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Introduction


During the last decades tremendous efforts have been made
to synthesize structurally defined polynuclear complexes, in
particular heterobimetallic complexes. The motivation behind
these efforts were often potential applications of such
compounds as catalysts and reagents in organic synthesis.
Although considerable progress has been made in this field,[1]


synthetically useful polynuclear complexes are still rare. A
major difficulty is the fact that structural and electronic effects
have to be controlled very precisely in order to observe
cooperative effects. In most cases, our theoretical under-
standing is not sufficient to design and prepare efficient and
selective transition metal catalysts from scratch, let alone
heterobimetallic catalysts. Therefore, methods to generate
large pools of structurally defined heterobimetallic complexes
are highly warranted. The rapidly evolving techniques of
combinatorial catalysis[2] could then be applied to identify
potentially useful complexes in short time.


In the following we will show that asymmetric, halogeno-
bridged complexes of the late transition metals are well suited
for the above-mentioned purpose.[3] They can be synthesized


from simple starting materials, they show both high reactivity
and high structural variability. First applications of these
complexes as reagents and catalysts will be described and
potential developments will be discussed.


Discussion


Synthesis : Dinuclear complexes in which two identical metal
fragments are connected by halogeno bridges are among the
most versatile starting materials in organometallic synthesis
and catalysis. By contrast, asymmetric complexes in which two
differentmetal fragments are joined by halogeno ligands have
rarely been described until recently. Now, synthetic strategies
have emerged which allow the easy preparation of such
complexes in excellent yields. The methods employed are
summarized in Scheme 1.


Scheme 1. Methods for the synthesis of asymmetric halogeno-bridged
complexes (S: solvent molecule or weakly bound ligand).


Upon reaction of a complex having two weakly coordinat-
ing ligands ™S∫ (e.g. PhCN) with another complex having two
terminal halogeno ligands the corresponding asymmetric
compounds (1) are obtained (Scheme 1, method A).[4] Reac-
tions of this kind have first been described in 1986. More
recently, a similar strategy was employed to synthesize
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Cp*RhIII and Cp*IrIII contain-
ing complexes such as 2.[5] For
complexes having only one
weakly bound ligand the suited
reaction partner is a halogeno-
bridged complex (method B).
Following this methodology
asymmetric complexes with or-
thometalated RhIII fragments
have been prepared (3).[6] In-
stead of compounds with one
labile ligand, unsaturated 16 e�


complexes such as [IrH2Cl-
(PiPr3)2] can be employed to
give 4.[7] Method C is based on a
ligand transfer reaction and has
been used to synthesize the
catalyst precursors 19[8] and
20.[9] The obvious drawback of
this reaction is the fact that one
equivalent of an undesired side
product, [LmM2XL], is pro-
duced which has to be separat-
ed from the product. Probably
the most general and easy way
to obtain asymmetric halogeno-
bridged complexes is the meta-
thesis reaction D. Reactions of
this kind had been described
occasionally[10] but detailed in-
vestigations highlighting the
potential of this method have
been published only recently.[11] This method is applicable to a
wide range of halogeno-bridged complexes of the late
transition metals and just a few selected examples are shown
in Figure 1 (5 ± 11). In most cases it is sufficient to dissolve
equimolar amounts of the respective homodimeric complexes
in an organic solvent such as chloroform and the asymmetric
complexes are formed within seconds. Especially suited
starting materials are charged complexes such as
[(R3P)2M(�-Cl)2M(PR3)2]2� (M�Pd, Pt) (8 ± 11).[11c] It should
be noted, that asymmetric complexes containing the catalyti-
cally important[12] (�3 :�3-C10H16)RuIV fragment (5, 6) have
been obtained not only by the metathesis reaction D[11e] but
also by method A.[13]


Metathesis reactions can also be employed to synthesize
asymmetric complexes with three halogeno bridges (Sche-
me 1, method E).[14] In this case, one reaction partner needs to
have two additional terminal halide ligands and the other
reaction partner two weakly bound ligands (12 ± 14). The
advantage of this method is that the reaction is basically
irreversible. Alternatively, triple bridged complexes have
been prepared using monomeric starting materials such as
[RuCl2(CH3CN)2(cod)],[14a] [RuCl2(PPh3)3],[15] and [RuCl2-
(PPh3)(dppb)][14a] (15 ± 17, Figure 2).


Reactivity : Halogeno-bridged complex are neither thermo-
dynamically nor kinetically very stable. In terms of potential
applications this is mostly advantageous since it ensures a high


intrinsic reactivity. On the other hand, the presence of an
excess of donor ligands (e.g. phosphines) will most certainly
yield the respective monomeric adducts. Under such condi-
tions, cooperative bimetallic reactivity is therefore not
expected.


The solubility of asymmetric complexes can be quite
different from that of the respective starting materials.
(�3 :�3-C10H16)RuIV complexes such as 5 and 6, for example,


Figure 1. Selected examples of asymmetric complexes with two halogeno bridges.


Figure 2. Selected examples of asymmetric complexes with three halogeno
bridges.
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display a good solubility in a variety of organic solvents
whereas the homodimeric [(�3 :�3-C10H16)RuCl(�-Cl)]2 is only
sparingly soluble. The utility of the catalyst precursor
[RuCl2(PPh3)3] is strongly diminished because of its low
solubility. When coordinated to other metal fragments via
chloro bridges, Ru(PPh3)x complexes are highly soluble (e.g.
13). These results show that halogeno-complexes can be
employed as labile ™ligands∫ to stabilize and solubilize
catalytically important metal fragments.


Asymmetric halogeno-bridged complexes also display a
unique chemical reactivity. This is evident from the catalytic
applications which have been published so far (see below).
Supporting theoretical investigations have shown that the
electronic situation of asymmetric complexes can differ
substantially from that of the respective homodimeric com-
plexes.[11b] The electron density of the allyl ligand in 11, for
example, is significantly reduced when compared with the
symmetric complex [(C3H5)Pd(�-Cl)]2. This suggests an
enhanced reactivity towards nucleophiles.


Apart from catalytic applications asymmetric complexes
can be used as starting materials for other heterometallic
complexes. The chloro-bridged complexes 2, for example,
have been employed to synthesize defined tetranuclear
products in reactions with the alkynylation agents
[M(C�CR)]n (M�Cu, Ag).[5]


Catalysis : Catalytic hydrogenations using the Wilkinson
catalyst, [RhCl(PPh3)3], have been investigated intensively
since the seminal discovery in 1965.[16] Among other species,
the asymmetric mixed-valence RhIII�RhI complex 18 is
formed upon reaction with H2 (Scheme 2).[17] Interestingly,


Scheme 2. Formation of an asymmetric RhIII-RhI complex in hydrogena-
tion reactions with the Wilkinson catalyst.


the oxidative addition of H2 to the second rhodium atom is not
observed, even under high pressure. This indicates that the
RhIII fragment modulates the reactivity of the adjacent RhI


fragment, presumably by electronic communication via the
chloro bridges.


Another asymmetric chloro-bridged complex which was
tested as a catalyst in hydrogenation reactions is the hetero-
bimetallic RuII�RhIII complex [(PPh3)2ClRu(�-Cl)3RhCl-
(PPh3)2].[18] It was found to be of moderate activity.


Convincing evidence that highly active catalysts can be
found within this class of compounds was recently provided by
Grubbs et al.[8] They have synthesized the homo- and hetero-
bimetallic complexes 19a ± c. In ring-closing and ring-opening
olefin metathesis reactions they proved to be significantly
more active (up to 80 times) than the well known carbene
complex [(PCy3)2Cl2Ru�CHPh] (21) developed by the same
group. With the catalyst precursor 19c, even hexafluorodi-
methyl norbornadiene can be polymerized (Scheme 3), a


Scheme 3. Olefin metathesis with homo- and heterobimetallic, chloro-
bridged complexes.


reaction that proved to be difficult with the standard
catalyst 21. Importantly, the reactivity of the bimetallic
complexes depends on the second metal fragment indicating
some interaction during catalysis. Soon after, the structurally
related RhIII�RuII complex 20 having a N-heterocyclic car-
bene ligand was described by Herrmann.[9] To best of our
knowledge, this compound represents one of the most active
catalyst precursors for olefin metathesis developed so far.


We have investigated the catalytic oxidation of secondary
alcohols with butan-2-one.[14a] Although various methods are
available for the oxidation of alcohols, transition metal
catalyzed reactions in which a ketone such as butan-2-one
acts as a solvent and oxidation reagent are especially
appealing–both from an economic as well as environmental
point of view. Screening different asymmetric complexes with
three chloro bridges we have identified the RhIII�RuII


complex 13a to be an exceptionally active catalyst precursor
with activities surpassing that of known monomeric com-
plexes (Scheme 4).


Scheme 4. Catalytic oxidation of secondary alcohols with an asymmetric
RhIII-RuII complex.


Conclusion


Asymmetric halogeno-bridged complexes show unique chem-
ical and physical characteristics which distinguish them from
their homo(bi)metallic counterparts. The examples described
above highlight the potential of such complexes as starting
materials for new polymetallic compounds and as homoge-
neous catalysts in organic synthesis. For catalytic applications
it is important that a large number of structurally defined
complexes can be synthesized within a short time. Metathesis
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reactions are especially suited because several homodimeric
starting materials are commercially available and hundreds
more have been described in the literature. It should be noted,
that if a given pool of n homodimeric halogeno-bridged
complexes which serve as the starting material is enlarged by
only one suitable compound, n new potential bimetallic
catalysts can be prepared. Thus, it is possible to screen the
catalytic behavior of heterobimetallic complexes very effi-
ciently. Given the high reactivity of this class of compounds
we expect that several new heterobimetallic catalysts with
interesting characteristics will be discovered in the near
future.
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Abstract: The synthesis, characteriza-
tion and copper(��) coordination chem-
istry of three new cyclic peptide ligands,
PatJ1 (cyclo-(Ile-Thr-(Gly)Thz-Ile-Thr-
(Gly)Thz)), PatJ2 (cyclo-(Ile-Thr-
(Gly)Thz-(D)-Ile-Thr-(Gly)Thz)), and
PatL (cyclo-(Ile-Ser-(Gly)Thz-Ile-Ser-
(Gly)Thz)) are reported. All of these
cyclic peptides and PatN (cyclo-(Ile-Ser-
(Gly)Thz-Ile-Thr-(Gly)Thz)) are deriv-
atives of patellamide A and have a
[24]azacrown-8 macrocyclic structure.
All four synthetic cyclic peptides have
two thiazole rings but, in contrast to
patellamide A, no oxazoline rings. The
molecular structure of PatJ1, determined


by X-ray crystallography, has a saddle
conformation with two close-to-co-
parallel thiazole rings, very similar to
the geometry of patellamide D. The two
coordination sites of PatJ1 with thiazole-
N and amide-N donors are each well
preorganized for transition metal ion
binding. The coordination of copper����
was monitored by UV/Vis spectroscopy,
and this reveals various (meta)stable
mono- and dinuclear copper���� com-


plexes whose stoichiometry was con-
firmed by mass spectra. Two types of
dinuclear copper���� complexes,
[Cu2(H4L)(OH2)n]2� (n� 6, 8) and
[Cu2(H2L)(OH2)n] (n� 4, 6; L�PatN,
PatL, PatJ1, PatJ2) have been identified
and analyzed structurally by EPR spec-
troscopy and a combination of spectra
simulations and molecular mechanics
calculations (MM-EPR). The four struc-
tures are similar to each other and have
a saddle conformation, that is, derived
from the crystal structure of PatJ1 by a
twist of the two thiozole rings. The small
but significant structural differences are
characterized by the EPR simulations.


Keywords: amides ¥ copper ¥ EPR
spectrocopy ¥ molecular mechanics
¥ peptides


Introduction


Cyclic peptides are hydrolytically stable and therefore of
interest for pharmaceutical applications. Some have been
used as efficient enzyme inhibitors, others have antibiotic,
antifungal and anticancer activities.[1±8] In nature they are
found in bacteria, fungi, and marine organisms.[1±5] The


accumulation of various metal ions, in particular of copper����,
by some marine organisms has been related to cyclic
peptides[1, 9] but their exact role in the metabolism is still
unclear. Metal ion binding to cyclic peptides has been studied
in detail and the stabilization of mono- and dinuclear
complexes, as well as the selectivity for specific metal ions
(mainly copper����) have been related to structural constraints,
for example by thiazole and oxazoline rings.[10±17] Solid-state
and solution structures, and dynamics of metal-free cyclic
peptide ligands and of their metal complexes, as well as results
of CD and UV/Vis-spectroscopic titrations, have been studied
extensively.[1, 9, 13, 18±27] Conformations of the metal-free li-
gands have been analyzed by crystallography and solution
NMR spectroscopy, and related to ring heterocycles and
peptide substituents. However, structural data of transition
metal compounds of cyclic peptides are still rare and, so far,
there is no clear understanding of the unique properties of
these compounds as a function of their structure.
Extensive complexation studies with patellamide-type


ligands[14, 18, 21, 28] have revealed a number of mono- and
dinuclear species in solution. An interesting feature is that,
quite generally, two types of dinuclear complexes are
observed in slow equilibria (usually a blue and a purple
compound), and these were assigned to the slow formation of
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carbonato-bridged dicopper����
compounds,[13] to variations in
the deprotonation pattern of
the ligands and corresponding
changes in the donor sets or to
partial deprotonation of the
aqua coligands.[21] Note that,
due to the change in rigidity
and ring structure (see below)
and due to the differences in
donor groups, there might be
different species involved with
the patellamide group of li-
gands (ascidiacyclamide, patel-
lamide D, and patellamide A),
and those with ™hydrolyzed∫
oxazoline rings (PatN, PatJ1,
PatJ2, PatL, (see Scheme 1 for
ligand structures)): The coordi-
nation sites for patellamide-
type ligands are Noxazoline,
N�


amide, Nthiazole, and typical
Cu ¥¥ ¥ Cu distances in the dicop-
per���� complexes are approxi-
mately 4.8 ä ;[13, 18] those for
PatN-type ligands are N�


amide,
N�


amide, Nthiazole with typical
Cu ¥¥ ¥ Cu distances of approxi-
mately 5.9 ä.[21]


A combination of empirical
force-field calculations with the
simulation of dipole-dipole-
coupled EPR spectra (MM-
EPR[29±32]) has been used pre-
viously to determine the first
solution structure of a dicop-
per���� complex of a synthetic
patellamide A derivative,
PatN.[21] Solution studies of
PatN with copper���� revealed
three mononuclear and two
dinuclear complexes in partially
slow equilibria, with the
most thermodynamically stable
species being the purple dinu-
clear compound [Cu2(H2PatN)-
(OH2)n] (n� 4, 6).[21]
Herein we present 1) the


preparation and characteriza-
tion of three new derivatives
of patellamide A, PatJ1, PatJ2,
and PatL (Scheme 1), together
with the X-ray crystal structural
analysis of PatJ1; 2) an analysis
(UV/Vis, CD, EPR titrations,
MS spectra) of the solution
equilibria involving the formation of copper���� complexes
with the three new ligands; and 3) a detailed structural
analysis of the thermodynamic dicopper���� products of all


four synthetic cyclic peptides (PatN, PatJ1, PatJ2 and PatL),
based on an improved EPR simulation technology[33±35] and a
thorough conformational analysis.[36]


Scheme 1.
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Results and Discussion


Ligand syntheses and properties : The four cyclic peptide
ligands PatN, PatJ1, PatJ2, and PatL (cyclo-(Ile-Ser-(Gly)Thz-
Ile-Thr-(Gly)Thz), cyclo-(Ile-Thr-(Gly)Thz-Ile-Thr-(Gly)Thz),
cyclo-(Ile-Thr-(Gly)Thz-(�)-Ile-Thr-(Gly)Thz), cyclo-(Ile-
Ser-(Gly)Thz-Ile-Ser-(Gly)Thz), respectively) are all based
on the two linear tetrapeptides Ile-Ser-(Gly)Thz and Ile-Thr-
(Gly)Thz. The linear octapeptides were prepared by solid-
phase synthesis; the key steps are the preparation of the
thiazole fragment (Gly)Thz and the cyclization procedure,
and these were done as described previously.[21] PatJ2 is an
epimer of PatJ1 (racemization of C� of one of the Ile
fragments during cyclization), and the separation of the two
isomeric products was achieved by HPLC. The epimerization
of the peptide upon cyclization is not unexpected, and a
similar behavior was observed before.[21] The assignment of
the structure of PatJ2 is based on this observation, and
supported by the X-ray structural analysis of PatJ1, detailed
NMR spectra of the four macrocycles, and the observed
solution structure of the corresponding dicopper(��) complex
(see below). The subtle structure differences between PatJ1


and PatJ2 might lead to some understanding of conforma-
tional preferences of these ligands and the related stabilities
of the coresponding complexes. These aspects have not yet
been fully evaluated and are not discussed further here. The
three new ligands are well characterized by their elemental
analyses, MS (ion-spray, HRMS, FAB�), UV/Vis and CD
spectra, and extensive NMR studies (1H, COSY, NOESY; see
Experimental Section and Supporting Information). The data
are consistent with the proposed connectivities and config-
urations of the cyclic peptide ligands (see Scheme 1), and
these assignments are supported by the crystal structural
analysis of PatJ1 (Figure 1).
The cyclic peptides reported here all have a [24]azacrown-8


macrocyclic structure and contain unusual amino acid resi-
dues, with two amino(thiazole) rings, which increase the
rigidity of the macrocycle and limit the peptide backbone to a
few distinct conformations. The patellamide group of macro-
cycles have two additional heterocyclic rings, that is, two
thiazole and two oxazoline rings (see Scheme 1). This restricts
the flexibility to three distinct conformations, usually descri-
bed as type 1, type 2 (saddle), and type 3 (twisted figure-of-
eight).[14, 37] It appears that, at least for the bis-seco(oxazo-
line)-type ligands (PatN, PatJ1, PatJ2, and PatL), this nomen-
clature is not appropriate because a) the additional flexibility
must lead to further stable conformations, and b) the dis-
tinction between saddle and figure-of-eight generally depends
on the orientation of the structural plot. This emerges from
Figure 2, whichs shows the structures of PatJ1, patellamide D,
and the dicopper���� complex of PatJ1. PatJ1 and patellamide D
have very similar geometries for the macrocyclic backbone,
and that of Patellamide D was determined as type 3 (figure-
of-eight); reasons for this might emerge from Figure 1A.[14]


However, the structure of the dicopper���� compound of PatN
(which is similar to that of PatJ1) has been correctly classified
as ™saddle∫,[21] and from a comparison of the structures of
PatJ1 and the corresponding dicopper���� complex, it emerges
that the main difference is a twist of the two thiazole planes


Figure 1. Structure of PatJ1 (ORTEP plot[43]): A) view perpendicular to
thiazole rings, B) view parallel to the thiazole rings.


from approximately 14� to approximately 60�, that is, a partial
unfolding of the macrocycle, and PatJ1 might then also be
attributed a saddle structure.
A comparison of the structures of patellamide D[27] and


PatJ1 (see Figure 1 and Figure 2) reveals that in spite of the
added flexibility in the ligand backbone of PatJ1, the solid-
state structures of the two cyclic peptides are very similar to
each other. The two thiazole rings are roughly coparallel
(�PatJ1� 14� ; �PatD� 8�), with an average distance of the two
aromatic planes of 3.49 ä for PatJ1 and 3.43 ä for PatD,
respectively. The distances of the S atoms of the thiazole rings
are 4.02 ä (PaJ1) and 4.21 ä (PatD), respectively. The �-
amides (each involving Ile) are coplanar with the thiazole
rings (�PatJ1� 4.1� and 4.7� ; �PatD� 11.2� and 11.6� ; see N1, N2
and N5, N6 donor sets in Figure 1A. The other amide
substituents (involving Thr) are tilted out of these planes by
approx. 120� and 126� for PatJ1 and PatD, respectively (see
N1, N8 and N5, N4 donor stes in Figure 1A). Therefore, the
two putative coordination sites for copper(��) in PatJ1 (N1, N2,
N8 and N5, N6, N4, see Figure 1) are partially preorganized
(N1, N2 and N5, N6; see also discussion of the copper����
structures below).
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Figure 2. Structures of A) patellamide D,[27] B) PatJ1 (see Figure 1) and
C) [Cu2(H2PatJ1)(OH2)6] (see Figure 5).


Copper coordination chemistry : The analysis of the copper����
coordination chemistry of ascidiacyclamide, patellamide D
and PatN (in methanol, due to restricted solubility in water;
OH� or triethylamine as base; one or two equivalents of Cu2� ;
Cl�, NO3


� or ClO4
� salts) indicated that various mono- and


dinuclear species are present in solution (partially slow
equilibria).[13, 18±21] The most thorough spectroscopic study is
that of PatN, and that revealed a mononuclear complex with a
doubly deprotonated ligand ([Cu(H4PatN)]) to be the most
stable mononuclear compound, followed by the complex of
the monodeprotonated ligand ([Cu(H5PatN)]�); the most
stable species in solution, however, was a purple dinuclear
complex ([Cu2(H2PatN)(OH2)n], n� 4, 6), whose structure
was studied by MM-EPR; a less stable dinuclear copper����
complex was present initially but this was not fully charac-
terized.[21] Spectrophotometric titrations, coupled with EPR
and mass spectra, of the three new ligands provide a better
understanding of the stoichiometry and geometry of the major
copper���� complexes with this class of bis-seco(oxazoline)-
type Patellamide derivatives in solution.
Spectrophotometric titrations were employed to follow the


formation of mono and dinuclear complexes as a function of
base (up to six equivalents with respect to the ligand). Both
CuCl2 and Cu(ClO4)2 were used as sources of copper. The
final solutions were frozen and later used for EPR studies and
mass spectrometry. Some of the EPR spectra were measured
as a function of time to check for slow changes in the


equilibria. The spectrophotometric data reported are correct-
ed for volume changes due to the addition of base. The
concentration of PatL was determined by titration with
copper����,[21] whilst those of PatJ1 and PatJ2 (analytically pure
peptide ligands) were based on weight (see Experimental
Section). The data of the spectrophotometric titration experi-
ments are assembled in Table 1 (full data sets are available as
Supporting Information), and Figure 3 shows the [OH�]added-


dependent spectra of copper(��)�PatJ1 solutions (plots of
titrations with the other ligands are given as Supporting
Information). The assignment of the species in solution is
supported by the mass spectrometric analyses of the solutions
(see Experimental Section). Note, the mass spectra (MS) are
dominated by Na� adducts (addition of NaOH), and the
relative intensity of the signals for the mono and dinuclear
copper���� complexes (unambigiously assigned by the charac-
teristic isotope patterns) are small. Both, blue (Cu:L� 1:1)
and purple solutions (Cu:L� 2:1) show MS peaks for CuL
and Cu2L (and corresponding signals for free ligand and Na�-
adducts) but dicopper���� compounds dominate in the purple
solutions (see Experimental Section).
The general observation is that the dd transition of free,


solvated copper���� at around 800 nm is shifted to approx-
imately 660 nm (experiments Cu:L:OH�� 1:1:1, metastable
species; here and in the following discussion of the spectro-
scopic data we use PatJ1 as the example; note that PatJ2, PatL
(and PatN) give qualitatively very similar spectra; see
Table 1). Based on earlier studies,[21] the stoichiometry of
the solutions, the MS data, the EPR data (see below) and the
structural observations (see above), this species is assumed to
be [Cu(H5L)(OH2)n]� , n� 3, 4 (five- or six-coordinate cop-
per���� site). Based on the crystal structure of the metal-free
ligand, we assume that one of the �-amides (with respect to
the thiazole residue), that is, that in-plane with the thiazole
donor (Ile), is deprotonated and the copper���� center is
coordinated to the highly preorganized bidentate thiazole-N-
amide site. Addition of a second equivalent of base leads to
deprotonation of a second amide site and coordination of the
peptide as a tridentate ligand, to form the mononuclear
species [Cu(H4L)(OH2)n], n� 2, 3 (five- or six-coordinate
copper���� site), with an electronic transition at approximately
550 nm (high-energy shift expected due to the stronger ligand
field). This species is in a slow equilibrium with the
corresponding dinuclear product and free ligand (free ligand
is included in Scheme 2 only as H6L; see below).


Table 1. UV/Vis titration data of solutions of copper(��) and L (1:1 or 2:1)
with OH� ; �max [nm], � [��1 cm�1].[a]


Cu:L:OH PatJ1 PatJ2 PatL
� � � � � �


1:1:1 660 75 690 70 640 70
1:1:2 (comp. A,B,C) 580 230 585 180 585 160
1:1:4 (comp. B) 550 190 540 210 560 120
2:1:1 680 60 720 120 660 60
2:1:2 590 150 560 200 580 380
2:1:4 (comp. D) 560 740 550 420 570 200
2:1:6 (comp. D) 540 480 530 400 560 200


[a] For the accuracy of � see Experimental Section.
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Figure 3. A) Spectrophotometric titration data of PatJ1 (Cu(ClO4)2:L�
(1:1); a), b), c), d), and e) addition of 1, 2, 3, 4, and 6 equiv base (curves
for 5 and 6 equiv are equivalent); note that the titrations of PatJ1


CuCl2:L� (1:1) with up to 6 equiv base and Cu(ClO4)2:L� (1:1) with up
to 2 equiv base led to identical results; note that the accuracy of � is only
approximately �15% (see Experimental Section). B) Spectrophotometric
titration data of PatJ1 Cu(ClO4)2:L� (2:1); a), b), c), d), e), and f): addition
of 1, 2, 3, 4, 5, and 6 equiv base; note that the titration of PatJ1 CuCl2:L�
(2:1) with up to 6 equiv of base is identical to that shown here; note that the
accuracy of � is only approximately �15% (see Experimental Section).


Scheme 2.


Two species with distinct electronic spectra are observed in
experiments with a Cu:L ratio of 2:1. After addition of two
equivalents of base a species with a transition at approx-


imately 590 nm is formed, with an additional two equivalents
of base, the final spectrum has a maximum at approximately
540 nm. The extinction coefficients in comparison with those
of the titration with a Cu:L ratio of 1:1 indicate that the latter
species is dinuclear, and from the transition energies it
appears that the mononuclear (see above) and dinuclear
compounds have similar chromophores. Spectroscopic
changes in the region of the ligand transitions (���*
(thiazole rings), ca. 220 nm; n��* (conjugated thiazole/
carbonyl fragments), ca. 310 nm), and of the CD spectra
(positive Cotton effect at ca. 330 nm) are consistent with the
proposed species, but poor spectral resolution precludes a
thorough analysis.
EPR spectra (frozen solutions) of the solutions from


experiments with Cu:L:OH� ratios of 1:1:2 (fresh, and aged
for PatJ1) and 2:1:6 were also used to analyze the species
present in solution. The corresponding data are presented in
Table 2 and Figure 4 (plots of the experimental and simulated
EPR spectra of PatJ2, PatL and PatN are given as Supporting
Information). The simulated spectra are the result of opti-
mization procedures implemented in Sophe. Sophe[33, 34]


creates the full Hamiltonian matrix from the g and copper
hyperfine matrices for the isolated copper���� centers and the
dipole ± dipole interactions. Also, Sophe includes a g and A
strain line width model. Therefore, the spin-Hamiltonian
parameters represent the chromophores alone, and those of
the mono and dinuclear species are directly comparable. It
follows that the parameters reported in the earlier study with
PatN,[21] analyzed by DISSIM,[38] are not directly comparable


Table 2. EPR parameters for mononuclear and dinuclear copper(��)
complexes of PatJ1, PatJ2, and PatL.


PatJ1 PatJ2 PatL PatN


Compd A, mononuclear[a]


g� 2.063 2.064 2.062 2.061
g � 2.240 2.346 2.331 2.240
A� [10�4 cm�1] 25.8 24.12 22.5 25.0
A � [10�4 cm�1] 111.8 129.1 130 112


Compd C, dinuclear[b]


g� 2.063 2.067 2.073 2.057
g � 2.227 2.229 2.221 2.23
A� [10�4 cm�1] 36.5 26.5 26.5 40
A � [10�4 cm�1] 111.5 108.5 106.5 109
r [ä] 6.34 6.01 6.09 6.33
� [�] 22.5 21.5 17.8 16.5
� [�] 3.5 4.93 7.1 4
� [�] 5 4.85 15.1 9


Compd D, dinuclear[c, d]


g� 2.025 2.05 2.09 2.089
g � 2.201 2.226 2.253 2.260
A� [10�4 cm�1] 55 59 35 77
A � [10�4 cm�1] 79 72.5 87.5 82
r [ä] 5.85 5.75 5.85 5.89
� [�] 60 42 29 88
� [�] 75 85 79 35
� [�] 80 30 31 25


[a] Computer simulation for the Cu:L� (1:1) experiment, 2 equiv base,
mononuclear species. [b] Computer simulation for the Cu:L� (1:1) experi-
ment, 2 equiv base, dinuclear species. [c] Computer simulation for the
Cu:L� (2:1) experiment, 6 equiv base, dinuclear species. [d] A mono-
nuclear species (compd B) with similar electronic parameters was also
simulated, see text and Figure 4A.
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Figure 4. A) Experimental X-band EPR spectrum of the blue copper(��)-
PatJ1 solutions (Cu�� :L� 1:1; 2 equiv base) at �	 � 9.573 GHz, 130 K;
a) experimental spectrum, b) sum of the computer simulation of the
mononuclear complex (d) and the dinuclear complex (f) (approx. 1:1),
c) sum of the computer simulation of the two mononuclear complexes (d)
and (e) (blue and purple chromophores, see text) and the dinuclear
complex (f) (ca. 0.75:0.25:1). B) Experimental X-band EPR spectrum of
the purple copper(��) solutions of PatJ1 at �	 � 9.442 GHz, 130 K; a) L:CuII
(1:1), 6 eqiuiv base; b) L:CuII (1:2), 6 equiv base; c) XSophe computer
simulation of (a) and (b), d) computer simulation with MOMEC structural
parameters based on PatJ1 ± 1.


with those given here, and the earlier analysis of the spectra of
solutions with various compounds in equilibrium was, due to
restrictions in the simulation technology, less accurate than
that presented here.
From the simulation of the EPR spectra it emerges that


three species dominate the equilibria (see Table 2): EPR
spectra of the blue solutions resulting from a Cu:L:OH� of
1:1:2 (�max� 580 nm, �� 230 lmol�1 cm�1, see Table 1) can
only be simulated as the sum of a mono- and a dinuclear
compound (ca. ratio 1:1). The two species have similar
chromophores, as expected from the UV/Vis data, �max�
580 nm (PatJ1: g�� 2.06, g� � 2.23, A� � 112	 10�4cm�1; there
are some variations within the set of three ligands, see
Table 2). The purple solutions (Cu:L:OH�� 2:1:6; �max�
540 nm, �� 480 lmol�1cm�1, see Table 1) are pure dinuclear
compounds with a significantly different chromophore (PatJ1:
g�� 2.03, g� � 2.20, A� � 79	 10�4 cm�1). Also, the structural
parameters of the two dinuclear compounds are significantly
different, for example, Cu ¥¥¥ Cu is approximately 6.3 ä for the


blue and approximately 5.9 ä for the purple compound (see
Table 2). Thus, it appears that the second deprotonation of the
cyclic peptides studied here, leading to H4L, occurs at the
second coordination site and leads to the formation of
dinuclear complexes (and free ligand). Addition of more
base converts this metastable species with bidentate bonding
of the macrocycle to the stable, purple product with two
copper���� ions coordinated to the thiazole nitrogen donors
and two deprotonated amides, each. This analysis (see
Scheme 2) is consistent with the UV/Vis, the MS, and EPR
data, if two mononuclear complexes with different colors, that
is, due to H5L and H4L, see electronic spectra, and two
complexes of H4L, that is mono- and dinuclear are allowed.
The shift of the electronic transition from approximately
660 nm to approximately 580 nm in the blue Cu:L� 1:1
solutions upon addition of a second equivalent of base (see
above) indicates the coordination of a second amide donor
(see above). This shift is smaller than that in the titration of
the Cu:L� 2:1 solution, where the electronic transitions after
addition of six equivalents of base reach values of approx-
imately 540 nm. Thus, the blue solutions (Cu:L:OH� 1:1:2)
are believed to consist of [Cu(H5L)(OH2)n]� (�660 nm, A� �
112	 10�4 cm�1), [Cu(H4L)(OH2)n] (�550 nm, A� � 79	
10�4 cm�1), and [Cu2(H4L)(OH2)n]2� (�660 nm, A� � 112	
10�4 cm�1). The broad dd transitions clearly preclude a
deconvolution into various transitions and considerable over-
lap of the EPR signals does not lead to any significant
improvement when three instead of two species are used in
the simulations (see Figure 4).


Solution structures of the purple dinuclear products : The
structural analysis by the MM-EPR approach[21, 29] involves a
full conformational search, based on a random kick module,
implemented in MOMEC97[36, 39] (see Experimental Section
for details), followed by a full optimization of the lowest
energy structures (ca. 15 ± 30 structures for each of the species
analyzed),[21, 40] and the EPR simulation with the structural
parameter sets obtained from each of the lowest energy
optimized structures. The molecular mechanical structure
optimization is based on harmonic bonding potentials and,
therefore, the coordination number is fixed, while the
coordination geometry is flexible, due to the replacement in
MOMEC of the harmonic valence angle bending potentials
by 1,3-nonbonded interactions around the metal center.While
for the purple dinuclear complexes there are structural
analogues and the complexes are rather rigid, there are large
numbers of very flexible isomers for the blue compounds with
bidentate coordination of the peptides to the copper(��)
center. Therefore, we concentrate on the structure determi-
nation of the more stable thermodynamic products. These
were optimized as six-coordinate complexes; five-coordina-
tion leads to similar, although slightly less convincing results.
The Euler angles �, �, and �, which are needed for the EPR


spectral simulations, together with the Cu ¥¥¥ Cu distance, the
linewidth, the g and A strain and the spin Hamiltonian
parameters (g and A values). Reasonably accurate starting
values for the electronic parameters were obtained from the
spectra of the mononuclear compounds. The geometric
parameters (r, �, �, �) define the orientation of the two g
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matrices and these need not coincide exactly with the
molecular coordinate system. More importantly, the defini-
tion of a molecular coordinate system in highly unsymmetrical
hexacoordinate compounds such as those reported here (see
Figure 5) is not unambiguous (in order to facilitate a
comparison between the set of four structures discussed here,
the measurement of the Euler angles in the force-field-
optimized structures was done in a consistent way (see
Experimental Section). Nevertheless, there are significant
deviations between the structural parameters from the EPR
simulation and from the MM-EPR analysis (see Table 3).


These might be the results of ambiguities in the measurement
of the geometric parameters from the strain-energy-mini-
mized structures[21, 40] (see above), small inconsistencies in the
force field used, the neglect of solvation, and some incon-
sistencies in the EPR spectral simulations might also contrib-
ute to the limited accuracy. The structural results are listed in
Table 3 and the optimized structures are presented in Fig-
ure 5.


Conclusion


The [24]azacrown-8 macrocyclic
peptide ligands PatJ1, PatJ2, PatL,
and PatN, derivatives of patellami-
de A with open oxazoline rings,
form stable dicopper���� compounds.
The molecular structure of the met-
al-free peptide PatJ1 indicates that,
due to the constraints by the thia-
zole rings, the ligands are well
preorganized for metal uptake. This
is believed to be the reason for the
stability of the dicopper���� com-
plexes. The solution structural stud-
ies indicate that metal ion coordi-
nation leads to a flattening of the
ring, mainly due to repulsion of the
extra ligands (coordinated water
molecules in the present case).
The fact that the titration of


CuII:L in ratios 1:1 and 2:1 with
base leads to mixtures of mono- and
dinuclear compounds indicates that
the dicopper���� compounds are
more stable than the initially
formed mononuclear species. The
various forms of dicopper���� com-
plexes are believed to be related by
protonation/deprotonation process-
es, with the purple form [Cu2(H2L)]
with four deprotonated amides be-
ing the most stable compound in the
system. The shift of color for the
mono- and dinuclear complexes
(blue to purple) is consistent with
an increasing ligand field upon de-
protonation and coordination of
additional amide sites. All dicop-
per���� species analyzed structurally
in this study are rather similar
saddle-shaped dicopper���� com-
plexes with differences mainly due
to the conformations of the peptide
spacer groups between the two
coordination sites. The combination
of EPR spectroscopy with molecu-
lar modeling is a valuable tool to
analyze these variations.


Figure 5. Two views each for the computed structures (MM-EPR) of the purple dicopper(��) complexes of
PatJ1 (A), PatJ2 (B), PatL (C) and PatN (D).
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Experimental Section


Measurements : All reagents and solvents were of analytical grade and used
without further purification. 1H and 13C NMR spectra were recorded with
either Bruker WH300, Varian 300 MHz, Bruker AMX500 or Bruker
Avance DRX500 spectrometers; chemical shifts are reported relative to
TMS or solvent internal standards.


Preparative scale reversed-phase (rp) HPLC separations were performed
on a Waters Delta-Pak PrepPak C18 40	 100 mm cartridge (100 ä). Linear
peptides were purified using gradient mixtures of water (0.1% TFA,
solvent system A) and 10% water ¥ 90% CH3CN ¥ 0.1% TFA (solvent
system B). Cyclic peptides were purified using gradient mixtures of water
and CH3CN (100% solvent system A to 100% solvent system B).


UV/Vis spectra were recorded with a Perkin Elmer Lamda40 spectrom-
eter. The accuracy of the � values is, due to volumetric inaccuracies
(copper(��) and peptide concentrations, addition of base, small samples) of
the order of �15%. Circular dichroism (CD) spectra were recorded with a
JASCO J-710 spectropolarimeter. The measurements (200 ± 800 nm at
room temperature) were carried out in MeOH, using cells with 0.1 cm path
length. Mass spectra were obtained with a Mariner Biospec Electrospray
Time of Flight (ES/TOF MS) mass spectrometer (Applied Biosystems,
Framingham, USA). The infusion flow rate was 60 �Lmin�1, typical
injection volumes are 20 �L. The declustering voltages Skimmer1,
Skimmer2 and Nozzle potential were typically 60, 30, and 10 V, respec-
tively. Data was processed using the Biospec application programme. High-
resolution mass spectra were recorded with an internal standard, using
reserpine purchased from Sigma.


Electron paramagnetic resonance spectra (EPR) were recorded with a
Bruker ESP300E EPR or a Bruker ELEXSYS E500 EPR spectrometer,
equipped with an EIP 548B microwave frequency counter and a Bruker


E035M Gauss meter for microwave frequency and magnetic field
calibration. A flow-through cryostat in conjunction with a Euroterm (B-
VT-2000) variable temperature controller provided temperatures of 120 ±
140 K at the sample position in the cavity. Helium temperatures (1.9 ± 4 K)
were obtained using a CF-935 cryostat in conjunction with an Oxford
Instruments ITC-4 temperature controller. EPR computer simulations
were done with XSophe, version 1.0.2
, on an SGI O2-workstation, using a
distribution of g and A values line width model. Frequencies and
temperatures are given in the figure captions.


Conformational analyses were performed with the MOMEC97[39] program
and force field,[21, 36, 40] using the random kick stochastic searching
module.[36] To scan the conformational space in each structure, six
individual structures were generated based on the EPR simulation
parameters. For each structure 1000 kicks were allowed, with a maximum
atom shift of 3 ä (random orientation). Full optimization was done for all
low energy structures (within 10 kJmol�1 from the global energy mini-
mum). For the definition of the geometric parameters for the EPR
simulations the biggest problem was the definition of the xy plane of the
two copper sites. This was done in a consistent way, using the thiazole-N
and the two amide-N donors, as well as the copper center; the z axis was
assumed to be perpendicular to this plane.


For X-ray crystallography, the single crystal was mounted on glass fibers
with Supa glue. Lattice parameters were determined by least-squares fits to
the setting parameters of 25 independent reflections, measured and refined
on an Enraf-Nonius CAD4 diffractometer, using graphite-monochromated
MoK� radiation. The structure was solved by heavy-atom and direct
methods, and refined using full-matrix least squares on F 2. Programs used
were SHELX[41] and SHELXL-93[42] for solution and refinement, respec-
tively, and ORTEP[43] for plotting. Crystallographic data are assembled in
Table 4.


Syntheses


Boc-Gly(Thz)-OH : HBr ¥H2N-Gly(Thz)-OMe (3.48 g; 13.75 mmol) was
dissolved in THF/H20 (20 mL; 1:1) and left stirring at 0 �C. LiOH ¥H20
(1.735 g, 41.25 mmol) was added and the reaction mixture left stirring for
one hour. The tert-butyloxycarbonyl (Boc) protecting group (3.00 g,
13.75 mmol) was added and the solution warmed up to room temperature
and left stirring for 12 hours. The organic solvent was removed in vacuo and
the aqueous layer acidified to pH 3. The aqueous layer was extracted with
acetic acid. The solvent was removed in vacuo; yield: 2.21 g (93.47%).


Table 3. Angles, Cu ¥¥¥ Cu distances, and strain energies of the calculated
structures (six lowest energy minima, 1 to 6[a]), compared with the
parameters from the EPR simulation (see Table 2) of the purple dinuclear
CuII complexes of PatJ1, PatJ2, PatL, and PatN.


Strain energy r [ä] � [�] � [�] � [�]
[kJmol�1]


PatJ1 5.85 60 75 80
PatJ1 � 1 78.31 5.70 57 82 76
PatJ1� 2 85.57 5.55 50 74 86
PatJ1� 3 87.23 5.56 48 87 69
PatJ1� 4 87.46 5.82 51 73 83
PatJ1� 5 87.96 5.63 50 72 88
PatJ1� 6 87.96 5.94 46 79 77


PatJ2 5.75 42 85 30
PatJ2 � 1 79.05 5.58 37 86 70
PatJ2� 2 81.76 5.66 48 80 94
PatJ2� 3 82.90 5.51 41 83 64
PatJ2� 4 84.01 5.61 39 90 70
PatJ2� 5 87.47 5.94 54 79 83
PatJ2� 6 88.31 5.75 61 72 93


PatL 5.85 29 79 31
PatL� 1 75.92 5.93 41 82 43
PatL� 2 76.39 5.72 49 80 74
PatL� 3 77.26 5.68 48 83 72
PatL� 4 77.27 5.52 48 85 79
PatL� 5 79.08 5.87 49 84 53
PatL� 6 85.54 5.63 61 87 91


PatN[b] 5.89 88 35 25
PatN[c] 5.75 55 37.5 30
PatN� 1 76.04 6.21 65 62 93
PatN� 2 77.75 5.51 51 89 72
PatN� 3 78.20 5.62 54 84 78
PatN� 4 79.82 5.64 57 82 75
PatN� 5 80.11 5.37 51 65 87
PatN� 6 80.19 5.26 65 62 93


[a] Lowest energy structure 1 in italics. [b] See Table 2. [c] Taken from
reference [21].


Table 4. Crystal data and structure refinement for PatJ1.


empirical formula C30H46N8O9S2
formula weight 726.87
temperature [K] 293(2)
wavelength [ä] 0.71073
crystal system monoclinic
space group P2(1)
unit cell dimensions
a [ä] 11.194(3)
b [ä] 10.1010(1)
c [ä] 16.593(4)

 [�] 104.22(1)
volume [ä3] 1818.7(7)
Z 2
�calcd [Mgm� 3] 1.327
absorption coefficient [mm�1] 0.208
F(000) 772
crystal size [mm] 0.6	 0.5	 0.5
� range [�] 1.88 ± 24.98
index ranges 0
 h
 13, 0
 k
 12, �19
 l
 19
reflections collected 3565
independent reflections 3383 [R(int)� 0.0176]
refinement method full-matrix least-squares on F 2


data/restraints/parameters 3383/1/444
goodness-of-fit on F 2 1.025
final R indices [I� 2�(I)] R1� 0.0334,wR2� 0.0871
R indices (all data) R1� 0.0471, wR2� 0.0946
absolute structure parameter 0.05(9)
largest difference peak and hole [eä�3] 0.269 and �0.214
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1H NMR (500 MHz, [D6]DMSO): � 1.41 (s, 9H; (CH3)3C-), 4.38, 4.39 (d,
3J(H,H)� 6.0 Hz, 2H; CH2-Gly), 7.82 (t, 1H; NH-Gly), 8.32 (s, 1H; CH-
Thz); 13C NMR (75 MHz, DMSO) � 28.17 ((CH3)C-), 41.94 (CH2-Gly),
78.70 ((CH3)C-), 128.45 (CH-Thz), 146.96, 155.78 (2	C-Thz), 162.11,
171.53 (CO-Boc, COOH); ESMS: m/z (%): 259.0 (100) [M�H]� (calcd
258.3).


H-(Thr-Gly(Thz)-Ile-Thr-Gly(Thz)-Ile)-OH : Boc-Ile-PAM resin (0.67 g,
substitutional value� 0.746 mmolg�1) was deprotected with trifluoroacetic
acid (TFA; 5 mL, 2	 2 min), washed with DMF, and a solution of Boc-
Gly(Thz)-OH (0.26 g; 2 equiv), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium-hexafluorophosphate (HBTU; 0.5� in DMF 2 mL) and
diidsopropylethylamine (DIPEA; 0.47 mL) was added. The reaction
mixture was shaken for 20 min, and the reaction monitored by the negative
ninhydrin test (�99.5% coupling). The phenylacetamidomethyl (PAM)
resin was washed with DMF and the synthesis completed by the sequential
coupling of Boc-Thr(OBzl)-OH (4 equiv), Boc-Ile-OH (4 equiv), Boc-
Gly(Thz)-OH (2 equivuiv), and Boc-Thr(OBzl)-OH (4 equiv), using the
same procedure, and finally washed with DMF, MeOH, MeOH/CH2Cl2
(1:1). The peptide was cleaved from the resin with HF at �5 to �1 �C with
1 mL p-cresol as scavenger for the protecting benzyl groups, precipitated
and washed several times using diethyl ether, redissolved in water
acetonitrile (1:1) and lyophilized. The crude powder was purified by
HPLC (gradient, 60 min) to give H-(Thr-Gly(Thz)-Ile-Thr-Gly(Thz)-Ile)-
OH as a white powder; yield: 220.3 mg (60.6%). 1H NMR (500 MHz;
DMSO): � 0.79, 0.81, 0.82 (t, 3J(H,H)� 7.5 Hz, 7.5 Hz, 3H; -CH3-Ile),
0.85, 0.87, 0.88 (t, 3J(H,H)� 7.0 Hz, 6.0 Hz, 3H; -CH3-Ile), 1.05, 1.06 (d,
3J(H,H)� 6.0 Hz, 3H; �-CH3-Ile), 1.12, 1.13 (d, 3J(H,H)� 6.5 Hz, 3H; �-
CH3-Ile), 1.05, 1.06 (d, 3J(H,H)� 6.0 Hz, 3H; CH3-Thr), 1.12, 1.13 (d,
3J(H,H)� 6.5 Hz, 3H; CH3-Thr), 1.10 ± 1.21 (m, 4H; 2	 �-CH2-Ile) 1.44 ±
1.53 (m, 1H; 
-CH-Ile), 1.87 ± 1.91 (m, 1H; 
-CH3-Ile), 3.87 ± 3.92 (m, 1H;

-CH-Thr), 3.98 ± 4.02 (m, 1H; 
-CH-Thr), 4.23 ± 4.31 (m, 2H; �-CH-Thr),
4.47 ± 4.71 (m, 6H; 2	�-CH-Ile, 2	CH2-Gly), 7.92, 7.94 (d, 3J(H,H)�
8.5 Hz, 1H; NH-Thr), 8.09, 8.11 (d, 3J(H,H)� 9.5 Hz, 1H; NH-Ile), 8.15,
8.18 (2s, 2H; CH-Thz), 8.21, 8.23 (d, 3J(H,H)� 8.5 Hz, 1H, NH-Thr), 8.67,
8.70, 8.71 (t, 3J(H,H)� 6.0 Hz, 5.5 Hz, 2H; NH-Gly), 9.20 (br s, 1H; NH-
Ile); 13C NMR (300 MHz; DMSO): � 10.89, 11.62 (2	 �-CH3-Ile), 15.43,
15.72 (2	-CH3-Ile), 20.15 (2	CH3-Thr), 24.40, 25.02 (2-CH2-Ile), 37.05,
37.40, 38.44, 38.46 (2	 
-CH-Ile, 2	CH2-Gly), 57.04, 57.18, 58.57, 58.59
(2	�-CH-Ile, 2	�-CH-Thr), 66.45, 66.66 (2	
-CH-Thr), 124.25, 124.60
(2	CH-Thz), 148.82, 149.01, 159.58, 159.84 (4	C-Thz), 169.84, 169.99,
170.56, 170.82, 170.85, 173.00 (6	CO); ESMS: m/z (%): 727.3 (100)
[M�H]� (calcd 726.9).
cyclo(Ile-Thr-Gly(Thz))2, PatJ1, PatJ2 : A solution of H-(Thr-Gly(Thz)-Ile-
Thz-Gly(Thz)-Ile)-OH (100 mg, 0.14 mmol), [benzo-triazol-1-yloxytris-
(dimethylamino)phosphonium]hexafluorophosphate (BOP; 186 mg,
0.42 mmol) and DIPEA (90 mg, 0.7 mmol) in DMF (150 mL) was stirred
at room temperature for one hour; the reaction was monitored by mass
spectrometry. The solvent was evaporated in vacuo and the residue purified
by HPLC (gradient, 60 min). The appropriate fractions were combined and
lyophilized to give cyclo(Ile-Thr-Gly(Thz))2, PatJ1; yield: 27.84 mg (28.1%)
and cyclo(�-Ile-Thr-Gly(Thz)-�-Ile-Thr-Gly(Thz)), PatJ2; yield: 21.82 mg
(22.0%). PatJ1: 1H NMR (500 MHz, [D3]MeOH): � 0.89, 0.90, 0.92 (t,
3J(H,H)� 7.5, 7.0 Hz, 6H; 2-H3-Ile), 1.06, 1.07 (d, 3J(H,H)� 7.0 Hz, 6H;
2�-CH3-Ile), 1.17 ± 1.28 (m, 2H; �-CH2-Ile), 1.25, 1.26 (d, 3J(H,H)� 6.5 Hz,
6H; 2CH3-Thr), 1.69 ± 1.75 (m, 2H; �-CH2-Ile), 2.38 ± 2.39 (m, 2H; 
-CH-
Ile), 4.03 (br s, 2H; �-CH-Thr), 4.17 ± 4.20 (m, 2H; �-CH-Ile), 4.35 ± 4.38
(m, 2H; CH2-Gly), 4.69 (m, 2H; 
-CH-Thr), 5.10 ± 5.12 (m, 2H; CH2-Gly),
7.66 (s, 2H; CH-Thz), 8.25, 8.27 (d, 3J(H,H)� 7.5 Hz, 2H; NH-Gly), 9.11,
9.12 (d, 3J(H,H)� 5.5 Hz, 2H; NH-Ile), 9.45 (br s, 2H; NH-Thr); ESMS:
m/z (%): 709.3 (100) [M�H]� ; HRMS: 709.27523, calcd for C30H45N8O8S2:
709.28018; elemental analysis calcd (%) for C30H44N8O8S2 ¥ 2H2O: C 48.23,
H 6.50, N 15.04; found: C 48.23, H 6.27, N 15.15; retention time for
analytical HPLC (gradient, 32 min.): 18.8 min. PatJ2: 1H NMR (500 MHz,
[D3]MeOH): � 0.89, 0.91, 0.92 (t, 3J(H,H)� 7.5 Hz, 7.5 Hz, 3H; -CH3-
Ile), 0.98, 0.99, 1.01 (t, 3J(H,H)� 7.5 Hz, 7.0 Hz, 3H; -CH3-Ile), 1.06, 1.08
(d, 3J(H,H)� 6.5 Hz, 3H; �-CH3-Ile), 1.10, 1.12 (d, 3J(H,H)� 6.5 Hz, 3H;
�-CH3-Ile), 1.14 ± 1.28 (m, 2H; �-CH2-Ile), 1.29, 1.30 (d, 3J(H,H)� 6.0 Hz,
3H; �-CH3-Thr), 1.32, 1,34 (d, 3J(H,H)� 6.5 Hz, 3H; �-CH3-Thr), 1.51 ±
1.57 (m, 2H; �-CH2-Ile), 2.42 ± 2.47 (m, 1H; 
-CH-Ile), 2.65 ± 2.66 (m, 1H;

-CH-Ile), 3.74 ± 3.78 (dd, 3J(H,H)� 7.5 Hz, 8.0 Hz, 1H; �-CH-Ile), 4.28 ±
4.39 (4m, 5H; �-CH-Ile, CH2-Gly, �-CH-Thr, 
-CH-Thr), 5.10 ± 5.15 (dd,


3J(H,H)� 9.5 Hz, 9.5 Hz, 2H; CH2-Gly), 7.64 (s, 1H; CH-Thz), 7.67 (s, 1H;
CH-Thz), 7.82, 7.84 (d, 3J(H,H)� 8.5 Hz, 1H; NH-Thr), 8.18, 8.19, 8.21 (t,
3J(H,H)� 8.5 Hz, 8.0 Hz, 2H; NH-Gly), 8.71, 8.73 (d, 3J(H,H)� 8.5 Hz,
1H; NH-Thr), 8.77, 8.78 (d, 3J(H,H)� 7.0 Hz, 1H; NH-Ile), 9.49, 9.50 (d,
3J(H,H)� 7.5 Hz, 1H; NH-Ile;); ESMS: m/z (%): 709.3 (100) [M�H]� ;
HRMS: 709.27518, calcd for C30H45N8O8S2 708.28018; elemental analysis
calcd (%) for C30H44N8O8S2 ¥ 3H2O: C 47.23, H 6.61, N 14.69; found C 47.23,
H 6.07, N 14.44; retention time for analytical HPLC (gradient, 32 min.):
20.06 min.
Mononuclear copper���� complexes of PatJ1: To a 0.002� solution of PatJ1


(150 �L) in methanol was added one equivalent of a 0.019� solution of
Cu(ClO4)2 in methanol. To this mixture was added dropwise two equiva-
lents of a 0.017 � solution of NaOH in methanol, and the resulting mixture
was shaken after each addition. MS: m/z (%) (addition of two equivalents
ofbase): [H6PatJ1Na]�� 731.5 (100), calcd 731.8; [Cu(H5PatJ1)]�� 771.7
(5), calcd 771.4; [CuNa(H4PatJ1)]�� 792.4 (8), calcd 793.5;
[Cu2(H3PatJ1)]�� 831.4 (3), calcd 832.9; [Cu2Na(H2PatJ1)]�� 853.3 (20),
calcd 854.9; negative ions: [Cu(H3PatJ1)(H2O)2]�� 805.9 (18), calcd 805.4;
[Cu2(H1PatJ1)]�� 827.7 (3), calcd 830.8; [Cu2(H3L)(OH)2]�� 866.7 (3),
calcd 886.9; [Cu2(H1PatJ1)(MeOH)3]�� 927.6 (3), calcd 926.7; for UV/Vis
spectra see Table 1.
Dinuclear copper���� complexes of PatJ1: To a 0.002� solution of PatJ1


(150 �L) was added two equivalents of a 0.019� solution of Cu(ClO4)2 in
methanol. To this mixture was added dropwise six equivalents of a 0.017�
solution of NaOH in methanol, and the resulting mixture was shaken after
each addition. MS: m/z (%) (addition of six equivalents of base):
[Cu2Na(H2PatJ1)]�� 853.3 (61), calcd 854.8; negative ions:
[Cu(H3PatJ1)]�� 767.0 (20), calcd 769.4; [Cu2(H1PatJ1)]�� 827.8 (42), calcd
830.8; [Cu2(PatJ1)]2�� 414.4 (17), calcd 414.9; for UV/Vis spectra see
Tables 1, 2.


Mononuclear copper���� complexes of PatJ2 : To a 0.002� solution of PatJ1


(150 �L) in methanol was added one equivalent of a 0.019� solution of
Cu(ClO4)2 in methanol. To this mixture was added dropwise two
equivalents of a 0.017� solution of NaOH in methanol, and the resulting
mixture was shaken after each addition. MS: m/z (%) (addition of two
equivalents of base): [H6PatJ2Na]�� 731.4 (100), calcd 731.8;
[H5PatJ2Cu]�� 771.7 (7), calcd 771.4; [H2PatJ2Cu2Na]�� 855.3 (7), calcd
854.8; negative ions: [H3PatJ2Cu(H2O)2]�� 805.9 (100), calcd 805.4; for
UV/vis spectra see Table 1.


Dinuclear copper���� compexes of PatJ2 : To a 0.002� solution of PatJ1


(150 �L) was added two equivalents of a 0.019� solution of Cu(ClO4)2 in
methanol. To this mixture was added dropwise six equivalents of a 0.017�
solution of NaOH in methanol, and the resulting mixture was shaken after
each addition. MS: m/z (%) (addition of six equivalents of base):
[Na(H6PatJ2)]�� 731.5 (100), calcd 731.8; [CuNa(H4PatJ2)]�� 792.4 (8),
calcd 793.5; [Cu2Na(H2PatJ2)]�� 855.3 (12),calcd 855.9; for UV/vis spec-
tra, see Tables 1, 2.


The cyclic peptide PatL and the corresponding copper compounds were
prepared and characterized analogously, see Supporting Information.
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Reactivity of 1,6-Bis(trimethylsilyl)-hexa-3-ene-1,5-diynes towards
Triethylborane, Triallylborane, and 1-Boraadamantane: First Molecular
Structure of a 4-Methylene-3-borahomoadamantane Derivative, and the First
6,8-Diborabicyclo[2.2.2]oct-2-ene Derivative


Bernd Wrackmeyer,*[a] Wolfgang Milius,[a] Oleg L. Tok,[b] and Yuri N. Bubnov[b]


Abstract: Compounds (E)- (1) and (Z)-
1,6-bis(trimethylsilyl)-hexa-3-ene-1,5-
diyne (2) react with triethylborane (3)
by 1,1-ethylboration in a 1:1 or 1:2 molar
ratio (in the case of 1), whereas in the
case of 2 only the 1:1 product is formed.
The analogous reactions of 1 or 2 with
triallylborane (4) are more complex
because of competition between 1,1-
allyl- and 1,2-allylboration. Again, com-
pound 2 reacts only with one equivalent
of 4. In the case of 1-boraadamantane


(5), 1,1-organoboration of 1 and 2 takes
place either at one or at both C�C bonds
leading to compounds containing the
4-methylene-3-borahomoadamantane
unit(s). The product of the reaction of 1
with two equivalents of 5 was character-
ized by X-ray structure analysis. The


primary products of the reaction of 2
with 5 rearrange upon heating by deor-
ganoboration and organoboration to
give finally a tetracyclic compound 24
that contains an exocyclic allenylidene
group. The product of the 1:2 reaction of
2 with 5 rearranges to give the 6,8-
dibora-bicyclo[2.2.2]oct-2-ene deriva-
tive 25. All reactions were monitored
by 1H, 11B, 13C, and 29Si NMR spectro-
scopy.


Keywords: alkynes ¥ allylboration ¥
boron ¥ boraadamantane ¥ organo-
boration


Introduction


Reactions of alkynes containing organometallic substituents
with triorganoboranes have afforded a large variety of novel
alkenes, allenes, and heterocycles.[1] When there are several
C�C bonds present, it is often difficult to predict the structure
of the products, and, depending on the nature of the borane,
rather unusual products, difficult to prepare by other methods,
can be formed. In this context the reactivity of the trimethyl-
silyl-substituted enediynes 1 and 2 towards triorganoboranes
is of interest. In this work we report on the results of the
reactions of 1 and 2 with triethyl- (3), triallylborane (4), and
1-boraadamantane (5). Triethylborane (3) is representative of
the family of ™normal∫ trialkylboranes, and numerous results
of 1,1-organoboration reactions using this borane are already
available.[1] Triallylborane (4) is a special case owing to
permanent allylic rearrangement,[2] and its chemistry has been
studied in great detail,[3] including the competition reactions


between 1,1-allyl- and 1,2-allylboration of alkynes containing
organometallic substituents.[4, 5] Another special triorganobor-
ane is 1-boraadamantane (5),[6] isoelectronic with the 1-ada-
mantyl cation,[7] which contains a highly Lewis-acidic center.
This arises in 5 because the three-coordinate boron atom,
which usually prefers a trigonal-planar geometry, is forced
into pyramidal surroundings to reduce some of the strain in
the tricylic system. It has already been found that 5 reacts
readily even with 1-alkynylsilanes, which proved to be inert
towards boiling Et3B.[8, 9]


Results and Discussion


Reactions of triethylborane (3) with the 1-alkynylsilanes 1
and 2 : The results of the reaction of Et3B (3) with the
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alkynylsilanes 1 and 2 are summarized in Scheme 1. In the
case of 2, only one of the Si�C� bonds is attacked to give the
1,1-ethylboration product 8, whereas 1 reacts either to give the
1:1 product 6 or to the 1:2 product 7. The structures of 6 ± 8 can
be deduced from the consistent set of NMR data (Table 1).
The compounds 6 ± 8 are formed quantitatively as colorless,
air-sensitive oils.


Scheme 1. Reactions of 1 and 2 with 3.


Reactions of triallylborane 4 with the 1-alkynylsilanes 1 and 2 :
Both compounds 1 and 2 react with triallylborane 4 by 1,1-
and 1,2 allylboration, where, in the latter case, the boron atom
ends up at the olefinic carbon atom next to the silicon atom. In
the 1,1-allylboration, the E configuration is preferred in the
products. These complex mixtures are best analyzed by 29Si
NMR spectroscopy as shown in Figure 1. The products 9, 10,
and 14 ± 18, observed in the reaction mixtures are shown in
Scheme 2 and Scheme 3, respectively. Apparently, the ene-
diyne 1 reacts with 4 in a 1:1 and a 1:2 molar ratio (Fig-
ure 1 A), whereas the enediyne 2 reacts only at one of the C�C


bonds, and potential products such as 11 ± 13 are not formed
to an appreciable amount (Figure 1 B; Scheme 2).


Reactions of 1-boraadamantane 5 with the 1-alkynylsilicon
compounds 1 and 2 : 1-Boraadamantane (5) reacts readily with
1 or 2, either in a 1:1 or in a 2:1 molar ratio (Scheme 4 and
Scheme 5, respectively). In the case of the reaction of two
equivalents of 5 with 1, the product is the colorless solid 20,
which could be recrystallized from benzene to give single
crystals suitable for X-ray structure analysis (vide infra). The
1:1 reaction of 5 with 2 first gave a mixture containing three
compounds, the starting alkyne 2, the 1:1 product 21 and the
2:1 product 22, all of which were readily identified by their
NMR data. Heating of this reaction mixture led to the
formation of a new compound 24, and neither the alkyne 2 nor
the products 20 and 21 remained in the mixture. The 1,1-
organoboration is reversible,[1] and it was shown previously
that 1,1-deorganoboration is particularly facile in the case of
4-methylene-3-borahomoadamantane derivatives.[8] Eventu-
ally the alkene 23 (not detected) is formed with Z config-
uration instead of 21 with E configuration. In contrast to 21,
the Lewis-acidic boron atom in the Z isomer 23 can intra-
molecularly approach the remaining Si�C� bond. This attack
is then followed by a shift of one hydrogen atom to the
terminal alkynyl carbon atom, and the formation of new C�C
and B�C bonds, to give 24. The new product 24 could be
isolated as a colorless solid, and the IR and NMR data (see
Figure 2 for the 13C NMR spectrum) were conclusive with
respect to a tetracyclic structure with an exocyclic allenyli-
dene group.


When 2 reacts with two equivalents of 5, the triene 22 is
formed selectively (Scheme 5). Heating of 22 (2 h, 90 �C)
induces rearrangements, most likely through compounds
which possess the Z configurations at the C�C bonds bear-
ing the organometallic substituents. Finally, the 6,8-dibora-


Table 1. 13C and 29Si NMR data[a] of the 1,1-organoboration products 6 ± 10, and 19 ± 22.


Compd �(13C)(1) (br) �(13C)(2) �(13C)(3) �(13C)(4) �(13C)(5) �(13C)(6) �(29Si)(1) �(29Si)(2)


6[b] 171.3 134.2 144.3 109.7 106.9 95.8 � 5.5 � 18.5
7[c] 165.4 136.0 (68.9) 131.3 ± ± ± � 6.1 ±
8[d] 164.8 136.5 146.5 121.4 105.3 98.3 � 6.1 � 18.8


(66.7) (16.6) (86.1)
9[e] 158.6 139.4 145.8 110.2 105.0 98.8 � 5.5 � 18.6


(65.5) (16.5) (88.3)
10[f] 161.7 144.0 142.6 107.3 105.1 102.5 � 15.6 � 18.2


(16.3) (84.2)
19[g] 172.0 130.7 144.2 108.8 107.4 95.7 � 4.8 � 17.5


(67.6) (16.3) (85.5)
20[h] 166.4 132.7 130.9 ± ± ± � 5.2 ±


(68.6) [4.8]
21[i] 167.0 133.5 145.9 109.2 105.5 98.1


(67.3) (16.6) (86.4) � 4.5 � 18.9
22[j] 167.0 135.6 130.1 ± ± ± � 5.2 ±


(68.8)


[a] In C6D6; coupling constants J(29Si,13C) are given in parentheses � 0.3 Hz; br denotes a 13C NMR signal broadened by partially relaxed 13C ± 11B spin-spin
coupling. [b] Other 13C NMR data: �� 0.7 (Me3Si, 54.4); 1.0 (Me3Si, 52.0); 10.0 (Et); 14.2 (Et); 21.0 (br, Et2B); 23.2 (Et, 7.0). [c] Other 13C NMR data: �� 1.5
(Me3Si, 51.1); 10.2 (Et2B); 14.4 (Et); 21.3 (br, Et2B); 23.5 (Et, 7.2). [d] Other 13C NMR data: �� 0.4 (Me3Si, 51.3); 0.6 (Me3Si, 56.1); 10.2 (Me); 13.7 (Me);
22.3 (br, CH2B); 25.7 (CH2). [e] Other 13C NMR data: �� 0.3 (Me3Si, 56.4); 0.6 (Me3Si, 51.6); 37.5 (br, CH2B); 38.4 (CH2, 7.2). [f] Other 13C NMR data: ��
0.3 (Me3Si, 56.1); 1.1 (Me3Si, 51.8); 36.9 (br, CH2B); 43.8 (CH2, 7.2). [g] Other 13C NMR data: �� 0.7 (Me3Si, 56.4); 1.2 (Me3Si, 50.6); 30.8 (CH); 34.3 (CH2);
34.6 (CH); 36.2 (br, CH2B); 37.5 (CH2, [6.2]); 37.7 (CH2). [h] Other 13C NMR data: �� 1.9 (Me3Si, [50.9]); 31.1 (CH); 34.6 (CH); 35.1 (CH2); 36.7 (br,
CH2B); 37.8 (CH2, [5.6]); 37.9 (CH2). [i] Other 13C NMR data: �� 0.7 (Me3Si, 51.1); 0.8 (Me3Si, 56.1); 30.9 (CH); 35.1 (CH); 36.8 (br, CH2B); 37.7 (CH2);
37.9 (CH2). [j] Other 13C NMR data: �� 1.4 (Me3Si, 50.6); 31.2 (CH); 35.0 (CH); 36.5 (br, CH2B); 38.0 (CH2); 38.1 (CH2).
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Scheme 2. Reactions of 2 with 4.


bicyclo[2.2.2]oct-2-ene derivative 25 is formed quantitatively.
This is reminiscent of the products observed from the reaction
of two equivalents of 5 with di(1-alkynyl)silanes and -
stannanes.[9] The structure of 25 in solution follows conclu-
sively from the NMR data (see Figure 3 for the 13C NMR


spectrum, and Table 2 for a
comparison of the 13C NMR
data of 25 with those for a
related derivative[9]). Single
crystals, however of low quality,
were obtained for 25, and the
X-ray structural analysis at
least confirmed the proposed
structure also for the solid state.


The formation of both 24 and
25 can be ascribed to the
strongly Lewis-acidic character
of the boron atoms in the re-
spective precursor molecules, in
which the boron atoms are part
of a 4-methylene-3-borahomoa-
damantane system. According
to the results of the X-ray
structural analysis of 20, in
agreement with the calculated
structure of the parent com-
pound 20a, the surroundings of
the boron atom deviate from a
trigonal-planar geometry, al-
though the pyramidal character
is less pronounced than in
1-boraadamantane (vide infra).
Thus, the energy of activation
for an intramolecular attack of


electron-rich sites such as the trimethylsilyl-substituted al-
kynyl or alkenyl carbon atoms is reduced and further
rearrangements can take place.


Scheme 3. Reactions of 1 with 4.


Figure 1. 99.4 MHz 29Si{1H} NMR (refocused INEPT[18]) spectra of the reaction solutions obtained from the
reactions of triallylborane 4 with the enedyines 1 (A: products 14, 15 from reactions in a 1:1, and 16 ± 18 in a
1:2 molar ratio) and 2 (B: products 9 and 10 from reactions in a 1:1 molar ratio only; coupling constants
1J(29Si,13C�) are given in parentheses. Except for the signals of the starting materials and spurious signals of
unidentified impurities all other signals belong to products of 1,1- and 1,2-allylboration (see Scheme 2 and
Scheme 3). In both 16 and 18, the two silicon atoms are chemically equivalent. Note the large shift difference for
silicon atoms in geminal (low frequency) and vicinal (cis) position (high frequency) with respect to the All2B
group.
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Scheme 4. Reaction of 1 with 5.


X-ray structural analysis of the 4-methylene-3-borahomo-
adamantane derivative 20[10] and of the 6,8-dibora-
bicyclo[2.2.2]oct-2-ene derivative 25 : The molecular structure
of 20 is shown in Figure 4, together with selected bond lengths
and angles. The six carbon atoms of the triene system, the two
boron and two silicon atoms are all in one plane within
experimental error (mean deviation 1.4 pm). There are very
few molecular structures reported for hexa-1,3,5-triene de-
rivatives.[11] All bond lengths are in the expected range when
compared with those in 1,6-bis[bis(trimethylsilylamino)]-1,6-
diphenyl-hexa-1,3,5-triene[11] and with Et3B.[12] The C�C
bonds in the tricyclic system are slightly elongated which
points towards effects arising from hyperconjugation.[12]


According to the arrangement of the B-C(2)-C(9)-C(10) unit
with respect to the plane B-C(1)-C(11) C ± B(pp)� interac-
tions are negligible. Most noteworthy, the surroundings of the
boron atoms deviate from trigonal-planar geometry, since the
sum of bond angles around the
boron atoms is only 355.8� in-
stead of 360�, usually encoun-
tered in triorganoboranes. This
is in agreement with the calcu-
lated gas-phase structure of the
related parent compound 20a
(vide infra). Considerable dis-
tortions of the bond angles at
the terminal C ± C double bond
occur in the vicinity of the
boron atoms: C(11)-C(1)-B
130.60(19)�, and B-C(1)-C(2)
107.38(17)�. The corresponding
data for the calculated structure
of the parent compound 20a
(128.0�, 110.8�) suggest that this
is not an effect of the Me3Si
groups in 20.


In spite of several attempts to
grow better crystals of 25, the
quality of the single crystals
were insufficient to obtain crys-


Scheme 5. Reaction of 2 with 5.


tal data with high accuracy as was possible in the case of 20,
and therefore, structural parameters will not be discussed.
However, the structural features of 25, as proposed on the
basis of NMR data in solution, could be confirmed. There are
two independent molecules in the unit cell which differ only
slightly in their parameters. The molecular structure is shown
in Figure 5.


Figure 2. 125.8 MHz 13C{1H} NMR spectrum (high-field region is omitted) of compound 24 (in C6D6, 23� 1 �C).
The 1H-coupled, 11B-decoupled 13C NMR signals are shown in rectangular frames. The broad 13C NMR signals,
typical of 13C nuclei linked to the quadrupolar 11B nucleus,[19] are readily assigned (�, �), and one of the olefinic
and one of the terminal allenic 13C resonance signals are accompanied by 29Si satellites (marked by asterisks)
according to 1J(29Si,13C) with a characteristic magnitude.[20] The 13C NMR signal of the central allenic carbon atom
is found at typically high frequency.[21]
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Figure 4. Molecular structure (ORTEP plot with 50 % probability; hydro-
gen atoms have been omitted for clarity) of the triene 20. Selected bond
lengths [pm] and angles [�]: B�C(1) 155.5(3), B�C(9) 155.4(1), B�C(10)
156.8(4), C(1)�C(11) 135.8(3), C(11)�C(12) 146.6(3), C(12)�C(12A)
134.2(4), C(2)�C(3) 155.0(3), C(3)�C(4) 153.6(4), C(4)�C(5) 153.0(4),
C(5)�C(6) 153.1(4), C(5)�C(10) 155.2(3), Si�C(11) 187.8(2), Si�C(13)
186.3(3), Si�C(14) 186.7(3), Si�C(15) 186.4(3); C(1)-B-C(9) 119.8(2), C(1)-
B-C(10) 120.8(2), C(9)-B-C(10) 115.2(2), B-C(1)-C(2) 107.38(17), C(11)-
C(1)-B 130.60(19), C(11)-C(1)-C(2) 121.99(19), C(1)-C(11)-C(12)
120.31(19), C(1)-C(11)-Si 119.66(16).


Quantum-chemical calculations
of 1-boraadamantane (5),
4-methylene-3-borahomoada-
mantane and 6,8-diboranorbor-
nene : In the absence of direct
structural information on 1-bora-
adamantane (5), the optimized
geometry based on ab initio
MO calculations (RB3LYP/6-
311**G[13]) (Figure 6) indicate
that the surroundings of the
boron atom are pyramidal.
The GIAO-calculated 11B
chemical shift[14] is correctly
predicted (in agreement with
the experimental data) with
respect to that of trimethylbor-
ane (calculated at the same
level of theory). This also ap-
plies to the �(13C) values (Ta-
ble 3) which indicates that the
structural data for 5, 20a and
25a are fairly reliable.


Figure 5. Molecular structure of the diborabicyclo[2.2.2]octene derivative
25 (see text).


Figure 6. Optimized (RB3LYP/6 ± 311**G) geometries of 1-boraadaman-
tane (5), 4-methylene-3-borahomoadamantane (20a), and 6,8-dimethyl-
6,8-diborabicyclo[2.2.2]oct-2-ene (25a). Selected bond lengths [pm] and
angles [�]: 5 : B�C 156.9, C(B)�C 158.9, C�C 155.0; C-B-C 116.4; �(C-B-C)
349.2. 20a : B�C 157.3, B�C� 155.4, C�C 134.1, C(B)�C 157.6, �C(B)�C
155.8, �(C-B-C) 355.7. 25a : B(6)�C(1) 159.1, B(6)�C(5) 157.7, B(6)�C(Me)
156.8, C(1)�C(2) 152.1, C(2)�C(3) 134.8, C(3)�C(4) 152.1, C(4)�C(5)
157.9; C(1)-B(6)-C(Me) 123.7, C(1)-B(6)-C(5) 111.6, C(5)-B(6)-C(Me)
124.7; �(C-B-C) 360.0.


Figure 3. 125.8 MHz 13C{1H} NMR spectrum (see also Table 2) of the 6,8-diborabicyclo[2.2.2]oct-2-ene
derivative 25 (in C6D6, 23� 1 �C). All thirteen pairs of carbon atom types are different in their surroundings,
giving rise to 13 13C NMR signals, of which 12 belong to four-coordinate carbon atoms and one represents the
olefinc carbon atoms (13C(SiMe3) not shown). There are three broad signals typical of 13C linked to 11B,[19] of which
one represents a CH2 group and the other two quaternary carbon atoms. Of the latter, the narrower signal at
higher frequency is that of the bridgehead carbon atom bearing both silicon and boron, whereas the broader
signal at lower frequency is assigned to C(10). The differential broadening[19] can be traced to the dif-
ferent magnitude of 13C ± 11B scalar coupling which is smaller, and therefore more efficiently averaged, in
the case of C(1) with the Me3Si group as an additional electropositive substituent (numbering according to
IUPAC rules).


Table 2. Comparison of 11B, 29Si and relevant 13C NMR data for 25 and 26[9]


�(11B) �(29Si) �(13C)(1) �(13C)(10)


25 81.5 � 0.5 [49.4] 49.3 45.8
26 84.9 � 3.5 [49.0] 51.4 44.1
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The optimized geometry of 4-methylene-3-borahomoada-
mantane 20a (Figure 6) agrees very well with the relevant
experimental structural data for 20. In particular, the sum of
the bond angles at the boron atom is identical in 20 and 20a.
The accuracy of the X-ray structural data for 25 is insufficient
for a meaningful comparison with the optimized geometry of
25a. As expected, the sum of bond angles at the boron atoms
in 25a is exactly 360�, as the result of two wide exocyclic and a
more acute endocyclic C-B-C bond angle.


Conclusion


1-Boraadamantane is extremely reactive in 1,1-organobora-
tion reactions when compared with triethylborane, and is even
more reactive than triallylborane. The 4-methylene-3-bora-
homoadamantane derivatives which are formed by the 1,1-
organoboration still contain a rather Lewis-acidic boron atom,
as indicated by the results of the X-ray structural analysis of 20
with nonplanar surroundings of the boron atom, and this is
confirmed by the optimized geometry according to ab initio
MO calculations. Deorganoboration also takes place readily
providing access to configurations at the C�C bond which
invite further intramolecular reactions leading to novel types
of polycyclic compounds such as the allene 24 and the first 6,8-
diboranorbornene derivative 25.


Experimental Section


General : The preparation and the handling of all compounds were carried
out in an atmosphere of dry argon, and carefully dried solvents were used
throughout. Starting material were prepared as described (alkyne deriv-
atives 1 and 2,[15] triethylborane,[16] triallylborane,[3, 17] and 1-boraadaman-
tane (5)[6]). NMR measurements: Bruker ARX 250, Bruker DRX 500:
1H(J(H,H) coupling constants given in Hz), 11B, 13C (J(Si,C) coupling
constants given in Hz), 29Si NMR (refocused INEPT[18] based on
2J(29Si,1HMe) ca. 7 Hz; J(Si, Si) coupling constants given in Hz), chemical
shifts are given with respect to Me4Si (�(1H) (CHCl3/CDCl3)� 7.24; �(13C)
(CDCl3)� 77.0; �(29Si)� 0 for �(29Si)� 19.867184 MHz); external BF3 ±
OEt2 (�(11B)� 0 for �(11B)� 32.083971 MHz). IR spectra: Perkin Elmer,
Spectrum 2000 FTIR. EI-MS: Finnigan MAT 8500 (ionization energy
70 eV; direct inlet); the m/z data refer to the isotopes 1H, 11B, 12C, 28Si.
Melting or decomposition points: B¸chi 510 melting point apparatus. All ab
initio MO calculations were carried out by using the Gaussian 98
package.[13, 14]


Reaction of triethylborane (3) with the enediynes 1 and 2; general
procedure : A solution of the enediyne (1 or 2, ca. 0.7 mmol) in a tenfold
excess of Et3B was heated at reflux (ca. 100 �C) for two days; then


unreacted borane was removed in vacuo. The oily residues were analyzed
by NMR spectroscopy. The enediynes were transformed quantitatively into
the respective products by 1,1-ethylboration.


Reaction of triallylborane (4) with the enediynes 1 and 2; general
procedure : Two equivalents of All3B were added to a solution of the
enediyne 1 or 2 (ca. 0.7 mmol) in C6D6 (0.5 mL) and the mixtures were kept
at room temperature for two days. NMR analysis showed that the
enediynes were converted quantitatively into new products as a result of
1,1- and 1,2-allylboration. 29Si NMR spectra (Figure 1), recorded immedi-
ately after mixing of the compounds, reveal that 1 and 2 have not reacted
completely with All3B under these conditions.


Reaction of 1-boraadamantane (5) with the enediynes 1 and 2; general
procedure : A solution of enediyne 1 or 2 (1 or 2 equivalents, RT) in C6D6


(0.5 mL) was added to a solution of 1-boraadamantane 5 (ca. 0.5 mmol) in
C6D6 (0.5 mL). The first products were formed immediately. Heating
(80 �C, 6 h) of the solutions of 5 with one and two equivalents of 2 led to
quantitative formation of compounds 24 and 25, respectively.


6 : 1H NMR: �� 0.14 (s, 9H, Me3Si, 6.5), 0.40 (s, 9H, Me3Si, 7.0), 0.85 (t, 3H,
Et, 7.6), 1.03 (t, 6H, Et, 7.2), 1.24 (q, 4H, Et2B, 7.2), 1.89 (q, 2 H, Et, 7.6), 5.98
(d, 1H, �CH, 16.5), 7.44 (d, 1H, �CH, 16.5, 7.1{Si}) ; 11B NMR: �� 81.4.


7: 1H NMR: �� 0.35 (s, 18H, Me3Si, 6.5), 1.15 (t, 6 H, Et, 7.5), 1.16 (t, 12H,
Et2B, 7.2), 1.38 (q, 8H, Et2B, 7.2), 2.22 (q, 4H, Et, 7.5), 6.97 (s, 2H, �CH�,
2.7{Si}) ; 11B NMR: �� 81.4.


8 : 1H NMR: �� 0.24 (s, 9H, Me3Si, 6.6), 0.32 (s, 9H, Me3Si, 6.8), 1.05 (t, 3H,
Et, 7.6), 1.22 (t, 6H, Et, 7.6), 1.43 (q, 4 H, Et, 7.6), 2.25 (qd, 2 H, Et, 7.6, 0.8),
5.61 (d, 1H, �CH, 11.4), 6.42 (dt, 1H, �CH, 11.4, 0.8); 11B NMR: �� 84.1.


9 : 1H NMR: �� 0.21 (s, 9H, Me3Si, 6.4), 0.31 (s, 9 H, Me3Si, 6.6), 2.39 (d,
4H, CH2B, 7.5), 3.09 (dq, 2H, CH2, 7.1, 1.3), 5.0 ± 5.1 (m, 6H,�CH2), 5.57 (d,
1H, CH, 11.4), 5.9 ± 6.2 (m, 3H, �CH�), 6.32 (dt, 1 H, CH, 11.4, 1.3); 11B
NMR: �� 83.1.


10 : 1H NMR: �� 0.20 (s, 9 H, Me3Si, 6.6), 0.27 (s, 9H, Me3Si, 7.0), 2.29 (d,
4H, CH2B, 7.7), 3.49 (dt, 2H, CH2, 6.3, 1.6), 5.0 ± 5.1 (m, 6 H,�CH2), 5.52 (d,
1H, CH, 12.3), 5.9 ± 6.2 (m, 3H,�CH�), 6.57 (d, 1 H, CH, 12.3); 11B NMR:
�� 81.2.


19 : 1H NMR: �� 0.21 (s, 9 H, Me3Si, 6.5), 0.41 (s, 9H, Me3Si, 7.0), 1.2 ± 2.6
(m, 15H, boraadamantane), 6.02 (d, 1 H, �CH�, 16.6), 7.45 (d, 1 H, �CH�,
16.6, [7.9]); 11B NMR: �� 78.3.


20 : M.p. 159 ± 161 �C; 1H NMR: �� 0.45 (s, 18 H, Me3Si, [6.2]), 1.2 ± 2.6 (m,
30H, boraadamantane), 7.14 (s, 2 H, �CH�); 11B NMR: �� 78.3.


21: 1H NMR: �� 0.28 (s, 9H, Me3Si, 6.6), 0.32 (s, 9H, Me3Si, 7.1), 1.4 ± 2.5
(m, 15 H, boraadamantane), 5.62 (d, 1H, �CH, 11.4), 6.45 (dt, 1 H, �CH,
11.4, 1.8); 11B NMR: �� 79.9.


22 : 1H NMR: �� 0.30 (s, 9 H, Me3Si, 6.3), 1.4 ± 2.5 (m, 15 H, boraadaman-
tane), 6.15 (s, 2H, �CH); 11B NMR: �� 79.9.
24 : M.p. 74 ± 77 �C; 1H NMR: �� 0.26 (s, 9 H, Me3Si, 6.8), 0.37 (s, 9H,
Me3Si, 6.4), 1.6 ± 1.7 (m, 4 H, boraadamantane), 1.76 (ddd, 1H, CH2, 12.3,
5.2, 1.9), 1.84 (ddd, 1H, CH2, 12.3, 5.2, 2.4), 1.93 (d, 2H, CH, 2.7), 2.1 ± 2.2
(m, 4H, boraadamantane), 2.24 (dd, 2 H, CH2, 13.7, 4.1), 2.36 (ddd, 1H,
CH, 10.9, 10.9, 4.1, 1.2), 5.11 (s, 1H, �CH); 6.93 (s, 1 H, �CH, [5.1]);
13C NMR: �� 0.2 (Me3Si, 53.3), 1.7 (Me3Si, 51.1), 29.7 (CH), 30.2 (CH),
30.3 (CH), 32.4 (br., CH2B), 36.4 (CH2), 37.3 (CH2), 37.5 (CH2), 39.0 (CH2),
39.1 (CH2), 51.5 (br., CB), 77.2 (�C(H)�Si, 59.0), 101.5 (br., �CB), 141.1
(�CH), 157.7 (�CSi, 65.0), 212.5 (�C�); 29Si NMR: ���9.2, �3.7; 11B


Table 3. Calculated (GIAO) and experimental chemical shifts �(11B) and �(13C) of 1-boraadamantane, 4-methylene-3-boraadamantane, and 6,8-
diborabicyclo[2.2.2]oct-2-ene.


�(11B) (calcd) �(11B) (exp.) �13C(calcd) �(13C) (exp.)


Me3B 86.0 86.0 11.8 14.0
1-boraadamantane 5 82.6 82.6 39.2 (BCH2) 39.7


51.0 (CH) 45.1
37.8 (CH2) 38.5


4-methylene-3-borahomoadamantane 80.2 (20a) 78.3 (20) 36.6 (BCH2) 36.6
169.8 (BC�) 166.4
107.0 (�CH2) ±


6,8-Me2 ± 6,8-diborabicyclo[2.2.2]oct-2-ene 81.5 (25a) 81.2 (25) 44.4 (C1,4) 49.3
29.6 (C5,7) 45.8


138.4 (HC�CH) 133.6
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NMR: �� 82.2; IR: �� � 1914 (�(C�C)as) cm�1; EI-MS: m/z (%): 354 (37)
[M�], 73 (100) [Me3Si�].


25 : M.p. 82 ± 87 �C (decomp); 1H NMR: �� 0.29 (s, 18H, Me3Si, 6.2), 1.30
(d, 2H, CH2, 13.4), 1.36 (d, 2 H, CH2, 14.6), 1.44 ± 1.53 (m, 6H), 1.60 (m,
2H), 1.66 (m, 2 H), 1.8 ± 2.0 (m, 12H), 2.1 ± 2.2 (m, 4 H), 5.94 (s, 2 H,�CH�);
13C NMR: �� 3.3 (Me3Si, 49.4), 29.1, 29.2, 29.6, 34.3, 35.9, 38.2, 38.6, 38.9
(br., CH2B), 40.3, 45.8 (br.), 49.3 (br.), 133.6 (�CH�); 29Si NMR: ���0.5;
11B NMR: �� 81.2; EI-MS: m/z (%):488 (17) [M�], 414 (15) [M��H�
Me3Si], 73 (100) [Me3Si�].
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A Helical Peptide Receptor for [60]Fullerene


Alberto Bianco,[a] Carlo Corvaja,[b] Marco Crisma,[a] Dirk M. Guldi,[c] Michele Maggini,[a]
Elena Sartori,[b] and Claudio Toniolo*[a]


Abstract: Two terminally blocked non-
apeptides, each made up of six Aib
residues, a Gly spacer and two �-Tyr
residues in positions 2 and 8 (these are
substituted in the side chain with either
ferrocenoyl or methyl moieties), have
been synthesized by solution methods
and fully characterized. FT-IR absorp-
tion and two-dimensional NMR analy-
ses indicate that a 310-helical conforma-
tion is adopted by these rigid peptides in
structure-supporting solvents. An X-ray


diffraction investigation shows that the
bis-�-Tyr(Me) nonapeptide in the crystal
state is folded in a regular right-handed
310-helical structure. As five amino acid
units separate the two substituted �-Tyr
residues in the peptide sequence, the
two side chain moieties will–in solu-


tion–face each other after two com-
plete turns of the ternary helix. By
carrying out a detailed photophysical
analysis, we have demonstrated that the
electron-rich, hydrophobic and wide
cavity generated by the nonapeptide
template with two ferrocenoyloxybenzyl
walls is able to host [60]fullerene. Fur-
ther evidence for this superstructure has
been provided in the gas phase by a mass
spectrometric investigation.


Keywords: conformation analysis ¥
fullerenes ¥ peptides ¥ photoinduced
processes ¥ receptors


Introduction


Detailed understanding of the electronic interactions between
noncovalently assembled donor ± acceptor partners is heavily
based on the design of molecular structures with well defined
geometries. It has been demonstrated that peptides rich in Aib
(�-aminoisobutyric acid) tend to adopt ordered secondary
structures (�-turns[1] and 310-/�-helices[2]) of remarkable
stability.[3] As guest (even side chain-functionalized) amino
acids can be easily accommodated within a sequence of host
Aib residues, it is possible to predict the reciprocal spatial
relationship of the guests to good approximations on the basis
of their relative sequence positions.[4] In this context, Aib-rich


peptides have been exploited to study intramolecular radi-
cal ± radical interactions and fluorescence quenching and
redox processes originated by probes located in close
proximity within rigid turns or helical structures.[5, 6]


Rational design of Aib-based peptide templates has also
been used to catalyse organic reactions[7] and in molecular
recognition studies. In the latter type of application, a series of
Aib-rich nonapeptides containing two side chain-modified �-
Tyr residues, separated by five intervening amino acids, have
been preliminarily investigated as [60]fullerene receptors
through the use of HPLC and a silica-bound fullerene
derivative.[8] The most tightly bound peptide carries two
ferrocenoyl (Fc) moieties[9] at the periphery of a hydrophobic
binding cavity complementary in size to [60]fullerene. Since
fullerene is known to exhibit a wide range of unique electro-
chemical and photophysical properties,[10] it is not surprising
that fullerene supramolecular chemistry is receiving a great
deal of attention.[11]


In this paper we describe details of the synthesis and
characterization of two of the terminally-blocked, Aib-rich,
rigid nonapeptide templates mentioned above, one charac-
terized by two ferrocenoyloxybenzyl side chains (peptide 1)
and the other by two methoxybenzyl side chains (peptide 2).


Their preferred conformations were assessed in solution by
FT-IR absorption and NMR techniques and–for the latter
nonapeptide in the crystal state–by X-ray diffraction. By use
of steady-state, time-resolved photolytic and EPR techniques
and by a mass spectrometric investigation we also definitely
confirmed that the peptide template with two ferrocenoyloxy-
benzyl side arms is a good receptor for [60]fullerene.
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Results and Discussion


Design : Our purpose was to synthesize a peptide-based mini-
receptor for [60]fullerene. To this end, we decided to prepare
peptide 1, with the following characteristics:
1) A peptide N-acylated at the N-terminus to provide an


extra hydrogen-bond acceptor (the carbonyl of the block-
ing group), which allowed us to reduce the number of
residues in the backbone by one.


2) A peptide consisting of nine residues with six (66%) C�-
tetrasubstituted �-amino acids to maximize the 310-helical
stability without biasing the conformation toward the �-
helix.[3b]


3) A peptide with two side chain-substituted �-Tyr residues
separated by five intervening Aib residues, one on top of
the other after two turns of the ternary helix. The two Tyr
side chains were substituted with two Fc moieties, known
to possess a high tendency to associate with [60]fullerene.[9]


As the pitch of the 310-helix is 6.3 ä,[2a] the cleft arising
from two turns of this helix should be able to host a
molecule of [60]fullerene, the van der Waals diameter of
which is known to be about 10 ä.[11a] Each of the two Tyr
units is located one residue away from the N-/C-terminus


(positions 2 and 8) to avoid involvement in peptide chain
terminal fraying.[2b] 4) A peptide containing an amino acid
with the smallest side chain (Gly) in position 5, one turn
after and one turn before the two Tyr residues, to reduce to
a minimum the steric hindrance which may disfavour
fullerene encapsulation.


To demonstrate the role of the Fc moieties in fullerene
encapsulation, we also synthesized a nonapeptide analogue
with two side chain O-methylated �-Tyr residues (peptide 2).


Synthesis and characterization : The synthesis of peptides 1
and 2 started from the C-terminal H-Aib-OMe residue.[12a]


Step-by-step elongation was achieved in solution by the mixed
anhydride method with isobutyl chloroformate for the
introduction of Boc-�-Tyr(Bzl)-OH (Boc, tert-butyloxycar-
bonyl; Bzl, benzyl) and Boc-Gly-OH and by the symmetrical
anhydride method for the incorporation of the internal Aib
residues.[12b] The N-terminal, N�-blocked pBrBz-Aib (pBrBz,
para-bromobenzoyl) residue was inserted via its 5(4H)-
oxazolone derivative.[12c] The heavy atom (Br) of the pBrBz
group was potentially useful to help in solving the phase
problem in X-ray diffraction analysis should a suitable single
crystal of the compound be grown. The Boc N�-protecting and
the Bzl side chain-protecting groups were removed by treat-
ment with a 4� HCl/dioxane solution and by catalytic
hydrogenation, respectively. Unfortunately, the bromine atom
of the N�-blocking group did not survive the hydrogenolysis
conditions.[12d] To generate peptide 1, the two Fc groups were
attached to the deprotected Tyr side chains by use of
ferrocenecarboxylic acid in a tetrahydrofuran/acetonitrile
(1:1) solvent mixture in the presence of 1-[3-(dimethylami-
no)propyl]-3-ethyl carbodiimide and 4-(dimethylamino)pyr-
idine.[12e] For the preparation of peptide 2, the two methyl
groups were attached to the deprotected Tyr side chains by
treatment with methyl iodide in an acetone solution in the
presence of potassium carbonate.


The chemical purity of peptides 1 and 2 was demonstrated
by HPLC, with a Vydac reverse-phase C18 column. Peptides 1
and 2 and their synthetic intermediates were characterized by
melting point determination, optical rotatory power, thin-
layer chromatography in three different solvents and solid-
state IR absorption (Table 1), amino acid analysis (Exper-
imental Section), and 1H NMR (Supporting Information).


Solution conformational analysis : The preferred conforma-
tion of the terminally blocked nonapeptides 1 and 2 was
determined by combining the results of FT-IR absorption
spectroscopy and one- and two dimensional NMR spectroscopy.


In the conformationally informative N�H stretching
(3500 ± 3250 cm�1) and amide C�O stretching (1700 ±
1600 cm�1) regions, the FT-IR absorption spectra in CDCl3
solution (not shown) exhibit a weak band at about 3425 ±
3430 cm�1 (free, solvated N�H groups) accompanied by a
much more intense band at 3310 ± 3315 cm�1 (strongly
H-bonded NH groups), and a strong band at 1662 ±
1660 cm�1 (H-bonded carbonyl groups).[13] The effect of
peptide concentration on the N�H stretching region is modest
between 10 and 1m�, while it is completely absent below
1m�. This finding indicates that the 3310 ± 3315 cm�1 band is


Abstract in Italian: Sono stati sintetizzati con i classici metodi
in soluzione e caratterizzati completamente due nonapeptidi
bloccati alle estremita¡ N- e C-terminali, ciascuno costituito da
sei residui di Aib, uno di Gly e due di �-Tyr, sostituiti in catena
laterale da gruppi ferrocenoilici o metilici, nelle posizioni 2 e 8.
Un×analisi mediante assorbimento FT-IR e spettroscopia 2D-
NMR indica che questi peptidi rigidi adottano una conforma-
zione elicoidale di tipo 310 in solventi strutturanti. Un×indagine
con la diffrazione dei raggi X mostra che allo stato cristallino il
nonapeptide con due residui di �-Tyr(Me) si avvolge in una
struttura 310-elicoidale regolare destrogira. Poiche¬ i due residui
di �-Tyr sono separati da cinque ammino acidi, le loro due
catene laterali si affacciano in soluzione dopo due giri completi
dell×elica ternaria. Per mezzo di un dettagliato studio fotofisico
si e¡ dimostrato che la cavita¡ ricca di elettroni, idrofobica e
ampia, generata dalle due pareti ferrocenoilossibenziliche del
templato nonapeptidico, e¡ in grado di incapsulare una mole-
cola di fullerene. Un×ulteriore evidenza della formazione del
complesso peptide/fullerene e¡ stata ottenuta in fase gassosa per
mezzo della spettrometria di massa.
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essentially associated with intramolecular H-bonded peptide
NH groups and that self-association is a phenomenon of
limited significance for these peptides.[13d] The very high
values for the AH/AF ratio (integrated intensity of the band for
H-bonded NH groups relative to that for free NH groups)
point to fully developed, stable helical secondary structur-
es.[13d] Although the position of the C�O stretching band
would be closer to the canonical one for the 310-helix than to
that expected for the �-helix,[13e] we feel that it is not safe to
discriminate between these two closely related types of helix
solely on the basis of the IR absorption technique.


More detailed information on the solution conformation of
peptides 1 and 2 was obtained
from NMR experiments. In
CDCl3 solution, unambiguous
assignment of all NH proton
resonances was achieved by
visual inspection of peak multi-
plicities and ROESY/TOCSY
experiments. The assignment of
inaccessible (or intramolecular-
ly H-bonded) NH groups was
performed by adding increasing
amounts of the H-bonding ac-
ceptor solvent DMSO[14] to the
CDCl3 solution and by increas-
ing the temperature in DMSO
(Figure 1).


In the solvent titration study
(Figure 1A), two classes of NH
protons were observed: i) Aib1


and �-Tyr(Fc)2 NH proton resonances, both remarkably
sensitive to the addition of DMSO, and ii) all other NH
proton resonances, only marginally sensitive to variation of
solvent composition. The presence of two DMSO-accessible
NH protons at the N-terminus and seven inaccessible NH
protons is strongly indicative of the onset of a 310-helical
conformation for peptide 1 in CDCl3 solution. Determination
of the temperature coefficients of the NH proton resonances
in DMSO solution[14c] confirmed the tendency of this peptide
to fold in a 310-helix, although it seems that the overall helical
structure would be less stable in this polar solvent at higher
temperatures (Figure 1B). Again, the two amide protons at


Table 1. Physical properties and analytical data for peptides 1 and 2 and their synthetic intermediates.


Peptide M.p. Recryst. [�]20D [c] TLC[d] IR: �� [cm�1][e]


[�C][a] solvent[b] Rf (I) Rf (II) Rf (III)


Boc-�-Tyr(Bzl)-Aib-OMe 76 ± 78 EtOAc/PE 3.7 0.95 0.95 0.50 3314, 1742, 1657,
1532, 1511


Boc-Aib-�-Tyr(Bzl)-Aib-OMe 112 ± 113 DE/PE � 25.2 0.75 0.95 0.40 3416, 3328, 1742,
1690, 1651, 1512


Boc-(Aib)2-�-Tyr(Bzl)-Aib-OMe 83 ± 85 EtOAc/PE � 10.2 0.70 0.90 0.35 3318, 1739,
1662, 1512


Boc-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe 110 ± 112 EtOAc/PE 17.0 0.70 0.90 0.30 3321, 1730,
1660, 1511


Boc-Aib-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe 119 ± 121 DE/PE 20.9 0.75 0.95 0.30 3314, 1739, 1660,
1532, 1511


Boc-(Aib)2-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe 117 ± 119 DE/PE 19.3 0.65 0.90 0.25 3313, 1737, 1661,
1533, 1512


Boc-�-Tyr(Bzl)-(Aib)2-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe 146 ± 148 EtOAc/PE 12.1 0.75 0.95 0.30 3313, 1737, 1660,
1530, 1511


pBrBz-Aib-�-Tyr(Bzl)-(Aib)2-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe 148 ± 150 EtOAc/PE 9.5 0.60 0.95 0.30 3311, 1737, 1659,
1537, 1511


Bz-Aib-�-Tyr-(Aib)2-Gly-(Aib)2-�-Tyr-Aib-OMe 221 ± 223 EtOH/DE 10.4 0.30 0.90 0.05 3310, 1730, 1657,
1537, 1515


Bz-Aib-�-Tyr(Fc)-(Aib)2-Gly-(Aib)2-�-Tyr(Fc)-Aib-OMe 193 ± 195 EtOAc/PE 6.1 0.60 0.95 0.25 3325, 1731,
(peptide 1) 1658, 1532
Bz-Aib-�-Tyr(Me)-(Aib)2-Gly-(Aib)2-�-Tyr(Me)-Aib-OMe 216 ± 217 EtOAc/PE 7.3 0.70 0.95 0.25 3305, 1730,
(peptide 2) 1655, 1535


[a] Determined on a Leitz model Laborlux 12 apparatus. [b] EtOAc, ethyl acetate; PE, petroleum ether; DE, diethyl ether; EtOH, ethanol. [c] Determined
on a Perkin ±Elmer model 241 polarimeter equipped with a Haake model L thermostat: c� 0.5 (MeOH). [d] Silica gel glass plates (60 F-254, Merck); solvent
systems: I) chloroform/ethanol 9:1; II) butan-1-ol/acetic acid/water 6:2:2; III) toluene/ethanol 7:1. The plates were developed with a UV lamp or by means
of the hypochlorite/starch/iodide reaction. A single spot was observed in each case. [e] Determined in KBr pellets on a Perkin ±Elmer model 580B
spectrophotometer equipped with a Perkin ±Elmer model 3600 IR data station and a model 660 printer.


Figure 1. A) Plot of NH proton chemical shifts in the 1H NMR spectrum of peptide 1 as a function of increasing
percentages of DMSO (v/v) added to the CDCl3 solution. B) Histogram of the chemical shift changes for the NH
protons of peptide 1 as a function of heating in DMSO. Peptide concentration 1m�.
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theN-terminus are strongly perturbed by heating the solution.
In this case, however, upon increasing the temperature, the
Aib4 and Aib7 NH protons are also sensitive, although to a
lesser extent. All these results are matched by the control
peptide 2.


To confirm the helical backbone arrangement of nonapep-
tide 1, two-dimensional NMR (NOESYand ROESY) experi-
ments were performed in CDCl3 and DMSO. This analysis,
besides providing unambiguous assignments for all proton
resonances (except those associated with the �-CH3 methyls
of the Aib residues),[15a] showed a series of sequential (i�
i�1) and medium-range (i� i�n, n� 1) NOE interactions
characteristic of both 310- and �-helices (Table 2).


There is essentially only one NOE constraint [d�N (i, i�2)]
that is helpful for distinguishing between �- and 310-helical
structures.[15b] Although only three protein amino acids are
incorporated in the backbone in peptide 1, the expected NOE
cross-peaks, relating to the spatial closeness between the Tyr2


�-CH and Aib4 NH protons and between the Gly5 �-CH2 and
Aib7 NH protons, could be observed in the two-dimensional
NMR spectra when using either a solvent of low polarity
(CDCl3) or a polar, aprotic solvent (DMSO).


An additional two-dimensional NMR experiment (RO-
ESY) was performed in a [D2]HFIP/CDCl3 (1:1) mixture
(HFIP� 1,1,1,3,3,3-hexafluoropropan-2-ol). Despite the acid-
ity of HFIP, the H�D amide proton exchange of N(1)H and
N(2)H groups exposed to the solvent in a helical arrangement
is remarkably slow, probably due to the bulkiness of the two
HFIP trifluoromethyl groups. In this solvent mixture, the
assignment of a few amide proton resonances turns out to be
difficult because of the overlapping signals and the lack of
sequential (i� i�1) connectivities. Only a few NHi�NHi�1
NOEs, which are characteristic of a helical structure, are
observed. However, a series of cross-peaks [dNN (i� i�1) and


d�N (i� i�n, with n� 1, 2)] from Tyr(Fc)2 to Gly5 does suggest
that the N-terminal part of peptide 1 is still folded in a helical
conformation, while all sequential NOE interactions [dNN


(i� i�1)] are missing from Gly5 to Aib9. Taken together, all
these NMR results strongly support the view that the 310-helix
is preferred over the �-helix in CDCl3 and DMSO solutions
(the latter at room temperature), while HFIP initiates a
certain degree of disorder in the folded structure near the
C-terminal part of peptide 1.


Crystal-state conformational analysis : We determined the
molecular and crystal structure of the acetone solvate of Bz-
Aib-�-Tyr(Me)-(Aib)2-Gly-(Aib)2-�-Tyr(Me)-Aib-OMe (2,
Bz� benzoyl) by X-ray diffraction. Two orthogonal views of
the molecular structure are shown in Figure 2.


Figure 2. X-Ray diffraction structure of peptide 2 : Top) View orthogonal
to the helix axis. Nitrogen and oxygen atoms are labelled. Middle) Space-
filling model. Bottom) View along the helix axis. The triangular shape of
the 310-helical structure is clearly visible. The intramolecular C�O ¥ ¥ ¥H�N
H-bonds are represented by dashed lines.


Table 2. Interresidue NOEs found for peptide 1 in different solvents.


CDCl3 and [D6]DMSO CDCl3/[D2]HFIP (1:1)


dNN i� i� 1 dNN i� i� 1
Aib1 HN Tyr2 HN ±
Tyr2 HN Aib3 NH Tyr2 HN Aib3 NH
Aib3 HN Aib4 HN Aib3 HN Aib4 HN
Aib4 HN Gly5 HN Aib4 HN Gly5 HN
Gly5 HN Aib6 HN ±
Aib6 HN Aib7 HN ±
Aib7 HN Tyr8 HN ±
Tyr8 HN Aib9 HN ±
dNN i� i� 2 dNN i� i� 2
Aib1 HN Aib3 HN ±
Tyr2 HN Aib4 HN ±
Gly5 HN Aib7 HN ±
Aib6 HN Tyr8 HN ±
Aib7 HN Aib9 HN ±
d�N i� i� 1 d�N i� i� 1
Tyr2 H� Aib3 HN Tyr2 HN Aib3 HN
Gly5 H� Aib6 HN ±
Tyr8 H� Aib9 HN Tyr8 H� Aib9 HN
d�N i� i� 2 d�N i� i� 2
Tyr2 H� Aib4 HN Tyr2 H� Aib4 HN
Gly5 H� Aib7 HN Gly5 H� Aib7 HN
d�N i� i� 3 d�N i� i� 3
Tyr2 H� Gly5 HN ±
Gly5 H� Tyr8 HN ±
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Relevant backbone torsion angles are given in Table 3; the
intra- and intermolecular H-bond parameters are listed in
Table 4.


In general, both bond lengths and bond angles are in good
agreement with previously reported values for the geometries
of the benzamide[16a] and methyl ester[16b] groups, the peptide
unit[16c,d] and the Aib residue.[3a, 16e]


The first seven residues of the peptide chain are found in
the right-handed helical region of the conformational map.
The average values for the � and � torsion angles[17] are �55�
and �34�, closer to those expected for a 310-helix (�57�,
�30�) than for an �-helix (�63�, �42�).[2a] The helical
structure is stabilized by seven C�O ¥ ¥ ¥H�N intramolecular
H-bonds of the 1� 4 (�-turn[1]) type. The intramolecular O ¥¥¥N
separations are within the limits expected for such H-bonds,
except for the O4 ¥ ¥ ¥N7 separation, which is slightly longer.[18]


The first six type-III (helical) �-turns are followed by a type-I
(nonhelical) �-turn (residues 7 ± 8), which terminates the
helix. This finding is related to the observation that the �-
Tyr(Me)8 conformation is slightly distorted from the helical
conformation, falling in the bridge region of the �, � space.[19]


The C-terminal Aib residue is semi-extended, an unusual
observation for this C�-tetrasubstituted �-amino acid.[3c]


No significant deviations (����� 5.1�) of the � torsion
angles from the ideal value for trans planar amide, peptide


and ester units (180�) are observed. The methyl ester
conformation with respect to the preceding C��N bond is
intermediate between the synperiplanar and synclinal con-
formations.[20a] The angle between the normals to the planes of
the phenyl rings of the Bz and �-Tyr(Me)2 moieties is 35.7(2)�.
The closest intramolecular distance between two nonbonded
atoms of the Bz and �-Tyr(Me)2 phenyl rings is 4.799(8) ä.


The Tyr(Me) side chain torsion angles are: (i) � 1
2 69.8(8)� ;


� 2�1
2 �90.4(7)� ; � 2�2


2 93.6(7)� for Tyr(Me)2; (ii) � 1
8 �70.4(7)� ;


� 2�1
8 �61.2(7)� ; � 2�2


8 123.3(6)� for Tyr(Me)8. The most common
side chain conformation for an �-Tyr residue in peptides[20b] is
characterized by the following torsion angles: �1�60� (g�); �2


�90�. The relative instability of the g� rotamer (�1 torsion
angle) can be explained in terms of steric hindrance. In this
conformation, the side chain C	 atom is in a gauche position
with respect to both heavy atom substituents on the C� atom
(N and carbonyl carbon atoms), resulting in an overall
destabilization due to repulsive interactions. For aromatic
amino acids, a definite preference is observed for �2�� 90�.
In this conformation the ring is perpendicular to the plane
defined by the C�, C� and C	 atoms, and it is parallel to the
plane defined by the N, C� and carbonyl carbon atoms of the
residue. Thus, there are no unfavourable interactions between
the ring and the backbone atoms. It may be concluded that the
unusual side chain conformations observed for the two �-Tyr


(Me) residues [unusual � 1
2 tor-


sion angle for �-Tyr(Me)2 and
� 2
8 torsion angles for �-


Tyr(Me)8] are dictated by crys-
tal packing forces. In this three-
dimensional disposition, rele-
vant intramolecular distances
between nonbonded atoms of
the two �-Tyr(Me) residues are:
C�2 ¥¥¥C�8, 11.412(10) ä; C�2 ¥¥¥
C�8, 11.857(11) ä; C	2 ¥ ¥ ¥C	8,
12.679(8) ä. The angle between
the normals to the average
planes of the phenyl rings of
the �-Tyr(Me)2 and �-Tyr(Me)8


residues is 57.1(2)�. It is remark-
able that the observed distance between the only two carbon
atoms (C	) that might be affected by changes of the critical �1


torsion angle is still acceptable for [60]fullerene complexation
despite this uncommon and inappropriate relative disposition
of the two �-Tyr(Me) side chain.


The nonapeptide 2 molecules pack together along the b
direction, generating a helix columnar, markedly zigzagged
motif[21] stabilized by (amide) N1�H ¥ ¥ ¥O9�C9 (ester) and
(peptide) N2�H ¥ ¥ ¥O7�C7 (peptide) intermolecular H-bonds
of normal strength.[18] The oxygen atom of the co-crystallized
solvent (acetone) molecule does not seem to be involved in
any interaction with the peptide chains.


Photophysical measurements : The donor ± acceptor interac-
tions between ferrocenoyl (Fc) groups and [60]fullerene were
exploited as a means to examine the ability of peptide 1 to
host a fullerene molecule in a series of steady-state and time-
resolved photolytic experiments. N-Methylfulleropyrroli-


Table 3. Selected torsion angles [�] for peptide 2 (acetone solvate).


Torsion angle Torsion angle


�0 � 179.3(6) �6 � 57.2(6)
�1 � 52.4(9) �6 � 35.6(9)
�1 � 35.1(8) �6 � 175.4(6)
�1 � 177.0(6) �7 � 57.8(8)
�2 � 55.0(9) �7 � 29.3(9)
�2 � 28.8(10) �7 � 175.5(6)
�2 179.1(7) �8 � 88.2(8)
�3 � 54.1(10) �8 4.0(9)
�3 � 29.8(10) �8 178.5(6)
�3 179.1(7) �9 � 48.8(9)
�4 � 48.8(10) ™�9∫ 134.1(7)
�4 � 40.1(10) ™�9∫ � 177.3(7)
�4 � 174.9(7)
�5 � 63.6(10)
�k � 37.8(10)
�5 � 178.3(7)


Table 4. Intra- and intermolecular H-bond parameters for peptide 2 (acetone solvate).


Type of Donor D Acceptor A Symmetry Distance [ä] Distance [ä] Angle [�]
H-bond operation D ¥ ¥ ¥A H ¥ ¥ ¥A D�H ¥ ¥ ¥A
Intramolecular


N3-H O0 x, y, z 3.002(8) 2.20 156.1
N4-H O1 x, y, z 2.987(8) 2.17 157.9
N5-H O2 x, y, z 2.972(8) 2.17 156.0
N6-H O3 x, y, z 3.039(8) 2.40 131.1
N7-H O4 x, y, z 3.261(8) 2.59 135.6
N8-H O5 x, y, z 3.047(7) 2.26 152.6
N9-H O6 x, y, z 2.986(8) 2.14 166.7


Intermolecular
N1-H O9 1� x, y� 1³2, �z� 1³2 3.108(8) 2.33 150.0
N2-H O7 1� x, y� 1³2, �z� 1³2 3.047(7) 2.34 139.3
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dine 3 (MFP), rather than [60]fullerene, emerged as a
convenient probe thanks to its superior solubility and
fluorescence quantum yield. We reasoned that, in a struc-
ture-supporting solvent such as CHCl3, the ferrocenoyloxy-
benzyl walls of the peptide template 1 should be able to
encapsulate a fullerene moiety. In this case, the fullerene
singlet excited state would be subjected to rapid intra-
complex quenching by the two facing Fc units. On the other
hand, addition of HFIP to CHCl3 would be expected to affect
the excited state dynamics and fluorescence efficiencies of
MFP by partial destructuration of the helical template.


UV/Vis absorption spectroscopy : To obtain a useful insight
into electronic interactions between MFP and the Fc moieties
of peptide 1 in the ground state, UV/Vis absorption spectra of
MFP (0.54m�) were recorded in CHCl3 and in a CHCl3/HFIP
(1:1 v/v) solvent mixture and compared to those obtained
after addition of peptide 1 (0.31m�). In CHCl3, besides the
typical absorption features of MFP, additional bands are seen
at 510 and 660 nm in the presence of peptide 1 (spectrum not
shown). The 510 nm band is a sensitive marker for electronic
interchange between MFP and Fc, as has been demonstrated,
for example, in covalently linked fullerene ± Fc dyads.[22] Thus,
we draw the conclusion that appreciable interactions take
place between the photo- and redox-active moieties even in
their ground state configurations, which can best be explained
in terms of a host ± guest encapsulate.


In the CHCl3/HFIP (1:1) solvent mixture, these interac-
tions, although discernible, are weak (10% in intensity
relative to those seen in CHCl3). It should be noted that the
Fc moieties of peptide 1 exhibit their visible absorption
maximum at 435 nm.[23]


Fluorescence spectroscopy: Upon excitation (
exc� 355 nm),
a solution of MFP in CHCl3 (0.54m�) gives rise to a room
temperature fluorescence maximum at 739nm, formed in
moderate yields (6.0	 10�4). However, when this solution of
MFP was titrated with peptide 1, in the concentration range
between 0.1 and 0.8m�, the fullerene fluorescence decreased
progressively. The results are summarized in Figure 3.


Figure 3. Emission spectra of MFP (0.54m�) in CHCl3 in the presence of
variable amounts of peptide 1 (0.13 ± 0.64m�) with matching absorption at
the 355 nm excitation wavelength.


Besides the loss of fluorescence intensity, a small red shift of
the emission features (from 739 nm to 741 nm) was seen
throughout the titration experiments, which implies the
formation of an energetically lower-lying excited state com-
plex between MFP and Fc.


From the plot of fluorescence intensity versus amount of
peptide 1 added (Figure 4) we deduce that a peptide 1/MFP
(1:1) encapsulate is formed in CHCl3. A least-squares treat-
ment of the curve yielded a log K value of 4.71� 0.46 for the
equilibrium MFP�(peptide 1)� (peptide 1)(MFP).


The intra-complex rate constant of 2.0	 109 s�1, which
corresponds to a fluorescence lifetime of 0.50 ns, was esti-
mated for the associated quenching process from the linear
part of the graphic.


In a reference experiment, in which peptide 2, lacking the
Fc donors, was added to a CHCl3 solution of MFP (0.54m�),
no significant influence on the MFP fluorescence parameters
was registered, regardless of the peptide concentration, which
was incrementally increased from 0.1 to 1.0m�. This finding
confirms that the Fc electron donor moieties, only present in
peptide 1, are responsible for the fluorescence quenching
described above.[24]


The addition of peptide 1, in the same concentration range
(0.1 ± 0.8m�), to a 0.54m� solution of MFP in a CHCl3/HFIP
mixture (1:1) gave rise to several differences. Firstly, and most
importantly, the quenching of the MFP fluorescence is quite
ineffective, despite the presence of the Fc moieties in
peptide 1. Secondly, the fluorescence decrease, as monitored
over the entire concentration range, is characterized by a
linear dependence (Figure 4).[25]


Figure 4. Plot of fluorescence intensity of MFP (0.54m�) versus amount of
peptide 1 (0.1 ± 0.8m�) in CHCl3 (�, the full line represents the calculated
curve) and in CHCl3/HFIP 1:1 (�).


Time-resolved photolysis experiments, at the pico- and
nanosecond timescales, were performed to shed light on the
intra-complex dynamics of the quenching reactions (see
above). A solution of MFP (0.54m�) in oxygen-free CHCl3
was irradiated with a laser pulse (18 ps) at 
� 355 nm.
Differential absorption changes, recorded with, for instance,
a 20 ps time delay, exhibited a transient maximum around
890 nm. This finding is a clear signature of the MFP singlet ±
singlet transition.[10d] While this event is instantaneous
(�20 ps), it gives rise only rather slowly to the energetically
lower-lying triplet excited state with a maximum at 700 nm.
The intersystem crossing process is quantitative for MFP, with
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a quantum yield of 0.98. Under the present experimental
conditions, a rate of 5.75	 108 s�1 (corresponding to a lifetime
of 1.7 ns) was determined from the decay dynamics of the
singlet and the grow-in of the triplet ± triplet features at 890
and 700 nm, respectively.


Addition of peptide 1 (0.64m�) to the CHCl3 solution of
MFP (0.54m�) resulted in a dramatic change in the decay
dynamics. A markedly shortened lifetime of the MFP singlet
excited state transition (0.71 ns; Figure 5a) was estimated.
This fast intra-complex deactivation agrees reasonably well
with the extrapolated fluorescence lifetime. However, the
spectral characteristics, recorded at the end of the picosecond
timescale (6 ns), featured properties still reminiscent of the
MFP triplet excited state, but in much lower yields. Indeed, an
overall reduction of about 46% correlates well with the faster
deactivation of the singlet excited state (59%). It is notable
that the 355 nm laser pulse produces no significant amounts of
Fc excited states, on account of their relative weak absorption
features (�5%) at the excitation wavelength.


In a parallel experiment, in which peptide 1 was added to
MFP in a CHCl3/HFIP (1:1) solvent mixture, no appreciable
effects were seen as far as the MFP singlet decay was
concerned. The rate resembles that seen in the absence of
peptide 1: namely, 5.75	 108 s�1. In Figure 5a the time-ab-


Figure 5. a) Time-absorption profiles at 890 nm for the fullerene singlet
excited state decay of MFP (0.54m�) in the presence of peptide 1
(0.64m�) in CHCl3 (�) and CHCl3/HFIP (1:1) (�). b) Time-absorption
profiles at 700 nm for the fullerene triplet excited state decay of MFP
(0.54m�) in the presence of peptide 1 (0.64m�) in CHCl3 (�) and 1:1
CHCl3/HFIP (�).


sorption profiles (890 nm) of a solution of MFP (0.54m�) in
the presence of peptide 1 (0.64m�) in CHCl3 and in CHCl3/
HFIP (1:1) are compared.


In CHCl3/HFIP (1:1) the MFP triplet quantum yields also
failed to indicate a meaningful impact arising from the


addition of peptide 1. Essentially identical quantum yields
were found in the absence or in the presence of the helical
peptide receptor (�
 0.98).


Similar solutions (i.e., CHCl3 and CHCl3/HFIP) were
examined in nanosecond experiments to explore the reactivity
of the MFP triplet excited state. After the conclusion of the
laser pulse, the fullerene triplet with maxima at 380 and
700 nm was noted in both media, revealing a good spectral
correlation with what is seen to develop over the course of the
picosecond time regime. Most importantly, the triplet quan-
tum yields corroborate the picosecond data; that is, much
lower yields for the MFP and peptide 1 in CHCl3 (45%) than
for MFP and peptide 1 in CHCl3/HFIP (1:1) (98%). Quite
different triplet lifetimes were, however, derived for the two
cases. Representative kinetic traces, as recorded upon excita-
tion (
exc� 355 nm) of MFP (0.54m�) in the presence of
peptide 1 (0.64m�) in CHCl3 and CHCl3/HFIP (1:1), are
illustrated in Figure 5b. In CHCl3 the triplet lifetime (2.6 �s) is
comparable to that found in the absence of peptide 1
(
10 �s),[26] while the value in CHCl3/HFIP (0.18 �s) points
to a rapid triplet deactivation. Indeed, from a separate,
concentration-dependent experiment we determined a diffu-
sion-controlled, intermolecular rate constant of 2.9	
109��1 s�1, matching that found for a reaction of MFP with a
Fc reference (2.0	 109��1 s�1) under closely related exper-
imental conditions. This observation supports the view that
destructuration of the peptide template hampers encapsula-
tion of MFP in the CHCl3/HFIP mixture. Accordingly, any
quenching is limited to a truly intermolecular process.


This result in turn evoked the working hypothesis that
removal of the protic fluoroalcohol component from CHCl3/
HFIP should ultimately restore the peptide template and
result again in MFP encapsulation. To prove this, we removed
HFIP from the solvent mixture and examined the fullerene
fluorescence. Indeed, a substantial decrease in emission
quenching, the magnitude of which was now comparable to
that described for CHCl3 (see above), suggests the successful
reformation of the host ± guest encapsulate. Furthermore,
further addition of the more volatile HFIP component once
more resulted in the activation of the emission. Unequiv-
ocally, this finding confirms the reversible transformation and
thus the topological control over the peptide template.
Important for the performance of these fluorescent probes
is the fact that no notable deviation from reversibility was
found after this activation/deactivation cycle (i.e., addition
and removal of HFIP) had been followed up to ten times.


EPR measurements : Time-resolved (TR) EPR experiments
were performed to complement the steady-state and flash
photolysis results. Irradiation (
� 532 nm) of a CHCl3
solution of MFP (0.5m�) at room temperature produced
the EPR signal of triplet excited MFP. The signal decay (not
shown) is fitted by the sum of two exponential functions,
characterized by the time constants �1� 0.95 �s and �2�
9.5 �s. The �1 term relates to the spin lattice relaxation, which
brings the triplet signal, initially polarized in enhanced
absorption, to thermal equilibrium. The �2 term is the triplet
lifetime.
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Addition of 0.5m� peptide 1 to the CHCl3 solution deeply
affects the triplet evolution, the decay becoming much faster
and monoexponential. A lifetime of 0.43 �s could be meas-
ured. An analogous monoexponential decay, with a slightly
shorter time constant (�� 0.24 �s), was recorded when
ferrocene (0.5m�) was added to a CHCl3 solution of MFP
(0.5m�).


In CHCl3/HFIP (1:1) in the presence of 0.5m� peptide 1,
the MFP triplet excited state decay is biexponential, the
triplet quenching rate being sufficiently lower than the spin
lattice relaxation (�1� 0.49 �s, �2� 1.37 �s). Indeed, the triplet
excited state decay is slower than that previously measured
for MFP-peptide 1 in pure CHCl3.


In all cases the rising time of the TR-EPR signal matches
the time resolution of the EPR instrumentation.


These results, which apparently contradict those from
optical measurements, may be accounted for by the much
higher excitation light intensity used in TR-EPR experiments.
Thus, only triplet states arising from uncomplexed MFP are
monitored, and decay of these is governed by intermolecular
diffusion-controlled reactions. Since HFIP is more viscous
than CHCl3, a lower diffusion limit is to be expected for the
CHCl3/HFIP (1:1) solvent mixture.


Mass spectrometric studies : The formation of the peptide 1 ¥
MFP (1:1) complex was confirmed in the gas phase by API-
ToF (atmospheric pressure ionization-time of flight detection)
mass spectrometry in the positive ion mode. The spectrum
(not shown, see Supporting Information) recorded from a
mixture (1:2) of peptide 1 and MFP, dissolved in a CHCl3/
MeOH (2:1) solvent mixture, displayed an intense peak atm/z
2232.7, which corresponds to the supramolecular ion [1 ¥
MFP�H]� . The peaks at m/z 1476.6 and m/z 1454.6 can be
assigned to [1�Na�]� and [1�H]� , respectively. The base
peak was detected at m/z 778, which corresponds to
[MFP�H]� .


Conclusion


We have designed and synthesized a helical, Aib-rich non-
apeptide (1), potentially able to encapsulate a [60]fullerene
moiety. A FT-IR absorption and NMR investigation clearly
demonstrated that the peptide is folded in a stable 310-helix
under structure-supporting conditions. We have also synthe-
sized a control nonapeptide (2) in which the two electron-rich
ferrocenoyloxybenzyl side chains of (1) are replaced by two
methoxybenzyl side chains. An X-ray diffraction analysis of
this latter peptide unambiguously proved the high tendency of
the �C(�O)-Aib-�-Tyr-(Aib)2-Gly-(Aib)2-�-Tyr-Aib� back-
bone to adopt a regular, 310-helical conformation.


Our photophysical investigation confirms that, in CHCl3,
the ferrocenoyloxybenzyl walls of the peptide template 1 do
indeed host the fullerene moiety of MFP. Upon photoexcita-
tion the singlet excited state of MFP is therefore primed for a
rapid intra-complex deactivation by the ferrocenoyl groups.
Conversely, in the CHCl3/HFIP solvent mixture, which
disfavours the formation of a host ± guest complex, no
evidence for intra-complex processes was obtained. Instead,


MFP reacts with ferrocene in its triplet excited state,
predominantly by diffusion-controlled dynamics.


Evidence for the onset of a peptide 1 ¥MFP superstructure
was also provided by a mass spectrometric investigation in the
gas phase.


Compound 1 is, to our knowledge, the first peptide-based
(1:1) mini-receptor reported for [60]fullerene. In their classi-
cal paper, Friedman et al.[27] proposed that a [60]fullerene
molecule could be sandwiched snugly into the hydrophobic
cavity generated by the HIV protease dimer (1:2 stoichio-
metry).


Experimental Section


Materials : The physical properties of and the analytical data for peptides 1
and 2 and their synthetic intermediates are listed in Table 1. In addition, the
following results for the amino acid analyses (C. Erba model 3A-30) were
obtained. Boc-�-Tyr(Bzl)-Aib-OMe: Tyr 0.98, Aib 1.02; Boc-Aib-�-
Tyr(Bzl)-Aib-OMe: Tyr 0.89, Aib 2.11; Boc-(Aib)2-�-Tyr(Bzl)-Aib-OMe:
Tyr 0.93, Aib 3.07; Boc-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe: Tyr 0.91, Aib
3.09, Gly 1.00; Boc-Aib-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe: Tyr 0.93, Aib
4.06, Gly 1.01; Boc-(Aib)2-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe: Tyr 0.88, Aib
5.18, Gly 0.94; Boc-�-Tyr(Bzl)-(Aib)2-Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe:
Tyr 1.87, Aib 5.13, Gly 1.00; pBrBz-Aib-�-Tyr(Bzl)-(Aib)2-Gly-(Aib)2-�-
Tyr(Bzl)-Aib-OMe: Tyr 1.92, Aib 6.06, Gly 1.02; Bz-Aib-�-Tyr(Bzl)-(Aib)2-
Gly-(Aib)2-�-Tyr(Bzl)-Aib-OMe: Tyr 1.93, Aib 6.16, Gly 0.91; Bz-Aib-�-
Tyr(Fc)-(Aib)2-Gly-(Aib)2-�-Tyr(Fc)-Aib-OMe (peptide 1): Tyr 1.90, Aib
6.19, Gly 0.91; Bz-Aib-�-Tyr(Me)-(Aib)2-Gly-(Aib)2-�-Tyr(Me)-Aib-OMe
(peptide 2): Tyr 1.91, Aib 6.09, Gly 1.00. [60]Fullerene was purchased from
BuckyUSA, Houston, TX, USA (99.5%). All other reagents were used as
purchased. N-Methyl fulleropyrrolidine (3) was prepared as described.[28]


All solvents for synthesis were distilled prior to use. The solvents employed
for the UV/Vis absorption and photophysical measurements were com-
mercially available, spectroscopic grade solvents which were carefully
deoxygenated prior to use.


FT-IR absorption : FT-IR absorption spectra were recorded with a Perkin ±
Elmer model 1720X spectrophotometer, flushed with nitrogen and equip-
ped with a sample shuttle device, at 2 cm�1 nominal resolution, averaging
100 scans. Solvent (baseline) spectra were recorded under the same
conditions. Cells with path lengths of 0.1, 1.0 and 10mm (with CaF2


windows) were used. Spectrograde [D]chloroform (99.8% D) was pur-
chased from Merck.
1H NMR spectra : 1H NMR spectra were recorded with a Bruker model
AM 400 spectrometer. Measurements were carried out in CDCl3
(99.96% D; Merck), [D6]DMSO (99.96% D; Fluka) and [D2]HFIP
(98% D; Cambridge Isotope Laboratories) with tetramethylsilane as the
internal standard.


Mass spectrometric study : API-ToF (atmospheric pressure ionization-time
of flight detection) mass spectrometry was carried out with an Applied
Biosystems Mariner 5220 mass spectrometer set up for positive ion
detection. Peptide 1 and MFP were dissolved in a chloroform/methanol
mixture (2:1) at concentrations of 1.0	 10�5� and 2.0	 10�5�, respective-
ly. This solution was used for direct injection into the spectrometer. �he
nozzle temperature was adjusted at 100 �C, the nozzle potential at 60 Vand
the spray tip potential at 4200 V.


X-Ray diffraction : Single crystals of Bz-Aib-�-Tyr(Me)-(Aib)2-Gly-(Aib)2-
�-Tyr(Me)-Aib-OMe (2) acetone solvate were grown from acetone/n-
hexane by vapour diffusion. Cell parameters were obtained by least-
squares refinement of the angular setting of 25 carefully centred reflections
in the 12 ± 24�  range. Data collection was performed with a Philips
PW 1100 four-circle diffractometer, using graphite monochromated CuK�


radiation.


The phases of thirteen hk0 reflections were eventually assigned by
application of the SHELX 76 program[29a] to a data subset with l� 0, in
the rectangular space group p2gg, which corresponds to a centrosymmetric
projection of the actual three-dimensional space group P212121. The
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introduction of such phases as a lead for the direct methods of the
SHELXS 86 program,[29b] with the full dataset, permitted the location of all
non-H atoms of the peptide molecule. The atomic positions of the
disordered, co-crystallized acetone molecule were recovered from a
subsequent difference Fourier map.


Refinement was carried out by full-matrix-block, least-squares on F 2, using
all data, by application of the SHELXL 97 program,[29c] with all non-H
atoms anisotropic, and allowing the positional parameters and the
anisotropic displacement parameters of the non-H atoms to refine at
alternate cycles. The methoxy group of the Tyr(Me)8 residue is disordered.
Its CH3 group was refined on two positions (C8Z� and C8Z��), with
population parameters of 0.58 and 0.42, respectively. The co-crystallized
acetone molecule is also disordered (except for the carbonyl carbon atom).
It was eventually modelled on two sites, rotated by about 60�, each with a
population parameter of 0.50. Restraints were applied to the bond
distances as well as to the anisotropic displacement parameters (the latter
restraint to approach isotropic behaviour) of the disordered groups. A
planarity restraint was imposed to each position of the disordered acetone
molecule. All phenyl rings were constrained to the idealized geometry. The
H-atoms were calculated at idealized positions and refined as riding with
Uiso set equal to 1.2 (or 1.5 for the CH3 groups) times the Ueq of the parent
atom. Relevant crystallographic data and structure refinement parameters
are listed in Table 5.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-166805.
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).


Photophysical measurements : Emission spectra were recorded with a
SLM 8100 spectrofluorimeter. The experiments were performed at room
temperature. The MFP fluorescence was recorded by using a 570 nm long-
pass filter in the emission path in order to eliminate the interference from
the solvent and stray light. Each spectrum was an average of at least five
individual scans and the appropriate corrections were applied.


Picosecond laser flash photolysis experiments were carried out with 355 nm
laser pulses from a mode-locked, Q-switched Quantel YG-501 DP Nd/
YAG laser system (pulse width 18 ps, 2 ± 3 mJpulse�1). The white con-
tinuum picosecond probe pulse was generated by passing the fundamental
output through a D2O/H2O solution. Nanosecond laser flash photolysis
experiments were performed with laser pulses from a Quanta-Ray CDR
Nd/YAG system (355 nm, 6 ns pulse width) in a front face excitation
geometry. A Xe lamp was triggered synchronously with the laser. A
monochromator (SPEX) in combination with either a Hamamatsu R 5108
photomultiplier or a fast InGaAs diode was employed to monitor transient
absorption spectra. The photomultiplier output was digitized with a
Tektronix 7912 AD programmable digitizer.


EPR measurements : Time-resolved EPR spectra were recorded with a
Bruker ER 200 D X-band spectrometer. The second harmonic (
�
532 nm) of a Nd/YAG laser (Quantel) was used for the excitation. A
Lecroy 9450A digital oscilloscope was used to collect and average the
transient signals. Other experimental details were reported previously.[30]
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Three Novel Interpenetrating Diamondoid Networks from Self-Assembly of
1,12-Dodecanedinitrile with Silver(�) Salts


Lucia Carlucci,[b] Gianfranco Ciani,*[a] Davide M. Proserpio,[a] and Silvia Rizzato[a]


Abstract: The self-assembly of 1,12-do-
decanedinitrile (ddn) with various silver
salts (NO3


�, PF6
�, AsF6


�, ClO4
�) afford-


ed new polymeric coordination net-
works with the general formula
[Ag(ddn)2]X. All these species contain
interpenetrating diamondoid nets show-
ing interesting features: with X�NO3


�


the cationic [Ag(ddn)2]� network exhib-
its the highest interpenetration (tenfold)


ever found within diamondoid nets ex-
clusively based on coordinative bonds.
When X�PF6


� or AsF6
� an eightfold


diamondoid network is obtained that
shows an unusual [4�4] mode of inter-


penetration, instead of the ™normal∫ set
of eight nets equally translated along a
principal axis of the adamantanoid cag-
es. The polymeric species that forms
with X�ClO4


� is a fourfold interpene-
trating diamondoid network; the lower
degree of interpenetration in this case is
related to the conformation assumed by
the flexible ddn ligands.


Keywords: coordination polymers ¥
interpenetrating networks ¥
N ligands ¥ silver


Introduction


The crystal engineering of networked coordination poly-
mers[1] is of great current interest due to their potential
properties as novel zeolite-like materials,[2] for molecular
sieving, ion exchange, gas storage, molecular sensing, and
catalysis. Many efforts have been devoted to the investigation
of new synthetic strategies, with the use of novel rigid or
flexible spacer ligands. Though a rich variety of topologies is
evident in the polymeric networks with hydrogen bonds or
coordinative bonds obtained recently, doubtless the most
common and important type of topology is related to the
structure of diamond (or sphalerite). The synthetic routes to
diamondoid networks, their structures, and degrees of inter-
penetration have been discussed and reviewed.[1, 3±6] It is
noteworthy that one of the first examples of coordination
networks, reported many years ago, was a sixfold diamondoid
net based on CuI ions and the flexible bidentate adiponitrile.[7]


We are currently performing a systematic study on the
reactions of long-chain dinitriles with silver salts, in order to


obtain information at the basic structural level, of interest for
the crystal engineering of novel coordination networks and
devices. With these ligands we have obtained many examples
of interpenetrating diamondoids[8] and other interesting
polymers with 1,10-decanedinitrile (sebaconitrile).[9] We re-
port here on our investigations of the self-assembly of silver(�)
salts with the longer 1,12-dodecanedinitrile (ddn). We ob-
tained three novel cases of [Ag(ddn)2]X super-diamond
networks with different types of interpenetration: fourfold
with AgClO4, eightfold [4�4] with AgPF6 and AgAsF6, and
tenfold with AgNO3. The last-mentioned is the highest degree
of interpenetration ever found within diamondoid nets
exclusively based on coordinative bonds. The different modes
of interpenetration in the known frameworks of this funda-
mental topology are also discussed and compared.


Results


The new coordination polymers were obtained in good yields
by the method used for previously reported AgI ± dinitrile
polymers,[9] that is, by slow evaporation of solutions of ddn
and an AgI salt in molar ratio 2:1. The mixtures, left to
concentrate in the dark for several days, gave colourless
crystals of the adducts, which were characterized by single-
crystal X-ray analyses. The reactions led in each case to a
single product of composition [Ag(ddn)2]X, namely,
[Ag(ddn)2]NO3 (1), [Ag(ddn)2]PF6 (2a), [Ag(ddn)2]AsF6


(2b), and [Ag(ddn)2]ClO4 (3). AgBF4 gives crystals that are
isomorphous with those of compound 3 but always of
insufficient quality for single-crystal X-ray analysis.
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All products are air-stable for
long times at 4 �C. They dissolve
in common organic solvents
and are poorly thermally resist-
ant because of their low melting
points, similar to those ob-
served within the family of
sebaconitrile ± silver adducts.[9]


Nevertheless, they are useful
model compounds in coordina-
tion polymer chemistry due to
their novel structural motifs
and interpenetration modes.


The topology of all these
polymers can be related to that
of diamond, but different degrees and modes of interpenetra-
tion are observed, depending on the anions. Crystal data are
reported in Table 1, and selected bond lengths and angles are
listed in Table 2.


The tenfold interpenetrated diamondoid network of 1: The
structure of 1 consists of cationic diamondoid frameworks,
containing large identical adamantanoid cages. A single cage
is illustrated in Figure 1 (left); it exhibits equal Ag ¥¥¥ Ag edges
that are 19.80 ä long; these are the longest M ¥¥¥M separa-
tions in all known diamondoid coordination networks.[1e] Ten
independent equivalent networks are interpenetrated within
the crystals, related by a translation vector corresponding to
the crystallographic c axis (5.837(2) ä), as schematically
shown in Figure 1 (right). The adamantanoid cages are
strongly compressed in one direction and exhibit maximum
dimensions (corresponding to the longest intracage Ag ¥¥ ¥ Ag
distances) of 2a� 2b� 10c (i.e., 19.02� 50.03� 58.37 ä).
This is clearly visable in the view down the c axis (Figure 2),
which also shows the compressed channels occupied by the
anions.


Distorsions of the cages from an ideal geometry can arise in
these polymers from factors such as the different ligand
conformations, the possibility of bent Ag-N-C interactions
(172.1(6)� in 1) and the versatility of the coordination
geometry at the silver centers.


Table 1. Crystal data and structure refinement parameters for compounds 1 ± 3.


Formula �24H40AgN5O3 (1) �24H40AgF6N4P (2a) �24H40AgAsF6N4 (2b) �24H40AgClN4O4 (3)


Mr 554.48 637.44 681.39 591.92
crystal system orthorhombic monoclinic monoclinic monoclinic
space group (no.) Pnnn (48) C2/c (15) C2/c (15) P2/c (13)
a [ä] 9.512(2) 24.220(8) 24.046(8) 10.993(2)
b [ä] 25.013(5) 12.214(3) 12.278(4) 5.654(1)
c [ä] 5.837(2) 11.062(7) 11.193(3) 23.724(3)
� [�] 90 109.76(4) 109.78(2) 90.98(2)
V [ä3] 1388.8(6) 3080(2) 3109.6(17) 1474.3(4))
Z 2 4 4 2
�calcd [gcm� 3] 1.326 1.375 1.455 1.333
� [mm� 1] 0.757 0.761 1.758 0.807
reflections collected 20944 2539 2866 17148
unique reflections, Rint 2139, 0.039 2408, 0.032 2723, 0.025 3296, 0.171
observed reflections [I� 2�(I)] 1683 889 1155 1010
final R1, wR2 [Fo� 4�(Fo)][a] 0.0675, 0.1979 0.0773, 0.2099 0.0712, 0.2189 0.1263, 0.3225


[a] Weights during refinement were: w� 1/[�2(F 2
o �� (aP)2�bP], where P� (F 2


o � 2F 2
c �/3; R1����Fo� � �Fc��/��Fo� ; wR2� [�(F 2


o �F 2
c �2/�wF4


o]1/2.


Table 2. Selected distances [ä] and angles [�] in 1 ± 3.


Compound 1
Ag�N 2.241(5) N-Ag-N 103.0(3), 107.6(3), 118.2(3)
N�C 1.136(7) Ag-N-C 172.1(6)


Compound 2a
Ag�N 2.255(14), 2.261(11) N-Ag-N 100.0(8), 108.2(6), 111.3(5), 113.0(5)
N�C 1.125(9), 1.120(9) Ag-N-C 160.5(16), 164.6(13)


Compound 2b
Ag�N 2.253(10), 2.267(9) N-Ag-N 101.3(7), 109.8(4), 110.5(5), 112.6(4)
N�C 1.110(8), 1.116(8) Ag-N-C 157.6(13), 168.8(10)


Compound 3
Ag�N 2.251(13), 2.259(11) N-Ag-N 103.2(7), 106.1(6), 111.6(5), 112.3(5)
N�C 1.139(9), 1.139(8) Ag-N-C 154.0(14), 170.3(12)


Figure 1. A single adamantanoid cage (left) and a schematic view of the
tenfold interpenetration (right) in 1.
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All the ddn ligands assume the TTTTTTTTT conforma-
tion, which results in the longest possible N�N distance for
this ligand (15.7 ä in 1). The AgI cations have a somewhat
distorted tetrahedral coordination geometry (Ag�N
2.241(5) ä, N-Ag-N 103.0(3)-118.2(3)�).


The interpenetration mode of the ten independent nets in 1
is of the so-called normal type[5, 6] for diamondoid frames.
However, the degree of interpenetration is exceptional and
particularly surprising in the presence of a flexible ligand like
ddn (cf. the structure of 3). For many years the highest degree
of interpenetration for diamondoid networks was the ninefold
interpenetration in [Ag(BPCN)2]X (BPCN� 4,4�-biphenyldi-
carbonitrile; X�PF6


�, AsF6
�, SbF6


�).[4, 10] Only recently, 11-
fold interpenetration of diamondoid frames has been reported
for a hydrogen-bonded structure, with molecules of a
tetraphenol as tetrahedral centres and benzoquinone units
as rods, giving adamantane cages with edges of about 23 ä.[11]


Compound 1, however, contains the maximum number
presently known of such interpenetrating nets in coordination
polymers.


The eightfold interpenetrated diamondoid networks of 2a
and 2b : Compounds 2a and 2b are isomorphous and their
structure again consists of diamondoid cationic frameworks


containing large adamantanoid cages (Ag ¥¥¥ Ag edges of 19.7
and 16.3 ä in 2a, and 19.8 and 16.2 ä in 2b). A single cage is
illustrated in Figure 3a for 2b. The cages exhibit maximum
dimensions (i.e. , longest intracage distances) of 2a� 4b� 2c
(i.e., 48.44� 48.86� 22.12 ä in 2a, 48.09� 49.11� 22.39 ä in
2b).


Eight such independent equivalent networks interpenetrate
in the crystal (eightfold diamondoids), as shown in Figure 3b.
This interpenetration mode differs from the normal mode in 1
and can be described as two sets of normal fourfold nets (gray
and black in Figure 3, interpenetration vector in each set is the
b axis) with a relative displacement vector of a/2�b/2�
13.49 ä. We call this a [4�4] interpenetrated diamondoid
system.


The view down the common direction of interpenetration
for both sets (the b axis) reveals that the metal centres of one
set of four networks are located in the midpoints of the
anionic channels of the other set, and vice versa (Figure 3c).
Thus, in contrast to the normal mode of interpenetration,
which exhibits continuous rows of anions along the channels,
here the anions are located between metal atoms (Figure 3d).


To the best of our knowledge, there are only three previous
examples of eightfold interpenetrated diamondoid coordina-
tion networks, namely, [Ag(sbn)2]ClO4 and [Ag(sbn)2]BF4


(sbn� sebaconitrile, Ag ¥¥ ¥Ag 17.78, 15.30 ä and 17.79,
15.17 ä, respectively),[9] and [Ag(3,3�-dcpa)2]ClO4 ¥H2O
(3,3�-dcpa� 3,3�-dicyanodiphenylacetylene, with the ligand
in a transoid conformation, Ag ¥¥ ¥ Ag edges of 17.02 ä).[12]


While the first two species show the normal mode of
interpenetration, we observed that the third is another
example of a [4�4] interpenetration as in 2a and 2b, an
aspect that was previously neglected.[13]


The ddn ligands in 2a and 2b have two different con-
formations: half of them are of the TTTTTTTTT type, with a
N�N distance of about 15.2 ä, and the other half of the
GTTTTTTTG� type, with a significantly shorter N�N distance


Figure 2. A perspective view down c of the anionic channels in compound
1.


Figure 3. A single adamantanoid cage (a), two schematic views of the [4�4] interpenetration (b, c) and a view showing the positions of the anions,
represented as spheres (d) in 2b.
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of about 12.8 ä. The presence of ligands with the second type
of conformation is consistent with the observed decrease in
the cage dimensions relative to that of 1, especially in the
direction of interpenetration, and can explain the lower
degree of interpenetration in 2a and 2b.


In both compounds the coordination of the silver ions is
slightly distorted tetrahedral (see Table 2).


The fourfold interpenetrated diamondoid network of 3 : The
structure of compound 3 consists of diamondoid frameworks
containing strongly distorted adamantanoid cages (Ag ¥¥ ¥ Ag
edges of 16.32 and 16.08 ä). A single cage is shown in
Figure 4a. Four independent equivalent networks are inter-
penetrated (fourfold diamondoid), with a translation vector
corresponding to the crystallographic b axis (5.654(1) ä), as
shown schematically in Figure 4b.


Figure 4. A single adamantanoid cage (a), a schematic view of the fourfold
interpenetration (b) and a view showing the anion positions in the channels
(c) in compound 3.


The highly distorted adamantanoid cages exhibit maximum
dimensions of 2a� 4b� 2(c� a), that is, 21.99� 22.62�
52.63 ä. The interpenetration mode is of the normal type,
and the structure exhibits the usual anionic channels (see


Figure 4c). The most peculiar structural feature of this species
is the relatively low degree of interpenetration compared to
the other members of this family. This could be related to the
fact that all the ddn ligands assume the GTTTTTTTG�
conformation, with N�N distances of 12.9 and 13.0 ä.


Discussion


Interpenetrated diamondoid networks are much more com-
mon than noninterpenetrated ones in coordination polymer
chemistry; only a very limited number of single diamondoid
nets is presently known in this area.[1a, 14] The study of these
systems in general implies the analysis and rationalization of
two main aspects: 1) the degree of interpenetration, together
with the factors that are responsible for the presence of a
specific number of independent nets, and 2) the topology of
interpenetration, together with the enumeration of the
possible different types.


The degree of interpenetration remains difficult to predict
and fully explain.[15] It is strongly related to the length of the
spacer ligands, which dictates the M ¥¥¥M separations, that is,
the length of the edges of the adamantanoid cages, and hence
influences the number n of interpenetrating nets. However,
even in the presence of rigid ligands, a precise n/M ¥¥¥M
correlation does not exist. For example, the Ag ¥¥ ¥Ag
separation in the ninefold diamondoids [Ag(bpcn)2]X[4, 10] is
about 16.4 ä, while the corresponding separation in the
eightfold interpenetrated network [Ag(3,3�-dcpa)2]ClO4 ¥H2O
is 17.02 ä.[12] Many factors can influence the degree of
interpenetration, such as the bulkiness of the ligands and of
the counterions, the number and type of solvated molecules,
the presence of � ±� interactions between aromatic bridging
ligands, the coordination geometry at the pseudotetrahedral
centers and other more subtle effects. With flexible ligands the
specific conformation drives the distance and orientation of
the donor groups and thus modifies the degree of inter-
penetration, as shown by the rather regular trend observed for
1 ± 3. However, the reasons for such different conformations
of the ddn ligands are not clear.


The second point of interest is the topology of inter-
penetration. As previously outlined,[5, 6] there is a dominant
mode of interpenetration for n identical diamondoid nets.
This is shown in Figure 5 (left) for a twofold interpenetrated
diamondoid net. The typical feature that characterizes this
interpenetration mode is that the nodes of all the independent
nets are equally spaced along one of the ™ideal∫ twofold axes
of the adamantanoid units.[5] Each individual net is translated
along this direction by 1/n of the cage height. One can also
observe that any pseudopolyhedral adamantanoid cage,
delimited by four cyclohexane-like windows (in chair con-
formation), contains just one node for each of the other
independent networks, and that each of the four rods starting
from this node threads one of the four windows of the host
cage.[16] Other frequently observed features can also be listed:
a) this mode generates large channels of ™ideal∫ square
section that run parallel to the direction of interpenetration
and usually contain the anions (anionic channels, see Figure 5,
right); b) the adamantanoid cages are stretched in the
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Figure 5. Schematic views of two normally interpenetrated diamondoid
nets (left) and of the anionic channels (right).


direction of interpenetration and, moreover, c) this direction
corresponds to the shortest crystallographic axis.


Almost all known n-fold interpenetrated diamondoid net-
works display this topology, though not all the normally
interpenetrated diamondoid nets also show all the above-
mentioned minor features. For instance, compound 1 con-
forms to all the above points, while in compound 3 the
adamantanoid cages are stretched in a direction that is not
coincident with that of interpenetration.


Exceptions to this normal topological type are limited, to
the best of our knowledge, to only six cases, which include,
besides the [4�4] mode of compounds 2a, 2b, and [Ag(3,3�-
dcpa)2]ClO4 ¥H2O, the three examples shown schematically in
Figure 6.


Figure 6. Schematic representations of three cases of unusual interpene-
tration in diamondoid networks. a) Fivefold interpenetrated adamantane-
1,3,5,7-tetracarboxylic acid.[17] The dashed cage shows catenation with all
the other nets. b) Threefold interpenetrated [Cu(2,7-diazapyrene)2]PF6.[18]


The view is approximately down the threefold cubic axis. c) Fivefold
interpenetrated �-[Cu(dca)(bpe)].[20] The view shows a possible way in
which the other four cages can catenate the central cage.


To achieve a certain degree of rationalization we can
consider a set of n identical diamondoid nets with identical
cages and nodes. These independent nets can be related by a
translation, by a rotation or by a roto-translation. Transla-
tionally equivalent diamondoid nets are related by an inter-
penetration vector Ti . This is the shortest crystallographic
vector that when applied n times to one net generates the
whole interpenetrated array. The vector Ti can span different
crystallographic directions, but when its orientation coincides
with one of the ™ideal∫ twofold axes of the adamantanoid
cage, the normal interpenetration mode results as a particular
case of translational equivalence.


Unusual modes of interpenetration within translationally
equivalent diamondoid nets are present in the fivefold
interpenetrated adamantane-1,3,5,7-tetracarboxylic acid (Fig-
ure 6a), well described by Ermer,[17] but also in the eightfold
[4�4] interpenetrated 2a, 2b and [Ag(3,3�-dcpa)2]ClO4 ¥H2O.
Figure 7 shows two alternative ways of representing the


Figure 7. Two alternative representations of the eightfold interpenetration
in 2b : eight translationally equivalent cages, generated by repeated
application of the interpenetration vector Ti� a/2�b/2 (top); a possible
way in which the other seven cages can catenate the central cage (bottom).


interpenetration in these species to that illustrated in Fig-
ure 3b: the top diagram shows (for 2b) that the 8 nets are
translationally equivalent and are generated by an unique
interpenetration vector Ti (�a/2� b/2). Moreover, the bot-
tom diagram of the same figure illustrates a possible way to
catenate to a single cage of a net one cage for each of the other
seven nets.
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We are aware of a single example of rotationally equivalent
interpenetrated diamondoid nets, namely, the threefold inter-
penetrated [Cu(2,7-diazapyrene)2]PF6,[18] in which the three
nets are related by rotation about the threefold axis of the
cubic lattice, as shown schematically in Figure 6b. No example
of roto-traslational equivalence has been reported.[19]


The last case of unusual interpenetration (Figure 6c) is a
fivefold interpenetrated structure recently described by
Batten et al.[20, 6] This is a different situation that arises
essentially from the fact that the individual networks contain
nonidentical adjacent adamantanoid cages that show rather
different geometry and orientation. Although the five inde-
pendent nets are translationally equivalent (Ti� c� 14.64 ä),
the presence of different cages that cannot have a common
normal interpenetration axis results in this unusual inter-
penetration mode.


The discussion here presented can be considered a rather
naive attempt to classify the different modes of interpenetra-
tion for diamondoid nets, but surely the topology of these
interpenetration phenomena should be based on a more
rigorous mathematical background.[21] First, a correct defini-
tion of what makes two interpenetration modes really differ-
ent (especially for 3D networks) and criteria for recognizing
the difference are needed. For instance, one can suggest that:
™two interpenetration modes of n networks of identical
topology are different when the mutual transformation
requires the breaking and reforming of links∫. Assessment
of the correctness of this statement and its application to real
or hypothetical cases is left to discussions within the scientific
community and to future work.


Experimental Section


Materials : All reagents and solvents employed were commercially
available high-purity materials (Aldrich Chemicals) and were used as
supplied without further purification. Elemental analyses were carried out
at the Microanalytical Laboratory of this University.


Synthesis of the polymers : All the compounds were prepared at room
temperature by treating solutions of the silver salts in ethanol (AgClO4,
AgPF6, AgAsF6) or water (AgNO3) with ethanolic solutions of ddn in the
molar ratio 1:2. For example, [Ag(ddn)2]PF6 was obtained by layering an
ethanolic solution (4 mL) of ddn (0.024 mL, 0.182 mmol) on a solution of
AgPF6 (0.023 g, 0.091 mmol) in ethanol (4 mL). The mixtures were left for
10 ± 15 d in the dark and then allowed to concentrate by slow evaporation in
air. In the case of AgNO3 the mixture was kept at 4 �C because the crystals
melt at room temperature. The crystals of all products were recovered in
good yield by filtration and washed with EtOH. All the products are low-
melting solids, air- and light-stable for long times when kept at low
temperature. Elemental analyses: [Ag(ddn)2]NO3 (1): calcd (%) for
�24H40AgN5O3 (554.48): C 51.99, H 7.27, N 12.63; found: C 52.01, H 7.25,
N 12.53. [Ag(ddn)2]PF6 (2a): calcd (%) for �24H40AgF6N4P (637.44): C
45.22, H 6.32, N 8.79; found: C 45.35, H 6.23, N 8.68. [Ag(ddn)2]AsF6 (2b):
calcd (%) for �24H40AgAsF6N4 (681.39): C 42.31, H 5.92, N 8.22; found: C
42.27, H 5.82, N 8.15. [Ag(ddn)2]ClO4 (3): calcd (%) for �24H40AgClN4O4


(591.92): C 48.70, H 6.81, N 9.47; found: C 48.82, H 6.75, N 9.33.
Crystallography : Crystal data are reported in Table 1. Data were collected
on a Bruker SMART-CCD diffractometer at 233 K for 1 and at 293 K for 3
by the �-scan method within the ranges 2� �� 30� (1) and 2��� 28� (3).
Data for 2a and 2b were collected at 293 K on an Enraf-Nonius CAD4 by
the �-scan method within the ranges 3� �� 24� (2a) and 3� �� 25� (2b).
Empirical absorption corrections (SADABS)[22] were applied for 1 and 3,
and � scans for 2a and 2b. The structures were solved by direct methods
(SIR97)[23] and refined by full-matrix least-squares on F 2 (SHELX-97).[24]


Anisotropic thermal parameters were assigned to all non-hydrogen atoms.
Disordered nitrate anion was found in 1, and a suitable 50/50 model was
refined. The low-quality data for compound 3 due to weak diffraction of
small needle-like crystals required the use of constraints on the geometry of
the ligands, and this resulted in relatively high agreement factors. All the
diagrams were plotted the SCHAKAL99 program.[25] CCDC-169567 (1),
CCDC-169568 (2a), CCDC-169569 (2b), and CCDC-169570 (3) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.
cam.uk).
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Dendritic Ruthenium Porphyrins: A New Class of Highly Selective Catalysts
for Alkene Epoxidation and Cyclopropanation


Jun-Long Zhang, Hai-Bing Zhou, Jie-Sheng Huang, and Chi-Ming Che*[a]


Abstract: Attachment of Fre¬chet-type
poly(benzyl ether) dendrons [G-n] to
carbonylruthenium(��) meso-tetraphe-
nylporphyrin (5) using covalent etheric
bonds forms a series of dendritic ruth-
enium(��) porphyrins 5-[G-n]m (m� 4,
n� 1, 2; m� 8, n� 0 ± 2). The attach-
ment was realized by treating the car-
bonylruthenium(��) complex of 5,10,15,20-
tetrakis(4�-hydroxyphenyl)porphyrin or
5,10,15,20-tetrakis(3�,5�-dihydroxyphen-
yl)porphyrin with [G-n]OSO2Me in re-
fluxing dry acetone in the presence of
potassium carbonate and [18]crown-6.
Complexes 5-[G-n]m were characterized


by UV/Vis, IR, and NMR spectroscopy
and mass spectrometry. All of the den-
dritic ruthenium porphyrins are highly
selective catalysts for epoxidation of
alkenes with 2,6-dichloropyridine N-ox-
ide (Cl2pyNO). The chemo- or diaster-
eoselectivity increases with the genera-
tion number of the dendron and the
number of dendrons attached to 5, and


complex 5-[G-2]8 exhibits remarkable
selectivity or turnover number in cata-
lyzing the Cl2pyNO epoxidation of a
variety of alkene substrates including
styrene, trans-/cis-stilbene, 2,2-dimethyl-
chromene, cyclooctene, and unsaturated
steroids such as cholesteryl esters and
estratetraene derivative. The cyclopro-
panation of styrene and its para-substi-
tuted derivatives with ethyl diazoacetate
catalyzed by 5-[G-2]8 is highly trans
selective.


Keywords: cyclopropanation ¥
dendrimers ¥ epoxidation ¥ homo-
genous catalysis ¥ porphyrinoids ¥
ruthenium


Introduction


The construction of dendritic architecture on metal com-
plexes provides a rapidly growing family of macromolecules,
namely metallodendrimers,[1a] which exhibit a wide variety of
unusual structural and functional properties.[1] For example,
attachment of dendritic wedges to a homogeneous metal
catalyst can endow the catalyst molecule with a soluble, well-
defined nanoscale structure, allowing facile separation of the
catalyst from the products by membrane or nanofiltration
techniques with no loss of the advantages of homogenous
catalysts.[2] This is different from immobilization of metal
catalysts onto insoluble supports such as molecular sieves or
organic polymers. On the other hand, the dendritic wedges on
a metal catalyst can induce a regioselectivity or shape-
selectivity by creating a proper environment around the
metal center,[3] and can stabilize the catalytic center by
providing an efficient site isolation in a manner similar to the
peptide architecture of enzymes in biological systems.[1b]


These attractive features, along with our continuing interest


in developing new ruthenium porphyrin catalysts for hydro-
carbon functionalizations, prompted us to attach dendritic
wedges to ruthenium porphyrins.


Ruthenium porphyrins have been shown to be efficient
catalysts for a variety of organic reactions, such as epoxida-
tion[4]/aziridination[5]/cyclopropanation[6] of alkenes, and hy-
droxylation[7]/amidation[5b,c, 8] of alkanes. To make the cata-
lysts readily separable from the products and reusable, we
previously grafted carbonylruthenium(��) porphyrins [Ru-
(Por)(CO)] (Por� dianions of meso-tetrakis(4-chlorophenyl)-
porphyrin: 1; meso-tetrakis(2,6-dichlorophenyl)porphyrin: 2 ;
5,10,15-tris(4�-R-phenyl)-20-(4��-hydroxyphenyl)porphyrin: 3
(R�Cl) or 4 (R�Me)) onto a surface-modified mesoporous
molecular sieve (MCM-41)[9] or the Merrifield×s peptide resin
(MPR)[10] and prepared catalysts 1-MCM-41, 2-MCM-41, 3-
MPR, and 4-MPR. The catalytic behavior of these catalysts
toward alkene epoxidations with 2,6-dichloropyridine N-oxide
(Cl2pyNO) or tert-butyl hydroperoxide has been examined,
which reveals a high shape-selectivity for 2-MCM-41 and a
high diastereoselectivity and versatility for 3-MPR. However,
grafting 1 ± 4 onto MCM-41 or MPR invariably renders the
catalysts insoluble in the catalytic systems, making it hard to
elucidate the mechanism of the catalytic processes. Further,
the local environments around the catalytic centers in these
catalysts can not be clearly defined, and their activity or
selectivity is not readily tunable by rational modification of
the structures of such solid supports.


[a] Prof. Dr. C.-M. Che, J.-L. Zhang, Dr. H.-B. Zhou, Dr. J.-S. Huang
Department of Chemistry and Open Laboratory of Chemical Biology
of the Institute of Molecular Technology for Drug Discovery and
Synthesis, The University of Hong Kong
Pokfulam Road, Hong Kong (China)
Fax: (�852) 2857-1586
E-mail : cmche@hku.hk
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Herein, we report on the attachment of readily accessible
Fre¬chet-type poly(benzyl ether) dendrons [G-n] (n is the
generation number of the dendrons)[11] to carbonylrutheni-
um(��) porphyrin [Ru(tpp)(CO)] (5, tpp�meso-tetraphenyl-
porphyrinato dianion) with covalent etheric bonds to form
new ruthenium(��) porphyrin complexes 5-[G-n]m (Scheme 1,
m is the total number of dendrons attached to the tpp macro-
cycle), which represent the first examples of a dendritic


ruthenium porphyrin. All the dendritic ruthenium(��) porphyr-
ins are soluble in common organic solvents such as dichlo-
romethane and acetone. The dendritic architecture around 5
in 5-[G-n]m can be fine tuned by variables n, m, and by the
location of the dendrons on the meso-phenyl groups of the
porphyrin core. Examination of the catalytic behavior of 5-
[G-n]m toward alkene epoxidation with Cl2pyNO discloses
that these dendritic ruthenium complexes are highly selective
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Scheme 1. Schematic structures of the dendritic ruthenium porphyrins 5-[G-n]m (m� 4, n� 1, 2; m� 8, n� 0 ± 2) prepared in this work.
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catalysts for such a catalytic process, and that 5-[G-2]8 is a
remarkable catalyst for epoxidation of natural products such
as steroids. Prior to this work, no dendritic metalloporphyrin-
catalyzed epoxidation of steroids has been reported. Interest-
ingly, 5-[G-2]8 is also effective and highly diastereoselective in
catalyzing the cyclopropanation of styrenes with ethyl diazo-
acetate (EDA), contributing the first alkene cyclopropanation
catalyzed by a dendritic metalloporphyrin.


Results and Discussion


Synthesis and characterization of dendritic ruthenium(��)
porphyrins 5-[G-n]m : Dendritic metalloporphyrins can be
prepared either by direct insertion of metal ions into a
dendritic porphyrin free base or by attaching dendritic wedges
to a simple metalloporphyrin;[1b] the latter method was
employed in this work. To attach the poly(benzyl ether)
dendrons [G-n] to 5 and prepare 5-[G-n]m (m� 4, 8), it is
necessary to functionalize the meso-phenyl groups of 5 to
phenol groups to form the carbonylruthenium(��) porphyrins 6
and 7 shown in Scheme 2. This was readily achieved by
treating [Ru3(CO)12] with 5,10,15,20-tetrakis(4�-hydroxyphe-
nyl)porphyrin or 5,10,15,20-tetrakis(3�,5�-dihydroxyphenyl)-
porphyrin free base, respectively, in refluxing 2,4,6-trichloro-
benzene under nitrogen, which afforded 6 or 7 as red purple
crystals in �70 % yields.


We then treated 6 or 7 with excess dendritic mesylates [G-
n]OSO2Me (n� 0 ± 2) in refluxing dry acetone in the presence
of potassium carbonate and [18]crown-6 under a nitrogen
atmosphere to form 5-[G-n]m (m� 4 and 8 for 6 and 7,
respectively), as shown in reaction (1) of Scheme 2. The
phenolic etherification reaction proceeded markedly faster
for 6 than for 7. The desired dendritic ruthenium porphyrins 5-


[G-n]m (m� 4, n� 1,2; m� 8, n� 0 ± 2) were isolated in 15 ±
80 % yields after purification by chromatography, with higher
yields obtained for the complexes of smaller m or n values.
The decrease in the yield of 5-[G-n]m with increasing n or m
values is not surprising, since formation of 5-[G-n]4 and 5-[G-
n]8 from 6 and 7, respectively, requires alkylation of all the
hydroxyl groups (O-alkylation) in 6 or 7. This should become
more difficult as more dendrons are attached or as the
dendritic wedge grows, both of which would dramatically
increase the steric hindrance encountered in the reaction. Note
that previous attachments of Fre¬chet-type poly(benzyl ether)
dendrons to a simple zinc porphyrin or a porphyrin free base all
employ [G-n]Br rather than [G-n]OSO2Me as the O-alkylating
reagent.[12] We found that, however, the use of [G-n]Br instead
of [G-n]OSO2Me for reaction (1) rendered it hard to separate
the desired dendritic ruthenium porphyrins 5-[G-n]4 and 5-[G-
n]8 from unreacted [G-n]Br by chromatography.


Like the carbonylruthenium(��) complexes of other meso-
tetraarylporphyrin macrocycles reported in the literature,[13]


complexes 6 and 7 show Soret bands at �412 nm and � bands
at �530 nm in their UV/Vis spectra and exhibit intense �(CO)
bands at �1935 cm�1 in their IR spectra. Similar spectral
features were observed for 5-[G-n]4 and 5-[G-n]8, consistent
with the presence of a carbonylruthenium(��) porphyrin core
in these dendritic metal complexes. The mass spectra of 6, 7, 5-
[G-n]4, and 5-[G-n]8 all display the cluster peaks attributable
to the fragments [M�CO]� , and for 6, 7, and the dendritic
complexes with smaller n values 5-[G-1]4 and 5-[G-0]8, the
cluster peaks assignable to the respective parent ions [M]� are
also located. The lack of peaks corresponding to 5-[G-n]x with
x� 4 in the mass spectra of 5-[G-n]4 or corresponding to 5-[G-
n]y with y� 8 in those of 5-[G-n]8 provides some evidence for
the absence of partially O-alkylated species in 5-[G-n]4 and 5-
[G-n]8.


1H NMR spectroscopy pro-
vides invaluable information
about the identity and purity
of 6, 7, 5-[G-n]4, and 5-[G-n]8,
the types of protons in which
are depicted in Scheme 3.
These complexes have a pseu-
do-C4v symmetry. Their meso-
phenyl groups are nearly per-
pendicular to the porphyrin
plane.[14] Therefore, for each of
these complexes, the pyrrole
protons of the porphyrin ring
(H�, not shown in Scheme 3)
are basically identical; the or-
tho protons of the meso-phenyl
groups can be divided into two
different sets (Ho and Ho�).
Moreover, there are two differ-
ent sets of the meta protons
(Hm and Hm�) in 6 or 5-[G-n]4


and two different sets of [G-n]
groups ([G-n] and [G-n]�) in 5-
[G-n]8 . These structural fea-
tures are in good agreement
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Scheme 2. Synthesis of dendritic ruthenium porphyrins 5-[G-n]4 (n� 1, 2) and 5-[G-n]8 (n� 0, 1, 2).
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Scheme 3. The labeling of various types of protons in dendritic rutheni-
um(��) porphyrins 5-[G-n]m.


with the 1H NMR spectra observed for 6, 7, 5-[G-n]4, and 5-
[G-n]8, as is evident from the spectral data compiled in the
Experimental Section.[15]


Epoxidation of alkenes catalyzed by dendritic ruthenium(��)
porphyrins 5-[G-n]m : Alkene epoxidation is of particular
importance in the functionalization of C�C bonds, providing a
unique access to epoxides, which are versatile starting
materials or key intermediates in organic syntheses. The
epoxidation of alkenes catalyzed by metal complexes has
been subjected to tremendous investigations; however, few of
these metal catalysts reported so far contain a dendritic
architecture.[3, 16, 17]


Meanwhile, alkene epoxidation is one of the most impor-
tant reactions catalyzed homogeneously by cytochrome P-450
enzymes in biological systems.[18] The active center in these
enzymes is an iron porphyrin embedded in the interior of a
peptide shell. Since dendritic metalloporphyrins feature a
metalloporphyrin core embedded in the interior of dendritic
shells, and may reach a size or shape roughly comparable to
those of cytochrome P-450 enzymes yet remain soluble in
common solvents, they (particularly those containing the
metal centers of iron and its congener ruthenium) are
probably better synthetic analogues for cytochrome P-450
enzymes than simple metalloporphyrins or the metallopor-
phyrins immobilized onto solid supports.


Dendritic metalloporphyrins first appeared in the literature
in 1993[19] and have been investigated in considerable detail
regarding their photophysical, electrochemical, and dioxygen-
binding properties.[1] Although numerous investigations on
metalloporphyrin-catalyzed alkene epoxidations have been
reported,[20] and a good number of heterogenized metal-


loporphyrin epoxidation catalysts have been developed,[10] the
epoxidation of alkenes catalyzed by a dendritic metallopor-
phyrin is rarely studied. In a pioneering work by Moore,
Suslick, and their co-workers,[3] attachment of poly(phenyl
ester) dendrons with generation numbers of 1 and 2 to a
simple manganese porphyrin catalyst, [MnIII(tpp)Cl], with
covalent esteric bonds, results in a significantly higher
regioselectivity or shape-selectivity in catalyzing epoxidation
of nonaromatic alkenes with iodosylbenzene (PhIO). Subse-
quent work by Kimura, Shirai, and co-workers also demon-
strated that an iron porphyrin containing rigid 1,3,5-phenyl-
ene-based dendrons with generation number of 2 catalyzes
the PhIO epoxidation of nonaromatic alkenes with a remark-
ably higher shape selectivity than [FeIII(tpp)Cl)].[17]


Despite the foregoing remarkable enhancement in regio-
selectivity or shape selectivity, a number of questions
concerning dendritic metalloporphyrin-catalyzed alkene ep-
oxidations remain to be answered: 1) can dendritic wedges
enhance the chemoselectivity (that is, the yield ratio of
epoxide product versus other oxidation products) of the
metalloporphyrin catalysts, 2) for a certain type of dendron,
how does the number or location of the dendrons on the
porphyrin macrocycle affect the catalytic behavior of the
catalysts, and 3) are dendritic metalloporphyrins versatile
catalysts for alkene epoxidation? These questions naturally
arise because of the following aspects in the reported
epoxidation reactions catalyzed by dendritic manganese or
iron porphyrins.[3, 17] First, those epoxidation reactions were
all performed by employing a large excess of alkene substrates
with the oxygen donor as the limiting reagent, a condition that
renders it hard to examine the mass balance in the catalytic
processes, which is essential for assessing the chemoselectivity
of the catalysts. Second, for a certain type of dendron, only the
effect of the generation number of the dendron on the
catalytic properties is investigated. Third, all the substrates
studied, except trans-�-methylstyrene, are simple aliphatic or
alicyclic alkenes such as 1-octene/hexene, cyclooctene/cyclo-
hexene, and 1,4-octadiene. The performance of dendritic
metalloporphyrins in catalyzing epoxidation of other alkenes
such as steroids (which are well-known endogenous substrates
of cytochrome P-450 enzymes[18]) remains unclear.


To answer the questions 1) and 2), we examined the
catalytic behavior of the dendritic ruthenium porphyrins 5-
[G-n]m toward epoxidation of styrene (8) with excess Cl2py-
NO. We chose Cl2pyNO rather than PhIO as the oxygen
donor because of the exceptional catalytic properties of
certain ruthenium porphyrins for alkene epoxidation with
Cl2pyNO.[4c, 9b, 10] Table 1 shows the results obtained for the
reaction of styrene with 1.1 equivalents of Cl2pyNO in
dichloromethane at room temperature in the presence of
�0.03 mol % of 5-[G-n]m. Under these conditions, the reac-
tion afforded styrene oxide (9) in 82 ± 94 % yields (depending
on the m and n values in 5-[G-n]m) with styrene conversions
close to 100 %, accompanied by formation of small or trace
amounts of phenylacetaldehyde (10) and benzaldehyde (11)
(see reaction (2) in Table 1).[21] The ratio of the yield of 9
versus the sum of the yields of 10 and 11 (which can be
considered as the chemoselectivity in reaction (2)) for each of
catalysts 5-[G-n]m is also listed in Table 1.







FULL PAPER C.-M. Che et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0807-1558 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 71558


It is reported that complex 5 catalyzes the epoxidation of
styrene with Cl2pyNO to form epoxide 9 in 25 % yield under
the conditions analogous to those for 5-[G-n]m.[4c] Evidently,
attachment of the poly(benzyl ether) dendrons [G-n] to 5 to
produce 5-[G-n]m dramatically increased the epoxide yield in
the catalytic styrene oxidation reaction.[22] Worthy of note is
that the chemoselectivity of the dendritic catalysts 5-[G-n]m
significantly increases with the generation number of the
attached dendrons. For example, in the case of catalysts 5-[G-
n]8, increasing the generation number of the dendron from 0
to 2 led to an over threefold increase in the chemoselectivity
(entries 1 ± 3, Table 1). On the other hand, since higher
chemoselectivity was obtained for 5-[G-n]8 than for 5-[G-n]4


(compare entries 2 and 4, or entries 3 and 5, Table 1), it
appears that attaching more dendritic wedges [G-n] to the
ruthenium porphyrin is beneficial to enhancement of the
chemoselectivity.


The results in Table 1 indicate that catalyst 5-[G-2]8 shows
higher chemoselectivity than any of the other 5-[G-n]m
catalysts. Therefore, unless otherwise specified, the catalyst
employed for the subsequent
catalytic studies described in
this work was always 5-[G-2]8.
Time-course experiments for
reaction (2) in Table 1 cata-
lyzed by 5-[G-2]8 revealed that
the reaction proceeded smooth-
ly without an induction period.
The total turnover number of 5-
[G-2]8 in this reaction was 2.9�
103, indicating that this dendrit-
ic ruthenium porphyrin catalyst
is highly robust toward the
styrene oxidation reactions.[23]


To answer question 3) above,
we first investigated the cata-
lytic properties of 5-[G-2]8 for
Cl2pyNO epoxidation of other
aromatic alkenes including cis-
stilbene (12), trans-stilbene
(13), and 2,2-dimethylchro-
mene (14) and cyclic alkenes


including cyclohexene (15) and
cyclooctene (16). When the re-
actions were performed under
the same conditions as those
indicated in Table 1, except for
a shorter reaction time for 12
and 16, the predominant prod-
ucts detected were exclusively
the respective epoxides 17 ± 21
as depicted in Table 2 (entries
1 ± 5). Remarkably, for sub-
strates 12, 14, and 16, their
epoxides were formed in nearly
quantitative yields (based on
the substrates consumed) with
excellent substrate conversions.
An excellent substrate conver-


sion is also achieved for cyclohexene (15, entry 4, Table 2), but
the chemoselectivity is significantly lower in this case, like the
Cl2pyNO epoxidation of the same alkene catalyzed by the
polymer-supported ruthenium porphyrin 3-MPR.[10] The con-
version of trans-stilbene (13) is moderate (entry 2, Table 2).
However, the chemoselectivity in the 5-[G-2]8-catalyzed
epoxidation of 13 is exceptionally high, as reflected by a
98 % yield of epoxide 18 formed in the reaction. In contrast,
our previous work on the Cl2pyNO epoxidation of 13 by
employing catalysts 3-MPR[10] and 2-MCM-41[9b] shows that
the former catalyst results in formation of 18 in 90 % yield
whereas the latter one afforded no 18. The catalyst turnover
numbers for the epoxidation of 12 ± 16 range from 1.4� 103 to
�2.9� 103 (entries 1 ± 5, Table 2, {5-[G-2]8}:Cl2pyNO:alkene
molar ratio� 1:3300:3000). In the case of cyclooctene (16),
the most reactive alkene substrate among 12 ± 16, we
also performed the epoxidation reaction by employing a
{5-[G-2]8}:Cl2pyNO:alkene molar ratio of 1:17000:15000.
Under such a low catalyst loading, we obtained an 82 %
conversion of 16 and a nearly quantitative yield of epoxide 21


Table 1. Epoxidation of styrene with Cl2pyNO catalyzed by dendritic ruthenium(��) porphyrins 5-[G-n]m.[a]


CHO
O


CHO
+


Cl2pyNO, CH2Cl2


8 9 10


+


11


(2)
5-[G-n]m


Entry Catalyst Conversion [%] Yield [%][b] Chemo-
9 10 11 selectivity[c]


1 5-[G-0]8 � 99 82 18 trace 4.6
2 5-[G-1]8 98 90 10 trace 9.0
3 5-[G-2]8 99 94 3 3 16
4 5-[G-1]4 � 99 84 16 trace 5.3
5 5-[G-2]4 � 99 88 11 1 7.3


[a] All reactions were carried out at room temperature for 48 h with a catalyst :Cl2pyNO: alkene molar ratio of
1:3300:3000. [b] Based on the amount of styrene consumed. [c] Defined as the ratio of the yield of 9 versus the
sum of the yields of 10 and 11.


Table 2. Epoxidation of cis-stilbene (12), trans-stilbene (13), 2,2-dimethylchromene (14), cyclohexene (15), and
cyclooctene (16) with Cl2pyNO catalyzed by dendritic ruthenium(��) porphyrin 5-[G-2]8.[a]


O
O


OO


O


O


O


12


17


13


18


15


20


16


21


14


19


Entry Substrate Reaction time [h] Conversion [%] Product Yield[b] [%] Turnovers[c]


1 12 36 � 99 17 � 99 � 2.9� 103


2 13 48 49 18 98 1.4� 103


3 14 48 90 19 98 2.7� 103


4 15 48 92 20[d] 66 1.8� 103


5 16 24 96 21 � 99 � 2.9� 103


6[e] 16 96 82 21 � 99 � 1.2� 104


[a] Unless otherwise specified, all reactions were carried out in CH2Cl2 at room temperature, with a {5-[G-
2]8}:Cl2pyNO:alkene molar ratio of 1:3300:3000. [b] Based on the amount of alkenes consumed. [c] (Moles of
epoxide products):(moles of catalyst). [d] Other products: cyclohex-2-en-1-one (24 %) and cyclohex-2-en-1-ol
(10 %). [e] The reaction was performed at 40 �C, with a {5-[G-2]8}:Cl2pyNO:alkene molar ratio of 1:17000:15000.
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(based on the 16 consumed), which gives a very high turnover
number of �1.2� 104, comparable to that of the polymer-
supported catalyst 3-MPR.[10]


Next, we examined the catalytic properties of 5-[G-2]8 for
Cl2pyNO epoxidation of 3,4,6-tri-O-acetyl-�-glucal (22), a
glycal derivative. After the reaction was carried out in
dichloromethane at 40 �C for 48 h ({5-[G-2]8}:Cl2pyNO:alkene
molar ratio� 1:1100:1000), an 80 % conversion of 22 was
achieved. A mixture of the corresponding epoxides �-23 and
�-23 were formed [Eq. (3)] in a total of 83 % yield based on
consumed 22, with the ratio of �-23 versus �-23 being 9:1. This


� :� ratio is significantly higher than that obtained for catalyst
2-MCM-41 (�-23 :�-23� 3:1)[9b] but lower than that for
catalyst 3-MPR (only �-23 was formed in that case).[10]


Lastly, we investigated the catalytic properties of 5-[G-2]8


for the Cl2pyNO epoxidation of a series of unsaturated
steroids including cholesteryl esters and an estratetraene
derivative. Previously, ruthenium-porphyrin-catalyzed epox-
idation of unsaturated steroids had been realized only in the
™[RuVI(tmp)(O)2] (tmp�meso-tetramesitylporphyrinato di-
anion) � air or dioxygen∫ system developed by Marchon and
co-workers,[4b, 24] which features nearly complete �-stereo-
selectivity (� :�� 99:1) for some sterol esters with catalyst
turnover numbers of �20. In this work, we treated cholesteryl
esters 24 ± 26 (Table 3) with Cl2pyNO in dichloromethane at
40 �C in the presence of 0.1 mol % of 5-[G-2]8. The reactions
gave �99 % substrate conversions after 48 hours, affording a
mixture of the respective �- and �-epoxides (27 ± 29) in 75 ±
83 % yields (entries 1 ± 3, Table 3). The �-stereoselectivities
(� :�� 99:1 for all the three substrates) are comparable to,
whereas the catalyst turnover numbers (up to �820) are much


higher than, those obtained for the same cholesteryl esters in
the above ™[RuVI(tmp)(O)2] � air∫ epoxidation system.
Especially striking is the high catalytic activity of 5-[G-2]8


toward epoxidation of the benzoic ester 25 and the long-chain
aliphatic ester 26, which led to nearly 100 % substrate
conversion within two days. In contrast, the epoxidations of
25 and an analogue of 26 by ™[RuVI(tmp)(O)2] � air∫ need to
proceed for six or seven days before the reactions reach
completion.[24a]


Because cholesteryl esters 24 ± 26 are much bulkier than
styrene, the relationship between the catalytic properties and


structures of 5-[G-n]m for the
epoxidation of 24 ± 26 might be
different from that found for
the epoxidation of styrene de-
scribed above. In this context,
we examined the reactions of 24
with Cl2pyNO in the presence
of other 5-[G-n]m catalysts de-


scribed above under the conditions identical to those for 5-[G-
2]8. The results are shown in entries 4 ± 7 of Table 3, which
reveals that the dependence of chemoselectivity on the
structure of 5-[G-n]m in the epoxidation of 24 (compare the
yields of 27 among entries 1, 4 ± 7 in Table 3) is basically
similar to that in the epoxidation of styrene. Interestingly, the
�-stereoselectivity in the epoxidation of 24 also significantly
increases with the generation number of the dendron for
either 5-[G-n]4 or 5-[G-n]8. Again, complex 5-[G-2]8 is the
best catalyst among all the 5-[G-n]m catalysts prepared in this
work in terms of either chemoselectivity or �-stereoselectivity.


Remarkably, under the same conditions as indicated in
Table 3, the epoxidation of estratetraene derivative 30 with
Cl2pyNO catalyzed by 5-[G-2]8 afforded the epoxide 31 in
95 % yield with a complete �-stereoselectivity ([Eq. (5);
reaction conditions: 40 �C, 48 h, {5-[G-2]8}:Cl2pyNO:30�
1:1100:1000]). The �-configuration of 31 has been confirmed
by X-ray crystallography.[25] No �-31 was detected in the
reaction. The catalyst turnover number is 8.6� 102, higher
than those obtained for substrates 24 ± 26. To our knowledge,


Table 3. Epoxidation of cholesteryl esters with Cl2pyNO catalyzed by dendritic ruthenium(��) porphyrins 5-[G-n]m.[a]


Entry Catalyst Substrate Reaction Conversion Yield [%][b] � :� ratio[c] Turnovers[d]


time [h] [%] (� � �)


1 5-[G-2]8 24 48 � 99 83 99:1 � 8.2� 102


2 5-[G-2]8 25 48 � 99 82 99:1 � 8.1� 102


3 5-[G-2]8 26 48 � 99 75 99:1 � 7.4� 102


4 5-[G-1]4 24 24 � 99 80 76:1 � 7.9� 102


5 5-[G-2]4 24 24 � 99 75 84:1 � 7.4� 102


6 5-[G-0]8 24 24 � 99 72 90:1 � 7.1� 102


7 5-[G-1]8 24 48 � 99 83 93:1 � 8.2� 102


[a] All reactions were carried out in CH2Cl2 at 40 �C, with a catalyst :Cl2pyNO:alkene molar ratio of 1:1100:1000. [b] Yield of isolated product.
[c] Determined by 1H NMR spectroscopy as described in reference [24a]. [d] (Moles of epoxide products):(moles of catalyst).
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this is the first case where an estratetraene derivative has been
efficiently epoxidized by employing a metal complex catalyst.


Cyclopropanation of alkenes with EDA catalyzed by den-
dritic ruthenium(��) porphyrin 5-[G-2]8 : Cyclopropanation of
alkenes with diazo compounds N2CRR� catalyzed by metal
complexes has attracted widespread attention. It is proposed
that these catalytic reactions most probably proceed via
monocarbene M�CRR�[26] or biscarbene R�RC�M�CRR�[6f, 27]


active intermediates, which are analogous to the proposed
monooxo M�O[4i, 9b] or dioxo O�M�O[4a,d] active intermedi-
ates in metal-complex-catalyzed epoxidation of alkenes with
oxygen donors such as Cl2pyNO or PhIO. Since the carbene
groups are usually sterically much more demanding than the
oxo group, a question arises whether or not a metal complex
embedded in the interior of bulky dendritic wedges can
efficiently catalyze the cyclopropanation of alkenes with a
diazo compound (notice the current absence of alkene
cyclopropanations catalyzed by a typical dendritic metal
complex[2a]).


The efficiency of 5-[G-2]8 in catalyzing the Cl2pyNO
epoxidation of bulky substrates 24 ± 26 and 30 encouraged
us to examine the catalytic behavior of this dendritic
ruthenium porphyrin toward cyclopropanation of alkenes
with EDA. Interestingly, treatment of styrene or its para-
substituted derivative p-X�C6H4CH�CH2 (X�Me, 32 ; OMe,
33 ; Cl, 34 ; Br, 35) with excess EDA in the presence of
0.1 mol % of 5-[G-2]8 in dichloromethane at room temper-
ature for about 34 h afforded respective cyclopropyl esters
36 ± 40 (mixtures of trans and cis isomers) in 65 ± 98 % yields
with moderate-to-good substrate conversions (reaction (6) in
Table 4). The reactions are highly trans selective, with trans/cis
ratios of up to 16, which are comparable to those reported for


ruthenium-pybox[28] or non-dendritic ruthenium porphyrin
catalysts[6] but much higher than those attained for semi-
corrin- or bis(oxazoline) ± copper catalysts.[29]


Conclusion


We have prepared several dendritic ruthenium porphyrins by
attaching poly(benzyl ether) dendritic wedges [G-n] to
carbonylruthenium(��) meso-tetraphenylporphyrin 5 with co-
valent etheric bonds. The dendritic ruthenium porphyrins 5-
[G-n]m obtained (m� 4, n� 1, 2; n� 8, m� 0 ± 2) constitute a
new class of highly selective metal catalysts for Cl2pyNO
epoxidation and EDA cyclopropanation of alkenes. Our work
reveals that the chemo- or diastereoselectivities in the
Cl2pyNO epoxidation of aromatic alkenes (such as styrene)
and unsaturated steroids (such as cholesteryl acetate) cata-
lyzed by 5-[G-n]m significantly increase with the generation
number of the dendron or the number of the dendrons
attached to 5. Catalyst 5-[G-2]8 exhibits remarkably high
selectivity or catalyst turnover in catalyzing Cl2pyNO epox-
idation of a variety of alkenes including styrene derivatives,
2,2-dimethylchromene, cyclooctene, cholesteryl esters, and an
estratetrene derivative. The substrate conversions of up to
81 % and yields of cyclopropyl esters of up to 98 % with
trans :cis ratios of up to 16:1 in the 5-[G-2]8-catalyzed EDA
cyclopropanation of styrenes first demonstrate the efficiency
of a dendritic metalloporphyrin in catalyzing alkene cyclo-
propanation reactions.


Experimental Section


General : [Ru3(CO)12] (Strem), [18]crown-6 (Aldrich), cholesteryl esters
24 ± 26 (ACROS), glycal derivative 22 (Aldrich), and EDA (Aldrich) were
used as received. Styrene, para-substituted styrenes p-X�C6H4CH�CH2


(X�Me, MeO, Cl, Br), cis- and trans-stilbene, cyclohexene, cyclooctene,
and 2,2-dimethylchromene were purified by the standard procedures
before use. Estratetraene derivative 30,[30] Cl2pyNO,[31] 5,10,15,20-tetra-
kis(4�-hydroxyphenyl)porphyrin, and 5,10,15,20-tetrakis(3�,5�-dihydroxy-
phenyl)porphyrin,[32] and [G-n]OSO2Me[33] were prepared by the literature
methods. All solvents were of the AR grade. 1H and 13C NMR spectra were


Table 4. Cyclopropanation of aromatic alkenes with EDA catalyzed by dendritic ruthenium(��) porphyrin 5-[G-2]8.[a]


X X


CO2Et


X


CO2Et
(6)


X = H: 8
Me: 32
OMe: 33
Cl: 34
Br: 35


X = H: trans-36, cis-36
Me: trans-37, cis-37
OMe: trans-38, cis-38
Cl: trans-39, cis-39
Br: trans-40, cis-40


+
EDA, CH2Cl2


5-[G-2]8


trans cis


Entry Substrate Product Conversion [%] Yield [%][b] trans/cis ratio[c]


1 8 �- � �-36 51 77 12
2 32 �- � �-37 54 98 14
3 33 �- � �-38 81 80 16
4 34 �- � �-39 40 65 8
5 35 �- � �-40 33 71 10


[a] All reactions were performed in dichloromethane at room temperature for �34 h with a {5-[G-2]8}:EDA:alkene ratio of 1:1200:1000. [b] Yield of isolated
product based on the alkene consumed. [c] Determined by GC.
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measured on a Bruker DPX 300 or 400 spectrometer by using tetrameth-
ylsilane (TMS) as an internal standard; the chemical shifts are relative to
TMS. Infrared spectra (KBr) were recorded on a Bio-Rad FTS-7 FT-IR
spectrometer. UV/Vis spectra were measured on a Milton Roy Spectron-
ic 3000 diode-array spectrophotometer. FAB mass spectra were measured
on a Finnigan MAT95 mass spectrometer, matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra on a Biflex ���
spectrometer (Bruker Daltonics Co., USA), and high-resolution mass
spectra (HRMS) on a Jasco spectrometer. GC measurements were carried
out on a HP 5890 Series �� gas chromatograph equipped with a flame
ionization detector and a 3396 Series �� integrator. Elemental analyses were
performed by the Institute of Chemistry, the Chinese Academy of Sciences.


Preparation of ruthenium(��) porphyrins 6 and 7: A mixture of [Ru3(CO)12]
(200 mg) and the corresponding porphyrin free base (200 mg) in 2,4,6-
trichlorobenzene (50 mL) was refluxed under nitrogen for 24 h. The
resulting red solution was then purified by column chromatography on
silica gel, with hexane as eluent. The desired product was eluted by ethyl
acetate/hexane (2:1, v/v). Removal of the solvent followed by recrystalli-
zation of the residue from dichloromethane/methanol (6:1, v/v) afforded
complex 6 or 7 as red purple crystals.


6 : Yield: 66 %; 1H NMR (300 MHz, CD3OD): �� 8.77 (s, 8H; H�), 8.04
(dd, 4H; Ho or Ho�), 7.94 (dd, 4H; Ho or Ho�), 7.18 (m, 8H; Hm and Hm�);
UV/Vis (MeOH): �max (log �)� 412 (5.01), 529 (4.31) nm; IR: �� � 1935 cm�1


(Ru�CO); FAB MS: m/z : 806 [M]� , 778 [M�CO]� .


7: Yield: 70 %; 1H NMR (300 MHz, CD3OD): �� 8.76 (s, 8 H; H�), 7.16 (m,
4H; Ho or Ho�), 7.08 (m, 4 H; Ho or Ho�), 6.67 (t, 4 H; Hp); UV/Vis (MeOH):
�max (log �)� 413 (5.12), 532 (4.37) nm; IR: �� � 1936 cm�1 (Ru�CO); FAB
MS: m/z : 870 [M]� , 842 [M�CO]� .


Preparation of dendritic ruthenium(��) porphyrins 5-[G-n]m : [G-n]OSO2Me
(4.4 equiv for 5-[G-n]4 ; 8.8 equiv for 5-[G-n]8) was added to a solution of
complex 6 or 7 in anhydrous acetone (30 mL) containing K2CO3 (2.5 equiv)
and [18]crown-6 (0.5 equiv). The mixture was refluxed under a nitrogen
atmosphere until 6 or 7 was completely consumed (this took 48 ± 96 h, as
monitored by TLC). After treatment with water (100 mL), the mixture was
extracted with dichloromethane (3� 20 mL). The organic extract was
collected, dried with MgSO4, and evaporated to remove the solvent. The
residue was purified by column chromatography very slowly on silica gel
with dichloromethane as eluent followed by recrystallization from di-
chloromethane-methanol, affording the respective dendritic ruthenium(��)
porphyrin as a red powder.


5-[G-1]4 : Yield: 70%; 1H NMR (400 MHz, [D6]acetone): �� 8.68 (s, 8H;
H�), 8.13 (dd, 4 H; Ho or Ho�), 8.01 (dd, 4 H; Ho or Ho�), 7.44 ± 7.34 (m, 48H;
Hm, Hm�, and outer Ph), 6.97 (d, 8H; inner Ph), 6.73 (t, 4H; inner Ph), 5.38
(s, 8H; inner CH2), 5.21 (s, 16H; outer CH2); 13C NMR (300 MHz, CDCl3):
�� 159.70, 157.17, 144.37, 139.27, 136.59, 135.33, 134.93, 131.77, 128.58,
128.06, 127.61, 121.64, 113.05, 106.96, 101.94, 70.29, 70.17; UV/Vis
(acetone): �max (log �)� 413 (5.21), 532 (4.45) nm; IR: �� � 1938 cm�1


(Ru�CO); FAB MS: m/z : 2016 [M]� , 1988 [M�CO]� ; elemental analysis
calcd (%) for C129H100N4O13Ru ¥ MeOH (2047.31): C 76.27, H 5.12, N 2.73;
found: C 76.20, H 5.42, N 2.13.


5-[G-2]4 : Yield: 30%; 1H NMR (400 MHz, [D6]acetone): �� 8.63 (s, 8H;
H�), 8.05 (dd, 4H; Ho or Ho�), 7.95 (dd, 4H; Ho or Ho�), 7.43 ± 7.25 (m, 88H;
Hm, Hm�, and outer Ph), 6.91 (d, 8H; inner Ph), 6.79 (d, 16H; middle Ph),
6.68 (t, 4H; inner Ph), 6.61 (t, 8H; middle Ph), 5.28 (s, 8H; inner CH2), 5.10
(s, 16H; middle CH2), 5.07 (s, 32H; outer CH2); 13C NMR (300 MHz,
CDCl3): �� 160.11, 160.02, 158.48, 144.55, 139.54, 139.21, 136.93, 136.84,
135.56, 135.43, 135.19, 131.98, 128.75, 128.19, 127.75, 121.90, 113.18, 107.04,
106.76, 106.67, 106.60, 102.03, 101.90, 70.32, 70.26, 70.24; UV/Vis (acetone):
�max (log �)� 413 (5.39), 532 (4.58) nm; IR: �� � 1938 cm�1 (Ru�CO);
MALDI-TOF: m/z : 3685 [M�CO]� ; elemental analysis calcd (%) for
C241H196N4O29Ru ¥ 2 H2O (3749.25): C 77.20, H 5.38, N 1.49; found: C 77.23,
H 5.43, N 1.15.


5-[G-0]8 : Yield: 80%; 1H NMR (400 MHz, [D6]acetone): �� 8.72 (s, 8H;
H�), 7.61 ± 7.35 (m, 48H; Ho, Ho�, and outer Ph), 7.18 (t, 4H; Hp), 5.38 (d,
16H; outer CH2); 13C NMR (300 MHz, CDCl3): �� 158.78, 157.84, 144.17,
143.86, 136.65, 131.16, 128.49, 127.92, 127.54, 119.54, 115.05, 70.23; UV/Vis
(acetone): �max (log �)� 414 (5.28), 532 (4.49) nm; IR: �� � 1938 cm�1


(Ru�CO); FAB MS: m/z : 1592 [M]� , 1564 [M�CO]� ; elemental analysis
calcd (%) for C101H76N4O9Ru ¥ 2H2O (1626.81): C 74.57, H 4.96, N 3.44;
found: C 74.36, H 4.93, N 3.23.


5-[G-1]8 : Yield: 30%; 1H NMR (400 MHz, [D6]acetone): �� 8.68 (s, 8H;
H�), 7.49 ± 7.22 (m, 88 H; Ho, Ho�, and outer Ph), 7.13 (t, 4H; Hp), 6.82 (dd,
16H; inner Ph), 6.62 (m, 8H; inner Ph), 5.26 (d, 16H; inner CH2), 5.03 (d,
32H; outer CH2); 13C NMR (300 MHz, CDCl3): �� 160.45, 160.00, 159.84,
157.70, 144.11, 143.64, 139.26, 136.58, 136.52, 131.67, 128.36, 127.80, 127.34,
121.41, 114.53, 114.27, 106.75, 106.37, 105.37, 101.93, 101.61, 101.16, 69.92,
69.86; UV/Vis (acetone): �max (log �)� 414 (5.41), 532 (4.66) nm; IR: �� �
1940 cm�1 (Ru�CO); MALDI-TOF: m/z : 3261 [M�CO]� ; elemental
analysis calcd (%) for C213H172N4O25Ru ¥ 8H2O (3450.86): C 74.52, H 5.52,
N 1.63; found: C 74.52, H 5.50, N 1.17.


5-[G-2]8 : Yield: 15%; 1H NMR (400 MHz,[D6]acetone): �� 8.66 (s, 8H;
H�), 7.47 ± 7.21 (m, 168 H; Ho, Ho�, and outer Ph), 7.06 (br s, 4 H; Hp), 6.78 ±
6.73 (m, 16 H; inner Ph), 6.64 ± 6.57 (m, 48 H; middle Ph), 6.49 (br s, 8H;
inner Ph), 5.10 (br s, 16 H; inner CH2), 5.06 (br s, 32 H; middle CH2), 4.89
(br s, 64 H; outer CH2); 13C NMR (300 MHz, CDCl3): �� 160.04, 159.97
(br), 157.71, 144.12, 139.20, 139.13, 136.62 (br), 131.83, 128.48, 127.91, 127.40,
120.72, 106.27, 105.57, 101.45, 101.20, 100.33, 69.97, 69.79; UV/Vis (acetone):
�max (log �)� 414 (5.29), 532 (4.61) nm; IR: �� � 1940 cm�1 (Ru�CO);
MALDI-TOF: m/z : 6662 [M�CO]� ; elemental analysis calcd (%) for
C437H364N4O57Ru ¥ 9 H2O (6846.77): C 76.66, H 5.62, N 0.82; found: C 76.93,
H 5.60, N 0.40.


Procedure for Cl2pyNO epoxidation of alkenes catalyzed by dendritic
ruthenium(��) porphyrins 5-[G-n]m : 1) Simple alkene substrates 8 and 12 ±
16 : A mixture of alkene (0.60 mmol), Cl2pyNO (0.66 mmol), and 5-[G-2]8


or other 5-[G-n]m catalyst (0.2 �mol) in dichloromethane (5 mL) was
stirred at room temperature. When the reaction was complete, as revealed
by TLC measurements, the catalyst was precipitated by addition of
methanol (30 mL). After filtration, the organic products in the filtrate were
identified by GC or 1H NMR spectroscopy and quantified by the same
spectroscopic method in the presence of appropriate internal standards.


2) Substrates 22, 24 ± 26, and 30 : A mixture of substrate (1 mmol),
Cl2pyNO (1.1 mmol), and 5-[G-2]8 or other 5-[G-n]m catalyst (1 �mol) in
dichloromethane (6 mL) was stirred at 40 �C under nitrogen. When the
reaction was complete, as revealed by TLC or 1H NMR measurements, the
catalyst was precipitated by addition of methanol (50 mL). The epoxide
products except 23 were isolated after the filtrate was purifed by column
chromatography on silica gel with ethyl acetate/hexane (1:6, v/v) as eluent.
The isolation and quantification of epoxide 23 were performed as described
elsewhere.[9b, 10]


�-29 : 1H NMR (400 MHz, CDCl3): �� 5.32 (m, 1 H), 3.10 (d, J� 2 Hz, 1H),
2.28 ± 1.09 (m, 56 H), 1.02 (s, 3H), 0.89 (m, 12H), 0.66 (s, 3H); HRMS: m/z
([M]�) calcd for C43H76O3 640.5794, found: 640.5792.


�-31: 1H NMR (300 MHz, CDCl3): �� 7.21 (d, J� 8.6 Hz, 1H), 6.71 (dd,
J� 8.6, 2.6 Hz, 1H), 6.64 (d, J� 2.3 Hz, 1 H), 3.78 (s, 3H), 2.97
(d, J� 4.9 Hz, 1 H), 2.86 (m, 2H), 2.65 (d, J� 4.9 Hz, 1H), 2.33 ± 1.21 (m,
13H), 0.92 (s, 3 H); HRMS: m/z ([M]�) calcd for C20H26O2 298.1933, found:
298.1932.


Procedure for EDA cyclopropanation of alkenes catalyzed by dendritic
ruthenium(��) porphyrin 5-[G-2]8 : A solution of EDA (1.2 mmol) in
dichloromethane (5 mL) was added dropwise to a solution of alkene
(1 mmol) and 5-[G-2]8 (1 �mol) in dichloromethane (5 mL) over 10 h at
room temperature under an argon atmosphere. The mixture was then
stirred for an additional 24 h. After removal of the unreacted EDA by flash
chromatography on a short column of silica gel, the substrate conversion
and the ratio of trans and cis-cyclopropyl esters were determined by GC
using an analytic column with tribromobenzene as an internal standard.
Pure cyclopropyl esters were obtained upon further column chromatog-
raphy on silica gel with hexane/ethyl acetate (20:1 v/v) as eluent.
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Metalloporphyrin-Mediated Asymmetric Nitrogen-Atom Transfer to
Hydrocarbons: Aziridination of Alkenes and Amidation of Saturated C�H
Bonds Catalyzed by Chiral Ruthenium and Manganese Porphyrins


Jiang-Lin Liang, Jie-Sheng Huang, Xiao-Qi Yu, Nianyong Zhu, and Chi-Ming Che*[a]


Abstract: Chiral metalloporphyrins
[Mn(Por*)(OH)(MeOH)] (1) and [Ru-
(Por*)(CO)(EtOH)] (2) catalyze asym-
metric aziridination of aromatic alkenes
and asymmetric amidation of benzylic
hydrocarbons to give moderate enantio-
meric excesses. The mass balance in
these nitrogen-atom-transfer processes
has been examined. With PhI�NTs as
the nitrogen source, the aziridination of
styrenes, trans-stilbene, 2-vinylnaphtha-
lene, indene, and 2,2-dimethylchromene
catalyzed by complex 1 or 2 resulted in
up to 99% substrate conversions and up
to 94% aziridine selectivities, whereas
the amidation of ethylbenzenes, indan,
tetralin, 1-, and 2-ethylnaphthalene cat-
alyzed by complex 2 led to substrate
conversions of up to 32% and amide
selectivities of up to 91%. Complex 1 or
2 can also catalyze the asymmetric
amidation of 4-methoxyethylbenzene,


tetralin, and 2-ethylnaphthalene with
™PhI(OAc)2 � NH2SO2Me∫, affording
the N-substituted methanesulfonamides
in up to 56% ee with substrate conver-
sions of up to 34% and amide selectiv-
ities of up to 92%. Extension of the
™complex 1 � PhI�NTs∫ or ™complex
1 � PhI(OAc)2 � NH2R (R�Ts, Ns)∫
amidation protocol to a steroid resulted
in diastereoselective amidation of cho-
lesteryl acetate at the allylic C�H bonds
at C-7 with substrate conversions of up
to 49% and amide selectivities of up to
90% (� :� ratio: up to 4.2:1). An aziridi-
nation- and amidation-active chiral bis-
(tosylimido)ruthenium(��) porphyrin,
[Ru(Por*)(NTs)2] (3), and a ruthenium


porphyrin aziridine adduct, [Ru(Por*)-
(CO)(TsAz)] (4, TsAz�N-tosyl-2-
(4-chlorophenyl)aziridine), have been
isolated from the reaction of 2 with
PhI�NTs and N-tosyl-2-(4-chlorophen-
yl)aziridine, respectively. The imidoru-
thenium porphyrin 3 could be an active
species in the aziridination or amidation
catalyzed by complex 2 described above.
The second-order rate constants for the
reactions of 3 with styrenes, 2-vinyl-
naphthalene, indene, ethylbenzenes, and
2-ethylnaphthalene range from 3.7 ±
42.5� 10�3 dm3mol�1 s�1. An X-ray
structure determination of complex 4
reveals an O- rather than N-coordina-
tion of the aziridine axial ligand. The
fact that the N-tosylaziridine in 4 does
not adopt an N-coordination mode dis-
favors a concerted pathway in the aziri-
dination by a tosylimido ruthenium
porphyrin active species.


Keywords: amidation ¥ asymmetric
catalysis ¥ aziridination ¥ manganese
¥ porphyrinoids ¥ ruthenium


Introduction


Metalloporphyrin-mediated hydrocarbon functionalization is
of particular importance in biomimetic investigation and is
potentially useful in organic synthesis. The epoxidation,[1]


aziridination,[2] and cyclopropanation[3] of alkenes and the
hydroxylation[4] and amidation[2e, 5] of saturated C�H bonds
are among the most common hydrocarbon-functionalization
reactions mediated by a metalloporphyrin, which are widely
believed to proceed by oxygen-, nitrogen-, and carbon-atom
transfer from oxo-, imido-, and carbene-metalloporphyrin


active species, respectively (Scheme 1). Despite the current
absence of practical metalloporphyrin catalysts, metallopor-
phyrin-catalyzed hydrocarbon-functionalization reactions re-
main attractive not only because of their unique relationship
to heme-containing enzymes but also because of their
unusually high selectivity and catalyst turnover numbers
observed in many cases. To extend the utility of metal-
loporphyrin catalysts to asymmetric synthesis, a wide variety
of chiral metalloporphyrins have been developed[1b] and their
catalytic behavior toward asymmetric hydrocarbon-function-
alization reactions by oxygen- and carbon-atom-transfer
processes has been extensively investigated.[1a±j, 3b,d,j±l,n,p, 4c,g]


However, little is known about the catalytic properties of a
chiral metalloporphyrin for asymmetric hydrocarbon-func-
tionalization reactions by nitrogen-atom-transfer processes.
Recently, we initiated exploration of chiral metallopor-


phyrins as catalysts for asymmetric nitrogen-atom-transfer
reactions and preliminarily reported the aziridination of
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Scheme 1. Common metalloporphyrin-mediated hydrocarbon-functional-
ization reactions by oxygen-, nitrogen-, and carbon-atom transfer from
putative metal-oxo, -imido, and -carbene active species (X�O, NSO2R,
and CRR�, respectively).


aromatic alkenes with iminoiodane PhI�NTs in the presence
of chiral manganese porphyrin [Mn(Por*)(OH)(MeOH)] (1)
(which afforded N-tosylaziridines in up to 76% yield with up
to 68% ee)[6] and the PhI�NTs amidation of benzylic hydro-
carbons in the presence of 1 or chiral ruthenium porphyrin
[Ru(Por*)(CO)(EtOH)] (2) (which afforded N-substituted
toluenesulfonamides in up to 54% ee).[7] These, together with


subsequent work by Marchon and co-workers on the PhI�NR
(R�Ts or SO2C6H4OMe) aziridination of styrene catalyzed
by manganese or iron tetramethylchiroporphyrins (which
afforded N-tosylaziridines in up to 34% yield with up to
57% ee),[8] are so far the only reports in the literature
concerning asymmetric nitrogen-atom-transfer reactions
mediated by a metalloporphyrin. Both 1 and 2 consist of a
sterically demanding D4-symmetric chiral porphyrin ligand
5,10,15,20-tetrakis-{(1S,4R,5R,8S)-1,2,3,4,5,6,7,8-octahydro-
1,4:5,8-dimethanoanthracene-9-yl}porphyrin [H2(Por*)] first
synthesized by Halterman and Jan.[9] The amidations of
benzylic hydrocarbons[7] catalyzed by complex 1 or 2 are


exceedingly rare examples of asymmetric amidation with
iminoiodanes catalyzed by a metal complex. The only
previous example is the rhodium-catalyzed asymmetric ami-
dation of hydrocarbons with PhI�NNs reported byM¸ller and
co-workers,[10] which afforded amides in up to 31% ee.[11]


Herein, we report the first examples of 1) asymmetric
aziridination of alkenes catalyzed by a chiral ruthenium
porphyrin, 2) asymmetric amidation of saturated C�H bonds
with ™PhI(OAc)2 � NH2R∫ catalyzed by a metal complex,
and 3) amidation of a cholesteryl ester with either PhI�NTs or
™PhI(OAc)2 � NH2R∫ catalyzed by a metalloporphyrin,
together with a mass balance study on the 1- or 2-mediated
aziridination and amidation reactions. To help understand the
mechanism in the ruthenium-catalyzed asymmetric nitrogen-
atom-transfer reactions, a chiral bis(tosylimido)ruthenium(��)
porphyrin, [Ru(Por*)(NTs)2] (3), and a ruthenium porphyrin
aziridine adduct, [Ru(Por*)(CO)(TsAz)] (4, TsAz�N-tosyl-
2-(4-chlorophenyl)aziridine), were isolated; the former is the
only example of an isolated chiral metalloporphyrin bearing
an imido axial ligand and the latter contains an O-bound N-
tosylaziridine. Kinetic studies were carried out to measure the
rate constants for the stoichiometric reactions of 3 with a
series of hydrocarbons; the results were compared with those
obtained for bis(tosylimido)ruthenium complexes of simple
porphyrins[2e] to examine the effect of porphyrin ligands on
the ruthenium-porphyrin-mediated nitrogen-atom-transfer
reactions.


Results


Synthesis and characterization of chiral ruthenium porphyrins
3 and 4 : Treatment of 2 with 4 equiv of PhI�NTs in dichloro-
methane rapidly produced the bis(tosylimido)ruthenium(��)
porphyrin 3 (reaction (1) in Scheme 2), which was isolated in
64% yield after chromatography on alumina. Note that in our
preliminary work[7] complex 3 was generated in situ and not
isolated in pure form. The main 1H NMR, UV/Vis, and IR
spectral features of 3 resemble those of bis(tosylimido)ruthe-
nium(��) complexes of other meso-tetraarylporphyrins.[2e]
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Scheme 2. Synthesis of chiral ruthenium porphyrins 3 and 4.
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The ruthenium porphyrin 4 was obtained in 85% yield by
treatment of 2 with excess N-tosyl-2-(4-chlorophenyl)aziri-
dine (5) in chloroform (reaction (2) in Scheme 2). The O-
rather than N-coordination mode in 4 was established by
X-ray crystallography (see below). To our knowledge, this is
the first metalloporphyrin bearing an aziridine axial ligand.[12]


As expected, the key spectral features of 4 (including the
Soret and � bands in the UV/Vis spectrum, the �(CO) band in
the IR spectrum, and the proton resonances of the porphyrin
ligand in the 1H NMR spectrum) are similar to those of 2.
Somewhat surprising is that the 1H NMR signals of the
coordinated 5 in 4 in CD2Cl2 are very similar to those of free 5
(��� 0.03 ppm) in the same deuterated solvent. This suggests
a liberation of 5 from 4 in the solution.


X-ray crystal structure of ruthenium porphyrin aziridine
adduct 4 : Figure 1 depicts the structure of 4 with the key
atom-numbering scheme. The crystal data and structure


Figure 1. X-ray crystal structure of [Ru(Por*)(CO)(TsAz)] (4) with the
key atom-numbering scheme viewed along the a) N(3)�N(1) axis and
b) O(2)�Ru(1) axis. Hydrogen atoms are not shown and the atoms of the
aziridine axial ligand in b) are filled with grey colors.


refinements for 4 are compiled in Table 1; selected bond
lengths and angles for the complex are given in Table 2. This
ruthenium porphyrin, like complex 2,[3k] has a distorted
octahedral coordination geometry and has an axial Ru�CO
moiety featuring an Ru�C(CO) bond length of �1.76 ä and
Ru�C�O angle of �179�. The porphyrin plane shows a slight
saddle distortion and the ruthenium atom is slightly out of the
mean porphyrin plane toward the CO axial group.


As shown in Figure 1, the aziridine axial ligand 5 in 4 is
coordinated to ruthenium by an oxygen atom (O(2)) of the
tosyl group rather than by the nitrogen atom of the aziridine
ring; the Ru�O(2) bond length of 2.256(8) ä is comparable to
the Ru�O(EtOH) bond length of 2.241(1) ä in 2.[3k] Both the
p-chlorophenyl and p-tolyl groups of 5 lie almost halfway
between adjacent norbornane moieties of the porphyrin
ligand (see Figure 1b). Compared to structurally character-
ized free aziridines,[13, 14] the coordinated 5 in 4 has an
aziridine ring with some unusual metrical parameters (for
example the C(93)�C(94) bond of 1.63(2) ä is rather long).
This may result from a disorder of the atoms in the three-
membered aziridine ring.


Table 1. Crystal data and structure refinement for complex 4.


formula C100H90N5ClO3RuS
MR 1578.35
� [ä] 0.71073
T [K] 301
crystal system triclinic
space group P1
a [ä] 10.801(2)
b [ä] 14.220(3)
c [ä] 15.294(3)
� [�] 78.90(3)
� [�] 77.39(3)
� [�] 84.85(3)
V [ä3] 2246.7(8)
Z 1
�calcd [Mgm�3] 1.167
�(MoK�) [mm�1] 0.278
F(000) 826
index ranges � 12� h� 11, �17� k� 16, �18� l� 18
reflections collected 13110
independent reflections 11070
refinement method full-matrix least-squares on F 2


parameters 985
goodness-of-fit 1.059
final R indices R1� 0.076, wR2� 0.202
absolute structure parameter 0.05(4)
largest diff. peak:hole [e ä�3] 1.31/� 0.59


Table 2. Selected bond lengths [ä] and bond angles [�] for complex 4.


bond lengths
Ru(1)�C(85) 1.76(1) Ru(1)�O(2) 2.256(8)
Ru(1)�N(1) 2.008(9) Ru(1)�N(2) 2.074(9)
Ru(1)�N(3) 2.07(1) Ru(1)�N(4) 2.045(9)
C(85)�O(1) 1.18(1) S(1)�O(2) 1.435(8)
S(1)�O(3) 1.50(1) S(1)�N(5) 1.59(1)
S(1)�C(86) 1.75(1) C(93)�C(94) 1.63(2)
N(5)�C(93) 1.46(2) N(5)�C(94) 1.57(2)


bond angles
Ru(1)-C(85)-O(1) 179(1) Ru(1)-O(2)-S(1) 148.0(6)
N(1)-Ru(1)-N(2) 88.9(3) N(2)-Ru(1)-N(3) 90.2(4)
N(3)-Ru(1)-N(4) 90.2(4) N(1)-Ru(1)-N(4) 90.2(3)
N(1)-Ru(1)-N(3) 173.9(4) N(2)-Ru(1)-N(4) 175.2(4)
C(85)-Ru(1)-N(1) 92.5(5) C(85)-Ru(1)-N(2) 92.9(5)
C(85)-Ru(1)-N(3) 93.6(5) C(85)-Ru(1)-N(4) 91.9(4)
O(2)-Ru(1)-N(1) 86.8(3) O(2)-Ru(1)-N(2) 84.2(3)
O(2)-Ru(1)-N(3) 87.1(3) O(2)-Ru(1)-N(4) 91.0(3)
O(2)-S(1)-C(86) 108.2(6) O(2)-S(1)-N(5) 112.8(6)
O(2)-S(1)-O(3) 120.4(6) S(1)-N(5)-C(93) 118.3(9)
S(1)-N(5)-C(94) 113.7(9) C(93)-N(5)-C(94) 64.7(9)
N(5)-C(93)-C(94) 61.0(9) N(5)-C(94)-C(93) 54.2(8)
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Asymmetric aziridination of aromatic alkenes :
Mass balance in the aziridination catalyzed by
complex 1 or 2 : We examined the reactions of a
series of aromatic alkenes with PhI�NTs in the
presence of �1.3 mol% complex 1 or 2. The
reactions were generally performed in dichloro-
methane at 40 �C for 2 h by employing excess
PhI�NTs (catalyst:substrate:(PhI�NTs) molar
ratio� 1:75:150) to facilitate assessment of the
mass balance in the catalytic processes. Table 3
shows the results obtained for the aziridination
of styrene (6), 4-methylstyrene (7), 3-chlorostyr-
ene (8), 4-chlorostyrene (9), 2-bromostyrene
(10), cis-�-methylstyene (11), trans-�-methyl-
styene (12), trans-stilbene (13), 2-vinylnaphtha-
lene (14), indene (15), and 2,2-dimethylchro-
mene (16). Under the conditions described
above, aziridination of these alkene substrates
afforded the products 17 ± 19, 5, 20 ± 26 (see
Table 3) in 1 ± 57% ee with substrate conver-
sions of 41 ± 99% (entries 1 ± 17). The observed
aziridine selectivities (that is, the chemoselectiv-
ities defined as the yields of aziridines based on
the substrates consumed) range from 72 ± 94%.
We also performed the aziridination of styrene
catalyzed by complex 1 under a very low catalyst
loading of 0.05 mol% (1:PhI�NTs:styrene mo-
lar ratio� 1:2000:5000), which led to formation
of aziridine 17 in 58% yield (based on the
amount of starting PhI�NTs) and 42% ee with
1160 catalyst turnovers.


Stoichiometric aziridination by complex 3 : The
reactions of 3 with styrenes 6 ± 10, naphthalene
derivative 14, and indene (15) were investigated.
These reactions were carried out by employing
excess alkene substrates to mitigate the auto-
degradation of 3 in solution. The results ob-
tained for the reactions performed in dichloro-
methane at 40 �C for 2 h are listed in entries 18 ±
24 in Table 3.


Asymmetric amidation of saturated C�H bonds :
Mass balance in the amidation catalyzed by
complex 2 with PhI�NTs : A series of benzylic
hydrocarbons, including ethylbenzene (27),
4-methoxyethylbenzene (28), indan (29), tetralin
(30), 2-ethylnaphthalene (31), and 1-ethylnaph-
thalene (32), were treated with excess PhI�NTs
in the presence of �1.3 mol% complex 2. When
the reactions were conducted in dichlorome-
thane at 40 �C for 2 h at a 2 :substrate:PhI�NTs
molar ratio of 1:75:150, the N-tosylamides 33 ±
38 as shown in Table 4 were formed in 3 ±
47% ee with substrate conversions of 14 ± 32%.
The amide selectivities in these reactions (that is,
the chemoselectivities defined as the yields of
amides based on the substrates consumed) range
from 78 to 91%.


Table 3. Catalytic asymmetric PhI�NTs aziridination of aromatic alkenes by [Mn(Por*)-
(OH)(MeOH)] (1) or [Ru(Por*)(CO)(EtOH)] (2) and stoichiometric asymmetric aziridi-
nation of aromatic alkenes by [Ru(Por*)(NTs)2] (3).


NTs NTs


X


X
O


O


NTs
NTs


CHR


TsN


H
X


6


Me (cis)
R


11


H
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Me (trans)12
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Ph R


Me (cis)
R


21
Me (trans)22


  4-Me


2-Br
4-Cl
3-Cl


14 15 16


24 25 26
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10
9
8


  Ph (trans)13


  4-Me


2-Br
4-Cl
3-Cl


18


20
5


19


  Ph (trans)23


Entry Substrate Product Catalyst Conversion [%] Yield [%][a] ee [%][b]


catalytic aziridination[c]


1 6 17 1 99 78 47
2 6 17 2 71 84 21
3 7 18 1 99 76 44
4 7 18 2 80 82 21
5 8 19 1 99 91 40
6 8 19 2 45 91 23
7 9 5 1 99 93 50
8 9 5 2 61 83 14
9 10 20 1 97 75 57
10 10 20 2 41 82 29
11 11 21 � 22 76 78[d] 7[e]


12 12 22 1 88 81 11
13 13 23 2 81 72 1
14 14 24 1 99 94 56
15 14 24 2 91 78 14
16 15 25 2 99 73 11
17 16 26 1 99 73 5


stoichiometric aziridination by 3[f]


18 6 17 78 27
19 7 18 84 29
20 8 19 90 29
21 9 5 83 28
22 10 20 61 48
23 14 24 91 43
24 15 25 72 25


[a] Yield of isolated product based on the amount of the substrate consumed (catalytic
aziridination) or on the amount of complex 3 used (stoichiometric aziridination).
[b] Determined by HPLC with a chiral whelk-O1 column. [c] Reaction conditions: CH2Cl2,
40 �C, 2 h; catalyst :substrate:(PhI�NTs) molar ratio� 1:75:150. [d] Ratio of 21 :22� 9:91.
[e] For the trans-aziridine 22. [f] Reaction conditions: CH2Cl2, 40 �C, 2 h.


Table 4. Asymmetric PhI�NTs amidation of benzylic hydrocarbons catalyzed by
[Ru(Por*)(CO)(EtOH)] (2).[a]


NHTs


X


X


NHTs NHTs NHTs NHTs


H
X


27
MeO


H
X


33
MeO


29


35


30


36


31


37


32


38


28


34


Entry Substrate Product Conversion [%] Yield [%][b] ee [%][c]


1 27 33 14 84 42
2 28 34 29 82 22
3 29 35 32 91 3
4 30 36 22 85 28
5 31 37 23 84 47
6 32 38 32 78 25


[a] Reaction conditions: CH2Cl2, 40 �C, 2 h; catalyst :substrate:(PhI�NTs) molar ratio�
1:75:150. [b] Yield of isolated product based on the amount of the substrate consumed.
[c] Determined by HPLC with a chiral AD column.
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Amidation catalyzed by complex 1 or 2 with ™PhI(OAc)2 �
NH2SO2Me∫: Reaction of 4-methoxyethylbenzene (28), tet-
ralin (30), and 2-ethylnaphthalene (31) with the commercially
available reagents PhI(OAc)2 and NH2SO2Me in dichloro-
methane containing 1 mol% complex 1 or 2 at 40 �C for 2 h
produced the N-substituted methanesulfonamide 39 ± 41 in
40 ± 56% ee with amide selectivities of 84 ± 92% (Table 5).


Amidation of a cholesteryl derivative catalyzed by complex 1
with PhI�NTs or ™PhI(OAc)2 � NH2R (R�Ts, Ns)∫: The
catalytic amidation of a cholesteryl derivative was explored by
employing complex 1 as the catalyst. We first studied the
reaction of cholesteryl acetate (42) with PhI�NTs in dichloro-
methane at 40 �C in the presence of �1.3 mol% complex 1,
which afforded the amide 43 as a mixture of � and � isomers


with an 82% chemoselectivity (defined as the yield of 43
based on the 42 consumed), as shown in entry 1 of Table 6.
The amidation is �-selective,[15] with an � :� ratio of 4.2:1. To
examine the effect of porphyrin ligand on the diastereoselec-
tivity in the amidation reactions, we treated 42 with PhI�NTs
in the presence of other manganese porphyrins 44 ± 47
depicted in Table 6 under the conditions identical to those
employed for complex 1. The � :� ratios observed for 44 ± 47
range from 1.7:1 to 3.2:1 (entries 2 ± 5 in Table 6), all lower
than that observed for complex 1 (entry 1). Lastly, we
investigated the amidation of 42 catalyzed by complex 1
with commercially available reagents PhI(OAc)2 and NH2R
(R�Ts, Ns). These catalytic reactions were conducted in
dichloromethane (entries 6 and 7 in Table 6) and in
acetonitrile (entry 8 in Table 6) at a 1:42:PhI(OAc)2:NH2R
molar ratio of 1:100:125:150. The amides 43 and 48 (see
Table 6) were again formed as mixtures of � and � isomers
with � :� ratios of 3.6:1 (43), 1.8:1 (48, in dichloromethane),
and 1.2:1 (48, in acetonitrile) (entries 6 ± 8 in Table 6). The
� :� ratio of 3.6:1 and the amide selectivity of 81% obtained
for the ™PhI(OAc)2 � NH2Ts∫ amidation of 42 are
comparable to those obtained for the corresponding
PhI�NTs amidation although the former amidation system
gave rise to a lower substrate conversion (compare entries 1
and 6 in Table 6).


Kinetic studies of the reactions between complex 3 and
hydrocarbons : We determined the second-order rate con-
stants (k2) for the reactions of 3 with a variety of aromatic
alkenes including styrene and para-substituted styrenes
4-X�C6H4CH�CH2 (X�H: 6, Me: 7, F: 49, Cl: 9, CF3: 50),
2-bromostyrene (10), 2-vinylnaphthalene (14), and indene


Table 5. Asymmetric amidation of benzylic hydrocarbons with ™PhI(OAc)2 �
NH2SO2Me∫ catalyzed by [Mn(Por*)(OH)(MeOH)] (1) or [Ru(Por*)(CO)-
(EtOH)] (2).[a]


NHSO2Me


MeO


NHSO2Me NHSO2Me


40 4139


Entry Substrate Product Catalyst Conversion [%] Yield [%][b] ee [%][c]


1 28 39 1 26 84 50
2 30 40 1 22 84 46
3 31 41 1 21 92 56
4 31 41 2 34 90 40


[a] Reaction conditions: CH2Cl2, 40 �C, 2 h; catalyst:substrate: PhI(OAc)2:
NH2R molar ratio� 1:100:125:150. [b] Yield of isolated product based on the
amount of the substrate consumed. [c] Determined by HPLC with a chiral OD
column.


Table 6. Amidation of cholesteryl acetate (42) with PhI�NTs or ™PhI(OAc)2 � NH2R (R�Ts, Ns)∫ catalyzed by [Mn(Por*)(OH)(MeOH)] (1) and other
manganese porphyrins 44 ± 47.[a]


Entry Nitrogen source Product Catalyst Conversion [%] Yield [%][b] Ratio of � :�[c]


1 PhI�NTs �-43 � �-43 1 49 82 4.2:1
2 PhI�NTs �-43 � �-43 44 43 74 1.7:1
3 PhI�NTs �-43 � �-43 45 35 92 1.9:1
4 PhI�NTs �-43 � �-43 46 29 90 1.8:1
5 PhI�NTs �-43 � �-43 47 24 88 3.2:1
6 PhI(OAc)2 � NH2Ts �-43 � �-43 1 27 81 3.6:1
7 PhI(OAc)2 � NH2Ns �-48 � �-48 1 12 87 1.8:1
8[d] PhI(OAc)2 � NH2Ns �-48 � �-48 1 21 90 1.2:1


[a] Reaction conditions: CH2Cl2, 40 �C, 2 h; catalyst :substrate:(PhI�NTs) molar ratio� 1:75:150; catalyst :substrate:PhI(OAc)2:NH2R molar ratio�
1:100:125:150. [b] Yield of isolated product based on the amount of 42 consumed. [c] Determined by 1H NMR spectroscopy. [d] In MeCN.
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(15), and benzylic hydrocarbons including ethylbenzene and
para-substituted ethylbenzenes 4-X�C6H4CH2CH3 (X�H:
27, MeO: 28, Me: 51, F: 52, Cl: 53, Br: 54) and 2-ethyl-
naphthalene (31). The k2 values obtained in dichloromethane
containing pyrazole (2% w/w) at 298 K are compiled in
Table 7. We previously reported the k2 values for the reactions
of [Ru(tpp)(NTs)2] (tpp�meso-tetraphenylporphyrinato di-
anion) with some of the foregoing hydrocarbons under the
same conditions;[2e] those k2 values are also shown in Table 7
for comparison.


Discussion


Metalloporphyrin-mediated nitrogen-atom transfer to hydro-
carbons : Metal-mediated nitrogen-atom transfer to hydro-
carbons constitutes an appealing route to aziridines and
amides/amines. The aziridination of alkenes and amidation of
saturated C�H bonds with iminoiodanes catalyzed by a
metalloporphyrin were first reported by the groups of
Mansuy[2b] and Breslow,[5a] respectively, in the early 1980s.
Since then, a number of iminoiodane aziridinations/amida-
tions of hydrocarbons catalyzed by iron, manganese, and
ruthenium porphyrins have been studied.[2c, 5b±e] Surprisingly,
the catalyst turnover numbers in these reactions are usually
less than 50, not significantly higher than those observed for
the nitrogen-atom transfer catalyzed by non-porphyrin metal
complexes.[16] Recently, we reported the PhI�NTs aziridina-
tion/amidation of hydrocarbons catalyzed by an electron-
deficient manganese porphyrin, [Mn(tpfpp)Cl] (tpfpp�me-
so-tetra(pentafluorophenyl)porphyrinato dianion), which fea-
tures up to 2600 catalyst turnovers.[5f]


The chiral manganese and ruthenium porphyrins 1 and 2
are the first metalloporphyrins that have been found to be
able to catalyze asymmetric nitrogen-atom transfer to hydro-
carbon substrates. In our preliminary works on aziridinations
catalyzed by complex 1,[6] and amidations catalyzed by
complex 1 or 2,[7] only the aziridination of substrates 6 ± 10
and the amidation of substrates 27 ± 32 were reported, both


with PhI�NTs as the nitrogen source. The reactions, except
the amidation of 27, were all conducted using excess substrates
(�20-fold excess for aziridination and fivefold excess for
amidation), which hampered the determination of substrate
conversions and aziridine or amide selectivities in the
catalysis. The present work shows that, with a twofold excess
PhI�NTs, 1-catalyzed aziridinations of 6 ± 10, 14, and 16, and
2-catalyzed aziridination of 16 resulted in substrate conver-
sions close to 100% (see Table 3). The substrate conversions
in 2-catalyzed amidations of 27 ± 32 are significantly lower
(compare Table 3 and Table 4). For the hydrocarbons 6 ± 16
and 27 ± 32, the aziridine or amide selectivities are good-to-
excellent, with up to 57% ee observed for the aziridinations
and up to 47% ee for the amidations.[17] The 1160 catalyst
turnovers obtained for 1-catalyzed aziridination of styrene is
fairly high, which, to our knowledge, is the highest turnover
number ever reported for a metal-complex-catalyzed asym-
metric nitrogen-atom-transfer reaction.
The present work also reveals that complex 1 can catalyze


the PhI�NTs amidation of steroid 42 in a diastereoselective
manner (� :�� 4.2:1).[18] Manganese complexes 44 ± 47 bear-
ing nonchiral porphyrin ligands can catalyze the PhI�NTs
amidation of 42 as well, but all afforded a lower diastereo-
selectivity. These manganese-porphyrin-catalyzed amidation
reactions are highly regio- and chemoselective: only the
amidation of the allylic C�H bonds at C-7 (see Table 6) was
observed and the amide 43 was formed with up to 92%
chemoselectivity.
It is remarkable that the ™PhI(OAc)2 � NH2R∫ amidation


protocol we developed previously by using nonchiral ruthe-
nium catalysts[5f, 19] is also effective for the asymmetric
amidations.[20] The amidation of 4-methoxyethylbenzene
(28), tetralin (30), and 2-ethylnaphthalene (31) with
™PhI(OAc)2 � NH2SO2Me∫ catalyzed by complex 1 or 2
afforded the corresponding N-substituted methanesulfona-
mides 39 ± 41 in 40 ± 56% ee (Table 5), with substrate con-
versions of 21 ± 34% comparable to those given in Table 4 for
the PhI�NTs amidations. This is so far the only example of a
metal-complex-catalyzed asymmetric nitrogen-atom transfer
directly with ™PhI(OAc)2 � NH2R∫ as the nitrogen source,[21]


which realized an enantioselective formation of N-substituted
methanesulfonamides from direct amidation of saturated
C�H bonds catalyzed by a metal complex.


Mechanistic aspects of 2-catalyzed nitrogen-atom transfer to
hydrocarbons : Despite a wide proposal of metal ± imido
species as the active intermediates in metal-complex-cata-
lyzed nitrogen-atom-transfer reactions with iminoiodanes,
isolation or direct observation of such intermediates remains a
serious challenge in most cases. For example, no imidomanga-
nese porphyrins have been detected in the reactions of
iminoiodanes with either complex 1 or any other manganese
porphyrins. The successful isolation of aziridination- and
amidation-active tosylimido ruthenium porphyrin [Ru-
(Por*)(NTs)2] (3) provides a useful insight into the mecha-
nism of asymmetric nitrogen-atom-transfer reactions cata-
lyzed by complex 2.
From the results in Table 3, it is evident that the alkene


aziridination by 3 afforded the aziridines in the yields and ee


Table 7. Second-order rate constants (k2) for nitrogen-atom transfer from
[Ru(Por*)(NTs)2] (3) to hydrocarbons in dichloromethane containing pyrazole
(2% w/w) at 298 K. The k2 values for nitrogen-atom transfer from
[Ru(tpp)(NTs)2] to the same hydrocarbons (from ref. [2e]) are also included
for comparison.


Entry Hydrocarbon 103k2 [dm3mol�1 s�1]
[Ru(Por*)(NTs)2] (3) [Ru(tpp)(NTs)2]


1 styrene (6) 13.7� 0.5 9.0� 0.1
2 4-methylstyrene (7) 35.6� 1.4 16.0� 0.8
3 4-fluorostyrene (49) 18.7� 0.5 11� 1
4 4-chlorostyrene (9) 19.9� 0.3 8.8� 0.1
5 4-trifluoromethylstyrene (50) 8.1� 0.3 3.2� 0.2
6 2-bromostyrene (10) 9.9� 0.5
7 2-vinylnaphthalene (14) 42.5� 0.5
8 indene (15) 40.3� 0.6
9 ethylbenzene (27) 3.92� 0.06 3.60� 0.07
10 4-methoxyethylbenzene (28) 18.9� 0.7 16.5� 0.3
11 4-methylethylbenzene (51) 6.1� 0.1 6.8� 0.1
12 4-fluoroethylbenzene (52) 5.9� 0.4 4.3� 0.1
13 4-chloroethylbenzene (53) 3.7� 0.1 5.0� 0.1
14 4-bromoethylbenzene (54) 6.6� 0.6
15 2-ethylnaphthalene (31) 21.0� 0.5
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values roughly comparable to the aziridine selectivities and ee
values observed for aziridinations catalyzed by complex 2
with PhI�NTs. A similar phenomenon was also noted for
the stoichiometric amidation by 3[7] and the PhI�NTs
amidation catalyzed by 2 (Table 4). These observations,
together with the facile formation of 3 from 2 and PhI�NTs,
suggest the involvement of 3 as an active intermediate in the
asymmetric aziridination or amidation processes catalyzed by
complex 2.
We previously isolated several aziridination- and amida-


tion-active, nonchiral, sterically-unencumbered bis(tosylimi-
do)ruthenium(��) porphyrins and studied the mechanisms of
the reactions between [Ru(tpp)(NTs)2] and styrenes or
benzylic hydrocarbons in considerable detail.[2e] The results
in that work reveal that the aziridination of styrenes by
[Ru(tpp)(NTs)2] most probably occurs by the rate-limiting
formation of a benzylic carboradical intermediate rather than
in a concerted manner, whereas the amidation of ethyl-
benzenes most probably proceeds by hydrogen-atom abstrac-
tion by [Ru(tpp)(NTs)2] to form benzylic radicals followed by
scavenging of the radicals by the ruthenium porphyrin.
Similar mechanisms may remain valid for the reactions


between the chiral imido complex 3 and styrenes or benzylic
hydrocarbons considering that both 3 and [Ru(tpp)(NTs)2]
are bis(tosylimido)ruthenium(��) meso-tetraarylporphyrins.
Indeed, the aziridination by 3 also appears to occur by a
nonconcerted pathway: the aziridination of cis-�-methylstyr-
ene 11 catalyzed by complex 2 afforded a mixture of cis and
trans aziridines 21 and 22 (entry 11 in Table 3), like the
aziridination of the same alkene by [Ru(tpp)(NTs)2]. More-
over, the substituent effects in 3- and [Ru(tpp)(NTs)2]-
mediated aziridinations/amidations are similar. As shown in
Table 7, for both of the imido complexes, the aziridination of
para-substituted styrenes is basically promoted by electron-
donating substituents but retarded by electron-withdrawing
substituents, whereas the amidation of para-substituted ethyl-
benzenes is basically promoted by either electron-donating or
-withdrawing substituents. Further, the larger k2 values
observed for 2-vinyl- and 2-ethylnaphthalene than for styr-
enes and ethylbenzenes, respectively (see Table 7), are con-
sistent with the intermediacy of benzylic radicals in the
reactions in view of a wider conjugation in the radicals with a
naphthyl ring than with a phenyl ring.
However, we noted the following significant differences


between the nitrogen-atom-transfer reactions mediated by 3
and [Ru(tpp)(NTs)2]. First, the ratio of cis- versus trans-
aziridine (21:22) in the aziridination of 11 catalyzed by 2
(9:91) is substantially lower than that mediated by
[Ru(tpp)(NTs)2] (34:66).[2e] Second, the aziridination of
styrenes mediated by 3 is considerably faster than that by
[Ru(tpp)(NTs)2] (as reflected by the k2 values compiled in
Table 7). Third, the log kR versus (�mb, �JJ


.) plot[22] for 3-
mediated aziridination of 6 and para-substituted styrenes 7, 9,
49, and 50 features �mb of �0.58 and �JJ. of 1.05 with 	�mb/�JJ. 	
of 0.55, in contrast to the �mb of �1.05 and �JJ. of 0.52 with
	�mb/�JJ. 	 of 2.02 observed for [Ru(tpp)(NTs)2]-mediated
aziridination of the same alkenes.[2e] Fourth, for the 3-
mediated amidation of ethylbenzenes 27, 28, and 51 ± 53,
plotting log kR against the radical parameter TE[23] did not


give a good linearity,[24] unlike the case of complex
[Ru(tpp)(NTs)2].[2e]


The above differences between the nitrogen-atom-transfer
reactions of 3 and [Ru(tpp)(NTs)2] should stem from the
different electronic or steric properties of the porphyrin
ligands. Fusing two electron-donating, bulky norbornane
moieties to each of the four meso-phenyl groups of tpp to
form Por* would render the macrocycle more electron-rich
and sterically more demanding. This would make the N-
tosylimido groups in 3 less electrophilic than those of
[Ru(tpp)(NTs)2] and would provoke a larger steric interaction
between 3 and hydrocarbons, both are expected to make 3
react more slowly with styrenes than [Ru(tpp)(NTs)2] (note
the electrophilic nature of the attack of styrenes by 3 and
[Ru(tpp)(NTs)2] as reflected by the negative �mb values
described above). In this context, the larger aziridination
rates observed for 3 than for [Ru(tpp)(NTs)2] are striking,
which might be associated with the different steric interaction
between the tosylimido groups and the porphyrin ligands in 3
and [Ru(tpp)(NTs)2].
The tosylimido groups in 3 and [Ru(tpp)(NTs)2] are


expected to have essentially linear Ru-N-Ts moieties, a
geometry previously observed for the same imido groups in
the X-ray crystal structures of bis(tosylimido)osmium(��)
porphyrins.[3q, 25] Suppose that the TsN�Ru�NTs moieties of
3 and [Ru(tpp)(NTs)2] have the same metrical parameters as
the TsN�Os�NTs moieties of bis(tosylimido)osmium(��)
porphyrins,[26] modeling studies reveal that the rotation of
the Ts groups in 3 about the N�S bonds is hampered by the
steric interaction between the Ts groups and the norbornane
moieties of the Por* ligand (see Figure 2a). However, the Ts
groups in [Ru(tpp)(NTs)2] can freely rotate about the N�S
bonds (see Figure 2b). The rapid rotation of Ts groups about
the S�N bond in [Ru(tpp)(NTs)2] could make it harder for
styrenes to approach the tosylimido N atoms (compare
Figure 2c and Figure 2d) and thus slow down the nitrogen-
atom-transfer reactions. This may rationalize the faster
reactions of 3 with styrenes. Alternatively, if complex 3 favors
a structure that has a smaller steric interaction between the Ts
groups and the norbornane moieties (relative to the structure
shown in Figure 2a), the Ru�NTs bonds in the complex
should be longer than those in [Ru(tpp)(NTs)2]. This would
make 3 have weaker Ru�NTs bonds, which may also account
for its faster reactions with styrenes.[27]


Concerning the modes by which terminal aromatic alkenes
ArCH�CH2 (such as styrenes and 2-vinylnaphthalene) ap-
proach the tosylimido N atoms of 3 or [Ru(tpp)(NTs)2],
several possibilities as shown in Scheme 3 are to be consid-
ered. Evidently, the linear Ru�N�Ts arrangements would
prevent the alkenes from approaching the tosylimido N atoms
in a ™top-on∫ manner (Scheme 3a). ™Side-on∫ approaches as
shown in Scheme 3b and Scheme 3c are possible, which
minimize the interaction of the Ar groups with the porphyrin
ligands and allow a concerted nitrogen-atom transfer via
transition states 55 and 56 (see the inset to Scheme 3). The
transition state 56 may be more stable than 55 since the
former has a larger separation between the Ar and Ts groups.
However, even in 56, the steric interaction between the Ar
and Ts groups could still be significant due to their mutually
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Figure 2. Side-view model structures of a) [Ru(Por*)(NTs)2] (3) and
b) [Ru(tpp)(NTs)2]. The top-views of these model structures are depicted
in c) and d), respectively. Hydrogen atoms are not shown and the atoms of
the Ts groups are filled with grey colors. The modeling was based on the
X-ray crystal structures of complex 4 reported here and complex
[Os(tpp)(NTs)2] reported in reference [25].


cis arrangement in the preformed aziridine. In fact, all the
X-ray crystal structures of monocyclic C-substituted N-
tosylaziridines feature a trans rather than cis configuration[13g]


(note also the trans configuration of aziridine 5 in the
structure of 4). Therefore, the alkenes may preferentially
approach the tosylimido N atoms in a manner as shown in
Scheme 3d or Scheme 3e, which results in a nonconcerted


nitrogen-atom transfer via benzylic radical intermediates 57
or 58 to mitigate the steric interaction between the Ar and Ts
groups. In our previous kinetic studies on the aziridinations by
[Ru(tpp)(NTs)2],[2e] a concerted nitrogen-atom-transfer path-
way is also disfavored. The formation of the O-bound
aziridine adduct 4, rather than an N-bound aziridine adduct
similar to transition state 55 or 56,[28] from reaction of 2 with 5
provides additional evidence in disfavor of the concerted
pathway in the ruthenium porphyrin-mediated aziridinations.


Conclusion


We have shown that the nitrogen-atom-transfer reactions
between PhI�NTs and a variety of hydrocarbons catalyzed by
chiral metalloporphyrins [Mn(Por*)(OH)(MeOH)] (1) and
[Ru(Por*)(CO)(EtOH)] (2) feature good-to-excellent aziri-
dine selectivities for aromatic alkenes and good-to-excellent
amide selectivities for benzylic hydrocarbons. Reaction of
cholesteryl acetate with PhI�NTs in the presence of catalyst 1
afforded the corresponding amide in high regio- and chemo-
selectivity and moderate diastereoselectivity. The isolation of
the aziridination- and amidation-active chiral imido rutheni-
um porphyrin [Ru(Por*)(NTs)2] (3) and the ruthenium
porphyrin aziridine adduct [Ru(Por*)(CO)(TsAz)] (4,
TsAz�N-tosyl-2-(4-chlorophenyl)aziridine) with an O- rath-
er than N-bound aziridine ligand provides useful insight into
the mechanism of asymmetric nitrogen-atom-transfer reac-
tions catalyzed by complex 2. Kinetic studies of the reactions
between 3 and aromatic hydrocarbons disclose a significant


effect of porphyrin ligand on the
nitrogen-atom-transfer reactions of
bis(tosylimido)ruthenium(��) por-
phyrins. Finally, the present work
first demonstrated the feasibility of
using ™PhI(OAc)2 � NH2R∫ as the
nitrogen source in metal-catalyzed
asymmetric nitrogen-atom-transfer
reactions, and by employing this
amidation protocol, N-substituted
methanesulfonamides became ac-
cessible in up to 56% ee from
direct amidation of saturated C�H
bonds catalyzed by complex 1 or 2.


Experimental Section


General : PhI(OAc)2 (Aldrich), NH2Ts
(Aldrich), NH2Ns (Acros), NH2SO2Me
(Aldrich), cholesteryl acetate (Acros),
and all the solvents (AR grade), except
dichloromethane, were used as received.


Dichloromethane and aromatic hydrocarbons were purified as described
elsewhere.[2e] H2(Por*),[1g, 9] PhI�NTs,[29] cis-�-methylstyrene,[30] and com-
plexes 1,[6] 2,[3k] 44 ± 47[31] were prepared according to the literature
methods. 1H NMR spectra were measured on a Bruker DPX300
spectrometer with CDCl3 as the solvent (the chemical shifts are relative
to tetramethylsilane). IR spectra were recorded on a Bio-Rad FT-IR
spectrometer (KBr pellet). UV/Vis spectra were obtained on a HP8453
diode array spectrophotometer. Mass spectra were measured on a Finnigan
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Scheme 3. a) Top-on and b) ± e) side-on approaches of terminal aromatic alkenes to the N atoms of the
tosylimido groups in 3 or [Ru(tpp)(NTs)2] (only one tosylimido axial group is shown in each case). The inset
shows the transition states 55 ± 58 corresponding to the side-on approaches in b) ± e), respectively.
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MAT95 mass spectrometer. HPLC measurements were carried out on a
HP1050 Series HPLC. Elemental analyses were performed by the Institute
of Chemistry, the Chinese Academy of Sciences.


Synthesis of bis(tosylimido)ruthenium(��) porphyrin [Ru(Por*)(NTs)2] (3):
A mixture of [Ru(Por*)(CO)(EtOH)] (2, 0.05 mmol) and PhI�NTs
(0.2 mmol) in dichloromethane (10 mL) was stirred at room temperature
under argon for 5 min. The mixture was then evaporated to dryness in
vacuo followed by chromatography on a short column of neutral alumina
with dichloromethane as the eluent. The first red band was collected and
the solvent was removed in vacuo, affording complex 3 as a dark purple
powder in 64% yield. 1H NMR (300 MHz, CD2Cl2): �� 8.77 (s, 8H), 7.38 (s,
4H), 6.19 (d, J� 8.2 Hz, 4H), 4.90 (d, J� 8.1 Hz, 4H), 3.57 (s, 8H), 2.72 (s,
8H), 1.98 (m, 8H), 1.87 (m, 14H), 1.36 (m, 24H), 1.11 (m, 8H); IR (KBr):
�	 � 1019 cm�1 (™oxidation-state marker∫ band); UV/Vis (CH2Cl2): �max (log

)� 424 (5.26), 536 (4.14), 570 nm (3.76, sh); elemental analysis calcd (%)
for C98H90N6O4S2Ru ¥ 2CH2Cl2 (1750.87): C 68.60, H 5.41, N 4.80; found: C
69.04, H 5.40, N 4.29.


Synthesis of [RuII(Por*)(CO)(TsAz)] (4): To a solution of [RuII(Por*)-
(CO)(EtOH)] (10 mg, 7.6 �mol) in chloroform (2 mL) was added free
aziridine 5 (9.4 mg, 30 �mol). The mixture was stirred for 1 h, and then
treated with excess hexane, leading to the formation of a dark purple
precipitate. The precipitate was collected by filtration, washed with hexane,
and air-dried. Yield: 85%; 1H NMR (300 MHz, CD2Cl2): �� 8.55 (dd, 8H),
7.37 (s, 4H), 3.56 (m, 8H), 2.72 (s, 8H), 1.97 (m, 8H), 1.89 (m, 8H), 1.39 ±
0.86 (m, 32H), TsAz: 7.80 (d, J� 8.3 Hz, 4H), 7.36 (d, 4H, partially
overlapped with � 7.37 signal), 7.28 (d, J� 8.6 Hz, 4H), 7.16 (d, J� 8.4 Hz,
4H), 3.67 (m, 1H), 2.91 (d, J� 7.2 Hz, 1H), 2.35 (d, J� 4.4 Hz, 1H), 2.43 (s,
3H); IR (KBr): �	 � 1935 cm�1 (CO); UV/Vis (CH2Cl2): �max (log 
) �414
(5.02), 529 nm (4.05); elemental analysis calcd (%) for C100H90ClN5O3SRu ¥
5/4CHCl3 (1727.63): C 70.39, H 5.32, N 4.05; found: C 70.55, H 5.61, N 3.83.


General procedure for asymmetric aziridination/amidation with PhI�NTs
catalyzed by complex 1 or 2 : A solution of substrate (0.15 mmol) in dry
dichloromethane (4 mL) was added by syringe into a Schlenk flask
containing 1 or 2 (0.002 mmol) and molecular sieves (4 ä, 50 mg). The
mixture was stirred at room temperature for 10 min, then treated with
PhI�NTs (0.30 mmol), and maintained at 40 �C for 2 h. After the mixture
was cooled to room temperature, the molecular sieves were filtered off and
washed with dichloromethane. The filtrate and washings were combined
and then evaporated to dryness. The product was purified by column
chromatography on silica gel with n-hexane/ethyl acetate (6:1 v/v) as the
eluent.


�-43 : The spectral data of this compound are identical with those reported
in the literature.[15]


�-43 : 1H NMR (CDCl3): �� 7.73 (d, J� 8.2 Hz, 2H), 7.30 (d, J� 8.2 Hz,
2H), 4.76 (s, 1H), 4.51 (m, 1H), 4.04 (d, J� 9.2 Hz, 1H), 3.65 (t, 1H), 2.44
(s, 3H), 2.00 (s, 3H), 2.20 ± 0.85 (m, 41H); MS: m/z : 597 [M]� .


General procedure for asymmetric amidation with ™PhI(OAc)2 � NH2R
(R�Ts, Ns, SO2Me)∫ catalyzed by complex 1 or 2 : To a well-stirred
suspension of molecular sieves (4 ä, 50 mg) in dry dichloromethane (4 mL)
containing 1 or 2 (0.002 mmol) at room temperature was added the
substrate (0.20 mmol) by means of a syringe. After 10 min, NH2R
(0.30 mmol) and PhI(OAc)2 (0.25 mmol) were added and the mixture
was stirred at 40 �C for 2 h. The solution was then filtered and the products
were purified by column chromatography on silica gel with n-hexane/ethyl
acetate (6:1 v/v) as the eluent.


39 : 1H NMR (CDCl3): �� 7.26 (d, J� 8.4 Hz, 2H), 6.90 (d, J� 8.3 Hz, 2H),
4.62 (m, 1H), 4.55 (d, J� 6.0 Hz, 1H), 3.81 (s, 3H), 2.62 (s, 3H), 1.52 (d, J�
6.9 Hz, 3H); MS: m/z : 229 [M]� ; HRMS m/z [M]� calcd for C10H15NO3S:
229.0773, found: 229.0769.


40 : 1H NMR (CDCl3): �� 7.42 (m, 1H), 7.20 (m, 2H), 7.09 (m, 1H), 4.65 (m,
1H), 4.51 (d, J� 7.9 Hz, 1H), 3.07 (s, 3H), 2.80 (m, 2H), 2.10 (m, 2H), 1.89
(m, 2H); MS: m/z : 225 [M]� ; HRMS m/z [M]� calcd for C11H15NO2S:
225.0824, found: 225.0837.


41: M.p. 148 ± 149 �C; 1H NMR (CDCl3): �� 7.83 (m, 4H), 7.49 (m, 3H),
4.85 (m, 1H), 4.75 (d, J� 5.9 Hz, 1H), 2.62 (s, 3H), 1.63 (d, J� 6.9 Hz, 3H);
MS: m/z : 249 [M]� ; HRMS m/z [M]� calcd for C13H15NO2S: 249.0824,
found: 249.0819.


�- and �-48 : 1H NMR (CDCl3): �� 8.37 (m, 2H), 8.05 (m, 2H), 5.63 (d, J�
5.7 Hz, 1H), 5.23 (s, 1H), 4.55 (m, 1H), 3.83 (m, 1H), 3.64 (m, 1H), 2.04 (s,
3H), 2.22 ± 0.71 (m, 41H); MS: m/z : 628 [M]� .


General procedure for the stoichiometric asymmetric aziridination/amida-
tion by complex 3 : Complex 3 (0.05 mmol) was added to a solution of
substrate (2 mmol) in dichloromethane (4 mL) containing pyrazole (2%
w/w) in a 10-mL Schlenk tube. The mixture was stirred for 2 h at 40 �C.
After removal of solvent, the amidation products were purified by column
chromatography on silica gel with n-hexane/ethyl acetate (6:1 v/v) as the
eluent.


Kinetic studies : Kinetic measurements were performed on a HP8453
Diode Array spectrophotometer with an IBM-compatible PC and equip-
ped with a Lauda RM6 circulating water bath by using standard 1.0-cm
quartz cuvettes. The temperature of solutions during kinetic experiments
was maintained to within�0.2 �C. The rates of nitrogen-atom transfer from
3 to hydrocarbon substrates were measured by monitoring the decrease in
absorbance of 3 at 424 nm in dichloromethane containing pyrazole (2%
w/w) with a [substrate]:[3] concentration ratio of �100:1, a condition
identical to that employed in the rate measurements for the reactions
between [Ru(tpp)(NTs)2] and hydrocarbons.[2e] Pseudo-first-order rate
constants (kobs) were determined from the (Af�At) versus t plot (Af : the
final absorbance, At : the absorbance at time t) by nonlinear least-squares
fits of the data over four half-lives (t1/2) according to Equation (1), whereAi


is the initial absorbance.


(Af�At)� (Af�Ai) exp(�kobst) (1)


Second-order rate constants, k2, were obtained from the plots of kobs versus
substrate concentration by linear least-squares fitting. For each substrate, at
least four data points were used to determine the k2 value, with the straight
line fit giving an R value of �0.99. The errors in the k2 values shown in
Table 7 are the errors of the straight-line fits.


X-ray structure determination of complex 4 : Single crystals of 4 were
obtained by slow diffusion of hexane into a solution of 4 in chloroform
containing free aziridine 5. A crystal of dimensions 0.5� 0.2� 0.15 mm
mounted in a glass capillary was used for data collection at 28 �C on aMAR
diffractometer with a 300 mm image plate detector using graphite-
monochromated MoK� radiation (�� 0.71073 ä). The images were inter-
preted and the intensities integrated by using program DENZO. The
structure was solved by direct methods by employing the SHELXS-97
program. Many non-hydrogen atoms including the ruthenium atom were
located by direct methods. The positions of the other non-hydrogen atoms
were found after successful refinement (against F 2) by full-matrix least-
squares using SHELXL-97. In the final stage of the least-squares refine-
ment, all non-hydrogen atoms were refined anisotropically, whereas
hydrogen atoms were generated by SHELXL-97. The positions of hydrogen
atoms were calculated based on riding mode with thermal parameters
equal to 1.2 times that of the associated carbon atoms.


CCDC-172416 (4) contains the supplementary crystallographic data
(excluding structure factors) for the structure reported in this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or
deposit@ccdc.cam.ac.uk).
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Abstract: A general synthetic approach
to variously polarised merocyanines and
a cyanine with enhanced thermal and
(photo)chemical stability by a locked
all-trans conformation (derived from a
rigidified hexatriene unit and a variety
of common donor and acceptor groups)
is presented as well as a systematic study
of their (non)linear optical properties.
Apart from the UV/Vis absorption and
fluorescence behaviour, the ground- and
excited-state dipoles, the first-, second-
and third-order molecular polarisabili-
ties were determined by electro-optical
absorption measurements (EOAM) and
degenerate four-wave mixing (DFWM)
techniques in solution. Large values for


the second- and third-order polarisabil-
ity up to �0 � 461� 10�50 C V�2 m3


(1242� 10�30 esu) and ��LL �� 183�
10�60 C V�3 m4 (15� 10�34 esu) were
found. The linear and nonlinear optical
properties were related to the ground-
state polarisation and the resonance
structure of the chromophores. In order
to reveal the influence of the length of
the polymethinic chain (number of �


electrons within the chromophore),
some lower homologues shortened by


one C�C (double) bond were also taken
into account. The unexpectedly high �


values of some of the merocyanines
cannot be explained by a two-level
model. Molecular vibrational third-
order polarisabilities (calculated from
absolute Raman intensities in solution)
were qualitatively correlated to the
DFWM results. Furthermore, the de-
pendence of the 13C NMR chemical
shifts of the polymethinic carbons within
the merocyanines upon ground-state
polarisation was investigated and com-
pared to those within a corresponding
cyanine.Keywords: donor ± acceptor systems


¥ fluorescence ¥ NMR spectroscopy
¥ nonlinear optics ¥ polymethines


Introduction


The synthesis of organic molecules with good nonlinear
optical (NLO) properties is of current interest with respect to
a fundamental understanding of the structure ± property


relationships on the one hand and a potential application in
the field of optical data processing and storage on the other.
The response of any NLO-active molecule induced by a
perturbing electric field (E), which can be the propagating
electromagnetic wave of a laser beam, is ususally defined by
Equation (1), in which � is the molecular first-order (linear)
polarisability, � the second- and � the third-order molecular
polarisability.[1]


P�� ¥E� 1/2!(� :EE)� 1/3!(� ��
�
EEE) � . . . (1)


Donor ± acceptor systems in general have been investigated
extensively in this field and were used to establish much of the
basic information about optical nonlinearity in organic
matter. The merocyanines A ±C are such ™push ± pull∫
molecules bearing both an electron-donating (Do) and with-
drawing endgroup (A) linked by an oligoene as a �-
conjugated system.


Their optical properties determined by the electronic
wavefunctions of the ground and first-excited state (two-level
model) depend strongly on the relative electron-donating and
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withdrawing strengths of the endgroups, on the length of the �


system and on the solvent polarity and can be roughly
approximated by mixing a neutral (A) and a charge-separated
resonance form (C). Increasing contribution of the latter leads
to more polarised molecules, and the influence of this
polarisation on the (non)linear order polarisabilities was
investigated experimentally[2] and by various computational
methods.[3, 4] Hence molecules with maximised polarisabilities
for specific applications can be achieved by tuning their
polarisation, and their suitability can be expressed by differ-
ent figures-of-merit (FOMs), as will be outlined below.[5]


Though simple oligoenes with their excellent electronic
transmission properties, which allow charge separation even
over long intramolecular distances,[6] seem to be superior to
other conjugated systems such as oligo-(hetero)aromatics for
use as � bridges in new, more efficient NLO chromophores,
their conformational flexibility (twisting and cis/trans-isomer-
isation) affects the optimal conjugation and, in addition, their
low thermal and (photo)chemical stabilities prevent them
from device fabrication. Sufficient stability and a defined
molecular structure in conformationally locked oligoenes can


be attained by incorporating two or more conjugated C�C
(double) bonds into an alicyclic ring system. This does not
affect their optical transmittance, and some examples were
reported more than 25 years ago.[7, 8] Much work following this
principle was published within the last few years, covering
merocyanines with one,[9] two[10, 11] and three[11, 12] rigidified
C�C (double) bonds and aromatic donor groups. Derivatives
with the (nitrogen) donor atom tethered directly to the
oligoenic unit have also been reported.[13±15]


According to the model of mixing the resonance structures
mentioned above, merocyanines can be classified qualitative-
ly into three subgroups: Neutral polyene-like merocyanines
containing endgroups with a weak to moderate electronic
character are mainly described by A in their electronic ground
state and exhibit an intramolecular charge transfer (ICT)
upon optical excitation. This leads to a large change in the
molecular geometry (and therefore very broad absorption
bands in the UV/Vis spectra) and an increase in dipole
moment. Maximised positive � values can be obtained as well
as moderate to high positive values for �. The use of
endgroups with stronger donor or acceptor properties leads
to merocyanines of the cyanine type (neutrocyanines B) with
both limiting forms contributing 50 % to the ground and
excited state of the molecules (cyanine limit). Instead of the
ICT, a charge resonance (CR) within the polymethinic chain
occurs, with little or even no change in dipole moment and
geometry.[16] For this reason very sharp and intense absorption
bands in the UV/Vis spectrum are observed. Furthermore
they are expected to show maximised negative � values, but
vanishing � ones. Charge-separated betaines such as C exhibit
high ground-state dipole moments that are reduced by a back
transfer of charge upon optical excitation. In nearly betaine-
like compounds, maximised negative � and moderate to high
positive � values can be obtained.


Since all shades of polarisation between these three limiting
cases occur, different parameters for a quantitative descrip-
tion have been introduced, for example, the degree of bond
length alternation (BLA) within the methine chain[3] (acces-
sible by X-ray crystallography) and the c2 resonance param-
eter[17] (determined by UV/Vis spectroscopy and electro-
optical absorption measurements (EOAM) in solution),
which is similar to the parameter MIX introduced by
Blanchard-Desce et al.[18] The experimental values for the
BLA (defined as the difference between the average lengths
of adjacent C�C and C�C bonds of the polymethinic unit) and
the c2 parameter [defined below in Eq. (2)] range from
BLA��10 pm and c2 � 0 for undisturbed oligoenes (A) to
BLA��10 pm and c2 � 1.0 in fully charge-separated betaines
(C). Perfect bond length equalisation (BLA� 0 pm and c2 �
0.5) is observed in symmetric cyanines (B).


Results


Synthesis : The precursors for the conformationally fixed
pentadiene and hexatriene units were prepared as outlined in
Scheme 1.


Abstract in German: Die tragf‰hige Synthese einer Reihe
unterschiedlich stark polarisierter, thermisch und photoche-
misch stabilisierter Merocyanine und eines Cyanins mit einer
sterisch fixierten all-trans-Hexatrien-Untereinheit wird vorge-
stellt. Die systematische Untersuchung der (nicht)linear-opti-
schen Eigenschaften dieser Verbindungen umfasst neben Ab-
sorptions- und Fluoreszenzspektroskopie im UV/VIS-Bereich
die Bestimmung der Dipole im Grund- und Anregungszustand
und der Polarisierbarkeiten erster bis dritter Ordnung mittels
elektrooptischer Absorptionsmessungen (EOAM) sowie ent-
arteter Vier-Wellen-Mischung (DFWM) in Lˆsung. Gefunden
wurden z. T. sehr hohe Werte f¸r die Polarisierbarkeiten
zweiter und dritter Ordnung von �0� 461� 10�50 CV�2m3;
(1242� 10�30 esu) und �� �� 183� 10�60 CV�3m4; (15�
10�34 esu). Die gemessenen (nicht)linear optischen Eigenschaf-
ten werden anhand der Polarisation des Grundzustandes der
Verbindungen diskutiert. Der Einfluss der Methinkettenl‰nge
(d. h. der Anzahl der �-Elektronen innerhalb des Chromo-
phors) wird durch Vergleich mit einigen um eine C�C-(Dop-
pel)bindung verk¸rzten homologen Chromophoren unter-
sucht. Die unerwartet hohen �-Werte einiger Merocyanine
lassen sich nicht anhand eines Zwei-Niveau-Modells erkl‰ren.
Vibronische Polarisierbarkeiten dritter Ordnung, die aus
Raman-Messungen in Lˆsung erhalten wurden, kˆnnen jedoch
qualitativ mit den DFWM-Ergebnissen korreliert werden. Die
13C NMR chemischen Verschiebungen der methinischen Koh-
lenstoffatome innerhalb der Merocyanine werden mit denen
eines entsprechenden Cyanins verglichen und auf eine Ab-
h‰ngigkeit von der Polarisation des Grundzustandes unter-
sucht.
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Scheme 1. Synthesis of the rigidified precursors 3 and 9 : a) Li, NH3,
diethyl ether, EtOH, �40 �C; b) 10 % HCl, ethyl acetate, EtOH, reflux;
c) 1. 100 % HNO3, 5 �C, 2. HOAc, reflux; d) MeOH, NaOH, reflux; e) Zn,
2� NaOH, toluene, reflux; f) 1. Li, NH3, THF, �40 �C, 2. EtOH, Li,
�60 �C; g) 1� HCl, 80 �C.


The synthesis of the dione 3 from the commercially
available 2,7-dimethoxynaphthalene (1) could be reproduced
from the literature,[19] but a combination of known procedures
was necessary to establish a five-step synthesis for the
vinylogous acid 9 (a modification of the route described by
Heilig and L¸ttke).[8] Due to the simplicitiy of the reactions
used, 9 is accessible on a scale of several tens of grams in an
overall yield of 14 %. Nitration of the commercially available
anthrone (4) and subsequent oxidation resulted in 2,7-
dinitroanthraquinone (5) (49 %),[20] substitution of the nitro
groups yielded 6 (57 %),[21] which was reduced to give 2,7-
dimethoxyanthracene (7) by a modified Clemmensen method
(70 %).[22] Birch reduction afforded the hexahydroderivative 8
(74 %),[8] which was converted to the vinylogous carbocylic
acid 9 (95 %) under acidic conditions.[8]


These precursors could be furnished with different leaving
groups (Scheme 2) to facilitate introduction of the appropri-
ate donor groups.


The methyl ester 10a was obtained in 83 % yield by a
method[23] that is superior to the original work.[19] The tosylate
10b was accessible in 38 % yield according to Carotti et al.[24]


Introduction of the dicyanomethylidene acceptor to 10b by
the Knoevenagel reaction gave 11 in only about 25 % yield.[25]


The esterification of the vinylogous acid 9 with methanol to 12
could be reproduced from the literature,[8] and the triflate 12b
was prepared in 60 % yield by using the mild triflating reagent
N-phenylbistrifluoromethanesulfonimide by known meth-
ods.[26] Condensation of 9 with malonitrile afforded 13 in
approximately 54 % yield[25] as crude product with sufficient
purity for subsequent reaction to the tosylate 14 (ca. 38 %).[27]


Scheme 2. Synthesis of the precursors 11, 12, and 14 : a) MeOH, toluene, p-
TosOH, reflux; b) p-TosCl, Et3N, THF, 25 �C; c) malonitrile, piperidine,
HOAc, DMF, 25 �C; d) MeOH, HCl conc, reflux; e) 1. NaH, DME, 25 �C, 2.
PhN(SO2CF3)2, �60 �C; f) malonitrile, piperidine, HOAc, DMF, 25 �C;
g) p-TosCl, pyridine, CHCl3, 0 �C.


The synthesis of the merocyanines with two rigidified C�C
(double) bonds, which will be named the ™pentamethine
series∫ in the following, from their above-mentioned precur-
sors is shown in Scheme 3.


Scheme 3. Synthesis of the merocyanines 15 ± 17: a) LiAr, diethyl ether,
�80 �C; b) 1. Me3O�BF4


�, CH2Cl2, 0 �C, 2. malonitrile, pyridine, 80 �C;
c) piperidine, NaH, MeCN, 70 �C.


The ketones 15a,b with aromatic donor groups were
prepared by treatment of the methyl ester 10a with the
corresponding lithiated dialkylaminoarenes followed by hy-
drolysis (16 and 37 % yield, respectively; for similar proce-
dures see refs. [11, 28]). Further reaction of 15a,b by the
Knoevenagel reaction with the method described by Meer-
wein et al.[29] afforded 16a,b in 35 and 38 % yield, respectively.
Introduction of the piperidino donor directly to the oligoenic
chain was achieved smoothly by substitution of the tosylate
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group in 11 by the use of piperidine in the presence of sodium
hydride in acetonitrile (ca. 74 % yield) for the formation of 17;
an analogous procedure gave the higher homologue 23 in
approximately 41 % yield from 14 (Scheme 4).


Scheme 4. Synthesis of the merocyanines 18 ± 21, 23, and the cyanine 22 :
a) LiAr, THF, �80 �C; b) malonitrile, HOAc, (Ac2O), piperidine, DMF,
80 �C; c) piperidine, NaH, MeCN, 70 �C; d) N,N-diethylthiobarbituric acid,
2,2,6,6-tetramethylpiperidine, toluene, reflux; e) 1. Me3O�BF4


�, CH2Cl2,
0 �C, 2. piperidine, Et3N, pyridine, reflux, 3. NaClO4 ; f) piperidine, NaH,
MeCN, 70 �C.


The aromatic ketones of the ™heptamethine series∫ bearing
three rigidified C�C (double) bonds (Scheme 4) 18a ± e were
obtained (14 to 50 %) and transformed to 19a ± e in 19 ± 76 %
yield, in a similar fashion to the above-mentioned dyes. (The
dyes 18a,b and 19a,b contain no electron-donating amino
group and are hence not true merocyanines. For this reason
only the UV/Vis absorption spectra and 13C NMR spectra of
these very weakly polarised dyes are considered in this work.)
The vinylogous amide 20 (prepared from the triflate 12b and
piperidine in 31 % yield) is stable, in contrast to the analogous
N,N-diethylamino derivative,[8] and was converted both to the
merocyanine 21 by reaction with N,N-diethylthiobarbituric
acid (63 %) and to the cyanine 22 by O-methylation[29] and
subsequent substitution with piperidine.


Experimental determination of the electrical and (non)linear
optical properties : In the following, a short survey covers the
investigated properties and the experimental methods beyond


the routine procedures employed in this work. It is restricted
to the expressions for the optical properties and the sources of
the crucial quantities. The theoretical background, the
experimental procedure and details of evaluation can be
found in more detail in the references given.


Ground- and excited-state dipole moments : The polarisation
of the electronic ground state of the molecules is expressed by
their ground-state dipole moment (�g). This and the photo-
induced change of dipole moment (��) are derived from
electro-optical absorption (EOA) spectra of the compounds
in 1,4-dioxane. It is assumed that the chromophores can be
treated as linear structures in which the ground-state dipole
moment, the dipole difference and the transition dipole
moment are essentially parallel. This assumption is largely
confirmed by the EOAM results. Details of the EOAM
experiment and its evaluation have been published in more
specialised papers.[30] Integration of the UV/Vis spectrum of
the chromophores yields, in addition to the ground and
excited-state dipole moment, the magnitude of the transition
dipole moment (�eg).[30d] The dipole difference and the
transition dipole may be used to classify the chromophores
within a simple two centre CT model.[17] This model is
determined by two parameters. The first is the resonance
parameter c2, which measures the contributions of the
zwitterionic state relative to the neutral state. Possible values
range from c2 � 0 (™polyene∫) through c2 � 0.5 (™cyanine∫) to
c2 � 1.0 (™betaine∫) as described above. The resonance
parameter may be calculated according to Equation (2):[17]


c2 � 1/2[1���(4�2
eg ���2)�1/2] (2)


The second model parameter is the maximal hypothetical
dipole difference (��max), that is, the difference of the dipole
moments of the neutral and the zwitterionic structure, which
is proportional to the distance of charge separation. Therefore
��max may be regarded as a measure of the effective CT length
of the push ± pull substituted � system. It may be estimated
according to Equation (3).


��max ���/(1� 2c2) (3)


We are aware of the crude character of this model. It
provides, however, a very convenient way to classify the
chromophore character, and a strong correlation of the c2


parameter with other experimental observables such as BLA
or NMR shifts has been observed.[31]


First- and second-order polarisability : For ™one-dimensional∫
chromophores consisting of a donor and an acceptor group at
the terminal positions of a linearly conjugated � system, the
static values of the anisotropy of the first- (��0) and second-
order polarisability (�0) can be approximated according to the
perturbational two-level model from the transition dipole
(�eg), the wavelength of optical excitation (�eg) and ��


[Eqs. (4) and (5)], which have been obtained from UV/Vis
spectroscopy and EOAM (vide supra):[32, 33]


��0 � 2�2
eg �eg/(hc) (4)


�0 � 6�2
eg ���


2
eg/(hc)2 (5)
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From the polarisabilities, the above-mentioned FOMs for
the different applications can be obtained. The Pockels FOM
[Eq. (6); with M�molar mass] is suitable for evaluating
chromophores for linear electro-optic devices that are based
upon electric-field-dependent refractive index modulation, a
pure second-order nonlinear optical effect:


FPockels
0 ��g�0/M (6)


Within the Kerr FOM [Eq. (7)] an additional term con-
taining the first-order polarisability anisotropy (��0) appears:


FKerr
0 � 1/M[9�g�0 � 2�2


g��0/(kT)] (7)


This term exceeds the �g�0 contribution within
strongly polarised neutrocyanines that exhibit both large �g


and large ��0 values. Such chromophores were shown
to be promising chromophores for photorefractive materials
because of a modulated birefringence caused by the
so-called ™orientational enhancement effect∫.[13, 33, 34] The
experimental errors of all data obtained from EOA experi-
ments are �5 %.


Third-order polarisability : The determination of the effective
molecular third-order polarisability (��eff � ) was carried out in
chloroform. For several concentrations of each dye in the
solvent, the nonlinear optical susceptibility ��(3) � was deter-
mined by time-resolved degenerate four-wave mixing
(DFWM) at an off-resonant wavelength (1064 nm). The
concentration dependence of ��(3) � yields the magnitude of
� relative to the magnitude of ��3�


0 , and the relative phase
between � and ��3�


0 [Eq. (8)]:


� �(3)(N) ���F4
	 �N� ��3�


0 � (8)


where N denotes the number of molecules per unit volume,
��3�


0 the nonlinear susceptibility of the solvent and F	�
[n2(	)� 2]/3 is the local field factor according to the
commonly applied Lorenz ± Lorentz correction, leading to
the corrected values (��LL � ). In particular, if � is in phase with
��3�


0 , the concentration dependence must be linear; if it has the
opposite phase, the susceptibility of the solution reaches zero
at a finite concentration. The DFWM experiment was realised
in a folded-box CARS (coherent anti-Stokes Raman scatter-
ing) geometry. The timing of the probe beam versus the pump
beams was varied for time-resolved measurements. However,
no relaxation processes could be observed, that is, the
dominating relaxation processes occurred in the sub-pico-
second regime or faster.[35] The experimental errors normally
range from 4 ± 13 %; very weak third-order polarisabilities
cause errors of 20 ± 62 %. The absolute values for � were
calculated assuming ��3�


0 � 6.24� 10�22 m2 V�2 for chloro-
form.[36]


Vibrational molecular third-order polarisability : Measure-
ments of absolute Raman intensities (Ik) of the kth normal
mode at the frequency 	k of the (mero)cyanines were carried
out in chloroform (10�2 mol L�1). From these a mean value of


the various components of �vib can be obtained [Eq. (9)]. The
experimental errors can be estimated to be approximately
30 %.[37]


�
vib � 1


15


1


4�2c2


�


k


Ik


	2
k


(9)


Discussion


Linear absorption and fluorescence properties : According to
the length of the rigidified polymethine unit and the nature of
the donor and acceptor groups, the merocyanines can be
divided into the following four subgroups:
1) Dyes 15 and 16 (the pentamethine series containing two


rigidified C�C bonds and bearing p-N,N-dialkylaminoaryl
donor groups) with absorption maxima in the range from
398 to 568 nm (Table 1).


2) Their higher homologues (heptamethine series) 18c ± e
and 19c ± e (absorption maxima between 412 and 582 nm).


3) The ™heptamethines∫ 18a,b and 19a,b that contain p-n-
butyl-substituted (hetero)aromatic donor groups (which
are not true merocyanines because of the lack of a
nitrogen-containing donor group; 362 to 486 nm).


4) The merocyanines 20, 17, 21 and 23 with the nitrogen
tethered directly to the rigidified polymethine unit (402 to
648 nm).


With the exception of the last three mentioned molecules
all of the foregoing have broad and intense CT-bands
(Figures 1 and 2; 18a ± e and 20 not shown).


Within the pairs of two homologous dyes from the first two
groups, lengthening of the polymethinic unit causes a
moderate bathochromic shift of the absorption maximum
(14 to 28 nm; CHCl3). In contrast, a shift of 94 nm is observed
for 17 and 23, which is very similar to the so-called 100 nm


Table 1. Absorption solvatochromism of the (mero)cyanines 15 ± 23 at 298 K;
�max [nm] (�max � 10�3 [dm3 mol�1 cm�1]); normalised EN


T values of the solvents in
parentheses.[38]


toluene chloroform dichloromethane acetonitrile methanol
[0.099] [0.259] [0.309] [0.460] [0.762]


15a 398 (37.6) 416 (37.3) 410 (37.6) 404 (38.3) 422 (36.8)
15b 428 (36.6) 444 (23.6) 440 (34.7) 432 (34.3) 454 (32.5)
16a 504 (51.2) 520 (51.7) 518 (50.0) 510 (48.6) 518 (51.2)
16b 540 (46.0) 568 (48.2) 564 (47.2) 560 (42.8) 568 (47.9)
17 488 (70.6) 494 (121.3) 494 (135.8) 490 (151.6) 490 (162.9)
18a 362 (46.6) 372 (49.1) 368 (49.7) 362 (50.8) 374 (48.2)
18b 394 (45.4) 402 (48.9) 398 (48.9) 390 (48.8) 400 (48.6)
18c 412 (41.9) 424 (43.7) 420 (45.6) 412 (43.5) 426 (41.6)
18d 422 (46.3) 440 (51.6) 434 (46.2) 426 (46.2) 444 (45.2)
18e 450 (40.8) 464 (40.9) 460 (40.4) 450 (38.5) 468 (39.4)
20 402 (42.3) 428 (47.7) 434 (45.2) 424 (44.8) ±[a]


19a 448 (58.5) 454 (60.6) 452 (60.1) 444 (59.5) 448 (62.4)
19b 476 (57.3) 486 (61.6) 480 (61.4) 472 (61.3) 474 (60.8)
19c 510 (52.7) 524 (53.4) 520 (52.2) 510 (47.4) 516 (48.9)
19d 526 (50.0) 548 (57.2) 544 (57.5) 534 (56.8) 538 (55.6)
19e 558 (53.0) 582 (53.7) 578 (49.2) 568 (49.0) ±[b]


23 534 (66.7) 588 (106.5) 588 (128.6) 586 (161.7) 588 (201.8)
21 640 (153.3) 648 (256.4) 644 (238.6) 628 (112.5) 538 (48.2)
22 ±[b] 540 (228.8) 540 (283.2) 534 (231.5) 534 (258.5)


[a] Decomposition? [b] Not soluble enough.
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Figure 1. Absorption spectra of the merocyanines 15 ± 17 in chloroform
(* in dichloromethane) at 298 K.


Figure 2. Absorption spectra of the merocyanines 19a,b,d,e, 21, 23, and the
cyanine 22 in chloroform at 298 K.


™vinylidene shift∫ within the homologous series of symmetric
cyanine dyes.


The difference between the p-N,N-dialkylaminoaryl donor
groups can be evaluated by a comparison of related com-
pounds (i.e. with the same length of the rigidified polymethine
unit and the same acceptor). The piperidinothienyl deriva-
tives 15b, 16b, 18e and 19e exhibit absorption maxima at
slightly longer (28 to 58 nm; CHCl3) wavelengths than their
dialkylanilino analogues 15a, 16a, 18c, 18d, 19c and 19d. On
the other hand, they show smaller molar extinction coeffi-
cients (�). While the first effect–caused by the superior donor
character–is a result of the better electronic transmittance of
the heteroaromatic unit, because of its smaller loss of
aromatic stabilisation upon charge separation, the second is
probably due to the weaker overlap of the lone pair within the
more pyramidalised nitrogen atom of the piperidino group, in
contrast to the nearly planar dimethylamino group[12, 39] with
the polymethinic orbitals.


Exchange of the keto group for the dicyanomethylene
acceptor group means both introduction of a stronger accept-
or and also lengthening of the chromophore by two �


electrons.[3b] This leads to stronger bathochromic shifts than
the above-mentioned change of the donor group (vide supra).


While the piperidinothienyl derivatives (vide supra) are
affected more strongly (118 to 124 nm; CHCl3) than the
dialkylanilino dyes (100 to 108 nm; CHCl3) no significant
difference is observed between the p-alkylaryl donors (third
group). The strongest influence of increasing acceptor
strength is observed within the fourth group. Introduction of
the dicyanomethylene and the N,N-diethylthioxodihydropyr-
imidinedionylidene (diethylthiobarbituric acid; �6 � elec-
trons) acceptor group leads to bathochromic shifts of 160 and
220 nm, respectively, and dramatic changes in band shape,
which will be discussed below.


The solvent dependence of absorption behaviour of the
dyes within the first three groups and also of 20 is very similar,
with positive solvatochromism going from the apolar toluene
to solvents of medium polarity (chloroform and dichloro-
methane), then negative shifts on going to the more polar
acetonitrile and positive again on turning to a polar protic
medium (methanol). In general, the solvatochromic shifts are
rather small, ranging from maximum of 12 nm within the third
group and maximum of 28 nm within the first and second
group, and no change in band shape can be observed. In
contrast, the dyes 17, 21 and 23 of group four exhibit only
small shifts of the position of the absorption maxima but large
changes in band shape with increasing solvent polarity.


While the cyanine character (a sharp and very intense
absorption with a steep descent of the long wavelength flank)
of the absorption band of 23 increases with solvent polarity
(Figure 3) a cyanine-like behaviour is observed for 21 even in
a solvent of only medium polarity (chloroform, Figure 4).
Solvents of greater or of lesser polarity lead to a loss in
cyanine character. (Similar results to those for 23 are obtained
for its lower homologue 17).


Figure 3. Absorption solvatochromism of the merocyanine 23 at 298 K.


It was reported for merocyanines similar to 16a and 19c,d
that the rigidified forms exhibit slightly blue-shifted absorp-
tion bands relative to their open-chain analogues.[11] This was
confirmed by our findings both for the above-mentioned dyes
and for 15a and 16a, by comparison with data from the
literature for the non-rigidified molecules.[40] The hypsochro-
mic shifts range from 17 to 23 nm in CHCl3, and no marked
effects of chain length and the nature of the acceptor group
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Figure 4. Absorption solvatochromism of the merocyanine 21 at 298 K.


could be observed. In contrast, the merocyanines of the fourth
group exhibit red-shifted absorption bands with respect to the
analogous (or comparable) open chain compounds (in
CHCl3).[41] A neglible bathochromic shift is observed for 20
(6 nm); this is clearly different from its ™phenylogues∫ 16c,d.
The partly cyanine-like dyes 17 (18 nm) and 23 (38 nm) show
pronounced red shifts and, in addition, an increase of the
bathochromic effect of rigidification with increasing chain
length. The absorption band of the cyanine 22 is also
bathochromically shifted (ca. 16 nm; in MeOH) relative to
its non-rigidified counterpart (in EtOH).[39] The latter can
easily be explained with the help of the common colour rules
for cyanine dyes.[42] (The ™unexpected∫ electron-withdrawing
nature of the aliphatic substituents that are part of the ring
system, compared with that of the hydrogens in simple
streptomethines, is reflected in the downfield-shifted signals
of the atoms C-2, C-7, C-8a, and C-9a in the 13C NMR
spectrum of 22 relative to those of the analogous positions in
2,7-bis(dimethylamino)heptamethinium chloride.[43]) The dif-
ferent influences of the substituted polymethinic moiety on
the absorption spectra of the merocyanines will form the
subject of forthcoming studies.


The fluorescence of the (mero)cyanines 15 ± 17, 18d,e,
19d,e and 20 ± 23 was investigated in chloroform (Table 2).
The dyes of the heptamethine series (second group) exhibit, in
general, larger Stokes shifts (167 to 180 nm compared with


103 to 118 nm), but smaller quantum yields (8 to 48 %
compared with 28 to 65 %) than their pentamethine counter-
parts. Whereas the di-n-butylanilino-substituted hepta-
methines 18d and 19d show markedly higher quantum yields
(�fl) than the piperidinothienyl derivatives 18e and 19e, no
corresponding trend could be observed within the penta-
methine series. The cyanine-like character of the merocya-
nines 17, 21 and 23 is reflected in the smaller stokes shifts (12
to 22 nm), but only weak to medium values for �fl were found.
Interestingly a large difference in �fl between the homologues
17 and 23 was observed (1 and 23 %). Nevertheless only the
cyanine 22 shows a remarkably high quantum yield.


Polarisation : The extent of the contribution of the charge-
separated resonance form (C) on the electronic ground state
of the molecules is reflected in their increasing ground-state
dipole moment (�g ; Table 3), which is clearly affected by the
length of the polymethinic unit and the donor and acceptor.


The ketones 15a,b and the methanedicarbonitriles 16a,b of
the pentamethine series exhibit nearly the same values as
their higher homologues 18c,e and 19c,e, respectively,
because for a given pair of donor and acceptor groups an
increase of the conjugation length renders charge separation


Table 2. Fluorescence properties of the merocyanines 15 ± 17, 18d,e, 19d,e,
20, 21 and 23, and the cyanine 22 in chloroform at 298 K (c� 10�5 mol L�1).


�fl [nm] �fl � �abs [nm] �fl [%][a]


15a 532 116 65
15b 564 118 50
16a 635 113 28
16b 669 103 36
17 507 12 1
18d 601 177 48
18e 644 180 20
20 507 79 52
19d 715 167 15
19e 759 177 8
23 604 16 23
21 670 22 11
22 553 13 88


[a] Fluorescence standard: Rhodamine 6G, except for 21, for which
Rhodamine 700 was used.


Table 3. Optical and electric properties of the merocyanines 15 ± 17, 18c,e, 19c,e, 20, 21 and 23 obtained from EOAM in 1,4-dioxane solution at 298 K.


15a 15b 16a 16b 17 18c 18e 20 19c 19e 23 21


M [gmol�1] 351.53 313.46 399.58 361.50 279.38 319.45 365.54 283.41 367.49 413.59 331.46 465.66
�max [nm] 395 425 498 534 487 410 447 403 504 549 533 638
�max [dm3 mol�1 cm�1] 38000 34 100 50 600 46200 79800 42 600 40800 45100 55200 51 600 48300 179 700
�eg [10�30 C m] 27 26 33 33 32 30 30 30 37 38 31 43
�g [10�30 C m] 19 18 30 31 38 20 20 25 30 32 42 45
�� [10�30 C m] 55 49 68 69 8 53 51 50 67 72 40 17
��max [10�30 C m] 77 71 95 95 64 80 79 78 100 105 74 88
c2 0.14 0.16 0.14 0.14 0.44 0.17 0.18 0.18 0.16 0.15 0.23 0.40
��0 [10�40 C V�1 m2][a] 33 29 55 59 50 37 42 36 70 78 52 118
�0 [10�50 C V�2 m3][b] 95 91 279 326 30 122 144 109 353 461 169 191
FPockels


0 [10�76 C2 V�2 m4 kg�1 mol] 0.51 0.53 2.10 2.79 0.40 0.76 0.78 0.97 2.92 3.55 2.12 1.86
FKerr


0 [10�74 C2 V�2 m4 kg�1 mol] 0.19 0.19 0.79 1.01 1.30 0.29 0.29 0.47 1.11 1.24 1.52 2.70


[a] 10�40 C V�1 m2 � 0.8988� 10�24 esu. [b] 10�50 C V�2 m3 � 2.694� 10�30 esu.[1]
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more difficult. Within the derivatives bearing the piperidino
donor tethered directly to the polymethinic chain (20, 17 and
23), the shortening of the chromophore relative to the
corresponding N,N-dimethylanilino- and piperidinothienyl
derivatives 18c,e, 16a,b and 19c,e is more than compensated
by the gain in donor strength as a result of the loss of the
aromatic ™hurdle∫. Hence, larger �g values are found here
than for the corresponding ™aromatic∫ dyes. The sequence of
merocyanines according to increasing ground-state polarisa-
tion based upon these values is used for the discussion of the
NMR data.


The large increase of dipole moment upon optical excita-
tion (��) observed for all dyes (with the exception of 17, 21
and 23) is evidence for their marked oligoene-like character.
This is also expressed by their small c2 resonance parameters,
which lie in the range 0.14 ± 0.18. The dependence of �� on
the nature of the endgroups and the length of the poly-
methinic chain is rather similar to that of �g (vide supra).
Interestingly, the piperidinothienyl-substituted ketones 15b
and 18e exhibit smaller �� values than the corresponding
anilino derivatives 15a and 18c, respectively. This effect is
more marked within the pentamethines and might be due to a
partial compensation of the better ™electronic∫ donor char-
acter by the more angular geometry of the heteroaromatic
donor group, which becomes more significant with decreasing
chromophore length and acceptor strength. In contrast to the
oligoene-like dyes, markedly reduced �� and increased c2


values are observed for 23, 17 and 21; this indicates their
moderate (23) or pronounced cyanine-like character (17 and
21). The heptamethine 21 is polarised close to the cyanine
limit (c2 � 0.40) even in the rather apolar solvent 1,4-dioxane;
this was expected from its absorption spectra (Figure 4). The
strong dependence of the extent of charge separation on the
intramolecular distance between the donor and acceptor is
reflected in the homologous pair 17 and 23. The pentamethine
derivative 17 is distinctly more cyanine-like (c2 � 0.40) than its
heptamethinic counterpart 23 (c2 � 0.23).


First- and second-order polarisabilities : As described above,
the anisotropy of the first- (��0) and second-order polar-
isability (�0) may be estimated from the EOAM data (Table 3,
Figures 5 and 6).


Within the pentamethine and heptamethine series the
values of the dyes bearing aromatic donor groups (15a,b,
16a,b and 18c,e, 19c,e, respectively) show the expected
increase with increasing donor and acceptor strength of the
endgroups, with the above-mentioned exception for 15b. As
expected large �0 values were obtained for 19c (353�
10�50 C V�2 m3) and for 19e (461� 10�50 C V�2 m3), which
make these dyes suitable for EO-devices, which is also
expressed by their Pockels-FOMs. (The use of chromophores
such as 16b and 19c,d in NLO side-chain polyquinolines has
been reported previously.)[44] Within the more strongly
polarised piperidino derivatives 17, 23 and 21, only the last
one exhibits a notably high ��0 value. As expected, the �0


values of these partially cyanine-like dyes are comparatively
small with respect to the above-mentioned oligoenes. Accord-
ing to its very high Kerr FOM, 21 should be the most


Figure 5. Plot of the reduced linear polarisability �0(hc/�eg)/2��2
eg as a


function of the effective CT dipole length. The solid line represents the
theoretical maximum of the two-level CT model.


Figure 6. Plot of the reduced second-order polarisability �0(hc/�eg)2/6�
�2


eg�� as a function of the effective CT dipole length. The solid line
represents the theoretical maximum of the two-level CT model.


promising candidate for the use in photorefractive polymers
of this series, but this is probably hampered by its long
wavelength absorption. (The successful applications of mero-
cyanines similar to 17 and 23 have been reported.[13, 14])


In Figures 5 and 6, reduced first- and second-order polar-
isabilities are displayed as a function of the model parameter
��max, which can be regarded as a measure of the effective CT
length of the chromophores. In the reduced polarisabilities,
the effects of the transition wavelength are eliminated [see.
Eqs. (4) and (5)]. The solid line represents the maximum
value of the reduced polarisability that can be achieved for a
given conjugation length within the CT model. Figure 5 shows
that only the chromophores 17 and 21, which are polarised
close to the cyanine limit, reach the maximum values for the
linear polarisability as predicted by the CT model for c2 � 0.5.
Thus both chromophores optimise this polarisability for their
conjugation length. In Figure 6, on the other hand, both
chromophores fail to reach the maximum value of the reduced
second-order polarisability. This is attributable to the propor-
tionality between the �� and �0 [Eq. (5)], which makes �0 go
to zero at the cyanine limit (c2 � 0.5). All other chromophores
are close to the maximum value with their c2 values ranging
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from 0.14 to 0.27. This is in agreement with the CT model,
which predicts the maximum �0 to be reached with resonance
parameters of c2 � 0.21.


Third-order polarisability : The effective third-order polar-
isabilities obtained directely from DFWM measurements
(��eff � ) cover a range of two orders of magnitude for the
merocyanines of the pentamethine and heptamethine series
and the heptamethine cyanine (Table 4); a very large max-
imum value for � �eff �was found for 19d (548� 10�60 C V�3 m4).
We have also included the values derived from these by
Lorenz-type local field correction (��LL � ). A more complete
treatment of the local field correction leads to factors that
may depend strongly on the solute rather than on the overall
refractive index of the solution. Therefore, not only the
absolute values, but also the relative magnitudes of � are
influenced by local field corrections.[45]


For a comparison, the structural differences (e.g., the
nature of the donor groups) and the relative lengths of the
chromophores should be taken into account. Expressions for
the dependence of � upon the so-called conjugation length of
� systems as found in the literature are usually given in form
of power-law dependencies, with the number of atomic sites or
repeat units within the system as the basis and varying
exponents for the different classes of molecules (e.g.,
oligoenes, merocyanines and cyanines).[46] Though for this
reason a general and quantitative standardisation of the �


values of the differently polarised merocyanines and the
cyanine is not possible, the number of � electrons within the
chromophore can be considered in an approximate way.[3b]


Nevertheless a general dependence of � upon the differ-
ences in ground-state polarisation could not be observed as
for the second-order polarisability � : Indeed the value
obtained for the relatively weakly polarised merocyanine of
the heptamethine series 20 is about one order of magnitude
smaller than those of the merocyanines with moderate (23) or
pronounced (21) cyanine-like character, and also of the


cyanine 22. The fact that the � value of 22 is exceeded by that
of 21 must be related to the greater number of � electrons of
the latter; this is also reflected in its absorption at longer
wavelengths (Table 1). Within the pentamethine series 15a,b
and 16a,b, � increases with increasing donor and acceptor
strengths, but an analogous trend is not observed for the
higher homologues 18d,e and 19d,e. In addition these last-
mentioned oligoene-like heptamethines show larger � values
than their more strongly polarised counterparts 20 ± 23, which
cannot be explained by the number of � electrons (cf. 19d,e
and 21). Finally a sign reversal of �, predicted by the two-level
model for push ± pull oligoenes for the static � values (positive
for the oligoene-like dyes 15 ± 16, 18 ± 20 and negative for the
stronger polarised ones 17, 21 and 23 and the cyanine 22),[18a] is
clearly not observed.


The failure of the two-level model is a clear indication that
two-photon-allowed transitions together with the dipolar
contribution (the positive channels of �) dominate over the
contribution from the bleaching of the one-photon transition
(the negative channel).[47] It should be noted that, as our
experiment determines the hyperpolarisabilites �(-	;	,-	,	)
in the near infrared frequency region, the relative contribu-
tions of the different channels of � are very different from
static values or THG (third harmonic generation) measure-
ments.[47] In this context, the decrease of � from 19d to 19e
and generally the higher values of the oligoene-like hepta-
methines relative to the highly polarised heptamethines may
be explainable by the anticipated reduction of the dipolar
term, leaving only the two-photon term to compete with (and
reverse) the negative term. This important result calls for a
careful analysis of the energies and transition moments of
two-photon-allowed transitions. Measurements on this sub-
ject have been performed;[48] a deeper analysis to provide an
overall picture is in preparation.


The vibrational third-order polarisabilities ��vib � were
calculated from Raman intensities obtained in the same
solvent and display a similar behaviour (Table 4). Because of
the fundamental differences in the two experimental methods
used, a distinct or even quantitative separation of the vibra-
tional contribution to ��LL � using the Raman-based ��vib �
cannot be achieved. From a qualitative correlation the
following trend is evident: Small ��vib � values were found
for 15a,b, 17, 18d, 20 and 22, which already exhibited small
��LL � . This is independent of the large differences in ground-
state polarisation within these molecules. In addition the
larger vibrational polarisabilities of 16a,b and 19d seem to be
reflected in the DFWM experiment, but a general coherence
is prevented by the thiophene derivatives 18e and 19e. This
clearly indicates that the nature and interdependence of all
quantities contributing to � obtained from DFWM experi-
ments are more sophisticated.


NMR studies : The extent of ground-state polarisation (or the
cyanine-like character) of merocyanines is clearly reflected in
the BLA within the polymethinic chain. For this reason the
BLA has become a parameter often used for the description
of merocyanines in their electronic ground state and it is
usually taken directly from X-ray crystallographic analysis or
derived from the 3J(H,H) coupling constants of the vicinal


Table 4. Experimental third-order polarisabilities (��eff � ) of the (mero)cya-
nines 15 ± 17, 18d,e, 19d,e, 20 ± 23, obtained from DFWM experiments
(1064 nm), Lorentz-type corrected third-order polarisabilities (��LL � ) and
vibrational third-order polarisabilities (��vib � ) calculated from absolute Raman
intensities. All measurements carried out in chloroform at 298 K.


N ��eff � ��LL � ��vib �
� electrons [10�60 C V�3 m4][a] [10�60 C V�3 m4][a] [10�60 C V�3 m4][a]


15a 12 14 5 3
15b 12 71 24 5
16a 14 118 39 24
16b 14 204 68 30
17 10 14 5 4
18d 14 13 4 3
18e 14 395 130 8
19d 16 548 183 41
19e 16 318 106 67
20 10 12 4 3
23 12 109 36 21
21 16 168 56 19
22 10 132 44 4


[a] 10�60 C V�3 m4 � 8.078� 10�36 esu.[1]
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methinic protons obtained from 1H NMR spectroscopy.[49]


The first method suffers from the need for the preparation
of single crystals and allows only an observation of the
molecule within the rather polar environment of the solid
state. The second opens up a broader variation of the
surrounding medium by the choice of appropriate solvents
and has become a common tool in this field.[50] In contrast,
only little work has been published concerning the 13C NMR
chemical shifts as a measure of electron density along the
polymethinic chain to describe the ground-state electronic
structure of merocyanines.[51]


Within the heptamethine series 18 ± 21 and 23 and the
cyanine 22, the 13C NMR chemical shifts (Table 5) of the


carbon atoms C-n of the poly-
methinic unit along the path
C-2 to C-7 (D) indicate an
alternating charge distribution
as expected for cyanines and
merocyanines.[52]


To investigate whether increasing polarisation is reflected
in the chemical shifts of the methinic carbons within the
merocyanines [�(C-nmerocyanine)] in comparison to those ob-
tained for the analogous positions within the cyanine
[�(C-ncyanine)], the ™� deviation∫ (��) of each merocyanine
carbon atom was calculated (Table 6) according to Equa-
tion (10):


����(C-nmerocyanine)� �(C-ncyanine) (10)


For the sake of comparison from all heptamethines under
investigation the acceptor and donor bearing ipso-carbons
C-2 and C-7 were not taken into account.


With increasing donor strength (i.e. , increasing polarisa-
tion) a smooth decrease of ��� � within the group of the
ketones 18 and a more marked decrease in 20 can be observed
throughout all carbon atoms (Table 6, Figure 7).


While the values of C-1, C-8 and C-9 fit in this trend exactly,
those obtained for C-8a and C-9a differ in that the thienyl-
substituted molecules 18b,e exhibit slightly higher (0.1 ± 0.5)
��� � values than their phenyl counterparts 18a,c,d. The same
general trend, as well as the special behaviour of the


Figure 7. Deviations of the chemical shifts �� [Eq. (10)] of selected
methinic carbons within the merocyanines 18 ± 21 and 23 relative to the
analogous positions within the cyanine 22, arbitrarily correlated to their
relative ground-state polarisation (the dotted lines are only guides to the
eye).


thiophene derivatives, is observed within the methanedicar-
bonitriles 19 and 23. In addition, within a pair of correspond-
ing molecules bearing the same donor, the exchange of the
keto for the dicyanomethylene group (e.g. 18a and 19a) leads
to reduced �� values at C-1 about 3.1 ± 3.3 ppm for the
™aromatic∫ derivatives 19 and 4.2 ppm for 23. (Nevertheless
this trend is not continued within the thiobarbituric acid
derivative 21, which is subject to an enhancement of �� about
4.5 ppm.) A similar reduction of ��� � on introduction of a
stronger acceptor can be observed within all merocyanines at
C-8a (3.6 ± 4.1 ppm for 19a ± e and 6.7 and 14.2 ppm for 23 and
21, respectively), while comparatively small enhancements of
about 0.8 ± 0.9 ppm (19a ± e) and 0.6 ppm (23) and a remark-


Table 5. Selected 13C NMR chemical shifts � [ppm] of the (mero)cyanines
18 ± 23 (100 MHz, CDCl3, 298 K).


C-11 C-2 C-1 C-9 a C-9 C-8 a C-8 C-7


18a ± 199.9 122.9 159.9 124.7 149.4 124.3 144.3
18b ± 199.8 122.7 159.7 124.5 149.0 122.5 138.5
18c ± 199.9 122.2 160.4 123.4 150.3 121.6 144.5
18d ± 199.8 121.9 160.5 123.0 150.5 120.8 144.5
18e ± 199.8 121.8 160.4[a] 122.8 150.0 119.5 139.2
20 ± 199.3 118.0 162.1 115.8 153.5 99.6 154.1
19a 74.6 169.6 119.8 159.0 125.0 153.0 124.4 146.6
19b 74.1 169.4 119.6 158.9 124.7 152.7 122.6 140.7
19c 73.2 169.5 119.0 159.6 123.7 154.2 121.6 147.0
19d 72.7 169.4 118.7 159.7 123.4 154.5 120.9 147.2
19e 72.0 169.1 118.5 159.5 122.9 154.1 119.3 141.9
23 64.2 167.7 113.8 161.5 116.0 160.2 100.0 157.4
21 100.1 165.4 122.5 167.6 120.3 167.7 103.8 161.3
22 ± 163.4 102.0 167.1 115.9 167.1 102.0 163.4


[a] Might be C-5�.


Table 6. Deviation of the 13C NMR chemical shifts �� [ppm] of the
methinic carbons of the merocyanines 18a ± e, 19a ± e, 20, 21 and 23 relative
to the cyanine 22 (100 MHz, CDCl3, 298 K) [Eq. (10)].


C-2 C-1 C-9 a C-9 C-8 a C-8 C-7


18a 36.5 20.9 � 7.2 8.8 � 17.7 22.3 � 19.1
18b 36.4 20.7 � 7.4 8.6 � 18.1 20.5 � 24.9
18c 36.5 20.2 � 6.7 7.5 � 16.8 19.6 � 18.9
18d 36.4 19.9 � 6.6 7.1 � 16.6 18.8 � 18.9
18e 36.4 19.8 � 6.7 6.9 � 17.1 17.5 � 24.2
20 35.9 16.0 � 5.0 � 0.1 � 13.6 � 2.4 � 9.3
19a 6.2 17.8 � 8.1 9.1 � 14.1 22.4 � 16.8
19b 6.0 17.6 � 8.2 8.8 � 14.4 20.6 � 22.7
19c 6.1 17.0 � 7.5 7.8 � 12.9 19.6 � 16.4
19d 6.0 16.7 � 7.4 7.5 � 12.6 18.9 � 16.2
19e 5.7 16.5 � 7.6 7.0 � 13.0 17.3 � 21.5
23 4.3 11.8 � 5.6 0.1 � 6.9 � 2.0 � 6.0
21 2.0 20.5 0.5 4.4 0.6 1.8 � 2.1
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able decrease of about 5.5 ppm (21) are seen at C-9a. In
contrast, �� at C-8 and C-9 are essentially unaffected by
increasing acceptor strength. Furthermore, it can be seen that
the distribution of electron density becomes more and more
symmetric within the central part of the polymethinic unit
along C-8a, 9, 9a in 23 and 21 relative to 19a ± e (Tables 5 and
6) and in addition �� nearly vanishes for 21 at C-8a and C-9a.
Since the electronic symmetry clearly reflects the cyanine-like
electronic ground state of the hexatriene unit within a
molecule, the development of �� with increasing polarisation
leads to the assumption that the dependency of both
quantities is displayed at one of the last two mentioned
carbons. Though the same trend (decreasing ��� � with
increasing polarisation corresponding to growing donor
strength within the ketones 18 and 20 on the one hand and
the methanedicarbonitriles 19 and 23 on the other) is
observed within each of the two mentioned groups at C-9a,
increasing acceptor strength within the above-mentioned
pairs of corresponding molecules (e.g. 18a and 19a, vide
supra) drives ��� � in the opposite direction. For this reason
��� � at C-9a does not turn out to be an indicator of ground-
state polarisation.


Finally all these aspects have to be considered at C-8a: The
general decrease of ��� � within both groups (18 and 19) as
well as the slightly smaller absolute values of 19 reflect the
gradually increasing polarisation of these oligoene-like mero-
cyanines (vide supra for the special features of the thiophene
derivatives). As expected, the value for 20 is markably
reduced relative to all the aromatic ketones 18, but still
somewhat larger than those for 19c ± e. The fact that ��� � is
distinctly reduced in the case of 23 and almost vanishes for 21
corresponds to the moderate or pronounced cyanine-like
character of these dyes compared to all of the others, as was
already demonstrated by their different shape of their
absorption spectra. Hence, increasing strengths of both the
donor and the acceptor group has a consistent influence on
the 13C NMR chemical shift at this position. The better
comparability of C-8a than of C-9a within the merocyanines
and the cyanine could be clearly explained by its lower spatial
distance from the donor group, which becomes exactly the
same (piperidino) in 23 and 21 as in the cyanine.


In conclusion the increasing polarisation of merocyanines
derived from the rigidified hexatriene unit seems to be
reflected in the NMR chemical shift of C-8a; the � atom with
respect to the donor group. The �� parameter as an
approximation can be used both for the weakly polarised
oligoene-like merocyanines bearing different (hetero)aromatic
donor groups and for the more strongly polarised cyanine-like
systems without aromatic moieties within the chromophore.
�� ranges from large negative values (�18.1 ppm for the
oligoene 18b) to values near zero (0.6 ppm for the nearly
cyanine-like dye 21). From this it could be assumed that a
merocyanine of the type considered here polarised exactly to
the cyanine limit, should exhibit the same chemical shift
(��� 0) at C-8a as the symmetric cyanine in the same solvent.
Consequently stronger polarisation beyond the cyanine limit
would lead to positive values. Though the last point would
seem to be easily investigated by determination of �� for 23
and 21 in a variety of more polar solvents (see Figures 3 and


4), their insufficient solubility meant that the data could be
only obtained in DMSO solution (Table 7). Unfortunately no
exact assignment of the signals of the quaternary carbons by
using two-dimensional NMR spectrosocpy was possible.


Therefore no direct evidence for the expected increased
cyanine-like character of 23 in DMSO (symmetric distribution
of charge density along C-8a, 9, 9a and markedly reduced
(�6.9) values for ��� � at C-8a) could be observed. Never-
theless the second requirement is fulfilled by any possible
assignment with �� values ranging from �4.8 to �1.4 ppm.
Similar results were obtained for 21, which exhibits partially
betaine-like character in DMSO: Two of three possible
assignments reach the required value of ��� 0.6 ppm (Ta-
ble 7).


In a further study the NMR
chemical shifts (Table 8) of the
methinic carbons within the
pentamethine series 15 ± 17
[�(C-npent)] were compared to
those at the corresponding positions within their higher
homologues 18d,e, 19d,e and 23 [�(C-nhept)] by using a ���
[Eq. (11)] similar to that mentioned above (E ; Table 9):


�����(C-npent)� (C-nhept) (11)


A relatively good agreement, with ��� ranging from �1.2 to
0.5 ppm, was observed at C-1, C-2 and C-8 (Table 9). In


Table 7. Observed 13C NMR chemical shifts � of the methinic carbons of
the merocyanines 21 and 23 (100 MHz, [D6]DMSO, 298 K). The deviations
relative to C-8 of the cyanine 22 �� [ppm] are given in parentheses
[Eq. (10)].


23 164.7 164.2 162.1 161.3
(�1.4) (�1.9) (�4.0) (�4.8)


21 168.6 168.4 162.2[a] 156.7[b]


(2.5) (2.3) (�3.9) (�9.4)


[a] Probably C-2. [b] Probably C-7.


Table 8. Selected 13C NMR chemical shifts � of the merocyanines 15 ± 17
(100 MHz, CDCl3, 298 K).


C-9 C-2 C-1 C-8 a C-8 C-7


15a ± 200.0 122.3 160.3 120.3 148.3
15b ± 199.6 121.7 159.9 118.3 142.7
16a 72.9 169.9 119.0 159.7 120.2 152.0
16b 71.2 169.1 118.0 159.2 118.2 146.5
17 61.6 167.8 111.3 163.7 99.6 160.2


Table 9. Deviation of the 13C NMR chemical shifts ��� [ppm] of the
methinic carbons of the merocyanines 15a,b, 16a,b and 17 relative to their
higher homolgues 18d,e, 19d,e and 23 (100 MHz, CDCl3, 298 K) [Eq. (11)].


C-9[a] C-2 C-1 C-8 a C-8 C-7 �(C-8apent)-�(C-9ahept)


15a ± 0.2 0.4 9.8 � 0.5 3.8 � 0.2
15b ± � 0.2 � 0.1 9.9 � 1.2 3.5 � 0.5
16a 0.2 0.5 0.3 5.2 � 0.7 4.8 0.0
16b � 0.8 0.0 � 0.5 5.1 � 1.1 4.6 � 0.3
17 � 2.6 0.1 � 0.5 3.5 � 0.4 2.8 2.2


[a] Denoted C�11 within 19d,e, and 23.
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contrast, significant deviations are found at C-7 and C-8a.
While the effect at C-7 is slightly more pronounced within the
methanedicarbonitriles 16, remarkably larger ��� values are
caused by the keto group at C-8a within 15. The absolute
values obtained for 17 are smaller, but their relative sizes fit
the trend observed for 16. Because of its central position
within the polymethinic unit of the pentamethines, C-8a is of
special interest. Though the largest deviations from the
analogous position within the heptamethines are found here,
a remarkable similarity to the position C-9a of those is evident
(at least in 15 and 16 with ��� ranging from �0.5 to 0.0 ppm).
This demonstrates that the acceptor groups cause a more far-
reaching effect on the electronic structure from the end to the
middle of the polymethinic unit than the donor groups in
weakly polarised oligoene-like merocyanines.


The signal of C-9 (the central carbon atom within the
dicyanomethylene acceptor group; C-11 within the hepta-
methines) exhibits nearly the same chemical shift within the
two p-N,N-di-n-butylanilino derivatives 16a and 19d, but it
shows a significant highfield shift within the pentamethines,
considering the pairs 16b/19e and 17/23, which increases with
growing donor strength. This is evidence for a comparatively
larger contribution of the zwitterionic form to the electronic
ground state in the pentamethines, which can be explained by
the facilitated charge separation over shorter intermolecular
distances.


Conclusion


An efficient six-step synthesis of the precursors of donor ±
acceptor oligoenes with three sterically fixed all-trans C�C
bonds is presented. Oligoene-like to cyanine-like ground-
state polarisation of the dyes was attained by appropriate
endgroups. High static second- (�0) and third-order polar-
isabilities (��LL � ) were found within oligoene-like merocya-
nines (19c : �0� 951� 10�30 esu; 19d : �LL � 15� 10�34 esu;
19e : �0 � 1242� 10�30 esu, �LL � 9� 10�34 esu), which exceed
the ��LL � values obtained for a merocyanine polarised to the
cyanine-limit and for a cyanine. These unexpected results
obtained by DFWM are probably due to two-photon-allowed
transitions and vibrational contributions. The latter is corro-
borated by the calculated vibrational third-order polarisabil-
ities. The differences of the 13C NMR chemical shifts at the �-
position (with respect to the donor group) within the
hexatriene unit of the merocyanines, compared to those
obtained for the analogous position within a corresponding
cyanine, decrease with increasing ground-state polarisation.
This ��� � parameter can be taken as an approximate measure
of the extent of cyanine-like character of these merocyanines
in their electronic ground state. The distribution of electron
density within the polymethinic unit is more strongly affected
by the acceptor than by the donor group, as can be seen from a
comparison of the 13C NMR chemical shifts of donor ± ac-
ceptor hexatrienes with their lower homologues.


Experimental Section


General : All solvents were purified by distillation before use and
anhydrous solvents were obtained using common methods. Flash chroma-


tography was performed over silica gel ™Kieselgel 60∫ (0.040 ± 0.063 mm,
Merck). Melting points were determined on a MEL-Temp II, Laboratory
devices, USA or on a Kofler hot stage microscope apparatus, Reichert
(Austria), and are uncorrected. 400 MHz 1H and 100 MHz 13C NMR
spectra were run on a Bruker AM 400 and Bruker Avance DRX 400
instrument in CDCl3 (tetramethylsilane (1H) or the solvent (13C) as internal
standards) or [D6]DMSO (solvent (1H and 13C) as standard). The degree of
substitution of the carbon atoms was determined by DEPT 135� experi-
ments. Further assignments were made with the help of H,H and C,H
COSY and C,H COLOC spectra. FT-IR and FT-Raman spectra were
obtained using a Nicolet 320 FT-IR spectrometer and a Bruker FRA 106
spectrometer, respectively. Mass spectra were recorded on a Finnigan
MAT 8430 spectrometer. UV/Vis absorption spectra were measured with a
Hewlett Packard diode array spectrophotometer 8452 A with 1 cm cuvettes.
Solvents (™Uvasol∫, Merck) were used without further purification.
Elemental analyses were carried out by the analytical laboratory of the
Institute of Pharmaceutical Chemistry, Technical University of Braun-
schweig. Fluorescence spectra were run on a Perkin ± Elmer luminescence
spectrometer LS50B in non-degassed chloroform (™Uvasol∫; c�
10�5 mol L�1). Fluorescence quantum yields were obtained by using
commercially available standards. 1,4-Dioxane for EOA measurements
was carefully purified and dried by column chromatography on basic
alumina followed by distillation over sodium/potassium alloy under argon.
The DFWM set-up was driven by an actively mode-locked quasi-cw
Nd:YAG laser with a fiber/grating pulse compressor (�� 1064 nm, P � 5 ±
7 ps, with a repetition rate of 80 MHz and 	15 nJ energy per pulse).


7-Methoxy-2,3,4,4a,5,6-hexahydronaphthalen-2-one (10a): p-Toluenesul-
fonic acid monohydrate (0.1 g, 0.53 mmol) was added to a stirred solution
of 3 (2 g, 12.19 mmol) in toluene (200 mL) and anhydrous methanol
(20 mL). After heating to reflux for 10 h with a Dean-Stark trap most of the
methanol and water were removed by distillation. The mixture was washed
with saturated NaHCO3 solution (50 mL), brine (2� 50 mL) and the
organic layer was dried (MgSO4). After evaporation of solvent and
recrystallisation from n-pentane 10a was obtained as a pale yellow solid
(1.8 g, 83 %, m.p. 94 �C; literature value 94 ± 95 �C[19]).


7-p-Toluenesulfonyloxy-2,3,4,4a,5,6-hexahydronaphthalen-2-one (10b): p-
Toluenesulfonyl chloride (1.02 g, 5.35 mmol) and 3 (0.8 g, 4.88 mmol) were
suspended in anhydrous THF (20 mL) at 25 �C under a nitrogen atmos-
phere. After dropwise addition of triethylamine (0.84 mL, 6.03 mmol) over
a period of about 2 min, the reaction mixture was stirred for 12 h at the
same temperature. A clear yellow solution was obtained by filtration.
Evaporation of solvent, flash chromatography (100 g SiO2; toluene/CHCl3/
ethyl acetate 10:2:1, Rf � 0.23) afforded a viscous dark yellow oil that was
transfered to an extraction thimble after dissolving in a few drops of
CH2Cl2. Extraction with boiling n-pentane yielded a pale yellow solid
(0.588 g, 38%, m.p. 92 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.81 ± 7.83 (AA� of AA�XX�, 2H; H-2�), 7.37 ± 7.39 (XX� of AA�XX�, 2H;
H-3�), 5.91 (d, 4J(H,H)� 2.4 Hz, 1 H; H-1,8), 5.72 (s, 1H; H-1,8), 2.48 (s,
3H; CH3), 2.31 ± 2.53 (m, 5 H), 2.05 ± 2.12 (m, 1H), 1.92 ± 1.98 (m, 1H),
1.63 ± 1.80 (m, 1 H), 1.45 ± 1.56 (m, 1H; CH2, CH); 13C NMR (100 MHz,
CDCl3, 25 �C): �� 199.0 (s, C-2), 156.4, 156.3 145.8, 132.8 (s, C-7,8a,1�,4�),
130.0, 128.2 (d, C-2�,3�), 125.4, 117.6 (d, C-1,8), 37.5 (t, C-3), 34.4 (d, C-4a),
29.9, 29.2, 28.8 (t, C-4,5,6), 21.7 (q, CH3); FT-IR (KBr): �� � 1664 (s, C�O),
1637 (vs), 1596 (s), 1364 (vs), 1193 (vs), 1180 (vs), 832 cm�1 (vs); UV/Vis
(CHCl3): �max (�)� 282 nm (28 300 dm3 mol�1 cm�1); MS (70 eV, EI): m/z
(%): 318 (41) [M]� , 155 (100) [SO2 �C6H4 �CH3]; elemental analysis calcd
(%) for C17H18O4S (318.4): C 64.13, H 5.70, S 10.07; found: C 64.19, H 5.71,
S 10.15.


(2,3,4,4a,5,6-Hexahydro-7-p-toluenesulfonyloxy-2-naphthylidene)methane-
dicarbonitrile (11): Compound 10b (0.49 g, 1.54 mmol) and malonitrile
(0.2 g, 3.03 mmol) were dissolved in anhydrous DMF (5 mL). After
addition of the catalyst (0.05 g piperidine and 0.03 g HOAc in DMF,
2 mL) the colour changed immediately from yellow to pink. The solution
was stirred at 25 �C for 24 h and then the solvent was removed in vacuo. The
residue was taken up in CHCl3 (50 mL) and washed with water (2� 30 mL
with 3 mL of conc. HCl). Drying (MgSO4), removal of solvent and flash
chromatography (100 g SiO2; toluene/CHCl3/ethyl acetate 5:2:1, Rf � 0.63)
gave 11 as a viscous yellow oil (0.173 g, ca. 25%) containing about 20 % of
toluene (1H NMR analysis), which was used without further purification.
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.75 ± 7.80 (AA� of AA�XX�,
2H; H-2�), 7.35 ± 7.39 (XX� of AA�XX�, 2 H; H-3�), 6.43 (s, 1 H) and 6.02 (d,
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4J(H,H)� 1.9 Hz, 1 H; H-1,8), 2.46 (s, 3 H; CH3), 2.95 ± 3.06 (m, 1 H), 2.26 ±
2.77 (m, 4H), 1.89 ± 2.09 (m, 2H), 1.28 ± 1.73 (m, 2 H; CH2 and CH);
13C NMR (100 MHz, CDCl3, 25 �C): �� 169.1 (s, C-2), 158.7, 155.5, 146.0,
132.5 (s, C-7,8a,1�,4�), 130.0, 128.0 (d, C-2�,3�), 121.4, 117.1 (d, C-1,8), 113.1,
112.4 (s, C
N), 77.7 (s, C-9), 34.5 (d, C-4a), 29.3 28.8, 28.8, 27.9 (t, C-3,4,5,6),
21.6 (q, CH3).


7-Trifluormethanesulfonyloxy-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-
one (12b): Sodium hydride (suspension in oil, ca. 50 %, 0.64 g, 13.33 mmol)
was added in small portions to a suspension of 9 (2.75 g, 12.71 mmol) in
anhydrous dimethoxyethane (100 mL) at 25 �C under a nitrogen atmos-
phere. The mixture was stirred for 12 h with a change of colour from yellow
to dark orange. After cooling to �60 �C, a solution of N-phenylbistrifluoro-
methanesulfonimide (4.80 g, 13.44 mmol) in the same solvent (20 mL) was
added dropwise within 30 min. After stirring at �60 �C for 1 h and warming
to 25 �C within 12 h a clear brown solution was obtained. The solvent was
removed and the residue was suspended in CH2Cl2. Filtration over SiO2


(200 g) with CH2Cl2 as eluent (finally CH2Cl2/EtOH 20:1) afforded a
viscous brown oil. Flash chromatography (200 g SiO2; CH2Cl2/ethyl acetate
150:1, Rf � 0.17) furnished a brown oil, which solidified on standing to a
yellow solid (2.66 g, 60%, m.p. 76 ± 77 �C) and was used for synthetic
purposes. An analytically pure sample (m.p. 77 �C) was obtained as pale
yellow solid from n-hexane by slowly cooling down a stirred hot solution
(without stirring 12b precipitates as a green oil). 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 6.24 (d, 4J(H,H)� 2.5 Hz, 1H), 6.17 (s, 1 H) and
5.84 (s, 1H; H-1,8,9), 2.38 ± 2.75 (m, 6H), 2.00 ± 2.15 (m, 3H), 1.68 ± 1.79 (m,
1H; CH2 and CH), 1.56 (dq, 2J(H,H)� 3J(H,H)� 13.1 Hz, 3J(H,H)�
5.3 Hz, 1 H; Hax-4 or -5), 1.25 (q, 2J(H,H)� 3J(H,H)� 12.8 Hz, 1H; Hax-
10); 13C NMR (100 MHz, CDCl3, 25 �C): �� 199.7 (s, C-2), 157.4, 153.5,
143.9 (s, C-7,8a,9a), 127.9, 124.8, 119.7 (d, C-1,8,9), 118.4 (q, 1J(C,F)�
320.6 Hz, CF3), 37.8 (t, C-3), 36.1 (t, C-10), 35.5, 34.5 (d, C-4a,10a), 30.0,
29.3, 28.5 (t, C-4,5,6); FT-IR (KBr): �� � 1662 (s, C�O), 1636 (s),
1589 (vs), 1420 cm�1 (vs); UV/Vis (CHCl3): �max (�)� 318 nm
(41 000 dm3 mol�1 cm�1); MS (70 eV, EI): m/z (%): 348 (50) [M]� , 215
(51), 187 (100); elemental analysis calcd (%) for C15H15F3O4S (348.3): C
51.72, H 4.34, S 9.21; found: C 51.70, H 4.17, S 9.27.


(2,3,4,4a,5,6,10,10a-Octahydro-7-hydroxy-2-anthrylidene)methanedicar-
bonitrile (13): The reaction of 9 (0.5 g, 2.31 mmol) and malonitrile (0.183 g,
2.77 mmol) was carried out as described for 11 in DMF (10 mL) and with
the catalyst (0.250 g piperidine and 0.15 g HOAc in DMF, 5 mL). The
solvent was removed in vacuo, and the residue was taken up in CHCl3


(50 mL) and washed with water (150 mL, with a few drops of conc. HCl).
After extraction of the aequous phase with CHCl3 (3� 20 mL) the
combined organic solutions were again washed with acidified water (vide
supra, 3� 100 mL) and water (3� 100 mL). Drying of the dark red solution
(MgSO4), removal of solvent and filtration over silicagel (6 cm layer, 50 g
SiO2; CHCl3/EtOH 40:1) afforded a dark solid with metallic lustre (0.333 g,
ca. 54 %) that was used for synthetic purposes. An analytical sample was
obtained by flash chromatography (50 g SiO2 ; CHCl3/EtOH 40:1, Rf �
0.38) starting from 0.13 g of the crude product and recrystallisation from
methanol as thin red needles (0.024 g, ca. 20 %, m.p. 215 ± 217 �C (part.
decomp)). 1H NMR (400 MHz, [D6]DMSO, 25 �C): �� 10.65 (br s, 1H;
OH), 6.25 (s, 1 H), 6.01 (s, 1 H) and 5.57 (s, 1 H; H-1,8,9), 2.76 ± 2.79 (m,
1H), 2.42 ± 2.66 (m, 4 H), 2.19 ± 2.24 (m, 1H), 1.87 ± 1.97 (m, 3 H), 1.32 ± 1.45
(m, 2 H; CH2 and CH), 1.12 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1 H; Hax-10);
13C NMR (100 MHz, [D6]DMSO, 25 �C): �� 170.0 (s, C-2), 168.8, 162.2,
158.9 (s, C-7,8a,9a), 115.4, 114.7 (s, C
N), 117.9, 114.9, 103.0 (d, C-1,8,9),
67.2 (s, C-11), 35.6, 35.1 (d, C-4a,10a), 35.9, 29.0, 29.0, 28.8, 28.3 (t,
C-3,4,5,6,10); FT-IR (KBr): �� � 3213 (w, O�H), 2227, 2207 (s, C
N), 1607
(s), 1537 (vs), 1533 (vs), 1530 (vs), 1491 (vs), 1335 (s), 1170 (vs), 887 cm�1


(s); UV/Vis (CHCl3): �max (�)� 458 nm (49 600 dm3 mol�1 cm�1); MS (70 eV,
EI): m/z (%): 264 (100) [M]� ; elemental analysis calcd (%) for C17H16N2O
(264.3): C 77.25, H 6.10, N 10.60; found: C 77.22, H 6.01, N 10.50.


(2,3,4,4a,5,6,10,10a-Octahydro-7-p-toluenesulfonyloxy-2-anthrylidene)-
methanedicarbonitrile (14): A suspension of 13 (1 g, ca. 3.78 mmol) and p-
toluenesulfonyl chloride (0.865 g, 4.54 mmol) in anhydrous CHCl3 (20 mL)
was cooled to 0 �C and anhydrous pyridine (1 mL, 12.40 mmol) was added
dropwise over a period of 2 min. After warming up to 25 �C over a period of
12 h, the mixture was poured onto crushed ice (ca. 20 mL) and conc. HCl
(1 mL). CHCl3 (30 mL) was added and the separated organic layer was
washed with brine (3� 20 mL) and dried (MgSO4). After evaporation of
solvent and flash chromatography (100 g SiO2; toluene/CHCl3/ethyl


acetate 20:4:1, Rf � 0.37) the viscous oil was transferred to an extraction
thimble and extracted with boiling diethyl ether. Compound 14 was
obtained as a yellow solid (0.603 g, 38 %, m.p. 158 �C). Material of sufficient
purity for synthetic purposes can be obtained by filtration of the crude
product over SiO2 (ca. 20 g; CHCl3/EtOH 40:1). 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 7.80 ± 7.83 (AA� of AA�XX�, 2H; H-2�), 7.37 ± 7.39
(XX� of AA�XX�, 2H; H-3�), 6.52 (s, 1 H), 6.01 (s, 1H) and 5.91 (d,
4J(H,H)� 2.2 Hz, 1 H; H-1,8,9), 2.49 (s, 3 H; CH3), 3.01 ± 3.07 (m, 1H),
2.31 ± 2.58 (m, 5H), 2.02 ± 2.08 (m, 1 H), 1.90 ± 1.99 (m, 2 H) and 1.39 ± 1.52
(m, 2 H; CH2 and CH), 1.19 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1 H; Hax-10);
13C NMR (100 MHz, CDCl3, 25 �C): �� 169.5 (s, C-2), 157.3, 155.2, 149.0,
145.7, 133.0 (s, C-7,8a,9a,1�,4�), 129.0 and 128.2 (d, C-2�,3�), 125.9, 120.7, 118.3
(d, C-1,8,9), 113.7, 113.0 (s, C
N), 76.4 (s, C-11), 35.9, 34.8 (d, C-4a,10a),
36.0, 29.5, 29.4, 28.8, 28.6 (t, C-3,4,5,6,10), 21.8 (q, CH3); FT-IR (KBr):
�� � 2218, 2210 (s, C
N), 1554 (vs), 1514 (vs), 1367 (s), 1199 (s),
1080 (s), 846 cm�1 (s); UV/Vis (CHCl3): �max (�)� 404 nm
(49 500 dm3 mol�1 cm�1); MS (70 eV, EI): m/z (%): 418 (94) [M]� , 263
(100); elemental analysis calcd (%) for C24H22N2O3S (418.5): C 68.88, H
5.30, N 6.69, S 7.66; found: C 68.68, H 5.08, N 6.42, S 7.68.


7-(4-N,N-Di-n-butylaminophenyl)-2,3,4,4a,5,6-hexahydronaphthalen-2-
one (15a): p-Bromo-N,N-di-n-butylaniline[53] (1.31 g, 4.61 mmol) was
added dropwise over a period of about 5 min to a solution of n-BuLi
(15 % in n-hexane, 3.20 mL, 5.10 mmol) and N,N,N�,N�-tetramethyl-1,2-
ethanediamine (TMEDA, 0.77 mL, 5.10 mmol) in anhydrous diethyl ether
(20 mL) at 25 �C. After heating to reflux for 30 min, the bright yellow
solution was cooled to �80 �C and a small amount of precipitate was
formed. A solution of 10a (0.750 g, 4.21 mmol) in anhydrous diethyl ether
(20 mL) was added over a period of 30 min at that temperature, and the
reaction was allowed to reach 25 �C over 12 h. After quenching with
saturated NH4Cl solution (10 mL), HCl (2�) was added to the mixture until
an acidic reaction was observed. The phases were separated and the
aqueous phase was extracted with diethyl ether (2� 50 mL). The combined
organic phases were washed with water (50 mL) and dried (MgSO4), and
the solvent was removed. Flash chromatography (100 g SiO2; toluene/
CHCl3/ethyl acetate 10:2:1, Rf � 0.27) and extraction with boiling n-
pentane afforded 15a as bright yellow microcrystals (0.23 g, 16%, m.p. 92 ±
94 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.43 ± 7.45 (AA� of
AA�XX�, 2 H; H-2�), 6.60 ± 6.62 (XX� of AA�XX�, 2 H; H-3�), 6.57 (d,
4J(H,H)� 1.9 Hz, 1 H; H-8), 5.84 (s, 1H; H-1), 3.30 (t, 3J(H,H)� 7.7 Hz,
4H; H-1��), 2.79 ± 2.84 (m, 1H; Heq-6), 2.38 ± 2.64 (m, 4 H; H-3,4a, Hax-6),
2.05 ± 2.12 (m, 2 H; Heq-4,5), 1.68 ± 1.79 (m, 1 H; Hax-4), 1.47 ± 1.61 (m, 5H;
H-2��, Hax-5), 1.31 ± 1.40 (m, 4 H; H-3��), 0.96 (t, 3J(H,H)� 7.3 Hz, 6H;
H-4��); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 8; further signals:
�� 148.7 (s, C-4�), 126.9 (d, C-2�), 125.5 (s, C-1�), 111.2 (d, C-3�), 50.7 (t,
C-1��), 37.9 (t, C-3), 35.5 (d, C-4a), 30.2 (t, C-4), 29.8 (t, C-5), 29.4 (t, C-2��),
27.8 (t, C-6), 20.3 (t, C-3��), 14.0 (q, C-4��); FT-IR (KBr): �� � 1682 (vs, C�O),
1620 (vs), 1535 (s), 1486 (m), 1436 (m), 1239 (m), 1089 cm�1 (m); UV/Vis:
See Table 1; MS (70 eV, EI): m/z (%): 351 (85) [M]� 308 (100); elemental
analysis calcd (%) for C24H33NO (351.5): C 82.00, H 9.46, N 3.98; found: C
81.93, H 9.49, N 3.80.


7-(5-Piperidino-2-thienyl)-2,3,4,4a,5,6-hexahydronaphthalen-2-one (15b):
The lithium salt of 2-piperidinothiophene[54] (0.619 g, 3.70 mmol) was
prepared as described in the previous experiment using n-Buli (15 % in n-
hexane, 2.52 mL, 4.07 mmol) and TMEDA (0.56 mL, 3.71 mmol) in diethyl
ether (20 mL). Cooling to �80 �C afforded a cream suspension. During the
addition of a solution of 10a (0.6 g, 3.37 mmol) in anhydrous diethyl ether
(15 mL) at the given temperature, the mixture turned red and after
warming up to 25 �C within 12 h a clear yellow solution was obtained. The
reaction was quenched with saturated NH4Cl solution (5 mL) and water
(20 mL) was added. The resulting green solution was extracted with diethyl
ether (3� 30 mL). Acidification of the aqueous layer with 2� HCl (5 mL)
and extraction with CHCl3 (3� 30 mL) afforded a bright yellow solution
that was combined with the residue from the above-mentioned ethereal
extract. The combined organic layers were washed with 0.2� HCl (100 mL)
and brine (100 mL) and dried (MgSO4), and the solvent was removed.
Flash chromatography (100 g SiO2; toluene/CHCl3/ethyl acetate 5:2:1, Rf �
0.32) and extraction with boiling diethyl ether furnished 15b as dark yellow
powder (0.387 g, 37 %, m.p. 148 �C). 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 6.97 (d, 3J(H,H)� 4.2 Hz, 1 H; H-3�), 6.27 (d, 4J(H,H)� 1.4 Hz,
1H; H-8), 5.95 (d, 3J(H,H)� 4.2 Hz, 1 H; H-4�), 5.78 (s, 1 H; H-1), 3.21 (t,
3J(H,H)� 5.5 Hz, 4H; H-2��), 2.77 ± 2.82 (m, 1 H; Heq-6), 2.37 ± 2.57 (m, 4H;
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H-3,4a, Hax-6), 2.00 ± 2.10 (m, 2 H; Heq-4,5), 1.45 ± 1.77 (m, 8 H; Hax-4,5,
H-3��,4��); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 8; further signals:
�� 161.3 (s, C-5�), 127.9 (s, C-2�), 127.1 (d, C-3�), 103.9 (d, C-4�), 51.4 (t,
C-2��), 37.8 (t, C-3), 35.5 (d, C-4a), 30.2 (t, C-4), 29.3 (t, C-5), 27.3 (t, C-6),
25.0 (t, C-3��), 23.6 (t, C-4��); FT-IR (KBr): �� � 1683 (vs, C�O), 1599 (vs),
1504 (vs), 1462 (s), 1286 (m), 1219 (m), 1044 cm�1 (m); UV/Vis: See
Table 1; MS (70 eV, EI): m/z (%): 813 (100) [M]� , 285 (24); elemental
analysis calcd (%) for C19H23NOS (313.5): C 72.80, H 7.40, N 4.47, S 10.23;
found: C 72.71, H 7.49, N 4.27, S 10.09.


[2,3,4,4a,5,6-Hexahydro-7-(4-N,N-di-n-butylaminophenyl)-2-naphthyli-
dene]methanedicarbonitrile (16a): A solution of 15a (0.4 g, 1.14 mmol) in
anhydrous CH2Cl2 (30 mL) was cooled to 0 �C and trimethyloxonium
tetrafluoroborate (0.207 g, 1.40 mmol) was added rapidly in small portions
with the colour of the solution changing immediately from bright yellow to
dark red. The mixture was allowed to reach 25 �C over 12 h. Diethyl ether
(200 mL) was added dropwise to the stirred solution, the resulting
precipitate (0.358 g) was isolated by vacuum filtration as dark blue solid
and was used without further purification. To a solution of the latter in
anhydrous pyridine (5 mL), malonitrile (0.153 g, 2.32 mmol) was added and
a change in colour was observed from yellow to red. The mixture was
heated to 80 �C and further malonitrile (3� 0.05 g, 2.27 mmol) was added
over a period of about 3 h. After cooling to 25 �C CHCl3 (50 mL) and HCl
(2�, 50 mL) were added. After phase separation the aqueous layer was
extracted with CHCl3 (3� 10 mL), the combined organic layers were
washed with HCl (2�, 50 mL) and brine (2� 50 mL) and dried (MgSO4),
and the solvent was removed. Flash chromatography (100 g SiO2; CHCl3/n-
hexane 5:3, Rf � 0.46) and extraction with boiling n-pentane afforded a
dark blue solid (0.16 g, 35%, m.p. 123 ± 124 �C). 1H NMR (400 MHz,
CDCl3, 25 �C, TMS): �� 7.47 ± 7.49 (AA� of AA�XX�, 2 H; H-2�), 6.69 (d,
4J(H,H)� 1.4 Hz, 1 H; H-8), 6.61 ± 6.64 (XX� of AA�XX�, 2 H; H-3�), 6.57 (s,
1H; H-1), 3.32 (t, 3J(H,H)� 7.7 Hz, 4H; H-1��), 3.01 ± 3.05 (m, 1 H; Heq-3),
2.88 ± 2.93 (m, 1 H; Heq-6), 2.43 ± 2.67 (m, 3H; Hax-3,6, H-4a), 2.05 ± 2.09 (m,
2H; Hax/eq-4,5), 1.44 ± 1.63 (m, 6H; Hax/eq-4,5, H-2��), 1.32 ± 1.42 (m, 4H;
H-3��), 0.97 (t, 3J(H,H)� 7.3 Hz, 6 H; H-4��); 13C NMR (100 MHz, CDCl3,
25 �C): See Table 8; further signals: �� 149.4 (s, C-4�), 127.4 (d, C-2�), 124.7
(s, C-1�), 114.7, 114.0 (s, C
N), 111.3 (d, C-3�), 50.7 (t, C-1��), 35.8 (C-4a),
29.6 (2 t, C-3,5), 29.4 (t, C-2��), 28.8 (t, C-4), 27.7 (t, C-6), 20.3 (t, C-3��), 14.0
(q, C-4��); FT-IR (KBr): �� � 2213 (m, C
N), 1607 (m), 1547 (vs), 1501 (vs),
1361 (m), 1200 cm�1 (vs); UV/Vis: See Table 1; MS (70 eV, EI): m/z (%):
399 (89) [M]� , 356 (100), 314 (58); elemental analysis calcd (%) for
C27H33N3 (399.6): C 81.16, H 8.32, N 10.52; found: C 81.00, H 8.42, N 10.52.


[2,3,4,4a,5,6-Hexahydro-7-(5-piperidino-2-thienyl)-2-naphthylidene]meth-
anedicarbonitrile (16b): As described in the previous experiment 15b
(0.4 g, 1.28 mmol) was treated with trimethyloxonium tetrafluoroborate
(0.227 g, 1.54 mmol) in CH2Cl2 (30 mL). Precipitation with diethyl ether
(200 mL) afforded a dark solid (0.443 g) that was used without purification.
This intermediate (0.32 g) and malonitrile (0.153 g, 2.32 mmol) were heated
in anydrous pyridine (5 mL) to 80 �C, kept at this temperature for 15 min
and then cooled to 25 �C. Aqueous workup (vide supra), flash chromatog-
raphy (50 g SiO2; CHCl3, Rf � 0.14) and extraction with boiling diethyl
ether gave 16b as a dark grey-green solid (0.106 g, ca. 32 %, m.p. 237 �C).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.09 (d, 3J(H,H)� 4.2 Hz,
1H; H-3�), 6.47 (s, 1H; H-1), 6.33 (s, 1H; H-8), 6.01 (d, 3J(H,H)� 4.2 Hz,
1H; H-4�), 3.29 (t, 3J(H,H)� 5.4 Hz, 4 H; H-2��), 2.96 ± 3.12 (m, 1H; Heq-3),
2.84 ± 2.89 (m, 1 H; Heq-6), 2.39 ± 2.72 (m, 3H; Hax-3,6, H-4a), 2.01 ± 2.17 (m,
2H; Heq-4,5), 1.63 ± 1.89 (m, 6H; H-3��,4��), 1.41 ± 1.55 (m, 2H; Hax-4,5);
13C NMR (100 MHz, CDCl3, 25 �C): See Table 8; further signals: �� 163.0
(s, C-5�), 129.7 (d, C-3�), 127.2 (s, C-2�), 115.1, 114.4 (s, C
N), 104.6 (d, C-4�),
51.3 (t, C-2��), 35.9 (d, C-4a), 29.5 (t, C-3), 29.2 (t, C-5), 28.8 (t, C-4), 27.4 (t,
C-6), 25.0 (t, C-3��), 23.6 (t, C-4��); FT-IR (KBr): �� � 2203 (s, C
N), 1541
(m), 1437 (vs), 1433 (vs), 1395 (s), 1337 (vs), 1307 (s), 1200 (vs), 1182 (vs),
1089 (vs), 1080 cm�1 (vs); UV/Vis: See Table 1; MS (70 eV, EI): m/z (%):
361 (100) [M]� ; elemental analysis calcd (%) for C22H23N3S (361.5): C 73.09,
H 6.41, N 11.62, S 8.87; found: C 72.97, H 6.35, N 11.54, S 8.77.


(2,3,4,4a,5,6-Hexahydro-7-piperidino-2-naphthylidene)methanedicarboni-
trile (17): Anhydrous piperidine (0.051 mL, 0.52 mmol) and sodium
hydride (suspension in oil, ca. 50%, 0.021 g, ca. 0.52 mmol) were added
to a solution of 11 (0.16 g, ca. 0.35 mmol) in anhydrous CH3CN (10 mL),
and the mixture was heated to reflux for 14 h. After cooling, filtration and
evaporation of solvent, the residue was purified by flash chromatography
(50 g, SiO2; toluene/CHCl3/ethyl acetate 5:2:1, Rf � 0.31) and extraction


with boiling diethyl ether. Compound 17 formed as thin red needles
(0.089 g, ca. 91 %, m.p. 183 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS):
�� 6.19 (s, 1H; H-1), 5.55 (s, 1 H; H-8), 3.41 ± 3.51 (m, 4 H; H-2�), 2.89 (ddd,
2J(H,H)� 17.4 Hz, 3J(H,H)� 4.1, 2.2 Hz, 1H; Heq-3), 2.64 (ddd, 2J(H,H)�
16.8 Hz, 3J(H,H)� 4.7, 2.0 Hz, 1 H; Heq-6), 2.29 ± 2.50 (m, 3H; Hax-3,6,
H-4a), 1.95 ± 2.17 (m, 2H; Heq-4,5), 1.58 ± 1.90 (m, 6 H; H-3�,4�), 1.19 ± 1.56
(m, 2H; Hax-4,5); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 8; further
signals: �� 117.5, 116.7 (s, C
N), 48.1 (t, C-2�), 35.2 (d, C-4a), 29.3 (t, C-3),
29.2 (t, C-5), 28.8 (t, C-4), 27.7 (t, C-6), 25.9 (t, C-3�), 24.2 (t, C-4�); FT-IR
(KBr): �� � 2195, 2183 (vs, C
N), 1523 (vs), 1480 (vs), 1449 (vs), 1379 (s),
1204 cm�1 (vs); UV/Vis: See Table 1; MS (70 eV, EI): m/z (%): 279 (100)
[M]� ; elemental analysis calcd (%) for C18H21N3 (279.4): C 77.38, H 7.58, N
15.04; found: C 77.47, H 7.72, N 14.98.


7-(4-n-Butylphenyl)-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-one (18a):
tBuli (15 % in n-pentane, 4.20 mL, 6.49 mmol) was added dropwise to a
solution of p-bromo-n-butylbenzene (0.57 mL, 3.23 mmol) in anhydrous
THF (50 mL) at �78 �C. After stirring for 1 h a solution of 12a (0.68 g,
2.95 mmol) in THF (20 mL) was added over 40 min at the same temper-
ature. The mixture was allowed to reach 25 �C over a period of 12 h and was
quenched by addition of saturated NH4Cl solution (20 mL). The solvent
was removed, and the residue was taken up in CHCl3 (50 mL), shaken with
acetic acid (20 % in water, 50 mL), washed with water (2� 50 mL) and
dried (MgSO4). After flash chromatography (100 g SiO2; toluene/CHCl3/
ethyl acetate 10:2:1, Rf � 0.16) and extraction with boiling n-pentane a
bright yellow solid was obtained (0.532 g, 54%, m.p. 152 �C). 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.40 ± 7.42 (AA� of AA�XX�, 2 H; H-2�),
7.16 ± 7.18 (XX� of AA�XX�, 2 H; H-3�), 6.63 (d, 4J(H,H)� 2.0 Hz, 1 H; H-8),
6.12 (s, 1H; H-9), 5.82 (s, 1H; H-1), 2.70 ± 2.76 (m, 1 H; Heq-6), 2.61 (t,
3J(H,H)� 7.7 Hz, 2 H; H-1��), 2.37 ± 2.66 (m, 5H; H-3,4a,10a, Hax-6), 1.97 ±
2.12 (m, 3 H; Heq-4,5,10), 1.68 ± 1.79 (m, 1 H; Hax-4), 1.56 ± 1.64 (m, 2H;
H-2��), 1.48 (dq, 2J(H,H)� 3J(H,H)� 12.6 Hz, 3J(H,H)� 5.1 Hz, 1H; Hax-
5), 1.33 ± 1.40 (m, 2 H; H-3��), 1.27 (q, 2J(H,H)� 3J(H,H)� 12.3 Hz, 1H;
Hax-10), 0.93 (t, 3J(H,H)� 7.4 Hz, 3 H; H-4��); 13C NMR (100 MHz, CDCl3,
25 �C): See Table 5; further signals: �� 143.3 (s, C-4�), 137.5 (s, C-1�), 128.6
(d, C-3�), 125.2 (C-2�), 37.9 (t, C-3), 36.9 (t, C-10), 36.0 (d, C-4a), 35.8 (d,
C-10a), 35.3 (t, C-1��), 33.5 (t, C-2��), 30.3 (t, C-4), 30.0 (t, C-5), 28.0 (t, C-6),
22.3 (t, C-3��), 13.9 (q, C-4��); FT-IR (KBr): �� � 1650 (vs, C�O), 1578 (vs),
1201 (m), 1170 (m), 907 cm�1 (m); UV/Vis: See Table 1; MS (70 eV, EI):
m/z (%): 332 (100) [M]� , 304 (28); elemental analysis calcd (%) for
C24H28O (332.5): C 86.70, H 8.49; found: C 86.68, H 8.63.


7-(5-n-Butyl-2-thienyl)-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-one
(18b): 2-n-Butylthiophene (0.336 g, 2.40 mmol) was converted into its
lithium salt as described for 15a by using n-Buli (15 % in n-hexane,
1.65 mL, 2.64 mmol) and TMEDA (0.36 mL, 2.39 mmol) in anhydrous
diethyl ether (10 mL). After cooling to �80 �C, a solution of 12a (0.500 g,
2.17 mmol) in anhydrous THF (20 mL) was added over 20 min. The
mixture was stirred at this temperature for 1 h and was then allowed to
reach 25 �C over a period of 12 h. The reaction was quenched with saturated
NH4Cl solution (5 mL), and the aqueous phase was extracted with diethyl
ether (3� 30 mL). After evaporation of solvent the residue was taken up in
CHCl3 (50 mL), shaken with 2� HCl (50 mL), neutralised, washed with
saturated NaHCO3 solution (50 mL) and water (2� 50 mL), and dried
(MgSO4). Purification by flash chromatography (100 g SiO2; toluene/
CHCl3/ethyl acetate 5:2:1, Rf � 0.45) and extraction with boiling n-pentane
yielded 18b as yellow solid (0.147 g, 20%, m.p. 101 �C). 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 6.96 (d, 3J(H,H)� 3.6 Hz, 1 H; H-3�),
6.69 (d, 3J(H,H)� 3.6 Hz, 1 H; H-4�), 6.51 (d, 4J(H,H)� 1.8 Hz, 1H; H-8),
6.08 (s, 1 H; H-9), 5.80 (s, 1H; H-1), 2.71 ± 2.80 (m, 3 H; Heq-6, H-1��), 2.34 ±
2.57 (m, 5 H; H-3,4a,10a, Hax-6), 1.94 ± 2.00 (m, 3H; Heq-4,5,10), 1.61 ± 1.77
(m, 3 H; Hax-4, H-2��), 1.34 ± 1.51 (m, 3H; Hax-5, H-3��), 1.24 (q, 2J(H,H)�
3J(H,H)� 12.4 Hz, 1H; Hax-10), 0.93 (t, 3J(H,H)� 7.3 Hz, 3 H; H-4��);
13C NMR (100 MHz, CDCl3, 25 �C): See Table 5; further signals: �� 146.9
(s, C-5�), 142.3 (s, C-2�), 125.0 (d, C-4�), 124.2 (d, C-3�), 37.9 (t, C-3), 36.9 (t,
C-10), 35.9 (d, C-4a), 35.7 (d, C-10a), 33.6 (t, C-2��), 30.2 (C-4), 30.0 (t,
C-1��), 29.5 (t, C-5), 27.7 (t, C-6), 22.1 (t, C-3��), 13.8 (q, C-4��); FT-IR (KBr):
�� � 1646 (vs, C�O), 1575 (vs), 1561 (s), 1383 (m), 1253 (m), 1198 cm�1 (m);
UV/Vis: See Table 1; MS (70 eV, EI): m/z (%): 338 (100) [M]� ; elemental
analysis calcd (%) for C22H26OS (338.5): C 78.06, H 7.74, S 9.47; found: C
77.93, H 7.83, S 9.50.


7-(4-N,N-Dimethylaminophenyl)-2,3,4,4a,5,6,10,10a-octahydroanthracen-
2-one (18c): p-Bromo-N,N-dimethylaniline (0.71 g, 3.55 mmol) in anhy-
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drous diethyl ether (15 mL) was added to n-Buli (15 % in n-hexane,
2.67 mL, 4.26 mmol) and TMEDA (0.64 mL, 4.24 mmol) over 10 min at
such a rate that the temperature did not rise above 20 �C. The solution was
stirred for 45 min and then added by a syringe to a suspension of 12a
(0.400 g, 1.74 mmol) in anhydrous THF (20 mL) at �40 �C within 40 min.
After stirring at this temperature for 1 h and warming up to 25 �C over 15 h,
the reaction was quenched by the addition of saturated NH4Cl solution
(15 mL). The resulting suspension was extracted with CHCl3 (3� 50 mL),
the combined organic phases were dried (MgSO4) and the solvent was
removed. Flash chromatography (150 g SiO2; toluene/CHCl3/ethyl acetate
3:3:1, Rf � 0.30) and recrystallisation from toluene with a few drops of
CHCl3 afforded 18c as thin red needles (0.278 g, 50%, m.p. 267 �C).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.42 ± 7.45 (AA� of AA�XX�,
2H; H-2�), 6.68 ± 6.72 (XX� of AA�XX�, 2 H; H-3�), 6.58 (d, 4J(H,H)�
2.1 Hz, 1H; H-8), 6.09 (s, 1H; H-9), 5.80 (s, 1 H; H-1), 2.99 (s, 6 H; CH3),
2.77 (ddd, 2J(H,H)� 17.6 Hz, 3J(H,H)� 4.9, 2.2 Hz, 1H; Heq-6), 2.38 ± 2.60
(m, 5 H; H-3,4a,10a, Hax-6), 1.97 ± 2.12 (m, 3H; Heq-4,5,10), 1.69 ± 1.80 (m,
1H; Hax-4), 1.43 ± 1.54 (dq, 2J(H,H)� 12.8 Hz, 3J(H,H)� 4.9 Hz, 1 H; Hax-
5), 1.28 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1H; Hax-10); 13C NMR (100 MHz,
CDCl3, 25 �C): See Table 5; further signals: �� 150.5 (s, C-4�), 127.7 (s,
C-1�), 126.3 (d, C-2�), 112.1 (d, C-3�), 40.3 (q, CH3), 38.0 (t, C-3), 37.1 (t,
C-10), 36.1, 35.9 (d, C-4a,10a), 30.4 (t, C-4), 30.1 (t, C-5), 27.7 (t, C-6); FT-IR
(KBr): �� � 1653 (s, C�O), 1612 (s), 1567 (vs), 1542 (s), 1525 (s), 1446 (m),
1374 (s), 1256 (m), 1170 cm�1 (s); UV/Vis: See Table 1; MS (70 eV, EI): m/z
(%): 319 (100) [M]� ; elemental analysis calcd (%) for C22H25NO (319.5): C
82.72, H 7.89, N 4.39; found: C 82.81, H 8.00, N 4.24.


7-(4-N,N-Di-n-butylaminophenyl)-2,3,4,4a,5,6,10,10a-octahydroanthra-
cen-2-one (18d): n-Buli (15 % in n-hexane, 3.60 mL, 5.8 mmol) was added
dropwise to a solution of p-bromo-N,N-di-n-butylaniline[53] (1.5 g,
5.28 mmol) in anhydrous THF (20 mL) at �78 �C within 5 min. The
mixture was stirred at this temperature for 2 h. After addition of a solution
of 12a (1.10 g, 4.78 mmol) in anhydrous THF (10 mL) at �78 �C over
30 min, the white suspension turned to an orange solution that was allowed
to reach 25 �C over a period of 12 h. Saturated NH4Cl solution (50 mL) was
added, and the mixture was stirred for 15 min. Phase separation after
addition of diethyl ether (50 mL), extraction of the aqueous layer with the
same solvent (2� 50 mL) and drying (MgSO4) was followed by repeated
flash chromatography (2� 200 g SiO2; toluene/CHCl3/ethyl acetate 5:2:1,
Rf � 0.38). Compound 18d was finally obtained by extraction with boiling
diethyl ether as yellow solid (0.653 g, 31%, m.p. 157 ± 159 �C). 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.39 ± 7.41 (AA� of AA�XX�, 2 H; H-2�),
6.56 ± 6.62 (XX� of AA�XX�, 2H; H-3�), 6.55 (s, 1 H; H-8), 6.06 (s, 1H; H-9),
5.79 (s, 1 H; H-1), 3.29 (t, 3J(H,H)� 7.6 Hz, 4 H; H-1��), 2.75 (ddd,
2J(H,H)� 17.6 Hz, 3J(H,H)� 4.8, 2.0 Hz, 1 H; Heq-6), 2.35 ± 2.58 (m, 5H;
H-3,4a,10a, Hax-6), 1.94 ± 2.09 (m, 3 H; Heq-4,5,10), 1.66 ± 1.77 (m, 1 H; Hax-
4), 1.53 ± 1.61 (m, 4 H; H-2��), 1.45 (dq, 2J(H,H)� 12.7 Hz, 3J(H,H)� 4.9 Hz,
1H; Hax-5), 1.30 ± 1.38 (m, 4 H; H-3��), 1.25 (q, 2J(H,H)� 3J(H,H)� 12.5 Hz,
1H; Hax-10), 0.96 (t, 3J(H,H)� 7.3 Hz, 6H; CH3); 13C NMR (100 MHz,
CDCl3, 25 �C): See Table 5; further signals: �� 148.2 (s, C-4�), 126.5 (d,
C-2�), 126.2 (s, C-1�), 111.2 (d, C-3�), 50.7 (t, C-1��), 37.9 (t, C-3), 37.0 (t,
C-10), 36.0 (d, C-4a), 35.9 (d, C-10a), 30.3 (t, C-4), 30.1 (t, C-5), 29.4 (t,
C-2��), 27.6 (t, C-6), 20.3 (t, C-3��), 14.0 (q, C-4��); FT-IR (KBr): �� � 1649 (vs,
C�O), 1609 (s), 1568 (vs), 1520 (vs), 1371 (s), 1201 (s), 898 cm�1 (s); UV/
Vis: See Table 1; MS (70 eV, EI): m/z (%): 403 (100) [M]� , 360 (38);
elemental analysis calcd (%) for C28H37NO (403.6): C 83.33, H 9.24, N 3.47;
found: C 83.35, H 9.26, N 3.21.


7-(5-Piperidino-2-thienyl)-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-one
(18e): A suspension of the lithium salt [prepared by adding neat
2-piperidinothiophene[54](1.45 g, 8.67 mmol) dropwise to TMEDA
(1.70 mL, 11.26 mmol) and n-Buli (15 % in n-hexane, 6.50 mL, 10.40 mmol)
in anhydrous diethyl ether (10 mL) at 25 �C within 5 min and additional
stirring for 1 h] was added by a syringe to a solution of 12a (1.00 g,
4.34 mmol) in anhydrous THF (40 mL) at �40 �C. By following the
procedure described for 18c (using 30 mL NH4Cl-solution), flash chroma-
tography (200 g SiO2; toluene/CHCl3/ethyl acetate 3:3:1, Rf � 0.32) and
extraction with boiling MeOH, 18e was obtained as dark red solid (0.221 g,
14%, m.p. 226 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 6.88 (d,
3J(H,H)� 4.1 Hz, 1 H; H-3�), 6.30 (s, 1 H; H-8), 6.02 (s, 1 H; H-9), 5.94 (d,
3J(H,H)� 4.1 Hz, 1 H; H-4�), 5.77 (s, 1H; H-1), 3.19 (t, 3J(H,H)� 5.6 Hz,
4H; H-2��), 2.73 (ddd, 2J(H,H)� 17.4 Hz, 3J(H,H)� 4.8, 2.1 Hz, 1 H; Heq-6),
2.36 ± 2.61 (m, 5H; H-3,4a,10a, Hax-6), 2.04 ± 2.10 (m, 1H; Heq-4), 1.93 ± 2.00


(m, 2H; Heq-5,10), 1.67 ± 1.78 (m, 5H; Hax-4, H-3��), 1.56 ± 1.61 (m, 2H;
H-4��), 1.45 (dq, 2J(H,H)� 3J(H,H)� 12.8 Hz, 3J(H,H)� 4.8 Hz, 1H; Hax-
5), 1.26 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1H; Hax-10); 13C NMR (100 MHz,
CDCl3, 25 �C): See Table 5; further signals: �� 160.3 (s, C-5�), 129.2 (s,
C-2�), 125.6 (d, C-3�), 104.1 (d, C-4�), 51.6 (t, C-2��), 37.9 (t, C-3), 37.0 (t,
C-10), 36.1 (d, C-4a), 35.9 (d, C-10a), 30.4 (t, C-4), 29.6 (t, C-5), 27.1 (t, C-6),
25.1 (t, C-3��), 23.7 (t, C-4��); FT-IR (KBr): �� � 1639 (s, C�O), 1582 (vs),
1562 (vs), 1475 (vs), 1443 (vs), 1378 cm�1 (vs); UV/Vis: See Table 1; MS
(70 eV, EI): m/z (%): 365 (100) [M]� ; elemental analysis calcd (%) for
C23H27NOS (365.5): C 75.57, H 7.44, N 3.83, S 8.77; found: C 75.54, H 7.55, N
3.71, S 8.65.


[2,3,4,4a,5,6,10,10a-Octahydro-7-(4-n-butylphenyl)-2-anthrylidene]meth-
anedicarbonitrile (19a): Malonitrile (0.05 g, 0.76 mmol) and the catalyst
(0.05 g piperidine and 0.03 g HOAc in DMF, 2 mL) were added to a
solution of 18a (0.2 g, 0.6 mmol) in anhydrous DMF (8 mL), and the
mixture was heated to 80 �C under a nitrogen atmosphere. After 4 h,
further malonitrile was added (0.02 g, 0.3 mmol) and stirring was continued
for 17 h. After cooling, the solvent was removed in vacuo and the residue
was taken up in CHCl3 (50 mL). Washing with water with a few drops of
conc. HCl (30 mL,) and water (2� 50 mL), and drying (MgSO4) was
followed by repeated flash chromatography (1. 50 g SiO2; CHCl3/cyclo-
hexane 1:1, Rf � 0.28, 2. 50 g SiO2; CHCl3). Compound 19a was obtained as
a hemihydrate by recrystallisation from cyclohexane as orange tablets
(0.144 g; 63 %, m.p. 129 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): ��
7.42 ± 7.45 (AA� of AA�XX�, 2H; H-2�), 7.18 ± 7.20 (XX� of AA�XX�, 2H;
H-3�), 6.68 (d, 4J(H,H)� 2.0 Hz, 1 H; H-8), 6.56 (s, 1H; H-1), 6.19 (s, 1H;
H-9), 3.00 ± 3.06 (m, 1H; Heq-3), 2.76 ± 2.81 (m, 1 H; Heq-6), 2.49 ± 2.70 (m,
6H; Hax-3,6, H-4a,10a,1��), 1.98 ± 2.09 (m, 3 H; Heq-4,5,10), 1.42 (s, 2H;
H2O), 1.19 ± 1.64 (m, 7H; Hax-4,5,10, H-2��,3��), 0.93 (t, 3J(H,H)� 7.4 Hz,
3H; H-4��); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 5; further
signals: �� 143.9 (s, C-4�), 137.1 (s, C-1�), 128.7 (d, C-3�), 125.4 (d, C-2�),
114.2, 113.5 (s, C
N), 36.7 (t, C-10), 36.2, 35.9 (d, C-4a,10a), 35.4 (t, C-1��),
33.5 (t, C-2��), 29.9 (t, C-5), 29.6 (t, C-3), 28.8 (t, C-4), 28.0 (t, C-6), 22.3 (t,
C-3��), 13.9 (q, C-4��); FT-IR (KBr): �� � 2215 (s, C
N), 1538 (vs), 1505 (vs),
1336 (m), 1185 (s), 912 cm�1 (m); UV/Vis: See Table 1; MS (70 eV, EI): m/z
(%): 380 (100) [M]� , 337 (36); elemental analysis calcd (%) for C27H28N2 ¥
0.5H2O (389.5): C 83.25, H 7.50, N 7.19; found: C 83.32, H 7.39, N 6.93.


[2,3,4,4a,5,6,10,10a-Octahydro-7-(5-n-butyl-2-thienyl)-2-anthrylidene]meth-
anedicarbonitrile (19b): According to the procedure described for 19a the
reaction was carried out with 18b (0.4 g, 1.18 mmol), malonitrile (0.156 g,
2.36 mmol), the catalyst (0.05 g piperidine and 0.03 g HOAc in DMF, 2 mL)
and DMF (15 mL) over a period of 18 h. After removal of solvent the
residue was dissolved in CHCl3 (100 mL), washed with water (50 mL with
3 mL of conc. HCl) and brine (2� 80 mL). Drying (MgSO4), removal of
solvent, flash chromatography (100 g SiO2; toluene/CHCl3/ethyl acetate
15:2:1, Rf � 0.46) and extraction with boiling n-pentane afforded a red
powder (0.157 g, 34 %, m.p. 171 �C). 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 7.02 (d, 3J(H,H)� 3.7 Hz, 1 H; H-3�), 6.72 (d, 3J(H,H)� 3.7 Hz,
1H; H-4�), 6.54 (d, 4J(H,H)� 1.7 Hz, 1H; H-8), 6.52 (s, 1H; H-1), 6.14 (s,
1H; H-9), 2.98 ± 3.02 (m, 1 H; Heq-3), 2.76 ± 2.82 (m, 3 H; Heq-6, H-1��),
2.46 ± 2.62 (m, 4H; Hax-3,6, H-4a,10a), 1.96 ± 2.05 (m, 3H; Heq-4,5,10),
1.61 ± 1.70 (m, 2 H; H-2��), 1.35 ± 1.53 (m, 4H; Hax-4,5, H-3��), 1.24 (q,
2J(H,H)� 3J(H,H)� 12.4 Hz, 1H; Hax-10), 0.94 (t, 3J(H,H)� 7.4 Hz, 3H;
H-4��); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 5; further signals:
�� 148.1 (s, C-5�), 142.0 (s, C-2�), 125.4 (d, C-4�), 125.2 (d, C-3�), 114.3, 113.6
(s, C
N), 36.6 (t, C-10), 36.2 (d, C-4a), 35.8 (d, C-10a), 33.6 (t, C-2��), 30.1 (t,
C-1��), 29.5 (t, C-3), 29.4 (t, C-5), 28.7 (t, C-4), 27.8 (t, C-6), 22.1 (t, C-3��),
13.8 (q, C-4��); FT-IR (KBr): �� � 2217 (vs, C
N), 1527 (vs), 1507 (vs), 1455
(s), 1448 (vs), 1338 (s), 1184 (s), 898 cm�1 (s); UV/Vis: See Table 1; MS
(70 eV, EI): m/z (%): 386 (100) [M]� , 343 (44); elemental analysis calcd (%)
for C25H26N2S (386.6): C 77.68, H 6.78, N 7.25, S 8.30; found: C 77.70, H 6.86,
N 7.21, S 8.41.


[2,3,4,4a,5,6,10,10a-Octahydro-7-(4-N,N-dimethylaminophenyl)-2-anthryl-
idene]methanedicarbonitrile (19c): A solution of 18c (0.24 g, 0.75 mmol)
in anhydrous DMF (20 mL) was added to malonitrile (0.08 g, 1.21 mmol),
piperidine (0.35 mL), acetic acid (0.15 mL) and acetic anhydride (0.2 mL)
in DMF (3 mL) under a nitrogen atmosphere. After stirring for 24 h at
80 �C, the solvent was removed in vacuo and the residue was taken up in
CH2Cl2 (150 mL). After washing with water (2� 50 mL), drying (MgSO4)
and evaporation of solvent, the product was purified by flash chromatog-
raphy (50 g SiO2; toluene/CHCl3/ethyl acetate 3:3:1, Rf � 0.69) and by
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extraction with boiling EtOH. Drying in vacuo afforded 19c (0.052 g, 19%)
as blue microcrystals (m.p. 259 �C). 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 7.46 ± 7.48 (AA� of AA�XX�, 2 H; H-2�), 6.69 ± 6.71 (XX� of
AA�XX�, 2H; H-3�), 6.65 (d, 4J(H,H)� 1.9 Hz, 1 H; H-8), 6.53 (s, 1H; H-1),
6.16 (s, 1H; H-9), 3.02 (s, 6 H; CH3), 3.00 ± 3.05 (m, 1 H; Heq-3), 2.80 ± 2.85
(m, 1H; Heq-6), 2.50 ± 2.65 (m, 4 H; Hax-3,6, H-4a,10a), 1.97 ± 2.07 (m, 3H;
Heq-4,5,10), 1.45 ± 1.52 (m, 2 H; Hax-4,5), 1.25 (q, 2J(H,H)� 3J(H,H)�
12.4 Hz, 1H; Hax-10); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 5;
further signals: �� 150.9 (s, C-4�), 127.0 (s, C-1�), 126.7 (d, C-2�), 114.7, 113.9
(s, C
N), 112.0 (d, C-3�), 40.3 (q, CH3), 36.8 (t, C-10), 36.4, 36.1 (d,
C-4a,10a), 30.0 (t, C-5), 29.6 (t, C-3), 28.9 (t, C-4), 27.7 (t, C-6); FT-IR
(KBr): �� � 2220 (s, C
N), 1610 (s), 1521 (vs), 1509 (vs), 1374 (s), 1179 (s),
1167 (m), 901 (m), 822 cm�1 (m); UV/Vis: See Table 1; MS (70 eV, EI): m/z
(%): (367) [M]� ; elemental analysis calcd (%) for C25H25N3 (367.5): C 81.71,
H 6.86, N 11.43; found: C 81.80, H 6.96, N 11.27.


[2,3,4,4a,5,6,10,10a-Octahydro-7-(4-N,N-di-n-butylaminophenyl)-2-an-
thrylidene]methanedicarbonitrile (19d): As described for 19a, the reaction
of 18d (0.16 g, 0.4 mmol), malonitrile (0.052 g, 0.79 mmol) and the catalyst
(0.05 g piperidine and 0.03 g HOAc in DMF, 2 mL) was carried out in DMF
(10 mL) over a period of 72 h. After aqueous workup as described in the
previous experiment and flash chromatography (100 g SiO2; CHCl3/cyclo-
hexane 1:1, Rf � 0.38), the product was extracted with boiling diethyl ether
and the resulting solution was concentrated to about 5 mL. From this 19d
precipitated as dark blue powder (0.086 g, 76%, m.p. 231 �C). 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 7.43 ± 7.45 (AA� of AA�XX�, 2 H; H-2�),
6.63 (s, 1 H; H-8), 6.61 ± 6.63 (XX� of AA�XX�, 2 H; H-3�), 6.51 (s, 1H; H-1),
6.13 (s, 1 H; H-9), 3.31 (t, 3J(H,H)� 7.6 Hz, 4 H; H-1��), 2.98 ± 3.14 (m, 1H;
Heq-3), 2.80 ± 2.85 (m, 1 H; Heq-6), 2.47 ± 2.62 (m, 4 H; Hax-3,6, H-4a,10a),
1.96 ± 2.17 (m, 3 H; Heq-4,5,10), 1.42 ± 1.62 (m, 6H; Hax-4,5, H-2��), 1.32 ± 1.41
(m, 4 H; H-3��), 1.27 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1 H; Hax-10), 0.96 (t,
3J(H,H)� 7.3 Hz, 6H; H-4��); 13C NMR (100 MHz, CDCl3, 25 �C): See
Table 5; further signals: �� 148.7 (s, C-4�), 126.9 (d, C-2�), 125.6 (s, C-1�),
114.8, 114.0 (s, C
N), 111.3 (d, C-3�), 50.7 (t, C-1��), 36.8 (t, C-10), 36.4 (d,
C-4a), 36.1 (d, C-10a), 29.9 (t, C-5), 29.6 (t, C-3), 29.5 (t, C-2��), 28.9 (t, C-4),
27.6 (t, C-6), 20.3 (t, C-3��), 14.0 (q, C-4��); FT-IR (KBr): �� � 2209 (vs, C
N),
1607 (m), 1519 (vs), 1485 (vs), 1451 (s), 1361 (s), 1335 (s), 1326 (s),
1183 cm�1 (vs); UV/Vis: See Table 1; MS (70 eV, EI): m/z (%): 451 (100)
[M]� , 408 (59), 366 (38), 352 (12); elemental analysis calcd (%) for
C31H37N3 (451.7): C 82.44, H 8.26, N 9.30; found: C 82.46, H 8.34, N 9.19.


[2,3,4,4a,5,6,10,10a-Octahydro-7-(5-piperidino-2-thienyl)-2-anthrylidene]-
methanedicarbonitrile (19e): Malonitrile (5� 0.025 g, 1.83 mmol) was
added to a solution of 18e (0.17 g, 0.47 mmol), HOAc (0.1 mL), Ac2O
(0.05 mL) and piperidine (0.6 mL) in dry DMF (20 mL) over a period of
44 h at 80 �C. Aqueous workup (vide supra), flash chromatography (50 g
SiO2; CHCl3, Rf � 0.18) and extraction with boiling EtOH afforded 19e as
blue microcrystals (0.098 g, 51%, m.p. 238 ± 240 �C). 1H NMR (400 MHz,
CDCl3 25 �C, TMS): �� 6.97 (d, 3J(H,H)� 4.1 Hz, 1H; H-4�), 6.46 (s, 1H;
H-1), 6.30 (s, 1H; H-8), 6.06 (s, 1 H; H-9), 5.97 (d, 3J(H,H)� 4.1 Hz, 1H;
H-3�), 3.24 (t, 3J(H,H)� 5.5 Hz, 4 H; H-2��), 2.96 (ddd, 2J(H,H)� 17.6 Hz,
3J(H,H)� 3.8, 2.3 Hz, 1H; Heq-3), 2.78 (ddd, 2J(H,H)� 17.5 Hz, 3J(H,H)�
4.7, 2.2 Hz, 1 H; Heq-6), 2.45 ± 2.52 (m, 4H; Hax-3,6, H-4a,10a), 1.93 ± 2.02
(m, 3H; Heq-4,5,10), 1.69 ± 1.74 (m, 4H; H-3��), 1.59 ± 1.64 (m, 2H; H-4��),
1.41 ± 1.51 (m, 2 H; Hax-4,5), 1.24 (q, 2J(H,H)� 3J(H,H)� 12.4 Hz, 1 H; Hax-
10); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 5; further signals: ��
161.1 (s, C-5�), 128.4 (s, C-2�), 127.4 (d, C-3�), 115.0, 114.2 (s, C
N), 104.4 (d,
C-4�), 51.1 (t, C-2��), 36.8 (t, C-10), 36.4 (d, C-4a), 36.2 (d, C-10a), 29.5 (2� t,
C-3,5), 28.9 (t, C-4), 27.3 (t, C-6), 25.0 (t, C-3��), 23.7 (t, C-4��); FT-IR (KBr):
�� � 2211 (s, C
N), 1538 (s), 1506 (s), 1470 (s), 1440 (s), 1182 cm�1 (s); UV/
Vis: See Table 1; MS (70 eV, EI): m/z (%): 413 (100) [M]� ; elemental
analysis calcd (%) for C26H27N3S (413.6): C 75.51, H 6.58, N 10.16, S 7.75;
found: C 75.33, H 6.63, N 10.00, S 7.74.


7-Piperidino-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-one (20): Sodium
hydride (suspension in oil, ca. 50 %, 0.240 g, ca. 5 mmol) was added in
small portions under a nitrogen atmosphere to a solution of 12b (1.46 g,
4.19 mmol) and piperidine (0.5 mL, 5.06 mmol) in anhydrous acetonitrile
(20 mL). After stirring for 30 h at 70 �C the mixture was cooled to 25 �C and
water (5 mL) was added. After removal of the solvent, the residue was
taken up in CHCl3 (150 mL). After filtration, the filtrate was washed with
water (100 mL) and dried (Na2SO4). Then the solvent was removed, and
the residue was purified by flash chromatography (100 g SiO2; toluene/
CHCl3/ethyl acetate 3:3:2, Rf � 0.27). The collected fractions containing


pure 20 were carefully concentrated to about 10 mL of mainly toluene.
From this 20 (0.363 g, 31 %) crystallised analytically pure as small yellow
needles (m.p. 240 �C; part. decomp). 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 5.77 (s, 1H; H-9), 5.65 (s, 1H; H-1), 5.34 (s, 1H; H-8), 3.15 ± 3.41
(m, 4H; H-2�), 2.28 ± 2.58 (m, 6H; H-3,4a,6,10a), 1.89 ± 2.06 (m, 3H; Heq-
4,5,10), 1.58 ± 1.76 (m, 7H; Hax-4, H-3�,4�), 1.44 (dq, 2J(H,H)� 3J(H,H)�
12.7 Hz, 3J(H,H)� 5.0 Hz, 1H; Hax-5), 1.24 (q, 2J(H,H)� 3J(H,H)�
12.3 Hz, 1H; Hax-10); 13C NMR (100 MHz, CDCl3, 25 �C): See Table 5;
further signals: �� 47.5 (t, C-2�), 37.7 (t, C-3), 37.0 (t, C-10), 36.3 (d, C-4a),
35.8 (d, C-10a), 30.5 (t, C-4), 30.1 (t, C-5), 27.7 (t, C-6), 25.4 (t, C-3�), 24.4 (t,
C-4�); FT-IR (KBr): �� � 1622 (s, C�O), 1549 (vs), 1527 (vs), 1173 cm�1 (vs);
UV/Vis: See Table 1; MS (70 eV, EI): m/z (%): 283 (100) [M]� ; elemental
analysis calcd (%) for C19H25NO (283.4): C 80.52, H 8.89, N 4.94; found: C
80.41, H 8.89, N 4.91.


2-(1,3-Diethyl-2-thioxodihydropyrimidine-4,6-dionylidene)-7-piperidino-
2,3,4,4a,5,6,10,10a-octahydroanthracene (21): N,N-Diethylthiobarbituric
acid (1.94 g, 9.69 mmol) and 20 (0.55 g, 1.94 mmol) were heated under
reflux in the presence of 2,2,6,6- tetramethylpiperidine (0.1 mL, 0.59 mmol)
in anhydrous toluene (50 mL) for 3 d with a Dean-Stark trap under a
nitrogen atmosphere. After cooling the solvent was removed, and the
residue was subjected to flash chromatography (200 g SiO2; CHCl3/EtOH
20:1, Rf � 0.34). The product was further purified by extraction with boiling
diethyl ether. After 12 h the obtained green solution was discarded and the
extraction was continued with fresh solvent. From this 21 precipitated as
dark green solid that was dried at 80 �C in vacuo for 12 h (0.564 g, 63%,
m.p. 261 �C). 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.92 (s, 1H;
H-1), 6.08 (s, 1H; H-9), 5.75 (s, 1H; H-8), 4.52 ± 4.65 (m, 4H; N-CH2-),
3.57 ± 3.58 (m, 4 H; H-2��), 3.37 (ddd, 2J(H,H)� 18.9 Hz, 3J(H,H)� 3.9,
2.5 Hz, 1 H; Heq-3), 2.87 ± 2.96 (m, 1H; Hax-3), 2.69 (ddd, 2J(H,H)� 17.4 Hz,
3J(H,H)� 4.8, 1.9 Hz, 1 H; Heq-6), 2.42 ± 2.57 (m, 3H; H-4a,10a, Hax-6),
2.02 ± 2.06 (m, 1H; Heq-5), 1.88 ± 1.93 (m, 2 H; Heq-4,10), 1.73 ± 1.75 (m, 6H;
H-3��,4��), 1.41 ± 1.58 (m, 2 H; Hax-4,5), 1.31 (t, 3J(H,H)� 6.9 Hz, 6H; CH3),
1.24 (q, 2J(H,H)� 3J(H,H)� 12.3 Hz, 1H; Hax-10); 13C NMR (100 MHz,
CDCl3, 25 �C): See Table 5; further signals: �� 176.3 (s, C�S), 161.3 (s,
C�O), 49.1 (t, C-2��), 43.1 (t, N-CH2-), 37.0 (d, C-4a), 36.7 (t, C-10), 35.9 (d,
C-10a), 32.5 (t, C-3), 30.7 (t, C-4), 29.0 (t, C-5), 28.1 (t, C-6), 26.3 (t, C-3��),
23.9 (t, C-4��), 12.9 (q, CH3); FT-IR (KBr): �� � 1644 (s, C�O), 1610 (s), 1463
(s), 1440 (s), 1372 (s), 1310 (vs), 1157 (vs), 1144 (s), 1112 (s) 1098 (vs),
1000 cm�1 (s); UV/Vis: See Table 1; (DMSO): �max (�)� 624 nm
(87 200 dm3 mol�1 cm�1); MS (70 eV, EI): m/z (%): 465 (100) [M]� , 432
(63); elemental analysis calcd (%) for C27H35N3O2S (465.7): C 69.64, H 7.58,
N 9.02, S 6.89; found: C 69.62, H 7.56, N 9.00, S 6.82.


(7-Piperidino-2,3,4,4a,5,6,10,10a-octahydroanthracen-2-ylidene)piperidi-
nium perchlorate (22): Trimethyloxonium tetrafluoroborate (0.282 g,
1.91 mmol) was added in small portions to a stirred solution of 20 (0.45 g,
1.59 mmol) in anhydrous CH2Cl2 (30 mL) at 0 �C over a period of about
1 min. The bright yellow solution changed immediately to orange. After
stirring and warming to 25 �C over 15 h, diethyl ether (70 mL) was added
dropwise and the dark yellow precipitate (0.498 g) was collected by vacuum
filtration, dried in vacuo and used without further purification. This
intermediate (0.4 g) was suspended in anhydrous pyridine (5 mL), piper-
idine (0.2 mL, 2.02 mmol) was added in the same solvent (2 mL), and a
change of colour from yellow to red was observed. After addition of
triethylamine (0.7 mL, 5.02 mmol) the mixture was heated to reflux for 3 h.
Most of the pyridine was removed by distillation, and the residue was
dissolved in CHCl3 (50 mL), shaken with a solution of HClO4 (60 %, 3 mL)
in water (50 mL), and washed with aqueous NaClO4 solution (30 %, 3�
20 mL) and deionised water (50 mL). After removal of solvent, the product
was purified by flash chromatography (50 g SiO2). Toluene/CHCl3/ethyl
acetate (5:2:1) as eluent gave remaining 20 and then the solvent was
changed to CHCl3/EtOH 10:1 for elution of 22, Rf � 0.44. Soluble
impurities were removed from the solid product by extraction with boiling
diethyl ether (3 h), and pure 22 was obtained as small blue needles after
extraction with boiling methanol and concentration of the resulting dark
red solution to about 5 mL (0.278 g, ca. 48 %, m.p. 216 ± 217 �C). 1H NMR
(400 MHz, CDCl3, 25 �C, TMS): �� 5.94 (s, 1 H; H-9), 5.75 (s, 2H; H-1,8),
3.57 ± 3.65 (m, 8H; H-2�,2��), 2.78 (ddd, 2J(H,H)� 17.2 Hz, 3J(H,H)� 4.8,
2.0 Hz, 2H; Heq-3,6), 2.47 ± 2.57 (m, 4 H; Hax-3,6, H-4a,10a), 2.08 ± 2.13 (m,
2H; Heq-4,5), 1.99 (dt, 2J(H,H)� 12.5 Hz, 3J(H,H)� 4.3 Hz, 1 H; Heq-10),
1.69 ± 1.82 (m, 12H; H-3�,3��,4�,4��), 1.52 (dq, 2J(H,H)� 12.9 Hz, 3J(H,H)�
4.9 Hz, 2H; Hax-4,5), 1.24 (q, 2J(H,H)� 3J(H,H)� 12.3 Hz, 1H; Hax-10);
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13C NMR (100 MHz, CDCl3, 25 �C): See Table 5; further signals: �� 48.9 (t,
C-2�,2��), 35.9 (t, C-10), 35.6 (d, C-4a,10a), 29.0 (t, C-4,5), 27.9 (t, C-3,6), 26.2
(t, C-3�,3��), 24.0 (t, C-4�,4��); FT-IR (KBr): �� � 1496 (vs), 1483 (vs), 1465 (s),
1446 (vs), 1337 (vs), 1176 (vs), 1089 (vs), 1005 (s), 890 cm�1 (vs); UV/Vis:
See Table 1; (DMSO): �max (�)� 540 nm (217 000 dm3 mol�1 cm�1); MS
(FAB, pos, NBA): m/z (%): 351 (100) [M]� ; elemental analysis calcd (%)
for C24H35N2ClO4 (451.0): C 63.92, H 7.82, N 6.21; found: C 63.87, H 7.90, N
5.81.


(2,3,4,4a,5,6,10,10a-Octahydro-7-piperidino-2-anthrylidene)methanedi-
carbonitrile (23): By the same procedure as described for 17, the reaction
was carried out with 14 (material for synthetic purposes, (vide supra),
0.92 g, ca. 2.2 mmol), piperidine (0.27 mL, 2.73 mmol) and sodium hydride
(suspension in oil, ca. 50 %, 0.134 g, ca. 2.79 mmol) in anhydrous CH3CN
(20 mL). After heating to reflux for 14 h, cooling, addition of water (5 mL)
and removal of solvent, the residue was taken up in CHCl3 (100 mL) and
filtrated, and the filtrate was washed with water (100 mL, with a few drops
of conc. HCl). The aqueous phase was extracted with CHCl3 (50 mL) and
the combined organic solutions were washed with water (3� 100 mL).
Drying (MgSO4), removal of solvent, flash chromatography (100 g SiO2;
toluene/CHCl3/ethyl acetate 10:2:1, Rf � 0.24) and extraction with boiling
MeOH afforded 23 as blue microcrystals (0.305 g, ca. 42 %, m.p. 258 �C).
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 6.19 (s, 1 H; H-1), 5.74 (s, 1H;
H-9), 5.41 (s, 1H; H-8), 3.28 ± 3.37 (m, 4H; H-2�), 2.82 (ddd, 2J(H,H)�
17.4 Hz, 3J(H,H)� 4.1, 2.2 Hz, 1H; Heq-3), 2.50 (ddd, 2J(H,H)� 16.7 Hz,
3J(H,H)� 4.8, 2.1 Hz, 1H; Heq-6), 2.27 ± 2.44 (m, 4 H; Hax-3,6, H-4a,10a),
1.82 ± 1.95 (m, 3 H; Heq-4,5,10), 1.54 ± 1.64 (m, 6 H; H-3�,4�), 1.32 ± 1.46 (m,
2H; Hax-4,5), 1.16 (q, 2J(H,H)� 3J(H,H)� 12.3 Hz, 1H; Hax-10); 13C NMR
(100 MHz, CDCl3, 25 �C): See Table 5; further signals: �� 117.1, 116.2 (s,
C
N), 47.8 (t, C-2�), 36.7 (t, C-10), 36.6 (d, C-4a), 35.7 (d, C-10a), 29.7 (t,
C-5), 29.4 (t, C-3), 29.2 (t, C-4), 27.7 (t, C-6), 25.8 (t, C-3�), 24.3 (t, C-4�); FT-
IR (KBr): �� � 2187 (s, C
N), 1490 (vs), 1463 (vs), 1445 (vs), 1420 (vs), 1328
(vs), 1268 (s), 1171 (vs), 1162 (s), 1124 (vs), 1007 cm�1 (vs); UV/Vis: See
Table 1; (DMSO): �max (�)� 594 nm (248 000 dm3 mol�1 cm�1); MS (70 eV,
EI): m/z (%): 331 (100) [M]� ; elemental analysis calcd (%) for C22H25N3


(331.5): C 79.72, H 7.60, N 12.68; found: C 79.69, H 7.62, N 12.56.
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Cyclopentadienylrhodium Coordination to Alkenylarenes


Hubert Wadepohl,* Alexander Metz, and Hans Pritzkow[a]


Abstract: Photochemical reaction of
[Rh(�-C5H5)(C2H4)2] (5) with alkenyl
benzene derivatives PhC(R1)�CHR2 re-
sults in the formation of four types of
cyclopentadienylrhodium complexes:
the mononuclear ethylene �2-alkenyl-
benzene complexes [Rh(�-C5H5)(�-C2-
H4)(�2-PhC(R1)�CHR2)] 9 a (R1�H,
R2�Ph), 9 b (R1�Ph, R2�H), 9 c
(R1�CH3, R2�H), the mononuclear
�4-alkenylbenzene complex [Rh(�-C5-
H5){�,�,1,2-�-C6H5C(Ph)�CH2}] (10),
the dinuclear �-�4:�4-alkenylbenzene
complex [anti-{Rh(�-C5H5)}2{�-�,�,1,2-


� :3,4,5,6-�-C6H5C(Ph)C�CH2}] (11),
and the dinuclear rhodaindenyl com-
plexes [Rh(�-C5H5){1-3,8,9-�-{1-(�-C5-
H5)}-3-R1-1-rhodaindenyl}] 12 a (R1�
Ph), 12 b (R1�CH3). Reaction of 5 with
triisopropenylbenzene gives the dinu-
clear complex [{Rh(�-C5H5)}2(�-�,�,1,2-
� :��,��,4,3-�-C6H3{C(CH3)�CH2}3)] (13).


In the complexes 9, only the olefinic side
chain of the alkenylbenzene binds to the
metal. In the complexes 10, 11, 12, and
13, an arene nucleus coordinates to
rhodium as a 1,3-diene moiety (or part
thereof). The rhodaindenyl complexes
12 result from C�H activation of the
alkenylbenzene at the � and ortho
positions. The crystal and molecular
structures of 9 a, 9 b, 10, 11, and 12 a, b
were determined. The role of 9 ± 11 and
13 as models for intermediates during
alkenylbenzene-assisted self-assembly
of tricobalt clusters is discussed.


Keywords: C�H activation ¥
cyclopentadienyl ligands ¥ diene
complexes ¥ dinuclear complexes
¥ rhodium


Introduction


It has been demonstrated that metal cluster complexes with
facial arene ligands [{M(�-C5H5)}3(�3-arene)] 1 (M�Co) and
2 (M�Rh) can be obtained from the free arenes and sources
that produce {M(�-C5H5)} fragments.[1] In such reactions, self-
assembly of the trinuclear metal cluster is assisted by the
arene ligand.[2] Benzene itself is only a suitable template for
M�Rh. In this case, the reaction proceeds by consecutive
addition of three {Rh(�-C5H5)} organometallic fragments to
the benzene nucleus (Scheme 1).[3]


A mononuclear intermediate, complex 3, was detected by
mass spectroscopy. The structure of 3 was inferred by analogy


from the more stable iridium derivative.[4] The dinuclear
intermediate 4 was isolated and unambiguously characterized
by a crystal structure analysis. Unfortunately, the overall
efficiency of the metal aggregation process is low, and
complex 2 is formed in rather low yield.[3]


In marked contrast, reactive sources of the {Co(�-C5H5)}
fragment do not undergo reaction with benzene or alkyl-
substituted benzene derivatives. However, formation of the
�3-arene complexes 1 can be brought about by the use of
arenes that carry an unsaturated (1-alkenyl) substituent.[5] In
several cases, nearly quantitative yields of the cluster com-
plexes 1 were obtained. A mechanism has been proposed
which assigns a crucial role to the unsaturated side chain that


guides the metal(s) to the arene
ring (Scheme 2).[6] However,
none of the proposed inter-
mediates 6 ± 8 have been direct-
ly observed or even isolated,
and only a small number of
reasonable models for them
have been prepared.[5d, 6]


In the present work, we try to
combine the merits of the
{Rh(�-C5H5)} fragment with


those of the alkenylbenzenes. It was our hope to find a more
efficient synthetic pathway to �3-arene trirhodium cluster
complexes, and at the same time, more firmly establish some
of the intermediates of the alkenylbenzene route.


[a] Prof. Dr. H. Wadepohl, Dipl.-Chem. A. Metz, Dr. H. Pritzkow
Anorganisch-Chemisches Institut der Ruprecht-Karls-Universit‰t
Im Neuenheimer Feld 270, 69120 Heidelberg (Germany)
Fax: (�49)6221-544197
E-mail : bu9@ix.urz.uni-heidelberg.de
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Scheme 1. i) 5, h�, �2C2H4.
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Results


Photochemical reactions of [Rh(�-C5H5)(C2H4)2] (5) with
1-alkenylbenzenes PhC(R1)�CHR2 : The diethylene complex
5 was irradiated at low temperature in the presence of the
alkenylbenzene derivatives PhC(R1)�CHR2: stilbene (R1�
H, R2�Ph), 1,1-diphenylethylene (R1�Ph, R2�H) and �-
methylstyrene (R1�Me, R2�H). Details of the reaction
conditions can be found in the Experimental Section. For
reasons discussed below, the photochemical reactions were
generally stopped when 40 ± 50% of the ethylene complex 5
had been consumed. All yields are based on consumed
starting material 5. Workup of the reaction mixtures included
chromatographic separation of the products on alumina,
followed by recrystallization.


Four types of cyclopentadienylrhodium complexes were
isolated: the mononuclear ethylene �2-alkenylbenzene com-
plexes 9, the mononuclear �4-alkenylbenzene complex 10, the
dinuclear �-�4:�4-alkenylbenzene complex 11, and the dinu-
clear rhodaindenyl complexes 12.


Complexes of the type [Rh(�-C5H5)(�-C2H4)(�,�-�-alkenyl-
benzene)] (alkenylbenzene� cis-stilbene (9a), 1,1-diphenyl-
ethylene (9b), and �-methylstyrene (9c)): The complexes 9 a,
9 b, and 9 c were isolated as yellow crystalline solids in yields
of 4, 14, and 28%, respectively. After irradiation of 1,1-
diphenylethylene and 5 in n-hexane, complex 9 b was only
detected in trace amounts, along with higher concentrations of
[Rh(�-C5H5)(�4-1,1-diphenylethylene)] (10) and the dirhodi-
um complex 12 a (vide infra). When the irradiation was
performed in a mixture of n-hexane, diethyl ether, and
acetonitrile, the main products were 9 b (14%) and [{Rh(�-
C5H5)}2(�-1,1-diphenylethy-
lene)] (11) (vide infra, 19%).
Traces of 10 were also isolated
from this mixture.


NMR spectroscopic data for
the complexes 9 are given in
Tables 1 and 2. When measured
at ambient temperature, the
ethylene ligand typically gave
broad resonances in the
1H NMR spectra, which sharp-


ened on cooling. In the proton
spectra of 9 c, two broad reso-
nances are observed in the
cyclopentadienyl region, along
with numerous broad features
with less intensity. Coalescence
of the two C5H5 signals occur-
red at 27 �C; further heating of
the sample resulted in decom-
position to give an insoluble
brown solid. A well-resolved
spectrum was obtained at
250 K (Table 1). Two sets of
resonances for the C5H5, C2H4,
and �-methylstyrene ligands
are evident; they correspond
to a mixture of two complexes


in a 3:2 ratio. The assignment of the signals to the various
proton sites in the two species A and B (see Discussion below)
was corroborated by 1H homonuclear correlation spectros-
copy. The carbon resonances were assigned by means of the
heteronuclear 1H13C correlated spectra (Table 2).


Single-crystal X-ray structure determinations were carried
out for the complexes 9 a and 9 b. Selected bond lengths and
angles are compiled in Table 3. Views of the molecules are
depicted in Figures 1 and 2.


Scheme 2. i) [Co(�-C5H5)(C2H4)2], �2C2H4; ii) �C2H4; iii) [Co(�-C5H5)(C2H4)2], �2C2H4.


Table 1. 1H NMR spectroscopic data (�, multiplicity, intensity; in C6D6) of complexes [Rh(�-C5H5)(�-C2H4)(�2-
PhC(R1)�CHR2)] 9.


R1 R2 C5H5 C2H4 CR1Ph CHR2


9a H Ph 4.54 (s, 5) 1.27 (m, 2), 3.02 (m)[a] 7.05 ± 7.41 (m, 10) 3.02 (m)[a]


9b[b, c] Ph H 4.39 (s, 5) 0.67 (m, 1), 1.12 (m, 1), 6.97 ± 7.43 (m, 10) 2.22 (s, 1), 3.61 (s, 1)
2.64 (m, 1), 2.89 (m, 1)


9c[c, d] Me H 4.48 (d, 5)[e] 1.83 (m)[e, f] 1.07 (d, 3),[e] 1.83 (s, 3)[f] 1.35 (s, 1),[e] 3.97 (d, 1)[e]


4.82 (d, 5)[f] 2.7 ± 3.0 (m)[e, f] 6.9 ± 7.3 (m)[e, f] 2.19 (d, 1),[f] 3.15 (d,1)[f]


[a] Overlapping resonances, total intensity� 4. [b] 216 K. [c] In [D8]toluene. [d] 253 K. [e] Species A. [f] Species B.
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The complexes have an ethylene and a 1,2-diphenylethy-
lene (9 a) or 1,1-diphenylethylene (9 b) ligand coordinated to a
{Rh(�-C5H5)} moiety in a �2 fashion. The stilbene ligand in 9 a
adopts the Z (cis) configuration. In both structures, the four
carbon atoms of the two �2-olefins are not in a plane. The
(improper) torsion angles between the two coordinated C�C
bonds are 11� in 9 a (C1-C2-C16-C15) and 22� in 9 b (C1-C2-
C4-C3). The angle between the vectors which link the
rhodium atom to the centers of the two �2-C2 units are 94�
(9 a) and 97� (9 b), respectively.


[Rh(�-C5H5){�,�,1,2-�-(�-phenylethylene)}] (10): Complex 10
was obtained as red crystals in 8% yield after irradiation of an
equimolar mixture of 5 and 1,1-diphenylethylene in n-hexane/


diethyl ether. A second major
product, the rhodaindenyl-
cyclopentadienylrhodium com-
plex 12 a (vide infra) was iso-
lated in 16% yield. Only traces
of complex 9 b were separated
from the reaction mixture. As
mentioned above, 10 was also
isolated in trace amounts when
the photochemical reaction was
carried out in the presence of
acetonitrile.


The proton NMR spectrum
of 10 exhibits two resonances (a
multiplet at �� 0.59 and a
somewhat broadened singlet at
�� 2.73) from the endo and exo
protons, respectively, of the
methylene group of the 1,1-
diphenylethylene ligand. A
doublet at �� 3.11 is caused
by the proton on C2 of the
phenyl ring which is partially
coordinated to the metal. The
other phenyl resonances appear
as three groups of multiplets in
the low-field region (6.6� ��


7.7) of the spectrum. The carbon NMR spectrum shows a
similar pattern: resonances at higher field (�� 34.0 (CH2),
59.3 (C2) and 83.9, 84.8 (Cipso and C�), all coupled to rhodium,
and a total of eight singlets at lower field (121.5� �� 141),
arising from the rest of the phenyl carbons.


Table 2. 13C{1H} NMR spectroscopic data (�, J(Rh,C) [Hz] in parentheses; C6D6) of complexes [Rh(�-C5H5)(�-
C2H4)(�2-PhC(R1)�CHR2)] 9.


R1 R2 C5H5 C2H4 CR1Ph CHR2


9a H Ph 91.8 (4.2) 39.6 (13.2) 62.5 (13.2), 125.3, 127.7, 130.5, 145.3[a]


9b[b, c] Ph H 90.2 (4.0) 37.8 (14.0), 42.3 (13.5) 72.2 (14.0), 125.3,[d] 127.2,[d] 127.9,[d] 33.7 (13)
129.3,[d] 130.4, 143.7,[a] 150.2[a]


9c[b, e] Me H 90.6 (4.0)[f] 36.3 (14),[f, h] 38.6 (14)[f, h] 151.9 (1.5)[f, i] 41.8 (14)[f, h]


89.2 (4.0)[g] 34.4 (14),[g, h] 37.4 (14)[g, h] 146.6 (1.6)[g, i] 38.1 (14)[g, h]


[a] Cipso. [b] In [D8]toluene. [c] 240 K. [d] Overlap with solvent resonances. [e] 253 K. [f] Species A. [g] Species B.
[h] Tentative assignment of the methylene groups. [i] Cipso ; the phenyl CH resonances overlap with solvent signals.


Table 3. Selected bond lengths [ä] and angles [�] of complexes [Rh(�-C5H5)(�-C2H4)(�2-PhC(R1)�CHR2)] 9a
and 9 b.


9a 9 b


ethylene C15�C16 1.398(4) C3�C4 1.404(5)
Rh1�C15 2.129(3) Rh1�C3 2.124(3)
Rh1�C16 2.137(3) Rh1�C4 2.141(3)


Ph2C2H2 C1�C2 1.431(3) C1�C2 1.421(4)
Rh1�C1 2.174(2) Rh1�C1 2.103(3)
Rh1�C2 2.134(2) Rh1�C2 2.182(3)
C3-C1-C2 127.1(2) C1-C2-C5 119.5(2)
C9-C2-C1 125.4(2) C1-C2-C11 117.9(2)
C3-C1-C2-C9 6.6(4) C5-C2-C11 113.8(2)


C5H5 Rh�(C17 to C21) 2.206(3) ± 2.285(2) Rh�(C17 to C21) 2.220(3) ± 2.286(3)


Figure 1. Molecular structure of the complex [Rh(�-C5H5)(�-C2H4)(�2-Z-
stilbene)] (9a).


Figure 2. Molecular structure of the complex [Rh(�-C5H5)(�-C2H4)(�2-1,1-
diphenylethene)] (9b).
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The molecular structure of 10 in the solid was elucidated by
a crystal structure analysis (Figure 3), which unambiguously
shows the �,�,1,2-�4 coordination of the alkenylbenzene


Figure 3. Molecular structure of the complex [Rh(�-C5H5){�,�,1,2-�-(�-
phenylstyrene)}] (10).


ligand to the {Rh(�-C5H5)} group. The metal-coordinated part
of the �4-ligand is essentially planar (root mean-square
deviation from the best plane: 0.01 ä). The �2-coordinated
phenyl ring is also nearly planar (0.016 ä deviation); it is at an
angle of 6.4� to the coordination plane, comprised of C2, C1,
C3, and C8. Important bond lengths and angles are collected
in Table 4.


[anti-{Rh(�-C5H5)}2{�-�,�,1,2-� :3,4,5,6-�-(�-phenylstyrene)}]
(11): As mentioned above, this purple-blue complex was
isolated in 19% yield following the irradiation of 5 and 1,1-
diphenylethylene in a mixture of n-hexane, diethyl ether, and
acetonitrile. Higher yields of 11 (45 ± 55%) were obtained
when 10 and a slight excess of 5 were irradiated in diethyl
ether.


The NMR spectra of 11 exhibit a large number of
resonances, both for 1H and 13C. The carbon spectrum shows
three signals in the low-field region, 127� �� 141, that result


from the free phenyl group. All the other resonances are at
higher field (32� �� 102) and coupled to rhodium. A similar
pattern is shown in the proton spectrum: in addition to the
resonances of a free phenyl substituent at �� 7.5, there are six
multiplets in the range 0.3� �� 6 for the other seven protons
of the bridging alkenylbenzene ligand. The two cyclopenta-
dienyl resonances are clearly separated in both the proton and
carbon spectra.


The molecular structure of 11 was determined by crystal
structure analysis (Figure 4). Important bond lengths and
angles are given in Table 5. Two {Rh(�-C5H5)} groups are


Figure 4. Molecular structure of the complex [anti-{Rh(�-C5H5)}2{�-
�,�,1,2-� :3,4,5,6-�-(�-phenylstyrene)}] (11).


bonded to a bridging �-phenylstyrene ligand in an antifacial
fashion. The bridging ligand is partitioned into two �4-diene
units (one consisting of the olefinic side chain, C1(ipso) and
C2, the other comprised of the other four carbon atoms of the
phenyl ring), each of which is coordinated to a {Rh(�-C5H5)}
group. The two �4-diene systems with internal C�C bond
lengths ranging from 1.422 to 1.440 ä are fused together by
two much longer bonds (1.478, 1.482 ä). The �4-coordination
planes are at an angle of 34�.


Complexes of the type [Rh(�-C5H5){1-3,8,9-�-{1-(�-C5H5)}-3-
R-1-rhodaindenyl}] (12a : R�Ph, 12b : R�CH3): The rho-
daindenylcyclopentadienylrhodium complexes 12 a, b were
generated from 5 and 1,1-diphenylethylene or �-methylstyr-
ene in 18% and 8% yield, respectively. Compound 12 a was
also formed when complex 9 b was irradiated in the presence
of 5. Quite significantly, an analogous reaction involving
complexes 10 and 5, or UV irradiation of complex 11 did not
produce complex 12 a. In the proton NMR spectra of 12 a, all
the resonances of the rhodaindenyl moiety are at rather low
field, in the range 6.7� �� 8.2. The only ring proton of the
metallacycle five-membered ring of this ligand resonates at
particularly low field, �� 8.2. The carbon spectrum is quite
complex because of the low symmetry of the complex and the


Table 4. Selected bond lengths [ä] and angles [�] of [Rh(�-C5H5){�,�,1,2-
�-C6H5C(Ph)�CH2}] (10).


Rh1�C1 2.092(4) Rh1�C2 2.143(4)
Rh1�C3 2.173(5) Rh1�C8 2.247(4)
Rh1�(C15 to C19) 2.182(4)�2.283(4) C1�C2 1.448(5)
C1�C3 1.451(5) C1�C9 1.495(5)
C3�C8 1.442(5) C3�C4 1.440(5)
C4�C5 1.364(5) C5�C6 1.428(5)
C6�C7 1.354(6) C7�C8 1.442(6)
C2-C1-C3 116.5(3) C2-C1-C9 122.0(3)
C3-C1-C9 121.5(3) C1-C3-C8 116.4(3)
C1-C3-C4 124.6(3) C4-C3-C8 118.7(4)
C3-C4-C5 120.8(3) C4-C5-C6 120.8(4)
C5-C6-C7 120.0(4) C6-C7-C8 121.9(4)
C7-C8-C3 117.7(4)
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coupling of several resonances to both rhodium nuclei. The
carbon atoms C2 and C9, simultaneously �-bonded to one
rhodium atom and �-bonded to the other, show the largest
couplings to 103Rh (J(Rh,C)� 44 and 15 Hz). In a similar
manner to that of the proton H2, their resonances are also
shifted to low field (�� 153).


Separation of 12 b from the major product 9 c by column
chromatography was incomplete. After repeated crystalliza-
tion of the raw product only small amounts of pure 12 b were
finally obtained. The composition of this complex was
established by mass spectroscopy and a single-crystal X-ray
structure analysis. Because of the poor crystallinity of the
material, the accuracy of this structure is limited. To provide a
better definition of the geometry of 12, an X-ray structure
analysis was also carried out with a single crystal of 12 a. Views
of the molecules are shown in Figures 5 and 6.


The asymmetric unit of 12 b contains two independent
molecules which differ only by the rotational orientation of
the cyclopentadienyl rings on both rhodium atoms. If the
phenyl and methyl substituents are disregarded, the molecular
structure of 12 a is also very similar.


The molecules consist of a
1-(�5-C5H5)-1-rhodaindenyl bi-
cyclic ring system, which is �-
coordinated through its RhC4


ring to another {Rh(�-C5H5)}
group in an �5 fashion. The
rhodium atom Rh1 is displaced
from the plane of the four
carbon atoms of the five-mem-
bered metallacyclic ring, in the
direction away from Rh2. The
six-membered ring of the rho-
daindenyl is nearly planar (root
mean-square deviation from
the best plane 0.01 ± 0.02 ä).
Selected bond lengths and an-
gles are presented in Table 6.


Photochemical reaction of
[Rh(�-C5H5)(C2H4)2] (5) with
1,3,5-triisopropenylbenzene : A
1:1.2 mixture of 5 and 1,3,5-
triisopropenylbenzene in pen-
tane/diethyl ether was irradiat-
ed at �5 �C for 36 hours. The
major substances isolated by
chromatographic workup were
the unreacted starting materials
(40% 5 and 50% of the ben-
zene derivative). Five addition-
al product fractions were ob-
tained by column chromatogra-
phy. The first four fractions only
contained trace amounts of ma-
terial. The last fraction gave the
orange dirhodium complex
[{Rh(�-C5H5)}2(�-�,�,1,2-�:��,��,


Table 5. Selected bond lengths [ä] and angles [�] of complex [anti-{Rh(�-C5H5)}2{�-�,�,1,2-� :3,4,5,6-�-
C6H5C(Ph)C�CH2}] (11).


Rh1�C1 2.138(4) Rh1�C2 2.171(4)
Rh1�C7 2.112(5) Rh1�C8 2.128(5)
Rh1�(C15 to C19) 2.197(5)�2.267(5) Rh2�C3 2.211(5)
Rh2�C4 2.117(5) Rh2�C5 2.095(5)
Rh2�C6 2.166(5) Rh2�(C20 to C24) 2.191(5)�2.278(5)
C1�C2 1.423(6) C1�C6 1.482(6)
C1�C7 1.440(6) C2�C3 1.478(7)
C3�C4 1.422(7) C4�C5 1.429(7)
C5�C6 1.426(7) C7�C8 1.432(7)
C7�C9 1.490(6) C9 to C14�C9 to C14 1.369(9)�1.396(7)
C2-C1-C6 115.7(4) C2-C1-C7 118.2(4)
C6-C1-C7 126.0(4) C1-C2-C3 112.4(4)
C2-C3-C4 122.3(4) C3-C4-C5 114.9(4)
C4-C5-C6 114.9(4) C5-C6-C1 119.9(4)
C1-C7-C8 114.7(4) C1-C7-C9 120.9(4)
C8-C7-C9 124.3(4)


Figure 5. Molecular structure of the complex [Rh(�-C5H5){1-3,8,9-�-{1-(�-C5H5)}-3-Ph-1-rhodaindenyl}] (12a).


Figure 6. Molecular structure of the complex [Rh(�-C5H5){1-3,8,9-�-{1-(�-
C5H5)}-3-CH3-1-rhodaindenyl}] (12b).
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4,3-�-1,3,5-triisopropenylben-
zene)] (13) in 14% yield after
recrystallization.


Complex 13 was character-
ized by mass and NMR spec-
troscopic methods. In the 1H
and 13C NMR spectra, there are
two closely spaced but still
clearly resolved doublet reso-
nances for the two {Rh(�-
C5H5)} groups. The rest of the
spectra are also consistent with


the fairly low symmetry of the molecule. The three ring
protons of the triisopropenylbenzene ligand resonate at ��
7.10, 2.82, and 2.00. The last two resonances show evident
coupling to one 103Rh nucleus. There are three groups of 1H
resonances from the methylene groups (�� 5.16, 5.97; 2.58,
2.64; 0.56, 0.74) that are spread over a large area of the
spectrum.


Treatment of 13 with [Co(�-C5H5)(�-C6Me6)][7c] in THF, or
UV irradiation in n-pentane in the presence of 5 did not lead
to the addition of a {M(�-C5H5)} group (M�Co, Rh) to the
noncoordinated isopropenyl substituent. Rapid decomposi-
tion of 13 was observed above 50 �C.


Discussion


Since it was first reported in 1980, the Jonas reagent [Co(�-
C5H5)(C2H4)2][7] has become firmly established as an easy-to-
handle yet highly reactive source of the {Co(�-C5H5)} frag-
ment.[8, 9] In contrast, its rhodium analogue [Rh(�-
C5H5)(C2H4)2] (5) is thermally quite stable and kinetically
rather inert towards substitution of the ethylene ligands under


thermal conditions.[10] Howev-
er, UV photolysis of 5 was
shown to lead to extrusion of
ethylene and formation of the
highly reactive species [Rh(�-
C5H5)(C2H4)] and/or [Rh(�-
C5H5)(C2H4)(solvent)], which
in turn could be easily convert-
ed into a variety of complexes
of the type [Rh(�-C5H5)-
(C2H4)2�nLn] (n� 1, 2).[11] Al-
though the photolytic reactions
of 5 were reported to proceed
quite cleanly when carried out
on a small scale, UV irradiation
of solutions containing higher
concentrations of 5 (typically
around 0.01�) quickly leads to
a strong darkening, which ef-
fectively quenches the radiation
and progressively slows down
the formation of the photo-
products. Part of this effect,
which is probably caused by
the formation of minute


amounts of polynuclear rhodium complexes, could be over-
come by the use of a falling film photoreactor. Nevertheless,
reaction of 5 becomes very slow after a few hours and the
reactions typically had to be stopped at �40 ± 50% conver-
sion.


The photoreactions of 5 with alkenylbenzenes follow two
channels: formation of � complexes and C�H activation of
the organic substrate, as discussed in more detail below.


The mononuclear complexes [Rh(�-C5H5)(�-C2H4)(�2-alken-
ylbenzene)] (9 a ± c) and [Rh(�-C5H5)(�4-alkenylbenzene)]
(10): The ethylene �2-alkenylbenzene complexes 9 represent
the primary product of the reaction between 5 and the
alkenylbenzene. The latter is bonded to the metal exclusively
through the � system of the alkenyl substituent, rather than
through the phenyl group. Complexes of the type [Rh(�-
C5H5)(�-C2H4)(�2-olefin)] are rare. Only two examples,
[Rh(�-C5H5)(�-C2H4)(�-C2F4)]


[12] and [Rh(�-C5H5)(�-
C2H4)(9,10-�-phenanthrene)] (14),[13] have been structurally
characterized.


The cis configuration of the stilbene ligand in 9 a is not
surprising. Photoisomerization of trans- into cis-stilbene and
vice versa is a well-known process, which will generate a high
stationary concentration of the cis isomer during the reac-
tion.[14] For steric reasons, the cis-stilbene complex 9 a should
be preferred to the trans isomer, which was indeed not
observed.


The temperature-dependent NMR spectra of 9 a ± c are
accounted for by dynamic processes that involve ™in-place∫
rotation of the two olefin ligands.[15] In complex 9 a, rotation of
the �2-ethylene leads to exchange of the endo and exo
hydrogen atoms of its two chemically equivalent methylene
groups. The onset of this process gives rise to the broad


Table 6. Selected bond lengths [ä] and angles [�] for the complexes [Rh(�-C5H5){1-3,8,9-�-{1-(�-C5H5)}-3-R1-1-
rhodaindenyl}] 12 a and 12 b.


12 a 12b[a]


Rh1�Rh2/Rh3�Rh4 2.6299(3) 2.633(2)/2.616(2)
Rh1�C1/Rh3�C20 1.989(2) 1.955(13)/1.957(12)
Rh1�C4/Rh3�C23 2.003(2) 2.015(11)/2.016(12)
Rh1/Rh3�C(C5H5) 2.190(2)�2.273(2) 2.156(13)�2.276(11)/2.191(13)�2.256(13)
Rh2�C1/Rh4�C20 2.192(2) 2.179(11)/2.188(12)
Rh2�C2/Rh4�C21 2.175(2) 2.142(11)/2.164(11)
Rh2�C3/Rh4�C22 2.226(2) 2.214(11)/2.192(11)
Rh2�C4/Rh4�C23 2.249(2) 2.235(11)/2.227(12)
Rh2/Rh4�C(C5H5) 2.183(2)�2.235(2) 2.177(12)�2.212(12)/2.147(14)�2.228(11)
C1�C2/C20�C21 1.427(3) 1.44(2)/1.43(2)
C2�C3/C21�C22 1.447(3) 1.44(2)/1.44(2)
C3�C4/C22�C23 1.452(3) 1.46(2)/1.45(2)
C3�C8/C22�C27 1.430(3) 1.41(2)/1.48(2)
C4�C5/C23�C24 1.435(3) 1.42(2)/1.42(2)
C5�C6/C24�C25 1.368(4) 1.37(2)/1.36(2)
C6�C7/C25�C26 1.419(4) 1.43(2)/1.41(2)
C7�C8/C26�C27 1.365(3) 1.36(2)/1.36(2)
C1-Rh1-C4/C20-Rh3-C23 78.94(9) 78.9(5)/79.4(5)
Rh1-C1-C2/Rh3-C20-C21 118.9(2) 120.5(9)/120(1)
C1-C2-C3/C20-C21-C22 112.4(2) 111(1)/110(1)
C2-C3-C4/C21-C22-C23 112.2(2) 112.7(9)/114(1)
C3-C4-Rh1/C22-C23-Rh3 117.4(2) 116.5(8)/115.3(9)


[a] Two independent molecules.
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appearance of these resonances in the room temperature
spectra.


In the low-temperature spectra of the less symmetric 9 b,
every olefinic proton of the ethylene and 1,1-diphenylethy-
lene ligands appears as a well-resolved separate resonance,
which is in agreement with a rigid chiral structure on the
NMR (T2) timescale (two enantiomers 9 b and 9 b�). Rotation


of the ligands leads to racemization and causes significant
broadening of these resonances at room temperature. In
contrast to 9 a, which effectively has a mirror plane bisecting
the two olefins, the dynamic process in 9 b also affects the
carbon resonances of the ethylene ligand, which are sharp at
low temperature and broaden on warming.


The spectra of 9 c are more complicated. Two chiral
diastereomers are present in solution, as shown by the
presence of two resonances for {Rh(�-C5H5)} both in the
proton and carbon spectra. On steric grounds, conformation
A with the methyl group of the �-methylstyrene ligand in the
endo position is tentatively assigned to the more abundant
species (60%). Most likely, A and B are racemic mixtures.


A complete assignment of the low-temperature proton and
carbon spectra is given in Tables 1 and 2. Clearly, the observed
coalescence of the {Rh(�-C5H5)} proton resonances at 27 �C
requires fast (on the NMR timescale) rotation of at least the
�-methylstyrene ligand, thus interconverting the diastereo-
mers A and B. Racemization is not effected by a mere in-place
rotation of the �2-olefins.


The molecular structures of 9 a and 9 b can be derived from
that of the bis-ethylene complex 5, which has a distorted
trigonal coordination of the rhodium atom.[16] They are similar
to that of the �2-phenanthrene complex 14.[13] Consistently, of
the two �2-coordinated C�C bonds of the olefin ligands, the
one in the �2-ethylene is somewhat shorter (by 0.02 ± 0.03 ä).
Steric repulsions of the phenyl rings in 9 a are minimized by a
small degree of torsion (6.6�) around C1�C2, and by a larger
twist of the phenyl ring planes with respect to each other and


to the olefinic plane. A similar geometry has been reported
for the �2 cis-stilbene ligand in [Re(�-C5H5){(Ph2P)2CH2-
CH2}{�2-(Z)-stilbene}].[17]


In the 1,1-diphenylethylene complex 9 b, the steric situation
is less favorable, because of the endo position with respect to
the �2-ethylene of one of the phenyl groups. Consequently,
bonding of the two olefinic termini of the diphenylethylene to
the rhodium is more asymmetric, with the Rh1�C2 bond
being the longest rhodium olefin ± carbon bond in the
molecule. Interestingly, the angles enclosed by the lines
connecting the centers of the two olefin ligands to the
rhodium atom are quite similar in 9 a and 9 b.


Loss of ethylene from 9 b generates the �4-1,1-diphenyl-
ethylene rhodium complex 10. The �2-coordinated phenyl ring
has now apparently lost most of its aromaticity, as shown by
the strong alternation of short (1.35/1.36 ä) and long (1.43 ±
1.44 ä) C�C bonds in its noncoordinated ™diene∫ part. The
essentially equal C�C bond lengths within the �4-diene unit
are indicative of extensive delocalization within this sub-
structure.


In the literature, there are many examples of complexes of
conjugated dienes with {Rh(�-C5R5)} fragments. To our
knowledge, the complexes 10 and 13 are the first in which
one of the C�C bonds of the �4-diene is a part of an aromatic
ring system. No complex of the type [Rh(�-C5H5)(�,�,1,2-�-
alkenylbenzene)] was formed with stilbene as a ligand.
Starting from complex 9 a with a �2-(Z)-stilbene ligand, a
phenyl substituent would attain the endo position on C� ; this
is clearly a sterically very unfavorable situation.


The localization of bonds within the �4-alkenylbenzene in
10 promotes addition of a second {Rh(�-C5H5)} fragment to
the six-membered ring that is already partially coordinated to
the metal. On the grounds of the eighteen valence electron
rule, no metal ±metal bonding is required in an �4 :�4 complex.
An anti position of the two metals, which minimizes steric
repulsions, is therefore preferred. In complex 11, the separa-
tion of the �-alkenylbenzene ligand into two �4-diene units is
clearly reflected in the C�C bond lengths. The C1�C6 and
C2�C3 bonds, which join the two �4-diene moieties, are
considerably longer (1.48 ä) than those within the ™diene∫
units (1.42 ± 1.44 ä). Unlike in complex 10, the six-membered
ring in complex 11 is not planar, but strongly folded (34�)
along the transannular vector C3 ¥¥ ¥ C6. This can be attributed
to the generally observed torsion of the ™outer∫ C�C bonds in
�4-coordinated dienes, to minimize repulsion between the
endo substituents at the termini, and to optimize � overlap
with the metal orbitals.


A number of mononuclear[18±20] and dinuclear[19] iron ± car-
bonyl complexes analogous to 10 and 11 have been reported.
The structural[18, 21] and spectroscopic[19] data as well as
chemical reactivity[19] of all these complexes consistently
indicate a loss of aromatic character of the coordinated arene.


The only product that could be isolated from the reaction of
5 and 1,3,6-triisopropenylbenzene was the dinuclear complex
13. It is reasonable to assume that this compound is formed via
the intermediates [Rh(�-C5H5)(�,�-�-triisopropenylben-
zene)(C2H4)] (15) and [Rh(�-C5H5)(�,�,1,2-�-triisopropenyl-
benzene)] (16), which would be close analogues of the
complexes 9 and 10. Once formed, the mononuclear complex
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16 is expected to be more reactive than the free triisopropen-
ylbenzene ligand towards further addition of {Rh(�-C5H5)}
fragments, on account of the greater localization of bonds
within the arene ring which is already partially coordinated to
the metal. This could be an explanation as to why complex 16
was not observed. Complex 13 has all the spectroscopic
properties expected for a �4-1,3-diene complex. In principle,
there could be two isomers of 13, with the two {Rh(�5-C5H5)}
groups in a syn or an anti arrangement with respect to the
bridging arene ring. However, only one isomer was observed.
For steric reasons, we believe the {Rh(�5-C5H5)} groups to
prefer the anti arrangement, in accord with the crystallo-
graphically established structure of [{Fe(CO)3}2(�-p-divinyl-
benzene)].[22]


Further addition of a third {M(�-C5H5)} fragment (M�Co,
Rh) to the dinuclear complex 13 would have to occur in a
position syn to one of the {Rh(�-C5H5) } moieties. This is
clearly unfavorable and the likely cause for the reaction to
stop at the dinuclear stage.


The rhodaindenyl complexes [Rh(�-C5H5)(1-rhodaindenyl)]
(12 a, 12 b): The rhodaindenyl ligands are the products of a
twofold activation of the C�H bond in the corresponding
alkenylbenzenes at the � and ortho positions. No attempts
were made to establish the fate of the two hydrogen atoms
that are eliminated from the product.


Analogous metallaindenyl complexes have been reported
with the metal ligand fragments {M(�-C5H5)} (M�Co,
Ir)[5d, 23] and {M(CO)3} (M�Fe, Os).[24] In thermal reactions,
the complexes [Co(�-C5Me4R){1-3,8,9-�-{1-(�-C5Me4R)}-3-
CH3-1-cobaltaindenyl)}] can be obtained in �30% yield from
�-methylstyrene and [Co(�-C5Me4R)(C2H4)2] (R�Me, Et).[25]


In marked contrast, [Co(�-C5H5)(C2H4)2] and this styrene
derivative gave [{Co(�-C5H5)}3{�3-C6H5C(Me)�CH2}], a facial
arene complex of type 1, in very high yield.[5a, 5b] The complex
[Co(�-C5H5){1-3,8,9-�-{1-(�-C5H5)}-3-CH3-1-cobaltaindenyl)}]
was only formed in a very small
yield when �-methylstyrene
was treated with cobaltocene/
potassium at �10 �C.[5d] Dinu-
clear rhodacyclopentadienyl
(rhodol) complexes with a re-
lated structure were obtained
by the photolysis of 5 in the
presence of certain alkynes.[26]


As indicated by the pattern of
the lengths of the endocyclic


C�C bonds, the � system is fairly localized in the six-
membered ring of the rhodaindenyl ligand in 12, which is
similar to the situation in the �4-1,1-diphenylethylene complex
10. The structural features of the rhodaindenyl ligand
compare well with those reported for the few other complexes
of analogous composition.[5d, 25, 27]


Formation of the title complexes and significance for the
syntheses of the cluster complexes [{M(�-C5H5)}3(�3-arene)]:
Evidently, the mononuclear and dinuclear complexes [Rh(�-
C5H5)(�-C2H4)(�2-alkenylbenzene)] (9), [Rh(�-C5H5)(�,�,1,2-
�-alkenylbenzene)] (10), and [{Rh(�-C5H5)}2(�-�,�,1,2-
� :3,4,5,6-�-alkenylbenzene)] (11) represent subsequent sub-
stitution steps of the ethylene ligands in 5 by the alkenylben-
zene ligand (Scheme 3). Formation of [{Rh(�-C5H5)}2(�-
�,�,1,2-� :��,��,4,3-�-1,3,5-triisopropenylbenzene)] 13 follows
a similar pathway. However, the rhodaindenyl complexes 12
result from a second reaction channel, which involves
activation of two C�H bonds.[2a] Based on our preparative
results, we assume that this reaction starts from the �2-
alkenylbenzene complexes 9, because these are the only ones
in the series 9, 10, and 11 which could be transformed into 12.
Although activation of vinylic C�H bonds does not necessa-
rily require prior � coordination of the olefin,[28] the sequence
� coordination�C�H activation has been amply demon-
strated in the literature.[29]


In earlier work, we proposed that the addition of {Co(�-
C5H5)} fragments to alkenylbenzenes follows a pathway
initially analogous to Scheme 3.[6] In the {(d9-M)(�-C5H5)}
series, the rhodium complexes 9 and 10 are the first direct
analogues of the mononuclear intermediates 6 and 7
(Scheme 2). With the preparation and characterization of
complexes such as [Co(�-C5H5)(vinylnapthalene)] (17) and
[{Co(�-C5H5)}2(�-distyrylbenzene)] (18), we were able to
demonstrate the feasibility of �,�,1,2-�4 coordination of
alkenylarenes to cyclopentadienylcobalt fragments.[5d, 6] These


Scheme 3. i) PhC(R1)�C(H)R2, h�, �C2H4; ii) h�, �C2H4; iii) 5, h�, �2C2H4.
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complexes are more labile than their rhodium counterparts,
and indeed no {Co(�-C5H5)} complex of a simple alkenylben-
zene has yet been isolated.


When a trinuclear arene-capped cluster is to be formed, the
metals must be brought together on the same face of the
ligand at some stage, most likely already in a dinuclear
intermediate. Evidently, this happens in the cobalt series,
where �3-arene cluster complexes 1 are frequently formed,
sometimes even in quantitative yield. Dinuclear complexes
[anti-{M(�-C5H5)}2(�-�4:�4-alkenylbenzene)] with the two
metals on opposite faces of the arene are likely to be formed
with bothM�Co and M�Rh. For the formation of trinuclear
cluster complexes [{M(�-C5H5)}3(�3-arene)] these are dead
ends. The rhodium system becomes trapped at this point (for
example, complex 11) on account of the stability of the Rh ±
diene bonds. For M�Co, we propose an equilibrium between
two types of dinuclear complexes, with an anti (complex 19)
and a syn arrangement, respectively, of the metals. For the
latter, structure 8 has been proposed, which gains stability in a
sterically less favorable situation by a Co�Co bond.[6] A
structure analogous to 4 (Scheme 1) is an alternative possi-
bility.


If {Co(�-C5H5)} is compared to its isolobal counterpart
{Fe(CO)3}, we note that metal ±metal bonding is much less
preferred between the carbonyl metal fragments.[30] This could
explain the kinetic stability of the complexes [anti-{Fe-
(CO)3}2(�-�4 :�4-alkenylbenzene)],[19] and also helps to explain
the lack of an iron complex[31] in the series [{(d8-M)(CO)3}3(�3-
arene)], which is well documented for M�Ru and Os.[32]


Experimental Section


General procedures : All operations were carried out under an atmosphere
of purified nitrogen or argon (BASFR3 ± 11 catalyst) by means of Schlenk
techniques. Solvents were dried by conventional methods. Alumina
(Macherey-Nagel, neutral), used as a stationary phase for column
chromatography, was heated to 250 ± 300 �C under vacuum for 24 h and
then stored under nitrogen. An all-quartz Normag falling-film UV reactor
equipped with a Heraeus high-pressure mercury lamp (power rating: 150,
180 or 700 W) was used for photochemical reactions. Complex 5 was
prepared according to the literature procedure.[10] NMR spectra were
obtained on a Bruker Avance DRX200 instrument (200.1 MHz for 1H,
50.3 MHz for 13C). 1H and 13C chemical shifts are reported with respect to
SiMe4 and were determined by reference to internal SiMe4 or residual
solvent peaks. Assignment of the carbon resonances was routinely
corroborated by DEPT (135�) spectra. Mass spectra were recorded in the
electron impact ionization mode (EI) at 70 eV on VG7070H and Finnigan
MAT8400 spectrometers. Elemental analyses were performed in-house
with a Heraeus CHN-O-Rapid instrument.


Reaction of 5 with trans-stilbene : In the falling-film photoreactor, a
solution of trans-stilbene (740 mg, 4.1 mmol) in diethyl ether (80 mL) was
mixed with 5 (820 mg, 3.6 mmol) in n-pentane (350 mL). Irradiation was
carried out at 0 �C with a 150 W mercury lamp (6 h). Solvent was removed
from the orange solution to give an oily residue, which was redissolved in a
little n-hexane and purified by chromatography at �20 �C (Al2O3,
5% H2O, 2.5� 17 cm, n-hexane). A mixture of stilbene and 5 was eluted
first as a yellow fraction. A second orange band gave a mixture of stilbene
and [Rh(�-C5H5)(C2H4)(�2-(Z)-stilbene)] (9 a) after removal of solvent
under vacuum. Repeated recrystallization from n-pentane gave 9 a (30 mg,
2% yield) as orange needles.


Complex 9a : EI-MS (%): m/z : 376 (4) [M�], 349 (21) [C5H5RhL��H], 348
(100) [C5H5RhL�], 180 (13) [L�], 168 (74) [C5H5Rh�], 103 (8) [Rh�]; L�
stilbene; elemental analysis calcd (%) for C21H21Rh (376.30): C 67.02, H
5.62; found: C 67.12, H 5.85.


Reaction of 5 with 1,1-diphenylethylene in n-hexane : A mixture of 5
(950 mg, 4.2 mmol) and 1,1-diphenylethlene (780 mg, 4.3 mmol) in n-
hexane (400 mL) was irradiated with a 150 W mercury lamp at �5 �C for
30 h. The solvent was evaporated under vacuum from the resulting red-
brown solution, and the residue was purified by chromatography at �20 �C
(Al2O3, 2.5� 23 cm). With n-hexane as an eluent, a mixture of 5 and 1,1-
diphenylethylene (300 mg after evaporation of solvent) was washed from
the column, followed by a red and a yellow band. The solvent was
evaporated under reduced pressure from the product fractions. Recrystal-
lization of the red product from n-pentane gave microcrystals of [Rh(�-
C5H5){�,�,1,2-�4-(�-phenylstyrene)}] (10). Yield: 60 mg (4%). The trace
amount of yellow product was identified by mass spectroscopy as [Rh(�-
C5H5)(�-C2H4)(�2 ± 1,1-diphenylethylene)] (9 b). A fourth red-brown frac-
tion was obtained with n-hexane/diethyl ether (30:1, v:v), which after
removal of solvent under vacuum gave dark microcrystals (95 mg, 9%
yield) of [Rh(�-C5H5){1-3,8,9-�-{1-(�-C5H5)}-3-Ph-1-rhodaindenyl}] (12a).


Complex 10 : 1H NMR (C6D6): �� 0.59 (™t∫, 1H; H�endo), 2.73 (s, 1H;
H�exo), 3.11 (d, 1H; �2-phenyl-H2), 4.72 (d, J(Rh,H)� 0.9 Hz, 5H; C5H5),
6.69 (m, 2H; phenyl-H), 7.10 (m, 4H; phenyl-H), 7.59 (d, �2-phenyl-H6),
7.71 (m, 2H; phenyl-H); 13C{1H} NMR (C6D6): �� 34.0 (d, J(Rh,C)�
16.5 Hz, CH2), 59.3 (d, J(Rh,C)� 11.5 Hz, �2-phenyl-C2), 82.7 (d,
J(Rh,C)� 5.2 Hz, C5H5), 83.9 (d, J(Rh,C)� 6.0 Hz, �2-phenyl-Cipso/C�),
84.8 (d, J(Rh,C)� 6.0 Hz, �2-phenyl-Cipso/C�), 121.5 (s, phenyl-CH), 125.6
(s, phenyl-CH), 127.1 (s, phenyl-CH), 127.2 (s, phenyl-CH), 128.6 (s, phenyl-
CH), 132.4 (s, phenyl-CH), 138.4 (s, phenyl-CH), 141.0 (s, phenyl-Cipso); EI-
MS (%): m/z : 348 (20) [M�], 347 (7) [M��H], 181 (15) [L��H], 180 (100)
[L�], 179 (50) [L��H], 178 (41) [L�� 2H], 168 (48) [C5H5Rh�], 165 (51)
[L��CH3], 92 (26) [C7H8


�], 91 (29) [C7H7
�]; L� diphenylethylene);


elemental analysis calcd (%) for C19H17Rh (348.25): C 65.53, H 4.92; found:
C 65.40, H 5.23.


Complex 12a : 1H NMR (C6D6): �� 4.74 (d, J(Rh,H)� 1.1 Hz, 5H; C5H5),
5.28 (d, J(Rh,H)� 0.7 Hz, 5H; C5H5), 6.65 (m, 1H; C6H4-H4/H5), 6.81 (m,
1H; C6H4-H4/H5) , 7.18 (d, 1H; phenyl), 7.57 (dd, 4H; phenyl), 7.70 (d, 1H;
C6H4-H3/H6), 8.01 (m, 1H; C6H4-H3/H6), 8.17 (d, J(Rh,H)� 0.7 Hz, 1H;
H�); 13C{1H} NMR (C6D6): �� 82.4 (d, J(Rh,C)� 6.8 Hz, C5H5), 83.3 (d,
J(Rh,C)� 3.9 Hz, C5H5), 112.9 (dd, J(Rh,C)� 4.9/2.6 Hz, C6H4-C/C�),
116.6 (dd, J(Rh,C)� 4.8/2.9 Hz, C6H4-C/C�), 121.72 (s, C6H4-CH), 126.7 (s,
C6H4-CH/phenyl-CH), 127.1 (s, C6H4-CH/phenyl-CH), 128.2 (s, C6H4-CH/
phenyl-CH), 130.6 (s, C6H4-CH/phenyl-CH), 140.7 (s, phenyl-C), 149.5 (s,
C6H4-CH), 153.2 (dd, J(Rh,C)� 43.1/14.8 Hz, C�), 153.5 (dd, J(Rh,C)�
44.3/14.8 Hz, C6H4-C2); EI-MS (%): m/z : 515 (23) [M��H], 514 (100)
[M�], 449 (11) [M��C5H5], 233 (48) [(C5H5)2Rh�], 168 (5) [C5H5Rh�];
elemental analysis calcd (%) for C24H20Rh2 (514.23): C 56.05, H 3.92;
found: C 55.56, H 4.07.


Reaction of 5 with 1,1-diphenylethylene in n-hexane/diethyl ether/acetoni-
trile : A mixture of 5 (820 mg, 3.6 mmol) and 1,1-diphenylethlene (690 mg,
3.8 mmol) in a mixture of n-hexane (350 mL), diethyl ether (50 mL), and
acetonitrile (50 mL) was irradiated with a 700 W mercury lamp at�8 �C for
8 h. The solvent was evaporated under vacuum from the resulting red-
brown solution and the residue was purified by chromatography at �20 �C
(Al2O3, 2.5� 27 cm). Three fractions were washed from the column with n-
hexane to give 300 mg of a mixture of 5 and 1,1-diphenylethylene, traces of
10 and yellow microcrystals of [Rh(�-C5H5)(�-C2H4)(�2 ± 1,1-diphenyl-
ethylene)] (9 b) (90 mg, 7% after recrystallization from n-pentane). A blue
fraction was obtained with n-hexane/toluene (10:1, v:v). Removal of
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solvent under vacuum and double recrystallization of the residue from n-
pentane gave black microcrystals of [{Rh(�-C5H5)}2{�-�,�,1,2-� :3,4,5,6-�-
(�-phenylstyrene)}] (11, 60 mg, 9.5% yield).


Complex 9b : EI-MS (%): m/z : 348 (15) [M��C2H4], 180 (60)
[diphenylethylene�], 168 (100) [C5H5Rh�]; elemental analysis calcd (%)
for C21H21Rh (376.30): C 67.02, H 5.62; found: C 66.92, H 5.65.


Complex 11: 1H NMR (C6D6): �� 0.34 (m, 1H; H�endo), 2.53 (brm, 2H;
�4 :�4-phenyl-H/H�exo), 3.85 (™t∫, 1H; �4:�4-phenyl-H3), 3.92 (™d∫, 1H;
�4 :�4-phenyl-H6), 4.86 (d, J(Rh,H)� 0.9 Hz, 5H; C5H5), 5.04 (d, J(Rh,H)�
0.9 Hz, 5H; C5H5), 5.58 (m, 1H; �4:�4-phenyl-H4/H5), 6.04 (m, 1H; �4:�4-
phenyl-H4/H5), 7.14 (m, 3H; phenyl-H), 7.71 (d, 1H; phenyl-H), 7.73 (™t∫,
1H; phenyl-H); 13C{1H} NMR (C6D6): �� 32.3 (d, J(Rh,H)� 18.4 Hz,
CH2), 51.4 (d, J(Rh,C)� 16.2 Hz, �4 :�4-phenyl-C3/C6), 60.6 (d, J(Rh,C)�
13.0 Hz, �4:�4-phenyl-C2), 62.3 (d, J(Rh,C)� 16.2 Hz, �4:�4-phenyl-C3/C6),
76.5 (d, J(Rh,C)� 6.5 Hz, �4 :�4-phenyl-C4/C5), 80.1 (d, J(Rh,C)� 6.5 Hz,
�4 :�4-phenyl-C4/C5), 82.7 (d, J(Rh,C)� 5.4 Hz, C5H5), 84.8 (d, J(Rh,C)�
4.3 Hz, C5H5), 92.9 (d, J(Rh,C)� 9.5 Hz, �4:�4-phenyl-Cipso/C�), 101.5 (d,
J(Rh,C)� 6.4 Hz, �4 :�4-phenyl-Cipso/C�), 127.1 (s, phenyl-CH), 127.7 (s,
phenyl-CH), 132.1 (s, phenyl-CH), 140.5 (s, phenyl-C); EI-MS (%): m/z :
516 (37) [M�], 514 (72) [M�� 2H], 349 (12) [(C5H5RhL)��H], 348 (72)
[C5H5RhL�], 233 (95) [(C5H5)2Rh�], 181 (13) [L��H], 180 (95) [L�], 179
(50) [L��H], 178 (42) [L�� 2H], 168 (100) [C5H5Rh�], 165 (82), 103 (17)
[Rh�]; L� diphenylethylene); elemental analysis calcd (%) for C24H22Rh2


(516.25): C 55.83, H 4.29; found: C 56.31, H 4.09.


Reaction of [Rh(�-C5H5){�,�,1,2-�4-(�-phenylstyrene)}] (10) with 5 : A
mixture of 10 (55 mg, 0.16 mmol) and 5 (40 mg, 0.18 mmol) in diethyl ether
(50 mL) was irradiated with a 150 W mercury lamp at �20 �C for 6 h. The
products were worked up by column chromatography (Al2O3, 5% H2O,
2� 16 cm). n-Hexane was used to wash unreacted 5 (�10 mg) and 10
(�10 mg) from the column. The main product, [{Rh(�-C5H5)}2{�-�,�,1,2-
� :3,4,5,6-�-(�-phenylstyrene)}] (11), was eluted with n-hexane/toluene
(10:1, v:v). Recrystallization from n-pentane gave a 19 mg yield of dark
crystalline 11 (46% yield based on converted 10).


Reaction of 5 with �-methylstyrene : A solution of �-methylstyrene
(680 mg, 5.7 mmol) in diethyl ether (100 mL) was added to a solution of
5 (940 mg, 4.2 mmol) in n-hexane
(300 mL). The mixture was irradiated
with a 150 W mercury lamp at 0 �C for
40 h. The resulting red solution was
filtered, the solvent was removed un-
der reduced pressure, and the oily
residue was dried under vacuum
(room temperature, 10 h). Chromato-
graphic separation of the products was
carried out on alumina at �20 �C (5%
H2O, 3.5� 24 cm). n-Hexane, was used
to wash 5 (500 mg) from the column as
a yellow band. A second orange frac-
tion gave 190 mg (14% yield) of 9 c as
a yellow solid after removal of solvent
under vacuum and recrystallization
from n-pentane. A red-brown fraction
was obtained on further elution with
n-hexane/diethyl ether (10:1, v:v). Re-
moval of solvent under vacuum gave
40 mg (4%) of 12b as a brown solid.


Complex 9c : EI-MS (%): m/z : 314
(1.5) [M�], 287 (17) [(C5H5RhL)��H],
286 (88) [C5H5RhL�], 169 (13)
[(C5H5Rh)��H], 168 (100)
[C5H5Rh�], 103 (14) [Rh�]; L��-
methylstyrene.


Complex 12b : EI-MS (%): m/z : 453
(8) [M��H], 452 (47) [M�], 233 (44)
[C5H5Rh�].


Reaction of 5 with 1,3,5-triisopropen-
ylbenzene : A solution of 5 (970 mg,
4.3 mmol) and 1,3,5-triisopropenyl-
benzene (990 mg, 5.0 mmol) in n-pen-
tane (400 mL) was irradiated with a


180 W mercury lamp at �5 �C for 36 h. The solvent was removed
under vacuum and the residue was purified by chromatography at
�20 �C (Al2O3, 2.5� 22 cm, n-hexane). Six yellow bands and one orange
band were eluted from the column. The first yellow fraction contained
unreacted 5 (�40%) and 1,3,5-triisopropenylbenzene. After removal of
solvent, the other yellow fractions gave only minute amounts of material,
which were not examined further. Evaporation of the solvent under
vacuum from the orange band left an orange solid that was repeatedly
recrystallized from n-hexane/toluene (10:1, v:v) to give orange [{Rh(�-
C5H5)}2(�-�,�,1,2-� :��,��,4,3-�-1,3,5-triisopropenylbenzene)] (13, 70 mg,
14% yield based on converted 5).


Complex 13 : 1H NMR (C6D6): �� 0.56 (m, 1H; H�endo), 0.74 (™t∫, 1H;
H�endo), 2.00 (d, J(Rh,H)� 2.0 Hz, 1H; arene-H2/H4), 2.08 (d, 3H; CH3),
2.24 (s, 3H; CH3), 2.33 (s, 3H; CH3), 2.58 (m, 1H; H�exo), 2.64 (m, 1H;
H�exo), 2.82 (d, J(Rh,H)� 2.0 Hz, 1H; arene-H2/H4), 4.87 (d, J(Rh,H)�
1.0 Hz, 5H; C5H5), 4.88 (d, J(Rh,H)� 1.0 Hz, 5H; C5H5), 5.16 (m, 1H;
alkene-H), 5.97 (m, 1H; alkene-H), 7.10 (s, 1H; arene-H); 13C{1H} NMR
(C6D6): �� 20.2 (s, CH3), 21.0 (s, 2CH3), 35.3 (d, J(Rh,C)� 17.5 Hz, alkene-
CH2), 36.2 (d, J(Rh,C)� 17.5 Hz, alkene-CH2), 48.0 (d, J(Rh,C)� 14.0 Hz,
arene-CH), 50.5 (d, J(Rh,C)� 14.0 Hz, arene-CH), 84.0 (d, J(Rh,C)�
5.4 Hz, C5H5), 84.1 (d, J(Rh,C)� 5.4 Hz, C5H5), 86.1 (d, J(Rh,C)� 8.5 Hz,
arene-C1/C3/C�), 88.1 (d, J(Rh,C)� 7.5 Hz, arene-C1/C3/C�), 89.8 (d,
J(Rh,C)� 7.5 Hz, arene-C1/C3/C�), 113.7 (s, free alkene-CH2), 116.2 (s,
arene-C6), 142.7 (s, alkene-C�), 147.4 (s, arene-C5); EI-MS (%): m/z : 534
(37) [M�], 533 (6) [M��H], 532 (38) [M�� 2H], 366 (7) [C5H5RhL�], 233
(50) [(C5H5)2Rh�], 168 (37) [C5H5Rh�]; L� 1,3,5-triisopropenylbenzene.


Crystal structure determinations. Single crystals of the complexes 9 a, 9b,
10, 11, 12 a, and 12b were obtained from solutions in n-pentane. Crystal
data are compiled in Tables 7 and 8. Intensity data were collected at low
temperature on a Siemens-StoeAED2 four-circle diffractometer and on a
BrukerAXS SMART CCD diffractometer. A semiempirical absorption
correction was applied. The structures were solved by direct methods, and
refined by full-matrix least-squares based on F 2 and by using all measured
unique reflections. All non-hydrogen atoms were given anisotropic
displacement parameters. Some of the hydrogen atoms were localized in


Table 7. Details of the crystal structure determinations of the complexes 9 a, 9 b, and 10.


9a 9 b 10


formula C21H21Rh C21H21Rh C19H17Rh
crystal system monoclinic monoclinic orthorhombic
space group P21/n P21/n Fdd2
a [ä] 12.773(6) 8.5219(5) 14.9005(7)
b [ä] 7.263(4) 8.1632(5) 53.065(3)
c [ä] 17.711(9) 23.7016(15) 7.0950(3)
� [�] 90 90 90
� [�] 92.86(3) 94.980(1) 90
� [�] 90 90 90
V [ä3] 1641.0(15) 1642.6(2) 5609.9(4)
Z 4 4 16
Mr 376.30 376.30 348.25
�calcd [Mgm�3] 1.523 1.522 1.649
F000 768 768 2816
�(MoK�) [mm�1] 1.035 1.034 1.203
	 [ä] MoK� , graphite monochromated, 0.71073
T [K] 203 173 173
2
 range [�] 3 ± 60 3 ± 56.6 3 ± 56
hkl range � 17/17, 0/10, 0/24 � 11/11, 0/10, 0/31 0/19, 0/70, �9/8
measured reflections 4782 11255 19155
unique reflections (Rint) 4782 4005 (0.035) 3181 (0.027)
observed reflections [I� 2�(I)] 3971 3648 3075
parameters refined 284 225 192
R [I� 2�(I)] 0.028 0.034 0.033
wR2 (all data) 0.069 0.090 0.083
A, B[a] 0.0323, 0.48 0.0362, 3.45 0.0595, 0.67
P[a] max(F 2


o, 0) � 2F 2
c 	/3)


GoF 1.03 1.173 1.115
largest difference peak and hole [eä�3] 0.43/� 0.58 1.25/� 0.80 3.95/� 0.39


[a] w� 1/[�2(F) � (A ¥P)2 � (B ¥P)].
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difference Fourier syntheses and refined isotropically. The remaining
hydrogen atoms were placed in calculated positions.[33] The calculations
were performed with the programs SHELXS-86 and SHELXL-97.[34]


Graphical representations were drawn with PLATON.[35] Anisotropic
displacement ellipsoids are scaled to 40% probability.
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Abstract: Two different axial and equa-
torial hydrogen-bonded conformers of
the complex formed by pentamethylene
sulfide and hydrogen fluoride have been
generated in a pulsed supersonic expan-
sion and characterised by means of
Fourier transform microwave spectro-
scopy. The ground-state rotational spec-
tra of six isotopomers (C5H10S ¥¥¥HF,
C5H10S ¥¥¥DF, C5H10


34S ¥¥¥HF, 13C�C4H10-
S ¥¥ ¥ HF, 13C�C4H10S ¥¥ ¥HF and
13C�C4H10S ¥¥ ¥ HF) have been analysed
for both conformers in the frequency
range 5.5 ± 18.5 GHz. The rotational pa-
rameters were used to derive Cs struc-


tures for the conformers, with hydrogen
fluoride pointing to the domain of the
nonbonding electron pairs at either the
axial or equatorial position of the sulfur
atom. The axial form was found to be
the more stable, in contrast with the
observation for the pentamethylene sul-
fide ¥¥ ¥HCl complex. No equatorial-to-
axial relaxation was observed when He
or Ar were used as the carrier gas. The


conformational behaviour is compared
with that of related six-membered rings
and discussed in terms of the existence
of secondary hydrogen bonding between
the halogen atom and the nearest H
atoms of the methylene groups of the
ring. No significant structural distortion
of pentamethylene sulfide upon com-
plexation was detected from a compar-
ison with the structure of the isolated
monomer. Finally, an ab initio study was
carried out to complement the experi-
mental results.


Keywords: conformation analysis ¥
hydrogen bonds ¥ rotational
spectroscopy ¥ supersonic jet


Axial and Equatorial Hydrogen Bonds: Jet-Cooled Rotational Spectrum of
the Pentamethylene Sulfide ¥¥ ¥ Hydrogen Fluoride Complex


Susana Blanco, Alberto Lesarri, Juan C. Lo¬pez, and Jose¬ L. Alonso*[a]


Introduction


Molecular conformation plays a crucial role in chemistry and
biochemistry. Hydrogen-bond interactions, both intra- and
intermolecular, are ubiquitous and critical in determining the
conformation of molecular complexes. Hydrogen-bonded
complexes in the gas phase are usually produced in pulsed
supersonic beams where the intrinsic properties of complexes
are obtained in the collisionless expansion. Contemporary
research into hydrogen bonding aims to obtain accurate
structural parameters through a combination of spectroscopic
techniques and supersonic beams.[1] A very powerful techni-
que to determine the conformation and structure of small
clusters is molecular beam Fourier transform microwave
spectroscopy (MB-FTMW).[2] It allows the characterisation of
specific molecular complexes even if they consist of mixtures
of different conformers, since their individual rotational
spectra can be characterised in the collisionless region of the
jet. Furthermore, in all cases the structural parameters


characterising the hydrogen bond can be determined very
precisely from the experimental spectroscopic constants.


In spite of the large number of hydrogen-bonded molecular
complexes studied up to the present, the first observation of
different hydrogen-bonded axial and equatorial conformers
has only recently been reported by us; they occur in the
tetrahydropyran (THP) and pentamethylene sulfide (PMS)
complexes with HCl and HF.[3±5] Both six-membered rings can
be considered as prototype systems since they present two
nonbonding electron pairs at the O or S atoms that turn out to
be nonequivalent due to the chair conformation of the rings.
The hydrogen atom in HX (where X�F, Cl) is electrophilic
and seeks the most nucleophilic site of O or S, which will be
along the direction of the nonbonding electron pairs. Con-
sequently, the formation of hydrogen bonds gives rise to two dif-
ferent axial and equatorial conformers, as depicted in Figure 1.


In the cases of THP ¥¥¥HCl[3] and THP ¥¥¥HF,[5] the axial
form was found to be the most stable. In contrast, a preference
for the equatorial form was observed in PMS ¥¥¥HCl.[4] It has
been shown that this axial/equatorial conformational prefer-
ence may be controlled by secondary interactions between the
halogen Cl/F atom and the nearest H atoms of the methylene
groups of the ring. Noticeable nonlinearity of the hydrogen
bond in some cases provides evidence for this interaction. In
the case of the bicyclic ether 6-oxabicyclo[3.1.0]hexane ¥¥ ¥ HCl
complex,[6] the very short distance from the Cl atom to the
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Figure 1. Axial and equatorial hydrogen-bond conformers PMS ¥¥¥HX and
THP ¥¥¥HX.


closest H atoms in the ring makes the axial form unstable, and
only the equatorial conformer was observed. Thus, a priori
predictions of the most stable conformer seem to be difficult.
A relaxation from the equatorial (high-energy) conformer to
the axial (more stable) conformer observed in the THP
complexes[3, 5] can be attributed to a low barrier to the
interconversion between them. However, a high barrier
inhibits the conformational relaxation in the PMS ¥¥¥HCl
complex.[4] In the study of THP ¥¥¥HF,[5] the structure of the
THP monomer in the complex was determined, and it was
possible for the first time to check the usual assumption of
unchanged geometry of the monomers upon complexation.


Very recently, we have also reported axial and equatorial
hydrogen-bond complexes for trimethylene sulfide (TMS) ¥¥¥
HCl.[7] The four-membered ring of TMS (thietane) executes a
ring-puckering large-amplitude motion, by which the two Cs


puckered equilibrium conformations interconvert via tunnel-
ling, making the nonbonding electron pairs at the sulfur atom
equivalent. This equivalence is broken by the effect of
complexation with HCl, giving rise to axial and equatorial
conformers. In the complexes formed by the related oxetane
(trimethylene oxide) with HCl[8] and HF,[9] only one con-
former has been observed, since the planar configuration of
the ring remains after complexation. In the case of hydrogen-
bonded complexes of five-membered rings of tetrahydrofuran
and tetrahydrothiophene with HCl[10, 11] and HF,[12, 13] two
equivalent equilibrium conformations with pyramidal config-
urations at O or S have been found.


In the present work we report a detailed analysis of the
hydrogen bond in the pentamethylene sulfide (PMS) ¥¥ ¥HF
complex. As illustrated in Figure 1, two main binding sites can
be anticipated, namely, at the axial and equatorial positions.
The two conformers can be formed in a supersonic expansion
and their geometries can be obtained. Possible changes in the
axial/equatorial intensity ratio in spectra recorded with
different carrier gases can be used to detect the existence of
conformational relaxation between the conformers. The
research on the PMS ¥¥¥HF complex was also directed at
ascertaining the influence that secondary interactions have on
the axial/equatorial conformational preference. The high
sensitivity of our MB-FTMW spectrometer[14] makes it
possible to analyse the spectra of 34S and 13C isotopic species
in their natural abundance, thus allowing the determination of
the structure of the PMS monomer in the complex. By
comparison of this structure with that of the isolated mono-
mer, any noticeable structural distortion of PMS can be
detected. The results of the present study are finally discussed
in the context of those of related six-membered rings of THP
and PMS complexes.


Results


Rotational spectra :


PMS monomer : The rotational spectrum of PMS has been
previously studied,[15, 16] but no structural data had been
reported. In order to obtain a precise structure of the isolated
monomer, we first undertook a rotational study of several
isotopic species in their natural abundances. Owing to its Cs


symmetry, PMS presents two sets of equivalent carbon atoms
(� and � positions) and three different 13C spectra with natural
abundances of about 2% for 13C� and 13C� species and 1% for
13C� species (Figure 2). On the basis of the assignment of the
parent species, R-branch transitions for all 13C isotopic species
were found near the predictions. In addition, the rotational
spectrum of the 34S isotopic species (natural abundance of
about 4%) was also observed. The measured transitions for
all isotopomers are collected in Table 1. The spectroscopic
constants shown in Table 2 were derived by fitting the
observed transitions for each isotopomer to Watson×s asym-
metric reduced Hamiltonian in the IIIl representation.[17]


Abstract in Spanish: Los confo¬rmeros axial y ecuatorial del
complejo formado por enlace de hidro¬geno entre lea mole¬culas
de sulfuro de pentametileno y fluoruro de hidro¬geno se han
observado en la expansio¬n superso¬nica de mezclas gaseosas de
estos componentes diluidos en un gas inerte (Hwe o Ar). La
caracterizacio¬n de los dos confo¬rmeros se ha llevado a cabo
empleando la te¬cnica de espectroscopÌa de microondas con
transformacio¬n de Fourier, que ha permitido observar su
espectro de rotacio¬n en el intervalo de frequencias 5, 5 ±
18,5 GHz. Se presentan los resultados del ana¬lisis del espectro
de rotacio¬n de seis isotopo¬meros (5H10S ¥¥¥ HF, C5H10S ¥¥¥ DF,
C5H10


34S ¥ ¥ ¥HF, 13C�C4H10S ¥¥¥ HF, 13C�C4H10S ¥¥¥ HF and
13C�C4H10S ¥¥ ¥ HF), observados en abundancia natural, en el
estado fundamental de vibracio¬n. Los para¬metros de rotacio¬n
son consistentes con estructuras de equilibrio Cs para ambos
confo¬rmeros. Las estructuras calculadas indican que el HF
forma enlaces de hidro¬geno con el a¬tomo de azufre en las
regiones de los pares electro¬nicos no enlazantes del mismo, en
posicio¬n acial o ecuatorial. Se ha encontrado que la especie
axial es la mas estable, en contraste con lo observado en el
complejo sulfuro de pentametileno ¥¥¥ HCl. Por otra parte, no se
ha observado relajacio¬n de la forma ecuatorial a la axial
independientemente del empleo de He o Ar como gas portator.
La estabilidad relativa de los confo¬rmeros axial y ecuatorial se
compara conla de otros complejos similares de HF o HCL con
anillos de seis miembros, poniendo de manifiesto la relevancia
de la existencia de enlaces de hidro¬geno secundarios entre el
halo¬geno y los a¬tomos de hidro¬geno mas pro¬ximos de los
grupos metileno del anillo. La comparacio¬n de las estructuras
del sulfuro de pentametileno en el complejo y aislado ha
permitido concluir que no existen distorsiones significativas de
la estructura del mono¬mero en la complejacio¬n. Por u¬ltimo, los
resultados experimentales se han complementado con un
estudio ab initio del complejo.
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Figure 2. Structure of pentamethylene sulfide.


The fifteen rotational constants of Table 2 were used to
determine the PMS structure. The substitution structure rs of
Column 1 in Table 3 was calculated by means of Kraitchman×s
equations,[18] and the effective structure ro of Column 2 was
determined by a least-squares fitting procedure.[19]


Axial PMS ¥¥¥HF : Guided by structural predictions made
using the PMS structure of Table 3 and the reported structure
of HF,[20] we estimated trial rotational constants for the axial
conformer. The geometrical parameters of the hydrogen bond
were taken from the tetrahydrothiophene ¥¥¥ HF complex.[13]


A near-prolate asymmetric rotor was predicted with dominant
a-type R-branch transitions, along with a much less intense b-
type spectrum. The region 11.9 ± 12.3 GHz was initially


Table 1. Rotational transitions [MHz] for pentamethylene sulfide.


C5H10S C5H10
34S 13C�C4H10S


J� K�1� K�1� J�� K�1�� K�1�� obs obs� calcd[a] obs obs� calcd obs obs� calcd


1 1 0 0 0 0 6998.579 � 0.001 6933.263 0.001
2 0 2 1 0 1 9305.252 0.001 9158.385 � 0.001 9243.262 0.000
2 1 2 1 1 1 8749.957 � 0.000 8594.438 � 0.001 8703.148 � 0.001
2 1 1 1 1 0 10932.227 � 0.000 10692.794 0.002 10905.092 � 0.001
2 2 0 1 1 0 14428.737 � 0.000 14344.606 � 0.001 14256.613 0.000
2 2 1 1 1 1 14984.035 � 0.001
2 1 1 1 0 1 13010.256 � 0.000
3 0 3 2 0 2 13142.005 � 0.001 12963.185 � 0.003 13036.903 0.001
3 1 3 2 1 2 12842.626 0.003 12634.387 0.000 12760.368 0.002
3 1 2 2 1 1 15926.280 � 0.001 15622.626 0.003 15855.083 � 0.003
3 2 2 2 2 1 14761.628 � 0.001 14465.414 0.004 14706.169 0.000
3 2 1 2 2 0 16381.233 0.000 15967.615 � 0.004 16375.424 0.001
4 0 4 3 0 3 16879.350 0.000 16642.905 � 0.001 16662.409 0.001
4 1 4 3 1 3 16780.344 � 0.001 16524.334 0.001 16748.866 � 0.001


13C�C4H10S 13C�C4H10S


J� K�1� K�1� J�� K�1�� K�1�� obs obs� calcd obs obs� calcd


1 1 0 0 0 0 6942.285 � 0.001
2 0 2 1 0 1 9216.535 � 0.000 9189.224 0.000
2 1 2 1 1 1 8670.706 � 0.001 8626.565 0.000
2 1 1 1 1 0 10849.611 0.000 10742.501 0.001
2 2 0 1 1 0 14263.827 0.000 14363.937 0.000
3 0 3 2 0 2 13007.966 � 0.002 13000.627 0.002
3 1 3 2 1 2 12720.129 0.003 12677.570 0.000
3 1 2 2 1 1 15792.007 0.002 15686.370 0.001
3 2 2 2 2 1 14640.229 0.000 14526.779 0.002
3 2 1 2 2 0 16272.472 � 0.001 16052.935 � 0.005
4 0 4 3 0 3 16708.216 � 0.001 16691.969 0.000
4 1 4 3 1 3 16615.294 0.000 16577.447 0.000


[a] Obs� calcd: Observed� calculated values from the rotational parameters in Table 2.


Table 2. Rotational parameters for pentamethylene sulfide.


C5H10S C5H10
34S 13C�C4H10S 13C�C4H10S 13C�C4H10S


A[a] [MHz] 3992.7361(12)[b] 3991.0264(18) 3931.7428(17) 3941.6360(18) 3992.1659(17)
B [MHz] 3005.84661(74) 2935.49841(78) 3001.52248(78) 2984.77231(79) 2950.12339(78)
C [MHz] 1914.7053(11) 1886.3147(11) 1900.5433(11) 1895.3125(12) 1892.1484(12)
�J [kHz] 0.831(38) 0.823(38) 0.817(38) 0.805(38) 0.829(38)
�JK [kHz] [�1.8][c] [�1.8] [�1.8] [�1.8] [�1.8]
�K [kHz] [1.1] [1.1] [1.1] [1.1] [1.1]
�J [kHz] [�0.11] [�0.11] [�0.11] [�0.11] [�0.11]
�K [kHz] [0.8] [0.8] [0.8] [0.8] [0.8]
Pb


[d] [uä2] 111.19420(35) 111.19299(36) 113.03825(36) 112.77142(36) 111.18865(36)
�[e] [MHz] 0.001 0.002 0.001 0.001 0.002


[a] The coefficients A, B and C are the rotational constants; �J, �JK, �K, �J and �K are the quartic centrifugal distortion constants. [b] Standard errors in
parentheses in units of the last digit. [c] The centrifugal distortion constants �JK,�K, �J and �K were kept fixed to the values reported in ref. [16]. [d] Pb� (Ia�
Ib�Ic)/2��mib2


i . Conversion factor: Ib�B� 505379.1 MHzuä2. [e] Root mean square (rms) deviation of the fit.
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scanned using He as the carrier gas. This region was expected
to contain the a-type R-branch J� 4� 3 transitions of the
axial conformer with K�1� 0, 1, 2 and 3. These were the first
lines assigned. Subsequent scanning in the spectral region
accessible with the spectrometer allowed the observation
of the remainder a-type R-branch transitions. The spectra
of the C5H10S ¥ ¥ ¥DF, C5H10


34S ¥ ¥ ¥HF, 13C�C4H10S ¥ ¥ ¥HF,
13C�C4H10S ¥ ¥ ¥HF and 13C�C4H10S ¥ ¥ ¥HF isotopomers were
predicted from an assumed structure that reproduced the
rotational constants of the parent species, and were analysed
with the same procedure applied to the parent species.


Some of the observed transitions in the parent and isotopic
species exhibited a hyperfine structure attributed to the
interaction between the H and F nuclear spins within the HF
subunit, with unresolved splittings less than 10 kHz apart. In
addition, the isotopomer PMS ¥¥¥DF presents a complicated
hyperfine structure originating in the contribution of the D±F
nuclear spin interaction within the DF subunit and the nuclear
quadrupole coupling associated with a deuterium nucleus of
spin I� 1. The splittings were not well resolved and central
frequencies were considered in the fittings. Thus, the spectro-
scopic constants given in Table 4 were derived by fitting the
observed transitions listed in Table 5 to Watson×s asymmetric
reduced Hamiltonian in the Ir representation [Eq. (1)],[17]


where the coefficients A, B, C are the rotational constants


HR
(A)�AP2


a�BP2
b�CP2


c��JP4��JKP2P2
a


��KP4
a�2�JP2(P2


b�P2
c���K [P2


a(P2
b�P2


c�� (P2
b�P2


c�P2
a]


(1)


and �J, �JK, �K, �J, and �K are the quartic centrifugal
distortion constants. The rms deviation in the fits is below the
estimated accuracy of the frequency measurements.


Equatorial PMS ¥¥¥HF : It was clear from the early scans that
the spectrum was denser than expected for a single conformer.
Once all the transitions assigned to the axial conformer were
discarded, the remaining transitions were assigned to the
equatorial conformer. The J� 5� 4 set of transitions with the
characteristic patterns arising from the K�1 substructure of a
nearly prolate top was first identified in the frequency range
11.2 ± 12.0 GHz. An initial fit of these transitions allowed the
measurement of the remaining a-type R-branch lines of the
parent species. No c-type transitions were observed, even
though they were predicted. The spectrum of the equatorial
conformer was found to be less intense than that of the axial
form (eq:ax� 1:3). It should be noted that the intensity ratio
remained unaltered when the carrier gas was changed from
He to a heavier inert gas like Ar.


Hyperfine splittings generated by nuclear spin ± nuclear
spin interaction of the proton and fluorine nuclei within HF
subunit could be resolved for some of the rotational tran-
sitions. The determination of the spectroscopic constants was
then performed with a Hamiltonian of the form of Equa-
tion (2), where HR


(A) is defined in Equation (1) and HSS�
IHDIF is the Hamiltonian for the nuclear spin ± nuclear spin
interaction,[21] where D is the spin ± spin coupling tensor. The
Hamiltonian was evaluated in the coupled basis IF � IH� I, I
� J�F. A direct diagonalisation procedure[22] was used for


H�HR
(A) � HSS (2)


the fitting of the measured transitions. The derived spectro-
scopic constants for the equatorial conformer are given in
Table 6. Only the Daa component of D could be determined
for the parent species. In all cases, the rms deviation of the fits
lies in the range of the estimated accuracy of the frequency
measurements. The measured transitions for the parent
species are collected in Table 7. When hyperfine components
were unresolved, the observed frequencies were assigned the
quantum labels of the strongest predicted components.


Despite the weaker intensity of the spectra for the
equatorial conformer, the high sensitivity of our spectrometer
permitted the analysis of the 34S and the three 13C species in their
natural abundance. The very low intensity spectra turn out to


Table 3. Structural parameters of pentamethylene sulfide.


Parameters[a,b] rs[c] r0


r(S�C�) [ä] 1.8164(1)[d] 1.812(6)
r(C��C�) [ä] 1.5156(1) 1.533(8)
r(C�
�C�) [ä] 1.5311(1) 1.534(6)


�C�SC�� [�] 97.299(8) 97.8(4)
�SC�C� [�] 112.733(9) 112.5(5)
�C�C�C� [�] 112.407(9) 112.2(6)
�C�C�C�� [�] 112.956(9) 113.(6)
� [�] 130.64(2) 130.4(6)
� [�] 127.19(2) 127.(1)


[a] See Figure 2 for notation. [b] The remaining parameters were kept fixed
at standard values of r(C�H)� 1.095 ä and �HCH� 108.5� (with a C2v


local symmetry around the C atoms). [c] The rs coordinates for the S atom
are a� 1.42450(1) ä, b� 0.0 ä, c��0.17071(9) ä; for the C� are a�
0.34338(8) ä, b�� 1.36349(2) ä, c� 0.35030(9) ä; for the C� are a�
�1.04269(3) ä, b�� 1.27641(2) ä, c� 0.2564(1) ä; for the C� are a�
�1.78099(2) ä, b� 0.0 ä, c� 0.1560(2) ä. [d] Standard errors in paren-
theses in units of the last digit.


Table 4. Rotational parameters for the axial conformer of the pentamethylene sulfide ¥¥ ¥ HF complex.


C5H10S ¥¥ ¥ HF C5H10
34S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF C5H10S ¥¥ ¥ DF


A [MHz] 2078.08994(96)[a] 2052.739(15) 2058.102(16) 2059.618(16) 2068.823(15) 2076.199(14)
B [MHz] 1562.52189(70) 1559.7916(10) 1552.4213(10) 1550.97406(99) 1548.3744(12) 1544.59153(89)
C [MHz] 1471.28940(62) 1456.09099(89) 1467.76978(94) 1465.00301(88) 1454.07853(92) 1454.46690(87)
�J [kHz] 1.6728(81) 1.6489(98) 1.6490(6) 1.6591(69) 1.6449(78) 1.6378(53)
�JK [kHz] � 1.302(43) � 1.475(54) � 1.28(12) � 1.29(12) � 1.51(13) � 1.268(21)
�K [kHz] 0.941(59) [0.941][b] [0.941] [0.941] [0.941] [0.941]
�J [kHz] 0.3572(47) 0.3686(72) 0.3452(75) � 0.3450(73) � 0.3486(78) 0.3461(71)
�K [kHz] � 5.15(16) � 4.52(19) [�5.15] [�5.15] [�5.15] [�5.15]
Pc


[c] [uä2] 111.56895(61) 111.5612(16) 113.3905(16) 113.1267(16) 111.5585(16) 111.5707(15)
�[d] [kHz] 3.1 2.2 1.7 2.1 1.1 1.8


[a] Standard error in parentheses in units of the last digit. [b] Parameters in square brackets were kept fixed in the fit. [c] Pc� (Ia�Ib� Ic)/2��mic2i .
Conversion factor: Ic�C� 505379.1 MHzuä2. [d] Root mean square (rms) deviation of the fit.







A
xialand


E
quatorialH


ydrogen
B
onds


1603
±
1613


C
hem


.E
ur.J.2002,8,N


o.7
¹


W
IL


E
Y
-V


C
H


V
erlag


G
m
bH


,69451
W
einheim


,G
erm


any,2002
0947-6539/02/0807-1607


$
20.00+


.50/0
1607


Table 5. Rotational transitions [MHz] for the axial conformer of the pentamethylene sulfide ¥¥ ¥ HF complex.


C5H10S ¥¥ ¥ HF C5H10
34S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C��4H10S ¥¥ ¥ HF C5H10S ¥¥ ¥ DF


J� K�1� K�1� J�� K�1�� K�1�� obs obs� calcd[a] obs obs� calcd obs obs� calcd obs obs� calcd obs obs� calcd obs obs� calcd


2 0 2 1 0 1 6056.493 0.001 6017.002 0.002 5987.541 � 0.000
2 1 2 1 1 1 5976.333 � 0.000 5928.012 0.000 5945.925 � 0.000 5910.553 � 0.001 5907.936 0.000
2 1 1 1 1 0 6158.817 0.001 6135.427 0.002 6124.998 0.003 6117.888 0.001 6088.203 � 0.000
2 1 2 1 0 1 6491.894 0.001
2 0 2 1 1 1 5540.932 0.001
2 2 0 1 1 1 7807.836 � 0.002
2 2 1 1 1 0 7705.510 � 0.001
3 0 3 2 0 2 9057.999 0.001 8990.500 0.005 9022.156 0.001 9008.588 0.001 8955.835 0.001
3 1 3 2 1 2 8957.864 � 0.000 8883.309 0.001 8927.636 0.002 8912.872 0.000 8858.838 � 0.001 8855.583 � 0.002
3 1 2 2 1 1 9230.697 � 0.001 9193.063 � 0.001 9180.864 � 0.001 9170.036 � 0.001 9140.796 � 0.000 9125.172 0.001
3 2 2 2 2 1 9101.286 0.001 9047.507 0.002 9060.427 0.001 8997.032 0.003
3 2 1 2 2 0 9144.545 0.005 9104.477 � 0.003 9098.666 � 0.000 9086.954 0.006 9038.194 0.000
3 1 3 2 0 2 9393.268 0.002
3 0 3 2 1 2 8622.597 0.001
3 2 1 2 1 2 10976.048 0.003
3 2 2 2 1 1 10647.980 � 0.001
4 0 4 3 0 3 12032.701 � 0.007 11930.980 � 0.004 11989.624 � 0.004 11970.655 0.003 11901.914 0.002 11898.267 0.001
4 1 4 3 1 3 11932.559 � 0.002 11829.884 � 0.001 11893.494 0.002 11873.577 � 0.001 11799.945 � 0.001 11796.683 � 0.001
4 1 3 3 1 2 12292.351 � 0.000 12236.756 0.001 12227.776 � 0.000 12212.998 � 0.001 12171.598 0.001 12152.485 � 0.000
4 2 3 3 2 2 12126.185 0.001 12051.629 0.001 12072.732 � 0.000 12055.688 0.001 12000.281 0.001 11987.620 0.004
4 2 2 3 2 1 12228.233 � 0.006 12163.402 � 0.002 12148.469 � 0.004 12107.699 0.001 12085.117 � 0.001
4 3 2 3 3 1 12154.755 � 0.008 12089.108 0.001 12014.840 � 0.003
4 3 1 3 3 0 12159.802 0.001 12096.920 � 0.003 12019.449 0.002
4 1 4 3 0 3 12267.831 0.003
4 0 4 3 1 3 11697.438 � 0.003
4 3 1 3 2 2 14973.144 � 0.001
4 4 0 3 3 1 16065.393 0.003
4 4 1 3 3 0 16064.485 � 0.003
5 0 5 4 0 4 14983.523 � 0.004 14845.558 � 0.002 14934.826 � 0.003 14910.105 � 0.004 14817.666 � 0.001 14817.005 � 0.003
5 1 5 4 1 4 14899.808 � 0.001 14767.319 0.000 14852.624 0.000 14827.421 � 0.000 14733.272 0.001 14730.586 0.001
5 1 4 4 1 3 15338.463 0.003 15258.991 � 0.001 15261.135 0.002 15242.045 � 0.001 15185.902 � 0.002 15165.172 � 0.001
5 2 4 4 2 3 15143.625 0.003 15045.946 � 0.002 15078.431 � 0.000 15056.824 � 0.000 14985.478 0.000 14971.106 0.003
5 2 3 4 2 2 15327.889 0.003 15278.195 � 0.002 15243.391 � 0.001 15225.415 � 0.000 15178.779 � 0.002 15148.188 � 0.004
5 3 3 4 3 2 15198.291 � 0.000 15116.919 0.003 15023.312 0.001
5 3 2 4 3 1 15215.545 � 0.001 15039.104 0.000
5 4 2 4 4 1 15193.078 � 0.001 15018.096 � 0.001
5 4 1 4 4 0 15193.505 � 0.002 15018.472 � 0.001
5 1 5 4 0 4 15134.932 0.003
5 0 5 4 1 4 14748.412 0.004
6 0 6 5 0 5 17920.407 � 0.007 17748.365 0.001 17866.167 0.003 17835.644 0.002 17719.493 � 0.000 17721.214 � 0.000
6 1 6 5 1 5 17859.969 � 0.002 17696.499 0.001 17805.257 � 0.002 17774.650 0.001 17659.242 0.000 17657.556 � 0.001
6 1 5 5 1 4 18362.663 � 0.002 18251.223 � 0.001 18275.387 � 0.001 18251.483 0.001 18176.979 0.000 18157.242 � 0.001
6 2 5 5 2 4 18152.042 � 0.000 18028.559 � 0.002 18076.120 0.001 18049.762 � 0.001 17961.187 � 0.001 17945.988 0.002
6 2 4 5 2 3 18431.145 � 0.002 18370.626 0.004 18328.160 0.001 18306.970 0.002 18252.896 0.002 18216.037 0.001
6 3 4 5 3 3 18241.557 0.001 18143.340 0.003 18031.719 0.002
6 3 3 5 3 2 18285.739 0.004 18210.218 � 0.003 18072.284 0.001
6 4 3 5 4 2 18238.730 � 0.001 18028.428 0.000
6 4 2 5 4 1 18240.634 0.001 18030.099 � 0.001
6 1 6 5 0 5 18011.380 0.006
6 0 6 5 1 5 17769.015 0.002


[a] Obs� calcd: observed� calculated values from the rotational parameters in Table 4.







FULL PAPER J. L. Alonso et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0807-1608 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 71608


be insufficient to resolve the nuclear spin ± nuclear spin
hyperfine structure, so only the central frequencies were
considered in the fit. The rotational and quartic centrifugal
distortion constants were then determined with the Hamil-
tonian of Equation (1) for all isotopic species and are given in
Table 6. A selection of the central frequencies appears in
Table 7.


Symmetry and structure : The symmetry of the axial and
equatorial conformers was first established from simple
considerations based on the values of the planar moments.
The values of the planar moments Pc (axial) and Pb


(equatorial) collected in Table 4 and Table 6, are almost
equal and unchanged by isotopic substitution at 32S(34S),
12C(13C�) and H(D) atoms. Moreover, these values are nearly
equal to Pb of free PMS, given in Table 2, which indicates that
the ab and ac inertial planes of the axial and equatorial
conformers, respectively, coincide with the ac symmetry plane
of PMS. The small differences between the planar moments
may be attributed to changes in zero-point motion on
formation of the complexes. All of the above constitute
conclusive experimental evidence forCs symmetry in the axial
and equatorial conformers.


Once the conformation was established, the ro-like struc-
tures of the conformers were determined from a least-squares
fit[19] of the observed rotational constants. These were found
to have a small dependence on the position of the H atom of
HF. Consequently, a linear S ¥¥ ¥H�F hydrogen bond was first
considered. The eighteen rotational constants from each
conformer (given in Tables 4 and 6) yielded preliminary
values of the structural parameters for both conformers. In the
next step, the orientation of the HF subunit (and thus the
position of the H atom), given by the angle �az between the a
principal inertial axis and the HF (z) bond (Figure 3) was
estimated from the Daa component of the spin ± spin coupling
tensor D. This value is related to the spin ± spin coupling
constant D0��286.75 kHz of free HF[23, 24] through Equa-
tion (3),[25] where � is the oscillation angle of the HF subunit


Da� (1/4)D0	3cos2�� 1
 (3cos2�az� 1) (3)


with respect to its centre of mass. For a wide range of
hydrogen-bond complexes involving HF, this angle has been
found to vary between 15� and 25�.[25, 26] Taking an average


Figure 3. Structure of the equatorial and axial conformers of pentam-
ethylene sulfide ¥¥ ¥ HF, drawn to scale.


value of �� 20(5)�, and considering the quoted error for Daa


(see Table 6), we estimated an �az angle of 26(10)� from
Equation (3) for the equatorial conformer. For the axial
conformer, a value ofDaa��28 kHz has been estimated from
Equation (3) considering the �az� 51� value obtained for the
linear S ¥¥¥ H ±F hydrogen bond. The very small magnitude of
the H±F nuclear spin hyperfine splittings predicted with this
value of Daa is consistent with the observation of nonresolv-
able experimental splittings for the axial conformer. There-
fore, we can consider a nearly linear hydrogen bond config-
uration for this conformer.


Finally, fits were performed constraining the �az angle to the
above values of 26� and 51� for the equatorial and axial forms,
respectively. The derived ro-like structures for the axial and
equatorial hydrogen-bond complexes are shown in Table 8
(see Figure 3 for definitions). The hydrogen-bond structure is
described by the r(S ¥¥¥ H) distance, the angle 	 between the
S ¥¥ ¥ H line and the line bisecting the CSC angle and the angle

 that gives the deviation of the S ¥¥ ¥H ±F system from a
collinear arrangement. The derived value 
� 11(10)� for the


Table 6. Rotational parameters for the equatorial conformer of the pentamethylene sulfide ¥¥ ¥ HF complex.


C5H10S ¥¥ ¥ HF C5H10
34S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF 13C�C4H10S ¥¥ ¥ HF C5H10S ¥¥ ¥ DF


A [MHz] 2979.753(23)[a] 2948.822(29) 2947.335(26) 2951.572(25) 2968.433(27) 2981.005(25)
B [MHz] 1233.71575(71) 1226.40587(90) 1233.74033(85) 1225.59653(80) 1218.58997(81) 1215.18225(75)
C [MHz] 1092.44199(66) 1090.94656(78) 1088.06059(62) 1082.36200(62) 1082.11023(63) 1077.71185(62)
�J [kHz] 1.4981(29) 1.4688(42) 1.4867(38) 1.4656(37) 1.4715(37) 1.4665(33)
�JK [kHz] � 5.283(11) � 5.237(94) � 5.087(11) � 4.908(90) � 5.260(90) � 5.273(32)
�K [kHz] [0.0][b] [0.0] [0.0] [0.0] [0.0] [0.0]
�J [kHz] � 0.0884(36) � 0.0985(51) � 0.0828(38) � 0.0793(37) � 0.0888(37) � 0.0824(36)
�K [kHz] [0.0] [0.0] [0.0] [0.0] [0.0] [0.0]
Daa [kHz] � 169(26) ± ± ± ± ±
Pb


[c] [uä]2 111.2893(14) 111.2751(17) 113.1576(16) 112.8963(15) 111.2789(16) 111.2914(15)
�[d] [kHz] 2.7 2.6 2.1 2.6 3.7 2.9


[a] Standard error in parentheses in units of the last digit. [b] Parameters in the square brackets were kept fixed in the fit. [c] Pb� (Ia� Ib�Ic)/2��mib2
i .


Conversion factor: Ib�B� 505379.1 MHzuä2. [d] Root mean square (rms) deviation of the fit.
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Table 7. Rotational transitions [MHz] of the equatorial conformer of pentamethylene sulfide ¥¥ ¥ HF complex.


C5H10S ¥¥ ¥ HF[a] C5H10
34S ¥¥ ¥ HF[b] 13C�C4H8S ¥¥¥ HF[b] 13C�C4H8S ¥¥¥ HF[b] 13C�C4H8S ¥¥¥ HF[b] C5H8S ¥¥¥ DF[b]


J� K�1� K�1� J�� K�1�� K�1�� I � F � I �� F �� obs obs� calcd[c] obs obs� calcd obs obs� calcd obs obs� calcd obs obs� calcd obs obs� calcd


3 0 3 2 0 2 1 4 1 3 6945.574 � 0.001 6921.342 � 0.001 6929.865 � 0.000 6889.717 � 0.002 6871.396 � 0.003 6847.812 � 0.000
3 1 3 2 1 2 1 4 1 3 6761.422 � 0.002 6744.059 � 0.000 6741.341 � 0.002 6703.694 0.000 6692.571 � 0.004 6667.646 0.001
3 1 2 2 1 1 1 4 1 3 7184.962 � 0.001 7150.186 � 0.001 7178.061 0.002 7133.095 � 0.000 7101.761 � 0.001 7079.801 � 0.003
4 0 4 3 0 3 1 5 1 4 9223.574 0.001 9193.679 � 0.000 9199.767 0.002 9147.735 � 0.001 9127.083 � 0.001 9095.445 0.001
4 1 4 3 1 3 1 5 1 4 9006.123 � 0.001 8983.556 � 0.001 8978.663 0.000 8928.828 0.001 8914.912 0.002 8881.627 � 0.000
4 1 3 3 1 2 1 5 1 4 9569.464 � 0.001 9523.810 � 0.003 9559.385 � 0.001 9499.893 � 0.000 9459.253 � 0.003 9429.924 � 0.002
4 2 3 3 2 2 1 5 1 4 9298.012 0.002 9263.230 0.006 9280.056 � 0.002 9224.959 � 0.001 9196.623 0.005 9165.362 0.000
4 2 2 3 2 1 1 5 1 4 9378.681 0.000 9367.107 0.001 9308.678 0.004 9271.959 0.009 9241.114 0.003
4 3 2 3 3 1 1 5 1 4 9320.235 0.004
4 3 1 3 3 0 1 5 1 4 9322.032 0.003
5 0 5 4 0 4 1 6 1 5 11473.245 0.001 11439.366 0.002 11439.507 0.005 11376.556 0.003 11356.072 0.002 11316.222 0.002
5 1 5 4 1 4 1 6 1 5 11243.869 � 0.001 11216.521 � 0.002 11208.546 � 0.001 11146.780 � 0.002 11130.708 � 0.001 11089.034 � 0.001
5 1 4 4 1 3 1 6 1 5 11944.062 � 0.001 11888.227 � 0.002 11929.930 � 0.001 11856.366 � 0.002 11807.551 � 0.004 11770.805 � 0.002
5 2 4 4 2 3 1 6 1 5 11611.963 � 0.004 11715.778 0.003 11588.692 � 0.003 11520.262 0.001 11485.922 � 0.000 11446.796 � 0.005
5 2 3 4 2 2 1 6 1 5 11768.695 0.002 11569.175 � 0.000 11757.369 0.001 11682.691 0.002 11632.551 � 0.003 11594.258 0.003


1 5 1 4 11768.683 � 0.002
5 3 3 4 3 2 1 6 1 5 11655.790 0.001 11488.006 0.002


1 5 1 4 11655.770 � 0.001
5 3 2 4 3 1 1 6 1 5 11662.052 0.001 11493.668 0.003


1 5 1 4 11662.035 0.000
6 0 6 5 0 5 1 7 1 6 13694.024 0.003 13657.588 0.003 13649.049 � 0.001 13575.868 � 0.003 13557.470 0.003 13509.233 0.006
6 1 6 5 1 5 1 7 1 6 13473.905 0.000 13442.218 � 0.001 13430.241 � 0.001 13356.798 � 0.003 13339.223 � 0.001 13289.117 � 0.002
6 1 5 5 1 4 1 7 1 6 14305.137 � 0.001 14240.098 0.002 14285.711 � 0.002 14198.729 � 0.001 14143.328 � 0.002 14099.102 0.000
6 2 5 5 2 4 1 7 1 6 13918.948 � 0.007 13868.610 � 0.003 13889.824 0.002 13808.340 0.000 13768.709 � 0.005 13721.688 � 0.006
6 2 4 5 2 3 1 7 1 6 14180.263 0.001 14113.586 0.000 14078.597 � 0.001 14013.899 0.006 13968.284 0.003


1 6 1 5 14180.255 � 0.003
6 3 4 5 3 3 1 7 1 6 13993.530 0.001 13791.903 � 0.001
6 3 3 5 3 2 1 7 1 6 14010.093 0.005 13806.887 0.004
6 4 3 5 4 2 1 7 1 6 13984.559 0.002


1 6 1 5 13984.543 0.003
6 4 2 5 4 1 1 7 1 6 13984.882 � 0.001


1 6 1 5 13984.867 0.001
7 0 7 6 0 6 1 8 1 7 15890.301 0.004 15852.128 0.003 15833.783 0.001 15750.570 0.005 15734.965 0.004 15678.153 0.001
7 1 7 6 1 6 1 8 1 7 15695.990 � 0.003 15660.387 � 0.001 15643.569 0.000 15558.684 0.005 15540.185 � 0.003 15481.605 � 0.002
7 1 6 6 1 5 1 8 1 7 16648.408 � 0.001 16575.457 � 0.002 16622.015 � 0.003 16522.487 � 0.000 16462.644 � 0.000 16410.855 � 0.001
7 2 6 6 2 5 1 8 1 7 16217.690 � 0.007 16160.332 � 0.004 16597.577 0.003 16087.872 � 0.004 16043.786 � 0.006 15988.826 � 0.006
7 2 5 6 2 4 1 8 1 7 16607.371 0.004 16526.710 0.003 16489.834 0.003 16410.776 0.003 16357.989 0.003
7 3 5 6 3 4 1 8 1 7 16332.589 � 0.004 16097.162 � 0.003
7 3 4 6 3 3 1 8 1 7 16369.326 0.004 16130.425 0.001
7 4 4 6 4 3 1 8 1 7 16322.803 0.003
7 4 3 6 4 2 1 8 1 7 16323.883 0.002
7 5 3 6 5 2 1 8 1 7 16312.157 � 0.004
7 5 2 6 5 1 1 8 1 7 16312.171 � 0.004
8 0 8 7 0 7 18002.418 0.002 17908.893 0.003 17895.624 0.004 17830.093 0.004
8 1 8 7 1 7 1 9 1 8 17910.377 0.001 17848.866 � 0.003 17752.704 � 0.005 17733.778 � 0.003 17666.677 � 0.002


[a] Unresolved components were assigned the quantum label of the strongest predicted component. [b] Applicable labelling only by J�, K�1� , K�1� , J��, K�1�� and K�1�� quantum numbers. [c] Obs� calcd: Observed�
calculated values from the rotational parameters in Table 6.
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equatorial conformer is also consistent with a linear arrange-
ment for the S ¥¥¥ H ±F system.


With the aim of complementing the experimental data, we
performed ab initio calculations on the two axial and
equatorial conformers. All quantum-mechanical calculations
were made with the Gaussian 98 suite of programs[27] at the
MP2/6-311�G(d,p) level of theory, which has been found to
behave satisfactorily for related complexes.[5, 10, 28, 29] Full
geometry optimisations were executed with Cs symmetry as
the only constraint. The calculated near-equilibrium struc-
tures for both conformers are collected in Table 9. The
theoretical values agree satisfactorily with the experimental


structure. The very small value predicted for the �c dipole
moment component in the equatorial conformer is also
consistent with the fact that no c-type spectrum was observed.
The stabilisation energies and corrected values are also shown
in Table 8. �E corresponds to the uncorrected values for the
stabilisation energies. Possible basis set superposition error
(BSSE)[30] was estimated by the counterpoise (CP) proce-
dure,[31] including fragment relaxation energy terms.[32] The ab
initio energy difference between the two conformers is very
small. The axial form appears to be the most stable, in
agreement with the experimental results.


Discussion


The observation in a supersonic jet of both axial and
equatorial conformers is conclusive experimental evidence
that the two nonbonding electron pairs at the sulfur atom are
nonequivalent as a result of the chair conformation of the
ring. Analysis of the spectroscopic constants from all observed
isotopic species allowed us to determine the effective
structures for both conformers. The structural parameters in
Table 8 corresponding to the PMS subunit in both axial and
equatorial forms can be compared with those of the bare
monomer that appear in Table 3. The very close similarity
between them is a strong indication that the geometry of the
thioether PMS is not altered upon complexation. The same
conclusion has also been reached in studies of THP ¥¥¥HF,[5]


oxetane ¥¥ ¥HF[9] and 7-oxabicyclo[2.2.1]heptane ¥¥ ¥HF.[33] The
structure of the monomer survives complex formation as
usually assumed.


The hydrogen bond lengths r(S ¥¥ ¥H) and 	 angles (see
Figure 3) derived for the axial and equatorial conformers are
very close to those obtained in the related five-membered-
ring tetrahydrothiophene ¥¥¥ HF complex.[13] The r(S ¥¥¥ H)
distances around 2.2 ä and 	 values in the range 90 ± 100�
suggest a configuration with a near-local C2v symmetry around
the S atom in these cyclothioethers. On this basis, the
structures of both conformers can be rationalised in terms
of a simple electrostatic model involving the interaction of the
axial and equatorial lone electron pairs on S with the
electrophilic region ��H of the HF molecule. Consequently,
the direction of HF in the complex can be taken as a probe for
the orientation of these nonbonding electron pairs[34] of the S
atom. The axis of these pairs in PMS appears to be nearly
perpendicular to the CSC plane. This configuration would
also be expected in terms of an interaction between the �*
LUMO orbital of HF and n� HOMO orbital of PMS, which is
perpendicular to the CSC plane owing to its 3p character.


The hydrogen bond parameters are compared in Table 10 with
those reported for the axial and equatorial hydrogen bond
complexes formed between THP and PMS with HX (X�Cl,
F). The hydrogen bond lengths r(S ¥¥¥ H) and r(O ¥¥¥H) are
longer for the axial conformers in all the complexes. If we
accept that the strength of the hydrogen bond is related to the
hydrogen bond length, it can be concluded that the equatorial
is the strongest primary hydrogen bond in all cases. In
contrast, with the exception of the PMS ¥¥¥HCl complex, a


Table 8. Experimental structural parameters for axial and equatorial
conformers in pentamethylene sulfide ¥¥ ¥ HF complexes.


Parameters[a,b] PMS ¥¥¥HF axial PMS ¥¥¥HF equatorial


r(X ¥¥¥ S) [ä] 3.114(4)[c] 3.10(2)
r(H ¥¥¥ S) [ä] 2.19(1) 2.18(2)
� [�] 101.8(5) 91.(2)
	 [�] 101.8(5) 95.(4)

 [�] [0.0][d] 11.(10)
r(X ¥¥¥H�) [ä] 3.15(3)
r(X ¥¥¥H�) [ä] 2.81(2)
r(S�C�) [ä] 1.812(8) 1.81(3)
r(C��C�) [ä] 1.524(9) 1.52(2)
r(C�
�C�) [ä] 1.52(1) 1.54(1)


�C�SC�� [�] 98.6(5) 97.(2)
�SC�C� [�] 112.9(6) 112.(2)
�C�C�C� [�] 112.1(9) 112.(1)
�C�C�C�� [�] 112.3(8) 113.(1)
� [�] 132.0(7) 129.(3)
� [�] 126.(1) 127.(2)


[a] See Figures 2 and 3 for notation. [b] The remaining parameters were
kept fixed at standard values of r(C�H)� 1.095 ä and �HCH� 108.5�
(with a C2v local symmetry around the C atoms). [c] Standard errors in
parentheses in units of the last digit. [d] Parameter kept fixed.


Table 9. Experimental and MP2/6-311�G(d,p) optimised parameters for the
equatorial and axial pentamethylene sulfide ¥¥ ¥ hydrogen fluoride complex.


C5H10S ¥¥ ¥ HF equatorial C5H10S ¥¥ ¥ HF axial


Experimental Ab initio Experimental Ab initio


A [MHz] 2979.753(23)[a] 3058. 2078.08994(96) 2075.
B [MHz] 1233.71575(61) 1206. 1562.52189(70) 1564.
C [MHz] 1092.44199(66) 1063. 1471.28940(62) 1466.
Pb/c


[b] [uä]2 111.2893(14) 111. 111.56895(61) 111.
�E [kJmol�1] � 32.4 � 34.4
�E(CP) [kJmol�1] � 27.1 � 27.9
�E(BSSE) [kJmol�1] � 26.0 � 26.4
�a [D][c] 3.95 3.52
�b [D] 0.0 0.93
�c [D] 0.08 0.0
�T [D] 3.95 3.64
r(X ¥¥¥ S) [ä] 3.10(2) 3.10 3.114(4) 3.11
r(H ¥¥¥ S) [ä] 2.18(2) 2.18 2.19(1) 2.18
� [�] 91.(2) 94. 101.8(5) 102.
	 [�] 95.(4) 98. 101.8(5) 104.

 [�] 11.(10) 12. 0. 6.
r(X ¥¥¥H�) [ä] 3.15(3) 3.23
r(X ¥¥¥H�) [ä] 2.81(2) 2.83


[a] Standard errors in parentheses are given in units of the last digits. [b] Pb�
(Ia� Ib�Ic)/2��mib2


i value for the equatorial form and Pc� (Ia�Ib� Ic)/2�
�mic2i value for the axial form. Conversion factor: Ib�B�
505379.1 MHzuä2. [c] 1D� 3.33564� 10�30 Cm.
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preference for the axial conformer has been found exper-
imentally. Secondary interactions have to be invoked to
explain these experimental results.


Secondary hydrogen-bond interactions between the ��X of
HX and the nearest H� or H� atoms of the methylenic groups
of the ring become apparent when distortions in the natural
linearity of the primary hydrogen bond are observed. In this
way, the significant nonlinearity observed in the equatorial


conformer of PMS ¥¥¥HCl complex (see Table 10) has been
interpreted in terms of those interactions. An important
characteristic of secondary interactions is the distance be-
tween the interacting atoms; for HF complexes these fall in
the range 2.8 ± 3.2 ä as reported for related com-
plexes,[5, 9, 11, 13, 25, 26, 33, 35] while for complexes with
HCl,[3, 4, 6, 8, 10, 12, 36, 37] typical distances are 3.1 ± 3.6 ä. For
PMS ¥¥¥HCl, the distances between the ��F of HF and the


Table 10. Hydrogen bond properties for tetrahydropyran and pentamethylene sulfide ¥¥ ¥ HX complexes.


r(S/O ¥¥¥H) [ä] 	 [�] r(X ¥¥¥H�/�) [ä] Carrier gas Ratio Relaxation of
conformer


�nBn[a] [�]


1.85(2)[b] 126.(1) 3.41(3) Ar, He


10³1 �� Yes 95.7


1.74(2) 138.(1) 3.83(3) He


1.67(2) 130.7(8) 3.11(3) Ar, He


40³1 �� Yes 81.2


1.62(4) 148.(1) 3.40(3) He


2.35(8) 100.(2) 3.12 Ar, He


1³4


��// No 161.9


2.19(5) 98.(1) 3.34 Ar, He


2.19(1) 101.8(5) 2.81(2) Ar, He


3³1 �� /
/ No 171.1


2.18(2) 95.(4) 3.15(3) Ar, He


[a] �nBn� 360�� (	ax�	eq). [b] Standard errors in parentheses in units of the last digit.
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nearest H� or H� atoms of the PMS ring (Figure 3) have been
calculated to be 3.15 ä and 2.81 ä, for the equatorial and
axial conformers, respectively. Thus, in this case, the linear
hydrogen bonds are compatible with the existence of secon-
dary interactions.


The intensity ratio (ax:eq� 3:1) obtained from the a-type
rotational spectra of axial and equatorial conformers cannot
be imputed to differences in the values of the electric dipole
moments; ab initio calculations give similar values for the �a


dipole moment components for both conformers (see Ta-
ble 9). Thus, a slightly more stable axial form can be inferred
from the observed intensities. The very similar values of the
stabilisation energies from the ab initio calculations support
this point. An interesting question to answer is how the
secondary interactions control the axial ± equatorial confor-
mational preference. In the case of THP ¥¥¥HF and THP ¥¥¥
HCl complexes the values of the r(F ¥¥¥ H�,�) distances reveal
the existence of secondary hydrogen bonds only for the axial
conformer, a fact clearly reflected in their intensity ratios
ax:eq of about 10:1 and 40:1, respectively. In PMS ¥¥¥HF the
r(F ¥¥¥ H�,�) distances in the axial and equatorial forms make
possible the presence of second-order interactions in both
conformers. In addition, the shorter value of 2.81 ä for the
axial conformer (with respect to that of 3.15 ä calculated for
the equatorial conformer) would favour the axial conformer,
if we accept that a shortening in the bond length is related to
an increase in bond strength. Thus, the relative stability
(ax:eq� 3:1) found in the PMS ¥¥¥HF complex can be under-
stood in terms of a delicate balance between the effects of
primary and secondary hydrogen bonds. Same arguments can
be used to explain the intensity ratio (ax:eq� 1:4) observed in
the PMS ¥¥¥HCl complex.[4]


Another interesting point to discuss is the dependence of
the intensity ratio of the axial and equatorial conformers on
the carrier gas used in the supersonic expansion. In THP
complexes with HCl[3]and HF,[5] the least stable equatorial
conformer could only be detected when He was used as
carrier gas, while the axial form was readily observed with
both Ar and He. In contrast, this behaviour is not displayed by
the related complexes PMS ¥¥¥HCl[4] and PMS ¥¥¥HF, in which
the intensity ratio between the axial and the equatorial
conformers remains qualitatively the same regardless of
which of the two carrier gases. To explain these striking
experimental features it is postulated that the inert carrier gas
produces relaxation from the high-energy form to the most
stable one owing to collisions with the He or Ar atoms. It has
been reported that this phenomenon is observed when the
barrier height to interconversion between the conformers is
lower than a certain value (about 400 cm�1)[38] and the
relaxation takes place with greater efficiency when a heavier
inert gas (like Ar) is used. The relaxation can proceed by two
different interconversion paths: inversion of the HXmolecule
or of the six-membered ring itself. The conformer relaxation
through ring inversion is expected to be hindered by a very
high barrier,[39] so the conformer interconversion would only
take place through an inversion of HX between the two
nonequivalent binding sites around the O or S atoms. The
angle�nBn (B�O, S) between the lone pairs could also be
correlated with the barrier to inversion. In the PMS ¥¥¥HX


complexes, a relatively high barrier exists for conversion of
the equatorial conformer into the axial one because of the
large angle between the nonbonding electron pairs (close to
180�). Consequently, vibrational relaxation is incomplete in
the adiabatic expansion of the experiment and the high-
energy conformer is trapped within its individual well. Thus,
both axial and equatorial conformers are observable in these
low-temperature experiments, independently of the carrier
gas used. Alternatively, the significantly smaller values of
�nBn angles in THP ¥¥¥HX complexes (close to 90�) can
explain the observed experimental relaxation (see Table 10).
Recently, a very low barrier (100 cm�1) for the inversion of HF
has been determined in the related five-membered ring 2,5-
dihydrofuran ¥¥ ¥HF complex,[40] with a �nBn angle of 91�,
which corroborates the above conclusions.


Experimental Section


A molecular beam Fourier transform microwave spectrometer[14] (MB-
FTMW) operating in the frequency range 5.5 ± 18.5 GHz was used to
record the rotational spectra. The pentamethylene sulfide (PMS) ¥¥¥ HF
complex was generated by adiabatic expansion of gas mixtures of PMS
(0.5%) and HF or DF (1%) in He or Ar at total pressures of �2 bar. The
13C and 34S isotopic species were observed in their natural abundances. DF
was prepared by saturating the walls of a lecture bottle with D2O, which was
then filled with HFat a pressure of about 1 bar. All experimental conditions
were optimised to obtain the best signal/noise ratio. The frequency domain
spectrum was obtained after Fourier transformation of the 8 k data points
in the time domain signal. Since the molecular beam is introduced parallel
to the microwave radiation, each transition is split into two components
because of the Doppler effect. The resonance frequency is taken as the
mean value of the Doppler components. The estimated accuracy of the
frequency measurements is better than 5 kHz.
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Hydrothermal Synthesis and Characterization of the New Layered
Fluorogallophosphate Mu-23


Ludovic Josien,[a] Ange¬ lique Simon-Masseron,*[a] Volker Gramlich,[b] and Joe» l Patarin[a]


Abstract: Mu-23, [(C6H15N2)(C6H16N2)Ga5F6(H2O)2(PO4)4] ¥ 4H2O, the first layered
fluorinated gallophosphate with a Ga/P molar ratio of 5:4, was obtained in the
presence of fluoride ions with 1,4-dimethylpiperazine as an organic template. It
crystallizes in the triclinic space group P1≈ (no. 2) with unit cell parameters a�
8.735(11), b� 8.864(5), c� 12.636(10) ä, �� 98.36(5), �� 100.18(8), �� 115.84(7)�.
The layers consist of GaO2F3(H2O), GaO4F2 octahedra, and GaO4 and PO4


tetrahedra; these moieties share their oxygen and some of their fluorine atoms.
The connectivity scheme of these different polyhedra leads to the formation of eight-
membered rings.


Keywords: dimethylpiperazine ¥
fluorides ¥ gallium ¥ gallophos-
phates ¥ layered compounds ¥
structure elucidation


Introduction


Open-framework metal phos-
phates, like the well-known
zeolites (i.e. , microporous alu-
minosilicates), have attracted
research activities because of
their potential applications.[1]


Three-dimensional frameworks
with large pores, such as the
aluminophosphates VPI-5 with
18-membered rings (18MR)[2]


and JDF-20 (20MR),[3] the gallophosphate NTHU-1
(24MR),[4] and the zincophosphate ND-1 (24MR) [5] have
been investigated. Typically thesematerials are prepared under
hydrothermal or solvothermal conditions. The introduction by
Guth et al. of fluoride ions in the synthesis mixture has
opened a route for synthesizing new microporous fluorinated
metal phosphates.[6] For example, the ferrophosphate
[Fe5F4(H2PO4)(HPO4)3(PO4)3](C4H13N3)2 ¥H2O (24MR),[7] the
nickel phosphate VSB-1 (24MR),[8] and the gallophosphate
cloverite (20MR)[9] have been prepared in fluoride media. In
these as-synthesized materials, fluorine is part of the frame-


work as bridging and terminal species. It can also be trapped
into the so-called double-four ring units (D4R).


In most gallophosphates and whatever the dimensionality
of the inorganic network, the molar ratio Ga/P� 1. Only five
three-dimensional structures display a Ga/P molar ratio
higher than one (see Table 1): 1) a gallophosphate templated
with a sodium cation which is characterized by a Ga/P ratio of
5:4;[10] 2) an oxalate ± gallophosphate in which a C2O4


2� group
takes the place of a PO4 group, reducing the number of P
atoms in the structure and increasing the Ga/P ratio to 5:4;[11]


3) the fluorogallophosphate Mu-5, which contains a Ga ± cy-
clam complex that increases the Ga/P ratio to 5:4 instead of
1:1;[12] 4) the fluorogallophosphate ULM-2, with a Ga/P ratio
4:3;[13] and 5) the fluorogallophosphate dipyr-GaPO,[14] with a
Ga/P ratio 7:6. All these materials have a three-dimensional
framework. To our knowledge, no layered or chain-like
structure with a Ga/P molar ratio higher than one has been
reported in the literature.


Here we report the synthesis and characterization of the
first layered gallophosphate with a Ga/P ratio higher than one.
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Table 1. Gallophosphates with a Ga/P ratio higher than one.


Name Structure-directing
species


Chemical formula Ga/P ratio Reference


[a] sodium [Na3Ga5(PO4)4O2(OH)2] ¥ 2H2O 5:4 [10]
[a] 4,4�-bipyridine [Ga5(OH)2(C2O4)(PO4)4(C10H9N2)] ¥ 2H2O 5:4 [11]
Mu-5 cyclam[b] [Ga16P16O64F8(OH)4(GaC10H24N4)4] 5:4 [12]
ULM-2 DABCO[c] [Ga8P6O24F4(OH)4(C6N2H14)] ¥ 4H2O 4:3 [13]
dipyr-GaPO 4,4�-bipyridine [Ga7P6O28F3(C10N2H16)] 7:6 [14]
Mu-23 DMPIP[d] [(C6H15N2)(C6H16N2)Ga5F6(H2O)2(PO4)4] ¥ 4H2O 5:4 this work


[a] Not specified. [b] Cyclam� 1,4,8,11-tetraazacyclotetradecane. [c] DABCO� diazabicyclo[2.2.2]octane.
[d] DMPIP� 1,4-dimethylpiperazine.
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This material, Mu-23, was prepared from a fluorine-contain-
ing mixture in the presence of 1,4-dimethylpiperazine
(DMPIP) as an organic template. The material was charac-
terized by X-ray diffraction, chemical analysis, thermal
analysis, and solid-state NMR spectroscopy. The single-crystal
structure determination is also reported.


Results and Discussion


Synthesis and crystal morphology : Mu-23 crystallizes in a
narrow range of synthesis conditions (Table 2), and the amounts
of Ga and amine are critical to obtain a pure Mu-23 phase.
The Ga/P ratio in Mu-23 (5:4) is quite different from that in


the starting mixture (SM), that is, (Ga/P)SM� 1:4 (sample A,
Table 2). Surprisingly, attempts to increase the (Ga/P)SM ratio
induce the co-crystallization of an unidentified phase (INC),
which is obtained pure when (Ga/P)SM reaches 1:1 (samples B
and C, Table 2). 1,4-Dimethylpiperazine (DMPIP) loses its
templating effect when it is present in large amounts; this
leads to amorphous materials (sample D, Table 2).


Mu-23 samples consist of large spheres of aggregated
crystals (sphere diameter up to 2 mm). A broken sphere is
shown in Figure 1. Individual crystals display rhomboidal
prism morphology and their sizes range from 75� 50� 30 �m
to 700� 500� 200 �m.


Structure determination : The powder X-ray diffraction
(XRD) pattern of Mu-23 (Figure 2a) was indexed in the
triclinic symmetry, space group P1≈ (no. 2) with unit cell
parameters a� 8.735(11), b� 8.864(5), c� 12.636(10) ä, ��
98.36(5), �� 100.18(8), �� 115.84(7)� ; for comparison, see
the XRD pattern of the unknown phase INC (Figure 2c).


For the structure determination, a single crystal with dimen-
sions 0.4� 0.4� 0.2 mm was selected. A total number of 2975
independent reflections were recorded (2.64� �� 25.05�) for
which 2432 fulfilled the condition I� 2�(I). The experimental
and crystallographic data are summarized in Table 3.


From direct methods by using SHELXS-86,[15] the positions
of Ga and P atoms were revealed. All the remaining atoms,
except H, were located from successive Fourier maps by using
SHELXL-93.[16] Hydrogen atoms were placed with geomet-
rical constraints. The resulting atomic coordinates including
the equivalent isotropic displacement parameters are report-
ed in Table 4, and selected bond lengths and angles in Tables 5
and 6 respectively. The non-hydrogen atoms were refined with


Table 2. Syntheses performed in the xGa2O3/4P2O5/8HF/640H2O/yDM-
PIP system at 130 �C during a six-day period.


Sample x y XRD results


A 1 8 Mu-23
B 2 8 Mu-23 � INC[a]


C 4 8 INC
D 1 16 amorphous GaOOH


[a] Major phase.


Figure 1. Scanning electron micrographs of the fluorogallophosphate
Mu-23.


Figure 2. a) Experimental XRD pattern of Mu-23. b) Simulated XRD
pattern of Mu-23 calculated from the single-crystal structure data.
c) Experimental XRD pattern of phase INC.
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anisotropic displacement parameters, leading to the reliability
factors: R1� 0.0304 (R1�� � �Fo � � �Fc � � /� �Fo � ) and �R2�
0.0652 (R2� {��(F 2


o �F 2
c �2/��(F 2


o �2}1/2) for all data.
The simulated XRD pattern of Mu-23 calculated from


structure data (Figure 2b) fits the experimental one well.
According to the elemental and microprobe analyses, the as-


Table 3. Experimental and crystallographic data for the fluorogallophos-
phate Mu-23.


formula [(C6H15N2)(C6H16N2)-
Ga5F6(H2O)2(PO4)4] ¥ 4H2O


crystal system triclinic
crystal space group P1≈


a [ä] 8.735(11)
b [ä] 8.864(5)
c [ä] 12.636(10)
� [�] 98.36(5)
� [�] 100.18(8)
� [�] 115.84(7)
Mr [gmol�1] 1181.97
�calcd 2.340
V [ä3] 838.9(13)
Z 1
crystal size [�m] 400� 400� 200
� [ä] (MoK�) 0.71073
	 [mm�1] 4.280
absorption correction integration
max/min transmission 0.46/0.26
F(000) 588
T [K] 293(2)
� range [�] 2.64 ± 25.05
index ranges � 10� h� 10


� 10� k� 10
0� l� 15


independent reflections 2975
observed reflections [I� 2�(I)] 2432
data/restraints/parameters 2975/18/247
residuals (observed data) [I� 2�(I)] R1� 0.0255, wR2� 0.0641
residuals (all data) R1� 0.0304, wR2� 0.0652
goodness-of-fit (all data) 0.975
largest diff. peak/hole [eä�3] 0.659/� 0.905


Table 4. Atomic coordinates and equivalent isotropic displacement pa-
rameters [ä2] for the fluorogallophosphate Mu-23 (standard deviations are
in parentheses).


Atom x y z Ueq


Ga1 0 0.5 0 0.00893(12)
Ga2 0.27456(5) 0.03080(4) 0.00642(3) 0.0971(10)
Ga3 0.73844(5) 0.37774(5) � 0.27681(3) 0.01065(11)
P1 0.60563(11) 0.22351(11) � 0.07886(7) 0.0097(2)
P2 0.09343(11) 0.24599(10) 0.10892(7) 0.0093(2)
O1 0.0718(3) 0.3216(3) 0.0113(2) 0.0121(5)
O2 � 0.0936(3) 0.1177(3) 0.1159(2) 0.0127(5)
O3 0.1911(3) 0.3793(3) 0.2189(2) 0.0136(5)
O4 0.1917(3) 0.1410(3) 0.0939(2) 0.0155(5)
O5 0.3882(3) � 0.0501(3) 0.0988(2) 0.0151(5)
O6 0.4394(3) 0.1950(3) � 0.0410(2) 0.0148(5)
O7 0.5859(3) 0.2800(3) � 0.1855(2) 0.0142(5)
O8 0.6693(3) 0.1434(3) � 0.3506(2) 0.0177(6)
O9 0.2324(3) 0.6451(3) � 0.0122(2) 0.0126(5)
OW1 0.6952(4) 0.0253(4) 0.4511(2) 0.0311(7)
OW2 0.8770(4) 0.2280(4) 0.3290(3) 0.0399(8)
F1 0.9331(2) 0.4031(2) � 0.1601(2) 0.0136(4)
F2 0.9032(3) 0.4362(3) � 0.3618(2) 0.0184(5)
F3 0.5600(3) 0.3730(3) � 0.3836(2) 0.0187(4)
N1 � 0.1090(4) 0.7169(4) 0.3029(3) 0.0235(7)
N4 � 0.4156(4) 0.4343(4) 0.3329(3) 0.0203(7)
C5 � 0.2517(5) 0.5414(5) 0.4258(3) 0.0234(9)
C2 � 0.2720(5) 0.6120(5) 0.2109(3) 0.0261(9)
C3 � 0.3707(5) 0.4324(5) 0.2243(3) 0.0257(9)
C6 � 0.1551(5) 0.7212(5) 0.4114(3) 0.0249(9)
C7 � 0.5160(6) 0.2550(5) 0.3455(4) 0.0326(10)
C8 � 0.0124(6) 0.8945(6) 0.2886(5) 0.0417(12)


Table 5. Selected bond lengths [ä] for the fluorogallophosphate Mu-23.[a]


Ga1�O9#1 1.921(3) P1�O7 1.512(3)
Ga1�O1#1 1.952(2) P1�O9#3 1.510(3)
Ga1�F1#2 1.953(3) P1�O6 1.537(3)
Ga2�O6 1.812(3) P1�O5#5 1.547(2)
Ga2�O4 1.812(3) P2�O1 1.508(3)
Ga2�O5 1.821(3) P2�O3 1.509(3)
Ga2�O2#4 1.830(3) P2�O4 1.530(3)
Ga3�F3 1.854(3) P2�O2 1.559(3)
Ga3�F2 1.885(3)
Ga3�O7 1.920(3) N1�C2 1.480(5)
Ga3�O8 1.921(3) N1�C8 1.484(5)
Ga3�O3#3 1.944(3) N1�C6 1.495(5)
Ga3�F1 1.949(3) N4�C7 1.492(5)


N4�C5 1.492(5)
O8 ¥¥¥OW1 2.659(6) N4�C3 1.493(5)
OW1 ¥¥¥O2W 2.705(6)
OW2 ¥¥¥ F2 2.664(6) C2�C3 1.497(6)
N1 ¥¥¥ F2 2.752(4) C5�C6 1.501(6)
N4 ¥¥¥ F3 2.601(4)


[a] Symmetry transformation used to generate equivalent atoms: #1: �x,
�y�1, �z ; #2: x� 1, y, z ; #3: �x�1, �y�1, �z ; #4: �x, �y, �z ; #5:
�x�1, �y, �z.


Table 6. Selected angles [�] of the fluorogallophosphate Mu-23.[a]


O9-Ga1-O9#1 180.0 F3-Ga3-F2 94.86(13)
O9-Ga1-O1#1 92.57(13) F3-Ga3-O7 93.52(13)
O9#1-Ga1-O1#1 87.43(13) F2-Ga3-O7 167.36(9)
O9-Ga1-O1 87.43(13) F3-Ga3-O8 89.19(13)
O9#1-Ga1-O1 92.57(13) F2-Ga3-O8 84.22(12)
O1#1-Ga1-O1 180.0 O7-Ga3-O8 86.46(12)
O9-Ga1-F1#2 87.29(14) F3-Ga3-O3#3 86.63(13)
O9#1-Ga1-F1#2 92.71(14) F2-Ga3-O3#3 90.99(11)
O1#1-Ga1-F1#2 85.10(10) O7-Ga3-O3#3 98.93(12)
O1-Ga1-F1#2 94.90(10) O8-Ga3-O3#3 173.36(10)
O9-Ga1-F1#3 92.71(14) F3-Ga3-F1 175.29(8)
O9#1-Ga1-F1#3 87.29(14) F2-Ga3-F1 84.89(12)
O1#1-Ga1-F1#3 94.90(10) O7-Ga3-F1 87.52(13)
O1-Ga1-F1#3 85.10(10) O8-Ga3-F1 95.46(13)
F1#2-Ga1-F1#3 180.0 O3#3-Ga3-F1 88.67(12)


O6-Ga2-O4 106.69(13) O7-P1-O9#3 113.7(2)
O6-Ga2-O5 107.57(14) O7-P1-O6 105.94(15)
O4-Ga2-O5 105.32(12) O9#3-P1-O6 109.3(2)
O6-Ga2-O2#4 107.52(14) O7-P1-O5#5 111.16(15)
O4-Ga2-O2#4 108.45(14) O9#3-P1-O5#5 108.23(15)
O5-Ga2-O2#4 120.55(12) O6-P1-O5#5 108.38(15)


O1-P2-O3 113.9(2) O1-P2-O2 108.5(2)
O1-P2-O4 111.6(2) O3-P2-O2 108.5(2)
O3-P2-O4 107.4(2) O4-P2-O2 106.7(2)


P2-O1-Ga1 128.3(2) P1#5-O5-Ga2 130.0(2)
P2-O2-Ga2#4 123.2(2) P1-O6-Ga2 137.9(2)
P2-O3-Ga3#3 137.1(2) P1-O7-Ga3 135.5(2)
P2-O4-Ga2 150.6(2) P1#3-O9-Ga1 128.5(2)


Ga3-F1-Ga1#6 130.38(12)


[a] Symmetry transformation used to generate equivalent atoms: #1: �x,
�y�1, �z ; #2: x� 1, y, z ; #3: �x�1, �y�1, �z ; #4: �x, �y, �z ; #5:
�x�1, �y, �z.
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synthesized Mu-23 sample had the following composition
(wt.%): Ga 29.2, P 10.5, F 10.0, N 4.6, C 12.2; this is in good
agreement with the theoretical composition obtained from
the unit cell formula [(C6H15N2)(C6H16N2)Ga5F6(H2O)2-
(PO4)4] ¥ 4H2O found by structure determination: Ga 29.5,
P 10.5, F 9.7, N 4.7, C 12.2.


The thermal behavior of Mu-23 was investigated by high-
temperature XRD analysis and TG/DTA thermal analyses.
The total weight loss occurs in three steps (Figure 3). The first,


below 200 �C (10 wt.%), corresponds to the removal of water,
as confirmed by the presence of endothermic peaks on the
DTA curve in the same temperature range. The second step,
between 200 and 850 �C (25 wt.%), corresponds to the partial
decomposition of the organic template and removal of
hydrofluoric acid; the removal of the amine results in a
collapse of the structure. From high-temperature XRD
analysis, amorphization is observed at 250 �C (lower heating
rate). After heating at 850 �C the sample is still black, because
of traces of organic compounds. Their removal occurs only at
1000 �C (3 wt.%) and then the resulting white material
corresponds to a cristobalite-type gallophosphate. The total
weight loss observed between 10 and 1000 �C is close to
38 wt.%, in good agreement with the amount of water,
template, and fluorine found by crystal structure determina-
tion and chemical analysis (38.9 wt.%).


Structure description : Mu-23 consists of amine and water
molecules intercalated between inorganic sheets. The presence
of Ga1-F1-Ga3 bridges with Ga�F distances of about 1.95 ä
was revealed first. For Ga3, which has three terminal groups
(F, OH, or H2O), the two shortest bond lengths, 1.854(3) and
1.885(3) ä, were attributed to terminal F atoms F2 and F3,
respectively. Such bond lengths have previously been observed
in other fluorogallophosphates: ULM-9 (1.800(2) ä),[17] Ga-
PO4-CJ2 (1.903(2) ä),[18] TMP-GaPO (1.79(2) ä),[19] pseudo-
KTP-type gallophosphate (1.900(3) ä),[20] and Mu-15
(1.86(1) ä).[21] The remaining bond length, 1.921(3) ä, was
attributed to Ga3�O8H or Ga3�O8H2. According to the
bond valence calculation[22] (see Table 7), the latter (Ga3�
O8H2) is more probable. This assignment of the different
terminal groups (2F and H2O) seems to be confirmed by the
hydrogen bonding scheme (below). Moreover, an F/H2O


molar ratio of two on these terminal positions is expected
from the chemical and microprobe analyses (a total of six F
atoms per unit cell). However, a mixture of F atoms and water
molecules on these three terminal positions cannot be
excluded.


Therefore, layers display GaO2F3(H2O) and GaO4F2 octa-
hedra, and GaO4 and two crystallographically different PO4


tetrahedra. The GaO4F2, GaO4, and PO4 polyhedra are quite
regular. Their average bond lengths are d(Ga1�O)� 1.94 ä,
d(Ga2�O)� 1.82 ä, d(P1�O)� 1.53 ä, and d(P2�O)�
1.53 ä. The GaO2F3(H2O) octahedron is more distorted
because of the presence of terminal groups (d(Ga3�X)
(X�F or H2O) ranges from 1.85 to 1.92 ä).


In the asymmetric unit of Mu-23 (Figure 4), all the
remaining atoms are in general positions, except for Ga(1)
which is located on the inversion center. The inorganic sheet


Figure 4. Asymmetric unit of Mu-23 (H atoms are not reported).


consists of four-membered ring ladder chains running along
the [100] direction (bold lines, Figure 5) and eight-membered
rings. This type of zigzag chain has previously been described
as a [Z(3,3)]	 chain by Ozin et al.[23] The unusual feature of
Mu-23 is the connectivity scheme of its [Z(3,3)]	 chains. The


Figure 3. Thermal analyses (TG, DTA) under air of the hydroxygallo-
phosphate Mu-23.


Table 7. Bond valence analysis of the gallophosphate Mu-23, according to
Ref. [22].


Atoms H[a] Ga1 Ga2 Ga3 P1 P2 �s[b] Expected
valence


O1 0.55 1.29 1.84 2
O2 0.76 1.13 1.89 2
O3 0.57 1.28 1.85 2
O4 0.80 1.22 2.02 2
O5 0.78 1.17 1.95 2
O6 0.81 1.20 2.01 2
O7 0.60 1.29 1.89 2
O8 0.8� 2 0.57 2.17 2
O9 0.60 1.28 1.88 2


[a] On the basis of an O�H bond length of 0.96 ä. [b] Calculated from the
equation: s� exp[(R0�d)/B], with d� experimental distance, R0� 1.62,
B� 0.36 for P�O and R0� 1.73, B� 0.38 for Ga�O.
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bonding of the Ga1 atoms through F to two Ga3 atoms
ensures the connection of the chains and leads to the
formation of the layers. This connection unit is built of
Ga2PO2F groups and forms three-membered rings (hatched
area, Figure 5).


Figure 5. Projection of the structure of Mu-23 in the plane (001) showing
the eight-membered rings and the four-membered ring ladder chains (thick
lines). For clarity, the amine and water molecules, and the framework O
and F atoms are omitted.


The F2 and F3 atoms and the oxygen atom O8 of the water
molecule bound to Ga3 protrude into the interlayer space. It is
noteworthy that O8 is bound only through hydrogen inter-
actions to water molecules located in the interlayer space
(Figure 6). Apart from F2, which interacts with OW1, the F
atoms interact mainly with the organic amine. The corre-
sponding bond lengths are reported in Table 5. Such hydro-
gen-bonding interactions (O8 with water, and F atoms mainly
with the protonated N atoms of the template) reinforce the
hypothesis that one of these terminal atoms is not fluorine.
This is also in agreement with the chemical and microprobe
analyses.


Solid-state NMR spectroscopy


31P NMR spectroscopy : The two signals at 
�� 7.2 and � 9.2
(Figure 7) in the 31P magic angle spinning (MAS) NMR
spectrum of Mu-23, with an intensity ratio close to 1:1, reveals
the existence of two distinct crystallographic phosphorus sites
with the same multiplicity, in agreement with the structure
determination. No significant change in the relative intensity
of the two peaks was observed in CPMAS NMR experiments
with different contact times, showing that the two types of P
atom have similar hydrogen environments.


13C NMR spectroscopy : The 13C CP MAS NMR spectrum
displays three different signals at 
� 50.8, 45.1, and 43.1
(Figure 8). The signal at 
� 50.8 was assigned to the CH2


groups. The other two signals correspond to the two distinct
crystallographic methyl groups of mono- and diprotonated
amines. However, the chemical shifts observed for these two


Figure 6. a) View towards the (001) plane showing the hydrogen bonds
(broken lines). b) View along the a axis of the structure of Mu-23 showing
the amine and water molecules intercalated between the inorganic layers.
H atoms are omitted for clarity. c�� ccos(�� 90); b�� bcos(�� 90).


Figure 7. 31P MAS NMR spectrum of the fluorogallophosphate Mu-23
(* spinning side bands).


Figure 8. 13C CPMAS NMR spectrum of the fluorogallophosphate Mu-23.


signals are slightly different from the 13C liquid NMR values
expected for mono- and diprotonated amines.


19F NMR spectroscopy : In the 19F MAS NMR spectrum of
Mu-23, the main signal is observed at 
�� 130.7 and a
shoulder is clearly evident at about 
�� 139 (Figure 9).
These chemical shifts correspond with those usually observed
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Figure 9. 19F MAS NMR spectrum of the fluorogallophosphate Mu-23.


for bridging and terminal F atoms. From this spectrum,
however, it is difficult to distinguish the different types of
fluorine present in the material, since the relative intensity
ratio of the two components (5:1) does not fit with that
expected from the structure analysis (2:1).


Conclusion


The use of 1,4-dimethylpiperazine as a structure-directing
agent in the Ga2O3/P2O5/HF/H2O system was investigated. A
new layered fluorogallophosphate, [(C6H15N2)(C6H16N2)-
Ga5F6(H2O)2(PO4)4] ¥ 4H2O (Mu-23) was obtained; it crystal-
lized within a very narrow range of experimental conditions.


The structure of this new material consists of inorganic
sheets built from four-membered ring ladder chains connect-
ed to each other through three-membered Ga2PO2F units.
Protonated amines and water molecules localized in the
interlayer space have strong hydrogen-bonding interactions
with the terminal water or fluorine groups of the inorganic
framework. Such interactions ensure the cohesion of the
structure, which collapses after calcination at 250 �C.


This fluorogallophosphate is characterized by an unusual
Ga/P ratio of 5:4. To our knowledge, Mu-23 is the first layered
gallophosphate with a Ga/P ratio higher than one.


Experimental Section


Synthesis : For the synthesis mixture, the gallium source was an amorphous
gallium oxyhydroxide (GaOOH) that was prepared by heating a gallium
nitrate aqueous solution (Rho√ne-Poulenc) at 250 �C for 24 h. The other
reactants were orthophosphoric acid (Labosi, 85%), hydrofluoric acid
(Carlo Erba, 40%) and 1,4-dimethylpiperazine (DMPIP) (Aldrich, 98%).
The batch molar composition was Ga2O3/P2O5/HF/H2O/DMPIP�
1:4:8:640:8. The mixture was prepared by adding the phosphoric acid
(0.58 g, 5 mmol) to a stirred suspension of GaOOH (0.14 g, 1.3 mmol) in
deionized water (6.86 g, 390 mmol). The mixture was homogenized for
10 min before successive addition of hydrofluoric acid (0.26 g, 5 mmol) and
of amine (0.58 g, 5 mmol). The mixture was aged, while being stirred, for
1 h at room temperature and transferred to a 40 mL PTFE-lined stainless
steel autoclave. The crystallization occurred under static conditions at
130 �C for six days. The initial and final pH values of the mixture were 5.
After cooling, the product was recovered, washed with deionized water,
and dried at 60 �C overnight.


Characterization techniques : The morphology and size of the crystals were
determined by scanning electron microscopy with a Philips XL30 micro-
scope.


The powder XRD patterns were obtained with CuK�1 radiation on a STOE
STADI-P diffractometer equipped with a curved germanium (111)
primary monochromator and a linear position-sensitive detector. High-
temperature XRD was performed using a variable-temperature photo-


graphic chamber (Huber, model 631) attached to the same X-ray generator
(CuK�1


radiation) in which the sample was kept in a flow of dry air.
Single-crystal XRD was carried out with MoK� radiation in � scan mode on
a Syntex P21 four-circle diffractometer equipped with a graphite mono-
chromator. CCDC 172031 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).


The Ga and P analyses were performed by inductively coupled plasma
emission spectroscopy. After mineralization of the as-synthesized sample,
fluorine content was determined by using a fluoride ion-selective electrode.
C and N content were determined by coulometric and catharometric
methods respectively, after calcination of the sample.


The Ga, P and F contents were confirmed by microprobe analysis on a
Castaing-type (Camebax) scanning electron microscope.


Thermogravimetric (TGA) and differential thermal analyses (DTA) were
performed under air on a Setaram Labsys thermoanalyzer with a heating
rate of 5 �Cmin�1 up to 850 �C. At this final temperature, a gray residue was
obtained. Calcination at 1000 �C was necessary to obtain a white product
and, therefore, the total removal of the organic template.


The 13C CP MAS NMR spectrum was recorded on a Bruker MSL 300
spectrometer and 31P and 19F NMR spectra on a Bruker DSX 400
spectrometer. The recording conditions are given in Table 8.
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Synthesis and Reactivity of an �-Stannyl �-Silyl Enamide


Laurianne Timbart and Jean-Christophe Cintrat*[a]


Abstract: We describe here an unprecedented approach to the synthesis of stereo-
defined 1,2-bis-substituted enamides. Starting from bis-metallated enamides, a
palladium± copper coupling reaction allows the introduction of various groups at
C1, whilst iododesilylation affords a new entry for the functionalization at C2.


Keywords: cross-coupling ¥ enam-
ides ¥ palladium ¥ Stille ¥ tin


Introduction


Enamines are versatile tools in organic synthesis and have
been widely used in numerous total syntheses.[1] The most
popular synthesis of 1,2-disubstituted enamines concerns the
condensation of primary or secondary amines with ketones or
aldehydes, but in most cases such a strategy affords no real
control of the configuration of the enamine double bond
(Scheme 1).[2]
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Scheme 1. Preparation of disubstituted enamines. i) H�, (�H2O).


With this main drawback in mind, we tried to design a new
approach with the purpose of preparing regio- and stereo-
defined disubstituted acyclic enamines. The idea was to first
set up the stereodefined enamine moiety bearing two distinct
carbon ±metal bonds to serve as a single precursor, and, in a
second step, to create the carbon ± carbon bonds consecu-
tively.


Results and Discussion


We have recently reported the Stille-like cross-coupling
reaction of N-benzyl,N-(1-tributylstannylvinyl)-tosylamide[3]


with various electrophiles to obtain the pure �-substituted
enamine. We also previously showed that silastannation of N-
benzyl,N-tosyl amino acetylene with trimethyl(tributylstan-


nyl)silane in the presence of a palladium catalyst furnishes the
�-stannylated, �-silylatedN-tosyl enamides (Scheme 2).[4] The
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Scheme 2. Preparation of enamide 2. i) Pd(PPh3)4, THF, 50 �C.


reaction proceeds smoothly with the standard protocol and
gives compound 2 in a regioselective fashion (�-stannyl, �-
silyl isomer exclusively).[5]


The reactivity of the C�Sn bond of compound 2 in
palladium-catalyzed cross-coupling reactions was then
checked. Using conditions identical to those used in our
previous work[3] also allowed the introduction of a phenyl
group at C1 in 68% yield according to Scheme 3.
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Scheme 3. Cross-coupling of 2 with PhI. i) Pd2dba3 (8 mol%), AsPh3
(14 mol%), CuCl (5 eq), THF, RT, 68%.


Here, the reactivity of the C�Sn bond allowed the
introduction of a phenyl residue without affecting the C�Si
bond.[6] This reactivity was further exemplified with other
organic halides and the results are summarized in Table 1.
On the basis of these results, it appears that the modified


Stille coupling procedure[7] outlined herein has broad applica-
bility. Indeed, we have been able to transfer the �-silylated
enamine moiety to a wide range of halides. Coupling with
iodonaphthalene is efficient (entry 1) despite a low yield
relative to iodobenzene. The coupling with heteroaromatics
(entry 2) also takes place despite a modest yield. Coupling
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with both aromatic (entry 3) and aliphatic (entry 4) acyl
chlorides affords �-amino �-enones, which may serve as
highly functionalized Michael acceptors. Cross-coupling with
benzyl or allyl bromide was also investigated, and the
expected products were obtained in fair yields (entries 5 and


6). As expected, the coupling process with propargyl bromide
occurred with complete transposition to give enamino-allene
10 as the sole isomer (entry 7). In addition, a functionalized
enyne was obtained in a low yield starting from an iodoace-
tylenic derivative (entry 8). We also reacted 2-iodocyclohex-2-
enone with compound 2. The reaction gave an acceptable
yield of silylated 1,3-diene, which might have synthetic
potential in cycloaddition or in 1,4-conjugate addition reac-
tions (entry 9). In a similar manner, reaction with 5-iodo-1,3-
dimethyluracil affords a highly functionalized uracil deriva-
tive (entry 10).
The above-mentioned reaction proceeds smoothly at room


temperature, whereas heating under reflux with tetrahydro-
furan was necessary to obtain a complete conversion for the �-
stannylated analogue (H instead of Me3Si at the � position).
This difference in reactivity may be attributed to a steric
decongestion in the Sn/Si compound. This was confirmed by
semi-empirical calculation that clearly shows an important
modification of the Sn-C-N and Sn-C-C angles, 125� and 111�,
respectively, for the unsilylated compound and 109.5� and
129.1� for compound 2. The same holds true for the H-C-C
and Si-C-C angles with values of 122.6� and 131�.[8] Strong
electronic effects have also been noted; indeed HOMO
density is located on the C�C double bond for the unsilylated
compound, whereas most of the density in compound 2 is
located on the carbon that bears the tin substituent; this gives
a stronger nucleophilic character to the latter.
In order to extend the potential of our strategy towards the


synthesis of stereodefined �,�-disubstituted enamines, we
then focused on the reactivity of the C�Si bond. First, reaction
of 8 with PhCOCl in the presence of AlCl3[9] only resulted in
complete degradation of the starting enamide. Attempts to
react 8 with iodobenzene by using palladium catalysis
according to previously described protocols,[10] either with or
without fluoride ions,[11] only led to a protodesilylation
compound. Since direct C�C bond formation was not
successful, we attempted to synthesize iodovinyl derivatives.
Therefore, compounds 3, 6, and 8 were subjected to iodode-
silylation with ICl (Scheme 4).[12] The three �-silyl enamides
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14, R = Ph, 52% (20% Cl)
15, R = PhCO, 32%
16, R = PhCH2, 56%


3, R = Ph
6, R = PhCO
8, R = PhCH2


Scheme 4. Iododesilylation of vinylsilanes. i) CCl4, 0 �C.


were cleanly converted into the corresponding vinyl iodides.
Surprisingly, 14 was also accompanied by 20% of the chloro
derivative, which we could not separate from the iodo
derivative.
Although this route requires one more step, that is, the


synthesis of a vinyl iodide, this should allow the synthesis of
regio- and stereodefined disubstituted enamides, compounds
14 ± 16 acting as electrophiles in transition-metal-catalyzed
cross-couplings.


Abstract in French: Le couplage de type Stille de l×e¬namide
bis-me¬talle¬ 2 est de¬crit et permet l×acce¡s a¡ de nombreuses
e¬namines N-tosyle¬es �-substitue¬es et �-silyle¬es facilement
convertibles en de¬rive¬s iode¬s vinyliques correspondants.


Table 1. Cross-coupling reaction of 2.
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Conclusion


In summary, we describe here an original route to �-
substituted �-iodo (or �-silyl) enamides based on palladium/
copper cross-coupling reactions of organic halides with bis-
metalated enamides. This reaction cleanly leads to geometri-
cally defined disubstituted N-tosyl enamines. In addition, the
well-documented reactivity of vinyl iodides in cross-coupling
reactions makes the C�C bond formation at C2 possible.


Experimental Section


General considerations : All reactions were performed in flame-dried
Schlenk tubes or flasks under an atmosphere of nitrogen. Organic halides
were from Aldrich or Acros and used without further purification.
Tris(dibenzylideneacetone)dipalladium(0), triphenyl arsine, and copper
chloride were from Aldrich. 2-Iodocyclohex-2-enone and iodoethynyl
benzene were prepared according to literature procedures.[13, 14] THF was
distilled under nitrogen from sodium benzophenone ketyl. Yields in Table 1
refer to isolated compounds (column chromatography and crystallization)
of greater than 95% purity as determined by 1H NMR spectroscopy. All
new compounds were fully characterized by spectroscopic methods
(1H NMR, 13C NMR, MS, IR), HRMS, and, in the case of crystalline
compounds, by melting point.


Representative procedure for N-benzyl,N-[(E)-(1-phenyl)trimethylsilyl-
vinyl] toluenesulfonamide (3): A flame-dried Schlenk tube was charged
with CuCl (162 mg, 1.6 mmol) and AsPh3 (15 mg, 0.05 mmol), and the
mixture was degassed (3�) under vacuum with a dry nitrogen purge.
Anhydrous THF (20 mL) was introduced with concomitant stirring, and the
resulting mixture was again degassed (2�) by the freeze ± thaw process.
Pd2dba3 (23 mg, 0.25 mmol) was then introduced and the mixture was
degassed (1�). After the mixture had warmed to room temperature
(30 min), PhI (46 �L, 0.4 mmol) was added, and the mixture turned
brownish. The resulting suspension was stirred for 30 minutes before 2 was
added (220 mg, 0.32 mmol). This mixture was stirred at room temperature,
and completion of reaction was monitored by TLC. The reaction mixture
was cooled, filtered over a plug of Celite (1 cm), and rinsed with ether (5�
10 mL). The solution was concentrated to a residue that was purified by
flash chromatography over silica gel and recrystallized from pentane/
diethyl ether (90:10) to give 95 mg (68% yield) of 3 as a colorless oil.


N-Benzyl,N-[(E)-(1-phenyl)trimethylsilyl-
vinyl] toluenesulfonamide (3): 1H NMR:
�0.25 (s, 9H; Me3Si), 2.45 (s, 3H; PhCH3),
4.53 (s, 2H; PhCH2), 5.62 (s, 1H; HC�),
6.92 (dt, J� 1.2, 7.3 Hz, 2H; Ar), 7.15 ± 7.32
(m, 10H; Ar), 7.75 (d, 3J� 8.6, 2H; Ar);


13C NMR: �0.12, 21.69, 52.45, 127.63, 127.83, 128.15, 128.38, 128.70, 128.93,
129.32, 129.45, 136.85, 137.02, 138.99, 143.61, 149.5; MS (CI): m/z (%): 436
[M��1]; HR-MS (EI): m/z : calcd for C25H28NO2SSi [M��H]: 434.161,
found: 434.1679; calcd for C24H26NO2SSi [M��Me]: 420.14535, found:
420.1457; calcd for C25H28NSi [M��H�SO2]: 370.1991, found: 370.1959;
IRTF (NaCl): 1589, 1573, 1495, 1444, 1347, 1161.


N-Benzyl,N-[(E)-(1-naphthalen-1-yl)tri-
methylsilylvinyl] toluenesulfonamide (4):
White crystals; m.p. 133 ± 133.2 �C;
1H NMR: 0.26 (s, 9H; Me3Si), 2.44 (s,
3H; PhCH3), 4.56 (s, 2H; PhCH2), 5.73 (s,
1H; HC�), 6.21 (dd, J� 1.2, 8 Hz, 1H; Ar),
6.93 (t, J� 7.3 Hz, 1H; Ar), 7.1 ± 7.45 (m,


9H; Ar), 7.65 (d, 4J� 7.9, 3H; Ar), 7.75 (d, 3J� 7.9, 1H; Ar), 7.9 (d, 3J� 8.5,
1H; Ar); 13C NMR: �0.02, 21.69, 53.52, 124.17, 124.59, 125.73, 126.08,
126.21, 127.92, 128.09, 128.25, 128.38, 128.44, 129.64, 130.12, 132.81, 134.46,
136.34, 136.95, 137.69, 138.37, 143.45, 143.71; MS (CI) m/z (%): 486
[M��1];HR-MS (EI)m/z : calcd for C29H31NO2SSi [M�]: 485.18448, found:
485.1878; IRFT (KBr): 1603, 1497, 1441, 1349, 1160.


N-Benzyl,N-[(E)-(1-pyridin-2-yl)trimethylsilylvinyl] toluenesulfonamide
(5): Yellow amorphous solid; 1H NMR: �0.25 (s, 9H; Me3Si), 2.45 (s,
3H; PhCH3), 4.51 (s, 2H; PhCH2), 5.57 (s, 1H; HC�), 7.1 ± 7.34 (m, 9H;


Ar), 7.67 (d, J� 8.5 Hz, 2H; Ar), 8.07 (d,
J� 1.2 Hz, 1H; Ar), 8.46 (dd, J� 4.9,
1.2 Hz, 1H; Ar); 13C NMR: �0.15, 21.75,
53.23, 122.78, 128.12, 128.6, 129.32, 129.67,
131, 135.49, 135.98, 136.21, 136.27, 144,
146.56, 149.6, 150.12; MS (CI): m/z (%):
437 [M��1]; HR-MS (EI): m/z : calcd for C23H25N2O2SSi [M��Me]:
421.14060, found: 421.1392; IRFT (NaCl): 1598, 1581, 1495, 1455, 1349,
1164.


N-Benzyl,N-[(E)-(1-phenylmethanoyl)tri-
methylsilylvinyl] toluenesulfonamide (6):
White crystals; m.p. 124.5 ± 124.7 �C;
1H NMR: �0.11 (s, 9H; Me3Si), 2.44 (s,
3H; PhCH3), 4.49 (s, 2H; PhCH2), 5.52 (s,
1H; HC�), 7.2 ± 7.45 (m, 12H; Ar), 7.75 (d, 3J� 7.9 Hz, 2H; Ar); 13C NMR:
�0.41, 21.78, 50.8, 127.99, 128.15, 128.22, 128.31, 128.51, 129.67, 129.96,
132.55, 134.2, 134.56, 137.6, 144.29, 146.17, 193.89; MS (CI): m/z (%): 481
[M��18]; HR-MS (EI): m/z : calcd for C26H29NO3SSi [M�]: 463.16374,
found: 463.1656; IRFT (KBr): 1669, 1598, 1352, 1166.


N-Benzyl,N-[(E)-2-oxo-1-(trimethylsilyl-
methylene)butyl] toluenesulfonamide (7):
White needles; m.p. 122.6 ± 123 �C.
1H NMR: �0.03 (s, 9H; Me3Si), 0.87 (t,
3J� 7.3 Hz, 3H; CH3CH2), 2.46 (s, 3H;
PhCH3), 2.46 (q, 3J� 7.3 Hz, 2H; CH3CH2),
4.36 (s, 2H; PhCH2), 5.18 (s, 1H; HC�), 7.2 ± 7.36 (m, 7H; Ar), 7.61 (d, 3J�
8.5 Hz, 2H; Ar); 13C NMR: �0.5, 7.91, 21.78, 32.3, 53.29, 128.38, 128.44,
128.64, 129.61, 129.9, 133.2, 134.78, 136.98, 144.39, 147.69, 201.94; MS (CI):
m/z (%): 433 [M��18]; HR-MS (EI): m/z : calcd for C21H26NO3SSi [M��
Me]: 400.14027, found: 400.1384; IRFT (KBr): 1697, 1579, 1494, 1455, 1347,
1164.


N-Benzyl,N-[(E)-(1-benzyl)trimethylsilyl-
vinyl] toluenesulfonamide (8): White solid;
m.p. 88.8 ± 90 �C; 1H NMR: 0.09 (s, 9H;
Me3Si), 2.44 (s, 3H; PhCH3), 3.72 (s, 2H;
PhCH2), 4.19 (s, 2H; PhCH2), 4.99 (s, 1H;
HC�), 6.86 (m, 2H; Ar), 6.96 ± 7.3 (m, 10H;
Ar), 7.61 (d, 3J� 7.9 Hz, 2H; Ar);
13C NMR: 0.05, 21.72, 42.65, 53.88, 126.24, 127.28, 128.09, 128.25, 128.41,
128.51, 129.19, 129.25, 129.57, 134.52, 135.59, 137.27, 143.58, 150.34; MS (CI):
m/z (%): 450 [M��1]; HR-MS (EI): m/z : calcd for C25H28NO2SSi [M��
Me]: 434.161, found: 434.1594; IRFT (KBr): 1600, 1493, 1451, 1345, 1161.


N-Benzyl,N-[(E)-1-(trimethylsilyl)methyl-
ene but-3-enyl] toluenesulfonamide (9):
Amorphous white solid; 1H NMR: 0.01 (s,
9H; Me3Si), 2.44 (s, 3H; PhCH3), 3.02 (d,
3J� 6.7 Hz, 2H; CH2CH�), 4.37 (s, 2H;
PhCH2), 4.70 (brd, 3J� 9.7 Hz, 1H; CH2C�), 4.81 (brd, 3J� 17.1 Hz, 1H;
CH2C�), 4.98 (s, 1H; HC�), 5.1 (ddt, J� 6.7, 9.7, 17.1 Hz, 1H; CHC�),
7.15 ± 7.3 (m, 7H; Ar), 7.68 (d, 3J� 8.5 Hz, 2H; Ar); 13C NMR:�0.18, 21.69,
41.36, 53.88, 116.76, 127.8, 127.96, 128.18, 128.41, 129.28, 129.48, 129.99,
134.62, 134.98, 135.92, 143.58, 150.47; MS (CI):m/z (%): 400 [M��1]; HR-
MS (EI): m/z : calcd for C21H26NO2SSi [M��Me]: 384.14535, found:
384.1446; IRFT (KBr): 1639, 1600, 1494, 1452, 1344, 1163.


N-Benzyl,N-[(E)-1-(trimethylsilyl)methyl-
ene buta-2,3-dienyl] toluenesulfonamide
(10): Slightly yellow oil. 1H NMR: 0.02 (s,
9H; Me3Si), 2.43 (s, 3H; PhCH3), 4.46 (s,
2H; PhCH2), 4.79 (dd, J� 1.8, 6.7 Hz, 2H;
CH2C�), 5.10 (t, J� 1.8 Hz, 1H; CHC�), 5.72 (t, J� 6.7, 1H; CHC�), 7.2 ±
7.4 (m, 7H; Ar), 7.7 (d, 3J� 8.5, 2H; Ar); 13C NMR: 0.95, 21.69, 53.91, 94.25,
127.05, 127.15, 127.57, 127.79, 128.15, 128.28, 128.73, 128.83, 129.32, 129.57,
130.03, 133.16, 136.34, 136.53, 143.32, 143.94, 211.91; MS (CI):m/z (%): 415
[M��18]; HR-MS (EI): m/z : calcd for C22H27NO2SSi [M�]: 397.15318,
found: 397.1521; IRFT (NaCl): 1939, 1349, 1162, 857.


N-Benzyl,N-[(E)-3-phenyl-1-(trimethylsi-
lyl)methylene prop-2-ynyl] toluenesulfon-
amide (11): Yellow oil; 1H NMR: 0.1 (s,
9H; Me3Si), 2.34 (s, 3H; PhCH3), 4.58 (s,
2H; PhCH2), 6.2 (s, 1H; HC�), 7.07 (m,
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2H; Ar), 7.2 ± 7.4 (m, 10H; Ar), 7.77 (d, 3J� 7.9, 2H; Ar); 13C NMR: �1.22,
21.59, 52.16, 85.29, 92.63, 122.23, 127.70, 128.18, 128.47, 128.96, 129.25,
129.54, 129.77, 130.58, 130.67, 131.42, 135.67, 135.95, 136.24, 143.19, 143.49,
143.68; MS (CI): m/z (%): 460 [M��1]; HR-MS (EI): m/z : calcd for
C26H26NO2SSi [M��Me]: 444.14535, found: 444.1446; IRFT (NaCl): 2203,
1350, 1165.


N-Benzyl,N-[(E)-(6-oxocyclohex-1-enyl)-
trimethylsilylvinyl] toluenesulfonamide
(12): White solid; m.p. 120.2 ± 120.5 �C;
1H NMR: �0.16 (s, 9H; Me3Si), 1.85 ± 1.9
(m, 2H; CH2), 2.17 ± 2.3 (m, 4H; CH2), 2.4
(s, 3H; PhCH3), 4.61 (s, 2H; PhCH2), 5.1 (s,


1H; HC�), 6.6 (t, 3J� 4.3 Hz, 1H; Ar), 7.2 ± 7.4 (m, 7H; Ar), 7.68 (d, 3J�
8.5 Hz, 2H; Ar); 13C NMR: �0.25, 21.66, 21.24, 38.38, 53.81, 127.6, 128.18,
128.35, 128.77, 129.28, 129.38, 136.56, 137.37, 139.6, 144.07, 150.73, 197.19;
MS (CI):m/z (%): 454 [M��1]; HR-MS (EI):m/z : calcd for C25H31NO3SSi
[M�]: 453.17939, found: 453.1783; IRFT (NaCl): 1676, 1594, 1455, 1334,
1157.


N-Benzyl,N-[(E)-(1,3-dimethyl-2,4-dioxo-
1,2,3,4-tetrahydropyrimidin-5-yl)trimethyl-
silylvinyl] toluenesulfonamide (13): Slight-
ly brownish solid; m.p. 152.6 ± 155.7 �C;
1H NMR: �0.17 (s, 9H; Me3Si), 2.4 (s,
3H; PhCH3), 3.1 (s, 3H; CO-NCH3-CO),
3.3 (s, 3H; NCH3), 4.74 (s, 2H; PhCH2),


5.17 (s, 1H; HC�), 6.84 (s, 1H; Ar), 7.18 ± 7.43 (m, 7H; Ar), 7.61 (d, 3J�
7.9 Hz, 2H; Ar); 13C NMR: �0.37, 21.66, 27.93, 37.22, 55.17, 113.14, 127.02,
127.92, 128.54, 129.25, 129.57, 132.62, 136.95, 137.73, 141.06, 143.45, 143.84,
151.35, 161.83; MS (ESI): m/z (%): 520 [M��23]; HR-MS (EI): m/z : calcd
for C24H28N3O4SSi [M��Me]: 482.15698, found: 482.1587; IRFT (NaCl):
1707, 1659, 1597, 1451, 1340, 1161.


Representative procedure for iododesilylation : A solution of vinylsilane
(1 eq) in CCl4 (3 mL) was cooled to 0 �C for 1 h. ICl (1.2 eq) diluted in CCl4
(2 mL) was then added dropwise at 0 �C, and the resulting slightly brown
solution was stirred for 2 h at 0 �C. A solution of Na2S2O3 (50% in water,
15 mL) was added, and the aqueous phase was extracted with CH2Cl2 (2�
10 mL). The combined organic phases were dried over Na2SO4 and
evaporated, and the residue was purified by column chromatography with
pentane/AcOEt (80:20) as eluent.


N-Benzyl,N-[(E)-2-iodo-1-phenylvinyl]
toluenesulfonamide (14): White solid;
1H NMR: 2.46 (s, 3H; PhCH3), 4.44 (s,
2H; PhCH2), 6.66 (s, 1H; HC�), 6.9 ± 7.4
(m, 12H; Ar), 7.7 (d, 3J� 7.9 Hz, 2H; Ar);
13C NMR: 21.75, 52.77, 79.98, 127.53, 127.92,


128.28, 128.44, 128.63, 128.76, 128.92, 129.15, 129.25, 129.57, 129.8, 129.93,
135.98, 136.17, 137.24, 143.77, 144.16; MS (CI):m/z (%): 507 [M��18]; HR-
MS (EI): m/z : calcd for C22H20INO2S [M�]: 489.02595, found: 489.0257.


N-Benzyl,N-[(E)-1-phenylmethanoyl-2-io-
dovinyl] toluenesulfonamide (15): Slightly
yellow oil; 1H NMR: 2.42 (s, 3H; PhCH3),
4.54 (s, 2H; PhCH2), 6.74 (s, 1H; HC�),
7.1 ± 7.7 (m, 14H; Ar); 13C NMR: 21.81,
52.48, 80.56, 128.18, 128.34, 128.66, 128.83,


128.96, 129.83, 130.19, 133.71, 135.14, 135.33, 135.52, 140.08, 144.42, 192.72;
MS (CI): m/z (%): 518 [M��1]; HR-MS (EI): m/z : calcd for C16H13INO
[M��Tos]: 362.00419, found: 362.0034; IRFT (NaCl): 1673, 1596, 1451,
1353, 1164, 1217, 1090.


N-Benzyl,N-[(E)-1-benzyl-2-iodovinyl]
toluenesulfonamide (16): White solid; m.p.
93.5 ± 93.7 �C; 1H NMR: 2.44 (s, 3H;
PhCH3), 3.78 (s, 2H; PhCH2), 4.19 (s, 2H;
PhCH2), 6.09 (s, 1H; HC�), 6.80 ± 7.30 (m,


12H; Ar), 7.55 (d, 3J� 7.9 Hz, 2H; Ar); 13C NMR: 21.72, 41.65, 53.87, 84.25,
126.82, 127.83, 128.05, 128.41, 128.64, 128.93, 129.32, 129.70, 135.63, 135.79,
136.40, 143.94, 144.75; MS (CI):m/z (%): 521 [M��18]; HR-MS (EI):m/z :
calcd for C23H22NO2S [M�� I]: 376.13713, found: 376.1389; IRFT (NaCl):
1594, 1493, 1453, 1342, 1159.
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Structure and Electrochemistry of Self-Organized Fullerene ±Lipid
Bilayer Films


Takashi Nakanishi,[a] Makoto Morita,[a] Hiroto Murakami,[b] Takamasa Sagara,[a] and
Naotoshi Nakashima*[a]


Abstract: The unique properties of C60-
bearing artificial lipids with three C16


(lipid 1), C14 (lipid 2), or C12 (lipid 3)
alkyl chains have been characterized by
a variety of techniques, including
13C NMR, UV/Vis, and FT-IR spectros-
copies, differential scanning calorimetry
(DSC), X-ray diffraction, and electro-
chemistry. The 13C NMR and UV/Vis
spectra show that the lipids 1 ± 3 have a
closed aziridine structure at a 6/6-ring
junction of C60. The DSC data reveal
that cast films of 1 exhibit two endo-
thermic peaks at temperature ranges of
35 ± 40 �C (main transition) and 47 ±
49 �C (subtransition) in air, water, and
0.5� aqueous tetraethylammonium


chloride solution, while cast films of 2
and 3 each display one endothermic
peak at 50 ± 57 �C. The results of temper-
ature-dependent FT-IR and UV/Vis
studies of cast films of 1 ± 3, together
with the above data, reveal that the main
peak in the DSC thermogram of a film
of 1 can be attributed to a typical phase
transition as seen in lipid bilayer mem-
branes, while the sub-endothermic peak
seen with 1 and the peaks for 2 and 3
stem from a change in the orientation of


the C60 moieties. X-ray diffraction pat-
terns of each of the cast films of 1 ± 3
show a diffraction peak corresponding
to the (001) plane, suggesting the for-
mation of molecular bilayer membrane
structures. Cyclic voltammograms and
Osteryoung square-wave voltammo-
grams obtained from cast films of 1 ± 3
on basal plane pyrolytic graphite (BPG)
electrodes show strong temperature de-
pendences. Finally, the thermodynamics
of the binding of nine different alkylam-
monium ions and two alkylphosphoni-
um ions to the electrogenerated radical
monoanions and dianions of 1 ± 3 cast on
electrodes is described.


Keywords: electron transfer ¥
fullerenes ¥ lipids ¥ self-assembly
¥ supramolecular chemistry


Introduction


The chemistry and physics of fullerenes have received
increasing attention from many research groups.[1] The
preparation, characterization, and functionalization of full-
erene thin films are also of interest from both a fundamental
and a practical point of view.[2] The solution electrochemistry
of fullerenes and the electrochemistry of fullerene films have
been widely studied and remain the subject of much research
effort from both theoretical and experimental approaches.[3]


We[4] and others[5] have been interested in combining fullerene
chemistry with the chemistry of lipid bilayer membranes.
Synthetic lipid bilayer membranes exhibit fundamental phys-
icochemical properties similar to those of biomembranes and,
through a variety of means, can be immobilized on various


substrates as multibilayer films. We have previously reported
that electrodes modified with synthetic lipid bilayer mem-
branes exhibit unique electrochemical behavior arising from
the properties of the lipid bilayer membranes themselves.[4, 6]


A combination of fullerene chemistry with the chemistry of
synthetic lipid bilayer membranes can be expected to open up
an exciting area in science.[4]


Several groups, including our own, have described the
synthesis of water-soluble, fullerene-bearing amphiphiles and
their aggregation structures in water.[7] We report herein, in
greater detail, our results concerning the structure of water-
insoluble, self-organized thin films of fullerene lipids and the
electrochemistry of immobilized thin films of these lipids on
electrodes. In a preliminary account of this study,[4a] we
reported the synthesis and characterization of a self-assem-
bled triple-chain fullerene lipid 1, in which the cross-sectional
area of the triple alkyl chain is close to that of the C60 moiety
(Figure 1).[4a] We have previously described the formation of
stable monolayers of 1 and the phase-transition-dependent
electronic properties of Langmuir ±Blodgett films of 1,[4e] and
have presented a theoretical thermodynamic treatment to
describe the binding of electrolyte cations to the radical anion
and the dianion of the fullerene moieties in a cast film of 1 on
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Figure 1. Chemical structure and the CPK model of 1.


a basal plane graphite (BPG) electrode in aqueous solution.[4f]


In the present study, we describe: 1) the structural and
spectral characteristics of 1 ± 3, where 2 and 3 are fullerene
lipids with three C14 or C12 alkyl chains, respectively, 2) the
electrochemical behavior of cast films of 1 ± 3 on electrodes in
aqueous solution, and 3) the thermodynamics of the binding
between the fullerene radical monoanions and dianions of 1 ±
3 and electrolyte cations.


Results and Discussion


Design and synthesis of fullerene lipids and their solubility :
Fullerene lipids 1, 2, and 3 were prepared by azide addition
reactions to C60 (Scheme 1), in yields of 26.4, 9.3, and 9.2%,
respectively. The 13C NMR spectrum of 1 featured 12 peaks
(including four unresolved signals),[4a] while the spectra of 2
and 3 featured 13 peaks (including three unresolved signals)
in the region �� 140 ± 150, thus indicatingC2v symmetry of the
fullerene moiety.[8] In each of the spectra of 1 ± 3, a peak was
seen near �� 83, corresponding to the two sp3 hybridized
carbons. The UV/Vis spectra of 1 ± 3 in hexane each showed a


strong absorption at 209 nm and a weak absorption at 420 nm.
The absorption at 420 nm has been reported to be specific for
closed 6/6-ring-bridged fullerene derivatives.[9] All of these
data are consistent with the fact that 1 ± 3 have closed
aziridine structures at a 6/6-ring junction of C60.


Compounds 1 ± 3 are not soluble in water or methanol
because of the lack of a highly hydrophilic moiety in their
chemical structures. The solubility of the lipids in acetonitrile
is also rather limited. In contrast, 1 ± 3 are soluble in a variety
of organic solvents such as DMF, DMSO, chloroform,
benzene, and hexane. The compounds are also soluble, albeit
to a limited extent, in ethanol and isopropanol.


Phase transition : The phase transition of lipid bilayers
between crystalline and liquid-crystalline phases is one of
the most fundamental characteristics of lipid bilayer mem-
branes, and the lipid bilayer properties depend on the change
in fluidity of the bilayers.[10] Figure 2 (traces a ± c) shows
typical differential scanning calorimetry (DSC) thermograms
for cast films of 1 in various media. As has been described
elsewhere,[4a] cast films of 1 exhibit two endothermic peaks at
35.2 �C (main peak) and 47.0 �C (subpeak) in air. Phase
transitions for cast films of 1 appear at 39.7 �C (main peak)
and 47.6 �C (subpeak) in the presence of water, at 33.8 �C
(main peak) and 47.9 �C (subpeak) in the presence of 0.5�
aqueous tetraethylammonium chloride (TEAC), and at
31.5 �C (main peak) and 43.8 �C (subpeak) in the presence
of acetonitrile. It is interesting to note that the phase-
transition behavior of 1 does not differ greatly in the various
media, that is, the lipid retains a similar molecular orientation
in these media. We have previously reported that cast films
of artificial lipids can retain an organized lipid bilayer
structure and a fundamental bilayer characteristic (phase
transition) in organic solvents.[11] Phase-transition temper-
atures (Tc), transition enthalpies (�H), and transition en-
tropies (�S) of 1 are summarized in Table 1. Transition
entropies (�S) indicate the degree of randomness in the


Scheme 1.
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Figure 2. DSC thermograms of cast films of 1 (a ± c), 2 (d), and 3 (e) in air
(a,d,e), in 0.5� aqueous TEAC solution (b) and in acetonitrile (c).


hydrocarbon chain.[10] In this study, the �S values per
methylene unit for the main peaks of 1 in air, water, and
0.5� TEAC were evaluated as 1.93, 2.26, and 2.23 Jmol�1 K�1,
respectively. These values are comparable with those of
liposomal membranes[10] and synthetic bilayer membranes,[12]


thus suggesting that the observed endothermic peaks arise
from a transition between crystalline and liquid-crystalline
states similar to that observed for aqueous bilayer mem-
branes.[10, 12]


Multiscan DSC measurements on the films of 1 revealed
that the main transition soon recovered when the temperature
was cycled back after heating up to 40 �C, while ageing at
temperatures below 20 �C was required to recover the original
two endothermic peaks when the temperature was cycled
back from temperatures above the subpeak temperature. This
is probably due to the formation of a less ordered structure at
such high temperatures.


DSC thermograms of cast films of 2 and 3 exhibit
endothermic peaks at 57.0 and 51.5 �C, respectively (Figure 2,
traces d and e), which may be attributed to the phase
transitions of the fullerene moieties, as discussed in the
following section. For aqueous liposomal[10] and synthetic lipid
bilayer[12] membranes and for lipid cast films,[6b] the phase-
transition temperature decreases with a decrease in the alkyl
chain length by about 13 ± 18 �C for every two methylene
groups. The phase-transition behavior of 2 and 3 differs from


that of liposomal[10] and synthetic lipid bilayer[12] membranes,
since we could not detect a main transition peak like that seen
for a film of 1, even when DSCmeasurements were made over
the range �20 to �70 �C.


Spectral properties : In order to assign the endothermic peaks
of the DSC thermograms described in the previous section, we
examined the temperature dependence of the FT-IR and UV/
Vis spectra of cast films of 1 ± 3 in air. The wavenumbers of the
asymmetric and symmetric methylene stretching vibrations in
the FT-IR spectra of the film of 1 changed drastically near
35 �C (Figure 3a). The shifts of �as(CH2) from 2917.9 to
2922.0 cm�1 and of �s(CH2) from 2849.2 to 2851.0 cm�1 can


Figure 3. Plots of peak wavenumbers of the antisymmetric (closed circles)
and symmetric (open circles) methylene stretching bands in the FT-IR
spectra of cast films of 1 (a), 2 (b), and 3 (c) as a function of temperature.


be attributed to a trans ± gauche conformational change of the
long alkyl chain,[13] which leads to the phase transition of the
thin film. It is evident that the main peak in the DSC
thermogram of the film of 1 is attributable to the bilayer phase
transition typically observed for liposomal and synthetic lipid
bilayer membranes. In contrast, no temperature dependence
was observed for cast films of 2 and 3 (Figure 3b,c). The
�as(CH2) and �s(CH2) vibrations appear at 2922.7 and 2851.3 ±
2851.8 cm�1 for 2 and at 2921.7 and 2851.3 ± 2851.8 cm�1 for 3.
These data suggest that the alkyl chains in both 2 and 3 adopt
a gauche conformation at the temperatures of the measure-
ments.


Table 1. Phase-transition temperature (Tc) for cast films of 1 ± 3.


Lipid Medium Tc [�C] �H [kJmol�1] �S [Jmol�1K�1]


1 air 35.2, 47.0 26.8, 8.9 86.9, 27.8
H2O 39.9, 48.6 31.8, 2.5 101.6
TEAC (0.5� in H2O) 33.8, 47.9 30.8, 8.9 100.2, 27.8
CH3CN 31.5, 43.8 39.7, 8.3 130.2, 26.2


2 air 57.0 11.9 40.0
3 air 51.5 10.5 32.4
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As described previously, the UV/Vis spectrum of a film of 1
in air at temperatures below 35 �C shows three bands (labeled
as A, B, and C) with absorption maxima at 215.5, 262.5, and
329.5 nm, respectively; the peak maxima for bands A, B, and
C are shifted to longer wavelengths upon increasing the
temperature above the subphase transition (Figure 4a), thus
indicating the existence of an electronic interaction between
the C60 moieties in the film of 1. Similar temperature-
dependent spectra were observed for films of both 2 and 3
(Figure 4b,c). The breaks near 55 �C in Figure 4b and 50 �C in
Figure 4c are close to the phase-transition temperatures of the
corresponding films determined by DSC. Thus, it is evident
that the phase transition of the film regulates an electronic
interaction between the C60 moieties for lipids 1 ± 3.


Figure 4. Plots of peak wavelength for bands A (closed circles), B (open
squares), and C (open circles) in the UV/Vis spectra of cast films of 1 (a), 2
(b), and 3 (c).


Structure of fullerene lipid bilayer films : Cast films of 1 have a
multi-bilayer structure with the molecular layer tilted by 42.8�
from the basal plane.[4a] An X-ray diffraction study revealed
that cast films of 2 and 3 gave diffraction peaks at 2�� 1.97�
and 2�� 2.12�, respectively (data not shown), which can be
assigned to the (001) plane of these films. By assuming
molecular lengths of 3.28 nm for 2 and 3.04 nm for 3, as
estimated from CPK space-filling models, it is clear that the
cast films of both 2 and 3 form a biomembrane-mimetic multi-
bilayer structure like that seen with 1. Since the cast films of
both 2 and 3 have a gauche conformation of the alkyl chains


(see previous section), the tilting angles from the basal plane
of the molecular layers are expected to be smaller than the
calculated values,[14] provided that the alkyl chains are in an
all-trans conformation.


The X-ray diffraction patterns of the films were found to be
temperature dependent. The diffraction peak of the film of 1
was maintained at temperatures below 35 �C (which corre-
sponds to the main transition of the film), but on increasing
the temperature to 50 �C, a temperature higher than the
subphase-transition temperature, the diffraction peak almost
disappeared. These results suggest that at higher temperatures
the structure of the film of 1 becomes rather disordered. The
observed temperature dependence was reversible, that is,
when the temperature was cycled back to 25 �C, the X-ray
intensity of the films was recovered, although ageing was
required (data not shown).


The DSC results, together with the spectral and X-ray data,
suggest a possible schematic model for the structure and
phase-transition behavior for cast films of 1 ± 3 (Figure 5).
Phase 1 consists of the lipids in a rigid crystalline state, in
which all the alkyl chains have a trans conformation. Lipid 1
only forms this state. Phase 2 is a fluid state in which the alkyl
chains have a gauche conformation, while the orientation of
the fullerene moieties remains constant. Phase 3 is a fluid
state with a less ordered structure than those in phases 1
and 2.


Figure 5. A possible model for the phase transitions of cast films of 1, 2,
and 3.


Electrochemical behavior : Typical cyclic voltammograms of a
cast film of 1 on a BPG electrode in 0.5� aqueous tetra-n-
butylammonium chloride (TBAC) as electrolyte are shown in
Figure 6. Well-defined redox waves leading to the generation
of the fullerene dianion of 1 can be seen. The first reduction/
oxidation process was found to be stable on potential cycling,
but this was not case on cycling up to �1.0 V, at which point
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Figure 6. Cyclic voltammograms (a and d: 1st scan, b and e: 5th scan, c and
f: 10th scan) at a scan rate of 100 mVs�1 for a cast film of 1 on a BPG
electrode in 0.5� aqueous TBAC solution at 55 �C. Scan ranges for A (left)
and B (right) are 0.05 to �0.85 V and 0.1 to �1.0 V, respectively.


the fullerene dianion is produced. This results in a decrease in
the redox charge, and thus the second reduction current
almost disappeared after ten scans. The decrease in the
reduction charge suggests the formation of an electroinactive
film of the lipid at the electrode surface. Similar cyclic
voltammetric behavior was observed for the 2- and 3-modified
electrodes. Numerical data from the cyclic voltammograms
(CVs) on the first scan for the modified electrodes are
summarized in Table 2. Despite the differences in the chain
lengths, the cathodic and anodic peak potentials, and the
formal potential (E0�) do not differ greatly. In contrast,


electroactive amounts of the fullerene moiety on 1 ± 3 were
found to increase with decreasing alkyl chain length. If one
assumes a uniform thickness of the films, more than 140 mono-
layers of 3 on the BPG electrode are electroactive at 60 �C
(see Table 2). In other words, about 50% of the C60 moieties in
the film on the electrode are electroactive. Evidently, the
fullerene moieties in the films are arranged in such a way as to
allow facile electrochemical communication both between
each other and with the underlying electrode surface.


The scan rate dependence for the first reduction process
was also examined (data not shown). For the 1-, 2-, and 3-
modified electrodes, both the cathodic and anodic peak
currents were found to be proportional to the potential sweep
rates (�) in the range 10 ± 30 mVs�1, as expected for thin-layer
electrochemical behavior. In contrast, the currents were
proportional to the square root of � at 100 ± 3000 mVs�1, as
expected for a diffusion-controlled process.


We have previously reported that the electrochemistry of
C60 embedded in an artificial lipid film is tunable by the
temperature-controlled phase transition of the lipid bilayer


films on electrodes.[4c] In this study, Osteryoung square-wave
voltammetry was used to evaluate the effect of the phase
transition of the fullerene films. Typical Osteryoung square-
wave voltammograms (OSWVs) for a 1-modified electrode in
water containing TBAC as an electrolyte are shown in
Figure 7. Plots of the reduction current for a 1-modified
electrode in water containing TBAC or TEAC as a function of
temperature are shown in Figure 8. For both aqueous systems,
we see shoulders near 35 and 48 �C, which are close to the
main and subphase transitions, respectively, of films of 1, thus
suggesting that the phase transition of the films affects the
electrochemistry of the modified electrodes.


Figure 7. Temperature dependence of the OSWVs (pulse amplitude
25 mV, frequency 15 Hz) for a cast film of 1 on a BPG electrode in 0.5�
aqueous TBAC solution.


Figure 8. Plots of cathodic peak current as a function of temperature for
the OSWVs (pulse amplitude 25 mV, frequency 15 Hz) of a cast film of 1 on
a BPG electrode in 0.5� aqueous TBAC solution (open circles) or 0.5�
aqueous TEAC solution (closed circles).


An unexpected temperature dependence was observed for
the OSWVs of both 2- and 3-modified electrodes (Figure 9);
that is, at temperatures below 25 �C, the modified electrodes
showed almost no faradaic current, as is the case for the 1-
modified electrode. The shoulders seen near 30 �C for 2- and
3-modified electrodes are not consistent with the transition
temperatures obtained by DSC (see Figure 2, traces d and e).
It is evident that the phase transition of the fullerene lipids 2
and 3 does not regulate the electrochemistry of the modified
electrodes. Similar temperature dependences were observed
in the CVs of 1-, 2-, and 3-modified electrodes measured at a
scan rate of 1.0 Vs�1 and for OSWVs at a frequency of 200 Hz


Table 2. Electrochemical data for CVs of the modified electrodes in 0.5� aqueous
TBAC solution at 60 �C. Epc1 and Epa1 are the first cathodic and anodic peak
potentials, respectively.


1-modified 2-modified 3-modified
electrode electrode electrode


Epc1 [mV] � 458 � 463 � 484
Epa1 [mV] � 404 � 407 � 396
E0� [mV] � 431 � 435 � 440
charge[a] [�C] 129 411 926
electroactive fullerene in films[a] [nmol] 1.37 4.26 9.60
electroactive amounts[a] [%] (monolayers) 6.7 (20) 21.3 (62) 48.0 (140)


[a] Data were obtained from the first reduction in the CVs measured at the scan rate
of 10 mVs�1.
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Figure 9. Plots of cathodic peak current as a function of temperature for
the OSWVs (pulse amplitude 25 mV, frequency 15 Hz) of cast films of 2
(squares) and of 3 (triangles) on BPG electrodes in 0.5� aqueous TBAC
solution.


and a pulse amplitude of 25 mV. The observed strong
temperature dependences might stem from some structural
changes of the films that are not detectable by DSC; however,
a clear explanation of this phenomenon at the molecular level
is difficult based on our present knowledge.


The temperature dependences of the modified electrodes
proved to be reversible. Construction of redox-switchable
molecular devices[15] based on fullerene films would be of
interest with regard to the application and utilization of
fullerenes.


Binding of fullerene anions and electrolyte cations : We have
previously described the thermodynamics of the binding of
electrolyte cations (tetraethylammonium and tetra-n-butyl-
ammonium ions) to the electrogenerated radical mono- and
dianions of fullerene moieties in a molecular bilayer mem-
brane film of 1 cast on an electrode surface.[4f] A theoretical
treatment of the binding was based on Equations (1) and (2):


E1/2,1�E0�
1 � RT


F
lnK1�


pRT


F
lnC (1)


E1/2,2�E0�
2 � RT


F
ln
K2


K1


� �q� p�RT
F


lnC (2)


Here, E1/2,1 and E1/2,2 are the half-wave potentials for the
first and second redox processes,respectively, E1


0� and E2
0� are


the standard redox potentials for the two elementary redox
processes, p and q are numbers of cations bound to fullerene
anions in the first and second reduction processes, respec-
tively, K1 and K2 are the binding constants between the
fullerene radical monoanions and the electrolyte cations,
respectively, and c is the concentration of the electrolyte (for
further details, see ref. [4f]).


We have extended the initial study by using nine different
alkylammonium ions and two alkylphosphonium ions. The
electrolytes used were: tetramethylammonium chloride
(TMAC), trimethylbenzylammonium chloride (TMBAC),
TEAC, tetraethylphosphonium chloride (TEPC), triethylben-
zylammonium chloride (TEBAC), tetra-n-propylammonium
chloride (TPAC), tri-n-butylbenzylammonium chloride
(TBBAC), TBAC, and tetra-n-butylphosphonium chloride
(TBPC). Details of the analytical treatment of the binding are
described in the literature.[4f] The electrochemistry of the
modified electrodes was examined using differential pulse
voltammetry in the presence of different concentrations of


electrolytes. As the electrolytes, aqueous KCl solutions of
varying concentrations as well as mixed aqueous solutions of a
given electrolyte � KCl were used. For the mixed solutions,
the total concentration of the two 1:1 electrolytes was
adjusted to 0.5� in order to maintain approximately constant
ionic strength. The results are summarized in Table 3. The
interesting features are as follows.
1) For all cations used, p is almost 1 and q is almost 2.
2) K1 shows a strong alkyl chain length dependence. This is in


sharp contrast to the binding of electrochemically gener-
ated fullerene anions in organic solvents with tetraalkyl-
ammonium cations, for which no alkyl chain length
dependence was reported.[16]


3) K1 values for tetraalkylphosphonium cations are about one
order of magnitude greater than those for tetraalkylam-
monium cations having the same alkyl chain length. The
™softness∫ of tetraalkylphosphonium cations would ex-
plain this stronger complexation, since fullerene anions are
™soft∫ anions.


4) For the binding with fullerene radical anions, the intro-
duction of a benzyl moiety in the electrolyte shows a
stronger effect than that seen with methyl or ethyl groups,
but a weaker effect than that seen with a butyl group.


The Gibbs free energy change will involve contributions
from 1) the displacement of water molecules from the full-
erene surface, 2) the interaction between fullerene and
tetraalkylammonium ion, and 3) the relaxation of the polar-
ization of the medium by the formation of an ion pair.[4f]


Interactions leading to binding would include attractive
electrostatic interactions, and hydrophobic interactions be-
tween the fullerene anion moieties and the alkyl chains of the
cation. A contribution from the � ± � interaction between the
fullerene anion moieties and the alkyl chains might also be
involved. We conclude that the binding due to the electro-
static interaction is enhanced by increasing the alkyl chain
length, since the value of �G1 increases significantly with
increasing chain length.


A similar electrolyte dependence was observed for the 2-
and 3-modified electrodes, for which, with all the cations used,
the p and q values were evaluated as 0.93 ± 1.00 and 1.95 ± 2.05,
respectively. The K1 values for TEAC, TEPC, and TBAC are
0.96� 102, 1.67� 104, and 1.18� 106��1, respectively, at 2-
modified electrodes, while those for TEPC and TBAC at 3-
modified electrodes are 1.90� 103 and 1.08� 105��1, respec-


Table 3. Parameters for the binding of the reduced forms of 1 and
alkylammonium ions and phosphonium ions at the reduction processes of 1
films on BPG at 328 K.


Electrolyte p q K1 [��1] �G1,328 K [kJmol�1]


TMAC 1.03 ± 3.80� 10 � 9.9
TMBAC 1.08 ± 5.24� 103 � 23.4
TEAC 1.05 ± 7.93� 103 � 25.7
TEPC 1.16 ± 5.00� 104 � 29.5
TEBAC 1.04 ± 1.79� 105 � 34.6
TPAC 1.10 2.15 0.96� 106 � 37.6
TBBAC 0.97 1.99 1.01� 108 � 50.3
TBAC 0.97 2.11 1.71� 108 � 50.6
TBPC 1.06 1.98 1.70� 109 � 58.0
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tively. The smaller binding constants obtained for 2- and 3-
modified electrodes compared to 1-modified electrodes stem
from the positive shift[17] of the half-wave potentials of 2- and
3-modified electrodes in aqueous KCl, in which the pseudo
standard redox potential for the first redox process of the C60


moiety on the fullerene lipids was determined (for details, see
ref. [4f].


Conclusion


We have described herein the structure and electrochemical
behavior of cast films of the fullerene lipids 1 ± 3. DSC, FT-IR
and UV/Vis spectroscopies, and X-ray diffraction measure-
ments have revealed that 1 ± 3 form multibilayer structure
films that exhibit phase transitions attributable to the lipid
bilayer phase transition typically observed for liposomal and
synthetic lipid bilayer membranes and/or to a change in
orientation of the C60 moieties. We have been able to
represent the phase transitions of the lipid films schematically
(see Figure 5). Regulated electrochemistry at the fullerene
lipid-modified electrode devices has been possible. The
electrogenerated radical mono- and dianions of the fullerene
lipids have been found to bind strongly with ™soft∫ electrolyte
cations, namely large tetra-n-butylammonium and tetra-n-
butylphosphonium ions. We have pointed out secondary
factors that play important roles with regard to complex
formation in aqueous systems.


Finally, we would like to emphasize that the present study
represents a foundation en route to the construction of
fullerene lipid bilayer devices, which might be useful in the
field of nanoscience and nanotechnology of fullerenes.


Experimental Section


Materials : DMSO was dried over CaH2 and distilled twice prior to use;
other solvents used in the syntheses were distilled prior to use. Chloroform
and benzene used for analytical measurements were of spectrophotometric
grade. Water was purified by passage through a Milli-Q Plus ultra-pure
water system (Millipore Co.). Its resistivity thereafter was over 18 M� cm.
C60 (�99%) was purchased from Matsubo (Tokyo). All other chemicals
used were of reagent grade. O,O�,O��-Trihexadecanoyl-N-(chloroacetyl)-
tris(hydroxymethyl)aminomethane (4) was synthesized according to a
literature procedure.[18]


O,O�,O��-Trihexadecanoyl-N-(azidoacetyl)tris(hydroxymethyl)aminometh-
ane (5): A solution of 4 (1.9 g, 2.0 mmol) and sodium azide (0.26 g,
4.0 mmol) in dry DMSO (50 mL) was stirred for 19 h at 60 �C under N2


atmosphere. The reaction mixture was then poured into water and
extracted three times with dichloromethane. The combined organic layers
were washed three times with brine and dried over anhydrous MgSO4.
After evaporation of the solvent in vacuo, the residue was reprecipitated
from methanol to afford 5 as a white solid. Yield 1.1 g (59.8%); m.p. 61.0 ±
62.0 �C; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 6.72 (s, 1H; NH),
4.44 (s, 6H; OCH2), 4.35 (s, 2H; COCH2N3), 2.34 (t, 3J(H,H)� 7.69 Hz, 6H;
CCH2CO), 1.58 (m, 6H; CH2CCO), 1.24 (m, 72H; (CH2)12), 0.88 (t,
3J(H,H)� 6.96 Hz, 9H; CH3); IR (KBr): �� � 2120, 1740, 1665 cm�1;
elemental analysis calcd (%) for C54H102N4O7 (919.6): C 70.52, H 11.18, N
6.09; found C 70.80, H 11.20, N 5.79.


Hexadecanoic acid, 2-[(1�H-[5,6]fullereno-C60-Ih-[1,9-b]azirin-1�-ylacetyl)-
amino]-2-{[(1-oxohexadecyl)oxy]methyl}-1,3-propanediyl ester (fullerene
lipid 1): The synthetic procedure has been described in brief in ref. [4a]. A
solution of 5 (147 mg, 0.16 mmol) in chlorobenzene (10 mL) was added


dropwise to a gently refluxing solution of C60 (115 mg, 0.16 mmol) in
chlorobenzene (70 mL) over a period of 10 min under N2 atmosphere, and
then the mixture was vigorously refluxed for 24 h. The solvent was
subsequently evaporated in vacuo, and the residue was purified by
chromatography on SiO2 (eluent: ethyl acetate/hexane, 5:1) to give
compound 1 as a dark brown solid. Yield: 68 mg (26.4%); m.p. 50.0 ±
51.0 �C; 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.88 (s, 1H; NHCO),
4.61 (s, 6H; OCH2), 3.91 (s, 2H; COCH2N), 2.33 (t, 3J(H,H)� 7.51 Hz, 6H;
CH2CO), 1.60 (m, 6H; CH2CCO), 1.26 (m, 72H; (CH2)12), 0.88 (t,
3J(H,H)� 6.78 Hz, 9H; CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS):
�� 173.24 (COO), 168.10 (NHCO), 141.1, 141.6, 142.1, 143.0, 143.2, 143.8,
144.2, 144.4, 144.7, 145.0, 145.4, 145.5 (sp2 of C60), 83.5 (sp3 of C60), 62.7
(OCH2), 58.3 (CNH), 54.1 (COCH2N), 34.2 (CH2COO), 32.0
(CH2CH2COO), 29.6 ((CH2)10), 25.0 (CH3CH2CH2), 22.7 (CH3CH2), 14.1
(CH3); IR (KBr): �� � 1740, 1660 cm�1; UV/Vis (n-hexane): �max (�)� 420.5
(4450), 322.0 (37100), 255.0 (105700), 209.5 nm (115400mol�1 dm3cm�1);
FAB-MS (m-NBA): m/z (%): 1611 (1.1) [M��1], 720 (18.1) [C60


�];
elemental analysis calcd (%) for C114H102N2O7 ¥H2O (1630.2): C 84.00, H
6.43, N 1.72; found C 84.31, H 6.61, N 1.97.


Tetradecanoic acid, 2-[(1�H-[5,6]fullereno-C60-Ih-[1,9-b]azirin-1�-ylacetyl)-
amino]-2-{[(1-oxotetradecyl)oxy]methyl}-1,3-propanediyl ester (fullerene
lipid 2) and dodecanoic acid, 2-[(1�H-[5,6]fullereno-C60-Ih-[1,9-b]azirin-1�-
ylacetyl)amino]-2-{[(1-oxododecyl)oxy]methyl}-1,3-propanediyl ester
(fullerene lipid 3): Compounds 2 and 3 were synthesized in a similar
manner as that described for 1. After our preliminary report of this study
had been published,[4a] Jie and co-workers[19] described the synthesis of
fullerene lipids with similar chemical structures.


Analysis for 2 : Yield 66 mg (9.3%); 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 7.86 (s, 1H; NHCO), 4.61 (s, 6H; OCH2), 4.34 (s, 2H;
OCH2NC60), 2.34 (t, 3J(H,H)� 7.70 Hz, 6H; CH2COO), 1.63 (m, 6H;
CH2CH2COO), 1.24 (m, 60H; (CH2)10), 0.88 (t, 3J(H,H)� 6.78 Hz, 9H;
CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 173.2 (COO), 168.1
(NHCO), 140.0, 141.1, 141.5, 142.2, 143.0, 143.2, 143.9, 144.7, 144.8, 144.9,
145.4, 146.2, 147.3 (sp2 for C60), 83.4 (sp3 for C60), 62.7 (OCH2), 58.3 (CNH),
54.1 (COCH2N), 34.1 (CH2COO), 31.9 (CH2CH2COO), 29.5 ((CH2)8), 24.9
(CH3CH2CH2), 22.7 (CH3CH2), 14.1 (CH3); IR (neat): �� � 2923, 2851, 1743,
1685 cm�1; UV/Vis (n-hexane): �max (�)� 421.5 (2900), 323.0 (42000), 255.5
(140000), 209.5 nm (130000mol�1dm3cm�1); TOF-MS (�-CHCA): m/z
(%): 1550 (28.6) [M��Na], 721 (11.9) [C60


��1]; elemental analysis calcd
(%) for C108H90N2O7 ¥ 0.5H2O (1537.0): C 84.40, H 5.97, N 1.82; found C
84.33, H 6.06, N 1.80.


Analysis for 3 : Yield 71 mg (9.2%); 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 7.86 (s, 1H; NHCO), 4.61 (s, 6H; OCH2), 4.35 (s, 2H;
COCH2NC60), 2.34 (t, 3J(H,H)� 7.70 Hz, 6H; CH2COO), 1.63 (m, 6H;
CH2CH2COO), 1.25 (m, 48H; (CH2)8), 0.87 (t, 3J(H,H)� 6.78 Hz, 9H;
CH3); 13C NMR (100 MHz, CDCl3, 25 �C, TMS): �� 173.2 (COO), 168.1
(NHCO), 140.0, 141.1, 141.6, 142.3, 143.0, 143.3, 143.9, 144.7, 144.8, 144.9,
145.4, 146.1, 147.2 (sp2 of C60), 83.4 (sp3 of C60), 62.7 (OCH2), 58.3 (CNH),
54.1 (COCH2N), 34.2 (CH2COO), 31.9 (CH2CH2COO), 29.5 ((CH2)6), 24.7
(HC3CH2CH2), 22.7 (CH3CH2), 14.1 (CH3); IR (neat): �� � 2922, 2850, 1742,
1686 cm�1; UV/Vis (n-hexane): �max (�)� 421.5 (2600), 322.5 (41000), 255.5
(130000), 209.0 nm (120000mol�1dm3cm�1); TOF-MS (�-CHCA): m/z
(%): 1466 (32.1) [M��Na], 721 (16.5) [C60


��1]; elemental analysis calcd
(%) for C102H78N2O7 ¥ 0.5H2O (1452.8): C 84.33, H 5.48, N 1.93; found C
84.30, H 5.64, N 1.79.


DSC of fullerene lipid films : A 10 �L portion of a solution of 1 (or 2 or 3)
(0.5 mg) in chloroform was placed in a DSC sample vessel and the solvent
was evaporated by air-drying overnight. DSC measurements were made on
a Shimadzu DSC-60 apparatus in air or in the presence of 20 �L of water,
water containing 0.5� tetraethylammonium chloride, or acetonitrile at a
heating rate of 2.0 �Cmin�1.[6b]


FT-IR measurements : A 20 �L portion of a solution of 1 (or 2 or 3) (1.0m�)
in chloroform was spread on a CaF2 plate, and the solvent was evaporated
by air-drying overnight. The modified plate thus obtained was placed in a
temperature-controlled flow-through cell (Harrick Scientific Corpora-
tion).[20] Temperatures were kept constant to within �0.1 �C (Neslab
Instruments, Circulator RTE-100). FT-IR spectra were measured on a
Nicolet Prote¬ge¬-460 with 64 scans accumulation for each spectrum.


UV/Vis absorption spectral measurements : A 50 �L portion of a solution of
1 (or 2 or 3) (1.0 m�) in chloroform was spread on the exterior or interior
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wall of a quartz cell in order to allow measurement of the spectra of films of
1 ± 3. An Hitachi U-3000 spectrophotometer was used for the measure-
ments.


X-ray diffraction measurements : A cast film of 1 (or 2 or 3) was prepared
on a slide glass. The X-ray diffraction patterns of the films were measured
in air on a Rigaku RINT-2000 diffractometer.


Electrochemical measurements : The typical procedure for the preparation
of a modified electrode was as follows. A 20 �L portion of a solution of 1
(1.0 m�) in benzene was placed on a BPG electrode (geometric area
0.36 cm2), and the modified electrode was left to dry in air for a day. It was
then annealed in 0.5� electrolyte solution at 50 �C for 30 min. A temper-
ature-controlled electrochemical cell was used. A saturated calomel
electrode (SCE) and a Pt plate electrode were used as the reference and
the counterelectrodes, respectively. A BAS-100BW electrochemical ana-
lyzer was used for all of the cyclic voltammetry, differential pulse
voltammetry, and Osteryoung square-wave voltammetry.
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Fluxional Processes in Diamagnetic and Paramagnetic Allyl Dicarbonyl and
2-Methylallyl Dicarbonyl Molybdenum Histidinato Complexes as Revealed
by Spectroscopic Data and Density Functional Calculations


Dave R. van Staveren,[b, c] Eckhard Bill,[b] Eberhard Bothe,[b] Michael B¸hl,[c]


Thomas Weyherm¸ller,[b] and Nils Metzler-Nolte*[a]


Abstract: This work describes a de-
tailed study on the structure and dy-
namics of pseudooctahedral low-valent
complexes of the type [Mo(His-N�-R)(�-
2-R�-allyl)(CO)2] (His�N�,N,O-�-histi-
dinate; R�H, R��H (1); R�
C2H4CO2Me, R��H (2); R�H, R��
Me (3); R�C2H4CO2Me, R��Me (4)).
These diamagnetic 18-electron com-
plexes were comprehensively character-
ized spectroscopically and by X-ray
crystallography. In the solid state, the
(substituted) allyl ligand is in an endo
position in all compounds, but it is trans
to the His-N� atom in 1 and 2, whereas it
is trans to the carboxylate O atom for
the 2-Me-allyl compounds 3 and 4. In
solution, both isomers are present in a
solvent-dependent equilibrium. The
third isomer (allyl trans to His-NH2) is
not spectroscopically observed in solu-
tion. This is in agreement with the
results from density functional (DFT)
computations (BPW91 functional) for 1


and 3, which predict a considerably
higher energy (�6.3 and �5.9 kJmol�1,
respectively) for this isomer. A likely
path for isomerization is calculated,
which is consistent with the activation
energy determined by variable temper-
ature NMR measurements. At least for
3, the preferred path involves several
intermediates and a rotation of the
2-Me-allyl ligand. For the paramagnetic
17-electron congeners, DFT predicts the
exo isomer of 3� with the 2-Me-allyl
ligand trans to the carboxylate O atom
to be by far the most stable isomer. For
1�, an endo ± exo equilibrium between
the isomers with the allyl ligand trans to
the carboxylate O atom is suggested.


These suggestions are confirmed by
EPR spectroscopy on the electrochemi-
cally generated species, which show
signals for one- (4) and two- (2) metal-
containing compounds. The appearance
of the EPR spectra may be rationalized
by inspection of the SOMOs from DFT
calculations of the species in question.
The notion of a metal-centered oxida-
tion is also substantiated by IR spec-
troelectrochemistry and by UV/Vis
spectra of the 17-electron complexes.
Upon depleting the metal of electron
density, the stretching vibrations of the
carbonyl ligands shift more than
100 cm�1 to higher wavenumbers, and
the carbonyl vibration of the metal-
coordinated carboxylate shifts by about
50 cm�1. A color change from yellow to
green upon oxidation is observed visu-
ally and quantified by the appearance of
a new band at 622 nm (2�) and 546 nm
(4�), respectively.


Keywords: bioorganometallic chem-
istry ¥ carbonyl ligands ¥ density
functional calculations ¥ fluxionality
¥ molybdenum ¥ spectroelectro-
chemistry


Introduction


The study of paramagnetic transition metal compounds is an
active field in coordination chemistry and biological inorganic
chemistry. Much of the interest in these compounds originates
from the role of paramagnetic transition metal centers in
metalloenzymes.[1, 2] A detailed understanding of transition
metal trafficking and enzyme mechanism is often only
possible through the in-depth study of the electronic state of
the metal ions. In comparison to coordination complexes, the
knowledge about paramagnetic organometallic compounds is
limited. The high-spin state of manganocene derivatives is
readily accessible and has been studied in detail.[3, 4] Maximum
spin Cp (Cp� �-cyclopentadienyl) complexes of the 3d
transition metals in general have been reviewed recently by
Sitzmann.[5] The work on paramagnetic Cr compounds,
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including some very interesting hydrides, has been pioneered
by Theopold and Jolly.[6, 7] Some of these compounds are
highly active olefin polymerization catalysts.[8] Electrochemi-
cally induced organometallic transformations were pioneered
by Astruc,[9±11] and MoCp derivatives in particular have been
recently studied.[12, 13] Most noteworthy, the work of Poli
illustrates the rational design and synthesis of stable para-
magnetic organometallic species.[14±16]


Many of those paramagnetic organometallic species are
fairly sensitive. A 17-18-19-electron triad of stable isostruc-
tural organometallic FeCp complexes has been presented
by Astruc and co-workers,[10] and Bennett et al. have
reported a series of air-stable ruthenium alkene com-
plexes with 17 and 18 electrons.[17] Although significant
progress has been made recently, it is probably fair to say
that tools for the comprehensive study of paramagnetic
organometallic species are by far not as well established
as for coordination compounds. This includes spectroscopic
techniques in solution as well as computational work.[10, 18]


Herein we present a comprehensive study on the molecular
fluxionality, including mechanistic details, of organometallic
Mo compounds in a diamagnetic 18-electron as well as
a paramagnetic 17-electron state. Investigations on a re-
lated pair of compounds were reported by Poli and co-
workers.[16, 19]


We have become interested in the properties of para-
magnetic 17-electron species, which we hoped to generate
from [Mo(His)(allyl)(CO)2] (allyl� �-C3H5) and derivatives,
an interesting class of compounds that we have recently
investigated.[20] The parent compound [Mo(His)(allyl)(CO)2]
(1) was synthesized and partly characterized 20 years ago by
Beck and co-workers in their effort to coordinate organo-
metallic fragments (here [Mo(allyl)(CO)2]) to amino acids (in
this case three donor atoms from the amino acid histi-
dine).[21, 22] We were intrigued by the exceptional properties of
this compound. Seen as a pseudooctahedral complex, the
compound combines a Werner-type half (N and O ligands)
with an organometallic half (allyl and CO ligands). Second,
the chirality of the metal can readily be reversed by the use of
enantiomerically pure �- or �-His, which makes it an
interesting candidate for the interaction with chiral biological
ligands like peptides and DNA. In addition, this compound
can be studied by a variety of spectroscopic techniques
including IR spectroscopy of the carbonyl ligands and
electrochemistry. Our group has pursued the synthesis of
biomolecules like peptides and DNA analogues with cova-
lently attached transition metal complexes.[20, 23±29] To this end,
a suitable handle for binding the transition metal fragment to
the biomolecules must be available. Reaction of an activated
acid derivative with the N-terminus of a synthetic peptide is
the most popular method, especially for solid-phase peptide
synthesis, although a Pd-catalyzed Sonogashira coupling
proved to be a versatile and flexible synthetic alternative in
our hands.[25, 26] To produce a suitable acid derivative, we
found that complex 1 may readily be substituted with a
propionic acid side chain at the His-N� nitrogen atom.[20] This
propionic acid methyl ester derivative was much more soluble
in organic solvents than the parent compound 1. Good
solubility, together with the excellent stability of this air-


and water-stable organometallic compound and its favorable
spectroscopic properties made it an ideal object for a detailed
spectroscopic study. As expected, 1 and its derivatives readily
undergo one-electron oxidation affording the corresponding
paramagnetic 17-electron species.


During our studies of both the diamagnetic precursors and
the oxidized paramagnetic complexes it became apparent that
fluxionality of these species is a key issue. It is long known that
the complex [MoCp(�-allyl)(CO)2] (6) exists in solution as a
mixture of two isomers differing in the orientation of the allyl
ligand (exo and endo, see Scheme 1).[30, 31] Since that time,
fluxionality in diamagnetic complexes of the general formula


Mo
OC


OC
R


Mo
OC


OC


R


endo exo


Scheme 1.


[M(�-allyl)(CO)2L2X] (M�Cr, Mo, W, see reference [32] for
MLX nomenclature), of which compound 6 is just a very
special case, has been studied in some detail by NMR
spectroscopy in solution.[33±35] In the general case of L2X�
Cp, a second fluxional process may come into play,
namely a trigonal twist of the L2X ligand plane with
respect to the (�-allyl)(CO)2 plane. The stereochemical
implications of fluxional processes in [M(�-allyl)(CO)2L2X]
have been discussed, but all complexes investigated so far
were either achiral or racemic mixtures.[35] In the chiral
complex 1, which is easily obtained enantiomerically pure,
three different orientations of the His ligand with respect to
the (allyl)(CO)2 plane are possible. Furthermore, very little is
known about the presence of rotational isomers (either allyl
rotation or trigonal twist) in related one-electron-oxidized
species,[36, 37] let alone about the parameters that might
cause such fluxionality in paramagnetic compounds [Mo-
(�-allyl)(CO)2L2X]� . All of these issues are addressed in this
work.


First, we present our findings on different fluxional
processes in methyl propionate derivatives 2 and 4, based on
structures in the solid state and dynamic NMR spectroscopy
in solution. These findings are augmented with a density
functional (DFT) study of the potential energy surfaces of the
parent species 1 and 3. Second, we report on the character-
ization of the oxidized, paramagnetic 17-electron species 2�


and 4�, calling special attention to fluxional behavior in
solution, as revealed by detailed variable-temperature spec-
troelectrochemical studies. Further insight into the electronic
situation of the paramagnetic 17-electron species is obtained
from EPR spectroscopy at low temperature and from DFT
calculations. The combined experimental and theoretical
evidence strongly supports the occurrence of different flux-
ional processes in all species studied, and suggests that the
population of the various isomers differs substantially be-
tween the 17-electron radicals and their 18-electron precur-
sors.
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Results and Discussion


Syntheses : The synthesis of complexes 1 ± 4 is shown in
Scheme 2. The reaction of [Mo(allyl)(Br)(CO)2(MeCN)2]
with equimolar amounts of �-histidine and KOH in a
MeOH/H2O mixture at room temperature yields 1 in ex-
cellent yield. This method is more convenient than the
previously reported route,[21] which consists of reacting


C
O


CO


NH2


Mo
O N N


O
O


OMe
R


C
O


CO


NH2


Mo
O N NH


O


R


Cs2CO3, DMF


Br-C2H4-CO2Me


[Mo(η-2-R-Allyl)X(CO)2(CH3CN)2]
L-His, KOH


R = H (1), CH3 (3) R = H (2), CH3 (4)


X = Br, R = H (to 1); X = Cl, R = CH3 (to 3)


Scheme 2. Synthesis of 1 ± 4.


K[Mo(His)(CO)3] with allyl bromide, because this tris-
carbonyl compound is highly sensitive towards dioxygen.
The yield and purity of 1 synthesized and isolated by the new
route were higher than with that previously reported. By
reacting 1 at 80 �C for 2 h with 3-bromomethyl propionate in
DMF in the presence of Cs2CO3, compound 2 is obtained in
good yield after purification by preparative HPLC.[20]


Complex 3 is obtained in good yield by reacting [Mo(2-Me-
allyl)(Cl)(CO)2(MeCN)2] with stoichiometric amounts of �-
histidine and CsOH ¥H2O in EtOH (Scheme 2). In contrast to
the synthesis of 1, EtOH was used in this case rather than
MeOH because 3 is much more soluble in MeOH than 1 and
does not precipitate from that solvent. Similar to the synthesis
of 2, complex 4 was obtained by reacting 3 with 3-bromo-
methyl propionate in DMF in the presence of Cs2CO3 for 2 h
at 80 �C, followed by purification by preparative HPLC.


Solid-state structures : Single crystals suitable for X-ray
structure determination were obtained for all compounds.
We have recently published the X-ray crystal structure of 2 ¥
2MeOH.[20] ORTEP representations of 1 ¥MeOH, 3, and 4 are
depicted in Figures 1, 2, and 3, respectively. Selected geo-
metric information is summarized in Table 1. As far as
possible, a similar labeling scheme was employed for all
molecules to facilitate the discussion. The unit cell of 3
contains two crystallographically inequivalent molecules,
which display only slightly different bond lengths and angles.
Because all corresponding bond lengths and angles of these
two molecules are equal within experimental error, only the
data for one of the molecules are presented in Table 1 and
discussed here. For hydrogen-bonding interactions (vide
infra), both molecules will be treated and atoms belonging
to the second molecule will be denoted with a prime.


The coordination sphere around the Mo atoms in 1, 3, and 4
consists of identical donor atoms, namely two carbonyl
ligands, three carbon atoms from an allyl (1) or 2-Me-allyl
(3 and 4) ligand and the carboxylato oxygen atom, amine
nitrogen atom, and nitrogen atom N� of either a histidine (1


Figure 1. Structure of 1 ¥MeOH (ORTEP plot; thermal ellipsoids at 50%
probability level). The disordered MeOH molecule has been omitted for
clarity.


Figure 2. Structure of one of the independent molecules of 3 (ORTEP
plot; thermal ellipsoids at 50% probability level). The second crystallo-
graphically inequivalent molecule displays the same bond lengths and
angles within 3�.


Figure 3. Structure of 4 (ORTEP plot; thermal ellipsoids at 50%
probability level).


and 3) or N�-substituted histidine (4). The Mo(allyl)(CO)2 (1)
and Mo(2-Me-allyl)(CO)2 (3 and 4) moieties are in a facial
arrangement with the terminal CH2 carbon atoms of the allyl
or 2-Me-allyl ligand oriented towards the carbonyl ligands.
Such a conformation has been shown to be energetically
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favored by EHMO (extended H¸ckel molecular orbital)
calculations[38] and is observed in all solid-state structures of
this type reported thus far (representative examples for allyl
compounds[35, 38±42] and Me-allyl compounds[43±47]).


All of the Mo donor atom bond lengths in 1 ¥MeOH are
equal within 3� to those in the reported X-ray crystal structure
of 2 ¥ 2MeOH, despite short O ¥¥¥O contacts of the twoMeOH
molecules with the carboxylate group of the N�-substituted
histidine in the latter structure. Therefore, bond lengths of 2
will not be discussed in relation to the structures presented in
this study. Likewise, the Mo donor atom bond lengths of 3 and
4 are also equal within experimental error and therefore will
not be discussed separately.


Apart from hydrogen bonds to MeOHmolecules in 2, there
are no additional intermolecular contacts. For 1, the molecules
are arranged in a three-dimensional network with hydrogen-
bond interactions between N(3) and O(9) (N ¥¥¥ O contact
2.785 ä). The hydrogen-bonding pattern of 3 is more compli-
cated. The carboxylate group of each crystallographically
independent molecule is involved in one short and one longer
hydrogen bond. The longer hydrogen bonds are between
symmetry-related molecules, whereas short hydrogen bonds
form between crystallographically independent molecules.
Strong hydrogen bonds exist between N(3) and O(9) (N ¥¥¥ O
contact 2.813 ä and between N(3)� and O(10)� ((N ¥¥ ¥O
contact 2.811 ä). Weaker hydrogen bonds are present be-
tween O(10) and N(11)� ((N ¥¥¥ O contact 3.167 ä and
between O(10)� and N(11) (N ¥¥¥ O contact 2.913 ä).


Even at first glance, an interesting conformational differ-
ence between the allyl and the 2-Me-allyl ligand structures is
evident. While the allyl ligand occupies a position trans to the
N� nitrogen atom of the (substituted) histidine, the 2-Me-allyl
ligand is located trans to the carboxylate oxygen atom of the
amino acid. The electronic properties of the allyl ligand are
changed by introduction of a methyl group on its central
carbon atom, apparently resulting in a pronounced conforma-
tional change in the solid state. We believe that this is an
electronic effect and not caused by crystal packing because it
occurs in both groups of compounds with and without
substituents on the His ligand, which have different space
groups and crystal packing. Conformational differences of this
kind were not observed in allyl/Me-allyl structures so far, for
instance with bipyridyl[48] or phenanthroline ligands.[45] In-
deed, they may only be observable at all in a completely
unsymmetrical environment such as in 1 ± 4.


The different conformation of the allyl complexes in
comparison to the 2-Me-allyl complexes is also reflected in
some of the bond lengths. As shown in Figures 1 ± 3, the
primary amino group in these three structures is always trans
to a carbonyl ligand. Therefore, unsurprisingly, the
Mo(1)�N(11) bond lengths of 1, 3, and 4 are very similar.
The situation is completely different with the Mo(1)�O(9)
and the Mo(1)�N(1) distances. Whereas these are 2.222(2)
and 2.217(2) ä, respectively, in 1, the Mo(1)�O(9) bond
lengths are shorter by around 0.07 ä in 3 and 4. Likewise, the
Mo(1)�N(1) distances are significantly longer in 3
(2.254(5) ä) and 4 (2.2699(11) ä). These variations can be
rationalized on the basis of the trans influence of the allyl
ligands.


To identify the structural influence of allyl ligands unam-
biguously, we determined the crystal structure of the com-
pound [Mo(His)(CO)3]AsPh4


[21] 5, which has only CO ligands
coordinated to the Mo(His) core. This compound crystallizes
as 5 ¥ H2O. The varying trans influence of the three different
histidinate donor atoms on the Mo�CO distances is nicely
illustrated in the solid-state structure of 5 ¥ H2O. An ORTEP
representation of the anion of 5 is depicted in Figure 4, bond
lengths and angles are included in Table 1. In the crystal
lattice, compound 5 forms alternating layers of AsPh4


� ions
and the anions ¥H2O. The carboxylate group of 5 forms two
hydrogen bonds to a neighboring amide group (N(3) ¥¥¥ O(9)
2.805 ä) and a water molecule (O(10) ¥¥¥ O(60) 2.751 ä).
Furthermore, O(60) forms a weak hydrogen bond to one of
the hydrogen atoms of a coordinated amide group (N ¥¥¥O
contact 3.029 ä).


Figure 4. Structure of the anionic complex of 5 ¥H2O (ORTEP plot;
thermal ellipsoids at 50% probability level).


The Mo atom is coordinated in a distorted octahedral
geometry by three carbonyl ligands and by the carboxylato
oxygen atom, the N� nitrogen atom and the amino nitrogen
atom of a tridentate histidine. The complex displays two
shorter Mo�C(carbonyl) bond lengths at around 1.917(5) ä
(Mo(1)�C(30) and Mo(1)�C(40)) and a slightly longer one
(Mo(1)�C(50) 1.946(5) ä).[49] The carbonyl ligand with the
longer Mo�C(carbonyl) distance Mo(1)�C(50) is trans to the


Table 1. Selected bond lengths [ä] for 1 ¥MeOH, 2, 3 (only one molecule,
see text), 4, and 5 ¥ H2O.


1 ¥MeOH 2[a] 3 4 5 ¥ H2O


Mo(1)�N(1) 2.217(2) 2.216(2) 2.254(5) 2.2699(11) 2.286(4)
Mo(1)�O(9) 2.222(2) 2.214(2) 2.150(5) 2.1517(11) 2.240(3)
Mo(1)�N(11) 2.272(2) 2.256(2) 2.276(5) 2.2711(12) 2.290(4)
Mo(1)�C(30) 1.945(2) 1.944(3) 1.955(7) 1.969(2) 1.916(4)
Mo(1)�C(40) 1.948(2) 1.945(3) 1.936(6) 1.951(2) 1.917(5)
Mo(1)�C(50) 1.946(5)
Mo(1)�C(20) 2.326(2) 2.328(3) 2.336(7) 2.337(2)
Mo(1)�C(21) 2.212(3) 2.209(2) 2.216(7) 2.225(2)
Mo(1)�C(22) 2.320(2) 2.328(3) 2.319(7) 2.304(2)


[a] Data taken from reference [20], numbering scheme adjusted.
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histidine N� nitrogen atom. This bond length elongation is
likely due to the stronger �-acceptor ability of the imidazole
compared to the amino and carboxylato group. All bond
lengths between the Mo atom and the three histidine donor
atoms are slightly longer in 5 than in 1, 3, and 4. This is
probably due to the overall negative charge of the metal
complex in 5.


Structure and fluxionality in solution : All compounds crys-
tallize uniformly and there is no sign of disorder in the solid-
state structures discussed so far. However, the situation is
more complex in solution. For 1 and 2, two sets of signals are
observed in the 1H NMR and 13C NMR spectra, which
indicates the presence of two isomers in solution. The
histidine C�H protons of the two isomers in particular show
a large chemical shift difference. For one of the isomers, �(1H)
and �(13C) of the imidazole hydrogen and carbon atoms are
very close to the values of histidine in D2O. Furthermore, the
ratio between the two isomers shows a marked solvent
dependence. In solvents that are known to coordinate very
well, like DMSO and DMF, the ratio between both isomers is
close to 1:1, whereas it is about 4:1 in MeOH. Displacement of
the imidazole ligand by a solvent molecule might therefore be
a possible cause for the appearance of two isomers. However,
the Mo�N� distance in the solid-state structures of 1 and 2 is
the shortest of all three Mo�histidine donor atom bonds.
Furthermore, the imidazole ligand would be most readily
displaced in 5 because of the negative charge and the longest
Mo�N bond length. However, both the 13C and 1H NMR
spectra of 5 in DMSO show only one set of signals. Therefore,
reversible Mo�N� bond cleavage is unlikely to be the cause
for the observation of two isomers in 1 ± 4.


Allyl rotation, as observed in the complex [CpMo(allyl)-
(CO)2] and analogues,[29, 30, 33] has been suggested by Beck and
Meder to be the rotary motion observed spectroscopically in
1.[22] Also, this paper reports that NMR spectra of 3 show only
one set of resonances. This allyl rotary motion was later
questioned on the basis of EHMO calculations.[38] The
compounds in this study are well suited to put the two
differing suggestions to an experimental test. If allyl rotation
causes the observation of two isomers, then the 2-Me-allyl
compounds are expected to show a higher activation energy
for this process, simply due to the higher mass of the Me-allyl
ligand. As detailed above, Beck and Meder×s report on the
simple NMR spectra of 3[22] is at odds with our experience and
this point certainly merits clarification.


The 1H and 13C NMR spectra of 3 and 4 show broadened
resonances at room temperature in CD3OD, [D3]MeCN, and
[D6]DMSO, which is a first indication for coalescence. When
the samples in CD3CN and CD3OD were cooled down, the
1H NMR spectra of 3 and 4 indeed showed two sets of signals,
at very similar chemical shifts to those of 1 and 2 at room
temperature, which contain an unsubstituted allyl ligand.
However, the ratio of the two isomers differs (Table 2).
Variable-temperature NMR measurements were performed
to determine the activation energy for the interconversion of
the two isomers of 1 ± 4. The choice of solvents was limited by
the low solubility of 1 and 3, but 2 and 4 could be measured in
different solvents to eliminate solvent effects (Table 2). In


hindsight, the results in Table 2 also show that there is almost
no solvent influence on �G�. Most important, the activation
energy for interconversion in [D3]MeCN is significantly less
for the Me-allyl derivative 4 (60.4� 2.0 kJmol�1) than for the
allyl compound 2 (66.7� 0.5 kJmol�1).[20] This result clearly
argues against allyl rotation as the cause for isomerization.


In the solid-state structures, the Me-allyl and allyl ligands
occupy the positions trans relative to the carboxylate group
and to the N� atom, respectively. However, the NMR spectra
of the allyl compounds 1 and 2 at ambient temperature are
very similar to the NMR spectra of the 2-Me-allyl complexes 3
and 4 at lower temperature. It is therefore likely that the two
observed isomers in solution have the conformations shown in
the solid-state structures, namely the allyl or Me-allyl ligand
trans to the carboxylate and trans to the N� atom. The large
chemical shift differences of the imidazole hydrogen atom
signals for the two isomers can be explained by the trans
influence of the (substituted) allyl ligand. When the allyl or
Me-allyl ligand is trans to the N� atom, the Mo�N� bond is
shorter and stronger and, consequently, the imidazole hydro-
gen atom resonances are shifted downfield compared to those
of the isomer in which a carbonyl group is trans to the N�


atom. We conclude that a restricted trigonal twist (through
pseudo-trigonal-prismatic transition structures) is the most
probable rotary motion to interconvert these species in
solution. This has been observed previously for related
pseudooctahedral compounds with the Mo(allyl)(CO)2 moi-
ety.[34, 35, 39, 40] Also, the activation barriers of interconversion
are in the range reported for trigonal twists of other
pseudooctahedral Mo(allyl)(CO)2 compounds.[39, 40] Unlike
all previous examples with a higher symmetry, three different
positions of the allyl ligand with respect to the Mo(His) plane
are possible in 1 ± 4. Even in very clean 1H NMR spectra we
could not detect signals of a third isomer in solution. This
suggests that the third isomer is considerably higher in energy
than the other two. This suggestion is verified by theoretical
calculations (vide infra).


In the case of [CpMo(allyl)(CO)2], the different isomers
stemming from allyl ligand rotation gave rise to two 95Mo
NMR signals.[33] Unfortunately, no 95Mo NMR spectra could
be recorded for compounds 1 ± 4 ; the asymmetry of the
ligands probably causes rapid quadrupolar relaxation, leading
to signals too broad to detect. In the following, we present
theoretical results from DFT calculations that support and
rationalize the spectroscopic findings described above.


DFT calculations on 1 ± 4 : To ensure that the chosen
theoretical methods are capable of correctly describing the


Table 2. Isomer ratio and �G� for their interconversion for 1 ± 4 from
variable-temperature 1H NMR measurements.


Compound Solvent isomer ratio �G� [kJmol�1]


1 [D6]DMSO 57/43[a] 66.7�0.5
2 [D6]DMSO 53/47[a] 66.9�0.5
2 [D3]MeCN 53/47[a] 66.7�0.5
3 [D4]MeOH 55/45[b] 58.6�1.0
4 [D4]MeOH 55/45[b] 58.5�1.0
4 [D3]MeCN 29/71[b] 60.4�2.0


[a] At 300 K. [b] At 243 K
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energetics of molybdenum allyl complexes, the endo and exo
isomers of [MoCp(allyl)(CO)2] (6) have been studied. It is
known from NMR studies that both exist as an equilibrium
mixture at room temperature (endo :exo ratio 1:4,
Scheme 1).[30, 33] At the BPW91/II��//BP86/SDD level of
theory, the endo form is computed to be 1.6 kJmol�1 less
stable than the exo isomer. According to a Boltzmann
distribution at room temperature, this corresponds to a 1:2
ratio, in excellent qualitative agreement with experiment.[50]


Subsequently, the energies of all six regioisomers a ± f of
[Mo(His)(allyl)(CO)2] (1) and [Mo(His)(2-Me-allyl)(CO)2]
(3) were computed. These regioisomers differ in the relative
orientation of the histidinate and (allyl)(CO)2 moieties in the
pseudooctahedral arrangement around Mo, as well as in the
orientation of the allyl or Me-allyl ligand (endo or exo). The
resulting structures are depicted schematically in Scheme 3. In
addition, the energies of all species are summarized in Table 5
(see below).


The endo isomers 1 d ± f are much higher in energy than the
exominima, of which two, 1 a and 1 b, are quite close in energy
(within less than 1 kJmol�1), and the third, 1 c, is slightly less
stable. These data support the identification of 1 a and 1 b as
the two isomers that are observed in solution by NMR
spectroscopy. Traces of 1 c might also be present, but most
likely in amounts too small to be detected by NMR spectros-
copy. This theoretical finding is in agreement with the NMR
results described above.


Essentially the same results are
obtained for the 2-Me-allyl de-
rivative, [Mo(His)(2-Me-allyl)-
(CO)2] (3) (Scheme 3). Isomers
3 a and 3 b are computed to be
most stable and are, thus, most
likely the species found in solu-
tion. The energy difference is too
small to determine the lowest
energy conformer with certainty.
As shown in Table 2 for the more
soluble derivative 4, the experi-
mental situation is similar in that
the ratio can be reversed by
simply changing the solvent. It
should be noted that although the
differences in energy of 3 a and
3 b are rather small and the
theoretical level chosen is cer-
tainly not sufficient to assess
energy differences of a few tenths
of a kJmol�1, it should neverthe-
less be adequate for the more
qualitative purposes of this study.


According to dynamical NMR
spectroscopy, the two isomers
each observed for 1 and 3 inter-
convert on the experimental time
scale in MeCN with barriers of
66.7� 0.5 and 58.6� 2.0 kJmol�1,
respectively. In an attempt to
rationalize the experimental find-
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Scheme 3. The six regioisomers a ± f of [Mo(His)(allyl)(CO)2] (1) and
[Mo(His)(2-Me-allyl)(CO)2] (3). Energies are given in parentheses (see
also Table 5).


ings and provide further support for the structural assign-
ments, we computed a plausible path for this interconversion,
namely the pseudorotation of the His and (allyl)(CO)2
fragments through pseudo-trigonal prismatic transition states
(path A, upper part of Scheme 4). For 1, the computed barrier


Scheme 4. Plausible paths for the interconversion of 1 a and 3 a into 1b and 3b : A) the pseudorotation of the
His and (allyl)(CO)2 fragments through pseudo-trigonal prismatic transition states; B) rotation of the
coordinated allyl group to give the endo species d, followed by pseudorotation through a quasi-trigonal
prismatic transition structure to give e, and finally rotation of the allyl moiety to yield the exo isomer b.
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from this path, 66.1 kJmol�1, is virtually identical to the
experimental number. A substantially higher value of
75.3 kJmol�1 is obtained for the Me-allyl derivative 3.
The higher barrier for 3 versus 1 on path A is due to the
increased steric bulk of the methyl group as it passes the
histidine NH2 moiety in TS 3 ab (closest NH ¥¥¥HC contact
2.08 ä versus 2.22 ä in TS 1 ab). This result is in sharp contrast
to that obtained by experiment, which displays a lower barrier
for 3 than for 1. Thus, a simple pseudorotation using path A
cannot be reconciled with the experimental observations for
3.[51]


Closer inspection of all isomers of 1 and 3 in Scheme 3
reveals that the endo isomers of the latter are generally lower
in energy than those of the former. We assumed that the lower
barrier for 3 might involve some of these endo isomers as
intermediates of the interconversion. Indeed, a suitable
reaction path was found computationally (path B, lower part
in Scheme 4). This path consists of 1) rotation of the
coordinated allyl group affording the endo species d, 2) pseu-
dorotation through a quasi-trigonal prismatic transition
structure affording e, and 3) rotation of the allyl moiety
yielding the exo isomer b. In this sequence, the highest total
activation energy is required for step 2). The corresponding
barrier of 65.3 kJmol�1 in the case of 1 is similar to, and even
slightly lower, than that on path A. More importantly, the
highest point on path B is 59.8 kJmol�1 for 3, which is
approximately 6 kJmol�1 lower than that for 1. This finding is
now fully consistent with the experimental data.


Path B thus represents a viable reaction sequence consis-
tent with experimental data, substantiating the assignment of
the two isomers of each 1 and 3. The fluxional behavior of
these isomers at higher temperatures is a complex process,
involving possibly (for 3 most likely) at least two intermedi-
ates with endo orientation of the allyl group.


It should be noted that other pathways cannot fully be
excluded, for instance those involving the remaining isomers c
and f. It is unlikely, however, that the general conclusion
regarding the highest barriers for 1 and 3 would be invali-
dated. On paths A and B, the allyl groups are always bonded


in an �3 fashion. Another pos-
sibility might involve �1-bond-
ed allyl intermediates. To test
whether such �1-bonded spe-
cies could be competitive, a
representative isomer (1 g) has
been optimized. The resulting
structure is characterized by an
�-agostic Mo�H interaction[52]


and is 130 kJmol�1 higher in energy than 1 a. It is conceivable
that strongly donating solvents might stabilize an �1-form by
coordination to the Mo center (at the empty site that is
occupied by the �-agostic H atom in 1 g). Such a scenario,
however, appears to be unlikely and therefore has not been
further explored computationally.


Our interest extends not only to the diamagnetic species 1 ±
4, but also to their paramagnetic one-electron-oxidized
congeners. In the following, we describe the formation and
spectroscopic investigations on 2� and 4�. These studies are
supplemented by a DFT treatment of 1� and 3�.


Investigation of the paramagnetic 17-electron complexes:
Variable-temperature electrochemistry : Because 2 and 4 are
reasonably soluble in propionitrile even at low temperatures,
all electrochemical investigations were carried out in that
solvent. The cyclic voltammograms (CVs, 25 �C, scan rate
200 mVs�1) of both compounds exhibit a wave with reversible
appearance at E(1/2)� 86 mV (2) and E(1/2)� 25 mV (4)
versus ferrocene/ferrocenium (Fc/Fc�). Controlled potential
coulometry at 500 mV (2) and 600 mV (4) versus Fc/Fc�,
respectively, proves that this wave arises from a one-electron
oxidation. In both cases, CVs before and after oxidation were
identical, which demonstrates the reasonable stability of 2 and
4 in their reduced and oxidized forms. The current density
function (Ip/(SR)1/2; Ip� peak current density, SR� scan rate)
of the cathodic and anodic peaks was found to be constant
within 15% for a wide range of scan rates. This demonstrates
that both compounds undergo unperturbed diffusive ex-
change with the electrode surface (2 mm glassy carbon and
0.05 mm Pt electrodes were used) and that adsorption
phenomena are absent. Nevertheless, the oxidation of 2 and
4 does not proceed by an uncomplicated single reversible
process.


For 2, we have shown that two species must be present in
the oxidized and reduced form, which are in rapid exchange
on the electrochemical time scale.[20] At low temperatures, the
exchange is slowed down and signals for both species can be
detected. Upon warming the sample, a situation similar to
coalescence in NMR spectroscopy is observed in the square
wave voltammogram (SWV). Thermodynamic parameters
including �G0 (corresponding to equilibrium constants K)
could be extracted from these measurements.[20] The under-
lying model assumes the presence of two isomers in both the
oxidized and reduced forms of 2 (Scheme 5). A similar model
can be applied to the Me-allyl derivative 4.


[2a / 4a]+  +  e- 2a / 4a


[2b / 4b]+  +  e- 2b / 4b


∆G0
3


∆G0
2


K2


∆G‡


∆G0
1


∆G0
4


K4


Scheme 5. The presence of two isomers in both the oxidized and reduced
forms of 2 and 4 is assumed in the underlying model.


Unlike 2, there was almost no evidence for two species of 4
even at �40 �C (Figure 5). Only in SWVs at �55 �C and
higher scan rates the anodic scan exhibits a shoulder on the
anodic side of the peak and at�75 �C (the lowest temperature
attainable) anodic and cathodic scans are quite symmetrical.
This means that only at �75 �C the equilibrium composition
of the reduced form is maintained after oxidation at least for
the time required for a cathodic scan. Already at �60 �C, the
isomer ratio was found to be constant for both scan directions
over a wide range of scan rates for 2. A related analysis for 4
reveals that the equilibrium isomer ratio is not perfectly
™frozen∫ even at �75 �C. The most favorable conditions for


N NH2 O


OC
OC


Mo H
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application of the ™square scheme model∫ in Scheme 5 were
anodic scans at high scan rates. Under these conditions, we
find �G0


2 ��0.57 kJmol�1 (K2� 0.71). From the curve-fitting
procedure and a potential difference of 80 mV between the
two species we then obtain �G0


4 ��8.3 kJmol�1 (K4� 150).
From the temperature dependence of the SWVs, further
thermodynamic parameters �H and �S for 2 could be
obtained. Unfortunately, �H and �S could not determined
reliably for 4 because of the limited temperature range
available. All parameters are summarized in Table 3.


The values in Table 3 indicate that for reduced 2, the form
with the higher redox potential is slightly favored in MeCN,
whereas the oxidized form exhibits a pronounced preference
for the species with the lower redox potential. In contrast,
both the reduced and oxidized form of 4 prefer the species
with the lower oxidation potential. In fact, a K4 value of 150
means that there is basically only one species present of 4� in
propionitrile solution. In a control experiment, we performed
cathodic scans on a solution of 4�, obtained by bulk
electrolysis at �10 �C. Indeed, only a single, narrow peak
was observed at all temperatures, in agreement with the high
value of K4 .


IR spectroelectrochemistry :
These investigations were per-
formed on the methyl propio-
nate-substituted compounds
due to their better solubility in
organic solvents. We stress
again that 1 and 3 have very
similar properties to 2 and 4.
Both 2 and 4 show a rever-
sible one-electron oxidation at
room temperature, although
the situation is more complex
at lower temperatures (vide
supra). The CO vibrations of 2
and 4 were monitored during
oxidation and subsequent re-
reduction, performed at 0 �C
using an OTTLE cell (Fig-
ure 6). In the neutral forms, 2
and 4 each show two carbonyl
vibrations at 1933/1835 cm�1


Figure 6. IR spectra (carbonyl stretching vibrations only) of 4 before and
after oxidation and after re-reduction. Note the complete reversibility of
the spectra after re-reduction (see text).


and 1932/1835 cm�1 in CH2Cl2, respectively. These are in the
range reported for several other pseudooctahedral [Mo(al-
lyl)(CO)2] compounds.[35, 37, 40±42] Because two isomers exist in
solution, four carbonyl vibrations were expected, but only two
were observed. A plausible explanation is that apolar solvents,
such as hexane or methylcyclopentane, are mandatory for
obtaining small linewidths.[53] In CH2Cl2, all bands are
significantly broadened, in this case leading to an overlap of
signals from both isomers. Upon oxidation of 2 and 4, the
vibrations shift to 2065/2007 cm�1 and 2062/2002 cm�1, re-
spectively. Upon re-reduction, the original spectra are again
observed (Figure 6).


Because there is only a marginal loss of intensity of the
carbonyl and all other bands, we conclude that the oxidation
of 2 and 4 is completely reversible at 0 �C for minutes. The
frequency shift upon oxidation is of the same order of
magnitude as observed previously for [Mo(allyl)(CO)2L2X]
complexes (X� halogen, L2� didentate nitrogen-donor li-
gand).[37] A shift to higher wavenumbers upon oxidation is
consistent with decreased � ±�* backbonding as a conse-
quence of decreased electron-availability at the metal.


Figure 5. Square wave voltammograms of 4 at different temperatures.


Table 3. Summary of free reaction energy, enthalpy and entropy for both
observable isomers of 2 and 4 in their reduced and oxidized forms from
electrochemical data (see Scheme 5).


2 4[a]


�G0
1 � 40.1 kJmol�1 n.d.


�G0
2 (K) � 0.72 kJmol�1 (1.5) � 0.57 kJmol�1 (0.71)


�G0
3 � 48.3 kJmol�1 n.d.


�G0
4 (K) � 7.5 kJmol�1 (68) � 8.3 kJmol�1 (150)


�H0
2 � 2.5 kJmol�1 n.d.


�H0
4 � 8.3 kJmol�1 n.d.


�S0
2 � 4.3 JK�1mol�1 n.d.


�S0
4 � 8.2 JK�1mol�1 n.d.


[a] n.d.�not determined.
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Furthermore, the intensity of the vibrations of the oxidized
forms is lower compared to that of the neutral forms. This is
also consistent with the assumption of decreased backbonding
as the intensity of carbonyl vibrations depends on the degree
of ™orbital following∫,[53-55] which is indeed decreased in a case
where less metal-ligand backbonding occurs. Finally, the
linewidths of the carbonyl vibrations of 2� and 4� are
significantly smaller than in their reduced counterparts. This
observation may be rationalized on the basis of the equilib-
rium constants of the neutral and oxidized forms (see
Table 3). As calculated from temperature-dependent cyclic
voltammetry experiments (vide supra), the equilibrium con-
stant is 150 for 4�, whereas it is 0.71 for 4. Qualitatively, this
means that in solution only one species is present for 4�,
whereas two isomers are present in a 60:40 ratio in the case of
the neutral complex 4. Since each of the isomers is expected to
display slightly different carbonyl vibrations (as discussed
above), the vibrations in the neutral form are probably
broadened due to overlap of two vibrations from the two
different isomers.


Upon oxidation, the �C�O vibration of the metal-coordi-
nated carboxylate of 2 and 4 shifts from 1642 to 1689 cm�1,
whereas the �CO of the methyl ester is unaffected by the
change in oxidation state. This behavior is quite expected and
is the basis for our assignment of the bands.


UV/Vis spectroelectrochemistry : Compounds 1 ± 4 are bright
yellow compounds. Their color is due to an absorption
maximum just below 400 nm that tails into the visible region
of the spectrum. Upon electrochemical oxidation, solutions of
2 or 4 turn pale green. This change in color was quantified by
UV/Vis spectroscopy during oxidation in a coulometry cuvet.
Representative spectra of 2 and 2� are displayed in Figure 7
and the changes are marked by arrows. Upon oxidation, the


Figure 7. UV/Vis spectra of 2 and 4 during electrochemical oxidation.


maximum at 375 nm is blue-shifted to 348 nm. However, a
new absorption is observed at 622 nm with low intensity (��
70��1 cm�1). This new absorption is probably due to a
forbidden transition with d ± d character in the 17-electron
species 2� and causes the pale green color. The plot in Figure 7
shows two isosbestic points at 383 nm and 456 nm. This means
that two species (2 to 2�) interconvert directly without any
intermediates. Similar spectral changes are observed upon
one-electron oxidation of 4. Two isosbestic points at 379 and
437 nm are observed, and a weak new band at 546 nm (��
70��1 cm�1) appears. UV/Vis data for 2/2� and 4/4� are
summarized in Table 4.


These observations are not at odds with our previous


findings that at least two isomers for either species are present
in solution. For one, the time scale of optical spectroscopy is
much shorter than the rate constant for the rearrangement,
which is observable in the slower electrochemistry. Therefore,
the observed interconversion in the UV/Vis spectroelectro-
chemistry experiments is indeed directly from one species to
another. Second, the UV/Vis spectra of the two isomers of 2
and 4 are presumably very similar and there is reasonable
doubt that the two isomers were at all discernable by their
optical spectra.


EPR spectroscopy : UV/Vis spectroscopic data suggest that
the orbital situation for 2 and 4 is not identical, because the
transitions with d ± d character occur at markedly different
wavelengths. EPR spectra of the oxidized species were
recorded to gain further insight into the electronic properties
of the oxidized species. A sample was prepared by controlled
potential coulometry in MeCN at �20 �C, the solution
transferred into an EPR tube under argon atmosphere and
quickly frozen in liquid nitrogen. In view of the long time
required for coulometry (10 ± 15 min.) and subsequent rapid
freezing it is likely that the oxidized compounds are observed
in their equilibrium ratio at �20 �C. The X-band EPR
resonances of 2� and 4� are not well separated. In addition,
an isotropic signal at g� 2.00 ± 2.01 was observed in ratios
varying from preparation to preparation. Q-band EPR
spectra are displayed in Figure 8 for 4� and in Figure 9 for
2� along with the simulations. The spectrum of 4 can be fitted
with two components, an isotropic spectrum with a g value of
around 2.007 and an axial spectrum with g�� 2.010 and g� �
2.005. The two components were present in varying ratios in
subsequent preparations (the isotropic:axial ratio is 8:92 in
the spectrum shown in Figure 8) and saturation experiments


Table 4. Summary of UV/Vis data for 2 and 4 in their reduced and oxidized
forms. Only the energy (�max in nm) and absorption coefficient (� in
��1 cm�1) for the lowest energy transition are given.


Complex Solvent �max �


2 MeOH 385 820
2 MeCN 375 840
2� MeCN 622 70
4 MeOH 366 940
4 MeCN 353 1080
4� MeCN 546 64
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Figure 8. Q-band EPR spectrum of 4�. Bottom: experimental spectrum,
middle: simulated spectrum, top: subspectra. T� 50 K; power 9.62�
10�3 mW; frequency 34.009702 GHz; modulation 0.51 mT.


Figure 9. Q-band EPR spectrum of 2�. Bottom: experimental spectrum,
middle: simulated spectrum, top: subspectra. T� 50 K; power 9.62�
10�3 mW; frequency 33.994010 GHz; Modulation 0.82 mT.


underscored the point that the observed resonances do not
belong to the same species.


The Q-band EPR spectrum of 2� (Figure 9) looks signifi-
cantly more complicated and could only be fitted with four
different subspectra. Interestingly, two components could be
fitted with g values identical to 4�. A third component with a
rhombic spectrum was simulated (gx� 2.059, gy� 2.003, gz�
1.987). The fourth subspectrum is a broad isotropic spectrum
around g� 2.014 and a linewidth of 670 Gauss. This signal
seems to originate from inhomogeneity, and because its g
value is approximately the average of the three g values from
the rhombic spectrum (gav� 2.016), it is conceivable that both
resonances originate from the same species. Under this
assumption, the ratio between the signals is 0.1:0.8:99.1
(isotropic:axial:rhombic� broad).


Because of its appearance, a g value around 2.007 and its
varying amount, it is likely that the isotropic signal originates
from an organic decomposition product, possibly a free allyl
or histidinyl radical. Compounds 2� and 4� are quite sensitive
to dioxygen, and traces of dioxygen could not be excluded
completely during sample preparation. Rhombic X-band
EPR spectra were previously reported for electrochemically
prepared [Mo(allyl)(CO)2] complexes containing bipyridyl
ligands.[36] Accordingly, the axial and rhombic spectra do
likely originate from the oxidized metal complexes. Identical
g values for the axial spectrum suggest similar species, but
there is no obvious explanation for the spectral differences
and the appearance of a rhombic signal for 2� at this stage. We
have therefore performed DFT calculations on the radical
cations 1� ± 4�.


DFT calculations on the radical cations 1� ± 4� : To comple-
ment and rationalize the electrochemical and EPR findings
pertinent to the redox behavior of the complexes in this study,
all radical cations of isomers 1 a ± 1 f have been studied
computationally. Geometry optimizations were started from
the structures of the respective neutral compounds. Upon
oxidation, bonding between the Mo center and the histidine
donor atoms is reinforced in all isomers, in particular to the
carboxylic oxygen atom, which is computed to approach the
metal by as much as 0.12 ä. In contrast, depleting the metal of
electron density weakens backbonding to the � ligands,
resulting in Mo�C distances elongated by approximately
0.02 ± 0.09 ä. These findings are in qualitative agreement with
results from IR spectroscopy, in particular the observed shift
of the carbonyl bands and the coordinated His carboxylate
group. The strong contact between the metal and the
carboxylic oxygen apparently increases the trans influence
of the latter over that of the imidazol nitrogen atom,
rendering all isomers with the allyl ligand trans to O
particularly favorable.


Interestingly, a completely different energetic sequence is
obtained for the radical cations, as compared to the neutral
precursors (Table 5). On going from 1 to 1�, the exo isomers a
and b switch their relative order of stability and 1 b� is
calculated to be the minimum structure for the radical cation.
The energy difference of 5.5 kJmol�1 is in good agreement
with the value obtained from variable-temperature electro-
chemistry on the methyl propionate derivative 2 (7.5 kJmol�1,
vide supra). For 3�, the energetic sequence differs from that of
1 in that the e isomer is calculated to be the most stable
isomer. Isomers b and e both have the same geometry of the
ligands around the Mo atom but differ in the orientation of
the allyl ligand (exo or endo). Among the endo isomers, 1 e is
substantially stabilized upon oxidation, to the extent that 1 e�


Table 5. Relative energies [kJmol�1] of neutral and cationic [Mo(His)-
(CO)2(�3-C3H5)] complexes at the BPW91/II��//BP86/SDD�ZPE level.


Species/isomer a b c d e f


1 0.0 0.4 6.3 30.5 33.9 25.9
1� 5.5 0.0 15.3 13.8 3.2 25.3
3 0.0 0.8 5.9 24.6 26.3 18.8
3� 18.8 15.2 34.0 22.5 0.0 33.6
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is only 3.2 kJmol�1 above 1 b� (Table 5). Thus, the computa-
tions suggest that 1� should exist as a mixture of two or three
isomers at ambient temperature, and that the isomeric
composition should be significantly different from that of 1
(assuming rapid equilibria between the low-energy isomers).
For 3�, on the other hand, only one isomer will be observed
experimentally.


The energy difference between 3 e� and 3 a� can be
regarded as the actual difference that is determined from
low temperature electrochemical experiments. It is quite
conceivable that the 2-Me-allyl ligand of isomer 3 b undergoes
a 180� rotation upon oxidation. In fact, DFT calculations on
the activation barrier for interconversion between the neutral
isomers 3 a and 3 b (vide supra) indicate the presence of endo
intermediates during the interconversion process. It must be
noted that the variable-temperature electrochemical inves-
tigations only permit to discriminate between different
conformations of the allyl ligand (trans to the O atom or
trans to N�). A rotation of the allyl ligand (exo or endo) will
not be observable by electrochemistry.


The results from DFT calculations provide an explanation
for the observed EPR spectra of 2� and 4�. The axial spectra
of both compounds may arise from isomers e. 3 e� is by far the
lowest energy isomer for 3�. For 1�, on the other hand, 1 e� is
slightly higher in energy to 1 b�. Hence, whereas only one
isomer (4 e�) is present in a solution of 4� and gives rise to an
EPR signal, solutions of 2� contain two species, namely 2 e�


and 2 b�. The main rhombic signal is then caused by 2 b�, in
accordance with DFT results that predicted it to be the major
isomer for 2�.


An inspection of the SOMOs for 1 e�, 3 e�, and 3 b� provides
a rationale for these observations (see Figure S1 in Supporting
Information). Both carbonyl ligands are involved in back-
bonding in the SOMO of 3 b�, and there is a weak interaction
between the metal and the central carbon atom C(21) of the
allyl ligand. The SOMOs of 1 e� and 3 e� are nearly identical
with strong backbonding between the metal and one of the
carbonyl ligands, together with contributions from the termi-
nal carbon atoms C(20) and C(22) of the allyl moieties.
Considering the similarity of the SOMOs of 1 e� and 3 e�, the
unpaired electron experiences an identical environment and
very similar EPR spectra are anticipated. The SOMO for
isomer 3 b� is notably different and a different EPR spectrum
then comes as no surprise.


Conclusion


By combining the results from X-ray crystallography, spec-
troscopic, and low-temperature electrochemical investiga-
tions, as well as DFT calculations, we have been able to
elucidate the structures and fluxional behavior of a number of
Mo complexes of the type [Mo(His)(2-R-allyl)(CO)2]. This is
the first such detailed study including mechanistic details of
the fluxional behavior of pseudooctahedral low-valent Mo
complexes. It reveals remarkable differences in seemingly
very similar organometallic compounds with R�H or CH3.
In their neutral forms, both compounds exist as an approx-
imate 1:1 mixture of two isomers a and b, which have the allyl
ligand in an exo position opposite to N� (a) or the carboxylate


O (b). The net process for interconversion of these isomers is
a restricted trigonal twist. However, the exact mechanism of
interconversion is more complicated and most probably
different for 1 and 3. For the former, direct rearrangement
through a pseudo-trigonal-prismatic transition state is possi-
ble. For the latter, in contrast, a stepwise mechanism is
indicated, involving endo-allyl isomers as intermediates along
the reaction path. In the oxidized form, the endo isomer e
(with the allyl group trans to the carboxylate O atom) is
stabilized to the extent that it has by far the lowest energy of
the Me-allyl species 3�. In the parent allyl derivative 1�, at
least one isomer (b) is similar in energy and this fact is also
reflected by more complicated EPR spectra. Previous work
on [Mo(allyl)(CO)2] complexes with additional bipyridyl and
chelating phosphine ligands[35] shows that these compounds
were fluxional in solution as shown by NMR spectroscopy, but
only one isomer was observed in the oxidized form. In
contrast, we were able to investigate the fluxionality, relative
energies and the mechanisms of interconversion also of the
paramagnetic 17-electron species in this study.


A comparison can be made to [Mo(Cp)(allyl)] compounds.
The compound [Mo(Cp)(allyl)(CO)2] (6), which is isolobal
with [Mo(His)(allyl)(CO)2], is one of the early examples of a
fluxional organometallic compound. Fluxionality in 6 refers to
allyl rotation (exo and endo) only. Very recently, Bitterwolf
and co-workers demonstrated that the exo isomer is formed
preferentially upon irradiation with �� 400 nm at 90 K,
whereas at 360 nm ��� 400 nm, the endo isomer is en-
riched.[56] At even higher energies, photochemical loss of CO
is observed. The behavior of [Mo(Cp)(�3-allyl)(CO)2] and
[Mo(Cp)(�1-allyl)(CO)3] at cryogenic temperatures, as well as
their interconversion, was studied in detail by Limberg and
co-workers.[57] Poli et al. have studied equilibria between
different isomers of [Mo(Cp)(allyl)(�4-butadiene)].[16, 19]


Again, allyl rotation is observed along with isomerization of
the butadiene ligand (s-cis and s-trans). In their system, the
allyl-exo conformation is favored for the 18-electron species,
whereas the allyl-endo conformation is the most stable isomer
for the 17-electron congener. Intermediates with �1 coordi-
nation of the allyl ligand were considered unlikely on the basis
of the measured activation energy for the rearrangement.
Even under cryogenic conditions, no �1 intermediate could be
detected.[57] Our work demonstrates that substituents on the
allyl ligand have a decisive influence on the energetic order of
different isomers. Moreover, rotation about the Mo ±Cp
axis–which is the equivalent of a trigonal twist in 1 or 3–is a
low-energy process too rapid to be observed in Mo(Cp)
compounds. Thus, although they are isolobal and superficially
very similar, the [Mo(His)(allyl)] compounds in this study
have very little in common with the [Mo(Cp)(allyl)] systems
mentioned above as far as molecular structures and dynamics
are concerned.


For applications in bioorganometallic chemistry, the com-
pounds studied herein have attractive properties, namely very
good stability even in aqueous, aerobic media and favorable
spectroscopic properties. Furthermore, they can be readily
substituted with suitable handles for conjugation to biomole-
cules like amino acids and peptides. Studies along these lines
are in progress in our group and will be reported soon.
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Experimental Section


General : All syntheses and manipulations were performed using standard
Schlenck techniques under an atmosphere of argon. [Mo(allyl)(Br)(CO)2-
(MeCN)2] and [Mo(2-Me-allyl)(Cl)(CO)2(MeCN)2] were prepared accord-
ing to literature procedures.[58] All other chemicals were purchased from
commercial suppliers and used as received, enantiomerically pure �-
histidine was used throughout. Elemental analyses were carried out by H.
Kolbe, Analytisches Laboratorium, M¸lheim. IR spectra were recorded on
a Perkin Elmer System 2000 instrument as KBr disks, additionally in
CH2Cl2 solution where indicated. Wavenumbers are given in cm�1. A
Hewlett-Packard 8453 spectrometer was used for UV/Vis and spectroelec-
trochemistry. Mass spectra were recorded by the mass spectrometry service
group, M¸lheim, on a MAT8200 (Finnigan GmbH, Bremen) instrument
(EI, 70 eV) or on a MAT95 (Finnigan GmbH, Bremen) instrument (ESI,
CH3OH solution, positive-ion detection mode). Only characteristic frag-
ments are given with intensities (%) and possible composition in brackets.
Cyclic voltammograms were obtained with a three-electrode cell and an
EG&G Princeton Applied Research model 273A potentiostat. An Ag/
AgNO3 (0.01 molL�1 in AgNO3) reference electrode, a glass carbon disk
working electrode of 2 mm diameter and a Pt wire counter electrode was
used. Standard square wave voltammograms (SWVs) were recorded with a
step height of 1 mV, 25 mV pulse amplitude and 40 Hz frequency. CH2Cl2,
MeCN or EtCN solutions (approximately 10�4 molL�1) contained
0.1 molL�1 Bu4NPF6 as supporting electrolyte. Ferrocene was added in
excess as an internal reference. Controlled potential coulometry measure-
ments (for preparative purposes as well as for UV/Vis spectroelectro-
chemical studies) were performed with the same supporting electrolytes by
employing the above mentioned potentiostat, using a Pt grid as working
electrode, a Pt brush auxiliary electrode separated from the working
electrode compartment by a vycor frit and an Ag/AgNO3 (0.01� AgNO3 in
MeCN) reference electrode. Thin-layer IR spectroelectrochemical meas-
urements were performed by using an OTTLE cell of 0.17 mm optical path-
length consisting of a Pt grid working electrode, a glassy carbon counter-
electrode and an Ag-wire as ™quasi-reference electrode∫. Standard NMR
spectra were recorded at 300 K on a Bruker ARX250 (1H at 250.13 MHz
and 13C{1H}), DRX400 (1H at 400.13 MHz, 13C{1H} and 2D spectra) and
DRX500 (1H at 500.13 MHz, 13C{1H}, 95Mo, 2D). 1H and 13C{1H} spectra
were referenced to TMS, using the 13C signals or the residual proton signals
of the deuterated solvents as internal standards (CDCl3	 7.24 (1H) and 77.0
(13C), DMSO	 2.49 (1H) and 39.5 (13C)). Positive chemical shift values �
indicate a downfield shift from the standard, only the absolute values of
coupling constants are given in Hz. All resonances were assigned by 2D
NMR (H-H-COSY and 1H-13C-HMQC for 1J and long-range couplings).
Preparative high performance liquid chromatography (HPLC) purification
was performed by using a Macherey & Nagel Nucleosil 7-C18 column
(250� 21 mm) using a MeOH/H2O (1:1 v/v) mixture as the eluent.


Synthesis


1: A solution of �-histidine (1.73 g, 11.0 mmol) and KOH (0.62 g,
11.0 mmol) in H2O (30 mL) was added to a solution of [Mo(allyl)(Br)-
(CO)2(MeCN)2] (3.95 g, 11.0 mmol) in MeOH (35 mL). After the mixture
had been stirred for 45 min, it was concentrated in vacuo to about 20 mL.
The yellow precipitate was isolated by filtration, washed with H2O (15 mL)
and diethyl ether (15 mL) and dried in vacuo. Yield: 3.70 g (97%). X-ray
quality crystals of 1 ¥MeOH were obtained by evaporation of a H2O/
MeOH (1/3 v/v) solution under a stream of argon. 1H NMR (400.1 MHz,
[D6]DMSO): �� 8.56/7.94 (s, 1H; N2CHHis), 7.03/6.84 (s, 1H; CHHis), 4.71/
3.93 (br, 1H; NH2), 4.05/3.90 (br, 1H; NH2), 3.50 (m, 1H; C�H), 2.85/2.76
(m, 2H; C�H), 3.51/3.51 (m, 1H; Hc,Allyl), 3.28/3.17 (m, 1H; Ha/s,Allyl), 3.11/
2.78 (m, 1H; Ha/s,Allyl), 1.22/0.80 (m, 1H; Ha/s,Allyl), 0.99/0.80 (m, 1H;
Ha/s,Allyl); 13C{1H} NMR (100.6 MHz, [D6]DMSO): �� 230.0/228.8, 228.2/
227.9 (CO), 178.2/179.1 (C�O�His), 138.7/140.5 (C�H(His)), 133.5/135.0
(Cq�His), 114.7/114.6 (CH�His), 74.2/68.1 (Cc�allyl), 60.2/57.8 (C�allyl),
51.7/52.2 (C�allyl), 52.2/52.0 (C�), 28.0/28.0 (C�); IR (KBr): �� � 3332 (m,
NH), 1932 (vs), 1835 (s), 1805 (s, CO), 1615 (m, C�O); IR (MeOH) 1939,
1847 (CO); MS (ESI�, MeOH): 350 [M�H]� , 372 [M�Na]� , 721 [2M�
Na]� .


2 : Methyl 3-bromopropioniate (1.90 mL, 16.47 mmol) and Cs2CO3 (5.55 g,
17.03 mmol) were added to a solution of 1 (5.90 g, 0.017 mol) in DMF
(35 mL). After the mixture had been heated at 80 �C for 2 h, it was filtered,


and then evaporated to dryness. The residue was re-suspended in THF
(70 mL), this was then filtered to remove the Cs salts and the THF was
removed in vacuo. Purification by preparative HPLC yielded 2 (4.81 g;
65%). Characterization data for 2 are available as supplementary material
for reference [20].


3 : A suspension of [Mo(2-Me-allyl)(Cl)(CO)2(MeCN)2] (1.64 g, 5.1 mmol)
in EtOH (20 mL) was heated in a water bath (50 �C) for 5 ± 10 mins, during
which time a clear orange-reddish solution formed. A solution of �-
histidine (0.79 g, 5.1 mmol) and CsOH ¥H2O (0.85 g, 5.1 mmol) in H2O
(5 mL) was added, resulting in the formation of a small amount of
precipitate, which dissolved again upon stirring. After the mixture was
stirred at room temperature for 30 min, the solvent was removed in vacuo.
The sticky residue was redissolved in EtOH (15 mL) and stirred for
15 mins, resulting in the formation of a yellow precipitate. The solid was
isolated by filtration, washed with H2O (5 mL) and diethyl ether (15 mL),
and dried in vacuo. Yield: 1.50 g (82%). X-ray quality crystals were
obtained by evaporation of a H2O/MeOH (1:3 v/v) solution under a stream
of argon. 1H NMR (400.1 MHz, [D6]DMSO): �� 12.62 (br, 1H; NH), 8.41/
7.99 (br, 1H; N2CHIm), 6.91 (br, 1H; CHIm), 5.04/4.19 (br, 1H; NH2), 3.32
(b, 1H; NH2), 3.28 (br, 2H; C��HAllyl), 2.91 (m, 2H; C�H2), 2.66 (br, 1H;
HAllyl), 2.66 (br, 1H; HAllyl), 1.75 (br, 3H; CH3), 0.80 (br, 2H; HAllyl) ; 13C{1H}
NMR (62.9 MHz, [D6]DMSO): �� 228.2 (b; CO), 178.7 (C�O), 138.9 (b;
CIm), 134.2 (CIm,q), 114.7 (CIm), 79.9 (b; Callyl), 55.9 (b; Callyl), 52.2 (C�), 28.0
(C�), 19.3 (CH3); IR (KBr): �� � 3323 (m), 3248 (m, NH), 1928 (vs), 1842 (s),
1805 (vs, CO), 1645 (s), 1616 (m, C�O), 1616 (m); IR (MeOH) 1939, 1848
(CO); MS: (FAB�): m/z : 382 [M�H]� .


4 : Methyl 3-bromopropioniate (0.8 mL, 7.32 mmol) and Cs2CO3 (1.12 g,
3.4 mmol) were added to a solution of 3 (1.24 g, 3.4 mmol) in DMF (20 mL)
and the mixture was heated at 80 �C for 2 h. After the mixture had been
allowed to cool down to room temperature, it was filtered. The filtrate was
concentrated to dryness in vacuo and re-suspended in THF (35 mL). The
suspension was filtered to remove all of the Cs salts, followed by removal of
the solvent in vacuo. Purification by preparative HPLC afforded 4 (1.27 g;
83%). Crystals suitable for X-ray analysis were grown by slow evaporation
of a MeOH/H2O (1/1 v/v) mixture under a stream of argon. 1H NMR
(250.13 MHz, [D6]DMSO): �� 8.07 (br, 1H; N2CHIm), 6.99 (br; CHIm),
5.04/4.26 (br, 1H; NH2), 4.26 (br, 2H; N�CH2), 3.60 (s, 3H; C(O)CH3), 3.34
(br, 1H; NH2), 3.37 (b, 2H; C�H�HAllyl), 2.80 (br, 2H; C�H2), 2.87 (br, 2H;
N��CH2CH2), 2.48 (br, 1H; HAllyl), 1.71 (br, 3H; Allyl�CH3), 0.80 (b, 2H;
HAllyl) ; 13C{1H} NMR (62.9 MHz, [D6]DMSO): �� 228.5 (b; CO), 178.7 (b;
C�O, His), 171.0 (C�O, ester), 140.0 (b; CIm), 134.9 (CIm,q), 117.5 (CIm), 79.2
(b; Callyl), 55.8 (b; Callyl), 52.0 (C�), 51.6 (C(O)�CH3), 42.5 (N�


�CH2), 34.5
(N��CH2�CH2), 27.9 (C�), 19.2 (CH3); IR (KBr): �� � 3311 (m), 3248 (m,
NH), 1924 (vs), 1838 (vs), 1816 (vs, CO), 1724 (s, C�O-ester), 1633 (s), 1620
(s, C�O-carboxylate��(NH2); IR(CH2Cl2): �� � 1932, 1835 (CO); MS
(FAB�) 450 [M�H]� , 899 [2M�H]� , 422 [M�CO�H]� , 394 [M�
2CO�H]� ; (FAB)� 448 [M�H]� , 897 [2M�H]� ; elemental analysis
calcd (%) for C16H20MoN3O6: C 43.06, H 4.52, N 9.42; found: C 42.95, H
4.61, N 9.28.


[Mo(His)(CO)3]AsPh4 (5): This compound was prepared as reported
previously.[22] Crystals of 5 ¥ H2O suitable for X-ray diffraction were grown
by slow evaporation of a MeOH/H2O (9:1 v/v) mixture under a stream of
argon. IR data are consistent with the literature.[22] 1H NMR (400.13 MHz,
[D6]DMSO): �� 12.13 (b, 1H; NHIm) 7.89 (m, 4H; ArH), 7.78 (m, 24H;
ArH), 7.62 (s, 1H; N2CHHis), 6.80 (s, 1H; CHHis), 3.92 (m, 1H; C�H), 3.39
(m, 1H; NH2), 3.12 (d, 2J(H,H)� 11.0 Hz, 1H; NH2), 2.91 (pseudo-dd, 1H;
C�H2), 2.79 (pseudo-dd, 1H; C�H2); 13C{1H} NMR (100.6 MHz,
[D6]DMSO): �� 233.2 (CO), 229.7 (CO), 178.5 (C�O), 136.5 (N2CHHis),
135.8 (C	His), 134.3 (CAr), 133.2 (CAr), 130.9 (CAr), 121.0 (CAr,q), 113.5
(CHHis), 52.4 (C�), 28.8 (C�).


X-ray crystallography: Transparent yellow single crystals of 1 and 3 were
coated with perfluoropolyether, picked up with glass fibers andmounted on
a Nonius Kappa-CCD diffractometer equipped with a rotating Mo anode
setup. Yellow crystals of 4 and 5 were mounted on a Siemens SMART
diffractometer with a sealed Mo X-ray tube. Both diffractometers were
equipped with graphite monochromators (�(MoK�)� 0.71073) and a
cryogenic nitrogen stream operating at 100(2) K. Crystallographic data of
the compounds are listed in Table 6. Cell constants were obtained from a
least-square fit of the diffraction angles of several thousand strong
reflections. Intensity data were corrected for Lorentz and polarization
effects. Crystal faces of 5 were determined and the face-indexed correction
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routine embedded in ShelXTL[59] was used to account for absorption giving
minimum and maximum transmission factors of 0.631 and 0.843, respec-
tively. Intensity data of 4 were corrected by using the semiempirical
correction program SADABS,[60] which gave transmission factors of 0.756
and 0.9625. Intensity data of 1 and 3 were left uncorrected. The Siemens
ShelXTL software package was used for solution, refinement, and artwork
of the structures and neutral atom scattering factors of the program were
used. Non-hydrogen atoms were refined anisotropically, and hydrogen
atoms, except allyl hydrogen atoms, were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters. Allyl
hydrogen atoms were located from the difference map and isotropically
refined with C�H distances restrained to be equal within errors. CCDC-
168288 (1), CCDC-168289 (3), CCDC-168290 (4), and CCDC-168291 (5)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: �441223/336-033; or deposit@ccdc.
cam.ac.uk).


Computational details : Geometries have been fully optimized without
symmetry constraints at the BP86/SDD level, that is by employing the
exchange and correlation functionals of Becke[61] and Perdew,[62, 63]


respectively, together with a fine integration grid (75 radial shells with
302 angular points per shell), and the Stuttgart ±Dresden relativistic
effective core potentials with the corresponding valence basis sets for Mo
(6s5p3d),[64] C, N, and O (valence double-zeta),[65] and Dunning×s double-
zeta basis for H.[66] The nature of the stationary points has been verified by
computations of the harmonic frequencies at that level. Each transition
state has been characterized by the occurrence of a single imaginary
frequency and by visual inspection of the corresponding vibrational mode,
in order to ensure that the desired minima are connected. Subsequently,
single-point energy calculations for these BP86/SDD geometries have been
performed at the BPW91/II�� level, that is by using the functionals of
Becke,[61] Perdew, and Wang,[67, 68] a (16s10p9d) all-electron basis for Mo,
contracted from the well-tempered 22s14p12d set of Huzinaga and
Klobukowski[69] and augmented with two d shells of the well-tempered
series, and standard 6-31G* basis set[70, 71] for all other elements. This level
is denoted BPW91/II��//BP86/SDD. Unless otherwise noted, energies are


reported at this level, including the BP86/SDD zero-point corrections. The
same methods, together with more extended basis sets on the ligands, have
proven to be well suited for a description of reactivities and 95Mo chemical
shifts of a number of inorganic and organometallic molybdenum com-
pounds,[72] and are among those DFT-based methods that are now routinely
used to study many aspects of transition-metal chemistry.[73] Open-shell
systems were treated with the unrestricted Kohn ± Sham formalism, and no
significant spin contamination was found. All computations employed the
Gaussian 98 program package[74] and have been carried out on Compaq
XP1000 workstations at the Max-Planck-Institut f¸r Kohlenforschung,
M¸lheim.
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The Total Synthesis of the Annonaceous Acetogenin, Muricatetrocin C


Darren J. Dixon, Steven V. Ley,* and Dominic J. Reynolds[a]


Dedicated to Professor Jean-FranÁois Normant on the occasion of his 65th birthday


Abstract: The total synthesis of the potential antitumour agent muricatetrocin C has
provided an ideal stage for the exploitation and development of new chemistry. A
convergent synthetic strategy has been realised incorporating three distinct pieces of
methodology, these include a highly diastereoselective hetero-Diels ±Alder reaction
to construct the butenolide terminus, an oxygen to carbon rearrangement to install
the trans-2,5-disubstituted tetrahydrofuran ring and a spatial desymmetrisation
process to afford the anti-diol unit.


Keywords: antitumor agents ¥ cy-
cloaddition ¥ natural products ¥ total
synthesis


Introduction


In their quest for novel lead structures Cole and co-workers in
1982 isolated a new natural product, uvaricin (1), from the
dried roots of Uvaria accuminta (Figure 1).[1] This was the first
member of a family of natural products that has since come to
be known as the annonaceous acetogenins and which now
features over 350 members, isolated from 37 different species


O
O


O


OH


OHOH


OH


OO
OH


O


O


OH
3


Uvaricin 1


Muricatetrocin C 2


Figure 1. Uvaricin (1) and muricatetrocin C (2).


of Annonaceae.[2] The structure of 1 can be taken as typical of
the annonaceous acetogenins. They are a series of C-35/C-37
natural products, usually characterised by a central polyoxy-
genated core comprising one, two or three tetrahydrofuranyl
(THF) rings along with a number of flanking hydroxyl groups.
Either side of this core unit is substituted with a long carbon
chain, one bearing a terminal methyl substituted �,�-unsatu-


rated �-lactone ring, whilst the other side is simply aliphatic.
The largest site of variation in the acetogenins is the central
core, where the ring(s) can be cis- or trans-disubstituted,
adjacent or nonadjacent, flanked by one or two hydroxyl
groups or incorporate other functionality such as a ketone,
epoxide or THP ring.


These compounds are known to exhibit a broad range of
biological activities, the precedent for which came from early
South American populations, who used extracts of Annona-
ceae plants as pesticidal and antiparasitic agents.[3] The tested
activities of the acetogenins now include, but are not limited
to: pesticidal, antifeedant, antiprotozoal, immunosuppressive
and probably most importantly, antitumour.[4] In this respect
they are known to be very potent cytotoxic compounds,
targeting the reduced nicotinamide adenine dinucleotide
(NADH), ubiquinone oxidoreductase in complex I, which is
a membrane bound protein of the mitochondrial electron
transport system, and the ubiquinone linked NADH oxidase
in the plasma membrane of cancerous cells.[5, 6] Inhibition by
these mechanisms results in ATP deprivation, which leads to
apoptosis of the high energy demanding tumour cells.[7] The
acetogenins are now considered as the most potent (effective
in nanomolar concentrations) known inhibitors of mitochon-
drial complex I.[5, 8] More recently the annonaceous acetoge-
nins have also been shown to overcome resistance in multi-
drug resistant (MDR) tumours.[9] Thus, for the above reasons
and by virtue of their limited availability from natural sources,
these compounds have been targeted for total synthesis by a
number of research groups.[10±15]


Muricatetrocin C (2) was isolated in 1996 by McLaughlin
et al. from the leaves of Rollina mucosa, a tropical fruit tree
native to theWest Indies and parts of Central America.[16] Our
specific interest in this molecule stemmed from two factors.
Firstly, the isolation group showed that 2 exhibits potent
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inhibitory action against PC-3 prostatic adenocarcinoma,
PACA-2 pancreatic carcinoma and A-549 lung carcinoma
cell lines, making it a potential antitumour agent. Unfortu-
nately, the limited supply of the natural product (15 mg from
1.63 kg of dried leaves) restricted further investigation, high-
lighting the need for total synthesis in this area.[16] The second
level of interest arose due to the structural features present in
the molecule: namely seven stereogenic centres, compart-
mentalised into three distinct structural motifs. It was
envisaged that 2 would provide an excellent platform for
both the evolution of existing group methodology and the
potential development of new synthetic tools. This was
compounded by the fact that no synthesis of 2 had previously
been reported in the literature.[17]


Synthetic plan : The strategy towards 2 centred on the
enantioselective preparation of fragments 3, 4 and 5, and
their subsequent coupling to realise an overall convergent
route (Scheme 1). The plan incorporates some well-estab-
lished endgame chemistry based on the large literature
precedent in the area, whilst also generating three evenly
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Scheme 1. Synthetic plan for 2. Bn� benzyl, TBS� tert-butyldimethylsilyl,
TBDPS� tert-butyldiphenylsilyl.


functionalised fragments that it was hoped would allow either
the utilisation of existing methodology from our laboratories
or the development and application of new chemistry. Thus
the key features of the approach are: the application of the
recently reported (R�,R�,R,S)-2,3-butanediacetal-protected
butane tetrol 6 as a building block for the anti-1,2-diol
containing component 3 through selective chemical differ-
entiation of the incongruous hydroxyl termini;[18] the use of
the recently developed anomeric oxygen to carbon rearrange-
ment of alkynyl stannanes such as 7 for the stereoselective
construction of the 2,5-trans-disubstituted THF ring compo-
nent 4 ;[19] and finally the implementation of a new approach to


the hydroxy-butenolide terminus 5, using a hetero-Diels ±
Alder (HDA) reaction with diene 8 to simultaneously install
the 1,5-stereochemical relationship and mask the butenolide
double bond.


With regard to the later stages of the synthesis, addition of
the alkynyl lithium reagent derived from 3 to the anomerically
disposed aldehyde 4, was envisaged to introduce the remain-
ing stereogenic centre at C-16. Subsequent manipulation to
unmask a terminal alkyne, would then allow for a Sonogashira
coupling with 5 to complete the carbon skeleton. The
formation of this C7�C8 bond and the subsequent selective
hydrogenation of the resulting enyne in the presence of the
butenolide is supported by good precedent from previous
work carried out in this area.[20]


Results and Discussion


The anti-diol fragment : The synthesis commenced with the
preparation of 3wherein the anti-diol arises from the chemical
desymmetrisation of a meso-dimethyltartrate derivative, fol-
lowing a modification of the previously reported process.[21]


Thus 2,3-butanediacetal (BDA) protected (R,R)-dimethyl
tartrate 9 was converted to the corresponding (R,S)-diol 6
exploiting the local chirality contained within the BDA
protecting group (Scheme 2). Terminal differentiation of 6
by successive treatment with sodium hydride (1.1 equiv) then
tert-butyldimethylchlorosilane (TBSCl) afforded 10 and 11 in
a 5:1 ratio of easily separable diastereoisomers, favouring the
axial silyl ether 10. In order to achieve this bias towards axial
protection it was critical to observe precipitation of the
initially formed mono-anion. Presumably the nature of this
precipitate is such that the sodium cation is positioned
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Scheme 2. Synthesis of gem-dibromo olefin 15. a) ref. [21]; b) NaH; THF/
pentane, 0 �C� rt, 30 min, then TBSCl, 40 min (72%); c) DMSO, (COCl)2,
CH2Cl2, �78 �C; NEt3, �78� rt; d) CH3(CH2)10PPh3I, n-BuLi, THF,
�78 �C, 30 min (92%, two steps; Z/E 8:1); e) Raney nickel, H2, EtOH;
rt, 30 min (90%); f) TBAF, THF, rt, 2 h; g) DMSO, (COCl)2, CH2Cl2,
�78 �C; NEt3, �78� 0 �C; h) PPh3, CBr4, CH2Cl2, 0 �C, 30 min, (88%,
three steps). TBAF� tetra-n-butylammonium fluoride, TBSCl� tert-bu-
tyldimethylsilyl chloride.
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between the axial oxy-anion and a donating lone pair from
one of the two oxygen atoms of the BDA dioxane ring. In this
event a kinetic trap of the anion 12 with TBSCl prior to
equilibration in solution would lead to the observed result.
More conventional silylation conditions (namely TBSCl,
imidazole, THF) afforded the expected equatorial silyl ether
11 with high diastereoselectivity (11/10 17:1).[18b]


Chain extension to build the twelve-carbon terminus was
the first homologation that was required to progress towards
fragment 3. Oxidation of 10 to the equatorial aldehyde
proceeded smoothly using the Swern conditions. This crude
material underwent Wittig reaction with the phosphorus ylid
derived from 1-iodoundecane at �78 �C in THF, to form an
inseparable mixture of olefins (Z/E 8:1) in good yield. For
ease of subsequent characterisation, the resulting olefin was
saturated using hydrogen and Raney nickel in ethanol, to
afford 13. Reduction with hydrogen in the presence of other
metal additives such as palladium on carbon and platinum
dioxide were far less efficient, producing significant decom-
position of the starting material. This was perhaps a result of
competing hydrogenolysis at the allylic position.


Deprotection of the silyl group using tetra-butylammonium
fluoride (TBAF) in THF furnished 14, then Swern oxidation
of the resulting alcohol afforded the axial aldehyde. Con-
version to a suitable coupling partner required a one-carbon


homologation reaction. Thus,
addition of the crude aldehyde
to a solution of CBr4 and Ph3P
in CH2Cl2 at 0 �C, afforded
gem-dibromo olefin 15 in good
yield.[22] Compound 15 was
subjected to a NOE study in
order to ascertain whether any
epimerisation had occurred ei-
ther in the oxidation step or in
the presence of the in situ
generated (dibromomethyle-


ne)triphenylphosphorane. The important effect was observed
between the olefin proton and the proximal axial methoxy
substituent (Figure 2). The conversion of 15 to the alkynyl
lithium derivative of 3 is described in the coupling section.


The central fragment : The trans-relationship across the
disubstituted tetrahydrofuran ring 4 was expected to arise
from a Lewis acid mediated rearrangement of alkynyl
stannane 7, with the approach of the tributylstannane being
directed by the pendant bulky tert-butyldiphenylsilyloxymeth-
yl group (Scheme 3).
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Scheme 3. Synthetic plan towards tetrahydrofuran 4.


The known lactol 17 was readily prepared in three high
yielding steps from (R)-glycidol (Scheme 4). Consequently,
formation of the tert-butyldiphenylsilyl (TBDPS) ether 16,
opening of this epoxide with allyl magnesium bromide in the
presence of catalytic dilithium tetrachlorocuprate [Li2CuCl4],
and then ozonolysis of the resulting alkenol with in situ ring
closing afforded 17 in 70% overall yield, as a 3:2 mixture of
anomers. Subsequent treatment of this material with excess
propargylic alcohol and catalytic Amberlyst A-15 in benzene
at reflux delivered the propargylic ether 18 in excellent yield,
again as a 3:2 mixture of anomers.
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Scheme 4. Synthesis of tetrahydrofuran 4. a) TBDPSCl, NEt3, DMAP,
CH2Cl2, rt, 24 h (85%); b) allylMgBr, CuLi2Cl4, (10 mol%), THF, �30 �C
2 h (89%); c) O3, CH2Cl2, �78 �C, 20 min; PPh3, �78 �C� rt, 14 h (93%);
d) prop-2-yn-1-ol, Amberlyst A-15, benzene, reflux, 15 min (91%); e) n-
BuLi, THF, �78 �C, 30 min; Bu3SnCl, �78 �C� rt, 30 min; f) BF3 ¥OEt2,
CH2Cl2, �10 �C, 10 min [85%, two steps (5.5:1, 19/20)]; g) KHMDS,
�78 �C, 30 min, then BnBr, THF, �78 �C� rt (78%); h) TBAF, THF, rt,
3 h (95%); i) Raney nickel, H2, EtOH; rt, 30 min (70%); j) DMSO,
(COCl)2, CH2Cl2, �78 �C; NEt3, �78� rt (used crude). TBDPSCl� tert-
butyldiphenylsilylchloride, DMAP� dimethylaminopyridine, KHMDS�
potassium hexamethyldisilazide.


Subjection to the rearrangement protocol by deprotonation
of the alkyne 18 with n-butyllithium in THF at �78 �C,
followed by treatment with tributyltin chloride and warming
to room temperature afforded, after aqueous work up, the
crude tributylstannylated material 7. This was not purified, but
simply dissolved in dichloromethane, cooled to �10 �C and
then treated with boron trifluoride etherate for ten minutes
before the reaction mixture was quenched with sodium
hydroxide. Aqueous work up and inspection of the crude
1HNMR indicated that the reaction had proceeded to give the
carbon linked products 19 and 20 in a ratio of 5.5:1 favouring
the trans-product 19 in good overall yield. Benzylation of the
released primary hydroxyl by treatment with potassium
hexamethyldisilazide (KHMDS) followed by benzyl bromide
allowed chromatographic separation of the diastereoisomers
to afford 21 [along with minor isomer (not shown) 22], which
underwent analysis by NOE to corroborate the predicted
trans-relationship of the major component (Figure 3).[23]
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Figure 3. NOE values to confirm the stereochemical outcome of the O�C
rearrangement reaction.


After the successful introduction of the C-12 stereogenic
centre, 21 needed to be prepared for coupling with the
metallated fragment 3. Given that this coupling produces a
further propargylic triple bond requiring reduction, it was
thought that both these hydrogenation steps would be
performed simultaneously, at a later stage in the synthesis.
Therefore TBAF mediated removal of the silyl protecting
group proceeded smoothly to afford 23. However, trial
reactions with a variety of common oxidation procedures
revealed that the desired aldehyde 24, was unstable and
extremely difficult to isolate. Surprisingly, after much exper-
imentation, it was found that removal of the triple bond by
hydrogenation over Raney nickel allowed Swern oxidation to,
and isolation of, essentially pure aldehyde 4.


The butenolide terminus : The synthetic strategy towards 5
centred on the idea of utilising the C-34 methyl substituent of
diene 8 to influence the introduction of the C-4 stereogenic
centre–a formal 1,5-induction process (Scheme 5). This
approach offers a significant departure from the previous
work in the area, the majority of which concentrates on the
union of two chiral fragments or the employment of more
than one source of chirality.


The heterodienophile requires two distinct properties in
order to render the reaction successful namely the necessary
steric bulk to develop the unfavourable, nonbonding inter-
action with the C-34 methyl substituent and therefore control
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Scheme 5. i) Synthetic plan towards fragment 5 ; ii) requirements of the
dienophile for the successful induction of stereochemistry.


the facial selectivity of the reaction, and secondly in the case
of X�O; the desired frontier orbital coefficients to force the
regioselective delivery of oxygen atom to C-4.


With these criteria in mind the obvious choice of dien-
ophile, singlet oxygen (X�O), which avoids any regiochem-
ical issues was considered unsuitable due to the lack of any
steric component to direct the diastereoselectivity. A search
for more appropriate alternatives indicated nitroso dieno-
philes as potential reagents. In particular nitrosobenzene,
which along with the evident steric properties, had been
shown by Kresze and Firl to exhibit promising regioselectivity,
albeit in combination with the much simpler 2-cyanobuta-
diene 25, affording 26 in 70% yield (Scheme 6).[24] With this
initial precedent in hand, molecular orbital calculations were
performed in an attempt to predict if the more complicated
diene 8 would exhibit the same regiochemical preferences
(Figure 4). The resulting frontier orbital coefficients implied
that the reaction should proceed with normal electron
demand to favour the desired regioisomer.[25]


NC PhNO NC
N
O


25 26


MeOH, rt


Scheme 6. Reaction of nitrosobenzene with 2-cyanobutadiene (25).
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Figure 4. Results of the frontier orbital calculations.


Subsequent to the HDA reaction, two events are required,
firstly elimination of the aryl amine portion to re-introduce
the unsaturation to the �-lactone, and then manipulation of
the primary benzyl ether to allow one carbon homologation to
a vinyl iodide. The important issue is that the cleavage of the
N�O bond must be performed selectively in the presence of
the benzyl group and more importantly the �,�-unsaturation,
which is required to protect against the possibility of internal
translactonisation. However, the synthetic ordering of the
above events was considered interchangeable and this inher-
ent flexibility was found to be an important benefit of the
synthesis plan.


The synthesis began with 1,4-butanediol, which was mono-
protected to give the primary benzyl ether 27, then a tandem
Swern ±Wittig reaction afforded the �,�-unsaturated tert-
butyl ester 28 in excellent yield (Scheme 7). Then, in a three
step procedure with no isolation of intermediates, 28 was
treated with LDA in the presence of HMPA followed by the
addition of (S)-2-(tert-butyldimethylsilyloxy)propanal, de-
rived from (S)-ethyl lactate.[26] This crude material was stirred
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Scheme 7. Synthesis of the hetero-Diels ±Alder adduct 32. a) NaH; BnBr,
DMF, 0 �C (82%); b) DMSO, (COCl)2, CH2Cl2, �78 �C; NEt3, �78� rt,
then (tert-butoxycarbonylmethylene)triphenylphosphorane, CH2Cl2,
0 �C� rt, 14 h (96%); c) LDA/HMPA/THF, �78 �C, 30 min, then (S)-2-
(tert-butyldimethylsilyloxy)propanal, �78� 0 �C; d) MeOH/HCl (sat.), rt,
5 min, (repeat); e) MsCl, NEt3, CH2Cl2, 0 �C, 30 min (E/Z 1:6); f) I2
(5 mol%), sunlamp irradiation, rt, 4 h (56%, four steps; E/Z, �20:1);
g) PhNO, MeOH/CH2Cl2 (1:1), 0 �C, 21 h [91% (30/31 7:3)]; DMF�N,N-
dimethylformamide, LDA� lithium diisopropylamide, HMPA� hexa-
methyl phosphoramide, MsCl�methanesulfonyl chloride.


in an acidic methanol solution to effect deprotection of both
the TBS group and the tert-butyl ester allowing cyclisation to
the �-lactone. �-Elimination was then achieved by treatment
of the crude material with methanesulfonyl chloride and
triethylamine to afford 29 and 8 as a mixture (E/Z 1:6) of
geometric isomers at the external olefin position in 56% over
the three steps.[27] The desired E-isomer 8 was then accessed
with a ratio of greater than 20:1 by sunlamp irradiation in the
presence of a catalytic amount of iodine.[28]


With 8 now readily available, the key HDA reaction was
investigated. It was found that overnight stirring of a
methanol/dichloromethane (1:1) solution of 8 with nitro-
sobenzene at 0 �C afforded a mixture of regioisomers (30/31
7:3), favouring the desired adduct 30, in overall 89% yield.
Pleasingly, inspection of the crude 1H NMR showed that the
major regioisomer 30 had been formed with a diastereoiso-
meric ratio of greater than 20:1–thus the observed diaster-
eoselection appeared to be limited only by the original
geometry of the external olefin in the diene precursor. The
required diastereomerically pure regioisomer 32was obtained
in 55% yield following separation by HPLC; the slightly
diminished yield perhaps reflecting the propensity for retro-
DA reaction on silica that has been previously documented
for this class of compounds.[29] Extensive NOE studies were
undertaken on the major isolated product 32 with the
important enhancements being found between H-34 and the
ortho-protons of the aryl amine portion, and between H-33
and the C-34 methyl substituent to confirm the regioselectiv-
ity and diastereoselectivity, respectively.


After screening a variety of standard conditions for the
cleavage of N�O bonds with little success, it was found that


freshly prepared [Mo(CO)3(MeCN)3] in the presence of water
could effect this transformation at ambient temperature,
affording 33 in 70% yield (Scheme 8).[30] Interestingly the
direct use of [Mo(CO)6] in refluxing acetonitrile (the pre-
cursor to [Mo(CO)3(MeCN)3]) resulted in thermal decom-
position of the HDA adduct to afford diene 8–probably the
result of a retro-Diels ±Alder process. Subsequent silylation
of the resultant secondary hydroxyl with TBSCl proceeded
smoothly in 83% yield to afford 34. With the potential for
translactonisation alleviated, the �,�-unsaturation was cleanly
and efficiently removed by hydrogenation over catalytic
platinum dioxide to afford 35. This reduction step furnished
a single diastereoisomer, which was subsequently shown by
NOE analysis to have the (R)-configuration at C-2, with the
important enhancement occurring between H-2 and H-34.
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Scheme 8. Synthesis of the butenolide fragment 5. a) [Mo(CO)6], MeCN,
reflux, 4 h; then 32, H2O, rt, 15 min (70%); b) TBSCl, imidazole, DMF, rt,
14 h (83%); c) PtO2 (33 mol%), H2, MeOH; rt, 90 min (98%); d) TFAA,
H¸nig×s base, CH2Cl2, 0 �C, 30 min; e) Pd(OH)2 (20 mol%), H2, MeOH; rt,
48 h (90% two steps); f) DMSO, (COCl)2, CH2Cl2, �78 �C; NEt3,
�78 �C� 0 �C; g) CrCl2, CHI3, THF, 0 �C� rt, 14 h (80% two steps, E/Z
4:1); h) DBU, CH2Cl2, 0 �C, 60 min (91%). TFAA� trifluoroacetic anhy-
dride, DBU� 1,8-diazobicyclo[5.4.0]undec-7-ene.


At this stage in the synthesis several options were
investigated towards the elimination of the aryl amine portion
to re-introduce the unsaturation to the �-lactone ring. After
experimentation involving N-quaternisation, N-oxidation
(followed by Cope elimination) and N-sulfonylation, we
found that the optimum activation allowing facile elimination
of the aryl amine was trifluoroacetamide formation. The
eventual path to 5 actually involved ™protection∫ of 35 as its
trifluoroacetamide 36 using trifluoroacetic anhydride and
H¸nig×s base followed by a three-step process to form the
desired vinyl iodide. Thus hydrogenation of the benzyl ether
over Pd(OH)2 gave 37, then Swern oxidation of the released
hydroxyl group followed by one carbon homologation ac-
cording to the Takai procedure[31] provided 38 as a 4:1 ratio of
inseparable isomers in overall 64% yield (four steps),
favouring the E-geometry. Subsequent elimination of the
trifluoroacetamide was effected using DBU at 0 �C, to afford 5
in 91% yield with no epimerisation of the C-34 methyl
substituent.
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The final steps : The convergent assembly of muricatetrocin C
from the three fragments 3, 4 and 5 involves two key bond-
forming events. The first coupling reaction between 3 and 4
forms the final C-16 stereogenic centre then, after manipu-
lation to unmask a terminal alkyne, the second coupling
event, to attach 5, completes the carbon skeleton.


Treatment of the gem-dibromoalkene 15 with n-butyllithi-
um in THF at �78 �C, followed by quenching of the resulting
anion 39 with crude aldehyde 4, proceeded in good yield to
give the propargylic alcohols 40 and 41 (Scheme 9). Inspec-
tion of the crude 1H NMR spectrum indicated that the
reaction had proceeded with poor selectivity to afford 40 and
41 in a ratio of 1.8:1; tentatively assigned as favouring 40,
which is the product of Felkin ±Anh control. Unfortunately
the two epimers were inseparable at this stage. The yield of
the coupling reaction was generally dependent on the quality
of the crude aldehyde, and the poor diastereoselectivity was as
expected based upon literature precedent.[32] Consequently an
oxidation ± reduction sequence was sought in order to estab-
lish the correct stereochemistry at C-16.


Reduction of the alkyne with hydrogen in the presence of
Raney nickel proceeded smoothly to afford 42 and 43, which
were separable by column chromatography. Analysis of the
13C NMR spectra of the two epimers, provided further
evidence supporting the original stereochemical assignment
of the major and minor products. By analogy with previous
studies, the chemical shift of C-16 is dependent on the
configuration of the adjacent THF ring, with the erythro-
product 42, having a lower chemical shift.[13a] In this instance,


the difference between the two resonances was �� 3.2, which
is typical for these systems.


After separation of the minor isomer 43, the remaining
material was oxidised using the Swern reagent to afford 44 in
good yield. Several reducing agents were investigated in an
attempt to develop a diastereoselective recycling protocol. �-
Selectride in THF at �100 �C, was found to deliver the best
selectivity, providing 43 and 42 in excellent yield as a 4:1 ratio
favouring 43 ; this result is consistent with those previously
observed in the literature.[13b] Interestingly when Superhy-
dride was used under the same conditions, the reduction
favoured formation of the erythro-isomer (43/42 1:2), whereas
sodium borohydride provided no diastereoselection in meth-
anol at 0 �C.


Using achiral reducing reagents, a 4:1 ratio favouring the
desired threo-isomer was the best result obtained. Reduction
using the enantiopure (R)-CBS reagent (CBS: Corey ±Bak-
shi ± Shibata) was also performed on the ketone 44, which
delivered a significantly higher ratio (43/42 9:1) of the C-16
epimers.[33] Furthermore, the stereochemical outcome, pre-
dicted using the mnemonic for reductions of this type, was in
agreement with the stereochemistry previously assigned using
the 13C NMR chemical shift data, providing further proof of
the configuration at C-16.


Protection of the free secondary alcohol was effected by
treatment of 43 with TBSCl and imidazole in DMF in good
yield to afford the silyl ether 45, which then underwent de-
benzylation using hydrogen in the presence of catalytic
palladium hydroxide to give 46 (Scheme 10). Oxidation to


the corresponding aldehyde oc-
curred in excellent yield using
the Dess ±Martin periodinane
reagent in dichloromethane at
0 �C.[34] Initial attempts at the
one carbon homologation to-
wards 47 focussed on the
Corey ± Fuchs procedure which
had been successfully used ear-
lier in the synthesis.[22] Howev-
er, on reaction with in situ
generated (dibromomethyle-
ne)triphenylphosphorane,
complete decomposition of the
starting material was observed.


This disappointing result
may be attributed to competing
acetal deprotection, which is
known to be effected by the
phosphorane reagent.[35] In ad-
dition, the small scale of the
reaction may also have been a
contributing factor. An alter-
native, well established proce-
dure, for the conversion of
aldehydes to terminal alkynes
is the Colvin ±Gilbert ± Sey-
ferth reagent, diethyl(diazo-
methyl)phosphonate.[36] In this
case, owing to the greater nu-
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Scheme 10. Second coupling reaction and final steps. a) TBSCl, DMF,
imidazole, 45 �C, 14 h (87%); b) Pd(OH)2 (20 mol%), H2, EtOH; rt, 12 h
(94%); c) DMP, py, CH2Cl2, 0 �C� rt, 45 min (96%); d) diethyl(diazo-
methyl)phosphonate, tBuOK, THF, �78 �C, 16 h; then rt, 4 h (76%);
e) [(PPh3)2PdCl2] (10 mol%), CuI (30 mol%), NEt3, rt, 3 h (81%);
f) [Rh(PPh3)3Cl], H2, benzene/EtOH 1:1, rt, 11 h (76%); g) TFA/H2O
9:1, rt, 30 s; repeat (82%). DMP�Dess ±Martin periodinane, TFA� tri-
fluoroacetic acid.


cleophilicity of the phosphonate anion, the reaction condi-
tions are considerably milder and, perhaps more importantly,
basic. Pleasingly, on reaction with the potassium anion of the
phosphonate, the aldehyde afforded terminal alkyne 47 in
good yield. This transformation completed the preparation of
the coupling partner required for the Sonogashira reaction
with fragment 5.


According to the method of Hoye et al., alkyne 47 was
added to a triethylamine solution of vinyl iodide 5,
[Pd(PPh3)2Cl2] and copper iodide at room temperature and
stirred for two hours to afford, after purification by column
chromatography, enyne 48 in good (81%) yield.[20a] There was
considerable literature precedent for the selective hydro-
genation of the resulting enyne moiety in the presence of the
�,�-unsaturated �-lactone. According to this precedent,
reduction of 48 with hydrogen in ethanol/benzene in the
presence of Wilkinson×s catalyst gave, after eleven hours, fully
protected 2 in good (76%) yield with no reduction of the
butenolide portion.[20b] Both BDA and TBS groups are known
to be acid labile, which was important in order to maintain the
stereochemical integrity of the butenolide methyl substituent.
Global deprotection was therefore achieved by treatment
with aqueous trifluoroacetic acid for 30 seconds followed by
concentration in vacuo. This process was repeated, then
column chromatography afforded 2, as a white amorphous
solid in 82% yield. The spectroscopic data for synthetic 2
(1H NMR, 13C NMR, IR, m.p. and specific rotation) were all
in excellent agreement with those reported for the naturally
occurring muricatetrocin C.[16]


Conclusion


In summary, the first total synthesis of 2 has been achieved by
implementing new methods for the stereoselective prepara-
tion of each of the three coupling fragments. The route
described here, has a longest linear sequence of 22 steps, and
prepares muricatetrocin C in overall 2.8% yield at average
yield of 85% per step. Thus our anti-diol building block,
(R�,R�,R,S)-2,3-BDA-protected butane tetrol 6 has found
further utility in total synthesis, the recently developed
anomeric O�C rearrangement methodology has been used
to install the 2,5-trans-disubstituted THF moiety 4 and a new
approach to the hydroxy-butenolide terminus 5, employing a
highly diastereoselective HDA reaction, has been developed.
Further studies aimed at expanding our synthetic approach to
other members of this family of bioactive natural products are
currently underway, and progress will be reported in due
course.


Experimental Section


General : All reactions were carried out under an atmosphere of argon, and
those not involving aqueous reagents were carried out in oven-dried
glassware, cooled under vacuum. Diethyl ether and tetrahydrofuran were
distilled over sodium/benzophenone; dichloromethane, methanol, benzene
and toluene were distilled over calcium hydride; pentane was distilled over
sodium; and triethylamine from potassium hydroxide. Petroleum ether 40/
60 was used for chromatography. All other solvents and reagents were used
as supplied unless otherwise stated. Flash column chromatography was
carried out using Merck Kieselgel (230 ± 400 mesh) under pressure unless
otherwise stated. High performance liquid chromatography (HPLC) was
performed using a Waters Delta Prep machine using a multiwave detector
set at 205 nm using silica gel as the stationary phase with the mobile phases
and flow rate as described. Analytical thin layer chromatography (TLC)
was performed on glass plates pre-coated with Merck Kieselgel 60F254,
and visualised by UV irradiation (254 nm), or by staining with aqueous
acidic ammonium molybdate, or aqueous acidic potassium permanganate
solutions as appropriate. Melting points were measured on a Reichert hot
stage apparatus, and are uncorrected. Optical rotations were measured on
an Optical Activity AA-1000 polarimeter, and [�]D values are reported in
10�1 degcm2g�1; concentration (c) is in g per 100 mL. Infrared spectra were
obtained on Perkin Elmer 983G or FTIR 1620 spectrometers, from a thin
film deposited onto a NaCl plate or mixed with KBr as a tablet.
Microanalyses were performed in the microanalytical laboratories at the
Department of Chemistry, Lensfield Road, Cambridge. Mass spectra and
accurate mass data were obtained on aMicromass Platform LC-MS, Kratos
MS890MS or Bruker BIOAPEX 4.7 T FTICR spectrometer, by electron
ionisation, chemical ionisation or fast atom/ion bombardment techniques
at the Department of Chemistry, Lensfield Road, Cambridge. 1H NMR
spectra were recorded in CDCl3, at ambient temperature on AM-200, AM-
400, DPX-400 or DRX-600 Bruker spectrometers, at 200, 400 or 600 MHz,
with residual protic solvent CHCl3 as the internal reference (�H� 7.26);
Chemical shifts (�) are given in parts per million (ppm), and coupling
constants (J) are given in Hertz (Hz). The proton spectra are reported as
follows � (multiplicity, coupling constant J, number of protons, assignment).
13C NMR spectra were recorded in CDCl3 at ambient temperature on the
same spectrometers at 50, 100 or 150 MHz, with the central peak of CHCl3
as the internal reference (�C� 77.0). DEPT135 and two dimensional
(COSY, HMQC, HMBC) NMR spectroscopy were used where appropri-
ate, to aid in the assignment of signals in the 1H and 13C NMR spectra;
gradient NOE experiments were also performed in certain cases and their
salient results are detailed in the text. Where a compound has been
characterised as an inseparable mixture of diastereoisomers, the NMR data
for each individual isomer has been reported as far as was discernible from
the spectrum of the mixture. Where coincident coupling constants have
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been observed in the NMR spectrum, the apparent multiplicity of the
proton resonance concerned has been reported.


The anti-diol fragment


(2S,3R,5R,6R)-3-tert-Butyldimethylsilyloxymethyl-2-hydroxymethyl-5,6-
dimethoxy-5,6-dimethyl-[1,4]-dioxane (10): A solution of 6 (3.86 g,
16.3 mmol) in THF (5 mL) was added dropwise through a syringe to a
stirred suspension of sodium hydride (60% dispersion in mineral oil,
720 mg, 18.0 mmol) in THF (10 mL) at 0 �C. After warming to rt over
30 min, pentane (15 mL) was added and the solution stirred for a further
30 min. tert-Butyldimethylchlorosilane (2.45 g, 16.3 mmol) in pentane
(5 mL) was then added and the reaction mixture stirred for a further
40 min. The solution was then poured onto diethyl ether (250 mL), water
(200 mL) was added and the organic phase separated. The aqueous layer
was re-extracted with diethyl ether (100 mL) and the combined organic
phase was washed with saturated NaCl solution (150 mL), dried (MgSO4),
filtered and concentrated in vacuo. Purification by flash column chroma-
tography eluting with petroleum ether/diethyl ether (2:1�1% triethyl-
amine) afforded mono-silylated diol 10 (4.13 g, 72%) as white cubes which
were further recrystallised frm pentane/diethyl ether 10:1. M.p. 79 �C; Rf�
0.14 (petroleum ether/diethyl ether 2:1); [�]D29 ��118 (c� 1.00 in CH2Cl2);
1H NMR (400 MHz; CDCl3): �� 4.35 (t, J� 9.9 Hz, 1H; CHHOSi), 4.26 ±
4.21 (m, 1H; CHCH2OH), 3.73 (dt, J� 9.9, 2.4 Hz, 1H; CHCH2OSi), 3.66
(dd, J� 7.1, 2.9 Hz, 2H; CH2OH), 3.57 (dd, J� 9.9, 2.4 Hz, 1H; CHHOSi),
3.24 (s, 3H; OCH3), 3.22 (s, 3H; OCH3), 2.96 (t, J� 7.1 Hz, 1H; OH), 1.26
(s, 3H; CCH3), 1.25 (s, 3H; CCH3), 0.88 (s, 9H; C(CH3)3), 0.08 (s, 6H;
Si(CH3)2); 13C NMR (100 MHz; CDCl3): �� 99.2 (OCCH3), 98.1 (OCCH3),
72.8 (CHCH2OSi), 67.9 (CHCH2OH), 62.3 (CH2OSi), 61.7 (CH2OH), 49.3
(OCH3), 47.9 (OCH3), 25.8 (C(CH3)3), 18.2 (C(CH3)3), 18.1 (CCH3), 17.9
(CCH3), �5.5 (SiCH3), �5.6 (SiCH3); IR (KBr): �max� 3489 (br, O-H),
2924, 2854 cm�1 (C-H); elemental analysis calcd (%) for C16H34O6Si: C
54.8, H 9.78; found: C 54.8, H 9.56.


(2S,3R,5R,6R)-3-tert-Butyldimethylsilyloxymethyl-5,6-dimethoxy-5,6-di-
methyl-2-dodecane-[1,4]-dioxane (13)


1) Oxidation to the aldehyde : A solution of dimethyl sulfoxide (1.84 mL,
26.0 mmol) in dichloromethane (5 mL) was added to a vigorously stirred
solution of oxalyl chloride (2.10 mL, 23.6 mmol) in dichloromethane
(30 mL) at �78 �C. After 30 min, 10 (4.13 g, 11.8 mmol) in dichloro-
methane (15 mL) was added dropwise through a syringe and the temper-
ature maintained at �78 �C for 1 h. Triethylamine (9.87 mL, 70.8 mmol)
was then added and the solution allowed to warm to rt over 1 h. The
reaction mixture was diluted with diethyl ether (300 mL), washed with
phosphate buffer solution (pH 7.2, 150 mL) and saturated NaCl solution
(100 mL), dried (MgSO4), filtered and concentrated in vacuo. The crude oil
solidified on standing to afford the aldehyde (4.1 g,�98%) which was used
in the subsequent step without further purification. M.p. 49 ± 50 �C; Rf�
0.41 (petroleum ether/diethyl ether 2:1); [�]D29 ��122 (c� 1.10 in CH2Cl2);
1H NMR (400 MHz; CDCl3): �� 9.49 (s, 1H; CHO), 4.49 (d, J� 4.0 Hz,
1H; CHCHO), 4.30 (t, J� 9.9 Hz, 1H; CHHOSi), 4.10 (dt, J� 9.9, 4.0 Hz,
1H; CHCH2OSi), 3.62 (dd, J� 9.9, 4.0 Hz, 1H; CHHOSi), 3.24 (s, 3H;
OCH3), 3.18 (s, 3H; OCH3), 1.35 (s, 3H; CCH3), 1.26 (s, 3H; CCH3), 0.84 (s,
9H; C(CH3)3), 0.01 (s, 3H; SiCH3), 0.01 (s, 3H; SiCH3); 13C NMR
(100 MHz; CDCl3): �� 195.6 (CHO), 100.4 (OCCH3), 98.5 (OCCH3), 74.3
(CHCH2OSi), 72.0 (CHCHO), 61.0 (CH2OSi), 48.6 (OCH3), 48.2 (OCH3),
25.7 (C(CH3)3), 18.4 (CCH3), 18.1 (C(CH3)3), 17.9 (CCH3), �5.6 (SiCH3),
�5.7 (SiCH3).


2) Wittig reaction : 1-Iodoundecane (6.20 g, 22.0 mmol), was added drop-
wise through a syringe to a solution of Ph3P (5.48 g, 20.9 mmol) in toluene
(6 mL). The reaction mixture was heated at reflux for 4 h and then cooled
to rt. Concentration in vacuo afforded a pale yellow gum that was used
without further purification (11.68 g, quant).


n-Butyllithium (1.6� in hexanes, 12.6 mL, 20.2 mmol) was added dropwise
through a syringe to the phosphonium salt (11.0 g, 20.2 mmol) in THF
(30 mL) at 0 �C. After stirring at 0 �C for 30 min, the deep red solution was
transferred dropwise via cannular to a solution of the aldehyde (prepared
as above, 4.10 g, 11.8 mmol) in THF (15 mL) at �78 �C. The reaction
mixture was warmed to 0 �C over 30 min, and phosphate buffer solution
(pH 7.2, 10 mL) was then added. After dilution with diethyl ether (250 mL)
the organic phase was separated, washed with saturated NaCl solution
(100 mL), dried (MgSO4), filtered and concentrated in vacuo. Filtration
through a short pad of silica gel eluting with petroleum ether/diethyl ether


(10:1) afforded the corresponding olefin (5.26 g, 92%), an oil, as an
inseparable mixture of geometric isomers which was used without further
purification in the subsequent step [Z/E 8:1; assigned by integration of the
peaks at �H (major)� 4.94 (dd, J� 8.8, 4.2 Hz, 1H; C�CHCH) and �H


(minor)� 4.49 (dd, J� 8.8, 4.2 Hz, 1H; C�CHCH)]. Rf� 0.45 (petroleum
ether/diethyl ether 10:1); 1H NMR (400 MHz; CDCl3): � (major)� 5.52
(dt, J� 11.1, 7.4 Hz, 1H; CH2CH�C), 5.42 (dd, J� 11.1, 8.8 Hz, 1H;
C�CHCH), 4.94 (dd, J� 8.8, 4.2 Hz, 1H; C�CHCH), 4.05 (dd, J� 10.5,
6.7 Hz, 1H; CHHOSi), 3.86 (dd, J� 10.5, 5.8 Hz, 1H; CHHOSi), 3.63 ± 3.59
(m, 1H; CHCH2OSi), 3.31 (s, 3H; OCH3), 3.26 (s, 3H; OCH3), 2.14 ± 2.03
(m, 2H; CH2C�C), 1.31 ± 1.23 (m, 16H; (CH2)8), 1.29 (s, 3H; CCH3), 1.28 (s,
3H; CCH3), 0.88 ± 0.85 (m, 12H; C(CH3)3, CH2CH3), 0.03 (s, 3H; SiCH3),
0.02 (s, 3H; SiCH3); 1H NMR (400 MHz; CDCl3): � (minor, selected
peaks)� 5.71 (dt, J� 15.3, 6.6 Hz, 1H; CH2CH�C), 4.49 (dd, J� 8.8,
4.2 Hz, 1H; C�CHCH), 4.08 ± 4.01 (m, 1H; CHHOSi), 3.75 (dd, J� 10.4,
4.9 Hz, 1H; CHHOSi), 3.27 (s, 3H; OCH3), 3.22 (s, 3H; OCH3); 13C NMR
(100 MHz; CDCl3): � (major)� 133.4 (C�CCH), 125.7 (C�CCH), 99.7
(OCCH3), 97.9 (OCCH3), 75.3 (C�CCH), 64.9 (CHCH2OSi), 62.1 (CH2O-
Si), 49.3 (OCH3), 47.9 (OCH3), 30.3 (CH2C�C), 29.6 (5�CH2), 29.3 (CH2),
28.1 (CH2), 25.8 (C(CH3)3), 22.7 (CH2), 18.5 (CCH3), 18.4 (C(CH3)3), 18.1
(CCH3), 14.1 (CH2CH3), �5.4 (SiCH3), �5.4 (SiCH3); 13C NMR
(100 MHz; CDCl3): � (minor)� 133.8 (C�CCH), 125.8 (C�CCH), 99.6
(OCCH3), 97.9 (OCCH3), 75.6 (C�CCH), 70.0 (CHCH2OSi), 62.2 (CH2O-
Si), 49.2 (OCH3), 47.8 (OCH3), 31.9 (CH2C�C), 29.6 (5xCH2), 29.3 (CH2),
28.1 (CH2), 25.8 (C(CH3)3), 22.7 (CH2), 18.4 (CCH3), 18.4 (C(CH3)3), 18.1
(CCH3), 14.1 (CH2CH3), �5.4 (SiCH3), �5.4 (SiCH3).


3) Olefin reduction : A slurry of Raney nickel (50% in water, 6.0 g), was
washed successively with 95% ethanol (3� 15 mL) and absolute ethanol
(3� 15 mL). Absolute ethanol (8 mL) was then added and the suspension
placed under a hydrogen atmosphere. The above olefin (1.20 g, 2.47 mmol)
in absolute ethanol (5 mL) was added dropwise through a syringe and the
reaction stirred vigorously for 30 min. Filtration through a short plug of
silica eluting with diethyl ether, concentration in vacuo and purification by
flash column chromatography (petroleum ether/diethyl ether 15:1) afford-
ed silyl ether 13 (1.08 g, 90%) as an oil. Rf� 0.39 (petroleum ether/diethyl
ether 10:1); [�]D29 ��85 (c� 0.65 in CH2Cl2); 1H NMR (600 MHz; CDCl3):
�� 4.14 (dd, J� 10.2, 8.2 Hz, 1H; CHHOSi), 4.06 ± 4.04 (m, 1H;
CHCH2CH2), 3.69 (dd, J� 10.2, 3.8 Hz, 1H; CHHOSi), 3.58 (dt, J� 8.2,
3.8 Hz, 1H; CHCH2OSi), 3.26 (s, 3H; OCH3), 3.24 (s, 3H; OCH3), 1.52 ±
1.43 (m, 2H; CH2CH), 1.28 ± 1.20 (m, 23H; (CH2)10, CCH3), 1.27 (s, 3H;
CCH3), 0.88 (s, 9H; C(CH3)3), 0.88 (t, J� 7.0 Hz, 3H; CH2CH3), 0.04 (s,
6H; Si(CH3)2); 13C NMR (100 MHz; CDCl3): �� 99.5 (OCCH3), 98.0
(OCCH3), 75.3 (CHCH2OSi), 68.6 (CH2CH), 62.3 (CH2OSi), 49.3 (OCH3),
47.7 (OCH3), 31.9 (CH2CH), 30.8 (CH2), 29.6 (6�CH2), 29.3 (CH2), 26.2
(CH2), 25.8 (C(CH3)3), 22.7 (CH2), 18.3 (CCH3), 18.1 (C(CH3)3), 18.1
(CCH3), 14.1 (CH2CH3), �5.4 (SiCH3), �5.4 (SiCH3); IR (film): �max�
2925, 2854 cm�1 (C-H); elemental analysis calcd (%) for C27H56O5Si: C
66.3, H 11.55; found: C 66.5, H 11.51.


(2S,3R,5R,6R)-5,6-Dimethoxy-5,6-dimethyl-3-hydroxymethyl-2-dodec-
ane-[1,4]-dioxane (14): TBAF (1.0� in THF, 4.40 mL, 4.40 mmol) was
added in one portion to a solution of 13 (1.08 g, 2.21 mmol) in THF
(4.4 mL) at rt and the reaction stirred for 2 h. Removal of the volatiles in
vacuo and filtration through a pad of silica, eluting with diethyl ether
afforded primary alcohol 14 (810 mg, 99%) as an oil. Rf� 0.12 (petroleum
ether/diethyl ether 2:1); [�]D29 ��104 (c� 1.10 in CH2Cl2); 1H NMR
(400 MHz; CDCl3): �� 4.05 (dt, J� 8.9, 4.3 Hz, 1H; CH2CH2CH), 3.80
(br s, 2H; CH2OH), 3.67 (br s, 1H; OH), 3.55 ± 3.53 (m, 1H; CHCH2OH),
3.35 (s, 3H; OCH3), 3.21 (s, 3H; OCH3), 1.78 ± 1.70 (m, 1H; CH2CHH),
1.56 ± 1.44 (m, 2H; CH2), 1.31 (s, 3H; CCH3), 1.29 ± 1.20 (m, 19H; (CH2)9,
CHH), 1.26 (s, 3H; CCH3), 0.85 (t, J� 6.8 Hz, 3H; CH2CH3); 13C NMR
(100 MHz; CDCl3): �� 99.3 (OCCH3), 97.8 (OCCH3), 74.2 (CHCH2OH),
68.2 (CH2CH2CH), 63.1 (CH2OH), 49.0 (OCH3), 47.7 (OCH3), 31.9
(CH2CH2CH), 30.2 (CH2), 29.6 (6�CH2), 29.3 (CH2), 26.1 (CH2), 22.6
(CH2), 18.2 (CCH3), 18.0 (CCH3), 14.0 (CH2CH3); IR (film): �max� 3480
(br, O-H), 2924, 2853 cm�1 (C-H); elemental analysis calcd (%) for
C21H42O5: C 67.3, H 11.30; found: C 67.2, H 11.07.


(2S,3R,5R,6R)-5,6-Dimethoxy-5,6-dimethyl-2-dodecane-3-(2�,2�-gem-di-
bromo)ethenyl-[1,4]-dioxane (15)


1) Oxidation to the aldehyde : A solution of dimethyl sulfoxide (0.34 mL,
4.77 mmol) in dichloromethane (5 mL) was added dropwise through a
syringe to a vigorously stirred solution of oxalyl chloride (0.38 mL,
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4.34 mmol) in dichloromethane (10 mL) at �78 �C. After stirring for
30 min, 14 (810 mg, 2.17 mmol) in dichloromethane (5 mL) was added
dropwise through a syringe. After stirring at �78 �C for 1 h, triethylamine
(1.80 mL, 13.0 mmol) was added dropwise through a syringe and the
solution warmed to rt over 1 h. The reaction mixture was diluted with
diethyl ether (100 mL) and washed with phosphate buffer solution (pH 7.2,
50 mL) and saturated NaCl solution (50 mL), dried (MgSO4), filtered and
concentrated in vacuo. This afforded the aldehyde (810 mg,�98%), an oil,
which was used with no further purification. Rf� 0.50 (petroleum ether/
diethyl ether 2:1); 1H NMR (400 MHz; CDCl3): �� 9.96 (d, J� 3.0 Hz, 1H;
CHO), 4.11 ± 4.07 (m, 1H; CH2CH), 3.56 (t, J� 3.0 Hz, 1H; CHCHO), 3.26
(s, 3H; OCH3), 3.17 (s, 3H; OCH3), 1.72 ± 1.68 (m, 1H; CHH), 1.53 ± 1.41
(m, 2H; CH2), 1.33 (s, 3H; CCH3), 1.31 (s, 3H; CCH3), 1.29 ± 1.21 (m, 19H;
(CH2)9, CHH), 0.87 (t, J� 6.8, 3H; CH2CH3); 13C NMR (100 MHz;
CDCl3): �� 200.7 (CHO), 99.7 (OCCH3), 98.8 (OCCH3), 76.1 (CHCHO),
67.3 (CH2CH), 49.1 (OCH3), 47.9 (OCH3), 31.9 (CH2CH), 29.6 (7�CH2),
29.4 (CH2), 25.8 (CH2), 22.6 (CH2), 18.0 (CCH3), 17.4 (CCH3), 14.1
(CH2CH3).


2) Homologation to the gem-dibromo olefin : Ph3P (2.28 g, 8.68 mmol) was
added portionwise to a solution of CBr4 (1.44 g, 4.34 mmol) in dichloro-
methane (10 mL) at 0 �C. After 30 min, the above aldehyde (810 mg,
2.17 mmol), as a solution in dichloromethane (6 mL), was added dropwise
through a syringe. After stirring at 0 �C for a further 30 min the reaction
mixture was poured onto petroleum ether (100 mL) and the yellow
precipitate was removed by filtration under reduced pressure. Concen-
tration in vacuo and purification by flash column chromatography eluting
with petroleum ether/diethyl ether (15:1) afforded gem-dibromo olefin 15
(0.98 g, 88%) as an oil. Rf� 0.36 (petroleum ether/diethyl ether 15:1);
1H NMR (400 MHz; CDCl3): �� 7.05 (d, J� 9.4 Hz, 1H; CH�CBr2), 4.16
(dd, J� 9.4, 3.6 Hz, 1H; CHCH�CBr2), 4.07 ± 4.03 (m, 1H; CHCH2), 3.24
(s, 3H; OCH3), 3.19 (s, 3H; OCH3), 1.48 ± 1.37 (m, 2H; CH2), 1.29 (s, 3H;
CCH3), 1.29 ± 1.21 (m, 23H; (CH2)10 , CCH3), 0.88 (t, J� 6.7 Hz, 3H;
CH2CH3); 13C NMR (100 MHz; CDCl3): �� 136.4 (CHCBr2), 99.6
(OCCH3), 98.5 (OCCH3), 93.1 (CH�CBr2), 73.4 (CHCH�CBr2), 67.9
(CHCH2), 48.4 (OCH3), 47.8 (OCH3), 31.9 (CH2CH), 30.2 (CH2), 29.6 (6�
CH2), 29.3 (CH2), 25.3 (CH2), 22.7 (CH2), 18.0 (CCH3), 17.9 (CCH3), 14.1
(CH2CH3); IR (film): �max� 2925, 2853 (C-H), 1612 cm�1 (C�C); ES-MS:
m/z (%): calcd for C22H40O4


79Br2: 526.1293; found: 526.1326.


The central fragment


(2S)-1-(tert-Butyldiphenylsilyloxy)prop-2-enoxide (16):[37] Triethylamine
(16.8 mL, 121 mmol), TBDPSCl (21.5 mL, 82.9 mmol) and dimethylami-
nopyridine (2.80 g, 22.6 mmol) were added to a stirred solution of (R)-(�)-
glycidol (5.60 g, 75.3 mmol) in dichloromethane (150 mL), and the reaction
mixture was stirred for 24 h. HCl solution (1.5�, 100 mL) was added and
the organic phase separated. The aqueous layer was re-extracted with
dichloromethane (2� 100 mL), and the combined organic phase was
washed with saturated sodium bicarbonate solution (150 mL), saturated
NaCl solution (100 mL), dried (MgSO4), filtered and concentrated in
vacuo. Purification by flash column chromatography eluting with petro-
leum ether/diethyl ether (20:1� 10:1) gave the TBDPS ether 16 (20.0 g,
85%) as an oil. Rf� 0.34 (petroleum ether/diethyl ether 10:1); [�]D29 ��2.1
(c� 1.8 in CH2Cl2); 1H NMR (400 MHz; CDCl3): �� 7.75 ± 7.73 (m, 4H;
Ph), 7.49 ± 7.41 (m, 6H; Ph), 3.90 (dd, J� 11.8, 3.1 Hz, 1H; CHHOSi), 3.76
(dd, J� 11.8, 4.7 Hz, 1H; CHHOSi), 3.18 ± 3.14 (m, 1H; CHCH2OSi), 2.77
(t, J� 4.3 Hz, 1H; CHHCHCH2OSi), 2.66 ± 2.63 (m, 1H; CHHCHCH2O-
Si), 1.12 (s, 9H; C(CH3)3); 13C NMR (100 MHz; CDCl3): �� 135.7 (Ph),
135.6 (Ph), 133.3 (ipso C-Si), 129.8 (Ph), 127.8 (Ph), 127.7 (Ph), 64.3
(CH2CHCH2OSi), 52.3 (CHCH2OSi), 44.5 (CH2OSi), 26.8 (C(CH3)3), 19.3
(C(CH3)3); elemental analysis calcd (%) for C19H24O2Si: C 73.0, H 7.74;
found: C 72.9, H 7.67.


(2R/S,5S)-5-(tert-Butyldiphenylsilyloxymethyl)-tetrahydrofuran-2-ol
(17)[38]


1) Allylation of 16 : Dilithium tetrachlorocuprate (0.10� in THF, 15 mL,
1.5 mmol) followed by allyl magnesium bromide (1.0� in THF, 76.8 mL,
76.8 mmol) was added at �30 �C to a stirred solution of 16 (20.0 g,
64.0 mmol) in THF (100 mL). After 15 min at �30 �C, saturated ammo-
nium chloride solution (100 mL) was added and the suspension warmed to
rt. Water (100 mL) was then added and the reaction mixture extracted with
diethyl ether (2� 100 mL). The combined organic phase was dried
(MgSO4), filtered and the solvent removed in vacuo. Purification by flash


column chromatography, eluting with petroleum ether/diethyl ether (6:1)
gave the secondary alcohol (20.1 g, 89%) as an oil. Rf� 0.27 (petroleum
ether/diethyl ether 4:1); [�]D29 ��7.8 (c� 2.3 in CH2Cl2); 1H NMR
(400 MHz; CDCl3): �� 7.73 ± 7.71 (m, 4H; Ph), 7.47 ± 7.41 (m, 6H; Ph),
5.89 ± 5.78 (m, 1H; CH�CH2), 5.06 ± 4.97 (m, 2H; CH�CH2), 3.82 ± 3.75 (m,
1H; CHOH), 3.72 (dd, J� 10.1, 3.4 Hz, 1H; CHHOSi), 3.56 (dd, J� 10.1,
7.3 Hz, 1H; CHHOSi), 2.57 (d, J� 3.7 Hz, 1H; OH), 2.27 ± 2.09 (m, 2H;
CH2CH�CH2), 1.64 ± 1.47 (m, 2H; CH2CHOH), 1.13 (s, 9H; C(CH3)3);
13C NMR (100 MHz; CDCl3): �� 138.3 (Ph), 135.6 (Ph), 133.2 (ipso C-Si),
129.9 (CH�CH2), 127.8 (Ph), 114.8 (CH�CH2), 71.4 (CHOH), 68.0
(CH2OSi), 32.0 (CH2), 29.8 (CH2), 26.9 (C(CH3)3), 19.3 (C(CH3)3); IR
(film): �max� 3430 (br, OH), 3072, 2931, 2858 (C-H), 1640 cm�1 (C�C);
elemental analysis calcd (%) for C22H30O2Si: C 74.5, H 8.53; found: C 74.6,
H 8.48; EI-MS: m/z (%): 337.2 (33) [M�OH]� , 297.1 (52) [M�C4H9]� ,
199.1 (100) [M� 2�Ph]� .


2) Ozonolysis : Sodium bicarbonate (1.50 g) was added to a stirred solution
of the above secondary alcohol (10.1 g, 28.7 mmol) in dichloromethane
(250 mL) at �78 �C. O3 (2 Ls�1) was then bubbled through until the
reaction mixture became light blue (about 20 min). Ph3P (9.00 g,
34.4 mmol) was added to the reaction mixture, which was warmed to rt
and stirred for 14h; at which point the solvent was removed in vacuo.
Purification by flash column chromatography, eluting with petroleum
ether/diethyl ether (10:1� 2:1) afforded lactol 17 (9.47 g, 93%), an oil, as
an inseparable, 3:2 mixture of anomers [assigned by integration of the
peaks at �H (major)� 5.59 (br t, J� 3.2 Hz, 1H; H-2) and �H (minor)� 5.48
(dd, J� 6.6, 3.6 Hz, 1H; H-2)]. Rf� 0.25 (petroleum ether/diethyl ether
1:1); 1H NMR (400 MHz; CDCl3): � (major)� 7.73 ± 7.69 (m, 4H; Ph),
7.45 ± 7.37 (m, 6H; Ph), 5.59 (br t, J� 3.2 Hz, 1H; H-2), 4.41 ± 4.35 (m, 1H;
H-5), 3.66 (d, J� 4.7 Hz, 2H; CH2OSi), 3.27 (d, J� 2.3 Hz, 1H; OH), 2.20 ±
1.70 (m, 4H; H2-3, H2-4), 1.08 (s, 9H; C(CH3)3); 1H NMR (400 MHz;
CDCl3): � (minor)� 7.73 ± 7.69 (m, 4H; Ph), 7.45 ± 7.37 (m, 6H; Ph), 5.48
(dd, J� 6.6, 3.6 Hz, 1H; H-2), 4.27 ± 4.22 (m, 1H; H-5), 3.84 (dd, J� 10.8,
3.6 Hz, 1H; CHHOSi), 3.63 (dd, J� 10.8, 3.8 Hz, 1H; CHHOSi), 3.53 (d,
J� 6.6 Hz, 1H; OH), 2.20 ± 1.70 (m, 4H; H2-3, H2-4), 1.11 (s, 9H; C(CH3)3);
13C NMR (100 MHz; CDCl3): � (major)� 135.6 (Ph), 133.6 (ipso C-Si),
129.6 (Ph), 127.7 (Ph), 99.0 (C-2), 79.0 (C-5), 66.2 (CH2OSi), 32.8 (C-3), 26.9
(C(CH3)3), 25.4 (C-4), 19.3 (C(CH3)3); 13C NMR (100 MHz; CDCl3): �
(minor)� 135.7 (Ph), 132.9 (ipso C-Si), 129.8 (Ph), 127.8 (Ph), 98.6 (C-2),
80.3 (C-5), 66.5 (CH2OSi), 34.6 (C-3), 26.8 (C(CH3)3), 24.1 (C-4), 19.2
(C(CH3)3); IR (film): �max (mixture)� 3404 (br, OH), 3070, 2930, 2857 cm�1


(C-H); elemental analysis calcd (%) for C21H28O3Si: C 70.7, H 7.92; found:
C 70.4, H 7.81; EI-MS: m/z (%): 339.3 (77) [M�OH]� , 117.1 (100) [M�
C16H19Si]� .


(2R/S,5S)-5-(tert-Butyldiphenylsilyloxymethyl)-2-(prop-2-yne-1-oxy)-tet-
rahydrofuran (18): Amberlyst A-15 (100 mg) was added to a stirred
solution of 17 (7.20 g, 20.2 mmol) and prop-2-yn-1-ol (30 mL, 0.50 mol) in
benzene (100 mL) in a round bottomed flask fitted with a distillation head
and condenser. The reaction mixture was heated to 80 �C and 20 mL of
benzene/water azeotrope removed through distillation. The reaction was
then cooled to rt, filtered and the volatiles removed in vacuo. Filtration
through a short pad of silica gel, eluting with petroleum ether/diethyl ether
(6:1) yielded propargylic ether 18 (7.20 g, 91%) an oil, as an inseparable,
3:2 mixture of anomers [assigned by integration of the peaks at �H


(major)� 5.34 (d, J� 4.2 Hz, 1H; H-2) and �H (minor)� 5.30 (d, J�
3.7 Hz, 1H; H-2)]. Rf� 0.60 (petroleum ether/diethyl ether 1:1); 1H NMR
(400 MHz; CDCl3): � (major)� 7.72 ± 7.70 (m, 4H; Ph), 7.46 ± 7.38 (m, 6H;
Ph), 5.34 (d, J� 4.2 Hz, 1H; H-2), 4.27 ± 4.22 (m, 3H; CH2OCH, H-5),
3.70 ± 3.67 (m, 2H; CH2OSi), 2.41 (t, J� 2.3 Hz, 1H; C�CH), 2.13 ± 1.75 (m,
4H; H2-3, H2-4), 1.09 (s, 9H; C(CH3)3); 1H NMR (400 MHz; CDCl3): �
(minor)� 7.72 ± 7.70 (m, 4H; Ph), 7.46 ± 7.38 (m, 6H; Ph), 5.30 (d, J�
3.7 Hz, 1H; H-2), 4.27 ± 4.22 (m, 1H; H-5), 4.16 (d, J� 2.3 Hz, 2H;
CH2OCH), 3.70 ± 3.67 (m, 2H; CH2OSi), 2.37 (t, J� 2.3 Hz, 1H; C�CH),
2.13 ± 1.75 (m, 4H; H2-3, H2-4), 1.10 (s, 9H; C(CH3)3); 13C NMR (100 MHz;
CDCl3): � (major)� 135.7 (Ph), 134.0 (ipso C-Si), 129.6 (Ph), 127.7 (Ph),
102.8 (C-2), 80.4 (C�CH), 79.0 (C-5), 73.7 (C�CH), 66.0 (CH2OCH), 53.8
(CH2OSi), 32.0 (C-3), 26.8 (C(CH3)3), 25.3 (C-4), 19.3 (C(CH3)3); 13C NMR
(100 MHz; CDCl3): � (minor)� 135.6 (Ph), 134.0 (ipso C-Si), 129.6 (Ph),
127.6 (Ph), 102.3 (C-2), 81.3 (C-5), 80.3 (C�CH), 73.7 (C�CH), 67.5
(CH2OCH), 53.5 (CH2OSi), 32.8 (C-3), 26.8 (C(CH3)3), 25.9 (C-4), 19.3
(C(CH3)3); IR (film): �max� 3293 (C�C-H), 3070, 2930, 2857 (C-H), 2118
(C�C), 1589 cm�1 (Ph); elemental analysis calcd (%) for C24H30O3Si: C
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73.1, H 7.66; found: C 73.2, H 7.75; EI-MS: m/z (%): 281.1 (100) [M�
(C4H9�C3H3O)]� , 225.1 (58), 199.1 (55).


(2R/S,5S)-2-(tert-Butyldiphenylsilyloxymethyl)-5-(1-hydroxyprop-2-ynyl)
tetrahydrofuran 19 (2S) and 20 (2R): n-Butyllithium (1.6� in hexanes,
2.50 mL, 4.00 mmol) was added dropwise through a syringe to a solution of
18 (1.45 g, 3.7 mmol) in THF (2.5 mL) at�78 �C. The solution was stirred at
�78 �C for 30 min then tributyltinchloride (1.00 mL, 3.90 mmol) was added
dropwise through a syringe and the reaction warmed to rt. Following
dilution with diethyl ether (50 mL), washing with water (30 mL) and
saturated NaCl solution (30 mL), drying (MgSO4) and evaporation of
volatiles in vacuo gave the stannylated material 7 as a viscous oil, which was
used without purification in the next step.


Boron trifluoride etherate (1.40 mL, 11.0 mmol) was added dropwise
through a syringe to a solution of 7 (2.64 g) in dichloromethane (1 mL) with
vigorous stirring at �10 �C. The reaction was stirred for 10 min at �10 �C
and then quenched by the addition of NaOH solution (10%, 2 mL).
Following dilution with dichloromethane (30 mL), the organic phase was
separated, washed with saturated NaCl solution (20 mL), dried (MgSO4),
filtered and concentrated in vacuo. Purification by flash column chroma-
tography eluting with petroleum ether/diethyl ether (20:1 then 2:1� 1:2).
The oil resulting from evaporation of the fractions containing a mixture of
cis and trans isomers was further purified by flash column chromatography
eluting with petroleum ether/diethyl ether (20:1 then 1:1) to give 19 and 20
(1.16 g, 85%) as an oil, as an inseparable mixture of trans and cis isomers
[19/20, 5.5:1; assigned by integration of the peaks at �H (major)� 4.74 (t,
J� 6.2 Hz, 1H; H-5) and �H (minor)� 4.64 ± 4.61 (m, 1H; H-5)]. Rf� 0.18
(petroleum ether/diethyl ether 1:1); 1H NMR (400 MHz; CDCl3): �


(major)� 7.72 ± 7.67 (m, 4H; Ph), 7.45 ± 7.37 (m, 6H; Ph), 4.74 (t, J�
6.2 Hz, 1H; H-5), 4.31 (dd, J� 5.9, 1.3 Hz, 2H; CH2OSi), 4.28 ± 4.23 (m,
1H; H-2), 3.71 ± 3.63 (m, 2H; C�CCH2), 2.27 ± 1.88 (m, 4H; H2-3, H2-4),
1.06 (s, 9H; C(CH3)3); 1H NMR (400 MHz; CDCl3): � (minor)� 7.72 ± 7.67
(m, 4H; Ph), 7.45 ± 7.37 (m, 6H; Ph), 4.64 ± 4.61 (m, 1H; H-5), 4.21 (dd, J�
6.1, 1.3 Hz, 2H; CH2OSi), 4.10 (m, 1H; H-2), 3.79 (dd, J� 10.5, 4.7 Hz, 1H;
C�CCHH), 3.71 ± 3.63 (m, 1H; C�CCHH), 2.27 ± 1.88 (m, 4H; H2-3, H2-4),
1.07 (s, 9H; C(CH3)3); 13C NMR (100 MHz; CDCl3): � (major)� 135.7
(Ph), 133.7 (ipso C-Si), 129.6 (Ph), 127.7 (Ph), 85.8 (CHC�C), 82.7
(CHC�C), 79.4 (C-2), 68.6 (C-5), 66.0 (CH2OSi), 51.1 (C�CCH2), 33.4 (C-
4), 27.4 (C-3), 26.8 (C(CH3)3), 19.2 (C(CH3)3); 13C NMR (100 MHz;
CDCl3): � (minor)� 135.6 (Ph), 133.8 (ipso C-Si), 129.6 (Ph), 127.7 (Ph),
85.8 (CHC�C), 82.7 (CHC�C), 80.3 (C-2), 68.6 (C-5), 66.5 (CH2OSi), 51.2
(C�CCH2), 33.1 (C-4), 28.1 (C-3), 26.8 (C(CH3)3), 19.2 (C(CH3)3); IR
(film): �max� 3406 (br, O-H), 3070, 2930, 2857 (C-H), 1589 cm�1 (Ph);
elemental analysis calcd (%) for C24H30O3Si: C 73.1, H 7.66; found: C 73.5,
H 7.63; FAB-MS: m/z (%): calcd for C24H30O3SiNa: 417.1862; found:
417.1848; EI-MS: m/z (%): 338 (12) [M�C4H9]� , 199 (66), 135 (100).


(2S,5S)-2-(tert-Butyldiphenylsilyloxymethyl)-5-(1-benzyloxyprop-2-ynyl)-
tetrahydrofuran (21): KHMDS (0.5� in toluene, 6.50 mL, 3.20 mmol) was
added dropwise through a syringe to a solution of 19 and 20 (1.16 g,
2.90 mmol) in THF (6.5 mL) at �78 �C. The solution was stirred at �78 �C
for 30 min and then benzyl bromide (1.0 mL, 8.8 mmol) was added
dropwise through a syringe. The reaction was then allowed to warm to rt
and stirred for a further 2 h. The reaction mixture was diluted with diethyl
ether (100 mL), then quenched by the addition of water (5 mL). The
organic phase was separated, washed with aqueous HCl solution (3�, 2�
30 mL) and saturated NaCl solution (30 mL), dried (MgSO4) and the
volatiles removed in vacuo. The resulting mixture of 5.5:1 diastereoisomers
[assigned by integration of the peaks at �H (major)� 4.81 ± 4.79 (m, 1H; H-
5) and �H (minor)� 4.70 ± 4.68 (m, 1H; H-5) in the crude 1H NMR] could
be separated by MPLC chromatography eluting with petroleum ether/
diethyl ether (9:1) to afford 21 (1.11 g, 78%) and the minor cis-isomer 22
(200 mg, 14%). Rf (major)� 0.25 (petroleum ether/diethyl ether 4:1); Rf


(minor)� 0.20 (petroleum ether/diethyl ether 4:1); [�]D29 (major)��17.3
(c� 0.95 in CH2Cl2); 1H NMR (600 MHz; CDCl3): � (major)� 7.73 ± 7.70
(m, 4H; Ph), 7.46 ± 7.36 (m, 10H; Ph), 7.33 ± 7.31 (m, 1H; Ph), 4.81 ± 4.79 (m,
1H; H-5), 4.64 (d, J� 11.9 Hz, 1H; PhCHH), 4.62 (d, J� 11.9 Hz, 1H;
PhCHH), 4.32 ± 4.28 (m, 1H; H-2), 4.25 (d, J� 1.5 Hz, 2H; C�CCH2), 3.73
(dd, J� 10.8, 4.7 Hz, 1H; CHHOSi), 3.70 (dd, J� 10.8, 4.2 Hz, 1H;
CHHOSi), 2.29 ± 2.24 (m, 1H; H-4), 2.19 ± 2.14 (m, 1H; H-3), 2.06 ± 2.01
(m, 1H; H-4), 1.99 ± 1.93 (m, 1H; H-3), 1.10 (s, 9H; C(CH3)3); 13C NMR
(100 MHz; CDCl3): � (major)� 137.5 (ipso C-C), 135.6 (Ph), 133.8 (ipso C-
Si), 129.7 (Ph), 128.4 (Ph), 128.1 (Ph), 127.8 (Ph), 127.7 (Ph), 86.6 (CHC�C),


80.4 (CHC�C), 79.3 (C-2), 71.6 (PhCH2), 68.7 (C-5), 66.0 (CH2OSi), 57.5
(C�CCH2), 33.5 (C-4), 27.4 (C-3), 26.8 (C(CH3)3), 19.3 (C(CH3)3); IR
(film): �max (major)� 3070, 2929, 2856 (C-H), 1589 cm�1 (Ph); elemental
analysis calcd (%) for C31H36O3Si: C 76.8, H 7.49; found (major): C 76.5, H
7.48; LREI-MS (major): m/z : 507 (52) [M�Na]� , 427 (30) [M�C4H9]� , 281
(100).


(2S,5S)-2-(Hydroxymethyl)-5-(1-benzyloxyprop-2-ynyl)tetrahydrofuran
(23): TBAF (1.0� in THF, 5.20 mL, 5.20 mmol) was added to a solution of
21 (500 mg, 1.03 mmol) in THF (5 mL) at rt and the reaction stirred for 3 h.
Subsequent removal of all volatiles in vacuo followed by filtration through
a small pad of silica eluting with diethyl ether afforded primary alcohol 23
(242 mg, 95%) as an oil. Rf� 0.33 (diethyl ether); [�]D29 ��13.4 (c� 1.00 in
CH2Cl2); 1H NMR (400 MHz; CDCl3): �� 7.35 ± 7.26 (m, 5H; Ph), 4.76
(br t, J� 6.0 Hz, 1H; H-5), 4.58 (s, 2H; PhCH2), 4.27 ± 4.23 (m, 1H; H-2),
4.21 (d, J� 1.2 Hz, 2H; C�CCH2), 3.70 (dd, J� 11.7, 3.2 Hz, 1H; CHHOSi),
3.51 (dd, J� 11.7, 5.5 Hz, 1H; CHHOSi), 2.27 ± 2.18 (m, 1H; H-3), 2.16 ±
1.99 (m, H-3, 3H; H-4, OH), 1.79 ± 1.69 (m, 1H; H-4); 13C NMR (100 MHz;
CDCl3): �� 137.42 (ipso C-C), 128.4 (Ph), 128.0 (Ph), 127.8 (Ph), 86.1
(CHC�C), 80.8 (CHC�C), 79.4 (C-2), 71.6 (CH2Ph), 68.6 (C-5), 64.5
(CH2OH), 57.4 (C�CCH2), 33.6 (C-4), 26.8 (C-3); elemental analysis calcd
(%) for C15H18O3: C 73.1, H 7.37; found: C 72.6, H 7.39; FAB-MS: m/z :
calcd for C15H18O3Na: 269.1154; found: 269.1161; EI-MS: m/z : 269.0 (100)
[M�Na]� , 154 (55) [M�C7H7]� .


(2S,5R)-2-(Carboxymethyl)-5-(1-benzyloxypropyl)tetrahydrofuran (4)
1) Saturation of the alkyne 23 : A slurry of Raney nickel (1.2 g, 50% in
H2O), was washed successively with 95% ethanol (3� 10 mL) and absolute
ethanol (3� 10 mL). Absolute ethanol (5 mL) was then added and the
suspension was placed under a hydrogen atmosphere. 23 (328 mg,
1.33 mmol) was added in one portion through a syringe in absolute ethanol
(5 mL) and the solution stirred vigorously for 30 min. Filtration through a
pad of silica eluting with diethyl ether, concentration in vacuo and
purification by flash column chromatography (petroleum ether/diethyl
ether 1:2) gave the primary alcohol (230 mg, 70%) as an oil. Rf� 0.29
(diethyl ether); [�]D29 ��8.6 (c� 1.00 in CH2Cl2); 1H NMR (400 MHz;
CDCl3): �� 7.36 ± 7.32 (m, 4H; Ph), 7.31 ± 7.26 (m, 1H; Ph), 4.51 (s, 2H;
CH2Ph), 4.13 ± 4.07 (m, 1H; H-2), 4.01 ± 3.93 (m, 1H; H-5), 3.64 ± 3.60 (m,
1H; CHHOH), 3.53 ± 3.46 (m, 3H; CHHOH, CH2OBn), 2.07 ± 1.93 (m,
3H; H-3, H-4, OH), 1.74 ± 1.51 (m, 6H; CH2CH2CH2OBn, H-3, H-4);
13C NMR (100 MHz; CDCl3): �� 138.6 (ipso C-C), 128.3 (Ph), 127.6 (Ph),
127.5 (Ph), 79.2 (C-2), 78.8 (C-5), 72.9 (CH2Ph), 70.3 (CH2OBn), 65.1
(CH2OH), 32.3 (C-3), 32.0 (C-4), 27.5 (CH2), 26.5 (CH2); IR (film): �max�
3427 (br, O-H), 3070, 2933, 2867 (C-H), 1589 cm�1 (Ph); elemental analysis
calcd (%) for C15H22O3: C 72.0, H 8.86; found: C 71.6, H 8.98; EI-MS: m/z :
calcd for C15H22O3: 250.1569; found: 250.1556.


2) Swern oxidation : A solution of DMSO (0.22 mL, 3.10 mmol) in
dichloromethane (6 mL) was added dropwise through a syringe to a
vigorously stirred solution of oxalyl chloride (0.24 mL, 2.80 mmol) in
dichloromethane at �78 �C. After 30 min, a solution of the above primary
alcohol (350 mg, 1.4 mmol) in dichloromethane was added dropwise
through a syringe and the reaction mixture stirred at �78 �C for a further
30 min. Triethylamine (1.20 mL, 8.40 mmol) was added, then the reaction
mixture was stirred at �78 �C for 20 min before warming to rt over 30 min.
The reaction mixture was poured onto phosphate buffer solution (10 mL,
pH 7.2) and diethyl ether (25 mL). The organic layer was separated, dried
(Na2SO4) and concentrated in vacuo to afford aldehyde 4 as a yellow oil
which was used without further purification in the coupling step with
fragment 3. Rf� 0.11 (petroleum ether/diethyl ether 1:1); 1H NMR
(400 MHz; CDCl3): �� 9.65 (d, J� 1.6 Hz, 1H; CHO), 7.37 ± 7.31 (m, 4H;
Ph), 7.30 ± 7.27 (m, 1H; Ph), 4.51 (s, 2H; PhCH2), 4.31 (td, J� 8.3, 1.6 Hz,
1H; H-2), 4.07 ± 4.01 (m, 1H; H-5), 3.56 ± 3.47 (m, 2H; CH2OBn), 2.22 ±
2.15 (m, 1H; H-3), 2.06 ± 1.91 (m, 2H; H-3, H-4), 1.79 ± 1.54 (m, 5H; H-4,
CH2CH2); 13C NMR (100 MHz; CDCl3): �� 203.1 (CHO), 138.6 (ipso C-
C), 128.3 (Ph), 127.6 (Ph), 127.5 (Ph), 82.4 (C-2), 80.9 (C-5), 72.9 (CH2Ph),
70.1 (CH2OBn), 32.0 (C-3), 31.1 (C-4), 27.2 (CH2), 26.4 (CH2).


The butenolide terminus
1-Benzyloxy-butan-4-ol (27): A solution of 1,4-butanediol (3.90 mL,
44.0 mmol) in DMF (8 mL) was added to a suspension of sodium hydride
(880 mg, 22.0 mmol) in DMF (25 mL) at 0 �C. After 1 h at 0 �C,
benzylbromide (2.60 mL, 22.0 mmol) was added dropwise via syringe.
The solution was stirred for a further 15 min then diluted with diethyl ether
(250 mL) and poured onto a saturated ammonium chloride solution
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(100 mL). The organic phase was separated and washed with water (2�
100 mL), saturated NaCl solution (80 mL), dried (MgSO4), filtered and
concentrated in vacuo. Purified by flash column chromatography eluting
with petroleum ether/diethyl ether (3:1� 1:1) afforded alcohol 27 (6.50 g,
82%) as an oil. Rf� 0.13 (petroleum ether/diethyl ether 1:1); 1H NMR
(200 MHz; CDCl3): �� 7.35 ± 7.31 (m, 5H; Ph), 4.52 (s, 2H; PhCH2), 3.52 (t,
J� 4.2 Hz, 2H; PhCH2OCH2), 3.64 ± 3.61 (m, 2H; CH2OH), 2.46 (br s, 1H;
OH), 1.72 ± 1.65 (m, 4H; CH2CH2CH2OH); 13C NMR (50 MHz; CDCl3):
�� 138.3 (ipso C-C), 128.3 (Ph), 127.6 (Ph), 127.6 (Ph), 72.9 (PhCH2), 70.3
(CH2OH), 62.2 (CH2OCH2Ph), 29.7 (CH2), 26.4 (CH2); IR (film): �max�
3381 cm�1 (br, O-H); elemental analysis calcd (%) for C11H16O2: C 73.3, H
8.90; found: C 72.9, H 8.99.


(E)-tert-Butyl-6-benzyloxy-hex-2-enoate (28): A solution of dimethyl
sulfoxide (25.6 mL, 361 mmol) in dichloromethane (140 mL) was added
dropwise through a syringe over a period of 30 min to a vigorously stirred
solution of oxalyl chloride (14.9 mL, 171 mmol) in dichloromethane
(470 mL) at �78 �C. The resulting mixture was stirrred for a further
30 min at �78 �C, then a solution of 27 (21.2 g, 118 mmol) in dichloro-
methane (70 mL) was added slowly through a syringe. The reaction mixture
stirred at�78 �C for 1 h then triethylamine (67.8 mL, 487 mmol) was added
slowly through a syringe. After a further 20 min at �78 �C, the reaction
mixture warmed to rt and stirred for 1 h. The mixture was then poured onto
saturated NaCl solution (300 mL), the aqueous layer separated, and
extracted with diethyl ether (4� 100 mL). The organic layers were
combined, dried (MgSO4), filtered and concentrated in vacuo to give the
crude aldehyde.


(tert-Butoxycarbonylmethylene)triphenylphosphorane (44.4 g, 118 mmol)
was added in several portions to a stirred solution of the crude aldehyde in
dichloromethane (300 mL) at 0 �C. The reaction mixture was stirred for
14 h at rt, concentrated in vacuo and passed through a short pad of silica
eluting with petroleum ether/diethyl ether (4:1) to afford enoate 28 (31.3 g,
96%) an oil, as an inseparable mixture of geometric isomers [E/Z, �15:1;
assigned by integration of the peaks at �H (major)� 6.87 (dt, J� 15.6,
6.9 Hz, 1H; CH2CH�CH) and �H� 6.15 (minor) (m, 1H; CH2CH�CH)]
which was used in the subsequent step without further purification. Rf�
0.52 (petroleum ether/diethyl ether 1:1); 1H NMR (200 MHz; CDCl3): ��
7.35 ± 7.31 (m, 5H; Ph), 6.87 (dt, J� 15.6, 7.0 Hz, 1H; CH2CH�CH), 5.75
(dt, J� 15.6, 1.4 Hz, 1H; CH2CH�CH), 4.50 (s, 2H; PhCH2), 3.49 (t, J�
6.3 Hz, 2H; PhCH2OCH2), 2.28 (qd, J� 7.0, 1.4 Hz, 2H; CH2CH�CH), 1.76
(m, 2H; CH2CH2CH), 1.49 (s, 9H; C(CH3)3); 13C NMR (50 MHz; CDCl3):
�� 165.9 (CO2), 147.2 (CH2CH�CH), 138.4 (ipso C-C), 128.3 (Ph), 127.5
(Ph), 127.5 (Ph), 123.3 (CH2CH�CH), 79.9 (C(CH3)3), 72.9 (PhCH2), 65.8
(PhCH2OCH2), 28.7 (CH2), 28.2 (CH2), 28.1 (C(CH3)3); IR (film): �max�
1713 (C�O), 1653 (C�C), 1496 cm�1 (Ph); elemental analysis calcd (%) for
C17H24O3: C 73.9, H 8.75; found: C 74.1, H 8.86.


(5S)-3-[(E)-4-Benzyloxy-but-1-enyl]-2,5-dihydro-5-methyl-furan-2-one
(8): n-Butyllithium (1.6� in hexanes, 5.41 mL, 8.67 mmol) was added
dropwise through a syringe to a solution of diisopropylamine (1.33 mL,
9.46 mmol) in THF (8.7 mL) at�78 �C. After 5 min at �78 �C, the solution
was warmed to 0 �C over 10 min, then re-cooled to �78 �C. HMPA
(1.57 mL, 9 mmol) was added in one portion through a syringe and the
solution stirred at�78 �C for 30 min. A solution of 28 (2.18 g, 7.88 mmol) in
THF (3 mL) was then added dropwise through a cannula to the lithium
amide solution. Stirring was maintained at �78 �C for 1 h, then (S)-2-(tert-
butyldimethylsilyloxy)propanal (1.63 g, 8.67 mmol) in THF (2 mL) was
added dropwise through a cannula. After a further 10 min at �78 �C,
phosphate buffer solution (pH 7.2, 10 mL) was added and the reaction
mixture warmed to rt. Following dilution with diethyl ether (200 mL), the
organic phase was separated and washed with water (2� 100 mL) and
saturated NaCl solution (100 mL), dried (MgSO4), filtered and concen-
trated in vacuo to give the crude aldol product. This crude material was
dissolved in a saturated solution of HCl in methanol (100 mL), stirred at rt
for 5 min, then concentrated in vacuo. This process was repeated twice to
afford the crude cyclised product. Methanesulfonyl chloride (0.91 mL,
11.8 mmol) was added dropwise through a syringe to a solution of this crude
material and triethylamine (3.30 mL, 23.64 mmol) in dichloromethane
(30 mL) at 0 �C. After 30 min at rt, the reaction mixture was diluted with
dichloromethane (200 mL) and washed with HCl solution (1�, 2� 50 mL),
saturated sodium hydrogen carbonate solution (50 mL) and saturated NaCl
solution (50 mL), then dried (MgSO4), filtered and concentrated in vacuo
to give the crude diene 29. Iodine (50 mg, 0.20 mmol) was added to a


solution of 29 in chloroform (100 mL) at rt. The red solution was stirred for
4 h under irradiation (250 W sunlamp bulb), then concentrated in vacuo.
Purification by flash column chromatography eluting with petroleum ether/
diethyl ether (6:1� 2:1) afforded diene 8 (1.15 g, 56%), an oil, as an
inseparable mixture of geometric isomers at the external olefin [E/Z,
�95:5; assigned by integration of the peaks at �H (major)� 5.02 (brq, J�
6.8 Hz, 1H; CHCH3) and �H (minor)� 5.06 (m, 1H; CHCH3)]. Rf� 0.57
(petroleum ether/diethyl ether 1:1); [�]D29 ��27.4 (c� 0.31 in CH2Cl2);
1H NMR (200 MHz; CDCl3): �� 7.35 ± 7.31 (m, 5H; Ph), 7.05 (d, J� 1.7 Hz,
1H; CHCHO), 6.80 (dt, J� 15.9, 7.0 Hz, 1H; CH2CH�CH), 6.20 (brd, J�
15.9 Hz, 1H; CH2CH�CH), 5.02 (brq, J� 6.8 Hz, 1H; CHCH3), 4.53 (s,
2H; PhCH2), 3.57 (t, J� 6.7 Hz, 2H; PhCH2OCH2), 2.50 (brq, J� 6.8 Hz,
2H; CH2C�C), 1.42 (d, J� 6.8 Hz, 3H; CHCH3); 13C NMR (50 MHz;
CDCl3): �� 171.8 (CO2), 147.5 (CHCHO), 138.3 (ipso C-C), 134.8
(CH2CH�CH), 129.2 (CH2CH�CH), 128.4 (Ph), 127.7 (Ph), 127.6 (Ph),
120.2 (CCO2), 76.9 (CHCH3), 73.0 (PhCH2), 69.1 (PhCH2OCH2), 33.8
(CH2C�C), 19.1 (CHCH3); IR (film): �max� 1753 (C�O), 1662 (C�C),
1496 cm�1 (Ph); FAB-MS: m/z : calcd for C16H18O3: 259.1334; found:
259.1334.


(3S,6R,9R)-6-(2�-Benzyloxy)-ethyl-3-methyl-4-phenyl-1,3,4,5,6,9-hexahy-
dro-4-aza-5-oxo-isobenzofuran-1-one (32): Nitrosobenzene (2.92 g,
27.3 mmol) was added in one portion to a stirred solution of 8 (3.52 g,
13.6 mmol) in methanol/dichloromethane (1:1, 30 mL) at 0 �C. The solution
turned aqua blue and was stirred at 0 �C for 21 h. Concentration in vacuo
and purification by flash column chromatography eluting with petroleum
ether/diethyl ether (4:1� 2:1) afforded a yellow oil (4.57 g, 91%), as a
mixture of regioisomers (7:3, 30/31) and diastereoisomers [�95:5 d.r. for
the major regioisomer 30, tentatively assigned by integration of the peaks
at �H (major)� 6.96 (t, J� 2.7 Hz, 1H; CH�C) and �H (minor)� 7.07 (br s,
1H; CH�C)]. Further purification of the mixture of regio- and diaster-
eoisomers by HPLC (hexane/THF 98:2; flow rate 40 mLmin�1) afforded
HDA adduct 32 (2.75 g, 55%,�98:2 d.r.). Retention time 30 min; Rf� 0.30
(petroleum ether/diethyl ether 1:1); [�]D29 ��69 (c� 0.46 in CH2Cl2);
1H NMR (600 MHz; CDCl3): �� 7.40 (t, J� 7.8 Hz, 2H; NPhCH-meta),
7.30 (m, 8H; Ph), 6.96 (t, J� 2.7 Hz, 1H; CH�C), 4.82 ± 4.78 (m, 1H;
CHN), 4.48 (d, J� 12.1 Hz, 1H; PhCHH), 4.46 (d, J� 12.1 Hz, 1H;
PhCHH), 4.32 ± 4.28 (m, 1H; CHCH3), 3.97 (dt, J� 7.7, 2.7 Hz, 1H;
CHON), 3.60 ± 3.56 (m, 1H; OCHHCH2), 3.56 ± 3.50 (m, 1H; OCHHCH2),
2.28 ± 2.22 (m, 1H; OCH2CHH), 2.05 ± 1.96 (m, 1H; OCH2CHH), 0.98 (d,
J� 6.3 Hz, 3H; CHCH3); 13C NMR (100 MHz; CDCl3): �� 167.3 (CO2),
148.4 (ipso C-N), 138.2 (ipso C-C), 137.6 (CH�CCO2), 129.2 (NPhCH-
meta), 129.1 (Ph), 128.3 (Ph), 127.9 (2�Ph), 127.5 (Ph), 123.7 (CH�CCO2),
78.0 (CHON), 74.3 (PhCH2), 73.0 (CHOCH3), 69.8 (CHN), 66.3
(OCH2CH2), 33.5 (OCH2CH2), 19.3 (CHCH3); IR (film): �max� 1771
(C�O), 1595 (C�C), 1490 cm�1 (Ph); ES-MS: m/z : calcd for C22H23NO4Na:
388.1543; found: 388.1525.


(2�R,4R,5S)-3-(4�-Benzyloxy-2�-hydroxy-butylidene)-4-N-phenylamino-di-
hydro-5-methyl-furan-2-one (33): A solution of [Mo(CO)6] (1.45 g,
5.48 mmol) in anhydrous acetonitrile (14 mL) was heated at reflux under
argon for 4 h, then allowed to cool to rt. A solution of 32 (1.00 g, 2.74 mmol)
in acetonitrile (3 mL) was added dropwise through a syringe and the
reaction mixture stirred at rt for 15 min, then water (2 mL) was added.
After stirring for a further 45 min at rt, the reaction mixture was
concentrated in vacuo and passed through a short pad of silica eluting
with petroleum ether/diethyl ether (1:2) to afford a pale purple oil. This was
further purified by flash column chromatography eluting with dichloro-
methane/diethyl ether (95:5) to afford amino alcohol 33 (650 mg, 70%) as
an oil that solidified on standing. The solid could be recrystallised from
dichloromethane/ether/pentane to give fine white needles. M.p. 82 �C; Rf�
0.41 (diethyl ether); [�]D29 ��79 (c� 0.50 in CH2Cl2); 1H NMR (200 MHz;
CDCl3): �� 7.34 ± 7.25 (m, 5H; Ph), 7.21 (br t, J� 7.7 Hz, 2H; NPhCH-
meta), 6.99 (dd, J� 6.3, 1.6 Hz, 1H; CH�CCO2), 6.84 (br t, J� 7.7 Hz, 1H;
NPhCH-para), 6.61 (brd, J� 7.7 Hz, 2H; NPhCH-ortho), 4.76 (q, J�
6.3 Hz, 1H; CHCH�C), 4.60 ± 4.54 (brm, 1H; CHN), 4.54 ± 4.48 (m, 1H;
CHCH3), 4.48 (q (AB), J� 11.9 Hz, 2H; PhCH2), 4.40 ± 3.80 (brm, 2H;
OH, NH), 3.70 ± 3.55 (m, 2H; OCH2CH2), 1.97 ± 1.87 (m, 2H; OCH2CH2),
1.38 (d, J� 6.4 Hz, 3H; CHCH3); 13C NMR (50 MHz; CDCl3): �� 169.9
(CO2), 147.6 (ipso C-N), 145.5 (CH�CCO2), 137.7 (ipso C-C), 129.6 (Ph),
128.5 (Ph), 127.8 (Ph), 127.8 (Ph), 127.6 (Ph), 119.7 (CH�CCO2), 114.7
(NPhC-ortho), 80.5 (OCHC�C), 73.2 (PhCH2), 68.5 (CHCH3), 67.2,
(OCH2CH2), 57.2 (CHN), 36.2 (OCH2CH2), 21.0 (CHCH3); IR (KBr):
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�max� 3375 (br, O-H and N-H), 1752 (C�O), 1680 (C�C), 1601, 1497 cm�1


(Ph); elemental analysis calcd (%) for C22H25NO4: C 71.9, H 6.86, N 3.8;
found: C 71.8, H 6.87, N 3.8.


(2�R,4R,5S)-3-(4�-Benzyloxy-2�-(tert-butyldimethylsilyloxy)-butylidene)-4-
N-phenylamino-dihydro-5-methyl-furan-2-one (34): tert-Butyldimethyl-
chlorosilane (590 mg, 3.92 mmol) was added in one portion to a solution
of 33 (480 mg, 1.30 mmol) and imidazole (440 mg, 6.53 mmol) in DMF
(2.5 mL) at rt. After stirring for 14 h at rt, the reaction mixture was diluted
with diethyl ether (75 mL), washed with water (30 mL) and saturated NaCl
solution (30 mL), dried (MgSO4), filtered and concentrated in vacuo.
Purification by flash column chromatography eluting with petroleum ether/
diethyl ether (9:1� 2:1) afforded silyl ether 34 (520 mg, 83%) as an oil.
Rf� 0.70 (petroleum ether/diethyl ether 1:1); [�]D29 ��86 (c� 0.49 in
CH2Cl2); 1H NMR (200 MHz; CDCl3): �� 7.33 ± 7.24 (m, 5H; Ph), 7.16
(br t, J� 7.5 Hz, 2.0H; NPhCH-meta), 6.98 (dd, J� 7.1, 1.9 Hz, 1H;
CH�CCO2), 6.77 (br t, J� 7.5 Hz, 1H; NPhCH-para), 6.45 (brd, J�
7.5 Hz, 2H; NPhCH-ortho), 4.84 (q, J� 7.1 Hz, 1H; CHCH�C), 4.55 (qd,
J� 6.5, 2.0 Hz, 1H; CHCH3), 4.50 (s, 2H; PhCH2), 4.47 (m, 1H; CHN),
3.91 (d, J� 5.6 Hz, 1H; NH), 3.58 (t, J� 6.1 Hz, 2H; OCH2CH2), 2.06 ± 1.97
(m, 1H; OCH2CHH), 1.97 ± 1.90 (m, 1H; OCH2CHH), 1.38 (d, J� 6.5 Hz,
3H; CHCH3), 0.85 (s, 9H; C(CH3)3), �0.03 (s, 3H; SiCH3), �0.05 (s, 3H;
SiCH3); 13C NMR (50 MHz; CDCl3): �� 169.7 (CO2), 149.1 (ipso C-N),
145.4 (CH�CCO2), 138.0 (ipso C-C), 129.5 (Ph), 128.4 (Ph), 127.6 (Ph),
127.5 (Ph), 126.2 (Ph), 118.7 (CH�CCO2), 113.5 (NPhC-ortho), 79.9
(CHCH�C), 72.9 (PhCH2), 66.9 (CHCH3), 65.9, (OCH2CH2), 56.1
(CHN), 37.5 (OCH2CH2), 25.7 (C(CH3)3), 20.7 (CHCH3), 18.0 (C(CH3)3),
�4.5 (SiCH3), �5.1 (SiCH3); IR (film): �max� 3354 (br, N-H), 1754 (C�O),
1680 (C�C), 1601, 1489 cm�1 (Ph); elemental analysis calcd (%) for
C28H39NO4Si: C 69.8, H 8.16, N 2.9; found: C 69.8, H 8.14, N 3.0.


(2�S,3R,4R,5S)-3-(4�-Benzyloxy-2�-tert-butyldimethylsilyloxy)-butyl-4-N-
phenylamino-2,3,4,5-tetrahydro-5-methyl-furan-2-one (35): Methanol
(3 mL) was added to a mixture of 34 (85 mg, 0.176 mmol) and PtO2


(30 mg, 33 mol%), and the reaction was placed under an hydrogen
atmosphere. After stirring at rt for 90 min, the catalyst was removed by
filtration through a small pad of silica eluting with diethyl ether.
Concentration in vacuo afforded amine 35 (83 mg, 98%) an oil, as a single
diastereoisomer, which required no further purification. Rf� 0.24 (petro-
leum ether/diethyl ether 1:1); [�]D29 ��30.5 (c� 0.49 in CH2Cl2); 1H NMR
(200 MHz; CDCl3): �� 7.37 ± 7.27 (m, 5H; Ph), 7.16 (dd, J� 8.6, 7.4 Hz, 2H;
NPhCH-meta), 6.74 (br t, J� 7.4 Hz, 1H; NPhCH-para), 6.56 (brd, J�
8.6 Hz, 2H; NPhCH-ortho), 4.46 (s, 2H; PhCH2), 4.20 ± 4.14 (m, 2H;
CHOSi, CHCH3), 3.77 ± 3.47 (m, 4H; CHN, NH, OCH2CH2), 2.66 (dt, J�
9.2, 6.5 Hz, 1H; CHCO2), 2.11 ± 1.97 (m, 1H; CH(O)CHH), 1.86 ± 1.73 (m,
3H; OCH2CH2 , CH(O)CHH), 1.46 (d, J� 6.3 Hz, 3H; CHCH3), 0.88 (s,
9H; C(CH3)3), 0.03 (s, 6H; 2� SiCH3); 13C NMR (50 MHz; CDCl3): ��
176.3 (CO2), 146.3 (ipso C-N), 138.4 (ipso C-C), 129.4 (Ph), 128.3 (Ph),
127.6 (Ph), 127.5 (Ph), 118.5 (Ph), 113.2 (Ph), 80.8 (CHCH3), 73.0 (PhCH2),
67.2 (CHOSi), 66.5 (OCH2CH2), 62.6 (CHN), 44.1 (CHCO2), 36.6
(OCH2CH2), 36.5 (CH(O)CH2), 25.9 (C(CH3)3), 19.4 (CHCH3), 18.0
(C(CH3)3), �4.4 (SiCH3), �4.6 (SiCH3); IR (film): �max� 3373 (br, N-H),
1770 (C�O), 1601, 1497 cm�1 (Ph); elemental analysis calcd (%) for
C28H41NO4Si: C 69.5, H 8.54, N 2.9; found: C 69.0, H 8.76, N 3.0.


(2�S,3R,4R,5S)-3-(4�-Benzyloxy-2�-tert-butyldimethylsilyloxy)-butyl-4-N-
phenyl-N-trifluoroacetamido-2,3,4,5-tetrahydro-5-methyl-furan-2-one
(36): Trifluoroacetic anhydride (74 �L, 0.516 mmol) was added dropwise
through a syringe to a solution of 35 (83 mg, 0.172 mmol) and H¸nig×s base
(123 �L, 0.704 mmol) in dichloromethane (4 mL) at 0 �C. After 30 min at
0 �C, the reaction mixture was diluted with diethyl ether (50 mL), washed
with water (30 mL) and saturated NaCl solution (30 mL), dried (MgSO4),
filtered and concentrated in vacuo. Purification by flash column chroma-
tography eluting with petroleum ether/diethyl ether (1:1) afforded
trifluoroacetamide 36 (92 mg, 95%) as an oil. Rf� 0.43 (petroleum ether/
diethyl ether 1:1); 1H NMR (400 MHz; CDCl3): �� 7.51 ± 7.43 (m, 3H;
N-Ph), 7.35 ± 7.26 (m, 5H; Ph), 7.13 (brd, J� 5.9 Hz, 2H; NPhCH-ortho),
4.85 (dd, J� 9.0, 7.7 Hz, 1H; CHN), 4.50 (d, J� 11.9 Hz, 1H; PhCHH), 4.45
(d, J� 11.9 Hz, 1H; PhCHH), 4.39 (qn, J� 6.7 Hz, 1H; CHOSi), 4.37 ±
4.31, (m, 1H; CHCH3), 3.61 ± 3.52 (m, 2H; OCH2CH2), 2.73 ± 2.67 (m, 1H;
CHCO2), 2.02 ± 1.94 (m, 1H; CHHCHCO2), 1.94 ± 1.87 (m, 2H;
OCH2CH2), 1.81 ± 1.68 (m, 1H; CH(O)CHH), 1.53 (d, J� 6.3 Hz, 3H;
CHCH3), 0.88 (s, 9H; C(CH3)3), 0.08 (s, 3H; SiCH3), 0.07 (s, 3H; SiCH3);
13C NMR (50 MHz; CDCl3): �� 175.0 (CO2), 138.4 (ipso C-N), 134.5 (ipso


C-C), 130.4 (Ph), 130.2 (Ph), 130.0 (Ph), 129.9 (Ph), 128.4 (Ph), 127.7 (Ph),
127.6 (Ph), 76.2 (CHCH3), 73.1 (PhCH2), 67.1 (CHOSi), 66.7 (OCH2CH2),
65.5 (CHN), 39.4 (CHCO2), 37.1 (OCH2CH2), 36.2 (CH(O)CH2), 25.9
(C(CH3)3), 19.3 (CHCH3), 18.0 (C(CH3)3),�4.2 (SiCH3),�4.6 (SiCH3); IR
(film): �max� 2930, 2857 (C-H), 1782 (OC�O), 1699 (PhNC�O), 1596, 1537,
1493 cm�1 (Ph); ES-MS: m/z : calcdc for C30H40F3NO5SiNa: 602.2526;
found:602.2523.


(2�S,3R,4R,5S)-3-(4�-Hydroxy-2�-tert-butyldimethylsilyloxy)-butyl-4-N-
phenyl-N-trifluoroacetamido-2,3,4,5-tetrahydro-5-methyl-furan-2-one
(37): Methanol (3 mL) was added to a mixture of 36 (92 mg, 0.163 mmol)
and palladium hydroxide (40 mg, 40%), and the reaction mixture was
placed under a hydrogen atmosphere. After stirring at rt for 48 h, the
catalyst was removed by filtration through a small pad of silica eluting with
diethyl ether and all volatiles were removed in vacuo. Purification by flash
column chromatography eluting with petroleum ether/diethyl ether (1:2)
afforded alcohol 37 (76 mg, 95%) as an oil. Rf� 0.16 (petroleum ether/
diethyl ether 1:2); [�]D29 ��30.6 (c� 1.87 in CH2Cl2); 1H NMR (400 MHz;
CDCl3): �� 7.54 ± 7.50 (m, 3H; N-Ph), 7.29 (brd, J� 6.4 Hz, 1H; N-Ph), 7.16
(brd, J� 6.4 Hz, 1H; N-Ph), 4.85 (dd, J� 9.7, 8.3 Hz, 1H; CHN), 4.47 ± 4.43
(m, 1H; CHOSi), 4.43 ± 4.38 (m, 1H; CHCH3), 3.77 (br s, 2H; CH2OH),
2.73 ± 2.69 (m, 1H; CHCO2), 2.10 (br s, 1H; OH), 2.02 ± 1.94 (m, 2H;
CH2CHCO2), 1.80 ± 1.75 (m, 1H; CH2CHH), 1.68 ± 1.63 (m, 1H;
CH2CHH), 1.55 (d, J� 6.3 Hz, 3H; CHCH3), 0.91 (s, 9H; C(CH3)3), 0.13
(s, 3H; SiCH3), 0.12 (s, 3H; SiCH3); 13C NMR (150 MHz; CDCl3): �� 174.6
(CO2), 158.1 (q, J� 36, F3CCO2), 138.8 (ipso C-N), 130.5 (Ph), 130.0 (Ph),
130.0 (Ph), 129.8 (Ph), 129.7 (Ph), 75.6 (CHCH3), 71.1 (CHOSi), 68.2
(CHN), 65.7 (CH2OH), 39.7 (CHCO2), 37.5 (OCH2CH2), 36.2
(CH2CHCO2), 25.8 (C(CH3)3), 19.0 (CHCH3), 17.9 (C(CH3)3), �4.3
(SiCH3), �4.7 (SiCH3); IR (film): �max� 3480 (br, O-H), 2931, 2858 (C-
H), 1779 (OC�O), 1698 (PhNC�O), 1596, 1493 cm�1 (Ph); elemental
analysis calcd (%) for C23H34F3NO5Si: C 56.4, H 6.99, N 2.9; found: C 56.6,
H 6.86, N 3.0; ES-MS: m/z : calcd for C23H34F3NO5SiNa: 512.2056; found:
512.2027.


(Z/E)-(2�S,3R,4R,5S)-3-(5�-Iodo-2�-tert-butyldimethylsilyloxy)-pent-4�-en-
yl-4-N-phenyl-N-trifluoroacetamido-2,3,4,5-tetrahydro-5-methyl-furan-2-
one (38)
1) Oxidation of 37 to the aldehyde : A solution of dimethyl sulfoxide
(36 �L, 0.512 mmol) in dichloromethane (1 mL) was added dropwise
through a syringe to a vigorously stirred solution of oxalyl chloride (41 �L,
0.465 mmol) in dichloromethane (2 mL) at�78 �C. After 30 min at�78 �C,
a solution of 37 (75 mg, 0.155 mmol) in dichloromethane (2 mL) was added
dropwise through a syringe. The temperature was maintained at�78 �C for
a further 30 min, then triethylamine (0.2 mL, 1.40 mmol) was added
dropwise through a syringe. After warming to rt over 45 min, the reaction
mixture was diluted with diethyl ether (100 mL), washed with phosphate
buffer solution (pH 7.2, 20 mL) and saturated NaCl solution (20 mL), dried
(MgSO4), filtered and concentrated in vacuo. The oil was passed through a
small pad of silica eluting with diethyl ether, to afford after removal of
volatiles, the aldehyde (73 mg, 96%) which was used in the subsequent step
without further purification. Rf� 0.34 (petroleum ether/diethyl ether 1:2);
1H NMR (400 MHz; CDCl3): �� 9.79 (d, J� 3.0 Hz, 1H; CHO), 7.55 ± 7.49
(m, 3H; Ph), 7.34 ± 7.28 (br s, 1H; Ph), 7.15 (brd, J� 6.2 Hz, 1H; Ph), 4.89
(dd, J� 9.9, 8.3 Hz, 1H; CHN), 4.79 ± 4.74 (m, 1H; CHOSi), 4.38 (dq, J�
8.3, 6.3 Hz, 1H; CHCH3), 2.74 (dd, J� 9.9, 4.2 Hz, 1H; CHCO2), 2.68 (dd,
J� 15.6, 4.3 Hz, 1H; CHHCHO), 2.46 (ddd, J� 15.6, 5.7, 3.0 Hz, 1H;
CHHCHO), 2.06 (ddd, J� 14.2, 9.4, 4.7 Hz, 1H; CHHCHCO2), 1.93 (ddd,
J� 14.2, 7.8, 4.2 Hz, 1H; CHHCHCO2), 1.55 (d, J� 6.3 Hz, 3H; CHCH3),
0.89 (s, 9H; C(CH3)3), 0.11 (s, 3H; SiCH3), 0.11 (s, 3H; SiCH3); 13C NMR
(100 MHz; CDCl3): �� 201.5 (CHO), 174.5 (CO2), 158.0 (q, J� 36,
F3CCO2), 134.3 (ipso C-N), 130.6 (Ph), 130.2 (Ph), 129.8 (Ph), 75.4
(CHCH3), 65.4 (CHOSi), 65.3 (CHN), 49.5 (CH2CHO), 39.2 (CHCO2),
36.5 (CH2CHCO2), 25.8 (C(CH3)3), 18.8 (CHCH3), 18.0 (C(CH3)3), �4.4
(SiCH3), �4.8 (SiCH3).


2) Homologation to the vinyl iodide : A solution of the above aldehyde
(73 mg, 0.150 mmol) and iodoform (181 mg, 0.465 mmol) in THF (3 mL)
was added via cannular to a rapidly stirred slurry of chromium dichloride
(191 mg, 1.55 mmol) in THF at 0 �C. A deep red colouration was observed
after complete addition. After stirring for 14 h, the reaction mixture was
diluted with diethyl ether (60 mL), washed with water (2� 30 mL) and
saturated NaCl solution (30 mL), dried (MgSO4), filtered and concentrated
in vacuo. Purification by flash column chromatography eluting with
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petroleum ether/diethyl ether (2:1) afforded vinyl iodide 38 (68 mg, 75%),
an oil, as an inseparable mixture of geometric isomers [E/Z 4:1; assigned by
integration of the 1H NMR peaks at �H (major)� 6.09 (d, J� 14.5 Hz, 1H;
CHI) and �H (minor)� 6.38 ± 6.32 (m, 2H; CHI, CH�CHI)]. Rf� 0.42
(petroleum ether/diethyl ether 1:1); 1H NMR (400 MHz; CDCl3): �


(major)� 7.53 ± 7.50 (m, 3H; Ph), 7.23 (br s, 1H; Ph), 7.16 (br s, 1H; Ph),
6.55 (dt, J� 14.5, 7.5 Hz, 1H; CH�CHI), 6.09 (d, J� 14.5 Hz, 1H; CHI),
4.79 (dd, J� 9.4, 8.0 Hz, 1H; CHN), 4.48 ± 4.41 (m, 1H; CHOSi), 4.31 ± 4.27
(m, 1H; CHCH3), 2.77 ± 2.72 (m, 1H; CHCO2), 2.29 ± 2.23 (m, 1H;
CHHCHCO2), 2.20 ± 2.13 (m, 1H; CHHCHCO2), 1.95 ± 1.83 (m, 2H;
CH2CH�C), 1.54 (d, J� 6.3 Hz, 3H; CHCH3), 0.90 (s, 9H; C(CH3)3), 0.09
(s, 3H; SiCH3), 0.08 (s, 3H; SiCH3); 1H NMR (400 MHz; CDCl3): �


(minor)� 7.53 ± 7.50 (m, 3H; Ph), 7.23 (br s, 1H; Ph), 7.16 (br s, 1H; Ph),
6.38 ± 6.32 (m, 2H; CHI, CH�CHI), 4.91 ± 4.87 (m, 1H; CHN), 4.41 ± 4.36
(m, 1H; CHOSi), 4.31 ± 4.27 (m, 1H; CHCH3), 2.77 ± 2.72 (m, 1H;
CHCO2), 2.33 (t, J� 5.7 Hz, 1H; CHHCHCO2), 2.29 ± 2.23 (m, 1H;
CHHCHCO2), 1.95 ± 1.83 (m, 2H; CH2CH�C), 1.55 (d, J� 6.3 Hz, 3H;
CHCH3), 0.90 (s, 9H; C(CH3)3), 0.10 (s, 3H; SiCH3), 0.09 (s, 3H; SiCH3);
13C NMR (100 MHz; CDCl3): � (major)� 174.4 (CO2), 158.0 (q, J� 36,
F3CCO2), 142.3 (CH�CHI), 134.9 (ipso C-N), 130.5 (Ph), 130.1 (Ph), 129.8
(Ph), 77.4 (CH�CHI), 75.7 (CHCH3), 67.9 (CHOSi), 66.2 (CHN), 42.5
(CH2CH�C), 39.3 (CHCO2), 36.3 (CH2CHCO2), 25.9 (C(CH3)3), 19.1
(CHCH3), 18.0 (C(CH3)3), �4.4 (SiCH3), �4.5 (SiCH3); 13C NMR
(100 MHz; CDCl3): � (minor)� 174.6 (CO2), 158.0 (q, J� 36, F3CCO2),
137.2 (CH�CHI), 134.9 (ipso C-N), 130.5 (Ph), 130.1 (Ph), 129.7 (Ph), 84.7
(CH�CHI), 75.8 (CHCH3), 67.9 (CHOSi), 65.6 (CHN), 41.6 (CH2CH�C),
39.6 (CHCO2), 36.6 (CH2CHCO2), 25.9 (C(CH3)3), 19.1 (CHCH3), 18.0
(C(CH3)3),�4.4 (SiCH3),�4.5 (SiCH3); IR (film): �max� 2929, 2856 (C-H),
1780 (OC�O), 1698 (PhNC�O), 1596, 1492 cm�1 (Ph); ES-MS: m/z : calcd
for C24H33F3INO4SiNa: 634.1073; found: 634.1069.


(Z/E)-(2�R,5S)-3-(5�-Iodo-2�-tert-butyldimethylsilyloxy)-pent-4�-enyl-2,5-
dihydro-5-methyl-furan-2-one (5): 1,8-Diazabicyclo[5.4.0]undec-7-ene
(36 �L, 0.24 mmol) was added dropwise through a syringe to a solution
of 38 (67 mg, 0.11 mmol) in dichloromethane (2 mL) at 0 �C. After stirring
at 0 �C for 1 h, saturated ammonium chloride (1 mL) was added, and then
the reaction mixture was poured onto diethyl ether (50 mL). The organic
phase was separated, washed with water (20 mL) and saturated NaCl
solution (20 mL), dried (MgSO4), filtered and concentrated in vacuo.
Purification by flash column chromatography eluting with dichlorome-
thane afforded butenolide 5 (42 mg, 91%) an oil, as in separable mixture of
geometric isomers [E/Z 4:1; tentatively assigned by integration of the
1H NMR peaks at �H (major)� 6.07 (d, J� 14.4 Hz, 1H; CHI) and �H


(minor)� 6.34 ± 6.30 (m, 2H; CHI, CH�CHI)]. Rf� 0.45 (dichlorome-
thane); 1H NMR (600 MHz; CDCl3): � (major)� 7.11 (br s, 1H; C�CH),
6.53 (dt, J� 14.4, 7.4 Hz, 1H; CHC�CHI), 6.07 (d, J� 14.4 Hz, 1H; CHI),
5.02 (brq, J� 7.0 Hz, 1H; CHCH3), 4.06 (qn, J� 5.7 Hz, 1H; CHOSi),
2.46 ± 2.40 (m, 2H; CH2CCO2), 2.26 ± 2.17 (m, 2H; CH2CH�C), 1.42 (d, J�
7.0 Hz, 3H; CHCH3), 0.88 (s, 9H; C(CH3)3), 0.06 (s, 3H; SiCH3), 0.03 (s,
3H; SiCH3); 1H NMR (600 MHz; CDCl3): � (minor)� 7.15 (br s, 1H;
C�CH), 6.34 ± 6.30 (m, 2H; CHI, CH�CHI), 4.99 (brq, J� 6.9 Hz, 1H;
CHCH3), 4.16 (qn, J� 5.7 Hz, 1H; CHOSi), 2.46 ± 2.40 (m, 1H;
CHHCCO2), 2.36 ± 2.31 (m, 1H; CHHCCO2), 2.26 ± 2.17 (m, 2H;
CH2CH�C), 1.43 (d, J� 6.9 Hz, 3H; CHCH3), 0.87 (s, 9H; C(CH3)3),
0.09 (s, 3H; SiCH3), 0.05 (s, 3H; SiCH3); 13C NMR (150 MHz; CDCl3): �
(major)� 173.7 (CO2), 151.9 (C�CH), 142.3 (CH�CHI), 130.4 (C�CH),
77.5 (CHCH3), 77.2 (CH�CHI), 68.6 (CHOSi), 43.4 (CH2CH�C), 33.0
(CH2CCO2), 25.8 (C(CH3)3), 18.9 (CHCH3), 18.0 (C(CH3)3),�4.5 (SiCH3),
�4.6 (SiCH3); 13C NMR (150 MHz; CDCl3): � (minor)� 173.7 (CO2),
152.1 (C�CH), 137.2 (CH�CHI), 130.4 (C�CH), 84.7 (CH�CHI), 77.7
(CHCH3), 68.4 (CHOSi), 43.6 (CH2CH�C), 32.8 (CH2CCO2), 25.8
(C(CH3)3), 19.1 (CHCH3), 18.0 (C(CH3)3), �4.6 (SiCH3), �4.8 (SiCH3);
IR (film): �max� 2928, 2855 (C-H), 1754 (C�O), 1604 cm�1 (C�C); ES-MS:
m/z : calcd for C16H27O3ISiNa: 445.0672; found: 445.0680.


The final steps : Detailing the synthesis of muricatetrocin C from fragments
3, 4 and 5. In this section the compounds are discussed in terms of the
numbering system used for this family of natural products. Thus, the
butenolide carbonyl carbon is C-1, and the terminal methyl group of the
aliphatic chain is C-32.


(12R,15S,16R,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(9-benzyloxypropyl)-15-(16-hydroxyprop-17-ynyl)tetrahydrofuran)-20-do-
decanyl-[33,36]-dioxane (40) and (12R,15S,16S,19R,20S,34R,35R)-34,35-


dimethoxy-34,35-dimethyl-19-(12-(9-benzyloxypropyl)-15-(16-hydroxy-
prop-17-ynyl)tetrahydrofuran)-20-dodecanyl-[33,36]-dioxane (41): n-Bu-
tyllithium (1.6� in hexanes, 2.35 mL, 3.76 mmol) was added dropwise
through a syringe to a solution of 15 (970 mg, 1.88 mmol) in THF (2.4 mL)
at �78 �C. After 30 min at �78 �C, a solution of 4 (350 mg, 1.40 mmol) in
THF (2.5 mL) was added dropwise via cannular. The reaction was warmed
to �20 �C over 30 min, then saturated ammonium chloride solution (2 mL)
was added. Once at rt, the reaction mixture was diluted with diethyl ether
(100 mL), washed with water (50 mL) and saturated NaCl solution
(50 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification
by flash column chromatography eluting with petroleum ether/diethyl
ether (10:1� 1:2) afforded propargylic alcohols 40 and 41 (540 mg, 63%)
an oil, as an inseparable mixture of C-16 epimers [40/41 1.8:1; assigned by
integration of the peaks at �H (major)� 3.36 (s, 3H; C34OCH3) and �H


(minor)� 3.35 (s, 3H; C34OCH3)]. Rf� 0.14 (petroleum ether/diethyl ether
1:1); 1H NMR (600 MHz; CDCl3): � (mixture)� 7.34 ± 7.33 (m, 3H; Ph),
7.29 ± 7.26 (m, 2H; Ph), 4.50 [br s, 3H; PhCH2 , H-16 (major)], 4.38 ± 4.37 (m,
1H; H-19), 4.26 [d, J� 6.1 Hz, 1H; H-16 (minor)], 4.14 (dt, J� 7.5, 3.4 Hz,
1H; H-15), 4.09 ± 4.06 (m, 1H; H-12), 3.99 ± 3.94 (m, 1H; H-20), 3.51 ± 3.47
(m, 2H; H2-9), 3.36 [s, 3H; C34OCH3 (major)], 3.35 [s, 3H; C34OCH3


(minor)], 3.24 (s, 3H; C35OCH3), 2.40 (br s, 1H; OH), 2.09 ± 2.05 (m, 1H;
H-13), 2.02 ± 1.99 (m, 2H; H2-14), 1.74 ± 1.69 (m, 1H; H-10), 1.68 ± 1.61 (m,
4H, H-10; H2-11, H-21), 1.58 ± 1.52 (m, 1H; H-13), 1.48 ± 1.45 (m, 1H; H-
21), 1.31 (s, 3H; C34CH3), 1.30 ± 1.23 (m, 20H; H2-22�H2-31), 1.27 (s, 3H;
C35CH3), 0.88 (t, J� 7.0 Hz, 3H; H3-32); 13C NMR (150 MHz; CDCl3): �
(mixture)� 138.6 (ipso C-C), 128.3 (Ph), 127.6 (Ph), 127.5 (Ph), 99.4 (C-34),
98.2 (C-35), 83.7 [C-17 (minor)], 83.5 [C-17 (major)], 82.8 [C-18 (major)],
82.6 [C-18 (minor)], 81.5 [C-12 (minor)], 80.8 [C-15 (major)], 80.6 [C-12
(major)], 79.7 [C-15 (minor)], 72.8 (PhCH2), 70.3 [C-9 (major)], 70.2 [C-9
(minor)], 67.7 (C-20), 65.4 [C-16 (minor)], 64.7 [C-16 (major)], 63.8 (C-19),
49.6 (C34OCH3), 47.9 (C35OCH3), 32.3 [C-13 (major)], 32.2 [C-13 (minor)],
32.0 [C-11 (minor)], 31.9 [C-11 (major)], 31.5 [C-21 (minor)], 30.3 [C-21
(major)], 29.7 ± 29.6 (7�CH2), 29.3 (CH2), 26.6 (C-14), 26.4 (C-10), 25.2
(CH2), 22.7 (CH2), 18.3 (C35CH3), 18.0 (C34CH3), 14.1 (C-32); IR (film):
�max� 3443 (br, O-H), 2921, 2856 (C-H), 1588 cm�1 (Ph); ES-MS: m/z :
calcd for C37H60O7Na: 639.4237; found: 639.4267.


(12R,15S,16R,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(9-benzyloxypropyl)-15-(16-hydroxypropyl)tetrahydrofuran)-20-dodecan-
yl-[33,36]-dioxane (42) and (12R,15S,16S,19R,20S,34R,35R)-34,35-dime-
thoxy-34,35-dimethyl-19-(12-(9-benzyloxypropyl)-15-(16-hydroxypropyl)-
tetrahydrofuran)-20-dodecanyl-[33,36]-dioxane (43): A slurry of Raney
nickel (50% in water, 2.0 g), was washed successively with 95% ethanol
(3� 5 mL) and absolute ethanol (3� 5 mL), then suspended in absolute
ethanol (3 mL) and placed under an hydrogen atmosphere. A solution of 40
and 41 (490 mg, 0.790 mmol) in absolute ethanol (3 mL) was added
dropwise through a syringe and the reaction stirred vigorously for 1 h at rt.
Filtration through a short plug of silica eluting with diethyl ether and
concentration in vacuo afforded alcohols 42 and 43 (440 mg, 89%), an oil,
as a mixture of C-16 epimers (42/43 1.8:1; assigned by integration of the
peaks at �H (major)� 3.31 (s, 3H; C34OCH3) and �H (minor)� 3.28 (s, 3H;
C34OCH3) in the crude 1H NMR). Further purification by flash column
chromatography eluting with petroleum ether/diethyl ether (1:1) afforded
43 (90 mg, 18%) and a mixture of 42 and 43 (350 mg, 71%). Rf� 0.33
(major; petroleum ether/diethyl ether 2:1); [�]D29 (major)��38 (c� 0.85 in
CH2Cl2); 1H NMR (600 MHz; CDCl3): �(major)� 7.35 ± 7.33 (m, 4H; Ph),
7.29 ± 7.27 (m, 1H; Ph), 4.50 (s, 2H; PhCH2), 4.08 ± 4.06 (m, 1H; H-20),
3.99 ± 3.97 (m, 1H; H-12), 3.91 ± 3.88 (m, 1H; H-15), 3.80 ± 3.78 (m, 1H; H-
16), 3.52 ± 3.48 (m, 3H; H2-9, H-19), 3.31 (s, 3H; C34OCH3), 3.24 (s, 3H;
C35OCH3), 2.17 ± 2.14 (m, 1H; H-18), 2.02 ± 2.07 (m, 2H; H-13, OH), 1.87 ±
1.82 (m, 2H; H2-14), 1.75 ± 1.67 (m, 2H; H-10, H-17), 1.67 ± 1.61 (m, 2H; H-
10, H-11), 1.56 ± 1.43 (m, 5H; H-11, H-13, H-17, H-18, H-21), 1.33 ± 1.21 (m,
21H; H-21, H2-22�H2-31), 1.29 (s, 3H; C34CH3), 1.27 (s, 3H; C35CH3), 0.88
(t, J� 7.0 Hz, 3H; H3-32); 13C NMR (150 MHz; CDCl3): � (major)� 138.6
(ipso C-C), 128.3 (Ph), 127.6 (Ph), 127.5 (Ph), 99.7 (C-34), 98.7 (C-35), 81.5
(C-15), 79.8 (C-12), 74.3 (C-19), 72.8 (PhCH2), 71.7 (C-16), 70.3 (C-9), 68.8
(C-20), 49.7 (C35OCH3), 47.8 (C34OCH3), 32.6 (C-11), 32.2 (C-13), 31.9
(CH2), 31.4 (C-17), 30.0 (CH2), 29.7 ± 29.6 (6�CH2), 29.3 (CH2), 26.4
(CH2), 26.0 (C-10), 25.1 (C-14), 24.7 (C-18), 22.7 (CH2), 18.8 (C34CH3), 18.2
(C35CH3), 14.1 (C-32); IR (film): �max (major)� 3445 (br, O-H), 2920,
2850 cm�1 (C-H). Rf� 0.29 (minor; petroleum ether/diethyl ether 2:1);
[�]D29 (minor)��42 (c� 0.95 in CH2Cl2); 1H NMR (600 MHz; CDCl3): �
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(minor) �7.35 ± 7.33 (m, 4H; Ph), 7.29 ± 7.27 (m, 1H; Ph), 4.50 (s, 2H;
PhCH2), 4.07 ± 4.04 (m, 1H; H-20), 3.91 (qn, J� 6.0 Hz, 1H; H-12), 3.80 (q,
J� 7.0 Hz, 1H; H-15), 3.51 ± 3.46 (m, 3H; H2-9, H-19), 3.38 ± 3.36 (m, 1H;
H-16), 3.28 (s, 3H; C34OCH3), 3.24 (s, 3H; C35OCH3), 2.42 (d, J� 3.5 Hz,
1H; OH), 2.04 ± 1.98 (m, 3H; H-13, H-14, H-18), 1.81 ± 1.50 (m, 10H; H2-10,
H2-11, H-13, H-14, H2-17, H-18, H-21), 1.32 ± 1.23 (m, 21H; H-21, H2-22�
H2-31), 1.29 (s, 3H; C34CH3), 1.27 (s, 3H; C35CH3), 0.88 (t, J� 7.0 Hz, 3H;
H3-32); 13C NMR (150 MHz; CDCl3): �(minor)� 138.6 (ipso C-C), 128.3
(Ph), 127.6 (Ph), 127.5 (Ph), 99.7 (C-34), 98.9 (C-35), 82.0 (C-15), 79.0 (C-
12), 75.2 (C-19), 74.9 (C-16), 72.9 (PhCH2), 70.2 (C-9), 68.9 (C-20), 49.6
(C35OCH3), 47.7 (C34OCH3), 32.4 (CH2), 32.3 (CH2), 31.9 (CH2), 31.3 (CH2),
31.2 (CH2), 29.7 ± 29.6 (6�CH2), 29.3 (CH2), 28.6 (CH2), 26.5 (CH2), 26.1
(CH2), 25.3 (CH2), 22.7 (CH2), 18.8 (C34CH3), 18.2 (C35CH3), 14.1 (C-32);
IR (film): �max (minor)� 3442 (br, O-H), 2921, 2845 cm�1 (C-H); ES-MS:
m/z (minor): calcd for C37H64O7Na: 643.4550; found: 643.4539.


(12R,15S,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-(9-
benzyloxypropyl)-15-(propan-16-onyl)tetrahydrofuran)-20-dodecanyl-
[33,36]-dioxane (44): A solution of dimethyl sulfoxide (63 �L, 0.89 mmol)
in dichloromethane (2 mL) was added dropwise through a syringe to a
vigorously stirred solution of oxalyl chloride (71 �L, 0.81 mmol) in
dichloromethane (2 mL) at �78 �C. After 30 min at �78 �C a solution of
42 and 43 (250 mg, 0.41 mmol) in dichloromethane (2 mL) was added
dropwise via syringe and the temperature was maintained at �78 �C for a
further 30 min, then triethylamine (0.34 mL, 2.43 mmol) was added
dropwise through a syringe. The reaction warmed to rt over 1 h, and then
was diluted with diethyl ether (100 mL), washed with phosphate buffer
solution (pH 7.2, 50 mL) and saturated NaCl solution (50 mL), dried
(MgSO4), filtered and concentrated in vacuo. Purification by flash column
chromatography eluting with petroleum ether/diethyl ether (3:1) to
afforded ketone 44 (200 mg, 80%) as an oil. Rf� 0.57 (petroleum ether/
diethyl ether 1:2); [�]D29 ��58 (c� 0.99 in CH2Cl2); 1H NMR (400 MHz;
CDCl3): �� 7.34 ± 7.32 (m, 4H; Ph), 7.28 ± 7.25 (m, 1H; Ph), 4.50 (s, 2H;
PhCH2), 4.36 (t, J� 7.7 Hz, 1H; H-15), 4.06 ± 4.02 (m, 2H; H-12, H-20),
3.52 ± 3.46 (m, 2H; H2-9), 3.43 (dt, J� 11.7, 3.3 Hz, 1H; H-19), 3.26 (s, 3H;
C34OCH3), 3.23 (s, 3H; C35OCH3), 2.83 ± 2.72 (m, 2H; H2-17), 2.25 ± 2.15
(m, 2H; H-14, H-18), 2.14 ± 1.97 (m, 1H; H-13), 1.92 ± 1.85 (m, 1H; H-14),
1.83 ± 1.48 (m, 7H; H2-10, H2-11, H-13, H-18, H-21), 1.40 ± 1.34 (m, 1H; H-
21), 1.34 ± 1.21 (m, 20H; H2-22�H2-31), 1.28 (s, 3H; C34CH3), 1.26 (s, 3H;
C35CH3), 0.88 (t, J� 6.8 Hz, 3H; H3-32); 13C NMR (100 MHz; CDCl3): ��
212.9 (C�O), 138.6 (ipso C-C), 128.3 (Ph), 127.6 (Ph), 127.5 (Ph), 99.7 (C-
34), 98.8 (C-35), 83.2 (C-15), 80.7 (C-12), 73.7 (C-19), 72.9 (PhCH2), 70.2
(C-9), 68.7 (C-20), 49.5 (C35OCH3), 47.8 (C34OCH3), 34.8 (C-17), 32.1
(CH2), 31.9 (CH2), 31.3 (CH2), 31.2 (CH2), 29.6 (6�CH2), 29.3 (CH2), 29.2
(CH2), 26.4 (CH2), 26.0 (CH2), 22.7 (CH2), 21.6 (CH2), 18.8 (C34CH3), 18.1
(C35CH3), 14.1 (C-32); IR (film): �max� 2925, 2853 (C-H), 1714 cm�1


(C�O); ES-MS: m/z : calcd for C37H62O7Na: 641.4393; found: 641.4334.


(12R,15S,16S,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(9-benzyloxypropyl)-15-(16-hydroxypropyl)tetrahydrofuran)-20-dodecan-
yl-[33,36]-dioxane (43) and (12R,15S,16R,19R,20S,34R,35R)-34,35-dime-
thoxy-34,35-dimethyl-19-(12-(9-benzyloxypropyl)-15-(16-hydroxypropyl)-
tetrahydrofuran)-20-dodecanyl-[33,36]-dioxane (42): �-Selectride (1.0� in
THF, 0.64 mL, 0.64 mmol) was added dropwise through a syringe to a
vigorously stirred solution of 44 (200 mg, 0.330 mmol) in THF (6.4 mL) at
�100 �C. After 10 min at �100 �C, methanol (1 mL) was added dropwise
through a syringe, then the reaction mixture was warmed to rt, and passed
through a small pad of silica eluting with diethyl ether. Concentration in
vacuo, then purification by flash column chromatography eluting with
petroleum ether/diethyl ether (2:3) afforded alcohol 43 (140 mg, 70%), as
an oil, along with a mixture of alcohols 42 and 43 (55 mg, 27%) also as an
oil. The diastereoisomeric ratio (43/42 4:1) was assigned by integration of
the peaks at �H (major)� 3.28 (s, 3H; C34OCH3) and �H (minor)� 3.31 (s,
3H; C34OCH3) in the crude 1H NMR. All data for the major and minor
epimers was identical to that previously obtained for 43 and 42 respectively.


(12R,15S,16S,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(9-benzyloxypropyl)-15-(16-tert-butyldimethylsilyloxypropyl)tetrahydro-
furan)-20-dodecanyl-[33,36]-dioxane (45): TBSCl (110 mg, 0.73 mmol) was
added in one portion to a solution of 43 (90 mg, 0.145 mmol) and imidazole
(70 mg, 1.01 mmol) in DMF (0.6 mL). After heating at 45 �C for 14 h, the
reaction mixture was diluted with diethyl ether (100 mL), washed with
phosphate buffer solution (pH 7.2, 40 mL) and saturated NaCl solution
(40 mL), dried (MgSO4), filtered and concentrated in vacuo. Purification by


flash column chromatography eluting with petroleum ether/diethyl ether
(5:1� 1:1) afforded TBS ether 45 (92 mg, 87%) as an oil. Rf� 0.54
(petroleum ether/diethyl ether 1:1); [�]D29 ��36 (c� 0.50 in CH2Cl2);
1H NMR (400 MHz; CDCl3): �� 7.35 ± 7.31 (m, 4H; Ph), 7.29 ± 7.26 (m, 1H;
Ph), 4.50 (s, 2H; PhCH2), 4.06 ± 4.04 (m, 1H; H-20), 3.91 ± 3.86 (m, 2H; H-
12, H-15), 3.57 ± 3.54 (m, 1H; H-16), 3.51 ± 3.43 (m, 3H; H2-9, H-19), 3.28 (s,
3H; C34OCH3), 3.23 (s, 3H; C35OCH3), 1.99 ± 1.95 (m, 1H; H-14), 1.94 ± 1.84
(m, 3H; H-14, H-17, H-18), 1.76 ± 1.44 (m, 8H; H2-10, H2-11, H2-13, H-18,
H-21), 1.33 ± 1.22 (m, 22H; H-17, H-21, H2-22�H2-31), 1.29 (s, 3H;
C34CH3), 1.26 (s, 3H; C35CH3), 0.88 ± 0.86 (m, 12H; H3-32, C(CH3)3), 0.08 (s,
3H; SiCH3), 0.05 (s, 3H; SiCH3); 13C NMR (100 MHz; CDCl3): �� 138.7
(ipso C-C), 128.3 (Ph), 127.6 (Ph), 127.4 (Ph), 99.6 (C-34), 98.7 (C-35), 81.7
(C-15), 79.0 (C-12), 75.8 (C-16), 75.4 (C-19), 72.8 (PhCH2), 70.4 (C-9), 68.9
(C-20), 49.6 (C35OCH3), 47.7 (C34OCH3), 32.4 (CH2), 32.3 (CH2), 31.9
(CH2), 31.6 (CH2), 30.7 (CH2), 29.7 (CH2), 29.6 (4�CH2), 29.5 (CH2), 29.3
(CH2), 27.8 (CH2), 26.6 (CH2), 26.0 (CH2), 26.0 (C(CH3)3), 25.7 (CH2),
22.7 (CH2), 18.8 (C34CH3), 18.2 (C35CH3) 18.2 (C(CH3)3), 14.1 (C-32), �4.1
(SiCH3), �4.7 (SiCH3); IR (film): �max� 2924, 2853 cm�1 (C-H); elemen-
tal analysis calcd (%) for C43H78O7Si: C 70.3, H 10.69; found: C 70.5, H
10.48.


(12R,15S,16S,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(9-hydroxypropyl)-15-(16-tert-butyldimethylsilyloxypropyl)tetrahydrofur-
an)-20-dodecanyl-[33,36]-dioxane (46): Ethanol (7 mL) was added to a
mixture of 45 (100 mg, 0.136 mmol) and palladium hydroxide (20 mg,
20%), and the reaction placed under a hydrogen atmosphere. After 12 h at
rt, the reaction mixture was passed through a small pad of Celite and
concentrated in vacuo to afford alcohol 46 (82 mg, 94%), as an oil, which
was used in the subsequent step without further purification. Rf� 0.44
(petroleum ether/diethyl ether 1:2); [�]D29 ��44 (c� 0.65 in CH2Cl2);
1H NMR (400 MHz; CDCl3): �� 4.06 ± 4.03 (m, 1H; H-20), 3.97 ± 3.93 (m,
2H; H-12, H-15), 3.68 ± 3.61 (m, 2H; H2-9), 3.61 ± 3.56 (m, 1H; H-16),
3.47 ± 3.43 (m, 1H; H-19), 3.28 (s, 3H; C34OCH3), 3.24 (s, 3H; C35OCH3),
2.14 (br s, 1H; OH), 2.01 ± 1.96 (m, 1H; H-13), 1.96 ± 1.84 (m, 3H; H-14, H-
17, H-18), 1.73 ± 1.46 (m, 8H; H2-10, H2-11, H-13, H-14, H-18, H-21), 1.33 ±
1.23 (m, 22H; H-17, H-21, H2-22�H2-31), 1.29 (s, 3H; C34CH3), 1.26 (s,
3H; C35CH3), 0.88 ± 0.86 (m, 12H; H3-32, C(CH3)3), 0.07 (s, 3H; SiCH3),
0.06 (s, 3H; SiCH3); 13C NMR (100 MHz; CDCl3): �� 99.6 (C-34), 98.7 (C-
35), 81.5 (C-15), 79.4 (C-12), 75.4 (C-16), 75.3 (C-19), 68.9 (C-20, 62.9 (C-9),
49.6 (C35OCH3), 47.7 (C34OCH3), 32.5 (CH2), 32.4 (CH2), 31.9 (CH2), 31.6
(CH2), 30.7 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (4�CH2), 29.5 (CH2), 29.3
(CH2), 27.5 (CH2), 26.0 (C(CH3)3), 25.9 (CH2), 25.6 (CH2), 22.6 (CH2), 18.8
(C34CH3), 18.2 (C35CH3) 18.2 (C(CH3)3), 14.1 (C-32), �4.1 (SiCH3), �4.6
(SiCH3); ES-MS: m/z : calcd for C36H72O7SiNa: 667.4945; found: 667.4966.


(12R,15S,16S,19R,20S,34R,35R)-34,35-Dimethoxy-34,35-dimethyl-19-(12-
(but-9-ynyl)-15-(16-tert-butyldimethylsilyloxypropyl)tetrahydrofuran)-20-
dodecanyl-[33,36]-dioxane (47)


1) Oxidation of 46 to the aldehyde : Dess ±Martin periodinane (33 mg,
0.078 mmol) was added in one portion to a solution of 46 (25 mg,
0.039 mmol) and pyridine (17 mL, 0.23 mmol) in dichloromethane (1 mL)
at 0 �C. The resulting suspension was stirred for 3 h at 0 �C, then diluted with
dichloromethane (25 mL) and poured onto a mixture of sodium thiosulfate
solution (20%, 4 mL) and saturated sodium bicarbonate solution (4 mL).
The organic phase was separated, and the aqueous phase re-extracted with
dichloromethane (3� 10 mL). The combined organic phases were washed
with saturated NaCl solution (20 mL), dried (MgSO4), filtered and
concentrated in vacuo. Filtration through a short pad of silica gel eluting
with petroleum ether/diethyl ether (2:1) afforded the aldehyde (24 mg,
96%) as an oil. Rf� 0.47 (petroleum ether/diethyl ether 1:2); [�]D29 ��42
(c� 0.92 in CH2Cl2); 1H NMR (400 MHz; CDCl3): �� 9.77 (br s, 1H; H-9),
4.06 ± 4.03 (m, 1H; H-20), 3.96 ± 3.89 (m, 1H; H-12), 3.88 (q, J� 7.0 Hz, 1H;
H-15), 3.56 ± 3.51 (m, 1H; H-16), 3.46 ± 3.41 (m, 1H; H-19), 3.27 (s, 3H;
C34OCH3), 3.23 (s, 3H; C35OCH3), 2.60 ± 2.40 (m, 2H; H2-10), 2.03 ± 1.74
(m, 5H; H2-11, H-13, H-14, H-18), 1.74 ± 1.55 (m, 2H; H-14, H-18), 1.54 ±
1.40 (m, 3H; H-13, H-17, H-21), 1.33 ± 1.19 (m, 22H; H-17, H-21, H2-22�
H2-31), 1.29 (s, 3H; C34CH3), 1.26 (s, 3H; C35CH3), 0.88 ± 0.86 (m, 12H; H3-
32, C(CH3)3), 0.07 (s, 3H; SiCH3), 0.05 (s, 3H; SiCH3); 13C NMR
(100 MHz; CDCl3): �� 202.1 (C-9), 99.7 (C-34), 98.7 (C-35), 81.9 (C-15),
78.1 (C-12), 75.7 (C-16), 75.4 (C-19), 68.9 (C-20), 49.6 (C35OCH3), 47.7
(C34OCH3), 40.8 (C-10), 32.5 (CH2), 32.4 (CH2), 31.9 (CH2), 31.6 (CH2),
30.9 (CH2), 29.7 (CH2), 29.6 (3�CH2), 29.5 (CH2), 29.3 (CH2), 28.1 (CH2),
27.8 (CH2), 27.7 (CH2), 26.0 (C(CH3)3), 25.9 (CH2), 22.7 (CH2), 18.8
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(C34CH3), 18.2 (C35CH3) 18.2 (C(CH3)3), 14.1 (C-32), �4.1 (SiCH3), �4.6
(SiCH3); IR (film): �max� 2927, 2854 (C-H), 2780 (H-C�O), 1728 cm�1


(HC�O); ES-MS: m/z : calcd for C36H70O7SiNa: 665.4783; found:
665.4765.


2) Homologation to the terminal alkyne : Diethyl(diazomethyl)phospho-
nate (6.2 mg, 0.041 mmol) in THF (0.2 mL) was added dropwise to a slurry
of potassium tert-butoxide (4.6 mg, 0.041 mmol) in THF (0.2 mL) at
�78 �C. After 10 min at�78 �C, a pale yellow colour was observed to form,
and a solution of the above aldehyde (22mg, 0.034 mmol) in THF (0.5 mL)
was added dropwise through a syringe. On addition of the aldehyde the
solution turned a bright yellow colour and was left to stir at�78 �C for 16 h,
before being warmed to rt and stirred for a further 4 h. After this period,
water (1 mL) was added, and the reaction mixture was extracted with
dichloromethane (3� 15 mL). The combined organic phases were washed
with saturated NaCl solution (20 mL), dried (MgSO4), filtered and
concentrated in vacuo. Purification by flash column chromatography
eluting with petroleum ether/diethyl ether (6:1� 3:1) afforded alkyne 47
(16.6 mg, 76%) as an oil. Rf� 0.40 (petroleum ether/diethyl ether 4:1);
[�]D29 ��39 (c� 0.65 in CH2Cl2); 1H NMR (400 MHz; CDCl3): �� 4.07 ±
4.03 (m, 1H; H-20), 4.03 ± 3.96 (m, 1H; H-12), 3.89 (dt, J� 8.2, 6.4 Hz, 1H;
H-15), 3.59 ± 3.54 (m, 1H; H-16), 3.44 (dt, J� 6.8, 4.0 Hz, 1H; H-19), 3.29
(s, 3H; C34OCH3), 3.23 (s, 3H; C35OCH3), 2.32 ± 2.22 (m, 2H; H2-10), 2.04 ±
1.96 (m, 1H; H-13), 1.95 ± 1.82 (m, 3H; H-14, H-17, H-18), 1.92 (t, 1H; J�
2.5, H-8), 1.76 ± 1.59 (m, 4H; H2-11, H-14, H-18), 1.55 ± 1.41 (m, 2H; H-13,
H-21), 1.33 ± 1.18 (m, 22H; H-17, H-21, H2-22�H2-31), 1.29 (s, 3H;
C34CH3), 1.26 (s, 3H; C35CH3), 0.88 ± 0.86 (m, 12H; H3-32, C(CH3)3), 0.08 (s,
3H; SiCH3), 0.06 (s, 3H; SiCH3); 13C NMR (100 MHz; CDCl3): �� 99.7 (C-
34), 98.7 (C-35), 84.3 (C-9), 81.8 (C-15), 77.8 (C-12), 75.8 (C-16), 75.4 (C-
19), 68.9 (C-20), 68.2 (C-8), 49.6 (C35OCH3), 47.7 (C34OCH3), 34.6 (C-11),
32.2 (C-13), 31.9 (CH2), 31.6 (CH2), 30.8 (C-17), 29.7 (CH2), 29.6 (4�CH2),
29.5 (CH2), 29.3 (CH2), 27.8 (C-14), 26.0 (C(CH3)3), 26.0 (CH2), 25.7 (C-18),
22.7 (CH2), 18.8 (C34CH3), 18.2 (C35CH3) 18.2 (C(CH3)3), 15.6 (C-10), 14.1
(C-32), �4.1 (SiCH3), �4.7 (SiCH3); IR (film): �max� 3315 (C�C-H), 2926,
2855 (C-H), 2118 cm�1 (C�C); ES-MS: m/z : calcd for C37H70O6SiNa:
661.4834; found: 661.4817.


(E/Z)-(4R,12R,15S,16S,19R,20S,34S)-4,16-di-tert-Butyldimethylsilyloxy-
19,20-butanediacetal-6-en-8-yne-muricatetrocin C (48): A solution of 47
(15.5 mg, 0.024 mmol) in triethylamine (0.6 mL) was added dropwise
through a syringe to a solution of 5 (15.0 mg, 0.036 mmol), copper iodide
(2.0 mg, 0.010mmol) and [PdCl2(PPh3)2] (1.5 mg, 0.002 mmol) in triethyl-
amine at rt. After 3 h at rt, all volatiles were removed in vacuo. Purification
by flash column chromatography eluting with dichloromethane/diethyl
ether (100:0� 95:5) afforded enyne 48 (18.0 mg, 81%), an oil, as an
inseparable mixture of olefin isomers [E/Z, 7.5:1; assigned by integration of
the peaks at �H (major)� 6.02 (dt, J� 15.8, 7.7 Hz, 1H; H-6) and �H


(minor)� 5.89 (dt, J� 10.8, 7.4 Hz, 1H; H-6). Rf� 0.20 (dichlorome-
thane/diethyl ether 95:5); [�]D29 ��27 (c� 0.60 in CH2Cl2); 1H NMR
(400 MHz; CDCl3): � (major)� 7.09 (br s, 1H; H-33), 6.02 (dt, J� 15.8,
7.7 Hz, 1H; H-6), 5.47 (d, J� 15.8 Hz, 1H; H-7), 5.00 (brq, J� 6.3 Hz, 1H;
H-34), 4.07 ± 4.01 (m, 2H; H-20, H-4), 4.00 ± 3.92 (m, 1H; H-12), 3.88 (dt,
J� 7.9, 6.4 Hz, 1H; H-15), 3.58 ± 3.51 (m, 1H; H-16), 3.45 ± 3.41 (m, 1H; H-
19), 3.28 (s, 3H; BDA-OCH3), 3.23 (s, 3H; BDA-OCH3), 2.42 (d, J�
5.7 Hz, 2H; H2-3), 2.39 ± 2.30 (m, 2H; H2-10), 2.29 ± 2.21 (m, 2H; H2-5),
2.04 ± 1.97 (m, 1H; H-13), 1.95 ± 1.81 (m, 3H; H-14, H-17, H-18), 1.76 ± 1.60
(m, 4H; H2-11, H-14, H-18), 1.55 ± 1.44 (m, 2H; H-13, H-21), 1.41 (d, J�
6.8 Hz, 3H; H3-35), 1.29 (s, 3H; BDA-CCH3), 1.28 ± 1.23 (m, 25H; H-17, H-
21, H2-22�H2-31, BDA-CCH3), 0.90 ± 0.85 (m, 21H; H3-32, 2�C(CH3)3),
0.08 (s, 3H; SiCH3), 0.06 (s, 6H; 2�SiCH3), 0.01 (s, 3H; SiCH3); 1H NMR
(400 MHz; CDCl3): � (minor, selected peaks)� 7.13 (br s, 1H; H-33), 5.89
(dt, J� 10.8, 7.4 Hz, 1H; H-6), 5.54 (d, J� 10.8 Hz, 1H; H-7); 13C NMR
(100 MHz; CDCl3): � (major)� 173.7 (C-1), 151.7 (C-33), 138.2 (C-6), 130.7
(C-2), 112.9 (C-7), 99.7 (BDA-CO2), 98.7 (BDA-CO2), 89.0 (C-9), 81.8 (C-
15), 79.1 (C-8), 78.0 (C-12), 77.5 (C-34), 75.9 (C-16), 75.4 (C-19), 69.3 (C-4),
68.9 (C-20), 49.6 (BDA-OCH3), 47.7 (BDA-OCH3), 40.8 (C-5), 35.0 (C-11),
32.8 (C-3), 32.2 (C-13), 31.9 (CH2), 31.6 (CH2), 30.9 (C-17), 29.7 (CH2), 29.6
(4�CH2), 29.5 (CH2), 29.3 (CH2), 27.8 (C-14), 26.0 (C(CH3)3), 26.0 (CH2),
25.8 (C(CH3)3), 25.7 (C-18), 22.7 (CH2), 18.9 (CHCH3), 18.8 (BDA-CCH3),
18.3 (C(CH3)3), 18.2 (BDA-CCH3), 18.0 (C(CH3)3), 16.6 (C-10), 14.1 (C-
32), �4.0 (SiCH3), �4.5 (SiCH3), �4.6 (SiCH3), �4.7 (SiCH3); IR (film):
�max� 2927, 2855 (C-H), 1760 (C�O), 1600 cm�1 (C�C); ES-MS: m/z : calcd
for C53H96O9Si2Na: 955.6485; found: 955.6476.


(4R,12R,15S,16S,19R,20S,34S)-Muricatetrocin C (2)
1) Reduction of the enyne 48 : Wilkinson×s catalyst (3 mg, 0.0032 mmol)
was added in one portion to a solution of 48 (15 mg, 0.016 mmol) in
benzene/ethanol (1:1, 1 mL), and the reaction was placed under a hydrogen
atmosphere. After 11 h at rt, all volatiles were removed in vacuo. Filtration
through a short pad of silica gel eluting with petroleum ether/diethyl ether
(3:1) afforded fully protected muricatetrocin C (11 mg, 76%) as an oil.
Rf� 0.29 (petroleum ether/diethyl ether 2:1); [�]D29 ��31 (c� 0.38 in
CH2Cl2); 1H NMR (400 MHz; CDCl3): �� 7.11 (br s, 1H; H-33), 5.02 (brq,
J� 6.2 Hz, 1H; H-34), 4.06 ± 4.03 (m, 1H; H-20), 3.95 (qn, J� 5.4 Hz, 1H;
H-4), 3.89 (dt, J� 7.6, 6.5 Hz, 1H; H-15), 3.87 ± 3.82 (m, 1H; H-12), 3.53 ±
3.58 (m, 1H; H-16), 3.46 ± 4.42 (m, 1H; H-19), 3.28 (s, 3H; BDA-OCH3),
3.23 (s, 3H; BDA-OCH3), 2.42 (d, J� 5.4 Hz, 2H; H2-3), 2.00 ± 1.93 (m, 1H;
H-13), 1.93 ± 1.83 (m, 3H; H-14, H-17, H-18), 1.72 ± 1.65 (m, 1H; H-18),
1.65 ± 1.59 (m, 1H; H-14), 1.55 ± 1.47 (m, 2H; H-13, H-21), 1.46 ± 1.36 (m,
4H; H2-5, H2-11), 1.41 (d, J� 6.8 Hz, 3H; H3-35), 1.33 ± 1.19 (m, 32H; H-17,
H-21, H2-6�H2-10, H2-22�H2-31), 1.29 (s, 3H; BDA-CCH3), 1.26 (s, 3H;
BDA-CCH3), 0.89 ± 0.84 (m, 21H; H3-32, 2�C(CH3)3), 0.08 (s, 3H;
SiCH3), 0.05 (s, 6H; 2� SiCH3), 0.02 (s, 3H; SiCH3); 13C NMR
(100 MHz; CDCl3): �� 174.0 (C-1), 151.4 (C-33), 130.9 (C-2), 99.7
(BDA-CO2), 98.7 (BDA-CO2), 81.6 (C-15), 79.4 (C-12), 77.4 (C-34), 75.8
(C-16), 75.4 (C-19), 70.2 (C-4), 68.9 (C-20), 49.6 (BDA-OCH3), 47.7 (BDA-
OCH3), 36.9 (C-5), 35.9 (C-11), 32.7 (C-3), 32.4 (C-13), 31.9 (CH2), 31.6
(CH2), 30.9 (C-17), 29.7 (2�CH2), 29.6 (5�CH2), 29.5 (2�CH2), 29.3
(CH2), 27.8 (C-14), 26.3 (CH2), 26.0 (C(CH3)3), 26.0 (CH2), 25.8 (C(CH3)3),
25.7 (C-18), 25.1 (CH2), 22.6 (CH2), 18.9 (CHCH3), 18.8 (BDA-CCH3), 18.2
(C(CH3)3), 18.2 (BDA-CCH3), 18.0 (C(CH3)3), 14.1 (C-32), �4.0 (SiCH3),
�4.5 (SiCH3),�4.5 (SiCH3),�4.7 (SiCH3); IR (film): �max� 2928, 2855 (C-
H), 1760 cm�1 (C�O); ES-MS: m/z : C53H102O9Si2Na: 961.6955; found:
961.6970.


2) Global deprotection : Trifluoroacetic acid/water (9:1, 0.5 mL) was added
in one portion to fully protected 2 (8.0 mg, 0.0085 mmol). The solution was
swirled manually for 30 s, then all volatiles were removed in vacuo. This
process was repeated then purification by flash column chromatography
eluting with chloroform/methanol (99:1� 96:4) afforded muricatetrocin C
(2 ; 4.2 mg, 82%) as a white amorphous solid. M.p. 65 ± 67 �C (m.p. 65 ±
66 �C)[5] ; Rf� 0.08 (EtOAc); [�]D29 ��5.8 (c� 0.38 in CH2Cl2), [�]D29 ��6.3
(in CH2Cl2)[5] ; 1H NMR (600 MHz; CDCl3): �� 7.18 (d, J� 1.1 Hz, 1H; H-
33), 5.06 (qd, J� 6.8, 1.1 Hz, 1H; H-34), 3.89 ± 3.87 (m, 1H; H-12), 3.87 ±
3.83 (m, 1H; H-4), 3.82 (q, 1H; J� 7.2, H-15), 3.63 ± 3.60 (m, 2H; H-19, H-
20), 3.47 ± 3.43 (m, 1H; H-16), 2.90 (br s, 2H; OH), 2.53 (dt, J� 15.1, 1.6 Hz,
1H; H-3), 2.40 (dd, J� 15.1, 8.3 Hz, 1H; H-3), 2.04 ± 2.01 (m, 1H; H-13),
2.00 ± 1.97 (m, 1H; H-14), 1.70 ± 1.40 (m, 6H; H2-17, H2-18, H2-21), 1.60 ±
1.40 (m, 3H; H2-11, H-13), 1.62 ± 1.55 (m, 1H; H-14) 1.50 ± 1.40 (m, 2H; H2-
5), 1.43 (d, J� 6.8 Hz, 3H; H3-35), 1.40 ± 1.20 (m, 32H; H2-6�H2-10, H2-
22�H2-31, 2�OH), 0.88 (t, J� 6.9 Hz, 3H; H3-32); 13C NMR (150 MHz;
CDCl3): �� 174.5 (C-1), 151.7 (C-33), 131.2 (C-2), 81.7 (C-15), 79.3 (C-12),
77.9 (C-34), 74.7, 74.4 (C-20, C-19), 74.3 (C-16), 70.0 (C-4), 37.4 (C-5), 33.5 ±
22.7 (C-6�C-11, C-17, C-18, C-21�C-31), 33.4 (C-3), 32.4 (C-13), 28.4 (C-
14), 19.1 (C-35), 14.1 (C-32); IR (film: �max� 3422 (br, O-H), 2928, 2855 (C-
H), 1733 (C�O), 1675 cm�1 (C�C); FAB-MS: m/z (%): calcd for
C35H64O7Na: 619.4544; found: 619.4522; EI-MS: m/z (%): 597.6 (100)
[M]� , 525.81 (25) [M�C2H4O�CO]� .
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Evidence of Complete Hydrophobic Coating of Bombesin by Trifluoroethanol
in Aqueous Solution: An NMR Spectroscopic and Molecular Dynamics Study


M. Dolores DÌaz,[a] M. Fioroni,[b] K. Burger,[b] and Stefan Berger*[a]


Abstract: Bombesin is a tetradecapep-
tide that possesses a random coil struc-
ture in pure water. In the presence of
30% (v/v) 2,2,2-trifluoroethanol (TFE),
it adopts a partial helical conformation
involving the C-terminal amino acids 6 ±
14. This conformational change, known
as the TFE effect, is studied here in
terms of the solvation state of the
peptide at different TFE concentrations
by means of intermolecular homo- and
heteronuclear NOE measurements.
When an aqueous solution of bombesin
is titrated with TFE, a continual de-


crease in the water/peptide interactions
and a concomitant increase in the TFE/
peptide interactions is observed, and at
30% (v/v) TFE no homonuclear NOEs
between water and the peptide can be
detected. The conformational transition
of the bombesin molecule is thus ac-
companied by a complete surface cover-
ing with TFE. A parallel molecular


dynamics (MD) study of the peptide in
aqueous solution with the single-point
charge (SPC) water model and in a 30%
(v/v) TFE/water mixture with a recently
developed TFE model has also been
performed. The 10 ns simulations were
in agreement with the experimental
data. The calculations indicate stabilisa-
tion of the �-helix in the H2O/TFE
mixture, in contrast to the situation in
pure water, and clustering of the TFE
molecules around the peptide.


Keywords: bombesin ¥ molecular
dynamics ¥ NMR spectroscopy ¥
solvent effects ¥ trifluoroethanol


Introduction


The crucial functions of the proteins and peptides in living
systems are based on their very specific three-dimensional
structures. The folding of proteins is a highly complex process
driven by many noncovalent interactions between internal
residues and external surroundings. Our understanding of the
folding process is still limited, although, fortunately, there are
a variety of experimental strategies that provide some insight
into the factors that control the folding of proteins into stable
secondary and tertiary structures. It is known that external
parameters such as the solvent, temperature, pH and the
presence of denaturants dramatically affect the native con-
formations, thermodynamics and dynamics of proteins and
peptides. Such changes are extensively used to extract
information about the process of folding.[1]


Of particular interest is the effect of certain solvents on the
conformations of peptides. Alcohols such as methanol,
ethanol, 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexa-


fluoroisopropanol (HFIP), at different concentrations and to
varying extent, induce secondary structure in some peptides.[2]


TFE is very well known as one of the most efficient inducers
of secondary structure (mainly, but not exclusively, helicity) in
many peptides and proteins. In addition, the physical and
chemical properties of an aqueous TFE solution resemble
those of a biomembrane and, therefore, TFE is called a
membrane-mimetic solvent. In fact, TFE has been employed
to simulate a hydrophobic environment and to establish the in
vivo conformations of many peptides that either reside within
or are bound to membranes.[3] From a theoretical point of
view, both direct[4] and indirect[5, 6] mechanisms of the TFE
effect have been proposed.
As a general rule, it has been observed that a peptide


dissolved in aqueous TFE attains a stable conformation at
approximately 30% (v/v) TFE; no changes occur on increas-
ing the TFE concentration further.[4] Therefore, it is reason-
able to assume that TFE-induced folding processes and the
solvation states of proteins are interconnected phenomena
and, by investigating the solvation of a peptide in aqueous
TFE, insight into the folding processes might be obtained. A
battery of experimental techniques has been used to inves-
tigate both the solvation and folding of peptides and proteins
(calorimetry, laser Raman and infrared spectroscopies, fluo-
rimetry, circular dichroism, X-ray analysis, mass spectrome-
try);[1] NMR methods,[7] including chemical shift[8] and relax-
ation studies,[9] are currently used to characterise directly the
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solvation of a peptide. As a further NMR approach, the
detection and evaluation of intermolecular NOEs[10] can
provide spatial information about the solvation process by
mapping the solute ± solvent interactions.[11] However, the
expected signal enhancements are small compared with
intramolecular NOEs and can only be measured with
difficulty in time-consuming procedures. In spite of this, the
technique has been successfully employed to investigate site-
specific interactions and/or preferential solvation between
neutral organic molecules and solvents under neutral con-
ditions.[12, 13]


We have recently reported the solvation state of a short
peptide in aqueous TFE solutions by measuring intermolec-
ular homo and heteronuclear NOEs.[14] Although no con-
formational changes occurred due to the small size of the
peptide, relevant information about its solvation at different
TFE concentrations was obtained. Such results encouraged us
to apply the methodology to a more complex system, the
conformation of which is dependent on the TFE concentra-
tion. We report herein the results of measurements of the
intermolecular homo and heteronuclear NOEs between
bombesin and water/TFE at different TFE concentrations.
The aims of this study were to ascertain whether the
conformational switch is accompanied by a change in
solvation state and whether helical and unordered domains
of the peptide have different solvation states.
Parallel to the experimental investigation, an atomistic


approach by using MD has been undertaken to analyse
theoretically the peptide solvation state and the stability of
the �-helical conformation, both in water and in TFE/water
mixtures. A recently developed TFE model[6] was used, which
is able to accurately reproduce the activity coefficients of the
mixtures.[15] This is the most important parameter for under-
standing the solvent/peptide interactions.[16] In binary mix-
tures, the activity coefficient is an important variable that
provides insight into the intrinsic interactions between the two
solvents. For example, from the solutions of Kirkwood buffer
theory, it is possible to correlate the radial distribution
function (i.e. , the three-dimensional geometrical disposition
of the two different solvents) with thermodynamic quantities
such as partial molar volumes, isothermal compressibilities
and chemical potentials (activity coefficients). If these quan-
tities can be reproduced by a theoretical model of the solvent
system, one may expect that the interactions between the
different molecules (between the binary mixture and peptide)
will also be adequately described.
The aim of this MD analysis was to understand the various


factors inherent to the peptide ± solvent interactions, such as


secondary structure stability and the clustering properties of
the TFE molecules around the peptide.
Bombesin belongs to a family of compounds that exhibit a


variety of biological activities in numerous tissues and cell
types.[17] The bombesin-like peptides exhibit a high sequence
homology at the C-terminal nonapeptide, and this is respon-
sible for their related pharmacological effects.[18] It has been
postulated that, in a biological environment, the more hydro-
philic N-terminal region remains in the aqueous phase
exhibiting an unordered structure, whilst the relatively hydro-
phobic carboxyl terminus, bearing the pharmacologically
active groups for triggering the biological responses, is
inserted into the membrane as a helical structure.[19]


Bombesin was first isolated from frog skin and its amino
acid sequence was identified as Glp-Gln-Arg-Leu-Gly-Asn-
Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2 (Glp� pyroglutamic
acid).[20] Its conformation in various solvents has been studied
and it is known that it adopts an unordered structure in
aqueous media and in dimethyl sulfoxide,[21] but a partial
helical structure in aqueous solutions containing 30% TFE.
The latter is considered to be the in vivo structure of bombesin
when it is anchored to a membrane.[22]


Results and Discussion


We report herein on a one-dimensional 1H NMR study of
intermolecular interactions between bombesin and water and/
or TFE. The assignment of the 1H NMR signals as well as the
structure elucidation of bombesin in water and/or TFE have
been reported previously;[8, 21, 22] thus, we have concentrated
our efforts on the detection and interpretation of intermo-
lecular NOEs between bombesin and either water (homo-
nuclear NOE) or TFE (heteronuclear NOE).
The respective one-dimensional homo- and heteronuclear


NOE experiments were performed as described in our
previous work on a tetrapeptide.[14] Homonuclear NOEs were
successfully measured by using the modified double-pulsed
field-gradient spin-echo (DPFGSE-NOE) procedure. For
heteronuclear purposes, minor changes in the standard one-
dimesional 1H,19F-HOESY sequence had to be implemented.
The expected signal enhancement as a consequence of
intermolecular NOEs is small and may be distorted by
residual solvent signals. To better suppress such unwanted
solvent signals, the use of the DPFGSE-NOE technique has
been shown to be very helpful.[14]


In the one-dimensional homonuclear experiments, we had
to account for the fact that inversion of the water signal
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simultaneously affects the signals of both the solvent-ex-
changeable protons and of those H� protons, for which the
chemical shifts are identical or extremely close to that of the
water signal. Therefore, the results of these measurements
have to be interpreted with caution.


Titration of a sample of bombesin in water with [D3]TFE : An
8m� solution of bombesin in H2O/D2O (9:1) was examined
by NMR spectroscopy and then titrated by the sequential
addition (10% volume portions) of [D3]TFE.
To identify interactions between water and bombesin, one-


dimensional DPFGSE-NOE experiments were performed
(�m� 190 ms), the results of which are shown in Figure 1a. As
mentioned above, not all of the observed signals necessarily
arise exclusively from intermolecular NOEs between water
and bombesin; they may also be due to intramolecular NOEs
after saturation transfer to exchangeable amide protons. The
amide protons that experience saturation transfer have the
opposite signal phase. The fact that practically all the signals
show NOE contacts with water indicates complete coverage
of the bombesin by water and this may be correlated with
the postulated unordered structure of bombesin in water,


Figure 1. Homonuclear one-dimensional DPFGSE-NOE spectra showing
the interactions between water and bombesin: a) bombesin in water;
b) 10% TFE; c) 30% TFE; the remaining signals are due to irradiation of
H� proton of Asn-9 at the water resonance position. Spectrum c was
recorded with twice as many transients as spectrum a. Note that there are
chemical shift changes with increasing TFE concentration.


the residues of which would be statistically equally exposed to
the solvent. The experiment shows that the intensities of the
NOEs differ from each other to some extent, and, on the basis
of our previous work, this might reflect a possible site-specific
solvation of bombesin in water. However, we have not as yet
recorded extensive NOE build-up curves for bombesin and
therefore have to restrict ourselves to this qualitative obser-
vation.
TFE was added portionwise to the solution of bombesin in


water so as to give 10, 20, 30, 40 and 50% (v/v) of TFE in the
solution. As described previously, in the presence of about
30 ± 40% of TFE, the section of bombesin between residues 6
and 14 adopts a helical conformation, and this can be detected
and followed by changes in the 1H chemical shifts, as has been
discussed in detail by Carver et al.[8] At high TFE concen-
trations, the existence of two well-differentiated segments has
been postulated, namely a flexible and disordered N-terminus
between residues 1 and 5, and a helical C-terminus between
residues 6 and 14, the latter including a tighter 310 helix
between residues 6 and 11.[8]


Homonuclear NOE experiments were performed at each
TFE concentration (10, 20, 30, 40 and 50%), and the results of
two of these are shown in Figures 1b (10%TFE) and 1c (30%
TFE). A concomitant diminution of the water ± bombesin
contacts occurred until the almost total disappearance of their
signals, although, surprisingly, three very well defined NOE
signals remained, irrespective of the TFE concentration. A
typical spectrum is shown in Figure 1c. The signals were
unequivocally identified as the corresponding amide and H�


protons of the residues Asn-6 and Ala-9. Aweak signal due to
the methyl group of Ala-9 can also be seen at �H� 1.30. The
explanation for the appearance of these signals is quite
evident. In these 30 ± 40% TFE solutions, the H� signal of
Asn-6 is exactly superimposed on the water signal; hence, a
selective radio frequency pulse on the water signal also
inverts this signal and we observe a normal intramolecular
NOE to the amide proton of Asn-6 and to the n � 3 amino
acid in the 310 helix. As an experimental control, we studied
the fragment of bombesin made up of residues 8 ± 14. The
same experimental procedures and conditions as employed
for bombesin were applied. At 30% TFE concentration,
there were no NOE contacts at all since this fragment lacks
the Asn residue with its H� proton at the water position.
Furthermore, it should be noted that at this TFE concen-
tration no saturation transfer from water to the amide protons
occurs.
The observed lack of intermolecular NOEs between the


tetradecapeptide bombesin or its heptapeptide fragment can
only be explained in terms of a complete coating of the
peptides by TFE. This is not only valid for the helical part, but
also for the remaining unordered domain of residues 1 ± 5 in
bombesin. Water is replaced within the first solvation sphere
over the whole peptide, irrespective of its conformational
state. Therefore, we conclude that the hydrophobic interac-
tion between TFE and the peptide is a necessary but not the
only requirement for helix induction, since the N-terminus
remains unordered but is also preferentially solvated by TFE.
In Figure 2 the alternative heteronuclear NOE spectra


obtained from the same solutions are depicted for the
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Figure 2. 19F heteronuclear NOE between TFE and bombesin in water/
TFE mixtures as detected by 1H NMR spectroscopy in the amide/aromatic
region: a) normal 1H NMR spectrum; b) 10% TFE; c) 30% TFE. Note
that there are chemical shift changes with increasing TFE concentration.


aromatic and amide regions. As one might expect, the higher
the TFE concentration in the sample solution, the more
interactions between TFE and bombesin are detected. The
spectra show, as in the case of a previously studied tetrapep-
tide,[14] , some moderate intensity variations in the signals from
the individual amino acid residues, which suggests a rather
homogeneous solvation of all the nuclei of the peptide
responsible for the low-field resonances by TFE. We have
also investigated whether varying the order of addition of the
solvents has any influence on the type and strength of the
bombesin ± solvent interactions. For this purpose, an 8m�
solution of bombesin in deuterated trifluoroethanol was
analysed by NMR spectroscopy and then titrated by the
sequential addition (5% volume portions) of a H2O/D2O
mixture (9:1). In the TFE-rich region from 0 to 20% water,
significant changes in the chemical shifts of both the amide
proton signals and those in the aliphatic region were observed.
Such changes are related to conformational changes that have
not previously been described in detail for bombesin. How-
ever, identical NOE results were obtained at water concen-
trations higher than 20%, regardless of whether the experi-
ments started from a high water or a high TFE concentration.


Molecular dynamics analysis : Molecular dynamics (MD)
calculations with the GROMOS96 force field were performed
in two solvent boxes of 1322 single-point charge SPC water
molecules and 774 SPC water molecules with 91 TFE mole-
cules, in order to assess whether the experimental findings can
be reproduced by theory. The bombesin starting conformation
for both the simulations (water and water/TFE mixture) was
an �-helix. With no crystallographic data or NMR-averaged
structure at hand, the reason for using the aforementioned
initial structure was to ascertain whether the stability of the �-
helical conformation is different in the presence of the TFE in


the time limit of the simulations. In Figure 3, the main-chain
root-mean-square deviations (RMSD) of the backbone atom
positions of bombesin from the starting structure are shown in
pure water (top curve) and in the TFE/water mixture (bottom
curve).


Figure 3. Results of MD calculations on the bombesin backbone in water
(top) and in a 30% (v/v) TFE/water mixture (bottom). The curves give the
RMSD deviations from the ideal �-helical starting structure of bombesin.


With this backbone RMSD analysis, it is possible to deduce
the average displacement of the backbone atoms from the
starting conformation, that is, modifications of the starting �-
helix.
In the solvent mixture, the peptide is always closer to the


starting structure compared to the situation in water, with a
maximum deviation of 0.4 nm in the former and of 0.65 nm in
the latter case. The greater stability of the �-helix in the TFE/
water mixture with respect to that in neat water has thus been
demonstrated.
For a better understanding of the individual contributions


to the total RMSD based on the backbone atoms, an RMSD
and root-mean-square fluctuations (RMSF) of the single
residues may be performed. In the case of RMSFanalysis, it is
possible to gain information on the extent to which the
individual backbone atom residues are able to ™wobble∫
about their averaged displacement positions.
In Figure 4 the RMSD and RMSF values for each residue


are displayed. In Figure 4, the RMSD values in water are seen
to be large over the entire length of the peptide, with the
extremities being strongly unfolded. In the mixture, the
overall stability of bombesin is maintained with very low
RMSD values, especially between residues 5 and 10. In
Figure 4, the fluctuations in water are seen to be larger than
those in the H2O/TFE mixture. For the latter, the values are
quite low over the entire length of the peptide. These data can
be compared with the experimental observations: a helical
conformation was detected between residues 5 ± 14 in the
mixture, while a random coil was found in aqueous solutions.
Whereas experimentally the helical conformation of bom-
besin in TFE/water mixture is found to be located between
the residues 5 ± 14, the MD data show that the RMSD is very
low between residues 5 and 10, but high between residues 11
and 14.
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Figure 4. Calculated bombesin backbone RMSD (top) and RMSF (bot-
tom) per residue in water (circles, solid line) and in a 30% (v/v) TFE/water
mixture (squares, dotted line).


Most probably, 10 ns of simulation is insufficient for a
complete folding/unfolding of the bombesin, and simulation
for a longer time would be required for the N,C termini of the
peptide to achieve a better agreement with the experiment.
In fact, other simulations conducted on �-helix peptides
have indicated conformational equilibration on a timescale
of 150 ± 200 ns.[23, 24] Nevertheless, the 10 ns used in this
work can serve as a starting point for analysing the
relative stability of the peptide in the two mixtures and,
especially, the solvation states, for which shorter times are
required.
Figure 5 shows the partial density distribution of water and


TFE around the peptide. The presence of bombesin itself in
the solvent box is depicted by the solid line.
The partial density distribu-


tions were obtained by dividing
the cubic solvent box into ten
slices, and averaging over time
as viewed from the perspective
of the principal axis of the �-
helix. This method of calculat-
ing the box partial densities is
very useful for obtaining a first
clear impression of the TFE
clustering over the entire pep-
tide.
As can be seen in the figure,


TFE molecules are able to
cluster around the peptide,
forming a high density coating


Figure 5. Calculated partial density across the solvent box for the peptide
bombesin (solid line), TFE (dotted line), and water (dashed line).


(dotted line), with the amount of water reaching a minimum
(dashed line). Consequently, the concentration of TFE
around the peptide is higher than the starting 30% (v/v). A
first rough estimate can be made, considering the maximum
and the minimum density of the TFE (�TFE� 750 Kgm�3) and
water (�SPC� 340 Kgm�3), respectively, around the peptide.
With the molar volumes of TFE and SPC water in a 30% (v/v)
TFE/water mixture being Vm(TFE)� 0.07� and Vm(SPC)�
0.019��[15] the resulting local concentration of TFE is equal
to 59% (v/v). This value is practically twice the nominal
volume TFE concentration of the starting solution.
For a pictorial representation, in Figure 6 a stereoview


snapshot of the bombesin in the box of TFE/water solution is
given. The clustering of the TFE molecules around the
peptide is evident.


Conclusion


We have shown that the experimental method employed
previously for the detection of intermolecular NOEs to study
the solvation of an unstructured peptide is also valid for
bombesin, a peptide whose conformation is TFE dependent.
In the presence of small amounts of TFE, all contacts between
water and the peptide are severely diminished as a conse-


Figure 6. Stereoview of the simulation box of bombesin in a water/TFE mixture.
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quence of the replacement of water molecules by TFE on the
surface of the peptide. At about 30% TFE concentration, the
entire peptide is preferentially solvated by TFE regardless of
its conformational state. Some remaining homonuclear NOE
signals are due to artifacts of the method arising from the
inversion of H� proton signals together with the water signal.
The MD analysis is in agreement with the experimental data.
Thus, the greater stability of the �-helix in a water/TFE
mixture as compared to neat water, as detected by NMR
spectroscopy, has been reproduced (in the limits of a 10 ns
simulation). This phenomenon appears to be strictly corre-
lated with the high density of TFE molecules around the
peptide, which are able to create a coating with an ™apparent∫
TFE concentration higher than the nominal starting value of
the solution. We have found 59% (v/v) TFE in the vicinity of
the peptide, higher than the 30% (v/v) of the bulk solution.
The consequences of the experimental and computational
results presented here with respect to the mechanisms of
protein folding are under further investigation.


Experimental Section


Bombesin was purchased from Bachem and was used without further
purification. The segment of bombesin consisting of residues 8 ± 14 was
obtained as a gift from Professor M. Rico, C.S.I.C. (Madrid, Spain).
Deuterated water was obtained fromAldrich and [D3]TFE from CIL (99%
D), and both were used as received.


NMR spectroscopy: For NMR studies related to the titration of the
aqueous solution of bombesin with [D3]TFE, samples were prepared by
dissolving either the peptide or its segment in 400 �L of H2O/D2O (9:1)
containing 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as an internal
reference (pH* 3.1). [D3]TFE was added in 10% volume portions so as to
give 10, 20, 30, 40 and 50% TFE solutions. The titration of a solution of
bombesin in [D3]TFE with water was performed by the sequential addition
of 5% volume portions of H2O/D2O (9:1) so as to give 5, 10, 15, 20, 30 and
40% water solutions. In no cases were the solutions degassed.


All the NMR experiments were performed on a Bruker DRX400
spectrometer (9.4 T) at 300 K with samples in 5 mm tubes. In each case,
the lock signal was adjusted to D2O, but with the 100% [D3]TFE sample an
external reference was used to adjust the lock signal (capillary of
[D6]DMSO).


Intermolecular homonuclear NOE experiments were performed by using
the pulse sequences published in ref. [14]. Measurements were made at
each TFE concentration at 300 K, with a mixing time of 190 ms, a
relaxation delay of 2 s and a number of transients depending on the
concentration of the peptide in the sample (4 K for the more concentrated
solutions; 8 K for the more dilute ones). Intermolecular heteronuclear
NOE experiments were performed in a QNP probe head without gradients
with a mixing time of 500 ms.


MD simulations of the bombesin helix in SPC water and TFE/SPC water
mixture : NpT conditions were used in all simulations. The temperature was
controlled through a weak coupling to an external temperature bath, with a
coupling constant of 0.01 ps. The pressure was maintained by weak
coupling to an external pressure bath of P0� 1.[25] Both the simulations in
pure SPC water[26] and in the mixture with the TFE model[6] were
performed with the experimental compressibility of pure water taken to be
4.5� 10�5 bar�1 and with a coupling constant of �P� 1 ps�1.[25] The LINCS
algorithm[27] was used to constrain all bond lengths in TFE. For the water
molecules, the SETTLE algorithm was used.[28] A twin-range cut-off for the
calculation of nonbonded interactions was applied. All interactions within
a short range cut-off of 0.8 nm were updated after each step, whereas all
interactions (Coulomb and Lennard-Jones) within a long range cut-off of
1.4 nm were updated only after every five steps together with the pair list.
The cut-off values were in accord with those used as standard in the
GROMOS96 force field.[29] A dielectric permittivity of �r� 1 and a time


step of 2 fs were used. The starting conformation for the simulations of the
peptide bombesin, for which no crystal structure is available, was taken to
be an �-helix. The peptide was centred in a cubic box of dimension 3.2 nm
and solvated with either pure SPC water molecules or a mixture of SPC
water and TFE molecules. The protonation state of the peptide at pH 3
gives a total charge of �2. A number of Cl� counterions were therefore
added to each system to reduce the overall charge of the system. This was
achieved by replacing water molecules at the most positive potential. All
solvent molecules associated with any atom within 0.15 nm of the peptide
were removed. The final systems contained either 1322 SPC water
molecules or 774 SPC water and 91 TFE molecules (corresponding to
approximately 30% (v/v)). The GROMOS96 force field was used to
describe the peptide. All bond lengths in the peptide were constrained
using the LINCS[27] algorithm. Before starting the simulations, the systems
were first minimised for 100 steps with the steepest descent algorithm to
eliminate unfavourable contacts. Initial velocities were assigned from a
Maxwellian distribution corresponding to the selected temperature. To
assess the relaxation and equilibration of the systems, simulations of
duration 100 ps were conducted. After equilibration, simulation runs of
duration 10 ns were performed for the analysis.
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Total Synthesis of a Stereoisomer of Bistramide C
and Assignment of Configuration of the Natural Product


Peter Wipf,* Yoshikazu Uto, and Seiji Yoshimura[a]


Abstract: After the isolation of the
bioactive polyether bistramide C from
the marine ascidian Lissoclinum bistra-
tum in 1988, NMR spectroscopic inves-
tigations over the next 12 years reduced
the total number of possible stereoiso-
mers of this compound from 1024 to 32.
Based on the preparation of segments of
the natural product as well as the total
synthesis of a randomly selected stereo-
isomer of bistramide C, the stereochem-
ical puzzle could be further simplified to
eight possible stereoisomers. A conver-


gent three-segment coupling strategy,
the use of a common, �-glucose-derived
intermediate for the preparation of
pyran rings in two segments, a stereo-
selective photo-spiroketalization, and
the use of azides to minimize protective
group manipulations before segment
couplings are highlights of the synthetic


approach. The total synthesis also pro-
vided the key segments for a chiroptical
analysis according to van×t Hoff×s prin-
ciple of optical superposition, which was
crucial for the assignment of a sole
relative and absolute configuration of
the natural product. Bistramide C rep-
resents therefore the first member of
this class of structurally unusual marine
polyethers whose configuration is
known as a result of the combined use
of synthetic and chiroptical tools.


Keywords: absolute configuration ¥
bistramides ¥ glucose ¥ natural prod-
ucts ¥ total synthesis


Introduction


Bistramides are a new class of bioactive polyethers isolated
from the marine ascidian Lissoclinum bistratum. After the
isolation of bistramide A in 1988,[1] the Hawkins group in
Queensland identified bistratenes, which turned out to be
identical to bistramides.[2] More recently, several additional
members of this class of marine natural products have been
reported.[3] Bistramides demonstrate a broad range of attrac-
tive biological effects. Bistramide A has an IC50 of 0.03 ±
0.32 �gmL�1 for P388/dox, B16, HT29, and NSCLC-N6 cell
lines. The latter cells are completely blocked in the G1 phase
in the presence of bistramide K, while bistramide A induces
growth arrest at G2/M in HL60 cells.[4] There is considerable
potential for the use of bistramides for the treatment of slowly
evolving tumors, such as non-small cell pulmonary carcino-
ma.[3] A complete structure assignment of these natural
products is necessary before initiation of SAR studies.


However, in spite of an extensive use of two-dimensional
NMR techniques, the stereostructure of bistramides remained
elusive.[5a] The presence of ten stereogenic carbons in
bistramide C provides a group of 1024 possible diastereo-
and enantiomeric target structures. Recent synthetic and
NMR studies[5b] have established the relative stereochemistry
at carbons 6,9,11 and 22,23,27,31 and, thus, reduced the
isomeric possibilities to 32, still a challenge for stereochemical
analysis that can only be addressed efficiently by a synergistic
use of synthetic and chiroptical tools.
As part of our program for the total synthesis and biological


evaluation of rare marine natural products,[6] we became
interested in solving the stereochemical puzzle of bistramides.
We now report the synthesis of the (6S,9R,11R,15S,16R,22R,
23S,27S,31S,34R)-stereoisomer of bistramide C and selected
fragments suitable for a van×t Hoff analysis.[6b, 7] Figure 1
summarizes our convergent synthetic strategy. The absolute
configuration at C(6)�C(11) and C(22)�C(31) of the target
molecule 1 was randomly selected, but the relative config-
uration in these subunits was based on the work of Solladie¬
et al.[5b] Preparation of the syn- and anti-stereoisomers of an
N-acetamide methyl amide derivative of 3 in our lab and
NMR comparison to the natural product allowed an assign-
ment of the anti-stereochemistry at C(15) and C(16),[8] albeit
again with randomly selected absolute configuration. Finally,
no information was available for stereocenter C(34); the (R)-
configuration was randomly selected, thus providing only a
minor (1:16) chance that 1 was actually equivalent to the
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ROESY and DEPT spectra for 1, 1H NMR for semisynthetic
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Figure 1. Retrosynthetic analysis of a stereoisomer of bistramide C.


natural product. Pyran 2 as well as spiroketal segment 4 were
envisioned to derive from diacetate 5 which was obtained
from �-glucose. The core ester 3 was also prepared from a
chiral pool precursor and �-malic acid. For the formation of
both amide linkages in the segment condensation steps, azides
were used to mask the primary amine termini, thus to
minimize the need for protective group manipulations on
highly functionalized intermediates.
The preparation of segment 2 from readily available, �-


glucose-derived 5 is summarized in Scheme 1.[9] After dihy-
droxylation of the terminal alkene moiety in 5 with AD-mix-�
that took advantage of the greater chemoselectivity of the


Scheme 1. Preparation of the pyran segment.


chiral reagent,[10] protection of the diol as the isopropylidene
acetal, hydrogenation of the remaining alkene over PtO2,
methanolysis of the acetates, and silylation of the primary
alcohol provided 6 in 66% overall yield over the five-step
sequence.
Conversion of the secondary hydroxy group in 6 to the


C(10)-�-methyl group was accomplished by oxidation, Wittig
olefination, and face-selective addition[11] of H2 over a


platinum catalyst. While one-carbon chain extension at
C(12) by cyanide displacement of the triflate derived from
the TBS ether was unsuccessful, use of the carboxylanion
equivalent 8[12] provided a high yield of the desired 9. The
trithioorthoester was converted to the methyl ester by Stork×s
protocol,[13] and the (E)-alkene terminus was introduced by
exposure of the aldehyde derived from the isopropylidene
acetal to a cold (�100 �C) solution of in situ prepared
propenyl lithium. Silyl protection of the secondary alcohol
and saponification of the ester[14] led to acid 2.
Building block 5 was also used for the preparation of the


spiroketal moiety (Scheme 2). SN2� displacement[15] of the
allylic acetate was accompanied by partial cleavage of the
primary acetate; methanolysis and introduction of the piv-
aloate group led to diene 10 in 58% yield from 5.


Scheme 2. Preparation of the spiroketal segment.


Selective hydroboration ± oxidation of the terminal alkene,
silylation, and reductive removal of the pivaloate gave alcohol
11, which was converted to the triflate. Copper-catalyzed
substitution with allyl Grignard reagent, hydroboration ± oxi-
dation of the resulting terminal alkene, and perruthenate
oxidation[16] provided aldehyde 12. Reformatzky reaction with
the chromium enolate[17] generated from 13 proved to be the
method of choice for the introduction of the C(31) stereo-
center. After reductive removal of the oxazolidinone and
esterification of the primary alcohol, a readily separable about
3:1 mixture of diastereomers 14 was obtained. Oxidative
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spirocyclization in the presence of iodobenzene diacetate and
iodine was initiated by irradiation with a 250 W tungsten
lamp[18] and led, after reductive removal of pivaloate, to a
3.5:1 mixture of spiroketals 15 and 16 in 54% yield. Iodide-
containing side product 16 was readily converted to the
desired major product 15.[19] It is noteworthy that the
efficiency of this spiroketal formation was inferior with
C(25),C(26)-saturated analogues of 14. In preparation for
the stereoselective introduction of the C(35)-methyl group, 15
was oxidized to the aldehyde and condensed with the anion
derived from phosphonate 17.[20] Enoate 18was hydrogenated,
converted to the sodium enolate and methylated[21] to give 19
in �95% diastereoselectivity after removal of the chiral
auxiliary and oxidation[22] to the aldehyde. The final challenge
in the preparation of segment 4 presented itself in the
installation of the C(36),C(37)-trisubstituted alkene. After
considerable experimentation, we found that a slow (8 d)
Wittig condensation with ylide 20 gave 66% of the (E)-double
bond. After conversion of the ester to the secondary alcohol,
deprotection of the silyl ether, mesylation, and substitution
with sodium azide completed the synthesis of spiroketal
segment 4 in 28 steps and an overall yield of 0.6% from 5.
The third segment for bistramide C, azide 3, was prepared


in six steps and 17% yield from �-malic acid.[9] Segment
coupling was then initiated by saponification of 3, temporary
protection of the carboxylate as the TIPS ester, reduction of
the azide, and PyBOP-mediated coupling[23] with acid 2
(Scheme 3). Use of the ethyl ester in place of the TIPS-group
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Scheme 3. Completion of the total synthesis of a bistramide C stereo-
isomer.


was accompanied by substantial hydrolysis of the C(13)-
amide during the saponification step. Avoiding extensive
purification of labile intermediates, the silyl ester was cleaved
with TBAFand carboxylic acid 21 was coupled to the primary
amine derived from spiroketal azide 4. Final protective group
removal under mild acidic conditions was followed by
oxidation of the allylic alcohols to give target molecule 1.[24]


The spectroscopic properties of 1 were in close agreement
with the data published for the natural product, with the
notable exception of the 13C NMR shift at C(34).[25] Since 1H
and 13C NMR shifts for the C(1) ±C(18) portion of 1
overlayed with the natural product, we concluded that the
relative configuration of this part of the molecule was correct.
This left the absolute configurations of the spiroketal moiety
as well as C(34) to be assigned, for example a total of eight
stereoisomeric target structures. Our total synthesis also
provided the key segments for a chiroptical analysis according


to van×t Hoff×s principle of optical superposition. Previous
studies have established the validity of van×t Hoff analysis for
the assignment of configuration of natural products.[6b, 7]


Experimental molar rotations were measured for synthetic
derivatives 22 and 23 ;[26] the values for (�)-normanicone 24
had been reported by Bestmann and co-workers (see Fig-
ure 2).[27] Since segment 23 contains the C(34) stereocenter in
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Figure 2. Increment systems for application of van×t Hoff×s principle of
optical superposition to bistramide C and proposed absolute configuration
of the natural product.


the (R)-configuration, the van×t Hoff molar rotation incre-
ment of the (22R,23S,27S,31S)-spiroketal portion is calculated
as �105� (�51)� 156. Upon addition of the resulting molar
rotation value increments for the eight remaining stereo-
isomeric bistramides, a value of [M]D��224 can be predicted
for 1, which is an excellent match of the experimentally
measured value of [M]D��211. Since the natural product
was found to have [M]D��70,[3] its stereostructure can be
assigned accordingly as 25, which has a calculated [M]D��88
that closely matches the experimental value. This assignment
of stereochemistry is also in agreement with the NMR analysis
of 1, which indicated a potential stereochemical discrepancy
at C(34) with the natural product.


Conclusion


In conclusion, a convergent 3-segment coupling strategy led to
a stereoisomer of the structurally novel polyether bistrami-
de C. Highlights of our synthesis are the use of a common, �-
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glucose-derived intermediate for the preparation of pyran
rings in segments 2 and 4, the steroselective spiroketalization
of 14, and the use of azides to minimize protective group
manipulations before segment couplings. The van×t Hoff
analysis of molar rotation angles of synthetic fragments
allows an unambiguous prediction of the relative and absolute
configuration of the natural product as 25 on the basis of the
optical rotation reported for the natural sample. This stereo-
chemical assignment is supported by NMR spectral and
chiroptical comparison with isomer 1 and illustrates the power
of a combined synthetic/molar rotation angle analysis.


Experimental Section


General methods : NMR spectra were recorded at 300 MHz in CDCl3
unless otherwise noted. IR spectra were prepared by spreading a solution
of the sample in CHCl3 over a NaCl disk, slow evaporation, and
measurement of the resulting film. Anhydrous solvents were freshly
distilled from either sodium/benzophenone, P2O5, or CaH2. All reactions
were performed in oven dried glassware under nitrogen atmosphere.
Analytical TLC was performed with Merck silica gel 60 F-254 glass plates,
and flash chromatography was used to separate and purify the crude
reaction mixtures.


(2R,3S,6R)-Acetyl 3-acetoxy-6-allyl-3,6-dihydro-2H-pyran-2-ylmethyl es-
ter (5): �-�-Glucose (1.03 kg, 5.72 mol) was slowly added to a mixture of
acetic anhydride (4 L) and perchloric acid (69 ± 72%, 25 mL) over a period
of 2.5 h to keep the temperature below 40 �C. After 1.5 h, red phosphorus
(300 g) was added to the mixture and the reaction mixture was cooled on an
ice bath. To this violet suspension was slowly added bromine (0.6 L) while
the temperature was kept below 25 �C. After the addition was complete,
water (300 mL) was slowly added to the mixture while the temperature was
kept below 30 �C. After 13 h, the reaction mixture was filtered and washed
with acetic acid. The filtrate was separated into two portions for the next
reaction. A small portion of the filtrate was concentrated and purified by
preparative TLC (hexanes/ethyl acetate 3:2) to give an analytical sample of
2,3,4,6-tetra-O-acteyl-�-�-glucopyranosyl bromide as a colorless oil:
1H NMR: �� 6.62 (d, J� 4.0 Hz, 1H), 5.57 (t, J� 9.8 Hz, 1H), 5.17 (t,
J� 9.9 Hz, 1H), 4.84 (dd, J� 10.0, 4.1 Hz, 1H), 4.38 ± 4.25 (m, 2H), 4.13 (d,
J� 10.4 Hz, 1H), 2.11 (s, 3H), 2.10 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H).


To a solution of sodium acetate (1.2 kg, 15 mol) in water (3 L) and acetic
acid (2 L) were added at room temperature a solution of CuSO4 ¥ 5H2O
(110 g, 0.440 mol) in water (400 mL) and Zn dust (1.1 kg, 17 mol). When
the blue color disappeared, half of the filtrate prepared above was added
slowly to the aqueous solution over a period of 3 h to keep the temperature
below 50 �C. The reaction mixture was extracted with ethyl acetate and the
combined organic layers were washed with saturated aqueous NaHCO3,
dried (K2CO3), filtered, and concentrated. This reaction was repeated with
the rest of the filtrate to give crude tri-O-acetyl-�-glucal (1.36 kg), which
was used for the next step without further purification. A small amount of
the crude residue was purified by chromatography on silica gel (hexanes/
ethyl acetate 4:1 to 1:1) to give tri-O-acetyl-�-glucal as a colorless oil:
1H NMR: �� 6.48 (dd, J� 6.7, 1.2 Hz, 1H), 5.35 (t, J� 4.6 Hz, 1H), 5.23
(dd, J� 7.3, 5.8 Hz, 1H), 4.86 (dd, J� 6.1, 3.2 Hz, 1H), 4.41 (dd, J� 11.7,
5.5 Hz, 1H), 4.30 ± 4.16 (m, 2H), 2.10 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H).


To a solution of BF3 ¥Et2O (49.4 mL, 0.393 mol) in CH3CN (200 mL) was
added a solution of the crude tri-O-acetyl-�-glucal prepared above (107 g)
and allyltrimethylsilane (62.6 mL, 0.393 mol) in CH3CN (600 mL) at
�45 �C. After 1 h, the reaction mixture was quenched with saturated
aqueous NaHCO3. The aqueous layer was extracted with ethyl acetate
(2� ). The combined organic layers were dried (Na2SO4) and concentrated.
Purification of the residue by column chromatography on silica gel
(hexanes/ethyl acetate 10:1, then 4:1) gave 5 as a pale yellow oil (37.0 g;
32% over four steps). [�]D��62 (c� 0.86, CHCl3, 22 �C), lit.[28] [�]D�
�62.3 (c� 1.03, CHCl3); IR (film): �� � 3073, 1740 cm�1; 1H NMR: �� 5.94
(ddd, J� 10.4, 2.4, 1.6 Hz, 1H), 5.90 ± 5.75 (m, 2H), 5.18 ± 5.08 (m, 3H),
4.33 ± 4.25 (m, 1H), 4.24 (dd, J� 11.8, 6.5 Hz, 1H), 4.16 (dd, J� 3.5,
11.9 Hz, 1H), 3.42 (dt, J� 3.5, 6.5 Hz, 1H), 2.53 ± 2.41 (m, 1H), 2.38 ± 2.28


(m, 1H), 2.09 (s, 6H); 13C NMR: �� 171.0, 170.6, 134.2, 133.1, 124.0, 117.8,
71.6, 70.1, 65.3, 63.1, 38.1, 21.3, 21.0.


Acetyl (2R,3S,6R)-2-acetoxymethyl-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-
4-ylmethyl)-3,6-dihydro-2H-pyran-3-yl ester : AD-mix-� (9.36 g) was added
to an ice-cooled mixture of 5 (1.70 g, 6.69 mmol) in acetonitrile (30 mL)
and water (25 mL). The reaction mixture was stirred at 5 �C for 19 h,
quenched with sodium sulfite (12.1 g), stirred at room temperature for an
additional 1 h and extracted with ethyl acetate (3� ). The combined
organic layers were dried (Na2SO4) and concentrated. The residue was
passed through a small pad of silica gel to give crude diol (1.90 g) which was
used for the next step without any further purification.


To a solution of the crude diol prepared above (1.90 g) in 2,2-dimethoxy-
propane (15 mL) was added PPTS (77 mg, 306 �mol). The reaction mixture
was stirred at room temperature for 16 h, diluted with diethyl ether and
washed with water, saturated aqueous NaHCO3 and brine. The organic
layer was dried (Na2SO4) and concentrated. Chromatography on silica gel
(hexanes/ethyl acetate 8:1 then 2:1) gave a�2.6:1 mixture of C(4)-epimers
of acetic acid (2R,3S,6R)-2-acetoxymethyl-6-((4RS)-2,2-dimethyl-[1,3]di-
oxolan-4-ylmethyl)-3,6-dihydro-2H-pyran-3-yl ester as a colorless oil
(2.11 g, 96% over two steps). [�]D��53.2 (c� 1.04, CH2Cl2, 22 �C); IR
(film): �� � 1738 cm�1; 1H NMR (major isomer): �� 5.95 ± 5.85 (m, 1H),
5.80 ± 5.70 (m, 1H), 5.15 ± 5.05 (m, 1H), 4.45 ± 4.35 (m, 1H), 4.30 ± 4.20 (m,
2H), 4.18 ± 4.05 (m, 2H), 3.94 ± 3.84 (m, 1H), 3.56 (t, J� 7.7 Hz, 1H), 2.08
(s, 3H), 2.07 (s, 3H), 1.88 ± 1.78 (m, 2H), 1.39 (s, 3H), 1.34 (s, 3H); 13C NMR
(major isomer): �� 170.9, 170.5, 133.2, 123.8, 108.7, 73.7, 70.0, 69.6, 69.6,
65.1, 63.0, 37.3, 27.1, 25.9, 21.2, 20.9; MS (EI): m/z (%): 328 (0.2) [M]� , 313
(43) [M�CH3]� , 133 (44), 111 (67), 101 (100); HRMS: m/z : calcd for
C15H21O7: 313.1287 [M�CH3]� ; found: 313.1288.


(2R,3S,6S)-2-tert-Butyldimethylsilanyloxymethyl-6-((4RS)-2,2-dimethyl-
[1,3]dioxolan-4-ylmethyl)-tetrahydropyran-3-ol (6): A mixture of acetyl
(2R,3S,6R)-2-acetoxymethyl-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-yl-
methyl)-3,6-dihydro-2H-pyran-3-yl ester (18.6 g, 56.5 mmol) and PtO2


(50 mg, 0.22 mmol) in methanol (100 mL) was stirred under a hydrogen
atmosphere for 5 h. The reaction mixture was filtered and the filtrate was
concentrated. Chromatography on silica gel (hexanes/acetone 20:1, 15:1
and 2:1) gave a �2.6:1 mixture of C(4)-epimers of acetyl (2R,3S,6S)-2-
acetoxymethyl-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-tetrahy-
dropyran-3-yl ester as a colorless oil (13.3 g, 71%). [�]D��37.4 (c� 1.04,
CH2Cl2, 22 �C); IR (film): �� � 1742 cm�1; 1H NMR (major isomer): ��
4.77 ± 4.70 (m, 1H), 4.33 (dd, J� 11.7, 7.1 Hz, 1H), 4.27 ± 4.02 (m, 3H),
3.97 ± 3.84 (m, 2H), 3.52 (t, J� 7.8 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.00 ±
1.57 (m, 6H), 1.39 (s, 3H), 1.34 (s, 3H); 13C NMR (major isomer): �� 170.8,
170.3, 108.4, 73.6, 72.0, 69.8, 68.8, 67.4, 62.1, 37.6, 27.0, 26.9, 25.8, 24.3, 21.2,
20.8; MS (EI): m/z (%): 330 (0.3) [M]� , 315 (100) [M�CH3]� ; HRMS:
m/z : calcd for C15H23O7: 315.1444 [M�CH3]� , found: 315.1443.


To a solution of the saturated pyran prepared above (13.3 g, 40.3 mmol) in
methanol (180 mL) was added sodium methoxide (110 mg, 2.00 mmol).
The mixture was stirred at room temperature for 16 h and concentrated.
The residue was purified by chromatography on silica gel (diethyl ether,
then ethyl acetate) to give a �2.6:1 mixture of C(4)-epimers of (2R,3S,6S)-
6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-2-hydroxymethyltetrahy-
dropyran-3-ol as a colorless oil (9.75 g, 98%). [�]D��43.7 (c� 1.13,
CH2Cl2, 22 �C); IR (film): �� � 3580 cm�1; 1H NMR (major isomer): ��
4.30 ± 4.20 (m, 1H), 4.10 ± 4.02 (m, 1H), 4.01 ± 3.90 (m, 1H), 3.88 ± 3.76 (m,
1H), 3.70 ± 3.49 (m, 4H), 2.92 ± 2.84 (m, 2H), 2.05 ± 1.90 (m, 1H), 1.90 ± 1.77
(m, 1H), 1.76 ± 1.50 (m, 4H), 1.39 (s, 3H), 1.34 (s, 3H); 13C NMR (major
isomer): �� 108.8, 76.0, 73.2, 69.7, 68.2, 66.2, 61.7, 36.1, 27.5, 27.3, 27.1, 25.8;
MS (EI): m/z (%): 246 (0.1) [M]� , 231 (100) [M�CH3]� ; HRMS: m/z :
calcd for C11H19O5: 231.1232 [M�CH3]� , found: 231.1236.


To an ice-cooled mixture of the diol prepared above (9.66 g, 39.2 mmol),
triethylamine (6.56 mL, 47.2 mmol) and 4-dimethylaminopyridine (103 mg,
843 �mol) was added tert-butyldimethylsilyl chloride (6.50 g, 43.1 mmol).
The reaction mixture was stirred at room temperature for 17 h, diluted with
diethyl ether and washed with saturated aqueous NH4Cl, saturated aqueous
NaHCO3 and brine. The organic layer was dried (Na2SO4) and concen-
trated. The residue was purified by chromatography on silica gel (hexanes/
diethyl ether 2:1, 1:1 and 1:2) to give a �2.6:1 mixture of C(4)-epimers of 6
as a colorless oil (14.1 g, 99%). [�]D��13.8 (c� 1.01, CH2Cl2, 22 �C); IR
(film): �� � 3465 cm�1; 1H NMR (major isomer): �� 4.21 ± 4.05 (m, 2H),
4.03 ± 3.94 (m, 1H), 3.82 (dd, J� 9.9, 5.1 Hz, 1H), 3.72 ± 3.58 (m, 2H), 3.53
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(t, J� 7.6 Hz, 1H), 3.52 ± 3.41 (m, 1H), 2.08 (ddd, J� 14.3, 10.2, 5.2 Hz,
1H), 1.97 ± 1.73 (m, 2H), 1.70 ± 1.51 (m, 3H), 1.40 (s, 3H), 1.36 (s, 3H), 0.90
(s, 9H), 0.10 (s, 6H); 13C NMR (major isomer): �� 108.6, 74.0, 73.5, 70.0,
69.9, 69.5, 66.0, 35.5, 27.4, 27.1, 26.7, 26.0, 25.9, 18.3, �5.4, �5.5; MS (EI):
m/z (%): 345 (8) [M�CH3]� , 245 (32) [M�C6H15Si]� , 127 (42), 101 (57),
75 (100); HRMS: m/z : calcd for C17H33O5Si: 345.2097 [M�CH3]� , found:
345.2010.


tert-Butyl-[(2S,6S)-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-3-
methylenetetrahydropyran-2-ylmethoxy]dimethylsilane (7): SO3 ¥ py
(3.12 g, 19.6 mmol) was added portionwise to an ice-cooled solution of 6
(1.40 g, 3.88 mmol), triethylamine (4.9 mL, 35 mmol), and dimethylsulf-
oxide (5.6 mL, 78 mmol) in CH2Cl2 (5 mL). The reaction mixture was
stirred at room temperature for 1.5 h, diluted with diethyl ether and
quenched with ice. The organic layer was washed with brine, dried
(Na2SO4), and concentrated. The residue was purified by chromatography
on silica gel (hexanes/diethyl ether 8:1 then 2:1) to give a�2.6:1 mixture of
C(4)-epimers of (2R,6S)-2-(tert-butyldimethylsilanyloxymethyl)-6-((4RS)-
2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-dihydropyran-3-one as a pale yel-
low oil (1.26 g, 91%). Small amount of the product was re-purified by
chromatography for analysis: [�]D��73.5 (c� 1.13, CH2Cl2, 22 �C); IR
(film): �� � 1713 cm�1; 1H NMR (major isomer): �� 4.53 ± 4.41 (m, 1H),
4.35 ± 4.23 (m, 1H), 4.11 (dd, J� 8.0, 6.0 Hz, 1H), 4.05 ± 3.98 (m, 1H), 3.98
(dd, J� 10.8, 4.1 Hz, 1H), 3.90 (dd, J� 10.6, 2.5 Hz, 1H), 3.55 (t, J� 7.8 Hz,
1H), 2.53 ± 2.35 (m, 2H), 2.17 ± 2.00 (m, 1H), 1.92 ± 1.70 (m, 3H), 1.40 (s,
3H), 1.37 (s, 3H), 0.83 (s, 9H), 0.08 (s, 3H), 0.04 (s, 3H); 13C NMR (major
isomer): �� 209.8, 108.4, 81.3, 73.6, 69.9, 69.8, 65.9, 39.7, 38.0, 30.3, 27.0,
26.0, 25.9, 18.2, �5.6, �5.7; MS (EI): m/z (%): 358 (0.2) [M]� , 343 (40)
[M�CH3]� , 243 (73) [M�C6H15Si]� , 185 (43), 117 (100); HRMS: m/z :
calcd for C17H31O5Si: 343.1941 [M�CH3]� , found: 343.1944.


To an ice-cooled suspension of methyltriphenylphosphonium bromide
(1.88 g, 5.27 mmol) in THF (10 mL) was added a 1.6� solution of n-
butyllithium in hexanes (3.1 mL, 4.9 mmol). After stirring at 0 �C for
10 min, a solution of the ketone prepared above (1.26 g, 3.51 mmol) in THF
(20 mL) was added. The reaction mixture was stirred at 0 �C for 1 h and at
room temperature for an additional hour, quenched with saturated aqueous
NH4Cl and extracted with diethyl ether. The organic layer was washed with
brine, dried (Na2SO4), and concentrated. The residue was purified by
chromatography on silica gel (hexanes/diethyl ether 16:1 then 8:1) to give a
�2.6:1 mixture of C(4)-epimers of 7 as a colorless oil (980 mg, 78%).
[�]D��58.2 (c� 1.10, CH2Cl2, 22 �C); IR (film): �� 3073, 1651 cm�1;
1H NMR (major isomer): �� 4.84 ± 4.78 (m, 2H), 4.30 ± 4.03 (m, 2H), 4.09
(dd, J� 8.1, 5.9 Hz, 1H), 3.93 ± 3.80 (m, 2H), 3.68 (dd, J� 10.5, 5.6 Hz, 1H),
3.50 (t, J� 8.0 Hz, 1H), 2.47 ± 2.22 (m, 2H), 1.80 ± 1.70 (m, 2H), 1.70 ± 1.52
(m, 1H), 1.37 (s, 3H), 1.34 (s, 3H), 0.88 (s, 9H), 0.04 (s, 6H); 13C NMR
(major isomer): �� 143.5, 110.9, 108.2, 79.3, 74.2, 70.3, 68.0, 63.6, 40.5, 33.6,
29.4, 27.0, 26.0, 25.9, 18.4, �5.3, �5.4; MS (EI): m/z (%): 356 (0.1) [M]� ,
341 (26) [M�CH3]� , 299 (26) [M�C4H9]� , 241 (94) [M�C6H15Si]� , 101
(100); HRMS: m/z : calcd for C18H33O4Si: 341.2148 [M�CH3]� , found:
341.2149.


(2S,3R,6S)-6-((4RS)-2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-3-methyltet-
rahydropyran-2-yl-methanol : A mixture of 7 (5.51 g, 15.5 mmol) and PtO2


(28 mg, 0.12mmol) in ethyl acetate (120 mL) was stirred under a hydrogen
atmosphere for 36 h. The mixture was filtered and the filtrate was
concentrated. The residue was purified twice by chromatography on silica
gel (hexanes/diethyl ether 15:1, 10:1 and 1:1) to give a �1.7:1 mixture of
C(4)-epimers of tert-butyl-[(2S,3R,6S)-6-((4RS)-2,2-dimethyl-[1,3]dioxo-
lan-4-ylmethyl)-3-methyltetrahydropyran-2-ylmethoxy]-dimethylsilane as
a colorless oil (3.84 g, 69%). [�]D��32.7 (c� 1.08, CH2Cl2, 22 �C); IR
(film): �� � 2930 cm�1; 1H NMR (major isomer): �� 4.30 ± 4.18 (m, 1H),
4.10 (dd, J� 9.7, 8.0 Hz, 1H), 3.88 ± 3.62 (m, 4H), 3.52 (t, J� 7.9 Hz, 1H),
1.95 ± 1.82 (m, 1H), 1.80 ± 1.57 (m, 4H), 1.55 ± 1.23 (m, 2H), 1.39 (s, 3H),
1.35 (s, 3H), 0.90 (s, 9H), 0.90 (d, J� 7.0 Hz, 3H), 0.06 (s, 6H); 13C NMR
(major isomer): �� 108.2, 76.4, 74.3, 70.3, 68.4, 61.9, 39.2, 31.7, 30.4, 27.6,
27.1, 26.0, 26.0, 18.4, 16.0, �5.3; MS (EI):m/z (%): 358 (0.1) [M]� , 343 (20)
[M�CH3]� , 243 (85) [M�C6H15Si]� , 101 (100); HRMS: m/z : calcd for
C18H35O4Si: 343.2305 [M�CH3]� , found: 343.2313.


To an ice-cooled solution of the saturated pyran prepared above (3.98 g,
11.1 mmol) in THF (15 mL) was added a 1� solution of tetrabutylammo-
nium fluoride in THF (16.7 mL, 16.7 mmol). The reaction mixture was
stirred at room temperature for 3 h, quenched with saturated aqueous
NH4Cl and extracted with ethyl acetate (2� ). The combined organic layers


were washed with brine, dried (Na2SO4), and concentrated. The residue
was purified by chromatography on silica gel (hexanes/ethyl acetate 4:1, 2:1
and then 1:1) to give a �1.6:1 mixture of C(4)-epimers of (2S,3R,6S)-6-
((4RS)-2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-3-methyltetrahydropyran-
2-yl-methanol as a white wax (2.71 g, 100%). [�]D��61.3 (c� 1.16,
CH2Cl2, 22 �C); IR (film): �� � 3479 cm�1; 1H NMR (major isomer): ��
4.44 ± 4.32 (m, 1H), 4.12 ± 3.91 (m, 2H), 3.90 ± 3.70 (m, 2H), 3.50 (t, J�
7.6 Hz, 1H), 3.48 ± 3.35 (m, 1H), 2.76 (d, J� 11.1 Hz, 1H), 2.04 ± 1.88 (m,
1H), 1.70 ± 1.51 (m, 4H), 1.45 ± 1.20 (m, 2H), 1.38 (s, 3H), 1.33 (s, 3H), 0.80
(d, J� 7.1 Hz, 3H); 13C NMR (major isomer): �� 108.5, 76.4, 72.5, 69.6,
65.3, 57.1, 38.7, 31.5, 31.2, 27.4, 26.9, 25.5, 16.3; MS (EI): m/z (%): 229 (17)
[M�CH3]� , 213 (7) [M�CH2OH]� , 155 (43), 86 (100); HRMS:m/z : calcd
for C12H21O4: 229.1440 [M�CH3]� , found: 229.1446.


[(2R,3R,6S)-6-((4RS)-2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-3-methyltet-
rahydropyran-2-yl]-acetyl methyl ester : To an ice-cooled mixture of
(2S,3R,6S)-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-ylmethyl)-3-methyltetra-
hydropyran-2-yl-methanol (100 mg, 409 �mol) and pyridine (50 �L,
0.61 mmol) in CH2Cl2 (3 mL) was added trifluoromethanesulfonic anhy-
dride (76 �L, 0.45 mmol). The reaction mixture was stirred at 0 �C for
10 min, quenched with ice and extracted with diethyl ether. The organic
layer was washed with water, saturated aqueous NaHCO3 and brine, dried
(Na2SO4), and passed through a small pad of silica gel. Evaporation of the
eluent gave crude triflate which was immediately used for the next coupling
without any further purification.


A solution of trimethylthiomethane (87 �L, 0.65 mmol) in THF (2mL) was
treated at �78 �C with a 1.6� solution of n-buthyllithium in hexanes
(396 �L, 634 �mol) over 10 min. After stirring at �78 �C for 15 min, the
triflate prepared above in THF (5 mL) was added. The reaction mixture
was stirred at �78 �C for 1 h, warmed to �40 �C and quenched with
saturated aqueous NH4Cl. The aqueous phase was extracted with diethyl
ether. The organic layer was washed with saturated aqueous NaHCO3 and
brine, dried (Na2SO4), and concentrated. The residue was purified by
chromatography on silica gel (hexanes/ethyl acetate 16:1) to give a �1.6:1
mixture of C(4)-epimers of 9 as a pale yellow oil (125 mg, 80%). [�]D�
�27.3 (c� 1.06, CH2Cl2, 22 �C); IR (film): �� � 2918 cm�1; 1H NMR (major
isomer): �� 4.40 ± 4.17 (m, 2H), 4.04 (dd, J� 7.7, 6.0 Hz, 1H), 3.84 ± 3.73
(m, 1H), 3.43 (t, J� 7.9 Hz, 1H), 2.35 ± 2.15 (m, 2H), 2.09 (s, 9H), 2.00 ±
1.50 (m, 5H), 1.35 (s, 3H), 1.29 (s, 3H), 1.30 ± 1.10 (m, 2H), 0.89 (d, J�
7.0 Hz, 3H); 13C NMR (major isomer): �� 108.5, 89.8, 73.2, 73.1, 70.1, 67.5,
39.1, 35.4, 34.3, 30.5, 27.1, 27.1, 25.9, 16.4, 13.4; MS (EI): m/z (%): 365 (0.6)
[M�CH3]� , 333 (17) [M� SCH3]� , 213 (25), 155 (100); HRMS:m/z : calcd
for C16H29O3S2: 333.1558 [M� SCH3]� , found: 333.1552.


A solution of the orthothioester 9 prepared above (626 mg, 1.64 mmol) in
methanol/water (10:1, 22 mL) was cooled at �40 to �35 �C and PhI(O-
COCF3)2 (1.77 g, 4.12 mmol) was added over 1.5 h. The reaction mixture
was stirred at �35 �C for 1 h, quenched with saturated aqueous NaHCO3


and extracted with ethyl acetate. The organic layer was washed with brine,
dried (Na2SO4) and concentrated. The residue was purified by chromatog-
raphy on silica gel (hexanes/diethyl ether 8:1, 4:1 and 2:1) to give a �1.6:1
mixture of C(4)-epimers of [(2R,3R,6S)-6-((4RS)-2,2-dimethyl-[1,3]dioxo-
lan-4-ylmethyl)-3-methyltetrahydropyran-2-yl]-acetyl methyl ester as a
colorless oil (291 mg, 62%). [�]D��65.6 (c� 1.13, CH2Cl2, 22 �C); IR
(film): �� � 1739 cm�1; 1H NMR (major isomer): �� 4.31 ± 4.19 (m, 1H),
4.10 ± 4.01 (m, 1H), 3.97 (dd, J� 8.1, 5.9 Hz, 1H), 3.76 ± 3.65 (m, 1H), 3.68
(s, 3H), 3.44 (t, J� 7.9 Hz, 1H), 2.74 (dd, J� 14.2, 11.2 Hz, 1H), 2.30 (dd,
J� 14.2, 4.2 Hz, 1H), 2.00 ± 1.85 (m, 1H), 1.75 ± 1.40 (m, 4H), 1.36 (s, 3H),
1.32 (s, 3H), 1.32 ± 1.20 (m, 2H), 0.80 (d, J� 6.8 Hz, 3H); 13C NMR (major
isomer): �� 172.5, 108.1, 74.2, 74.1, 70.3, 67.0, 51.8, 40.1, 32.8, 32.5, 31.5, 27.0,
26.7, 26.0, 17.0; MS (EI): m/z (%): 286 (1) [M]� , 271 (10) [M�CH3]� , 231
(10), 105 (49); HRMS: m/z : calcd for C14H23O5: 271.1545 [M�CH3]� ,
found: 271.1543.


[(2R,3R,6S)-3-Methyl-6-(2-oxoethyl)-tetrahydropyran-2-yl]-acetyl methyl
ester : A solution of [(2R,3R,6S)-6-((4RS)-2,2-dimethyl-[1,3]dioxolan-4-
ylmethyl)-3-methyltetrahydropyran-2-yl]-acetyl methyl ester (240 mg,
838 �mol) and PPTS (20 mg, 80 �mol) in methanol (8 mL) was stirred at
room temperature for 20 h. The reaction mixture was concentrated,
redissolved in methanol (8 mL) and stirred at room temperature for an
additional 20 h. This procedure was repeated twice. The solution was
concentrated and purified by chromatography on silica gel (diethyl ether,
and then ethyl acetate) to give a �1.7:1 mixture of C(4)-epimers of
[(2R,3R,6S)-6-((2RS)-2,3-dihydroxypropyl)-3-methyltetrahydropyran-2-yl]-
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acetyl methyl ester as a colorless oil (195 mg, 95%). [�]D��50.6 (c� 1.03,
CH2Cl2, 22 �C); IR (film): �� � 3477, 1726 cm�1; 1H NMR (major isomer):
�� 4.28 ± 4.19 (m, 1H), 3.95 ± 3.78 (m, 2H), 3.73 (s, 3H), 3.57 ± 3.51 (m,
1H), 3.48 ± 3.43 (m, 1H), 2.89 ± 2.77 (m, 1H), 2.35 (dd, J� 13.0, 3.7 Hz,
1H), 2.29 ± 2.23 (m, 1H), 2.07 ± 1.92 (m, 1H), 1.70 ± 1.52 (m, 3H), 1.50 ± 1.40
(m, 2H), 1.40 ± 1.29 (m, 2H), 0.83 (d, J� 6.9 Hz, 3H); 13C NMR (major
isomer): �� 173.7, 74.6, 68.2, 66.6, 65.5, 52.2, 39.2, 33.0, 32.2, 31.6, 26.8, 17.2;
MS (EI): m/z (%): 247 (2) [M�H]� , 228 (2) [M�H2O]� , 215 (52) [M�
CH2OH]� , 171 (100); HRMS: m/z : calcd for C12H23O5: 247.1545 [M�H]� ,
found: 247.1546.


To an ice-cooled solution of the diol prepared above (194 mg, 787 �mol) in
diethyl ether/water (2:1, 24 mL) was added KIO4 (272 mg, 1.18 mmol). The
reaction mixture was stirred at 0 �C for 2 h, diluted with diethyl ether and
water, and extracted with diethyl ether. The organic layer was combined,
washed with brine, dried (Na2SO4), and concentrated. The residue was
purified by chromatography on silica gel (hexanes/diethyl ether 2:1 then
1:1) to give [(2R,3R,6S)-3-methyl-6-(2-oxoethyl)-tetrahydropyran-2-yl]-
acetyl methyl ester as a colorless oil (145 mg, 86%). [�]D��52.8 (c�
1.18, CH2Cl2, 22 �C); IR (film): �� � 2731, 1734 cm�1; 1H NMR: �� 9.69
(brdd, J� 2.3, 1.9 Hz, 1H), 4.35 ± 4.13 (m, 2H), 3.60 (s, 3H), 2.69 (dd, J�
14.0, 11.2 Hz, 1H), 2.53 (ddd, J� 15.9, 8.5, 3.0 Hz, 1H), 2.44 ± 2.35 (m, 1H),
2.35 (dd, J� 13.9, 4.0 Hz, 1H), 2.05 ± 1.91 (m, 1H), 1.77 ± 1.61 (m, 2H),
1.48 ± 1.26 (m, 2H), 0.84 (d, J� 7.0 Hz, 3H); 13C NMR: �� 201.6, 172.2,
74.3, 65.2, 51.7, 49.0, 32.5, 32.4, 30.5, 26.3, 16.7; MS (EI): m/z (%): 213 (4)
[M�H]� , 199 (2) [M�CH3]� , 185 (5) [M�CHO]� , 171 (5); HRMS: m/z :
calcd for C10H15O4: 199.0970 [M�CH3]� , found: 199.0961.


{(2R,3R,6S)-6-[(2RS)-(3E)-2-(tert-Butyldimethylsilanyloxy)-pent-3-enyl]-
3-methyltetrahydropyran-2-yl}-acetic acid (2): A 1.7� solution of tert-
butyllithium in hexanes (198 �L, 337 �mol) was added over 20 min to a cold
solution (�78 �C) of trans-2-propenylbromide (14 �L, 0.16 mmol) in
diethyl ether (2 mL). The reaction mixture was stirred at �78 �C for
20 min, warmed to 0 �C, and transferred by cannula into a pre-cooled
(�100 �C) solution of [(2R,3R,6S)-3-methyl-6-(2-oxoethyl)-tetrahydropyr-
an-2-yl]-acetyl methyl ester (20 mg, 93 �mol) in diethyl ether (2 mL). The
mixture was stirred at �100 �C for 10 min and quenched with saturated
aqueous NH4Cl. The aqueous layer was extracted with diethyl ether. The
organic phase was washed with brine, dried (Na2SO4), and passed through a
short pad of silica gel. The crude allyl alcohol was used for the next
silylation without any further purification.


To an ice-cooled solution of the allyl alcohol prepared above and imidazole
(39 mg, 0.57 mmol) in dichloromethane (0.5 mL) was added tert-butyldi-
methylsilyl chloride (62 mg, 0.41 mmol). The reaction mixture was stirred
at room temperature for 16 h and quenched with saturated aqueous NH4Cl.
The aqueous layer was extracted with diethyl ether. The organic phase was
washed with brine, dried (Na2SO4), and concentrated. The residue was
purified by chromatography on silica gel (hexanes/diethyl ether 16:1 then
8:1) to give a�10:1 mixture of C(4)-epimers of {6-(2R,3R,6S)-[(2RS)-(3E)-
2-(tert-butyldimethylsilanyloxy)-pent-3-enyl]-3-methyltetrahydropyran-2-
yl}-acetyl methyl ester as a colorless oil (19.2 mg; 56% over two steps).
[�]D��55.5 (c� 0.96, CH2Cl2, 22 �C); IR (film): �� � 2932, 1745 cm�1;
1H NMR (major isomer): �� 5.60 ± 5.38 (m, 1H), 5.43 ± 5.34 (m, 1H), 4.33 ±
4.24 (m, 1H), 4.18 ± 4.08 (m, 1H), 3.69 (s, 3H), 3.68 ± 3.52 (m, 1H), 2.65 (dd,
J� 14.7, 9.8 Hz, 1H), 2.33 (dd, J� 14.7, 4.6 Hz, 1H), 1.98 ± 1.87 (m, 1H),
1.85 ± 1.75 (m, 1H), 1.73 ± 1.60 (m, 2H), 1.68 (brd, J� 6.0 Hz, 3H), 1.48 ±
1.37 (m, 1H), 1.35 ± 1.20 (m, 2H), 0.87 (s, 9H), 0.82 (d, J� 7.0 Hz, 3H), 0.04
(s, 3H), 0.01 (s, 3H); 13C NMR: �� 172.7, 134.5, 125.7, 73.5, 70.8, 67.0, 51.8,
44.0, 33.3, 32.8, 30.2, 26.8, 26.0, 25.8, 18.3, 17.8, 16.5, �4.0, �4.7; MS (EI):
m/z (%): 355 (0.04) [M�CH3]� , 313 (2) [M�C4H9]� , 243 (18), 185 (8), 171
(8); HRMS: m/z : calcd for C16H29O4Si: 313.1835 [M�C4H9]� , found:
313.1827.


To a solution of the silyl ether prepared above (18.8 mg, 50.7 �mol) in THF
(1 mL) was added a 40 wt% solution of tetrabutylammonium hydroxide in
water (72 �L, 0.11 mmol). The reaction mixture was stirred at room
temperature for 4 h and poured into a stirred mixture of ethyl acetate and
0.01� hydrochloric acid. The organic layer was washed with brine, dried
(Na2SO4), and concentrated. The residue was purified by chromatography
on silica gel (hexanes/diethyl ether 16:1, 8:1, 4:1 and then 1:1) to give a
�10:1 mixture of C(4)-epimers of 2 as a colorless oil (15.2 mg, 84%).
[�]D��47.4 (c� 1.03, CH2Cl2, 22 �C); IR (film): �� 3500 ± 2800 (br),
1713 cm�1; 1H NMR (major isomer): �� 5.60 ± 5.50 (m, 1H), 5.43 ± 5.31 (m,
1H), 4.33 ± 4.22 (m, 1H), 4.20 ± 4.09 (m, 1H), 3.71 ± 3.60 (m, 1H), 2.67 (dd,


J� 15.7, 10.3 Hz, 1H), 2.38 (dd, J� 15.7, 3.9 Hz, 1H), 2.03 ± 1.77 (m, 2H),
1.75 ± 1.60 (m, 2H), 1.67 (dd, J� 6.5, 0.9 Hz, 3H), 1.54 ± 1.43 (m, 1H), 1.35 ±
1.23 (m, 2H), 0.87 (s, 9H), 0.85 (d, J� 7.0 Hz, 3H), 0.03 (s, 3H), 0.01 (s,
3H); 13C NMR (major isomer): �� 177.0, 134.3, 126.2, 73.1, 70.9, 67.4, 43.7,
33.0, 32.7, 29.9, 26.6, 26.0, 18.3, 17.8, 16.4,�4.0,�4.7; MS (EI):m/z (%): 341
(0.04) [M�CH3]� , 299 (1) [M�C4H9]� , 231 (3), 185 (3), 157 (3); HRMS:
m/z : calcd for C15H27O4Si: 299.1679 [M�C4H9]� , found: 299.1665.


[(2S,5S,6R)-6-Allyl-5-methyl-5,6-dihydro-2H-pyran-2-ylmethyl ester]-2,2-
dimethylpropionic acid (10): A solution of CuBr ¥ SMe2 (1.43 g, 6.97 mmol)
in Et2O (20 mL) at �30 �C under a N2 atmosphere was treated with MeLi
(1.4� in Et2O, 10.0 mL) and warmed to 0 �C. The cuprate solution was
added very slowly, over a period of 1.5 h, to a solution of 5 (1.61 g,
6.34 mmol) in Et2O (90 mL) at �15 to �5 �C. The reaction mixture was
quenched with saturated aqueous NH4Cl. The organic layer was washed
with 0.5� NaOH and brine, dried (Na2SO4), and concentrated in vacuo to
give crude product (1.32 g). [�]D��25 (c� 0.33, CHCl3, 22 �C); IR (film):
�� � 3075, 3027, 1742 cm�1; 1H NMR: �� 5.97 ± 5.81 (m, 1H), 5.77 (dt, J�
10.3, 2.4 Hz, 1H), 5.61 (dt, J� 10.2, 2.4 Hz, 1H), 5.16 ± 5.00 (m, 2H), 4.42 ±
4.33 (m, 1H), 4.27 (dd, J� 11.5, 8.1 Hz, 1H), 3.99 (dd, J� 3.4, 11.5 Hz, 1H),
3.42 (dt, J� 4.0, 7.4 Hz, 1H), 2.46 ± 2.34 (m, 1H), 2.33 ± 2.20 (m, 1H), 2.16 ±
2.02 (m, 1H), 2.09 (s, 3H), 0.99 (d, J� 7.1 Hz, 3H); 13C NMR: �� 171.2,
135.3, 133.7, 123.9, 116.7, 74.7, 70.5, 64.8, 37.3, 33.3, 21.2, 18.1; MS (EI): m/z
(%): 210 (0.2) [M]� , 209 (1) [M�H]� , 169 (24), 137 (63), 109 (100);
HRMS: m/z : calcd for C12H17O3: 209.1178 [M�H]� , found: 209.1174.


A solution of the crude residue prepared above (1.32 g) in MeOH (20 mL)
was treated with NaOMe (23 mg, 0.43 mmol) at room temperature, stirred
for 12 h, concentrated, and dried in vacuo. A mixture of the crude residue
(1.03 g) in pyridine (5 mL) was treated with pivaloyl chloride (0.93 mL,
7.6 mmol) at room temperature, stirred for 2 h, diluted with ethyl acetate,
washed with 1� HCl (2� ), saturated aqueous NaHCO3, and brine, dried
(Na2SO4), and concentrated. Purification of the residue by chromatography
on silica gel (hexanes/ethyl acetate 1:0, then 20:1) gave 10 as a pale yellow
oil (929 mg, 58% over three steps). [�]D��33 (c� 0.83, CHCl3, 22 �C); IR
(film): �� � 3075, 3027, 1729 cm�1; 1H NMR: �� 5.96 ± 5.80 (m, 1H), 5.75 (dt,
J� 10.2, 2.2 Hz, 1H), 5.61 (dt, J� 10.3, 2.4 Hz, 1H), 5.13 ± 5.00 (m, 2H),
4.41 ± 4.33 (m, 1H), 4.31 (dd, J� 7.5, 11.2 Hz, 1H), 3.94 (dd, J� 11.2, 3.2 Hz,
1H), 3.42 (dt, J� 3.7, 7.8 Hz, 1H), 2.44 ± 2.33 (m, 1H), 2.30 ± 2.18 (m, 1H),
2.15 ± 2.02 (m, 1H), 1.21 (s, 9H), 0.98 (d, J� 7.1 Hz, 3H); 13C NMR: ��
178.6, 135.5, 133.6, 124.1, 116.6, 74.8, 70.7, 64.7, 39.0, 37.4, 33.5, 27.4, 17.9; MS
(EI): m/z (%): 211 (30) [M�C3H5]� , 137 (76), 81 (73), 57 (100); HRMS:
m/z : calcd for C12H19O3: 211.1334 [M�C3H5]� , found: 211.1337.


[(2S,5S,6R)-6-(3-Hydroxypropyl)-5-methyl-5,6-dihydro-2H-pyran-2-yl-
methyl ester]-2,2-dimethylpropionic acid : 9-BBN (0.5� in THF, 80 mL)
was added at room temperature to a solution of 10 (5.07 g, 20.1 mmol) in
THF (80 mL). After 17 h, 0.5� NaOH (80 mL) and 30% H2O2 (80 mL)
were added slowly to the reaction mixture at 0 �C. After stirring for an
additional 3 h at room temperature, the mixture was diluted with ethyl
acetate. The organic layer was washed with brine and the aqueous layer was
extracted with CHCl3 (2� ). The combined organic layers were dried
(Na2SO4), concentrated, and purified by chromatography on silica gel
(hexanes/ethyl acetate 4:1, 2:1, and 1:1) to give alcohol as a colorless oil
(4.60 g, 85%). [�]D��23 (c� 0.91, CHCl3, 22 �C); IR (film): �� � 3433,
3027, 1725, 1645 cm�1; 1H NMR: �� 5.73 (dt, J� 10.3, 2.2 Hz, 1H), 5.58 (dt,
J� 10.3, 2.5 Hz, 1H), 4.41 ± 4.33 (m, 1H), 4.29 (dd, J� 7.8, 11.2 Hz, 1H),
3.94 (dd, J� 2.8, 11.2 Hz, 1H), 3.63 (t, J� 6.0 Hz, 2H), 3.31 (dt, J� 2.2,
8.5 Hz, 1H), 2.43 ± 2.30 (br s, 1H), 2.13 ± 2.00 (m, 1H), 1.82 ± 1.58 (m, 3H),
1.57 ± 1.45 (m, 1H), 1.19 (s, 9H), 0.95 (d, J� 7.1 Hz, 3H); 13C NMR: ��
178.6, 134.0, 123.7, 74.9, 71.1, 64.5, 62.8, 38.9, 34.1, 29.6, 29.0, 27.3, 17.8; MS
(EI): m/z (%): 271 (60) [M�H]� , 211 (78), 182 (100), 155 (88), 57 (89);
HRMS: m/z : calcd for C15H27O4: 271.1909 [M�H]� , found: 271.1917.


{(2S,5S,6R)-5-Methyl-6-[3-(triisopropylsilanyloxy)-propyl]-5,6-dihydro-
2H-pyran-2-ylmethyl ester}-2,2-dimethylpropionic acid : TIPSCl (2.1 mL,
10 mmol) was added at room temperature to a solution of the alcohol
prepared above (1.35 g, 5.00 mmol), imidazole (0.68 g, 10 mmol), and
DMAP (61 mg, 0.50 mmol) in CH2Cl2 (13 mL). After 15 h, the mixture was
diluted with ethyl acetate, washed with saturated aqueous NaHCO3, and
brine, dried (Na2SO4), concentrated, and purified by chromatography on
silica gel (hexanes/ethyl acetate 80:1, 40:1, and 20:1) to give TIPS ether as a
colorless oil (2.10 g, 100%). [�]D��9.0 (c� 0.90, CHCl3, 22 �C); IR (film):
�� � 3030, 1731 cm�1; 1H NMR: �� 5.75 (dt, J� 10.3, 2.3 Hz, 1H), 5.60 (dt,
J� 10.2, 2.5 Hz, 1H), 4.40 ± 4.31 (m, 1H), 4.27 (dd, J� 7.7, 11.4 Hz, 1H),
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3.96 (dd, J� 11.4, 3.3 Hz, 1H), 3.74 ± 3.63 (m, 2H), 3.30 (t, J� 8.2 Hz, 1H),
2.10 ± 1.96 (m, 1H), 1.87 ± 1.66 (m, 2H), 1.66 ± 1.37 (m, 2H), 1.21 (s, 9H),
1.12 ± 1.00 (m, 21H), 0.97 (d, J� 7.1 Hz, 3H); 13C NMR: �� 178.6, 133.9,
124.1, 74.9, 70.6, 64.7, 63.4, 38.9, 34.3, 29.3, 29.2, 27.4, 18.2, 18.0, 12.2; MS
(EI): m/z (%): 426 (0.03) [M]� , 311 (22), 215 (88), 201 (66), 159 (62), 57
(100); HRMS: m/z : calcd for C24H46O4Si: 426.3165, found: 426.3163.


(2S,5S,6R)-{5-Methyl-6-[3-(triisopropylsilanyloxy)-propyl]-5,6-dihydro-
2H-pyran-2-yl}-methanol (11): A solution of the TIPS ether prepared
above (2.10 g, 5.00 mmol) in THF (30 mL) was added slowly to a
suspension of LiAlH4 (380 mg, 10.0 mmol) in THF (15 mL) at room
temperature. The reaction mixture was stirred for 11.5 h, treated with 0.5�
NaOH for 3 h, filtered, dried (Na2SO4), and concentrated. Purification of
the residue by chromatography on silica gel (hexanes/ethyl acetate 4:1)
gave 11 as a colorless oil (1.59 g, 93%). [�]D��14 (c� 0.95, CHCl3, 22 �C);
IR (film): �� � 3413, 3022 cm�1; 1H NMR: �� 5.73 (dt, J� 10.3, 2.5 Hz, 1H),
5.57 (dt, J� 10.3, 2.4 Hz, 1H), 4.26 ± 4.18 (m, 1H), 3.77 ± 3.67 (m, 2H),
3.67 ± 3.58 (m, 1H), 3.57 ± 3.47 (m, 1H), 3.37 ± 3.28 (m, 1H), 2.13 (dd, J�
9.1, 3.2 Hz, 1H), 2.10 ± 2.00 (m, 1H), 1.85 ± 1.65 (m, 2H), 1.65 ± 1.48 (m,
2H), 1.12 ± 1.00 (m, 21H), 0.98 (d, J� 7.1 Hz, 3H); 13C NMR: �� 133.2,
124.2, 74.8, 72.7, 63.9, 63.3, 34.2, 29.4, 29.1, 18.4, 18.2, 12.2; MS (EI): m/z
(%): 342 (0.03) [M]� , 311 (93) [M�CH3O]� , 299 (100) [M�C3H7]� , 159
(61), 81 (96); HRMS: m/z : calcd for C18H35O2Si: 311.2406 [M�CH3O]� ,
found: 311.2412.


(2R,5S,6R)-[3-(6-But-3-enyl-3-methyl-3,6-dihydro-2H-pyran-2-yl)-pro-
poxy]triisopropylsilane : Trifluoromethanesulfonic anhydride (0.36 mL,
2.2 mmol) was added at �45 �C to a solution of 11 (687 mg, 2.01 mmol)
and pyridine (0.19 mL, 2.4 mmol) in CH2Cl2 (15 mL). After 30 min, the
reaction mixture was warmed to 0 �C, kept at the temperature for 10 min,
diluted with Et2O, washed with ice-cold 1� HCl, water, saturated aqueous
NaHCO3, and brine, dried (Na2SO4), filtered through a short plug of silica
gel, concentrated, and dried in vacuo. The pale organic residue (915 mg,
96%) was used for the next step without further purification.


To a suspension of CuBr2 ¥ SMe2 (80 mg, 0.39 mmol) in Et2O (10 mL) was
added allylmagnesium bromide (1.0� in Et2O, 2.9 mL) at �78 �C. After
15 min, a solution of the triflate prepared above (915 mg) in Et2O (10 mL)
was added via cannula to the brown solution at �78 �C. The reaction
mixture was slowly warmed to room temperature over a period of 2 h,
stirred for 12 h, quenched with saturated aqueous NH4Cl, washed with 0.5�
NaOH, and brine, dried (Na2SO4), and concentrated. Purification of the
residue by chromatography on silica gel (hexanes/ethyl acetate 40:1) gave
(2R,5S,6R)-[3-(6-but-3-enyl-3-methyl-3,6-dihydro-2H-pyran-2-yl)-propoxy]-
triisopropylsilane as a pale yellow oil (471 mg, 64%). [�]D��2.7 (c� 0.86,
CHCl3, 22 �C); IR (film): �� � 3078, 3023 cm�1; 1H NMR: �� 5.91 ± 5.75 (m,
1H), 5.65 (dt, J� 10.3, 2.1 Hz, 1H), 5.60 (dt, J� 10.2, 1.9 Hz, 1H), 5.04
(ddd, J� 17.2, 3.5, 1.6 Hz, 1H), 5.00 ± 4.92 (m, 1H), 4.15 ± 4.08 (m, 1H),
3.80 ± 3.65 (m, 2H), 3.28 ± 3.20 (m, 1H), 2.30 ± 2.08 (m, 2H), 2.08 ± 1.93 (m,
1H), 1.90 ± 1.40 (m, 6H), 1.15 ± 1.00 (m, 21H), 0.96 (d, J� 7.1 Hz, 3H);
13C NMR: �� 138.6, 131.0, 128.9, 114.9, 74.3, 71.2, 63.4, 34.6, 33.4, 30.5, 29.6,
29.4, 18.3, 18.2, 12.2; MS (EI): m/z (%): 323 (5) [M�C3H7]� , 311 (4), 201
(54), 159 (74), 91(91), 81 (64), 69 (100); HRMS: m/z : calcd for C19H35O2Si:
323.2406 [M�C3H7]� , found: 323.2414.


4-{(2R,5S,6R)-5-Methyl-6-[3-(triisopropylsilanyloxy)-propyl]-5,6-dihydro-
2H-pyran-2-yl}-butan-1-ol : 9-BBN (0.5� in THF, 4.0 mL) was added at
room temperature to a solution of (2R,5S,6R)-[3-(6-but-3-enyl-3-methyl-
3,6-dihydro-2H-pyran-2-yl)-propoxy]triisopropylsilane (362 mg, 0.989 mmol)
in THF (21 mL). The reaction mixture was stirred for 23.5 h, treated with
0.5� NaOH (4 mL) and 30% H2O2 (4 mL), stirred for an additional 5.5 h,
and extracted with ethyl acetate. The combined organic layers were washed
with water and brine, dried (Na2SO4), concentrated, and purified by
chromatography on silica gel (hexanes/ethyl acetate 8:1, then 4:1) to give
alcohol as a colorless oil (290 mg, 77%). [�]D��7.1 (c� 0.91, CHCl3,
22 �C); IR (film): �� � 3381, 3019 cm�1; 1H NMR: �� 5.64 (dt, J� 10.2,
1.9 Hz, 1H), 5.58 (dt, J� 10.3, 1.8 Hz, 1H), 4.12 ± 4.02 (m, 1H), 3.77 ± 3.67
(m, 2H), 3.77 ± 3.57 (m, 2H), 3.24 (dt, J� 2.5, 8.2 Hz, 1H), 2.05 ± 1.90 (m,
1H), 1.87 ± 1.35 (m, 11H), 1.15 ± 0.98 (m, 21H), 0.98 (d, J� 6.3 Hz, 3H);
13C NMR: �� 130.8, 128.9, 74.5, 71.6, 63.5, 63.1, 34.5, 33.9, 32.9, 29.6, 29.3,
22.4, 18.4, 18.3, 12.2; MS (EI): m/z (%): 341 (3) [M�C3H7]� , 311 (5), 201
(84), 159 (100), 71(100); HRMS: m/z : calcd for C19H37O3Si: 341.2512 [M�
C3H7]� , found: 341.2517.


4-{(2R,5S,6R)-5-Methyl-6-[3-(triisopropylsilanyloxy)-propyl]-5,6-dihydro-
2H-pyran-2-yl}-butyraldehyde (12): A mixture of the alcohol prepared
above (5.18 g, 13.5 mmol), NMO (2.38 g, 20.3 mmol), and 4 ä powdered
molecular sieves (6.75 g) was treated with TPAP (0.24 g, 0.68 mmol) at
room temperature, stirred for 30 min, filtered through a short pad of silica
gel, and concentrated. Purification of the residue by chromatography on
silica gel (hexanes/ethyl acetate 20:1) gave 12 as a pale yellow oil (4.32 g,
84%). [�]D��6.6 (c� 0.97, CHCl3, 22 �C); IR (film): �� � 3025, 2709,
1726 cm�1; 1H NMR: �� 9.77 (s, 1H), 5.62 (s, 2H), 4.13 ± 4.03 (m, 1H),
3.78 ± 3.62 (m, 2H), 3.28 ± 3.18 (m, 1H), 2.47 (t, J� 7.2 Hz, 2H), 2.07 ± 1.93
(m, 1H), 1.88 ± 1.40 (m, 8H), 1.15 ± 1.00 (m, 21H), 0.96 (d, J� 7.1 Hz, 3H);
13C NMR: �� 202.8, 131.1, 128.5, 74.6, 71.3, 63.4, 43.9, 34.4, 33.5, 29.6, 29.3,
18.9, 18.4, 18.2, 12.2; MS (EI): m/z (%): 382 (0.1) [M]� , 339 (16) [M�
C3H7]� , 201 (72), 159 (100); HRMS: m/z : calcd for C19H35O3Si: 339.2355
[M�C3H7]� , found: 339.2365.


(4R)-3-(Bromoacetyl)-4-(phenylmethyl)-2-oxazolidinone (13): n-BuLi
(1.6� in hexane, 26 mL) and bromoacetyl chloride (3.6 mL, 44 mmol)
were added successively at �78 �C to a solution of (R)-4-(benzyl)-2-
oxazolidinone (7.11 g, 40.1 mmol) in THF (12 mL). The reaction mixture
was slowly warmed to room temperature over a period of 2 h, quenched
with saturated aqueous NH4Cl, and extracted with ethyl acetate. The
organic layer was washed with saturated aqueous NaHCO3 and brine, dried
(Na2SO4), concentrated, and purified by chromatography on silica gel
(hexanes/ethyl acetate 4:1) to give 13 as a colorless oil (7.93 g, 66%). [�]D�
�73 (c� 0.28, CHCl3, 22 �C), lit. :[29] [�]D��79.3 (c� 1.01, CH2Cl2, 21 �C);
IR (film): �� � 1779, 1711 cm�1; 1H NMR: �� 7.40 ± 7.10 (m, 5H), 4.76 (s,
2H), 4.77 ± 4.65 (m, 1H), 4.35 ± 4.22 (m, 2H), 3.36 (dd, J� 13.4, 3.3 Hz,
1H), 2.82 (dd, J� 13.4, 9.6 Hz, 1H); 13C NMR: �� 166.4, 153.4, 134.9,
129.7, 129.5, 127.8, 67.3, 55.7, 43.9, 37.9; MS (EI):m/z (%): 299 (14) [M�2]� ,
297 (13) [M]� , 253 (21), 160 (33), 133 (100); HRMS: m/z : calcd for
C12H12NO3Br: 297.0001, found: 297.0006.


(4R)-Benzyl-3-((3S)-hydroxy-6-{(2R,5S,6R)-5-methyl-6-[3-(triisopropylsi-
lanyloxy)-propyl]-5,6-dihydro-2H-pyran-2-yl}-hexanoyl)-oxazolidin-2-one :
CrCl2 (3.48g, 28.3 mmol) and LiI (0.16 g, 1.1 mmol) were freshly flame-
dried in vacuo. After cooling to room temperature, THF (50 mL) was
added to the mixture. To the resulting suspension was added a solution of
12 (4.15 g, 10.9 mmol) and 13 (3.42 g, 11.5 mmol) in THF (50 mL) at room
temperature. The reaction mixture was stirred for 3.5 h, quenched with
brine, stirred for an additional 30 min, and extracted with ethyl acetate (4�
). The combined organic layers were dried (Na2SO4), concentrated, and
purified by chromatography on silica gel (hexanes/ethyl acetate 4:1, then
2:1) to give the desired aldol product as a pale yellow oil (3.38 g, 52%) and
the undesired aldol product as a pale yellow oil (1.06 g, 16%). Major
isomer: [�]D��11 (c� 0.83, CHCl3, 22 �C); IR (film): �� � 3478, 3024, 1784,
1686 cm�1; 1H NMR: �� 7.48 ± 7.16 (m, 5H), 5.70 ± 5.55 (m, 2H), 4.70 (ddd,
J� 12.8, 7.0, 3.4 Hz, 1H), 4.28 ± 4.15 (m, 2H), 4.15 ± 4.05 (m, 2H), 3.80 ± 3.63
(m, 2H), 3.35 ± 3.20 (m, 2H), 3.12 ± 3.05 (m, 2H), 3.02 ± 2.95 (m, 1H), 2.81
(dd, J� 13.4, 9.7 Hz, 1H), 2.05 ± 1.95 (m, 1H), 1.85 ± 1.40 (m, 10H), 1.15 ±
1.00 (m, 21H), 0.97 (d, J� 7.0 Hz, 3H); 13C NMR: �� 173.1, 153.6, 135.2,
130.8, 129.6, 129.2, 128.9, 127.6, 74.5, 71.5, 68.1, 66.5, 63.4, 55.2, 43.0, 38.0,
36.7, 34.4, 34.1, 29.5, 29.3, 22.1, 18.4, 18.3, 12.2; MS (EI):m/z (%): 601 (0.05)
[M]� , 583 (0.6) [M�H2O]� , 540 (2), 496 (24), 363 (53), 201 (49), 159 (100),
131 (69), 91 (60); HRMS: m/z : calcd for C34H53NO5Si: 583.3693 [M�
H2O]� , found: 583.3680. Minor isomer: [�]D��34 (c� 0.95, CHCl3,
22 �C); IR (film): �� � 3478, 3062, 3023, 1785, 1690 cm�1; 1H NMR: �� 7.50 ±
7.10 (m, 5H), 5.70 ± 5.54 (m, 2H), 4.75 ± 4.63 (m, 1H), 4.30 ± 4.05 (m, 4H),
3.80 ± 3.63 (m, 2H), 3.35 ± 3.20 (m, 2H), 3.18 (dd, J� 17.5, 2.4 Hz, 1H), 2.99
(dd, J� 17.5, 9.3 Hz, 1H), 2.89 (d, J� 4.1 Hz, 1H), 2.78 (dd, J� 13.3, 9.7 Hz,
1H), 2.07 ± 1.95 (m, 1H), 1.88 ± 1.70 (m, 3H), 1.70 ± 1.40 (m, 7H), 1.20 ± 1.00
(m, 21H), 0.97 (d, J� 7.1 Hz, 3H); 13C NMR: �� 173.0, 153.6, 135.3, 130.8,
129.6, 129.2, 128.9, 127.7, 75.9, 71.6, 67.9, 66.6, 63.4, 55.3, 43.0, 38.2, 36.6, 34.4,
34.1, 29.5, 29.3, 22.2, 18.5, 18.3, 12.2; MS (EI): m/z (%): 601 (0.3) [M]� , 583
(0.4) [M�H2O]� , 558 (1) [M�C3H7]� , 470 (24), 201 (62), 159 (100), 131
(66), 91 (55), 71 (45); HRMS: m/z : calcd for C31H48NO6Si: 558.3251 [M�
C3H7]� , found: 558.3247.


2,2-Dimethylpropionic acid (3S)-hydroxy-6-{(2R,5S,6R)-5-methyl-6-[3-
(triisopropylsilanyloxy)-propyl]-5,6-dihydro-2H-pyran-2-yl}-hexyl ester
(14): To a solution of the major aldol product prepared above (151 mg,
0.251 mmol) and EtOH (45 �L) in Et2O (4 mL) was added LiBH4 (2.0� in
THF, 0.25 mL) slowly at �25 �C. After 10 min, the reaction mixture was
quenched with 0.5� NaOH (2 mL) at �20 �C, stirred for an additional
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30 min, poured into brine (4 mL), and extracted with ethyl acetate (3� ).
The combined organic layers were dried (Na2SO4), filtered, and concen-
trated to give crude diol (146 mg) which was used for the next reaction
without further purification. Analytical sample was prepared by purifying
small amount of the crude material on preparative TLC (hexanes/ethyl
acetate 1:2). [�]D��9.0 (c� 0.50, CHCl3, 22 �C); IR (film): �� � 3357,
3020 cm�1; 1H NMR: �� 5.70 ± 5.55 (m, 2H), 4.15 ± 4.05 (m, 1H), 3.95 ± 3.80
(m, 3H), 3.80 ± 3.62 (m, 2H), 3.24 (dt, J� 2.2, 8.0 Hz, 1H), 2.94 (br s, 2H),
2.10 ± 1.95 (m, 2H), 1.85 ± 1.35 (m, 11H), 1.20 ± 1.00 (m, 21H), 0.96 (d, J�
7.0 Hz, 3H); 13C NMR: �� 130.8, 128.8, 74.6, 72.3, 71.5, 63.4, 62.0, 38.3, 37.8,
34.4, 34.0, 29.6, 29.2, 21.9, 18.4, 18.2, 12.2; MS (EI): m/z (%): 385 (3) [M�
C3H7]� , 367 (3), 201 (45), 159 (94), 71 (100); HRMS: m/z : calcd for
C21H41O4Si: 385.2774 [M�C3H7]� , found: 385.2794.


The crude diol (146 mg) prepared above was dissolved in pyridine (2 mL)
and pivaloyl chloride (37 �L, 0.30 mmol) was added to the solution at room
temperature. After 24 h, the mixture was diluted with ethyl acetate, washed
with 1� HCl (2� ), saturated aqueous NaHCO3, and brine, dried (Na2SO4),
concentrated, and purified by chromatography on silica gel (hexanes/ethyl
acetate 4:1) to yield 14 as a colorless oil (97 mg; 76% over two steps). [�]�
�6.5 (c� 0.49, CHCl3, 22 �C); IR (film): �� � 3442, 3023, 1729, 1709 cm�1;
1H NMR: �� 5.68 ± 5.55 (m, 2H), 4.37 (ddd, J� 11.3, 8.6, 4.9 Hz, 1H),
4.17 ± 4.05 (m, 2H), 3.78 ± 3.60 (m, 3H), 3.28 ± 3.20 (m, 1H), 2.13 (d, J�
4.5 Hz, 1H), 2.07 ± 1.93 (m, 1H), 1.90 ± 1.35 (m, 12H), 1.20 (s, 9H), 1.15 ±
1.00 (m, 21H), 0.97 (d, J� 7.1 Hz, 3H); 13C NMR: �� 179.2, 130.8, 128.8,
74.6, 71.5, 68.8, 63.4, 61.9, 39.0, 37.5, 36.6, 34.4, 34.1, 29.6, 29.3, 27.4, 22.2,
18.5, 18.3, 12.2; MS (EI): m/z (%): 512 (0.01) [M]� , 469 (21) [M�C3H7]� ,
215 (45), 201 (84), 159 (92), 71 (100); HRMS: m/z : calcd for C26H49O5Si:
469.3349 [M�C3H7]� , found: 469.3353.


2-{(2S,6S,8R,9S)-9-Methyl-8-[3-(triisopropylsilanyloxy)-propyl]-1,7-dioxa-
spiro[5.5]undec-10-en-2-yl}-ethanol (15): A solution of 14 (837 mg,
1.63 mmol) in CCl4 (40 mL) was added to a suspension of iodobenzene
diacetate (1.05 g, 3.26 mmol) and iodine (827 mg, 3.26 mmol) in CCl4
(80 mL). The reaction was initiated by light (250 W) and the reaction
mixture was kept under irradiation for 1 h, quenched with saturated
aqueous Na2S2O3 (150 mL) and stirred for 15 min. The aqueous layer was
extracted with ethyl acetate (2� ). The combined organic layers were dried
(Na2SO4), concentrated, and chromatographed through a short plug of
silica gel (hexanes/ethyl acetate 20:1, then 10:1) to give crude spiroketal
(731 mg).


To a suspension of LiAlH4 (124 mg, 3.26 mmol) in Et2O (10 mL) was added
a solution of the crude spiroketal prepared above (731 mg) in Et2O (5 mL)
at room temperature. After 1.5 h, the reaction mixture was quenched with
0.5� NaOH, stirred for an additional 15 min, filtered through a glass filter,
and concentrated. Purification of the residue by chromatography on silica
gel (hexanes/ethyl acetate 4:1) gave 15 as a colorless oil (295 mg; 42%,
over two steps) and 16 as a colorless oil (106 mg; 12%, over two steps). A
solution of 16 (93 mg, 0.17 mmol) and AIBN (9 mg, 0.05 mmol) in
tributyltin hydride (1 mL) was heated at 80 �C for 14 h. The mixture was
purified twice by chromatography on silica gel (hexanes/ethyl acetate 1:0,
then 4:1) to give 15 as a colorless oil (68 mg, 94%).


Compound 15 : [�]D��37 (c� 0.50, CHCl3, 22 �C); IR (film): �� � 3445,
3033 cm�1; 1H NMR: �� 5.66 (dd, J� 9.9, 1.7 Hz, 1H), 5.55 (dd, J� 9.9,
2.5 Hz, 1H), 4.07 ± 3.95 (m, 1H), 3.85 ± 3.65 (m, 4H), 3.38 (dt, J� 1.9,
9.7 Hz, 1H), 3.01 (dd, J� 6.2, 4.7 Hz, 1H), 2.10 ± 1.80 (m, 4H), 1.80 ± 1.20
(m, 9H), 1.20 ± 1.00 (m, 21H), 0.95 (d, J� 7.2 Hz, 3H); 13C NMR: �� 135.0,
129.5, 94.2, 74.0, 71.7, 63.7, 62.2, 38.2, 34.8 (2C), 31.1, 30.1, 29.5, 18.9, 18.3,
17.2, 12.3; MS (EI): m/z (%): 426 (3) [M]� , 383 (47), 295 (59), 201 (62), 182
(99), 71 (100); HRMS: m/z : calcd for C24H46O4Si: 426.3165, found:
426.3174


Compound 16 : [�]D��93 (c� 0.55, CHCl3, 22 �C); IR (film): �� � 3451,
3035 cm�1; 1H NMR: �� 5.78 (dd, J� 9.9, 1.7 Hz, 1H), 5.45 (dd, J� 9.9,
2.7 Hz, 1H), 4.20 ± 4.05 (m, 1H), 4.07 (dd, J� 12.9, 4.4 Hz, 1H), 3.85 ± 3.65
(m, 4H), 3.43 (t, J� 9.2 Hz, 1H), 2.65 ± 2.45 (m, 2H), 2.30 ± 2.10 (m, 2H),
2.00 ± 1.80 (m, 2H), 1.80 ± 1.45 (m, 6H), 1.20 ± 0.90 (m, 21H), 0.97 (d, J�
7.2 Hz, 3H); 13C NMR: �� 137.2, 127.8, 94.9, 74.7, 70.7, 63.5, 61.8, 37.7, 34.8,
33.5 (C2), 32.5, 29.6, 29.0, 18.3, 16.8, 12.2; MS (EI):m/z (%): 552 (0.9) [M]� ,
509 (62), 381 (98), 71 (100); HRMS: m/z :calcd for C24H45O4SiI: 552.3132,
found: 552.2136.


(2S,6S,8R,9S)-{9-Methyl-8-[3-(triisopropylsilanyloxy)-propyl]-1,7-dioxa-
spiro[5.5]undec-10-en-2-yl}-acetaldehyde : A solution of 15 (304 mg,


0.714 mmol) in CH2Cl2 (35 mL) was added at room temperature to a
suspension of PCC (925 mg, 4.29 mmol) and sodium acetate (708 mg,
8.63 mmol) in CH2Cl2 (35 mL). After 1.5 h, the reaction mixture was
quenched by addition of Et2O and MgSO4, filtered, and concentrated.
Purification of the residue by chromatography on silica gel (hexanes/ethyl
acetate 10:1) gave (2S,6S,8R,9S)-{9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxa-spiro[5.5]undec-10-en-2-yl}-acetaldehyde as a colorless
oils (250 mg, 82%). [�]D��29 (c� 0.14, CHCl3, 22 �C); IR (film): �� �
3028, 2716, 1730 cm�1; 1H NMR: �� 9.79 (t, J� 2.2 Hz, 1H), 5.68 (dd, J�
9.9, 1.7 Hz, 1H), 5.54 (dd, J� 9.9, 2.6 Hz, 1H), 4.40 ± 4.28 (m, 1H), 3.83 ±
3.68 (m, 2H), 3.41 (dt, J� 1.9, 9.6 Hz, 1H), 2.57 (ddd, J� 16.4, 8.6, 2.7 Hz,
1H), 2.42 (ddd, J� 16.3, 4.4, 1.8 Hz, 1H), 1.90 ± 1.80 (m, 4H), 1.70 ± 1.20 (m,
7H), 1.20 ± 0.95 (m, 21H), 0.95 (d, J� 7.2 Hz, 3H); 13C NMR: �� 201.7,
135.1, 129.2, 94.4, 73.8, 65.9, 63.6, 49.9, 34.8, 34.6, 30.8, 29.9, 29.5, 18.9, 18.3,
17.1, 12.2; MS (EI):m/z (%): 424 (1) [M]� , 381 (32), 180 (100); HRMS:m/z :
calcd for C24H44O4Si: 424.3009, found: 424.3021.


(4R)-Benzyl-3-(4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-10-en-2-yl}-but-2-enoyl)-oxazolidin-2-
one (18): A solution of the aldehyde (105 mg, 0.248 mmol) and 17 (110 mg,
0.310 mmol) in THF (2 mL) was treated with LiCl (123 mg, 2.90 mmol) and
(iPr)2NEt (48 �L, 0.27 mmol) at room temperature, stirred for 3 d, diluted
with brine, and extracted with ethyl acetate (3� ). The combined organic
layers were dried (Na2SO4), concentrated, and purified by chromatography
on silica gel (hexanes/ethyl acetate 10:1, then 4:1) to give 18 as a colorless
oil (142 mg, 92%). [�]D��30 (c� 0.20, CHCl3, 22 �C); IR (film): �� � 3029,
1779, 1683, 1631 cm�1; 1H NMR: �� 7.40 ± 7.15 (m, 7H), 5.69 (dd, J� 9.9,
1.6 Hz, 1H), 5.59 (dd, J� 9.9, 2.4 Hz, 1H), 4.73 (ddd, J� 13.1, 7.0, 3.4 Hz,
1H), 4.30 ± 4.10 (m, 2H), 4.00 ± 3.88 (m, 1H), 3.85 ± 3.65 (m, 2H), 3.45 (br t,
J� 9.7 Hz, 1H), 3.34 (dd, J� 13.3, 3.2 Hz, 1H), 2.78 (dd, J� 13.3, 9.6 Hz,
1H), 2.60 ± 2.35 (m, 2H), 2.12 ± 2.00 (m, 1H), 2.00 ± 1.80 (m, 3H), 1.70 ± 1.35
(m, 6H), 1.35 ± 1.20 (m, 1H), 1.20 ± 1.00 (m, 21H), 0.97 (d, J� 7.2 Hz, 3H);
13C NMR: �� 165.0, 153.6, 148.3, 135.7, 134.9, 129.7, 129.6, 129.2, 127.5,
122.3, 94.5, 73.6, 69.1, 66.3, 63.6, 55.5, 39.7, 38.2, 34.9, 34.8, 30.6, 29.9, 29.5,
18.9, 18.3, 17.1, 12.3; MS (EI): m/z (%): 629 (1) [M]� , 582 (100), 405 (41),
381 (86), 299 (40); HRMS: m/z : calcd for C33H48NO6Si: 582.3251 [M�
C3H7]� , found: 582.2228.


(4R)-Benzyl-3-(4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-10-en-2-yl}-butyryl)-oxazolidin-2-one : A
mixture of 18 (130 mg, 0.208 mmol) and Pt/C (5%, 45 mg) in MeOH
(5 mL) was treated with H2 for 2.5 h at room temperature, filtered through
a plug of Celite, and concentrated. Purification of the residue by
chromatography on silica gel (hexanes/ethyl acetate 4:1 then 1:1) gave
(4R)-benzyl-3-(4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-10-en-2-yl}-butyryl)-oxazolidin-2-one as
a colorless oil, which eventually crystallized to give a colorless solid
(80 mg, 63%). M.p. 54.1 ± 55.1 �C; [�]D��0.5 (c� 0.80, CHCl3, 22 �C); IR
(film): �� � 1789, 1701 cm�1; 1H NMR: �� 7.40 ± 7.15 (m, 5H), 4.67 (ddd, J�
13.1, 6.9, 3.4 Hz, 1H), 4.25 ± 4.10 (m, 2H), 3.80 ± 3.65 (m, 2H), 3.62 ± 3.50
(m, 1H), 3.31 (dd, J� 13.3, 3.2 Hz, 1H), 3.18 (dt, J� 2.0, 9.7 Hz, 1H), 3.10 ±
2.85 (m, 2H), 2.76 (dd, J� 13.3, 9.7 Hz, 1H), 2.00 ± 1.15 (m, 19H), 1.15 ±
0.95 (m, 21H), 0.85 (d, J� 6.5 Hz, 3H); 13C NMR: �� 173.4, 153.6, 135.5,
129.6, 129.2, 127.5, 95.6, 74.8, 69.2, 66.3, 63.9, 55.4, 38.1, 36.3, 36.0, 35.9, 35.7,
35.3, 31.5, 29.6 (C2), 28.2, 20.9, 19.2, 18.3, 17.9, 12.2; MS (EI): m/z (%): 629
(0.5) [M]� , 611 (1), 586 (58), 343 (32), 227 (100); HRMS: m/z : calcd for
C33H52NO6Si: 586.3564 [M�C3H7]� , found: 586.3537.


(4R)-Benzyl-3-((2R)-4-{(2S,6S,8R,9S)-8-[3-(triisopropylsilanyloxy)-prop-
yl]-9-methyl-1,7-dioxaspiro[5.5]undec-2-yl}-2-methyl-butyryl)-oxazolidin-
2-one : NaHMDS (1.0� in THF, 0.13 mL) was added at�78 �C to a solution
of (4R)-benzyl-3-(4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-10-en-2-yl}-butyryl)-oxazolidin-2-one
(76 mg, 0.12 mmol) in THF (1 mL). After 30 min, the reaction mixture was
treated with MeI (37 �L, 0.60 mmol) at �78 �C, stirred for an additional
4 h, quenched with saturated aqueous NH4Cl, and extracted with ethyl
acetate (3� ). The combined organic layers were dried (Na2SO4),
concentrated, and purified by chromatography on silica gel (hexanes/ethyl
acetate 10:1) to give (4R)-benzyl-3-((2R)-4-{(2S,6S,8R,9S)-8-[3-(triisopro-
pylsilanyloxy)-propyl]-9-methyl-1,7-dioxaspiro[5.5]undec-2-yl}-2-methyl-
butyryl)-oxazolidin-2-one as a colorless oil (56 mg, 73%). [�]D��11 (c�
0.50, CHCl3, 22 �C); IR (film): �� � 1784, 1696 cm�1; 1H NMR: �� 7.40 ± 7.15
(m, 5H), 4.68 (ddd, J� 13.0, 6.9, 3.2 Hz, 1H), 4.25 ± 4.10 (m, 2H), 3.80 ± 3.65
(m, 3H), 3.55 ± 3.43 (m, 1H), 3.27 (dd, J� 13.2, 3.2 Hz, 1H), 3.15 (t, J�
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9.1 Hz, 1H), 2.77 (dd, J� 13.3, 9.6 Hz, 1H), 1.95 ± 1.15 (m, 19H), 1.25 (d,
J� 6.9 Hz, 3H), 1.15 ± 0.90 (m, 21H), 0.84 (d, J� 6.5 Hz, 3H); 13C NMR:
�� 177.3, 153.2, 135.6, 129.7, 129.2, 127.6, 95.7, 74.8, 69.4, 66.2, 63.9, 55.6,
38.3, 38.2, 36.4, 35.8, 35.3, 34.4, 31.5, 29.9, 29.7, 29.6, 28.3, 19.3, 18.3, 18.2,
17.9, 12.3; MS (EI): m/z (%): 643 (0.6) [M]� , 600 (52), 423 (29), 357 (34),
178 (34), 95 (100); HRMS: m/z : calcd for C37H61NO6Si: 643.4268, found:
643.4274.


(2R)-Methyl-4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-butan-1-ol : LiBH4 (2.0� in THF,
70 �L) was added slowly at �25 �C to a solution of (4R)-benzyl-3-((2R)-4-
{(2S,6S,8R,9S)-8-[3-(triisopropylsilanyloxy)-propyl]-9-methyl-1,7-dioxas-
piro[5.5]undec-2-yl}-2-methyl-butyryl)-oxazolidin-2-one (45 mg,
0.070 mmol) and EtOH (10 �L) in Et2O (1 mL). The mixture was slowly
warmed to 0 �C over a period of 2 h and kept at 0 �C for 8 h. The reaction
mixture was quenched by 0.5� NaOH and brine, and extracted with ethyl
acetate (3� ). The combined organic layers were dried (Na2SO4),
concentrated, and purified by chromatography on silica gel (hexanes/ethyl
acetate 6:1) to give (2R)-methyl-4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopro-
pylsilanyloxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-butan-1-ol as a color-
less oil (29 mg, 89%). [�]D��41 (c� 0.73, CHCl3, 22 �C); IR (film): �� �
3405 cm�1; 1H NMR: �� 3.80 ± 3.60 (m, 2H), 3.58 ± 3.35 (m, 3H), 3.16 (dt,
J� 1.8, 9.8 Hz, 1H), 1.95 ± 1.20 (m, 21H), 1.20 ± 0.95 (m, 21H), 0.93 (d, J�
6.7 Hz, 3H), 0.83 (d, J� 6.5 Hz, 3H); 13C NMR: �� 95.7, 74.7, 69.5, 68.2,
63.8, 36.3, 35.9, 35.8, 35.3, 33.6, 31.6, 29.7, 29.6, 29.4, 28.2, 19.3, 18.3 (2C),
17.0, 12.2; MS (EI): m/z (%): 470 (2) [M]� , 452 (3), 427 (75), 95 (100);
HRMS: m/z : calcd for C27H54O4Si: 470.3791, found: 470.3779.


(2R)-Methyl-4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-
propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-butyraldehyde (19): Dess ±Martin
periodinane (15 wt% in CH2Cl2, 0.48 mL) was added at room temperature
to a solution of (2R)-methyl-4-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropyl-
silanyloxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-butan-1-ol (54 mg,
0.11 mmol) in CH2Cl2 (1 mL). After 20 min, the reaction mixture was
diluted with ethyl acetate, washed with saturated aqueous NaHCO3 and
brine, dried (Na2SO4), and concentrated. Purification of the residue by
chromatography on silica gel (hexanes/ethyl acetate 20:1) gave 19 as a
colorless oil (41 mg, 80%). [�]D��30 (c� 0.63, CHCl3, 22 �C); IR (film):
�� � 2720, 1731, 1707 cm�1; 1H NMR: �� 9.64 (d, J� 1.9 Hz, 1H), 3.80 ± 3.65
(m, 2H), 3.57 ± 3.46 (m, 1H), 3.14 (dt, J� 2.0, 9.7 Hz, 1H), 2.38 (dq, J� 1.9,
6.9 Hz, 1H), 1.95 ± 1.15 (m, 19H), 1.11 (d, J� 7.0 Hz, 3H), 1.15 ± 1.00 (m,
21H), 0.83 (d, J� 6.5 Hz, 3H); 13C NMR: �� 205.4, 95.7, 74.8, 69.1, 63.8,
46.6, 36.3, 35.7, 35.3, 33.9, 31.5, 29.7, 29.6, 28.2, 27.1, 19.2, 18.3 (2C), 13.7,
12.2; MS (EI):m/z (%): 469 (0.3) [M�H]� , 468 (0.2) [M]� , 441 (9), 425 (22),
95 (100); HRMS: m/z : calcd for C27H52O4Si: 468.3635, found: 468.3636.


(4R)-2,4-Dimethyl-6-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyl-
oxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-hex-2-enoic ethyl ester : A sus-
pension of the aldehyde 19 (41 mg, 0.088 mmol) and (carbethoxyethylide-
ne)triphenylphosphorane (20, 1.21 g, 3.34 mmol) in degassed toluene
(2 mL) was stirred at room temperature for 8.5 d, filtered through a short
plug of silica gel, and concentrated. Purification of the residue by
chromatography on silica gel (hexanes/ethyl acetate 15:1) and preparative
TLC (hexanes/ethyl acetate 15:1) gave recovered 19 as a colorless oil (6 mg,
15%) and (4R)-2,4-dimethyl-6-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropyl-
silanyloxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-hex-2-enoic ethyl ester
as a pale yellow oil (32 mg, 66%). [�]D��26 (c� 0.43, CHCl3, 22 �C); IR
(film): �� � 1708 cm�1; 1H NMR: �� 6.60 ± 6.45 (m, 1H), 4.19 (q, J� 7.1 Hz,
2H), 3.80 ± 3.65 (m, 2H), 3.55 ± 3.40 (m, 1H), 3.14 (t, J� 9.3 Hz, 1H), 2.58 ±
2.42 (m, 1H), 1.84 (d, J� 1.3 Hz, 3H), 1.95 ± 1.75 (m, 3H), 1.70 ± 1.45 (m,
9H), 1.45 ± 1.20 (m, 7H), 1.30 (t, J� 7.1 Hz, 3H), 1.20 ± 1.05 (m, 21H), 1.02
(d, J� 6.7 Hz, 3H), 0.83 (d, J� 6.5 Hz, 3H); 13C NMR: �� 168.7, 148.0,
126.9, 95.7, 74.7, 69.6, 63.8, 60.6, 36.4, 35.8, 35.4, 34.7, 33.8, 33.6, 31.7, 29.7,
29.6, 28.3, 20.4, 19.3, 18.3, 18.2, 14.5, 12.8, 12.4; MS (EI):m/z (%): 553 (0.2)
[M�H]� , 552 (0.2) [M]� , 510 (100) [M�C3H7]� ; HRMS: m/z : calcd for
C32H60O5Si: 552.4210, found: 552.4202.


(4R)-2,4-Dimethyl-6-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyl-
oxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-hex-2-en-1-ol : LiAlH4 (1.0�
in THF, 0.15 mL) was added at room temperature to a solution of 4R)-
2,4-dimethyl-6-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyloxy)-prop-
yl]-1,7-dioxaspiro[5.5]undec-2-yl}-hex-2-enoic ethyl ester (32 mg,
0.058 mmol) in THF (1 mL). After 1 h, the reaction mixture was quenched
with 0.5� NaOH, filtered, concentrated, and purified by chromatography
on silica gel (hexanes/ethyl acetate 4:1) to give the alcohol as a colorless oil


(28 mg, 95%). [�]D��32 (c� 0.35, CHCl3, 22 �C); IR (film): �� �
3410 cm�1; 1H NMR: �� 5.17 (dd, J� 9.5, 1.2 Hz, 1H), 4.00 (d, J�
5.2 Hz, 2H), 3.80 ± 3.60 (m, 2H), 3.52 ± 3.40 (m, 1H), 3.16 (dt, J� 1.8,
9.8 Hz, 1H), 2.48 ± 2.32 (m, 1H), 1.95 ± 1.75 (m, 3H), 1.67 (d, J� 1.2 Hz,
3H), 1.65 ± 1.15 (m, 17H), 1.15 ± 1.00 (m, 21H), 0.96 (d, J� 6.7 Hz, 3H),
0.83 (d, J� 6.5 Hz, 3H); 13C NMR: �� 133.7, 133.0, 95.7, 74.6, 69.7, 69.3,
63.9, 36.4, 35.8, 35.4, 34.7, 34.2, 32.6, 31.7, 29.7 (2C), 28.3, 21.4, 19.3, 18.3
(2C), 14.1, 12.3; MS (EI): m/z (%): 510 (11) [M]� , 467 (100) [M�C3H7]� ,
449 (97), 383 (98); HRMS: m/z : calcd for C27H51O4Si: 467.3557 [M�
C3H7]� , found: 467.3577.


(4R)-2,4-Dimethyl-6-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyl-
oxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-hex-2-enal : Dess ±Martin pe-
riodinane (15 wt% in CH2Cl2, 0.23 mL, 0.083 mmol) was added at room
temperature to a solution of the alcohol prepared above (28 mg,
0.055 mmol) in CH2Cl2 (1 mL). After 35 min, the reaction mixture was
diluted with ethyl acetate, washed with saturated aqueous NaHCO3 and
brine, dried (Na2SO4), and concentrated. Purification of the residue by
chromatography on silica gel (hexanes/ethyl acetate 15:1) gave the
aldehyde as a colorless oil (26 mg, 93%). [�]D��36 (c� 0.30, CHCl3,
22 �C); IR (film): �� � 2699, 1692 cm�1; 1H NMR: �� 9.41 (s, 1H), 6.25 (d,
J� 10.0 Hz, 1H), 3.80 ± 3.63 (m, 2H), 3.53 ± 3.40 (m, 1H), 3.13 (t, J�
9.7 Hz, 1H), 2.81 ± 2.65 (m, 1H), 1.95 ± 1.65 (m, 3H), 1.76 (d, J� 1.1 Hz,
3H), 1.65 ± 1.20 (m, 16H), 1.20 ± 0.95 (m, 24H), 0.83 (d, J� 6.4 Hz, 3H);
13C NMR: �� 195.9, 160.6, 138.4, 95.7, 74.7, 69.5, 63.8, 36.3, 35.7, 35.3, 34.5,
34.0, 33.5, 31.6, 29.7, 29.6, 28.3, 20.2, 19.2, 18.3 (2C), 12.2, 9.7; MS (EI): m/z
(%): 508 (0.4) [M]� , 465 (100) [M�C3H7]� ; HRMS: m/z : calcd for
C30H56O4Si: 508.3948, found: 508.3943.


(5R)-3,5-Dimethyl-7-{(2S,6S,8R,9S)-9-methyl-8-[3-(triisopropylsilanyl-
oxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-yl}-hept-3-en-2-ol : MeMgBr
(3.0� in Et2O, 0.10 mL) was added at 0 �C to a solution of the aldehyde
prepared above (26 mg, 0.051 mmol) in Et2O (1 mL). After 45 min, the
reaction mixture was quenched with saturated aqueous NH4Cl and
extracted with ethyl acetate. The organic layer was washed with brine,
dried (Na2SO4), concentrated, and purified by chromatography on silica gel
(hexanes/ethyl acetate 4:1) to give (5R)-3,5-dimethyl-7-{(2S,6S,8R,9S)-9-
methyl-8-[3-(triisopropylsilanyloxy)-propyl]-1,7-dioxaspiro[5.5]undec-2-
yl}-hept-3-en-2-ol as a colorless oil (26 mg, 98%). [�]D��36 (c� 0.20,
CHCl3, 22 �C); IR (film): �� � 3419 cm�1; 1H NMR: �� 5.16 (dt, J� 9.5,
1.1 Hz, 1H), 4.25 ± 4.15 (m, 1H), 3.80 ± 3.65 (m, 2H), 3.55 ± 3.40 (m, 1H),
3.16 (dt, J� 2.0, 9.6 Hz, 1H), 2.45 ± 2.30 (m, 1H), 1.95 ± 1.75 (m, 3H), 1.63
(d, J� 1.2 Hz, 3H), 1.65 ± 1.40 (m, 10H), 1.40 ± 1.20 (m, 6H), 1.26 (d, J�
6.4 Hz, 3H), 1.20 ± 1.00 (m, 22H), 0.95, 0.93 (2d, J� 6.4 Hz, 3H), 0.83 (d,
J� 6.4 Hz, 3H); 13C NMR: �� 137.5, 131.8, 131.6, 95.6, 74.6, 73.8, 73.6, 69.7,
63.8, 36.3, 35.8, 35.4, 34.7, 34.2, 32.3, 31.7, 29.7, 29.6, 28.3, 21.9, 21.4, 19.3, 18.3
(2C), 12.3, 12.0,11.8; MS (EI): m/z (%): 524 (0.1) [M]� , 506 (19) [M�
H2O]� , 481 (14), 463 (100); HRMS: m/z : calcd for C31H58O3Si: 506.4155
[M�H2O]� , found: 506.4141.


(5R)-7-[(2S,6S,8R,9S)-8-(3-Hydroxy-propyl)-9-methyl-1,7-dioxaspiro[5.5]-
undec-2-yl]-3,5-dimethyl-hept-3-en-2-ol : A solution of the alcohol pre-
pared above (26 mg, 0.050 mmol) in THF (1 mL) was treated with TBAF
(1� in THF, 0.15 mL) at room temperature, stirred for 20.5 h, diluted with
ethyl acetate, washed with 10% citric acid (2� ) and brine, dried (Na2SO4),
and concentrated. Purification of the residue by chromatography on silica
gel (hexanes/ethyl acetate 2:1, then 1:1) gave diol as a colorless oil (17 mg,
92%), which eventually crystallized as a colorless solid. M.p. 76.3 ± 77.0 �C;
[�]D��50 (c� 0.14, CHCl3, 23 �C); IR (film): �� � 3372 cm�1; 1H NMR:
�� 5.17 (dt, J� 9.1, 1.3 Hz, 1H), 4.28 ± 4.13 (m, 1H), 3.80 ± 3.60 (m, 2H),
3.53 ± 3.40 (m, 1H), 3.23 (br t, J� 9.2 Hz, 1H), 2.50 ± 2.20 (m, 1H), 1.95 ±
1.70 (m, 3H), 1.70 ± 1.30 (m, 16H), 1.63 (d, J� 1.2 Hz, 3H), 1.30 ± 1.05 (m,
5H), 0.95, 0.93 (2d, J� 6.3 Hz, 3H), 0.84 (d, J� 6.4 Hz, 3H); 13C NMR:
�� 137.6, 131.7, 131.6, 96.0, 74.8, 73.7, 73.6, 69.9, 63.5, 36.5, 35.6, 34.7, 34.6,
34.2, 32.3, 31.5, 29.9, 28.9, 28.2, 22.0, 21.3, 19.3, 18.2 (2C), 12.0, 11.9; MS
(EI): m/z (%): 368 (0.1) [M]� , 350 (2) [M�H2O]� , 258 (36), 241 (67), 212
(100); HRMS: m/z : calcd for C22H40O4: 368.2927, found: 368.2921.


(5R)-7-[(2S,6S,8S,9R)-8-(3-Azido-propyl)-9-methyl-1,7-dioxaspiro[5.5]un-
dec-2-yl]-3,5-dimethylhept-3-en-2-ol (4): Methanesulfonyl chloride
(1.9 �L, 0.025 mmol) was added at room temperature to a solution of the
diol prepared above (3.5 mg, 0.0082 mmol) and (iPr)2NEt (8.9 �L,
0.050 mmol) in CH2Cl2 (0.5 mL). After 10 min, the reaction mixture was
diluted with ethyl acetate, washed with saturated aqueous NaHCO3, 10%
citric acid, and brine, dried (Na2SO4), and concentrated.
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A mixture of this crude mesylate (5.0 mg) and sodium azide (1.6 mg,
0.025 mmol) in DMF (0.1 mL) was heated at 65 �C for 15 h, diluted with
ethyl acetate, washed with water (2� ) and brine, dried (Na2SO4) and
concentrated. Purification of the residue by chromatography on silica gel
(hexanes/ethyl acetate 8:1, then 4:1) gave 4 as a colorless oil (2.6 mg, 80%).
[�]D��45 (c� 0.35, CHCl3, 23 �C); IR (film): �� � 2091 cm�1; 1H NMR:
�� 5.17 (d, J� 9.5 Hz, 1H), 4.25 ± 4.15 (m, 1H), 3.45 ± 3.25 (m, 3H), 3.17 (t,
J� 9.8 Hz, 1H), 2.45 ± 2.30 (m, 1H), 2.05 ± 1.70 (m, 3H), 1.63 (d, J� 1.4 Hz,
3H), 1.65 ± 1.45 (m, 8H), 1.45 ± 1.25 (m, 7H), 1.25 ± 1.05 (m, 2H), 1.26 (d,
J� 6.4 Hz, 3H), 0.96, 0.94 (2d, J� 6.4 Hz, 3H), 0.84 (d, J� 6.5 Hz, 3H);
13C NMR: �� 137.5, 131.7, 131.6, 95.7, 74.3, 73.7, 73.6, 69.9, 52.2, 36.3, 35.7,
35.2, 34.6, 34.3, 32.3, 31.6, 30.5, 28.1, 25.7, 22.0, 21.9, 21.4, 19.4, 18.2 (2C),
12.0, 11.9; MS (EI): m/z (%): 393 (0.1) [M]� , 375 (2) [M�H2O]� , 368 (4),
332 (6), 110 (100); HRMS: m/z : calcd for C22H37N3O2: 375.2886 [M�
H2O]� , found: 375.2889.


(S)-Diethyl malate : A solution of �-malic acid (12.6 g, 94.0 mmol) in
absolute ethanol (80 mL) was treated with concentrated HCl (0.3 mL) at
room temperature, heated at reflux for 15 h, concentrated, and purified by
chromatography on silica gel (hexanes/ethyl acetate 2:1) to give (S)-diethyl
malate as a colorless oil (16.4 g, 92%). 1H NMR: �� 4.48 (dd, J� 10.4,
5.4 Hz, 1H), 4.35 ± 4.20 (m, 2H), 4.18 (q, J� 7.1 Hz, 2H), 3.21 (d, J�
5.4 Hz, 1H), 2.86 (dd, J� 16.7, 4.6 Hz, 1H), 2.78 (dd, J� 16.4, 6.0 Hz,
1H), 1.30 (t, J� 7.1 Hz, 3H), 1.27 (t, J� 7.1 Hz, 3H).


Diethyl (2S,3R)-3-methylmalate : n-BuLi (1.6� in hexane, 38 mL) was
added slowly at 0 �C to a solution of diisopropylamine (9.3 mL, 66 mmol) in
THF (30 mL). The reaction mixture was stirred at 0 �C for 20 min and
cooled to �78 �C. A solution of (S)-diethyl malate (5.00 g, 26.3 mmol) in
THF (5 mL) was added to this mixture slowly at �78 �C. The resulting
orange solution was stirred for 15 min at �78 �C, slowly warmed to �20 �C
over a period of 2 h, stirred at �20 �C for 15 min, and cooled to �78 �C.
Methyl iodide (2.5 mL, 40 mmol) was added slowly to the reaction mixture
at �78 �C. The solution was stirred for 30 min at �78 �C, slowly warmed to
room temperature over a period of 3 h, stirred for 1 h at room temperature,
quenched with 10% citric acid, and extracted with ethyl acetate (3� ). The
combined organic layers were washed with water and brine, dried
(Na2SO4), and concentrated. Purification of the residue by chromatography
on silica gel (hexanes/ethyl acetate 4:1) gave diethyl (2S,3R)-3-methylma-
late as a pale yellow oil (3.44 g, 64% as a mixture of two diastereomers, 6:1
by 1H NMR analysis). 1H NMR (major isomer, 500 MHz): �� 4.35 ± 4.20
(m, 3H), 4.20 ± 4.09 (m, 2H), 3.16 (d, J� 6.3 Hz, 1H), 3.02 (dq, J� 3.5,
7.2 Hz, 1H), 1.31 (t, J� 7.1 Hz, 3H), 1.30 (d, J� 7.2 Hz, 3H), 1.25 (t, J�
7.2 Hz, 3H); 1H NMR (minor isomer, 500 MHz): �� 4.61 (dd, J� 5.2,
3.7 Hz, 1H), 4.35 ± 4.20 (m, 2H), 4.20 ± 4.09 (m, 2H), 3.07 (d, J� 5.3 Hz,
1H), 2.92 (dq, J� 3.6, 7.2 Hz, 1H), 1.35 ± 1.30 (m, 3H), 1.30 ± 1.25 (m, 3H),
1.17 (d, J� 7.2 Hz, 3H).


(2R,3S)-3-Hydroxy-2-methyl-4-(toluene-4-sulfonyloxy)-butyric ethyl es-
ter : BH3 ¥ SMe2 (3.6 mL, 38 mmol) was added at 0 �C to a solution of
diethyl (2S,3R)-3-methylmalate (7.35 g, 36.0 mmol) in THF (75 mL). The
reaction mixture was warmed to room temperature, stirred for 15 min, and
treated with NaBH4 (68 mg, 1.8 mmol) at 4 �C. The solution was stirred at
room temperature overnight, quenched with methanol, and concentrated
to evaporate volatile impurities. The crude diol (5.80 g) was used for the
next step without further purification.


To a solution of the diol prepared above (5.80 g) in CH2Cl2 (80 mL) was
added dibutyltin oxide (446 mg, 1.79 mmol), TsCl (6.82 g, 35.8 mmol), and
triethylamine (5.0 mL, 36 mmol) at room temperature. The reaction
mixture was stirred overnight, washed with brine, dried (Na2SO4), and
concentrated. Purification of the residue by chromatography on silica gel
(hexanes/ethyl acetate 2:1) gave (2R,3S)-3-hydroxy-2-methyl-4-(toluene-4-
sulfonyloxy)-butyric ethyl ester as a colorless oil (5.24 g, 46%). [�]D��9.0
(c� 0.62, CHCl3, 22 �C); IR (film): �� � 3504, 1730, 1590, 1438, 1357,
1165 cm�1; 1H NMR: �� 7.80 (brd, J� 7.8 Hz, 2H), 7.36 (brd, J� 7.7 Hz,
2H), 4.20 ± 4.00 (m, 4H), 3.89 (dd, J� 9.6, 4.8 Hz, 1H), 2.82 (s, 1H), 2.73 ±
2.60 (m, 1H), 2.45 (s, 3H), 1.30 ± 1.13 (m, 6H); 13C NMR: �� 175.2, 145.3,
132.7, 130.1, 128.2, 71.5, 71.4, 61.3, 41.6, 21.9, 14.3; MS (EI): m/z (%): 316
(0.4) [M]� , 271 (2), 243 (3), 172 (4), 155 (40), 131 (100), 91 (67); HRMS:
m/z : calcd for C14H20SO6: 316.0981, found: 316.0994.


(2R,3S)-4-Azido-3-hydroxy-2-methylbutyric ethyl ester : A mixture of the
tosylate (569 mg, 1.89 mmol) and NaN3 (248 mg, 3.81 mmol) in DMF
(6 mL) was heated at 70 �C for 4 h. The reaction mixture was diluted with


ethyl acetate, washed with water (2� ) and brine, dried (Na2SO4), and
concentrated. Purification of the residue by chromatography on silica gel
(hexanes/ethyl acetate 8:1) gave azide as a colorless oil (260 mg, 74%).
[�]D��2.5 (c� 1.02, CH2Cl2, 22 �C); IR (film): �� � 3467, 2103, 1719 cm�1;
1H NMR: �� 4.20 (q, J� 7.1 Hz, 2H), 3.88 (dd, J� 10.2, 6.2 Hz, 1H), 3.44
(dd, J� 12.7, 3.9 Hz, 1H), 3.35 (dd, J� 12.7, 6.0 Hz, 1H), 3.25 ± 3.05 (brm,
1H), 2.67 (pentet, J� 7.1 Hz, 1H), 1.27 (t, J� 7.1 Hz, 3H), 1.21 (d, J�
7.2 Hz, 3H); 13C NMR: �� 175.4, 72.7, 61.1, 54.4, 42.7, 14.2 (2C); MS (EI):
m/z (%): 142 (13) [M�HN2O]� , 131 (67), 85 (5), 74 (100); HRMS: m/z :
calcd for C7H12NO2: 142.0868 [M�HN2O]� , found: 142.0863.


(2R,3S)-4-Azido-3-(tert-butyldimethylsilanyloxy)-2-methylbutyric ethyl
ester (3): TBSCl (161 mg, 1.07 mmol) was added at 0 �C to a solution of
the azide prepared above (100 mg, 0.534 mmol) and imidazole (87 mg,
1.28 mmol) in CH2Cl2 (0.5 mL). The reaction mixture was stirred at room
temperature for 16 h, diluted with Et2O, washed with water and brine, dried
(Na2SO4), and concentrated. Purification of the residue by chromatography
on silica gel (hexanes/Et2O 16:1, 8:1, 4:1, and 1:1) gave recovered azide as a
colorless oil (5.5 mg, 6%) and 3 as a colorless oil (140 mg, 87%). [�]D�
�21.9 (c� 1.06, CH2Cl2, 22 �C); IR (film): �� � 2103, 1736 cm�1; 1H NMR:
�� 4.14 (q, J� 7.1 Hz, 2H), 4.10 ± 4.00 (m, 1H), 3.41 (dd, J� 12.8, 3.7 Hz,
1H), 3.23 (dd, J� 12.8, 5.4 Hz, 1H), 2.75 (pentet, J� 6.9 Hz, 1H), 1.27 (t,
J� 7.1 Hz, 3H), 1.12 (d, J� 7.2 Hz, 3H), 0.89 (s, 9H), 0.13 (s, 3H), 0.08 (s,
3H); 13C NMR: �� 174.1, 73.2, 60.6, 54.2, 44.2, 25.8, 18.0, 14.3, 12.6, �4.3,
�5.1; MS (EI): m/z (%): 244 (39) [M�C4H9]� , 115 (51); HRMS: m/z :
calcd for C9H18N3O3Si: 244.1117 [M�C4H9]� , found: 244.1114.


(2R,3S)-3-(tert-Butyldimethylsilanyloxy)-4-(2-{(2S,3R,6S)-6-[2-(tert-butyl-
dimethylsilanyloxy)-pent-3-enyl]-3-methyltetrahydropyran-2-yl}-acetyl-
amino)-2-methylbutyric acid (21): LiOH (1� in H2O, 0.46 mL) was added
at 0 �C to a solution of 3 (58 mg, 0.192 mmol) in EtOH (1 mL). The reaction
mixture was stirred at room temperature for 2 d, cooled in an ice bath,
acidified with 1� HCl (0.46 mL) and extracted with ethyl acetate. The
organic layer was washed with brine, dried (Na2SO4), and concentrated in
vacuo to give crude (2R,3S)-4-azido-3-tert-butyldimethylsilanyloxy)-2-
methylbutyric acid as a colorless oil (50.3 mg).


To an ice-cooled solution of this acid (65.5 mg, 240 �mol) in THF/DMF 1:1
(1 mL) was added triethylamine (53 �L, 0.38 mmol) and TIPSCl (67 �L,
0.31 mmol). The reaction mixture was stirred at 0 �C for 15 min, diluted
with diethyl ether and washed with water, saturated aqueous sodium
bicarbonate, and brine. The organic layer was dried (Na2SO4) and
concentrated. The residue was purified by chromatography on silica gel
(hexane, then hexane/diethyl ether 16:1) to give (2R,3S)-4-azido-3-tert-
butyldimethylsilanyloxy)-2-methylbutyric triisopropylsilanyl ester as a
colorless oil (82 mg, 80%). [�]D��12.1 (c� 1.12, CH2Cl2, 22 �C); IR
(film): �� � 2102, 1720 cm�1; 1H NMR: �� 4.14 (ddd, J� 7.0, 4.1, 4.1 Hz,
1H), 3.37 (dd, J� 12.5, 4.2 Hz, 1H), 3.29 (dd, J� 12.5, 7.0 Hz, 1H), 2.74 (dq,
J� 4.1, 7.2 Hz, 1H), 1.37 ± 1.20 (m, 3H), 1.17 (d, J� 7.2 Hz, 3H), 1.08 (d, J�
6.8 Hz, 18H), 0.91 (s, 9H), 0.14 (s, 3H), 0.11 (s, 3H); 13C NMR: �� 173.3,
72.7, 54.3, 45.7, 25.9, 17.9, 12.0, 11.5, �4.6, �4.8; MS (EI): m/z (%): 414 (1)
[M�CH3]� , 386 (2) [M�C3H7]� , 372 (34) [M�C3H7�N2]� , 157 (32), 121
(87), 73 (100); HRMS: m/z : calcd for C17H36O3Si2: 386.2295 [M�C3H7]� ,
found: 386.2291.


A suspension of the TIPS ester prepared above (4.5 mg, 11 �mol) and Pd/C
(10 wt%, 1.6 mg) in THF (0.5 mL) was treated with H2 at room
temperature for 4.5 h. The mixture was filtered through a short plug of
Celite and concentrated.


The crude amine was quickly dissolved in CH2Cl2 (1 mL) and treated
successively at room temperature with 2 (2.5 mg, 7.0 �mol), PyBOP
(4.4 mg, 8.4 �mol), and Et3N (1.2 �L, 8.6 �mol). After 19 h, the mixture
was diluted with Et2O, washed with water, saturated aqueous NaHCO3,
and brine, dried (Na2SO4), and concentrated. Purification of the residue by
chromatography on silica gel (hexanes/Et2O, gradient elution from 16:1, to
8:1 and 4:1) gave (2R,3S)-3-(tert-butyldimethylsilanyloxy)-4-(2-
{(2S,3R,6S)-6-[2-(tert-butyldimethylsilanyloxy)-pent-3-enyl]-3-methyltetra-
hydropyran-2-yl}-acetylamino)-2-methylbutyric triisopropylsilanyl ester as
a colorless oil (2.8 mg, 54%). [�]D��12 (c� 0.79, CH2Cl2, 22 �C); IR
(film): �� � 2950, 1695 cm�1; 1H NMR: �� 6.58 (br t, J� 5.2 Hz, 1H), 5.60 ±
5.47 (m, 1H), 5.38 (dd, J� 15.6, 6.8 Hz, 1H), 4.20 ± 4.00 (m, 3H), 3.82 ± 3.68
(m, 1H), 3.64 ± 3.52 (m, 1H), 3.28 ± 3.16 (m, 1H), 2.72 ± 2.60 (m, 1H), 2.49
(dd, J� 15.5, 10.0 Hz, 1H), 2.18 (dd, J� 15.5, 3.2 Hz, 1H), 1.92 ± 1.60 (m,
4H), 1.66 (brd, J� 6.1 Hz, 3H), 1.59 ± 1.45 (m, 1H), 1.40 ± 1.20 (m, 5H),
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1.17 (d, J� 7.1 Hz, 3H), 1.08 (d, J� 7.4 Hz, 18H), 0.89 (s, 9H), 0.86 (s, 9H),
0.85 (d, J� 7.0 Hz, 3H), 0.11 (s, 3H), 0.10 (s, 3H), 0.03 (s, 3H), 0.00 (s, 3H);
13C NMR: �� 173.9, 171.7, 134.5, 125.7, 72.7, 72.4, 70.8, 67.6, 44.9, 42.7, 42.7,
35.5, 32.9, 32.9, 28.3, 26.5, 26.0, 26.0, 18.3, 18.2, 18.0, 17.7, 13.3, 12.0, �3.9,
�4.3,�4.7,�4.7; MS(EI):m/z (%): 741 (0.03) [M]� , 698 (0.3) [M�C3H7]� ,
684 (1) [M�C4H9]� , 293 (5), 186 (42), 121 (100); HRMS: m/z : calcd for
C35H70NO6Si3: 684.4511 [M�C4H9]� , found: 684.4515.


To a solution of the amide prepared above (2.8 mg, 3.8 mmol) in THF
(1 mL) was added TBAF (0.1� in THF, 41 mL) at 0 �C. After 10 min, the
mixture was diluted with EtOAc, washed with 0.01� HCl and brine, dried
(Na2SO4), and concentrated to give 21 as a colorless oil (2.7 mg, 100%).
[�]D��4.0 (c� 0.86, CH2Cl2, 22 �C); IR (film): �� � 2950, 1730 cm�1;
1H NMR: �� 6.84 (br t, J� 5.2 Hz, 1H), 5.61 ± 5.47 (m, 1H), 5.40 (dd, J�
15.4, 6.7 Hz, 1H), 4.20 ± 3.95 (m, 3H), 3.86 ± 3.73 (m, 1H), 3.61 ± 3.49 (m,
1H), 3.35 ± 3.22 (m, 1H), 2.69 ± 2.46 (m, 2H), 2.21 (dd, J� 15.5, 1.8 Hz, 1H),
1.97 ± 1.62 (m, 4H), 1.66 (brd, J� 5.9 Hz, 3H), 1.62 ± 1.47 (m, 1H), 1.37 ±
1.20 (m, 2H), 1.18 (d, J� 7.0 Hz, 3H), 0.89 (s, 9H), 0.87 (s, 9H), 0.86 (d, J�
7.0 Hz, 3H), 0.12 (s, 3H), 0.10 (s, 3H), 0.05 (s, 3H), 0.02 (s, 3H) ; 13C NMR:
�� 177.3, 172.6, 134.3, 126.0, 73.1, 72.7, 71.1, 67.3, 43.5, 42.9, 42.4, 34.3, 33.0,
30.4, 28.5, 26.4, 26.0, 25.9, 18.3, 18.1, 17.7, 16.0, 13.2,�3.9,�4.3,�4.6,�4.9;
MS(EI): m/z (%): 585 (0.1) [M]� , 528 (7) [M�C4H9]� , 396 (4), 185 (28),
121 (100); HRMS: m/z : calcd for C26H50NO6Si2: 528.3177 [M�C4H9]� ,
found: 528.3159.


(6S,9R,11R,15S,16R,22R,23S,27S,31S,34R)-Bistramide C (1): A solution
of 4 (8.0 mg, 0.020 mmol), tributyltin hydride (22 �L, 0.080 mmol), and
AIBN (1 mg, 6 �mol) in benzene (2 mL) was heated at reflux for 2 h. The
mixture was cooled to room temperature and concentrated.


A mixture of this residue (34 mg), 21 (15 mg, 0.026 mmol), and PyBOP
(33 mg, 0.060 mmol) in DMF (0.5 mL) was treated with (iPr)2NEt (14 �L,
0.080 mmol) at room temperature, stirred for 27 h, diluted with ethyl
acetate, washed with 10% citric acid, saturated aqueous NaHCO3, and
brine, dried (Na2SO4), and concentrated. Purification of the crude residue
by chromatography on silica gel (CHCl3/MeOH 1:0, then 20:1) gave impure
coupling product (27 mg).


This impure residue was mixed with PPTS (19 mg, 0.076 mmol) in
methanol (1 mL), stirred for 20 h at room temperature, and concentrated.
The crude residue was purified twice by chromatography on silica gel
(CHCl3/MeOH 1:0, then 20:1) to give impure triol (4.6 mg) and impure
TBS ether (14 mg) which was re-subjected to the same reaction conditions
to provide impure triol (11.6 mg). The total amount of impure triol was
16 mg.


To a solution of this triol (11.6 mg) in CH2Cl2 (1 mL) was added Dess ±
Martin periodinane (15 wt% in CH2Cl2, 0.14 mL, 0.050 mmol) at room
temperature. After 20 min, the reaction mixture was diluted with ethyl
acetate, washed with saturated aqueous NaHCO3 and brine, dried
(Na2SO4), and concentrated. Purification of the residue by chromatography
on silica gel (CHCl3/MeOH 20:1) and preparative TLC (CHCl3/MeOH
10:1) gave bistramide C as a colorless oil (2.4 mg). The remainder of the
triol (4.6 mg) was subjected to the same reaction conditions to give 1 as a
colorless oil (0.9 mg). The total amount of 1 was 3.3 mg (24% over four
steps): [�]D��34 (c� 0.05, CHCl3, 23 �C); IR (film): �� � 3353, 1641 cm�1;
1H NMR (500 MHz): �� 7.32 (br t, J� 5.5 Hz, 1H), 6.96 (br t, J� 5.5 Hz,
1H), 6.91 (dq, J� 15.7, 6.9 Hz, 1H), 6.40 (brd, J� 9.8 Hz, 1H), 6.13 (dq,
J� 15.8, 1.5 Hz, 1H), 4.61 (br s, 1H), 4.20 (t, J� 9.6 Hz, 1H), 4.07 (dd, J�
11.2, 4.9 Hz, 1H), 3.76 ± 3.70 (m, 1H), 3.54 ± 3.46 (m, 1H), 3.46 ± 3.40 (m,
1H), 3.35 ± 3.25 (m, 2H), 3.24 (dt, J� 13.8, 5.8 Hz, 1H), 3.14 (dt, J� 2.0,
9.7 Hz, 1H), 2.91 (dd, J� 17.0, 9.0 Hz, 1H), 2.76 (dd, J� 15.2, 11.7 Hz, 1H),
2.67 ± 2.53 (m, 1H), 2.53 (dd, J� 17.0, 2.8 Hz, 1H), 2.42 ± 2.36 (m, 1H), 2.32
(s, 3H), 2.14 (brd, J� 15.2 Hz, 1H), 1.97 ± 1.89 (m, 1H), 1.92 (dd, J� 6.8,
1.4 Hz, 3H), 1.89 ± 1.75 (m, 2H), 1.78 (brd, 3H), 1.75 ± 1.50 (m, 10H), 1.50 ±
1.40 (m, 2H), 1.40 ± 1.25 (m, 8H), 1.27 (d, J� 7.6 Hz, 3H), 1.18 ± 1.10 (m,
1H), 1.05 (d, J� 6.7 Hz, 3H), 0.86 (d, J� 7.0 Hz, 3H), 0.82 (d, J� 6.5 Hz,
3H); 1H NMR (600 MHz): �� 7.33 (br s, 1H), 6.98 (br s, 1H), 6.91 (dq, J�
15.6, 6.8 Hz, 1H), 6.40 (brd, J� 9.8 Hz, 1H), 6.13 (brd, J� 15.7 Hz, 1H),
4.60 (br s, 1H), 4.20 (t, J� 9.6 Hz, 1H), 4.07 (dd, J� 11.2, 4.9 Hz, 1H),
3.80 ± 3.70 (m, 1H), 3.55 ± 3.48 (m, 1H), 3.48 ± 3.40 (m, 1H), 3.35 ± 3.25 (m,
2H), 3.25 ± 3.20 (m, 1H), 3.15 (dd, J� 9.5, 8.6 Hz, 1H), 2.91 (dd, J� 17.0,
9.0 Hz, 1H), 2.76 (dd, J� 14.9, 11.6 Hz, 1H), 2.67 ± 2.53 (m, 1H), 2.53 (dd,
J� 17.0, 2.4 Hz, 1H), 2.42 ± 2.37 (m, 1H), 2.33 (s, 3H), 2.14 (brd, J�
14.5 Hz, 1H), 1.95 ± 1.90 (m, 1H), 1.93 (brd, J� 6.8 Hz, 3H), 1.89 ± 1.80


(m, 2H), 1.78 (brd, 3H), 1.75 ± 1.60 (m, 5H), 1.60 ± 1.50 (m, 5H), 1.50 ± 1.40
(m, 2H), 1.40 ± 1.25 (m, 8H), 1.27 (d, J� 7.8 Hz, 3H), 1.18 ± 1.10 (m, 1H),
1.05 (d, J� 6.6 Hz, 3H), 0.86 (d, J� 6.9 Hz, 3H), 0.82 (d, J� 6.5 Hz, 3H);
13C NMR (151 MHz): �� 200.6, 199.2, 175.4, 173.7, 149.6, 144.8, 136.6,
132.3, 95.7, 75.0, 74.5, 74.0, 69.6, 64.9, 45.4, 44.9, 43.5, 39.7, 36.3, 35.6, 35.1,
34.6, 34.2, 33.5 (2C), 32.5, 31.5, 31.0, 30.7, 29.9, 28.1, 26.7, 25.8, 20.4, 19.3,
18.6, 18.2, 17.4, 15.7, 11.6; HRMS: m/z : calcd for C40H66N2O8: 702.4819,
found: 702.4788.
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1,8-Bis(tetramethylguanidino)naphthalene (TMGN): A New, Superbasic and
Kinetically Active ™Proton Sponge∫
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Dedicated to Professor Rolf Gleiter on the occasion of his 65th birthday


Abstract: 1,8-Bis(tetramethylguanidi-
no)naphthalene (TMGN, 1) is a new,
readily accessible, and stable ™proton
sponge∫ with an experimental pKBH�


value of 25.1 in MeCN, which is nearly
seven orders of magnitude higher in
basicity than the classical proton sponge
1,8-bis(dimethylamino)-naphthalene
(DMAN). Because of the sterically less
crowded character of the proton-accept-
ing sp2-nitrogen atoms, TMGN also has
a higher kinetic basicity than DMAN,


which is shown by time-resolved proton
self-exchange reactions. TMGN is more
resistant to hydrolysis and is a weaker
nucleophile towards the alkylating agent
EtI in comparison to the commercially
available guanidine 7-methyl-1,5,7-tri-
azabicyclo[4.4.0]dec-5-ene (MTBD).


Crystal structures of the free base, of
the mono- and bisprotonated base were
determined. The dynamic behavior of all
three species in solution was investigat-
ed by variable-temperature 1H NMR
experiments. �G� values obtained by
spectra simulation reveal a concerted
mechanism of rotation about the C�N
bonds of the protonated forms of
TMGN.


Keywords: basicity ¥ NMR spectros-
copy ¥ peralkylated guanidines ¥
protonation ¥ proton sponges


Introduction


For over three decades, neutral organic bases with chelating
proton-acceptor functionalities have attracted particular in-
terest. On account of their high proton affinity, they are
named ™proton sponges∫ according to the classical example
1,8-bis(dimethylamino)naphthalene (DMAN) that was intro-
duced by Alder et al.[1, 2] The field has been reviewed by Staab
and Saupe,[3] and more recently by Llamas-Saiz et al. ,[4] as well
as in a limited manner on 1,8-diaminonaphthalene derivatives
by Pozharskii.[5] Proton sponges are still the focus of current
research activity[6] and are also the subject of vivid interest of
theoretical chemists.[7] A general feature of all proton sponges
is the presence of two basic nitrogen centers in the molecule,
which have an orientation that allows the uptake of one
proton to yield a stabilized [N ¥ ¥ ¥H ¥ ¥ ¥N]� intramolecular
hydrogen bond (IHB). Compared to ordinary alkyl and aryl
amines, amidines, and guanidines, such proton chelators
present a dramatic increase in basicity on account of


i) destabilization of the base as a consequence of strong
repulsion of unshared electron pairs, ii) formation of an IHB
in the protonated form and iii) relief from steric strain upon
protonation. Two general concepts to raise the thermody-
namic basicity or proton affinity have been followed. One is to
replace the naphthalene skeleton by other aromatic spacers,
such as fluorene,[8] heterofluorene,[9] phenanthrene,[10] and
biphenyl,[11] thus influencing the basicity by varying the
nonbonding N ¥ ¥ ¥N distance of the proton-acceptor pairs.
The other concept focuses on the variation of the basic
nitrogen centers[6d,e, 12, 13, 14] or its adjacent environment (™but-
tressing effect∫).[2, 3, 5, 15, 16]


Scheme 1. Representative ™proton sponges∫ in relation to TMGN (1).
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There is a trend that proton sponges with high thermody-
namic basicity typically have a low kinetic basicity: The
captured proton does not usually take part in rapid proton
exchange reactions, which would allow such neutral super-
bases to serve as catalysts in salt-free base-catalyzed reactions.
A successful strategy to overcome the kinetic inertness has
been presented by Schwesinger et al. , who developed a
thermodynamically strong and at the same time kinetically
active superbase that incorporates the vinamidine structure
(see above).[17] However, its multistep synthesis, moderate
stability, and moderate solubility in aprotic solvents are some
limitations of this proton sponge, which takes up two protons
in the presence of excess acid.


After an examination of the reported strategies to increase
the basicity of 1,8-diaminonaphthalene proton sponges and
being aware that peralkyl guanidines belong to the strongest
organic neutral bases known,[18] we decided to use the
tetramethylguanidino group as an efficient and straightfor-
ward modification of the chelating proton acceptor. Peralkyl-
guanidines are several orders of magnitude higher in basicity
than tertiary amines because of the excellent stabilization of
the positive charge in their resonance-stabilized cations.[19]


This trend may be demonstrated by the pKBH� (MeCN) values
of the 1,2,2,6,6-pentamethylpiperidinium cation (18.62), the
parent guanidinium cation (23.3), and the pentamethylguani-
dinium cation (25.00).[19c] It is interesting to note that pKBH�


values of a wide range of nonchelatingN-aryl guanidines have
been determined[20] and that one promising candidate for
proton chelation, 2,2�-bis(tetramethylguanidyl)-1,1�-biphenyl,
did not exhibit proton sponge properties, such as formation of
an IHB.[21] Dissociation constants and kinetics of proton-
transfer reactions of nonchelating guanidine bases in acetoni-
trile[22] as well as DMAN systems[15a,b, 23] have been the subject
of previous detailed studies.


In the present paper, we report on the synthesis as well as
the spectroscopic and structural properties of 1,8-bis(tetra-
methylguanidino)naphthalene (TMGN (1), see above) and its
mono- and bisprotonated forms. Surprisingly, this new proton
sponge, which has a basicity that is higher by the factor of
more than 107 than Alder×s classical DMAN, was successfully
prepared by a one-step synthesis in high yield. It is relatively
stable towards autoxidation, soluble in aprotic nonpolar
solvents and, in contrast to DMAN, it is kinetically active in
proton-exchange reactions.


Results and Discussion


Synthesis : TMGN (1) is synthesized by a method previously
described by us for the synthesis of multidentate metal-
chelating oligoguanidines.[24] Tetramethylchlorformamidini-
um chloride[25] is treated with 1,8-diaminonaphthalene in the
presence of triethylamine as an auxiliary base and inMeCN as
the solvent. After deprotonation of the guanidinium cation
with 50% aqueous KOH and extraction into hexane, 1 is
obtained in analytically pure form (Scheme 2). In comparison
to other proton sponges of similar basicity, this represents a
rather simple synthesis from convenient precursors, as the
Vilsmeyer salt [ClC(NMe2)2]Cl and related electrophiles may


Scheme 2. Synthesis of TMGN (1).


be produced on a large scale from ureas and phosgene or
oxalyl chloride.


Reactivity studies : TMGN (1) is cleanly monoprotonated by
an equimolar amount of NH4PF6 in MeCN to yield
[1�H][PF6] (2a). Colorless single crystals are obtained by
slow diffusion of dry diethyl ether into the MeCN solu-
tion.


Surprisingly, monoprotonated [1�H]� does not show the
kinetic inertness with respect to bisprotonation, that is typical
for many proton sponges. Similar to the kinetically active
vinamidine proton sponge of Schwesinger,[17] it readily takes
up a second proton when treated with an excess of strong
acids, such as trifluormethanesulfonic acid, tetrafluoroboric
acid etherate, trifluoroacetic acid, aqueous hexafluorophos-
phoric acid, or gaseous HCl. However, complete bisprotona-
tion could not be achieved by excess NH4PF6 in MeCN.
Colorless single crystals of [1�2H][Cl, Cl2H] (3a) were
obtained after excess hydrogen chloride was passed through a
CH2Cl2 solution of 1 and crystallization from MeCN. Bisproto-
nation is a rather unusual feature observed in only a small
number of proton sponges, including those of high kinetic
basicity or those without a strong IHB.[16a, 17, 26, 27] In order to
distinguish between both cases, we decided to determine the
crystal structures of the base and its protonated forms.


TMGN (1) is perfectly stable towards hydrolysis under
acidic conditions (1� D3O�, 25 �C, 6 d). The hydrolysis of 1 in
basic media was monitored by 1H NMR (0.83� NaOD in
[D6]DMSO/D2O) and compared to the commercially avail-
able guanidine 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD). While 1 is stable at room temperature for 24 h,
hydrolysis of MTBD is observed. At elevated temperatures
(60 �C, 5 d), 44% of 1 and 73% of MTBD is hydrolyzed to the
corresponding urea.


In order to evaluate the nucleophilicity of 1, an alkylation
reaction of 1 and MTBD with C2H5I was performed under
identical conditions (2.5 equiv C2H5I per guanidine function,
25 �C, CD2Cl2). While no conversion of 1 was observed after
15 min by means of 1HNMR,�50% ofMTBDwas converted
into the ethyl guanidinium salt. At longer reaction times (3 d,
25 �C) even less nucleophilic 1 was converted into a mixture of
protonated and alkylated products, which however, could not
be quantified because of signal overlap.


Structure of the base 1: Single crystals of TMGN suitable for
X-ray crystallography were obtained by crystallization from
hexane. The result of the structural analysis is shown in
Figure 1.
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Selected bond lengths and angles are given in Table 1. The
molecular structure of 1 is close to C2 symmetric with only
small deviations from ideal symmetry as a consequence of the
strong repulsion of the two lone pairs centered at the proton-
acceptor sp2-nitrogen atoms N(1) and N(4) in an anti-
orientation.


Both guanidine centers C(1) and C(6) are trigonal planar
(��� 359.9�, Table 1). As found in other peralkyl oligogua-
nidines,[24a,b] the four dimethylamino groups in the periphery
deviate from ideal conjugation with the C(1)N3 and C(6)N3


planes as indicated by torsion angles N-C-N-C of 8 ± 45�. A
similar propeller-like distortion as a result of steric repulsions
has been found for the ground state of the hexamethylgua-
nidinium cation.[28] The guanidine double bonds C(1/6) ±N(1/
4) (128.2� 0.1 pm) are shorter by a factor of 0.93 than the
average bonding lengths of C(1) and C(6) to the peripheral
NMe2 nitrogen atoms (138.4� 0.1 pm).


Some characteristic structural features reveal differences in
the steric constraint of TMGN and the sterically more
crowded DMAN[29] and less crowded quinolino[7,8-h]quino-
line (QQ, see Introduction)[14a] (corresponding values in


brackets). The indicators are
the angle C(11)-C(16)-C(17)
122.6� (DMAN: 125.8� ; QQ:
125.4�) of the naphthalene ring,
the nonbonding distance
C(11) ¥¥¥C(17) 251.9 pm (DMAN:
256.2; QQ: 258.3), and the very
short nonbonding distance be-
tween the acceptor atoms N(1) ¥¥¥
N(4) 271.7 pm (DMAN: 279.2;
QQ: 272.7; 1,8-diaminonaphtha-
lene: 272 pm[5]). Additional evi-
dence for the extent of distortion
comes from the average anti-
coplanar torsion angles within
the naphthalene skeleton C(11/


17)-C(16)-C(15)-C(20/14) 173.0� (DMAN: 170.3� ; QQ:
178.9�) and with respect to the twisted nitrogen-donor atoms
N(1/4)-C(11/17)-C(16)-C(15) 161.4� (DMAN: 168.2; QQ:
177.8). Because of the different hybridization of the N-atoms
(sp2) compared to typical proton sponges (sp3), the anti-
conformation of the unshared electron pairs is more easily
realized, as can be seen at the position of the imine nitrogen
atoms in Figure 1B. In addition, the average syn-coplanar
torsion angle C(1/6)-N(1/4)-C(11/17)-C(12/18): 55.5� (1) re-
veals that the degree of conjugation between the �-systems of
the naphthalene ring and the guanidine moiety is marginal.


Structure of monoprotonated 1: The result of the structural
analysis is shown in Figure 2; selected bond lengths and angles
are given in Table 1. In [1�H][PF6] (2a), the C2 symmetry of
the corresponding base structure is not preserved. The
naphthalene system is flattened and can be considered
virtually planar with the captured proton located between
the imine nitrogen atoms in the same plane. There are no
significant interactions between the PF6


� anion and the cation
of 2a.


Figure 1. Molecular structure of TMGN (1). View perpendicular to the naphthalene ring plane (A) and
projection along the C2 axis C(16) ±C(15) of the molecule (B).[66]


Table 1. Selected bonding and nonbonding distances [pm], angles, dihedral angles, and bond angle sums [�] in TMGN (1), [1�H][PF6] (2a), and
[1�2H][Cl, Cl2H] (3a).[a]


TMGN (1) [1�H][PF6] (2a) [1�2H][Cl, Cl2H] (3a)


C(1)�N(1) 128.1(3) 135.1(6) 136.6(3)
C(6)�N(4) 128.3(3) 132.6(6) 136.5(3)
C-NMe2 (average) 138.4� 0.1 134.2� 2.0 133.1� 0.4
C(11)�N(1) 140.1(3) 140.9(6) 142.6(3)
C(17)�N(4) 139.6(3) 141.4(6) 143.4(3)
N(1)�H(1A) ± 91(6) 90(3)
N(4)�H(1A)/H(4) 175(6) 92(3)
N(1) ¥ ¥ ¥N(4) 271.7(3) 259.3(5) 288.1(3)
C(11) ¥ ¥ ¥C(17) 251.9(3) 255.3(7) 258.2(4)
C(11)-C(16)-C(17) 122.6(2) 124.6(4) 127.8(2)
C(11/17)-C(16)-C(15)-C(20/14) 173.7(2)/172.3(2) 178.7(4)/178.9(4) 178.2(2)/177.3(2)
N(1/4)-C(11/17)-C(16)-C(15) � 161.6(2)/ ± 161.2(2) 177.4(1)/ ± 171.0(4) � 172.5(2)/ ± 174.8(2)
C(16)-C(11/17)-N(1/4)-H(1A/4A) ±/ ± � 9(4)/ ± 62.58(1)/68.66(0)
C(1/6)-N(1/4)-C(11/17)-C(12/18) 57.7(3)/53.2(4) � 10.3(8)/49.2(7) 31.4(3)/ ± 34.1(3)
��N(1) ± 360.0 350.6
��N(4) ± ± 351.5
��C(1) 359.9 360.0 360.0
��C(6) 359.9 359.9 360.0
��NMe2 (average) 353.2� 3.9 359.0� 1.1 359.7� 0.3


[a] Crystallographic standard deviations in parentheses, calculated average values are given with the corresponding standard deviation (�).
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In monoprotonated TMGN, the bond lengths between C(1/
6) and N(1/4) become elongated, in bisprotonated species
they become equivalent to the peripheral C�NR2 bonds
(Table 1). This is in agreement with the existence of a true
IHB in the monoprotonated form of TMGN (further evidence
is provided by the results of dynamic NMR spectroscopy, see
below).


The guanidine nitrogen atoms N(1) ¥ ¥ ¥N(4) of 2a are found
at a closer distance of 259.3 pm compared with 1 (271.7 pm),
which is in the range of the average value of 258 pm in
DMANH� structures.[5, 30] The torsion angles for the evalua-
tion of planarity within the naphthalene ring indicate that it is
flattened to a large degree. On protonation, the angle C(11)-
C(16)-C(17) is stretched to 124.6� in 2a, while it remains
essentially unchanged in DMANH� 125.6�.[30c] This trend is in
agreement with an elongation of the C(11) ¥ ¥ ¥C(17) distance
to 255.3 pm (DMANH� : 253.9). Furthermore, the average
anti-coplanar torsion angles C(11/17)-C(16)-C(15)-C(20/14)
178.8� (DMANH� : 178.7) and the twisting of the donor atoms
N(1)-C(11)-C(16)-C(15) and N(4)-C(17)-C(16)-C(15) are
177.4� and 171.0�, respectively, (DMANH� : 179.6� and
177.7�) and indicate the trend of planarization. The proton
was found and isotropically refined. For confirmation of the
exact position of the proton or differentiation of the imine
nitrogen atoms, a neutron diffraction structure analysis[31] and
ESCA spectroscopy,[32] respectively, would be the method of
choice. The proton is localized unsymmetrically in a nonlinear
hydrogen bridge N(1) ±H(1A) ¥ ¥ ¥N(4), as indicated by the
short N(1) ±H(1A) bond length of 91 pm, a long distance
N(4) ¥ ¥ ¥H(1A) of 175 pm, and an N(1)-H(1A) ¥ ¥ ¥N(4) angle of
152�. A similar geometry has been found in other proton
sponges (Table 2).


The syn-coplanar torsion angles, which indicate the prob-
ability of p-orbital overlap C(1/6)-N(1/4)-C(11/17)-C(12/18),
differ significantly for both guanidine groups of 2a. While the
guanidine group with the smaller N�H bond length has a
torsion angle of only 10.3�, which permits conjugation, the
other group displays a torsion angle of almost 50�, similar to 1.


Structure of bisprotonated 1: The X-ray structure of
[1�2H][Cl, Cl2H] (3a) is shown in Figure 3; selected bond
lengths and angles are given in Table 1, the hydrogen atoms


H(1), H(4), and H(2) were found and isotropically refined. In
the dication 3a, the planarity of the naphthalene ring
observed in 2a is essentially maintained while the guanidi-
nium units are increasingly twisted with respect to each other.
The protons adopt a syn-conformation with hydrogen bond-
ing to a bridging chloride anion so that the inner core of the
molecule has almost Cs symmetry. The chelating hydrogen
bond lengths are 221(3) pm for N(1) ±H(1) ¥ ¥ ¥Cl(1) and
229(3) pm for N(4) ±H(4) ¥ ¥ ¥Cl(1). A solvate with hydrogen
chloride is formed by a second chloride anion. The resulting
anion [Cl-H ¥ ¥ ¥Cl]� reveals an unsymmetrical linear hydrogen
bond similar to the structurally characterized example [H3O ¥
18-crown-6][Cl2H][33] within a variety of characteristic bond
lengths and angles that have been found for this anion
(Table 3).


As a result of the second protonation, the angle C(11)-
C(16)-C(17) is further enlarged to 127.8�, the nonbonding
distances C(11) ¥ ¥ ¥C(17) 258.2 pm and N(1) ¥ ¥ ¥N(4) 288.1 pm


Figure 2. Molecular structure of [1�H][PF6] (2a). View perpendicular to mean ring plane (A) and projection along C(15) ±C(16) (B), anion omitted for
clarity.[66]


Table 2. Comparison of N�H bond lengths [pm] and angles [�] in various
proton sponges with [1�H][PF6] (2a) and [1�2H][Cl, Cl2H] (3a).


Compound N ¥ ¥ ¥N N�H H ¥ ¥ ¥N N-H ¥ ¥ ¥N


[DMANH]ClMH[a] 264.4(2) 110.6(5) 160.8(6) 153.3(5)
[DMANH]HS[b] 258.3(2) 108(2) 155(2) 157(2)
[TDMANH2]Br2[c] 256.7(5) 122(1) 139(1) 158
[VAH](BPh4)[d] 254.1 92.0(3) 178(1) 137.6
[VAH2](ClO4)2[d] 284.5 86.0(34)/86.0(49) ± ±
[1�H][PF6] (2a) 259.3(5) 91(6) 175(6) 152(5)
[1�2H][Cl, Cl2H] (3a) 288.1(3) 90(3)/92(3) ± ±


[a] 1-Dimethylamino-8-dimethylammonionaphthalene 1,2-dichloroma-
leate, determined by means of neutron diffraction.[31] [b] 1-Dimethylami-
no-8-dimethylammonionaphthalene hydrogen squarate.[30c] [c] 5,8-Bis(di-
methylamino)-1,4-bis(dimethylammonio)naphthalene dibromide.[59]


[d] Vinamidine.[17]


Table 3. Comparison of Cl-H ¥ ¥ ¥Cl bond lengths [pm] and angles [�] in
[1�2H][Cl, Cl2H] (3a) with structurally characterized reference com-
pounds containing the [Cl2H]� anion.


Compound Cl�H Cl ¥ ¥ ¥H Cl-H ¥ ¥ ¥Cl


[1�2H][Cl, Cl2H] (3a) 145(5) 170(5) 177(2)
[AsPh4][Cl2H][60] 154.6 154.6 180.0
[H3O ¥ 18-crown-6][Cl2H][33] 147.1 164.9 168.2
[(Me3NH)2Cl][Cl2H][61] 138.4 178.6 163.2







FULL PAPER J. Sundermeyer et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0807-1686 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 71686


are also elongated. These parameters reflect a dramatic
increase in steric strain as a result of bisprotonation: Both
protons point towards the bridging chloride ion, the guanidine
functions adopt a syn- and not an anti-conformation. As a
result, the guanidine N-atoms lie almost in the same plane as
the naphthalene ring, as indicated by the anti-coplanar torsion
angles N(1/4)-C(11/17)-C(16)-C(15) 172.5 and 174.8�. This
sterically congested conformation is stabilized through hydro-
gen bonds to the chloride anion (Figure 3).


The planarity of the naphthalene ring is expressed by its
average anti-coplanar torsion angle C(11/17)-C(16)-C(15)-
C(20/14) 177.8�. In 3a, the syn-coplanar torsion angles (C(1/
6)-N(1/4)-C(11/17)-C(12/18)) relevant to evaluate a conjuga-
tion are approximately 33�.


The reaction of 1 with aqueous hexafluorophosphoric acid
gave light brown crystals, which were subjected to an X-ray
analysis that identified the product as [1�2H][PF6, BF4] (3b).
This surprising result arises from an HBF4 impurity in the
HPF6 introduced in the manufacturing process, as has been
previously reported.[34] Further evidence for the BF4


� anion is
provided by NMR (19F, 31P, 11B) as well as ESI mass
spectrometry (see the Experimental Section). Even though
the R values of its structure resolution were rather poor
because of twinning and disorder of the anions, the propor-
tions in the naphthalene cation can be considered accurate
according to the temperature factors of cation versus anion.
Without going into a detailed discussion of structural param-
eters, one specific difference between 3a and 3b should be
pointed out: While the two protons are in a syn-conformation
in 3a, in 3b an anti-conformation is realized with essentially
non-coordinating anions. Thus, the energetic difference
between the syn- and anti-conformers cannot be very high.
This is also documented by the small difference in the
populations revealed by dynamic NMR studies of solutions of
bisprotonated 3c (see below).


NMR spectra and pKBH� : The 400 MHz 1H NMR spectrum of
[1�H][PF6] (2a) in CD3CN shows a broad signal at �� 14.28
for the NH proton. This relatively moderate downfield shift of
the NH proton in 2a compared to �� 18.6 (CD3CN) in
DMAN and other naphthalene-based proton sponges,[5] or
even �� 19.38 ([D6]DMSO) for QQ, is assigned to the
formation of a weaker, unsymmetrical hydrogen bridge


(Table 2). On the other hand the NH resonance of the
bisprotonated analogue [1�2H][PF6, BF4] (3b) is observed as
a sharp singlet at �� 7.84 (CD3CN) as a consequence of the
lack of N-H ¥ ¥ ¥N hydrogen bonding. In this context, it is noted
that [1�2H][Cl, Cl2H] (3a) gives a relatively sharp singlet at
�� 11.18, which is at lower field than [1�2H][PF6, BF4] (3b)
because of hydrogen bonding to the chloride anion. Further-
more, there is a broad singlet in 3a at �� 4.33, which is
assigned to the proton of the [Cl2H]� anion.[35] The resonances


in the aromatic region have a
typical ABX pattern.


For the determination of the
pKBH� value,[36, 37] UV/Vis spec-
troscopy could not be used
because of the similarity of the
spectra for both 1 and 2a.
Therefore, the basicity of 1
was determined by 1H NMR
measurements of transprotona-
tion reactions.[37±39] The sterical-
ly hindered guanidine MTBD
proved to be the ideal base with
sufficiently slow proton-ex-
change rates in the low-temper-
ature 1H NMR spectrum in


CD3CN. Other bases, such as DBU and PMG (Table 4),
disclosed only coalesced signals as a result of fast proton-
exchange processes. The experimental pKBH� value of 25.1�
0.2[40] for TMGN (1) was obtained by integration of the
baseline-separated diagnostic resonances of the individual
species 1 and 2a (doublet at �� 6.23 and 6.49, respectively). It
is in excellent agreement with the theoretically calculated
value for the absolute proton affinity (APA) in MeCN:
25.4.[41] The comparison with tetramethylphenylguanidine
(TMPhG, pKBH� � 20.6, Table 4) states unquestionably that
there is a cooperative effect of both chelating guanidine
functions which overcompensates inductive effects of the
naphthalene system. This value is almost in the range of
monoiminophosphoranes, for example IPNMe (Table 4), and
even considerably higher than most ordinary guani-
dines.[18a, 19c, 42]


From the pKBH� determination it became clear that, in
contrast to classical proton sponges,[15a,b, 23, 27] 1 allows rather


Figure 3. Molecular structure of [1�2H][Cl, Cl2H] (3a). View perpendicular to mean ring plane (A) and front
view along C(15) ±C(16) (B).[66]


Table 4. Relative basicity values.


Base pKBH� (MeCN)


vinamidine (VA) 31.94[17]


(Me2N)3P�NMe (IPNMe) 27.58[19c, 62]


25.43[18b, 19c]MTBD


TMGN (1) 25.1[a]


(Me2N)2C�NMe (PMG) 25.00[19c]


DBU 24.32[19c]


(Me2N)2C�NH (TMG) 23.3[19c]


(Me2N)2C�NPh (TMPhG) 20.6[18a, 20a]


DMAN 18.18[5, 63]


quinolino[7,8-h]quinoline (QQ) 12.8[14b] (DMSO)


[a] Present work.
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fast rates of proton exchange which are required for
applications as auxiliary bases in base-catalyzed reactions.
This will be demonstrated in particular by comparing the
proton self-exchange rates between the free base (1) and the
monoprotonated form (2a) relative to the DMAN/DMANH�


system[43] as a criterion for its kinetic activity. Equimolar
amounts of 1 and 2a were dissolved in CD3CN, and 1H NMR
spectra of the mixture were recorded at temperatures ranging
from 344 to 225 K with a coalescence signal at 300 K
(500 MHz). The free energy of proton self-exchange was
determined to be 59.3 kJmol�1 from an Eyring plot that
resulted from a lineshape analysis of the variable-temperature
1H NMR spectra (Figure 4).[44] However, no coalescence
could be observed for DMAN/DMANH�, either in CD3CN or
[D6]DMSO up to temperatures of 336 and 371 K, respective-
ly.[45] Therefore, it can be estimated that DMAN should
exhibit a free energy of proton exchange of �72.6 kJmol�1


([D6]DMSO) which is in the range of the activation enthalpy
estimated for the exchange of D� in DMAN/DMAND�.[46]


Figure 4. Eyring plot from proton self-exchange experiments of 1/2a.


NMR spectra and molecular dynamics : The intrinsic dynamic
behavior of the guanidine group, combined with the change in
structure as a result of protonation, leads to complex intra-
molecular exchange processes which were investigated by
dynamic 1H NMR spectroscopy.


Free base 1: Compound 1 exhibits one signal for the methyl
groups at room temperature. At lower temperatures, this
signal splits into two signals of equal intensity (Figure 5), with
a coalescence point at Tc� 253 K (400 MHz), which is
attributed to hindered rotation about the C�N bond (Fig-
ure 6). This is caused by the typical syn ± anti isomerization of
guanidines, which is already documented in the literature for
other guanidine[24, 47, 48] and TMG[49] systems.


Generally, this isomerization can be caused by rotation or
inversion, but in the case of 1, only the rotation has to be
considered for steric reasons and inversion is unlikely. At
ambient temperature, the protons of the two N-dimethylami-
no units are equivalent. Thus, a flip mode[50] with two separate
ground-state conformers,[7c] such as that observed in DMAN,
where free rotation is impossible because of the repulsion


Figure 5. Temperature-dependent 1H NMR spectra at 400 MHz for the N-
methyl singlet of TMGN (1) in CD2Cl2 (experimental spectra: left,
simulated by iterative fitting:[49] right).


Figure 6. Rotation about the C�N double bond in TMGN (1).


between the methyl groups, cannot be present. Within the
guanidine base 1, the C�NR2 single bonds rotate rapidly with
respect to the NMR timescale, even at low temperatures.[51]


From an Eyring plot, the free energy of activation �G� for
1 was determined to be 49.0 kJmol�1 (256 K), which corre-
sponds to 49.3 kJmol�1 at 238 K. This value is in agreement
with the 50.7 kJmol�1 (at Tc� 238 K, 60 MHz) measured with
TMPhG.[49a] Of course, these values vary from alkyl-substi-
tuted guanidines, which exhibit a reasonably higher barrier of
activation (PMG: �G�� 78.7 kJmol�1 at Tc� 351 K,
100 MHz[48d]) because the C�N double bond is not weakened
by inductive effects of the aromatic system. In 1, however, a
considerable weakening of the C�N bond order is realized by
inductive effects of the naphthalene ring.


Monoprotonated 1: The low-temperature 1H NMR spectrum
of 2a reveals four separate resonances (1:1:1:1) at 190 K
(Figure 7) and is markedly more complicated than that of the
free base 1. It also differs significantly from the known spectra
of [HTMPhG]� and [PMPhG]� .[47]


The fact that 2a also exhibits real proton sponge properties
in solution with a rapidly exchanging proton in an IHB
(Scheme 3), is documented in the number of aromatic proton
signals, along with the number of methyl signals in the range
of fast exchange. Unsymmetrical protonation would result in
six resonances in the aromatic region and two for the methyl
signals. In 2a only three aromatic signals and one methyl
signal is observed, indicating the equivalence of both basic
centers. Now two exchange phenomena are possible, leading
to the four methyl resonances in the low-temperature
spectrum. A single concerted process with all four of the
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Figure 7. Temperature-dependent 1H NMR spectra at 400 MHz for the N-
methyl singlet of [1�H][PF6] (2a) in CD2Cl2 (experimental spectra: left,
simulated by iterative fitting:[49] right).


guanidine units exchanging at the same time. Otherwise, one
rotation would be preferably restricted if the energy content
of the partial double bonds would significantly differ from
each other (probably as a result of conjugation of the former
C�N double bond with the aromatic ring system). The latter
should first cause a symmetrical split (1:1) into two singlets,
followed by a second split of the two singlets at even lower
temperatures into another set of singlets, which can be seen in
part in [RTMPhG]� (R�H, Me).[47]


Scheme 3. Rotation about partial C�N double bonds in [1�H][PF6] (2a)
with equilibration of the proton.


There are several indications of a single concerted process
in the variable-temperature spectra of 2a. In the 1H NMR
spectra of 2a recorded below 249 K (Tc


1), firstly an unsym-
metrical separation of the singlet for the N-methyl protons
with an intensity of 3:1 becomes visible; this excludes a
sequential process. Thereafter, the downfield signal gradually
splits into three singlets (1:1:1) that exhibit a similar chemical
shift which is significantly different from the signal at higher
field (for studies on mesomeric cations, see ref. [52]). More-
over, the concerted process is confirmed by the free energies
of activation of the three observable coalescence phenomena
that are obtained from an Eyring plot and are very similar


with �G�
1 (249 K)� 48.7, �G�


2 (231 K)� 48.6, and �G�
3


(224 K)� 48.5 kJmol�1 (all recorded at 400 MHz). Further-
more, the lineshape analysis on the basis of a single concerted
process as the exchange mechanism leads to an excellent
agreement with the obtained experimental spectra. In addi-
tion, the �G� values determined from the resulting Eyring
plot are in good agreement with those received from the
calculations based on the experimental coalescence points.
They are in the range of the activation barriers found in
[HTMPhG]�[47c] (�G�


1 (248 K)� 52.3, �G�
2 (248 K)� 54.0,


and �G�
3 (225 K)� 46.9 kJmol�1, all recorded at 60 MHz)


and quite contradictory to [PMPhG]�[47a] (only �G�
1


(301 K)� 64.9 and �G�
2 (227 K)� 46.5 kJmol�1 were deter-


mined at 60 MHz). These findings are in good agreement with
the values of benzyl-substituted guanidinium salts which show
considerably higher free energies of activation ([Bz2TMG]�:
�G� (at Tc� 276 K, 60 MHz)� 61.1 kJmol�1[48b]) since there
is no weakening of the C�N bond by the adjacent aromatic
system resulting in lower energy barriers. In summary, the
described behavior is a convincing argument that a true IHB
with a rapidly equilibrating proton is formed, both guanidine
groups are indiscriminate within the observed temperature
region (as is reported for the NMe2 units of DMANH�[46]). It
is assumed that [1�H][PF6] (2a) possesses a symmetrical
double minimum energy profile with a low barrier of
transition.[5, 53]


Bisprotonated 1: On account of the insolubility of hydro-
chloride 3a in CD2Cl2 at low temperatures, the triflate 3c was
employed for the kinetic NMR studies (Figure 8). The low-
temperature 1H NMR spectra of [1�2H][OTf]2 (3c) resemble
those of [1�H][PF6] (2a) down to a temperature of 222 K.
The split of the methyl resonances follow the same interpre-
tation, and it becomes clear that the proton exchange in the
IHB of 1�HPF6 (2a) does not affect the splitting of the signal,
otherwise the spectra of mono- and bisprotonated 1 should
differ.


Figure 8. Rotation about partial C�N double bonds in [TMGNH2]2�.


The free energies of activation for the first three coales-
cences of 3c (similar to 2a) are calculated from the
coalescence points in the experimental spectra: �G�


Tc
� 48.2/


47.3/45.4 kJmol�1 (Tc� 256/235/226 K). In the TMGN system
and its protonated species, contrary steric and electronic
effects seem to interfere. Taking only the electronic effect into
account, the C�N bond order and barrier to rotation is
expected to decrease with the extent of protonation. Whereas
the �G� values do not reflect this prediction, the �H�values,
although hampered with a large experimental error,[54] are
much better at demonstrating the expected trend of lowering
the activation barriers of the base and its corresponding
mono- and bisprotonated acids (Table 5).
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Below 222 K further coalescence phenomena are observed,
the exchange rates between the syn- and the anti-conforma-
tion become detectable. Finally, at 190 K (400 MHz) no less
than seven resonances are recorded for the guanidine methyl
groups with two additional signals for the NH protons
(Figure 9).


Figure 9. Low-temperature (190 K) 1H NMR spectrum (400 MHz) of
[1� 2H][OTf]2 in CD2Cl2.


Integration of the signals indicates a syn/anti population
ratio of 42:58. In agreement with our preliminary crystal
structure determination on 3b and theoretical calculations on
the gas-phase structure of bisprotonated 1,[41] it is assumed
that the anti conformer is predominant in solution, especially
if non-coordinating counteranions are employed. From the
corresponding Eyring plot, the free energy of activation for
the syn ± anti equilibrium is calculated to be �G�


298 �
47.1 kJmol�1 (Figure 10). It is interesting to note that in the
bisprotonated 3c, the �G�


298 value for the free energy of the
syn ± anti process (47.1 kJmol�1) is lower than the barrier to
rotation (51.9 kJmol�1) about the C�N bonds.


Conclusion


TMGN (1) is a readily accessible and extremely basic
guanidine derivative with the classical proton sponge back-


Figure 10. Graphical analysis of rate constants determined from spectra
simulation for the syn ± anti conformation equilibrium of [1�2H][OTf]2
(3c).[60]


bone of DMAN. To date it is the most basic compound in the
class of naphthalene-based ™proton sponges∫. TMGN (1) has
an experimentally determined pKBH� value of 25.1� 0.2
(MeCN) revealing a thermodynamic basicity nearly seven
orders of magnitude higher than the parent DMAN. Fur-
thermore, TMGN (1) also has a much higher kinetic basicity
than DMAN, which is demonstrated by the kinetics of its
proton self-exchange (�G�


298 � 59.3� 0.1 kJmol�1). On ac-
count of this high kinetic activity, the monoprotonated
[1�H]� may take up a second proton if treated with an excess
of strong acid. TMGN is more stable to hydrolysis in
comparison to the commercially available guanidine MTBD
and less nucleophilic towards alkylating agents, such as C2H5I.
Dynamic 1H NMR studies on mono- and bisprotonated
TMGN reveal a concerted mechanism of rotation about three
almost equivalent C�N bonds. Furthermore, it is shown that
there is an equilibrium between a syn- and an anti-conforma-
tion with respect to both guanidine functionalities of the
bisprotonated 3c. The base and corresponding acids are
spectroscopically and structurally characterized. It is antici-
pated that a high thermodynamic basicity combined with a
high kinetic activity is interesting for base-catalyzed applica-
tions.


Experimental Section


Materials and methods : All experiments were carried out in glassware
assembled while hot in an inert atmosphere of argon4.8 dried with P4O10


granulate. Solvents and triethylamine were purified according to literature
procedures and also kept under an inert atmosphere. 1,8-Diaminonaph-
thalene (Merck) was purified by distillation from zinc dust.[55] NH4PF6,
NH4ClO4, trifluoromethanesulfonic acid (Aldrich), aqueous HPF6 (60 ±
65%, Strem Chemicals), HCl gas (MERCK), and ethyl iodide (Fluka)
for protonation and alkylation, respectively, were used as purchased.
Substances sensitive to moisture and air were kept in a nitrogen-flushed
glove-box (Braun, TypeMB150BG-I). Spectra were recorded on the
following spectrometers: NMR: Bruker DRX500, DRX400 and
AMX300; IR: Bruker IFS88FT; UV/Vis: Hitachi U-3410; MS(EI,
70 eV): Varian MATCH-7a; MS(FD): Finnigan MAT95S; MS (ESI):
Hewlett Packard HP5989B; elemental analysis: Heraeus CHN-Rapid;
melting points: B¸chi MPB-540 (uncorrected).


Table 5. Free activation energies and enthalpies of rotation, syn ± anti
conformation and self-exchange in the bis(guanidine) proton sponge
system.[a]


Compound �G�
298


[kJmol�1][64]
�G�


256


[kJmol�1][64]
�H�


[kJmol�1][64]


TMGN (1)[b] 48.3� 0.1 49.0� 0.1 53.4� 0.3
[TMGNH]PF6 (2a)[b] 49.2� 0.1 48.8� 0.1 46.5� 0.3
[TMGNH2]OTf2 (3c)[c] 51.9� 1.0 48.2� 0.1[d] 27.0� 3.0
[TMGNH2]OTf2 (3c)[b] 47.1� 0.1 45.6� 0.1 36.1� 0.3
syn/anti-N�H
TMGN/[TMGNH]�[b] 59.3� 0.1 58.2� 0.1 51.6� 0.3
self-exchange


[a] Activation entropy is omitted because of the large error in its
determination.[65] [b] Calculated from graphical analysis of rate constants
obtained from simulated spectra.[66] [c] Values obtained by extrapolation on
the basis of the three experimentally determined individual �G�


Tc
values.[54]


[d] Value obtained from coalescence point (Tc� 256 K) of the experimen-
tal spectrum.[67]
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Lineshape analysis : The lineshape analysis of the variable-temperature
1H NMR spectra were analyzed with the dynamic NMR simulation
program WIN-DYNA.[44] Errors are quoted as defined by Binsch and
Kessler.[65]


Caution! Phosgene is a severe toxic agent that can cause pulmonary
embolism and in case of heavy exposition may be lethal. Use only in a well-
ventilated fume hood.


Tetramethylchloroformamidinium chloride :[25] Phosgene was passed
through a solution of tetramethylurea (50 g) in toluene (200 mL) kept at
0 �C in a flask equipped with a reflux condenser cryostated to �30 �C for
2 h. Subsequently, the phosgene inlet was closed and the solution was
allowed to warm to room temperature. The mixture was stirred for another
24 h, while the reflux condenser was maintained at �30 �C. The white
precipitate was filtered off, washed three times with dry diethyl ether, and
dried in vacuo. Yield: �95%.


1,8-Bis(1,1,3,3-tetramethylguanidino)naphthalene (1, TMGN): A solution
of the Vilsmeyer salt [(Me2N)2CCl]Cl (10.26 g, 60.0 mmol) in acetonitrile
(30 mL) was added under cooling on an ice bath to a solution of 1,8-
diaminonaphthalene (4.8 g, 30.0 mmol) and triethylamine (6.1 g, 8.5 mL,
60.0 mmol) in acetonitrile (50 mL). After the exothermic reaction was
complete the mixture was refluxed for 3 h and a clear solution developed.
Subsequently, NaOH (2.4 g, 60.0 mmol) in water (15 mL) was added under
vigorous stirring in order to deprotonate the HNEt3Cl. After removal of
the solvent as well as excess NEt3, the precipitate was washed three times
with dry diethyl ether to remove unreacted amine, and was then dried in
vacuo. TMGN (1) was obtained by complete deprotonation of the
bis(hydrochloride) with 50% KOH (50 mL) and extraction of the aqueous
phase with MeCN (3� 50 mL). The combined filtrates were evaporated to
dryness and taken up in warm hexane (100 mL). The solution was dried
over MgSO4, stirred with activated charcoal to eliminate impurities, and
filtered warm through Celite. Recrystallization from hexane and drying in
vacuo gave 1 as weakly beige crystals (9.03 g, 25.5 mmol, 85%). M.p.
123 �C; 1H NMR (400.1 MHz, CD3CN, 25 �C): �� 7.19 (d, 3J(H4,H3)�
8.3 Hz, 2H; H4,5), 7.13 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.5 Hz, 2H; H3,6),
6.23 (d, 3J(H2,H3)� 6.8 Hz, 2H; H2,7), 2.65 (s, 24H; CH3); 1H NMR
(400.1 MHz, [D6]DMSO, 25 �C): �� 7.16 ± 7.09 (m, 4H; H3 ±H6), 6.16 (dd,
3J(H2,H3)� 6.7 Hz, 4J(H2,H4)� 1.6 Hz, 2H; H2,7), 2.62 (s, 24H; CH3);
1H NMR (400.1 MHz, CD2Cl2, 28 �C): �� 7.21 (dd, 3J(H4,H3)� 8.3 Hz,
4J(H4,H2)� 1.3 Hz, 2H, H4,5), 7.15 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.5 Hz,
2H; H3,6), 6.27 (dd, 3J(H2,H3)� 7.1 Hz, 4J(H2,H4)� 1.5 Hz, 2H; H2,7),
2.66 (s, 24H; CH3); 1H NMR (400.1 MHz, CD2Cl2, �73 �C): �� 7.18 (d,
3J(H4,H3)� 8.0 Hz, 2H; H4,5), 7.12 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.5 Hz,
2H; H3,6), 6.29 (d, 3J(H2,H3)� 7.2 Hz, 2H; H2,7), 2.71 (s, 12H; CH3), 2.32
(s, 12H; CH3); 13C NMR (100.6 MHz, CD3CN, 25 �C): �� 155.0 (CN3),
150.7, 137.4, 126.1, 119.8, 115.7 (aromat. C), 39.4 (CH3); 13C NMR
(100.6 MHz, [D6]DMSO, 25 �C): �� 154.0 (CN3), 150.1, 136.7, 125.9,
122.7, 119.6, 115.2 (aromat. C), 39.7 (CH3); IR (KBr): �� � 3440w (br),
3002w, 2937m, 1630vs, 1593s, 1558s, 1493s, 1452m, 1431m, 1371 s, 1233m,
1135s, 985m, 830m, 760m cm�1; UV/Vis (MeCN, c� 2� 10�5 molL�1): �max


(�)� 349.0 (15600), 235.0 (46000), 213 nm (36300); MS (FD, MeCN): m/z
(%): 354 [M]� ; MS (EI, 70 eV): m/z (%): 354.0 (86.5) [M]� , 310.0 (7.7)
[M�NMe2]� , 253.0 (26.1) [M�C(NMe2)2]� , 100.0 (55.9) [C(NMe2)2]� ,
85.0 (100) [C4H9N2]� ; elemental analysis calcd (%) for C20H30N6 (354.50): C
67.76, H 8.53, N 23.71; found: C 67.55, H 8.53, N 23.53.


1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene hexafluorophosphate
(2a, [1�H][PF6]): The monoprotonated hexafluorophosphate salt was
obtained by treatment of the free guanidine base 1 (354 mg, 1.00 mmol)
with a solution of NH4PF6 (1 equiv, 160 mg, 0.98 mmol) dissolved in MeCN
(15 mL) and stirring for 1 h at 50 �C. The solvent was evaporated and the
solid was redissolved in MeCN. The solution was stirred over activated
charcoal and passed through Celite. Removal of the solvent and
crystallization from MeCN/Et2O gave 2a as colorless crystals in almost
quantitative yield (476 mg, 0.95 mmol, 97%). M.p. 255 �C; 1H NMR
(400.1 MHz, CD3CN, 25 �C): �� 14.28 (br s, 1H; NH), 7.40 (d, 3J(H4,H3)�
8.3 Hz, 2H; H4,5), 7.34 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.9 Hz, 2H; H3,6),
6.49 (d, 3J(H2,H3)� 7.5 Hz, 2H; H2,7), 2.87 (s, 24H; CH3); 13C NMR
(100.6 MHz, CD3CN, 25 �C): �� 159.8 (CN3), 142.9, 136.9, 126.7, 122.0,
114.2 (aromat. C), 39.9 (CH3); IR (KBr): �� � 3325m, 2922m, 1646vs, 1547s,
1473m, 1431m, 1410m, 1371m, 1278vs, 1247vs, 1171s, 1153s, 1068m,
1034vs, 848m, 766m, 639s, 573m, 517 m cm�1; UV/Vis (MeCN, c� 2�
10�5 molL�1): �max (�)� 348.0 (14300), 233.3 nm (50800); MS (FD, MeCN):


m/z (%): 355 [(1)H2]� ; elemental analysis calcd (%) for C20H31N6PF6


(500.5): C 48.00, H 6.24, N 16.79; found: C 47.92, H 6.08, N 16.16.


1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene perchlorate (2b,
[1�H][ClO4]): The monoprotonated perchlorate salt was obtained by
stirring 1 (354 mg, 1 mmol) and NH4ClO4 (115 mg, 0.98 mmol) in MeCN
(15 mL) for 1 h at 50 �C. After evaporation of the solvent, the solid material
was redissolved in dry MeCN, stirred over activated charcoal and filtered
through Celite. The volatiles were removed in vacuo and 2b was crystal-
lized from MeCN/Et2O (428 mg, 0.94 mmol, 96%) as colorless crystals.
M.p. 229 �C (decomp.); 1H NMR (400.1 MHz, [D6]DMSO, 25 �C): �� 14.19
(br s, 1H; NH), 7.41 ± 7.33 (m, 4H; H3 ± 6), 6.50 (dd, 3J(H2,H3)� 7.1 Hz,
4J(H2,H4)� 1.0 Hz, 2H; H2,7), 2.87 (s, 24H; CH3); 1H NMR (400.1 MHz,
CD2Cl2, 28 �C): �� 14.76 (br s, 1H; NH), 7.40 (dd, 3J(H4,H3)� 8.3 Hz,
4J(H4,H2)� 1.1 Hz, 2H; H4,5), 7.33 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.8 Hz,
2H; H3,6), 6.43 (dd, 3J(H2,H3)� 7.4 Hz, 4J(H2,H4)� 1.2 Hz, 2H; H2,7),
2.93 (s, 24H; CH3); 1H NMR (400.1 MHz, CD2Cl2, �83 �C): �� 14.63 (br s,
1H; NH), 7.32 (dd, 3J(H4,H3)� 8.2 Hz, 4J(H4,H2)� 1.0 Hz, 2H; H4,5),
7.28 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.6 Hz, 2H; H3,6), 6.30 (dd,
3J(H2,H3)� 7.2 Hz, 4J(H2,H4)� 1.0 Hz, 2H; H2,7), 3.08 (s, 6H; CH3),
3.03 (s, 6H; CH3), 2.93 (s, 6H; CH3), 2.40 (s, 6H; CH3); 13C NMR
(100.6 MHz, [D6]DMSO, 25 �C): �� 158.5 (CN3), 142.0, 136.0, 126.1, 121.4,
117.6, 113.5 (aromat. C), 39.5 (CH3); IR (KBr): �� � 2917m, 1617m, 1559s,
1467m, 1405 s, 1371m, 1352m, 1235w, 1163m, 1088s, 1015w, 830m, 769m,
622m cm�1; UV/Vis (MeCN, c� 2� 10�5 molL�1): �max (�)� 348.2 (14400),
306.7 (6800), 233.3 nm (50500); MS (FD, MeCN): m/z (%): 355 [(1)H2]� ;
elemental analysis calcd (%) for C20H31N6ClO4 (455.0): C 52.80, H 6.87, N
18.47; found: C 52.53, H 6.88, N 17.83.


1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene dichloride (3a,
[1�2H][Cl, Cl2H]): Gaseous HCl was bubbled into a solution of 1
(354 mg, 1 mmol) in CH2Cl2 (10 mL) for 5 minutes. The clear, light yellow
solution was stirred for 1 h. The precipitate, which formed after adding
Et2O, was washed with dry diethyl ether. Crystallization from MeCN gave
3a as colorless crystals (495 mg, 0.98 mmol, 98%). The product analyzed as
an adduct with 1 molecule HCl and 1 molecule CH3CN. M.p. 233 �C;
1H NMR (400.1 MHz, CD3CN, 25 �C): �� 11.20 (s, 2H; NH), 7.92 (d,
3J(H4,H3)� 8.1 Hz, 2H; H4,5), 7.54 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.9 Hz,
2H; H3,6), 7.02 (d, 3J(H2,H3)� 7.2 Hz, 2H; H2,7), 4.33 (br s, 1H; Cl2H),
2.94 (s, 24H; CH3); 13C NMR (100.6 MHz, CD3CN, 25 �C): �� 161.3 (CN3),
137.5, 133.8, 128.6, 127.1, 123.9, 123.1 (aromat. C), 41.0 (CH3); IR (KBr):
�� � 3417m, 3033m, 2916m, 1636s, 1540 s, 1467m, 1429m, 1406m, 1371m,
1337m, 1300m, 1172m, 1066m, 1019m, 796m, 772m cm�1; UV/Vis
(MeCN, c� 2� 10�5 molL�1): �max (�)� 346.7 (11800), 232.8 nm (50200);
MS (FD, MeCN): m/z (%): 389 [[(1)H2]Cl]� , 354 [(1)H2]� ; elemental
analysis calcd (%) for C20H32N6Cl2 ¥HCl ¥CH3CN (427.4�36.5�41.1
(504.9)): C 52.33, H 7.19, N 19.42; found: C 53.14, H 7.12, N 18.98.


1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene hexafluorophos-
phate-tetrafluoroborate (3b, [1�2H][PF6 , BF4]): An impure, HBF4-con-
taining sample of aqueous hexafluorophosphoric acid (0.35 mL, 60 ± 65%)
was added dropwise to 1 (354 mg, 1 mmol) in CH2Cl2 (10 mL). Within
seconds, a white precipitate developed which was washed with dry diethyl
and dried in vacuo. The precipitate was recrystallized from MeOH to yield
(554 mg, 0.92 mmol, 92%) 3b as light brown crystals. M.p. 227 �C; 1H NMR
(400.1 MHz, CD3CN, 25 �C): �� 7.94 (d, 3J(H4,H3)� 8.3 Hz, 2H; H4,5),
7.84 (s, 2H; NH), 7.58 (dd, 3J(H3,H4)� 3J�(H3,H2)� 7.8 Hz, 2H; H3,6), 7.04
(d, 3J(H2,H3)� 7.3 Hz, 2H; H2,7), 2.95 (s, 24H; CH3); 13C NMR
(100.6 MHz, CD3CN, 25 �C): �� 160.6 (CN3), 137.2, 132.8, 128.6, 127.3,
123.1, 121.7 (aromat. C), 41.6 (CH3); 19F NMR (188.3 MHz, CD3CN, 25 �C):
���70.9 (d, 2J(F,P)� 706.6 Hz, PF6), �149.6 (s, BF4); 31P NMR
(162.0 MHz, CD3CN, 25 �C): ���142.9 (sept., 1J(P,F)� 706.5 Hz, PF6);
11B NMR (96.3 MHz, [D6]DMSO, 25 �C): ���1.2 (s, BF4); IR (KBr): �� �
3383m, 2950m, 1637s, 1544s, 1473m, 1434m, 1409m, 1344m, 1299m,
1281m, 1167m, 1065m, 1022m, 841s, 762m, 558s cm�1; MS (ESI pos,
MeCN): m/z (%): 501 [[(1)H2]PF6]� , 441 [(1)H2]BF4]� , 355 [(1)H2]� ; MS
(ESI neg, MeCN):m/z (%): 145 [PF6]� , 87 [BF4]� ; elemental analysis calcd
(%) for C20H32N6BF10P (588.3): C 40.83, H 5.48, N 14.29; found: C 40.54, H
5.29, N 13.90.


1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene bistriflate (3c,
[1�2H][OTf]2): Compound 1 (354 mg, 1 mmol) diluted in dry Et2O
(30 mL) was added dropwise to trifluoromethanesulfonic acid (0.9 mL,
10 mmol), which resulted in the instant precipitation of the bisprotonated
triflate salt. Subsequently, the suspension was stirred for another 2 h, and
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the precipitate was filtered and washed with dry Et2O three times.
Recrystallization from MeCN/Et2O gave 3c as colorless crystals (602 mg,
0.92 mmol, 92%). M.p. 242 �C; 1H NMR (400.1 MHz, CD3CN, 25 �C): ��
8.08 (s, 2H; NH), 7.93 (d, 3J(H4,H3)� 8.3 Hz, 2H; H4,5), 7.57 (dd,
3J(H3,H4)� 3J�(H3,H2)� 7.9 Hz, 2H; H3,6), 7.04 (d, 3J(H2,H3)� 7.5 Hz,
2H; H2,7), 2.95 (s, 24H; CH3); 1H NMR (400.1 MHz, CD2Cl2, 28 �C): ��
8.51 (s, 2H; NH), 7.86 (d, 3J(H4,H3)� 7.7 Hz, 2H; H4,5), 7.52 (dd,
3J(H3,H4)� 3J�(H3,H2)� 8.1 Hz, 2H; H3,6), 6.91 (d, 3J(H2,H3)� 7.5 Hz,
2H; H2,7), 2.96 (s, 24H; CH3); 1H NMR (400.1 MHz, CD2Cl2, �92 �C):
�� 8.54 (syn population 42%� 2H each NH), 8.34 (anti population
58%� 2H each NH), 7.87 ± 7.75 (m, 2H; H4,5), 7.53 ± 7.40 (m, 2H; H3,6),
6.93 ± 6.75 (m, 2H; H2,7), 3.23, 3.05, 2.87, 2.17 (anti population 58%� 6H
each CH3), 3.18, 3.06, 2.94, 2.28 (syn population 42%� 6H each CH3);
1H NMR (400.1 MHz, CD2Cl2, 25 �C): �� 8.51 (s, 2H; NH), 7.86 (d,
3J(H4,H3)� 7.7 Hz, 2H; H4,5), 7.52 (dd, 3J(H3,H4)� 3J�(H3,H2)� 8.1 Hz,
2H; H3,6), 6.91 (d, 3J(H2,H3)� 7.5 Hz, 2H; H2,7), 2.96 (s, 24H; CH3);
13C NMR (100.6 MHz, CD3CN, 25 �C): �� 160.7 (CN3), 137.2, 133.0, 128.6,
127.2, 123.2 (aromat. C), 40.6 (CH3); IR (KBr): �� � 3436w (br), 2809w,
1631m, 1590m, 1562s, 1539s, 1512s, 1469m, 1450m, 1415s, 1368m, 1350m,
1159m, 1067m, 1016m, 837vs, 767m, 557m cm�1; MS (FD, MeCN): m/z
(%): 505 [[(1)H2]OTf]� , 355 [(1)H2]� ; elemental analysis calcd (%) for
C22H32N6F6O6S2 (654.7): C 40.36, H 4.93, N 12.84; found: C 39.98, H 4.89, N
12.35.
1H NMR self-exchange experiment : Equimolar amounts of TMGN (1)
(1.81 mg, 5� 10�6 mol) and [1�H][PF6] (2a, 2.50 mg, 5� 10�6 mol) were
dissolved together in dry CD3CN (0.5 mL), and 1H NMR spectra were
recorded at various temperatures ranging from 344 to 225 K. An analogous
experiment was carried out with DMAN (4.28 mg, 2� 10�5 mol) and
DMANH� (7.20 mg, 2� 10�5 mol) in dry CD3CN (0.9 mL) and dry
[D6]DMSO (0.8 mL), respectively.


1H NMR basic hydrolysis experiment : TMGN (1, 21.3 mg, 6� 10�5 mol)
and MTBD (9.0 mg, 6� 10�5 mol) were each dissolved in dry [D6]DMSO
(0.5 mL). After the addition of NaOD in D2O (0.1 mL, 5�) their 1H NMR
spectra were recorded at various times (t� 0� 1 h/RT� 1 d/RT� 3 h/
60 �C� 1 d/60 �C� 5 d/60 �C).
1H NMR nucleophilicity experiment : TMGN (1, 46.3 mg, 1.3� 10�4 mol)
and MTBD (20.0 mg, 1.3� 10�4 mol) were each dissolved in dry CD2Cl2
(0.6 mL) and C2H5I (TMGN: 102 mg, 0.053 mL, 6.5� 10�4 mol; MTBD:
51 mg, 0.026 mL, 3.25� 10�4 mol) was added, 2.5 equiv of the alkylating
agent per guanidine function, respectively. The 1H NMR spectra were
recorded at various times (t� 0� 15 min/RT� 1 h/RT� 1 d/RT� 3 d/
RT).


X-ray structure analysis : Crystal data and experimental conditions are
listed in Table 6. The molecular structures are illustrated as Schakal[56] plots
in Figures 1 ± 4. Selected bond lengths and angles with standard deviations
in parentheses are presented in Table 1. The collected reflections were
corrected for Lorentz and polarization effects. All structures were solved
by direct methods and refined by full-matrix least-squares methods on
F 2.[57] Hydrogen atoms were calculated and isotropically refined, except for
H(1A) (2a) and H(1)/H(2)/H(4) (3a) which were found and isotropically
refined.[58] The correctness of the absolute structure of 2awas confirmed by
the Flack parameter refined to 0.01(5).
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Table 6. Crystal data and structure refinement for 1, 2a, and 3a.


Complex TMGN (1) [1�H][PF6] (2a) [1�2H][Cl, Cl2H] (3a)


empirical formula C20H30N6 C20H31N6F6P C20H32N6Cl2�HCl, CH3CN
Fw [gmol�1] 354.5 500.5 504.9
T [K] 183(2) 213(2) 213(2)
crystal system monoclinic monoclinic monoclinic
space group P21/n P21 P21/c
a [pm] 1313.7(1) 873.8(1) 1083.0(1)
b [pm] 1165.1(2) 1151.5(1) 3374.5(1)
c [pm] 1480.1(1) 1240.9(1) 743.5(1)
� [�] 90 90 90
� [�] 113.786(6) 107.003(5) 101.311(4)
� [�] 90 90 90
V [ä3] 2072.9(4) 1194.1(1) 2664.3(2)
Z 4 2 4
	 [Mgm�3] 1.136 1.392 1.259

 [mm�1] 0.071 1.629 3.292
F(000) 768 524 1072
crystal size [mm3] 0.50� 0.30� 0.30 0.40� 0.40� 0.20 0.45� 0.27� 0.12
diffractometer Enraf Nonius CAD4 Enraf Nonius CAD4 Enraf Nonius CAD4
� [pm] MoK�/71.073 CuK�/154.178 CuK�/154.178
scan technique � scan � scan � scan
� range for data collection [�] 2.43 ± 24.87 3.72 ± 59.94 2.62 ± 59.90
index ranges � 14� h� 13 � 9� h� 9 0� h� 12


� 13� k� 0 � 12� k� 0 0� k� 37
0� l� 17 0� l� 13 � 8� l� 8


reflns collected 3725 1967 4166
independent reflns 3315 1875 3942
Rint 0.0354 0.0156 0.0478
obs. reflns [F	 4(F)] 1970 1868 3468
data/restraints/parameters 3315/0/243 1875/0/307 3942/0/310
GoF on F 2 0.992 1.070 1.054
R1 [F0	 4(F)][a] 0.0552 0.0627 0.0573
wR2 (all data)[a] 0.1404 0.1681
0.1575
transmission (max/min) 0.9791/0.9655 0.7365/0.5619 0.6934/0.3189
largest diff. peak and hole [eä�3] 0.147/� 0.214 0.952/� 0.754 0.676/� 0.400


[a] R1�� 
 
F0 
� 
Fc 
 
/� 
F0 
 ; wR2� {�[w(F 2
o �F 2


c �2]/�[w(F 2
o �2]}1/2.
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The Proton Affinity of the Superbase
1,8-Bis(tetramethylguanidino)naphthalene (TMGN)
and Some Related Compounds: A Theoretical Study


Borislav Kovacœevic¬ and Zvonimir B. Maksic¬*[a]


Dedicated to Professor Rolf Gleiter on the occasion of his 65th birthday


Abstract: The spatial and electronic
structure of the very strong neutral
organic bases bis(tetramethylguanidi-
no)naphthalene (TMGN), 4,5-bis(tetra-
methylguanidino)fluorene (TMGF) and
some related compounds are explored
by ab initio computational methods.
Their affinity towards the proton is
scrutinized both in the gas phase and in
solution in acetonitrile. The protonation
at the most basic center (the imine
nitrogen) yields asymmetric and rela-
tively strong intramolecular hydrogen
bonds (IHB). It is found that the angular
strain effect and steric repulsion practi-
cally vanish in TMGN which implies
that its high absolute proton affinity


(APA) has its origin in the inherent
basicity of the guanidine fragment and a
relatively strong IHB in [TMGN]H�.
The nonbonded repulsions in TMGF are
higher than in TMGN, which in con-
junction with a slightly stronger IHB in
the corresponding conjugate acid makes
it more basic: APA(TMGF)�
APA(TMGN). An interesting new phe-
nomenon is observed in both TMGN
and TMGF: the proton triggers the
resonance stabilization not only in the
directly bonded guanidine moiety, but


also in the other guanidine fragment
which is more distant from the proton,
albeit in a less pronounced manner. The
latter feature is termed a partial proto-
nation. This supports the hydrogen
bonding and contributes to the IHB
stabilization. Convincing evidence is
presented that the solvent effect in
acetonitrile is determined by two antag-
onistic factors: 1) the intrinsic (gas
phase) proton affinity and 2) the size
effect which is given by the ratio be-
tween the positive charge in molecular
cation (conjugate acid) and the magni-
tude of the molecular surface. The
resulting pKa values are given by an
interplay of these factors.


Keywords: basicity ¥ proton affinity
¥ protonation ¥ proton sponges


Introduction


Preparation and characterization of neutral organic bases has
been a subject of considerable interest for a large number of
researchers for several decades.[1, 2] This is not surprising, as
strong neutral bases have some distinct advantages over their
ionic counterparts. They require milder reaction conditions
and possess an increased solubility at the same time.[3]


Consequently, neutral organic (super)bases have found a
wide range of applications in syntheses as auxiliary base
mediators.[4] The first molecule to be prepared of this class of
compounds was the paradigm, 1,8-bis(dimethylamino)naph-
thalene (DMAN), which has been subsequently followed by a
large number of diamine derivatives.[5]


(CH3)2N N(CH3)2


DMAN


N N


TMGN


[(CH3)2N]2C C[N(CH3)2]2


Lately, considerable attention has been focused on imines,[6]


polyfunctional formamidines,[7] vinamidines[8] and phospha-
zenes,[9] in which the most susceptible position for the proton
attack was provided by the imine nitrogen atom. Concomitant
with extensive experimental investigations, there is an in-
creasing number of the theoretical studies of proton affinities
of organic molecules,[10±17] with an emphasis on the design of
new neutral organic superbases.[18±24] These computational
investigations have shown that a high basicity can be expected
if the resulting conjugate acids are stabilized by the aroma-
tization of a molecular backbone, which may consist of
sequential quinoimine[20] and/or cyclopropenimine[21] subu-
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nits. Another interesting structural and electronic motif is
given by guanidine fragments, which undergo a very strong
cationic resonance stabilization that is triggered by protona-
tion.[23] Juxtaposition of guanidine and other suitable subunits
such as cyclopropenimines also yields powerful superbases.[24]


Apparently, combinations of different motifs offer a large
variety of strong bases, which exhibit a wide range of proton
affinities.


The present work was motivated by the synthesis of the
eponymous compound 1,8-bis(tetramethylguanidino)naph-
thalene (TMGN) by Raab et al.[25] This intriguing system
has led to simultaneous experimental[25] and theoretical
examinations of its structure, properties and proton attracting
ability in the gas phase and in acetonitrile. We describe the
theoretical investigations in this paper. In addition, we
consider some related molecules, which place TMGN in a
proper perspective and help to elucidate its superbasicity.


Methodology


Absolute proton affinities (APA) in the gas phase are computed in the
following standard manner:


APA(B�)� (�Eel)�� (�ZPVE)� (1)
(�Eel)��E(B)�E(B�H)� (2)
(�ZPVE)��ZPVE(B)�ZPVE(B�H)� (3)


B and BH� denote the base in question and its conjugate acid, respectively,
whilst � stands for the site of proton attack. Equations (2) and (3) give the
electronic and zero point vibrational energy contributions to the proton
affinity, respectively. The search of the Born ±Oppenheimer energy
hypersurfaces has been performed with the efficient Hartree ± Fock level
by the use of the 6-31G* basis set. One of the results of the present study is


that the HF/6-31G* geometries are in accordance with the experimental
data.


The minima on the hypersurface that correspond to equilibrium geometric
structures are verified by vibrational analyses at the same level. The
calculated vibrational frequencies are used in deriving the ZPVenergies by
the application of a common scale factor, 0.89, as customary. The final
single point calculations take into account the fact that a proper description
of the nitrogen lone pairs requires the use of the flexible 6-311�G** basis
set, and that reliable estimates of the proton affinity require an explicit
account of the electron correlation energy at least to the level of M˘ller ±
Plesset (MP) perturbation theory of the second order. This gives rise to the
MP2(fc)/6-311�G**//HF/6-31G*�ZPVE(HF/6-31G*) model,[17] which
will be referred to henceforth as MP2. The calculations of the solvent
effect in acetonitrile will be described later (see below). All computations
are carried out by using GAUSSIAN 94 and GAMESS programs.[26, 27]


Results and Discussion


Spatial structures : Naphthalene 1, TMGN 2, its protonated
and diprotonated forms 2p and 2dp, are shown in Figure 1,
together with 1-tetramethylguanidinonaphthalene, 3, and its
most stable conjugate acid, 3p. Some relevant structural
parameters obtained by the HF/6-31G* model are presented
in Table 1.
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Figure 1. Schematic representation and numbering of atoms in naphtha-
lene 1, TMGN 2, the protonated 2p and diprotonated 2dp forms of TMGN,
and (guanidino)naphthalene, 3, and its conjugate acid, 3p.


Abstract in Croatian: Primjenom ab initio metoda istrazœena je
prostorna i elektronska struktura vrlo jakih neutralnih organ-
skih baza TMGN i TMGF zajedno s nekim srodnim
spojevima. Odredjeni su njihovi protonski afiniteti kako u
plinskoj fazi tako i u acetonitrilu. Najvec¬u sklonost prema
protonu ima iminski atom dusœika gvanidinskog fragmenta.
Protoniranjem se stvara asimetricœna vodikova veza (IHB)
kako kod TMGN tako i kod TMGF. Pokazuje se da su kutna
napetost i stericœko odbijanje prakticœki jednaki nuli kod prve
molekule. Iz toga proizlazi da je visoki apsolutni protonski
afinitet (APA) TMGN-a posljedica imanentne bazicœnosti
gvanidinskog fragmenta kao i relativno jake vodikove veze.
Kod TMGF-a nevezne interakcije i nesœto jacœa IHB u
konjugiranoj kiselini vode na izrazœeniju luzœnatost ovog spoja:
APA(TMGF)�APA(TMGN). Vrlo interesantna pojava opa-
zœena je kod obje ove molekule: proton odapinje rezonantnu
stabilizaciju ne samo u onom gvanidinskom fragmentu, koji je
direktno vezan na proton, vec¬ i u njegovom vis-a¡-vis partneru.
Mozœe se kazati da je ovaj potonji parcijalno protoniran.
Stabilizacijske promjene u njemu su manje ali znacœajne, sœto
pridonosi jacœini IHB. Ustanovljeno je da na bazicœnost neu-
tralnih organskih baza u acetonitrilu utjecœu dva faktora:
1) inherentni ili prirodjeni protonski afinitet baze i 2) velicœina
molekularne povrsœine konjugirane kiseline. Rezultirajuc¬e pKa


vrijednosti rezultanta su ova dva utjecaja.
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The data reveals that TMGN has C2 symmetry and that 1,8-
disubstitution by the tetramethylguanidine group exerts a
relatively weak influence on the naphthalene framework in 2.
For instance, bonds which are involved in these substitutions,
C(11)�C(12) and C(11)�C(16), are elongated by �0.01 ä,
and similarly the C(11)�C(16) and C(16)�C(16) bond lengths
increase by 0.02 ä. This represents the tendency of the
naphthalene skeleton to minimize repulsion between guani-
dine fragments. The remaining C�C bond lengths are slightly
compressed with the exception of d[C(15)�C(16)]. Concom-
itantly, the distance between carbon atoms, C(11) ¥ ¥ ¥C(17),
increases by 0.062 ä and between C(14) ¥ ¥ ¥C(20) decreases by
0.039 ä in relation to the parent compound 1. The unshared
electron pairs assume a roughly antiparallel conformation to
minimize their replusion. As a consequence, the imine
nitrogens are not in the plane of the molecule and the
guanidine groups exhibit an out of plane bending, which is
reflected in the N(1)�C(11)�C(16)�C(15) dihedral angle of
10�.


The side view of 2 is given in Figure 2. The guanidine
subunits, which are defined by, for example, C(1)�N(1), C(1)�
N(2) and C(1)�N(3) bonds, are perfectly planar and in
agreement with X-ray measurements, apart from the methyl


groups.[25] In contrast, the
amine nitrogens are pyramidal-
ized. A useful index of pyra-
midalization is provided by
DP(%), which stands for a
degree of pyramidalization.[28]


It is calculated by the summa-
tion of bond angles �i (i� 1 ± 3)
in degrees of the apical nitrogen
in question:


DP(%)�
�
360�


�3


i� 1


�i


��
0.9 (%) (4)


The DP(%) values of nitro-
gens N(2) and N(3) are 4.5 and
10.4%, respectively. The naph-
thalene frame is only slightly
nonplanar as evidenced by neg-
ligible degrees of pyramidaliza-
tion of the ring carbons C(11),
C(12) and C(16) which assume
values 0.5, 0.1 and 0.0%, re-
spectively. It follows, therefore,
that the aromatic system retains
its aromaticity. It is interesting
that the C(11)�N(1) bond
length is very similar to that of
DMAN,[29] despite the fact that
imine nitrogen has higher
s-character in this bond in the
latter compound. Consequent-
ly, we can conclude that there is
no conjugation between the
ring and substituted fragments.
This is corroborated by a large


dihedral angle C(1)�N(1)�C(11)�C(12) �60�, which places
the first guanidine group above and the second below the
molecular plane. On the other hand, C(1)�N(2) and C(1)�
N(3) bond lengths are close to those in free guanidine. This
implies that there is an appreciable �-backbonding (n ±�*
resonance) effect present within the same fragment, which
approximately assumes 28 kcalmol�1, as we have shown
earlier.[23]


These findings are in accordance with X-ray results.[25]


Discrepancies that are found in C(1)�N(1) bond length and
the nonbonded N(1) ¥ ¥ ¥N(4) contact length are as expected,
since it is known that the HF model underestimates the
double bond lengths and overestimates nonbonded distances.
The structural characteristics of 2 indicate that the system
minimizes the intramolecular nonbonded interactions occur-
ing from steric crowding. In order to support and illustrate this
conjecture we made use of the concept of homodesmotic
reactions:[30]


2 � 1 � 2� 3 � �1 (5)


The MP2 model yields 0.7 kcalmol�1 for �1; this provides
convincing evidence that there is neither an unfavourable


Table 1. Selected structural parameters of naphthalene 1, TMGN and its protonated and (bis)protonated forms
2p and 2dp, respectively, as calculated by the HF/6-31G* model (distances in ä and angles in degree).[a]


Bond/Angle 1 2 2p 2dp(anti)[b]


C(11)�C(12) 1.358 1.370 1.360 1.362
[1.371][a] [1.382] [1.367(7)] [1.385(10)]


C(12)�C(13) 1.416 1.407 1.411 1.409
[1.412] [1.399] [1.405(7)] [1.395(12)]


C(13)�C(14) 1.358 1.354 1.354 1.354
[1.371] [1.353] [1.352(8)] [1.339(12)]


C(14)�C(15) 1.420 1.419 1.422 1.420
[1.422] [1.417] [1.426(7)] [1.437(10)]


C(15)�C(16) 1.409 1.418 1.416 1.418
[1.420] [1.423] [1.432(6)] [1.413(10)]


C(11)�C(16) 1.420 1.441 1.435 1.435
[1.422] [1.435] [1.445(7)] [1.439(10)]


C(11)�N(1) ± 1.398 1.423 1.442
[1.401(3)] [1.409(6)] [1.428(9)]


C(1)�N(1) ± 1.264 1.330 1.354
[1.281(3)] [1.351(6)] [1.344(10)]


N(4)�C(6) ± 1.264 1.293 1.354
[1.283(3)] [1.326(6)] [1.369(10)]


C(1)�N(2) ± 1.388 1.334 1.325
[1.384(1)] [1.342(7)] [1.354(12)]


C(1)�N(3) ± 1.386 1.336 1.329
[1.383(1)] [1.310(7)] [1.325(11)]


bond/angle 1 2 2p 2dp(anti)[b]


N(1)�H ± ± 1.008 0.996
[0.91(6)]


N(1) ¥ ¥ ¥N(4) ± 2.790 2.683 2.838
[2.717(3)] [2.593(5)]


C(11) ¥ ¥ ¥C(17) ± 2.548 2.550 2.567
[2.519(3)] [2.553(7)]


C(11)�C(16)�C(17) ± 124.3 124.9 126.9
[122.6(2)] [124.6(4)]


N(1)�C(11)�C(16)�C(15) ± � 170.4 ±8.5 173.5
[�161.6(2)] [�2.6(7)]


C(1)�N(1)�C(11)�C(12) ± 63.0 39.3 41.3
[57.7(3)] [�10.3(8)]


[a] Experimental data, given within brackets, are taken from ref. [25]. [b] Both protons are in more stable anti-
conformation.







Superbase Proton Affinity 1694±1702


Chem. Eur. J. 2002, 8, No. 7 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0807-1697 $ 20.00+.50/0 1697


steric congestion repulsion nor a significant angular strain
effect in the naphthalene ring deformation. It follows that the
high proton affinity of this compound (see below) does not
have its origin in the repulsion of nitrogen lone pairs in the
initial base.
TMGN is a polyfunctional base and an interesting question


is which site is the most basic. Our previous experience with
guanidines and polyguanides[23] suggests that the imine nitro-
gen is preferred for two reasons: 1) it induces a very strong
cationic resonance and 2) it allows for the formation of a
relatively strong intramolecular hydrogen bond (IHB). This is
indeed the case, as both experiment[25] and the present
calculations show. The strength of the IHB can be conven-
iently estimated by Equation (6):


2p� 1� 3 � 3p� � �
1 (6)


Equation (6) yields � �
1 �� 11.8 kcalmol�1. Hence, the intra-


molecular hydrogen bonding contributes considerably to the
basicity of TMGN.


Proton attack causes substantial changes in the geometry of
2p. The naphthalene frame becomes completely planar. The
amino groups undergo significant planarization too, as shown
by their low degrees of pyramidalization (DP(N2)� 0.2%
and DP(N3)� 0.9%). This is a consequence of a strong
cationic resonance effect within the same guanidine moiety.
Concomitantly, the C(1)�N(1) bond length increases by
0.066 ä, whereas C(1)�N(2) and C(1)�N(3) bond lengths
decrease by 0.05 ä. Interestingly, the other guanidine subunit
also exhibits noticeable planarization. For instance, pyramid-
alization indices drop to DP(N5)� 2.8% and DP(N6)�
1.3%, which implies a decrease of 1.7% and 9.1%, respec-
tively, relative to the neutral base 2. This is accompanied by
changes in interatomic bond lengths of N(4)�C(6), C(6)�N(6)
and C(6)�N(5) by 0.029 ä, �0.021 ä and �0.025 ä, respec-
tively. It also follows that protonation at N(1) triggers cationic
resonance within the N(4) guanidine fragment. We are
tempted to conclude that the second guanidine fragment is
also partially protonated. The changes in bond lengths
approach roughly 50% of the magnitude of changes found
in the directly-protonated guanidine fragment. It should be
mentioned that other authors have considered the hydrogen
bonds either as the first stage of protonation or as the
incipient state of a proton transfer process that leads to
formation of the zwitterionic ion pairs.[31] However, our
finding that intramolecular hydrogen bonding can trigger an
appreciable resonance effect in the neighbouring guanidine
fragment in the protonated species is new, and illustrates how
the introduced positive charge of the proton causes substan-
tial polarization and redistribution of the electron density,
which has important chemical consequences. There is no
doubt that the resonance effect triggered by partial proto-
nation stabilizes the conjugate acid 2p or, in other words,
amplifies the basicity of 2. Finally, it is worth noting that
C(11)�N(1) bond length increases by 0.025 ä through rehy-
bridization of N(1) atom on protonation.


Protonation decreases the dihedral angle C(1)�N(1)�
C(11)�C(12) between the naphthalene ring and the directly-
protonated guanidine fragment by some 20�. The hydrogen


bridge N(1)�H� ¥ ¥ ¥N(4) leads to a decrease in the nonbonded
contact N(1) ¥ ¥ ¥N(4) by 0.1 ä, which compares well with the
experimental estimate of 0.12� 0.05 ä.[25] The hydrogen bond
is asymmetric and nonlinear. The N(1)�H� bond length and
the N(4) ¥ ¥ ¥H� contact length which are related to a partial
protonation assume 1.008 and 1.882 ä, respectively. The
bridging angle N(1)�H ¥ ¥ ¥N(4) angle is 134.1� which repre-
sents a deviation from linearity by 46�. The general agreement
with measured structural data (Table 1) is good, despite that
the experimental parameters were gathered from a crystal salt
of TMGN with PF6. Consequently, the experimental results
involve influence of intracrystal forces and the thermal
smearing effect. The former includes rather strong Coulombic
interaction between TMGN and the counterion. Theoretical
results refer to a frozen free molecule.


Diprotonation poses another interesting problem in rela-
tion to the attachment of a second proton. One expects that
the second proton would be placed at one of four amine
nitrogens on the periphery of the molecular system in order to
diminish the interproton repulsion. However, both theoretical
calculations and subsequent X-ray analysis[25] have shown that
the second proton attack occurs at the free imine nitrogen,
and this underlines the importance of the resonance effect
within the guanidine moiety. The crystal structure parameters
for 2dp were collected for two different complexes: a) the
first was obtained through a solution with CH2Cl2 leading to a
[2dp][Cl,Cl2H] adduct and b) the second was prepared
employing a treatment with HPF6 (involving HBF4 as an
impurity) resulting in [2dp][PF6,BF4] complex. The former
complex has two protons in a syn-conformation that take part
in hydrogen bonding to a chloride anion bridge, whereas the
latter has two protons in a anti-conformation. It was
concluded that syn- and anti-conformation cannot differ
greatly energetically.[25] Our calculations indicate that, as
expected, the anti-conformation is more stable by 3.5 kcal
mol�1. We note that in the syn-conformation 2dp(syn) of a
free species the protons try to avoid each other, as shown in
Figure 2, in contrast to the experimental situation, in which
they are stabilized by the counterion.


Repulsive interactions in either 2dp(syn) or 2dp(anti) are
not easily estimated. Consider for example the homodesmotic
reaction in Equation (7).


2dp(anti)� 1� 2� 3p� ���
1 (anti) (7)


MP2 calculations show that ���
1 (anti) is very high with a


value of 54.3 kcalmol�1. ���
1 (syn) is higher than that by


3.5 kcalmol�1. These values cannot be simply ascribed to
nonbonded repulsions in TMGN(anti) and TMGN(syn),
respectively. Rather, they reflect the difference between the
consecutive diprotonation of TMGN and two single proto-
nations of 3. This difference has several contributions. Firstly,
the secondary protonation eliminates the intramolecular
hydrogen bonding, which occurs in 2p. Secondly, the primary
protonation profoundly changes the electron distribution and
orbital energies in TMGN, which has some far-reaching
consequences. For example, molecular orbitals in 2p are
substantially stabilized and this includes the orbital that
describes the lone pair of the imine N(4) atom. Therefore, a
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Figure 2. Side view along the C2 symmetry axis of 2, 2dp(anti) and
2dp(syn).


higher cost is paid in energetic terms, when the new N(4)�H�


bond is formed. On top of that, there is a nonbonded repulsion
between the two protonated guanidine groups, which is very
difficult to delineate.


We give now a brief account of the structural features of the
more stable conformation 2dp(anti). The nonbonded contact
lengths, C(11) ¥ ¥ ¥C(17) and N(1) ¥ ¥ ¥N(4), assume large values
of 2.567 ä and 2.838 ä, respectively, and the C(11)�C(16)�
C(17) angle increases to 127� which indicates angular strain in
the naphthalene frame. These theoretical results are in good
agreement with the X-ray data for the crystal complex
[2dp][PF6,BF4] (Table 1) and reflect increased repulsion
between the protonated guanidine moieties. The naphthalene
backbone is planar and its bond lengths do not reveal any
significant conjugation with guanidine fragments despite the


reduction of the dihedral angle C(1)�N(1)�C(11)�C(12) to
41.3�. This is in line with our earlier finding that protonation
triggers the cationic resonance over the C�N bond, which
behaves in this sense as the resonance ™conductor∫.[23] In
contrast, the single C�N bond of the protonated center (imine
nitrogen) acts as an ™insulator∫ for the resonance trans-
mission. It is interesting to observe that C(1)�N(1) bond
length increases along the series 2, 2p and 2dp with values of
1.204, 1.330 and 1.354 ä, respectively, which indicates ampli-
fication of the resonance effect along this series. The rather
long C(1)�N(1) bond in 2dp is due to the lack of hydrogen
bonding between the N(1) ¥ ¥ ¥N(4) nitrogens (each guanidine
is fully protonated by its own proton). In other words, the
proton attached to one imine nitrogen is not shared with the
lone pair of the neighbouring imine counterpart and does not
participate in its partial protonation. This is also reflected in
N(1)�H bond length, which is 0.012 ä shorter in 2dp(anti)
than in 2p. The latter finding is unsurprisingly not reproduced
by experiment, as X-ray crystallography does not give precise
positions of hydrogen atoms due to their poor scattering
qualities. Moreover, it is found that geometry of hydrogen-
bonded bridges changes significantly in going from the room
to low temperatures.[32, 33] Again, the experimental structure
refers to a complex with a counter-ion rather than to a free
compound. It is gratifying that our theorectical methods offer
complementary information.


We would now like to place our target molecule TMGN in a
wider context of the structure and properties of other
superbases, which are candidates for efficient ™proton spong-
es∫. It is of particular interest to explore whether the partial
protonation occuring in TMGN is an exceptional oddity or a
more general phenomenon.


We consider here 4,5-bis(tetramethyl-guanidino)fluorene
(TMGF) 5, shown in Figure 3, as this system may also exhibit
the partial protonation pattern. The numbering of atoms is
similar to that adopted for 2 for ease of comparison. System 5
is particularly interesting, since it was realized some time ago
that fluorene is a better carrier of intrinsically highly basic
groups than naphthalene. It has also been argued, for
example, that 4,5-bis(dimethylamino)fluorene is a stronger
base than DMAN, due to the increased hydrogen-bond
strength.[34, 36] It is therefore, of two-fold importance to
examine the proton affinity of 5 and compare it with that of
TMGN. In order to get an understanding of the structural
properties of 5 and 5p, one considers first the geometrical
characteristics of the parent molecule fluorene 4. Its relevant
structural parameters are presented in Table 2. The fusion of
the five-membered ring does not introduce any significant
alternation of bond lengths in benzene fragments that flank
the central cyclopentadiene ring. This is in agreement with
several studies which show that, unlike smaller carbocycles,
five-membered rings do not induce significant Mills ±Nixon
deformations[37] in fused aromatic moieties. However, a five-
membered carbocycle exerts some influence on the selectivity
in the electrophilic substitution reactions in annelated sys-
tems.[38] Interestingly, disubstitution of guanidine groups in 5
does introduce some bond alternation in the benzene frag-
ments. For instance, C(12)�C(13) and C(14)�C(15) bond
lengths become slightly shorter. It is worth noting that the
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bond lengths that belong to the upper part of the perimeter
undergo the largest changes (increases) upon disubstitution.
Structural parameters that describe the guanidine fragments
compare with those found in 2. The nonbonded contact length
N(1) ¥ ¥ ¥N(4) is 0.217 ä larger relative to that in TMGN. It
would be erroneous, however, to conclude that repulsive


interactions between guanidine groupings are weaker than in
2. On the contrary, the corresponding homodesmotic Reac-
tion (8) shows that �2 �3.7 kcalmol�1.


5� 4� 2� 6� �2 (8)


This is surprising at first, as avoidance of the unshared
electron pairs of the N(1) and N(4) atoms is more efficient
compared with TMGN and yet the nonbonded repulsions are
higher. Investigation of geometric parameters shows that the
CH3 groups of the two guanidine fragments in TMGF are
closer together than in TMGN which leads to a net repulsion
of �4 kcalmol�1. The preferential proton attack occurs at one
of imine nitrogens. The newly formed N(1)�H bond in 5p has
a bond length of 1.016 ä which is 0.008 ä longer than in 2p
(Table 2). The hydrogen bridge is not linear, but bent, and
forms an angle (N(1)�H ¥ ¥ ¥N(4)) of 151.5� which is closer to
planar by 17.4� than the IHB in 2p. It is useful to get a rough
estimate of its strength, which in turn can be operationally
identified with a change in the electronic energy of the
conceived reaction.


5p� 4� 6� 6p� � �
2 (9)


� �
2 �� 13.9 kcalmol�1 implies that steric congestion and


angular strain in 5 together with the strain relief and hydrogen
bonding in 5p contribute about 17.6 kcalmol�1 to the APA of
5. Strictly speaking � �


2 involves some strain energy too, but
this does not change our final conclusion. As a consequence, 5
is a stronger base than 2. A point of interest is a partial
protonation of the second guanidine group in 5 starting with
N(4) imine nitrogen. It appears that the C(4)�N(6) bond
length increases to 1.295 ä, whereas the C(6)�N(5) and C(6)�
N(6) bond lengths are compressed to 1.360 and 1.365 ä,
respectively, which is analogous to the situation in 2p. One
can conclude that the concept of partial protonation is
vindicated and that cationic resonance is operative in the
more distant guanidine fragment (relative to the proton),
albeit to a lesser extent (roughly 40 ± 50%). It is probably not
exaggerated to say that the second guanidine is semiproto-
nated.


Proton affinities and basicities in acetonitrile : The gas phase
proton affinities of molecules 2 ± 6 are calculated by the MP2
model and presented in Table 3. They are supplemented by
results obtained for systems 7 ± 11 (Figure 4), which serve
either as reference values or provide useful complementary
information for the interpretion the basicity of more complex
(super)bases. We begin with a discussion of the fundamental
structural and electronic motif of guanidine 8 and consider the
increase in its APA as a function of types and number of
substituents. Successive methylation leads to enhanced proton
affinity, which increases from 233.7 to 249.5 kcalmol�1 along
the molecules 8 ± 10. High basicity of these simple systems has
its roots in pronounced cationic resonance in their conjugate
acids, which is an inherent property of the protonated
guanidine moiety.[23] This electronic pattern and the accom-
panying resonance stabilization is complemented by the
relaxation effect from CH3 groups, which leads to even higher
basicity. It is remarkable that a simple system such as 10 is
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Figure 3. Schematic representation and numbering of atoms in fluorene 4,
TMGF 5, its conjugate acid 5p, (guanidino) fluorene 6 and its protonated
form 6p.


Table 2. Relevant structural parameters of fluorene 4, 1,8-bis(tetrame-
thyl)guanidinofluorene 5, tetramethylguanidinofluorene 6 and protonated
forms 5p and 6p as obtained by HF/6-31G* model (distances in ä, angles
in degrees.


Bond/Angle 4 5 5p 6 6p


C(11)�C(12) 1.387 1.401 1.392 1.396 1.388
C(12)�C(13) 1.388 1.379 1.381 1.385 1.383
C(13)�C(14) 1.389 1.384 1.388 1.387 1.389
C(14)�C(15) 1.381 1.377 1.377 1.380 1.387
C(15)�C(16) 1.395 1.404 1.403 1.396 1.400
C(11)�N(16) 1.385 1.403 1.391 1.395 1.386
C(16)�C(17) 1.474 1.502 1.489 1.478 1.479
C(11)�N(1) ± 1.399 1.421 1.397 1.426
C(1)�N(1) ± 1.269 1.332 1.269 1.335
C(1)�N(2) ± 1.376 1.334 1.384 1.330
C(1)�N(3) ± 1.389 1.335 1.384 1.334
N(1)�H ± ± 1.016 ± 0.997
N(1) ¥ ¥ ¥N(4) ± 3.007 2.804 ± ±
C(11) ¥ ¥ ¥C(18) 3.291 3.464 3.416 3.313 3.347
C(11)�C(16)�C(17) 131.0 134.3 133.7 130.9 132.5
N(1)�C(11)�C(16)�C(15) ± 170.9 172.3 176.7 176.7
C(1)�N(1)�C(11)�C(12) ± 58.4 41.3 56.1 52.6
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more basic than the paradigm, DMAN, in the gas phase. This
difference is even more pronounced in acetonitrile (see
below).


Another point of interest is that tetramethylguanidine,
which is attached to a naphthalene fragment that serves as a


carrier in 3, has a proton affinity comparable to that of
DMAN. An imine ± amine combination that possesses lone
pairs in a close proximity yields APA of 253.8 kcalmol�1 in
compound 7, which increases in our target molecule TMGN to
257.5 kcalmol�1. The higher APA in TMGN relative to 7 is a
result of a weaker IHB in the latter compound as shown by the
corresponding homodesmotic reaction, which gave the IHB
stabilization of only �5.5 kcalmol�1. However, the most
powerful base studied here is 5, which exhibits an APA as
high as 263.7 kcalmol�1. The difference in proton affinities,
APA(5)�APA(2), of 6.2 kcalmol�1 can be ascribed in part to
the stronger hydrogen bond in 5p (2 kcalmol�1), and in part to
the higher strain in the initial base 5 relative to 2. Results from
Table 3 show that it is 21 ± 22 kcalmol�1 more profitable to
attach the second proton to the unprotonated imine nitrogen
in [TMGN]H�(N1) than to protonate either the N(5) or N(6)
amino nitrogen atoms.


Recently, we considered basicity of polyguanides and some
related neutral (super)bases in acetonitrile.[41] For that
purpose we employed the electrostatic model of Miertusœ
et al. ,[42] which was developed within the concept of homoge-
neous solvent polarized by a solute molecule. In determining
the cavities that surround solvated molecules, we followed a
suggestion of Wiberg et al.,[43] who used isodensity shells that
involve the electronic density of 0.0004 eB�3 and gave rise to
the isodensity polarized continuum model (IPCM). Since the
calculations of pKa values in acetonitrile (�� 36.64) require
several iterations, we utilize a more economical B3LYP/6-
311�G**//HF/6-31G* model, in which ZPVEs are taken from
the gas-phase calculations which were evaluated at the HF/6-
31G* level. This simple model proved very useful in
reproducing the experimental pKa data for a number of
strong neutral nitrogen bases.[41] There was an excellent least
square fit correlation between the proton affinities
APA(CH3CN) calculated in acetonitrile and the experimental
pKa values.


pKa (CH3CN)� 0.4953APA(CH3CN)� 119.7 (10)


The high regression coefficient R� 0.997 and a low average
absolute error (0.4 pKa) units are evidence of a high corre-
lation of the theoretical results with experimental data. This
formula will be used in a predictive manner, but comparison
will be made with experimental results whenever possible.
The estimated pKa value for (TMGN)H�(N1) of 25.4 is in
good agreement with experimental work of Raab et al.,[25]


who obtained a pKa of 25.1� 0.2. An interesting discrepancy
between theory and experiment is found in DMAN, in which
the calculated value seems to be too high (Table 3). A part of
this disagreement could possibly originate from the fact that
the proton in (DMAN)H� is located in a cavity which is
formed by four methyl groups and which provides complete
protection from solvent molecules.[44] This is not usually the
case with compounds used in deriving the empirical Equa-
tion (10). Consequently, our estimate of pKa values for
completely or partially protected protons could be too high.
Therefore, additional investigations of the basicity of DMAN
and its derivatives in acetonitrile are highly desirable.


Table 3. Total molecular MP2 energies (in a.u.), zero point vibrational
energies and proton affinities (in kcalmol�1) and theoretical pKa values.
Experimental pKa data are given within square parenthesis.


Molecule E(MP2) (ZPVE)sc PA(MP2)gas pKa (theor)[a]


1 � 384.80305 88.3 ± ±
TMGN � 1105.67360 290.5 ± ±
TMGN(N1)p � 1106.10392 299.3 257.5 25.4[25.1� 0.2]
TMGN(N1,N4)dp � 1106.40230 307.8 178.7 ±
TMGN(N5)p � 1106.36862 307.8 157.6 ±
TMGN(N6)p � 1106.36603 307.7 156.1 ±
3 � 745.24206 189.5 ± ±
3p � 745.64622 198.2 244.9 20.5
4 � 500.01768 112.6 ± ±
5 � 1220.89163 314.7 ± ±
5p � 1221.32612 323.6 263.7 27.8
6 � 860.45700 213.7 ± ±
6p � 860.86388 222.4 246.2 20.6
7 � 878.83760 233.3 ± ±
7p � 879.25598 242.0 253.8 24.6
DMAN � 651.99842 176.1 ± ±
DMANp � 652.40386 185.0 245.5 19.9[18.2][c]


8 � 204.87136 46.0 ± ±
8p � 205.25450 52.7 233.7 24.1
9 � 361.61022 113.5 ± ±
9p � 362.02171 121.5 244.6 23.7[23.6]
10 � 400.78790 129.7 ± ±
10p � 401.19983 138.7 249.5 24.4[25.0]
11 � 592.01674 161.3 ± ±
11p � 592.42123 170.0 245.1 21.1 [20.6]


[a] Experimental data are taken from ref. [39], if not stated otherwise.
[b] Ref. [25]. [c] Ref. [40].
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Figure 4. Molecules included in the investigations of the solvent effect in
acetonitrile.
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The origin of the basicity in acetonitrile is an interesting
question. Our results indicate that the basicity is a result of
interplay between two antagonistic effects. The first is given
by the intrinsic or gas phase proton affinity, which usually
increases with the size of a base. This is a consequence, for
example, of a larger number of substituted alkyl groups, which
lead to stronger relaxation effects in conjugate acids, or of a
larger number of characteristic highly basic fragments like
guanidine moieties (as observed in the APA of TMGN with
respect to 7). It should be pointed out that the difference in
proton affinities, APA(2)�APA(7), of 3.7 kcalmol�1 origi-
nates from the stronger IHB, because it is supported by the
partial protonation of the second fragment as discussed above.
In order to show that the intrinsic gas phase proton affinity
determines the proton affinities in acetonitrile to a large
extent, we plotted APA(CH3CN) against APA(gas phase) in
Figure 5 for a large number of methyl derivatives of
formidine, formamidine and guanidine. Included in this set
are cyclopropenimine, p-benzoquinonediimine and their
amino derivatives as well as vinamidine and the polyguanides
published previously.[41] Despite large variation in size and
shape of these molecules there is an apparent trend indicating
that a larger APA in the gas phase leads to a higher proton
afinity in acetonitrile. The relationship, APA(CH3CN)�
0.5295 ¥APA(gas phase)� 147.2 kcalmol�1, is not of a good
quality, and the regression factor, R 2, is equal to 0.923. There
is a large scatter of points which is reflected by the relatively
high average absolute error of 2.6 kcalmol�1. This illustrates
that the solvent effect must be taken into account for
quantitative data and the effect is due to the molecular size
effect.[41] The larger conjugate acid systems undergo lower
stabilization in polar solvents, since the positive charge
spreads over the whole surface of a molecular cation and this
implies that its positive charge density on the surface is lower.
Consequently, the polarization of the solvent is weaker. This
simple physical picture provides a rationale to the fact that
APA(9) is larger than APA(8) by 10.9 kcalmol�1 and yet the
former compound is slightly less basic in acetonitrile. Sim-
ilarly, APA(11)�APA(6)�� 1.1 kcalmol�1, but pKa (11)�
pKa (6)� 0.5 is positive which suggests that 11 is more basic
when solvated although its intrinsic proton affinity is smaller.
The same conclusion holds for the pair of bases, 11 and 3.


However, the intrinsic proton
affinity prevails in most cases
as shown by results presented
in Table 3, and as illustrated,
for example, by inequalities
pKa (5)� pKa (2)� pKa (3),
which hold despite a decrease
in size of these molecules.


Conclusion


The spatial and electronic struc-
ture of bases TMGN, TMGF
and some related compounds
are examined by ab initio com-
putational methods. Particular


emphasis is laid upon their gas phase proton affinities and
basicities in acetonitrile. The origin of the high proton affinity
and the accompanying basicity in acetonitrile was found to
arise from the inherent basicity of the guanidine fragment,
which is substituted with four CH3 groups, and from a strong
IHB in the corresponding conjugate acid. The strength of the
intramolecular hydrogen bond is supported by the partial
protonation of the second guanidine moiety, which is not
directly attacked by the proton. The latter may be considered
to be semiprotonated. Compelling evidence is presented,
which shows that the solvent effects are results of two
antagonistic factors: 1) gas phase proton affinity and 2) the
size of the conjugated acid. In larger cations the positive
charge is distributed over the whole molecular surface. At the
same time, the positive charge density is lower, which leads to
weaker polarization of the solvent.
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Intercalation of Cyclic Ethers into Vanadyl Phosphate
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Miroslava Trchova¬ ,[b] and Pavel Mateœjka[c]


Abstract: Two cyclic ethers, tetrahydrofuran (THF) and tetrahydropyran (THP),
were intercalated into vanadyl phosphate and characterized by X-ray powder
diffraction, thermogravimetry, and IR and Raman spectroscopy. Both compounds
contain one molecule of ether per formula unit of VOPO4 and show high thermal
stability in comparison with VOPO4 intercalates with other organic guest molecules.
Both ethers are anchored to the VOPO4 host layers by their oxygen atoms, which are
coordinated to the vanadium atoms of the host. The probable arrangement of the
tetrahydropyran molecules in the host interlayer space is derived from molecular
simulations by the Cerius24.5 program.


Keywords: intercalations ¥
molecular modeling ¥ vanadium ¥
vibrational spectroscopy ¥ X-ray
diffraction


Introduction


Vanadyl phosphate dihydrate VOPO4 ¥ 2H2O and other iso-
structural layered compounds are able to accommodate some
types of organic molecules in the interlayer space.[1] Aliphatic
alcohols[2±5] and diols,[2, 6] amines,[7, 8] carboxylic acids,[9] car-
boxamides,[10] amino acids,[11] ketones,[12] and aldehydes[13] are
amongst the compounds, which can be intercalated in such a
way. A great deal of attention was devoted to the intercalation
of heterocyclic N and S donors. Pyridine and its derivatives,[14]


imidazole,[15] pyrazole, pyrazine, and phenazine,[16] pyrrole
and their derivatives,[17, 18] 2,2�-dithiodipyridine,[19] and tetra-
thiofulvalene[20] were also intercalated into vanadyl phos-
phate. On the other hand, intercalation of heterocycles with
O donors into vanadyl phosphate has not been described yet.
Intercalations of some crown ethers into montmorillonite[21, 22]


and vanadium oxide xerogel[23] were studied. In these
materials, some of the water molecules in their inter-
layer space are replaced by crown ethers. Recently, poly-


(ethylene glycol)s were intercalated into vanadyl phosphate
and isostructural niobyl phosphate and arsenate.[24] It is
presumed that the chains of the guests are deposited parallel
to the host layer with every other oxygen atom of the guest
coordinated to the vanadium or niobium atoms of the host
layer. The chains are arranged in a bimolecular way in the
interlayer space. Two types of VOPO4 intercalates were
formed depending on the temperature of the reaction. The
high-temperature phase contains half the amount of the guest,
and the guest chains are arranged in a monomolecular
way.


The present paper reports the results of the intercalation of
tetrahydrofuran (THF) and tetrahydropyran (THP) into
vanadyl phosphate.


Results and Discussion


Both guests cannot be intercalated directly in anhydrous
vanadyl phosphate, and replacement of water molecules in
VOPO4 ¥ 2H2O does not lead to an intercalation. The
intercalates had to be prepared by replacing 1-propanol or
2-propanol in the corresponding VOPO4 intercalate with the
desired guest. The intercalates prepared were yellow crystal-
line solids, and this indicates that the vanadium(�) had not
been significantly reduced. As confirmed by the results of
elemental analyses, both intercalates contain one molecule of
guest per formula unit.


The diffractograms of both intercalates show a series of
sharp (00l) reflections (Figure 1). The diffractogram of the
THF intercalate contains a number of (hkl) diffraction lines
that provide evidence of a regular structure. The lattice
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Figure 1. X-ray powder diffractograms of VOPO4 ¥ THF and
VOPO4 ¥ THP.


parameters of the tetragonal structure are a� 6.207(2) ä and
c� 8.932(3) ä for the THF intercalate and a� 6.201(2) ä and
c� 12.014(2) ä for the THP intercalate.


Both intercalates are more stable in air (at relative humidity
about 40%) than 1-alkanol,[2] 1,2-alkanediol,[25] or acetone[12]


intercalates. The diffraction line (001) of vanadium phosphate
dihydrate was not observed after more than seven days,
whereas this line appeared after one hour for acetone-
intercalated VOPO4.


A surprisingly high thermal stability was found for the
VOPO4 intercalate with THF. The position and the intensity
of the diffraction lines did not change up to 160 �C. Above this
temperature, the intensity of the diffraction lines decreases,
and THF is released slowly as confirmed by the thermogravi-
metric results. The total weight loss (31%) corresponds to the
formula VOPO4 ¥C4H8O. Visible reflectance spectra of the
freshly prepared THF intercalate (1) and after heating at
160 �C (2) together with spectra of VOPO4 ¥ 2H2O and
Na0.015VOPO4 ¥ 2H2O containing 1.5% vanadium(��) are given
in Figure 2. Both spectra of the intercalate are similar to that
of VOPO4 ¥ 2H2O, which indicates that vanadium(�) is not
significantly reduced during the heating. The high thermal


Figure 2. Visible reflection spectra of VOPO4 ¥ 2H2O, Na0.015VOPO4 ¥
2H2O, and the VOPO4 ¥ THF intercalate before (1) and after heating
to 160 �C (2).


stability of the THF intercalate indicates a very strong
interaction between the guest species and the host layers.


Interesting thermal behavior of the THP intercalate was
observed. The dependence of the basal spacing of the
intercalate on temperature is shown in Figure 3. The basal
spacing slightly increases up to 85 �C. At this temperature, a
new phase with the basal spacing 12.8 ä appears. Another


Figure 3. Basal spacings of VOPO4 ¥ THP as a function of temperature.


weak increase of the basal spacing up to 122 �C is followed by
a significant increase of the basal spacing (13.14 ä at 158 �C),
which is accompanied by a broadening of the (00l) diffraction
lines. Both steps are reversible during cooling. At higher
temperatures, the intensity of the (00l) diffraction lines
decreases due to slow decomposition of the intercalate. The
a parameter of the tetragonal lattice does not change up to
158 �C. The color of the intercalate does not change up to
122 �C and then it turns yellow-green. This indicates a gradual
reduction of vanadium(�).


The THP intercalate is also very stable. Its thermal
decomposition starts at 140 �C, and THP is slowly released
up to 600 �C, as confirmed by the TG measurements (Fig-
ure 4). The total weight loss of 33.8% corresponds to the
formula VOPO4 ¥ C5H10O (calculated 34.7%). There are two
endothermic effects on the DTA curve that occur at the
temperatures 78 and 126 �C when the step changes of the basal
spacing are observed. No weight loss accompanies these
effects (Figure 4). The exothermic effects at higher temper-
atures are probably due to the combustion of the released
compounds.


FTIR and Raman spectroscopy : The infrared spectra of liquid
THP and its intercalate in VOPO4 in the region from 1500 to
650 cm�1 and the Raman spectra are shown in Figures 5 and 6.
The intense band at 944 cm�1 in the Raman spectrum of the
intercalate corresponds most probably to the symmetric
�(PO4) stretching vibration of tetrahedral phosphorus in
(VOPO4)� . The sharp band at 995 cm�1 came from the V�O
vanadyl stretching vibration. With the help of the Raman
spectrum, we can assign the band at 974 cm�1 in the infrared
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Figure 4. TG-DTA of VOPO4 ¥ THP.


Figure 5. FTIR spectra of VOPO4 ¥ THP (in KBr pellet) (a) and liquid
THP (ATR on ZnSe crystal) (b) in the region from 1500 to 650 cm�1.


spectrum to the symmetric �(PO4) stretching vibration, which
is infrared active due to the distortion of the tetrahedral
phosphorus of the intercalate. The shoulder at 1000 cm�1 in
the infrared spectrum is most probably the V�O stretching
band of the vanadyl group. Its position corresponds to the


Figure 6. Raman spectra of VOPO4 ¥ THP (a) and liquid THP (b) in the
region from 1500 to 750 cm�1.


coordination of the oxygen atom of THP in the vanadyl
octahedron. The vanadyl stretching band appears to be
especially sensitive to atoms coordinated to vanadium within
the octahedral arrangement. Intercalation of water molecules
into anhydrous VOPO4 shifts the V�O band from 1035 to
995 cm�1 typical for mono- and dihydrates.[26] The band of the
stretching V�O vibration is observed at the same position
(995 cm�1) in the spectra of VOPO4 ¥ 2C2H5OH and VOPO4 ¥
2H2O.[27] This indicates that both guest molecules are
anchored to the host layers by similar bonds, and therefore
no large change in the bond energy is expected during the
reaction. Intercalation of acetone led to a shoulder at
1002 cm�1 for the band of the V�O stretching vibration in
the infrared spectrum.[28] For 5-hexyn-1-ol intercalated in
VOPO4, this shoulder was observed at 1007 cm�1.[3]


The band at 1148 cm�1 in the infrared spectrum of the
intercalate with THP is the asymmetric �(PO4) stretching
vibration of the phosphorous tetrahedron. The position of the
main spectral bands of the host structure only slightly differs
from those of anhydrous vanadyl phosphate or its hydrated
form.[26] It confirms that the structure of the original VOPO4


layers remains unchanged after the intercalation reaction.
The infrared and Raman spectra of the THP interca-


late[29, 30] differ in the 3100 ± 2700 cm�1 region in terms of the
position, shape, and intensity of the corresponding bands of
liquid THP. Due to the fixation of the intercalated molecules
in the interlayer space, the asymmetric CH2 stretching bands
at 2960 and 2852 cm�1 split into several bands, and a
new doublet shifted to 3006 and 2997 cm�1 appears in the
Raman spectrum of the intercalated THP (Figure 7). The


Figure 7. Raman spectra of VOPO4 ¥ THP (a) and liquid THP (b) in the
region from 3100 to 2700 cm�1.


new band with the maximum at 2994 cm�1 and a shoulder at
about 3000 cm�1 is observed in the infrared spectrum (Fig-
ure 8). Intercalation changes the scissoring (several bands
from 1380 to 1470 cm�1), wagging (at about 1350 cm�1),
twisting (at about 1250 cm�1), and rocking (at about
1150 cm�1) vibrations of the CH2 groups.[29, 30] The band of
the asymmetric (at about 1088 cm�1) C�O�C ring vibration is
overlapped by the PO4 vibrations of vanadyl phosphate. The
position of the deformation ring vibration is shifted from 818
to 815 cm�1 in the Raman spectrum (Figure 6) and from 816 to
812 cm�1 in the infrared spectrum (Figure 5). The peak of the
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Figure 8. FTIR spectra of VOPO4 ¥ THP (in KBr pellet) (a), liquid THP
(ATR on ZnSe crystal) (b), and the simulated IR spectrum of VOPO4 ¥
THP (c) in the region from 3100 to 2700 cm�1.


deformation ring vibration at 872 cm�1 in the infrared
spectrum of THP is shifted to 869 cm�1 (Figure 5).


The infrared and Raman spectra of liquid THF and its
VOPO4 intercalate in the region from 1500 to 650 cm�1 are
given in Figures 9 and 10. The Raman band of the symmetric
�(PO4) stretching vibration of the phosphorous tetrahedron is
situated at 944 cm�1. The sharp band at 1001 cm�1 corresponds
to the V�O vanadyl stretching vibration. This allowed us to
distinguish these bands from other bands belonging to the
intercalated THF molecules in the infrared spectrum of the
intercalate. The band of the symmetric �(PO4) stretching
vibration has a maximum at about 963 cm�1 in the infrared
spectrum, and the vanadyl stretching vibration is observed as
a shoulder at 1004 cm�1. The smaller value of the shift of the
vanadyl stretching vibration of the THF intercalate in the
Raman spectrum is caused by the fact that THF forms a
monolayer in the interlayer space with a higher density of
guest molecules compared with THP.


The mutual interaction of the THF molecules in the
intercalate leads to the splitting of the bands in the region
1500 ± 650 cm�1. The fundamental bending vibrations of CH2


occur in the infrared spectrum in this region: scissoring at


Figure 9. FTIR spectra of VOPO4 ¥ THF (in KBr pellet) (a) and liquid
THF (ATR on ZnSe crystal) (b) in the region from 1500 to 650 cm�1.


Figure 10. Raman spectra of VOPO4 ¥ THF (a) and liquid THF (b) in the
region from 1500 to 750 cm�1.


about 1458 cm�1, wagging at about 1364 cm�1, and twisting at
about 1182 cm�1. The biggest change between liquid and
intercalated THF is shown by the asymmetric vibrations of the
C�O�C ring. In the infrared spectrum of THF, this intensity is
very strong at 1061 with a shoulder at 1031 cm�1, and the
corresponding maximum is shifted from 1061 in the liquid
state to 1039 cm�1 in the intercalate. Similarly, the band of the
symmetric vibrations of the C�O�C ring at 918 cm�1 for
liquid THF is observed at 918 cm�1 with a shoulder at
914 cm�1 in the Raman spectrum of the intercalate. In the
infrared spectrum, this band is observed at 914 cm�1 and is
split into several bands between 921 and 891 cm�1 for the
intercalate. This can be explained by the two different
positions of the THF molecules in the intercalate.[31]


The positions of the bands of the asymmetric stretching
vibrations of CH2 are shifted from 2964 and 2873 cm�1 to
higher values (2982 and 2891 cm�1) in the Raman spectrum
going from the liquid state to the intercalate. This shift is
more pronounced than in the case of THP, but no new bands
above 3000 cm�1 were observed in the Raman and infrared
spectra (Figures 11 and 12) as was observed in the case of
THP.


Figure 11. FTIR spectra of VOPO4 ¥THF (in KBr pellet) (a) and liquid
THF (ATR on ZnSe crystal) (b) in the region from 3100 to 2700 cm�1.
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Figure 12. Raman spectra of VOPO4 ¥ THF (a) and liquid THF (b) in the
region from 3100 to 2700 cm�1.


Molecular simulations of VOPO4 ¥ THP : VOPO4 intercalated
with tetrahydrofuran (THF) shows a diffraction pattern with
good resolution that allowed us to determine the crystal
structure.[31] The diffractogram of VOPO4 intercalated with
tetrahydropyran (THP) reveals the structural disorder due to
the mutual shifts of the two successive host layers. For
VOPO4 ¥ THP, we can observe only (00l) reflections with two
weak (200) and (201) reflections at about 2�� 30� (Figure 1).
In such a case, the structure model, including the character-
ization of the disorder, can be obtained by using empirical
force field.


Molecular mechanics and molecular dynamics simulations
of VOPO4 ¥ THP were carried out in the Cerius24.5 modeling
environment. The strategy of the modeling was based on the
generally accepted assumption of rigid VOPO4 layers.[28, 32]


This assumption was confirmed by comparing the structure of
the VOPO4 layers before and after intercalation of THF.[31, 33]


The initial model of VOPO4 ¥ THP was based on the
tetragonal unit cell of the host structure, and the c parameter
was extended to the basal spacing of 12.0 ä. The THP
molecules in a chairlike conformation were inserted into the
interlayer space and attached to the vanadium atoms through
its OTHP oxygen atoms. The V�OTHP distance was set up to
2.41 ä. This value was taken from the diffraction data for the
THF intercalate[31] and fixed during the energy minimization,
as the force fields available in the Cerius24.5 library cannot
describe properly the V�OTHP interaction.


The energy minimization was carried out in a Minimizer
module in Cerius24.5 by using Universal force field[34] under
the following constraints: rigid but movable host layers, fixed
V�OTHP distance, and variable positions of all atoms in the
THP guest molecules, with the exception of OTHP. Cell
parameters a, b, and � were kept fixed, and c, �, and � were
variable during energy minimization. Molecular dynamics
simulations were carried out to check the conformational
behavior of the THP molecules in the interlayer space of
VOPO4. Quenched dynamics calculations in the NVT
(constant ± volume/constant ± temperature dynamics) ensem-
ble were performed at 300 K with time steps of 0.001 ps.
Results of the dynamics simulations confirmed the chairlike
conformation of the THP molecules in the interlayer space of
VOPO4 at room temperature.


Molecular simulations showed the bilayer arrangement of
the THP molecules in the interlayer space, in which the guest
layers are slightly overlapping (Figure 13). Figure 14 illus-
trates the anchoring of the THP molecules to the VOPO4


layers by V�OTHP bonds. The OTHP oxygen atom completes
the octahedral coordination of the vanadium atoms. Accord-
ing to the molecular simulations, there are two possible
orientations of the THP molecules. The THP ring can be
oriented with the same probability in two different ways with
respect to the VOPO4 layer (Figure 15a and b). These two
THP orientations making the angle 90� between the THP
rings are the consequence of the tetragonal symmetry of the
VOPO4 layer. The two arrangements of the THP molecules in
Figure 15a,b exhibit the same crystal energy. The basal
spacing of 12.3 ä obtained from modeling is in good agree-
ment with the experimental value of 12.0 ä.


Figure 15a,b also illustrates the type and degree of disorder.
For clarity, only the THP molecules are visualized in the unit
cell. One sees the mutual shift of the successive VOPO4 layers.
The values of the shift vectors were found between �0.3 ±
0.6 ä, predominantly in the 100 direction. This disorder in the
layer stacking leads to a diffraction pattern, in which most of
the nonbasal reflections are smoothed or missing, and the
basal reflections are dominant. In addition, the influence of
this effect increases by the preferred orientation of the
crystallites.


The molecular simulations also helped us to elucidate the
positions and profiles of the IR and Raman spectra and led to
the following conclusions. In both cases of pristine THF and
THP, the IR and Raman spectra exhibit two bands corre-


Figure 13. Side view of the structure VOPO4 ¥ THP.


Figure 14. Anchoring of the THP molecules to the VOPO4 layers.
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Figure 15. Two arrangements of the THP molecules in the interlayer space
of VOPO4: (a) parallel and (b) perpendicular orientation of THP rings in
the upper and lower layer in the interlayer space. Both arrangements
exhibit the same crystal energy.


sponding to CH2 stretching vibrations between �2800 and
3000 cm�1 (Figures 7, 8, 11, and 12). The first band at about
2850 cm�1 corresponds to the symmetric CH2 stretching
vibration, and the second more broadened band in the region
of 2900 ± 3000 cm�1 corresponds to the asymmetric CH2


stretching vibration. Comparing the spectra of pristine THP
and THF with the spectra of VOPO4 ¥ THP and VOPO4 ¥THF,
one sees the shift of these CH2 stretching bands to the higher


wavenumbers. This shift is stronger for VOPO4 ¥ THF than for
VOPO4 ¥ THP. This is a consequence of the different arrange-
ment of these molecules in the interlayer space. While the
THF molecules are arranged in a monolayer,[31] THP mole-
cules in a bilayer arrangement are not so densely packed
(Figure 13).


In the case of VOPO4 ¥ THP, the band corresponding to the
asymmetric CH2 stretching vibration in the IR and Raman
spectra exhibits a large amount of splitting and broadening.
As a consequence of this large amount of splitting, we observe
a new small side double band at about 3000 cm�1. Simulation
of the IR and Raman spectra revealed that this new band
corresponds also to the asymmetric CH2 stretching vibrations.
The simulated IR spectrum for VOPO4 ¥THP in the region
2700 ± 3000 cm�1 is shown in Figure 8 as curve c. A small
difference between the calculated and experimental values is
given by an approximation of the bond situations in empirical
force field calculations.


The simulated spectrum is in good agreement with the
experimental one with respect to the character of the
spectrum and the positions of the bands. This is also an
indication that the structure model of VOPO4 ¥ THP obtained
from the molecular simulations is in good agreement with the
experimental data.


Experimental Section


Preparation : Vanadyl phosphate dihydrate was prepared by prolonged
boiling of a mixture of vanadium pentoxide and phosphoric acid in water.[35]


The product was filtered and washed with distilled water several times.


The propanol intercalate was prepared by suspending microcrystalline
VOPO4 ¥ 2H2O in dry propanol and subsequent short exposure to a
microwave field.[2] The intercalation compounds were obtained by displac-
ing propanol in VOPO4 ¥ 2C3H7OH by THF or THP. The propanol
intercalate (1 g) was dispersed in THF or THP (50 mL) and stirred for
one day at room temperature. The intercalates were filtered off and dried in
nitrogen.


The composition of the intercalates was determined by elemental analysis
(C, H). elemental analysis calcd (%) for VOPO4 ¥ C4H8O: C 20.53, H 3.45;
found: C 20.61, H 3.39; elemental analysis calcd (%) for VOPO4 ¥ C5H10O:
C 24.21, H 4.06; found: C 24.53, H 4.11.


XRD : Powder data were obtained with an X-ray diffractometerHZG-4
(Freiberger Pr‰zisionsmechanik, Germany) by using CuK� radiation with
discrimination of the CuK� radiation by a Ni filter. Diffraction angles were
measured from 5 to 50� (2�). The temperature measurements from 20 to
250 �C were carried out on a heated corundum plate with a thermocou-
ple.[36]


Thermogravimetry : The TG analyses were performed by using a Deriva-
tographC (MOM Budapest, Hungary). The measurements were carried
out in air between 20 and 500 �C at a heating rate of 5 Kmin�1.


UV/Vis spectroscopy: UV/Vis diffuse reflectance spectra were measured
on a dual-beam UV/Vis-NIR spectrometer JASCOV570 equipped with an
integrating sphere attachment ISN-470.


Infrared measurements : Infrared measurements in the range 400 ±
4000 cm�1 were made with a fully computerized Nicolet IMPACT400
FTIR spectrometer (300 scans per spectrum at 2 cm�1 resolution). Mea-
surements of the intercalates were performed ex situ in the transmission
mode in KBr pellets. The spectra of the corresponding liquid ethers were
measured by the baseline horizontal attenuated total reflection (ATR)
technique on a ZnSe crystal. The spectra were corrected for the content of
H2O and CO2 in the optical path.


Raman spectral measurements : FT Raman spectra were collected by using
a Fourier transform near-infrared (FT-NIR) spectrometer Equinox55/S
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(Bruker) equipped with FT Raman moduleFRA106/S (Bruker) (128 in-
terferograms were co-added per spectrum in the range 4000 ± 700 cm�1 at
4 cm�1 resolution).
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X-ray Diffraction and Molecular Simulation Study of the Crystalline and
Liquid States of Succinic Anhydride


Valeria Ferretti,[a] Paola Gilli,[a] and Angelo Gavezzotti*[b]


Abstract: The crystal structure of suc-
cinic anhydride was studied at five
temperatures between 100 K and the
melting point by single-crystal X-ray
diffraction. The temperature depen-
dence of molecular libration tensors
was determined. Intermolecular interac-
tions, in particular through unusually
close molecule ±molecule contacts, are
discussed, with a detailed calculation of
electrostatic energies. A method for the
adaptation of existing crystal force fields
to molecular dynamics has been devel-


oped; the adapted force field was used
to study molecular motion and rota-
tional diffusion with increasing temper-
ature. Equilibration of the crystalline
system becomes impossible at a temper-
ature very close to the experimental
melting temperature, where a sudden


transition to the liquid state occurs, and
a partial kinetic picture of the melting
process is obtained. After validation of
the force field against experimental
crystal data, the state equation of the
liquid was predicted. Enthalpies of sub-
limation, melting, and vaporization were
calculated. The dynamics of a solution of
succinic anhydride in a nonpolar solvent
was simulated, for a discussion of the
aggregation process leading to demixing
and to crystal nucleation.


Keywords: molecular dynamics ¥
organic crystals ¥ phase transitions
¥ solid-state structures ¥ X-ray
diffraction


Introduction


In the last few decades, single-crystal X-ray diffraction on
organic crystals has provided a detailed picture of crystal
architecture and packing, and the Cambridge Structural
Database[1] (CSD) now has extensive facilities for the analysis
of intermolecular geometry. However, it is seldom remem-
bered that this picture results from time-averaging over
molecular librations and has a deceptively static character.
Dynamic aspects of crystal packing have been much less
considered, and little effort has been devoted to studies of the
thermal dependence of intermolecular parameters; the dy-
namic information obtainable from X-ray atomic displace-
ment parameters is, at best, indirect; the theory and practice
of librational tensors has been recently revisited by Burgi
et al.[2] In traditional crystallography, which aims at molecular
geometries, it is not surprising that most studies on temper-
ature dependence have been dedicated to low temperatures,
where molecular motion is quenched; the number of crystal
structures in the CSD that were determined above room
temperature is estimated at less than 0.1%. In the perspective


of a structural and energetic study of the properties of
materials and of their phase behavior, more effort should
instead be devoted to high-temperature studies, in which the
relevant phenomenon of molecular motion is enhanced, even
at the price of a loss of resolution. However, X-ray diffraction
on organic crystals above room temperature is still sporadic,
due to both lack of interest and experimental difficulties, even
though X-ray diffractometers have been developed to the
point that a full crystal structure determination is a matter of a
few hours, and temperature control is no longer such a severe
problem.
Much progress in the field of the phase behavior of organic


substances is expected from theoretical studies. Lattice
dynamics allows an evaluation of crystal free energies,
although in its traditional form it is restricted to the harmonic
approximation. Recently, attempts were made to overcome
this obstacle, with a full molecular dynamics (MD) treat-
ment,[3, 4] which becomes increasingly necessary as the tem-
perature is raised toward the melting point. In fact, molecular
dynamics is by now a fully affordable method in crystal
structure analysis[5, 6] and in the study of phase transitions.[7±8]


We use a combination of theoretical and experimental
methods to investigate molecular properties and intermolec-
ular energies and forces in a variable-temperature regime,
from the zero-point energy limit up to as close as possible to
the melting temperature. Herein we report: 1) an analysis of
temperature-dependent crystal structure and thermal libra-
tion parameters from single-crystal X-ray diffraction; 2) the
calculation of electrostatic energies in the crystal structure; 3)
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molecular dynamics simulations of the state equation of the
solid, analysis of pre-melting phenomena, and simulation of
melting; 4) prediction of the state equation of the liquid by
molecular dynamics; 5) molecular dynamics simulations of
the very first steps of nucleation from nonpolar solvents. The
molecular mechanism of melting of organic crystals has
seldom been studied, and apparently has never been ex-
plained (see refs.[9, 10], and discussions therein). This is even
more true for the reverse process of crystal nucleation.[11±12]


Succinic anhydride was chosen as test molecule for this case
study because a) it is a nearly ideal object for theoretical
studies: small, rigid, and with a possibility for reliable
parameterization of the intermolecular force field; and b) it
is a cheap and stable chemical that is sufficiently high melting
to allow easy handling at and above ambient temperature.


Experimental Section


Succinic anhydride was purchased fromAldrich and recrystallized from hot
chloroform as large white needles. Recrystallization from THF, chloroform,
or acetonitrile yielded the same crystal form, as confirmed by repeated
powder diffraction patterns. Differential scanning calorimetry (DSC)
confirmed a melting point of 392 ± 393 K and the specific heat of the
crystal at 298 K (see below). No pre-melting features appeared in the DSC
trace.


Single-crystal diffraction data were collected at 100, 150, 225, 295, and
353 K, and no significant difficulties were encountered in temperature
control in this range. Diffraction data were collected on a Nonius Kappa
diffractometer equipped with a CCD detector and an Oxford Cryosystem
cooling apparatus with graphite-monochromatized MoK� radiation (��
0.71069 ä). Intensities were corrected for Lorentz and polarization effects.
The structure was solved by direct methods with the SIR92 suite of
programs,[13] and refinements were performed on F 2 by full-matrix least-
squares methods (SHELX97[14]). The H atoms were located in difference
Fourier maps and refined isotropically. All other calculations, includig
rigid-body analysis, were performed by PLATON[15] and WingX.[16]


Data collection and refinement parameters : space group P212121, ortho-
rhombic, Z� 4; for cell parameters see Table 1. 100 K: �� 0.138mm�1,
�max� 41.5�. Of 1638 unique measured reflections, 1561 with I� 2�(I) were
used in the refinement. R� 0.0295 (on F 2), Rw� 0.0789. 150 K: ��
0.137mm�1, �max� 30.1�. Of the 755 unique measured reflections, 731 with
I� 2�(I) were used in the refinement. R� 0.0259 (on F 2), Rw� 0.0640.
225 K: �� 0.135mm�1, �max� 32.5�. Of the 859 unique measured reflec-
tions, 801 with I� 2�(I) were used in the refinement. R� 0.0333 (on F 2),
Rw� 0.0846. 295 K: �� 0.132mm�1, �max� 30.0�.Of the 776 unique meas-
ured reflections, 738 with I� 2�(I) were used in the refinement. R� 0.0359
(on F 2), Rw� 0.0935. 353 K: �� 0.130mm�1, �max� 29.6�. Of the 709 unique
measured reflections, 561 with I� 2�(I) were used in the refinement. R (on
F 2)� 0.0631 Rw� 0.2132. CCDC-171946 ± 171950 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-


bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.uk).


Methods of Calculation


The GROMOS96 program package[7] was used, but the force field was
parameterized ex novo. In all MD calculations reference molecular
dimensions were taken from the X-ray geometry at 295 K, with hydrogen
atom positions re-normalized at C�H 1.08 ä. For a small, rigid molecule
like succinic anhydride the intramolecular part of the force field is not so
crucial : bond stretching was quenched by the SHAKE approximation,[18]


while bending potentials and improper torsion restraints were applied
mainly to prevent large deformations and deviations from planarity, as in
previous work.[7, 12]


The intermolecular part of the force field (FF) is crucial for our purposes.
Two starting points for the optimization of intermolecular interaction
parameters for succinic anhydride were considered, namely, OPLS-FF[19, 20]


and UNI-FF.[21, 22] The OPLS-FF has no special terms for anhydrides, so
adaptation of parameters used for succinic acid[19] was considered: for E�
4�[(�/r)12� (�/r)6], �(i,j)� [(�(i)�(j)]1/2, �(i,j)� [�(i)�(j)]1/2, charge, � and
� [kJmol�1] were assigned as: carbonyl C, 0.550, 3.750, 0.439 (as carbonyl C
in esters); carbonyl O, �0.450, 2.960, 0.879 (as carbonyl O in esters);
methylene C, �0.120, 3.500, 0.276; methylene H, 0.060, 2.500, 0.126;�O�,
�0.400, 3.000, 0.711 (�O� in esters) or�0.400, 2.900, 0.589 (�O� in ethers).
Systematic tests were conducted with these tentative intermolecular
parameters, but the results for crystal density and lattice energy were not
satisfactory. Far from implying a malfunction of the OPLS force field, this
lack of success was probably due to the many approximations involved, also
because the GROMOS96 architecture is not entirely compatible with
certain forms of the OPLS parameterization. A different strategy was then
adopted.


The UNI potentials, originally given in the form E�Aexp(�BR)�CR�6,
were recast in the 12-6 functional form used by the MD programs. These
chargeless potentials, calibrated for a wide variety of organic crystals, are
known[21] to fail in reproducing some of the critical features of the crystal
packing of succinic anhydride, which exhibits strong interactions between
atoms of different electronegativity (see below). Also, previous experience
showed that for use in dynamic simulations the steepness of the repulsive
part of the potentials must be reduced. The UNI potentials were therefore
supplemented by the introduction of charge parameters and R�1 terms, and
rescaled by reducing the equilibrium distance � and by slightly increasing
the depth of the potential well �. After several tests, a 3% rescaling (���
1.03� and ��� 0.97 �) was found to give the best results. Note that a 1%
change in these parameters has a substantial effect on performance. The
OPLS charges[19] were used as a guideline, but slight rearrangements were
necessary for keeping the anhydride group and each methylene group
neutral, to comply with the charge-group procedure in GROMOS96.[18]


The final optimized parameters, calibrated to reproduce enthalpies of
sublimation and densities at room temperature, are collected in Table 2.
The heat of sublimation was calculated at 295 K, as in previous work, by
taking the sum of electrostatic and van der Waals potential energies and
adding 3% to account for the lack of convergence due to the summation
cutoff, to be 79.6 kJmol�1 (30% coulombic), which compares to an
experimental value of 80.7 kJmol�1 at 298 K.[23] The calculated crystal
density at 295 K for a box volume of 26.712(97) nm3 is 1.493 gcm�3


Table 1. Crystal data for succinic anhydride.[a]


T/K a [ä] b [ä] c [ä] � [g cm�3] Shortest
d(C ¥¥¥O) [ä] d(C ¥¥¥O) [ä]


Sy Sx
100 5.3548(1) 6.8163(2) 11.5628(3) 1.575 2.94 3.03 3.03
150 5.3696(2) 6.8471(2) 11.5935(3) 1.559 2.96 3.04 3.04
225 5.3947(1) 6.9068(2) 11.6491(3) 1.531 2.99 3.07 3.07
295 5.4257(2) 6.9746(2) 11.7167(3) 1.499 3.02 3.11 3.10
353 5.4435(4) 7.0293(5) 11.7550(13) 1.478 3.04 3.14 3.13


[a] See text for definition of Sy and Sx.
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(experimental room-temperature value 1.499 gcm�3). There is no straight-
forward way of estimating the Cp(crystal) from the results of our MD
simulations for comparison with experiment (110.9 JK�1mol�1[24]).


Molecular dynamics (MD) calculations were performed in an NPT
ensemble (constant number of particles, pressure, and temperature), with
periodic boundary conditions: the coupling constants were 0.1 and 0.5 ps
for T and isotropic P, respectively. Energy summations were extended to a
cutoff of 11 ä, convergence problems in coulombic interactions being
mitigated by the charge-group approach. Extensive tests with reaction field
corrections[25] and checking against calculations with Ewald sums[26]


showed that this convergence criterion is realistic. The integration step
was 2 fs.


For simulations on pure crystal and pure liquid, the computational box
contained 240 molecules from 5� 4� 3 crystal unit cells (box dimensions at
300 K were 27.2, 27.9, and 35.2 ä, that is, well above twice the cutoff radius).
The crystal ± liquid phase transition was simulated by a stepwise increase in
temperature from 100 to 420 K, each temperature being held long enough
to allow full equilibration (100 ± 200 ps in the 100 ± 300 K interval, and up to
300 ps for the higher temperatures in the liquid state). The temperature
step was 5 K in the crucial 390 ± 420 K range. The last frame at each Twas
taken as the starting frame for the T��T run.


For the simulations in solution, a cubic computational box was prepared
from an equilibrated box of 2196 united-atom CCl4 solvent molecules (sides
of 69.71 ä) by substituting at random 51 solute succinic anhydride
molecules in place of the same number of solvent molecules. The united-
atom solvent parameters[27] were merged with those of the solute by the
usual mixing rules (see Table 2). In the starting configuration of the
solution computational box, molecules were placed as far apart as possible,
and only one distance between molecular centers of coordinates was
smaller than 7 ä. Energy minimization cycles were first performed to


dispose of a number of hard repulsive contacts in the initial configuration.
The output of this minimization was used as input for a startup MD run at
200 K, assigning Boltzmann velocities, and then for warm-up cycles at 250,
and finally for production runs at room temperature (298 K) for 4.5 ns.


Alternatively, dimers or trimers extracted from the crystal structure along
what were thought to be special interaction directions were solvated in the
same solvent box and simulated at room temperature for variable time
intervals.


Results


X-ray crystal structure analysis and lattice energies : This work
confirmed the previous[28] assignment of the space group.
Crystal data are summarized in Table 1, and molecular
parameters in Table 3. Figure 1 shows ORTEP[29] plots of
the atomic displacement parameters (ADPs) as a function of
temperature, as well as the atom-numbering scheme.


The succinic anhydride crystal is very stable and immutable
in the whole 100 ± 353 K range, as confirmed by crystallization
of the same form from different solvents, by the absence of
special features in the thermograms, and by the smooth
evolution with temperature of all X-ray crystal structure
parameters. This is one case in which the existence of
polymorphs under ambient conditions can be confidently
ruled out. The relatively small difference in heat capacity
between gas and crystal (12 JK�1mol�1 at 298 K)[23, 24] points


Table 2. Parameters[a] for Eij(atom ± atom)�ARij�12�BRij�6� (qiqj)Rij�1
in the final force field.


106A 103B q


H ¥¥¥H 0.06263 0.10396 H: � 0.10
H ¥¥¥ C 0.24035 0.45100 ±
H ¥¥¥O 0.08416 0.41845 ±
C ¥¥¥ C 3.3329 2.3064 C: � 0.50 (C�O), �0.20 (CH2)
C ¥¥¥O 2.3574 2.5578 ±
O ¥¥¥O 1.1708 1.2742 O: � 0.375 (C�O), �0.25 (ether)
CCl4 [b] 6460.0 324.5 ±


[a] R is an intermolecular interatomic distance [ä], E is in kJmol�1.
Charges in electrons. [b] Usual square-root combination rules were used
for interaction parameters between solvent and other atomic species.


Table 3. Molecular data for succinic anhydride.


T Vibrational Cv av d(C�O) av d(C�O) max. �[a] min.±max. rbc[b]


[K] [JK�1mol�1] [ä] [ä] [ä] [ä]


100 17.2 1.3863(3) 1.1985(3) 0.020 0.003 ± 0.006
150 27.5 1.3863(8) 1.1932(13) 0.020 0.005 ± 0.009
225 48.4 1.3848(4) 1.1898(6) 0.017 0.008 ± 0.014
295 70.5 1.382(1) 1.188(3) 0.014 0.011 ± 0.019
353 85.0 1.377(3) 1.182(3) 0.010 0.015 ± 0.025


[a] Maximum distance of an atom from the mean molecular plane. [b] rbc�Rigid-
body correction.


Figure 1. Atom numbering and ORTEP plots at 50% probability level at the five temperatures of Table 1.
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Figure 2. a) Top to bottom: plot of Ueq [ä2] for carbonyl O atoms (upper
symbols) and ring atoms (lower symbols); translational tensor eigen-
values [ä2]; librational tensor eigenvalues [deg2], as a function of
temperature. b) Axis labeling and directions.


to the existence of rather strong crystal forces that result in
high-frequency lattice vibrations.
The thermal expansion (see Table 1) is moderately aniso-


tropic, the coefficient along the cell axis b (1.2� 10�4 K�1)
being about twice that along a and c. Figure 2a shows the
temperature dependence of the equivalent ADP Ueq of each
non-hydrogen atom in the molecule: the carbonyl oxygen
atoms have a much larger ADP than other atoms. Figure 2a
also shows the temperature dependence of the eigenvalues of
the translational and librational tensors, respectively. Fig-
ure 2b shows the axis directions.
Data in Table 3 confirm that the succinic anhydride


molecule is essentially a rigid body at all temperatures, with
little or no deviation from planarity. The gas-phase vibrational
heat capacities Cv,vib at different temperatures were obtained
by frequency calculations on the fully optimized geometry at
the B3LYP/6-31�G(d,p)//B3LYP/6-31�G(d,p) level[30] (ex-
perimental and optimized distances: C�O 1.386 ± 1.391, C�O
1.198 ± 1.197, C�C 1.501 ± 1.521, C�C 1.525 ± 1.531 ä).
The predicted heat capacity (Cp� (Cv,vib� 3R)�R�
103.8 JK�1mol�1) compares with a literature value of
98.0 JK�1mol�1 at 302 K.[24] Interestingly, two intramolecular
vibrational modes–methylene rocking at 47 cm�1 and a
™butterfly∫ motion of the carbonyl oxygen atoms at
141 cm�1–may in principle be allowed to mix into the
external lattice modes.
Further data for the interpretation of the packing of


succinic anhydride can be gathered by considering the first
coordination shell of the molecule in the crystal, which
includes eight closest neighbor molecules (Table 4): two
molecules along each of the three screw axes (labeled Sx, Sy,
Sz), and two molecules translated along the shortest cell axis
(labeled Tx). A recognizable molecular interlocking pattern in
the succinic anhydride crystal (Figure 3) includes nesting of
the two carbonyl oxygen atoms against the molecular rings of
two neighbor molecules (Sy and Sx) with particularly short
C�O ¥¥¥ C�O contacts, almost an incipient nucleophilic attack;
the shortest O ¥¥¥ C contact distance stretches from 2.94 ä at
100 K to 3.04 ä close to the melting point. At room temper-
ature, the two short O ¥¥¥ C contact distances are 3.02 and
3.11 ä, well below the sum of any reasonable atomic radii.
The thermal evolution of atomic displacement parameters
(Figure 2) is not inconsistent with the picture in Figure 3:
molecular motions (L1 libration and T1 translation) that are
less disruptive of the tight intermolecular pattern increase
more steeply with increasing temperature.


Table 4. For the four molecular pairs around the succinic anhydride molecule in
the crystal (see text for definitions): distance between molecular centers of
mass [ä] and angles between molecular planes [�]. Molecule ±molecule electro-
static potential interaction energies E in kJmol�1 at 150 K.


T/K Sx dis-
tance


angle Sy dis-
tance


angle Tx dis-
tance


Sz dis-
tance


angle


100 4.42 62 4.65 82 5.35 6.11 48
150 4.43 61 4.67 82 5.37 6.12 49
225 4.45 61 4.71 82 5.39 6.16 49
295 4.48 60 4.75 82 5.433 6.19 50
353 4.50 60 4.78 83 5.44 6.21 51
E � 4.1 � 21.9 � 11.8 � 16.0
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Figure 3. A strong molecular interaction motif in the succinic anhydride
crystal: the molecule at the top interacts with an Sx-related molecule (left)
and an Sy-related molecule (right). C ¥¥¥ O and O ¥¥¥O distances [ä] at
295 K are also indicated (typical esds are 0.002 ä).


Electrostatic interactions : The appearance of these short O ¥¥¥
C distances in crystals of carbonyl compounds had already
been noted and discussed,[31±34] but their interpretation is still
not clear. Standard arguments invoke electrostatic interac-
tions between atoms of different electronegativity or favor-
ably oriented dipoles. In such a line of thought the molecular
arrangement in Figure 3 is largely dictated by, broadly speak-
ing, a drive for the negatively charged carbonyl oxygens to
reach for positively charged carbonyl carbon sites. Assuming
these to be the key features of the crystal packing, one may
understand the preferential use of screw axes in packing and
hence the choice of the space group, since they can be
obtained only by nonparallel molecular arrangements.
To further investigate the nature of these intermolecular


interactions, the electrostatic interaction energies between the
molecule and its neighbors in the crystal were calculated. The
method[35] uses a 6-31G** wavefunction to calculate the
electron density, and involves direct summation of nucleus ±
nucleus, nucleus ± electron density, and electron density ± e-
lectron density coulombic terms. A typical value for the
elementary volume in the electron density calculation was
V� 0.001 ä3 with some 107 terms in the third term of the
summation. The results in Figure 4 reveal that there is a very


Figure 4. Molecule ±molecule coulombic potential energies [kJmol�1] as a
function of distance [ä] between centers of mass in the succinic anhydride
crystal. The labels define the symmetry operator.


strong electrostatic stabilizing interaction with the Sy, Sz, and
Tx molecular pairs (see the numerical data in Table 4). The Sx
molecular pair is in close contact but contributes much less
stabilizing energy. The O ¥¥¥ C electrostatic stabilization in this
case must be countered by significant repulsion between other
sectors of the electron density, broadly corresponding to O ¥¥¥
O and C ¥¥¥ C contacts. Somewhat surprising is the appearance
of many moderately destabilizing (Eint� 0) molecule ±mole-
cule interactions. Since the three closest molecular interac-
tions amount to roughly 25% of the total sublimation energy,
the overall picture that emerges from Figure 4 is one in which
the succinic anhydride crystal is built on strong electrostatic
stabilizing interactions with very few first nearest-neighbors,
the rest of the structure adapting to accommodate this. The
accurate experimental determination of some of the relevant
intermolecular distances (Table 1) shows that there is no
difference in temperature dependence between supposedly
™attractive∫ (C ¥¥¥ O) and supposedly ™repulsive∫ (O ¥¥¥O)
intermolecular distances; the repulsive nature of O ¥¥¥O
contacts at distances of less than about 3.4 ä was demon-
strated by careful calculations and experimental analyses by
Leiserowitz et al.[36] The analysis of our 100-K diffraction data
to extract atomic charges and dipoles is considered for future
work.
Perusal of Figure 4, moreover, reveals that the distance


between molecular centers of mass does not correlate with
electrostatic stabilization, and that significantly stabilizing
electrostatic interactions also occur for molecules that are
further apart, without any significant shortening of atom±
atom distances and without any apparent special intermolec-
ular arrangement. The interaction between translation-relat-
ed molecules, whose dipoles must be parallel and of the same
orientation by definition, may also be stabilizing from the
electrostatic viewpoint, and Table 4 shows that there are no
head-to-tail dipoles in the crystal of a highly polar molecule
like succinic anhydride, because the angles between the mean
molecular planes of screw-related molecules are always far
from 0 or 180�.
The succinic anhydride crystal is high melting and stable.


The expected heat of sublimation for its molecular dimen-
sions[32] is 71 kJmol�1, much smaller than the actual exper-
imental value. The results of the electrostatic calculations
offer an explanation for the unusually high attractive forces in
this crystal. At the same time, the discussion illustrates the
dangers of crystal structure analysis based on singled-out
atom± atom interactions, parallel versus antiparallel dipoles,
or correlations between atom± atom distances and energy
stabilization. Labeling certain atom± atom contacts as the
cause, rather than a consequence, of crystal packing is always
a subjective exercise. For a robust and significant discussion of
intermolecular interactions, a quantitative assessment of all
energetic factors is required.


Molecular dynamics simulations : Figure 5 shows the X-ray
and MD results for the molar volume of succinic anhydride as
a function of temperature, or the state equation of the
material. Numerical data are collected in Table 5. The
calculated crystal density at 295 K matches the experimental
one by calibration, but differences never exceed 1.5% in the
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Figure 5. Molar volume [cm3] versus temperature for succinic anhydride.
� crystal, experimental; � crystal and � liquid, calculated from MD
simulations.


whole temperature range. The experimental isotropic thermal
expansion coefficient is 1/V(dV/dT)� 2.6� 10�4 K�1, quite in
line with the average value for organic compounds (a study[37]


of the distribution of such coefficients, taken from a survey of
variable-temperature crystal structure determinations in the
CSD, gives an average value of 2 K�1 for a spread from 1 to
4 K�1). The calculated value of 4.4� 10�4 K�1 is somewhat
larger, consistent with the large change in heat of sublimation
with temperature, which exceeds that expected on the basis of
the experimental �Cp(298 K). For the liquid, we predict a
thermal expansion coefficient of 1.0� 10�3 K�1 and an en-
thalpy of vaporization of 61 kJmol�1 at 300 K. These are
reliable predictions of thermophysical quantities that are
difficult to obtain experimentally.
The force field for succinic anhydride was derived by one-


parameter rescaling of static atom± atom curves, with the
addition of coulombic terms. To test the transferability of this
optimized force field, we performed an MD simulation at
298 K for maleic anhydride, a very similar molecule whose
crystal structure is strictly isomorphous to that of succinic
anhydride. Parameters were the same as in Table 2 with a
�0.10 electron charge separation over the CH groups. Results
were: density: calculated 1.56, experimental 1.50 gcm�3 ;
sublimation energy: calculated 76, experimental 71 kJmol�1.
Thus, even for a nearly identical molecule and an identical
crystal structure, the discrepancies were 4 and 7%, respec-
tively. Although tolerable in the context of a general purpose
force field for static calculations, these deviations are such
that the simulation of more subtle quantities, such as the
melting temperature, would be hopelessly inaccurate.


Our conclusion here is that for the dynamic simulation of
phase transitions in organic condensed phases, separate
optimization of the force field for each molecule against
available experimental data is indispensable. Given present-
day computing facilities, the technical task is easy. However,
more widespread and more accurate thermochemical data are
needed for calibration.
For the solid ± liquid transition, Figure 6 shows the MD


trajectory for the crystal density as a function of temperature
and simulation time. The calculated volume change at the
melting temperature (387 K) is 19%, in line with normal


Figure 6. Evolution of density during the MD simulation of (left to right)
the crystal, the melting transition, and the liquid. Temperatures are also
shown.


values for organic crystals.[38] The liquid box obtained from
fusion was then cooled in subsequent MD simulations, and
this yielded estimates for the energy and density of the
supercooled liquid down to room temperature; for obvious
reasons (smallness of the computational box, short duration of
the MD run) crystallization was not observed in the calcu-
lations. These results allow the estimation of the enthalpy of
melting at room temperature, calculated as the difference in
total energy of the liquid and the solid (the P�V term was
neglected) to be 19.6 kJmol�1, in good agreement with the
value obtained by combining the heat of formation of the
liquid[39] with data in refs. [23, 24]. Figure 7 shows energy
profiles over the melting event; apparently, the percentage
losses in coulombic and dispersion energy are the same.


Figure 7. Energy breakdown over the melting event in Figure 6. Top to
bottom: coulombic intermolecular, total (intra- and intermolecular),
van der Waals, and total intermolecular potential energies.


Table 5. Results of molecular dynamics simulations. Energies in kJmol�1.
In parentheses: rms fluctuations.


T Vbox � Ecoul EvdW �Hsubl/vap
[K] [ä3] [gcm�3]


crystal
100(2) 24.76(2) 1.611 � 27.2 � 61.1 91.0
149(2) 25.22(3) 1.582 � 26.4 � 59.2 88.2
222(3) 25.94(5) 1.538 � 25.0 � 56.4 83.9
295(4) 26.71(10) 1.493 � 23.5 � 53.7 79.6
353(4) 27.56(10) 1.447 � 22.0 � 50.9 75.2
liquid
300(4) 30.75(18) 1.224 � 15.6 � 43.4 60.8
329(4) 31.65(21) 1.260 � 14.9 � 41.6 58.2
358(4) 32.58(25) 1.297 � 14.2 � 39.8 55.7
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The force field thus correctly reproduces crystal density,
enthalpy of melting and of sublimation, and, within the limits
of the simulation (see the discussion below), also the melting
temperature. Test simulations conducted with small changes
in charge parameters (�0.30 and�0.40 electrons for O atoms,
�0.55 for carbonyl C atoms) resulted in a density at 295 K
that was 4% too high, sufficient to raise the calculated melting
temperature well above 450 K. This theoretical experiment
confirms that very small density differences can have very
large consequences for crystal stability, as already noted.[40]


The solid ± liquid transition was also analyzed with regard
to its structural and kinetic features. The density trajectory in
Figure 6 shows that simulated crystal melting occurs more
readily at 387 K than at lower temperatures. This is the most
we can claim about the reproduction of the real melting
temperature (392 K) by our force-field parameterization. The
trajectory shows an abrupt transition, over a time span of less
than 50 ps, from a moderately rotationally disordered crys-
talline state to a fully isotropic liquid state. One could
question the significance of such nonequilibrium molecular
dynamics simulations: strictly speaking, our run at 387 K is
not dissimilar from an equilibration run for the liquid, which
happens to start from an almost crystalline material. The
proper way of analyzing the solid ± liquid equilibrium would
be to find the temperature at which the system, simulated for
a sufficiently long time, would show random oscillations
between the liquid and solid states. For obvious reasons of
timescale, such a simulation is far beyond the realms of
possibility. One must then be satisfied with a nonequilibrium,
one-pathway glimpse at the phase space between liquid and
solid, which the simulation at 387 K in fact is, and look for
purely kinetic indications of what molecules may or may not
want to do just before or during the phase transition.
For a detailed analysis of the rotational and translational


molecular motions, a special MD run was carried out at 387 K,
writing trajectories every 0.5 ps. Three rotational axes were
defined, one passing through the carbonyl O atoms (approx-
imately coincident with L1, Figure 2b), one through the ether
O atom and the midpoint of the C�C bond (approximately
coincident with L2, Figure 2b), while the third is the vector
product of the first two. With u as the unit vector along any of
these axes, three corresponding rotational correlation func-
tions over the sample of N molecules in the box were
calculated as Equation (1),[41]


C(i) � �ku(k,t)iu(k,0)i/N (1)


where i�L1, L2, L3; k runs over molecules in the computa-
tional box (N� 240); and each term in the summation is the
cosine of the angle formed by each vector at time t to the
corresponding reference vector at t� 0 (here chosen as that in
the 100-K run). Translation was described by the three
cartesian orthogonal components of displacement vector d
of the center of coordinates, also with respect to standards at
100 K; the corresponding root-mean-square displacement
functions are given by Equation (2).


T(i)�
��


k


{d(k,t)i� d(k,0)i}2/N
�
1/2


(i� x, y, z) (2)


The C(i) traces over the melting event are shown in
Figure 8. All three C(i) start from very near 0.9, that is, a
minor loss of rotational correlation due to thermal libration,
and after melting very quickly drop to zero, as expected for a
pure isotropic liquid. Once the liquid phase is reached,


Figure 8. Rotational correlation functions for the rotation axes L1 ±L3
over the melting transition. L3 is perpendicular to L1 and L2.


calculated rotational correlation times were about 10 ps, as is
appropriate for liquid organic substances.[41] In partial agree-
ment with the analysis of ADPs in the crystal structure,
Figure 8 shows that the ™roll∫ molecular rotation (the L2 axis)
is more hindered than the other two, since C(2) remains
higher than C(1) or C(3) up to the melting transition. Traces
for the corresponding T(i) functions show the absence of
significant translational diffusion up to the melting transition.
What triggers the melting transition? In a naive perspec-


tive, the increased thermal energy pushes molecules further
and further apart, until rotational and then translational
diffusion set in and the crystal collapses. In our simulations,
rotational diffusion sets in well below the melting point. A
rotational diffusion event is defined here as one of the terms
in Equation (1) becoming less than zero (a rotation of
more than 90�). As Figure 9 shows, a number of such events
already occur some 15 K below the melting temperature.
Melting takes place when about 10% of the molecules show
rotational diffusion around L2 or L3 (Figure 8), while rota-
tion around L1 is restricted up until the very melting
transition. (In the liquid, the number of such rotations
averages to 120, or half the number of molecules in the
computational box.) These pre-melting jumps purely draw
from the thermal energy pool, and there is no hint of
structural phase transitions close to the melting point in the
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Figure 9. Number of rotational jumps in the 240-molecule crystal box over
the melting event. Axis labels in Figure 8.


total energy trajectory of our simulations. This is in agreement
with the absence of pre-melting features in the DSC trace.
Finally, the solvation, demixing, and nucleation processes


were investigated as far as possible. A large number of
molecular dynamics simulations were conducted starting from
bimolecular or trimolecular aggregates extracted from the
crystal (e.g., as in Figure 3), and solvated in a CCl4 box. None
of these oligomers survived the input of kinetic energy for
more than a few picoseconds at or around room temperature.
Although the molecule ±molecule cohesive energies may be
much larger than kT (see Table 4 and Figure 4), there are easy
stepwise kinetic paths for climbing the dissociation energy
barriers, and data in Table 4 confirm that many different
molecular arrangements can be accessed at the expense of a
few kilojoules per mole. Some dimers showed a propensity to
remain bound for some time, the two partners tumbling one
around the other, but the interaction geometry observed in
the crystal was invariably destroyed almost immediately.
These computational experiments further demonstrate that a
correlation between small molecular aggregates in solution
and molecular motifs in the crystal may not exist, even for a
molecule that can use a strong electrostatic interaction for
molecular recognition purposes. Similarly, oligomers of car-
boxylic acids were seen[12] to be relatively stable and bound in
solution in nonpolar solvents, although hydrogen-bond break-
ing and transitions from dimer to catemer structures were
frequent.
Dynamic aggregation studies with a larger number of


solutes correctly reproduce the experimental fact that succinic
anhydride readily demixes from weakly polar solvents (e.g.,
chloroform). Figure 10 shows the progress of demixing within
the 50-molecule solution computational box, as shown by the
steady increase in solute ± solute cohesion at the expense of
solute ± solvent stabilizing interactions. In a few nanoseconds
almost complete segregation of the solute is reached. The
resulting molecular agglomerates seem to be stable at the size
of 10 ± 20 molecules, although they are of course completely
liquidlike and fluxional, without a trace of crystalline order.


Conclusion and Perspective


Temperature-dependent X-ray diffraction analysis coupled
with molecular dynamics simulation allow molecular inter-


Figure 10. Evolution and breakdown of cohesive energies during the
simulation of demixing in a solution box with 50 solute and 2145 solvent
molecules. Top to bottom: solute ± solute coulombic and van der Waals,
solvent ± solvent, and solute ± solvent cohesive energies. The structural
origin of the discontinuity at t� 2200 ps is unknown.


action and molecular recognition phenomena to be studied,
from macroscopic properties, such as expansion coefficients
or phase transition enthalpies, to molecular level properties
like the number and type of rotational defects in a melting
material. For such simulations, the empirical force field
approach is the only viable one, since ab initio quantum
chemical or DFT methods are not cost-effective and suffer
from basic inadequacies. For the study of subtler phenomena,
however, the force field should be accurately calibrated for
each compound, although with an eye to economy in the
number of parameters. Transferability seems to be a require-
ment of the past.
On the experimental side, for better insight one would need


a study of X-ray thermal diffuse scattering, and more
sophisticated spectroscopic experiments, such as neutron
inelastic scattering and the like, to probe the crystal dynamics.
On the computational side, the ultimate goal is the simulation
of a complete path from pure liquid or solution to crystalline
solid with a view of the first steps in the formation of
crystalline nuclei. Bridging the size and timescale gap is not
yet feasible. Besides the obvious requirement of more
computing power, one would perhaps need strategic protocols
for control of temperature, pressure, and concentration
gradients during the simulation. We believe that such studies
are well within the maintstream of the physical chemistry of
years to come.
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Additions of Allenyl/Propargyl Organometallic Reagents to 4-Oxoazetidine-
2-carbaldehydes: Novel Palladium-Catalyzed Domino Reactions in Allenynes


Benito Alcaide,* Pedro Almendros, and Cristina Aragoncillo[a]


Abstract: Metal-mediated carbonyl al-
lenylation and propargylation of 4-ox-
oazetidine-2-carbaldehydes were inves-
tigated in aqueous environment. Differ-
ent propargyl bromide and metal
promoters showed varied regio- and
stereoselectivities on product formation.
In addition, an unprecedented one-pot
stereoselective synthesis of �-chlorinat-
ed allylic alcohols, which can also be
considered as functionalized allylsilanes,


has been developed, which involves
tin(��) chloride-mediated reaction of
propargyltrimethylsilane and 4-oxoaze-
tidine-2-carbaldehydes. Some of the re-
sulting coupling products were submit-
ted to transition metal catalyzed reac-


tions, such as the allenic Pauson ± Khand
and palladium-catalyzed reactions, lead-
ing to novel fused or bridged tricyclic �-
lactams. Remarkably, a novel domino
process, namely the allene cyclization/
intramolecular Heck reaction was
found. A likely mechanism for the
cascade reaction should involve an in-
tramolecular cyclization on a (�-allyl)-
palladium complex and a Heck-type
reaction.


Keywords: allenes ¥ asymmetric
synthesis ¥ domino reactions ¥
�-lactams ¥ transition metals


Introduction


The efficient formation of carbon ± carbon bonds with good,
and preferably predictable, stereocontrol is still a synthetic
challenge in organic chemistry. Among the most fundamental
and important reactions for constructing carbon ± carbon
bonds are the allylation and the propargylation/allenylation
of aldehydes and ketones (carbonyls) with organometallic
reagents. For example, Sakurai, Grignard, and Barbier-type
reactions have been widely used for the allylation of carbon-
yls.[1] Allenes, alkynes, and their derivatives have established a
reputation as increasingly popular intermediates in modern
organic synthesis because of their unique structural character-
istics and reactivities, which include ionic, radical, or con-
certed processes. The reactions of allenyl and propargyl
organometallic reagents with carbonyl compounds provide
useful synthetic intermediates.[2] The major drawback of this


methodology comes from the tendency of such ambident
nucleophiles to produce mixtures of both homopropargylic
and allenic species. Normally, propargyl and allenyl metal
compounds furnish allenyl and propargylic alcohols, respec-
tively, through an addition reaction to carbonyls. In recent
years, pertinent synthetic strategies for the introduction of
propargyl or allenyl groups into carbonyl groups have been
described. In such procedures, the regiochemical selection
was elegantly tuned towards either acetylenic or allenyl
adducts. Thus, the synthesis of homopropargyl alcohols from
propargylpalladium by the umpolung approach,[3] reported by
Tamaru et al. , and the preparation of homopropargyl and
allenyl alcohols from transient allenylindium reagents or
propargylic stannanes, respectively, described by Marshall
et al. ,[4] deserve special mention.


Organometallic reactions in aqueous media have been the
subject of considerable study because of their potential as
environmentally benign chemical processes, and because of
their synthetic advantages, particularly the unique reactivities
and selectivities, which are often exhibited in water.[5] �-
Lactam antibiotics represent the most widely prescribed drugs
in medicine because of their high antibacterial activities
against many pathogenic bacteria, as well as their exception-
ally low toxicity toward hosts.[6] Additionally, �-lactams show
other interesting biological properties, especially in enzyme
inhibition, and from a synthetic point of view the develop-
ment of new methodologies based on the 2-azetidinone
nucleus has reached considerable importance.[7] As part of a
continuing commitment to the synthesis and synthetic appli-
cations of chiral, functionalized 2-azetidinones,[8] we decided
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to pursue metal-based approaches for the stereoselective
incorporation of new substituents, which retain versatile and
useful unsaturated groups capable of future transformations,
into the �-lactam ring. We report here a general study of the
additions of allenyl/propargyl organometallic compounds to
4-oxoazetidine-2-carbaldehydes, together with further inter-
esting new synthetic transformations.


Results and Discussion


One might think that propargyl organometallic compounds
would serve as allenyl reagents, with propargyltrimethylsilane
being a well-documented reagent for regioselective carbonyl
allenylation.[9] In this context, we began this work by
investigating the effect of various Lewis acids, such as tin(��)
chloride, titanium(��) chloride, and boron trifluoride diethyl
etherate, on the diastereoselectivity of the allenylation of
4-oxoazetidine-2-carbaldehyde (�)-1a with propargyltrime-
thylsilane. In the event, the expected allenyl alcohol was
obtained for the boron trifluoride diethyl etherate induced
reaction, whereas the titanium-promoted reaction was messy.
The �-allenic alcohol (�)-2 was obtained in 46 % yield as a
mixture (90:10) of chromatographically separable syn/anti
isomers (Scheme 1).


To our delight, we found that the tin(��) chloride promoted
reaction between propargyltrimethylsilane and (�)-1a pro-
duced the isomerically pure functionalized �-chlorinated
allylic alcohol (�)-3a. Similarly, the tin-catalyzed reaction of
4-oxoazetidine-2-carbaldehydes 1b ± f, produced 2-azetidi-
none �-chlorovinyl alcohols 3b ± f as single isomers in
moderate to reasonable yields (42 ± 55 %) (Scheme 2).


Compounds 3 can also be considered as multifunctionalized
allylsilanes, exhibiting a valuable manifold reactivity, which
could potentially be used in a broad range of synthetic
applications.[10] Also, adducts 3 are protected �-amino alco
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Scheme 1. Preparation of �-allenic alcohol (�)-2 : a) propargyltrimethyl-
silane, BF3 ¥ Et2O, dichloromethane, �78 �C, 12 h.


N
O


R2


O


H H


R1


N
O


R2
H H


R1


OH


SiMe3


Cl


N
O


R2
H H


R1


Cl


(+)-1a R1 = 2-Propenyl,  R2 = CH3O 


(+)-1b R1 = 2-Propenyl,  R2 = PhO


(+)-1c R1 = 3-Butenyl,  R2 = CH3O


(+)-1d R1 = 3-Butenyl,  R2 = PhO


(+)-1e R1 = 4-MeOC6H4,  R2 = 2-Propenyloxy


(±)-1f R1 = 4-MeOC6H4,  R2 = 2-Propenyl


+


(+)-3a (34%)


(+)-3b (50%)


(+)-3c (42%)


(+)-3d (55%)


(+)-3e (42%)


(±)-3f (53%)


(+)-4a (14%)


(+)-4b (18%)


(+)-4c (5%)


(+)-4d (15%)


(+)-4e (20%)


(±)-4f (4%)


a)


Scheme 2. Preparation of 2-chloro-3-silapropenyl alcohols 3 : a) propar-
gyltrimethylsilane, SnCl4, dichloromethane, �78 �C, 1 h.


hols,which constitute an important class of biologically
interesting compounds.[11] In all cases, by-products 4a ± f were
detected in the 1H NMR spectra of the crude reaction
mixtures, accounting for approximately 7 ± 30 % of the
products formed. Compounds 4a ± f were isolated as pure
compounds by gravity flow chromatography in a similar ratio
(4 ± 20 % yield). Modification of the reaction of a propargyl-
silane with an aldehyde so that a diene can be made rather
than an allenyl alcohol would be a useful extension.[12] �-
Chlorovinyl alcohols 3 were transformed into �-lactam-
tethered chlorodienes 4 in one step (SnCl4/CH2Cl2/� 78 �C
or CH3SO2Cl/Et3N/CH2Cl2/0 �C). This reaction confirms that
by-products 4 arise from hydroxy elimination in adducts 3
with concomitant trimethylsilyl cleavage under the reaction
conditions. For synthetic purposes, we chose the slightly higher
yielding methanesulfonyl chloride procedure (Scheme 3).


Not unexpectedly, only the trans-olefin was formed in
compounds 4.[13] Our production of chlorodienes closely
resembles a result obtained by Pornet in the titanium(��)
chloride induced reaction of propargyltrimethylsilane with


Abstract in Spanish: Se investigaron la alenilacio¬n y propar-
gilacio¬n de 4-oxoazetidin-2-carbaldehidos promovidas por
metales en medios acuosos. Los diferentes metales produjeron
regio- y estereoselectividades variadas. Adema¬s, se ha desa-
rrollado una sÌntesis sin precedentes de alcoholes alÌlicos �-
clorados, que pueden considerarse tambie¬n como alilsilanos
funcionalizados, mediante la reaccio¬n de propargiltrimetilsila-
no y 4-oxoazetidin-2-carbaldehidos catalizada por tetracloruro
de estanƒo. En los productos de acoplamiento resultantes se
realizaron transformaciones sinte¬ticas catalizadas por metales
de transicio¬n, como por ejemplo la variante ale¬nica de la
ciclacio¬n de Pauson-Khand y reacciones catalizadas por
Pd(II). De esta forma, se han obtenido diferentes sistemas �-
lacta¬micos tricÌclicos fusionados o puenteados, con diferentes
conectividades de anillos y estructuralmente muy novedosos.
Hay que resaltar el descubrimiento de un nuevo proceso
domino¬, que se ha denominado ciclacio¬n de alenos/reaccio¬n
intramolecular de Heck. Un mecanismo razonable para esta
reaccio¬n en cascada deberÌa involucrar la ciclacio¬n intramo-
lecular de un complejo de (�-alil)paladio y una reaccio¬n
intramolecular de tipo Heck.
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carbonyls.[14] However, his interpretation of the pathway to
the chlorodienes may be needs amending, because he
postulated that an allenyl carbinol is the intermediate. We
think that this reaction actually goes through an intermediate
such as compounds 3. These are the first examples of the
reaction of propargyltrimethylsilane to give �-chlorinated
allylic alcohols, in either thermal or metal-mediated additions.
The configuration at the carbinolic chiral center of the
product (�)-3a was established by comparison of the
1H NMR chemical shifts of its acetylmandelates,[15] and was


assumed to be the same for the
rest of �-lactams 3. The stereo-
chemistry of the double bond in
compounds 3 was assigned by
qualitative homonuclear NOE
difference spectra, as depicted
in Figure 1 for compound (�)-
3a. Similar values of NOE en-
hancements for compounds
3b ± f were observed, in agree-
ment with the proposed stereo-
chemistry.


The high selectivity observed in the formation of �-
chlorovinyl alcohols 3 could point to a concerted mechanism.
According to this theory, the whole process from 1 to 3 could
be explained by an initial carbonyl-allenylation, followed by a
chlorotrimethylsilane transfer. The formation of 2-chloro-3-
silapropenyl alcohols 3 could be consistent with participation
of the six-membered, cyclic, chairlike transition structure 5,
which controls both the regio- and the stereochemistry of the
reaction (Scheme 4). To probe the above mechanism we had
to show that the intermediate �-allenic alcohol does give the
corresponding chlorodiene in the presence of tin(��) chloride
and chlorotrimethylsilane. Treatment of the �-allenic alcohol
(�)-2 with tin(��) chloride and chlorotrimethylsilane in
dichloromethane at �78 �C was informative in that compound
(�)-2 remained unaltered after several hours at the above
conditions. This experiment leads us to suggest an alternative
explanation, which involves a change in mechanism for the
formation of the �-chlorovinyl alcohols. We believe the
reaction is a stepwise process with the chlorination proceeding
via a silicon-stabilized carbocation. Thus, the propargylsilane
attacks the aldehyde (coordinated to the tin chloride), but
instead of losing the trimethylsilyl group, the intermediate �-
silyl-stabilized cation 6 accepts a nucleophile, the chloride ion
(Scheme 4).


There are several reported reactions of propargyltrime-
thylsilane in which the intermediate cation is captured
without loss of the silyl group. They include the intramolec-
ular capture of the cation by oxygen nucleophiles[16] and
carbon nucleophiles,[17] as well as the capture of the cation
after a silyl shift.[18] What makes the present reaction
unprecedented is the capture of the cation by an external
nucleophile. The observed stereochemistry is not in conflict
with this stepwise mechanism, because the chlorine ion must
attack anti to the silyl group, which will almost certainly be
placed anti to the incoming electrophile when the C�C bond is
being formed. Although it looks as though the chlorine ion
has attacked the more hindered site, syn to the carbinol atom,
it is actually the less hindered side at the time of attack,
because the silyl group is larger. The high preference for the
formation of the 4,1�-syn products 3 in the tandem proccess
must be set up at the carbonyl addition step. The observed syn
stereochemistry could be elucidated as the consequence of a
Felkin addition, as shown in the transition state model
depicted in Figure 2. The large substituent (the amino group
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Figure 2. Model to explain the observed 4,1�-syn stereochemistry.


of the four-membered ring) is assumed to be arranged
perpendicular to the carbonyl group, the propargyltrimethyl-
silane group attacks the C�O bond in the most favored
conformation, explaining the preference for the syn-config-
ured products.
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Scheme 3. Synthesis of chlorodienes 4 : a) CH3SO2Cl, Et3N, dichloro-
methane, 0 �C, 30 min.
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In a previous report we described additions to �-keto
lactans of allenyl/propargylzinc, tin, and indium reagents,
prepared in situ through metal-mediated reaction of prop-
argyl bromides in aqueous media.[8e,f] It was found that these
additions proceed with full regioselectivity under certain
conditions. We were particularly interested in probing the
degree of reagent versus substrate regio- and stereocontrol in
such reactions with other relevant classes of nonracemic
carbonyl compounds. We thus evaluated the feasibility of
metal-mediated Barbier-type carbonyl-propargylation/alleny-
lation reactions of 4-oxoazetidine-2-carbaldehydes in eco-
friendly media, studying the diastereochemistry (syn vs. anti)
and the regiochemistry of the connection (e.g., allenylation vs.
propargylation). Since alkynes and allenes possess a rich
chemistry, the resulting coupled products are prone to under-
go further transformations, making them versatile synthetic
tools. Since we recently reported that the ionic strength
enhancement of the reaction solvent provided by the addition
of ammonium chloride accelerated the carbonyl additions in
aqueous media, the propargylation/allenylation reactions
were conducted in the presence of a saturated solution of
NH4Cl.[8e] Results from the metal-promoted reactions be-
tween aldehydes 1 and propargyl bromide (Scheme 5) are
summarized in Table 1. The tin- and indium-promoted
reactions proceeded with total diastereocontrol, but poor
regiocontrol. The results in Table 1 show that the zinc-
mediated reaction is the best method for the regio- and
stereoselective addition of propargyl bromide to aldehydes 1,
affording the syn adducts with complete regioselectivity and
85:15 ± 98:2 diastereoselectivity. Fortunately, the diastereo-


meric homopropargylic alcohols 7 and 8 were easily separated
by gravity flow chromatography in all cases.


Next, we needed to find a metal-mediated carbonyl-
allenylation method that proceeds in a highly regio- and
diastereoselective fashion. Thus, we used propargyl bromides
bearing an aliphatic or an aromatic substituent at the terminal
position. Reactions of aldehydes 1 with 3-substituted prop-2-
ynyl bromides afforded the corresponding �-allenic alcohols
13 as regioisomerically pure products in diastereomeric ratios
of about 90:10 ± 100:0 (Scheme 6). The diastereomeric syn-
and anti-alcohols were amenable to separation by bench


Scheme 6. Regioselective preparation of �-allenic alcohols 13 in aqueous
media.


chromatography. This regiochemical preference is in sharp
contrast to the behavior of propargyl bromide itself in metal-
mediated reactions in aqueous media. The results are
summarized in Table 2.


It may be reasonable to postulate a metallotropic rear-
rangement between the propargyl- and allenylmetallic spe-
cies. Both intermediates from this equilibrium can react with
the aldehydes 1. In our case, depending on the structure of the
parent halide and the reaction conditions, either the �-allenic
or homopropargylic alcohols could be synthesized. It may be
inferred that different steric effects in the organometallic
reagents derived from differently substituted propargyl bro-
mides may be responsible for the different regiochemical
preference of the propargyl/allenyl metals involved in the
reaction, by stabilizing one of the intermediates of the
metallotropic equilibrium rather than the other. Probably,
the isomerization of propargylmetal to allenylmetal is re-


stricted by the steric effect of a
substituent (R1 �CH3 or C6H5)
in the bromopropyne. Thus,
allenyl alcohols 13 are pro-
duced almost exclusively. Iso-
merization of the initially
formed propargylmetal species
to the corresponding allenyl
organometallic can be induced
by the absence of substituent
(R1 �H) at the propargyl bro-
mide. Then, the allenylmetal
undergoes nucleophilic addi-
tion to afford homopropargylic
alcohols 7 selectively. The for-
mation of alcohols 7 and 13 is
consistent with participation of


Table 1. Regio- and stereoselective propargylation of 4-oxoazetidine-2-carbaldehydes 1.[a]


Aldehyde R1 R2 M System solvent 7 :8 :9 :10 ratio[b] Yield [%][c]


(�)-1a 2-propenyl Me Zn THF/NH4Cl (aq. sat.) 85:15:0:0 55 (7a)
(�)-1a 2-propenyl Me In THF/NH4Cl (aq. sat.) 55:0:45:0 72 (7a)
(�)-1c 3-butenyl Me Zn THF/NH4Cl (aq. sat.) 90:10:0:0 50 (7b)
(�)-1g 2-propynyl Me Zn THF/NH4Cl (aq. sat.) 90:10:0:0 64 (7c)
(�)-1g 2-propynyl Me In THF/NH4Cl (aq. sat.) 57:0:43:0 65 (7c)
(�)-1h 2-propynyl Ph Zn THF/NH4Cl (aq. sat.) 98:2:0:0 57 (7d)
(�)-1 i 4-pentynyl Me Zn THF/NH4Cl (aq. sat.) 92:8:0:0 60 (7e)
(�)-1 i 4-pentynyl Me In THF/NH4Cl (aq. sat.) 55:0:45:0 66 (7e)
(�)-1 j PMP Me Zn THF/NH4Cl (aq. sat.) 90:10:0:0 65 (7 f)
(�)-1 j PMP Me Zn MeOH/NH4Cl (aq. sat.) 90:10:0:0 28 (7 f)
(�)-1 j PMP Me In THF/NH4Cl (aq. sat.) 80:0:20:0 74 (7 f)
(�)-1 j PMP Me In THF/H2O 65:0:35:0 69 (7 f)
(�)-1 j PMP Me Sn THF/NH4Cl (aq. sat.) 57:0:43:0 65 (7 f)
(�)-1 j PMP Me Sn THF/H2O 54:0:46:0 59 (7 f)
(�)-1k PMP Ph Zn THF/NH4Cl (aq. sat.) 90:10:0:0 75 (7g)
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Scheme 5. Regioselective preparation of homopropargylic alcohols 7 in
aqueous media.
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the six-membered, cyclic transition structures 15 and 16. From
a mechanistic point of view, our results could be explained as
illustrated in Scheme 7.


Derivatization of the alcohols 7 and 13 with (R)- and (S)-
acetylmandelic acids allowed assignment of the configuration


at the carbinolic stereocenter.
Again, the stereochemical re-
sult can be interpreted by the
Felkin ± Anh model.


The allene moiety represents
a versatile and useful building
block in organic synthesis.[19]


However, selectivity problems
are significant. Intramoleculari-
zation of the reactions, usually
caused by placement of the
group at such a distance that
five- or six-membered rings are
formed, should automatically
solve the positional selectivity
problems, because larger rings
are unfavored. Considering that
the use of allenes in transition
metal catalyzed cyclization re-
actions is of great current inter-
est,[20] we turned our attention
to transition metal catalyzed


reactions in our �-lactam-tethered �-allenic alcohols.[21] Thus,
we tried the less exploited allenic variant of the Pauson ±
Khand type cycloaddition with the allenynes (�)-13 f and
(�)-17.[22] In a previous study in our group on the use of the
Pauson ± Khand cyclization as an entry to fused tricyclic
2-azetidinones, attempts at generating central ring systems
larger than six proved unsuccessful.[23] This result was
expected because until recently the intramolecular variant
of this reaction was largely restricted to the construction of
bicyclo[3.3.0]octenones and bicyclo[4.3.0]nonenones.[24] Sub-
stitution patterns on allenynes (�)-13 f and (�)-17 were
selected in order to direct the
regiochemical outcome of the
cycloaddition to the six-mem-
bered central ring formation.
However, we found that the
[2�2�1] cycloaddition pro-
duced tricycles 18 bearing a
central seven-membered ring
as the only isomer. Cycload-
ducts 18 presumably arise from
the isomerization of the initially
formed adducts 19 (Scheme 8).
Conjugation of the dienone
moiety with the lone pair of
the nitrogen atom is believed to
promote the formation of com-
pounds 18.


The tandem or domino reac-
tions are versatile methods for
constructing complex structures
in one step, offering a conven-
ient and economical way to
prepare desired organic mole-
cules.[25] A requirement for suc-
cessful tandem reactions is the
compatibility of all reactions


Table 2. Regio- and stereoselective allenylation of 4-oxoazetidine-2-carbaldehydes 1.[a]


Aldehyde R1 R2 R3 Metal 11 :12 :13 :14 ratio[b] Yield [%][c]


(�)-1a 2-propenyl MeO Me In 0:0:95:5 75 (13a)
(�)-1c 3-butenyl MeO Me In 0:0:97:3 77 (13b)
(�)-1d 3-butenyl PhO Me In 0:0:90:10 92 (13c)
(�)-1e PMP 2-propenyloxy Me In 0:0:90:10 80 (13d)
(�)-1 f PMP 2-propenyl Me In 0:0:90:10 90 (13e)
(�)-1g 2-propynyl MeO Me In 0:0:98:2 75 (13 f)
(�)-1g 2-propynyl MeO Me Zn 0:0:92:8 40 (13 f)
(�)-1h 3-butynyl MeO Me In 0:0:93:7 69 (13g)
(�)-1 j PMP MeO Me In 0:0:91:9 77 (13h)
(�)-1 j PMP MeO Me Zn 0:0:90:10 55 (13h)
(�)-1 l PMP ethenyl Me In 0:0:90:10 60 (13 i)
(�)-1m PMP 2-propynyl Me In 0:0:90:10 90 (13j)
(�)-1a 2-propenyl MeO Ph In 0:0:100:0 64 (13k)
(�)-1g 2-propynyl MeO Ph In 0:0:95:5 60 (13 l)
(�)-1 j PMP MeO Ph In 0:0:90:10 84 (13m)
(�)-1 j PMP MeO Ph Zn 18:2:75:5 80 (13m)
(�)-1 l PMP ethenyl Ph In 0:0:90:10 89 (13n)


[a] All reactions were carried out on 1 mmol scale. PMP� 4-MeOC6H4. [b] The ratio was determined by
integration of well-resolved signals in the 1H NMR spectra of the crude reaction mixtures before purification.
[c] Yield of pure, isolated product with correct analytical and spectral data.


Scheme 7. Mechanistic explanation for the regioselective formation of
alcohols 7 and 13.


Scheme 8. Synthesis of fused
tricyclic �-lactams 18 by a
[2�2�1] cyclization of 2-azeti-
dinone-tethered allenynes 13
and CO: a) [Co2(CO)8], Me3-
NO, dichloromethane, room
temperature.
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involved in such processes. Transition metal catalysts are
ideally suited for this, and palladium catalysts have attracted
special interest because of their tolerance of many functional
groups.[26] However, one of the major problems associated
with the combination of two Pd-catalyzed reactions is the
differentiation of the reacting functional groups; thus a fine
adjustment of their reactivity is necessary. In contrast to 1,3-
dienes, the corresponding 1,2-dienes (allenes) have found
limited use in palladium(��)-catalyzed oxidations.[27] We were
interested in exploring the 1,2-functionalization of the allene
moiety in our allenynol derivatives. The carbamate (�)-20
was selected as the starting material for the palladium(��)-
catalyzed reaction. The above carbamate was prepared from
the �-allenic alcohol (�)-13 f by treatment with tosyl iso-
cyanate (Scheme 9). Reaction of compound (�)-20 was


Scheme 9. Synthesis of fused tricyclic �-lactam 21 from �-allenic alcohol
13 f through palladium(��)-catalyzed domino cyclization reaction of 2-aze-
tidinone-tethered allenyne carbamate 20 : a) TsNCO, THF, room temper-
ature; b) [Pd(OAc)2] 10 mol % , LiBr, [Cu(OAc)2], K2CO3, O2, acetoni-
trile, room temperature.


carried out at room temperature in acetonitrile in the
presence of 10 mol % of [Pd(OAc)2], five equivalents of LiBr,
two equivalents of [Cu(OAc)2], and 1.2 equivalents of K2CO3


under an atmospheric pressure of oxygen. The 1H NMR
spectrum of the crude material displayed no signal corre-
sponding to the allene or alkyne moieties. To our delight, the
resulting product was identified after purification as the
tricycle (�)-21(Scheme 9). Compound (�)-21 was isolated in
moderate yield as the only isomer, indicating that both the
regio- and stereoselectivity are extremely high.


The formation of compound 21 could be rationalized in
terms of an unprecedented domino allene amidation/intra-
molecular Heck-type reaction.[28] Compound 22 must be the
nonisolable intermediate (see Scheme 10). A likely mecha-
nism for 22 would involve a (�-allyl)palladium intermediate
as proposed by B‰ckvall and co-workers.[27b] The allenepalla-
dium complex 23 is formed initially and undergoes a
nucleophilic attack by the bromide to produce a �-allylpalla-
dium intermediate, which rapidly equilibrates to the corre-
sponding (�-allyl)palladium intermediate 24. Then, an intra-
molecular amidation reaction on the (�-allyl)palladium com-
plex must account for the formation of intermediate 22.
Compound 22 evolves to tricycle 21 through a Heck-type
coupling reaction. The alkenylpalladium intermediate 25,
generated in the 7-exo-dig cyclization of bromoenyne 22, is
trapped by the bromide anion to yield the fused tricycle 21
(Scheme 10). Thus, the same catalytic system is able to
promote two different but sequential catalytic cycles.


Scheme 10. Rationalization for the formation of fused tricyclic �-lactam 21
by domino allene carbamate insertion/intramolecular Heck reaction.


Encouraged by this interesting result, we decided to explore
the reactivity of the allenynol moiety itself under these
cascade conditions. To our delight, treatment of allenynols
(�)-13 f, (�)-13g, and 13 j under the above palladium-
catalyzed domino reaction conditions afforded the bridged
medium-sized ring tricycles 26a ± c as single isomers, albeit in
moderate yields (Scheme 11). Although complete conversion


Scheme 11. Synthesis of bridged tricyclic �-lactams 26 from 2-azetidinone-
tethered allenynols 13 through palladium(��)-catalyzed domino cyclization
reactions: a) [Pd(OAc)2] 10 mol %, LiBr, [Cu(OAc)2], K2CO3, O2, aceto-
nitrile, room temperature; b) [Pd(OAc)2] 10 mol % , LiBr, [Cu(OAc)2],
K2CO3, O2, acetonitrile, reflux temperature.


was observed by TLC and 1H NMR analysis of the crude
reaction mixtures, the high polarity of adducts 26 may be
responsible for the modest yields of isolated products.
Compounds 26 are remarkable since they possess an unusual
pyramidalized bridgehead structure.[29] A cascade process
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analogous to the formation of compound 21 seems to be
taking place in this transformation. However, a dramatic
change in the regioselectivity of the nucleophilic insertion into
the (�-allyl)palladium intermediate 27 was observed when the
bridged dihydrofurans were formed as the exclusive products.
The thermochemically more stable five-membered intermedi-
ate 28 must be involved in the reaction rather than the
corresponding regioisomeric oxirane. Taking into account the
precedent explanation for formation of fused compound 21,
Scheme 12 outlines a mechanistic hypothesis for the achieve-
ment of bridged compounds 26.


Scheme 12. Rationalization for the formation of bridged tricyclic �-
lactams 26 through domino allenynol cyclization/intramolecular Heck
reaction.


The tricyclic structure (by DEPT, HETCOR, and COSY)
and the stereochemistry (by vicinal proton couplings and
NOE experiments) of compounds 18, 21, and 26 were
established by NMR mono- and two-dimensional techniques.
Selected NOE effects and stereochemistry of some of the
above trycicles are shown in Figure 3.
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Figure 3. Selected NOE experiments of compounds (�)-18a, (�)-21, and
(�)-26c.


Conclusion


In conclusion, we have demonstrated the first direct prepa-
ration of �-chlorovinyl alcohols from aldehydes, together with
a study on the regio- and stereoselective manner in which
enantiopure 4-oxoazetidine-2-carbaldehydes undergo cou-
pling with a variety of propynyl-, and allenylmetal reagents
in aqueous media. Some of the resulting coupling products are
amenable to transition metal catalyzed reactions, such as the
allenic variant of the Pauson ± Khand type cycloaddition, and
an unprecedented tandem allene cyclization/intramolecular
Heck reaction, with high regio- and stereoselectivity control-
ability, leading to novel fused or bridged tricyclic �-lactams.
These results open up the possibility of future application to
chiral building blocks other than 2-azetidinones. Other
aspects of this chemistry are currently under investigation in
our laboratory.


Experimental Section


General methods : 1H NMR and 13C NMR spectra were recorded on a
Bruker AMX-500, Bruker Avance-300, Varian VRX-300S, or Bruker AC-
200 spectrometer. NMR spectra were recorded in CDCl3 solutions, except
when stated otherwise. Chemical shifts are given in ppm relative to TMS
(�� 0, 1H), or CDCl3 (�� 76.9, 13C). Low- and high-resolution mass spectra
were recorded on a HP5989A spectrometer using the chemical ionization
mode (CI) unless otherwise stated. Electrospray ionization (ESI) was
performed on a Bruker ESQUIRE LC at 400 eV. Specific rotation [�]D is
given in deg per dm at 20 �C, and the concentration (c) is expressed in
g100 mL�1. All commercially available compounds were used without
further purification. The starting substrates, 4-oxoazetidine-2-carbalde-
hydes 1, were prepared both in racemic and in optically pure forms using
our previously described methodologies. Enantiomerically pure 2-azetidi-
nones 1a ± e and 1g ± k were obtained as single cis enantiomers from imines
of (R)-2,3-O-isopropylideneglyceraldehyde, through Staudinger reaction
with the corresponding acid chlorides in the presence of Et3N, followed by
sequential acidic acetonide hydrolysis and oxidative cleavage.[8] Racemic
compounds (�)-1 f, (�)-1 l, and (�)-1m were obtained from N,N-di-(p-
methoxyphenyl)glyoxal diimine in one pot as single cis-diastereoisomers.[30]


Tin(��) chloride promoted reactions between propargyltrimethylsilane and
4-oxoazetidine-2-carbaldehydes 1; general procedure for the synthesis of
2-chloro-3-silapropenyl alcohols 3 : A solution of the appropriate 4-oxo-
azetidine-2-carbaldehyde 1 (0.5 mmol) in dichloromethane (1.0 mL) was
added dropwise to a stirred solution of tin(��) chloride (0.75 mmol) in
dichloromethane (0.75 mL) at �78 �C. After 5 min, propargyltrimethylsi-
lane (1.0 mmol) was added and the mixture was stirred for 1 h at �78 �C.
Saturated aqueous sodium hydrogen carbonate (5 mL) was added and the
mixture was allowed to warm to room temperature before being
partitioned between dichloromethane and water. The organic extract was
washed with brine and dried (MgSO4). The solvent was removed under
reduced pressure and after flash chromatography with ethyl acetate/
hexanes mixtures as eluent, compounds 3 were obtained in analytically
pure form. Variable amounts of the isomerically pure more polar
compounds 4 were isolated in all cases. Spectroscopic and analytical data
for some representative pure forms of 3 follow.[31]


(3R,4S)-4-[(R)-1-Hydroxy-3-chloro-4-trimethylsilyl-2-butenyl]-3-meth-
oxy-1-(2-propenyl)-2-azetidinone ((�)-3a): Starting with 4-oxoazetidine-2-
carbaldehyde (�)-1a (96 mg, 0.568 mmol), and after chromatography of
the residue with hexanes/ethyl acetate (1:1) as eluent, two fractions were
obtained. The more polar fraction contained the chlorodiene (�)-4a
(18 mg, 14 %). The less polar fraction contained the allylic alcohol (�)-3a
(61 mg, 34 %) as a colorless oil. [�]D ��11.8 (c� 1.2 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 5.76 (m, 1 H), 5.42 (d, J� 7.6 Hz, 1H), 5.22
(m, 2 H), 4.82 (dd, J� 7.6, 2.9 Hz, 1H), 4.54 (d, J� 4.9 Hz, 1H), 4.13 (ddt,
J� 15.9, 5.1, 1.5 Hz, 1 H), 3.90 (dd, J� 4.9, 2.9 Hz, 1H), 3.69 (dd, J� 6.8,
1.5 Hz, 1 H), 3.63 (s, 3 H), 2.70 (br s, 1H), 1.91 (s, 2H), 0.09 (s, 9H); 13C NMR
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(75 MHz, CDCl3, 25 �C): �� 167.2, 135.8, 131.6, 121.9, 118.4, 83.7, 68.2, 59.9,
59.6, 44.0, 30.9, �1.4; IR (CHCl3): �� � 3422, 1751 cm�1; MS (CI): m/z (%):
320 (10) [M � 3]� , 318 (22) [M � H]� , 57 (100); elemental analysis calcd
(%) for C14H24NO3SiCl (317.9): C 52.90, H 7.61, N 4.41, Cl 11.15; found: C
52.81, H 7.65, N 4.45, Cl 11.10.


(3R,4S)-1-(3-Butenyl)-4-[(R)-1-hydroxy-3-chloro-4-trimethylsilyl-2-bu-
tenyl]-3-phenoxy-2-azetidinone ((�)-3d): Starting with 4-oxoazetidine-2-
carbaldehyde (�)-1d (92 mg,0.376 mmol), and after chromatography of the
residue with hexanes/ethyl acetate (2:1) as eluent, two fractions were
obtained. The more polar fraction contained the chlorodiene (�)-4d
(17 mg, 15%). The less polar fraction contained the allylic alcohol (�)-3d
(81 mg, 55 %) as a colorless oil. [�]D ��67.7 (c� 1.4 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 7.31 (m, 2 H), 7.07 (m, 3 H), 5.79 (m, 1H), 5.43
(d, J� 7.6 Hz, 1H), 5.23 (d, J� 4.9 Hz, 1H), 5.14 (m, 2 H), 4.94 (m, 1H),
4.09 (t, J� 4.9 Hz, 1 H), 3.69 (dt, J� 13.9, 7.6 Hz, 1 H), 3.21 (dt, J� 13.9,
7.1 Hz, 1H), 2.39 (m, 3H), 1.89 (s, 2 H), 0.10 (s, 9 H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 165.9, 157.3, 136.5, 134.8, 129.6, 122.6, 121.9, 117.2, 115.8,
80.3, 68.6, 60.4, 40.9, 31.6, 30.9, �1.4; IR (CHCl3): �� � 3426, 1748 cm�1; MS
(CI): m/z (%): 396 (42) [M � 3]� , 394 (100) [M � H]� ; elemental analysis
calcd (%) for C20H28NO3SiCl (393.9): C 60.97, H 7.16, N 3.56, Cl 8.00;
found: C 60.90, H 7.18, N 3.55, Cl 8.02.


(3R,4S)-4-[(R)-1-Hydroxy-3-chloro-4-trimethylsilyl-2-butenyl]-1-(p-meth-
oxyphenyl)-3-(2-propenyloxy)-2-azetidinone ((�)-3e): Starting with 4-oxo-
azetidine-2-carbaldehyde (�)-1e (94 mg,0.36 mmol), and after chromatog-
raphy of the residue with hexanes/ethyl acetate (2:1) as eluent, two
fractions were obtained. The more polar fraction contained the chlorodiene
(�)-4e (23 mg, 20%). The less polar fraction contained the allylic alcohol
(�)-3e (62 mg, 42 %) as a colorless oil. [�]D ��67.7 (c� 1.4 in CHCl3);
1H NMR (300 MHz, CDCl3, 25 �C): �� 7.43 (d, J� 9.1 Hz, 2H), 6.89 (d, J�
9.1 Hz, 2H), 5.96 (m, 1 H), 5.47 (d, J� 7.6 Hz, 1H), 5.35 (m, 2H), 5.10 (m,
1H), 4.82 (d, J� 5.2 Hz, 1 H), 4.49 (ddt, J� 12.6, 5.3, 1.5 Hz, 1H), 4.29 (ddt,
J� 12.6, 5.0, 1.2 Hz, 1H), 4.28 (dd, J� 5.2, 2.9 Hz, 1 H), 3.79 (s, 3 H), 3.00 (d,
J� 10.6 Hz, 1 H), 1.93 (s, 2 H), 0.10 (s, 9H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 164.1, 156.6, 135.4, 132.9, 130.2, 122.5, 119.0, 118.8, 114.5, 81.2,
72.8, 67.2, 59.3, 55.5, 30.7, 30.9, �1.5; IR (CHCl3): �� � 3423, 1750 cm�1; MS
(CI): m/z (%): 412 (43) [M � 3]� , 410 (100) [M � H]� ; elemental analysis
calcd (%) for C20H28NO4SiCl (409.9): C 58.59, H 6.88, N 3.42, Cl 8.65;
found: C 58.66, H 6.86, N 3.43, Cl 8.68.


General methods for the preparation of chlorodienes 4 from 2-chloro-3-
silapropenyl alcohols 3, method A : A solution of tin(��) chloride
(0.75 mmol) in dichloromethane (0.75 mL) was added dropwise to a stirred
solution of the corresponding allylic alcohol 3 (0.5 mmol) at �78 �C in
dichloromethane (1.0 mL), and the mixture was stirred for 2 h at �78 �C.
Saturated aqueous sodium hydrogen carbonate (5 mL) was added, and the
mixture was allowed to warm to room temperature before being
partitioned between dichloromethane and water. The organic extract was
washed with brine and dried (MgSO4). The solvent was removed under
reduced pressure and after flash chromatography with ethyl acetate/
hexanes mixtures as eluent, chlorodienes 4 were obtained in analytically
pure form.


Method B : Methanesulfonyl chloride (0.60 mmol) and triethylamine
(1.20 mmol) were sequentially added dropwise to a stirred solution of the
corresponding allylic alcohol 3 (0.50 mmol), in dichloromethane (5 mL) at
0 �C, and the mixture was stirred for 30 minutes at 0 �C. The organic phase
was washed with water (2� 2 mL), dried (MgSO4), and concentrated under
reduced pressure. Chromatography of the residue with ethyl acetate/
hexanes mixtures as eluent, gave analytically pure chlorodienes 4.


(3R,4S)-4-[(1E)-3-Chloro-1,3-butadienyl]-3-methoxy-1-(2-propenyl)-2-
azetidinone ((�)-4a), method A : Starting with 2-chloro-3-silapropenyl
alcohol (�)-3a (29 mg, 0.091 mmol), and after chromatography of the
residue with hexanes/ethyl acetate (2:1) as eluent, the chlorodiene (�)-4a
(9 mg, 45%) was obtained as a colorless oil.


Method B : Starting with 2-chloro-3-silapropenyl alcohol (�)-3a (29 mg,
0.091 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (2:1) as eluent, the chlorodiene (�)-4a (17 mg, 80 %) was obtained
as a colorless oil. [�]D ��56.5 (c� 0.7 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C): �� 6.40 (d, J� 15.0 Hz, 1 H), 6.14 (dd, J� 15.0, 8.8 Hz, 1H),
5.72 (m, 1 H), 5.46 (br s, 1H), 5.42 (br s, 1H), 5.23 (q, J� 1.2 Hz, 1 H), 5.10
(dq, J� 6.6, 1.2 Hz, 1H), 4.61 (d, J� 4.4 Hz, 1H), 4.27 (dd, J� 8.8, 4.4 Hz,
1H), 4.05 (ddt, J� 15.6, 5.4, 1.5 Hz, 1 H), 3.54 (m, 1 H), 3.45 (s, 3H);


13C NMR (75 MHz, CDCl3, 25 �C): �� 166.3, 137.4, 132.9, 131.2, 128.5,
118.9, 117.0, 85.5, 59.1, 58.7, 42.8; IR (CHCl3): �� 1749 cm�1; MS (CI): m/z
(%): 230 (40) [M � 3]� , 228 (100) [M � H]� ; elemental analysis calcd (%)
for C11H14NO2Cl (227.7): C 58.03, H 6.10, N 6.15, Cl 15.57; found: C 58.13, H
6.14, N 6.11, Cl 15.51.


(3R,4S)-1-(3-Butenyl)-4-[(1E)-3-chloro-1,3-butadienyl]-3-phenoxy-2-aze-
tidinone ((�)-4d), method A : Starting with 2-chloro-3-silapropenyl alcohol
(�)-3d (36 mg, 0.108 mmol), and after chromatography of the residue with
hexanes/ethyl acetate (1:1) as eluent, the chlorodiene (�)-4d (11 mg, 46%)
was obtained as a colorless oil.


Method B : Starting with 2-chloro-3-silapropenyl alcohol (�)-3d (30 mg,
0.075 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (2:1) as eluent, the chlorodiene (�)-4d (18 mg, 79 %) was obtained
as a colorless oil. [�]D ��66.3 (c� 0.6 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C): �� 6.41 (d, J� 15.0 Hz, 1 H), 6.15 (dd, J� 15.0, 8.8 Hz, 1H),
5.78 (m, 1 H), 5.41 (m, 2H), 5.32 (d, J� 4.4 Hz, 1 H), 5.14 (m, 2H), 4.48 (dd,
J� 8.5, 4.4 Hz, 1 H), 3.52 (dt, J� 14.4, 7.3 Hz, 1H), 3.17 (dt, J� 13.9, 6.8 Hz,
1H), 2.34 (m, 2 H); IR (CHCl3): �� � 1750 cm�1; MS (CI): m/z (%): 306 (42)
[M � 3]� , 304 (100) [M � H]� ; elemental analysis calcd (%) for
C17H18NO2Cl (303.8): C 67.21, H 5.97, N 4.61, Cl 11.67; found: C 67.29, H
5.95, N 4.60, Cl 11.70.


(3R,4S)-4-[(1E)-3-Chloro-1,3-butadienyl]-1-(p-methoxyphenyl)-3-(2-pro-
penyloxy)-2-azetidinone ((�)-4e), method A : Starting with 2-chloro-3-
silapropenyl alcohol (�)-3e (27 mg, 0.066 mmol), and after chromatog-
raphy of the residue with hexanes/ethyl acetate (2:1) as eluent, the
chlorodiene (�)-4e (11 mg, 50%) was obtained as a colorless oil.


Method B : Starting with 2-chloro-3-silapropenyl alcohol (�)-3e (27 mg,
0.066 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (2:1) as eluent, the chlorodiene (�)-4e (19 mg, 90 %) was obtained
as a colorless oil. [�]D ��66.3 (c� 0.6 in CHCl3); 1H NMR (200 MHz,
CDCl3, 25 �C): �� 7.35 (dd, J� 6.8, 2.2 Hz, 2 H), 6.86 (dd, J� 6.8, 2.2 Hz,
2H), 6.52 (d, J� 15.0 Hz, 1H), 6.28 (dd, J� 15.0, 8.0 Hz, 1H), 5.92 (m, 1H),
5.46 (br s, 1H), 5.44 (br s, 1 H), 5.30 (m, 2 H), 4.87 (d, J� 4.8 Hz, 1 H), 4.72
(dd, J� 7.9, 4.8 Hz, 1H), 4.16 (m, 2H), 3.79 (s, 3 H); 13C NMR (50 MHz,
CDCl3, 25 �C): �� 163.4, 156.5, 137.4, 133.3, 132.6, 130.9, 128.8, 118.6, 118.4,
117.2, 114.4, 82.9; IR (CHCl3): �� � 1748 cm�1; MS (CI): m/z (%): 322 (40)
[M � 3]� , 320 (100) [M � H]� ; elemental analysis calcd (%) for
C17H18NO3Cl (319.8): C 63.85, H 5.67, N 4.38, Cl 11.09; found: C 63.92, H
5.65, N 4.39, Cl 11.06.


Zinc-promoted reaction between propargyl bromide and 4-oxoazetidine-2-
carbaldehydes 1; general procedure for the synthesis of homopropargylic
alcohols 7: Propargyl bromide (3.0 mmol) was added to a well stirred
suspension of the corresponding aldehyde (1.0 mmol) and zinc dust
(6.0 mmol) in THF/NH4Cl (aq. sat.) (1:5, 5 mL) at 0 �C. After disappear-
ance of the starting material (TLC), the mixture was extracted with ethyl
acetate (3� 5 mL). The organic extract was washed with brine, dried
(MgSO4), and concentrated under reduced pressure. Chromatography of
the residue with ethyl acetate/hexanes mixtures gave analytically pure
compounds. Spectroscopic and analytical data for some representative pure
forms of 7 follow.


(3R,4S)-1-(3-Butenyl)-4-[(R)-1-hydroxy-3-butynyl]-3-methoxy-2-azetidi-
none ((�)-7b): Starting with aldehyde (�)-1c (59 mg, 0.322 mmol), and
after chromatography of the residue with hexanes/ethyl acetate (1:1) as
eluent, compound (�)-7b (36 mg, 50 %) was obtained as a colorless oil.
[�]D ��57.5 (c� 0.6 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
5.76 (m, 1H), 5.10 (m, 2H), 4.46 (d, J� 4.6 Hz, 1H), 3.99 (m, 1H), 3.94 (d,
J� 5.0 Hz, 1H), 3.63 (m, 1 H), 3.59 (s, 3 H), 3.22 (ddd, J� 13.9, 6.8, 5.9 Hz,
1H), 2.69 (d, J� 3.7 Hz, 1H), 2.53 (ddd, J� 6.3, 2.7, 1.2 Hz, 1H), 2.39 (m,
2H), 2.12 (t, J� 2.7 Hz, 1 H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 167.6,
134.9, 117.1, 82.8, 79.7, 71.6, 69.2, 59.3, 59.0, 40.8, 31.8, 24.1; IR (CHCl3): �� �
3424, 1748 cm�1; MS (CI): m/z (%): 224 (100) [M � H]� , 223 (18) [M]� ;
elemental analysis calcd (%) for C12H17NO3 (223.3): C 64.55, H 7.67, N 6.27;
found: C 64.61, H 7.64, N 6.25.


Preparation of homopropargylic alcohols (�)-7c and (�)-8c : Starting with
aldehyde (�)-1g (68 mg, 0.407 mmol), and after chromatography of the
residue with hexanes/ethyl acetate (1:1) as eluent, 49 mg (58 %) of the less
polar compound (�)-7c and 5 mg (6 %) of the more polar compound (�)-
8c were obtained.


(3R,4S)-4-[(R)-1-Hydroxy-3-butynyl]-3-methoxy-1-(2-propynyl)-2-azetidi-
none ((�)-7c): Colorless oil. [�]D ��1.5 (c� 0.8 in CHCl3); 1H NMR
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(300 MHz, CDCl3, 25 �C): �� 4.50 (d, J� 4.7 Hz, 1H), 4.34 (dd, J� 17.6,
2.4 Hz, 1H), 4.02 (d, J� 4.7 Hz, 1H), 4.01 (s, 1H), 3.97 (dd, J� 17.6, 2.4 Hz,
1H), 3.59 (s, 3H), 2.56 (dt, J� 5.6, 2.7 Hz, 1H), 2.32 (t, J� 2.7 Hz, 1 H), 2.11
(t, J� 2.7 Hz, 1 H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 166.7, 83.1, 79.7,
76.7, 72.9, 71.4, 68.9, 59.4, 59.1, 30.9, 24.1; IR (CHCl3): �� � 3422, 1747 cm�1;
MS (CI): m/z (%): 208 (100) [M � H]� , 207 (13) [M]� ; elemental analysis
calcd (%) for C11H13NO3 (207.2): C 63.76, H 6.32, N 6.76; found: C 63.59, H
6.31, N 6.77.


(3R,4S)-4-[(S)-1-Hydroxy-3-butynyl]-3-methoxy-1-(2-propynyl)-2-azetidi-
none ((�)-8c): Colorless oil. [�]D��107.3 (c� 1.4 in CHCl3); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 4.64 (d, J� 4.9 Hz, 1H), 4.29 (dd, J� 17.8,
2.7 Hz, 1H), 4.07 (d, J� 4.9 Hz, 1H), 3.88 (dd, J� 17.8, 2.4 Hz, 1 H), 3.64 (s,
3H), 2.95 (d, J� 7.8 Hz, 1 H), 2.61 (dt, J� 6.1, 2.7 Hz, 1 H), 2.31 (t, J�
2.7 Hz, 1 H), 2.10 (t, J� 2.7 Hz, 1 H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 166.4, 84.3, 78.5, 73.2, 70.9, 68.4, 59.5, 58.5, 30.0, 24.2; IR (CHCl3): �� �
3421, 1748 cm�1; MS (CI): m/z (%): 208 (100) [M � H]� , 207 (16) [M]� ;
elemental analysis calcd (%) for C11H13NO3 (207.2): C 63.76, H 6.32, N 6.76;
found: C 63.82, H 6.31, N 6.75.


(3R,4S)-4-[(R)-1-Hydroxy-3-butynyl]-3-methoxy-1-(4-pentynyl)-2-azetidi-
none ((�)-7e): Starting with aldehyde (�)-1 i (62 mg, 0.315 mmol), and
after chromatography of the residue with hexanes/ethyl acetate (1:1) as
eluent, compound (�)-7e (45 mg, 60%) was obtained as a colorless oil.
[�]D ��68.6 (c� 0.6 in CHCl3); 1H NMR (200 MHz, CDCl3, 25 �C): ��
4.47 (d, J� 4.7 Hz, 1 H), 4.03 (m, 1 H), 3.89 (d, J� 4.7 Hz, 1H), 3.60 (s, 3H),
3.57 (m, 1H), 3.32 (ddd, J� 13.9, 7.6, 6.3 Hz, 1H), 2.68 (d, J� 3.9 Hz, 1H),
2.54 (dd, J� 6.3, 2.7 Hz, 2 H), 2.25 (m, 2 H), 2.12 (t, J� 2.7 Hz, 1 H), 1.99 (t,
J� 2.7 Hz, 1H), 1.88 (m, 2H); 13C NMR (50 MHz, CDCl3, 25 �C): �� 167.6,
83.0, 82.8, 79.7, 71.6, 69.2, 69.1, 59.4, 59.3, 41.1, 26.4, 24.1, 16.2; IR (CHCl3):
�� � 3423, 1748 cm�1; MS (CI):m/z (%): 236 (100) [M� H]� , 235 (19) [M]� ;
elemental analysis calcd (%) for C13H17NO3 (235.3): C 66.36, H 7.28, N 5.95;
found: C 66.43, H 7.31, N 5.93.


Indium-promoted reaction between 1-bromo-2-butyne and 4-oxoazetidine-
2-carbaldehydes 1; general procedure for the synthesis of �-allenic alcohols
13 : 1-Bromo-2-butyne (3.0 mmol) was added to a well stirred suspension of
the corresponding 4-oxoazetidine-2-carbaldehyde 1 (1.0 mmol) and indium
powder (6.0 mmol) in THF/NH4Cl (aq. sat.) (1:5, 5 mL) at 0 �C. After
disappearance of the starting material (TLC) the mixture was extracted
with ethyl acetate (3� 5 mL). The organic extract was washed with brine,
dried (MgSO4), and concentrated under reduced pressure. Chromatogra-
phy of the residue with ethyl acetate/hexanes or dichloromethane/ethyl
acetate mixtures gave analytically pure compounds. Spectroscopic and
analytical data for some representative pure forms of 13 follow.


(3R,4S)-4-[(R)-1-Hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(2-pro-
penyl)-2-azetidinone ((�)-13a): Starting with aldehyde (�)-1a (50 mg,
0.298 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (1:2) as eluent, compound (�)-13a (50 mg, 75 %) was obtained as a
colorless oil. [�]D ��99.1 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 5.76 (m, 1H), 5.18 (m, 2 H), 4.80 (m, 2H), 4.47 (d, J� 5.0 Hz,
1H), 4.24 (s, 1H), 4.13 (ddt, J� 15.6, 5.1, 1.7 Hz, 1H), 3.95 (t, J� 4.9 Hz,
1H), 3.73 (ddt, J� 15.6, 6.8, 1.2 Hz, 1 H), 3.57 (s, 3 H), 2.58 (d, J� 4.4 Hz,
1H), 1.78 (td, J� 3.2, 0.7 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25 �C): ��
205.5, 167.4, 132.1, 118.0, 99.7, 83.6, 77.3, 70.3, 59.6, 59.2, 43.9, 16.0; IR
(CHCl3): �� � 3424, 2991, 1940, 1748 cm�1; MS (CI): m/z (%): 224 (100) [M
� H]� , 223 (21) [M]� ; elemental analysis calcd (%) for C12H17NO3 (223.3):
C 64.55, H 7.67, N 6.27; found: C 64.62, H 7.65, N 6.29.


(3R,4S)-4-[(R)-1-Hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(2-prop-
ynyl)-2-azetidinone ((�)-13 f): Starting with aldehyde (�)-1g (54 mg,
0.324 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (2:3) as eluent, compound (�)-13 f (54 mg, 75 %) was obtained as a
colorless oil. [�]D ��58.1 (c� 0.9 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 4.86 (m, 2 H), 4.49 (d, J� 4.9 Hz, 1 H), 4.36 (dd, J� 17.6, 2.4 Hz,
1H), 4.26 (m, 1H), 4.06 (t, J� 4.9 Hz, 1H), 3.89 (dd, J� 17.6, 2.4 Hz, 1H),
3.57 (s, 3 H), 2.57 (d, J� 4.9 Hz, 1 H), 2.26 (t, J� 2.4 Hz, 1H), 1.82 (td, J�
3.2, 0.5 Hz, 3 H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 205.4, 166.8, 99.5,
83.8, 77.4, 72.3, 70.3, 59.6, 59.1, 30.8, 15.9; IR (CHCl3): �� � 3425, 2990, 1941,
1747 cm�1; MS (CI): m/z (%): 222 (100) [M � H]� , 221 (14) [M]� ;
elemental analysis calcd (%) for C12H15NO3 (221.3): C 65.14, H 6.83, N 6.33;
found: C 65.21, H 6.81, N 6.35.


(3R,4S)-1-(3-Butynyl)-4-[(R)-1-hydroxy-2-methyl-2,3-butadienyl]-3-meth-
oxy-2-azetidinone ((�)-13g): Starting with aldehyde (�)-1h (137 mg,


0.756 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (1:1) as eluent, compound (�)-13g (123 mg, 69%) was obtained as
a colorless oil. [�]D ��40.2 (c� 1.0 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 �C): �� 4.84 (td, J� 3.2, 1.0 Hz, 1H), 4.48 (d, J� 4.8 Hz, 1H),
4.25 (m, 1 H), 4.03 (t, J� 4.8 Hz, 1H), 3.59 (m, 1H), 3.58 (s, 3H), 3.36 (dt,
J� 13.7, 6.8 Hz, 1 H), 2.59 (d, J� 4.6 Hz, 1H), 2.50 (td, J� 7.3, 2.7 Hz, 1H),
1.99 (t, J� 2.7 Hz, 1 H), 1.81 (t, J� 3.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 205.4, 167.6, 99.7, 83.5, 81.2, 77.3, 70.4, 70.0, 59.9, 59.6, 40.2, 17.9,
16.1; IR (CHCl3): �� � 3424, 2989, 1940, 1745 cm�1; MS (CI): m/z (%): 236
(100) [M� H]� , 235 (17) [M]� ; elemental analysis calcd (%) for C13H17NO3


(235.3): C 66.36, H 7.28, N 5.95; found: C 66.43, H 7.26, N 5.94.


Preparation of �-allenic alcohols (�)-13h and (�)-14h : Starting with
aldehyde (�)-1j (55 mg, 0.234 mmol), and after chromatography of the
residue with dichloromethane/ethyl acetate (9:1) as eluent, 47 mg (70 %) of
the less polar compound (�)-13h and 5 mg (7 %) of the more polar
compound (�)-14h were obtained.


(3R,4S)-4-[(R)-1-hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(p-meth-
oxyphenyl)-2-azetidinone ((�)-13h): Colorless solid. m.p. 117 ± 119 �C;
[�]D ��213.8 (c� 0.7 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): ��
7.33 (d, J� 9.0 Hz, 2 H), 6.87 (d, J� 9.0 Hz, 2H), 4.48 (d, J� 4.9 Hz, 1H),
4.65 (m, 3H), 4.40 (dd, J� 4.9, 3.4 Hz, 1 H), 3.79(s, 3 H), 3.67 (s, 3H), 3.07
(d, J� 40.0 Hz, 1 H), 1.83 (t, J� 3.0 Hz, 3 H); 13C NMR (75 MHz, CDCl3,
25 �C): �� 205.5, 164.2, 156.7, 129.9, 119.6, 114.4, 99.1, 84.1, 81.2, 76.3, 69.3,
59.9, 59.1, 55.5, 15.7; IR (CHCl3): �� � 3422, 2990, 1940, 1748 cm�1; MS (CI):
m/z (%): 290 (100) [M � H]� , 289 (16) [M]� ; elemental analysis calcd (%)
for C16H19NO4 (289.3): C 66.42, H 6.62, N 4.84; found: C 66.50, H 6.60, N
4.83.


(3R,4S)-4-[(S)-1-hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(p-meth-
oxyphenyl)-2-azetidinone ((�)-14h): Colorless oil. [�]D ��753.5 (c� 0.8
in CHCl3); 1H NMR (300 MHz, CDCl3, 25 �C): �� 7.31(d, J� 9.0 Hz, 2H),
6.88 (d, J� 9.0 Hz, 2H), 4.68 (m, 2 H), 4.59 (d, J� 5.0 Hz, 1H), 4.48 (t, J�
5.0 Hz, 1H), 4.39 (s, 1 H), 3.79(s, 3H), 3.64 (s, 3 H), 2.42 (d, J� 4.6 Hz, 1H),
1.78 (t, J� 3.0 Hz, 3H); IR (CHCl3): �� � 3420, 2993, 1940, 1747 cm�1; MS
(CI):m/z (%): 290 (100) [M� H]� , 289 (21) [M]� ; elemental analysis calcd
(%) for C16H19NO4 (289.3): C 66.42, H 6.62, N 4.84; found: C 66.35, H 6.64,
N 4.83.


Preparation of �-allenic alcohols (�)-13 i and (�)-14 i : Starting with
aldehyde (�)-1l (48 mg,0.208 mmol), and after chromatography of the
residue with hexanes/ethyl acetate (1:1) as eluent, 32 mg (54 %) of the less
polar compound (�)-13 i and 4 mg (6 %) of the more polar compound (�)-
14 i were obtained.


(3RS,4SR)-4-[(RS)-1-hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(p-
methoxyphenyl)-2-azetidinone ((�)-13 i): Colorless oil. 1H NMR
(300 MHz, CDCl3, 25 �C): �� 6.87 (dd, J� 6.8, 2.4 Hz, 2H), 7.31 (dd, J�
6.8, 2.4 Hz, 2H), 6.19 (ddd, J� 17.3, 10.3, 7.8 Hz, 1H), 5.49 (dt, J� 17.3,
1.5 Hz, 1 H), 5.32 (m, 1H), 4.74 (m, 1H), 4.62 (m, 1 H), 4.58 (m, 1H), 4.37
(dd, J� 5.6, 4.2 Hz, 1 H), 4.05 (m, 1H), 3.79 (s, 3 H), 2.07 (d, J� 5.4 Hz,
1H), 1.76 (t, J� 3.0 Hz, 3 H); 13C NMR (75 MHz, CDCl3, 25 �C): �� 205.8,
165.6, 156.5, 130.2, 130.1, 120.4, 119.8, 114.3, 98.7, 77.3, 69.3, 58.0, 55.5, 15.5;
IR (CHCl3): �� � 3425, 2993, 1942, 1746 cm�1; MS (CI): m/z (%): 286 (100)
[M � H]� , 285 (23) [M]� ; elemental analysis calcd (%) for C17H19NO3


(285.3): C 71.56, H 6.71, N 4.91; found: C 71.50, H 6.73, N 4.89.


(3RS,4SR)-4-[(SR)-1-hydroxy-2-methyl-2,3-butadienyl]-3-methoxy-1-(p-
methoxyphenyl)-2-azetidinone ((�)-14 i): Colorless oil. 1H NMR
(300 MHz, CDCl3, 25 �C): �� 7.32 (dd, J� 6.8, 2.4 Hz, 2 H), 6.89 (dd, J�
6.8, 2.4 Hz, 2 H), 5.43 (dt, J� 17.3, 1.2 Hz, 1 H), 5.32 (dq, J� 10.2, 1.0 Hz,
1H), 4.81 (ddd, J� 10.3, 3.2, 2.4 Hz, 1H), 4.63 (ddd, J� 10.3, 3.2, 2.4 Hz,
1H), 4.44 (dd, J� 7.3, 5.9 Hz, 1H), 3.96 (m, 1 H), 4.17 (m, 1 H), 3.78 (s, 3H),
2.08 (d, J� 6.1 Hz, 1 H), 1.79 (t, J� 3.0 Hz, 3H); 13C NMR (75 MHz,
CDCl3, 25 �C): �� 205.8, 165.9, 156.3, 131.3, 128.9, 121.0, 120.4, 113.9, 99.0,
77.6, 72.8, 58.4, 55.4, 55.0, 15.6; IR (CHCl3): �� � 3424, 2991, 1941, 1745 cm�1;
MS (CI): m/z (%): 286 (100) [M � H]� , 285 (15) [M]� ; elemental analysis
calcd (%) for C17H19NO3 (285.3): C 71.56, H 6.71, N 4.91; found: C 71.63, H
6.72, N 4.93.


(3R,4S)-4-[(R)-1-Hydroxy-2-phenyl-2,3-butadienyl]-3-methoxy-1-(2-pro-
penyl)-2-azetidinone ((�)-13k): Starting with aldehyde (�)-1a (56 mg,
0.331 mmol), and after chromatography of the residue with hexanes/ethyl
acetate (2:1) as eluent, compound (�)-13k (60 mg, 64%) was obtained as a
colorless oil. [�]D ��70.6 (c� 1.0 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 �C): �� 7.39 (m, 5 H), 5.78 (m, 1H), 5.24 (m, 3 H), 4.94 (m, 1H), 4.47 (d,
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J� 4.9 Hz, 1 H), 4.16 (ddt, J� 15.5, 5.3, 1.6 Hz, 1 H), 4.04 (dd, J� 5.6,
4.9 Hz, 1H), 3.82 (ddt, J� 15.5, 6.7, 1.0 Hz, 1H), 3.63 (d, J� 4.9 Hz, 1H),
3.53 (s, 3H), 2.58 (d, J� 5.1 Hz, 1 H); 13C NMR (75 MHz, CDCl3, 25 �C):
�� 207.7, 167.4, 133.9, 132.0, 128.6, 127.4, 126.7, 118.2, 107.0, 83.6, 80.6, 68.7,
59.8, 59.6, 44.1; IR (CHCl3): �� � 3424, 2991, 1940, 1748 cm�1; MS (CI):
m/z (%): 286 (100) [M � H]� , 285 (31) [M]� ; elemental analysis calcd (%)
for C17H19NO3 (285.3): C 71.56, H 6.71, N 4.91; found: C 71.48, H 6.69, N
4.92.


General procedure for the synthesis of tricyclic 2-azetidinones 18 : Solid
[Co2(CO)8] (0.21 g, 0.6 mmol) was added to a solution of the corresponding
allenyne (0.5 mmol) in anhydrous CH2Cl2 (7 mL) under argon. The dark
solution thus obtained was stirred at room temperature until complete
complex formation by TLC (ca 1 h) The resulting solution of [Co2(CO)6] ±
alkyne complex was cooled to 0 �C and solid anhydrous TMANO (0.08 g,
1 mmol) was added. The reaction flask was warmed to room temperature
by immediate removal of the ice bath. After 30 min, the reaction was again
cooled to 0 �C, solid anhydrous TMANO (0.08 g, 1 mmol) was added, and
the solution was warmed again to room temperature by immediate removal
of the ice bath. This sequence was repeated until a total of 3 mmol (0.24 g)
of anhydrous TMANO was added. After that, the solution was stirred for
1 h at room temperature. The crude mixture was diluted with AcOEt
(20 mL), filtereed through a short path of Celite, and the solvent was
removed under reduced pressure. Chromatography of the residue with
hexanes/ethyl acetate mixtures as eluent gave analytically pure tricycles 18.


Tricyclic azetidinone (�)-18a : Starting with allenyne (�)-13 f (49 mg,
0.222 mmol), and after chromatography of the residue with ethyl acetate as
eluent compound (�)-18a (22 mg, 40%) was obtained as a colorless oil.
[�]D ��183.1 (c� 1.0 in CHCl3); 1H NMR (500 MHz, C6D6, 25 �C): ��
6.09 (s, 1 H), 5.89 (s, 1 H), 3.79 (d, J� 5.0 Hz, 1 H), 3.44 (m, 1 H), 3.23 (d, J�
5.0 Hz, 1H), 3.09 (m, 1 H), 3.03 (s, 3H), 2.87 (d, J� 2.0 Hz, 1H), 2.52 (t, J�
10.1 Hz, 1H), 0.60 (d, J� 7.7 Hz, 3 H); 13C NMR (125 MHz, C6D6, 25 �C):
�� 203.4, 172.9, 162.5, 136.1, 120.9, 116.9, 85.9, 69.4, 59.8, 56.9, 41.4, 40.6,
20.8; IR (CHCl3): �� � 3325, 1746, 1705 cm�1; MS (CI): m/z (%): 250 (100)
[M � H]� , 249 (19) [M]� ; elemental analysis calcd (%) for C13H15NO4


(249.3): C 62.64, H 6.07, N 5.62; found: C 62.72, H 6.09, N 5.60.


Procedure for the palladium-catalyzed domino allene amidation/intra-
molecular Heck reaction of compound 20 : Palladium(��) acetate (2.5 mg,
0.011 mmol), lithium bromide (51.2 mg, 0.59 mmol), potassium carbonate
(20.2 mg, 0.146 mmol), and copper(��) acetate (46.5 mg, 0.256 mmol) were
sequentially added to a stirred solution of the �-allenic tosylcarbamate 20
(51 mg, 0.122 mmol) in acetonitrile (5 mL). The resulting suspension was
stirred at room temperature under an oxygen atmosphere for 16 h at room
temperature. The organic phase was diluted with brine (2 mL), extracted
with ethyl acetate (5� 5 mL), washed with brine (2 mL), dried (MgSO4),
and concentrated under reduced pressure. Chromatography of the residue
eluting first with hexanes/ethyl acetate (2:1) and later with ethyl acetate
gave 25 mg (41 %) of analytically pure compound 21.


Tricyclic azetidinone (�)-21: Colorless oil. [�]D ��14.0 (c� 0.9 in CHCl3);
1H NMR (500 MHz, CDCl3, 25 �C): �� 7.95 (d, J� 8.5 Hz, 1H), 7.35 (d, J�
8.5 Hz, 1 H), 6.56 (dd, J� 1.9, 0.7 Hz, 1H), 5.62 (s, 1H), 5.42 (s, 1 H), 4.89
(dd, J� 15.1, 0.98 Hz, 1 H), 4.60 (dd, J� 4.9, 1.5 Hz, 1 H), 4.33 (s, 1 H), 3.94
(d, J� 4.6 Hz, 1 H), 3.58 (dt, J� 15.1, 1.7 Hz, 1H), 3.55 (s, 3H), 2.46 (s, 3H),
1.97 (s, 3 H); 13C NMR (125 MHz, CDCl3, 25 �C): �� 165.8, 150.9, 145.8,
144.6, 136.0, 135.3, 129.7, 128.7, 121.3, 111.3, 83.4, 79.3, 69.1, 59.3, 54.7, 45.2,
23.0, 21.7; IR (CHCl3): �� � 1746, 1740, 1348 cm�1; MS (ESI): m/z (%): 521
(100) [M (81Br) � Na]� , 519 (88) [M (79Br) � Na]� ; elemental analysis
calcd (%) for C20H21N2SO6Br (497.4): C 48.30, H 4.26, N 5.63; found: C
48.37, H 4.28, N 5.60.


General procedure for the palladium-catalyzed domino allene cyclization/
intramolecular Heck reaction of allenols 13 : Palladium(��) acetate
(0.009 mmol), lithium bromide (0.49 mmol), potassium carbonate
(0.12 mmol) and copper(��) acetate (0.21 mmol) were sequentially added
to a stirred solution of the �-allenic alcohols 13 (0.10 mmol) in acetonitrile
(5 mL). The resulting suspension was stirred at room temperature under an
oxygen atmosphere for 16 h at room temperature. Compound 26c needs an
extra hour at reflux temperature. The organic phase was diluted with brine
(2 mL), extracted with ethyl acetate (5� 5 mL), washed with brine (2 mL),
dried (MgSO4), and concentrated under reduced pressure. Chromatogra-
phy of the residue eluting first with hexanes/ethyl acetate (1:1) and later
with ethyl acetate gave analytically pure compounds 26.


Bridged tricyclic azetidinone (�)-26a : Starting with allenynol (�)-13 f
(67 mg, 0.305 mmol), compound (�)-26a (43 mg, 48%) was obtained as a
colorless oil. [�]D ��14.0 (c� 0.9 in CHCl3); 1H NMR (500 MHz, CDCl3,
25 �C): �� 6.56 (t, J� 1.5 Hz, 1 H), 4.61 (dd, J� 4.6, 1.2 Hz, 1H), 4.56 (d,
J� 4.0 Hz, 1H), 4.47 (dd, J� 15.0, 1.5 Hz, 1H), 4.32 (d, J� 11.2 Hz, 1H),
4.07 (d, J� 11.2 Hz, 1 H), 3.88 (t, J� 4.6 Hz, 1 H), 3.87 (d, J� 15.0 Hz, 1H),
3.64 (s, 3H), 2.00 (s, 3H); 13C NMR (125 MHz, CDCl3, 25 �C): �� 167.0,
141.7, 139.6, 130.0, 109.2, 84.4, 71.8, 55.1, 45.8, 43.4, 16.5; IR (CHCl3): �� �
1745 cm�1; MS (ESI): m/z (%): 324 (100) [M (81Br) � Na]� , 322 (86) [M
(79Br) � Na]� ; elemental analysis calcd (%) for C12H14NO3Br (300.2): C
48.02, H 4.70, N 4.67; found: C 48.09, H 4.72, N 4.65.


Bridged tricyclic azetidinone (�)-26c : Starting with allenynol (�)-13j
(42 mg, 0.141 mmol), compound (�)-26c (28 mg, 52%) was obtained as a
colorless oil. 1H NMR (500 MHz, CDCl3, 25 �C): �� 7.30 and 6.85 (dd, J�
6.8, 2.2 Hz, each 2H), 5.81 (d, J� 2.4 Hz, 1H), 4.30 (t, J� 6.0 Hz, 1H), 3.89
(d, J� 6.0 Hz, 1 H), 3.84 (d, J� 9.5 Hz, 1 H), 3.78 (s, 3 H), 3.65 (ddd, J�
12.0, 6.0, 1.5 Hz, 1 H), 3.43 (d, J� 9.5 Hz, 1H), 2.92 (dt, J� 15.9, 1.2 Hz,
1H), 2.40 (m, 1H), 1.31 (s, 3 H); 13C NMR (125 MHz, CDCl3, 25 �C): ��
165.3, 155.9, 146.4, 146.0, 134.1, 132.0, 130.2, 117.8, 114.3, 75.4, 70.8, 55.4,
50.2, 45.3, 20.4, 14.5; IR (CHCl3): �� � 1747 cm�1; MS (ESI): m/z (%): 400
(100) [M (81Br) � Na]� , 398 (88) [M (79Br) � Na]� ; elemental analysis
calcd (%) for C18H18NO3Br (376.3): C 57.46, H 4.82, N 3.72; found: C 57.53,
H 4.80, N 3.71.
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Reactions of gem-Dibromo Compounds with Trialkylmagnesate Reagents to
Yield Alkylated Organomagnesium Compounds**


Atsushi Inoue, Junichi Kondo, Hiroshi Shinokubo, and Koichiro Oshima*[a]


Abstract: The reaction of gem-dibromocyclopropanes 5 with nBu3MgLi affords
butylated cyclopropylmagnesium species that can be trapped with various electro-
philes. The reaction of dibromomethylsilanes 12 requires the addition of a catalytic
amount of CuCN ¥ 2 LiCl for smooth migration of the alkyl groups. The resultant �-
silylpentylmagnesium compounds 16 react with electrophiles, such as acyl chlorides
or �,�-unsaturated ketones to afford �- or �-silyl ketones, respectively. Treatment of
dibromodisilylmethanes with Me3MgLi yields 1-bromo-1,1-disilylethanes 25 that can
be converted into 1,1-disilylethenes 29 by dehydrobromination.


Keywords: ate complexes ¥
carbenoids ¥ Grignard reagents ¥
magnesium ¥ migrations


Introduction


The utility of organometallic ate complexes in organic syn-
thesis is well recognized, and numerous reports have been
published on the reaction which makes use of various ate
complexes that contain boron, copper, aluminum, zinc,
manganese, zirconium, and other metals as the key atoms.
Among reactions with ate complexes, the 1,2-migration of a
ligand on a metal is a representative reaction pattern of ate-
type carbenoids (Scheme 1).[1, 2] Organometallic ate com-
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Scheme 1. 1,2-Migration of ate-type carbenoids.


plexes also induce halogen ± metal exchange reactions.[3] The
combination of these two reactions enables a variety of
transformations starting from gem-dihalo compounds.[4, 5]


We have already reported the halogen ± magnesium ex-
change reaction with magnesium ate complexes.[6±8] The
reaction proceeds at low temperatures of around �78 �C,
and hence the exchange reaction of gem-dibromoalkanes is
expected to provide ate-type carbenoid species that would


undergo 1,2-migration of the alkyl group on magnesium to the
adjacent carbon to form new organomagnesium reagents.


We started this research with the reaction of 1,1-dibro-
moalkane. Treatment of 1,1-dibromohexane (1) with nBu3-
MgLi followed by the addition of allyl bromide as an
electrophile yielded 4-butyl-1-nonene (3, 44 %) as well as
5-bromodecane (4, 20 %) and decenes (Scheme 2). This result
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Scheme 2. Reaction of 1,1-dibromohexane with nBu3MgLi.


indicates that bromine ± magnesium exchange and subsequent
1,2-migration of the butyl group affords the secondary
alkylmagnesium species 2. The coupling reaction of 2 with
allyl bromide provides 3. The magnesium compound 2 also
abstracts bromine from dibromoalkane to afford 4.


To eliminate the possibility of these side reactions, we chose
gem-dibromocyclopropanes and dibromomethylsilanes as
substrates and investigated their reactions with magnesate
reagents.


Results and Discussion


Reaction of gem-dibromocyclopropanes : Cyclopropane de-
rivatives are versatile synthetic intermediates in organic
synthesis. Double alkylation of gem-dihalocyclopropanes,
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which can be readily prepared by the addition of dihalocar-
benes to olefins, provided an expeditious route to a variety of
functionalized cyclopropane derivatives. The reaction of gem-
dibromocyclopropanes with dialkylcuprates,[5a,b] alkyllith-
iums,[5c,d] trialkylzincates,[5e,f] or trialkylmanganates[5g,h] have
been reported to afford alkylated cyclopropylmetals, which
could undergo further reactions with various electrophiles,
such as alkyl halides and carbonyl compounds, to furnish
double-alkylated cyclopropane derivatives. We have found
that a magnesium ate complex (trialkylmagnesate) also
effects this type of alkylative metalation.


Treatment of various gem-dibromocyclopropanes 5 with
nBu3MgLi at low temperatures followed by the addition of
electrophiles afforded the expected products as diastereo-
meric mixtures (6 and 7). The results are summarized in
Tables 1 and 2.


Several characteristics of this reaction are noteworthy:
1) The reaction should be performed at �78 �C to �30 �C.


Treatment of 5 a with nBu3MgLi at 0 �C gave the desired
product in modest yield together with a significant amount


of 1,2-nonadiene. On the other hand, 1,2-migration of a
butyl group did not go to completion at �78 �C. Quenching
of the reaction mixture at �78 �C provided 1-bromo-2-
hexylcyclopropane as a major product in addition to the
butylated product.


2) A variety of electrophiles, such as iodine, allyl bromide,
methyl iodide, benzaldehyde, and benzoyl chloride, can be
employed. The use of allyl bromide as the electrophile
required the coexistence of CuCN ¥ 2 LiCl. Without the
assistance of a copper salt, the intermediary tertiary
cyclopropylmagnesium failed to react with allyl bromide
because of steric hindrance.[9]


3) Stereoselectivities are somewhat lower than those ob-
served in the reactions mediated by cuprates, zincates, or
manganates. Interestingly, the reaction of 5 e or 5 f with
nBu3MgLi followed by the addition of benzaldehyde
exhibited relatively high exo selectivity, although the yield
was not satisfactory (vide infra).


The use of 2,3-dialkyl-1,1-dibromocyclopropanes afforded
disappointing results (Scheme 3). Steric hindrance of alkyl


Table 1. Reaction of gem-dibromocyclopropanes with nBu3MgLi.
R Br


Br


R E


nBu


R nBu


E


nC6H13 Br


Br


PhCH2OCH2 Br


Br


Ph Br


Br


Br


Br


5


nBu3MgLi


THF, –78 °C → –30 °C


E+


6 7


+


5a 5b 5c 5d


Entry Substrate Electrophile Product Yield [%] Ratio 6/7


1 5 a H3O� 6a/7 a 97 57/43
2 D2O 6b/7b 97 56/44
3 I2 6c/7 c 80 62/38
4 CH2�CHCH2Br 6d/7d 65 51/49
5 MeI 6e/7 e 74 45/55
6 PhCHO 6 f/7 f 78 44/56
7 5 b H3O� 6g/7 g 91 48/52
8 5 c H3O� 6h/7h 86 81/19
9 CH2�CHCH2Br[a] 6 i/7 i 82 80/20


10 5 d I2 6j 91
11 CH2�CHCH2Br[a] 6k 73


[a] In the presence of CuCN ¥ 2LiCl (30 mol %).


Table 2. Reaction of bicyclic gem-dibromocyclopropanes with nBu3MgLi.
Br


Br


E


nBu


nBu


E


5e


nBu3MgLi


THF, –78 °C → –30 °C


E+


+


n


5f
(n = 1)
(n = 3)


6
n


7
n


Entry Substrate Electrophile Product Yield [%] Ratio 6 :7


1 5e H3O� 6 l/7 l 81 63/37
2 D2O 6m/7 m 82 63/37
3 I2 6n/7 n 91 61/39
4 CH2�CHCH2Br[a] 6o/7 o 89 73/27
5 PhCOCl[b] 6p/7 p 88 88/12
6 PhCHO 6q/7 q 42[d] 27/73
7 5 f H3O� 6r/7 r 97 58/42
8 I2 6s/7 s 86 64/36
9 PhCHO 6t/7 t 35[e] 6/94


10 PhCHO[c] 6t/7 t 43[f] 94/6


[a] In the presence of CuCN ¥ 2LiCl (30 mol %). [b] In the presence of
CuCN ¥ 2LiCl (3.0 equiv). [c] In the presence of CuCN ¥ 2LiCl (3.0 equiv)
and BF3 ¥ OEt2 (3.0 equiv). [d] The product 6 l was also obtained in 47%
yield. [e] The product 6r was also obtained in 65%. [f] The products 6 r and
7r were also obtained in 47 % yield (45/55).


R Br


Br


R H


nBu
R


H3O+


R
R


R


R Br


Br


R nBu


H


H3O+
R


R


R R


R Br


H


R


5g


nBu3MgLi


THF, –78 °C → –30 °C
6u/7u 8


+


R = nC5H11


60% (71/29) 34%


5h


nBu3MgLi


THF, –78 °C → –30 °C


6v 8


+


R = nC5H11


77% 6%


+


9
11%


Scheme 3. Reaction of 2,3-dialkyl-1,1-dibromocyclopropanes.
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substituents on the cyclopropane ring retards 1,2-migration of
the butyl group. In the reaction of 5 g or 5 h, migration of the
butyl moiety competed with the formation of allene 8.


We propose a similar reaction mechanism to the reactions
with cuprates, zincates, and manganates (Scheme 4). Firstly,
bromine ± magnesium exchange occurs predominantly at the
less hindered bromine atom to afford 10. Next, the butyl


R Br


Br


R E


nBu


R Br


MgnBuLi
nBu


R MgnBu


nBu


5


nBu3MgLi


11 610


E+


Scheme 4. Proposed mechanism of the reaction of gem-dibromocyclopro-
panes with nBu3MgLi.


group on magnesium migrates to the adjacent carbon atom
with concomitant elimination of the bromide ion and
inversion of the configuration on the cyclopropane carbon.
The resultant butylated cyclopropylmagnesium species 11 is
eventually trapped by an electrophile with retention of
configuration. The inverse stereoselectivity and the low yield
in trapping with benzaldehyde are attributed to the low
reactivity of the major diastereomer 11-endo (Scheme 5). The


MgnBu


nBu


nBu


MgnBu PhCHO


nBu


Ph OH


nBu


OH


Ph


PhCHO


11e-endo


11e-exo


6q


7q


Scheme 5. Difference in the reaction between PhCHO and the endo or exo
isomers of 11 e.


magnesium species 11-endo fails to react with benzaldehyde
and gives 6 l or 6 r after protonation. On the other hand, the
other isomer, 11-exo, is trapped with benzaldehyde to provide
the cyclopropylbenzyl alcohol derivative.


Copper(�)-catalyzed reaction of dibromomethylsilanes : We
have previously reported synthesis of 1-alkenylsilanes 14 from
dibromomethylsilanes 12[10] via manganese carbenoids
(Scheme 6).[5i,j] In this reaction, �-silylalkylmanganese 13
cannot be coupled with electrophiles because of its rapid
conversion to alkenylsilane 14 by �-hydride elimination.


R3Si MnnBu2Li


Br


R3Si nBu


MnnBu


R3Si
nPr


R3SiCHBr2


13


12


14


nBu3MnLi


β-elimination


nBuMnH


Scheme 6. Reaction of dibromomethylsilanes 12 with tributylmanganate.


We then investigated the reaction of dibromomethylsilanes
with trialkylmagnesate. The reaction promised to be a facile
method for the preparation of �-silylalkylmagnesium species,
which are highly useful reagents in organic synthesis.[11]


Treatment of dibromomethylsilane 12 with nBu3MgLi
induced clean bromine ± magnesium exchange[6] to provide
bromomethylsilane 15 upon quenching with methanol at
�78 �C (Scheme 7). Warming the reaction mixture to room


R3SiCHBr2


R3Si MgnBu2Li


Br


MeOH R3Si H


Br


R3Si MgnBu


nBu


MeOH R3Si H


nBu


CuCN•2LiCl


nBu3MgLi


–78 °C
10 min


R3Si = Ph2MeSi


–78 °C
12b


15b


(30 mol%)
–78 °C → 0 °C


17b16b


89%


75%


Scheme 7. Bromine ± magnesium exchange and the subsequent migration
of an alkyl group.


temperature before quenching resulted in the migration of the
butyl group to yield �-silylpentylmagnesium 16.[12] A copper
salt proved to facilitate this migration.[1a] The addition of
CuCN ¥ 2 LiCl (30 mol %) to the reaction mixture induced
smooth migration of the butyl group at lower temperatures
(�30 �C for 12 a and 0 �C for 12 b) to afford 16 in good yield.
Butyllithium or nBuMgBr instead of tributylmagnesate also
induced metalation and the subsequent butylation. Under
these conditions, however, the yields of the desired products
were quite low.


The �-silylpentylmagnesium 16 could be trapped with allyl
bromide to give 18 in good yield (Scheme 8). The reaction
with propargyl bromide furnished exclusively the allenylated
product 19.


R3Si


nBu


Br R3Si


nBu


MgnBu Br R3Si


Si


nBu


Ph2MeSi


PhMe2Si
Me


19 16 18


R3Si = tBuMe2Si  19a : 66% R3Si= tBuMe2Si


2


18a


18b


18c


18d


: 67%


: 79%


: 61%


: 80%


Scheme 8. Reaction of �-silylalkylmagnesium compounds 16 with allyl or
propargyl bromide.


�-Silyl ketones are quite useful intermediates in organic
synthesis.[13] Therefore, we undertook the preparation of �-
silyl ketones with this new methodology.[14] The reaction of �-
silylalkylmagnesium comopunds 16 with various acyl chlo-
rides was examined.[15] The results are summarized in Table 3.
The addition of acyl chlorides to the resulting solution of 16
furnished the corresponding �-silyl ketones 20 in good yields.
1,3-Dimethyl-2-imidazolidinone (DMI) proved to be an
effective additive for the formation of �-silyl ketones. Without
the use of DMI, the yield of product decreased (entry 7).
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We also explored the conjugate addition of 16 to �,�-
unsaturated ketones (Scheme 9). Addition of methyl vinyl
ketone to the solution of 16 provided 5-silyl-2-nonanones 21 a
and 21 b in good yields in the presence of Me3SiCl.[16] The


R3SiCHBr2


R3Si MgnBu


nBu


R3Si


nBuMe3SiCl


O
O


Ph2MeSi


tBuMe2Si


nBu


O


tBuMe2Si


nBu


O


O O


Me3SiCl Me3SiCl


1) nBu3MgLi


12
2) cat. CuCN•2LiCl


16
R3Si = tBuMe2Si 21a


21b


: 67%


: 79%


22 59% (86/14) 23 54% (67/33)


Scheme 9. 1,4-Addition of �-silylalkylmagnesium compounds 16 toward
enones.


addition of 16 to cyclohexenone or cyclopentenone also
furnished the desired silylketones.


In the case of tri(sec-butyl)magnesate, which was prepared
from sBuLi (3.0 equiv) and MgBr2 (1.0 equiv), the migration
of the secondary butyl group afforded the corresponding �-
silylalkylmagnesium 16 smoothly without the assistance of a
copper catalyst (Scheme 10). However, the addition of
CuCN ¥ 2 LiCl was beneficial for the acylation or allylation
step to provide the coupling products 24 in good yields.


R3SiCHBr2


R3Si MgsBu


sBu


R3Si E


sBu


Br


PhCOCl


R3Si = Ph2MeSi


1) CuCN•2LiCl
     (20 mol%)sBu3MgLi


12b 16
2) Electrophile


24


Electrophile =


nPrCOCl


iPrCOCl


24a


24b


24c


: 75%


: 72%


: 65%


cPrCOCl 24d : 74%


24e : 71%


Scheme 10. Reaction of dibromomethylsilanes 12 with sBu3MgLi.


Reaction of dibromomethylsilanes with Me3MgLi : The reac-
tion of dibromomethylsilane 12 b with Me3MgLi gave a
different result from the reaction of nBu3MgLi. One of the
two bromine atoms was substituted by the methyl group. This
monomethylation reaction was successfully applied to dibro-
modisilylmethanes.[17] The results are summarized in Table 4.


Substrates such as dibromomethylsilane (entry 1), 1,1-
dibromoethylsilane (entry 2), and dibromodisilylmethanes
(entries 3 ± 8) could be converted into the corresponding
monomethylated compounds 25 in good yields, regardless of
the bulkiness of silyl substituents. Methylation of germylsil-
yldibromomethane also proceeded in good yield (entry 9).
We propose the following mechanism[18] that involves the
formation of the ate-type carbenoid species 26 through a
bromine ± magnesium exchange reaction (Scheme 11).[5, 6]


Table 3. Synthesis of �-silyl ketones from dibromomethylsilanes.[a]


R3SiCHBr2


R3Si MgR1


R1


R3Si
O


R2


R1DMI


1) R1
3MgLi


12
2) cat. CuCN•2LiCl


R2COCl


16 20


Entry Substrate R3Si R1 R2 Product Yield [%]


1 12 a tBuMe2Si nBu CH3 20a 60
2 cPr 20b 56
3 Ph 20c 66
4 (E)-CH3CH�CH- 20d 53
5 (E)-PhCH�CH- 20e 51
6 12 b Ph2MeSi nBu CH3 20 f 63
7 nPr 20g 49
8[b] nPr 20g 74
9[b] iPr 20h 63


10[b] cPr 20 i 69
11[b] Ph 20j 77
12[b, c] nC6H13 nPr 20k 85
13[c] Ph 20 l 70


[a] Reaction conditions: Magnesate was prepared from butyllithium
(2.0 mmol) and butylmagnesium bromide (1.0 mmol) in THF (5 mL) at
0 �C. Dibromomethylsilanes (1.0 mmol) in THF (2 mL) were introduced at
�78 �C. CuCN ¥ 2LiCl (0.3 mL, 1.0� solution in THF, 0.3 mmol) was
added. [b] DMI (2.0 mmol) was added before introduction of acyl
chlorides. [c] Magnesate was prepared from hexyllithium (3.0 mmol) and
MgBr2 (1.0 mmol) in THF (5 mL) at 0 �C.


Table 4. Monomethylation of dibromodisilylmethanes with Me3MgLi.[a]


R1 R2


Br Br


R1 R2


Me Br


Me3MgLi (1.0 equiv)


THF, –78 °C, 0.5 h


12 25


Entry Substrate R1 R2 Product Yield [%]


1 12a Ph2MeSi H 25a 98
2 12e Ph2MeSi Me 25e 89
3 12 f Ph2MeSi Me3Si 25 f 93
4 12g Et3Si Et3Si 25g 90
5 12h tBuMe2Si Me3Si 25h 82
6 12 i Me3Si Me3Si 25 i 89
7 12j PhMe2Si PhMe2Si 25j 80
8 12k Ph2MeSi Ph2MeSi 25k 90
9 12 l Ph2MeSi Et3Ge 25 l 93


[a] The substrate 12 (10 mmol) was treated with Me3MgLi, prepared by
mixing MeMgBr (THF solution, 10 mmol) and MeLi (Et2O solution,
20 mmol), for 0.5 h in THF at �78 �C.
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Br Br
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Me MgMe
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–MeBr
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Scheme 11. Plausible mechanism of monomethylation.
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The 1,2-migration of one of the methyl groups on magnesium
provides 27 with concomitant elimination of the bromide
anion. One of methyl groups in Me3MgLi is transferred to 27
to form the ate complex 28, which is more reactive than
Me3MgLi for the bromine ± magnesium exchange reaction.
The complex 28 abstracts the bromine atom from 12 to yield
the monobromo compound 25 and the carbenoid 26.


The resultant monomethylated products were converted
into the corresponding 1,1-disilylethenes by dehydrobromi-
nation.[19, 20] Treatment of 25 with two equivalents of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) in DMF at 90 �C for
eight hours provided 1,1-disilylethenes 29 (Table 5). In each
case, the desired product was obtained in good yield.


Conclusion


We have investigated the reactions of gem-dibromo com-
pounds with trialkylmagnesate reagents (R3MgLi). The
halogen ± magnesium exchange reaction and subsequent 1,2-
migration of the alkyl group on magnesium affords the
alkylated organomagnesium species in the presence or
absence of a copper catalyst. The resultant organomagnesium
species can be trapped with a variety of electrophiles.
Trimethylmagnesate (Me3MgLi) shows a different reactivity.
The reagent induces monomethylation of dibromomethylsi-
lanes or dibromodisilylmethanes.


Experimental Section


General : 1H NMR (300 MHz) and 13C NMR (75.3 MHz) spectra were
recorded on a Varian GEMINI300 spectrometer in CDCl3 as a solvent, and
chemical shifts were given in � with tetramethylsilane as an internal
standard. IR spectra were determined on a JASCO IR-810 spectrometer.
TLC analyses were performed on commercial glass plates bearing 0.25 mm
layer of Merck silica gel 60F254. Column chromatography was performed on
silica gel (Wakogel 200 mesh). The analyses were carried out at the
Elemental Analysis Center of Kyoto University. Tetrahydrofuran (THF)
was freshly distilled from sodium/benzophenone before use. Grignard
reagents were prepared from the corresponding alkyl halide and Mg
turnings (Nacalai tesque, INC). Unless otherwise noted, materials obtained
from commercial suppliers were used without further purification.
Aldehydes were distilled and stored under argon.


Synthesis of gem-dibromocyclopropanes 5 : Aqueous sodium hydroxide
(10 mL, 50 w/w %) was added dropwise to a mixture of an alkene
(20 mmol), bromoform (2.6 mL, 30 mmol), benzyltriethylammonium chlo-
ride (0.1 g), dichloromethane (2 mL), and ethanol (0.08 mL) at 0 �C. After
stirring for 24 h, water was added (50 mL). The mixture was extracted with
hexane and the organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. Purification by chromatography on a silica gel
column gave provided gem-dibromocyclopropanes 5.


1,1-Dibromo-2-hexylcyclopropane (5a): Rf � 0.71 (hexane); IR (neat): �� �
2922, 2852, 1111, 1042, 677 cm�1; 1H NMR (CDCl3): �� 0.89 (t, J� 6.9 Hz,
3H), 1.18 (dd, J� 6.9, 7.2 Hz, 1H), 1.23 ± 1.67 (m, 11 H), 1.73 (dd, J� 6.9,
9.9 Hz, 1H); 13C NMR (CDCl3): �� 14.1, 22.6, 28.3, 28.5, 29.0, 29.7, 31.5,
31.7, 32.6; elemental analysis calcd (%) for C9H16Br2: C 38.06, H 5.68;
found: C 37.77, H 5.44.


2-(Benzyloxymethyl)-1,1-dibromocyclopropane (5b): Rf � 0.42 (hexane/
ethyl acetate 10:1); IR (neat): �� � 3026, 2856, 1496, 1454, 1372, 1155,
1094, 1029, 735, 696, 680 cm�1; 1H NMR (CDCl3): �� 1.37 (dd, J� 7.2,
7.5 Hz, 1H), 1.80 (dd, J� 7.2, 10.5 Hz, 1 H), 1.89 ± 2.01 (m, 1H), 3.58 (dd,
J� 7.2, 10.8 Hz, 1H), 3.63 (dd, J� 5.7, 10.8 Hz, 1 H), 4.57 (d, J� 12.0 Hz,
1H), 4.61 (d, J� 12.0 Hz, 1 H), 7.26 ± 7.40 (m, 5H); 13C NMR (CDCl3): ��
26.0, 26.6, 30.2, 71.5, 73.0, 127.9, 127.9, 128.5, 138.1; elemental analysis calcd
(%) for C11H12Br2O: C 41.28, H 3.78; found: C 41.11, H 3.71.


1,1-Dibromo-2-phenylcyclopropane (5c): Rf � 0.41 (hexane); IR (neat):
�� � 1605, 1498, 1452, 1425, 1108, 1040, 766, 734, 696, 679 cm�1; 1H NMR
(CDCl3): �� 2.02 (dd, J� 7.8, 8.4 Hz, 1 H), 2.14 (dd, J� 7.8, 10.5 Hz, 1H),
2.97 (dd, J� 8.4, 10.5 Hz, 1 H), 7.22 ± 7.30 (m, 2 H), 7.30 ± 7.40 (m, 3H);
13C NMR (CDCl3): �� 27.2, 28.3, 35.9, 127.7, 128.4, 129.0, 136.1; elemental
analysis calcd (%) for C9H8Br2: C 39.17, H 2.92; found: C 39.02, H 3.03.


1,1-Dibromo-2,2,3,3-tetramethylcyclopropane (5d): IR (Nujol): �� � 1105,
1031, 994, 952, 863, 792, 774 cm�1; 1H NMR (CDCl3): �� 1.25 (s, 12H);
13C NMR (CDCl3) �� 21.7, 29.7, 58.9. We were not able to perform an
analysis on this compound because of its sublimation.


7,7-Dibromobicyclo[4.1.0]heptane (5e): Rf � 0.72 (hexane); IR (neat): �� �
2936, 2852, 1462, 1444, 1334, 1165, 1020, 729 cm�1; 1H NMR (CDCl3): ��
1.00 ± 1.25 (m, 2 H), 1.30 ± 1.43 (m, 2H), 1.50 ± 1.62 (m, 2H), 1.76 ± 1.90 (m,
2H), 1.92 ± 2.07 (m, 2H); 13C NMR (CDCl3): �� 20.1, 20.6, 27.0, 40.7;
elemental analysis calcd (%) for C7H10Br2: C 33.11, H 3.97; found: C 33.20,
H 3.95.


9,9-Dibromobicyclo[6.1.0]nonane (5 f): Rf � 0.69 (hexane); IR (neat): �� �
2920, 2848, 1467, 1164, 1060, 858, 815, 760, 710 cm�1; 1H NMR (CDCl3): ��
1.07 ± 1.25 (m, 2H), 1.30 ± 1.70 (m, 10 H), 2.00 ± 2.10 (m, 2H); 13C NMR
(CDCl3): �� 25.3, 26.3, 27.8, 33.2, 37.0; elemental analysis calcd (%) for
C9H14Br2: C 38.33, H 5.00; found: C 38.28, H 4.83.


cis-1,1-Dibromo-2,3-dipentylcyclopropane (5g): Rf � 0.80 (hexane); IR
(neat): �� � 2952, 2922, 2854, 1466, 1379, 716 cm�1; 1H NMR (CDCl3): ��
0.90 (t, J� 6.9 Hz, 6H), 1.24 ± 1.59 (m, 18 H); 13C NMR (CDCl3): �� 13.9,
22.5, 26.9, 28.1, 31.6, 33.8, 38.3; elemental analysis calcd (%) for C13H24Br2:
C 45.91, H 7.11; found: C 46.02, H 6.99.


trans-1,1-Dibromo-2,3-dipentylcyclopropane (5h): Rf � 0.83 (hexane); IR
(neat): �� � 2952, 2924, 2854, 1466, 1379, 1137, 1046, 722 cm�1; 1H NMR
(CDCl3): �� 0.90 (t, J� 6.9 Hz, 6H), 1.01 ± 1.11 (m, 2 H), 1.24 ± 1.52 (m,
14H), 1.52 ± 1.68 (m, 2H); 13C NMR (CDCl3): �� 13.9, 22.5, 27.9, 31.4, 32.6,
37.0, 39.4; elemental analysis calcd (%) for C13H24Br2: C 45.91, H 7.11;
found: C 46.01, H 6.84.


General procedure for the reaction of gem-dibromocyclopropanes 5 with
nBu3MgLi : Butyllithium (1.5 mL, 1.6� solution in hexane, 2.4 mmol) was
added to a solution of butylmagnesium bromide (1.2 mL, 1.0� solution in
THF, 1.2 mmol) in THF (5 mL) at 0 �C, and the mixture was stirred for
10 min. The resulting solution was cooled to �78 �C, and a solution of the
corresponding 5 (1.0 mmol) in THF (2 mL) was added dropwise. After the
reaction mixture was gradually warmed to �30 �C over a period of 2 h, the
corresponding electrophile (3.0 mmol) was added. After stirring for 1 h at
0 �C, the reaction was quenched with saturated aqueous NH4Cl. The
mixture was extracted with ethyl acetate, and the organic layers were dried
over anhydrous Na2SO4 and concentrated in vacuo. Purification by
chromatography on a silica gel column provided 6 and 7 as diastereomeric
mixtures.


Spectral data for 6 a, 7a, 6e, 7 e, 6 h, 7h,[4b] 6 f, 7 f, 6 g, 7g, 6 l, 7 l,[4e] 6c, 7 c, 6d,
7d, 6 i, 7 i, 6 o, 7o, 6t, 7 t,[4g] 6r, and 7 r[21] were identical with those reported


Table 5. Dehydrobromination of 25 with DBU.[a]


R1 R2


Me Br


R1 R2DBU (2.0 equiv)


DMF, 90 °C, 8 h


25 29


Entry Substrate R1 R2 Product Yield [%]


1 25 f Ph2MeSi Me3Si 29 f 98
2 25g Et3Si Et3Si 29g 98
3 25h tBuMe2Si Me3Si 29h 85
4 25 i Me3Si Me3Si 29 i 83
5 25j PhMe2Si PhMe2Si 29j 97
6 25k Ph2MeSi Ph2MeSi 29k 89
7 25 l Ph2MeSi Et3Ge 29 l 85


[a] A solution of 25 (9.0 mmol) and DBU (18.0 mmol) in DMF (30 mL) was
stirred for 8 h at 90 �C.
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in the literature. Alcohols (6 f, 7 f, 6q, 7 q, 6 t, and 7 t) were converted into
the corresponding ketones by Jones oxidation for data collection.


1-Butyl-1-iodo-2,2,3,3-tetramethylcyclopropane (6j): Rf � 0.83 (hexane);
IR (neat): �� � 2942, 2864, 1460, 1378, 1105, 1005, 935, 828 cm�1; 1H NMR
(CDCl3): �� 0.92 (t, J� 7.2 Hz, 3 H), 1.05 (s, 6H), 1.23 (s, 6 H), 1.32 (tq, J�
7.5, 7.2 Hz, 2 H), 1.47 ± 1.60 (m, 2H), 1.74 ± 1.81 (m, 2H); 13C NMR (CDCl3):
�� 14.1, 16.7, 22.4, 25.8, 28.6, 33.4, 39.0, 49.9. This compound is very
sensitive to light or a trace of acid, and we were not able to perform an
analysis or mass spectrometry.


1-Allyl-1-butyl-2,2,3,3-tetramethylcyclopropane (6k): Rf � 0.89 (hexane);
IR (neat): �� � 2996, 2924, 2870, 1640, 1468, 1379, 1110, 994, 909 cm�1;
1H NMR (CDCl3): �� 0.87 (t, J� 6.9 Hz, 3H), 0.98 (s, 6H), 0.99 (s, 6H),
1.15 ± 1.36 (m, 6H), 2.13 (d, J� 6.6 Hz, 2 H), 4.98 (d, J� 10.2 Hz, 1H), 5.00
(d, J� 17.1 Hz, 1H), 5.71 (ddt, J� 10.2, 17.1, 6.6 Hz, 1H); 13C NMR
(CDCl3): �� 14.1, 18.6, 18.7, 22.9, 23.3, 27.5, 28.7, 29.1, 32.4, 115.2, 138.4;
elemental analysis calcd (%) for C14H26: C 86.52, H 13.48; found: C 86.50,
H 13.78.


endo-7-Butyl-7-iodobicyclo[4.1.0]heptane (6n): Rf � 0.80 (hexane); IR
(neat): �� � 2924, 2852, 1461, 1444, 1378, 1170, 1124, 819 cm�1; 1H NMR
(CDCl3): �� 0.66 ± 0.77 (m, 2H), 0.90 (t, J� 7.2 Hz, 3 H), 1.12 ± 1.40 (m,
6H), 1.40 ± 1.59 (m, 4H), 1.59 ± 1.67 (m, 2 H), 2.02 ± 2.16 (m, 2 H); 13C NMR
(CDCl3): �� 14.1, 20.7, 21.2, 21.9, 23.9, 31.7, 39.3, 47.8; elemental analysis
calcd (%) for C11H19I: C 47.49, H 6.88; found: C 47.27, H 6.90.


exo-7-Butyl-7-iodobicyclo[4.1.0]heptane (7n): Rf � 0.74 (hexane); IR
(neat): �� � 2918, 2854, 1467, 1450, 1378, 1209, 1168, 1112, 1049, 926,
748 cm�1; 1H NMR (CDCl3): �� 0.94 (t, J� 7.2 Hz, 3H), 1.08 ± 1.42 (m,
6H), 1.42 ± 1.60 (m, 8 H), 1.76 ± 1.92 (m, 2 H); 13C NMR (CDCl3): �� 14.1,
18.6, 21.7, 22.3, 24.5, 28.8, 32.4, 35.2; elemental analysis calcd (%) for
C11H19I: C 47.49, H 6.88; found: C 47.20, H 6.86.


endo-7-Benzoyl-7-butylbicyclo[4.1.0]heptane (6p): Rf � 0.61 (hexane/ethyl
acetate 10:1); IR (neat): �� � 2928, 2854, 1674, 1598, 1449, 1354, 1215, 1174,
935, 713, 690 cm�1; 1H NMR (CDCl3): �� 0.78 (t, J� 6.9 Hz, 3 H), 0.84 ±
1.00 (m, 2 H), 1.06 ± 1.32 (m, 8 H), 1.53 ± 1.62 (m, 2H), 1.74 ± 1.94 (m, 4H),
7.41 ± 7.51 (m, 2H), 7.51 ± 7.58 (m, 1 H), 8.02 ± 8.08 (m, 2H); 13C NMR
(CDCl3): �� 13.8, 20.7, 21.3, 21.3, 22.4, 29.4, 35.0, 40.5, 128.5, 129.6, 132.7,
137.1, 201.1; elemental analysis calcd (%) for C18H24O: C 84.32, H 9.44;
found: C 84.56, H 9.64.


exo-7-Benzoyl-7-butylbicyclo[4.1.0]heptane (7p): Rf � 0.54 (hexane/ethyl
acetate 10:1); IR (neat): �� � 2926, 2856, 1673, 1448, 1270, 1212, 1020,
710 cm�1; 1H NMR (CDCl3): �� 0.73 (t, J� 6.9 Hz, 3 H), 1.08 ± 1.22 (m,
4H), 1.24 ± 1.46 (m, 4 H), 1.50 ± 1.64 (m, 4H), 1.71 ± 1.80 (m, 2H), 1.96 ± 2.12
(m, 2 H), 7.42 (dd, J� 6.6, 7.2 Hz, 2H), 7.50 (t, J� 7.2 Hz, 1 H), 7.78 (d, J�
6.6 Hz, 2H); 13C NMR (CDCl3): �� 13.7, 18.4, 18.6, 22.0, 22.8, 26.5, 29.4,
37.2, 128.3, 128.4, 131.8, 137.6, 204.5; elemental analysis calcd (%) for
C18H24O: C 84.32, H 9.44; found: C 84.59, H 9.66.


endo-9-Butyl-9-iodobicyclo[6.1.0]nonane (6s): Rf � 0.86 (hexane); IR
(neat): �� � 2906, 2852, 1466, 1173, 1111, 943, 741 cm�1; 1H NMR (CDCl3):
�� 0.18 ± 0.29 (m, 2H), 0.90 (t, J� 7.5 Hz, 3H), 1.10 ± 1.71 (m, 16H), 1.79
(dd, J� 2.1, 13.8 Hz, 2 H); 13C NMR (CDCl3): �� 14.1, 21.8, 26.7, 27.3, 29.1,
30.0, 31.5, 34.0, 46.9; elemental analysis calcd (%) for C13H23I: C 50.99, H
7.57; found: C 51.28, H 7.63.


exo-9-Butyl-9-iodobicyclo[6.1.0]nonane (7s):Rf � 0.82 (hexane); IR (neat):
�� � 2920, 2852, 1466, 1178, 1113, 741 cm�1; 1H NMR (CDCl3): �� 0.92 (t,
J� 6.9 Hz, 3 H), 1.00 ± 1.17 (m, 2 H), 1.24 ± 1.64 (m, 16H), 2.06 (dd, J� 1.8,
13.8 Hz, 2 H); 13C NMR (CDCl3): �� 14.0, 19.1, 21.7, 22.3, 26.0, 28.6, 31.8,
32.7, 34.8; elemental analysis calcd (%) for C13H23I: C 50.99, H 7.57; found:
C 51.02, H 7.39.


1-Butyl-2,3-dipentylcyclopropane (2,3-cis, 6u/7u� 71/29): Rf � 0.85 (hex-
ane); IR (neat): �� � 2954, 2920, 2852, 1467, 1378, 725 cm�1; 1H NMR
(CDCl3): �� 0.02 (tt, J� 5.1, 6.3 Hz, 1 H), 0.31 ± 0.43 (m, 2 H), 0.79 ± 0.98
(m, 9 H), 1.00 ± 1.44 (m, 22 H); 13C NMR (CDCl3): �� 14.0, 14.1, 17.7, 17.8,
22.5, 22.6, 22.8, 23.1, 23.4, 25.3, 28.1, 28.4, 29.9, 30.0, 31.8, 31.9, 32.1, 32.5,
32.6, 34.2; elemental analysis calcd (%) for C17H34: C 85.63, H 14.37; found:
C 85.64, H 14.61.


r-1-Butyl-2-c,3-t-dipentylcyclopropane (6v): Rf � 0.94 (hexane); IR (neat):
�� � 2954, 2918, 2850, 1467, 1378, 723 cm�1; 1H NMR (CDCl3): �� 0.03 (tt,
J� 4.8, 6.6 Hz, 1 H), 0.30 ± 0.43 (m, 2H), 0.84 ± 0.94 (m, 9H), 1.02 ± 1.42 (m,
22H); 13C NMR (CDCl3): �� 14.0, 14.1, 22.6, 22.6, 23.3, 23.4, 25.4, 28.1,


28.4, 29.3, 29.9, 31.7, 31.8, 32.5, 34.5; elemental analysis calcd (%) for
C17H34: C 85.63, H 14.37; found: C 85.68, H 14.62.


Synthesis of dibromomethylsilanes 12 : The solution of LDA (lithium
diisopropylamide) was prepared by the slow addition of butyllithium
(39 mL, 1.6� solution in hexane, 62 mmol) to a solution of diisopropyl-
amine (8.8 mL, 63 mmol) in THF (40 mL) at 0 �C. The resulting solution
was added to a solution of dibromomethane (4.2 mL, 60 mmol) and
trialkylchlorosilane (60 mmol) in THF (50 mL) dropwise at �78 �C. After
stirring for 0.5 h at �78 �C, the resulting mixture was poured into 1� HCl
and extracted with hexane. The combined organic layers were dried over
anhydrous Na2SO4 and concentrated in vacuo. Purification by silica-gel
column chromatography provided 12a ± d. Spectral data for 12 a,[9b] 12b,
and 12 d[4i] were identical with those reported in the literature.


(Dibromomethyl)dimethylphenylsilane (12c): Rf � 0.40 (hexane/ethyl ace-
tate 80:1); IR (neat): �� � 2968, 1427, 1252, 1117, 820, 787, 735, 698, 644,
617 cm�1; 1H NMR (CDCl3): �� 0.57 (s, 6H), 5.25 (s, 1 H), 7.35 ± 7.50 (m,
3H), 7.60 ± 7.65 (m, 2H); 13C NMR (CDCl3): ���5.0, 35.2, 128.0, 130.3,
133.9, 134.6; elemental analysis calcd (%) for C9H12Br2Si: C 35.09, H 3.93;
found: C 35.32, H 3.74.


General procedure for the preparation of 1-silylpentylmagnesium species
and its reaction with electrophiles : Butyllithium (1.2 mL, 1.6� solution in
hexane, 2.0 mmol) was added to a solution of butylmagnesium bromide
(1.0 mL, 1.0� solution in THF, 1.0 mmol) in THF (5 mL) at 0 �C, and the
mixture was stirred for 10 min. The resulting solution was cooled to �78 �C,
and a solution of 12 (1.0 mmol) in THF (2 mL) was added dropwise. After
the mixture was stirred for 10 min, CuCN ¥ 2LiCl (0.3 mL, 1.0� solution in
THF, 0.3 mmol) was added, and the mixture was allowed to gradually warm
to �30 �C over a period of 2 h. Allyl bromide (0.26 mL, 3.0 mmol) was
added at �30 �C. After stirring for 1 h at 0 �C, the reaction was quenched
with saturated aqueous NH4Cl. The mixture was extracted with hexane,
and the organic layers were dried over anhydrous Na2SO4 and concen-
trated in vacuo. Purification by silica-gel column chromatography provided
18.


(Bromomethyl)methyldiphenylsilane (15b):Rf � 0.37 (hexane/ethyl acetate
40:1); IR (neat): �� � 2928, 1428, 1385, 1254, 1115, 999, 804, 765, 733,
696 cm�1; 1H NMR (CDCl3): �� 0.75 (s, 3H), 2.93 (s, 2 H), 7.36 ± 7.48 (m,
6H), 7.55 ± 7.60 (m, 4 H); 13C NMR (CDCl3): ���5.2, 14.7, 128.1, 130.0,
134.5, 134.7; elemental analysis calcd (%) for C14H15BrSi: C 57.73, H 5.19;
found: C 57.72, H 5.18.


Methylpentyldiphenylsilane (17b): Rf � 0.49 (hexane/ethyl acetate 80:1);
IR (neat): �� � 2918, 1428, 1251, 784, 729, 697 cm�1; 1H NMR (CDCl3): ��
0.55 (s, 3 H), 0.85 (t, J� 6.9 Hz, 3H), 1.07 (t, J� 8.0 Hz, 2H), 1.20 ± 1.38 (m,
6H), 7.31 ± 7.40 (m, 6 H), 7.49 ± 7.56 (m, 4 H); 13C NMR (CDCl3): ���4.6,
13.9, 14.0, 22.1, 23.4, 35.8, 127.8, 129.1, 134.6, 137.7; elemental analysis calcd
(%) for C18H24Si: C 80.53, H 9.01; found: C 80.44, H 8.85.


4-(tert-Butyldimethylsilyl)-1-octene (18a): Rf � 0.87 (hexane); IR (neat):
�� � 2924, 2854, 1465, 1254, 908, 825, 806, 761 cm�1; 1H NMR (CDCl3): ��
�0.06 (s, 3H), �0.05 (s, 3H), 0.75 ± 0.90 (m, 1H), 0.87 (t, J� 6.9 Hz, 3H),
0.89 (s, 9H), 1.14 ± 1.38 (m, 5H), 1.38 ± 1.52 (m, 1 H), 1.97 ± 2.10 (m, 1H),
2.22 ± 2.34 (m, 1H), 4.94 (d, J� 9.9 Hz, 1 H), 4.98 (d, J� 16.8 Hz, 1H), 5.78
(ddt, J� 9.9, 16.8, 6.9 Hz, 1 H); 13C NMR (CDCl3): ���6.4, �6.3, 14.0,
17.4, 22.3, 22.9, 27.2, 29.1, 31.1, 34.4, 114.8, 139.5; elemental analysis calcd
(%) for C14H30Si: C 74.25, H 13.35; found: C 74.00, H 13.11.


4-(Methyldiphenylsilyl)-1-octene (18b): Rf � 0.55 (hexane); IR (neat): �� �
3064, 2920, 2854, 1638, 1428, 1252, 1110, 998, 908, 785, 732, 698 cm�1;
1H NMR (CDCl3): �� 0.59 (s, 3 H), 0.80 (t, J� 7.2 Hz, 3 H), 1.10 ± 1.62 (m,
7H), 2.01 ± 2.15 (m, 1 H), 2.28 ± 2.40 (m, 1H), 4.90 (d, J� 10.2 Hz, 1 H), 4.92
(d, J� 17.4 Hz, 1H), 5.75 (ddt, J� 10.2, 17.4, 7.2 Hz, 1 H), 7.30 ± 7.40 (m,
6H), 7.48 ± 7.59 (m, 4 H); 13C NMR (CDCl3): ���5.3, 13.8, 22.7, 23.5, 28.9,
31.4, 34.2, 115.0, 127.8, 129.1, 134.6, 137.1, 139.2; elemental analysis calcd
(%) for C21H28Si: C 81.75, H 9.15; found: C 81.74, H 9.20.


4-(Dimethylphenylsilyl)-1-octene (18c): Rf � 0.64 (hexane); IR (neat): �� �
2920, 2854, 1639, 1428, 1112, 995, 908, 814, 766, 731, 698 cm�1; 1H NMR
(CDCl3): �� 0.28 (s, 6 H), 0.82 (t, J� 6.9 Hz, 3 H), 0.90 ± 0.95 (m, 1H),
1.08 ± 1.48 (m, 6H), 1.96 ± 2.09 (m, 1H), 2.17 ± 2.28 (m, 1 H), 4.88 ± 4.98 (m,
2H), 5.73 (ddt, J� 10.2, 17.4, 7.2 Hz, 1 H), 7.31 ± 7.38 (m, 3 H), 7.47 ± 7.54 (m,
2H); 13C NMR (CDCl3): ���3.8, �3.8, 13.9, 22.8, 25.0, 28.7, 31.1, 34.0,
114.9, 127.7, 128.8, 137.0, 139.2, 139.3; elemental analysis calcd (%) for
C16H26Si: C 77.97, H 10.63; found: C 77.68, H 10.37.
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4-(Dicyclohexylmethylsilyl)-1-octene (18d): Rf � 0.82 (hexane); IR (neat):
�� � 2925, 2848, 1638, 1446, 1249, 1098, 997, 907, 889, 846, 770, 738 cm�1;
1H NMR (CDCl3): ���0.13 (s, 3H), 0.72 ± 0.90 (m, 3H), 0.88 (t, J�
6.9 Hz, 3H), 1.06 ± 1.52 (m, 16 H), 1.58 ± 1.84 (m, 10H), 1.95 ± 2.07 (m,
1H), 2.21 ± 2.32 (m, 1H), 4.89 ± 8.02 (m, 2H), 5.79 (ddt, J� 9.9, 16.8, 6.9 Hz,
1H); 13C NMR (CDCl3): ���8.7, 14.0, 22.3, 22.6, 22.9, 23.9, 24.0, 27.1, 28.4,
28.4, 28.4, 28.5, 29.8, 31.5, 32.1, 35.0, 114.3, 140.3; elemental analysis calcd
(%) for C21H40Si: C 78.67, H 12.57; found: C 78.52, H 12.73.


4-(tert-Butyldimethylsilyl)-1,2-octadiene (19a): Rf � 0.80 (hexane); IR
(neat): �� � 2952, 2924, 2854, 1951, 1466, 1362, 1250, 834 cm�1; 1H NMR
(CDCl3): ���0.06 (s, 3 H), �0.06 (s, 3 H), 0.88 (t, J� 7.2 Hz, 3 H), 0.90 (s,
9H), 1.12 ± 1.58 (m, 7 H), 4.63 (d, J� 6.9 Hz, 1H), 4.64 (d, J� 6.6 Hz, 1H),
4.98 (ddd, J� 6.6, 6.9, 9.3 Hz, 1H); 13C NMR (CDCl3): ���7.3, �7.2, 14.0,
17.4, 22.3, 25.9, 27.2, 29.3, 31.6, 74.6, 92.4, 208.7; HRMS (m/z) calcd for
C14H28Si: 224.1960; found: 224.1955.


Procedure for the synthesis of �-silylketones 20a ± l with acyl halide as the
electrophile : Butyllithium (1.2 mL, 1.6� solution in hexane, 2.0 mmol) was
added to a solution of butylmagnesium bromide (1.0 mL, 1.0� solution in
THF, 1.0 mmol) in THF (5 mL) at 0 �C, and the mixture was stirred for
10 min. The resulting solution was cooled to �78 �C, and a solution of 12
(1.0 mmol) in THF (2 mL) was added dropwise. The mixture was stirred for
10 min, CuCN ¥ 2 LiCl (0.3 mL, 1.0� solution in THF, 0.3 mmol) was added,
and the mixture was allowed to warm gradually to 0 �C over a period of 3 h.
DMI (0.22 mL, 2.0 mmol) and the corresponding acyl chloride (2.5 mmol)
were successively added. After stirring for 1 h at 0 �C, the reaction was
quenched with saturated aqueous NH4Cl. The mixture was extracted with
ethyl acetate and the organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. Purification by silica-gel column chromatography
gave 20.


3-(tert-Butyldimethylsilyl)-2-heptanone (20a): Rf � 0.54 (hexane/ethyl ace-
tate 10:1); IR (neat): �� � 2926, 2856, 1692, 1467, 1353, 1252, 1167, 836,
772 cm�1; 1H NMR (CDCl3): ���0.02 (s, 3H), 0.03 (s, 3 H), 0.85 (t, J�
7.1 Hz, 3 H), 0.92 (s, 9H), 1.04 ± 1.34 (m, 4H), 1.34 ± 1.48 (m, 1H), 1.96 ± 2.03
(m, 1 H), 2.07 (s, 3 H), 2.47 (dd, J� 1.8, 11.9 Hz, 1H); 13C NMR (CDCl3):
���7.2, �5.2, 13.8, 17.7, 22.4, 26.7, 28.0, 32.0, 33.1, 46.1, 211.2; elemental
analysis calcd (%) for C13H28SiO: C 68.35, H 12.35; found: C 68.17, H 12.55.


2-(tert-Butyldimethylsilyl)-1-cyclopropyl-1-hexanone (20b): Rf � 0.54 (hex-
ane/ethyl acetate 10:1); IR (neat): �� � 2928, 2856, 1676, 1466, 1378, 1252,
1140, 1071, 836 cm�1; 1H NMR (CDCl3): �� 0.02 (s, 3 H), 0.04 (s, 3H),
0.77 ± 0.84 (m, 2H), 0.86 (t, J� 7.2 Hz, 3H), 0.94 (s, 9 H), 0.94 ± 1.00 (m,
1H), 1.00 ± 1.08 (m, 1H), 1.08 ± 1.20 (m, 1H), 1.20 ± 1.36 (m, 3H), 1.36 ± 1.49
(m, 1 H), 1.82 (tt, J� 4.5, 7.8 Hz, 1H), 1.94 ± 2.09 (m, 1H), 2.62 (dd, J� 2.1,
11.7 Hz, 1H); 13C NMR (CDCl3): ���7.1, �6.0, 10.4, 11.1, 13.8, 17.7, 22.0,
22.4, 26.8, 27.7, 33.1, 46.6, 212.5; elemental analysis calcd (%) for C15H30SiO:
C 70.80, H 11.88; found: C 70.66, H 12.14.


2-(tert-Butyldimethylsilyl)-1-phenyl-1-hexanone (20c): Rf � 0.54 (hexane/
ethyl acetate 10:1); IR (neat): �� � 2928, 2854, 1654, 1597, 1580, 1466, 1447,
1252, 1227, 1003, 833, 731, 688 cm�1; 1H NMR (CDCl3): ���0.26 (s, 3H),
0.03 (s, 3H), 0.84 (t, J� 6.9 Hz, 3 H), 0.91 (s, 9H), 1.12 ± 1.40 (m, 4 H), 1.50 ±
1.65 (m, 1 H), 2.16 ± 2.32 (m, 1H), 3.42 (dd, J� 2.1, 11.7 Hz, 1H), 7.44 (dd,
J� 6.6, 7.2 Hz, 2H), 7.52 (t, J� 7.2 Hz, 1H), 7.90 (d, J� 6.6 Hz, 2H);
13C NMR (CDCl3): ���7.4, �5.8, 13.8, 18.1, 25.6, 26.9, 28.7, 33.3, 39.2,
128.1, 128.5, 132.4, 140.0, 203.9; elemental analysis calcd (%) for
C18H30SiO: C 74.42, H 10.41; found: C 74.68, H 10.52.


(E)-5-(tert-Butyldimethylsilyl)-2-nonen-4-one (20d):Rf � 0.48 (hexane/eth-
yl acetate 10:1); IR (neat): �� � 2928, 2854, 1679, 1657, 1628, 1466, 1256,
1143, 1065, 969, 822, 770 cm�1; 1H NMR (CDCl3): ���0.08 (s, 3H), 0.03 (s,
3H), 0.84 (t, J� 7.2 Hz, 3 H), 0.92 (s, 9H), 1.03 ± 1.35 (m, 4 H), 1.38 ± 1.51 (m,
1H), 1.87 (dd, J� 1.8, 6.9 Hz, 3H), 1.96 ± 2.11 (m, 1H), 2.61 (dd, J� 2.1,
11.7 Hz, 1 H), 6.12 (dq, J� 15.6, 1.8 Hz, 1 H), 6.77 (dq, J� 15.6, 6.9 Hz, 1H);
13C NMR (CDCl3): ���7.2, �6.0, 13.8, 17.9, 17.9, 22.5, 26.8, 27.8, 33.0, 43.1,
133.5, 140.4, 202.5; elemental analysis calcd (%) for C15H30SiO: C 70.80, H
11.88; found: C 71.00, H 11.61.


(E)-4-(tert-Butyldimethylsilyl)-1-phenyl-1-octen-3-one (20e): Rf � 0.44
(hexane/ethyl acetate 10:1); IR (neat): �� � 2926, 2854, 1673, 1642, 1609,
1466, 1450, 1252, 1138, 1070, 835, 688 cm�1; 1H NMR (CDCl3): ���0.22 (s,
3H), 0.08 (s, 3H), 0.85 (t, J� 6.9 Hz, 3H), 0.95 (s, 9H), 1.10 ± 1.39 (m, 4H),
1.49 ± 1.58 (m, 1H), 2.05 ± 2.20 (m, 1 H), 2.75 (dd, J� 2.4, 12.0 Hz, 1H), 6.73
(d, J� 15.9 Hz, 1H), 7.36 ± 7.42 (m, 3H), 7.52 (d, J� 15.9 Hz, 1H), 7.52 ± 7.58
(m, 2 H); 13C NMR (CDCl3): ���7.0, �5.9, 13.8, 18.0, 22.5, 26.9, 27.9, 33.1,


44.6, 127.8, 128.3, 129.0, 130.2, 135.0, 140.7, 202.2; elemental analysis calcd
(%) for C20H32SiO: C 75.88, H 10.19; found: C 76.17, H 9.90.


3-(Methyldiphenylsilyl)-2-heptanone (20 f): Rf � 0.43 (hexane/ethyl acetate
10:1); IR (neat): �� � 2924, 1687, 1428, 1353, 1255, 1167, 1111, 790, 735,
699 cm�1; 1H NMR (CDCl3): �� 0.64 (s, 3H), 0.81 (t, J� 6.9 Hz, 3H),
1.05 ± 1.34 (m, 4H), 1.34 ± 1.48 (m, 1H), 1.71 (s, 3H), 1.96 ± 2.11 (m, 1H),
2.98 (dd, J� 2.1, 11.4 Hz, 1 H), 7.31 ± 7.45 (m, 6H), 7.47 ± 7.53 (m, 2H), 7.55 ±
7.60 (m, 2H); 13C NMR (CDCl3): ���6.4, 13.7, 22.3, 27.3, 32.5, 32.9, 47.7,
128.1, 128.2, 129.8, 129.9, 134.4, 134.8 (2 C), 134.9, 210.6; elemental analysis
calcd (%) for C20H26SiO: C 77.36, H 8.44; found: C 77.59, H 8.51.


5-(Methyldiphenylsilyl)-4-nonanone (20g): Rf � 0.53 (hexane/ethyl acetate
10:1); IR (neat): �� � 2954, 1691, 1429, 1254, 1112, 789 cm�1; 1H NMR
(CDCl3): �� 0.64 (s, 3 H), 0.64 (t, J� 7.4 Hz, 3H), 0.81 (t, J� 6.9 Hz, 3H),
1.05 ± 1.32 (m, 5 H), 1.32 ± 1.52 (m, 2 H), 1.80 (ddd, J� 6.0, 8.7, 16.8 Hz, 1H),
1.98 (ddd, J� 6.0, 8.7, 16.8 Hz, 1 H), 2.00 ± 2.14 (m, 1H), 2.94 (dd, J� 2.1,
11.7 Hz, 1H), 7.30 ± 7.45 (m, 6H), 7.46 ± 7.53 (m, 2 H), 7.55 ± 7.61 (m, 2H);
13C NMR (CDCl3): ���6.5, 13.5, 13.7, 16.8, 22.4, 27.4, 32.9, 46.5, 47.4,
128.0, 128.1, 129.8, 129.8, 134.7, 134.7, 134.8, 135.1, 212.6; elemental analysis
calcd (%) for C22H30SiO: C 78.05, H 8.93; found: C 78.07, H 9.12.


2-Methyl-4-(methyldiphenylsilyl)-3-octanone (20h): Rf � 0.49 (hexane/eth-
yl acetate 10:1); IR (neat): �� � 2956, 2924, 1689, 1466, 1428, 1112, 1057, 788,
736, 697 cm�1; 1H NMR (CDCl3): �� 0.58 (d, J� 6.9 Hz, 3H), 0.64 (s, 3H),
0.80 (t, J� 7.2 Hz, 3H), 0.96 (d, J� 6.9 Hz, 3H), 1.00 ± 1.42 (m, 5H), 1.97
(sept, J� 6.9 Hz, 1 H), 2.00 ± 2.15 (m, 1H), 3.14 (dd, J� 2.4, 11.7 Hz, 1H),
7.29 ± 7.44 (m, 6H), 7.46 ± 7.52 (m, 2H), 7.54 ± 7.61 (m, 2 H); 13C NMR
(CDCl3): ���6.5, 13.8, 16.1, 19.0, 22.5, 27.6, 33.1, 42.1, 45.3, 128.0, 128.1,
129.8 (2C), 134.7, 134.8, 134.8, 135.2, 215.9; elemental analysis calcd (%) for
C22H30SiO: C 78.05, H 8.93; found: C 77.86, H 9.19.


1-Cyclopropyl-2-(methyldiphenylsilyl)-1-hexanone (20i): Rf � 0.50 (hex-
ane/ethyl acetate 10:1); IR (neat): �� � 2926, 2854, 1675, 1429, 1378, 1254,
1112, 792, 736, 721, 697 cm�1; 1H NMR (CDCl3): �� 0.30 (dddd, J� 2.7, 6.6,
7.5, 9.0 Hz, 1 H), 0.57 ± 0.68 (m, 1H), 0.64 (s, 3 H), 0.71 ± 0.93 (m, 2H), 0.81
(t, J� 7.2 Hz, 3 H), 1.08 ± 1.35 (m, 4H), 1.36 ± 1.49 (m, 2 H), 1.99 ± 2.14 (m,
1H), 3.13 (dd, J� 2.4, 11.4 Hz, 1H), 7.30 ± 7.45 (m, 6H), 7.50 ± 7.56 (m, 2H),
7.56 ± 7.61 (m, 2H); 13C NMR (CDCl3): �� 5.9, 10.5, 11.1, 13.8, 22.3, 22.5,
27.0, 32.9, 48.3, 127.9, 128.0, 129.6, 129.7, 134.8, 134.9, 134.9, 135.2, 211.6;
elemental analysis calcd (%) for C22H28SiO: C 78.52, H 8.39; found: C
78.23, H 8.49.


2-(Methyldiphenylsilyl)-1-phenyl-1-hexanone (20j): Rf � 0.53 (hexane/eth-
yl acetate 10:1); IR (neat): �� � 2922, 2854, 1659, 1447, 1429, 1344, 1255,
1228, 1112, 1002, 790, 732, 697 cm�1; 1H NMR (CDCl3): �� 0.57 (s, 3H),
0.80 (t, J� 7.2 Hz, 3H), 1.16 ± 1.42 (m, 4H), 1.55 ± 1.68 (m, 1H), 2.20 ± 2.36
(m, 1H), 3.86 (dd, J� 2.4, 11.4 Hz, 1H), 7.13 ± 7.20 (m, 2 H), 7.20 ± 7.28 (m,
3H), 7.33 ± 7.42 (m, 6H), 7.54 ± 7.60 (m, 2H), 7.64 ± 7.70 (m, 2 H); 13C NMR
(CDCl3): ���5.7, 13.8, 22.4, 28.2, 33.0, 41.0, 127.7, 128.0, 128.0, 128.1, 129.5,
129.7, 132.0, 134.4, 134.7, 134.8, 134.9, 139.7, 203.3; elemental analysis calcd
(%) for C25H28SiO: C 80.59, H 7.57; found: C 80.40, H 7.47.


5-(Methyldiphenylsilyl)-4-undecanone (20k): Rf � 0.52 (hexane/ethyl ace-
tate 10:1); IR (neat): �� � 2928, 2856, 1690, 1464, 1429, 1254, 1111, 791, 737,
700 cm�1; 1H NMR (CDCl3): �� 0.64 (s, 3H), 0.64 (t, J� 7.5 Hz, 3H), 0.83
(t, J� 6.9 Hz, 3H), 1.08 ± 1.32 (m, 9H), 1.32 ± 1.49 (m, 2 H), 1.80 (ddd, J�
6.0, 8.7, 16.8 Hz, 1 H), 1.97 (ddd, J� 6.0, 8.7, 16.8 Hz, 1H), 2.03 ± 2.15 (m,
1H), 2.94 (dd, J� 2.4, 11.4 Hz, 1 H), 7.30 ± 7.44 (m, 6 H), 7.46 ± 7.51 (m, 2 H) ,
7.55 ± 7.59 (m, 2 H); 13C NMR (CDCl3): ���6.4, 13.5, 13.9, 16.8, 22.5, 27.7,
29.0, 30.7, 31.5, 46.5, 47.4, 128.0, 128.1, 129.8, 129.8, 129.8, 134.7, 134.7, 134.8,
135.1; HRMS (m/z) calcd for C24H34OSi 366.2379; found: 366.2362.


2-(Methyldiphenylsilyl)-1-phenyl-1-octanone (20 l): Rf � 0.49 (hexane/ethyl
acetate 10:1); IR (neat): �� � 2926, 2855, 1661, 1429, 1342, 1256, 1217, 1113,
791, 733, 698 cm�1; 1H NMR (CDCl3): �� 0.55 (s, 3 H), 0.80 (t, J� 6.9 Hz,
3H), 1.08 ± 1.40 (m, 8H), 1.52 ± 1.64 (m, 1 H), 2.18 ± 2.32 (m, 1H), 3.84 (dd,
J� 2.4, 11.4 Hz, 1 H), 7.12 ± 7.25 (m, 5 H), 7.32 ± 7.42 (m, 6 H), 7.53 ± 7.60 (m,
2H) , 7.62 ± 7.69 (m, 2H); 13C NMR (CDCl3): ���5.7, 13.9, 22.4, 28.5, 29.0,
30.8, 31.5, 41.1, 127.7, 128.0, 128.0, 128.1, 129.5, 129.7, 132.0, 134.5, 134.8,
134.9, 139.8, 203.3; elemental analysis calcd (%) for C27H32OSi: C 80.95, H
8.05; found: C 80.70, H 8.16.


Procedure for the conjugate addition of �-silylpentylmagnesium to enones :
Butyllithium (1.2 mL, 1.6� solution in hexane, 2.0 mmol) was added to a
solution of butylmagnesium bromide (1.0 mL, 1.0� solution in THF,
1.0 mmol) in THF (5 mL) at 0 �C, and the mixture was stirred for 10 min.
The resulting solution was cooled to �78 �C, and a solution of 12
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(1.0 mmol) in THF (2 mL) was added dropwise. The mixture was stirred for
10 min, CuCN ¥ 2 LiCl (0.3 mL, 1.0� solution in THF, 0.3 mmol) was added,
and the mixture was allowed to warm gradually to 0 �C over a period of 3 h.
Then the mixture was cooled to �78 �C and a mixture of the corresponding
enone (4.0 mmol) and chlorotrimethylsilane (0.51 mL, 4.0 mmol) in THF
(2 mL) was added. The reaction mixture was gradually warmed to 0 �C and
then poured into saturated aqueous NH4Cl and extracted with ethyl
acetate. The organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. Purification by silica-gel column chromatography
provided 21, 22, or 23.


5-(tert-Butyldimethylsilyl)-2-nonanone (21a): Rf � 0.51 (hexane/ethyl ace-
tate 10:1); IR (neat): �� � 2926, 2854, 1720, 1467, 1362, 1252, 1155, 828, 805,
763 cm�1; 1H NMR (CDCl3): ���0.06 (s, 6H), 0.65 ± 0.75 (m, 1 H), 0.88 (t,
J� 7.1 Hz, 3 H), 0.89 (s, 9H), 1.15 ± 1.38 (m, 5H), 1.40 ± 1.60 (m, 2 H), 1.72 ±
1.86 (m, 1H), 2.13 (s, 3 H), 2.40 (ddd, J� 6.0, 10.5, 16.5 Hz, 1 H), 2.44 (ddd,
J� 6.0, 10.5, 16.5 Hz, 1 H); 13C NMR (CDCl3): ���6.5, �6.4, 13.9, 17.3,
22.0, 23.0, 24.1, 27.2, 29.3, 29.8, 31.2, 43.3, 209.6; elemental analysis calcd
(%) for C15H32SiO: C 70.24, H 12.57; found: C 70.30, H 12.42.


5-(Methyldiphenylsilyl)-2-nonanone (21b): Rf � 0.60 (hexane/ethyl acetate
5:1); IR (neat): �� � 2920, 2854, 1714, 1428, 1358, 1253, 1109, 785, 735, 719,
699 cm�1; 1H NMR (CDCl3): �� 0.58 (s, 3H), 0.79 (t, J� 7.2 Hz, 3H), 1.08 ±
1.40 (m, 6H), 1.46 ± 1.90 (m, 3H), 1.95 (s, 3 H), 2.24 (ddd, J� 6.0, 9.6,
16.5 Hz, 1 H), 2.35 (ddd, J� 6.0, 9.6, 16.5 Hz, 1 H), 7.30 ± 7.39 (m, 6 H), 7.50 ±
7.56 (m, 4 H); 13C NMR (CDCl3): ���5.7, 13.8, 22.7, 23.1, 23.9, 29.4, 29.6,
31.4, 43.3, 127.9, 127.9, 129.2, 129.2, 134.8, 136.9, 136.9, 209.4; elemental
analysis calcd (%) for C22H30SiO: C 78.05, H 8.93; found: C 77.90, H 8.80.


3-[1-(tert-Butyldimethylsilyl)pentyl]-1-cyclohexanone (22, 86:14 mixture of
diastereomers): Rf � 0.49 (hexane/ethyl acetate 10:1); IR (neat): �� � 2928,
2850, 1711, 1462, 1254, 823, 805, 764 cm�1; 1H NMR (CDCl3): ���0.03 (s,
2.58 H), �0.03 (s, 0.42 H), 0.01 (s, 0.42 H), 0.02 (s, 2.58 H), 0.65 ± 0.72 (m,
0.14 H), 0.77 ± 0.84 (m, 0.86 H), 0.84 ± 0.93 (m, 1.68H), 0.88 (s, 7.74 H), 0.89
(t, J� 6.9 Hz, 2.58 H), 1.18 ± 1.45 (m, 6 H), 1.48 ± 1.78 (m, 3H), 1.94 ± 2.10
(m, 2 H), 2.14 ± 2.42 (m, 4 H); 13C NMR (CDCl3) (major isomer): ���5.8,
�5.1, 14.0, 17.3, 23.1, 25.8, 26.7, 27.1, 28.6, 31.7, 34.1, 40.9, 41.2, 46.6, 212.7;
elemental analysis calcd (%) for C17H34SiO: C 72.27, H 12.13; found: C
72.16, H 12.16.


3-[1-(tert-Butyldimethylsilyl)pentyl]-1-cyclopentanone (23, 67:33 mixture of
diastereomers): Rf � 0.53 (hexane/ethyl acetate 5:1); IR (neat): �� � 2924,
2854, 1744, 1466, 1252, 1155, 825, 763 cm�1; 1H NMR (CDCl3): ���0.03 (s,
4.02 H), �0.01 (s, 0.99 H), 0.00 (s, 0.99 H), 0.78 ± 0.96 (m, 4 H), 0.91 (s, 9H),
1.16 ± 1.52 (m, 6H), 1.60 ± 2.48 (m, 7H); 13C NMR (CDCl3): ���5.8, �5.5,
�5.4, �5.0, 13.9, 17.4, 17.5, 23.1, 23.2, 26.4, 26.7, 27.0, 27.2, 27.2, 28.0, 29.6,
33.9, 34.1, 38.9, 38.9, 39.1, 39.1, 43.0, 45.3, 220.1; elemental analysis calcd
(%) for C16H32SiO: C 71.57, H 12.01; found: C 71.31, H 12.28.


Procedure for the introduction of a sec-butyl group : sec-Butyllithium
(2.0 mL, 1.0� solution in hexane-cyclohexane, 2.0 mmol) was added to a
solution of sec-butylmagnesium bromide (1.0 mL, 1.0� solution in THF,
1.0 mmol) in THF (5 mL) at 0 �C, and the mixture was stirred for 10 min.
The resulting solution was cooled to �78 �C and a solution of (dibromo-
methyl)methyldiphenylsilane (12b, 370 mg, 1.0 mmol) in THF (2 mL) was
added dropwise. The mixture was allowed to warm to ambient temperature
gradually. CuCN ¥ 2 LiCl (0.2 mL, 1.0� solution in THF, 0.2 mmol) and the
corresponding electrophile (3.0 mmol) were successively added at 0 �C.
After stirring for 1 h at 0 �C, the reaction was quenched with saturated
aqueous NH4Cl. The mixture was extracted with hexane and the organic
layers were dried over anhydrous Na2SO4 and concentrated in vacuo.
Purification by silica-gel column chromatography provided 24.


5-Methyl-4-(methyldiphenylsilyl)-1-heptene (24a): Rf � 0.46 (hexane/ethyl
acetate 80:1); IR (neat): �� � 3071, 2959, 1638, 1460, 1427, 1252, 1109, 997,
908, 787, 737, 700 cm�1; 1H NMR (CDCl3): �� 0.64 (s, 1.5H), 0.65 (s, 1.5H),
0.76 (t, J� 7.5 Hz, 1.5H), 0.79 (d, J� 6.6 Hz, 1.5H), 0.82 (t, J� 7.2 Hz,
1.5 H), 0.90 (d, J� 7.2 Hz, 1.5 H), 1.15 ± 1.33 (m, 2H), 1.51 ± 1.62 (m, 1H),
1.62 ± 1.76 (m, 1H), 2.19 ± 2.36 (m, 2 H), 4.83 ± 4.94 (m, 2 H), 5.71 ± 5.79 (m,
1H), 7.34 ± 7.38 (m, 6 H), 7.50 ± 7.59 (m, 4 H); 13C NMR (CDCl3): ���4.3,
�3.7, 12.3, 12.5, 17.7, 19.2, 28.3, 29.1, 29.8, 30.5, 30.7, 32.3, 35.1, 35.4, 114.4,
114.7, 127.8, 127.8, 127.9, 129.0, 129.3, 134.3, 134.8, 134.9, 134.9, 137.6, 137.8,
138.2, 140.2, 140.7; HRMS (m/z) calcd for C21H28Si: 308.1960; found:
308.1945.


6-Methyl-5-(methyldiphenylsilyl)-4-octanone (24b, � 1:1 mixture of two
diastereomers): Rf � 0.49 (hexane/ethyl acetate 10:1); IR (neat): �� � 2961,


2874, 1690, 1464, 1429, 1254, 1111, 1038, 793, 737, 700 cm�1; 1H NMR
(CDCl3): �� 0.57 (t, J� 7.5 Hz, 1.5H), 0.60 (t, J� 7.5 Hz, 1.5H), 0.70 (t, J�
7.5 Hz, 1.5 H), 0.72 (s, 1.5 H), 0.73 (d, J� 6.3 Hz, 1.5 H), 0.75 (s, 1.5H), 0.79
(t, J� 7.5 Hz, 1.5H), 0.88 (d, J� 6.3 Hz, 1.5 H), 0.85 ± 1.15 (m, 2 H), 1.22 ±
1.44 (m, 2H), 1.69 (ddd, J� 5.7, 9.0, 17.4 Hz, 0.5 H), 1.75 (ddd, J� 5.7, 9.0,
17.4 Hz, 0.5H), 1.90 ± 2.03 (m, 1 H), 2.04 ± 2.16 (m, 0.5H), 2.18 ± 2.31 (m,
0.5H), 2.85 (d, J� 10.8 Hz, 0.5H), 2.87 (d, J� 9.9 Hz, 0.5H), 7.26 ± 7.35 (m,
3H), 7.35 ± 7.41 (m, 3H), 7.47 ± 7.53 (m, 2H), 7.55 ± 7.61 (m, 2 H); 13C NMR
(CDCl3): ���5.4, �5.2, 10.8, 11.4, 13.4, 13.4, 16.1, 16.2, 18.8, 19.1, 29.2,
29.8, 30.0, 35.4, 48.7, 48.9, 52.4, 52.6, 127.9, 128.0, 129.5, 129.5, 129.5, 134.6,
134.7, 135.1, 135.1, 135.5, 135.6, 135.8, 136.0, 213.4, 213.6; elemental analysis
calcd (%) for C22H30OSi: C 78.05, H 8.93; found: C 78.30, H 8.94.


2,5-Dimethyl-4-(methyldiphenylsilyl)-3-heptanone (24c, � 1:1 mixture of
two diastereomers): Rf � 0.56 (hexane/ethyl acetate 10:1); IR (neat): �� �
2966, 1688, 1454, 1429, 1381, 1254, 1109, 1042, 791, 700 cm�1; 1H NMR
(CDCl3): �� 0.36 (d, J� 6.6 Hz, 1.5 H), 0.38 (d, J� 6.6 Hz, 1.5H), 0.46 ±
0.75 (m, 0.5 H), 0.70 (t, J� 7.5 Hz, 1.5H), 0.73 (s, 1.5 H), 0.76 (s, 1.5H), 0.76
(d, J� 6.6 Hz, 1.5H), 0.81 (t, J� 7.5 Hz, 1.5H), 0.87 (d, J� 6.6 Hz, 1.5H),
0.96 (d, J� 7.5 Hz, 1.5H), 0.98 (d, J� 7.5 Hz, 1.5 H), 1.00 ± 1.26 (m, 0.5H),
1.33 ± 1.53 (m, 1 H), 1.84 ± 2.06 (m, 1 H), 2.06 ± 2.29 (m, 1H), 3.05 (d, J�
10.5 Hz, 0.5 H), 3.08 (d, J� 10.2 Hz, 0.5H), 7.26 ± 7.42 (m, 6 H), 7.47 ± 7.53
(m, 2H), 7.57 ± 7.62 (m, 2 H); 13C NMR (CDCl3): ���5.2, �5.0, 11.4, 11.5,
15.9, 18.6, 18.7, 18.7, 19.4, 29.1, 30.1, 35.1, 35.2, 43.0, 43.1, 51.1, 51.9, 127.9,
128.0, 129.5, 129.5, 129.5, 134.7, 134.7, 135.3, 135.3, 135.5, 136.0, 136.2, 216.2,
216.5; elemental analysis calcd (%) for C22H30OSi: C 78.05, H 8.93; found:
C 78.16, H 9.16.


1-Cyclopropyl-3-methyl-2-(methyldiphenylsilyl)-1-pentanone (24d, � 1:1
mixture of two diastereomers): Rf � 0.44 (hexane/ethyl acetate 10:1); IR
(neat): �� � 2963, 2930, 1674, 1429, 1377, 1254, 1111, 1063, 797, 737, 700 cm�1;
1H NMR (CDCl3): �� 0.16 ± 0.26(m, 0.5H), 0.24 ± 0.35 (m, 0.5 H), 0.50 ±
0.67 (m, 2H), 0.67 ± 0.83 (m, 1 H), 0.71 (s, 1.5 H), 0.72 (t, J� 7.5 Hz, 1.5H),
0.73 (s, 1.5 H), 0.78 (d, J� 6.9 Hz, 1.5H), 0.81 (t, J� 7.5 Hz, 1.5 H), 0.92 (d,
J� 6.6 Hz, 1.5H), 0.91 ± 1.07 (m, 0.5 H), 1.07 ± 1.24 (m, 0.5 H), 1.35 ± 1.58 (m,
2H), 1.95 ± 2.15 (m, 0.5H), 2.15 ± 2.32 (m, 0.5H), 3.09 (d, J� 10.8 Hz, 0.5H),
3.11 (d, J� 9.6 Hz, 0.5 H), 7.26 ± 7.40 (m, 6H), 7.52 ± 7.58 (m, 2 H), 7.58 ± 7.64
(m, 2 H); 13C NMR (CDCl3): ���4.7, �4.4, 10.1, 10.3, 10.6, 11.2, 11.3, 11.4,
18.9, 19.3, 23.4, 23.4, 29.3, 29.9, 34.8, 35.2, 54.3, 54.7, 127.8, 128.0, 129.4,
129.4, 129.5, 134.8, 134.8, 135.1, 135.2, 135.6, 135.8, 136.0, 212.8, 213.0;
elemental analysis calcd (%) for C22H28OSi: C 78.52, H 8.39; found: C
78.34, H 8.51.


3-Methyl-2-(methyldiphenylsilyl)-1-phenyl-1-pentanone (24e, � 1:1 mix-
ture of two diastereomers): Rf � 0.42 (hexane/ethyl acetate 10:1); IR (neat):
�� � 2963, 2930, 1659, 1429, 1263, 1204, 1111, 789, 735, 718, 698 cm�1;
1H NMR (CDCl3): �� 0.67 (s, 1.5H), 0.71 (s, 1.5H), 0.71 (t, J� 7.4 Hz,
1.5 H), 0.78 (t, J� 7.7 Hz, 1.5H), 0.86 (d, J� 6.9 Hz, 1.5 H), 0.94 (d, J�
6.6 Hz, 1.5H), 0.98 ± 1.12 (m, 0.5H), 1.12 ± 1.28 (m, 0.5H), 1.41 ± 1.58 (m,
1H), 2.22 ± 2.36 (m, 0.5 H), 2.36 ± 2.51 (m, 0.5 H), 3.81 (d, J� 10.5 Hz,
0.5H), 3.83 (d, J� 9.9 Hz, 0.5 H), 7.12 ± 7.23 (m, 5H), 7.24 ± 7.40 (m, 6H),
7.40 ± 7.48 (m, 2 H) , 7.52 ± 7.60 (m, 2H); 13C NMR (CDCl3): ���4.6, �4.4,
11.0, 11.5, 19.0, 19.5, 29.4, 30.2, 35.8, 36.1, 46.9, 47.1, 127.6, 127.6, 127.9, 128.0,
128.1, 128.1, 129.2, 129.4, 129.4, 131.9, 131.9, 134.7, 134.8, 135.1, 135.1, 135.2,
135.6, 135.8, 140.0, 140.3; HRMS (m/z) calcd for C25H28OSi 372.1909;
found: 372.1912.


Preparation of dibromodisilylmethanes


Method A : Butyllithium (2.6 mL, 1.6� solution in hexane, 4.2 mmol) was
added dropwise to a solution of diisopropylamine (0.63 mL, 4.5 mmol) in
THF (4 mL) at 0 �C, and the mixture was stirred for 0.5 h. The resulting
solution of LDA was cooled to �78 �C, and a solution of a dibromo-
methylsilane (4.0 mmol) in THF (8 mL) was added dropwise at �78 �C.
The mixture was stirred for 0.5 h, and the corresponding trialkylchlorosi-
lane or iodomethane (5.0 mmol) was added. After stirring for 0.5 h at
�78 �C, the mixture was poured into 1� HCl and extracted with hexane.
The combined organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. Purification by silica-gel column chromatography
provided the corresponding dibromodisilylmethane.


Method B : The solution of LDA (lithium diisopropylamide) was prepared
by the slow addition of butyllithium (39 mL, 1.6� solution in hexane,
62 mmol) to a solution of diisopropylamine (8.8 mL, 63 mmol) in THF
(40 mL) at 0 �C. The resulting solution was added to a solution of
dibromomethane (4.2 mL, 30 mmol) and trialkylchlorosilane (65 mmol) in
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THF dropwise at �78 �C. After stirring for 2 h at room temperature, the
resulting mixture was poured into 1� HCl and extracted with hexane. The
combined organic layers were dried over anhydrous Na2SO4 and concen-
trated in vacuo. Purification by silica-gel column chromatography or
recrystallization provided the corresponding dibromodisilylmethane.


Method C : Butyllithium (25 mL, 1.6� solution in hexane, 40 mmol) was
slowly added to a solution of (chloro)methyldiphenylsilane (8.4 mL,
40 mmol) and carbon tetrabromide (6.63 g, 20 mmol) in THF (50 mL) at
�78 �C under an argon atmosphere. The cooling bath was removed and the
mixture was stirred for 2 h at room temperature. Then, 1� HCl was added
to the reaction mixture and the whole mixture was extracted with
chloroform. The organic layers were dried over anhydrous Na2SO4 and
concentrated in vacuo. Recrystallization from hexane/ethyl acetate afford-
ed 12 k.


Spectral data for 12 f[18c] (prepared by method A from 12b and chloro-
trimethylsilane), and 12 i[18a] (prepared by method B), were identical with
those reported in the literature.


1,1-Dibromo-1-(methyldiphenylsilyl)ethane (12e, prepared by method A
from 12b and iodomethane): Rf � 0.31 (hexane/ethyl acetate 40:1); IR
(neat): �� � 1427, 1256, 1113, 1049, 999, 793, 733, 698 cm�1; 1H NMR
(CDCl3): �� 0.90 (s, 3H), 2.59 (s, 3 H), 7.36 ± 7.51 (m, 6H), 7.78 ± 7.84 (m,
4H); 13C NMR (CDCl3): ���4.6, 37.0, 58.4, 127.9, 130.3, 132.6, 136.0;
elemental analysis calcd (%) for C15H16Br2Si: C 46.90, H 4.20; found: C
47.09, H 4.21.


Dibromobis(triethylsilyl)methane (12g, prepared by method A from (di-
bromomethyl)triethylsilane and chlorotriethylsilane): Rf � 0.74 (hexane);
IR (neat): �� � 2955, 2878, 1462, 1414, 1379, 1242, 1009, 818, 743, 679 cm�1;
1H NMR (CDCl3): �� 0.90 (q, J� 7.8 Hz, 12 H), 1.10 (t, J� 7.8 Hz, 18H);
13C NMR (CDCl3): �� 4.8, 8.3, 58.2; elemental analysis calcd (%) for
C13H30Br2Si2: C 38.81, H 7.52; found: C 38.63, H 7.62.


Dibromo(tert-butyldimethylsilyl)(trimethylsilyl)methane (12h, prepared by
method A from 12a and chlorotrimethylsilane): Rf � 0.77 (hexane); IR
(neat): �� � 2932, 2860, 1464, 1252, 847, 772, 691 cm�1; 1H NMR (CDCl3):
�� 0.26 (s, 6H), 0.33 (s, 9H), 1.11 (s, 9H); 13C NMR (CDCl3): ���3.55,
�0.58, 20.64, 57.30; elemental analysis calcd (%) for C10H24Br2Si2: C 33.34,
H 6.71; found: C 33.30, H 6.83.


Dibromobis(dimethylphenylsilyl)methane (12j, prepared by method B):
Rf � 0.61 (hexane/ethyl acetate 30:1); m.p. 63 �C; IR (Nujol): �� � 1427, 1252,
1117, 839, 785, 735, 700, 640 cm�1; 1H NMR (CDCl3): �� 0.33 (s, 12H),
7.32 ± 7.46 (m, 6H), 7.67 (dd, J� 1.5, 7.8 Hz, 4H); 13C NMR (CDCl3): ��
�3.1, 56.0, 127.6, 130.1, 135.2, 135.6; elemental analysis calcd (%) for
C17H22Br2Si2: C 46.16, H 5.01; found: C 46.08, H 4.94.


Dibromobis(methyldiphenylsilyl)methane (12k, prepared by method C):
m.p. 174 �C; IR (Nujol): �� � 1429, 1252, 1103, 814, 789, 719, 700 cm�1;
1H NMR (CDCl3): �� 0.27 (s, 6 H), 7.35 (dd, J� 7.2, 8.1 Hz, 8 H), 7.44 (t, J�
7.2 Hz, 4H), 7.79 (d, J� 8.1 Hz, 8 H); 13C NMR (CDCl3): ���2.7, 50.2,
127.6, 130.1, 134.1, 136.5; elemental analysis calcd (%) for C27H26Br2Si2: C
57.25, H 4.63; found: C 56.98, H 4.53.


Dibromo(methyldiphenylsilyl)(triethylgermyl)methane (12l, prepared by
method A from 12a and chlorotriethylgermane): Rf � 0.47 (hexane/ethyl
acetate 40:1); IR (neat): �� � 2950, 2870, 1460, 1427, 1252, 1111, 1014, 813,
696 cm�1; 1H NMR (CDCl3): �� 0.82 ± 0.92 (m, 6H), 0.87 (s, 3H), 0.96 ±
1.04 (m, 9 H), 7.37 ± 7.47 (m, 6 H), 7.86 ± 7.92 (m, 4H); 13C NMR (CDCl3):
���2.1, 6.4, 9.2, 53.3, 127.7, 130.0, 134.3, 136.3; elemental analysis calcd
(%) for C20H28Br2GeSi: C 45.42, H 5.34; found: C 45.14, H 5.22.


Procedure for the monomethylation of dibromodisilylmethanes 12 with
Me3MgLi : A solution of lithium trimethylmagnesate, [prepared by mixing
methylmagnesium bromide (10.8 mL, 0.93� solution in THF, 10 mmol) and
methyllithium (17.5 mL, 1.14� solution in Et2O, 20 mmol) in THF (15 mL)]
was added to a solution of 12 (10 mmol) in THF (50 mL) at �78 �C under
an argon atmosphere. After stirring for 0.5 h at �78 �C, the mixture was
carefully poured into 1� HCl and extracted with AcOEt. The combined
organic layers were dried over anhydrous Na2SO4 and concentrated in
vacuo. Purification by silica-gel column chromatography or recrystalliza-
tion provided 25.


(1-Bromoethyl)methyldiphenylsilane (25a):Rf � 0.36 (hexane/ethyl acetate
40:1); IR (neat): �� � 2956, 1428, 1254, 1114, 1006, 790, 731, 697 cm�1;
1H NMR (CDCl3): �� 0.73 (d, J� 0.6 Hz, 3H), 1.74 (dd, J� 0.6, 7.5 Hz,
3H), 3.86 (q, J� 7.5 Hz, 1 H), 7.34 ± 7.47 (m, 6H), 7.55 ± 7.60 (m, 2H), 7.60 ±


7.66 (m, 2H); 13C NMR (CDCl3): ���6.3, 20.9, 33.9, 128.0, 128.0, 129.9
(2C), 134.2, 134.3, 135.1, 135.1; elemental analysis calcd (%) for C15H17BrSi:
C 59.01, H 5.61; found: C 59.07, H 5.60.


2-Bromo-2-(methyldiphenylsilyl)propane (25e): Rf � 0.36 (hexane/ethyl
acetate 40:1); IR (neat): �� � 3071, 2951, 1427, 1254, 1111, 1088, 893, 791,
727, 700 cm�1; 1H NMR (CDCl3): �� 0.78 (s, 3H), 1.86 (s, 6 H), 7.35 ± 7.48
(m, 6 H), 7.71 ± 7.77 (m, 4 H); 13C NMR (CDCl3): ���5.1, 31.3, 53.7, 127.9,
129.8, 134.1, 135.7; elemental analysis calcd (%) for C16H19BrSi: C 60.18, H
6.00; found: C 60.23, H 5.96.


1-Bromo-1-(methyldiphenylsilyl)-1-(trimethylsilyl)ethane (25 f): Rf � 0.44
(hexane/ethyl acetate 40:1); IR (neat): �� � 2955, 1427, 1252, 1109, 964,
841, 802, 736, 721, 700 cm�1; 1H NMR (CDCl3): ���0.10 (s, 9 H), 0.79 (s,
3H), 1.92 (s, 3H), 7.30 ± 7.48 (m, 6H), 7.72 (dd, J� 1.8, 7.8 Hz, 2H), 7.86 (dd,
J� 1.8, 7.8 Hz, 2 H); 13C NMR (CDCl3): ���2.2, �1.8, 23.7, 43.9, 127.5,
127.8, 129.5, 129.6, 135.0, 135.3, 135.8, 136.0; elemental analysis calcd (%)
for C18H25BrSi2: C 57.28, H 6.68; found: C 57.53, H 6.67.


1-Bromo-1,1-bis(triethylsilyl)ethane (25g): Rf � 0.84 (hexane); IR (neat):
�� � 2955, 2878, 1462, 1416, 1379, 1242, 1007, 970, 777, 735 cm�1; 1H NMR
(CDCl3): �� 0.76 (q, J� 8.4 Hz, 6 H), 0.78 (q, J� 7.8 Hz, 6H), 1.04 (t, J�
7.8 Hz, 9 H), 1.04 (t, J� 8.4 Hz, 9H), 1.82 (s, 3 H); 13C NMR (CDCl3): ��
4.0, 8.3, 25.0, 47.2; elemental analysis calcd (%) for C14H33BrSi2: C 49.82, H
9.86; found: C 49.80, H 9.56.


1-Bromo-1-(tert-butyldimethylsilyl)-1-(trimethylsilyl)ethane (25h): Rf �
0.77 (hexane); IR (neat): �� � 2956, 2854, 1467, 1252, 966, 840, 822,
766 cm�1; 1H NMR (CDCl3): �� 0.11 (s, 3 H), 0.17 (s, 3 H), 0.15 (s, 9H),
1.02 (s, 9 H), 1.85 (s, 3 H); 13C NMR (CDCl3): ���4.3, �4.1, �1.2, 20.1,
24.3, 28.3, 45.9; elemental analysis calcd (%) for C11H27BrSi2: C 44.72, H
9.21; found: C 44.42, H 9.42.


1-Bromo-1,1-bis(trimethylsilyl)ethane (25i): Rf � 0.72 (hexane); IR (neat):
�� � 2955, 1252, 966, 841, 760, 691 cm�1; 1H NMR (CDCl3): �� 0.14 (s, 18H),
1.71 (s, 3 H); 13C NMR (CDCl3): ���1.6, 23.0, 45.0; elemental analysis
calcd (%) for C8H21BrSi2: C 37.93, H 8.36; found: C 37.78, H 8.49.


1-Bromo-1,1-bis(dimethylphenylsilyl)ethane (25j): Rf � 0.46 (hexane/ethyl
acetate 40:1); m.p. 73 �C; IR (Nujol): �� � 1587, 1427, 1258, 1111, 966, 827,
783, 739, 702, 671 cm�1; 1H NMR (CDCl3): �� 0.25 (s, 6H), 0.26 (s, 6H),
1.82 (s, 3H), 7.32 ± 7.44 (m, 6H), 7.59 (dd, J� 1.8, 7.8 Hz, 4 H); 13C NMR
(CDCl3): ���3.9, �3.4, 23.5, 44.1, 127.6, 129.5, 135.1, 136.7; elemental
analysis calcd (%) for C18H25BrSi2: C 57.28, H 6.68; found: C 57.39, H 6.71.


1-Bromo-1,1-bis(methyldiphenylsilyl)ethane (25k): m.p. 126 �C; IR (Nu-
jol): �� � 1429, 1254, 1103, 999, 964, 797, 735, 698 cm�1; 1H NMR (CDCl3):
�� 0.23 (s, 6 H), 2.12 (s, 3H), 7.26 ± 7.43 (m, 12 H), 7.58 (dd, J� 1.2, 7.8 Hz,
4H), 7.76 (dd, J� 1.2, 7.8 Hz, 4H); 13C NMR (CDCl3): ���3.4, 24.5, 42.3,
127.6, 127.7, 129.6, 134.8, 135.3, 136.0, 136.3; elemental analysis calcd (%)
for C28H29BrSi2: C 67.05, H 5.63; found: C 66.86, H 5.87.


1-Bromo-1-(methyldiphenylsilyl)-1-(triethylgermyl)ethane (25l): Rf � 0.51
(hexane/ethyl acetate 40:1); IR (neat): �� � 2948, 2868, 1458, 1428, 1253,
1109, 1014, 791, 734, 698 cm�1; 1H NMR (CDCl3): �� 0.75 (t, J� 7.5 Hz,
6H), 0.79 (s, 3H), 0.96 (t, J� 7.5 Hz, 9 H), 2.03 (s, 3 H), 7.30 ± 7.45 (m, 6H),
7.72 (dd, J� 1.5, 7.8 Hz, 2H), 7.85 (dd, J� 1.5, 7.8 Hz, 2H); 13C NMR
(CDCl3): ���2.6, 5.0, 6.5, 9.4, 25.9, 127.5, 127.7, 129.4, 129.6, 135.1, 135.3,
135.7, 136.0; elemental analysis calcd (%) for C21H31BrGeSi: C 54.35, H
6.73; found: C 54.58, H 6.67.


Procedure for the synthesis of 1,1-disilylethenes 29 by dehydrobromination
of 1-bromo-1,1-disilylethanes 25 : A solution of 25 (9.0 mmol) and DBU
(2.7 mL, 18.0 mmol) in DMF (40 mL) was stirred for 8 h at 90 �C. The
mixture was carefully poured into 1� HCl and extracted with AcOEt. The
combined organic layers were dried over anhydrous Na2SO4 and concen-
trated in vacuo. Purification by silica-gel column chromatography or
recrystallization provided 29. Spectral data for 29 i were identical with
those reported in the literature.[19a]


1-(Methyldiphenylsilyl)-1-(trimethylsilyl)ethene (29 f): Rf � 0.52 (hexane/
ethyl acetate 40:1); IR (neat): �� � 2957, 1427, 1250, 1113, 972, 839, 789, 737,
723, 700 cm�1; 1H NMR (CDCl3): ���0.04 (s, 9 H), 0.68 (s, 3 H), 6.24 (d,
J� 5.1 Hz, 1H), 6.55 (d, J� 5.1 Hz, 1H), 7.30 ± 7.40 (m, 6 H), 7.48 (dd, J�
2.1, 7.5 Hz, 4 H); 13C NMR (CDCl3): ���2.7, �0.4, 127.7, 129.2, 135.3,
136.8, 144.9, 150.8; elemental analysis calcd (%) for C18H24Si2: C 72.90, H
8.16; found: C 72.86, H 8.06.


1,1-Bis(triethylsilyl)ethene (29g): Rf � 0.85 (hexane); IR (neat): �� � 2955,
1462, 1416, 1236, 1005, 966, 814, 733 cm�1; 1H NMR (CDCl3): �� 0.61 (q,
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J� 7.8 Hz, 12 H), 0.90 (t, J� 7.8 Hz, 18 H), 6.37 (s, 2H); 13C NMR (CDCl3):
�� 3.5, 7.2, 143.3, 147.4; HRMS (m/z) calcd for C14H32Si2 256.2043; found:
256.2034.


1-(tert-Butyldimethylsilyl)-1-(trimethylsilyl)ethene (29h): Rf � 0.81 (hex-
ane); IR (neat): �� � 2957, 1472, 1408, 1362, 1248, 1148, 966, 837, 770,
675 cm�1; 1H NMR (CDCl3): �� 0.08 (s, 6H), 0.09 (s, 9 H), 0.85 (s, 9H), 6.34
(d, J� 4.8 Hz, 1 H), 6.43 (d, J� 4.8 Hz, 1 H); 13C NMR (CDCl3): ���4.4,
0.1, 17.1, 26.9, 142.9, 152.0; elemental analysis calcd (%) for C11H26Si2: C
61.60, H 12.22; found: C 61.39, H 12.48.


1,1-Bis(dimethylphenylsilyl)ethene (29 j): Rf � 0.53 (hexane/ethyl acetate
80:1); IR (neat): �� � 1564, 1427, 1248, 1111, 968, 841, 781, 729, 700, 640 cm�1;
1H NMR (CDCl3): �� 0.25 (s, 12H), 6.41 (s, 2H), 7.25 ± 7.36 (m, 6H), 7.38 ±
7.44 (m, 4H); 13C NMR (CDCl3): ���2.0, 127.7, 128.9, 134.2, 139.0, 144.0,
151.0; elemental analysis calcd (%) for C18H24Si2: C 72.90, H 8.16; found: C
73.02, H 8.31.


1,1-Bis(methyldiphenylsilyl)ethene (29k): m.p. 123 �C; IR (Nujol): �� � 1427,
1261, 1113, 980, 829, 789, 739, 700 cm�1; 1H NMR (CDCl3): �� 0.34 (s, 6H),
6.41 (s, 2H), 7.18 ± 7.32 (m, 12H), 7.35 (d, J� 7.5 Hz, 8 H); 13C NMR
(CDCl3): ���2.8, 127.6, 129.1, 135.1, 136.4, 146.7, 149.6; elemental analysis
calcd (%) for C28H28Si2: C 79.94, H 6.71; found: C 79.83, H 6.80.


1-(Methyldiphenylsilyl)-1-(triethylgermyl)ethene (29l): Rf � 0.49 (hexane);
IR (neat): �� � 2948, 1428, 1251, 1111, 1015, 965, 808, 788, 735, 718, 697 cm�1;
1H NMR (CDCl3): �� 0.66 (s, 3H), 0.69 (q, J� 7.8 Hz, 6H), 0.91 (t, J�
7.8 Hz, 9H), 6.29 (d, J� 4.5 Hz, 1H), 6.41 (d, J� 4.5 Hz, 1H), 7.30 ± 7.42 (m,
6H), 7.45 ± 7.54 (m, 4 H); 13C NMR (CDCl3): ���3.0, 4.6, 8.7, 127.7, 129.2,
135.2, 136.8, 143.8, 149.1; elemental analysis calcd (%) for C21H30GeSi: C
65.83, H 7.89; found: C 65.67, H 7.81.
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Bonding and Redox Properties of [Os3(CO)9(tmbp)(L)]
(tmbp� 4,4�,5,5�-tetramethyl-2,2�-biphosphinine; L�CO, PPh3) Clusters with
an Unprecedented Electron-Deficient Metallic Core and Doubly Bridging
Biphosphinine Dianion


Maarten J. Bakker,[a] Frank W. Vergeer,[a] Frantisœek Hartl,*[a] Patrick Rosa,[b]
Louis Ricard,[b] Pascal Le Floch,[b] and Maria J. Calhorda[c, d]


Abstract: Herein we describe in detail
the bonding properties and electro-
chemical behavior of the first known
triosmium carbonyl clusters with a coor-
dinated redox-active ligand 4,4�,5,5�-tet-
ramethyl-2,2�-biphosphinine (tmbp), the
phosphorus derivative of 2,2�-bipyridine.
The clusters investigated were [Os3-
(CO)10(tmbp)] (1) and its derivative
[Os3(CO)9(PPh3)(tmbp)] (2). The crystal
structures of both clusters are compared
with those of relevant compounds; they
served as the basis for density functional
theory (DFT and time-dependent DFT)
calculations. The experimental and the-
oretical data reveal an unexpected and
unprecedented bridging coordination
mode of tmbp, with each P atom bridg-
ing two metal atoms. The tmbp ligand is


formally reduced by transfer of two
electrons from the triangular cluster
core that consequently lacks one of the
metal ± metal bonds. Both 1 and 2 there-
fore represent 50e� clusters with a
coordinated 8e� donor, [tmbp]2�. The
HOMO and LUMO of 1 and 2 possess a
predominant contribution from differ-
ent �*(tmbp) orbitals, implying that the
lowest energy excited state possesses a
significant intraligand character. This is
in agreement with the photostability of
these clusters. DFT calculations also


predict the experimentally observed
structure of 1 to be the most stable one
in a series of several plausible structural
isomers. Stepwise two-electron electro-
chemical reduction of 1 and 2 results in
dissociation of CO and PPh3, respec-
tively, and formation of the [Os3-
(CO)9(tmbp)]2� ion. The initially pro-
duced radical anions of the parent
clusters, in which the odd electron is
predominantly localized on the tmbp
ligand, are sufficiently stable at low
temperatures and can be observed with
IR spectroelectrochemistry. The elec-
tron-deficiency of the cluster core in 1
permits facile electrocatalytic substitu-
tion of a CO ligand by tertiary phos-
phane and phosphite donors.


Keywords: cluster compounds ¥
density functional calculations ¥
osmium ¥ P ligands ¥ spectroelec-
trochemistry ¥ X-ray diffraction


Introduction


Reversible rearrangement processes in transition metal
(carbonyl) clusters, selectively triggered by an external
stimulus such as pH change, light absorption, or redox
reaction, are important research objectives not only from
the perspective of the historical role of these compounds as
promising multiple-site homogeneous catalysts (in particular
in fine chemistry) or as models for heterogeneous catalytic
sites on metal surfaces. At least equally challenging in our
opinion is their possible integration as key components
(subunits) into a variety of complex supramolecular (nano-
meter-sized) systems where they may have specific functions,
for example control of electron/energy transport across the
system by reversibly changing their electronic and structural
properties. For this reason, transition metal clusters with
redox active ligands as chromophores and redox centers have
attracted our attention since the mid 1990s, as the energeti-
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cally less demanding activation by light absorption or electron
uptake/release in this case usually does not irreversibly
destroy the low-nuclearity cluster core. On the other hand,
it may trigger a significant change of bonding and physico-
chemical properties and reversible structural transformation.
Fundamental to the success of the bottom-up approach
towards larger assemblies containing switchable metal cluster
moieties, are combined experimental and theoretical studies.
The importance of the theoretical support for correct
description of the bonding situation in relatively large, low-
symmetry photo- and redox-responsive cluster compounds
will be demonstrated in this work.


The intriguing photochemical and redox behavior of a
series of triangular clusters [Os3(CO)10(�-diimine)] (�-
diimine� for example 2,2�-bipyridine (bpy), 2,2�-bipyrimidine
(bpym), pyridine-2-carbaldehyde-N�-R-imine (R-PyCa; R�
alkyl)) has been extensively investigated in the Amsterdam
group in the last decade (Scheme 1).[1±4] Visible irradiation in
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Scheme 1. Schematic molecular structures of the clusters [Os3(CO)10-
(bpy)] and [Os3(CO)9(tmbp)(L)] (1: L�CO; 2 : L�PPh3), and of the
ligands tmbp and bpy.


non- and weakly coordinating solvents like 2-chlorobutane,
THF, or acetone leads to homolytic cleavage of an Os�Os(�-
diimine) bond and reversible formation of short-lived birad-
ical photoproducts [(CO)4Os .�Os(CO)4�Os�(CO)2(�-diimi-
ne .�)].[1, 2] Electrochemical reduction of [Os3(CO)10(�-di-
imine)] initially gives the radical anions [Os3(CO)10(�-diimi-
ne .�)], which are thermally unstable and convert to various
anionic open-triangle products in a series of chemical and
electron-transfer steps.[3, 4] In both the biradical photoprod-
ucts and the radical anions there is an unpaired electron
localized on the reducible �-diimine ligand. As a consequence,
the electronic properties of the �-diimine play a major role in
the photo- and electrochemistry of the clusters. Decreasing
the energy of the lowest empty �*(�-diimine) orbital im-
proves the ability of the �-diimine to accommodate the
electron density, which increases the lifetime of the biradical
photoproducts as well as the stability of the radical anions.


Closely related to the hitherto employed bidentate �-
diimine ligands, in particular 2,2�-bipyridine (bpy), is the


phosphorus derivative 4,4�,5,5�-tetramethyl-2,2�-biphosphi-
nine (tmbp) (see Scheme 1). It was first synthesized in the
early 1990s,[5] and since then its versatile coordination
chemistry has been extensively explored.[6, 7] Compared with
that of bpy, the �1*(tmbp) LUMO lies significantly lower in
energy, as reflected, for example, in the strongly positively-
shifted reduction potential (E1/2(tmbp0/�I)��1.85 V and
E1/2(bpy0/�I)��2.20 V vs. SCE).[8] Other important differ-
ences are larger (d)M�P�C(�*) overlap than that for
(d)M�N�C(�*), caused by the larger s-character of the
phosphorus lone pair, and a partial positive charge on the P
atom in the phosphinine heterocycle and a partial negative
charge on nitrogen in pyridine.[7b] Owing to these factors,
coordinated tmbp is a stronger � acceptor than bpy and better
stabilizes low oxidation states of the metal in the M(�P,�P�-
tmbp) chelate ring in a variety of complexes, such as
homoleptic [Ni(tmbp)2]n (n� 0, �1),[9] [M(tmbp)3] (M�
Group 4 metals,[10] W[11]) and [M(tmbp)2]2�.[12] In contrast,
the rather limited �-donor ability of neutral tmbp prevents, for
example, the preparation of [RuII(tmbp)3]2�.[7]


The fairly different electronic properties of tmbp and bpy
inspired us to attempt the synthesis of the cluster [Os3-
(CO)10(�P,�P�-tmbp)], so as to perform comparative spectro-
scopic, photochemical, and electrochemical studies. However,
instead of the intended product, a structural isomer was
obtained,[13] presenting the first example of a biphosphinine
coordinated to three transition metal centers as a doubly
bridging ligand (cluster 1 and and its PPh3-derivative 2 in
Scheme 1). To obtain a good insight into the unusual bonding
properties of clusters 1 and 2, a DFT[14] study, using the ADF
program,[15] was performed. The computed models were based
on the crystal structure of 1, reported in a preceding
communication,[13] and that of 2, which is presented in this
paper. The redox behavior of the two clusters was also
investigated in detail and will be compared with that of
[Os3(CO)10(bpy)] and nonsubstituted [Os3(CO)12].


Results and Discussion


Crystal structures of [Os3(CO)9(tmbp)(L)] (L�CO (1), PPh3
(2)): The CO-substituted derivative of 1, the cluster [Os3-
(CO)9(tmbp)(PPh3)] (2), was prepared in high yield from 1 by
an electrocatalytic substitution of CO by PPh3. The details of
this reaction and characterization of 2 will follow hereafter.
We decided to study the bonding properties of both clusters to
learn the influence of the additional Lewis base thereon.
Careful analysis of X-ray structural data provides important
information in this regard. Knowledge of the X-ray structure
is also imperative for choosing a good model for density
functional calculations, in particular for cluster 2, which may
exist in several possible isomeric forms. (The coordination site
of PPh3 could also be assigned by analysis of 31P NMR data,
see Experimental Section.)


The single-crystal X-ray studies of clusters 1[13] and 2
(details in Experimental Section) revealed that the overall
structures of these compounds are very close, both involving
highly unusual coordination of tmbp (Figure 1, Table 1, see
also Scheme 1).
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Similar to the 4e� donor 2,2�-bipyridine in [Os3(CO)10-
(bpy)], the biphosphinine ligand is chelated at Os(1). At the
same time, however, each tmbp phosphorus atom forms a
bridge between Os(1) and one of the other two osmium
centers. Cleavage of the Os(1)�Os(2) bond has opened the
osmium triangle: Os(1)-Os(3)-Os(2) 85.93(2)� for cluster 1
and 86.23(2)� for cluster 2. In both cases the tmbp ligand is
strongly distorted and its aromaticity is lifted. In the majority
of its mononuclear complexes tmbp displays a high degree of
aromaticity; the phosphinine rings are perfectly coplanar,
with intra-ring C�C bond lengths between 1.38 and 1.41 ä.[6, 7]


In contrast, the C�C bond lengths in 1 and 2 range from 1.33/
1.34 ä, typical for isolated C�C bonds, to 1.46/1.47 ä, close to
the value for a single C�C bond (ca. 1.53 ä). Importantly, the
inter-ring C�C bond is undoubtedly shorter for clusters 1
(1.41(2) ä) and 2 (1.372(8) ä), compared with the character-
istic values for the nonreduced uncoordinated ligand
(1.484(6) ä, trans isomer)[8] and for mononuclear complexes
of tmbp (ca. 1.47 ä).[6, 7] Also the P�C bonds are rather long
(1.78 ä (external), 1.81 ä (internal)) compared with P�C
bond lengths for ™aromatic∫ tmbp (1.72 ä (external), 1.74 ä


(internal)).[6, 7] These data point to reduction of the tmbp
ligand by intramolecular electron transfer from the triosmium
core, a process that also causes the cleavage of the
Os(1)�Os(2) bond. Recently, Le Floch and co-workers grew
monocrystals of the radical anion and dianion of uncoordi-
nated tmbp and succeeded in elucidating their crystal
structures. Indeed, comparison of the structural data for tmbp
in 1 and 2 (Figure 2 D) with those for uncoordinated neutral
tmbp[8] (Figure 2 A), its radical anion,[9b] (Figure 2 B) and
dianion[16] (Figure 2 C), convincingly demonstrates that the
tmbp ligand can be considered as doubly reduced in both
triosmium clusters.
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Figure 2. Schematic molecular structures with relevant bond lengths [ä]
for neutral uncoordinated tmbp[8] (structure A), the corresponding radical
anion[9b] (structure B) and dianion[16] (Na2tmbp, structure C), and for tmbp
coordinated in cluster 2 (structure D).


The close correspondence between the C�C and P�C
distances in the tmbp coordinated in 2 and those in free
[tmbp]2� is striking. In both cases the phosphinine rings are
not coplanar. The lowest unoccupied �*(tmbp) orbital
(LUMO) is antibonding with respect to the P�C bonds, and
bonding with respect to the inter-ring C�C bond.[11] For this
reason tmbp coordination at the triosmium core and the
concomitant electron transfer to the LUMO of tmbp result in
elongation of the P�C bonds and shortening of the inter-ring
C�C distance. A similar situation applies for several transition
metal complexes with negatively charged tmbp ligands, such
as [W(tmbp)3], [M(tmbp)3]2� (M�Zr, Hf, Ti), and
[Mn(CO)3(tmbp)]� .[10, 11, 17, 18] The shorter inter-ring C�C dis-
tance in cluster 2 (1.372(8) ä, even slightly shorter than that in
noncoordinate tmbp dianion[16] , Figure 2) compared with 1
(1.41(2) ä, between the values for noncoordinate tmbp
radical anion and dianion,[9b, 16] Figure 2) points to the positive
influence of the donor PPh3 ligand on the completion of the
2e� oxidative ™addition∫ of tmbp to the {Os3(CO)9(L)}
fragment.


Figure 1. Crystal structure of the cluster [Os3(CO)9(tmbp)(PPh3)] (2).


Table 1. Selected bond lengths [ä] and bond angles [�] for cluster 2, with
standard deviations in parentheses.


Os1�Os3 2.8741(7) C2�C3 1.466(8)
Os2�Os3 3.003(1) C3�C4 1.361(8)
Os1�P1 2.418(2) C4�C5 1.431(8)
Os1�P2 2.355(2) C6�C7 1.344(8)
Os2�P1 2.428(2) C7�C8 1.45(1)
Os2�P3 2.414(2) C8�C9 1.36(1)
Os3�P2 2.378(2) C9�C10 1.437(8)
P1�C1 1.789(6) Os1�Os3�Os2 86.23(2)
P1�C5 1.823(6) Os1�P1�Os2 112.00(6)
P2�C6 1.778(7) Os1�P2�Os3 74.78(5)
P2�C10 1.803(6) P1�Os1�P2 74.60(6)
C5�C10 1.372(8) C1�P1�C5 101.8(3)
C1�C2 1.355(8) C6�P2�C10 101.3(3)
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Clusters 1 and 2 represent the first examples of coordinated
tmbp in which each phosphorus atom forms a bridge between
two metal centers. The bridging ability of the phosphorus
atom in related ligands with a single phosphinine ring has
already been reported in the literature. In the dimers
[M2(cod)2(niphos)]2


2� (M� Ir, Rh; cod� 1,5-cyclooctadiene;
niphos� 2-(2�-pyridyl)-4,5-dimethylphosphinine) the metal ±
metal bond is bridged by the phosphorus atoms of both
phosphinine rings; however, the aromaticity of the phosphi-
nine rings is preserved.[19] More interesting in this respect is
the cluster [Os3(�-H)2{�3-(t-Bu-C5H4P)}(CO)9], synthesized
by Arce and co-workers (Figure 3).[20] The aromaticity of the


phosphinine ligand in this cluster is completely disrupted by
ortho-metalation, as indicated by the two localized C�C
bonds in the phosphinine ring. Recently, the dimers
[Rh(tmbp)2]2 (Figure 3)[7b] , [Ru(�5-C5Me5)(tmbp)]2,[21] and
[Fe(tmbp)2]2


2�[7b] were synthesized by Le Floch and co-work-
ers. In these dimers, two tmbp ligands bridge two metal
centers through one of their phosphorus atoms. Only in the
case of [Fe(tmbp)2]2


2� the bridging phosphinine rings are not
aromatic, indicating that the negative charge is largely
localized on the bridging tmbp ligands (see below). In
general, phosphinine rings such as in tmbp appear to favor a
bridging coordination mode in polynuclear transition metal
complexes.[7b]


The structures of clusters 1 and 2 are reminiscent of that of
[Os3(CO)10(ER)2] (E� Se, R�Me, Ph; E�Te, R�Ph), in


which both ER� groups connect
two osmium centers and, again,
one of the bridged metal ± me-
tal bonds is broken (see Fig-
ure 4).[22, 23] According to clus-
ter electron-counting rules,
clusters 1, 2, [Os3(CO)10(ER)2],
and related compounds with
only two metal ± metal bonds
are considered to be 50e� clus-
ters.[24] Each phosphorus atom
of the nonreduced aromatic


biphosphinine is a 2e� donor. Contrary to this, the crystal
structures show that the P atoms in 1 and 2 are formally sp3-
hybridized and therefore equivalent to the phosphido ligands:
PR2


� as 4e� donor or PR2 as 3e� donor, depending on the
counting method. Taking into account the �localized� phos-
phinine ring C�C and C�C bonds and the short inter-ring
C�C bond, the tmbp ligand in 1 and 2 is indeed formally best
described as an 8e� donor in {Os3(CO)9(L)}2�/[tmbp]2�or 6e�


donor in {Os3(CO)9(L)}/tmbp.


Density functional study of [Os3(CO)9(2,2�-biphosphini-
ne)(L)], L�CO, PH3 : Density functional theoretical
(DFT[14]) calculations were performed with the ADF pro-
gram[15] (see details in Experimental Section) in order to
obtain more insight into the electronic structures of clusters 1
and 2, and to understand the preferential formation of these
structural isomers. The cluster [Os3(CO)10(bp)] (bp� 2,2�-
biphosphinine), 1A, was taken as a model for 1, with the
methyl groups in the tmbp ligand replaced by hydrogen atoms.
The optimized geometry of 1A (Figure 5, left) is in good


Figure 5. Optimized geometries and relative energies (kJ mol�1) of the
model cluster [Os3(CO)10(bp)] 1A and its isomers 1B ±E.


agreement with the experimental structure of 1, although the
calculated Os�Os, Os�P, and P�C bond lengths are slightly
larger than the experimental values. Indeed, the Os�Os
distances are calculated to be 4.137, 3.009, and 3.092 ä, while
the experimental ones are 3.982, 2.886, and 2.957 ä, respec-
tively. The four Os�P bonds (2.477, 2.536, 2.426 and 2.485 ä)
are also longer than the corresponding experimental distances
of 2.395, 2.441, 2.351, and 2.376 ä, respectively, but the same
trends are observed. This difference appears to be a general
result of DFT calculations and was also observed for the
related complexes [Os3(CO)12],[25] [Os3(CO)10(�-diimine)],[26]


and [W(tmbp)3][11] . In the optimized geometry of [Os3-
(CO)10(bp)], however, the alternation of the C�C and C�C
bonds in the biphosphinine rings is well reproduced.


The related [Os3(CO)10(bpy)] cluster served as the basis for
modelling other coordination geometries, namely the usually
most stable axial isomer 1B,[26] the equatorial isomer 1C, and
two isomers containing bridging (instead of chelating) bp, in
the equatorial Os3 plane 1D, or in the plane perpendicular to
it 1E. Figure 5 shows 1A together with these structural
isomers, 1B ±E, and the calculated relative energies
(kJ mol�1).


Cluster 1 was synthesized with the intention of preparing
the structural equivalent of [Os3(CO)10(bpy)], with tmbp
chelated at a single osmium center, but the theoretical
calculations show isomer 1A to be more stable by 30 kJ mol�1


than isomer 1B, the structural equivalent of the observed
isomer of [Os3(CO)10(bpy)]. It cannot be excluded, however,
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Figure 3. Examples of metal complexes with bridging (bi)phosphinine
ligands. Left: [Os3(�-H)2(�3-(t-Bu-C5H4P))(CO)9][20]; right: [Rh(tmbp)2]2.[7b]


Os


Os
Os


E


E R
R


Figure 4. Schematic structure
of the 50e� cluster [Os3-
(CO)10(�-ER)2] (E�Se, Te;
R�Me, Ph) with only two
metal ± metal bonds.[22, 23]
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that 1B is the kinetic reaction product, rapidly isomerising to
1A. No temperature-dependent investigations have been
performed so far in this regard. Isomer 1B, with one
phosphorus axial and the other one equatorial, is in turn
more stable than isomer 1C with both phosphorus atoms
bound equatorially to the same osmium center. This trend has
also been found for the corresponding structures of [Os3-
(CO)10(bpy)].[26] The isomers 1D and 1E, with P atoms bound
to different metals, are highest in energy.


The reasons underlying the preference for geometry 1A
observed in cluster 1 will be analyzed on the basis of the bond
energy decomposition scheme, taking for comparison the
second most likely isomer, 1B, which is formed when nitrogen
donor ligands are considered. According to this decomposi-
tion scheme, the bonding energy �Etot is the sum of two terms,
�Eprep � �Eint . �Eprep is the energy required to convert the
separate fragments in their equilibrium geometry into frag-
ments having the same geometry as in the molecule, while
�Eint represents the interaction energy between the prepared
fragments. �Eint can be further decomposed into three terms,
namely �Eint��EPauli � �Eel � �Eoi .[27] These terms
correspond to the Pauli repulsion between occupied orbitals
of the fragments (�EPauli) and the electrostatic interaction
between the fragments (�Eel). The term �Eoi represents the
two-electron stabilizing interactions between occupied levels
of one fragment and filled levels of the other. �Eoi can be
decomposed according to the number of irreducible repre-
sentations, but in the absence of symmetry as in 1A and 1B,
there is only one term �Eoi(a�). The bond energy terms
calculated for the two isomers 1A and 1B, when they are
decomposed into fragments {Os3(CO)10}2� and bp2�, and
{Os3(CO)10} and bp, respectively, are given in Table 2.


The term that decides about the higher stability of 1A is
�Eoi , showing that very strong covalent bonds are formed
between the two fragments for this isomer. The price to pay is
also clear. There is a very high preparation energy, indicating
that the two fragments, and in particular the biphosphinine
fragment, must change their geometry considerably in order
to produce the cluster. Conversely, for the other isomer 1B,
weaker bonds are formed, but the fragments in their
equilibrium geometry only need a small reorganization (In
other words, there might be significant activation energy


barrier when proceeding from the yet undetected kinetic
isomer [Os3(CO)10(�P,�P�-tmbp)] to cluster 1; again, temper-
ature-dependent investigation of the synthesis is demanded).
In the case of 1A, the formally dicationic triosmium cluster
core binds the dianionic bp ligand, with the formation of four
Os�P bonds, as discussed on purely structural grounds above.
In the coordinated ligand, two isolated P� donors can be
envisaged, which form four bonds (P�Os and P�C) each. The
remaining carbon atoms in the ring form alternating C�C and
C�C bonds (see Figure 2, right side). This alternative bonding
mode is clearly more favorable for P than for N heteroatoms
and can be traced to the smaller tendency to engage in P�C
bond formation, as overlap between the P 3p and C 2p orbitals
is reduced, a feature previously observed in simpler molecules
such as pyrrole and phosphole.[28]


The composition of the frontier orbitals for model 1A is
given in Table 3 and the corresponding three-dimensional
pictures in Figure 6. In contrast to what had been previously
calculated for related �-diimine clusters,[26] not only the
LUMO, but also the HOMO possesses predominant biphos-


Table 2. Bonding energy decomposition for the two isomers 1A and 1B of
the model cluster [Os3(CO)10(bp)].


Isomer 1A 1B
fragments {Os3(CO)10}2� and bp2� {Os3(CO)10} and bp


�EPauli 363.7 256.4
�Eel 111.9 � 198.4
�Eoi (a�) � 1484.3 � 149.1
�Eprep(1)[a] 416.1 4.0
�Eprep(2)[b] 32.4 24.2
�Etot � 560.2 � 62.9


[a] �Eprep(1) refers to the preparation energy of fragment 1, that is
{Os3(CO)10}2� or {Os3(CO)10} in 1A or 1B, respectively. [b] �Eprep(2) refers
to the preparation energy of fragment 2, that is bp2�or bp in 1A or 1B,
respectively.


Figure 6. Three-dimensional representations of the frontier molecular
orbitals of the model cluster [Os3(CO)10(bp)], 1A, showing the strong
contribution of the bp ligand: A) the 103a HOMO; B) the 104a LUMO.
See also Table 3.


Table 3. Energies and composition of the frontier orbitals of [Os3-
(CO)10(bp)], 1A, with the optimized structure.


MO E [eV] Composition [%]
Os1 Os2 Os3 CO bp


107a � 2.89 1.1 3.2 16.4 53.1 15.6
106a � 2.98 1.4 2.9 1.7 23.7 66.0
105a � 3.21 2.1 4.5 0.5 71.0 18.8
104a (LUMO) � 4.11 4.7 4.0 4.1 6.5 72.6 (�2*)
103a (HOMO) � 5.46 0.4 3.1 7.4 6.2 74.3 (�1*)
102a � 5.89 27.0 4.6 26.5 24.0 8.0
101a � 6.16 10.9 24.2 24.0 26.1 5.0
100a � 6.61 3.2 0.8 51.1 16.6 22.7
99a � 6.77 41.5 4.3 18.6 5.8 23.5
98a � 6.79 29.7 6.3 32.6 2.4 22.4
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phinine character, with contributions of two different
�*(tmbp) orbitals. This result indicates that about two
electrons were transferred from the cluster core to the
biphosphinine ligand upon its binding, with consequent
cleavage of one Os�Os bond, as could already be inferred
from the preceding X-ray structural data.


In the substituted model cluster [Os3(CO)9(PH3)(bp)] (2A)
the characters and relative energetic positions of the 103a
HOMO and 101a LUMO remain nearly unchanged compared
with 1A (Table 4). Coordination of the phosphane ligand
mainly affects the lower-lying HOMO-1 and HOMO-2,


causing their more regular delocalization over the cluster
core, with apparently increased biphosphinine contribution.


Time-dependent DFT calculations[29] were performed on
the models 1A and 2A in order to reproduce and assign the
experimental electronic absorption spectra for 1 and 2,
respectively. Several different conditions were tested, but
even the best results still display a significant shift of the
calculated transitions to lower energy (Figure 7). Besides the


Figure 7. UV/Vis absorption spectra of 1 (solid line) and 2 (dashed line) in
THF. The vertical bars represent absorption maxima of the visible
electronic transitions calculated for model cluster 1A by the time-
dependent DFT; their relative intensities are given by the calculated
oscillator strengths (fcalc).


problem of the significant spin-orbit coupling in the case of
the heavy Os atoms, there is no optimization of excited states
in the TD DFT calculations, which may also add to the
discrepancies. The most satisfactory data presented in Table 5
(for 1A) and Table 6 (for 2A) have been obtained using the
∫zeroth order relativistic approximation∫ (ZORA)[30] formal-
ism of ADF-1999 methodology for taking into account
relativistic corrections.


The UV/Vis absorption spectra of 1 and 2 display an intense
and broad absorption band at about 550 nm, which is shown to
consist of two well-separated electronic transitions of com-
parable oscillator strengths (Figure 7). The lowest-energy one
is essentially the HOMO-to-LUMO transition (65 ± 70 %)
mixed with the (HOMO-1)-to-LUMO (30 ± 25 %) transition,
other contributions being negligible. The second absorption
band belongs to a transition that possesses a complementary
character, the (HOMO-1)-to-LUMO excitation being more
important (65 ± 70 %) than the HOMO-to-LUMO one (30 ±
25 %). As both the HOMO and the LUMO of the model
clusters 1A and 2A are strongly localized on the 2,2�-
biphosphinine ligand, it can be said that the lowest-energy
electronic transition possesses a predominant tmbp-localized
intraligand character. This assignment is in contrast to the
corresponding solvatochromic transition of [Os3(CO)10(bpy)],
which has been classified as charge transfer from the cluster
core to the lowest �*(bpy) orbital.[26, 31] The difference in the
character of the lowest-energy electronic transitions explains
the previously reported absence of solvatochromism for the
corresponding visible absorption band of 1, and the lacking
photoreactivity.[13] The same behavior and conclusions essen-
tially apply for 2. Even though the calculated energies for the


Table 4. Energies and composition of the frontier orbitals of [Os3-
(CO)9(PH3)(bp)], 2A, with the optimized structure.


MO E [eV] Composition [%]
Os1 Os2 Os3 CO bp PH3


106a � 2.64 0.9 3.5 5.3 47.1 29.0 1.8
105a � 2.73 0.9 3.9 3.4 13.9 67.8 3.5
104a � 2.92 0.9 4.5 0.1 77.0 10.2 0.3
103a (LUMO) � 3.92 2.3 5.3 2.4 9.5 68.2 (�2*) 3.2
102a (HOMO) � 5.24 0.3 2.4 3.2 9.8 69.7 (�1*) 6.5
101a � 5.69 14.8 14.5 13.1 22.3 21.7 2.7
100a � 5.80 8.4 19.4 17.8 22.3 16.3 2.6
99a � 6.41 2.8 3.2 9.1 22.5 49.2 6.4
98a � 6.51 25.5 8.1 11.7 15.8 28.2 2.5
97a � 6.54 31.8 11.3 15.0 9.9 22.1 3.4


Table 5. The calculated energies (E), absorption maxima (�max), oscillator
strengths (fcalc), and assignments of the visible electronic transitions of
[Os3(CO)10(bp)] (1A) with the optimized structure.


No. E [eV] �max [nm] fcalc Nature Contribution [%]


1 1.7406 712.3 3.48� 10�2 H�L 65
H-1�L 31


2 1.9088 649.5 3.77� 10�2 H-1�L 67
H�L 29


3 2.0956 591.6 2.60� 10�3 H-2�L 98
4 2.3036 538.2 3.60� 10�3 H�L� 1 98
5 2.5523 485.8 3.17� 10�3 H�L� 2 66


H-3�L 24
6 2.5829 480.0 2.71� 10�3 H-3�L 58


H�L� 3 28
7 2.6292 471.6 2.28� 10�3 H�L� 3 62
8 2.6952 460.0 6.94� 10�4


9 2.6964 459.8 5.65� 10�4


10 2.7222 455.5 2.24� 10�3 H-5�L 89


Table 6. The calculated energies (E), absorption maxima (�max), oscillator
strengths (fcalc), and assignments of the visible electronic transitions of
[Os3(CO)9(PH3)(bp)] (2A) with the optimized structure.


No. E [eV] �max [nm] fcalc Nature Contribution [%]


1 1.7298 716.8 3.95� 10�2 H�L 69
H-1�L 26


2 1.8650 664.8 2.93� 10�2 H-1�L 72
H�L 25


3 2.0956 641.9 2.92� 10�3 H-2�L 97
4 2.3400 529.9 9.23� 10�4 H�L� 1 99
5 2.5550 485.8 4.97� 10�3 H-3�L 75


H�L� 2 22
6 2.5879 479.1 2.04� 10�3 H�L� 2 43


H�L� 3 31
7 2.6252 472.3 4.05� 10�4 H-4�L 88
8 2.6491 468.0 1.56� 10�3 H�L� 3 44


H-5�L 41
9 2.6817 462.3 1.78� 10�3 H-5�L 44


10 2.7547 450.1 4.18� 10�3 H�L� 4 91
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visible electronic transitions deviate from the experimental
values, the trends are correct. Thus, in accordance with the
TD-DFT data for 1A and 2A (Table 5, Table 6), the lowest-
lying transition shifts slightly to lower energy on going from 1
to 2 (Figure 7) and its intensity somewhat drops.


The two higher lying visible electronic transitions possess a
predominant (HOMO-1)-to-LUMO and exclusive (HOMO-
2)-to-LUMO character, respectively. The former transition is
again intense while the calculated intensity of the latter
transition is significantly lower. On grounds of the DFT data,
these transitions are expected to possess more pronounced
cluster core to tmbp charge transfer character. The latter one
corresponds in the UV/Vis spectra of 1 to the shoulder at ca
550 nm (in THF, Figure 7), probably partly overlapping with a
close-lying band caused by the HOMO-to-(LUMO�1) tran-
sition of similar intensity. Indeed, characteristic for this kind
of transition, the shoulder shifts to lower energy in less polar
hexane relative to the lowest energy transition, and the
composed absorption band becomes symmetric.


A similar shift occurs on the substitution of the CO in 1 by
PPh3, as evidenced by the UV/Vis spectrum of 2 (Figure 7). In
this case the shift relates to the smaller energetic separation
between the HOMO-2 and LUMO, as calculated for the
model 2A (Table 6).


In view of the above discussion, the weak band/shoulder at
about 420 ± 460 nm in the UV/Vis spectra of 1 and 2 is
assigned to the group of low-intensity transitions labelled as
numbers 5 ± 10 in Tables 5 and 6 (Figure 7).


Redox behavior of clusters 1 and 2 : The redox potentials and
IR �(CO) wavenumbers of cluster 1, the PPh3 derivative 2,
and their reduction products are summarized in Table 7 and
Table 8, respectively. All (spectro)electrochemical experi-
ments were performed in THF, unless stated otherwise.


Cyclic voltammetry : At room temperature, cluster 1 under-
goes chemically irreversible reduction (cathodic peak R1(1);
Figure 8 A). The anodic peak O2(B) on the reverse scan is
associated with this cathodic process and corresponds to
oxidation of a secondary reduction product, B. At ��
20 mV s�1 no other anodic peaks are observed, but at higher
scan rates (�� 100 mV s�1) a second anodic peak O2(B�) starts
to grow in at the expense of O2(B). At �� 10 V s�1 reoxidation


of the primary radical anion 1.� becomes observable (anodic
peak O1(1)), together with its reduction to the dianion 12� at
Ec(R2(1)). At �� 50 V s�1 the formation of 1.� is almost
completely chemically reversible. The one-electron reduction
of 1 becomes fully reversible at lower temperatures (T �
243 K; �� 100 mV s�1; Figure 8 B). The subsequent reduction
of the radical anion 1.� to 12� remains irreversible even at
213 K. At this temperature 12� decomposes to the same
product B� that is formed upon reduction of 1 at R1(1) at room
temperature, as testified by the anodic peak O2(B�) at 213 K.
At higher temperatures also O2(B) is observed. Summarizing,


Table 8. IR CO-stretching wavenumbers of clusters 1 and 2 and their reduction
products.


Cluster �(CO) [cm�1]


1[a] 2104(m), 2052(s), 2021(sh), 2018(vs), 1982(m), 1966(m), 1941(m)
1[b] 2109(m), 2053(s), 2023(sh), 2019(vs), 2007(sh), 1983(m), 1965(m), 1938(m)
1 .�[b] 2082(m), 2020(vs), 2006(s), 1987(s), 1977(sh), 1947(m), 1932(m), 1905(m)
2[a] 2061(m), 2036(s), 2003(vs), 1988(s), 1970(m), 1958(m), 1932(m)
B[a,c] 2009(m), 1952(s), 1947(sh), 1929(m), 1876(m), 1858(sh), 1716(sh), 1693(w)
C[a,c] 2033(m), 2006(m), 1981(s), 1952(m), 1922(sh), 1912(m)
C[d] 2060(w), 2050(w), 2028(m), 1983(s), 1953(m), 1945(sh), 1916(m)
C[a,e] 2050(w), 2033(w), 2022(m), 2007(w), 1979(s), 1954(m), 1922(sh), 1911(m)


[a] In THF at 293 K. [b] In situ reduction in butyronitrile at 213 K within an IR
OTTLE cell[57]. [c] In situ reduction at room temperature within an IR OTTLE
cell[56]. [d] Chemical reduction with [FeI(�5-C5H5)(�6-C6Me6)], performed in DME.
[e] Chemical reduction with 1 % Na/Hg.


Table 7. Redox potentials of clusters 1 and 2 and their reduction
products.[a]


Cluster Ec(R1) �Ep(R1/O1) Ec(R2) Ea(O2(B)) Ea(O2(B�))


1 � 1.75 (irr) � 1.53 � 1.27
1[b] � 1.80 125 (120) � 2.19 � 1.48 � 1.23
1[c] � 1.80 (rev) 105 (100) � 2.18 � 1.49[d] � 1.27[d]


2 � 1.93 (irr) � 1.55 � 1.29
2[e] � 1.92 (rev) 80 (105) � 2.29 � 1.51[d] � 1.26[d]


[a] Conditions and definitions: 5� 10�4� solutions in THF (containing
10�1� Bu4NPF6) at T� 293 K, unless stated otherwise; Pt disk electrode;
�� 100 mV s�1; redox potentials given in V vs. E1/2(Fc/Fc�): Ec(R1),
cathodic peak potential for reduction of parent cluster, Ec(R2), cathodic
peak potential for reduction of the corresponding radical anion; Ea , anodic
peak potential for oxidation of the reduction products; �Ep, peak
separation for a redox couple (compared with �Ep(Fc/Fc�) in brackets).
[b] �� 20 V s�1. [c] T� 244 K. [d] Both anodic peaks are associated with
the reduction of the radical anion at Ec(R2). [e] T� 252 K.


Figure 8. Cyclic voltammograms of clusters 1 and 2 in THF. Conditions: A.
1, �� 100 mV s�1, 293 K; B. 1, �� 100 mV s�1, 244 K; C. 2, �� 100 mV s�1,
293 K; D. 2, �� 100 mV s�1, 252 K; E. 1 in the presence of excess PPh3, ��
20 mV s�1, 293 K; F. 1 in the presence of excess PPh3, �� 100 mV s�1, 293 K.
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the transient species B� (only observable at low temperatures
or high scan rates) is formed from 1 in an overall two-electron
process[32] and rapidly reacts further to give the more stable
product B, which could be identified as [Os3(CO)9(tmbp)]2�


(vide infra). At low temperatures an EEC path is followed,
according to which two cathodic steps (E) (the stepwise
formation of 1.� and 12�) are first needed to induce a chemical
reaction (C) to produce B�. At room temperature and/or low
scan rates, the sequence changes to ECE, as the radical anion
1.� readily undergoes a chemical reaction and its product is
directly reduced at the cathodic potential R1(1) to give B�
and B.


The redox behavior of 2 proved to be very similar to that of
1 (Figure 8 C, D), in agreement with their similar structure
and bonding properties. The reduction of 2 at R1(2) at room
temperature is chemically irreversible and is shifted nega-
tively (�E1/2 � 130 mV; see Table 7) compared with that of 1,
as expected for the substitution of a �-acceptor CO ligand by
more basic PPh3. At sufficiently low temperatures (T� 253 K,
�� 100 mV s�1), the initial one-electron reduction that pro-
duces the radical anion 2 .� again becomes fully reversible on
the time scale of cyclic voltammetry. Upon scan reversal
beyond Ec(R1(2)) at room temperature, the anodic peaks
O2(B) and O2(B�) are observed at exactly the same potentials,
as they were for 1. This result implies that the reduction of 1
and 2 yields the same products B and B�.


IR spectroelectrochemistry : To further characterize the reduc-
tion products formed, the reduction pathways of 1 and 2 were
studied by IR spectroelectrochemistry and thin-layer cyclic
voltammetry on the same time scale (defined by �� 5 mV s�1).


At temperatures below 243 K, the primary reduction
product, the radical anion 1.� , becomes stable on the time
scale of cyclic voltammetry (�� 100 mV s�1). Its IR spectrum
could be recorded in butyronitrile at 213 K (see Figure 9). As


Figure 9. IR spectra of cluster 1 and its reduction products generated in
situ within an IR OTTLE cell. Left: cluster 1 (dashed line) and the
corresponding radical anion 1.� (solid line) in butyronitrile at 213 K. Right:
reduction products B� [Os3(CO)9(tmbp)]2�(solid line) and unassigned C
(dashed line) in THF at room temperature.


expected, the �(CO) pattern of 1.� is nearly the same as that of
1, with the �(CO) bands shifted to smaller wavenumbers by
30 ± 35 cm�1, and with the strongest band (at 2019 cm�1 for 1)
split into two bands of lower intensities. Therefore, the
molecular structure of 1.� will strongly resemble that of the
parent cluster.


According to the recorded cyclic voltammograms, the same
secondary reduction product B is formed for clusters 1 and 2
(vide supra). Indeed, the common formation of B upon
reduction of both clusters at room temperature was also
proved by IR spectroelectrochemistry (see Figure 9). For 1, an
additional side product, denoted as C, is formed (Table 8).
Reoxidation of product B at Ea(O2(B)) (Table 7) results in
regeneration of 1 and 2, respectively, although, for the former
cluster the amount of C also increased simultaneously.


The sole difference between 1 and 2 is the substitution of a
carbonyl ligand by PPh3, which leads to a changed IR �(CO)
pattern. Hence, only the dissociation of the two-electron
donors CO and PPh3 can explain the formation of the same
product upon reduction of 1 and 2, respectively. We therefore
propose that B is the CO/PPh3-loss product [Os3-
(CO)9(tmbp)]2� (see Scheme 2). The dianionic nature of B is


B'


-L


B = [Os3(CO)9(tmbp)]2-


-L


+L


+ e-low T
- 2e-


 [Os3(CO)9(tmbp)(L)]L   =    CO (1)
PPh3 (2)


 [Os3(CO)9(tmbp)(L)]


+ e-


 [Os3(CO)9(tmbp)(L)]2-


+ e-- e-


Scheme 2. Reduction pathways for the clusters [Os3(CO)9(tmbp)(L)] (L�
CO (1), PPh3 (2)).


in agreement with the cyclic voltammetric data (vide supra).
Additional support is given by the IR spectrum of B. Its �(CO)
bands are generally shifted to lower wavenumbers by nearly
100 cm�1 compared with those of 1, and two weak bands at
1716 and 1693 cm�1 point to the presence of bridging CO
ligands. Such a large shift of the �(CO) is typical for two-
electron-reduced clusters with the negative charge signifi-
cantly localized on the triosmium/carbonyl core.[4, 33, 34]


To extend characterization of the reduction products B and
C, by NMR spectroscopy for example, their preparation was
attempted by chemical reduction of cluster 1 at room temper-
ature, by reduction of 1 in THF with 1 % Na/Hg, and by
addition of exactly two equivalents of [FeI(�5-C5H5)(�6-
C6Me6)] (E1/2(FeI/II)��1.99 V vs. Fc/Fc�) to a solution of 1
in DME. Unfortunately, both attempts were not successful
and only provided the slowly decomposing reduction product
C (see above and Table 8), accompanied by some minor side-
products.


Electrocatalytic CO substitution reaction of 1: Electrocatalytic
substitution of CO by more electron-releasing ligands is a
versatile method to synthesize substituted metal carbonyl
complexes.[35] It was therefore also attempted in the case of 1
with the electron deficient cluster core. The cyclic voltammo-
grams of 1 in the presence of an excess of PPh3 at various
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temperatures and scan rates are presented in Figure 8 E, F.
The cyclic voltammogram recorded at room temperature and
�� 100 mV s�1 shows a decrease of the cathodic peak current
at Ec(R1(1)) and the appearance of a new cathodic peak R1(2)
at slightly more negative potential (Ec(R1(2))��1.90 V vs.
Fc/Fc�). At lower scan rate (�� 20 mV s�1) the current of the


latter cathodic peak increases
at the expense of that of R1(1).
The new cathodic peak R1(2)
arises because of the reduction
of the neutral cluster [Os3-
(CO)9(PPh3)(tmbp)] (2) (vide
supra) produced by the reaction
of the radical anion 1.� with
PPh3 (Scheme 3).


The increased R1(2) and de-
creased R1(1) currents at lower
scan rates are indicative of an


electrocatalytic step, since 2 then builds up at the cathodic
surface at higher concentrations. The electrocatalytic forma-
tion of the substitution product can eventually be so fast that
the initial redox process of the parent complex is hardly
observable at slow voltammetric scans.[36] Continued cyclic
voltammetric studies showed that other PR3 ligands (R�
ethyl, cyclohexyl, OPh) also undergo the electrocatalytic
substitution reaction with 1.[37] It is noteworthy that CO
substitution was not observed in the presence of other
substrates such as AsPh3, pyridine, 1-octene, or diphenylace-
tylene.


As decribed above, the phosphane-substituted cluster
[Os3(CO)9(PPh3)(tmbp)] (2) could also be synthesized on a
preparative scale in high yield. Cluster 1 reacts instantane-
ously in THF at room temperature with a catalytic amount
(5 %) of sodium biphenyl ketyl in the presence of three
equivalents of PPh3 to give 2 as the single product, hence
providing additional evidence for the mechanism given in
Scheme 2.


Comments on the redox behavior of cluster 1: The DFT
calculations predict that the LUMO of 1 is predominantly
localized on tmbp. For this reason, it is assumed that in the
radical anion 1.� the unpaired electron resides on this ligand.
Comparison of the reduction potentials of uncoordinated
aromatic tmbp and some of its metal complexes with those of
their bpy or 4,4�-dimethyl-2,2�-bipyridine (dmb) derivatives
shows that the former complexes are systematically reduced
more positively by 300 ± 350 mV, (e.g., E1/2(tmbp0/�I)�
�1.85 V, E1/2(dmb0/�I)��2.16 V vs. SCE;[8] E1/2([Ni-
(tmbp)2]0/�I)��1.64 V, E1/2([Ni(bpy)2]0/�I)��1.97 V vs.
SCE).[9] In the case of 1, the reduction potential lies much
closer to that of [Os3(CO)10(dmb)][38]: E1/2([Os3-
(CO)10(tmbp)]0/�I)��1.80 V (244 K) and E1/2([Os3-
(CO)10(dmb)]0/�I)��1.89 V (213 K) vs Fc/Fc�. These data
reflect the different coordination mode and the reduced state
of tmbp in 1. For unsubstituted [Os3(CO)12] the corresponding
radical anion is too short-lived to be detected, because of its
fast follow-up chemical reactions.[39] By contrast, 1.� is
sufficiently stable for observation with both cyclic voltamme-
try and IR spectroelectrochemistry at low temperatures. Two


factors are responsible for the increased stability of the radical
anion. First, the one-electron reduction is not localized on the
cluster core, but on the redox-active tmbp ligand, and second,
tmbp spans the triosmium core. Remarkably stable radical
anions were also observed for the clusters [HOs3(CO)9(o-L)],
in which the redox-active ligand o-L is an ortho-metalated �-
diimine bridging an Os�Os bond.[4]


At room temperature, the radical anion 1.� is not stable and
undergoes a chemical reaction and a second electron transfer
step, ultimately producing the CO-loss product [Os3-
(CO)9(tmbp)]2�. Such replacement of a two-electron donor
ligand by two external electrons occurs frequently in cluster
electrochemistry, for example in the clusters [M3(CO)12] (M�
Ru, Os).[39, 40] The redox behavior of 1 is quite different from
that of [Os3(CO)10(bpy)]. The latter cluster undergoes metal-
metal bond cleavage on reduction instead of a CO-loss
reaction.[4, 38] However, in 1 one Os�Os bond is already
broken, and the tmbp ligand, spanning the triosmium core,
will prevent cleavage of a second metal ± metal bond. Also, in
1 the triosmium core has become electron-deficient because
of the oxidative ™addition∫ of tmbp to the {Os3(CO)10} moiety,
which facilitates the substitution of a strong �-acceptor
carbonyl group by the more basic PPh3. In contrast to this,
CO substitution by PPh3 in [Os3(CO)10(bpy)] cannot be
achieved by thermal substitution or by radical-anion-medi-
ated substitution (catalyzed by sodium biphenyl ketyl). The
poorly electron-withdrawing 2,2�-bipyridine ligand makes the
triosmium core too electron-rich for this reaction.[40] Instead, a
thermal reaction of [Os3(CO)10(L)] (L� bpy, dmb) with PPh3


results in the substitution of the �-diimine, to produce
[Os3(CO)10(PPh3)2].[41]


Conclusion


The 50e� cluster [Os3(CO)10(�2-P,�2-P�-tmbp)], 1, and its PPh3


derivative 2 show an unprecedented coordination mode of
tmbp, with both P atoms bridging two metal atoms. The tmbp
ligand is formally two-electron reduced by electron transfer
from the cluster core, which is consistent with cleavage of one
Os�Os bond. The electron-deficiency of the cluster core
accounts for the facile electrocatalytic substitution of CO by
more basic PPh3 and other tertiary phosphanes and phos-
phites. The overall two-electron reduction of 1 and 2 leads to
dissociation of CO and PPh3, respectively, and to formation of
the [Os3(CO)9(tmbp)]2� ion. The initially produced radical
anions are fairly stable owing to localization of the odd
electron on tmbp, which also clamps the triosmium core. DFT
calculations on model clusters show that both the HOMO and
LUMO of clusters 1 and 2 are largely localized on tmbp. The
predominant intraligand character of the lowest excited state
accounts for the observed photostability of the clusters. Time-
dependent DFT calculations then facilitate interpretation of
poorly resolved electronic absorption spectra of low-symme-
try 1 and 2 in the visible region, which otherwise would remain
a matter of considerable speculation. In general, this paper
demonstrates the power of the recommendable combined
experimental and theoretical approach in intriguing cluster
chemistry that opens new perspectives in this field.


- CO


+PPh3


2


1 1
+ e-


- e-
2


1


Scheme 3. Electrocatalytic
substitution of CO by PPh3 in
cluster 1.
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Experimental Section


Materials and preparations : [Os3(CO)12] (ABCR) and PPh3 (Aldrich) were
used as purchased. Trimethylamine-N-oxide dihydrate, Me3NO ¥ 2H2O
(Alfa), was dehydrated before use by vacuum sublimation. Analytical
grade solvents (Acros: hexane, dichloromethane, THF, toluene, acetoni-
trile, dimethoxyethane (DME)) and spectroscopic grade solvents (Aldrich:
pyridine; Fluka: butyronitrile; Merck: CCl4) were dried over sodium wire
(hexane, THF, toluene, DME) or CaH2 (dichloromethane, CCl4, pyridine,
acetonitrile, butyronitrile) and freshly distilled prior to use. Silica gel
(Kieselgel 60, Merck, 70 ± 230 Mesh), used for column chromatography,
was activated by heating overnight under vacuum at 160 �C. Elemental
analyses were carried out in the ™Mikroanalytisches Laboratorium∫ of Dr.
H. Kolbe (M¸llheim an der Ruhr, Germany).
The ligand 4,4�,5,5�-tetramethyl-2,2�-biphosphinine (tmbp)[5] , the 19-elec-
tron reducing agent [FeI(�5-C5H5)(�6-C6Me6)], and its poorly soluble
precursor [FeII(�5-C5H5)(�6-C6Me6)]PF6


[42] were prepared according to
published procedures. The synthesis of the cluster [Os3(CO)10(tmbp)] 1,
was communicated previously.[13]


Synthesis of [Os3(CO)9(tmbp)(PPh3)] (2): A solution of [Os3(CO)10(tmbp)]
(1) (87 mg, 0.079 mmol) and excess PPh3 (62 mg, 0.24 mmol) in THF
(60 mL) was stirred for 30 min. No thermal reaction was observed during
this time. A catalytic amount of sodium diphenyl ketyl (5 %), prepared by
addition of finely cut sodium metal to a solution of benzophenone (76 mg)
in THF (5 mL), was then added. The solution was stirred for 5 min, and the
solvent was evaporated under vacuum. The crude product was purified by
column chromatography over silica. First, small amounts of unreacted 1
and excess PPh3 were eluted with hexane/toluene 5:1, followed by the
product in hexane/toluene 4:3. Pure 2 was obtained as a purple powder in
85% yield. 1H NMR (CDCl3): �� 7.39 (m, 15 H; PPh3), 6.85 (d,
3J(P(1),H)� 19.2 Hz, 1H; C(4)�H), 6.65 (d, 3J(P(2),H)� 16.5 Hz, 1H;
C(9)�H), 6.39 (d, 2J(P(2),H)� 31.8 Hz, 1 H; C(1)�H), 6.23 (d, 2J(P(1),H)�
28.2 Hz, 1H; C(6)�H), 2.13 (s, 6 H; 2 CH3), 1.93 (s, 3 H; CH3), 1.78 (s, 3H;
CH3); 31P{1H} NMR (CDCl3) � : 25.5 (d, 1P; P(2)), �7.64 (d, 1P; P(3) of
PPh3), �134.4 (dd, 2J(P(1),P(2))� 109 Hz, 2J(P(1),P(3))� 310 Hz, 1 P;
P(1)); IR (THF): �	(CO)� 2061 (m), 2035 (s), 2002 (vs), 1987 (s), 1970
(m), 1958 (w), 1935(sh), 1930 (w) cm�1; UV/Vis (THF): �max � 347 (sh), 455
(sh), 548, 593 (sh) nm; FAB MS: m/z (%): 1332.0 [M]� ; elemental analysis
calcd (%) for C41H31O9Os3P3 (1332.0): C 36.99, H 2.35, P 6.98; found: C
37.09, H 2.36, P 7.01.


Crystallography : Crystal data and details of the structure determination of
cluster 2 are presented in Table 9. Crystals of 2 ¥ C6H12 were grown by
heating a solution of the complex in cyclohexane for five days at 80 �C. Data
were collected at 150 K on a Nonius Kappa CCD diffractometer, using a
�(MoK�)� 0.71069 ä X-ray source and a graphite monochromator. Multi-
ple scan absorption corrections were applied. The crystal structure was
solved using SIR 97[43] and refined with SHELXL-97.[44] The sample gave
acceptable diffraction up to a relatively low 
 limit of 27�. Cluster 2
contains three osmium atoms; truncation errors in the Fourier synthesis
gave rise to large positive and negative peaks near these atoms. In addition,
the crystallographic data (Table SI 4 in Supporting Information) exhibit
very strong anisotropic behavior of several atoms, for example C7, C8, C13,
C14, C29, C30, O4, C42 ± C47. For C42 ± C47 this is understandable, as the
cyclohexane solvate is highly agitated and its long-range order is poor; our
model could not account for this fact. The other atoms in question are more
puzzling and no definite explanation is given. Slight long-range disorder or
systematic errors may be responsible for the observed elongation of some
thermal parameters.


CCDC-168994 (2) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All Density Functional Theory calculations[14] were
performed by using the Amsterdam Density Functional program package
(ADF-2.3 and ADF99).[15, 45] The local spin density (LSD) exchange
correlation potential was used with the local density approximation of the
correlation energy (Vosko ± Wilk ± Nusair).[46] Furthermore, Becke×s non-
local corrections[47, 48] to the exchange energy and Perdew×s nonlocal
corrections[49, 50] to the correlation energy were included in the calculation


of the gradients. Relativistic effects were treated by a quasirelativistic
method in which Darwin and mass-velocity terms are incorporated[51±53] in
the energy optimizations, and using the ZORA[28] formalism in the TD
DFT calculations.[27] The inner shells of the Os (1s-5p), P (1s-2p), C (1s),
and O (1s) atoms were frozen. A triple-� STO basis set was used for the
valence part of the Os atoms (5d, 6s, 6p). The 2s and 2p valence shells of the
C atoms, as well as the 3s, 3p valence shells of the P atoms, were described
by a triple-� STO basis, augmented by one 3d polarization function. For the
O (2s, 2p) and H (1s) atoms a double-� STO basis was used. When using
ADF99 and ZORA, a frozen Os (1s-4f) core was used, as well as the
ZORA wavefunctions within the ADF program for all atoms.


The geometry optimizations were performed without any symmetry
constraints. The X-ray structures of complexes 1 and 2 were used to build
models, 1A and 1B, respectively, in which the methyl groups were replaced
by hydrogen atoms. The X-ray structure of [Os3(CO)10(bpy)][54] was used to
model the other studied isomers of 1A.


Spectroscopic measurements : FTIR spectra were recorded on Bio-Rad
FTS-7 spectrometer, UV/Vis absorption spectra on a Hewlett Packard 8453
diode-array spectrophotometer, NMR spectra on a Bruker AMX 300
spectrometer (300.13 MHz), and FAB mass spectra on a JEOL JMS SX/
SX102A four-sector mass spectrometer coupled to a JEOL MS-MP 7000
data system.


Spectroelectrochemistry : Cyclic voltammetry was performed in a single
compartment vacuum-tight cell under an atmosphere of dry argon. The cell
was equipped with Pt disc working (apparent surface area of 0.42 mm2), Pt
wire auxiliary, and Ag wire pseudoreference electrodes. The working
electrode was carefully polished with a 0.25 �m grain diamond paste. All
redox potentials are reported against the ferrocene-ferrocenium (Fc/Fc�)
redox couple used as an internal standard.[55] The solutions for cyclic
voltammetric experiments were typically 5� 10�4� in the cluster com-
pounds and 10�1� in Bu4NPF6. The potential control was achieved with a
PAR Model 283 potentiostat. Infrared spectroelectrochemical experiments
at variable temperature were performed with optically transparent thin-
layer electrochemical (OTTLE) cells,[56, 57] equipped with a Pt minigrid
working electrode (32 wires/cm) and CaF2 optical windows. The spectro-


Table 9. Crystallographic data and experimental parameters for cluster 2.


molecular formula C41H30Os3P3.C6H12


molecular weight 1414.32
crystal habit red plate
crystal dimensions [mm] 0.16� 0.07� 0.04
crystal system triclinic
space group P1≈


a [ä] 11.599(5)
b [ä] 11.936(5)
c [ä] 17.561(5)
� [�] 78.220(5)
� [�] 84.330(5)
 [�] 76.830(5)
V [ä3] 2314.0(15)
Z 2
�calcd [gcm�3] 2.030
F(000) 1338
� [cm�1] 8.374
max 
 [�] 27.44
hkl ranges � 15 13 ; �15 15 ; �22 22
reflections measured 15390
indepedent reflections 10491
reflections used 8291
Rint 0.0452
refinement type Fsqd
hydrogen atoms constrained
parameters refined 563
reflections/parameter 14
wR2 0.0818
R1 0.0411
GoF 0.995
weights a,b1 0.0253; 0.0000
difference peak/hole [eä�3] 2.260(0.219)/2.452(0.219)
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electrochemical samples were typically 5� 10�3� in the cluster compounds.
A PA4 potentiostat (EKOM, Czech Republic) was used to carry out the
controlled-potential electrolyses.
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