 mmol, 1.1 equiv) was added dropwise while stirring in a water bath
maintained at 25 8C. The color of the reaction mixture changed from blue
via green to brown. The reaction was finished after 30 s (TLC). The crude
product obtained after removal of the solvent in vacuo was purified by flash
chromatography (3 cm, fractions 1 ± 9 petroleum ether:tBuOMe 10:1,
fractions 10 ± 30 petroleum ether: tBuOMe 5:1, product in fractions
17 ± 30). The title compound (720 mg, 83 %) was obtained as a colorless
oil. It was contaminated with 6% of (E)-11 [calculated from 1H integrals of
4-H (dE-11� 7.85), 1'-H (dE-11� 5.83), and 2'-H (dE-11� 4.47)]. 1H NMR
(300 MHz): d� 0.09 [s, Si(CH3)2], 0.90 (s, tBu), 4.54 (d, J2',1'� 6.4, 2'-H2),
5.41 (t, J1',2'� 6.4, 1'-H), 6.21 (d, J3,4� 5.2, 3-H), 7.36 (d, J4,3� 5.3, 4-H);
IR (film): nÄ � 2930, 2855, 1780, 1465, 1255, 1205, 1105, 990, 930, 835,
780 cmÿ1. C12H20O3Si (240.4): calcd C 59.96, H 8.39; found C 59.86, H 8.46.


5-[(E)-2-(tert-Butyldimethylsiloxy)ethylidene]-2(5H)-furanone [(E)-11]
was prepared from LiCl (71 mg, 1.7 mmol, 3.0 equiv), NiCl2(PPh3)2


(7.2 mg, 11 mmol, 2 mol %), triflate (Z)-9 (217 mg, 0.559 mmol), and
Bu3SnH (180 mg, 0.615 mmol, 1.1 equiv) as a colorless oil (106 mg, 79%)
analogously as described for the preparation of compound (Z)-11. It was
contaminated with 17 % of (Z)-11 [calculated from 1H integrals of 4-H (dZ-


11� 7.36), 1'-H (dZ-11� 5.41), and 2'-H (dZ-11� 4.54)]. 1H NMR (300 MHz,
contains 2 wt % tBuOMe): d� 0.11 [s, Si(CH3)2], 0.92 (s, tBu), 4.47 (d,
J2',1'� 6.1, 2'-H2), 5.83 (incompletely resolved tdd, J1',2'� 5.7, 5J1',3� 1.9,
4J1',4� 1.0, 1'-H), 6.22 (ddmc, J3,4� 5.6, 5J3,1'� 1.9, 3-H, superimposed by the
corresponding signal of the Z isomer), 7.85 (incompletely resolved dd,
J4,3� 5.6, 4J4,1'� 0.7, 4-H); IR (CDCl3): n� 2930, 2855, 1780, 1675, 1460,
1390, 1255, 1100, 1070, 990, 835, 780 cmÿ1; C12H20O3Si (240.4): calcd C
59.96, H 8.39; found C 59.99, H 8.03.


5-[(Z)-2-Hydroxyethylidene]-2(5H)-furanone [(Z)-12]: HF pyridine com-
plex (1.50 mL, 1.36 g, 36.1 mmol, 11.2 equiv) was added to a solution of the
silylether (Z)-11 [contaminated with 6 % of (E)-11; 770 mg, 3.21 mmol] in
THF (20 mL) at 0 8C. After stirring at 0 8C for 3 h silica gel for flash
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chromatography (300 mg) was added. The mixture was filtered through a
pad of Celite� after stirring at 0 8C for 15 min. The crude product obtained
after removal of the solvent in vacuo was purified by flash chromatography
(3 cm, fractions 1 ± 9 petroleum ether:tBuOMe 1:1, fractions 10 ± 3
tBuOMe, product in fractions 15 ± 23). The title compound (325 mg,
80%) was obtained as colorless oil. It was contaminated with 4 % of (E)-12
[calculated from 1H integrals of 4-H (dE-12� 7.83), and 1'-H (dE-12� 5.91].
1H NMR (300 MHz): d� 1.74 (t, J2',OH� 5.9, OH), 4.54 (br t, J2',1'� J2',OH�
6.4, 2'-H2), 5.48 (t, J1',2'� 6.5, 1'-H), 6.25 (d, J3,4� 5.7, 3-H), 7.39 (d, J4,3� 5.2,
4-H); IR (CDCl3): n� 3610, 3150, 2975, 1775, 1750, 1675, 1560, 1465, 1385,
1315, 1215, 1115, 1060, 965, 920, 900, 880, 765, 705 cmÿ1; C6H6O3 (126.1):
calcd C 57.14, H 4.80; found C 57.08, H 4.75.


5-[(E)-2-Hydroxyethylidene]-2(5H)-furanone [(E)-12] was prepared from
HF pyridine complex (0.110 mL, 100 mg, 2.91 mmol, 14.0 equiv) and
silylether (E)-11 [contaminated with 17% of (Z)-11, 50 mg, 0.20 mmol) as a
colorless oil (20 mg, 76%) as described for the preparation of compound
(Z)-12. It was contaminated with 19% of (E)-12 [calculated from 1H
integrals of 4-H (dZ-12� 7.39), and 1'-H (dZ-12� 5.48]. 1H NMR (300 MHz,
contains 8 wt % tBuOMe): d� 2.00 (br s, OH), 4.47 (d, J2',1'� 6.8, 2'-H2),
5.91 (td, J1',2'� 6.9, 5J1',3� 1.6, 1'-H), 6.27 {dd, J3,4� 5.7, 5J3,1'� 1.5, 3-H [partly
superimposed by the corresponding signal of (Z)-12]}, 7.83 (d, J4,3� 5.7, 4-
H); IR (CDCl3): nÄ � 3335, 3135, 3100, 2930, 1745, 1670, 1555, 1420, 1305,
1195, 1120, 1065, 1010, 975, 910, 820 cmÿ1; C6H6O3 (126.1): calcd C 57.14, H
4.80; found C 57.63, H 5.51.


5-[(Z)-Formylmethylene]-2(5H)-furanone [(Z)-13]: Dess ± Martin period-
inane (1.082 g, 2.540 mmol, 1.1 equiv) was added to a solution of the
alcohol (Z)-12 [contaminated with 4 % of (E)-12, 291 mg, 2.31 mmol] in
CH2Cl2 (3 mL, not dry). The solution was diluted with tBuOMe (30 mL)
and filtered through a pad of Celite after 5 min. The crude product
obtained after removal of the solvent in vacuo was purified by flash
chromatography (3 cm, fractions 1 ± 7 petroleum ether:tBuOMe 1:1,
fractions 8 ± 20 tBuOMe, product in fractions 13 ± 20). The title compound
(258 mg, 90%) was obtained as a yellow solid. Recrystallization from
EtOAc/pentane at ÿ78 8C yielded (Z)-13 (235 mg, 82 %, m.p. 58 8C) as
yellow crystals contaminated with 2 % of (E)-13 [calculated from 1H
integrals of 2'H (dE-13� 10.01), 4-H (dE-13� 8.13), 3-H (dE-13� 6.66), and 1'H
(dE-13� 6.18)]. 1H NMR (300 MHz): d� 5.63 (d, J1',2'� 7.9, 1'-H), 6.51 (dd,
J3,4� 5.7, J3,1'� 0.8, 3-H), 7.59 (d, J4,3� 5.3, 4-H), 10.24 (d, J2',1'� 7.9, 2'-H);
IR (CDCl3): n� 2925, 2855, 1795, 1675, 1645, 1620, 1560, 1190, 1100,
1080 cmÿ1; C6H4O3 (124.1): calcd C 58.07, H 3.25; found C 58.20, H 3.46.


5-[(E)-Formylmethylene]-2(5H)-furanone [(E)-13] was prepared from
Dess ± Martin periodinane (751 mg, 1.76 mmol, 1.1 equiv) and alcohol
(E)-12 [contaminated with 19% of (Z)-12, 202 mg, 1.60 mmol] as a yellow
oil (162 mg, 81%) analogously as described for the preparation of
compound (Z)-13. It was contaminated with 21% of (Z)-13 [calculated
from 1H integrals of 2'H (dZ-13� 10.24), 4-H (dZ-13� 7.59), 3-H (dZ-13� 6.51),
and 1'-H (dZ-13� 5.63)]. 1H NMR (300 MHz): d� 6.18 (hardly resolved dd,
J1',2'� 6.3, 5J1',3� 0.9, 1'-H), 6.66 (dd, J3,4� 5.6, 5J3,1'� 1.9, 3-H), 8.13 (d, J4,3�
5.7, 4-H), 10.01 (d, J2',1'� 6.4, 2'-H); IR (CDCl3): n� 3115, 2855, 2765, 2260,
1800, 1680, 1560, 1405, 1360, 1305, 1190, 1100, 955, 900, 855, 745 cmÿ1;
C6H4O3 (124.1): calcd C 58.07, H 3.25; found C 57.84, H 3.47.


1,3-Heptadiyne (16): Na (10.35 g, 450 mmol, 3.0 equiv) and a catalytic
amount of Fe(NO3)3 ´ 9H2O (100 mg) were dissolved in liquid NH3


(300 mL). After stirring at ÿ33 8C for 60 min the dichloride 14 was added
at ÿ55 8C over 60 min. Subsequently, propyl bromide (27.2 mL, 299 mmol,
1.1 equiv) was added atÿ33 8C over 15 min and DMSO (50 mL) was added
at once. The reaction was allowed to proceed at ÿ33 8C for 4 h; then the
mixture was poured into ice-water (1000 mL), filtered, and extracted with
pentane (3� 300 mL). The organic layers were dried over MgSO4 and
concentrated to 50 mL by distilling off the solvent through a Vigreux
column. Distillation yielded 16 as a colorless liquid (26 %, b.p. (64 mbar)
64 8C, ref. [18] 58 ± 62%). Higher overall yields resulted when we worked
with a concentrated solution of 16 in pentane. 1H NMR (300 MHz): d� 1.00
(t, J7,6� 7.4, 7-H3), 1.57 (tq, J6,5� J6,7� 7.2, 6-H2), 1.96 (hardly resolved d,
6J1,5� 1.2, 1-H), 2.23 (td, J5,6� 7.0, 6J5,1� 1.0, 5-H2).


1-Iodo-1,3-heptadiyne (17): Morpholine (38.55 mL, 38.55 g, 442.5 mmol,
3.0 equiv) was added to a solution of I2 (38.1 g, 150.1 mmol, 1.0 equiv) in
THF (150 mL) at 45 8C. The solution of 1,3-heptadiyne (16) in pentane
obtained as described above was added to the reaction mixture at 45 8C
after 30 min. The reaction was allowed to proceed for 10 h. The mixture


was washed with a satd. aqueous solution of Na2S2O3 (2� 200 mL). The
aqueous layers were re-extracted with tBuOMe (3� 150 mL). The
combined organic layers were dried over MgSO4. The crude product
obtained after removal of the solvent in vacuo was purified by flash
chromatography (3 cm, petroleum ether, product in fractions 4 ± 10). The
title compound (13.98 g, 43 % over the two steps) was obtained as a yellow
oil. 1H NMR (300 MHz): d� 0.99 (t, J7,6� 7.4, 7-H3), 1.56 (qt, J6,7� J6,5� 7.2,
6-H2), 2.28 (t, J5,6� 7.2, 5-H2); IR (film): n� 2985, 2930, 2230, 1725, 1460,
1035 cmÿ1; C7H7I (218.0): calcd C 38.56, H 3.24; found C 38.29, H 3.37.


5-(Tributylstannyl)-2,4-dien-1-ol (18): nBuLi (1.2m in hexane, 93.0 mL,
110 mmol, 2.2 equiv) was added to a suspension of CuCN (4.92 g,
55.0 mmol, 1.1 equiv) in THF (150 mL) at ÿ78 8C. The clear solution was
allowed to warm to RT over 30 min and subsequently cooled to ÿ78 8C.
Bu3SnH (32.12 g, 110 mmol, 2.2 equiv) was added over 10 min. After
15 min the alkyne 15 (4.10 g, 50.0 mmol) was added over 5 min. The
reaction was allowed to proceed at ÿ78 8C for 2.5 h, then the mixture was
poured into a buffer of conc. aqueous NH3 (20 mL) and satd. aqueous
NH4Cl (180 mL) and extracted with tBuOMe (3� 150 mL). The organic
layers were dried over Na2SO4. The crude product obtained after removal
of the solvent in vacuo was purified by flash chromatography (5 cm,
petroleum ether:tBuOMe 10:1�1 % NEt3, product in fractions 10 ± 20).
The title compound (14.520 g, 78 %) was obtained as a colorless liquid. 1H
NMR (300 MHz): d� 0.87-0.94 (m, 3�CH2-CH2-CH2-CH3), superimposed
by 0.89 (t, 3J� 7.4, 3�CH2-CH2-CH2-CH3), 1.31 (tq, both of 3J� 7.2, 3�
CH2-CH2-CH2-CH3), 1.44 ± ca. 1.58 (m, CH2-CH2-CH2-CH3, OH), 4.20
(br d, J1,2� 5.6, 1-H2), 5.80 (dt, J2,3� 15.6, J2,1� 5.9, 2-H), 6.24 (ddmc,
J3,2� 15, J3,4� 10, 3-H), superimposed by 6.26 (d, J5,4� 18.8, 5-H), 6.54 (dd
with extra peaks caused by transition to higher-order spectrum, J4.5� 18.9,
J4,3� 9.7, 4-H); C17H34OSn (373.2): calcd C 54.72, H 9.18; C 54.97, H 9.14.


trans,trans-2,4-Dodecadiene-6,8-diyn-1-ol (19): A mixture of LiCl (1.938 g,
45.81 mmol, 3.0 equiv) and PdCl2(PPh3)2 (215 mg, 0.304 mmol, 0.02 equiv)
was added to a solution of the iodide 17 (3.300 g, 15.17 mmol) in THF
(20 mL). The stannane 18 (6.790 g, 18.20 mmol, 1.2 equiv) was added after
2 min. The reaction mixture was washed with saturated aqueous Na2S2O3


(3� 100 mL) after 5 h. The aqueous phases were re-extracted with
tBuOMe (3� 80 mL). The combined organic layers were dried over
MgSO4. The crude product obtained after removal of the solvent in vacuo
was purified by flash chromatography (4 cm, petroleum ether (300 mL),
fractions 1 ± 9 petroleum ether:tBuOMe 10:1, fractions 10 ± 14 petroleum
ether:tBuOMe 5:1, fractions 15 ± 19 petroleum ether:tBuOMe 2:1, frac-
tions 20 ± 48 petroleum ether:tBuOMe 1:1, product in fractions 32 ± 48).
The title compound (2.130 g, 81 %) was obtained as a yellow solid (m.p.
68 8C). 1H NMR (300 MHz): d� 1.00 (t, J12,11� 7.4, 12-H3), 1.39 (t, JOH,1�
5.9, OH), 1.58 (qt, J11,12� J11,10� 7.2, 11-H2), 2.32 (t, J10,11� 7.0, 10-H2), 4.24
(br dd, J1,OH� J1,2� 5.5, 1-H2), 5.62 (br d, J5,4� 15.5, 5-H), 5.96 (dt, J2,3�
15.4, J2,1� 5.5, 2-H), 6.32 (ddmc, J3,2� 15.0, J3,4� 11.0, 3-H*), 6.68 (dd, J4,5�
15.4, J4,3� 10.9, 4-H*) (* the distinction of 3-H vs 4-H is based on an
increment calculation[25] which predicts d3 H� 6.24 and d4 H� 6.87); IR
(KBr): n� 3125, 1620, 1400, 1090, 985 cmÿ1; UV (MeOH): lmax (lg e)� 226
(5.40), 235 (5.56), 292 (5.48), 310 (5.41) nm; C12H13O (174.2): calcd C 82.72,
H 8.10; found C 82.65, H 8.31.


trans,trans-1-Bromo-2,4-dodecadiene-6,8-diyne (20): BF3 ´ OEt2 (264 mg,
2.59 mmol, 1.5 equiv) was added to a suspension of alcohol 19 (300 mg,
1.72 mmol) and NaBr (266 mg, 2.59 mmol, 1.5 equiv) in MeCN (15 mL).
After 6 h the solution was filtered through a column for flash chromatog-
raphy (5 cm, filled 4 cm by height, petroleum ether: tBuOMe 10:1, product
in fractions 2 ± 6). The title compound (248 mg, 61 %) was obtained as a
yellow oil. 1H NMR (300 MHz; contains 2 wt % CH2Cl2): d� 1.00 (t, J12,11�
7.4, 12-H3), 1.58 (tq, J11,10� J11,12� 7.2, 11-H2), 2.33 (t, J10,11� 7.0, 10-H2), 4.02
(d, J1,2� 7.9, 1-H2), 5.67 (br d, J5,4� 15.8, 5-H), 5.99 (td, J2,3� 15.1, J2,1� 7.6,
2-H), 6.31 (dd, J3,2� 14.7, J3,4� 11.0, 3-H*, 6.66 (ddmc, J4,5� 15.5, J4,3� 11.0,
4-H*) (* distinction of 3- vs. 4-H in analogy to compound 19); C12H13Br
(237.1): calcd C 60.78, H 5.53; found C 58.48, H 5.58. No better CH analysis
could be obtained.


(trans,trans-2,4-Dodecadiene-6,8-diynyl)triphenylphosphonium bromide
(21): PPh3 (282 mg, 1.07 mmol, 1.0 equiv) was added to a solution of the
bromide 20 (253 mg, 1.07 mmol) in MeCN (10 mL). The solvent was
removed in vacuo after 12 h. The title compound (530 mg, 99 %) was
obtained as red rubbery mass. 1H NMR (300 MHz): d� 0.98 (t, J12,11� 7.4,
12-H3), 1.56 (qt, J11,12� J11,10� 7.2, 11-H2), 2.30 (t, J10,11� 7.0, 10-H2), 4.96
(dd, 2J1,P� 16.2, J1,2� 7.5, 1-H2), 5.55 (dd, J5,4� 15.5, 6J5,P� 2.3, 5-H),
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superimposes the two high-field branches of 5.62 (dtd, J2,3� 14.3, J2,1�
3J2,P� 7.3, 2-H), AB signal [dA� 6.49, dB� 6.61, JAB� 11.6, in addition split
by JA,5� 15.1, 5JA,P� 0.8 (only recognizable in two of the four main branches
of this signal), JB,2� 14.4, 4JB,P� 4.9, A: 4-H, B: 3-H], 7.65 ± 7.72 and 7.77 ±
7.89 (2 m, of 6 and 9H, respectively, ArH); IR (film): n� 3055, 2960, 1635,
1435, 1110, 995, 745, 725, 690 cmÿ1; C30H28BrP (499.4) calcd C 72.15, H 5.65;
found C 71.90, H 5.57.


Acknowledgments: We are grateful for a doctoral stipend for K.S. from the
Fonds der Chemischen Industrie. In addition, we thank the Sonderfor-
schungsbereich 416 of the Deutsche Forschungsgemeinschaft and the
Acciones Integradas program of the Deutscher Akademischer Austausch-
dienst for financial support, and Witco GmbH and Wacker AG for
donating chemicals. We would like to express our gratitude to Professor
Christian Griesinger (Johann-Wolfgang-Goethe-Universität, Frankfurt am
Main) and to Dipl.-Chem. Reinhard Machinek (Georg-August-Universi-
tät, Göttingen) for measuring high-field spectra of compound 1 and
assisting in their analysis.


Received: December 17, 1997 [F942]


[1] a) Reviews: Y. S. Rao, Chem. Rev. 1976, 76, 625 ± 694; b) G.
Pattenden, Prog. Chem. Nat. Prod. 1978, 35, 133 ± 198; c) D. W.
Knight, Contemp. Org. Synth. 1994, 1, 287 ± 315.


[2] a) For example bovolid: G. Lardelli, G. Dijkstra, P. D. Harkes, J.
Boldnight, Recl. Trav. Chim. Pays-Bas 1966, 85, 43 ± 55; b) freelingyne:
R. A. Massy-Westropp, G. D. Reynolds, T. M. Spotswood, Tetrahe-
dron Lett. 1966, 1939 ± 1946; c) xylerythrin: J. Gripenberg, J. Martik-
kala, Acta Chem. Scand. 1969, 23, 2583 ± 2588; d) eremolactone: A. J.
Birch, G. S. R. S. Rao, J. P. Turnbull, Tetrahedron Lett. 1966, 4749 ±
4751, e) tetrenolin: G. G. Gallo, C. Coronelli, A. Vigevani, G. C.
Lancini, Tetrahedron 1969, 25, 5677 ± 5680; H. Pagani, G. Lancini, G.
Tamoni, C. Coronelli, J. Antibiot. 1973, 26, 1 ± 6; f) pyrrhoxanthin and
peridinin: J. E. Johansen, W. A. Svec, S. Liaaen-Jensen, F. T. Haxo,
Phytochemistry 1974, 13, 2261 ± 2271; g) lissoclinolid: B. S. Davidson,
C. M. Ireland, J. Nat. Prod. 1990, 53, 1036 ± 1038.


[3] a) For example protoanemonin: H. Baer, M. Holden, B. C. Seegal, J.
Biol. Chem. 1946, 162, 65 ± 68; b) martricaria lactones: F. Bohlmann,
H. Mönch, P. Blaszkiewicz, Chem. Ber. 1967, 100, 611 ± 617 and
references therein; c) cumulene-substituted butenolides: F. Bohl-
mann, H. Bornowski, C. Arndt, ibid. 1965, 98, 2236 ± 2242; d) F.
Bohlmann, C. Zdero, Tetrahedron Lett. 1970, 2465 ± 2466; e) a lactone
from Carlina vulgaris : F. Bohlmann, K.-M. Rode, Chem. Ber. 1967,
100, 1507 ± 1514; g) goniobutenolides A and B: X.-p. Fang, J. E.
Anderson, C.-J. Chang, J. L. McLaughlin, Tetrahedron 1991, 47, 9751 ±
9758; h) X.-p. Fang, J. E. Anderson, C.-J. Chang, P. E. Fanwick, J. L.
McLaughlin, J. Chem. Soc. Perkin Trans. 1 1990, 1655 ± 1661;
j) compounds 1 ± 3 : ref. [4].


[4] D. Kuhnt, T. Anke, H. Besl, M. Bross, R. Herrmann, U. Mocek, B.
Steffan, W. Steglich, J. Antibiot. 1990, 43, 1413 ± 1420.


[5] A. Umland, Diplomarbeit, Universität Göttingen, 1996 ; K. Siegel,
Diplomarbeit, Universität Göttingen, 1997; F. von der Ohe, Diplo-
marbeit, Universität Göttingen, 1997.


[6] a) F. Bohlmann, C. Zdero, Chem. Ber. 1966, 99, 1226 ± 1228; b) J. B.
Jones, J. M. Young, J. Med. Chem. 1968, 11, 1176 (cited from J. Font,
R. M. OrtunÄ o, F. SaÂnchez-Fernando, C. Segura, N. Terris, Synth.
Commun. 1989, 19, 2977 ± 2985); c) K. Yamada, Y. Togawa, T. Kato, Y.
Hirata, Tetrahedron 1971, 27, 5445 ± 5451; d) S. Tsuboi, H. Wada, S.
Mimura, A. Takeda, Chem. Lett. 1987, 937 ± 938.


[7] a) H. Itoh, Noguchi Kenkyusho Jiho 1984, 15 ± 18 (cited from Chem.
Abst. 1986, 104, 168723c); b) M. Ito, Y. Hirata, Y. Shibata, K. Tsukida,
J. Chem. Soc. Perkin Trans. I 1990, 197 ± 199; c) C. Di Nardo, L. O.
Jeronic, R. M. Lederkremer, O. Varela, J. Org. Chem. 1996, 61, 4007 ±
4013.


[8] Syntheses of E,Z isomeric a,b-dimethoxy-g-alkylidenebutenolides,
which are considerably more configurationally stable than the
methoxy-free g-alkylidenebutenolides 5a ± f, by stereospecific anti-
elimination of methanesulfonic acid from g-[(a-mesyloxy)alkyl]bute-
nolides were reported by M. A. Khan, H. Adams, Synthesis 1995,
687 ± 692.


[9] All new compounds gave satisfactory 1H NMR spectra (300 MHz,
CDCl3), IR spectra (film, CDCl3 solution or in KBr), and, with the
exception of (E)-12 and 20, correct combustion analyses.


[10] For experimental details see an analogous reaction described by
M. G. B. Drew, J. Mann, A. Thomas, J. Chem. Soc. Perkin Trans. I
1986, 2279 ± 2285.


[11] This may be inferred from our isolation of closely related butenolide
triflates: I. Kalvinsh, K.-H. Metten, R. Brückner, Heterocycles 1995,
40, 939 ± 952.


[12] This threefold sulfonylation/double-elimination reaction had been
performed earlier in our laboratory with a tBuPh2Si group in place of
the tBuMe2Si group: K.-H. Metten, I. Kalwinsh, R. Brückner,
unpublished results.


[13] W. C. Still, M. Kahn, A. Mitra, J. Org. Chem 1978, 43, 2923 ± 2925.
[14] In earlier closely related deoxygenations (I. Kalvinsh, K.-H. Metten,


R. Brückner, Heterocycles 1995, 40, 939-952) we used Pd(PPh3)4 and
Me3SnH in adoption of a procedure for standard enol triflates by W. J.
Scott, J. K. Stille, J. Am. Chem. Soc. 1986, 108, 3033 ± 3040.


[15] Experimental details (except the work-up procedure) fashioned after
a desilylation described by K. C. Nicolaou, S. P. Seitz, M. R. Pavia,
N. A. Petasis, J. Org. Chem. 1979, 44, 4011 ± 4013.


[16] Method: a) D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155 ±
4156; b) S. D. Meyer, S. L. Schreiber, J. Org. Chem. 1994, 59, 7549 ±
7552.


[17] Related observations: C. F. Ingham, R. A. Massy-Westrop, Aust. J.
Chem. 1974, 27, 1491 ± 1503; F. Goerth, A. Umland, R. Brückner, Eur.
J. Org. Chem. 1998, in press (issue 6); ref. [5].


[18] L. Brandsma, Preparative Acetylenic Chemistry, Elsevier, Amsterdam,
Oxford, New York, Tokyo, 1988, pp. 53 ± 54.


[19] Method: P. L. Southwick, J. R. Kirchner, J. Org. Chem. 1962, 27,
3305 ± 3308.


[20] For cross-coupling reactions of iodoalkynes and vinylstannanes: G. J.
Hollingworth, J. B. Sweeney, Synlett 1993, 463 ± 465.


[21] Compound 15 was prepared from NaC�CH and epichlorohydrin as a
90:10 trans :cis mixture (36 %) following the procedure of L. Brands-
ma, H. D. Verkruijse, Synthesis of Acetylenes, Allenes, Cumulenes,
Elsevier, Amsterdam, 1992, pp. 78 (obtained 37 ± 46 % of 90:10 ± -95:5
trans :cis mixtures).


[22] We are indebted to Professor Angel R. de Lera (Universidade de
Vigo, Spain) for communicating to us this procedure prior to
publication.


[23] We followed a general procedure for the conversion of alcohols into
bromides by A. K. Mandal, S. W. Mahajan, Tetrahedron Lett. 1985, 26,
3863 ± 3866.


[24] Syntheses of conjugated phosphorus ylids and their Wittig reactions
with conjugated aldehydes: P. Patel, G. Pattenden, J. Chem. Soc.
Perkin Trans. I 1991, 1941 ± 1945.


[25] M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der
Organischen Chemie, 4th ed., Thieme, Stuttgart, 1991, p. 118.





